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Abstract of the Dissertation 

 
Development of Enantiopure Biphenol-Based Phosphorus Ligand Libraries and Their 

Applications to Palladium-Catalyzed Asymmetric Transformations 

 
Chi-Feng Lin 

 
Doctor of Philosophy 

 
in 
 

Chemistry 
 

Stony Brook University 
 

2012 
 

Among methods of asymmetric synthesis, transition-metal catalyzed asymmetric 

transformation has proven to be a highly efficient and enabling methodology to induce desired 

chirality. In our laboratory, libraries of novel biphenol-based monodentate phosphoramidite and 

bidentate diphosphonite ligands have been developed, which are very effective in asymmetric 

allylic transformations. We present here the application of Pd-catalyzed intramolecular 

asymmetric allylic amination to the synthesis of enantiopure key intermediates, 1-

vinyltetrahydroisoquinolines in the total synthesis of Schulzeines A-C using our diphosphonite 

ligands. Schulzeines A-C, isolated from a marine sponge, Penares Schulzei, have been identified 

as a new class of marine natural products, which exhibit potent α-glucosidase inhibitory activity 

making them promising leads for drug development for cancer, diabetes, viral infections and 

other diseases.  

We also studied a highly efficient Pd-catalyzed asymmetric tandem allylic alkylation 

process for the synthesis of an advanced key intermediate to (-)-Huperzine A with excellent 

enantioseletivity using our phosphoramidite ligands. (-)-Huperzine A, isolated from the 

plant firmoss, Huperzia serrata, is an acetylcholinesterase (AChE) inhibitor and shows promise 

in the treatment of Alzheimer's disease and enhance memory.  

Besides, Pd-catalyzed asymmetric Heck reaction, chiral biphenol-based phosphoric acid 

mediated asymmetric organocatalysis and Rh-catalyzed [2+2+2+1] cycloaddition of enediynes 

were investigated and highlighted in the dissertation as well. 
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§ 1.1 History of asymmetric organometallic catalysis 
By the 1960s, asymmetric organometallic catalysis started to attract the attention of many 

synthetic organic chemists. In 1961, Natta polymerized benzofurane using an 

AlCl3/phenylalanine catalyst to produce optically active polymer.1 In 1966, Nozaki, Noyori et al. 

introduced the first example of organometallic asymmetric catalysis through the 

cyclopropanation of different alkenes using chiral salen-copper complex catalyst.2 In the same 

year, Wilkinson discovered a rhodium catalyst ([RhCl(PPh3)3]) which was used to catalyze the 

homogenous hydrogenation of alkenes.3 Two years later, Knowles and Horner individually 

modified Wilkinson’s catalyst with a chiral monodentate phosphine 1-1 for asymmetric catalytic 

hydrogenation (Figure 1-1).4 Although the best enantioselectivity was only 15%, this study 

showed that an achiral catalyst can be converted into a chiral catalyst simply by ligand exchange 

using chiral ligands. Based on this successful achievement, further ligand modification of chiral 

monodentate phosphine 1-1 was done and more efficient ligands were synthesized. Among them, 

methylcyclohexyl-o-anisylphosphine (CAMP) gave impressive results in many cases and was 

used as the first chiral ligand in the industrial production of L-DOPA, an anti-Parkinson’s drug.5 

 

Figure 1-1. Chiral monodentate phosphine ligands 
 

In 1971, Kagan developed a chiral bidentate phosphine ligand, 

diphenylphosphino(dimethyl))dioxolane (DIOP) for the asymmetric hydrogenation of the 

α-acetoamidocinnamic acid 1-2, affording the (R)-N-acetylphenylalanine in 72% ee (Scheme 

1-1).6 The good enantioselectivity induced by (R,R)-DIOP demonstrated that the chirality of a 

chiral catalyst is not necessary to be on the chelating atom (eg. phosphorus) to give the product 

in good enantiomeric excess.     
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Scheme 1-1. Asymmetric hydrogenation of the α-acetoamidocinnamic acid 1-2 using 
(R,R)-DIOP 

 
Inspired by the impressive results accomplished by using DIOP ligand, chemists started to 

switch their attention from monodentate ligands to bidentate ligands. Thus, a variety of 

diphosphane ligands, especially C2-symmetric ones, such as DIPAMP7, BINAP8 and DuPHOS9 

were developed to afford excellent enantioselectivity for asymmetric hydrogenation of different 

types of prochiral substrates. These ligands dominated the field of asymmetric catalysis for 

several decades (Figure 1-2).10 

 

Figure 1-2. Chiral bidentate phosphine ligands 
 

In 1980, two dramatic breakthroughs in asymmetric catalysis were published. One was the 

asymmetric epoxidation of allylic alcohols using diethyl tartrate-titanium complex catalyst 

discovered by Katsuki and Sharpless,11 and the other was the application of asymmetric 

hydrogenation using BINAP-rhodium complexes by Noyori.8 To date, both catalytic reactions 

are still very useful in asymmetric synthesis because of their wide application and high 

enantioselectivity. In 2001, Knowles, Noyori, and Sharpless received a Nobel Prize in 

recognition of their contributions to asymmetric synthesis. 
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§ 1.2 Development of a library of fine-tunable chiral biphenol-based, 

monodentate phosphorus ligands and their applications to 

asymmetric catalysis 
Although bidentate phosphine ligands have shown excellent efficacy in some asymmetric 

transformations, the diversity of the ligands was limited due to the tedious synthetic route and 

difficult modification of the bidentate ligand. With these drawbacks, the application of bidentate 

ligands in different types of asymmetric reactions is difficult. Therefore, to investigate the 

asymmetric synthesis more efficient, the most efficient way is to develop a ligand library which 

is easy to synthesize and finely tunable to a certain reaction. Along this line, many monodentate 

phosphorus ligand libraries have been developed, due to their straightforward syntheses and 

fine-tunable capability. For example, in 1998, Alexakis and co-workers used commercially 

available TADDOL to synthesize monodentate phosphorus ligands (Figure 1-3), and utilized 

them with copper (II) triflate to catalyze asymmetric conjugate addition of diethyl zinc to enones, 

achieving a 96 % ee.12 

 

Figure 1-3. Monophosphorus Ligands based on (-)-TADDOL 
 

Futhermore, Reetz and Feringa used monodentate ligands derived from commercially 

available, enantiopure BINOL (Figure 1-4) with a rhodium (I) complex to catalyze the 

hydrogenation of methyl-2-acetamido acrylate with 99 % ee.13  

 

Figure 1-4. Monophosphorus Ligands based on (S)-BINOL 
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Based on the successful examples mentioned above, new classes of monodentate 

phosphorous ligands based on the biphenol backbone have been developed in the Ojima group 

from 2003 (Figure 1-5). The biphenol-based monophosphorous ligands have three adjustable 

positions which play different roles in asymmetric synthesis. The 6 and 6’-dimethyl groups make 

biphenol-based ligands more configurationally stable compared to the corresponding chiral 

BINOLs because of steric-restricted rotation.14 The 3 and 3’ substituents of biphenol-based 

ligands may substantially affect the catalytic activity and enantioselectivity, depending on their 

steric or electronic properties.14-15 Finally, the 5 and 5’ substituents of biphenol-based ligands can 

be modified for recovery and recycling of catalyst.16 Those modifiable positions have led us to 

explore many specific asymmetric reactions utilizing the biphenol-based monophosphorous 

ligands. 

 

Figure 1-5. Biphenol-based monodentate phosphorus ligand libraries 
 

In 2003, Ojima and co-workers described the development of a new class of readily 

accessible biphenol-based chiral monophosphite ligands (Figure 1-6) and their application to the 

Rh(I)-catalyzed asymmetric hydrogenation of dimethyl itaconate 1-4 (Scheme 1-2).14  

R1

R1

O
O

P OR3

R2

R2  

Figure 1-6. (S)-Biphenol-based Monophosphite Ligands 
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Scheme 1-2. Rh(I)-catalyzed asymmetric hydrogenation of dimethyl itaconate 1-4 
 

Furthermore, in 2004, Ojima et al. used biphenol-based chiral monophosphoramidite 

ligands with copper (II) precatalyst to catalyze the asymmetric conjugate addition of diethyl zinc 

to nitroalkenes 1-6 with enantioselectivity up to 99 % (Scheme 1-3).15a  

 

Scheme 1-3. Asymmetric conjugate addition of diethyl zinc to nitroalkenes 1-6 
 

Also, in the same year, the Ojima group utilized a family of biphenol-based chiral 

monophosphoramidite ligands with Rh (I) complex to catalyze asymmetric hydroformylation of 

allyl cyanide 1-8 under hydrogen and carbon monoxide gases. Among our novel 

phosphoramidite ligands with the facile fine-tuning capability, biphenol-based 

monophosphoramidite with tert-butyl substitutes at the 3,3’ positions of biphenol gave good 

regioselectivity and enantioselectivity (Scheme 1-4).15b  

Moreover, Ojima et al. also synthesized a family of biphenol-based chiral 

monophosphoramidite ligands and the one with unsymmetrical chiral amine on the phosphorus 

atom of monophosphoramidite (Figure 1-7) was used in the Pd-catalyzed asymmetric allylic 

alkylation towards the preparation of (+)-γ-lycorane to afford (+)-γ-lycorane with > 99 % ee 

(Scheme 1-5).15c  
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Scheme 1-4. Asymmetric hydroformylation of allyl cyanide 1-8 
 

 

Figure 1-7. Biphenol-based chiral monophosphoramidite ligand 
 

 

Scheme 1-5. Total synthesis of (+)-γ-lycorane via asymmetric allylic alkylation 
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The asymmetric synthesis of 6,7-dimethoxy-1-vinyltetrahroisoquinoline through 

Pd-catatalyzed intramolecular allylic amination of 3-(amidoethylphenyl)prop-2-enyl carbonates 

1-15 was also studied by Ojima et al. using a library of fine-tunable monophosphoramidite 

ligands in 2007. Excellent enantiopurity (up to 96 %) and 100 % product selectivity were 

achieved (Scheme 1-6).17  

 

Scheme 1-6. Pd-catatalyzed intramolecular asymmetric allylic amination 
 
§ 1.3 Development of a library of fine-tunable chiral biphenol-based, 

bidentate phosphorus ligands and their applications to asymmetric 

catalysis 
During the development of monodentate chiral phosphorus ligands, a number of biaryl 

atropisomeric ligands have also been explored as effective bidentate ligand system. The ligands 

have proved to be useful for asymmetric transformations such as hydrogenation and allylic 

substitution reactions.18 BINAP possessing a binaphthalene skeleton is the most useful bidentate 

phosphorus ligand which can form a 7-membered ring with a transition metal (Figure 1-10). 

BINAPO, another common bidentate ligand that has an addition oxygen atom between the C-P 

bonds compared to BINAP, forms a 9-membered ring with a transition metal (Figure 1-10). The 

formation of the large ring has advantages and disadvantages in asymmetric catalysis. For 

example, due to its conformational flexibility, BINAPO is not as effective as BINAP for certain 

asymmetric hydrogenation reactions. However, taking advantage of the large bite angle (P-M-P) 

in the 9-membered chelating ring with a transition metal,19 BINAPO has proven to be efficient 

in asymmetric allylic substitutions.20 
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Figure 1-8. Biaryl atropisomeric ligands 
 

In 2008, Ojima et al. developed of a new class of easily accessible biphenol-based chiral 

diphosphonite ligands (BOP) based on the concept of the BINAPO ligand (Figure 1-11). We 

expected that the modification of the 3, 3’ positions of the biphenol scaffold can help to increase 

the enantioselectivity. Indeed, this BOP ligand library can be applied to Pd-catalyzed 

intermolecular asymmetric allylic amination to give up to 96% ee for the key intermediate of 

Strychnos indole alkaloids for which Mori et al. were only able to achieve 84% ee using 

BINAPO in 2003 (Scheme 1-7).22  

 

Figure 1-9. Biphenol-based bidentate phosphorus (BOP) ligand library 
 

 

Scheme 1-7. Pd-catalyzed intermolecular asymmetric allylic amination 
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§ 1.4 Results and discussion 
§ 1.4.1 Synthesis of enantiopure biphenol derivatives 
§ 1.4.1.1 (S)- and (R)-3,3’-Di-tert-butyl-5,5’,6,6’-tetramethyl-1,1’-biphenyl-2,2’-diol 

To prepare enantiopure biphenols and monophosphoramidites with fine-tunable capability, 

racemic 3,3’-di-tert-butyl-5,5’,6,6’-tetramethyl-1,1’-biphenyl-2,2’-diol ±)-1-23 was first 

synthesized.23 Friedal-Craft alkylation of 3,4-dimethyl phenol 1-21 with isobutene under acidic 

condition gave 2-tert-butyl-4,5-dimethyl-phenol 1-22; followed by oxidative coupling in the 

presence of potassium dichromate to afford methyl and tert-butyl substituted biphenol ±)-1-23 

in 60 % isolated yield after two steps (Scheme 1-8). 

 

Scheme 1-8. Synthesis of racemic biphenols (±)-1-23 
 

To obtain enantiomerically pure biphenols, diastereomers 1-26 were synthesized (Scheme 

1-9). (-)-menthol 1-24 was treated with phosphorus trichloride in dichloromethane to give 

dichlorophosphite 1-25. The addition of racemic biphenols 1-23 in the presence of triethylamine 

to 1-25 gave the corresponding diastereomeric phosphates 1-26.  

 

Scheme 1-9. Synthesis of diastereomers (S,S)-1-26 and (R,S)-1-26 
 

(S,S)-based and (R,S)-based diastereomers 1-26 were recrystallized from acetic acid and 

methanol respectively. 31P NMR was utilized to determine diastereomeric purity; only one single 
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peak was shown in each spectrum [δ -4.87 ppm for (R,S)-1-26 and -4.34 ppm for (S,S)-1-26] 

indicating both compounds are diastereomerically pure.23  

    The reduction of either isomer [(S,S)-1-26 or (R,S)-1-26] using Red-Al gave 

enantiomerically pure 3,3’-di-tert-butyl-5,5’,6,6’-tetramethyl-1,1’-biphenyl-2,2’-diol ((S)-1-27a 

or (R)-1-27a) in 80 % and 88 % yield respectively (Scheme 1-10).14  

 

Scheme 1-10. Synthesis of enantiopure biphenol (S)-1-27a 
 

§ 1.4.1.2 (S)- and (R)-5,5’,6,6’-Tetramethyl-1,1’-biphenyl-2,2’-diol and modification of 

enantiopure biphenols at 3 and 3’ positions 

After enantiopure biphenols (S)-1-27a and (R)-1-27a were obtained, many chemical 

modifications were achieved using different reaction conditions (Scheme 1-11). The tert-butyl 

groups at 3 and 3’ positions of (S)- or (R)-1-27a were replaced by treating with aluminum 

trichloride in the presence of nitromethane and toluene via Friedel-Crafts transformation at 0 oC 

for 1 hour to produce (S)- or (R)-1-27b in 95 % and 88 % isolated yield respectively.14  

Dibromo substituted biphenols, (S)- and (R)-1-27c, were obtained by the bromination of (S)- 

and (R)-1-27b in almost quantitative yield. Methyl protection of (S)- and (R)-1-27c provided 

diether adducts (S)- and (R)-1-28, respectively, for Suzuki coupling.14 In the Suzuki coupling 

reaction, the reported catalytic condition14 could not catalyze this reaction to completion. The 1H 

NMR showed two sets of peaks; one set corresponds to the desired products (S)- and (R)-1-29, 

and the other set corresponds to unreacted, mono-phenyl and mono-bromo biphenol (S)- and 

(R)-1-33. For this reason, another portion of catalyst had to be added to complete the reaction to 

gave (S)- and (R)-1-29 in 90-95 % isolated yield. The phenyl substituted biphenols (S)- and 

(R)-1-27d were synthesized from deprotection of (S)- and (R)-1-29, respectively, by treating with 

tribromoborane in dichloromethane at 0 oC for 2 hours. Both reactions gave 80-85 % isolated 

yield.14  
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Scheme 1-11. Synthesis of enantiopure biphenols (S)-1-27b to (S)-1-27e 
 

In addition to the above method to synthesize phenyl-substituted biphenol (S)-1-27d, an 

alternative route was also used to afford this compound in fewer synthetic steps (Scheme 1-12). 

