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Abstract of the Dissertation 

Design, synthesis, and biological evaluation of novel taxoid-based drug conjugates and 

theranostic imaging agents towards tumor-targeted chemotherapy 

by 

Jacob G. Vineberg 

Doctor of Philosophy 

in 

Chemistry 

Stony Brook University 

2014 

Cancer remains the second leading cause of death in the United States, accounting for 

nearly a quarter of all deaths, and is exceeded only by heart disease. Traditional chemotherapy 

uses highly potent cytotoxic agents to kill rapidly dividing cancer cells, relying on the premise 

that these fast-growing cancer cells are more likely to be killed by these drugs. Despite the 

profound impact of traditional chemotherapy, lack of tumor-specificity continues to be a serious 

issue for cancer treatment. Paclitaxel and docetaxel are among the most widely used 

chemotherapeutic agents, in particular against cancers such as ovarian, breast, lung, and Kaposi’s 

sarcoma; however, despite their high antitumor activity as microtubule-stabilizing agents, these 

drugs cause undesirable side effects as well as encounter drug resistance. Over the past decade, 

significant advancement has been made on the development of next-generation taxoids that 

circumvent these mechanisms of drug resistance and tumor-targeted drug delivery systems 

(TTDDSs) to selectively deliver these agents to the tumor microenvironment.  

Receptors for vitamins, such as those for biotin and folic acid, are overexpressed on the 

cell surfaces of cancer cells to maintain sufficient vitamin uptake in order to sustain their rapid 

cell growth and enhanced proliferation. And so, novel tumor-targeting small-molecule drug 

conjugates (SMDCs) using vitamins (biotin or folic acid) as tumor-targeting modules (TTMs) 

and next-generation taxoid SB-T-1214 as the cytotoxic agent connected through biocleavable 

linker systems have been designed, synthesized, and evaluated both in vitro and in vivo. 
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Internalization studies in vitro using flow cytometry, confocal fluorescence microscopy, and cell 

viability assays against vitamin-receptor positive and negative cell lines exhibited excellent 

target-specificity of the conjugates. Furthermore, a biotin conjugate of next-generation 

fluorotaxoid, SB-T-12822-5, on a self-immolative disulfide linker was designed, synthesized, 

and used in 19F NMR studies to investigate the mechanism of linker cleavage and the factors that 

influence plasma stability and metabolic stability by real-time monitoring with 19F NMR.  

A series of biotin- and taxoid-based SMDCs was developed through a highly versatile 

TTDDS, consisting of 1,3,5-triazine as the key tripod splitter module, self-immolative disulfide 

linkers with polyethylene glycol oligomers to improve water solubility, and a propargylamino 

arm for the attachment of (a) camptothecin as a second cytotoxic agent (targeted combination 

chemotherapy), (b) folic acid as a second TTM (dual-targeting conjugate), or (c) an imaging 

agent (fluorescence or PET theranostics). These conjugates were evaluated against cancer cell 

lines known to overexpress the biotin receptor and demonstrated efficient internalization, target-

specificity, and high potency.  

Three PET tracers were developed as companion imaging agents for SB-T-1214 and the 

biotin-linker-taxoid series. Rapid methylation via Stille coupling of methyl iodide provided an 

efficient synthetic route for a [11C]-labeled SB-T-1214. Two [18F]-labeled biotin tracers, a small-

molecule diagnostic tracer and a theranostic drug conjugate, were also developed for PET 

imaging.  
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§1.1 Introduction 
 
§1.1.1 β-Lactam Synthon Method (β-LSM) 
 

Over the past half-century, the β-lactam structure has attracted significant research 
interest in pharmaceutical development. First recognized for their uses as antimicrobial agents, β-
lactam antibiotics, such as penicillins, cephalosporins, monobactams, and carbapenems, have 
become the primary treatment options for bacterial infections and remain one of the most 
significant advances in modern medicine (Figure 1.1).1 More recently, β-lactams have emerged 
as versatile synthetic intermediates in the synthesis of unnatural amino acids, dipeptides, and β-
amino acids.2 The development of the “β-Lactam Synthon Method” in the late 1970s and early 
1980s by Ojima and co-workers demonstrated that enantiopure β-lactams could serve as 
powerful tools in medicinal chemistry.3 

 

 
 

Figure 1.1. Chemical structures of some medicinally active β-lactams. 
 
The β-LSM has since been employed in the synthesis of numerous medicinally active 

compounds, such as paclitaxel and next-generation taxoid anticancer agents, cryptophycins, and 
indolizidine alkaloids, which contain substituted isoserine β-amino acids.3 These chiral isoserine 
moieties can be obtained from the ring-opening of enantiopure 3-hydroxy-β-lactams at the N–
C(O) bond.4 Cleavage of the β-lactam ring usually occurs through the N–C(O) bond by 
nucleophilic acyl substitution, however due to the highly strained conformation of the four-
membered heterocycle, ring opening can occur at any of the four bonds.2, 4-6 

Various synthetic methods towards the synthesis of enantiomerically pure β-lactams have 
been reported,3 however the two most common approaches are the ketene-imine Staudinger 
[2+2] cycloaddition7 followed by chemoenzymatic resolution (Section 1.2.1) and the lithium 
chiral ester enolate-imine cyclocondensation (Section 1.3.1).8 The focus of these β-lactam 
syntheses was guided by the synthesis of highly potent taxoid-based anticancer agents. 
 
§1.1.2 Semisynthesis of Taxane-based Anticancer Agents via the β-Lactam Synthon Method 
 

Paclitaxel (Taxol®), docetaxel (Taxotere®), and cabazitaxel (Jevtana®) are three highly 
potent taxane anticancer agents, which contain phenylisoserine side chains that can be introduced 
semi-synthetically to a common tetracyclic baccatin core via the β-LSM (Figure 1.2). 
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Figure 1.2. Chemical structures of taxane anticancer agents: paclitaxel, docetaxel, and cabazitaxel. 
 

Highly efficient chiral ester enolate-imine cyclocondensation giving 3-hydroxy-4-aryl-β-
lactams with excellent enantiomeric purity was successfully applied to the asymmetric synthesis 
of optically pure paclitaxel and docetaxel.9 (3S,4R)-N-Acylated-3-(1-ethoxyethoxy)-4-phenyl-2-
azetidinone, which was readily prepared from 3-hydroxy-4-phenyl-β-lactam, was coupled to 
various protected baccatin IIIs, followed by deprotection to give enantiomerically and 
diastereomerically pure paclitaxel and docetaxel in excellent yields.9  

 

 
 

Scheme 1.1. The semisynthesis of paclitaxel and docetaxel by the Ojima-Holton coupling protocol. 
 
The application of the β-LSM to the C13 side-chains of paclitaxel and docetaxel became 

known as the Ojima-Holton coupling protocol (Scheme 1.1).10 The Ojima-Holton coupling 
reaction has allowed for a facile and efficient means for the semisynthesis of next-generation 
taxoids, some of which possess higher potency and better bioavailability than paclitaxel and 
docetaxel, and a much clearer understanding of the structure-activity relationship (SAR) for the 
taxane class.10 Based on these SAR studies, β-lactams (+)1-6 and (+)1-20 with N-t-Boc and C4-
isobutenyl or difluorovinyl moieties, respectively, were synthesized (Figure 1.3). 
 

 
Figure 1.3. Chemical structures of β-lactams (+)1-6 and (+)1-20. 
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§1.2 Synthesis of Enantiopure β-Lactams  
 
§1.2.1 Staudinger [2+2] Ketene-Imine Cycloaddition Reaction followed by Kinetic 
Enzymatic Resolution 
 

In 1907, Herman Staudinger developed the first synthetic route towards the synthesis of 
the β-lactam via a thermal [2+2] cycloaddition of the Schiff base (imine) derived from aniline 
and benzaldehyde with diphenylketene.7 The most accepted mechanism takes place in a stepwise 
process, in which the imine nitrogen, as a nucleophile, attacks the ketene carbon to form a 
zwitterionic intermediate, which undergoes an electrocyclic conrotatory ring closure giving two 
new stereocenters at the C3 and C4 positions of the lactam.11 Since the ketene is generated in situ 
in the Staudinger [2+2] reaction, various experimental factors such as temperature, solvent, base, 
and chloride anion can influence the stereochemical outcomes.12 Molecular modeling (ab initio) 
at the RHF/6-31G* and MP2/6-31G*//6-31G* theory levels showed that electrocyclic 
conrotatory ring closure proceeds under stereoselective control as the rate-determining step, in 
which an exo attack from E-imines preferentially leads to the formation of cis-β-lactams, 
whereas Z-imines give trans isomers.11, 13  

 

 
Figure 1.4. Pathways for formation of cis- and trans-β-lactams. Reprinted from reference [12]. 

 
However, since isomerization may occur at the zwitterionic intermediate, the relative 

rates between direct ring closure and isomerization determine the stereochemical outcome of the 
reaction (Figure 1.4).12 Thus, both the torquoelectronic effect of ring closure and the electronic 
effects of the imine determine the stereochemical outcomes of the Staudinger [2+2] reaction 
(Figure 1.5).11, 12  

Moreover, the nature of the relative stereoselectivity in the
Staudinger reaction is still quite obscure. Hegedus and co-
workers4f pointed out that the zwitterionic intermediate can
isomerize and the stereochemistry is determined primarily by
the structure of the imines and the character of the free or bound
ketenes. Cossio et al. conducted computational investigations
and concluded that the stereochemistry was decided by the
configuration (Z or E) of the starting imines5b and the torquo-
electronic effect of the ketene5e or imine substituents.5c Brady
and Gu4d claimed that the stereochemistry was determined by
the main resonance structure of the zwitterionic intermediates.
Georg et al.4g,6 suggested that the stereochemical results can be
correlated well with the steric demands of the ketenes and
classified the ketenes into three groups according to the size of
their substituents. These investigators have suggested different
models to predict the stereoselectivity, but their proposals are
in conflict to some extent. The most pivotal problems regarding
the relative stereoselectivity remain obscure: (1) How are the
!-lactam products with different relative configurations gener-
ated; i.e., what is the most possible pathway for the formation
of cis- and trans-!-lactams. And (2) why do different ketenes
and imines lead to different stereochemical outcomes; especially,
why do the reactions of different ketenes with the same imine
generate distinct stereochemical results. Therefore, we reinves-
tigated the relative stereoselectivity of the Staudinger reaction.
Herein, we present our experimental results to provide a
comprehensive understanding of the origin of the relative
stereoselectivity in the Staudinger reaction.

Results and Discussion

Selection of the Reaction Platform and the Discovery of
a Good Probe. It is unequivocal that the nature of the

substituents of ketenes and imines (R1, R2, and R3, Scheme 1)
is the crucial factor that determines the relative stereoselectivity
of the Staudinger reaction. However, since the ketenes are
usually generated in situ in the Staudinger reaction, many
different experimental factors,6 such as the temperature, the
solvent,7a the base,7b the chloride anion,4f,5e,7c and the metal4f,5f
could affect the stereochemical outcomes. These factors inter-
fered with the elucidation of the origin of the stereoselectivity.
Thus, to approach the “origin” ketene-imine reaction,8 we
wished to select a clean reaction system for the ketene generation
as a platform to systematically investigate the substituent effects.
Typically, there are mainly three ways to produce ketenes: (1)
the elimination of acyl chlorides or related derivatives in the
presence of a base,4c,9 (2) the photolysis of metal-carbene
complexes,4f,10 and (3) the Wolff rearrangement of R-diazocar-
bonyl compounds.11-14 Compared with methods (1) and (2),
the use of R-diazocarbonyl compounds as precursors of ketenes
has a distinct advantage: it is a clean reaction system without
any additives (nucleophiles such as chloride anion and tertiary
amine) that could affect the cis/trans ratio of the !-lactam
products. We found that S-phenyl 2-diazoethanethioate (1)
efficiently rearranged to phenylthioketene at 80 °C and gave
!-lactam derivatives in good yields in the presence of imines.
Thus, the reaction of 1 with imine was selected as an appropriate
platform to investigate the origin of the stereoselectivity in the
Staudinger reaction.
First, we conducted the reactions of 1 with imines 2a-c at

80 °C in toluene, respectively. It was found that the cis-!-lactam
product increased as the size of the N-substituent R3 increased
(Scheme 2), which is similar to the results of Moore et al.4c
What is more important is that, a mixture of cis and trans
products15 was obtained from the reaction of 1 and 2b. Because
the cis/trans ratio of the !-lactam products carries the stereo-
chemical information of the reaction, we hope to understand

(7) (a) Palomo, C.; Cossio, F. P.; Odriozola, J. M.; Oiarbide, M.; Ontoria, J.
M. Tetrahedron Lett. 1989, 30, 4577-4580. (b) Browne, M.; Burnett, D.
A.; Caplen, M. A.; Chen, L. Y.; Clader, J. W.; Domalski, M.; Dugar, S.;
Pushpavanam, P.; Sher, R.; Vaccaro, W.; Viziano, M.; Zhao, H. Tetrahedron
Lett. 1995, 36, 2555-2558. (c) Bose, A. K.; Spiegelman, G.; Manhas, M.
S. Tetrahedron Lett. 1971, 12, 3167-3170.

(8) Staudinger, H. Justus Liebigs Ann. Chem. 1907, 356, 51-123.
(9) (a) Sheehan, J. C.; Buhle, E. L.; Corey, E. J.; Lanbach, G. D.; Ryan, J. J.

J. Am. Chem. Soc. 1950, 72, 3828-3829. (b) Bose, A. K.; Anjaneyulu, B.;
Bhattacharya, S. K.; Manhas, M. S. Tetrahedron 1967, 23, 4769-4776.
(c) Evans, D. A.; Williams, J. M. Tetrahedron Lett. 1988, 29, 5065-5068.

(10) (a) McGuire, M. A.; Hegedus, L. S. J. Am. Chem. Soc. 1982, 104, 5538-
5540. (b) Hegedus, L. S.; Imwinkelried, R.; Alarid-Sargent, M.; Dvorak,
D.; Satoh, Y. J. Am. Chem. Soc. 1990, 112, 1109-1117. (c) Hegedus, L.
S. Tetrahedron 1997, 53, 4105-4128.

(11) Kirmse, W. Eur. J. Org. Chem. 2002, 2193-2256.
(12) For photoirradiation-induced Staudinger reaction, see: (a) Podlech, J.;

Linder, M. R. J. Org. Chem. 1997, 62, 5873-5883. (b) Linder, M. R.;
Podlech, J. Org. Lett. 1999, 1, 869-871. (c) Linder, M. R.; Frey, W. U.;
Podlech, J. J. Chem. Soc., Perkin Trans. 1 2001, 2566-2577.

(13) For microwave-assisted Staudinger reaction, see: Linder, M. R.; Podlech,
J. Org. Lett. 2001, 3, 1849-1851.

(14) Liang, Y.; Jiao, L.; Zhang, S. W.; Xu, J. X. J. Org. Chem. 2005, 70, 334-
337.

Scheme 1. Pathways for the Formation of cis- and
trans-!-Lactamsa

a Only one enantiomer is drawn.

Scheme 2. Steric Effect of N-Substituent R3 in the Staudinger
Reaction

Relative Stereochemistry of the Staudinger Reaction A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 128, NO. 18, 2006 6061
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Figure 1.5. Suggested model for the relative stereoselectivity in the Staudinger reaction. Adapted from reference [12]. 

 
Although asymmetric Staudinger [2+2] reactions have recently been reported,14 

enantiopure β-lactams can be obtained from racemic mixtures by kinetic enzymatic resolution 
with various lipases.15 
 
§1.2.2 Synthesis of Enantiomerically-Enriched β-Lactams via Staudinger Reaction 
Followed by Enzymatic Resolution 

 
Scheme 1.2. Synthesis of enantiopure (+)1-2 by Staudinger [2+2] cycloaddition followed by kinetic enzymatic 

resolution. 
 
The synthesis of racemic cis-β-lactam (±)1-2, shown in Scheme 1.2, began with the 

formation of imine 1-1 from p-anisidine and 3-methyl-2-butenal in the presence of sodium 
sulfate in quantitative yield, the product of which was used immediately in the subsequent 
reaction without further purification. Imine 1-1 was added to the ketene generated in situ from 
acetoxyacetyl chloride and triethylamine at low temperature under anhydrous conditions to 

zwitterionic intermediates with the same imine moiety, the rate
constants of isomerization (k2) are almost the same; i.e., the
reaction constant of the isomerization F2 is about 0. Accordingly,
the reaction constant F1 of the direct ring closure is equal to
the experimentally determined F (F ) F1 - F2 ≈ F1 ) -1.1 at
80 °C, Figure 2). The negative reaction constant F1 indicates
that the electron-donating group of the ketene can accelerate
the direct ring closure (increase k1), while the electron-
withdrawing group can slow the direct ring closure (decrease
k1).
It is widely accepted that the ring closure step of the

Staudinger reaction is an electrocyclic process.6 The zwitterionic
intermediate is regarded as a 4π-electron system, and its
conrotatory ring closure is concluded according to the Wood-
ward-Hoffmann rule. However, the observed electronic effect
of the ketene substituent R1 on the direct ring closure is difficult
to explain if the ring closure step is considered as an electro-
cyclic process. Furthermore, our recent research on the photo-
chemical Staudinger reactions showed that the zwitterionic
intermediates cannot undergo the disrotatory ring closure under
ultraviolet irradiation, which is quite different from that of
substituted 1,3-butadienes.14 This reveals the inapplicability of
the Woodward-Hoffmann rule to the photoirradiation induced
Staudinger reaction, suggesting that the ring closure step of the
intermediates is far from a classic electrocyclic process.
Meanwhile, Cossio et al.5b have pointed out that (a) the
electronic structure of the transition state for the ring closure
step of the zwitterionic intermediate differs from those respon-
sible for classic conrotatory electrocyclic processes and (b) the
ring closure step can be alternatively viewed as an intramolecular
nucleophilic addition of the enolate to the imine moiety. Thus,
we prefer to consider the ring closure step as an intramolecular
nucleophilic addition of the enolate to the imine moiety (Figure
3, a), rather than an electrocyclic ring closure (Figure 3, b).
Reviewing the negative F1 obtained from the Hammett

analysis, it is clear that the electron-donating group of the ketene
(R1) can make the enolate more nucleophilic, increasing the rate
constant of the direct ring closure k1, while the electron-

withdrawing group of the ketene (R1) can decrease the nucleo-
philicity of the enolate, lowering the rate constant of the direct
ring closure k1. Similarly, it could be deduced that the rate
constant k1 could also be increased by the electron-withdrawing
group of the imine (R2 and R3) due to the enhancement of the
electrophilicity of the imine moiety (i.e., the reaction constant
F1 should be positive to σR2 and σR3). Considering the electronic
effect of the substituent R2 of the imine on the stereoselectivity
(F ) +1.62 to σR2), though it can influence both the direct ring
closure (k1) and the isomerization (k2), we can conclude that
the electronic effect of R2 mainly influences the direct ring
closure. However, the influence of the electronic effect of R2
on the isomerization remains unclear.
Probing the Electronic Effect on the Isomerization. The

kinetics of the imine isomerization have been investigated in
detail,27 and it was reported that electron-withdrawing groups
on the phenyl groups of aryl-aryl imines promote the isomer-
ization. These isomerizations follow the Hammett equation, and
the F-values are positive for substitution on both the nitrogen
side and the carbon side. The positive F-values indicate that
the low-electron density at the CdN bond facilitates the
isomerization due to the low bond order. It is notable that the
F-value is considerably higher for the substitution on the nitrogen
side (F ) +1.85) than that on the carbon side (F ) +0.41).27
We assume that the isomerization of the CdN bond in the
zwitterionic intermediate would obey the similar rule to the
imine itself. In the case of Figure 1, assuming that the reaction
constant F2 of the isomerization is about +0.4, we can deduce
that the reaction constant F1 of the direct ring closure is about
+2.0 according to eq 7 (F1 ) F + F2, Figure 4A). It is definite
that the electronic effect of the substitution R3 on the nitrogen
side would influence both the direct ring closure (k1) and the
isomerization (k2). We assumed that (1) the influence of the
electronic effects of the substitution on the nitrogen side on the
direct ring closure is at the same level as that on the carbon
side (F1! is also about +2.0) and (2) the influence of the
electronic effect of the substitution at the nitrogen side on the
isomerization is at the same level as that in the imine itself (F2!
is about +1.8). Thus, the combined influence of electronic
effects on the stereoselectivity can be deduced: the F! would
be about +0.2 (F! ) F1! - F2!, Figure 4B).
To confirm our prediction, a series of substituted benzylide-

neanilines 14a-f were reacted with S-phenyl 2-diazoethaneth-
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the direct ring closure (increase k1), while the electron-
withdrawing group can slow the direct ring closure (decrease
k1).
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Staudinger reaction is an electrocyclic process.6 The zwitterionic
intermediate is regarded as a 4π-electron system, and its
conrotatory ring closure is concluded according to the Wood-
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intermediates cannot undergo the disrotatory ring closure under
ultraviolet irradiation, which is quite different from that of
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the electronic effect of R2 mainly influences the direct ring
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on the isomerization remains unclear.
Probing the Electronic Effect on the Isomerization. The
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detail,27 and it was reported that electron-withdrawing groups
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the F-values are positive for substitution on both the nitrogen
side and the carbon side. The positive F-values indicate that
the low-electron density at the CdN bond facilitates the
isomerization due to the low bond order. It is notable that the
F-value is considerably higher for the substitution on the nitrogen
side (F ) +1.85) than that on the carbon side (F ) +0.41).27
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isomerization (k2). We assumed that (1) the influence of the
electronic effects of the substitution on the nitrogen side on the
direct ring closure is at the same level as that on the carbon
side (F1! is also about +2.0) and (2) the influence of the
electronic effect of the substitution at the nitrogen side on the
isomerization is at the same level as that in the imine itself (F2!
is about +1.8). Thus, the combined influence of electronic
effects on the stereoselectivity can be deduced: the F! would
be about +0.2 (F! ) F1! - F2!, Figure 4B).
To confirm our prediction, a series of substituted benzylide-

neanilines 14a-f were reacted with S-phenyl 2-diazoethaneth-
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generate racemic β-lactam (±)1-2 in good yield (85% over 2 steps) in an exclusively cis-
stereochemical outcome. The C3 acetate of the (-)-enantiomer was selectively hydrolyzed with 
PS Amano Lipase, derived from Burkholderia cepacia, allowing for selective preservation of 
(+)1-2 in excellent enantiopurity (>99% ee). A co-solvent system of acetonitrile and phosphate 
buffered solution was used to accommodate the solubility of 1-2 as well as the physiological 
conditions required for optimal enzymatic function.   

 

 
Scheme 1.3.  Preparation of (+)1-6 by removal of PMP group, followed by acylation with t-Boc. 

 
Basic hydrolysis of the C3 acetate group of (+)1-2 followed by subsequent TIPS 

protection afforded (+)1-4 in excellent yield (77% over 2 steps). The C4 isobutenyl group of 
(+)1-4 can be modified through various synthetic methods towards the development of novel β-
lactams and isoserine taxoid side-chains (Section 1.4.1).   

The p-methoxyphenyl (PMP) group was oxidatively cleaved by ceric ammonium nitrate 
(CAN) to give (+)1-5 in modest yield. The CAN mechanism takes places through two oxidative 
single electron transfers (SET), the first of which generates a radical cation at the para position 
that is susceptible to nucleophilic attack by water and the loss of methanol; and the second of 
which leads to cleavage of the C–N bond to afford (+)1-5 and loss of quinone. The resulting free 
amide was treated with di-tert-butyl dicarbonate and triethylamine to give (+)1-6 in excellent 
yield (81%), shown in Scheme 1.3. Enantiopure β-lactam (+)1-6 was used in the semisynthesis 
of next-generation taxoids SB-T-1214, SB-T-1216, SB-T-121602, SB-T-121405, and SB-T-
121606 (Chapter 2).  
 
§1.2.3 Lithium Chiral Ester Enolate-Imine Cyclocondensation 
 

While the Staudinger [2+2] reaction provides an efficient synthetic path to cis- or trans-
β-lactams, an inefficient and lengthy chemoenzymatic kinetic resolution is required to produce 
highly enantiopure β-lactams. The lithium chiral ester enolate-imine cyclocondensation provides 
a direct route towards highly enantioenriched β-lactams.8 Treatment of a chiral ester with LDA 
generates a chiral enolate in situ, which can attack an imine to afford a lithiated β-amino chiral 
ester intermediate. This intermediate subsequently undergoes ring closure to regenerate the chiral 
auxiliary and give β-lactams in high enantiomeric purity (Scheme 1.4).   
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Scheme 1.4. Mechanism for lithium chiral ester enolate-imine cyclocondensation reaction. Adapted from reference [9]. 

 
A screening of various chiral auxiliaries and O-protecting groups that provide steric 

hinderance in the transition state showed that the combination of (-)-trans-2-phenylcyclohexyl 
and TIPS as substituents leads to the exclusive formation of cis-β-lactams in very high 
enantiopurity.9  

 

 
Figure 1.6. Formation of E- or Z-enolates using MACROMODEL molecular modeling. Reprinted from reference [9]. 

 
There are two proposed mechanistic pathways for the lithium chiral ester enolate-imine 

cyclocondensation: (1) E-enolate formation followed by a chair-like transition state; (2) and Z-
enolate formation followed by a boat-like transition state. The chiral auxiliary positioned in the 
endo position of the chair-like transition state derived from the E-enolate leads to more favorable 
asymmetric induction than in the exo position of the boat-like transition state generated by the Z-
enolate.9 In addition, molecular mechanics calculations (MM2) for both E- and Z-enolates 
performed using MACROMODEL program indicated that the E-enolate was more 
thermodynamically favorable by 2.5 kcal/mol.9 The bulky (-)-trans-2-phenyl-1-cyclohexyl chiral 

RO O

TIPSO

Li

E-lithium enolate

O
Li

N

R*

H
PMP

OR

TIPSO
THF

THF

N
PMP

*R

6-membered ring T.S.

NRO
O

PMP
Li

R*TIPSO

lithiated-β-amino ester

N
O

TIPSO R*

PMP

R =
Ph

O

Whitesell's Chiral Auxiliary β−lactam

Ph

O Li

6990 I. OlBlA 63 al. 

There are two possible mechanistic pathways, i.e., (a) E-enolate formation followed by a chair-like 
transition state A and (b) Z-enolate formation followed by a boat-like transition state B, which can ammmdate 
the observed stereochemical outcome. Since these are early transition states, the boat-like transition state B is not 
necessarily unfavorable. However, the chlral auxiliary is in an exo position in B, whereas it is located in au endo 
position in A. Accordingly, it is reasonable to assume that the transition state A would bring about much better 
asymmetric induction than B. 

For the formation of E- or Z-enolate, E-enolate formation should be kinetically favorable.20 In order to 
examine thermodynamic preference, we carried out MM2 calculations for both (-)-E&.3THF and (-)-Z- 
&.3THF using MACROMODEL program. Then, it was found that (-)-E-&.3THF is more favorable than (-)- 
2-&.3THF by 2.5 kcaI/mol. Therefore, the formation of E-enolate is clearly preferred in this case. 

Z-enolate 

T IP S 

I &A R’ 
I’ A , 

W-0 :x 
Li '  

0 

B 

E-enolate, (-)-E-Se.3THF Z-enolate, (-)-Z-8e.3THF 

It is apparent that the chiral auxiliary, (-)-trans-2-phenyl-1-cyclohexyl, directs the approach of the N- 
TMS-imines @a-c) extremely effectively from the G-face of (-)-E-&z to give N-lithiated-P-amino esters (ll), 
which then cyclize to afford the corresponding cis-p-lactams lo-C,D.E (Scheme 1). In the same manner, the 
enantiomeric (-)10-C is yielded from (+)-E-t& with 97% e.e. Until now, the asymmetric synthesis of 3- 
hydroxy-p-lactam has been limited by low stereoselectivity and often low chemical yield.21 Thus, our method 
provides the first efficient and practical route to 3-hydroxy-plactams with extremely high enantiomeric purity. 
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auxiliary directs the approach of the N-(p-methoxyphenyl)-imine from the si-face of the E 
enolate to adopt the six-membered chair-like transition state, which is stabilized by coordination 
of the lithium counterion to both the enolate oxygen and the imine nitrogen. (Figure 1.6).9   
 
§1.2.4 Synthesis of Whitesell’ Chiral Auxiliary: trans-2-Phenylcyclohexanol 
 

First used by Whitesell as a chiral auxiliary,16 enantiomerically pure trans-2-
phenylcyclohexanol has been used in numerous asymmetric transformations, such as asymmetric 
azo-ene reactions,17 [4+2]-cycloaddition reactions,18 ketene-olefin [2+2]-reactions,19 enolate-
imine cyclocondensations,9 Pauson-Khand reactions,20 palladium annulations,21 and Reformatsky 
reactions.22 Like (±)1-2, the enantiopure (-)1-8 was first synthesized relying on an enzymatic 
resolution; however, chromatographic purification was required, making scale-up impractical.23 
A slight modification to the route first published by King and Sharpless24 via the osmium-
catalyzed asymmetric dihydroxylation (AD) reaction of 1-phenyl-1-cyclohexene provided a 
facile synthetic route towards (-)1-8 in high enantiopurity (>99% ee) without the need for 
chromatography. 

 
Scheme 1.5.  Synthesis of Whitesell’s chiral auxiliary. 

 
The synthesis of (-)1-8 began with the Sharpless asymmetric dihydroxylation (AD) of 1-

phenyl-1-cyclohexene to give 1-7 in nearly quantitative yield. Reductive benzylic 
dehydroxylation of crude diol 1-7 gave the desired chiral auxiliary (-)1-8 in modest yield (34% 
over 2 steps) in high optical purity (>99% ee), following recrystallization from pentane (Scheme 
1.5).  
 
§1.2.5 Chiral Ester Synthesis 
 

 
Scheme 1.6. First synthetic route towards chiral ester. 
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The synthesis of chiral ester 1-12 was performed via two synthetic routes. The first 
method, shown in Scheme 1.6, began with the TIPS protection of methyl glycolate, followed by 
basic hydrolysis of the methyl ester and treatment with oxalyl chloride and DMF to afford 1-11.  
While the protection proceeded in excellent yield, the hydrolysis and subsequent acid-base work-
up as well as acyl chloride formation resulted in some nontrivial deprotection of TIPS and 
generation of hexaisopropyldisilyloxane, which was found to interfere with the 
cyclocondensation reaction. Removal of the impurity by chromatographic purification was 
impractical since its Rf and that of chiral ester 1-12 were too close for efficient separation on a 
large scale. 

 
Scheme 1.7. Second synthetic route towards chiral ester. 

 
The second synthetic route (Scheme 1.7) began with selective benzylation of the 

carboxylic acid of glycolic acid followed by TIPS protection of the alcohol to afford 1-14 in high 
yield following chromatographic purification (50% over 2 steps). Hydrogenolysis of the benzyl 
ester followed by formation of the activated succinimide ester gave 1-16 in excellent yield (98%), 
following recrystallization in hexanes. Coupling to (-)1-8 under basic conditions gave chiral ester 
1-12 in good yield (75%).   
 
§1.2.6 Synthesis of (+)1-4 via Chiral Ester Enolate-Imine Cyclocondensation 
 

 
Scheme 1.8. Lithium chiral ester-enolate imine cyclocondensation. 
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The enantiopure β-lactam was synthesized from the cyclocondensation of the E-enolate 
generated in situ from chiral ester 1-12 and imine 1-1 in modest yield and high enantiopurity 
(>98% ee). The six-membered transition state indicates that the addition of the enolate to the 
imine proceeds through the less hindered si-face, leading to the stereoselective and enantiopure 
product via a lithiated-β-amino ester intermediate (Scheme 1.8). Cyclization of this intermediate 
and regeneration of the chiral auxiliary was facilitated by the addition of LHMDS at warmer 
temperatures.   
 
§1.3 Difluorovinyl and Trifluoromethyl β-Lactams 
 
§1.3.1 Synthesis of 4-Difluorovinyl β-Lactam 
 

The synthesis of difluorovinyl β-lactam (+)1-20 was carried out over four steps from 
versatile intermediate (+)1-4. Its applications in the semisynthesis of next-generation 
fluorotaxoids are discussed in Section 2.3.  

 

 
Scheme 1.9. Ozonolysis of isobutenyl group of (+)1-4 followed by Wittig reaction to install difluorovinyl unit, subsequent PMP 

removal, and acylation with t-Boc. 
 
Ozonolysis of (+)1-4 resulted in alkene cleavage to give (+)1-17 in high yield (81%). 

Chromatographic purification of (+)1-17 was performed on alumina gel to avoid degredation of 
the C4 aldehyde. The difluorovinyl group was installed using a modified Wittig-type reaction 
with CBr2F2 and hexamethylphosphorous triamide (HMPT) in the presence of Zn to afford 
difluorovinyl β-lactam (+)1-18 in good yield. Removal of the PMP group with CAN and 
subsequent protection of (+)1-19 with t-Boc produced the desired difluorovinyl β-lactam (+)1-20 
in excellent yield (Scheme 1.9). Enantiopure β-lactam (+)1-20 was used in the semisynthesis of 
next-generation fluorotaxoid SB-T-12854 (Section 2.3.3) 
 
§1.3.2 Preparation of Trifluoromethyl-β-lactams 
 

Enantiopure 1-acyl-3-hydroxy-4-CF3-azetidin-2-ones were prepared according to 
literature method by Dr. Chi-Feng Lin.25 The synthetic route towards CF3-β-lactams is shown in 
Scheme 1.10.  
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Scheme 1.10. Preparation of trifluoromethyl-β-lactam. Adapted from reference [25]. 

 
For the synthesis of 4-trifluoromethyl-β-lactams, the [2+2] ketene-imine cycloaddition of 

N-PMP-trifluoroacetaldimine and benzyloxyacetyl chloride at 40 °C gave racemic cis-3-
benzyloxy-4-trifluoromethylazetidin-2-one. The β-lactam was converted to the corresponding 3-
acetoxy-β-lactam through hydrogenolysis, followed by acetylation. Enzymatic optical resolution 
of the racemic mixture with “PS Amano” lipase gave kinetically resolved (+)-3-AcO-4-CF3-β-
lactam. The resulting acetate was hydrolyzed under basic conditions, and the C3 hydroxyl was 
protected with TIPS. Removal of the PMP group with CAN, followed by acylation with t-Boc 
gave the final trifluoromethyl-β-lactam. The applications of CF3-β-lactams towards next-
generation fluorotaxoids and linker stability studies will be discussed in Chapters 2 & 3.   
 
§1.4. Summary 
 
 β-lactams have emerged as versatile synthetic intermediates in pharmaceutical 
development.  The β-Lactam synthon method allows for efficient incorporation of β-lactams into 
medicinally active compounds, including the semisynthesis of taxane-based anticancer agents. 
Desired N-t-Boc and C4-isobutenyl β-lactam (+)1-6 and C4-difluorovinyl β-lactam (+)1-20 were 
synthesized via the Staudinger [2+2] reaction followed by kinetic enzymatic resolution and the 
lithium chiral ester enolate-imine cyclocondensation in high enantiomeric excess towards the 
semisynthesis of next-generation taxoids. The applications of these β-lactams towards the 
synthesis of next-generation taxoids will be discussed in Chapter 2.  
 
§1.5 Experimental Section 
 
§1.5.1 Caution 
 

Some of the reagents have been designated as hazardous materials including, but not 
limited to, explosives, gases, flammable liquid and combustible liquid, flammable solid or 
dangerous when wet, oxidizer or organic peroxide, poison inhalation hazard, irritant or corrosive. 
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Osmium tetraoxide is extremely hazardous in case of ingestion and very hazardous in case of 
inhalation. All appropriate precautions, such as the use of gloves, goggles, labware, and fume 
hood, must be taken while handling these compounds at all times.    
 
§1.5.2 General Information 
 

1H, 13C, and 19F NMR spectra were measured on a Varian 300, 400, 500, or 600 MHz 
NMR spectrometer or Bruker 300, 400, or 500 MHz NMR spectrometer. Hexafluorobenzene 
was used as an external standard for 19F NMR analysis. Melting points were measured on a 
Thomas-Hoover capillary melting point apparatus and are uncorrected. TLC was performed on 
Sorbent Technologies aluminum-backed Silica G TLC plates (Sorbent Technologies, 200 µm, 20 
x 20 cm), and column chromatography was carried out on silica gel 60 (Merck, 230-400 mesh 
ASTM). Purity and enantiomeric excess were determined with a Shimadzu L-2010A HPLC HT 
series HPLC assembly, using a Chiracel OD-H (4.6 mm x 250 mm) with hexanes-isopropanol 
gradient solvent system. Two analytical conditions were used and noted as part of the 
characterization data and purity, i.e., HPLC (1): flow rate 0.6 mL/min, isocratic 15% isopropanol 
for the 20 min period; HPLC (2): flow rate 0.4 mL/min, isocratic 2% isopropanol for the 25 min 
period. 
 
§1.5.3 Materials 

 
The chemicals were purchased from Sigma-Aldrich, Fisher Scientific, and VWR 

International, and used as received or purified before use by standard methods. Tetrahydrofuran 
was freshly distilled from sodium and benzophenone. Dichloromethane was also distilled 
immediately prior to use under nitrogen from calcium hydride.  
 
§1.5.4 Experimental Procedure 
 
4-Methoxy-N-(3-methyl-2-buten-1-ylidene)-benzenamine [1-1]:26 
To a solution of p-anisidine (6.0 g, 0.0487 mol), recrystallized from EtOH, and anhydrous 
Na2SO4 (13.834 g, 0.0974 mol) in CH2Cl2 (100 mL) was added 3-methyl-2-butenal (5.1 mL, 
0.0538 mol), and the mixture was allowed to react for 3 h at room temperature with stirring in 
the absence of light. The reaction mixture was filtered to remove the Na2SO4 and then 
concentrated in vacuo in the absence of heat to afford 1-1 as a dark red liquid, which was 
immediately used in the next step without further purification. 1H NMR (300 MHz, CDCl3) δ 
1.96 (s, 3H), 2.01 (s, 3H), 3.81 (s, 3H), 6.20 (d, J = 9.3 Hz, 1H), 6.89 (d, J = 8.7 Hz, 2H), 7.12 (d, 
J = 9.0 Hz, 2H), 8.37 (d, J = 9.6 Hz, 1H). All data are in agreement with literature values.26  
 
(±)-cis-1-(4-Methoxyphenyl)-3-acetoxy-4-(2-methylprop-1-enyl)azetidin-2-one [(±)1-2]:27  
To a solution of 1-1 (crude) in CH2Cl2 (50 mL) at -78 °C was added Et3N (10.8 mL, 0.0779 
mmol), and the mixture was stirred for 15 min. Then, to the cooled solution was added 
acetoxyacetyl chloride (6.3 mL, 0.0585 mol) in CH2Cl2 (10 mL) by a jacketed addition funnel, 
cooled to -78 °C, and the mixture was allowed to react for 10 h at room temperature. The 
reaction was quenched with saturated NH4Cl (10 mL), and the mixture was washed with brine (3 
x 10 mL). The organic layer was dried over MgSO4 and concentrated in vacuo to afford a dark 
orange oil. Purification of the crude product by column chromatography on silica gel with 
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hexanes/ethyl acetate (4:1) as eluent gave racemic β-lactam, (±)1-2 (12.018 g, 85% over 2 steps) 
as a white solid; 1H NMR (300 MHz, CDCl3) δ 1.79 (s, 3H), 1.82 (s, 3H), 2.12 (s, 3H), 3.79 (s, 
3H), 4.97 (dd, J = 4.8 Hz, 9.6 Hz, 1H), 5.14 (d, J = 9.6 Hz, 1H), 5.81 (d, J = 4.8 Hz, 1H), 6.86 (d, 
J = 9.3 Hz, 2H), 7.32 (d, J = 8.7 Hz, 2H). All data are in agreement with literature values.27   
 
(3S,4R)-1-(4-Methoxyphenyl)-3-acetoxy-4-(2-methylprop-1-enyl)azetidin-2-one [(+)1-2]:25  
To solution of (±)1-2 (5.835 g, 0.0207 mmol) in 10% CH3CN in phosphate buffered saline (pH 
7.4) (800 mL) was added 20% wt PS Amano Lipase (1.167 g), and the mixture was allowed to 
react for 5 d at 45 °C with stirring by a mechanical stirrer. Reaction progress was monitored by 
TLC and 1H NMR until 50% conversion was observed. The reaction was allowed to cool to 
room temperature, and the mixture was extracted with CH2Cl2 (3 x 100 mL). The combined 
organic layers were dried over MgSO4 and concentrated in vacuo to give a yellow solid. 
Purification of the crude product by column chromatography on silica gel with hexanes/ethyl 
acetate (4:1) as eluent gave (+)1-2 (1.685 g, 60%) as a white solid; 1H NMR (300 MHz, CDCl3) 
δ 1.79 (s, 3H), 1.82 (s, 3H), 2.12 (s, 3H), 3.79 (s, 3H), 4.97 (dd, J = 4.8 Hz, 9.6 Hz, 1H), 5.14 (d, 
J = 9.6 Hz, 1H), 5.81 (d, J = 4.8 Hz, 1H), 6.86 (d, J = 9.0 Hz, 2H), 7.32 (d, J = 8.0 Hz, 2H). 
HPLC (1): (+)1-2: t = 15.0, >98.4% ee; (-)1-2: t = 10.6 min, <1.6% ee. All data are in agreement 
with literature values.25 
 
(3R,4S)-1-(4-Methoxyphenyl)-3-hydroxy-4-(2-methylprop-1-enyl)azetidin-2-one: [(+)1-3]:27 
To a cooled solution of (+)1-2 (1.582 g, 5.47 mmol) in THF (20 mL) was added an aqueous 
solution of 2 M KOH (20 mL), and the mixture was allowed to react at 0 °C for 4 h with stirring. 
The reaction was quenched with saturated NH4Cl (20 mL), and the mixture was extracted with 
CH2Cl2 (3 x 50 mL). The combined organic layers were washed with brine (3 x 20 mL), dried 
over MgSO4, and concentrated in vacuo to afford (+)1-3 (1.217 g, 90%) as a white solid, which 
was immediately used in the next step without further purification. 1H NMR (300 MHz, CDCl3) 
δ 1.86 (s, 6H), 2.86 (bs, 1H), 3.78 (s, 3H), 4.89 (dd, J = 4.8, 9.3 Hz, 1H), 5.03 (d, J = 4.8 Hz, 1H), 
5.27 (d, J = 9.3 Hz, 1H), 6.84 (d, J = 9.0 Hz, 2H), 7.31 (d, J = 9.0 Hz, 2H). All data are in 
agreement with literature values.27  
 
(3R,4S)-1-(4-Methoxyphenyl)-3-triisopropylsilyloxy-4-(2-methylprop-1-enyl)azetidin-2-one 
[(+)1-4]:27!!
To a cooled solution of (+)1-3 (1.120 g, 4.53 mmol) and DMAP (0.166 g, 1.36 mmol) in CH2Cl2 
(45 mL) was added Et3N (1.26 mL, 9.06 mmol) followed by TIPSCl (1.452 mL, 6.795 mmol), 
and the mixture was allowed to warm to room temperature and react for 17 h with stirring. The 
reaction was quenched with saturated NH4Cl (10 mL), and the mixture was extracted with 
CH2Cl2

 (3 x 20 mL). The combined organic layers were washed with brine (3 x 20 mL), dried 
over MgSO4, and concentrated in vacuo to afford a yellow oil. Purification of the crude product 
by column chromatography on silica gel with hexanes/ethyl acetate (9:1) as eluent gave (+)1-4 
(1.565 g, 86%) as a white solid; 1H NMR (600 MHz, CDCl3) δ 1.09 (m, 21H), 1.79 (s, 3H), 1.85 
(s, 3H), 3.77 (s, 3H), 4.81 (dd, J = 5.1 Hz, 9.9 Hz, 1H), 5.05 (d, J = 5.1 Hz, 1H), 5.33 (d, J = 9.9 
Hz, 1H), 6.84 (d, J = 9.0 Hz, 2H), 7.32 (d, J = 9.0 Hz, 2H). All data are in agreement with 
literature values.27   
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(3R,4S)-3-Triisopropylsilyloxy-4-(2-methylprop-1-enyl)azetidin-2-one [(+)1-5]:26!
To a cooled solution of (+)1-4 (0.775 g, 1.99 mmol) in CH3CN (32 mL) was added cerium 
ammonium nitrate (4.375 g, 7.98 mmol) in H2O (30 mL) by slow addition, and the mixture was 
allowed to react for 3 h at -10 °C with stirring. The reaction mixture was extracted with ethyl 
acetate (3 x 20 mL) and washed with saturated NaHSO3 (3 x 20 mL). The combined organic 
layers were washed with brine (3 x 30 mL), dried over MgSO4, and concentrated in vacuo to 
afford a dark brown oil. Purification of the crude product by column chromatography on silica 
gel with hexanes/ethyl acetate (4:1) as eluent gave (+)1-5 (0.233 g, 41%) as a white solid; 1H 
NMR (300 MHz, CDCl3) δ 1.05 (m, 21H), 1.69 (s, 3H), 1.76 (s, 3H), 4.45 (dd, J = 4.2, 9.6 Hz, 
1H), 5.00 (m, 1H), 5.32 (d, J = 9.6 Hz, 1H), 5.78 (bs, 1H). All data are in agreement with 
literature values.26 
 
(3R,4S)-1-(tert-Butoxycarbonyl)-3-triisopropylsilyloxy-4-(2-methylprop-1-enyl)azetidin-2-
one [(+)1-6]:26!
To a cooled solution of (+)1-5  (0.219 g, 0.737 mmol) and DMAP (0.027 g, 0.221 mmol) in 
CH2Cl2 (4 mL) was added Et3N (0.2 mL, 1.47 mmol) followed by Boc2O (0.204 g, 0.922 mmoL) 
in CH2Cl2 (2 mL), and the mixture was allowed to react for 15 h at room temperature with 
stirring. The reaction was quenched with saturated NH4Cl (10 mL), and the mixture was 
extracted with CH2Cl2 (3 x 20 mL). The combined organic layers were washed with brine (3 x 20 
mL), dried over MgSO4, and concentrated in vacuo to afford a yellow oil. Purification of the 
crude product by column chromatography on silica gel with hexanes/ethyl acetate (19:1) as 
eluent gave (+)1-6 (0.239 g, 81%) as a colorless oil; 1H NMR (500 MHz, CDCl3) δ 1.07 (m, 
21H), 1.51 (s, 9H), 1.79 (d, J = 1.3 Hz, 3H), 1.81 (d, J = 1.3 Hz, 3H), 4.78 (dd, J = 5.8 Hz, 9.9 
Hz, 1H), 5.00 (d, J = 5.8 Hz, 1H), 5.31 (d, J = 9.9 Hz, 1H); 13C NMR (400 MHz, CDCl3) δ 12.0, 
17.7, 18.4, 26.2, 28.2, 57.0, 82.7, 118.6, 139.7, 148.3, 166.5. All data are in agreement with 
literature values.26   
 
(1R,2R)-cis-1-Phenyl-1,2-cyclohexanediol [1-7]:28!
To a cooled solution of potassium ferricyanide (62.366 g, 0.189 mol), K2CO3 (26.226 g, 0.189 
mol), and methanesulfonamide (6.024 g, 0.0633 mol) in tert-butanol–H2O (2:3) (170 mL) was 
added potassium osmate (VI) dihydrate (60 mg, 0.163 mmol) and (DHQD)2PHAL (0.470 g, 
0.603 mmol), and the mixture was allowed to react for 10 min at 0 °C with stirring. To the 
solution was added 1-phenyl-1-cyclohexene (10 mL, 0.0628 mmol), and the mixture was 
allowed to react for 48 °C at room temperature with stirring. The reaction mixture was extracted 
with ethyl acetate (3 x 150 mL) and subsequently filtered to remove solid impurities. The 
combined organic layers were washed with an aqueous solution of 2 M KOH (100 mL), dried 
over MgSO4, and concentrated in vacuo to afford 1-7 (11.667 g, crude) as an off-white solid, 
which was used immediately in the next step without further purification. 1H NMR (600 MHz, 
CDCl3) δ 1.3-1.6 (m, 9H), 2.69 (bs, 1H), 3.95 (dt,  J = 4.0, 11.0 Hz, 1H), 7.27 (t,  J = 7.5 Hz, 1H), 
7.35 (t, J = 7.8 Hz, 2H), 7.49 (d, J = 8.1 Hz, 2H). All data are in agreement with literature 
values.28 
 
(-)-trans-2-Phenyl-cyclohexanol [1-8]:28!
To a solution of 1-7 (crude) in EtOH (120 mL), equipped with a condenser and mechanical 
stirrer, was added W-2 Raney nickel (200 mL), and the mixture was allowed to react for 3 h at 
100 °C with stirring. The reaction was allowed to cool to 40 °C, and the mixture was filtered 
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over celite and concentrated in vacuo to afford a white solid. The product was recrystallized from 
pentane to afford 1-8 (3.649 g, 34 % over two steps) as white needles; 1H NMR (600 MHz, 
CDCl3) δ 1.83 (m, 2H), 1.94 (m, 2H), 2.36 (m, 2H), 2.56 (m, 2H), 6.28 (m, 1H), 7.36 (t, J = 7.5 
Hz, 1H), 7.45 (t, J = 7.5 Hz, 2H), 7.53 (d, J = 8.1 Hz, 2H); HPLC (2): t = 24.5 min, >99.4% ee. 
All data are in agreement with literature values. All data are in agreement with literature 
values.28 
 
2-(Triisopropylsiloxy)acetic acid methyl ester [1-9]:29  
To a cooled solution of methyl glycolate (4.8 mL, 0.0631 mmol) and imidazole (12.857 g, 
0.1889 mol) in DMF (30 mL) was added TIPSCl (16.2 mL, 0.0757 mol), and the mixture was 
allowed to react for 18 h at room temperature with stirring. The reaction was quenched with 
saturated NH4Cl (10 mL), and the mixture was extracted with ethyl acetate (3 x 30 mL). The 
combined organic layers were washed with brine (3 x 20 mL), dried over MgSO4, and 
concentrated in vacuo to afford 1-9 (16.258, crude) as a yellow liquid, which was immediately 
used in the next step without further purification. 1H NMR (300 MHz, CDCl3) δ 1.00 (m, 21H), 
3.66 (s, 3H), 4.25 (s, 2H). All data are in agreement with literature values.29 
 
2-(Triisopropylsilyloxy)acetic acid [1-10]:30 
To a cooled solution 1-9 (crude) in THF (120 mL) was added an aqueous solution of 1 M 
LiOH.H2O (120 mL, 0.120 mol), and the mixture was allowed to react for 16 h at room 
temperature with stirring. The reaction mixture was extracted with CH2Cl2 (3 x 20 mL), and the 
pH of the aqueous phase was adjusted to 2 with 1 N HCl. The acidified aqueous layer was once 
again extracted with CH2Cl2 (3 x 20 mL). The combined organic layers were washed with brine 
(3 x 20 mL), dried over MgSO4, and concentrated in vacuo to afford 1-10 (9.941 g, crude) as a 
yellow liquid, which was immediately used in the next step without further purification. 1H NMR 
(300 MHz, CDCl3) δ 1.06 (m, 21H), 4.30 (s, 2H). MS (ESI) m/z for C11H23O3Si- calcd: 232.1. 
Found: 232.1. All data are in agreement with literature values.30 
 
2-(Triisopropylsilyloxy)acetyl chloride [1-11]:31 
To a solution of 1-10 (crude) in CH2Cl2 (125 mL) was added oxalyl chloride (4.8 mL, 55.60 
mmol) followed by DMF (0.5 mL, 6.49 mmol), and the mixture was allowed to react for 16 h at 
room temperature with stirring. The reaction mixture was directly concentrated in vacuo to 
afford 1-11 (10.44 g, crude) as an orange liquid, which was immediately used in the next step 
without further purification. 13C NMR (400 MHz, CDCl3) δ 11.86, 17.65, 70.15, 172.63. All data 
are in agreement with literature values.31 
 
2-(Triisopropylsilyloxy)acetic acid (1R,2S)-2-phenylcyclohexyl ester [1-12]:9 
To a solution of 1-8 (3.63 g, 0.0206 mol) and DMAP (2.81 g, 0.0227 mol) in CH2Cl2 (50 mL) 
was added pyridine (2.5 mL, 0.0227 mmol) followed by 1-11 (7.802, 0.0309 mol) and the 
mixture was allowed to react for 16 h at room temperature. The reaction was quenched with 
saturated NaHCO3 (20 mL), and the mixture was washed with saturated CuSO4 (3 x 20 mL) and 
brine (3 x 20 mL). The organic layer was dried over MgSO4 and concentrated in vacuo to afford 
a yellow liquid. Purification of the crude product by column chromatography on silica gel with 
hexanes/ethyl acetate (33:1) as eluent gave 1-12 (7.429 g, 92%) as a colorless oil; 1H NMR (500 
MHz, CDCl3) δ 1.00 (m, 21H), 1.48 (m, 4H), 1.80 (m, 1H), 1.87 (m, 1H), 1.96 (m, 1H), 2.17 (m, 
1H), 2.69 (dt, J = 9.0, 12.5 Hz, 1H), 3.94 (d, J = 16.5 Hz, 1H), 4.10 (d, J = 16.5 Hz, 1H), 5.10 (dt, 
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J = 4.0, 11.0 Hz, 1H), 7.19 (m, 3H), 7.26 (m, 2H). All data are in agreement with literature 
values.9 
 
Benzyl glycolate [1-13]:32 
To a solution of glycolic acid (2.5 g, 0.032 mol) in acetone (30 mL) was added Et3N (5 mL, 
0.036 mmol) followed by benzyl bromide (5.0 g, 0.042 mol), and the mixture was allowed to 
react for 16 h at room temperature with stirring. The reaction mixture was directly concentrated 
in vacuo to afford a yellow oil. The oil was dissolved in H2O (20 mL) and extracted with ethyl 
acetate (3 x 20 mL). The combined organic layers were washed with brine (3 x 50 mL), dried 
over MgSO4, and concentrated in vacuo to give 1-13 (3.298 g, 68%) as a colorless liquid; 1H 
NMR (300 MHz, CDCl3) 4.20 (s, 2H), 5.23 (s, 2H), 7.37 (m, 5H). All data are in agreement with 
literature values.32 
 

2-(Triisopropylsiloxy)acetic acid benzyl ester [1-14]:30 
To a solution of 1-13 (3.056 g, 18.41 mmol) and DMAP (0.250 g, 1.84 mmol) in CH2Cl2 (45 
mL) was added Et3N (3.3 mL, 23.93 mmol) followed by TIPSCl (5.0 mL, 20.25 mmol), and the 
mixture was allowed to react for 16 h at room temperature with stirring. The reaction was 
quenched with saturated NH4Cl (10 mL) and diluted with H2O (20 mL). The reaction mixture 
was extracted with CH2Cl2 (3 x 20 mL). The combined organic layers were washed with brine (3 
x 20 mL), dried over MgSO4, and concentrated in vacuo to give a yellow oil. Purification of the 
crude product by column chromatography on silica gel with hexanes/ethyl acetate (99:1) as 
eluent gave 1-14 (4.329 g, 73%) as a colorless oil; 1H NMR (500 MHz, CDCl3) 1.06 (d, J = 6.4 
Hz, 18H), 1.12 (m, 3H), 4.36 (s, 2H), 5.19 (s, 2H), 7.34 (m, 5H). All data are in agreement with 
literature values.30   
 
2-(Triisopropylsiloxy)acetic acid [1-15]:30 
To a solution of 1-14 (3.196 g, 9.93 mmol) in ethyl acetate (130 mL) was added 20% w/w 
palladium on carbon (0.640 g), and the mixture was purged with N2 and set under H2 for 4 h at 
room temperature with stirring. The reaction mixture was filtered over celite and concentrated in 
vacuo to give 1-15 (2.257 g, 98%) as a colorless liquid; 1H NMR (400 MHz, CDCl3) 1.10 (m, 
21H), 4.31 (s, 2H). All data are in agreement with literature values.30  
 
2-Triisopropylsiloxy-acetic succinate ester [1-16]: 
To a solution of 1-15 (1.670 g, 7.20 mmol) and HOSu (0.993 g, 8.64 mmol) in CH2Cl2 (35 mL) 
was added EDC.HCl (2.073 g, 10.797 mmol) in CH2Cl2 (10 mL), and the mixture was allowed to 
react for 12 h at room temperature with stirring. The reaction was quenched with saturated 
NH4Cl (10 mL) and diluted with H2O (3 x 10 mL). The reaction mixture was extracted with 
CH2Cl2 (3 x 20 mL). The combined organic layers were dried over MgSO4 and concentrated in 
vacuo to afford a yellow oil. Recrystallization from hexanes gave 1-16 (1.653 g, 70%) as a white 
solid; 1H NMR (300 MHz, CDCl3) δ 1.08 (m, 21H), 2.84 (s, 4H), 4.67 (s, 2H). HRMS for 
C15H28NO5Si+ calcd: 330.1731. Found: 330.1738 (Δ = 2.1 ppm).  
 
(3R,4S)-1-(4-Methoxyphenyl)-4-(2-methyl-1-propen-1-yl)-3-triisopropylsilyloxy-2-
azetidinone [(+)1-4]:9!
To a cooled solution of 2 M lithium diisopropylamide (2.5 mL, 5.0 mmol) in THF (10 mL) was 
added 1-12 (1.275 g, 3.26 mmol) by slow addition over 30 min. To the reaction vessel was added 
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neat 1-1 (0.803 g, 4.24 mmol) by slow addition over 1 h, and the mixture was allowed to react 
for 2 h at -78 °C with stirring. To the reaction mixture was added 1 M LHMDS (2.5 mL, 2.50 
mmol), and the mixture was allowed to warm to -40 °C and react for 2 h with stirring. The 
reaction was quenched with saturated NH4Cl (10 mL), diluted with H2O (10 mL), and allowed to 
warm to 25 °C. The reaction mixture was extracted with ethyl acetate (3 x 30 mL). The 
combined organic layers were washed with brine (3 x 30 mL), dried over MgSO4, and 
concentrated in vacuo to afford a brown oil. Purification of the crude product by column 
chromatography on silica gel with hexanes/ethyl acetate (3:1) as eluent gave (+)1-4 (0.735 g, 
41%) as a white solid; 1H NMR (600 MHz, CDCl3) δ 1.10 (m, 21H), 1.79 (s, 3H), 1.85 (s, 3H), 
3.77 (s, 3H), 4.80 (dd, J = 4.8 Hz, 9.9 Hz, 1H), 5.05 (d, J = 4.8 Hz, 1H), 5.33 (d, J = 9.9 Hz, 1H), 
6.83 (d, J = 9.0 Hz, 2H), 7.32 (d, J = 9.0 Hz, 2H). HPLC (1): (+)1-4: t = 14.5, >99.6% ee. All 
data are in agreement with literature values.9 
 
(3R,4S)-1-(4-Methoxyphenyl)-4-oxo-3-(triisopropylsiloxy)azetidin-2-one [(+)1-17]:25!
A solution of (+)1-4 (1.426 g, 3.53 mmol) in CH2Cl2 (150 mL) was purged with O2 and cooled to 
-78 °C. Ozone was bubbled into the solution at an oxygen flow rate of ¼ and an ozonolysis 
setting of 8, and the mixture was allowed to react for 5 h at -78 °C with stirring until the solution 
turned light blue. Ozone flow was stopped, and after 30 min dimethyl sulfide (3 mL, 17.6 mmol) 
was added, and the mixture was allowed to warm to room temperature. The reaction mixture was 
concentrated in vacuo to afford a yellow liquid. The liquid was dissolved in ethyl acetate (50 
mL) and washed with H2O (3 x 10 mL) and brine (3 x 10 mL). The organic layer was dried over 
MgSO4 and concentrated in vacuo to afford a yellow liquid. Purification of the crude product by 
column chromatography on alumina gel with hexanes/ethyl acetate (3:1) as eluent gave (+)1-17 
(1.075 g, 81%) as a white solid; 1H NMR (600 MHz, CDCl3) 1.09 (m, 21 H), 3.79 (s, 3H), 4.46 
(m, 1H), 5.31 (d, J = 4.8 Hz, 1H), 6.87 (d, J = 9.0 Hz, 2H), 7.27 (d, J = 9.0 Hz, 2H), 9.77 (d, J = 
4.2 Hz, 1H). All data are in agreement with literature values.25 
 
(3R,4S)-4-(2,2-Difluoroethenyl)-1-(4-methoxyphenyl)-3-(triisopropylsiloxy)azetidin-2-one 
[(+)1-18]:33 
To a cooled solution of (+)1-17 (0.800 g, 2.12 mmol) in THF (120 mL) was added Zn powder 
(0.700 g, 10.5 mmol); and in a second vessel, to a cooled solution of dibromodifluoromethane 
(0.8 mL, 8.75 mmol) in THF (60 mL) was added hexamethylphosphorous triamide (4.1 mL, 25.8 
mmol) to form a white precipitate. The contents of the second vessel were immediately added to 
the suspension in the former flask, and the mixture was sealed and allowed to react for 40 min at 
60 °C with stirring. The reaction mixture was filtered over celite and concentrated in vacuo to 
afford a red oil. The oil was dissolved in ethyl acetate (100 mL) and washed with H2O (3 x 10 
mL) and brine (3 x 10 mL). The organic layer was dried over MgSO4 and concentrated in vacuo 
to afford an orange oil. Purification of the crude product by column chromatography on silica gel 
with hexanes/ethyl acetate (3:1) as eluent gave (+)1-18 (0.700 g, 80%) as a white solid; 1H NMR 
(600 MHz, CDCl3) δ 1.10 (m, 21H), 3.79 (s, 3H), 4.53 (dd, J = 10, 24.9 Hz, 1H), 4.83 (m, 1H), 
5.14 (d, J = 5.1 Hz, 1H), 6.86 (d, J = 9.0 Hz, 2H), 7.33 (d, J = 9.0 Hz, 2H). All data are in 
agreement with literature values.33 
 
(3R,4S)-4-(2,2-Difluoroethenyl)-3-(triisopropylsiloxy)azetidin-2-one [(+)1-19]:33 
To a cooled solution of (+)1-18 (0.668 g, 1.63 mmol) in CH3CN (30 mL) was added ammonium 
cerium(IV) nitrate (3.63 g, 6.62 mmol) in H2O (30 mL) by slow addition, and the mixture was 
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allowed to react for 3 h at -10 °C with stirring. The reaction mixture was extracted with ethyl 
acetate (3 x 30 mL). The combined organic layers were washed with NaHSO3 (3 x 30 mL) and 
brine (3 x 30 mL), dried over MgSO4, and concentrated in vacuo to afford a dark brown oil. 
Purification of the crude product by column chromatography on silica gel with hexanes/ethyl 
acetate (2:1) as eluent gave (+)1-19 (0.370 g, 75%) as white needles; 1H NMR (600 MHz, 
CDCl3) δ 1.09 (m, 21H), 4.13 (m, 1H), 4.55 (m, 1H), 5.07 (m, 1H), 5.85 (bs, 1H). All data are in 
agreement with literature values.33 
 
(3R,4S)-1-(tert-Butoxycarbonyl)-4-(2,2-difluoroethenyl)-3-(triisopropylsiloxy)azetidin-2-one 
[(+)1-20]:33 
To a cooled solution of (+)1-19  (0.370 g, 1.213 mmol) and DMAP (0.044 g, 0.364 mmol) in 
CH2Cl2 (7 mL) was added Et3N (0.35 mL, 2.426 mmol) followed by Boc2O (0.332 g, 1.52 
mmol) in CH2Cl2 (1.5 mL), and the mixture was allowed to react for 14 h at room temperature 
with stirring. The reaction was quenched with saturated NH4Cl (10 mL), and the mixture was 
extracted with CH2Cl2 (3 x 30 mL). The combined organic layers were washed with brine (3 x 30 
mL), dried over MgSO4, and concentrated in vacuo to afford a red liquid. Purification of the 
crude product by column chromatography on silica gel with hexanes/ethyl acetate (19:1) as 
eluent gave (+)1-20 (0.341 g, 70%) as a colorless oil; 1H NMR (600 MHz, CDCl3) δ 1.14 (m, 
21H), 1.51 (s, 9H), 4.51 (dd, J = 10.2, 24.0 Hz, 1H), 4.75 (m, 1H), 5.05 (d, J = 5.4 Hz, 1H). All 
data are in agreement with literature values.33 
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§2.1 Introduction 
 
“Down to their innate molecular core, cancer cells are hyperactive, survival-endowed, scrappy, fecund, inventive 

copies of ourselves.” 
 
- Siddhartha Mukherjee, The Emperor of All Maladies 
 
§2.1.1 Cancer 
 

Cancer is a classification of diseases characterized by uncontrolled growth and spread of 
abnormal cells. Malignant cells can spread to nearby tissues by local invasion, circulation 
through the blood stream, intravasation through the walls of nearby lymph or blood vessels, or 
implant into distant tissues by a process called “metastasis.” While all cancers involve the 
malfunction of the genes responsible for cell division and growth, approximately 5% are derived 
from inherited genetic traits. The remaining majority of cancer incidents result from damage 
done to genes over the course aging. External risk factors include, but are not limited to, smoking 
tobacco, sunlight exposure, ionizing radiation, certain chemical exposure, poor diet, lack of 
physical activity, and obesity.1  

Cancer remains the second leading cause of death in the United states, accounting for 
nearly a quarter of all deaths, and is exceeded only by heart disease; about 1.6 million cases were 
expected to be diagnosed in 2013, and of these over 580,000 people were expected to die from 
the disease.2, 3 The lifetime probability of developing cancer is approximately 1 in 2 for men and 
1 in 3 for women (Figure 2.1), and the total economic loss impacted by cancer is estimated at 
$895 billion, or 1.5% of the global gross domestic product (GDP).1 

 

 
Figure 2.1 Lifetime probability of developing cancer by gender, 2007-2009. Adapted from reference [1]. 

 
Significant advances in cancer treatment have been made over the past several decades.  

Awareness of the disease and external risk factors have contributed to a reduction in cancer 
incidence rates.1 Over the past 40 years, a 50% reduction in per capita cigarette consumption has 
led to a 30% reduction in the male lung cancer death rate.1 Furthermore, early detection 
diagnostic methods though practices such as annual mammograms and periodic colonoscopies 

Risk Site Risk 

1 in 2 All sites 1 in 3 

1 in 6 Prostate ♂ / Breast ♀ 1 in 8 

1 in 13 Lung bronchus 1 in 16 

1 in 19 Colon and Rectum 1 in 21 

1 in 26 Urinary Bladder 1 in 87 

1 in 35 Melanoma 1 in 54 

1 in 43 Non-hodgkins Lymphoma 1 in 52 

1 in 49 Kidney ♂ / Uterine Corpus ♀ 1 in 38 

1 in 63 Leukemia ♂ / Ovary ♀ 1 in 72 

1 in 66 Oral Cavity ♂ / Pancreas ♀ 1 in 69 

1 in 92 Stomach ♂ / Uterine Cervix ♀ 1 in 147 
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have contributed to the great improvements in five-year relative cancer survival rates for breast 
and colorectal cancers, at 90% and 65%, respectively.1 However, despite these advances, the 
five-year survival rates for most cancers remain extremely low, like pancreatic cancer (6%), lung 
and bronchial cancer (17%), and ovarian cancer (43%).1 

Primary cancer treatment options include surgery, chemotherapy, radiation, 
immunotherapy, hormonal suppression, gene therapy, and targeted therapy. Depending on the 
progression of the disease and tumor accessibility, either a single method or a series of the above 
listed treatment options can be employed to combat malignant tissue or to augment  
   
§2.1.2 Chemotherapy 
 
 Traditional chemotherapy uses potent cytotoxic agents to target the molecular processes 
of cell division and exploit of the increased rate of cell division in cancer cells.  There are many 
classes of chemotherapeutic agents, including microtubule stabilizing agents (i.e., paclitaxel), 
topoisomerase inhibitors (i.e., topotecan, irinotecan), thymidylate synthase inhibitors (5-
fluorouracil), DNA alkylating agents (cisplatin), and protein kinase inhibitors (Gleevec®).  Often, 
two or more drugs are used in combination (combination chemotherapy) to block different 
processes of cell division based on non-overlapping mechanisms of action. However, these 
highly potent drugs lack selectivity towards cancer cells that often leads to undesired side effects, 
such as vomiting, hair loss, a compromised immune system, bleeding, and fatigue.   
  

Table 2.1. Top selling cancer drugs in the U.S. in 2013.a 

Rank Drug Company Indication Class Target 
1 Rituxan (rituximab) Biogen Idec, 

Genentech 
non-Hodgkin 

lymphoma 
monoclonal 

antibody 
CD20 

2 Avastin (bevacizumab) Genentech metastatic 
colorectal 

cancer 

monoclonal 
antibody 

VEGF-A 

3 Herceptin (trastuzumab) Genentech breast cancer monoclonal 
antibody 

HER2/neu 
receptor 

4 Gleevec (imatinib) Novartis leukemia tyrosine-
kinase 

inhibitor 

ABL, 
CD117, 
PDGF-R 

5 Alimta (pemetrexed) Eli Lilly pleural 
mesothelioma, 

NSCLC 

antifolate TS, DHFR 

6 Xeloda (capecitabine) Genentech colorectal 
cancer 

antimetabolite TS inhibitor 

aSource: Drugs.com U.S. Pharmaceutical Sales - 2013 
 

A list of the top selling cancer drugs in 2013 is provided in Table 2.1. In addition to these 
highly successful chemotherapeutic agents, many more compounds that had been developed 
earlier are available off patent or as generics and, moving forward, numerous promising 
candidates are currently undergoing clinical evaluation. The area of research in this dissertation, 
however, was focused on microtubule stabilizing agents and, in particular, Taxol® (paclitaxel) 
and its relative taxanes.  
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§2.2 Paclitaxel (Taxol®) and the Taxane Class 
 
§2.2.1 Discovery of Paclitaxel and its Mechanism of Action 
 

Taxol (paclitaxel) was first isolated by Wall and Wani from the bark of Taxus brevifolia 
as a natural diterpenoid, and its structure was published in 1971 (Figure 2.2).4 Despite its 
complex structure, low availability from natural source, and poor water solubility, subsequent 
development with NCI revealed excellent antitumor activity against human solid tumor 
xenografts, including CX-1 colon and MX-1 breast tumor xenografts, leading to preclinical 
formuation and eventual clinical development.5   

  
Figure 2.2 Chemical structure (left) and 3D depiction of paclitaxel (right). 

 
Taxol entered Phase I clinical trials against advanced ovarian carcinoma and melanoma 

in 1984 and encountered some resistance due to its formulation as an emulsion with Cremophor 
EL®, resulting in allergic responses and at least one death in clinical trial patients.6 Adjustments 
to the infusion period and premedication regimen overcame these problems, as the drug 
demonstrated increased cytotoxicity and in vivo activity on prolonged exposure.5 Phase II 
clinical trials with the lengthened infusion period proved to be successful in 1985, and the first 
definitive results were reported in pivotal clinical trials against drug-refractory ovarian cancer in 
1989,7 and breast cancer in 1991.8 In 1989, Bristol-Myers Squibb (BMS) was awarded a 7-year 
period of exclusivity by NCI under the Cooperative Research and Development Agreement 
(CRADA) in return for their investment in development, and the drug was marketed under the 
brand name Taxol®.5 Taxol was approved by the U.S. Food and Drug Administration (FDA) for 
the treatment of refractory ovarian cancer in 1992, refractory or anthracycline-resistant breast 
cancer in 1994, Kaposi’s sarcoma in 1997, and non-small cell lung cancer in 1998.5 Taxol is 
currently being evaluated in Phase II and III clinical trials for additional indications as well as in 
combination with other drugs. 

Taxol consists of a tetracyclic baccatin III skeleton – cyclohexene (A ring), cyclooctane 
(B ring), cyclohexane (C ring), and oxetane (D ring) – and an N-benzoylphenylisoserine side 
chain. With eleven chiral centers, fourteen oxygen atoms, and a single nitrogen atom, the 
chemical structure of taxol is given in Figure 2.2. 

The mechanism of action of taxol as a promotor of tubulin polymerization was 
discovered by Dr. Susan Horwitz and co-workers in 1979.9 Unlike vinblastine and vincristine, 
known inhibitors of tubulin polymerization, taxol was the first identified microtubule-stabilizing 
agent, a groundbreaking discovery that led to the development of other agents such as 
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epothilones and discodemolide that have a similar mechanism of action.5 Microtubules consist of 
two polypeptide subunits, α- and β-tubulin, approximately 440 amino acids in length (ca. 50 
kDa), that together form the tubulin heterodimer.9 Tubulin heterodimers polymerize in the 
presence of guanoside-5’-triphosphate (GTP), magnesium ions (Mg2+), and microtubule-
associated proteins (MAPs) to form the microtubule, which consists of 13 protofilaments with an 
average diameter of 23 nm. However, upon interaction with taxol, the resulting microtubule 
contains 12 protofilaments and is stable under depolymerization conditions. The assembly and 
disassembly of microtubules are responsible for the formation of the mitotic spindle, a necessary 
process in cell division. Taxol promotes polymerization of tubulin heterodimers to microtubules, 
binding in an approximately equimolar ratio, stabilizes the formed microtubule, and inhibits the 
disassembly of the mitotic spindle (Figure 2.3).9 This process arrests mitosis in the G2/M phase, 
leading to nonsegregation of chromosomes during cell division and eventual apoptosis.9  

 

 
Figure 2.3. Microtubule formation in the presence of Taxol®. Adapted from reference [10].  

 
 In addition to its interaction with tubulin, taxol has demonstrated several minor biological 
effects, such as its ability to inactivate the anti-apoptotic protein Bcl-2.5 Taxol both binds to and 
induces phosphorylation of Bcl-2, which was suggested to occur through activation of Raf-1 
kinase following drug-induced disruptions of microtubules.11-13 In spite of its effect on Bcl-2 and 
production of cytokines, it has been proposed that all significant effects of taxol are directly 
derived from its interaction with tubulin.5   
 
§2.2.2 Docetaxel and Cabazitaxel 
 

Docetaxel (Taxotere®), a semi-synthetic analogue of paclitaxel, was shown to have 
excellent activity, better than paclitaxel in some cases, and was developed in parallel to taxol.  
Docetaxel entered Phase I clinical trials in 1990, and was approved by the U.S. FDA for 
treatment of advanced breast cancer in 1996,14 non small-cell lung cancer (NSCLC) in 1999,15 
and head and neck cancer in 2006.16 Recently, cabazitaxel (Jevtana®), another semi-synthetic 

! "!

 
Scheme 2. Mechanism of action of paclitaxel and microtubule stabilizing agents.7,11,12 

 

Paclitaxel, a complex diterpene isolated from the bark of Taxus brevifolia (Pacific Yew), 

consists of a tetracyclic ring system with an N-benzoylphenylisoserine side chain, 11 chiral 

centers, and both amide and ester functionalities.13 

 

 
Scheme 3. Numbered structure of paclitaxel. 

 

However, the drug was specifically isolated from the Yew’s bark, a non-renewable 

resource, and it became apparent that the extraction of Paclitaxel from this source was both 

impractical and uneconomical.14  Reported by Potier, et al., isolation of 10-deacetylbaccatin from 

the leaves of Taxus baccata led to both a renewable and high yielding resource for the 
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taxane, received U.S. FDA approval for hormone-refractory metastatic prostate cancer in 2009,17 
and is in Phase III clinical trials for breast cancer.18 The chemical structures of docetaxel and 
cabazitaxel are illustrated in Figure 2.4.  
 

 
Figure 2.4. Chemical structures of docetaxel (left) and cabazitaxel (right). 

 
§2.2.3 Production of Paclitaxel 
 

The natural source of taxol is from the bark of Taxus brevifolia, the pacific yew tree.  
However, environmental concerns arose due to its non-renewable process for extraction and the 
location of the natural habitat of the endangered spotted owl within the yew forest, limiting taxol 
supply from this source.5, 19 The first reported total syntheses of taxol were performed 
concurrently by Holton20 and Nicolaou21 in 1994, and since then by Danishefsky,22 Wender,23 
Kuwajima,24 Mukaiyama,25 and Takahashi.26 In spite of these impressive synthetic 
accomplishments, none of the above synthetic routes proved to be efficient or economical for 
large-scale production. 
 A semi-synthetic approach from 10-deacetylbaccatin III (10-DAB III), discovered by 
Potier and co-workers to be abundant and renewable in the needles of the European Yew, Taxus 
baccata, led to the commercial synthesis of taxol.27 With the identical tetracyclic framework as 
taxol, modified 10-DAB III was coupled to an enantiomerically pure N-phenylisoserine side 
chain in 1988 by Potier and Green, however harsh conditions were required for 50% conversion 
and epimerization was observed at the C2’ position.27 Later, the installation of the taxol side 
chain to the baccatin core was concurrently accomplished by Holton20 and Ojima28 by the Ojima-
Holton coupling protocol between a modified 10 DAB III and enantiopure β-lactam (Scheme 
2.1). 
 

 
Scheme 2.1. Semi-synthesis of paclitaxel and docetaxel by the Ojima-Holton coupling protocol. 

OHO

O
O

O

OH

H
OOH

O

ONH

OH

O

O

O

docetaxel (Taxotere®) cabazitaxel (Jevtana®)

OO

O
O

O

O

H
OOH

O

ONH

OH

O

O

O

OR1O

O
O

O

OH

H
OOH

O

ONH

OH

O

O

R2

OR1O

O
O

O

OTES

H
OOH

O

HO

7-TES-baccatin paclitaxel: R1 = Ac, R2 = Ph
docetaxel: R1 = H, R2 = t-BuO

N
O

TIPSO Ph

R2

O

1) LiHMDS (1.2 eq.), THF, -40 oC
2) HF-pyridine

R2 = Ph, t-BuO

R1 = Ac, H



! 27 

 
§2.2.4 Structure-Activity Relationship (SAR) Study of Taxanes 
 

The discovery of 10-DAB III as a semi-synthetic precursor towards the semi-synthesis of 
taxol and next-generation taxoids led to the exploration of structure-activity relationship (SAR) 
studies within the taxane class. An overview of SAR studies on taxol is shown in Figure 2.5.  
 

 
Figure 2.5. Overview of previously conducted SAR studies on paclitaxel (See Figure 2.2 for atom numbering) 

 
While the substitution pattern of aromatic acylation at C2 is optimal for biological 

activity, modified benzoyl groups at C2 bearing meta-substituents can be tolerated and have even 
been shown to greatly increase the potency and binding affinity of the taxoid.29  

The C4 acyl group is essential for activity; removal of the C4 acetate leads to loss of 
activity.30  However, re-acylation of C4 with various acyl groups showed improved activity, such 
as the C4 carbonate as BMS-18879731 and its tert-butoxy analog as BMS-275183,32 in Phase I 
and Phase II clinical trials, respectively (Figure 2.6). 

 

 
Figure 2.6. Chemical structures of BMS-188797 (left) and BMS-275183 (right). 
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The most readily modified functional group in the baccatin core is the C7 hydroxyl 

group.5 If the C2’ hydroxyl is suitably protected, the C7 hydroxy can be selectively derivatized 
with various acyl,33 ether,34 and thioether groups. Numerous C7 prodrugs of taxol have been 
reported as well, including water-soluble phosphate and polyethylene glycol (PEG) derivatives.35 

While changes at the C10 position do not contribute significantly bioactivity, small acyl 
groups are optimal. However, alterations in this position can alter the efficacy of the compound 
against multidrug resistant (MDR) cell lines, as the C10 position is involved in recognition by 
the Pgp-efflux pump,36 discussed in Section 2.2.4. Additionally, deacetylation at the C10 
position can be found in the FDA approved docetaxel.37  The C7,C10-dimethoxy analog of 
docetaxel, known as cabazitaxel, was prepared from 10-DAB III and demonstrated excellent 
activity in combination with prednisone against certain prostate and breast cancer.5, 38 

 

 
Figure 2.7. Proposed binding conformation of REDOR-taxol in 1JFF cryo-EM structure of Zn2+-stabilized α,β-

tubulin dimer with paclitaxel bound. Reprinted from reference [39].  
 
Previous SAR studies have shown that modifications to the isoserine side chain can result 

in increased potency compared to taxol. Replacement of the C13 ester with an amide moiety 
results in complete loss of activity, whereas epimerization of the C2’-hydroxyl and C3’-amide 
moiety leads to compromised activity. The C2’-hydroxyl group participates as a hydrogen 
bonding donor with β-tubulin residue, His227, and as a hydrogen bond acceptor with Arg369 to 
promote microtubule binding (Figure 2.7).40 The N-phenyl group can be substituted with 
lipophilic or hydrophilic acyl groups, such as tert-butyoxycarbonyl in docetaxel, to improve 
potency. Furthermore, through modifications to β-lactam precursors prior to Ojima-Holton 
coupling, it was observed that the C3’ position is variable and non-essential for maintaining drug 
activity.  

Certain modifications to the baccatin scaffold are not tolerated, such as disruption of the 
oxetane ring or removal of the C1 hydroxyl.41 Also, the free C2’ hydroxy is essential for 
bioactivity. The hydroxylated baccatin III derivative 14β-hydroxy-10-DAB III, isolated from 
Taxus wallichiana leaves, led to semi-synthetic taxane ortataxel, which is in Phase II clinical 
trials against taxane-resistant breast cancer.42, 43  

REDOR-taxol–1JFF complex was recently constructed to see
possible differences between this complex and the REDOR-
taxol–1TUB and also to perform detailed comparison with T-
taxol structure.[53]

The REDOR-taxol structure generated in the 1TUB coordi-
nates was manually docked into the b-tubulin unit of the 1JFF
protein wherein the 1JFF-taxol substrate had been removed
from the coordinates prior to docking. The resulting drug–pro-
tein complex structure (REDOR-taxol–1JFF) was minimized by
using Insight II 2000 (CVFF force field). The H bond between
the C2’-OH group and His229, a key feature of the REDOR-
taxol model, was very stable during the process, with a final
H!N distance of 2.25 ! (Figure 7).[53]

For fair and accurate comparison of the REDOR-taxol struc-
ture with the T-taxol structure,[37,59] the coordinates of the T-
taxol–1JFF complex structure were obtained directly from the
Emory University group,[37] and subjected to computational
analyses. Unexpectedly, there was no H bond between the C2’-
OH and the C=O of Arg369 in the obtained T-taxol–1JFF coor-
dinates although this particular H bond was reported in the
original T-taxol paper.[33] Additionally, no H bond between the
C2’-OH and the nitrogen of the Gly370 NH group was ob-
served; in this structure the C2’-OH points towards the hydro-
gen of the Gly370 NH rather than the lone pair (Figure 8a).

After energy minimization (Insight II 2000, CVFF), a H bond
(3.4 !) was formed between the C2’-O (H-bond acceptor) and

H-N of Gly370.[37] This H-bond formation caused a slight
change in the T-taxol conformation in the 1JFF protein. It
should be noted that the mode of this H bond (i.e. , reverse
H bond) is not consistent with the well-established SAR stud-
ies, which indicate that the free hydroxy group at the C2’ posi-
tion is critically important, i.e. , the C2’-OH serves as an H-bond
donor.[10,60] The overlay of REDOR-taxol and T-taxol in 1JFF pro-
tein structure is shown in Figure 8b wherein the key H bonds
are highlighted.

The five key intramolecular atom–atom distances in the
energy minimized T-taxol were measured in the same manner
as that for the REDOR-taxol and results are listed in Table 1.
The corresponding distances reported for the original T-taxol
structure are also shown. On the basis of the comparison of
the five key atom–atom distances in the REDOR-taxol, T-taxol
and the experimental data, it can be safely concluded that
both REDOR-taxol and T-taxol structures are consistent with
the REDOR NMR data.

Figure 6. Electromicrographs of microtubule: a) GTP; b) paclitaxel; c) SB-T-
2054.

Figure 7. REDOR-taxol in 1JFF.

Figure 8. a) T-taxol–1JFF structure as received; b) Overlay of the minimized
REDOR-taxol–1JFF (green; H bond with His229) and T-taxol–1JFF (yellow;
H bond with Gly370) structures. For clarity, only heavy atoms and C2’OH of
Taxol and a few nearby residues are shown.

Table 1. Intramolecular atomic distances of paclitaxel measured using
19F/13C/15N/2H-labeled paclitaxels

Distances [!]
Separation REDOR NMR[a,b] REDOR-taxol T-taxol

2005[c] 1JFF[d] 2001[a] 1JFF[d]

R1!R2 7.8 7.3 7.6 7.9 8.2
R1!R3 6.3 6.4 6.1 6.6 5.9
R2!R3 > 8 13.1 13.1 12.2 11.5
R2!CH 10.3 9.4 9.5 9.9 9.9
R2!C 9.8 10.0 9.9 9.1 8.9

[a] Reference [51] ; [b] Reference [52] ; [c] Measured using the Insight II
2000 program; [d] Minimized in 1JFF using the Insight II 2000 program
and measured.
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§2.2.5 Multidrug Resistance (MDR) 
 
Several transmembrane transporter proteins, termed ATP-binding cassette (ABC) 

transporters or efflux pumps, have been shown to be involved in tumor resistance to 
chemotherapeutic agents, utilizing adenosine triphosphate (ATP) hydrolysis to provide the 
energy for biological processes.44 P-glycoprotein (Pgp), a broad spectrum multidrug efflux pump 
that has 12 transmembrane domains and two ATP-binding sites (Figure 2.8), is the primary 
ABC-transporter involved in export of neutral and cationic hydrophobic compounds (i.e. 
vinblastine, vincristine, doxorubicin, duanorubicin, etoposide, and paclitaxel) from the cell.44 
Tumor cells that develop resistance through a multidrug resistance (MDR) mechanism often 
develop cross-resistance to structurally unrelated natural products,45 and thus resistance to 
chemotherapy remains an obstacle in cancer treatment. Malignant cells that display this MDR 
phenotype usually contain an amplified gene, mdr1, which encodes for P-glycoprotein.45-47 
While the primary binding target of taxol is tubulin and the microtubule spindle, the levels of 
various spindle assembly proteins, such as MAD2, BUBR1, Synuclein-gamma, and Aurora A 
play a role in chemoresistance to taxol.5 

 
Figure 2.8. Structure of P-glycoprotein (Pgp) – this ABC transporter consists of 12 transmembrane domains and 2 

ATP binding sites. Reprinted from reference [44].  
 

While taxol and docetaxel have had a significant impact on chemotherapy and are very 
effective against solid tumors, such as breast, ovarian, and lung carcinomas, these agents have 
shown limited efficacy against colon, pancreatic, melanoma, and renal cancers, in which MDR is 
expressed.48 Cabazitaxel, with C10 methoxy substitution, is a poor substrate for Pgp, and is much 
less subjected to drug resistance than taxol and docetaxel.17 
 
§2.3.0 Next-Generation Taxoids 
 
§2.3.1 Second-Generation Taxoids 
 

Structure-activity relationship (SAR) studies on paclitaxel and docetaxel established that 
the C3’-phenyl group is a non-essential functionality for taxane antitumor activity.49 In a SAR 
study in which a series of 3’-alkyl and 3’-alkenyl taxoids were assessed, the 10-acetyl (R = Ac) 
analogs demonstrated two to three times improved cytotoxicity than 10-unmodified (R = H) 
analogs against drug-sensitive and drug-resistant (MDR) cancer cell lines.49  This new series of 
taxoids, bearing C3’- and C10 modifications, termed second-generation taxoids, were two orders 
of magnitude more potent than paclitaxel and docetaxel against drug-resistant human breast 
cancer cells MCF-7R.49  
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Figure 2.9. Chemical structures of second-generation taxoids SB-T-1214 (left) and SB-T-1216 (right). 

 
A series of new 3’-(2-methyl-1-propenyl) taxoids with modifications at C10 

demonstrated excellent activity against human cancer cell lines.49 Among these taxoids, SB-T-
1214 and SB-T-1216, illustrated in Figure 2.9, demonstrated exceptional potency, possessing 
two orders of magnitude better activity than paclitaxel and docetaxel.49 The improved activity 
has been attributed to the C10 modifications with cyclopropanecarbonyl and N,N-
dimethylcarbamoyl groups in comparison with the corresponding 10-acetyl taxoids, such as SB-
T-1212 (Table 2.2).49 

 
Table 2.2. Cytotoxicities (IC50, nM) of second-generation taxoids against cancer cell lines. 
Adapted from reference [49]. 

