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Abstract of the Dissertation 
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Stony Brook University 

 

2008 

 

Paclitaxel (Taxol®) is one of the most important anticancer drugs currently 

used in cancer chemotherapy. Paclitaxel binds to the β-tubulin portion of the α,β-

tubulin dimer, promotes the polymerization of tubulins, stabilizes microtubules, 

and blocks microtubular dynamics, which eventually leads to apoptosis. However, 

paclitaxel has a number of undesirable side effects as well as multidrug resistance 



 

iv

(MDR). The development of new-generation taxoids with higher potency, and 

better pharmacological properties could overcome the problems. 

Second-generation taxoids were designed and synthesized with modifications 

at the C-10, C-3’ and C-2 positions. These taxoids exhibit one to three orders of 

magnitude higher potency than paclitaxel against various cancer cell lines, 

including multidrug resistant cell lines. A series of C-seco taxoids with different 

functional groups at the C2 and C3’ positions were synthesized, which exhibited 

much higher activity than paclitaxel against various drug-resistant cell-lines, 

overexpressing specific tubulin isotypes. 

Based on the REDOR-NMR experiment as well as molecular modeling and 

molecular dynamics studies, we proposed a new biologically active conformation 

of paclitaxel-“REDOR-Taxol”. Based on the “REDOR-Taxol” structure, 

conformationally restricted macrocyclic taxoids bearing various linkers 

connecting different positions of the taxoid framework were synthesized and their 

biological activities evaluated. One of the macrocyclic taxoids, SB-T-2054, 

showed similar or slightly better activity in cytotoxicity and tubulin 

polymerization assay to that of paclitaxel, which strongly supports that the 

“REDOR-Taxol” structure is a valid binding structure, i.e., bioactive 

conformation, in tubulin/microtubule. 

Novel baccatin-free anticancer agents, mimicking paclitaxel, with a tricyclic 

scaffold were designed and synthesized based on the “REDOR-Taxol” structure. 

The fused 5-6-6/5-7-6 tricyclic scaffolds were synthesized from a hydroxyproline 

derivative. These paclitaxel mimics exhibited moderate cytotoxicity. 

Docosahexanoic acid (DHA), linolenic acid (LNA) and linoleic acid (LA) 

were linked to the C2'-position of the second-generation taxoids. The new 

conjugates, assayed in vivo, exhibited highly promising antitumor activity against 

drug-resistant colon cancer xenograft (DLD-1) as well as drug-sensitive ovarian 

cancer xenograft (A121) in nude mice. 
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Chapter I 
 

Cancer, Taxol and New-Generation Taxoids 
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§ 1.1 Introduction 
 
§ 1.1.1 Cancer 
 

Cancer is the collective name referring to a group of complex diseases characterized 
by abnormal cells that grow and divide in a disorderly fashion. Cancer cells are not able 
to control their own growth, and they are inconsistent in size and shape. Cancer could be 
caused by both external (chemicals, radiation, and viruses) and internal (hormones, 
immune conditions, and inherited genetic mutations) factors. The accelerated, 
uncontrolled growth of cancer cells results in a mass, which is called a tumor or neoplasm. 
Some cancers, like leukemia, involve the blood and blood-forming organs and circulate 
through other tissues where they grow.1 

Cancer is a growing public health problem, whose estimated worldwide new 
incidences are more than six million cases per year. Cancer is the second leading cause of 
death in the US, exceeded only by heart disease and is the first leading cause of death 
among the people younger than 85 years old.1 Half of all men and one third of all women 
in the United States will develop cancer during their lifetimes.2 The four major types of 
treatment for cancer are surgery, radiation, chemotherapy, and biological therapies.2  

Chemotherapy is the treatment of cancer with cytotoxic drugs. Depending on the type 
and developmental stage of cancer, chemotherapy can be used to cure cancer, to slow the 
growth of cancer, to prevent the cancer from spreading, to kill cancer cells spreading to 
other parts of the body, or to relieve symptoms caused by cancer.  

 
§ 1.1.2 Paclitaxel and Docetaxel 
 

Among a variety of chemotherapeutic drugs, paclitaxel (Taxol®) and docetaxel 
(Taxotère®) are currently two of the most successful drugs extensively used in the fight 
against cancer. Paclitaxel was first extracted from the bark of the pacific yew tree (Taxus 
brevifolia Nutt) by the Wall group in 1962, and the cytotoxic activity of the pure 
compound against KB cells was also proved.3 The structure of paclitaxel was reported in 
1971, which is a complex diterpene with an intricate system of four fused rings, including 
a highly rigid oxetane ring, with an N-benzoylphenylisoserine side chain at the C13 
position. It has eleven chiral centers and various oxygen functionalities.4 
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Figure 1-1. Paclitaxel (Taxol®) and Docetaxel (Taxotére®) 
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In 1979, Susan Horwitz and coworkers discovered that Taxol is a promoter of 
microtubule assembly.5, 6 Instead of inhibiting the tubulin polymerization, which is the 
mechanism of a series of naturally occurring spindle poisons, paclitaxel promotes the 
polymerization, stabilizes the resulting microtubules and prevents depolymerization, 
thereby inhibiting the normal dynamic reorganization of microtubular network required 
for mitosis, which eventually induces apoptosis.6 The discovery of paclitaxel's unique 
mechanism of action triggered intense interest and efforts to fully understand the function 
of paclitaxel at the molecular level. 

Cells have a characteristic life cycle that could be divided into two major phases 
based on cellular activity: interphase, the period of time between successive cell divisions, 
and mitosis, in which the actual division occurs. Mitosis is further divided into several 
small phases: prophase, metaphase, anaphase and telophase. In anaphase, the sister 
chromatids of each chromosome split apart and begin their poleward movement. The 
migration of each chromosome toward a pole is facilitated by the shortening of the 
microtubules to which they are attached. It is between metaphase and anaphase that 
microtubule-targeting agents such as paclitaxel or vinblastine disrupt the regular 
dynamics required for mitosis. As a result of this mitotic block, apoptosis or programmed 
cell death is eventually induced.7, 8 

 

 
Figure 1-2. The cell cycle and microtubule-targeting anticancer agent 

[Adpted from ref. 8] 
 

Microtubules are major structural component of the cell and perform vital functions 
in cellular division, such as the positioning and transport of smaller organelles within the 
cell, and the formation of the cytoskeleton, which helps to shape the cell. The process of 
microtubule formation and the mechanism of action of paclitaxel are summarized in 
Figure 1-3. Microtubules are primarily formed by the dimerization of two protein 
subunits, α- and β-tubulin, which are structurally similar proteins of approximately 440 
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amino acid residues with a molecular weight of about 50 kD each. In the presence of 
magnesium ions, guanosine 5'-triphosphate (GTP), and microtubule-associated proteins 
(MAPs), the α- and β-tubulins form dumbbell-shaped heterodimers. The heterodimer 
could grow both along and perpendicular to the axis until the two edges join to form a 
microtubule which is composed of 13 protofilaments with an average diameter of about 
24 nm. Paclitaxel binds to the α,β-tubulin heterodimer aggregate in a 1:1 ratio to promote 
the polymerization and stabilize the resulting microtubules in an irreversible manner, 
even in the absence of GTP, MAPs and magnesium. The microtubules thus formed are 
different from the ones produced by MAP induction in that only 12 protofilaments are 
present with an average diameter of about 22 nm, and are stabilized to regular 
microtubule depolymerization conditions, thereby inhibiting their depolymerization. This 
results in the arrest of the cell division cycle mainly at the G2/M stage, leading to 
apoptosis through the cell-signaling cascade. 

 

 
Figure 1-3. Microtubule formation and mechanism of action of paclitaxel5 

 
Paclitaxel was approved by the U.S. Food and Drug Administration (FDA) for the 

treatment of refractory ovarian cancer (December 1992), breast cancer (April, 1994), 
Kaposi’s sarcoma (1997), and lung cancer (1998). Phase II and III clinical trials for the 
treatment of other cancers, such as colon and prostate cancers, in addition to combination 
therapy with other chemotherapeutics, are also currently in progress. 

However, the only known source of the drug was the isolation from the extracts of the 
bark of the pacific yew tree (Taxus brevifolia), a slow-growing coniferous tree growing in 
the forest of the American Pacific Northwest.9 The stripping of the bark is fatal to the tree, 
making it a limited and non-renewable source. Approximately 3,000 yew trees have to be 
sacrificed to supply the 10,000 kg of bark, which is necessary to obtain 1 kg of paclitaxel 
(0.01% yield) to treat approximately 500 patients. 

Fortunately, 10-deacetylbaccatin III (DAB, Figure 1-4), a diterpenoid that comprises 
the complex tetracyclic core of paclitaxel, was isolated from the leaves of the European 
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yew, Taxus baccata, in good yield (1 g/1 kg of fresh leaves).10, 11 This was an important 
discovery since the yew leaves are readily renewable sources. 
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Figure 1-4. 10-Deacetylbaccatin III (10-DAB III) 

 
In 1988, the first semi-synthesis of paclitaxel utilizing 10-DAB III was accomplished 

by Greene and Potier, as shown in Scheme 1-1.10 However, significant epimerization 
occurred at the C-2' position on the side chain under the high reaction temperature and 
long reaction time. 
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Scheme 1-1. Greene's semi-synthesis of paclitaxel 

 
In 1984, Rhone-Poulenc Rorer (currently Sanofi-Aventis), a French pharmaceutical 

company, developed Taxotére® (docetaxel), a semi-synthetic analog of paclitaxel (Figure 
1-1).11-13 This analog contains a C3’N-tert-butoxycarbonyl moiety and a free hydroxyl 
group at C10, as opposed to the benzoyl and acetyl groups of paclitaxel respectively. 
Docetaxel was found to share the same mechanism of action as paclitaxel and was twice 
as potent as paclitaxel. The FDA approved docetaxel for the treatment of breast cancer 
(May 1996) and non-small cell lung cancer (December 1999).14 
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§ 1.1.3 β-Lactam Synthon Method 
 

A more practical and efficient semi-synthesis of paclitaxel was introduced by Ojima 
et al. using the β-Lactam Synthon Method.15-17 The optically pure β-lactam (3R,4S)-4- 
phenylazetidin-2-one was prepared via a highly efficient lithium chiral ester enolate- 
imine cyclocondensation in high yield and with high enantioselectivity (> 96% ee).16, 18 
The β-lactam was then coupled with 13-O-metalated derivatives of 7-TES- baccatin III. 
A variety of bases such as n-BuLi, LDA, LiHMDS, NaHMDS, KHMDS and suspensions 
of NaH in THF solutions were examined, and NaHMDS was found to be the best base for 
these ring-opening coupling of N-acyl-β-lactams with baccatins. The ring-opening 
coupling proceeded smoothly at -30 oC ~ 0 oC using only a slight excess of β-lactam (1.2 
equivalent to a baccatin) to give the coupling product within 30 min in excellent yield 
(Scheme 1-2). The subsequent deprotection afforded paclitaxel in high overall yield. This 
method solved the limitations of Holton's protocol using 4-dimethylaminopyridine 
(DMAP) as the base, in which 5 equivalent of β-lactam was need.15  

 

N
O

RO Ph

Ph

O

1)NaH, or NaHMDS, -30~0 oC
30 min, 85-93%

2) HF-pyridine, 89-92%

R = TIPS, TES or EE
Paclitaxel

O

OH

NH

O

7-TES-baccatin

HO

OAcO OTES

O
OAcOBz

H
HO

O

OAcO OH

O
OAcOBz

H
HO

 
Scheme 1-2 Semi-synthesis of paclitaxel by β-Lactam Synthon Method 

 
The Ojima-Holton β-lactam coupling has been the most frequently used method for 

the total and semi-syntheses of paclitaxel, the SAR studies of taxoids, and for the 
commercial production of paclitaxel.19-23 Currently, all paclitaxel production for Bristol-
Myers Squibb (BMS) uses plant cell fermentation (PCF) technology, which eliminates 
the need for many hazardous chemicals and saves a considerable amount of energy, 
comparing to the semisynthesis.24  

 
§ 1.1.4 Second-Generation Taxoids 
 

Although paclitaxel and docetaxel have exhibited excellent anti-tumor activity against 
various cancer cell lines, it has been shown that treatments with these drugs often result 
in various undesired side effects as well as multi-drug resistance (MDR),25, 26 and the low 
water solubility without a proper vehicle into the organism. Thus, it is very important to 
develop new taxane-based anticancer agents with fewer side effects, superior 
pharmacological properties, and improved activities against various classes of tumors, 
especially against drug-resistant human cancers. Extensive structure-activity relationship 
(SAR) studies of paclitaxel, docetaxel, and their analogues have been conducted. Several 
excellent reviews on this topic have been published.3, 27-29 The SAR studies of different 
positions of the paclitaxel are summarized in Figure 1-5.30 The upper part of the taxane 
skeleton appears to be much more flexible for various modifications as compared to the 
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lower part of the molecule, according to the SAR studies performed on paclitaxel.   
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Figure 1-5. Summary of SAR studies of paclitaxel30 

 
The Ojima group has developed a series of highly active second-generation taxoids 

through SAR studies.31-36 Most of these taxoids exhibited one order of magnitude higher 
potency than those of paclitaxel and docetaxel against drug-sensitive cancer cell lines, 
and two to three orders of magnitude higher potency than those of paclitaxel and 
docetaxel against drug-resistant cell lines expressing MDR phenotypes. There are four 
key factors responsible for the strong anticancer activity of these new taxoids: (1) the 
presence of a tert-butoxycarbonyl group at C3’-N instead of benzoyl group; (2) the 
replacement of C3 phenyl with an alkenyl or alkyl group; (3) proper modification at C10 
position; and (4) modifications at the meta position of the C2 benzoate of paclitaxel.31-36  
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Figure 1-6. Second-generation taxoids synthesized from 10-DAB 

 
One second-generation taxoid, SB-T-110131 (IDN5109; BAY59-8862; Ortataxel) 

has shown promising pharmacological profiles in preclinical studies and has been the 
focus of extensive biological studies. It is currently undergoing phase II human clinical 
trials sponsored by Spectrum Pharmaceuticals, Ins..37, 38  
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Figure 1-7. SB-T-110131 (IDN5109; BAY59-8862 ; Ortataxel) 

 
In this chapter, the synthesis of enantiopure β-lactams and new-generation taxoids 

will be discussed.   
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§ 1.2 Synthesis of β-Lactam 
 
§ 1.2.1 Chiral TIPS-Ester Enolate-Imine Cyclocondensation 
 

The β-lactam synthon method has been successfully utilized for the preparation of 
C13 side chain precursors in the semi-synthesis of paclitaxel,16 docetaxel39 and a great 
number of taxoids possessing extremely high antitumor activity.28, 29 Extensive studies 
and investigations in Ojima’s laboratory showed that through an efficient chiral TIPS-
ester enolate-imine cyclocondensation reaction, β-lactams can be synthesized in good 
yields and high enantiomeric purity.16 (-)-trans-2-Phenyl-cyclohexanol (Whitesell's chiral 
auxiliary, 1-1)40 was used as the chiral auxiliary employed in the method to prepare 
highly optically pure β-lactams (Scheme 1-3).16 Paclitaxel and numerous novel taxoids 
could be obtained by the efficient coupling of β-lactams with properly modified baccatins 
and deprotections.31-36 

 

OH
Ph

=

N
O

R1TIPSO

R2

TIPSO
OR* R1 N

R2

O
+

Coupling Reaction with 
Modified Baccatins Novel Taxoid 

Anticancer Agents

1)

2) Deprotection

Optically Pure 
β-LactamsR*  

Scheme 1-3. β-lactam as the C13 side chain precursors of taxoids 
 

§ 1.2.2 Results and Discussion 
 

The synthesis of Whitesell’s chiral auxiliary (1-1) is shown in Scheme 1-4.40 CuI-
catalyzed ring opening of cyclohexene oxide with phenylmagnesium bromide provided 
racemic trans-2-phenylcyclohexanol (1-1). After acetylation of the alcohol, enzymatic 
kinetic resolution of the racemic acetate 1-2 using pig liver acetone powder afforded 
chiral auxiliary 1-1 with >99.9% ee in good yield. 

 

(+/-) 1-2

Ph OAcPh OAc Ph OH

buffer(pH=8, 0.2 M), ether,
 PLAP, 31 oC, 1 week

(+) 1-2

+

(-) 1-1
43%

>99.9%ee
45%

(+/-)1-1

O Ph OH
PhMgBr (1.5eq), CuI (0.07 eq),

THF,  -30 oC,1 h; 0 oC, 2 h
78%

Ac2O(1.9 eq), 
pyridine(2.15 eq),
DMAP(0.03 eq), 
CH2Cl2, r.t., 2 h
quant.

 
Scheme 1-4. Synthesis of Whitesell’s chiral auxiliary (1-1) 
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The reaction of bromoacetic acid with the sodium alkoxide of benzyl alcohol afforded 
benzyloxyacetic acid (1-3), which was then reacted with chiral alcohol 1-1 to give ester 
1-4 in good yield. Hydrogenolysis of 1-4, followed by TIPS protection of the resulting 
alcohol afforded the chiral TIPS-ester 1-6 in good yield (Scheme 1-5). 

 

OH Na, BrCH2COOH,
150 oC, 3 h

52%

O
OH

O

(-) 1-1, p-TSA, toluene,
reflux. overnight

75%

Ph O
O

O

Ph

Pd/C, THF, H2,
45 oC, 21 h
quant

Ph O
OH

O

TIPSCl (1.37eq), 
Imidazol(2.37eq),

DMF, r.t., 23 h
82%

Ph O
OTIPS

O

1-4

1-51-6

1-3

 
Scheme 1-5. Synthesis of TIPS-Ester 1-6 

 
The synthesis of the β-lactam 1-10 is shown in Scheme 1-6. 3-Methylbut-2-enal was 

first reacted with p-anisidine in methylene chloride to generate N-p-
methoxyphenyl(isobutenyl)aldimine (1-7). TIPS ester 1-6 in THF was slowly added to 
LDA. The resulting enolate was then reacted with 1-7 to yield β-lactam (1-8) in good 
yield. The para-methoxyphenyl group was then removed by ammonium cerium (IV) 
nitrate (CAN) oxidation in aqueous acetonitrile. The enantiomeric excess of 1-9 (> 97%) 
was measure by chiral HPLC. Subsequent standard acylation with di-tert-
butyldicarbonate gave the desired β-lactam 1-10 in high yield.32 
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N
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Ph O
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O

N
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TIPSO1-7, LDA (1.3 eq), 
-80 oC, overnight,
LiHMDS (1.0 eq), 
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70%, >97%ee
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CH3CN/H2O,
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70%

N
HO

TIPSOt- Boc2O (1.1 eq), Et3N (3 eq),
 DMAP (0.25 eq),
CH2Cl2, r.t., overnightN

O

TIPSO

O

O
t-Bu 80%

1-7

1-6 1-8

1-91-10

CH2Cl2, Na2SO4 (2 eq),
r.t., 2 h
quant.

 
Scheme 1-6. Synthesis of 1-10 
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The selective formation of cis-β-lactam with high enatiomeric purity could be 
explained by the 6-member-ring transition state proposed in Scheme 1-7.16 At low 
temperature, (E)-enolate is predominantly formed and the initial enolate addition to imine 
would occur from the less hindered face (back), thus forming the β-amino ester 
intermediate, which could be isolated upon quenching the reaction at low temperature. 
When warmed up to room temperature, this intermediate cyclizes to afford the chiral β-
lactam and release the chiral auxiliary. 

 

R*O
H

O-Li+

OTIPS

PMP
N

+

N

PMP

LiO

H

TIPSO

O

H
THF

THF

N

TIPSO

O PMP

TIPSO

N PMP
Li

R*O
O

R*O-Li+

R* =
Ph

O

Ph

PhO

O-

TIPSO

Si

double bond

Molecular modeling study (Spartan program; MM2) of
conformation of

 
 

Scheme 1-7. A proposed mechanism of chiral TIPS-ester enolate-imine condensation 
 
§ 1.2.3 [2+2] Cycloaddition Reaction followed by Enzymatic Kinetic 
Resolution 
 

The reaction between acid chlorides and imines (Staudinger reaction) is assumed to 
proceed through in situ formation of a ketene,41 followed by reaction with an imine to 
form a zwitterionic intermediate, which undergoes an electrocyclic conrotatory ring 
closure to give the β-lactam ring. In general, (E)-imines lead preferentially to the more 
hindered cis-β-lactams, while (Z)-imines give predominantly the corresponding trans 
isomers (Scheme 1-8).42-44 The theoretical studies undertaken to establish the origin of 
the cis/trans stereoselection have revealed that the relative energies of the rate-
determining transition states, led from the zwitterions to β-lactams, are dictated not 
necessarily by steric effects, but by electronic torquoselectivity.45-47   

 



12 

C
O

HR1

N
R3

R2 H

+

C
O

R1H

N

R2
H

R3
C
O

HR1

N

R2
H

R3

exoendo

C
-O

HR1

N+

R2
H

R3

C
-O

R1H

N+

R2
H

R3

R1

H
N H

R2

R3

O

H

R1

N H

R2

R3

OO R3

HH
R2R1

O R3

HR1
R2H

trans cisinward outward  
Scheme 1-8. Synthesis of β-lactams by Staudinger reaction48 

 
Lipases have been widely used for the kinetic resolution of racemic alcohols and 

carboxylic esters.49 The resolved enantiopure β-lactams are important intermediates in the 
synthesis of the C13 side chain of taxoids. The commercial availability and relative 
stability of the lipases make them an attractive class of catalysts for effecting industrial-
scale kinetic resolution process.  

 
§ 1.2.4 Results and Discussion 
 

In the presence of triethylamine, acetoxyacetylchloride was reacted with imine 1-11 
to give the corresponding racemic β-lactam 1-12. PS-Amano lipase preferentially 
hydrolyzed acetate moiety at C3 of the (3S,4R) enantiomer of 1-12 to afford (+)-1-12 in 
42% yield with 97%ee.49 The p-methoxyphenyl group in (+)-1-12 was removed through 
the CAN oxidation, and the acetoxy group was hydrolyzed to give 1-15. The hydroxyl 
group was protected with EE (1-ethoxyethyl) group to afford the desired β-lactam 1-16 in 
good overall yield (Scheme1-9).  

The same [2+2] reaction was performed with imine 1-7 to give the corresponding 
racemic β-lactam 1-17. The enzymatic resolution afforded (+)-1-17 with 97%ee in 46% 
yield.49 The acetoxy group was hydrolyzed and the resulting 3-hydroxyl group was 
protected with TIPS group to give 1-8. The p-methoxyphenyl group was removed 
through oxidation with CAN and the acylation with di-tert-butyldicarbonate anhydride 
gave the desired β-lactam 1-10 in good overall yield (Scheme 1-10). 
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Scheme 1-9. Synthesis of β-lactam 1-16 
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Scheme 1-10: Synthesis of β-lactam 1-10 
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§ 1.3 Synthesis and Biological Evaluation of New-Generation 
Taxoids 
 
§ 1.3.1 Introduction 
 

A series of novel second-generation taxoids with systematic modifications at the C2, 
C10, and C3’N positions were developed by Ojima’s laboratory. These taxoids exhibited 
exceptional potencies against drug-sensitive and drug-resistant cell lines.31, 32, 36 Several 
taxoids exhibited virtually no difference in potency against the drug-sensitive and drug-
resistant cell lines, hence circumvented the multi-drug resistance observed for paclitaxel. 
These exceptionally potent taxoids were termed “third-generation taxoids”.50 

In this section, four second-generation taxoids: SB-T-1213, SB-T-1214, SB-T-1216, 
SB-T-1217 and three third-generation taxoids: SB-T-121303, SB-T-12130301, SB-T-
121303021 were synthesized. All of these taxoids were re-synthesized for further 
biological evaluation or for the synthesis of the fatty acid-second-generation taxoid 
conjugates (See Chapter II). 
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Figure 1-8. Structure of second- and third-generation taxoids 

 
§ 1.3.2 Results and Discussion 
 
§ 1.3.2.1 Synthesis of SB-T-1213 
 

Synthesis of the new second-generation taxoid using the β-lactam ring-opening 
coupling protocol with a modified baccatin started from the natural product 10-DAB. The 
acid anhydride was selectively reacted with the C10 hydroxyl group in excellent yield in 
the presence of cerium chloride.51 Then, a selective protection of the C7-OH using 2.5 
equivalents of triethylsilyl chloride (TESCl) and an excess amount of imidazole in 
dimethylformamide (DMF) solution gave desired 7-TES-10-propanoyl-10-DAB (1-21) in 
excellent yield.36 β-Lactam 1-11 was coupled with the modified baccatin 1-21 to afford 
protected taxoid 1-22 in 91% yield. Global silyl group deprotection using HF-pyridine 
conditions afforded 1-23 (SB-T-1213) in 95% yield.  
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Scheme 1-11. Synthesis of SB-T-1213 

 
§ 1.3.2.2 Synthesis of SB-T-1214, SB-T-1216 and SB-T-1217 
 

A selective protection of the C7-OH of 10-DAB using 3 equivalents of triethylsilyl 
chloride (TESCl) and an excess of imidazole in DMF solution gave the desired 7-TES-
10-DAB (1-24) in 95% yield.36 Then 1-24 was treated with lithium bis(trimethylsilyl)-
amide (LiHMDS) at -40 oC, followed by the addition of a proper acid chloride to afford 
C10-modified baccatins 1-25 selectively in high yield.36 The β-lactam 1-11 was coupled 
with modified baccatins 1-25 to afford protected taxoids 1-26 in the presence of LiHMDS. 
The global silyl group deprotection using HF-pyridine conditions gave second-generation 
taxoids 1-27 (SB-T-1214, SB-T-1216 and SB-T-1217) in high yields, as shown in 
Scheme 1-12. 
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Scheme 1-12. Synthesis of SB-T-1214, SB-T-1216 and SB-T-1217 

 
§ 1.3.2.3 Synthesis of SB-T-121303 
 

TES-protection of 10-DAB using an excess amount of triethylsilyl chloride (TESCl) 
and imidazole in DMF solution afforded 7,10,13-tri-TES-baccatin 1-28 in high yield. 
Reductive cleavage of the C2-benzoyl group using Red-Al gave 7,10,13-tri-TES-baccatin 
diol 1-29 in quantitive yield. Then, this diol was mixed with a large excess of m-anisic 
acid, 1,3-diisopropylcarbodiimide (DIC) and N,N-dimethylaminopyridine (DMAP), and 
refluxed in a concentrated dichloromethane solution overnight to afford the desired C2-
modified tri-TES-baccatin 1-30 in 80% yield. A global removal of the TES groups using 
HF-pyridine gave baccatin 1-31. Propanoic anhydride was selectively reacted with the 
C10-hydroxyl group in excellent yield in the presence of cerium chloride.51 Then a 
selective protection of the C7-OH using TESCl and imidazole afforded modified-baccatin 
1-33 in excellent yield. 1-33 was coupled with β-lactam 1-11 to afford the protected 
taxoid 1-34. Finally, deprotection of the silyl groups using HF-pyridine gave taxoid 1-35 
(SB-T-121303) in good overall yield. 
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§ 1.3.2.4 Synthesis of SB-T-12130301 
 

The selective protection of the C7-OH of the C2-modified 10-DAB 1-31 using 3 
equivalents of triethylsilyl chloride (TESCl) and an excess of imidazole in DMF solution 
gave the desired 7-TES-baccatin 1-36 in 93% yield. Then, 1-36 was treated with 
LiHMDS at -40 oC, followed by the addition of an acid chloride to afford C10-modified 
baccatin 1-37 selectively in high yield.36 The β-lactam 1-11 was coupled with modified 
baccatin 1-37 to afford protected taxoid 1-38 in the presence of LiHMDS. The silyl group 
deprotection using HF-pyridine conditions gave SB-T-12130301 in high yield. 
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Scheme 1-14. Synthesis of SB-T-12130301 
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§ 1.3.2.5 Synthesis of SB-T-121303021 
 

Selective introduction of the o-anisoyl group to the C10 position was not possible by 
the methods described above. However, selective oxidation of the C13 position of 1-36 
using tetrapropylammonium perruthenate (TPAP) and N-methylmorpholine-N-oxide 
(NMO) provided 13-oxo baccatin 1-40 in good yield. The C10 position was then acylated 
with o-anisoyl chloride in the presence of DMAP to afford the C10-modified compound 
1-41. Reduction of the C13 ketone with NaBH4 gave the desired C10-modified baccatin 
1-42 in reasonable yield. The β-lactam was coupled with modified baccatin 1-42 to afford 
protected taxoid 1-43 in the presence of LiHMDS. Following global silyl group 
deprotection using HF-pyridine conditions gave SB-T-121303021 in high yield. 
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§ 1.3.3 Biological Evaluation of New-Generation Taxoids 
 
§ 1.3.3.1 Cytotoxicity of New-Generation Taxoids against Human Breast 
and Ovarian Cancer Cell Lines 
 

The second- and third-generation taxoids thus synthesized, were evaluated for their 
cytotoxicity against human breast cancer cell line MCF7 (P-glycoprotein negative, Pgp-), 
human ovarian cancer cell line NCI/ADR (P-glycoprotein positive, Pgp+) and selected 
taxoids were also assayed for their potency against drug-sensitive (LCC6-WT, Pgp-) and 
drug-resistant (LCC6-MDR, Pgp+) human breast cancer cell lines at the Roswell Park 
Cancer Institute. Results are summarized in Table 1-1 with the values of paclitaxel 
shown for comparison purpose. As Table 1-1 shows, the taxoids are exceptionally potent, 
especially against drug-resistant cell lines. All of the taxoids show one order of 
magnitude higher potency than paclitaxel against drug-sensitive cancer cell lines, MCF7 
and LCC6-WT, and two-three orders of magnitude higher potency than paclitaxel against 
drug-resistant cancer cell lines, NCI/ADR and LCC6-MDR. 

 
Table 1-1. Cytotoxicity of second and third-generation 

taxoids (IC50 nM)a 

Taxoid LCC6 
-WTb 

LCC6-
MDRc R/Sd MCF7e NCI/ 

ADRf R/Sd 

Paclitaxel 3.1 346 112 1.7 300 176 
Docetaxel 1.0 120 120 1.0 235 235 
SB-T-1213 / / / 0.18 4.0 22 
SB-T-1214  / / / 0.20 3.9 20 
SB-T-1216 / / / 0.13 4.9 6.3 
SB-T-1217 / / / 0.14 5.3 2.9 

SB-T-121303 / / / 0.36 0.33 7.5 
SB-T-121303021 0.4 0.9 2.3 1.1 3.3 3.0 
SB-T-12130301 0.4 0.4 1.0 0.6 1.8 3.0 

aConcentration of compound which inhibits 50% (IC50, nM) of the growth 
of human tumor cell line after 72 h drug exposure. bLCC6-WT: human 
breast carcinoma cell line (Pgp-). cLCC6-MDR: mdr1 transduced cell line 
(Pgp+). dResistance factor = (IC50 for drug resistant cell line, R) / (IC50 
for drug-sensitive cell line, S). eMCF7: human breast carcinoma cell line. 
fNCI/ADR: multi-drug resistant human ovarian carcinoma cell line.  
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§ 1.3.3.2 Cytotoxicity of New-Generation Taxoids against Paclitaxel-
Resistant Cancer Cells with Point Mutations in Tubulin  
 

Multidrug-resistance (MDR) to paclitaxel mainly arises from the overexpression of 
ATP-binding cassette (ABC) transporters,52

 but other drug-resistance mechanisms are 
also involved in paclitaxel resistance.53

 One of the significant mechanisms is associated 
with alterations of its cellular target, tubulin/microtubule.54-59

 In this regard, two 
paclitaxel-resistant sublines, 1A9PTX10 and 1A9PTX22 derived from 1A9 cell line, have 
been reported.58

 The parental 1A9 is a clone of the human ovarian carcinoma cell line A-
2780. Point mutations in class I β-tubulin in both 1A9PTX10 and 1A9PTX22 have been 
identified by sequence analysis.58

 Thus, the cytotoxicity of new-generation taxoids 
against these two paclitaxel-resistant cell lines would provide critical information about 
their ability to deal with drug resistance other than ABC transporters.  

Selected new-generation taxoids, SB-T-1214, SB-T-121303 and SB-T-11033 (the 
C3’-hydrogenated analog of SB-T-121303), were assayed against both drug-resistant cell 
lines and the parental cell line, according to the reported procedure.60, 61 As Table 1-2 
shows, all three taxoids exhibit extremely potent activity, against drug-resistant cell lines 
1A9PTX10 and 1A9PTX22, with two orders of magnitude higher potency than paclitaxel. 
The results clearly demonstrate that these second- and third-generation taxoids are 
capable of effectively circumventing the paclitaxel drug-resistance arising from point 
mutations in tubulins/microtubules besides MDR. This makes the new-generation taxoids 
even more attractive. 

 
Table 1-2. Cytotoxicity of new-generation taxoids against 

1A9PTX10 and 1A9PTX22 cell lines (IC50 nM)a 
Taxoids 1A9 1A9PTX10 R/Sb 1A9PTX22 R/Sb 

Paclitaxel 1.38±0.05 532.95±3.18 386 160.70±14.70 116 
SB-T-1214 0.44±0.04 9.00±0.77 20.4 3.94±0.03 9.0 

SB-T-121303 0.76±0.01 3.65±0.21 4.8 3.88±0.54 5.1 
SB-T-11033 0.25±0.01 4.91±0.53 19.6 2.10±0.13 8.4 

aConcentration of compound which inhibits 50% (IC50, nM) of the 
growth of human tumor cell line after 72 h drug exposure.  
bResistance factor = (IC50 for drug resistant cell line, R) / (IC50 for 
drug-sensitive cell line, S). 

 
§ 1.3.3.3 Tubulin Polymerization Assay 
 

The activities of SB-T-1214 and SB-T-121303 were evaluated in the in vitro tubulin 
polymerization assay at the Albert Einstein College of Medicine. Paclitaxel was also used 
as the standard for comparison. Changes in absorbance in this spectrophotometric assay 
provide a direct measure of turbidity, hence indicating the extent of tubulin 
polymerization. Taxoids, SB-T-1214 and SB-T-121303, induced tubulin polymerization 
in the absence of GTP in a manner similar to paclitaxel. The microtubules formed with 
these new-generation taxoids as well as paclitaxel were stable against Ca2+-induced 
depolymerization. As Figures 1-14 shows, taxoids SB-T-1214 and SB-T-121303 
promote rapid polymerization of tubulin at a faster rate than that of paclitaxel. The 
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turbidity of the tubulin solution treated by SB-T-1214 or SB-T-121303 reaches plateau 
quickly and does not change with time. This observation may imply that there is a 
difference in structure between microtubules formed with the new-generation taxoids and 
those with paclitaxel. Third-generation taxoid SB-T-121303 causes spontaneous tubulin 
polymerization, reaching >90% of a plateau within 5 min from onset, while it takes about 
12 min for second-generation taxoid SB-T-1214 to reach the same point. 

 

 
Figure 1-9. Tubulin polymerization with SB-T-1214, SB-T-121303 and paclitaxel: 

microtubule protein 1 mg/mL, 37 oC, GTP 1 mM, Drug 10 μM 
 

§ 1.3.3.4 Electron Microscopy Analysis 
 

The microtubules formed with new-generation taxoids (SB-T-1214 and SB-T-121303) 
were analyzed further by electron microscopy for their morphology and structure in 
comparison with those formed by using GTP and paclitaxel. The electron micrographs of 
microtubules formed with the two taxoids, paclitaxel and GTP are summarized in 
Figures 1-15. As Figures 1-15a and 1-15b show, GTP and paclitaxel form long and 
straight microtubules. The microtubules formed with a second-generation taxoid SB-T-
1214 (Figures 1-15c) are shorter than those with GTP or paclitaxel. In contrast, the 
morphology of the microtubules formed by the action of third-generation taxoid SB-T-
121303 is very unique in that those microtubules are very short and numerous (Figures 
1-15d).  
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Figure 1-10. Electromicrographs of microtubules: (a) GTP; (b) paclitaxel;  

(c) SB-T-1214; (d) SB-T- 121303 
 

§ 1.3.4 Synthesis and Biological Evaluation of C3’-Difluorovinyl-
Taxoids  
 
§ 1.3.4.1 Introduction 
 

Fluorine is one of the smallest atoms with the highest electronegativity. Thus, the 
introduction of fluorine to a bioactive molecule causes minimal steric alteration, while 
significantly affects the physico-chemical properties of the molecule.62 The replacement 
of an oxidizable C-H group by a C-F group increases the metabolic stability of the 
molecule. The presence of fluorine(s) enhances lipophilicity of drugs and thus increases 
hydrophobic interactions and membrane permeability.62 New and effective biochemical 
tools as well as medicinal and therapeutic agents have been successfully developed 
through rational design exploiting these special properties of fluorine.62, 63 Fluorinated 
analogues of biologically active molecules can also serve as excellent probes for the 
investigation of biochemical mechanisms. 19F-NMR can provide unique and powerful 
tools for the mechanistic investigations in chemical biology. 28, 62, 64-67 

In recent years, a series of fluoro-containing taxoids were synthesized and evaluated 
in Ojima’s laboratory.65, 68-70 The introduction of the CF2H and CF3 groups to the C3’-
position of taxoids, creates a class of fluorinated taxoids with improved biological 
activity compared with paclitaxel and docetaxel, especially against multi-drug resistant 
cell lines.70 Recent metabolism studies conducted on C3’-isobutyl- and C3’-isobutenyl-
taxoids, in collaboration with Dr. Gut, disclosed that the metabolism of second-
generation taxoids (SB-T-1214, SB-T-1216, and SB-T-1103) is markedly different from 
that of docetaxel and paclitaxel.71 It was found, in fact, that these taxoids are oxidized by 

a b

c d
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the cytochrome P450 3A4 at the two allylic methyl groups of the C3’-isobutenyl group 
and the methyne moiety of the C3’-isobutyl group as primary metabolic sites (Figure 1-
11). On the contrary, docetaxel has the tert-butyl group on the C3’nitrogen as the single 
metabolic site.2 Based on these considerations, we have designed and synthesized C3’-
difluorovinyl taxoids, in order to block the allylic oxidation by CYP 3A4 mentioned 
above to increase the metabolic stability.  
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Figure 1-11. Primary sites of hydroxylation on the second-generation 

taxoids by P450 family enzymes 
 

Based on the metabolism studies, a series of C3’-difluorovinyl taxoids with different 
substitution at C10 and C2 positions were synthesized and evaluated in Ojima’s 
laboratory.70 These novel taxoids exhibit exceptional potency against MCF7 cell line, i.e., 
most of these taxoids possess less than 100 pM IC50 values, exceeding the potency of the 
highly potent second-generation taxoids previously developed in the laboratory. 
Cytotoxicities against NCI/ADR cell line are almost all subnanomolar level IC50’s, which 
are three orders of magnitude more potent than paclitaxel. 
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Figure 1-12. C3’-Difluorovinyl-taxoids 
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In this section, enantiopure 4-difluorovinyl-β-lactam 1-48 and difluorovinyl-taxoid, 
SB-T-12853, were synthesized in a large scale. Four C3’-difluorovinyl-taxoids (Figure 
1-18) were evaluated for the potency in cytotoxicity assay and tubulin polymerization 
assay. 
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Figure 1-13. Structure of C3’-difluorovinyl-taxoids 

 
§ 1.3.4.2 Results and Discussion 
 

Enantiopure β-lactam 1-8 was subjected to ozonolysis, affording 1-45 in 92% yield69, 
which was transformed to 1-46 by using CBr2F2, hexamethylphosphoroustriamide 
(HMPT), and Zn in THF (Scheme 1-16).72, 73 The yield of this step (80%) was greatly 
improved from the previous study (20-60%)74 by using a larger amount of HMPA and Zn. 
The PMP group was removed using CAN to give enantiopure  β-lactam 1-47, followed 
by acylation with Boc2O to afford the desired (3R,4S)-N-Boc-3-TIPSO-4-
difluorovinylazetidin-2-one (1-48) in excellent yield. The ring-opening coupling of β-
lactam 1-48 with modified baccatin 1-21 was carried out at -40°C in THF using LiHMDS. 
The subsequent removal of the silyl protecting groups using HF/pyridine gave the 
corresponding difluorovinyl taxoid SB-T-12853 in excellent yield (Scheme 1-16).  
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Scheme 1-16. Synthesis of SB-T-12853 

 
§ 1.3.4.3 Biological Evaluation of Difluorovinyl-Taxoids 
 
§ 1.3.4.3.1 Cytotoxicity of Difluorovinyl-Taxoids against Human Breast 
and Ovarian Cancer Cell Lines 
 

The cytotoxicity of the novel difluorovinyl-taxoids SB-T-12851, SB-T-12852, SB-T-
12853, and SB-T-12854 was evaluated in vitro against human breast cancer cell line 
MCF7 (Pgp-) and human ovarian cancer cell line NCI/ADR (Pgp+) respectively at the 
Roswell Park Cancer Institute. The IC50 values were determined through 72 h exposure of 
the fluoro-taxoids to the cancer cells according to the protocol developed by Skehan et 
al75. The received data are summarized in Table 1-3. 
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Table 1-3. In vitro cytotoxicity (IC50 nM) of C3’-difluorovinyl-taxoidsa 
 

Taxoid MCF7b NCI/ ADRc R/Sd 
Paclitaxel 1.7 300 176 
SB-T-1213 0.18 2.2 12 

SB-T-12851 0.14 0.95 6.7 
SB-T-12852 0.17 6.03 35.5 
SB-T-12853 0.17 1.2 7.06 
SB-T-12854 0.19 4.27 22.5 

aConcentration of compound which inhibits 50% (IC50, nM) of the 
growth of human tumor cell line after 72 h drug exposure. bMCF7: 
human breast carcinoma cell line. cNCI/ADR: multi-drug resistant 
human ovarian carcinoma cell line. dResistance factor = (IC50 for 
drug resistant cell line, R) / (IC50 for drug-sensitive cell line, S). 

 
As shown in Table 1-3, the C3’-difluorovinyl-taxoids possess one order of magnitude 

higher potency than paclitaxel against the drug-sensitive cell line MCF7, two-three orders 
of magnitude higher potency than paclitaxel against drug-resistant cell line NCI/ADR, 
and comparable cytotoxicity with second-generation taxoid SB-T-1213 against these two 
cell lines.  

 
§ 1.3.4.3.2 Cytotoxicity of Difluorovinyl-Taxoids against Human 
Pancreatic and Colon Cancer Cell Lines 
 

The four difluorovinyl-taxoids were also tested against drug-resistent pancreatic 
cancer cell line, PANC-1 and colon cancer cell line, HT-29, using standard MTT assay. 
The results are summarized in Table 1-4. 

 
Table 1-4. In vitro cytotoxicity (IC50 nM ± SE)a 

of C3’-difluorovinyl-taxoids 
Taxoid PANC-1b HT-29c 

Paclitaxel 25.68 + 3.05 4.26 + 0.44 
SB-T-12851 1.19 + 0.14 0.49 + 0.04 
SB-T-12852 5.85 + 0.73 1.01 + 0.12 
SB-T-12853 0.65 + 0.07 0.40 + 0.06 
SB-T-12854 1.58 + 0.15 0.54 + 0.06 

aConcentration of compound which inhibits 50% (IC50, 
nM) of the growth of human tumor cell line after 72 h 
drug exposure. bPANC-1: human pancreatic carcinoma 
cell line. cHT-29: human colon carcinoma cell line.  

 
The difluorovinyl-taxoids show 4-10 times higher potency than paclitaxel against 

colon cancer cell line, HT-29 and 5-40 times higher potency than paclitaxel against 
pancreatic cancer cell line PANC-1. The efficacy of the compounds did not appear to be 
affected by the expression of multidrug resistance proteins in the PANC-1 cell line.  
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§ 1.3.4.3.3 Tubulin Polymerization Assay 
 

The activities of three C3’-difluorovinyl-taxoids SB-T-12851, SB-T-12852 and SB-
T-12854 were evaluated in the in vitro tubulin polymerization assays at the Albert 
Einstein College of Medicine. Paclitaxel was used as the standard for comparison 
purpose. Changes in absorbance in this spectrophotometric assay provide a direct 
measure of turbidity, hence indicating the extent of tubulin polymerization. All three 
difluorovinyl-taxoids induced tubulin polymerization in the absence of GTP in a manner 
similar to that of paclitaxel (Figures 1-17). The microtubules formed with these new 
generation taxoids as well as paclitaxel were stable against Ca2+-induced 
depolymerization. As Figure 1-14 shows, all three difluorovinyl-taxoids promote rapid 
polymerization of tubulin at a faster rate than that of paclitaxel. The microtubules formed 
with the new fluoro-taxoids are similar to those with second-generation taxoid SB-T-
1214 (Figure 1-9).  

 

 
Figure 1-14. Tubulin polymerization with SB-T-12851, SB-T-12852, SB-T-12854 and 

paclitaxel: microtubule protein 1 mg/mL, 37 oC, GTP 1 mM, Drug 10 μM 
 
§ 1.3.3.4.4 Electron Microscopy Analysis 
 

The microtubules formed with the fluoro-taxoids were also analyzed further by 
electron microscopy for their morphology and structure in comparison with those formed 
by using GTP and paclitaxel. The electron micrographs of microtubules formed with the 
three fluoro-taxoids are summarized in Figures 1-15. The morphology of the 
microtubules formed by the action of C3’-difluorovinyl-taxoids is very similar to those 
formed by second-generation taxoid SB-T-1214 (Figures 1-15c).  
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§ 1.3.4.4 Proposed Binding Conformation of Fluoro-Taxoids 
 

Recently, Ojima group proposed a new bioactive conformation of paclitaxel, 
“REDOR-Taxol”76, based on the 19F-13C distances obtained by the REDOR experiment66, 
the photoaffinity labeling of microtubules77, the crystal structure of α,β-tubulin dimer 
model determined by cryo-electron microscopy (cryo-EM)78, 79, and molecular modeling. 
The REDOR-Taxol structure is fully consistent with the recent solid state REDOR-NMR 
experiment.67 

To investigate the microtubule-bound structures of the 3’-CF2H-, 3’-CF3-, and 3’ 
CF2C=CH-taxoids, using the updated REDOR-Taxol-1JFF structure (see Chapter 4) as 
the starting structure. Three fluoro-taxoids, SB-T-1284, SB-T-1282 (Figure 1-16) and 
SB-T-12853 were docked into the binding pocket of paclitaxel in the β-tubulin subunit by 
superimposing the baccatin moiety with that of the REDOR-Taxol, and their energies 
minimized (InsightII 2000, CVFF). The resulting computer-generated binding structures 
of three fluorotaxoids are shown in Figure 1-17 (a, b and c). 
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As Figure 1-20 (a-c) shows, the baccatin moiety occupies virtually the same space in 

all cases, as expected. Each fluoro-taxoid fits comfortably in the binding pocket without 
any high-energy contacts with the protein. There is a very strong hydrogen bond between 
the C2’-OH of the fluoro-taxoids and His227 of β-tubulin in all three cases, which shares 
the same key feature with the REDOR-Taxol structure76. The CF2H and CF3 moieties fill 
essentially the same space, as anticipated. However, the CF2C=CH moiety occupies more 
extended hydrophobic space than the CF2H and CF3 moieties. It is likely that this 

a b c

Figure 1-15. Electromicrographs of microtubules: (a) SB-T-12851;  
(b) SB-T-12852; (c) SB-T-12854 
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additional hydrophobic interaction is substantially contributing to the exceptional 
cytotoxicity of difluorovinyl-taxoids. The overlay of SB-T-12853 with a representative 
second-generation taxoid, SB-T-1213 shows excellent fit, which may prove that 
difluorovinyl group mimics the isobutenyl group (Figure 17d). However, the 
difluorovinyl group is in between vinyl and isobutenyl groups in size, and two fluorine 
atoms may mimic two hydroxyl groups rather than two methyl groups electronically. 
Accordingly, the difluorovinyl group can be regarded as “magic vinyl”, like “magic 
methyl” for the trifluoromethyl group, in drug design, including its anticipated metabolic 
stability against P-450 family enzymes. 

 

    
 

    
Figure 1-17. Computer-generated binding structures of fluoro-taxoids to β-tubulin: 

(a) SB-T-1284 (C3’-CF2H) ; (b) SB-T-1282 (C3’-CF3) ; (c) SB-T-12853 (C3’-
CF2=CH); (d) Overlay of SB-T-12853 (cyan) and SB-T-1213 (magenta) 

 

His227 

a b

c d

SB-T-1213 

SB-T-12853 

His227 

His227

His227 



31 

§ 1.3.5 Synthesis of 13C-Labeled Paclitaxel 
 

In collaboration with Synta Pharmaceuticals, 100 mg 13C-labeled paclitaxel was 
synthesized. The synthesis began with 13C-labeled benzoic acid, which was converted to 
an acid chloride (1-51) by using oxalyl chloride. Then β-lactam (1-17) was reacted 
directly with 1-51 in the presence of triethylamine and DMAP to give the desired β-
lactam 1-53 in 62% yield. The modified baccatin 1-54 was coupled with the β-lactam 1-
53 in 75% yield. The deprotection of TES and EE group by using hydrochloric acid in 
ethanol gave the labeled paclitaxel in good yield.16  
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Scheme 1-17. Synthesis of 13C-labeled paclitaxel 

 
§ 1.3.6 Synthesis and Biological Evaluation of Taxane-based Potential 
Antimalarial Agents 
 
§ 1.3.6.1 Introduction 
 

Malaria is a tropical disease transmitted to humans by the bite of a female Anopheles 
mosquito infected with parasites of the genus Plasmodium. Today more than 40% of the 
world’s population is at risk, counting over 300-500 million people infected and about 2 
million deaths per year (primarily children). The main reason for the epidemic is that the 
development of Plasmodium is highly resistant to the classical antimalarial drugs (Figure 
1-21).  
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Figure 1-18. Classical antimalarial drugs 

 
Paclitaxel and docetaxel were reported to have antimalarial activity. Paclitaxel can 

block the replication of Trypanosomacruzi and Trypanosoma brucei parasites, selectively 
inhibit proliferation of Leishmania dovani promastigotes, and have a significant 
inhibitory effect on P. falciparum growth. Docetaxel can inhibit P. falciparum 
erythrocytic development in vitro at nanomolar concentrations, in both chloroquine-
sensitive (F32/Tanzania) and chloroquine-resistant (FcB1/Colombia, FcR3/Gambia) 
strains. However, there are clear differences in the drug susceptibility of mammalian 
tubulin and those of parasites. Based on the systematic SAR studies of taxane-based 
anticancer agents, it is suggested that para-substituted C2-benzoyl analogues would to 
reduce the apparent interactions with tubulin which are responsible for cytotoxicity to 
mammalian cells. In this section, 3 new C2-modified SB-T-1213 analogues were 
synthesized and their antimalarial activity evaluated to examined this hypothesis. 
 
§ 1.3.6.2 Result and Discussion 
 

As shown in Scheme 1-18, the synthesis started with the C2 modification of 10-DAB. 
Diol 1-29 was mixed with a large excess of acid, DIC and DMAP, and refluxed overnight 
to 3 days to give the desired C2-modified tri-TES-baccatins 1-57 in good yield. Then, a 
global removal of the TES groups using HF-pyridine, followed by C10-modification with 
propanoic anhydride and cerium chloride afforded baccatins 1-59. The selective 
protection of the C7-OH using TESCl and imidazole gave modified 10-DABs 1-60 (a-c) 
in excellent yield. Baccatins 1-60 (a-c) were coupled with β-lactam 1-10 to afford the 
protected taxoids 1-61. Finally, deprotection of the silyl groups using HF-pyridine gave 
taxoids 1-62 (a-c) in good overall yield. 
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Scheme 1-18. Synthesis of C2-modified SB-T-1213 analogues 
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§ 1.3.6.3 Biological Evaluation 
 

These three compounds as well as other five conpounds (synthesized by Dr. Jin Chen 
and Xianrui Zhao) were sent to Dr. Simon Croft’s laboratory (Department of Infectious 
Diseases and Tropical Diseases, London School of Hygiene and Tropical Medicine) to 
assay the antimalarial activities and the cytotoxicities against K1 strain of P. falciparum 
and MRC-5 cells. Unfortunately, most of them only exhibited modest antimalarial 
activity. Two of them, SB-T-1213P01 and SB-T-1213P07 showed similar antimalarial 
activities as chloroquine against K1 strain of P. falciparum.   

 
Table 1-5. Antimalarial activities and cytotoxicities of taxoids 
against K1 strain of Plasmodium falciparum and MRC-5 cells 

IC50 (μg/mL) Compound 
  K1 strain*      MRC-5 cells** 

Selectivity 
MRC-5/K1 

SB-T-1213P01 0.45 0.23 0.5 
SB-T-1213P02 6.7 0.35 0.05 
SB-T-1213P03 5.8 0.25 0.04 
SB-T-1213P04 6.6 0.98 0.1 
SB-T-1213P05 6.0 0.25 0.04 
SB-T-1213P06 6.5 1.45 0.2 
SB-T-1213P07 0.65 0.13 0.2 
SB-T-1213P08 6.8 0.26 0.04 
Artemisinin*** 0.0096 ND**** - 
Chloroquine*** 0.3 ND**** - 

* drug resistant strain, **human diploid embryonic cells 
*** standard antimalarial drug ****not determined 
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§ 1.4 Summary 
 

Paclitaxel is one of the most important drugs in current clinical treatment of cancer. 
The β-Lactam synthon method was proven to be an efficient method to synthesize 
paclitaxel, docetaxel or various new-generation taxoids.  

Enantiopure β-lactam was synthesized by imine-ester cyclocondensation and [2+2] 
cycloaddition-enzymatic kinetic resolution in large scales. The synthesized β-lactams 
were used in the synthesis of a series of new-generation taxoids.  

Several second/third-generation taxoids with different substitution on C2, C10 and 
C3’ positions were resynthesized. The new-generation taxoids showed one order of 
magnitude better anticancer activity against drug sensitive cell lines and more than two 
orders of magnitude better activity against drug-resistant cell lines. Three new-generation 
taxoids exhibited excellent activity against paclitaxel-resistant 1A9PTX10 and 
1A9PTX22 ovarian cancer cell lines, wherein the drug-resistance was mediated by β-
tubulin mutation.  

One C3’-difluorovinyl-taxoid, SB-T-12853, was successfully synthesized in a large 
scale. The C3’-difluorovinyl-taxoids showed one order of magnitude better anticancer 
activity against drug sensitive MCF7 cell line and more than two orders of magnitude 
better activity against drug-resistant NCI/ADR cell line. Also these analogues were tested 
against PANC-1 (pancreatic) and HT-29 (colon) cancer cell lines, exhibiting much higher 
cytotoxicity than paclitaxel. These results showed that C3’-difluorovinyl taxoids are very 
promising preclinical candidates for further development. 

Three C2-modified second-generation taxoids as potential antimalarial agent were 
synthesized and evaluated, which exhibited only modest antimalarial activity.   
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§ 1.5 Experimental Section 
 
General Methods: 1H and 13C NMR spectra were measured on a Varian 300, 400 or 500 
NMR spectrometer. Melting points were measured on a Thomas Hoover Capillary 
melting point apparatus and are uncorrected. Optical rotations were measured on a 
Perkin-Elmer Model 241 polarimeter. TLC was performed on Merck DC-alufolien with 
Kieselgel 60F-254 and column chromatography was carried out on silica gel 60 (Merck; 
230-400 mesh ASTM). Chemical purity was determined with a Waters HPLC assembly 
consisting of dual Waters 515 HPLC pumps, a PC workstation running Millennium 32, 
and a Waters 996 PDA detector, using a Phenomenex Curosil-B column, employing 
CH3CN/water (2/3) as the solvent system with a flow rate of 1 mL/min.  
  
Materials: The chemicals were purchased from Aldrich Co. and Sigma and purified 
before use by standard methods. Tetrahydrofuran was freshly distilled from sodium metal 
and benzophenone. Dichloromethane was also distilled immediately prior to use under 
nitrogen from calcium hydride. 10-Deacetyl baccatin III (DAB) was donated by Indena, 
SpA, Italy.  
 
(±)-trans-2-Phenylcyclohexanol [(±)-1-1]:40 
A solution of phenylmagnesium bromide in THF (150 mL) was prepared from 
magnesium (7.07 g, 0.291 mol) and bromobenzene (31 mL. 0.294 mol) using standard 
conditions. After cooling the solution to -30 oC, 2.52 g (13.2 mmol) of CuI was added. 
The resulting solution was stirred for approximately 10 min, and a solution of 
cyclohexene oxide (20 mL, 0.2 mol) in THF (200 mL) was added dropwise over a period 
of 1 h. The reaction mixture was then allowed to warm to 0 ºC and was stirred for an 
additional 2 h. The reaction was quenched at 0 ºC with a saturated aqueous NH4Cl 
solution (50 mL) and extracted with ethyl acetate (100 mL x 3). The organic layer was 
washed with a saturated aqueous NH4Cl solution until there was no longer any colour 
change in the aqueous layer.  The combined aqueous layers were extracted with ether and 
the combined organic layers dried over anhydrous MgSO4, filtered and concentrated in 
vacuo. Recrystallization from hexane gave 1-1 (27.6 gm 78%) as a white solid: mp 57-58 
°C; 1H NMR (300 MHz, CDCl3) δ 1.25-1.53 (bm, 4 H), 1.62 (s, 1 H), 1.76 (m, 1 H), 1.84 
(m, 2 H), 2.11 (m, 1 H), 2.42 (ddd, J = 16.6 Hz, 10.8 Hz, 5.4 Hz, 1 H), 3.64 (ddd, J = 
16.6 Hz, 10.8 Hz, 5.4 Hz, 1 H), 7.17-7.35 (m, 5 H); 13C NMR (75 Hz, CDCl3) δ 25.1, 
26.1, 33.4, 34.6, 53.3, 74.3, 126.7, 127.9, 128.7, 143.4. IR: 3592, 3461, 2941, 2863, 1604, 
1497, 1451 cm-1; MS (EI): 176 (M+), 158, 143, 130, 117, 104, 91 (base). All data are in 
agreement with literature values. 40 

 
(±) trans-2-Phenylcyclohexyl acetate [(±)-(1-2)]:40  
To a solution of 4-dimethylaminopyridine (DMAP, 0.415 g, 4.71 mmol), pyridine (16.8 
mL) and racemic alcohol 1-1 (27.6 g, 157 mmol) in CH2Cl2 (22.9 mL), was added 
dropwise a solution of acetic anhydride (17.26 mL) in CH2Cl2 (27.7 mL) over a period of 
2 h. The reaction mixture was then poured into a solution of 6 N HCl (48 mL), ice (73 g) 
and ether (149 mL). The organic layer was washed with 2 N HCl aqueous solution (50 
mL) and the combined aqueous layers were extracted with ether (100 mL x 3). The 
combined organic layers were washed with a saturated aqueous NaHCO3 solution and 
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dried over anhydrous MgSO4, filtered and concentrated in vacuo to afford 1-2 (41.707 g, 
100%) as a pale yellow oil: 1H NMR (300 MHz, CDCl3) δ 1.35 (m, 1 H), 1.41 (m, 1 H), 
1.46 (m, 1 H), 1.56 (m, 1 H), 1.74 (s, 3 H), 1.78 (m, 1 H), 1.84 (m, 1 H), 1.93 (m, 1 H), 
2.65 (ddd, J = 16.6 Hz, 11.0Hz, 5.4 Hz, 1 H), 4.98 (ddd, J = 11.0, 11.0, 5.4 Hz, 1 H), 
7.17-7.35 (m, 5 H); 13C NMR (75 Hz, CDCl3) δ 20.7, 24.8, 25.9, 32.4, 33.9, 49.8, 75.7, 
126.4, 127.5, 128.2, 143.1, 169.9; IR: 3070, 2940, 2860, 1730, 1604, 1497 cm-1; MS (EI): 
175, 158 (base), 130, 91. All data are in agreement with literature values.40  
 
(+)-trans-2-Phenylcyclohexyl acetate [(+)-1-3] and (-)-trans-2-phenylcyclohexanol [(-
)-1-1]:40 
To 0.5 M aqueous buffer at pH = 8 (KH2PO4/K2HPO4, 1.2 L) was added racemic acetate 
1-2 (41.71 g, 0.157 mol) in ether (160 mL) at 31 ºC. After stirring for 30 min, pig liver 
acetone powder (PLAP) (9.1 g) was added. The mixture was stirred for 7 days at 31 ºC, 
until 1H NMR of the crude organic layer showed <50/50 ratio of alcohol (-)-1-1 and 
acetate (+)-1-2. The reaction mixture was quenched by acidifying to pH = 4 with 2 N HCl 
solution. To the resulting mixture was added ether (200 mL) with stirring for 1 h. After 
the PLAP was allowed to settle, the supernatant organic layer was removed (Addition of 
ether and removal of the organic layer were repeated 3 times). The organic and aqueous 
layers were filtered and the aqueous layer was extracted with ether. The combined 
organic layers were dried over anhydrous MgSO4, filtered and concentrated in vacuo. The 
remainder of the crude product was purified via column chromatography on silica gel 
using Hexane/ethyl acetate (15/1) as the eluant to afford acetate (+)-1-2 (18.7 g, 45%) as 
a slightly yellow oil and pure (-)-1-1 (11.9 g, 43%) as a white solid: mp: 63-64 ºC; 1H 
NMR (300 MHz, CDCl3) δ 1.25-1.53 (bm, 4 H), 1.62 (s, 1 H), 1.76 (m, 1 H), 1.84 (m, 2 
H), 2.11 (m, 1 H), 2.42 (ddd, J = 16.6 Hz, 10.8 Hz, 5.4 Hz, 1 H), 3.64 (ddd, J = 16.6 Hz, 
10.8 Hz, 5.4 Hz, 1 H), 7.17-7.35 (m, 5 H); 13C NMR (75 Hz, CDCl3) δ 25.1, 26.1, 33.4, 
34.6, 53.3, 74.3, 126.7, 127.9, 128.7, 143.4. IR: 3592, 3461, 2941, 2863, 1604, 1497, 
1451 cm-1; MS (EI): 176 (M+), 158, 143, 130, 117, 104, 91 (base). All data are in 
agreement with literature values. 40 

 
Benzyloxyacetic acid (1-3):16 
At room temperature, sodium metal (13.5 g, 0.589 mol) was added gradually to benzyl 
alcohol (220 mL, 2.12 mol) with stirring. After most of the sodium had reacted, the 
reaction mixture was heated to 150 ºC and complete reaction of the sodium was observed.  
Then bromoacetic acid (35.5 g, 0.257 mol) in THF (50 mL) was added dropwise. The 
reaction mixture was stirred at 150 ºC for 3 h and then cooled to room temperature. Cold 
water (50 mL) was added and the two layers separated. The aqueous layer was carefully 
extracted with dichloromethane (30 mL x 3) to remove any remaining benzyl alcohol. 
The water layer was acidified with 10% HCl until a pH of 2-3 and extracted with ether 
(100 mL x 3). The organic layer was then dried over magnesium sulfate, filtered and 
concentrated in vacuo. The oil residue was distilled under reduced pressure to afford 1-3 
(21.9 g, 52%) as a colorless oil: bp 138-140 ºC (0.3 mm Hg); 1H NMR (CDCl3, 300 MHz) 
δ 4.17 (s, 2 H), 4.67 (s, 2 H), 7.38 (m, 5 H); 13C NMR (75 Hz, CDCl3) δ 66.5, 73.4, 128.1, 
128.2, 128.6, 136.5, 175.6. All data are in agreement with literature values.16  
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(1R,2S)-(-)-2-Phenylcyclohexyl benzyloxyacetate (1-4):16  
A solution of (-)-trans-2-phenylcyclohexanol (1-1) (9.190 g, 0.051 mol), of 
benzyloxyacetic acid (1-3) (9.422 g, 0.051 mol), and a catalytic amount of p-
toluenesulfonic acid (p-TSA) in toluene (120 mL) was refluxed overnight. The toluene 
was evaporated off in vacuo and the reaction mixture was diluted with ether and washed 
with saturated aqueous solution of NaHCO3. The organic layer was dried over MgSO4, 
filtered and concentrated in vacuo to afford 1-4 (12.4 g, 75%) as a white solid: mp 52-53 
ºC; 1H NMR (CDCl3, 400 MHz) δ 1.26-1.63 (m, 4 H), 1.76-1.99 (m, 3 H), 2.10-2.20 (m, 
2 H), 2.70 (dt, J = 11.0, 4.1 Hz, 1 H), 3.73 (d, J = 16.5 Hz, 1 H), 3.84 (d, J = 16.5 Hz, 1 
H), 4.25 (s, 2 H), 5.13 (td, J = 11.0Hz, 4.1 Hz, 1 H), 7.16-7.39 (m, 10 H). All data are in 
agreement with literature values.16   
 
(1R,2S)-(-)-2-Phenylcyclohexyl hydroxyacetate (1-5):16  
A mixture of 10% palladium on carbon (Pd-C) (1.76 g) and (-)-benzyloxyacetate (1-4) 
(6.98 g, 21.5 mmol) in THF (65 mL) was stirred overnight at 45 ºC under hydrogen. The 
reaction mixture was filtered through celite and concentrated in vacuo to afford 1-5 (5.01 
g, 100%) as a white solid: mp 59-60 ºC; 1H NMR (CDCl3, 300 MHz) δ 1.30-1.66 (m, 4 
H), 1.78-2.00 (m, 3 H), 2.10-2.20 (m, 2 H), 2.67 (dt, J = 11.0, 4.2 Hz, 1 H), 3.72 (d, J = 
17.0 Hz, 1 H), 3.93 (d, J = 17.0 Hz, 1 H), 5.07 (td, J = 11.0 Hz, 4.2 Hz, 1 H), 7.16-7.32 
(m, 5 H); 13C NMR (75 Hz, CDCl3) δ 24.2, 25.2, 31.7, 33.2, 49.1, 59.7, 76.4, 126.0, 
126.9, 127.8, 142.2, 172.0.  All data are in agreement with literature values.80   
  
(1R,2S)-(-)-2-Phenylcyclohexyl triisopropylsilyloxyacetate (1-6):16  
To a solution of imidazole (3.48 g, 0.05 mol) and hydroxy- acetate (1-5) (4.98 g, 0.0213 
mol) in DMF (10.8 mL) was added chlorotriisopropylsilane (TIPSCl) (6.4 mL, 0.029 
mol). The reaction was stirred under nitrogen for 24 h, quenched with water, and 
extracted with ether. The organic layer was washed several times with water and brine, 
dried over magnesium sulfate, filtered and concentrated in vacuo. The oil residue was 
distilled under reduced pressure to afford 1-6 (6.80 g, 82%) as a colorless oil: bp 195-205 
ºC (0.8 mm Hg); [α]D

20 -17.1o (c 3.15, CHCl3); 1H NMR (CDCl3, 300 MHz) δ 0.94-1.25 
(m, 21 H), 1.35-1.70 (m, 4 H), 1.80-2.05 (m, 3 H), 2.10-2.20 (m, 1 H), 2.70 (dt, J = 11.0 
Hz, 4.2 Hz, 1 H), 3.91 (d, J = 16.5 Hz, 1 H), 4.08 (d, J = 16.5 Hz, 1 H), 5.07 (td, J = 11.0 
Hz, 4.2 Hz, 1 H), 7.16-7.30 (m, 5 H); 13C NMR (75 Hz, CDCl3) δ 11.7, 17.6, 24.6, 25.7, 
32.2, 49.6, 61.6, 75.0, 126.3, 127.3, 128.2, 142.8, 170.8; IR (neat) 1759, 1730 cm-1; Anal 
Calcd for C23H38O3Si: C, 70.72; H, 9.81. Found: C, 70.79; H, 9.85. All data are in 
agreement with literature values.16   
 
N-(4-Methoxyphenyl)-3-methyl-2-butenaldimine (1-7):36 
To a solution of p-anisidine (0.370 g, 2.98 mmol, recrystalized once from methanol) and 
anhydrous Na2SO4 (1.0 g) in CH2Cl2 (15 mL) was added 3-methylbut-2-enal (0.35 mL, 
3.72 mmol) dropwise, and then the reaction mixture was stirred at room temperature for 2 
h. The solution was filtered and the solvent was removed in vacuo to afford the imine (1-
7) as a  viscous yellow oil, which was immediately used for the synthesis of β-lactam 
without further purification: 1H NMR (CDCl3, 300MHz) δ 1.95 (s, 3 H), 2.01 (s, 3 H), 
3.80 (s, 3 H), 6.20 (d, J = 9.5 Hz, 1 H), 6.89 (d, J = 7.0 Hz, 2 H), 7.11 (d, J = 7.0 Hz, 2 H), 
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8.38 (d, J = 9.5 Hz, 1 H); 13C NMR (CDCl3) δ 19.0, 26.9, 55.5, 114.3, 122.0, 126.3, 
146.0, 149.5, 157.1, 158.5. All data are in agreement with litera- ture values.16   
 
1-p-Methoxyphenyl-3-triisopropylsilyloxy-4-(2-methylpropen-2-yl)azetidin-2-one  
(1-8):36 
To a solution of diisopropylamine (0.34 mL, 2.42 mmol) in THF (8 mL) was added 2.5 
M n-butyllithium in hexanes (0.977 mL, 2.42 mmol) at -15 oC. After stirring for 60 min, 
the reaction solution was cooled to -85 oC. A solution of the 1-6 (0.726 g 1.86 mmol) in 
THF (8 mL) was slowly added via cannula over a period of 1 h. After stirring for an 
additional hour, a solution of imine 1-7 (2.97 mmol in 10 mL THF) was carefully added 
via cannula over a period of 2 h. The reaction mixture was stirred at -85 oC overnight. 
Then 1 M LiHMDS in THF (1.86 mL, 1.86 mmol) was added and the reaction mixture 
allowed to warm up to -15 oC after 1 h. The reaction was then quenched with a saturated 
aqueous NH4Cl solution (30 mL). The aqueous layer was extracted with ethyl acetate (50 
mL x 3) and the combined organic layers were washed with brine (30 mL). The organic 
layer was then dried over MgSO4 and concentrated under reduced pressure. The crude 
product was then purified by column chromatography on silica gel (hexane:EtOAc = 25/1) 
to afford 1-p-methoxy-phenyl-3-triisopropylsiloxy-4-(2-methylpropen-2-yl)azetidin-2-
one (1-8) (630 mg) with >97 % ee in 70% yield: mp 78-89 oC; 1H NMR δ (CDCl3, 300 
MHz) 0.97-1.24 (m, 21 H), 1.88 (d, J = 2.3 Hz, 3 H), 1.84 (d, J = 2.3 Hz, 3 H), 3.77 (s, 3 
H), 4.82 (dd, J = 9.9, 5.1 Hz, 1 H), 5.04 (d, J = 5.1 Hz, 1 H), 5.33 (d, J = 9.9 Hz, 1 H), 
6.84 (d, J = 8.7 Hz, 2 H), 7.32 (d, J = 8.7 Hz, 2 H). All data are in agreement with 
literature values.36   
 
3-Triisopropylsilyloxy-4-(2-methylpropen-2-yl)azetidin-2-one (1-9):36 
To a solution of 1-p-methoxyphenyl-3-triisopropylsiloxy-4-(2-methylpropen-2-
yl)azetidin-2-one (1-8) (0.567 g, 1.4 mmol) in 55 mL of acetonitrile, water (11 mL) at -10 
oC was added cerium ammonium nitrate (CAN) (2.68 g, 49 mmol) in H2O (44 mL) 
dropwise via addition funnel. The reaction mixture was allowed to stir for 2 h and then 
quenched with saturated aqueous NaHSO3. The aqueous layer was extracted with ethyl 
acetate (50 mL x 3) and the combined organic layers were washed with brine. After 
drying over MgSO4 and concentrating under reduced pressure, the crude product was 
purified by column chromatography on silica gel (hexane/EtOAc = 6/1) affording 3-
triisopropylsiloxy-4-(2-methylpropen-2-yl)azetidin-2-one (1-10) (257 mg, 70 %) as a 
white solid: mp 85-86 oC; 1H NMR (CDCl3, 400 MHz) δ 0.97-1.21 (m, 21 H), 1.68 (d, J 
= 2.3 Hz, 3 H), 1.19 (d, J = 2.3 Hz, 3 H), 4.43 (dd, J = 9.5, 4.7 Hz, 1 H), 4.98 (dd, J = 4.7, 
2.3 Hz, 1 H), 5.31 (d, J = 9.5 Hz, 1 H), 6.28 (bs, 1 H); 13C NMR (CDCl3, 75 MHz) δ 11.9, 
17.6, 18.2, 25.9, 53.5, 79.4, 121.5, 137.8, 169.9. Anal. Calcd for C16H31NO2Si: C, 64.59; 
H, 10.50; N, 4.71. Found: C, 64.45; H, 10.25; N, 4.58. All data are in agreement with 
literature values.36   
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1-(tert-Butoxycarbonyl)-3-triisopropylsiloxy-4-(2-methylpropen-2-yl)azetidin-2-one 
(1-10):36 
To a solution of 3-triisopropylsiloxy-4-(2-methylprop-2-enyl) azetidin-2-one (1-9) (257 
mg, 0.865 mmol), triethylamine (0.449 mL, 2.6 mmol), and a catalytic amount of DMAP 
in CH2Cl2 (5 mL), was added di-tert-butyl dicarbonate (0.207 g, 0.952 mmol) in CH2Cl2 
(5 mL). The reaction mixture was stirred overnight, quenched by saturated NH4Cl (30 
mL), and extracted with ethyl acetate (30 mL x 3). The organic layer was washed with 
brine, dried over MgSO4, and concentrated under reduced pressure. The crude product 
was purified via column chromatography on silica gel (hexane/EtOAc = 25/1) to yield 
pure 1-(tert-butoxycarbonyl)-3-triisopropylsiloxy-4-(2-methyl-prop-2-enyl)-azetidin-2-
one (1-10) (270 mg, 80%) as a clear oil: 1H NMR (CDCl3, 300 MHz) δ 1.02-1.2 (m, 21 
H), 1.48 (s, 9 H), 1.77 (d, J = 1.0 Hz, 3 H), 1.79 (d, J = 1.0 Hz, 3 H), 4.75 (dd, J = 9.8, 
5.6, 1 H), 4.98 (d, J = 5.6 Hz, 1 H) (H on C4), 5.28 (dd, J = 9.8, 1.0 Hz, 1 H); 13C NMR 
(CDCl3) δ 11.8, 17.5, 18.2, 26.0, 28.0, 56.8, 77.2, 82.8, 128.4, 139.6, 148.1, 166.3. All 
data are in agreement with literature values.36   
 
N-(4-Methoxyphenyl)benzaldimine (1-11):16 

To a solution of p-anisidine (3.16 g, 26 mmol; recrystalized once from methanol) and 
anhydrous Na2SO4 (5.0 g) in CH2Cl2 (60 mL) was added benzaldehyde (2.93 mL, 29 
mmol) dropwise, and then the reaction mixture was stirred at room temperature for 2 h. 
The solution was filtered and concentrated under reduced pressure. After recrystallization, 
N-(4-methoxyphenyl)benzaldimine was obtained as white solid (5.98 g, 95% yield): mp 
70-71 °C; 1H NMR (300 MHz, CDCl3) δ 3.77 (s, 3H), 6.88-6.85 (m, 2H), 7.17-7.15 (m, 
2H), 7.39-7.37 (m, 3H), 7.82-7.80 (m, 2H), 8.41 (br s, 1H); 13C NMR (75 MHz, CDCl3) 
δ 55.6, 114.5, 122.3, 128.7, 128.9, 131.2, 136.5, 145.0, 158.4, 158.6; IR (KBr): 2955, 
1622, 1505, 1249 cm-1. MS (EI) m/z 211 (M+, 78), 196 (M+-CH3, 100). All data are 
consistant with literature data.16 
 
(±)-1-(4-Methoxyphenyl)-3-acetoxy-4-phenylazetidin-2-one (1-12):16 
To a solution of 1-11 (2.19 g, 10 mmol), and triethylamine (2.2 mL, 15.4 mmol) in 
CH2Cl2 (45 mL) at -78 °C was added dropwise a solution of α-acetoxyacetyl chloride 
(1.96 g, 12 mmol) in CH2Cl2 (15 mL). The reaction mixture was allowed to warm to 
25°C over 18 h, then diluted with CH2Cl2 (50 mL). The organic layer was washed with 
water (30 mL) and saturated aqueous sodium bicarbonate (30 mL), dried over MgSO4, 
and concentrated to afford the product as a white crystal (3.61 g, 100% yield): 1H NMR 
(300 MHz, CDCl3.) δ 1.68 (s, 3 H), 3.75 (s, 3 H), 5.34 (d, J = 4.9 Hz, 1 H), 5.81(d, J = 
9.0 Hz, 1 H), 6.81 (d, J = 9.0 Hz, 2 H), 7.35-7,26 (m, 7 H). 13C NMR (100.5 MHz): 
δ 19.8, 55.5, 61.5, 76.4, 114.4, 118.8, 127.9, 128.5, 128.8, 130.1, 132.3, 156.0, 161.3 
172.0. MS (m/z): 311, 212, 167, 162, 149, 120. Anal. Calcd for C18H17NO4: C, 69.44; H, 
5.50; N, 4.50. Found: C, 69.30; H, 5.47; N, 4.51. All data are consistant with literature 
data.16 
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Enzymatic resolution of β-lactam (1-12):49 
To 1-12 (3.59 g) suspended in 0.2 M sodium phosphate buffer (pH =7.5, 480 mL) and 
acetonitrile (45 mL) was added PS-Amano lipase (1.5 g), and the mixture was vigorously 
stirred at 50 oC. After 35 h, the reaction was terminated by extraction of the mixture with 
ethyl acetate three times (3 x 50 mL). The residue was dissolved in CH2Cl2 and the 
product mixture was separated using column chromatography on silica gel 
(hexane/EtOAc = 3/1 and 1/1) to give (3R,4S)-l-(p-methoxyhenyl)-3-acetoxy-4- 
phenylazetidin-2-one (1-12) (1.45 g, 41% yield) (97.5% ee by chiral HPLC) and (3S,4R)-
l-(p-methoxyhenyl)-3-hydroxy-4-phenylazetidin-2-one (1-13) (1.495 g, 41% yield). This 
reaction was monitored by NMR.  
 
(3R,4S)-3-Acetoxy-4-phenylazetidin-2-one (1-14):49 
To a solution of 1-12 (1.26 g) in acetonitrile (120 mL) and water (20 mL) at -10°C was 
slowly added a solution of ceric ammonium nitrate (1.0 g) in water (120 mL) over a 30-
min period. The mixture was stirred for 30 min at -10°C and quenched by saturated 
sodium bisulfate (80 mL). The aqueous layer was extracted with ethyl acetate (100 mL x 
3), and the combined organic layer was washed with brine, to afford (3R,4S)-3-acetoxy-
4-phenylazetidin-2-one (1-14) (0.741 g, 88%) as a white solid: 1H NMR (300 MHz, 
CDCl3): δ 1.67 (s, 3 H), 5.05(d, J = 4.7 Hz, 1 H), 5.87 (dd, J = 4.7, 2.7 Hz, 1 H), 6.54 (s, 
1 H), 7.30-7.38 (m, 5 H). All data are consistent with literature data.16 
  
(3R,4S)-3-Hydroxy–4-phenylazetidin-2-one (1-15):49 
To a solution of THF (38 mL) and 1 M KOH aqueous solution (54 mL) at 0 °C was 
added a solution of 1-14 (0.929 g, 4.53 mmol) in THF (54 mL). The solution was stirred 
at 0 °C for 1 h and saturated sodium bicarbonate (40 mL) was added. The mixture was 
extracted with ethyl acetate (30 mL x 3) and the combined organic layers were dried over 
sodium sulfate and concentrated to give 1-15 (676 mg, 90%) as white solid. 1H NMR 
(300 MHz, CDCl3) δ 2.10 (s, 1 H), 4.94 (d, J = 4.7 Hz, 1 H), 5.04 (d, J = 4.7 Hz, 1H), 
6.20 (s, 1 H), 7.25-7.35 (m, 5 H); IR (KBr) ν 3373, 3252, 1732, 1494, 1453. Anal. Calcd 
for C9H9NO2: C, 66.25; H, 5.56; N, 8.58. Found: C, 66.42; H, 5.74; N, 8..All data are 
consistent with literature data.16 
  
(3R,4S)-3-Ethoxyethoxy-4-phenylazetidin-2-one (1-16):16  
To a solution of (3R,4S)-3-hydroxy-4-phenylazetidin-2-one (1-16) (831 mg, 5.1 mmol) in 
THF (25 mL) at 0 °C was added ethyl vinyl ether (2.2 mL, 15.3 mmol) and a catalytic 
amount of p-tolunensulfonic acid (25 mg, 0.2 mmol). The mixture was stirred at room 
temperature for 2 h, quenched with saturated ammonium chloride (30 mL) and extracted 
with dichloromethane (60 mL x 3). The combined organic layers were dried over 
magnesium sulfate and the product was separated using column chromatography on silica 
gel (hexane/EtOAc = 3/1 and 1/1) to afford (3R,4S)-3-ethoxyethoxy-4-phenylazetidin-2-
one (1-16) as white solid (958 mg, 80% yield): mp 78-80 oC;  1H NMR (CDCl3, 300MHz) 
[0.98 (d, J = 5.4 Hz), 1.05 (d, J = 5.4 Hz), 3H], [1.11 (t, J = 7.1 Hz), 1.12 (t, J = 7.1 Hz), 
3H], [3.16-3.26 (m), 3.31-3.42 (m), 3.59-3.69 (m), 2H], [4.47 (q, J = 5.4 Hz), 4.68 (q, J = 
5.4 Hz), 1H], [4.82 (d, J = 4.7 Hz), 4.85 (dd, J = 4.7 Hz), 1H], 5.17-5.21 (m, 1 H), 6.42 
(bs, 1 H), 7.35 (m, 5 H); IR (KBr) ν 3214, 2983, 2933, 1753, 1718, 1456 cm-1. Anal. 
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Calcd for C13H17NO3: C, 66.36; H, 7.28; N, 5.95. Found: C, 66.46; H, 7.11; N, 5.88. All 
data are consistent with literature data.16 
  
(±)-1-(4-Methoxyphenyl)-3-acetoxyl-4-(2-methylprop-1-enyl)azetidin-2-one (1-17):31  
To a solution of 1-7 (crude, 0.035 mol), triethylamine (7.3 mL, 0.70 mol) in CH2Cl2 (140 
mL) was added acetoxyacetyl chloride (8.0 g, 0.052 mol) at -78 ˚C. The reaction mixture 
was warmed up to room temperature overnight. The reaction was quenched with 
saturated aquous ammonium chloride 100 mL and the water layer was extracted with 
CH2Cl2 (100 mL x 3). The organic layer was washed with water, brine, dried over 
anhydrous MgSO4, and concentrated in vacuo. The residue was purified by column 
chromatography on silica gel (hexanes/EtOAc = 3/1) to afford 1-17 (7.40 g, 74 %) as a 
white solid: mp 107-109 oC; 1H NMR (300 MHz, CDCl3) 1.70 (s, 3 H), 1.72 (s, 3 H), 
2.01 (s, 3 H), 3.67 (s, 3 H), 4.83 (dd, J = 9.9Hz, 4.8 Hz, 1 H), 5.02 (d, J = 9.3 Hz, 1 H), 
5.67 (d, J = 4.8 Hz, 1 H), 6.74 (d, J = 8.9 Hz, 2 H), 7.20 (d, J = 8.9 Hz, 2 H); 13C NMR 
(300MHz, CDCl3) 18.3, 20.2, 27.0, 76.1, 114.3, 117.5, 118.4, 130.7, 141.8, 156.4, 161.3, 
169.3. Anal. Calcd for C16H19O4N: C, 66.42; H, 6.62; N, 4.84. Found: C, 66.56; H, 6.54; 
N, 4.86. All data are in agreement with literature values.81   
 
Enzymatic resolution of β-lactam (1-17):49  
To racemic β-lactam 1-17 (6.35 g) suspended in 0.2 M sodium phosphate buffer (pH = 
7.5, 750 mL) and acetonitrile (75 mL) was added PS Amano lipase (2.56 g), and the 
mixture was vigorously stirred at 50 oC. After 26 h, the 1HNMR showed the conversion 
of the reaction was 50%. The reaction was terminated by adding ethyl ether (400 mL) and 
the mixture was extracted of the mixture with ethyl ether (3 x 100 mL). The residue was 
separated using flash column chromatography on silica gel (hexanes/EtOAc = 3/1 and 
then 1/1) to give (3R,4S)-l-(4-methoxyhenyl)-3-acetoxy-4-(2-methylprop-1-enyl)-2-one 
(1-17) (2.99 g, 47% yield, 97% ee) and (3S,4R)-l-(4-methoxyhenyl)-3-hydroxy-4-(2-
methylprop-1-enyl)- 2-one (1-18) (2.573 g) in 48% yield. 
  
(3R,4S)-1-(4-Methoxyphenyl)-3-hydroxy-4-(2-methylprop-1-enyl)azetidin-2-one  
(1-18):36 
To a solution of THF (120 mL) and 1 M KOH aqueous solution (103 mL) at 0 °C was 
added a solution of 1-17 (2.98 g, 10.3 mmol) in THF (175 mL). The solution was stirred 
at 0 °C for 1 h and saturated NH4Cl (200 mL) was added. The mixture was extracted with 
CH2Cl2 (100 mL x 4). The combined organic layers were dried over MgSO4 and 
concentrated to give 1-18 (2.71 g, 100%) as a white solid: 1H NMR (CDCl3) δ 1.85 (s, 6 
H), 3.75 (s, 3 H), 4.63 (d, J = 7.5 Hz, 1 H), 4.86 (dd, J = 9.2, 5.2 Hz, 1 H), 5.04 (dd, J = 
7.0, 5.2 Hz, 1 H), 5.33 (d, J = 9.2 Hz, 1 H), 6.79 (d, J = 9.0 Hz, 2 H), 7.27 (d, J = 9.0 Hz, 
2 H); 13C NMR (62.5 MHz, CDCl3) δ 18.6, 26.2, 55.4, 57.3, 76.3, 114.3, 118.1, 118.6, 
130.8, 141.2, 156.3, 166.6. All data are in agreement with literature values.81   
 
1-(4-Methoxyphenyl)-3-triisopropylsiloxy-4-(2-methylpropen-2-yl)azetidin-2-one  
(1-8):36 
To a solution of 1-18 (2.70 g, 10.3 mmol), DMAP (0.250 g, 2.06 mmol) and 
triethylamine (5.8 mL, 41.1 mmol) in CH2Cl2 (37 mL) was added chlorotriisopropyl-
silane (2.9 mL, 13.3 mmol). The reaction mixture was stirred for overnight and quenched 
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with saturated NH4Cl (100 mL). The mixture was extracted with ethyl ether (100 mL x 3). 
The residue was separated using flash column chromatography on silica gel 
(hexanes/EtOAc = 15/1) to give 1-p-methoxyphenyl-3-triisopropylsiloxy-4-(2-
methylpropen-2-yl)azetidin-2-one (1-8) (4.30 g, 100%) as a white solid: 1H NMR δ 
(CDCl3, 300 MHz) 0.97-1.24 (m, 21 H), 1.88 (d, J = 2.3 Hz, 3 H), 1.84 (d, J = 2.3 Hz, 3 
H), 3.77 (s, 3 H), 4.82 (dd, J = 9.9, 5.1 Hz, 1 H), 5.04 (d, J = 5.1 Hz, 1 H), 5.33 (d, J = 
9.9 Hz, 1 H), 6.84 (d, J = 8.7 Hz, 2 H), 7.32 (d, J = 8.7 Hz, 2 H). All data are in 
agreement with literature values.36   
 
10-Deacetyl-10-propanoylbaccatin III (1-20):51 
To the solution of 10-DAB (1-19) (300 mg, 0.549 mmol) in THF (16.9 mL) was added 
cerium chloride heptahydrate (0.021 g, 0.055 mmol) and propanoic anhydride (0.7 mL, 
5.49 mmol). The reaction mixture was stirred at room temperature for 2 h. The solution 
was quenched with H2O (50 mL), extracted with CH2Cl2 (50 mL x 3). The organic layers 
were washed with brine, dried over MgSO4, and concentrated in vacuo. The product 1-20 
was obtained as white solid (340 mg, 100%): 1H NMR (400 MHz, CDCl3) δ 1.09 (s, 6 H), 
1.19 (m, 3 H), 1.66 (s, 3 H), 1.85 (m, 1 H), 2.04 (s, 3 H), 2.27 (s, 3 H), 2.29 (m, 1 H), 
2.45 (m, 1 H), 2.53 (m, 3 H), 3.87 (d, J = 6.8 Hz, 1 H), 4.14 (d, J = 8.7 Hz, 1 H), 4.29 (d, 
J = 8.7 Hz, 1 H), 4.46 (m, 1 H), 4.87 (m, 1 H), 4.97 (d, J = 9.6 Hz, 1 H), 5.61 (d, J = 6.8 
Hz, 1 H), 6.32 (s, 1 H), 7.47 (m, 2 H), 7.60 (m, 1 H), 8.08 (m, 2 H); 13C NMR (100.5 
MHz, CDCl3) δ 9.11, 9.51, 15.6, 21.0, 22.6, 27.0, 27.7, 28.8, 35.6, 38.7, 42.7, 46.2, 58.7, 
67.9, 72.3, 74.9, 76.0, 76.4, 76.0, 76.4, 79.1, 80.8, 84.4, 128.5, 129.2, 130.0, 131.8, 133.5, 
146.2, 166.9, 170.1, 170.5, 174.5, 204.0. All data are consistent with the reported 
values.32 
 
7-Triethylsilyl-10-deacetyl-10-propanoylbaccatin III (1-21):32 
To a solution of 1-20 (340 mg, 0.549 mmol) and imidazole (0.149 g, 2.19 mmol) in DMF 
(10 mL) was added chlorotriethylsilane (0.28 mL, 1.64 mmol) dropwise via syringe at 0 
oC, and the reaction mixture was stirred for 3 h at room temperature and quenched with 
saturated NH4Cl solution (30 mL). The mixture was extracted by ethyl acetate (30 mL x 
3), and then washed with H2O (30 mL x 2), brine (30 mL), dried over anhydrous MgSO4 
and concentrated. The crude product was purified on a silica gel column using 
hexanes/ethyl acetate (2/1) as eluant to give 1-21 as a white solid (0.351 g, 90% yield): 
1H NMR (300 MHz, CDCl3) 0.56 (m, 6 H), 0.89 (t, J = 7.8 Hz, 9 H), 1.15 (s, 3 H), 1.26 (s, 
6 H), 1.53 (s, 6 H), 1.68 (s, 3 H), 1.77 (s, 6 H), 1.90 (s, 4 H), 2.25 (s, 3 H), 2.36 (s, 3 H), 
2.43 (m, 2 H), 3.82 (d, J = 7.0 Hz, 1 H), 4.20 (d, J = 8.5 Hz, 1 H), 4.31 (d, J = 8.5 Hz, 1 
H), 4.43 (m, 1 H), 4.78 (m, 1 H), 4.96 (d, J = 8.1 Hz, 1 H), 5.32 (d, J = 8.3 Hz, 1 H), 5.67 
(d, J = 7.0 Hz, 1 H), 6.17 (t, J = 8.6 Hz, 1 H), 6.51 (s, 1 H), 7.45 (m, 2 H), 7.59 (m, 1 H), 
8.10 (m, 2 H);  13C NMR (75.0 MHz, CDCl3) 5.2, 6.7, 9.2, 9.9, 14.9, 20.1, 22.6, 26.7, 
27.6, 37.2, 38.3, 42.7, 58.6, 67.8, 72.3, 74.7, 78.7, 80.0, 84.2, 128.5, 129.4, 130.0, 132.6, 
133.5, 143.9, 167.8, 170.7, 174.5, 202.3. All data are consistent with the reported 
values.36  
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7-Triethylsilyl-2’-triisopropylsilyl-3'-dephenyl-3'-(2-methylprop-1-enyl)-10- 
propanoyldocetaxel (1-22):36 
To a solution of a baccatin 1-21 (0.351 g in 45 ml THF) and 1.5 equiv of β-lactam 1-11 
in dry THF was added dropwise 1.5 equiv of LiHMDS (1.0 M in THF) at -40 oC. The 
reaction mixture was stirred for 1 h. Then, the reaction was quenched with saturated 
NH4Cl. The mixture was extracted with ethyl acetate and the organic layers were washed 
with saturated NH4Cl and brine, dried over MgSO4, and concentrated in vacuo. 
Purification of the crude product by silica gel chromatography (hexane/ethyl acetate = 4/1) 
afforded the corresponding taxoid with protecting groups 1-22 as a white solid (0.495 g 
91% yield): 1HNMR (400 MHz, CDCl3) δ 0.55 (m, 6 H), 0.91 (m, 9 H), 1.11 (m, 21 H), 
1.17 (s, 3 H), 1.20 (s, 3 H), 1.22 (m, 3 Η), 1.22 (s, 3 H), 1.33 (s, 9 H), 1.69 (s, 3 H), 1.75 
(s, 3 H), 1.79(s, 3 H), 1.87 (m, 1 H), 2.01 (s, 3 H), 2.36 (s, 3 H), 2.46 (m, 3 H), 3.84 (d, J 
= 7.0 Hz, 1 H), 4.18 (d, J = 8.3 Hz, 1 H), 4.29 (d, J = 8.4 Hz, 1 H), 4.42 (d, J = 2.2 Hz, 1 
H), 4.47 (dd, J = 10.4, 6.6 Hz, 1 H), 4.80 (m, 2 H), 4.93 (d, J = 8.8 Hz, 1 H), 5.32 (d, J = 
8.2 Hz, 1 H), 5.68 (d, J = 7.0 Hz, 1 H), 6.08 (t, J = 8.8 Hz, 1 H),  6.48 (s, 1 H), 7.45 (t, J 
= 7.5 Hz, 2 H), 7.59 (t, J = 7.3 Hz, 1 H), 8.09 (d, J = 7.5 Hz, 2 H). All data are consistent 
with the reported values.36  
 
3'-Dephenyl-3'-(2-methylprop-1-enyl)-10-propanoyldocetaxel(1-23, SB-T-1213):32 
To a solution of 1-22 (0.478 g, 0.43 mmol) in a 1:1 mixture of pyridine (9.65 mL) and 
acetonitrile (9.65 mL) was added HF/pyridine (70:30) (4.78 ml) at 0 oC. The reaction 
mixture was stirred at room temperature overnight and the reaction mixture was diluted 
with ethyl acetate. The organic layer was washed with aqueous NaHCO3 solution (20 mL 
x 2), CuSO4 solution (20 mL x 3) and brine (20 mL x 2), dried over MgSO4, and 
concentrated in vacuo. Purification of the crude product by silica gel chromatography 
(hexanes/EtOAc = 1/1) afforded the corresponding taxoid 1-23 as a white solid (0.346 g, 
95% yield): [α]D -40.0° (c 1.00, CHCl3); 1H NMR (300 MHz, CDCl3) δ 1.08 (s, 3 H), 
1.13-1.18 (m, 6 H), 1.28 (s, 9 H), 1.60 (s, 3 H), 1.69 (br s, 6 H), 1.72 (m, 1 H), 1.83 (s, 3 
H), 2.29 (s, 3 H), 2.31 (s, 2 H), 2.44 (m, 3 H), 3.38 (br s, 1 H), 3.74 (d, J = 6.9 Hz, 1 H), 
4.10 (d, J = 8.1 Hz, 1 H), 4.13 (bs, 1 H), 4.22 (d, J = 8.1 Hz, 1 H), 4.33 (dd, J = 10.1, 7.5 
Hz, 1 H), 4.67 (m, 2 H), 4.88 (d, J = 9.3 Hz, 1 H), 5.23 (d, J = 8.4 Hz, 1 H), 5.59 (d, J = 
6.9 Hz, 1 H), 6.06 (m, 1 H), 6.24 (s, 1 H), 7.37 (t, J = 7.6 Hz, 2 H), 7.51 (t, J = 8.0 Hz, 1 
H), 8.01 (d, J = 8.0 Hz, 2 H); 13C NMR (63 MHz, CDCl3) δ 9.0, 9.5, 14.9, 18.5, 21.8, 
22.3, 25.7, 26.6, 27.5, 28.2, 35.5, 43.1, 45.6, 51.6, 55.5, 58.5, 72.1, 72.3, 73.7, 75.0, 75.4, 
76.4, 76.5, 77.0, 77.5, 79.1, 79.9, 81.0, 84.3, 120.6, 128.6, 129.2, 130.1, 132.9, 133.6, 
137.8, 142.4, 155.4, 166.9, 170.1, 173.0, 174.6, 203.8; HRMS (FAB, DCM/NBA) m/z 
calcd for C44H59O15NH+ 842.3962, found 842.4007. All data are consistent with the 
reported values.32 
 
7-Triethylsilyl-10-deacetylbaccatin III (1-24):32  
To a solution of 10-deacetylbaccatin III (344 mg, 0.629 mmol) and imidazole (171 mg, 
2.516 mmol) in DMF (5.8 mL) was added chlorotriethylsilane (0.32 mL, 1.89 mmol) 
dropwise via syringe at 0 oC, and the reaction mixture was stirred for 25 min at room 
temperature and diluted with saturated NH4Cl (15 mL). The mixture was extrated with 
EtOAc (30 mL x 3), dried over anhydrous MgSO4 and concentrated. The crude product 
was purified on a silica gel column using hexanes/EtOAc 2/1) as eluant to give 1-24 as a 
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white solid (398 mg, 96%): 1H NMR (400 MHz, CDCl3) δ 0.56 (m, 6 H), 0.94 (m, 9 H), 
1.08 (s, 6 H), 1.59 (d, J = 2.5 Hz, 1H), 1.73 (s, 3H), 1.90 (m, 1 H), 2.05 (d, J = 4.8 Hz, 
1H), 2.08 (s, 3 H), 2.24 (s, 1 H), 2.28 (s, 3 H), 2.48 (m, 1 H), 3.95 (d, J = 7.1 Hz, 1 H), 
4.16 (d, J = 8.3 Hz, 1 H), 4.25 (s, 1 H), 4.31 (d, J = 8.3 Hz, 1 H), 4.40 (dd, J = 6.4, 10.5 
Hz, 1 H), 4.85 (t, 1 H), 4.95 (d, J = 8.0 Hz, 1 H), 5.17 (s, 1 H), 5.60 (d, J = 7.0 Hz, 1 H), 
7.47 (t, J = 7.5 Hz, 2 H), 7.60 (t, J = 7.5 Hz, 1 H), 8.10 (d, J = 7.3 Hz, 2 H); 13C NMR 
(CDCl3, 75.0 MHz) 5.1, 6.7, 9.9, 15.1, 19.5, 22.6, 26.8, 37.2, 38.6, 42.7, 47.0, 57.9, 67.9, 
72.9, 74.6, 74.8, 76.5, 78.8, 80.7, 84.2, 87.6, 128.6, 129.4, 130.0, 133.6, 135.1, 141.8, 
167.0, 170.7, 210.3. All data are consistent with the reported values.32  
 
 
General procedure for the synthesis of a C10-modified 7-(triethylsilyl)-10-
deacetylbaccatin III (1-25):32 
To a solution of 7-TES-DAB in THF (0.055 M) was added 1.1-1.2 equiv of LiHMDS at -
40 oC. After the reaction mixture was stirred for 10 min, 1.1-1.2 equiv of an alkanoyl 
chloride, an N,N-dialkylcarbamoyl chloride was added dropwise at -40 oC. The mixture 
was warmed to 0 oC over a period of 1 h and then concentrated in vacuo. Purification of 
the crude product by silica gel chromatography (hexanes/EtOAc = 3/1 to 2/1) afforded 
the 10-modified 7-TES-baccatin III 1-25 as a white solid.  
 