In this synthesis, direct Suzuki coupling proceeded without the protection of biphenol.24 

However, this one-step synthesis gave only 42 % of (S)-1-27d which is a much lower yield 

compared to the previous synthetic method (65 % in three steps) and 15 % of byproduct (S)-1-34 

from possible reductive elimination of phenyl moiety and hydrogen. Furthermore, the reaction 

time of this method was 48 hours which was almost equal to the total reaction time of previous 

method. For this reason, steps shown in Scheme 1-11 are still the best route to afford (S)-1-27d.  
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Scheme 1-12. Alternative route towards the synthesis of enantiopure biphenol (S)-1-27d 
 

Finally, enantiopure biphenols with methyl-substitutents at 3,3’ positions, (S)- and (R)-1-27e, 

were synthesized in four steps respectively. Methyl-protection of enantiopure biphenols (S)- and 

(R)-1-27a were first employed to give ether adducts (S)- and (R)-1-30, respectively, in up to 85 

% yield followed by chloromethylation to provide (S)- and (R)-1-31 in 90 % isolated yield. This 

chloromethyl substituted biphenol was then treated with LiAlH4 to afford reduced product (S)- 

and (R)-1-32 followed by deprotection with tribromoborane to achieve enantiopure, 

methyl-substituted biphenol (S)- and (R)-1-33.14  

 

§ 1.4.1.3 Synthesis of (R)-3,3'-bis(substituted-benzyl)-5,5',6,6'-tetramethyl-1,1’-biphenyl- 

2,2'-diols 

This series of biphenols was prepared from the chloromethyl substituted and methyl 

protected biphenol, (R)-1-31, coupling with corresponding aryl Grignard reagents generated in 

situ using CuI as the coupling reagent and followed by the subsequent removal of the methyl 

group with boron tribromide (Scheme 1-13). Both reactions went smoothly and excellent yields 

were obtained in each step. 

 

Scheme 1-13. Synthesis of enantiopure biphenol (R)-1-27f 
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§ 1.4.1.4 Synthesis of (S)-3,3'-diiodo-5,5',6,6'-tetramethyl-1,1’-biphenyl-2,2'-diol and 

(R)-5,5',6,6'-tetramethyl-3,3'-bis(phenylethynyl)-1,1’-biphenyl-2,2'-diol 

The enantiopure (S)-3,3’-diiodo-5,5’,6,6’-tetramethyl-1,1’-biphenyl-2,2’-diol ((S)-1-27g) 

was synthesized from (S)-1-27b using ICl as the iodination agent in 73% isolated yield. Next, the 

synthesis of (S)-1-27h via Sonogashira coupling of unprotected (S)-1-27g with phenyl acetylene 

using diisopropylamine as the base gave the desired product (S)-1-27h in 54% isolated yield 

(Scheme 1-14). 

 

Scheme 1-14. Synthesis of enantiopure biphenols (S)-1-27g and (S)-1-27h 
 
§ 1.4.1.5 Synthesis of (S)-3,3'-di(2,4,6-triisopropyl phenyl)-5,5',6,6'-tetramethyl-1,1’-bi- 

phenyl-2,2'-diol and (R)- 3,3'-di(triphenyl silyl)-5,5',6,6'-tetramethyl-1,1’-biphenyl-2,2'-diol 

For the synthesis of (S)-1-27i, (S)-1-28 was first coupled with the corresponding aryl 

Grignard reagent using 10 mol% of Ni(PPh3)2Cl2 to introduce triisopropyl phenyl substituted 

diether adduct (S)-1-36 and followed by the subsequent removal of the methyl group with boron 

tribromide gave the desired biphenol (S)-1-27i in moderate yield after two steps (Scheme 1-15).  

(S)-1-28

O
O

Br

Br

MgBr

(4 eq)

Ni(PPh3)2Cl2 (10 mol%)

Et2O, rfx, 24 h

O
O

Ar

Ar
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(S)-1-36

BBr3 (2.2 eq)

DCM, 0 oC, 2 h

OH
OH

Ar

Ar
(S)-1-27i  

Scheme 1-15. Synthesis of enantiopure biphenols (S)-1-27i 
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For the synthesis of (R)-1-27j, (R)-1-27c was first protected with chlorotriphenylsilane in 

the presence of imidazole to give triphenyl silyl substituted diether adduct (R)-1-37, followed by 

silane rearrangement to give desired the biphenol (R)-1-27j in good yield after two steps 

(Scheme 1-16).  

 

Scheme 1-16. Synthesis of enantiopure biphenols (S)-1-27j 
 

§ 1.4.2 Synthesis of enantiopure biphenol-based monophosphoramidite 

ligands 
A large enantiopure biphenol-based monophosphoramidite ligand library was previously 

developed in our laboratory. In general, two methods are used to synthesize those ligands 

(Schemes 1-17 and 1-18). When the amine moiety is dimethyl amino group, commercially 

available hexamethylphosphorustriamide (HMPT) is used to react with enantiopure biphenols 

1-7 to easily give the desired monophosphoramidite ligands in good to excellent yields (Scheme 

1-17).15b  

 

Scheme 1-17. Synthesis of MPN ligands with dimethyl amine moiety 
 

When other amines are chosen as the amine moieties of the monophosphoramidite ligands, 

a more complicated synthetic method is used. In this method, secondary amine is treated with 

phosphorus trichloride to produce a dichlorophosphinoamine which is characterized by 31P NMR. 

Then the resulting dichlorophosphinoamine reacts with enantiopure biphenol to afford 
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biphenol-based monophosphoramidite ligand in reasonable yield (Scheme 1-18).15a, b  

 

Scheme 1-18. Synthesis of MPN ligands with other amine moieties (only the synthesis of 
(S)-MPN-L2a, (S)-MPN-L3a and (R,R,R)-MPN-L4a shown in the Scheme) 

 

§ 1.4.3 Synthesis of enantiopure biphenol-based diphosphonite ligands 
The 3,3’-disustituted-biphenol-based diphosphonite ligands (BOP) were synthesized 

following the synthetic protocol described for the BINAPO ligand (Scheme 1-19).25 In the 

scheme, we have designed the BOP ligands to have fine-tuning capability at the 3,3’ positions of 

the biphenol moiety and Ar groups on the phosphorus moieties. 

 

Scheme 1-19. General procedure of BOP ligand synthesis 
 

The coupling reaction between biphenol and chlorodiarylphosphine (ClPAr2) proceeded 

smoothly, affording the desired products in good to excellent yields after column 

chromatography on neutral/basic alumina or silica gel pretreated with NEt3. The synthesized 

ligands are shown in Figure 1-12. Of these ligands, BOP-L1a~i and L3a~b have been 
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synthesized previously in the Ojima laboratory. Only BOP-L2a~c were newly synthesized by 

the author following the above procedure.  

OPPh2

OPPh2

R

R

OPPh2

OPPh2

(R)-BOP-L1a: R= H
(S)-BOP-L1b: R= Me
(R)-BOP-L1c: R= Br
(R)-BOP-L1d: R= Ph

Ar

Ar

(R)-BOP-L1e: Ar = Ph
(R)-BOP-L1f: Ar = 4-MeC6H4
(R)-BOP-L1g: Ar = 3,5-Me2C6H3
(R)-BOP-L1h: Ar = 4-t-BuC6H4
(R)-BOP-L1i: Ar = 1-Np

OPAr'2
OPAr'2

Ar

Ar

Ar = 3,5-Me2C6H3

(R)-BOP-L2a: Ar' = 4-MeC6H4
(S)-BOP-L2a: Ar' = 4-MeC6H4
(R)-BOP-L2b: Ar' = 4-MeOC6H4
(R)-BOP-L2c: Ar' = 4-CF3C6H4

OPAr'2
OPAr'2

(R)-BOP-L3a: Ar' = 4-MeC6H4
(R)-BOP-L3b: Ar' = 3,5-Me2C6H3

 

Figure 1-10. BOP ligand library 
 

§ 1.5 Conclusions 
Enantiopure biphenol derivatives and their related monophosphoramidite, bidentate 

diphosphonite ligands were successfully synthesized in satisfied isolated yield. Those 

biphenol-based chiral ligands will be screened for a number of asymmetric transformations as 

described in later chapters to evaluate their efficacy in enantiopurity and reactivity. 

 

§ 1.6 Experimental section 
General Methods: 1H and 13C and 31P NMR were measured on a Varian Inova-500 NMR (500 

MHz 1H, and 125 MHz 13C), a Varian Inova-400 NMR (400 MHz 1H; 100 MHz 13C; 162 MHz 
31P) or a Varian Gemini-2300 (300 MHz 1H; 75 MHz 13C; 121.5 MHz 31P) spectrometer in a 

deuterated solvent using residual protons (CHCl3: 1H, 7.26 ppm; 13C, 77.0 ppm. C6H6: 1H, 7.15 

ppm) as the internal standard or phosphoric acid as the external reference (31P 0.00 ppm). 
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Analytical HPLC in reverse phase was carried out with a Shimadzu LC-2010A HPLC system 

using a Chiralpak AD-RH analytical column. Melting points were measured on a Thomas 

Hoover Capillary melting point apparatus and are uncorrected. Optical rotations were measured 

on a Perkin-Helmer Model 241 polarimeter. TLC analyses were performed using Merck DC 

Alufolien 60F254 aluminum pre-coated silica gel plates. Flash column chromatography was 

carried out using Silicyle SiliaFlashP60® silica gel (particle size 40–63 μm). High-resolution 

mass spectrometric analyses were carried out by Mass Spectrometry Laboratories, University of 

Illinois Urbana-Champaign, Urbana, IL or by ICB&DD at Stony Brook University. Unless 

otherwise noted, all reactions were carried out under argon or nitrogen atmosphere in oven-dried 

glassware using standard Schlenck techniques. 

Materials: Solvents were reagents grade and freshly distilled before use. Tetrahydrofuran (THF) 

and dichloromethane (DCM) were dried and degassed using an Innovative Technology 

PureSolvTM solvent purification system. Acetonitrile was distilled from calcium hydride. 

Anhydrous N,N-dimethylformamide (DMF) was purchased from Acros and used without further 

purification. Other solvents were used without purification. Other chemicals and reagents were 

purchased from Sigma-Aldrich or Fisher Scientific and used without further purification unless 

otherwise noted. 

 

Synthesis of 3,3’-di-tert-butyl-5,5’,6,6’-tetramethyl-1,1’-biphenyl-2,2’-diol14, 23 

 
2-tert-Butyl-4,5-dimethylphenol (1-22)23  

3,4-Dimethylphenol 1-21 (81.3 g, 0.66 mol) and concentrated sulfuric acid (0.5 mL) were 

added into a 300 mL autoclave with a glass liner and stirring bar. This autoclave was then 

pressurized with 2-methylpropene (20 psi) and heated to 80 oC for 3.5 h. The autoclave was 

opened and the mixture was analyzed by GC-MS (m/z = 178). This resulting crude was used in 

next step without any purification. 
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3,3’-Di-tert-butyl-5,5’-6,6’-tetramethyl-1,1’-diphenyl-2,2’-diol ( )-1-23)23  

Potassium dichromate (60 g, 0.204mol) dissolved in the solution of sulfuric acid (120 mL) 

and water (400 mL) was carefully added to an acetic acid (650 mL) solution of the crude 1-22 

from the previous step. It was an exothermic reaction, and thus the reaction temperature reached 

around 60 oC. The reaction mixture was then stirred for an additional 45 min at 60 oC and cooled 

down to room temperature. The brown solid was filtrated and washed with water (250 mL x2) 

and MeOH (200 mL x3). The remaining solid was then stirred with methanol at 0 oC for 15 min 

and filtered again. The purified solid was dried in vacuo to give pure diol )-1-23 as a white 

solid (71.8 g, 60 % for two steps): 1H NMR (300 MHz, CDCl3) δ 1.42 (s, 18 H), 1.84 (s, 6 H), 

2.27 (s, 6 H), 4.82 (s, 2 H), 7.15 (s, 2 H); 13C NMR (75 MHz, CDCl3) δ 15.9, 20.0, 29.6, 34.5, 

121.0, 128.0, 128.7, 133.4, 134.1, 150.4. All data are in agreement with the literature values.23  

 

Preparation and Resolution of (R)-1-26 and (S)-1-2623 

     
A solution of (1R,2S,5R)-(-)-menthol 1-24 (31.8 g, 202 mmol) in DCM (72 mL) was 

carefully added to a solution of phosphorus trichloride (41.6 g, 303 mmol, 1.5 eq) in DCM (144 

mL) over 30 min at 0 oC. After this period of time, the ice bath was removed and the reaction 

mixture was kept at room temperature for another hour. The solvent and other volatile liquids 

were removed in vacuo to give the remaining oil 1-25. This oil was then redissolved in DCM 

(108 mL) and a DCM (216 mL) solution of triethylamine (84.6 mL, 06 mmol, 3.0 eq) and 

)-1-23 (71.8 g, 202 mmol) was slowly added over 50 min. After an additional 2 h, the solution 

was filtered and H2O2 (35 %, 123 mL) was added slowly with stirring. This biphasic mixture was 

vigorously stirred overnight. The organic layer was separated, washed with water (200 mLx2) 

and brine (200 mL), and dried over MgSO4. The solution was filtered to remove MgSO4 and then 

concentrated by rotary evaporation to give a white solid. The solid was further dried in vacuo to 
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give )-1-26: 31P NMR (121.5 MHz, CDCl3) -4.87 for (R,S)-1-26 , -4.34 for (S,S)-1-26. 

    The diastereomeric mixture of phosphate was dissolved in a minimum amount of hot acetic 

acid (~ 160 mL) and white crystals were formed after 24 h at room temperature. These crystals 

were collected by filtration and washed with cold acetic acid (50 mL x2). The isolated crystals 

were then dried in vacuo to afford crude (S,S)-1-26. It was further recrystallized twice from hot 

acetic acid to give pure (S,S)-1-26 (29.8 g, >99 % de, corresponding to 57 % of 

(S,S)-diastereomer). The remaining liquid from the first crystallization was concentrated in vacuo 

to give (R,S)-1-26. The crude (R,S)-1-26 was recrystallized from hot MeOH (~200 mL). White 

crystals formed on cooling to 0 oC with ice bath. These crystals were recrystallized again from 

hot MeOH to afford pure (R,S)-1-26 (25.1 g, >99 % de, corresponding to 48 % of 

(R,S)-diastereomer). All data are in agreement with the literature values.23  

 

(S)-3,3’-Di-tert-butyl-5,5’,6,6’-tetramethyl-1,1’-biphenyl-2,2’-diol ((S)-1-27)23  

 
    Resolved (S,S)-1-26 (29.8 g, 53.8 mmol) was dissolved in toluene (250 mL) in a 2 L round 

bottomed flask equipped with an addition funnel. Red-Al® (65.0 mL, 65 % wt. in toluene) was 

added to an addition funnel and then added dropwise to (S)-1-26 solution with continuous gas 

evolution at 0 oC. After this step, the reaction mixture was stirred at room temperature for 40 h 

and then quenched with water (90 mL) followed by bleach (6 %, 90 mL). The slurry was filtered 

through Celite and washed with toluene (250 mL). The remaining bi-layer solution was separated 

by extraction funnel. The toluene layer was washed with bleach (6 %, 200 mL) and brine (200 

mL) and then dried over MgSO4. Magnesium sulfate was removed by filtration and toluene by 

vacuum distillation to give a white solid. The side product menthol was removed by washing 

with cold MeOH several times until no minty odor remained. Biphenol (S)-1-27a was collected 

by filtration and dried in vacuo to give a white solid (15.2 g, 80 %). The optical purity of 

(S)-1-27a was examined by 31P NMR of the (S)-biphenPMen* derivative (Phophite): mp 
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165.0-167.0 oC (lit.23 mp 165.0-167.0 oC); [α]D
23 -76.9 (c 0.91, DCM) [lit. [α]D

22 -72.8 (c 1.25, 

DCM)]; 1H NMR (300 MHz, CDCl3) δ 1.41 (s, 18 H), 1.83 (s, 6 H), 2.26 (s, 6 H), 4.81 (s, 2 H), 

7.14 (s, 2 H). All data were in agreement with the literature values.23 The reduction of (R,S)-1-26 

to (R)-1-27 followed the same procedure. 