 
Taxoid R1 R2 R3 A121a A549b HT-29c MCF-7d NCI/ADR-RESe 

paclitaxel Ph Ph Ac 6.3 3.6 3.6 1.7 299 
docetaxel N-Boc Ph H 1.2 1.0 1.2 1.0 235 

SB-T-1102 N-Boc CH2-C(CH3)2 Ac 3.8 0.98 3.2 4.0 36 
SB-T-1212 N-Boc CH=C(CH3)2 Ac 0.46 0.27 0.63 0.55 12 
SB-T-1213 N-Boc CH=C(CH3)2 EtCO 0.12 0.29 0.31 0.18 2.2 
SB-T-1214 N-Boc CH=C(CH3)2 c-PrCO 0.26 0.57 0.36 0.20 2.1 
SB-T-1216 N-Boc CH=C(CH3)2 (CH3)2NCO 0.30 0.60 0.5 0.13 4.9 

aHuman ovarian carcinoma cell line; bHuman non-small cell lung cancer cell line; cHuman colon cancer cell line; 
dHuman breast cancer cell line; ePlatinum-resistant metastatic ovarian cancer cell line; fCells were incubated with a 
taxoid for 72 h at 37 °C with a 5% CO2 atmosphere. 

 
Three next-generation taxoids (SB-T-1214, SB-T-121303 and SB-T-110203) were 

assayed against two paclitaxel-resistant cell line subtypes (1A9PTX10 and 1A9PTX22) of 
human ovarian carcinoma cell line, 1A9, a parental clone of human ovarian cell line A2780.29 
These sublines bear point mutations in class I β-tubulin that confer resistance to paclitaxel 
binding.50 All three taxoids exhibited high potency against these cell lines, demonstrating that 
these next-generation taxoids may in fact circumvent paclitaxel-drug resistance arising from 
point mutations in tubulin.29 
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A preliminary study on the in vivo antitumor activity of SB-T-1214 against pancreatic 
tumor xenograft CFPAC-1 revealed that following treatment with SB-T-1214 (20 mg/kg x 3 
dose in Tween80/EtOH/PBS), no traces of cancer cells remained after 8 weeks and only 
inflammatory infiltrate and fibrotic tissue were present.29 Against drug-resistant human colon 
tumor xenograft (Pgp+) DLD-1 in severe combined immunodeficient (SCID) mice, treatment 
with SB-T-1214 (20 mg/kg x 3 dose) resulted in complete tumor regression in 5 of 5 mice with 
limited observed systemic toxicity and weight loss, whereas paclitaxel not at all effective.29 

Both SB-T-1216 and paclitaxel, at death-inducing concentrations, exerted a similar effect 
on the formation of interphase microtubule bundles in sensitive MDA-MB-435 and NCI/ADR-
RES cells.51 However, cell death induced in both cell lines resulted in different cell-cycle 
distribution between paclitaxel and SB-T-1216.51 While treatment with paclitaxel led to the 
accumulation of cells in the G2/M phase, the effect of SB-T-1216 was characterized by the 
accumulation of hypodiploid cells, not in the G2/M phase.51 This result suggests that second-
generation taxoid, SB-T-1216, induces cell death via a pathway differing from M-phase block 
and can induce apoptosis independent of mitotic arrest.51 
 
§2.3.2 C3’-Difluorovinyl Taxoids 
 

 The site specific incorporation of fluorine in next-generation taxoids was employed to 
investigate its effects on cytotoxicity and metabolic stability.52 Fluorinated paclitaxel and 
docetaxel analogs have been synthesized to augment metabolic stability as well as to observe by 
19F NMR the solution phase and protein-bound conformations of Taxol.53 

Studies on the metabolism of next-generation taxoids bearing a C3’-(2-methyl-1-
propenyl) group have revealed that the allylic methyls can be hydroxylated by CYP3A4.54 
Metabolic analyses on paclitaxel and docetaxel in vivo showed that the C3’-phenyl and the 
C3’N-t-Boc groups are hydroxylated by CYP3A4, respectively, and that the C6 methylene is 
hydroxylated by CYP2C.55, 56 Similarly, the C3’-(2-methyl-1-propenyl) group on SB-T-1214 can 
undergo a similar mechanism of hydroxylation by CYP3A4 (Figure 2.10).54  

 
Figure 2.10. Metabolic hydroxylation of the second-generation taxoids by P450 enzymes. Adapted from 

reference [57]. 
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To prevent the allylic hydroxylation of next-generation taxoids, a difluorovinyl group 
was introducted in lieu of the C3’-(2-methyl-1-propenyl) group.57 The replacement of the 
carbon-hydrogen bond with the carbon-fluorine bond can effectively block metabolic pathways 
via hydroxylation of C-H bonds, specifically by the cytochrome P-450 family of enzymes. The 
H3C–F bond is 5.0 kcal/mol stronger than the H3C–H bond, providing increased stability. The 
strategic incorporation of fluorine into metabolic sites is referred to as the “block effect” and has 
been employed to improve the pharmacokinetics of drug candidates. Thus, C3’-difluorovinyl 
taxoids were prepared from β-lactam (+)1-20.   

 
Figure 2.11. Chemical structure of second-generation fluorotaxoid, SB-T-12854. 

 
Of the C3’-difluorovinyl second-generation taxoids, SB-T-12854 (Figure 2.11), a C3’-

difluorovinyl analog of SB-T-1216, has demonstrated one to three orders of magnitude greater 
potency in comparison with paclitaxel in drug-sensitive and drug-resistant cancer cell lines 
(Table 2.3).57 With resistance factors as low as 1.7, this class of taxoids appears unaffected by 
MDR.57   

 
Table 2.3. Cytotoxicities (IC50, nM) of second-generation fluorotaxoids 
against cancer cell lines. Adapted from reference [57].  

 
Taxoid R1 R2 MCF-7a NCI/ADRb HT-29c PANC-1d 

paclitaxel Ph Ac 1.2 300 3.6 25.7 
docetaxel N-Boc H 0.83 235 - - 

SB-T-12851  N-Boc Ac 0.099 0.95 0.41 1.19 
SB-T-12852  N-Boc c-PrCO 0.12 6.03 0.85 5.85 
SB-T-12853  N-Boc EtCO 0.12 1.2 0.34 0.65 
SB-T-12854 N-Boc (CH3)2NCO 0.13 4.27 0.46 1.58 

aHuman breast carcinoma cell line; bPlatinum-resistant metastatic human ovarian cancer cell 
line; cHuman Caucasian colon adenocarcinoma cell line; dHuman pancreatic carcinoma cell 
line; eCells were incubated with a taxoid for 72 h at 37 °C with a 5% CO2 atmosphere. 
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Additionally, metabolic studies revealed little to no observation of CYP3A4 
hydroxylation at the C3’ and C6 positions, indicating that the C3’-difluorovinyl taxoids are not 
susceptible to oxidative metabolism.57 In addition to their metabolic stability, these fluorotaxoids 
have exhibited remarkable activity in vitro, inducing apoptosis by the activation of caspases 2, 8, 
and 9.58  
 
§2.3.3 Semi-synthesis of Second-generation Taxoids: SB-T-1214, SB-T-1216,  

and SB-T-12854 

 
Scheme 2.2. Protection of C7 hydroxyl of 10-DAB III with TES and subsequent acylation reactions. 
 
First, silyl protection of the C7 hydroxyl was achieved by treating 10-deacetylbaccatin III 

with chlorotriethylsilane (3 equiv.) in the presence of imidazole (4 equiv) to give 2-1 in high 
yield (87%). Minor di- and tri-TES protection was observed on TLC. Acylation of the C10 
hydroxyl with cyclopropanecarbonyl chloride or N,N-dimethylcarbamoyl chloride in the 
presence of lithium bis(trimethylsilyl)amide (LHMDS) afforded modified baccatins 2-2 and 2-5, 
respectively, in high yields (88-89%). Reaction progress was carefully monitored by TLC to 
limit di-substitution at the C13 hydroxyl group. The synthesis of modified baccatins 2-2 and 2-5 
is illustrated in Scheme 2.2.  

 
 

 
 

Scheme 2.3.  Coupling of β-lactam (+)1-6 to 7-TES-10-acyl-baccatins by Ojima-Holton protocol and deprotection of silyl groups to 
give SB-T-1214 (2-4) and SB-T-1216 (2-7). 
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The C13 isoserine side chain of the taxoid skeleton with C3’-(2-methyl-1-propenyl) and 

C3’N-t-Boc groups was introduced to by the Ojima-Holton coupling reaction. Coupling of β-
lactam (+)1-6 to 7-TES-10-acyl-baccatins 2-2 and 2-5 in the presence of LHMDS gave di-silyl 
protected taxoids 2-3 and 2-6 in good yields (64-70%). Deprotection of the silyl groups with HF-
pyridine afforded SB-T-1214 (2-4) and SB-T-1216 (2-7) in excellent yields (95-96%), shown in 
Scheme 2.3. Recrystallization from hexanes and ethyl acetate afforded both taxoids in >98% 
purity by reverse-phase HPLC analysis.  

 

 
 

Scheme 2.4. Ojima-Holton coupling reaction followed by deprotection of silyl groups with HF-pyridine to give SB-T-12854 (2-9). 
 

Difluorovinyl β-lactam (+)1-20 was coupled to 2-5 under a similar protocol to afford 2-8 
in good yield (75%), and deprotection of the silyl groups with HF-pyridine gave C3’-
difluorovinyl taxoid SB-T-12854 (2-9) in nearly quantitative yield (98%), shown in Scheme 2.4. 
Chromatographic purification and recrystallization with hexanes and diethyl ether afforded SB-
T-12854 in >98% purity by reverse-phase HPLC analysis.   
 
§2.3.4 Third-Generation Taxoids 
 

Additional SAR studies indicated that taxoids with meta-substituted C2-benzoate 
modifications demonstrated remarkable potency against drug-sensitive and drug-resistant (Pgp+) 
cancer cell lines, with a resistance-to-sensitivity (R/S) ratio below three in most cases and less 
than one in three cases.59  Some of these C2-benzoate modified taxoids were found to have up to 
3 orders of magnitude higher potency than paclitaxel and docetaxel against drug-resistant cell 
lines (Table 2.4).59 These highly potent and efficacious taxanes can virtually circumvent the Pgp-
mediated MDR and have been termed third-generation taxoids.59 Of these third-generation 
taxoids, SB-T-121602, has demonstrated picomolar activity against human colon cancer cell line, 
HT-29, as well as excellent activity against breast and pancreatic cancer.60 
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Table 2.4. Cytotoxicities (IC50, nM) of third-generation taxoids against cancer cell lines. 
Adapted from reference [48].  

 

 
 

Taxoid R1 R2 R3 R4 R5 MCF-7a LCC6-
MDRb 

HT-29c CFPAC-1d 

paclitaxel Ph Ac H H Ph 1.7 346 12 68 
docetaxel N-Boc H H H Ph 1.0 120 - - 

SB-T-11033  N-Boc EtCO OCH3 H i-Bu 0.36 0.80 - - 
SB-T-121303  N-Boc EtCO OCH3 H CH=C(CH3)2 0.36 0.90 - 0.89 
SB-T-121313  N-Boc EtCO OCH3 OCH3 CH=C(CH3)2 0.30 - 0.56 0.025 
SB-T-121602 N-Boc (CH3)2NCO CH3 H CH=C(CH3)2 0.08 - 0.003 0.31 

aHuman breast carcinoma cell line; bHuman ovarian cancer cell line; cHuman Caucasian colon adenocarcinoma 
cell line; dHuman pancreatic carcinoma cell line; eCells were incubated with a taxoid for 72 h at 37 °C with a 5% 
CO2 atmosphere. 

 
To advance the current SAR understanding of meta-substituted C2-benzoates in third-

generation taxoids, a series of third-generation taxoids with C2-m-CF3-benzoate and C2-m-
OCF3-benzoate was synthesized. Novel third-generation fluorotaxoid, SB-T-12822-5 was 
designed as a chemical tool for 19F NMR experiments involving linker conjugation at the C2’-
hydroxyl (Chapter 3). 
 
§2.3.5 Synthesis of Third-Generation Taxoids 
 

 
Scheme 2.5. Modifications to the C2 benzoate of 10-DAB III. 
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The synthesis of third-generation taxoid SB-T-121602 (2-17) was performed over eight 
steps from 10 DAB III. The C7, C10, and C13 hydroxyl groups of 10 DAB III were first 
protected with TES to afford 2-10 in excellent yield (90%); the C1 hydroxyl remains unreactive 
towards large silyl groups due its configuration in the 3D structure of baccatin (Figure 2.2) and 
appears to be unnecessary for the activity of paclitaxel.41 Selective reductive cleavage of the C2-
benzoate with Red-Al, which coordinates to the C1 hydroxyl and delivers the hydride to the C2-
ester while preserving of the C4 acetate, gave 2-11 in good yield (76%). Coupling to the desired 
m-substituted benzoic acid to 2-11 in the presence of diisopropylcarbodiimide afforded 2-12 in 
high yield (85%). Reaction durations for coupling at the C2 position varies depending on the 
substituted benzoic acid, ranging from one to seven days.  Deprotection of the silyl groups with 
HF-pyridine gave the C2-benzoate-m-CH3 substituted 10-DAB III derivative 2-13 in quantitative 
yield.  

 

 
Scheme 2.6.  Synthesis of C2-m-CH3 third-generation taxoid: SB-T-121602 (2-17). 

 
Protection of 2-13 with TES in the presence of imidazole gave 2-14 in high yield (85%), 

and acylation of the C10 hydroxyl with N,N-dimethylcarbamoyl chloride in the presence of 
LHMDS gave 2-15 in high yield (87%). The C13 isoserine side chain with C3’-isobutenyl and 
C3’N-t-Boc groups was introduced by Ojima-Holton coupling of β-lactam (+)1-6 to 7-TES-10-
acyl-10-DAB III (2-15) in the presence of LHMDS to afford 2-16 in excellent yield (94%). 
Deprotection of the silyl groups with HF-pyridine afforded SB-T-121602 (2-17) in excellent 
yields (92%). The synthesis of SB-T-121602 is illustrated in Scheme 2.6. Recrystallization from 
hexanes and ethyl acetate afforded SB-T-121602 in >98% purity by reverse-phase HPLC 
analysis.  
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§2.3.6 Synthesis of C2-m-CF3 Third-generation Fluorotaxoids  
 

 
Scheme 2.7. Synthesis of C2-m-CF3 taxoids: SB-T-121406 (2-25), SB-T-12852-6 (2-26), and SB-T-12822-6 (2-27)  

 
Synthesis of third-generation fluorotaxoids with modified C2-m-(trifluoromethyl)-

benzoates was performed by a similar synthetic route as that for SB-T-121602. Coupling of tri-
TES protected baccatin III (2-11) with 3-(trifluoromethyl)benzoic acid in the presence of DIC 
and  DMAP gave 2-18 in good yield (71%). Deprotection of the silyl groups with HF-pyridine 
gave baccatin 2-19 in quantitative yield, and protection of the C7 hydroxyl with TES in the 
presence of imidazole gave 2-20 in high yield (83%). Acylation of the C10 hydroxyl with 
cyclopropanecarbonyl chloride in the presence of LHMDS afforded 2-21 in high yield (85%). 
Coupling of β-lactams (+)1-6, (+)1-20, and CF3-β-lactam to the C13 hydroxyl in the presence of 
LHMDS of 2-21 gave protected taxoids 2-22, 2-23, and 2-24 in high yields (81-87%). 
Deprotection of the silyl groups with HF-pyridine afforded SB-T-121406 (2-25), SB-T-12852-6 
(2-26), and SB-T-12822-6 (2-27) in high yields (80-86%) shown in Scheme 2.7. 
Chromatographic purification and recrystallization with hexanes and ethyl acetate afforded the 
three fluorotaxoids in >98% purity by reverse-phase HPLC analysis. 

 
 

 
Scheme 2.8.  Synthesis of C2-m-CF3 third-generation fluorotaxoid: SB-T-121606 (2-30). 
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For the synthesis of SB-T-121606, acylation of the C10 hydroxyl of 2-20 with N,N-
dimethylcarbamoyl chloride in the presence of LHMDS gave 2-28 in high yield (84%). Coupling 
of β-lactam (+)1-6 to the C13 hydroxyl of 2-28 in the presence of LHMDS, followed by 
deprotection of the silyl groups with HF-pyridine gave SB-T-121606 (2-30) in good yield (66% 
over 2 steps), shown in Scheme 2.8. Chromatographic purification and recrystallization with 
hexanes and ethyl acetate afforded SB-T-121606 in >98% purity by reverse-phase HPLC 
analysis. 
 
§2.3.7 Synthesis of C2-m-OCF3 Third-generation Fluorotaxoid: SB-T-12822-5. 

 

 
Scheme 2.9.  Synthesis of C2-m-OCF3 third-generation fluorotaxoid: SB-T-12822-5 (2-36). Adapted from reference [61]. 

 
Synthesis of third-generation fluorotaxoid, SB-T-12822-5, shown in Scheme 2.9, with 

modified C2-m-(trifluoromethoxy)-benzoates was performed by a similar synthetic route as that 
for SB-T-121602. Coupling of tri-TES protected baccatin (2-11) with 3-
(trifluoromethyoxy)benzoic acid in the presence of DIC and  DMAP gave 2-31 in high yield 
(88%). Deprotection of the silyl groups with HF-pyridine gave baccatin 2-32 in excellent yield 
(90%), and protection of the C7 hydroxyl with TES in the presence of imidazole gave 2-33 in 
high yield (81%). Acylation of the C10 hydroxyl with cyclopropanecarbonyl chloride in the 
presence of LHMDS afforded 2-34 in excellent (93%). Coupling of CF3-β-lactam to the C13 
hydroxyl of 2-34 gave protected taxoids 2-35 in modest yield (69%). Deprotection of the silyl 
groups with HF-pyridine afforded SB-T-12822-5 (2-36), in high yield (87%). Chromatographic 
purification and recrystallization with hexanes and ethyl acetate afforded SB-T-12822-5 in >98% 
purity by reverse-phase HPLC analysis.61 
 
§2.3.8 Biological Evaluation of Third-generation Fluorotaxoids 
 

The potencies of third-generation fluorotaxoids SB-T-121406, SB-T-121606, SB-T-
12822-6, and SB-T-12852-6, were evaluated in vitro against human breast carcinoma cell line, 
MCF-7, and platinum-resistant metastatic ovarian cancer cell line, ID8. The cytotoxicity assays 
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were performed by MTT method.62 As controls for comparison, paclitaxel and docetaxel were 
evaluated as well. The results for 72 h drug incubation are given in Table 2.5.  
 

Table 2.5. Cytotoxicities (IC50, nM) of third-generation fluorotaxoids against cancer cell 
lines.c,d 

 
 

Compound R1 R2 R3 R4 MCF-7a NCI/ADR-
RESb 

paclitaxel Ph Ac H Ph 3.31 ± 1.09 271 ± 81 
docetaxel N-Boc H H Ph 0.73 ± 0.01 519 ± 126 

SB-T-121405d N-Boc c-PrCO OCF3 CH=C(CH3)2 0.19 ± 0.05 0.59 ± 0.11 
SB-T-121406 N-Boc c-PrCO CF3 CH=C(CH3)2 10.1 ± 4.9 59.9 ± 12.2 
SB-T-12822-6 N-Boc c-PrCO CF3 CF3 3.79 ± 1.21 67.1 ± 19.6 
SB-T-12852-6 N-Boc c-PrCO CF3 CH=C(CH3)2 25.2 ± 15.3 61.4 ± 8.7 
aHuman breast carcinoma cell line; bPlatinum-resistant metastatic ovarian cancer cell line; cCells were incubated 
with a taxoid for 72 h at 37 °C in a 5% CO2 atmosphere;  dSynthesis of SB-T-121405 and cytotoxicity assay were 
performed by Xin Wang. 
 

As anticipated, both paclitaxel and docetaxel were found to be highly potent against MCF-
7 with IC50 values of 3.31 and 0.73 nM, respectively, and two to three orders of magnitude less 
potent against multidrug resistant cancer cell line NCI/ADR-RES with IC50 values of 271 and 519 
nM, respectively. Third-generation fluorotaxoid with C2-m-OCF3 (SB-T-121405) showed 
improved activity compared to paclitaxel and docetaxel against MCF-7 with a sub-nanomolar IC50 
value of 0.19 nM and a marked improvement in activity against drug resistant cell line NCI/ADR-
RES also with a submolar IC50 value of 0.59 nM. Third-generation fluorotaxoids with C2-m-CF3 
modifications (SB-T-121406, SB-T-121606, SB-T-12822-6, and SB-T-12852-6) showed high 
activity against MCF-7 with IC50 values ranging from 4-25 nM and reduced potency against 
NCI/ADR-RES with IC50 values ranging from 59-67 nM.  

The results indicate through structure-activity relationship (SAR) studies a marked 
improvement in potency with the addition of m-OCF3 on the C2-benzoate ring against MCF-7 
breast cancer cell line.  Furthermore, the incorporation of m-OCF3 in SB-T-121405 appears to 
circumvent drug resistance shown by its sub-nanomolar activity against NCI/ADR-RES. While 
addition of a C2-m-CF3 group to the taxoid skeleton increases the overall potency compared to 
paclitaxel and docetaxel, it appears that its incorporation contributes less to overall potency than 
the C2-m-OCF3 substitution. This difference may be attributable to the more rigid nature of the 
trifluoromethyl group, whereas the trifluoromethoxy group is both more rotatable and 
perpendicular and may better accommodate tubulin-binding interactions. 
  

OR2O

O
O

O

OH

H
OOH

O

O

O

R4

NH

OH

R3

R1

O



! 40 

§2.4. Fluorescence-labeled Taxoids 
 

A series of fluorescently labeled taxoids was synthesized and employed to study the 
interaction of taxanes with the tubulin/microtubule system and visualize microtubule dynamics 
through fluorescence spectroscopy.63, 64 Most taxane-based fluorescent probes have been 
prepared through the introduction of a fluorophore, such as fluorescein or rhodamine, at the C7 
position, since the C7 and other “northern hemisphere” substituents have been shown not to 
interfere with taxane-tubulin interactions.64 

 
Figure 2.12. Chemical structures of two fluorescently labeled taxoids. Adapted from reference [64]. 

 
§2.4.1 Synthesis of Taxol-7-Fluorescein 
 

The fluorescein moiety, 6-tethered fluorescein isobutyl ester, was obtained from Tao 
Wang. The synthesis was carried out in three steps from commercially available fluorescein.  
First, fluorescein was converted to the methyl ester, and Mitsunobu coupling with tert-butyl 4-
hydroxybutanoate afforded a modified fluorescein diester. Selective deprotection with 
trifluoroacetic acid gave the 6-tethered fluorescein isobutyl ester, which used in the synthesis of 
7-fluorescein-tethered paclitaxel. 

 
Scheme 2.10. Protection of C2’ hydroxyl with TBDMS, coupling of 4-isobutanoyl-fluorescein to C7 hydroxyl, and 

subsequent deprotection with HF-pyridine to give Taxol-7-fluorescein (2-39). 
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The C2’-hydroxy group of paclitaxel was protected with TBDMS in the presence of 
imidazole to afford 2-37 in excellent yield (91%), which was coupled to 6-tethered fluorescein 
isobutyl ester in the presence of DIC and DMAP, followed by silyl deprotection with HF-
pyridine to give 2-39 in good yield (61% over 2 steps), 7-fluorescein-tethered paclitaxel. The 
biological evaluation of Taxol-7-fluorescein (2-39) for non-specific internalization is discussed 
later in Chapter 4.  

 
§2.5 Summary 
 

Paclitaxel and docetaxel are among the most widely used chemotherapeutic agents, in 
particular against cancers such as ovarian, breast, lung, and Kaposi’s sarcoma. Despite their high 
antitumor activity as microtubule-stabilizing agents, these drugs cause undesirable side effects as 
well as encounter drug resistance. New next-generation taxane anticancer agents that show 
several orders of magnitude greater potency than paclitaxel or docetaxel against MDR cancer 
cells (second-generation taxoids) or that can virtually circumvent the Pgp-mediated MDR (third-
generation taxoids) were designed and synthesized. A series third-generation fluorotaxoids (SB-
T-121406, SB-T-121606, SB-T-12822-6, and SB-T-12852-6) with modifications to the C2-
benzoate with m-OCF3 and m-CF3 substituents was designed and synthesized by the Ojima-
Holton coupling protocol from enantiomerically pure β-lactams towards advancement of 
structure-activity relationship (SAR) studies. The biological evaluation of these third-generation 
fluorotaxoids showed a marked improvement in potency with the addition of C2-m-OCF3 to the 
taxoid skeleton, as well as greatly increased potency against MDR cancer cells compared to 
paclitaxel and docetaxel. While incorporation of the C2-m-CF3 group increased the potency as 
well, the trifluoromethyl substituent contributed to an increase in potency less so than its 
trifluoromethoxy counterpart. Finally, a fluorescent probe of taxol, Taxol-7-fluroescein, was 
designed and synthesized, and later used in Chapter 4 to observe non-specific internalization of 
the taxoid by confocal fluorescence microscopy across cancer and normal cell types.  
 
§2.6 Experimental 
 
§2.6.1 Caution 
 

Taxoids have been identified as potent cytotoxic agents. Thus, all drugs and structurally 
related compounds and derivatives must be considered mutagens and potential reproductive 
hazards for both males and females. All appropriate precautions, such as the use of gloves, 
goggles, labware, and fume hood, must be taken while handling the compounds at all times.  
 
§2.6.2 General Information 
 

1H, 13C, and 19F NMR spectra were measured on a Varian 300, 400, 500, or 600 MHz 
NMR spectrometer or Bruker 300, 400, or 500, or 700 MHz NMR spectrometer. 
Hexafluorobenzene was used as an external standard for 19F NMR analysis. Melting points were 
measured on a Thomas-Hoover capillary melting point apparatus and are uncorrected. TLC was 
performed on Sorbent Technologies aluminum-backed Silica G TLC plates (Sorbent 
Technologies, 200 µm, 20 x 20 cm), and column chromatography was carried out on silica gel 60 
(Merck, 230-400 mesh ASTM). Purity was determined with a Shimadzu L-2010A HPLC HT 
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series HPLC assembly, using a Kinetex PFP column (4.6 mm x 100 mm, 2.6 µm) with 
acetonitrile-water gradient solvent system. One analytical condition was used and noted as part 
of the characterization and purity data, i.e., HPLC: flow rate 0.4 mL/min, 5% acetonitrile from 
0!1 min, and a gradient of 5!95% acetonitrile for the 1-25 min period. High resolution mass 
spectrometry analysis was carried out on an Agilent LC-UV-TOF mass spectrometer at the 
Institute of Chemical Biology and Drug Discovery, Stony Brook, NY or at the Mass 
Spectrometry Laboratory, University of Illinois at Urbana-Champaign, Urbana, IL.  
 
§2.6.3 Materials 
 

The chemicals were purchased from Sigma-Aldrich, Fisher Scientific, and VWR 
International, and used as received or purified before use by standard methods. Tetrahydrofuran 
was freshly distilled from sodium and benzophenone. Dichloromethane was also distilled 
immediately prior to use under nitrogen from calcium hydride. 10-Deacetylbaccatin III and 
paclitaxel were obtained from Indena, SpA, Italy. (3R,4R)-1-(tert-Butoxycarbonyl)-3-
triisopropylsiloxy-4-trifluoromethylazetidin-2-one was prepared according to literature 
methods.65 
 
§2.6.4 Experimental Procedure 
 
10-Deacetyl-7-triethylsilylbaccatin III [2-1]:27, 66 
To a cooled solution of 10-deacetylbaccatin III (0.501 g, 0.919 mmol) and imidazole (0.256 g, 
3.68 mmol) in DMF (9 mL) was added TESCl (0.46 mL, 2.76 mmoL), and the mixture was 
allowed to react at 0 °C for 20 min with stirring. The reaction was quenched with saturated 
NH4Cl (10 mL) and diluted with H2O (10 mL), and the reaction mixture was extracted with ethyl 
acetate (3 x 30 mL). The combined organic layers were washed with brine (3 x 20 mL), dried 
over MgSO4, and concentrated in vacuo to afford a white solid. Purification of the crude product 
by column chromatography on silica gel with hexanes/ethyl acetate (3:1) as eluent gave 2-1 
(0.529 g, 87%) as a white solid; 1H NMR (300 MHz, CDCl3) δ 0.55 (m, 6H), 0.93 (m, 9H), 1.06 
(s, 6H), 1.63 (s, 1H), 1.69 (bs, 1H), 1.72 (s, 3H), 1.89 (m, 1H), 2.07 (s, 3H), 2.24 (m, 2H), 2.27 (s, 
3H), 2.47 (m, 1H), 3.93 (d, J = 7.2 Hz, 1H), 4.15 (d, J = 8.4 Hz, 1H), 4.27 (s, 1H), 4.30 (d, J = 
8.4 Hz, 1H), 4.40 (dd, J = 6.9, 10.9 Hz, 1H), 4.84 (m, 1H), 4.95 (d, J = 8.4 Hz, 1H), 5.16 (d, J = 
2.1 Hz, 1H), 5.59 (d, J = 6.9 Hz, 1H), 7.49 (t, J = 7.8 Hz, 2H), 7.59 (d, J = 7.5 Hz, 1H), 8.09 (d, J 
= 7.5 Hz, 2H). All data are in agreement with literature values.25  
 
10-Cyclopropanecarbonyl-10-deacetyl-7-triethylsilylbaccatin III [2-2]:49 
To a cooled solution of 2-1 (0.525 g, 0.796 mmol) in THF (6 mL) was added 1 M LHMDS (0.9 
mL, 0.876 mmoL) followed by cyclopropanecarbonyl chloride (77 µL, 0.836 mmol), and the 
mixture was allowed to react for 10 min at -50 °C with stirring. The reaction was allowed to 
warm to -40 °C and was quenched with saturated NH4Cl (10 mL) and diluted with H2O (10 mL). 
The reaction mixture was extracted with ethyl acetate (3 x 30 mL). The combined organic layers 
were washed with brine (3 x 30 mL), dried over MgSO4, and concentrated in vacuo to afford a 
white solid. Purification of the crude product by column chromatography on silica gel with 
hexanes/ethyl acetate (3:1) as eluent gave 2-2 (0.508 g, 88%) as a white solid; 1H NMR (300 
MHz, CDCl3) δ 0.55 (m, 6H), 0.91 (m, 9H), 0.99 (m, 4H), 1.04 (s, 3H), 1.20 (s, 3H), 1.64 (s, 3H), 
1.86 (m, 1H), 2.14 (s, 3H), 2.19 (m, 1H), 2.23 (m, 2H), 2.24 (s, 3H), 2.51 (m, 1H), 3.88 (d, J = 
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6.9 Hz, 1H), 4.09 (d, J = 8.4 Hz, 1H), 4.29 (d, J = 8.4 Hz, 1H), 4.47 (dd, J = 6.9, 10.1 Hz, 1H), 
4.82 (bt, 1H), 4.96 (d, J = 7.8 Hz, 1H), 5.63 (d, J = 6.9 Hz, 1H), 6.96 (s, 1H) 7.47 (t, J = 7.8 Hz, 
2H), 7.60 (t, J = 7.5 Hz, 1H), 8.11 (d, J = 7.2 Hz, 2H). All data are in agreement with literature 
values.49 
 
10-Cyclopropanecarbonyl-3’-dephenyl-3’-(2-methyl-2-propenyl)-7-triethylsilyl-2’-
triisopropylsilyldocetaxel [2-3]:49 
To a cooled solution of 2-2 (0.260 g, 0.361 mmol) and β-lactam (+)1-6 (0.188 g, 0.469 mmol) in 
THF (9 mL) was added 1 M LHMDS (0.47 mL, 0.469 mmol), and the mixture was allowed to 
react for 3 h at -40 °C with stirring. The reaction was diluted with H2O (10 mL), and the mixture 
was extracted with ethyl acetate (3 x 30 mL). The combined organic layers were washed with 
brine (3 x 30 mL), dried over MgSO4, and concentrated in vacuo to afford a white solid. 
Purification of the crude product by column chromatography on silica gel with hexanes/ethyl 
acetate (9:1) as eluent gave 2-3 (0.277 g, 70%) as a white solid; 1H NMR (300 MHz, CDCl3) δ 
0.55 (m, 6H), 0.85 (dd, J = 5.4, 6.6 Hz, 2H), 0.93 (m, 9H), 0.95 (m, 2H), 1.11 (m, 21H), 1.20 (s, 
3H), 1.23 (s, 3H), 1.34 (s, 9H), 1.67 (s, 3H), 1.73 (m, 1H), 1.75 (s, 3H), 1.79 (d, J = 1.2 Hz, 3H), 
1.89 (m, 1H), 2.01 (s, 3H), 2.36 (s, 3H), 2.37 (m, 2H), 2.50 (m, 1H), 3.82 (d, J = 6.9 Hz, 1H), 
4.14 (d, J = 8.4 Hz, 1H), 4.30 (d, J = 8.4 Hz, 1H), 4.42 (d, J = 2.7 Hz, 1H), 4.44 (dd, J = 6.9, 
10.1 Hz, 1H), 4.75 (m, 2H), 4.96 (d, J = 7.5 Hz, 1H), 5.34 (d, J = 8.9 Hz, 1H), 5.67 (d, J = 6.5 
Hz, 1H), 6.18 (t, J = 8.0 Hz, 1H), 6.30 (s, 1H), 7.47 (t, J = 6.0 Hz, 2H), 7.58 (t, J = 8.0 Hz, 1H), 
8.09 (d, J = 7.5 Hz, 2H). All data are in agreement with literature values.49  
 
10-Cyclopropanecarbonyl-3’-dephenyl-3’-(2-methyl-2-propenyl)docetaxel (SB-T-1214) [2-
4]:49 
To a cooled solution of 2-3 (0.178 g, 0.158 mmol) in CH3CN-pyridine (1:1) (11 mL) was added 
HF-pyridine (1.85 mL), and the reaction mixture was allowed to warm from 0 °C to room 
temperature and react for 22 h with stirring. The reaction was diluted with H2O (20 mL), and the 
mixture was extracted with ethyl acetate (3 x 30 mL). The combined organic layers were washed 
with saturated CuSO4 (3 x 30 mL) and brine (3 x 30 mL), dried over MgSO4, and concentrated in 
vacuo to afford a white solid. Purification of the crude product by column chromatography on 
silica gel with hexanes/ethyl acetate (1:9) as eluent gave SB-T-1214 (2-4) (0.129 g, 96%) as a 
white solid; 1H NMR (600 MHz, CDCl3), δ 0.99 (m, 2H), 1.10 (m, 2H), 1.14 (s, 3 H), 1.25 (s, 
3H), 1.34 (s, 9H), 1.67 (s, 3H), 1.71 (m, 1H), 1.75 (s, 6H), 1.84 (m, 1H), 1.89 (s, 3H,), 2.35 (s, 
3H), 2.37 (bs, 1H), 2.53 (m, 1H), 2.61 (d, J = 3.6 Hz, 1H), 3.40 (d, J = 5.4 Hz, 1H), 3.80 (d, J = 
6.9 Hz, 1H), 4.13 (d, J = 8.4 Hz, 1H), 4.15 (m, 1H), 4.30 (d, J = 8.4 Hz, 1H), 4.41 (m, 1H), 4.73 
(d, J = 2.4 Hz, 1H), 4.79 (t, J = 8.4 Hz, 1H), 4.96 (d, J = 8.4 Hz, 1H), 5.31 (d, J = 8.1 Hz, 1H), 
5.66 (d, J = 6.9 Hz, 1H), 6.16 (t, J = 8.8 Hz, 1H), 6.30 (s, 1H), 7.47 (t, J = 7.5 Hz, 2H), 7.61 (t, J 
= 7.8 Hz, 1H), 8.10 (d, J = 7.2 Hz, 2H); 13C NMR (150 MHz, CDCl3) δ 9.1, 9.4, 9.5, 13.0, 14.9, 
18.5, 21.9, 22.4, 25.7, 26.7, 28.2, 35.5, 35.6, 43.2, 45.6, 51.6, 58.6, 72.2, 72.3, 73.7, 75.0, 75.4, 
76.5, 77.0, 77.5, 79.2, 80.0, 81.1, 84.4, 120.7, 128.6, 129.2, 130.1, 133.0, 133.6, 137.9, 142.6, 
155.4, 166.9, 170.1, 175.1, 203.9. HPLC: t = 20.7 min, purity >98%. All data are in agreement 
with literature values.49  
 
10-Deacetyl-10-N,N-dimethylcarbamoyl-7-triethylsilylbaccatin III [2-5]:49 
To a cooled solution of 2-1 (0.201 g, 0.305 mmol) in THF (6 mL) was added 1 M LHMDS (0.35 
mL, 0.35 mmol) followed by N,N-dimethylcarbamoyl chloride (36 µL, 0.336 mmol), and the 
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mixture was allowed to react for 4 h at -40 °C with stirring. Reaction progress was monitored by 
TLC (CH2Cl2/CH3OH = 19:1). The reaction was quenched with saturated NH4Cl (10 mL) and 
diluted with H2O (10 mL). The reaction mixture was extracted with ethyl acetate (3 x 30 mL). 
The combined organic layers were washed with brine (3 x 30 mL), dried over MgSO4, and 
concentrated in vacuo to afford a colorless oil. Purification of the crude product by column 
chromatography on silica gel with hexanes/ethyl acetate (3:1) as eluent gave 2-5 (0.202, 89%) as 
a white solid; 1H NMR (600 MHz, CDCl3) δ 0.59 (m, 6 H), 0.92 (t, J = 7.8 Hz, 9H), 1.06 (s, 3H), 
1.20 (s, 3H), 1.69 (s, 3H), 1.89 (m, 1H), 2.25 (s, 3H), 2.27 (m, 2H), 2.29 (s, 3H), 2.53 (m, 1H), 
2.94 (s, 3H), 3.08 (s, 3H), 3.91 (d, J = 7.2 Hz, 1H), 4.15 (d, J = 8.4 Hz, 1H), 4.30 (d, J = 8.4 Hz, 
1H), 4.50 (dd, J = 6.6, 10.2 Hz, 1H), 4.84 (m, 1H), 4.97 (d, J = 9.0 Hz, 1H), 5.64 (d, J = 7.2 Hz, 
1H), 6.39 (s, 1H), 7.48 (t, J = 7.2 Hz, 2H), 7.60 (t, J = 7.8 Hz, 1H,), 8.11 (d, J = 7.2 Hz, 2H). All 
data are in agreement with literature values.49 
 
3’-Dephenyl-10-N,N-dimethylcarbamoyl-3’-(2-methyl-2-propenyl)-7-triethylsilyl-2’-
triisopropylsilyldocetaxel [2-6]:49 
To a cooled solution of 2-5 (0.200 g, 0.270 mmol) and β-lactam (+)1-6 (0.200 g, 0.325 mmol) in 
THF (7 mL) was added 1 M LHMDS (0.35 mL, 0.350 mmol), and the mixture was allowed to 
react for 3 h at -40 °C with stirring. The reaction was diluted with H2O (10 mL), and the mixture 
was extracted with ethyl acetate (3 x 30 mL). The combined organic layers were washed with 
brine (3 x 30 mL), dried over MgSO4, and concentrated in vacuo to afford a yellow oil. 
Purification of the crude product by column chromatography on silica gel with hexanes/ethyl 
acetate (3:2) as eluent gave 2-6 (0.192 g, 64%) as a white foam; 1H NMR (300 MHz, CDCl3) δ 
0.60 (m, 6H), 0.92 (t, J = 8.1 Hz, 9H), 1.10 (m, 21H), 1.19 (s, 3H), 1.22 (s, 3H), 1.34 (s, 9H), 
1.69 (s, 3H), 1.75 (s, 3H), 1.79 (s, 3H), 1.88 (t, J = 13.2 Hz, 1H), 2.06 (s, 3H), 2.27 (m, 1H), 2.36 
(s, 3H), 2.37 (m, 1H), 2.51 (m, 1H), 2.94 (s, 3H), 3.06 (s, 3H), 3.86 (d, J = 7.2 Hz, 1H), 4.20 (d, 
J = 8.4 Hz, 1H), 4.30 (d, J = 8.4 Hz, 1H), 4.43 (d, J = 2.7 Hz, 1H) 4.48 (dd, J = 6.6, 10.2 Hz, 1H), 
4.78 (m, 2H), 4.94 (d, J = 8.1 Hz, 1H), 5.33 (d, J = 8.1 Hz, 1H), 6.10 (bt, 1H), 6.40 (s, 1H), 7.46 
(t, J = 7.8 Hz, 2H), 7.60 (t, J = 7.5 Hz, 1H), 8.11 (d, J = 7.2 Hz, 2H). All data are in agreement 
with literature values.49 
 
3’-Dephenyl-10-N,N-dimethylcarbamoyl)-3’-(2-methyl-2-propenyl)docetaxel (SB-T-1216) 
[2-7]:49 
To a cooled solution of 2-6 (0.158 g, 0.140 mmol) in CH3CN-pyridine (1:1) (30 mL) was added 
HF-pyridine (1.4 mL), and the reaction mixture was allowed to warm from 0 °C to room 
temperature and react for 24 h with stirring. The reaction was diluted with H2O (20 mL), the 
reaction mixture was extracted with ethyl acetate (3 x 30 mL). The combined organic layers were 
washed with saturated CuSO4 (3 x 30 mL) and brine (3 x 30 mL), dried over MgSO4, and 
concentrated in vacuo to afford a yellow oil. Purification of the crude product by column 
chromatography on silica gel with hexanes/ethyl acetate (1:4) as eluent gave SB-T-1216 (2-7) 
(0.114 g, 95%) as a white solid; 1H NMR (500 MHz, CDCl3) δ 1.15 (s, 3H), 1.24 (s, 3H), 1.34 (s, 
9H), 1.66 (s, 3H), 1.76 (s, 6H), 1.87 (t, J = 13.2 Hz, 1H), 1.91 (s, 3H), 2.27 (m, 1H), 2.35 (s, 3H), 
2.37 (m, 1H), 2.53 (m, 1H), 2.95 (s, 3H), 3.04 (s, 3H), 3.22 (d, J = 3 Hz, 1H), 3.46 (bs, 1H), 3.81 
(d, J = 7 Hz, 1H), 4.18 (d, J = 8.4 Hz, 1H), 4.20 (d, J = 2.4 Hz, 1H), 4.29 (d, J = 8.4 Hz, 1H), 
4.45 (m, 1H), 4.74 (bt, J = 7.5 Hz, 1H), 4.82 (d, J = 8 Hz, 1H), 4.97 (d, J = 9.5 Hz, 1H), 5.31 (d, 
J = 8.5 Hz, 1H,), 5.65 (d, J = 6.6 Hz, 1H), 6.18 (t, J = 8.5 Hz, 1H), 6.25 (s, 1H), 7.50 (t, J = 7.8 
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Hz, 2H), 7.60 (t, J = 7.5 Hz, 1H), 8.09 (d, J = 7.2 Hz, 2H). HPLC: t = 20.5 min, purity >98%. All 
data are in agreement with literature values.49 
 
3’-Dephenyl-3’-(2,2-difluoroethenyl)-10-N,N-dimethylcarbamoyl-7-triethylsilyl-2’-
triisopropylsilyldocetaxel [2-8]:57 
To a cooled solution of 2-5 (0.530 g, 0.710 mmol) and β-lactam (+)1-20 (0.341 g, 0.836 mmol) 
in THF (18 mL) was added 1 M LHMDS (0.9 mL, 0.900 mmol), and the mixture was allowed to 
react for 2 h at -40 °C with stirring. The reaction was diluted with H2O (20 mL), and the mixture 
was extracted with ethyl acetate (3 x 30 mL). The combined organic layers were washed with 
brine (3 x 30 mL), dried over MgSO4, and concentrated in vacuo to afford a colorless oil. 
Purification of the crude product by column chromatography on silica gel with hexanes/ethyl 
acetate (9:1) as eluent gave 2-8 (0.618 g, 75%) as a white solid; 1H NMR (600 MHz, CDCl3) δ 
0.60 (m, 6H), 0.92 (t, J = 7.8 Hz, 9H), 1.12 (m, 21H), 1.20 (s, 3H), 1.23 (s, 3H), 1.31 (s, 9H), 
1.69 (s, 3H), 1.88 (t, J = 13.2 Hz, 1H), 2.06 (s, 3H), 2.23 (m, 1H), 2.35 (s, 3H), 2.37 (m, 1H), 
2.50 (m, 1H), 2.94 (s, 3H), 3.07 (s, 3H), 3.81 (d, J = 6.6 Hz, 1H), 4.19 (d, J = 8.4 Hz, 1H), 4.30 
(d, J = 8.4 Hz, 1H), 4.47 (dd, J = 6.6, 10.2 Hz, 1H), 4.50 (m, 1H), 4.52 (d, J = 1.8 Hz, 1H), 4.86 
(m, 1H), 4.94 (d, J = 8.4 Hz, 1H), 5.65 (d, J = 6.6 Hz, 1H), 6.18 (t, J = 8.5 Hz, 1H), 6.40 (s, 1H), 
7.43 (t, J = 7.5 Hz, 2H), 7.60 (t, J = 7.2 Hz, 1H), 8.11 (d, J = 7.2 Hz, 2H). All data are in 
agreement with literature values.57 
 
3’-Dephenyl-3’-(2,2-difluoroethenyl)-10-N,N-dimethylcarbamoyldocetaxel (SB-T-12854)  
[2-9]:57 
To a cooled solution of 2-8 (0.570 g, 0.503 mmol) in CH3CN-pyridine (1:1) (35 mL) was added 
HF-pyridine (5.7 mL), and the reaction was allowed to warm from 0 °C to room temperature and 
react for 17 h with stirring. The reaction was diluted with H2O (30 mL), and the mixture was 
extracted with ethyl acetate (3 x 30 mL). The combined organic layers were washed with 
saturated CuSO4 (3 x 30 mL) and brine (3 x 30 mL), dried over MgSO4, and concentrated in 
vacuo to afford a crude, white solid. Purification of the crude product by column 
chromatography on silica gel with hexanes/ethyl acetate (1:9) as eluent gave SB-T-12854 (2-9) 
(0.426 g, 98%) as a white solid; 1H NMR (600 MHz, CDCl3) δ 1.16 (s, 3H), 1.26 (s, 3H), 1.31 (s, 
9H), 1.68 (s, 3H), 1.89 (t, J = 13.2 Hz, 1H), 1.91 (s, 3H), 2.30 (m, 1H), 2.38 (m, 1H), 2.39 (s, 
3H), 2.53 (m, 1H), 2.95 (s, 3H), 3.05 (s, 3H), 3.22 (d, J = 3 Hz, 1H), 3.42 (d, J = 4.8 Hz, 1H), 
3.81 (d, J = 6.6 Hz, 1H), 4.18 (d, J = 8.4 Hz, 1H), 4.20 (d, J = 4.2 Hz, 1H), 4.30 (d, J = 8.4 Hz, 
1H), 4.45 (m, 1H), 4.57 (m, 1H), 4.88 (bs, 1H), 4.98 (d, J = 8.4 Hz, 1H), 5.66 (d, J = 6.6 Hz, 1H), 
6.26 (bs, 2H), 7.50 (t, J = 7.2 Hz, 2H), 7.61 (t, J = 7.2 Hz, 1H), 8.12 (d, J = 7.2 Hz, 2H). HPLC: t 
= 20.6 min, purity >97%. All data are in agreement with literature values.57 
 
10-Deacetyl-7,10,13-tris(triethylsilyl)baccatin III [2-10]:29 
To a cooled solution of 10-deacetylbaccatin III (0.499 g, 0.917 mmol) and imidazole (0.312 g, 
4.59 mmol) in DMF (1.7 mL) was added TESCl (0.77 mL, 4.59 mmol), and the mixture was 
allowed to warm from 0 °C to room temperature and react for 72 h with stirring. The reaction 
was quenched with saturated NH4Cl (10 mL) and diluted with H2O (10 mL). The reaction 
mixture was extracted with ethyl acetate (3 x 30 mL). The combined organic layers were washed 
with brine (3 x 30 mL), dried over MgSO4, and concentrated in vacuo to afford a white solid. 
Purification of the crude product by column chromatography on silica gel with hexanes/ethyl 
acetate (9:1) as eluent gave 2-10 (0.736 g, 90%) as a white solid; 1H NMR (600 MHz) δ 0.57 (m, 
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18H), 0.93 (m, 27H), 1.04 (s, 3H), 1.13 (s, 3H), 1.20 (s, 3H), 1.67 (s, 3H), 1.88 (m, 1H), 2.00 (s, 
3H), 2.10 (m, 1H), 2.19 (m, 1H), 2.28 (s, 3H), 2.54 (m, 1H), 3.86 (d, J = 6.8 Hz, 1H), 4.14 (d, J = 
8.2 Hz, 1H), 4.29 (d, J = 8.0 Hz, 1H), 4.48 (dd, J = 6.8, 10.2 Hz, 1H), 4.95 (m, 2H), 5.20 (s, 1H), 
5.62 (d, J = 7.2 Hz, 1H), 7.46 (t, J = 7.6 Hz, 2H), 7.58 (t, J = 7.2 Hz, 1H), 8.09 (d, J = 7.2 Hz, 
1H). All data are in agreement with literature values.29 
 
10-Deacetyl-2-debenzoyl-7,10,13-tris(triethylsilyl)baccatin III [2-11]:29 
To a cooled solution of 2-10 (0.736, 0.831 mmol) in THF (16 mL) was added sodium bis(2-
methoxyethoxy)aluminum hydride (0.78 mL, 4.15 mmol), and the mixture was allowed to react 
for 1½ h at -50 °C with stirring. The reaction was quenched with saturated NH4Cl (10 mL) and 
diluted with H2O (10 mL). The reaction mixture was extracted with ethyl acetate (3 x 30 mL). 
The combined organic layers were washed with brine (3 x 30 mL), dried over MgSO4, and 
concentrated in vacuo to afford a colorless liquid. Purification of the crude product by column 
chromatography on silica gel with hexanes/ethyl acetate (3:1) as eluent gave 2-11 (0.492 g, 76%) 
as a white foam; 1H NMR (600 MHz, CDCl3) δ 0.57 (m, 18 H), 0.93 (m, 27H), 1.09 (s, 3H), 1.16 
(s, 3H), 1.62 (s, 3H), 1.89 (m, 3H), 2.02 (s, 3H), 2.07 (m, 1H), 2.29 (s, 3H), 2.44 (d, J = 6.3 Hz, 
1H), 2.52 (m, 1H), 3.40 (d, J = 7.2, 1H), 3.87 (t, J = 6.6 Hz, 1H), 4.35 (dd, J = 6.6, 10.2 Hz, 1H), 
4.56 (d, J = 8.4 Hz, 1H), 4.63 (d, J = 8.4 Hz, 1H), 4.95 (m, 2H), 5.11 (s, 1H). All data are in 
agreement with literature values.29 
 
10-Deacetyl-2-debenzoyl-2-(3-methylbenzoyl)-7,10,13-tris(triethylsilyl)baccatin III [2-12]:29 
To a solution of 2-11 (0.425 g, 0.543 mmol), 3-methylbenzoic acid (0.591 g, 4.34 mmol), and 
DMAP (0.530 g, 4.34 mmol) in CH2Cl2 (5 mL) was added DIC (0.7 mL, 4.34 mmol), and the 
mixture was allowed to react for 7 d at room temperature with stirring. The reaction was 
quenched with saturated NH4Cl (10 mL) and diluted with H2O (10 mL). The reaction mixture 
was extracted with ethyl acetate (3 x 30 mL). The combined organic layers were washed with 
brine (3 x 30 mL), dried over MgSO4, and concentrated in vacuo to afford a white solid. 
Purification of the crude product by column chromatography on silica gel with hexanes/ethyl 
acetate (4:1) as eluent gave 2-12 (0.417 g, 85%) as a white solid; 1H NMR (600 MHz, CDCl3) δ 
0.63 (m, 18 H), 0.99 (m, 27 H), 1.04 (s, 3H), 1.13 (s, 3H), 1.19 (d, J = 2.4 Hz, 3H), 1.67 (s, 3H), 
1.89 (t, J = 10.8 Hz, 1H), 1.98 (s, 3H), 2.10 (m, 1H), 2.24 (m, 1H), 2.27 (s, 3H), 2.41 (s, 3H), 
2.52 (m, 1H), 3.86 (d, J = 7.2 Hz, 1H), 4.14 (d, J = 8.4 Hz, 1H), 4.28 (d, J = 8.4 Hz, 1H), 4.42 
(dd, J = 6.6, 10.2 Hz, 1H), 4.92 (m, 2H), 5.20 (s, 1H), 5.61 (d, J = 7.2 Hz, 1H), 7.36 (t, J = 7.5 
Hz, 1H), 7.41 (d, J = 7.2 Hz, 1H), 7.92 (d, J = 7.8 Hz, 1H), 7.93 (s, 1H). HRMS for 
C48H81O10Si3

+ calcd: 901.5132. Found: 901.5135 (Δ = 0.3 ppm). All data are in agreement with 
literature values.29 
 
10-Deacetyl-2-debenzoyl-2-(3-methylbenzoyl)baccatin III [2-13]:29 
To a cooled solution of 2-12 (0.345 g, 0.383 mmol) in CH3CN-pyridine (1:1) (21 mL) was added 
HF-pyridine (3.45 mL), and the mixture was allowed to warm from 0 °C to room temperature 
and react for 21 h with stirring. The reaction was diluted with H2O (20 mL), and the mixture was 
extracted with ethyl acetate (3 x 30 mL). The combined organic layers were washed with 
saturated CuSO4 (3 x 30 mL) and brine (3 x 30 mL), dried over MgSO4, and concentrated in 
vacuo to afford a white solid. Purification of the crude product by column chromatography on 
silica gel with hexanes/ethyl acetate (1:9) as eluent gave 2-13 (0.212 g, 99%) as a white solid; 1H 
NMR (600 MHz, CDCl3) δ 1.10 (s, 6H), 1.74 (s, 3H), 1.83 (t, J = 13.2 Hz, 1H), 2.02 (s, 3H), 
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2.28 (m, 2H), 2.29 (s, 3H), 2.42 (s, 3H), 2.61 (m, 1H), 4.01 (d, J = 7.2 Hz, 1H), 4.14 (d, J = 8.4 
Hz, 1H), 4.27 (m, 1H), 4.32 (d, J = 8.4 Hz, 1H), 4.87 (bs, 1H), 4.98 (d, J = 9 Hz, 1H), 5.25 (s, 
1H,) 5.62 (d, J = 7.2 Hz, 1H), 7.36 (t, J = 7.2 Hz, 1H), 7.41 (d, J = 7.2 Hz, 1H), 7.90 (d, J = 7.8 
Hz, 1H), 7.93 (s, 1H). HRMS for C30H39O10

+ calcd: 559.2538. Found: 559.2537 (Δ = -0.2 ppm).  
All data are in agreement with literature values.29 
 
2-Debenzoyl-2-(3-methylbenzoyl)-7-triethylsilyl 10-deacetylbaccatin III [2-14]: 
To a cooled solution of 2-13 (0.195 g, 0.370 mmol) and imidazole (0.100 g, 1.47 mmol) in DMF 
(4 mL) was added TESCl (0.19 mL, 1.11 mmol), and the mixture was allowed to react for 40 
min at 0 °C with stirring. The reaction was quenched with saturated NH4Cl (10 mL) and diluted 
with H2O (10 mL). The reaction mixture was extracted with ethyl acetate (3 x 30 mL). The 
combined organic layers were washed with brine (3 x 30 mL), dried over MgSO4, and 
concentrated in vacuo to afford a white solid. Purification of the crude product by column 
chromatography on silica gel with hexanes/ethyl acetate (3:1) as eluent gave 2-14 (0.198 g, 85%) 
as a white solid; 1H NMR (600 MHz, CDCl3) δ 0.56 (m, 6H), 0.93 (t, J = 8.4 Hz, 9H), 1.09 (s, 
6H), 1.73 (s, 3H), 1.89 (m, 1H), 2.02 (s, 3H), 2.27 (m, 2H), 2.29 (s, 3H), 2.42 (s, 3H), 2.50 (m, 
1H), 3.95 (d, J = 6.6 Hz, 1H), 4.14 (d, J = 8.4 Hz, 1H), 4.32 (d, J = 8.4 Hz, 1H), 4.41 (dd, J = 6.6, 
10.2 Hz, 1H), 4.87 (bs, 1H), 4.96 (d, J = 9.6 Hz, 1H), 5.17 (s, 1H), 5.58 (d, J = 7.2 Hz, 1H), 7.35 
(t, J = 7.2 Hz, 1H), 7.40 (d, J = 7.2 Hz, 1H), 7.89 (d, J = 7.8 Hz, 1H), 7.93 (s, 1H). HRMS for 
C36H53O10Si+ calcd: 673.3403. Found: 673.3407 (Δ = 0.6 ppm). 
 
2-Debenzoyl-10-(N,N-dimethylcarbamoyl)-2-(3-methylbenzoyl)-7-O-(triethylsilyl)-10-
deacetylbaccatin III [2-15]: 
To a cooled solution of 2-14 (0.192 g, 0.285 mmol) in THF (5.7 mL) was added 1 M LHMDS 
(0.35 mL, 0.35 mmol) followed by N,N-dimethylcarbamoyl chloride (35 µL, 0.371 mmol), and 
the mixture was allowed to react for 2 h at -40 °C with stirring. Reaction progress was monitored 
via TLC (CH2Cl2/CH3OH = 19:1). The reaction was quenched with saturated NH4Cl (10 mL) 
and diluted with H2O (10 mL). The reaction mixture was extracted with ethyl acetate (3 x 30 
mL). The combined organic extracts were washed with brine (3 x 30 mL), dried over MgSO4, 
and concentrated in vacuo to afford a white solid. Purification of the crude product by column 
chromatography on silica gel with hexanes/ethyl acetate (3:1) as eluent gave 2-15 (0.183 g, 87%) 
as a white solid; 1H NMR (600 MHz, CDCl3) δ 0.57 (m, 6H), 0.93 (m, 9H), 1.05 (s, 3H), 1.19 (s, 
3H), 1.68 (s, 3H), 1.89 (t, J = 13.2 Hz, 1H), 2.02 (s, 3H), 2.26 (m, 2H), 2.29 (s, 3H), 2.42 (s, 3H), 
2.50 (m, 1H), 2.93 (s, 3H), 3.06 (s, 3H), 3.90 (d, J = 6.6 Hz, 1H), 4.14 (d, J = 8.4 Hz, 1H), 4.30 
(d, J = 8.4 Hz, 1H), 4.48 (dd, J = 6.6, 10.2 Hz, 1H), 4.83 (m, 1H), 4.96 (d, J = 9.6 Hz, 1H), 5.62 
(d, J = 7.2 Hz, 1H), 6.38 (s, 1H), 7.35 (t, J = 7.2 Hz, 1H), 7.40 (d, J = 7.8 Hz, 1H), 7.90 (d, J = 
7.8 Hz, 1H), 7.94 (s, 1H). HRMS for C39H58NO11Si+ calcd: 744.3774. Found: 744.3774 (Δ = 0 
ppm). 
 
2-Debenzoyl-3’-dephenyl-10-(N,N-dimethylcarbamoyl)-2-(3-methylbenzoyl)-3’-(2-methyl-
2-propen-1-yl)-7-O-(triethylsilyl)-2’-O-(triisopropylsilyl)docetaxel [2-16]: 
To a cooled solution of 2-15 (0.173 g, 0.233 mmol) and β-lactam (+)1-6 (0.140 g, 0.350 mmol) 
in THF (6 mL) was added 1 M LHMDS (0.3 mL, 0.3 mmol), and the mixture was allowed to 
react for 2 h at -40 °C with stirring. The reaction was diluted with H2O (10 mL), and the mixture 
was extracted with ethyl acetate (3 x 30 mL). The combined organic extracts were washed with 
brine (3 x 30 mL), dried over MgSO4, and concentrated in vacuo to afford a pale yellow oil. 
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Purification of the crude product by column chromatography on silica gel with hexanes/ethyl 
acetate (6:1) as eluent gave 2-16 (0.250 g, 94%) as a white solid; 1H NMR (600 MHz, CDCl3) δ 
0.57 (m, 6H), 0.93 (t, J = 7.8 Hz, 9H), 1.11 (m, 21H), 1.20 (s, 3H), 1.22 (s, 3H), 1.34 (s, 9H), 
1.67 (s, 3H), 1.75 (s, 3H) 1.78 (s, 3H) 1.89 (t, J = 13.2 Hz, 1H), 2.02 (s, 3H), 2.26 (m, 2H), 2.29 
(s, 3H), 2.42 (s, 3H), 2.51 (m, 1H), 2.94 (s, 3H), 3.06 (s, 3H), 3.87 (d, J = 6.6 Hz, 1H), 4.19 (d, J 
= 8.4 Hz, 1H), 4.30 (d, J = 8.4 Hz, 1H), 4.44 (d, J = 3 Hz, 1H), 4.49 (dd, J = 6.6, 10.2 Hz, 1H), 
4.80 (m, 2H), 4.95 (d, J = 9.6 Hz, 1H), 5.34 (d, J = 8.4 Hz, 1H), 5.68 (d, J=7.2 Hz, 1H), 6.10 (t, J 
= 8.4 Hz, 1H), 6.40 (s, 1H), 7.34 (t, J = 7.2 Hz, 1H), 7.40 (d, J = 7.8 Hz, 1H), 7.90 (d, J = 7.8 Hz, 
1H), 7.94 (s, 1H). HRMS for C60H97N2O15Si2

+ calcd: 1141.6422. Found: 1141.6434 (Δ = 1.1 
ppm).  
 
2-Debenzoyl-3’-dephenyl-10-(N,N-dimethylcarbamoyl)-2-(3-methylbenzoyl)-3’-(2-methyl-
2-propen-1-yl)docetaxel (SB-T-121602) [2-17]: 
To a cooled solution of 2-16 (0.238 g, 0.208 mmol) in CH3CN-pyridine (1:1) (15 mL) was added 
HF-pyridine (2.4 mL), and the mixture was allowed to warm from 0 °C to room temperature and 
react for 21 h with stirring. The reaction was diluted with H2O (30 mL), and the mixture was 
extracted with ethyl acetate (3 x 30 mL). The combined organic layers were washed with 
saturated CuSO4 (3 x 30 mL) and brine (3 x 30 mL), dried over MgSO4, and concentrated in 
vacuo to afford a white solid. Purification of the crude product by column chromatography on 
silica gel with hexanes/ethyl acetate (1:9) as eluent gave SB-T-121602 (2-17) (0.166 g, 92%) as 
a white solid; 1H NMR (300 MHz, CDCl3), δ 1.15 (s, 3H), 1.24 (s, 3H), 1.34 (s, 9H), 1.66 (s, 3H), 
1.75 (s, 3H), 1.76 (s, 3H), 1.87 (t, J = 12.5 Hz, 1H), 1.91 (s, 3H), 2.05 (m, 2H), 2.35 (s, 3H), 2.41 
(s, 3H), 2.53 (m, 1H), 2.95 (s, 3H), 3.04 (s, 3H), 3.43 (bs, 1H), 3.81 (d, J = 6.5 Hz, 1H), 4.17 (d, 
J = 8.4 Hz, 1H), 4.20 (d, J = 3.0 Hz, 1H), 4.30 (d, J = 8.4 Hz, 1H), 4.44 (bs, 1H), 4.74 (bt, J = 8.0 
Hz, 1H), 4.81 (d, J = 8.0 Hz, 1H), 4.97 (d, J = 9.0 Hz, 1H), 5.32 (d, J = 8.1 Hz, 1H), 5.63 (d, J = 
7.2 Hz, 1H), 6.18 (bt, J = 8.0 Hz, 1H), 6.25 (s, 1H), 7.34 (t, J = 7.5 Hz, 1H), 7.40 (d, J = 7.8 Hz, 
1H), 7.89 (d, J=7.5 Hz, 1H), 7.93 (s, 1H), 13C NMR (100 MHz) δ 9.3, 15.0, 18.5, 21.3, 22.2, 22.3, 
25.7, 26.8, 28.2, 35.4, 36.0, 36.6, 43.2, 45.6, 51.6, 58.5, 72.5, 73.8, 75.1, 76.2, 76.3, 76.5, 79.3, 
79.9, 81.2, 84.2, 120.7, 127.3, 128.5, 129.2, 130.8, 133.2, 134.4, 137.8, 138.3, 142.9, 155.4, 
156.1, 167.1, 169.9, 173.1, 205.7. HPLC: t = 21.2 min, purity >98%. HRMS for C45H63N2O15

+ 
calcd: 871.4223. Found: 871.4231 (Δ = 0.9 ppm).  
 
10-Deacetyl-2-debenzoyl-2-[3-(trifluoromethyl)benzoyl]-7,10,13-tris(triethylsilyl)baccatin 
III [2-18]: 
To a solution of 2-11 (0.809 g, 1.033 mmol), 3-(trifluoromethyl)benzoic acid (1.572 g, 8.268 
mmol), and DMAP (0.991 g, 8.268 mmol) in CH2Cl2 (10 mL) was added DIC (1.3 mL, 8.393 
mmol), and the mixture was allowed to react for 5 d at room temperature with stirring. The 
reaction was quenched with H2O (10 mL), and the mixture was extracted with CH2Cl2 (3 x 30 
mL). The combined organic layers were washed with brine (3 x 30 mL), dried over MgSO4, and 
concentrated in vacuo to give a yellow solid. Purification of the crude product by column 
chromatography on silica gel with hexanes/ethyl acetate (9:1) as eluent gave 2-18 (0.570 g, 71%) 
as a white solid; Rf = 0.75 (hexanes/ethyl acetate = 3:1); mp 160-162 °C; 1H NMR (700 MHz, 
CDCl3) δ 0.65 (m, 18H), 1.02 (m, 27H), 1.15 (s, 3H), 1.22 (s, 3H), 1.51 (s, 1H), 1.68 (s, 3H), 
1.91 (m, 1H), 2.01 (s, 3H), 2.12 (m, 1H), 2.25 (m, 1H), 2.30 (s, 3H), 2.55 (m, 1H), 3.91 (d, J = 
7.7 Hz, 1H), 4.16 (d, J = 8.4 Hz, 1H), 4.24 (d, J = 8.4 Hz, 1H), 4.44 (dd, J = 6.3, 10.5 Hz, 1H), 
4.93 (t, J = 8.4 Hz, 1H), 4.98 (d, J = 7.7 Hz, 1H), 5.22 (s, 1H), 5.61 (d, J = 7.7 Hz, 1H), 7.65 (t, J 
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= 7.7 Hz, 1H), 7.87 (d, J = 8.4 Hz, 2H), 8.29 (d, J=7.7 Hz, 1H), 8.46 (s, 1H); 13C NMR (175 
MHz, CDCl3) δ 5.83, 5.25, 5.98, 6.86, 6.96, 10.42, 14.58, 20.59, 22.12, 26.29, 37.25, 39.80, 
42.92, 46.96, 58.20, 68.23, 72.67, 75.76, 76.15, 76.46, 79.80, 80.74, 84.01, 122.88, 124.43, 
126.85, 129.32, 129.91, 130.58, 130.90, 131.10, 131.28, 133.37, 135.60, 139.57, 165.54, 169.95, 
205.80; 19F NMR (376 MHz, CDCl3) δ -62.97 (s, 3H). HRMS for C48H78F3O10Si3

+ calcd: 
955.4849. Found: 955.4851 (Δ = 0.2 ppm).  
 
10-Deacetyl-2-debenzoyl-2-[3-(trifluoromethyl)benzoyl]baccatin III [2-19]: 
To a cooled solution of 2-18 (0.570 g, 0.578 mmol) in CH3CN-pyridine (1:1) (60 mL) was added 
HF-pyridine (5.7 mL), and the mixture was allowed to warm from 0 °C to room temperature and 
react for 10 h with stirring. The reaction was diluted with H2O (30 mL), and the mixture was 
extracted with ethyl acetate (3 x 30 mL). The combined organic layers were washed with 
saturated CuSO4 (3 x 30 mL) and brine (3 x 30 mL), dried over MgSO4, and concentrated in 
vacuo to afford 2-19 (0.356 g, 99%) as a white solid; Rf = 0.1 (hexanes/ethyl acetate = 3:1); 1H 
NMR (500 MHz, CD3OD) δ 1.11 (s, 3H), 1.12 (s, 3H), 1.73 (s, 3H), 1.84 (m, 1H), 2.07 (d, J = 
1.5 Hz, 3H), 2.25 (dd, J = 7.0, 8.5 Hz, 1H), 2.30 (s, 3H), 2.39 (dd, J = 7.0, 8.5 Hz, 1H), 2.49 (m, 
1H), 4.03 (d, J = 7.0 Hz, 1H), 4.21 (dd, JAB = 8.0, 12.0 Hz, 2H), 4.30 (dd, J = 6.5, 11.0 Hz, 1H), 
4.83 (t, J = 7.5 Hz, 1H), 5.06 (d, J = 7.5 Hz, 1H), 5.35 (s, 1H), 5.64 (d, J = 7.0 Hz, 1H), 7.78 (t, J 
= 7.7 Hz, 1H), 7.98 (d, J = 7.0 Hz, 1H), 8.37 (d, J = 8.0 Hz, 1H), 8.48 (s, 1H); 13C NMR (125 
MHz, CD3OD) δ 8.91, 13.07, 13.89, 19.40, 19.46, 21.16, 25.79, 36.14, 39.31, 42.53, 57.47, 
60.14, 66.70, 71.40, 74.86, 75.73, 76.06, 78.02, 80.62, 84.52, 120.66, 122.82, 124.98, 126.29, 
127.14, 129.48 130.26, 130.52, 130.78, 131.04, 131.31, 133.20, 134.28, 143.00, 164.65, 170.46, 
171.58, 210.29; 19F NMR (376 MHz, CDCl3) δ -62.90 (s, 3H). HRMS for C30H36F3O10

+ calcd: 
613.2255. Found: 613.2259 (Δ = 0.7 ppm). 
 
10-Deacetyl-2-debenzoyl-2-[3-(trifluoromethyl)benzoyl]-7-triethylsilyl-baccatin III [2-20]: 
To a cooled solution of 2-19 (0.200 g, 0.330 mmol) and imidazole (0.168 g, 1.2 mmol) in DMF 
(3.3 mL) was added TESCl (0.25 mL, 1.0 mmol), and the mixture was allowed to react for 40 
min at 0 °C with stirring. The reaction was diluted with H2O (30 mL) and extracted with ethyl 
acetate (3 x 30 mL). The combined organic layers were washed with brine (3 x 30 mL), dried 
over MgSO4, and concentrated in vacuo to give a yellow oil. Purification of the crude product by 
column chromatography on silica gel with hexanes/ethyl acetate (4:1) as eluent gave 2-20 (0.196 
g, 83%) as a white solid; Rf = 0.7 (hexanes/ethyl acetate = 1:1); 1H NMR (500 MHz, CDCl3) δ 
0.71 (m, 6H), 1.04 (t, J = 8.0 Hz, 9H), 1.13 (s, 3H), 1.19 (s, 3H), 1.49 (d, J = 7.5 Hz, 1H), 1.54 (s, 
1H), 1.78 (s, 3H), 1.86 (m, 1H), 2.06 (d, J = 1.0 Hz, 3H), 2.16 (m, 1H), 2.26 (m, 1H), 2.32 (s, 
3H), 3.99 (d, J = 7.0 Hz, 1H), 4.19 (d, J = 8.5 Hz, 1H), 4.20 (d, J = 1.0 Hz, 1H), 4.28 (d, J = 8.5 
Hz, 1H), 4.32 (m, 1H), 4.98 (t, J = 7.5 Hz, 1H), 5.02 (d, J = 7.5 Hz, 1H), 5.29 (d, J = 1.0 Hz, 1H), 
5.64 (d, J = 7.0 Hz, 1H), 7.67 (t, J = 7.7 Hz, 1H), 7.90 (d, J = 8.0 Hz, 1H), 8.30 (d, J = 7.5 Hz, 
1H), 8.46 (s, 1H); 13C NMR (125 MHz, CDCl3) δ 4.80, 6.90, 9.92, 15.03, 20.81, 22.01, 26.31, 
36.89, 40.31, 42.73, 46.62, 57.53, 68.28, 71.97, 74.98, 75.88, 76.35, 79.81, 80.58, 84.09, 120.40, 
122.54, 124.71, 126.80, 126.83, 129.45, 130.11, 130.14, 130.36, 130.90, 131.17, 131.43, 131.69, 
133.38, 133.41, 144.30, 165.48, 170.06, 211.93; 19F NMR (376 MHz, CDCl3) δ -62.99 (s, 3F). 
HRMS for C36H50F3O10Si+ calcd: 727.3120. Found: 727.3127 (Δ = 1.0 ppm).  
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10-Cyclopropanecarbonyl-10-deacetyl-2-debenzoyl-2-[3-(trifluoromethyl)benzoyl]-7-
triethylsilyl-baccatin III [2-21]: 
To a cooled solution of 2-20 (0.081 g, 0.111 mmol) in THF (3 mL) was added 1 M LHMDS (112 
µL, 0.120 mmol) followed by cyclopropanecarbonyl chloride (10 µL, 0.117 mmol), and the 
mixture was allowed to react for 30 min at -40 °C with stirring. The reaction was quenched with 
H2O (20 mL), and the mixture was extracted with ethyl acetate (3 x 30 mL). The combined 
organic layers were washed with brine (3 x 30 mL), dried over MgSO4, and concentrated in 
vacuo to give a yellow oil. Purification of the crude product by column chromatography on silica 
gel with hexanes/ethyl acetate (4:1) as eluent gave 2-21 (0.075 g, 85%) as a white solid; Rf = 
0.75 (hexanes/ethyl acetate = 1:1); 1H NMR (500 MHz, CDCl3) δ 0.57 (m, 6H), 0.89 (m, 2H), 
0.92 (m, 9H), 1.02 (m, 1H), 1.05 (s, 3H), 1.18 (m, 1H), 1.20 (s, 3H), 1.25 (m, 3H), 1.56 (s, 3H), 
1.76 (m, 1H), 1.87 (m, 1H), 2.05 (d, J = 5.0 Hz, 1H), 2.20 (m, 3H), 2.26 (s, 1H), 2.27 (m, 3H), 
2.53 (m, 1H), 3.90 (d, J = 7.0 Hz, 1H), 4.12 (d, J = 8.4 Hz, 1H), 4.24 (d, J = 8.4 Hz, 1H), 4.48 
(dd, J = 6.5 Hz, 10.5 Hz, 1H), 4.84 (m, 1H), 4.98 (d, J = 8.0 Hz, 1H), 5.61 (d, J = 7.0 Hz, 1H), 
7.63 (t, J = 7.5 Hz, 1H), 7.86 (d, J = 8.0 Hz, 1H), 8.28 (d, J = 8.0 Hz, 1H), 8.45 (s, 1H); 13C 
NMR (125 MHz, CDCl3) δ 5.29, 6.80, 8.62, 8.75, 9.92, 13.03, 14.98, 20.13, 22.42, 26.85, 29.72, 
37.21, 38.14, 42.72, 47.31, 58.58, 67.93, 72.39, 75.31, 75.51, 76.39, 78.98, 80.82, 84.24, 122.56, 
124.72, 126.84, 126.87, 126.90, 126.93, 129.41, 130.11, 130.14, 130.33, 131.13, 131.39, 132.64, 
133.43, 143.99, 165.57, 170.73, 173.18, 202.21; 19F NMR (376 MHz, CDCl3) δ -62.89 (s, 3F); 
HRMS for C40H54F3O11Si+ calcd: 795.3382. Found: 795.3387 (Δ = 0.6 ppm).   
 
2-Debenzoyl-3’-dephenyl-10-(cyclopropanecarbonyl)-2-[3-(trifluoromethyl)benzoyl]-7-
triethylsilyl-2’-triisopropylsilyl-3’-(2-methyl-1-propenyl)docetaxel [2-22]: 
To a cooled solution of 2-21 (0.023 g, 0.0289 mmol) and β-lactam (+)1-6 (0.025 g, 0.0625 
mmol) in THF (1.5 mL) was added 1 M LHMDS (50 µL, 0.050 mmol), and the mixture was 
allowed to react for 1½ h at -40 °C with stirring. The reaction was diluted with H2O (10 mL), 
and the mixture was extracted with ethyl acetate (3 x 20 mL). The combined organic layers were 
washed with brine (3 x 10 mL), dried over MgSO4, and concentrated in vacuo to give a colorless 
oil. Purification of the crude product by column chromatography on silica gel with hexanes/ethyl 
acetate (4:1) as eluent gave 2-22 (0.030 g, 87%) as a white solid; Rf = 0.7 (hexanes/ethyl acetate 
= 3:1); 1H NMR (500 MHz, CDCl3) δ 0.59 (m, 6H), 0.92 (m, 2H), 0.94 (m, 9H), 1.14 (m, 21H), 
1.22 (s, 3H), 1.27 (s, 3H), 1.36 (s, 9H), 1.45 (m, 1H), 1.71 (s, 3H), 1.77 (s 6H), 1.91 (m, 1H), 
2.05 (s, 3H), 2.38 (s, 3H), 2.39 (m, 1H), 2.55 (m, 1H), 3.89 (d, J = 6.5 Hz, 1H), 4.19 (d, J = 8.4 
Hz, 1H), 4.29 (d, J = 4.8 Hz, 1H), 4.44 (d, J = 2 Hz, 1H), 4.48 (dd, J = 6.5, 10.5 Hz, 1H), 4.77 
(m, 1H), 4.84 (m, 1H), 5.00 (d, J = 9.0 Hz, 1H), 5.35 (d, J = 8.5 Hz, 1H), 5.70 (d, J = 7.0 Hz, 
1H), 6.06 (bt, 1H), 6.52 (s, 1H), 7.67 (t, J = 7.2 Hz, 1H), 7.89 (d, J = 7.5 Hz, 1H), 8.33 (d, J = 8.0 
Hz, 1H), 8.48 (s, 1H); 13C NMR (125 MHz, CDCl3) δ 5.32, 6.78, 8.70, 8.81, 10.00, 12.57, 12.96, 
14.38, 17.91, 18.05, 18.42, 21.28, 22.28, 25.66, 26.23, 28.26, 29.72, 35.31, 37.14, 43.24, 46.74, 
52.04, 58.31, 72.00, 72.27, 74.79, 75.30, 75.52, 76.39, 78.91, 79.40, 81.05, 84.30, 121.92, 122.58, 
124.75, 126.74, 129.46, 130.10, 130.12, 130.34, 131.01, 131.28, 131.13, 133.63, 136.34, 141.19, 
155.21, 165.34, 169.70, 172.02, 173.08, 202.04.  
 
2-Debenzoyl-3’-dephenyl-10-(cyclopropanecarbonyl)-2-[3-(trifluoromethyl)benzoyl]-7-
triethylsilyl-2’-triisopropylsilyl-3’-(difluorovinyl)docetaxel [2-23]: 
To a solution of 2-21 (0.023 g, 0.0289 mmol) and β-lactam (+)1-20 (0.025 g, 0.0625 mmol) in 
THF at -40 °C was added 1 M LHMDS (50 µL, 0.050 mmol), and the mixture was allowed to 
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react for 1½ at -40 °C with stirring. The reaction was diluted with H2O (10 mL), and the mixture 
was extracted with ethyl acetate (3 x 20 mL). The combined organic layers were washed with 
brine (3 x 10 mL), dried over MgSO4, and concentrated in vacuo to give a colorless oil. 
Purification of the crude product by column chromatography on silica gel with hexanes/ethyl 
acetate (4:1) as eluent gave 2-23 (0.028 g, 81%), as a white solid; Rf = 0.7 (3:1 hexanes/ethyl 
acetate); 1H NMR (400 MHz, CDCl3) δ 0.58 (m, 6H), 0.92 (m, 9H), 0.93 (m, 2H), 1.13 (m, 21H), 
1.21 (s, 3H), 1.25 (s, 3H), 1.31 (s, 9H), 1.70 (s, 3H), 1.77 (m, 1H), 1.90 (m, 1H), 2.03 (s, 3H), 
2.33 (m, 2H), 2.37 (s, 3H), 2.54 (m, 1H), 3.87 (d, J = 7.2 Hz, 1H), 4.17 (d, J = 8.4 Hz, 1H), 4.27 
(d, J = 8.4 Hz, 1H), 4.46 (m, 1H), 4.51 (d, J = 2 Hz, 2H), 4.87 (m, 1H), 4.98 (m, 2H), 5.68 (d, J = 
7.2 Hz, 1H), 6.12 (bt, 1H), 6.50 (s, 1H), 7.67 (t, J = 8 Hz, 1H), 7.88 (d, J = 8 Hz, 1H), 8.32 (d, J 
= 8 Hz, 1H), 8.47 (s, 1H); 13C NMR (100 MHz, CDCl3) δ 5.30, 6.75, 8.70, 8.81, 9.98, 12.56, 
12.95, 14.32, 17.95, 18.04, 21.29, 21.12, 26.31, 28.11, 35.21, 37.13, 43.25, 46.75, 58.33, 71.92, 
72.26, 74.73, 75.53, 76.38, 78.96, 81.06, 84.26, 126.95, 129.48, 130.20, 133.48, 140.60, 154.95, 
165.55, 169.69, 171.14, 173.12, 201.88; 19F NMR (376 MHz, CDCl3) δ -62.95 (s, 3F), -84.58 (m, 
1F), -86.25 (d, J = 40.4 Hz, 1F).  
 
2-Debenzoyl-3’-dephenyl-10-(cyclopropanecarbonyl)-2-[3-(trifluoromethyl)benzoyl]-7-
triethylsilyl-2’-triisopropylsilyl-3’-(trifluoromethyl)docetaxel [2-24]:  
To a cooled solution of 2-21 (0.023 g, 0.0289 mmol) and (3R,4R)-1-(tert-butoxycarbonyl)-3-
triisopropylsiloxy-4-trifluoromethylazetidin-2-one (0.025 g, 0.0625 mmol) in THF (1.5 mL) was 
added 1 M LHMDS (50 µL, 0.050 mmol), and the mixture was allowed to react for 1½ h at -
40 °C with stirring. The reaction was diluted with H2O (10 mL), and the mixture was extracted 
with ethyl acetate (3 x 30 mL). The combined organic extracts were washed with brine (3 x 30 
mL), dried over MgSO4, and concentrated in vacuo to give a yellow oil. Purification of the crude 
product by column chromatography on silica gel with hexanes/ethyl acetate (4:1) as eluent gave 
2-24 (0.029 g, 83%) as a white solid; Rf = 0.7 (hexanes/ethyl acetate = 3:1); 1H NMR (700 MHz, 
CDCl3) δ 0.58 (m, 6H), 0.93 (m, 9H), 0.97 (m, 2H), 1.14 (m, 21H), 1.20 (s, 3H), 1.26 (s, 3H), 
1.28 (s, 1H), 1.32 (s, 9H), 1.63 (s, 2H), 1.71 (s, 3H), 1.78 (m, 1H), 1.91 (m, 1H), 2.05 (s, 3H), 
2.33 (m, 2H), 2.36 (s, 3H), 2.54 (m, 1H), 3.87 (d, J = 7.0 Hz, 1H), 4.18 (d, J = 8.4 Hz, 1H), 4.28 
(d, J = 8.4 Hz, 1H), 4.48 (dd, J = 6.5, 10.5 Hz, 1H), 4.67 (m, 1H), 4.94 (s, 1H), 4.96 (d, J = 9.8 
Hz, 1H), 5.18 (d, J = 10.5 Hz, 1H), 5.68 (d, J = 7.0 Hz, 1H), 6.10 (t, J = 9.1 Hz, 1H), 6.50 (s, 1H), 
7.67 (t, J = 7.7 Hz, 1H), 7.89 (d, J = 7.7 Hz, 1H), 8.33 (d, J = 7.7 Hz, 1H), 8.48 (s, 1H); 13C 
NMR (175 MHz, CDCl3) δ 5.30, 6.74, 8.68, 8.81, 10.03, 12.73, 12.95, 14.26, 17.81, 17.93, 21.32, 
22.17, 26.23, 27.94, 35.24, 37.12, 43.26, 46.79, 58.33, 70.04, 72.23, 72.40, 74.67, 75.55, 76.36, 
79.02, 81.10, 81.15, 84.27, 121.26, 122.81, 123.16, 124.35, 124.76, 125.90, 127.06, 127.09, 
127.11, 129.46, 130.10, 130.17, 131.04, 131.23, 131.42, 131.61, 133.43, 133.56, 140.26, 155.11, 
165.53, 169.81, 170.58, 173.10, 201.74; 19F NMR (376 MHz, CDCl3) δ -62.98 (s, 3F), -72.51 (d, 
J = 8.4 Hz, 3F). 
 
2-Debenzoyl-3’-dephenyl-10-(cyclopropanecarbonyl)-2-[3-(trifluoromethyl)benzoyl]-3’-(2-
methyl-1-propenyl)docetaxel (SB-T-121406) [2-25]: 
To a cooled solution of 2-22 (0.027 g, 0.023 mmol) in CH3CN-pyridine (1:1) (2.3 mL) was 
added HF-pyridine (0.3 mL), and the reaction was allowed to warm from 0 °C to room 
temperature and react for 15 h with stirring. The reaction was diluted with H2O (10 mL), and the 
mixture was extracted with ethyl acetate (3 x 10 mL). The combined organic layers were washed 
with saturated CuSO4 (3 x 10 mL) and brine (3 x 10 mL), dried over MgSO4, and concentrated in 
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vacuo to give a colorless oil. Purification of the crude product by column chromatography on 
silica gel with hexanes/ethyl acetate (1:4) as eluent gave SB-T-121406 (2-25) (0.018 g, 86%) as 
a white solid; Rf = 0.2 (hexanes/ethyl acetate = 3:1); 1H NMR (500 MHz, CDCl3) δ 1.00 (m, 2H), 
1.13 (m, 2H), 1.16 (s, 3H), 1.24 (m, 1H), 1.26 (s, 3H), 1.33 (s, 9H), 1.67 (s, 3H), 1.70 (s, 1H), 
1.72 (s, 3H), 1.76 (s, 3H), 1.77 (m, 1H), 1.86 (m, 1H), 1.90 (s, 3H), 2.33 (s, 3H), 2.41 (m, 1H), 
2.55 (m, 1H), 2.60 (d, J = 3.9 Hz, 1H), 3.32 (m, 1H), 3.83 (d, J = 7.1 Hz, 1H), 4.15 (d, J = 8.2 Hz, 
1H), 4.18 (d, J = 7.0 Hz, 1H), 4.25 (d, J = 8.2 Hz, 1H), 4.41 (m, 1H), 4.71 (m, 1H), 4.73 (s, 1H), 
4.98 (d, J = 7.8 Hz, 1H), 5.32 (d, J = 5.9 Hz, 1H), 5.64 (d, J = 7.2 Hz, 1H), 6.13 (t, J = 8.5 Hz, 
1H), 6.31 (s, 1H), 7.64 (t, J = 7.8 Hz, 1H), 7.87 (d, J = 7.8 Hz, 1H), 8.29 (d, J = 7.8 Hz, 1H), 
8.43 (s, 1H); 13C NMR (125 MHz, CDCl3) δ 9.23, 9.46, 13.04, 15.03, 18.42, 21.91, 22.11, 25.67, 
26.62, 28.21, 29.72, 35.41, 35.50, 43.17, 45.68, 51.63, 58.53, 72.29, 72.48, 73.64, 75.42, 75.64, 
76.30, 79.30, 79.92, 81.04, 84.47, 120.46, 122.55, 124.72, 126.81, 129.51, 130.20, 131.12, 
131.39, 132.68, 133.57, 138.13, 142.97, 155.41, 165.40, 169.96, 175.17, 203.85; 19F NMR (376 
MHz, CDCl3) δ -62.84 (s, 3F); HRMS for C46H59F3NO15

+ calcd: 922.3831. Found: 922.3845 (Δ 
= 1.5 ppm); HPLC: t = 22.6 min, purity >98%. 
 