7-Triethylsilyl-10-cyclopropanecarbonyl-10-deacetylbaccatin III (1-25a):32 
95 % yield; 

1
H NMR (CDCl3) 0.55 (m, 6 H), 0.90 (m, 9 H), 1.00 (s, 3 H), 1.16 (s, 3 H), 

1.64 (s, 3 H), 1.73 (m. 1 H), 1.82 (m, 1 H), 2.14 (s, 3 H), 2.23 (m, 2 H), 2.24 (s, 3 H), 
2.49 (m, 1 H), 3.84 (d, J = 6.9 Hz, 1 H), 4.11 (d, J = 8.0 Hz, 1 H), 4.26 (d, J = 8.2 Hz, 1 
H), 4.45 (dd, J = 6.7, 10.3 Hz, 1 H), 4.77 (t, J = 7.8 Hz, 1 H), 4.92 (d, J = 8.6 Hz, 1 H), 
5.59 (d, J = 7.0 Hz, 1 H), 6.43 (s, 1H), 7.43 (t, J = 7.4 Hz, 2 H), 7.56 (t, J = 7.6 Hz, 1 H), 
8.05 (d, J = 7.3 Hz, 2 H).  All data are consistent with the reported values. 32  
 
7-Triethylsilyl-10-deacetyl-10-(N,N-dimethylcarbamoyl)-baccatin III (1-25b):32  
95% yield; 1H NMR (400 MHz, CDCl3) δ 0.57 (m, 6 H), 0.90 (m, 9 H), 1.04 (s, 3 H), 
1.16 (s, 3 H), 1.67 (s, 3 H), 1.83 (m, 1 H), 2.02 (s, 3 H), 2.18 (m, 3 H), 2.33 (s, 3 H), 2.27 
(s, 3 H), 2.51 (m, 1 H), 2.93 (s, 3 H), 3.07 (s, 3 H), 3.89 (d, J = 7.6 Hz, 1 H), 4.14 (d, J = 
8.2 Hz, 1 H), 4.29 (d, J = 8.0 Hz, 1 H), 4.48 (dd, J = 10.2, 6.7 Hz, 1 H), 4.82 (t, J = 7.6 
Hz, 1 H), 4.95 (d, J = 8.8 Hz, 1 H), 5.63 (d, J = 6.8 Hz, 1 H), 6.37 (s, 1 H), 7.46 (t, J = 8.0 
Hz, 2 H), 7.59 (t, J = 7.2 Hz, 1 H), 8.10 (d, J = 7.2 Hz, 1 H). All data were in agreement 
with literature values.32  
 
7-Triethylsilyl-10-deacetyl-10-methoxycarbonylbaccatin III (1-25c):32 
86% yield; 1H NMR (400 MHz, CDCl3) δ 0.54 (q, J = 7.8 Hz, 6 H), 0.90 (t, J = 7.8 Hz, 9 
H), 1.04 (s, 3 H), 1.16 (s, 3 H), 1.64 (s, 3 H), 1.83 (m, 1 H), 2.02 (s, 3 H), 2.18 (m, 3 H), 
2.26 (m, 4 H), 2.49 (m, 1 H), 3.80 (m, 4 H), 4.09 (d, J = 8.2 Hz, 1 H), 4.28 (d, J = 8.2 Hz, 
1 H), 4.47 (dd, J = 10.2, 6.7 Hz, 1 H), 4.84 (t, J = 7.5 Hz, 1 H), 4.92 (d, J = 8.5 Hz, 1 H), 
5.60 (d, J = 7.0 Hz, 1 H), 6.27 (s, 1 H), 7.44 (t, J = 7.7 Hz, 2 H), 7.60 (t, J = 7.3 Hz, 1 H), 
8.09 (d, J = 7.3 Hz, 1 H); 13C NMR (75.0 MHz, CDCl3) δ 5.3, 6.8, 9.9, 15.0, 20.0, 22.7, 
26.7, 37.2, 38.3, 42.7, 47.2, 55.0, 58.5, 67.9, 72.4, 74.7, 75.5, 78.7, 79.2, 80.8, 84.2, 128.6, 
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129.4, 130.1, 132.3, 133.6, 144.8, 154.8, 167.1, 170.7, 201.7. All data were in agreement 
with literature values.32  
 
General procedure for the syntheses of taxoids 1-27:32 
To a solution of a baccatin 1-25 (0.02 M in THF) and 1.5 equiv of 1-10 in dry THF was 
added dropwise 1.5 equiv of LiHMDS (1.0 M in THF) at -40 oC. The reaction mixture 
was stirred for 1h. Then, the reaction was quenched with saturated NH4Cl. The mixture 
was extracted with EtOAc and the organic layers were washed with saturated NH4Cl and 
brine, dried over MgSO4, and concentrated in vacuo. Purification of the crude product by 
silica gel chromatography (hexanes/EtOAc = 5/1) afforded the corresponding taxoid with 
protecting groups 1-26 as a white solid. 
To a solution of 1-26 (0.015 M) in a 1:1 mixture of pyridine and acetonitrile was added 
HF/pyridine (70:30) (0.1 mL/10 mg of the starting material) at 0 oC. After the reaction 
mixture was warmed to room temperature overnight, the reaction mixture was diluted 
with EtOAc. The organic layer was washed with aqueous NaHCO3, CuSO4 solution and 
brine twice each, dried over MgSO4, and concentrated in vacuo.  Purification of the crude 
product by chromatography on silica gel (hexanes/EtOAc = 1/1) afforded the 
corresponding taxoid 1-27 as a white solid. 
 
7-Triethylsilyl-2’-triisopropylsilyl-3'-dephenyl-10-(cyclopropanecarbonyl)-3'-(2-
methyl-2-propenyl)docetaxel (1-26a):  
96% yield; 1HNMR (500 MHz, CDCl3) δ 0.55 (m, 6 H), 0.93 (m, 9 H), 1.05 (m, 1 H), 
1.11 (m, 21 H), 1.17 (s, 3 H), 1.20 (s, 3 H), 1.22 (m, 3 Η), 1.26 (s, 3 H), 1.33 (s, 9 H), 
1.69 (s, 3 H), 1.75 (s, 3 H), 1.79(s, 3 H), 1.87 (m, 1 H), 2.01 (s, 3 H), 2.36 (s, 3 H), 2.51 
(m, 1 H), 3.84 (d, J = 7.0 Hz, 1 H), 4.19 (d, J = 8.3 Hz, 1 H), 4.30 (d, J = 9.0 Hz, 1 H), 
4.44 (d, J = 2.2 Hz, 1 H), 4.47 (dd, J = 10.4 , 6.6 Hz, 1 H), 4.81 (m, 2 H), 4.94 (d, J = 9.0 
Hz, 1 H), 5.34 (d, J = 8.5 Hz, 1 H), 5.69 (d, J = 6.5 Hz, 1 H), 6.09 (t, J = 9.0 Hz, 1 H), 
6.48 (s, 1 H), 7.47 (t, J = 7.5 Hz, 2 H), 7.60 (t, J = 6.0 Hz, 1 H), 8.11 (d, J = 6.8 Hz, 2 H). 
All data are consistent with the reported values.36 
 

7-Triethylsilyl-2’-triisopropylsilyl-3'-dephenyl-10-(N,N-dimethylcarbamoyl)-3'-(2-
methyl-2-propenyl)docetaxel (1-26b):  
90% yield; 1HNMR (400 MHz, CDCl3) δ 0.55 (m, 6 H), 0.91 (m, 9 H), 1.11 (m, 21 H), 
1.17 (s, 3 H), 1.20 (s, 3 H), 1.22 (m, 3 Η), 1.22 (s, 3 H), 1.33 (s, 9 H), 1.69 (s, 3 H), 1.75 
(s, 3 H), 1.79(s, 3 H), 1.87 (m, 1 H), 2.01 (s, 3 H), 2.36 (s, 3 H), 2.46 (m, 3 H), 3.84 (d, J 
= 7.0 Hz, 1 H), 4.18 (d, J = 8.3 Hz, 1 H), 4.29 (d, J = 8.4 Hz, 1 H), 4.42 (d, J = 2.2 Hz, 1 
H), 4.47 (dd, J = 10.4 , 6.6 Hz, 1 H), 4.80 (m, 2 H), 4.93 (d, J = 8.8 Hz, 1 H), 5.32 (d, J = 
8.2 Hz, 1 H), 5.68 (d, J = 7.0 Hz, 1 H), 6.08 (t, J = 8.8 Hz, 1 H),  6.48 (s, 1 H), 7.45 (t, J 
= 7.5 Hz, 2 H), 7.59 (t, J = 7.3 Hz, 1 H), 8.09 (d, J = 7.5 Hz, 2 H). All data are consistent 
with the reported values.36 
 
7-Triethylsilyl-2’-triisopropylsilyl-3'-dephenyl-10-(methoxycarbonyl)-3'-(2-methyl- 
2-propenyl)docetaxel (1-26c):  
90% yield; 1HNMR (400 MHz, CDCl3) δ 0.55 (m, 6 H), 0.91 (m, 11 H), 1.11 (m, 23 H), 
1.17 (s, 3 H), 1.20 (s, 3 H), 1.22 (m, 3 Η), 1.22 (s, 3 H), 1.33 (s, 9 H), 1.69 (s, 3 H), 1.75 
(s, 3 H), 1.79(s, 3 H), 1.87 (m, 1 H), 2.01 (s, 3 H), 2.36 (s, 3 H), 2.46 (m, 3 H), 3.84 (d, J 
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= 7.0 Hz, 1 H), 4.18 (d, J = 8.3 Hz, 1 H), 4.29 (d, J = 8.4 Hz, 1 H), 4.42 (d, J = 2.2 Hz, 1 
H), 4.47 (dd, J = 10.4 , 6.6 Hz, 1 H), 4.80 (m, 2 H), 4.93 (d, J = 8.8 Hz, 1 H), 5.32 (d, J = 
8.2 Hz, 1 H), 5.68 (d, J = 7.0 Hz, 1 H), 6.08 (t, J = 8.8 Hz, 1 H),  6.48 (s, 1 H), 7.45 (t, J 
= 7.5 Hz, 2 H), 7.59 (t, J = 7.3 Hz, 1 H), 8.09 (d, J = 7.5 Hz, 2 H). All data are consistent 
with the reported values.36 
 
3'-Dephenyl-10-(cyclopropanecarbonyl)-3'-(2-methyl-2-propenyl)docetaxel (1-27a, 
SB-T-1214):32  
99% yield; [α]D -160° (c 1.00, CHCl3); 1H NMR (250 MHz, CDCl3) δ 1.10 (m, 2 H), 
1.14 (s, 3 H), 1.25 (s, 3 H), 1.34 (s, 9 H), 1.65 (s, 3 H), 1.71 (s, 2 H), 1.75 (br s, 6 H), 1.84 
(m, 1 H), 1.88 (s, 3 H), 2.34 (s, 3 H), 2.37 (s, 2 H), 2.46 (m, 1 H), 2.56 (d, J = 3.3 Hz, 1 
H), 3.36 (m, 1 H), 3.78 (d, J = 6.9 Hz, 1 H), 4.13 (d, J = 8.4 Hz, 1 H), 4.18 (br s, 1 H), 
4.27 (d, J = 8.4 Hz, 1 H), 4.40 (m, 1 H), 4.72 (m, 2 H), 4.93 (d, J = 8.6 Hz, 1 H), 5.28 (d, 
J = 7.6 Hz, 1 H), 5.64 (d, J = 6.9 Hz, 1 H), 6.16 (m, 1 H), 6.28 (s, 1 H), 7.43 (t, 2 H), 7.56 
(t, 1 H), 8.07 (d, 2 H); 13C NMR (63 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, 58.5, 72.2, 72.3, 73.7, 75.0, 75.4, 76.5, 
77.0, 77.5, 79.2, 79.7, 81.0, 84.4, 120.6, 128.6, 129.2, 130.1, 132.9, 133.6, 137.9, 142.6, 
155.4, 166.9, 170.1, 175.1, 203.9; IR (neat, cm-1) ν 3368, 2989, 2915, 1786, 1754, 1725, 
1709, 1641, 1630, 1355, 1315, 1109; HRMS (FAB, DCM/NBA/NaCl) m/z calcd for 
C45H59O15 NNa+ 876.3784, found 876.3782. All data are consistent with the reported 
values. 36 
 
3'-Dephenyl-10-(N,N-dimethylcarbamoyl)-3'-(2-methyl-2-propenyl)docetaxel (1-28b, 
SB-T-1216):32  
80% yield;  [α]D

20 -50.0 (c 2.00, CHCl3); 1H NMR (250 MHz, CDCl3) δ 1.13 (s, 3 H), 
1.23 (s, 3 H), 1.33 (s, 9 H), 1.64 (s, 3 H), 1.74 (br s, 6 H), 1.85 (m, 1 H), 1.89 (s, 3 H), 
2.33 (s, 3 H), 2.36 (s, 2 H), 2.45 (m, 1 H), 2.93 (s, 3 H), 3.02 (s, 3 H), 3.20 (br s, 1 H), 
3.45 (m, 1 H), 3.78 (d, J = 6.9 Hz, 1 H), 4.14 (d, J = 8.4 Hz, 1 H), 4.18 (br s, 1 H), 4.26 (d, 
J = 8.4 Hz, 1 H), 4.40 (dd, J = 10.2, 6.7 Hz, 1 H), 4.69 (m, 1 H), 4.80 (s, 1 H), 4.93 (d, J 
= 8.6 Hz, 1 H), 5.27 (d, J = 7.6 Hz, 1 H), 5.62 (d, J = 6.9 Hz, 1 H), 6.12 (m, 1 H), 6.23 (s, 
1 H), 7.41 (t, 2 H), 7.55 (t, 1 H), 8.06 (d, 2 H); 13C NMR (63 MHz, CDCl3) δ 9.3, 15.0, 
18.5, 22.2, 22.3, 25.7, 26.8, 28.2, 35.3, 35.6, 36.0, 36.6, 43.1, 45.6, 51.6, 58.4, 72.3, 72.4, 
73.7, 75.2, 76.2, 76.4, 76.5, 77.0, 77.5, 79.2, 81.0, 84.6, 128.6, 129.2, 130.1, 133.1, 133.6, 
137.8, 142.9, 155.4, 156.1, 166.9, 170.0, 173.0, 205.6; HRMS (FAB, DCM/NBA) m/z 
calcd for C44H60O15N2Na+ 879.3891, found 879.3870.  All data are consistent with the 
reported values. 36 
 
3'-Dephenyl-10-(methoxycarbonyl)-3'-(2-methyl-2-propenyl)docetaxel (1-27-c, SB- 
T-1217):32  
84% yield;  [α]D

20 -15.0 (c 2.00, CHCl3); 1H NMR (400 MHz, CDCl3) δ 1.14 (s, 3 H), 
1.23 (s, 3 H), 1.33 (s, 9 H), 1.68 (s, 3 H), 1.71 (br s, 6 H), 1.87 (m, 1 H), 1.92 (s, 3 H), 
2.34 (s, 3 H), 2.47 (m, 2 H), 2.55 (m, 1 H), 3.40 (br s, 1 H), 3.76 (d, J = 6.9 Hz, 1 H), 
3.85 (s, 3 H), 4.15 (d, J = 8.3 Hz, 1 H), 4.19 (br s, 1 H), 4.28 (d, J = 8.3 Hz, 1 H), 4.38 (m, 
1 H), 4.72 (m, 2 H), 4.93 (d, J = 8.6 Hz, 1 H), 5.29 (d, J = 7.8 Hz, 1 H), 5.64 (d, J = 6.9 
Hz, 1 H), 6.11 (s, 1 H), 6.15 (s, 1 H), 7.43 (t, J = 7.5 Hz, 2 H), 7.56 (t, 1 H), 8.07 (d, J = 
7.5 Hz, 2 H); 13C NMR (75 MHz, CDCl3) δ 9.4, 15.0, 18.5, 21.7, 22.3, 25.7, 26.5, 28.2, 



48 

35.5, 43.1, 45.6, 51.6, 55.5, 58.6, 72.0, 72.2, 73.7, 75.0, 76.4, 76.5, 77.0, 77.2, 77.4, 78.3, 
79.1, 79.9, 81.0, 84.3, 120.6, 128.6, 129.2, 130.1, 132.5, 133.6, 137.9, 143.4, 155.4, 155.7, 
166.9, 170.1, 172.9, 203.9; HRMS (FAB, DCM/NBA/PPG) m/z calcd for C43H57O16NH+ 
844.3710, found 844.3755. All data are consistent with the reported values.36  
 
7,10,13-Tris(triethylsilyl)-10-deacetylbaccatin III (1-28):82 
To a solution of 10-DAB (350 mg, 0.643 mmol) and imidazole (263 mg, 3.86 mmol) in 
dry DMF (1.17 mL) was added chlorotriethylsilane (0.54 mL, 3.215 mmol) dropwise via 
syringe at room temperature. The reaction mixture was stirred overnight at room 
temperature and quenched with saturated NH4Cl solution (20 mL) and extracted with 
ethyl acetate (30 mL x 3). The mixture was then washed with water (10 mL x 2), brine 
(10 mL), dried over anhydrous MgSO4 and concentrated. The crude product was purified 
on a silica gel column (hexane/EtOAc = 20/1) to afford 1-28 as a white solid (0.561 g, 
95%): mp: 187-189 oC;  [α]D

20 -38.8 (c 0.28, CHCl3); 1H NMR (250 MHz, CDCl3) δ 0.65 
(m, 18 H), 0.99 (m, 27 H), 1.11 (s, 3 H), 1.18 (s, 3 H), 1.64 (s, 3 H), 1.87 (m, 1 H), 1.97 
(s, 3 H), 2.08 (dd, J = 15.2, 8.8 Hz, 1 H), 2.21 (dd, J = 15.1, 8.2 Hz, 1 H), 2.27 (s, 3 H), 
2.51 (m, 1 H), 3.84 (d, J = 7.0 Hz, 1 H), 4.13 (d, J = 8.3 Hz, 1 H), 4.27 (d, J = 8.3 Hz, 1 
H), 4.40 (dd, J = 10.5, 6.6 Hz, 1 H), 4.92 (m, 2 H), 5.18 (s, 1 H), 5.61 (d, J = 7.1 Hz, 1 H), 
7.44 (t, J = 7.3 Hz, 2 H), 7.57 (t, J = 7.3 Hz, 1 H), 8.07 (d, J = 7.4 Hz, 1 H); 13C NMR 
(62.9 MHz, CDCl3,) δ 4.7, 5.2, 5.9, 6.9, 10.4, 14.8, 20.5, 22.4, 26.3, 37.3, 19.8, 42.4, 46.8, 
58.2, 68.3, 72.6, 75.4, 75.7, 76.6, 79.5, 80.7, 83.9, 128.5, 129.6, 130.0, 133.4, 135.7, 
139.3, 167.1, 169.7, 205.6. HRMS (FAB/DCM/NaCl) m/z calcd. for C47H78O10Si3Na+: 
909.4801  found: 909.4833 (Δ = 3.5 ppm). All data are in agreement with literature 
values.82 

 
7,10,13-Tris(triethylsilyl)-2-debenzoyl-10-deacetylbaccatin III (1-29):82 
To a solution of 1-28 (657 mg, 0.74 mmol) in dry THF (11 mL) at -10 oC was added 
dropwise a solution of Red-Al in toluene (70% wt, 0.57 mL, 1.85 mmol), and the reaction 
mixture was stirred for 1 h at -10 oC. The reaction was quenched with aqueous saturated 
NH4Cl solution (40 mL), and the aqueous layer was extracted with ethyl acetate (30 mL x 
3). The combined extracts were then dried over anhydrous MgSO4 and concentrated in 
vacuo. The residue was purified on a silica gel column (hexane/ethyl acetate = 10/1 
followed by 4/1) to afford 1-29 as a white solid (612 mg, 100%): mp 68-70 oC;  [α]D

20 -
35.6 (c 0.87, CHCl3); 1H NMR (250 MHz, CDCl3) δ 0.57 (m, 18 H), 0.94 (m, 27 H), 1.11 
(s, 3 H), 1.55 (s, 3 H), 1.87 (m, 1 H), 1.88 (s, 3 H), 1.94 (m, 1 H), 2.00 (m, 1 H), 2.12 (s, 
3 H), 2.47 (m, 1 H), 3.42 (d, J = 6.6 Hz, 1 H), 3.80 (d, J = 6.6 Hz, 1 H), 4.31 (dd, J = 10.4, 
6.5 Hz, 1 H), 4.50 (d, J = 9.0 Hz, 1 H), 4.57 (d, J = 9.1 Hz, 1 H), 4.63 (s, 1 H), 4.89 (d, J 
= 8.3 Hz, 1 H), 4.91 (m, 1 H), 5.08 (s, 1 H); 13C NMR (62.9 MHz, CDCl3) δ 4.7, 5.1, 5.8, 
6.7, 6.8, 10.5, 14.4, 20.5, 22.3, 37.3, 40.3, 42.5, 58.1, 65.0, 66.3, 72.6, 74.6, 75.7, 77.9, 
78.5, 81.9, 83.7, 126.8, 127.4, 128.4, 135.9, 138.9, 169.6, 206.3. All data are in 
agreement with literature values.82 
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7,10,13-Tri(triethylsilyl)-2-debenzoyl-2-(3-methoxybenzoyl)-10-deacetylbaccatin III 
(1-30):82 
To a solution of 1-29 (275 mg, 0.351 mmol), m-anisic acid (426 mg, 2.81 mmol) and 
DMAP (3.86 mg, 3.16 mmol) in CH2Cl2 (2.4 mL) was added DIC (0.496 mL, 3.16 mmol) 
and the reaction mixture was refluxed overnight. The reaction mixture was diluted with 
ethyl acetate (150 mL) and washed with saturated aqueous NaHCO3 solution (15 mL), 
H2O (15 mL) and brine (15 mL). The organic lawyer was dried over anhydrous MgSO4. 
The solvent was removed under reduced pressure and the residue was purified on a silica 
gel column (hexane/EtOAc = 12/1) to afford 1-30 as a white solid (221 mg, 70%): mp 
201-202 oC; 1H NMR (400 MHz, CDCl3) δ 0.60 (m, 18 H), 0.98 (m, 27 H), 1.11 (s, 3 H), 
1.18 (s, 3 H), 1.57 (bs, 1 H), 1.62 (s, 3 H), 1.85 (m, 1 H), 1.96 (s, 3 H), 2.14 (m, 2 H), 
2.26 (s, 3 H), 2.50 (m, 1 H), 3.83 (m, 4 H), 4.13 (d, J = 7.9 Hz, 1 H), 4.30 (d, J = 8.1 Hz, 
1 H), 4.39 (dd, J = 10.4 Hz, 6.9 Hz, 1 H), 4.92 (m, 2 H), 5.17 (s, 1 H), 5.59 (d, J = 6.9 Hz, 
1 H), 7.10 (m, 1 H), 7.35 (t, J = 7.9 Hz, 1 H), 7.61 (s, 1 H), 7.66 (d, J = 7.7 Hz, 2 H);  13C 
NMR (62.9 MHz, CDCl3) δ 4.9, 5.2, 6.0, 6.9, 10.4, 14.6, 20.6, 22.4, 26.3, 37.3, 39.9, 43.0, 
46.9, 55.3, 58.3, 68.3, 72.6, 75.5, 75.8, 76.6, 79.5, 80.9, 84.0, 114.3, 120.2, 122.5, 129.5, 
130.9, 135.8, 139.4, 159.6, 167.0, 169.9, 205.7. HRMS: m/e calcd for C48H80O11Si3.H+:  
917.5087.  Found:  917.5084 (∆ = 0.3 ppm). All data are in agreement with literature 
values.82 

 
2-Debenzoyl-2-(3-methoxybenzoyl)-10-deacetylbaccatin III (1-31):82 

To a solution of 1-30 (184 mg, 0.20 mmol) in 7.2 mL of pyridine/acetonitrile (1:1) was 
added dropwise HF/pyridine (70:30, 1.8 mL) at 0 oC, and the mixture was stirred 
overnight at room temperature. The reaction was quenched with saturated aqueous 
NaHCO3 solution (30 mL). The mixture was then diluted with ethyl acetate (150 mL), 
washed with saturated aqueous CuSO4 solution (20 mL x 2) and H2O (20 mL), dried over 
anhydrous MgSO4 and concentrated in vacuo to afford 2-debenzoyl-2-(3-methoxy- 
benzoyl)-10-deacetylbaccatin III (1-31) as a white solid. The crude compound was used 
in the next step without further purification. 
  

2-Debenzoyl-2-(3-methoxybenzoyl)-10-deacetyl-10-propanoylbaccatin III (1-32):82 

To the solution of 1-31 (141 mg, 0.2 mmol) in THF (6.1 mL) was added cerium chloride 
heptahydrate (7 mg, 0.02 mmol) and propanoic anhydride (0.26 mL, 2 mmol). The 
reaction mixture was stirred at room temperature for 2 h. The solution was added 50 mL 
of H2O. This mixture was extracted with CH2Cl2 (50 mL x 3). The organic layers were 
washed with brine, dried over MgSO4, and concentrated in vacuo. The product 1-32 was 
obtained as white solid (125 mg, 99%): 1H NMR (400 MHz, CDCl3) δ 1.11 (s, 6 H), 1.18 
(d, 1 H), 1.25(t, 6H), 1.67 (s, 3 H), 1.85 (t, 1 H), 2.06 (s, 3 H), 2.28 (m, 5 H), 2.48 (m, 
5H), 3.88 (ss, 4 H), 4.15 (d, J = 10.8Hz, 1 H), 4.34 (d, J = 10.8 Hz, 1 H), 4.43 (dd, J = 
10.4, 6.9 Hz, 1 H), 4.89 (t, 1 H), 4.99 (d, 1 H), 5.61 (d, J = 7.6 Hz, 1 H), 6.34(s, 1H), 7.14 
(d, 1 H), 7.39 (t, J = 8 Hz, 1 H), 7.64 (s, 1 H), 7.70 (d, J = 7.76 Hz, 1 H). All data are in 
agreement with literature values.82 
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7-Triethylsilyl-2-debenzoyl-2-(3-methoxybenzoyl)-10-deacetyl-10-propanoylbaccatin 
III (1-33):82 

To a solution of 1-32 (124 mg, 0.197 mmol) and imidazole (54 mg, 0.786 mmol) in DMF 
(2 mL) was added chlorotriethylsilane (0.13 mL, 0.59 mmol) dropwise via syringe at 0 oC. 
The reaction mixture was stirred for 1 h at room temperature and quenched with saturated 
NH4Cl solution (30 mL). The mixture was extracted by ethyl acetate (30 mL x 3), and 
then washed with H2O (30 mL x 2), brine (30 mL), dried over anhydrous MgSO4 and 
concentrated in vacuo. The crude product was purified on a silica gel column using 
hexane/ethyl acetate (2/1) as eluant to give 1-33 as a white solid (0.126 g, 86% yield): mp 
105-107 oC; 1H NMR (400 MHz, CDCl3) δ 0.56 (q, J = 7.8 Hz, 6 H), 0.85 (t, J = 7.8 Hz, 
9 H), 0.99 (s, 3 H), 1.20 (m, 7 H), 1.64 (s, 3 H), 1.83 (m, 1 H), 2.00 (s, 3 H), 2.16 (s, 3 H), 
2.23 (m, 3 H), 2.40 (m, 3 H), 3.85 (m, 4 H), 4.09 (m, 2 H), 4.29 (d, J = 8.3 Hz, 1 H), 4.45 
(dd, J = 10.2, 6.7 Hz, 1 H), 4.79 (t, J = 7.9 Hz, 1 H), 4.94 (d, J = 8.9 Hz, 1 H), 5.57 (d, J 
= 6.9 Hz, 1 H), 6.45 (s, 1 H), 7.09 (dd, J = 8.3, 2.2 Hz, 1 H), 7.33 (t, J = 8.1 Hz, 1 H), 
7.60 (s, 1 H), 7.66 (d, J = 7.7 Hz, 1 H); 13C NMR (62.9 MHz, CDCl3) δ 5.3, 6.7, 9.2, 9.9, 
14.2, 14.9, 20.1, 22.5, 26.8, 27.7, 37.2, 38.3, 42.7, 47.2, 55.3, 58.6, 60.4, 67.8, 72.3, 74.8, 
75.6, 76.4, 78.7, 80.8, 84.2, 1114.7, 119.9, 122.5, 129.6, 130.6, 132.6, 144.1, 159.6, 166.9, 
170.6, 172.7, 202.4. HRMS: m/e calcd for C39H56O12Si.H+:  745.3619.  Found:  
745.3617 (∆ = 0.3 ppm). All data are in agreement with literature values.82 
 

3’-Dephenyl-3’-(2-methyl-2-propenyl)-2-debenzoyl-2-(3-methoxybenzoyl)-10-
propanoyldocetaxel (1-35, SB-T-121303): 82 

To a solution of baccatin 1-33 (142 mg, 0.191 mmol) and β-lactam 1-11 (114 mg, 0.287 
mmol) in dry THF (17.5 mL) was added 1.0 M LiHMDS in THF (0.287 mL, 0.287 mmol) 
dropwise at -40 oC, and the solution was stirred at -40 oC for 1 h. The reaction was 
quenched with saturated aqueous NH4Cl solution (30 mL), and the aqueous layer was 
extracted with ethyl acetate (30 mL x 3). The combined extracts were dried over 
anhydrous MgSO4 and concentrated in vacuo. The residue was purified on a silica gel 
column using hexane/ethyl acetate (4/1) as the eluant to afford the coupling product 1-34 
as a white solid (212 mg, 97%). 
To a solution of 1-34 thus obtained (210 mg, 0.18 mmol) in pyridine /acetonitrile (1:1, 8 
mL) was added dropwise HF/pyridine (70:30, 2 mL) at 0 oC, and the mixture was stirred 
overnight at room temperature. The reaction was quenched with saturated aqueous 
NaHCO3 solution (30 mL). The mixture was then diluted with ethyl acetate (150 mL), 
washed with saturated aqueous CuSO4 solution (20 mL x 3) and H2O (20 mL), dried over 
anhydrous MgSO4 and concentrated in vacuo. The residue was purified on a silica gel 
column using hexanes/EtOAc (1/1) as the eluant to afford SB-T-121303 (1-35) as a white 
solid (135 mg, 85%): mp 130-132 oC; 1H NMR (400 MHz, CDCl3) 1.13 (s, 3 H), 1.28 (m, 
8 H), 1.33 (s, 9 H), 1.66 (m, 3 H), 1.73 (s, 3 H), 1.75 (s, 3 H), 1.89 (m, 5 H), 2.37 (m, 6 
H), 2.52 (m, 3 H), 3.80 (d, J = 6.9 Hz, 1 H), 3.86 (s, 3 H), 4.12 (m, 2 H), 4.32 (d, J = 8.5 
Hz, 1 H), 4.40 (dd, J = 10.6, 6.8 Hz, 1 H), 4.72 (m, 2 H), 4.96 (d, J = 8.3 Hz, 1 H), 5.30 
(d, J = 7.6 Hz, 1 H), 5.64 (d, J = 7.0 Hz, 1 H), 6.16 (t, J = 8.6 Hz, 1 H), 6.30 (s, 1 H), 7.13 
(d, J = 7.9 Hz, 1 H), 7.33 (t, J = 8.0 Hz, 1 H), 7.62 (s, 1 H), 7.68 (d, J = 7.6 Hz, 1 H);  13C 
NMR (75.0 MHz, CDCl3)  9.0, 9.5, 14.9, 18.5, 21.8, 22.4, 25.7, 26.6, 27.5, 28.2, 35.5, 
43.2, 45.6, 51.5, 55.3, 58.5, 72.2, 72.3, 73.7, 75.1, 75.4, 76.2, 79.1, 79.9, 81.1, 84.4, 114.6, 
120.1, 120.6, 122.5, 129.6, 130.4, δ132.9, 137.8, 142.5, 155.4, 159.6, 166.8, 170.0, 174.0, 
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174.6, 203.8. HRMS: m/e calcd for C45H61O16N.H+:  872.4069.  Found:  872.4072 (∆ = 
- 0.4 ppm). All data are in agreement with literature values.82 
 

2-Debenzoyl-2-(3-methoxybenzoyl)-7-triethylsilyl-10-deacetylbaccatin III (1-36):82  
To a solution of 1-31 (244 mg, 0.425 mmol) and imidazole (112 mg, 1.70 mmol) in DMF 
(4.3 mL) was added chlorotriethylsilane (0.30 mL, 1.28 mmol) dropwise via syringe at 0 
oC. The reaction mixture was stirred for 40 min at room temperature and diluted with 
saturated NH4Cl (20 mL). The mixture was extrated with EtOAc (40 mL x 3), dried over 
anhydrous MgSO4 and concentrated in vacuo. The crude product was purified on a silica 
gel column using hexanes/EtOAc (2/1) as eluant to give 1-36 as a white solid (273 mg, 
93% for 2 steps): mp 103-109 oC; 1H NMR (300 MHz, CDCl3) δ 0.60 (m, 6 H), 0.98 (m, 
9 H), 1.11 (s, 3 H), 1.18 (s, 3 H), 1.57 (bs, 1 H), 1.62 (s, 3 H), 1.85 (m, 1 H), 1.96 (s, 3 H), 
2.14 (m, 2 H), 2.26 (s, 3 H), 2.50 (m, 1 H), 3.83 (m, 4 H), 4.13 (d, J = 7.9 Hz, 1 H), 4.30 
(d, J = 8.1 Hz, 1 H), 4.39 (dd, J = 10.4, 6.9 Hz, 1 H), 4.92 (m, 2 H), 5.17 (s, 1 H), 5.59 (d, 
J = 6.9 Hz, 1 H), 7.10 (m, 1 H), 7.35 (t, J = 7.9 Hz, 1 H), 7.61 (s, 1 H), 7.66 (d, J = 7.7 
Hz, 2 H). All data are consistent with the reported values.82  
 
2-Debenzoyl-2-(3-methoxybenzoyl)-7-(triethylsilyl)-10-deacetyl-10-(4-methoxy-
phenylacetyl)baccatin III (1-37): 
To a solution of 7-TES-DAB 1-36 (20 mg, 0.029 mmol) in THF (0.7 mL) was added 1.2 
equiv of LiHMDS at -40 oC. After the reaction mixture was stirred for 10 min, 1.2 equiv 
of 4-methoxyphenylacetyl chloride was added dropwise at -40 oC. The reaction was 
quenched by saturated NH4Cl (15 mL) after 1h and extracted with dichloromethane (20 
mL x 3). The organic layer was concentrated in vacuo. Purification of the crude product 
chromatography on silica gel (hexanes/EtOAc = 3/1 to 2/1) afforded the C10-modified 7-
TES-baccatin III 1-37 as a white solid (20 mg, 82%): 1H NMR (400 MHz, CDCl3) δ 0.55 
(m, 6 H), 0.89 (m, 9 H), 0.92 (s, 3 H), 1.09 (s, 3 H), 1.27 (s, 3 H), 1.68 (s, 3 H), 1.87 (m, 
1 H), 2.17 (s, 3 H), 2.24 (m, 2 H), 2.25 (s, 3 H), 2.50 (m, 1 H), 3.69 (d, J = 3.6 Hz, 1 H), 
3.78 (s, 1 H), 3.85 (dd, J = 7.2, 1.6 Hz, 1 H), 3.86 (s, 3 H), 4.14 (d, J = 8.4 Hz, 1 H), 4.33 
(d, J = 8.0 Hz, 1 H), 4.47 (dd, J = 10.8, 6.8 Hz, 1 H), 4.78 (t, J = 7.9 Hz, 1 H), 4.95 (d, J 
= 9.6 Hz, 1 H), 5.60 (d, J = 6.8 Hz, 1 H), 6.85 (dt, J = 6.8, 2.8 Hz, 2 H), 7.13 (dt, J = 8.4, 
0.8 Hz, 1 H), 7.24 (d, J = 8.8 Hz, 2 H), 7.37 (t, J = 8.0 Hz, 1 H), 7.64 (t, J = 1.2 Hz, 1 H), 
7.70 (dd, J = 6.4, 0.8 Hz, 1 H). All data are consistent with the reported values.36 
  
3'-Dephenyl-3'-(2-methyl-1-propenyl)-2-debenzoyl-2-(3-methoxybenzoyl)-10-(4-
methoxyphenyl)acetyldocetaxel (1-39, 12130301):82  
To a solution of baccatin 1-37 (20 mg, 0.028 mmol) and 1.5 equiv of 4-isobutenyl-1-
(tert-butoxycarbonyl)-3-(triisopropylsilyoxy)azetidin-2-one (1-11) in dry THF (3 ml) was 
added dropwise LiHMDS (0.042 mL, 1.0 M in THF) at -40 oC. The reaction mixture was 
stirred for 1.5 h. Then, the reaction was quenched with saturated NH4Cl (30 mL). The 
mixture was extracted with EtOAc (30 mL x 3) and the organic layers were washed with 
saturated NH4Cl (20 mL) and brine (20 mL), dried over MgSO4, and concentrated in 
vacuo. Purification of the crude product by silica gel chromatography on silica gel 
(hexanes/EtOAc = 5/1) afforded the taxoid 1-38 with protecting groups as a white solid 
(24 mg, 81%). 
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To a solution of 1-38 (21 mg, 0.017 mmol) in a 1:1 mixture of pyridine and acetonitrile 
(0.80 mL) was added HF/pyridine (70:30) (0.2 mL) at 0 oC. After the reaction mixture 
was warmed to room temperature for overnight, the reaction mixture was diluted with 
EtOAc. The organic layer was washed with aqueous NaHCO3, CuSO4 solution and brine 
twice each, dried over MgSO4, and concentrated in vacuo. Purification of the crude 
product by silica gel chromatography on silica gel (hexanes/EtOAc = 1/1) afforded the 
corresponding taxoid SB-T-12130301 as a white solid (14 mg, 70% for 2 steps): mp 152-
154 oC; 1H NMR (300 MHz, CDCl3) δ 1.07 (s, 3 H), 1.18 (s, 3 H), 1.34 (s, 9 H), 1.59 (s, 
3 H), 1.67 (s, 3 H), 1.73 (s, 3 H), 1.76 (s, 3 H) 1.86 (s, 3 H), 1.86 (m, 1 H), 2.17 (m, 4 H), 
2.37 (s, 3 H), 2.39 (m, 2 H), 2.55 (m, 1 H), 3.34 (bs, 1 H), 3.79 (m, 4 H), 3.68 (s, 3 H), 
4.19 (m, 1 H), 4.32 (d, J = 8.4 Hz, 1 H), 4.39 (m, 1 H), 4.73 (m, 2 H), 4.94 (d, J = 8.1 Hz, 
1 H), 5.30 (m, 1 H), 5.64 (d, J = 6.9 Hz, 1 H), 6.15 (t, J = 8.1 Hz, 1 H), 6.30 (s, 1 H), 6.86 
(d, J = 8.4 Hz, 2 H), 7.12 (dd, J = 7.8 Hz, 2.1 Hz, 1 H), 7.24 (m, 2 H), 7.37 (t, J = 7.5 Hz, 
1 H), 7.63 (s, 1 H), 7.68 (d, J = 7.8 Hz, 1 H); 13C NMR (63 MHz, CDCl3) δ 9.53, 14.2, 
14.9, 18.5, 21.6, 22.4, 25.7, 26.4, 28.2, 30.9, 35.6, 40.1, 43.1, 45.6, 51.5, 55.2, 55.3, 58.5, 
72.1, 72.3, 73.7, 75.0, 75.8, 79.0, 79.9, 81.0, 84.4, 87.5, 114.0, 114.6, 120.1, 120.6, 122.5, 
129.6, 130.4, 130.5, 132.7, 142.5, 159.6, 166., 170.0, 172.0, 203.4, 206.9. HRMS (FAB): 
m/e calcd for C51H65O17N.H+:  964.4331.  Found:  964.4366 (Δ = 3.7 ppm).36 All data are 
consistent with the reported values.36 
 
2-Debenzoyl-2-(3-methoxybenzoyl)-7-triethylsilyl-10-deacetyl-13-oxo-baccatin III 
(1-40): 
To a solution of 2-debenzoyl-2-(3-methoxybenzoyl)-7-triethylsilyl-10-deacetylbaccatin 
III (1-36) (24 mg, 0.035 mmol) in CH2Cl2 (0.5 mL) was added NMO (4.6 mg, 0.035 
mmol) and 4 Å mol sieves (4.4 mg). After the solution was stirred for 10 min, TPAP (8.2 
mg, 0.002 mmol) was added and the solution was allowed to stir for 1.5 hrs. The mixture 
was then filtered and concentrated in vacuo to give 24 mg (crude) of 2-debenzoyl-2-(3-
methoxybenzoyl)-7-triethylsilyl-10-deacetyl-13-oxo-baccatin III (1-40) as a white solid: 
1H (300 MHz, CDCl3) δ 0.49 (m, 6 H), 0.95 (m, 9 H), 1.15 (s, 3 H), 1.22 (s, 3 H), 1.24 (m, 
1H), 1.71 (s, 3 H), 1.84 (m, 2 H), 2.10 (s, 3 H), 2.17 (s, 3 H), 2.47 (m, 1 H), 2.60 (d, J = 
19.8 Hz, 1 H), 2.89 (d, J = 19.8 Hz, 1H), 3.85 (m, 6 H), 4.11 (d, J = 8.7 Hz, 1 H), 4.35 (m, 
4 H), 4.90 (d, J = 8.1 Hz, 1 H), 5.31 (d, J = 1.8 Hz, 1 H), 5.62 (d, J = 6.6 Hz, 1 H), 7.13 
(dd, J = 8.4 Hz, 2.7 Hz, 1 H), 7.38 (t, J = 5.4 Hz, 1 H), 7.58 (s, 3 H), 7.64 (d, J = 7.5 Hz, 
1 H). HRMS calcd. for C44H56O13SiH+: 821.3568, found 821.3561 (Δ= -0.9 ppm).All data 
are consistent with the reported values.36 
  
2-Debenzoyl-2-(3-methoxybenzoyl)-7-triethylsilyl-10-deacetyl-10-(2-methoxy- 
benzoyl)-13-oxo-baccatin III (1-41):83 
To a solution of 2-debenzoyl-2-(3-methoxybenzoyl)-7-triethylsilyl-10-deacetyl-13-oxo-
baccatin III (1-40) (24 mg, 0.035 mmol), DMAP (13 mg, 0.105 mmol), and triethylamine 
(10.6 mg, 0.105 mmol) in CH2Cl2 (0.44 mL) was added o-anisoyl chloride (17.8 mg, 
0.105 mmol). The mixture was allowed to stir for overnight, quenched with saturated 
aqueous NaHCO3, and the reaction mixture was extracted with EtOAc. The combined 
organic layers were washed with water and brine, dried over MgSO4, filtered, and 
concentrated. The resulting solid was purified by column chromatography on silica gel 
(hexanes:EtOAc = 8:1) to give 16 mg (70% in 2 steps) of 2-debenzoyl-2-(3- 
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methoxybenzoyl)-7-triethylsilyl-10-deacetyl-10-(2-methoxybenzoyl)-13-oxo-baccatin III 
(1-41) as a white solid: 1H (300 MHz, CDCl3) δ 0.58 (m, 6 H), 0.91 (q, J = 7.8 Hz, 9 H), 
1.10 (s, 3 H), 1.12 (s, 3 H), 1.37 (s, 3 H), 1.92 (m, 1 H), 1.97 (bs, 1 H), 2.19 (s, 3 H), 2.30 
(s, 3 H), 2.55 (m, 1 H), 2.64 (d, J = 19.8 Hz, 1 H), 2.93 (s, J = 19.8 Hz, 1 H), 3.54 (m, 3 
H), 3.85 (m, 8 H), 3.97 (d, J = 6.6 Hz, 1 H), 4.13 (d, J = 8.1 Hz, 1 H), 4.35 (d, J = 8.7 Hz, 
1 H), 4.54 (dd, J = 6.6 Hz, 3.9 Hz, 1 H), 4.93 (d, J = 8.1 Hz, 1 H), 5.73 (d, J = 6.6 Hz, 1 
H), 6.82 (s, 1 H), 6.66-7.07 (m, 3 H), 7.14-7.19 (m, 2 H), 7.28-7.42 (m, 1 H), 7.48-7.68 
(m, 1 H), 8.01 (m, 1 H). All data are consistent with the reported values.83 

 
2-Debenzoyl-2-(3-methoxybenzoyl)-7-triethylsilyl-10-deacetyl-10-(2-methoxy- 
benzoyl)-baccatin III (1-42):83 
To a solution of 2-debenzoyl-2-(3-methoxybenzoyl)-7- triethylsilyl-10-deacetyl-10-(2-
methoxybenzoyl)-13-oxo baccatin III (1-41) (32 mg, 0.039 mmol) in MeOH (1.5 mL) 
and THF (1 mL) at 0 oC was added NaBH4 (25 mg, 0.156 mmol) and the solution was 
allowed to stir for 9 h. Then the reaction was quenched with saturated NH4Cl (20 mL), 
and extracted with CH2Cl2 (30 mL x 3). The organic layer was then dried over MgSO4, 
filtered, and concentrated in vacuo. The resulting solid was purified by column 
chromatography on silica gel (hexanes:EtOAc = 3:1) to give 1-42 (15 mg, 42% based on 
50% conversion) of as a white solid: 1H (300 MHz, CDCl3) δ 0.58 (m, 6 H), 0.91 (q, J = 
7.8 Hz, 9 H), 1.10 (s, 3 H), 1.12 (s, 3 H), 1.37 (s, 3 H), 1.92 (m, 2 H), 1.97 (bs, 1 H), 2.19 
(s, 3 H), 2.30 (s, 3 H), 2.55 (m, 1 H), 3.54 (m, 1 H), 3.85 (m, 7 H), 3.94 (d, J = 6.9 Hz, 1 
H), 4.15 (d, J = 7.8 Hz, 1 H), 4.34 (d, J = 7.8 Hz, 1 H), 4.53 (dd, J = 6.6 Hz, 3.6 Hz, 1 H), 
4.84 (m, 1H), 4.97 (d, J = 7.8 Hz, 1 H), 5.66 (d, J = 6.9 Hz, 1 H), 6.69 (s, 1 H), 6.95-7.07 
(m, 2 H), 7.14-7.19 (m, 1 H), 7.28-7.42 (m, 2 H), 7.65-7.73 (m, 2 H), 8.01 (m, 1 H). 
HRMS calcd. for C44H58O13SiH+: 823.3725, found 823.3723 (Δ= -0.2 ppm). All data are 
consistent with the reported values.83 

 
3'-Dephenyl-3'-(2-methyl-1-propenyl)-2-debenzoyl-2-(3-methoxybenzoyl)-10-(2-
methoxybenzoyl)acetyldocetaxel (1-44, 121303012):83 
To a solution of baccatin 1-42 (12 mg, 0.014mmol) and 1.5 equiv of 4-isobutenyl-1- 
(tert-butoxycarbonyl)-3-(triisopropylsilyoxy)azetidin-2-one (1-11) in dry THF (3 ml) was 
added dropwise LiHMDS (0.021 mL, 1.0 M in THF) at -40 oC. The reaction mixture was 
stirred for 5 h. Then, the reaction was quenched with saturated NH4Cl (20 mL). The 
mixture was extracted with EtOAc (30 mL x 3) and the organic layers were washed with 
saturated NH4Cl and brine, dried over MgSO4, and concentrated in vacuo. Purification of 
the crude product by silica gel chromatography on silica gel (hexanes/EtOAc = 5/1) 
afforded taxoid 1-43 with protecting groups as a white solid (12 mg, 70%). 
To a solution of 1-43 (12 mg, 0.001 mmol) in a 1:1 mixture of pyridine and acetonitrile 
(0.5 mL) was added HF/pyridine (70:30) (0.15 mL) at 0 oC. After the reaction mixture 
was warmed to room temperature overnight, the reaction was diluted with EtOAc (30 
mL). The organic layer was washed with aqueous NaHCO3 solution (10 mL x 2), CuSO4 
solution (10 mL x 2) and brine (10  mL x 2), dried over MgSO4, and concentrated in 
vacuo. Purification of the crude product by silica gel chromatography on silica gel 
(hexanes/EtOAc = 1/1) afforded taxoid SB-T-121303012 as a white solid (7 mg, 74%): 
mp 143-145 oC; 1H NMR (300 MHz, CDCl13) δ 1.28 (s, 3 H), 1.31 (s, 3 H), 1.34 (s, 9 H), 
1.60 (m, 1 H), 1.71 (s, 3 H), 1.75 (s, 3 H), 1.77 (s, 3 H), 1.91 (m, 1 H), 1.96 (s, 3 H), 2.37 
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(s, 3 H), 2.59 (m, 2 H), 3.35 (bs, 1 H), 3.88 (s, 3 H), 3.91 (s, 3 H), 4.22 (m, 2 H), 4.35 (d, 
J = 8.4 Hz, 1 H), 4.51 (m, 1 H), 4.76 (m, 2 H), 4.98 (d, J = 8.1 Hz,1 H), 5.32 (m, 1 H), 
5.71 (d, J = 6.9 Hz, 1 H), 6.21 (m, 1 H), 6.57 (s, 1 H), 6.99 (m, 2 H), 7.13 (dd, J = 8.4 Hz, 
1.8 Hz, 1 H), 7.36 (t, J = 7.5 Hz, 1 H), 7.50 (m, 1 H), 7.65 (s, 1 H), 7.70 (d, J = 7.5 Hz, 1 
H), 7.99 (dd, J = 7.8 Hz, 2.1 Hz, 1 H); 13C NMR (63 MHz, CDCl3) δ 9.56, 15.0, 18.5, 
22.4, 25.7, 26.6, 28.2, 35.6, 43.3, 45.7, 55.4, 55.9, 58.7, 72.2, 72.4, 73.7, 75.2, 75.6, 79.2, 
81.2, 84.5, 87.6, 105.0, 105.1, 112.1, 120.2, 120.3, 122.6, 129.7, 130.5, 132.7, 134.6, 
159.7, 160.0, 165.9, 166.9, 170.1, 203.8. HRMS calcd. for C50H63NO17SiH+: 950.4174, 
found 950.4149 (Δ= -2.7 ppm). All data are consistent with the reported values.83 

 
1-(4-Methoxylphenyl)-3-triisopropylsiloxy-4-formylazetidin-2-one (1-45):69  
Nitrogen gas was bubbled into a solution of β-lactam 1-9 (237 mg, 0.59 mmol) in 
MeOH/CH2Cl2 (1/2, 27 mL) at -78 ˚C for 3 min. Then, O3 gas was bubbled into the 
solution till the color of the solution turned blue (5 min), and N2 was bubbled into the 
solution for another 3 min until the blue color disappeared. Dimethyl sulfide (0.184 mL, 
2.5 mmol) was added to the solution and the reaction mixture was allowed to warm to 
room temperature. The reaction mixture was stirred at room temperature for 3 h. The 
solvents were removed in vacuo and the residue was purified on a neutral alumina 
column using hexanes/EtOAc (4/1 followed by 2/1) as the eluant to afford 1-45 as a 
white solid (199 mg, 91%): mp 78-80 ˚C; [α]D

20
 +158.0 (c 0.50, CHCl3); 

1
H NMR (250 

MHz, CDCl3) δ 1.06 (m, 21 H), 3.74 (s, 3 H), 4.43 (dd, J = 5.1, 3.8 Hz, 1 H), 5.25 (d, J = 
5.4 Hz, 1 H), 6.81 (d, J = 8.8 Hz, 1 H), 7.22 (d, J = 8.8 Hz, 1 H), 9.72 (d, J = 3.8 Hz, 1 H); 
13

C NMR (62.9 MHz, CDCl3) δ 11.6, 17.4, 55.3, 64.2, 78.6, 114.4, 117.8, 130.7, 156.7, 
164.2, 199.6.  Anal. Calcd for C20H31NO4Si:  C, 63.63; H, 8.28; N, 3.71.  Found:  C, 
63.80; H, 8.05; N, 3.72. All data were in agreement with literature values.69 
  
1-(4-Methoxyphenyl)-3-triisopropylsiloxy-4-(2,2-difluorovinyl)azetidin-2-one  
(1-46):73  
Dibromodifluoromethane (0.28 mL, 1.8 mmol) was added by pre-cooled syringe to the 
solution of hexamethylphosphorous triamide (HMPT) (0.68 mL, 3.6 mmol) in THF (4.7 
mL) at 0 °C and the suspension was transferred to the mixture of β-lactam 1-45 (172 mg, 
0.45 mmol) and zinc dust (294 mg, 4.5 mmol) in THF (4.7 mL) at room temperature. The 
mixture was heated to reflux for 30 min, and the reaction was quenched by water (20 mL). 
The water layer was extracted by dichloromethane (30 mL x 3). The organic layer was 
washed by brine (20 mL) and dried over MgSO4. The filtrate was concentrated under 
reduced pressure to give yellow oil. Crude material was purified by flash chromatography 
on silica gel (hexanes/EtOAc = 20/1) to yield 1-46 (148 mg, 80%): 1H NMR (CDCl3, 300 
MHz) δ 1.08-1.15 (m, 21 H), 3.79 (s, 3 H), 4.54 (ddd, J = 16.5, 6.3, 1.5 Hz, 1 H), 4.83 (m, 
1 H), 5.14 (d, J = 5.1 Hz, 1 H), 6.87 (d, J = 9.0 Hz, 2 H), 7.32 (d, J = 9.0 Hz, 2 H); 13C 
NMR (CDCl3, 75.5 MHz) δ 12.1, 17.9, 54.1 (d, J = 8.5 Hz), 55.8, 75.8 (dd, J = 22.1, 5.0 
Hz), 76.9, 77.4, 114.8, 118.6, 130.9, 156.7, 164.9; 19F NMR (282 MHz, CDCl3) δ -80.80 
(d, J = 32.7 Hz, 1 F), -86.34  (dd, J = 28.2, 2.8 Hz, 1 F).  HRMS (FAB+, m/z): Calcd. for 
C21H31F2NO3Si·H+, 412.2114; Found, 412.2127. All data were in agreement with 
literature values.74 
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3-Triisopropylsiloxy-4-(2,2-difluorovinyl)azetidin-2-one (1-47):36 
To a solution of N-PMP-β-lactam 1-46 (1.322 g, 3.2 mmol) in acetonitrile (96 mL) and 
H2O (20 mL), was added dropwise a solution of ceric ammonium nitrate (7.2 g, 12.8 
mmol) in water (80 mL). The reaction mixture was stirred for 2 h, and worked up with 
saturated Na2SO3 solution (40 mL). After filtration, the aqueous layer was extracted with 
EtOAc (50 mL x 3), and the combined organic layer was washed with H2O (10 mL x 3), 
dried over MgSO4 and concentrated. The product mixture was purified on a silica gel 
column (hexanes/EtOAc = 10/1) to yield 1-47 as a colorless oil (867 mg, 89%): 1H NMR 
(CDCl3, 400 MHz) δ 1.03-1.18 (m, 21 H), 4.44-4.54 (m, 2 H), 5.04 (dd, J = 2.4, 1.6 Hz, 1 
H), 6.59 (bs, 1 H); 13C NMR (CDCl3, 100 MHz): 12.1, 17.8 (d, J = 4.6 Hz), 50.4 (d, J = 
7.6 Hz), 77.1 (dd, J = 15.9, 23.5 Hz), 79.3, 157.6 (t, J = 289.9 Hz), 169.4; 19F NMR (282 
MHz, CDCl3) δ -82.33 (d, J = 34.7 Hz, 1 F), -87.50  (dd, J = 25.7, 9.3 Hz, 1 F).  HRMS 
(FAB+, m/z): Calcd. for C14H25F2NO2Si·H+,  306.1701; Found, 306.1706 (Δ= 1.7 ppm). 
All data were in agreement with literature values.74 
 
1-(tert-Butoxycarbonyl)-3-triisopropylsiloxy-4-(2,2-difluorovinyl)azetidin-2-one  
(1-48): 36 
To a solution of N-H-4-(2,2-difluorovinyl)-β-lactam (865 mg, 2.8 mmol), triethylamine 
(1.4 mL, 8.5 mmol), and DMAP (68 mg, 0.56 mmol) in CH2Cl2 (16.5 mL), was added 
Boc2O (700 mg, 3.1 mmol) at room temperature. The reaction mixture was stirred 
overnight and quenched with saturated NH4Cl solution (20 mL). The organic layer was 
extracted with dichloromethane (40 mL x 3). The organic layer was washed with brine, 
dried over MgSO4, and concentrated under reduced pressure. Crude material was purified 
by flash chromatography to afford 1-48 as a colorless oil (1.15 g, 100%): [α]D

20 +24.17 (c 
14.4, CHCl3);  1H NMR (CDCl3, 300 MHz) δ 1.04-1.17 (m, 21 H), 1.49 (s, 9 H), 4.49 
(ddd, J = 23.7, 13.8, 1.6 Hz, 1 H,), 4.75 (dddd, J = 9.0, 5.1, 2.4, 0.9 Hz, 1 H), 5.04 (d, J = 
5.7 Hz, 1 H), 6.59 (bs, 1 H); 13C NMR (CDCl3, 100.5 MHz) δ 12.0, 17.8 (d, J = 5.3 Hz), 
28.2, 53.6 (d, J = 8.4 Hz), 74.5 (dd, J = 26.5, 10.6 Hz), 77.2, 83.9, 147.9, 158.5 (t, J = 
292.2 Hz), 165.3; 19F NMR (282 MHz, CDCl3) δ -81.20 (d, J = 31.0 Hz, 1 F), -85.83 (dd, 
J = 29.3, 5.6 Hz, 1 F). HRMS (FAB+, m/z): Calcd. for C19H33F2NO4Si·Na+,  428.2039; 
Found, 428.2050. All data were in agreement with literature values.74 
 
3’-Dephenyl-3’-(2,2-difluorovinyl)-10-propanoyldocetaxel (SB-T-12853):74 
10-Deacetyl-10-propanoyl-7-TES-baccatin 1 (1.14 g, 1.59 mmol) and difluorovinyl-β-
lactam 1-21 (916 mg, 2.25 mmol) were dissolved in THF (160 mL). The mixture was 
cooled to -40 ºC, and 1 M LiHMDS (2.4 mL, 2.4 mmol) was added. The reaction mixture 
was stirred for 2 h and quenched with 60 mL of NH4Cl. The aqueous layer was extracted 
with dichloromethane (100 mL x 3), and the combined organic phases were dried with 
brine and MgSO4. The crude product was purified on silica gel column using 
hexane/ethyl acetate (8/1-6/1) to yield the desired coupling product 7-TES-2’-TIPS-
fluorinated taxoid (1-49) (1.69 g) in 95% yield. 
To a solution of 1-49 (1.68 g, 1.5 mmol) in a 1:1 mixture of pyridine and CH3CN (70 mL) 
cooled to 0 °C was added HF-pyridine (16 mL). The reaction mixture was allowed to 
warm to room temperature and stirred overnight. The reaction was then quenched with 
with ethyl acetate and the organic layer was washed with NaHCO3 (30 mL x 4), CuSO4 
(30 mL x 4) and brine, dried with MgSO4 and concentrate. The residue was purified by 
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chromatography on silica gel using hexane/ethyl acetate (1/1) as eluant to afford 1-50 
(SB-T-12853) (1.251 g, 98%) as a white solid: mp 175-181 °C; [α]D

20-82.83 (c 5.01, 
CHCl3);  1H NMR (CDCl3, 400 MHz) δ 1.14 (s,  3 H), 1.24 (m, 6 H), 1.30 (s, 9 H), 1.67 
(s, 3 H), 1.78 (m, 1 H), 1.87 (m, 4 H), 2.31 (m, 2 H), 2.38 (s, 3 H), 2.53 (m, 4 H), 3.55 (bs, 
1 H), 3.81 (d, J= 6.8 Hz, 1 H),  4.17 (d, J= 8.4 Hz, 1 H), 4.29 (m, 2 H), 4.39 (m, 1 H), 
4.56 (ddd, J= 24.8, 9.6, 1.6 Hz, 1 H), 4.86 (t, J= 8.8 Hz, 1 H), 4.96 (m, 2 H), 5.66 (d, J= 
7.2 Hz, 1 H), 6.25 (t, J= 8.4 Hz, 1 H), 6.30 (s, 1 H), 7.49 (t, J= 7.6 Hz, 2 H), 7.60 (t, J= 
7.2 Hz, 1 H), 8.11 (d, J= 7.2 Hz, 2 H); 13C NMR (CDCl3, 75.5 MHz) δ 9.2, 9.8, 15.1, 
22.1, 22.5, 26.9, 27.8, 28.4, 35.7 (d, J= 12.9 Hz), 43.5, 45.9, 48.2, 58.8, 72.2, 72.4, 72.9, 
73.3, 75.3, 75.6, 76.6, 77.4, 79.3, 80.7, 81.3, 84.6, 128.9, 129.3, 130.4, 133.5, 133.9, 
142.2, 155.1, 156.7, 167.3, 170.5, 172.6, 174.8, 203.9; 19F NMR, (CDCl3, 282 MHz) δ –
84.31 (dd, J= 34.7, 23.7 Hz, 1 F), –86.23 (dd, J= 36.4 Hz, 1 F); HRMS (FAB+, m/z): 
Calcd. for C42H53F2NO15·H+,  850.3456; Found 850.3450. All data were in agreement 
with literature values.74 
 
ring-13C6-Benzoyl chloride (1-52):76  
To a solution of ring-13C6-benzoic acid (50 mg, 0.39 mmol) in CH2Cl2 (1.7 mL) was 
added oxalyl chloride (0.07 mL, 0.78 mmol) and 2 drops of DMF. The reaction mixture 
was stirred for 3 h and the solvent was removed under vacuum to afford 1-52 as a white 
solid. This crude product was used directly for next step without further purification. 
 
(3R,4S)-1-(ring-13C6-Benzoyl)-3-ethoxyethoxy-4-phenylazetidin-2-one (1-53):76 
To a solution of β-lactam 1-17 (84 mg, 0.356 mmol), triethylamine (0.14 mL, 0.980 
mmol) and DMAP (8 mg, 0.073 mmol) in CH2Cl2 (1 mL), was addeda solution of ring-
13C6-benzoyl chloride, prepared as described above, in CH2Cl2 (2 mL) dropwise at 0 oC. 
The mixture was stirred overnight at room temperature and the reaction was quenched 
with saturated aqueous NH4Cl solution (10 mL). The mixture was then extracted with 
CH2Cl2 (20 mL x 3). The combined extracts were dried over anhydrous MgSO4 and 
concentrated in vacuo. The crude product was purified on a silica gel column using 
hexanes/EtOAc (8/1) as the eluant to afford 1-53 as a colorless oil (70 mg, 62% yield): 
1H NMR (400 MHz, CDCl3) δ 0.92 (d, J = 5.2 Hz, 2 H), 1.03 (m, 4 H), 3.15-3.32 (m, 1.5 
H), 3.58 (m, 0.5 H), 4.45 (q, J = 5.6 Hz, 0.5 H), 4.64 (q, J = 5.6 Hz, 0.5 H), 5.16 (dd, J = 
6.4, 1.6 Hz, 1 H), 5.33 (dd, J = 12.4, 6.0 Hz, 1 H), 7.14-7.28 (m, 6.5 H), 7.56(mb, 1 H), 
7.69 (mb, 1.5 H), 8.10 (mb, 1 H). 13C NMR (100.5 MHz, CDCl3) δ [14.9, 15.1, 15.2], 
[19.9, 20.1], 28.8 (m), [59.9, 60.7], [60.9, 62.4], [74.7, 75.9], [99.3, 99.6], [127.4-127.6], 
[127.9-128.2], [128.3-128.7], [129.2-129.3], [129.7-129.9], [130.3-130.4], [131.3-131.4], 
[131.8-132.0], [132.8-133.0], [133.3-133.6], [133.9-134.0], 164.6, 165.0.  
 
3’N-debenzoyl-3’N-(ring-13C6-benzoyl)-paclitaxel (1-56):16  
To a solution of 1-54 (33 mg, 0.058 mmol) and β-lactam 1-53 (60 mg, 0.174 mmol) in 
THF (4.5 mL) was added LiHMDS (0.09 ml, 0.09 mmol) at -40 oC. The reaction mixture 
was warmed up to 0 oC over 3 h and then quenched with saturated aqueous NH4Cl 
solution and extracted with EtOAc. The organic layers were combined and solvent was 
removed under reduced pressure. The residue was purified by chromatography on silica 
gel (eluent: hexanes/EtOAc, 8/1-3/1) to afford 1-55 as a white solid. (50 mg, 71%); 
HRMS calcd. for 12C51

13C6H73NO15SiH+: 1046.5029, found 1046.5020 (Δ= -0.9 ppm). 
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To a solution of the protected paclitaxel (1-55) thus obtained in ethanol (1.2 mL) was 
added 0.2 N HCl in ethanol (1.4 mL) and the reaction mixture was stirred overnight. The 
reaction mixture was quenched with 20 mL saturated aqueous NaHCO3 and extracted 
with dichloromethane (30 mL x 3) and washed with brine (10 mL). The organic layer was 
dried over anhydrous MgSO4 and solvent was removed under reduced pressure. The 
residue was purified by a chromatography on silica gel (hexanes:EtOAc =2/1) to afford 
1-56 as white solid (32 mg, 77%): mp 186-188 oC; 1H NMR (400 MHz, CDCl3) δ 1.15 (s, 
3 H), 1.24 (s, 3 H), 1.69 (s, 3 H), 1.79 (s, 3 H), 1.88 (m, 1 H), 2.24. (s, 3 H), 2.29 (dd, J = 
15.4, 8.9 Hz, 1 H), 2.35 (dd, J = 15.4, 8.9 Hz, 1 H), 2.39 (s, 3 H), 2.43 (bs, 1 H), 2.55 
(ddd, J = 15.5, 9.6, 6.0 Hz, 1 H), 3.55 (bs, 1 H), 3.80 (d, J = 7.0 Hz, 1 H), 4.19 (d, J = 8.4 
Hz, 1H), 4.31 (d, J = 8.4 Hz, 1 H), 4.40 (dd, J = 10.8, 6.4 Hz, 1 H), 4.79 (d, J = 2.8 Hz), 
4.94 (dd, J = 9.2, 2.0 Hz, 1 H), 5.67 (d, J = 7.2 Hz, 1 H), 5.79 (dd, J = 8.8, 2.4 Hz, 1 H), 
6.23 (td, J = 9.2, 1.2 Hz, 1 H), 6.27 (s, 1 H), 6.98 (d, J = 8.4 Hz, 1 H), 7.19 (mb, 1 H), 
7.27-7.70 (m, 11 H), 7.93 (mb, 1 H), 8.14 (dd, J = 6.4, 1.6 Hz, 2 H); 13C NMR (100.5 
MHz, CDCl3, diluted) δ [126.3-126.5], [126.9-127.0], [127.4-127.6], [128.1-128.2], 
[128.6-128.7], [129.2-129.3], [131.4, 131.5], [131.9-132.0], [132.5, 132.6], [133.0, 133.1], 
[133.6, 133.7], [134.1, 134.2]. HRMS calcd. for 12C41

13C6H51NO14SiH+: 860.3589, found 
860.3611 (Δ= 2.5 ppm). 
 
7,10,13-Tris(triethylsilyl)-2-debenzoyl-2-(4-methylbenzoyl)-10-deacetyl-baccatin III 
(1-57a):82 
To a solution of 1-29 (50 mg, 0.064 mmol), 4-methylbenzoic acid (70 mg, 0.51 mmol) 
and DMAP (89 mg, 0.58 mmol) in toluene (0.4 mL) was added DIC (0.09 mL, 0.58 
mmol) and the reaction mixture was refluxed overnight. The reaction mixture was diluted 
with ethyl acetate (20 mL) and washed with saturated aqueous NaHCO3 solution (20 mL), 
H2O (20 mL) and brine (10 mL). The organic lawyer was dried with anhydrous MgSO4. 
The solvent was removed under reduced pressure and the residue was purified on a silica 
gel column (hexanes/EtOAc = 15/1) to afford 1-57a as a white solid (43 mg, 75% yield): 
1H NMR (400 MHz, CDCl3) δ 0.63 (m, 18 H), 0.97 (m, 27 H), 1.13 (s, 3 H), 1.19 (s, 3 H), 
1.25 (m, 1 H), 1.65 (s, 3 H), 1.85 (m, 1 H), 1.96 (s, 3 H), 2.14 (m, 2 H), 2.27 (s, 3 H), 
2.42 (m, 4 H), 3.83 (d, 1 H), 4.13 (d, J = 7.9 Hz, 1 H), 4.30 (d, J = 8.1 Hz, 1 H), 4.39 (dd, 
J = 10.4, 6.9 Hz, 1 H), 4.92 (m, 2 H), 5.10 (s, 1 H), 5.60 (d, J = 6.9 Hz, 1 H), 7.26 (d, 2 
H), 7.98 (d, J = 7.7 Hz, 2 H); 13C NMR (400 MHz, CDCl3) δ 5.1, 5.4, 6.2, 6.6, 7.0, 10.7, 
14.8, 20.9, 21.9, 22.6, 26.6, 29.9, 37.5, 40.1, 43.2, 47.2, 58.5, 68.6, 72.9, 75.5, 76.0, 79.8, 
84.2, 127.1, 128.9, 129.5, 130.3, 136.0, 139.6, 144.5, 167.5, 170.2, 205.9. HRMS calcd. 
for C48H80O10Si3Na+: 923.4957, found 923.4933 (Δ= -2.6 ppm). 
 
2-Debenzoyl-2-(4-methylbenzoyl)-10-deacetylbaccatin III (1-58a):82 

To a solution of 1-57a (43 mg) in 1.8 mL of pyridine/acetonitrile (1:1) was added 
dropwise HF/pyridine (70:30, 0.4 mL) at 0 oC, and the mixture was stirred overnight at 
room temperature. The reaction was quenched with saturated aqueous NaHCO3 solution 
(20 mL). The mixture was then diluted with ethyl acetate (50 mL), washed with saturated 
aqueous CuSO4 solution (20mL x 2) and H2O (20mL), dried over anhydrous MgSO4 and 
concentrated in vacuo to afford 2-debenzoyl-2-(4-methylbenzoyl)-10-deacetylbaccatin III 
(1-58a) as a white solid (44mg, crude). The crude compound was used in the next step 
without further purification.  
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2-Debenzoyl-2-(4-methylbenzoyl)-10-deacetyl-10-propanoylbaccatin III (1-59a):51 

To the solution of 1-58a (44 mg, crude) in THF (2.4 mL) was added cerium chloride 
heptahydrate (4 mg, 0.005 mmol) and propanoic anhydride (0.075 mL, 0.47 mmol). The 
reaction mixture was stirred at room temperature for 1.5 h. To the solution was added 40 
mL of H2O. This mixture was extracted with CH2Cl2 (30 mL x 3). The organic layers 
were washed with brine, dried over MgSO4, and concentrated in vacuo. The residue was 
purified on a silica gel column using hexane/ethyl acetate (1/1) as the eluant to afford 1-
59a as a white solid (19 mg, 76% for 2 steps): 1H NMR (500 MHz, CDCl3) δ 1.10 (s, 6 
H), 1.25(m, 7 H), 1.66 (s, 3 H), 1.85 (m, 1 H), 2.05 (d, J = 3Hz 3 H), 2.09 (s, 1H), 2.28 
(m, 5 H), 2.43 (s, 3 H), 2.54(m, 4 H), 3.88 (d, J = 6.5, 1 H), 4.14 (m, 1 H), 4.30 (d, J = 8 
Hz, 1 H), 4.47 (m, 1 H), 4.88 (t, 1 H), 4.99 (d, J = 6 Hz, 1 H), 5.61 (d, J = 7Hz, 1 H), 
6.33(s, 1H), 7.24 (d, J = 8Hz, 2 H), 7.98 (d, J = 3.5Hz, 2 H). HRMS calcd. for 
C33H42O11H+: 615.2805, found 615.2792 (Δ= -2.1 ppm). 
 
7-Triethylsilyl-2-debenzoyl-2-(4-methylbenzoyl)-10-deacetyl-10-propanoylbaccatin 
III (1-60a):36 

To a solution of 1-59a (19 mg, 0.0309 mmol) and imidazole (9 mg, 0.13 mmol) in DMF 
(0.3 mL) was added chlorotriethylsilane (0.017 mL, 0.093 mmol) dropwise via syringe at 
0 oC. The reaction mixture was stirred for 45 min at room temperature and quenched with 
saturated NH4Cl solution (10 mL). The mixture was extracted by ethyl acetate (30 mL x 
3), and then washed with H2O (20 mL x 2), brine (20 mL), dried over anhydrous MgSO4 
and concentrated. The crude product was purified on a silica gel column using 
hexanes/ethyl acetate (2/1) as eluant to afford 1-60a as a white solid (15 mg, 66% yield): 
1H NMR (500 MHz, CDCl3) δ 0.57 (m, 6 H), 0.95 (m, 9 H), 1.02 (s, 3 H), 1.22 (m, 9 H), 
1.69 (s, 3 H), 1.87 (m, 1 H), 2.19 (m, 3 H), 2.25 (m, 3 H), 2.46 (ms, 6 H), 3.87 (d, J = 8.5 
Hz, 1 H), 4.13 (d, J = 10 Hz, 1 H), 4.29 (d, J = 10 Hz, 1 H), 4.48 (m, 2 H), 4.82 (t, J = 7.9 
Hz, 1 H), 4.95 (d, J = 10 Hz, 1 H), 5.62 (d, J = 9.5 Hz, 1 H), 6.46 (s, 1 H), 7.26 (d, J = 9.5 
Hz, 1 H), 7.98 (d, J = 10 Hz, 1 H). HRMS calcd. for C39H56O11SiH+: 729.3670, found 
729.3691 (Δ= 2.9 ppm). 
 
7-Triethylsilyl-2’-triisopropylsilyl-2-debenzoyl-2-(4-methylbenzoyl)-3'-dephenyl-3'-
(2-methylprop-1-enyl)-10-propanoyldocetaxel (1-61a):36 
To a solution of baccatin 1-60a (29 mg, 0.04 mmol) and β-lactam 1-11 (24 mg, 0.06 
mmol) in dry THF (3.7 mL) was added 1.0 M LiHMDS in THF (0.06 mL, 0.06 mmol) 
dropwise at -40 oC, and the solution was stirred at -40 oC for 1 h. The reaction was 
quenched with saturated aqueous NH4Cl solution (10 mL), and the aqueous layer was 
extracted with ethyl acetate (20 mL x 3). The combined extracts were then dried over 
anhydrous MgSO4 and concentrated in vacuo. The residue was purified on a silica gel 
column using hexanes/ethyl acetate = 4/1 as the eluant to afford the coupling product 1-
61a as a white solid (37mg, 82%): 1HNMR (400 MHz, CDCl3) δ 0.56 (m, 6 H), 0.97 (m, 
9 H), 1.09 (m, 21 H), 1.17 (s, 3 H), 1.20 (s, 3 H), 1.30 (m, 3 H), 1.33 (s, 9 H), 1.44 (m, 3 
H), 1.61(s, 3 H), 1.75(s, 3 H), 2.00 (s, 3 H), 2.34 (s, 3 H), 2.46 (m, 6 H), 3.82 (d, J = 6.8 
Hz, 1 H) (H3), 4.17 (d, J = 8.4 Hz, 1 H), 4.29 (d, J = 8.4 Hz, 1 H), 4.45 (m, 2 H), 4.75 (t, 
J = 8.4 Hz, 2 H), 4.94 (d, J = 10 Hz, 1 H), 5.32 (d, J = 8.4 Hz, 1 H), 5.66 (d, J = 7.2 Hz, 1 
H) (H2), 6.07 (t, J = 8.4 Hz, 1 H), 6.48 (s, 1 H), 7.24 (d, J = 7.8 Hz, 2 H), 7.98 (t, J = 8.0 
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Hz, 2 H). HRMS calcd. for C60H95O15NSi2H+: 1126.6319, found 1126.6267 (Δ= -4.6 
ppm). 
 
3'-Dephenyl-3'-(2-methylprop-1-enyl)-2-debenzoyl-2-(4-methylbenzoyl)-10- 
propanoyldocetaxel (1-62a):36 

To a solution of 1-61a (36 mg, 0.032 mmol) in 1.5 mL of pyridine /acetonitrile (1:1) was 
added dropwise HF/pyridine (70:30), (0.4 mL) at 0 oC, and the mixture was stirred 
overnight at room temperature. The reaction was quenched with saturated aqueous 
NaHCO3 solution (30 mL). The mixture was then diluted with ethyl acetate (60 mL), 
washed with saturated aqueous CuSO4 solution (20 mL x 2) and H2O (20 mL), dried over 
anhydrous MgSO4 and concentrated in vacuo. The residue was purified on a silica gel 
column using hexane/ethyl acetate (1/1) as the eluant to afford 1-62a as a white solid (23 
mg, 84%): 1H NMR (400 MHz, CDCl3) 1.15 (s, 3 H), 1.25 (m, 8 H), 1.36 (s, 9 H), 1.67 (s, 
3 H), 1.75 (m, 3 H), 1.90 (m, 4 H), 2.08(s, 6 H), 2.35 (m, 7 H), 2.55 (m, 4 H), 3.81 (d, J = 
7.2 Hz, 1 H), 4.20 (m, 2 H), 4.30 (d, J = 8.8 Hz, 1 H), 4.36 (m, 1 H), 4.75 (m, 2 H), 4.97 
(d, J = 8.8 Hz, 1 H), 5.32 (d, J = 8.0 Hz, 1 H), 5.65 (d, J = 8.0 Hz, 1 H), 6.17 (t, J = 8.8 
Hz, 1 H), 6.31 (s, 1 H), 7.27 (d, J = 7.6 Hz, 2 H), 7.99 (d, J = 8.0 Hz, 2 H); 13C NMR 
(400 MHz, CDCl3) δ 9.2, 9.8, 15.2, 18.8, 20.7, 22.0, 22.1, 22.6, 25.9, 26.9, 27.8, 28.4, 
29.9, 35.8, 43.4, 45.9, 58.8, 72.5, 72.7, 74.0, 75.0, 75.7, 76.8, 79.4, 81.3, 84.7, 120.9, 
126.7, 129.6, 130.4, 142.6, 144.8, 155.7 167.3, 170.3, 174.9, 176.1, 204.1. HRMS calcd. 
for C45H61O15NH+: 856.4119, found 856.4107 (Δ= -1.5 ppm).  
 

7,10,13-Tris(triethylsilyl)-2-debenzoyl-2-(3,4-dimethylbenzoyl)-10-deacetyl- 
baccatin III (1-57b):82 
To a solution of 1-29 (100 mg, 0.128 mmol), 3,4-dimethylbenzoic acid (153 mg, 1.02 
mmol) and DMAP (78 mg, 1.27 mmol) in DMF (0.5 mL) and toluene (0.3 mL) was 
added DIC (0.198 mL, 1.27 mmol) and the reaction mixture was refluxed 34 h. The 
reaction mixture was diluted with ethyl acetate (30 mL) and washed with saturated 
aqueous NaHCO3 solution (20 mL), H2O (20 mL) and brine (10 mL). The organic lawyer 
was dried over anhydrous MgSO4. The solvent was removed under reduced pressure and 
the residue was purified on a silica gel column to afford 1-57b as a white solid (~50 mg, 
with impurity), the crude compound was used in the next step without further purification. 
 
2-Debenzoyl-2-(3,4-dimethylbenzoyl)-10-deacetylbaccatin III (1-58b):82 

To a solution of 1-57b (~50 mg) in 2 mL of pyridine/acetonitrile (1:1) was added 
dropwise HF/pyridine (70:30, 0.5 mL) at 0 oC, and the mixture was stirred overnight at 
room temperature. The reaction was quenched with saturated aqueous NaHCO3 solution 
(20 mL). The mixture was then diluted with ethyl acetate (50 mL), washed with saturated 
aqueous CuSO4 solution (20 mL x 2) and H2O (20 mL), dried over anhydrous MgSO4 
and concentrated in vacuo to afford 2-debenzoyl-2-(3,4-dimethylbenzoyl)-10-deacetyl- 
baccatin III (1-58b) as a white solid (34 mg, 47% yield for 2 steps). The crude compound 
was used in the next step without further purification.  
 



60 

2-Debenzoyl-2-(3,4-dimethylbenzoyl)-10-deacetyl-10-propanoylbaccatin III  
(1-59b):51 

To the solution of 1-58b (34 mg, 0.054 mmol) in THF (2.4 mL) was added cerium 
chloride heptahydrate (4 mg, 0.005 mmol) and propanoic anhydride (0.1 mL, 0.54 mmol). 
The reaction mixture was stirred at room temperature for 2 h. The solution was added 30 
mL of H2O. This mixture was extracted with CH2Cl2 (30 mL x 3). The organic layers 
were washed with brine, dried over MgSO4, and concentrated in vacuo. The residue was 
purified on a silica gel column using hexanes/ethyl acetate=1/1 as the eluant to afford 1-
59b as a white solid (18 mg, 51%): 1H NMR (500 MHz, CDCl3) δ 1.13 (s, 6 H), 1.18 (d, 
1 H), 1.25(t, 6H), 1.67 (s, 3 H), 1.85 (m, 2 H), 2.06 (d, 3 H), 2.17 (s, 1H), 2.28 (m, 3 H), 
2.48 (m, 6H), 3.88 (m, 1 H), 4.15 (m, 2 H), 4.33 (d, J = 9 Hz, 1 H), 4.47 (m, 2 H), 4.88 (t, 
1 H), 4.99 (d, J=9.5 Hz, 1 H), 5.61 (d, J = 6.5Hz, 1 H), 6.34(s, 1H), 7.24 (d, J=7.5Hz, 1 
H), 7.39 (t, J = 8 Hz, 1 H), 7.84 (d, J=7.5Hz, 1 H), 7.90 (s, 1 H). HRMS calcd. for 
C34H44O11H+: 629.2962, found 629.2933 (Δ= -4.6 ppm).  
 

7-Triethylsilyl-2-debenzoyl-2-(3,4-dimethylbenzoyl)-10-deacetyl-10-propanoyl- 
baccatin III (1-60b):36 

To a solution of 1-59b (17 mg, 0.027 mmol) and imidazole (8 mg, 0.1 mmol) in DMF 
(0.3 mL) was added chlorotriethylsilane (0.015 mL, 0.07 mmol) dropwise via syringe at 0 
oC, and the reaction mixture was stirred for 1.5 h at room temperature and quenched with 
saturated NH4Cl solution (20 mL). The mixture was extracted by ethyl acetate (20 mL x 
3), and then washed with H2O (20 mL x 2), brine (20 mL), dried over anhydrous MgSO4 
and concentrated in vacuo. The crude product was purified on a silica gel column using 
hexanes/EtOAc (2/1) as eluant to afford 1-60b as a white solid (18 mg, 90% yield): 1H 
NMR (500 MHz, CDCl3) δ 0.56 (m, 6 H), 0.92(m, 9 H), 1.05 (s, 3 H), 1.24 (m, 11 H), 
1.69 (s, 3 H), 1.75 (m, 1 H), 2.00 (m, 3 H), 2.20 (s, 3 H), 2.27 (m, 3 H), 2.47 (m, 5 H), 
3.85 (d, J = 0.65 Hz, 1 H), 4.15 (d, J = 8 Hz, 1 H), 4.32 (d, J = 9 Hz, 1 H), 4.50 (m, 2 H), 
4.85 (t, J = 7.9 Hz, 1 H), 4.94 (d, J = 7.5 Hz, 1 H), 5.62 (d, J = 7 Hz, 1 H), 6.49 (s, 1 H), 
7.24 (d, J = 8 Hz, 1 H), 7.85 (d, J = 6 Hz, 1 H), 7.91(s, 1 H). HRMS calcd. for 
C40H58O11SiH+: 743.3827, found 743.3814 (Δ= -1.7 ppm).  
 

7-Triethylsilyl-2’-triisopropylsilyl-2-debenzoyl-2-(3,4-dimethylbenzoyl)-3'-dephenyl-
3'-(2-methylprop-1-enyl)-10- propanoyldocetaxel (1-61b):36 

To a solution of baccatin 1-60b (17 mg, 0.023 mmol) and β-lactam 1-11 (14 mg, 0.034 
mmol) in 2.3 mL dry THF was added 1.0 M LiHMDS in THF (0.04 mL, 0.04 mmol) 
dropwise at -40 oC, and the solution was stirred for 1.5 h. The reaction was quenched 
with saturated aqueous NH4Cl solution (10 mL), and the aqueous layer was extracted 
with ethyl acetate (20 mL x 3). The combined extracts were then dried over anhydrous 
MgSO4 and concentrated in vacuo. The residue was purified on a silica gel column using 
hexanes/EtOAc (4/1) as the eluant to afford the coupling product 1-61b as a white solid 
(21 mg, 81%): 1HNMR (400 MHz, CDCl3) δ 0.57 (m, 6 H), 0.90 (m, 9 H), 1.05 (m, 21 H), 
1.17 (s, 3 H), 1.20 (s, 3 H), 1.25 (m, 3 H), 1.45 (s, 9 H), 1.35 (m, 3 H), 1.73 (s, 3 H), 
1.79(s, 3 H), 2.01 (s, 3 H), 2.36 (m, 9 H), 2.46 (m, 3 H), 3.83 (d, J = 7.2 Hz, 1 H) (H3), 
4.18 (d, J = 4.4 Hz, 1 H), 4.31 (d, J = 8.4 Hz, 1 H), 4.43 (d, J = 2.8 Hz, 1 H), 4.47 (dd, J 
= 10.4 , 6.6 Hz, 1 H) (H7), 4.94 (d, J = 9.5 Hz, 2 H), 5.33 (d, J = 8.8 Hz, 1 H), 5.68 (d, J 
= 7.0 Hz, 1 H) (H2), 6.48 (s, 1 H) (H10), 7.25 (d, J = 8.0 Hz, 1 H), 7.82 (t, J = 8.0 Hz, 1 H), 



61 

7.89 (s, 1 H). HRMS calcd. for C61H97O15NSi2H+: 1140.6475, found 1140.6448 (Δ= -2.4 
ppm).  
 

3'-Dephenyl-3'-(2-methylprop-1-enyl)-2-debenzoyl-2-(3,4-dimethylbenzoyl)-10- 
propanoyldocetaxel (1-62b):36 
To a solution of 1-61b (20 mg, 0.018 mmol) in pyridine /acetonitrile (1:1) (0.8 mL) was 
added dropwise HF/pyridine (70:30), (0.2 mL) at 0 oC, and the mixture was stirred 
overnight at room temperature. The reaction was quenched with saturated aqueous 
NaHCO3 solution (20 mL). The mixture was then diluted with ethyl acetate (80 mL), 
washed with saturated aqueous CuSO4 solution (10 mL x 2) and H2O (20 mL), dried over 
anhydrous MgSO4 and concentrated in vacuo. The residue was purified on a silica gel 
column using hexane/ethyl acetate (1/1) as the eluant to afford 1-62b as a white solid (13 
mg, 85%): 1H NMR (400 MHz, CDCl3) 1.15 (s, 3 H), 1.260 (m, 8 H), 1.35 (s, 9 H), 1.60 
(m, 3 H), 1.76 (m, 3 H), 1.91 (m, 5 H), 2.33 (m, 10 H), 2.54 (m, 4 H), 3.38 (s, 1 H), 3.81 
(d, J = 6.8 Hz, 1 H), 4.20 (m, 1 H), 4.32 (d, J = 8.4 Hz, 1 H), 4.42 (d, J = 6.8 Hz, 1 H), 
4.75 (m, 2 H), 4.96 (d, J = 8.0 Hz, 1 H), 5.32 (d, J = 7.2 Hz, 1 H), 5.64 (d, J = 4.8 Hz, 1 
H), 6.23 (t, J = 6 Hz, 1 H), 6.31 (s, 1 H), 7.22 (d, J = 8 Hz, 1 H), 7.83 (t, J = 8.0 Hz, 1 H), 
7.89 (s, 1 H); 13C NMR (400 MHz, CDCl3) δ 9.2, 9.8, 14.3, 14.4, 15.2, 18.8, 20.1, 20.3, 
22.1, 22.6, 25.9, 26.9, 27.8, 28.4, 29.9, 35.8, 43.4, 45.9, 58.8, 60.6, 72.5, 72.7, 74.0, 75.0, 
75.7, 76.8, 79.4, 80.2, 81.4, 84.6, 120.9, 126.9, 128.0, 130.1, 131.5, 133.2, 137.1, 143.5, 
167.4, 170.2, 174.9, 204.1. HRMS calcd. for C46H63O15NSi2Na+: 892.4095, found 
892.4125 (Δ= 3.3 ppm).  
 