 

(R)-3,3’-Di-tert-butyl-5,5’,6,6’-tetramethyl-1,1’-biphenyl-2,2’-diol ((R)-1-27a)23  

(R)-1-27a was obtained as a white solid (13.4 g, 83 %): [α]D
23 +66.3 (c 0.92, DCM) [lit.23 

[α]D
22 +74.0 (CH2Cl2, 1.69)]; 1H NMR (300 MHz, CDCl3) δ 1.40 (s, 18 H), 1.83 (s, 6 H), 2.25 (s, 

6 H), 4.81 (s, 2 H), 7.15 (s, 2 H). All data are in agreement with the literature values.23  

 

(S)-5,5’,6,6’-Tetramethyl-1,1’-biphenyl-2,2’-diol ((S)-1-27b)14  

OH
OH

(S)-1-27a

AlCl3
MeNO2

benzene
0oC, 1h

OH
OH

(S)-1-27b  
A solution of AlCl3 (6.67 g, 50.0 mmol) in benzene (40 mL) and nitromethane was added 

dropwise to a solution of (S)-1-27a (10.6 g, 29.8 mmol) in toluene (120 mL) at 0 oC over a 

period of 30 min. After this step, the reaction mixture was stirred another 30 min at 0 oC. The 

reaction was then quenched with water (50 mL). The aqueous layer was extracted with Et2O (30 

mL x3). The collected organic layers were washed with brine (50 mL) and then dried over 

Na2SO4. The drying agent was removed by filtration and the filtrate was concentrated under 

reduced pressure to give crude (S)-1-27b. This crude product was then recrystallized from 

hexanes-CH2Cl2 to give pure (S)-1-27b as a cotton-like white solid (6.90 g, 95 %): mp 

199.0-200.5 oC (lit.14 mp 198.5-200.0 oC); [α]D
23 -53.8 (c 0.90, DCM) [lit.14 [α]D

22 -53.3 (c 0.90 , 

DCM)]; 1H NMR (300 MHz, CDCl3) δ 1.90 (s, 6 H), 2.26 (s, 6 H), 4.56 (s, 2 H), 6.81 (d, 2 H, J 

= 8.1 Hz), 7.12 (d, 2 H, J = 8.1 Hz); 13C NMR (75 MHz, CDCl3) δ 16.3, 19.8, 112.6, 120.2, 

129.1, 131.2, 136.9, 151.8. All data are in agreement with the literature values.14 The reaction of 

(R)-1-27a to (R)-1-27b followed the same procedure. 
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(R)-5,5’,6,6’-Tetramethyl-1,1’-biphenyl-2,2’-diol ((R)-1-27b)14  

(R)-1-27b was obtained as a cotton-like white solid (2.54 g, 88 %): mp 199.0-200.5 oC (lit.14 

mp 198.5-200.0 oC); [α]D
23 +54.4 (c 1.25, DCM) [lit.14 [α]D

22 +54.0 (c 1.16, DCM)]; 1H NMR 

(300 MHz, CDCl3) δ 1.90 (s, 6 H), 2.26 (s, 6 H), 4.51 (s, 2 H), 6.82 (d, 2 H, J = 8.1 Hz), 7.13 (d, 

2 H, J = 8.1 Hz). All data are in agreement with the literature value.14  

 

(S)-3,3’-Dibromo-5,5’,6,6’-tetramethyl-1,1’-biphenyl-2,2’-diol ((S)-1-27c)14 

 
A solution of bromine (1.62 mL, 30.8 mmol) in CHCl3 (12 mL) was slowly added to a 

solution of (S)-1-27b (2.98 g, 12.3 mmol) in CHCl3 (72 mL) over 30 min. Then the reaction 

mixture was stirred for another hour at room temperature. The reaction was quenched by adding 

saturated Na2SO3 solution (20 mL). The aqueous layer was extracted with Et2O (20 mL x3). The 

organic layer was then washed with water (20 mL x2) and brine (30 mL), and dried over Na2SO4. 

The drying agent was removed by filtration and the filtrate was concentrated under reduced 

pressure to give (S)-1-27c as an off-white solid (4.80g, 98 %): mp 169.5-171.0 oC (lit.14 mp 

171.0-172.5 oC); [α]D
23 +13.8 (c 0.80, DCM) [lit.14 [α]D

22 +11.7 (c 0.77, DCM)]; 1H NMR (300 

MHz, CDCl3) δ 1.87 (s, 6 H), 2.26 (s, 6 H), 5.12 (s, 2 H), 7.35 (s, 2 H); 13C NMR (75 MHz, 

CDCl3) δ 16.2, 19.6, 106.6, 123.5, 130.5, 132.7, 136.6, 147.7. All data are in agreement with the 

literature values.14 The bromination of (R)-1-27b to (R)-1-27c followed the same procedure. 

 

(R)-3,3’-Dibromo-5,5’,6,6’-tetramethyl-1,1’-biphenyl-2,2’-diol ((S)-1-27c)14 

(S)-1-7c was obtained as a white solid (6.36 g, 99 %): mp 169.0-171.0 oC; [α]D
23 = -13.5 (c 

0.85, DCM); 1H NMR (300 MHz, CDCl3) δ 1.86 (s, 6 H), 2.25 (s, 6 H), 5.12 (s, 2 H), 7.35 (s, 2 

H). All data are in agreement with the literature values.14 
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(S)-3,3’-Diphenyl-5,5’,6,6’-tetramethyl-1,1’-biphenyl-2,2’-diol ((S)-1-27d)14  

 

Dimethyl sulfate (1.07 mL, 11.4 mmol) was added to the biphasic mixture of (S)-1-27c 

(1.52 g, 3.80 mmol), (Bu4N)HSO4 (148 mg, 0.38 mmol), and KOH (0.69 g, 11.4 mmol) in 

DCM-H2O (1:1) (30 mL). The reaction mixture was then stirred overnight at room temperature. 

The organic and aqueous layers were separated by a separation funnel. The aqueous layer was 

extracted with DCM (15 mL x3). The combined organic layers were washed with brine (20 mL) 

and dried over MgSO4. The drying agent was removed by filtration and the remaining solution 

was concentrated in vacuo and triturated with cold MeOH to give (S)-1-28 as a white solid (1.51 

g, 93 %): mp 150.5-151.5 oC (lit.14 mp 150.0-151.5 oC); [α]D
22 +39.1 (c 0.60, DCM) [lit.14 [α]D

22 

+11.7 (c 0.77, DCM)]; 1H NMR (300 MHz, CDCl3) δ 1.84 (s, 6 H), 2.26 (s, 6 H), 3.50 (s, 6 H), 

7.39 (s, 2 H). All data are in agreement with the literature values.14 The protection of (R)-1-27c 

to (R)-1-28 followed the same procedure. 

(R)-1-28 was obtained as a white solid (2.78 g, 92 %): 1H NMR (300 MHz, CDCl3) δ 1.84 

(s, 6 H), 2.26 (s, 6 H), 3.50 (s, 6 H), 7.39 (s, 2 H). All data are in agreement with the literature 

values.14 

(S)-1-28 (808 mg, 1.89 mmol) and 6 mol% of Pd(PPh3)4 (138 mg, 0.11 mmol) were 

suspended in DME (17 mL) and the suspension was stirred for 30 min at room temperature. Then, 

a solution of PhB(OH)2 (515 mg, 4.22 mmol) and NaHCO3 (0.95 g, 11.3 mmol) in water (13 mL) 

was added to the above suspension. The mixture was stirred and refluxed for 16 h. The reaction 
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mixture was then cooled down and diluted with Et2O (40 mL). The organic layer was washed 

with brine (30 mL) and dried over MgSO4. The drying agent was removed by filtration and the 

remaining solution was concentrated in vacuo to afford the crude compound. However, from 1H 

NMR, only 75% of the desired product was obtained. The other 25% of the compound 

corresponds to mono-phenyl substituted product (S)-1-33. Therefore, the crude and 6 mol% of 

Pd(PPh3)4 based on the mole of unreacted aryl bromide were redissolved into DME (5 mL) and 

stirred for 30 min at room temperature. Then, a solution of PhB(OH)2 (31 mg, 0.25 mmol) and 

NaHCO3 (125 mg, 1.49 mmol) in water (3 mL) was added to above suspension. The mixture was 

stirred and refluxed for another 18 h. This crude product was purified by the same procedures 

shown above and further purified by column chromatography on silica gel (hexanes:EtOAc = 

20:1) to give pure (S)-1-29 as a white solid (730 mg, 92 %): mp 57.0-58.5 oC (lit.14 mp 56.5-58.5 
oC); [α]D

22 +139.3 (c 0.43, DCM) [lit.14 [α]D
22 +143.6 (c 0.55, DCM)]; 1H NMR (300 MHz, 

CDCl3) δ 1.99 (s, 6 H), 2.33 (s, 6 H), 3.19 (s, 3 H), 7.23-7.62 (m, 12 H); 13C NMR (75 MHz, 

CDCl3) δ 16.4, 19.8, 121.6, 125.6, 127.0, 128.4, 129.1, 129.2, 132.1, 136.3, 137.9, 148.4. All 

data are in agreement with the literature values.14 The Suzuki coupling of (R)-1-28 to (R)-1-29 

followed the same procedure.  

(R)-1-29 was obtained as a white solid (189 mg, 93 %): 1H NMR (300 MHz, CDCl3) δ 1.98 

(s, 6 H), 2.33 (s, 6 H), 3.19 (s, 3 H), 7.23-7.62 (m, 12 H). All data were in agreement with the 

literature values.14   

To a stirring solution of (S)-1-29 (730 mg, 1.73 mmol) in DCM (16 mL) at 0 oC, BBr3 

solution (5.3 mL, 1M in DCM) was added over 5 min. The reaction mixture was then stirred at 0 
oC for 2 h. Next, the reaction was quenched by adding water (40 mL). The aqueous layer was 

extracted with DCM (30 mL x2). The combined organic layers were washed with brine (25 mL) 

and dried over MgSO4. The drying agent was removed by filtration and the remaining solution 

was concentrated in vacuo to afford crude (S)-1-27d. This crude product was further purified by 

column chromatography on silica gel (hexanes:EtOAc = 30:1, 25:1, 20:1, 15:1, then 10:1) to give 

pure (S)-1-27d as a white solid (555 mg, 82 %): mp 152.5-154.5 oC (lit.14 mp 153.0-154.0 oC); 

[α]D
23 +96.2 (c 0.52, DCM) [lit.14 [α]D

22 +86.3(c 0.53, DCM)]; 1H NMR (300 MHz, CDCl3) δ 

1.99 (s, 6 H), 2.32 (s, 6 H), 4.88 (s, 2 H), 7.23-7.61 (m, 12 H). All data are in agreement with the 

literature values.14 The deprotection of (R)-1-29 to (R)-1-27d followed the same procedure. 
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(R)-3,3’-Diphenyl-5,5’,6,6’-tetramethyl-1,1’-biphenyl-2,2’-diol ((R)-1-27d)14  

(R)-1-27d was obtained as a white solid (400 mg, 84 %): mp 153.0-154.5 oC (lit.14 mp 

153.0-154.0 oC); [α]D
23 -124.8 (c 0.42, DCM); 1H NMR (300 MHz, CDCl3) δ 1.99 (s, 6 H), 2.32 

(s, 6 H), 4.88 (s, 2 H), 7.23-7.61 (m, 12 H). All data are in agreement with the literature values.14   

 

Alternative route toward the synthesis of (S)-1-27d14 

 
Pd(OAc)2 and PPh3 were dissolved in EtOH and the solution was stirred at room 

temperature for 30 min. To this solution, (S)-1-27c (1.00 g, mmol) in EtOH and PhB(OH)2 in 2 

M Na2CO3(aq) were added. The reaction mixture was refluxed for 27 h with stirring. The reaction 

mixture was then cooled down and monitored by TLC. From TLC monitoring, the reaction did 

not go to completion. Therefore, the reaction mixture was transferred to another flask with in situ 

generated Pd(PPh3)4 solution. The reaction mixture was refluxed for another 21 h with stirring. 

The reaction mixture was then cooled down and diluted with Et2O (40 mL). The organic layer 

was washed with brine (30 mL) and dried over MgSO4. The drying agent was removed by 

filtration and the remaining solution was concentrated in vacuo to afford crude product (S)-1-27d 

and byproduct (S)-1-34. This crude product was further purified by column chromatography on 

silica gel (hexanes:EtOAc = 30:1, 25:1, 20:1, then 15:1) to give pure (S)-1-27d as a white solid 

(410 mg, 42 %) and (S)-1-34 as a yellow solid (120 mg, 15 %): 1H NMR (300 MHz, CDCl3) of 

(S)-1-34 δ 1.95 (s, 3 H), 1.97 (s, 3 H), 2.28 (s, 3 H), 2.33 (s, 3 H), 4.62 (s, 1 H), 4.84 (s, 1 H), 

6.84 (d, 1 H, J = 8.1 Hz), 7.15 (d, 1 H, J = 8.1 Hz), 7.24 (s, 1 H), 7.31-7.62 (m, 5 H). All data are 

in agreement with the literature values.14 
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(S)-3,3’-Dimethyl-5,5’,6,6’-tetramethyl-1,1’-biphenyl-2,2’-diol ((S)-1-27e)14  

 
Dimethyl sulfate (1.75 mL, 18.7 mmol) was added to the biphasic mixture of (S)-1-27b 

(2.52 g, 6.25 mmol), (nBu)4NI (231 mg, 0.63 mmol), and KOH (1.07 g, 18.7 mmol) in DCM-H2-

O (1:1) (40 mL). The reaction mixture was then stirred overnight at room temperature. The 

organic and aqueous layers were separated by an extraction funnel. The aqueous layer was 

extracted with DCM (25 mL x3). The combined organic layers were washed with water (30 mL), 

followed by NH4OH (30 mL), and brine (30 mL), and dried over MgSO4. The drying agent was 

removed by filtration and the remaining solution was concentrated in vacuo and triturated with 

MeOH to give (S)-1-30 as a white solid (2.41 g, 86 %): mp 110.5-112.0 oC (lit.14 mp 110.0-112.0 
oC); 1H NMR (300 MHz, CDCl3) δ 1.87 (s, 6 H), 2.30 (s, 6 H), 3.69 (s, 6 H), 6.77 (d, 2 H, J = 8.1 

Hz), 7.15 (d, 2 H, J = 8.1 Hz); 13C NMR (75 MHz, CDCl3) δ 16.3, 19.9, 55.9, 108.1, 126.8, 

128.5, 128.9, 136.5, 155.3. All data are in agreement with the literature values.14 The protection 

of (R)-1-27b to (R)-1-30 followed the same procedure. 

(R)-1-30 was obtained as a white solid (1.14 g, 83 %): mp 110.0-112.0 oC (lit.14 mp 

110.0-112.0 oC); 1H NMR (300 MHz, CDCl3) δ 1.87 (s, 6 H), 2.30 (s, 6 H), 3.69 (s, 6 H), 6.77 (d, 

2 H, J = 8.1 Hz), 7.15 (d, 2 H, J = 8.1 Hz). All data are in agreement with the literature values.14   

Next, concentrated HCl (16 mL), AcOH (16 mL) H3PO4 (85 %, 16 mL) and 

paraformaldehyde (4.25 g) were added to a round-bottomed flask with (S)-1-30 (1.50 g, 5.55 

mmol). The mixture was then stirred at 90 oC for 42 h. After that step, the solution was cooled 

down and extracted with toluene (50 mL x3). The combined organic layers were washed with 
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water (50 mL), saturated Na2CO3 solution (50 mL), brine (50 mL), and dried over MgSO4. The 

drying agent was removed by filtration and the remaining solution was concentrated in vacuo to 

give crude (S)-1-31. This crude product was further purified by column chromatography on silica 

gel (hexane:EtOAc = 10:1) to give pure (S)-1-31 as a white solid (1.84 g, 90 %): 1H NMR (300 

MHz, CDCl3) δ 1.94 (s, 6 H), 2.30 (s, 6 H), 3.38 (s, 6 H), 4.60 (d, 2 H, J = 13.0 Hz), 4.79 (d, 2 H, 

J = 13.0 Hz), 7.25 (s, 2H). All data are in agreement with the literature values.14 The 

chloro-methylation of (R)-1-30 to (R)-1-31 followed the same procedure. 