2-Debenzoyl-3’-dephenyl-10-(cyclopropanecarbonyl)-2-[3-(trifluoromethyl)benzoyl]-3’-
(difluorovinyl)docetaxel (SB-T-12852-6) [2-26]: 
To a cooled solution of 2-23 (0.026 g, 0.022 mmol) in CH3CN-pyridine (1:1) (2.2 mL) was 
added HF-pyridine (0.3 mL), and the mixture was allowed to warm from 0 °C to room 
temperature and react for 15 h with stirring. The reaction was diluted with H2O (10 mL), and the 
mixture was extracted with ethyl acetate (3 x 10 mL). The combined organic layers were washed 
with saturated CuSO4 (3 x 10 mL) and brine (3 x 10 mL), dried over MgSO4, and concentrated in 
vacuo to give a colorless oil. Purification of the crude product by column chromatography on 
silica gel with hexanes/ethyl acetate (1:4) as eluent gave SB-T-12852-6 (2-26) (0.016 g, 80%) as 
a white solid; Rf = 0.2 (hexanes/ethyl acetate = 3:1); 1H NMR (500 MHz, CDCl3) δ 0.91 (m, 1H), 
1.03 (m, 2H), 1.16 (m, 2H), 1.19 (s, 3H), 1.29 (s, 3H), 1.32 (s, 9H), 1.71 (s, 3H), 1.72 (s, 1H), 
1.81 (m, 1H), 1.90 (m, 1H), 1.92 (s, 3H), 2.28 (m, 2H), 2.40 (s, 3H), 2.58 (m, 1H), 2.63 (m, 1H), 
3.49 (d, J = 5.3 Hz, 1H), 3.86 (d, J = 7.1 Hz, 1H), 4.18 (d, J = 8.2 Hz, 4.28 (s, 1H), 4.29 (d, J = 
8.2 Hz, 1H), 4.44 (m, 1H), 4.60 (dd, J = 8.6, 24.6 Hz, 1H), 4.87-4.93 (m, 2H), 5.01 (d, J = 8.2 Hz, 
1H), 5.67 (d, J = 7.2 Hz, 1H), 6.23 (t, J = 8.1 Hz, 1H), 6.33 (s, 1H), 7.69 (t, J = 7.8 Hz, 1H), 7.90 
(d, J = 8.0 Hz, 1H), 8.33 (d, J = 7.7 Hz, 1H), 8.47 (s, 1H); 13C NMR (125 MHz, CDCl3) δ 9.26, 
9.48, 13.03, 14.98, 22.07, 26.71, 28.09, 29.71, 35.34, 35.50, 43.18, 45.67, 58.54, 72.26, 72.71, 
73.12, 75.33, 75.63, 76.29, 79.29, 80.42, 81.04, 84.45, 120.32, 122.49, 124.66, 126.82, 127.00, 
129.54, 130.06, 130.23, 130.98, 131.25, 131.51, 131.77, 132.99, 133.46, 142.40, 154.24, 154.83, 
156.56, 158.87, 165.57, 170.18, 172.50, 175.13, 203.71; 19F NMR (376 MHz, CDCl3) δ -85.72 
(d, J = 35.6 Hz, 1F), -83.78 (dd, J = 25.5, 35.6 Hz, 1F), -62.94 (s, 3F); HRMS for C44H53F6NO15

+ 
calcd: 930.3330. Found: 930.3330 (Δ = 0 ppm); HPLC: t = 22.5 min, purity >97%. 
 
2-Debenzoyl-3’-dephenyl-10-(cyclopropanecarbonyl)-2-[3-(trifluoromethyl)benzoyl]-3’-
(trifluoromethyl)docetaxel (SB-T-12822-6) [2-27]: 
To a cooled solution of 2-24 (0.028 g, 0.024 mmol) in CH3CN-pyridine (1:1) (2.4 mL) was 
added HF-pyridine (0.3 mL), and the mixture was allowed to warm from 0 °C to room 
temperature and react for 15 h with stirring. The reaction was diluted with H2O (10 mL), and the 
mixture was extracted with ethyl acetate (3 x 10 mL). The combined organic layers were washed 
with saturated CuSO4 (3 x 10 mL) and brine (3 x 10 mL), dried over MgSO4, and concentrated in 
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vacuo to give a colorless oil. Purification of the crude product by column chromatography on 
silica gel with hexanes/ethyl acetate (1:4) as eluent gave SB-T-12822-6 (2-27) (0.017 g, 81%) as 
a white solid; Rf = 0.2 (hexanes/ethyl acetate = 3:1); 1H NMR (700 MHz, CDCl3) δ 0.90 (m, 2H), 
1.03 (m, 2H), 1.19 (s, 6H), 1.27 (s, 6H), 1.31 (s, 9H), 1.68 (bs, 1H), 1.70 (s, 3H), 1.81 (m, 1H), 
1.90 (bt, 1H), 1.92 (s, 3H), 2.33 (m, 2H), 2.39 (s, 3H), 2.60 (m, 2H), 3.39 (bs, 1H), 3.86 (d, J = 
7.7 Hz, 1H), 4.18 (d, J = 8.4 Hz, 1H), 4.29 (d, J = 8.4 Hz, 1H), 4.43 (bs, 1H), 4.72 (s, 1H), 4.77 
(m, 1H), 4.99 (d, J = 9.1 Hz, 1H), 5.21 (d, J = 10.5 Hz, 1H), 5.66 (d, J = 7 Hz, 1H), 6.25 (bt, J = 
8.8, 1H), 6.32 (s, 1H), 7.69 (t, J = 7.7 Hz, 1H), 7.90 (d, J = 7.7 Hz, 1H), 8.33 (d, J = 7.7 Hz, 1H), 
8.47 (s, 1H); 13C NMR (175 MHz, CDCl3) δ 9.25, 9.43, 9.50, 13.00, 14.11, 14.87, 15.26, 21.97, 
22.08, 22.69, 26.70, 27.91, 29.36, 29.66, 29.70, 31.59, 31.93, 35.35, 35.46, 43.18, 45.68, 58.54, 
65.86, 68.08, 72.22, 73.38, 75.22, 75.65, 76.28, 79.30, 81.16, 81.29, 84.47, 121.23, 122.77, 
123.13, 124.32, 124.73, 125.87, 127.06, 129.53, 130.00, 130.22, 130.24, 131.12, 131.31, 131.50, 
131.69, 133.30, 133.40, 141.79, 154.57, 165.61, 170.14, 171.79, 175.10, 203.54; HRMS for 
C43H52F6NO15

+ calcd: 936.3236. Found: 936.3227 (Δ = -1.0 ppm); HPLC: t = 19.6 min, purity 
>97%. 
 
10-Deacetyl-2-debenzoyl-10-(N,N-dimethylcarbamoyl)-2-[3-(trifluoromethyl)benzoyl]-7-
(triethylsilyl)baccatin III [2-28]:  
To a solution of 2-20 (0.040 g, 0.0551 mmol) in THF (1.2 mL) was added 1 M LHMDS (66 µL, 
0.0660 mmol), followed by N,N-dimethylcarbamoyl chloride (7 µL, 0.0680 mmol), and the 
mixture was allowed to react for 4 h at -40 °C with stirring. Reaction progress was monitored by 
TLC (CH2Cl2/CH3OH = 19:1). The reaction was quenched with saturated NH4Cl (5 mL), and the 
mixture was diluted with H2O (5 mL) and extracted with ethyl acetate (3 x 15 mL). The 
combined organic layers were washed with brine (3 x 30 mL), dried over MgSO4, and 
concentrated in vacuo to afford a colorless oil. Purification of the crude product by column 
chromatography on silica gel with hexanes/ethyl acetate (3:1) as eluent gave 2-28 (0.037 g, 84%) 
as a white solid; 1H NMR (400 MHz, CDCl3) δ 0.63 (m, 6H), 0.94 (t, J = 8.0 Hz, 9H), 1.07 (s, 
3H), 1.21 (s, 3H), 1.24 (m, 1H), 1.70 (s, 3H), 1.89 (m, 1H), 2.20 (m, 2H), 2.27 (s, 3H), 2.29 (s, 
3H), 2.56 (m, 1H), 2.96 (s, 3H), 3.10 (s, 1H), 3.93 (d, J = 6.9 Hz, 1H), 4.16 (d, J = 8.4 Hz, 1H), 
4.26 (d, J = 8.4 Hz, 1H), 4.51 (dd, J = 6.9, 10.6 Hz, 1H), 4.85 (m, 1H), 4.99 (d, J = 8.8 Hz, 1H), 
5.64 (d, J = 7.1 Hz, 1H), 6.41 (s, 1H), 7.65 (t, J = 7.8 Hz, 1H), 7.87 (d, J = 7.7 Hz, 1H), 8.29 (m, 
1H), 8.47 (s, 1H); 19F NMR (376 MHz, CDCl3) δ -62.89 (s, 3F). 
 
2-Debenzoyl-3’-dephenyl-10-(N,N-dimethylcarbamoyl)-3’-(2-methyl-2-propenyl)-2-[3-
(trifluoromethyl)benzoyl]- docetaxel (SB-T-121606) [2-30]: 
To a solution of 2-28 (0.037 g, 0.0462 mmol) and β-lactam (+)1-6 (0.022 g, 0.0554 mmol) in 
THF (1.5 mL) was added 1 M LHMDS (69 µL, 0.0690 mmol), and the mixture was allowed to 
react for 1½ h at -40 °C with stirring. The reaction was diluted with H2O (10 mL), and the 
mixture was extracted with ethyl acetate (3 x 20 mL). The combined organic layers were washed 
with brine (3 x 10 mL), dried over MgSO4, and concentrated in vacuo to give a colorless oil. 
Purification of the crude product by column chromatography on silica gel with hexanes/ethyl 
acetate (4:1) as eluent gave 2-29 (0.043 g, 78%) as a white solid; Rf = 0.7 (hexanes/ethyl acetate 
= 3:1). To a cooled solution of 2-29 (0.043 g, 0.0360 mmol) in CH3CN-pyridine (1:1) (3.6 mL) 
was added HF-pyridine (0.45 mL), and the mixture was allowed to warm from 0 °C to room 
temperature and react for 16 h with stirring. The reaction mixture was diluted with H2O (10 mL), 
and the mixture was extracted with ethyl acetate (3 x 10 mL). The combined organic layers were 
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washed with saturated CuSO4 (3 x 10 mL) and brine (3 x 10 mL), dried over MgSO4, and 
concentrated in vacuo to give a colorless oil. Purification of the crude product by column 
chromatography on silica gel with hexanes/ethyl acetate (1:4) as eluent gave SB-T-121606 (2-
30) (0.028 g, 85%) as a white solid; Rf = 0.2 (hexanes/ethyl acetate = 3:1); 1H NMR (700 MHz, 
CDCl3) δ 1.16 (s, 3H), 1.25 (m, 5H), 1.33 (s, 9H), 1.67 (s, 3H), 1.73 (s, 3H), 1.76 (s, 3H), 1.87 
(m, 2H), 1.92 (s, 3H), 2.34 (s, 3H), 2.41 (m, 1H), 2.54 (m, 1H), 2.96 (s, 3H), 3.04 (s, 3H), 3.83 (d, 
J = 7.1 Hz, 1H), 4.15 (d, J = 8.4 Hz, 1H), 4.18 (s, 1H), 4.25 (d, J = 8.4 Hz, 1H), 4.44 (dd, J = 6.9, 
10.8 Hz, 1H), 4.72 (t, J = 7.8 Hz, 1H), 4.76 (m, 1H), 4.99 (d, J = 9.4 Hz, 1H), 5.32 (d, J = 7.6 Hz, 
1H), 5.64 (d, J = 7.1 Hz, 1H), 6.14 (t, J = 9.0 Hz, 1H), 6.27 (s, 1H), 7.63 (t, J = 7.8 Hz, 1H), 7.86 
(d, J = 7.7 Hz, 1H), 8.28 (d, J = 7.7 Hz, 1H), 8.44 (s, 1H); 13C NMR (175 MHz, CDCl3) δ 9.30, 
15.05, 18.41, 20.10, 22.18, 25.66, 26.74, 28.20, 28.23, 29.70, 35.37, 35.45, 36.03, 36.65, 43.16, 
45.64, 51.60, 58.45, 72.49, 73.64, 75.75, 76.20, 76.28, 79.34, 79.87, 81.09, 84.64, 120.47, 121.30, 
122.85, 124.40, 125.95, 126.80, 126.83, 129.48, 130.16, 130.18, 130.22, 130.94, 131.13, 131.31, 
131.50, 132.97, 133.55, 138.09, 143.18, 155.40, 156.13, 165.39, 169.91, 173.34, 205.61; HRMS 
for C45H60F3N2O15

+ calcd: 925.3940. Found: 925.3945 (Δ = 0.5 ppm).  
 
10-Deacetyl-2-debenzoyl-2-[3-(trifluoromethoxy)benzoyl]-7,10,13-tris(triethylsilyl)baccatin 
III [2-31]:61  
To a solution 2-11 (0.398 g, 0.508 mmol), 3-(trifluoromethoxy)benzoic acid (0.838 g, 4.07 
mmol), and DMAP (0.497 g, 4.07 mmol) in CH2Cl2 (10 mL) was added DIC (0.63 mL, 4.07 
mmol), and the mixture was allowed to react for 10 h at room temperature with stirring. The 
reaction was quenched with saturated NH4Cl (10 mL) and diluted with H2O (10 mL), and the 
mixture was extracted with ethyl acetate (3 x 30 mL). The combined organic layers were washed 
with brine (3 x 30 mL), dried over MgSO4, and concentrated in vacuo to give a yellow solid. 
Purification of the crude product by column chromatography on silica gel with hexanes/ethyl 
acetate (6:1) as eluent gave 2-31 (0.435 g, 88%) as a white solid; Rf = 0.9 (hexanes/ethyl acetate 
= 3:1); 1H NMR (500 MHz, CDCl3) δ 0.64 (m, 18H), 0.99 (m, 27H), 1.12 (s, 3H), 1.19 (s, 3H), 
1.50 (s, 1H), 1.65 (s, 3H), 1.88 (t, J = 10.6 Hz, 1H), 1.98 (s, 3H), 2.10 (m, 1H), 2.19 (m, 1H), 
2.27 (s, 3H), 2.53 (m, 1H), 3.86 (d, J = 7.0 Hz, 1H), 4.13 (d, J = 8.2 Hz, 1H), 4.25 (d, J = 8.2 Hz, 
1H), 4.40 (dd, J = 6.6, 10.3 Hz, 1H), 4.94 (m, 2H), 5.19 (s, 1H), 5.59 (d, J = 7.2 Hz, 1H), 7.43 (d, 
J = 9.0 Hz, 1H), 7.52 (t, J = 8.0 Hz, 1H), 7.98 (s, 1H), 8.02 (d, J = 7.8 Hz, 1H); 13C NMR (125 
MHz, CDCl3) δ 4.80, 5.21, 5.94, 6.85, 6.95, 10.40, 14.59, 20.55, 22.17, 26.29, 37.23, 39.71, 
42.93, 46.88, 58.19, 68.22, 72.61, 75.74, 76.09, 76.46, 79.63, 80.72, 84.01, 122.03, 126.03, 
128.53, 130.17, 131.62, 135.61, 139.55, 149.21, 165.64, 169.99, 205.64; 19F NMR (282 MHz, 
CDCl3) δ -58.48 (s, 3F); HRMS for C48H78F3O11Si3

+ calcd: 971.4799. Found: 971.4806 (Δ = 0.7 
ppm).  
 
10-Deacetyl-2-debenzoyl-2-[3-(trifluoromethoxy)benzoyl]baccatin III [2-32]:61 
To a cooled solution of 2-31 (0.573 g, 0.590 mmol) in CH3CN-pyridine (1:1) (40 mL) was added 
HF-pyridine (5.7 mL), and the mixture was allowed to warm from 0 °C to room temperature and 
react for 13 h with stirring. The reaction was quenched with 10% citric acid (15 mL) and diluted 
with H2O (10 mL), and the mixture was extracted with ethyl acetate (3 x 30 mL). The combined 
organic layers were washed with saturated CuSO4 (3 x 30 mL) and brine (3 x 30 mL), dried over 
MgSO4, and concentrated in vacuo to give 2-32 (0.333 g, 90%) as a white solid; Rf = 0.1 
(hexanes/ethyl acetate = 3:1); 1H NMR (500 MHz, DMSO-d6) δ 0.97 (s, 3H), 0.98 (s, 3H), 1.57 
(s, 3H), 1.69 (m, 1H), 1.94 (s, 3H), 2.18 (d, J = 8.3 Hz, 1H), 2.21 (s, 3H), 2.32 (m, 1H), 3.86 (d, 
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J = 7.1 Hz, 1H), 4.06 (s, 2H), 4.13 (m, 1H), 4.52 (s, 1H), 4.66 (m, 1H), 4.97 (d, J = 8.3 Hz, 1H), 
5.05 (d, J = 7.1 Hz, 1H), 5.17 (d, J = 2.6 Hz, 1H), 5.28 (d, J = 4.6 Hz, 1H), 5.43 (d, J = 7.1 Hz, 
1H), 7.76 (s, 1H), 7.77 (t, J = 8.1 Hz, 1H), 7.96 (s, 1H), 8.06 (dt, J = 1.7, 7.0 Hz, 1H); 13C NMR 
(125 MHz, DMSO-d6) δ 10.16, 15.34, 20.58, 22.53, 27.22, 37.04, 42.88, 46.96, 57.49, 66.47, 
71.41, 74.87, 75.88, 76.06, 77.40, 80.56, 84.18, 121.91, 126.52, 129.06, 131.62, 132.86, 134.89, 
142.07, 148.79, 164.27, 169.89, 210.70; 19F NMR (376 MHz, DMSO-d6) δ -56.92 (s, 3F); 
HRMS for C30H36F3O11

+ calcd: 629.2204. Found: 629.2207 (Δ = 0.5 ppm).  
 
10-Deacetyl-2-debenzoyl-2-[3-(trifluoromethoxy)benzoyl]-7-triethylsilyl-baccatin III [2-
33]:61 
To a cooled solution of 2-32 (0.333 g, 0.530 mmol) and imidazole (0.144 g, 2.12 mmol) in DMF 
(5.3 mL) was added TESCl (0.3 mL, 1.59 mmol), and the mixture was allowed to react for 30 
min at 0 °C with stirring. The reaction was quenched with saturated NH4Cl (10 mL) and diluted 
with H2O (10 mL), and the mixture was extracted with ethyl acetate (3 x 30 mL). The combined 
organic layers were washed with brine (3 x 30 mL), dried over MgSO4, and concentrated in 
vacuo to give a colorless oil. Purification of the crude product by column chromatography on 
silica gel with hexanes/ethyl acetate (3:2) as eluent gave 2-33 (0.320 g, 81%) as a white solid; Rf 
= 0.75 (hexanes/ethyl acetate = 1:1); 1H NMR (500 MHz, CDCl3) δ 0.54 (m, 6H), 0.93 (t, J = 8.0 
Hz, 9H), 1.07 (s, 6H), 1.72 (s, 3H), 1.89 (dt, J = 2.1, 12.6 Hz, 1H), 2.07 (s, 3H), 2.08 (t, J = 5.3 
Hz, 1H), 2.25 (t, J = 8.1 Hz, 2H), 2.26 (s, 3H), 2.47 (m, 1H), 3.95 (d, J = 6.9 Hz, 1H), 4.14 (d, J 
= 8.2 Hz, 1H), 4.24 (d, J = 2.1 Hz, 1H), 4.28 (d, J = 8.2 Hz, 1H), 4.41 (dd, J = 7.0, 10.6 Hz, 1H), 
4.86 (m, 1H), 4.96 (d, J = 7.9 Hz, 1H), 5.16 (d, J = 2.1 Hz, 1H), 5.57 (d, J = 7.0 Hz, 1H), 7.45 (d, 
J = 8.1 Hz, 1H), 7.52 (t, J = 7.9 Hz, 1H), 7.98 (s, 1H), 8.03 (dt, J = 1.1, 7.7 Hz, 1H); 13C NMR 
(125 MHz, CDCl3) δ 5.13, 6.72, 9.86, 15.19, 19.43, 22.39, 26.83, 37.17, 38.44, 42.61, 46.96, 
57.89, 67.85, 72.91, 74.64, 75.34, 78.85, 80.63, 84.23, 122.12, 126.10, 128.50, 130.21, 131.41, 
134.98, 141.89, 149.22, 149.24, 165.54, 170.77, 210.24; 19F NMR (376 MHz, CDCl3) δ -57.86 (s, 
3F); HRMS for C36H50F3O11Si+ calcd: 743.3069. Found: 743.3072 (Δ = 0.4 ppm).   
 
10-(Cyclopropanecarbamoyl)-10-deacetyl-2-debenzoyl-2-[3-(trifluoromethoxy)benzoyl]-7-
triethylsilyl-baccatin III [2-34]:61 
To a cooled solution of 2-33 (0.240 g, 0.323 mmol) in THF (3.2 mL) was added 1 M LHMDS in 
THF (0.35 mL, 0.350 mmol) followed by cyclopropanecarbonyl chloride (31 µL, 0.340 mmol), 
and the mixture was allowed to react for 10 min at -40 °C with stirring. The reaction was 
quenched with saturated NH4Cl (10 mL) and diluted with H2O (10 mL), and the mixture was 
extracted with ethyl acetate (3 x 30 mL). The combined organic layers were washed with brine 
(3 x 30 mL), dried over MgSO4, and concentrated in vacuo to give a crude yellow oil. 
Purification of the crude product by column chromatography on silica gel with hexanes/ethyl 
acetate (3:2) as eluent gave 2-34 (0.245 g, 93%) as a white solid; Rf = 0.8 (hexanes/ethyl acetate 
= 1:1); 1H NMR (500 MHz, CDCl3) δ 0.57 (m, 6H), 0.90 (m, 2H), 0.91 (t, J = 8.0 Hz, 9H), 1.05 
(s, 3H), 1.19 (s, 3H), 1.67 (s, 3H), 1.75 (m, 1H), 1.87 (dt, J = 2.0, 12.3 Hz, 1H), 2.08 (m, 1H), 
2.19 (s, 3H), 2.24 (m, 2H), 2.26 (s, 3H), 2.53 (m, 1H), 3.89 (d, J = 7.0 Hz, 1H), 4.12 (d, J = 8.0 
Hz, 1H), 4.27 (d, J = 8.0 Hz, 1H), 4.47 (dd, J = 6.7, 10.3 Hz, 1H), 4.84 (m, 1H), 4.96 (d, J = 8.2 
Hz, 1H), 5.61 (d, J = 7.1 Hz, 1H), 6.46 (s, 1H), 7.45 (d, J = 8.1 Hz, 1H), 7.53 (t, J = 8.0 Hz, 1H), 
8.00 (s, 1H), 8.05 (dt, J = 1.2, 7.8 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 5.23, 6.74, 8.57, 8.71, 
9.87, 12.98, 14.17, 14.93, 20.07, 21.04, 22.44, 26.80, 37.15, 38.07, 42.68, 47.23, 53.40, 58.55, 
60.39, 67.88, 72.31, 75.27, 75.47, 76.35, 78.84, 80.76, 84.21, 122.15, 126.12, 128.52, 130.21, 
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131.40, 132.60, 143.99, 149.22, 165.60, 170.72, 173.17, 202.24; 19F NMR (376 MHz, CDCl3) δ -
57.86 (s, 3F); HRMS for C40H54F3O12Si+ calcd: 811.3331. Found: 811.3336 (Δ = 0.6 ppm).   
 
2-Debenzoyl-3’-dephenyl-10-(cyclopropanecarbamoyl)-2-[3-(trifluoromethoxy)benzoyl]-7-
triethylsilyl-2’-triisopropylsilyl-3’-(trifluoromethyl)docetaxel [2-35]:61 
To a cooled solution of 2-34 (0.245 g, 0.302 mmol) and (3R,4R)-1-(tert-butoxycarbonyl)-3-
triisopropylsiloxy-4-trifluoromethylazetidin-2-one (0.155 g, 0.369 mmol) in THF (5 mL) was 
added 1 M LHMDS in THF (0.4 mL, 0.4 mmol), and the mixture was allowed to react for 3 h at 
-40 °C with stirring. The reaction was quenched with NH4Cl (10 mL) and diluted with H2O (10 
mL), and the mixture was extracted with ethyl acetate (3 x 30 mL). The combined organic layers 
were washed with brine (3 x 30 mL), dried over MgSO4, and concentrated in vacuo to give a 
yellow oil. Purification of the crude product by column chromatography on silica gel with 
hexanes/ethyl acetate (4:1) as eluent gave 2-35 (0.254 g, 69%) as a white solid; Rf = 0.5 
(hexanes/ethyl acetate = 5:1); 1H NMR (500 MHz, CDCl3) δ 0.55 (m, 6H), 0.90 (t, J = 8.0 Hz, 
9H), 0.92 (m, 2H), 1.11 (m, 21H), 1.17 (s, 3H), 1.22 (s, 3H), 1.31 (s, 9H), 1.58 (m, 3H), 1.68 (s, 
3H), 1.75 (m, 1H), 1.88 (m, 1H), 2.01 (s, 3H), 2.30 (m, 1H), 2.32 (s, 3H), 2.50 (m, 1H), 3.84 (d, 
J = 7.1 Hz, 1H), 4.17 (d, J = 8.7 Hz, 1H), 4.29 (d, J = 8.4 Hz, 1H), 4.45 (dd, J = 6.7, 10.5 Hz, 
1H), 4.65 (m, 1H), 4.91 (s, 1H), 4.93 (t, J = 16.6 Hz, 1H), 5.17 (d, J = 10.6 Hz, 1H), 5.65 (d, J = 
7.6 Hz, 1H), 6.07 (t, J = 8.5 Hz, 1H), 6.47 (s, 1H), 7.45 (d, J = 7.5 Hz, 1H), 7.55 (t, J = 8.0 Hz, 
1H), 8.01 (s, 1H), 8.06 (d, J = 7.8 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 5.27, 6.73, 8.70, 8.83, 
10.02, 12.70, 12.93, 14.18, 14.25, 17.79, 17.92, 21.29, 22.22, 26.50, 27.92, 35.19, 37.09, 43.23, 
46.71, 58.33, 70.01, 72.18, 72.44, 72.66, 75.48, 76.36, 78.84, 81.12, 84.26, 122.20, 126.11, 
128.57, 130.32, 131.26, 133.59, 140.25, 149.26, 155.12, 165.54, 169.87, 170.61, 173.14, 201.81; 
19F NMR (376 MHz, CDCl3) δ -57.98 (s, 3F), -72.55 (s, 3F); HRMS for C58H86F6NO16Si2

+ calcd: 
1222.5384. Found: 1222.5383 (Δ = 0.1 ppm). 
 
2-Debenzoyl-3’-dephenyl-10-(cyclopropanecarbamoyl)-2-[3-(trifluoromethoxy)benzoyl]-3’-
(trifluoromethyl)docetaxel (SB-T-12822-5) [2-36]:61 
To a cooled solution of 2-35 (0.190 g, 0.155 mmol) in CH3CN-pyridine (1:1) (10 mL) was added 
HF-pyridine (1.9 mL), and the mixture was allowed to warm from 0 °C to room temperature and 
react for 12 h with stirring. The reaction was quenched with 10% citric acid (10 mL) and diluted 
with H2O (10 mL), and the mixture was extracted with ethyl acetate (3 x 30 mL). The combined 
organic layers were washed with saturated CuSO4 (3 x 30 mL) and brine (3 x 30 mL), dried over 
MgSO4, and concentrated in vacuo to give a colorless oil. Purification of the crude product by 
column chromatography on silica gel with hexanes/ethyl acetate (3:7) as eluent gave SB-T-
12822-5 (2-36) (0.128 g, 87%) as a white solid; Rf = 0.45 (hexanes/ethyl acetate = 1:1); 1H NMR 
(500 MHz, CDCl3) δ 1.00 (m, 2H), 1.14 (m, 2H), 1.15 (s, 3H), 1.24 (s, 3H), 1.31 (s, 9H), 1.67 (s, 
3H), 1.78 (m, 1H), 1.85 (m, 1H), 1.88 (s, 3H), 2.32 (t, J = 12.7 Hz, 2H), 2.35 (s, 3H), 2.54 (m, 
1H), 2.60 (d, J = 4.1 Hz, 1H), 3.43 (d, J = 4.6 Hz, 1H), 3.81 (d, J = 7.0 Hz, 1H), 4.16 (d, J = 8.4 
Hz, 1H), 4.28 (d, J = 8.4 Hz, 1H), 4.40 (m, 1H), 4.69 (d, J = 4.0 Hz, 1H), 4.74 (m, 1H), 4.95 (d, J 
= 7.9 Hz, 1H), 5.22 (d, J = 7.9 Hz, 1H), 5.22 (d, J = 10.8 Hz, 1H), 5.63 (d, J = 7.1 Hz, 1H), 6.21 
(t, J = 8.0 Hz, 1H), 6.29 (s, 1H), 7.46 (d, J = 7.4 Hz, 1H), 7.56 (t, J = 8.0 Hz, 1H), 8.00 (s, 1H), 
8.06 (d, J = 7.8 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 9.30, 9.54, 13.03, 13.73, 14.22, 14.89, 
19.14, 21.05, 21.09, 22.00, 22.14, 26.70, 27.93, 30.65, 35.34, 35.48, 43.20, 45.66, 53.46, 58.55, 
60.45, 64.42, 68.06, 72.19, 73.46, 75.25, 75.63, 76.32, 79.17, 81.15, 81.34, 84.50, 122.34, 126.28, 
128.60, 130.43, 131.15, 133.34, 141.82, 149.33, 154.65, 165.65, 170.22, 171.88, 175.16, 203.65; 
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19F NMR (470 MHz, CDCl3) δ -57.96 (s, 3F), -73.39 (d, J = 8.0 Hz, 3F); HRMS for 
C43H52F6NO16

+ calcd: 952.3185. Found: 952.3199 (Δ =1.5 ppm); HPLC: t = 23.0 min, purity 
>98%. 
 
2’-(tert-Butyldimethylsilyl)-Taxol [2-37]:63 
To a solution of paclitaxel (0.306 g, 0.36 mmol) and imidazole (0.243 g, 3.58 mmol) in DMF (1 
mL) was added TBDMSCl (0.270 g, 1.79 mmol), and the mixture was allowed to react for 2 h at 
room temperature with stirring. The reaction mixture was diluted with ethyl acetate (30 mL). The 
organic layer was washed with H2O (3 x 30 mL) and brine (3 x 30 mL), dried over MgSO4, and 
concentrated in vacuo to afford a colorless oil. Purification of the crude product by column 
chromatography on silica gel with hexanes/ethyl acetate (1:1) as eluent gave 2-37 (0.315 g, 91%) 
as a white solid; 1H NMR (300 MHz, CDCl3) δ -0.29 (s, 3H), -0.05 (s, 3H), 0.80 (s, 9H), 1.14 (s, 
3H), 1.24 (s, 3H), 1.25 (m, 1H), 1.69 (s, 3H), 1.88 (m, 1H), 1.90 (s, 3H), 2.04 (bs, 1H), 2.14 (dd, 
J = 8.1, 15.3 Hz, 1H), 2.25 (s, 3H, 10-OAc), 2.40 (dd, J = 9.6, 15.3 Hz, 1H), 2.49 (m, 1H), 2.57 
(m, 1H), 2.58 (s, 3H), 3.83 (d, J = 6.9 Hz, 1H), 4.22 (d, J = 8.1 Hz, 1H), 4.33 (d, J = 8.7 Hz, 1H), 
4.44 (m, 1H), 4.66 (d, J = 2.1 Hz, 1H), 4.99 (d, J = 8.1 Hz, 1H), 5.69 (d, J = 7.2 Hz, 1H), 5.72 (d, 
J = 7.5 Hz, 1H), 6.27 (m, 1H), 6.29 (s, 1H), 7.09 (d, J = 9.0 Hz, 1H), 7.34 (m, 3H), 7.41 (m, 4H), 
7.52 (m, 3H), 7.61 (t, J = 7.2 Hz, 1H), 7.73 (d, J = 7.5 Hz, 2H), 8.14 (d, J = 7.2 Hz, 2H). All data 
are in agreement with literature values.63  
 
2’-TBDMS-7-[4-[9-(2-isobutoxycarbonylphenyl)-3-oxo-3H-xanthen-6-yloxy]butanoyl]-
paclitaxel [2-38]:  
To a solution of 2-37 (0.038 g, 0.039 mmol), 4-(butanoyl)fluorescein isobutyl ester (0.037 g, 
0.078 mmol), and DMAP (0.005 g, 0.039 mmol) in CH2Cl2-DMF (2:1) (2 mL) was added DIC 
(12 µL, 0.078 mmol), and the mixture was allowed to react for 24 h at room temperature with 
stirring. The reaction mixture was directly concentrated in vacuo to afford an orange oil. 
Purification of the crude product by column chromatography on silica gel with 2% CH3OH in 
CH2Cl2 as eluent gave 2-38 (0.039 g, 70%) as a yellow solid; 1H NMR (500 MHz, CDCl3) δ -
0.30 (s, 3H), -0.03 (s, 3H), 0.70 (m, 6H), 0.80 (s, 9H), 1.16 (s, 3H), 1.22 (s, 3H), 1.61 (m, 4H), 
1.79 (s, 1H), 1.82 (s, 3H), 1.87 (m, 1H), 1.98 (s, 3H). 2.13 (m, 5H), 2.49 (m, 2H), 2.54 (t, J = 7.1 
Hz, 1H), 2.58 (s, 3H), 2.61 (m, 1H), 3.73 (m, 1H), 3.79 (d, J = 6.9 Hz, 1H), 3.99 (m, J = 7.0 Hz, 
1H), 4.12 (m, 2H), 4.21 (d, J = 8.5 Hz, 1H), 4.35 (d, J = 8.5 Hz, 1H), 4.67 (s, 1H), 4.97 (d, J = 
9.2 Hz, 1H), 5.64 (dd, J = 7.2, 10.6 Hz, 1H), 5.74 (dd, J = 7.0, 18.9 Hz, 1H), 6.26 (t, J = 9.6 Hz, 
1H), 6.27 (s, 1H), 6.47 (bs, 1H), 6.56 (d, J=9.1 Hz, 1H), 6.74 (d, J = 8.9 Hz, 1H), 6.89 (t, J = 8.7 
Hz, 2H), 6.96 (s, 1H), 7.09 (d, J = 9.0 Hz, 1H), 7.32 (m, 4H), 7.40 (m, 4H), 7.52 (m, 3H), 7.61 (t, 
J = 7.5 Hz, 1H), 7.67 (t, J = 7.9 Hz, 1H), 7.72 (t, J = 7.4 Hz, 1H), 7.75 (d, J = 7.1 Hz, 2H), 8.13 
(d, J = 7.1 Hz, 2H), 8.26 (d, J = 7.8 Hz, 1H). 13C NMR (125 MHz, CDCl3) δ -5.79, -5.14, 10.93, 
14.66, 18.14, 18.88, 20.75, 21.43, 23.03, 23.52, 23.77, 25.55, 26.38, 27.53, 30.36, 33.46, 35.62, 
42.23, 43.38, 46.86, 55.07, 55.70, 67.92, 71.33, 71.80, 71.89, 74.49, 75.10, 75.24, 76.50, 78.66, 
80.96, 83.95, 101.83, 105.74, 115.23, 117.92, 126.41, 127.03, 128.01, 128.80, 128.94, 129.07, 
129.66, 130.24, 130.54, 130.85, 131.31, 131.85, 132.54, 132.65, 133.79, 134.12, 134.23, 138.28, 
140.97, 156.85, 159.01, 167.00, 169.06, 169.98, 171.48, 172.06, 202.09. HRMS for 
C81H90NO20Si+ calcd: 1424.5820. Found: 1424.5829 (Δ = 0.6 ppm).  
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7-[4-[9-(2-isobutoxycarbonylphenyl)-3-oxo-3H-xanthen-6-yloxy]butanoyl]-paclitaxel [2-39]:  
To a cooled solution of 2-38 (0.025 g, 0.017 mmol) in CH3CN-pyridine (1:1) (1.1 mL) was 
added HF-pyridine (0.3 mL), and the mixture was allowed to warm from 0 °C to room 
temperature and react for 48 h with stirring. The reaction was quenched with H2O (10 mL), and 
the mixture was extracted with ethyl acetate (3 x 30 mL). The combined organic layers were 
washed with saturated CuSO4 (3 x 20 mL) and brine (3 x 20 mL), dried over MgSO4, and 
concentrated in vacuo to afford an orange oil. Purification of the crude product by column 
chromatography on silica gel with 2% CH3OH in CH3OH as eluent gave 2-39 (0.020 g, 87%) as 
an orange solid; 1H NMR (500 MHz, CDCl3) δ 0.68 (m, 6H), 0.88 (m, 2H), 1.14 (s, 3H), 1.25 (s, 
3H), 1.62 (m, 1H), 1.82 (s, 3H), 1.88 (m, 2H), 2.04 (s, 3H), 2.11 (d, J = 3.0 Hz, 3H), 2.33 (m, 
2H), 2.35 (m, 2H), 2.41 (s, 3H), 2.57 (m, 2H), 3.78 (m, 2H), 4.20 (d, J = 8.5 Hz, 1H), 4.26 (m, 
2H), 4.35 (d, J = 8.5 Hz, 1H), 4.87 (d, J = 2.1 Hz, 1H), 4.97 (d, J = 9.3 Hz, 1H), 5.69 (d, J = 6.9 
Hz, 1H), 5.80 (m, 2H), 6.18 (t, J = 8.9 Hz, 1H), 6.27 (s, 1H), 6.67 (d, J = 9.4 Hz, 2H), 6.79 (d, J 
= 9.0 Hz, 1H), 6.96 (m, 2H), 7.31 (m, 2H), 7.40 7.63 (t, J = 7.4 Hz, 1H), 7.46 (m, 2H), 7.53 (m, 
3H), 7.69 (t, J = 7.8 Hz, 1H), 7.74 (t, J = 7.5 Hz, 1H), 7.84 (d, J = 7.2 Hz, 2H), 8.12 (d, J = 7.3 
Hz, 2H), 8.28 (d, J = 7.6 Hz, 1H). 13C NMR (125 MHz, CDCl3) δ 10.87, 14.73, 18.85, 20.76, 
20.91, 22.52, 22.97, 23.47, 26.39, 27.50, 29.31, 29.69, 30.92, 33.47, 35.60, 43.24, 47.19, 55.27, 
56.10, 67.94, 71.57, 71.87, 73.34, 74.31, 75.46, 76.40, 78.52, 80.89, 83.93, 100.84, 105.31, 
114.84, 115.65, 117.20, 127.26, 127.98, 128.52, 128.73, 128.79, 129.08, 129.84, 130.16, 130.39, 
130.58, 130.75, 131.32, 132.56, 133.78, 133.96, 135.06, 137.82, 138.69, 138.74, 140.91, 148.00, 
155.31, 159.38, 164.53, 166.84, 167.16, 169.01, 170.36, 172.60, 202.14. HRMS for C75H76NO20

+ 
calcd: 1310.4955. Found: 1310.4961 (Δ = 0.5 ppm). 
 
Cell Culture.  

All cell lines were obtained from ATCC unless otherwise noted. Cells were cultured in 
RPMI-1640 cell culture medium (Gibco), supplemented with 10% (v/v) heat-inactivated fetal 
bovine serum (FBS) and 1% (v/v) penicillin and streptomycin (PenStrep) at 37 °C in a 
humidified atmosphere with 5% CO2. Human breast carcinoma cell line, MCF-7, and metastatic 
ovarian MDR cancer cell line, NCI/ADR-RES, were cultured as monolayers on 100 mm tissue 
culture dishes in supplemented RPMI-1640 cell culture medium. Cells were harvested, collected 
by centrifugation at 850 rpm for 5 min, and resuspended in fresh culture medium. Cell cultures 
were routinely divided by treatment with trypsin (TrypLE, Gibco) as needed every 2-4 days and 
collected by centrifugation at 850 rpm for 5 min. The cells were resuspended in fresh cell culture 
medium, containing varying cell densities for subsequent biological experiments and analysis. 
 
In Vitro Cytotoxicity Assays.  

The cytotoxicities (IC50, nM) of paclitaxel, SB-T-1214, and next-generation taxoids were 
evaluated against various cancer cell lines by means of the standard quantitative colorimetric 
MTT assay.62 The inhibitory activity of each compound is represented by the IC50 value, which 
is defined as the concentration required for inhibiting 50% of the cell growth. Cells were 
harvested, collected, and resuspended in 100 µL cell culture medium (RPMI-1640) at a 
concentrations ranging from 0.5-1.5 x 104 cells per well in a 96-well plate.  

For the MTT assay of paclitaxel, SB-T-1214, or a next-generation taxoid, cells were 
resuspended in 200 µL medium with 8,000 to 10,000 cells per well of a 96-well plate and 
incubated at 37 °C for 24 h before drug treatment. In DMSO stock solutions, each drug or 
conjugate was diluted to a series of concentrations in cell culture medium to prepare test 
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solutions. After removing the old medium, these test solutions were added to the wells in the 96-
well plate to give the final concentrations ranging from 0.5 to 5,000 nM (100 µL), and the cells 
were subsequently cultured at 37 °C for 48 of 72 h.  

After removing the test medium, fresh solution of MTT in PBS (40 µL of 0.5 mg 
MTT/mL) was added to the wells, and the cells were incubated at 37 °C for 3 h. The MTT 
solution was then removed, and the resulting insoluble violet formazan crystals were dissolved in 
0.1 N HCl in isopropanol with 10% Triton X-100 (40 µL) to give a violet solution. The 
spectrophotometric absorbance measurement of each well in the 96-well plate was run at 570 nm 
using a Labsystems Multiskan Ascent microplate reader. The IC50 values and their standard 
errors were calculated from the viability-concentration curve using Four Parameter Logistic 
Model of Sigmaplot. The concentration of DMSO per well was ≤1% in all cases. Each 
experiment was run in triplicate. 
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§3.1 Introduction 
 
§3.1.1 Targeted Chemotherapy 
 

Traditional chemotherapy uses highly potent cytotoxic agents to kill rapidly dividing 
cancer cells, relying on the premise these fast-growing cancer cells are more likely to be killed 
by the drug. However, these traditional chemotherapeutic agents lack cell specificity and kill 
indiscriminately, affecting normal cells that divide rapidly, such as those in hair follicles, 
gastrointestinal tract, and bone marrow, leading to undesired and severe side effects (Figure 
3.1).1   

 
Figure 3.1. Non-specific targeting and severe side effects of traditional chemotherapy. Reprinted from reference [1]. 

 
There are two main approaches in targeted chemotherapy: (1) the development of 

molecularly targeted drugs, specific to abnormal proteins, signaling pathways or other 
biomarkers that are fundamental to the cancer itself; and (2) the attachment of tumor-targeting 
modules (TTMs) to highly potent cytotoxic agents. Two recent examples of “molecularly 
targeted molecules” include: Herceptin® (trastuzumab), a monoclonal antibody that interferes 
with human epidermal growth factor receptor 2 (HER2), which is amplified/overexpressed in 
several human cancers, received U.S. FDA approval for treatment of node-positive, HER2-
overexpressing breast cancer in 2006 and HER2-overexpressing metastatic gastric or 
gastroesophageal (GE) junction adenocarcinoma in 2010;2 Gleevec® (imatinib mesylate), a 
BCR-ABL tyrosine-kinase inhibitor, most notably received U.S. FDA approval for treatment of 
chronic myelogenous leukemia (CML) in 2001, illustrated in Figure 3.2.3  

 

 
Figure 3.2. Chemical structure of Gleevec®. 
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In the latter approach, a tumor-targeting drug delivery system consists of a tumor 
recognition moiety and cytotoxic agent connected directly or through a suitable linker system to 
form a drug conjugate.4 The drug conjugate should be stable during blood circulation and 
systemically nontoxic; however, upon internalization into the tumor, the active agent should be 
released within the tumor microenvironment.4   
 
§3.2 PUFA-targeted Taxol Prodrugs 
 
§3.2.1 Polyunsaturated Fatty Acids 
 

Lipids, such as fats, oils, and waxes, are categorized into several subgroups including 
fatty acids, phospholipids, eicosanoids, glycolipids, triacylglycerols, and sterols.5 While 
primarily recognized for their role in energy storage, lipids also contribute to structural and 
signaling roles in cell biology and biochemistry.5 Polyunsaturated fatty acids (PUFAs), found in 
deep-water fish (n-3 PUFAs) and vegetable oils (n-6 PUFAs), are composed of hydrocarbon 
chains of variable length, with more than one double bond, a methyl group at one end of the 
chain, and a carboxyl group at the other.5 PUFAs are utilized in cellular signaling pathways, lipid 
peroxidation and oxidative stress, fatty acid metabolism, epigenetic regulation, and energy 
storage.6-8 Furthermore, PUFA uptake is substantially elevated in malignant tissues.9 Numerous 
PUFA-targeted prodrugs, such as DHA-paclitaxel (Taxoprexin®), have been developed by 
conjugation of PUFAs to cytotoxic agents as an effective method for targeted drug delivery.9 

 

 
Figure 3.3. Internalization of a PUFA-targeted prodrug by gp60-mediated transcytosis. Reprinted from reference [9]. 
 

PUFA-targeted prodrug delivery proceeds through glycoprotein 60 (gp-60) mediated 
transcytosis (Figure 3.3).9 The fatty acid component of a PUFA drug conjugate readily binds to 
human serum albumin (HSA) to form a HSA–drug conjugate complex, which enhances tumor-
specific accumulation of the drug, solubilizes the hydrophobic drug conjugate, and lowers the 
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rate of clearance.9 Once in the bloodstream, the HSA-complex binds to gp-60 on the tumor 
epithelial cell surface, upon which ligand binding initiates transcytosis. Vesicles containing 
protein–drug conjugate complex are transported across the cell, and fusion across the interstitial 
cell wall occurs; at which point, the HSA–drug conjugate complex is released into the tumor 
interstitium.9 Binding of  “secreted protein acidic and rich in cysteine” (SPARC) to HSA causes 
release of the PUFA-targeted prodrug, which permeates into tumor cells.9 

Once internalized into the tumor interstitium, certain PUFAs and their metabolites affect 
cellular signaling pathways; for example, cellular growth of MCF-7 breast cancer is inhibited by 
treatment with omega-3 fatty acids (n-3), but not omega-6 fatty acids (n-6).9, 10 Populations that 
consume significant amounts of  n-3 PUFAs, such as DHA and LNA, have a lower rate of cancer 
incidence than populations that have diets rich in n-6 PUFAs, like LA and AA.5, 9 Thus, PUFA-
targeted prodrug conjugates may lead not only to accumulation of the cytotoxic agent in the 
tumor microenvironment, but also synergism between the PUFA-targeting component and the 
drug.9   
 
§3.2.2 DHA-paclitaxel 

 
Doxosahexaenoic acid (DHA) is an omega-3, C22 natural fatty acid with six cis double 

bonds.11 A constituent of membranes and a precursor for metabolic and biochemical pathways, 
DHA is found in human milk and is classified as a nutritional additive by the U.S. FDA.11 Based 
on its safety profile, DHA contributes little if any additional toxicity to drug conjugates.   

 

 
Figure 3.4. Chemical structure of DHA-paclitaxel. 

 
DHA-paclitaxel (Figure 3.4) was synthesized from paclitaxel and DHA in a single step 

which covalently links DHA to paclitaxel at the C2’ hydroxyl position.11 As shown in previous 
SAR studies (Section 2.2.4), acylation of the C2’ hydroxyl significantly diminishes the in vitro 
bioactivity of paclitaxel and masks its cytotoxicity as a prodrug until the C2’-ester is 
metabolized.12 Despite the hydrophobic nature of DHA, the fatty acid conjugate was more 
soluble than paclitaxel in 10% Cremophor EL/10% ethanol/80% saline.11 Preclinical studies of 
DHA-paclitaxel in immune-deficient nude mice demonstrated increased activity relative to 
paclitaxel and the potential for a superior therapeutic ratio.13 Phase I clinical studies 
demonstrated a well defined and manageable side-effect profile at the recommended Phase II 
dose of 1100 mg/m2, with a small volume of distribution, long terminal half-life, and slow 
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system clearance.13 In Phase II trial, 36 patients with metastatic melanoma were treated, 4 
patients had a partial response, and 13 had stabilization of the disease.13, 14 DHA-paclitaxel 
entered Phase III clinical trials as Taxoprexin® in 2010 for the treatment of metastatic malignant 
melanoma.13 
 
§3.2.3 PUFA-targeted Next-generation Taxoid Prodrugs 
 

One of the drawbacks of paclitaxel is its lack of efficacy against drug-resistant tumors 
such as colon, pancreatic, melanoma, and renal cancers, in which MDR is expressed.15 While 
DHA-paclitaxel has not demonstrated substrate specificity to Pgp, upon release, paclitaxel will 
be recognized by the efflux pump and removed from the cell.15 In contrast, next-generation 
taxoids have exhibited 2-3 orders of magnitude higher potency than paclitaxel against cancer 
cells expressing MDR.15 

 

 
Figure 3.5. Chemical strucutres of DHA-SB-T-1214, LNA-SB-T-1214, LNA-SB-T-12854. 

 
PUFA-targeted taxoid conjugates of docosahexaenoic acid (DHA), linolenic acid (LNA), 

and linoleic acid (LA) were synthesized and their efficacy assessed in preclinical in vivo studies 
against drug-sensitive human ovarian tumor xenograft (Pgp-) A121 and drug-resistant human 
colon xenograft (Pgp+) DLD-1.15 Of these next-generation fatty acid conjugates, DHA–SB-T-
1214 achieved complete tumor regression of DLD-1 in five of five mice at 80 mg/kg dose 
administered on days 5, 8, and 11 (total dose 240 mg/kg; tumor growth delay > 187 days), 
whereas paclitaxel and DHA–paclitaxel were ineffective against the drug-resistant tumor 
xenograft (Figure 3.6).15 
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!
Figure 3.6. Effect of DHA-taxoid conjugates (left) and antitumor effect of PUFA-taxoid conjugates delivered 
intravenous to SCID mice bearing a Pgp+ human colon tumor xenograft (Pgp+) DLD-1 (right). Adapted from 

reference [15]. 
!

Conjugates of SB-T-1213 with DHA, LNA, and LA were assessed for efficacy against 
DLD-1 colon tumor xenograft (Figure 3.6).15 DHA-SB-T-1213 delayed tumor growth for more 
than 186 days and caused complete tumor regression in all surviving mice (four of five) at 30 
mg/kg x 3; LNA-SB-T-1213 delayed tumor growth for more than 109 days and exhibited 
complete regression in two of five mice; and LA-SB-T-1213 did not demonstrate meaningful 
efficacy.15 This study revealed the marked difference between n-3 PUFAs (DHA, LNA) and n-6 
PUFA (LA).15 
 
§3.2.4 Synthesis of LNA-targeted Taxoid Prodrugs 
 

 
Scheme 3.1. Synthesis of LNA–SB-T-1214 (3-1) and LNA–SB-T-12854 (3-2). 

 

(80 mg/kg · 3 injections, total dose 240 mg/kg) exhibited
greater than a twofold increase in tumor growth delay as
compared with paclitaxel. One of the new DHA–taxoids
exhibited even better activity, i.e., DHA–SB-T-1213
(30 mg/kg · 3) delayed the tumor growth for more than
186 days and caused complete regression of tumor in all
surviving mice (four of five) even at the non-optimized
dose (Fig. 2). DHA–SB-T-1213 and DHA–SB-T-1216
delayed the growth of the tumor xenograft for >186
days. DHA–paclitaxel also brought about a cure to
two of five mice, but the tumor recurred after 150 days
in three of five mice. (Note. The evaluation of DHA–
SB-T-1214 for its efficacy against A121 and several
tumor xenografts other than DLD-1 will be performed
shortly and reported elsewhere.)

The impressive results obtained with DHA–taxoids
prompted us to investigate the use of different PUFAs
and their efficacy. The results are shown in Table 5 and
Figure 3. We synthesized the conjugates of SB-T-1213
with DHA, LNA, and LA, and examined their efficacy
against DLD-1 colon tumor xenograft (Pgp+). As
Table 5 and Figure 3 show, LA–SB-T-1213 and

LNA–SB-T-1213 exhibited strong antitumor activity,
while paclitaxel is ineffective. LNA–SB-T-1213 exhibit-
ed the complete regression in two of five mice tested
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Figure 2. Effect of DHA–taxoid conjugates on human ovarian tumor
xenograft (Pgp!) A121.

Table 5. Antitumor effect of PUFA–taxoid conjugates delivered iv to
SCID mice bearing a Pgp+ human colon tumor xenograft, DLD-1

Treatmenta (iv) Total dose
(mg/kg)

Growth
delay
(days)

Toxicityb Cured micec/
group

Control 0 — 0 0/7
Vehicle-Crem 0 — 0 0/4
Vehicle-Tween 0 — 0 0/4
Paclitaxel 75 9 0 1/5
DHA–SB-T-1213 75 54 0 0/5
LNA–SB-T-1213 75 >109 2 2/5
LA–SB-T-1213 75 21 1 0/5

a Treatment given iv to SCID mice on days 5, 8, and 11 after DLD-1
human colon tumor implant. Paclitaxel formulated in Cremophor/
EtOH; DHA–taxoid conjugate, LNA–taxoid conjugate, and LA–
taxoid conjugate formulated in Tween/EtOH.

bNumber of animals that either died or lost greater than 20% body
weight.

c SCID mice with no palpable tumor on day 120, end of experiment.

Table 4. Antitumor effect of DHA–taxoid conjugates delivered iv to
SCID mice bearing a human ovarian tumor xenograft, A121

Treatmenta (iv) Total dose
(mg/kg)

Growth
delay
(days)

Toxicityb Cured micec/
group

Control 0 — 0 0/10
Vehicle-Crem 0 3 0 0/5
Vehicle-Tween 0 3 0 0/5
Paclitaxel 60 83 0 0/5
DHA–paclitaxel 240 >186 0 2/5
DHA–SB-T-1216 90 >186 4 1/5
DHA–SB-T-1213 90 >186 1 4/5
DHA–SB-T-1104 240 115 0 0/5

a Treatment given iv to SCID mice on days 5, 8, and 11 after tumor
implant. Paclitaxel and DHA–paclitaxel formulated in Cremophor/
EtOH; DHA–taxoid conjugates formulated in Tween/EtOH.

bNumber of animals that either died or lost greater than 20% body
weight.

c SCID mice with no palpable tumor after 197 days.
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SB-T-1214 for its efficacy against A121 and several
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bNumber of animals that either died or lost greater than 20% body
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c SCID mice with no palpable tumor on day 120, end of experiment.
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Control 0 — 0 0/10
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Paclitaxel 60 83 0 0/5
DHA–paclitaxel 240 >186 0 2/5
DHA–SB-T-1216 90 >186 4 1/5
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a Treatment given iv to SCID mice on days 5, 8, and 11 after tumor
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 The syntheses of linolenic (LNA)-targeted taxoid prodrugs of SB-T-1214 and SB-T-
12854 were performed via coupling of the C2’ hydroxyl of the taxoid to the free carboxyl group 
of the PUFA in the presence of EDC.HCl and DMAP (Scheme 3.1). Conjugates 3-1 (LNA–SB-
T-1214) and 3-2 (LNA–SB-T-12854) were obtained in modest yields (47-52%) with high 
conversion yields (84-86%), and the PUFA-drug conjugates were stored under inert conditions at 
-20 °C to prevent allylic oxidation.   

 
§3.2.5 Preclinical In Vivo Evaluation of LNA-targeted Taxoid Prodrugs 
 

LNA-SB-T-1214 (3-1) and LNA-SB-T-12854 (3-2) were evaluated in vivo in SCID mice 
bearing MX-1 human breast carcinoma tumor xenografts. The PUFA-taxoid conjugates were 
formulated with ethanol:Solutol® HS 15 (1:1) in stock solutions at concentrations of 50 mg/mL 
and diluted with saline to 200 µL total volume. These animal studies were conducted by Jean 
Rooney and Dr. Thomas Zimmerman at the Division of Laboratory Animal Resources (DLAR) 
at Stony Brook University and coordinated by Dr. Joshua D. Seitz.  

 
 

 
 

Figure 3.7. Effect of LNA-SB-T-1214 on human breast carcinoma xenograft MX-1. Adapted from reference [16]. 
 
LNA-SB-T-1214 (3-1) was highly effective against MX-1 tumor xenografts and induced 

complete tumor regressions in five of five mice, shown in Figure 3.7. In one particular mouse 
(Experiment 5), treatment with LNA-SB-T-1214 was able to eradicate a tumor that had grown to 
approximately 250 mm3 prior to conjugate administration. Paclitaxel was also evaluated as a 
control, and, though significantly reducing tumor growth, it also demonstrated extremely high 
toxicity against all mice. 
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Figure 3.8. Effect of LNA-SB-T-12854 on human breast carcinoma xenograft MX-1. Adapted from reference [16]. 

 
LNA-SB-T-12854 (3-2) was also evaluated in SCID mice bearing MX-1 tumor 

xenografts and found to be highly effective, inducing complete tumor regressions in five of five 
mice (Figure 3.8). The PUFA-fluorotaxoid conjugate was tested against a control, 
ethanol:Solutol® HS 15 (1:1) vehicle, and SB-T-1214. These animal studies were conducted by 
Jean Rooney and Dr. Thomas Zimmerman at the Division of Laboratory Animal Resources 
(DLAR) at Stony Brook University and coordinated by Dr. Joshua D. Seitz.  

For mice treated with LNA-SB-T-12854, complete tumor regression was observed in five 
of five mice, including tumors that had grown to be over 400 mm3 in median diameter, with 
survival up to 90 days. Though, despite tumor remission, toxicity was observed for treatment 
with LNA-SB-T-12854 as all five mice encountered significant weight loss. This increased 
toxicity may be attributed to the unique pharmacokinetic and metabolic profile of C3’-
difluorovinyl taxoids.   
 
§3.3 Mechanism-based Self-immolative Disulfide Linkers 
 
§3.3.1 Linker Systems in Targeted Chemotherapy 

 Tumor-targeted drug delivery and site-specific prodrug activation have emerged as 
primary strategies in targeted chemotherapy. Numerous TTMs have been identified and used in 
drug conjugates to directly transport the cytotoxic agent to cancer cells with target-specificity 
and high efficiency. While the drug is covalently connected to a TTM–linker system, its activity 
and toxicity is masked by site-specific prodrug deactivation. Once internalized inside the tumor 
microenvironment, a chemical change occurs resulting in cleavage of the linker and release of 
the active agent.17 At least one chemical bond must be broken during prodrug activation. This 
linker bond should be stable in the bloodstream and healthy tissue in order to avert premature 
linker cleavage.17 Furthermore, at the tumor site, a rapid and irreversible cleavage of the linker-
bond must take place, releasing the drug efficiently in its active form.17  

Direct linkages may be too labile and prone to hydrolysis, in the case of ester bonds, or 
too stable, such as amides or ethers.17 More complex linker structures employ crosslinkers or 
spacers to act as a bridge gap between drugs and tumor-targeting modules, which may or may 
not bear orthogonal functional groups. Without the introduction of a specific cleavage point, 
these crosslinkers display the same disadvantages as their basic counterparts.  Thus, an additional 
structural unit, termed a trigger, allows for tumor-specific cleavable moieties to be introduced 
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into drug conjugates. Various triggers have been characterized and employed, including 
proteolytically cleavable peptides, disulfides for reductive cleavage, or acid-sensitive hydrazone 
groups.17   

 
§3.3.2 Self-Immolative Disulfide Linkers 
 
 The tumor microenvironment is characterized by unique biochemical and 
pathophysiological properties: upregulation of certain proteases, such as cathepsins or MMPs, 
acidic pH in tumor tissue and in endosomes and lysosomes, and a higher intracellular 
concentration of reducing agents such as glutathione and thioredoxin.17 These cancer-specific 
properties can be exploited as “triggers” by incorporation of a chemical bond labile only in the 
presence of these unique environments.17 
 Self-immolative linkers (SILs) function as both a spacer between the drug and tumor-
targeting module and a point of cleavage for prodrug release. Three criteria exist for the 
classification of SILs: (1) drug-linker bond must remain stable under most physiological 
conditions; (2) the trigger-linker bond must remain stable, except under conditions unique to the 
tumor microenvironment where drug release is intended to take place; 3) following breakage of 
the trigger-linker bond, a chemical process leads to rapid and irreversible cleavage of the drug-
linker bond.17 Cyclization strategies for cleavage often rely on the formation of five- and six-
membered lactones, lactams, ureas, or carbamates, energetically favorable processes.4 
 Disulfide bonds have attracted much attention as crosslinkers due to their stability normal 
physiological conditions and strong reducing environment within the tumor microenvironment.  
Glutathione, an intracellular reducing agent, was found at a concentration 1,000 times greater in 
tumors than in blood plasma.4, 18 This gradient provides a natural trigger for disulfide linker 
cleavage in disulfide-linker containing drug-conjugates.   
 

 
Figure 3.9. Chemical structure of mAb-12136. 

 
First-generation self-immolative disulfide linkers, based on an alkyl disulfide moiety, 

were employed in monoclonal antibody–drug conjugates, in which a self-immolative disulfide 
linker was connected to a second-generation taxoid with modified sulfhydrylalkanoyl group at 
the C10 hydroxyl and murine monoclonal antibody (mAb) directed against human epidermal 
growth factor hormone (EGFR).19 This mAb–SB-T-12136 immunoconjugate (Figure 3.9) 
showed remarkable antitumor activity against human squamous cancer xenografts in SCID 
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mice.20 However, in this first-generation design, the original taxoid molecule was not released 
because of the compromised modification at the C10 position.4  

 

 
Figure 3.10. Glutathione-triggered thiolactonization of second-generation self-immolative disulfide linkers. 

Adapted from reference [4]. 
 

Second-generation mechanism-based disulfide linkers, which can be connected to various 
cytotoxic agents as well as targeting moieities, allow for facile and efficient release of the active 
agent in its desired form. Similarly, these bifunctional linkers are designed to remain stable 
during circulation but readily cleave inside the tumor microenvironment.4 The linker disulfide 
bond is readily cleaved by endogenous thiols such as thioredoxin or glutathione (GSH), the 
concentration of which ranges from 1-2 µM in circulating human blood plasma but 2-8 mM in 
tumor tissues,18, 21 allowing for facile and efficient drug release inside tumor cells. The strategic 
design of placing a phenyl group proximal to the disulfide bond leads to a cascade process in 
which the nucleophilic attack of these thiols on the disulfide moiety results in the process of 
thiolactonization and drug release. In this second-generation linker design, methyl and dimethyl 
substituents were included proximal to the disulfide bond to lengthen its circulation half-life.  

 

 
Figure 3.11. A model system for the mechanism-based drug release using cysteine as the trigger for 

thiolactonization. Reprinted from reference [22]. 
 

 A model system to validate the glutathione-triggered disulfide cleavage was developed 
using 19F NMR.22 The absence of fluorine-19 in biorelevant molecules and media allows for 
direct observation and monitoring of fluorinated compounds. Strategic incorporation of fluorine 
at the para-position on the disulfide linker directs disulfide cleavage by an endogenous thiol, 
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ticipated that those conjugates will be inactive against tumors
expressing MDR phenotypes.

On the basis of our structure±activity relationship study of
taxanes, we have developed a series of highly potent second-
generation taxanes.[27±32] Most of these taxanes exhibited 2±3
orders of magnitude higher potency than those of paclitaxel
and docetaxel against drug-resistant cell lines expressing MDR
phenotypes. One of these second-generation taxanes, ™ortatax-
el∫ (SB-T-110131; IDN5109; BAY59-8862), exhibited an excellent
pharmacological profile in preclinical studies[33±35] and is cur-
rently undergoing phase II human clinical trials, sponsored by
Bayer, against several cancers. Accordingly, in principle we
should be able to develop novel chemotherapeutic agents
with high potency and exceptional tumor specificity by linking
these new-generation taxanes with mAbs. Use of an appropri-
ate linker between a taxane and a mAb is crucial for the effica-
cy of the resulting immunoconjugate. The linker must be
stable for an extended period of time during storage and
during circulation in vivo, but
readily cleavable once inside a
cancer cell. Among possible
linker units reported, we chose
to employ a disulfide linker be-
cause of its favorable characteris-
tics. It is expected that the mAb
component of the conjugate
binds to the specific antigens on
a tumor surface, and the whole
conjugate is internalized by en-
docytosis. The disulfide bond is
then cleaved by an intracellular
thiol, such as glutathione, to re-
lease the taxoid in its active
form.

Recently, we launched the de-
velopment of taxane±mAb con-

jugates as TAPs and obtained extremely promising results in
human cancer xenografts in SCID (severe combined immune
deficiency) mice. We clearly demonstrated the tumor-specific
delivery of a taxane anticancer agent without any noticeable
toxicity to the animals, and all the animals tested were
cured.[36] Thus, we are currently investigating the efficacy of
the fluorine-containing taxane anticancer agents mentioned
above as the taxane portion of taxane±mAb conjugates.

However, the first-generation taxane±mAb conjugates have
a modification at the C-10 position with a sulfhydrylpropanoyl
group (see Scheme 6). The modification at the C-10 position
with this group was found to be the most effective on the

basis of in vitro assay results, although the C-7 and the C-2’ po-
sitions were other possible modification sites.[36] The introduc-
tion of a sulfhydryl group reduces the taxane's cytotoxicity by
8±10 times relative to a propanoyl group at the same posi-
tion.[36] Accordingly, we have been developing new short link-
ers in combination with the disulfide linkage, which can re-
lease the parent taxane anticancer agent highly efficiently. One
of these approaches is the glutathione-triggered cascade drug
release, which forms a thiolactone as a side product
(Scheme 7). This mechanism-based drug-release concept has
been nicely proven in a model system by monitoring the reac-
tion by 19F NMR with fluorine-labeled compounds (Figure 3).
The strategic incorporation of a fluorine substituent at the

Figure 2. A model for tumor-activated prodrug (TAP) with mAb.

Scheme 6. Fluorine-containing first-generation taxane±mAb conjugate.

Figure 3. A model system for the mechanism-based drug release.

ChemBioChem 2004, 5, 628 ± 635 www.chembiochem.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 633
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such as cysteine, to generate the thiophenolate intermediate prior to thiolactonization.22 This 
process of thiolactonization was validated by time-resolved 19F NMR in a model system in which 
two distinct fluorine signals were monitored for changes in chemical shifts (Figure 3.11).  
 
§3.3.3 Synthesis of 4C-chain Methyl-Branched Disulfide Linker 
 

 
Scheme 3.2. Oxidation of pyridine-2-thol with potassium permanganate. 

 

Synthesis of the 4-carbon chain methyl-branched disulfide linker (Me-SS-Linker) began 
with the preparation of two thiol-disulfide exchange intermediates: (1) first, with 
pyridinyldisulfanylpyridine, (2) then followed by sulfhydrylphenyl acetic acid. Oxidation of 
pyridine-2-thiol with potassium permanganate gave 3-3, the first exchange intermediate, in 
quantitative yield (Scheme 3.2). 

 
Scheme 3.3. Synthesis of 2-sulfhydrylphenyl acetic acid (3-5).  

 
Oxidation of 2-benzothienylboronic acid with hydrogen peroxide gave the corresponding 

thiolactone 3-4 in excellent yield (95%), which was hydrolyzed under basic conditions, followed 
by an acid-base workup to afford 3-5 in good yield (81%), shown in Scheme 3.3. 
Sulfhydrylphenyl acetic acid must be stored under inert conditions at or below -20 °C to avoid 
degradation. 

 
Scheme 3.4. Synthesis of methyl-branched disulfide linker (Me-SS-Linker) (3-10). 
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Synthesis of methyl-branched 4C-chain linker 3-10 was carried out in five steps (Scheme 

3.4).  Nucleophilic acid-catalyzed ring opening substitution of γ-valerolactone with thiourea gave 
salt 3-6, which underwent basic hydrolysis to give 3-7 in modest yield (68% over 2 steps).  The 
free thiol of 3-7 was subjected to disulfide exchange with excess 3-3 to afford 3-8, which was 
protected with TIPS to give 3-9 in excellent yield (92% over 2 steps). Remaining 3-3 was 
removed by trituration with hexanes prior to chromatography. The second thiol-disulfide 
exchange between 3-5 and 3-9 gave metastable linker 3-10 in good yield (68%). Temperature 
must be kept at -10 °C lest the intrinsic acidity of the carboxylic acid deprotect the TIPS group.  
Linker 3-10 must be stored under inert conditions at or below -20 °C and should be used 
promptly to avoid decomposition. 
 
§3.3.4 Synthesis SB-T-1214–(Me-SS-Linker)-Construct 

 
The free acid of the four-carbon chain methyl-branched disulfide linker 3-10 was coupled 

to the C2’ hydroxyl group of SB-T-1214 in the presence of EDC.HCl and DMAP to give 3-11 in 
good yield (77%), shown in Scheme 3.5. Reaction progress was closely monitored by TLC to 
minimize di-substitution at the C7 hydroxyl group. When DIC was used as the coupling reagent, 
the diisoproylurea byproduct was removed by filtration with diethyl ether. Alternatively, 
EDC.HCl may be used as the coupling reagent, though the rate of reaction is slower.   

 

 
Scheme 3.5. Synthesis of SB-T-1214-(Me-SS-Linker)-OSu (3-13). 

 
Deprotection of the silyl group of 3-11 in the presence of HF-pyridine gave 3-12 in 

excellent yield (91%), and the free carboxylic acid of 3-12 was activated with N-
hydroxysuccinimide in the presence of DIC to afford 3-13 in good yield (70%).  Purification by 
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column chromatography gave the activated drug–linker in sufficient purity for subsequent 
reactions.   
 
§3.3.5 Synthesis of 4C-chain gem-Dimethyl-branched Disulfide Linker 
 

Preparation of the four-carbon chain gem-dimethyl-branched disulfide linker 3-20 
follows a similar synthetic path as that of the methyl-branched linker: (1) synthesis of the parent 
propanic acid chain, followed by two subsequent thiol-disulfide exchanges.    
 

 
Scheme 3.6. Synthesis of Me2-SS-Linker intermediate 3-17. 

 
Stoichiometric acetonitrile was converted in situ to the lithiated acetonitrile salt in the 

presence of n-BuLi at -78 °C; lithiated acetonitrile nucleophilically opens three-membered 
heterocycle isobutylene sulfide to give crude 3-14, which was isolated through acid-base 
workup. Nitrile 3-14 was hydrolyzed under basic conditions to give the corresponding carboxylic 
acid 3-15 in excellent yield (92% over 2 steps), and the corresponding thiol 3-15 was subjected 
to a thiol-disulfide exchange with excess 3-3 to give 3-16 in high yield (87%). Protection of the 
carboxylic acid of 3-16 with TIPS gave 3-17 in excellent yield (92%), shown in Scheme 3.6. 

 

 
Scheme 3.7. First attempt at synthesis of gem-dimethyl-branched disulfide linker (3-18). 

 
However, the subsequent thiol-disulfide exchange with 3-5 did not proceed at 0 or 30 °C 

(Scheme 3.7), according to TLC and mass spectrometry. At 60 °C, the reaction appeared to 
proceed, though while mass spectrometry indicated a single mass, 1H NMR revealed that two 
compounds were present. This may be attributed to a transfer of the TIPS group to the free acid 
or the presence of rotamers. Thus, an alternative synthetic route was explored.  
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Scheme 3.8. Second attempt at synthesis of gem-dimethyl-branched disulfide linker (3-20). 

 
The second attempt involved direct coupling of propargylamine with the free carboxylic 

acid of 3-16 in the presence of EDC.HCl and DMAP to give 3-19 in good yield (75%). The 
functionalized amide serves as an orthogonal protecting group; though, unlike TIPS, the amide 
remains stable during the second disulfide exchange in the presence of heat. The subsequent 
thiol-disulfide exchange between 3-5 and 3-19 gave 3-20 in good yield (74%), however reaction 
progress was slow over four days at 50 °C. Reaction optimization is currently in progress, 
however this synthetic route appears to be a viable alternative for preparation of gem-dimethyl-
branched disulfide linker. The synthesis of 3-20 is illustrated in Scheme 3.8.  
 

 
Scheme 3.9. Synthesis of SB-T-1214–(Me2-SS-Linker)-Alkyne (3-21). 

 
The free acid of the four-carbon chain gem-dimethyl-branched disulfide linker 3-20 was 

coupled to the C2’ hydroxyl group of SB-T-1214 in the presence of EDC.HCl and DMAP to give 
3-21 in good yield (69%), shown in Scheme 3.9.  
 
§3.4 Drug Release and Linker Studies 
 
§3.4.1. Rational Design: 19F NMR Probe 
 

Fluorine-19 nuclear magnetic resonance (NMR) spectroscopy allows for direct 
observation of fluorinated compounds and their metabolites in biological systems without 
background signal from the tissue or medium due to the absence of fluorine in living systems.23 
Furthermore, fluorine-19 has a natural abundance of 100% and has a sensitivity to NMR 
detection that is 83% that of the sensitivity of 1H, allowing for a strong NMR signal with 
negligible background noise.24 Recently, the “three fluorine atoms for biochemical screening” 
(3-FABS) technique has emerged as a useful biochemical tool with heightened sensitivity by 
labeling a substrate with a CF3 moiety and using 19F NMR spectroscopy for subsequent analysis 
of biochemical or enzymatic processes.25-28 
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Previously, our laboratory designed BLT-F2, shown in Figure 3.12, as a 19F NMR probe 
for the metabolic stability assessment of tumor-targeted drug delivery systems. BLT-F2 consists 
of biotin as the tumor-targeting moiety, next-generation fluorotaxoid SB-T-12145 with site 
specific incorporation of fluorine at the meta position of the C2 benzoate moiety, and a self-
immolative disulfide linker.28 Another fluorine was introduced to the 4-position of the linker 
ring, i.e. para to the disulfide moiety. Time-resolved 19F NMR analysis of BLT-F2 revealed a 
stepwise mechanism for release of the fluorotaxoid, generating the anticipated thiolate 
intermediate (3-A) as a detectable and transient species, as well as indicated a profound effect of 
the fluorine para to the disulfide group on the rate of linker cleavage and thiolactonization 
(Figure 3.12). Additionally, the use of excipient (Solutol HS 15) in formulation of BLT-F2 was 
shown to drastically slow down the rate of linker cleavage. The synthesis and corresponding 19F 
NMR experiments using BLT-F2 were performed by co-worker Dr. Joshua D. Seitz. 

 
 

 
Figure 3.12. Time-resolved 

19F NMR spectra for the disulfide linker cleavage and thiolactonization process of BLT-
F2 (2.5 mM) in 30% DMSO in D2O beginning at 1 h after the addition of 6 equivalents of GSH at 25 °C with 15 min 

intervals (128 scans/spectrum) (Performed by Dr. Joshua Seitz). Reprinted from reference [28].  
 

However, attempts to use BLT-F2 in cell culture medium or blood plasma were hampered 
by its poor solubility in aqueous media and low signal intensity of the probe. Thus, BLT-S-F6 (3-
24) was designed as a more sensitive 19F NMR probe using 3-FABS with higher solubility using 
polyethylene glycol oligomers in aqueous media than BLT-F2.  

 

 

 

Figure 4. Time-resolved 19F NMR spectra for the disulfide linker cleavage and thiolactonization 
process of probe 1 (2.5 mM) in 30% DMSO in D2O beginning at 1 hour after the addition of 6 
equivalents of GSH at 25 °C with 15 min intervals  (128 scans/spectrum). 
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Figure 3.13. Third-generation fluorotaxoid SB-T-12822-5 (2-36) (left) and BLT-S-F6 (3-23) (right), as chemical 

probe for 19F NMR. Adapted from reference [28]. 
 

Upon conjugation to a vitamin-linker system at the C2’ hydroxyl (Figure 3.13), the C3’-
trifluoromethyl moiety undergoes a chemical shift of approximately 0.3 ppm in CDCl3, from -
73.40 ppm (free drug) to -73.11 ppm (prodrug), shown in Figure 3.14. The C2-m-OCF3 
substituent was included as an internal reference for 19F NMR study. Trifluoromethyl groups, 
using 3-FABS, rather than single-fluorine substituents, allow for the use of lower concentrations 
by providing an enhanced signal and peak sensitivity. 
 

 
Figure 3.14. 19F NMR Spectrum of SB-T-12822-5 (2-36) and BLT-S-F6 (3-23), showing a 0.29 ppm chemical shift 

upon conjugation to C2’ in CDCl3. Reprinted from reference [28]. 
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§3.4.2 Synthesis of 19F NMR Probe: BLT-S-F6 

 

 
Scheme 3.10. Synthesis of SB-T-12822-5–(Me-SS-Linker)-COOH (3-22). 

 
Similar to the synthesis of 3-12, the free acid of linker 3-10 was coupled to the C2’ 

hydroxyl of SB-T-12822-5 in the presence of EDC.HCl and DMAP to give 3-22 in modest yield 
(51%), and the TIPS group was efficiently removed with HF-pyridine to afford 3-23 in 
quantitative yield, shown in Scheme 3.10. Interestingly, both 1H and 19F NMR spectra for 3-23 
indicated the presence of conformational isomers, indicated by two sets of analogous peaks at 
certain positions, such as C10, C3’-CF3, and C2-m-OCF3. This duplicate set was observed for the 
free acid 3-12 as well, but not in the subsequent steps of amidation or esterification. 

 

 
Scheme 3.11. Synthesis of Biotin-(Me-SS-Linker)-SB-T-12822-5 (BLT-S-F6) (3-24). 

 
The free terminal acid of prodrug 3-22 was coupled to N-biotinyl-PEG-NH2 (4-7) in the 

presence of EDC.HCl and DMAP to afford 3-24 in modest yield (49%), shown in Scheme 3.11 
Discussions on the use of vitamins, such as biotin, as a tumor-targeting module in targeted 
chemotherapy, as well as the synthesis of 4-7 are included in Chapter 4.   
 
§3.4.3 Effects of Solvent Systems and Drug Formulations on the 19F NMR Chemical Shifts 
of the Fluorine Signals at the 3’-Position of BLT-S-F6 (3-24) and SB-T-12822-5 (2-36).  
 

The C3’-CF3 and C2-m-OCF3 groups of BLT-S-F6 (3-24) and released taxoid SB-T-
12822-5 (2-36) were used as quantitative reporter signals for 19F NMR to determine the effects 
of solvent systems and drug formulations on their chemical shifts. The changes in 19F NMR 
chemical shifts were measured on a 400 MHz NMR spectrometer in various solvent and 
formulation systems. 
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Table 3.1. 19F NMR chemical shifts (ppm) of BLT-S-F6 (3-24) in various formulations. 
Adapted from reference [28].  

Entry Formulation Ratio m-OCF3 
2-36 

m-OCF3 
3-24 

|Δ m-
OCF3| 

CF3  
2-36 

CF3 
3-24 

|Δ CF3| 

1 CDCl3 100 -57.961 -57.923 0.038 -73.404 -73.116 0.288 

2 blood plasma:D2O: 
EtOH:polysorbate 80 84:10:4:2 -58.074 -58.074 0 -72.838 -72.048 0.210 

3 RPMI-1640:D2O: 
EtOH:polysorbate 80 84:10:4:2 -57.906 -57.906 0 -72.705 -72.911 0.206 

4 D2O:EtOH:polysorbate 80 94:4:2 -57.888 -57.888 0 -72.702 -72.889 0.187 
5 saline:EtOH:D2O 50:40:10 -58.419 -58.436 0.017 -73.342 -73.412 0.070 
6 PBS:EtOH:D2O 50:40:10 -58.413 -58.431 0.018 -73.339 -73.404 0.065 
7 DMSO:D2O 70:30 -56.459 -56.431 0.028 -71.115 -71.068 0.047 
8 D2O:EtOH 60:40 -58.417 -58.436 0.019 -73.361 -73.407 0.046 
9 D2O:solutol HS15:EtOH 84:8:8 -58.047 -58.047 0 -72.910 -72.910 0 

 
Samples of BLT-S-F6 (3-24) and fluorotaxoid SB-T-12822-5 (2-36) were prepared in 

various biologically relevant aqueous media with or without excipient, and the 19F NMR 
chemical shifts were recorded. The results are provided in Table 3.1. The largest difference in 
chemical shifts of the C3’-CF3 signals of BLT-S-F6 (3-24) and free taxoid SB-T-12822-5 (2-36) 
was observed when 2% polysorbate 80 (Tween® 80) was used as a surfactant in formulation 
(Entries 2–4), with as large as 0.21 ppm difference with baseline resolution in blood plasma 
solution (Entry 2). However, in contrast, no appreciable change was Solutol HS 15 was used as 
an excipient (Entry 9). These results showed that different excipients in formulation affect the 
microenvironment of BLT-S-F6.  

In the absence of excipient, the 19F NMR chemical shift differences between the C3’-CF3 
groups of BLT-S-F6 (3-24) and free taxoid SB-T-12822-5 (2-36) in solutions of either saline or 
PBS in ethanol and D2O were 0.065–0.070 ppm (Entries 5 and 6) and in aqueous DMSO or 
ethanol solutions were 0.046–0.047 (Entries 7 and 8). For the C2-m-OCF3 signals, no chemical 
shift was observed in the presence of excipient, either polysorbate 80 or Solutol HS 15; though, 
in the absence of excipient, small changes were detected ranging from 0.02–0.04 ppm. 

 
§3.4.4 Assessment of Stability and Reactivity of BLT-S-F6 in Blood Plasma by 19F NMR 
 

The stability and reactivity of BLT-S-F6 (3-24) in 86% human blood plasma, 10% D2O, 
2% ethanol, and 2% polysorbate 80 at 37 °C was evaluated by 19F NMR using the C3’-CF3 
signals of BLT-S-F6 (3-24) and released SB-T-12822-5 (2-36) as reporter signals. In these 
conditions, BLT-S-F6 (3-24) remained quite stable with less than 10% release of the fluorotaxoid 
via disulfide linker cleavage and thiolactonization for 48 h at 37 °C, shown in Figure 3.15. This 
result implies that the theoretical half-life of BLT-S-F6 and other similar TTDDSs containing this 
methyl-branched self-immolative disulfide linker under these conditions would be on the order 
of weeks in human blood plasma. 
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Figure 3.15. Time-resolved 19F NMR spectra for the drug release of BLT-S-F6 (3-24) (200 µM) in 86% blood 

plasma, 10% D2O, 2% ethanol, and 2% polysorbate 80 at 37 °C without supplemental GSH at 0, 24, and 48 h (2048 
scans/spectrum). The signals of 2-m-OCF3 (left) and 3’-CF3 (right) for BLT-S-F6 (3-24) and free taxoid SB-T-

12822-5 (2-36) are shown, which indicates minimal drug release after 48 h. Reprinted from reference [28]. 
 

As a control study, 100 equivalents of supplemental GSH (20 mM) were added to BLT-
S-F6 in the same formulation (86% blood plasma, 10% D2O, 2% ethanol, 2% polysorbate 80), 
and the reaction of disulfide cleavage was monitored by 19F NMR with one-hour intervals. 
Greater than 98% of the C3’-CF3 signal for BLT-S-F6 (3-24) disappeared and the corresponding 
signal for the released taxoid appeared within 10 hours at 37 °C, shown in Figure 3.16. As 
anticipated, there was no observable change in chemical shift in the C2-m-OCF3 signal.  

 
Figure 3.16. Time-resolved 19F NMR spectra for the drug release of BLT-S-F6 (3-24) (200 µM) in 86% blood 

plasma, 10% D2O, 2% ethanol, and 2% polysorbate 80 at 30 min after the addition of 100 equivalents of GSH at 37 
°C with 1 h intervals (1024 scans/spectrum) for 13 h. The signals of 2-m-OCF3 (left) and 3’-CF3 (right) are shown, 

which indicate complete drug release after 13.5 h. Reprinted from reference [28].  
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The normalized changes in integration of the C3’-CF3 peaks of BLT-S-F6 (3-24) with 100 
equivalents of GSH in 86% blood plasma, 10% D2O, 2% ethanol, 2% polysorbate 80 and 
released SB-T-12822-5 (2-36) were plotted against time and shown in Figure 3.17. The 
normalized integration values and raw experimental data are provided in Table 3.2. The half-life 
of BLT-S-F6 (3-24) in these conditions was calculated to be approximately 3 h. Since the 
intracellular level of glutathione is typically 2-10 mM,18, 29 these conditions allow for estimation 
of the half-life of this self-immolative disulfide linker in the cytosolic compartments following 
internalization by RME.  
 

 
Figure 3.17. Normalized changes in integration of 3’-CF3 peaks of BLT-S-F6 (3-24) with 100 equivalents of GSH in 
86% blood plasma, 10% D2O, 2% ethanol, 2% polysorbate 80 and released taxoid SB-T-12822-5 (2-36). Reprinted 
from reference [28].   
 

Table 3.2.a Experimental data and normalized values for Figure 3.17. 
Adapted from reference [28].  

time 
(h) 

Normalized Integration 
for BLT-S-F6 (3-24) 

Normalized Integration 
for SB-T-12822-5 (2-36) 

0 1 0 
1 0.841018667 (0.6803) 0.158981333 (0.1286) 
2 0.658950264 (0.5750) 0.341049736 (0.2976) 
3 0.500068503 (0.3650) 0.499931497 (0.3649) 
4 0.37350062 (0.2709) 0.62649938 (0.4544) 
5 0.23476298 (0.1976) 0.76523702 (0.6441) 
6 0.152388797 (0.1295) 0.847611203 (0.7203) 
7 0.110911486 (0.0926) 0.889088514 (0.7423) 
8 0.094353851 (0.1001) 0.905646149 (0.9608) 
9 0.054218871 (0.0489) 0.945781129 (0.8530) 

10 0.028866218 (0.0249) 0.971133782 (0.8377) 
11 0.019893467 (0.0183) 0.980106533 (0.9016) 
12 0.020392911 (0.0191) 0.979607089 (0.9175) 
13 0.014137708 (0.0131) 0.985862292 (0.9135) 

aTime-resolved 19F NMR integration values for 3’-CF3 of BLT-S-F6 (3-24) and released SB-T-
12822-5 (2-36) beginning with a 200 µM solution of BLT-S-F6 with supplemental glutathione 
(100 equiv.) at 37 °C starting at t = 0 (control, without GSH) to 13 h in blood plasma-D2O-
ethanol-polysorbate 80 (86:10:2:2) with spectra every 1 h (1024 scans/spectrum). 
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Linker cleavage of BLT-S-F6 (3-24) and drug release of SB-T-12822-5 with 100 

equivalents of GSH in 96% D2O, 2% ethanol, and 2% polysorbate 80 at 37 °C was significantly 
slower than that under the same conditions in blood plasma – only 50% drug release was 
observed at approximately 4 days by 19F NMR analysis (Figure 3.18). Similar to the results 
observed for BLT-F2 in the presence of Solutol HS 15, once again the presence of excipient 
slows the rate of disulfide cleavage in aqueous D2O formulations. However, blood plasma 
contains many proteins that are absent in the D2O formulations and likely interact with the 
excipient, leading to dissociation of the excipient from the SMDC and rendering the disulfide 
bond more available for thiol-disulfide exchange with supplemental GSH.  

 

 
Figure 3.18. 19F NMR spectra (>512 of scans) showing chemical shifts of a 200 µM solution of BLT-S-F6 (3-24) 
and released SB-T-12822-5 (2-36) with 100 equivalents of GSH in D2O-ethanol-polysorbate 80 (96:2:2) at 0, 17, 40, 
72, 120, and 168 h, indicating a t1/2 of approximately 4 d. Reprinted from reference [28].  
 

Formulation and time-resolved 19F NMR experiments on BLT-S-F6 (2-36) were 
performed primarily by co-worker Longfei Wei, with assistance from co-worker Brendan 
Lichtenthal. Undergraduate research assistant Jonathan F. Khan assisted in the scale-up synthesis 
of SB-T-12822-5. 
 
§3.5.0 Summary 
 

Tumor-targeted drug delivery uses potent chemotherapeutic drugs connected to tumor-
targeting modules via biocleavable linker systems to selectively target cancer cells while 
avoiding normal healthy tissue. These biocleavable linker systems rely on tumor-specific triggers 
to activate prodrug release in the tumor microenvironment. Mechanism-based self-immolative 
disulfide linkers have been developed for site-specific prodrug activation triggered by higher 
concentrations of endogenous thiols in cancer cells. These linkers have been coupled to the C2’ 
hydroxyl of next-generation taxoids in an efficient and scalable synthetic route. Both methyl- and 
dimethyl-disulfide linkers have been designed and synthesized to introduce steric hinderance 

BLT-S-F6 
3-24 

OCF3 

SB-T-12822-5 
2-36 
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proximal to the disulfide to prolong the half-life of the linker. From these taxoid-based prodrugs, 
numerous tumor-targeting drug conjugates have been constructed, discussed in later chapters.   

Previously, our laboratory designed and synthesized BLT-F2, a tumor-targeted drug 
delivery conjugate containing biotin as the tumor-targeting moiety, next-generation fluorotaxoid 
SB-T-12145 with site specific incorporation of fluorine at the meta position of the C2-benzoate 
moiety, and a self-immolative disulfide linker. Another fluorine was introduced to the 4-position 
of the linker ring, i.e. para to the disulfide moiety. Time-resolved 19F NMR analysis of BLT-F2 
revealed a stepwise mechanism for release of the fluorotaxoid, generating the anticipated thiolate 
intermediate (3-A) as a detectable and transient species, as well as indicated a profound effect of 
the fluorine para to the disulfide group on the rate of linker cleavage and thiolactonization.  

BLT-S-F6 was designed with heightened sensitivity using 3-FABS and polyethylene 
glycol oligomers to enhance aqueous solubility. The stability of the disulfide linker of BLT-S-F6 
in blood plasma was assessed using 19F NMR, and the linker system was shown to be quite stable 
in blood plasma with less than 10% cleavage and drug release after two days – the half-life of 
BLT-S-F6 in blood plasma was estimated to be on the order of weeks with supplemental 
glutathione, whereas SB-T-12822-5 was released much faster (t1/2 = 3 h) in the presence of 
excess supplemental glutathione (20 mM). This concentration of GSH is indicative of the level in 
tumors and may provide a fair representation of drug release in cancer cells. 
 