7,10,13-Tri(triethylsilyl)-2-debenzoyl-2-(3,4-dimethoxybenzoyl)-10-deacetyl- 
baccatin III (1-57c):82 
To a solution of 1-29 (50 mg, 0.064 mmol), 3,4-dimethoxybenzoic acid (93 mg, 0.51 
mmol) and DMAP (70 mg, 0.58 mmol) in toluene (0.4 mL) was added DIC (0.09 mL, 
0.58 mmol) and the reaction mixture was refluxed for 37 h. The reaction mixture was 
diluted with ethyl acetate (30 mL) and washed with saturated aqueous NaHCO3 solution 
(20 mL), H2O (20 mL) and brine (20 mL). The organic lawyer was dried over anhydrous 
MgSO4. The solvent was removed under reduced pressure and the residue was purified 
on a silica gel column (hexane/ethyl acetate =6/1) to afford 1-57c as a white solid (37 mg, 
60% yield, at 66% conversion): 1H NMR (500 MHz, CDCl3) δ 0.63 (m, 18 H), 0.97 (m, 
27 H), 1.13 (s, 3 H), 1.19 (s, 3 H), 1.25 (m, 1 H), 1.65 (s, 3 H), 1.88 (m, 1 H), 1.98 (s, 3 
H), 2.11 (m, 1 H), 2.25 (s, 3 H), 2.42 (m, 1 H), 3.85 (d, J = 7.0 Hz, 1 H), 3.93 (m, 6 H), 
4.14 (d, J = 8.5 Hz, 1 H), 4.31 (d, J = 8.5 Hz, 1 H), 4.41 (dd, J = 10, 6.9 Hz, 1 H), 4.94 
(m, 2 H), 5.20 (s, 1 H), 5.61 (d, J = 7.5 Hz, 1 H), 6.91 (d, J = 8.5 Hz, 1 H), 7.60 (d, J = 
2.0 Hz, 2 H), 7.74 (dd, J = 8.0 Hz, 2.0 Hz, 1 H).  
 

2-Debenzoyl-2-(3,4-methoxybenzoyl)-10-deacetylbaccatin III (1-58c):82  
To a solution of 1-57c (37 mg) in pyridine/acetonitrile (1:1) (1.5 mL) was added 
dropwise HF/pyridine (70:30) (0.4 mL) at 0 oC, and the mixture was stirred overnight at 
room temperature. The reaction was quenched with saturated aqueous NaHCO3 solution 
(20 mL). The mixture was then diluted with ethyl acetate (50 mL), washed with saturated 
aqueous CuSO4 solution (20 mL x 2) and H2O (20 mL), dried over anhydrous MgSO4 
and concentrated in vacuo to afford 2-debenzoyl-2-(3,4-dimethoxy-benzoyl)-10-deacetyl- 
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baccatin III (1-58c) as a white solid (17mg, 73% yield). The crude compound was used in 
the next step without further purification.  
 

2-Debenzoyl-2-(4-methylbenzoyl)-10-deacetyl-10-propanoylbaccatin III (1-59c):51 

To the solution of 1-58c (17 mg, crude) in THF (1.2 mL) was added cerium chloride 
heptahydrate (2 mg, 0.003 mmol) and propanoic anhydride (0.05 mL, 0.3 mmol). The 
reaction mixture was stirred at room temperature for 2 h. The reaction mixture was 
quenched with H2O (30 mL), extracted with CH2Cl2 (30 mL x 3). The organic layers 
were washed with brine, dried over MgSO4, and concentrated in vacuo to get crude 
product as a white solid (25 mg): 1H NMR (400 MHz, CDCl3) δ 1.10 (s, 6 H), 1.21(m, 
11H), 1.67 (s, 5 H), 1.85 (m, 2 H), 2.04 (d, J = 2.4 Hz, 3 H), 2.24 (s, 2 H), 2.28 (d, J = 8 
Hz, 3 H), 2.48 (m, 6H), 3.88 (d, J = 6.8 Hz, 1 H), 3.93 (m, 6 H), 4.13 (m, 1 H), 4.35 (d, J 
= 8.4 Hz, 1 H), 4.47 (m, 1 H), 4.87 (d, J = 8 Hz, 1 H), 4.99 (d, J = 9.5 Hz, 1 H), 5.60 (d, J 
= 7.2 Hz, 1 H), 6.36(s, 1 H), 6.93 (d, J = 4.8 Hz, 1 H), 7.61 (d, J = 1.6 Hz, 1 H), 7.76 (dd, 
J = 8.4 Hz, 1 H). The crude compound was used in the next step without further 
purification. 
 

7-Triethylsilyl-2-debenzoyl-2-(3,4-dimethoxylbenzoyl)-10-deacetyl-10-propanoyl- 
baccatin III (1-60c):36 

To a solution of 1-59c (23 mg, 0.038 mmol) and imidazole (10 mg, 0.15 mmol) in DMF 
(0.35 mL) was added chlorotriethylsilane (0.02 mL, 0.114 mmol) dropwise via syringe at 
0 oC, and the reaction mixture was stirred for 1 h at room temperature. The reaction 
mixture was quenched with saturated NH4Cl solution (10 mL). The mixture was 
extracted by ethyl acetate (30 mL x 3), and then washed with H2O (20 mL x 2), brine (20 
mL), dried over anhydrous MgSO4 and concentrated. The crude product was purified on 
a silica gel column using hexanes/EtOAc (2/1) as eluent to give 1-60c as a white solid (16 
mg, 74% yield for 2 steps): 1H NMR (400 MHz, CDCl3) δ 0.56 (m, 6 H), 0.92(m, 9 H), 
1.03 (s, 3 H), 1.20 (m, 7 H), 1.67 (s, 3 H), 1.85 (m, 1 H), 2.05 (m, 3 H), 2.20 (s, 5 H), 
2.25 (m, 3 H), 2.47 (m, 3 H), 3.85 (d, J = 0.65 Hz, 1 H), 3.95 (s, 6 H), 4.15 (d, J = 8 Hz, 
1 H), 4.32 (d, J = 9 Hz, 1 H), 4.50 (m, 2 H), 4.82 (t, J = 7.9 Hz, 1 H), 4.96 (d, J = 7.5 Hz, 
1 H), 5.62 (d, J = 7 Hz, 1 H), 6.93 (d, J = 7 Hz ,1 H), 7.62 (d, J = 2 Hz, 1 H), 7.88 (dd, 1 
H) ; 13C NMR (400 MHz, CDCl3) δ 5.5, 7.0, 9.4, 10.1, 15.2, 20.3, 22.9, 27.1, 27.9, 37.5, 
38.5, 43.0, 47.5, 56.1, 56.3, 58.9, 68.3, 72.6, 74.7, 75.8, 78.9, 81.3, 84.5, 94.6, 110.7, 
112.6, 112.9, 124.6, 133.1, 144.0, 148.9, 153.8, 167.2, 170.8, 173.0, 185.8, 202.5. HRMS 
calcd. for C40H58O13SiH+: 775.3725, found 775.3737 (Δ= 1.5 ppm).  
 

7-Triethylsilyl-2’-triisopropylsilyl-2-debenzoyl-2-(3,4-dimethoxybenzoyl)-3'-
dephenyl-3'-(2-methylprop-1-enyl)-10- propanoyldocetaxel (1-61c):36 

To a solution of baccatin 1-60c (15 mg, 0.019 mmol) and β-lactam 1-11 (12 mg, 0.029 
mmol) in dry THF (1.9 mL) was added 1.0 M LiHMDS in THF (0.029 mL, 0.029 mmol) 
dropwise at -40 oC, and the solution was stirred for 1.5 h. The reaction was quenched 
with saturated aqueous NH4Cl solution (10 mL), and the aqueous layer was extracted 
with ethyl acetate (20mL x 3). The combined extracts were then dried over anhydrous 
MgSO4 and concentrated in vacuo. The residue was purified on a silica gel column using 
hexanes/EtOAc (4/1) as the eluant to afford the coupling product 1-61c as a white solid 
(19 mg, 84%): 1HNMR (400 MHz, CDCl3) δ 0.57 (m, 6 H), 0.92 (m, 9 H), 1.05 (m, 21 H), 



63 

1.17 (s, 3 H), 1.20 (s, 3 H), 1.25 (m, 3 H), 1.45 (s, 9 H), 1.35 (m, 3 H), 1.73 (s, 3 H), 
1.79(s, 3 H), 2.01 (s, 3 H), 2.36 (m, 9 H), 2.46 (m, 3 H), 3.83 (d, J = 7.2 Hz, 1 H), 4.18 (d, 
J = 8.4 Hz, 1 H), 4.31 (d, J = 8.4 Hz, 1 H), 4.43 (d, J = 2.8 Hz, 1 H), 4.47 (dd, J = 10.4 , 
6.6 Hz, 1 H), 4.82 (m, 2 H), 4.98 (d, J = 3.6 Hz, 2 H), 5.33 (d, J = 8.4 Hz, 1 H), 5.68 (d, J 
= 7.0 Hz, 1 H), 6.08 (t, 1 H), 6.48 (s, 1 H), 7.20 (d, J = 8.0 Hz, 1 H), 7.83 (d, J = 8.0 Hz, 
1 H), 7.89 (m, 1 H). HRMS calcd. for C61H97O17NSi2H+: 1172.6373, found 1172.6368 
(Δ= -0.4 ppm).  
 

3'-Dephenyl-3'-(2-methylprop-1-enyl)-2-debenzoyl-2-(3,4-dimethoxybenzoyl)-10- 
propanoyldocetaxel (1-62c):36 
To a solution of 1-61c (18 mg, 0.015 mmol) in pyridine /acetonitrile (1:1) (0.7 mL) was 
added dropwise HF/pyridine (70:30) (0.2 mL) at 0 oC, and the mixture was stirred 
overnight at room temperature. The reaction was quenched with saturated aqueous 
NaHCO3 solution (20 mL). The mixture was then diluted with ethyl acetate (80 mL), 
washed with saturated aqueous CuSO4 solution (20 mL x 2) and H2O (20 mL), dried over 
anhydrous MgSO4 and concentrated in vacuo. The residue was purified on a silica gel 
column using hexanes/EtOAc (1/1) as the eluent to afford 1-62c as a white solid (10 mg, 
72%): mp 134-136 oC,  1H NMR (400 MHz, CDCl3) δ 1.15 (s, 3 H), 1.260 (m, 8 H), 1.35 
(s, 9 H), 1.62 (m, 3 H), 1.72 (m, 3 H), 1.91 (m, 4 H), 2.35 (s, 4 H), 2.54 (m, 4 H), 3.38 (s, 
1 H), 3.81 (d, J = 6.8 Hz, 1 H), 3.96 (s, 6 H), 4.21 (ss, 2 H), 4.36 (d, J = 6.8 Hz, 1 H), 
4.42 (m, 1 H), 4.73 (m, 2 H), 4.97 (d, J = 9.6 Hz, 1H), 5.32 (d, J = 6.4 Hz, 1 H), 5.66 (d, J 
= 6.8 Hz, 1 H), 6.20 (t, J = 6 Hz, 1 H), 6.31 (s, 1 H), 6.93 (d, J = 8.8 Hz, 1 H), 7.62 (s, J = 
0.8 Hz, 1 H), 7.76 (dd, J = 8.4 Hz, 2.0 Hz, 1 H); 13C NMR (400 MHz, CDCl3) δ 9.2, 15.1, 
18.8, 22.7, 25.9, 26.9, 27.8, 28.4, 29.9, 35.8, 43.5, 45.8, 56.1, 56.3, 58.8, 72.4, 73.9, 75.7, 
79.3, 84.7, 110.7, 149.0, 167.1, 170.2, 174.9, 214.8. HRMS calcd. for C46H63O17NNa+: 
924.3994, found 924.4034 (Δ= 4.4 ppm).  
 
In vitro cell growth inhibition assay: 
(a) Tumor cell growth inhibition was determined according to the method established by 
Skehan et al.84

  Human cancer cells LCC6-WT (Pgp-), MCF-7 (Pgp-), LCC6-MDR (Pgp+) 
and NCI/ADR (Pgp+), were plated at a density of 400-2,000 cells/well in 96-well plates 
and allowed to attach overnight. These cell lines were maintained in RPMI-1640 medium 
(Roswell Park Memorial Institute growth medium) supplemented with 5% fetal bovine 
serum and 5% Nu serum (Collaborative Biomedical Product, MA). Taxoids were 
dissolved in DMSO and further diluted with RPMI-1640 medium. Triplicate wells were 
exposed to various treatments. After 72 h incubation, 100 μL of ice-cold 50% 
trichloroacetic acid (TCA) was added to each well, and the samples were incubated for 1 
h at 4 °C. Plates were then washed five times with water to remove TCA and serum 
proteins, and 50 μL of 0.4% sulforhodamine B (SRB) was added to each well. Following 
a 5-min incubation, plates were rinsed five times with 0.1% acetic acid and air-dried. The 
dye was then solubilized with 10 mM Tris-base (pH 10.5) for 5 min on a gyratory shaker. 
Optical density was measured at 570 nm. The IC50 values were then calculated by fitting 
the concentration-effect curve data with the sigmoid-Emax model using nonlinear 
regression, weighted by the reciprocal of the square of the predicted effect.85 
(b) Human ovarian cancer cell lines cells A2780, 1A9PTX10 and 1A9PTX22, were 
cultured as specified by ATCC (Manassas, Virginia). For cytotoxicity assays the cells 
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were plated at a density of 10,000 cells/well in 96-well plates and allowed to adhere 
overnight. The media was changed the following morning and replaced with media 
containing taxane derivatives or vehicle control. Taxoids were dissolved in DMSO to 10 
mM concentration and were further diluted in appropriate media prior to addition to cells. 
Each dose of drug or vehicle was tested in triplicate, and the experiment is representative 
of at least 3 independent trials. After 72 hours of treatment the media was aspirated and 
the cells were washed in warm PBS. MTT reagent (Sigma) was diluted in RPMI-1640 
media without phenol red (Invitrogen), and added to the cells at a concentration of 0.5 
mg/mL. After 3 hours of incubation, the reagent was aspirated, the plate was washed with 
PBS and MTT formazan crystals were dissolved in 50 μL acidified isopropanol (0.1N 
hydrochloric acid). Absorbance at 570 nM was measured on a thermomax plate reader 
(Molecular Devices). The IC50 values were obtained by using the same method as that 
described for (a). 
 
Tubulin polymerization assay  
(Professor Susan B. Horwitz’s laboratory at the Albert Einstein College of Medicine): 
Assembly and disassembly of calf brain microtubule protein (MTP) was monitored 
spectrophotometrically (Beckman Coulter DU 640, Fullerton, CA) by recording changes 
in turbidity at 350 nm at 37 °C.86, 87 MTP was diluted to 1mg/mL in MES buffer 
containing 3 M glycerol. The concentration of tubulin in MTP is 85% and that is taken 
into consideration when the ratios of tubulin to drug are presented in Figures 1-9 and 
Figure 1-14. Microtubule assembly was carried out with 10 μM new-generation taxoids. 
Paclitaxel (10 μM) was also used for comparison purpose. Calcium chloride (6 mM) was 
added to the assembly reaction after 50 min to follow the calcium-induced microtubule 
depolymerization.  
 
Electron microscopy  
(Professor Susan B. Horwitz’s laboratory at the Albert Einstein College of Medicine): 
Aliquots (50 μL) were taken from in vitro polymerization assays at the end of the reaction 
and placed onto 300-mesh carbon-coated, formavar-treated copper grids. Samples were 
then stained with 20 μL of 2% uranyl acetate and viewed with a JEOL model 100CX 
electron microscope.  
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Molecular modeling studies of fluoro-taxoids: 
The structures fluoro-taxoids SB-T-1282, SB-T-1284 and SB-T-12853 as well as second-
generation taxoid SB-T-1213 in the 1JFF were produced by directly changing the 
subsitiutions at the C3’ and C10 positions of the REDOR-Taxol in the 1JFF complex 
using the Builder module in the InsightII 2000 program (CVFF). Then, these structures 
were energy-minimized in 5000 steps or till the maximum derivative being < 0.001 
kcal/A by means of the conjugate gradients method using the CVFF force field and the 
distance-dependent dielectric. The backbone of the protein was fixed throughout the 
energy minimization. After the energy minimization, the snapshots were overlaid by 
superimposing the backbones of the proteins. The conformationss are shown in Figure 1-
20. SB-T-1213 and SB-T-12853 exhibit very good overlay. During the energy 
minimizations of taxoids derived from the REDOR-Taxol structure, the C’2-OH--
N(His227) H-bond was very stable. 
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Chapter II 
 

 Synthesis and Evaluation of Novel Fatty Acid-2nd-Generation 
Taxoid Conjugates as Promising Anticancer Agents 
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§ 2.1 Introduction 
 

A serious drawback in conventional anticancer drugs is the lack of tumor-specificity, 
which causes undesirable side effects. The development of ‘tumor-targeting prodrugs’, 
based on a conjugate of a cytotoxic drug to a tumor-specific molecule, is a promising 
approach to solve this problem. The prodrugs are premised to be inactive until it is 
delivered to the targeted tumor cells by the tumor-specific molecule and the drug could 
be released from the carrier to restore its original activity after internalization.1  

Polyunsaturated fatty acids (PUFAs) are ideal candidates as tumor-targeting 
molecules. Representative naturally occurring PUFAs possess 18, 20, and 22 carbons, 
and 2-6 unconjugated cis-double bonds separated by one methylene, such as linolenic 
acid (LNA), linoleic acid (LA), arachidonic acid (AA), and docosahexaenoic acid 
(DHA).2-4 These PUFAs are found in vegetable oils, cold-water fish, and meat. DHA is 
classified as a nutritional additive by the FDA in the US. Thus, DHA and its metabolites 
are considered to be safe to humans.5-7 Perfusion studies of tissue isolated from 
hepatomas with a single arterial inflow and a single venous outflow demonstrated that 
some PUFAs are taken up more rapidly by tumor cells than by normal cells, presumably 
as biochemical precursors and energy sources.8 In addition, PUFAs are readily 
incorporated into the lipid bilayer of cells, which results in disruption of membrane 
structure and fluidity.9 This has been suggested to influence the chemosensitivity of 
tumor cells. These findings strongly suggest the benefit in the use of PUFAs for tumor-
targeting drug delivery.  
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Figure 2-1. Polyunsaturated fatty acids (PUFAs) 

 
Bradely et al. developed the conjugation of DHA and paclitaxel, which could target 

tumors and reduce toxicity to normal tissues.10 The data showed that the conjugate 
possesses remarkably increased antitumor activity in animal models. In 2001, a phase II 
trial program started for the treatment of eight different types of cancer: breast, 
colon/rectum, kidney, lung, pancreas, prostate, skin and stomach. In 2002, the FDA 
allowed two separate phase III studies in metastatic melanoma and pancreatic cancer. The 
drug seems to be much less active as a cytotoxic agent until metabolized by cells to an 
active form, so 4.4-fold higher molar doses than paclitaxel can be delivered to mice. 
DHA-paclitaxel is primarily confined to the plasma compartment, and high 
concentrations are maintained in mouse plasma for long period of time. The 
pharmacokinetic studies in M109 tumor-bearing mice indicated that the concentration of 
DHA-paclitaxel in tumors is 8-fold higher than paclitaxel at equimolar doses and 57-fold 
higher at equitoxic doses. It is believed that DHA-paclitaxel may kill the slowly cycling 
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or residual tumor cells that eventually come into cycle, because DHA-paclitaxel remains 
in tumors for long times at high concentrations and is slowly converted to paclitaxel.10 
The results showed that DHA-paclitaxel eliminated all measurable tumor masses against 
M109 mouse lung carcinoma, while paclitaxel did not.10 
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Figure 2-2. Taxoprexin® (DHA-paclitaxel) 

Paclitaxel is efficient against breast, ovary, and lung cancers, but it does not show any 
efficacy against colon, pancreatic, melanoma, and renal cancers. Human colon carcinoma 
is multidrug-resistant due to the overexpression of P-glycoprotein (Pgp), which is an 
ATP-dependent drug-efflux pump that can transport a diverse range of hydrophobic 
compounds across the plasma membrane including paclitaxel and docetaxel.10 In contrast 
with paclitaxel, several second-generation taxoids, such as SB-T-101131, SB-T-1213, 
SB-T-1214 and SB-T121303, show excellent activity against drug resistant cancer cells. 
Although DHA-paclitaxel was found to be a weak substrate of Pgp as compared to 
paclitaxel, paclitaxel molecules released slowly was still caught by the Pgp efflux pump 
and eliminated from the cancer cells. Therefore, it would be beneficial to develop DHA 
conjugates of the second-generation taxoids.  

Previous studies by our group indicate that one of the new DHA-taxoid conjugates 
exhibited even better activity against the drug-sensitive tumor A121 xenograft, compared 
to DHA-paclitaxel.11 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 (4 of 5) mice  
even at the non-optimized dose (Figure 2-3). DHA-SB-T-1216 also delayed the growth 
of the tumor xenograft for >186 days, but 4 of 5 mice died at the same dose. DHA-
paclitaxel also cured 2 of 5 mice, but the tumor recurred after 150 days in 3 of 5 mice.  

In this chapter, a series of PUFA conjugates of the second-generation and advanced 
second-generation (third-generation) taxoids were synthesized, and they were evaluated 
against drug-resistant human colon tumor xenograft (Pgp+) DLD-1 in SCID mice.  
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Figure 2-3. Effect of DHA-Taxoid conjugates on human 

ovarian tumor xenograft (Pgp-) A12111 
 

§ 2.2 Results and Discussion  

§ 2.2.1 Preparation of DHA-2nd-Generation-Taxoid Conjugates  
 

The synthesis of the DHA-taxoid conjugates is straightforward. Because the C2’-OH 
is less sterically hindered than the corresponding C7-OH group,11 direct coupling of DHA 
with a taxoid in the presence of DIC and DMAP gave the DHA-taxoid conjugates in high 
yields.  
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Conjugates R1 R2 R3COOH R4 Yield 
a. LA-SB-T-1213 H CH3CH2- LA CH3 76% 
b. LNA-SB-T-1213 H CH3CH2- LNA CH3 63% 
c. DHA-SB-T-121303 MeO CH3CH2- DHA CH3 76% 
d. LNA-SB-T-121303 MeO CH3CH2- LNA CH3 78% 
e. LA-SB-T-1214 H  LA CH3 67% 
f. LNA-SB-T-1214 H  LNA CH3 71% 
g. DHA-SB-T-1214 H  DHA CH3 87% 
h. DHA-SB-T-12851 H CH3- DHA F 90% 
i. DHA-SB-T-12853 H CH3CH2- DHA F 78% 
j. DHA-SB-T-12854 H N  DHA F 76% 

Scheme 2-1. Synthesis of PUFA second-generation taxoid conjugates 
 

It is well known that the methylene groups between the double bonds are readily 
oxidized. DHA-taxoid conjugates are more stable in ethanol than in dichloromethane, 
while they are extremely unstable in the solid state. To increase the stability of DHA-
taxoid conjugates, a small amount of antioxidants, vitamin E and vitamin C,12 were added 
to the Tween 80 solution (or Cremophor solution only for DHA-paclitaxel) of the 
conjugates.  

  
§ 2.2.2 Biological Evaluation of PUFA-2nd-Generation Taxoid 
Conjugates 
 

The PUFA-taxoid conjugates were assayed for their efficacy against a drug-resistant 
human colon tumor xenograft (Pgp+) DLD-1 in SCID mice (Tables 2-1). As expected, 
paclitaxel and DHA-paclitaxel were totally ineffective against the drug-resistant (Pgp+) 
DLD-1 tumor xenograft (Figure 2-4). In contrast, DHA-SB-T-1214 achieved complete 
regression of the DLD-1 tumor in 5 of 5 mice at 80 mg/kg dose administered on days 5, 8 
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and 11 (total dose 240 mg/Kg; tumor growth delay>187 days). This is a very promising 
result, which promotes this compound as a lead candidate for further preclinical studies. 
The activities of DHA-difluorovinyl-taxoid conjugates are still under investigation.13 
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Figure 2-4. Effect of DHA-taxoid conjugates on human 

colon tumor xenograft (Pgp+) DLD-111 
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Table 2-1. Antitumor effect of DHA-taxoid conjugates delivered i.v. to 
SCID mice bearing a Pgp+ human colon tumor xenograft, DLD-1 

Treatmenta  (i.v.) 
Total Dose 

(mg/kg) 
Growth Delay 

(days) Toxicityb Cured mice3/ group 

Control 0 --- 0 0 / 7 
Vehicle-Crem 0 -- 0 0 / 3 
Vehicle-Tween 0 -- 0 0 / 3 

Paclitaxel 60 8 0 0 / 3 
DHA-Paclitaxel 240 4 0 0 / 5 

DHA-SB-T-1213 75 54 0 0 / 5 
DHA-SB-T-1103 75 4 0 0 / 5 
DHA-SB-T-1214 240 >187 0 5 / 5 
DHA-SB-T-1104 240 4 0 0 / 5 
DHA-Docetaxel 75 17 0 0 / 4 
DHA-Docetaxel 150 34 0 0 / 4 

aTreatment given i.v. to SCID mice on days 5, 8 and 11 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. 
cSCID mice with tumors less than 600 mm3 after 201 days. 

 
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 2-2 and Figure 2-5. 
The conjugates of SB-T-1213 with DHA, LNA and LA were synthesized and their 
efficacy against DLD-1 colon tumor xenograft (Pgp+) was examined. LA-SB-T-1213 
and LNA-SB-T-1213 exhibited strong antitumor activity, while paclitaxel was ineffective. 
LNA-SB-T-1213 exhibited the complete regression in 2 of 5 mice tested against drug-
resistant human colon tumor xenografts (Pgp+) DLD-1 (tumor growth delay>109 days). 
Although the toxicity of LNA-SB-T-1213 to the animals was higher than DHA-SB-T-
1213, LNA-SB-T-1213 exhibited better overall activity than DHA-SB-T-1213 at the 
dose (not optimized) examined. LA-SB-T-1213 did not show meaningful efficacy in the 
same assay, which revealed the marked difference between n-3 PUFA (LNA, DHA) and 
n-6 PUFA (LA). These results suggest that DHA is not the only PUFA that can be used 
for the PUFA-taxoid conjugates. The conjugates of advanced second-generation (third-
generation) taxoid SB-T-121303 with DHA and LNA are extremely toxic and all the 
mice died at the dose (not optimized) examined. 

 
Table 2-2. Antitumor effect of PUFA-Taxoid conjugates delivered i.v. 

to SCID mice bearing a Pgp+ human colon tumor xenograft.11 
Treatmenta 

(i.v.) 
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 

aTreatment given i.v. 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 who either died or lost greater than 20% body weight. 
cSCID mice with no palpable tumor on day 120, end of experiment. 
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Figure 2-5. Antitumor effect of PUFA–taxoid conjugates delivered iv 
to SCID mice bearing a Pgp+ human colon tumor xenograft, DLD-111 

 
§ 2.2.3 Docking Studies of DHA-SB-T-1214 in Human Serum Albumin 
(HSA)  

 
Human serum albumin (HSA) is the most abundant human plasma protein, which 

contains a single polypeptide chain of 585 amino acids. HSA is composed of three 
structurally homologous domains (I, II,III).14 Each domain contains 10 helices: helices 1–
6 form subdomains A and helices 7–10 form subdomains B. Albumin is an important 
transport protein known to bind a wide variety of endogenous and exogenous compounds. 
Solution of the X-ray crystallographic structure of HSA facilitated the location of the two 
major drug binding sites, site I and site II, in subdomains IIA and IIIA of the protein, 
respectively.15, 16  

Long-chain fatty acids (LCFAs) are among the main physiological ligands of HSA. 
They are able to bind in at least seven different sites on the protein and the binding to the 
five highest-affinity sites was proposed to be cooperative. LCFA binding to albumin 
induces considerable conformational changes and influences drug binding properties of 
the protein through direct competition and allosteric interactions.17 

Due to its hydrophobic nature, paclitaxel binds to plasma proteins extensively.18 Its 
interaction with human serum albumin was originally concluded to be non-specific with 
moderate affinity, and other evidence indicates high affinity binding to the site I.18-21 
Detailed knowledge of the paclitaxel-albumin interaction is important for the thorough 
understanding of the pharmacokinetic behavior of the drug and facilitates the design of 
analogues with more favorable pharmacological properties. 

Very recently, Paal and coworkers performed  docking experiments to search for 
potential high-affinity paclitaxel binding sites in two conformations of HSA: the fatty 
acid-free (HSA, 1UOR, Figure 2-6a) and the fatty acid-induced (FA-HSA, 1E7H, 
Figure 2-6b) conformations.22, 23 Although different binding conformations were 
obtained using different conformations of the protein, the results provided further 
evidence for the high-affinity binding of paclitaxel to human serum albumin. The 
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predicted primary binding site was found to overlap with the drug binding site I of HSA, 
whereas the secondary site is near the heme binding site (Figure 2-7).  

 

 
Figure 2-6. 1UOR (a) and 1E7H (b, with 7 palmitic acids in green)  

 

 
Figure 2-7. Docking results of paclitaxel in 1UOR and 1E7H 

 
Because the DHA-taxoid conjugates are far more hydrophobic than paclitaxel or 

second-generation taxoids, they should bind to HSA in plasma. SB-T-1214 and DHA-
SB-T-1214 were flexibly docked into the fatty acid-induced (FA-HSA, 1E7H) protein 
(the palmitic acids were removed before docking) using Dock 6® program.24 However, 
because the two molecules are too flexible (containing too many rotatable bonds), the 
detailed binding conformations may not be reliable. Nevertheless, both molecules could 
bind to the primary and secondary binding sites of HSA, and the binding affinities to the 
primary binding site are higher than the ones to the secondary binding site.  

 

a b 
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Figure 2-8. Docking results of SB-T-1214 (a) and DHA-SB-T-1214 (b) at the 

primary binding site of 1E7H 
 

The taxoid part of DHA-SB-T-1214 could bind to the primary binding site, and the 
DHA part could insert into one of the fatty acid binding sites. The binding affinity of 
DHA-SB-T-1214 (Figure 2-10, -163.97 kcal/mol) is much higher than the one of SB-T-
1214 (Figure 2-9, -95.72 kcal/mol), which is mainly ascribed to the hydrophobic 
interaction between DHA and HSA. This docking study indicates that PUFA-2nd-
generation taxoid conjugates will bind to HSA in plasma with high binding affinity.  

 

 
Figure 2-9. SB-T-1214 in HSA binding site (1E7H) 

 

a b 
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Figure 2-10. DHA-SB-T-1214 in HSA binding site (1E7H) 

 

§ 2.3 Summary 
 

PUFA-2nd-generation taxoid conjugates were synthesized through coupling of PUFAs, 
such as DHA, LNA and LA, with taxoids at the C2’-OH position and were evaluated 
against drug-sensitive and drug-resistant human tumor xenografts in SCID mice. DHA-
SB-T-1213 showed outstanding efficacy against the drug-sensitive A121 ovarian tumor 
xenograft. DHA-SB-T-1214 caused complete regression of the tumor for the duration of 
experiment (201 days) in all treated animals bearing the drug-resistant DLD-1 human 
colon tumor xenograft. LNA-SB-T-1213 also exhibited excellent efficacy against the 
DLD-1 tumor xenograft although the systemic toxicity of this conjugate was higher than 
that of DHA-SB-T-1214. These results demonstrate the exceptional efficacy of PUFA-
2nd-generation taxoid conjugates against drug-sensitive and drug-resistant human tumor 
xenografts.  

The docking studies indicated that DHA-SB-T-1214 could bind to human serum 
albumin (HSA) with much higher binding affinity than SB-T-1214, although the exact 
binding conformation may be difficult to identify due to the high-flexibility of the 
compounds. 
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§ 2.4 Experimental Section 
 
General Methods: 1H, 13C and 19F NMR spectra were measured on a Varian 300, 400, 
500, or 600 MHz NMR spectrometer. The melting points were measured on a “Uni-melt” 
capillary melting point apparatus from Arthur H. Thomas Company, Inc.. Optical 
rotations were measured on a Perkin-Elmer Model 241 polarimeter. High-resolution mass 
spectrametric analyses were conducted at the Mass Spectrometry Laboratory, University 
of Illinois at Urbana-Champaign, Urbana, IL. TLC analyses were performed on Merck 
DC-alufolien with Kieselgel 60F-254 and were visualized with UV light, iodine chamber, 
10 % sulfuric acid and 10% PMA solution. Column chromatography was carried out on 
silica gel 60 (Merck; 230-400 mesh ASTM). Chemical purity was determined with a 
Waters HPLC assembly consisting of dual Waters 515 HPLC pumps, a PC workstation 
running Millennium 32, and a Waters 996 PDA detector, using a Phenomenex Curosil-B 
column, employing CH3CN/water as the solvent system with a flow rate of 1 mL/min, or 
shimazu HPLC.  
 
Materials: The chemicals were purchased from Aldrich Co. and Sigma and purified 
before use by standard methods. Dichloromethane was also distilled immediately prior to 
use under nitrogen from calcium hydride. The second-generation taxoids were 
synthesized from 10-DAB, as described in Chapter I. 
 
General Procedure for synthesis of DHA-taxoid: 
To a solution of SB-T-1213 (70 mg, 0.083 mmol), DMAP (10 mg, 0.083 mol) and DIC 
(21 mg, 0.166 mol) in dichloromethane (5 ml) under nitrogen was added LA (26 mg, 
0.091 mol). The reaction mixture was stirred at room temperature for 1 h. The reaction 
mixture was concentrated in vacuo and the residue was purified by column 
chromatography on silica gel (hexanes/EtOAc = 2:1) to afford 2'-Linoleyl-3'-dephenyl-3'-
(2-methyl-1-propenyl)-10- propanoyldocetaxel (2-2a) as a white solid (78 mg, 76%). 
 
2'-Linoleyl-3'-dephenyl-3'-(2-methyl-1-propenyl)-10-propanoyldocetaxel (LA-SB-T-
1213, 2-2a):  
76% yield; white solid; mp 55-57 oC; 1H NMR (400 MHz, CDCl3) δ 0.89 (m, 5 H), 1.15 
(s, 3 H), 1.23 (s, 3 H), 1.25 (s, 3 H), 1.25-1.35 (m, 14 H), 1.34 (s, 9 H), 1.67 (s, 3 H), 1.76 
(s, 6 H), 1.85 (m, 1 H), 1.93 (s, 3 H), 2.04 (q, J = 6.4 Hz, 4 H), 2.36 (s, 3 H), 2.45 (m, 8 H) 
2.53 (m, 3 H), 2.77 (t, J = 6.4 Hz, 2 H), 3.83 (d, J = 6.8 Hz, 1 H), 4.17 (d, J = 8.4 Hz, 1 
H), 4.31 (d, J = 8.4 Hz, 1 H), 4.46 (dd, J = 10.6, 6.6 Hz, 1 H), 4.77 (d, J = 8.8 Hz, 1 H), 
4.98 (m, 3 H), 5.19 (d, J = 8.0 Hz, 1 H), 5.36 (m, 4 H), 5.68 (d, J = 6.8 Hz, 1 H), 6.19 (t, 
J = 8.5 Hz, 1 H), 6.31 (s, 1 H), 7.48 (t, J = 7.6 Hz, 2 H), 7.60 (t, J = 7.6 Hz, 1 H), 8.12 (d, 
J = 7.6 Hz, 2 H); 13C NMR (CDCl3) δ 9.2, 9.7, 14.2, 14.3, 14.9, 18.7, 22.3, 22.6, 22.7, 
22.8, 23.7, 24.9, 25.8, 26.8, 27.4, 27.4, 27.7, 28.4, 29.2, 29.3, 29.4, 29.5, 29.8, 29.9, 31.7, 
34.0, 35.6, 35.7, 43.4, 45.8, 49.1, 58.7, 71.8, 72.3, 74.6, 75.4, 75.6, 76.6, 76.9, 79.5, 80.0, 
81.2, 84.7, 120.2, 128.1, 128.3, 128.8, 129.5, 130.2, 130.4, 130.4, 132.6, 133.8, 138.1, 
143.6, 155.0, 167.2, 168.6, 169.8, 173.1, 174.8, 204.2. 
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2'-Linolenoyl-3'-dephenyl-3'-(2-methyl-1-propenyl)-10-propanoyldocetaxel (LNA-
SB-T-1213, 2-2b):  
63% yield; white solid; mp 55-57 oC; [α]D

22 -54 (c 1.7, CHCl3); 1H NMR (400 MHz, 
CDCl3) δ 0.99 (t, J = 7.65 Hz, 3 H), 1.15 (s, 3 H), 1.23 (s, 3 H), 1.25 (s, 3 H), 1.25-1.35 
(m, 12 H), 1.34 (s, 9 H), 1.67 (s, 3 H), 1.76 (s, 6 H), 1.85 (m, 1 H), 1.93 (s, 3 H), 2.04 (q, 
J = 6.4 Hz, 4 H), 2.36 (s, 3 H), 2.45 (m, 8 H) 2.53 (m, 3 H), 2.77 (t, J = 6.4 Hz, 2 H), 3.82 
(m, 3 H), 4.17 (d, J = 8.4 Hz, 1 H), 4.31 (d, J = 8.4 Hz, 1 H), 4.46 (dd, J = 10.6, 6.6 Hz, 1 
H), 4.77 (d, J = 8.8 Hz 1 H), 4.98 (m, 3 H), 5.18 (d, J = 8.0 Hz, 1 H), 5.36 (m, 6 H), 5.68 
(d, J = 6.8 Hz, 1 H), 6.19 (t, J = 8.5 Hz, 1 H), 6.31 (s, 1 H), 7.48 (t, J = 7.6 Hz, 2 H), 7.60 
(t, J = 7.6 Hz, 1 H), 8.12 (d, J = 7.6 Hz, 2 H); 13C NMR (CDCl3, 400 MHz) δ 9.0, 9.5, 
14.2, 14.7, 18.5, 20.5, 22.1, 22.4, 23.4, 24.7, 25.5, 25.6, 25.7, 26.6, 27.1, 27.5, 28.1, 29.0, 
29.0, 29.1, 29.5, 29.6, 33.7, 35.4, 42.2, 43.1, 45.6, 58.4, 71.6, 72.1, 74.3, 75.2, 25.4, 76.3, 
79.3, 80.9, 84.4, 120.0, 127.1, 127.7, 128.2, 128.3, 128.6, 129.3, 130.1, 130.2, 131.9, 
132.4, 133.6, 137.9, 143.3, 154.8, 167.0, 168.3, 169.6, 172.9, 174.6, 204.0. 
 
2'-Docosahexaenoyl-3’-dephenyl-3’-(2-methyl-2-propenyl)-2-debenzoyl-2-(3-
methoxybenzoyl)-10-propanoyldocetaxel (DHA-SB-T-121303, 2-2c):  
76% yield; white solid; mp 62-64 oC; [α]D

22 -53 (c 2.4, CHCl3); 1H NMR (CDCl3, 
400MHz) δ 0.97 (t, J =8.0, 3 H), 1.14 (s, 3 H), 1.28 (m, 8 H), 1.33 (s, 9 H), 1.66 (m, 3 H), 
1.73 (s, 3 H), 1.75 (s, 3 H), 1.89 (m, 5 H), 2.04 (m, 2 H), 2.43 (m, 6 H), 2.55 (m, 7 H), 
2.84 (m, 10 H), 3.83 (d, J = 6.9 Hz, 1 H), 3.87 (s, 3 H), 4.18 (d, J = 8.5 Hz, 1 H), 4.34 (d, 
J = 8.5 Hz, 1 H), 4.45 (dd, J = 10.6, 6.8 Hz, 1 H), 4.76 (m, 2 H), 4.99 (m, 2 H), 5.18 (d, J 
= 7.6 Hz, 1 H), 5.36 (m, 12 H), 5.66 (d, J = 7.0 Hz, 1 H), 6.19 (t, J = 8.6 Hz, 1 H), 6.30 (s, 
1 H), 7.14 (d, J = 7.9 Hz, 1 H), 7.37 (t, J = 8.0 Hz, 1 H), 7.64 (s, 1 H), 7.70 (d, J = 7.6 Hz, 
1 H); 13C NMR (CDCl3, 400 MHz) δ 9.0, 9.5, 14.7, 18.4, 20.5, 22.1, 22.4, 22.5, 23.4, 
25.6, 25.6, 25.6, 26.6, 27.5, 28.1, 29.6, 33.6, 35.4, 42.2, 43.1, 45.5, 48.8, 55.3, 58.4, 71.6, 
72.1, 74.5, 75.2, 75.4, 76.3, 79.2, 79.8, 81.0, 84.4, 114.4, 119.9, 120.2, 122.5, 126.9, 
127.5, 127.8, 127.9, 128.0, 128.3, 128.4, 128.5, 129.6, 129.6, 130.5, 132.0, 132.4, 137.9, 
143.3, 154.8, 159.6, 166.8, 168.2, 169.5, 172.3, 174.6, 204.0. 
 
2'-Linolenoyl-3’-dephenyl-3’-(2-methyl-2-propenyl)-2-debenzoyl-2-(3-
methoxybenzoyl)-10-propanoyldocetaxel (LNA-SB-T-121303, 2-2d):  
78% yield; white solid; mp 58-59 oC; [α]D

22 -65 (c 1.7, CHCl3); 1H NMR (400 MHz, 
CDCl3) δ 0.99 (t, J = 7.65 Hz, 3 H), 1.13 (s, 3 H), 1.16 (s, 3 H), 1.25 (s, 3 H), 1.25-1.35 
(m, 8 H), 1.33 (s, 9 H), 1.66 (m, 3 H), 1.73 (s, 3 H), 1.75 (s, 3 H), 1.89 (m, 5 H), 2.10 (m, 
4 H), 2.37 (m, 6 H), 2.52 (m, 4 H), 2.81 (m, 4 H), 3.80 (m, 3 H), 3.86 (s, 3 H), 4.19 (d, J 
= 8.8 Hz, 1 H), 4.35 (d, J = 8.8 Hz, 1 H), 4.40 (dd, J = 10.6, 6.8 Hz, 1 H), 4.75 (d, J = 8.8 
Hz, 1 H), 4.96 (d, J = 8.3 Hz, 3 H), 5.19 (d, J = 8.4 Hz, 1 H), 5.36 (m, 6 H), 5.67 (d, J = 
6.8 Hz, 1 H), 6.19 (t, J = 8.8 Hz, 1 H), 6.31 (s, 1 H), 7.14 (d, J = 6.0 Hz, 1 H), 7.38 (t, J = 
7.6 Hz, 1 H), 7.67 (s, 1 H), 7.71 (d, J = 7.6 Hz, 1 H); 13C NMR (CDCl3, 400 MHz) δ 9.0, 
9.5, 14.2, 14.7, 18.4, 20.5, 22.1, 22.3, 23.4, 24.7, 25.5, 25.6, 25.7, 26.6, 27.1, 27.5, 28.1, 
29.0, 29.0, 29.1, 29.5, 29.6, 33.7, 35.4, 35.4, 42.2, 43.1, 45.5, 55.3, 58.4, 71.6, 72.1, 74.4, 
75.2, 75.4, 76.3, 79.2, 81.0, 84.4, 114.4, 120.0, 120.2, 122.5, 127.0, 127.7, 128.2, 128.3, 
129.6, 130.2, 130.5, 131.9, 132.4, 137.9, 143.3, 154.8, 159.6, 166.9, 168.3, 169.5, 172,9, 
174.6, 204.0. 
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2'-Linoleyl-3'-dephenyl-3'-(2-methyl-1-propenyl)-10-cyclopropanecarbonyldocetaxel 
(LA-SB-T-1214, 2-2e):  
67% yield; white solid; mp 73-75oC; [α]D

22 –54 (c 1.0, CHCl3); 1H NMR (400 MHz, 
CDCl3) δ 0.89 (t, J = 6.8 Hz, 3 H), 1.13 (m, 4 H), 1.16 (s, 3 H), 1.26 (s, 3 H), 1.25-1.35 
(m, 14 H), 1.34 (s, 9 H), 1.64 (m, 2 H), 1.66 (s, 3 H), 1.76 (s, 1 H), 1.87 (m, 1 H), 1.92 (s, 
3 H), 2.04 (q, J = 6.8 Hz, 4 H), 2.38 (s, 3 H), 2.45 (m, 2 H), 2.53 (m, 2 H), 2.77 (t, J = 6.8 
Hz, 2 H), 3.81 (d, J = 6.8 Hz, 1 H), 4.17 (d, J = 8.4 Hz, 1 H), 4.31 (d, J = 8.4 Hz, 1 H), 
4.44 (t, J = 7.2 Hz, 1 H), 4.76 (d, J = 9.2 Hz, 1 H), 4.98 (m, 3 H), 5.19 (d, J = 8.8 Hz, 1 
H), 5.36 (m, 4 H), 5.68 (d, J = 7.2 Hz, 1 H), 6.19 (t, J = 8.4 Hz, 1 H), 6.30 (s, 1 H), 7.48 
(t, J = 7.6 Hz, 2 H), 7.61 (t, J = 7.6 Hz, 1 H), 8.11 (d, J = 7.2 Hz, 2 H); 13C NMR (100.5 
Hz, CDCl3) δ 9.1, 9.3, 9.5, 12.9, 14.0, 14.7, 18.5, 22.4, 22.5, 23.4, 24.7, 25.6, 25.7, 26.7, 
27.1, 27.2, 27.7, 28.2, 29.0, 29.1, 29.1, 29.3, 29.6, 29.6, 31.5, 33.7, 35.4, 35.5, 43.1, 45.6, 
58.5, 71.6, 72.1, 74.3, 75.2, 75.4, 79.3, 79.8, 80.9, 84.5, 120.0, 127.8, 128.0, 129.2, 129.9, 
130.1, 130.2, 132.4, 133.6, 137.9, 143.5, 154.8, 167.3, 168.3, 169.6, 172.9, 175.1, 204.2. 
 
2'-Linolenoyl-3'-dephenyl-3'-(2-methyl-1-propenyl)-10-
cyclopropanecarbonyldocetaxel (LNA-SB-T-1214, 2-2f):  
71% yield; white solid; mp 71-73 oC; [α]D

22 -57 (c 0.94, CHCl3); 1H NMR (400 MHz, 
CDCl3) δ 0.98 (t, J = 6.8 Hz, 3 H), 1.14 (m, 4 H), 1.26 (s, 6 H), 1.25-1.35 (m, 8 H), 1.34 
(s, 9 H), 1.64 (m, 2 H), 1.66 (s, 3 H), 1.78 (s, 1 H), 1.87 (m, 1 H), 1.93 (s, 3 H), 2.04 (q, J 
= 6.8 Hz, 4 H), 2.38 (s, 3 H), 2.45 (m, 4 H), 2.59 (m, 2 H), 2.81 (t, J = 6.8 Hz, 4 H), 3.81 
(d, J = 6.8 Hz, 1 H), 4.18 (d, J = 8.0 Hz, 1 H), 4.31 (d, J = 8.0 Hz, 1 H), 4.44 (t, J = 7.2 
Hz, 1 H), 4.76 (d, J = 9.2 Hz, 1 H), 4.98 (m, 3 H), 5.19 (d, J = 8.8 Hz, 1 H), 5.36 (m, 6 H), 
5.68 (d, J = 7.2 Hz, 1 H), 6.19 (t, J = 8.4 Hz, 1 H), 6.30 (s, 1 H), 7.48 (t, J = 7.6 Hz, 2 H), 
7.61 (t, J = 7.6 Hz, 1 H), 8.11 (d, J = 7.2 Hz, 2 H); 13C NMR (100.5 Hz, CDCl3) δ 9.1, 
9.3, 9.5, 12.9, 14.2, 14.7, 18.5, 20.5, 22.3, 24.7, 25.5, 25.6, 25.7, 26.7, 27.1, 28.1, 29.0, 
29.0, 29.1, 29.5, 29.6, 33.7, 35.4, 35.5, 43.1, 45.6, 58.4, 71.6, 72.1, 74.3, 75.2, 75.4, 76.3, 
79.3, 80.9, 84.5, 120.0, 127.0, 127.7, 128.2, 128.3, 128.6, 129.2, 130.1, 130.2, 131.9, 
132.4, 133.6, 137.9, 143.5, 154.8, 167.0, 168.3, 169.6, 172.9, 175.1, 204.1. 
 
2'-Docosahexaenoyl-3'-dephenyl-3'-(2-methyl-1-propenyl)-10-
cyclopropanecarbonyl-docetaxel (DHA-SB-T-1214, 2-2g):  
87 % yield; white solid; mp 64-67 oC, [α]D

22 -52.2 (c 1.8, CHCl3); 1H NMR (CDCl3) δ 
0.99 (t, J = 7.5 Hz, 3 H), 1.15 (m, 4 H), 1.28 (s, 3 H), 1.36 (s, 9 H), 1.68 (s, 3 H), 1.75 (m, 
1 H), 1.78 (s, 6 H), 1.93 (m, 1 H), 1.95 (s, 3 H), 2.09 (q, J = 7.5, 15.0 Hz, 2 H), 2.39 (s, 3 
H), 2.48 (m, 2 H), 2.56 (m, 2 H), 2.65 (d, J = 3.9 Hz, 1 H), 2.87 (m, 10 H), 3.83 (d, J = 
6.9 Hz, 1 H), 4.20 (d, J = 8.7 Hz, 1 H), 4.33 (d, J = 8.1 Hz, 1 H), 4.46 (m, 1 H), 4.82 (d, J 
= 8.8 Hz, 1 H), 4.95 (s, 1 H), 4.99 (d, J = 9.3 Hz, 1 H), 5.21 (d, J = 7.8 Hz, 1 H), 5.41 (m, 
12 H), 5.69 (d, J = 7.2 Hz, 1 H), 6.21 (t, J = 8.8 Hz, 1 H), 6.32 (s, 1 H), 7.50 (t, J = 8.1 
Hz, 2 H), 7.63 (t, J = 7.5 Hz, 1 H), 8.13 (d, J = 7.2 Hz, 2 H); 13C NMR (CDCl3) δ 9.1, 9.3, 
9.4, 9.5, 12.9, 14.2, 14.7, 14.8, 18.4, 18.5, 20.5, 22.2, 22.3, 22.4, 25.5, 25.7, 26.6, 28.1, 
28.1, 29.6, 33.6, 35.4, 43.1, 45.5, 45.5, 48.8, 58.4, 71.7, 72.1, 74.4, 74.5, 75.1, 75.3, 75.4, 
76.3, 79.2, 79.8, 80.9, 84.4, 84.5, 119.9, 127.5, 127.8, 128.0, 128.2, 128.6, 129.2, 129.5, 
130.1, 132.4, 133.5, 137.9, 143.4, 154.9, 166.9, 168.3, 169.6, 172.2, 175.1, 204.1.  
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10-Acetyl-2'-docosahexaenoyl-3’-dephenyl-3’-(2,2-difluorovinyl)docetaxel (DHA-
SB-T-12851, 2-2h):  
90% yield; as white solid; mp 60-62 oC; [α]D

21 -56.0 (c 1.2, CHCl3); 1H NMR (CDCl3, 
400 MHz) δ 0.97 (t, J = 7.6 Hz, 3 H), 1.14 (s, 3 H, 1.25 (s, 3 H), 1.32 (s, 9 H), 1.62 (s, 1 
H), 1.67 (s, 3 H), 1.88 (m, 1 H), 1.93 (s, 3 H), 2.07 (t, J = 7.6 Hz, 2 H), 2.23 (s, 3 H), 2.23 
(m, 1 H), 2.44 (s, 4 H), 2.45 (2, 1 H), , 2.48 (m, 3 H), 2.55 (m, 2 H), 2.85 (m, 10 H), 3.82 
(d, J = 6.8 Hz, 1 H), 4.18 (d, J = 8.4 Hz, 1 H), 4.32 (d, J = 8.4 Hz, 1 H), 4.40 (m, 1 H), 
4.44 (m, 1 H), 4.98 (m, 4 H), 5.40 (m, 12 H), 5.68 (d, J = 6.8 Hz, 1 H), 6.26 (t, J = 9.2 Hz, 
1 H), 6.29 (s, 1 H), 7.50 (t, J = 7.6 Hz, 2 H), 7.61 (t, J = 7.6 Hz, 1 H), 8.13 (d, J = 7.6 Hz, 
2 H); 13C NMR (CDCl3, 75.5 MHz) δ 9.8, 14.6, 15.1, 20.8, 21.1, 21.1, 22.4, 22.5, 22.7, 
25.8, 25.9, 27.0, 28.4, 30.0, 33.8, 35.7, 35.8, 43.5, 45.9, 58.8, 72.0, 72.4, 74.3, 75.4, 75.9, 
76.7, 79.5, 80.9, 81.2, 84.7, 127.3, 127.6, 128.1, 128.3, 128.6, 128.7, 128.9, 129.0, 129.4, 
130.1, 130.5, 132.3, 133.0, 133.9, 143.3, 154.0, 154.9, 156.9, 159.8, 167.4, 167.6, 170.1, 
171.5, 172.2, 204.1; 19F NMR, (CDCl3, 282 MHz) δ -85.3 (d, J = 36.7 Hz, 1 F), -83.6 (dd, 
J = 33.6, 24.5 Hz, 1 F); MALDI-TOF/MS (m/z): 1168.756 ([M+Na]+, calcd 1168.54); 
C63H81F2NO16 (1145.55).  
  
2'-Docosahexaenoyl-3'-dephenyl-3'-difluorovinyl-10-propanoyldocetaxel (DHA-SB-
T-12853, 2-2i): 
78% yield; white solid; mp 57-58 oC; [α]D

22 -57.6 (c 2.5, CHCl3); 1H NMR (500 MHz, 
CDCl3) δ 0.97 (t, J= 7.5 Hz, 3 H), 1.14 (s, 3 H), 1.24 (m, 6 H), 1.32 (s, 9 H), 1.67 (s, 3 H), 
1.88 (m, 1 H), 1.93 (s, 3 H), 2.11 (m, 2 H), 2.22-2.40 (m, 2 H), 2.39 (s, 3 H), 2.41-2.61 
(m, 5 H), 2.85 (m, 10 H), 3.82 (d, J = 7.0 Hz, 1 H), 4.18 (d, J = 8.0 Hz, 1 H), 4.31 (d, J = 
8.0 Hz, 1 H), 4.38-4.47 (m, 2 H), 4.93-5.07 (m, 4 H), 5.30-5.46 (m, 12 H), 5.67 (d, J = 
7.5 Hz, 1 H), 6.26 (t, J = 8.0 Hz, 1 H), 6.31 (s, 1 H), 7.50 (t, J = 7.0 Hz, 2 H), 7.61 (t, J = 
7.0 Hz, 1 H), 8.12 (d, J = 7.0 Hz, 2 H); 13C NMR (75.45 MHz, CDCl3) δ 9.0, 9.6, 14.3, 
14.7, 20.8, 22.1, 22.2, 22.4, 25.5, 25.6, 25.7, 26.7, 27.5, 28.1, 33.6, 35.3, 35.4, 35.5, 43.2, 
45.6, 58.5, 71.7, 72.2, 74.0, 75.1, 75.4, 76.8, 77.2, 79.3, 80.6, 80.9, 84.4, 126.9, 127.3, 
127.8, 128.0, 128.3, 128.5, 128.6, 128.7, 129.1, 129.8, 130.2, 132.0, 132.7, 133.6, 142.8, 
154.6, 167.1, 167.3, 169.8, 171.9, 174.6, 203.9; 19F NMR, (CDCl3, 282 MHz) δ –83.55 (1 
F, dd, J= 24.0, 34.9 Hz), –85.34 (1 F, d, J= 34.7 Hz). LRMS (ESI) m/z calcd for 
C64H83F2NO16H+ 1160.6, found 1160.6; (MALDI) m/z calcd for C64H83F2NO16Na+ 
1182.557, found 1182.767. 
  
2'-Docosahexaenoyl-3'-dephenyl-3'-difluorovinyl-10-(N,N-dimethylcarbamoyl) 
docetaxel (DHA-SB-T-12854, 2-2j): 
77% yield; white solid; mp 53-55 oC; [α]D

22 -57.6 (c 2.5, CHCl3); 1H NMR (500 MHz, 
CDCl3) δ 0.97 (t, J= 7.5 Hz, 3 H), 1.14 (s, 3 H), 1.24 (m, 6 H), 1.31 (s, 9 H), 1.67 (s, 3 H), 
1.88 (m, 1 H), 1.95 (s, 3 H), 2.07 (m, 2 H), 2.22-2.40 (m, 2 H), 2.39 (s, 3 H), 2.41-2.61 
(m, 3 H), 2.85 (m, 10 H), 2.95 (s, 3 H), 3.02 (s, 3 H), 3.23 (d, J = 2.4 Hz, 1 H), 3.81 (d, J 
= 7.6 Hz, 1 H), 4.18 (d, J = 8.4 Hz, 1 H), 4.31 (d, J = 8.4 Hz, 1 H), 4.37-4.50 (m, 2 H), 
4.93-5.07 (m, 4 H), 5.30-5.46 (m, 12 H), 5.67 (d, J = 7.5 Hz, 1 H), 6.25 (s, 1 H), 6.28 (t, J 
= 9.2 Hz, 1 H), 7.50 (t, J = 7.6 Hz, 2 H), 7.61 (t, J = 7.2 Hz, 1 H), 8.12 (d, J = 7.2 Hz, 2 
H); 13C NMR (75.45 MHz, CDCl3) δ 9.4, 14.2, 14.8, 20.5, 22.2, 22.4, 22.5, 22.6, 23.4, 
25.5, 25.6, 25.7, 26.9, 28.1, 29.7, 33.6, 35.3, 35.4, 35.9, 36.6, 43.2, 45.6, 58.4, 71.8, 72.4, 
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74.0, 75.3, 76.1, 76.4, 77.2, 79.4, 80.6, 81.0, 84.7, 126.9, 127.3, 127.7, 127.8, 128.0, 
128.1, 128.2, 128.3, 128.4, 128.6, 128.7, 129.2, 129.4, 129.8, 130.2, 132.0, 133.0, 133.6, 
143.3, 156.1, 167.2, 167.3, 169.8, 171.8, 205.8; 19F NMR (CDCl3, 376 MHz) δ –83.55 (1 
F, dd, J= 24.0, 34.9 Hz), –85.34 (1 F, d, J= 34.7 Hz). LRMS (ESI) m/z calcd for 
C64H84F2N2O16H+ 1175.6, found 1175.6; (MALDI) m/z calcd for C64H84F2N2O16Na+ 
1197.568, found 1197.662. 
  
Drug preparation for in vivo experiments 
(Dr. Ralph J. Bernacki’s Laboratory, Roswell Park Cancer Institute): 
Paclitaxel and DHA-Paclitaxel was prepared as a 7.5 mg/mL stock solution in equal parts 
of Cremophor ELP (BASF, Ludwigshafen, Germany) and absolute ethanol. These were 
used for comparison purposes. DHA-taxoids and other omega-3 fatty acid-taxoids were 
prepared as a 30 mg/mL stock solution in equal parts of Tween 80 (polyoxyethylene-
sorbitan monooleate; purchased from Sigma Chemical Company) and absolute ethanol. 
To stabilize the formulation of the DHA-taxoids and other omega-3 fatty acid-taxoids, 
antioxidants, L-ascorbic acid (3.9 mM) and α-tocopherol (2.0 mM), were added. Each 
stock solution was further diluted before use in 0.9% NaCl (saline) so that the appropriate 
concentration of each drug could be injected iv via the tail vein, in a volume of 
approximately 0.4 mL for a 20 g mouse. Each drug was administered once a day on day 
5, 8, and 11. 
 
Animals and tumor xenografts 
(Dr. Ralph J. Bernacki’s Laboratory, Roswell Park Cancer Institute): 
Female severe combined immune deficient, (SCID) mice aged six to eight weeks were 
obtained from either the in-house breeding facility at Roswell Park Cancer Institute or 
Taconic (Germantown, NY), all aspects of animal care complied with the Institutional 
Animal Care and Use Committee guidelines. Either the human ovarian tumor A121, 
which does not express the mdr protein pgp, or the human colon tumor DLD-1 which 
does express pgp, were used. Tumors were initiated by implantation of approximately 50 
mg of non-necrotic tumor fragments on the right flank using a 12-guage trocar needle. 
Chemotherapy was started when the tumor was established as a palpable mass, 
(approximately 50-100 mm3 size). Therapy consisted of i.v. injections through the tail 
vein, given four times, three days apart. Each drug treatment group or drug free vehicle 
consisted of 4-5 mice per group, untreated controls contained 10 mice per group. 
 
Drug preparation for in vivo experiments 
(Dr. Ralph J. Bernacki’s Laboratory, Roswell Park Cancer Institute): 
Taxoids and DHA-Taxoids were prepared as a 30 mg/mL stock solution in equal parts of 
Tween 80 (polyoxyethylene-sorbitan monooleate; purchased from Sigma Chemical 
Company) and absolute ethanol.  To stabilize the formulation of the DHA-taxoids, 
antioxidants, L-ascorbic acid (3.9 mM) and α-tocopherol (2.0 mM), were added. Each 
stock solution was further diluted before use in 0.9% NaCl (saline) so that the appropriate 
concentration of each drug could be injected iv via the tail vein, in a volume of 
approximately 0.4 mL for a 20 g mouse.    
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In vivo tumor growth assay 
(Dr. Ralph J. Bernacki’s Laboratory, Roswell Park Cancer Institute): 
For each animal, the tumor length (l) and width (w), each in mm, were measured using 
electronic calipers and recorded every 3-4 days. Tumor volume (v), in mm3, was 
calculated using the formula: v = 0.4(l x w2). The time in days to the pre-determined 
target tumor volume of 600 mm3 was linearly interpolated from a plot of log(volume) 
versus time. Statistically significant differences in tumor volumes between control and 
drug-treated mice were determined by the Cox-Mantel test. For the Cox-Mantel test, the 
time-to-event data for animals that did not reach the target tumor volume, either because 
of long-term cure (defined as those animals that were still alive at the conclusion of the 
experiment whose tumors either completely regressed or did not reach the pre-set target 
volume) or early death due to drug toxicity, were treated as censored data. All statistical 
tests were two-sided. 
 
Docking method: 
Dock6® program was used for docking studies. SB-T-1214 and DHA-SB-T-1214 were 
created by the Build module of the InsightII2000® program and minimized by 
Macromodel 9.1 using MMFFs force field (GBSA). HSA X-ray crystal structure 1E7H 
was utilized for the docking experiments. All water and palmitic acid molecules were 
removed and the MOE® program was used to repair the PDB file (AMBER force field). 
The maps were centered on His242 (HE2) for the primary and the secondary binding sites 
of the ligands. Five hundred Genetic Algorithm (GA) runs were performed. Cluster 
analysis of the resulting conformations was performed by MOE® program. Clusters were 
ranked in order of increasing binding energy of the lowest binding energy conformation 
in each cluster. The most populated of the first five clusters was selected for further 
analysis and the lowest binding energy conformation of this cluster is referred to as the 
preferred conformation. The results are shown in Table 2-3 and Table 2-4. After the 
“binding conformations” were obtained, the complexes were minimized by the Discover 
module of the InsightII2000 program with the backbone of the protein fixed (CVFF force 
field). 
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Table 2-3 Docking result of SB-T-1214 in 1E7H 
Conformation Gride Score (kcal/mol)     Cluster Size 

1 -95.72 18 
2 -95.31 1 
3 -93.61 1 
4 -93.60 1 
5 -89.72 2 
6 -88.86 2 
7 -88.78 3 
8 -88.61 3 
9 -88.51 4 
10 -88.50 1 
11 -88.02 1 
12 -87.32 4 
13 -85.90 1 
14 -85.25 1 
15 -85.21 1 
16 -84.61 1 
17 -84.08 3 
18 -83.63 1 
19 -83.45 1 

 
Table 2-4 Docking result of DHA-SB-T-1214 in 1E7H 

Conformation Gride Score (kcal/mol)    Cluster Size 
1 -163.969467 33 
2 -136.236313 1 
3 -110.059265 1 
4 -108.160019 1 
5 -107.045341 1 
6 -103.155701 1 
7 -101.883072 1 
8 -96.966202 1 
9 -96.756226 1 
10 -94.531914 1 
11 -91.556854 1 
12 -90.689056 1 
13 -78.675949 1 
14 -71.000969 1 
15 -60.024208 1 
16 -43.005062 1 
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Chapter III 
 

 Design, Synthesis and Biological  
Evaluation of Macrocyclic Taxoids 
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§ 3.1 Introduction 
 

Paclitaxel binds to the β-tubulin portion of the α,β-tubulin dimer, promotes the 
polymerization of tubulins, stabilizes the microtubules, and thus disrupts the cell mitosis 
cycle.1 This mechanism of action, when it was revealed, was different from any 
traditional microtubule targeting anticancer drugs such as vinblastine or colchicines.2 The 
novel mechanism of action of paclitaxel was later found to be shared by several other 
natural products. Epothilones A and B,3 eleutherobin,4 discodermolide,5 laulimalide6 and 
FR1812777 showed activities comparable to that of paclitaxel in cytotoxicity assays and 
inhibition of microtubules disassembly in purified tubulin assembly assays (Figure 3-
1).8-10 Those compounds also competitively inhibit [3H]-paclitaxel binding to 
microtubules, which strongly suggests the existence of a common, or closely overlapping, 
binding site.11, 12 The recognition of a pharmacophore common to all those microtubule-
stabilizing agents (MSA) based on their binding conformations in tubulin could provide 
rationale and guidance for the design of the next-generation microtubule-stabilizing 
anticancer agents. 
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Figure 3-1. Naturally occurring microtubule-stabilizing agents 

 
Although the mechanism of paclitaxel was well studied, the tubulin binding 

conformation of paclitaxel was not completely known. The major conformations of 
paclitaxel identified in solution or crystals so far can be divided into two categories: the 
polar conformation and the nonpolar conformation.  

As shown in Figure 3-2a, the polar conformation features a hydrophobic clustering 
among the 3’-Ph, the 2-benzoate, and the 4-acetoxy groups. In this conformation, the C13 
side-chain takes a gauche conformation in which the H2’-C2’-C3’-H3’ torsion angle is 
approximately 180o. This conformation was first recognized based on 2D NMR 
experiments in DMSO-d6/D2O13-15 and was found in the X-ray crystal structure of 
paclitaxel.16 A similar conformation was used in Ojima’s common pharmacophore 
proposal.17  
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Figure 3-2. Polar conformation (a) and nonpolar conformation (b)  

[Adapted from ref. 38] 
 

The nonpolar conformation is represented by the one found in the X-ray crystal 
structure of docetaxel (Figure 3-2b).18 The conformation features a clustering of 3’-
benzoyl, 2-benzoate, and 4-acetoxy and has a gauche conformation with a H2’-C2’-C3’-
H3’ torsion angle of ~60o. This conformation is commonly observed in aprotic solvents 
such as CDCl3 and CD2Cl2.19-21 This conformation was proposed to be the likely 
bioactive conformation based on the assumption that the paclitaxel-binding site on 
microtubules is hydrophobic.22  

During our structure-activity relationship (SAR) studies of paclitaxel analogues,23, 24 
we became interested in the investigation of bioactive conformation of paclitaxel and its 
congeners. Various approaches have been proposed and attempted to search for the 
“bioactive conformation”, with which taxoids bind to the α,β-tubulin dimer. These 
studies have provided us with valuable information regarding the binding conformation 
of taxoids in the pocket of α,β-tubulin dimer as well as rationale in the design of future-
generation paclitaxel-like novel anticancer agents.  

Synthesis of conformationally restricted macrocyclic analogues is one of the widely 
used approaches in the investigation of bioactive conformation of organic compounds in 
their interaction with proteins.25 The incorporation of different types of macrocycles into 
taxoid molecules will generate constraints and force the taxoid molecules to take certain 
conformations. By evaluating and comparing the biological activities of different types of 
macrocyclic taxoids, we could learn substantially about the binding interactions between 
the taxoids and the tubulins.  

The ring-closing metathesis (RCM) reaction,26 which was first used by Ojima’s 
laboratory in this study, was proven to be the most effective method to create the 
constrained taxoids, compared to other methods, such as Heck reaction27, disulfide 
(sulfide) formation28, macrocyclic lactone formation29 and peptide formation30, 31. The 
method was used later by our group as well as other groups to synthesize various 
macrocyclic taxoids.17, 32-40 We have designed and synthesized a series of C2-C3’-linked 
macrocyclic conformationally constrained taxoids,17, 32 which mimics the polar 
conformation.13 Also a series of C2-C3’N linked macrocyclic taxoids have been designed 
and synthesized33 to mimic the nonpolar conformation19 (Figure 3-3). The resulting 
macrocyclic taxoids showed IC50 values ranging from micromolar to double-digit 
nanomolar.17, 32 33 
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14-Hydroxy-10-deacetylbaccatin41 possesses an extra hydroxyl group at the C14 
position and offers a new potential position for modification. Accordingly, a series of 
macrocyclic taxoids were designed bearing tethers connecting the C14 and the C3’ 
position or the C3’N postion to mimic the polar conformation or the nonpolar 
conformation. The taxoids (Figure 3-4) are around 25 times less active than the parent 
compound paclitaxel.42 
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In 1998, the electron crystallographic structure of paclitaxel-bound Zn+-stabilized 

α,β-tubulin dimer was reported by Nogales et al. with 3.7 Å resolution (1TUB 
structure),43 and later the resolution was refined to 3.5 Å resolution (1JFF structure).44 In 
the 1TUB structure, the drug binding site was identified, which was consistent with the 
photolabeling studies,45-47 but the resolution was not high enough to elucidate the binding 
conformation, so a docetaxel molecule taking nonpolar conformation was placed to show 
the binding site. In the 1JFF structure (Figure 3-5), paclitaxel molecule was actually 
placed in the binding site. However, the structure of the crucial N-benzoylphenylisoserine 
moiety at C13 was still difficult to determine with confidence due to the low diffraction 
level in the electron density map for this moiety, especially the C2-phenyl and C3’N-
phenyl groups.44  
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Figure 3-5. Tubulin-bound conformation of paclitaxel (1JFF) 

[Adapted from ref. 44] 
  

Based on the electron density map of the crystallographic structure of α,β-tubulin 
dimer (1TUB),43 “T-shape” conformer of paclitaxel was reported by Snyder et al as the 
bioactive form in tubulin by molecular modeling study.48 As shown in Figure 3-6, this 
conformation is much less compact than the nonpolar conformation19 in that the C3’N- 
benzoylamino moiety is further away from the C2 benzoate. In this model, an amino acid 
residue in the binding pocket of β-tubulin, His227, is located between the C2 benzoate 
and the C3’N-phenyl group of taxoids. Accordingly, macrocycles connecting the C2 and 
the C3’ or C3’N positions might bump into this His227 upon binding with β-tubulin. If 
this unfavorable interaction indeed exists, it might account for the lower activities of 
those macrocyclic taxoids.  
 

 
Figure 3-6.“T-shape” paclitaxel binding conformation 

[Adapted from ref. 48] 
 
To mimic the “T-Taxol” conformation, two conformationally restricted analogues of 

paclitaxel with linkers connecting the C4- and C3’- phenyl groups were designed and 
synthesized by the Kingston group. The synthesized analogues possess cytotoxicities ~ 
10 times less potent than paclitaxel.34  
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Figure 3-7. Kingston’s C4-C3m’-linked macrocyclic paclitaxel analogues 

 
In 2004, the Kingston group reported ortho-linked C3’-C4-bridged taxoids with 5-6 

atoms in the bridge, which are more cytotoxic and have stronger binding with tubulin 
than paclitaxel (Table 3-1).37 Later the C2-modified K1a analogues were synthesized, 
but they are not as active as K1a.40 The resynthesis of K1a and K2a and comparison with 
our macrocyclic taxoids will be discussed in this chapter. 
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Figure 3-8. Kingston’s C4-C3o’-linked macrocyclic paclitaxel analogues 

 
Table 3-1. In vitro cytotoxicities and tubulin-binding assays 

of Kingston’s macrocyclic taxoids37 

Compound 

 
IC50/IC50(Taxol) 

A2780 

 
IC50/IC50(Taxol)

PC3 

ED50, Tb 
Polymerizatiom, a  

(µM) 

Critical Tb 
 concentration, b 

(µM) 

 
Inhibit binding 

F-Taxol % 
Paclitaxel ---c ---d 0.50+0.14 1.8+0.30 26 

K-1a 0.045 0.69 0.30+0.09 0.53+0.07 72 
K-1b 0.97 1 0.28+0.11 1.2+0.24 30 
K-2a 0.08 0.67 0.21+0.09 0.35+0.06 79 
K-2b 1.2 3.3 0.83+0.19 1.3+0.3 7 

a Tublin concention, 5 µM ; b Taxoid concentration, 10 µM; c Taxol has IC50 values of 6–15 nM in this assay;  
d Taxol has an average IC50 value of 4 nM in this assay 

 
The Dubois group also synthesized a series of C2-C3’N-linked macrocyclic taxoids to 

mimic the docetaxel with nonpolar conformation, and later to mimic the T-Taxol 
strcuture.28, 35, 36 These compounds showed much less potency than paclitaxel, although 
one compound was claimed to have the same activity as paclitaxel in the microtubule 
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disassembly inhibitory experiment.36 The biological evaluations of these taxoids are 
shown in Table 3-2. 
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Figure 3-9. Dubois’s C2-C3’N-linked macrocyclic taxoids 
 

Table 3-2. In vitro cytotoxicities and microtubule 
disassembly inhibitory assays of the C2-C3N’-linked 

macrocyclic taxoids 
 

 
Compound 

 
Ring 
size 

Microtubule disassembly 
inhibitory activity 

IC50/IC50 (paclitaxel)a 

Cytotoxicity 
against KB cell 

lineb (μM) 
paclitaxel - - 0.0006 
docetaxel - 0.5 0.0003 

1a 21 42 45 
1b 20 23 15 

2a-Z 18 Inactive >100 
2a-E 18 Inactive >100 
2b-Z 20 Inactive >100 
2b-E 20 Inactive 45 

2c 21 >100 14 
2d 22 7 14 

2(H)a 18 Inactive >100 
2(H)b 20 Inactive 55 
2(H)c 21 30 13 
2(H)d 22 45 23 

3a 22 Inactive 1.6 
3b 23 Inactive 0.28 

3c-E 22 1 0.07 
3c-Z 22 1.4 0.2 
3d 21 6 0.7 

aIC50 is the concentration that inhibits 50% of the rate of microtubule disassembly. 
The ratio IC50/IC50(paclitaxel) gives the activity with respect to paclitaxel. bIC50 
measures the drug concentration required for the inhibition of 50% cell 
proliferation after 72 h of incubation. c3c showed a dose-response curve, but the 
50% inhibition of microtubule disassembly was only achieved at high 
concentration (>100 μM). 

 
Very recently, the same group synthesized a series of novel docetaxel analogues 

possessing a peptide side chain at the C2 position as well as peptide-bridged macrocyclic 
taxoids to mimic a region of the α-tubulin loop equivalent to the paclitaxel binding 
pocket of β-tubulin.30, 31 One of the open chain taxoids possessed similar activity as 
paclitaxel, while none of the macrocyclic taxoids was as active as paclitaxel in 
cytotoxicity assay. 
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Figure 3-10. Dubois’ C2-peptide and C2-C3’N-linked macrocyclic taxoids 
 
In our efforts to study the bioactive conformation of taxoids and to design future-

generation paclitaxel-like anticancer agents, Ojima’s laboratory has proposed a binding 
conformation of paclitaxel based on docking studies of paclitaxel with α,β-tubulin dimer 
(Figure 3-11).49 The “Open-Gauche” conformation is close to the one proposed by 
Snyder et al.48  
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Figure 3-11. The “Open-Gauche” conformation49 
 

Several conformationally restricted taxoids were synthesized to mimic this 
conformation. Upon examining the conformation described above, we found that the C4 
acetyl group and the C2’ position were spatially in close vicinity. Accordingly, we 
designed the C4-C2’-linked taxoids to mimic this conformation.49 The structures of those 
taxoids are shown in Figure 3-12. 
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Figure 3-12. C4-C2’-linked macrocyclic taxoids 

 
The synthesis, biological evaluation and molecular modeling studies of SB-TCR-102 

and other macrocyclic taxoids will be discussed in this chapter.  
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§ 3.2 Results and Discussion 
 
§ 3.2.1 Synthesis and Biological Evaluation of C4-C2’-Linked 
Macrocyclic Taxoids 
 
§ 3.2.1.1 Synthesis of SB-TCR-102 
 

The synthesis of SB-TCR-102 requires a β-lactam with a quaternary carbon center 
that posts certain difficulty in the synthesis. The retro-synthetic analysis of SB-TCR-102 
is shown in Scheme 3-1. Using the ring-closing metathesis (RCM) protocol,26 
macrocyclic taxoid could be obtained from diene 3-1, which could be prepared through 
ring-opening coupling  of β-lactam 3-3 with modified baccatin 3-2. Baccatin 3-2 could be 
obtained from 10-DAB. 
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Scheme 3-1. Retro-synthesis of C4-C2’-linked macrocyclic taxoid SB-TCR-102 

 
The C4 modification was carried out using a reported protocol with modifications.50 

The removal of the C4-acetyl group utilizes a Red-Al reductive removal protocol. 
However, in the Red-Al reduction conditions, the coordination of Red-Al with the C1-
hydroxyl group leads to the chemoselective removal of C2-benzoate (3-4). To prevent 
concomitant C2-reduction, the coordination of Red-Al with the C1-hydroxyl group had to 
be blocked. As a result, the specific coordination of Red-Al to the oxetane ring oxygen 
would facilitate the selective reduction of the very hindered C4-acetate (3-5).50  
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Scheme 3-2. The modification at C2 and C4 positions 

 
Accordingly, as shown in Scheme 3-3, 7,10,13-tri-TES-10-DAB (1-28) was reacted 

with chlorodimethylsilane in the presence of imidazole in a DMF solution to protect the 
hydroxyl group at the C1 position as a dimethylsilyl ether. Baccatin 3-6 was treated with 
excess amount of Red-Al in a THF solution around 0 oC to 4 oC for 1.5 h to afford C4-
hydroxyl baccatin 3-7 in good yield. The resulting hydroxyl group was then reacted with 
LiHMDS and 4-pentenoyl chloride to afford C4-modified baccatin 3-8 in high yield. 
Then the silyl groups of 3-8 were removed under HF-pyridine conditions, followed by 
C10 modification with acetic anhydride directly in the presence of cerium chloride 
heptahyrate.51 Selective TES protection of the C7-OH using TESCl and imidazole gave 
modified baccatin 3-2 in good yield. 
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Scheme 3-3. Preparation of C4-modified baccatin 3-2 
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The synthesis of 3-allyl-β-lactam 3-3 is shown in Scheme 3-4, following a reported 
protocol developed in Ojima’s laboratory.52 First, the acetyl group in β-lactam 1-12 was 
hydrolyzed under basic conditions and the resulting hydroxyl group was protected as a 
TES ether to afford 1-13 in good yield. Then, the treatment of 3-10 with LDA followed 
by allyl bromide at low temperature gave the desired allylated β-lactam 3-11 as single 
isomer in 75% yield.52 Standard oxidative removal of para-methoxyphenyl (PMP) group 
by using ammonium cerium (IV) nitrate (CAN) followed by Boc protection afforded β-
lactam 3-3 in good overall yield. 
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Scheme 3-4. Synthesis of β-lactam 3-3 
 

The allyl group at the C3 position of β-lactam 3-3 introduced extra steric hindrance to 
the coupling reaction. Accordingly, sodium bis(trimethylsilyl)amide (NaHMDS) was 
used as the base and 5 equivalents of β-lactam 3-3 were used. Desired diene 3-1 was 
obtained in 85% yield and it was then subjected to RCM reaction to afford macrocyclic 
taxoid 3-13 in 82% yield. Desilylation using HF-pyridine conditions was slow due to the 
steric hinderance, giving SB-TCR-102 in 70% yield, where Z-isomer was exclusively 
formed. 
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Scheme 3-5. Synthesis of SB-TCR-102 

 
§ 3.2.1.2 Biological Evaluation of C4-C2’-Linked Macrocyclic Taxoids 
 

SB-TCR-101 (synthesized by Yuan Li and Dr. Xudong Geng) and SB-TCR-102 
were evaluated for their cytotoxicity against human breast, ovarian, colon and NSCLC 
cancer cell lines at Roswell Park Cancer Institute and the results are shown in Table 3-3. 
Both compounds possess very low activities against all cell lines.53  

 
Table 3-3. In vitro cytotoxicities (IC50, μMa) of  

the C4-C2’ linked macrocyclic taxoids 
Compound MCF7b NCI/ADRc LCC6-WTd LCC6-MDRe H460f HT-29g 

Paclitaxel 0.003 0.518 0.005 0.323 0.005 0.004 
SB-TCR-101 34 29.5     
SB-TCR-102 5.63 >10 (20%)* >10 (25%)* >10 (34%)* 9.19 7.66 

aThe concentration of compound which inhibits 50% of the growth of human tumor cell line; 

bMCF7: human breast carcinoma; cNCI/ADR: MDR phenotype human ovarian carcinoma; 
 dLCC6-WT-human breast carcinoma; eLCC6-MDR - MDR1 transfected line; 
 fH460 - NSCLC; gHT-29 human colon carcinoma 
*Numbers in parentheses are the % GROWTH INHIBITION SEEN AT 10000 nM (the highest conc.tested) 

 
SB-TCR-101 and SB-TCR-102 were also sent to the Albert Einstein College of 

Medicine for tubulin-polymerization assays. As shown in Figure 3-13, both compounds 
can not induce polymerization of the tubulins, while paclitaxel and GTP can. The results 
are consistent with the in vitro cytotoxicity assay (Table 3-3), indicating the C4-C2’-
linked macrocyclic taxoids do not have the correct conformation on the C13 side-chain.  
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Figure 3-13. Tubulin-polymerization with SB-TCR-101, SB-TCR-102 and paclitaxel:  

microtubule protein 1 mg/mL, 37 oC, GTP 1 mM, Drug 10 μM 
 

SB-TCR-101 and SB-TCR-102 were designed based on the conformation similar to 
the T-Taxol conformation. As shown in Figure 3-14, the C4-C2’-linker forced the C2’-
OH to point to Arg369 (1TUB), similar to the T-Taxol conformation.53 Further molecular 
modeling studies of SB-TCR-102 in the higher-resolution 1JFF tubulin will be discussed 
in Chapter 4. 
 

 
Figure 3-14. SB-TCR-102 in the binding pocket of β-tubulin 

 

Arg369 
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§ 3.2.2 REDOR-Taxol conformation 
 

Because of the low activity of the C4-C2’-linked macrocyclic taxoids, we concluded 
that the “Open-Gauche” conformation was not the correct binding conformation. Dr. 
Raphael Geney proposed a new binding conformation based on the REDOR-NMR 
experiment.54 

In 2000, a fluorinated taxoid, 2-(p-fluorobenzoyl)paclitaxel (2-FB-PT), was used 
bound to microtubules in solid state 13C[15N or 19F]-double-REDOR-NMR experiments.55 
After three months of data acquisition, Schaefer and his coworkers were able to 
determine two 13C-19F intramolecular distances for 2-FB-PT in the bound state.  
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Figure 3-15: Structure of 2-FB-PT with 

intramolecular REDOR-NMR distances indicated 
 

Molecular Dynamics (MD) simulations were initially conducted on 2-FB-PT in vacuo 
at increasing temperatures from 300K to 500K (InsightII 2000, Accelrys, CVFF force 
field). Unfortunately, some side chain bonds (e.g. C2’-C3’) of the molecule present a 
high-energy barrier to rotation, impeding adequate sampling. For this reason, we 
switched to a Monte Carlo (MC) conformational search56. The two intramolecular 
distances determined were then used as constraints in an extensive MC conformational 
search on 2-FB-PT in vacuo (Macromodel 6.5, Schrödinger, Inc., MM3* forcefield). 
Conformational diversity in a set of resultant minimized structures was assessed by 
performing a cluster analysis on the 1371 retained conformations with energies in 50 
kJ/mol of the global minimum (Xcluster, Schrödinger, Inc.). Sixteen clusters were 
formed according to the values of 10 dihedral angles of the C13 and C2 side chains. A 
representative structure for each cluster is shown in Figure 3-16. Remarkably, most of 
these structures have their C3’-benzamido moiety pointing in the same direction as the 
C2-fluorobenzoate group, as seen for docetaxel in its X-ray structure19. Also, to 
accommodate the REDOR-NMR geometric requirements, the entire C13 side-chain has 
to move away from the C2-fluorobenzoate, unlike in the polar conformation observed for 
the free drug.13, 20, 21 
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Figure 3-16: REDOR-NMR constrained Monte Carlo conformational search on 2-

FB-PT: representative structures of the 16 conformational clusters 
 

A C7-benzodihydrocinnamoyl (C7-BzDC) derivative of paclitaxel (Figure 3-17) 
labeled exclusively the Arg282 residue in the M loop of β-tubulin.47 This specificity 
prompted us to model the covalent complex, thus formed, as a single molecule. This way, 
translational and rotational motions of the ligand are hampered, while the ligand evolves 
in its most likely position. A two-step procedure was then adopted in order to get a 
refined binding site model. First, the complex formed by β-tubulin and the bound C7-
BzDc paclitaxel in the possible bioactive conformation inferred from the Monte Carlo 
conformational search were modeled and minimized. The carbonyl carbon of the 
benzophenone moiety was connected to the α-carbon of Arg282, since the excited state of 
the benzophenone moiety would selectively abstract hydrogen from the α-position of an 
amino acid residue because of the captodative stabilization of the resulting radical 
species57. The peptide backbone atoms of the protein were kept fixed at all times during 
the energy-minimization, while side chain atoms were free to move, allowing the 
reorganization of side-chains upon binding of modified taxoids. After cleavage of the 
BzDc linker, a free ligand-binding site complex, comprising only residues within 10 Å of 
any ligand or linker atom was minimized again under the same conditions. 
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Figure 3-17. Structures of photoaffinity probe [3H]7-BzDc-paclitaxel 

 
The procedure was applied to paclitaxel, starting from all 16 conformations retained 

from the Monte Carlo conformational search of 2-FB-PT. The REDOR-NMR distances 
were verified after docking and used as a filter to determine the tubulin-bound paclitaxel 
conformation. However, none of the representative structures could strictly maintain both 
distances in the allowed REDOR-NMR ranges after docking. Two factors could 
contribute to that: (1) the availability of large empty spaces in the binding site, and (2) the 
fact that the REDOR distances were derived from microtubules while the EC structure 
corresponds to the Zn-sheet form of tubulin, which might present some structural 
differences to the microtubule form. The structure deviating the least from the two 
REDOR-NMR restraints (d1 = 9.97 Å, d2 = 9.38 Å) was selected as our tubulin-bound 
paclitaxel structure, “REDOR-taxol” (Figure 3-18).  

 

 
Figure 3-18. Overlay of the REDOR-Taxol (green) and T-Taxol (yellow) structures 

 
The C2’-hydroxyl group which usually forms an intramolecular H-bond with the C1’-

carbonyl oxygen in the free drug is pointed towards His227 in the “REDOR-Taxol” 
structure, forming a very buried H-bond of increased strength. The H-bond between the 
C2’-hydroxyl and the backbone carbonyl oxygen of Arg369 in the “T-Taxol” binding 
pose is more solvent exposed. 

Very recently, another three intramolecular distances were determined by Schaefer 
and his coworkers. The comparison of the distances measured in the REDOR-Taxol 
structure, the T-Taxol structure and experimental value was shown in Table 3-3.58 The 
data indicated both the T-Taxol structure and the REDOR-Taxol structure are fully 
consistent with the experimental results.  

Arg369 

His227 
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Table 3-4. Intramolecular atom distances of paclitaxel58 

O
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OAcO OH

O
OO
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HO

CH
OH

NH
C
O

R1

O

OR3

R2  
 Distances (Å) 

Separations REDOR-NMR 
distances REDOR-Taxol T-Taxol 

R1-R2 7.8 7.3 7.9 
R1-R3 6.3 6.4 6.6 
R2-R3 > 8 13.1 12.2 
R2-CH 10.3 9.4 9.9 
R2-C 9.8 10.0 9.1 

 
§ 3.2.3 Design, Synthesis and Biological Evaluation of C14-C3’N Linked 
Macrocyclic Taxoids 
 
§ 3.2.3.1 Design of the C14-C3’N Linked Macrocyclic Taxoids 
 

The REDOR-Taxol structure was searched for the possible installation of the 
intramolecular linkers. As shown in Figure 3-19, the distance between C14 position and 
the ortho position of C3’N-benzoyl group is 7.5 Å and a short linker (~ 4-6 atoms) 
between these two positions could be used to fix the C13 side-chain. Inserting a linker 
between the C14 and C3’N positions also presents only a small risk of disrupting the 
original binding of the drug since the linker moiety lies towards the solvent-exposed 
surface of the binding site, hence should not generate unfavorable contacts with the 
protein. 

 
Figure 3-19. Intramolecular distance in the REDOR-Taxol structure 
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SB-T-2053, bearing a 5-atom linker, was first designed, which showed a very good 
overlay with REDOR-Taxol (Figure 3-20). SB-T-2054 and SB-T-2055, which have 
linkers of different lengths, were designed to examine the effect of the lengths of linkers. 
The overlay of the three macrocyclic compounds and REDOR-Taxol is shown in Figure 
3-21. SB-T-2052 and SB-T-2152 with different C3’-substitution were also designed. 
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Figure 3-20: C14-C3’N-linked macrocyclic taxoids 

 

     
Figure 3-21. Overlay of SB-T-2053 (cyan, a&b), SB-T-2054 (magenta, b), SB-T-2055 

(red, b) and REDOR-Taxol (green, a&b) 
 

§ 3.2.3.2 Synthesis of SB-T-2053 
 

As shown in Scheme 3-6, ring-closing metathesis (RCM) was utilized as the key 
reaction in constructing the C14-C3’-linked macrocyclic taxoids. The diene precursor 3-
14 was synthesized using the Ojima-Holton coupling59 between modified baccatin 3-15 
and β-lactam 3-16. The β-lactams was prepared by modification of β-lactam 1-12 and the 
modified baccatin 3-15 was synthesized from naturally occurring 14-OH-10-DAB. 

 

His227 

(a) (b) 
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Scheme 3-6. Retro-synthesis of C14-C3’ linked macrocyclic taxoids 

 
The synthesis of modified baccatin 3-15 is shown in Scheme 3-7. The synthesis 

required the introduction of an allyl ether moiety at the C14 position of baccatin. The 
C10-OH of 14-OH-10-DAB was first reacted with acetic anhydride in the presence of 
cerium chloride heptahydrate to afford 3-17 in high selectivity.51 Selective TES 
protection of the C7-OH using TESCl and imidazole gave 7-TES-14-OH-baccatin 3-18 in 
good yield. Finally, 3-18 was treated with allyl iodide in the presence of NaHMDS to 
afford 3-15 bearing an allyl ether moiety attached to the C-14 position in 82% yield. 
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Scheme 3-7. Preparation of modified baccatin 3-15 

 
Since the TES group could not survive in the CAN oxidation, the p-methoxyphenyl 

group was first removed, and the acetoxy group of 1-14 was hydrolyzed to afford 1-15. 
The TES protection of the hydroxyl group in 1-15 was performed at 0 oC to give the 
TES-protected N-H β-lactam (3-19) in good yield. 

 



 

 112 

N
O

AcO Ph

H

KOH (10 eq),  THF,
H2O, 0 oC, 1 h N

O

HO Ph

H

TESCl (1.05 eq), Et3N (2 eq),
DMAP (0.03 eq), CH2Cl2, 

0 oC, 12 min
70% in 2 steps

N
O

TESO Ph

H
1-14 1-15 3-19  

Scheme 3-8. Preparation of 3-19 
 

The synthesis of β-lactam 3-23 is shown in Scheme 3-9. The acid chloride 3-22 was 
first prepared, following the reported procedure.60 The Stille coupling reaction of methyl 
2-bromobenzoate was carried out with allyltributyltin in the presence of Pd(PPh3)4 to 
afford methyl 2-allylbenzoate (3-20), which was then subjected to hydrolysis to give 2-
allylbenzoic acid (3-21) in 60% yield for two steps. Treatment of acid 3-21 with oxalyl 
chloride afforded the corresponding acyl chloride 3-22, which was reacted with N-H β-
lactam 3-19 in the presence of triethylamine and DMAP to give the desired β-lactam 3-23 
in 90% yield. 
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Scheme 3-9. Synthesis of β-lactam 3-23 

 
As shown in Scheme 3-10, the coupling reaction of modified baccatin 3-15 at the 

C13 position and β-lactam 3-23 proceeded smoothly, affording diene 3-24 in 72% yield. 
RCM reaction using the “first-generation Grubbs catalyst”26 gave the desired macrocyclic 
taxoid 3-25 in 85% yield. Then, the silyl groups were removed using HF-pyridine to 
afford SB-T-2053 in 93% yield and only the E-isomer was obtained.   
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Scheme 3-10. Synthesis of SB-T-2053 

 
§ 3.2.3.3 Synthesis of SB-T-2054 
 

The synthesis of β-lactam 3-28 is shown in Scheme 3-11. The Wittig  reaction of 2-
formyl-benzoic acid with methyltriphenylphosphonium ylide gave methyl 2-vinylbenzoyl 
acid (3-26) in good yield.61 Treatment of the acid 3-26 with thionyl chloride afforded the 
corresponding acid chloride 3-27 in 65% yield for two steps after distillation under 
reduced pressure. Optically pure TES-N-H β-lactam 3-19 was reacted with acid chloride 
3-27 in the presence of triethylamine and DMAP to give the desired β-lactam 3-28 in 
98% yield. 
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Scheme 3-11. Synthesis of β-lactam 3-28 
 

The diene 3-29 was obtained by using the Ojima-Holton coupling reaction in 82% 
yield. However, the RCM reaction became problematic. By using the “first-generation 
Grubbs catalyst” (25% x 3), 25% of the starting material still remained after reflux for 5 
days. Di-TES macrocyclic taxoid 3-30 was obtained in 70% yield, which had one more 
CH2, instead of the designed structure. The final structure was determined by 2-D NMR 
and X-ray crystallography (Figure 3-22). The final deprotection by using HF/Py afforded 
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SB-T-2054 in good yield. The “second-generation Grubbs catalyst” (25% x 2) was also 
used, affording no desired product or one-more-carbon product after refluxing for 3 days, 
although the starting material disappeared completely.  
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Scheme 3-12. Synthesis of SB-T-2054 

 

 
Figure 3-22. X-ray structure of SB-T-2054 

 
A possible mechanism for the formation of the one-more-carbon compound 3-30 is 

shown in Scheme 3-13. In normal RCM mechanism, the “first-generation Grubbs 
catalyst” M-1 first reacts with diene M-2 to give active intermediate M-3 after the first 
metathesis. In the second metathesis cycle, four-member ring intermediate M-4 is formed, 
and then gives the cyclic compound M-5 and regenerate catalyst M-6.  
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However, in 3-29, the two olefins are far from each other, because the linker is too 
short. Thus, the intermediate M-7 is formed, instead of M-4. The “mismatched” M-7 can 
not give the desired product M-5. The one-more-carbon product M-9 can be obtained 
from M-7 in two possible pathways. In the first possible mechanism, cyclopropane 
product M-8 is formed after reductive elimination, followed by isomerization to give M-
9. In the second possible mechanism, β-hydride elimination occurs to give π-allylic Ru-
complex M-10, followed by reductive elimination to afford M-9. The β-hydride 
elimination and reductive elimination can be assisted by the ortho amide carbonyl group. 
In both mechanisms, one equivalent of Ru metal is needed to complete the reaction, 
which may account for the big catalyst loading. 
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Scheme 3-13. Possible mechanisms to produce SB-T-2054 (M-9) 
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§ 3.2.3.4 Synthesis of SB-T-2055 
 

As shown in Scheme 3-14, β-lactam 3-19 was reacted with acid chloride 3-30 in the 
presence of triethylamine and DMAP to afford the desired β-lactam 3-31 in high yield. 
The C13-coupling reaction of 3-15 with 3-31 afforded 3-32 in 77% yield. By using the 
“second-generation Grubbs catalyst”, the macrocyclic compounds 3-33 (E) and 3-34 (Z) 
were obtained in 81% total yield. The ratio of 3-33 and 3-34 products was 1:1.3, and a 
similar result (1:1) was obtained by using the “first-generation Grubbs catalyst”. Then, 
the silyl groups were removed under HF-pyridine conditions to afford SB-T-2055Z and 
SB-T-2055E in good yields. 
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Scheme 3-14. Syntheses of SB-T-2055Z and SB-T-2055E 
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§ 3.2.3.5 Biological Evaluation of C14-C3’N Linked Macrocyclic 
Taxoids 
 
§ 3.2.3.5.1 Cytotoxicity of C14-C3’N-Linked Macrocyclic Taxoids 
 

The preliminary in vitro cytotoxicity assay was performed at the Roswell Park Cancer 
Institute. Macrocyclic taxoid SB-T-2053 exhibits strong potency against LCC6-WT and 
MCF7 human breast cancer cell lines with IC50 values of 15 and 42 nM, respectively 
(Table 3-5). The former IC50 value is only 3.3 times less potent than paclitaxel against 
the same cell line. Considering that SB-T-2053 is equipotent to or slightly more potent 
than paclitaxel for tubulin polymerization, the small differences observed in IC50 values 
between paclitaxel and SB-T-2053 could be ascribed to the cell permeability and 
solubility factors of two distinct molecules. Also, SB-T-2053 exhibits the same level of 
potency as paclitaxel against multidrug-resistant human breast and ovarian cancer cell 
lines (LCC6-MDR and NCI-ADR), overexpressing P-glycoprotein.62, 63 SB-T-2054 
showed even higher activity in the assay against MCF7 and NCI-ADR cell lines than SB-
T-2053. SB-T-2054 is twice less potent than paclitaxel and seven times more potent than 
SB-T-2053 against MCF7 cell line, and twice more active than paclitaxel against NCI-
ADR cell line. SB-T-2055Z and SB-T-2055E show only micromolar activities against 
the same cell lines, and the Z isomer is more active than the E isomer. SB-T-2052 as well 
as its saturated analog, SB-T-2152 (synthesized by Dr. Xudong Geng), however, are 
much less potent than paclitaxel, although they have the same linker as SB-T-2053. 
 