(R)-1-31 was obtained as a white solid (1.22 g, 89 %): 1H NMR (300 MHz, CDCl3) δ 1.94 

(s, 6 H), 2.30 (s, 6 H), 3.37 (s, 6 H), 4.57 (d, 2 H, J = 14.4 Hz), 4.80 (d, 2 H, J = 14.4 Hz), 7.25 (s, 

2H). All data are in agreement with the literature values.14   

A solution of (S)-1-31 (1.84 g, 5.01 mmol) in THF (15 mL) was added dropwise to the 

suspension of LiAlH4 (0.66 g, 17.0 mmol) in THF (8 mL). The mixture was refluxed for 3.5 h. 

The reaction was then slowly quenched with THF/water (1:1, 10 mL) at 0 oC. The aqueous layer 

was extracted with ether (20 mL x3). The combined organic layers were washed with water (50 

mL) and dried over MgSO4. The drying agent was removed by filtration and the remaining 

solution was concentrated in vacuo to give crude (S)-1-32. This crude product was further 

purified by column chromatography on silica gel (hexane:EtOAc = 20:1) to give pure (S)-1-32 as 

a white solid (1.19 g, 90 %): mp 76.0-77.5 oC (lit.14 mp 74.0-75.0 oC); 1H NMR (300 MHz, 

CDCl3) δ 1.87 (s, 6 H), 2.25 (s, 6 H), 2.28 (s, 6H), 3.38 (s, 6 H), 7.00 (s, 2H). All data are in 

agreement with the literature values.14 The reduction of (R)-1-31 to (R)-1-32 followed the same 

procedure. 

(R)-1-32 was obtained as a white solid (0.80 g, 96 %): mp 75.0-76.0 oC (lit.14 mp 74.0-75.0 
oC); 1H NMR (300 MHz, CDCl3): δ 1.87 (s, 6 H), 2.25 (s, 6 H), 2.28 (s, 6H), 3.34 (s, 6 H), 7.00 

(s, 2H). All data are in agreement with the literature values.14   

To a stirring solution of (S)-1-32 (1.19 g, 3.99 mmol) in DCM (5 mL) at 0 oC , BBr3 solution 

(11 mL, 1M in DCM) was added slowly. The reaction mixture was then stirred at 0 oC for 1 h. 

Next, the reaction was quenched by adding water (40 mL). The aqueous layer was extracted with 

DCM (30 mL x2). The combined organic layers were washed with water (50 mL), brine (50 mL), 

and dried over MgSO4. The drying agent was removed by filtration and the remaining solution 

was concentrated in vacuo to afford crude (S)-1-27e. This crude product was further purified by 

column chromatography on silica gel (hexanes:EtOAc = 10:1) to give pure (S)-1-27e as a white 
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solid (0.97 g, 80 %): mp 135.0-137.0 oC (lit.14 mp 136.0-137.5 oC); [α]D
23 -47.4 (c 0.76, DCM); 

1H NMR (300 MHz, CDCl3) δ 1.85 (s, 6 H), 2.23 (s, 12 H), 4.54 (s, 2H), 7.00 (s, 2H). All data 

are in agreement with the reported literature.14 The deprotection of (R)-1-32 to (R)-1-27e 

followed the same procedure. 

(R)-1-27e was obtained as a white solid (0.70 g, 97 %): mp 136.0-137.5 oC (lit.14 mp 

136.0-137.5 oC); [α]D
23 +46.8 (c 0.62, DCM); 1H NMR (300 MHz, CDCl3) δ 1.86 (s, 6 H), 2.24 

(s, 12 H), 4.56 (s, 2H), 7.01 (s, 2H). All data are in agreement with the literature values.14 

 

(R)-3,3'-Bis(3,5-dimethylbenzyl)-5,5',6,6'-tetramethyl-1,1’-biphenyl-2,2'-diols ((R)-1-27f)26 

 
To a suspension of Mg (69 mg, 2.9 mmol) and a catalytic amount of I2 in THF (6 mL) was 

added 5-bromo-m-xylene (473 mg, 2.56 mmol). The mixture was stirred at room temperature for 

30 min. To a solution of (R)-1-31 (234 mg, 0.638 mmol) and CuI (31 mg, 0.20 mmol) in THF (6 

mL) was added dropwise the above mixture at 0 oC. The reaction mixture was warmed up to 

room temperature and stirred for 1 h at the same temperature and then at 50 oC for 5 h. The 

reaction was then quenched with aqueous NH4Cl solution (10 mL) and the aqueous layer was 

separated and extracted with DCM (10 mL x3). The combined organic layer was washed with 

water (20 mL), brine (20 mL), and then dried over MgSO4. The drying agent was removed by 

filtration and the solvent was concentrated in vacuo to afford the crude product as a yellow oil. 

Further purification by flash column chromatography on silica gel (hexanes/EtOAc =30:1-25:1) 

afforded pure (R)-1-35 as a colorless oil (305 mg, 94% yield). [α]D
22 +14.1 (c 1.0, DCM); 1H 

NMR (300 MHz, CDCl3) δ 1.98 (s, 6H), 2.29 (s, 6H), 2.34 (s, 12H), 3.35 (s, 6H), 4.02 (S, 4H), 

6.89 (s, 2H), 6.92 (s, 2H), 6.99 (s, 2H). All data are in agreement with the literature values.26  
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To a stirred solution of (R)-1-35 (300 mg, 0.592 mmol) in DCM (10 mL) was added BBr3 

(1.3 mL, 1.0 M solution in DCM) dropwise at 0 oC over 30 min. The mixture was stirred at 0 oC 

for 1.5 h. The reaction was quenched by water (3 mL). The aqueous layer was separated and 

extracted with Et2O (15 mL x3). The combined organic layer was washed with brine (20 mL) 

and dried over anhydrous Na2SO4. The drying agent was removed by filtration and the solvent 

was concentrated in vacuo to afford the crude product as light yellow oil. Further purification by 

flash column chromatography on silica gel (hexanes/EtOAc =50:1-20:1) afforded pure (R)-1-27f 

as a white foam (277 mg, 98% yield): mp 48-50 oC; [α]D 22 -13.0 (c 1.0, DCM); 1H NMR (300 

MHz, CDCl3) δ 1.93 (s, 6H), 2.27 (s, 6H), 2.33 (s, 12H), 3.97 (q, J= 8.4 Hz, 4H), 4.69 (s, 2H), 

6.88 (s, 2H), 6.92 (s, 4H), 7.00 (s, 2H). All data are in agreement with the literature values.26 

 

Synthesis of (S)-5,5',6,6'-Tetramethyl-3,3'-bis(phenylethynyl)-1,1’-biphenyl-2,2'-diols 

((S)-1-27h)26 

 
(S)-3,3'-Diiodo-5,5',6,6'-tetramethylbiphenyl-2,2'-diol ((S)-1-27g)26 

To a solution of (S)-1-27b (972 mg, 4.01 mmol) and pyridine (5 mL) in 8 mL DCM was 

added a solution of ICl (9 mL, 1M in DCM) dropwise at 0 oC over 30 min. The mixture was 

warmed to room temperature and stirred for 20 h. The reaction was quenched by saturated 

Na2SO3(aq) (25 mL) and the aqueous layer was separated and extracted with DCM (15 mL x3). 

The combined organic layer was washed with water (30 mL), brine (30 mL), and dried over 

MgSO4. The drying agent was removed by filtration and the solvent was concentrated in vacuo 

to afford the crude product as an off-white solid. Further purification by flash column 

chromatography on silica gel (hexanes/EtOAc =20:1-10:1) afforded pure (S)-1-27g as a white 

solid (1.43 g, 73% yield): mp 213-214 oC; [α]D
22 -57.5 (c 1.0, DCM); 1H NMR (300 MHz, 
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CDCl3) δ 1.86 (s, 6H), 2.22 (s, 6H), 2.23 (s, 6H), 4.95 (S, 2H), 7.56 (s, 2H). All data are in 

agreement with the literature values.26 

 

(S)-5,5',6,6'-Tetramethyl-3,3'-bis(phenylethynyl)-1,1’-biphenyl-2,2'-diols ((S)-1-27h)26 

To a suspension of PdCl2(PPh3)2 (21 mg, 0.030 mmol), CuI (17 mg, 0.090 mmol), and 

(S)-1-27g (247 mg, 0.5 mmol) in benzene (5 mL) was added phenylacetylene (0.17 mL, 1.5 

mmol) at room temperature under nitrogen. To this reaction mixture was added diisopropylamine 

(0.14 mL, 1.0 mmol) and the reaction mixture was stirred at room temperature for 18 h. The 

aqueous layer was separated and extracted with Et2O (15 mL x3). The combined organic layer 

was washed with water (20 mL), brine (20 mL), and dried over anhydrous MgSO4. The drying 

agent was removed by filtration and the solvent was concentrated in vacuo to afford the crude 

product as a light yellow solid. Further purification by flash column chromatography on silica 

gel (hexanes/EtOAc =10:1-4:1) afforded pure (S)-1-27h as a light yellow solid (119 mg, 54% 

yield): mp 73-75 oC; [α]D
22 -132.8 (c 1.0, DCM); 1H NMR (300 MHz, CDCl3) δ 1.97 (s, 6H), 

2.29 (s, 6H), 5.53 (s, 2H), 7.35 (m, 8H), 7.52 (m, 4H). All data are in agreement with the 

literature values.26 

 

(S)-3,3'-Di(2,4,6-triisopropyl phenyl)-5,5',6,6'-tetramethyl-1,1’-biphenyl-2,2'-diol ((S)-1-27i) 

(S)-1-28

O
O

Br

Br

MgBr

(4 eq)

Ni(PPh3)2Cl2 (10 mol%)

Et2O, rfx, 24 h

O
O

Ar

Ar

Ar =

(S)-1-36

BBr3 (2.2 eq)

DCM, 0 oC, 2 h

OH
OH

Ar

Ar
(S)-1-27i  

To a suspension of Mg (825 mg, 34.4 mmol) and a catalytic amount of dibromoethane in 

Et2O (6 mL) was added 3mL of 2-bromo-1,3,5-triisopropylbenzene (4.72 mL, 18.8 mmol) in 

Et2O (15 mL) at room temperature. Once the solution began to reflux, the rest of aryl bromide 

was added to the reaction mixture over 1 h and the resulting mixture was refluxed for 18 h. To a 

suspension of (S)-1-28 (2.01 g, 4.71 mmol) and Ni(PPh3)2Cl2 (330 mg, 0.471 mmol) in THF (40 

mL) was added dropwise the Grignard reagent solution prepared above at room temperature. The 
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reaction mixture was refluxed for 24 h. The reaction was then quenched with 1M HCl (30 mL) at 

0 oC and the aqueous layer was separated and extracted with Et2O (35 mL x 3). The combined 

organic layer was washed with brine (50 mL) and dried over MgSO4. The drying agent was 

removed by filtration and the solvent was concentrated in vacuo to afford the crude product as 

yellow oil. Further purification by flash column chromatography on silica gel (hexanes/EtOAc 

=30:1-20:1) afforded pure (S)-1-36 as colorless oil (2.11 g, 66% yield): [α]D
20 +43.2 (c 0.81, 

DCM); 1H NMR (400 MHz, CDCl3) δ 1.14 (t, J = 6.8 Hz, 18H), 1.23 (d, J = 6.8 Hz, 6H), 1.34 (d, 

J = 6.8 Hz, 12H), 2.01 (s, 6H), 2.33 (s, 6H), 2.85 (quint., J = 6.8 Hz, 4H), 2.97 (quint., J = 6.8 Hz, 

2H), 3.13 (s, 6H), 6.93 (s, 2H), 7.08 (d, J = 4.0 Hz, 4H); 13C NMR (100 MHz, CDCl3) δ 16.5, 

20.2, 23.3, 23.4, 24.1, 25.3, 25.5, 30.5, 30.6, 34.2, 59.1, 120.4, 120.5, 129.7, 130.7, 131.8, 131.9, 

133.8, 135.1, 146.7, 147.5, 153.4; HRMS (ESI+) calcd. For C48H70NO2 [M+NH4]+ 692.5401, 

found 692.5400 (Δ = -0.1 ppm). 

To a stirred solution of (S)-1-36 (505 mg, 0.748 mmol) in DCM (11 mL) was added BBr3 

(1.9 mL, 1.0 M solution in CH2Cl2) dropwise at 0 oC over 30 min. The reaction mixture was 

stirred at 0 oC for 2 h. The reaction was quenched by water (10 mL). The aqueous layer was 

separated and extracted with DCM (15 mL x3). The combined organic layer was washed with 

brine (20 mL) and dried over anhydrous MgSO4. The drying agent was removed by filtration and 

the solvent was concentrated in vacuo to afford the crude product as light yellow oil. Further 

purification by flash column chromatography on silica gel (hexanes/EtOAc =30:1-20:1) afforded 

pure (S)-1-27i as colorless oil (402 mg, 83% yield): [α]D
20 +49.5 (c 1.07, DCM); 1H NMR (400 

MHz, CDCl3) δ 1.04 (d, J = 6.8 Hz, 6H), 1.11 (d, J = 6.8 Hz, 6H), 1.15 (d, J = 6.8 Hz, 6H), 1.20 

(d, J = 6.8 Hz, 6H), 1.33 (s, 6H), 1.35 (s, 6H), 2.06 (s, 6H), 2.34 (s, 6H), 2.70 (quint., J = 6.8 Hz, 

2H), 2.83 (quint., J = 6.8 Hz, 2H), 2.98 (quint., 2H), 4.45 (br, 2H), 6.96 (s, 2H), 7.11 (d, J = 1.6 

Hz, 2H), 7.13 (d, J = 1.6 Hz, 2H); 13C NMR (100 MHz, CDCl3) δ 16.1, 19.9, 23.8, 23.9, 24.0, 

24.1, 24.2, 30.6, 34.3, 120.9, 121.0, 122.0, 123.6, 128.2, 131.1, 131.7, 135.6, 147.6, 147.7, 148.5, 

148.9; HRMS (ESI-) calcd. For C46H61O2 [M-H]- 645.4677, found 645.4673 (Δ = -0.6 ppm). 
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(R)- 3,3'-Di(triphenylsilyl)-5,5',6,6'-tetramethyl-1,1’-biphenyl-2,2'-diol ((S)-1-27j)  

 
To a stirred solution of (R)-1-27c (800 mg, 2.00 mmol) and imidazole (381 mg, 5.60 mmol) 

in DMF (20 mL) was added chlorotriphenylsilane (1.82 g, 6.00 mmol) at room temperature. The 

reaction mixture was stirred at 70 oC for 24 h. The reaction was quenched by water (30 mL). The 

aqueous layer was separated and extracted with DCM (35 mL x3). The combined organic layer 

was washed with brine (30 mL) and dried over anhydrous MgSO4. The drying agent was 

removed by filtration and the solvent was concentrated in vacuo to afford the crude product as 

light yellow oil. Further purification by flash column chromatography on silica gel 

(hexanes/DCM=4:1-2:1) afforded pure (R)-1-37 as colorless oil (1.48 g, 81% yield): [α]D
20 -83.0 

(c 0.94, DCM); 1H NMR (400 MHz, CDCl3) δ 1.60 (s, 6H), 1.90 (s, 6H), 6.96 (s, 2H), 7.20 (t, J 

= 7.6 Hz, 12H), 7.34 (t, J = 7.6 Hz, 6H), 7.40 (d, J = 7.6 Hz, 12H); 13C NMR (100 MHz, CDCl3)  

δ 16.7, 19.6, 111.6, 127.3, 129.5, 131.2, 131.4, 133.6, 134.6, 135.4, 135.8, 147.9; HRMS (ESI+) 

calcd. For C52H48Br2NO2Si2 [M+NH4]+ 932.1585, found 932.1579 (Δ = -0.6 ppm). 