§3.6.0 Experimental 
 
§3.6.1 Caution 
 

Taxoids have been identified as potent cytotoxic agents. Thus, all drugs and structurally 
related compounds and derivatives must be considered mutagens and potential reproductive 
hazards for both males and females. All appropriate precautions, such as the use of gloves, 
goggles, labware, and fume hood, must be taken while handling the compounds at all times.  
 
§3.6.2 General Information 
 

1H, 13C, and 19F NMR spectra were measured on a Varian 300, 400, 500, or 600 MHz 
NMR spectrometer or Bruker 300, 400, or 500 MHz NMR spectrometer. Hexafluorobenzene 
was used as an external standard for 19F NMR analysis. Melting points were measured on a 
Thomas-Hoover capillary melting point apparatus and are uncorrected. TLC was performed on 
Sorbent Technologies aluminum-backed Silica G TLC plates (Sorbent Technologies, 200 µm, 20 
x 20 cm), and column chromatography was carried out on silica gel 60 (Merck, 230-400 mesh 
ASTM). Purity was determined with a Shimadzu L-2010A HPLC HT series HPLC assembly, 
using a Kinetex PFP column (4.6 mm x 100 mm, 2.6 µm) with acetonitrile-water gradient 
solvent system. One analytical condition was used and noted as part of the characterization and 
purity data, i.e., HPLC: flow rate 0.5 mL/min, a gradient of 5!95% acetonitrile for the 0-12 min 
period and 95% acetonitrile for the 11-15 min period. Low resolution mass spectrometry was 
performed on an Agilent LC-MSD mass spectrometer at the Institute of Chemical Biology and 
Drug Discovery, Stony Brook, NY. High resolution mass spectrometry analysis was carried out 
on an Agilent LC-UV-TOF mass spectrometer at the Institute of Chemical Biology and Drug 
Discovery, Stony Brook, NY or at the Mass Spectrometry Laboratory, University of Illinois at 
Urbana-Champaign, Urbana, IL.  
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§3.6.3 Materials 
 

The chemicals were purchased from Sigma-Aldrich, Fisher Scientific, and VWR 
International, and used as received or purified before use by standard methods. Tetrahydrofuran 
was freshly distilled from sodium and benzophenone. Dichloromethane was also distilled 
immediately prior to use under nitrogen from calcium hydride. 

 
§3.6.4 Experimental Procedure 
 
LNA–SB-T-1214 [3-1]: 
To a solution of SB-T-1214 (0.133 g, 0.156 mmol), α-linolenic acid (42 µL, 0.140 mmol), and 
DMAP (0.019 g, 0.156 mmol) in CH2Cl2 (2 mL) was added EDC.HCl (0.030 g, 0.156 mmol) in 
CH2Cl2 (1 mL), and the mixture was allowed to react for 2 h at room temperature with stirring.  
The reaction was diluted with CH2Cl2 (20 mL), and the mixture was washed with saturated 
NH4Cl (3 x 20 mL) and brine (3 x 20 mL). The organic layer was dried over MgSO4 and 
concentrated in vacuo to afford a clear oil. Purification of the crude product by column 
chromatography on silica gel with hexanes/ethyl acetate (3:2) as eluent gave 3-1 (0.073 g, 47%) 
as a waxy white solid. SB-T-1214 (0.065 g) was recovered from the reaction, resulting in a 84% 
conversion yield. 1H NMR (300 MHz, CDCl3) δ 0.99 (m, 5H), 1.16 (s, 6H), 1.26 (s, 6H), 1.36 (s, 
17H), 1.68 (s, 6H), 1.77 (s, 7H), 1.88 (m, 1H), 1.94 (s, 3H), 2.09 (m, 1H), 2.35 (m, 2H), 2.39 (s, 
3H), 2.46 (m, 2H), 2.55 (m, 2H), 2.82 (m, 1H), 3.82 (d, J = 6.6 Hz, 1H), 4.19 (d, J = 8.4 Hz, 1H), 
4.32 (d, J = 8.4 Hz, 1H), 4.46 (m, 1H), 4.84 (m, 1H), 4.98 (m, 3H), 5.19 (m, 1H), 5.37 (m, 1H), 
5.68 (d, J = 7.2 Hz, 1H), 6.20 (bt, 1H), 6.31 (s, 1H), 7.50 (t, J = 7.5 Hz, 2H), 7.63 (t, J = 7.2 Hz, 
1H), 8.12 (d, J = 7.2 Hz, 2H). HRMS (TOF) for C63H88NO16

+ calcd: 1114.6098. Found: 
1114.6084 (Δ = -1.3 ppm).  
 
LNA–SB-T-12854 [3-2]: 
To a solution of SB-T-12854 (0.171 g, 0.203 mmol), α-linolenic acid (61 µL, 0.203 mmol), 
DMAP (0.025 g, 0.203 mmol) in CH2Cl2 (2.5 mL) was added EDC.HCl (0.039 g, 0.203 mmol) 
in CH2Cl2 (1 mL), and the mixture was allowed to react for 2½ h at room temperature with 
stirring. The reaction was diluted with CH2Cl2 (20 mL), and the mixture was washed with 
saturated NH4Cl (3 x 20 mL) and brine (3 x 20 mL). The organic layer was dried over MgSO4 
and concentrated in vacuo to afford a clear oil. Purification of the crude product by column 
chromatography on silica gel with hexanes/ethyl acetate (1:1) as eluent gave 3-2 (0.125 g, 56%) 
as a white solid; mp 84-86 °C; SB-T-12854 (0.059 g) was recovered from the reaction, resulting 
in a 86% conversion yield. 1H NMR (600 MHz, CDCl3) 0.98 (t, J = 7.2 Hz, 3H), 1.15 (s, 3H), 
1.25 (s, 3H), 1.31 (s, 9H), 1.32 (m, 8H), 1.67 (s, 3H), 1.68 (m, 2H), 1.88 (t, J = 13.2 Hz, 1H), 
1.96 (s, 3H), 2.07 (m, 4H), 2.22 (m, 1H), 2.36 (m, 1H), 2.39 (s, 3H), 2.47 (m, 2H), 2.54 (m, 1H), 
2.81 (t, J = 6.0 Hz, 4H), 2.96 (s, 3H), 3.03 (s, 3H), 3.21 (d, J = 3.6 Hz, 1H), 3.82 (d, J = 7.8 Hz, 
1H), 4.18 (d, J = 8.4 Hz, 1H), 4.31 (d, J = 8.4 Hz, 1H), 4.41 (dd, J = 9.0 Hz, 25.5 Hz, 1H), 4.49 
(m, 1H), 4.93 (m, 1H), 4.99 (d, J = 7.8 Hz, 1H), 5.06 (m, 2H), 5.36 (m, 6H), 5.67 (d, J = 6.6 Hz, 
1H), 6.25 (s, 1H), 6.28 (t, J = 8.4 Hz, 1H), 7.50 (t, J = 7.2 Hz, 2H), 7.61 (t, J = 7.2 Hz, 1H), 8.13 
(d, J = 7.2 Hz, 2H); 13C NMR (125 MHz, CDCl3) δ 9.4, 14.1, 14.3, 14.8, 20.5, 22.2, 22.5, 22.5, 
24.7, 25.5, 25.6, 26.9, 27.2, 28.1, 29.0, 29.1, 29.14, 29.6, 31.6, 33.6, 35.3, 35.4, 36.0, 36.6, 43.2, 
45.5, 58.4, 71.8, 72.5, 75.3, 76.1, 79.4, 81.0, 84.7, 127.1, 127.8, 128.2, 128.3, 128.7, 129.2, 
130.2, 132.0, 133.6, 156.1, 167.2, 172.5, 205.8; 19F NMR (282 MHz, CDCl3) δ -83.58 (dd, J = 
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23.8 Hz, 34.8 Hz, 1F), -85.36 (d, J = 34.8 Hz, 1F); HRMS (TOF) for C60H83F2N2NaO16
+ [M+ 

Na+] calcd: 1147.5525. Found: 1147.5519 (Δ = -0.5 ppm). 
 
2,2’-dithiobis-pyridine [3-3]:30 
To a solution of pyridine-2(1H)-thione (2.921 g, 0.025 mol) in CH2Cl2 (250 mL) was added 
KMnO4 (13.14 g, 0.083 mol), and the mixture was allowed to react for 1½ h at room temperature 
with vigorous stirring. The reaction mixture was filtered over celite and concentrated in vacuo to 
afford a yellow oil. Purification of the crude product by column chromatography on silica gel 
with hexanes/ethyl acetate (9:1) as eluent gave 3-3 (2.772 g, 96%) as a white needles; 1H NMR 
(500 MHz, CDCl3) δ 7.13 (m, 2H), 7.64 (m, 4H), 8.48 (d, J = 4.8 Hz, 2H). All data are in 
agreement with literature values.30 
 
(3H)-Benzo[b]thiophen-2-one [3-4]:31  
To a solution of 2-benzothienylboronic acid (2.004 g, 11.23 mmol) in EtOH (55 mL) was added 
H2O2 (16 mL), and the mixture was allowed to react for 16 h at room temperature with stirring. 
The reaction mixture was extracted with CH2Cl2 (3 x 50 mL). The combined organic layers were 
dried over MgSO4 and concentrated in vacuo to afford a dark red oil. Purification of the crude 
product by column chromatography on silica gel with hexanes/ethyl acetate (9:1) as eluent gave 
3-4 (1.808 g, 95%) as a brown solid; 1H NMR (600 MHz, CDCl3) δ 3.97 (s, 2H), 7.21 (dd, J = 
7.2 Hz, 1H), 7.30 (dd, J = 8.4 Hz, 2H), 7.34 (d, J = 7.8 Hz, 1H). All data are in agreement with 
literature values.31  
 
(2-Mercaptophenyl)acetic acid [3-5]:32 
To a solution of 3-4 (1.800 g, 12.05 mmol) in THF (25 mL) heated to 60 °C under reflux was 
added an aqueous solution of 3 M LiOH (25.0 mL, 75.0 mmol), and the mixture was allowed to 
react for 18 h at 60 °C with stirring. The reaction was allowed to cool to room temperature and 
diluted with H2O (25 mL). The pH of the aqueous phase was adjusted to 2 with 1 N HCl. The 
organic layer was separated, and the aqueous layer was extracted with CH2Cl2 (3 x 30 mL). The 
combined organic layers were washed with brine (3 x 50 mL), dried over MgSO4, and 
concentrated in vacuo to afford a yellow oil. Purification of the crude product by column 
chromatography on silica gel with hexanes/ethyl acetate (2:1) as eluent gave 3-5 (1.643 g, 81%) 
as a white solid; 1H NMR (600 MHz, CDCl3) δ 3.49 (s, 1H), 3.82 (s, 2H), 7.16-7.20 (m, 2H), 
7.24 (m, 1H), 7.40 (m, 1H). All data are in agreement with literature values.32!
!
4-Mercaptopentanoic acid [3-7]:33 
A solution of γ-valerolactone (4 mL, 0.042 mmol) and thiourea (15.9 g, 0.210 mol) in 48% HBr 
in H2O (23 mL) was allowed to react for 24 h at 100 °C under reflux conditions with stirring. 
The reaction was allowed to cool to room temperature and diluted with H2O (20 mL). The 
aqueous layer was washed with CH2Cl2 (3 x 30 mL) and diethyl ether (3 x 30 mL) to give 
thiourea salt 3-6 in the aqueous layer. The pH of the aqueous phase was adjusted to 13 with 
KOH (s), and the basic solution was allowed to react for 24 h at 100 °C under reflux conditions 
with stirring. The reaction was allowed to cool to room temperature and diluted with H2O (20 
mL). The pH was adjusted to 2 with 1 N HCl, and the acidified solution was extracted with 
CH2Cl2 (3 x 50 mL). The combined organic layers were dried over MgSO4 and concentrated in 
vacuo to afford 3-7 (3.822 g, 68% over two steps) as a pungent yellow oil; 1H NMR (500 MHz, 
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CDCl3) δ 1.38 (d, J = 7.0 Hz, 3H), 1.45 (d, J = 7.0 Hz, 1H), 1.78 (m, 1H), 1.99 (m, 1H), 2.54 (m, 
2H), 2.96 (m, 1H); All data are in agreement with literature values.33 
 
Triisopropylsilyl-4-(pyridin-2-yldisulfanyl)pentanoate [3-9]:34 
To a solution of 3-7 (0.709 g, 5.29 mmol) in EtOH (25 mL) was added 3-3 (7 g, 31.7 mmol) in 
EtOH (100 mL), and the mixture was allowed to react for 2 h at 80 °C under reflux with stirring. 
The reaction was allowed to cool to room temperature, and the mixture was concentrated in 
vacuo to afford a yellow precipitate. Excess 3-3 was removed by trituration with hexanes. 
Purification of the crude product by column chromatography on silica gel with hexanes/ethyl 
acetate (9:1) as eluent gave mixture of 3-8 along with pyridine-2-thiol. The product was taken 
directly to the subsequent TIPS-protection. To a cooled solution of the 3-8 in CH2Cl2 (50 mL) 
was added Et3N (2.1 mL, 15.1 mmol) and TIPSCl (1.93 mL, 9.04 mmol), and the mixture was 
allowed to warm from 0 °C to room temperature and react for 24 h with stirring. The reaction 
mixture was concentrated in vacuo to afford a yellow oil. Purification of the crude product by 
column chromatography on silica gel with hexanes/ethyl acetate (2:1) as eluent gave 3-9 (2.706, 
92% over 2 steps) as a colorless oil; 1H NMR (600 MHz, CDCl3) δ 1.06 (m, 21 H), 1.34 (d, J = 
7.2 Hz, 3H), 1.89 (m, 1H), 2.00 (m, 1H), 2.51 (m, 2H), 3.03 (m, 1H), 7.06 (t, J = 7.8 Hz, 1H), 
7.62 (t, J = 7.8 Hz, 1H), 7.72 (d, J = 7.8 Hz, 1H), 8.44 (d, J = 3.0 Hz, 1H); HRMS for 
C19H34NO2S2Si+ calcd: 400.1795. Found: 400.1788 (Δ = -1.8 ppm). All data are in agreement 
with literature values.34 
 
2-(2-5-Oxo-triisopropylsilyloxypentan-2-yl)disulfanylphenylacetic acid [3-10]:34 
To a cooled solution of 3-9 (0.300 g, 0.752 mmol) in THF (1.5 mL) was added 3-5 (0.130 g, 
0.752 mmol) in THF (1.5 mL), and the mixture was allowed to react for 2 h at -10 °C with 
stirring. The reaction mixture was concentrated in vacuo to afford a yellow oil. Purification of 
the crude product by column chromatography on silica gel with hexanes/ethyl acetate (3:1) as 
eluent gave 3-10 (0.166 g, 68%) as a pale yellow oil; 1H NMR (500 MHz, CDCl3) δ 1.05 (d, J = 
7.5 Hz, 18H), 1.25 (d, J = 6.5 Hz, 3H), 1.26 (m, 3H), 1.81 (m, 1H), 1.96 (m, 1H), 2.41 (m, 2H), 
2.90 (m, 1H), 3.90 (s, 2H), 7.21 (m, 2H), 7.29 (m, 1H), 7.79 (d, J = 7.5 Hz, 1H); 13C NMR (125 
MHz, CDCl3) δ 11.88, 17.79, 20.26, 31.04, 33.14, 38.92, 45.18, 127.53, 128.34, 130.15, 130.84, 
133.17, 133.20, 137.77, 173.56, 175.70; HRMS for C22H37O4S2Si+ calcd: 457.1897. Found: 
457.1892 (Δ = -1.1 ppm). All data are in agreement with literature values.34 
 
SB-T-1214-(Me-SS-Linker)-OTIPS [3-11]:35  
To a solution of SB-T-1214 (2-4) (0.600 g, 0.703 mmol), 3-10 (0.350 g (0.768 mmol), and 
DMAP (0.038 g, 0.308 mmol) in CH2Cl2 (15 mL) was added DIC (135 µL, 0.877 mmol), and the 
mixture was allowed to react for 24 h at room temperature with stirring. The reaction was 
quenched with saturated NH4Cl (15 mL) and diluted with H2O (10 mL), and the mixture was 
washed with brine (3 x 20 mL). The organic layer was dried over MgSO4 and concentrated in 
vacuo to afford a yellow oil. The diisopropylurea byproduct was removed by filtration with 
diethyl ether. Purification of the crude product by column chromatography on silica gel with 
hexanes/ethyl acetate (2:1) as eluent gave 3-11 (0.697, 77%) as a white solid; 1H NMR (400 
MHz, CDCl3) δ 0.97 (m, 2H), 1.06 (d, J = 7.2 Hz, 18H), 1.14 (m, 5H), 1.25 (s, 6H), 1.30 (d, J = 
6.8 Hz, 3H), 1.33 (s, 9H), 1.66 (s, 3H), 1.69 (s, 3H), 1.72 (s, 3H), 1.76 (m, 2H), 1.85 (m, 1H), 
1.90 (s, 3H), 1.93 (m, 2H), 2.30 (m, 2H), 2.35 (s, 3H), 2.42 (m, 2H), 2.53 (m, 2H), 2.59 (m, 1H), 
2.94 (m, 1H), 3.81 (d, J = 7.2 Hz, 1H), 3.94 (dd, J = 1.7, 16.8 Hz, 1H), 4.10 (dd, J = 1.7, 16.8 
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Hz, 1H), 4.18 (d, J = 8.4 Hz, 1H), 4.30 (d, J = 8.4 Hz, 1H), 4.42 (m, 1H), 4.79 (d, J = 8.4 Hz, 
1H), 4.92 (s, 1H), 4.96 (d, J = 7.2 Hz, 1H), 5.07 (d, J = 8.4 Hz, 1H), 5.67 (d, J = 7.2 Hz, 1H), 
6.19 (t, J = 8.7 Hz, 1H), 6.28 (s, 1H), 7.26 (m, 3H), 7.47 (t, J = 7.9 Hz, 2H), 7.60 (t, J = 7.4 Hz, 
1H), 7.80 (d, J = 7.4 Hz, 1H), 8.11 (d, J = 7.1 Hz, 2H); HRMS for C67H94NO18S2Si+ calcd: 
1292.5676. Found: 1292.5676 (Δ = 0 ppm). 
 
SB-T-1214-(Me-SS-Linker)-COOH [3-12]:35  
To a cooled solution of 3-11 (0.649 g, 0.502 mmol) in CH3CN-pyridine (1:1) (50 mL) was added 
HF-pyridine (6.5 mL), and the mixture was allowed to warm from 0 °C to room temperature and 
react for 24 h at room temperature with stirring. The reaction was quenched with 10% citric acid 
(10 mL), and the mixture was extracted with ethyl acetate (3 x 30 mL). The combined organic 
layers were washed with saturated CuSO4 (3 x 20 mL) and brine (3 x 20 mL), dried over MgSO4, 
and concentrated in vacuo to afford a colorless oil. Purification of the crude product by column 
chromatography on silica gel with hexanes/ethyl acetate (1:4) as eluent gave 3-12 (0.516 g, 91%) 
as a white solid. Yields ranged from 83%-91%. 1H NMR (500 MHz, CDCl3) δ 1.02 (m, 2H), 
1.16 (m, 2H), 1.18 (m, 3H), 1.29 (s, 6H), 1.39 (s, 9H), 1.70 (s, 3H), 1.75 (s, 3H), 1.76 (s, 3H), 
1.80 (m, 2H), 1.89 (bt, 1H), 1.93 (s, 3H) 1.94 (m, 2H), 2.39 (m, 2H), 2.42 (s, 3H), 2.56 (m, 1H), 
3.03 (m, 1H), 3.83 (m, 1H), 3.96 (dd, J = 1.7, 16.8 Hz, 1H), 4.15 (dd, J = 1.7, 16.8 Hz, 1H), 4.20 
(d, J = 8.4 Hz, 1H), 4.34 (d, J = 8.5 Hz, 1H), 4.45 (m, 1H), 5.00 (m, 3H), 5.18 (d, J = 7.1 Hz, 
1H), 5.70 (d, J = 7.2 Hz, 1H), 6.25 (m, 1H), 6.32 (m, 1H), 7.33 (m, 3H), 7.51 (t, J = 7.8 Hz, 2H), 
7.63 (t, J = 7.5 Hz, 1H), 7.84 (d, J = 7.8 Hz, 1H), 8.14 (d, J = 7.1 Hz, 2H), 8.66 (bs, 1H); HRMS 
for C58H74NO18S2

+ calcd: 1136.4342. Found: 1136.4365 (Δ = 2.0 ppm).  
 
SB-T-1214-(Me-SS-Linker)-OSu [3-13]:35 
To a solution of 3-12 (0.500 g, 0.441 mmol) and N-hydroxysuccinimide (0.160 g, 1.32 mmol) in 
THF-pyridine (1:1) (8 mL) was added EDC.HCl (0.100 g, 0.485 mmol), and the mixture was 
allowed to react for 36 h at room temperature with stirring. The reaction was quenched with 
saturated NH4Cl (15 mL), and the mixture was extracted with CH2Cl2 (3 x 30 mL). The 
combined organic layers were washed with brine (3 x 30 mL), dried over MgSO4, and 
concentrated in vacuo to afford a yellow oil. Purification of the crude product by column 
chromatography on silica gel with hexanes/ethyl acetate (1:1) as eluent gave 3-13 (0.376 g, 70%) 
as a white solid; 1H NMR (500 MHz, CDCl3) δ 0.98 (m, 2H), 1.12 (m, 2H), 1.14 (s, 3H), 1.25 
(m, 3H), 1.31 (dd, J = 4.8, 6.8 Hz, 3H), 1.33 (s, 2H), 1.34 (s, 9H), 1.66 (s, 3H), 1.71 (s, 3H), 1.73 
(s, 3H), 1.86 (t, J = 13.8 Hz, 1H), 1.90 (s, 3H), 1.97 (m, 2H), 2.32 (m, 2H), 2.35 (s, 3H), 2.53 (m, 
1H), 2.64 (t, J = 7.0 Hz, 2H), 2.83 (s, 4H), 2.99 (m, 1H), 3.80 (d, J = 7.2 Hz, 1H), 3.97 (dd, J = 
1.7, 16.8 Hz, 1H), 4.08 (dd, J = 1.7, 16.8 Hz, 1H), 4.13 (m, 1H), 4.18 (d, J = 8.4 Hz, 1H), 4.30 
(d, J = 8.4 Hz, 1H), 4.42 (m, 1H), 4.81 (m, 1H), 4.92 (s, 1H), 4.96 (d, J = 8.5 Hz, 1H), 5.09 (d, J 
= 8.5 Hz, 1H), 5.67 (d, J = 7.2 Hz, 1H), 6.18 (t, J = 8.5 Hz, 1H), 6.28 (s, 1H), 7.30 (m, 3H), 7.47 
(t, J = 7.8 Hz, 2H), 7.60 (t, J = 7.4 Hz, 1H), 7.79 (d, J = 8.2 Hz, 1H), 8.11 (d, J = 7.5 Hz, 2H). 
13C NMR (125 MHz, CDCl3) δ 9.19, 9.39, 9.58, 13.04, 13.75, 14.23, 14.87, 18.54, 19.15, 20.40, 
22.25, 22.45, 23.51, 25.61, 25.75, 26.70, 28.24, 30.26, 30.66, 35.45, 35.51, 38.80, 42.29, 43.20, 
45.60, 58.48, 64.40, 71.83, 72.16, 75.01, 75.22, 75.49, 76.42, 79.31, 80.97, 84.52, 119.98, 
128.03, 128.48, 128.66, 129.29, 130.21, 130.64, 130.69, 131.00, 132.40, 133.45, 133.63, 154.94, 
156.89, 167.01, 168.16, 169.10, 169.64, 170.19, 170.21, 175.12, 204.18; HRMS for 
C62H77N2O20S2

+ calcd: 1233.4506. Found: 1233.4496 (Δ = -0.8 ppm). HPLC: t = 14.1 min, 
purity > 98%.35 
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4-Mercapto-4-methylpentanenitrile [3-14]:33 
To a cooled solution of n-BuLi (11 mL, 17.6 mmol) in THF (22 mL) at -78 °C was added 
CH3CN (0.91 mL, 17.6 mmol), slowly and dropwise over 5 min, to pre-form the lithiated 
acetonitrile salt as a white precipitate. To the cooled suspension was added isobutylene sulfide 
(1.15 mL, 11.7 mmol) over 15 min by dropwise addition, and the mixture was allowed to react 
for 1 h at -78 °C with stirring. The reaction was allowed to warm to room temperature as a 
yellow oil formed at the bottom of the reaction flask. Reaction progress was monitored by mass 
spectrometry. The reaction mixture was cooled to 0 °C and acidified slowly with 0.5 N HCl (5 
mL). The organic layer was separated, and the acidic aqueous layer was extracted with ethyl 
acetate (3 x 30 mL). The combined organic layers were dried over MgSO4 and concentrated in 
vacuo to afford 3-14 (1.616 g, crude) as an amber oil; 1H NMR (300 MHz, CDCl3) δ 1.52 (s, 
6H), 2.04 (t, J = 7.2 Hz, 2H), 2.85 (t, J = 7.2 Hz, 2H); MS (ESI) for C6H12NS+ calc’d: 130.1.  
Found: 130.1. All data are in agreement with literature reported values.33 
 
4-Mercapto-4-methylpropanoic acid [3-15]:33 
To a solution of 3-14 (1.616 g, crude) in EtOH (7 mL) was added an aqueous solution of 6 M 
NaOH (2 mL), and the mixture was allowed to react for 15 h at 80 °C under reflux conditions 
with stirring. The reaction was diluted with H2O (20 mL), and the mixture was extracted with 
hexanes/ethyl acetate (1:2) (3 x 30 mL). The aqueous layer was acidified to pH 2 with HCl 
(conc.) and extracted with ethyl acetate (3 x 30 mL). The combined organic layers were dried 
over MgSO4 and concentrated in vacuo to give 3-15 (1.595 g, 92%) as an amber oil; 1H NMR 
(300 MHz, CDCl3) δ 1.41 (s, 6H), 1.94 (t, J = 7.8 Hz, 2H), 2.58 (t, J = 7.8 Hz, 2H); MS FIA- for 
C6H11O2S- calc’d: 147.1. Found: 147.1. All data are in agreement with literature reported 
values.33  
 
4-Methyl-4-(pyridinyl-2-disulfanyl)pentanoic acid [3-16]: 
To a solution of 3-15 (0.890 g, 6.061 mmol) in EtOH (60 mL) was added 3-3 (4.0 g, 18.18 
mmol), and the mixture was allowed to react for 2 h at 80 °C under reflux conditions with 
stirring. The reaction was allowed to cool to room temperature, and the mixture was concentrated 
in vacuo to give an orange oil. Purification of the crude product by column chromatography on 
silica gel with hexanes/ethyl acetate (3:1) as eluent gave 3-16 (1.344 g, 87%) as a yellow solid; 
Rf = 0.5 (hexanes/ethyl acetate = 1:1); 1H NMR (300 MHz, CDCl3) δ 1.31 (s, 6H), 1.96 (t, J = 
7.8 Hz, 2H), 2.51 (t, J = 7.8 Hz, 2H), 7.09 (dd, J = 6.3 Hz, 1H), 7.64 (dd, J = 7.5 Hz, 1H), 7.75 
(d, J = 8.1 Hz, 1H), 8.46 (d, J = 4.5 Hz, 1H); 13C NMR (75 MHz, CDCl3) δ 27.38, 29.86, 35.52, 
51.73, 120.40, 120.78, 137.04, 149.21, 160.78, 178.46; HRMS for C11H17NO2S2

+ calcd: 
258.0622. Found: 258.0619 (Δ = -1.2 ppm). 
 
Triisopropylsiloxy-4-methyl-4-(pyridinyl-2-disulfanyl)pentanoate [3-17]: 
To a cooled solution of 3-16 (0.295 g, 1.148 mmol) in CH2Cl2 (11 mL) was added Et3N (0.32 
mL, 2.296 mmol) followed by TIPSCl (0.27 mL, 1.263 mmol), and the mixture was allowed to 
warm from 0 °C to room temperature and react for 30 min with stirring. The reaction was diluted 
with H2O (10 mL), and the mixture was extracted with CH2Cl2 (3 x 20 mL). The combined 
organic layers were dried over MgSO4 and concentrated in vacuo to give a yellow oil. 
Purification of the crude product by column chromatography on silica gel with hexanes/ethyl 
acetate (24:1) as eluent gave 3-17 (0.475 g, 94%) as a colorless oil; Rf = 0.85 (hexanes/ethyl 
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acetate = 3:1); 1H NMR (300 MHz, CDCl3) δ 1.08 (m, 21H), 1.32 (s, 6H), 1.96 (t, J = 7.8 Hz, 
2H), 2.48 (t, J = 7.8 Hz, 2H), 7.07 (m, 1H), 7.62 (t, J = 7.8 Hz, 1H), 7.75 (d, J = 8.1 Hz, 1H), 
8.44 (d, J = 4.5 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 11.90, 17.81, 27.43, 31.63, 36.21, 
51.77, 119.96, 120.58, 136.83, 149.33, 161.02, 173.32; HRMS for C20H36NO2S2Si+ calcd: 
414.1957. Found: 414.1954 (Δ = -0.7 ppm). 
 
2-(2-[2-Methyl-5-oxo-triisopropylsilyloxy]pentan-2-yl)disulfanyl-3-phenylacetic acid [3-18]: 
To a solution of 3-17 (0.456 g, 1.034 mmol) in THF (10 mL) was added 3-5 (0.173 g, 1.034 
mmol), and the mixture was allowed to react for 3 h at 60 °C. Reaction progress was monitored 
by TLC and MS ([M–H+] m/z 469). The reaction mixture was concentrated in vacuo to give a 
yellow oil. Purification of the crude product by column chromatography on silica gel with 
hexanes/ethyl acetate (13:1) as eluent gave 3-18 (0.110 g) as a colorless oil. 1H and 13C NMR 
indicated that two products were present, either due to TIPS transfer between acids or by the 
presence of rotamers; 1H NMR (400 MHz, CDCl3) δ 1.19 (m, 18H), 1.24 (s, 3H), 1.30 (m, 3H), 
1.36 (s, 3H), 1.89 (t, J = 7.8 Hz, 1H), 2.02 (t, J = 7.8 Hz, 1H), 2.36 (t, J = 7.8 Hz, 1H), 2.50 (t, J 
= 7.8 Hz, 1H), 3.93 (s, 1H), 3.96 (s, 1H), 7.21 (s, 1H), 7.33 (m, 2H), 7.82 (m, 1H); 13C NMR 
(100 MHz, CDCl3) δ 11.89, 11.91, 27.55, 27.67, 31.45, 31.65, 36.02, 36.14, 38.88, 39.33, 51.85, 
127.22, 128.15, 128.49, 129.26, 129.62, 130.75, 130.98, 132.59, 133.63, 135.39, 137.16, 138.01, 
173.55, 173.58, 176.03, 176.14; HRMS for C23H39O4S2Si+ calcd: 471.2029. Found: 471.2029 (Δ 
= 0 ppm). 
 
N-Propargylamino-4-methyl-4-(pyridinyl-2-disulfanyl)pentanoate [3-19]: 
To a solution of 3-16 (0.257 g, 1.0 mmol) in CH2Cl2 (10 mL) was added EDC.HCl (0.230 g, 1.2 
mmol) and DMAP (0.122 g, 1.0 mmol) followed by propargylamine (128 µL, 2.0 mmol), and the 
mixture was allowed to react for 9 h at room temperature with stirring. The reaction was diluted 
with H2O (20 mL) and CH2Cl2 (20 mL), and the mixture was washed with brine (3 x 10 mL). 
The organic layer was dried over MgSO4 and concentrated in vacuo to give an orange oil. 
Purification of the crude product by column chromatography on silica gel with hexanes/ethyl 
acetate (3:2) as eluent gave 3-19 (0.216 g, 75%) as a yellow oil; Rf = 0.5 (hexanes/ethyl acetate = 
1:1); 1H NMR (500 MHz, CDCl3) δ 1.33 (s, 6H), 1.99 (dt, J = 6.0, 8.5 Hz, 2H), 2.27 (t, J = 2.5 
Hz, 1H), 2.36 (dt, J = 6.0, 8.5 Hz, 2H), 4.04 (dd, J = 2.5 Hz, 1H), 5.66 (bs, 1H), 7.12 (m, 1H), 
7.65 (dt, J = 1.5, 7.5 Hz, 1H), 7.75 (d, J = 8.0 Hz, 1H), 8.48 (d, J = 4.0 Hz, 1H); 13C NMR (125 
MHz, CDCl3) δ 27.58, 29.26, 32.08, 36.42, 52.00, 71.73, 79.48, 120.53, 120.86, 136.92, 149.44, 
160.79, 172.01; HRMS for C14H19N2OS2

+ calcd: 295.0933. Found: 295.0943 (Δ = 3.4 ppm).  
 
N-Propargylamino-4-methyl-3-(2-disulfanyl-1-phenylacetate)pentanoate [3-20]: 
To a heated solution of 3-19 (0.177 g, 0.495 mmol) in THF (5 mL) at 55 °C was added 3-5 
(0.058 g, 0.347 mmol) in THF (1 mL), and the mixture was allowed to react for 4 d at 55 °C with 
stirring. Reaction progress was monitored by mass spectrometry. The reaction mixture was 
concentrated in vacuo to give a yellow oil. Purification of the crude product by column 
chromatography on silica gel with hexanes/ethyl acetate (1:1) as eluent gave 3-20 (0.110 g, 74%) 
as a yellow oil; Rf = 0.3 (hexanes/ethyl acetate = 2:3); contains 3-19; 1H NMR (500 MHz, 
CDCl3) δ 1.27 (s, 6H), 1.81 (m, 2H), 2.09 (m, 2H), 2.24 (t, J = 2.5 Hz, 1H), 3.87 (dd, J = 2.5 Hz, 
2H), 3.98 (s, 2H), 7.33 (m, 3H), 7.85 (d, J = 7.5 Hz, 1H); 13C NMR (125 MHz, CDCl3) 27.53, 
29.21, 32.14, 36.32, 52.84, 71.55, 79.50, 113.80, 120.63, 127.71, 128.14, 131.41, 133.99, 137.79, 
172.68; HRMS for C17H20NO3S2

- calcd: 350.0890. Found: 350.0900 (Δ = 2.9 ppm).   
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SB-T-1214-(Me2-SS-Linker)-Alkyne [3-21]: 
To a solution of SB-T-1214 (2-4) (0.076 g, 0.089 mmol), 3-20 (0.035 g, 0.099 mmol), and 
DMAP (0.006 g, 0.027 mmol) in CH2Cl2 (1 mL) was added EDC.HCl (0.030 g, 0.190 mmol), 
and the mixture was allowed to react for 20 h at room temperature with stirring. The reaction 
mixture was concentrated in vacuo to give a yellow oil. Purification of the crude product by 
column chromatography on silica gel with hexanes/ethyl acetate/acetic acid (53:46:1) as eluent 
gave 3-21 (0.073 g, 69%) as a white solid; Rf = 0.4 (hexanes/ethyl acetate/acetic acid = 59:40:1); 
1H NMR (500 MHz, CDCl3) δ 0.92 (m, 2H), 1.02 (m, 2H), 1.18 (s, 3H), 1.27 (s, 3H), 1.28 (s, 
6H), 1.33 (s, 3H), 1.38 (s, 9H), 1.69 (s, 3H), 1.76 (s, 3H), 1.77 (s, 3H), 1.80 (m, 2H), 1.89 (bt, 
1H), 1.94 (s, 3H), 2.05 (m, 1H), 2.08 (s, 3H), 2.27 (t, J = 2.5 Hz, 1H), 2.37 (m, 1H), 2.38 (s, 3H), 
2.56 (m, 2H), 3.82 (d, J = 7.0 Hz, 1H), 3.84 (ddd, J = 2.5, 2.5, 17.5 Hz, 1H), 3.93 (ddd, J = 2.5, 
2.5, 17.5 Hz), 4.06 (d, J = 16.5 Hz, 1H), 4.18 (d, J = 16.5 Hz, 1H), 4.21 (d, J = 8.4 Hz, 1H), 4.33 
(d, J = 8.4 Hz, 1H), 4.45 (dd, J = 6.5, 11.0 Hz, 1H), 4.97 (d, J = 11.0 Hz, 1H), 5.00 (m, 2H), 5.21 
(bs, 1H), 5.43 (bs, 1H), 5.70 (d, J = 7.0 Hz, 1H), 6.22 (t, J = 8.7 Hz, 1H), 6.32 (s, 1H), 7.31 (m, 
3H), 7.51 (t, J = 7.5 Hz, 2H), 7.63 (t, J = 7.5 Hz, 1H), 7.84 (d, J = 7.0 Hz, 1H), 8.14 (d, J = 7.0 
Hz, 2H); 13C NMR (125 MHz, CDCl3) δ 9.19, 9.41, 9.56, 13.02, 14.89, 18.55, 22.20, 22.49, 
22.78, 26.70, 27.23, 28.04, 28.25, 29.11, 29.72, 31.87, 35.46, 36.23, 38.82, 43.20, 45.65, 52.42, 
58.48, 71.52, 71.83, 72.14, 75.19, 75.46, 76.41, 79.28, 79.64, 81.01, 84.49, 119.93, 128.09, 
128.27, 128.66, 129.25, 130.19, 131.31, 131.42, 132.52, 133.66, 137.65, 137.92, 143.39, 155.00, 
167.02, 168.18, 169.63, 170.83, 172.09, 175.13, 204.09; HRMS for C62H79N2O17S2

+ calcd: 
1187.4815.  Found: 1187.4826 (Δ = 0.9 ppm).   
 
SB-T-12822-5-(Me-SS-Linker)-OTIPS [3-22]:28 
To a solution of SB-T-12822-5 (2-36) (0.100 g, 0.105 mmol), 3-10 (0.058 g, 0.115 mmol), and 
DMAP (0.006 g, 0.031 mmol) in CH2Cl2 (10 mL) was added DIC (18 µL, 0.115 mmol), and the 
mixture was allowed to react for 12 h at room temperature with stirring. The reaction was 
quenched with saturated NH4Cl (10 mL) and diluted with H2O (10 mL), and the mixture was 
extracted with CH2Cl2 (3 x 30 mL). The combined organic layers were washed with brine (3 x 30 
mL), dried over MgSO4, and concentrated in vacuo to afford a yellow oil. The diisopropylurea 
byproduct was removed by filtration with Et2O. Purification of the crude product by column 
chromatography on silica gel with hexanes/ethyl acetate (2:1) as eluent gave 3-22 (0.075, 51%) 
as a white solid; Rf = 0.4 (hexanes/ethyl acetate = 2:1); 1H NMR (500 MHz, CDCl3) δ 0.97 (m, 
2H), 1.08 (d, J = 7.5 Hz, 18H), 1.25 (m, 3H), 1.26 (s, 3H), 1.31 (d, J = 7.5 Hz, 3H), 1.36 (s, 9H), 
1.69 (s, 3H), 1.80 (m, 1H), 1.92 (s, 3H), 2.30 (m, 1H), 2.35 (s, 3H), 2.46 (m, 2H), 2.57 (m, 1H), 
2.65 (d, J = 3.5 Hz, 1H), 2.97 (m, 1H), 3.87 (m, 4H), 4.01 (bs, 2H), 4.09 (m, 1H), 4.18 (d, J = 8.0 
Hz, 1H), 4.31 (d, J = 8.0 Hz, 1H), 4.45 (m, 1H), 4.92 (m, 1H), 4.99 (d, J = 9.0 Hz, 1H), 5.22 (d, J 
= 10.0 Hz, 1H), 5.37 (s, 1H), 5.66 (d, J = 7.0 Hz, 1H), 6.22 (t, J = 9.5 Hz, 1H), 6.30 (s, 1H), 7.21 
(m, 3H), 7.48 (d, J = 8.0 Hz, 1H), 7.59 (t, J = 8.0 Hz, 1H), 7.84 (d, J = 7.5 Hz, 1H), 8.04 (s, 1H), 
8.09 (d, J = 7.5 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 9.23, 9.47, 9.55, 11.88, 12.99, 14.79, 
15.30, 17.79, 19.14, 20.52, 21.99, 22.21, 23.36, 24.70, 26.64, 27.92, 30.95, 33.00, 35.26, 35.38, 
36.64, 38.48, 43.15, 45.61, 46.03, 58.47, 64.40, 65.89, 69.30, 72.15, 72.37, 75.30, 75.76, 76.24, 
79.36, 81.00, 81.58, 84.54, 122.31, 126.21, 127.71, 128.49, 128.55, 130.19, 130.89, 130.72, 
131.21, 132.38, 132.76, 137.51, 142.77, 149.31, 154.67, 156.83, 165.65, 166.21, 169.39, 169.67, 
173.00, 175.11, 203.85; 19F NMR (470 MHz, CDCl3) δ -57.95 (s, 3F), -73.31 (d, J = 8.0 Hz, 3F); 
HRMS for C65H86F6NO19S2Si+ calcd: 1390.4903. Found: 1390.4882 (Δ= -1.5 ppm). 
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SB-T-12822-5-(Me-SS-Linker)-COOH [3-23]:28 
To a cooled solution of 3-22 (0.035 g, 0.025 mmol) in CH3CN-pyridine (1:1) (8 mL) was added 
HF-pyridine (0.4 mL), and the mixture was allowed to warm from 0 °C to room temperature and 
react for 10 h with stirring. The reaction was quenched with 10% citric acid  (10 mL) and diluted 
with H2O (10 mL), and the mixture was extracted with ethyl acetate (3 x 20 mL). The combined 
organic layers were washed with saturated CuSO4 (3 x 20 mL) and brine (3 x 20 mL), dried over 
MgSO4, and concentrated in vacuo to afford 3-22 (0.031, quant.) as a white solid; conformational 
isomers present; Rf = 0.2 (hexanes/ethyl acetate); 1H NMR (500 MHz, CDCl3) δ 0.91 (m, 2H), 
1.11 (m, 3H), 1.26 (s, 3H), 1.28 (m, 3H), 1.35 (s, 4.5H), 1.36 (s, 4.5H), 1.79 (m, 4H), 1.90 (s, 
1.5H), 1.91 (s, 1.5H), 2.30 (m, 3H), 2.42 (s, 1.5H), 2.39 (s, 1.5H), 2.65 (m, 2H), 2.94 (m, 0.5 H), 
3.02 (m, 0.5 H), 4.00 (dd, J = 9.0, 17.0 Hz, 1H), 4.08 (d, J = 7.0 Hz, 1H), 4.15 (d, J = 7.0 Hz, 
1H), 4.31 (d, J = 8.0 Hz, 2H), 4.43 (m, 1H), 4.93 (m, 1H), 5.00 (d, J = 9.0 Hz, 1H), 5.35 (dd, J = 
10.5, 16.0 Hz, 1H), 5.48 (s, 0.5 H), 5.52 (s, 0.5 H), 5.66 (d, J = 7.0 Hz, 1H), 6.24 (m, 1H), 6.29 
(s, 0.5H), 6.30 (s, 0.5H), 7.26 (m, 3H), 7.35 (m, 1H), 7.48 (d, J = 8.0 Hz, 1H), 7.59 (t, J = 8.0 Hz, 
1H), 7.84 (d, J = 7.5 Hz, 1H), 8.03 (s, 1H), 8.08 (d, J = 8.0 Hz, 1H); 13C NMR (125 MHz, 
CDCl3) δ 9.25, 9.47, 9.56, 11.75, 11.86, 13.01, 13.73, 14.15, 14.22, 14.73, 14.74, 17.22, 19.14, 
20.11, 20.21, 21.09, 21.91, 22.12, 22.16, 22.68, 22.72, 26.61, 26.65, 27.92, 29.39, 29.72, 30.65, 
31.61, 31.95, 35.26, 35.42, 38.45, 43.13, 45.38, 45.75, 45.87, 52.36, 52.61, 53.22, 55.95, 58.45, 
60.44, 64.40, 69.41, 69.48, 72.14, 79.29, 81.21, 81.28, 81.57, 81.61, 84.42, 122.32, 126.22, 
127.57, 127.63, 127.92, 128.53, 128.80, 129.75, 130.04, 130.40, 130.89, 131.22, 132.32, 132.76, 
137.20, 137.59, 142.73, 149.32, 154.70, 154.78, 157.21, 165.63, 166.45, 169.55, 170.73, 175.14, 
175.18, 195.28, 203.75; 19F (470 MHz, CDCl3) δ -57.95 (s, 3F), -73.09 (d, J = 8 Hz, 1.5H), -
73.15 (d, J = 1.5H); HRMS for C56H69F6N2O19S2

+ [M+NH4
+] calcd: 1251.3835. Found: 

1251.3820 (Δ= -1.2 ppm).  
 
Biotin-PEG-(SS-Linker)-SB-T-12822-5 (BLT-S-F6) [3-24]:28 
To a solution of 3-23 (0.035 g, 0.0251 mmol), N-biotinyl-PEG-NH2 (4-7) (0.015 g, 0.036 mmol), 
and DMAP (0.004 g, 0.033 mmol) in CHCl3 (3.3 mL) was added EDC.HCl (0.009 g, 0.049 
mmol), and the mixture was allowed to react for 12 h at room temperature with stirring. The 
reaction mixture was concentrated in vacuo to give a yellow oil. Purification of the crude produt 
by column chromatography on silica gel with 8% CH3OH in CH2Cl2 as eluent gave 3-23 (0.023 
g, 49%) as a white solid; Rf = 0.38 (CH2Cl2/CH3OH = 9:1); 1H NMR (500 MHz, CDCl3) δ 1.02 
(t, J = 8.0 Hz, 2H), 1.18 (s, 3H), 1.28 (s, 3H), 1.30 (d, J = 6.8 Hz, 3H), 1.37 (s, 9H), 1.48 (m, 
4H), 1.73 (m, 9H), 1.91 (m, 4H), 1.92 (s, 3H), 2.34 (m, 4H), 2.35 (s, 3H), 2.36 (m, 1H), 2.48 (t, J 
= 7.5 Hz, 2H), 2.55 (m, 1H), 2.75 (d, J = 12.5 Hz, 1H), 2.92 (m, 1H), 2.93 (dd, J = 4.5, 12.5 Hz, 
1H), 3.20 (m, 2H), 3.46 (m, 4H), 3.59 (t, J = 5.0 Hz, 2H), 3.66 (m, 10H), 3.83 (d, J = 7.0 Hz, 
1H), 4.01 (m, 2H), 4.09 (dd, J = 3.5, 6.5 Hz, 1H), 4.19 (d, J = 8.5 Hz, 1H), 4.35 (m, 5H), 4.54 
(m, 1H), 4.94 (m, 1H), 4.99 (d, J = 9.0 Hz, 1H), 5.20 (s, 2H), 5.39 (s, 1H), 5.57 (t, J = 11.0 Hz, 
1H), 5.66 (d, J = 7.0 Hz, 1H), 5.78 (s, 1H), 6.17 (s, 1H), 6.20 (t, J = 8.0 Hz, 1H), 6.33 (s, 1H), 
6.51 (m, 1H), 6.75 (bt, 1H), 7.28 (m, 2H), 7.35 (m, 1H), 7.48 (d, J = 8.0 Hz, 1H), 7.59 (t, J = 7.5 
Hz, 1H), 7.83 (d, J = 7.5 Hz, 1H), 8.03 (s, 1H), 8.08 (d, J = 8.0 Hz, 1H); 13C NMR (125 MHz, 
CDCl3) δ 9.21, 9.39, 9.62, 13.04, 14.74, 20.62, 20.97, 22.03, 22.52, 25.14, 22.52, 25.14, 25.54, 
26.59, 27.96, 28.05, 28.12, 28.27, 28.31, 29.73, 31.31, 33.42, 33.50, 35.32, 35.64, 35.84, 38.44, 
39.10, 30.15, 40.52, 42.86, 43.18, 45.85, 46.33, 47.85, 53.46, 55.32, 55.32, 55.50, 58.38, 60.19, 
61.78, 69.41, 69.94, 70.00, 70.08, 70.36, 71.92, 72.47, 75.30, 75.71, 76.25, 79.20, 81.08, 81.52, 
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84.53, 122.29, 126.18. 127.79, 128.54, 130.40, 130.50, 130.55, 130.86, 131.26, 132.64, 132.92, 
137.59, 142.29, 149.30, 153.96, 154.82, 163.42, 163.64, 165.59, 166.44, 170.00, 172.43, 173.33, 
173.33, 174.04, 174.85, 203.75; 19F NMR (470 MHz, CDCl3) δ -57.92 (s, 3F), -73.11 (d, J = 7.5 
Hz, 3F); HRMS for C74H98F6N5O23S3

+ calcd: 1634.5713. Found: 1634.5698 (Δ= -0.9 ppm). 
 
19F NMR Experiments 
 19F NMR experiments were performed on a Brüker Nanobay 400 MHz NMR 
spectrometer operating at a 19F Larmor frequency of 376 MHz with BBFOPLUS 5 mm probe (1H–
19F) at 25 °C or 37 °C. 19F NMR spectra were recorded using a pulse sequence of proton 
decoupling with a spectral width of 15,040 Hz (40 ppm), an acquisition time of 0.8 s, and a 
relaxation delay of 1.0 s. The obtained spectra were analyzed with TOPSPIN 3.0 (Brüker). 

Formulation Experiments on BLT-S-F6 
 Stock solutions of SB-T-12822-5 (2-36) and BLT-S-F6 (3-34) were prepared by 
dissolving each compound in ethanol to the final concentration of 10 mM. In each experiment, 
an aliquot of the prepared stock solution (10 µM) was diluted with various volumes of aqueous 
media (PBS, saline, cell culture medium or blood plasma), 0-8% ethanol and/or excipient 
(solutol HS 15 or polysorbate 80), and 10% D2O (50 µL) to the final volume of 500 µL. 
Formulations with excipients were performed with a 500 µL sample volume in an NMR tube 
with D2O as the NMR reference solvent. Chemical shift differences were determined by 
comparison of the recorded chemical shifts of the 2-m-OCF3 and 3’-CF3 groups for mixtures of 
SB-T-12822-5 and BLT-S-F6 in each formulation.  
 
Time-resolved 19F NMR Analysis of BLT-S-F6 

For linker stability and reactivity studies in human blood plasma, supplemental 
glutathione (100 equivalents) was dissolved in 200 µM solutions of BLT-S-F6 with 86% blood 
plasma, 10% D2O, 2% ethanol, 2% polysorbate (500 µL). Time-resolved 19F NMR spectra, 
representing disulfide bond cleavage and drug release, were recorded in real-time at 37 °C 
beginning at 30 min after the GSH addition by measuring one spectrum every 1 h (1024 
scans/spectrum) over a 13 h period (total of 13 spectra). The rate of drug release was monitored 
by measuring the integration ratio of the C3’-CF3 peaks of BLT-S-F6 (3-24) and SB-T-12822 (2-
36). The normalized integration ratios indicating drug release were plotted as a function of time. 
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§4.1 Introduction 
 
§4.1.1 Vitamins in Targeted Drug Delivery 
 

Vitamins are essential nutrients that are not produced in sufficient quantities in living 
systems and are obtained externally through the diet.1 Classified by their biological or chemical 
activity, rather than by structure, vitamins consist of numerous classes, including the B 
vitamins.1 B vitamins (i.e. biotin, folic acid, niacin, etc.) are a group of water-soluble vitamins 
that serve as cofactors for numerous processes involved in cell metabolism.2 All living cells 
depend on vitamins for survival, but cancer cells require certain vitamins substantially more than 
most normal cells do in order to sustain their rapid cell growth and enhanced proliferation.3-5 
Thus, receptors for these vitamins are overexpressed on the cell surfaces of cancer cells to 
maintain sufficient vitamin uptake.3-5 The increased expression level of these cell surface 
receptors has emerged as a tumor-specific biomarker for tumor-targeted drug delivery, as well as 
the identification and imaging of tumor cells.6-12 
 
§4.1.2 Biotin as a Tumor-targeting Module 
 

Of these B-class vitamins, D-(+)-biotin (vitamin B7, vitamin H, coenzyme R) acts as a 
coenzyme for five-biotin-dependent carboxylases in the single-carbon transfer of bicarbonate to 
organic acids in mediating the covalent binding of bicarbonate to organic acids.2 Biotin also 
plays a role in epigenetic regulation via cellular signaling, fats and amino acids metabolism, fatty 
acid synthesis, and energy production.2, 13 Synthesized by microorganisms and plants, and 
present at low concentrations relative to most vitamins in the food supply, like all vitamins, 
biotin is obtained by mammals through the diet.14 Biotin is internalized by carrier-mediated 
uptake via the sodium-dependent multivitamin transporter (SMVT), which was confirmed by the 
cloned expression of a murine cDNA coding for SMVT in human-derived HeLa cells.13, 15 This 
uptake elucidates the heightened efficacy of biotin in mammals.13, 15, 16 

 

 
Figure 4.1. The chemical structure of D-(+)-biotin. 

 
Russell-Jones et al. examined the effect of vitamin-targeting on the accumulation of 

rhodamine-labeled polymers in various tumors and reported that those cancer cells that over-
expressed receptors for folic acid and vitamin B12 also demonstrated over-expression for biotin 
receptors (Table 4.1).4 Furthermore, this study indicated that the receptors for biotin were even 
more overexpressed than those for folic acid and vitamin B12 on the surface of some cancer cells, 
such as L1210FR, Colo-26, P815, RD995, 4TI, JC, and MMT060562.4 The relative uptake of 
vitamin-targeted rhodamine-labeled polymers in various tumor cell lines is given in Table 4.1.  
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Table 4.1. Relative uptake of folate-, cobalamin-, and biotin-
targeted rhodamine-labeled polymers in various tumor cell lines 
Adapted from reference [4]. 
Tumor Mouse Type Folate Cbl Biotin 
HCT-116 Balb/C-Nu Colon – – – 
L1210 DBA/2 Leukemia +/– +/– – 
L1210FR DBA/2 Leukemia ++ + +++ 
Ov2008 Balb/C-Nu Ovarian +++ – ++ 
ID8 C57/BI Ovarian +++ – ++ 
Ovcar-3  Ovarian +++ – ++ 
Colo-26 Balb/C Colon +/– ++ +++ 
P815 DBA/2 Mastocytoma +/– ++ +++ 
M109 Balb/C Lung + +++ +++ 
RENCA Balb/C Renal cell + +++ +++ 
RD995 C3H/HeJ Renal cell + ++ +++ 
4TI Balb/C Breast + ++ +++ 
JC Balb/C Breast + ++ +++ 
MMT060562 Balb/C Breast + ++ +++ 

 
The relative uptake of the vitamin-targeted rhodamine-labeled polymers can be 

categorized into three, distinct classifications: (1) 0157, BW5147, B16, LL-2, and HCT-116 
demonstrated no heightened efficacy; (2) L1210, Ov2008, ID8, and Ovcar exhibited enhanced 
efficacy of both folate and biotin receptors; and (3) Colo-26, P815, M109, RENCA, RD995, 4T1, 
JC, and MMT060562 displayed enhanced efficacy of both vitamin B12 and biotin.4  Thus, the 
biotin receptor has become a new target for tumor-targeted drug delivery.  

 

 
Figure 4.2. Receptor-mediated endocytosis and intracellular drug release. Reprinted from reference [6]. 

 
Biotin uptake has been shown to be Na+, pH, and temperature dependent, but energy 

independent, through the biotin receptor by receptor-mediated endocytosis (RME), illustrated in 
Figure 4.2.16 After a biotin conjugate binds to the cell surface receptor, a signaling cascade is 

Finally, the internalization and drug release of probe 4 was
examined. Probe 4 (20 µM) was incubated with L1210FR cells
at 37 °C for 2 h and analyzed by CFM. As Figure 7A shows,
the whole conjugate was internalized in the same manner as
that described above for the probe 2 (see Figure 5A). Next,
GSH-OEt (2 mM) was added to the medium, and the cells were
incubated for another 1 h to ensure the drug release. As Figure
7B shows, the CFM image of this system is dramatically
different from that shown in Figure 7A. The CFM image in

Figure 7B indicates that the released fluorescent taxoid binds
to the microtubules that are the drug target of the taxoid and
highlights the fluorescence-labeled microtubule bundles. The
result confirms that the release of the taxoid proceeded through
the designed mechanism (see Figure 1) in the same manner as
that observed for the fluorogenic probe 3. To double-check the
morphology of microtubules with the fluorescence-labeled
taxoid, the CFM image of the L1210FR cells treated with SB-
T-1214-fluorescein (24) was taken. As Figure 7C shows, the
morphology of treated cells is indeed virtually identical to that
treated with the conjugate 4. This provides additional evidence
of efficient release of 24 from the conjugate 4.

It should be noted that the intracellular GSH in L1210FR
would also be able to cleave the disulfide linkage with longer
incubation time (vide infra), but the endogenous GSH level in
cancer cells varies due to the significant difference in the
physiological conditions in the actual leukemia or solid tumors.
Accordingly, the extracellular addition of excess GSH-OEt was
beneficial for rapid visualization of the drug release inside the
leukemia cells.

Consequently, we can safely conclude that the tumor-targeting
DDS successfully delivered the active cytotoxic agent to the
drug target, as designed, through RME and GSH-triggered
intracellular drug release via cleavage of self-immolative
disulfide linker and thiolactonization.

Evaluation of Tumor-Targeting Specificity of Biotin-
Linker-Taxoid Conjugates by CFM and Cytotoxicity As-
say. To evaluate the tumor specificity of the biotin-mediated
RME, two other cell lines, i.e., L1210 murine leukemia cell
line and WI38 noncancerous human lung fibroblast cell line,
were chosen to compare results with that for L1210FR cell line.
Both L1210 and WI38 cell lines do not overexpress biotin
receptors on their cell surfaces. Accordingly, this comparison
should provide a fair and definitive information about the
efficacy of tumor-targeting using biotin as the “guiding” module
for our “guided molecular missile”.

As Figure 8 clearly shows, much stronger (ca. 12-13 times)
fluorescence was indeed observed in L1210FR cells (Figure 8A)
as compared to that in L1210 cells (Figure 8B) as well as WI38
cells (Figure 8C) upon incubation with the probe 4 under
identical conditions (20 µM at 37 °C for 2 h) by CFM and flow
cytometry analyses. Thus, the results confirm the validity of
our tumor-targeting design based on this vitamin and its
receptors, which can clearly distinguish cancer cells overex-
pressing the vitamin receptors from other cells which do not,
including human normal cells.

Figure 3. Fluorescent and fluorogenic probes for the internalization and drug-release.

Figure 4. Schematic representation of the RME of a tumor-targeting
drug conjugate, drug release, and drug-binding to the target protein.

Scheme 1. Synthesis of Biotin-FITC Conjugate 2
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initiated, and an invagination of the plasma membrane leads to the formation and internalization 
of a coated vesicle containing the conjugate. This internalized vesicle fuses with the endosome, 
as the conjugate is transferred from the early endosome to the lysosome, which is acidic in pH 
and contains elevated concentrations of endogenous thiols, such as glutathione (GSH) and 
thioredoxin. Previously, biotin RME was validated using CFM and quantified using flow 
cytometry, as demonstrated with biotin-NHNH-FITC.6   
 
§4.2 Biotin-Linker-Taxoid SMDCs 

 

 
Figure 4.3. The chemical structure of the original biotin-linker-taxoid conjugate. Adapted from reference [6]. 

 
The structure of the original biotin-linker-taxoid (BLT) conjugate, an efficient 

mechanism-based tumor-targeting drug delivery system, based on tumor-specific biotin receptor-
mediated endocytosis, is shown in Figure 4.3. This BLT design consists of biotin as the tumor-
targeting module connected to a next-generation taxoid (SB-T-1214) through a self-immolative 
disulfide linker and a hydrazide spacer.6 The conjugate demonstrated high potency (IC50 8.8 nM) 
and target-specificity towards biotin receptor overexpressing (BR+) cancer cell line L1210FR 
(murine leukemia), while those against L1210 (murine leukemia) and WI38 (normal lung 
fibroblast), cell lines that do not overexpress the biotin receptor (BR-), were 59–65 times less 
potent.6 SB-T-1214 was tested against the same three cell lines, and did not differentiate between 
BR+ and BR-, highlighting both the non-specific activity of the taxoid and the high target-
specificity of the biotin conjugate.6 

The original BLT design contained a 3-carbon disulfide linker, which was found to lack 
sufficient stability in aqueous media and decompose due to a retro-Michael reaction, forming an 
α,β-unsaturated ketone and the free disulfide. In a second-generation self-immolative disulfide 
linker design, a 4-disulfanylpentanoic acid moiety was incorporated to prevent this 
decomposition pathway. In this study, linkers bearing a 4-disulfanylpentanoic acid moieties are 
more stable than disulfanylpropanoic acid moieties and exhibit about one order of magnitude 
longer half-life than the latter design.17 Thus, these longer disulfide linkers were synthesized and 
incorporated into next-generation BLT tumor-targeting drug conjugates.  
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§4.2.1 Synthesis of Biotin-(SS-Linker)-Taxoid: Methyl-branched Disulfide Linker 
 

 
Figure 4.4. The chemical structure of biotin-(SS-linker)-taxoid: methyl-branched disulfide linker (4-3). 

 
Next-generation biotin-(SS-Linker)-taxoid 4-3 consists of biotin as the tumor-targeting 

module connected to SB-T-1214 through a methyl-branched 5-carbon self-immolative disulfide 
linker and a hydrazine spacer. The structure is shown in Figure 4.4.  
 

 
Scheme 4.1. Synthesis of biotinylhydrazine (4-2).  

 
Biotin was first converted to its methyl ester 4-1 through its acyl chloride in the presence 

of thionyl chloride and methanol in quantitative yield (Scheme 4.1). The methyl ester was 
refluxed with excess hydrazine in methanol to afford biotinylhydrazine (4-2) in excellent yield 
(95%).  

 

Scheme 4.2. Synthesis of biotin-(SS-Linker)-taxoid (4-3). 
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SB-T-1214-(SS-linker) activated ester construct 3-13 was coupled to 4-2 in the presence 
of pyridine. The reaction proceeded slowly at room temperature, but afforded 4-3 in moderate 
yield in >98% HPLC purity. This material was used for in vitro biological evaluation against 
BR+ cancer cell lines (Section 4.4) and in vivo testing in a SCID mice bearing MX-1 tumor 
xenograft (Section 4.5).  
 
§4.2.2 Polyethylene Glycol Spacers 
 
 Polyethylene glycol (PEG) is a water soluble, nontoxic, non-immunogenic, and 
biocompatible polymer that has been approved by the U.S. Food and Drug Administration for 
human intravenous, oral, and dermal applications, and is employed in drug conjugates to enhance 
bioavailability, stability, safety, and efficacy of the cytotoxic agents.18, 19 Many chemical 
functional groups can be modified with PEG, including, but not limited to amines, thiols, 
hydroxyls, and amides via acylation, alkylation or various other chemical and enzymatic 
methods.20 However, there are three primary limitations in the use of PEG chains: (1) the 
synthetic polymer, polyethylene glycol, is polydisperse and contains a varying number of 
monomer units, in turn resulting in drug conjugates with varying molecular weights and differing 
biological properties, in body-residence times and immunogenicity; (2) while PEG is typically 
excreted by the renal pathway, higher molecular weight PEGs tend to accumulate in the liver and 
result in macromolecule-induced nephritic syndrome;20 and (3) increasing the size of PEG 
spacers can significantly reduce tumor penetration, leading to reductions in conjugate 
accumulation in the tumor.21 Thus, in order to maximize the advantage of PEG while 
circumventing these limitations, small-chain PEG derivatives of tetraethylene glycol were 
incorporated into our drug conjugates. And due to the poor solubility of taxoid-based drug 
conjugates, PEG conjugation was selected as a method to improve pharmacokinetic profile by 
reducing the rate clearance and improving overall conjugate solubility.   
 
§4.2.3 Synthesis of Biotin-(SS-Linker)-PEG-Taxoid: BLT-S 
 

 
Figure 4.5. The chemical structure of biotin-PEG-(SS-linker)-taxoid  (4-8) with methyl-branched disulfide linker. 

 
PEGylated biotin-PEG-(SS-Linker)-taxoid (4-8) consists of biotin as the tumor-targeting 

module connected to SB-T-1214 through a methyl-branched 5-carbon self-immolative disulfide 
linker and a polyethylene glycol intramolecular spacer. The structure is shown in Figure 4.5.  
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Scheme 4.3.  Synthesis of 11-azido-3,6,9-trioxaundecan-1-amine (4-5).  

Tetraethylene glycol was reacted with methanesulfonyl chloride in the presence of 
triethylamine to give dimesylate intermediate, which was adjusted to pH 8 and treated with 
sodium azide under reflux conditions to give 4-4 in good yield.22 A selective two-phase mono-
Staudinger reduction of diazide 4-4 in the presence of triphenylphosphine gave 4-5 in very good 
yield (88%).22  
 

 
Scheme 4.4.  Synthesis of N-biotinyl-PEG-NH2 (4-7).  

 
Coupling of biotin and 4-5 in the presence of EDC.HCl gave azide 4-6 in good yield 

(77%). The azide of 4-6 was reduced under Staudinger conditions in the presence of 
triphenylphosphine to give 4-7 in excellent yield (88%). Sufficient washing of the aqueous layer 
with toluene, followed by lyophilization of the aqueous layer gave 4-7 as a white solid. Unlike 
biotinylhydrazine, which lacked solubility in many organic solvents, N-biotinyl-PEG-amine is 
soluble in most organic solvents, including CHCl3, and aqueous media.   

 

 
Scheme 4.5.  Synthesis of biotin-PEG-(SS-Linker)-taxoid (4-8). 

 
SB-T-1214-(SS-linker) activated ester construct 3-13 was coupled to 4-7 in chloroform to 

give 4-8 in good yield (72%). This reaction proceeded notably faster than the reaction with 
biotinylhydrazine at room temperature, affording 4-8 in in >98% HPLC purity. This material was 
used for in vitro biological evaluation against BR+ cancer cell lines (Section 4.4) and in vivo 
testing in a SCID mice bearing MX-1 tumor xenograft (Section 4.5) as well.  
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§4.2.4 Synthesis of Biotin-(SS-Linker)-Taxoid: gem-Dimethyl-branched Disulfide Linker 
 

 
Figure 4.6. The chemical structure of biotin-PEG-(gem-Me2-SS-linker)-taxoid: gem-dimethyl-branched disulfide 

linker (4-9). 
 

Biotin-PEG-(gem-Me2-SS-Linker)-taxoid (4-9) consists of biotin as the tumor-targeting 
module connected to SB-T-1214 through a germinal dimethyl-branched 5-carbon self-
immolative disulfide linker and a polyethylene glycol intramolecular spacer. The structure is 
shown in Figure 4.6.  
 

 
 

Scheme 4.6.  Synthesis of biotin-PEG-(gem-Me2-SS-Linker)-taxoid (4-9). 
 

SB-T-1214-(gem-Me2-SS-linker)-alkyne 3-21 was reacted with azide 4-6 in the presence 
of cupric sulfate and ascorbic acid under “click” chemistry conditions to give 4-9. Reaction 
progress was monitored by TLC and mass spectrometry. The copper(I) catalyst for the 1,3-
dipolar cycloaddition of the azide and terminal acetylene is generated in situ from copper(II) 
sulfate using ascorbic acid as the reducing agent. However, the product was lost during workup 
and subsequent column chromatography, likely due to the high polarity of the compound on 
silica gel column. Optimization of reaction conditions and purification methods are currently on-
going in our laboratory. 
  

NHHN

S

O

H H
H
N

O
O

H
N

3
O

S
S
O

OO

O
O

O

OH

H
OOH

O

ONH

O

O

O

O

O

BLT-Me2-S (4-9)

NN
N

NHHN

S

O

H H
H
N

O
O

H
N

3
O

S
S
O

OO

O
O

O

OH

H
OOH

O

ONH

O

O

O

O

O

BLT-Me2-S (4-9)

NN
NH

N

O
S

S
O

OO

O
O

O

OH

H
OOH

O

ONH

O

O

O

O

O

4-4 (1 eq.)

CuSO4.5H2O (1.1 eq.)

ascorbic acid (1.1 eq.)

THF / H2O, 25 oC, 1 h

3-21



! 105 

§4.3 Overexpression of BR in Cancer Cells 
 

 
Figure 4.7.  Chemical structures of fluorescent and fluorogenic probes to monitor and validate biotin RME. 

 
Following the identification of the biotin receptor as a tumor-specific biomarker, three 

fluorescent and fluorogenic probes were designed and synthesized in order to monitor and 
validate receptor-mediated endocytosis of the biotin conjugate, drug release, and drug-binding to 
the target protein (Figure 4.7).6 The first probe, biotin-NHNH-FITC, demonstrated the RME of 
biotin conjugates through competition, inhibition, and temperature-dependence studies, shown 
below in Figure 4.8.6  
 

 
Figure 4.8.  CFM and flow cytometry analysis of L1210FR cells after treatment with 100 nM biotin-NHNH-FITC for 3 h 

under different conditions: (A) 37 °C; (B) 4 °C; (C) 0.05% NaN3, 37 °C; (D) pretreated with 2 mM biotin, 37 °C. The 
geometric mean of the fluorescence intensity in cells following treatment is given with the flow cytometry histogram. 

Reprinted from reference [6]. 
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Figure 4.9.  CFM images of L1210FR cells after treatment with biotin-linker-coumarin showing: (A) 

epifluorescence, following addition of GSH-OEt. Reprinted from reference [6]. 
 

The second probe, biotin-linker-coumarin, was designed to observe linker cleavage upon 
release of fluorogenic coumarin, shown in Figure 4.9.6 The third probe, biotin-linker-SB-T-1214-
fluorescein, was used to examine the cell specificity in BR+ (L1210FR) and BR- (L1210 and 
WI38) cell lines.6 These probes demonstrated the target-specificity of drug conjugates to the 
biotin receptor as well as the mechanism-based intracellular drug release.6 
 
§4.3.1 Synthesis of Biotin-PEG-FITC 
 

 
Figure 4.10. Chemical structure of biotin-PEG-FITC.  

 
Similar to the PEGylation of biotin-PEG-(SS-linker)-taxoid, a more water-soluble 

fluorescent probe, biotin-PEG-FITC (4-10), was designed and synthesized. The structure is 
shown in Figure 4.10.  
 

 
Scheme 4.7. Synthesis of biotin-PEG-FITC. 

 

(2-3 h), and hence, the amount of endogenous GSH should be
sufficient to release the taxoid warhead (SB-T-1214) from
conjugate 1. Results are summarized in Table 1.

As Table 1 shows, conjugate 1 exhibited high potency (IC50

8.8 nM) against L1210FR, overexpressing biotin receptors, while
those against L1210 (IC50 522 nM) and WI38 (IC50 570 nM)
cell lines were 59 times and 65 times less. For comparison, the
parent taxoid (SB-T-1214) was also assayed against those three
cell lines. As anticipated, SB-T-1214 cannot distinguish these
cell lines, resulting in very similar IC50 values, i.e., 9.5 nM for
L1210FR, 9.7 nM for L1210, and 10.7 nM for WI38. The results
clearly indicate that highly efficient vitamin-receptor specific
drug delivery to cancer cells has been achieved by conjugate 1,
and also, the drug release by endogenous GSH (and possibly
by some other thiols) is efficient as well in 72 h incubation.

As Table 1 shows, the IC50 values of SB-T-1214, SB-T-1214-
fluorescein, (24) and paclitaxel against L1210FR are 9.5 nM,
87.6 nM, and 122 nM, respectively. Thus, SB-T-1214 is ca. 13
times more potent than paclitaxel, and fluorescently labeled 24
is ca. 9 times less potent than the parent SB-T-1214 against
L1210FR. As mentioned above, SB-T-1214 exhibited very
similar IC50 values against these three cell lines. SB-T-1214-
fluorescein 24 and paclitaxel showed slight to small differences
in their IC50 values against the three cell lines, but differences
are less than 45% at most (see Table 1). Thus, it is safe to say
that these two taxanes cannot distinguish targeted cancer cells
from normal cells, as anticipated.

We also assayed the cytotoxicity of the probe 4 against the
same three cell lines. As Table 1 shows, virtually the same
differences in IC50 values were observed, i.e., 81.7 nM for
L1210FR and >5 µM for L1210 as well as WI38 (>61 times
difference), as those for the conjugate 1. Thus, the drug delivery
to L1210FR is highly specific through vitamin-receptor recogni-
tion and RME in this conjugate (probe 4), as well. As mentioned
above, the cell specificity of probe 4 quantified by flow

cytometry was 11.7 for L1210FR/L1210 and 13.2 for L1210FR/
WI38, which is more modest as compared to that based on
cytotoxicity. It is most likely that this difference is attributed
to the substantially shorter exposure time for the flow cytometry
analysis (2 h) than that for the cytotoxicity assay (72 h), i.e.,
the internalization of the probe 4 has not been completed in
2 h. At any rate, the observation by CFM and flow cytometry
corresponds well to the cytotoxicity assay results.

CONCLUSIONS

A highly efficient mechanism-based tumor-targeting DDS,
consisting of a tumor-targeting molecule, self-immolative linker,
and a cytotoxic agent, was designed and successfully developed.
The proof of concept was obtained by using a drug conjugate,
bearing biotin as the cell-targeting moiety, a mechanism-based

Scheme 6. Synthesis of Biotin-Linker-SB-T-1214 (1)

Figure 5. CFM images and flow cytometry analysis of L1210FR cells
after incubation with the probe 2 under different conditions: (A) 100
nM, 37 °C, 3 h; (B) 100 nM, 4 °C, 3 h; (C) 100 nM, 37 °C, 0.05%
NaN3, 3 h; (D) 100 nM, 37 °C, 3 h, pretreated with excess biotin (2
mM).

Figure 6. (A) Epifluorescence image of L1210FR cells that were
initially incubated with the probe 3 (nonfluorescent form), followed
by treatment with GSH-OEt to trigger the self-immolation of the linker.
The released coumarin showed blue fluorescence. (B) Epifluorescence
image of L1210FR cells after incubation with the probe 3 (nonfluo-
rescent form).
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Coupling of fluorescein isothiocyanate (FITC) to 4-7 in the presence of DIPEA gave 
fluorescent probe 4-10 in good yield (68%), shown in Scheme 4.7. The reaction was run in the 
dark in the absence of heat due to the light-sensitive nature of fluorescein and its derivatives.  
Compound 4-10 should be stored at -20 °C or below to avoid fluorescence quenching.  
 
§4.3.2 Flow cytometry and CFM analysis of Biotin-PEG-FITC 
 

Fluorescent biotin-PEG-FITC probe 4-10 was used to assess the BR expression levels in 
several human cancer cell lines by means of flow cytometry and confocal fluorescence 
microscopy (CFM). As illustrated in Figure 4.11, internalization of 4-10 into MX-1 and MCF-7 
(human breast carcinoma), ID8 (murine ovarian carcinoma), L1210FR and L1210 (murine 
leukemia cell lines), and WI38 (normal lung fibroblast) was monitored at 0, 1, and 3 h periods.  

 

 
Figure 4.11. Internalization of biotin-PEG-FITC (4-10) into various cell lines at 0, 1, and 3 h at 37 °C. Fluorescence 
intensity is a geometric mean of values obtained from a flow cytometry histogram for each cell line. Reprinted from 

reference [23].  
 
Previously, ID8 and L1210FR were identified as BR+ cell lines, and L1210 and WI-38 

were found to be BR- cell lines.6 However, in this study, MX-1 (BR++) and MCF-7 (BR+++) were 
newly identified as cell lines that overexpress the biotin receptor. As anticipated, the BR 
expression level is negligible in known BR- cell line, L1210, and normal human lung fibroblast, 
WI38. The flow cytometry histograms as well as the corresponding CFM images of biotin-PEG-
FITC are shown in Figure 4.12 as examples.  

 

 
Figure 4.12. Internalization of 5 µM 4-10 for 3 h at 37 °C based on flow cytometry and CFM analysis in various cancer and 

normal cell lines from left to right: L1210FR (BR+++), MX-1 (BR++), ID8 (BR+++), L1210 (BR-), WI38 (BR-). 
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To validate the non-specific internalization of the taxane class towards normal and cancer 
cell lines, paclitaxel-7-fluorescein (2-39) was designed and synthesized. Figure 4.13 shows the 
non-specific internalization of the taxoid by passive diffusion across various BR+ and BR- cell 
lines.  
 

 
Figure 4.13. Nonspecific internalization of 5 µM paclitaxel-7-fluorescein (2-39) against various cell lines for 3 h at 

37 °C with 5% CO2 atmosphere. 
 
§4.4 Biological Evaluation of Biotin-Linker-Taxoid In Vitro 

 
The potency and efficacy of biotin-linker-taxoid conjugate 4-3 were evaluated in vitro 

against various BR+ and BR- cell lines. The cytotoxicity assays of BLT (4-3) against MX-1, ID8, 
and L1210FR (BR+ cell lines) and L1210 and WI38 (BR- cell lines) were performed by MTT 
method.24 As controls, paclitaxel and parent taxoid SB-T-1214 were assayed as well. The results 
for 48 h drug incubation with no supplemental GSH-OEt are given in Table 4.2.  
  
Table 4.2. Cytotoxicities (IC50, nM) of paclitaxel, SB-T-1214, and BLT (4-3) against BR+ 
and BR- cell lines at 37 °C for 48 h.  

Compound MX-1a ID8b L1210FRc L1210d WI38e 
paclitaxelf 7.23 14.36 38.7 77.1 61.4 

SB-T-1214f 4.13 0.17 4.18 7.05 5.23 
BLT (4-3)f 15.4 4.32 13.4 481 670 

aHuman breast carcinoma cell line (BR+); bMurine ovarian carcinoma cell line (BR+); cMurine lymphocytic 
leukemia cell line (BR+); dMurine lymphocytic leukemia cell line (BR-); eHuman lung fibroblast cell line (BR-); 
fCells were incubated with a drug or conjugate at 37 °C for 48 h. 

As anticipated, the two taxoids were non-specific across all five cell lines, with SB-T-
1214 possessing one to two orders of magnitude greater potency than paclitaxel, giving IC50 
values ranging from 0.17–7 nM and 7–77.1 nM, respectively. Furthermore, BLT (4-3) 
demonstrated excellent target specificity against BR+ cell lines with IC50 values in a range of 4–
15 nM, possessing one to two orders of magnitude greater potency than those against L1210 and 
WI38. However, in the absence of supplemented GSH-OEt, the potency of 4-3 remained slightly 
below that of its parent taxoid by ½ to 1½ orders of magnitude.  

To evaluate the complete potency of BLT conjugate 4-3, two experiments were designed 
to introduce supplemental GSH-OEt. In the first experiment (Table 4.3, Exp 2), glutathione ethyl 
ester (GSH-OEt) was added to the re-suspended cancer cells after the cells had been incubated 
with 4-3 for 24 h, followed by washing of the drug media with phosphate-buffered saline (PBS) 
and additional incubation for 48 h in fresh cell culture media; it should be noted that the re-
suspended cancer cells only included BLT internalized in the first 24 h period. Under these 
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conditions, BLT demonstrated an approximate two-fold increase in potency compared to its 48 h 
incubation without supplemental GSH-OEt in BR+, whereas only a negligible increase in 
potency in WI38 (BR-) was observed. The results are given in Table 4.3, Exp. 2.  

 
Table 4.3. Cytotoxicities (IC50, nM) of paclitaxel, SB-T-1214, and BLT (4-3) in the 
presence of GSH-OEt after internalization.  

 
Compound 

MX-1a L1210FRc WI38e 

Exp 1b Exp 2d Exp 3f Exp 1b Exp 2d Exp 3f Exp 1b Exp 2d Exp 3f 

paclitaxel 4.07 ± 
0.80 

  35.6 ± 
8.2 

  131 ± 
19 

  

SB-T-1214 2.66 ± 
0.16 

  2.32 ± 
1.41 

  4.89 ± 
2.24 

  

BLT (4-3) 4.66 ± 
0.87 

3.85 ± 
0.14 

2.40 ± 
0.18 

12.3 ± 
2.8 

5.15 ± 
2.85 

2.92 ± 
2.34 

645 ± 
97 

590 ± 
164 

11.0 ± 
3.1 

a,c,eSee captions for cell lines in Table 4.2; bCells were incubated with a drug or conjugate at 37 °C in a 
5% CO2 atmosphere for 72 h; dCells were initially incubated with 4-3 at 37 °C in a 5% CO2 atmosphere for 
24 h, followed by washing of the drug media with PBS, then addition of GSH-OEt (6 equiv. to conjugate) 
for drug release and additional incubation for 48 h; fCells were initially incubated with 4-3 37 °C in a 5% 
CO2 atmosphere for 24 h, followed by addition of GSH-OEt (6 equiv. to conjugate) for drug release and 
additional incubation for 48 h. Total drug or conjugate incubation was 72 h for all experiments.  

In the next experiment (Table 4.3, Exp 3), glutathione ethyl ester (GSH-OEt) was added 
to the re-suspended cancer cells after the cells had been incubated with 4-3 for 24 h, and the cells 
were incubated for additional for 48 h; it should be noted that the re-suspended cancer cells only 
included BLT internalized in the first 24 h period plus the additional released taxoid in the latter 
48 h period. Under these conditions, BLT demonstrated an additional increase in potency 
compared to the results from “Exp 2” and its 48 h incubation without supplemental GSH-OEt in 
BR+, whereas there was a negligible increase in potency in WI38 (BR-). These results, given in 
Table 4.3, Exp. 3, indicate that after 24 h some BLT remains outside the cell. IC50 values for 4-3 
under “Exp 3” conditions reached as low as 2.4 nM.   
 
§4.5 Biotin-Linker-Taxoid In Vivo Studies 
 

The biological activity of BLT was evaluated in vivo by treating severe combined 
immunodeficient (SCID) female Swiss Webster athymic nude mice bearing established, human 
MX-1 tumor xenografts intravenously with BLT and SB-T-1214 as comparison. Dosage for BLT 
was administered to three mice at 20 mg/kg per week x 4, and to two mice at 40 mg/kg per week 
x 2; SB-T-1214 was administered to five mice at 20 mg/kg per week x 3, followed by 40 mg/kg 
x 4 (Figure 4.14). It should be noted that the total dose administered to all five mice remained 
constant at 80 mg/kg for BLT; whereas the dose regimen for SB-T-1214 was escalated from 20 
mg/kg to 40 mg/kg over time.   
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Figure 4.14. Average tumor volumes for 5 surviving SCID female Swiss Webster athymic nude mice bearing MX-1 tumor 
xenograft with the following dose regimen –  SB-T-1214: 20 mg/kg, q7d x 3 + 40 mg/kg x 4; BLT: (a) 20 mg/kg, q7d x 4 (3 

studies), (b) 40 mg/kg, q7d x 2 (2 studies). Right image is enlarged scale of left image. Adapted from reference [25]. 
 

BLT demonstrated potent antitumor activity, and all mice receiving treatment with the 
biotin conjugate achieved complete tumor regression after Day-28, whereas complete tumor 
regression was achieved in three of five mice treated with SB-T-1214. Furthermore, excluding 
two mice that experienced erratic tumor growth as a result of direct injection of MX-1 cells in 
the xenograft protocol, the mice treated with SB-T-1214 experienced only moderate weight loss 
during or following therapy, demonstrating a significant reduction in toxicity to normal cells.  
For treatment with BLT, one mouse experienced some statistically relevant weight loss. These 
results underline the in vivo application of biotin-mediated tumor-targeting. Future studies 
involving optimized formulation and dosing regimens and next-generation BLT conjugates are 
currently underway. These animal studies were conducted by Jean Rooney and Dr. Thomas 
Zimmerman at the Division of Laboratory Animal Resources (DLAR) at Stony Brook University 
and coordinated by Dr. Joshua D. Seitz. 

 
§4.6 Design of a [18F]Biotin-PEG3-F for PET Imaging 
 

 
Figure 4.15. Chemical structure of [18F]biotin-PEG-F. 

 
To evaluate the biodistribution of biotin and its derivatives in vivo, we developed a 

fluorine-18 labeled derivative of biotin, [18F]biotin-PEG3-F, for imaging by positron emission 
tomography (PET). During this development, the chemical synthesis and radiosynthesis of the 
compound was reported in the literature by Claesener and co-workers.26 The chemical structure 
of [18F]biotin-PEG3-F (4-20) is shown in Figure 4.15.  
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§4.6.1 Cold Synthesis of Fluorine-labeled Biotin Derivatives 
 

 
Scheme 4.8. Synthesis of biotin-PEG3-Bn-Br (4-12) and unsuccessful subsequent fluorination. 

 
The first design towards a fluorine-labeled biotin PET tracer began with a benzyl 

bromide tether. First, activation of α-bromo-p-toluic acid with NHS in the presence of DIC gave 
4-11 in good yield (73%). Coupling of 4-11 to biotin-PEG3-NH2 (4-7) gave biotin-PEG3-Bn-Br 
4-12 in good yield (81%). However, fluorination of the benzyl bromide in the presence of either 
(1) KF, Kryptofix 222, and K2CO3 or (2) TBAF did not afford the desired product. Thus, an 
alternate design was explored.  

 
 

 
Scheme 4.9. Synthesis of 11-azido-3,6,9-trioxaundecanyl-1-methylsulfonate (4-16) 

 
In the second design (Figure 4.15), biotin derivative 4-20 consists of a fluorine-labeled 

polyethylene glycol oligomer connected by amide linkage to the carboxyl terminus of biotin.  
First, tetraethylene glycol was treated with one equivalent of toluenesulfonyl chloride in the 
presence of triethylamine to give 4-13 in modest yield (56%), as well as the di-tosylated product 
4-14 in 20% yield. Nucleophilic substitution of the mono-tosylate of 4-13 with sodium azide 
gave 4-15 in excellent yield (88%), followed by conversion of 4-15 to the corresponding 
mesylate 4-16, shown in Scheme 4.9.  

 

 
Scheme 4.10. Synthesis of Alkyne Scavenger Resin (4-17). 
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For additional ease in purification of “click” chemistry reactions, an alkyne scavenger 

was prepared by treatment of Merrifield Peptide Resin, swollen in DMSO, with sodium azide to 
give 4-17, shown in Scheme 4.10. Infrared spectroscopy (IR) showed the signature carbon-azide 
stretch at 2050 cm-1.  

 

 
Scheme 4.11. Synthesis of biotin-PEG-F (4-20) as a potential PET radiotracer. 

 
Coupling of propargylamine to biotin succinimide ester gave 4-18 in excellent yield 

(91%). Then, biotin derivative 4-18 was subjected to a “click” reaction with 4-16 in the presence 
of cupric sulfate and ascorbic acid to give the corresponding biotin-PEG3-OMs (4-19) in modest 
yield (47%). The alkyne scavenger 4-17 was added to the reaction to quench any unreacted 
starting material and facilitate purification. Finally, 4-19 was treated with tetrabutylammonium 
fluoride in tert-amyl alcohol to give biotin-PEG-F (4-20) in excellent yield (94%), shown in 
Scheme 4.11. The radiosynthesis, analytical HPLC, and semi-preparative HPLC purification of 
[18F]4-20 will be discussed later in Chapter 7.   
 
§4.7 Summary 
 

Cell surface biotin receptors are overexpressed in certain cancers to maintain sufficient 
vitamin uptake and, thus, these receptors may serve as useful biomarkers for tumor-targeted drug 
delivery. A biotin fluorescence probe, biotin-NHNH-FITC, was developed to elucidate the 
target-specificity and internalization of biotin conjugates via the biotin receptor by receptor-
mediated endocytosis. A novel biotin-fluorescence probe, biotin-PEG-FITC, was designed and 
synthesized to identify additional cancer cell lines that overexpress the biotin receptor. Human 
breast carcinoma cell lines, MX-1 and MCF-7, demonstrated efficient uptake of the probe based 
on flow cytometry histograms and confocal fluorescence microscopy imaging, and both have 
been newly identified as BR+ cancer cell lines.   

Previously, a biotin-linker-taxoid (BLT) small-molecule drug conjugate, which consists 
of next-generation taxoid SB-T-1214 as the cytotoxic agent, a self-immolative disulfide linker 
for target specific drug release, and biotin as the tumor-targeting module, was developed. This 
biotin-based small-molecule drug conjugate (SMDC) demonstrated excellent target specificity 
and high potency against BR+ tumor types both in vitro and in vivo. A next-generation biotin 
receptor-targeted and taxoid-based drug conjugate, BLT-S, which included a methyl-branched 
disulfide linker and polyethylene glycol oligomers, was designed and synthesized with the intent 
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of increasing its pharmacokinetic profile by lengthening its half-life during circulation and 
improving its aqueous solubility. In addition, a conjugate with dimethyl-branched self-
immolative disulfide linker (BL2T-S) was designed and synthesized as well for even more 
prolonged half-life during circulation, however reaction optimization and purification methods 
are currently under development. 