Table 3-5. In vitro cytotoxicities assay 
 of the C14-C3’N linked macrocyclic taxoids 

   IC50 nM (±S.E.)a  
Compound MCF7b NCI/ADRc LCC6-WTd LCC6-MDRe H460f HT-29g 
Paclitaxel 3.0 ±0.3 518 ±71 4.5 ±0.8 323 ±23 4.7 ±0.7 4.2 ±0.3 
SB-T-2053 42 ±2.3 1066 ±59 15 ±1.6 455 ±38 25 ±3.4 23 ±2.1 
SB-T-2054 5.96 ± 0.83 240±68     

 IC50 μM (±S.E.)a 
SB-T-2055E 1.88 ± 0.21 5.6 ± 1.0     
SB-T-2055Z 0.27 ± 0.03 2.4 ± 0.21     
SB-T-2052 0.46 ± 0.03 > 3.0 0.21 ± 0.02 2.1 ± 0.10   
SB-T-2152 0.76 ± 0.05 2.8 ± 0.14 0.46 ± 0.04 1.9 ± 0.16   
aThe concentration of compound which inhibits 50% of the growth of human tumor cell line; 

bMCF7: human breast carcinoma; cNCI-ADR: MDR phenotype human ovarian carcinoma;  
dLCC6-WT-human breast carcinoma; eLCC6-MDR - MDR1 transfected line; 
fH460 - NSCLC; gHT-29 human colon carcinoma 
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§ 3.2.3.5.2 Tubulin Polymerization Assay of SB-T-2053 and SB-T-2054 
 

SB-T-2053 and SB-T-2054 were also sent to the Albert Einstein College of Medicine 
for tubulin polymerization assay and the results are shown in Figure 3-23 and Figure 3-
24. The results indicate that both compounds induce polymerization of tubulins in the 
same manner as paclitaxel and GTP. After the addition of Ca2+, however, the microtubule 
formed with GTP depolymerized immediately, while the ones formed with paclitaxel, 
SB-T-2053 and SB-T-2054 did not. 

 
Figure 3-23. Tubulin polymerization with SB-T-2053 and paclitaxel: microtubule 

protein 1 mg/mL, 37 oC, GTP 1 mM, Drug 10 μM 
 

 
Figure 3-24. Tubulin polymerization with SB-T-2054 and paclitaxel: microtubule 

protein 1 mg/mL, 37 oC, GTP 1 mM, Drug 10 μM 
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§ 3.2.3.5.3 Electron Microscopy Analysis 
 

The microtubules formed with SB-T-2054 were analyzed further by electron 
microscopy for their morphology and structure in comparison with those formed by using 
GTP and paclitaxel. The electron micrographs of microtubules are summarized in Figure 
3-25. The microtubules formed with SB-T-2054 (Figure 3-25c) are thicker than those 
with GTP or paclitaxel.  

 

   
Figure 3-25. Electromicrographs of microtubules formed with GTP (a), paclitaxel (b) 

and SB-T-2054 (c) 
 

The higher activity of SB-T-2054 than SB-T-2053 could be explained by their 
conformations in β-tubulin. Although they are isomers, the double bond connected to 
benzene ring (in SB-T-2054) make the macrocyclic ring more rigid than the one in SB-T-
2053, hence SB-T-2054 has a better overlay with the REDOR-Taxol structure in tubulin 
(1TUB) (Figure 3-26). Further molecular modeling studies of the C14-C3’N-linked 
macrocyclic taxoids (in 1JFF) will be discussed in Chapter IV. 

 

 
Figure 3-26. Overlay of SB-T-2053 (cyan), SB-T-2054 (yellow) and REDOR-Taxol 

(green) in binding site (1TUB) 
 

 a  b c

His227
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§ 3.2.4 Synthesis of C4-C2’O-Linked Macrocyclic Taxoid SB-TCR-501 
 

During the modeling studies, it was found that in the REDOR-Taxol comformation, 
the C4-acetyl group was close to the C2’-hydroxyl group, instead of the C2’ hydrogen as 
in SB-TCR-102, which could explain the low activity of the C4-C2’-linked marcrocyclic 
taxoids. Some new C4-C2’O-linked macrocyclic taxoids were designed, which had very 
good overlays with the REDOR-Taxol structure in tubulin (1TUB), as shown in Figure 
3-27. 
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Figure 3-27. Overlays of the designed C4-C2’O-linked macrocyclic taxoids (red) and 

REDOR-Taxol (green) 
 

It is well known that the blockage of the C2’-OH will cause several hundred time loss 
in potency (Table 3-6).64 However, if the macrocyclic taxoid has some activity, it would 
be a direct evidence to support the REDOR-Taxol structure, because C2’ position is far 
from C4 position in the T-Taxol structure. SB-TCR-501 was selected to examine the 
hypothesis. The detailed molecular modeling studies of SB-TCR-501 will be shown in 
Chapter IV. 

 
Table 3-6. In vitro cytotoxicities of 2’-OH 

blocked paclitaxel 
 HCT116 IC50 (μM) 

Taxol 0.004 
2’-Methoxytaxol 0.866 
2’-Desoxytaxol 0.297 
2’-Fluorotaxol 0.475 

 
The macrocyclic taxoid  can be obtained through RCM reaction of diene 3-35, which 

can be synthesized using the β-lactam synthon method59 from modified baccatin 3-36 and 
β-lactam 3-37. The β-lactam 3-37 can be prepared from intermediate 1-13, and the 
modified baccatin 3-36 can be synthesized from 10-DAB. 
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Scheme 3-15. Retro-synthesis of C4-C2’O-linked macrocyclic taxoid SB-TCR-501 
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Scheme 3-16. Synthesis of C4 modified baccatin 3-36 

 
The C4 modification of C4-hydroxyl baccatin 3-7 with LiHMDS and acryloyl 

chloride afforded C4-modified baccatin 3-38 in 47% yield with 35% starting material 
recovered. The low conversion was caused by the unstable acryloyl group. Previous 
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studies indicated that the acryloyl group was not stable under the standard HF-pyridine 
conditions. Accordingly, the milder HF-pyridine/THF conditions was used and the 
desired C4-modified baccatin 3-39 was obtained in 85% yield. Baccatin 3-39 was reacted 
with acetic anhydride in the presence of cerium chloride heptahyrate,65 followed by 
selective TES protection of the C7-OH using TESCl and imidazole to afford the modified 
baccatin 3-36 in good yield. 

As shown in Scheme 3-17, β-lactam 1-13 was allylated to give 3-41 in good yield in 
the presence of either NaH or NaHMDS, because the PMP-protected β-lactam 1-13 is 
stable to strong bases. The PMP deprotection gave 3-42 in 84% yield and 3-37 was 
obtained after N-benzoylation. 
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Scheme 3-17. Synthesis of β-lactam 3-37 

 
As shown in Scheme 3-18, coupling reaction of 3-36 with 3-37 proceeded smoothly, 

affording diene 3-35 in 58% yield. RCM reaction using the “first-generation Grubbs 
catalyst” gave the macrocyclic compound 3-43 in 75% yield (E-isomer only). The desired 
C4-C2’O-linked paclitaxel analog SB-TCR-501 was obtained after deprotection with 
HF-pyridine.  
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Scheme 3-18. Synthesis of SB-TCR-501 

 
§ 3.2.5 Synthesis of Kingston’s C4-C3’-Linked Macrocyclic Taxoids 
 

Four C4-C3’-linked macrocyclic taxoids (Figure 3-8), with higher activity than 
paclitaxel, were reported by the Kingston group.37 K1a is the most active one in this 
series, which is 2-30 times more potent than paclitaxel.40 Two of the taxoids, K1a and 
K2a, were resynthesized to compare their potency with our active C14-C3’N-linked 
macrocyclic taxoids.  

As shown in Scheme 3-19, RCM reaction was utilized as the key reaction in 
constructing the macrocyclic taxoids from diene 3-44, which was synthesized using the 
C13 coupling59 of modified baccatin 3-36 with β-lactam 3-45. The β-Lactam 3-45 was 
prepared through [2+2] ketene-imine cycloaddition followed by enzymatic kinetic 
resolution. 
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The synthesis of 3-allyl-β-lactam 3-53 is shown in Scheme 3-20, following a reported 
protocol developed in our laboratory.59 First, O-allylation of salicylaldehyde with allyl 
bromide was performed with K2CO3 in acetone, affording 3-46 in quantitative yield after 
reflux for 2 h.66 Aldehyde 3-46 was reacted with p-anisidine in dichloromethane to 
generate N-p-methoxyphenyl-o-allyloxybenzaldimine 3-47.67 Imine 3-47 was 
cyclocondensed with acetoxyacetyl chloride, in the presence of triethylamine, affording 
the corresponding racemic β-lactam 3-48 in 98% yield for two steps. Enzymatic 
resolution of 3-48 was performed to 3-48 to give enantiopure β-lactam (+)-3-48 with 40% 
yield after 6 days. Then, the para-methoxyphenyl (PMP) group in optically pure β-lactam 
(+)-3-48 was removed by using ammonium cerium nitrate (CAN), followed by 
hydrolysis of the acetic group. The resulting hydroxyl group was protected as a TES ether 
to afford 3-52 in good yield. The benzoylation of 3-52 afforded β-lactam 3-53 in 99% 
yield. 

 
CHO

OH
Allyl bromide (2 eq), 

K2CO3 (2 eq),
acetone, reflux, 2 h

100%

CHO
O

p-Anisidine (1 eq), 
MgSO4 (4 eq),
CH2Cl2, 40 oC

overnight O

N

OMe

AcOCH2COCl (1.5 eq), 
Et3N (2 eq), CH2Cl2, 
-78 °C~r.t., overnight
98% in 2 steps

N
O

AcO

(+/-)

PMP

O
CH3CN,buffer (0.2 M, pH=7.5),
 PS-AMANO, 50 oC, 6.5 daysN

O

AcO

PMP

O N
O

HO

PMP

O+

40% 45%

3-46 3-47

3-48(+)-3-48 (-)-3-49

CAN (3.5 eq), 
CH3CN/H2O,

-10 °C, 20 min

N
O

AcO

H

O

89%
(1) 1 M KOH(10 eq), 

THF, 0°C, 1h;
(2) TESCl (1.1 eq), 

Et3N (2 eq), 
DMAP (0.03 eq), 

CH2Cl2, 0 °C, 4 min
78% in 2 steps3-50

N
O

TESO

H

O

Benzoyl chloride (1.1 eq), 
DMAP (0.02 eq) , 

Et3N (2 eq), CH2Cl2, r.t., 
overnight

99%
N

O

TESO

O

O

Ph

3-51
3-52  

Scheme 3-20. Synthesis of β-lactam 3-52 
 

The synthesis of β-lactam 3-61 is shown in Scheme 3-21. The reduction of 3-21 by 
LiAlH4 in refluxing THF afforded the desired alcohol 3-53 in 95% yield.68 Since the 
oxidation of 3-53 was not complete by SO3-Py, PCC was used to give complete 
conversion after 2.5 h.69 The resulting aldehyde 3-54 was reacted with p-anisidine to give 
the crude imine 3-55, which underwent cycloaddition with acetoxyacetylchloride to 
afford the desired β-lactam 3-56 in 79% yield in 3 steps.67 Enzymatic kinetic resolution 
afforded enantiopure (+)-3-56 in 43% yield and alcohol (-)-3-57 in 46% yield. 
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Deprotection of the PMP group by CAN, hydrolysisof the acetyl group, TES protection 
of the resulting hydroxyl group and benzoylation of the N1 position gave the desired β-
lactam 3-61 in good overall yield. 
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Scheme 3-21. Synthesis of β-lactam 3-61 

 
As shown in Scheme 3-22, the Ojima-Holton coupling reaction of 3-36 with 3-52 

proceeded smoothly. However, when the reaction was quenched by dilute sodium 
bicarbonate solution, one of the TES groups was lost under the basic conditions, giving 
diene 3-62 in 60% yield. The desired macrocycle taxoid 3-63 was obtained, after 
refluxing 3-62 for two days, using 40% the “first-generation Grubbs catalyst”26 in a 
concentrated solution. Then the silyl group was removed using HF-pyridine to afford 
K2a in good yield (E-isomer only). 
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Scheme 3-22. Synthesis of K2a 

 
The synthesis of K1a is shown in Scheme 3-23. The Ojima-Holton coupling of the 

modified bacctin 3-36 with β-lactam 3-61 gave diene 3-64 in 75% yield. RCM reaction 
using the “first-generation Grubbs catalyst” gave a mixture of macrocyclic compounds 3-
65 (Z-isomer) in 60% yield and the E-isomer in 24% yield. K1a was obtained after the 
final deprotection in high yield. 
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Scheme 3-23. Synthesis of K1a 
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§ 3.2.6 In vitro Cytotoxicity Assay of Macrocyclic Taxoids 
 

Paclitaxel, SB-T-2053, SB-T-2054, SB-T-2055Z/E, SB-TCR-501, K1a, K2a and 
one second-generation taxoid SB-T-1214 were evaluated for their cytotoxicity against six 
cancer cell lines by standard MTT assay.  

MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay is a 
standard colorimetric assay for measuring cellular proliferation (cell growth). It can also 
be used to determine cytotoxicity of potential medicinal agents and other toxic materials. 
The mechanism of the MTT assay is shown in Scheme 3-24. The yellow salt can dissolve 
in water solution and is reduced by mitochondrial reductase in live cell. The product of 
the reaction is a blue crystal that can only dissolves in acidic organic solvent.70 
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Scheme 3-24 MTT assay 

 
All cell lines were obtained from the Roswell Park Cancer Institute and were cultured 

by the standard procedure. All experiments were performed in 96-well plates and 
repeated three times in parallel. The standard deviations were usually less than 10%.  

As shown in Table 3-7, SB-T-2053 is 3-10 times less active than paclitaxel in the 
drug-sensitive cell lines and 2-3 times less active in the drug-resistent cell lines. Similar 
results were obtained in the previous studies. SB-T-2054 shows a slightly higher activity 
compared to paclitaxel, similar to K2a, against all cell lines. SB-T-2055Z and SB-T-
2055E are much less active than paclitaxel, while the Z isomer is ~ 10 times more active 
than the E isomer. SB-TCR-501 only shows micromolar activities, similar to SB-T-
2055E, due to the blockage of the important C2’-OH. Kingston’s most active compound 
K1a is at least 10 times more active than paclitaxel. K1a also shows similar activity to 
SB-T-1214 against the drug-sensitive cell lines, but is less active than SB-T-1214 against 
the drug-resistant cell lines. 
 



 

 128 

Table 3-7. Cytotoxicity assay of macrocyclic taxoids 
   IC50 (nM)a     
Compounds A2780b MCF7c NCI-ADRd LCC6-WTe LCC6-MDR f HT-29g 
Paclitaxel 36.10 1.85 394.6 2.45 110.2 7.28 
SB-T-2053 114.0 12.27 591.7 12.20 300.3 29.23 
SB-T-2054 31.00 3.49 425.3 2.09 129.4 16.97 

K2a 25.27 2.97 100.9 4.86 298.6 3.10 
K1a 2.78 0.19 8.19 0.28 7.97 0.06 

SB-T-1214 2.83 0.33 5.73 0.39 2.36 0.29 
SB-T-2055E 1475 1650 10013 2066 2285 522.9 
SB-T-2055Z 198.0 196.4 1134 348.0 1923 62 
SB-TCR-501 1839 2286  - 1789 3211 2115 

aConcentration of compound which inhibits 50% (IC50, nM) of the growth of human tumor 
cell line after 72 h drug exposure. bA2780 human ovarian carcinoma (Pgp-). cMCF7: human 
breast carcinoma cell line (Pgp-). dNCI/ADR: multi-drug resistant human ovarian carcinoma 
cell line (Pgp+). eLCC6-WT: human breast carcinoma cell line (Pgp-). fLCC6-MDR: mdr1 
transduced cell line (Pgp+). gHT-29 human colon carcinoma (Pgp-). 
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§ 3.3 Summary 
 

Several macrocyclic paclitaxel analogues were designed and synthesized based on the 
binding conformations of paclitaxel in β-tubulin. SB-TCR-102, designed based on the 
old model, did not show any activity in both cytotoxicty assay and tubulin polymerization 
assay.  

The REDOR-Taxol conformation was proposed as the bioactive conformation based 
on the REDOR-NMR, photoaffinity labeling and molecular modeling studies. A series of 
C3’N-C14-linked macrocyclic taxoids were synthesized. SB-T-2053 showed 2-15 times 
less activity than paclitaxel in cytotoxicity assay, but similar or slightly higher activity in 
tubulin polymerization assay. SB-T-2054, obtained from a unique ring-closing reaction, 
possessed the same-size but more rigid ring than that of SB-T-2053 and showed similar 
or slightly higher activity than paclitaxel. SB-T-2055Z and SB-T-2055E, with more 
flexible structures, possessed much less activity than paclitaxel. SB-TCR-501 showed 
only micromolar activity because of the lack of the important C2’-OH. Kingston’s two 
macrocyclic taxoids were also synthesized and compared to our taxoids. K1a was very 
acitive as reported, similar to the second-generation taxoid, SB-T-1214, while K1b 
showed similar activity to SB-T-2054 or paclitaxel. 
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§ 3.4 Experimental Section 
 
General Methods: 1H and 13C NMR spectra were measured on a Varian 300, 400, 500 or 
600 NMR spectrometer. Melting points were measured on a Thomas Hoover Capillary 
melting point apparatus and are uncorrected. Optical rotations were measured on a 
Perkin-Elmer Model 241 polarimeter. IR spectra were recorded on a Perkin-Elmer Model 
1600 FT-IR spectrophotometer. TLC was performed on Merck DC-alufolien with 
Kieselgel 60F-254 and column chromatography was carried out on silica gel 60 (Merck; 
230-400 mesh ASTM). Purity was determined with a Waters HPLC assembly consisting 
of dual Waters 515 HPLC pumps, a PC workstation running Millennium 32, and a 
Waters 996 PDA detector, using a Phenomenex Curosil-B column, employing 
CH3CN/water (2/3) as the solvent system with a flow rate of 1 mL/min. High-resolution 
mass spectra were obtained from Mass Spectrometry Laboratory, University of Illinois at 
Urbana-Champaign, Urbana, IL. 
 
Materials: The chemicals were purchased from Aldrich Co. and Sigma and purified 
before use by standard methods. Tetrahydrofuran was freshly distilled from sodium metal 
and benzophenone. Dichloromethane was also distilled immediately prior to use under 
nitrogen from calcium hydride. 10-Deacetylbaccatin III (DAB) and 14-β-hydroxy-10-
deacetyl baccatin III (14-OH-DAB) were obtained from Indena, SpA, Italy. 
 
1-Dimethylhydrosilyl-7,10,13-tris(triethylsilyl)-10-deacetylbaccatin (3-6):42 
To a solution of 7,10,13-tris-TES-10-DAB 1-28 (250 mg, 0.281 mmol) and imidazole (77 
mg, 1.972 mmol) in DMF (1.25 mL) was added chlorodimethylsilane (0.094 mL, 0.844 
mmol) at 0 oC. The reaction mixture was stirred at 0 oC for 20 min and quenched with 
saturated aqueous NH4Cl solution (5 mL) and extracted with EtOAc (30 mL x 3). The 
organic layer was washed with H2O (10 mL x 2) and brine (10 mL) and dried over 
anhydrous MgSO4. The solvent was removed under reduced pressure and the residue was 
purified on a silica gel column using hexanes:EtOAc (15/1) as the eluent to afford 3-6 as 
a white solid (278 mg, 100%): mp 85-87 oC; 1H NMR (400 MHz, CDCl3) δ -0.30 (d, J = 
2.8 Hz, 3 H), 0.06 (d, J = 2.8 Hz, 1 H), 0.55-0.72 (m, 18 H), 0.94-1.05 (m, 27 H), 1.10 (s, 
3 H), 1.18 (s, 3 H), 1.65 (s, 3 H), 1.88 (m, 1 H), 1.98 (s, 3 H), 2.28 (s, 3 H), 2.34 (m, 2 H), 
2.51 (m, 1 H), 3.84 (d, J = 6.8 Hz, 1 H), 4.23 (dd, J = 13.2, 8.4 Hz, 2 H), 4.38 (dd, J = 
10.4, 6.0, 1 H), 4.53 (m, 1 H), 4.95 (m, 2 H), 5.16 (s, 1 H), 5.71 (d, J = 6.8 Hz, 1 H), 7.46 
(t, J = 8.0 Hz, 2 H), 7.57 (t, J = 7.6 Hz, 1 H), 8.10 (d, J = 6.8 Hz, 2 H); 13C NMR (62.9 
MHz, CDCl3) δ -0.3, 0.1, 4.1, 4.6, 5.0, 5.2, 5.5, 5.8, 6.2, 6.6, 6.7, 10.1, 13.9, 14.2, 20.6, 
21.1, 22.1, 27.0, 37.2, 39.1, 43.8, 46.4, 58.0, 60.0, 68.2, 72.5, 75.5, 75.6, 76.3, 80.8, 81.8, 
83.8, 128.1, 129.8, 130.3, 132.9, 135.7, 138.4, 165.1, 167.3, 168.1, 169.6, 205.2. All data 
are consistent with the reported values.42  
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1-Dimethylhydrosilyl-4-deacetyl-7,10,13-tris(triethylsilyl)-10-deacetylbaccatin  
(3-7): 42 
To a solution of 3-6 (278 mg, 0.286 mmol) in THF (6 mL) was added Red-Al (65% in 
toluene, 0.7 mL, 2.29 mmol) at 0 oC and was warmed up to 4 oC over 2 h. The reaction 
was quenched with saturated aqueous NH4Cl solution (30 mL) and extracted with EtOAc 
(30 mL x 3). The organic layer was washed with H2O (10 mL) and brine (10 mL) and 
dried over anhydrous MgSO4. The solvent was removed under reduced pressure and the 
residue was purified on a silica gel column using hexanes:EtOAc (30/1) as the eluent to 
afford 3-7 as a white solid (183 mg, 74%): mp 86-88 oC; 1H NMR (400 MHz, CDCl3) δ -
0.31 (d, J = 2.8 Hz, 3 H), 0.04 (d, J = 2.8 Hz, 1 H), 0.51-0.80 (m, 18 H), 0.81-1.09 (m, 27 
H), 1.09 (s, 3 H), 1.18 (s, 3 H), 1.55 (s, 3 H), 1.94 (s, 3 H), 1.99 (m, 1 H), 2.44 (m, 1 H), 
2.55 (m, 1 H), 2.80 (dd, J = 15.2, 2.4 Hz, 1 H), 3.60 (d, J = 5.6 Hz, 1 H), 3.76 (s, 1 H), 
4.02 (dd, J = 12.0, 6.0 Hz, 1 H), 4.20 (d, J = 7.6 Hz, 1 H), 4.30 (d, J = 7.6 Hz, 1 H), 4.57 
(m, 1 H), 4.67 (m, 2 H), 5.22 (s, 1 H), 5.59 (d, J = 7.5 Hz, 1 H), 7.42 (t, J = 8.0 Hz, 2 H), 
7.62 (tt, J = 9.2, 1.2 Hz, 1 H), 8.12 (d, J = 6.8 Hz, 2 H); 13C NMR (62.9 MHz, CDCl3) δ 
0.2, 0.6, 4.6, 5.1, 5.9, 6.7, 6.8, 6.9, 9.9, 17.0, 18.3, 29.9, 37.6, 38.3, 42.9, 51.5, 59.2, 69.9, 
73.0, 73.5, 74.7, 76.4, 79.5, 80.2, 88.3, 128.2, 130.2, 132.9, 135.6, 140.3, 165.0, 205.5. 
HRMS (FAB/DCM/NaCl) m/z calcd. for C47H82O9Si4H+: 903.5114 found: 903.5087 (Δ = 
-3.0 ppm). All data are consistent with the reported values.42  
 
1-Dimethylhydrosilyl-4-deacetyl-4-(pent-4-enoyl)-7,10,13-tris(triethylsilyl)-10-
deacetylbaccatin (3-8):42 
To a solution of 3-7 (179 mg, 0.198 mmol) in THF (1.8 mL) was added LiHMDS (1 N in 
THF, 0.23 mL, 0.23 mmol) at -30 oC. The reaction mixture was stirred for 5 min and 
pent-4-enoyl chloride (0.025 mL, 0.23 mmol) was added at -30 oC. The reaction mixture 
was warmed up to -10 oC over 20 min, quenched with saturated aqueous NH4Cl solution 
(20 mL) and extracted with EtOAc (30 mL x 3). The organic layer was washed with brine 
(10 mL) and dried over anhydrous MgSO4. The solvent was removed under reduced 
pressure and the residue was purified on a silica gel column using hexanes:EtOAc (40/1) 
as the eluent to afford 3-8 as a white solid (170 mg, 87%): mp 132-134 oC; 1H NMR (300 
MHz, CDCl3) δ -0.30 (d, J = 2.7 Hz, 3 H), 0.05 (d, J = 2.7 Hz, 1 H), 0.53-0.73 (m, 18 H) 
(m, 18 H), 0.85-1.02 (m, 27 H) (m, 27 H), 1.10 (s, 3 H), 1.18 (s, 3 H), 1.65 (s, 3 H), 1.86 
(m, 1 H), 1.96 (s, 3 H), 2.29 (m, 2 H), 2.52 (m, 3 H), 2.64 (m, 2 H), 3.82 (d, J = 6.9 Hz, 1 
H), 4.22 (m, 2 H), 4.36 (dd, J = 10.5, 6.6 Hz, 1 H), 4.53 (m, 1 H), 4.87 (d, J = 6.3, 1 H), 
4.95 (d, J = 9.9, 1 H), 5.13 (m, 3 H), 5.71 (d, J = 6.9 Hz, 1 H), 5.89 (m, 1 H), 7.45 (t, J = 
7.5 Hz, 2 H), 7.57 (t, J = 7.5 Hz, 1 H), 8.10 (d, J = 7.5 Hz, 2 H); 13C NMR (62.9 MHz, 
CDCl3) δ 0.0, 0.3, 4.8, 4.9, 5.2, 6.0, 6.8, 6.9, 10.4, 14.3, 21.5, 27.3, 29.0, 34.5, 37.3, 39.3, 
44.0, 46.6, 58.2, 68.3, 72.6, 75.6, 75.9, 76.5, 76.6, 81.1, 82.0, 84.2, 116.0, 128.3, 130.1, 
130.5, 133.1, 135.9, 136.2, 138.5, 165.3, 171.6, 205.5. All data are consistent with 
literature data.42  
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4-Deacetyl-4-(pent-4-enoyl)baccatin (3-9):42 
To a solution of 3-8 (171 mg, 0.184 mmol) in pyridine/acetonitrile (1:1, 6.8 mL) was 
added dropwise HF/pyridine (70:30, 1.7 mL) at 0 oC, then the mixture was stirred for 
overnight at room temperature. The reaction was quenched with saturated aqueous 
NaHCO3 solution (5.0 mL). The mixture was then diluted with EtOAc (60 mL), washed 
with saturated aqueous CuSO4 solution (10 mL x 3) and H2O (10 mL), dried over 
anhydrous MgSO4 and concentrated in vacuo to afford 4-deacetyl-4-(pent-4-enoyl)-10-
deacetyl-baccatin as a white solid (125 mg). The crude product was used in the next step 
without further purification.  
To a solution of product (125 mg, crude), thus obtained, in THF (6.5 mL) were added 
CeCl3.7H2O (8 mg, 0.02 mmol) and acetic anhydride (0.25 ml, 1.84 mmol). Then, the 
mixture was stirred for 2 h at room temperature and quenched with H2O (20 mL). The 
mixture was extracted with EtOAc (30 mL x 3), washed with brine (15 mL), dried over 
anhydrous MgSO4 and concentrated in vacuo. The residue was purified on a silica gel 
column using hexanes:EtOAc (1/1) as the eluent to afford 3-9 as a white solid (106 mg, 
98% for 2 steps): 1H NMR (500 MHz, CDCl3) δ 1.08 (s, 3 H), 1.09 (s, 3 H), 1.65 (s, 3 H), 
1.73 (s, 1 H), 1.83 (m, 1 H), 2.03 (s, 3 H), 2.20 (s, 3 H), 2.25 (m, 2 H), 2.35 (s, 1 H), 2.48 
(q, J = 12.0 Hz, 2 H), 2.55 (m, 2 H), 2.69 (m, 2 H), 3.87 (d, J = 7.0 Hz, 1 H), 4.14 (d, J = 
8.5 Hz, 1 H), 4.29 (d, J = 8.5 Hz, 1 H), 4.48 (m, 1 H), 4.85 (d, J = 6.5 Hz, 1 H), 4.93 (d, J 
= 9.0 Hz, 1 H), 5.10 (m, 2 H), 5.61 (d, J = 6.9 Hz, 1 H), 5.89 (m, 1 H), 6.31 (s, 1 H), 7.47 
(t, J = 7.5 Hz, 2 H), 7.60 (t, J = 7.5 Hz, 1 H), 8.09 (d, J = 7.0 Hz, 2 H). All data are 
consistent with literature data.42  

 
7-Triethylsilyl-4-deacetyl-4-(pent-4-enoyl)baccatin (3-2):42 
To a solution of 3-9 (99 mg, 0.158 mmol) and imidazole (43.0 mg, 0.632 mmol) in dry 
DMF (1.6 mL) was added chlorotriethylsilane (0.11 μL, 0. 474 mmol) dropwise via 
syringe at 0 oC. The reaction mixture was stirred for 1 h at room temperature and 
quenched with saturated aqueous NH4Cl solution (20 mL).  The mixture was extracted 
with EtOAc (300 mL x 3), washed with water (10 mL x 2), and brine (10 mL), dried over 
MgSO4, and concentrated in vacuo. The crude product was purified on a silica gel 
column using hexanes:EtOAc (4/1 followed by 2/1) as the eluent to give 3-2 as a white 
solid (95 mg, 81%): mp 114-116 oC; 1H NMR (300 MHz, CDCl3) δ 0.58 (m, 6 H), 0.92 
(m, 9 H), 1.04 (s, 3 H), 1.19 (s, 3 H), 1.68 (s, 3 H), 1.87 (m, 1 H), 1.96 (d, J = 5.4 Hz, 1 
H), 2.18 (s, 6 H), 2.27 (d, J = 8.1 Hz, 2 H), 2.52 (m, 4 H), 2.69 (m, 2 H), 3.87 (d, J = 6.9 
Hz, 1 H), 4.15 (d, J = 8.4 Hz, 1 H), 4.31 (d, J = 8.7 Hz, 1 H), 4.49 (m, 1 H), 4.84 (m, 1 H), 
4.91 (d, J = 7.8 Hz, 1 H), 5.11(m, 2 H), 5.63 (d, J = 6.6, 1 H), 5.91 (m, 1 H), 6.46 (s, 2 H), 
7.48 (t, J = 7.5 Hz, 2 H), 7.61 (t, J = 6.9 Hz, 1 H), 8.12 (d, J = 7.2 Hz, 2 H); 13C NMR 
(62.9 MHz, CDCl3) δ 5.5, 7.0, 10.2, 15.1, 20.3, 21.2, 27.0, 29.0, 34.9, 37.5, 38.5, 43.0, 
47.6, 58.9, 68.2, 72.6, 75.0, 76.0, 76.8, 79.0, 81.1, 84.5, 116.1, 128.8, 129.6, 130.3, 132.9, 
133.9, 136.9, 144.1, 167.3, 169.6, 172.7, 202.4. HRMS (FAB/DCM/NaCl) m/z calcd. for 
C40H56O11Si3H+: 741.3670 found: 741.3668 (Δ = 0.2 ppm). All data are consistent with 
literature data.42  
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(3R,4S)-1-(4-Methoxyphenyl)-3-triethylsilyloxy-4-phenylazetidin-2-one (3-10):42 
To a mixture of THF (21 mL) and 1 N KOH (18 mL) at 0 °C was added a solution of 1-
12 (565 mg, 1.81 mmol) in THF (31 mL). The solution was stirred at 0 °C for 1 h and 
saturated NH4Cl solution (30 mL) was added. The mixture was extracted with ethyl 
acetate (30 mL x 3), dried over MgSO4 and concentrated to give (3R,4S)-1-(4-
methoxyphenyl)-3-hydroxyl– 4-phenyl-azetidin-2-one (1-13) as white solid (468 mg, 
crude). 
To a solution of 1-13, thus obtained, and DMAP (42 mg, 0.34 mmol) in CH2Cl2 (7.5 mL) 
was added triethylamine (0.75 mL, 5.13 mmol) and TESCl (0.43 mL, 2.57 mmol).  The 
reaction mixture was stirred for 1.5 h and quenched with saturated aqueous NH4Cl 
solution (30 mL), extracted with ether (50 mL x 3), and washed with brine (10 mL). The 
organic layers were combined, dried over anhydrous MgSO4, and the solvent was 
removed under reduced pressure. The crude product was purified on a silica gel column 
using hexanes/EtOAc (15:1) as the eluent to afford 3-10 as a white solid (681 mg, 96 % 
yield for two steps): mp 108-109°C; 1H NMR (300 MHz, CDCl3) δ 0.45 (m, 6 H), 0.78 (t, 
J = 8.1 Hz, 9 H), 3.74 (s, 3 H), 5.11 (d, J = 5.1 Hz, 1 H), 5.14 (d, J = 5.1 Hz, 1 H), 6.78 (d, 
J = 9.0 Hz, 2 H), 7.35 (m, 7 H). HRMS (FAB/DCM/NaCl) m/z calcd. for C22H29NO3SiH+: 
384.1995 found: 384.1996 (Δ = 0.3 ppm). All data are consistant with literature data.52  
  
(3R,4S)-1-(4-Methoxyphenyl)-3-allyl-3-triethylsilyloxy-4-phenylazetidin-2-one (3-11): 
To a solution of diisopropylamine (0.133 mL, 0.934 mmol) in THF (4.5 mL) was added 
2.5 M n-butyllithium in hexane (0.375 mL, 0.934 mmol) at -15 oC and the reaction 
mixture was stirred for 30 min at -20 oC. Then, the reaction mixture was cooled down to  
-30 oC and a solution of β-lactam 3-10 (239 mg, 0.623 mmol) in THF (3.1 mL) was 
added slowly via cannula. The reaction mixture was stirred at -30 oC for 30 min and allyl 
bromide (0.165 mL, 1.87 mmol) was added. The reaction mixture was warmed up to -10 
oC over 1 h, quenched with saturated aqueous NH4Cl solution (20 mL), and extracted 
with EtOAc (30 mL x 3). The organic layers were combined and dried over anhydrous 
MgSO4. The solvent was removed under reduced pressure and the crude product was 
purified on a silica gel column using hexanes:EtOAc (50/1) as the eluent to afford β-
lactam 3-11 as a colorless oil (192 mg, 75%): 1H NMR (400 MHz, CDCl3) δ 0.50 (m, 6 
H), 0.73 (m, 9 H), 2.62 (dd, J = 14.0, 7.6 Hz, 1 H), 2.76 (dd, J = 14.0, 7.6 Hz, 1 H), 3.76 
(s, 3 H), 4.97 (s, 1 H), 5.26 (m, 2 H), 5.96 (m, 1 H), 6.82 (m, 2 H), 7.19 (m, 2 H), 7.31 (m, 
5 H); 13C NMR (100.5 MHz, CDCl3), δ 5.6, 6.6, 41.3, 55.5, 66.4, 87.1, 114.3, 118.8, 
119.3, 127.5, 127.7, 128.1, 131.0, 132.4, 134.8, 156.2, 166.9. HRMS (FAB/DCM/NaCl) 
m/z calcd. for C25H33NO3SiH+: 424.2308  found: 424.2298 (Δ = -2.4 ppm).  
 
(3R,4S)- 3-Allyl-3-triethylsilyloxy-4-phenylazetidin-2-one (3-12): 
To a solution of 3-11 (382 mg, 0.88 mmol) in acetonitrile (24 mL) and H2O (4 mL) at -10 
oC was added cerium ammonium nitrate (CAN) (1.4 g, 2.65 mmol) in H2O (24 mL) 
dropwise via addition funnel. The reaction mixture was allowed to stir for 0.5 h and 
quenched with saturated aqueous Na2SO3 solution (40 mL). The aqueous layer was 
extracted with EtOAc (50 mL x 3) and the combined organic layers were washed with 
brine (10 mL x 2), dried over anhydrous MgSO4 and concentrated under reduced pressure. 
The crude product was purified on a silica gel column using hexanes:EtOAc (8:1) to yield 
3-12 as a colorless oil (221 mg, 79%): 1H NMR (500 MHz, CDCl3) δ 0.43 (m, 6 H), 0.77 
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(m, 9 H), 4.80 (d, J = 4.5 Hz, 1 H), 5.09 (dd, J = 4.5, 2.5 Hz, 1 H), 6.04 (s, 1 H), 7.34 (m, 
5 H); 13C NMR (100.5 MHz, CDCl3) δ 5.5, 6.5, 41.2, 62.7, 89.0, 118.9, 126.9, 127.3, 
127.8, 132.5, 136.9, 171.4. HRMS (FAB/DCM/NaCl) m/z calcd. for C18H27NO2SiH+: 
318.1889  found: 318.1890 (Δ = 0.2 ppm).  
 
(3R,4S)-1-tert-Butoxycarbonyl-3-triethylsilyloxy-3-allyl-4-phenylazetidin-2-one (3-3): 
To a solution of 3-12 (102 mg, 0.315 mmol), DMAP (12 mg, 0.089 mmol) and 
triethylamine (0.17 mL, 0.95 mmol) in CH2Cl2 (2.9 mL) was added di-tert-butyl 
dicarbonate (77 mg, 0.35 mmol) in CH2Cl2 (1 mL). The reaction mixture was stirred 
overnight and quenched with saturated aqueous NH4Cl solution (20 mL). The reaction 
mixture was extracted with EtOAc (30 mL x 3). The organic layer was washed with brine 
(10 mL), dried over MgSO4, and concentrated under reduced pressure. The crude product 
was purified by column chromatography on silica gel using hexanes:EtOAc (30:1) as the 
eluent to yield 3-3 as a colorless oil (136 mg, 99%): 1H NMR (400 MHz, CDCl3) δ 0.43 
(m, 6 H), 0.70 (m, 9 H), 1.43 (s, 9 H), 2.58 (dd, J = 14.0, 7.6 Hz, 1 H), 2.69 (dd, J = 14.0, 
6.0 Hz, 1 H), 4.89 (s, 1 H), 5.28 (m, 3 H), 5.94 (m, 1 H), 7.13 (d, J = 8.4 Hz, 2 H), 7.30 
(m, 3 H); 13C NMR δ (100.5 MHz, CDCl3) δ 5.5, 6.7, 27.8, 41.0, 65.6, 83.4, 87.1, 119.9, 
126.9, 127.6, 127.9, 131.4, 134.6, 148.2, 167.6. HRMS (FAB/DCM/NaCl) m/z calcd. for 
C23H35NO4SiH+: 418.2414  found: 418.2412 (Δ = -0.4 ppm).  
 
10-Acetyl-4-deacetyl-4-(pent-4-enoyl)-7-triethylsilyl-2’-allyl-2’-triethylsilyloxy-
docetaxel (3-1): 
To a solution of 3-2 (40 mg, 0.054 mmol) and β-lactam 3-3 (113 mg, 0.27 mmol) in THF 
(6 mL) was added NaHMDS (1 N in THF, 0.08 ml, 0.08 mmol) at -30 oC. The reaction 
mixture was stirred for 20 min, quenched with saturated aqueous NH4Cl solution, and 
extracted with EtOAc. The organic layers were combined, dried over MgSO4, and solvent 
was removed under reduced pressure. The residue was purified by column 
chromatography on silica gel using hexanes:EtOAc (14:1) to afford 3-1 as a white solid 
(53 mg, 85%): mp 103-105 oC; 1H NMR (600 MHz, CDCl3) δ 0.58 (m, 6 H), 0.78 (m, 6 
H), 0.92 (m, 18 H), 1.17 (s, 9 H), 1.25 (s, 6 H), 1.30 (s, 3 H), 1.87 (m, 1 H), 2.00 (s, 3 H), 
2.18 (s, 3 H), 2.22 (m 2 H), 2.35 (m, 1 H), 2.53 (m, 2 H), 2.72 (m, 3 H), 3.29 (m, 1 H), 
3.81 (d, J = 7.2 Hz, 1 H), 4.19 (d, J = 8.4 Hz, 1 H), 4.31 (d, J = 8.4 Hz, 1 H), 4.47 (m, 1 
H), 4.88 (d, J = 9.6 Hz, 1 H), 5.10 (m, 3 H), 5.22 (d, J = 10.8 Hz, 1 H), 5.33 (d, J = 9.6 
Hz, 1 H), 5.71 (d, J = 6.6, 1 H), 5.97 (m, 1 H), 6.31 (t, J = 9.0 Hz, 1 H), 6.46 (s, 1 H), 
7.32 (s, 5 H), 7.48 (t, J = 7.2 Hz, 2 H), 7.59 (t, J = 6.6 Hz, 1 H), 8.18 (d, J = 7.2 Hz, 2 
H);13C NMR (100.5 MHz, CDCl3) δ 5.3, 6.7, 7.1, 7.4, 10.2, 14.7, 20.9, 26.9, 28.1, 30.1, 
31.6, 35.6, 37.2, 41.9, 43.5, 46.7, 58.4, 60.1, 72.3, 72.4, 74.9, 75.1, 79.2, 79.5, 81.7, 83.4, 
84.4, 116.7, 119.9, 128.0, 128.6, 128.8, 129.3, 130.4, 131.8, 132.9, 133.5, 136.0, 137.8, 
140.9, 154.5, 167.1, 169.2, 172.1, 174.3, 201.8; HRMS (FAB/DCM/NaCl) m/z calcd. for 
C63H91NO15Si2H+: 1158.6006  found: 1158.5989  (Δ = -1.4 ppm). 
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7,2’-Bistriethylsilyl-SB-TCR-102 (3-13):  
To a solution of 3-1 (50 mg, 0.043 mmol) in CH2Cl2 (24 mL) was added the “first-
generation Grubbs catalyst” (10 mg, 0.01 mmol) in CH2Cl2 (0.2 mL). The reaction was 
stirred overnight and solvent was removed under reduced pressure. The crude product 
was passed through a short silica gel column using hexanes:EtOAc (8:1) to remove the 
catalyst to afford 3-13 as a yellow solid (40 mg, 82%): mp 143-146oC; 1H NMR (600 
MHz, CDCl3) δ 0.58 (m, 6 H), 0.83 (m, 6 H)), 0.93 (m, 9 H), 0.99 (m, 9 H), 1.22 (s, 3 H), 
1.26 (s, 3 H), 1.32 (s, 9 H), 1.67 (s, 3 H), 1.88 (m, 1 H), 1.91 (s, 3 H), 2.19 (s, 3 H), 2.22 
(m 2 H), 2.36 (m, 1 H), 2.53 (m, 2 H), 2.66 (m, 2 H), 2.82 (m, 2 H), 3.59 (d, J = 6.6 Hz, 1 
H), 4.16 (d, J = 7.8 Hz, 1 H), 4.33 (d, J = 8.4 Hz, 1 H), 4.45 (dd, J = 10.8, 7.2 Hz, 1 H), 
4.80 (d, J = 8.4 Hz, 1 H), 5.01 (d, J = 9.0 Hz, 1 H), 5.23 (d, J = 9.0, 1 H), 5.47 (t, J = 8.5 
Hz, 1 H), 5.72 (d, J = 7.8, 1 H) (H2), 5.89 (t, J = 9.6 Hz, 1 H), 5.98 (dd, J = 15.0, 11.2 Hz, 
1 H), 6.47 (s, 1 H), 7.36 (m, 5 H), 7.53 (t, J = 7.8 Hz, 2 H), 7.65 (t, J = 7.8 Hz, 1 H), 8.13 
(d, J = 7.2 Hz, 2 H); 13C NMR (100.5 MHz, CDCl3) δ 5.3, 6.7), 6.7, 7.3, 10.2, 14.6, 20.9, 
21.2, 26.7, 28.2, 29.7, 32.9, 35.5, 37.0, 43.4, 47.1, 57.9, 72.1, 74.7, 75.3, 76.3, 79.5, 79.7, 
80.5, 82.8, 84.0, 125.8, 128.1, 128.3, 128.6, 128.6, 129.4, 130.2, 132.9, 133.6, 137.5, 
141.5, 154.9, 167.0, 169.1, 171.9, 174.3, 201.9; HRMS (FAB/DCM/NaCl) m/z calcd. for 
C61H89NO15Si2H+: 1130.5693  found: 1130.5634  (Δ = -5.2 ppm). 
 
SB-TCR-102: 
To the solution of 3-13 (39 mg, 0.345 mmol) in CH3CN (0.8 mL) and pyridine (0.8 mL) 
was added HF-pyridine (70:30, 0.4 mL) and the reaction mixture was stirred overnight. 
The reaction mixture was diluted with EtOAc (100 mL) and washed with saturated 
aqueous NaHCO3 solution (10 mL), CuSO4 solution (5 mL x 3), water (10 mL) and brine 
(10 mL). The organic layer was dried over anhydrous MgSO4 and solvent was removed 
under reduced pressure. The residue was purified by column chromatography on silica 
gel using hexanes:EtOAc (2:1) as the eluent to afford SB-TCR-102 as a white solid (20 
mg, 70%): mp 190-192 oC; [α]D

22 –86 (c 0.34, CHCl3); 1H NMR (500 MHz, CDCl3) δ 
1.16 (s, 3 H), 1.25 (s, 3 H), 1.30 (s, 9 H), 1.67 (s, 3 H), 1.85 (m, 1 H), 1.87 (s, 3 H), 2.18 
(m 2 H), 2.24 (s, 3 H), 2.48 (m, 4 H), 2.59 (m, 1 H), 2.85 (dt, J = 14.4, 2.8 Hz, 1 H), 3.07 
(m, 1 H), 3.61 (d, J = 6.0 Hz, 1 H), 3.89 (s, 1H), 4.16 (d, J = 6.8 Hz, 1 H), 4.36 (d, J = 7.2 
Hz, 1 H), 4.43 (dd, J = 8.8, 5.2 Hz, 1 H), 4.81 (d, J = 7.2 Hz, 1 H), 5.05 (d, J = 6.0 Hz, 1 
H), 5.15 (d, J = 9.0, 1 H), 5.46 (t, J = 9.0 Hz, 1 H), 5.72 (d, J = 5.6, 1 H), 5.98 (m, 1 H), 
6.30 (s, 1 H), 7.38 (m, 5 H), 7.54 (t, J = 8.0 Hz, 2 H), 7.66 (t, J = 6.0 Hz, 1 H), 8.14 (d, J 
= 6.0 Hz, 2 H); 13C NMR (100.5 MHz, CDCl3) δ 9.7, 15.4, 20.8, 21.2, 26.7, 28.2, 29.7, 
33.2, 33.6, 35.2, 35.6, 43.4, 46.1, 58.2, 72.1, 75.3, 75.6, 76.3, 79.3, 79.8, 80.1, 80.7, 84.3, 
125.9, 128.7, 128.9, 128.9, 129.0, 129.5, 129.7, 130.5, 132.4, 133.9, 137.2, 143.9, 155.3, 
167.3, 171.6, 172.4, 176.8, 204.1. HRMS (FAB/DCM/NaCl) m/z calcd. for 
C49H59NO15H+: 902.3963,  found: 902.3981 (Δ = 2.0 ppm). 
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14β-Hydroxybaccatin III (3-17): 
To a solution of 14β-OH-baccatin III (200 mg, 0.37 mmol) in THF (13 mL) was added 
CeCl3.7H2O (16 mg, 0.037 mmol) and acetic anhydride (0.5 ml, 3.7 mmol). The mixture 
was stirred 2 h at room temperature and quenched with saturated aqueous NaHCO3 
solution (10 mL). The mixture was then extracted with EtOAc (30 mL x 3), washed with 
brine (15 mL), dried over anhydrous MgSO4 and concentrated in vacuo. The crude 
product 3-17 was used directly for next step without further purification as a white solid 
(256 mg): mp 230-234 oC; [α]D

20 -48 (c 0.42, CH2Cl2); IR (KBr): ν= 3475, 1740, 1717, 
1401, 1240, 1049, 716 cm-1; 1H NMR (500 MHz, CDCl3) δ 1.13 (s, 3 H), 1.16 (s, 3 H), 
1.54 (s, 3 H), 1.69 (s, 3 H), 1.87 (m, 1 H), 2.06 (s, 3 H), 2.22 (s, 3 H), 2.24(s, 2 H), 2.43 
(d, J = 4.0 Hz, 1 H), 2.55 (m, 1 H), 2.90 (d, J = 6.0 Hz, 1 H), 3.20 (s, 1 H), 3.81 (d, J = 
7.5 Hz, 1 H), 4.02 (dd, J = 6.5, 4.0 Hz, 1 H), 4.20 (d, J = 8.5 Hz, 1 H), 4.29 (d, J = 8.0 Hz, 
1 H),  4.45 (m, 1 H), 4.78 (t, J = 5.0 Hz, 1 H), 4.98 (d, J = 8.0 Hz, 1 H), 5.81 (d, J = 7.0 
Hz, 1 H), 6.31 (s, 1 H), 7.50 (t, J = 8.0 Hz, 2 H), 7.62 (t, J = 7.0 Hz, 1 H), 8.09 (d, J = 6.0 
Hz, 2 H); 13C NMR (75.0 MHz, DMSO-d6) δ 9.6, 14.1, 15.0, 20.8, 21.9, 22.3, 26.4, 36.7, 
42.3, 46.2, 57.7, 59.8, 70.6, 72.1, 73.7, 74.7, 75.2, 75.3, 75.5, 80.0, 83.5, 128.7, 129.7, 
129.8, 131.8, 133.3, 143.2, 165.4, 168.8, 169.9, 202.9. HRMS (FAB/DCM/NaCl) m/z 
calcd. for C31H38O12H+: 603.2441  found: 603.2467 (Δ = - 4.2 ppm). All data are 
consistent with the reported values.42  
 
7-Triethylsilyl-14β-hydroxybaccatin III (3-18):42 
To a solution of 14β-hydroxybaccatin III (3-17) (222 mg, 0.37 mmol) and imidazole (98 
mg, 1.08 mmol) in DMF (5 mL) was added chlorotriethylsilane (0.18 mL, 1.08 mmol) 
dropwise via syringe at room temperature. The reaction mixture was stirred for 5 h at 
room temperature, quenched by saturated NH4Cl, and extracted with EtOAc (30 mL x 3). 
The mixture was washed with H2O (10 mL x 2), brine (10 mL), dried over anhydrous 
MgSO4, and concentrated. The crude product was purified on a silica gel column using 
hexanes/EtOAc (2/1 followed by 1/1) as the eluent to give 3-18 as a white solid (219 mg, 
83% for 2 steps): mp 164-166 oC; 1H NMR (300 MHz, CDCl3) δ 0.58 (m, 6 H), 0.91 (m, 
9 H), 1.02 (s, 3 H), 1.22 (s, 3 H), 1.68 (s, 3 H), 1.86 (m, 1 H) (H6a), 2.14 (s, 3 H), 2.17 (s, 
3 H) (OAc), 2.28 (s, 3 H) (OAc), 2.50 (m, 1 H) (H6b), 3.26 (br s, 1 H), 3.61 (s, 1 H), 3.79 
(br s, 1 H), 3.80 (d, J = 7.2 Hz, 1 H) (H3), 4.01 (d, J = 6.3 Hz, 1 H) (H14), 4.16 (d, J = 
8.3 Hz, 1 H) (H20a), 4.24 (d, J = 8.3 Hz, 1 H) (H20b), 4.46 (dd, J = 6.5, 10.3 Hz, 1 H) 
(H7), 4.67 (d, J = 5.5 Hz, 1 H), 4.93 (d, J = 8.7 Hz, 1 H) (H5), 5.78 (d, J = 7.2 Hz, 1 H) 
(H2), 6.43 (s, 1 H) (H10), 7.41 (t, J = 7.5 Hz, 2 H), 7.55 (t, J = 7.5 Hz, 1 H), 8.02 (d, J = 
7.4 Hz, 2 H);  13C NMR (62.9 MHz, CDCl3) δ 5.2, 6.7, 10.0, 14.6, 20.8, 21.8, 22.3, 26.2, 
37.1, 42.8, 46.5, 58.6, 72.2, 74.1, 74.3, 75.5, 76.3, 76.7, 80.7, 84.1, 128.6, 129.3, 133.5, 
141.3, 165.4, 169.3, 170.3, 202.3. HRMS (FAB/DCM/NaCl) m/z calcd. for 
C37H52O12SiH+: 717.3306  found: 717.3276 (Δ = 4.2 ppm). All data are consistent with 
the reported values.42  
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14-Allyl-7-triethylsilyl-14β-hydroxybaccatin III (3-15):42 
To a solution of 3-18 (63 mg, 0.09 mmol) in DMF (3 mL) was added NaHMDS (1 N in 
THF, 0.1 mL, 1 mmol) at -40 oC. The reaction mixture was stirred for 5 min and then 
allyl iodide (0.012 mL, 0.1 mmol) was added. The reaction was quenched after 1 h with 
saturated aqueous NH4Cl solution (20 mL), extracted with EtOAc (30 mL x 3), and 
washed with H2O (10 mL x 2) and brine (10 mL). The organic layer was dried over 
anhydrous MgSO4, filtered and the solvent was removed under reduced pressure. The 
residue was purified on a silica gel column using hexanes/EtOAc (5/1) as the eluent to 
afford 3-15 as a white solid (74 mg, 82%): mp 133-135 oC; 1H NMR (300 MHz, CDCl3) 
δ 0.55 (m, 6 H), 0.90 (m, 9 H), 1.19 (s, 3 H), 1.60 (m, 2 H), 1.66 (s, 3 H), 1.84 (m, 1 H), 
2.00 (m, 3 H), 2.12 (s, 3 H), 2.29 (s, 3 H), 2.50 (m, 1 H), 3.22 (d, J = 4.2 Hz, 1 H), 3.69 
(d, J = 5.7 Hz, 1 H), 3.77 (m, 2 H), 4.06 (m, 1 H), 4.18 (m, 1 H), 4.29-4.47 (m, 3 H), 4.69 
(bs, 1 H), 4.87-4.98 (m, 3 H), 5.61-5.72 (m, 1 H), 5.83 (d, J = 6.9 Hz, 1 H), 7.42 (m, 2 H), 
7.55 (m, 1 H), 8.06 (m, 2 H); 13C NMR (62.9 MHz, CDCl3) δ 5.1, 5.4, 6.6, 6.7, 9.7, 10.0, 
14.7, 20.8, 21.4, 22.4, 26.2, 37.1, 42.7, 46.4, 58.7, 72.1, 73.0, 74.5, 75.6, 75.7, 76.2, 76.4, 
80.9, 81.5, 82.0, 84.0, 117.4, 128.4, 129.7, 129.8, 133.3, 133.6, 133.7, 141.2, 165.6, 169.3, 
170.1, 201.9.  HRMS (FAB/DCM/NaCl) m/z calcd. for C40H56O12SiH+: 757.3619  found: 
757.3643 (Δ = -3.1 ppm). All data are consistent with the reported values.42  
  
(3R,4S)-3-Triethylsilyloxy-4-phenylazetidin-2-one (3-19):  
To a mixture of THF (6 mL) and 1 M KOH aqueous solution (18 mL) at 0 °C was added 
a solution of 1-14 (236 mg, 1.15 mmol) in THF (6 mL). The solution was stirred at 0 °C 
for 1 h and saturated NH4Cl solution (30 mL) was added. The mixture was extracted with 
dichloromethane (30 mL x 3). The combined organic layers were dried over MgSO4 and 
concentrated to give 1-15 as crude white solid. 
To a solution of the crude 1-15, DMAP (2 mg, 0.02 mmol) and triethylamine (0.25 mL, 
1.6 mmol)in CH2Cl2 (40 mL) was added chlorotriethylsilane (0.14 mL, 1.20 mmol). The 
solution was stirred at 0 °C for 12 min and quenched by saturated NH4Cl solution (20 
mL). The mixture was extracted with CH2Cl2 (30 mL x 3) and the combined organic 
layers were dried over MgSO4. The organic layer was separated using column 
chromatography on silica gel (hexanes/EtOAc = 8/1 and 4/1) to give (3R,4S)-3-
triethylsilyloxy-4-phenylazetidin- 2-one 3-19 as white solid (219 mg, 70% for 2 steps): 
1H NMR (500 MHz, CDCl3) δ 0.42 (m, 6 H), 0.77 (m, 9 H), 4.79 (d, J = 4.5 Hz, 1 H), 
5.09 (dd, J = 4.5, 2.5 Hz, 1 H), 6.04 (s, 1 H), 7.35 (m, 5 H); 13C NMR (62.9 MHz, CDCl3) 
δ 4.4, 6.2, 59.3, 79.3, 127.8, 127.9, 136.2, 170.1. HRMS (FAB/DCM/NaCl) m/z calcd. 
for C15H23NO2SiH+: 278.1576 found: 278.1583 (Δ = 2.4 ppm).  
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2-Allylbenzoic acid (3-21):42 
To a degassed solution of methyl 2-bromobenzoate (0.25 mL, 1.8 mmol), and 
tributylallyltin (0.68 mL, 2.16 mmol) in benzene (11 mL) was added Pd(PPh3)4 (52 mg, 
0.045 mmol), and the mixture was refluxed for 2 days. The reaction mixture was 
concentrated under reduced pressure to afford 3-20 as a yellow oil. 
To a solution of the yellow oil, thus obtained, in methanol (3 mL) was added potassium 
hydroxide (1.01 g, 18 mmol) and the mixture stirred for 15 min. Then, the organic layer 
was washed with 7 M NaOH solution (10 mL x 3). The aqueous layers were combined 
and acidified until the pH value reached 2 using 7 M HCl solution. The aqueous layer 
was extracted with EtOAc (30 mL x 3). The organic layers were combined and dried over 
anhydrous MgSO4. The organic layer was filtered and concentrated under reduced 
pressure. The residue was purified on a silica gel column using hexanes/EtOAc (15/1) as 
the eluent to afford acid 3-21 as a white solid (176 mg, 60% for two steps): 1H NMR (500 
MHz, CDCl3) δ 3.83 (d, J = 6.0 Hz, 2 H), 5.02-5.06 (m, 2 H), 6.00-6.08 (m, 1 H), 7.30-
7.33 (m, 2 H), 7.50 (t, J = 7.5 Hz, 1 H), 8.03 (d, J = 7.5 Hz, 1 H), 11.00-12.00 (broad 
peak, 1 H). HRMS (FAB/DCM/NaCl) m/z calcd. for C10H10O2SiH+: 163.0759 found: 
163.0761 (Δ = 1.2 ppm). All data are consistent with the reported values.42  
 
2-Allylbenzoyl chloride (3-22):42 
To a solution of 2-allylbenzoic acid (92 mg, 0.57 mmol) in CH2Cl2 (2.5 mL) was added 
oxalyl chloride (0.1 mL, 1.14 mmol) and 2 drops of DMF. The reaction mixture was 
stirred for 3 h and then the solvent was removed under vacuum to afford 3-22 as a white 
solid. This crude product was used directly for next step without further purification. 
  
(3R,4S)-1-(2-Allylbenzoyl)-3-triethylsilyloxy-4-phenyl-azetidin-2-one (3-23): 
To a solution of N-H-β-lactam 3-22 (60 mg, 0.216 mmol), triethylamine (0.13 mL, 0.912 
mmol) and DMAP (7 mg, 0.06 mmol) in CH2Cl2 (2.4 mL), was added 2-allylbenzoyl 
chloride in CH2Cl2 (2 mL) dropwise at room temperature. The mixture was stirred 
overnight at room temperature and the reaction was quenched with saturated aqueous 
NH4Cl solution (20 mL). The mixture was then extracted with ethyl acetate (30 mL x 3). 
The combined extracts were dried over anhydrous MgSO4 and concentrated in vacuo. 
The crude product was purified on a silica gel column using hexanes/EtOAc (25/1) as the 
eluent to afford 3-23 as a colorless oil (97 mg, 91% yield): 1H NMR (400 MHz, CDCl3) δ 
0.42 (m, 6 H), 0.77 (m, 9 H), 3.48 (dd, J = 15.6, 6.0 Hz, 1 H), 3.58 (dd, J = 15.6, 6.4 Hz, 
1 H, 5.01 (m, 2 H), 5.14 (d, J = 6.4 Hz, 1 H), 5.33 (d, J = 17.5, 6.4 Hz, 1 H), 5.93 (m, 1 
H), 7.30 (m, 7 H), 7.4 (dd, J = 8.8, 6.8 Hz, 1 H), 7.57 (d, J = 6.8 Hz, 1 H); 13C NMR 
(100.5 MHz, CDCl3) δ 4.3, 6.2, 37.2, 61.3, 76.7, 115.9, 125.9, 128.0, 128.1, 128.3, 128.8, 
130.2, 131.4, 133.1, 133.6, 136.9, 138.9, 165.4, 166.6. HRMS (FAB/DCM/NaCl) m/z 
calcd. for C25H31NO3SiH+: 422.2151  found: 422.2153 (Δ = 0.4 ppm). 
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14β-Allyloxy-3’N-debenzoyl-3’N-(2-allylbenzoyl)-7,2’-triethylsilylpaclitaxel (3-24): 
To a solution of 3-15 (20 mg, 0.026 mmol) and β-lactam 3-23 (33 mg, 0.079 mmol) in 
THF (2.8 mL) was added LiHMDS (1 N in THF, 0.04 ml, 0.04 mmol) at -40 oC. The 
reaction mixture was warmed up to -20 oC over 3 h, quenched with saturated aqueous 
NH4Cl solution (20 mL), and extracted with EtOAc (20 mL x 3). The organic layers were 
combined and solvent was removed under reduced pressure. The residue was purified by 
column chromatography on silica gel (hexanes/EtOAc = 7/1) to afford 3-24 as a white 
solid (22 mg, 72%): mp 99-102 oC; 1H NMR (500 MHz, CDCl3) δ 0.35-0.47 (m, 6 H), 
0.55-0.63 (m, 6 H), 0.79 (m, 9 H), 0.93 (m, 9 H), 1.15 (s, 3 H), 1.26 (s, 3 H), 1.74 (s, 3 
H), 1.91 (m, 1 H), 2.03 (s, 3 H), 2.19 (s, 3 H), 2.57 (m, 1 H), 2.58 (s, 3 H), 3.43 (dd, J = 
16.0, 5.5 Hz, 1 H), 3.53 (dd, J = 16.0, 5.5 Hz, 1 H), 3.66 (s, 1 H), 3.82 (d, J = 7.5 Hz, 1 
H), 3.84 (d, J = 8.0 Hz, 2 H), 3.91 (dd, J = 10.5, 6.5 Hz, 1 H), 4.28 (d, J = 9.0 Hz, 1 H), 
4.32 (dd, J = 10.5, 4.0 Hz, 1 H), 4.47 (m, 3 H), 4.62 (d, J = 10.5 Hz, 1 H), 4.71 (d, J = 
1.5Hz, 1 H), 4.90 (dd, J = 17.0, 2.0 Hz, 1 H), 4.99 (m, 2 H), 5.44 (m, 1 H), 5.57 (d, J = 
8.4 Hz, 1 H), 5.99 (m, 2 H), 6.20 (d, J = 7.0 Hz, 1 H), 6.47 (s, 1 H), 6.99 (d, J = 8.5 Hz, 1 
H), 7.24 (m, 2 H), 7.40 (m, 8 H), 7.57 (t, J = 8.0 Hz, 1 H), 8.10 (d, J = 7.5 Hz, 2 H); 13C 
NMR (100.5 MHz, CDCl3) δ 4.6, 5.5, 6.7, 6.9, 10.1, 14.6, 21.1, 23.6, 26.3, 37.5, 43.7, 
46.1, 56.2, 59.0, 72.5, 72.8, 75.0, 75.2, 76.7, 76.8, 78.8, 78.9, 81.9, 84.4, 113.8, 116.3, 
118.1, 126.6, 126.7, 127.9, 128.2, 128.9, 129.2, 129.8, 130.2, 130.6, 130.8, 133.0, 133.7, 
134.5, 135.6, 135.9, 136.5, 137.8, 138.6, 138.8, 138.9, 165.8, 169.1, 169.6, 169.9, 171.7, 
201.2. HRMS calcd. for C65H87NO15Si2H+: 1178.5693, found 1178.5703 (Δ= 0.9 ppm). 
 
7,2’-Bistriethylsilyl-SB-T-2053 (3-25): 
To a solution of 3-24 (47 mg, 0.041 mmol) in CH2Cl2 (23 mL) was added the “first-
generation Grubbs catalyst” (8 mg, 0.01 mmol) in CH2Cl2 (0.2 mL). The reaction was 
stirred overnight and the solvent was removed under reduced pressure. The residue 
mixture was passed through a short silica gel column (hexanes/EtOAc = 5/1) to remove 
the catalyst to afford 3-25 as a crude yellow solid (39 mg, 85%): mp 138-141oC; 1H 
NMR (500 MHz, CDCl3) δ 0.31-0.43 (m, 6 H), 0.54-0.62 (m, 6 H), 0.79 (m, 9 H), 0.93 
(m, 9 H), 1.13 (s, 3 H), 1.30 (s, 3 H), 1.72 (s, 3 H), 1.93 (m, 1 H), 1.99 (s, 3 H), 2.18 (s, 3 
H), 2.53 (m, 1 H), 2.61 (s, 3 H), 3.18 (d, J = 16.0 Hz, 1 H), 3.32 (s, 1 H), 3.81 (d, J = 9.5 
Hz, 1 H), 3.84 (m, 2 H), 3.95 (d, J = 14.0 Hz, 1 H), 4.12 (d, J = 14.0 Hz, 1 H), 4.26 (d, J 
= 8.0 Hz, 1 H), 4.46 (m, 2 H), 4.56 (s, 1 H), 4.98 (m, 2 H), 5.34 (d, J = 15.0 Hz, 1 H), 
5.47 (m, 1 H), 5.99 (d, J = 7.5 Hz, 1 H), 6.25 (d, J = 8.0 Hz, 1 H), 6.44 (s, 1 H), 6.77 (d, J 
= 4.5 Hz, 1 H), 7.16 (d, J = 6.5 Hz, 1 H), 7.34 (m, 4 H), 7.40 (m, 2 H), 7.49 (m, 3 H), 
7.62 (t, J = 7.0 Hz, 1 H), 8.10 (d, J = 7.5 Hz, 2 H); 13C NMR (100.5 MHz, CDCl3) δ  4.2, 
5.3, 6.5, 6.7, 9.9, 14.2, 20.8, 23.4, 29.7, 38.2, 43.6, 45.9, 57.8, 58.6, 72.1, 72.5, 74.4, 74.7, 
76.3, 76.7, 78.1, 80.0, 81.8, 84.1, 124.2, 126.5, 127.0, 127.1, 128.1, 128.5, 128.8, 128.9, 
130.2, 130.6, 133.9, 135.8, 136.1, 138.6, 138.8, 165.6, 169.5, 169.6, 169.7, 171.8, 201.1. 
HRMS calcd. for C63H83NO15Si2H+: 1150.5380, found 1150.5404 (Δ= 2.1 ppm). 
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SB-T-2053:  
To a solution of 3-25 (50 mg) in CH3CN (1.0 mL) and pyridine (1.0 mL) was added HF-
pyridine (70:30, 0.5 mL) and the reaction mixture was stirred overnight. The reaction 
mixture was diluted with EtOAc (120 mL) and washed with saturated aqueous NaHCO3 
solution (10 mL x 2), CuSO4 solution (10 mL x 3), water (10 mL x 3) and brine (10 mL x 
3). The organic layer was dried over anhydrous MgSO4 and solvent was removed under 
reduced pressure. The residue was purified by column chromatography on silica gel using 
hexanes:EtOAc (1/1) as the eluent to afford SB-T-2053 as white solid (37 mg, 93%): mp 
208-210 oC; [α]D

22 –49 (c 0.92, CHCl3); 1H NMR (500 MHz, CDCl3) δ 1.19 (s, 3 H), 1.23 
(s, 3 H), 1.71 (s, 3 H), 1.86 (s, 3 H), 1.91 (m, 1 H), 2.23 (s, 3 H), 2.37 (s, 1 H), 2.55 (s, 3 
H), 2.59 (m, 1 H), 2.98 (s, 1 H), 3.23 (d, J = 16.0 Hz, 1 H), 3.35 (s, 1 H), 3.81 (d, J = 6.6 
Hz, 1 H), 3.84 (m, 2 H), 3.88 (d, J =8.4 Hz, 1 H), 3.96 (m, 1 H),  4.11 (m, 1 H), 4.25 (d, J 
= 9.0 Hz, 1 H), 4.40 (m, 1 H), 4.45 (d, J = 8.4 Hz, 1 H), 4.67 (d, J = 1.8 Hz, 1 H), 5.00 (d, 
J =1.2 Hz, 1 H), 5.22 (d, J = 5.4 Hz, 1 H), 5.35 (d, J = 16.2 Hz, 1 H), 5.56 (m, 1 H), 6.24 
(d, J = 7.8 Hz, 1 H), 6.29 (s, 1 H), 6.71 (d, J = 6.0 Hz, 1 H), 7.17 (d, J = 7.2 Hz, 1 H), 
7.28-7.53 (m, 9 H), 7.62 (t, J = 7.2 Hz, 1 H), 8.09 (d, J = 7.2 Hz, 2 H); 13C NMR (100.5 
MHz, CDCl3) δ 9.4, 14.8, 20.8, 23.1, 26.2, 35.7, 37.7, 43.5, 44.9, 55.2, 58.9, 72.0, 72.5, 
73.2, 74.6, 75.1, 76.2, 79.3, 79.8, 81.7, 84.3, 125.9, 126.5, 126.9, 127.3, 127.6, 128.2, 
128.7, 128.9, 129.3, 129.8, 130.5, 131.4, 133.8, 135.0, 135.5, 137.5, 137.7, 138.1, 165.3, 
169.2, 169.6, 171.1, 172.9, 203.0. HRMS calcd. for C51H56NO15H+: 922.3650, found 
922.3659 (Δ= 1.0 ppm). 
 
2-Vinylbenzoyl chloride (3-27):61  
To the suspension of sodium hydride (60% suspension in mineral oil, 1.60 g, 39.9 mmol) 
in anhydrous THF (17 mL) was added PPh3CH3Br (5.70 g, 16.0 mmol) slowly at 0 °C. 
Then the reaction mixture was stirred at ambient temperature for 1 h and 2-formylbenzoic 
acid (2.00 g, 13.3 mmol) was added at once. After the mixture was stirred for 3 h at 40 °C, 
the reaction was quenched with addition of H2O and the mixture extracted with Et2O (30 
mL x 3). The aqueous phase was acidified (pH=2) and extracted with EtOAc (30 mL x 3). 
Combined ethyl acetate layers were washed with brine (50 mL), dried over MgSO4 and 
concentrated to give 2-vinylbenzoic acid 3-26 (1.938 g 100% yield) as a crude product: 
1H NMR (300 MHz) δ 5.2 (dd, J = 12.0, 1.0 Hz, 1 H), 5.5 (dd, J = 18.0, 1.0 Hz, 1 H), 
7.7-7.1 (m, 4 H), 8.1 (d, J = 9.0 Hz, 1 H). All data are consistent with the reported 
values.61  
To a solution of 3-26 (1.938 mg, ~13.3 mmol) in CH2Cl2 (26 mL) was added thionyl 
chloride (5.8 mL, 80 mmol) and 5 drops of DMF. The reaction mixture was refluxed for 
3 h and then the solvent was removed under vacuum to afford crude 2-vinylbenzoyl 
chloride. The crude oil was distilled under reduced pressure to give pure 3-27 in 65% for 
2 steps: bp 100-105oC (2.2 mmHg); 1H NMR (400 MHz, CDCl3) δ 5.44 (dd, J = 11.2, 1.2 
Hz, 1 H), 5.72 (dd, J = 17.2, 0.8 Hz, 1 H), 7.27 (dd, J = 17.6, 11.2 Hz, 1 H), 7.44 (m, 1 
H), 7.60 (m, 1 H), 8.17 (dt, J = 8.0, 0.8 Hz, 1 H); 13C NMR (100.5 MHz, CDCl3) δ 118.6, 
127.7, 127.8, 131.5, 133.1, 134.2, 134.9, 140.2, 167.6.  
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(3R,4S)-1-(2-Vinylbenzoyl)-3-triethylsilyloxy-4-phenyl-azetidin-2-one (3-28):54  

To a solution of N-H-β-lactam 3-19 (96 mg, 0.35 mmol), triethylamine (0.2 mL, 1.4 
mmol) and DMAP (10 mg, 0.01 mmol) in CH2Cl2 (3.5 mL), was added 2-vinylbenzoyl 
chloride (3-27, 0.1 mL) dropwise at 0 oC. The mixture was stirred overnight at room 
temperature and the reaction was quenched with saturated aqueous NH4Cl solution (20 
mL). The mixture was then extracted with ethyl acetate (30 mL x 3). The combined 
extracts were dried over anhydrous MgSO4 and concentrated in vacuo. The crude product 
was purified on a silica gel column using hexanes/EtOAc (20/1-10/1) as the eluent to 
afford 3-28 as a colorless oil (128 mg, 90% yield): 1H NMR (600 MHz, CDCl3) δ 0.44 
(m, 6 H), 0.77 (m, 9 H), 5.15 (d, J = 6.6 Hz, 1 H), 5.33 (m, 2 H), 5.69 (d, J = 17.4 Hz, 1 
H), 6.94 (dd, J = 17.4, 10.8 Hz, 1 H), 7.33 (m, 6 H), 7.47 (m, 1 H), 7.52 (m, 1 H), 7.59 (d, 
J = 6.8 Hz, 1 H); 13C NMR (100.5 MHz, CDCl3) δ 4.3, 6.16, 61.4, 76.9, 117.3, 126.1, 
127.2, 128.1, 128.1, 128.3, 128.5, 131.3, 132.1, 133.5, 133.8, 136.9, 165.3, 166.4. HRMS 
(FAB/DCM/NaCl) m/z calcd. for C24H29NO3SiH+: 408.1995 found: 408.1995 (Δ = 0 
ppm). 
 
14β-Allyloxy-3’N-debenzoyl-3’N-(2-vinylbenzoyl)-7,2’-triethylsilylpaclitaxel  
(3-29):39  

To a solution of 3-15 (71 mg, 0.09 mmol) and β-lactam 3-28 (115 mg, 0.28 mmol) in 
THF (10 mL) was added 1 M LiHMDS in THF (0.14 ml, 0.14 mmol) at -40 oC. The 
reaction mixture was warmed up to 0 oC and stired for 2.5 h, quenched with saturated 
aqueous NH4Cl solution, and extracted with EtOAc. The organic layers were combined, 
dried over anhydrous MgSO4 and the solvent was removed under reduced pressure. The 
residue was purified by column chromatography on silica gel (hexanes/EtOAc = 8/1~4/1) 
to afford 3-29 as a white solid (86 mg, 82%): mp 99-102 oC; [α]D

20 -42 (c 0.6, CHCl3); 1H 
NMR (600 MHz, CDCl3) δ 0.34-0.47 (m, 6 H), 0.55-0.63 (m, 6 H), 0.78 (m, 9 H), 0.93 
(m, 9 H), 1.15 (s, 3 H), 1.31 (s, 3 H), 1.74 (s, 3 H), 1.95 (m, 1 H), 2.03 (s, 3 H), 2.19 (s, 3 
H), 2.56 (m, 1 H), 2.60 (s, 3 H), 3.67 (s, 1 H), 3.82 (d, J = 7.2 Hz, 1 H), 3.84 (d, J = 8.0 
Hz, 1 H), 3.93 (dd, J = 10.8, 4.2 Hz, 1 H), 4.28 (d, J = 9.0 Hz, 1 H), 4.32 (dd, J = 10.5, 
4.0 Hz, 1 H), 4.47 (m, 3 H), 4.62 (d, J = 10.5 Hz, 1 H), 4.71 (d, J = 1.2 Hz, 1 H), 5.00 (d, 
J = 9.0 Hz, 1 H), 5.32 (d, J = 7.6 Hz, 1 H), 5.36 (m, 1 H), 5.61 (d, J = 8.4 Hz, 1 H), 5.70 
(d, J = 11.4 Hz, 1 H), 5.99 (d, J = 7.8 Hz, 1 H), 6.21 (d, J = 7.0 Hz, 1 H), 6.47 (s, 1 H), 
6.99 (m, 2 H), 7.26-7.48 (m, 8 H), 7.50-7.58 (m, 3 H), 8.10 (d, J = 8.4 Hz, 2 H); 13C 
NMR (75.5 MHz, CDCl3) δ 4.3, 5.3, 6.4, 6.7, 9.9, 14.4, 20.8, 23.3, 26.1, 37.3, 43.5, 45.9, 
56.1, 58.8, 72.3, 72.5, 74.8, 74.9, 76.5, 76.6, 78.6, 78.6, 81.7, 84.1, 117.2, 117.8, 126.3, 
126.5, 127.7, 128.0, 128.7, 129.5, 129.9, 130.6, 132.7, 133.5, 134.2, 134.8, 135.6, 136.2, 
136.5, 138.6, 165.6, 168.3, 169.4, 169.7, 171.4, 201.0. HRMS (FAB/DCM/NaCl) m/z 
calcd. for C64H85NO15Si2H+: 1164.5536 found: 1164.5535 (Δ = 0.1 ppm).   
 



 

 142 

SB-T-2054:39  
To a sulotion of 3-29 (43 mg, 0.036 mmol) in CH2Cl2 (22 mL) was added the “first-
generation Grubbs’catalyst” (8 mg x 3, 0.027 mmol) in CH2Cl2 (0.08 mL). The reaction 
was refluxed for 5 days and the solvent was removed under reduced pressure. The residue 
was passed through a short silica gel column (eluent: hexanes/EtOAc, 3/1) to remove the 
catalyst to afford 3-30 as a crude yellow solid (20 mg, 50%) with diene 3-29 (11 mg, 
25%) recovered. 
To a solution of 3-30 (20 mg) in CH3CN (0.4 mL) and pyridine (0.4 mL) was added HF-
pyridine (70:30, 0.2 ml) and the reaction mixture was stirred overnight. The reaction 
mixture was diluted with EtOAc (50 mL) and washed with saturated aqueous NaHCO3 
solution (10 mL x 2), CuSO4 solution (10 mL x 3), water (10 mL x 3) and brine (3 mL). 
The organic layer was dried over anhydrous MgSO4 and solvent was removed under 
reduced pressure. The residue was purified by column chromatography on siloca gel 
using hexanes:EtOAc (1/1) as the eluent to afford SB-T-2054 as white solid (13 mg, 80% 
for 2 steps): mp 203-205 oC; [α]D

22 -28 (c 0.92, CHCl3); 1H NMR (600 MHz, CDCl3) 
δ 1.19 (s, 3 H), 1.23 (s, 3 H), 1.72 (s, 3 H), 1.73 (s, 3 H), 1.91 (m, 1 H), 1.94 (m, 1 H), 
2.23 (s, 3 H), 2.24 (m, 1 H), 2.57 (m, 1 H), 2.63 (s, 3 H), 3.35 (s, 1 H), 3.49 (t, J = 9.6 Hz, 
1 H), 3.82 (m, 3 H), 4.26 (d, J = 8.4 Hz, 1 H), 4.38 (m, 1 H), 4.40 (d, J = 8.4 Hz, 1 H), 
4.78 (m, 1 H), 5.00 (d, J = 6.8 Hz, 1 H), 5.62 (d, J = 7.8 Hz, 1 H), 5.92 (ddd, J = 16.8, 8.4, 
2.8 Hz, 1 H), 6.02 (d, J = 7.2 Hz, 1 H), 6.31 (s, 1 H), 6.36 (d, J = 7.8 Hz, 1 H), 6.52 (d, J 
= 16.2 Hz, 1 H), 6.90 (d, J = 8.4 Hz, 1 H), 7.22 (d, J = 7.2 Hz, 1 H), 7.34-7.63 (m, 10 H), 
8.10 (d, J = 7.8 Hz, 2 H); 13C NMR (75.5 MHz, CDCl3) δ 9.1, 15.1, 20.8, 23.0, 23.3, 26.2, 
29.7, 32.7, 35.7, 43.6, 44.9, 54.6, 58.9, 72.1, 72.7, 73.3, 75.2, 76.4, 77.2, 77.9, 79.0, 81.6, 
84.3, 126.5, 126.7, 126.8, 128.3, 128.4, 128.8, 128.9, 129.0, 129.2, 129.9, 130.0, 131.1, 
133.7, 134.9, 135.0, 136.6, 137.9, 138.4, 165.4, 169.4, 170.1, 171.1, 173.2, 202.9. HRMS 
(FAB/DCM/NaCl) m/z calcd. for C51H55NO15H+: 922.3650 found: 922.3643 (Δ = -0.8 
ppm). 
 
X-ray Single Crystal Diffraction Analysis of SB-T-2054 (by Mr. Zhong Li): 
A colorless single crystal (0.2×0.3×0.5 mm3) of SB-2054 grown in a NMR tube by slow 
diffusion of hexanes (0.5 mL) into a solution of SB-2054 (5 mg) in a mixture of 
dichloromethane (0.1 mL) and ethyl actate (0.05 mL) was selected for X-Ray diffraction 
analysis. Since the crystals obtained in this way are sensitive to air, the test single crystal 
was sealed along with some mother liquid in a capillary tube. Intensity data collection 
was carried out with a Bruker AXS SMART diffractometer equipped with a CCD 
detector using a Siemens graphite-monochromated Mo radiation tube (λ = 0.71073 Å) at 
room temperature. The unit cells were determined by a least-squares analysis using the 
SMART software package. The raw frame data were integrated into SHELX-format 
reflection files and corrected for Lorentz and polarization effects using SAINT. 
Corrections for incident and diffracted beam absorption effects were applied using 
SADABS. The structure was solved by direct method and refined by full-matrix least-
squares method on F2 using the SHELXTL 97 software package. The quality of the 
structures is due to the quality of the available single crystals. All non-hydrogen atoms 
were refined anisotropically. The hydrogen atoms were placed in calculated positions and 
added as fixed contributions. 
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2054.cif: 
 
####################################################################### 
# 
#                 Cambridge Crystallographic Data Centre 
#                                CCDC  
# 
####################################################################### 
# 
# If this CIF has been generated directly or indirectly from an entry in the  
# Cambridge Structural Database, then it will include bibliographic, chemical,  
# crystal, experimental, refinement or atomic coordinate data resulting from  
# the CCDC's data processing and validation procedures. Files generated from  
# CSD entries are Copyright 2007 Cambridge Crystallographic Data Centre. They  
# may be used in bona fide research applications only, and may not be copied or  
# further disseminated in any form, whether machine-readable or not, except for  
# the purposes of generating routine backup copies on your local computer  
# system. 
#  
# Files arising from any other source may also contain material that is the  
# copyright of third parties, including the originator, and you should check  
# with the originator concerning the permitted uses of the information  
# contained in this CIF. 
# 
# For further information on the CCDC and the free tools enCIFer and Mercury 
# for validating and visualising CIF files, please visit www.ccdc.cam.ac.uk 
# 
####################################################################### 
 
data_2054bm 
_symmetry_cell_setting           orthorhombic 
_symmetry_space_group_name_H-M   'P 21 21 21' 
_symmetry_Int_Tables_number      19 
loop_ 
_symmetry_equiv_pos_site_id 
_symmetry_equiv_pos_as_xyz 
1 x,y,z 
2 1/2-x,-y,1/2+z 
3 -x,1/2+y,1/2-z 
4 1/2+x,1/2-y,-z 
_cell_length_a                   14.575(2) 
_cell_length_b                   15.572(3) 
_cell_length_c                   31.027(5) 
_cell_angle_alpha                90.00 
_cell_angle_beta                 90.00 
_cell_angle_gamma                90.00 
_cell_volume                     7041.95 
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loop_ 
_atom_site_label 
_atom_site_type_symbol 
_atom_site_fract_x 
_atom_site_fract_y 
_atom_site_fract_z 
C38 C 0.5782(13) 1.0035(12) -0.0416(7) 
H38 H 0.5939 1.0539 -0.0558 
O10 O 0.4021(3) 0.6840(3) 0.09264(16) 
O14 O 0.5206(4) 0.5591(3) 0.13853(16) 
O1 O 0.4735(3) 0.4954(3) 0.21310(16) 
H1A H 0.4790 0.4605 0.1935 
O4 O 0.4666(3) 0.8103(3) 0.21390(16) 
C4 C 0.4050(5) 0.7896(4) 0.2494(2) 
O5 O 0.4027(4) 0.8608(3) 0.30942(17) 
O2 O 0.5042(3) 0.6484(3) 0.24600(15) 
O8 O 0.0927(5) 0.5552(4) 0.19575(18) 
C12 C 0.2772(5) 0.6349(5) 0.1405(2) 
O13 O 0.6926(4) 0.7348(4) 0.02992(19) 
O3 O 0.5149(4) 0.5623(4) 0.3048(2) 
N1 N 0.5548(4) 0.6962(4) 0.00247(19) 
H1 H 0.5232 0.6598 -0.0122 
C5 C 0.3541(6) 0.8711(5) 0.2670(3) 
H5 H 0.374(5) 0.923(4) 0.252(2) 
C13 C 0.3729(5) 0.6147(5) 0.1216(2) 
H13 H 0.370(4) 0.560(4) 0.106(2) 
C3 C 0.3493(5) 0.7068(4) 0.2373(3) 
H3 H 0.332(4) 0.713(4) 0.207(2) 
C9 C 0.1832(6) 0.6345(5) 0.2492(3) 
C1 C 0.4089(5) 0.5613(4) 0.2005(2) 
O12 O 0.3761(3) 0.7400(4) -0.01988(16) 
H12 H 0.3544 0.6917 -0.0227 
O11 O 0.3541(5) 0.6064(5) 0.03617(19) 
O7 O 0.1329(4) 0.5982(4) 0.2756(2) 
C7 C 0.2039(6) 0.7911(6) 0.2533(3) 
H7 H 0.202(5) 0.798(5) 0.222(3) 
C34 C 0.5094(5) 0.7701(5) 0.0222(3) 
H34 H 0.531(4) 0.775(4) 0.052(2) 
C18 C 0.2230(5) 0.7074(5) 0.1190(2) 
H18A H 0.1599 0.7043 0.1278 
H18B H 0.2268 0.7016 0.0883 
H18C H 0.2483 0.7618 0.1275 
C8 C 0.2547(5) 0.7041(5) 0.2645(2) 
C14 C 0.4444(5) 0.6081(5) 0.1579(2) 
H14 H 0.466(4) 0.666(5) 0.165(2) 
C2 C 0.4070(6) 0.6224(5) 0.2398(3) 
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H2 H 0.387(5) 0.590(4) 0.265(2) 
C6 C 0.2496(5) 0.8698(5) 0.2725(3) 
H6A H 0.2241 0.9207 0.2591 
H6B H 0.2354 0.8723 0.3030 
C35 C 0.5332(7) 0.8543(7) -0.0008(3) 
O15 O 0.3474(5) 0.8658(3) 0.17690(18) 
C22 C 0.4602(6) 0.7930(5) 0.2916(2) 
H22A H 0.4572 0.7399 0.3080 
H22B H 0.5235 0.8104 0.2875 
C11 C 0.2514(5) 0.5894(4) 0.1756(3) 
C44 C 0.7381(9) 0.5509(8) -0.0843(3) 
H44 H 0.7330 0.5486 -0.1142 
C49 C 0.6803(6) 0.5418(5) 0.0785(3) 
H49 H 0.6234 0.5412 0.0649 
C10 C 0.1675(5) 0.6185(5) 0.2008(3) 
H10 H 0.147(5) 0.673(5) 0.188(2) 
C15 C 0.3126(5) 0.5163(4) 0.1928(2) 
O6 O 0.1092(4) 0.7906(4) 0.2694(2) 
H6 H 0.0818 0.7491 0.2593 
C29 C 0.8374(9) 0.6731(10) 0.2818(5) 
H29 H 0.9000 0.6847 0.2821 
C51 C 0.6103(6) 0.5942(6) 0.1491(3) 
H51A H 0.6197 0.5946 0.1800 
H51B H 0.6160 0.6525 0.1384 
C25 C 0.5494(7) 0.6095(6) 0.2777(3) 
C27 C 0.6851(7) 0.6976(6) 0.2529(3) 
H27 H 0.6459 0.7258 0.2340 
C43 C 0.6839(6) 0.6077(6) -0.0614(3) 
H43 H 0.6421 0.6429 -0.0756 
C41 C 0.6472(6) 0.6846(6) 0.0072(3) 
C36 C 0.5303(7) 0.8631(8) -0.0454(4) 
H36 H 0.5118 0.8166 -0.0621 
C42 C 0.6928(6) 0.6114(5) -0.0169(3) 
C16 C 0.3159(6) 0.4423(5) 0.1581(3) 
H16A H 0.2553 0.4320 0.1472 
H16B H 0.3392 0.3908 0.1711 
H16C H 0.3554 0.4591 0.1348 
C24 C 0.4993(7) 0.8755(6) 0.1463(3) 
H24A H 0.4746 0.8662 0.1180 
H24B H 0.5536 0.8413 0.1499 
H24C H 0.5145 0.9351 0.1497 
C33 C 0.4061(5) 0.7514(7) 0.0235(3) 
H33 H 0.374(5) 0.801(5) 0.036(2) 
C47 C 0.7531(7) 0.5538(6) 0.0066(3) 
C32 C 0.3845(6) 0.6724(6) 0.0501(3) 
C31 C 0.7071(9) 0.5878(7) 0.3069(4) 
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H31 H 0.6839 0.5441 0.3242 
C17 C 0.2797(6) 0.4709(5) 0.2350(3) 
H17A H 0.2773 0.5119 0.2580 
H17B H 0.3219 0.4258 0.2423 
H17C H 0.2198 0.4469 0.2305 
C26 C 0.6500(7) 0.6333(6) 0.2795(3) 
C28 C 0.7782(9) 0.7210(7) 0.2541(3) 
H28 H 0.8005 0.7660 0.2374 
C23 C 0.4290(7) 0.8502(5) 0.1797(3) 
C48 C 0.7525(7) 0.5490(6) 0.0541(3) 
H48 H 0.8091 0.5514 0.0680 
C21 C 0.2688(6) 0.6917(6) 0.3133(3) 
H21A H 0.2103 0.6919 0.3275 
H21B H 0.3059 0.7376 0.3243 
H21C H 0.2990 0.6379 0.3184 
C45 C 0.7986(10) 0.4982(9) -0.0640(5) 
H45 H 0.8350 0.4617 -0.0805 
C46 C 0.8076(7) 0.4975(7) -0.0199(4) 
H46 H 0.8493 0.4602 -0.0070 
C50 C 0.6814(6) 0.5345(6) 0.1267(3) 
H50A H 0.7423 0.5486 0.1372 
H50B H 0.6686 0.4754 0.1347 
C30 C 0.8021(11) 0.6094(10) 0.3082(6) 
H30 H 0.8408 0.5804 0.3271 
C39 C 0.5826(14) 1.0046(10) 0.0036(6) 
H39 H 0.5982 1.0532 0.0194 
C40 C 0.5603(10) 0.9213(8) 0.0237(5) 
H40 H 0.5649 0.9149 0.0534 
O9 O -0.0014(5) 0.6582(8) 0.2119(4) 
C37 C 0.5540(11) 0.9384(12) -0.0654(5) 
H37 H 0.5528 0.9430 -0.0952 
C19 C 0.0044(12) 0.5891(13) 0.1909(8) 
C20 C -0.0608(7) 0.5177(9) 0.1949(4) 
H20A H -0.0394 0.4783 0.2164 
H20B H -0.0658 0.4885 0.1677 
H20C H -0.1198 0.5397 0.2031 
 
#END 
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(3R, 4S)-1-(2-Allyloxybenzoyl)-4-phenyl-3-triethylsilanyloxy-azetidin-2-one  
(3-31):39  
To a solution of β-lactam 3-19 (104 mg, 0.37 mmol), triethylamine (0.21 mL, 1.5 mmol) 
and DMAP (11 mg, 0.04 mmol) in CH2Cl2 (4 mL), was added 2-allylbenzoyl chloride 
(0.1 mL, 0.74 mmol) dropwise at 0 oC. The mixture was stirred overnight at room 
temperature, and quenched with saturated NH4Cl aqueous solution (20 mL). The mixture 
was then extracted with ethyl acetate (30 ml × 3). The combined organic layer was 
washed with brine (10 ml), dried over anhydrous MgSO4, and concentrated in vacuo. 
Flash chromatography on silica gel (hexanes/EtOAc=15/1) gave 3-30 as a colorless oil 
(161 mg, 99%): 1H NMR (300 MHz, CDCl3) δ 0.40-0.50 (m, 6H), 0.75-0.81 (m, 9H), 
4.62 (dd, J = 1.2, 5.7 Hz, 2H), 5.10 (d, J = 6.0 Hz, 1H), 5.22 (dd, J= 0.9, 10.5 Hz, 1H), 
5.36 (d, J= 6.0 Hz, 1H), 5.45 (dd, J=1.8, 17.4 Hz, 1H), 6.04-6.20 (m, 1H), 6.96-7.03 (m, 
2H), 7.32-7.45 (m, 7H); 13C NMR (75 Hz, CDCl3) δ 4.34, 6.15, 61.5, 69.7, 70.1, 112.2, 
118.3, 120.5, 124.2, 127.8, 127.9, 128.0, 129.4, 132.8, 132.9, 133.6, 156.9, 164.6 and 
165.0; HRMS (FAB/DCM/NaCl) m/z calcd for C25H31NO4SiH+: 438.2100,  found: 
438.2088 (Δ = -2.7 ppm). 
 