To a stirred solution of (R)-1-37 (917 mg, 1.00 mmol) in Et2O (10 mL) was added dropwise 

n-BuLi (1.2 mL, 2.5 M solution in hexanes) at 0 oC. The reaction mixture was stirred at room 

temperature for 2 h. The reaction was quenched by saturated NH4Cl(aq) (10 mL). The aqueous 

layer was separated and extracted with CH2Cl2 (20 mL x3). The combined organic layer was 

washed with brine (20 mL) and dried over anhydrous Na2SO4. The drying agent was removed by 

filtration and the solvent was concentrated in vacuo to afford the crude product as colorless oil. 

Further purification by flash column chromatography on silica gel (hexanes/DCM=4:1-2:1) 

afforded pure (R)-1-27j as a white foam (594 mg, 78% yield): [α]D
20 -16.4 (c 0.61, Et2O); 1H 

NMR (400 MHz, CDCl3) δ 2.05 (s, 6H), 2.18 (s, 6H), 4.92 (s, 2H), 7.06 (s, 2H), 7.38 (t, J = 7.2 

Hz, 12H), 7.45 (t, J = 7.2 Hz, 6H), 7.64 (d, J = 7.2 Hz, 12H); 13C NMR (100 MHz, CDCl3) δ 16.5, 

19.8, 116.6, 120.4, 127.7, 129.0, 129.3, 134.5, 136.2, 139.6, 139.7, 156.7; HRMS (ESI-) calcd. 

For C52H45O2Si2 [M-H]- 757.2964, found 757.2954 (Δ = -1.3 ppm). 
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General procedure for the synthesis of monophosphoramidite ligands14,15a 

 
O,O′-(R)-(5,5′,6,6′-Tetramethyl-1,1′-biphenyl-2,2′-diyl)-N,N-dimethylphosphor amidite 

((R)-MPN-L1b)15a 

To a mixture of (R)-5,5',6,6'-tetramethyl-1,1'-biphenyl-2,2'-diol (R)-1-7b (242 mg, 1.00 

mmol) in toluene (5 ml), hexamethylphosphorous triamide (HMPT) (248 mg, 1.50 mmol) was 

added under nitrogen. The resulting mixture was stirred at 80 oC for 17 h. The solvent was 

evaporated under reduced pressure to afford a gel-like liquid, which was further purified by 

column chromatography [silica gel (neutralized by 1 % TEA in hexanes) /hexanes : EtOAc = 

10:1] to give (R)-MPN-L1b as a white solid (256 mg, 81 % yield): mp 157.0-159.0 oC (lit.14 mp 

161.0-163.5 oC); [α]D
23 -142.9 (c 0.56, DCM) (lit.14 [α]D

22 -167.1 (c 1.55, DCM)); 1H NMR (300 

MHz, CDCl3) δ 1.99 (s, 3H), 2.04 (s, 3H), 2.28 (s, 3H), 2.29 (s, 3H), 2.48 (s, 3H), 2.51 (s, 3H), 

6.83 (d, J = 8.1 Hz, 1H), 6.98 (d, J = 8.1 Hz, 1H), 7.03 (d, J = 8.1 Hz, 1H), 7.13 (d, J = 8.1 Hz, 

1H); 31P NMR (161.9 MHz, CDCl3) δ 143.0. All data are in agreement with the literature 

values.14  

Other monophosphoramidite ligands were obtained in the same manner as that described for 

the synthesis of (R)-MPN-L1b with some variations.    

 

O,O′-(S)-(3,3′,5,5′,6,6′-Hexamethyl-1,1′-biphenyl-2,2′-diyl)-N,N-dimethylphosphoramidite 

((S)-MPN-L1c)14 Purified by column chromatography on silica gel [(neutralized by 1 % TEA in 

hexanes) /hexanes:EtOAc = 10:1] to give pure (S)-MPN-L1c as a white solid (302mg, 88 % 

yield); mp 119.0-120.0 oC (lit.14 mp 121.0-121.5 oC); [α]D
22 +417.3 (c 0.30, DCM) (lit.14 [α]D

22 

+488.0 (c 0.50, DCM)); 1H NMR (300 MHz, CDCl3) δ 1.92 (s, 3H), 1.99 (s, 3H), 2.21 (s, 3H), 

2.24 (s, 3H), 2.25 (s, 3H), 2.32 (s, 3H), 2.45 (s, 3H), 2.48 (s, 3H), 6.95 (s, 1H), 7.01 (s, 1H); 31P 

NMR (161.9 MHz, C6D6) δ 138.8. All data are in agreement with the literature values.14  
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O,O′-(S)-(3,3′-Diphenyl-5,5′,6,6′-tetramethyl-1,1′-biphenyl-2,2′-diyl)-N,N-dimethylphospho

ramidite ((S)-MPN-L1d)14  

Purified by column chromatography on silica gel [(neutralized by 1 % TEA in hexanes) 

/hexanes:EtOAc = 10:1] to give pure (S)-MPN-L1d as a foam-like white solid (338 mg, 95 % 

yield): mp 98-100 oC (lit.14 mp 109.5-112.5 oC); [α]D
23 +502.1 (c 0.48, DCM) (lit.14 [α]D

22 +466.7 

(c 0.45, DCM)); 1H NMR (300 MHz, CDCl3) δ 1.87 (s, 3H), 1.90 (s, 3H), 2.09 (s, 3H), 2.11 (s, 

3H), 2.35 (s, 3H), 2.36 (s, 3H), 7.21-7.66 (m, 12H); 31P NMR (161.9 MHz, CDCl3) δ 140.5. All 

data are in agreement with the literature values.14  

 

O,O′-(R)-(3,3′-Di-tert-butyl-5,5′,6,6′-tetramethyl-1,1′-biphenyl-2,2′-diyl)-N,N-dimethylphos

phoramidite ((R)-MPN-L1e)14  

Purified by column chromatography on silica gel [(neutralized by 1 % TEA in hexanes) 

/hexanes:EtOAc = 10:1] to give pure (R)-MPN-L1e as a white solid (293 mg, 69 % yield): mp 

189.0-191.0 oC (lit.14 mp 191.5-193.0 oC); [α]D
22 -367.7 (c 0.62, DCM) (lit.14 [α]D

22 -380.8 (c 

0.43, DCM)); 1H NMR (300 MHz, CDCl3) δ 1.39 (s, 9H), 1.44 (s, 9H), 1.76 (s, 3H), 1.88 (s, 3H), 

2.24 (s, 3H), 2.25 (s, 3H), 2.40 (br, 6H), 7.08 (s, 1H), 7.12 (s, 1H); 31P NMR (161.9 MHz, C6D6) 

δ 141.1. All data are in agreement with the literature values.14  
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O,O′-(S)-(5,5′,6,6′-Tetramethyl-1,1′-biphenyl-2,2′-diyl)-N,N-diisopropylphosphoramidite 

((S)-MPN-L2a)14  

A solution of bis(i-propyl)amine 1-38a (0.15 mL, 1.03 mmol) in THF (2 mL) was added to 

a mixture of PCl3 (0.09 ml, 1.03 mmol) and Et3N (0.70 mL, 5.00 mmol) in THF (5 mL) at 0 oC. 

The mixture was stirred under room temperature and monitored by 31P NMR until intermediate 

1-39 formed completely. Then to this reaction mixture was added a solution of (S)-1-27b (242 

mg, 1.00 mmol) in THF (3 mL) at 0 oC. The solution was then stirred overnight at room 

temperature. The reaction mixture was diluted with toluene (10 mL) and filtered through neutral 

alumina. The remaining solution was concentrated under reduced pressure and purified by 

column chromatography on silica gel [(neutralized by 1 % TEA in hexanes) /hexanes:EtOAc = 

10:1] to give pure (S)-MPN-L2a as a white and foam-like solid (190 mg, 50 % yield): mp 

78.0-79.5 oC (lit.14 mp 79.0-81.0 oC); [α]D
23 +244.1 (c 0.68, DCM) (lit.14 [α]D

22 +236.0 (c 0.75, 

DCM)); 1H NMR (400 MHz, CDCl3) δ 1.16 (m, 12H), 1.97 (s, 3H), 2.03 (s, 3H), 2.27 (s, 3H), 

2.28 (s, 3H), 3.30 (m, 2H), 6.89 (d, 1H, J = 8.0 Hz), 6.98 (d, 1H, J = 8.0 Hz), 7.06 (d, 1H, J = 8.0 

Hz), 7.12 (d, 1H, J = 8.0 Hz); 31P NMR (161.9 MHz, CDCl3) δ 148.2. All data are in agreement 

with the literature values.14  

Other monophosphoramidite ligands were obtained in the same manner as that described for 

the synthesis of (S)-MPN-L2a with some variations.    

 

O,O′-(S)-(5,5′,6,6′-Tetramethyl-1,1′-biphenyl-2,2′-diyl)-N,N-dibenzylphosphoramidite 

((S)-MPN-L3a)14 

Purified by column chromatography on silica gel [(neutralized by 1 % TEA in hexanes) 

/hexanes:EtOAc = 10:1] to give pure (S)-MPN-L3a as a white and foam-like solid (370 mg, 79 

% yield): 1H NMR (400 MHz, CDCl3) δ 1.97 (s, 3H), 1.99 (s, 3H), 2.19 (s, 3H), 2.30 (s, 3H), 

3.37 (m, 2H), 4.14 (m, 2H), 6.57 (d, 1H, J = 8.0 Hz), 6.91 (d, 1H, J = 8.0 Hz), 7.11 (d, 1H, J = 

8.0 Hz), 7.18 (d, 1H, J = 8.0 Hz), 7.04-7.17 (m, 12H); 31P NMR (161.9 MHz, CDCl3) δ 147.7. 

All data are in agreement with the literature values.14  
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O,O′-(R)-(5,5′,6,6′-Tetramethyl-1,1′-biphenyl-2,2′-diyl)-N,N-bis[(R)-methylbenzyl] 

phosphoramidite ((R,R,R)-MPN-L4a)14 

Purified by column chromatography on silica gel [(neutralized by 1 % TEA in hexanes) 

/hexanes:EtOAc = 50:1] to give pure (R,R,R)-MPN-L4a as a white and foam-like solid (327 mg, 

66 % yield): [α]D
23 +171.4 (c 0.56, DCM); 1H NMR (400 MHz, CDCl3) δ 1.62 (s, 3H), 1.64 (s, 

3H), 1.94 (s, 3H), 2.00 (s, 3H), 2.19 (s, 3H), 2.27 (s, 3H), 3.30 (m, 2H), 6.76 (d, 1H, J = 8.0 Hz), 

6.89 (d, 1H, J = 8.0 Hz), 7.06 (d, 1H, J = 8.0 Hz), 7.12 (d, 1H, J = 8.0 Hz); 31P NMR (161.9 

MHz, CDCl3) δ 148.2 ppm. All data are in agreement with the literature values.14  

 

General procedure for the synthesis of chiral diphosphonite ligands 

 
To a solution of a chiral biphenol12 (1 mmol), DMAP (10 mol%) and Et3N (0.8 mL, 6 mmol) 

in DCM (10 mL) at 0 oC was added a solution of a chlorodiarylphosphine (2.5 mmol) in DCM (5 

mL) over the period of 20 min via a syringe. The mixture was stirred at the same temperature for 

additional 3 h, and concentrated in vacuo. The residue was dissolved in dry ether (20 mL) and 

filtered through a pad of Celite. The filtrate was concentrated in vacuo and the crude product was 

purified on a silica gel column pretreated with Et3N using (hexanes: NEt3 = 99:1) as the eluent. 

 

(R)-2,2’-Bis[bis(4-methylphenyl)phosphinoxy]-3,3’-bis(3,5-dimethylbenzyl)-5,5’,6,6’-tetram

ethyl-1,1’-biphenyl, (R)-BOP-L2a 

Colorless oil; 50% yield; [α]D
21 -72.5 (c 0.69, DCM); 1H NMR (300 MHz, CDCl3) δ 1.68 (s, 

6H), 1.81 (s, 6H), 2.22 (s, 18H), 2.27 (s, 6H), 3.45 (d, J =15.6 Hz, 2H), 3.57 (d, J =15.6 Hz, 2H), 

6.34 (s, 2H), 6.63 (s, 4H), 6.81 (t, J =8.1 Hz, 6H), 7.01 (d, J =7.8 Hz, 4H), 7.15 (t, J =7.8 Hz, 

4H), 7.31 (t, J =7.8 Hz, 4H); 31P NMR (121.5 Hz, CDCl3) δ 111.0; HRMS (EI) calcd C62H64O4P2 

[M+O2]+ 934.4280, found 934.4267 (Δ = -1.3 ppm). 
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(S)-2,2’-Bis[bis(4-methylphenyl)phosphinyloxy]-3,3’-bis(3,5-dimethylbenzyl)-5,5’,6,6’-tetra

methyl-1,1’-biphenyl, (S)-BOP-L2a 

Colorless oil; 45% yield; [α]D
21 +74.4 (c 0.73, DCM); 1H NMR (300 MHz, CDCl3) δ 1.68 (s, 

6H), 1.81 (s, 6H), 2.22 (s, 18H), 2.27 (s, 6H), 3.45 (d, J =15.6 Hz, 2H), 3.57 (d, J =15.6 Hz, 2H), 

6.34 (s, 2H), 6.63 (s, 4H), 6.81 (t, J =8.1 Hz, 6H), 7.01 (d, J =7.8 Hz, 4H), 7.15 (t, J =7.8 Hz, 

4H), 7.31 (t, J =7.8 Hz, 4H); 31P NMR (121.5 Hz, CDCl3) δ 110.9; HRMS (EI) calcd C62H64O2P2 

[M]+ 902.4382, found 902.4399 (Δ = 1.7 ppm). 

 

(R)-2,2’-Bis[bis(4-methoxyphenyl)phosphinyloxy]-3,3’-bis(3,5-dimethylbenzyl)-5,5’,6,6’-tetr

amethyl-1,1’-biphenyl, (R)-BOP-L2b 

Colorless oil; 62% yield; [α]D
21 -31.4 (c 0.51, DCM); 1H NMR (300 MHz, CD2Cl2) δ 1.67 

(s, 6H), 1.84 (s, 6H), 2.22 (s, 12H), 3.44 (d, J =15.3 Hz, 2H), 3.60 (d, J =15.3 Hz, 2H), 3.69 (s, 

6H), 3.75 (s, 6H), 6.39 (s, 2H), 6.64 (s, 4H), 6.53 (d, J =8.4 Hz, 4H), 6.66 (s, 4H), 6.76-6.79 (m, 

4H), 7.16-7.21 (m, 4H), 7.33-7.38 (m, 4H); 31P NMR (121.5 Hz, CD2Cl2) δ 112.7; HRMS (EI) 

calcd C62H84O8P2 [M+O2]+ 998.4076, found 998.4059 (Δ = -1.4 ppm). 