A fluorine-18 labeled derivative of biotin, [18F]biotin-PEG-F, was developed to evaluate 
the biodistribution of biotin and its derivatives in vivo by positron emission tomography. The 
radiosynthesis and purification of [18F]biotin-PEG-F will be discussed later in Chapter 7.  
 
§4.8 Experimental 
 
§4.8.1 Caution  
 

Taxoids have been identified as potent cytotoxic agents. Thus, these drugs and all 
structurally related compounds and derivatives must be considered mutagens and potential 
reproductive hazards. Appropriate precautions, such as the use of gloves, goggles, labware, and 
fume hood, must be taken while handling these compounds at all times.  
 
§4.8.2 General Methods 
  

1H and 13C NMR spectra were measured on a Varian 300, 400, or 500 MHz spectrometer 
or a Bruker 400 or 500 MHz NMR spectrometer. Melting points were measured on a Thomas- 
Hoover capillary melting point apparatus and are uncorrected. TLC was performed on Sorbent 
Technologies aluminum-backed Silica G TLC plates (Sorbent Technologies, 200 µm, 20 x 20 
cm), and column chromatography was carried out on silica gel 60 (Merck, 230-400 mesh ASTM). 
High resolution mass spectrometry analysis was carried out on an Agilent LC-UV-TOF mass 
spectrometer at the Institute of Chemical Biology and Drug Discovery, Stony Brook, NY or at 
the Mass Spectrometry Laboratory, University of Illinois at Urbana-Champaign, Urbana, IL. 

 
§4.8.3 Materials 
  

The chemicals were purchased from Sigma-Aldrich, Fisher Scientific, and VWR 
International, and used as received or purified before use by standard methods.  Tetrahydrofuran 
was freshly distilled from sodium and benzophenone. Dichloromethane was also distilled 
immediately prior to use under nitrogen from calcium hydride. 4-N,N-
dimethylaminocinnamaldehyde solution was used as a TLC stain for biotin derivatives, and 
H2SO4 (conc.) in ethanol was used for taxoid derivatives. N-succinimido-biotin was prepared 
according to literature method.27 
 
§4.8.4 Experimental procedure 
 
Biotin methyl ester [4-1]:28 
To a cooled solution of D-(+)-biotin (0.325 g, 1.33 mmol) in CH3OH (10 mL) was added thionyl 
chloride (0.4 mL, 5.32 mmol), and the mixture was allowed to warm from 0 °C to room 
temperature and react for 12 h with stirring. The solution immediately turned colorless and 
transparent. The reaction mixture was concentrated in vacuo to afford 4-1 (0.344 g, quant.) as a 
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white-solid. The product was taken directly to the subsequent step without further purification. 
1H NMR (300 MHz, CDCl3) δ 1.47 (m, 2H), 1.67 (m, 4H), 2.53 (t, J = 7.2 Hz), 2.87 (d, J = 12.8 
Hz, 1H), 2.94 (dd, J = 5.0 Hz, 12.8 Hz, 1H), 3.21 (t, J = 5.0 Hz, 1H), 3.68 (s, 3H), 4.44 (dd, J = 
4.4, 8.0 Hz, 1H), 4.65 (dd, J = 4.4, 8.0 Hz). All data are in agreement with literature values.28   
 
Biotinylhydrazine [4-2]:28 
To a solution of 4-1 (0.342 g, 1.32 mmol) in CH3OH (7 mL) was added hydrazine monohydrate 
(0.25 mL, 5.32 mmol), and the mixture was allowed to react for 12 h at room temperature with 
stirring, and then at 60 °C for 5 h under reflux. The precipitate was collected by filtration, and 
the collected solution was concentrated in vacuo and combined with the collected precipitate to 
afford 4-2 (0.344 g, 95%) as a white solid. The product was taken directly to the subsequent step 
without further purification. 1H NMR (300 MHz, D2O) δ 1.26 (m, 2H), 1.36-1.60 (m, 4H), 2.25 
(t, J = 7.5 Hz, 2H), 2.62 (d, J = 12.8 Hz, 1H), 2.84 (dd, J = 5.0, 12.8 Hz, 1H), 3.18 (m, 1H), 4.27 
(dd, J = 4.4, 8.0 Hz, 1H), 4.45 (dd, J = 4.4, 8.0 Hz, 1H); 13C NMR (125 MHz, DMSO-d6) δ 
25.74, 28.49, 28.70, 33.56, 39.90, 55.89, 59.67, 61.51, 163.21, 173.81. All data are in agreement 
with literature values.28   
 
Biotin-(Me-SS-Linker)-SB-T-1214 (BLT) [4-3]: 
To a cooled solution of 3-13 (0.069 g, 0.269 mmol) in DMSO-pyridine (3:1) (3 mL) was added 
4-2 (0.336 g, 0.269 mmol), and the mixture was allowed to warm from 0 °C to room temperature 
and react for 4 d with stirring. Purification of the reaction mixture by column chromatography on 
silica gel with 7% CH3OH in CH2Cl2 as eluent gave 4-3 (0.175 g, 47%) as a white solid; 1H 
NMR (400 MHz, CD3OD) δ 1.02 (m, 2H), 1.10 (m, 2H), 1.20 (s, 6H), 1.30 (d, J = 6.8 Hz, 3H), 
1.44 (s, 9H), 1.49 (m, 2H), 1.63 (m, 4H), 1.68 (s, 3H), 1.76 (s, 3H), 1.78 (s, 3H), 1.81 (m, 3H), 
1.94 (s, 3H), 1.99 (m, 2H), 2.28 (t, J = 7.6 Hz, 2H), 2.35 (m, 2H), 2.41 (s, 3H), 2.48 (m, 2H), 
2.71 (d, J = 12.7 Hz, 1H), 2.93 (dd, J = 5.0, 12.7 Hz, 1H), 2.98 (m, 1H), 3.22 (m, 1H), 3.87 (d, J 
= 7.2 Hz, 1H), 4.03 (d, J = 2.4, 16.7, 1H), 4.13 (d, J = 1.8, 16.7 Hz, 1H), 4.20 (d, J = 8.4 Hz, 1H), 
4.24 (d, J = 8.4 Hz, 1H), 4.32 (m, 2H), 4.50 (dd, J = 4.4, 8.0 Hz, 1H), 4.59 (s, 2H), 4.94 (d, J = 
2.4 Hz, 2H), 5.03 (d, J = 7.6 Hz, 1H), 5.28 (bs, 1H), 5.69 (d, J = 7.2 Hz, 1H), 6.16 (bt, J = 9.0 Hz, 
1H), 6.48 (s, 1H), 7.33 (m, 3H), 7.53 (t, J = 8.0 Hz, 2 Hz), 7.66 (t, J = 7.4 Hz, 1H), 7.83 (d, J = 
7.8 Hz, 1H), 8.15 (d, J = 7.2 Hz, 2H); 13C NMR (125 MHz, CD3OD) δ 7.81, 7.84, 9.06, 12.41, 
13.64, 17.27, 19.46, 19.57, 20.99, 21.89, 24.73, 24.98, 25.59, 27.41, 27.96, 28.14, 30.61, 30.90, 
32.98, 35.35, 36.14, 38.13, 39.03, 39.67, 43.20, 45.78, 45.90, 46.68, 49.32, 55.54, 57.88, 60.25, 
61.85, 70.92, 71.58, 74.92, 75.18, 75.34, 76.06, 77.70, 79.11, 80.93, 84.49, 119.83, 127.51, 
128.06, 128.30, 129.75, 130.01, 130.09, 130.12, 131.01, 133.19, 133.37, 133.53, 137.28, 137.40, 
137.54, 141.24, 156.09, 164.75, 166.20, 168.91, 170.08, 170.10, 170.89, 172.67, 173.47, 173.72, 
203.76; HRMS (TOF) for C68H90N5O19S3

+ calcd: 1376.5387. Found: 1376.5397 (Δ = 0.7 ppm). 
 
1,11-Diazido-3,6,9-trioxaundecane [4-4]:22  
(JGV-01-137) 
To a cooled solution of tetraethylene glycol (8.9 mL, 51.5 mmol) and methanesulfonyl chloride 
(9.9 mL, 128.7 mmol) in THF (40 mL) was added Et3N (17 mL, 128.7 mmol), and the mixture 
was allowed to warm from 0 °C to room temperature and react for 3 h with stirring. The reaction 
was diluted with H2O (20 mL) to dissolve the formed precipitate, and the pH of the reaction 
mixture was adjusted to 8 by addition of NaHCO3(s) followed by NaN3 (8.4 g, 128.7 mmol). The 
reaction mixture was concentrated in vacuo, and the remaining aqueous solution was heated for 
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24 h at 100 °C under reflux with stirring. The reaction mixture was extracted with Et2O (5 x 100 
mL). The combined organic layers were washed with brine (3 x 20 mL), dried over MgSO4, and 
concentrated in vacuo to give 4-4 (8.051 g, 64%) as a light yellow liquid; 1H NMR (600 MHz, 
CDCl3) δ 3.39 (t, J = 4.8 Hz, 4 H), 3.68 (m, 12H). All data are in agreement with literature 
values.22 
 
11-Azido-3,6,9-trioxaundecan-1-amine [4-5]:22!
To a solution of 4-4 (8.051 g, 0.033 mol) in 0.65 M H3PO4 (80 mL) was added Ph3P (7.78 g, 
0.030 mol) in Et2O (60 mL), and the mixture was allowed to react for 24 h at room temperature 
with stirring. The aqueous layer was separated and washed with Et2O (3 x 100 mL). To the 
aqueous layer was added KOH (6 g), and the basic solution was cooled at 4 °C for 16 h, forming 
triphenylphosphine (TPPO) as a white precipitate. TPPO was removed by gravity filtration, and 
the product was extracted from the aqueous layer with CH2Cl2 (10 x 50 mL). The combined 
organic layers were concentrated in vacuo to give 4-5 (6.602 g, 88%) as a yellow liquid; 1H 
NMR (600 MHz, CDCl3) δ 1.67 (bs, 2H), 2.87 (t, J = 5.4 Hz), 3.40 (t, J = 4.8 Hz, 2H), 3.52 (t, J 
= 5.1 Hz, 2H, PEG), 3.68 (m, 10H, PEG). All data are in agreement with literature values.22 
 
Biotin-PEG3-azide [4-6]:29 
To a solution of D-(+)-biotin (1.200 g, 7.023 mmol) and 4-5 (1.531 g, 7.023 mmol) in DMF (70 
mL) was added EDC.HCl (0.900 g, 9.130 mmol), and the mixture was allowed to react for 24 h 
at room temperature with stirring. The reaction mixture was concentrated in vacuo to afford a 
yellow oil. Purification of the crude product by column chromatography on silica gel with 8% 
CH3OH in CH2Cl2 as eluent gave 4-6 (1.688 g, 77%) as a white solid; 1H NMR (500 MHz, 
CDCl3) δ 1.44 (m, 2H), 1.68 (m, 2H), 1.76 (m, 2H), 2.23 (t, J = 7.5, 2H), 2.74 (d, J = 12.5 Hz, 
1H), 2.91 (dd, J = 5.0, 12.5 Hz, 1H), 3.14 (m, 1H), 3.40 (t, J = 5.0 Hz, 2H), 3.43 (m, 2H), 3.56 (t, 
J = 5.0 Hz, 2H), 3.62-3.68 (m, 10H), 4.32 (dd, J = 4.8, 8.1 Hz, 1H), 4.50 (dd, J = 4.8, 8.1 Hz, 
1H), 5.39 (s, 1H), 6.37 (s, 1H), 6.71 (m, 1H). All data are in agreement with literature values.29 
 
Biotin-PEG3-amine [4-7]:30 
To a solution of 4-6 (0.899 g, 2.025 mmol) and Ph3P (0.797 g, 3.037 mmol) in THF (20 mL) was 
added H2O (0.7 mL), and the mixture was allowed to react for 16 h at room temperature with 
stirring. The reaction mixture was concentrated in vacuo, diluted with H2O (10 mL), and washed 
with toluene (5 x 30 mL). The aqueous layer was concentrated in vacuo by azeotropic distillation 
with THF to afford 4-8 (0.741 g, 88%) as a white solid; 1H NMR (300 MHz, D2O). δ 1.27 (m, 
2H), 1.48 (m, 4H), 2.12 (t, J = 7.2 Hz, 2H), 2.62 (d, J = 12.9 Hz, 1H), 2.83 (dd, J = 5.1, 12.9 Hz, 
1H), 2.80 (m, 2H), 3.18 (m, 1H), 3.23 (t, J = 5.1 Hz, 2H), 3.41-3.55 (m, 12H), 4.27 (dd, J = 4.8, 
8.1 Hz, 1H), 4.45 (dd, J = 4.8, 8.1 Hz, 1H). All data are in agreement with literature values.30  
 
Biotin-PEG3-Me-SS-Linker-SB-T-1214 (BLT-S) [4-8]: 
To a solution of 3-13 (36 mg, 0.0289 mmol) in CH2Cl2 (1 mL) was added 4-7 (12 mg, 0.0289 
mmol) in CH2Cl2 (1 mL), and the mixture was allowed to react for 6 h at room temperature with 
stirring. The reaction mixture was concentrated in vacuo to give an off-white solid. Purification 
of the crude product by column chromatography with 10% CH3OH in CH2Cl2 as eluent gave 4-8 
(32 mg, 72%) as a white solid; 1H NMR (500 MHz, CD3OD) δ 0.93 (m, 1H), 1.03, (m, 2H), 1.06 
(m, 1H), 1.11 (m, 1H), 1.21 (s, 6H), 1.31 (d, J = 6.8 Hz, 3H), 1.45 (s, 9H), 1.68 (s, 3H), 1.69 (m, 
4H), 1.78 (s, 3H), 1.80 (s, 3H), 1.95 (s, 3H), 2.23 (t, J = 7.4 Hz, 2H), 2.30 (m, 2H), 2.41 (s, 3H), 
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2.49 (m, 2H), 2.72 (d, J = 12.8 Hz, 1H), 2.91 (m, 1H), 2.94 (dd, J = 5.0, 12.8 Hz, 1H), 3.21 (m, 
1H), 3.38 (m, 2H), 3.56 (m, 4H), 3.67 (m, 8H), 3.88 (d, J = 7.1 Hz, 1H), 4.05 (dd, J = 2.8, 16.7 
Hz, 1H), 4.14 (d, J = 16.7 Hz, 1H), 4.23 (m, 2H), 4.32 (dd, J = 4.4, 8.0 Hz, 1H), 4.35 (m, 1H), 
4.50 (m, 1H), 4.95 (s, 2H), 5.04 (d, J = 9.2 Hz, 1H), 5.31 (bs, 1H), 5.70 (d, J = 7.2 Hz, 1H), 6.71 
(m, 1H), 6.49 (s, 1H), 6.92 (d, J = 7.8 Hz, 1H), 7.32 (m, 1H), 7.35 (m, 2H), 7.54 (t, J = 7.7 Hz, 
2H), 7.67 (t, J = 7.4 Hz, 1H), 7.84 (m, 1H), 8.16 (d, J = 7.6 Hz, 2H); 13C NMR (125 MHz, 
CD3OD) δ 7.75, 7.78, 9.02, 12.38, 13.64, 17.25, 19.50, 19.54, 20.97, 21.86, 24.70, 25.46, 25.58, 
27.39, 28.11, 28.39, 31.33, 31.36, 32.79, 32.91, 35.36, 36.14, 38.11, 38.96, 39.67, 43.20, 45.88, 
45.97, 46.67, 55.61, 57.88, 60.22, 61.92, 69.15, 69.22 69.84, 70.21, 70.92, 71.54, 74.92, 75.19, 
75.31, 76.05, 77.69, 79.07, 80.93, 84.48, 119.88, 127.60, 128.02, 128.78, 129.75, 130.03, 130.12, 
130.16, 131.09, 131.14, 156.10, 164.69, 166.19, 168.88, 170.02, 173.65, 173.75, 174.69, 203.75. 
HRMS for C76H106N5O22S3

+ calcd: 1536.6486. Found: 1536.6427 (Δ = -3.8 ppm) 
 
Biotin-PEG3-gem-dimethyl-SS-Linker-SB-T-1214 [4-9]: 
To a solution of 3-21 (24 mg, 0.0202 mmol), 4-6 (9 mg, 0.222 mmol), and ascorbic acid (4.4 mg, 
0.222 mmol) in THF (0.8 mL) was added CuSO4

.H2O (5 mg, 0.222 mmol) in H2O (0.2 mL), and 
the mixture was allowed to stir for 48 h at room temperature with stirring. The reaction was 
diluted with H2O (10 mL) and extracted with CH2Cl2 (3 x 20 mL). The combined organic layers 
were concentrated in vacuo to give an off-white solid. Purification of the crude product did not 
lead to the desired product. HRMS for C80H111N8O22S3

+ calcd: 1631.6970. Found: 1631.6987 (Δ 
= 1.0 ppm). Reaction optimization and purification method develop is currently under 
development.  
 
Biotin-PEG3-FITC [4-10]: 
To a solution of fluorescein isothiocyanate (FITC) (20 mg, 0.0502 mmol) and 4-7 (30 mg, 
0.0717 mmol) in DMF (0.6 mL) was added DIPEA (14 µL, 0.0502 mmol), and the mixture was 
allowed to react for 48 h at room temperature in the dark with stirring. The reaction mixture was 
directly loaded onto a silica gel column. Purification of the reaction mixture by column 
chromatography on silica gel with 15% CH3OH in CH2Cl2 as eluent gave 4-10 (27 mg, 68% 
yield) as an orange solid; mp 191-192 °C; 1H NMR (500 MHz, CD3OD) δ 1.40 (m, 2H), 1.62 (m, 
2H), 1.69 (m, 2H), 2.19 (t, J = 7.4 Hz, 2H), 2.67 (d, J = 12.7 Hz, 1H), 2.88 (dd, J = 5.0, 12.7 Hz, 
1H), 3.15 (m, 1H), 3.32 (m, 2H), 3.51 (t, J = 5.2 Hz, 2H), 3.59 (m, 2H), 3.63 (m, 2H), 3.68 (s, 
4H), 3.71 (t, J = 5.2 Hz, 2H), 3.82 (bs, 2H), 4.26 (dd, J = 4.5, 7.9 Hz, 1H), 4.45 (dd, J = 4.5, 7.9 
Hz, 1H), 6.55 (dd, J = 2.4, 8.8 Hz, 2H), 6.67 (d, J = 2.4 Hz, 2H), 6.69 (d, J = 8.8 Hz, 2H), 7.16 (d, 
J = 8.3 Hz, 1H), 7.77 (d, J = 7.8 Hz, 1H), 7.95 (bs, 1H), 8.15 (d, J = 1.7 Hz, 1H); 13C NMR (125 
MHz, CD3OD) 7.21, 12.43, 15.43, 21.71, 24.82, 27.47, 27.73, 30.77, 34.74, 38.32, 39.05, 43.49, 
45.89, 54.97, 59.61, 61.35, 68.58, 69.24, 69.32, 69.56, 69.61, 101.54, 109.74, 112.02, 123.99, 
128.46, 140.43, 152.40, 164.11, 169.25, 174.15, 180.88; HRMS (TOF) for C39H46N5O16S2

+ 

calcd: 808.2681. Found: 808.2691 (Δ = 1.2 ppm).  
 
4-(Bromomethyl)-N-benzoate succinimide ester [4-11]:31  
To a solution of α-bromo-p-toluic acid (1.500 g, 6.98 mmol) and HOSu (0.980 g, 8.37 mmol) in 
CH2Cl2 (50 mL) was added DIC (1.3 mL, 8.37 mmol), and the mixture was allowed to react for 
16 h at room temperature with stirring. The reaction mixture was concentrated in vacuo to afford 
a white solid. Purification of the crude product by column chromatography on silica gel with 
hexanes/ethyl acetate (2:3) as eluent gave 4-11 as a white solid. The solid was recrystallized 
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from ethyl acetate and hexanes to afford 4-11 (1.589 g, 73%) as a white crystalline solid; 1H 
NMR (300 MHz, DMSO-d6) δ 2.94 (s, 4H), 4.86 (s, 2H), 7.76 (d, J = 8.2 Hz, 2H), 8.13 (d, J = 
8.2 Hz, 2H). HRMS (TOF) for C12H11NO4Br+ calcd: 311.9871. Found: 311.9874 (Δ = 1.0 ppm).    
 
Biotin-PEG3-Bn-Br [4-12]:  
To a solution of 4-7 (50 mg, 0.120 mmol) in CH2Cl2 (1 mL) was added 4-11 (37 mg, 0.120 
mmol) in CH2Cl2 (1 mL), and the mixture was allowed to react for 4 h at room temperature with 
stirring. The reaction mixture was concentrated in vacuo to afford an off-white solid. Purification 
of the crude product by column chromatography on silica gel with 10% CH3OH in CH2Cl2 as 
eluent gave 4-12 (59 mg, 81%) as a white solid; 1H NMR (500 MHz, CD3OD) δ 1.45 (t, J = 7.8 
Hz, 2H), 1.65 (m, 2H), 1.75 (m, 2H), 2.23 (t, J = 7.2 Hz, 2H), 2.72 (d, J = 12.8 Hz, 1H), 2.93 (dd, 
J = 5.0, 12.8 Hz, 1H), 3.21 (m, 1H), 3.53 (t, J = 5.4 Hz, 2H), 3.61 (m, 4H), 3.69 (m, 10H), 4.31 
(dd, J = 4.4, 8.0 Hz, 1H), 4.50 (dd, J = 4.4, 8.0 Hz, 1H), 4.63 (s, 2H), 7.54 (d, J = 8.3 Hz, 2H), 
7.83 (d, J = 8.3 Hz, 2H); 13C NMR (125 MHz, CD3OD) δ 25.41, 28.09, 28.33, 31.50, 35.34, 
38.94, 39.58, 39.62, 55.56, 60.26, 61.99, 69.13, 69.18, 69.82, 69.92, 70.19, 127.11, 127.33, 
127.37, 128.38, 128.88, 129.32, 134.10, 141.93, 164.67, 168.29, 172.45, 174.69. HRMS for 
C26H40BrN4O6S+ calcd: 615.1849. Found: 615.1846. (Δ = -0.5 ppm). 
 
11-(p-Toluenesulfonyl)-3,6,9-trioxaundecan-1-ol [4-13]:32 
To a cooled solution of tetraethylene glycol (7.0 g, 0.036 mol) in CH2Cl2 (35 mL) was added a 
solution of p-toluenesulfonyl chloride (6.87 g, 0.036 mol) and Et3N (5.0 mL, 0.036 mol) in 
CH2Cl2 (35 mL), and the mixture was allowed to warm from 0 °C to room temperature and react 
for 16 h with stirring. The reaction was diluted with H2O (30 mL), and the mixture was extracted 
with CH2Cl2 (3 x 20 mL). The combined organic layers were dried over MgSO4 and 
concentrated in vacuo to afford a yellow oil. Purification of the crude product by column 
chromatography on silica gel with hexanes/ethyl acetate (1:1) as eluent gave 4-13 (7.002 g, 56%) 
as a colorless oil; 1H NMR (300 MHz, CDCl3) δ 2.43 (s, 3H), 3.58 (m, 14H), 4.15 (m, 2H), 7.33 
(d, J = 8.2 Hz, 2H), 7.78 (d, J = 8.2 Hz, 2H). Also obtained by column purification was the di-
tosylated product, 4-14 (3.593 g, 20%) as a yellow oil; 1H NMR (300 MHz, CDCl3) δ 2.44 (s, 
6H), 3.57 (m, 8H), 3.68 (t, J = 4.8 Hz, 4H), 4.15 (m, 4H), 7.33 (d, J = 7.8 Hz, 4H), 7.78 (d, J = 
8.1 Hz, 4H). All data are in agreement with literature values.32 
 
11-Azido-3,6,9-trioxaundecan-1-ol [4-15]:32 
A solution of 4-13 (2.377 g, 6.82 mmol) and NaN3 (0.520 g, 7.85 mmol) in CH3CN (50 mL) was 
heated for 16 h at 80 °C under reflux with stirring. The reaction was diluted with H2O (10 mL),  
and the mixture was extracted with ethyl acetate (5 x 10 mL). The combined organic layers were 
dried over MgSO4 and concentrated in vacuo to afford 4-15 (1.310 g, 88%) as a colorless oil; 1H 
NMR (500 MHz, CDCl3) δ 3.39 (t, J = 5.1 Hz, 2H), 3.60 (t, J = 5.1 Hz, 2H), 3.66 (m, 10 H), 3.71 
(m, 2H). All data are in agreement with literature values.32 
 
11-Azido-3,6,9-trioxaundecanyl-1-methylsulfonate [4-16]:32 
To a cooled solution of 4-15 (1.237 g, 5.64 mmol) in CH2Cl2 (30 mL) at 0 °C was added Et3N 
(2.4 mL, 16.93 mmol) and methanesulfonyl chloride (0.6 mL, 7.34 mmol), and the mixture was 
allowed to react for 1 h at 0 °C with stirring. The reaction was diluted with H2O (15 mL), and the 
mixture was extracted with CH2Cl2 (3 x 30 mL). The combined organic layers were dried over 
MgSO4 and concentrated in vacuo to afford an orange oil. Purification of the crude product by 
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column chromatography on silica gel with hexanes/ethyl acetate (2:3) as eluent gave 4-16 (1.103 
g, 66%) as a colorless oil; 1H NMR (300 MHz, CDCl3) δ 3.07 (s, 3H), 3.38 (t, J = 5.1 Hz, 2H), 
3.66 (m, 10H), 3.76 (m, 2H), 4.37 (m, 2H). All data are in agreement with literature values.32 
 
Alkyne-Scavenger Resin [4-17]:33 
A suspension of Merrifield Peptide Resin (1.0 g, 2.5-4 mmol/g) and NaN3 (1.3 g, 12.5-20 mmol) 
in DMSO (10 mL) was heated at 80 °C for 3 d with stirring. The resin beads were filtered and 
washed with CH2Cl2 (6 x 30 mL), CH3OH (6 x 30 mL), and Et2O  (6 x 30 mL). The beads were 
dried under vacuum for 24 h. FTIR (cm-1) 2050 (sharp, C-azide). 
 
N-Biotinylpropargylamine [4-18]:34 
To a solution of N-succinimido-D-(+)-biotin (0.445 g, 1.305 mmol) in CH2Cl2-DMF (1:1) (13 
mL) was added propargylamine (124 µL, 1.970 mmol), and the mixture was allowed to react for 
8 h at room temperature. The reaction mixture was concentrated in vacuo to give a yellow oil. 
Purification of the crude product by column chromatography on silica gel with 10% CH3OH in 
CH2Cl2 as eluent gave 4-18 (0.332 g, 91%) as a white solid; 1H NMR (500 MHz, CD3OD) δ 1.44 
(m, 2H), 1.66 (m, 4H), 2.21 (t, J = 7.5 Hz, 2H), 2.36 (t, J = 7.5 Hz, 1H), 2.49 (t, J = 7.4 Hz, 1H), 
2.57 (t, J = 2.5 Hz, 1H), 2.69 (d, J = 12.8 Hz, 1H), 2.92 (dd, J=5.0, 12.8 Hz, 1H), 3.20 (m, 1H), 
3.93 (d, J = 2.5 Hz, 2H), 4.30 (dd, J = 4.4, 8.0 Hz, 1H), 4.84 (dd, J = 4.4, 8.0 Hz, 1H), 4.60 (s, 
1H); 13C NMR (125 MHz, CD3OD), δ 25.31, 27.98, 28.06, 28.33, 35.10, 39.66, 55.58, 60.24, 
61.97, 70.71, 79.29, 164.76, 174.27. All data are in agreement with literature values.34 
 
Biotin-Triazole-PEG3-Mesylate [4-19]:26  
To a solution of 4-18 (0.060 g, 0.212 mmol), 4-16 (0.126 g, 0.423 mmol), and ascorbic acid 
(0.040 g, 0.233 mmol) in THF (0.8 mL) was added a solution of CuSO4

.5H2O (0.057 g, 0.223 
mmol) in H2O (0.8 mL), and the mixture was allowed to react for 16 h at room temperature with 
stirring. Alkyne scavenger 4-17 was added to remove any unreacted 4-18, and the mixture was 
stirred for 3 h. The reaction was diluted with H2O (3 mL), and the mixture was extracted with 
CH2Cl2 (3 x 10 mL). The combined organic layers were dried over MgSO4 and concentrated in 
vacuo to afford a yellow oil. Purification of the crude product by column chromatography on 
silica gel with 12% CH3OH in CH2Cl2 as eluent gave 4-19 (0.058 g, 47%) as a yellow solid; 1H 
NMR (500 MHz, CD3OD) δ 1.43 (m, 2H), 1.64 (m, 4H), 2.23 (t, J = 7.2 Hz, 2H), 2.79 (d, J = 
12.7 Hz, 1H), 2.92 (dd, J = 5.0, 12.7 Hz, 1H), 3.08 (s, 3H), 3.19 (m, 1H), 3.59 (m, 8H), 3.74 (m, 
2H), 3.87 (t, J = 5.1 Hz, 2H), 4.29 (dd, J = 4.4, 8.0 Hz, 1H), 4.35 (m, 2H), 4.42 (s, 2H), 4.48 (d, J 
= 4.4, 8.0 Hz, 1H), 4.55 (t, J = 5.1 Hz, 2H), 7.90 (s, 1H); 13C NMR (125 MHz, CD3OD) δ 25.33, 
28.05, 28.33, 34.20, 35.19, 36.08, 39.66, 50.05, 53.43, 60.23, 61.93, 68.71, 69.00. 69.62, 70.08, 
70.10, 70.12, 70.19, 123.65, 144.70, 164.72, 174.52. HRMS (TOF) for C22H39N6O8S2

+ calcd: 
579.2265. Found: 579.2273 (Δ = 1.4 ppm). All data are in agreement with literature values.26  
 
Biotin-PEG3-F [4-20]:26 
To a solution of 4-19 (3.2 mg, 8.65 µmol) in tert-AmOH-DMSO (3:2) (200 µL) was added 1 M 
TBAF in THF (30 µL), and the mixture was heated for 6 h at 80 °C under reflux with stirring. 
Reaction progress was monitored by mass spectrometry. Purification of the reaction mixture by 
column chromatography on silica gel with 15% CH3OH in CH2Cl2 as eluent gave 4-20 (2.6 mg, 
94%), as a waxy solid; 1H NMR (500 MHz, CD3OD) δ 1.34 (m, 2H), 1.62 (m, 2H), 1.77 (m, 2H), 
2.27 (t, J = 7.5 Hz, 2H), 2.73 (d, J = 12.6 Hz, 1H), 2.95 (dd, J = 5.0, 12.6 Hz, 1H), 3.23 (m, 1H), 
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3.64 (m, 5H), 3.66 (m, 2H), 3.70 (m, 1H), 3.77 (m, 1H), 3.90 (t, J = 5.1 Hz, 2H), 4.32 (dd, J = 
4.4, 8.0 Hz, 1H), 4.46 (s, 2H), 4.50 (m, 1H), 4.52 (dd, J = 4.4, 8.0 Hz, 1H), 4.58 (t, J = 5.1 Hz, 
2H), 7.93 (s, 1H); 13C NMR (125 MHz, CD3OD) δ 16.85, 25.33, 28.05, 28.33, 34.18, 35.17, 
38.06, 39.64, 50.03, 53.41, 55.58, 60.22, 61.92, 68.99, 70.04, 70.09, 70.12, 70.15, 70.25, 70.27, 
82.06, 83.39, 123.65, 144.66, 164.70, 174.49. All data are in agreement with literature values.26  
 
Cell Culture  

All cell lines were obtained from ATCC unless otherwise noted. Cells were cultured in 
RPMI-1640 cell culture medium (Gibco) or DMEM culture medium (Gibco), both supplemented 
with 5% (v/v) heat-inactivated fetal bovine serum (FBS), 5% (v/v) NuSerum, and 1% (v/v) 
penicillin and streptomycin (PenStrep) at 37 °C in a humidified atmosphere with 5% CO2. 
Murine leukemia cell lines L1210 and L1210FR (a gift from Dr. Gregory Russell-Jones, Access 
Pharmaceuticals Pty Ltd., Australia) were grown as a suspension in supplemented RPMI-1640. 
Human breast carcinoma, MX-1 and MCF-7, and murine ovarian carcinoma, ID8, cell lines were 
cultured as monolayers on 100 mm tissue culture dishes in a supplemented RPMI-1640 cell 
culture medium, and normal human lung fibroblast cell line WI-38 (ATCC) as a monolayer in a 
supplemented DMEM cell culture medium. Cells were harvested, collected by centrifugation at 
850 rpm for 5 min, and resuspended in fresh culture medium. Cell cultures were routinely 
divided by treatment with trypsin (TrypLE, Gibco) as needed every 2-4 days and collected by 
centrifugation at 850 rpm for 5 min, and resuspended in fresh cell culture medium, containing 
varying cell densities for subsequent biological experiments and analysis. 

 
Incubation of Cells with Biotin-PEG3-FITC (4-10) and Taxol-7-Fluorescein (2-36).  

Cell suspensions (3 mL) of MX-1, ID8, and WI38 at 5 x 105 cells/mL were added to each 
individual well of 6-well plates, and the plates were subsequently incubated overnight in the 
appropriate cell culture media. The cell culture media was replaced with 5 µM solutions of 
fluorescent probes 4-10 or 2-36 in cell culture media (3 mL).  Then, the cells were incubated 
with probes 4-10 or 2-36 for 1 or 3 h at 37 °C. In the case of leukemia cell lines (L1210, 
L1210FR), probes 4-10 or 2-36 (1 mM) in DMSO (15 µM) were injected directly into fresh cell 
suspensions to give a final concentration of 5 µM, and cells were incubated for similar time 
intervals. Following incubation, the cells were removed by treatment with trypsin as needed, 
washed twice with phosphate buffered solution (PBS), collected by centrifugation, and 
resuspended in PBS (150 µL) for subsequent confocal fluorescence microscopy imaging or flow 
cytometry analysis.  

 
Confocal Fluorescence Microscopy (CFM) Imaging of the Treated Cells 

Cells treated as described above were resuspended in 150 µL of PBS after each 
experiment, and dropped onto an uncoated microslide with coverslip (MatTek Corp). CFM 
experiments were performed using  a Zeiss LSM 510 META NLO two-photon laser scanning 
confocal microscope system, operating at a 488 nm excitation wavelength and at 527 ± 23 nm 
detecting emission wavelength using a 505-550 nm bandpass filter.  Images were captured using 
a C-Apochromat 63x/1.2 water (corr.) objective. Acquired data were analyzed using LSM 510 
Meta software.   

` 
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Flow Cytometry Fluorescent Measurements of the Cells   
Flow cytometry analysis of the cells treated with probes 4-10 or 2-36 was performed with 

a flow cytometer, FACSCalibur, operating at a 488 nm excitation wavelength and detecting 530 
nm emission wavelengths with a 30 nm bandpass filter (515-545 nm range).  Cells treated as 
described above were resuspended in 0.5 mL of PBS. Approximately 10,000 cells were counted 
for each experiment using CellQuest 3.3 software (Becton Dickinson), and the distribution of 
FITC fluorescence was analyzed using WinMDI 2.8 freeware (Joseph Trotter, Scripps Research 
Institute). 

 
In Vitro Cytotoxicity Assays.  

The cytotoxicities (IC50, nM) of paclitaxel, SB-T-1214, and 4-3 were evaluated against 
various cancer cell lines by means of the standard quantitative colorimetric MTT assay.24 The 
inhibitory activity of each compound is represented by the IC50 value, which is defined as the 
concentration required for inhibiting 50% of the cell growth. Cells were harvested, collected, and 
resuspended in 100 µL cell culture medium (RPMI-1640 or DMEM) at a concentrations ranging 
from 0.5-1.5 x 104 cells per well in a 96-well plate. For adhesive cell types, cells were allowed to 
descend to the bottom of the wells overnight, and appropriate fresh medium was added to each 
well upon removal of the old medium. 

For the MTT assay of paclitaxel, SB-T-1214, and 4-3, cells were resuspended in 200 µL 
medium with 8,000 to 10,000 cells per well of a 96-well plate and incubated at 37 °C for 24 h 
before drug treatment. In DMSO stock solutions, each drug or conjugate was diluted to a series 
of concentrations in cell culture medium to prepare test solutions. After removing the old 
medium, these test solutions were added to the wells in the 96-well plate to give the final 
concentrations ranging from 0.5 to 5,000 nM (100 µL), and the cells were subsequently cultured 
at 37 °C for 72 h. For the leukemia cell lines, cells were harvested, collected, and resuspended in 
the test solutions ranging from 0.5 to 5,000 nM (100 µL) at 0.5 to 0.8 x 104 cells per well in a 96-
well plate and subsequently incubated at 37 °C for 72 h.  

In a second series of experiments, cells were incubated with 4-3 at 37 °C for 24 h and the 
drug medium was removed. Then, treated cells were washed with PBS, and GSH-OEt (6 
equivalents) in cell culture medium (200 µL) was added to the wells. These cells were incubated 
at 37 °C for an additional 48 h; i.e., the total incubation time was 72 h.  

In a third series of experiments, cells were incubated with 4-3 at 37 °C for 24 h, and 
GSH-OEt (6 equivalents) in cell culture medium (100 µL) was directly added to the wells.  These 
cells were incubated at 37 °C for an additional 48 h; i.e. the total incubation time was also 72 h.  

For all experiments, after removing the test medium, fresh solution of MTT in PBS (40 
µL of 0.5 mg MTT/mL) was added to the wells, and the cells were incubated at 37 °C for 3 h. 
The MTT solution was then removed, and the resulting insoluble violet formazan crystals were 
dissolved in 0.1 N HCl in isopropanol with 10% Triton X-100 (40 µL) to give a violet solution. 
The spectrophotometric absorbance measurement of each well in the 96-well plate was run at 
570 nm using a Labsystems Multiskan Ascent microplate reader. The IC50 values and their 
standard errors were calculated from the viability-concentration curve using Four Parameter 
Logistic Model of Sigmaplot. The concentration of DMSO per well was ≤1% in all cases. Each 
experiment was run in triplicate.  
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§5.1.0 Introduction 
 
§5.1.1 Combination Chemotherapy 
 

Over the past several decades, combination chemotherapy has emerged as a primary 
treatment option for many types of cancers, some of which had previously been considered 
incurable (i.e. acute lymphocytic leukemia, Hodgkin’s lymphoma).1, 2 Combination chemotherapy 
involves the sequential delivery of two or more cytotoxic agents based on non-overlapping 
toxicities and mechanisms of action to augment therapeutic efficacy.3, 4 Compared to the use of a 
single cytotoxic drug, the use of two or more properly selected agents in combination can lead to a 
decrease in systemic toxicity, as each drug can be administered at lower than typical doses, and an 
increase in efficacy due to synergistic or cooperative effects of the drugs on tumor eradication.5 
Furthermore, a sequential treatment with chemotherapeutic agents bearing different mechanisms of 
action has been shown to circumvent drug resistance and lead to synergistic enhancement of 
efficacy.3, 6, 7 
 
§5.1.2 Camptothecins 

 
Figure 5.1. Chemical structures of camptothecin (CPT), topotecan, and irinotecan (CPT-11). 

 
Camptothecin (CPT) and its derivatives are classified as topoisomerase I (topo I) inhibitors, 

which prevent the cleavage and reannealing of single-strand DNA (ssDNA) during replication and 
transcription.8 These inhibitors increase the number of intracellular covalent topo I–DNA 
complexes, which interact with replication forks to induce irreversible double-strand DNA 
(dsDNA) cleavage.9, 10 The dsDNA lesions are the target of camptothecin-induced cell death, 
resulting in inhibition of RNA transcription and apoptotic cell death.9, 11 Among these agents are 
two water-soluble derivatives – topotecan and irinotecan, which received FDA approval as 
anticancer agents for the treatment of lung, colon, and ovarian cancers (Figure 5.1).12  
 

 
Figure 5.2. Camptothecin dose-survival curves of M, G1, S, and G2 cell phases. Reprinted from reference [13]. 
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The mechanism of action by camptothecin is highly cell-cycle dependent, rendering cells in 
S phase 100- to 1000-times more sensitive then cells in the remaining phases of the cell cycle 
(Figure 5.2).8, 13, 14 Pretreatment in vitro with taxanes and other microtubule stabilizing agents can 
increase the potency of topoisomerase I inhibitors by increasing topoisomerase I levels and the 
fraction of cells in the S phase, the target phase of the cell cycle by such inhibitors.6 

Several camptothecin derivatives, such as camptothecin-20-ester(S), topotecan, and 9-
glycineamido-20(S)-camptothecin hydrochloride, have been identified as small molecule inhibitors 
of hypoxia-inducible factor 1 (HIF-1) transcriptional activation pathway.15 Comprised of HIF-1α 
and HIF-1β subunits,16 HIF-1 is a transcriptional factor that regulates gene expression of proteins 
during hypoxic, or oxygen-deprived, conditions.15, 17 These genes encode for proteins involved in 
angiogenesis, such as vascular endothelial growth factor (VEGF) and inducible nitric oxide 
synthase, as well as in anaerobic metabolism (glycolytic enzymes), and erythropoietin 
production.15, 17 Overexpression of HIF-1α protein is associated with increased vascularity and 
tumor progression, and has been demonstrated in many human cancers.16 For example, MX-1 
(human breast cancer) cell line has demonstrated upregulated VEGF gene expression mediated by 
HIF-1 under hypoxic conditions both in vitro and in vivo.18   

 
§5.1.3 Taxoid-Camptothecin Synergy 
 

Combined regimens of a camptothecin and a taxoid have afforded conflicting results in 
previous preclinical evaluations.8 While several studies demonstrated antagonistic effects, 9, 19 
most others observed synergistic or additive effects.20-23 Pre-exposure to paclitaxel or docetaxel 
against MCF-7 or MDAH-B231 human breast carcinoma cell lines resulted in a 10-fold reduction 
in the IC50 values of topotecan and 9-aminocamptothecin.20 Furthermore, a two-fold up-regulation 
of topoisomerase I RNA was observed 24 hours following taxane exposure.20 Reverse or 
simultaneous exposure to taxanes and camptothecins did not afford synergistic results, merely 
additive, indicating that the sequence of treatment may be essential.6, 20 

As a class, camptothecins have encountered intrinsic drug resistance in certain colon cancer 
cell lines, as well as resistance that may be acquired in breast cancer cells.24 Several mechanisms 
of camptothecin-related drug resistance have been described.11, 24-26 Mutations or reduced 
expression that alter topoisomerase I levels can lead to a reduction in both the interactions and 
formation of the cleavable CPT-topoisomerase I complex.11, 24 Overexpression of the Pgp efflux 
pump showed slight resistance to topotecan, however resistance towards camptothecin was not 
observed.25 An additional ATP-binding cassette (ABC) half-transporter, encoded by the 
mitoxantrone resistance (MTX) gene, has been linked to camptothecin drug resistance.24 It should 
be noted that drug resistance conferred by MXR does not include resistance to taxanes.24 
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§5.2 SB-T-1214 and Camptothecin 
 
For the selection of two drugs for in vitro biological evaluations in combination and to 

investigate their synergistic or additive effects, selection was focused on a microtubule-stabilizing 
agent (taxanes) and a topoisomerase I inhibitor (camptothecins) due to their different and well-
defined molecular targets, previously elucidated cell-cycle dependence, and extensive preclinical 
and clinical drug development. Next-generation taxoid, SB-T-1214, was selected as the 
microtubule-stabilizing agent, as it exhibits two to three orders of magnitude greater potency than 
paclitaxel and docetaxel against multidrug resistant and paclitaxel-resistant cancer cell lines and 
tumors.27-30 Camptothecin was chosen as the topoisomerase I inhibitor due to its single reactive site 
– a tertiary hydroxyl – which, upon thiolactonization of a disulfide linker, is generated in an 
unmodified form. Thus, SB-T-1214 and camptothecin were subsequently evaluated as combination 
agents for in vitro cytotoxicity studies in BR+ cancer cell lines. 
 
§5.2.1 Effect of Equimolar Combinations of SB-T-1214 and CPT on Cytotoxicity 
 

The effect of equimolar combinations of SB-T-1214 and camptothecin on cytotoxicity was 
investigated using three different timings for drug administration: (a) simultaneous exposure 
(Entry 3), (2) first, SB-T-1214 for 24 h, followed by camptothecin (Entry 4), and (c) first, 
camptothecin for 24 h, followed by SB-T-1214 (Entry 5).31 Single-drug administrations (Entries 1 
and 2) and combinations were evaluated against human breast carcinoma (MX-1 and MCF-7), 
murine ovarian (ID8), and murine leukemia (L1210FR) cancer cell lines. The results are 
summarized in Table 5.1. 

 

Table 5.1. Cytotoxicities (IC50, nM) of SB-T-1214, CPT, and Their Equimolar Combinations 
against Cancer Cell Lines Overexpressing Biotin Receptor (BR+).  
Adapted from reference [31]. 

Entry Conjugate Time MX-1a MCF-7b ID8c L1210FRd 
1e SB-T-1214 72 h 2.01 ± 0.52 0.44 ± 0.18 1.11 ± 0.26 2.14 ± 1.30 
2e CPT 72 h 1,700 ± 200 65.1 ± 12.3 474 ± 101 510 ± 139 
3f SB-T-1214:CPT (1:1) 72 h 1.88 ± 0.14 0.40 ± 0.09 1.02 ± 0.17 4.14 ± 0.46 
4g SB-T-1214 

then CPT 
24 h 
48 h 1.98 ± 0.29 0.33 ± 0.10 0.96 ± 0.14 3.51 ± 0.27 

5h CPT 
then SB-T-1214 

24 h 
48 h >5,000 79.2 ± 12.4 110 ± 12 949 ± 116 

aHuman breast carcinoma cell line (BR+); bHuman breast carcinoma cell line (BR+); cMurine ovarian carcinoma cell 
line (BR+); dMurine lymphocytic leukemia cell line (BR+); eCells were incubated with a drug for 72 h at 37 °C; fCells 
were incubated with an equimolar mixture of two drugs for 72 h at 37 °C; gCells were incubated with SB-T-1214 at a 
given concentration for 24 h at 37 °C. Then, an equimolar amount of CPT was added and the cells were incubated for 
an additional 48 h at 37 °C; hCells were incubated with CPT at a given concentration for 24 h at 37 °C. Then, an 
equimolar amount of SB-T-1214 was added and the cells were incubated for an additional 48 h at 37 °C.  
 

For the single administration of each drug, the cytotoxicity of SB-T-1214 was 148–846 
times more potent than that of camptothecin against all four evaluated cancer cell lines (Entries 1 
and 2) in a 72 h drug incubation period. The order of exposure to these two drugs, i.e. (a) 
simultaneous delivery, (b) first, SB-T-1214 for 24 h followed by camptothecin, and (c) first, 
camptothecin for 24 h followed by SB-T-1214, exhibited a marked difference in potency. When 
the cells were exposed to camptothecin for 24 h, followed by equimolar concentrations of SB-T-
1214 (Entry 5), significant increases in the IC50 values were observed compared to those values for 
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simultaneous exposure (Entry 3), and the values were even higher than those for camptothecin 
alone, except for that against ID8 cell line (Entry 2). These results clearly suggest that the two 
drugs act antagonistically in this case and that camptothecin appears to block the action of SB-T-
1214, likely ascribed to cell cycle control, e.g. synchronization, by camptothecin, which leads to 
detrimental effects on the mechanism of action of the taxoid.32 However, when the cells were 
exposed to an equimolar mixture of the two drugs (Entry 3) or to SB-T-1214 first for 24 h, 
followed by camptothecin (Entry 4), the IC50 values remained nearly the same as those for the 
single-drug administration of SB-T-1214 (Entry 1). These results indicate that in these two cases 
(Entries 3 and 4), SB-T-1214 and camptothecin act cooperatively, and SB-T-1214 may augment 
the effects of camptothecin.31  
 
§5.3 Tumor-targeted Combination Chemotherapy 

 
Figure 5.3. Chemical structure of EC0225, folate-based conjugate of dAc-VLB-mH and mitomycin C. Adapted from reference [33]. 

 

Traditional combination chemotherapy suffers from the same drawbacks of single-agent 
chemotherapy – lack of tumor specificity continues to be a serious problem for cancer treatment; 
thus, there is an urgent need for targeted combination chemotherapy. The first drug conjugate 
possessing two different biologically active agents, EC0225, was developed by Endocyte and 
reported in 2007, shown in Figure 5.3.33 EC0225 bears both highly potent antimitotic agent 
desacetylvinblastine monohydrazide and chemically sensitive alkylating agent mitomycin C 
attached to a folate-polypeptide spacer unit via two disulfide-based linker systems.33 EC0225 is in 
Phase I clinical trials for the treatment of hormone refractory or metastatic solid tumors. 

  

 
Figure 5.4. Major byproduct formation resulting from the addition of a second thiol-bearing drug to a FA-based drug 

delivery scaffold. Adapted from reference [33]. 
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However, there are several notable limitations and areas for improvement in this double-
warhead design. First, the disulfide release systems require modification to desacetylvinblastine 
with a hydrazide functionality, in turn reducing and limiting the potency of the drug conjugate. 
Second, installation of each cytotoxic agent proceeds via thiol-disulfide exchange and leads to 
undesired major side-product formation and poor yields, as illustrated in Figure 5.4. Finally, 
incorporation of additional water-solubilizing spacers, such as polyethylene glycol oligomers, may 
enhance the overall aqueous solubility of the drug conjugate.   
 
§5.3.1 Design of Double-Warhead Biotin Conjugates for Combination Chemotherapy 
 

 
Figure 5.5. Chemical structures of double-warhead biotin conjugate of SB-T-1214 and camptothecin DW-1 (5-9) and DW-2 (5-12).  

 
Double-warhead biotin conjugate of SB-T-1214 and camptothecin DW-1 (5-9) was 

designed through a versatile tumor-targeted drug delivery platform, consisting of 1,3,5-triazine as 
the tripod splitter module, self-immolative disulfide linkers with polyethylene glycol spacers to 
improve aqueous solubility, and a propargylamino arm for attachment of a second drug through 
orthogonal “click” chemistry. Another double-warhead conjugate DW-2 (5-12) bearing 
camptothecin with simple ester linkage was also designed to secure stepwise release. The chemical 
structures of DW-1 (5-9) and DW-2 (5-12) are illustrated in Figure 5.5.  
 
§5.3.2 Synthesis of Double-Warhead Biotin Conjugates of Camptothecin and SB-T-1214 
 

Synthesis of double-warhead conjugate DW-1 (5-9) was performed with the preparation of 
two components: (a) camptothecin-(SS-linker)-PEG-N3 (5-3), (b) tumor-targeted drug delivery 
platform bearing biotin as the TTM and SB-T-1214 as the cytotoxic agent via 1,3,5-triazine splitter.  
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Scheme 5.1. Synthesis of camptothecin-(SS-linker)-PEG-N3 (5-3).  

 
The synthesis of camptothecin-(SS-linker)-PEG-N3 is illustrated in Scheme 5.1. Coupling 

of camptothecin to disulfide linker 3-10 in the presence of DIC and DMAP in the dark gave the 
20S-ester 5-1 in moderate yield (57%). The reaction was monitored by mass spectrometry, and 
excess 3-10 was used to push the reaction to completion. Also, dilute solvent conditions were used 
to accommodate the poor solubility of camptothecin hydrochloride in dichloromethane. 
Deprotection of the TIPS group with HF-pyridine afforded 5-2 in excellent yield (85%), and the 
corresponding acid was coupled to 4-5 in the presence of DIC to afford camptothecin-(SS-linker)-
PEG-N3 (5-3) in good yield (71%).  

The tumor-targeted drug delivery platform bearing biotin as the TTM and SB-T-1214 as 
the cytotoxic agent via 1,3,5-triazine splitter was prepared from: (a) an ethylenediamine alkyl 
spacer, (b) N-biotinyl-PEG-NH2 (4-7), (c) a modified 1,3,5-triazine core, and (d) SB-T-1214-(SS-
linker)-OSu (3-13).   
 

 
Scheme 5.2. Synthesis of N-Boc-ethylenediamine (5-4).  

 
First, alkyl spacer N-Boc-ethylenediamine (5-4) was prepared by Boc protection, as 

illustrated in Scheme 5.2. Ethylenediamine was treated with di-tert-butyl dicarbonate as the 
limiting reagent to afford N-Boc-ethylenediamine (5-4) in excellent yield (91%).   
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Scheme 5.3. Synthesis of double-warhead conjugate DW-1 (5-9). 

 
Preparation of double-warhead conjugate DW-1 (5-9) is illustrated Scheme 5.3. First, 

cyanuric chloride was reacted with one equivalent of 5-4 in the presence of DIPEA at 0 °C, 
followed by the subsequent substitution reaction with one equivalent of 4-7 in the presence of 
DIPEA at 40 °C to afford 5-5 in moderate yield over two steps. Addition of propargylamine to 5-5 
in the presence of DIPEA at 50 °C afforded fully functionalized triazine 5-6 in good yield (69%). 
Reaction progress was monitored by mass spectrometry, and additional equivalents of 
propargylamine were added as necessary. Deprotection of 5-6 with TFA gave 5-7 in quantitative 
yield, and the corresponding amine was coupled with SB-T-1214-(SS-linker)-OSu (3-13) in the 
presence of pyridine to give 5-8 in good yield (73%). Then, biotin-taxoid precursor 5-8 was 
subjected to a “click” reaction with camptothecin-(SS-linker)-PEG-N3 (5-3) in the presence of 
copper(II) sulfate and ascorbic acid at 25 °C in the dark to give double-warhead conjugate DW-1 
(5-9) in excellent yield (92%).   
 
§5.3.3 Synthesis of Slow-release SB-T-1214–CPT Biotin Conjugates 
 

In contrast to DW-1 (5-9), a second double-warhead conjugate, DW-2 (5-12), was designed 
for staggered drug release, with SB-T-1214 being released prior to camptothecin. Rather than 
connecting both drugs to identical self-immolative disulfide linkers, a more stable ester linkage 
was introduced to delay the release of camptothecin in the conjugate. The structure of DW-2 (5-
12) is shown in Figure 5.5.  
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Scheme 5.4. Synthesis of CPT-PEG-N3 (5-11). 

 
The synthesis of slow-release camptothecin ester linker 5-11 is illustrated in Scheme 5.4. 

First, succinic anhydride was treated with 4-5 in the presence of triethylamine to give 5-10 in good 
yield (67%), and the corresponding spacer was coupled to camptothecin in the presence of DIC 
and DMAP in the dark to afford 5-11 in good yield (72%).   

 

 
Scheme 5.5. Synthesis of double-warhead conjugate DW-2 (5-12).  

 
Then, biotin-taxoid precursor 5-8 was subjected to a similar “click” reaction with azide 5-

11 in the presence of copper(II) sulfate and ascorbic acid in the dark to give double-warhead 
conjugate DW-2 (5-12) in modest yield (54%), shown in Scheme 5.5.   
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§5.3.4 Synthesis of Surrogate-Warhead Biotin Conjugates 
 

 
Figure 5.6. Chemical structures of single-warhead surrogate conjugates SW-Tax (5-17) and SW-CPT (5-19) 

 
In addition to two double-warhead conjugates, two more drug conjugates were designed 

using the same platform, wherein one of the warheads was replaced with phenol as a surrogate: 
SW-Tax (5-17), a conjugate with SB-T-1214 and phenol; and SW-CPT (5-19), a conjugate with 
CPT and phenol. The chemical structures of the single-warhead surrogate conjugates are shown in 
Figure 5.6.  

 

 
Scheme 5.6. Synthesis of phenol-(SS-linker)-OSu (5-15) and phenol-(SS-linker)-PEG-N3 (5-16). 

 
The phenol-(SS-linker)-PEG-N3 component (5-16) was prepared in a similar synthetic 

route as 5-3, shown in Scheme 5.6. First, coupling of phenol to disulfide linker 3-10 in the 
presence of DIC and DMAP gave 5-13 in good yield (79%). Deprotection of the TIPS group with 
HF-pyridine gave 5-14 in excellent yield (88%). From 5-14, the free carboxylic acid was either 
activated with HOSu in the presence of DIC to give phenol-(SS-linker)-OSu (5-15) in good yield 
(84%) or coupled directly to 4-5 in the presence of DIC to afford 5-16 in modest yield (56%).  
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Scheme 5.7. Synthesis of single-warhead surrogate conjugate SW-Tax (5-17). 

 
Next, biotin-taxoid precursor 5-8 was subjected to a “click” reaction with azide 5-16 in the 

presence of copper(II) sulfate and ascorbic acid to give single-warhead surrogate conjugate SW-
Tax (5-17) in good yield (79%). The synthesis is shown in Scheme 5.7.  

 

 
Scheme 5.8. Single-warhead surrogate conjugate SW-CPT (5-19). 

 
For the preparation of SW-CPT (5-19), coupling of functionalized triazine 5-7 to phenol-

(SS-linker)-OSu (5-15) in the presence of pyridine gave 5-18 in modest yield (52%), and 5-18 was 
subjected to a “click” reaction with azide 5-3 in the presence of copper(II) sulfate and ascorbic 
acid to afford SW-CPT (5-19) in modest yield (54%), shown in Scheme 5.8. Poor solubility of the 
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phenol derivatives may be responsible for the low yields in the above sequence, and additional 
optimization is currently ongoing.  
 
§5.4 Biological Evaluation of DW Conjugates 
 

The potency and efficacy of double-warhead conjugates DW-1 (5-9) and DW-2 (5-12), as 
well as surrogate-warhead conjugates SW-Tax (5-17) and SW-CPT (5-19), were evaluated by 
cytotoxicity assays against BR-positive cancer cell lines and BR-negative cell lines by MTT 
protocol.34 The extent of drug release was also investigated using supplemental glutathione ethyl 
ester as a trigger for drug release following internalization of the conjugate. Internalization of DW-
1 (5-9) was further investigated using confocal fluorescence microscopy.  
 
§5.4.1 Internalization of DW-1 by CFM 
 

Camptothecin possesses a unique intrinsic fluorescence emission derived from its 
substituted quinolone nucleus.35 With an excitation wavelength (λ) of 360 nm, camptothecin 
produces an emission wavelength that can be detected at 440 nm (Figure 5.8). Upon conjugation to 
a linker or spacer at the C20 hydroxyl, the fluorescence properties of camptothecin remain 
unaltered.  

 
Figure 5.7. Fluorescence excitation and emission wavelengths of camptothecin. 

 
The receptor-mediated internalization of double-warhead conjugate DW-1 (5-9) was 

examined by taking advantage of the intrinsic fluorescence of camptothecin, using confocal 
fluorescence microscopy (CFM). Murine ovarian (ID8) and human breast carcinoma (MCF-7) 
cancer cell lines were incubated with 10 µM DW-1 (5-9) at 37 °C for 10 h. After thorough washing 
of the drug media, the cells were analyzed by CFM. As shown in Figure 5.8, the intense signature 
blue fluorescence of camptothecin was observed in both cancer cell lines, confirming the efficient 
internalization of DW-1 (5-9).  
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Figure 5.8. Confocal fluorescence microscopy images showing internalization of conjugate DW-1 (5-9) in ID8 (left) 

and MCF-7 (right) after incubation at 37 °C for 10 h. Reprinted from reference [31].  
 
§5.4.2 Biological Evaluation of DW Conjugates for Cytotoxicity 
 

The cytotoxicities of double-warhead conjugates DW-1 (5-9) and DW-2 (5-12), as well as 
their single-warhead surrogates SW-Tax (5-17) and SW-CPT (5-19) were evaluated in two 
experiments against four BR+ cancer cell lines – human breast carcinoma (MX-1 and MCF-7), 
murine ovarian (ID8), and murine leukemia (L1210FR) cell lines – as well as normal human lung 
fibroblast (WI38) cell line, using the standard MTT assay. The results are shown in Tables 5.2 and 
5.3. Each free drug, SB-T-1214 and camptothecin, was also examined for comparison (Table 2, 
Entries 1 and 2, respectively).  
 
Table 5.2. Cytotoxicities (IC50, nM) of DW and SW conjugates against BR+ and BR- Cell Lines. 
Adapted from reference [31].  
 

Entry Conjugate MX-1a MCF-7b ID8c L1210FRd WI38e 
1f SB-T-1214 2.01 ± 0.52 0.44 ± 0.18 1.11 ± 0.26 2.14 ± 1.30 5.89 ± 2.38 
2f CPT 1,700 ± 200 65.1 ± 12.3 474 ± 101 510 ± 139 786 ± 309 
3f DW-1 (5-9) 51.7 ± 5.1 19.0 ± 3.4 23.4 ± 4.7 39.1 ± 9.1 742 ± 166 
4f DW-2 (5-12) 65.1 ± 9.7 21.2 ± 2.9 25.6 ± 3.9 42.5 ± 8.9 868 ± 264 
5f SW-Tax (5-17) 66.9 ± 4.4 23.1 ± 1.8 26.7 ± 4.2 50.9 ± 15.9 941 ± 298 
6f SW-CPT (5-19) >5,000 1,255 ± 172 >5000 319 ± 139 1,438 ± 364 

a-dSee captions for cell lines in Table 5.1. eHuman lung fibroblast cell line (BR-); fCells were incubated with a drug of 
conjugate at 37 °C for 72 h.  
 

In the first experiment (Table 5.2), MX-1 (BR++), MCF-7 (BR+++), ID8 (BR+++), and 
L1210FR (BR+++) cancer cell lines were incubated with DW-1 (5-9), DW-2 (5-12), SW-Tax (5-17), 
and SW-CPT (5-19) for 72 h, and the cytotoxicity was determined by the corresponding IC50 
values. The cytotoxicities of double-warhead conjugates DW-1 (5-9) and DW-2 (5-12) based on 
their IC50 values were determined to be in a range of 19–65 nM (Entries 3 and 4) against BR+ 
cancer cell lines, whereas that against normal cell lines WI38 (BR-) was found to be markedly 
lowered in a range of 742–868 nM. These results indicate that the conjugates demonstrated high-
selectivity towards internalization into BR+ cancer cell lines by RME and that the drug was 
partially released inside cancer cells. Similarly, single-warhead surrogate SW-Tax (5-17) showed 
potency comparable to that of DW-2 (5-12), whereas SW-CPT (5-19) did not exhibit appreciable 

ͳͷ�
�
3 and 4). We have also previously reported the proofs for highly efficient RME of a biotin-linker-(taxoid-

fluorescein) conjugate11 and a (biotin)n-SWNT-(taxoid-fluorescein)m conjugate.32 In this study, we 

examined the receptor-mediated internalization of dual-warhead conjugate 1 by taking advantage of the 

intrinsic fluorescence of camptothecin, using CFM. ID8 and MCF-7 cancers were incubated with 

conjugate 1 (10 PM) at 37 oC for 10 h.  After ample washing of the drug media, the cells were analyzed 

by CFM.  As Figure 5 shows, the intense signature blue fluorescence of camptothecin was observed in 

both cancer cells, confirming the anticipated efficient internalization of conjugate 1. 

 

 

Figure 5. Confocal fluorescence microscopy images showing 
internalization of conjugate 2 (DW-2) in ID8 (left) and MCF-7 
(right) after incubation at 37 oC for 10 h. 

 

 

 Biological evaluations of dual-warhead conjugates. Cytotoxicities of novel dual-warhead 

conjugates, 1 and 2, as well as their single-warhead surrogates, 3 and 4, were evaluated in two ways against 

four BR(+) cancer cell lines, MX-1, MCF-7, ID8 and L1210FR, as well as normal human lung fibroblast 

cell line, WI38, using the standard MTT assay. Results are summarized in Tables 2 and 3. SB-T-1214 and 

camptothecin were also examined for comparison (Table 2, entries 1 and 2, respectively).  

In the first experiment, MX-1 (BR++), MCF7 (BR+++), ID8 (BR+++) and L1210FR (BR+++) cancer 

cells were incubated with conjugate 1-4 for 72 h, and the corresponding IC50 values were determined. As 
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cytotoxicity against MX-1 and ID8 or only exhibited weak potency against MCF-7 and WI38, with 
L1210FR as an exception (Entry 6).  

For the conjugates bearing SB-T-1214 – that is, DW-1 (5-9), DW-2 (5-12), and SW-Tax 
(5-17) – the level of cytotoxicity was reduced compared to that of the free parent taxoid. Having 
already confirmed that these four cancer cell lines overexpress the biotin receptor and having 
demonstrated marked selectivity for BR+ cancer cell lines compared to normal WI38 (BR-) cell 
line, it is likely that the level of endogenous intracellular thiols is not sufficient to release the drugs 
by disulfide linker cleavage under in vitro conditions.  

In the second experiment, glutathione ethyl ester (GSH-OEt) (6 mole equivalents to each 
conjugate) was added to the re-suspended cancer cells after the cells had been incubated with a 
conjugate for 24 h, followed by thorough washing with phosphate-buffered saline (PBS), and an 
additional 48 h incubation (Table 5.3). The re-suspended cancer cells only included conjugate 
internalized in the first 24 h period.  
 
Table 5.3. Cytotoxicities (IC50, nM) of DW-1 (5-9), DW-2 (5-12), SW-Tax (5-17), and SW-
CPT (5-19) in the Presence of GSH-OEt Following Internalization.  
Adapted from reference [31]. 
 

Entry Conjugate MX-1a MCF-7b ID8c L1210FRd WI38e 
1f DW-1 (5-9) 9.80 ± 1.4 3.22 ± 0.84 5.66 ± 0.95 7.40 ± 3.48 705 ± 114 
2f DW-2 (5-12) 20.8 ± 2.2 9.39 ± 1.27 10.3 ± 1.7 13.7 ± 1.5 782 ± 132 
3f SW-Tax (5-17) 23.6 ± 4.6 9.87 ± 2.00 15.6 ± 3.0 14.4 ± 4.2 850 ± 100 
4f SW-CPT (5-19) >5,000 538 ± 105 >2,390 177 ± 33 1,229 ± 219 

*Cells were initially incubated with conjugates for 24 h, followed by washing of the drug media with PBS, then 
addition of GSH-OEt (6 equiv. to a conjugate) for drug release and additional incubation at 37 °C for 48 h.  
a-eSee captions for cell lines in Tables 5.1 and 5.2. 
 

This protocol, shown in Table 5.3, including washing of the cells and addition of GSH-OEt 
did not lead to an increase in cytotoxicity for the conjugates in WI38 normal fibroblast cells, based 
on the comparison with the corresponding results in Table 5.2. Conjugate DW-1 (5-9) 
demonstrated IC50 values of 3.2–9.8 nM against four BR+ cell lines, whereas that against WI38 as 
742 nM (Entry 1), a nearly two orders of magnitude difference between cancer and normal cells 
that can be attributed to the highly efficient biotin receptor-targeting by the conjugate. Furthermore, 
there was a moderate difference in potency between DW-1 (5-9) and DW-2 (5-12) (Entries 1 and 
2), which can be attributed to full release of both SB-T-1214 and CPT in the first conjugate by 
disulfide linker cleavage versus incomplete release of CPT in the latter conjugate due to a more 
stable tertiary ester linkage between the linker and drug. Since single-warhead surrogate SW-Tax 
(5-17), bearing SB-T-1214 and phenol, exhibited a slightly weaker but comparable potency to that 
of DW-2 (5-12), it is likely that some camptothecin was released by hydrolysis of the tertiary ester 
linkage under these experimental conditions.  
 
§5.5.0 Summary 
 

Combination chemotherapy has emerged as a primary treatment option for many types of 
cancers, some of which had previously been considered incurable. Compared to the use of a single 
cytotoxic agent, the use of two or more properly selected drugs in combination can lead to a 
decrease in systemic toxicity and an increase in efficacy due to synergistic or cooperative effects of 
the drugs on tumor eradication. Sequential treatment with chemotherapeutic agents bearing 
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different mechanisms of action has been shown to circumvent drug resistance and lead to 
synergistic enhancement of efficacy. SB-T-1214 (next-generation taxoid) and camptothecin 
(topoisomerase I inhibitor) were evaluated in combination in against various BR-positive cancer 
cell lines, and the results indicate that the two agents act at least cooperatively in combination. 

However, traditional combination chemotherapy suffers from the same drawbacks of 
single-agent chemotherapy – lack of tumor specificity. Thus, novel double-warhead drug 
conjugates of SB-T-1214 and camptothecin with biotin as the tumor-targeting module were 
designed and synthesized. Internalization by RME was confirmed by confocal fluorescence 
microscopy by exploiting the intrinsic fluorescence properties of camptothecin. The double-
warhead conjugates, as well as surrogate-warhead conjugates with phenol as a substitute warhead, 
were evaluated in vitro against cancer cell lines that overexpress the biotin receptor, and the DW-
conjugates demonstrated excellent target-specificity for the biotin receptor and high potency 
whereas they were nearly two orders of magnitude lower in potency against BR-negative normal 
cells. Addition of supplemental glutathione ethyl ester following conjugate incubation increased 
conjugate potency in BR+ cell lines whereas toxicity in normal cells remained unchanged, 
suggesting that normal in vitro physiological conditions do not completely reduce the disulfide 
linker, i.e. incomplete thiolactionization. The biological evaluation in vitro of DW-1 demonstrated 
positive results for its potential as a therapeutic candidate for BR-positive cancer cell lines, and 
preclinical studies in BR+ tumor-bearing mice will be carried out in due course.  
 
§5.6 Experimental 
 
§5.6.1 Caution 
 

Taxoids and camptothecins have been identified as potent cytotoxic agents. Thus, all drugs 
and structurally related compounds and derivatives must be considered mutagens and potential 
reproductive hazards for both males and females. All appropriate precautions, such as the use of 
gloves, goggles, labware, and fume hood, must be taken while handling the compounds at all times.  
 
§5.6.2 General Information 
 

1H and 13C NMR spectra were measured on a Varian 300 MHz NMR spectrometer or 
Bruker 300, 400, or 500 MHz NMR spectrometer. Melting points were measured on a Thomas-
Hoover capillary melting point apparatus and are uncorrected. TLC was performed on Sorbent 
Technologies aluminum-backed Silica G TLC plates (Sorbent Technologies, 200 µm, 20 x 20 cm), 
and column chromatography was carried out on silica gel 60 (Merck, 230-400 mesh ASTM). 
Purity was determined with a Shimadzu L-2010A HPLC HT series HPLC assembly, using a 
Kinetex PFP column (4.6 mm x 100 mm, 2.6 µm) with acetonitrile-water gradient solvent system. 
Two analytical conditions were used and noted as part of the characterization data and purity for 
literature unknown compounds, i.e., HPLC (1): flow rate 0.4 mL/min, a gradient of 15!95% 
acetonitrile for the 0-12 min period; HPLC (2): flow rate 0.5 mL/min, a gradient of 5!95% 
acetonitrile for the 0-12 min period and 95% acetonitrile for the 11-15 min period. High resolution 
mass spectrometry analysis was carried out on an Agilent LC-UV-TOF mass spectrometer at the 
Institute of Chemical Biology and Drug Discovery, Stony Brook, NY or at the Mass Spectrometry 
Laboratory, University of Illinois at Urbana-Champaign, Urbana, IL.  
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§5.6.3 Materials 
 

The chemicals were purchased from Sigma-Aldrich, Fisher Scientific, and VWR 
International, and used as received or purified before use by standard methods. Tetrahydrofuran 
was freshly distilled from sodium and benzophenone. Dichloromethane was also distilled 
immediately prior to use under nitrogen from calcium hydride. 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) was obtained from Sigma Chemical Co. Biological materials 
including RPMI-1640 and DMEM cell culture media, fetal bovine serum, NuSerum, PenStrep, and 
TrypLE were obtained from Gibco and VWR International, and used as received for cell-based 
assays.  
 
§5.6.4 Experimental Procedure 
 
CPT-Me-SS-Linker-OTIPS [5-1]: 
To a solution of camptothecin (0.158 g, 0.431 mmol), 3-10 (0.489 g, 1.072 mmol), and DMAP 
(0.053 g, 0.431 mmol) in CH2Cl2 (20 mL) was added DIC (73 µL, 0.474 mmol), and the mixture 
was allowed to react at room temperature with stirring. The reaction mixture was cooled to 0 °C, 
and the urea by-product was removed via filtration. The filtrate was concentrated in vacuo to give 
a green solid. Purification of the crude product by column chromatography on silica gel with 1.5% 
CH3OH in CH2Cl2 as eluent gave 5-1 (0.192 g, 57%) as an off-white solid; Rf

  = 0.75 
(CH2Cl2/CH3OH: 9/1); 1H NMR (500 MHz, CDCl3) δ 0.98 (t, J = 7.5 Hz, 3H), 1.05 (m, 21H), 1.45 
(d, J = 6.8 Hz, 2H), 1.85 (m, 1H), 2.18 (m, 1H), 2.33 (m, 2H), 2.87 (m, 1H), 4.00 (dd, J = 4.5, 16.5 
Hz, 1H), 4.02 (d, J = 22.0 Hz, 1H), 4.17 (dd, J = 9.2, 16.5 Hz, 1H), 5.21 (m, 2H), 5.38 (d, J = 17.2 
Hz, 1H), 5.64 (d, J = 17.2 Hz, 1H), 7.21 (d, J = 2.5 Hz, 1H), 7.26 (m, 4H), 7.66 (t, J = 7.5 Hz, 1H), 
7.85 (t, J = 8.0 Hz, 1H), 7.92 (d, J = 8.0 Hz, 1H), 8.27 (d, J = 8.5 Hz, 1H), 8.35 (s, 1H); 13C NMR 
(125 MHz, CDCl3) δ 7.60, 11.85, 17.78, 20.39, 20.98, 22.55, 23.53, 30.94, 31.78, 32.96, 38.59, 
45.82, 49.92, 53.51, 67.13, 96.26, 120.18, 127.62, 127.67, 127.77, 127.92, 128.05, 128.13, 128.23, 
128.27, 128.42, 129.69, 129.72, 129.94, 130.04, 130.40, 130.54, 130.59, 130.86, 130.89, 131.06, 
132.56, 132.63, 134.65, 137.09, 137.44, 145.60, 146.20, 148.83, 152.30, 153.82, 157.27, 167.33, 
169.91, 172.91; HRMS for C42H51N2O7S2Si+ calcd: 787.2901. Found: 787.2897 (Δ = -0.5 ppm). 
 
CPT-Me-SS-Linker-OH [5-2]: 
To a cooled solution of 5-1 (0.192 g, 0.244 mmol) in CH3CN-pyridine (1:1) (30 mL) was added 
70% HF-pyridine (3 mL) dropwise, and the mixture was allowed to warm from 0 °C to room 
temperature and react for 5 h with stirring. The reaction was quenched with 10% citric acid (10 
mL) and diluted with H2O (10 mL), and the mixture was extracted with CH2Cl2 (3 x 20 mL). The 
combined organic layers were washed with saturated CuSO4 (60 mL), H2O (60 mL), and brine (60 
mL), dried over MgSO4, and concentrated in vacuo to give a green solid. Purification of the crude 
product by column chromatography on silica gel with 1% CH3OH in CH2Cl2 as eluent gave 5-2 
(0.131 g, 85%) as a white solid; Rf = 0.1 (CH2Cl2/CH3OH: 9/1); 1H NMR (500 MHz, DMSO-d6) δ 
0.91 (t, J = 7.5 Hz, 3H), 1.05 (dd, J = 6.8, 8.4 Hz, 3 H), 1.53 (m, 1H), 1.70 (m, 1H), 2.18 (m, 4H), 
2.88 (m, 1H), 4.05 (d, J = 16.5 Hz, 1H), 4.20 (dd, J = 4.0, 16.5 Hz, 1H), 5.30 (m, 2H), 5.46 (d, J = 
17.2 Hz, 1H), 5.50 (d, J = 17.2 Hz, 1H), 7.10 (s, 1H), 7.27 (t, J = 7.5 Hz, 1H), 7.35 (m, 2H), 7.74 
(m, 2H), 7.91 (t, J = 7.3 Hz, 1H), 8.15 (d, J = 8.0 Hz, 1H), 8.23 (d, J = 8.0 Hz, 1H), 8.70 (s, 1H), 
12.10 (s, 1H); 13C NMR (125 MHz, DMSO-d6) δ 8.00, 20.13, 20.24, 30.69, 30.79, 30.86, 31.29, 
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31.35, 38.57, 45.75, 45.83, 50.70, 55.40, 66.78, 76.61, 95.61, 119.37, 127.95, 127.97, 128.17, 
128.46, 128.89, 129.00, 129.57, 129.78, 129.86, 130.16, 130.84, 131.70, 131.96, 133.11, 133.16, 
137.59, 137.63, 145.48, 146.41, 148.43, 152.71, 156.98, 167.51, 169.84, 174.22; HRMS for 
C33H31N2O7S2

+ calcd: 631.1567. Found: 631.1561 (Δ = -0.9 ppm).   
 
CPT-Me-SS-Linker-PEG3-N3 [5-3]: 
To a solution of 5-2 (0.110 g, 0.175 mmol) and 4-5 (0.076 g, 0.349 mmol) in CH2Cl2 (60 mL) was 
added DIC (35 µL, 0.229 mmol), and the mixture was allowed to react for 4 h at room temperature 
with stirring. Purification of the reaction mixture by column chromatography on silica gel with 2% 
CH3OH in CH2Cl2 as eluent gave 5-3 (0.103 g, 71%) as a pale-white solid; Rf = 0.85 
(CH2Cl2/CH3OH: 9/1); 1H NMR (500 MHz, CDCl3) δ 1.00 (m, 3H), 1.18 (d, J = 6.5 Hz, 3H), 1.74 
(m, 4H), 2.04 (m, 1H), 2.21 (m, 1H), 2.33 (m, 1H), 2.82 (m, 1H), 3.34 (m, 1H), 3.40 (m, 2H), 3.49 
(m, 2H), 3.61 (m, 2H), 3.69 (m, 10H), 4.04 (d, J = 16.5 Hz, 1H), 4.22 (dd, J = 4.0, 16.5 Hz, 1H), 
5.31 (s, 2H), 5.42 (d, J = 17.3 Hz, 1H), 5.66 (dd, J = 1.4, 17.3 Hz, 1H), 5.98 (m, 1H), 7.25 (m, 5H), 
7.72 (m, 2H), 7.89 (t, J = 7.4 Hz, 1H), 7.98 (d, J = 8.1 Hz, 1H), 8.30 (m, 1H), 8.42 (s, 1H); 13C 
NMR (125 MHz, CDCl3) δ 7.57, 14.20, 20.60, 20.73, 21.05, 23.50, 31.21, 31.42, 31.82, 33.50, 
38.56, 39.10, 42.15, 46.36, 49.95, 50.67, 53.44, 60.39, 67.15, 69.74, 70.03, 70.23, 70.56, 70.61, 
70.69, 96.30, 120.20, 120.29, 127.89, 128.01, 128.17, 128.19, 128.24, 128.46, 129.71, 130.62, 
130.69, 131.12, 131.15, 131.21, 133.07, 137.55, 145.59, 146.22, 148.86, 152.32, 157.29, 167.32, 
170.20, 171.14, 172.05, 172.12; HRMS for C41H47N6O9S2

+ calcd: 831.2840. Found: 831.2838 (Δ = 
-0.2 ppm). HPLC (2): t = 12.4 min, purity > 95%.  
 
N-(tert-Butoxycarbonyl)ethylenediamine [5-4]:36 
To a solution of ethylenediamine (13.8 mL, 0.206 mol) in CH2Cl2 (1000 mL) was added di-tert-
butyl dicarbonate (4.49 g, 0.0206 mol) in CH2Cl2

 (500 mL) dropwise over 30 min, and the mixture 
was allowed to react for 15 h at room temperature with stirring. The reaction mixture was 
concentrated in vacuo, redissolved in H2O (50 mL), and extracted with CH2Cl2 (3 x 50 mL).  The 
combined organic layers were dried over MgSO4 and concentrated in vacuo to give 5-4 (3.007 g, 
91%) as a colorless oil; 1H NMR (300 MHz, CDCl3) δ 1.60 (m, 9H), 2.64 (m, 4H). All data are in 
agreement with literature values.36 
 
2-Chloro-4-(11-biotinylamino-3,6,9-trioxaundecyl)amino-6-(2-N-Boc-aminoethyl)amino-
1,3,5-triazine [5-5]:  
To a cooled solution of cyanuric chloride (0.414 g, 2.282 mmol) in THF (120 mL) at 0 °C was 
added a solution of 5-4 (0.366 g, 2.282 mmol) and DIPEA (0.6 mL, 3.432 mmol) in THF (2 mL), 
and the mixture was allowed to warm from 0 °C to room temperature and react for 3 h with stirring. 
Then, a solution of 4-7 (0.954 g, 2.282 mmol) and DIPEA (0.6 mL, 3.423 mmol) in THF (80 mL) 
was added to the reaction mixture and heated for 16 h at 67 °C under reflux. The reaction mixture 
was concentrated in vacuo to afford a red oil. Purification of the crude product by column 
chromatography on silica gel with 7% CH3OH in CH2Cl2 as eluent gave 5-5 (0.645 g, 42%) as a 
white solid; mp 63-65 °C; 1H NMR (300 MHz, CD3OD) δ 1.34 (dt, J = 6.6, 12.6 Hz, 2H), 1.41 (s, 
9H), 1.61 (m, 4H), 2.21 (t, J = 7.2 Hz, 2H), 2.69 (d, J = 12.6 Hz, 1H), 2.91 (dd, J = 5.0, 12.6 Hz, 
1H), 3.20 (m, 3H), 3.37 (m, 4H), 3.54 (m, 4H), 3.63 (m, 10H), 4.29 (dd, J = 4.4, 8.0 Hz, 1H), 4.48 
(dd, J = 4.4, 8.0 Hz, 1H); 13C NMR (100 MHz, CD3OD) δ 25.5, 27.4, 28.1, 28.4, 35.4, 39.0, 39.7, 
40.2, 40.3, 40.6, 53.4, 54.2, 55.6, 60.2, 62.0, 69.2, 69.8, 70.19, 70.21, 78.7, 157.2, 164.7, 165.8, 
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168.1, 168.8, 174.7; HRMS (TOF) calcd for C28H49ClN9O7S+: 690.3159. Found: 690.3157 (Δ = -
0.3 ppm). HPLC (2): t = 10.0 min, purity >98%.  
 
4-(11-Biotinylamino-3,6,9-trioxaundecyl)amino-6-(2-N-Boc-aminoethyl)amino-2-
propargylamino-1,3,5-triazine [5-6]: 
To a solution of 5-5 (0.794 g, 1.151 mmol) and DIPEA (0.4 mL, 2.302 mmol) in THF (12 mL) was 
added propargylamine (362 µL, 6.600 mmol), and the mixture was allowed to react for 12 h at 
50 °C with stirring. Reaction progress was monitored by MS (ESI), and additional propargylamine 
was added as needed. The reaction mixture was cooled to 25 °C and concentrated in vacuo to 
afford an orange oil. Purification of the crude product by column chromatography on silica gel 
with 7% CH3OH in CH2Cl2 as eluent gave 5-6 (0.560 g, 69%) as a light yellow solid; mp 66-
68 °C; 1H NMR (300 MHz, CD3OD): δ 1.41 (m, 2H), 1.42 (s, 9H), 1.63 (m, 4H), 2.20 (t, J = 7.5 
Hz, 2H), 2.52 (t, J = 2.4 Hz, 1H), 2.69 (d, J = 12.6 Hz, 1H), 2.91 (dd, J = 5.0, 12.6 Hz, 1H), 3.19 
(m, 3H), 3.36 (t, J = 5.4 Hz, 4H), 3.54 (t, J = 5.4 Hz, 4H), 3.64 (m, 10H), 4.10 (bs, 2H), 4.27 (dd, J 
= 4.4, 8.0 Hz, 1H), 4.47 (dd, J = 4.4, 8.0 Hz, 1H); 13C NMR (125 MHz, CD3OD) δ 27.01, 28.94, 
29.64, 29.93, 30.94, 36.89, 40.55, 41.21, 41.50, 41.56, 57.16, 61.77, 63.52, 70.74, 71.19, 71.40, 
71.44, 71.73, 71.76, 158.76, 166.27, 176.30; HRMS (TOF) calcd for C31H53N10O7S+: 709.3814. 
Found: 709.3814 (Δ = 0 ppm). HPLC (2): t = 10.0 min, purity >98%.  
 
6-(2-Aminoethyl)amino-4-(11-biotinylamino-3,6,9-trioxaundecyl)amino-2-propargylamino-
1,3,5-triazine TFA salt [5-7]:  
To a solution of 5-6 (0.400 g, 0.564 mmol) in CH2Cl2 (6 mL) was added TFA (0.5 mL, 6.57 mmol), 
and the mixture was allowed to react for 48 h at room temperature with stirring. The reaction 
mixture was concentrated in vacuo to afford a yellow oil, which was triturated with Et2O (20 mL) 
as the crude product (TFA salt) crashed out. The resulting solid was washed with Et2O (4 x 20 mL) 
to afford 5-7 (0.408 g, quant.) as a white solid; 1H NMR (400 MHz, CD3OD) δ 1.42 (m, 2H), 1.63 
(m, 4H), 2.20 (t, J = 7.2 Hz, 2H), 2.54 (m, 1H), 2.69 (d, J = 12.6 Hz, 1H), 2.92 (dd, J = 5.1, 12.6 
Hz, 1H), 3.36 (t, J = 5.4 Hz, 4H), 3.54 (t, J = 5.4 Hz, 4H), 3.64 (m, 10H), 4.10 (bs, 2H), 4.30 (dd, J 
= 4.4, 8.0 Hz, 1H), 4.49 (dd, J = 4.4, 8.0 Hz, 1H), 4.68 (bs, 2H); 13C NMR (100 MHz, CD3OD) 
25.46, 28.09, 28.34, 29.38, 35.33, 38.26, 38.94, 39.64, 39.95, 55.60, 60.25, 61.99, 69.17, 69.80, 
69.95, 70.16, 112.74, 115.24, 118.15, 121.62, 161.58, 161.93, 164.68, 174.81. HRMS (TOF) calcd 
for C26H45N10O5S+: 609.3290. Found: 609.3292 (Δ = 0.3 ppm).  
 
4-(11-Biotinylamino-3,6,9-trioxaundecyl)amino-2-propargylamino-6-[2-(SB-T-1214-SS-
linker)amidoethyl]amino-1,3,5-triazine [5-8]:  
A solution of 3-13 (0.704 g, 0.564 mmol) and 5-7 (0.408 g, 0.564 mmol) in CH2Cl2-pyridine (4:1) 
(10 mL) was allowed to react for 36 h at room temperature with stirring. The reaction was 
quenched with saturated NH4Cl (10 mL), and the reaction mixture was extracted with CH2Cl2 (3 x 
20 mL). The combined organic layers were washed with brine (3 x 5 mL), dried over MgSO4, and 
concentrated in vacuo to afford a yellow oil. Purification of the crude product by column 
chromatography on silica gel with 8% CH3OH in CH2Cl2 as eluent gave 5-8 (0.806 g, 83%) as a 
white solid; mp 164-166 °C; 1H NMR (500 MHz, CD3OD) δ 0.86 (m, 2H), 0.98 (m, 2H), 1.17 (s, 
6H), 1.26 (d, J = 6.8 Hz, 3H), 1.41 (s, 9H), 1.43 (m, 2H), 1.63 (m, 4H), 1.65 (s, 3H), 1.70 (m, 1H), 
1.73 (s, 3H), 1.76 (s, 3H), 1.79 (m, 1H), 1.87 (m, 1H), 1.91 (s, 3H), 2.20 (t, J = 7.5 Hz, 2H), 2.25 
(m, 4H), 2.38 (s, 3H), 2.45 (m, 2H), 2.65 (bs, 1H), 2.69 (d, J = 12.8 Hz, 1H), 2.86 (m, 1H), 2.90 
(dd, J = 5.0, 12.8 Hz, 1H), 3.18 (m, 1H), 3.34 (m, 2H), 3.35 (t, J = 5.4 Hz, 2H), 3.52 (t, J = 5.4 Hz, 
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2H), 3.54 (m, 2H), 3.63 (m, 12H), 3.84 (d, J = 7.2 Hz, 1H), 4.02 (dd, J = 1.5, 16.7 Hz, 1H), 4.10 (d, 
J = 16.7 Hz, 1H), 4.17 (m, 2H), 4.20 (d, J = 8.4 Hz, 2H), 4.28 (dd, J = 4.4, 8.0 Hz, 1H), 4.30 (dd, J 
= 6.5, 10.6 Hz, 1H), 4.47 (dd, J = 4.4, 8.0 Hz, 1H), 4.8-4.9 (m, 3H), 4.99 (d, J = 8.9 Hz, 1H), 5.26 
(bs, 1H), 5.67 (d, J = 7.2 Hz, 1H), 6.13 (bt, J = 8.5 Hz, 1H), 6.45 (s, 1H), 7.26 (m, 1H), 7.32 (m, 
2H), 7.50 (t, J = 7.9 Hz, 2H), 7.63 (t, J = 7.5 Hz, 1H), 7.78 (m, 1H), 8.12 (d, J = 7.5 Hz, 2H); 13C 
NMR (125 MHz, CD3OD) δ 5.17, 5.21, 6.42, 7.76, 9.80, 10.42, 11.08, 14.64, 16.99, 17.03, 18.36, 
19.26, 19.70, 22.09, 22.20, 22.87, 22.98, 24.79, 25.51, 25.76, 28.62, 28.75, 30.31, 30.39, 31.67, 
31.78, 32.76, 33.52, 35.48, 36.36, 37.08, 40.60, 43.35, 44.07, 46.71, 53.00, 55.32, 57.65, 59.38, 
66.59, 67.25, 67.32, 67.57, 68.39, 68.98, 72.32, 72.57, 72.72, 73.46, 75.09, 76.50, 78.35, 81.85, 
117.21, 124.96, 125.41, 125.68, 127.15, 127.42, 128.50, 130.57, 130.85, 131.02, 134.71, 138.61, 
153.50, 162.08, 163.61, 166.30, 167.46, 171.12, 172.18, 201.18. HRMS (TOF) for 
C84H116N11O22S3

+ calcd: 1726.7453. Found: 1726.7432 (Δ = -1.2 ppm). HPLC (1): t = 12.0 min, 
purity > 98%.  
 