14β-Allyloxy-3’N-debenzoyl-3’N-(2-allyloxybenzoyl)-7,2’-triethylsilylpaclitaxel  
(3-32):39  
To a solution of 3-15 (91 mg, 0.12 mmol) and β-lactam 3-31 (160 mg, 0.36 mmol) in of 
dry THF (12 mL) was added 1.3 M LiHMDS in THF (0.14 ml, 0.18 mmol) at -40 °C 
under nitrogen atmosphere. The temperature was gradually increased to 0 oC and the 
mixture was stirred for 2.5 h before quenched with a saturated aqueous NH4Cl solution 
(20 mL) and extracted with dichloromethane (30 mL × 3). The organic layer was washed 
with brine (10 mL), dried over anhydrous MgSO4 and concentrated in vacuo. Flash 
chromatography on silica gel (hexanes/EtOAc=10/1 followed by 5/1) afforded 3-32 as a 
white solid (110 mg, 77 %): mp 205-207°C; 1H NMR (400 MHz, CDCl3) δ 0.28-0.48 (m, 
6H), 0.52-0.66 (m, 6H), 0.76-0.86 (m, 9H), 0.88-0.98 (m, 9H), 1.11 (s, 3H), 1.25 (s, 3H), 
1.73 (s, 3H), 1.88-1.98 (m, 1H), 2.01 (s, 3H), 2.17 (s, 3H), 2.50-2.60 (m, 1H), 2.66 (s, 
3H), 3.74 (s, 1H), 3.76-3.88 (m, 3H), 4.20 (dd, J = 4.4, 10.8 Hz, 1H), 4.28 (d, J = 8.4 Hz, 
1H), 4.42-4.55 (m, 4H), 4.70 (d, J = 1.6 Hz, 1H), 4.74-4.83 (dd, J= 5.2, 13.2 Hz, 1H), 
4.83-4.89 (dd, J= 5.6, 12.8 Hz, 1H), 5.0 (d, J = 8.4 Hz, 1H), 5.20-5.30 (m, 1H), 5.34 (d, J 
= 10.4 Hz, 1H), 5.44 (d, J = 16.4 Hz, 1H), 5.64 (d, J = 6.4 Hz, 1 H), 5.96 (d, J = 7.2 Hz, 
1H), 6.16-6.30 (m, 2H), 6.45 (s, 1H), 6.92-7.0 (m, 2H), 7.26-7.42 (m, 6H),  7.48 (t, J = 
7.2 Hz, 2H), 7.59 (t, J = 7.6 Hz, 1H), 8.02 (dd, J = 1.6, 8 Hz, 1H), 8.10 (d, J= 7.2 Hz, 2H), 
9.09 (d, J = 7.6 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 4.3, 5.3, 6,5, 6.7, 9.90, 14.3, 
20.9, 22.4, 23.4, 26.0, 29.7, 37.3, 43.4, 45.9, 56.6, 58.8, 70.3, 72.2, 72.7, 74.7, 74.9, 75.1, 
76.6, 78.2, 78.5, 81.6, 84.2, 113.0, 117.2, 118.6, 121.1, 126.6, 127.6, 128.5, 128.6, 129.6, 
129.9, 132.5, 132.8, 132.9, 133.4, 135.4, 136.4, 139.0, 157.1, 164.6, 165.6, 169.4, 170.0, 
171.2 and 201.0; HRMS (FAB/DCM/NaCl) m/z calcd for C65H87NO16Si2H+: 1194.5462,  
found: 1194.5509 (Δ = 3.9 ppm). 
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SB-T-2055 (Z&E):39  
To a solution of 3-32 (108 mg, 0.09 mmol) in dry CH2Cl2 (25 mL) was added the 
“second-generation Grubbs’s catalyst” (17 mg, 0.022 mmol) in dry CH2Cl2 (1 mL) under 
nitrogen atmosphere. The reaction mixture was stirred for 1 day at room temperature and 
1 day at reflux to convert all of the starting materials. Solvent was removed in vacuo. 
Products were separated on flash chromatography on silica gel (hexanes/EtOAc = 4/1 ~ 
3/1) to afford 3-33 as a crude yellow solid (36 mg, 35%) and 3-34 as a crude yellow solid 
(48 mg, 46%). 
Under nitrogen atmosphere, HF-pyridine (70:30, 0.35 mL) was added to a solution of 3-
33 (35 mg) in CH3CN (0.7 mL) and pyridine (0.7 mL) at 0 °C and the reaction mixture 
was stirred overnight. The reaction mixture was diluted with EtOAc (60 mL) and washed 
with a saturated aqueous NaHCO3 solution (10 mL × 2), CuSO4 solution (8 mL × 3), 
water (10 mL × 3), and brine (5 mL). The organic layer was dried over anhydrous MgSO4 
and solvent was removed in vacuo. Flash chromatography on silica gel 
(hexanes/EtOAc=1/2) afforded SB-T-2055E as a white solid (24 mg, 85 %): mp 194-
196°C; [α]D

20 - 107 (c 12.7, CHCl3); 1H NMR (400 MHz, CDCl3) δ 1.08 (s, 3H), 1.12 (s, 
3H), 1.60 (s, 3H), 1.64 (s, 3H), 1.78-1.86 (m, 1H), 2.13 (s, 3H), 2.34 (s, 1H), 2.36 (s, 3H), 
2.44-2.56 (m, 1H), 3.27 (s, 1H), 3.69-3.77 (m, 3H), 4.08-4.19 (m, 3H), 4.30-4.33 (m, 3H), 
4.60-4.68 (m, 2H), 4.92 (d, J = 8.4 Hz, 1H), 5.57 (d, J = 15.6 Hz, 1H), 5.82 (dd, J = 3.2, 
9.2 Hz, 1H), 5.86 (d, J = 7.2 Hz, 1H), 5.94 (m, 1H), 6.16 (s, 1H), 6.25 (d, J = 6.0 Hz, 1H), 
6.89 (d, J = 8.4 Hz, 1 H), 7.04 (t, J = 7.6 Hz, 1H), 7.17-7.24 (m, 3H), 7.40 (t, J = 7.6 Hz, 
3H), 7.47 (d, J = 7.2 Hz, 2H), 7.53 (t, J = 7.2 Hz, 1H), 7.92 (dd, J = 1.2, 7.6 Hz, 1H), 
8.02 (d, J = 7.6 Hz, 2H), 8.52 (d, J = 9.2 Hz, 1H); 13C NMR (100.5 MHz, CDCl3) δ 9.4, 
15.3, 20.7, 22.2, 22.5, 26.2, 29.7, 35.6, 43.2, 45.1, 54.8, 58.9, 69.1, 72.1, 72.9, 74.5, 75.3, 
76.3, 77.1, 81.5, 83.5, 84.3, 112.3, 121.5, 122.7, 123.9, 127.5, 127.6, 128.1, 128.6, 129.6, 
129.9, 131.7, 132.0, 132.9, 133.6, 134.4, 136.9, 138.7, 156.4, 165.2, 165.7, 170.3, 171.0, 
202.9; HRMS m/z calcd for C51H55NO16H+, 938.3599; found, 938.3590 (Δ = -0.9 ppm). 
HF-pyridine (70:30, 0.5 mL) was added to a solution of 3-34 (48 mg) in CH3CN (1.0 mL) 
and pyridine (1.0 mL) at 0 °C and the reaction mixture was stirred overnight. The 
reaction mixture was diluted with EtOAc (60 mL) and washed with a saturated aqueous 
NaHCO3 solution (10 mL × 2), CuSO4 solution (8 mL × 3), water (10 mL × 3), and brine 
(5 mL). The organic layer was dried over anhydrous MgSO4 and solvent was removed in 
vacuo. Flash chromatography on silica gel (hexanes/EtOAc=1/2) afforded SB-T-2055Z 
as a white solid (35 mg, 91%): mp 166-168 °C; [α]D

20 -73 (c 3.7, CHCl3); 1H NMR (500 
MHz, CDCl3) δ 1.22 (s, 3H), 1.24 (s, 3H), 1.69 (s, 3 H), 1.84 (s, 3 H), 1.87 (m, 1 H), 2.04 
(s, 3 H), 2.24 (s, 3 H), 2.40 (d, J = 4.0 Hz, 1 H), 2.50-2.51 (m, 1 H), 2.97 (d, J = 8.5 Hz, 1 
H), 3.44 (s, 1 H), 3.74 (d, J = 7.5 Hz, 1 H), 3.85 (d, J = 8.0 Hz, 1H), 4.14 (d, J = 11.0 Hz, 
1H), 4.19 (d, J = 8.0 Hz, 1H), 4.20 (d, J = 8.5 Hz, 1H), 4.34-4.44 (m, 3H), 4.60 (dd, J = 
8.5, 12.5 Hz, 1H), 4.91 (d, J = 9.0 Hz, 1H), 5.03 (dd, J = 3.5, 8.5 Hz, 1H), 5.49 (dd, J = 
4.0, 5.5 Hz, 1H), 5.70-5.77 (m, 1H), 5.82 (t, J = 9 Hz, 1H), 5.92 (d, J = 7.5 Hz, 1H), 6.20 
(d, J = 6.5 Hz, 1H), 6.28 (s, 1H), 7.00 (d, J = 8 Hz, 1H), 7.24-7.26 (m, 1H), 7.34-7.44 (m, 
7H), 7.60-7.66 (m, 2H), 8.03 (d, J = 7.5 Hz, 2H), 8.35 (dd, J = 1, 7.5 Hz, 1H), 8.49 (d, J 
= 6 Hz, 1H); 13C NMR (100.5 MHz, CDCl3) δ 9.4, 14.7, 20.8, 22.2, 23.4, 26.2, 35.4, 43.4, 
44.9, 58.6, 59.5, 63.3, 71.1, 71.9, 72.8, 72.9, 75.2, 75.9, 77.2, 78.0, 78.6, 78.8, 81.0, 84.3, 
111.8, 122.2, 123.2, 128.1, 128.6, 128.7, 129.7, 129.9, 132.8, 133.5, 133.6, 134.6, 134.7, 
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135.4, 138.2, 156.3, 165.1, 165.6, 169.9, 171.1, 174.1, 202.9; HRMS m/z calcd for 
C51H55NO16H+, 938.3599; found, 938.3589 (Δ = -1.0 ppm). 
 
1-Dimethylhydrosilyl-4-deacetyl-4-acryloyl-7,10,13-tris(triethylsilyl)-10-deacetyl- 
baccatin (3-38): 
To a solution of 3-7 (252 mg, 0.28 mmol) in THF (3.0 mL) was added LiHMDS (0.36 
mL, 0.36 mmol) at -30 oC. The reaction mixture was stirred for 5 min and acryloyl 
chloride (0.029 mL, 0.33 mmol) was added at -30 oC. The reaction mixture was warmed 
up to 0 oC over 40 min and quenched with saturated aqueous NH4Cl solution (20 mL) and 
extracted with EtOAc (30 mL x 3). The organic layer was washed with brine (10 mL) and 
dried with anhydrous MgSO4. The solvent was removed under reduced pressure and the 
residue was purified on a silica gel column using hexanes/EtOAc (35/1) as the eluent to 
afford 3-38 as a white solid (103 mg, 47%) and unreacted starting material 3-7 (75 mg, 
30%) recovered: mp 52-55 oC; 1H NMR (500 MHz, CDCl3) δ -0.31 (d, J = 2.5 Hz, 3 H), 
0.04 (d, J = 2.5 Hz, 1 H), 0.56-0.70 (m, 18 H), 0.93-1.01 (m, 27 H), 1.09 (s, 3 H), 1.18 (s, 
3 H), 1.67 (s, 3 H), 1.90 (m, 1 H), 1.97 (s, 3 H), 2.25 (m, 2 H), 2.53 (m, 1 H), 3.92 (d, J = 
7.0 Hz, 1 H), 4.28 (m, 2 H), 4.43 (dd, J = 10.5, 6.5 Hz, 1 H), 4.53 (m, 1 H), 4.90 (d, J = 
10.5, 1 H), 5.18 (s, 1 H), 5.72 (d, J = 6.5 Hz, 1 H), 5.99 (d, J = 11.0 Hz, 1 H), 6.21 (dd, J 
= 16.5, 10.5 Hz, 1 H), 6.52 (dd, J = 17.5, 1.0 Hz, 1 H), 7.45 (t, J = 7.5 Hz, 2 H), 7.57 (t, J 
= 7.5 Hz, 1 H), 8.10 (d, J = 7.5 Hz, 2 H); 13C NMR (100.5 MHz, CDCl3) δ 0.2, 0.4, 4.8, 
5.3, 6.0, 6.9, 7.0, 10.4, 14.6, 21.3, 27.3, 37.4, 39.4, 44.0, 46.7, 58.3, 68.3, 72.7, 75.7, 75.9, 
81.4, 82.1, 84.1, 128.5, 130.2, 130.3, 130.5, 130.8, 133.3, 136.0, 139.2, 164.7, 165.5, 
205.8; HRMS (FAB/DCM/NaCl) m/z calcd. for C50H84O10Si4H+: 957.5220,  found: 
957.5232 (Δ = 1.3 ppm). 
 
4-Deacetyl-4-acryloyl-10-deacetylbaccatin (3-39): 
To a solution of 3-38 (96 mg, 0.1 mmol) in THF (9.6 mL) was added dropwise 
HF/pyridine (70:30, 1.0 mL) at 0 oC, and the mixture was stirred at room temperature for 
10 h. The reaction was quenched with saturated aqueous NaHCO3 solution (30 mL). The 
mixture was extracted with ethyl ether (30 mL x 3), washed with brine (10 mL), and 
dried over anhydrous Na2SO4. The solvent was removed under reduced pressure and the 
residue was purified on a silica gel column using chloroform/methanol (20/1) as the 
eluent to afford 3-39 as a white solid (47 mg, 85%): mp 178-180 oC; 1H NMR (500 MHz, 
CDCl3) δ 1.09 (s, 3 H), 1.10 (s, 3 H), 1.25 (s, 2 H), 1.77 (s, 3 H), 1.86 (m, 1 H), 2.09 (s, 3 
H), 2.21 (m, 2 H), 2.63 (m, 1 H), 3.41 (s, 1 H), 4.10 (d, J = 7.5 Hz, 1 H), 4.18 (s, 1 H), 
4.21 (d, J = 9.0 Hz, 1 H), 4.35 (m, 2 H), 4.81 (t, J = 8.0 Hz, 1 H), 4.98 (dd, J = 11.0, 2.0 
Hz, 1 H), 5.27 (s, 1 H), 5.66 (d, J = 7.0 Hz, 1 H), 6.02 (dd, J = 11.5, 1.0 Hz, 1 H), 6.29 
(dd, J = 17.0, 10.0 Hz, 1 H), 6.52 (dd, J = 17.5, 1.0 Hz, 1 H), 7.45 (t, J = 7.5 Hz, 2 H), 
7.62 (t, J = 7.5 Hz, 1 H), 8.11 (dd, J = 8.5, 1.0 Hz, 2 H); 13C NMR (100.5 MHz, CDCl3) δ 
9.8, 15.0, 19.7, 26.7, 37.0, 39.3, 42.6, 46.8, 57.8, 68.0, 72.1, 74.8, 75.1, 78.9, 81.2, 84.1, 
128.6, 129.6, 130.0, 131.3, 133.7, 142.3, 165.3, 167.0, 211.7. 
 
7-Triethylsilyl-4-deacetyl-4-acryloylbaccatin (3-36): 
To a solution of 3-39 (27 mg, 0.048 mmol) in THF (3 mL) was added CeCl3.7H2O (1 mg, 
0.005 mmol) and acetic anhydride (0.05 mL, 0.48 mmol) then the mixture was stirred for 
2 h at room temperature. The reaction was quenched with saterated NaHCO3 (20 mL). 
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The mixture was then extracted with dichloromethane (30 mL x 3), washed with brine 
(10 mL), dried over anhydrous MgSO4 and concentrated in vacuo to give 3-40 as a white 
solid (29 mg crude product without purification).  
To a solution of 3-40 (29 mg, ~0.048 mmol) and imidazole (13 mg, 0.192 mmol) in dry 
DMF (0.4 mL) was added chlorotriethylsilane (0.07 mL, 0. 144 mmol) dropwise via 
syringe at 0 oC. The reaction mixture was stirred for 2 h at room temperature and 
quenched with saturated aqueous NaHCO3 solution (20 mL).  The mixture was extracted 
with EtOAc (20 mL x 3), washed with water (10 mL x 2), brine (10 mL), dried over 
MgSO4, and concentrated in vacuo. The crude product was purified on a silica gel 
column using Hexanes:EtOAc (4/1 followed by 2/1) as the eluent to give 3-36 as a white 
solid (25 mg, 73% for 2 steps): mp 67-69 oC; 1H NMR (400 MHz, CDCl3) δ 0.54-0.65 
(m, 6 H), 0.89-0.97 (m, 9 H), 1.03 (s, 3 H), 1.20 (s, 3 H), 1.25 (s, 2 H), 1.71 (s, 3 H), 1.90 
(m, 1 H), 2.18 (s, 3 H), 2.20 (s, 3 H), 2.23 (m, 2 H), 2.56 (m, 1 H), 3.96 (d, J = 6.8 Hz, 1 
H), 4.21 (d, J = 8.0, 1 H), 4.35 (d, J = 8.4, 1 H), 4.55 (dd, J = 10.4, 6.8 Hz, 1 H), 4.77 (t, J 
= 7.2 Hz, 1 H), 4.95 (d, J = 8.0, 1 H), 5.65 (d, J = 8.5 Hz, 1 H), 6.02 (dd, J = 10.4, 0.8 
Hz, 1 H), 6.28 (dd, J = 17.2, 10.4 Hz, 1 H), 6.48 (s, 1 H), 6.53 (dd, J = 17.2, 1.2 Hz, 1 H), 
7.48 (t, J = 8.0 Hz, 2 H), 7.61 (t, J = 7.6 Hz, 1 H), 8.11 (dd, J = 8.0, 1.2 Hz, 2 H); 13C 
NMR (100.5 MHz, CDCl3) δ 5.3, 6.7, 10.0, 14.8, 20.6, 20.9, 27.8, 37.3, 38.9, 42.8, 47.1, 
58.8, 68.1, 72.3, 74.7, 75.8, 78.8, 81.3, 84.2, 128.6, 129.5, 129.7, 130.2, 131.1, 132.7, 
133.6, 143.9, 165.3, 169.3, 169.3, 202.1. HRMS (FAB/DCM/NaCl) m/z calcd. for 
C38H52O11SiH+: 713.3357,  found: 713.3340 (Δ = -2.4 ppm). 
 

(3R,4S)-1-(4-Methoxyphenyl)-3-allyloxy-4-phenylazetidin-2-one (3-41):  
Method a:71 To a solution of 1-13 (130 mg, 0.49 mmol) in anhydrous DMF (1 mL) and 
THF (6 mL) at 0 oC under nitrogen was treated with NaH (30 mg, 0.75 mmol). The 
reaction mixture was stirred at 0 oC for 30 min and allyl bromide (0.064 mL, 0.75 mmol). 
The reaction mixture was allowed to stir at 0 oC for 1 h, quenched with saturated aqueous 
NH4Cl (20 mL), and was extracted with CH2Cl2 (30 mL x 3). The combined organic 
layers were washed with brine, dried over MgSO4, filtered, and concentrated. The residue 
was purified on a silica gel column using hexanes/EtOAc (7/1) as the eluent to afford 3-
41 (95 mg, 66% for 2 steps) as white solid. 
Method b:54 To a solution of 1-13 (130 mg, 0.49 mmol) in DMF (17 mL) was added 1.0 
M NaHMDS in THF (0.74 mL, 0.74 mmol) at -40 oC and the reaction mixture was stirred 
for 5 min and then allyl iodide (0.087 mL, 0.74 mmol) was added. The reaction was 
quenched after 1 h with saturated aqueous NH4Cl solution (20 mL), and extracted with 
EtOAc (30 mL x 3) and washed with H2O (10 mL x 2) and brine (10 mL). The organic 
layer was dried over anhydrous MgSO4, filtered, and the solvent was removed under 
reduced pressure. The residue was purified on a silica gel column using hexanes/EtOAc 
(7/1) as the eluent to afford 3-41 as a white solid (138 mg, 94%): mp 103-104 oC; 1H 
NMR (300 MHz, CDCl3) δ 3.80 (s, 3 H), 3.81 (ddt, J = 12.6, 5.7, 1.5 Hz, 1 H), 3.96 (ddt, 
J = 12.6, 5.7, 1.5 Hz, 1 H), 5.02 (d, J = 5.1 Hz, 1 H), 5.10 (dt, J = 6.3, 1.5 Hz, 1 H), 5.14 
(s, 1 H), 5.22 (d, J = 4.8 Hz, 1 H), 5.64 (m, 1 H), 6.84 (dt, J = 10.2, 3.3 Hz, 1 H), 7.31-
7.36 (m, 2H), 7.40-7.47 (m, 5 H); 13C NMR (75.5 MHz, CDCl3) δ 55.4, 62.0, 71.4, 82.7, 
114.3, 118.0, 118.7, 128.1, 128.4, 128.5, 128.5, 128.5, 130.6, 133.2, 133.5, 156.3, 163.8; 
HRMS calcd. for C19H19NO3

+: 309.1365, found 309.1362 (Δ= 0.9 ppm). 
 



 

 151 

(3R,4S)-3-Allyloxy-4-phenylazetidin-2-one (3-42):39  
To a solution of β-lactam 3-41(92 mg) in acetonitrile (8.9 mL) and water (8.8 mL) at -10 
°C was slowly added a solution of ceric ammonium nitrate (640 mg) in water (1.75 mL). 
The mixture was stirred for 15 min at -10 °C and quenched by 20 mL of saturated sodium 
bisulfate. The aqueous layer was extracted with dichloromethane (20 mL x 3), and the 
combined organic layer was washed with brine, dried over anhydrous MgSO4, filtered 
and the solvent was removed under reduced pressure. to give 3-42 (51 mg, 84%) as a 
white solid: mp 125-127 oC; 1H NMR (300 MHz, CDCl3) δ 3.78 (dd, J = 12.6, 6.0 Hz, 1 
H), 3.90 (dd, J = 12.6, 6.0 Hz, 1 H), 4.89 (d, J = 4.8 Hz, 1 H), 4.94 (dd, J = 4.5, 3.0 Hz, 1 
H), 5.07 (dd, J = 6.6, 1.2 Hz, 1 H), 5.12 (s, 1 H), 5.62 (m, 1 H), 6.72 (bs, 1 H), 7.42 (m, 5 
H); 13C NMR (75.5 MHz, CDCl3) δ 58.3, 71.2, 84.5, 116.1, 117.9, 127.8, 128.2, 128.2, 
128.2, 128.3, 133.2, 135.7, 168.4; HRMS calcd. for C12H13NO2

+: 203.0946, found 
203.0947 (Δ= -0.7 ppm). 
  
(3R,4S)-1-Benzoyl-3-allyloxyl-4-phenyl-azetidin-2-one (3-37): 39 

To a solution of β-lactam 3-42 (49 mg, 0.24 mmol), triethylamine (0.07 mL, 0.48 mmol) 
and DMAP (1 mg, 0.001 mmol) in CH2Cl2 (2.6 mL), was added benzoyl chloride (0.03 
mL, 0.26 mmol) dropwise at 0 oC. The mixture was stirred overnight at room temperature 
and the reaction was quenched with saturated aqueous NH4Cl solution (20 mL). The 
mixture was then extracted with CH2Cl2 (20 mL x 3). The combined extracts were dried 
over anhydrous MgSO4 and concentrated in vacuo. The crude product was purified on a 
silica gel column using hexanes/EtOAc (5/1) as the eluent to afford 3-37 a white solid (60 
mg, 81% yield): mp 57-58 oC; 1H NMR (300 MHz, CDCl3)  δ 3.85 (ddt, J = 11.4, 7.6, 2.0 
Hz, 1 H), 3.96 (ddt, J = 11.4, 7.6, 2.0 Hz, 1 H), 4.96 (d, J = 6.0 Hz, 1 H), 5.09 (ddd, J = 
5.4, 2.4, 1.2 Hz, 1 H), 5.14 (t, J = 1.8 Hz, 1 H), 5.44 (d, 6.0 Hz, 1 H), 5.63 (ddd, J = 22.5, 
10.8, 5.7 Hz, 1 H), 7.32-7.52 (m, 7 H), 7.60 (td, J = 5.7, 1.2 Hz, 1 H), 8.04 (dd, J = 4.2, 
2.7 Hz, 1 H); 13C NMR (75.5 MHz, CDCl3) δ 59.8, 71.9, 81.1, 118.6, 127.9, 127.9, 127.9, 
127.9, 128.2, 128.2, 128.4, 128.4, 128.4, 128.5, 129.9, 131.8, 132.8, 133.4, 133.5, 163.6, 
166.1. HRMS (FAB/DCM/NaCl) m/z calcd. for C19H17NO3

+: 307.1208 found: 307.1204 
(Δ = 1.4 ppm).  
 
4-Deacetyl-4-acryloyl-2’O-allyl -7-triethylsilylpaclitaxel (3-35):37  
To a solution of 3-36 (25 mg, 0.035 mmol) and β-lactam 3-37 (35 mg, 0.114 mmol) in 
THF (3.2 mL) was added 1 M LiHMDS in THF (0.05 mL, 0.05 mmol) at -40 oC. The 
reaction mixture was warmed up to 0 oC over 4 h, quenched with dilute aqueous NaHCO3 
solution, and extracted with EtOAc. The organic layers were combined, washed with 
brine, dried over anhydrous MgSO4, and the solvent was removed under reduced 
pressure. The residue was purified by using column chromatography on silica gel (eluent: 
Hex/EtOAc, 3/1) to afford 3-35 as a white solid (20 mg, 58%): mp 102-104 oC; 1H NMR 
(500 MHz, CDCl3) δ 0.62 (m, 6 H), 0.90-1.01 (m, 9 H), 1.17 (s, 3 H), 1.20 (s, 3 H), 1.74 
(s, 3 H), 1.93 (m, 1 H), 2.05 (s, 3 H), 2.18 (m, 1 H), 2.19 (s, 3 H), 2.42 (m, 1 H), 2.55 (m, 
1 H), 3.90 (d, J = 7.0 Hz, 1 H), 3.97 (dd, J = 13.5, 6.5 Hz, 1 H), 4.25 (m,  2 H), 4.36 (d, J 
= 8.0 Hz, 1 H), 4.47 (d, J = 2.0 Hz, 1 H), 4.55 (dd, J = 10.5, 6.5 Hz, 1 H), 4.93 (d, J = 
9.5 Hz, 1 H), 5.30 (m, 2 H), 5.71 (m, 3 H), 5.84 (m, 1 H), 6.21 (t, J = 9.0 Hz, 1 H), 6.30 
(dd, J = 17.0, 10.0 Hz, 1 H), 6.48 (s, 1 H), 6.54 (d, J = 17.5 Hz, 1 H), 7.03 (d, J = 9.5 Hz, 
1 H), 7.15 (m, 1 H), 7.34-7.56 (m, 11 H), 7.77 (d, J = 7.0 Hz, 2 H), 8.16 (d, J = 7.5 Hz, 2 
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H); 13C NMR (100.5 MHz, CDCl3) δ 5.3, 6.7, 10.1, 14.4, 20.9, 21.2, 26.6, 35.4, 37.2, 
36.5, 43.3, 46.9, 54.1, 58.5, 71.1, 71.7, 72.2, 74.9, 75.1, 76.6, 78.2, 78.8, 81.4, 84.1, 85.1, 
119.1, 126.8, 126.9, 127.1, 127.7, 127.9, 128.1, 128.5, 128.6, 128.9, 129.2, 129.4, 129.9, 
130.1, 131.7, 132.0, 133.1, 133.6, 133.8, 134.0, 138.7, 140.2, 164.9, 167.1, 169.3, 170.4, 
201.6. HRMS calcd. for C57H69NO14SiNa+: 1142.4835, found 1142.4391 (Δ= 0.6 ppm). 
 
SB-TCR-501:39  
To a solution of 3-35 (18 mg, 0.017 mmol) in CH2Cl2 (7 mL) was added the “first 
generaion Grubbs catalyst” (5 mg, 0.0052 mmol) in CH2Cl2 (0.2 mL). The reaction was 
stirred overnight and the solvent was removed under reduced pressure. The residue was 
passed through a short silica gel column (eluent: hexanes/EtOAc = 5/1) to remove the 
catalyst to afford 3-43 as a crude yellow solid (E-isomer only, 13 mg, 75%). 
To a solution of the 3-43 (13 mg) in CH3CN (0.26 mL) and pyridine (0.26 mL) was 
added HF-pyridine (70:30, 0.13 ml) and the reaction mixture was stirred overnight. The 
reaction mixture was diluted with EtOAc (50 mL) and washed with saturated aqueous 
NaHCO3 solution (10 mL x 2), CuSO4 solution (10 mL x 3), water (10 mL x 3) and brine 
(3 mL). The organic layer was dried over anhydrous MgSO4 and the solvent was 
removed under reduced pressure. The residue was purified by column chromatography on 
silica gel using hexanes/EtOAc (1/1)  as the eluent to afford SB-TCR-501 as white solid 
(9 mg, 80%): mp 182-184 oC; 1H NMR (400 MHz, CDCl3) δ 1.16 (s, 3 H), 1.24 (s, 3 H), 
1.66 (s, 3 H), 1.69 (s, 3 H), 1.88 (m, 1 H), 2.00 (m, 1 H), 2.24 (s, 3 H), 2.42 (m, 2 H), 
2.59 (m, 1 H), 3.56 (d, J = 7.2 Hz, 1 H), 3.93 (dd, J = 14.0, 9.6 Hz, 1 H), 4.17 (d, J = 8.4 
Hz, 1 H), 4.38 (d, J = 8.4 Hz, 1 H), 4.43 (d, J = 2.8 Hz, 1 H), 4.49 (t, J = 8.4 Hz, 1 H), 
4.86 (ddd, J = 12.4, 2.4, 1.2 Hz, 1 H), 5.13 (d, J =7.6 Hz, 1 H), 5.69 (d, J = 7.2 Hz, 1 H), 
5.83 (dd, J = 9.2, 2.0 Hz, 1 H), 5.93 (t, J = 8.0 Hz, 1 H), 6.02 (d, J = 16.4 Hz, 1 H), 6.16 
(s, 1 H), 7.21 (ddd, J = 10.4, 9.6, 3.6 Hz, 1 H), 7.36 (m, 4 H), 7.48 (m, 7 H), 7.61 (t, J = 
7.6 Hz, 1 H), 7.83 (d, J = 7.2 Hz, 2 H), 8.03 (d, J = 6.8 Hz, 2 H); 13C NMR (100.5 MHz, 
CDCl3) δ 9.8, 14.2, 20.8, 22.8, 27.0, 29.7, 35.1, 36.5, 43.1, 45.6, 55.5, 58.0, 71.8, 72.9, 
73.3, 75.3, 75.7, 77.3, 80.3, 81.1, 84.1, 85.1, 121.6, 126.9, 127.0, 128.1, 128.6, 128.7, 
129.1, 130.0, 131.9, 133.3, 133.8, 138.2, 141.9, 147.8,  165.5, 166.2, 167.0, 170.9, 171.4, 
203.6. HRMS calcd. for C47H53NO14Na+: 878.3364, found 878.3375 (Δ= 1.3 ppm).  
 

2-Allyloxybenzaldehyde (3-46):66  
To the solution of salicylaldehyde (1.03 mL, 10 mmol) and potassium carbonate (2.7 g, 
20 mmol) in anhydrous acetone (30 mL) was added allylbromide (1.73 ml, 20 mmol). 
The reaction mixture was refluxed for 2 h and filtered. Solvent and excess allylbromide 
were removed under reduced pressure to give colorless oil (1.62g, 100%): 1H NMR (300 
MHz, CDCl3) δ 4.66 (m, 2 H), 5.34 (dq, J =10.8, 1.5 Hz, 2 H), 6.09 (m, 1 H), 7.00 (m, 2 
H), 7.53 (td, J =8.4, 2.4 Hz, 1 H), 7.85 (dd, J = 7.5, 1.5 Hz, 1 H), 10.54 (s, 1 H). All data 
are consistant with literature data.66  
 
N-p-Methoxyphenyl-2-allyloxybenzaldimine (3-47): 
To a mixture of p-anisidine (420 mg, 4.3 mmol) and magnesium sulfate (1.63 g, 13.6 
mmol) in dichloromethane (7 mL) was added 3-46 (550 mg, 3.4 mmol). The reaction 
mixture was stirred overnight and filtered. The solvent was removed under reduced 
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pressure to give yellow oil. The crude product was immediately used for the synthesis of 
β-lactam without further purification.  
  
(±)-1-(4-Methoxyphenyl)-3-acetoxyl-4-(2-allyloxyphenyl)azetidin-2-one (3-48): 
Aldimine 3-47 was dissolved in CH2Cl2 (22 mL), and triethylamine (0.94 mL, 6.8 mmol) 
was added. Then, the solution was cooled to -78 ˚C. To the mixture was added 
acetoxyacetyl chloride (0.7 g, 5.1 mmol) and the reaction mixture was warmed up to 
room temperature overnight. The reaction was quenched with CH2Cl2 (150 mL). The 
organic layer was washed with water, brine, dried over anhydrous MgSO4, and 
concentrated in vacuo. Column chromatography of the residue on silica gel (hexanes/ 
ethyl acetate = 6/1) afforded 3-48  as a colorless oil (1.554 g, 100 % for 2 steps): 1H 
NMR (400 MHz, CDCl3) δ 1.73 (s, 3 H), 3.76 (s, 3 H), 4.58 (m, 2 H), 5.32 (dd, J = 11.2, 
2.8 Hz, 1 H), 5.43 (dd, J = 17.6, 1.2 Hz, 1 H), 5.78 (d, J = 5.2 Hz, 1 H), 6.09 (d, J = 4.8 
Hz, 1 H), 6.09 (m, 1 H), 6.81 (d, J = 8.8 Hz, 2 H), 6.90 (t, J = 8.0 Hz, 2 H), 7.19 (dd, J = 
8.0, 0.8 Hz, 1 H), 7.30 (m, 3 H); 13C NMR (100.5 MHz, CDCl3) δ 20.0, 55.4, 56.2, 69.3, 
75.7, 111.8, 114.4, 117.7, 118.7, 120.5, 120.9, 128.4, 129.6, 130.5, 133.1, 156.5, 156.7, 
161.9, 168.8; HRMS (FAB/DCM/NaCl) m/z calcd. for C21H21NO5H+: 368.1498, found: 
368.1485 (Δ = -3.5 ppm). 
 
Enzymatic resolution of β-lactam (3-48):72  
To racemic β-lactam 3-48 (1.26 g, 3.4 mmol) suspended in 0.2 M sodium phosphate 
buffer (pH = 7.5, 150 mL) and acetonitrile (20 mL) was added PS-Amano lipase (600 
mg), and the mixture was vigorously stirred at 50 oC. After 6 days, the 1H NMR analysis 
of the reaction mixture showed that the conversion of the reaction was 50%. The reaction 
was terminated by adding dichloromethane (150 mL) and the mixture was extracted with 
ethyl ether (3 x 50 mL). The organic layer was dried over anhydrous MgSO4 and 
concentrated in vacuo. The residue was subjected to flash column chromatography on 
silica gel (hexane/ethyl acetate = 6/1 and then 1/1) to give (+)-3-48 (503 mg) in 40% 
yield and (-)-3-49 (481 g) in 45% yield.  
(-)-3-49: white solid; mp 142-144oC; 1H NMR (500 MHz, CDCl3) δ 3.76 (s, 3 H), 4.60 
(m, 2 H), 5.20 (s, 1H), 5.31 (dd, J = 10.5, 1.5 Hz, 1 H), 5.40 (dd, J = 17.5, 1.0 Hz, 1 H), 
5.51 (d, J = 3.5 Hz, 1 H), 6.05 (m, 1 H), 6.81 (m, 2 H), 6.90 (m, 2 H), 7.21 (d, J = 7.5 Hz, 
1 H), 7.31 (m, 3 H); 13C NMR (100.5 MHz, CDCl3) δ 55.4, 59.9, 69.4, 77.6, 112.6, 114.3, 
118.1, 118.6, 121.4, 121.9, 129.0, 129.8, 130.9, 132.7, 156.2, 156.6, 165.7; HRMS 
(FAB/DCM/NaCl) m/z calcd. for C19H19NO4H+: 326.1392,  found: 326.1397 (Δ = 1.4 
ppm). 
  
(3R,4S)-3-Acetoxyl-4-(2-allyloxyphenyl)azetidin-2-one (3-50): 
To a solution of (+)-3-48 (311 mg, 0.846 mmol) in acetonitrile (25 mL) and water (5 mL) 
at -10 °C was slowly added an aqueous solution of ceric ammonium nitrate (1.60 g) in 
water (25 mL). The mixture was stirred for 20 min at -10 °C and quenched with saturated 
sodium bisulfate (25 mL). The aqueous layer was extracted with ethyl acetate (30 mL x 
3), and the combined organic layer was washed with brine, dried over anhydrous MgSO4, 
and concentrated in vacuo to give 3-50 (196 mg, 89%): 1H NMR (500 MHz, CDCl3) δ 
1.73 (s, 3 H), 4.52 (m, 2 H), 5.29 (dt, J = 11.5, 1.5 Hz, 1 H), 5.37 (dq, J = 17.5, 1.5 Hz, 1 
H), 5.41 (d, J = 5.0 Hz, 1 H), 6.04 (m, 1 H), 6.08 (m, 1 H), 6.10 (s, 1 H), 6.85 (d, J =8.5 
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Hz, 1 H), 7.00 (t, J = 7.5 Hz, 1 H), 7.29 (td, J = 8.0, 1.5 Hz, 1 H), 7.36 (dd, J = 7.0, 1.0 
Hz, 1 H); 13C NMR (100.5 MHz, CDCl3) δ 19.9, 53.0, 68.9, 77.3, 111.2, 117.5, 120.3, 
123.4, 127.4, 129.2, 132.9), 156.1, 165.7, 168.6; HRMS (FAB/DCM/NaCl) m/z calcd. 
for C14H15NO4H+: 262.1079,  found: 262.1089 (Δ = 3.7 ppm). 
  
(3R,4S)-3-Triethylsilyloxy-4-(2-allyloxyphenyl)azetidin-2-one (3-51):54  
To a solution of 1 M KOH aqueous solution (10 mL) at 0 oC was added a solution of 3-50 
(193 mg, 0.739 mmol) in THF (25 mL). The solution was stirred at 0 °C for 1 h and 
saturated NH4Cl (20 mL) was added. The mixture was extracted with dichloromethane 
(20 mL x 3). The combined organic layers were dried over MgSO4 and concentrated to 
give 3-hydroxy-4-(2-allyloxyphenyl)azetidin-2-one (169 mg, 100%) as a crude solid, and 
the β-lactam was used for the next step without further purification.  
To a solution of 3-hydroxy-4-(2-allyloxyphenyl)azetidin-2-one (169 mg, 0.70 mmol), 
DMAP (2 mg, 0.02 mmol) and triethylamine (0.22 mL, 1.4 mmol) in dichloromethane 
(29 mL) was added chlorotriethylsilane (0.123 mL, 0.735 mmol). The solution was 
stirred at 0 °C for 4 min, quenched with saturated NH4Cl solution (30 mL) and stirred at 
room temperature for 30 min. The mixture was extracted with CH2Cl2 (20 mL x 3) and 
the combined organic layers were dried over MgSO4. The solution was concentrated in 
vacuo and the residue was separated using column chromatography on silica gel 
(hexanes/ethyl acetate = 4/1) to give 3-51 as a white solid 192 mg (78% for 2 steps): mp 
73-74 oC; 1H NMR (400 MHz, CDCl3) δ 0.44 (m, 6 H), 0.74 (m, 9 H), 4.50 (d, J = 5.2 
Hz, 2 H), 5.06 (m, 1 H), 5.23 (d, J = 4.8 Hz, 1 H), 5.27 (dq, J = 10.8, 1.2 Hz, 1 H), 5.38 
(dq, J = 17.6, 1.6 Hz, 1 H), 6.05 (m, 1 H), 6.80 (d, J = 8.0 Hz, 1 H), 6.82 (s, 1 H), 6.95 (t, 
J = 7.6 Hz, 1 H), 7.21 (td, J = 7.6, 1.6 Hz, 1 H), 7.36 (dd, J = 7.2, 1.2 Hz, 1 H); 13C NMR 
(100.5 MHz, CDCl3) δ 4.3, 6.1, 54.0, 68.5, 79.1, 110.7, 117.1, 120.2, 125.0, 127.9, 128.4, 
133.1, 156.2, 170.3; HRMS (FAB/DCM/NaCl) m/z calcd. for C18H27NO3SiH+: 334.1838,  
found: 334.1849 (Δ = 3.1 ppm). 
  
(3R,4S)-1-Benzoyl-3-triethylsilyloxy-4-(2-allyloxyphenyl)azetidin-2-one (3-52): 
To a solution of β-lactam 3-51 (117 mg, 0.315 mmol), triethylamine (0.1 mL, 0.702 
mmol) and DMAP (2 mg, 0.03 mmol) in CH2Cl2 (4 mL), was added benzoyl chloride 
(0.045 mL, 0.386 mmol) dropwise at room temperature. The mixture was stirred 
overnight at room temperature and the reaction was quenched with saturated aqueous 
NH4Cl solution (20 mL). The mixture was then extracted with dichloromethane (20 mL x 
3). The combined organic layer was dried over anhydrous MgSO4 and concentrated in 
vacuo. The crude product was purified on a silica gel column using hexanes/EtOAc (50/1) 
as the eluent to afford 3-60 as a white solid (153 mg, 99% yield): mp 66-67 oC; 1H NMR 
(400 MHz, CDCl3) δ 0.51 (m, 6 H), 0.80 (m, 9 H), 4.57 (m, 2 H), 5.17 (d, J = 6.4 Hz, 1 
H), 5.30 (dd, J = 10.8, 1.2 Hz, 1 H), 5.44 (dq, J = 17.2, 1.6 Hz, 1 H), 5.83 (d, J = 6.0 Hz, 
1 H), 6.10 (m, 1 H), 6.88 (d, J = 8.0 Hz, 1 H), 6.95 (t, J = 7.2 Hz, 1 H), 7.25 (t, J = 7.6 
Hz, 2 H), 7.48 (t, J = 8.0 Hz, 2 H), 7.58 (t, J = 7.6 Hz, 1 H), 8.07 (d, J = 7.2 Hz, 2 H); 13C 
NMR (100.5 MHz, CDCl3) δ 4.3, 6.2, 56.9, 68.9, 76.2, 111.3, 117.3, 120.4, 122.1, 127.5, 
128.0, 128.9, 129.8, 132.6, 133.1, 133.2, 156.4, 165.5, 166.3; HRMS (FAB/DCM/NaCl) 
m/z calcd. for C25H31NO4SiH+: 438.2101,  found: 438.2107 (Δ = 1.5 ppm). 
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2-Allylbenzyl alcohol (3-53):68  
To a solution of acid 3-21 (600 mg, 3.7 mmol) in dry THF (8 mL) at 0 oC under nitrogen 
was added LiAlH4 (280 mg, 7.4 mmol). The mixture was allowed to warm to room 
temperature for 30 min and then heated at reflux for overnight. Excess LiAlH4 was 
quenched by careful addition of aqueous 3 M hydrochloric acid at 0 oC, and the aqueous 
phase was extracted with Et2O (30 mL x 3). The combined organic layer was washed 
with brine (20 mL x 2), dried over MgSO4, and concentrated under reduced pressure. The 
reside was purified on a silica gel column using hexanes:EtOAc (7:1) as the eluent to 
afford acid 3-53 as colorless oil (520 mg, 95%): 1H NMR (300 MHz, CDCl3) δ 3.04 (s, 1 
H), 3.54 (dt, J = 6.3, 2.7 Hz, 2 H), 4.73 (s, 2 H), 5.09 (ddd, J = 16.8, 3.6, 1.8 Hz, 1 H), 
5.20 (ddd, J = 9.9, 3.0, 1.5 Hz, 1 H), 6.10 (m, 1 H), 7.33 (m, 3 H), 7.47 (dd, J = 9.6, 1.5 
Hz, 1 H); 13C NMR (75.5 MHz, CDCl3) δ 36.4, 62.4, 115.6, 126.4, 127.7, 127.9, 129.5, 
137.1, 137.5, 138.5.  
 
2-Allylbenzaldehyde (3-54):69  
Pyridinium chlorochromate (1.16g, 5.4 mmol) was added a solution of 2-allylbenzyl 
alcohol 3-53 (539 mg, 3.6 mmol) in dichloromethane (10.8 mL). The mixture was stirred 
at room temperature for 2.5 h and quenched with Et2O (50 mL). After filtration, the solid 
residue was washed with Et2O (50 mL x 2) and the combined organic layer was washed 
with 5% aqueous citric acid solution (5 mL), saturated aqueous NaHCO3 solution (10 mL) 
and brine (10 mL). The organic layer was dried over anhydrous MgSO4 and solvent was 
removed under reduced pressure. The crude product was immediately used for the 
synthesis of β-lactam without further purification.  
 
N-p-Methoxyphenyl-2-allylbenzaldimine (3-55): 
To the solution of 3-54 (~3.6 mmol) and sodium sulfate (2.1 g, 14.4 mmol) in 
dichloromethane (8 mL) was added p-anisidine (440 mg, 3.6 mmol). The reaction 
mixture was stirred for 2 h and filtered. The solvent was removed under reduced pressure 
to give yellow oil. The crude product was immediately used for the synthesis of β-lactam 
without further purification.  
  
(±)-1-(4-Methoxyphenyl)-3-acetoxyl-4-(2-allyloxyphenyl)azetidin-2-one (3-56):42  
Aldimine 3-55 was dissolved in CH2Cl2 (23 mL) and triethylamine (1.0 mL, 5.4 mmol) 
was added. Then solution was cooled to -78 ˚C. To the mixture was added acetoxyacetyl 
chloride (0.6 mL, 4.3 mmol) and the reaction mixture was warmed up to room 
temperature overnight. The reaction was quenched with CH2Cl2 (60 mL). The organic 
layer was washed with water, brine, dried over anhydrous MgSO4, and concentrated in 
vacuo. Column chromatography of the residue on silica gel (hexanes/ ethyl acetate = 8/1) 
afforded 3-56 (979 mg, 79 % for 3 steps) as a white solid: mp 110-111 oC; 1H NMR (400 
MHz, CDCl3) δ 1.59 (s, 3 H), 3.33 (dd, J = 16.0, 5.2 Hz, 1 H), 3.56 (dd, J = 16.8, 6.8 Hz, 
1 H), 3.67 (s, 3 H), 5.03 (d, J = 17.2 Hz, 1 H), 5.13 (d, J = 10.0 Hz, 1 H), 5.51 (d, J = 4.8 
Hz, 1 H), 5.94 (d, J = 4.8 Hz, 1 H), 6.03 (m, 1 H), 6.74 (d, J = 8.8 Hz, 2 H), 7.18 (m, 6 
H); 13C NMR (100.5 MHz, CDCl3) δ 19.4, 31.3, 55.1, 57.8, 75.8, 114.1, 116.1, 118.5, 
118.6, 126.1, 127.0, 128.4, 129.8, 130.0, 130.0, 136.5, 138.1, 156.2, 161.8, 168.8. HRMS 
(FAB/DCM/NaCl) m/z calcd. for C21H21NO4H+: 352.1549, found: 352.1547 (Δ = -0.6 
ppm). 
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Enzymatic resolution of β-lactam (3-56):73  
To racemic β-lactam 3-56 (1.56 g, 3.4 mmol) suspended in 0.2 M sodium phosphate 
buffer (pH = 7.5, 140 mL) and acetonitrile (15 mL) was added PS Amano lipase (600 
mg), and the mixture was vigorously stirred at 50 oC. After 5 days, the 1H NMR analysis 
showed that the conversion of the reaction was 55%. The reaction was terminated by 
adding dichloromethane (100 mL) and the mixture was extracted with dichloromethane 
(3 x 50 mL). The organic layer was dried over anhydrous MgSO4, and concentrated in 
vacuo. The residue was subjected to flash column chromatography on silica gel 
(hexanes:EtOAc = 8:1 to 2:1) to give (+)-3-56 (670 mg) in 43% yield and (-)-3-57 (626 
mg) in 46% yield.  
3-57: white solid; 1H NMR (400 MHz, CDCl3) δ 3.51 (m, 2 H), 3.73 (s, 3 H), 4.10 (m, 1 
H), 5.17 (m, 3 H), 5.44 (d, J = 4.8 Hz,1 H), 6.08 (m, 1 H), 6.80 (d, J = 8.8 Hz, 2 H), 7.19 
(m, 6 H); 13C NMR (100.5 MHz, CDCl3) δ 37.0, 55.2, 59.7, 76.6, 114.2, 116.2, 118.7, 
126.5, 126.8, 128.2, 130.1, 130.4, 131.2, 136.4, 138.0, 156.2, 166.1. HRMS 
(FAB/DCM/NaCl) m/z calcd. for C19H19NO3H+: 310.1443,  found: 310.1447 (Δ = 1.3 
ppm). 
  
(3R,4S)-3-Acetoxyl-4-(2-allylphenyl)azetidin-2-one (3-58):72  
To a solution of (+)-3-56 (560 mg, 1.59 mmol) in acetonitrile (45 mL) and water (9 mL) 
at -10 °C was slowly added a solution of ceric ammonium nitrate in 45 mL of water. The 
mixture was stirred for 2.5 h at -10 °C and quenched by saturated sodium bisulfate (30 
mL). The aqueous layer was extracted with ethyl acetate (40 mL x 3), and the combined 
organic layer was washed with brine, dried over anhydrous MgSO4, and concentrated in 
vacuo. The residue was subjected to flash column chromatography on silica gel 
(hexanes:EtOAc = 4:1) to afford 3-58 as a white solid (309 mg, 89%): mp 104-105; 1H 
NMR (400 MHz, CDCl3) δ 1.60 (s, 3 H), 3.23 (dd, J =16.4, 5.6 Hz, 1 H), 3.38 (dd, J = 
16.4, 5.6 Hz, 1 H), 4.92 (dd, J = 17.2, 1.2 Hz, 1 H), 5.03 (dd, J = 10.4, 1.2 Hz, 1 H), 5.17 
(d, J = 4.8 Hz, 1 H), 5.88 (m, 2 H), 6.61 (s, 1 H), 7.12 (m, 1 H), 7.22 (m, 2 H), 7.41 (m, 1 
H); 13C NMR (100.5 MHz, CDCl3) δ 19.6, 36.2, 54.4, 77.5, 116.1, 126.1, 126.6, 128.2, 
129.6, 132.4, 136.3, 137.8, 166.1, 168.9. HRMS (FAB/DCM/NaCl) m/z calcd. for 
C14H15NO3H+: 246.1133,  found: 246.1118 (Δ = -4.9 ppm). 
  
(3R,4S)-3-Triethylsilyloxy-4-(2-allylphenyl)azetidin-2-one (3-60):74 
To an aqueous solution of 1 M KOH (16 mL) at 0 °C was added a solution of 3-58 (300 
mg, 1.22 mmol) in THF (40 mL). The solution was stirred at 0 °C for 30 min and 
quenched by saturated NH4Cl (30 mL). The mixture was extracted with dichloromethane 
(40 mL x 3). The combined organic layers were dried over MgSO4 and concentrated to 
give 3-59 (225 mg, 91%) as a crude solid. The β-lactam 3-59 was used for the next step 
without further purification.  
To a solution of 3-59 (225 mg, 1.1 mmol), DMAP (3 mg, 0.03 mmol) and triethylamine 
(0.35 mL, 2.2 mmol) in dichloromethane (45 mL) was added chlorotriethylsilane (0.193 
mL, 1.2 mmol). The solution was stirred at 0 °C for 25 min, quenched with saturated 
NH4Cl solution (30 mL) and stirred at room temperature for 30 min. The mixture was 
extracted with CH2Cl2 (20 mL x 3) and the combined organic layers were dried over 
MgSO4. The organic layer was concentrated in vacuo and the residue was subjected to 
column chromatography on silica gel (hexanes:EtOAc = 5:1) to give 3-60 as a colorless 
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oil (226 mg, 65%): 1H NMR (300 MHz, CDCl3) δ 0.52 (m, 6 H), 0.83 (m, 9 H), 3.44 (d, J 
= 6.0 Hz, 2 H), 5.14 (m, 4 H), 6.01 (m, 1 H), 6.83 (s, 1 H), 7.22 (m, 1 H), 7.30 (m, 2 H), 
7.48 (m, 1 H); 13C NMR (100.5 MHz, CDCl3) δ 5.0, 6.3, 37.0, 55.9, 79.1, 116.7, 126.1, 
127.1, 127.6, 129.1, 134.4, 136.6, 137.4, 169.8. HRMS (FAB/DCM/NaCl) m/z calcd. for 
C18H27NO2SiH+: 318.1889,  found: 318.1891 (Δ = 0.6 ppm). 
  
(3R,4S)-1-Benzoyl-3-triethylsilyloxy-4-(2-allylphenyl)azetidin-2-one (3-61): 
To a solution of β-lactam 3-60 (125 mg, 0.39 mmol), triethylamine (0.11 mL, 0.78 mmol) 
and DMAP (2 mg, 0.03 mmol) in CH2Cl2 (4.5 mL), was added benzoyl chloride (0.051 
mL, 0.43 mmol) dropwise at room temperature. The mixture was stirred overnight at 
room temperature and the reaction was quenched with saturated aqueous NH4Cl solution 
(20 mL). The mixture was then extracted with dichloromethane (20 mL x 3). The 
combined extracts were dried over anhydrous MgSO4 and concentrated in vacuo. The 
crude product was purified on a silica gel column using hexanes:EtOAc (50:1) as the 
eluent to afford 3-61 as a colorless oil (152 mg, 92% yield): 1H NMR (400 MHz, CDCl3) 
δ 0.51 (m, 6 H), 0.78 (m, 9 H), 3.49 (ddt, J = 16.4, 6.0, 1.6 Hz, 1 H), 3.57 (dd, J = 16.0, 
6.4 Hz, 1 H), 5.11 (m, 2 H), 5.17 (d, J = 6.4 Hz, 1 H), 5.68 (d, J = 6.0 Hz, 1 H), 6.07 (m, 
1 H), 7.22 (m, 3 H), 7.33 (dd, J = 8.8, 2.0 Hz, 1 H), 7.49 (m, 2 H), 7.60 (tt, J = 6.8, 1.2 
Hz, 1 H), 8.07 (dd, J = 6.0, 1.2 Hz, 2 H); 13C NMR (100.5 MHz, CDCl3) δ 4.5, 6.2, 37.3, 
57.4, 76.0, 116.3, 126.1, 128.0, 128.1, 129.5, 129.9, 131.8, 132.0, 133.3, 136.5, 138.0, 
165.2, 166.2. HRMS (FAB/DCM/NaCl) m/z calcd. for C25H31NO3SiH+: 422.2151,  found: 
422.2169 (Δ = 4.3 ppm). 
 
K2a:37 
To a solution of 3-36 (20 mg, 0.028 mmol) and β-lactam 3-52 (37 mg, 0.084 mmol) in 
THF (3 mL) was added 1 M LiHMDS in THF (0.042 ml, 0.042 mmol) at -40 oC. The 
reaction mixture was warmed up to 0 oC over 3 h and then quenched with dilute aqueous 
NaHCO3 solution (10 mL) and extracted with EtOAc (20 mL x 3). The organic layers 
were combined and solvent was removed under reduced pressure. The residue was 
purified by column chromatography on silica gel (eluent: hexames/EtOAc = 5/1) to 
afford 3-62 as white solid. (19 mg, 60%).  
To a sulotion of 3-62 (10 mg, 0.0096 mmol) in CH2Cl2 (5 mL) was added the “first-
generation Grubbs’s catalyst” (4 mg, 0.0004 mmol) in CH2Cl2 (0.04 mL). The reaction 
was stirred overnight and the solvent was removed under reduced pressure. The residue 
was passed through a short silica gel column (eluent: hexames/EtOAc = 2/1) to remove 
the catalyst to afford 3-63 as a crude yellow solid. 
To a solution of the 3-63 (10 mg) in CH3CN (0.2 mL) and pyridine (0.2 mL) was added 
HF-pyridine (70:30, 0.1 ml) and the reaction mixture was stirred overnight. The reaction 
mixture was diluted with EtOAc (60 mL) and washed with saturated aqueous NaHCO3 
solution (5 mL x 2), CuSO4 solution (5 mL x 3), water (5 mL x 3) and brine (3 mL). The 
organic layer was dried over anhydrous MgSO4 and solvent was removed under reduced 
pressure. The residue was purified by column chromatography on silica gel using 
hexanes:EtOAc (1/1) as the eluent to afford K2a as white solid (5 mg, 60% in 2 steps): 
1H NMR (400 MHz, CDCl3) δ 1.13 (s, 3 H), 1.23 (s, 3 H), 1.70 (s, 3 H), 1.87 (s, 3 H), 
1.92 (m, 1 H), 2.24 (s, 3 H), 2.48 (m 2 H), 2.59 (m, 1 H), 3.19 (bs, 1 H), 3.74 (d, J = 6.8 
Hz, 1 H), 4.28 (d, J = 8.4 Hz, 1 H), 4.46 (m, 2 H), 4.78 (s, 1 H), 4.89 (m, 2 H), 5.10 (dd, J 
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= 9.6, 2.0 Hz, 1 H), 5.70 (d, J = 7.2, 1 H), 5.99 (d, J = 6.8 Hz, 1 H), 6.16 (t, J = 8.8, 1 H), 
6.27 (s, 1 H), 6,78 (d, J = 16.0 Hz, 1 H), 7.10 (m, 3 H), 7.29-7.43 (m, 5 H), 7.48-7.55 (m, 
3 H), 7.61 (t, J = 7.8 Hz, 1 H), 7.71 (dd, J = 8.8, 0.8 Hz, 2 H) , 8.11 (dd, J = 8.4, 0.8 Hz, 2 
H). 13C NMR (100.5 MHz, CDCl3) δ 9.7, 14.8, 21.0, 22.3, 27.0, 35.0, 35.7, 43.2, 45.9, 
58.6, 58.8, 66.1, 70.5, 72.5, 75.1, 75.7, 76.4, 76.7, 77.4, 79.4, 81.5, 84.3, 111.2, 119.3, 
122.5, 126.8, 127.3, 128.9, 129.6, 130.1, 131.2, 132.4, 132.6, 133.6, 134.1, 138.4, 142.9, 
143.3, 155.7, 163.6, 167.0, 169.3, 171.5, 173.0, 203.7. HRMS calcd. for C49H51NO15

+: 
894.3337, found 894.3294 (Δ= 4.8 ppm). All data are consistent with the reported 
values.37  
 
4-Deacetyl-4-acryloyl-3’-dephenyl-3’-(2-allylphenyl)-7,2’-triethylsilylpaclitaxel  
(3-64):37  
To a solution of 3-36 (45 mg, 0.063 mmol) and β-lactam 3-61 (80 mg, 0.19 mmol) in 
THF (6 mL) was added 1.3 M LiHMDS in THF (0.07 ml, 0.094 mmol) at -40 oC. The 
reaction mixture was warmed up to -30 oC over 30 min, quenched with dilute aqueous 
NH4Cl solution, and extracted with Et2O. The organic layers were combined, washed 
with brine and solvent was removed under reduced pressure. The residue was purified by 
column chromatography (eluent: hexanes/EtOAc = 4/1) to afford 3-64 as a white solid 
(53 mg, 74%): mp 125-127 oC; 1H NMR (400 MHz, CDCl3) δ 0.59 (m, 12 H), 0.94 (m, 
18 H), 1.19 (s, 3 H), 1.23 (s, 3 H), 1.71 (s, 3 H), 1.90 (m 3 H), 2.01 (s, 3 H), 2.16 (s, 3 H), 
2.44 (m, 2 H), 2.52 (m, 1 H), 3.53 (dd, J = 15.6, 6.4 Hz, 1 H), 3.67 (dd, J = 15.6, 6.4 Hz, 
1 H), 3.91 (d, J = 6.8 Hz, 1 H), 4.26 (d, J = 8.4 Hz, 1 H), 4.34 (d, J = 8.4 Hz, 1 H), 4.53 
(dd, J = 10.4 Hz, 6.4 Hz, 1 H), 4.58 (d, J = 1.2 Hz, 1 H), 4.88 (d, J = 3.6 Hz, 1 H), 5.11 
(dd, J = 10.4, 1.6 Hz, 1 H), 5.16 (dd, J = 17.2, 1.6 Hz, 1 H), 5.47 (dd, J = 10.0, 1.2 Hz,1 
H), 5.74 (d, J = 7.2 Hz, 1 H), 5.77 (dd, J = 17.2, 1.6 Hz, 1 H), 6.05 (m, 2 H), 6.26 (dd, J = 
17.6, 10.4 Hz, 1 H), 6.43 (dd, J = 17.2, 1.2 Hz, 1 H), 6.47 (s, 1 H), 6.87 (d, J = 9.2 Hz, 1 
H), 7.35 (m, 8 H), 7.54 (d, J = 7.6 Hz, 1 H), 7.60 (t, J = 7.6 Hz, 1 H), 7.68 (d, J = 6.8 Hz, 
2 H), 8.11 (d, J = 7.2 Hz, 1 H); 13C NMR (100.5 MHz, CDCl3) δ 5.7, 5.3, 6.6, 6.8, 10.1, 
14.1, 20.8, 21.5, 26.5, 35.7, 36.8, 37.2, 43.4, 46.7, 51.7, 58.4, 72.1, 72.4, 73.3, 75.0, 75.1, 
76.6, 78.7, 81.5, 84.2, 116.9, 126.5, 126.9, 127.3, 128.3, 128.5, 129.3, 129.6, 130.0, 
130.1, 131.5, 133.5, 134.3, 136.3, 136.8, 137.7, 140.6, 164.8, 166.8, 167.0, 169.3, 172.2, 
201.7. HRMS calcd. for C63H83NO14Si2H+: 1134.5430, found 1134.5393 (Δ= -3.3 ppm). 
 
K1a:37  
To a sulotion of 3-64 (35 mg, 0.03 mmol) in CH2Cl2 (7 mL) was added the “first-
generation Grubbs catalyst” (8 mg, 0.01 mmol) in CH2Cl2 (0.2 mL). The reaction was 
stirred overnight, and the solvent was removed under reduced pressure. The residue was 
passed through a short silica gel column (hexanes/EtOAc = 4/1) to remove the catalyst to 
afford 3-65 as a crude yellow solid (Z-isomer, 20 mg, 60%). 
To a solution of the 3-65 (17 mg) in CH3CN (0.34 mL) and pyridine (0.34 mL) was 
added HF-pyridine (70:30, 0.17 mL) and the reaction mixture was stirred overnight. The 
reaction mixture was diluted with EtOAc (50 mL) and washed with saturated aqueous 
NaHCO3 solution (10 mL x 2), CuSO4 solution (10 mL x 3), water (10 mL x 3) and brine 
(3 mL). The organic layer was dried over anhydrous MgSO4 and solvent was removed 
under reduced pressure. The residue was purified by column chromatography on silica 
gel using hexanes:EtOAc (1/1) as the eluent to afford K1a as white solid (11 mg, 84%): 
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mp 214-216 oC; 1H NMR (400 MHz, CDCl3) δ 1.18 (s, 3 H), 1.30 (s, 3 H), 1.76 (s, 3 H), 
1.94 (m, 1 H), 1.95 (s, 3 H), 2.22 (m, 1 H), 2.25 (s, 3 H), 2.47 (m, 2 H), 2.68 (m, 1 H), 
3.30 (bs, 1 H), 3.89 (d, J = 6.8 Hz, 1 H), 3.93 (dt, J = 19.6, 2.8 Hz, 1 H), 4.25 (d, J = 8.0 
Hz, 1 H), 4.34 (d, J = 8.4 Hz, 1 H), 4.46 (m, 2 H), 4.86 (dd, J = 19.6, 9.2 Hz, 1 H), 5.01 
(d, J =7.6 Hz, 1 H), 5.73 (d, J = 6.8 Hz, 1 H), 5.93 (d, J = 8.0 Hz, 1 H), 6.29 (dd, J = 11.2, 
5.6 Hz, 1 H), 6.36 (s, 1 H), 6.49 (t, J = 8.4 Hz, 1 H), 6.76 (td, J = 11.2, 1.6 Hz, 1 H), 7.14 
(d, J = 8.4 Hz, 1 H), 7.33 (m, 3 H), 7.52 (m, 6 H), 7.60 (t, J = 7.6 Hz, 1 H), 7.77 (d, J = 
6.8 Hz, 2 H), 8.15 (d, J = 6.8 Hz, 2 H); 13C NMR (100.5 MHz, CDCl3) δ 9.5, 15.3, 20.8, 
21.8, 27.1, 34.9, 35.5, 36.1, 43.4, 46.0, 50.8, 58.9, 72.0, 72.4, 72.7, 74.8, 75.6, 78.9, 81.1, 
84.4, 120.4, 126.3, 127.1, 127.7, 128.4, 128.7, 128.8, 129.0, 130.3, 130.8, 131.9, 133.1, 
133.7, 133.8, 136.8, 138.4, 142.2, 153.0, 165.4, 166.6, 167.1, 171.2, 173.1, 203.6. HRMS 
calcd. for C48H51NO14

+: 878.3388, found 878.3389 (Δ= 0.1 ppm). All data are consistent 
with the reported values.37  
 
In vitro cell growth inhibition assay: 
(a) Tumor cell growth inhibition was examined according to the method established by 
Skehan et al.75

  Human cancer cells HT-29, LCC6-WT (Pgp-), MCF-7 (Pgp-), LCC6-
MDR (Pgp+) and NCI/ADR (Pgp+), were plated at a density of 400-2,000 cells/well in 
96-well plates and allowed to attach overnight. These cell lines were maintained in 
RPMI-1640 medium (Roswell Park Memorial Institute growth medium) supplemented 
with 5% fetal bovine serum and 5% Nu serum (Collaborative Biomedical Product, MA). 
Taxoids were dissolved in DMSO and further diluted with RPMI-1640 medium. 
Triplicate wells were exposed to various treatments. After 72 h incubation, 100 μL of ice-
cold 50% trichloroacetic acid (TCA) was added to each well, and the samples were 
incubated for 1 h at 4 °C. Plates were then washed five times with water to remove TCA 
and serum proteins, and 0.4% sulforhodamine B (SRB) (50 μL) was added to each well. 
Following a 5-min incubation, plates were rinsed five times with 0.1% acetic acid and 
air-dried. The dye was then desolved in 10 mM Tris-base (pH 10.5) for 5 min on a 
gyratory shaker. Optical density was measured at 570 nm. The IC50 values were then 
calculated by fitting the concentration-effect curve data with the sigmoid-Emax model 
using nonlinear regression, weighted by the reciprocal of the square of the predicted 
effect.76  
(b) Human cancer cell lines, HT-29, A2780, LCC6-WT (Pgp-), MCF-7 (Pgp-), LCC6-
MDR (Pgp+) and NCI/ADR (Pgp+), were cultured as specified by ATCC (Manassas, 
Virginia). For cytotoxicity assays the cells were plated at a density of 10,000 cells/well in 
96-well plates and allowed to adhere overnight. Then, the media was replaced with media 
containing taxane derivatives or vehicle control. Taxoids were dissolved in DMSO to 10 
mM concentration and were further diluted in appropriate media prior to addition to cells. 
Each dose of drug or vehicle was tested in triplicate, and the final value was a 
representative of at least 3 independent trials. After 72 h of treatment, the media was 
aspirated and the cells were washed with warm PBS. MTT reagent (Sigma) was diluted 
in RPMI-1640 media without phenol red (Invitrogen), and added to the cells at a 
concentration of 0.5 mg/mL. After 3 hours of incubation, the reagent was aspirated, the 
plate was washed with PBS and MTT formazan crystals were dissolved in 50 μL 
acidified isopropanol (0.04 N hydrochloric acid). Absorbance at 570 nM was measured 
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on a thermomax plate reader (Molecular Devices). The IC50 values were obtained by 
using the same method as that described for (a). 
 
Tubulin polymerization assay  
(Professor Susan B. Horwitz’s laboratory at the Albert Einstein College of Medicine): 
Assembly and disassembly of calf brain microtubule protein (MTP) was monitored 
spectrophotometrically (Beckman Coulter DU 640, Fullerton, CA) by recording changes 
in turbidity at 350 nm at 37 °C.77, 78 MTP was diluted to 1mg/mL in MES buffer 
containing 3 M glycerol. The concentration of tubulin in MTP is 85% and that was taken 
into consideration when the ratios of tubulin to drug were presented in Figure 3-23 and 
Figure 3-24. Microtubule assembly was carried out with 10 μM new-generation taxoids. 
Paclitaxel (10 μM) was also used for comparison purpose. Calcium chloride (6 mM) was 
added to the assembly reaction after 50 min to follow the calcium-induced microtubule 
depolymerization.  
 
Electron microscopy 
(Professor Susan B. Horwitz’s laboratory at the Albert Einstein College of Medicine): 
Aliquots (50 μL) were taken from in vitro polymerization assays at the end of the reaction 
and placed onto 300-mesh carbon-coated, formavar-treated copper grids. Samples were 
then stained with 2% uranyl acetate (20 μL) and viewed with a JEOL model 100CX 
electron microscope.  
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Chapter IV 
 

Computational Study of the Binding Conformation  
of Paclitaxel in Tubulin 
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§ 4.1 Introduction 
 

The investigation of possible bioactive conformations of paclitaxel in microtubules 
could lead to the development of novel microtubule-stabilizing drugs with much simpler 
structures than paclitaxel. However, the polar conformation and the nonpolar 
conformation (Figure 4-1) of paclitaxel found in solution and in solid state (by NMR and 
X-ray crystallography) are not the binding conformation in tubulin/microtubule.1-5  

 

 
Figure 4-1. Polar conformation (a) and nonpolar conformation (b) 

 
The structural biology study of paclitaxel did not start until the first cryo-electron 

microscopy (cryo-EM) (or “electron crystallograpy”) structure of a microtubule model, 
i.e., Zn2+-stablized α,β-tubulin dimer, with a paclitaxel molecule was reported in 1998 
with 3.7 Å resolution (1TUB structure, Figure 4-2).6 In the 1TUB structure, the binding 
site of the drug was identified, which was consistent with the photolabeling studies,7-9 but 
due to the very low resolution, a docetaxel molecule taking nonpolar conformation1, 
instead of a paclitaxel molecule, was placed to show the binding site.  

 

    
Figure 4-2. Structure of 1TUB with a docetaxel molecule6  

 
This rather fuzzy crystal structure was refined to 3.5 Å resolution (1JFF structure, 

Figure 4-3) in 2001.10 In the 1JFF structure, a paclitaxel molecule was actually placed in 
the binding site. However, the structure of the crucial N-benzoylphenylisoserine moiety 



 169  

at C13, especially the C2-phenyl and C3’N-phenyl groups, was still difficult to determine 
with confidence due to the low diffraction level in the electron density map for this 
moiety.10  
 

    
Figure 4-3. Structure of 1JFF with a paclitaxel molecule10 

 
Based on further computational analysis of the solution structures of paclitaxel, and 

docking study on the 1TUB structure, the “T-Taxol” structure was proposed in 2001.11 
Unlike the polar and nonpolar conformations of the drug, which experience 
intramolecular hydrophobic collapse, T-Taxol opens up to permit intermolecular 
hydrophobic association as seen for the irregularly stacked C-3’ benzamido, His229, and 
C-2 benzoyl moieties. The new model is in complete harmony with three photoaffinity-
labeling studies focused on β-tubulin.7-9 Using the same density map, the T-Taxol 
structure is very similar to the 1JFF structure, except for torsional rotations of the side-
chain phenyl rings.10  

  

 
Figure 4-4. The T-Taxol structure (PNAS, 2001) 

[Adapted from ref. 11]  
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The critical C2’-OH,12, 13 which forms an intramolecular H-bond with C1’-O in the 

polar or nonpolar structure, was claimed to form a H-bond with the backbone carbonyl of 
Arg369. However, in the figure of the T-Taxol article (Figure 4-4),11 the H-bond was 
seen between the H-N of Gly-370 and C2’-O, which was confirmed in the later papers.14, 

15 The change in the H-bond was probably caused by the change in the protein backbone 
from 1TUB to 1JFF. The new H-bond is not only weaker than the first one, but is not 
consistent with the well-known SAR that the C2’-OH acts as a H-bond donor,16 instead 
of an accepter.  

To prove the validity of the T-Taxol structure, rigidified paclitaxel congeners were 
designed, synthesized and assayed for their tubulin polymerization ability and 
cytotoxicity.17-22 The first rigidified taxoid appeared in 2004 with higher activity than 
paclitaxel.20  

In the mean time, another breakthrough in the investigation on the structure of the 
tubulin-bound paclitaxel was achieved by the application of the REDOR (rotational-echo 
double-resonance) NMR spectroscopy to the 19F/13C/15N-labeled paclitaxel-microtubule 
complex in the solid state in 2000.23 The REDOR NMR data provided two 13C-19F 
intramolecular distances in the microtubule-bound 2-(4-fluorobenzoyl)paclitaxel (2-FB-
PT) (Figure 4-5). Since real microtubules, not the Zn2+-stabilized tubulin dimer model, 
were used in this experiment, the results were critically important to probe the relevance 
of the cryo-EM structure (1TUB, 1JFF).     

 

O

OH

H
OOH

O

AcO O

OAc
O

O

OH

NH

O

2-FB-PT

d1=9.8+0.5 A
d2=10.3+0.5 A

F  
Figure 4-5. Intramoleculer distances 

 
On the basis of the REDOR distances23, MD analysis of paclitaxel conformers, the 

photoaffinity labeling9 and molecular modeling using the 1TUB coordinate,6 we 
proposed the “REDOR-Taxol” structure as the most plausible microtubule-bound 
paclitaxel structure in 2005.24 The REDOR-Taxol structure was also successfully used for 
the design of a highly active rigidified macrocyclic taxoids, SB-T-2053.24  

The locations of the C3’ phenyl rings in the REDOR-Taxol and T-Taxol structures 
are close to each other. Essentially all SAR, photoaffinity labeling and REDOR-NMR 
results support both structures. The critical difference between these two structures is the 
orientation of the C2’-OH group. In the REDOR-Taxol structure, the C2’-OH group 
interacts with His227 as the hydrogen-donor (Figure 4-6),24 while the original H-bonding 
is between the C2’-OH and the backbone carbonyl oxygen of Arg369 in the T-Taxol 
structure.11 (The revised H-bonding in the T-Taxol structure is between the H-N of Gly-
370 and C2’-O.14, 15) 

 



 171  

 
 

Figure 4-6. Overlay of REDOR-Taxol and T-Taxol in 1TUB 
 

To compare the REDOR-Taxol structure with the “real” T-Taxol structure, we 
obtained the T-taxol structure with 1JFF protein from the Emory University group.15 
Because the 1JFF structure has higher resolution than 1TUB, we decided to prepare the 
REDOR-Taxol-1JFF complex to check reliability of the conformation, and to compare 
with the T-Taxol structure farely.  
 
§ 4.2 The REDOR-Taxol-1JFF and T-Taxol-1JFF Complexes 
 

The REDOR-Taxol structure in the 1TUB protein was manually docked into the β-
tubulin of the 1JFF protein, wherein the “1JFF-Taxol” molecule had been removed from 
the protein prior to the docking. The resulting drug-protein complex structure (REDOR-
Taxol-1JFF) was minimized by using the Insight II 2000 (CVFF force field) program. 
The H-bond between the C2’-OH and His227 was very stable during the process, 
converged to the H--N distance of 2.2 Å. (Figure 4-7).  

 

 
Figure 4-7. The REDOR-Taxol-1JFF complex 

 

His227 

Arg369 

His227 
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The coordinates of the T-Taxol-1JFF complex structure was obtained directly from 
the Emory University group for fair comparison purpose.14, 15 There was no H-bond 
between the C2’-O-H and the O=C of Arg369 in the given coordinates although this 
particular H-bond had been reported to be crucial for bioactivity in the original T-Taxol 
paper.11 Unexpectedly, we found that there was no H-bond between the C2’-OH and 
Gly370 either, because the C2’-OH was pointed to the H-N of Gly370 in the given 
coordinates (Figure 4-8a). After energy-minimization (InsightII 2000, CVFF), a H-bond 
(3.4 Å) was formed between the C2’-O and H-N of Gly370.15 The energy-minimization 
caused a slight change in the T-Taxol structure in the 1JFF protein. 

 

 
Figure 4-8. The T-Taxol-1JFF complex: (a) before minimization and (b) after 

minimization. 
 

Very recently, three additional intramolecular distances of the key atoms in the 
microtubule-bound 19F/2H-labeled paclitaxel were determined by means of the solid state 
REDOR NMR spectroscopy.25 Accordingly, we measured the total 5 distances in the 
energy-minimized REDOR-Taxol-1JFF structure and compared with the experimental 
REDOR distances. As Table 4-1 shows, the distances obtained from the REDOR-Taxol-
1JFF are in very good agreement with the experimental data. Also, the values from the 
original REDOR-Taxol-1TUB are very close to those from the REDOR-Taxol-1JFF.  

 

Arg369 

Gly 370 (a) 

Arg369 

Gly 370 
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Table 4-1. Intramolecular atom distances of paclitaxel 
using 19F/13C/15N/2H-labeled paclitaxels25 

O

O

OAcO OH

O
OO

H
HO

CH
OH

NH
C
O

R1

O

OR3

R2  
 Distances (Å) 

Separations 
REDOR-NMR 

 distances 
REDOR-Taxol (2005/ 
Minimized in 1JFF) 

T-Taxol (2001/ 
Minimized in 1JFF) 

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 

 
The 5 key intramolecular atom-atom distances in the energy-minimized T-Taxol were 

also measured. The corresponding distances reported for the original T-Taxol structure 
are shown for comparison. On the basis of the comparison of the 5 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.25  

The overlay of the energy-minimized T-Taxol-1JFF and the REDOR-Taxol-1JFF is 
shown in Figure 4-9, wherein the critical H-bonds that distinguish these two structures 
are highlighted. 

 

 
Figure 4-9. Overlay of the minimized REDOR-Taxol-1JFF (green, H-bond with 

His227) and T-Taxol-1JFF (yellow, H-bond with Gly370) structures 

To further examine the validity of the minimized REDOR-Taxol-1JFF structure, a 50-
ps MD simulation was performed to the complex in the 10 Å diameter sphere around the 
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binding site using the Macromodel program (MMFF94 force field26). The stability of the 
C2’-OH--N(His227) H-bond was monitored during the whole simulation. The overlay of 
100 snapshots (sampled every 0.5 ps) of the Taxol conformations is shown in Figure 4-
10. As the overlay clearly shows, the MD simulation of the REDOR-Taxol structure is 
very stable and does not cause any substantial structural change. The C2’-OH--N(His227) 
H-bond is also very stable throughout the MD simulation process, maintaining an average 
distance of 2.0 ± 0.2 Å. The simulation confirms that the REDOR-Taxol conformation is 
a stable local minimum in the tubulin binding site. 

 

 
Figure 4-10. MD simulation of REDOR-Taxol in 1JFF 

 

 
Figure 4-11. MD simulation of T-Taxol in 1JFF 

    The same MD-simulation was performed to the T-Taxol-1JFF complex in the 10 Å 
diameter sphere around the binding site using the Macromodel program (MMFF94 force 

His227 

Gly370 
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field). The stability of the C2’-O--HN(Gly370) H-bond was monitored during the whole 
simulation. The C2’-O--HN(Gly370) H-bond was not recognized by the MMFF94 force 
field. Nevertheless, the structure was stable throughout the simulation, maintaining the 
C2’-O--HN(Gly370)  distance of 5.0 ± 0.8 Å in average. 
 
§4.3 The Macrocyclic Taxoids and the Binding Conformations 
 
§ 4.3.1 Kingston’s C4-C3’-Linked Macrocyclic Taxoids 
 

Kingston and his coworkers reported a series of macrocyclic paclitaxel analogs 
designed based on the T-Taxol structure and some of these analogs exhibited higher 
cytotoxicity than paclitaxel.20, 21 Some energy-minimization and short MD simulations of 
the “created REDOR-Taxol” * claimed that “REDOR-Taxol” could not predict the highly 
active taxoids.14, 15 In order for us to claim that the REDOR-Taxol structure is a valid 
model for bioactive paclitaxel conformation, it is necessary to examine whether those 
analogs can be predicted by the REDOR-Taxol structure in the 1JFF protein. Thus, we 
selected two of those highly active macrocyclic analogs, K1 and K2 (Figure 4-12), by 
directly introducing the linkers to the paclitaxel molecule in the REDOR-Taxol-1JFF 
complex and these structures were energy-minimized (InsightII 2000, CVFF).  
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Figure 4-12. Structure of K1 and K2 

 
As Figure 4-13 shows, K1 and K2 can readily take the REDOR-Taxol structure, 

keeping the critical H-bond between the C2’-OH and His227. Next, a 20-ps MD 
simulation of the “REDOR-K2-1JFF” structure was performed to examine the stability of 
this complex (Macromodel, MMFF94). As Figure 4-14 shows, the “REDOR-K2” 
structure was very stable and the C2’-O-H--N(His227) H-bond distance was kept at 2.0 ± 
0.3 Å during the whole MD simulation.27 
1 

                                                 
* Johnson, Alcaraz, and Snyder (Emory University) unfairly and erroneously criticized the validity of the 
REDOR-Taxol structure in their paper in 2005 (Ref. 14) without asking us to provide them with the 
coordinates. They inappropriatetly “reconstructed” the REDOR-Taxol structure by themselves and misled 
the conclusion. Therefore, we made sure to do fair comparison by obtaining the T-Taxol in 1JFF 
cooordiates directly from them. 
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Figure 4-13. Overlay of the REDOR-Taxol (green) with “REDOR-K1” (cyan) and 

“REDOR-K2” (magenta) structures 

 

 Figure 4-14. MD simulation (MMFF94) of  the “REDOR-K2” in 1JFF 

In the same manner, the “T-K2” structure was created by directly introducing the 
linker to the paclitaxel molecule in the T-Taxol-1JFF structure, followed by energy-
minimization (InsightII 2000, CVFF) (Figure 4-15). The MD simulation of the “T-K2-
1JFF” was also performed in the same manner as that for the “REDOR-K2-1JFF”. The 
simulation showed a stable structure, but the C2’-O--HN(Gly370) H-bonding was not 
recognized by the MMFF94 force field. The distance between the C2’-O and N(Gly370) 
was 5.1 ± 0.5 Å (Figure 4-16). 
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Figure 4-15. Overlay of the T-Taxol structure (yellow) with “T-K1” (cyan) and “T-
K2” (magenta) structures  

 

Figure 4-16.  MD simulation (MMFF94) of  the “T-K2” in 1JFF 

Although, the “T-K2” is 10.3 kcal/mol more stable than the “REDOR-K2” in vacuum 
(InsightII, CVFF), the “REDOR-K2” is more favorable than the “T-K2” in the binding 
pocket, because of the strong and stable C2’-OH--N(His227) H-bonding that is critical 
for paclitaxel’s binding to microtubule, especially based on the fact that the C2’-OH is a 
H-bond donor from SAR studies.28 

In order to measure the level of conformational restriction imposed, we conducted a 
Monte Carlo conformational search on K1 and K2 in a simulated aqueous environment. 
Our attention was focused on the C13 side-chain dihedral angles since they should be the 
ones most affected by the introduction of the constraint. Figure 4-17 shows that the 
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dihedral angle distributions for the three macrocyclic taxoids and compares those to the 
reference values of REDOR-Taxol and T-Taxol. 

 

 
Figure 4-17. Conformational diversity in macrocyclic taxoids (K1, brown; K2, 

orange) (The reference value for REDOR-Taxol (blue) and T-Taxol (magenta) are 
indicated by vertical lines.) 

 
K2 has very similar dihedral angle distributions to K1. Both taxoids shared the same 

range between -100o and -150o for the C13-O13 torsion angle. For the C13-C1’-C2’-C2’ 
dihedral angle, however, neither REDOR-Taxol nor T-Taxol is in the major dihedral 
angle distributions, while the two structures are consistent with the distributions of the 
last torsion angle (O2’-C2’-C3’-N3’). The results indicate that both the REDOR-Taxol 
structure and T-Taxol structure could equally predict the tubulin-binding structure of the 
macrocyclic taxoids. 

 
§ 4.3.2 Ojima’s C14-C3’N-Linked Macrocyclic Taxoids 
 

SB-T-2053 was designed based on the REDOR-Taxol structure.24 Its analogues, SB-
T-2054, SB-T-2055E and SB-T-2055Z were synthesized and their biological activities 
tested. SB-T-2054 and SB-T-2053 showed at least the same activity in the tubulin 
polymerization assay, and SB-T-2054 showed similar or slightly higher potency in the in 
vitro cytotoxicity assay, while SB-T-2055E and SB-T-2055Z showed much lower 
activities. The relative activities could be explained by the flexibility of the C13 side-
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chains: SB-T-2054 has the most rigid structure and SB-T-2055E has the most flexible 
structure. The overlay of the macrocyclic taxoids with REDOR-Taxol structure in the 
1JFF tubulin is shown in Figure 4-19.  
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SB-T-2055: linker = -OCH2CH=CH-  

Figure 4-18. Structure of C14-C3’N-linked macrocyclic taxoids 
 

   
Figure 4-19. Overlay of REDOR-Taxol (green), SB-T-2053 (cyan), SB-T-2054 

(purple), SB-T-2055E (magenta) and SB-T-2055Z (yellow) 
 

The MD simulation of the “REDOR-SB-T-2054-1JFF” was performed in the same 
manner as that for the Kingston’s compounds. The simulation showed a stable structure, 
and the average distance of the C2’-OH--N(His227) H-bonding was 2.6 ± 0.5 Å (Figure 
4-20). 

 

His227 His227 

a b 
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Figure 4-20. MD simulation (MMFF94) of  the SB-T-2054 in 1JFF 

The results of the Monte Carlo conformational search for the C14-C3’N-linked 
macrocyclic taxoids in a simulated aqueous environment are shown in Figure 4-21. 
 

 
Figure 4-21. Conformational diversity in macrocyclic taxoids (SB-T-2053, brown; 
SB-T-2054, orange; SB-T-2055E, yellow and SB-T-2055Z, green) (The reference 
value for REDOR-Taxol (blue) and T-Taxol (red) are indicated by vertical lines.) 
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All macrocyclic taxoids show similar dihedral angle distributions and the flexibility 
of the C13 side-chain increases in the following order: SB-T-2054 < SB-T-2053 < SB-T-
2055Z < SB-T-2055E, which is parallel to the order of cytotoxicities. The dihedral angle 
distributions were also compared to the reference values of the REDOR-Taxol structure 
and the T-Taxol structure. Except for the O13-C1’-C2’-O2’ value, the dihedral angle 
distributions are consistent with both T-Taxol and REDOR-Taxol structures, indicating 
that both structures could equally predict the tubulin-bound structures of the macrocyclic 
taxoids. 

 
§ 4.3.3 Dubois’s C2-C3’N-Linked Macrocyclic Taxoids 
 

A series of C2-C3’N-linked macrocyclic taxoids were reported to mimic the T-Taxol 
structure, one of which (QT, Figure 4-20) showed the same activity as paclitaxel in the 
microtubule depolymerization inhibitory experiment, while it was ~10 times less active in 
the in vitro cytotoxicity assay.19 To investigate the tubulin-bound structure of QT, the 
eight-atom linker was introduced between the C3’N and C2 meta-position to the 
paclitaxel molecule in the REDOR-Taxol-1JFF and T-Taxol-1JFF complexes and these 
structures energy-minimized. There are two possibilities for the orientation of the linker 
in QT,19 i.e., in front of the taxoid or behind the taxoid. Since we hope to keep the C3’-
phenyl group in a similar place to that in the paclitaxel molecule, the linker was placed in 
front of the taxoid. The overlay of “REDOR-QT” with the REDOR-Taxol and that of “T-
QT” with the T-Taxol after minimization are shown in Figure 4-23 and Figure 4-24, 
respectively.  
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Figure 4-22. Structure of QT 

 



 182  

 
Figure 4-23. Overlay of the REDOR-Taxol structure (green) with “REDOR-QT” 

(magenta)  
 

 
Figure 4-24. Overlay of the T-Taxol structure (yellow) with “T-QT” (magenta)  

 
After energy-minimization (InsightII 2000, CVFF), the distance between C2’-OH and 

N(His227) was 1.8 Å in “REDOR-QT-1JFF” (Figure 4-23), while the distance between 
C2’-O and HN(Gly370) was 3.7 Å in “T-QT-1JFF”, (Figure 4-24). In both overlays, the 
C2-benzoyl group moves substantially due to the linker, but the linker is long and flexible 
enough to avoid the collision with His227, which has been recognized in some inactive 
C2-C3’-linked taxoids with short linkers.11  

Since the macrocyclic taxoid shows some bent bonds caused by the short linker, we 
hope to check the level of conformational restriction imposed, by conducting a Monte 
Carlo conformational search in a simulated aqueous environment. The results are shown 
in Figure 4-25.  
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Figure 4-25. Conformational diversity in macrocyclic taxoid QT (The reference 
value for REDOR-Taxol (blue) and T-Taxol (magenta) are indicated by vertical 

lines.) 
 

The C12-C13-O13C1’ and the O2’-C2’-C3’-N3’ dihedral angles have similar 
distribution to the one of the REDOR-Taxol or the T-Taxol structure, while the C13-O13-
C1’-O1’ and the O13-C1’-C2’-O2’ dihedral angle distributions are very different from 
the ones in the REDOR-Taxol and the T-taxol structures, as well as other macrocyclic 
taxoids (Figure 4-17 and Figure 4-21). The abnormal dihedral angle distributions, which 
may be caused by the linker, could account for the bad overlay with the two structures 
and poor activity in in vitro cytotoxicity assay.  
 
§ 4.3.4 Ojima’s C4-C2’-Linked Macrocyclic Taxoids 
 

After checking the REDOR-Taxol, we found that the C4 acetyl was close to C2’O, 
instead of C2’H. In SB-TCR-102, the C13 side-chain was forced to point to the other 
direction by the linker, which made it similar to the T-Taxol conformation. The low 
activity was claimed by the Emory University group to be ascribed to the interaction 
between the linker and Phe270,15 but in our minimized structure, it had a very good 
overlay with the T-Taxol structure (Figure 4-27). 
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Figure 4-26. Structure of C4-C2’ linked macrocyclic taxoids 
 

 
Figure 4-27. Overlay of T-Taxol (yellow) and SB-TCR-102 (green) in tubulin 

 
The distance between C4 acetyl and C2’O was measured in the REDOR-Taxol 

structure as well as the T-Taxol structure. As shown in Figure 4-28, the distance is 3.1 Ǻ 
in the REDOR-Taxol structure and 5.5 Ǻ in the T-Taxol structure with C2’O pointed to 
the opposite direction. Therefore, SB-TCR-501 is designed by linking C4 acetyl and 
C2’O with a two-atom bridge. Although the critical H-bond is sacrificed, the macrocyclic 
taxoid has a very good overlay with the REDOR-Taxol structure in the binding site 
(Figure 4-29). Moreover, if the compound has some activity, we could conclude that the 
REDOR-Taxol structure, instead of the T-Taxol structure, is the real binding 
conformation in tubulin/microtbule. Unfortunately, since the C2’-OH is extremely 
important, SB-TCR-501 was found to possess very low activity in the cytotoxicity assay. 
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Figure 4-28. The intramolecular distances in REDOR-Taxol (a) and T-Taxol (b) 

 

 
Figure 4-29. Overlay of REDOR-Taxol (green) and SB-TCR-501 (yellow) in tubulin 
 

The Monte Carlo conformational search on the C4-C2’-linked macrocyclic taxoids 
was conducted in a simulated aqueous environment. The four dihedral angles involved in 
the C13 side-chain were monitored (see Figure 4-30), since those should be the angles 
most affected by the introduction of the constraint. SB-TCR-102 shows similar dihedral 
angle distribution to both REDOR-Taxol and T-Taxol, except for the O13-C1’-C2’-O2’ 
dihedral angle. The weak biological activity may be caused by the unfavorable 
interaction between the long linker and the binding site.15 SB-TCR-501 showed perfect 
dihedral angle distribution to the REDOR-Taxol structure as designed, but it is inactive in 
cytotoxicity assay.  
 