 

(R)-2,2’-Bis[bis(4-trifluoromethylphenyl)phosphinyloxy]-3,3’-bis(3,5-dimethylbenzyl)-5,5’,6

,6’-tetramethyl-1,1’-biphenyl, (R)-BOP-L2c 

Colorless oil; 35% yield; [α]D
23 -115.8 (c 1.2, DCM); 1H NMR (300 MHz, CDCl3) δ 1.77 (s, 

6H), 1.86 (s, 6H), 2.19 (s, 12H), 3.40 (d, J =15.6 Hz, 2H), 3.62 (d, J =15.6 Hz, 2H), 6.42 (s, 2H), 

6.49 (s, 4H), 6.77 (s, 2H), 7.30-7.44 (m, 14H) 31P NMR (121.5 Hz, CDCl3) δ 103.5; HRMS (EI) 

calcd C62H52O2F12P2 [M]+ 1118.3251, found 1118.3233 (Δ = -1.8 ppm). 
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§ 2.1 Transition metal-catalyzed asymmetric allylic alkylation 
Transition-metal catalyzed allylic alkylation has proven to be one of the most powerful 

methods for asymmetric synthesis, due to the ability to form multiple types of bonds such as C-C, 

C-O, C-S, C-N and C-H. Instead of acting as the nucleophile, the formation of the key η-allyl 

metal complex intermediate makes the allyl moiety become an electrophile, resulting in 

nucleophilic substitution on the allylic substrate (Scheme 2-1). 

 
Scheme 2-1. Allylic alkylation 

 

The first example of C-C bond formation by allylic alkylation was carried out by Tsuji and 

coworkers in 1965 (Scheme 2-2).1 In 1977, the first example of an asymmetric version of allylic 

alkylation was published by Trost et al.2 Since then, many research groups intended to extend the 

asymmetric potential of allylic alkylations, but have been unsuccessful until it was realized that 

chiral ligands have to be designed to reach across the plane of the allyl moiety to create a proper 

chiral environment for the enantiodiscrimination. Although most of accomplished efforts were 

done by palladium catalysts, this process can also be catalyzed by other transition metal 

complexes including cobalt, platinum, rhodium, ruthenium, iridium, molybdenum, tungsten, and 

copper to complement the patterns of reactivity.3  

 

Scheme 2-2. First example of allylic substitution reaction 
 

The general mechanism for the palladium-catalyzed allylic substitution is illustrated below 

(Scheme 2-3).3-4 As shown in the scheme, the catalytic cycle begins with the complexation of the 

olefin moiety of the allylic substrate 2-9 to Pd(0)L2 2-8, followed by the ionization step where X’ 

is cleaved from the allyl moiety, leading to the formation of a Pd(II)-allyl intermediate 2-11. It is 

generally observed that the ionization step occurs with the leaving group at a position anti to the 

metal. The third step is the nucleophilic addition to the Pd(II)-allyl complex 2-11 to form the 
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corresponding Pd(0)-olefin complexes (2-12 or 2-12’). In the case of soft nucleophiles (pKa < 

25), which generally refer to stabilized nucleophiles, the attack occurs on the π-allyl group anti 

to the metal. In contrast, hard nucleophiles (pKa > 25), such as alkylmetals, bind to the palladium 

metal first, thus leading to a syn-attack on the allylic substrate. The final step is the 

decomplexation to release the newly formed compounds and regenerate Pd(0)L2 2-8 to complete 

the cycle. 

From the mechanism, each step offers the chance for enantiodiscrimination, depending on 

the structure of the substrate, except for the decomplexation step, which is the step after the bond 

formation. Thus, the recognition of the step in the catalytic cycle that determines the 

enantiopurity, followed by the design of proper chiral ligands based on the above judgment 

becomes crucial to obtain high enantioselectivity.3  

 

Scheme 2-3. General mechanism of Pd(0) catalyzed allylic substitution reaction 
 

When compared to monodentate ligands, bidentate ligands are the better ligand system in 

this field. Among numerous bidentate ligands, the Trost ligands, the DPPBA ligand and its 

derivatives, are the most efficient ligands in various asymmetric allylic alkylations due to the 

extension of the chiral induction caused by their large bite angle (P-M-P) (Figure 2-1).5 
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Figure 2-1. Trost ligands (DPPBA ligand series) 
 

In the Ojima laboratory, our monodentate phosphoramidite ligands gave excellent 

enantioselectivity in Pd-catalyzed allylic alkylation reaction for the total synthesis of 

(+)-lycorane and allylic amination of 3-(amidoethylphenyl)prop-2-enyl carbonates for the 

synthesis of 1-vinyltetrahydroisoquinoline. Moreover, diphosphonite ligands also achieved 

excellent % ee in Pd-catalyzed intermolecular asymmetric allylic amination for the key 

intermediate of Strychnos indole alkaloids. As a result, both our ligand libraries have the 

potential for other types of palladium-catalyzed allylic substitutions.  

 

§ 2.2 Asymmetric synthesis of 1-vinyltetrahydroisoquinoline 

through Pd-catalyzed intramolecular allylic amination 
§ 2.2.1 Asymmetric synthesis of natural products bearing C1-substituted 

tetrahydroisoquinolines 
The development of efficient methods for the synthesis of C1-substituted 

tetrahydroisoquinolines has attracted much interest among synthetic organic chemists, mainly 

due to the interesting pharmacological properties these alkaloids possess.6 Members of this 

family (Figure 2-2) have shown diverse activities,7 such as anti-inflammatory properties,8 

neuromuscular transmission blocking,9 antiplatelet aggregation activity,10 and enzyme inhibitory 

activities for acetylcholinesterase (AChE)11 and α-glucosidase.12 Thus, in order to study the 

biological and pharmacological activities of this class of compounds, the efficient synthesis of 

these alkaloids in enantiomerically pure form is of great importance. 
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Figure 2-2. Selected naturally occurring C1-substituted tetrahydroisoquinolines 
 

Optically active C1-substituted tetrahydroisoquinolines have been prepared through 

diastereoselective reactions for the introduction of chirality at the C1 position. Other methods 

utilizing enantioselective reactions to introduce the chirality at the C1 position have been 

developed in the past decade, these include enantioselective Pictet-Spengler reaction,13 alkylation, 

vinylation or cyanation of 3,4-dihydroisoquinolines,14 asymmetric hydrogenation of 

3,4-dihydroisoquinolines15 as well as 1- alkylidenetetrahydroisoquinolines,16 and other 

transformations.17 In 2003, a Pd-catalyzed intramolecular asymmetric allylic amination (AAA) 

catalyzed by a Pd catalyst with a chiral P,N ligand in the presence of a strong base was reported, 

giving 6,7-dimethoxy-1-vinyltetrahydroisoquinoline in a single step and introducing chirality at 

the C-1 position.18 Although high enantioselectivity (82-88% ee) was realized under optimized 

conditions, the catalytic activity of this system was insufficient since it required 12-23 days to 

reach synthetically meaningful conversions. 
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In order to achieve excellent efficiency and enantioselectivity, the selection of suitable 

chiral ligands for this process is essential. We have been developing a library of novel 

enantiopure monodentate phosphite,19 and phosphoramidite (MPN)20 ligands based on axially 

chiral biphenols. These ligands can be readily prepared as described in Chapter 1 and are 

fine-tunable for a variety of catalytic asymmetric reactions. For example, asymmetric 

hydrogenation,19 asymmetric hydroformylation,20b asymmetric conjugate additions to 

cycloalkenones and nitroalkeness,20a,b and asymmetric allylic alkylation, as well as its application 

to the total synthesis of (+)-γ-lycorane.20c 

Since several of these chiral MPN ligands were found to be extremely effective (up to 

99.7% ee) in the Pd-catalyzed asymmetric allylic alkylation mentioned above,20c we anticipated 

that this type of ligands would be effective for the AAA process. Thus, we employed chiral MPN 

ligands to the intramolecuar AAA reaction of compounds 2-14 and 2-16, which indeed gave 

compounds 2-15 and 2-17 with excellent enantioselectivity (up to 96% ee for 2-15 and 91% ee 

for 2-17) and high catalyst activity under neutral conditions (Scheme 2-4).21 
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Scheme 2-4. Highly efficient AAA reaction of 2-14 and 2-16 
 

We have also developed a library of novel chiral bidentate bisphosphonite (BOP) ligands 

based on axially chiral biphenols and successfully applied it to the intermolecular AAA 

reaction.22 Building upon the successful application of our MPN ligands to the enantioselective 

synthesis of compounds 2-15 and 2-17 through Pd-catalyzed AAA reaction (Scheme 2-5), we 

have expanded the scope of the AAA reaction to the enantioselective synthesis of 

6,8-dimethoxy-1-vinyltetrahydroisoquinoline 2-19A, using MPN and BOP ligands (Figure 2-3), 

which serve as versatile intermediates for the synthesis of naturally occurring alkaloids 
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exemplified in Figure 2-2. 

 

Figure 2-3. MPN and BOP ligand libraries 
 

 

Scheme 2-5. AAA reactions for the formation of 2-19A 
 

§ 2.2.2 Preliminary results of intramolecular asymmetric allylic amination of 

2-18A-a 
The Pd-catalyzed AAA reaction of 2,4-dimethoxyphenylallyl carbonate 2-18A-a was first 

carried out by Dr. Ce Shi using MPN ligands under the same conditions as those employed in the 

reaction of 3,4-dimethoxyphenylallyl carbonate 2-14,21 which gave excellent results (Scheme 

2-4). The reaction proceeded smoothly to give (S)-(+)-tetrahydroisoquinoline 2-19A in excellent 

yield (Table 2-1). To our surprise, however, the reactions using (S)-MPN-L1a~1d did not give 

the same high level of enantioselectivity as that observed in the reactions of 2-14.21 As Table 2-1 
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shows, the best result was 47% ee (entry 3) when (S)-MPN-L1c (R = Br) was used as the chiral 

ligand. (S)-MPN-L1d (R = Ph), which achieved 95-96% ee in the AAA reaction of 2-14,21 gave 

only 29% ee (entry 4). (S)-MPN-L1a (R = H) afforded (R)-(+)-2-19A with 26% ee (entry 1), 

which has the opposite configuration to that induced by all other MPN ligands examined. The 

results appear to indicate that the methoxy group at the C6 position of 2-18A-a, which is ortho to 

the allyl carbonate moiety, is responsible for the observed marked difference in 

enantioselectivity for the AAA reaction of 2-14 and that of 2-18A-a.23 

 

Table 2-1. Efficacy of MPN ligands in the Pd-catalyzed AAA reaction of 2-18A-a23 

 

Entrya Ligand Time (h) Conv. (%)b 
2-19A 

% eec 

1 (S)-MPN-L1a 10 >95 26 (R) 

2 (S)-MPN-L1b 16 >95 19 (S) 

3 (S)-MPN-L1c 22 >95 47 (S) 

4 (S)-MPN-L1d 48 >95 29 (S) 
a Reaction was run with 2-18 (0.05 mmol), Pd2(dba)3 (1.25 x 10-3 mmol)  
and MPN-L (3.75 x 10-3 mmol) in DCM at room temperature. 
b Determined by 1H NMR. 
c Determined by chiral HPLC analysis (OD-H column, isopropanol 
/hexanes = 0.5/99.5, flow rate: 0.5 mL/min. 

 

Since none of the simple MPN ligands gave encouraging result, we examined the efficacy 

of BOP ligands, (R)-BOP-L1a~1g and (R)-BOP-L3a~3b, in this AAA reaction. Results are 

summarized in Table 2-2. The reactions proceeded very smoothly in DMF at room temperature 

and completed in 1.5~8 h. Among the first four BOP ligands employed (BOP-L1a~1d), which 

bears H, Me, Br, and Ph groups at the 3, 3’ positions, BOP-L1c (R = Br) gave the best result, i.e., 

72% ee (entry 3). However, BOP-L1e (Ar = Ph) achieved even better result, giving 

(S)-(+)-2-19A with 79% ee (entry 5). Enantioselectivity was further increased to 84% ee and 
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88% ee by introducing 4-methylbenzyl (BOP-L1f) and 3,5-dimethylbenzyl (BOP-L1g) groups, 

respectively, in place of benzyl group (entries 6 and 9). Introduction of p-tolyl (BOP-L3a) and 

3,5-xylyl (BOP-L3b) groups as Ar moiety, keeping methyl groups as the 3, 3’ substituents, also 

improved the enantioselectivity to 72% ee and 80% ee, respectively (entries 12 and 13), as 

compared to 68% ee achieved by the parent ligand, BOP-L1b (entry 2).23 

 

Table 2-2. The Pd-catalyzed AAA reaction of 2-18A-a with BOP ligands23 

Entrya Ligand Temp (oC) Time (h) Conv. (%)b 
2-19A (S) 

% eec 

1 (R)-BOP-L1a r.t. 1.5 >95 35 

2 (R)-BOP-L1b r.t. 4 >95 68 

3 (R)-BOP-L1c r.t. 8 >95 72 

4 (R)-BOP-L1d r.t. 8 >95 68 

5 (R)-BOP-L1e r.t. 6 >95 79 

6 (R)-BOP-L1f r.t. 8 >95 84 

7 (R)-BOP-L1f 0 24 >95 88 

8 (R)-BOP-L1f -25 48 <5 nd 

9 (R)-BOP-L1g r.t. 8 >95 88 

10 (R)-BOP-L1g 0 24 >95 90 

11 (R)-BOP-L1g -25 48 <5 nd 

12 (R)-BOP-L3a r.t. 8 >95 72 

13 (R)-BOP-L3b r.t. 12 >95 80 
a Reaction was run with 2-18A-a (0.05 mmol), Pd2(dba)3 (1.1 x 10-3 mmol) and BOP-L 
(3.3 x 10-3 mmol) in DMF (0.5 mL) 
b, c, d See the captions in Table 2-1. 

 

Lowering the reaction temperature from room temperature to 0 oC improved 

enantioselectivity to 88% ee (from 84% ee, entry 7) for BOP-L1f and to 90% ee (from 88% ee, 
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entry 9) for BOP-L1g. However, at -25 oC, the reaction was basically shut down (entries 8 and 

11).23 

According to the data reported above, so far, the best ee achieved is 90% using 

(R)-BOP-L1g at 0 oC for 24 h. (Table 2-2, entry 10). Therefore, further optimization on the 

structure of both the ligand and substrate are still necessary to improve the enantioselectivity of 

above AAA reaction. 

 

§ 2.3 Results and discussion 
Here, the main strategy for the substrate modifications was to change the substituents 

bearing on the resorcinol moiety from Me to Bn and PMB because we believe that the alkoxy 

group at C-6 position of the phenyl ring might have some steric effect to the allylic moiety and 

thus affect the chiral ligand orientation on the Pd catalyst to provide either a decrease or increase 

of enantioselectivity during the catalytic process (Figure 2-4). Furthermore, if these substituents 

need to be cleaved at the end of the synthesis, Bn and PMB are more appropriate protecting 

groups than Me due to the milder deprotection conditions. In addition to the modification of 

alkoxy groups, the R group of the carbonate moiety was also investigated because it acts as 

counterion to the Pd-η-allyl complex which can also have potential to affect the 

enantioselectivity during the catalytic process (Figure 2-4).  

PO

PO

NH

O O

TFA

O
R

P = PhCH2 (Bn), 4-MeOC6H4CH2 (PMB)
R = CH=CH2, Ph, 2,6-Me2C6H3  

Figure 2-4. Substrate modifications 
 
§ 2.3.1 Synthesis of substrates 2-18B-a~c and 2-18C-a~b 

The AAA substrate 2-18B (P = 4-methoxybenzyl (PMB), R’ = CF3) was prepared from the 

N-trifluoroacetyl-O,O-bis-PMB-resorcinolamine (2-20B)25 as shown in Scheme 2-6. The 

iodination of 2-20B (TFA = trifluoroacetyl) with N-iodosuccinimide (NIS)26 proceeded smoothly 

to give 2-21B. No bis-iodinated product was detected by TLC. The Sonogashira coupling of 

2-21B with propargyl alcohol gave compound 2-22B in fairly good yield (60-65%), wherein 
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conversion was 80-85% after 48 h (15-20% 2-21B was recovered). Selective hydrogenation of 

2-22B over P2-Ni catalyst under ambient conditions gave cis-allylic alcohol 2-23B cleanly. The 

subsequent acylation of the alcohol moiety with chloroformates gave the corresponding allylic 

carbonates, i.e., AAA substrates 2-18B-a~c in excellent yields. In the same manner, AAA 

substrates 2-18C-a,b were prepared from N-trifluoroacetyl-O,O-dibenzylresorcinolamine (2-20C) 

in similar yield.  