Double-warhead Conjugate DW-1 [5-9]: 
To a solution of 5-8 (40 mg, 0.0232 mmol) and ascorbic acid (4 mg, 0.0255 mmol) in THF (1 mL) 
was added 5-3 (0.019 g, 0.0232 mmol) in CH2Cl2 (1 mL) first, followed by an aqueous solution of 
CuSO4

.5H2O (6.4 mg, 0.0244 mmol) (1 mL), and the mixture was allowed to react for 14 h at 
room temperature with stirring. The reaction was diluted with H2O (5 mL), and the mixture was 
extracted with CH2Cl2 (3 x 10 mL). The combined organic layers were dried over MgSO4 and 
concentrated in vacuo to give DW-1 (5-9) (54 mg, 92%) as an off-white solid; mp 138-139 °C; 1H 
NMR (500 MHz, CD3OD) δ 0.92 (m, 5H), 1.03 (m, 9H), 1.20 (s, 6H), 1.31 (m, 6H), 1.43 (s, 9H), 
1.63 (m, 6H), 1.67 (s, 3H), 1.76 (s, 3H), 1.79 (s, 3H), 1.94 (s, 3H), 2.08 (t, J = 7.5 Hz, 1H), 2.24 (m, 
8H), 2.40 (s, 3H), 2.47 (m, 1H), 2.71 (t, J = 12.8 Hz, 2H), 2.78 (m, 1H), 2.86 (m, 1H), 2.91 (dd, J 
= 5.5, 12.8 Hz, 1H), 3.19 (m, 1H), 3.26 (m, 1H), 3.37 (m, 2H), 3.45 (m, 2H), 3.63 (m, 24H), 3.81 
(m, 6H), 4.08 (m, 2H), 4.10 (d, J = 16.7 Hz, 1H), 4.23 (m, 3H), 4.31 (m, 3H), 4.52 (m, 2H), 4.66 
(m, 2H), 5.00 (t, J = 9.0 Hz, 2H), 5.32 (s, 2H), 5.35 (s, 1H), 5.60 (d, J = 16.7 Hz, 1H), 5.70 (m, 
1H), 6.15 (bt, J = 8.5 Hz, 1H), 6.47 (s, 1H), 7.30 (m, 6H), 7.41 (d, J = 8.2 Hz, 1H), 7.53 (m, 2H), 
7.65 (m, 2H), 7.74 (m, 3H), 7.92 (t, J = 8.0 Hz, 1H), 7.94 (bs, 1H), 8.08 (d, J = 8.0 Hz, 1H), 8.14 
(d, J = 7.5 Hz, 2H), 8.27 (d, J = 8.5 Hz, 1H), 8.61 (s, 1H); 13C NMR (125 MHz, DMSO-d6) δ 7.99, 
8.77, 8.85, 10.24, 13.16, 14.22, 14.25, 18.35, 20.08, 20.16, 20.47, 20.54, 20.74, 21.90, 23.00, 25.74, 
25.96, 26.80, 28.51, 30.69, 30.89, 31.54, 31.64, 32.84, 34.87, 35.56, 38.51, 38.88, 41.14, 45.86, 
46.69, 49.74, 50.72, 55.90, 57.96, 59.66, 61.50, 66.78, 69.52, 69.61, 69.98, 70.00, 70.07, 70.14, 
70.19, 76.60, 77.21, 78.60, 80.00, 84.06, 95.59, 97.62, 119.37, 120.70, 125.38, 127.85, 128.17, 
128.46, 128.87, 129.00, 130.17, 130.38, 130.83, 131.65, 131.96, 132.01, 133.03, 133.81, 133.89, 
136.45, 137.33, 137.59, 137.63, 139.66, 139.97, 145.45, 145.49, 148.43, 151.93, 152.71, 155.39, 
156.98, 157.24, 163.17, 165.59, 167.51, 169.27, 169.85, 170.07, 170.63, 171.73, 172.60, 178.58, 
203.01; HRMS for C125H162N17O31S5

+ calcd: 2557.0221; found: 2557.0207. (Δ = -0.5 ppm). HPLC 
(1): t = 11.3 min, purity >97%. 
 
5-Aza-16-azido-8,11,14-trioxa-4-oxo-hexadecanoic acid [5-10]: 
To a solution of succinic anhydride (0.183 g, 1.834 mmol) and 4-5 (0.400 g, 1.834 mmol) in 
CH2Cl2 (3 mL) was added Et3N (25 µL, 0.1834 mmol), and the mixture was allowed to react for 16 
h at room temperature with stirring. The reaction mixture was concentrated in vacuo to afford a 
yellow oil. Purification of the crude product by column chromatography on silica gel with 2% 
CH3OH in CH2Cl2 as eluent gave 5-10 (0.389 g, 67%) as a colorless liquid; 1H NMR (500 MHz, 
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CDCl3) δ 2.54 (m, 2H), 2.67 (m, 2H), 3.40 (m, 2H), 3.45 (m, 2H), 3.55 (t, J = 5.0 Hz, 2H), 3.63 (m, 
2H), 3.68 (m, 8H), 6.75 (bs, 1H); 13C NMR (125 MHz, CDCl3) δ 30.35, 30.99, 39.51, 50.68, 69.63, 
69.93, 70.14, 70.44, 70.57, 70.65, 172.71, 175.29; HRMS for C12H23N4O6

+ calcd: 319.1612; 
found: 319.1622 (Δ = 3.2 ppm). 
 
20-(5-Aza-16-azido-8,11,14-trioxa-4-oxo-hexadecanoic)camptothecin [5-11]: 
To a solution of camptothecin (40 mg, 0.115 mmol), 5-10 (157 mg, 0.354 mmol), and DMAP (105 
mg, 0.115 mmol) in CH2Cl2 (5 mL) was added DIC (30 µL, 0.127 mmol), and the mixture was 
allowed to react for 36 h at room temperature with stirring. The reaction mixture was cooled to 
0 °C, and the precipitated urea by-product was removed by filtration. The filtrate was concentrated 
in vacuo to afford a yellow oil. Purification of the crude product by column chromatography on 
silica gel with 3% CH3OH in CH2Cl2 as eluent gave 5-11 (53 mg, 72%) as an off-white solid; Rf = 
0.55 (CH2Cl2/CH3OH: 9/1); mp 100-101 °C; 1H NMR (500 MHz, CDCl3) δ 0.99 (t, J = 7.5 Hz, 
3H), 2.20 (m, 1H), 2.51 (m, 2H), 2.88 (m, 2H), 3.36-3.45 (m, 6H), 3.55 (m, 2H), 3.60 (m, 2H), 
3.63 (m, 6H), 5.28 (m, 2H), 5.38 (d, J = 17.1 Hz, 1H), 5.68 (d, J = 17.1 Hz, 1H), 6.31 (bs, 1H), 
7.30 (s, 1H), 7.66 (t, J = 7.6 Hz, 1H), 7.84 (t, J = 7.8 Hz, 1H), 7.93 (d, J = 7.8 Hz, 1H), 8.25 (d, J = 
8.6 Hz, 1H), 8.39 (s, 1H); 13C NMR (125 MHz, CDCl3) δ 7.58, 29.40, 30.67, 37.70, 39.31, 49.90, 
50.63, 66.99, 69.67, 69.97, 70.16, 70.49, 70.54, 70.62, 76.12, 96.39, 119.90, 128.00, 128.13, 
128.42, 129.66, 130.64, 131.11, 146.08, 146.19, 148.82, 152.34, 157.37, 176.54, 170.78, 171.93; 
HRMS for C32H37N6O9

+ calcd: 649.2617. Found: 649.2622 (Δ = 0.8 ppm). HPLC (2): t = 10.8 min, 
purity >98%.  
 
Double-warhead Conjugate DW-2 [5-12]: 
To a solution of 5-8 (12 mg, 6.95 µmol), 5-11 (5 mg, 6.95 µmol), and ascorbic acid (1.4 mg, 7.70 
µmol) in THF (0.5 mL) was added an aqueous solution of CuSO4

.5H2O (2 mg, 7.70 mmol) (0.1 
mL), and the mixture was allowed to react for 10 h at room temperature with stirring. The reaction 
was diluted with H2O (5 mL), and the mixture was extracted with CH2Cl2 (3 x 5 mL). The 
combined organic layers were concentrated in vacuo to afford a milky white solid. Purification of 
the crude product by column chromatography on silica gel with 10% CH3OH in CH2Cl2 as eluent 
gave DW-2 (5-12) (12 mg, 54%) as a off-white solid; mp 143-145 °C; 1H NMR (500 MHz, 
CD3OD) δ 0.89 (m, 2H), 0.98 (m, 3H), 1.01 (t, J = 7.5 Hz, 3H), 1.07 (m, 2H), 1.15 (s, 3H), 1.16 (s, 
3H), 1.25 (m, 6H), 1.40 (m, 2H), 1.40 (s, 9H), 1.60 (m, 4H), 1.64 (s, 3H), 1.73 (s, 3H), 1.74 (m, 
3H), 1.75 (s, 3H), 1.86 (m, 2H), 1.90 (m, 3H), 2.01 (m, 1H), 2.20 (m, 7H), 2.38 (s, 3H), 2.42 (m), 
2.53 (m), 2.68 (d, J = 12.8 Hz, 1H), 2.88 (m, 3H), 3.15 (m, 1H), 3.17 (bs, 2H), 3.34 (m, 2H), 3.39 
(bt,  J = 5.4 Hz, 2H), 3.43 (m, 4H), 3.52 (m, 6H), 3.62 (m, 10H), 3.73 (m, 2H, PEG), 3.80 (m, 1H), 
3.83 (t, J = 7.3 Hz), 4.02 (d, J = 16.7 Hz, 1H), 4.06 (m, 1H), 4.20 (m, 3H), 4.28 (m, 2H), 4.38 (m, 
1H), 4.48 (m, 3H), 4.91 (bs, 2H), 4.98 (t, J = 9.0 Hz, 1H), 5.26 (m, 1H), 5.31 (m, 2H), 5.45 (d, J = 
16.7 Hz, 1H), 5.58 (d, J = 16.7 Hz, 1H), 5.66 (t, J = 6.7 Hz, 1H), 6.12 (bt, 1H), 6.43 (s, 1H), 6.45 
(bs, 1H), 7.22 (m, 1H), 7.30 (m, 2H), 7.40 (s, 1H), 7.50 (t, J = 8.2 Hz, 2H), 7.63 (t, J = 7.4 Hz, 1H), 
7.72 (m, 2H), 7.79 (m, 1H), 7.86 (t, J = 7.4 Hz, 1H), 7.93 (bs, 1H), 8.06 (d, J = 8.0 Hz, 1H), 8.11 
(d, J = 7.8 Hz, 2H), 8.18 (d, J = 8.0 Hz, 1H), 8.61 (bs, 1H); 13C NMR (125 MHz, CD3OD) δ 6.70, 
7.77, 7.82, 9.02, 12.41, 17.25, 19.61, 20.95, 21.88, 24.70, 25.09, 25.48, 25.58, 27.39, 28.09, 28.33, 
28.33, 28.76, 30.75, 31.22, 35.34, 36.12, 38.04, 38.94, 43.20, 46.67, 50.26, 57.94, 60.24, 61.97, 
66.32, 67.46, 69.03, 69.17, 69.84, 69.92, 69.95, 70.03, 70.20, 71.03, 73.25, 73.41, 74.90, 75.30, 
75.59, 76.06, 76.41, 77.68, 78.07, 79.10, 80.95, 84.41, 87.85, 88.10, 96.77, 119.15, 119.81, 127.87, 
128.00, 128.28, 128.41, 128.60, 129.74, 130.01, 130.62, 133.16, 137.31, 146.26, 146.96, 148.27, 
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157.59, 166.18, 167.97, 168.90, 170.05, 170.13, 170.92, 171.06, 172.63, 173.67, 173.72, 203.80; 
HRMS (TOF) calcd for C116H152N17O31S3

+ calcd: 2374.9997. Found: 2374.9980 (Δ = -0.7 ppm). 
HPLC (1): t = 10.5 min, purity > 96%.  

Phenol-(SS-Linker)-OTIPS [5-13]: 
To a solution of phenol (135 mg, 1.434 mmol), 3-10 (545 mg, 1.195 mmol) and DMAP (14 mg, 
0.119 mmol), in CH2Cl2 (15 mL) was added DIC (210 µL, 1.314 mmol), and the mixture was 
allowed to react for 10 h at room temperature with stirring. The reaction was quenched with 
saturated NH4Cl (10 mL) and diluted with H2O (5 mL), and the reaction mixture was extracted 
with CH2Cl2 (3 x 20 mL). The combined organic layers were dried over MgSO4 and concentrated 
in vacuo to afford a yellow oil. Purification of the crude product by column chromatography on 
silica gel with hexanes/ethyl acetate (33:1) as eluent gave 5-13 (505 mg, 79%) as a colorless oil; Rf 
= 0.85 (hexanes/ethyl acetate: 3/1); 1H NMR (400 MHz, CDCl3) δ 1.06 (m, 21H), 1.30 (d, J = 6.8 
Hz, 3H), 1.85 (m, 1H), 1.93 (m, 1H), 2.42 (m, 2H), 2.96 (m, 1H), 4.11 (s, 2H), 7.10 (d, J = 7.4 Hz, 
2H), 7.21 (t, J = 7.4 Hz, 1H), 7.26 (t, J = 7.3 Hz, 1H), 7.31 (t, J = 7.3 Hz, 2H), 7.36 (t, J = 7.4 Hz, 
2H), 7.82 (d, J = 7.9, 1H); 13C NMR (100 MHz, CDCl3) 11.89, 17.79, 20.57, 30.99, 33.03, 39.41, 
46.11, 121.48, 125.84, 127.65, 128.27, 129.36, 130.23, 130.83, 133.38, 137.67, 150.79, 169.40, 
173.01; HRMS (TOF) for C28H41O4S2Si+ calcd: 533.2210. Found: 533.2222 (Δ = 2.3 ppm).  
 
Phenol-(SS-Linker)-OH [5-14] 
To a cooled solution of 5-13 (0.505 g, 0.947 mmol) in CH3CN-pyridine (1:1) (80 mL) was added 
70% HF/pyridine (5 mL), and the mixture was allowed to react for 6 h at room temperature with 
stirring. The reaction was quenched with 10% citric acid (20 mL), and the mixture was extracted 
with ethyl acetate (3 x 50 mL). The combined organic layers were washed with saturated CuSO4 (3 
x 50 mL) and brine (3 x 50 mL), dried over MgSO4, and concentrated in vacuo to afford a pale-
yellow oil. Purification of the crude product by column chromatography on silica gel with 
hexanes/ethyl acetate (1:1) as eluent gave 5-14 (0.314 g, 88%) as a colorless oil; Rf = 0.3 
(hexanes/ethyl acetate: 1/1); 1H NMR (500 MHz, CDCl3) δ 1.29 (d, J = 6.8 Hz, 3H), 1.86 (m, 1H), 
1.95 (m, 1H), 2.42 (m, 2H), 2.94 (m, 2H), 4.12 (s, 2H), 7.11 (d, J = 7.5 Hz, 2H), 7.21 (t, J = 7.5 Hz, 
1H), 7.26 (m, 1H), 7.31 (t, J = 7.5 Hz, 2H), 7.35 (t, J = 7.5 Hz, 2H), 7.81 (d, J = 7.5 Hz, 1H); 13C 
NMR (100 MHz, CDCl3) δ 20.48, 30.35, 31.03, 39.42, 45.90, 121.47, 125.88, 127.80, 128.31, 
129.39, 130.45, 130.94, 133.53, 137.51, 150.77, 169.50, 178.29; HRMS (TOF) for C19H21O4S2

+ 
calcd: 377.0876. Found: 377.0888 (Δ = 3.2 ppm).   
 
Phenol-(SS-Linker)-OSu [5-15]: 
To a solution of 5-14 (0.154 g, 0.410 mmol) and HOSu (0.141 g, 1.23 mmol) CH2Cl2 (1.6 mL) was 
added EDC.HCl (0.094 g, 0.493 mmol) in CH2Cl2 (1 mL), and the mixture was allowed to react for 
16 h at room temperature with stirring. The reaction was quenched with saturated NH4Cl (10 mL) 
and diluted with H2O (10 mL), and the mixture was extracted with CH2Cl2 (3 x 20 mL). The 
combined organic layers were washed with brine (3 x 20 mL), dried over MgSO4 and concentrated 
in vacuo to afford a yellow oil. Purification by of the crude product by column chromatography on 
silica gel with hexanes/ethyl acetate (1:1) as eluent gave 5-15 (0.162 g, 84%) as a colorless oil; Rf 
= 0.28 (hexanes/ethyl acetate: 1/1); 1H NMR (500 MHz, CDCl3) δ 1.30 (d, J = 6.8 Hz, 3H), 1.98 
(m, 1H), 2.06 (m, 1H), 2.66 (t, J = 7.8 Hz, 2H), 2.82 (bs, 4H), 3.00 (m, 1H), 4.13 (s, 2H), 7.10 (d, J 
= 7.5 Hz, 2H), 7.21 (m, 1H), 7.26 (m, 1H), 7.34 (m, 4H), 7.82 (d, J = 7.5 Hz, 1H); 13C NMR (125 
MHz, CDCl3) δ 20.41, 25.60, 28.31, 30.28, 39.44, 45.60, 121.50, 125.88, 127.92, 128.42, 129.41, 
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130.56, 130.94, 133.57, 137.43, 150.76, 168.16, 169.01, 169.46; HRMS (TOF) for C23H24NO6S2
+ 

calcd: 474.1040. Found: 474.1044 (Δ = 0.8 ppm).   
 
Phenol-(SS-Linker)-PEG3-N3 [5-16]: 
To a solution of 5-15 (0.149 g, 0.396 mmol) and 4-5 (0.259 g, 1.189 mmol) in CH2Cl2 (1 mL) was 
added DIC (67 µL, 0.436 mmol), and the mixture was allowed to react for 10 h at room 
temperature with stirring. The reaction mixture was concentrated in vacuo to give a yellow oil. 
Purification of the crude product by column chromatography on silica gel with 1.5% CH3OH in 
CH2Cl2 as eluent gave 5-16 (0.127 g, 56%) as a colorless oil; Rf = 0.7 (CH2Cl2/CH3OH: 9/1); 1H 
NMR (500 MHz, CDCl3) δ 1.34 (d, J = 6.8 Hz, 3H), 1.95 (m, 2H), 2.17 (t, J = 7.6 Hz, 1H), 2.57 
(m, 1H), 2.94 (m, 1H), 3.40 (m, 2H), 3.49 (t, J = 5.3 Hz, 2H), 3.75 (m, 12H), 4.17 (s, 2H), 6.02 (bs, 
1H), 7.14 (m, 2H), 7.25 (t, J = 7.5 Hz, 1H), 7.35 (m, 3H), 7.40 (t, J = 7.5 Hz, 2H), 7.82 (d, J = 7.5 
Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 20.88, 23.53, 31.31, 33.55, 39.44, 46.48, 50.69, 61.79, 
69.78, 70.07, 70.24, 70.59, 70.64, 70.73, 72.50, 121.51, 125.94, 127.97, 128.24, 129.43, 130.87, 
131.21, 133.86, 137.62, 150.76, 169.81, 172.17; HRMS (TOF) for C27H37N4O6S2

+ calcd: 577.2149. 
Found: 577.2154 (Δ = 0.9 ppm).  
 
Double-warhead conjugate with a taxoid and surrogate warhead, SW-Tax [5-17]: 
To a solution of 5-8 (20 mg, 11.6 µmol), 5-16 (6.7 mg, 11.6 µmol), and ascorbic acid (2 mg, 12.7 
µmol) in THF (1 mL) was added CuSO4

.5H2O (3.2 mg, 12.7 µmol) in H2O (0.25 mL), and the 
mixture was allowed to react for 15 h and room temperature with stirring. Purification of the 
lyophilized reaction mixture by column chromatography on silica gel with 10% CH3OH in CH2Cl2 
as eluent gave SW-Tax (5-17) (0.021 g, 79%) as a colorless solid; Rf = 0.3 (CH2Cl2/CH3OH: 9/1); 
mp 125-127 °C; 1H NMR (500 MHz, CDCl3) δ 0.90 (m, 3H), 1.02 (bt, J = 8.0 Hz, 2H), 1.18 (s, 
3H), 1.27 (s, 3H), 1.33 (d, J = 6.8 Hz, 6H), 1.29 (m, 2H), 1.37 (s, 9H), 1.43 (m, 2H), 1.49 (m, 2H), 
1.66 (m, 4H), 1.69 (s, 3H), 1.75 (s, 3H), 1.78 (m, 2H), 1.93 (s, 3H), 2.17 (t, J = 7.4 Hz, 2H), 2.29 
(m, 1H), 2.39 (s, 3H), 2.54 (m, 2H), 2.73 (d, J = 12.6 Hz, 1H), 2.90 (m, 2H), 2.92 (dd, J=5.0, 12.6 
Hz, 1H), 3.15 (m, 1H), 3.41 (t, J = 5.0 Hz, 2H), 3.44 (t, J = 5.4 Hz, 2H), 3.49 (t, J = 5.4 Hz, 2H), 
3.69 (m, 28H), 3.77 (t, J = 5.0 Hz, 1H), 3.83 (m, 1H), 4.17 (s, 2H), 4.20 (d, J = 8.4 Hz, 1H), 4.21 
(m, 2H), 4.31 (d, J = 8.4 Hz, 1H), 4.33 (m, 1H), 4.42 (m, 1H), 4.51 (m, 1H), 5.00 (m, 2H), 5.16 (bs, 
1H), 5.70 (d, J = 7.2 Hz, 1H), 6.06 (s, 1H), 6.20 (bt, 1H), 6.34 (s, 1H), 7.14 (d, J = 7.4 Hz, 1H), 
7.23 (t, J = 7.4 Hz, 1H), 7.34 (m, 4H), 7.40 (t, J = 8.0 Hz, 2H), 7.50 (t, J = 7.8 Hz, 2H), 7.63 (t, J = 
7.4 Hz, 1H), 7.81 (bs, 1H), 7.83 (d, J = 7.7 Hz, 1H), 8.13 (d, J = 7.7 Hz, 2H); 13C NMR (125 MHz, 
CDCl3) δ 9.17, 9.33, 9.63, 13.06, 14.81, 17.50, 18.53, 20.01, 20.43, 20.87, 22.07, 22.48, 23.51, 
25.76, 26.61, 27.90, 28.26, 31.30, 33.54, 35.48, 39.12, 43.21, 45.88, 46.47, 50.68, 53.51, 55.49, 
58.41, 60.24, 61.75, 69.67, 69.78, 70.05, 70.15, 70.22, 70.26, 70.32, 70.41, 70.58, 70.63, 70.67, 
70.69, 70.71, 71.99, 72.49, 75.11, 75.47, 76.40, 78.90, 79.15, 79.83, 81.00, 84.48, 115.39, 117.71, 
120.04, 121.50, 125.93, 127.95, 128.23, 128.37, 128.66, 128.84, 128.28, 129.60, 130.17, 130.85, 
130.94, 131.20, 133.67, 133.85, 137.64, 150.75, 155.07, 162.94, 163.23, 166.97, 168.37, 169.80, 
172.19, 173.39, 174.95, 204.09; HRMS for C111H152N15O28S5

+ calcd: 2303.9529. Found: 
2303.9480 (Δ = -2.1 ppm). HPLC (1): t = 11.0 min, purity >98%.  
 
4-(11-Biotinylamino-3,6,9-trioxaundecyl)amino-6-[2-(camptothecin-SS-Linker)-
amidoethyl]amino-2-propargylamino-1,3,5-triazine [5-18]: 
To a solution of 5-7 (19 mg, 26.2 µmol) and 5-15 (12 mg, 26.2 µmol) in CH2Cl2 (1 mL) was added 
pyridine (1 mL), and the mixture was allowed to react for 10 h at room temperature with stirring. 
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The reaction mixture was concentrated in vacuo to give a yellow oil. Purification of the crude 
product by column chromatography on silica gel with 4% CH3OH in CH2Cl2 as eluent gave 5-18 
(13 mg, 52%) as a colorless oil; Rf = 0.4 (CH2Cl2/CH3OH: 9/1); 1H NMR (500 MHz, CDCl3) δ 
1.29 (d, J = 6.8 Hz, 3H), 1.43 (t, J = 7.7 Hz, 2H), 1.66 (m, 4H), 1.84 (m, 1H), 1.92 (m, 1H), 2.22 
(m, 2H), 2.56 (bs, 1H), 2.72 (d, J = 12.8 Hz, 1H), 2.90 (m, 2H), 2.92 (dd, J = 5.0, 12.8 Hz, 1H), 
3.19 (m, 1H), 3.38 (t, J = 5.4 Hz, 2H), 3.44 (bs, 2H), 3.56 (t, J = 5.4 Hz, 2H), 3.66 (m, 14H), 4.15 
(bs, 2H), 4.20 (s, 2H), 4.30 (dd, J = 4.4, 8.0 Hz, 1H), 4.49 (dd, J = 4.4, 8.0 Hz, 1H), 7.14 (d, J = 
7.8 Hz, 2H), 7.25-7.45 (m, 6H), 7.83 (d, J = 7.8 Hz, 1H), 8.55 (bs, 1H); 13C NMR (125 MHz, 
CDCl3) δ 19.57, 25.47, 28.09, 28.39, 31.27, 32.97, 35.35, 38.74, 39.00, 39.68, 46.00, 55.62, 60.22, 
61.97, 69.18, 69.55, 69.84, 69.89, 70.18, 70.21, 120.99, 125.64, 127.67, 128.05, 128.27, 129.95, 
130.34, 130.75, 131.21, 131.60, 134.01, 137.38, 148.66, 150.95, 164.73, 170.23, 174.75. HRMS 
for C45H63N10O8S3

+ calcd: 967.3987. Found: 967.3991 (Δ = 0.4 ppm). 
 
Double-warhead conjugate with camptothecin and a surrogate warhead, SW-CPT [5-19]: 
To a solution of 5-18 (13 mg, 13.5 µmol), 5-11 (11 mg, 13.5 µmol), and ascorbic acid (2.6 mg, 
14.9 µmol) in THF (1 mL) was added CuSO4

.5H2O (3.7 mg, 14.9 µmol) in CH3OH-H2O (1:1) (1 
mL), and the mixture was stirred for 4 h at room temperature with stirring. The reaction mixture 
was concentrated in vacuo and extracted with CH2Cl2 (3 x 10 mL). The combined organic layers 
were dried over MgSO4 and concentrated in vacuo to give a yellow solid. Purification of the crude 
product by column chromatography on silica gel with 8% CH3OH in CH2Cl2 as eluent gave SW-
CPT (5-19) (13 mg, 54%) as a white solid; Rf = 0.38 (CH2Cl2/CH3OH: 9/1); mp 127-128 °C; 1H 
NMR (500 MHz, DMSO-d6) δ 0.90 (t, J = 7.5 Hz, 3H), 1.03 (m, 2H), 1.20 (d, J = 6.8 Hz, 3H), 
1.24 (s, 2H), 1.30 (m, 2H), 1.49 (m, 4H), 1.59 (m, 1.59), 1.71 (m, 2H), 1.84 (m, 1H), 2.07 (m, 4H), 
2.17 (m, 4H), 2.57 (d, J = 12.8 Hz, 1H), 2.81 (m, 2H), 2.95 (m, 1H), 3.10 (m, 1H), 3.14 (m, 3H), 
3.15 (m, 4H), 3.25 (m, 2H), 3.39 (t, J = 5.4 Hz, 4H), 3.43-3.49 (m, 20H), 3.77 (t, J = 5.0 Hz, 2H), 
4.06 (t, 2H), 4.13 (m, 1H), 4.17 (m, 2H), 4.30 (m, 1H), 4.46 (m, 4H), 5.31 (m, 2H), 5.45 (d, J = 
17.0 Hz, 1H), 5.50 (d, J = 17.0 Hz, 1H), 6.37 (s, 1H), 6.43 (s, 1H), 7.09 (s, 1H), 7.12 (d, J = 7.6 Hz, 
2H), 7.24-7.44 (m, 9H), 7.73 (m, 3H), 7.88 (m, 4H), 8.14 (d, J = 8.1 Hz, 1H), 8.23 (d, J = 8.5 Hz, 
1H), 8.69 (s, 1H); 13C NMR (125 MHz, DMSO-d6) δ 7.99, 20.06, 20.14, 20.51, 25.70, 28.51, 28.67, 
30.69, 31.59, 32.83, 33.02, 35.56, 36.06, 45.85, 45.92, 46.18, 49.07, 49.66, 50.72, 55.41, 55.90, 
59.65, 61.49, 66.78, 69.26, 69.52, 69.63, 69.99, 70.07, 70.14, 70.18, 70.22, 95.62, 119.36, 122.06, 
126.41, 127.85, 128.04, 128.18, 128.46, 128.87, 129.00, 129.60, 129.73, 130.06, 130.17, 130.84, 
131.66, 131.90, 131.96, 133.03, 133.83, 137.40, 137.63, 145.50, 146.42, 148.44, 150.91, 152.71, 
156.99, 163.17, 166.15, 166.21, 167.53, 169.85, 171.74, 171.89, 172.58, 173.27; HRMS (TOF) for 
C86H109N16O17S5

+ calcd: 1797.6755. Found: 1797.6705 (Δ = -2.8 ppm). HPLC (1): t = 8.6 min, 
purity >97%.  
 
Cell Culture 

All cell lines were obtained from ATCC unless otherwise noted. Cells were cultured in 
RPMI-1640 cell culture medium (Gibco) or DMEM culture medium (Gibco), both supplemented 
with 5% (v/v) heat-inactivated fetal bovine serum (FBS), 5% (v/v) NuSerum, and 1% (v/v) 
penicillin and streptomycin (PenStrep) at 37 °C in a humidified atmosphere with 5% CO2. L1210 
and L1210FR (a gift from Dr. Gregory Russell-Jones, Access Pharmaceuticals Pty Ltd., Australia) 
cells were grown as a suspension in supplemented RPMI-1640. LCC6-MDR, LCC6-WT, MX-1, 
MCF-7, and ID8 were cultured as monolayers on 100 mm tissue culture dishes in a supplemented 
RPMI-1640 cell culture medium, and WI-38 as a monolayer in a supplemented DMEM cell culture 
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medium. Cells were harvested, collected by centrifugation at 850 rpm for 5 min, and resuspended 
in fresh culture medium. Cell cultures were routinely divided by treatment with trypsin (TrypLE, 
Gibco) as needed every 2-4 days and collected by centrifugation at 850 rpm for 5 min, and 
resuspended in fresh cell culture medium, containing varying cell densities for subsequent 
biological experiments and analysis. 
 
Confocal Fluorescence Microscopy Imaging of the Cells with DW-1 (5-9) 

Cells treated as described above were re-suspended in 150 µL of PBS after each experiment, 
and dropped onto an uncoated microslide with coverslip (MatTek Corp.). Confocal fluorescence 
microscopy (CFM) experiments were performed using a Zeiss LSM 510 META NLO two-photon 
laser scanning confocal microscopy system, operating at a 488 nm excitation wavelength and at 
527 ± 23 nm detecting emission wavelength using a 505-550 nm bandpass filter. Images were 
captured using a C-Apochromat 63x/1.2 water (corr.) objective. Images for DW-1 (5-9) were 
obtained using the camera mode with a filter set of 350 ± 25 nm excitation wavelength and 420 nm 
long pass emission wavelength. Acquired data were analyzed using LSM 510 Meta software.  

 
In Vitro Cytotoxicity Assays 

The cytotoxicities (IC50, nM) of SB-T-1214 and camptothecin were evaluated for single-
agent administrations as well as for time-dependent administrations of equimolar combinations 
against various cancer cell lines by means of the standard quantitative colorimetric MTT assay.34 
The inhibitory activity of each compound is represented by the IC50 value, which is defined as the 
concentration required for inhibiting 50% of the cell growth. Cells were harvested, collected, and 
resuspended in 100 µL cell culture medium (RPMI-1640) at a concentrations ranging from 0.5-1.5 
x 104 cells per well in a 96-well plate. For adhesive cell types, cells were allowed to descend to the 
bottom of the wells overnight, and appropriate fresh medium was added to each well upon removal 
of the old medium. 

For the MTT assay of the time-dependent administrations of equimolar amounts of SB-T-
1214 and camptothecin in a sequential manner, cells were re-suspended in 200 µL medium with 
8,000 to 10,000 cells per well of a 96-well plate and incubated at 37 °C for 24 h before drug 
treatment. Two sets of serial dilutions of equimolar taxoid and camptothecin in sterile DMSO were 
added using the cell culture medium. The residual medium in each well were aspirated and the 
different drug solutions were added to each well of every column of the 96-well plate. After the 
addition of the first drug solution, the cells were incubated at 37 °C for 24 h. Then, the second drug 
solution was added, followed by incubation for additional 48 h at 37 °C. 

For the MTT assay of paclitaxel, SB-T-1214, DW-1 (5-9), DW-2 (5-12), SW-Tax (5-17), 
and SW-CPT (5-19), cells were resuspended in 200 µL medium with 8,000 to 10,000 cells per well 
of a 96-well plate and incubated at 37 °C for 24 h before drug treatment. In DMSO stock solutions, 
each drug or conjugate was diluted to a series of concentrations in cell culture medium to prepare 
test solutions. After removing the old medium, these test solutions were added to the wells in the 
96-well plate to give the final concentrations ranging from 0.5 to 5,000 nM (100 µL), and the cells 
were subsequently cultured at 37 °C for 48 of 72 h. For the leukemia cell lines, cells were 
harvested, collected, and resuspended in the test solutions ranging from 0.5 to 5,000 nM (100 µL) 
at 0.5 to 0.8 x 104 cells per well in a 96-well plate and subsequently incubated at 37 °C for 48 or 72 
h. 

The cytotoxicities (IC50, nM) for conjugates DW-1 (5-9), DW-2 (5-12), SW-Tax (5-17), 
and SW-CPT (5-19) were evaluated in a similar manner. In DMSO stock solutions, each conjugate 
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was diluted to a series of concentrations in cell culture medium to prepare test solutions. After 
removing the old medium, these test solutions were added to the wells in the 96-well plate to give 
the final concentrations ranging from 0.5 to 5,000 nM (100 µL), and the cells were subsequently 
cultured at 37 °C for 72 h. For the leukemia cell lines, cells were harvested, collected, and re-
suspended in the test solutions ranging from 0.5 to 5,000 nM (100 µL) at 0.5 to 0.8 x 104 cells per 
well in a 96-well plate and subsequently incubated at 37 °C for 72 h.  

In another series of experiments, cells were incubated with a conjugate at 37 °C for 24 h 
and the drug medium was removed. Then, treated cells were washed with PBS, and GSH-OEt (6 
equiv. to a conjugate) in cell culture medium (200 µL) was added to the wells. These cells were 
incubated at 37 °C for an additional 48 h, i.e., the total incubation time was 72 h.  

For all experiments, after removing the test medium, fresh solution of MTT in PBS (40 µL 
of 0.5 mg MTT/mL) was added to the wells, and the cells were incubated at 37 °C for 3 h. The 
MTT solution was then removed, and the resulting insoluble violet formazan crystals were 
dissolved in 0.1 N HCl in isopropanol with 10% Triton X-100 (40 µL) to give a violet solution. 
The spectrophotometric absorbance measurement of each well in the 96-well plate was run at 570 
nm using a Labsystems Multiskan Ascent microplate reader. The IC50 values and their standard 
errors were calculated from the viability-concentration curve using Four Parameter Logistic Model 
of Sigmaplot. The concentration of DMSO per well was ≤1% in all cases. Each experiment was 
run in triplicate.  
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Chapter 6 
 
Taxoid-based Tumor-targeting Theranostic Conjugates Bearing a Potential 
18F-PET Radiotracer 
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§6.1.0 Introduction 
 
§6.1.1 Theranostics in Pharmaceutical Development 
 

Over the past decade, significant advancement has been made in targeted chemotherapy 
with the development of tumor-targeted drug delivery systems (TTDDS), especially for 
monoclonal antibody-drug conjugates (ADCs),1-6 and small-molecule drug conjugates 
(SMDCs)6-13 that recognize tumor-specific biomarkers. One promising approach lies in the 
development of tumor-targeted drug delivery systems (TTDDS) in which tumor-recognition 
moieties and cytotoxic agents are conjugated through cleavable linker systems. While the drug is 
connected to a linker system as a drug conjugate, the linker must be designed to remain stable 
during circulation in blood, but readily cleavable within the tumor microenvironment.6 With 
continuous development of novel TTDDSs, it is essential to design corresponding imaging 
modalities as “theranostic” tools – combining therapeutics and diagnostics – to detail the 
biochemical and physiological processes in living systems with enhanced sensitivity, spatial 
resolution, and tissue specificity.14, 15 

Theranostic imaging delivers therapeutic drugs and diagnostic imaging agents 
simultaneously within the same dose and single-administration.15 Prior to treatment with a 
chemotherapeutic agent, theranostic applications allow for a clearer understanding of the cellular 
phenotype(s) and heterogeneity of the tumor.15-18 The use of theranostic agents enables scientists 
and clinicians to image and monitor the diseased tissue, delivery kinetics, and drug efficacy with 
improved tuning of the therapy and dose, overcoming the undesirable differences in 
biodistribution and selectivity that currently exist between individual imaging and cytotoxic 
agents.15 
 
§6.1.2 Fluorine-18 for PET 
 

    
Figure 6.1. Chemical structure of [18F]FDG (left) and (a) coronal fusion PET/CT image and (b) the axial PET 

image, (c) high 18FDG uptake, and functional perfusion maps of (d) blood volume (BV) and (e) blood flow (BF) 
(right). Adapted from reference [19]. 

 
Positron emission tomography (PET) provides quantitative, real-time imaging of 

radiotracers in living systems and allows for in vivo biodistribution studies for a given 
radiotracer. Of these positron-emitting radioisotopes, fluorine-18 (t1/2=110 min) is the most 
commonly used PET tracer in radiodiagnostics due to its prolonged half-life, which allows for 
multistep synthesis, and its short positron linear range in tissue (2.3 mm), which provides the 

2.8 ml/100 g, 155.7 ±90.0 ml/min/100 g, 5.2±3.3 s and 6.9±
5.3, respectively, and in tumours in the upper lobes the values
were 5.4±4.0 ml/100 g, 96.3±127.8 ml/min/100 g, 8.08±
4.5 s and 9.9±5.4, respectively. Perfusion parameter values
were significantly higher in in tumours in the lower lobes than
in tumours in the upper lobes, particularly BF (p<0.04) and
BV (p<0.02). These results are shown in Table 4.

Discussion

Perfusion-based imaging techniques have been advocated as
an alternative means to characterize pulmonary lesions,
assuming that angiogenesis within malignant nodules can
be depicted as increased perfusion [10]. Recently, FDG PET
and perfusion imaging have both been proposed as methods

for evaluating the response of several types of tumour to
therapy [11]. Current advances in functional imaging tech-
niques provide both anatomic and physiological information
on tumours noninvasively, overcoming some of the limita-
tions of conventional histopathological measurements [12].
On the basis that the relationship between perfusion param-
eters and glucose metabolism may provide a clearer picture
of the biological characteristics of a tumour than either
method alone [13], the purposes of our study were to assess
the additional functional information obtained by p-CT, and
to compare perfusion parameters with SUVmax (obtained
by PET).

With regard to the first of these aims, in line with current
literature [12–15], considerable perfusion differences in re-
lation to the size of the tumour were shown: lower perfusion
parameter values (BF and BV) were found in tumours of

Fig. 1 A 68-year-old man with a squamous cell carcinoma in the
upper lobe of the left lung of diameter more than 30 mm. a, b In the
coronal fusion PET/CT image (a) and the axial PET image (b), the
lesion shows high 18FDG uptake with SUVmax 15.5. c–e Functional
perfusion maps of BV (c), BF (d) and MTT (e) show that the distri-
bution of perfusion within the tumour is heterogeneous. f Transaxial

CECT image at the same level. BV, BF, MTT values were: 4.9 ml/
100 g, 55.3 ml/min/100 g and 10.6 s, respectively. The colour spectrum
indicates the value of the perfusion parameters, ranging from high (red
for BV and BF, blue for MTT) to low (blue for BV and BF, red for
MTT)

160 Eur J Nucl Med Mol Imaging (2013) 40:156–165
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highest resolution of PET images of all the available positron emitters.14 The development and 
use of 2-[18F]fluoro-2-deoxy-D-glucose ([18F]FDG) marked the beginning of target-specific 
imaging and diagnostic techniques with fluorine-18.20 As an example, a PET image of a 68-year 
old male patient with a squamous cell carcinoma in the upper lobe of the left lung, treated with 
[18F]FDG,19 is shown in Figure 6.1. Recently, “click” chemistry by copper(I)-catalyzed azide-
alkyne [3+2] cycloaddition (CuAAC) has been introduced as an orthogonal and efficient means 
for introduction of F-18 to biomolecules and radiopharmaceuticals.21 However, there have been 
few reports of [18F]-labeled biotin derivatives or TTDDSs in PET imaging for biodistribution 
studies in vivo.22, 23 And so, we have selected the BR as the tumor-specific biomarker for these 
tumor-targeting theranostic drug conjugates. 
 
§6.2 Biotin-based Theranostic Conjugates for Tumor Imaging 
 

 
 

Figure 6.2. Chemical structure for biotin-based tumor-targeting theranostic conjugate of SB-T-1214, BLT-F (6-4). 
 
Novel tumor-targeting theranostic conjugate, BLT-F (6-4), which consists of next-

generation taxoid (SB-T-1214) as the cytotoxic agent, a mechanism-based self-immolative 
disulfide linker, biotin as the TTM, polyethylene glycol oligomers to enhance aqueous solubility, 
1,3,5-triazine as a splitter module, and a fluorine prosthetic as a potential 18F-PET radiotracer, 
was designed and synthesized as a companion imaging agent for the biotin-linker-taxoid series. 
BLT-F (6-4) was synthesized from highly versatile biotin-based intermediate 5-8 and external 
fluorine prosthetic, F-PEG-N3 (6-3) by rapid and efficient copper-catalyzed “click” chemistry. 
The chemical structure for BLT-F (6-4) is illustrated in Figure 6.2. 

However, prior to the successful synthesis of BLT-F (6-4), the first attempt towards a 
fluorine-labeled theranostic conjugate involved a benzyl bromide moiety as a site for 
fluorination. 
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§6.2.1 First Attempt at Installation of an Imaging Modality 
 

 
Figure 6.3. Proposed chemical structure for taxoid-based theranostic conjugate bearing a benzyl fluoride. 

 
The original design to introduce a fluorine tether required the preparation of two 

components: (a) a modified triazine scaffold to accommodate a taxoid (SB-T-1214) and a tumor-
targeting module (biotin) (5-8), introduced in Chapter 5, and (b) a benzyl bromide moiety as an 
imaging tether. The chemical structure is shown in Figure 6.3.  
 

 
Scheme 6.1. Synthesis of N-[4-(bromomethyl)benzoyl]ethylenediamine (6-2). 

 
Coupling of 4-(bromomethyl)-N-benzoate succinimide ester (4-11) with N-Boc-

ethylenediamine (5-4) afforded 6-1 in moderate yield (60%). Removal of the Boc group with 
TFA gave N-[4-(bromomethyl)benzoyl]ethylenediamine (6-2) in quantitative yield. The 
synthesis of 6-2 is illustrated in Scheme 6.1.  

 

 
Scheme 6.2. Unsuccessful substitution of benzyl bromide 6-2 to di-substituted triazine intermediate 5-5. 
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However, the substitution reaction of di-substituted triazine 5-5 with 6-2 was 
unsuccessful and afforded an undesired product (Scheme 6.2). Substitution of the triethylamine 
base at the benzyl position resulted in dehalogenation and generation of an undesired side-
product, which was observed by mass spectrometry. The chemical structure of the proposed side-
product is shown in Figure 6.5.  
  

 
Figure 6.4. Chemical structure of side-product. 

 
Thus, the benzyl bromide moiety did not possess sufficient stability for the subsequent 

reactions due to its lack of stability under basic conditions. The single-step fluorination approach 
was abandoned for a two-step synthetic strategy involving fluorination of an external prosthetic, 
followed by installation of the fluorinated-prosthetic.  
 
§6.2.2 Cold Synthesis of Fluorine-labeled Theranostic Conjugate 
 

The second design towards a fluorine-labeled theranostic conjugate, BLT-F (6-4), 
involved a two-step approach: first, fluorination of a prosthetic tether, followed by installation of 
the prosthetic to the conjugate via orthogonal “click” chemistry. For the fluorinated prosthetic, a 
polyethylene glycol oligomer bearing an azido group was selected to enhance the aqueous 
solubility of the conjugate. The chemical structure of BLT-F (6-4) is shown in Figure 6.2.  

 

 
Scheme 6.3. Synthesis of 1-azido-2-[2-[2-[2-fluoroethoxy]ethoxy]ethoxy]ethane (6-3).  

 
PEG derivative 4-16 was reacted with tetrabutylammonium fluoride in tert-amyl alcohol 

to give fluorinated prosthetic 6-3 in excellent yield (95%), shown in Scheme 6.3. While protic 
solvents are often not preferred for halide displacement reactions because of their partial positive 
charge and hydrogen-bonding capabilities, the use of tert-amyl alcohol as a reaction medium for 
nucleophilic fluorination has resulted in dramatic increases in rate and yield of reaction as well 
as decrease in side-product formation.24 Complete conversion of the starting material was 
observed in under two hours by mass spectrometry. These rapid “cold” fluorination conditions 
seemed amenable to “hot” fluorination conditions and provided a benchmark for subsequent 
optimization with fluorine-18.   
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Scheme 6.4. Synthesis of BLT-F (6-4) by copper(I)-catalyzed “click” chemistry. 

 
Next, highly versatile biotin-based drug delivery scaffold, 5-8, consisting of SB-T-1214 

connected to a self-immolative disulfide linker, 1,3,5-triazine as a tripod splitter module, biotin 
as a TTM, and a propargylamino arm, was subjected to a “click” reaction with fluorinated azide 
6-3 in the presence of copper(II) sulfate and ascorbic acid to give theranostic conjugate BLT-F 
(6-4) in excellent yield (87%), shown in Scheme 6.4. Reaction progress was monitored by mass 
spectrometry, and complete conversion was observed in fewer than 25 minutes, shown in Figure 
6.5. At 3 min, both starting material precursor 5-8 and BLT-F (6-4) can be observed in a 700-
1000 m/z range, indicated by the presence of doubly charged species for each (M+2H+), m/z 
864.5 and 974.5, respectively. However, after 25 min, the peak at 864.5 disappeared, suggesting 
consumption of precursor 5-8.  

 
 

 
Figure 6.5. Mass spectrometry analysis of rapid “click” reaction to give BLT-F (6-4) in under 25 min. 
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Due to the solubility of ascorbic acid, and the Cu(I) and Cu(II) salts in aqueous media, 
BLT-F (6-4) was isolated by organic extraction and concentration in vacuo, followed by 
trituration with hexanes and ethyl acetate to give a BLT-F (6-4), as a white solid in >97% 
chemical purity by reverse-phase HPLC (Figure 6.6). Both regioisomers of the 1,3-dipolar 
cycloaddition were treated as a single compound.  
 

 
Figure 6.6. Reverse-phase HPLC chromatogram of BLT-F (6-4) indicating >97% chemical purity. 
 

The optimization of “hot” fluorination conditions and analytical and semi-preparative HPLC 
method development towards the radiosynthesis of [18F]6-4 is discussed later in Chapter 7.  
 
§6.2.3 Design of a Tumor-targeted Chemotherapeutic Agent for Fluorescence Imaging 
 

Previously, our laboratory designed, synthesized, and used several fluorescent and 
fluorogenic probes for the BR by employing fluorescein isothiocyanate (FITC), fluorescein, and 
coumarin (Figure 4.7).9 Among these probes, biotin-NHNH-FITC unambiguously verified the 
efficient process of receptor-mediated endocytosis (RME) by targeting the biotin receptor. Later, 
a more water-soluble derivative, biotin-PEG-FITC (4-10) was designed and synthesized, and 
numerous human breast cancer cell lines were found to overexpress the biotin receptor as well 
(Figure 4.11).  
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Figure 6.7. Chemical structure of FITC-labeled biotin conjugate (6-6) designed for fluorescence imaging. 

 
Fluorescence-labeled conjugate 6-6 was designed and synthesized from the same TTDDS 

as double-warhead conjugates DW-1 (5-9) and DW-2 (5-12), as well as fluorine-labeled 
theranostic conjugate BLT-F (6-4), to validate efficient internalization by RME of this larger 
molecular weight drug delivery scaffold via the biotin receptor. The chemical structure of biotin-
triazine-FITC-(SS-linker)-taxoid (6-6) is illustrated in Figure 6.7.  
 
§6.2.4 Synthesis of Fluorescently Labeled Tumor-targeted Drug Delivery Platform 
 

In a similar synthetic route as the fluorine-labeled biotin conjugate 6-4, FITC-labeled 
biotin conjugate 6-6 was prepared from FITC-PEG-N3 (6-5) and the biotin-based drug delivery 
scaffold (5-8) by “click” chemistry. 

 

 
Scheme 6.5. Synthesis of FITC-PEG-N3 (6-5). 

 
Coupling of fluorescein isothiocyanate to 4-5 in the presence of triethylamine in the dark 

gave 6-5 in good yield (79%), shown in Scheme 6.5. The product was immediately purified by 
column chromatography on silica gel and stored under N2 at -20 °C in the dark. 
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Scheme 6.6. Synthesis of FITC-labeled tumor-targeting theranostic conjugate (6-6). 

 
Biotin-based drug delivery scaffold bearing a propargylamino arm, 5-8, was subjected to 

a “click” reaction with fluorescence-labeled-PEG-azide, 6-5, in the presence of copper(II) sulfate 
and ascorbic acid to give fluorescence-labeled biotin conjugate 6-6 in excellent yield (87%), 
shown in Scheme 6.6. Reaction progress was monitored by mass spectrometry, and both 
regioisomers were treated as a single compound. Probe 6-6 was stored under N2 at -20 °C in the 
dark.   
 
§6.3 Biological Evaluation of Biotin-based Theranostic Conjugates 
 

Biological evaluation of fluorine-labeled theranostic conjugate 6-4 and fluorescence-
labeled biotin conjugate 6-6 was performed by flow cytometry, confocal microscopy, and 
cytotoxicity assays by MTT protocol. The small-molecule biotin-PEG-FITC probe, 4-10, was 
used as a reference for comparison with FITC-labeled biotin conjugate 6-6 to evaluate the size-
effect of this TTDDS on internalization by RME via the biotin receptor. The potency and 
efficacy of theranostic conjugate, BLT-F (6-4), was evaluated alongside biotin-(Me-SS-linker)-
taxoid 4-3 in a series of cell viability assays. 
 
§6.3.1 Internalization of Theranostic Conjugates by Flow Cytometry and CFM 
 
 Fluorescent probe 6-6, alongside biotin-PEG-FITC (4-10) as a small-molecule biotin 
probe, was administered to L1210FR (BR+++), ID8 (BR+++), MX-1 (BR++), and at 5 µM 
concentration for 3 h at 37 °C. Internalization by receptor-mediated endocytosis (RME) was 
visualized by confocal fluorescence microscopy (CFM), and the fluorescence intensity was 
quantified using flow cytometry. Both 6-6 and 4-10 were efficiently internalized by RME as 
there was little appreciable difference between internalization of 4-10 and 6-6, indicating that the 
larger size of 6-6 is not a limiting factor in RME via the biotin receptor. Probes 6-6 and 4-10 
were also administered to L1210 and WI38 (BR- cell lines), and as anticipated there was no 
fluorescence intensity observed from either probe following 3 h incubation. However, paclitaxel-
7-fluorescein (2-39) demonstrated non-specific internalization across all five cell lines (Section 
4.3.2). Thus, target-specific and efficient internalization of 6-6 by RME was validated. The 
confocal fluorescence microscopy images and flow cytometry histograms are shown in Figure 
6.8.  
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Figure 6.8. CFM images and flow cytometry histograms of 5 µM FITC-labeled TTDDS (6-6) (top row) and 5 µM biotin-
PEG-FITC (4-10) (bottom row) in L1210FR (BR+++), MX-1 (BR++), ID8 (BR+++), L1210 (BR–), and WI38 (BR–) cell lines at 

37 °C for 3 h. 
 
§6.3.2 Time-dependent Internalization Study in L1210FR and MX-1 
 

The time-dependent internalization of fluorescent probe 6-6 in L1210FR and MX-1 was 
assessed at various time intervals ranging from 15 min to 24 h. Following incubation, the cells 
were washed thoroughly with phosphate-buffered saline (PBS) to remove the fluorescent media, 
and cleaved from the cell culture plate with trypsin. The cells were centrifuged twice and washed 
twice each time with PBS.  Then, the cells were subjected to flow cytometry analysis. The results 
are illustrated in Figure 6.9. 
 

 
Figure 6.9. Time-dependent internalization of 5 µM 6-6 in L1210FR (BR+++) and MX-1 (BR++) at 37 °C based on 

flow cytometry histograms. 
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In both cell lines, the conjugate showed rapid cellular uptake by RME during the first 3 

hours of incubation, which was quantified by the significant increase in fluorescence intensity 
based on flow cytometry histograms. Then, following this initial uptake, the rate of 
internalization slowed down likely due to saturation of cell-surface biotin receptors with 
conjugate 6-6 and internalized conjugate-receptor complexes. However, over time, the increase 
in fluorescence in L1210FR became significantly higher than that of MX-1, which can be 
attributed to a difference in the recycling rates of cell-surface vitamin receptors.25 

 

 
Figure 6.10. CFM images and flow cytometry histograms for time-dependent internalization of 5 µM 6-6 by RME 

in L1210FR (BR+++) cell line at 37 °C for various time intervals. 
 
The confocal fluorescence microscopy images and flow cytometry histograms for 

incubation of 6-6 in L1210FR and MX-1 are shown below in Figure 6.10 and Figure 6.11, 
respectively.  
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Figure 6.11. CFM images and flow cytometry histograms for time-dependent internalization of 5 µM 6-6 by RME 

in MX-1 (BR++) cell line at 37 °C for various time intervals. 
 

§6.3.3 Biological Evaluation of Theranostic Conjugates for Cytotoxicity 
 

Cytotoxicities of theranostic conjugate BLT-F (6-4) and biotin-(SS-linker)-taxoid (4-3) 
were evaluated in three experiments against three BR+ cancer cell lines, L1210FR, MX-1, and 
ID8, and two BR- cell lines, L1210 and WI38, using the standard MTT assay. Results are 
summarized in Table 6.1 and Table 6.2. Paclitaxel and SB-T-1214 were also examined for 
comparison.  

In the first experiment, L1210FR, MX-1, and ID8 (BR+) cancer cell lines were incubated 
with BLT-F (6-4) and BLT (4-3) for 48 h, and the corresponding IC50 values were determined. 
As Table 6.1 shows, the cytotoxicity of BLT-F (6-4) based on its IC50 values was determined to 
be in a range of 6–21 nM (Entry 3), while that against normal cell line WI38 (IC50 709 nM) was 
two orders of magnitude weaker in potency. The results indicate that BLT-F (6-4) was 
selectively internalized into BR+ cancer cells via RME with partial release of the taxoid within 
the cancer cells. Biotin-linker-taxoid (4-3) showed similar results as that of BLT-F (6-4), in a 
range of 4–15 nM (Entry 4) with several orders of magnitude greater potency against BR+ cell 
lines than BR- cell lines. As expected, both SB-T-1214 and the parent taxoid showed non-
specific activity against BR+ and BR- cell lines in the range of 0.1–7.0 nM, and 7–77 nM, 
respectively.  
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Table 6.1. Cytotoxicities (IC50, nM) of paclitaxel, SB-T-1214, BLT-F (6-4), and BLT (4-3) 
Against BR+ and BR– Cell Lines at 37 °C for 48 h. 

Entry Compound MX-1a ID8b L1210FRc L1210d WI38e 

1f paclitaxel 7.23 ± 0.68 14.36 ± 1.81 38.7 ± 17.7 77.1 ± 12.8 61.4 ± 12.7 

2f SB-T-1214 4.13 ± 2.59 0.17 ± 0.14 4.18 ± 1.8 7.05 ± 1.38 5.23 ± 0.27 

3f BLT-F (6-4) 21.2 ± 4.6 6.62 ± 0.86 14.7 ± 4.0 593 ± 123 709 ± 55 

4f BLT (4-3) 15.4 ± 4.2 4.32 ± 1.58 13.4 ± 6.8 481 ± 34 670 ± 89 
aHuman breast carcinoma cell line (BR+); bMurine ovarian carcinoma cell line (BR+); cMurine lymphocytic 
leukemia cell line (BR+); dMurine lymphocytic leukemia cell line (BR-); eHuman lung fibroblast cell line (BR-
); fCells were incubated with a drug or conjugate at 37 °C for 48 h. 

 
Table 6.2. Cytotoxicities (IC50, nM) of paclitaxel, SB-T-1214, BLT-F (6-4), and BLT (4-3) with Supplemental GSH-
OEt (6 equiv. to conjugate) After Internalization.  

 
Entry 

 
Compound 

MX-1a L1210FRc WI38e 

Exp 1b Exp 2d Exp 3f Exp 1b Exp 2d Exp 3f Exp 1b Exp 2d Exp 3f 

1 paclitaxel 4.07 ± 0.80   35.6 ± 8.2   131 ± 19   

2 SB-T-1214 2.66 ± 0.16   2.32 ± 1.41   4.89 ± 2.24   

3 BLT-F (6-4) 6.27 ± 2.06 4.79 ± 0.12 2.56 ± 0.15 10.2 ± 3.0 6.60 ± 3.96 2.79 ± 1.43 682 ± 110 615 ± 97 12.9 ± 4.3 

4 BLT (4-3) 4.66 ± 0.87 3.85 ± 0.14 2.40 ± 0.18 12.3 ± 2.8 5.15 ± 2.85 2.92 ± 2.34 645 ± 97 590 ± 164 11.0 ± 3.1 
a,c,eSee captions for cell lines in Table 6.1; bCells were incubated with a drug or conjugate at 37 °C in a 5% CO2 atmosphere for 72 h; dCells were 
initially incubated with 6-4 or 4-3 at 37 °C in a 5% CO2 atmosphere for 24 h, followed by washing of the drug media with PBS, then addition of 
GSH-OEt (6 equiv. to conjugate) for drug release and additional incubation for 48 h; fCells were initially incubated with 6-6 of 4-3 at 37 °C in a 5% 
CO2 atmosphere for 24 h, followed by addition of GSH-OEt (6 equiv. to conjugate) for drug release and additional incubation for 48 h. Total drug or 
conjugate incubation was 72 h for all experiments.  

 

 

Jacob Vineberg
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Jacob Vineberg
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In the second experiment, glutathione ethyl ester (GSH-OEt; 6 mole equivalents to 
conjugate) was added to the resuspended cancer cells after the cells were incubated with BLT-F 
(6-4) or BLT (4-3) for 24 h, followed by thorough washing and removal of the old medium with 
PBS and an additional incubation period of 48 h, i.e., 72 h total incubation (Table 6.2). It should 
be noted that in this experiment the resuspended cancer cells only included conjugate 
internalized in the first 24 h period. As indicated in Table 6.2, washing of the cells and addition 
of GSH-OEt did not make any appreciable difference in the cytotoxicity of these conjugates 
against WI38 normal fibroblast cells, based on the comparison of the results in Table 2 with the 
72 h incubation without the addition of GSH-OEt. BLT-F (6-4) demonstrated IC50 values of 6.6–
11.6 nM in BR+ cell lines, L1210FR and MX-1, but 615 nM against WI38. Thus, this marked 
difference in cytotoxicity between cancer cells and normal cells in the presence of GSH is 
unambiguously attributed to the highly efficient target-specificity of conjugate 6-4 to BR+ cancer 
cell lines. Similar to the first experiment, conjugate BLT (4-3) showed comparable cytotoxicity 
results as that of BLT-F (6-4).  

In the third experiment, glutathione ethyl ester was added directly to the cancer cells 
following 24 h incubation with BLT-F (6-4) or BLT (4-3), and incubated for a subsequent 48 h 
period, i.e., 72 h total incubation (Table 6.2). It should be noted that in this experiment the 
resuspended cancer cells included conjugate internalized in the first 24 h period as well as drug 
released outside the cell in the latter 48 h period. As indicated in Table 6.2, direct addition of 
GSH-OEt demonstrated an additional two-fold increase in potency for BLT-F (6-4) against BR+ 
cancer cell lines compared with the results from the second experiment, and a very significant 
increase in potency against normal cell line WI38 (IC50 12.9 nM). This result indicates that not 
all of the conjugate was internalized by RME, and upon addition of GSH-OEt, the released 
taxoid underwent non-specific internalization into all cell lines. Again, biotin-linker-taxoid (4-3) 
showed analogous results. 
 
§6.4.0 Summary 
 

Two novel tumor-targeting theranostic conjugates, which consist of second-generation 
taxoid (SB-T-1214), self-immolative disulfide linkers for drug release, biotin as the TTM, 1,3,5-
triazine scaffold as the splitter module, and either a fluorine-labeled prosthetic as a potential PET 
radiotracer (BLT-F, 6-4) or a fluorescence tether for in vitro internalization studies (6-6), were 
designed and synthesized. “Cold material” BLT-F (6-4) was prepared in two steps from highly 
versatile tumor-targeting drug delivery scaffold bearing a terminal acetylene for orthogonal 
“click” chemistry. First, fluorination of a polyethylene glycol oligomer bearing a mesylate 
leaving group with tetrabutylammonium fluoride gave fluorine-labeled prosthetic for “click.” 
Then, the prosthetic was installed to the highly versatile intermediate by copper(I)-catalyzed 
azide-alkyne cycloaddition in under 25 min, a rapid and efficient synthesis, with complete 
conversion according to mass spectrometry.  

The potency of BLT-F (6-6) was evaluated against MX-1, ID8, L1210FR (BR+: biotin 
receptor overexpressed) and L1210 and WI38 (BR-: normal) cell lines in the absence and 
presence of glutathione (GSH), an endogenous thiol that triggers intracellular drug release inside 
tumor cells. With supplemental GSH, BLT-F (6-4) exhibited IC50 values of 6.6–11.6 nM against 
all BR+ cancer cell lines, and 615 nM against WI38, a two-orders of magnitude higher 
selectivity to cancer cells. Internalization of 6-6 by receptor-mediated endocytosis (RME) via the 
biotin receptor was confirmed in L1210FR, MX-1 and ID8 by means of confocal fluorescence 
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microscopy (CFM) and flow cytometry analyses. For comparison, small-molecule biotin probe, 
biotin-PEG-FITC (4-10), was evaluated as well, and no appreciable difference in fluorescence 
intensity between 6-6 and 4-10 was observed, indicating that the larger size of 6-6 is not a major 
factor in its internalization. Also, time-dependent internalization studies on 6-6 in L1210FR and 
MX-1 demonstrated, first, rapid cellular uptake by RME, followed by receptor saturation, and 
then a gradual increase in conjugate internalization as receptors began to recycle. Thus, with 
target-specificity and high potency, BLT-F (6-4) may serve as a companion imaging agent as a 
theranostic conjugate for 18F-PET imaging. The radiosynthesis of [18F]BLT-F is discussed in 
Chapter 7.  
 
§6.5.0 Experimental 
 
§6.5.1 Caution 
 

Taxoids have been identified as potent cytotoxic agents. Thus, these drugs and all 
structurally related compounds and derivatives must be considered mutagens and potential 
reproductive hazards.  Appropriate precautions, such as the use of gloves, goggles, labware, and 
fume hood, must be taken while handling these compounds at all times.  
 
§6.5.2 General Information 
 

1H, 13C and 19F NMR spectra were measured on a Varian 300 or 500 MHz spectrometer 
or a Bruker 500 MHz NMR spectrometer. Hexafluorobenzene was used as an external reference 
for 19F NMR analysis. Melting points were measured on a Thomas- Hoover capillary melting 
point apparatus and are uncorrected. TLC was performed on Sorbent Technologies aluminum-
backed Silica G TLC plates (Sorbent Technologies, 200 µm, 20 x 20 cm), and column 
chromatography was carried out on silica gel 60 (Merck, 230-400 mesh ASTM). Purity was 
determined with a Shimadzu L-2010A HPLC HT series HPLC assembly, using a Kinetex PFP 
column (4.6 mm x 100 mm, 2.6 µm) with acetonitrile-water or methanol-water solvent systems. 
One analytical condition was used and noted as a part of the characterization data for literature 
unknown compounds, i.e., HPLC (1): flow rate 0.6 mL/min, 30% methanol (isocratic). High-
resolution mass spectrometry analysis was carried out on an Agilent LC-UV-TOF mass 
spectrometer at the Institute of Chemical Biology and Drug Discovery, Stony Brook, NY or at 
the Mass Spectrometry Laboratory, University of Illinois at Urbana-Champaign, Urbana, IL. 
 
§6.5.3 Materials 
 

The chemicals were purchased from Sigma-Aldrich, Fisher Scientific, and VWR 
International, and used as received or purified before use by standard methods.  Tetrahydrofuran 
was freshly distilled from sodium and benzophenone. Dichloromethane was also distilled 
immediately prior to use under nitrogen from calcium hydride. 4-N,N-
dimethylaminocinnamaldehyde solution was used as a TLC stain for biotin derivatives, and 
H2SO4 (conc.) in ethanol was used for taxoid derivatives.    
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§6.5.4 Experimental Procedure 
 
N-[4-(Bromomethyl)benzoyl]-N’-(tert-butoxycarbonyl)-ethylenediamine [6-1]:26!
To a solution of 4-11 (0.450 g, 1.44 mmol) in CH2Cl2 (10 mL) was added 5-4 (0.230 g, 1.44 
mmol) in CH2Cl2 (5 mL), and the mixture was allowed to react for 24 h at room temperature 
with stirring. The reaction mixture was concentrated in vacuo to afford an off-white solid. 
Purification of the crude product by column chromatography on silica gel with hexanes/ethyl 
acetate (1:1) as eluent gave 6-1 (0.307 g, 60%) as a white solid; 1H NMR (300 MHz, DMSO) δ 
1.41 (s, 9H), 3.13 (m, 2H), 3.31 (m, 2H), 4.78 (s, 2H), 6.96 (m, 1H), 7.56 (d, J = 8.2 Hz, 2H), 
7.85 (d, J = 8.2 Hz, 2H), 8.52 (m, 1H). All data are in agreement with literature values.26   
 
N-[4-(Bromomethyl)benzoyl]ethylenediamine [6-2]: 
To a solution of 6-1 (0.200 g, 0.586 mmol) in CH2Cl2 (5.6 mL) was added TFA (0.6 mL, 7.89 
mmol), and the mixture was allowed to react for 4 h at room temperature with stirring. The 
reaction was quenched with NaHCO3 (s), and the suspension was filtered to remove the solid. 
The filtrate was washed with CH2Cl2 (3 x 10 mL), and the combined organic layers were 
concentrated in vacuo to afford 6-2 (0.150 g, quant.), as a yellow oil. 1H NMR (300 MHz, 
DMSO) δ 3.03 (m, 2H), 3.55 (m, 2H), 4.79 (s, 2H), 7.58 (d, J = 8.3 Hz, 2H), 7.89 (d, J = 8.3 Hz, 
2H). 
 
1-Azido-2-[2-[2-[2-fluoroethoxy]ethoxy]ethoxy]ethane [6-3]:27 
To a solution of 4-16 (0.170 g, 0.572 mmol) in tert-amyl alcohol (6 mL) was added 1 M TBAF 
in THF (1.7 mL, 1.72 mmol), and the mixture was allowed to react for 2 h at 85 °C. The reaction 
was cooled to 25 °C and diluted with H2O (10 mL), and the mixture was extracted with ethyl 
acetate (3 x 20 mL). The combined organic layers were washed with brine (3 x 10 mL), dried 
over MgSO4, and concentrated in vacuo to afford a yellow liquid. Purification of the crude 
product by column chromatography on silica gel with 2% CH3OH in CH2Cl2 as eluent gave 6-3 
(0.120 g, 95%) as a colorless liquid; 1H NMR (300 MHz, CDCl3) δ 3.39 (t, J = 5.1 Hz, 2H), 3.67 
(m, 10H), 3.75 (m, 2H), 4.57 (m, 2H); 13C NMR (125 MHz, CDCl3) δ 50.67, 70.01, 70.30, 70.45, 
70.67, 70.79, 82.46, 83.81; 19F NMR (282 MHz, CDCl3) δ -45.56. All data are in agreement with 
literature values.27 
 
Fluorine-labeled biotin conjugate designed for [18F]-PET imaging (Cold Synthesis) [6-4]: 
To a solution of 5-8 (27.8 mg, 17.4 mmol), 6-3 (4.2 mg, 19.1 µmol), and ascorbic acid (3.4 mg, 
19.1 µmol) in THF (0.5 mL) was added CuSO4

.5H2O (5 mg, 19.1 µmol) in H2O (0.12 mL), and 
the mixture was allowed to react for 25 min at room temperature with stirring. Reaction progress 
was monitored by mass spectrometry. The reaction was diluted with H2O (10 mL), and the 
mixture was extracted with CH2Cl2 (3 x 10 mL). The combined organic layers were dried over 
MgSO4 and concentrated in vacuo to afford a milky white solid, which was triturated with 
hexanes (20 mL x 4) and ethyl acetate (20 mL x 4) to afford 6-4 (27 mg, 87%) as a white solid; 
regioisomers were treated as a single compound; mp 100-101 °C; 1H NMR (500 MHz, CD3OD) 
δ 0.90-1.02 (m, 7H), 1.08 (m, 1H), 1.16 (s, 3H), 1.17 (s, 3H), 1.24 (d, J = 6.8 Hz, 3H), 1.28 (m, 
5H), 1.39 (m, 1H), 1.40 (s, 9H), 1.61 (m, 4H), 1.64 (s, 3H), 1.73 (s, 3H), 1.75 (s, 3H), 1.78 (m, 
2H), 1.86 (m, 1H), 1.91 (s, 3H), 2.18 (t, J = 7.5 Hz, 2H), 2.22 (m, 3H), 2.38 (s, 3H), 2.54 (m, 
2H), 2.68 (d, J = 12.8 Hz, 1H), 2.84 (m, 1H), 2.90 (dd, J = 5.0, 12.8 Hz, 1H), 3.16 (m, 1H), 3.34 
(m, 3H), 3.41 (bs, 2H), 3.48 (m, 2H), 3.52 (t, J = 5.4 Hz, 2H), 3.61 (m, 4H), 3.65 (m, 20H), 3.71 
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(m, 2H), 3.85 (m, 3H), 4.00 (d, J = 16.8 Hz, 1H), 4.09 (d, J = 16.8 Hz, 1H), 4.20 (d, J = 8.4 Hz, 
1H), 4.24 (d, J = 8.4 Hz, 1H), 4.27 (dd, J = 4.4 Hz, 8.0 Hz, 1H), 4.31 (m, 1H), 4.46 (m, 1H), 4.49 
(m, 2H), 4.52 (m, 2H), 4.92 (bs, 2H), 5.00 (d, J = 8.4 Hz, 1H), 5.27 (bs, 1H), 5.67 (d, J = 7.2 Hz, 
1H), 6.31 (bt, J = 8.5 Hz, 1H), 6.45 (s, 1H), 7.24 (m, 1H), 7.30 (m, 2H), 7.50 (t, J = 7.7 Hz, 2H), 
7.63 (t, J = 7.5 Hz, 1H), 7.77 (m, 1H), 7.91 (bs, 1H), 8.12 (d, J = 7.5 Hz, 2H); 13C NMR (125 
MHz, CD3OD) δ 7.79, 7.83, 9.05, 12.41, 13.04, 13.68, 14.04, 17.27, 19.59, 19.65, 20.97, 21.89, 
22.30, 24.71, 25.47, 25.60, 27.41, 28.09, 28.37, 31.29, 31.35, 32.99, 33.08, 33.35, 36.15, 38.10, 
38.99, 39.48, 39.77, 40.02, 43.21, 45.96, 46.06, 46.68, 50.09, 50.38, 55.69, 57.90, 60.20, 61.96, 
65.52, 68.99, 69.19, 69.65, 69.74, 69.84, 69.90, 70.05, 70.13, 70.20, 70.23, 70.27, 70.93, 71.64, 
74.94, 75.18, 75.33, 76.07, 79.31, 80.95, 82.10, 83.43, 84, 49, 119.83, 123.74, 127.58, 128.06, 
128.30, 129.76, 130.02, 131.07, 132.79, 133.19, 133.45, 137.32, 141.18, 156.11, 164.68, 166.24, 
168.94, 170.08, 170.97, 173.71, 174.01, 174.74, 203.78; 19F NMR (282 MHz, CD3OD) δ -46.92 
(m, 1F); HRMS (TOF) for C92H132N14O25FS3

+ calcd: 1947.8629. Found: 1947.8647 (Δ = 0.9 
ppm). HPLC (1): t = 20.2 min, purity > 98%.  
 
FITC-PEG-N3 [6-5]:  
To a solution of fluorescein isothiocyanate (0.200 g, 0.514 mmol) and 4-5 (0.131 g, 0.616 mmol) 
in DMSO (1 mL) was added Et3N (75 µL, 0.514 mmol), and the mixture was allowed to react for 
2 h at room temperature in the dark with stirring. The reaction mixture was directly concentrated 
in vacuo to afford a red oil. Purification of the crude product by column chromatography on 
silica gel with 7% CH3OH in CH2Cl2 as eluent gave 6-5 (0.241 g, 79%) as an orange solid; 1H 
NMR (500 MHz, DMSO-d6) δ 3.42 (t, J = 5.0 Hz, 2H), 3.62 (m, 14H), 3.73 (bs, 2H), 6.57 (d, J = 
2.3, 8.7 Hz, 2H), 6.62 (d, J = 8.7 Hz, 2H), 6.71 (d, J = 2.3 Hz, 2H), 7.22 (d, J = 8.3 Hz, 1H), 7.78 
(d, J = 7.8 Hz, 1H), 8.13 (bs, 1H), 8.31 (s, 1H); 13C NMR (125 MHz, DMSO-d6) δ 44.19, 50.46, 
68.90, 69.72, 70.15, 70.28, 79.65, 102.70, 110.18, 113.04, 116.79, 124.54, 127.30, 129.50, 
129.86, 141.79, 147.61, 151.34, 159.94, 168.98, 180.99; HRMS (TOF) for C29H30N5O8S+ calcd: 
608.1810. Found: 608.1822 (Δ = 2.0 ppm).   
 
FITC-labeled biotin conjugate for fluorescence imaging [6-6]: 
To a solution of 5-8 (29.0 mg, 0.0167 mmol), 6-5 (10.2 mg, 0.0167 mmol), and ascorbic acid 
(3.3 mg, 0.0185 mmol) in THF (0.5 mL) was added CuSO4

.5H2O (4.6 mg, 0.0185 mmol) in H2O 
(0.1 mL), and the mixture was allowed to react for 24 h at room temperature in the dark with 
stirring. The reaction was diluted with H2O (10 mL), and the mixture was extracted with CH2Cl2 
(3 x 10 mL). The combined organic layers were dried over MgSO4 and concentrated in vacuo to 
afford a yellow solid, which was re-dissolved in CH2Cl2 and CH3OH (9:1) and lyophilized afford 
6-6 (0.0331 g, 85%) as a yellow solid; 1H NMR (500 MHz, DMSO-d6) δ 0.92 (m, 2H), 1.00 (m, 
2H), 1.10 (s, 3H), 1.22 (d, J = 6.8 Hz, 3H), 1.27 (s, 3H), 1.32 (m, 2H), 1.42 (s, 9H), 1.52 (m, 
4H), 1.55 (s, 3H), 1.63 (s, 3H), 1.69 (m, 2H), 1.74 (s, 3H), 1.84 (s, 3H), 1.86 (m, 1H), 2.09 (t, J = 
7.5 Hz, 2H), 2.20 (t, J = 7.0 Hz, 1H), 2.25 (m, 1H), 2.36 (s, 3H), 2.60 (d, J = 12.5, 1H), 2.86 (dd, 
J = 5.0, 12.5, 1H), 2.95 (m, 1H), 3.12 (m, 1H), 3.22 (m, 4H), 3.29 (m, 2H), 3.41 (t, J = 5.5 Hz, 
4H), 3.53 (m, 18H), 3.62 (m, 2H), 3.71 (d, J = 7.2 Hz, 2H), 3.81 (m, 2H), 4.00 (s, 2H), 4.09 (m, 
2H), 4.15 (m, 2H), 4.33 (m, 1H), 4.50 (m, 2H), 4.75 (m, 1H), 4.85 (d, J = 7.9 Hz, 1H), 4.96 (m, 
3H), 5.20 (m, 1H), 5.52 (d, J = 7.2 Hz, 1H), 6.03 (m, 1H), 6.35 (s, 1H), 6.39 (s, 1H), 6.45 (s, 
1H), 6.60 (dd, J = 2.3, 8.7 Hz, 2H), 6.64 (d, J = 8.7 Hz, 2H), 6.71 (d, J = 2.3 Hz, 2H), 7.25 (m, 
2H) 7.30 (t, J = 7.7 Hz, 1H), 7.34 (m, 1H), 7.40 (t, J = 7.7 Hz, 1H), 7.57 (t, J = 7.7 Hz, 2H), 7.71 
(t, J = 7.4 Hz, 1H), 7.76 (bs, 1H), 7.78 (d, J = 8.0 Hz, 1H), 7.85 (m, 1H), 7.90 (bs, 1H), 8.04 (d, J 
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= 7.6 Hz, 2H), 8.22 (bs, 1H); 13C NMR (125 MHz, DMSO-d6) δ 8.75, 8.83, 10.24, 13.15, 14.20, 
14.23, 18.36, 19.64, 20.45, 20.52, 21.90, 22.99, 25.74, 25.95, 26.81, 28.50, 28.65, 31.57, 32.42, 
32.98, 33.07, 35.56, 37.03, 38.31, 38.91, 40.91, 43.49, 46.04, 46.15, 46.69, 49.75, 55.39, 55.91, 
57.96, 59.66, 61.50, 69.63, 70.02, 70.11, 70.19, 70.22, 70.89, 73.74, 75.00, 75.03, 75.06, 75.10, 
75.12, 75.15, 75.27, 75.78, 77.22, 78.61, 80.88, 83.48, 84.07, 88.37, 102.71, 110.13, 110.45, 
113.04, 120.71, 127.89, 128.83, 129.11, 129.50, 129.99, 130.40, 131.63, 133.32, 133.81, 133.87, 
133.88, 136.45, 137.33, 137.35, 139.99, 152.37, 155.41, 159.94, 163.18, 165.50, 169.25, 170.07, 
170.65, 171.92, 172.60, 172.64, 203.02; HRMS (TOF) calcd for C113H145N16O30S4

+ calcd: 
2333.9190. Found: 2333.9130 (Δ = -2.6 ppm). 
 
Cell Culture.  

All cell lines were obtained from ATCC unless otherwise noted. Cells were cultured in 
RPMI-1640 cell culture medium (Gibco) or DMEM culture medium (Gibco), both supplemented 
with 5% (v/v) heat-inactivated fetal bovine serum (FBS), 5% (v/v) NuSerum, and 1% (v/v) 
penicillin and streptomycin (PenStrep) at 37 °C in a humidified atmosphere with 5% CO2. 
Murine leukemia cell lines L1210 and L1210FR (a gift from Dr. Gregory Russell-Jones, Access 
Pharmaceuticals Pty Ltd., Australia) were grown as a suspension in supplemented RPMI-1640. 
Human breast carcinoma, MX-1, and murine ovarian carcinoma, ID8 (obtained from Dr. 
Katherine Roby, University of Kansas Medical Center), cell lines were cultured as monolayers 
on 100 mm tissue culture dishes in a supplemented RPMI-1640 cell culture medium, and normal 
human lung fibroblast cell line WI-38 as a monolayer in a supplemented DMEM cell culture 
medium. Cells were harvested, collected by centrifugation at 850 rpm for 5 min, and 
resuspended in fresh culture medium. Cell cultures were routinely divided by treatment with 
trypsin (TrypLE, Gibco) as needed every 2-4 days and collected by centrifugation at 850 rpm for 
5 min, and resuspended in fresh cell culture medium, containing varying cell densities for 
subsequent biological experiments and analysis. 
 
Incubation of Cells with FITC-labeled biotin conjugate (6-6). 

Cell suspensions (3 mL) of MX-1, ID8, and WI38 at 5 x 105 cells/mL were added to each 
individual well of 6-well plates, and subsequently incubated overnight in the appropriate cell 
culture media. The cell culture media was replaced with 5 µM solutions of 6-6 in cell culture 
media (3 mL).  Then, the cells were incubated with each probe for various time intervals ranging 
from 30 min to 24 h at 37 °C. In the case of leukemia cell lines (L1210, L1210FR), each probe (1 
mM) in DMSO (15 µM) was injected directly into fresh cell suspensions to give a final 
concentration of 5 µM, and cells were incubated for similar time intervals. Following incubation, 
the cells were removed by treatment with trypsin as needed, washed twice with phosphate 
buffered solution (PBS), collected by centrifugation, and resuspended in PBS (150 µL) for 
subsequent confocal fluorescence microscopy imaging or flow cytometry analysis.  
 
Confocal Fluorescence Microscopy (CFM) Imaging of the Treated Cells.  

Cells treated as described above were resuspended in 150 µL of PBS after each 
experiment, and dropped onto an uncoated microslide with coverslip (MatTek Corp). CFM 
experiments were performed using  a Zeiss LSM 510 META NLO two-photon laser scanning 
confocal microscope system, operating at a 488 nm excitation wavelength and at 527 ± 23 nm 
detecting emission wavelength using a 505-550 nm bandpass filter. Images were captured using 
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a C-Apochromat 63x/1.2 water (corr.) objective. Acquired data were analyzed using LSM 510 
Meta software.   
 
Flow Cytometry Fluorescent Measurements of the Cells.   

Flow cytometry analysis of the cells treated with 6-6 was performed with a flow 
cytometer, FACSCalibur, operating at a 488 nm excitation wavelength and detecting 530 nm 
emission wavelengths with a 30 nm bandpass filter (515-545 nm range).  Cells treated as 
described above were resuspended in 0.5 mL of PBS. Approximately 10,000 cells were counted 
for each experiment using CellQuest 3.3 software (Becton Dickinson), and the distribution of 
FITC fluorescence was analyzed using WinMDI 2.8 freeware (Joseph Trotter, Scripps Research 
Institute). 
 
In Vitro Cytotoxicity Assays.  

The cytotoxicities (IC50, nM) of paclitaxel, SB-T-1214 and 6-4 were evaluated against 
various cancer cell lines by means of the standard quantitative colorimetric MTT assay.28 The 
inhibitory activity of each compound is represented by the IC50 value, which is defined as the 
concentration required for inhibiting 50% of the cell growth. Cells were harvested, collected, and 
resuspended in 100 µL cell culture medium (RPMI-1640 or DMEM) at a concentrations ranging 
from 0.5-1.5 x 104 cells per well in a 96-well plate. For adhesive cell types, cells were allowed to 
descend to the bottom of the wells overnight, and appropriate fresh medium was added to each 
well upon removal of the old medium. 

For the MTT assay of paclitaxel, SB-T-1214, and 6-4, cells were resuspended in 200 µL 
medium with 8,000 to 10,000 cells per well of a 96-well plate and incubated at 37 °C for 24 h 
before drug treatment. In DMSO stock solutions, each drug or conjugate was diluted to a series 
of concentrations in cell culture medium to prepare test solutions. After removing the old 
medium, these test solutions were added to the wells in the 96-well plate to give the final 
concentrations ranging from 0.5 to 5,000 nM (100 µL), and the cells were subsequently cultured 
at 37 °C for 72 h. For the leukemia cell lines, cells were harvested, collected, and resuspended in 
the test solutions ranging from 0.5 to 5,000 nM (100 µL) at 0.5 to 0.8 x 104 cells per well in a 96-
well plate and subsequently incubated at 37 °C for 72 h. 

In a second series of experiments, cells were incubated with 6-4 at 37 °C for 24 h and the 
drug medium was removed. Then, treated cells were washed with PBS, and GSH-OEt (6 
equivalents) in cell culture medium (200 µL) was added to the wells. These cells were incubated 
at 37 °C for an additional 48 h; i.e., the total incubation time was 72 h.  

In a third series of experiments, cells were incubated with 6-4 at 37 °C for 24 h, and 
GSH-OEt (6 equivalents) in cell culture medium (100 µL) was directly added to the wells.  These 
cells were incubated at 37 °C for an additional 48 h; i.e. the total incubation time was also 72 h.  

For all experiments, after removing the test medium, fresh solution of MTT in PBS (40 
µL of 0.5 mg MTT/mL) was added to the wells, and the cells were incubated at 37 °C for 3 h. 
The MTT solution was then removed, and the resulting insoluble violet formazan crystals were 
dissolved in 0.1 N HCl in isopropanol with 10% Triton X-100 (40 µL) to give a violet solution. 
The spectrophotometric absorbance measurement of each well in the 96-well plate was run at 
570 nm using a Labsystems Multiskan Ascent microplate reader. The IC50 values and their 
standard errors were calculated from the viability-concentration curve using Four Parameter 
Logistic Model of Sigmaplot. The concentration of DMSO per well was ≤1% in all cases. Each 
experiment was run in triplicate. 
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Development of Novel 11C- and 18F-labeled Radiotracers for PET Imaging 
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§7.1 Introduction 
 
§7.1.1 Positron Emission Tomography 

 
Positron emission tomography (PET) is a non-invasive molecular imaging technology 

that is used to study and visualize the physiology of living biological systems by the detection of 
positron-emitting radiopharmaceuticals.1 Unlike other common imaging techniques, such as 
magnetic resonance imaging (MRI), X-rays, or ultrasound (US), which namely give structural 
information, PET and SPECT (single-photon emission computed tomography) imaging uniquely 
provides information on metabolic or molecular events that cannot be generated with techniques 
limited to determining organ structure.1  Since many positron-emitters, such as 11C, 13N, and 15O, 
are elements low in atomic mass and the main constituents of bioorganic molecules, these 
radionuclides can be incorporated directly into radiopharmaceuticals that are chemically 
indistinguishable from their non-radioactive counterparts.1, 2  

Radiopharmaceuticals play an essential role in determining the pharmacokinetic 
properties of a drug or target compound. In early-stage drug development, PET can elucidate 
biodistribution patterns of a radiotracer in vivo with target binding, accumulation of the tracer, 
metabolism, and rate of clearance. Later on, PET can provide insight into mechanisms of action 
and aid in dose determination.1 

 

 
Figure 7.1. Representation of positron decay and annihilation that produces two 511 keV γ-rays. Reprinted from 

reference [1]. 
 

PET radiotracers are labeled with positron-emitting radionuclides, which decay by the 
emission of a positively charged particle, a positron.2 Following emission from the nucleus, the 
positron travels a short distance, known as the positron range, in the surrounding tissue before it 
collides with an electron.2 This collision of matter and antimatter, known as an annihilation, 
produces two gamma ray photons (γ) of 511 keV that are emitted simultaneously in opposite 
directions (180°) and are then detected by surrounding detectors (Figure 7.1).1, 2 The summation 
of a large number of coincidence events provides the necessary information to reconstruct the 
sequence of annihilation events with spatial and temporal distribution of radioactivity, and hence 
biodistribution of a radiotracer, as a function of time.2 

Shown in Table 7.1 are the most common positron-emitting radionuclides and their 
physical properties.   

prepared in proximity to where the isotopes are produced and
used almost immediately after their synthesis. A number of
modern PET facilities house cyclotrons (for radioisotope
production), radiosynthetic laboratories, and PET scanners
under one roof to allow efficient production and transport of
short-lived PET probes from the laboratory to the scanner.