His227 
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Figure 4-30. Conformational diversity in macrocyclic Taxoids: SB-TCR-102, brown; 

SB-TCR-501, orange (The reference value for REDOR-Taxol (blue) and T-Taxol 
(red) are indicated by vertical lines.) 

 
 
§ 4.4 The MD Simulations of REDOR-Taxol and T-Taxol-1JFF 
Complexes by AMBER9 Package 
 
§ 4.4.1 Introduction 
 

Although short MD simulations (50 ps) were performed on both REDOR-Taxol-1JFF 
and T-Taxol-1JFF complexes within 10-Ǻ sphere around the binding site, we hope to 
check the stability and compare the energy of the complexes during a longer-time 
simulation. However, the Macromodel® is not an ideal program for long-time simulation. 
Accordingly, the MD simulations of REDOR-Taxol-1JFF and T-Taxol-1JFF complexes 
were performed with AMBER9® package, in collaboration with Professor Carlos 
Simmerling. 

AMBER (Assisted Model Building with Energy Refinement), a package evolved 
from a program that was constructed in the late 1970s, contains a group of programs 
embodying a number of powerful tools of modern computational chemistry, focused on 
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molecular dynamics and free energy calculations of proteins, nucleic acids, and 
carbohydrates.29  

The principal flow of information is shown in Figure 4-31. There are three main 
steps, shown top to bottom in the figure: system preparation, simulation, and trajectory 
analysis: (1) The main preparation programs are antechamber (which assembles force 
fields for residues or organic molecules that are not part of the standard libraries) and 
LEaP (which constructs biopolymers from the component residues, solvates the system, 
and prepares lists of force field terms and their associated parameters). The result of this 
preparation phase is contained in two text files: a coordinate (rst) file that contains just 
the Cartesian coordinates of all atoms in the system, and a parameter-topology (parm) file 
that contains all other information needed to compute energies and forces; this includes 
atom names and masses, force field parameters, lists of bonds, angles, and dihedrals, and 
additional bookkeeping information.  (2) The main molecular dynamics program is called 
sander, a parallel program, using the MPI programing interface to communicate among 
processors. (3) The ptraj analysis program was designed to process AMBER trajectories, 
parsing the parm files to atom and residue names and connectivity, and can assemble 
trajectories from partial ones, often stripping out parts (such as solvent) that might not be 
needed for a particular analysis. After this, a variety of common analysis tasks may be 
carried out. 

 

 
Figure 4-31. Information flow in the Amber program suite29 

 
The AMBER-related force fields are among the most widely used for biomolecular 

simulation.30, 31 AMBER also supports a more generic force field for organic molecules, 
called GAFF (the general Amber force field).32 The antechamber program takes a three-
dimensional structure as input, and automatically assigns charges, atom types, and force 
field parameters. 

 
§ 4.4.2 System Preparation, Simulation and Analysis 
 

The minimized REDOR-Taxol-1JFF and T-Taxol-1JFF complexes were used for the 
simulations. Antechamber program was used to assign charges, atom types and force field 
(GAFF) to the paclitaxel molecule. The complexes were soaked in a truncated octahedral 
water box, which is ~ 8 Å around the protein and contains 5754 water molecules, by 
tLeap program (ff99sb). Both complexes contain the same number of water molecules to 
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compare the total energies later. A long-time MD simulation (~ 40 ns) was performed to 
both REDOR-Taxol/T-Taxol-1JFF-water complexes by Professor Simmerling using CPU 
time from the Silicon Graphics, Inc (SGI). The system temperature was raised from 0 K 
to 300 K in 50 ps and the equilibrium was reached after simulation with 5.0 and 1.0 
kcal/(mol*Å) on protein backbone for 100 ps each. The simulations with a weak restraint 
of 0.1 kcal/(mol*Å) on protein backbone, at a constant pressure of 1 atm, periodic 
boundary conditions, and particle mesh Ewald treatment of electrostatics, were performed 
with a time step of 1 fs. Snapshots were saved every 10 ps. The trajectories were 
analyzed by ptraj program. The results are shown below. 
 
§ 4.4.2.1 Conformations 
 

The snapshots of the MD simulations (500 ps and 39,000 ps) are shown in Figure 4-
32 and Figure 4-33. The REDOR-Taxol forms a H-bond between C2’-OH and His227, 
which is very stable in the whole simulation (Figure 4-32), but there is some substantial 
movement of the C3’-benzoylamido group (Figure 4-32b), which is not shown in the 
short-time simulation.  
 

 
Figure 4-32. Snapshots of the REDOR-Taxol-1JFF simulation 

 
In the T-Taxol-1JFF simulation, the H-bond between C2-O and Gly370 is not stable 

(Figure 4-33a), similar to the short-time simulation, but the whole structure is more 
stable than the REDOR-Taxol during the simulation. Another H-bond between C2’-OH 
and Arg369 (Figure 4-33b) forms during the simulation and these two H-bonds were 
switching from time to time. 
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Figure 4-33. Snapshots of the T-Taxol-1JFF simulation 

 
§4.4.2.2 Energy 
 

The total energy of the two simulations is shown in Figure 4-34. The energies 
increase in the beginning as the system temperature increases from 0 K to 300 K and 
quickly decrease until the equilibrium is reached in ~ 500 ps. The total energies fluctuate 
around -10400 Kcal/mol and are very stable. But the two systems have similar total 
energies and the detailed difference between different conformations could not be 
accurately compared, because the system is too big. This is confirmed later by MM-PBSA 
method, the tiny energy difference between the two complexes is less than the errors of 
the total system energy (Figure 4-35). 
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Figure 4-34. The total energy of the simulation of REDOR-Taxol (black) and T-
Taxol (red) in 1JFF 
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Figure 4-35. The histogram of the total energy in the simulation of REDOR-Taxol 

(black) and T-Taxol (red) in 1JFF 

§4.4.2.3 rmsd  
 

The rmsd (root mean square deviation) of the protein backbone and paclitaxel 
molecule were monitored. As shown in Figure 4-36 and Figure 4-37, the rmsd of protein 
backbone in both complexes is ~ 1 Å, which means the backbones do not move much, 
probably due to the stability of the starting conformation and the small constraint on the 
protein backbones. Although the C3’-benzoyl group in REDOR-Taxol molecule has 
some substantial movement, the rmsd of the paclitaxel molecule is ~ 2 Å, i.e., still very 
small (Figure 4-36). The T-Taxol molecule is more stable with a rmsd ~ 1 Å, except for 
the last 7-ns simulation (~1.3 Å) (Figure 4-37).  
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Figure 4-36. rmsd of protein backbone (black)  and paclitaxel molecule (red) in 

REDOR -Taxol- 1JFF simulation 
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Figure 4-37. rmsd of protein backbone (black)  and paclitaxel molecule (red) in T-

Taxol- 1JFF simulation 

The movement of the M-loop (residue 279 – residue 287), which is very important for 
the lateral interaction between two β-tubulins, was also monitored in both simulations. As 
shown in Figure 4-38, there is no big change for the M-loops in both complexes (rmsd < 
1.5 Å). 
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Figure 4-38. rmsd of M-loop in REDOR-Taxol-1JFF (black) and T-Taxol-1JFF (red) 

simulations 
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§ 4.4.2.4 Hydrogen Bonds  
 

Since the major difference between the two conformations lies in the hydrogen bonds 
formed between the C2’-OH and different residues, the H-bond between C2’-OH and 
His227 in the REDOR-Taxol complex and H-bond between C2’O and Gly370 in the T-
Taxol complex were monitored.  

The H-bond in the REDOR-Taxol complex is very stable with the average distance 
around 3 Å from the beginning (Figure 4-39). The H-bond between C2’O and Gly370 in 
the T-Taxol complex interchange with another H-bond between C2’-OH and Arg369 
(Figure 4-39), and both H-bonds are not as stable as the one in the REDOR-Taxol 
complex. The movement of the protein backbone makes the interchange between H-
bonds happen, which is not observed in the short–time simulation by Macromodel 
program. 
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Figure 4-39. Distances of H-bond in REDOR-Taxol-1JFF complex 
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Figure 4-40. Distances of H-bonds in T-Taxol-1JFF complex 
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§ 4.4.2.5 Intramolecular Distances  
 

The five intramolecular distances were also monitored in Figure 4-41, although there 
is no fluorine atom in the paclitaxel molecules. For T-Taxol, the distances fit with the 
experimental data well in the beginning, but three of them changed substantially after 30 
ns. For REDOR-Taxol, however, only two distances fit with the experimental data well, 
because of the movement of the C3’N-benzoyl group. 
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Figure 4-41. Intramolecular distances (R1-R2, black; R1-R3, red; R2-R3, blue; R2-C, 

green; R2-CH, yellow) in the REDOR-Taxol (a) and T-Taxol (b) simulations 
 

Long-time MD simulations of the REDOR-Taxol structure and the T-Taxol structure 
in 1JFF were studied, but the two structures could not be distinguished. Several factors 
may cause the simulations inaccurate: (1) The alignment of tubulins in Zn-stabilized 
sheet and microtubule is different, so the M-loop conformation in 1JFF, which interact 
with paclitaxel, may be different from the one in microtubule. (2) The binding between 
paclitaxel and free β-tubulin is very weak, so the modeling studies with paclitaxel in β-
tubulin alone may not provide the true binding conformation in microtubule. (3) The 
simulations were performed with weak constraint on protein backbones, which may not 
be accurate, but the simulation without any constraint may not be accurate either. (4) The 
C-terminal has 18 amino acid residues that are missing in the 1JFF structure, so the 
protein structure may be slightly different in their presence. (5) The GAFF/ff99sb force 
field may not be suitable for paclitaxel, so the accuracy of the simulation may not be 
good. It is also very difficult to check the accuracy of the force field, because the 
paclitaxel molecule is too big for quantum mechanics (QM) studies. 

a b
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The best way to solve the problems is to perform a MD simulation for microtubule 
model with correct force field. With the coordinates of microtubule fragment obtained 
from Dr. Downing’s group (Lawrence Berkerly National Laboratory), Professor 
Simmerling built a fragment model with REDOR/T-Taxol. The simulation of the 
microtubule fragment will be performed after the confirmation of the force field we used. 
 
 § 4.4.3 The Quantum Mechanics (QM) and Molecular Mechanics (MM) 
Studies of Paclitaxel Conformations 
 

Since the molecular parameters of the paclitaxel molecule was determined by 
Antechamber using semi-empirical method, we need to examine whether the energies of 
T-Taxol and REDOR-Taxol are consistent using GAFF force field and quantum 
mechanics (QM) studies. Otherwise, the energies of the conformations could not be 
compared accurately from results of the MD simulations. Thus, the QM energies of the 
REDOR-Taxol and T-Taxol were calculated. Paclitaxel is a very large molecule for QM 
calculation. The two conformations were first optimized at the Hartree-Fork (6-31g*) 
level and the single-point energies were calculated at the MP2 (6-31g*) level using the 
Gaussian03w program. MM energies were calculated using GAFF force field (sander, 
AMBER9) and the MMFFs force field (Macromodel). The results are listed in Table 4-2. 

 
Table 4-2. The energy difference between 

REDOR-Taxol and T-Taxol by QM and MM 
studies (ET-Taxol – EREDOR-Taxol) 

Method ΔE (kcal/mol) 
MP2 (Guassian) -0.695 
GAFF (AMBER) 7.08 

MMFFs (Macromodel) -6.49 
 

The T-Taxol is 0.695 kcal/mol more stable than REDOR-Taxol by QM calculation, 
while REDOR-Taxol is 7.1 kcal/mol more stable than T-Taxol by GAFF force field and 
6.5 kcal/mol less stable than T-Taxol by MMFFs force field. The results of MM 
calculations are not fully consistent with the one by QM calculation. Therefore, the 
AMBER force field needs to be modified to get accurate MD simulation. 
 
§4.4.4 Progress in Modifying the GAFF Force Field 
 

Similar to the AMBER force field, the GAFF also applies a simple harmonic function 
form as follows: 

 
(req and θeq are equilibration structural parameters; Kr, Kθ, Vn are force constants; n is 
multiplicity and γ is phase angle for torsional angle parameters). We can modify the 
dihedral term using the following formula:33  
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The paclitaxel molecule is too large for QM calculation, so we decided to focus on 
the C13 side-chain (4-1) to minimize the calculation. Three dihedral angles were checked 
(Figure 4-42) by the reported procedure:33 (1) the fragment 4-1 was optimized at the 
Hartree-Fork (6-31g*) level and the optimized structure was used as the starting 
conformation; (2) The dihedral angle O1-C2-C3-O4 was fixed at 0o, followed by another 
optimization (HF 6-31g*) and the single-point energy was calculated (MP2, 6-31g*); (3) 
The MM energy of the optimized structure was calculated using the standard GAFF force 
field and GAFF without explicit dihedral term; (4) The procedure was repeated to the 
same dihedral angle, i.e., O1-C2-C3-O4, by changing every 10o (-180o ~ 180 oC); (5) the 
same procedure was repeated to another two dihedral angles (C2-C3-O5-C6 and C3-O5-
C6-H7). 
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The energies of the three dihedral angles are shown in Figure 4-43. There is some 

difference in the first two QM-MM energies, while the difference in the third one is very 
small.   
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Figure 4-43. Energies of the fragment 4-1 by QM and MM calculation 

 
The difference between the QM energy and the MM energy (without explicit dihedral 

term) was calculated and a nonlinear least-squares fit was used to obtain parameters that 
minimize this difference (V1, V2, γ1 and γ2) in the formula “Etors = V1*(1+cos(φ - γ1)) + 
V2*(1+cos(2φ - γ2))”. The results of the MM calculation of two dihedral angles are shown 
in Figure 4-44. Unfortunately, the fit is not very good and this work is still in progress. 
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Figure 4-44. Energies of the fragment by QM and MM calculation 

 
§ 4.5 Summary 
 

The REDOR-Taxol structure, first proposed using 1TUB coordinate, was compared 
with the T-Taxol structure in the higher-resolution 1JFF coordinate using molecular 
mechanics (MM) and molecular dynamics (MD) simulation methods. The REDOR-Taxol 
structure has a stable H-bond between C2’-OH and His227, while the H-bond between 
C2’-O and Gly370 in the T-Taxol structure is not stable in MD simulation. The REDOR-
Taxol structure is not only consistent with the REDOR-NMR, but also can predict the 
tubulin-bound structures of a series of active macrocyclic taxoids. The long-time MD 
simulations by AMBER program confirm the stability of the H-bond in REDOR-Taxol-
1JFF complex, but the AMBER force field need to be modified for accurate simulations 
of taxoids. 
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§ 4.6 Experimental Section 
 

The REDOR-Taxol structure24, obtained in the 1TUB6, was manually docked into the 
paclitaxel binding site of the deposited β-tubulin EC structure (1JFF)10 using the InsightII 
2000 program (CVFF force field) by overlaying the baccatin skeleton (carbon atoms of 
the A, B, and C rings) with those of the paclitaxel molecule present in the 1JFF. The 
molecular complex was energy-minimized in 5000 steps or till the maximum derivative 
being < 0.001 kcal/A by means of the conjugate gradients method using the CVFF force 
field and the distance-dependent dielectric. The backbone of the protein was fixed during 
the energy minimization. Since there are differences in the protein structure between 
1TUB and 1JFF, the paclitaxel structure underwent small changes, but the H-bond 
between the C2’-OH and His227 was very stable during the energy minimization. The 
five key distances in the REDOR-Taxol-1TUB structure as well as REDOR-Taxol-1JFF 
structure, bearing a fluorine substituent at proper positions in accordance with the 
structures of the fluoro-taxoids used in the REDOR-NMR experiments,23, 25 were 
measured.  

The T-Taxol structure in the 1JFF was obtained from the Emory University group11, 
in which no H-bond with the C2’-OH or C2’-O was found by the InsightII program 
(CVFF). This structure was energy-minimized by the InsightII program in the same 
manner as that described above to give the energy-minimized T-Taxol structure. After the 
energy minimization, a H-bond was identified between the C2’-O and HN of Gly370 (3.4 
Å). The five key distances in the original T-Taxol structure and the energy-minimized T-
Taxol structure were measured in the same manner as that for the REDOR-taxol 
structure.  

To examine the stability of the REDOR-Taxol and T-Taxol structures, molecular 
dynamics (MD) simulation was performed using the Macromodel program (MMFF94 
force field).34 The complexes, after 1000-step energy minimization (MMFF94), were 
used for the MD simulations with a 10 Å sphere around the binding site at 300 K with the 
time step of 0.5 fs and the constant dielectric constant of 1.0 for 50 ps in a generalized 
born with surface area term (GBSA) continuum solvent description of water solvation.35 
Within the 10 Å sphere, the ligand and the protein were allowed to move, and all atoms 
outside the sphere were frozen in order to maintain the overall integrity of the protein. 
The structures were sampled every 0.5 ps and overlaid with the backbones of the 
protein.15 Both REDOR-Taxol and T-Taxol structures gave good overlays without major 
structural changes.  

The structures of macrocyclic paclitaxel analogs,20 K1, K2, SB-T-2053,  SB-T-2054, 
SB-T-2055Z&E, SB-TCR-501, SB-TCR-102 and QT in the 1JFF were produced by 
directly introducing the linker into the REDOR-Taxol and the T-Taxol in the 1JFF 
complexes using the Builder module in the InsightII 2000 program (CVFF). Then, these 
structures were energy-minimized in 5000 steps or till the maximum derivative being < 
0.001 kcal/A by means of the conjugate gradients method using the CVFF force field and 
the distance-dependent dielectric. The backbone of the protein was fixed throughout the 
energy minimization.  

The energy-minimized REDOR-K2-1JFF, REDOR-SB-T-2054-1JFF and T-K2-1JFF 
complexes were used for the MD simulations. The MD simulations of these complexes 
were carried out in the same manner as those described for the REDOR-Taxol-1JFF and 
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T-Taxol-1JFF, i.e., 20-ps simulation, within 10 Å sphere around the binding site at 300 K 
using the MMFF94 force field. The structures were sampled every 0.2 ps and overlaid by 
the backbones of the protein.  

Monte Carlo conformational searches on the macrocyclic taxoids (K1, K2, SB-T-
2053, SB-T-2054, SB-T-2055Z&E, SB-TCR-501, SB-TCR-102 and QT) were 
performed with energy minimization (5000 MC steps, minimization for 1000 steps with 
Polak-Ribiere conjugated gradients) using the Macromodel program by employing a 
generalized born with surface area term (GBSA) continuum solvent description of water 
solvation35. The dihedral angles were measured directly from the REDOR-Taxol 
structure and the T-Taxol structure (the Emory University group structure given by Dr. 
Snyder). 
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Chapter V 
 

 Design and Synthesis of De Novo  
Taxol-Mimicking Anticancer Agents 
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§ 5.1 Introduction 
 

The mechanism of action of paclitaxel was found to be shared by several other natural 
products. Epothilones A and B,1, 2 eleutherobin,3 discodermolide,4 laulimalide5 and 
FR1812776 showed activities comparable to those of paclitaxel in cytotoxicity assays and 
inhibition of microtubules disassembly in purified tubulin assembly assays  (Figure 5-
1).2, 7, 8 The recognition of a pharmacophore common to all these microtubule-stabilizing 
agents (MSA) could provide rationale and guidance for the design of the next-generation 
microtubule-stabilizing anticancer agents. 

In the SAR studies of paclitaxel and the investigation into its bioactive conformation, 
Ojima et al. proposed a plausible common pharmacophore for several microtubule- 
stabilizing agents based on molecular modeling studies as well as 2-D NMR experiments 
using a second-generation taxoid, nonataxel, as the template (Figure 5-1).9 This common 
pharmacophore model successfully accommodated existing SAR data for these 
microtubule-stabilizing agents and identified the key structural requirement for biological 
activity of paclitaxel: the properly oriented C2-benzoate, the C3’-phenyl and C3’N-
benzoyl moieties. 
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Figure 5-1: Overlay of paclitaxel (magenta), nonataxel (cyan), epothilone B (yellow), 

and eleutherobin (orange) using molecular modeling  
(Labeled boxed regions are areas of common overlap) 

[Adapted from ref. 9] 
 

Two other common pharmacophore models were also proposed. Based on 
microtubule mutation and molecular modeling studies, Giannakakou et al. proposed a 
common pharmacophore for paclitaxel and epothilone, in which the C2-benzoate of 
paclitaxel was overlaid with the C15 side chain of epothilone as well as the oxetane 
oxygen of paclitaxel with the epoxide oxygen of epothilone,10 as shown in Figure 5-2.  
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Figure 5-2. A proposed common pharmacophore by Giannakakou et al. 

[Adapted from ref. 10] 
 

Horwitz et al. proposed a similar pharmacophore based on a taxane analog 2-(3-
azidonezoyl)baccatin III (Figure 5-3).11 This compound was found to possess 
cytotoxicity 15-40 times less potent than that of paclitaxel but it indeed promotes the 
polymerization of tubulins to form microtubules. In their proposal, the C2 m-
azidobenzoyl moiety was overlaid with the thiazole moiety of epothilone.   

 

    
Figure 5-3. A proposed common pharmacophore by Horwitz et al. 

[Adapted from ref. 11] 
 

The two similar models described above failed to include the crucial C13 side-chain 
of paclitaxel as part of the common pharmacophore, thereby could not explain the vast 
amount of SAR studies on the C13 side-chain. Also, those two models identified the 
oxetane oxygen of paclitaxel and epoxide oxygen as important parts of the 
pharmacophore. However, SAR studies revealed that the 12,13-dexoyepothilone analog 
exhibited a far more promising profile for in vivo activity than that of either paclitaxel or 
epothilone.12, 13 In addition, the 12,13-cyclopropane analog of epothilone was also 
synthesized and found to be equally active as epothilone B in tubulin binding assay as 
well as cytotoxicity assay.14 Moreover, a docetaxel analog in which the oxetane ring was 
replaced by a cyclopropane ring was synthesized and found to possess biological 
activities as potent as paclitaxel and docetaxel.15 These results provide further evidence 
that the role of the 12,13-epoxide of epothilones as well as the oxetane ring in paclitaxel 
is largely conformational, which is unfavorable to these two pharmacophore illustrated 
above, and in favor of the pharmacophore model proposed by Ojima et al.9  
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The Ojima pharmacophore model (Figure 5-4)9 suggests that the role of the baccatin 
core (including the oxetane ring) is to serve as a “scaffold” which helps maintain the 
proper orientation of the C2, the C3’ as well as the C3’N moieties. Accordingly, in theory 
the baccatin core could be replaced by much simpler scaffolds that retain most of the 
three-dimensional features but without the structural complexity of baccatin. The 
common pharmacophore model paves the way for designing the new-generation taxoids 
that could be essentially baccatin-free, or “hydrids” integrating the structural features of 
paclitaxel as well as other microtubule-stabilizing agents.   

 

 
Figure 5-4. Overlay of nonataxel (cyan) with epothilone B (yellow) 

 
Thus, in the Ojima’s laboratory, de novo paclitaxel-mimicking anticancer agents was 

designed based on the proposed common pharmacophore.9 Through extensive molecular 
modeling studies, we investigated various bicyclic structures bearing two hydroxy groups 
which could closely mimic the two hydroxyl groups at the C2 and the C13 positions of 
paclitaxel or baccatin III. Indeed, modeling studies identified bicyclic structure 5-1 
bearing two hydroxy groups with a dihedral angle of -50o, which is similar to that of 
paclitaxel and docetaxel. The presence of the olefin moiety in the molecule also provided 
additional opportunities for modifications such as epoxidation and hydroxylation, etc.   
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pharmacophore but also provide valuable information regarding the three-dimensional 
structural requirements of the microtubule-stabilizing agents. 

Based on scaffold 5-1, two types of paclitaxel-mimicking anticancer agents were 
designed as shown in Figure 5-6. Since epothilones possess a 16-membered lactone ring, 
an additional macrocycle was introduced to the paclitaxel-mimicking anticancer agents. 
The presence of such a large ring system may also serves as additional conformational 
constraint to retain the proper conformation of the side chains. Accordingly, SB-H-1010 
and SB-H-1020 were designed with paclitaxel-like side-chains attached to the bicyclic 
system bearing a 19-membered macrocyclic tether linking the C5 and the C3’N positions. 
The novel paclitaxel-mimicking anticancer agents without the macrocycle were also 
synthesized. Based on the fact that SB-T-121303, a third-generation taxoid developed in 
Ojima’s laboratory, possesses extremely potent cytotoxicities against drug-sensitive as 
well as drug-resistant cancer cell line, the same side chain of SB-T-121303 was attached 
onto the designed scaffold 5-1 to construct novel compounds SB-H-101 and SB-H-201.16  
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Figure 5-6. Paclitaxel-mimicking anticancer agents based on scaffold 5-1 

 
The four ‘taxoid-mimics’ were evaluated for their in vitro cytotoxicities against drug-

sensitive and drug-resistant cancer cell lines. The results are summarized in Table 5-1. 
SB-H-101 and SB-H-1010 exhibit micromolar level IC50 values against LCC6-WT and 
MCF7 human breast cancer cell lines in spite of their simplified structures. The 
hydrogenated congeners, SB-H-201 and SB-H-1020, showed much lower cytotoxicities. 
It should be noted that these two compounds are not affected by P-glycoprotein-based 
multi-drug resistance. SB-H-101 was found to possess cytotoxic activities comparable to 
cisplatin against the human breast carcinoma cell line MCF7 (wild type and MDR 
phenotype).  
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Table 5-1. In vitro cytotoxicities (IC50, μMa) of the Taxol-mimics 
Taxoids LCC6-WTb LCC6-MDR MCF7d NCI/ADRe 

Paclitaxel 0.004±0.00015 0.379±0.007 0.0022±0.00018 1.185±0.04 
SB-H-101 8.9±0.22 10±0.56 5.7±0.26 8.7±0.1 
SB-H-201 >10 >10 14±3.4 >10 
SB-H-1010 14±1.0 >10 8.1±0.22 13±0.6 
SB-H-1020 >10 >10 >10 >10 

aThe concentration of compound which inhibits 50% of the growth of human tumor cell line; 
 bLCC6-WT: human breast carcinoma; cLCC6-MDR: MDR1 transduced line;  
dMCF7: human breast carcinoma; eNCI/ADR: MDR phenotype human ovarian carcinoma. 
 

The fact that the hydrogenated congeners SB-H-201 and SB-H-1020 are much less 
active may suggest that a certain rigidity of the scaffold is crucial for biological activity. 
On the other hand, the result that the open-chain ‘taxoid-mimic’ SB-H-101 is a little more 
potent than the macrocyclic ‘taxoid-mimic’ SB-H-1010 may imply an advantage of 
having rather flexible side chains to accommodate favorable conformation(s) for 
bioactivity.  

However, none of the ‘taxoid-mimics’ showed appreciable activity in promoting the 
formation of microtubules in the standard in vitro tubulin polymerization assay. 
Nevertheless, SB-H-101 and SB-H-1010 could certainly serve as leads for the 
development of de novo anticancer agents, considering the numerous functionalization 
possibilities of their simple structure.  

Recently, the Kingston group also reported C3’-C4 bridged paclitaxel mimics based 
on the T-taxol model, which showed micromolar level of IC50 value against A2780 cell 
line in the cytotoxicity assays.17 The three hydroxyl groups of the bicyclic compound 
were designed to mimic the C2-, C4- and C13- hydroxyl groups of baccatin. The 
macrocyclic paclitaxel mimics used the same “C4-C3’ linked bridge as in the active 
macrocyclic taxoids. 
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Figure 5-7. Kingston’s macrocyclic taxoids and paclitaxel mimics 
 



209  

Table 5-2. In vitro cytotoxicities and tubulin-polymerization (TP) assays 
of the Kingston’s macrocyclic taxoids18 

Compound with Bridge IC50 μg/ml TP μg/ml 
 A2780  

Taxol 0.006-0.02  
X= OCH2 7.25 weak 
X= OCH2 9.6 weak 

X= OCH2CH2 15 ND 
X= OCH2CH2 16 ND 

X= CH2 5 weak 
X= CH2 6 weak 

CH2 with C-2-m-MeOBz & N-Boc 5.6 ND 

 
§ 5.2 Results and Discussion 
 
§ 5.2.1 Synthesis and Evaluation of SB-H-102 
 

Based on the bicyclic scaffold 5-1, a paclitaxel mimic 5-2 was designed, which has 
the same C13 side-chain as paclitaxel. The overlay of the minimized structure in vacuum 
is shown in Figure 5-8 by overlaying the two hydroxyl groups. 
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Figure 5-8. Overlay of SB-H-102 (orange) with paclitaxel (cyan)  

 
The designed scaffold could be synthesized by a ring-closing metathesis reaction 

from readily available hydroxyproline derivatives. As shown in Scheme 5-1, bicyclic 
system 5-5 could be obtained by modification of commercially available trans-4-
hydroxy-L-proline 5-6. The isoserine side chain could be synthesized from enantiopure 
β-lactam (1-16). 
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Scheme 5-1. Retro-synthesis of Taxol mimic 5-2 

 
The synthesis of intermediate 5-14 is shown in Scheme 5-2. The unnatural hydroxy-

D-proline was prepared from commercially available trans-4-hydroxy-L-proline (5-6) 
following a published procedure.19-21 Then, 5-6 was refluxed in a mixture of acetic acid 
and acetic anhydride for 5 h, followed by additional reflux in 2 N HCl for another 2 h to 
give 5-7. Crude 5-7 was refluxed in methanol in the presence of hydrochloric acid (in situ 
generated upon the addition of AcCl) to give methyl ester hydrochloric salt 5-8, which 
was then reacted with Boc anhydride to afford N-Boc-4-β-hydroxy-D-proline methyl 
ester (5-9) in excellent yield (75% in 3 steps). The inversion of the configuration of the 
C4 hydroxy group was achieved by the Mitsunobu reaction22 using standard conditions. 
Thus, 5-9 was treated with triphenylphosphine, benzoic acid and diisopropyl 
azodicarboxylate (DIAD) in THF to afford N-Boc-4-α-hydroxy-D-proline methyl ester 
(5-10) in high yield.  

In order to construct the six member ring in the scaffold, various reactions needed to 
be performed, including reduction, oxidation as well as acylation. Accordingly, the 4-α-
hydroxy group needed to be protected as a TIPS ether. Thus, the benzoyl group was 
cleaved by hydrolysis using potassium hydroxide in methanol to give the trans-hydroxy-
D-proline derivative 5-11, which was then protected with TIPSCl in the presence of 
imidazole to give 5-12 in excellent yield. Then, the methyl ester moiety of 5-12 was 
reduced using lithium borohydride to afford alcohol 5-13 in high yield. The oxidation 
utilizing sulfur trioxide pyridine complex in the presence of triethylamine and dimethyl 
sulfoxide (DMSO) afforded the desired aldehyde 5-14 in excellent yield. 
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Scheme 5-2. Synthesis of intermediate 5-14 

 
Aldehyde 5-14 was treated with vinylmagnesium chloride to afford a ~5/1 

diastereomeric mixture of alcohol 5-15, favoring the desired isomer (stereochemistry of 
the products were determined after the formation of the six-membered ring by NOE 
analysis). Then alcohol 5-15 was treated with acetic anhydride in the presence of DMAP 
and triethylamine to afford acetate 5-16 in 80% yield (Scheme 5-2). 

The Boc protecting group was cleaved by using trifluoroacetic acid (TFA) at 0 oC and 
after the removal of solvent and excess amount of TFA, the residue was treated with 
triethylamine and acryloyl chloride to afford diene 5-18 in 27% yield for two steps. Next, 
diene 5-18 was subjected to ring closing metathesis using the “first-generation Grubbs 
catalyst”23 to afford scaffold 5-19 in 83% yield (~5:1 ratio). The two isomers could not be 
separated by silica gel column chromatography. Fortunately, after hydrolysis of the acetyl 
group using potassium carbonate, the two resulting alcohols were easily separated by 
column chromatography to afford pure scaffold 5-5 in 80% yield. The scaffold 5-5 was 
first subjected to esterification reaction with 3-methoxybenzoic acid in the presence of 
DIC and DMAP to afford ester 5-21. The TIPS group was then removed using HF-
pyridine conditions to give 5-3 in 94% yield for two steps. (Scheme 5-3) 
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Scheme 5-3. Synthesis of intermediate 5-3 

 
Although the stereoselectivity of the addition of vinyl Grignard reagent to aldehyde 5-

14 could be predicted by Felkin-Anh model, the real chirality of C5 needed to be 
determined to make sure the desired compound was obtained. Due to the free rotation of 
the side chain, the chiral center (C5) could not be determined by NMR before RCM 
reaction. After RCM reaction, six-membered ring was formed and the peaks of the 
diastereomers were clearly seen by NMR. The C5 stereochemistry was only determined 
by the coupling constant between H5 and H6 (11.7 Hz) previously.16 The relative 
chirality was confirmed by NOE study and the 1H & 13C NMR of 5-5 and 5-20 were fully 
assigned using COSY and HMQC (Table 5-5 in Experimental Section). 

The C13 side chain was synthesized from β-lactam 1-16. Due to the concern that the 
α-position of the carbonyl group might epimerize during esterification, the OH and the 
NH groups were protected as oxazolidine. EE protected β-lactam was first reacted with 
DMAP, TEA, and benzoyl chloride to produce 5-22. Ethanol and hydrochloric acid were 
then used to remove the 1-ethoxyethoxy (EE) protecting group. The resulting compound 
5-23 was reacted with DMAP and TEA in methanol to open the lactam ring to produce 5-
24 in good yield. Then, 5-24 was treated with p-anisaldehyde dimethyl acetal in the 
presence of a catalystic amount of pyridinium p-toluenesulfanate (PPTS) to generate 
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oxazolidine 5-25. The purified compound 5-25 was then hydrolyzed with lithium 
hydroxide to afford the protected side chain 5-4.   
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Scheme 5-4. Synthesis of intermediate 5-4 

 
Acid 5-4 was then coupled to the scaffold 5-3 in the presence of DMAP and 1-ethyl-

3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC·HCl) to produce 5-26. The 
protecting group was then removed using para-toluenesulfonic acid (p-TSA) to afford the 
desired compound 5-2 (SB-H-102) in good yield.  
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Scheme 5-5. Synthesis of SB-H-102 
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As shown in Table 5-3, SB-H-102 possesses only modest cytotoxicity against all the 
cell lines assayed.  

 
Table 5-3. In vitro cytotoxicities (IC50, μMa) of 

newly synthesized taxol-mimicking anticancer agents 
Taxoids LCC6-WTb LCC6-MDRc H460d HT-29e MCF7f NCI/ADRg 

Paclitaxel 0.0045 0.323 0.0047 0.0042 0.003 0.518 
SB-H-102 29 >30 17 >30 26  27±2.5 

aThe concentration of compound which inhibits 50% of the growth of human tumor cell line; 
 bLCC6-WT: human breast carcinoma; cLCC6-MDR: MDR transduced line;  
dH460: NSCLC; eHT-29: human colon carcinoma; fMCF7: human breast carcinoma;  
gNCI/ADR: human ovarian carcinoma with MDR phenotype. 

 
The weak activities in cytotoxicity assay and tubulin polymerization assay of the 

paclitaxel mimics based on structure 5-1 indicated that these compounds are over-
simplified and could not effectively mimic the three-dimentional structure of paclitaxel 
bound to tubulin.  

Recently, Downing et al determined the structure of epothilone A, bound to α,β-
tubulin in zinc-stabilized sheets, by a combination of electron crystallography at 2.89 
angstrom resolution and nuclear magnetic resonance–based conformational analysis.24 
The overlay of epothilone A and paclitaxel (T-Taxol structure) demonstrated that the 
binding pocket in a unique and qualitatively independent manner, although they 
overlapped in their occupation of a rather expansive common binding site on tubulin 
(Figure 5-9). The result indicated that none of the three common pharmacophore models 
was accurate. 

 

 
Figure 5-9. Superposition of EpoA (blue) and T-Taxol (gold) in β-tubulin as 

determined by electron crystallography24 
 

Ojima’s model common pharmacophore model used the polar conformation of 
paclitaxel, which is proven not to be the binding conformation, but the complex baccatin 
skeleton indeed served as a scaffold and active paclitaxel mimics could be designed 
based on the binding conformation of paclitaxel in tubulin. Therefore, the accomodadtion 
of the bioactive conformation of paclitaxel to the molecular design is necessary. 



215  

§ 5.2.2 Design of Novel Paclitaxel Mimics Based on the REDOR-Taxol 
Conformation 
 

The new design of the paclitaxel mimics was based on the search of structure-
simplified compounds keeping the binding conformation of paclitaxel in β-tubulin. The 
structure search began with the modification of the indolizidine scaffold to mimic 
REDOR-Taxol conformation. The two-step minimization procedure (described in 
Chapter III)25 was modified and a series of compounds were examined by MM energy-
minimization in β-tubulin.  

To mimic SB-T-2053, compound 5-27 was first designed, which contained the 
macrocycle moiety of SB-T-2053 and the scaffold 5-1. However, because the dihedral 
angle of the trans-diol in the indolizidine was different from the dihedral angle in 14-OH-
10-DAB, the overylay was very poor. The analogues of compound 5-27 with different 
chirality in the bicycle system (5-28), or the [4,4,0] bicyclic system (5-29) were also tried, 
but the results were still not satisfactory.  
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Figure 5-10. Designed macrocyclic paclitaxel mimics based on 5-1 and SB-T-2053 

 
        Inspired by the C4-C3’-linked macrocyclic taxoids, macrocyclic paclitaxel mimics 
with tricyclic scaffolds (5-30 - 5-33) were designed, which gave good overlays with the 
REDOR-Taxol structure in β-tubulin.  
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Figure 5-11. Overlays of 5-30, 5-31, 5-32, 5-33 (blue) and REDOR-Taxol (green) 

 
However, these compounds contain too many chiral centers and are not easy to 

synthesize. when the structures were simplified to bicyclic systems, such as 5-34 and 5-
35, the overlays became poor, which indicated that the third ring is necessary to keep the 
position even if it was benzene ring. 
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Compound 5-36, with a benzene ring as the third ring, was designed, which showed a 
very good overlay with the REDOR-Taxol. Its open-chain analogues 5-37 and 5-38 (with 
5-7-6 ring system) also show a good overlay. The structures of these compounds are 
simple, since the third ring is a benzene ring. Thus, they were selected as our designed 
paclitaxel mimics. 
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Figure 5-13. Overlays of 5-36, 5-37, 5-38 (yellow) and REDOR-Taxol (green) 

 
§ 5.2.3 Preliminary studies 
 

The original synthetic plan is shown in Scheme 5-6. The syntheses of 5-36 and 5-37 
began with 1,6-dimethylbromobenzene. Dibromination, hydrolysis and protection with 
different group would afford 5-41. The lithium reagent or Grignard reagent 5-40 would 
couple with aldehyde 5-14 and ring closure would give 5-39. Macrocylic compound 5-36 
and open-chain compound 5-37 could be obtained after side chain attachment.  
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Scheme 5-6. Retro-synthesis of 5-36 and 5-37 

 
As shown in Scheme 5-7, the reaction of 1,6-dimethylbromobenzene with 2.3 equiv 

of NBS in the presence of AIBN in CCl4 
26 followed by hydrolysis in water and dioxane 

with calcium carbonate27 afforded the desired diol 5-43 in 49% yield for two steps, 
accompanied by 5-42 and 5-44. By using 1.3 or 4.0 equivalent of NBS, 5-42 or 5-44 was 
obtained in good yields with better selectivity. 
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Scheme 5-7. Preparation of 5-42, 5-43 and 5-44 

 
Alcohol 5-42 was protected with TMS group to afford 5-45 in 92% yield. Diol 5-43 

was mono-protected with benzyl group using Boger’s procedure to give 5-46 in 52% 
yield28 and the di-protected product 5-47 in 29% yield. Protection of 5-46 with TES 
group or TMS group afforded 5-48 or 5-49 in good yield.  
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Scheme 5-8. Preparation of 5-45, 5-48 and 5-49 

 
The Grignard reagents and the lithium regents were successfully obtained from 5-45, 

5-48 and 5-49 using standard methods.29, 30 However, the coupling reaction with aldehyde 
5-14 was not successful, probably due to the steric hindrance of the substrates. 
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Scheme 5-9. The coupling reaction with 5-14 

 
In 2005, Akiba et al. reported similar reactions with diphenyl ketone using a lithium 

reagent, indicating that a similar substrate with small protecting groups might afford the 
desired product, while the silyl protecting groups were too bulky for this reaction.31 
Because a methyl ether group would need very harsh conditions to remove, MOM group 
was selected as the protecting group. 

 
Br

OMeMeO
(1) n-BuLi

(2)

O

PhPh
OMeMeO

OHPh
Ph

58%  
Scheme 5-10. Similar coupling reaction31 

 
        As shown in Scheme 5-11, diol 5-43 was first reacted with MOMCl in the presence 
of N,N'-diisopropylethylamine to afford 5-50 in quantative yield.  To further minimize 
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the steric hindrance, a mono-protected substrate 5-52 was also prepared using a two-step 
procedure from 5-44. 
 

Br
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100%
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overnight
82%5-44 5-51 5-52

O O

 
Scheme 5-11. Preparation of 5-50 and 5-52 

 
As shown in Scheme 5-12, the corresponding Li-reagent was generated by treating 5-

50 with n-BuLi and then reacted with 5-14 to give the desired product 5-53 in 35% yield. 
The two MOM groups were still too bulky and the conversion was not complete (only 
37% conversion in the coupling step). The alcohol 5-53 was protected by Ac group to 
afford 5-54 in good yield. Thus, 5-52 was converted to the dilithium reagent by using 2.1 
equivalents of n-BuLi and reacted with 5-14 to gibe the coupling product 5-55 in 45% 
yield. The yield of 5-55 was improved to 83% when HMPA was used. The product 5-55 
was protected by Ac group to give 5-56 in 100% yield.   
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Scheme 5-12. The coupling reactions of 5-50 and 5-52 with 5-14 

 
However, it needed too many steps to convert 5-56 or 5-58 to the desired tricyclic 

product 5-39, which is due to the fact that MOM group could not be removed under very 
mild conditions. Thus, two other substrates, 5-59 and 5-60, were prepared, but the 
coupling reactions did not afford the desired products.  
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5-51 5-60  
Scheme 5-13. Preparation of 5-59 and 5-60 

 
In 2000, Yamamoto et al. reported Pd-catalyzed intramolecular nucleophilic addition 

of aryl bromides to ketones with excellent diastereoselectivity,32 which could be used for 
our system (Scheme 5-14).  
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Na2CO3 (2 eq), 1-hexanol (5 eq), 

DMF, 135 °C

5-62

N

CHO
TIPSO

O

Br

OMOM

5-61  
Scheme 5-14. New method to prepare 5-6233 

 
As shown in Scheme 5-15, acetic ester 5-63 was obtained by acetylation of alcohol 5-

13. After deprotection using TFA conditions, the resulting amine 5-64 was reacted with 
acid chloride 5-65 to afford the desired amide in moderate yield. However, an undesired 
product 5-68, instead of 5-67, was obtained after the deprotection under basic conditions. 
The strange reaction may be caused by the steric conflict between the groups on benzene 
ring and the proline moiety. The relatively unstable amide, instead of the ester, was 
hydrolyzed and the resulting amino ester underwent intramolecular acetyl transfer to 
afford more stable hydroxyl amide alcohol 5-68.  
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Scheme 5-15. Preparation of 5-67 

 
As shown in Scheme 5-16, the Boc group in 5-13 was removed by the standard 

procedure and the direct coupling of amino alcohol 5-69 and acid chloride 5-65 afforded 
5-67 in 56% yield. The moderate yield was probably due to the impurity in 5-69, which 
could not be purified by column chromatography, because of its extremely high polarity. 
Since the 5-6-6 scaffold was successfully obtained by another method, this route was 
abandoned. 
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Scheme 5-16. Preparation of 5-67 

 

§ 5.2.4 Synthesis of Novel Paclitaxel Mimics SB-H-301 and SB-H-2001 
 

After unsuccessful screening of substrates, bromide 5-70 with a small vinyl group 
serving as a protecting group was selected. Wittig reaction of the formyl alcohol 5-44 
with methyltriphenylphosphonium ylide afforded vinylbenzyl alcohol 5-70 in good 
yield.34 As shown in Scheme 5-17, the Li-reagent was generated by treating 5-70 with 2.2 
equivalents of n-BuLi. The coupling reaction of 5-71 with 5-14 in the presence of HMPA 
afforded the desired product 5-72 in 81% yield. The subsequent protection of hydroxyl 
groups by acetyl groups gave 5-73 in 97% yield. 
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OAc
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Scheme 5-17. Synthesis of 5-73 

 
As shown in Scheme 5-18, the vinyl compound 5-73 was subjected to ozonolysis 

oxidization, esterification, deprotection and cyclization to afford the desired 5-6-6 scafold 
in 50% yield for 5 steps. The diastereomers, 5-77 and 5-78, were separated by column 
chromatography. However, the diastereoselectivity was not high (d.r. ~2:1) with the 
undesired diastereomer 5-78 as the major product. 
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Scheme 5-18. Synthesis of 5-77 and 5-78  

 
The relative chirality in 5-77 and 5-78 was confirmed by NOE measurements and 

analysis. The 1H NMR and 13C NMR of 5-77 and 5-78 were fully assigned based on 2D 
NMR studies (see Table 5-6 in Experimental Section). 

The side-chain modification began with the undesired diastereomer 5-78 to check 
whether it could be converted to the desired diastereomer by the Mitsunobu reaction. As 
shown in Scheme 5-19, deprotection of 5-78 under basic condition afforded diol 5-79 in 
good yield. The selective esterification of the primary alcohol did not have good 
selectivity, which indicated that the acetyl group was not bulky enough to distinguish the 
two hydroxyl groups. Thus, the bulkier TBDMS  group was used to protect the primary 
alcohol, affording 5-80 in excellent yield.35 However, the Mitsunobu reaction of 5-80 or 
5-81 was not successful under standard conditions.36 Harsh conditions could not be used, 
because elimination reaction could occur to produce very stable product 5-83.  
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Scheme 5-19. Synthesis of 5-80 from 5-81 

 
The modification of 5-77 proceeded in a straightforward manner (Scheme 5-20). 

Deprotection of 5-77 under basic conditions gave 5-84 in good yield. The protection of 
the primary alcohol moiety of 5-84 by TBDMSCl in the presence of imidazole showed 
very high selectivity, affording 5-85 in 99% yield.35 Benzoylation of the secondary 
alcohol moiety of 5-85 gave 5-86 in quantitative yield. Using less amout of benzoyl 
chloride resulted in low conversion, probably due to the steric hinderance caused by the 
TBDMS group. Acidic deprotection of TBDMS group followed by esterification with 
Ac2O gave 5-88 in excellent overall yield.37  
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Scheme 5-20. Synthesis of 5-88  
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Scheme 5-21. Synthesis of 5-37 (SB-H-301) 
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The synthesis of 5-37 (SB-H-301) was completed in Scheme 5-21. After removal of 
TIPS, 5-89 was coupled with oxazolidine acid 5-4 in the presence of EDC and DMAP in 
dichloromethane to give 5-90 in 82% yield. The final deprotection of 5-90 afforded 5-37 
(SB-H-301) in good yield.  

The synthesis of 5-36 started from the preparartion of oxazolidine acid 5-98, as 
shown in Scheme 5-22. Compound 5-94 was obtained in high overall yield from 
enantiopure β-lactam 3-54 through standard modifications. The TIPS group of 5-94 was 
removed by HF/Py, followed by ring opening under basic conditions, affording 5-96 in 
82% yield for two steps.32 Then, 5-96 was treated with p-anisaldehyde dimethyl acetal in 
the presence of catalytic amount of pyridinium p-toluenesulfanate (PPTS) to afford 
oxazolidine 5-97 in good yield. The hydrolysis with lithium hydroxide provided the 
carboxylic acid 5-98 in 88% yield.38  
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Scheme 5-22. Prepapration of 5-98 

 
The synthesis of intermediate 5-100 is shown in Scheme 5-23. Modification of the 

primary alcohol moiety of 5-85 with 4-pentenoyl chloride followed by TIPS deprotection 
under standard HF/pyridine conditions afforded 5-100 in 97% yield for two steps. 
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Scheme 5-23. Synthesis of 5-100 
 

The coupling reaction of 5-100 with oxazolidine acid 5-98 gave 5-101 in high yield 
and the subsequent acidic deprotection afforded 5-102 in good yield. The RCM reaction 
was very slow and not complete after 3 days at room temperature and 2 days at reflux. 
The final product 5-36 (SB-H-2001) was obtained in moderate yield. The same reaction 
at room temperature for 2 days gave almost no product.  
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Scheme 5-24. Synthesis of 5-36 (SB-H-2001) 
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§ 5.2.5 The Diastereoselectivity of the Coupling Reaction 
 

The ratio of 5-77 to 5-78 was about 1:2, in favor of the undesired diastereomer. This 
selectivity was different from previous bicyclic indolizidine synthesis. By using Grignard 
reagent, a 5:1 d.r was obtained in favor of the desired diastereomer, while 1:1 d.r. was 
obtained by using more active lithium reagent (Scheme 5-25).39  
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Scheme 5-25. Diastereoselectivity in the indolizidine synthesis 

 
The reversed diastereoselectivity was probably caused by chelation between the 

carbonate carbonyl of the Boc group with the benzylic O-Li, forcing the aldehyde to take 
a chelated conformation (Scheme 5-26).40 If the chelation is blocked and less active 
Grignard reagent could be used, satisfactory diastereoselectivity should be obtained.  
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Scheme 5-26. Possible mechanism in the two nucleophilic reactions 

 
Thus, two other bromides, 5-104 and 5-106, were prepared to check the 

diastereoselectivity as shown in Scheme 5-27. Wittig reaction of aldehyde 5-51 with a 
ylide afforded vinylbenzene 5-104 in 97% yield.34  The diol 5-43 was oxidized and the 
resulting carbonyl groups were converted to vinyl groups with a Wittig reagent to give 5-
106 in good yield.  
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Scheme 5-27. Preparation of 5-104 and 5-106 

 
The Li-reagent 5-107 was generated by treating 5-104 with 1.1 equivalents of n-BuLi 

and the coupling reaction afforded the desired product 5-108 in good yield. The 
subsequent protection of the hydroxyl group gave 5-109 in 70% yield for 2 steps. A 
diastereomer mixture 5-108 was subjected to a straightforward five-step transformations 
to give the desired product 5-113 and 5-114 without purification of any intermediate in 
50% overall yield for five steps.39, 41 However, the diastereoselectivity was found to be 
3:4, still in favor of the undesired diastereomer (Scheme 5-28).   
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Scheme 5-28. Synthesis of 5-113 and 5-114 
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Because lithium reagents are very reactive with low selectivity, the weaker but more 
selective reagents, such as Grignard reagents and zinc reagents, were examined.42 As 
shown in Scheme 5-29, bromobenzene 5-102 was successfully converted to Grignard 
reagent 5-115 by standard procedure,29 but the coupling reaction only afforded the 
desired product in only very low yield. The conversion was very low even when the 
temperature was raised to room temperature. Thus, the zinc reagent 5-116 was generated 
by metal-exchange method.43 As anticipated, this weak nucleophile 5-116 did not afford 
any desired product.  
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Scheme 5-29. Coupling reaction with Grignard reagent and zinc reagent 
        

Next, divinylbromobenzene 5-106 was selected, because it has no oxygen to chelate 
and the size of vinyl group is smaller than the protected hydroxyl groups. As shown in 
Scheme 5-30, bromide 5-106 was converted to the corresponding lithium reagent30 and 
the subsequent coupling reaction with 5-14 afforded the product 5-117 in 70% yield. 
After acetylation, ozonolysis,44 oxidation,41 esterification, deprotection and cyclization,39 
the desired product 5-121 was obtained in good yield in 5 steps and the 
diastereoselectivity was 1:1.  
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Scheme 5-30. Synthesis of 5-121 

 
As shown in Scheme 5-31, by using two equivalents of the Grignard reagent 

generated from 5-106, the desired product 5-117 was obtained in good yield. Using the 
same protocol as shown in Scheme 5-31, the same cyclized product 5-121 was obtained 
in good yield with a 1.5:1 ratio in favor of the desired diastereomer, which is so far the 
best result.45 The ester 5-121 was converted to diols 5-83 and 5-79 by using 2 equivalents 
of lithium borohydride.  
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Scheme 5-31. Synthesis of 5-83 and 5-79 
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§ 5.2.6 Synthesis of SB-H-401 
 

Wittig homologation of aldehyde 5-44 in the presence of NaHMDS, followed by 
hydrolysis afforded aldehyde 5-123 in good yield.46 The second Wittig reaction afforded 
the allylbromobenzene 5-124 in moderate yield, due to polymerization of the aldehyde. 
The protection of the hydroxyl moiety of 5-124 by MOM group gave 5-125 in good yield.  
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Scheme 5-32. Preparation of 5-125 

        
With 5-125 in hand, a synthetic route similar to that described above was used to 

afford the coupling product 5-126. The subsequent acetylation of 5-126 gave 5-127 in 
70% yield for 2 steps.45 After the same five-step protocol, the 5-7-6 scaffolds, 5-128 and 
5-129, were obtained in good overall yields, but the diastereoselectivity was 10:1 in favor 
of the undesired diastereomer 5-129.39, 41, 44  
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Scheme 5-33. Synthesis of 5-128 and 5-129 

 
Compounds 5-128 and 5-129 were hydrolyzed to afford 5-130 and 5-132, 

respectively, in good yields. However, the direct benzoylation of 5-130 did not proceed 
well, unlike the same reaction for the 5-6-6 scaffold 5-85. Although a large excess 
amount of reagents were used, the reaction was still incomplete and the formation of an 
elimination product was observed. The same reaction was tried for 5-132 in a larger scale. 
In the presence of 12 equiv. of benzoyl chloride and 16 equiv. of triethylamine, the 
reaction was still not complete after 2 days. The desired product 5-133 was obtained only 
in 50% yield, accompanied by the elimination product as the major side-product. After 
deprotection of MOM group, 5-134 was obtained in excellent yield.  
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Scheme 5-34. Modification of 5-128 and 5-129 
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The Mitsunobu reaction was performed on 5-132 to invert the chiral center under 
very harsh conditions. The conversion was low, but the desired product 5-135 was 
obtained, albeit mixed with impurities. The removal of MOM group afforded pure 5-135 
in 63% yield for 2 steps. The hydroxyl group was converted to an acetyl group, followed 
by standard deprotection with HF/py to afford 5-137 in high yield. 
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Scheme 5-34. Synthesis of 5-137 

 
Unlike the 5-6-6 tricyclic scaffold, the 5-7-6 scaffold 5-128 can not aromatize if the 

hydroxyl group is oxidized. As shown in Scheme 5-35, 5-128 was oxidized with PCC to 
afford 5-133 in good yield, albeit with low conversion (40%). However, the reduction 
using sodium borohydride did not show any selectivity, which could be explained by 
molecular modeling study. As shown in Figure 5-14, compound 5-133 was built and 
minimized by Macromodel® program. There is no obvious difference between the Re 
face and Si face for the carbonyl group. 
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Scheme 5-35. Synthesis of 5-134 
 

 
Figure 5-14. Energy-minimized structure of 5-133  

 
The synthesis of 5-38 (SB-H-401) was completed as shown in Scheme 5-36. Alcohol 

5-137 was coupled with oxazolidine acid 5-4 in the presence of EDC and DMAP in 
dichloromethane. The final deprotection afforded 5-38 (SB-H-401) in good yield.  

carbonyl 
group 

carbonyl 
group 
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Scheme 5-36. Synthesis of 5-38 (SB-H-401) 
 

§ 5.2.7 Preliminary Cytotoxicity Assay of the Paclitaxel Mimics 
 

SB-H-301 and SB-H-2001 were assayed against the drug-resistent pancreatic cancer 
cell lines (PANC-1 and CFPAC) and the preliminary results are shown in Table 5-4. 
 

Table 5-4. Preliminary Cytotoxicity Assay 
of the Paclitaxel Mimics 

Coumpounds IC50 (μM) 
(CFPAC) 

IC50 (μM) 
(PANC-1) 

Paclitaxel 0.013 0.06 
SB-H-102 174.6 85.6 
SB-H-301 1.86 70.2 

SB-H-2001 / 94.8 
 

The paclitaxel mimic SB-H-301 with 5-6-6 scaffold shows 100 times higher potency 
than the bicyclic mimic SB-H-102, but still 100 times less potent than paclitaxel, against 
the CFPAC pancreatic cancer cell line. In the assay against PANC-1 pancreatic cancer 
cell line, these two mimics as well as the macrocyclic mimic SB-H-2001 show similar 
activity, ~ 1000 times less activtive than paclitaxel. The results are not consistent with the 
result against CFPAC cell line and previous studies, which may caused by the low 
solubility of the mimics in cell culture media. Further cytotoxicity assay is still in 
progress in our laboratories. 
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§ 5.3 Summary 
 

Paclitaxel mimics with simpler structures and similar or higher activity could be 
designed based on the binding conformation of paclitaxel. Accordingly, SB-H-102 with 
the scaffold 5-1, was synthesized and evaluated, which showed only modest cytotoxicity. 
Three new paclitaxel mimics were designed based on the REDOR-Taxol structure in β-
tubulin. SB-H-301 and SB-H-2001 with a 5-6-6 core and 5-38 with a 5-7-6 core were 
synthesized. The coupling reaction of the lithium reagent or the Grignard reagent with the 
aldehyde produced the undesired diastereomer as the major product, due to the chelation 
of the substrates with lithium or magnesium. The diastereoselectivity was improved by 
modifying the substrates and a d.r. of 1.5:1 in favor of the desired diastereomer was 
obtained. New methods to improve the diastereoselectivity and further cytotoxicity assay 
are still in progress in our laboratories. 
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§ 5.4 Experimental Section 
 
General Methods: 1H and 13C NMR spectra were measured on a Varian 300, 400, 500 or 
600 NMR spectrometer. Melting points were measured on a Thomas Hoover Capillary 
melting point apparatus and are uncorrected. Optical rotations were measured on a 
Perkin-Elmer Model 241 polarimeter. IR spectra were recorded on a Perkin-Elmer Model 
1600 FT-IR spectrophotometer. TLC was performed on Merck DC-alufolien with 
Kieselgel 60F-254 and column chromatography was carried out on silica gel 60 (Merck; 
230-400 mesh ASTM). Purity was determined with a Waters HPLC assembly consisting 
of dual Waters 515 HPLC pumps, a PC workstation running Millennium 32, and a 
Waters 996 PDA detector, using a Phenomenex Curosil-B column, employing 
CH3CN/water (2/3) as the solvent system with a flow rate of 1 mL/min. High-resolution 
mass spectra were obtained from Mass Spectrometry Laboratory, University of Illinois at 
Urbana-Champaign, Urbana, IL. 
 
Materials: The chemicals were purchased from Aldrich Co. and Sigma and purified 
before use by standard methods. Tetrahydrofuran was freshly distilled from sodium metal 
and benzophenone. Dichloromethane was also distilled immediately prior to use under 
nitrogen from calcium hydride.  
 
cis-4-Hydroxy-D-proline hydrochloride salt (5-7):21  
To a mixture of acetic acid (12 mL) and acetic anhydride (12 mL) was added trans-
hydroxy-L-proline 5-6 (1.0 g, 7.6 mmol). The mixture was refluxed for 5.5 h and then the 
solvent was removed to give a brown sticky oil. The oil was dissolved in 2 N 
hydrochloric acid (12 mL) and refluxed for 2 h. The brown solution was treated with 
activated carbon while hot and cooled down to room temperature. The mixture was 
filtered through celite and concentrated under reduced pressure. This solid obtained was 
used in the next step without any further purification.  
 
N-(tert-Butoxycarbonyl)-cis-4-hydroxy-D-proline methyl ester (5-9):36  
In a suspension of 5-7 (1.554 g, 7.6 mmol) in MeOH (6 mL) was added AcCl (0.25 mL, 
3.8 mmol). The reaction mixture became homogeneous after the temperature reached 70 
oC. The reaction mixture was refluxed overnight before being poured into ether to 
precipitate out the methyl ester as a white solid. The reaction mixture was filtered and the 
solid collected was dried under vacuum to afford 5-8 as a white solid, which was used in 
the next step without any further purification. HRMS calcd. for C6H11NO3H+ 146.0817, 
found 146.0815 (Δ= -1.5 ppm). 
To a solution of the white solid, thus obtained, in CH2Cl2 (35 mL) was added 
triethylamine (4.3 mL, 22.8 mmol), DMAP (0.232 g, 9.1 mmol) and t-Boc anhydride 
(1.98 g, 9.1 mmol). The reaction mixture was stirred overnight, quenched with saturated 
aqueous NH4Cl solution and extracted with EtOAc (50 mL x 3). The organic layers were 
combined and dried over anhydrous MgSO4 and the solvent was concentrated under 
reduced pressure. The residue was purified by column chromatography on silica gel using 
1% MeOH in CH2Cl2 as the eluent to afford 5-9 as a white solid (1.38 g, 75% in 3 steps): 
1H NMR (300 MHz, CDCl3) δ 1.38 (s, 4.5 H), 1.42 (s, 4.5 H), 2.02-2.07 (m, 1 H), 2.22-
2.36 (m, 1 H), 3.38 (m, 1 H), 3.45-3.62 (m, 2 H), 3.73 (s, 1.5 H), 3.74 (s, 1.5 H), 4.23-
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4.44 (m, 2 H); 13C NMR (62.9 MHz, CDCl3) δ 27.3, 28.2, 28.3, 37.6, 38.5, 52.3, 52.6, 
55.1, 55.7, 57.6, 57.8, 70.0, 71.0, 80.3, 153.6, 154.4, 175.1, 175.4. HRMS calcd. for 
C11H19NO5H+ 246.1341, found 246.1333 (Δ= -3.4 ppm). All data are in agreement with 
literature values.47 
 
N-(tert-Butoxycarbonyl)-trans-4-benzoxy-D-proline methyl ester (5-10):36  
To a solution of 5-9 (1.38 g, 5.6 mmol), benzoic acid (0.83 g, 6.8 mmol) and 
triphenylphosphine (1.62 g, 6.2 mmol) in THF (23 mL) was added diisopropyl 
azodicarboxylate (1.22 mL, 6.2 mmol). The mixture was stirred for 1 day and solvent was 
removed under reduced pressure. The residue was purified by column chromatography on 
silica gel using hexanes:EtOAc (8:1) as eluent to give 5-10 as a white solid (1.80 g, 92%): 
mp 91-92 oC; [α]D

20 +42.8o (c 0.5, CHCl3); 1H NMR (300 MHz, CDCl3) δ 1.43 (s, 4.5 H), 
1.45 (s, 4.5 H), 2.32 (m, 1 H), 2.50 (m, 1 H), 3.75 (m, 4 H), 4.41 (m, 0.5 H), 4.52 (m, 0.5 
H), 5.52 (br s, 1 H), 7.47 (m, 2 H), 7.57 (m, 1 H), 8.00 (d, J = 7.2 Hz, 2 H); 13C NMR 
(62.9 MHz, CDCl3) δ 28.2, 28.3, 35.6, 36.6, 52.0, 52.1, 52.3, 52.4, 57.6, 58.0, 72.5, 73.2, 
80.4, 153.5, 154.2, 165.7, 172.7, 173.0. HRMS calcd. for C18H23NO6H+ 350.1604, found 
350.1607 (Δ= 1.0 ppm). All data are in agreement with literature values.39  
 
N-(tert-Butoxycarbonyl)-trans-4-triisopropylsiloxy-D-proline methyl ester (5-12): 
To a solution of 5-10 (1.74 g, 5.0 mmol) in methanol (20 mL) was added potassium 
hydroxide (0.31 g, 5.5 mmol). The mixture was stirred for 1 h and being quenched with 
EtOAc and washed with saturated aqueous NH4Cl solution, water and brine. The organic 
layer was dried over anhydrous MgSO4 and then the solvent was removed under reduced 
pressure to give 5-11 as a white solid (1.17 g, 96%). This solid was used directly in the 
next step without any further purification. HRMS calcd. for C11H19NO5H+ 246.1341, 
found 246.1340 (Δ= -0.6 ppm). 
The solid, thus obtained, was dissolved in DMF (6 mL). Then, imidazole (0.77 g, 11.3 
mmol) and triisopropylsilyl chloride (2.08 mL, 9.7 mmol) were added to the reaction 
mixture. The mixture was stirred overnight before being quenched with EtOAc and 
washed with saturated aqueous NH4Cl solution, water and brine. The organic layer was 
dried over anhydrous MgSO4 and then solvent was removed under reduced pressure. The 
residue was purified by column chromatography on silica gel using hexanes:EtOAc (17:1 
~ 8:1) as the eluent to afford 5-12 as a colorless oil (1.57g, 93%): 1H NMR (300 MHz, 
CDCl3) δ 0.90 (s, 21 H), 1.26 (s, 4.5 H), 1.30 (s, 4.5 H), 1.84-1.92 (m, 1 H), 2.08 (m, 1 H), 
3.25-3.47 (m, 2 H), 3.56 (s, 3 H), 4.17-4.29 (m, 1 H), 4.38 (br s, 1 H);  13C NMR (62.9 
MHz, CDCl3) δ 11.8, 12.4, 17.3, 17.7, 28.0, 28.2, 39.1, 40.0, 51.7, 51.9, 54.7, 55.1, 57.5, 
58.0, 69.8, 70.6, 79.7. HRMS calcd. for C20H39NO5SiH+ 402.2676, found 402.2681 (Δ= 
1.3 ppm). All data are in agreement with literature values.39  

 
(2R,4S)-2-Hydroxymethyl-4-triisopropylsiloxypyrrolidine-1-carboxylic acid tert-
butyl ester (5-13): 
To a solution of 5-12 (1.76 g, 4.3 mmol) in THF (35 mL) at 0 oC was added 2 M lithium 
borohydide in THF (3.3 mL, 6.5 mmol). The mixture was stirred overnight and quenched 
with ice water. The water layer was extracted with EtOAc and the organic layers were 
combined and washed with 5% aqueous phosphoric acid (5 mL x 3) and dried over 
anhydrous MgSO4. The solvent was removed under reduced pressure. The residue was 
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purified by column chromatography on silica gel using hexanes:EtOAc (6:1) as the eluent 
to afford 5-13 as a colorless oil (1.57 g, 98%): 1H NMR (300 MHz, CDCl3) δ 0.87 (s, 21 
H), 1.27 (s, 9 H), 1.52 (br s, 1 H), 1.83 (br s, 1 H), 3.15-3.50 (m, 4 H), 3.93 (br s, 1 H), 
4.23 (br s, 1 H), 4.76 (br s, 1 H); 13C NMR (62.9 MHz, CDCl3) δ 11.8, 12.4, 13.5, 16.9, 
17.4, 17.7, 18.5, 28.2, 37.9, 56.0, 58.7, 66.2, 70.0, 79.8, 156.9. HRMS calcd. for 
C19H39NO4SiH+ 374.2727, found 374.2731 (Δ= 1.2 ppm). All data are in agreement with 
literature values.39  
 
(2R,4S)-2-Formyl-4-triisopropylsiloxypyrrolidine-1-carboxylic acid tert-butyl ester 
(5-14): 
Sulfurtrioxide-pyridine (2.02 g, 12.6 mmol) was added to a solution of 5-13 (1.57 g, 4.2 
mmol) and triethylamine (4.1 mL, 29.4 mmol) in dimethyl sulfoxide (8 mL) and CH2Cl2 
(8 mL) at 0 oC. The reaction mixture was stirred for 1 h and quenched with ice water, and 
diluted with EtOAc (100 mL). The organic layer was washed with 5% citric acid aqueous 
solution (5 mL), water (5 mL), saturated aqueous NaHCO3 solution (15 mL) and brine 
(15 mL). The organic layer was dried over anhydrous MgSO4 and solvent was removed 
under reduced pressure. The residue was purified on a silica gel column using 
hexanes:EtOAc (18:1) as the eluent to afford 5-14 as a colorless oil (1.39 g, 90%): 1H 
NMR (300 MHz, CDCl3) δ 1.00 (m, 21 H), 1.43 (m, 9 H), 1.86-2.00 (m, 2 H), 3.53 (m, 2 
H), 4.46 (m, 2 H), 9.42 (d, J = 3.3 Hz, 0.66 H), 9.54 (br s, 0.34 H). HRMS calcd. for 
C19H37NO4SiH+ 372.2570, found 372.2579 (Δ= 2.4 ppm). All data are in agreement with 
literature values.39  

 
(2R,4S)-2-(1-Hydroxy-allyl)-4-triisopropylsilanyloxy-pyrrolidine-1-carboxylic acid 
tert-butyl ester (5-15): 
Aldehyde 5-14 (2.73 g, 7.3 mmol) was dissolved in THF (68 mL) and cooled down to -78 
oC. Vinylmagnesium chloride (1.6 M in THF, 6.7 mL, 10.7 mmol) was added and the 
reaction mixture was stirred overnight, quenched with saturated aqueous NH4Cl solution 
(30 mL), and extracted with dichloromethane (50 mL x 3). The organic layer was dried 
over anhydrous MgSO4 and solvent was removed under reduced pressure. The residue 
was purified by column chromatography on silica gel using hexanes:EtOAc (12:1) to 
afford 5-15 as colorless oil (2.85 g, 98%): 1H NMR (250 MHz, CDCl3) δ 1.00 (m, 21 H), 
1.43 (m, 9 H), 1.68-2.04 (m, 2 H), 3.20-3.29 (m, 1 H), 3.54-3.61 (m, 1 H), 3.98-4.07 (m, 
1 H), 4.35-4.45 (m, 2 H), 5.14 (d, J = 10.4 Hz, 1 H), 5.21-5.31 (m, 1 H), 5.68-5.81 (m, 1 
H);  13C NMR (62.9 MHz, CDCl3) δ 11.9, 12.5, 17.4, 17.8, 28.0, 28.2, 35.9, 36.0, 37.2, 
53.3, 55.4, 56.5, 61.4, 69.8, 69.9, 70.1, 80.1, 105.1, 116.6, 136.3, 170.3. HRMS calcd. for 
C21H41NO4SiH+ 400.2883, found 400.2884 (Δ= 0.2 ppm). All data are in agreement with 
literature values.39  
 
(2R,4S)-2-(1-Acetoxyallyl)-4-triisopropylsiloxypyrrolidine-1-carboxylic acid tert-
butyl ester (5-16): 
To a solution of 5-15 (2.85 g, 7.1 mmol) and DMAP (216 mg, 1.77 mmol) in CH2Cl2 (22 
mL) was added triethylamine (5.4 mL, 35.5 mmol) and acetic anhydride (3.38 mL, 21.3 
mmol) at 0 oC. The reaction mixture was stirred overnight, quenched with saturated 
aqueous NH4Cl solution (40 mL), and extracted with dichloromethane (50 mL x 3). The 
organic layer was dried over anhydrous MgSO4 and solvent was removed under reduced 
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pressure. The residue was purified by column chromatography on silica gel using 
hexanes:EtOAc (13:1) as eluent to afford 5-16 as colorless oil (2.00 g, 80%): 1H NMR 
(250 MHz, CDCl3) δ 1.20 (s, 21 H), 1.44 (s, 9 H), 1.70-1.90 (m, 2 H), 2.06 (s, 3 H), 3.34 
(br s, 2 H), 3.93-4.10 (m, 2 H), 4.48 (br s, 1 H), 5.13-5.25 (m, 2 H), 5.65 (br s, 1 H), 5.73 
(br s, 1 H). HRMS calcd. for C23H43NO5SiH+ 442.2989, found 400.3000 (Δ= 2.5 ppm). 
All data are in agreement with literature values.39  

 
(2R,4S)-1-Acryloyl-2-(1-acetoxypro-2-enyl)-4-triisopropylsiloxypyrrolidin (5-18): 
To a solution of 5-16 (1.00 g, 2.5 mmol) in CH2Cl2 (10 mL) was added triflouroacetic 
acid (6 mL) at 0 oC. The mixture was stirred for 1 h at 0 oC and toluene (10 mL) was 
added to the system. The solvent was removed under reduced pressure and dried under 
high vacuum.  
The residue was dissolved in CH2Cl2 (15 mL) together with a catalytic amount of DMAP 
and triethylamine (3.5 mL, 12.5 mmol). Acryloyl chloride (0.40 mL, 5.0 mmol) was 
added to the mixture, stirred for 1 day and quenched with saturated aqueous NH4Cl 
solution. The mixture was then diluted with EtOAc and washed with saturated aqueous 
NaHCO3 solution, water and brine. The organic layer was dried over anhydrous 
magnesium sulfate and solvent was removed under reduced pressure. The residue was 
purified by column chromatography on silica using hexanes:EtOAc (5:1) to afford 5-18 
as colorless oil (0.27 g, 27%): 1H NMR (250 MHz, CDCl3) δ 1.14 (s, 21 H), 1.81-2.20 (m, 
2 H), 2.14 (s, 3 H), 3.32 –3.72 (m, 2 H), 4.46 (br s, 1 H), 4.63-4.67 (m, 1 H), 5.18-5.28 
(m, 2 H), 5.63-5.78 (m, 2 H), 5.86 (m, 1 H), 5.33-5.43 (m, 2 H). HRMS calcd. for 
C21H37NO4SiNa+ 418.2390, found 418.2388 (Δ= -0.4 ppm). All data are in agreement 
with literature values.39  
 
(2S,8aR)-8-Acetoxy-2-triisopropylsiloxy-6,7-didehydroindolizidin-5-one (5-19): 
A solution of 5-18 (260 mg, 0.66 mmol) and the “first-generation Grubbs’s catalyst” (162 
mg, 0.198 mmol) in CH2Cl2 (14 mL) was stirred at room temperature overnight. Then, 
the solvent was removed under reduced pressure and the residue was purified on a silica 
gel column using hexanes:EtOAc (3:1) as the eluent to afford 5-19 (202 mg, 83%).  
Major isomer 5-19: 1H NMR (250 MHz, CDCl3) δ 0.93 (s, 21 H), 1.72-1.81 (m, 2 H), 
1.93 (s, 3 H), 3.49-3.63 (m, 2 H), 3.94-4.09 (m, 1 H), 4.52 (br s, 1 H), 5.40 (d, J = 12.0 
Hz, 1 H), 5.88 (dd, J = 10.0, 1.2 Hz, 1 H), 6.29 (d, J = 10.0 Hz, 1 H); 13C NMR (62.9 
MHz, CDCl3) δ 12.2, 18.2, 26.5, 27.1, 35.0, 42.0, 54.6, 58.3, 69.4, 126.2, 140.0, 162.5, 
170.4. HRMS calcd. for C19H33NO4SiH+ 368.2257, found 368.2244 (Δ= -3.6 ppm). All 
data are in agreement with literature values.39  
 
(2S,8aR)-8-Hydroxy-2-triisopropylsiloxy-6,7-didehydroindolizidin-5-one (5-5): 
To a solution of 5-18 (200 mg, 0.54 mmol) in methanol (6 mL) and water (3 mL) was 
added potassium carbonate (128 mg, 0.80 mmol). The reaction mixture was stirred at 
room temperature for 1 h. Then, the mixture was quenched with saturated aqueous NH4Cl 
solution and extracted with dichlorormethane (30 mL x 3). The organic layer was washed 
with brine (10 mL), dried over anhydrous MgSO4, and the solvent was removed under 
reduced pressure. The residue was purified by column chromatography on silica gel using 
hexanes:EtOAc (2:3) to afford 5-5 as a white solid (140 mg, 80%) and 5-20 as a white 
solid (16 mg, 10%). 
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5-5: 1H NMR (400 MHz, CDCl3) δ 1.09 (m, 21 H), 1.79 (ddd, J = 12.0, 4.0, 1.6 Hz, 1 H), 
2.37 (dd, J = 12.4, 2.4 Hz, 1 H), 3.59 (d, J = 12.8 Hz, 1 H), 3.68 (dd, J = 13.2, 4.8 Hz, 1 
H), 3.93 (td, J = 13.2, 5.6 Hz, 1 H), 4.36 (d, J = 13.2 Hz, 1 H), 4.61 (t, J = 4.4 Hz, 1 H), 
5.91 (dd, J = 10.0, 2.4 Hz, 1 H), 6.45 (dd, J = 10.0, 2.4 Hz, 1 H); 13C NMR (100.5 MHz, 
CDCl3) δ 11.9, 17.9, 41.8, 54.5, 60.8, 69.4, 71.5, 124.4, 144.8, 162.9. HRMS calcd. for 
C17H31NO3SiH+ 326.2151, found 326.2140 (Δ= -3.5 ppm). 
5-20: 1H NMR (600 MHz, CDCl3) δ 1.05 (m, 21 H), 1.94 (td, J = 12.4, 7.8 Hz, 1H), 2.11 
(bs, 1 H), 2.52 (q, J = 6.6 Hz, 1 H), 3.48 (dd, J = 12.6, 3.6 Hz, 1 H), 3.66 (ddd, J = 10.8, 
7.2, 3.0 Hz, 1 H), 3.71 (dd, J = 12.6, 6.6 Hz, 1 H), 4.52 (m, 2 H), 5.87 (dd, J = 9.6, 1.8 Hz, 
1 H), 6.43 (d, J = 10.2 Hz, 1 H); 13C NMR (100.5 MHz, CDCl3) δ 11.9, 17.9, 40.3, 52.3, 
60.9, 69.7, 71.4, 124.7, 144.2, 162.4. HRMS calcd. for C17H31NO3SiH+ 326.2151, found 
326.2136 (Δ= -4.6 ppm). All data are in agreement with literature values.39  

 
Table 5-5. Fully assigned 1H & 13C NMR of diastereomers 5-5 and 5-20 

 
N

TIPSO

OH

O

H

5-5

1
2 3

45
678

9

Ha Hb

Hb Ha

 

N
TIPSO

OH

O

H

1
2 3

45
678

9

Ha Hb

Hb Ha

5-20  

 1H NMR, ppm a 1H NMR, ppm b 
13C NMR, 

ppm 
1H NMR, ppm a 1H NMR, ppm b 

13C NMR, 
ppm 

2 ------------------ ------------------ 162.9 ------------------ ------------------ 162.4 

3 5.91 (dd, J = 10.0, 2.4 
Hz) ------------------ 124.4 5.87 (dd, J = 9.6, 

1.8 Hz) ------------------ 124.7 

4 6.45 (dd, J = 10.0, 2.4 
Hz) ------------------ 144.8 6.43 

(d, J = 10.2 Hz) ------------------ 144.2 

5 4.36 
(d, J = 13.2 Hz) ------------------ 71.5 ------------------ 4.52  

mixed with H5 71.4 

6 ------------------ 3.93 (td, J = 13.2, 
5.6 Hz) 60.8 ------------------ 3.66 (ddd, J = 10.8, 7.2, 

3.0 Hz) 60.9 

7 1.79 (ddd, J = 12.0, 4.0, 
1.6 Hz) 

2.37 (dd, J = 12.4, 
2.4 Hz) 41.9 1.94 (td, J = 12.4, 

7.8 Hz) 
2.52  

(q, J = 6.6 Hz) 40.3 

8 4.61 
(t, J = 4.4 Hz) ------------------ 69.4 4.52  

mixed with H5 ------------------ 69.7 

9 3.59 
(d, J = 12.8 Hz) 

3.68 (dd, J = 13.2, 
4.8 Hz) 54.5 3.48 (dd, J = 12.6, 

3.6 Hz) 
3.71 (dd, J = 12.6, 6.6 

Hz) 52.3 

 
(2S,8S,8aR)-2-Hydroxy-8-(3-methoxybenzoyl)-6,7-didehydroindolizidin-5-one (5-3): 
DIC (0.48 mmol) was added to a solution of 5-5 (80 mg, 0.24 mmol), m-anisic acid (56 
mg, 0.36 mmol) and a catalytic amount of DMAP in CH2Cl2 (1.7 mL) and stirred for 1 
day at room temperature. Then, the mixture was quenched with saturated aqueous NH4Cl 
solution and extracted with dichlorormethane (30 mL x 3). The organic layer was washed 
by brine (10 mL), dried over anhydrous MgSO4, filtered, and concentrated under reduced 
pressure. The residue was passed through a short silica gel column using hexanes:EtOAc 
(4:1) to afford crude 5-21 (150 mg) which was used directly for next step without any 
further purification. HRMS: m/e calcd for C25H37NO5SiH+:  460.2519  Found:  460.2515 
(Δ = -0.9 ppm). 
To a solution of 5-21 (110 mg) in pyridine (2.2 mL) and CH3CN (2.2 mL) was added 
HF/pyridine (70:30, 1.1 mL) at 0 oC. Then, the mixture was allowed to warm to room 
temperature and stirred overnight. The reaction mixture was diluted with EtOAc (50 mL) 
and washed with saturated aqueous NaHCO3 solution (10 mL), saturated aqueous CuSO4 
solution (10 mL x 4), water (10 mL x 3) and brine (10 mL). The organic layer was dried 



244  

over anhydrous MgSO4, filtered, and concentrated under reduced pressure. The residue 
was purified by column chromatography on silica gel using hexanes:EtOAc (1:1) to 
afford 5-3 (68 mg, 94% for two steps) as a white solid: 1H NMR (250 MHz, CDCl3) 
δ 1.89-2.02 (m, 1 H), 2.25-2.27 (m, 1 H), 2.43 (br s, 1 H), 3.68 (br s, 2 H), 3.85 (s, 1 H), 
4.25 (dt, J = 11.8 Hz, 5.3 Hz, 1 H), 4.60 (br s, 1 H), 5.73 (d, J = 11.8 Hz, 1 H), 5.99 (dd, J 
= 10.0 Hz, 2.4 Hz, 1 H), 6.49 (d, J = 10.0 Hz, 1 H), 7.12 (dd, J = 8.3 Hz, 2.0 Hz, 1 H), 
7.37 (d, J = 8.0 Hz, 1 H), 7.55 (s, 1 H), 7.64 (m, 1 H); 13C NMR (62.9 MHz, CDCl3) δ 
40.6, 53.7, 55.4, 58.1, 68.2, 73.0, 76.4, 77.0, 77.5, 114.3, 120.0, 122.1, 125.8, 129.5, 
130.3, 140.2, 159.6, 162.4, 165.4, 170.3. HRMS: m/e calcd for C16H17NO5H+: 304.1185  
Found: 304.1186 (Δ = -0.3 ppm). All data are in agreement with literature values.39  
 
(3R,4S)-1-Benzoyl-3-(1-ethoxyethoxy)-4-phenyl-2-azetidinone (5-22):39, 47 
To a solution of β-lactam 1-17 (150 mg, 0.636 mmol), triethylamine (0.18 mL, 1.27 
mmol), and DMAP (18.2 mg, 0.019 mmol) in CH2Cl2 (6.8 mL) was added benzoyl 
chloride (0.114 mL, 0.955 mmol) dropwise at 0 oC. The mixture was then allowed to 
warm to room temperature and stirred overnight. The reaction was quenched with 
saturated aqueous NH4Cl solution (30 mL) and extracted with CH2Cl2 (30 mL x 3).  The 
combined extracts were dried over anhydrous MgSO4 and concentrated in vacuo. The 
crude product was purified on a silica gel column using hexanes:EtOAc (10:1) as the 
eluent to afford 5-22 as a white solid (173 mg, 80% yield):  mp 78-80 °C; 1H NMR (400 
MHz, CDCl3) δ  [0.98 (d, J = 5.4 Hz), 1.05 (d, J = 5.4 Hz)] (3 H), [1.11 (t, J = 7.1 Hz), 
1.12 (t, J = 7.1 Hz)] (3 H), [3.16-3.26 (m), 3.31-3.42 (m), 3.59-3.69 (m)] (2 H), [4.47 (q, 
J = 5.4 Hz), 4.68 (q, J = 5.4 Hz)] (1 H), [4.82 (d, J = 4.7 Hz), 4.85 (d, J = 4.7 Hz)] (1 H), 
5.17-5.21 (m, 1 H), 6.42 (bd, 1 H), 7.35 (m, 5 H). All data are in agreement with 
literature values.39, 47 
 
(3R,4S)-1-benzoyl-3-hydroxy-4-phenylazetidin-2-one (5-23):39 
To a solution of 5-22 (173 mg, 0.510 mmol) in EtOH (3.9 mL) was added 0.2 N HCl (4.7 
mL) at 0 oC. The mixture was then allowed to warm to room temperature and stirred for 1 
h.  The reaction was quenched with water (10 mL), saturated aqueous NaHCO3 solution 
(10 mL) and extracted with EtOAc (40 mL x 3). The combined extracts were dried over 
anhydrous MgSO4, filtered, and concentrated in vacuo. The product (127 mg, 100%) was 
used in the next step without further purification.   
 
Methyl (2R,3S)-2-hydroxy-3-phenyl-3-(N-benzoylamino)propoate (5-24):   
To a solution of crude 5-23 (127 mg, 0.510 mmol) and DMAP (9.75 mg, 0.077 mmol) in 
CH3OH (2.6 mL), was added dropwise triethylamine (0.088 mL, 0.639 mmol) at room 
temperature. The mixture was stirred overnight at room temperature, the solvent was 
removed and saturated aqueous NH4Cl solution (20 mL) was added. The mixture was 
then extracted with CH2Cl2 (30 mL x 3), the combined extracts were dried over 
anhydrous MgSO4, and concentrated in vacuo.  The crude product was purified on a silica 
gel column using hexanes:EtOAc (3:1) to afford 5-24 as a colorless oil (133 mg, 87% 
yield for two steps):  1H NMR (400 MHz, CDCl3) δ  3.23 (d, J = 4.0 Hz, 1 H), 3.85 (s, 1 
H), 4.64 (dd, J = 3.6, 2.0 Hz, 1 H), 5.74 (dd, J = 9.2, 2.0 Hz, 1 H), 6.95 (d, J = 9.2 Hz, 1 
H), 7.26 (m, 1 H), 7.30-7.54 (m, 7 H), 7.77 (dt, J = 8.0, 1.2 Hz, 2 H); 13C NMR (100.5 
MHz, CDCl3) δ 53.3, 54.8, 73.2, 126.9, 127.0, 127.9, 128.6, 128.7, 131.8, 134.0, 138.7, 
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166.9, 173.4.  HRMS (FAB/DCM/NaCl) m/z calcd. for C17H17NO4H+: 300.1236, found: 
300.1236 (Δ = 0.1 ppm). 
 
(4S,5R)-2-(4-Methoxyphenyl)-N-benzoyl-4-phenyl-5-(methoxycarbonyl)oxazolidine 
(5-25):   
To a solution of 5-24 (133 mg, 0.444 mmol) and 4-methoxybenzaldehyde dimethyl acetal 
(224 mg, 1.22 mmol) in toluene (12.1 mL) was added PPTS (33.63 mg, 0.132 mmol), and 
the mixture was refluxed for 2 h.  The reaction mixture was then extracted with EtOAc 
(100 mL), washed with saturated aqueous NaHCO3 solution (10 mL x 2) and brine (10 
mL), and concentrated in vacuo.  The crude product was purified on a silica gel column 
using hexanes:EtOAc (12:1) as the eluent to afford 5-25 as a colorless oil (129 mg, 66% 
yield): 1H NMR (400 MHz, CDCl3) δ 3.81 (s, 3 H), 3.82 (s, 3 H), 4.87 (s, 1 H), 5.40 (s, 1 
H), 6.84 (d, 3 H), 7.20-7.48 (m, 11 H); 13C NMR (100.5 MHz, CDCl3) δ 52.7, 55.2, 73.2, 
113.5, 113.7, 114.3, 126.9, 127.0, 127.0, 127.8, 128.0, 128.2, 128.5, 128.6, 128.7, 128.7, 
129.8, 130.2, 130.5, 131.7, 135.6, 138.7, 159.9, 170.4, 190.7.  HRMS: m/e calcd for 
C25H23NO5H+:  418.1654  Found:  418.1653 (Δ = -0.4 ppm). 
  
(4S,5R)-2-(4-Methoxyphenyl)-N-benzyl-4-phenyloxazolidine-5-carboxylic acid (5-4):   
To a solution of 5-25 (125 mg, 0.299 mmol) in THF (2.1 mL) and water (2.1 mL) was 
added lithium hydroxide (37.99 mg, 0.897) and the reaction mixture was stirred for 2 h.  
The reaction mixture was washed with 1 N KOH aqueous solution (5 mL x 3) and then 
the water layer was collected and acidified using 1 N HCl aqueous solution to pH 2.  
Then, the aqueous layer was extracted with CH2Cl2 (20 mL x 3). The organic layers were 
combined and dried over anhydrous MgSO4 and concentrated in vacuo. The crude 
product was purified on a silica gel column using hexanes:EtOAc (3:1) as the eluent to 
afford 5-4 as a white solid (81 mg, 67% yield):  1H NMR (400 MHz, CDCl3) δ 3.82 (s, 3 
H), 4.41 (s, 1 H), 4.90 (s, 1 H), 5.48 (s, 1 H), 6.85 (d, J = 8.4 Hz, 2 H), 6.90 (m, 1 H), 
7.21-7.39 (m, 11 H); 13C NMR (100.5 MHz, CDCl3) δ 55.0, 55.6, 72.5, 114.3, 127.0, 
127.1, 127.3, 128.1, 128.3, 128.3, 128.7, 128.8, 130.0, 132.0, 132.3, 133.2, 138.1, 164.6, 
174.0, 190.9. HRMS: m/e calcd for C24H22NO5H+:  404.1498  Found:  404.1495 (Δ = -0.7 
ppm). 
 
(2S,8S,8aR)-8-(3-Methoxybenzoyloxy6,7-didehydroindolizidin-5-one-2-yl (2R,3S)-2-
hydroxy-3-phenyl-3-benzylaminopropionate (5-2):   
To a solution of 5-3 (20 mg, 0.066 mmol) acid 5-4 (61 mg, 0.132 mmol) and DMAP (10 
mg) in CH2Cl2 (0.5 mL) was added EDC (30 mg, 0.16 mmol). The reaction mixture was 
stirred for 1 day.  The mixture was then quenched with EtOAc and washed with water 
and brine. The organic layer was dried over anhydrous MgSO4, filtered, and concentrated 
under reduced pressure. The residue was purified by column chromatography on silica 
gel using hexanes:EtOAc (1:2) as the eluent to afford 5-26 as a white solid, which was 
used directly in the next step without any further purification. HRMS: m/e calcd for 
C40H36N2O9H+: 689.2499 Found: 689.2480 (Δ = -2.8 ppm). 
To a solution of 5-26 (37 mg, 0.05 mmol) in methanol (3 mL) was added p-TSA (2.4 mg, 
0.01 mmol).  After stirring overnight, the solvent was removed and the residue was 
purified by column chromatography on silica gel using hexanes:EtOAc (1:2) as the eluent 
to afford 5-2 as a white solid (27 mg, 76% in 2 steps): mp 78-80 oC; 1H NMR (400 MHz, 
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CDCl3) δ 2.09 (td, J = 10.8, 4.4 Hz, 1 H), 2.47 (dd, J = 14.0, 5.6 Hz, 1 H), 3.54 (br s, 1 
H), 3.82 (s, 3 H), 3.83 (m, 2 H), 4.33 (td, J = 11.2, 5.3, Hz, 1 H), 4.64 (d, J = 2.0 Hz, 1 H), 
5.11 (d, J = 3.6 Hz, 1 H), 5.75 (m, 2 H), 6.01 (dd, J = 10.4, 2.8 Hz, 1 H), 6.53 (dd, J = 
10.0, 1.6 Hz, 1 H), 7.13 (dd, J = 8.0, 2.0 Hz, 1 H), 7.19-7.41 (m, 6 H), 7.45 (d, J = 7.6 Hz, 
2 H), 7.55 (d, J = 7.2 Hz, 1 H), 7.59 (t, J = 2.0 Hz, 1 H), 7.71 (d, J = 7.6 Hz, 1 H); 13C 
NMR (100.5 MHz, CDCl3) δ 31.5, 38.2, 50.8, 54.5, 55.4, 55.4, 58.3, 73.0, 114.4, 120.2, 
122.5, 125.7, 126.9, 126.9, 128.0, 128.5, 128.8, 129.6, 130.3, 131.6, 133.8, 140.6, 159.6, 
162.4, 165.7, 166.8, 172.2. HRMS: m/e calcd for C32H30N2O8Na+: 593.1900 Found: 
593.1893 (Δ = -1.2 ppm).   
 
1-Bromo-2,6-bis(hydroxymethyl)benzene (5-43):26 
To a stirred solution of 2-bromometaxylene (1.0 g, 5.4 mmol) and a catalytic amount of 
2,2’-azobis(2-methylpropionitrile) (AIBN) (62 mg, 0.324 mmol) in CCl4 (6 mL) was 
added 2.3 equiv. of N-bromosuccinimide (NBS) (1.9 g, 10.8 mmol). The reaction mixture 
was refluxed for 2 day. The succinimide formed was then filtered off and the orange 
filtrate was evaporated to afford 2.285 g crude product. 
Dibromide (2.28 g, ~5.4 mmol) was stirred in dioxane (40 mL). A slurry of CaCO3 (6.2 g, 
6.2 mmol) in water (20 mL) was added and the mixture refluxed for 36 h. The dioxane 
was removed in vacuo and the residue treated with 6 N HCl until it became acidic. The 
residue was extracted by ethyl acetate (50 mL x 3) and the organic layer was washed with 
brine (10 mL). The crude product was purified on a silica gel column using 
dichloromethane/methanol (95/5) to give 5-43 (626 mg, 49% for two steps) as a white 
solid: 1H NMR (300 MHz, CDCl3) δ 4.87 (s, 4 H), 7.43 (m, 1H), 7.51 (m, 2 H). HRMS 
calcd. for C8H9BrO2H+: 216.986416, found 216.987084 (Δ= -3.1 ppm).    
 