OP

PO NHTFA

OP

PO NHTFA

I

OP

PO NHTFA

OH
OP

PO NH

OH

TFA

2-20 2-21

2-22

2-18B: P = 4-MeOC6H4CH2 (PMB);
(a) R = CH=CH2; (b) R = Ph;
(c) R = 2,6-Me2C6H3

2-18C: P = PhCH2; (a) R = CH=CH2;
(b) R = Ph

55-63%

rt, 18 h
96-98%

OP

PO NH

O O

TFA

O
R

pyridine, DCM, 0 oC, 3 h
(a: R = vinyl; b: R = phenyl;
c: R = 2,6-dimethylphenyl)

88-93%

2-23

NIS (1.2 eq)

DMF, rt, 18 h
91-92%

PdCl2(PPh3)2 (2 mol%)
CuI (1 mol%), HNEt2

OH (1.2 eq)
rt, 48 h

P2-Ni, EtOH, H2 (1 atm)

ClCO2R (1.1 eq)

 

Scheme 2-6. Preparation of AAA substrate 2-18B-a~c and 2-18C-a~b 
 

§ 2.3.2 Pd-Catalyzed intramolecular asymmetric allylic amination 
Since BOP ligands gave better ee than MPN ligands did in this type of reaction, the 

previously reported BOP ligands (L1a~1i) and some new BOP ligands (L2a~2c) were 

synthesized (Figure 2-3) and examined for efficacy in the AAA reaction of 2-18. 

 

Scheme 2-7. Pd-catalyzed AAA reaction of 2-18 
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First, BOP-L1a~d were screened for the AAA reaction of 2-18B-a to give 2-19B using 

Pd2(dba)3 (dba = dibenzylideneacetone) as the catalyst precursor in DMF at room temperature 

under nitrogen (Scheme 2-7). As shown in Table 2-3, all reactions gave >95% conversion in less 

than 6 h. There was a dramatic increase in enantioselectivity when the 3,3’-substituents were 

changed from hydrogen (entry 1) to methyl and other groups (entries 2-4). Among the four BOP 

ligands examined, (S)-BOP-L1b (R = Me), gave (-)-2-19B with 80% ee (entry 2). Accordingly, 

we also carried out the reaction of 2-18C-a (P = PhCH2, R = vinyl) to see if there was a 

difference in enantioselectivity, depending on the protecting group of the phenolic hydroxyl 

groups (Scheme 2-7). The reactions of 2-18C-a and 2-18C-b under the same conditions as those 

for 2-18B-a completed in 2 h and 6h, respectively, to afford (-)-2-19C (P = PhCH2) in 

quantitative yield with 75% ee and 76% ee, respectively. Thus, 2-18B-a appeared to be a better 

substrate than 2-18C-a and 2-18C-b. Also, it was found that there was a difficulty in separating 

(-)-2-19C from a small amount of dba by flash chromatography on silica gel, due to their very 

small difference in polarity. In contrast, the separation of (-)-2-19B from dba did not have any 

problem. Therefore, 2-18B series substrates (P = PMB) were selected for optimization. 

 

Table 2-3. Screening of BOP ligands L1a~d for the AAA reaction of 2-18B-aa 

 

Entry Ligand (L*) Time (h) Conv. (%)b 
2-19B 

% eec 

1 (R)-BOP-L1a 1.5 >95 4 (+) 

2 (S)-BOP-L1b 2 >95 80 (-) 

3 (R)-BOP-L1c 5 >95 79 (+) 

4 (R)-BOP-L1d 5 >95 74 (+) 
aAll reactions were run using Pd2(dba)3 (2.5 mol%) with a BOP  
ligand (7.5 mol%) in DMF at room temperature under N2.  
bDetermined by 1H NMR.  
cDetermined by HPLC using Chralpak AD-RH, CH3CN/H2O = 50/50. 
 

BOP ligands bearing benzyl or substituted benzyl group at the 3,3’-positions were 

examined, as well. Results are shown in Table 2-4. Among those BOP ligands screened, 
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(R)-BOP-L1g (R = 3,5-dimethylbenzyl) gave the best result so far (entry 3). Thus, this BOP 

ligand was selected as the ligand of choice for further optimization. 

 

Table 2-4. Screening of new BOP ligands for the AAA reaction of 2-18B-aa 

Entry Ligand (L*) Time (h) Conv. (%)b 
2-19B 

% eec 

1 (R)-BOP-L1e 4 >95 83 (+) 

2 (R)-BOP-L1f 4 >95 83 (+) 

3 (R)-BOP-L1g 6 >95 84 (+) 

4 (R)-BOP-L1h 4 >95 80 (+) 

5 (R)-BOP-L1i 4 >95 80 (+) 
a,b,c See the footnote of Table 2-3. 

 

Next, the effects of the concentration of the reaction mixture as well as the chiral ligand/Pd 

ratio on enantioselectivity were examined using (R)-BOP-L1g. As shown in Table 2-5, higher 

concentrations gave better results (entries 3 and 4) than the lower concentration (entry 1) that 

was employed in the screening described above. At concentrations higher than 0.5 M, Pd species 

precipitated out, resulting in low reactivity. Thus, we chose 0.5 M concentration for further 

optimization, although 0.25 M concentration afforded a slightly higher enantioselectivity, by 

taking into account the economical and environmental merit of using less solvent. 

 

Table 2-5. Effect of concentration and L*/Pd ratio on the AAA reaction of 2-18B-aa 

Entry 
conc. 

(M) 
L*/Pd 

Time 

(h) 

Conv. 

(%)b 

2-19B 

% eec 

1 0.05 1.5 6.0 >95 84.0 (+) 

2 0.10 1.5 5.5 >95 87.5 (+) 

3 0.25 1.5 5.0 >95 90.3 (+) 

4 0.50 1.5 5.0 >95 90.1 (+) 

5 0.50 1.0 4.5 >95 91.1 (+) 
aReactions were run using Pd2(dba)3 (2.5 mol%) with (R)- 
BOP-L1g ligand (L*) in DMF at room temperature under  
N2.  
b,c See the footnote of Table 2-3. 
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For the optimal ligand/Pd ratio, just the use of 1 equivalent of BOP-L1g to Pd metal gave a 

bit better enantioselectivity than that achieved by using 1.5 equivalents of the ligand to the metal 

(entry 5). Thus, the stoichiometric use of the ligand was employed for further optimization. 

At this point, we examined the possible electronic effect of the diphenylphosphinyl moiety 

of BOP-L1g on enantioselectivity as a further optimization process. Thus, (R)-BOP-L2a~c 

ligands were prepared (see Experimental Section), and their efficacy evaluated in the AAA of 

2-18B-a under the optimized conditions described above. As shown in Table 2-6, the 

introduction of electron-releasing substituents, i.e. Me (BOP-L2a) and MeO (BOP-L2b) groups, 

at the para-position of the diphenylphosphinyl moiety of BOP-L1g improved the efficacy 

(entries 2-4), while that of electron-withdrawing CF3 group (BOP-L2c) considerably decreased 

enantioselectivity (entry 5). Accordingly, (R)-BOP-L2a, which gave 94.0% ee (entry 2), was 

selected as the best BOP ligand for this reaction. 

 

Table 2-6. Electronic effect on the efficacy of new BOP ligands 

Entry Ligand (L*) Time (h) Conv. (%)b 
2-19B 

% eec 

1 (R)-BOP-L1g 4.5 >95 91.1 (+) 

2 (R)-BOP-L2a 7 >95 94.0 (+) 

3 (S)-BOP-L2a 7 >95 96.1 (-) 

4 (R)-BOP-L2b 7 >95 93.3 (+) 

5 (R)-BOP-L2c 7 >95 81.5 (+) 
aReactions were run using Pd2(dba)3 (2.5 mol%) with a BOP ligand  
(5.0 mol%) in DMF at room temperature.  
b,c See the footnote of Table 2-3. 
 

We also examined the effect of the allylic carbonate substituents on this AAA reaction. As 

shown in Table 2-7, the vinyl carbonate (2-18B-a) gave slightly better result (94.0% ee) (entry 1) 

than other two carbonates (2-18B-b and 2-18B-c; entries 2 and 3). Effect of the reaction 

temperature on enantioselectivity and reaction rate was also examined. The reaction at 10 and 0 
oC gave higher enantioselectivity (95.0 and 95.6% ee, respectively), but at 0 oC the reaction rate 

was substantially decreased as compared to that at 10 or 25 oC (entries 4 and 5). 
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Table 2-7. Effects of the substrate structure and reaction temperature on the AAA reaction 

Entry Substrate Temp(°C) 
Time 

(h) 

Conv. 

(%)b 

2-19B 

% eec 

1 2-18B-a 25 7 >95 94.0 (+) 

2 2-18B-b 25 7 >95 93.6 (+) 

3 2-18B-c 25 7 >95 92.0 (+) 

4 2-18B-a 10 48 >95 95.0 (+) 

5 2-18B-a 0 96 76 95.6 (+) 
aReactions were run using Pd2(dba)3 (2.5 mol%) with (R)-BOP-L2a 
(5.0 mol%) in DMF at room temperature.  
b,c See the footnote of Table 2-3. 
 

§ 2.4 Conclusions 
We have successfully synthesized 1-vinyl-6,8-di(4-methoxybenzyl)tetrahydroisoquinoline 

2-19B with >95% ee by means of Pd-catalyzed intramolecular AAA reactions using the BOP 

ligand library, developed in our laboratory. The 1-vinlyltetrahydroisoquinolines thus obtained 

can be served as the key intermediate for the synthesis of Schulzeines A-C which was described 

in chapter 3. 

 

§ 2.5 Experimental section 
General Methods: 1H and 13C and 31P NMR were measured on a Varian Inova-500 NMR (500 

MHz 1H, and 125 MHz 13C), a Varian Inova-400 NMR (400 MHz 1H; 100 MHz 13C; 162 MHz 
31P) or a Varian Gemini-2300 (300 MHz 1H; 75 MHz 13C; 121.5 MHz 31P) spectrometer in a 

deuterated solvent using residual protons (CHCl3: 1H, 7.26 ppm; 13C, 77.0 ppm. C6H6: 1H, 7.15 

ppm) as the internal standard or phosphoric acid as the external reference (31P 0.00 ppm). 

Analytical HPLC in reverse phase was carried out with a Shimadzu LC-2010A HPLC system 

using a Chiralpak AD-RH analytical column. Melting points were measured on a Thomas 

Hoover Capillary melting point apparatus and are uncorrected. Optical rotations were measured 

on a Perkin-Helmer Model 241 polarimeter. TLC analyses were performed using Merck DC 

Alufolien 60F254 aluminum pre-coated silica gel plates. Flash column chromatography was 

carried out using Silicyle SiliaFlashP60® silica gel (particle size 40–63 μm). High-resolution 

mass spectrometric analyses were carried out at Mass Spectrometry Laboratories, University of 
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Illinois Urbana-Champaign, Urbana, IL and ICB&DD at Stony Brook University. Unless 

otherwise noted all reactions were carried out under argon or nitrogen atmosphere in oven-dried 

glassware using standard Schlenck techniques. 

Materials: Solvents were reagents grade and freshly distilled before use. Tetrahydrofuran (THF) 

and dichloromethane (DCM) were dried and degassed using an Innovative Technology 

PureSolvTM solvent purification system. Acetonitrile was distilled from calcium hydride. 

Anhydrous N,N-dimethylformamide (DMF) was purchased from Acros and used without further 

purification. Other solvents were used without purification. Other chemicals and reagents were 

purchased from Sigma-Aldrich or Fisher Scientific and used without further purification unless 

otherwise noted. Chiral biphenols and chiral BOP ligands, L1a-L1i were prepared according to 

the procedure previously reported by our laboratory.22  

 

Synthesis of substrates 2-18B-a~c and 2-18C-a~b 

3,5-Bis(4-methoxybenzyloxy)benzaldehyde 

 
To a stirred solution of 3,5-dihydroxybenzaldehyde (4.50 g, 32.6 mmol) and K2CO3 (6 

equiv) in DMF (150 mL) was added 4-methoxybenzyl chloride (9.60 mL, 71.7 mmol) at room 

temperature. Then, the mixture was stirred at 70 oC for 4 h. The reaction mixture was cooled to 

room temperature and diluted with EtOAc (75 mL) and water (75 mL). The organic layer was 

separated and washed with water (100 mL x3). The organic layer was then washed with brine 

and dried over anhydrous MgSO4. The drying agent was removed by filtration and the solvent 

evaporated in vacuo to afford crude yellow solid. Purification of the crude product by flash 

column chromatography on silica gel (hexanes/EtOAc = 10:1→4:1) afforded 

3,5-bis(4-methoxybenzyloxy)benzaldehyde as a white solid (9.48 g, 77% yield): mp 70-71 oC; 
1H NMR (400 MHz, CDCl3) δ 3.82 (s, 6H), 5.01 (s, 4H), 6.84 (t, J = 2.1 Hz, 1H), 6.92 (d, J = 8.4 

Hz, 4H), 7.09 (d, J = 2.1 Hz, 2H), 7.35 (d, J = 8.4 Hz, 4H), 9.89 (s, 1H); 13C NMR (100 MHz, 

CDCl3) δ 55.5, 70.4, 106.1, 108.5, 108.9, 114.3, 128.5, 129.5, 138.6, 159.9, 160.6, 192.0; HRMS 

(ESI+) calcd. For C23H22O5Na [M+Na]+ 401.1365, found 401.1366 (Δ = 0.2 ppm).  
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1,3-Bis(4-methoxybenzyloxy)-5-[(E)-2-nitroethenyl]benzene 

 
A mixture of 3,5-bis(4-methoxybenzyloxy)benzaldehyde (7.62 g, 20.2 mmol), CH3CO2NH4 

(1.56 g, 20.2 mmol) and CH3NO2 (106 mL) was placed in a 250 mL round-bottomed flask. Then, 

the mixture was heated to reflux (about 110 oC) for 1.5 h. The reaction mixture was cooled to 

room temperature and diluted with Et2O (100 mL) and water (100 mL). The aqueous layer was 

separated and extracted with Et2O (100 mL x2). The combined organic layer was washed with 

brine and dried over anhydrous MgSO4. The drying agent was removed by filtration and the 

solvent evaporated in vacuo to afford crude yellow solid, which was washed with EtOH to afford 

1,3-bis(4-methoxybenzyloxy)-5-[(E)-2-nitroethenyl]benzene as a yellow solid (7.21 g, 85% 

yield): mp 128-130 oC; 1H NMR (300 MHz, CDCl3) δ 3.83 (s, 6H), 4.99 (s, 4H), 6.73 (m, 3H), 

6.93 (d, J = 8.7 Hz, 4H), 7.34 (d, J = 8.7 Hz, 4H), 7.51 (d, J = 13.5 Hz, 1H), 7.90 (d, J = 13.5 Hz, 

1H); 13C NMR (100 MHz, CDCl3) δ 55.5, 70.4, 106.1, 108.4, 114.3, 128.4, 129.5, 131.9, 137.7, 

139.3, 159.9, 160.6; HRMS (ESI+) calcd. For C24H23NO6Na [M+Na]+ 444.1423, found 444.1422 

(Δ = -0.2 ppm). 