Inhalation or more commonly intravenous injection is
required to administer the PET probe to the subject (animal
or human). The PET radionuclide decays in the body by
positron emission (Scheme 1). The emitted positron (b+) is

not detected directly, but travels a short distance (0.5–2.0 cm,
depending on its characteristic kinetic energy) and collides
with an electron in the surrounding tissue. This collision of
matter and antimatter results in an annihilation event that
produces two gamma ray photons (g) of 511 keV that travel at
1808 to each other (Figure 1). It is the simultaneous detection
of these two gamma ray photons that travel out through the
body along a “line of coincidence” that allows the annihila-
tion events, and hence the approximate location of the PET
probe in the body, to be located. The PET scanner typically
consists of a series of detectors arranged in a circular ring
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Table 1: The most commonly used short-lived radionuclides in PET, their
half-lives, nuclear reactions, target products, and decay products.

Radionuclide Half-
life, t1/2
(min)

Nuclear
reaction

Target Product Decay
product

11C 20.4 14N(p,a)11C N2(+O2)
N2(+H2)

[11C]CO2

[11C]CH4

11B

13N 9.97 16O(p,a)13N H2O
H2O+EtOH

[13N]NOx

[13N]NH3

13C

15O 2.04 15N(d,n)15O N2(+O2) [15O]O2
15N

18F 110 20Ne(d,a)18F
18O(p,n)18F

Ne(+F2)
[18O]H2O

[18F]F2
18F!

18O

Scheme 1. Decay of an 11C isotope by positron emission results in the
formation of a 11B atom, a positron (b+), and a neutrino (n).

Figure 1. Schematic representation of the principle behind PET show-
ing the positron decay and annihilation which produces two g quanta
of 511 keV.
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Table 7.1. Physical properties of commonly used positron-emitting radionuclides. 
Adapted from references [1, 2]. 

Radionuclide Half-life, 
t1/2 (min) 

Nuclear 
Reaction 

Target Product Decay 
Product 

Theoretical Specific 
Activity (GBq/µmol) 

11C 20.4 14N(p,α)11C N2(+O2) [11C]CO2 11B 3.4 x 105 N2(+H2) [11C]CH4 
13N 9.97 16O(p,α)13N H2O [13N]NOx 13C 7.0 x 105 

H2O+EtOH [13N]NH3 
15O 2.04 15N(d,n)15O N2(+O2) [15O]O2 15N 3.4 x 106 

18F 110 
18O(p,n)18F [18O]H2O 18F- 18O 6.3 x 104 

20Ne(d,α)18F Ne(+F2) [18F]F2 
       

The relatively short half-lives of these radionuclides necessitates that the total synthesis 
time, including purification, analysis, and formulation, be kept as short as possible, usually 
within three physical half-lives from the end of bombardment of the target with a proton or 
deuteron beam in the cyclotron.1, 2 Multistep syntheses may be employed for complex molecules, 
however these strategies aim to incorporate the radionuclide as late in the synthetic sequence as 
possible.2 Furthermore, a large amount of unlabeled precursor in about 103–104-fold excess is 
typically used to drive incorporation of the radionuclide and increase radiochemical conversion.2  
Depending on the radionuclide, reaction times vary from one to thirty minutes, and reaction 
volumes are much smaller than traditional organic synthesis, ranging from 0.2 to 1 mL.   

Over the past three decades, PET imaging has been employed in oncology to observe the 
accumulation and metabolism of certain PET probes within the tumor,1, 3-5 in cardiology for 
myocardial perfusion imaging to diagnose coronary heart disease,1, 6 in neurology for 
characterization of early-stage neurological disorders,1, 7, 8 such as Parkinson’s and Alzheimer’s 
diseases, as well as in many other medical areas.   
 
§7.2 Carbon-11 
 
§7.2.1 Radiolabeling with Carbon-11 
 

With a physical half-life of 20.4 min, carbon-11 is well suited for labeling compounds 
with short biological half-lives.2 Since carbon is present in nearly all natural products and drug 
compounds, “hot” 11C-labeled tracers will interact in living systems the same, both chemically 
and biologically, as their “cold” 13C-incorporated equivalents.1 Additionally, multiple PET 
studies can be performed repeatedly on the same subject in a given day, due to the short half-life 
of carbon-11.   
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Figure 7.2. Chemical pathways to carbon-11 reagents. Reprinted from reference [1]. 

 
The most common method for production of carbon-11 is the bombardment of a nitrogen 

gas target in a cyclotron with a proton beam according to the 14N(p,α)11C reaction.9, 10 The two 
primary 11C precursors are [11C]CO2 and [11C]CH4, both of which can be chemically converted 
to various other carbon-11 precursors, such as [11C]CO and [11C]CN (Figure 7.2).   

Carbon-11 methylation leads to the incorporation of [11C]CH3 methyl group into a target 
compound, and many 11C-methylation procedures have been previously reported.2, 11 Amongst 
these methods, the most widely used methylating agent is  [11C]methyl iodide, which can be 
prepared by reducing [11C]CO2 using LiAlH4, followed by reaction with hydroiodic acid,12 or by 
the gas-solid iodination reaction of [11C]CH4 at high temperature.1, 13, 14 Palladium(0)-mediated 
Stille-type coupling reactions have received the most attention for the introduction of 
[11C]methyl groups into radiopharmaceuticals, and many studies on rapid palladium-mediated 
[11C]methylation have been previously reported.15-18  

 
§7.2.2 Radiolabeled Taxanes and [11C]SB-T-1214 
 

 
Figure 7.3. Radiolabeled taxanes under clinical development. 

 
Several taxanes or taxoid derivatives, including paclitaxel and docetaxel, have been 

successfully radiolabeled with positron-emitting radionuclides such as 11C, 18F, 76Br, and 124I for 
PET imaging (Figure 7.3).19, 20 Paclitaxel was modified at the 4-position of the C3’N-phenyl 

The use of synthesis modules (for example, GE Tracer-
lab),[31,32] microwave reactors,[33,34] microfluidic reactors,[35]

high-pressure reactors,[36,37] supercritical fluids,[38] solid-phase
synthesis,[39] and automated “loop” synthesis[40,41] combined
with HPLC purification have enhanced the speed, efficiency,
reliability, and safety of radiosyntheses.

2.1. 11C-Methylation Reactions

11C Methylation leads to the incorporation of a [11C]CH3

methyl group into a target compound; it is by far the most
frequently used method for the introduction of 11C into
organic molecules. [11C]Methyl iodide, the most widespread
methylating agent, can be prepared by a wet method by
reducing [11C]CO2 using LiAlH4 followed by reaction with
hydroiodic acid[42] or by the gas–solid iodination reaction of
[11C]CH4 at high temperature.[43,44] The alternative methylat-
ing agent [11C]methyl triflate ([11C]CH3OTf) has become
more important and more widely used in recent years because
of its greater reactivity and volatility;[45] these properties
make it ideally suited to rapid methylation reactions.[46–50]

[11C]Methyl triflate is prepared by passing gaseous
[11C]methyl iodide through a column of silver triflate at
200 8C.[51] The 11C-alkyating agents [11C]ethyl iodide,
[11C]propyl iodide, [11C]butyl iodide, and [11C]benzyl iodide
have also been developed for labeling procedures.[52,53]

The introduction of the [11C]CH3 group into a target
molecule is generally carried out by so-called N-, O-, and S-
methylation reactions. These are nucleophilic substitution
reactions of methyl iodide with a precursor amine, alcohol, or
thiol group to form the labeled primary or secondary amine,
ether, or thioether. The simplicity and speed of this reaction
has made it the primary method for the production of 11C-
labeled compounds. The synthetic methods used to carry out
methylation reactions are relatively straightforward and
usually involve simply trapping [11C]CH3I in a solution of
the target precursor and heating for a short time (typically
< 5 min). Many 11C-methylation procedures are reported in
the literature[54] and the method is used for the production of
the key 11C tracers (Scheme 3): Pittsburg Compound B
([11C]PIB, 1) for imaging amyloid plagues in Alzheimer!s

disease,[17,50,55,56] raclopride (2)[57,58] and [11C]N-methylspiper-
one[59] ([11C]NMSP, 3) for imaging of the dopamine recep-
tor,[60] [11C]N-methylpiperidin-4-yl propinoate ([11C]PMP, 4)
for mapping acetylcholinesterase activity in patients with
Alzheimer!s disease,[61] [11C]flumazanil (5) for imaging ben-
zodiazepine receptors,[62] and the opioid receptor ligand
[11C]carfentanil (6).[21,63,64] In recent years the use of transi-
tion-metal-mediated methylation reactions has become more
widespread for 11C radiolabeling, especially notable is the use
of palladium catalysts for the formation of a C!11C bond by
adapted Stille and Suzuki coupling reactions. The following
section will focus on recent methods used to prepare
[11C]CH3-labeled compounds.

2.1.1. Nucleophilic 11C-Methylation Reactions

Reproducibility and versatility are two requirements for
successful radiolabeling protocols. The development of so-
called “captive solvent” methods, where the radioactive
synthon (for example, [11C]CH3I) is trapped in a solution of
the target precursor epitomises this. Automated continuous
flow reaction and purification systems using narrow-bore
stainless-steel or plastic/polymer loops as reaction chambers
have found increased use in simple 11C-methylation reactions
because of their ease of use and versatility. These so-called
“loop” methods involve coating the inside surface of the loop
with micromolar amounts of reagent precursor in a suitable
solvent and then passing a gaseous stream of [11C]CH3I or
[11C]CH3OTf through the loop. These methods have been
used to label a variety of biological compounds, including

Scheme 2. The most important 11C precursors used in the synthesis of 11C-
labeled compounds produced from either [11C]CO2 or [

11C]CH4.

Scheme 3. A selection of key 11C tracers prepared by 11C-methylation
reactions of N or O atoms.
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group with fluorine, bromine, and iodine as radionuclides, though these installations required 
modifications to paclitaxel.19 A PET tracer for docetaxel was developed in which the exact 
structure was retained with incorporation of carbon-11 in the C3’N-Boc group.20 
 

 
Scheme 7.1. Chemical synthesis of 3’-dephenyl-3’-(2-methyl-2-tributylstannyl-1-propenyl)-10-

(cyclopropanecarbonyl)docetaxel (7-3). Adapted from references [21, 22]. 
 

A novel synthetic route towards the synthesis of SB-T-1214 that allows for incorporation 
of radionuclides via [11C]CH3I at the final step of chemical synthesis was developed by co-
worker Dr. Joshua D. Seitz. Rapid methylation of novel vinylstannyl-taxoid (7-3), which was 
prepared through Ojima-Holton coupling of enantiopure β-lactam 7-1 to baccatin 2-2 and 
followed by HF-deprotection (Scheme 7.1), with CH3I by Stille coupling gave SB-T-1214 in an 
efficient synthesis.21, 22 Various reaction conditions for Stille coupling were screened.22 
However, SB-T-1214 was only obtained using CH3I, tetrakis(triphenylphosphine)palladium(0) 
[Pd(Ph3P)4], and copper(I)-thiophene-2-carboxylate (CuTC). Formation of SB-T-1214 in a time 
frame permissible for radiolabeling with 11C for PET imaging was verified by LC-MS with 
equimolar reagents, CH3I/Pd(PPh3)4/CuTC (1:1:1).21, 22 

However, since the radionuclide is typically used as the limiting reagent in radiosynthesis 
by 3-4 orders of magnitude compared to the substrate to be labeled, further optimization of 
methylation of 7-3 under these types of limiting conditions became necessary. 
 
§7.2.3 Cold synthesis of SB-T-1214 via Stille Coupling 

!
Scheme 7.2. Rapid methylation of 7-3 with CH3I by Stille coupling to give SB-T-1214. 

 
Conditions for “hot-like” radiosynthesis were optimized on the “cold” material with 

methyl iodide serving as the limiting reagent, shown in Scheme 7.2. The palladium(0) and 
copper reagents were used in excess, along with vinylstannyl-taxoid (7-3).  
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Figure 7.4. Proposed mechanism for palladium- and copper-cocatalyzed Stille coupling of CH3I to vinylstannyl-

taxoid (7-3). Adapted from reference [21]. 
 

Oxidative addition of the electrophilic methyl iodide to Pd(0) begins with preincubation 
of a solution of methyl iodide in DMF with a solution of Pd(Ph3P)4 in DMF.23 Palladium-
catalyzed Stille coupling reactions have been shown to be accelerated by copper(I) catalysts via 
vinylcuprates.23-26 First, the vinylstannyl-taxoid (7-3) is preincubated with CuTC, and addition of 
the CH3-Pd(II) species is followed by transmetallation of the methyl group from copper/tin to 
palladium and ends with reductive elimination of the CH3-taxoid from palladium. This 
mechanism is illustrated in Figure 7.4.  

 

 
Figure 7.5. HPLC chromatogram (λ = 215 nm) for the Stille coupling of 7-3 with CH3I as limiting reagent.  
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After five minutes, the reaction mixture was immediately analyzed by LCMS with the 
UV detector (λ) set to 215 and 254 nm. The HPLC chromatogram for the reaction mixture, with 
CH3I serving as the limiting reagent, is shown in Figure 7.5. Standard SB-T-1214, prepared by 
Ojima-Holton coupling of isobutenyl-β-lactam (+)1-6 and modified baccatin 2-2, was analyzed 
by LCMS under the same conditions. The desired taxoid eluted at 17.73 min, which was 
confirmed by analysis of its corresponding mass spectrum (m/z 854) and the agreement of its 
retention time with the standard SB-T-1214 sample, shown in Figure 7.6.  

 

 
Figure 7.6. HPLC chromatogram (λ = 254 nm) of standard SB-T-1214 (above) and confirmed compound search for 

SB-T-1214 in Stille coupling reaction (bottom). 
 

 

 
Figure 7.7. High-resolution mass spectrum of the eluted compound at 17. 7 min, with product confirmation 

for SB-T-1214 as [M+H+] and [2M+Na+] ions.  
 
The excess vinylstannyl taxoid substrate (7-3) eluted at 39.11 min, which was confirmed 

by analysis and comparison of its mass spectrum with a standard sample (m/z 1130). Comparison 
of the integrated area under the product peak (17.73 min) and the vinylstannyl-taxoid (39.11 
min) gave a ratio of 7.6:1, which is supported by the reaction conditions with CH3I as the 
limiting reagent.  
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Three additional peaks contain signature m/z characteristics of taxoids and were likely 
derived from 7-3. First, the peak at 23.17 min has a m/z of 966.3, which corresponds to the 
formation of a vinyliodotaxoid during the reaction, shown in Figure 7.5. Then, the peaks at 25.57 
and 33.70 contain signature taxoid fragmentation patterns with a m/z of 595.3, which correspond 
to the allylic cation of the modified baccatin with fragmentation at the C13 side chain. However, 
further analysis will be required to identify the structures of these taxoid by products.  

Along with the desired taxoid, SB-T-1214, at 17.7 min is a minor by-product (ca. 10%, 
according to TIC) corresponding to a C3’-allenyl taxoid (Figure 7.5). It has been proposed that 
the formation of this by-product can be attributed to β-hydride elimination following ligand 
dissociation during transmetallation and isomerization.22 Though, the presence of this side-
product should not interfere with a PET biodistribution study since the C3’-allenyl taxoid should 
not contain the radiolabeled methyl group, and, in addition, the mechanism of taxoid 
internalization is not limited by receptor-binding, so competitive binding will not be a limitation. 
 
§7.3 Fluorine-18 
 
§7.3.1 Radiolabeling with Fluorine-18 
 

Amongst radionuclides, fluorine-18 possesses the most favorable physical properties for 
PET imaging, due to its optimal physical half-life (t1/2 = 110 min), low positron energy, and ease 
of production.27  Its optimal physical half-life allows for longer radiosynthesis, extended in vivo 
studies, and for multiple patients to receive radiotracer doses over the course of a single day.1, 2  
Its short positron linear range in tissue (2.3 mm) gives the highest resolution PET images of 
available positron emitters.1  

 
Figure 7.8. Examples of commonly employed 18F PET radiotracers. Adapted from references [28-32]. 

 
Unlike carbon-11, fluorine-18 is well suited for labeling compounds with extended 

biological half-lives. However, there are two primary disadvantages of using fluorine-18 in 
labeling of PET radiotracers: (1) fluorine is not typically incorporated in biologically active 
molecules; and (2) the effects of incorporating fluorine as an unnatural radioligand makes it 
difficult to make direct comparisons between the fluorine-labeled radiotracer and the native non-
fluorinated species.1, 33 However, beneficial effects of substitution of hydrogen atoms with 
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fluorine atoms on the physical and biological properties of a molecule has led to an increase in 
the number of biologically active fluoroorganic drugs, shown in Figure 7.8.1, 28-35 

The chemical methods for introduction of fluorine-18 into target molecules is limited 
compared to those available for carbon-11.1 Fluorine-18 can be introduced by direct fluorination 
of the target of interest, by nucleophilic or electrophilic substitution reactions, or by fluorination 
of a prosthetic group in a multistep synthetic approach.1 Nucleophilic [18F]F- is typically 
produced by the nuclear reaction 18O(p,n)18F from [18O]H2O. After generation from a cyclotron, 
18F- is trapped on an ion-exchange resin, allowing for recovery of [18O]H2O, and eluted from the 
resin with potassium carbonate in a water-acetonitrile solution to afford [18F]KF in aqueous 
solution.1 The addition of a phase-transfer catalyst, such as kryptofix-222 (K222), which forms a 
strong complex with the potassium cation and enhances the nucleophilicity of the fluoride anion 
in polar nonprotic solvents, followed by azeotropic distillation of water, has improved the 
reactivity of 18F- in nucleophilic substitution reactions.1 Elution with tetrabutylammonium 
bicarbonate in a water-acetonitrile solution affords [18F]TBAF as a nucleophilic radiofluorination 
reagent.36 
 
§7.3.2 Radiotracer Vitamins and Drug Conjugates 
 

Numerous radiolabeled vitamin derivatives of folic acid and biotin have been reported for 
development as PET and SPECT radiotracers.37-39 Etarfolatide (99mTc-EC20), the most advanced 
folate-based imaging agent in the clinic, was designed as a companion imaging agent for folate-
based SMDC vintafolide with 99mTc as the radionuclide.39 A folic acid derivative, 3’-aza-2’-
[18F]fluorofolic acid, was designed as an [18F]-labeled PET radiotracer and allowed for 
visualization of FR-positive tumors in mice with high image contrast and only minor 
accumulation in non-targeted tissue.38 In addition, a biotin derivative, (4-
[18F]fluorobenzoyl)norbiotinamide, was developed to validate its ability to bind to streptavidin 
both in vitro and in vivo.37 The chemical structures of these three imaging agents are illustrated 
in Figure 7.9.  

 

 
Figure 7.9. Chemical structures of radiolabeled vitamins designed for PET and SPECT imaging. Adapted from 

references [37-39]. 
 

However, while significant advances have been made in elucidating the biodistribution 
pattern of folic acid and its derivatives in FR-positive tumor-bearing mice, there is little 
information available regarding the biodistribution of biotin in vivo in BR-positive tumor-bearing 
mice. Thus, we designed a novel biotin derivative as a PET radiotracer with fluorine-18 as the 
radionuclide, shown in Figure 7.10, as a proof-of-concept for biotin as a tumor-targeting moiety 
in targeted oncology. During this development, however, the same compound was reported by 
Claesener et al.; but, it was employed to investigate the biotin-avidin non-covalent interaction, 
and the role of biotin as a tumor-targeting module in targeted oncology remained unclarified. 
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Figure 7.10. Chemical structure of [18F]biotin-PEG-F.  

 
§7.3.3 Radiosynthesis of [18F]Biotin-PEG-F 

 

 
Scheme 7.3. Radiosynthesis of [18F]biotin-PEG-F ([18F]4-20) 

 
Optimization of reaction conditions for radiosynthesis and method development for 

purification and isolation of [18F]biotin-PEG-F were performed at Brookhaven National 
Laboratory under the supervision of Dr. Joanna S. Fowler’s group. No-carrier-added [18F]F- was 
produced from [18O]H2O by the 18O(p,n)18F reaction, and received as an aqueous solution of 
[18F]KF (4 mL) with specific activity of approximately 25 mCi. Azeotropic distillation of 
aliquots of the aqueous fluoride source (0.4 mL, 2-3 mCi) with K2CO3 (1 mg) and 
4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane (Kryptofix® 2.2.2) (6 mg) at 100 
°C with acetonitrile gave [18F]KF as a dried white solid. The precursor, in solution, was added 
directly to the reaction vial containing [18F]KF, K2CO3, and K222, and the vial was sealed and 
heated with vigorous stirring. The radiosynthesis is shown in Scheme 7.3.  

 
 Table 7.2. Fluorination of 4-19 with [18F]KF under various reaction conditions. 

Entry Substrate 4-19  
Mass Solvent Volume 

(µL) 
T 

(°C) 
Time 
(min) 

Radiochemical 
Conversion 

1 1.7 mg CH3CN 250 85 5 17.9 % 
2 1.7 mg CH3CN 250 85 8 23.0 % 
3 1.7 mg CH3CN 250 85 13 30.0 % 
4 1.7 mg CH3CN 250 85 18 28.0 % 
5 4.2 mg CH3CN 400 85 13 19.9 % 
6 3.7 mg CH3CN 250 95 13 18.5  % 
7 1.7 mg CH3CN 1000 85 13 18.5 % 
8 2.0 mg t-AmOH:DMSO 

(3:2) 
250 85 13 12.0 % 

9 2.0 mg t-AmOH:DMSO 
(3:2) 

250 105 13 7.9 % 

 
After validation of product formation, reaction conditions, such as substrate mass, 

solvent, reaction volume, temperature, and time, were screened for optimization of 
radiochemical conversion, shown in Table 7.2. Reaction progress was monitored at 5, 8, 13, and 
18 min by radiological TLC with a fixed substrate mass 1.7 mg (4-19) in CH3CN (250 µL) at 85 
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°C (Entries 1-4), and the highest radiochemical conversion of [18F]F- was observed after 13 
minutes (Entry 3). The radio-TLC for fluorination of 4-19 for Entry 3 is shown in Figure 7.11, 
with the desired product appearing at a retention time (Rf) of 0.309 and the unreacted [18F]F- on 
the baseline.  

 

 
Figure 7.11. Thin-layer radiochromatogram (eluent: CH2Cl2/CH3OH = 9:1) of fluorination of 4-19 with [18F]KF 

indicating product formation at 0.309 (Rf) in 30% radiochemical conversion. 
 
Increasing the starting material substrate mass (Entry 5) and temperature from 85 °C to 

95 °C (Entry 6), and diluting the reaction volume to 1 mL (Entry 7) did not improve the 
radiochemical conversion. Furthermore, using t-AmOH and DMSO (3:2) as a reaction co-solvent 
at 85 °C and 105 °C lowered the radiochemical conversion. However, use of solely DMSO as the 
reaction medium and higher temperatures (>105 °C) may provide a higher radiochemical 
conversion of the fluoride source. Though, 30% radiochemical conversion is sufficient to provide 
enough radiotracer following purification and isolation for a live-animal PET study.   
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Figure 7.12. Optimized analytical HPLC trace for separation of starting material biotin precursor (4-19) at 12.9 min 

and the desired fluorinated biotin derivative (4-20) at 8.4 min. 
 

Method development for purification and isolation of biotin-PEG-F was first carried out 
using LC-MS on the cold reaction mixture. The reaction mixture was composed of tert-amyl 
alcohol (150 µL) and DMSO (100 µL), and the mixture was diluted with water (1 mL) prior to 
injection. A 75 µL aliquot of the diluted reaction mixture was injected into a Luna PFP column 
(150 x 3 mm; 3 µm) with a flow rate of 1.0 mL/min of 10% CH3CN in H2O (isocratic). The 
molecular ion peaks [M+H+] for both the starting material precursor 5-8 (m/z 579) and the 
product (m/z 503) were extracted from the LC-MS trace to determine product separation. As 
shown in Figure 7.12, over 4 minutes of separation between the precursor and product was 
observed under these conditions. 
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Figure 7.13. Demonstration of regioisomers from “click” reaction by analytical HPLC and LC-MS. 
 
Interestingly, with only a 10 µL injection volume of the above-described reaction mixture 

under the same HPLC conditions, distinct separation of the regioisomers resulting from the 
“click” reaction was observed in the LC-MS trace for both the starting material and the product. 
The LC-MS traces for these conditions are shown in Figure 7.13.   

The live-animal PET biodistribution study of [18F]-biotin-PEG-F will be carried out in 
collaboration with Dr. Jacob Hooker at Massachusetts General Hospital, Athinoula A. Martinos 
Center for Biomedical Imaging, and Harvard Medical School. Tumor-bearing Swiss Webster 
athymic nude SCID mice bearing MX-1 tumor xenografts as well as healthy mice will be 
provided by Dr. Thomas Zimmerman at the Division of Laboratory Animal Resources at State 
University of New York at Stony Brook. 
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§7.3.4 Radiosynthesis of [18F]F-PEG-N3 
 

[18F]BLT-F was designed as a companion imaging agent for the biotin-linker-taxoid 
SMDC series. The radiosynthesis of tumor-targeting theranostic conjugate [18F]BLT-F ([18F]6-4) 
was performed over two steps: first, fluorination of an azide-bearing prosthetic with [18F]F- gave 
[18F]6-3, followed by the “click” reaction of the azide with the acetylene of 5-8. However, to 
remove excess mesylate prior to the “click” reaction, reaction optimization for radiosynthesis 
and method development for purification and isolation of [18F]6-3. The fluorination reaction of 
PEG-mesylate precursor 4-16 is illustrated in Scheme 7.4.  

 

 
Scheme 7.4. Chemical radiosynthesis of [18F]F-PEG3-N3 ([18F]6-3) 

  

Treatment of precursor mesylate 4-16 with [18F]KF, K222, and K2CO3, dried by azeotropic 
distillation with CH3CN, at 100 °C in CH3CN for 15 min gave [18F]6-3 in excellent 
radiochemical conversion (92%). The radiological TLC for the above-described reaction is 
shown in Figure 7.14, with the product appearing with a retention time (Rf) of 0.853 and the 
unreacted [18F]F- (less than 3%) on the baseline.  
 

 
Figure 7.14. Thin-layer radiochromatogram (eluent: CH2Cl2/CH3OH = 9:1) of fluorination of 4-16 with [18F]KF 

indicating product formation at 0.853 (Rf) in 92% radiochemical conversion. 
 

An analytical HPLC method was optimized for the purification of [18F]6-3. Following 
completion of the reaction, the reaction mixture was diluted with water (1 mL), and 30 µL of the 
diluted mixture was injected directly into the HPLC instrument. The aliquot was injected onto a 
Nucleosil C18 column (250 x 4.6 mm; 5 µm) with a flow rate of 1.8 mL/min of 24% CH3CN in 
H2O (isocratic). The HPLC traces including UV channel (λ = 200 nm) and radioactivity channel 
for the fluorination of 4-16 are shown in Figure 7.15. The excess starting material precursor peak 
was detected on the UV channel at 12.1 min, which was confirmed against a standard precursor 
trace. Three other peaks were observed, eluting with the solvent front, at 2.0 and 3.9 minutes, 
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and these peaks can be attributed to excess K222, possible non-radioactive side-product 
formation, or impurities. As expected, the major product peak was observed on the radioactive 
channel at 9.9 minutes.  A very small amount of unreacted [18F]KF was observed at 1.4 minutes.  
Thus, this analytical HPLC method was optimized with over 2 minutes of separation between the 
product (9.9 min) and the starting material precursor (12.1 min). 
 

 
Figure 7.15. HPLC Chromatogram of radiosynthesis of [18F]6-3 on UV channel (λ = 220 nm; top) and radioactive 

channel (bottom). 
 
§7.3.5 Radiosynthesis of [18F]BLT-F Theranostic Conjugate via “Click” 
 

 
Scheme 7.5. Chemical radiosynthesis of [18F]BLT-F ([18F]6-4). 

 
Fluorinated-PEG prosthetic [18F]6-3 was treated with acetylene drug conjugate precursor 

5-8 in the presence of copper sulfate and ascorbic acid to give [18F]BLT-F ([18F]6-4). The 
reaction was allowed to progress for 10 minutes before alkyne scavenger resin 4-17 was added to 
consume excess unreacted precursor 5-8. The radio-TLC trace is shown in Figure 7.16, with the 
product appearing with a retention time (Rf) of 0.529 and the unreacted [18F]6-3 appearing with 
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an Rf of 0.824. Some side product formation may account for the radioactivity detected at the 
baseline.   
 

 
Figure 7.16. Thin-layer radiochromatogram (eluent: CH2Cl2/CH3OH = 9:1) of the “click” reaction with 5-8 and 

[18F]6-3 indicating product formation at 0.853 (Rf) in 41% radiochemical conversion. 
 

With over 40% conversion of the fluorinated prosthetic to [18F]BLT-F, these conditions 
may be further optimized for increased radiochemical conversion by varying reaction duration, 
temperature, and concentration. 
 
§7.4 Summary 
 

Three novel PET radiotracers were designed for elucidation of the biodistribution profiles 
of SB-T-1214, a small molecule biotin derivative, and a larger biotin- and taxoid-based SMDC. 
Rapid methylation of a novel vinylstannyl-taxoid with methyl iodide as a limiting reagent gave 
SB-T-1214 as an isolatable product by HPLC. Product formation was confirmed by LC-MS with 
the expected m/z 854. Since SB-T-1214 has been previously shown to be more effective than 
paclitaxel or docetaxel in multidrug resistant tumor cell lines, this radiolabeled taxoid may 
demonstrate a unique biodistribution profile compared to the parent taxanes. 

Furthermore, a small-molecule biotin derivative, [18F]biotin-PEG-F, was developed to 
show the biodistribution pattern of biotin in tumor-bearing mice and validate its potential as a 
tumor-targeting module in vivo. Fluorination conditions were screened with [18F]KF, K222, and 
K2CO3 with varying solvents, temperatures, reaction duration, and concentrations. At 85 °C for 
13 minute, 30% radiochemical conversion as observed. However, higher radiochemical 
conversion may be obtained at higher temperatures in DMSO. Following analytical HPLC 
method development, the starting material precursor and radiolabeled product were separated 
with greater than 4 minutes difference in retention times.  

In addition, a theranostic conjugate, BLT-F, was developed as a companion imaging 
agent for the biotin-linker-taxoid SMDC series. Rapid fluorination of a prosthetic with [18F]KF, 
K222, and K2CO3 was achieved in 92% radiochemical yield, followed by “click” chemistry to 
introduce the radiolabeled prosthetic to a biotin- and taxoid-based drug delivery scaffold. 
Product formation was confirmed on radio-TLC, and current optimization of these reaction 
conditions is in progress. 
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Continuous development of these three radiotracers for [11C]- and [18F]-labeling is 
currently on going. Subsequent live-animal PET biodistribution studies on these three 
radiotracers in tumor-bearing mice will be performed and reported in due course. 
 
§7.5 Experimental 
 
§7.5.1 Caution 

Taxoids have been identified as potent cytotoxic agents. Thus, all drugs and structurally 
related compounds and derivatives must be considered mutagens and potential reproductive 
hazards for both males and females. All appropriate precautions, such as the use of gloves, 
goggles, labware, and fume hood, must be taken while handling the compounds at all times. 
Exposure to radioactive materials has been identified as a potential health hazard for cancer and 
teratogenic and genetic mutations. Thus, all radioactive sources, compounds, and contaminated 
materials must be considered potential hazards, and all appropriate precautions, such as the use 
of gloves, goggles, labware, fume hood, shielding, and radioactive decontamination protocols 
must been taken while handling the compounds at all times.  
 
§7.5.2 General Information 

TLC was performed on Sorbent Technologies aluminum-backed Silica G TLC plates 
(Sorbent Technologies, 200 µm, 20 x 20 cm), and column chromatography was carried out on 
silica gel 60 (Merck, 230-400 mesh ASTM). Purity was determined with a Shimadzu L-2010A 
HPLC HT series HPLC assembly, using a Kinetex PFP column (4.6 mm x 100 mm, 2.6 µm) 
with a methanol-water or acetonitrile-water gradient solvent system. Low resolution mass 
spectrometry analysis was carried out on an Agilent LC-MSD at the Institute of Chemical 
Biology and Drug Discovery, Stony Brook, NY. High resolution mass spectrometry analysis was 
carried out on an Agilent LC-UV-TOF mass spectrometer at the Institute of Chemical Biology 
and Drug Discovery, Stony Brook, NY or at the Mass Spectrometry Laboratory, University of 
Illinois at Urbana-Champaign, Urbana, IL.  
 
§7.5.3 Materials 

The chemicals were purchased from Sigma-Aldrich, Fisher Scientific, and VWR 
International, and used as received or purified before use by standard methods. Tetrahydrofuran 
was freshly distilled from sodium and benzophenone. Dichloromethane was also distilled 
immediately prior to use under nitrogen from calcium hydride. 3’-dephenyl-3’-(2-methyl-2-
tributylstannyl-1-propenyl)-10-(cyclopropanecarbonyl)docetaxel (7-3) was prepared by co-
worker Dr. Joshua D. Seitz and used as received.21, 22 An aqueous solution of [18F]KF was 
produced by a cyclotron at Brookhaven National Laboratory and used immediately following 
receipt.  

 
§7.5.4 Experimental Procedure 
 
SB-T-1214 via Rapid Methylation (Cold Synthesis) 
To a solution of tetrakis(triphenylphosphine)palladium(0) (1.0 mg, 0.886 µmol) in DMF (100 
µL) was added a solution of methyl iodide (12.6 µg, 0.0886 µmol) in DMF (100 µL), and the 
solution was added to a suspension of copper(I)-thiophene-2-carboxylate (0.17 mg, 0.886 µmol) 
and 3’-dephenyl-3’-(2-methyl-2-tributylstannyl)-10-(cyclopropanecarbonyl)docetaxel (7-3) (1.0 
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mg, 0.886 µmol) in DMF (100 µL). The reaction mixture was heated to 60 °C and allowed to 
react for 5 min with stirring. The reaction was quenched with methanol (300 µL), and the 
reaction mixture was passed through a solid-phase extraction filter. The filtrate was analyzed by 
HPLC and LC-MS with a Kinetex PFP column (2.6 µm, 100 x 4.6 mm) and a flow rate of 1.0 
mL/min with a gradient of 60!95% CH3OH in H2O from the 0–40 min period. HRMS (TOF) 
for C45H60NO15

+ calcd: 854.3957. Found: 854.3965 (Δ = 0.9 ppm). Desired taxoid SB-T-1214 
(2-4): t = 17.7 min.  
 
[18F]Biotin-PEG3-F ([18F]4-20): 
No-carrier-added aqueous [18F]fluoride was produced in a cyclotron by the 18O(p,n)18F reaction 
and received as an aqueous solution of [18F]KF. A volume of [18F]KF solution (0.3 mL, 1.355 
mCi) was added to a reaction vial containing Kryptofix 2.2.2 (6.0 mg) and K2CO3 (2.1 mg). 
Azeotropic distillations were conducted with 200 µL aliquots CH3CN (6 mL) at 100 °C under a 
gentle stream of argon until a white residue formed along the reaction vial. A solution of 4-19 
(1.7 mg, 2.94 µmol) in CH3CN (300 µL) was added to the reaction vial containing fluoride, and 
the mixture was sealed and stirred for 13 min at 85 °C in an oil bath. After venting of the system 
with a needle, the crude compound was dissolved in water (1 mL). Reaction progress was 
monitored by radio-TLC with CH2Cl2/CH3OH (9:1) as eluent, and the desired product [18F]4-20 
had an Rf of 0.309 with 30% radiochemical conversion. The crude compound was injected onto 
reverse-phase HPLC (LC-MS) for analysis with a Luna PFP column (5 µm, 250 x 4.6 mm) and a 
flow rate of 1.0 mL/min with 10% CH3CN in H2O (isocratic). The starting material precursor (4-
19) was detected by TIC (m/z 579) and eluted with a retention time of 12.1 min. The product 
[18F]4-20 was detected by TIC (m/z 503) and eluted with a retention time of 9.9 min.  
 
1-Azido-2-[2-[2-[2-[18F]fluoroethoxy]ethoxy]ethoxy]ethane ([18F]6-3): 
No-carrier-added aqueous [18F]fluoride was produced in a cyclotron by the 18O(p,n)18F reaction 
and received as an aqueous solution of [18F]KF. A volume of [18F]KF solution (0.3 mL, 868 
mCi) was added to a reaction vial containing Kryptofix 2.2.2 (6.5 mg) and potassium carbonate 
(4.3 mg). Azeotropic distillations were conducted with 200 µL aliquots CH3CN (6 mL) at 100 °C 
under a gentle stream of argon until a white residue formed along the reaction vial. A solution of 
4-16 (1.7 mg, 5.72 µmol) in CH3CN (350 µL) was added to the reaction vial containing fluoride, 
and the mixture was sealed and stirred for 20 min at 100 °C in an oil bath. After venting of the 
system with a needle and cooling to room temperature, the solvent was evaporated with a gentle 
stream of argon. The crude compound was dissolved in acetonitrile (1 mL). Reaction progress 
was monitored by radio-TLC with CH2Cl2/CH3OH (9:1) as eluent, and the desired product 
[18F]6-3 had an Rf of 0.853 with 92% radiochemical conversion. The crude compound was 
injected onto reverse-phase HPLC for analysis with a Nucleosil C18 column (5 µm, 250 x 4.6 
mm) and a flow rate of 1.8 mL/min with 24% CH3CN in H2O (isocratic). The starting material 
precursor (4-16) was detected by the UV channel at λ = 200 nm and eluted with a retention time 
of 12.1 min. The product was detected by the radioactive channel and eluted with a retention 
time of 9.9 min.  
 
[18F]BLT-F ([18F]6-4): 
To a solution of 5-8 (5 mg, 2.90 µmol) and ascorbic acid (4 mg, 22.7 µmol) in THF (0.4 mL) was 
added [18F]6-3 in THF (0.2 mL), followed by CuSO4

.5H2O (4 mg, 16 µmol) in H2O (0.15 mL), 
and the mixture was allowed to react for 10 min at 25 °C with stirring. Alkyne scavenger 4-17 (3 
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mg) was added to consume unreacted precursor 5-8, and the reaction was quenched with CH3CN 
(1 mL). Reaction progress was monitored by radio-TLC with CH2Cl2/CH3OH (9:1) as eluent, 
and the desired product [18F]6-4 had an Rf of 0.521 with 41% radiochemical conversion. 
Subsequent reaction optimization under hot conditions and purification by reverse-phase HPLC 
is currently under development.  
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§8.1 Introduction 
 
§8.1.1 Folic Acid: A B-Class Vitamin 
 

Folic acid (vitamin B9 or vitamin M) is a B-class vitamin that is produced synthetically 
and obtained by mammals externally through the diet.1 While oxidized folates, such as folic acid, 
are not biologically active, once reduced in the liver following intestinal absorption and 
metabolism, reduced forms of the vitamin carry out biological functions such as single-carbon 
methylation reactions and de novo synthesis of nucleotide bases.2 The various coenzymes and 
derivatives of folic acid play a role in DNA synthesis, repair, and methylation, and serve as 
cofactors in numerous other biochemical reactions, such as the interconversion of serine and 
glycine, and histidine catabolism.1 

 

 
Figure 8.1. Chemical structure of folic acid. Adapted from reference [2]. 

 
Folic acid consists of a pteroyl group, comprised of a pterin moiety connected to p-

aminobenzoic acid, and a chiral side chain of L-glutamic acid. The chemical structure of folic 
acid and its components are illustrated in Figure 8.1.  
 
§8.1.2 The Folate Receptor: A Tumor-Specific Biomarker 
 

Folic acid and its reduced derivatives are internalized into cells via three different 
pathways: (1) receptor-mediated endocytosis via the folate receptor (FR); (2) anion transport via 
the reduced folate carrier that can shuttle folate molecules directly into the cell; and (3) via the 
proton-coupled folate transporter.2  

Folic acid has shown a remarkably high binding affinity (Kd ~ 10-10 Μ) for the alpha 
isoform of the folate receptor (α-FR), a glycosylphosphatidylinositol-linked membrane protein 
that binds to folic acid and folate-tagged ligands and internalizes them via receptor-mediated 
endocytosis through a nonharmful endosomal pathway that is recycling, nondegradative, and 
nonlysosomal.2-4 Folate, when attached via its γ-carboxylate to low- or high-molecular weight 
therapeutic or imaging agents, retains its ability to bind to the α-folate receptor without reduced 
affinity and enter the cell by RME; the number of molecules internalized is large, over 106 per 
hour.4 In addition, folate and its reduced counterparts are stable during storage, non-
immunogenic, and do not interfere with extravasation and intracellular division.4 The folate-
receptor mediated endocytosis of FA-based SMDCs is shown in Figure 8.2.  
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Figure 8.2. Tumor cellular uptake of a FA-based SMDC by FR-mediated endocytosis. Reprinted from reference [2]. 
 

The α-folate receptor is overexpressed on approximately 40% of human cancers in a wide 
variety of tumors,5 such as breast, kidney, ovary, colon, brain, and hematologic malignancies, yet 
absent in most normal and healthy tissues.2, 6-10 The concentration of folic acid in human serum 
and extracellular fluids is very low (approximately 2 × 10-8 M), and so expression of α-FR 
enables cancer cells to compete more aggressively for the vitamin.11 Uptake of folates into 
virtually all cells of the body is mediated by either the reduced folate carrier,12 or the proton 
coupled folate transporter.5, 13 However, folate-based small-molecule drug conjugates (SMDCs) 
are not substrates of either the reduced folate carrier or the proton-coupled folate transporter, and 
thus internalization of these drug conjugates in FR-negative normal cells does not occur.14 

In addition to its overexpression on the tumor cell surface in malignant cells, the α-FR is 
also present on the apical membrane of proximal tubules in the kidney, which recovers folate 
from urine filtered through the glomeruli and recycles it to the blood stream.6 However, the 
pathway for the trafficking of folates in the kidneys differs from RME in that the folates undergo 
a receptor-mediated transcytosis in the proximal tubule cells in lysosome-like compartments.6, 15 
Despite accumulation in the kidney, renal toxicities are not typically observed in preclinical and 
clinical studies of folate-targeted drugs.16-18 Uptake of folate in the kidneys is characterized by a 
rapid luminal entry into proximal tubules followed by a slow cytoplasmic transport, though 
folate is not stored in high concentrations within the PT cell cytoplasm.6, 19 Most folate or folate 
conjugate initially accumulates within a lysosomal compartment, but is soon transferred from the 
apical to the basolateral domain via a transcytotic pathway, and the majority of folate undergoes 
FR-mediated transtubular transport from the lumen back to the bloodstream largely intact.6 

 

 
Figure 8.3. FR-mediated endocytosis of a folic acid drug conjugate. Reprinted from reference [20]. 

■ FOLATE RECEPTOR-MEDIATED DRUG TARGETING
FA (synonyms = folate, pteroyl-L-glutamic acid, vitamin B9; see
Figure 1) is itself not biologically active; rather, reduced

derivatives of this vitamin perform biological functions following
its intestinal absorption and metabolism by dihydrofolate reductase
in the liver.4 Folates are needed within the cell to carry out one
carbon methylation reactions as well as de novo synthesis of nucleo-
tide bases (most notably thymine, but also purine bases). Therefore,
folates are essential to the viability of normal, but especially prolifera-
ting, cells (including aggressively growing tumors).
Oxidized folates, such as FA, display the highest affinity for

membrane-boundFR.5 This property is preserved evenwhen a drug
payload is anchored to it to form a FA-SMDC.6 As depicted in
Figure 2, Step 1, a FA-SMDC extravasates from circulation to
approach an FR-expressing tumor cell. From there, it readily binds
to a FR (Step 2) and is brought inside the cell via an endocytosis
process.7 The FA-SMDC is now sequestered within an endosome
where it encounters a mild drop in pH (due to resident proton
pumps) to promote a conformational change in the FR, which
subsequently enables the FA moiety of the SMDC to detach.8

As will be described in detail below, biocleavable linkers placed
within the SMDC construct are broken inside this endosomal

compartment (Step 3) to release the intact, functionally active drug
moiety of the SMDCwhich, in turn, diffuses out of the endosome to
interact with its biological target (Step 4). At the same time, the FR
protein recycles back to the plasma membrane where it can
participate in additional rounds of internalization/drug delivery. In
contrast, a ubiquitously expressed anion transporter, called the
reduced folate carrier (RFC), can shuttle folate molecules directly
inside the cell (see top right of Figure 2); however, FA-SMDCs are
not substrates for the RFC,9 and, consequently, acquisition of FA-
SMDCs molecules within FR-negative normal cells is largely
avoided. Biological activity mediated by FA-SMDCs is ultimately
dependent on the successful release of the drug payload while inside
the endosome. As will be discussed below, the selection of an
appropriate linker system is of paramount importance for the
construction of efficacious targeted compound.

■ DESIGN OF FA-SMDCS
In early attempts to target cytotoxic small molecules with folates,
researchers focused mainly on the mere ability of the FR to
sequester and then deliver FA-SMDCs inside tumor cells, thus
ignoring structure−activity relationships in the payload and/or
the importance of fine-tuning the release properties of the prepared
conjugates. Consequently, results were of limited success.10

Examples include chemotherapeutic agents that were covalently
attached to FA or pteroic acid, such as bis(haloethyl) phosphor-
amidites,11 PEG carboplatin,12 a 10-mer conjugate of the thy-
midylate synthase inhibitor, 5-fluoro-2′-deoxyuridine-5′-O-mono-
phosphate (FdUMP)13 and paclitaxel.14 However, the potencies of
these rather stable constructs were not very high. On the basis of
prior work showing that disulfide-containing linkers, when placed in
between the FA ligand and a cytotoxic protein, yielded conjugates
having superior activity against FR-positive cells relative to their
“non-reducible” counterparts,15 disulfide-containing SMDCs were
constructed with molecules like maytansine,16 desacetylvinblastine
hydrazide (DAVLBH),17 mitomycin C,18 and the tubulysins.19,20

Figure 1. Chemical structure of the vitamin folic acid.

Figure 2. Schematic presentation of tumor cellular uptake of a FA-based SMDC by FR-mediated endocytosis. The SMDC consists of a folic acid moiety
(shown as a yellow oval) and the drug payload (shown in red).

Bioconjugate Chemistry Review
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ing selective targeting of drugs/imaging agents to cancer cells
(Figure 1). Motivated by this new information, new research
was directed at developing folate-linked cytotoxic agents.

Because of our biochemical background, initial efforts
aimed at building folate-linked cytotoxics focused on folate-
tethered protein toxins. Folate–momordin was shown to kill
FR+ cancer cells with an IC50 of ∼10-9 M,21 and a folate–
pseudomonas exotoxin (PE38) conjugate was found to dis-
play an IC50 of ∼10-11 M.16 More importantly, studies of the
linkage between folic acid and PE38 demonstrated that the
potency of the conjugate was intricately connected to the type
of bond tethering the vitamin to the ribosome-inactivating pro-
tein. Thus, when the two components were linked via a reduc-
ible disulfide bond, full killing potency was observed (IC50 ∼
10-11 M). However, when the components were bridged by
a thioether bond (i.e., replacement of a sulfur with a carbon
atom in the bridge), its potency decreased by over 4 orders of
magnitude.16 These results demonstrated for the first time the
importance of building a cleavable linker into the folate-tar-
geted cytotoxic agent, an imperative component in future
folate conjugate drug designs.

Folate Liposomal Carriers for the Delivery
of Chemotherapeutic Cargo
The desire to target larger quantities of drugs to cancer cells
led rapidly to efforts aimed at delivering drug-loaded lipo-
somes into malignant tissues. Initial studies with fluorescent
liposomes demonstrated that liposomes with folate directly
attached to the lipid headgroups did not efficiently bind FR+
cancer cells.22 In contrast, liposomes tethered to folate via a
polyethylene glycol (PEG) spacer were found to enter cancer

cells in numbers of >200 000/cell.22 With the possibility of
loading >30 000 drug molecules into each liposome, the pay-
load potential of these folate-targeted liposomes seemed enor-
mous. Unfortunately, our unmodified liposomal formulations
suffered from short circulation times in vivo because of non-
specific uptake by the reticuloendothelial system. This limita-
tion was, however, solved by incorporating ∼4% PEGylated
lipids into the liposomes, with ∼0.1% of the total lipids
(folate–PEG–distearoylphosphatidylethanolamine) attached to
folic acid.23 Later studies would reveal that better tumor-spe-
cific delivery could be achieved if (1) the free (underivatized)
PEG chains were shorter (PEG 2000) in length than the folate-
derivatized chains (PEG 3350), (2) the liposome size was
restricted to <100 nm in diameter, (3) cholesterol and satu-
rated phospholipids were used as the primary building blocks
of the liposomes, and (4) a pH-sensitive release or unloading
mechanism was built into the liposomal structure.22–26 Strat-
egies to achieve the latter objective included incorporation of
amphipathic peptides into the liposomes that would become
fusogenic only at the low pH values found in intracellular
endosomes,25 inclusion of phospholipids in the bilayer that
would hydrolyze to detergents at low intraendosomal pH val-
ues, and preparation of liposomes with caged phospholipids
that became fusogenic only upon exposure to low endoso-
mal pH values.27,28

In our first exploration of folate–PEG–liposome activity, lip-
osomes were loaded with the common chemotherapeutic
agent, doxorubicin, and tested for toxicity against FR+ tumor
cells. Tissue cultures incubated with folate-tethered liposomes
displayed a 45-fold higher uptake than their nontargeted con-

FIGURE 1. FR-mediated endocytosis of a folic acid drug conjugate. Folate conjugates bind FR with high affinity and are subsequently
internalized into endosomes that can reduce disulfide bonds. Within the endosome, a folate–disulfide–drug conjugate is released from the
FR and the prodrug is reduced to liberate the parent drug cargo. Because the pH of FR-containing endosomes is only mildly acidic, acid-labile
linkers do not release the attached drug as efficiently.

Folic-Acid-Based Receptor Targeting Low et al.
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As a low molecular weight ligand that circumvents many of the limitations associated 
with antibody-mediated carriers and other macromolecular delivery molecules, folic acid has 
become widely recognized as a tumor-targeting module to deliver molecular payloads ranging 
from small radionuclides to large DNA and liposomal constructs successfully to cancer cells via 
the α-folate receptor.2 Oxidized folates, which include FA-mediated SMDCs, display the highest 
affinity for the α-FR and, once internalized across the cell membrane, become exposed to a 
mildly acidic endosomal microenvironment, endogenous thiols such as glutathione (GSH), and 
specific enzymatic proteases.2, 21, 22 Changes in the endosome result in the detachment of folic 
acid from the drug payload as the vitamin recycles back outside the cell membrane.2 Folate 
receptor-targeted disulfide-linked drugs typically (1) remain intact in blood circulation for at 
least 30 min, (2) rapidly localize to FR on the apical membrane of the proximal tubule cells, (3) 
undergo partial but incomplete reduction during trafficking in PTs, (4) are reduced during 
prolonged circulation outside of the kidney, and (5) eventually are excreted through the kidneys.6 
The internalization of FA-based SMDCs and subsequent drug release via disulfide reduction is 
illustrated in Figure 8.3.  
 
§8.1.3 Folate-based Drug Conjugates in Clinical Development 
 

 
Figure 8.4. Chemical structures of folate-based SMDCs under development. 
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Several folate-based SMDCs have been or are currently under evaluation in clinical trials, 
shown in Figure 8.4.2 Vintafolide (Vynfinit®), developed by Endocyte and licensed to Merck in 
2012 for development, manufacturing, and commercialization for $120M and up to $1B in 
milestone incentives, had received conditional regulatory approval in the European Union (EU) 
for treatment of platinum-resistant ovarian cancer in combination with liposomal doxorubicin 
(Doxil).23 Vintafolide is a FR targeting conjugate of desacetylvinblastine monohydrazide 
connected via a hydrophilic peptide spacer and a reductively labile disulfide linker.24 However, 
in May 2014, Merck halted its Phase III clinical study in U.S. for treatment of the same 
indication due to futility, and the conditional marketing authorization in the EU was 
subsequently withdrawn.25, 26 As of June 2014, vintafolide still remains in Phase IIb clinical trials 
in combination with docetaxel for treatment of non-small cell lung cancer (NSCLC). A modified 
derivative of vintafolide, EC0489, was also developed by Endocyte as a folate-
desacetylvinblastine monohydrazide conjugate with saccharopeptidic modifications and is 
currently in Phase I clinical trials for refractory or advanced metastatic cancers.27  As discussed 
in Chapter 5, EC0225 was developed as a multi-drug folate conjugate of desacetylvinblastine 
monohydrazide and mitomycin C and has advanced to Phase I clinical trials for the treatment of 
refractory or metastatic solid tumors.28 Epofolate (BMS-753493), a folate conjugate of 
epothilone A, was developed by Endocyte and Bristol-Myers Squibb and is currently in Phase II 
clinical trials for treatment of advanced cancers.29 EC1456 (folate tubulysin), also developed by 
Endocyte, is a folate conjugate of tubulysin monohydrazide that is currently in Phase I clinical 
trials.  

 
Figure 8.5. Chemical structures of folate-based radiopharmaceuticals and theranostics under development. 

 
Additionally, a number of folate-based radiopharmaceuticals have been developed and 

evaluated both in preclinical and clinical trials as diagnostic tools for positron emission 
tomography (PET) and single photon emission tomography (SPECT) of FR-positive cancers, 
shown in Figure 8.5.30 Etarfolatide (Folcepri®, 99mTc-EC20), developed by Endocyte, is a non-
invasive folate-targeted molecular imaging agent designed to identify tumors that express folate 
receptors that may respond to folate-targeted therapy and is being co-developed as the 
companion imaging agent to vintafolide and EC1456. Etarfolatide had received conditional 
regulatory approval in the European Union as a companion diagnostic for vintafolide, but the 
conditional marketing authorization for etarfolatide was withdrawn along with vintafolide in 
Europe; etarfolatide remains in Phase III clinical trials in the U.S. for FR-positive cancers.26 
EC17 (folate-fluorescein) was also developed by Endocyte as a theranostic targeted hapten and 
advanced to a Phase II study for the treatment of kidney cancer.5 
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§8.1.4 Taxol-Folic Acid Conjugates 
 

A series of Taxol derivatives covalently tethered at C2’ and C7 to folate and glutamates 
were synthesized and evaluated as prodrugs which release Taxol via hydrolytic cleavage of their 
α-alkoxy and α-amino esters.4 However, the most promising of these conjugates, Taxol-7-PEG-
Folate, while shown to increase the lifespan in M109 tumor-bearing mice, was less effective than 
Taxol itself.4 The most promising of these folate-Taxol conjugates is illustrated in Figure 8.6.  
 

 
Figure 8.6. Chemical structure of Taxol-folate conjugate. Adapted from reference [4]. 

 
Despite the improvement over Taxol in aqueous solubility of the Taxol-folate conjugates, 

the low water solubility may have prevented the administration of a more effective higher dose 
in the in vivo preclinical studies. Additionally, a more efficient drug release mechanism, rather 
than through a hydrolytic ester linkage, may be accomplished with an improved linker system, 
since hydrolysis of the ester linkage was slowed under mildly acidic conditions like those in the 
endosome.4 With these considerations in hand, a next-generation folate-dipeptide-PEG-(SS-
linker)-taxoid conjugate was designed and synthesized for biological evaluation.  
 
§8.2 Folate-Linker-Taxoid Drug Conjugates 

 
Scheme 8.1. Functionalization of folic acid by DCC coupling. 

 
Folic acid has attracted considerable attention as a tumor-targeting module in small-

molecule drug conjugates. However, a major challenge in drug design surrounds the synthetic 
aspects of folate SMDC preparation. Treatment of folic acid with a coupling reagent, such as 
DCC, results in a mixture of the inactive α-conjugate, the active γ-conjugate, with the bis-
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functionalized derivative and sometimes recovered folic acid (Scheme 8.1); and separation of 
these mixtures is typically tedious and difficult.31 Regiospecific functionalization of folic acid at 
the γ-carboxylate of glutamic acid can be accomplished through coupling of modified glutamates 
with pteroyl azide or carboxlic acid derivatives.31 

 

 
Figure 8.7. Chemical structure of folate-dipeptide-PEG-(SS-linker)-taxoid (8-7). 

 
Folate-based conjugate of SB-T-1214 (8-7), illustrated in Scheme 8.7 and first 

synthesized by former group member Dr. Joshua D. Seitz, was designed to possess improved 
solubility and be constructed from two smaller units using bioorthogonal copper-free “click” 
chemistry. The folate targeting moiety was regiospecifically modified at its γ-carboxylate with a 
PEGylated zwitterionic dipeptide spacer to improve aqueous solubility. Incorporation of charged 
amino acid residues, such as Asp and Glu, has been shown to suppress the passive diffusion of 
tumor-targeted SMDCs across the lipophilic cell membrane, thereby decreasing undesired 
delivery to non-cancerous cells.28 With a finite number of FRs on the surface of a given tumor 
cell, on the order of 1–10 million copies per cell, and a recycling rate of 8–12 hours, there is both 
a lag time and limit to the intracellular drug concentration that can be achieved; and cytotoxic 
agents with IC50 values in the low nM range have been found to be ideal candidates for folate-
based drug delivery.2, 32 Thus, SB-T-1214 was selected as the cytotoxic agent and connected to a 
PEGylated self-immolative disulfide linker and cyclooctyne terminus for alkyne-azide 
cycloaddition. Unlike previously designed folate-based conjugates, such as vintafolide and 
EC0489, in which the active agent desacetylvinblastine hydrazide is released in modified form, 
intracellular disulfide reduction of 8-7 through thiolactonization releases SB-T-1214 in its active 
and unmodified form.  
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§8.2.1 Synthesis of Pteroyl Azide 
 

Regiospecific functionalization of folic acid can be accomplished through a retrosynthetic 
approach beginning with commercially available and inexpensive folic acid.  First, the glutamate 
side-chain is cyclized to afford a pyrofolic acid derivative, which can be converted to the highly 
versatile pteroyl azide in an efficient and inexpensive synthesis. 

 

 
Scheme 8.2. Synthesis of pteroyl azide (8-4). 

 
Folic acid was treated with excess trifluoroacetic anhydride at 0 °C to produce N2,10-

bis(trifluoroacetyl)pyrofolic acid (8-1), which was obtained as a mixture of the diacylated 
anhydride and diacylated carboxylic acid in a 1:4 ratio according to 19F NMR analysis. Stirring 
of 8-1 with ice water hydrolyzed the N2-trifluoroacetyl substituent as well as any existing 
anhydride present to give N10-(trifluoroacetyl)pyrofolic acid (8-2) as a single compound. 
Addition of hydrazine to 8-2 cleaved both the N10-trifluoroacetyl substituent and the cyclic 
glutamate to give pteroyl hydrazide (8-3) in good yield (82%) as well as pyroglutamic acid, 
which was removed by washing with methanol and diethyl ether. Then, treatment of 8-3 with 
one equivalent of tert-butyl nitrite with 5 mol% potassium thiocyanate gave pteroyl azide 8-4 in 
modest yield (64%), along with N10-nitrosopteroyl azide, which was converted to 8-4 with the 
addition of sodium azide. The synthesis of pteroyl azide 8-4 shown in Scheme 8.2.  
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§8.2.2 Synthesis of Folate-Linker-Taxoid 
 

 
Scheme 8.3. Synthesis of folate-dipeptide-PEG-N3 (8-5). 

 
Regiospecific preparation of folate-γ-dipeptide-PEG-N3 (8-5) was achieved using solid-

phase peptide synthesis (SPPS).  Starting with Fmoc-Arg(Pbf)-Wang resin, the Fmoc group was 
first deprotected with piperidine, and the corresponding amine was coupled to Fmoc-Glu(PEG-
N3)-OH in the presence of HOBt, HBTU, and DIPEA. After another Fmoc deprotection, Fmoc-
Glu-OtBu was coupled to the resin-bound amine under the same peptide coupling conditions to 
give the tripeptide intermediate. Following one more Fmoc deprotection, N10-
(trifluoroacetyl)pteroic acid was coupled to the resin-bound amine to give the protected folate-
dipeptide. Subsequent cleavage from the resin and esterolysis of the tert-butyl ester with TFA 
gave 8-5 in a single step. PEGylated N10-folate-dipeptide 8-5 was isolated in good yield (84%). 
The SPPS of 8-5 is illustrated in Scheme 8.3. 

 

 
Scheme 8.4. Deprotection of N10-TFA group under mild basic conditions. 

 
Basic hydrolysis of the N10-TFA group of 8-5 with aqueous ammonium hydroxide (pH 8) 

afforded 8-6 in quantitative yield, shown in Scheme 8.4. Reaction progress was monitored by 
mass spectrometry. Following completion of the reaction, the aqueous basic solution was 
removed by lyophilization. 
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Scheme 8.5. Synthesis of folate-dipeptide-PEG-(SS-linker)-SB-T-1214 (8-7). 

 
SB-T-1214-(SS-linker)-PEG-cyclooctyne was designed by Dr. Joshua D. Seitz and 

prepared by Evan Herlihy under the his guidance. Equimolar amounts of SB-T-1214-(SS-linker)-
PEG-cyclooctyne and 8-6 were combined in ethanol:water (1:1), and reaction progress was 
monitored by mass spectrometry. The product, folate-dipeptide-PEG-(SS-linker)-SB-T-1214 (8-
7), precipitated out of solution during the reaction and was isolated by centrifugation and 
filtration in modest yield (40%). Both regioisomers, if present, were treated as a single 
compound; however, the presence of regioisomers was could not be confirmed by analytical 
techniques such as 1H NMR and MS. The synthesis is illustrated in Scheme 8.5.  

 
§8.3 Biological Evaluation of Folate-Linker-Taxoid In Vitro 
 

The potency and efficacy of folate-dipeptide-PEG-(SS-linker)-SB-T-1214 (8-7) were 
evaluated in vitro against various FR+ and FR- cell lines. The cytotoxicity assays of 8-7 against 
ID8 (FR+++), MX-1 (FR++), L1210FR (FR++), MCF-7 (FR+), and WI-38 (FR-) were performed by 
MTT method.33 As controls for comparison, paclitaxel and parent taxoid SB-T-1214 were 
evaluated as well. The results for 72 h drug incubation without supplemental GSH-OEt are given 
in Table 8.1.  
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Table 8.1. Cytotoxicities (IC50, nM) of paclitaxel, SB-T-1214, and folate-dipeptide-PEG-
(SS-linker)-SB-T-1214 on various FR+ cancer cell lines.  
Entry Compound ID8a MX-1b L1210FRc MCF-7d WI-38e 

1f paclitaxel 13.8 ± 2.7 4.07 ± 0.8 55.8 ± 10.1 6.25 ± 0.8 71.2 ± 8.1 

2f SB-T-1214 2.82 ± 0.7 2.66 ± 0.1 1.13 ± 0.3 1.01 ± 0.40 6.25 ± 0.5 

3f 8-7 2.52 ± 1.5 7.54 ± 1.9 11.1 ± 4.0 12.0 ± 0.9 >5000 

aMurine ovarian carcinoma cell line (FR+++); bHuman breast carcinoma cell line (FR++); cMurine lymphocytic 
leukemia cell line (FR++); dHuman breast carcinoma cell line (FR+); eHuman lung fibroblast cell line (FR-); fCells 
were incubated with a drug or conjugate at 37 °C for 72 h;  

As anticipated, SB-T-1214 was found to be highly potent against all cell lines tested with 
IC50 values ranging from 1–6 nM. Folate conjugate 8-7 demonstrated equally high potency 
against FR+++ ovarian cancer cell line ID8 (IC50 2.52 nM) as the parent taxoid, indicating rapid 
internalization and efficient drug release, and high potency against FR++ leukemia cell line 
L1210FR (IC50 11.1 nM), although slightly less than the parent taxoid. However, against FR- 
normal lung fibroblast cell line WI38, the folate conjugate was virtually non-toxic (IC50 > 5µM).  
The difference in cytotoxicity of 8-7 against FR-positive and FR-negative cell lines was of at 
least three orders of magnitude. These results indicate that this folate-based conjugate design 
vastly reduces non-specific internalization.  
 
§8.4 Dual-vitamin Tumor-targeting Drug Conjugates 

 
Figure 8.8. Chemical structure of dual-vitamin conjugate of folic acid and biotin with SB-T-1214 as the warhead (8-18). 

 
A dual-vitamin conjugate of SB-T-1214 with both folate and biotin as tumor-targeting 

modules (8-18) was synthesized based on the same TTDDS as double-warhead conjugates DW-1 
(5-9) and DW-2 (5-12) and theranostic conjugate 6-4. The taxoid was connected to a self-
immolative disulfide linker for glutathione-triggered intracellular drug release, and both the folic 
acid and biotin moieties were connected to a 1,3,5-triazine splitter by PEG spacers to promote 
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water solubility. The chemical structure of dual-vitamin conjugate (8-18) is illustrated in Figure 
8.8.  

However, the initial route towards a dual-vitamin tumor-targeting drug conjugate 
involved the reaction of a cysteine thiol with a benzyl bromide to install the second vitamin 
module. Both synthetic routes are discussed below in the following Sections.  
 
§8.4.1 First Route Towards Dual-vitamin Tumor-targeting Drug Conjugate 
 

The first synthetic route towards a dual-vitamin tumor-targeting drug conjugate required 
the preparation of a folate-dipeptide-PEG-N3 component containing a cysteine residue. As 
discussed earlier in Chapter 4, biotin-PEG-Bn-Br (4-12) was synthesized and employed in this 
route for site-specific reactivity with the cysteine thiol. Though orthogonal “click” chemistry, an 
alkyne-bearing prodrug of SB-T-1214 would be introduced at the azido functional group. 

 

 
Scheme 8.6. Synthesis of Fmoc-Asp-PEG-N3 (8-9). 

 
Coupling of Fmoc-Asp(OtBu)-OH to 4-5 in the presence of EDC.HCl afforded 8-8 in 

good yield (82%), and the corresponding tert-butyl ester was removed by trifluoroacetic acid to 
afford 8-9 in excellent yield (91%). The synthesis of Fmoc-Asp-PEG-N3 is shown in Scheme 8.6. 

 

 
Scheme 8.7. Solid-phase peptide synthesis (SPPS) of folate-Asp(Cys)-PEG-N3 (8-10). 

 
Beginning with Fmoc-Cys(Trt)-Wang resin, the Fmoc group was first deprotected with 
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and DIPEA. After another Fmoc deprotection, coupling of Fmoc-Glu-OtBu to the resin-bound 
amine under the same peptide coupling conditions gave the tripeptide intermediate. Following 
one more Fmoc deprotection, coupling of N10-(TFA)pteroic acid to the resin-bound amine under 
the same peptide coupling conditions gave the protected resin-bound folate-dipeptide. 
Subsequent cleavage from the resin and esteroylsis of the tert-butyl ester with TFA gave 8-10 in 
a single step. PEGylated N10-folate-Asp(Cys)-PEG-N3 8-10 was isolated in good yield (78%). 
The SPPS of 8-10 is illustrated in Scheme 8.7.  
 

 
Scheme 8.8. Deprotection of N10-TFA group under mild basic conditions. 

 
Basic hydrolysis of the N10-TFA group of 8-10 with aqueous ammonium hydroxide (pH 

8) afforded 8-11 in quantitative yield, shown in Scheme 8.8. Reaction progress was monitored by 
mass spectrometry. Following completion of the reaction, the aqueous basic solution was 
removed by lyophilization. 

 

 
Scheme 8.9. Unsuccessful coupling reaction of folate-Arg(Cys)-PEG-N3 (8-11) with biotin-PEG-Bn-Br (4-12). 

 
The coupling reaction of 8-11 and biotin-PEG-Bn-Br (4-12) in the presence of K2CO3 did 

not afford the desired dual-vitamin scaffold, shown in Scheme 8.9. Reaction progress was 
monitored by mass spectrometry, which indicated degradation of starting materials as indicated 
by the loss of the [M+H]+ ions for each. No relevant product was observed or isolated, and this 
synthetic route was subsequently abandoned. Thus, an alternate route towards the synthesis of a 
dual-vitamin drug conjugate was explored. 
 
§8.4.2 Second Route Towards Dual-vitamin Tumor-targeting Drug Conjugate 
 

Synthesis of dual-vitamin conjugate DV-1 (8-18) was carried out following the 
preparation of two components: (a) regiospecific folate-γ-PEG-N3 (8-17), (b) tumor-targeted 
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drug delivery platform bearing biotin as the TTM and SB-T-1214 as the cytotoxic agent via 
1,3,5-triazine splitter with a propargylamino arm. 
 

 
Scheme 8.10. Synthesis of Fmoc-Glu(PEG-N3)-OH (8-13). 

 
First, coupling of the γ-carboxylate of commercially available N-Fmoc-Glu-OtBu to 4-5 

in the presence of EDC.HCl gave 8-12 in good yield (75%). Deprotection of the Fmoc group of 
8-12 with piperidine afforded 8-13 in very good yield (80%), shown in Scheme 8.10. Modified 
glutamate 8-13 was used in the regiospecific synthesis of γ-functionalized folate derivative 8-17.   

 

 
Scheme 8.11. Synthesis of folate-γ-PEG-N3 (8-17). 

 
N10-(trifluoroacetyl)pteroic acid was activated with NHS in the presence of DIC to give 

8-14 in good yield (65%), and the corresponding succinimide ester was coupled to 8-13 in DMF 
to afford protected folate derivative 8-15 in modest yield (59%). The product was purified with 
ample washing with ethyl acetate, dichloromethane, and diethyl ether to remove excess reagents, 
such as HOSu and DIC/DIU. Basic hydrolysis of the N10-trifluoroacetyl group with aqueous 
ammonium hydroxide (pH 8) followed by esterolysis of the tert-butyl ester with trifluoroacetic 
acid afforded regiospecific folate-γ-PEG-N3 (8-17) in excellent yield (85% over 2 steps), shown 
in Scheme 8.11.  

 

N
H

O

O
H2N

O
N33

(1.7 eq.)

EDC.HCl (1.4 eq.)

CH2Cl2, 25 oC, 8 h
75%

CH2Cl2, 25 oC, 1 h
80%

4-5

piperidine
OO

H
N

O
N3

3
O

H2N

OO

H
N

O
N3

3
O

N
H

O

O
OO

OH

O

8-12 8-13

DMF, 25 oC, 12 h
59%

N

HN

N

N
O

H2N

N
H

O

N
H

OO

O

H
N

O
N3

3

pH 8 NH4OH (aq.)

quant.

TFA/TIS/H2O

N

HN

N

N
O

H2N

N

O

OH

N

HN

N

N
O

H2N

N

O

O
N

O

O

8-13 (3 eq.)

N

HN

N

N
O

H2N

N

O

N
H

OO

O

H
N

O
N3

3

CF3O

N

HN

N

N
O

H2N

N
H

O

N
H

OHO

O

H
N

O
N3

3

NHS (1.5 eq.)
DIC (1.2 eq.)

DMF, 25 oC, 24 h
65%

85%

8-178-16

8-158-14

CF3O
CF3O



! 207 

 
Scheme 8.12. Synthesis of double-vitamin conjugate of SB-T-1214 (8-18). 

 
Biotin-taxoid precursor 5-8 was subjected to a “click” reaction with azide 8-17 in the 

presence of copper(II) sulfate and ascorbic acid to give double-vitamin conjugate DV-1 (8-18) in 
modest yield (58%), shown in Scheme 8.12. Reaction progress was monitored by mass 
spectrometry. Purification of the product by washing with methanol, water, dichloromethane, 
and diethyl ether gave 8-18 as an orange solid.  Both regioisomers, if present, were treated as a 
single compound; however, the presence of regioisomers was not detected by 1H NMR and a 
more thorough analysis will be necessary to detect the presence of regioisomers. 
 
§8.5 Biological Evaluation of Double-vitamin Drug Conjugate 
 

The potency and efficacy of dual-vitamin conjugate (8-18) were evaluated in vitro against 
various FR+. The cytotoxicity assays of 8-18 against MX-1 (FR++) and MCF-7 (FR+) were 
performed by MTT method.33 As controls for comparison, parent taxoid SB-T-1214 was 
evaluated as well. The results for 72 h drug incubation without supplemental GSH-OEt are given 
in Table 8.2.  

 
Table 8.2. Cytotoxicities (IC50, nM) of SB-T-1214 and double-vitamin 
conjugate 8-18 on various FR+ cancer cell lines.  
Entry Compound MX-1a MCF-7b WI-38c 

1d SB-T-1214 2.66 ± 0.16 1.01 ± 0.40  6.25 ± 0.50 

2d 8-18 2.84 ± 0.11 15.90 ± 0.59 pending 

aHuman breast carcinoma cell line (FR++/BR+++); bHuman lung fibroblast cell line 
(FR+/BR++); cHuman lung fibroblast (FR-/BR-); dCells were incubated with a drug or 
conjugate at 37 °C for 72 h. 
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Dual-vitamin conjugate of folate and biotin (8-18) demonstrated equally high potency 
against FR++/BR+++ human breast carcinoma cell line MX-1 (IC50 2.84 nM) as the parent taxoid, 
indicating rapid internalization and efficient drug release. Compared with folate-linker-taxoid 
conjugate (8-7) against MX-1 (IC50 7.54 nM), the dual-targeting conjugate exhibited a two to 
three fold increase in potency with the additional biotin-targeting module. Furthermore, 8-18 
displayed high potency, against FR+/BR++ human breast carcinoma cell line MCF-7 (IC50 15.9 
nM), and slightly less than the parent taxoid.  
 
§8.6.0 Summary 
 

The folate receptor has shown considerable promise as a therapeutic target in targeted 
drug delivery and has been widely recognized as a tumor-specific biomarker. Because of its 
small size, low cost, synthetic versatility, and lack of immunogenicity, folic acid is an attractive 
candidate for receptor-mediated delivery of highly potent cytotoxic agents. Folate-based small-
molecule drug conjugates (SMDCs) have demonstrated excellent target specificity for the α-
folate receptor and numerous drug conjugates and imaging agents have emerged in clinical trials 
with positive results.  

However, a recent Phase III clinical trial of vintafolide, the most advanced folate-based 
SMDC, for treatment of platinum-resistant ovarian cancer was recently halted in Phase III due to 
futility, and conditional approval for marketing of the conjugate and its corresponding imaging 
diagnostic in the EU was subsequently withdrawn. While significant advances in folate-based 
conjugates have been made, this news clearly underscores the need for improvements in design 
of the tumor-targeted drug delivery system.   

A novel folate-based drug conjugate of next-generation taxoid SB-T-1214 was designed 
and synthesized using a combination of solid-phase peptide synthesis with synthetically modified 
amino acids and copper-free “click” chemistry. The folate-linker-taxoid conjugate contains two 
polyethylene glycol spacers along with a zwitterionic dipeptide spacer to promote aqueous 
solubility and promote tumor-specific uptake, and a mechanism-based self-immolative disulfide 
linker for site-specific prodrug activation. The conjugate was evaluated in vitro against a series 
of FR-positive cancer cell lines, and excellent target-specificity was observed for the FR. When 
administered to FR-negative cells, the folate conjugate was virtually non-toxic.   
 In addition, a novel dual-vitamin tumor-targeting drug conjugate of SB-T-1214 with 
folate and biotin as dual tumor-targeting modules was designed and synthesized using a 
PEGylated 1,3,5-triazine splitter as the drug delivery scaffold. The dual-targeting drug conjugate 
was evaluated in vitro against cancer cell lines that overexpress both the folate and biotin 
receptors, and the conjugate demonstrated excellent specificity for the FR whereas it was 
similarly virtually non-toxic against FR-/BR- normal cells. In particular, the conjugate 
demonstrate equipotent activity compared to the free taxoid against human breast carcinoma cell 
line, MX-1. The biological evaluation in vitro of the taxoid-based drug conjugates, folate-linker-
taxoid and the dual-vitamin conjugate of folate and biotin, yielded positive results for these 
conjugates as therapeutic candidates, and preclinical studies against FR+ tumor-bearing mice 
will be carried out in due course.   
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§8.7.0 Experimental 
 
§8.7.1 Caution 

Taxoids have been identified as potent cytotoxic agents. Thus, all drugs and structurally 
related compounds and derivatives must be considered mutagens and potential reproductive 
hazards for both males and females. All appropriate precautions, such as the use of gloves, 
goggles, labware, and fume hood, must be taken while handling the compounds at all times.  

 
§8.7.2 General Information 

1H, 13C, and 19F NMR spectra were measured on a Varian 300 MHz NMR spectrometer 
or Bruker 300, 400, 500, or 700 MHz NMR spectrometer. Hexafluorobenzene was used as an 
external reference for 19F NMR analysis. Melting points were measured on a Thomas-Hoover 
capillary melting point apparatus and are uncorrected. TLC was performed on Sorbent 
Technologies aluminum-backed Silica G TLC plates (Sorbent Technologies, 200 µm, 20 x 20 
cm), and column chromatography was carried out on silica gel 60 (Merck, 230-400 mesh ASTM). 
High resolution mass spectrometry analysis was carried out on an Agilent LC-UV-TOF mass 
spectrometer at the Institute of Chemical Biology and Drug Discovery, Stony Brook, NY or at 
the Mass Spectrometry Laboratory, University of Illinois at Urbana-Champaign, Urbana, IL.  
 
§8.7.3 Materials 

The chemicals were purchased from Sigma-Aldrich, Fisher Scientific, and VWR 
International, and used as received or purified before use by standard methods. Tetrahydrofuran 
was freshly distilled from sodium and benzophenone. Dichloromethane was also distilled 
immediately prior to use under nitrogen from calcium hydride. 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) was obtained from Sigma Chemical Co. Biological 
materials including RPMI-1640 (folate-free) cell culture medium, fetal bovine serum, PenStrep, 
and TrypLE were obtained from Gibco and VWR International, and used as received for cell-
based assays.  
 
§8.7.4 Experimental Procedure 
 
N2,10-Bis(trifluoroacetyl)pyrofolic Acid/Anhydride [8-1]:31 
To a cooled solution of folic acid (5.0 g, 11.33 mmol) in THF (50 mL) was added trifluoroacetic 
anhydride (12.8 mL, 90.2 mmol) over 20 min, and the mixture was allowed to warm from 0 °C 
to room temperature and react for 16 h with stirring. Reaction progress was monitored by mass 
spectrometry. The reaction mixture was concentrated in vacuo to give a red oil, which was 
slowly added to 2-propanol (50 mL) to afford a yellow precipitate. The solid was removed by 
filtration, washed with Et2O (3 x 100 mL), and collected to give 8-1 (1.593 g, 23%) as a yellow 
solid; contains trace Et2O and IPA; 1H NMR (300 MHz, DMSO-d6) δ 2.55-2.65 (m, 4H), 4.78 (m, 
1H), 5.21 (s, 2H), 7.69 (m, 4H), 8.77 (s, 1H); 13C NMR (125 MHz, DMSO-d6) δ 21.85, 31.70, 
54.33, 58.91, 113.07, 115.37, 117.68, 1119.99, 128.55, 130.28, 135.24, 142.41, 146.17, 153.71, 
156.29, 159.03, 159.31, 159.60, 159.88, 160.43, 169.31, 172.82, 174.66; 19F NMR (376 MHz, 
DMSO-d6) δ -66.66 (s, 3F), -75.19 (s, 3F), 80.91 (m, 3F), ratio: 0.8:1.0:0.1. All data are in 
agreement with literature values.31   
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N10-(Trifluoroacetyl)pyrofolic Acid [8-2]:31 
To a solution of 8-1 (1.593 g, 2.607 mmol) in THF was added H2O (s) (4.0 g, 0.222 mol), and 
the mixture was allowed to react for 8 h at room temperature with stirring. Reaction progress was 
monitored by mass spectrometry. The reaction mixture was added dropwise to Et2O (500 mL) to 
give a yellow precipitate. The solid was removed by filtration, washed with Et2O (3 x 100 mL), 
and collected to give 8-2 (1.500 g, 26% over 2 steps) as a yellow solid; 1H NMR (500 MHz, 
DMSO-d6) δ 2.45-2.55 (m, 4H), 4.61 (m, 1H), 5.13 (s, 2H), 7.62 (m, 4H), 8.65 (s, 1H); 13C NMR 
(125 MHz, DMSO-d6) δ 21.80, 31.68, 54.30, 59.92, 113.08, 115.38, 117.67, 119.96, 128.54, 
130.25, 135.18, 142.36, 144.90, 146.62, 149.70, 154.35, 156.28, 161.30, 169.35, 172.89, 174.73, 
176.10; 19F NMR (282 MHz, DMSO-d6) δ -66.63. All data are in agreement with literature 
values.31   
 
Pteroyl Hydrazide [8-3]:31 
To a solution of 8-2 (1.500 g, 2.89 mmol) in DMSO in a room temperature water bath was added 
hydrazine (1.0 mL, 31.3 mmol), and the mixture was allowed to react for 8 h at room 
temperature with stirring. The reaction mixture was added dropwise to CH3OH (500 mL) to give 
a yellow solid. The precipitate was removed by filtration, washed with CH3OH (3 x 100 mL) and 
Et2O (3 x 100 mL), and collected to give 8-3 (0.772 g, 82%) as a yellow solid; 1H NMR (300 
MHz, DMSO-d6) δ 4.46 (d, J = 5.4 Hz, 2H), 6.61 (d, J = 8.7 Hz, 2H), 7.16 (bs, 2H), 7.59 (d, J = 
8.7 Hz, 2H), 8.63 (s, 1H); HRMS (TOF) for C14H15N8O2

+ calcd: 327.1312. Found: 327.1318 (Δ 
= 1.8 ppm). All data are in agreement with literature values.31   
 
Pteroyl Azide [8-4]:31 
To a cooled solution of 8-3 (0.772 g, 2.368 mmol) and potassium thiocyanate (0.012 g, 0.118 
mmol) in trifluoroacetic acid (20 mL) at -10 °C was added neat tert-butyl nitrite (0.28 mL, 2.368 
mmol), and the mixture was allowed to react for 5 h at -10 °C with stirring. Reaction progress 
was monitored by mass spectrometry. Next, the reaction was allowed to warm to room 
temperature, and NaN3 (0.077 g, 1.184 mmol) was added to convert any N10-nitrosopteroyl azide 
to 8-4. The reaction mixture was filtered over celite to remove trace solid residue. Slow addition 
of 2-propanol (25 mL) to the stirred filtrate afforded an orange solid, which was removed by 
filtration and washed thoroughly with H2O (3 x 50 mL), CH3CN (3 x 30 mL), and Et2O (3 x 20 
mL) to give 8-4 (0.510 g, 64%), as an orange solid; 1H NMR (300 MHz, DMSO-d6) δ 4.57 (s, 
2H), 6.70 (d, J = 8.4 Hz, 2H), 7.69 (d, J = 8.7 Hz, 2H), 8.70 (s, 1H). All data are in agreement 
with literature values.31 
 
N10-TFA-Folate-Glu(Arg)-PEG-N3 [8-5]: 
In a peptide synthesis vessel, Fmoc-Arg(Pbf) Wang resin (0.098 g, 0.049 mmol) was loaded and 
allowed to swell in DMF (1 mL), and the beads were shaken for 30 min and subsequently 
washed with DMF (3 x 1 mL). To the vessel was added 20% piperidine in DMF (1 mL), and the 
vessel was subsequently shaken for 30 min. After 30 min, the piperidine solution was removed, 
and the beads were washed with DMF (3 x 1 mL). 
To vessel were then introduced Fmoc-Glu-NH-PEG3-N3 (0.049 g, 0.122 mmol), HOBt (0.017 g, 
0.122 mmol), HBTU (0.046 g, 0.122 mmol), and DIPEA (63 µL, 0.366 mmol) in DMF (1 mL), 
and the reaction vessel was shaken for 4 h. Kaiser tests were performed to assess reaction 
completion. After 4 h, the amino acid solution was removed, and the beads were washed with 
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DMF (3 x 1 mL). Fmoc deprotection was carried out using 20% piperidine in DMF (1 mL) for 
30 min. The piperidine solution was removed, and the beads were washed with DMF (3 x 1 mL). 
To vessel were then introduced Fmoc-Glu-OtBu (0.052 g, 0.122 mmol), HOBt (0.017 g, 0.122 
mmol), HBTU (0.046 g, 0.122 mmol), and DIPEA (63 µL, 0.366 mmol) in DMF (1 mL), and the 
reaction vessel was shaken for 4 h. Kaiser tests were performed to assess reaction completion.  
After 4 h, the amino acid solution was removed, and the beads were washed with DMF (3 x 1 
mL). Fmoc deprotection was carried out using 20% piperidine in DMF (1 mL) for 30 min. The 
piperidine solution was removed, and the beads were washed with DMF (3 x 1 mL).   
To vessel were then introduced N10-(trifluoroacetyl)pteroic acid (0.050 g, 0.122 mmol), HOBt 
(0.017 g, 0.122 mmol), HBTU (0.046 g, 0.122 mmol), and DIPEA (63 µL, 0.366 mmol) in DMF 
(1 mL), and the reaction vessel was shaken for 10 h. Kaiser tests were performed to assess 
reaction completion. After 8 h, the amino acid solution was removed, and the beads were washed 
with DMF (3 x 1 mL).   
To the vessel was introduced a 95/2.5/2.5 solution of TFA/TIS/H2O (5 mL), and the vessel was 
shaken for 1 h. After 1 h, the resulting orange solution was collected, and the beads were washed 
with a TFA/TIS/H2O (95/2.5/2.5) solution. The solution was concentrated in vacuo to give an 
orange oil, which was triturated with Et2O (2 mL) to give a pale yellow solid. The yellow solid 
was dissolved in H2O (5 mL), and the Et2O layer was removed. The aqueous layer was 
lyophilized to give 8-5 (0.042 g, 84%) as a yellow solid; 1H NMR (500 MHz, DMSO-d6) δ 1.53 
(m, 2H), 1.64 (m, 2H), 1.77 (m, 1H), 1.92 (m, 2H), 2.15 (m, 3H), 2.31 (m, 2H), 3.14 (m, 2H), 
3.21 (m, 2H), 3.41 (t, J = 4.4 Hz, 4H), 3.56 (m, 8H), 3.62 (t, J = 4.7 Hz, 2H), 4.20 (m, 1H), 4.30 
(m, 1H), 4.38 (m, 1H), 7.53 (m, 1H), 7.68 (d, J = 8.2 Hz, 2H), 7.95 (d, J = 8.4 Hz, 2H), 8.06 (d, J 
= 8.3 Hz, 1H), 8.25 (d, J = 8.3 Hz, 1H), 8.69 (s, 1H), 8.76 (d, J = 7.5 Hz, 1H); 13C NMR (125 
MHz, DMSO-d6) δ 22.83, 25.62, 26.27, 26.90, 28.50, 28.67, 28.77, 32.12, 32.25, 34.84, 50.44, 
51.91, 52.37, 52.67, 54.30, 69.53, 69.71, 70.00, 70.13, 70.20, 70.23, 128.59, 128.96, 129.17, 
134.96, 142.05, 145.10, 149.72, 154.23, 154.23, 157.08, 161.01, 166.21, 171.85, 172.13, 173.77, 
173.81, 174.03, 174.29; 19F NMR (282 MHz, DMSO-d6) δ -66.58 (s, 3F); HRMS for 
C40H54F3N16O13

+ calcd: 1023.4003. Found: 1023.3997. (Δ = -0.6 ppm)  
 
Folate-(SS-Linker)-PEG-Taxoid [8-7]: 
A solution of 8-5 (0.035 g, 0.034 mmol) in pH 8 NH4OH (aq.) (1.5 mL) was allowed to react for 
1 h at room temperature with stirring. Reaction progress was monitored by mass spectrometry. 
The aqueous solution was lyophilized to give 8-6 (0.032 g, quant.) as a yellow solid. The product 
was taken directly to the subsequent step without further purification. To a solution of 8-7 (0.012 
g, 13.0 µmol) in H2O (1 mL) was added SB-T-1214-(SS-linker)-PEG-cyclooctyne (0.020 g, 13.0 
µmol) in EtOH (1 mL), and the mixture was stirred for 48 h at 25 °C with stirring. After 48 h, a 
yellow solid precipitated out of solution, and the solid was collected following several rounds of 
centrifugation, removal of the supernatant, and thorough washing with EtOH/H2O (1:1) (3 x 3 
mL) and Et2O (3 x 3 mL) to give 8-7 (19.4 mg, 60%) as a yellow solid; 1H NMR (500 MHz, 
DMSO-d6) δ 0.92 (m, 2H), 1.00 (m, 4H), 1.08 (s, 3H), 1.10 (s, 3H), 1.22 (d, J = 6.8 Hz, 3H), 
1.27 (s, 2H), 1.42 (s, 9H), 1.55 (s, 3H), 1.61 (m, 1H), 1.62 (s, 6H), 1.69 (m, 2H), 1.74 (s, 3H), 
1.83 (s, 3H), 1.87 (m, 1H), 2.02 (m, 2H), 2.11 (m, 3H), 2.18 (t, J = 7.4 Hz, 2H), 2.24 (m, 2H), 
2.37 (s, 3H), 2.69 (m, 1H), 2.93 (m, 1H), 3.08 (m, 4H), 3.20 (m, 4H), 3.47 (m, 12H), 3.54 (m, 
12H), 3.71 (d, J = 6.8 Hz, 2H), 3.78 (m, 2H), 4.00 (s, 2H), 4.14 (m, 2H), 4.15 (m, 1H), 4.26 (m, 
1H), 4.40 (m, 1H), 4.51 (s, 2H), 4.75 (m, 1H), 4.85 (d, J = 7.8 Hz, 1H), 4.96 (s, 2H), 5.00 (m, 
1H), 5.19 (m, 1H), 5.21 (d, J = 7.0, 1H), 6.03 (m, 1H), 6.35 (s, 1H), 6.67 (d, J = 7.0 Hz, 2H), 
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6.97 (m, 2H), 7.34 (m, 6H), 7.40 (t, J = 7.8 Hz, 2H), 7.57 (t, J = 7.6, 2H), 7.62 (d, J = 7.6 Hz, 
2H), 7.72 (m, 5H), 7.77 (t, J = 7.3 Hz, 2H), 7.84 (m, 1H), 7.91 (m, 1H), 8.04 (d, J = 7.8 Hz, 2H), 
8.06 (m, 1H), 8.37 (m, 1H), 8.67 (s, 1H); 13C NMR (125 MHz, DMSO-d6) δ 8.76, 8.84, 10.24, 
13.15, 14.21, 14.24, 18.36, 20.37, 20.48, 21.51, 21.91, 22.99, 24.80, 25.96, 26.08, 26.81, 28.65, 
29.80, 29.88, 31.28, 31.64, 32.06, 32.39, 32.94, 33.06, 35.23, 35.89, 36.26, 36.31, 36.40, 37.05, 
37.09, 38.27, 38.30, 38.94, 43.49, 45.97, 46.11, 46.40, 46.69, 47.42, 47.69, 49.74, 52.45, 53.03, 
53.49, 57.95, 68.52, 68.76, 69.52, 69.82, 70.03, 70.14, 70.25, 70.88, 71.02, 74.99, 75.78, 77.21, 
78.59, 80.87, 84.06, 111.67, 111.75, 120.72, 121.90, 122.44, 127.39, 127.47, 127.90, 128.40, 
128.84, 129.12, 129.36, 129.45, 129.54, 129.99, 130.40, 131.65, 132.63, 132.94, 132.96, 133.30, 
133.33, 133.80, 133.89, 134.57, 136.45, 137.31, 137.36, 139.99, 144.87, 145.55, 148.96, 149.05, 
151.02, 151.20, 155.40, 157.58, 165.60, 166.58, 169.27, 170.07, 170.67, 171.64, 172.16, 172.65, 
203.03; HRMS (TOF) for C122H167N19O33S2

2+ calcd: 1245.0702. Found: 1245.0673 (Δ = -2.3 
ppm). 
 