2-Bromo-3-(hydroxymethyl)benzaldehyde (5-44):26  
To a stirred solution of 2-bromoxylene (2.5 g, 13.5 mmol) and a catalytic amount of 2,2’-
azobis(2-methylpropionitrile) (AIBN) (76 mg, 0.4 mmol) in CCl4 (15 mL) was added N-
bromosuccinimide (NBS) (10 g, 54.0 mmol). The reaction mixture was heated to reflux 
and stirred overnight. The succinimide formed was then filtered off and the orange filtrate 
evaporated to afford crude product which was used in the next reaction without further 
purification. 
Tetrabromide (~13.5 mmol) was stirred in dioxane (100 mL). A slurry of CaCO3 (10 g, 
10 mmol) in water (50 mL) was added and the mixture refluxed for 2 days. The dioxane 
was removed on a rotary evaporator and the residue acidified with 6 M HCl. The mixture 
was extracted with ethyl acetate (60 mL x 3) and the organic layer was washed with brine 
(10 mL). The crude product was purified on a silica gel column using hexanes/EtOAc 
(6/1) as eluent to give 5-44 1.70 g (60% in two steps) as a white solid: mp 86-87 oC; 1H 
NMR (300 MHz, CDCl3) δ 4.86 (d, J = 6.3 Hz, 2 H), 7.47 (t, J = 7.5 Hz, 1 H), 7.78 (dd, J 
= 8.8, 3.9 Hz, 1 H), 7.86 (dd, J = 7.8, 2.1 Hz, 1 H), 10.46 (s, 1 H); 13C NMR (100.5 MHz, 
CDCl3) δ 64.0, 126.6, 127.7, 128.7, 132.6, 133.7, 141.4, 192.0. HRMS calcd. for 
C8H7BrO2

+: 213.962941, found 213.962545 (Δ= 1.8 ppm). 
 
1-Bromo-2-hydroxymethyl-6-methylbenzene (5-42):26 
To a stirred solution of 2-bromoxylene (500 mg, 2.7 mmol) in CCl4 (3 mL) was added N-
bromosuccinimide (NBS) (620 mg, 3.51 mmol) and a catalytic amount of 2,2’-azobis(2-
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methylpropionitrile) (AIBN) (20 mg, 0.1 mmol). The reaction mixture was heated to 
reflux and stirred for 1.5 h. After starting material disappeared (by TLC), the succinimide 
formed was then filtered off and the orange filtrate concentrated to afford crude product 
(894 mg). 
The dibromide (894 g, ~2.7 mmol) was stirred in dioxane (40 mL). A slurry of CaCO3 
(6.2 g, 6.2 mmol) in water (20 mL) was added and the mixture refluxed for 24 h. The 
dioxane was removed on a rotary evaporator.and the residue acidified with 6 M HCl. The 
mixture was extracted with ethyl acetate (30 mL x 3) and the organic layer was washed 
with brine (10 mL). The crude product was purified on a silica gel column using 
hexanes/EtOAc (8/1) as eluent to give 5-42 (392 mg, 74% in two steps) as a white solid: 
1H NMR (400 MHz, CDCl3) δ 2.40 (s, 3 H), 3.24 (s, 1 H), 4.67 (s, 2 H), 7.13-7.27 (m, 3 
H); 13C NMR (100.5 MHz, CDCl3) δ 23.1, 65.1, 124.7, 125.8, 126.9, 129.7, 138.1, 139.9. 
HRMS calcd. for C8H9BrO+: 199.983676, found 199.983834 (Δ= -0.8 ppm). 
 
1-Bromo-2-trimethylsilyloxy-6-methylbenzene (5-45): 
To a solution of 5-42 (392 mg, 1.95 mmol) in anhydrous dichloromethane (4 mL) at 0 oC 
under nitrogen was added with triethylamine (0.41 mL, 3.9 mmol), followed by 
chlorotrimethylsilane (0.38 ml, 2.93 mmol). The reaction mixture was stirred at room 
temperature overnight. The reaction was quenched with water (20 mL). The layers were 
separated and the aqueous layer was extracted with dichlorormathane (3 x 20 mL). The 
combined organic layers were washed with saturated aqueous NaCl, dried over MgSO4, 
filtered and concentrated. Flash chromatography (100:1) of the residue afforded 5-45 
(490 mg, 92%) as colorless oil: 1H NMR (400 MHz, CDCl3) δ 0.19 (s, 9 H), 2.41 (s, 3 H), 
4.72 (s, 2 H), 7.15 (d, J = 7.2 Hz, 1 H), 7.22 (t, J = 7.2 Hz, 1 H), 7.36 (d, J =7.6 Hz, 1 H); 
13C NMR (100.5 MHz, CDCl3) δ -0.5, 23.1, 64.7, 123.8, 125.2, 126.8, 129.2, 137.8, 
140.3.  
 
1-Bromo-2,6-bis(benzyoxymethyl)benzene (5-46):28 
To a solution of 5-43 (386 mg, 1.79 mmol) in anhydrous DMF (28 mL) at 0 oC under 
nitrogen was added with Bu4NI (132 mg, 0.36 mmol), followed by NaH (75 mg, 1.88 
mmol). The reaction mixture was stirred at 0 oC for 30 min and PhCH2Br (0.222 mL, 
1.88 mmol) was added. The reaction mixture was allowed to stir at 0 oC for 2 h and the 
mixture was quenched with a solution of saturated aqueous NH4Cl (30 mL) and EtOAc 
(30 mL) at 0 oC. The layers were separated and the aqueous layer was extracted with 
EtOAc (3 x 20 mL). The combined organic layers were washed with saturated aqueous 
NaCl, dried over MgSO4, filtered, and concentrated. Flash chromatography (5:1) of the 
residue afforded 5-46 (287 mg, 52%) as white solid: 1H NMR (300 MHz, CDCl3) δ 2.24 
(s, 1 H), 4.73 (s, 4 H), 4.82 (s, 2 H), 7.39-7.57 (m, 8 H); 13C NMR (100.5 MHz, CDCl3) 
δ 65.2, 71.7, 72.8, 122.8, 127.4, 127.7, 127.8, 128.3, 128.4, 138.0, 140.1; HRMS calcd. 
for C15H15BrO2H+: 307.033366, found 307.032948 (Δ= -1.4 ppm). 
Flash chromatography (15:1) also afforded 5-47 (225 mg, 32%) as a colorless oil: 1H 
NMR (400 MHz, CDCl3) δ 4.69 (s, 4 H), 4.71 (s, 4 H), 7.34-7.54 (m, 13 H); 13C NMR 
(100.5 MHz, CDCl3) δ 72.2, 73.1, 123.3, 127.5, 128.0, 128.0, 128.4, 128.7, 138.3, 138.4.  
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1-Bromo-2-benzyloxymethyl-6-triethylsiloxybenzene (5-48): 
To a solution of 5-46 (120 mg, 0.39 mmol) in anhydrous dichloromethane (8 mL) at 0 oC 
under nitrogen was added triethylamine (0.08 mL, 0.77 mmol, 2 equiv), followed by 
chlorotriethylsilane (0.1 mL, 0.58 mmol, 1.5 equiv). The reaction mixture was stirred at 
room temperature overnight. The reaction was quenched with water (20 mL). The layer 
were separated and the aqueous layer was extracted with dichlorormathane (3 x 20 mL). 
The combined organic layers were washed with saturated aqueous NaCl, dried over 
MgSO4, filtered, and concentrated. Flash chromatography (100:1) of the residue afforded 
5-48 (134 mg, 82%) as colorless oil: 1H NMR (400 MHz, CDCl3) δ 0.74 (q, J = 7.6 Hz, 6 
H), 1.05 (t, J = 4.8 hz, 9 H), 4.68 (s, 2 H), 4.70 (s, 2 H), 4.82 (s, 2 H), 7.32-7.59 (m, 8 H); 
13C NMR (100.5 MHz, CDCl3) δ 4.4, 6.8, 64.5, 71.7, 72.7, 121.4, 126.6, 127.1, 127.5, 
127.6, 127.7, 128.4, 137.3, 138.1, 140.6. 
 
1-Bromo-2-benzyloxymethyl-6-trimethylsiloxybenzene (5-49): 
To solution of 5-46 (224 mg, 0.72 mmol) in anhydrous dichloromethane (15 mL) at 0 oC 
under nitrogen was added triethylamine (0.15 mL, 1.44 mmol) and chlorotrimethylsilane 
(0.14 mL, 1.08 mmol). The reaction mixture was stirred at room temperature overnight. 
The reaction was quenched with water (20 mL). The layers were separated and the 
aqueous layer was extracted with dichlorormathane (3 x 20 mL). The combined organic 
layers were washed with saturated aqueous NaCl, dried over MgSO4, filtered and 
concentrated. Flash chromatography (100:1) of the residue afforded 5-49 (224 mg, 90%) 
as colorless oil: 1H NMR (500 MHz, CDCl3) δ 0.22 (s, 9 H), 4.66 (s, 2 H), 4.67 (s, 2 H), 
4.76 (s, 2 H), 7.32-7.50 (m, 8 H); 13C NMR (100.5 MHz, CDCl3) δ -0.5, 64.4, 71.7, 72.7, 
121.6, 126.9, 127.1, 127.6, 127.7, 128.4, 137.5, 138.1, 140.3; HRMS calcd. for 
C18H23BrO2Si+: 378.065070, found 378.064561 (Δ= 1.3 ppm). 
 
2-Bromo-1,3-bis(methoxymethoxymethyl)benzene (5-50):48  

To a solution of 5-43 (100 mg, 0.46 mmol) in anhydrous dichloromethane (10 mL) at 0 
oC under nitrogen was added N,N'-diisopropylethylamine (0.92 mL, 5.58 mmol) and 
chloromethyl methyl ether (0.21 mL, 3.72 mmol). The reaction mixture was stirred at 
room temperature overnight. The reaction was quenched with water (20 mL). The layers 
were separated and the aqueous layer was extracted with ethyl ether (3 x 20 mL). The 
combined organic layers were washed with saturated aqueous NaCl solution, dried over 
MgSO4, filtered, and concentrated. Flash chromatography (hexanes/EtOAc = 10:1) of the 
residue afforded 5-50 (142 mg, 100%) as colorless oil: 1H NMR (500 MHz, CDCl3) δ 
1.97 (t, J = 6.0 Hz, 1 H), 3.44 (s, 3 H), 4.70 (s, 2 H), 4.77 (s, 2 H), 4.79 (t, J = 4.5 Hz, 2 
H), 7.35 (t, J = 7.5 Hz, 1 H), 7.44 (m, 2 H). HRMS calcd. for C12H17BrO4NH4

+ 322.0654, 
found 322.0670 (Δ= 5.0 ppm).   
 
2-Bromo-3-(methoxymethoxymethyl)benzaldehyde (5-51):48  

To a solution of 5-44 (132 mg, 0.62 mmol) in anhydrous dichloromethane (10 mL) at 0 
oC under nitrogen was added N,N'-diisopropylethylamine (0.92 mL, 5.58 mmol), 
followed by chloromethyl methyl ether (0.61 mL, 3.7 mmol). The reaction mixture was 
stirred at room temperature overnight. The reaction was quenched with water (20 mL). 
The layers were separated and the aqueous layer was extracted with ethyl ether (3 x 20 
mL). The combined organic layers were washed with saturated aqueous NaCl solution, 
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dried over MgSO4, filtered, and concentrated. Flash chromatography (11:1) of the residue 
afforded 5-51 (132 mg, 82%) as white solid: 1H NMR (400 MHz, CDCl3) δ 3.41 (s, 3 H), 
4.71 (s, 2 H), 4.76 (s, 2 H), 7.41 (t, J = 7.6 Hz, 1 H), 7.73 (ddd, J = 8.8, 1.6, 0.4 Hz, 1 H), 
7.80 (ddd, J = 7.6, 1.6, 0.4 Hz, 1 H), 10.42 (s, 1 H); 13C NMR (100.5 MHz, CDCl3) 
δ 55.5, 68.2, 96.2, 127.1, 127.6, 128.9, 133.7, 134.3, 139.0, 191.9.  
 
2-Bromo-1-hydroxymethyl-3-(methoxymethoxymethyl)benzene (5-52):39  
To a solution of 5-51 (132 mg, 0.51mmol) in THF (12 mL) at 0 oC was added 2 M 
lithiumborohydide in THF (0.12 mL, 0.25 mmol). The mixture was stirred for 1.5 h and 
quenched with ice water (20 mL). The water layer was extracted with CH2Cl2 (30 mL x 3) 
and the combined organic layers were dried over anhydrous MgSO4. The solvent was 
removed under reduced pressure. The residue was purified by column chromatography on 
silica gel using hexanes:EtOAc (4:1) as the eluent to afford 5-52 as a white solid (119 mg, 
90%). 1H NMR (400 MHz, CDCl3) δ 1.98 (t, J = 6.4 Hz, 1 H), 3.44 (S, 1 H), 4.70 (s, 2 H), 
4.77 (s, 2 H), 4.79 (t, J = 3.6 Hz, 2 H), 7.35 (t, J = 7.6 Hz, 1 H), 7.44 (m, 2 H). HRMS 
calcd. for C10H13NO3BrNH4

+ 278.0392, found 278.0405 (Δ= 4.6 ppm). 
 
2-{Acetoxy-[2,6-bis(methoxymethoxymethyl)phenyl]-methyl}-1-(tert-
butoxycarboyl)-4-triisopropyl-siloxypyrrolidine (5-54):31, 39  

Bromide 5-50 (142 mg, 0.465 mmol) was dissolved in dry THF (4.0 mL) under N2. At -
78 oC, 2.5 M n-BuLi in hexane (0.23 mL, 0.58 mmol) was added, and the resulting 
solution was stirred for 1 h. A solution of aldehyde 5-14 (171 mg, 0.46 mmol) in dry THF 
(6 mL) was added dropwise. The resulting solution was allowed to slowly warm up to 
room temperature while being stirred overnight. After addition of a saturated NH4Cl 
solution (20 mL), the mixture was extracted with ethyl ether (3 x 20 mL). The combined 
organic layers were washed with brine and dried over MgSO4. After evaporation of the 
solvent, the residue was purified by flash chromatography on silica gel (hexanes/EtOAc = 
30/1-5/1) to give desired product 5-53 (96 mg, 35% yield) as colorless oil. 
To a solution of 5-53 (96 mg, 0.16 mmol) and DMAP (3.2 mg, 0.04 mmol) in CH2Cl2 
(0.6 mL) was added triethylamine (0.12 mL, 0.8 mmol) and acetic anhydride (0.08 mL, 
0.48 mmol) at 0 oC. The reaction mixture was stirred overnight, quenched with saturated 
aqueous NH4Cl solution (20 mL) and extracted with dichloromethane (30 mL x 3). The 
organic layer was dried over anhydrous MgSO4 and solvent was removed under reduced 
pressure to afford a liquid residue. The residue was purified by column chromatography 
on silica gel using hexanes:EtOAc (60:1) to afford 5-54 as a  colorless oil. LRMS calcd. 
for molecular formula: 639.38, MH+ found: 640.3. 
 
2-[Hydroxy(2-hydroxymethyl-6-methoxymethoxymethyl-phenyl)-methyl]-1(tert-
butxoycarbonyl)-4-triisopropylsiloxypyrrolidine (5-55): 31, 39 

Bromide 5-52 (118 mg, 0.45 mmol) was dissolved in dry THF (4.5 mL) under N2 and 
cooled to -78 oC. Then, 2.5 M n-BuLi in hexane (0.4 mL, 0.99 mmol) was added, and the 
resulting solution was stirred for 1 h. HMPA (0.081 mL) was added and the solution was 
stirred for 1 h. A solution of aldehyde 5-14 (129 mg, 0.35 mmol) in dry THF (3 mL) was 
added dropwise. The resulting solution was allowed to slowly warm up to room 
temperature with stirring overnight. After addition of a saturated NH4Cl solution (20 mL), 
the mixture was extracted with dichloromethane (3 x 20 mL). The combined organic 
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layers were washed with brine and dried over MgSO4. After evaporation of the solvent, 
the residue was purified by flash chromatography on silica gel (hexanes/EtOAc = 10/1-
4/1) to give the desired product 5-55 (160 mg, 83% yield) as a colorless oil (without 
HMPA, 45% yield): 1H NMR (400 MHz, CDCl3) δ 1.00 (m, 21 H), 1.28-1.50 (m, 9 H), 
1.65 (m, 1 H), 2.04 (m, 1 H), 3.32 (m, 1 H), 3.42 (m, 5 H), 3.65 (m,1 H), 4.70 (m, 7 H), 
5.20 (m, 1 H), 7.36 (m, 3 H); HRMS calcd. for C29H51NO7SiH+ 554.3513, found 
554.3500 (Δ= -2.3 ppm).   
 
2-[Acetoxy(2-acetoxymethyl-6-methoxymethoxymethylphenyl)methyl]-1-(tert-
butoxycarbonyl)-4-triisopropylsiloxypyrrolidine (5-56):39  
To a solution of 5-55 (155 mg, 0.28 mmol) and DMAP (4.8 mg, 0.06 mmol) in CH2Cl2 
(1.65 mL) was added triethylamine (0.41 mL, 1.40 mmol) and acetic anhydride (0.27 mL, 
0.84 mmol) at 0 oC. The reaction mixture was stirred overnight, quenched with saturated 
aqueous NH4Cl solution (20 mL) and extracted with dichloromethane (30 mL x 3). The 
organic layer was dried over anhydrous MgSO4 and solvent was removed under reduced 
pressure to afford a liquid residue. The residue was purified by column chromatography 
on silica gel using hexanes:EtOAc (7/1) as eluant to afford 5-56 as a colorless oil: 1H 
NMR (400 MHz, CDCl3) δ 1.04 (m, 21 H), 1.28-1.50 (m, 9 H), 1.65 (m, 1 H), 2.04 (m, 7 
H), 3.42 (m, 6 H), 3.65 (m,1 H), 4.70 (m, 4 H), 5.41 (m, 2 H), 6.05 (m, 1 H), 7.36 (m, 3 
H); HRMS calcd. for C33H55NO9SiH+ 638.3724, found 638.3742 (Δ= 2.8 ppm).   
 
2-Bromo-3-(methoxymethoxymethyl)benzoic acid (5-60):41  
Sodium chlorite (488 mg, 5.40 mmol) was added to a solution of 5-51 (175 mg, 0.68 
mmol) and sodium phosphate (monobasic) (842 mg, 5.40 mmol) in acetone/water (1:1, 6 
mL). The reaction mixture was stirred at room temperature for 20 min and quenched with 
ethyl acetate (60 mL). The organic layer was washed with aqueous hydrochloric acid (1 
N, 10 mL), Na2S2O3 (10%, 10 mL x 2), brine (10 mL), dried over MgSO4, filtered, and 
concentrated. Flash chromatography (1:1) of the residue afforded 5-60 (135 mg, 74%) as 
a white solid: mp 106-108 oC, 1H NMR (300 MHz, CDCl3) δ 3.45 (s, 3 H), 4.75 (s, 2 H), 
4.81 (s, 2 H), 7.41 (t, J = 7.8 Hz, 1 H), 7.69 (d, J = 6.6, 1 H), 7.82 (d, J = 7.5 Hz, 1 H), 
10.5 (bs, 1 H); 13C NMR (75.5 MHz, CDCl3) δ 55.6, 69.0, 96.2, 121.7, 127.1, 130.6, 
131.9, 132.1, 139.6, 171.5.  
 
2-Acetoxymethyl-1-(tert-butoxycarbonyl)-4-triisopropylsilanyloxypyrrolidine (5-63): 
To a solution of 5-13 (455 mg, 1.22 mmol), DMAP (20 mg, 0.24 mmol) and 
triethylamine (0.732 mL, 6.10 mmol) in dichloromethane (5 mL) at 0 oC was added 
acetic anhydride (0.46 mL, 3.66 mmol). The mixture was stirred overnight and quenched 
with saturated aqueous ammonium chloride (20 mL). The water layer was extracted with 
dichloromethane (30 mL x 3). The organic layers were combined and washed with brine 
(20 mL) and dried over anhydrous MgSO4. The solvent was removed under reduced 
pressure. The residue was purified by column chromatography on silica gel using 
hexanes:EtOAc (20/1) as the eluent to afford 5-63 as a colorless oil (477 mg, 95%): 1H 
NMR (400 MHz, CDCl3) δ 1.05 (m, 21 H), 1.46 (s, 9 H), 1.95 (m, 1 H), 2.02 (m, 1 H), 
2.04 (s, 3 H), 3.42 (m, 2 H), 4.18 (m, 3 H), 4.05 (t, J = 4.8 Hz, 1 H). 13C NMR (100.5 
MHz, CDCl3) δ 12.0, 17.7, 20.6, 28.2, 37.8, 38.5, 54.7, 55.2, 65.1, 69.9, 79.4, 154.6, 
170.3. HRMS calcd. for C21H41NO5SiH+ 416.2832, found 416.2828 (Δ= -1.1 ppm).  
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2-Acetoxymethyl-1-(2-bromo-3-methoxymethoxymethylbenzoyl)-4 
triisopropylsiloxy-pyrrolidine (5-66): 
To a solution of 5-63 (57 mg, 0.14 mmol) in dichloromethane (0.55 mL) at 0 oC was 
added trifluoroacetic acid (0.55 mL). The mixture was stirred at 0 oC for 30 min and at 
room temperature for 30 min. Then, the reaction was quenched with ethyl acetate (40 
mL). The organic layer was washed with saturated aqueous sodium bicarbonate (5 mL x 
3), brine (5 mL x 2), dried with MgSO4, filtered and concentrated. The crude compound 
5-64 was used in the next step without further purification. 
To a solution of 5-60 (41 mg, 0.15 mmol) in dichloromethane (0.7 mL) and 1 drop of 
DMF at 0 oC was added oxalyl chloride (0.03 mL, 0.30 mmol). The mixture was stirred at 
room temperature for 2 h. The solvent and acid were removed under reduced pressure 
and the residue was used in next step without further purification. 
To a solution of 5-64 (~0.137 mmol), DMAP (3 mg, 0.04 mmol) and triethylamine (0.08 
mL, 0.28 mmol) in dichloromethane (1 mL) at 0 oC was added acid chloride 5-65 (~0.15 
mmol) in dichloromethane (1 mL). The mixture was stirred overnight, and quenched with 
saturated aqueous ammonium chloride (20 mL). The water layer was extracted with 
dichloromethane (30 mL x 3). The organic layers were combined, washed with brine (20 
mL) and dried over anhydrous MgSO4. The solvent was removed under reduced pressure. 
The residue was purified by column chromatography on silica gel using hexanes:EtOAc 
(2/1) as the eluent to afford 5-66 as a colorless oil (44 mg, 56%). 1H NMR (300 MHz, 
CDCl3) δ 1.02 (m, 21 H), 2.06 (s, 3 H), 2.10 (m, 2 H), 3.32 (dd, J = 10.5, 4.8 Hz, 1 H), 
3.43 (s, 3 H), 3.65 (dd, J = 10.2, 8.7 Hz, 1 H), 4.35 (m, 2 H), 4.62 (m, 2 H), 4.68 (s, 2 H), 
4.77 (s, 2 H), 7.37 (m, 1 H), 7.53 (d, J = 10.2 Hz, 1 H), 7.63 (d, J = 10.2 Hz, 1 H). 13C 
NMR (100.5 MHz, CDCl3) δ 11.9, 17.8, 22.9, 37.4, 54.5, 55.5, 56.3, 65.7, 68.8, 70.3, 
96.2, 120.5, 127.2, 129.3, 130.9, 134.1, 139.2, 166.6, 169.9. HRMS calcd. for 
C26H42NO6SiBrH+ 572.2043, found 572.2052 (Δ= 1.6 ppm).  
 
1-Acetyl-2-hydroxymethyl-4-triisopropylsiloxypyrrolidine (5-68): 
To a solution of 5-66 (44 mg, 0.08 mmol) in methanol (3 mL) and water (1.5 mL) was 
added potassium carbonate (19 mg, 0.12 mmol). The reaction mixture was stirred at room 
temperature for 5.5 h. Then, the mixture was quenched with saturated aqueous NH4Cl 
solution, water and brine and extracted with dichlorormethane (30 mL x 3). The organic 
layer was washed with brine (10 mL) and dried over anhydrous MgSO4 and solvent was 
removed under reduced pressure. The residue was purified by column chromatography 
using hexanes:EtOAc (2/3) to afford 5-68 as a colorless oil (25 mg, 80%): 1H NMR (400 
MHz, CDCl3) δ 1.05 (m, 21 H), 1.66 (sept, J = 4.4 Hz, 1 H), 2.05 (m, 1 H), 2.09 (s, 3 H), 
3.43 (d, J = 12.0 Hz, 1 H), 3.56 (ddd, J = 18.0, 10.8, 4.0 Hz, 2 H), 3.69 (dd, J = 11.6, 2.0 
Hz, 1 H), 4.33 (dd, J = 16.8, 9.2 Hz, 1 H), 4.47 (m, 1 H). 13C NMR (100.5 MHz, CDCl3) 
δ 12.0, 17.9, 23.1, 38.0, 57.8, 60.1, 66.9, 69.9, 172.1. 
 
1-(2-Bromo-3-methoxymethoxymethylbenzoyl)-2-hydroxymethyl-4-triisopropyl-
siloxypyrrolidine (5-67): 
To a solution of 5-69 (~ 0.13 mmol), DMAP (3 mg, 0.04 mmol) and triethylamine (0.08 
mL, 0.28 mmol) in dichloromethane (1 mL) at 0 oC was added acid chloride 5-65 (~0.14 
mmol) in dichloromethane (1 mL). The mixture was stirred overnight and quenched with 
saturated aqueous ammonium chloride (20 mL). The water layer was extracted with 
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dichloromethane (30 mL x 3). The organic layers were combined, washed with brine (20 
mL), and dried over anhydrous MgSO4. The solvent was removed under reduced pressure. 
The residue was purified by column chromatography on silica gel using hexanes:EtOAc 
(2/1) as the eluent to afford 5-67 as a colorless oil (38 mg, 56%): 1H NMR (400 MHz, 
CDCl3) δ 1.00 (m, 21 H), 1.78 (t, J = 9.2 Hz, 1 H), 2.16 (dd, J = 13.2, 7.2 Hz, 1 H), 3.13 
(m, 1 H), 3.44 (m, 4 H), 3.78 (m, 1 H), 3.88 (m, 1 H), 4.37 (m, 1 H), 4.57 (m, 1 H), 4.69 
(s, 2 H), 4.77 (s, 2 H), 7.21 (t, J = 6.8 Hz, 1 H), 7.38 (t, J = 7.6 Hz, 1 H), 7.52 (t, J = 7.6 
Hz, 1 H); 13C NMR (100.5 MHz, CDCl3) δ 11.9, 17.9, 38.1, 55.6, 57.9, 60.3, 66.0, 68.7, 
70.1, 96.3, 126.1, 126.5, 127.8, 127.9, 128.9, 129.3, 139.5. HRMS calcd. for 
C24H40NO5BrSiNa+ 552.1757, found 552.1761 (Δ= 0.8 ppm).  
 
1-Bromo-2-ethenyl-6-hydroxymethylbenzene (5-70):34 
To a solution of PPh3CH3Br (2.0 g, 5.60 mmol) in THF (30 mL) at 0 oC was added 
sodium hydride (60% suspension in mineral oil, 340mg, 8.0 mmol). The mixture was 
stirred at room temperature for 1 h. The suspension was added to a solution of 5-44 (886 
mg, 4.12 mmol) and sodium hydride (60% suspension in mineral oil, 170 mg, 4.0 mmol) 
in THF (10 mL). The mixture was stirred at 40 oC for 40 min and quenched with 
saturated aqueous ammonium chloride (60 mL). The water layer was extracted with 
chloroform (60 mL x 3). The organic layers were combined and washed with brine (20 
mL x 2) and dried over anhydrous MgSO4. The solvent was removed under reduced 
pressure. The residue was purified by column chromatography on silica gel using 
hexanes:EtOAc (8/1) as the eluent to afford 5-70 as a white solid (725 mg, 83%): mp 69-
69 oC; 1H NMR (400 MHz, CDCl3) δ 2.24 (bs, 1 H), 4.75 (s, 2 H), 5.38 (d, J = 10.8 Hz, 1 
H), 5.68 (d, J = 13.2 Hz, 1 H), 7.10 (dd, J = 17.2, 10.8 Hz, 1 H), 7.29 (t, J = 7.6 Hz, 1 H), 
7.38 (d, J = 6.4 Hz, 1 H), 7.47 (d, J = 7.6 Hz, 1 H); 13C NMR (100.5 MHz, CDCl3) δ 65.5, 
117.1, 123.6, 126.2, 127.4, 127.9, 136.0, 138.2, 140.3. HRMS calcd. for C9H9OBr+ 
211.9837, found 211.9835 (Δ= 0.9 ppm).  
 
1-(tert-Butoxycarbonyl)-2-[hydroxy(2-hydroxymethyl-6-ethenylphenyl)-methyl]-4-
triisopropylsiloxy-pyrrolidine (5-72):31 

Bromide 5-70 (94 mg, 0.44 mmol) was desolved in dry THF (4 mL) under N2 and 2.5 M 
n-BuLi in hexane (0.39 mL, 0.97 mmol) was added at -78 oC. The resulting solution was 
stirred for 1 h. Then HMPA (0.09 mL) was added and the solution was stirred for 1 h. A 
solution of aldehyde 5-14 (127 mg, 0.34 mmol) in dry THF (2.8 mL) was added dropwise. 
The resulting solution was allowed to slowly warm up to room temperature with stirring 
overnight. Then, the reaction was quenched with a saturated NH4Cl solution (20 mL) and 
the mixture was extracted with dichloromethane (3 x 20 mL). The combined organic 
layers were washed with brine and dried over MgSO4. The solvent was removed under 
reduced pressure, and the residue was purified by flash chromatography on silica gel 
(hexanes/EtOAc = 8/1-4/1) to give the desired product 5-72 (139 mg, 81% yield) as white 
solid: mp 38-40 oC; 1H NMR (400 MHz, CDCl3) δ 0.96 (m, 21 H), 1.32-1.44 (m, 9H), 
1.74 (m, 1 H), 2.19 (m, 1 H), 3.26 (dd, J =11.2, 3.6 Hz, 1 H), 3.34 (dd, J = 10.4, 5.2 Hz, 1 
H), 3.67 (d, J = 9.6, 1 H), 3.99 (s, 1 H), 4.31 (m, 1 H), 4.58 (m, 1 H),  4.76 (m, 1 H), 4.96 
(m, 1 H),  5.10 (d, J = 10.8 Hz, 1 H), 5.42 (m, 2 H), 7.03 (m, 1 H), 7.28 (m, 3 H); 13C 
NMR (100.5 MHz, CDCl3) δ 12.8, 18.5, 28.9, 39.4, 56.5, 57.1, 65.5, 70.9, 80.2, 81.3, 
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116.5, 117.7, 127.4, 127.7, 131.2, 136.5, 136.8, 140.2, 158.7. HRMS calcd. for 
C28H47NO5SiNa+ 528.3121, found 528.3116 (Δ= -1.0 ppm).   
 
2-[Acetoxy(2-acetoxymethyl-6-ethenylphenyl)methyl]-2-(tert-butoxycarbonyl)-4-
triisopropylsiloxy-pyrrolidine (5-73):39  
To a solution of 5-72 (134 mg, 0.26 mmol) and DMAP (4.8 mg, 0.06 mmol) in CH2Cl2 
(2.0 mL) was added triethylamine (0.41 mL, 1.4 mmol) and acetic anhydride (0.27 mL, 
0.84 mmol) at 0 oC. The reaction mixture was stirred overnight, quenched with saturated 
aqueous NH4Cl solution (20 mL) and extracted with dichloromethane (30 mL x 3). The 
organic layer was dried over anhydrous MgSO4 and the solvent was removed under 
reduced pressure to afford a liquid. The residue was purified by silica gel column 
chromatography on silica gel using hexanes:EtOAc (8:1) to afford 5-73 (150 mg, 97%) as 
colorless oil: 1H NMR (400 MHz, CDCl3) δ 1.04 (m, 21 H), 1.28-1.43 (m, 9 H), 1.70 (m, 
1 H), 2.06-2.10 (m, 7 H), 3.40 (m, 1 H), 3.62 (m,1 H), 4.57 (m, 2 H), 4.79 (m, 1 H), 5.31 
(m, 3 H), 5.54 (m, 2 H), 6.03 (m, 1 H), 7.17-7.52 (m, 4 H); 13C NMR (100.5 MHz, CDCl3) 
δ 12.1, 17.9, 20.9, 28.0, 28.4, 38.3, 55.0, 58.5, 64.3, 71.0, 73.9, 79.5, 116.6, 128.2, 128.7, 
129.9, 132.3, 134.2, 136.5, 139.4, 154.6, 170.3, 170.7. HRMS calcd. for C32H51NO7SiNa+ 
612.3333, found 612.3329 (Δ= -0.6 ppm).   
 
10-Acetoxy-9-acetoxymethyl-2-triisopropylsiloxy-1,2,3,5,10,10a-
hexahydropyrrolo[1,2-b]isoquinolin-5-one (5-77 and 5-78):39, 41, 44   
Nitrogen gas was bubbled into a solution of 5-73 (167 mg, 0.28 mmol) in CH2Cl2 (15 mL) 
at -78 ˚C for 3 min. Then, O3 gas was bubbled into the solution till the color of the 
solution turned blue (8 min), and N2 was bubbled into the solution for another 3 min until 
the blue color disappeared. Dimethyl sulfide (0.1 mL, 1.4 mmol) was added to the 
solution and the reaction mixture was allowed to warm to room temperature. The reaction 
mixture was stirred at room temperature for 3 h. The solvents were removed in vacuo and 
crude 5-74 was used in the next step without further purification. 
Sodium chlorite (200 mg, 2.24 mmol) was added to a solution of 5-74 (~0.28 mmol) and 
sodium phosphate (monobasic) (350 mg, 2.24 mmol) in acetone/water (1:1, 2.4 mL). The 
reaction mixture was stirred at room temperature for 1 h and quenched with ethyl acetate 
(60 mL). The organic layer was washed with hydrochloric acid (1 N, 10 mL), Na2S2O3 
(10%, 10 mL x 2), brine (10 mL), dried over MgSO4, filtered, and concentrated. Crude 5-
75 was used in the next step without further purification.    
A solution of potassium hydroxide (4 g) in water (8 mL) and ethanol (32 mL) was added 
to a solution of diazald® (4 g) in ether (60 mL) at 0 oC. The mixture was stirred for 10 
min at 0 oC and distilled to afford a yellow ether solution. The diazomethane solution in 
ether was added to the solution of 5-75 (~ 0.28 mmol) in ether (12 mL) until the yellow 
color did not disappear. The mixture was stirred for 10 min and the reaction was 
quenched with acetic acid. The solvents were removed in vacuo and crude 5-76 was used 
in the next step without further purification. 
To a solution of 5-76 (~ 0.28 mmol) in dichloromethane (1.5 mL) at 0 oC was added 
trifluoroacetic acid (1.5 mL). The mixture was stirred at 0 oC for 30 min and room 
temperature for 30 min. The solvent and acid were removed under reduced pressure and 
the residue was used in next step without further purification. 
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To a solution of the residue in ethyl acetate (14 mL) was added saturated aqueous sodium 
bicarbonate (14 mL). The mixture was stirred vigorously overnight and the reaction was 
quenched with ethyl acetate (50 mL). The reaction mixture was washed with water (10 
mL) saturated aqueous ammonium chloride (10 mL), water (10 mL) and brine (10 mL). 
The organic layer was dried over anhydrous MgSO4 and the solvent was removed under 
reduced pressure. The residue was purified by column chromatography on silica gel using 
hexanes:EtOAc (3:1) to afford 5-77 and 5-78 (1:2) in 50% for 5 steps.  
5-77: colorless oil; [α]D

22 –80.4 (c 1.1, CHCl3); 1H NMR (400 MHz, CDCl3) δ 1.09 (m, 
21 H), 2.05 (s, 3 H), 2.06 (m, 2 H), 2.21 (s, 3 H), 3.80 (d, J = 3.2 Hz, 2 H), 4.15 (td, J = 
10.8, 5.6 Hz, 1 H), 4.61 (s, 1 H), 5.09 (d, J = 12.8 Hz, 1 H), 5.33 (d, J = 12.8 Hz, 1H), 
6.38 (d, J = 12.8, 1 H), 7.43 (t, J = 7.6 Hz, 1 H), 7.50 (d, J = 1.2 Hz, 1 H), 8.15 (dd, J = 
7.6, 1.6 Hz, 1 H); 13C NMR (100.5 MHz, CDCl3) δ 12.2, 18.2, 20.8, 21.1, 42.2, 55.3, 58.9, 
65.8, 69.5, 73.1, 128.6, 129.2, 130.8, 132.9, 134.2, 135.5, 162.3, 170.4, 171.1. HRMS 
calcd. for C26H39NO6SiH+ 490.2625, found 490.2621 (Δ= -0.8 ppm).  
5-78: colorless oil; [α]D

22 –137 (c 0.9, CHCl3); 1H NMR (400 MHz, CDCl3) δ 1.09 (m, 21 
H), 1.83 (td, J = 12.4, 4.0 Hz, 1 H), 2.02 (s, 3 H), 2.07 (s, 3 H), 2.13 (ddd, J = 18.4, 7.2, 
4.8 Hz, 1 H), 3.72 (d, J = 13.2 Hz, 1 H), 3.80 (dd, J = 12.8, 4.4, 1 H), 4.31 (ddd, J = 10.8, 
5.6, 2.4 Hz, 1 H), 4.66 (t, J = 3.6 Hz, 1 H), 5.17 (d, J = 12.4 Hz, 1 H), 5.28 (d, J = 12.8 
Hz, 1 H), 6.40 (d, J = 2.4 Hz, 1 H), 7.55 (m, 2 H), 8.18 (dd, J = 7.2, 1.6 Hz, 1 H); 13C 
NMR (100.5 MHz, CDCl3) δ 12.0, 17.9, 20.8, 20.9, 37.8, 54.6, 57.5, 63.1, 63.7, 69.5, 
128.5, 129.8, 131.5, 133.5, 133.8, 162.0, 170.0, 170.4. HRMS calcd. for C26H39NO6SiH+ 
490.2625, found 490.2618 (Δ= -1.4 ppm).  
 

Table 5-5. Fully assigned 1H NMR and 13C NMR of diastereomers 5-77 and 5-78 
 

N
TIPSO
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1
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4
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9

Ha Hb

Hb Ha

Ha O
Hb

10
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12
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O
O
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N
TIPSO

O

O

H
5-78

1
2

3

4
5

678

9

Ha Hb

Hb Ha

Ha O
Hb

10

11

12

13

14

O
O
1516

17

18

 

 1H NMR, ppm (a) 1H NMR, ppm (b) 
13C NMR, 

ppm 
1H NMR, ppm (a) 1H NMR, ppm (b) 

13C NMR, 
ppm 

2 ------------------ ------------------ 162.3 ------------------ ------------------ 162.0 
3 ------------------ ------------------ 135.5 ------------------ ------------------ 133.8 
4 ------------------ ------------------ 134.2 ------------------ ------------------ 133.5 
5 6.38 (d, J = 12.8) ------------------ 73.1 ------------------ 6.40 (d, J = 2.4 Hz) 69.5 

6 ------------------ 4.15 (td, J = 10.8, 5.6 
Hz) 58.9 ------------------ 4.31 (ddd, J = 10.8, 

5.6, 2.4 Hz) 57.5 

7 2.06 (m) 2.06 (m) 42.2 1.83 (td, J = 12.4, 
4.0 Hz) 

2.13 (ddd, J = 18.4, 
7.2, 4.8 Hz) 37.8 

8 4.61 (s) ------------------ 65.8 4.66 (t, J = 3.6 Hz) ------------------ 63.1 

9 3.80 (d, J = 3.2 Hz) 3.80 (d, J = 3.2 Hz) 55.3 3.72 (d, J = 13.2 Hz) 3.80 (dd, J = 12.8, 
4.4) 54.6 

10 ------------------ ------------------ 129.2 ------------------ ------------------ 129.8 
11 7.50 (d, J = 1.2 Hz) ------------------ 130.8 7.55 (m) ------------------ 129.8 
12 7.43 (t, J = 7.6 Hz) ------------------ 128.6 7.55 (m) ------------------ 128.5 

13 8.15 (dd, J = 7.6, 1.6 
Hz) ------------------ 132.9 8.18 (dd, J = 7.2, 1.6 

Hz) ------------------ 131.5 

14 5.09 (d, J = 12.8 Hz) 5.33 (d, J = 12.8 Hz) 69.5 5.28 (d, J = 12.8 Hz) 5.17 (d, J = 12.4 Hz) 63.7 
15 ------------------ ------------------ 170.4 ------------------ ------------------ 170.0 
16 2.05 (s) ------------------ 20.8 2.02 (s) ------------------ 20.8 
17 ------------------ ------------------ 171.1 ------------------ ------------------ 170.4 
18 2.21 (s) ------------------ 21.1 2.07 (s) ------------------ 20.9 
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10-Hydroxy-9-hydroxymethyl-2-triisopropylsiloxy-2,3,10,10a-tetrahydro-1H-
pyrrolo[1,2-b]isoquinolin-5-one (5-79):39  
To a solution of 5-78 (140 mg, 0.28 mmol) in methanol (10.9 mL) and water (5.5 mL) 
was added potassium carbonate (115 mg, 0.70 mmol). The reaction mixture was stirred at 
room temperature for 35 min. Then, the mixture was quenched with ethyl acetate and the 
organic layer was washed with saturated aqueous NH4Cl solution (20 mL), water (10 mL 
x 2) and brine (10 mL). The organic layer was dried over anhydrous MgSO4 and solvent 
was removed under reduced pressure. The residue was purified by column 
chromatography on silica gel using 3% methanol in chloroform as elant to afford 5-79 as 
a white solid (100 mg, 88%): mp 46-48 oC; [α]D

22 –110 (c 2.0, CHCl3); 1H NMR (400 
MHz, CDCl3) δ 1.04 (m, 21 H), 2.06 (dd, J = 12.8, 6.0 Hz, 1 H), 2.48 (td, J = 12.8, 4.0 
Hz, 1 H), 3.65 (d, J = 12.8 Hz, 1 H), 3.72 (dd, J = 12.8, 4.0 Hz, 1 H), 4.06 (ddd, J = 10.8, 
5.6, 2.8 Hz, 1 H), 4.58 (d, J = 12.8 Hz, 1 H), 4.68 (t, J = 3.6 Hz, 1 H), 4.79 (d, J = 3.2 Hz, 
1 H), 4.94 (d, J = 12.8 Hz, 1 H), 7.06 (t, J = 7.6 Hz, 1 H), 7.37 (m, 2 H); 13C NMR (100.5 
MHz, CDCl3) δ 12.0, 17.9, 36.7, 55.0, 58.5, 62.6, 63.3, 69.8, 127.0, 128.6, 128.9, 132.3, 
137.1, 138.6, 162.9. HRMS: m/e calcd for C22H35NO4SiH+:  406.2414  Found: 406.2397 
(Δ = -4.1 ppm). 
 
9-Acetoxymethyl-10-hydroxy-2-triisopropylsiloxy-1,2,3,5,10,10a-hexahydro-
pyrrolo[1,2-b]isoquinolin-5-one (5-81):39  
To a solution of 5-79 (42 mg, 0.10 mmol)  in THF (1.8 mL) was added 1 M NaHMDS in 
THF (0.11 mL, 0.11 mmol) at -40 oC. After the reaction mixture was stirred for 5 min, 
acetic chloride (7.8 μL, 0.11 mmol) was added dropwise. The reaction was quenched 
with saturated NH4Cl (15 mL) after 20 min and extracted with dichloromethane (30 mL x 
3). The organic layer was concentrated in vacuo. Purification of the crude product by 
column chromatography on silica gel (2% methanol in chloroform) afforded the 5-81 as a 
white solid (20 mg, 45%): 1H NMR (400 MHz, CDCl3) δ 1.06 (m, 21 H), 2.11 (s, 3 H), 
2.56 (td, J = 12.8, 4.4 Hz, 1 H), 3.67 (d, J = 12.8 Hz, 1 H), 3.79 (dd, J = 12.8, 4.0 Hz, 1 
H), 4.08 (ddd, J =10.4, 5.6, 2.4 Hz, 1 H), 4.71 (s, 1 H), 4.84 (d, J = 2.4 Hz, 1 H), 5.24 (d, 
J = 12.4 Hz, 1 H), 5.35 (d, J = 12.4 Hz, 1 H), 7.09 (t, J = 7.6 Hz, 1 H), 7.39 (d, J = 6.8 Hz, 
1 H), 7.58 (d, J = 3.6 Hz, 1 H); 13C NMR (100.5 MHz, CDCl3) δ 12.0, 18.0, 36.8, 55.1, 
58.9, 62.6, 63.1, 69.9, 127.8, 128.7, 128.3, 133.0, 133.2, 137.9, 162.5, 170.8. HRMS: m/e 
calcd for C24H37NO5SiH+:  448.2519  Found: 448.2523 (Δ = 0.8 ppm). 
 
9-(tert-Butyldimethylsiloxymethyl)-10-hydroxy-2-triisopropylsiloxy-2,3,10,10a-
tetrahydro-1H-pyrrolo[1,2-b]isoquinolin-5-one (5-80):35  
To a solution of 5-79 (102 mg, 0.25 mmol) and imidazole (68 mg, 1.00 mmol) in dry 
DMF (0.3 mL) was added chloro-t-butyldimethylsilane (0.38 mmol) in DMF (0.7 mL) 
dropwise via syringe at 0 oC, and then the reaction mixture was stirred for 15 min at room 
temperature. The reaction mixture was quenched with saturated aqueous NH4Cl solution 
(10 mL). The mixture was extracted with EtOAc (20 mL x 3), then washed with water 
(10 mL x 2), brine (10 mL), dried over MgSO4, and concentrated in vacuo. The crude 
product was purified on a silica gel column using hexanes:EtOAc (2:1) as the eluent to 
give 5-80 as a white solid (257 mg, 94%): mp 134-135 oC; [α]D

22 –99 (c 3.7, CHCl3); 1H 
NMR (400 MHz, CDCl3) δ 0.12 (s, 3 H), 0.14 (s, 3 H), 0.93 (s, 9 H), 1.04 (m, 21 H), 2.06 
(dd, J = 12.8, 6.0 Hz, 1 H), 2.55 (td, J = 12.8, 4.0 Hz, 1 H), 3.67 (d, J = 12.8 Hz, 1 H), 
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3.78 (dd, J = 12.8, 4.4 Hz, 1 H), 4.09 (ddd, J = 11.4, 5.6, 2.8 Hz, 1 H), 4.69 (s, 1 H), 4.82 
(d, J = 2.8 Hz, 1 H), 4.84 (d, J = 12.8 Hz, 1 H), 4.96 (d, J = 12.8 Hz, 1 H), 7.09 (t, J = 7.6 
Hz, 1 H), 7.40 (d, J = 7.2 Hz, 1 H), 7.59 (d, J = 8.4 Hz, 1 H); 13C NMR (100.5 MHz, 
CDCl3) δ -5.3, 12.0, 17.9, 18.2, 25.8, 36.8, 55.0, 58.6, 62.4, 63.1, 69.9, 126.7, 128.3, 
128.9, 130.9, 137.1, 138.0, 162.7. HRMS: m/e calcd for C28H49NO4Si2H+:  520.3278  
Found: 520.3279 (Δ = 0.1 ppm). 
 
10-Hydroxy-9-hydroxymethyl-2-triisopropylsiloxy-2,3,10,10a-tetrahydro-1H-
pyrrolo[1,2-b]isoquinolin-5-one (5-84):39  
To a solution of 5-77 (133 mg, 0.27 mmol) in methanol (10.9 mL) and water (5.5 mL) 
was added potassium carbonate (115 mg, 0.70 mmol). The reaction mixture was stirred at 
room temperature for 35 min. Then the mixture was quenched with ethyl acetate (50 mL) 
and the organic layer was washed with saturated aqueous NH4Cl solution (10 mL), water 
(10 mL x 2) and brine (10 mL). The organic layer was dried over anhydrous MgSO4 and 
solvent was removed under reduced pressure. The residue was purified by column 
chromatography on silica gel using 3% methanol in chloroform as elant to afford 5-84 as 
a white solid (92 mg, 84%): mp 153-155 oC; [α]D

22 –86 (c 1.5, CHCl3); 1H NMR (400 
MHz, CDCl3) δ 1.06 (m, 21 H), 1.85 (ddd, J = 14.8, 10.8, 4.0 Hz, 1 H), 2.48 (dd, J = 12.8, 
5.6 Hz, 1 H), 3.68 (d, J = 13.6 Hz, 1 H), 3.72 (dd, J = 13.2, 4.4 Hz, 1 H), 4.02 (td, J = 
16.4, 5.2 Hz, 1 H), 4.61 (t, J = 3.6 Hz, 1 H), 4.71 (t, J = 12.4 Hz, 1 H), 4.83 (m, 2 H), 
5.79 (bs, 1 H), 7.22 (m, 2 H), 7.78 (dd, J = 7.6, 3.6 Hz, 1 H); 13C NMR (100.5 MHz, 
CDCl3) δ 11.9, 17.9, 42.3, 55.3, 59.8, 65.1, 69.4, 73.3 127.5, 127.8, 129.5, 133.8, 137.3, 
139.7, 162.9. HRMS: m/e calcd for C22H35NO4SiH+:  406.2414  Found: 406.2411 (Δ = -
0.6 ppm). 
 
9-(tert-Butyldimethylsiloxymethyl)-10-hydroxy-2-triisopropylsiloxy-2,3,10,10a-
tetrahydro-1H-pyrrolo[1,2-b]isoquinolin-5-one (5-85):39  
To a solution of 5-84 (90 mg, 0.22 mmol) and imidazole (60 mg, 0.88 mmol) in dry DMF 
(0.6 mL) was added chloro-t-butyldimethylsilane (0.29 mmol in 1.2 mL DMF) dropwise 
via syringe at 0 oC. The reaction mixture was stirred for 35 min at room temperature and 
quenched with saturated aqueous NH4Cl solution (10 mL). The mixture was extracted 
with EtOAc (20 mL x 3), washed with water (10 mL x 2), and brine (10 mL), dried over 
MgSO4 and concentrated in vacuo. The crude product was purified on a silica gel column 
using hexanes:EtOAc (2:1) as the eluent to give 5-85 as a white solid (113 mg, 99%): mp 
183-184 oC; [α]D

22 –110 (c 2.5, CHCl3); 1H NMR (400 MHz, CDCl3) δ -0.01 (s, 3 H), 
0.09 (s, 3 H), 0.87 (s, 9 H), 1.04 (m, 21 H), 1.93 (td, J = 12.8, 4.0 Hz, 1 H), 2.51 (dd, J = 
12.8, 5.6 Hz, 1 H), 3.72 (d, J = 12.8 Hz, 1 H), 3.84 (dd, J = 12.8, 4.4 Hz, 1 H), 4.09 (td, J 
= 10.8, 5.6 Hz, 1 H), 4.64 (s, 1 H), 4.74 (d, J = 12.8 Hz, 1 H), 4.88 (dd, J = 10.8, 3.6, 1 
H), 5.18 (d, J = 12.8 Hz, 1 H), 5.61 (d, J = 4.4 Hz, 1 H), 7.28 (m, 2 H), 8.04 (dd, J = 7.2, 
2.0 Hz, 1 H); 13C NMR (100.5 MHz, CDCl3) δ -5.4, -5.1, 12.0, 17.9, 18.1, 25.6, 42.5, 
55.2, 59.6, 66.2, 69.6, 73.8, 127.3, 128.3, 130.4, 132.7, 136.1, 139.9, 162.5. HRMS: m/e 
calcd for C28H49NO4Si2H+:  520.3278  Found: 520.3279 (Δ = 0.1 ppm). 
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10-Benzoyloxy-9-(tert-butyldimethylsiloxymethyl)- 2-triisopropylsiloxy-
1,2,3,5,10,10a-hexahydropyrrolo[1,2-b]isoquinolin-5-one (5-86):39  
To a solution of 5-85 (60 mg, 0.115 mmol) and DMAP (4.8 mg, 0.06 mmol) in CH2Cl2 
(1.0 mL) was added triethylamine (0.13 mL, 0.92 mmol) and benzoyl chloride (0.1 mL, 
0.69 mmol) at 0 oC. The reaction mixture was stirred overnight, quenched with saturated 
aqueous NH4Cl solution (20 mL) and extracted with dichloromethane (30 mL x 3). The 
organic layer was dried over anhydrous MgSO4 and solvent was removed under reduced 
pressure to afford a liquid. The residue was purified by column chromatography on silica 
gel using hexanes:EtOAc (6:1) to afford 5-86 (73 mg, 100%) as colorless oil: [α]D

22 –110 
(c 1.3, CHCl3); 1H NMR (400 MHz, CDCl3) δ -0.22 (s, 3 H), 0.21 (s, 3 H), 0.75 (s, 9 H), 
1.02 (m, 21 H), 2.15 (m, 2 H),  3.85 (m, 2 H), 4.30 (td, J = 10.8, 6.0 Hz, 1 H), 4.63 (s, 1 
H), 4.67 (d, J = 14.4 Hz, 1 H), 4.76 (d, J = 14.0, 1 H), 6.60 (d, J = 10.8 Hz, 1 H), 7.48 (m, 
3 H), 7.64 (m, 2 H), 8.13 (m, 3 H). 13C NMR (100.5 MHz, CDCl3) δ -5.7, -5.8, 12.0, 17.9, 
18.2, 25.7, 41.9, 55.1, 58.7, 63.2, 69.3, 73.2, 127.2, 128.3, 128.7, 129.2, 129.7, 129.8, 
130.7, 133.7, 133.8, 138.9, 162.8, 165.5. HRMS: m/e calcd for C35H53NO5Si2H+:  
624.3541  Found: 624.3516 (Δ = -3.9 ppm). 
 
10-Benzoyloxy-2-triisopropylsiloxy-1,2,3,5,10,10a-hexahydropyrrolo[1,2-
b]isoquinolin-5-one (5-87):37 
To a solution of 5-86 (134 mg, 0.21 mmol) in ethanol (10 mL) was added 0.5 N HCl in 
ethanol (2 mL). The reaction mixture was stirred at room temperature for 2.5 h. Then, the 
mixture was quenched with saturated aqueous NaHCO3 solution (20 mL) and extracted 
with dichloromethane (30 mL x 3). The organic layer was washed with water (10 mL) 
and brine (10 mL). The organic layer was dried over anhydrous Na2SO4 and solvent was 
removed under reduced pressure. The residue was purified by column chromatography on 
silica gel using hexanes:EtOAc (2:1)  to afford 5-87 as a white solid (102 mg, 95%): mp 
95-98 oC; [α]D

22 -130 (c 1.3, CHCl3); 1H NMR (400 MHz, CDCl3) δ 0.98 (m, 21 H), 2.17 
(m, 2 H),  2.68 (bs, 1 H), 3.75 (d, J = 12.8 Hz, 1 H), 3.88 (dd, J = 12.8, 4.4 Hz, 1 H), 4.30 
(td, J = 10.8, 6.0 Hz, 1 H), 4.55 (d, J = 13.6Hz, 1 H), 4.62 (d, J = 13.6, 1 H), 4.66 (s, 1 H), 
6.53 (d, J = 10.8 Hz, 1 H), 7.32 (t, J = 8.0 Hz, 1 H), 7.49 (t, J = 8.0 Hz, 2 H), 7.61 (m, 2 
H), 7.86 (dd, J = 7.6, 1.2 Hz, 1 H), 8.10 (dd, J = 8.4, 1.2 Hz, 2 H). 13C NMR (100.5 MHz, 
CDCl3) δ 11.9, 17.9, 42.0, 55.1, 58.8, 63.1, 69.2, 73.0, 127.5, 128.4, 128.7, 129.1, 129.8, 
132.1, 133.7, 134.1, 138.9, 162.7, 165.9. HRMS: m/e calcd for C29H39NO5SiH+:  
510.2676  Found: 510.2672 (Δ = -0.7 ppm). 
 
9-Acetoxymethyl-10-benzoyloxy-2-triisopropylsiloxy-1,2,3,5,10,10a-
hexahydropyrrolo[1,2-b]isoquinolin-5-one (5-88):39  
To a solution of 4-31 (32 mg, 0.06 mmol) and DMAP (1 mg, 0.005 mmol) in CH2Cl2 (0.5 
mL) was added triethylamine (0.08 mL, 0.24 mmol) and acetic anhydride (0.05 mL, 0.12 
mmol) at 0 oC. The reaction mixture was stirred overnight, quenched with saturated 
aqueous NH4Cl solution (20 mL) and extracted with dichloromethane (20 mL x 3). The 
organic layer was dried over anhydrous MgSO4 and solvent was removed under reduced 
pressure. The residue was purified by column chromatography on silica gel using 
hexanes:EtOAc (2:1) as the eluent to afford 5-88 (35 mg, 100%) as a colorless oil: [α]D

22 
–164 (c 14.1, CHCl3); 1H NMR (400 MHz, CDCl3) δ 1.05 (m, 21 H), 1.89 (s, 3 H), 2.17 
(m, 2 H),  3.83 (td, J = 12.8, 3.6 Hz, 1 H), 4.32 (dd, J = 16.4, 9.2 Hz, 1 H), 4.63 (d, J = 
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2.0 Hz, 1 H), 5.02 (d, J = 12.8, 1 H), 5.20 (d, J = 12.4 Hz, 1 H), 6.70 (d, J = 10.8 Hz, 1 H), 
7.48 (m, 4 H), 7.64 (ddd, J = 8.8, 2.4, 1.2 Hz, 1 H), 8.10 (dd, J = 8.4, 1.2 Hz, 2 H), 8.20 
(dd, J = 6.8, 2.4 Hz, 1 H). 13C NMR (100.5 MHz, CDCl3) δ 11.9, 17.9, 20.4, 41.9, 55.1, 
58.8, 65.3, 69.3, 73.1, 128.5, 128.7, 129.0, 129.1, 129.7, 130.6, 133.0, 133.8, 134.3, 135.7, 
162.2, 165.7, 170.3. HRMS: m/e calcd for C31H41NO6SiH+:  552.2781  Found: 552.2781 
(Δ = -0.1 ppm). 
 
9-Acetoxymethyl-10-benzoyloxy-2-hydroxyl-1,2,3,5,10,10a-hexahydropyrrolo[1,2-
b]isoquinolin-5-one (5-89):25  
To a solution of 5-88 (31 mg, 0.056 mmol) in CH3CN (0.6 mL) and pyridine (0.6 mL) 
was added HF-pyridine (70:30, 0.31 ml) and the reaction mixture was stirred overnight. 
The reaction mixture was diluted with EtOAc (40 mL) and washed with saturated 
aqueous NaHCO3 solution (10 mL x 2), CuSO4 solution (10 mL x 3), water (10 mL x 3) 
and brine (3 mL). The organic layer was dried over anhydrous MgSO4 and solvent was 
removed under reduced pressure. The residue was purified by column chromatography 
using hexanes:EtOAc (1:4) as the eluent to afford 5-89 as white solid (23 mg, 100%): mp 
76-77 oC; [α]D

22 –239 (c 10.3, CHCl3); 1H NMR (400 MHz, CDCl3) δ 1.90 (s, 3 H), 2.24 
(m, 2 H),  3.83 (d, J = 11.2 Hz, 2 H), 4.32 (td, J = 8.4, 4.4 Hz, 1 H), 4.64 (t, J = 3.2 Hz, 1 
H), 5.04 (d, J = 10.0, 1 H), 5.21 (d, J = 10.4 Hz, 1 H), 6.70 (d, J = 8.4 Hz, 1 H), 7.48 (m, 
4 H), 7.64 (t, J = 6.0 Hz, 1 H), 8.10 (d, J = 6.0 Hz, 2 H), 8.18 (dd, J = 6.0, 1.2 Hz, 1 H). 
13C NMR (100.5 MHz, CDCl3) δ 20.6, 41.2, 54.8, 58.9, 65.6, 68.8, 73.4, 128.8, 129.0, 
129.1, 129.2, 130.0, 130.7, 133.4, 134.1, 134.6, 135.9, 162.6, 165.9, 170.6. HRMS: m/e 
calcd for C22H21NO6H+:  396.1447  Found: 396.1436 (Δ = -2.8 ppm). 
 
9-Acetoxymethyl-10-benzoyloxy-5-oxo-1,2,3,5,10,10a-hexahydro-pyrrolo[1,2-
b]isoquinolin-2-yl-3-benzoyl-2-(4-methoxy-phenyl)-4-phenyl-oxazolidine-5-
carboxylate (5-90):39  

To a solution of 5-89 (20 mg, 0.053 mmol) acid 5-4 (21 mg, 0.053 mmol) and DMAP 
(3.5 mg, 0.026 mmol) in CH2Cl2 (0.5 mL) was added EDC (22 mg, 0.11 mmol) and the 
reaction mixture was stirred overnight.  The mixture was then quenched with EtOAc (50 
mL) and washed with water (10 mL x 2) and brine (10 mL).  The organic layer was dried 
over anhydrous MgSO4, filtered, and solvent was removed under reduced pressure.  The 
residue was purified by column chromatography on silica gel using hexanes:EtOAc (1/2) 
as the eluent to afford 5-90 as a white solid (27 mg, 82% based on 85% conversion):  mp 
109-111 oC; 1H NMR (400 MHz, CDCl3) δ 1.90 (s, 3 H), 2.32 (dd, J = 14.0, 5.2 Hz, 1 
H), 2.42 (td, J = 10.8, 4.4 Hz, 1 H), 3.80 (s, 3 H), 3.89 (d, J = 14.8 Hz, 1 H), 4.05 (d, J = 
14.4, 4.8, 1 H), 4.17 (td, J = 10.8, 5.6 Hz, 1H), 4.81 (d, J = 2.0 Hz, 1 H), 5.05 (d, J = 11.6 
Hz, 1 H), 5.22 (d, J = 12.8 Hz, 1 H), 5.36 (bs, 1 H), 5.55 (t, J = 4.0 Hz, 1 H), 6.71 (d, J = 
10.8 Hz, 1 H), 6.81 (d, J = 8.4 Hz, 2 H), 7.25 (m, 11 H), 7.47 (m, 4), 7.63 (t, J = 7.6 Hz, 1 
H), 8.12 (d, J = 7.2 Hz, 2 H), 8.21 (dd, J = 7.2, 2.0 Hz, 1 H). 13C NMR (100.5 MHz, 
CDCl3) δ 20.4, 38.3, 51.8, 55.3, 58.8, 65.4, 72.9, 73.0, 113.5, 127.0, 127.1, 128.1, 128.2, 
128.6, 128.7, 128.7, 128.8, 129.0, 129.8, 129.8, 130.2, 130.7, 133.3, 134.0, 134.6, 135.2, 
135.4, 159.9, 162.1, 165.6, 169.3, 170.2. HRMS: m/e calcd for C46H40N2O10H+:  
781.2761  Found: 781.2789 (Δ = 3.6 ppm). 
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9-Acetoxymethyl-10-benzoyloxy-5-oxo-1,2,3,5,10,10a-hexahydropyrrolo[1,2-
b]isoquinolin-2-yl (2S,3R)-3-benzoylamino-2-hydroxy-3-phenylpropanoate (5-37):39  
To a solution of 5-90 (26 mg, 0.03 mmol) in methanol (0.5 mL) was added p-TSA (1.5 
mg, 0.006 mmol). After stirring overnight, the solvent was removed and the residue 
purified by a silica gel column chromatography using Hexanes:EtOAc = 1/2 as the 
eluent) to afford 5-37 as a white solid (16 mg, 75%): mp 116-118 oC; [α]D

22 –135 (c 2.7, 
CHCl3); 1H NMR (400 MHz, CDCl3) δ 1.90 (s, 3 H), 2.37 (td, J = 8.8, 3.2 Hz, 1 H), 2.48 
(dd, J = 11.2, 4.4 Hz, 1 H), 3.18 (d, J = 2.8 Hz, 1 H), 3.99 (dd, J = 11.2, 3.6 Hz, 1 H), 
4.03 (d, J = 12.0 Hz, 1 H), 4.44 (td, J = 8.8, 4.4 Hz, 1 H), 4.62 (s, 1 H), 5.05 (d, J = 10.0 
Hz, 1 H), 5.22 (d, J = 10.4 Hz, 1 H), 5.59 (t, J = 3.2 Hz, 1 H), 5.69 (d, J = 7.6 Hz, 1 H), 
6.71 (d, J = 9.2 Hz, 1 H), 6.74 (d, J = 7.2 Hz, 1 H), 7.17 (t, J = 6.0 Hz, 1 H),  7.41 (m, 11 
H), 7.61 (t, J = 6.0 Hz, 1 H), 8.13 (d, J = 6.0 Hz, 2 H), 8.20 (dd, J = 5.6, 1.6 Hz, 1 H). 13C 
NMR (100.5 MHz, CDCl3) δ 20.3, 38.1, 51.5, 54.4, 58.7, 65.5, 73.2, 73.6, 126.8, 126.9, 
128.0, 128.4, 128.5, 128.7, 128.7, 128.9, 128.9, 130.0, 130.3, 131.5, 133.2, 133.6, 133.7, 
134.5, 136.0, 138.4, 162.5, 165.7, 166.7, 170.2, 172.2. HRMS: m/e calcd for 
C38H34N2O9H+:  663.2343  Found: 663.2361 (Δ = 2.8 ppm). 
 
(3R,4S)-4-(2-Allyloxyphenyl)-1-(4-methoxyphenyl)-3-triisopropylsiloxyazetidin-2-
one (5-92): 39 
1 M KOH aqueous solution (5 mL) was added to a solution of 3-54 (176 mg, 0.48 mmol) 
in THF (15 mL) at 0 °C. The solution was stirred at 0 °C for 1.5 h and saturated NH4Cl 
(20 mL) was added. The mixture was extracted with CH2Cl2 (20 mL x 3). The combined 
organic layers were dried over MgSO4 and concentrated to give 5-91 (155 mg, 100%) as 
a white solid, and the β-lactam 5-92 was used in the next step without further 
purification.39  

Chlorotriisopropylsilane (0.14 mL, 0.66 mmol) was added to a solution of 5-91 (155 mg, 
~ 0.48 mmol), DMAP (12 mg, 0.1 mmol) and triethylamine (0.29 mL, 2.0 mmol) in 
CH2Cl2 (2 mL). The reaction mixture was stirred for overnight and quenched with 
saturated NH4Cl (20 mL). The mixture was extracted with dichloromethane (20 mL x 3), 
dried over anhydrous MgSO4 and solvent was removed under reduced pressure. The 
residue was purified by flash column chromatography on silica gel (hexanes/EtOAc = 
15/1) to give 5-92 (223 mg, 96% for 2 steps) as a white solid: mp 98-99 oC; 1H NMR δ 
(CDCl3, 400 MHz) 1.00 (m, 21 H), 3.73 (s, 3 H), 4.53 (ddt, J = 12.8, 2.8, 1.2 Hz, 1 H), 
4.59 (ddt, J = 12.8, 2.8, 1.2 Hz, 1 H), 5,25 (d, J = 5.2 Hz, 1 H), 5.31 (dd, J = 10.4, 1.2 Hz, 
1 H), 5.44 (ddd, J = 17.2, 3.2, 1.6 Hz, 1 H), 5.69 (d, J = 4.8 Hz, 1 H), 6.09 (m, 1 H), 6.78 
(dt, J = 10.4, 3.6 Hz, 2 H), 6.87 (dd, J = 8.0, 2.8 Hz, 2 H), 7.22 (m, 2 H), 7.30 (dt, J = 
10.0, 3.2 Hz, 2 H); 13C NMR (100.5 MHz, CDCl3) δ 11.8, 17.4, 55.3, 57.2, 68.7, 110.9, 
114.2, 117.4, 118.6, 120.4, 122.2, 128.8, 128.9, 131.0, 133.2, 156.0, 156.6, 165.9. HRMS: 
m/e calcd for C28H39NO4SiH+:  482.2727  Found: 482.2715 (Δ = -2.5 ppm). 
 
(3R,4S)-4-(2-Allyloxyphenyl)-3-triisopropylsiloxyazetidin-2-one (5-93):49  
To a solution of N-PMP-β-lactam 5-92 (200 mg, 0.41 mmol) in acetonitrile (12 mL) and 
H2O (2.6 mL), was added dropwise a solution of ceric ammonium nitrate (0.92 g, 1.64 
mmol) in water (9.6 mL). The reaction mixture was stirred for 40 min and quenched with 
saturated Na2SO3 solution (20 mL). After filtration, the aqueous layer was extracted with 
EtOAc (20 mL x 3), and the combined organic layer was washed with H2O (10 mL x 3), 



260  

dried over MgSO4 and concentrated. The product mixture was purified on a silica gel 
column using hexanes:EtOAc (7:1) to afford the desired β-lactam 5-92 as a white solid 
(135 mg, 88%): mp 120-121 oC; 1H NMR (CDCl3, 400 MHz): δ 0.91 (m, 21 H), 4.49 (m, 
2 H), 5.17 (dd, J = 4.8, 3.6 Hz, 1 H), 5.27 (dd, J = 10.8, 1.2 Hz, 1 H), 5.31 (d, J = 4.4 Hz, 
1 H), 5.39 (dd, J = 17.2, 1.2 Hz, 1 H), 6.04 (m, 1 H), 6.53 (s, 1 H), 6.80 (d, J = 8.0 Hz, 1 
H), 6.96 (t, J = 7.6 Hz, 1 H), 7.22 (t, J = 7.6, 1 H), 7.40 (d, J = 7.2 Hz, 1 H); 13C NMR 
(CDCl3, 100 MHz): 11.8, 17.4, 53.7, 68.6, 79.7, 110.7, 117.2, 120.2, 124.9, 128.4, 128.5, 
133.2, 156.3, 170.3. HRMS: m/e calcd for C21H33NO3SiH+:  376.2308  Found: 376.2311 
(Δ = 0.8 ppm). 
 
(3R,4S)-4-(2-Allyloxyphenyl)-1-benzoyl-3-triisopropylsiloxyazetidin-2-one (5-94):39  
To a solution of 5-93 (132 mg, 0.35 mmol) and DMAP (4.8 mg, 0.06 mmol) in CH2Cl2 (3 
mL) was added triethylamine (0.15 mL, 1.05 mmol) and benzoyl chloride (0.08 mL, 0.53 
mmol) at 0 oC. The reaction mixture was stirred overnight, quenched with saturated 
aqueous NH4Cl solution (20 mL) and extracted with dichloromethane (30 mL x 3). The 
organic layer was dried over anhydrous MgSO4 and solvent was removed under reduced 
pressure. The residue was purified by column chromatography on silica gel using 
hexanes:EtOAc (20:1) as the eluent to afford 5-94 (166 mg, 100%) as colorless oil: 1H 
NMR (400 MHz, CDCl3) δ 0.96 (m, 21 H), 4.55 (m, 2 H), 5.28 (m, 2 H), 5.41 (dd, J = 
17.2, 1.2 Hz, 1 H), 5.87 (d, J = 6.0 Hz, 1 H), 6.12 (m, 1 H), 6.87 (d, J = 8.4 Hz, 1 H), 
6.95 (t, J = 15.2 Hz, 1 H), 7.29 (m, 2 H), 7.59 (m, 3 H), 8.04 (d, J = 7.2 Hz, 2 H); 13C 
NMR (100.5 MHz, CDCl3) δ 11.7, 17.4, 56.9, 69.0, 76.5, 111.4, 117.4, 120.3, 122.2, 
128.0, 128.1, 128.8, 129.0, 129.8, 130.5, 132.4, 133.3, 134.5, 156.9, 165.7, 166.2. HRMS: 
m/e calcd for C28H37NO4SiH+:  480.2570  Found: 480.2568 (Δ = -0.4 ppm). 
 
(2R,3S)-3-(2-Allyloxyphenyl)-3-benzoylamino-2-hydroxypropionic acid methyl ester 
(5-96):34 
To a solution of 5-94 (166 mg, 0.35 mmol) in pyridine/acetonitrile (1:1, 6 mL) was added 
dropwise HF/pyridine (70:30, 0.75 mL) at 0 oC, and then the mixture was allowed to 
warm to room temperature and stirred for 6 h. The reaction was quenched with saturated 
aqueous NaHCO3 solution (10 mL) and the mixture was diluted with EtOAc (60 mL), 
washed with saturated aqueous CuSO4 solution (10 mL x 2), H2O (10 mL) and brine (10 
mL), dried over anhydrous MgSO4 and concentrated in vacuo to afford 5-95 as a white 
solid. The crude product was used directly without further purification:  
To a solution of 5-95 (crude) and DMAP (11 mg, 0.09 mmol) in CH3OH (2 mL), was 
added dropwise triethylamine (0.10 mL, 0.7 mmol) at room temperature. The mixture 
was stirred for overnight at room temperature, and then the solvent was removed and 
saturated aqueous NH4Cl solution (10 mL) was added. The mixture was extracted with 
CH2Cl2 (20 mL x 3), the combined extracts were dried over anhydrous MgSO4, and 
concentrated in vacuo. The crude product was purified on a silica gel column using 
hexanes:EtOAc (1.5:1) as the eluent to afford 5-96 as a white solid (100 mg, 81% yield 
on 2 steps): mp 94-95 oC; [α]D

22 –52 (c 1.4, CHCl3); 1H NMR (400 MHz, CDCl3) δ 3.74 
(s, 3 H), 4.63 (d, J = 4.8 Hz, 2 H), 4.71 (d, J = 3.6 Hz, 1 H), 5.31 (dd, J = 10.4, 1.2 Hz, 1 
H), 5.50 (dd, J = 17.6, 1.6 Hz, 1 H), 5.99 (dd, J = 9.2, 3.2 Hz, 1 H ), 6.09 (dd, J = 16.2, 
10.4, 4.8 Hz, 1 H), 6.92 (dd, J = 15.2, 7.6, Hz, 2 H), 7.26 (m,2 H), 7.46 (m, 3 H), 7.78 (dd, 
J = 6.8, 1.6 Hz, 2 H); 13C NMR (100.5 MHz, CDCl3) δ 52.5, 52.7, 68.8, 72.6, 111.9, 
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117.5, 120.9, 126.1, 127.0, 128.0, 128.5, 129.0, 131.6, 132.8, 134.2, 155.6, 166.9, 173.4. 
HRMS: m/e calcd for C20H21NO5H+:  356.1498  Found: 356.1502 (Δ = 1.1 ppm). 
 
Methyl (4S,5R)-4-(2-allyloxyphenyl)-3-benzoyl-2-(4-methoxyphenyl) oxazolidine-5-
carboxylate (5-97):31 

To a solution of 5-96 (100 mg, 0.28 mmol) and 4-methoxybenzaldehyde dimethyl acetal 
(0.13 mL, 0.62 mmol) in toluene (7.7 mL) was added PPTS (21 mg, 0.08 mmol), and the 
mixture was refluxed for 4 h. The reaction mixture was then diluted with EtOAc (60 mL), 
and washed with saturated aqueous NaHCO3 solution (10 mL), brine (5 mL) and 
concentrated in vacuo. The crude product was purified on a silica gel column using 
hexanes:EtOAc (5:1) as the eluent to afford 5-97 as a colorless oil (95 mg, 75% yield): 1H 
NMR (400 MHz, CDCl3) δ 3.79 (s, 3 H), 3.82 (s, 3 H), 4.46 (dd, J = 12.4, 5.2 Hz, 1 H), 
4.52 (dd, J = 13.2, 5.2 Hz, 1 H), 4.87 (s, 1 H), 5.19 (d, J = 11.2 Hz, 1 H), 5.24 (d, J = 17.6 
Hz, 1 H), 5.52 (s, 1 H), 5.91 (m, 1 H), 6.88 (m, 4 H), 6.99 (s, 1 H), 7.26 (m, 4 H), 7.33 (m, 
3 H), 7.58 (s, 2 H); 13C NMR (100.5 MHz, CDCl3) δ 52.4, 55.2, 61.6, 68.8, 81.6, 90.6, 
111.5, 113.3, 117.4, 120.4, 126.9, 128.1, 128.5, 128.9, 129.1, 130.2, 130.5, 132.7, 135.8, 
154.8, 159.8, 170.5. HRMS: m/e calcd for C28H27NO6H+:  474.1917  Found: 474.1902 (Δ 
= -3.2 ppm). 
 
(4S,5R)-4-(2-Allyloxyphenyl)-3-benzoyl-2-(4-methoxyphenyl)oxazolidine-5-
carboxylic acid (5-98):32 

To a solution of 5-97 (95 mg, 0.21 mmol) in THF (1.5 mL) and water (1.5 mL) was 
added lithium hydroxide (26 mg, 0.62 mmol) and the reaction mixture was stirred for 1 h. 
The reaction mixture was washed with aqueous NaOH solution (1 N, 10 mL x 3) and then 
the water layer was collected and acidified using aqueous HCl (1 N) to pH 2. The water 
layer was extracted with EtOAc (30 mL x 3), the organic layers were combined, dried 
over anhydrous MgSO4 and concentrated in vacuo. The crude product was purified on a 
silica gel column using hexanes:EtOAc (1:1) as the eluent to afford 5-98 as a white solid 
(83 mg, 88% yield): mp 47-49 oC; 1H NMR (400 MHz, CDCl3) δ 3.83 (s, 3 H), 4.47 (dd, 
J = 12.8, 3.6 Hz, 1 H), 4.55 (dd, J = 13.2, 5.2 Hz, 1 H), 4.91 (s, 1 H), 5.18 (d, J = 10.8 Hz, 
1 H), 5.25 (d, J = 17.2 Hz, 1 H), 5.59 (s, 1 H), 5.92 (m, 1 H), 6.88 (m, 4 H), 7.03 (m, 1 H), 
7.20 (m, 3 H), 7.28 (m, 4 H), 7.59 (s, 2 H), 8.71 (bs, 1 H); 13C NMR (100.5 MHz, CDCl3) 
δ 55.2, 60.5, 68.9, 81.4, 90.7, 111.6, 113.3, 117.7, 120.4, 127.0, 128.2, 128.6, 129.0, 
129.2, 129.9, 130.7, 132.7, 135.5, 154.9, 159.9, 170.4. HRMS: m/e calcd for 
C27H25NO6H+:  460.1760  Found: 460.1754 (Δ = -1.3 ppm). 
 
10-Benzoyloxy-9-pent-4-enoyloxymethyl-2-triisopropylsiloxy-1,2,3,5,10,10a-
hexahydropyrrolo[1,2-b]isoquinolin-5-one (5-99):39  
To a solution of 5-85 (34 mg, 0.07 mmol) and DMAP (1 mg, 0.005 mmol) in CH2Cl2 (0.6 
mL) was added triethylamine (0.09 mL, 0.26 mmol) and 4-pentenoyl chloride (0.015 mL, 
0.13 mmol) at 0 oC. The reaction mixture was stirred overnight, quenched with saturated 
aqueous NH4Cl solution (20 mL) and extracted with dichloromethane (20 mL x 3). The 
organic layer was dried over anhydrous MgSO4 and solvent removed under reduced 
pressure. The residue was purified by column chromatography on silica gel using 
hexanes:EtOAc (3:1) to afford 5-99 (39 mg, 100%) as a colorless oil: [α]D

22 –158 (c 2.0, 
CHCl3); 1H NMR (400 MHz, CDCl3) δ 1.00 (m, 21 H), 2.22 (m, 6 H), 3.83 (m, 2 H), 4.32 
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(dd, J = 18.0, 8.8 Hz, 1 H), 4.63 (d, J = 2.0 Hz, 1 H), 4.92 (dd, J = 10.4, 1.6 Hz, 1 H), 
4.98 (t, J = 5.6 Hz, 1 H), 5.06 (d, J = 12.8, 1 H), 5.22 (d, J = 12.8 Hz, 1 H), 5.72 (m, 1 H), 
6.68 (d, J = 10.8 Hz, 1 H), 7.49 (m, 4 H), 7.64 (t, J = 7.6 Hz, 1 H), 8.10 (dd, J = 8.4, 1.2 
Hz, 2 H), 8.20 (dd, J = 7.2, 1.6 Hz, 1 H); 13C NMR (100.5 MHz, CDCl3) δ 11.9, 17.9, 
28.5, 32.9, 41.9, 55.1, 58.9, 65.1, 69.3, 73.2, 115.4, 128.4, 128.7, 128.9, 129.0, 129.7, 
130.6, 133.2, 133.8, 134.3, 135.7, 136.5, 162.2, 165.7, 172.3. HRMS: m/e calcd for 
C34H45NO6SiH+:  592.3094  Found: 592.3077 (Δ = -2.9 ppm). 
 
10-Benzoyloxy-2-hydroxy-9-pent-4-enoyloxymethyl-1,2,3,5,10,10a-hexahydro-
pyrrolo[1,2-b]isoquinolin-5-one (5-100):25  

To a solution of 5-99 (38 mg, 0.06 mmol) in CH3CN (0.76 mL) and pyridine (0.76 mL) 
was added HF-pyridine (70:30, 0.38 ml) and the reaction mixture was stirred overnight. 
The reaction mixture was diluted with EtOAc (40 mL) and washed with saturated 
aqueous NaHCO3 solution (10 mL x 2), CuSO4 solution (10 mL x 3), water (10 mL x 3) 
and brine (3 mL). The organic layer was dried over anhydrous MgSO4 and solvent was 
removed under reduced pressure. The residue was purified by column chromatography on 
silica gel using hexanes:EtOAc (1:4) as the eluent to afford 5-100 as white solid (23 mg, 
97%): mp 50-52 oC; [α]D

22 –227 (c 1.5, CHCl3); 1H NMR (400 MHz, CDCl3) δ 2.22 (m, 
6 H),  3.85 (d, J = 2.4 Hz, 2 H), 4.33 (td, J = 10.4, 5.6 Hz, 1 H), 4.61 (t, J = 2.4 Hz, 1 H), 
4.92 (dd, J = 10.4, 1.6 Hz, 1 H), 4.95 (dd, J = 13.2, 1.6 Hz, 1 H), 5.06 (d, J = 12.8 Hz, 1 
H), 5.21 (d, J = 12.8 Hz, 1 H), 5.70 (m, 1 H), 6.68 (d, J = 10.8 Hz, 1 H), 7.48 (m, 4 H), 
7.63 (t, J = 7.3 Hz, 1 H), 8.08 (d, J = 8.4, 1.2 Hz, 2 H), 8.14 (dd, J = 7.2, 1.2 Hz, 1 H); 
13C NMR (100.5 MHz, CDCl3) δ 28.5, 32.9, 40.9, 54.5, 58.7, 65.1, 68.4, 73.1,  115.5, 
128.5, 128.7, 128.8, 128.9, 129.8, 130.4, 133.3, 133.9, 134.3, 135.7, 136.5, 162.6, 165.6, 
172.3. HRMS: m/e calcd for C25H25NO6H+:  436.1760  Found: 436.1750 (Δ = -2.3 ppm). 
 
10-Benzoyloxy-5-oxo-9-pent-4-enoyloxymethyl-1,2,3,5,10,10a-hexahydropyrrolo 
[1,2-b]isoquinolin-2-yl-4-(2-allyloxyphenyl)-3-benzoyl-2-(4-methoxyphenyl) 
oxazolidine-5-carboxylate (5-101):39  
To a solution of 5-100 (25 mg, 0.06 mmol), acid 5-98 (40 mg, 0.09 mmol) and DMAP 
(3.5 mg, 0.028 mmol) in CH2Cl2 (0.56 mL) was added EDC (23 mg, 0.12 mmol) and the 
reaction mixture was stirred overnight.  The mixture was then extracted with EtOAc (50 
mL) and washed with water (10 mL x 2) and brine (10 mL).  The organic layer was dried 
over anhydrous MgSO4 and filtered and then solvent was removed under reduced 
pressure. The residue was purified by column chromatography on silica gel using 
hexanes:EtOAc (1:1) as the eluent to afford 5-101 as a white solid (48 mg, 96%): mp 73-
75 oC; [α]D

22 -145 (c 2.0, CHCl3); 1H NMR (400 MHz, CDCl3) δ 2.27 (m, 5 H), 2.42 (m, 
1 H), 3.81 (s, 3 H), 3.86 (d, J = 14.4 Hz, 1 H), 4.05 (dd, J = 14.4, 4.8, 1 H), 4.25 (td, J = 
10.8, 5.6, Hz, 1 H), 4.39 (m, 2 H), 4.80 (s, 1 H), 4.93 (dd, J = 10.0, 0.8 Hz, 1 H), 4.96 
(dd, J = 17.6, 1.6 Hz, 1 H),  5.03 (d, J = 10.4 Hz, 1 H), 5.08 (s, 1 H), 5.11 (d, J = 4.8 Hz, 
1 H), 5.24 (d, J = 12.8 Hz, 1 H0, 5.43 (s, 1 H), 5.55 (t, J = 4.8 Hz, 1 H), 5.74 (m, 2 H), 
6.71 (d, J = 10.4 Hz, 1 H), 6.76 (d, J = 8.4 Hz, 1 H), 6.81 (m, 3 H), 6.94 (s, 1 H), 7.08 (m, 
3 H), 7.19 (m, 5 H), 7.50 (m, 6 H), 7.64 (t, J = 7.2 Hz, 1 H), 8.13 (d, J = 7.6 Hz, 2 H), 
8.22 (dd, J = 7.6, 1.6 Hz, 1 H); 13C NMR (100.5 MHz, CDCl3) δ 28.5, 32.9, 38.4, 51.9, 
55.2, 58.8, 65.2, 68.8, 72.4, 73.0, 111.5, 113.3, 115.5, 117.7, 120.5, 126.9, 128.2, 128.7, 
128.7, 128.8, 128.8, 128.9, 129.2, 129.9, 130.2, 132.5, 133.4, 133.9, 134.6, 135.3, 136.5, 
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154.7, 159.8, 162.0, 165.5, 169.3, 172.3. HRMS: m/e calcd for C52H48N2O11H+:  
877.3336  Found: 877.3322 (Δ = -1.6 ppm). 
 
10-Benzoyloxy-5-oxo-9-pent-4-enoyloxymethyl-1,2,3,5,10,10a-hexahydropyrrolo[1,2-
b]isoquinolin-2-yl 2-[3-(2-allyloxyphenyl)-3-benzoylamino-2-hydroxypropanoate] 
(5-102):39  
To a solution of 5-101 (47 mg, 0.05 mmol) in methanol (0.9 mL) was added p-TSA (2.1 
mg, 0.01 mmol). After stirring overnight, the solvent was removed and the residue 
purified by silica gel column chromatography using Hexanes:EtOAc = 1/2 as the eluent 
to afford 5-102 as a white solid (33 mg, 82%): mp 110-112 oC; [α]D

22 –139 (c 1.6, 
CHCl3); 1H NMR (400 MHz, CDCl3) δ 2.27 (m, 6 H), 3.34 (bs, 1 H), 3.95 (m, 2 H), 4.29 
(d, J = 8.0 Hz, 1 H), 4.33 (d, J = 8.0 Hz, 1 H), 4.51 (d, J = 4.8 Hz, 2 H), 4.65 (d, J = 3.2 
Hz, 1 H), 4.92 (dd, J = 9.2, 1.6 Hz, 1 H), 4.96 (dd, J = 17.2, 1.6 Hz, 1 H), 5.09 (d, J = 
12.8 Hz, 1 H), 5.21 (dd, J = 12.0, 1.2 Hz, 1 H), 5.23 (dd, J = 19.6, 12.8 Hz, 1 H), 5.48 
(dd, J = 25.2, 1.6 Hz, 1 H), 5.66 (d, J = 6.0 Hz, 1 H), 5.73 (m 1 H), 5.98 (m, 2 H0, 6.67 
(d, J = 10.8 Hz, 1 H), 6.78 (d, J = 8.0 Hz, 1 H), 6.87 (t, J = 7.2 Hz, 1 H), 7.19 (m, 5 H), 
7.38 (t, J = 11.6 Hz, 1 H), 7.45 (m, 6 H), 7.62 (t, J = 7.2 Hz, 1 H), 8.13 (d, J = 7.2 Hz, 2 
H), 8.18 (dd, J  = 7.6, 1.6 Hz, 1 H); 13C NMR (100.5 MHz, CDCl3) δ 28.5, 32.9, 38.2, 
51.6, 52.0, 58.8, 65.3, 68.7, 72.9, 73.2, 111.8, 115.5, 117.7, 120.9, 126.1, 126.8, 127.8, 
128.4, 128.5, 128.7, 128.8, 128.9, 129.2, 130.0, 130.3, 131.4, 132.5, 133.3, 133.7, 133.9, 
134.5, 135.9, 136.5, 155.5, 162.3, 165.6, 166.7, 172.1, 172.2. HRMS: m/e calcd for 
C44H42N2O10H+:  759.2918  Found: 759.2893 (Δ = -3.3 ppm). 
 
5-36 (SB-H-2001):25  
To a solution of 5-102 (17 mg, 0.02 mmol) in CH2Cl2 (12 mL) was added the “first-
generation Grubbs catalyst” (3 mg, 0.004 mmol) in CH2Cl2 (0.2 mL). The reaction was 
stirred at room temperature for 3 days and reflux for 2 days. The solvent was removed 
under reduced pressure. The residue was passed through a short silica gel column 
(hexanes:EtOAc = 1:1.5) to remove the catalyst to afford SB-H-301 as a white solid (Z-
isomer only, 8 mg, and 5 mg starting marterial was recovered): 1H NMR (400 MHz, 
CDCl3) δ 2.30 (m, 5 H), 2.78 (dd, J = 10.4, 3.6 Hz, 1 H), 3.32 (d, J = 2.8 Hz, 1 H), 3.82 
(dd, J = 10.0, 1.2 Hz, 1 H), 3.96 (m, 2 H), 4.36 (dd, J = 11.2, 2.4 Hz, 1 H), 4.52 (s, 1 H), 
4.59 (m, 1 H), 4.77 (d, J = 9.2 Hz, 1 H), 5.44 (d, J = 9.2 Hz, 1 H), 5.56 (s, 2 H), 6.14 (dd, 
J = 7.2, 1.6 Hz, 1 H), 6.72 (d, J = 7.6 Hz, 1 H), 6.75 (d, J = 9.6 Hz, 1 H), 6.78 (d, J = 6.4 
Hz,1 H), 6.96 (t, J = 6.4 Hz, 1 H), 7.24 (m, 1 H), 7.42 (m, 3 H), 7.46 (m, 4 H), 7.59 (m, 3 
H), 7.74 (dd, J = 6.0, 1.2 Hz, 1 H), 8.21 (dd, J = 6.4, 1.2 Hz, 1 H), 8.36 (dd, J = 6.0, 0.4 
Hz, 2 H); 13C NMR (100.5 MHz, CDCl3) δ 28.2, 33.6, 36.9, 49.2, 51.9, 59.1, 64.1, 68.4, 
72.9, 73.0, 73.3, 112.4, 121.0, 125.8, 127.0, 127.5, 128.1, 128.4, 128.5, 128.6, 128.6, 
129.2, 129.2, 129.6, 130.5, 130.6, 130.7, 131.6, 131.8, 133.8, 134.0, 137.0, 138.8, 154.8, 
162.2, 166.7, 171.8, 172.6. HRMS: m/e calcd for C42H38N2O10H+:  731.2605  Found: 
731.2597 (Δ = -1.1 ppm). 
 
2-Bromo-1-methoxymethoxymethyl-3-ethenylbenzene (5-104):34  

To a solution of PPh3CH3Br (890 mg, 2.50 mmol) in THF (12 mL) at 0 oC was added 
sodium hydride (60% suspension in mineral oil, 120mg, 2.9 mmol). The mixture was 
stirred at room temperature for 1 h. The suspension was added to a solution of 5-51 (500 
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mg, 1.90 mmol) in THF (6 mL). The mixture was stirred at 40 oC for 75 min and the 
reaction was quenched with saturated aqueous ammonium chloride (30 mL). The water 
layer was extracted with chloroform (30 mL x 3). The organic layers were combined and 
washed with brine (20 mL x 2), and dried over anhydrous MgSO4. The solvent was 
removed under reduced pressure. The residue was purified by column chromatography on 
silica gel using hexanes:EtOAc (50:1) as the eluent to afford 5-104 as a colorless oil (471 
mg, 97%): 1H NMR (400 MHz, CDCl3) δ 3.44 (s, 3 H), 4.70 (s, 2 H), 4.78 (s, 2 H), 5.36 
(d, J = 10.8 Hz, 1 H), 5.67 (d, J = 17.2 Hz, 1 H), 7.13 (dd, J = 17.6, 13.2 Hz, 1 H), 7.29 (t, 
J = 8.0 Hz, 1 H), 7.42 (d, J = 7.6 Hz, 1 H), 7.47 (d, J = 8.0 Hz, 1 H). 13C NMR (100.5 
MHz, CDCl3) δ 55.4, 69.2, 96.0, 116.7, 123.7, 125.9, 127.1, 128.1, 136.1, 137.9, 138.1.  
 
2-Bromobenzene-1,3-dicarbaldehyde (5-105):16  
To a solution of 5-43 (619 mg, 2.80 mmol) in dimethyl sulfoxide (8.4 mL) and CH2Cl2 
(8.4 mL) was added triethylamine (5.6 mL, 40.0 mmol) and sulfurtrioxide-pyridine (2.8 g, 
16.8 mmol) at 0 oC. The reaction mixture was stirred for 0.5 h, quenched with ice water 
and extracted with EtOAc (100 mL). The organic layer was washed with 5% citric acid 
aqueous solution (5 mL), water (5 mL), saturated aqueous NaHCO3 solution (15 mL) and 
brine. The organic layer was dried over anhydrous MgSO4 and the solvent was removed 
under reduced pressure. The residue was purified on silica gel column using 
Hexanes:EtOAc = 10:1 as the eluent to afford 5-105 as a white solid (539 mg, 91%): mp. 
135-136 oC; 1H NMR (400 MHz, CDCl3) δ 7.49 (t, J = 7.6 Hz, 1 H), 8.04 (d, J = 7.6 Hz, 
2 H), 10.41 (s, 2 H). 13C NMR (100.5 MHz, CDCl3) δ 128.0, 130.4, 134.2, 134.9, 190.3. 
HRMS calcd. for C8H5BrO2

+ 211.9473, found 211.9471 (Δ= -0.9 ppm).  
 