N-Fmoc-L-Asp(Ot-Bu)-NH-PEG-N3 [8-8]: 
To a solution of Fmoc-L-aspartic acid(Ot-Bu)-OH (1.028 g, 2.520 mmol) and EDC.HCl (0.671 g, 
3.500 mmol) in CH2Cl2 (25 mL) was added 4-5 (0.934 g, 4.284 mmol) in CH2Cl2 (2 mL), and 
the mixture was allowed to react for 8 h at room temperature with stirring. The reaction was 
diluted with H2O (20 mL), and the mixture was extracted with CH2Cl2 (3 x 15 mL). The 
combined organic layers were dried over MgSO4 and concentrated in vacuo to give a yellow oil. 
Purification of the crude product by column chromatography on silica gel with hexanes/ethyl 
acetate (1:6) as eluent gave 8-8 (1.355 g, 82%) as a waxy, colorless solid; Rf = 0.8 (hexanes/ethyl 
acetate: 5/95); 1H NMR (500 MHz, CDCl3) δ 1.45 (s, 9H), 2.62 (dd, J = 6.3 Hz, 16.7 Hz, 1H), 
2.87 (dd, J = 4.6, 16.7 Hz, 1H), 3.36 (t, J = 5.0 Hz, 2H), 3.46 (m, 2H), 3.54 (t, J = 5.0 Hz, 2H), 
3.63 (m, 10H), 4.22 (t, J = 7.0 Hz, 1H), 4.41 (m, 2H), 4.52 (m, 1H), 5.97 (d, J = 8.5 Hz, 1H), 
6.86 (bt, 1H), 7.31 (t, J = 7.4 Hz, 2H), 7.40 (t, J = 7.5 Hz, 2H), 7.59 (d, J = 7.4 Hz, 2H), 7.76 (d, 
J = 7.4 Hz, 2H); 13C NMR (125 MHz, CDCl3) δ 28.07, 37.73, 39.53, 47.16, 50.66, 51.30, 67.18, 
69.63, 70.01, 70.37, 70.58, 70.61, 70.69, 81.75, 120.06, 125.08, 127.13, 127.81, 141.33, 143.74, 
156.03, 170.44, 170.97; HRMS for C31H42N5O8

+ calcd: 612.3028. Found: 612.3025 (Δ = -0.5 
ppm). 
 
N-Fmoc-L-Asp-NH-PEG-N3 [8-9]: 
To a cooled solution of 8-8 (0.616 g, 1.008 mmol) in CH2Cl2 (17 mL) was added trifluoroacetic 
acid (4 mL), and the mixture was allowed to react for 5 h at 0 °C with stirring. The reaction was 
diluted with CH2Cl2 (10 mL), and the mixture was washed with H2O (3 x 20 mL). The organic 
layer was dried over MgSO4 and concentrated in vacuo to give 8-9 (0.509 g, 91%) as a waxy, 
colorless solid; 1H NMR (500 MHz, CDCl3) δ 2.64 (dd, J = 9.0, 16.0 Hz, 1H), 3.06 (dd, J = 4.0, 
16.0 Hz, 1H), 3.35 (m, 1H), 3.41 (t, J = 5.0 Hz, 2H), 3.49 (m, 1H), 3.55 (m, 1H), 3.60-3.72 (m, 
12 H), 4.24 (t, J = 6.5 Hz, 1H), 4.43 (d, J = 7.0 Hz, 2H), 4.63 (m, 1H), 6.07 (d, J = 8.0 Hz, 1H), 
6.89 (m, 1H), 7.34 (t, J = 7.5 Hz, 2H), 7.43 (t, J = 7.5 Hz, 2H), 7.63 (d, J = 7.0 Hz, 2H), 7.79 (d, 
J = 7.5 Hz, 2H); 13C NMR (125 MHz, CDCl3) δ 37.97, 39.47, 47.13, 50.60, 51.29, 53.46, 67.15, 
69.43, 69.88, 70.04, 70.33, 70.39, 70.96, 120.03, 125.09, 125.12, 127.12, 127.77, 141.31, 143.72, 
155.70, 170.40, 172.53; HRMS for C27H34N5O8

+ calcd: 556.2402. Found: 556.2398 (Δ = -0.7 
ppm). 
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N10-TFA-Folate-Asp(Cys)-NH-PEG3-N3 [8-10]: 
In a peptide synthesis vessel, Fmoc-Cys(Trt) Wang resin (0.200 g, 0.126 mmol) was loaded and 
allowed to swell in DMF (3 mL), and the beads were shaken for 30 min and subsequently 
washed with DMF (3 x 3 mL). To the vessel was added 20% piperidine in DMF (3 mL), and the 
vessel was then shaken for 30 min. After 30 min, the piperidine solution was removed, and the 
beads were washed with DMF (3 x 3 mL). 
To vessel were then introduced 8-9 (0.175 g, 0.315 mmol), HOBt (0.042 g, 0.315 mmol), HBTU 
(0.119 g, 0.315 mmol), and DIPEA (220 µL, 1.26 mmol) in DMF (3 mL), and the reaction vessel 
was shaken for 4 h. Kaiser tests were performed to assess reaction completion. After 4 h, the 
amino acid solution was removed, and the beads were washed with DMF (3 x 3 mL). Fmoc 
deprotection was carried out using 20% piperidine in DMF (3 mL) for 30 min. The piperidine 
solution was removed, and the beads were again washed with DMF (3 x 3 mL). 
To the vessel were introduced Fmoc-Glu-OtBu (0.134 mmol, 0.315 mmol), HOBt (0.042 g, 
0.315 mmol), HBTU (0.119 g, 0.315 mmol), and DIPEA (220 µL, 1.26 mmol) in DMF (3 mL), 
and the reaction vessel was shaken for 3 h. Kaiser tests were performed to assess reaction 
completion. After 3 h, the amino acid solution was removed, and the beads were washed with 
DMF (3 x 3 mL). Fmoc deprotection was carried out using 20% piperidine in DMF (3 mL) for 
30 min. The piperidine solution was removed, and the beads were washed with DMF (3 x 3 mL).   
To the vessel were introduced N10-(trifluoroacetyl)pteroic acid (0.128 mg, 0.315 mmol), HOBt 
(0.042 g, 0.315 mmol), HBTU (0.119 g, 0.315 mmol), and DIPEA (220 µL, 1.26 mmol) in DMF 
(3 mL), and the reaction vessel was shaken for 8 h. Kaiser tests were performed to assess 
reaction completion.  After 8 h, the amino acid solution was removed, and the beads were 
washed with DMF (3 x 3 mL).   
To the vessel was introduced a 95/2.5/2.5 solution of TFA/TIS/H2O (10 mL), and the vessel was 
shaken for 1 h. After 1 h, the resulting orange solution was collected, and the beads were washed 
with a TFA:TIS:H2O (95:2.5:2.5) solution. The solution was concentrated in vacuo to give an 
orange oil, which was triturated with Et2O (2 mL) to give a pale yellow solid. The yellow solid 
was dissolved in H2O (5 mL), and the Et2O layer was removed. The aqueous layer was 
lyophilized to give 8-10 (0.094 g, 78%) as a yellow solid; 1H NMR (500 MHz, DMSO-d6) δ 1.96 
(m, 1H), 2.11 (m, 1H), 2.29 (m, 2H), 2.84 (m, 1H), 3.21 (m, 2H), 3.41-3.57 (m, 14H), 3.62 (t, J = 
4.9 Hz, 2H), 4.37 (m, 1H), 4.44 (m, 1H), 4.57 (m, 1H), 5.17 (s, 2H), 6.71 (d, J = 8.3 Hz, 1H), 
7.11 (d, J = 8.3 Hz, 1H), 7.67 (d, J = 8.0 Hz, 2H), 7.95 (d, J = 8.0 Hz, 2H), 8.06 (d, J = 8.3 Hz, 
1H), 8.19 (d, J = 8.3 Hz, 1H), 8.69 (s, 1H), 8.83 (d, J = 7.5 Hz, 1H); 13C NMR (125 MHz, 
DMSO-d6) δ 15.65, 26.11, 26.82, 31.24, 32.38, 36.26, 50.43, 52.86, 54.28, 54.79, 65.40, 69.25, 
69.71, 70.04, 70.13, 70.21, 70.25, 115.57, 117.45, 128.60, 128.92, 129.16, 129.51, 130.45, 
134.94, 142.02, 145.07, 149.73, 154.23, 155.95, 156.23, 156.72, 161.03, 162.78, 166.02, 171.98, 
172.02, 173.77; 19F NMR (376 MHz, DMSO-d6) δ -66.06; HRMS for C36H44F3N13O13S calcd: 
956.2927. Found: 956.2924 (Δ = -0.3 ppm). 
 
Folate-Asp(Cys)-NH-PEG3-N3 [8-11]: 
A solution of 8-10 (0.083 g, 0.087 mmol) in pH 8 NH4OH (aq.) (2 mL) was allowed to react for 
1 h at room temperature with stirring. Reaction progress was monitored by mass spectrometry. 
The aqueous solution was lyophilized to give 8-11 (0.075 g, quant.) as a yellow solid; 1H NMR 
(500 MHz, DMSO-d6) δ 1.20 (m, 1H), 1.42 (m, 1H), 1.91 (m, 2H), 2.22 (m, 2H), 2.37 (d, J = 7.2 
Hz, 1H), 3.48 (m, 24 H), 4.19 (s, 1H), 4.25 (s, 1H), 4.48 (s, 1H), 6.64 (d, J = 7.6 Hz, 2H), 6.94 
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(bs, 1H), 7.63 (d, J = 7.6 Hz, 2H), 8.64 (s, 1H); HRMS for C34H46N13O12S+ calcd: 860.3104. 
Found: 860.3100 (Δ = -0.5 ppm). 
 
N-Fmoc-L-glutamic acid(PEG-N3)-α-tert-butyl ester [8-12]: 
To a solution of N-Fmoc-L-glutamic acid tert-butyl ester (0.200 g, 0.471 mmol) and EDC.HCl 
(0.108 g, 0.565 mmol) in CH2Cl2 (10 mL) was added 4-5 (0.154 g, 0.706 mmol), and the mixture 
was allowed to react for 13 h at room temperature with stirring. The reaction was diluted with 
CH2Cl2 (3 x 10 mL), and the mixture was washed with H2O (3 x 20 mL). The combined organic 
layers were dried over MgSO4 and concentrated in vacuo to give a yellow oil. Purification of the 
crude product by column chromatography on silica with hexanes/ethyl acetate (1:19) as eluent 
gave 8-12 (0.221 g, 75%) as a colorless oil; Rf = 0.85 (100% ethyl acetate); 1H NMR (500 MHz, 
CDCl3) δ 1.50 (s, 9H), 1.99 (m, 1H), 2.25 (m, 3H), 3.37 (t, J = 5.1 Hz, 2H), 3.46 (m, 2H), 3.56 (t, 
J = 4.8 Hz, 2H), 3.64 (m, 10H), 4.24 (m, 2H), 4.40 (m, 2H), 5.70 (d, J = 7.5 Hz, 1H), 6.35 (bs, 
1H), 7.33 (t, J = 7.0 Hz, 2H), 7.42 (t, J = 7.5 Hz, 2H), 7.62 (d, J = 7.8 Hz, 2H), 7.77 (d, J = 7.5 
Hz, 2H); 13C NMR (125 MHz, CDCl3) δ 28.02, 28.73, 32.51, 39.33, 47.20, 50.66, 54.13, 61.78, 
69.96, 69.80, 70.00, 70.25, 70.52, 70.61, 70.65, 72.50, 82.40, 119.99, 125.18, 127.10, 127.73, 
141.32, 143.75, 143.97, 156.27, 171.19, 172.05; HRMS (TOF) for C32H44N5O8

+ calcd: 626.3184. 
Found: 626.3189 (Δ = 0.8 ppm). 
 
L-Glutamic acid(PEG3-N3)-α-tert-butyl ester [8-13]: 
To a solution of 8-12 (0.100 g, 0.159 mmol) in CH2Cl2 (3 mL) was added piperidine (0.4 mL, 
4.056 mmol), and the mixture was allowed to react for 1 h at room temperature with stirring. The 
reaction was diluted with CH2Cl2 (10 mL), and the mixture was washed with H2O (3 x 20 mL). 
The combined organic layers were dried over MgSO4 and concentrated in vacuo to give a yellow 
oil. The oil was triturated with hexanes to remove the dibenzofulvene-piperidine adduct and give 
8-13 (0.051 g, 80%) as a colorless oil; Rf = 0.15 (100% ethyl acetate); 1H NMR (500 MHz, 
CDCl3) δ 1.49 (s, 9H), 1.80 (m, 1H), 2.14 (m, 1H), 2.37 (m, 2H), 3.14 (t, J = 6.0 Hz, 1H), 3.35 
(m, 1H), 3.43 (t, J = 6.0 Hz, 2H), 3.58 (t, J = 6.0 Hz, 2H), 3.70 (m, 12H); 6.65 (bs, 1H); 13C 
NMR (125 MHz, CDCl3) δ 28.06, 30.39, 32.90, 39.20, 50.69, 54.35, 69.92, 70.04, 70.24, 70.57, 
70.66, 70.70, 81.28, 172.58, 175.07; HRMS (TOF) for C17H34N5O6

+ calcd: 404.2504. Found: 
404.2509. (Δ = 1.2 ppm).  
 
N10-(Trifluoroacetyl)folate-γ-(PEG-N3)-α-tert-butyl ester [8-15]: 
To a solution of N10-(trifluoroacetyl)pteroic acid (25 mg, 61.3 µmol) and HOSu (10.6 mg, 91.9 
µmol) in DMF (1.5 mL) was added DIC (12 µL, 73.6 µmol), and the mixture was allowed to 
react for 24 h at room temperature with stirring. Reaction progress was monitored by mass 
spectrometry. The reaction was diluted with H2O (3 mL), and the mixture was lyophilized to 
afford a yellow solid, which was the washed with Et2O (3 x 5 mL), ethyl acetate (3 x 5 mL), and 
CH2Cl2 (3 x 5 mL) to give 8-14 (20 mg, 65%) as a yellow solid. HRMS for C20H15F3N7O6

+ 
calcd: 506.1030. Found: 506.1031 (Δ = 0.2 ppm). The product was taken directly to the next step 
without additional purification. A solution of 8-14 (20 mg, 39.6 µmol) and 8-13 (47 mg, 0.116 
mmol) in DMF (1.5 mL) was allowed to react for 12 h at room temperature with stirring. 
Reaction progress was monitored by mass spectrometry. The reaction mixture was diluted with 
H2O (5 mL) and lyophilized to afford a yellow solid, which was then washed with Et2O (3 x 5 
mL), ethyl acetate (3 x 5 mL), and CH2Cl2 (3 x 5 mL) to give 8-15 (18.6 mg, 59%) as a yellow 
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solid; MS (ESI) m/z for C33H43F3N11O9
+ calcd: 794.3. Found: 794.3. The product was taken 

directly to the subsequent step without further purification. 
 
Folate-γ-(PEG-N3)-α-tert-butyl ester [8-16]:34 
A solution of 8-15 (18 mg, 22.7 µmol) in pH 8 NH4OH (aq.) (1 mL) was allowed to react for 2 h 
at room temperature with stirring. Reaction progress was monitored by mass spectrometry. The 
aqueous solution was lyophilized to give 8-16 (15.8 mg, quant.) as a yellow solid; HRMS (TOF) 
for C31H44N11O8

+ calcd: 698.3369. Found: 698.3412 (Δ = 6.2 ppm). The product was taken 
directly to the subsequent step without further purification. All data are in agreement with 
literature values.34 
 
Folate-γ-(PEG-N3)-OH [8-17]:34 
(JGV-04-076) 
A solution of 8-16 (15 mg, 21.5 µmol) in a 95/2.5/2.5 solution of TFA/TIS/H2O (2 mL), and the 
reaction mixture was allowed to react for 1 h at room temperature with stirring. Reaction 
progress was monitored by mass spectrometry. The reaction mixture was diluted with H2O (5 
mL) and lyophilized to afford a yellow solid, which was then washed with Et2O (3 x 5 mL), ethyl 
acetate (3 x 5 mL), and CH2Cl2 (3 x 5 mL) to give 8-17 (12 mg, 85%) as a yellow solid; HRMS 
(TOF) for C27H36N11O8

+ calcd: 642.2743. Found: 642.2749 (Δ = 0.9 ppm). All data are in 
agreement with literature values.34 
 
Dual-targeting Biotin-Folate Taxoid Conjugate [8-18]: 
To a solution of 5-8 (32 mg, 20.3 µmol), 8-17 (13 mg, 18.7 µmol), and ascorbic acid (3.5 mg, 
20.6 µmol) in DMSO (0.8 mL) was added CuSO4

.5H2O (5 mg, 20.6 µmol) in H2O (1:1) (0.2 mL), 
and the mixture was stirred for 8 h at room temperature with stirring. The reaction was diluted 
with H2O (5 mL), and the mixture was lyophilized to afford a brown solid, which was then 
washed with Et2O (3 x 5 mL), THF (3 x 5 mL), and H2O (3 x 5 mL) to give a yellow solid. The 
solid was suspended in H2O (5 mL) and lyophilized to give 8-18 (26 mg, 58%) as a yellow solid; 
1H NMR (400 MHz, DMSO-d6) δ 0.88 (m, 3H), 0.97 (m, 3H), 1.04 (s, 3H), 1.06 (s, 3H), 1.19 (d, 
J = 6.8 Hz, 3H), 1.30 (m, 3H), 1.39 (s, 9H), 1.47 (m, 4H), 1.51 (s, 3H), 1.59 (s, 3H), 1.63 (m, 
2H), 1.71 (s, 3H), 1.80 (s, 3H), 1.83 (m, 1H), 2.06 (m, 2H), 2.20 (m, 3H), 2.32 (s, 3H), 2.34 (m, 
1H), 2.58 (d, J = 12.7 Hz, 1H), 2.81 (dd, J = 5.0, 12.7 Hz, 1H), 3.11 (m, 1H), 3.18 (m, 4H), 3.49 
(m, 24H), 3.67 (m, 3H), 3.77 (m, 1H), 3.98 (m, 1H), 4.05 (s, 2H), 4.13 (m, 2H), 4.32 (m, 2H), 
4.46 (m, 2H), 4.71 (m, 2H), 4.81 (d, J = 7.9 Hz, 1H), 4.91 (s, 2H), 4.94 (m, 1H), 5.14 (m, 2H), 
5.48 (d, J = 7.0 Hz, 1H) 5.99 (m, 1H), 6.31 (s, 1H), 6.36 (m, 1H), 6.62 (m, 1H), 6.89 (m, 1H), 
7.31 (m, 3iH), 7.37 (t, J = 7.5 Hz, 1H) 7.54 (t, J = 7.5 Hz, 2H), 7.67 (t, J = 7.2 Hz, 2H), 7.74 (d, J 
= 7.2 Hz, 1H), 7.81 (m, 1H), 7.86 (m, 1H), 7.96 (s, 1H), 8.01 (d, J = 7.6 Hz, 2H), 8.66 (m, 1H), 
11.45 (bs, 1H); 13C NMR (175 MHz, DMSO-d6) δ 8.73, 8.82, 10.22, 13.14, 14.19, 14.22, 18.34, 
20.50, 20.53, 21.88, 22.97, 25.72, 25.94, 26.80, 28.50, 28.64, 31.23, 31.56, 32.47, 33.05, 35.41, 
35.56, 36.24, 37.00, 38.35, 38.87, 43.48, 46.03, 46.69, 49.73, 55.88, 57.97, 59.66, 61.50, 69.60, 
70.00, 70.06, 70.19, 70.90, 74.99, 75.77, 77.21, 78.59, 80.88, 84.05, 111.64, 120.70, 127.91, 
128.82, 129.10, 129.52, 129.98, 130.39, 131.61, 133.33, 133.86, 136.46, 137.34, 139.98, 155.39, 
162.76, 163.17, 165.59, 169.25, 170.06, 170.61, 172.65, 203.00; HRMS (TOF) for 
C111H151N22O30S3

+ calcd: 2368.0123. Found: 2367.9927 (Δ = -8.3 ppm).  
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Cell Culture.  
All cell lines were obtained from ATCC unless otherwise noted. Cells were cultured in 

RPMI-1640 cell culture medium (Gibco) in the absence of folic acid, supplemented with 10% 
(v/v) heat-inactivated fetal bovine serum (FBS) and 1% (v/v) penicillin and streptomycin 
(PenStrep) at 37 °C in a humidified atmosphere with 5% CO2. Murine leukemia cell line 
L1210FR (a gift from Dr. Gregory Russell-Jones, Access Pharmaceuticals Pty Ltd., Australia) 
was grown as a suspension in supplemented RPMI-1640. Human breast carcinoma, MX-1 and 
MCF-7, murine ovarian carcinoma, ID8, and normal lung fibroblast, WI-38, cell lines were 
cultured as monolayers on 100 mm tissue culture dishes in a supplemented RPMI-1640 cell 
culture medium. Cells were harvested, collected by centrifugation at 850 rpm for 5 min, and 
resuspended in fresh culture medium. Cell cultures were routinely divided by treatment with 
trypsin (TrypLE, Gibco) as needed every 2-4 days and collected by centrifugation at 850 rpm for 
5 min, and resuspended in fresh cell culture medium, containing varying cell densities for 
subsequent biological experiments and analysis. 
 
In Vitro Cytotoxicity Assays.  

The cytotoxicities (IC50, nM) of paclitaxel, SB-T-1214, folate-dipeptide-PEG-(SS-
linker)-SB-T-1214 (8-7), and dual-vitamin conjugate DV-1 (8-18) were evaluated against 
various cancer cell lines by means of the standard quantitative colorimetric MTT assay.33 The 
inhibitory activity of each compound is represented by the IC50 value, which is defined as the 
concentration required for inhibiting 50% of the cell growth. Cells were harvested, collected, and 
resuspended in 100 µL cell culture medium (RPMI-1640, folate-free) at a concentrations ranging 
from 0.5-1.5 x 104 cells per well in a 96-well plate. For adhesive cell types, cells were allowed to 
descend to the bottom of the wells overnight, and appropriate fresh medium was added to each 
well upon removal of the old medium. 

For the MTT assay of paclitaxel, SB-T-1214, 8-7, and 8-18, cells were resuspended in 
200 µL medium with 8,000 to 10,000 cells per well of a 96-well plate and incubated at 37 °C for 
24 h before drug treatment. In DMSO stock solutions, each drug or conjugate was diluted to a 
series of concentrations in cell culture medium to prepare test solutions. After removing the old 
medium, these test solutions were added to the wells in the 96-well plate to give the final 
concentrations ranging from 0.5 to 5,000 nM (100 µL), and the cells were subsequently cultured 
at 37 °C for 48 of 72 h. For the leukemia cell lines, cells were harvested, collected, and 
resuspended in the test solutions ranging from 0.5 to 5,000 nM (100 µL) at 0.5 to 0.8 x 104 cells 
per well in a 96-well plate and subsequently incubated at 37 °C for 48 or 72 h. 

In another experiment, cells were incubated with 8-7 at 37 °C for 24 h, and GSH (6 
equivalents) in cell culture medium (100 µL) was directly added to the wells.  These cells were 
incubated at 37 °C for an additional 48 h; i.e. the total incubation time was also 72 h.  

   In a separate set of experiments, cells were incubated with [10 µM] folic acid, [10 µM] 
biotin, or [10 µM] folic acid and [10 µM] biotin for 24 h.  Following removal of the vitamin-
fortified media and ample washing with PBS, the cells were incubated with 8-7 or 8-18 at 37 °C 
for an additional 48 h; i.e., the total incubation time was 72 h.  

For all experiments, after removing the test medium, fresh solution of MTT in PBS (40 
µL of 0.5 mg MTT/mL) was added to the wells, and the cells were incubated at 37 °C for 3 h. 
The MTT solution was then removed, and the resulting insoluble violet formazan crystals were 
dissolved in 0.1 N HCl in isopropanol with 10% Triton X-100 (40 µL) to give a violet solution. 
The spectrophotometric absorbance measurement of each well in the 96-well plate was run at 
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570 nm using a Labsystems Multiskan Ascent microplate reader. The IC50 values and their 
standard errors were calculated from the viability-concentration curve using Four Parameter 
Logistic Model of Sigmaplot. The concentration of DMSO per well was ≤1% in all cases. Each 
experiment was run in triplicate. 
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Jacob Vineberg

Jacob Vineberg

Jacob Vineberg

Jacob Vineberg
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5.115.11

0
01122334455667788991010ppm

Compound Name:  JGV-03-048
Processed by:       Jacob Vineberg
Pulse Sequence:     s2pul
Spectrometer Freq.: 300.07 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     15.00 ppm
Number of Scans:    16
Relaxation Delay:   1.000 s

O

O
OH

Jacob Vineberg
Compound 1-13

Jacob Vineberg
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21.3

2.182.18

2.162.16

55

0
01122334455667788991010ppm

Compound Name:   JGV-03-049
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 499.89 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     20.00 ppm
Number of Scans:    24
Relaxation Delay:   1.000 s

O

O
OTIPS

Jacob Vineberg
Compound 1-14



20.7
20.7

1.821.82

0
01122334455667788991010ppm

Compound Name:   JGV-03-051
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 399.83 MHz
Solvent:            CDCl3
Temperature:        298.14 K
Spectral Width:     20.57 ppm
Number of Scans:    15
Relaxation Delay:   1.000 s

O

HO
OTIPS

Jacob Vineberg
Compound 1-15
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21.1

4.074.07
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Compound Name:     JGV-03-052
Processed by:       Jacob Vineberg
Pulse Sequence:     s2pul
Spectrometer Freq.: 300.07 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     15.00 ppm
Number of Scans:    24
Relaxation Delay:   1.000 s

N
O

O
OTIPS

O

O

Jacob Vineberg
Compound 1-16
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21

3.253.25

1.051.05

0.9930.993

2.22.2

2.062.06

0.6470.647

0
01122334455667788991010ppm

Compound Name:      JGV-01-104
Processed by:       Jacob Vineberg
Pulse Sequence:     s2pul
Spectrometer Freq.: 599.72 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     13.34 ppm
Number of Scans:    25
Relaxation Delay:   1.000 s

N

TIPSO

O

O

H

O

Jacob Vineberg
β-Lactam (+)1-17

Jacob Vineberg


Jacob Vineberg


Jacob Vineberg


Jacob Vineberg
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2.992.99

0.9570.957

11

0.9560.956

22

22

0
01122334455667788991010ppm

Compound Name:      JGV-01-102
Processed by:       Jacob Vineberg
Pulse Sequence:     s2pul
Spectrometer Freq.: 300.07 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     15.00 ppm
Number of Scans:    25
Relaxation Delay:   1.000 s

N

TIPSO

O

O

F

F

Jacob Vineberg
β-Lactam (+)1-18

Jacob Vineberg


Jacob Vineberg


Jacob Vineberg
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11

1.191.19

11

1.091.09

0
01122334455667788991010ppm

Compound Name:      JGV-01-108
Processed by:       Jacob Vineberg
Pulse Sequence:     s2pul
Spectrometer Freq.: 599.72 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     13.34 ppm
Number of Scans:    25
Relaxation Delay:   1.000 s

N

TIPSO

O H

F

F

Jacob Vineberg
β-Lactam (+)1-19

Jacob Vineberg


Jacob Vineberg




22.3
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9.329.32

0.8640.864

11

0.9030.903

0
01122334455667788991010ppm

Compound Name:      JGV-01-110
Processed by:       Jacob Vineberg
Pulse Sequence:     s2pul
Spectrometer Freq.: 599.72 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     13.34 ppm
Number of Scans:    25
Relaxation Delay:   1.000 s

N

TIPSO

O

F

F
O

O

Jacob Vineberg
β-Lactam (+)1-20
Difluorovinyl β-lactam
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Appendix Chapter 2 
 
1H NMR spectrum of baccatin 2-1 A23 
1H NMR spectrum of baccatin 2-2 A24 
1H NMR spectrum of TIPS/TES SB-T-1214 2-3 A25 
1H and 13C NMR spectra of SB-T-1214 2-4 A26-A27 
1H NMR spectrum of baccatin 2-5 A28 
1H NMR spectrum of TIPS/TES SB-T-1216 2-6 A29 
1H NMR spectrum of SB-T-1216 2-7 A30 
1H NMR spectrum of TIPS/TES SB-T-12854 2-8 A31 
1H NMR spectrum of SB-T-12854 2-9 A32 
1H NMR spectrum of baccatin 2-10 A33 
1H NMR spectrum of baccatin 2-11 A34 
1H NMR spectrum of baccatin 2-12 A35 
1H NMR spectrum of baccatin 2-13 A36 
1H NMR spectrum of baccatin 2-14 A37 
1H NMR spectrum of baccatin 2-15 A38 
1H NMR spectrum of TIPS/TES SB-T-121602 2-16 A39 
1H NMR spectrum of SB-T-121602 2-17 A40 
1H, 13C, and 19F NMR spectra of baccatin 2-18 A41-A43 
1H, 13C, and 19F NMR spectra of baccatin 2-19 A44-A46 
1H, 13C, and 19F NMR spectra of baccatin 2-20 A47-A49 
1H, 13C, and 19F NMR spectra of baccatin 2-21 A50-A52 
1H, 13C, and 19F NMR spectra of baccatin 2-21 A50-A52 
1H and 13C NMR spectra of TIPS/TES SB-T-121406 2-22 A53-A54 
1H, 13C, and 19F NMR spectra of TIPS/TES SB-T-12852-6 2-23 A55-A57 
1H, 13C, and 19F NMR spectra of TIPS/TES SB-T-12822-6 2-24 A58-A60 
1H, 13C, and 19F NMR spectra of SB-T-121406 2-25 A61-A63 
1H, 13C, and 19F NMR spectra of SB-T-12852-6 2-26 A64-A66 
1H and 13C spectra of SB-T-12822-6 2-27 A67-A68 
1H and 19F NMR spectra of baccatin 2-28 A69-A70 
1H and 13C NMR spectra of SB-T-121606 2-30 A71-A72 
1H and 13C NMR spectra of baccatin 2-31 A73-A74 
1H, 13C, and 19F NMR spectra of baccatin 2-32 A75-A77 
1H, 13C, and 19F NMR spectra of baccatin 2-33 A78-A80 
1H, 13C, and 19F NMR spectra of baccatin 2-34 A81-A83 
1H, 13C, and 19F NMR spectra of TIPS/TES SB-T-12822-5 2-35 A84-A86 
1H, 13C, and 19F NMR spectra of SB-T-12822-5 2-36 A87-A89 
1H NMR spectrum of 2’-TBDMS-paclitaxel 2-37 A90 
1H and 13C spectra of 2’TBDMS-paclitaxel-7-fluorescein 2-38 A91-A92 
1H and 13C spectra of paclitaxel-7-fluorescein 2-38 A93-A94 
 

 



6.1
6.1

9.359.35

5.985.98

2.892.89

1.181.18

2.962.96

1.191.19

4.914.91

1.031.03

0.9640.964

1.011.01

1.991.99

1.011.01

0.980.98

1.021.02

0.9660.966

0.9820.982

22

1.021.02

2.012.01

0
01122334455667788991010ppm

Compound Name:      JGV-01-031
Processed by:       Jacob Vineberg
Pulse Sequence:     s2pul
Spectrometer Freq.: 300.07 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     15.00 ppm
Number of Scans:    16
Relaxation Delay:   1.000 s

HO

O

O
HO

HO

OTES

O H
O

O

O

Jacob Vineberg
Compound 2-1

Jacob Vineberg



6.21
6.21

12.212.2

3.573.57

4.174.17

1.241.24

3.083.08

1.171.17

1.061.06

11

3.13.1

5.165.16

1.071.07

1.041.04

1.031.03

1.061.06

1.031.03

1.041.04

1.081.08

1.051.05

1.051.05

2.162.16

1.11.1

2.152.15

0
01122334455667788991010ppm

Compound Name:      JGV-01-039
Processed by:       Jacob Vineberg
Pulse Sequence:     s2pul
Spectrometer Freq.: 300.07 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     15.00 ppm
Number of Scans:    16
Relaxation Delay:   1.000 s

HO

O

O
HO

O

OTES

O H
O

O

O

O

Jacob Vineberg

Jacob Vineberg
Compound 2-2

Jacob Vineberg

Jacob Vineberg



5.54
5.54

2.242.24

12.612.6

2222

5.725.72

7.887.88

2.462.46

5.955.95

1.091.09

33

4.124.12

0.9540.954

0.8770.877

0.8860.886

0.9040.904

1.131.13

0.830.83

1.711.71

0.9690.969

0.9130.913

0.8820.882

0.870.87

0.8890.889

1.841.84

0.9570.957

1.881.88

0
01122334455667788991010ppm

Compound Name:      JGV-01-050a
Processed by:       Jacob Vineberg
Pulse Sequence:     s2pul
Spectrometer Freq.: 300.07 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     15.00 ppm
Number of Scans:    16
Relaxation Delay:   1.000 s
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OTIPS
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5.375.37

4.934.93

9.019.01
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77

4.044.04

4.884.88

1.051.05

0.8690.869

0.9220.922

0.9510.951

1.011.01

0.9640.964

0.970.97
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1.011.01

0.9480.948

0.9680.968

0.9880.988

0.9630.963
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0
01122334455667788991010ppm

Compound Name:       JGV-01-053
Processed by:       Jacob Vineberg
Pulse Sequence:     s2pul
Spectrometer Freq.: 300.07 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     15.00 ppm
Number of Scans:    50
Relaxation Delay:   1.000 s
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O
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O

O

Jacob Vineberg
Taxoid 2-4 (SB-T-1214)

Jacob Vineberg

Jacob Vineberg
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Compound Name:      JGV-01-053-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     s2pul
Spectrometer Freq.: 100.55 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     248.64 ppm
Number of Scans:    50000
Relaxation Delay:   1.000 s
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6.43
6.43

99

3.383.38

3.373.37

3.543.54

1.261.26

3.763.76

5.275.27

1.241.24

3.153.15

3.223.22

1.131.13

1.161.16

1.221.22

1.151.15

1.211.21

1.081.08

1.171.17

1.151.15

2.242.24

1.091.09

2.12.1

0
01122334455667788991010ppm

Compound Name:      JGV-01-114
Processed by:       Jacob Vineberg
Pulse Sequence:     s2pul
Spectrometer Freq.: 599.72 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     13.34 ppm
Number of Scans:    25
Relaxation Delay:   1.000 s
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OTES

O H
O
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Jacob Vineberg

Jacob Vineberg
Compound 2-5

Jacob Vineberg

Jacob Vineberg



5.8
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11.311.3

2121

6.056.05

8.768.76

3.533.53

6.576.57

2.222.22

3.173.17

2.882.88

2.632.63

0.9250.925

0.9370.937

0.9230.923

0.970.97

0.9030.903

2.132.13

1.131.13

0.9120.912

0.8920.892

0.8710.871

0.9060.906

1.921.92

11

22

1
122334455667788991010ppm

Compound Name:      JGV-02-006
Processed by:       Jacob Vineberg
Pulse Sequence:     s2pul
Spectrometer Freq.: 300.07 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     15.00 ppm
Number of Scans:    100
Relaxation Delay:   1.000 s
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Compound 2-6
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4.884.88

9.559.55

2.942.94

8.268.26

4.824.82

5.275.27

1.21.2

2.972.97

2.972.97

0.8890.889

1.261.26

1.011.01

2.052.05

1.031.03

1.061.06

1.021.02

1.041.04

1.011.01

0.9320.932

0.9120.912

0.990.99

0.940.94

2.052.05

11
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Compound Name:      JGV-02-008
Processed by:       Jacob Vineberg
Pulse Sequence:     s2pul
Spectrometer Freq.: 499.90 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     16.00 ppm
Number of Scans:    200
Relaxation Delay:   1.000 s
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1.151.15

3.223.22
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1.091.09

1.11.1

1.091.09

1.891.89
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0.9430.943

1.961.96

1.091.09

1.071.07

1.081.08

2.072.07
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Compound Name:      JGV-01-116
Processed by:       Jacob Vineberg
Pulse Sequence:     s2pul
Spectrometer Freq.: 599.72 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     13.34 ppm
Number of Scans:    35
Relaxation Delay:   1.000 s
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Compound Name:      JGV-01-118
Processed by:       Jacob Vineberg
Pulse Sequence:     s2pul
Spectrometer Freq.: 599.72 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     13.34 ppm
Number of Scans:    35
Relaxation Delay:   1.000 s
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1.11.1

2.022.02
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1.061.06

1.841.84
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Compound Name:      JGV-01-057c
Processed by:       Jacob Vineberg
Pulse Sequence:     s2pul
Spectrometer Freq.: 399.83 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     15.01 ppm
Number of Scans:    20
Relaxation Delay:   1.000 s
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Compound 2-10
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0.9690.969
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2.092.09

11
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Compound Name:       JGV-01-061a
Processed by:       Jacob Vineberg
Pulse Sequence:     s2pul
Spectrometer Freq.: 300.07 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     15.00 ppm
Number of Scans:    16
Relaxation Delay:   1.000 s
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HO H
O

O

Jacob Vineberg
Compound 2-11
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2.652.65

33

11
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0.9160.916

0.9240.924
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2.052.05

0
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Compound Name:      JGV-01-063
Processed by:       Jacob Vineberg
Pulse Sequence:     s2pul
Spectrometer Freq.: 599.72 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     13.34 ppm
Number of Scans:    25
Relaxation Delay:   1.000 s
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2.212.21

1.261.26

1.171.17
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1.121.12

1.141.14

1.141.14

1.111.11

1.091.09
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0
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Compound Name:   JGV-01-073
Processed by:       Jacob Vineberg
Pulse Sequence:     s2pul
Spectrometer Freq.: 599.72 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     13.34 ppm
Number of Scans:    30
Relaxation Delay:   1.000 s
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8.168.16

6.686.68

7.367.36

1.541.54

4.184.18

3.353.35

5.45.4

3.033.03

1.131.13

0.9940.994

1.581.58

1.011.01

1.081.08

1.111.11

1.161.16

1.031.03

1.11.1

1.071.07

11
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1.041.04

0.8160.816

0
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Compound Name:     JGV-01-075
Processed by:       Jacob Vineberg
Pulse Sequence:     s2pul
Spectrometer Freq.: 599.72 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     13.34 ppm
Number of Scans:    25
Relaxation Delay:   1.000 s
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8.188.18

3.073.07

2.982.98

0.7910.791

3.133.13

1.131.13

1.021.02

8.488.48

3.143.14

1.211.21

2.962.96

3.013.01

11

1.281.28

1.071.07

1.061.06

1.031.03

1.091.09

11

1.071.07
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1.031.03

0.960.96

0.9530.953

0.8680.868

0
01122334455667788991010ppm

Compound Name:      JGV-01-096
Processed by:       Jacob Vineberg
Pulse Sequence:     s2pul
Spectrometer Freq.: 599.72 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     13.34 ppm
Number of Scans:    25
Relaxation Delay:   1.000 s
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8.818.81

3.93.9
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4.244.24

3.13.1
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2.742.74

2.772.77

1.011.01

1.031.03

1.051.05

2.062.06

1.941.94

0.9770.977

0.970.97

1.021.02

0.9730.973

1.031.03

0.9680.968

0.890.89

0.9460.946

0.8780.878

0
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Compound Name:      JGV-01-098
Processed by:       Jacob Vineberg
Pulse Sequence:     s2pul
Spectrometer Freq.: 599.72 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     13.34 ppm
Number of Scans:    30
Relaxation Delay:   1.000 s
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3.683.68

9.489.48

4.14.1

8.638.63

4.364.36

8.438.43

1.151.15

6.066.06

1.031.03

1.081.08

1.041.04

2.142.14

1.071.07

1.091.09

2.152.15

1.071.07

1.031.03

11

2.072.07
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0
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Compound Name:     JGV-01-100
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 300.18 MHz
Solvent:            CDCl3
Temperature:        293.57 K
Spectral Width:     20.33 ppm
Number of Scans:    31
Relaxation Delay:   1.000 s
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Compound Name:   JGV-04-055
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 700.13 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     20.14 ppm
Number of Scans:    30
Relaxation Delay:   1.000 s
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Compound Name:   JGV-04-055-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 176.07 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     236.65 ppm
Number of Scans:    1516
Relaxation Delay:   2.000 s
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Processed by:       Jacob Vineberg
Pulse Sequence:     zgflqn
Spectrometer Freq.: 376.18 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     237.35 ppm
Number of Scans:    23
Relaxation Delay:   1.000 s
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Compound Name:    JGV-04-056
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 499.89 MHz
Solvent:            MeOD
Temperature:        298.17 K
Spectral Width:     20.00 ppm
Number of Scans:    57
Relaxation Delay:   1.000 s
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Compound Name:   JGV-04-056-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            MeOD
Temperature:        298.15 K
Spectral Width:     236.75 ppm
Number of Scans:    16447
Relaxation Delay:   2.000 s
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Processed by:       Jacob Vineberg
Pulse Sequence:     zgflqn
Spectrometer Freq.: 376.18 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     237.35 ppm
Number of Scans:    19
Relaxation Delay:   1.000 s
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Compound Name:     JGV-04-057-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     236.75 ppm
Number of Scans:    15955
Relaxation Delay:   2.000 s
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Compound Name:     JGV-04-057-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     236.75 ppm
Number of Scans:    15955
Relaxation Delay:   2.000 s
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6Compound Name:   JGV-04-057-19F

Processed by:       Jacob Vineberg
Pulse Sequence:     zgflqn
Spectrometer Freq.: 376.18 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     237.35 ppm
Number of Scans:    79
Relaxation Delay:   1.000 s
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Compound Name:   JGV-04-067
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 499.89 MHz
Solvent:            CDCl3
Temperature:        298.14 K
Spectral Width:     20.00 ppm
Number of Scans:    51
Relaxation Delay:   1.000 s
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Compound Name:   JGV-04-067-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            CDCl3
Temperature:        298.14 K
Spectral Width:     236.75 ppm
Number of Scans:    5427
Relaxation Delay:   2.000 s
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Processed by:       Jacob Vineberg
Pulse Sequence:     zgflqn
Spectrometer Freq.: 376.18 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     237.35 ppm
Number of Scans:    13
Relaxation Delay:   1.000 s
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Compound Name:   JGV-04-068-A
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 499.89 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     20.00 ppm
Number of Scans:    26
Relaxation Delay:   1.000 s
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Compound Name:   JGV-04-068-A-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     236.75 ppm
Number of Scans:    2221
Relaxation Delay:   2.000 s
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Compound Name:   JGV-04-068-B
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 399.83 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     20.57 ppm
Number of Scans:    14
Relaxation Delay:   1.000 s
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Compound Name:     JGV-04-068-B-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 100.55 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     239.08 ppm
Number of Scans:    1781
Relaxation Delay:   2.000 s
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2Compound Name:   JGV-04-068-B-19F

Processed by:       Jacob Vineberg
Pulse Sequence:     zgflqn
Spectrometer Freq.: 376.18 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     237.35 ppm
Number of Scans:    40
Relaxation Delay:   1.000 s
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Compound Name:   JGV-04-068-C
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 700.13 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     20.14 ppm
Number of Scans:    40
Relaxation Delay:   1.000 s
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Compound Name:     JGV-04-068-C-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 176.07 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     236.65 ppm
Number of Scans:    1990
Relaxation Delay:   2.000 s
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3Compound Name:    JGV-04-068-C-19F

Processed by:       Jacob Vineberg
Pulse Sequence:     zgflqn
Spectrometer Freq.: 376.18 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     237.35 ppm
Number of Scans:    28
Relaxation Delay:   1.000 s
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Compound Name:   JGV-04-071
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 499.89 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     20.00 ppm
Number of Scans:    25
Relaxation Delay:   1.000 s
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Compound Name:  JGV-04-071-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     236.75 ppm
Number of Scans:    692
Relaxation Delay:   2.000 s
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97Compound Name:   JGV-04-071-19F

Processed by:       Jacob Vineberg
Pulse Sequence:     zgflqn
Spectrometer Freq.: 376.18 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     237.35 ppm
Number of Scans:    25
Relaxation Delay:   1.000 s
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Compound Name:  JGV-04-072
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 499.89 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     20.00 ppm
Number of Scans:    17
Relaxation Delay:   1.000 s OO
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Jacob Vineberg
Taxoid 2-26 (SB-T-12852-6)
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Comound Name:  JGV-04-072-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     236.75 ppm
Number of Scans:    19768
Relaxation Delay:   2.000 s
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20Compound Name:  JGV-04-072-19F

Processed by:       Jacob Vineberg
Pulse Sequence:     zgflqn
Spectrometer Freq.: 376.18 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     237.35 ppm
Number of Scans:    16
Relaxation Delay:   1.000 s
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Compound Name:   JGV-04-070
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 700.13 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     20.14 ppm
Number of Scans:    30
Relaxation Delay:   1.000 s
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Taxoid 2-27 (SB-T-12822-6)
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Compound Name:     JGV-04-070-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 176.07 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     236.65 ppm
Number of Scans:    4135
Relaxation Delay:   2.000 s

Jacob Vineberg

Jacob Vineberg
Taxoid 2-27 (SB-T-12822-6)
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Compound Name:  JGV-04-090
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 399.83 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     20.57 ppm
Number of Scans:    50
Relaxation Delay:   1.000 s
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66Compound Name:   JGV-04-090-19F

Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 176.07 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     236.65 ppm
Number of Scans:    1312
Relaxation Delay:   2.000 s
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Jacob Vineberg




3.51
3.51

5.655.65

9.759.75

3.473.47

7.257.25

4.924.92

4.444.44

1.221.22

1.211.21

3.343.34

3.373.37

1.121.12

2.152.15

1.181.18

1.111.11

2.072.07

1.131.13

1.021.02

1.111.11

1.041.04

1.081.08

1.091.09

1.081.08

1.051.05

11

ppm0 02244668810

Compound Name:  JGV-04-079
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 700.13 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     20.14 ppm
Number of Scans:    100
Relaxation Delay:   1.000 s

OO

O
O

O

OH

H
OOH

O

O

ONH

OH

O

O N

O

F3C

Jacob Vineberg
Taxoid 2-30 (SB-T-121606)

Jacob Vineberg




ppm0 05050100100150150200200

Compound Name:   JGV-04-079-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 176.07 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     236.65 ppm
Number of Scans:    1312
Relaxation Delay:   2.000 s
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Compound Name:     JGV-03-108
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 499.89 MHz
Solvent:            CDCl3
Temperature:        298.14 K
Spectral Width:     20.00 ppm
Number of Scans:    32
Relaxation Delay:   1.000 s
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Compound Name:     JGV-03-108-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     236.75 ppm
Number of Scans:    401
Relaxation Delay:   2.000 s
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Compound Name:      JGV-03-109
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 499.89 MHz
Solvent:            DMSO
Temperature:        298.15 K
Spectral Width:     20.00 ppm
Number of Scans:    30
Relaxation Delay:   1.000 s
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Compound Name:   JGV-03-109-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            DMSO
Temperature:        298.15 K
Spectral Width:     236.75 ppm
Number of Scans:    356
Relaxation Delay:   2.000 s
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Compound 2-32
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5Compound Name:    JGV-03-109-19F

Processed by:       Jacob Vineberg
Pulse Sequence:     zgfhigqn.2
Spectrometer Freq.: 376.18 MHz
Solvent:            DMSO
Temperature:        298.18 K
Spectral Width:     237.35 ppm
Number of Scans:    34
Relaxation Delay:   1.000 s
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Compound Name:    JGV-03-110
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 499.89 MHz
Solvent:            CDCl3
Temperature:        298.14 K
Spectral Width:     20.00 ppm
Number of Scans:    23
Relaxation Delay:   1.000 s
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Compound 2-33
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Compound Name:   JGV-03-110-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     236.75 ppm
Number of Scans:    2579
Relaxation Delay:   2.000 s
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Compound 2-33
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0Compound Name:    JGV-03-110-19F

Processed by:       Jacob Vineberg
Pulse Sequence:     zgfhigqn.2
Spectrometer Freq.: 376.18 MHz
Solvent:            CDCl3
Temperature:        298.19 K
Spectral Width:     237.35 ppm
Number of Scans:    34
Relaxation Delay:   1.000 s
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0.8910.891
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0.9530.953
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ppm0 0112233445566778899

Compound Name:    JGV-03-111
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 499.89 MHz
Solvent:            CDCl3
Temperature:        298.14 K
Spectral Width:     20.00 ppm
Number of Scans:    25
Relaxation Delay:   1.000 s
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Compound 2-34
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Compound Name:     JGV-03-111-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     236.75 ppm
Number of Scans:    3852
Relaxation Delay:   2.000 s
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9Compound Name:     JGV-03-111-19F

Processed by:       Jacob Vineberg
Pulse Sequence:     zgfhigqn.2
Spectrometer Freq.: 376.18 MHz
Solvent:            CDCl3
Temperature:        298.20 K
Spectral Width:     237.35 ppm
Number of Scans:    58
Relaxation Delay:   1.000 s
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ppm0 0224466881010

Compound Name:     JGV-03-112
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 499.89 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     20.00 ppm
Number of Scans:    19
Relaxation Delay:   1.000 s
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Compound Name:   JGV-03-112-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     236.75 ppm
Number of Scans:    1233
Relaxation Delay:   2.000 s
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8Compound Name:     JGV-03-112-19F

Processed by:       Jacob Vineberg
Pulse Sequence:     zgfhigqn.2
Spectrometer Freq.: 376.18 MHz
Solvent:            CDCl3
Temperature:        298.19 K
Spectral Width:     237.35 ppm
Number of Scans:    24
Relaxation Delay:   1.000 s
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ppm0 02244668810

Compound Name:      JGV-03-113
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 499.89 MHz
Solvent:            CDCl3
Temperature:        298.14 K
Spectral Width:     20.00 ppm
Number of Scans:    37
Relaxation Delay:   1.000 s
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Jacob Vineberg
Taxoid 2-36 (SB-T-12822-5)
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Compound Name:     JGV-03-113-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     236.75 ppm
Number of Scans:    1002
Relaxation Delay:   2.000 s
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1Compound Name:    JGV-03-113-19F

Processed by:       Jacob Vineberg
Pulse Sequence:     zg
Spectrometer Freq.: 470.34 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     29.97 ppm
Number of Scans:    1
Relaxation Delay:   5.000 s
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Compound Name:      JGV-03-001
Processed by:       Jacob Vineberg
Pulse Sequence:     s2pul
Spectrometer Freq.: 300.07 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     15.00 ppm
Number of Scans:    100
Relaxation Delay:   1.000 s
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Compound 2-37
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Compound Name:      JGV-03-002
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 499.89 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     20.00 ppm
Number of Scans:    49
Relaxation Delay:   1.000 s

Jacob Vineberg

Jacob Vineberg
Compound 2-38
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Compound Name:      JGV-03-002-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     236.75 ppm
Number of Scans:    2137
Relaxation Delay:   2.000 s
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1
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Compound Name:      JGV-03-003
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 499.89 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     20.00 ppm
Number of Scans:    84
Relaxation Delay:   1.000 s
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Conjugate 2-39 (Taxol-7-Fluorescein)
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Jacob Vineberg
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Compound Name:      JGV-03-003-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     236.75 ppm
Number of Scans:    4256
Relaxation Delay:   2.000 s
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(Taxol-7-Fluorescein)
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Appendix Chapter 3 
 
1H NMR spectrum of LNA-SB-T-1214 3-1 A96 
1H, 13C, and 19F NMR spectra of LNA-SB-T-12854 3-2 A97-A99 
1H NMR spectrum of compound 3-3 A100 
1H NMR spectrum of compound 3-4 A101 
1H NMR spectrum of compound 3-5 A102 
1H and 13C spectra of compound 3-10 A103-A104 
1H NMR spectrum of SB-T-1214-(Me-SS-linker)-OTIPS 3-11 A105 
1H NMR spectrum of SB-T-1214-(Me-SS-linker)-CO2H 3-12 A106 
1H and 13C spectra of SB-T-1214-(Me-SS-linker)-OSu 3-13 A107-A108 
1H NMR spectrum of compound 3-14 A109 
1H NMR spectrum of compound 3-15 A110 
1H and 13C spectra of compound 3-16 A111-A112 
1H and 13C spectra of compound 3-17 A113-A114 
1H and 13C spectra of compound 3-18 A115-A116 
1H and 13C spectra of compound 3-19 A117-A118 
1H and 13C spectra of compound 3-20 A119-A120 
1H and 13C spectra of SB-T-1214-(gem-Me2-SS-linker)-alkyne 3-21 A121-A122 
1H, 13C, and 19F NMR spectra of SB-T-12822-5-(Me-SS-linker)-OTIPS 3-22 A123-A125 
1H, 13C, and 19F NMR spectra of SB-T-12822-5-(Me-SS-linker)-CO2H 3-23 A126-A128 
1H, 13C, and 19F NMR spectra of BLT-S-F6 3-24 A129-A131 
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01122334455667788991010ppm

Compound Name:      JGV-01-154
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 300.18 MHz
Solvent:            CDCl3
Temperature:        293.57 K
Spectral Width:     20.33 ppm
Number of Scans:    52
Relaxation Delay:   1.000 s
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Conjugate 3-1 (LNA-SB-T-1214)
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1
12233445566778899ppmppm

Compound Name:      JGV-01-156
Processed by:       Jacob Vineberg
Pulse Sequence:     s2pul
Spectrometer Freq.: 599.72 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     13.34 ppm
Number of Scans:    50
Relaxation Delay:   1.000 s
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Conjugate 3-2 (LNA-SB-T-12854)
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Compound Name:     JGV-01-156-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     s2pul
Spectrometer Freq.: 100.55 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     248.64 ppm
Number of Scans:    85000
Relaxation Delay:   1.000 s
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Compound Name:     JGV-01-156-19F
Processed by:       Jacob Vineberg
Pulse Sequence:     s2pul
Spectrometer Freq.: 282.32 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     212.52 ppm
Number of Scans:    1000
Relaxation Delay:   1.000 s
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Compound Name:   JGV-04-004
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 300.18 MHz
Solvent:            CDCl3
Temperature:        293.93 K
Spectral Width:     20.33 ppm
Number of Scans:    17
Relaxation Delay:   1.000 s

N S
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Jacob Vineberg
Compound 3-3
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Compound Name:      JGV-01-145
Processed by:       Jacob Vineberg
Pulse Sequence:     s2pul
Spectrometer Freq.: 599.72 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     13.34 ppm
Number of Scans:    35
Relaxation Delay:   1.000 s
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Compound Name:     JGV-01-147b
Processed by:       Jacob Vineberg
Pulse Sequence:     s2pul
Spectrometer Freq.: 599.72 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     13.34 ppm
Number of Scans:    25
Relaxation Delay:   1.000 s
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Compound 3-5
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Compound Name:     JGV-04-009
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 499.89 MHz
Solvent:            CDCl3
Temperature:        298.14 K
Spectral Width:     20.00 ppm
Number of Scans:    16
Relaxation Delay:   1.000 s
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Compound Name:     JGV-04-009-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     236.75 ppm
Number of Scans:    1489
Relaxation Delay:   2.000 s

Jacob Vineberg
Compound 3-10
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0.970.97
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2.042.04
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0.9410.941
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Compound Name:    JGV-03-038
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 399.83 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     20.57 ppm
Number of Scans:    41
Relaxation Delay:   1.000 s

S

OO
O

ONH

O

O O

HO

O

O

OH

O
OAc

H
OBz

S
TIPSO

O

Jacob Vineberg
Compound 3-11



2
2

55

66

99

3.33.3

7.937.93

4.724.72

5.655.65

1.51.5

1.111.11

1.151.15

0.830.83

1.21.2

1.031.03

11

1.011.01

3.143.14

0.940.94

1.011.01

11

11

1.61.6

1.541.54
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Compound Name:      JGV-03-043
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 499.89 MHz
Solvent:            CDCl3
Temperature:        298.14 K
Spectral Width:     20.00 ppm
Number of Scans:    50
Relaxation Delay:   1.000 s
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122334455667788991010ppm

Compound Name:      JGV-02-031b
Processed by:       Jacob Vineberg
Pulse Sequence:     s2pul
Spectrometer Freq.: 499.90 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     16.00 ppm
Number of Scans:    500
Relaxation Delay:   1.000 s
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Compound Name:       JGV-02-044-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            CDCl3
Temperature:        298.20 K
Spectral Width:     236.75 ppm
Number of Scans:    2173
Relaxation Delay:   2.000 s
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6Compound Name:     JGV-04-015
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 300.18 MHz
Solvent:            CDCl3
Temperature:        294.05 K
Spectral Width:     20.33 ppm
Number of Scans:    38
Relaxation Delay:   1.000 s
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Compound 3-14
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9Compound Name:   JGV-04-016
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 300.18 MHz
Solvent:            CDCl3
Temperature:        293.69 K
Spectral Width:     20.33 ppm
Number of Scans:    29
Relaxation Delay:   1.000 s
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Compound Name:     JGV-04-017
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 300.18 MHz
Solvent:            CDCl3
Temperature:        294.05 K
Spectral Width:     20.33 ppm
Number of Scans:    23
Relaxation Delay:   1.000 s
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Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 75.49 MHz
Solvent:            CDCl3
Temperature:        294.41 K
Spectral Width:     323.42 ppm
Number of Scans:    839
Relaxation Delay:   2.000 s
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Compound Name:     JGV-04-018
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 300.18 MHz
Solvent:            CDCl3
Temperature:        294.05 K
Spectral Width:     20.33 ppm
Number of Scans:    15
Relaxation Delay:   1.000 s
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Compound Name:    JGV-04-018-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     236.75 ppm
Number of Scans:    204
Relaxation Delay:   2.000 s
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Compound Name:   JGV-04-019
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 399.83 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     20.57 ppm
Number of Scans:    48
Relaxation Delay:   1.000 s
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Compound Name:   JGV-04-019-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 100.55 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     239.08 ppm
Number of Scans:    604
Relaxation Delay:   2.000 s
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Compound Name:     JGV-04-024
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 499.89 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     20.00 ppm
Number of Scans:    31
Relaxation Delay:   1.000 s
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Compound Name:     JGV-04-024-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     236.75 ppm
Number of Scans:    232
Relaxation Delay:   2.000 s
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Compound Name:   JGV-04-026
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 499.89 MHz
Solvent:            CDCl3
Temperature:        298.14 K
Spectral Width:     20.00 ppm
Number of Scans:    42
Relaxation Delay:   1.000 s
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Compound Name:     JGV-04-026-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     236.75 ppm
Number of Scans:    2582
Relaxation Delay:   2.000 s
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Compound Name:     JGV-04-033
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 499.89 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     20.00 ppm
Number of Scans:    78
Relaxation Delay:   1.000 s
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Compound Name:    JGV-04-033-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     236.75 ppm
Number of Scans:    15287
Relaxation Delay:   2.000 s
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Compound Name:    JGV-04-010
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 499.89 MHz
Solvent:            CDCl3
Temperature:        298.14 K
Spectral Width:     20.00 ppm
Number of Scans:    54
Relaxation Delay:   1.000 s
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Compound Name:     JGV-04-010-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     236.75 ppm
Number of Scans:    2511
Relaxation Delay:   2.000 s
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Compound Name:     JGV-04-010-19F
Processed by:       Jacob Vineberg
Pulse Sequence:     zg
Spectrometer Freq.: 470.34 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     29.97 ppm
Number of Scans:    13
Relaxation Delay:   5.000 s
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Compound Name:     JGV-04-011
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 499.89 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     20.00 ppm
Number of Scans:    30
Relaxation Delay:   1.000 s
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Compound Name:     JGV-04-011-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     236.75 ppm
Number of Scans:    1305
Relaxation Delay:   2.000 s
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Compound Name:     JGV-04-011-19F
Processed by:       Jacob Vineberg
Pulse Sequence:     zg
Spectrometer Freq.: 470.34 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     29.97 ppm
Number of Scans:    33
Relaxation Delay:   5.000 s
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Compound Name:     JGV-04-013
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 499.89 MHz
Solvent:            CDCl3
Temperature:        298.14 K
Spectral Width:     20.00 ppm
Number of Scans:    42
Relaxation Delay:   1.000 s
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Compound Name:     JGV-04-013-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     236.75 ppm
Number of Scans:    1366
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Processed by:       Jacob Vineberg
Pulse Sequence:     zg
Spectrometer Freq.: 470.34 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     29.97 ppm
Number of Scans:    39
Relaxation Delay:   5.000 s OO

O
O

O

OH

H
OOH

O

O

F3C

NH

O

O

O

O

O

O

S
S

N
H

O

OCF3O
N
H

O

S

NHHN
HH

O

3

Jacob Vineberg
Conjugate 3-24 (BLT-S-F6)

Jacob Vineberg




 A132 

Appendix Chapter 4 
 
1H NMR spectrum of biotin methyl ester 4-1 A133 
1H and 13C spectra of biotinylhydrazine 4-2 A134-A135 
1H and 13C spectra of BLT 4-3 A136-A137 
1H NMR spectrum of compound 4-4 A138 
1H NMR spectrum of compound 4-5 A139 
1H NMR spectrum of biotin-PEG-N3 4-6 A140 
1H NMR spectrum of biotin-PEG-NH2 4-7 A141 
1H and 13C spectra of BLT-S 4-8 A142-A143 
1H and 13C spectra of biotin-PEG-FITC 4-10 A144-A145 
1H NMR spectrum of compound 4-11 A146 
1H and 13C spectra of biotin-PEG-Bn-Br 4-12 A147-A148 
1H NMR spectrum of compound 4-13 A149 
1H NMR spectrum of compound 4-15 A150 
1H NMR spectrum of compound 4-16 A151 
1H and 13C spectra of biotin-alkyne 4-18 A152-A153 
1H and 13C spectra of biotin-PEG-OMs 4-19 A154-A155 
1H and 13C spectra of biotin-PEG-F 4-20 A156-A157 
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Compound Name:      JGV-02-036
Processed by:       Jacob Vineberg
Pulse Sequence:     s2pul
Spectrometer Freq.: 300.07 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     15.00 ppm
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Compound Name:      JGV-02-037
Processed by:       Jacob Vineberg
Pulse Sequence:     s2pul
Spectrometer Freq.: 300.07 MHz
Solvent:            D2O
Temperature:        298.15 K
Spectral Width:     15.00 ppm
Number of Scans:    100
Relaxation Delay:   1.000 s
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Compound Name:      JGV-02-037-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            DMSO
Temperature:        298.15 K
Spectral Width:     236.75 ppm
Number of Scans:    14795
Relaxation Delay:   2.000 s
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Compound Name:      JGV-02-033
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 399.83 MHz
Solvent:            MeOD
Temperature:        298.15 K
Spectral Width:     20.57 ppm
Number of Scans:    57
Relaxation Delay:   1.000 s
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Compound Name:    JGV-02-033-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            MeOD
Temperature:        298.20 K
Spectral Width:     236.75 ppm
Number of Scans:    2162
Relaxation Delay:   2.000 s
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Compound Name:      JGV-01-137
Processed by:       Jacob Vineberg
Pulse Sequence:     s2pul
Spectrometer Freq.: 599.72 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     13.34 ppm
Number of Scans:    35
Relaxation Delay:   1.000 s
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Compound Name:      JGV-01-162
Processed by:       Jacob Vineberg
Pulse Sequence:     s2pul
Spectrometer Freq.: 599.72 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     13.34 ppm
Number of Scans:    35
Relaxation Delay:   1.000 s
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Compound Name:      JGV-02-053a
Processed by:       Jacob Vineberg
Pulse Sequence:     s2pul
Spectrometer Freq.: 499.90 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     16.00 ppm
Number of Scans:    200
Relaxation Delay:   1.000 s
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Compound Name:     JGV-02-052
Processed by:       Jacob Vineberg
Pulse Sequence:     s2pul
Spectrometer Freq.: 300.07 MHz
Solvent:            D2O
Temperature:        298.15 K
Spectral Width:     15.00 ppm
Number of Scans:    100
Relaxation Delay:   1.000 s
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Compound Name:   JGV-04-014
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 499.89 MHz
Solvent:            MeOD
Temperature:        298.15 K
Spectral Width:     20.00 ppm
Number of Scans:    45
Relaxation Delay:   1.000 s
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Compound Name:   JGV-04-014-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            MeOD
Temperature:        298.15 K
Spectral Width:     236.75 ppm
Number of Scans:    3801
Relaxation Delay:   2.000 s
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Compound Name:    JGV-03-046
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 499.89 MHz
Solvent:            MeOD
Temperature:        298.15 K
Spectral Width:     20.00 ppm
Number of Scans:    34
Relaxation Delay:   1.000 s
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Compound Name:     JGV-03-046-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            MeOD
Temperature:        298.15 K
Spectral Width:     236.75 ppm
Number of Scans:    23066
Relaxation Delay:   2.000 s
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Compound Name:      JGV-02-065
Processed by:       Jacob Vineberg
Pulse Sequence:     s2pul
Spectrometer Freq.: 300.08 MHz
Solvent:            DMSO
Temperature:        298.15 K
Spectral Width:     15.00 ppm
Number of Scans:    100
Relaxation Delay:   1.000 s
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Compound Name:   JGV-04-059
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 499.89 MHz
Solvent:            MeOD
Temperature:        308.13 K
Spectral Width:     20.00 ppm
Number of Scans:    19
Relaxation Delay:   1.000 s
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Compound Name:   JGV-04-059-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            MeOD
Temperature:        308.15 K
Spectral Width:     236.75 ppm
Number of Scans:    18893
Relaxation Delay:   2.000 s
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Compound Name:      JGV-03-011
Processed by:       Jacob Vineberg
Pulse Sequence:     s2pul
Spectrometer Freq.: 300.07 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     15.00 ppm
Number of Scans:    48
Relaxation Delay:   1.000 s
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Compound Name:     JGV-03-013
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 499.89 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     20.00 ppm
Number of Scans:    28
Relaxation Delay:   1.000 s
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Compound Name:      JGV-03-014
Processed by:       Jacob Vineberg
Pulse Sequence:     s2pul
Spectrometer Freq.: 300.07 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     15.00 ppm
Number of Scans:    32
Relaxation Delay:   1.000 s
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Compound Name:     JGV-03-065
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 499.89 MHz
Solvent:            MeOD
Temperature:        298.20 K
Spectral Width:     20.00 ppm
Number of Scans:    22
Relaxation Delay:   1.000 s
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Compound Name:      JGV-03-065-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            MeOD
Temperature:        298.20 K
Spectral Width:     236.75 ppm
Number of Scans:    346
Relaxation Delay:   2.000 s
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Compound Name:      JGV-03-076
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 499.89 MHz
Solvent:            MeOD
Temperature:        298.25 K
Spectral Width:     20.00 ppm
Number of Scans:    44
Relaxation Delay:   1.000 s
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Compound Name:      JGV-03-076-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            MeOD
Temperature:        298.25 K
Spectral Width:     236.75 ppm
Number of Scans:    352
Relaxation Delay:   2.000 s
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Compound Name:   JGV-03-081
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 499.89 MHz
Solvent:            MeOD
Temperature:        298.25 K
Spectral Width:     20.00 ppm
Number of Scans:    81
Relaxation Delay:   1.000 s
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Compound Name:   JGV-03-081-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            MeOD
Temperature:        298.25 K
Spectral Width:     236.75 ppm
Number of Scans:    2248
Relaxation Delay:   2.000 s
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Appendix Chapter 5 
 
1H and 13C spectra of CPT-(SS-linker)-OTIPS 5-1 A159-A160 
1H and 13C spectra of CPT-(SS-linker)-CO2H 5-2 A161-A162 
1H and 13C spectra of CPT-(SS-linker)-PEG-N3 5-3 A163-A164 
1H and 13C spectra of compound 5-5 A165-A166 
1H and 13C spectra of compound 5-6 A167-A168 
1H and 13C spectra of compound 5-7 A169-A170 
1H and 13C spectra of compound 5-8 A171-A172 
1H and 13C spectra of DW-1 5-9 A173-A174 
1H and 13C spectra of compound 5-10 A175-A176 
1H and 13C spectra of CPT-PEG-N3 5-11 A177-A178 
1H and 13C spectra of DW-2 5-12 A179-A180 
1H and 13C spectra of phenol-(SS-linker)-OTIPS 5-13 A181-A182 
1H and 13C spectra of phenol-(SS-linker)-CO2H 5-14 A183-A184 
1H and 13C spectra of phenol-(SS-linker)-OSu 5-15 A185-A186 
1H and 13C spectra of phenol-(SS-linker)-PEG-N3 5-16 A187-A188 
1H and 13C spectra of SW-Tax 5-17 A189-A190 
1H and 13C spectra of compound 5-18 A191-A192 
1H and 13C spectra of SW-CPT 5-19 A193-A194 
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Compound Name:     JGV-03-039
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 499.89 MHz
Solvent:            CDCl3
Temperature:        298.14 K
Spectral Width:     20.00 ppm
Number of Scans:    21
Relaxation Delay:   1.000 s
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Compound Name:   JGV-03-039-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     236.75 ppm
Number of Scans:    1181
Relaxation Delay:   2.000 s
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2.83
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2.812.81

1.131.13

1.041.04

3.833.83
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0.9370.937

0.9310.931

1.921.92

1.981.98

0.90.9

0.9550.955

1.861.86

1.931.93

11

0.970.97

0.9710.971

0.9750.975

0.9610.961

ppm0 02244668810101212

Compound Name:   JGV-03-088
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 499.89 MHz
Solvent:            DMSO
Temperature:        298.15 K
Spectral Width:     20.00 ppm
Number of Scans:    28
Relaxation Delay:   1.000 s
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Compound 5-2
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Compound Name:   JGV-03-088-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            DMSO
Temperature:        298.15 K
Spectral Width:     236.75 ppm
Number of Scans:    3071
Relaxation Delay:   2.000 s
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Compound 5-2



3.04
3.04

2.992.99

5.35.3

1.191.19

1.321.32

1.241.24

1.11.1

1.91.9

1.331.33

9.999.99

1.981.98

0.9590.959

1.991.99

1.11.1

1.091.09

0.6920.692

3.713.71

2.032.03

1.071.07

1.051.05

0.9590.959
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ppm0 02244668810

Compound Name:   JGV-03-089
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 499.89 MHz
Solvent:            CDCl3
Temperature:        298.14 K
Spectral Width:     20.00 ppm
Number of Scans:    102
Relaxation Delay:   1.000 s
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Compound Name:   JGV-03-089-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 100.55 MHz
Solvent:            CDCl3
Temperature:        298.23 K
Spectral Width:     239.08 ppm
Number of Scans:    13425
Relaxation Delay:   2.000 s
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Jacob Vineberg
Compound 5-3

Jacob Vineberg




2.01
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9.379.37

4.324.32

2.022.02

1.091.09

1.111.11

3.183.18

4.134.13

14.114.1

0.990.99
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H H

Compound Name:      JGV-02-077
Processed by:       Jacob Vineberg
Pulse Sequence:     s2pul
Spectrometer Freq.: 300.07 MHz
Solvent:            CD3OD
Temperature:        298.15 K
Spectral Width:     15.00 ppm
Number of Scans:    50
Relaxation Delay:   1.000 s

Jacob Vineberg
Compound 5-5
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Compound Name:     JGV-02-077-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 100.55 MHz
Solvent:            MeOD
Temperature:        298.17 K
Spectral Width:     239.08 ppm
Number of Scans:    12875
Relaxation Delay:   2.000 s
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Jacob Vineberg
Compound 5-5

Jacob Vineberg




11.2
11.2
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2.022.02
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1.051.05

1.111.11

3.073.07

3.713.71

4.054.05

10.210.2

1.911.91
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0.9930.993

0
01122334455667788991010ppm

Compound Name:      JGV-02-107
Processed by:       Jacob Vineberg
Pulse Sequence:     s2pul
Spectrometer Freq.: 300.07 MHz
Solvent:            CD3OD
Temperature:        298.15 K
Spectral Width:     15.00 ppm
Number of Scans:    100
Relaxation Delay:   1.000 s
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Compound 5-6
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Compound Name:      JGV-02-107-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            MeOD
Temperature:        298.15 K
Spectral Width:     236.75 ppm
Number of Scans:    16817
Relaxation Delay:   2.000 s
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Compound 5-6



4.2
4.2
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0.9250.925

0.9970.997

0.9730.973

2.852.85

4.254.25

3.93.9

10.410.4

1.91.9

0.9390.939

1.061.06

0
01122334455667788991010ppm

Compound Name:     JGV-02-114
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 399.83 MHz
Solvent:            MeOD
Temperature:        298.15 K
Spectral Width:     20.57 ppm
Number of Scans:    36
Relaxation Delay:   1.000 s
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Compound 5-7
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Compound Name:    JGV-02-114-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 100.55 MHz
Solvent:            MeOD
Temperature:        298.22 K
Spectral Width:     239.08 ppm
Number of Scans:    14034
Relaxation Delay:   2.000 s
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5.42
5.42

4.434.43

6.366.36
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11.411.4
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9.939.93

4.144.14

5.265.26

2.932.93
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1.861.86

2.082.08

1.41.4

5.185.18

4.54.5

11.811.8

0.8970.897

2.192.19
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2.072.07
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2.332.33

0.9810.981

0.8140.814

0.9550.955

0.9460.946

0.9890.989

1.021.02

2.112.11

2.082.08

1.071.07

1.041.04

2.042.04
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Compound Name:      JGV-03-006
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 499.89 MHz
Solvent:            MeOD
Temperature:        298.15 K
Spectral Width:     20.00 ppm
Number of Scans:    86
Relaxation Delay:   1.000 s
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Compound 5-8
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Compound Name:      JGV-03-006-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            CD3OD
Temperature:        298.15 K
Spectral Width:     236.75 ppm
Number of Scans:    16260
Relaxation Delay:   2.000 s
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1.051.05

1.891.89
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ppm0 0112233445566778899

Compound Name:   JGV-03-090
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 499.89 MHz
Solvent:            MeOD
Temperature:        298.15 K
Spectral Width:     20.00 ppm
Number of Scans:    51
Relaxation Delay:   1.000 s
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S40

Jacob Vineberg
Conjugate 5-9 (DW-1)
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Compound Name:   JGV-03-090-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            DMSO
Temperature:        298.15 K
Spectral Width:     236.75 ppm
Number of Scans:    17808
Relaxation Delay:   2.000 s
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Jacob Vineberg
Conjugate 5-9 (DW-1)
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2.092.09

4.094.09

2.062.06

2.142.14
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0.9310.931

0
01122334455667788991010ppm

Compound Name:      JGV-03-021
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 499.89 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     20.00 ppm
Number of Scans:    22
Relaxation Delay:   1.000 s
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Compound 5-10
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Compound Name:     JGV-03-021-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     236.75 ppm
Number of Scans:    2275
Relaxation Delay:   2.000 s
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Compound 5-10

Jacob Vineberg
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2.84
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1.091.09

1.111.11

1.991.99

2.112.11
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1.011.01

0.9830.983

1.051.05

1.041.04

1.011.01

0.9690.969
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Compound Name:      JGV-03-024
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 499.89 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     20.00 ppm
Number of Scans:    34
Relaxation Delay:   1.000 s
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Compound 5-11
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Compound Name:       JGV-03-024-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     236.75 ppm
Number of Scans:    14908
Relaxation Delay:   2.000 s
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3.13.1
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1.181.18

1.371.37

1.581.58

1.191.19

4.114.11

0.8020.802

2.432.43

3.673.67

1.541.54

4.74.7

1.131.13

ppm0 02244668810

Compound Name:   JGV-03-028
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 499.89 MHz
Solvent:            MeOD
Temperature:        298.15 K
Spectral Width:     20.00 ppm
Number of Scans:    137
Relaxation Delay:   1.000 s
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S42

Jacob Vineberg
Conjugate 5-12 (DW-2)

Jacob Vineberg
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Compound Name:     JGV-03-028-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            MeOD
Temperature:        298.15 K
Spectral Width:     236.75 ppm
Number of Scans:    21239
Relaxation Delay:   2.000 s
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Jacob Vineberg
Conjugate 5-12 (DW-2)
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Compound Name:      JGV-03-040
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 399.83 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     20.57 ppm
Number of Scans:    22
Relaxation Delay:   1.000 s
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S13

Jacob Vineberg
Compound 5-13
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Compound Name:      JGV-03-040-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 399.83 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     20.57 ppm
Number of Scans:    22
Relaxation Delay:   1.000 s
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Compound 5-13
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Compound Name:   JGV-03-114
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 499.89 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     20.00 ppm
Number of Scans:    19
Relaxation Delay:   1.000 s
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Jacob Vineberg
Compound 5-14
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Compound Name:   JGV-03-114-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 100.55 MHz
Solvent:            CDCl3
Temperature:        298.18 K
Spectral Width:     239.08 ppm
Number of Scans:    373
Relaxation Delay:   2.000 s
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1.911.91

1.031.03

3.983.98
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Compound Name:    JGV-03-115
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 499.89 MHz
Solvent:            CDCl3
Temperature:        298.14 K
Spectral Width:     20.00 ppm
Number of Scans:    20
Relaxation Delay:   1.000 s
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Jacob Vineberg
Compound 5-15
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Compound Name:    JGV-03-115-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     236.75 ppm
Number of Scans:    456
Relaxation Delay:   2.000 s
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Compound Name:  JGV-03-100
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 499.89 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     20.00 ppm
Number of Scans:    55
Relaxation Delay:   1.000 s OO

S
S

O

N
H

O
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3

Jacob Vineberg
Compound 5-16

Jacob Vineberg
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Compound Name:  JGV-03-100-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     236.75 ppm
Number of Scans:    1764
Relaxation Delay:   2.000 s
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1.891.89

1.081.08
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1.271.27

1.051.05

1.421.42
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1.881.88

0.9260.926

1.491.49

1.791.79
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Compound Name:     JGV-03-103
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 499.89 MHz
Solvent:            CDCl3
Temperature:        298.14 K
Spectral Width:     20.00 ppm
Number of Scans:    66
Relaxation Delay:   1.000 s
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Compound Name:    JGV-03-103-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     236.75 ppm
Number of Scans:    16642
Relaxation Delay:   2.000 s
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1.081.08
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0.7960.796
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Compound Name:    JGV-03-106
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 499.89 MHz
Solvent:            MeOD
Temperature:        298.15 K
Spectral Width:     20.00 ppm
Number of Scans:    37
Relaxation Delay:   1.000 s
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Compound Name:     JGV-03-106-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            MeOD
Temperature:        298.15 K
Spectral Width:     236.75 ppm
Number of Scans:    634
Relaxation Delay:   2.000 s
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Compound Name:      JGV-03-107
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 499.89 MHz
Solvent:            DMSO
Temperature:        298.15 K
Spectral Width:     20.00 ppm
Number of Scans:    63
Relaxation Delay:   1.000 s
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Compound Name:     JGV-03-107-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            DMSO
Temperature:        298.15 K
Spectral Width:     236.75 ppm
Number of Scans:    15884
Relaxation Delay:   2.000 s
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Appendix Chapter 6 
 
1H spectrum of compound 6-1 A196 
1H spectrum of compound 6-2 A197 
1H, 13C, 19F spectra compound 6-3 A198-A200 
1H and 13C spectra of BLT-F 6-4 A201-A202 
1H and 13C spectra of FITC-PEG-N3 6-5 A203-A204 
1H and 13C spectra of BLT-FITC 6-6 A205-A206 
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Compound Name:      JGV-02-094
Processed by:       Jacob Vineberg
Pulse Sequence:     s2pul
Spectrometer Freq.: 300.08 MHz
Solvent:            DMSO
Temperature:        298.15 K
Spectral Width:     15.00 ppm
Number of Scans:    50
Relaxation Delay:   1.000 s
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Compound Name:      JGV-02-095
Processed by:       Jacob Vineberg
Pulse Sequence:     s2pul
Spectrometer Freq.: 300.08 MHz
Solvent:            DMSO
Temperature:        298.15 K
Spectral Width:     15.00 ppm
Number of Scans:    50
Relaxation Delay:   1.000 s
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Compound Name:     JGV-03-016
Processed by:       Jacob Vineberg
Pulse Sequence:     s2pul
Spectrometer Freq.: 300.07 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     15.00 ppm
Number of Scans:    48
Relaxation Delay:   1.000 s
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Compound Name:      JGV-03-016-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     236.75 ppm
Number of Scans:    242
Relaxation Delay:   2.000 s
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Compound Name:      JGV-03-016-19F
Processed by:       Jacob Vineberg
Pulse Sequence:     s2pul
Spectrometer Freq.: 282.32 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     177.10 ppm
Number of Scans:    200
Relaxation Delay:   4.000 s
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Compound Name:      JGV-03-018
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 499.89 MHz
Solvent:            MeOD
Temperature:        298.15 K
Spectral Width:     20.00 ppm
Number of Scans:    47
Relaxation Delay:   1.000 s
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Compound Name:     JGV-03-018-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            MeOD
Temperature:        298.15 K
Spectral Width:     236.75 ppm
Number of Scans:    20216
Relaxation Delay:   2.000 s
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Acquisition Date:       JGV-03-026
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 499.89 MHz
Solvent:            DMSO
Temperature:        298.15 K
Spectral Width:     20.00 ppm
Number of Scans:    43
Relaxation Delay:   1.000 s
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Compound Name:      JGV-03-026-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            DMSO
Temperature:        298.15 K
Spectral Width:     236.75 ppm
Number of Scans:    2835
Relaxation Delay:   2.000 s
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Compound Name:     JGV-03-029
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 499.89 MHz
Solvent:            DMSO
Temperature:        298.15 K
Spectral Width:     20.00 ppm
Number of Scans:    139
Relaxation Delay:   1.000 s
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Conjugate 6-6 (BLT-FITC)
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Compound Name:      JGV-03-029
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            DMSO
Temperature:        298.15 K
Spectral Width:     236.75 ppm
Number of Scans:    15586
Relaxation Delay:   2.000 s
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Appendix Chapter 8 
 
1H, 13C, and 19F NMR spectra of pyrofolate 8-1 A208-A210 
1H, 13C, and 19F NMR spectra of pyrofolate 8-2 A211-A213 
1H NMR spectrum of pteroyl hydrazide 8-3 A214 
1H NMR spectrum of pteroyl azide 8-4 A215 
1H, 13C, and 19F NMR spectra of folate-peptide 8-5 A216-A218 
1H and 13C NMR spectra of folate-linker-SB-T-1214 8-7 A219-A220 
1H and 13C NMR spectra of compound 8-8 A221-A222 
1H and 13C NMR spectra of compound 8-9 A223-A224 
1H, 13C, and 19F NMR spectra of folate-peptide 8-10 A225-A227 
1H NMR spectrum of folate-peptide 8-11 A228 
1H and 13C NMR spectra of compound 8-12 A229-A230 
1H and 13C NMR spectra of compound 8-13 A231-A232 
1H and 13C NMR spectra of DV-1 8-18 A233-A234 
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Compound Name:   JGV-03-075
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 300.18 MHz
Solvent:            DMSO
Temperature:        293.45 K
Spectral Width:     20.33 ppm
Number of Scans:    78
Relaxation Delay:   1.000 s
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Compound Name:     JGV-03-075-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            DMSO
Temperature:        298.25 K
Spectral Width:     236.75 ppm
Number of Scans:    1583
Relaxation Delay:   2.000 s
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5Compound Name:     JGV-03-075-19F

Processed by:       Jacob Vineberg
Pulse Sequence:     zgflqn
Spectrometer Freq.: 376.18 MHz
Solvent:            DMSO
Temperature:        298.00 K
Spectral Width:     237.35 ppm
Number of Scans:    66
Relaxation Delay:   1.000 s
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Compound Name:     JGV-03-077
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 499.89 MHz
Solvent:            DMSO
Temperature:        298.25 K
Spectral Width:     20.00 ppm
Number of Scans:    24
Relaxation Delay:   1.000 s
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Compound Name:     JGV-03-077-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            DMSO
Temperature:        298.25 K
Spectral Width:     236.75 ppm
Number of Scans:    384
Relaxation Delay:   2.000 s
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Compound Name:     JGV-03-077-19F
Processed by:       Jacob Vineberg
Pulse Sequence:     s2pul
Spectrometer Freq.: 282.32 MHz
Solvent:            DMSO
Temperature:        298.15 K
Spectral Width:     177.10 ppm
Number of Scans:    1000
Relaxation Delay:   4.000 s
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Compound Name:     JGV-03-078
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 300.18 MHz
Solvent:            DMSO
Temperature:        293.57 K
Spectral Width:     20.33 ppm
Number of Scans:    38
Relaxation Delay:   1.000 s
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Compound Name:     JGV-04-028
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 300.18 MHz
Solvent:            DMSO
Temperature:        294.17 K
Spectral Width:     20.33 ppm
Number of Scans:    53
Relaxation Delay:   1.000 s
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Compound Name:   JGV-04-047
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 499.89 MHz
Solvent:            DMSO
Temperature:        298.14 K
Spectral Width:     20.00 ppm
Number of Scans:    128
Relaxation Delay:   1.000 s
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Compound Name:   JGV-04-047
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            DMSO
Temperature:        298.15 K
Spectral Width:     236.75 ppm
Number of Scans:    72007
Relaxation Delay:   2.000 s
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Compound Name:   JGV-04-035
Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
Spectrometer Freq.: 499.89 MHz
Solvent:            CDCl3
Temperature:        298.14 K
Spectral Width:     20.00 ppm
Number of Scans:    35
Relaxation Delay:   1.000 s
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Compound Name:     JGV-04-035-13C
Processed by:       Jacob Vineberg
Pulse Sequence:     zgpg30
Spectrometer Freq.: 125.71 MHz
Solvent:            CDCl3
Temperature:        298.15 K
Spectral Width:     236.75 ppm
Number of Scans:    532
Relaxation Delay:   2.000 s
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Processed by:       Jacob Vineberg
Pulse Sequence:     zg30
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Spectrometer Freq.: 176.07 MHz
Solvent:            DMSO
Temperature:        298.15 K
Spectral Width:     236.65 ppm
Number of Scans:    7269
Relaxation Delay:   2.000 s
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