2-Bromo-1,3-diethenylbenzene (5-106):34  

To a solution of PPh3CH3Br (2.30 g, 6.25 mmol) in THF (16 mL) at 0 oC was added 
sodium hydride (60% suspension in mineral oil, 260mg, 6.25 mmol). The mixture was 
stirred at room temperature for 1 h. The suspension was added to a solution of 5-105 (537 
mg, 2.5 mmol) in THF (9 mL). The mixture was stirred at room temperature for 80 min 
and quenched with saturated aqueous ammonium chloride (30 mL). The water layer was 
extracted with ethyl ether (40 mL x 3). The organic layers were combined and washed 
with brine (10 mL x 2) and dried over anhydrous MgSO4. The solvent was removed 
under reduced pressure. The residue was purified by column chromatography on silica 
gel using Hexanes as the eluent to afford 5-106 as colorless oil (443 mg, 86%): 1H NMR 
(400 MHz, CDCl3) δ 5.01 (dd, J = 10.8, 1.2 Hz, 2 H), 5.39 (dd, J = 17.6, 1.2 Hz, 2 H), 
6.84 (dd, J = 8.0, 7.2 Hz, 1 H), 7.18 (m, 6 H). 13C NMR (100.5 MHz, CDCl3) δ 116.7, 
116.9, 126.3, 127.3, 136.7, 138.6. HRMS calcd. for C10H9Br+ 207.9888, found 207.9886 
(Δ= -1.0 ppm).  
 
1-tert-Butoxycarbonyl-2-[hydroxy-(2-methoxymethoxymethyl-6-
ethenylphenyl)methyl]-4-triisopropylsiloxy-pyrrolidine (5-108):31, 39  

Bromide 5-104 (254 mg, 0.98 mmol) was dissolved in dry THF (9.2 mL) under N2 and 
2.5 M n-BuLi in hexane (0.44 mL, 1.1 mmol) was added at -78 oC. The resulting solution 
was stirred for 1 h. Then HMPA (0.18 mL) was added and the solution was stirred for 1 h. 
A solution of aldehyde 5-14 (276 mg, 0.75 mmol) in dry THF (5.2 mL) was added 
dropwise. The resulting solution was allowed to slowly warm up to room temperature 



265  

with stirring overnight. After addition of saturated NH4Cl solution (20 mL), the mixture 
was extracted with dichloromethane (3 x 20 mL). The combined organic layers were 
washed with brine and dried over MgSO4. After evaporation of the solvent, the residue 
was purified by flash chromatography on silica gel using hexanes:EtOAc (50:1) as the 
eluent to afford desired product 5-107. 
To a solution of 5-107 (274 mg, 0.49 mmol) and DMAP (5 mg, 0.06 mmol) in CH2Cl2 
(3.8 mL) was added triethylamine (0.46 mL, 1.5 mmol) and acetic anhydride (0.33 mL, 
1.0 mmol) at 0 oC. The reaction mixture was stirred overnight, quenched with saturated 
aqueous NH4Cl solution (20 mL) and extracted with dichloromethane (30 mL x 3). The 
organic layer was dried over anhydrous MgSO4 and the solvent was removed under 
reduced pressure. The residue was purified by column chromatography on silica gel using 
hexanes:EtOAc (11:1-8:1) to afford 5-108 (172 mg, 70% in 2 steps) as colorless oil: 1H 
NMR (400 MHz, CDCl3) δ 1.02 (m, 21 H), 1.28-1.43 (m, 9 H), 2.06-2.10 (m, 5 H), 3.40 
(m, 4 H), 3.59 (m, 1 H), 4.57 (m, 2 H), 4.79 (m, 5 H), 5.28 (d, J = 10.8 Hz, 1 H), 5.51 (d, 
J = 17.6, 1 H), 6.02-6.22 (m, 1 H), 7.17-7.52 (m, 4 H). 13C NMR (100.5 MHz, CDCl3) δ 
12.1, 17.9, 20.9, 28.0, 28.4, 38.3, 54.7, 55.0, 58.6, 66.6, 70.2, 72.7, 79.7, 95.4, 116.0, 
127.2, 127.5, 128.9, 129.1, 133.5, 136.4, 136.8, 137.0, 138.6, 154.4, 169.5. HRMS calcd. 
for C32H53NO7SiH+ 592.3670, found 592.3663 (Δ= -1.2 ppm).   
 
10-Acetoxy-9-methoxymethoxymethyl-2-triisopropylsiloxy-1,2,3,5,10,10a-
hexahydropyrrolo[1,2-b]isoquinolin-5-one (5-113 and 5-114): 39, 44 

Nitrogen gas was bubbled into a solution of 5-109 (167 mg, 0.28 mmol) in CH2Cl2 (15 
mL) at -78 ˚C for 3 min. Then, O3 gas was bubbled into the solution till the color of the 
solution turned blue (8 min), and N2 was bubbled into the solution for another 3 min until 
the blue color disappeared. Dimethyl sulfide (0.1 mL, 1.4 mmol) was added to the 
solution and the reaction mixture was allowed to warm to room temperature. The reaction 
mixture was stirred at room temperature for 3 h. The solvents were removed in vacuo and 
crude 5-110 was used in the next step without further purification. 
Sodium chlorite (200 mg, 2.24 mmol) was added to a solution of 5-111 (~0.28 mmol) and 
sodium phosphate (monobasic) (350 mg, 2.24 mmol) in acetone/water (1:1, 2.4 mL). The 
reaction mixture was stirred at room temperature for 1 h and was quenched with ethyl 
acetate (60 mL). The organic layer was washed with hydrochloric acid (1 N, 10 mL), 
Na2S2O3 (10%, 10 mL x 2), and brine (10 mL), dried with MgSO4, filtered, and 
concentrated. Crude 5-111 was used in the next step without further purification. 
A solution of potassium hydroxide (4 g) in water (8 mL) and ethanol (32 mL) was added 
to a solution of diazald® (4 g) in ether (60 mL) at 0 oC. The mixture was stirred for 10 
min at 0 oC and distilled to afford a yellow ether solution. The diazomethane solution in 
ether was added to the solution of 5-111 (~ 0.28 mmol) in ether (12 mL) until the yellow 
color persisted. The mixture was stirred for 10 min and the reaction was quenched with 
acetic acid. The solvents were removed in vacuo and crude 5-112 was used in the next 
step without further purification. 
To a solution of 5-112 (~ 0.28 mmol) in dichloromethane (1.5 mL) at 0 oC was added 
trifluoroacetic acid (1.5 mL). The mixture was stirred at 0 oC for 30 min and room 
temperature for 30 min. The solvent and acid were removed under reduced pressure to 
give a crude product, which was used in the next step without further purification. 
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To a solution of the crude product in ethyl acetate (14 mL) was added saturated aqueous 
sodium bicarbonate (14 mL). The mixture was stirred vigorously overnight and the 
reaction was quenched with ethyl acetate (50 mL). The mixture was washed with 
saturated aqueous ammonium chloride (10 mL), water (10 mL) and brine (10 mL). The 
organic layer was dried over anhydrous MgSO4 and the solvent was removed under 
reduced pressure. The residue was purified by column chromatography on silica gel using 
hexanes:EtOAc (3:4) to afford 5-113 and 5-114 (3:4 by 1HNMR) as a colorless oil in 
50% for 5 steps. 5-113: 1H NMR (400 MHz, CDCl3) δ 1.06 (m, 21 H), 2.11 (m, 2 H), 
2.21 (s, 3 H), 3.31 (s, 3 H), 3.79 (m, 2 H), 4.14 (td, J = 10.8, 5.6 Hz, 1 H), 4.61 (m, 6 H), 
4.80 (d, J = 12.8 Hz, 1 H), 6.32 (d, J = 10.4, 1 H), 7.40 (t, J = 7.6 Hz, 1 H), 7.53 (d, J = 
7.6 Hz, 1 H), 8.10 (dd, J = 8.0, 1.6 Hz, 1 H). HRMS calcd. for C26H41NO6SiH+ 492.2781, 
found 492.2775 (Δ= -1.2 ppm).   
 
1-(tert-Butoxycarbonyl)-2-[(2,6-diethenylphenyl)hydroxymethyl]-4-
triisopropylsiloxypyrrolidine (5-117):16, 30, 39  

A mixture of aryl bromide 5-106 (257 mg, 1.22 mmol) and Mg turnings (35 mg, 1.47 
mmol) in THF (12 mL) was added 1 drop of 1,2-dibromoethane and the mixture was 
heated at reflux. After 2 h, the reaction mixture was cooled to room temperature. 
Aldehyde 5-14 (226 mg, 0.61 mmol) was dissolved in THF (7 mL) and cooled down to -
78 oC. The Grignard reagent generated above (1.22 mmol, 2.0 equiv) was added to the 
aldehyde solution by canula and the reaction mixture was stirred overnight. The rection 
was quenched with saturated aqueous NH4Cl solution (20 mL) and extracted with 
dichloromethane (20 mL x 3). The organic layer was dried over anhydrous MgSO4 and 
solvent was removed under reduced pressure. The residue was purified by column 
chromatography on silica gel using hexanes:EtOAc (17:1) to afford 5-117 (227 mg, 74%) 
as colorless oil: 1H NMR (400 MHz, CDCl3) δ 0.96 (m, 21 H), 1.32-1.44 (m, 9H), 1.74 
(m, 1 H), 2.19 (m, 1 H), 3.31 (m, 1 H), 3.57 (m, 1 H), 3.85 (m, 1 H), 4.51 (m, 1 H), 4.98 
(m, 1 H), 5.12 (dd, J =10.8, 1.6 Hz, 2 H), 5.41 (dd, J = 17.6, 2.0 Hz, 2 H), 6.96-7.74 (m, 5 
H). 13C NMR (100.5 MHz, CDCl3) δ 12.0, 18.0, 28.2, 36.8, 39.6, 55.6, 63.8, 70.0, 74.1, 
81.0, 114.9, 127.4, 127.9, 128.1, 136.5, 136.4, 137.9, 158.8. HRMS calcd. for 
C29H46NO4SiH+ 502.3353, found 502.3373 (Δ= 4.0 ppm).   
 
2-[Acetoxy(2,6-diethenylphenyl)methyl]-1-(tert-butoxycarbonyl)-4-
triisopropylsiloxypyrrolidine (5-118): 
To a solution of 5-117 (227 mg, 0.45 mmol) and DMAP (3 mg, 0.01 mmol) in CH2Cl2 
(3.0 mL) was added triethylamine (0.33 mL, 1.05 mmol) and acetic anhydride (0.24 mL, 
0.90 mmol) at 0 oC. The reaction mixture was stirred overnight, quenched with saturated 
aqueous NH4Cl solution (20 mL) and extracted with dichloromethane (30 mL x 3). The 
organic layer was dried over anhydrous MgSO4 and the solvent was concentrated under 
reduced pressure. The residue was purified by column chromatography on silica gel using 
hexanes:EtOAc (15:1) to afford 5-118 (239 mg, 98%) as colorless oil. 1H NMR (400 
MHz, CDCl3) δ 1.09 (m, 21 H), 1.28-1.47 (m, 9 H), 1.66 (m, 1 H), 1.71 (m, 4 H), 3.48 (m, 
2 H), 4.43 (m, 1 H), 4.79 (m, 1 H), 5.23 (m, 2 H), 5.47 (m, 2 H), 6.43 (m, 1 H), 7.04 (m, 1 
H), 7.27-7.74 (m, 4 H). 13C NMR (100.5 MHz, CDCl3) δ 12.7, 18.5, 21.1, 28.7, 37.5, 
55.5, 59.4, 71.5, 73.9, 79.4, 116.6, 128.2, 128.7, 129.5, 132.8, 137.4, 139.4, 155.8, 169.4. 
HRMS calcd. for C31H48NO5SiH+ 544.3458, found 544.3472 (Δ= 2.6 ppm).   
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10-Acetoxy-9-methoxycarbonyl-2-triisopropylsiloxy-1,2,3,5,10,10a-
hexahydropyrrolo[1,2-b]isoquinolin-5-one (5-121):45  
Nitrogen gas was bubbled into a solution of 5-118 (239 mg, 0.44 mmol) in CH2Cl2 (24 
mL) at -78 ˚C for 3 min. Then, O3 gas was bubbled into the solution till the color of the 
solution turned blue (15 min), and N2 was bubbled into the solution for another 3 min 
until the blue color disappeared. Dimethyl sulfide (0.16 mL, 1.08 mmol) was added to the 
solution and the reaction mixture was allowed to warm to room temperature. The reaction 
mixture was stirred at room temperature for 3 h. The solvent was removed in vacuo and 
crude product was used in the next step without further purification. 
Sodium chlorite (407 mg, 4.4 mmol) was added to a solution of the crude product and 
sodium phosphate (monobasic) (712 mg, 4.4 mmol) in acetone/water (1:1, 5 mL). The 
reaction mixture was stirred at room temperature for 1 h and quenched with ethyl acetate 
(60 mL). The organic layer was washed with aqueous hydrochloric acid (1 N, 10 mL), 
Na2S2O3 (10%, 10 mL x 2), and brine (10 mL), dried with MgSO4, filtered, and 
concentrated. Crude 5-119 was used in the next step without further purification. 
A solution of potassium hydroxide (4 g) in water (8 mL) and ethanol (32 mL) was added 
to a solution of diazald® (4 g) in ether (60 mL) at 0 oC. The mixture was stirred for 10 
min at 0 oC and distilled to afford a yellow ether solution. The diazomethane solution in 
ether was added to the solution of 5-119 (~ 0.44 mmol) in ether (20 mL) until the yellow 
color persisted. The mixture reaction was stirred for 10 min and quenched with acetic 
acid. The solvent was removed in vacuo to give crude 5-120, which was used in the next 
step without further purification. 
To a solution of 5-120 (~ 0.44 mmol) in dichloromethane (4 mL) at 0 oC was added 
trifluoroacetic acid (4 mL). The reaction mixture was stirred at 0 oC for 30 min and room 
temperature for 30 min. The solvent and acid were removed under reduced pressure and 
the residue was used in the next step without further purification. 
To a solution of the residue in ethyl acetate (20 mL) was added saturated aqueous sodium 
bicarbonate (20 mL). The reaction mixture was stirred vigorously overnight before being 
quenched with ethyl acetate (50 mL). The mixture was washed with saturated aqueous 
ammonium chloride (10 mL), water (10 mL) and brine (10 mL). The organic layer was 
dried over anhydrous MgSO4 and the solvent was removed under reduced pressure. The 
residue was purified by column chromatography on silica gel using hexanes:EtOAc (3:1) 
to afford 5-121 (1:1 by 1HNMR) as a colorless oil (131 mg) in 63% for 5 steps: 1H NMR 
(400 MHz, CDCl3) δ 1.04 (m, 21 H), 1.89 (td, J = 12.8, 4.0, 0.5 H), 1.98 (s, 1.5 H), 2.16 
(m, 2 H), 3.77 (m, 2 H), 3.84 (s, 1.5 H), 3.92 (s, 1.5 H), 4.07 (m, 0.5 H), 4.30 (ddd, J = 
11.2, 5.6, 2.4 Hz, 0.5 H), 4.64 (m, 1 H), 6.40 (d, J = 10.8, 0.5 H), 6.74 (d, J = 2.4 Hz, 0.5 
H), 7.49 (t, J = 8.4 Hz, 0.5 H), 7.58 (t, J = 7.6 Hz, 0.5 H), 7.77 (dd, J = 8.0, 1.6 Hz, 0.5 
H), 8.04 (dd, J = 8.0, 1.6 Hz, 0.5 Hz), 8.24 (dd, J = 8.0, 1.6 Hz, 0.5 H), 8.36 (dd, J = 7.6, 
1.2 Hz, 0.5 H). HRMS calcd. for C26H41NO6SiH+ 492.2781, found 492.2775 (Δ= -1.2 
ppm).   
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10α-Hydroxy-9-hydroxymethyl-2-triisopropylsiloxy-2,3,10,10a-tetrahydro-1H-
pyrrolo[1,2-b]isoquinolin-5-one (5-83) and 10β-Hydroxy-9-hydroxymethyl-2-tri-
isopropylsiloxy-2,3,10,10a-tetrahydro-1H-pyrrolo[1,2-b]isoquinolin-5-one (5-79):16  
To a solution of 5-121 (50 mg, 1:1 ratio, 0.10 mmol) in THF (2.0 mL) was added 2 M 
lithium borohydide in THF (0.1 mL, 0.2 mmol). The reaction mixture was stirred 
overnight and quenched with ice water. The water layer was extracted with EtOAc. The 
organic layers were combined, washed with 5% aqueous phosphoric acid (5 mL x 3), and 
dried over anhydrous MgSO4. The solvent was removed under reduced pressure. The 
residue was purified by column chromatography on silica gel using 2% methanol in 
dichloromethane as the eluent to afford 5-83 as a white solid (15 mg, 38%): mp 153-155 
oC; [α]D

22 –86 (c 1.5, CHCl3); 1H NMR (400 MHz, CDCl3) δ 1.06 (m, 21 H), 1.85 (ddd, J 
= 14.8, 10.8, 4.0 Hz, 1 H), 2.48 (dd, J = 12.8, 5.6 Hz, 1 H), 3.68 (d, J = 13.6 Hz, 1 H), 
3.72 (dd, J = 13.2, 4.4 Hz, 1 H), 4.02 (td, J = 16.4, 5.2 Hz, 1 H), 4.61 (t, J = 3.6 Hz, 1 H), 
4.71 (t, J = 12.4 Hz, 1 H), 4.83 (m, 2 H), 5.79 (bs, 1 H), 7.22 (m, 2 H), 7.78 (dd, J = 7.6, 
3.6 Hz, 1 H). 13C NMR (100.5 MHz, CDCl3) δ 11.9, 17.9, 42.3, 55.3, 59.8, 65.1, 69.4, 
73.3 127.5, 127.8, 129.5, 133.8, 137.3, 139.7, 162.9. HRMS: m/e calcd for 
C22H35NO4SiH+:  406.2414  Found: 406.2411 (Δ = -0.6 ppm).  
5-79 was eluted using 3% methanol in dichloromethane as a white solid (15 mg, 38%): 
mp 46-48 oC; [α]D

22 –110 (c 2.0, CHCl3); 1H NMR (400 MHz, CDCl3) δ 1.04 (m, 21 H), 
2.06 (dd, J = 12.8, 6.0 Hz, 1 H), 2.48 (td, J = 12.8, 4.0 Hz, 1 H), 3.65 (d, J = 12.8 Hz, 1 
H), 3.72 (dd, J = 12.8, 4.0 Hz, 1 H), 4.06 (ddd, J = 10.8, 5.6, 2.8 Hz, 1 H), 4.58 (d, J = 
12.8 Hz, 1 H), 4.68 (t, J = 3.6 Hz, 1 H), 4.79 (d, J = 3.2 Hz, 1 H), 4.94 (d, J = 12.8 Hz, 1 
H), 7.06 (t, J = 7.6 Hz, 1 H), 7.37 (m, 2 H). 13C NMR (100.5 MHz, CDCl3) δ 12.0, 17.9, 
36.7, 55.0, 58.5, 62.6, 63.3, 69.8, 127.0, 128.6, 128.9, 132.3, 137.1, 138.6, 162.9. HRMS: 
m/e calcd for C22H35NO4SiH+:  406.2414  Found: 406.2397 (Δ = -4.1 ppm). 
 
2-Bromo-1-hydroxymethyl-3-(2-methoxyethenyl)benzene (5-122):46  
To a solution of PPh3(CH2OMe)Cl  (2.6 g, 4.6 mmol) in THF (30 mL) at 0 oC was added 
1.0 M NaHMDS in THF (7.0 mL, 7.0 mmol) at 0 oC.  The mixture was stirred at room 
temperature for 1 hour. The suspension was added to a solution of 5-44 (750 mg, 3.5 
mmol) in THF (15 mL). The mixture was stirred at room temperature for 1 hour and then 
quenched with saturated aqueous ammonium chloride (30 mL). The water layer was 
extracted with ethyl ether (40 mL x 3). The organic layers were combined and washed 
with brine (10 mL x 2) and dried over anhydrous MgSO4. The solvent was removed 
under reduced pressure to afford 5-122 as yellow waxy solid (761 mg, 90%) with ~ 1:1 
ratio of Z/E isomers: 1H NMR (400 MHz, CDCl3) δ 2.84 (bs, 1 H), 3.72 (s, 1.65 H), 3.75 
(s, 1.35 H), 4.69 (s, 2 H), 5.64 (d, J = 7.2 Hz, 0.45 H), 6.13 (d, J = 12.8 Hz, 0.55 H), 6.23 
(d, J =  7.2 Hz, 0.45 H), 6.93 (d, J = 12.8 Hz, 0.55 H), 7.24 (m, 2.55 H), 7.94 (t, J = 4.8 
Hz, 0.45 H). HRMS calcd. for C10H11BrO2 Na+: 264.9840, found 264.9839 (Δ= 0.4 ppm). 
 
(2-Bromo-3-hydroxymethyl)phenylacetaldehyde (5-123):46  
To the solution of 5-122 (760 mg, 3.10 mmol) in acetone (25 mL) was added 3 N HCl 
solution (15 mL) and the mixture was refluxed for 40 min and the reaction was quenched 
with saturated aqueous sodium bicarbonate (20 mL). The water layer was extracted with 
ethyl ether (30 mL x 3). The organic layers were combined and washed with brine (10 
mL x 2) and dried over anhydrous MgSO4. The solvent was removed under reduced 
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pressure. The crude product was purified on a silica gel column using dichloromethane as 
eluent to give 5-123 568 mg (80%) as colorless oil: 1H NMR (400 MHz, CDCl3) δ 2.53 (s, 
1 H), 3.88 (s, 2 H), 4.73 (s, 2 H), 7.14 (d, J = 1.2 Hz, 1 H), 7.29 (t, J = 3.6 Hz, 1 H), 7.44 
(dd, J = 7.6, 0.8 Hz, 1 H), 9.73 (t, J = 1.6 Hz, 1 H). 13C NMR (100.5 MHz, CDCl3) δ 50.7, 
65.2, 124.8, 127.7, 127.8, 130.7, 133.0, 141.0, 198.5. HRMS calcd. for C9H9BrO2

+: 
227.9786, found 227.9790 (Δ= 1.7 ppm). 
 
1-Allyl-2-bromo-3-hydroxymethylbenzene (5-124):34  
To a solution of PPh3CH3Br (1.1 g, 3.25 mmol) in THF (30 mL) at 0 oC was added 
sodium hydride (60% suspension in mineral oil, 235 mg, 5.75 mmol). The mixture was 
stirred at room temperature for 1 h. The resulting suspension was added to a solution of 
5-123 (568 mg, 2.5 mmol) in THF (10 mL). The reaction mixture was stirred at 40 oC for 
1 h and quenched with saturated aqueous NH4Cl solution (30 mL). The water layer was 
extracted with dichloromethane (30 mL x 3). The organic layers were combined, washed 
with brine (10 mL x 2), and dried by anhydrous MgSO4. The solvent was removed under 
reduced pressure. The residue was purified by column chromatography on silica gel using 
Hexanes:EtOAc = 20:1 as the eluent to afford 5-124 as a white solid (369 mg, 50%): mp 
34-35 oC, 1H NMR (300 MHz, CDCl3) δ 2.03 (s, 1 H), 3.55 (d, J = 5.2 Hz, 2 H), 4.77 (s, 
2 H), 5.08 (dt, J = 13.6, 2.8 Hz, 1 H), 5.12 (dd, J = 8.0, 1.2 Hz, 1 H), 5.97 (m, 1 H), 7.19 
(d, J = 6.0 Hz, 1 H), 7.27 (t, J = 6.0 Hz, 1 H), 7.34 (d, J = 6.4 Hz, 1 H). 13C NMR (100.5 
MHz, CDCl3) δ 40.2, 65.3, 116.5, 124.4, 126.4, 127.2, 129.3, 135.4, 139.7, 140.2. HRMS 
calcd. for C10H11BrONa+ 248.9891, found 248.9897 (Δ= 2.4 ppm). 
 
1-Allyl-2-bromo-3-methoxymethoxymethylbenzene (5-125):34  
To a solution of 5-124 (369 mg, 1.63 mmol) in anhydrous dichloromethane (27 mL) at 0 
oC under nitrogen was added N,N'-diisopropylethylamine (0.64 mL, 6.6 mmol), followed 
by chloromethyl methyl ether (0.27 ml, 3.3 mmol). The reaction mixture was stirred at 
room temperature overnight. The reaction was quenched with saturated aqueous 
ammonium chloride (30 mL). The water layer was extracted with dichloromethane (30 
mL x 3). The organic layers were combined and washed with brine (10 mL x 2) and dried 
over anhydrous MgSO4. The solvent was removed under reduced pressure. The residue 
was purified by column chromatography on silica gel using hexanes:EtOAc (50:1) as the 
eluent to afford 5-125 as a colorless oil (400 mg, 90%): 1H NMR (300 MHz, CDCl3) 
δ 3.52 (s, 3 H), 3.64 (dd, J = 6.3, 1.2 Hz, 2 H), 4.78 (s, 2 H), 4.85 (s, 2 H), 5.20 (m, 2 H), 
6.05 (d, J = 17.2 Hz, 1 H), 7.13 (dd, J = 17.6, 13.2 Hz, 1 H), 7.29 (t, J = 8.0 Hz, 1 H), 
7.42 (m, 1 H), 7.25 (dt, J = 7.5, 1.5 Hz, 1 H), 7.34 (t, J = 7.5 Hz, 1 H), 7.45 (d, J = 7.5 Hz, 
1 H). 13C NMR (100.5 MHz, CDCl3) δ 40.5, 55.5, 69.5, 96.1, 116.5, 124.9, 127.1, 129.4, 
135.5, 137.9, 139.9. HRMS calcd. for C12H15BrO2

+ 270.0255, found 270.0259 (Δ= 1.5 
ppm). 
 
2-[(2-Allyl-6-methoxymethoxymethylphenyl)hydroxymethyl]-1-(tert-
butoxycarbonyl)-4-triisopropylsiloxypyrrolidine (5-126):31  

Aryl bromide 5-125 (230 mg, 0.835 mmol) was dissolved in dry THF (8 mL) under N2 
and 1.6 M n-BuLi in THF (0.58 mL, 0.92 mmol) was added at -78 oC. The resulting 
solution was stirred for 1 h. Then, HMPA (0.15 mL) was added and the solution was 
stirred for 1 h. A solution of aldehyde 5-14 (311 mg, 0.835 mmol) in dry THF (5 mL) 
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was added dropwise. The resulting solution was allowed to slowly warm up to -20 oC 
with stirring overnight. After addition of saturated NH4Cl solution (20 mL), the mixture 
was extracted with dichloromethane (3 x 20 mL). The combined organic layers were 
washed with brine and dried over MgSO4. After evaporation of the solvent, the residue 
was purified by flash chromatography on silica gel using Hexanes:EtOAc (10:1) as the 
eluent to afford desired product 5-126 (333 mg, 71% yield) as colorless oil: 1H NMR 
(500 MHz, CDCl3) δ 1.04 (m, 21 H), 1.32-1.44 (m, 9H), 1.74 (m, 1 H), 2.19 (m, 1 H), 
3.40 (s, 3 H), 3.57 (m, 4 H), 4.45 (m, 2 H), 4.70 (m, 4 H), 5.07 (m, 3 H), 5.97 (m, 1 H), 
7.15 (d, J = 7.0 Hz, 1 H), 7.21 (m, 1 H), 7.27 (d, J = 6.0 Hz, 1 H). HRMS calcd. for 
C31H53NO6SiH+ 564.3720, found 564.3725 (Δ= 0.9 ppm).   
 
2-[Acetoxy(2-allyl-6-methoxymethoxymethylphenyl)-methyl]-1-(tert-
butoxycarbonyl)-4-triisopropylsiloxy-pyrrolidine (5-127):31 
To a solution of 5-126 (332 mg, 0.59 mmol) and DMAP (4 mg, 0.03 mmol) in CH2Cl2 
(5.0 mL) was added triethylamine (0.7 mL, 2.3 mmol) and acetic anhydride (0.4 mL, 1.2 
mmol) at 0 oC. The reaction mixture was stirred overnight, quenched with saturated 
aqueous NH4Cl solution (20 mL) and extracted with dichloromethane (30 mL x 3). The 
organic layer was dried over anhydrous MgSO4 and solvent was removed under reduced 
pressure. The residue was purified by column chromatography on silica gel using 
hexanes:EtOAc (12:1) to afford 4-95 (337 mg, 96%) as colorless oil: 1H NMR (400 MHz, 
CDCl3) δ 1.03 (m, 21 H), 1.28-1.43 (m, 9 H), 1.66 (m, 1 H), 2.05 (m, 4 H), 3.42 (s, 3 H), 
3.65 (m, 4 H), 4.70 (m, 6 H), 5.05 (m, 2 H), 5.97 (m, 1 H), 6.10 (m, 1 H), 7.11-7.31 (m, 3 
H); 13C NMR (100.5 MHz, CDCl3) δ 11.9, 17.8, 21.0, 27.7, 37.6, 38.4, 55.2, 58.6, 66.9, 
70.7, 72.5, 73.4, 79.7, 95.4, 115.9, 127.7, 128.1, 130.3, 133.5, 134.1, 137.1, 139.2, 154.5, 
169.6. 1HRMS calcd. for C33H55NO7SiH+ 606.3826, found 606.3832 (Δ= 1.0 ppm).   
 
5-128 and 5-129:39 

Nitrogen gas was bubbled into a solution of 5-127 (335 mg, 0.55 mmol) in CH2Cl2 (15 
mL) at -78 ˚C for 3 min. Then, O3 gas was bubbled into the solution till the color of the 
solution turned blue (8 min), and N2 was bubbled into the solution for another 3 min until 
the blue color disappeared. Dimethyl sulfide (0.1 mL, 1.4 mmol) was added to the 
solution and the reaction mixture was allowed to warm to room temperature. The reaction 
mixture was stirred at room temperature for 3 h. The solvents were removed in vacuo and 
crude product was used in the next step without further purification. 
Sodium chlorite (200 mg, 2.24 mmol) was added to a solution of the crude product 
(~0.55 mmol) and sodium phosphate (monobasic) (350 mg, 2.24 mmol) in acetone/water 
(1:1, 2.4 mL). The reaction mixture was stirred at room temperature for 1 h and was 
quenched by ethyl acetate (60 mL). The organic layer was washed with hydrochloric acid 
(1 N, 10 mL), Na2S2O3 (10%, 10 mL x 2), and brine (10 mL), dried with MgSO4, filtered, 
and concentrated. Crude product was used in the next step without further purification. 
A solution of potassium hydroxide (4 g) in water (8 mL) and ethanol (32 mL) was added 
to a solution of diazald® (4 g) in ether (60 mL) at 0 oC. The reaction mixture was stirred 
for 10 min at 0 oC and distilled to afford a yellow ether solution. The diazomethane 
solution in ether was added to the solution of the crude product (~ 0.28 mmol) in ether 
(12 mL) until the yellow color did not disappear. The reaction mixture was stirred for 10 
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min and quenched by acetic acid. The solvents were removed in vacuo and crude product 
was used in the next step without further purification. 
To a solution of the crude product (~ 0.55 mmol) in dichloromethane (1.5 mL) at 0 oC 
was added trifluoroacetic acid (1.5 mL). The mixture was stirred at 0 oC for 30 min and 
room temperature for 30 min. The solvent and acid were removed under reduced pressure 
to give a crude product, which was used in the next step without further purification. 
To a solution of the crude product in ethyl acetate (14 mL) was added saturated aqueous 
sodium bicarbonate (14 mL). The reaction mixture was stirred vigorously for overnight 
and quenched with ethyl acetate (50 mL). The mixture was washed by saturated aqueous 
ammonium chloride (10 mL), water (10 mL) and brine (10 mL). The organic layer was 
dried by anhydrous MgSO4 and the solvent was removed by reduced pressure. The 
residue was purified by column chromatography on silica gel using hexanes:EtOAc (3:1) 
to afford 5-128 and 5-129 (1:10) as a colorless oil in 66% over 5 steps.  
5-128: colorless oil; [α]D

22 -26 (c 1.8, CHCl3); 1H NMR (400 MHz, CDCl3) δ 1.01 (m, 21 
H), 1.99 (m, 2 H), 2.07 (s, 3 H), 3.36 (s, 3 H), 3.46 (d, J = 13.2 Hz, 1 H), 3.75 (d, J = 
17.2 Hz, 1 H), 3.98 (dd, J = 12.8, 5.6 Hz, 1 H), 4.18 (dd, J = 10.8, 6.0 Hz, 1 H), 4.38 (d, J 
= 17.2 Hz, 1 H), 4.45 (t, J = 3.6 Hz, 1 H), 4.50 (d, J = 11.6 Hz, 1 H), 4.61 (dd, J = 12.8, 
6.4 Hz, 2 H), 5.05 (d, J = 11.6 Hz, 1 H), 6.43 (s, 1 H), 7.14 (dd, J = 6.0, 2.4 Hz, 1 H), 
7.25  (m, 2 H); 13C NMR (100.5 MHz, CDCl3) δ 11.9, 17.9, 20.9, 40.9, 43.8, 55.4, 57.9, 
59.8, 67.5, 68.9, 95.3, 128.9, 129.4, 131.2, 134.6, 135.6, 135.7, 167.5, 170.2. HRMS 
calcd. for C27H43NO6SiH+ 506.2938, found 506.2928 (Δ= -2.0 ppm). 
5-129: colorless oil; [α]D

22 +62 (c 0.2, CHCl3); 1H NMR (400 MHz, CDCl3) δ 1.05 (m, 
21 H), 2.02 (dt, J = 13.6, 2.8 Hz, 1 H), 2.06 (s, 3 H), 2.26 (dd, J = 10.0, 4.0 Hz, 1 H), 
3.38 (s, 3 H), 3.38 (d, J = 11.2 Hz, 1 H), 3.47 (dd, J = 10.4, 3.6 Hz, 1 H), 3.52 (d, J = 10.0 
Hz, 1 H), 4.36 (m, 2 H), 4.46 (d, J = 10.0 Hz, 1 H), 4.52 (d, J = 9.6 Hz, 1 H), 4.65 (dd, J 
= 10.8, 5.2 Hz, 2 H), 4.84 (d, J = 9.6 Hz, 1 H), 6.41 (d, J = 2.4 Hz, 1 H), 7.26 (m, 3 H); 
13C NMR (100.5 MHz, CDCl3) δ 11.9, 17.8, 21.1, 41.9, 42.7, 55.4, 55.9, 61.6, 67.3, 67.9 
70.9, 95.6, 129.2, 129.3, 129.9, 131.9, 137.5, 137.6, 169.9, 170.6. HRMS calcd. for 
C27H43NO6SiH+ 506.2938, found 506.2928 (Δ= -2.0 ppm). 
 
5-130:39  
To a solution of 5-128 (20 mg, 0.04 mmol) in methanol (2 mL) and water (1 mL) was 
added potassium carbonate (13 mg, 0.08 mmol). The reaction mixture was stirred at room 
temperature for 35 min. Then the mixture was quenched by ethyl acetate and the organic 
layer was washed by saturated aqueous NH4Cl solution (20 mL), water (10 mL x 2) and 
brine (10 mL). The organic layer was dried over anhydrous MgSO4 and solvent was 
removed under reduced pressure vacuum. The residue was purified by column 
chromatography on silica gel using hexanes:EtOAc (3:1) to afford 5-130 as a white solid 
(17 mg, 94%): mp 91-92 oC; [α]D

22 –48 (c 1.3, CHCl3); 1H NMR (400 MHz, CDCl3) 
δ 1.03 (m, 21 H), 2.28 (m, 1 H), 2.55 (m, 1 H), 3.24 (d, J = 6.0 Hz, 1 H), 3.40 (s, 3 H), 
3.62 (d, J = 15.6 Hz, 1 H), 3.63 (d, J = 12.0 Hz, 1 H), 3.72 (d, J = 10.8 Hz, 1 H), 4.16 (d, 
J = 15.6 Hz, 1 H), 4.51 (d, J = 6.4 Hz, 1 H), 4.69 (s, 2 H), 4.72 (s, 2 H), 4.80 (d, J = 11.6 
Hz, 1 H), 4.89 (d, J = 5.6 Hz, 1 H), 7.14 (d, J = 7.6 Hz, 1 H), 7.23 (t, J = 7.6 Hz, 1 H), 
7.31 (d, J = 7.6 Hz, 1 H). 13C NMR (100.5 MHz, CDCl3) δ 12.0, 17.9, 39.8, 44.5, 55.7, 
58.6, 67.7, 69.3, 69.4, 70.2, 95.6, 128.3, 130.2, 131.8, 132.1, 137.5, 138.9, 169.8. HRMS: 
m/e calcd for C25H41NO5SiH+:  464.2832  Found: 464.2820 (Δ = -2.6 ppm). 
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5-132:39  
To a solution of 5-129 (260 mg, 0.51 mmol) in methanol (20 mL) and water (10 mL) was 
added potassium carbonate (180 mg, 1.02 mmol). The reaction mixture was stirred at 
room temperature for 30 min. Then, the reaction mixture was quenched with ethyl acetate 
and the organic layer was washed with saturated aqueous NH4Cl solution (20 mL), water 
(10 mL x 2) and brine (10 mL). The organic layer was dried over anhydrous MgSO4 and 
solvent was removed under reduced pressure. The residue was purified by column 
chromatography on silica gel using hexanes:EtOAc (3:1) to afford 5-132 as a white solid 
(189 mg, 81%): mp 104-105 oC; 1H NMR (400 MHz, CDCl3) δ 1.05 (m, 21 H), 2.20 (m, 
1 H), 2.54 (m, 1 H), 3.35 (d, J = 14.0 Hz, 1 H), 3.40 (s, 3 H), 3.42 (d, J = 5.2 Hz, 1 H), 
3.64 (dd, J = 11.6, 3.6 Hz, 1 H), 4.36 (d, J = 14.0 Hz, 1 H), 4.42 (dd, J = 15.6, 6.4 Hz, 1 
H), 4.52 (d, J = 4.4 Hz, 1 H), 4.56 (d, J = 11.2 Hz, 1 H), 4.71 (dd, J = 11.6, 6.4 Hz, 2 H), 
4.82 (d, J = 2.8 Hz, 1 H), 4.85 (s, 1 H), 7.26 (m, 3 H). 13C NMR (100.5 MHz, CDCl3) 
δ 12.0, 17.9, 43.0, 43.7, 53.9, 55.8, 60.5, 68.5, 69.4, 73.1, 95.6, 128.2, 130.9, 131.9, 133.7, 
136.9, 138.6, 172.2. HRMS: m/e calcd for C25H41NO5SiH+:  464.2832  Found: 464.2837 
(Δ = 1.1 ppm). 
 
5-134:39  
To a solution of 5-132 (45 mg, 0.10 mmol) and DMAP (4 mg, 0.05 mmol) in CH2Cl2 (2.0 
mL) was added triethylamine (0.24 mL, 1.60 mmol) and benzoyl chloride (0.12 mL, 1.20 
mmol) at 0 oC. The reaction mixture was stirred overnight, quenched with saturated 
aqueous NH4Cl solution (20 mL) and extracted with dichloromethane (30 mL x 3). The 
organic layer was dried over anhydrous MgSO4 and solvent was removed under reduced 
pressure to afford a liquid residue. The residue was purified by column chromatography 
on silica gel using hexanes:EtOAc (3:1) to afford 5-133 (28 mg, 50%) as colorless oil: 1H 
NMR (500 MHz, CDCl3) δ 1.07 (m, 21 H), 2.15 (td, J = 11.5, 4.0 Hz, 1 H), 2.35 (dd, J = 
13.5, 6.0 Hz, 1 H), 3.42 (s, 3 H), 3.55 (d, J = 13.5 Hz, 1 H), 3.59 (s, 2 H), 4.42 (d, J = 2.5 
Hz, 1 H), 4.55 (ddd, J = 11.0, 6.0, 2.5 Hz, 1 H), 4.60 (d, J = 11.5 Hz, 1 H), 4.64 (d, J = 
13.5 Hz, 1 H), 4.69 (dd, J = 15.0, 6.5 Hz, 2 H), 5.02 (d, J = 11.5 Hz, 1 H), 6.70 (d, J = 
1.5 Hz, 1 H), 7.26 (m, 3 H), 7.49 (t, J = 8.0 Hz, 2 H), 7.58 (t, J = 8.0 Hz, 1 H), 8.02 (d, J 
= 8.0 Hz, 2 H). 
To a solution of 5-133 (28 mg, 0.05 mmol) and anisole (0.1 mL) in CH2Cl2 (1.0 mL) was 
added trifluoroacetic acid (1.0 mL) at 0 oC. The reaction mixture was stirred 2 h at room 
temperature and quenched by ethyl acetate (50 mL). The organic layer was washed with 
saturated NaHCO3 solution (10 mL x 2) and NaCl (10 mL), and dried over anhydrous 
MgSO4 and solvent was removed under reduced pressure to afford a liquid residue. The 
residue was purified by column chromatography (silica gel) using hexanes:EtOAc (2:1) 
to afford 5-134 (25 mg, 95%) as colorless oil: 1H NMR (600 MHz, CDCl3) δ 1.06 (m, 21 
H), 2.03 (td, J = 16.2, 4.2 Hz, 1 H), 2.30 (dd, J = 12.6, 4.8 Hz, 1 H), 2.88 (bs, 1 H), 3.45 
(d, J = 13.8, 1 H), 3.54 (d, J = 13.2 Hz, 1 H), 3.61 (dd, J = 13.2, 4.8 Hz, 1 H), 4.40 (s, 1 
H), 5.57 (dd, J = 12.0, 5.4 Hz, 1 H), 4.66 (d, J = 14.4 Hz, 1 H), 4.84 (dd, J = 18.6, 12.0 
Hz, 2 H), 6.68 (s, 1 H), 7.30 (m, 3 H), 7.45 (t, J = 7.2 Hz, 2 H), 7.58 (t, J = 7.2 Hz, 1 H), 
8.02 (d, J = 9.0 Hz, 2 H). 13C NMR (125.7 MHz, CDCl3) δ 12.0, 17.9, 41.7, 42.8, 56.9, 
61.4, 63.2, 67.7, 71.7, 128.6, 129.0, 129.2, 129.4, 129.7, 129.9, 130.1, 130.9, 133.6, 137.5, 
140.4, 165.8, 170.2. HRMS: m/e calcd for C30H41NO5SiH+:  524.2832  Found: 524.2838 
(Δ = 1.1 ppm). 
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5-136:36  
To a solution of 5-132 (125 mg, 0.27 mmol), benzoic acid (40 mg, 0.32 mmol) and 
triphenylphosphine (78 mg, 0.30 mmol) in THF (1 mL) was added diisopropyl 
azodicarboxylate (0.060 mL, 0.30 mmol). The mixture was stirred overnight and refluxed 
for 3 days. Solvent was removed under reduced pressure and the residue was purified by 
column chromatography on silica gel using hexanes:EtOAc (5:1) to afford 5-131 (147  
mg) accompanied by impurity and the starting material 5-132 (80 mg, conversion 36%). 
To a solution of 5-131 and anisole (0.2 mL) in CH2Cl2 (2.0 mL) was added trifluoroacetic 
acid (2.0 mL) at 0 oC. The reaction mixture was stirred 2 h at room temperature and 
diluted by ethyl acetate (50 mL). The organic layer was washed by saturated NaHCO3 
solution (10 mL x 2) and NaCl (10 ml), dried over anhydrous MgSO4, and solvent was 
removed under reduced pressure to afford a liquid. The residue was purified by column 
chromatography on silica gel using hexanes:EtOAc (2:1) to afford 5-135 (32 mg, 63% in 
2 steps) as colorless oil. 
To a solution of 5-136 (22 mg, 0.042 mmol) and DMAP (1 mg, 0.005 mmol) in CH2Cl2 
(0.5 mL) was added triethylamine (0.04 mL, 0.12 mmol) and acetic anhydride (0.03 mL, 
0.08 mmol) at 0 oC. The reaction mixture was stirred overnight, quenched with saturated 
aqueous NH4Cl solution (20 mL) and extracted with dichloromethane (20 mL x 3). The 
organic layer was dried over anhydrous MgSO4 and solvent was removed under reduced 
pressure to afford a liquid. The residue was purified by column chromatography on silica 
gel using hexanes:EtOAc (2:1) to afford 5-136 (21 mg, 80%) as colorless oil: [α]D

22 +5.5 
(c 0.5, CHCl3); 1H NMR (600 MHz, CDCl3) δ 1.02 (m, 21 H), 1.95 (s, 3 H), 2.18 (m, 2 
H), 3.55 (d, J = 13.2 Hz, 1 H), 3.92 (d, J = 17.8 Hz, 1 H), 4.04 (d, J = 13.2, 5.4 Hz, 1 H), 
4.35 (dd, J = 10.2, 6.0 Hz, 1 H), 4.39 (d, J = 18.0 Hz, 1 H), 4.46 (s, 1 H), 4.25 (d, J = 12.6 
Hz, 1 H), 5.57 (d, J = 12.0 Hz, 1 H), 5.59 (s, 1 H), 7.19 (d, J = 7.2 Hz, 1 H), 7.29 (t, J = 
7.2 Hz, 1 H), 7.33 (d, J = 7.2 Hz, 1 H), 7.43 (t, J = 7.2 Hz, 2 H), 7.57 (t, J = 7.8 Hz, 1 H), 
7.99 (d, J = 7.8 Hz, 2 H). 13C NMR (125.7 MHz, CDCl3) δ 11.9, 17.9, 20.8, 40.9, 44.1, 
57.6, 59.8, 64.5, 67.7, 69.7, 128.7, 129.2, 129.8, 130.3, 131.9, 133.7, 134.5, 134.6, 135.3, 
165.6, 167.8, 170.2. HRMS: m/e calcd for C32H43NO6SiH+:  566.2938  Found: 566.2955 
(Δ = 3.0 ppm). 
 
5-137:25 
To a solution of 5-136 (21 mg, 0.037 mmol) in CH3CN (0.4 mL) and pyridine (0.4 mL) 
was added HF-pyridine (70:30, 0.2 ml) and the reaction mixture was stirred overnight. 
The reaction mixture was quenched with EtOAc (40 mL) and washed with saturated 
aqueous NaHCO3 solution (10 mL x 2), CuSO4 solution (10 mL x 3), water (10 mL x 3) 
and brine (3 mL). The organic layer was dried over anhydrous MgSO4 and solvent was 
removed under reduced pressure. The residue was purified by column chromatography on 
silica gel using 5% MeOH in chloroform as the eluent to afford 5-137 as white solid (13 
mg, 86%): 1H NMR (500 MHz, CDCl3) δ 2.00 (s, 3 H), 2.20 (m, 2 H), 3.64 (d, J = 13.5 
Hz, 1 H), 3.93 (d, J = 17.5 Hz, 1 H), 3.98 (m, 1 H), 4.40 (m, 2 H), 4.48 (s, 1 H), 5.26 (d, J 
= 12.5, 1 H), 5.58 (d, J = 12.5 Hz, 1 H), 6.61 (s, 1 H), 7.18 (d, J = 7.0 Hz, 1 H), 7.29 (t, J 
= 8.0 Hz, 1 H), 7.34 (d, J = 7.5 Hz ,1 H), 7.45 (t, J = 8.0 Hz, 2 H), 7.59 (d, J = 7.5 Hz, 1 
H), 7.99 (d, J = 7.5 Hz, 2 H). 13C NMR (125.7 MHz, CDCl3) δ 20.8, 39.8, 44.0, 57.1, 
59.5, 64.5, 67.0, 69.5, 128.7, 129.1, 129.3, 129.7, 129.8, 130.0, 131.8, 133.7, 134.3, 134.5, 
135.2, 165.6, 167.9, 170.3. HRMS: m/e calcd for C23H23NO6H+: 410.1604  Found: 
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410.1594 (Δ = -2.4 ppm). 
 
5-138:50 
Pyridinium chlorochromate (102 mg, 0.48 mmol) was added to the solution of 5-132 (75 
mg, 0.16 mmol) in dichloromethane (3.0 mL). The mixture was stirred at room 
temperature for 2.5 h and the reaction was quenched with Et2O (50 mL). After filtration, 
the solid residue was washed with Et2O (50 mL x 2) and the combined organic layer was 
washed with 5% aqueous citric acid solution (5 mL), saturated aqueous NaHCO3 solution 
(10 mL) and brine (10 mL). The organic layer was dried over anhydrous MgSO4 and 
solvent was removed by reduced pressure. The residue was purified by column 
chromatography on silica gel using hexanes:EtOAc (4:1) as the eluent to afford 5-138 as 
colorless oil (28 mg, 93% based on 40% conversion): [α]D

22 +43 (c 0.8, CHCl3); 1H NMR 
(600 MHz, CDCl3) δ 1.07 (m, 21 H), 2.23 (td, J = 10.8, 4.2 Hz, 1 H), 2.49 (ddt, J = 13.2, 
6.6, 1.8 Hz, 1 H), 3.34 (s, 3 H), 3.40 (dd, J = 12.0, 4.2 Hz, 1 H), 3.48 (d, J = 13.8 Hz, 1 
H), 3.75 (d, J = 12.6 Hz, 1 H), 4.00 (d, J = 13.8 Hz, 1 H), 4.46 (s, 1 H), 4.63 (s, 2 H), 4.65 
(d, J = 13.2 Hz, 1 H), 4.80 (d, J = 13.2 Hz, 1 H), 4.82 (dd, J = 11.4, 6.6 Hz, 1 H), 7.26 (d, 
J = 7.2 Hz, 1 H), 7.42 (t, J = 7.8 Hz, 1 H), 7.48 (d, J = 7.8 Hz, 1 H). 13C NMR (125.7 
MHz, CDCl3) δ 12.0, 17.9, 40.7, 43.1, 55.4, 55.7, 66.7, 67.3, 68.7, 96.3, 128.4, 128.9, 
132.2, 133.5, 136.5, 139.8, 170.1, 202.6. HRMS: m/e calcd for C29H35NO5H+: 462.2312  
Found: 462.2330 (Δ = 3.9 ppm). 
 
5-130 and 5-132: 
Sodium borohydride (40 mg, 0.24 mmol) was added to a solution of 5-138 (28 mg, 0.06 
mmol) in methanol (2.5 mL) at room temperature. The reaction mixture was stirred for 5 
min, quenched with saturated aqueous NH4Cl solution (20 mL), and extracted with 
dichloromethane (20 mL x 3). The organic layer was dried over anhydrous MgSO4 and 
solvent was removed under reduced pressure. The residue was purified by column 
chromatography on silica gel using hexanes:EtOAc (2:1) to afford 5-130 (13 mg, 47%) 
and 5-132 (13 mg, 47%). 
 
5-37:39  
To a solution of 5-137 (11 mg, 0.027 mmol), acid 5-4 (12 mg, 0.03 mmol) and DMAP 
(3.2 mg, 0.027 mmol) in CH2Cl2 (0.5 mL) was added EDC (22 mg, 0.11 mmol) and the 
reaction mixture was stirred for 1 day.  The mixture was then quenched with EtOAc (50 
mL) and washed with water (10 mL x 2) and brine (10 mL).  The organic layer was dried 
over anhydrous MgSO4, filtered, and then solvent was removed under reduced pressure.  
The residue was purified by column chromatography on silica gel using hexanes:EtOAc 
(1:1) as the eluent to afford 5-139 as a white solid (11 mg, 92% based on 50% 
conversion). 
To a solution of 5-139 (11 mg, 0.014 mmol) in methanol (0.5 mL) was added p-TSA (0.5 
mg, 0.003 mmol). After stirring overnight, the solvent was removed and the residue 
purified by column chromatography on silica gel using hexanes:EtOAc (1/2) as the eluent 
to afford 5-37 as a white solid (7 mg, 74%): mp 130-132 oC; 1H NMR (500 MHz, CDCl3) 
δ 1.95 (s, 1 H), 2.27 (td, J = 11.0, 5.0 Hz, 1 H), 2.40 (dd, J = 13.5, 6.0 Hz, 1 H), 3.27 (d, 
J = 4.0 Hz, 1 H), 3.79 (d, J = 14.0 Hz, 1 H), 4.02 (d, J = 17.0, 1 H), 4. 04 (dd, J =14.5, 
5.0 Hz, 1 H), 4.40 (dd, J = 17.0 Hz, 1 H), 4.50 (dd,  J = 11.0, 5.5 Hz, 1 H), 4.65 (dd, J = 
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4.2, 1.2 Hz, 1 H), 5.39 (d, J = 9.0 Hz, 1 H), 5.41 (d, J = 12.5 Hz, 1 H), 5.49 (d, J = 12.5 
Hz, 1 H), 5.74 (d, J = 7.5 Hz, 1 H), 6.64 (s, 1 H), 6.86 (d, J = 9.0 Hz, 1 H), 7.21 (d, J = 
8.0 Hz, 1 H), 7.26 (m, 4 H), 7.43 (m, 6 H), 7.55 (m, 3 H), 7.75 (d, J = 9.0 Hz, 2 H), 7.98 
(d, J = 7.5 Hz, 2 H). HRMS: m/e calcd for C39H36N2O9H+:  677.2499  Found: 677.2502 
(Δ = 0.4 ppm). 
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§ 6.1 Introduction 
 

Although paclitaxel and docetaxel exhibit excellent anti-tumor activity against various 
cancer cell lines, it has been shown that treatments with the drugs often result in multi-
drug resistance (MDR).1, 2 Among a variety of mechanisms proposed to explain 
paclitaxel’s resistance, one of the most prominent mechanisms seems to be the 
overexpression of specific tubulin isotypes.3 β-Tubulin is encoded by at least seven 
different genes with small differences in the C-terminal region and seven isotypes have 
been classified (Table 1).4, 5 β-Tubulin isotypes vary in their degree of sensitivity to 
paclitaxel. Class III β-tubulin exhibited less sensitivity to paclitaxel than the other 
isotypes. The microtubules composed of purified class III β-tubulin were 7.4-fold less 
sensitive to the effects of bound paclitaxel and the microtubules immuno-depleted of 
class III β-tubulin were significantly more sensitive to paclitaxel than microtubules 
assembled from unfractioned tubulin.6, 7  
 

Table 6-1. Tissue distribution of β-tubulin isotypes in normal cells5 
Isotype Organ expression Cellular expression 
βI Constitutive All cells 

βIIa/b Brain, nerves, muscle, rare elsewhere Restricted to particular cell types 

βIII 
Brain 
Testis 
Colon 

Neurons only 
Sertoli cells 

Epithelial cells only 
βIVa Brain Neurons and glia 
βIVb Most organs High in ciliated cells, lower in others 
βV Unknown Unknown 
βVI Blood, bone marrow, spleen Erythroid cells, platelets 
βVII Brain Unknown 

 
Through structure-activity relationship (SAR) studies, a series of highly active new-

generation taxoids were discovered.8-10 Most of these taxoids exhibited 1 order of 
magnitude higher potency than that of paclitaxel against drug-sensitive cancer cell lines, 
and 2-3 orders of magnitude higher potencies than that of paclitaxel against drug-resistant 
cell lines. Very recently, we found that second-generation taxoid SB-T-1214 and third-
generation taxoid  SB-T-121303 and SB-T-11033 exhibited excellent activity against 
paclitaxel-resistant ovarian cancer cell lines (1A9PTX10 and 1A9PTX22), wherein the 
drug resistance was mediated by β-tubulin mutation (See Chapter I).11 

One of the new-generation taxoids, IDN5390, in which the six-membered C ring of 
the baccatin structure is opened, was developed in Indena, SpA.12  
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Figure 6-1. IDN-5390 
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IDN-5390 acted effectively against paclitaxel-resistant cell lines overexpressing class 
III β-tubulin.13 Ferlini et al assayed IDN-5390 against human ovarian adenocarcinoma 
cell line (A2780wt) and the corresponding mutants, A2780CIS, A2780TOP, A2780TAX, 
and A2780ADR cell lines, resistant to cisplatin, topotecan, paclitaxel and adriamicin, 
respectively. Multi-drug resistance was also evaluated in the case of A2780TC1 and 
A2780TC3 cell lines, resistant to both paclitaxel and cyclosporine A. As an example of 
inherent resistance, OVCAR-3, human ovarian carcinoma was assayed. The IC50 values 
are shown in Table 6-2, where the activity of IDN-5390 is compared to paclitaxel and 
other chemotherapeutic agents. IDN-5390 is 4~10 times less active than paclitaxel 
against A2780TOP, A2780CIS, and A2780wt cells. In the case of cell lines 
overexpressing P-glycoprotein (P-gp), A2780ADR and A2780TAX (generated upon 
continuous exposure to doxorubicin and paclitaxel, respectively, without P-gp blockers), 
IDN-5390 shows a similar trend i.e., about two times less active than paclitaxel. The 
results are completely different in case of A2780TC1 and A2780TC3, two drug-resistant 
cells derived from A2780wt with chronic exposure to paclitaxel in the presence of 
cyclosporine as P-gp blocker. Although IDN-5390 is slightly less active than paclitaxel 
against drug-sensitive cell lines, against drug-resistant cell lines not overexpressing P-gp, 
IDN-5390 is more active (up to 8-fold) than paclitaxel. An explanation for this result 
based on the structural analysis of the cell lines, A2780TC1 and A2780TC3, in 
comparison with the wild type. Taxol-resistance has been shown to be associated with a 
consistent overexpression of class III β-tubulin mRNA level for A2780TC1, A2780TC3 
and OVCAR-3 without significant changes at the level of class I, IVa and IVb β-tubulin 
isotypes.13 This result is in accordance with the previous publications which reported 
changes in the composition and mutations in β-tubulin isotypes in cells resistant to 
paclitaxel.14, 15 The overexpression observed at the level of mRNA was actually translated 
into parallel changes at the protein level.  
 

Table 6-2. Growth inhibition effect (μM) of anticancer drugs  
on drug-resistant ovarian cancer cell lines16 

Drug A2780wt A2780CIS A2780TOP A2780TAX A2780ADR A2780TC1 A2780TC3 OVCAR-3 
Paclitaxel 2.7 3.6 7.2 1,824 1,239 10,027 17,800 26.7 
IDN 5390 27.45 27.3 27.5 2,300 2,617 2,060 2,237 55.9 
Cisplatin 614 7,896 606 3,005 2,057 2,618 2,628 2,146 

Topotecan 8.5 20.6 423 75.5 22.7 63.3 98 87.5 
Doxorubicin 25.9 164 36.3 1,563 2,012 8,519 5,576 199 

 
The weaker binding ability of paclitaxel to class III β-tubulin can be explained by the 

mutation of Ser277 to Ala277, which causes the disruption of the H-bond between 
Ser277 and C7-OH and reorganization of the M-loop region.13, 17 However, paclitaxel 
molecule is too flexible for direct docking studies. As shown in Figure 6-2b, the docking 
of paclitaxel in 1JFF protein generated a totally different conformation from the 1JFF 
structure (Figure 6-2a). Therefore, the docking result of more flexible IDN-5390 in 1JFF 
(Figure 6-2c) is not reliable.  
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Figure 6-2. Binding conformation of paclitaxel and IDN-5390 in 1JFF (a: 1JFF; b: 
docking result of paclitaxel; c: docking result of IDN-5390) [Adapted from ref. 12]  

 
Very recently, a combination of molecular modeling and molecular dynamics (MD) 

techniques have been applied to investigate the binding modes of paclitaxel and IDN-
5390 in the class I and class III human β-tubulins.17 A 2-ns simulation was performed by 
Macromodel® for the paclitaxel and IDN-5390 in the class I/III β-tubulin complexes. A 
restraint (23.9 kcal/(mol*Å)) was applied to the protein backbones in the simulations and 
the binding energies were calculated by the thermodynamic module of the MOLINE 
program.18 According to the study, IDN-5390 can bind to β-tubulins in a very similar 
way as paclitaxel (Figure 6-3). The result indicates that there is no direct interaction 
between Ser277 (or Ala277) with paclitaxel or IDN-5390. Also, paclitaxel can bind to the 
class I β-tubulin better than the class III derivative, while IDN-5390 could bind to the 
class III β-tubulin better than the class I β-tubulin (Table 6-3).17  

 

a b c 
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Figure 6-3. The binding conformation of paclitaxel (green) and IDN-5390 (magenta) 

after MD simulation [Adapted from ref 17]  
 

Table 6-3. Free energy, enthalpy and entropy for 
taxoid-tubulin complexes17 

 ΔG ΔH ΔS 
Complex (kcal/mol) (kcal/mol) (cal/mol) 
Paclitaxel-class I β-tubulin -64.47 -64.16 1.01 
Paclitaxel-class III β-tubulin -54.67 -54.64 0.11 
IDN-5390- class I β-tubulin -55.89 -55.49 1.32 
IDN-5390- class III β-tubulin -67.52 -67.12 1.33 

 
In this chapter, the synthesis of one of the C2 modified C-seco taxoids, SB-CST-

10204 (IDN-5868) will be reported. The binding energies of paclitaxel, IDN-5390 and 
the novel C-seco taxoids with class I and class III human β-tubulins will be investigated 
by docking and molecular dynamics simulation (AMBER9®). 
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§ 6.2 Synthesis and Evaluation of Novel C-seco-Taxoids 
  
§ 6.2.1 Synthesis of SB-CST-10204 (IDN-5868)  
 

In order to further investigate the activity of C-seco-taxoids against cell lines 
overexpressing class III β-tubulin, six novel seco-taxoids with different functional groups 
at the C2 and C3’ were synthesized in the Ojima group and evaluated, in collaborating 
with Indena, SpA.  Five the C-seco-taxoids were synthesized by Dr. Antonella Pepe and I 
synthesized one compound (SB-CST-10204). 
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Figure 6-4. The novel C-seco-taxoids 

 
The synthesis of these C-seco-taxoids began with the modification of the C2’ 

position of 10-DAB. The C2-meta-F-10-DAB analog was obtained from 7,10,13-tri-TES-
baccatin diol 1-29 by the method shown in Chapter I. 1-29 was mixed with a large 
excess of m-fluorobenzoic acid, 1,3-diisopropylcarbodiimide (DIC) and N,N-dimethyl- 
aminopyridine (DMAP) and the mixture was refluxed in a concentrated dichloromethane 
solution (~8 M) overnight to give the desired C2-modified tri-TES-baccatin 6-1 in 90% 
yield. A global removal of the TES groups using HF-pyridine gave baccatin 6-2 in high 
yield. 

The C2-modified baccatin 6-2 was oxidized to 6-3 by air in the presence of 
Cu(OAc)2 as catalyst. The diastereomers of 6-3 was treated with L-Selectride at -65 oC 
for 40 min to afford 6-4 in 74% yield as a single product. The C7-OH and C9-OH were 
selectively protected by reacting with TESCl and 1-methylimidazole in a diluted DMF 
solution at 0 oC to give di-TES baccatin 6-5 in 60% yield. Protected baccatin 6-5 was 
coupled with β-lactam 1-10 under the standard conditions to afford the desired product 6-
6 in 78 % yield. The desilylation of 6-6 with HF-pyridine gave the meta-F-C-seco-taxoid 
6-7 in 73% yield. 
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Scheme 6-1. Synthesis of meta-F-C-seco-Taxoid 
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§ 6.2.2 Biological Evaluation of Novel C-seco-Taxoids  
 

The novel C-seco-taxoids, thus synthesized, were sent to Dr. Ferlini, University of 
Sacred Heart in Rome for biological evaluation. As shown in Table 6-4, the growth 
inhibition effects of IDN-5390 and six new C-seco-taxoids were evaluated against a 
panel of drug-resistant cells of A2780wt human ovarian adenocarcinoma cells: 
A2780CIS, A2780TOP and A2780ADR, resistant to cisplatin, topotecan, and 
doxorubicin, respectively; two clones from A2780 cells whose paclitaxel resistance were 
obtained with the concomitant exposure to paclitaxel and cyclosporin A (A2780TC1 and 
A2780TC3) and OVCAR-3 human ovarian cancer cells inherent of paclitaxel resistance.  

 
Table 6-4 IC50 (nM)a of Taxol and seco-taxoids13, 19 

Taxoid A2780wtb A2780CISc A2780TOPd A2780ADRe A2780TC1f A2780TC3g Ovcar-3 
Paclitaxel 2.7 3.6 7.2 1239 10027 17800 26.7 
IDN-5390 17.4 16.8 27.5 3434 2543 7030 15.4 

SB-CST-10101 6.8 4.3 4.6 467 1384 663.5 9.5 
SB-CST-10201 4.6 5.7 3.4 506 1305 1540 22.3 
SB-CST-10102 5.5 4.1 6.1 792 2223 1209 11.9 
SB-CST-10202 4.6 4 2.2 593 927 1122 5.5 
SB-CST-10104 11.1 11.8 12.8 4889 1848 1445 5.9 
SB-CST-10204 6.1 4.9 6.9 2910 5498 2340 7.3 
aThe concentration of compound which inhibits 50% (IC50, nM) of the growth of a human tumor cell 
line after 72 h drug exposure; bhuman ovarian carcinoma wild type; ccisplatin-resistant A2780; 
dtopotecanresistant A2780; eadriamycin-resistant A2780; f,gclones derived from chronic exposition of 
A2780 to paclitaxel and cyclosporine. 

 
The C2-modified C-seco-taxoids are in average three times more active than IDN-

5390 against wild type ovarian cancer cell line A2780wt. A similar pattern is observed in 
the other cell lines. SB-CST-10202 shows the highest activity among all the C-seco-
taxoids against all the cell lines tested, which indicates that the C2 position plays an 
important role in the binding of C-seco-taxoids to β-tubulins, including class III β-
tubulin.19  
 
§ 6.3 Molecular Modeling Studies of the Taxoid-Class I/III β-
Tubulin Complexes  
 
§ 6.3.1 Docking Studies of the Taxoid-Class I/III β-Tubulin Complexes 
 

Paclitaxel, IDN-5390 and the C2-modified seco-taxoids were docked into β-tubulin 
by Dock6® program to examine their binding conformations and grid scores (binding 
affinity) in β-tubulins. The class I and class III β-tubulins were created by modifying the 
sidechains of the bovine brain tubulin (1JFF) by the InsigntII2000 program.17 The 
paclitaxel binding site was the only possible binding site for C-seco-taxoids in the β-
tubulins. However, strange binding conformations were obtained, because paclitaxel and 
C-seco-taxoids were very flexible. Therefore, the results (binding conformation and 
binding affinity) of the docking studies were not reliable. 
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Table 6-5. Flexible docking results for taxol/seco-
taxoids-ClassI/III β-tubulin complexes (kcal/mol) 

Compound Protein Grid Score vdw Electronic Cluster 
Size 

Paclitaxel TBB1 -100.9 -100.4 -0.5 9 
Paclitaxel TBB3 -103.2 -99.5 -3.6 17 
IDN-5390 TBB1 -98.6 -97.7 -1 6 
IDN-5390 TBB3 -102.3 -100.3 -2 7 

SB-CST-10201 TBB1 -107.1 -105.4 -1.7 30 
SB-CST-10201 TBB3 -104.5 -102.4 -2.1 9 
SB-CST-10202 TBB1 -102.9 -101 -1.9 8 
SB-CST-10202 TBB3 -102.2 -102.7 -0.5 8 
SB-CST-10204 TBB1 -102.4 -99.8 -2.6 13 
SB-CST-10204 TBB3 -102.3 -100.7 -1.6 11 

 
§ 6.3.2 Molecular Dynamics (MD) Simulations of the Taxoids-Class I/III 
β-Tubulin Complexes 

 
Molecular dynamics (MD) simulation20 was used to find the binding conformation of 

C-seco-taxoids in class I and class III β-tubulins. Since the X-ray diffraction structures of 
the class I and class III β-tubulin were not available, the electron crystallographic 
structure of the bovine brain tubulin (1JFF)21 was used as a template to create the class I 
and class III β-tubulins (Figure 6-5). The protein sequences were obtained from 
Swissprot and aligned by using CLUSTALX.22 A standard comparative modeling 
procedure was used by replacing the sidechains of the template by Leap program of 
AMBER9 package.20 The modified templates were optimized using 1000 cycles of the 
steepest descent energy-minimization to remove the unfavorable interactions between 
side-chains by AMBER9 with the backbone of the protein fixed (ff99 force field), 
affording the created class I and class III β-tubulins, TBB1 and TBB3, respectively. 

 

 
Figure 6-5. Sequence alignment of 1JFF and class I&III β-tubulins by CLUSTALX 
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Since C-seco taxoids are very flexible, direct docking by DOCK6® program failed to 
provide the reasonable binding conformation.23 Accordingly, based on the paclitaxel 
conformation in 1JFF, the ligands were manually docked into the proteins by the 
InsightII® 2000 program.21 The complexes were solvated in a 8-Å truncated octahedron 
of TIP3P explicit water (~ 7950 water molecules). The parm7 and rst7 file pairs of the 
receptors, ligands, complexes and the solvated complexes were saved. The solvated 
complexes were equilibrated by carrying out a short minimization, 50 ps of heating from 
0 K to 300 K, 50 ps of density equilibration, 200 ps of constant volume equilibration at 
300 K with weak restraints of 0.1 kcal/(mol*Å) on the heave atoms of the protein 
backbones. All simulations were performed with shake on hydrogen atoms, a 2 fs time 
step and langevin dynamics for temperature control. The temperature, density, total 
energy and rmsd were monitored.  

Then a total of 5 ns (500 ps x 10) production recording the coordinates every 10 ps, 
was performed for each complexes using the same conditions with no restraints on the 
protein backbones. Again the temperature, density, total energy and rmsd were monitored. 

 
§ 6.3.3 Results of MD Simulations 

 
The overlay of TBB1 and TBB3 after 5.3-ns simulations are shown in Figure 6-10 by 

superimposing the backbone, indicating the high similarity between TBB1 and TBB3 
(rmsd = 2.1 Å). 

 
Figure 6-6. Overlay of TBB1 (yellow)-paclitaxel (orange) and TBB3 (cyan)-

paclitaxle (blue) complexes 
 

The binding conformations of taxoids in TBB1/TBB3 are shown in Figure 6-7, 
Figure 6-8 and Figure 6-9 (one snapshot at 5.3 ns). The results indicate that the taxoids 
take similar conformation in the class I and class III β-tubulins. Also, the seco-taxoids 
can take the binding conformation similar to that of paclitaxel in β-tubulins, although 
their structures are far more flexible than that of paclitaxel. Similar to the simulations 
reported by the Italian group,17 there is no direct interaction between Ser277 (or Ala277) 
with paclitaxel and C-seco-taxoids. 
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Figure 6-7. Paclitaxel in TBB1 and TBB3 

 

 
Figure 6-8. IDN-5390 in TBB1 and TBB3 

 

 
Figure 6-9. SB-CST-10202 in TBB1 and TBB3 

 
The temperature, density, total energy and rmsd and the H-bond distance between 

C2’O and H-N of Gly370 of the 5.3-ns MD simulations are shown in Figure 6-10, 
Figure 6-11 and Figure 6-12.  The total energy, density and temperature become stable 
very quickly, indicating the MD simulations are stable. The rmsds of the tubulin 
backbones (heavy atoms: C, O and N) increase gradually, until reaching the equilibrium 
after ~ 3000 ps. The highest rmsds of the backbones are less than 2 Å, indicating that 
there is no big change in the protein structures, even without any restraint. Because the C-
seco-taxoids have higher flexibility than paclitaxel, the rmsds of IDN-5390 and SB-CST-
10202 (~1.5 Å) are higher than that of paclitaxel (~1.0 Å). One major H-bond between 
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C2’O and H-N of Gly370 is monitored. The distances of the H-bond are long at the 
beginning, but go into the H-bond range after equilibrium. The H-bond is not very stable 
when other H-bonds (between Glu27 and C2’OH or C3’NH) form. The H-bond between 
C2’O—H-N (Gly370) and C2’OH—OOC (Glu27) could not form at the same time as 
shown in Figure 6-3.17 Also, the direct interactions between taxoids and Ser277 (or 
Ala277) are not found.  
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Figure 6-10. MD simulation results of paclitaxel in TBB1(black) and TBB3 (red) 
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Figure 6-11. MD simulation results of IDN-5390 in TBB1(brown) and TBB3 (orange) 
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Figure 6-12. MD simulation results of SB-CST-10202 in TBB1 (dark blue) and 

TBB3 (blue) 
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§ 6.3.4 The Binding-Energy Calculation by MM-PBSA Method 
 

The overall objective of the MM-PBSA method and MM-GBSA method is to 
calculate the free energy difference between the bound and unbound state of two solvated 
molecules to compare the free energy of two different solvated conformations of the 
same molecule. 

[A]aq + [B]aq [A*B*]aq* 
 

A more effective method is to divide up the calculation according to the following 
thermodynamic cycle: 

[A]aq + [B]aq [A*B*]aq*

[A]va + [B]va [A*B*]va*

ΔGbind,aq

ΔGaq, com

ΔGbind,va

ΔGaq, recΔGaq, lig

 
 

From this diagram the binding free energy ΔGbind,aq can be calculated by: 
ΔGbind,aq = ΔGbind,va + ΔGaq, com - (ΔGaq, lig + ΔGaq, rec) 

 
The average interaction energies of receptor and ligand are usually obtained by 

performing calculations on an ensemble of uncorrelated snapshots collected from an 
equilibrated molecular dynamics (MD) simulation. 

The mm_pbsa.pl script from AMBER 9 package can automatically perform all the 
necessary steps to calculate the binding free energy of the taxoids and β-tubulin. In 
principle the calculation of the binding free energy described above would need three 
independent MD simulations of the complex, ligand and acceptor. However, if the 
approximation is made that no significant conformational changes occur upon binding, 
the snapshots for all three species can be obtained from a single trajectory. 

From the analysis of the rmsd and H-bond, we found that the real equilibrium was not 
obtained until ~ 3000 ps. The binding energies were calculated using MM-PBSA method 
based on 150 snapshots (every 10 ps) taken from the 3.8-5.3 ps simulation. The results 
are listed in Table 6-6.  
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Figure 6-11. rmsd of TBB1/3 and taxoids 

 
As shown in Table 6-6, the results are not similar to the one reported by the Italian 

group17. The binding energies of each taxoid with TBB1 and TBB3 are very similar, 
because there is difference in only two amino acid residues between TBB1 and TBB3 
around binding site (Cys241Ser and Ser277Ala) and they do not interact with taxoids 
diectly. The binding energies increased in the following order: paclitaxel < IDN-5390 < 
SB-CST-10202. The C7-OH of the C-seco-taxoids can form an extra H-bond with 
Gln282, while the one of paclitaxel can not. The higher binding energy of C-seco-taxoids 
with tubulins than that of paclitaxel with tubulins is not consistent with the experimental 
data.6, 7 There are three possible reasons for the difference: (1) the AMBER force field 
may not be accurate for taxoids; (2) the binding of taxoid with β-tubulin may be different 
from the one with microtubule; (3) the 1JFF structure does not include the C-terminal 
residues (~20 amino acid residues), which are very important to the microtubular 
dynamics.  
 

Table 6-6. The binding energy of the 
taxoid-TBB1/3 complexes (kcal/mol) 

Taxoids TBB1 TBB3 
Paclitaxel -32.92 -32.53 
IDN-5390 -34.45 -35.57 

SB-CST-10202 -39.29 -40.67 
 

Although the previous study by the Italian group showed good agreement with 
biological results6, 7, there are several flaws in the study: (1) the AMBER force field used 
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is very old (proposed in 1984)24 and is not as accurate as the one we used; (2) the 
backbones were fixed with a very high restraint and the TBB1 and TBB3 proteins were 
not optimized without restraints after homology modeling from 1JFF; (3) the difference 
in binding energies with TBB1 and TBB3 is very large (~ 12 kcal/mol), although the 
taxoids form very similar interaction with them. Thus, the Italian study is not reliable. 
Further studies are still in progress in our laboratories. 
 
§ 6.4 Summary 
 

The overexpression of specific tubulin isotypes has been reported to cause 
paclitaxel’s resistance. IDN-5390 acts effectively against paclitaxel-resistant cell lines 
overexpressing class III β-tubulin. Six seco-taxoids with modification at the C2 and C3’ 
positions were synthesized and evaluated, which showed substantially higher potency 
than IDN-5390 against drug-sensitive and drug-resistant cell lines. Molecular dynamics 
simulation of the taxoids-class-I/III β-tubulin complexes showed that the structure of 
class III β-tubulin was very similar to that of class I β-tubulin, but the binding energies 
calculated by MM-PBSA method were not consistent with experimental data and 
previous studies. 
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§ 6.5 Experimental Section 
 
General Methods: 1H and 13C NMR spectra were measured on a Varian 300, 400 or 500 
NMR spectrometer. Melting points were measured on a Thomas Hoover Capillary 
melting point apparatus and are uncorrected. Optical rotations were measured on a 
Perkin-Elmer Model 241 polarimeter. IR spectra were recorded on a Perkin-Elmer Model 
1600 FT-IR spectrophotometer. TLC was performed on Merck DC-alufolien with 
Kieselgel 60F-254 and column chromatography was carried out on silica gel 60 (Merck; 
230-400 mesh ASTM). Purity was determined with a Waters HPLC assembly consisting 
of dual Waters 515 HPLC pumps, a PC workstation running Millennium 32, and a 
Waters 996 PDA detector, using a Phenomenex Curosil-B column, employing 
CH3CN/water (2/3) as the solvent system with a flow rate of 1 mL/min. High-resolution 
mass spectra were obtained from Mass Spectrometry Laboratory, University of Illinois at 
Urbana-Champaign, Urbana, IL. 
 
Materials: The chemicals were purchased from Aldrich Co. and Sigma and purified 
before use by standard methods. Tetrahydrofuran was freshly distilled from sodium metal 
and benzophenone. Dichloromethane was also distilled immediately prior to use under 
nitrogen from calcium hydride. 10-Deacetyl baccatin III (DAB) was obtained from 
Indena, SpA, Italy. 
 
7,10,13-Tri(triethylsilyl)-2-debenzoyl-2-(3-fluorobenzoyl)-10-deacetylbaccatin III  
(6-1):9 
To a solution of 1-29 (1.115 g, 1.423 mmol), m-fluorobenzoic acid (1.593 g, 11.38 mmol) 
and DMAP (1.549 g, 12.8 mmol) in CH2Cl2 (8.92 mL) was added DIC (1.98 mL, 12.8 
mmol) and the reaction mixture was refluxed overnight. The reaction mixture was 
quenched with ethyl acetate (150 mL) and washed with saturated aqueous NaHCO3 
solution (30 mL), H2O (30 mL) and brine (30 mL). The organic lawyer was dried over 
anhydrous MgSO4. The solvent was removed under reduced pressure and the residue was 
purified on a silica gel column (hexanes/ ethyl acetate = 10/1) to afford 2-8 as a white 
solid (1.161 g, 90%): mp 93-95 ˚C; 1H NMR (400 MHz, CDCl3) δ 0.60 (m, 18 H), 0.98 
(m, 27 H), 1.13 (s, 3 H), 1.19 (s, 3 H), 1.53 (bs, 1 H), 1.65 (s, 3 H), 1.89 (m, 1 H), 1.98 (s, 
3 H), 2.14 (m, 2 H), 2.29 (s, 3 H), 2.50 (m, 1 H), 3.86 (d, J = 7.2 Hz, 1 H), 4.13 (d, J = 
8.0 Hz, 1 H), 4.27 (d, J = 8.0 Hz, 1 H), 4.10 (dd, J = 10.4 Hz, 6.9 Hz, 1 H), 4.94 (m, 2 H), 
5.17 (s, 1 H), 5.59 (d, J = 6.9 Hz, 1 H), 7.28 (m, 1 H), 7.44 (m, 1 H), 7.81 (dt, J = 9.2 Hz, 
2.0 Hz, 1 H), 7.88 (d, J = 8.0 Hz, 2 H); 13C NMR (CDCl3) δ 4.8, 5.2, 5.9, 6.9, 10.4, 14.6, 
20.6, 22.3, 26.3, 37.2, 39.8, 42.9, 46.9, 58.2, 68.2, 72.6, 75.7, 75.9, 76.5, 79.6, 80.7, 84.0, 
116.6, 117.0, 120.3, 120.7, 125.6, 130.1, 130.3, 131.7, 131.9, 132.4, 135.6, 139.5, 160.6, 
164.5, 165.6, 169.9, 205.6.  HRMS (FAB, DCM/NBA) m/z calcd for 
C47H77O10Si3F.H+:  905.4887.  Found:  905.4869 (∆ = 2.0 ppm). All data are in 
agreement with literature values.9 
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2-Debenzoyl-2-(3-fluorobenzoyl)-10-deacetylbaccatin III (6-2):8  
To a solution of 1-1 (1.157 g, 1.28 mmol) in pyridine/acetonitrile (1:1, 46.3 mL) was 
added dropwise HF/pyridine (70:30, 11.6 mL) at 0 oC, and the mixture was stirred 
overnight at room temperature. The reaction mixture was diluted with ethyl acetate (300 
mL), and quenched with saturated aqueous NaHCO3 solution (150 mL). The organic 
layer was  washed with saturated aqueous CuSO4 solution (100 mL x 2) and H2O (50 mL 
x 2), dried over anhydrous MgSO4 and concentrated in vacuo to afford 2-debenzoyl-2- 
(3-methoxy-benzoyl)-10-deacetylbaccatin III (6-2) as a white solid. The crude compound 
was used in the next step without further purification.  
 
2-Debenzoyl-2-(3-fluorobenzoyl)-10-oxo-10-deacetylbaccatin III (6-3): 
To a solution of 6-2 (647 mg, 1.199 mmol) in MeOH (25 mL) was added Cu(OAc)2 (1.44 
g, 7.2 mmol). The mixture was stirred for 16 h in an open flask. The solvent was removed 
under reduced pressure and the residue was purified on a silica gel column (CHCl3 to 2% 
MeOH in CHCl3) to afford 6-3 as a off-white solid (585 mg, 87% in 2 steps): 1H NMR 
(500 MHz, CDCl3) δ 1.09 (d, J =7.0 Hz, 4 H), 1.15 (s, 2 H), 1.22 (s, 2 H), 1.27 (m, 1 H), 
1.65 (m, 2 H), 1.71 (d, J = 6.0, 4 H), 1.84 (m, 1 H), 1.97 (s, 2 H), 2.15 (s, 3 H), 2.28 (m, 4 
H), 2.38 (m, 3 H), 2.60 (m, 1 H), 3.67 (d, J = 6.6 Hz, 1 H), 3.86 (dt, J = 11.5 Hz, 3.0 Hz, 
1 H), 4.12 (m, 2 H), 4.32 (t, J = 8.5 Hz, 1 H), 4.42 (d, J = 8.5 Hz, 1 H), 4.54 (d, J = 11.0 
Hz), 4.96 (m, 3 H), 5.74 (d, J = 7.0 Hz, 1 H), 5.80 (d, J = 7.0 Hz, 1 H), 7.35 (m, 1 H), 
7.49 (m, 1 H), 7.81 (t, J = 9.0 Hz, 1 H), 7.92 (t, J = 8.5 Hz, 1 H); 13C NMR (75 MHz 
CDCl3) δ 14.8, 15.2, 22.3, 22.7, 26.6, 35.6, 39.1, 39.9, 40.0, 57.6, 67.7, 75.7, 76.9, 77.3, 
79.4, 81.5, 82.8, 117.3, 121.4, 126.2, 130.7, 131.7, 140.7, 147.0, 163.0, 166.1, 172.7, 
196.4, 208.6. 
 
2-Debenzoyl-2-(3-fluorobenzoyl)-C-secobaccatin III (6-4): 
To a solution of 6-3 (563 mg, 1.00 mmol) in THF (10 mL) was added 1.0 M L-Selectride 
in THF (2.0 mL, 2.0 mmol) at -78 oC. The solution was gradually warmed up to -65 oC 
over 40 min and stirred for additional 10 min. The reaction was quenched with 2N H2SO4 
(0.8 mL). Hexanes (10 mL) were added to the mixture and left overnight. The solution 
was diluted with H2O and extracted with EtOAc (50 mL x 3). The combined organic 
layers were dried over anhydrous MgSO4, and concentrated in vacuo. Column 
chromatography of the residue on silica gel (2% MeOH in chloroform) afforded 6-4 as a 
white solid (415 mg, 74%): 1H NMR (400 MHz CDCl3) δ 1.04 (s, 3 H), 1.10 (s, 3 H), 
1.80-2.80 (m, 14 H), 3.70 (m, 2 H), 4.29 (m, 2 H), 4.90 (m, 1 H), 5.10 (bs, 2 H), 5.54 (d, 
J = 9.0 Hz, 1 H), 6.52 (s, 1 H), 7.30 (m, 1 H), 7.40 (m, 1 H), 7.60 (m, 1 H), 7.80 (m, 1 H); 

13C NMR (100 MHz CDCl3) δ 11.1, 14.5, 21.1, 22.4, 25.3, 39.7, 39.8, 42.8, 44.5, 59.2, 
67.1, 75.4, 76.9, 80.6, 86.5, 87.0, 116.7, 121.2, 123.4, 125.4, 130.8, 131.9, 140.0, 141.1, 
149.0, 163.0, 166.0, 169.2, 192.1. 
 
7,9-Triethylsilyl-2-debenzoyl-2-(3-fluorobenzoyl)-C-secobaccatin III (6-5): 
To a solution of 6-4 (370 mg, 0.66 mmol) in DMF (4.5 mL) was added 1-
methylimidazole (0.16 mL, 2 mmol) and TESCl (0.24 mL, 1.45 mmol) at 0 oC and the 
mixture was stirred for 40 min. The reaction mixture was diluted with saturated NH4Cl 
(20 mL) and extracted with EtOAc (30 mL x 3). The organic layer was washed with H2O 
(10 mL x 2) and brine (10 mL). It was dried over anhydrous MgSO4, and concentrated in 
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vacuo. Column chromatography of the residue on silica gel (hexanes/EtOAc= 8/1 to 2/1) 
afforded 6-5 as a white solid (313 mg, 60%): 1H NMR (400 MHz, CDCl3) δ 0.60 (m, 
6 H), 0.80 (m, 6 H), 0.95 (m, 18 H), 1.10 (s, 3 H), 1.15 (s, 3 H), 1.70-2.60 (m, 14 H), 3.60 
(m, 1 H), 3.80 (m, 1 H), 4.20 (m, 2 H), 4.90 (m, 2 H), 5.20 (bs, 1 H), 5.58 (d, J = 9.0 Hz, 
1 H), 7.35 (m, 1 H), 7.50 (m, 1 H), 7.70 (m, 1 H), 7.80 (m, 1 H).  
 
7,9-Triethylsilyl-13-(2’-triisopropylsilyl-3'-isobutenyl-N-tert-
butoxycarbonylisoserinyl)-2-debenzoyl-2-(3-fluorobenzoyl)-C-secobaccatin III (6-6): 
To a solution of 6-5 (355 mg, 0.45 mmol) and β-lactam (270 mg, 0.68 mmol) in THF was 
added LiHMDS (1.0 M in THF, 0.68 mL, 0.68 mmol) at -40 oC. The reaction was 
quenched with aqueous NH4Cl solution (30 mL) after 1 h. The reaction mixture was 
diluted with water and extracted with EtOAc for 3 times. The combined organic layers 
were dried over anhydrous MgSO4, and concentrated in vacuo. Column chromatography 
of the residue on silica gel (hexanes/EtOAc= 15/1 to 5/1) afforded 6-6 as a white solid 
(417 mg, 78%): 1H NMR (400 MHz, CDCl3) δ 0.57 (m, 6 H), 0.75 (m, 6 H), 0.89 (m, 9 
H), 0.95 (m, 9 H), 1.04 (m, 4 H), 1.13 (s, 2 H), 1.21 (s, 2 H), 1.26 (m, 2 H), 1.32 (s, 9 H), 
1.73 (s, 2 H), 1.79 (m, 6 H), 3.71 (m, 2 H), 4.15 (m, 1 H), 4.39 (s, 1 H), 4.82 (m, 1 H), 
4.88 (m, 1 H), 5.31 (d, J = 8.4 Hz, 1 H), 5.59 (d, J = 9.2 Hz, 1 H), 6.02 (m, 1 H), 7.23 (m, 
1 H), 7.39 (m, 1 H), 7.75 (m, 1 H), 7.86 (m, 1 H). 
 
13-(3'-iso-Butenyl-N-tert-butoxycarbonylisoserinyl)-2-debenzoyl-2-(3-
fluorobenzoyl)-C-secobaccatin III (6-7, SB-CST-10204): 
The protected coupling product 6-6 (417 mg, 0.35 mmol) was dissolved in 
acetonitrile/pyridine (1/1, 17 mL) and cooled to 0 oC, and HF/pyridine (70/30) was added 
dropwise (4.2 mL). The mixture was stirred at 0 oC for 1 h and then at room temperature 
overnight. After 10 h, the reaction mixture was extracted with EtOAc, washed with 
saturated NaHCO3 (2 × 35 mL), CuSO4 (2 × 40 mL) and brine (20 mL) and dried over 
anhydrous MgSO4. Evaporation of the solvent followed by purification of the crude 
product by flash chromatography on silica gel (hexane/EtOAc = 3/1 to 1/1) afforded C-
seco taxoid SB-CST-10204 (204 mg, 73% yield) as a white solid: mp 148-150 oC; 1H 
NMR (400 MHz, CDCl3) δ 1.08 (s, 4 H), 1.21 (s, 4 H), 1.25 (s, 3 H), 1.34 (s, 9 H), 1.44 
(m, 1 H), 1.73 (m, 8 H), 1.85 (m, 8 H), 2.09 (m, 3 H), 2.45 (m, 2 H), 2.80 (m, 1 H), 3.67 
(m, 1 H), 3.88 (s, 1 H), 4.24 (d, J = 4.0 Hz, 1 H), 4.28 (d, J = 7.6 Hz, 1 H), 4.76 (m, 1 H), 
4.98 (s, 1 H), 5.18 (m, 2 H), 5.26 (d, J = 9.0 Hz, 1 H), 5.59 (d, J = 7.0 Hz, 1 H), 6.14 (m, 
1 H), 6.50 (s, 1 H), 7.31 (dt, J = 10.5 Hz, 3.5 Hz, 1 H), 7.45 (m, 1 H), 7.67 (d, J = 7.2 Hz, 
1 H), 7.80 (d, J = 7.2 Hz, 1 H); 13C NMR (100.5 MHz, CDCl3) δ 10.0, 14.1, 14.7, 18.6, 
21.1, 22.1, 22.6, 25.7, 28.2, 29.6, 31.5, 36.5, 42.9, 51.4, 59.5, 70.1, 74.5, 75.2, 79.9, 86.1, 
116.6, 120.8, 121.0, 124.1 125.2, 130.7, 131.5, 131.6, 142.0, 148.8, 155.7, 157.9, 161.4, 
163.9, 166.0, 169.0, 172.4, 191.1, 202.4. HRMS (FAB/DCM/NaCl) m/z calcd. for 
C41H54FNO4H+: 804.3607, found: 804.3605 (Δ = -0.2 ppm). 
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A1. Appendix Chapter I 
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13C NMR Spectrum of 1-53 
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1H NMR Spectrum of 1-55 
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1H NMR Spectrum of 1-56 
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13C NMR Spectrum of 1-56 
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1H NMR Spectrum of 1-57a 
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13C NMR Spectrum of 1-57a 
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1H NMR Spectrum of 1-57b 
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1H NMR Spectrum of 1-57c 
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1H NMR Spectrum of 1-59a 
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13C NMR Spectrum of 1-59a 
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1H NMR Spectrum of 1-59b 
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1H NMR Spectrum of 1-59c 
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1H NMR Spectrum of 1-60a 
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13C NMR Spectrum of 1-60a 
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1H NMR Spectrum of 1-60b 
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1H NMR Spectrum of 1-60c 
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13C NMR Spectrum of 1-60c 
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1H NMR Spectrum of 1-61a 
 

O

OTES

H
OHO

O

O O

OAc

O

O

OTIPS

NH

O

O

O

 
 
 
 

 
 



322  

13C NMR Spectrum of 1-61a 
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1H NMR Spectrum of 1-61b 
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1H NMR Spectrum of 1-61c 
 

O

OTES

H
OHO

O

O O

OAc

O

O

OTIPS

NH

O

O

O

MeO
OMe

 
 
 

 
 



325  

1H NMR Spectrum of 1-62a (SB-T-1213P05) 
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13C NMR Spectrum of 1-62a (SB-T-1213P05) 
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1H NMR Spectrum of 1-62b (SB-T-1213P07) 
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13C NMR Spectrum of 1-62b (SB-T-1213P07) 
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1H NMR Spectrum of 1-62c (SB-T-1213P08) 
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13C NMR Spectrum of 1-62c (SB-T-1213P08) 
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A2. Appendix Chapter II 
 

1H NMR Spectrum of 2-2a (LA-SB-T-1213) 
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13C NMR Spectrum of 2-2a (LA-SB-T-1213) 
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1H NMR Spectrum of 2-2b (LNA-SB-T-1213) 
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13C NMR Spectrum of 2-2b (LNA-SB-T-1213) 
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1H NMR Spectrum of 2-2c (DHA-SB-T-121303) 
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13C NMR Spectrum of 2-2c (DHA-SB-T-121303) 
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1H NMR Spectrum of 2-2d (LNA-SB-T-121303) 
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13C NMR Spectrum of 2-2d (LNA-SB-T-121303) 
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1H NMR Spectrum of 2-2e (LA-SB-T-1214) 
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13C NMR Spectrum of 2-2e (LA-SB-T-1214) 
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1H NMR Spectrum of 2-2f (LNA-SB-T-1214) 
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13C NMR Spectrum of 2-2f (LNA-SB-T-1214) 
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1H NMR Spectrum of 2-2i (DHA-SB-T-12853) 
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19F NMR Spectrum of 2-2i (DHA-SB-T-12853) 
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1H NMR Spectrum of 2-2j (DHA-SB-T-12854) 
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19F NMR Spectrum of 2-2j (DHA-SB-T-12854) 
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13C NMR Spectrum of 2-2j (DHA-SB-T-12854) 
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A3. Appendix Chapter III 

 

1H NMR Spectrum of 3-10 
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1H NMR Spectrum of 5-36 (SB-H-2001) 
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13C NMR Spectrum of 5-36 (SB-H-2001) 
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1H NMR Spectrum of 5-104 
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1H NMR Spectrum of 5-117 
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1H NMR Spectrum of 5-139 
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1H NMR Spectrum of 5-38 (SB-H-401) 
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A5. Appendix Chapter VI 
 

1H NMR Spectrum of 6-7 (SB-CST-10204) 
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13C NMR Spectrum of 6-7 (SB-CST-10204) 
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