 

1,3-Bis(4-methoxybenzyloxy)-5-[2-(N-trifluoroacetylamino)ethyl]benzene (2-20B) 

 
To a suspension of LiAlH4 (2.54 g, 66.4 mmol) in THF (50 mL) was added dropwise a 

solution of 1,3-bis(4-methoxybenzyloxy)-5-[(E)-2-nitroethenyl]benzene (6.98 g, 16.6 mmol) in 

THF (120 mL) at 0 oC under nitrogen. Then, the mixture was heated to 65 oC for 3 h. The 

reaction mixture was cooled to room temperature, diluted with Et2O (30 mL), and quenched with 

20% KOH (50 mL) at 0 oC. The resulting precipitate was removed by filtration, and the aqueous 

layer was separated and extracted with Et2O (50 mL x3). The combined organic layer was 

washed with brine and dried over anhydrous K2CO3. The drying agent was removed by filtration 

and the solvent was concentrated in vacuo to afford the crude product as brown oil. The brown 
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oil was dissolved in DCM (120 mL) and NEt3 (5.77 mL, 41.5 mmol) was added. To this mixture 

was added slowly (CF3CO)2O (3.04 mL, 21.6 mmol) at 0 oC. The reaction mixture was stirred at 

0 oC for 1 h, and distilled water (10 mL) was added to quench the reaction. The aqueous layer 

was separated and extracted with DCM (50 mL x3). The combined organic layer was washed 

with brine and dried over anhydrous MgSO4. The drying agent was removed by filtration and the 

solvent evaporated in vacuo to afford the crude product as a brown solid. Purification of the 

crude product by flash column chromatography on silica gel (hexanes/EtOAc = 20:1→5:1) 

afforded 2-20B as a white solid (4.68 g, 58% yield for two steps): mp 116-117 oC; 1H NMR (400 

MHz, CDCl3) δ 2.81 (t, J = 6.6 Hz, 2H), 3.60 (q, J = 6.6 Hz, 2H), 3.82 (s, 6H), 4.94 (s, 4H), 6.26 

(br, 1H), 6.41 (d, J = 2.4 Hz, 2H), 6.51 (t, J = 2.4 Hz, 1H), 6.93 (d, J = 8.4 Hz, 4H), 7.34 (d, J = 

8.4 Hz, 4H); 13C NMR (100 MHz, CDCl3) δ 35.3, 40.9, 55.5, 70.1, 100.8, 107.9, 114.3, 116.0 (q, 

J = 286 Hz), 128.9, 129.5, 139.9, 157.3 (q, J = 37 Hz), 159.7, 160.6; HRMS (ESI+) calcd. For 

C26H27NO5F3 [M+H]+ 490.1841, found 490.1840 (Δ = -0.2 ppm). 

 

2,4-Bis(4-methoxybenzyloxy)-1-iodo-6-[2-(trifluoroacetamido)ethyl)]benzene (2-21B) 

 
To a solution of 2-20B (3.26 g, 6.65 mmol) in anhydrous DMF (12 mL) was added 

N-iodosuccinimide (NIS) (1.87 g, 8.31 mmol) all at once at room temperature. The mixture was 

stirred at room temperature until TLC indicated the completion of the reaction (18 h). The 

reaction mixture was then diluted with EtOAc (50 mL) and filtered through a pad of Celite. The 

filtrate was washed with distilled water (50 mL), and the aqueous layer was extracted with 

EtOAc (50 mL x2). The combined organic layer was washed with saturated Na2SO3 (50 mL x2) 

and brine, and died over anhydrous MgSO4. The drying agent was removed by filtration and the 

solvent evaporated in vacuo to afford the crude product as a yellow solid. Recrystallization of the 

crude product from hexanes/EtOAc (4/1) afforded 2-21B as white solid (3.71 g, 91% yield): mp 

134-135 oC; 1H NMR (300 MHz, CDCl3) δ 3.07 (t, J = 6.9 Hz, 2H), 3.64 (q, J = 6.9 Hz, 2H), 

3.82 (s, 6H), 4.93 (s, 2H), 5.03 (s, 2H), 6.34 (br, 1H), 6.45 (d, J = 2.7 Hz, 1H), 6.51 (d, J = 2.7 

Hz, 1H), 6.92 (d, J = 8.7 Hz, 4H), 7.32 (d, J = 8.7 Hz, 2H), 7.40 (d, J = 8.7 Hz, 2H); 13C NMR 

(100 MHz, CDCl3) δ 39.9, 40.0, 55.4, 55.5, 70.3, 71.2, 82.9, 100.2, 108.6, 114.2, 114.3, 116.0 (q, 
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J = 287 Hz), 128.5, 128.6, 128.9, 129.5, 142.6, 157.5 (q, J = 37 Hz), 158.6, 159.6, 159.9, 160.5; 

HRMS (ESI+) calcd. For C26H25NO5F3NaI [M+Na]+ 638.0627, found 638.0626 (Δ = -0.2 ppm). 

 

1,3-Bis(4-methoxybenzyloxy)-6-(3-hydroxyprop-1-ynyl)-5-[2-(trifluoroacetamido)ethyl]ben

zene (2-22B) 

 
A mixture of 2-21B (1.52 g, 2.47 mmol), Pd(PPh3)2Cl2 (86.7 mg, 0.124 mmol), and CuI 

(47.0 mg, 0.247 mmol) was placed in a 50 mL round-bottomed flask. After purging the flask 

with nitrogen, Et2NH (30 mL) was added to the mixture, and the solution was stirred for 20 min 

at 30 oC to dissolve 2-21B. Propargyl alcohol (0.29 mL, 4.94 mmol) was added to this mixture 

via a syringe under at the same temperature. The reaction mixture was heated to reflux until TLC 

indicated the completion of the reaction (48 h). Then, saturated NH4Cl solution (25 mL) was 

added to quench the reaction. The aqueous layer was extracted with EtOAc (30 mL x3). The 

combined organic layer was washed with brine and dried over anhydrous MgSO4. The drying 

agent was removed by filtration and the solvent evaporated in vacuo to afford the crude product 

as brown oil. Purification of the crude product by flash column chromatography on silica gel 

(hexanes/EtOAc = 5:1→1:1) afforded 2-22B as an off-white solid (851 mg, 63% yield): mp 

123-124 oC; 1H NMR (300 MHz, CDCl3) δ 2.44 (t, J = 6.3 Hz, 1H), 3.03 (t, J = 7.2 Hz, 2H), 3.64 

(q, J = 7.2 Hz, 2H), 3.82 (s, 3H), 3.83 (s, 3H), 4.53 (d, J = 6.3 Hz, 2H), 4.93 (s, 2H), 4.93 (s, 2H), 

5.05 (s, 2H), 6.42 (d, J = 2.1 Hz, 1H), 6.45 (d, J = 2.1 Hz, 1H), 6.63 (br, 1H), 6.90 (d, J = 8.7 Hz, 

2H), 6.92 (d, J = 8.7 Hz, 2H), 7.32 (d, J = 8.7 Hz, 2H), 7.35 (d, J = 8.7 Hz, 2H); 13C NMR (100 

MHz, CDCl3) δ 34.5, 40.7, 52.0, 55.5, 55.6, 70.2, 70.7, 80.2, 95.2, 99.8, 105.6, 107.9, 114.2, 

114.3, 116.0 (q, J = 286 Hz), 128.5, 128.8, 128.9, 129.5, 142.9, 157.6 (q, J = 37 Hz), 159.6, 

159.9, 160.1, 161.1; HRMS (ESI+) calcd. For C29H29NO6F3 [M+H]+ 544.1947, found 544.1947 

(Δ = 0.0 ppm). 
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1,3-Bis(4-methoxybenzyloxy)-6-[(Z)-3-hydroxyprop-1-enyl]-5-[2-(trifluoroacetamido)ethyl]

benzene (2-23B) 

 
P2-Ni catalyst was generated in situ by adding NaBH4 (85.9 mg, 1.70 mmol) to a 

suspension of Ni(OAc)2 (271.3 mg, 0.893 mmol) in EtOH (7 mL) at room temperature under 

nitrogen with stirring. After 30 min, neat ethylenediamine (140 μL, 2.05 mmol) was added to the 

reaction mixture via a syringe. After stirring the catalyst solution for another 10 min, 2-22B (790 

mg, 1.45 mmol) in EtOH (50 mL) was added. The nitrogen atmosphere was then replaced by 

hydrogen (1 atm). The reaction mixture was stirred until TLC indicated the completion of the 

reaction (18 h). The reaction was quenched by addition of water (20 mL), and the aqueous layer 

was extracted with EtOAc (25 mL x3). The combined organic layer was washed with saturated 

NaHCO3 solution and brine, and dried over anhydrous MgSO4. The drying agent was removed 

by filtration and the solvent evaporated in vacuo to afford the crude product as an off-white solid. 

Purification of the crude product by flash column chromatography on silica gel (hexanes/EtOAc 

= 7:3→1:1) afforded 2-23B as a white solid (759 mg, 96% yield): mp 74-76 oC; 1H NMR (300 

MHz, CDCl3) δ 1.73 (m, 1H), 2.83 (t, J = 6.9 Hz, 2H), 3.54 (q, J = 6.9 Hz, 2H), 3.81 (s, 3H), 

3.82 (s, 3H), 3.92 (dd, J = 0.9, 7.2 Hz, 2H), 4.91 (s, 2H), 4.95 (s, 2H), 6.01 (dt, J = 7.2, 10.8 Hz, 

1H), 6.31 (d, J = 10.8 Hz, 1H), 6.44 (d, J = 2.4 Hz, 1H), 6.47 (br, 1H), 6.56 (d, J = 2.4 Hz, 1H), 

6.90 (d, J = 8.7 Hz, 2H), 6.93 (d, J = 8.7 Hz, 2H), 7.30 (d, J = 8.7 Hz, 2H), 7.35 (d, J = 8.7 Hz, 

2H); 13C NMR (100 MHz, CDCl3) δ 33.2, 40.0, 55.5, 55.6, 60.5, 70.2, 70.9, 100.0, 107.8, 114.3, 

114.4, 116.0 (q, J = 287 Hz), 118.4, 124.8, 128.6, 128.9, 129.4, 129.5, 133.5, 138.3, 157.2, 157.4 

(q, J = 38 Hz), 159.4, 159.8; HRMS (ESI+) calcd. For C29H30NO6F3Na [M+Na]+ 568.1923, 

found 568.1918 (Δ = -0.9 ppm). 
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1,3-Bis(4-methoxybenzyloxy)-6-(3-ethenyloxycarbonyloxyprop-1-enyl)-[2-(trifluoroacetami

do) ethyl]benzene (2-18B-a) 

 

To a solution of 2-23B (221 mg, 0.404 mmol) and pyridine (0.8 mL) in DCM (8 mL) was 

added slowly vinyl chloroformate (0.050 mL, 0.48 mmol) in DCM (2.4 mL) at 0 ºC. After 

stirring the mixture at 0 oC for 3 h, the reaction was quenched by saturated CuSO4 (10 mL). The 

aqueous layer was separated and extracted with Et2O (15 mL x4). Combined organic layer was 

washed with distilled water and brine, and dried over anhydrous MgSO4. The drying agent was 

removed by filtration and the solvent evaporated in vacuo to afford the crude product as an 

off-white solid. Purification of the crude product by flash column chromatography on silica gel 

(hexanes/EtOAc = 5:1→7:3) afforded 2-18B-a as a white solid (231 mg, 93% yield): mp 

109-110 oC; 1H NMR (300 MHz, CDCl3) δ 2.89 (t, J = 6.6 Hz, 2H), 3.54 (q, J = 6.6 Hz, 2H), 

3.82 (s, 3H), 3.83 (s, 3H), 4.51 (dd, J = 1.2, 6.3 Hz, 2H), 4.55 (dd, J = 2.1, 6.3 Hz, 1H), 4.88 (dd, 

J = 2.1, 13.8 Hz, 1H), 4.91 (s, 2H), 4.94 (s, 2H), 5.90 (dt, J = 6.3, 11.1 Hz, 1H), 6.42 (d, J = 2.1 

Hz, 1H), 6.46 (dt, J = 2.1, 11.1 Hz, 1H), 6.55 (d, J = 2.1 Hz, 1H), 6.68 (br, 1H), 6.89 (d, J = 8.7 

Hz, 2H), 6.91 (d, J = 8.7 Hz, 2H), 6.88-6.95 (m, 1H), 7.30 (d, J = 8.7 Hz, 2H), 7.33 (d, J = 8.7 

Hz, 2H); 13C NMR (100 MHz, CDCl3) δ 32.9, 39.5, 55.5, 55.6, 66.9, 70.2, 70.6, 98.3, 99.8, 107.9, 

114.2, 114.3, 116.0 (q, J = 287 Hz), 117.0, 127.0, 127.4, 128.8, 128.9, 129.3, 129.6, 138.5, 142.6, 

153.1, 157.4, 157.5 (q, J = 38 Hz), 159.7, 159.8; HRMS (ESI+) calcd. For C32H32NO8F3Na 

[M+Na]+ 638.1978, found 638.1979 (Δ = 0.2 ppm). 

 

1,3-Bis(4-methoxybenzyloxy)-6-(3-phenoxycarbonyloxyprop-1-enyl)-[2-(trifluoroacetylami

no)ethyl]benzene (2-18B-b) 

 

The carbonate 2-18B-b was synthesized in the same manner as that described for 2-18B-a: 
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White solid (88% yield); mp 109-110 oC; 1H NMR (300 MHz, CDCl3) δ 2.88 (t, J = 6.6 Hz, 2H), 

3.51 (q, J = 6.6 Hz, 2H), 4.60 (d, J = 6.6 Hz, 2H), 4.90 (s, 2H), 4.92 (s, 2H), 5.92 (dt, J = 6.6, 

11.1 Hz, 1H), 6.39 (d, J = 2.1 Hz, 1H), 6.48 (d, J = 11.1 Hz, 1H), 6.55 (d, J = 2.1 Hz, 1H), 6.66 

(br, 1H), 6.90 (d, J = 8.7 Hz, 2H), 6.92 (d, J = 8.7 Hz, 2H), 7.04-7.37 (m, 9H); 13C NMR (100 

MHz, CDCl3) δ 32.9, 39.4, 55.5, 55.6, 67.0, 70.1, 70.6, 99.8, 107.9, 114.2, 114.3, 115.9 (q, J = 

286 Hz), 117.1, 121.1, 126.3, 127.1, 127.4, 128.8, 128.9, 129.3, 129.5, 129.6, 138.5, 151.2, 154.1, 

157.3, 157.4 (q, J = 37 Hz), 159.6, 159.7, 159.8; HRMS (ESI+) calcd. For C36H34NO8F3Na 

[M+Na]+ 688.2134, found 688.2131 (Δ = -0.4 ppm). 

 

1,3-Bis(4-methoxybenzyloxy)-6-[3-(2,6-dimethylphen-1-oxy)carbonyloxyprop-1-enyl]-[2-(tri

fluoroacetylamino)ethyl]benzene (2-17A-c) 

 

The carbonate 2-18B-c was synthesized in the same manner as that described for 2-18B-a: 

Colorless oil (92% yield); 1H NMR (400 MHz, CDCl3) δ 2.12 (s, 6H), 2.88 (t, J = 6.8 Hz, 2H), 

3.49 (q, J = 6.8 Hz, 2H), 3.82 (s, 6H), 4.57 (dd, J = 1.2 and 6.8 Hz, 2H), 4.90 (s, 2H), 4.92 (s, 

2H), 5.91 (dt, J = 6.8, 10.8 Hz, 1H), 6.39 (d, J = 2.0 Hz, 1H), 6.48 (d, J = 10.8 Hz, 1H), 6.55 (d, 

J = 2.0 Hz, 1H), 6.67 (t, J = 6.8 Hz, 1H), 6.90 (d, J = 8.4 Hz, 2H), 6.92 (d, J = 8.4 Hz, 2H), 7.02 

(s, 3H), 7.29 (d, J = 8.4 Hz, 2H), 7.33 (d, J = 8.4 Hz, 2H); 13C NMR (100 MHz, CDCl3) δ 15.8, 

15.9, 32.7, 39.1, 55.3, 66.8, 69.9, 70.3, 99.6, 107.7, 113.9, 114.0, 115.7 (q, J = 282 Hz), 116.8, 

126.1, 126.9, 127.2, 128.5, 128.6, 129.1, 129.3, 129.9, 138.3, 148.2, 153.3, 157.0, 157.3 (q, J = 

36 Hz), 159.4, 159.5, 159.6; HRMS (ESI+) calcd. For C38H38NO8F3Na [M+Na]+ 716.2447, 

found 716.2451 (Δ = 0.6 ppm). 

 

In the same manner as that described for 2-18B-a~c, 2-18C-a,b were prepared. 

Characterization data are shown below: 
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1,3-Dibenzyloxy-5-[(E)-2-nitroethenyl]benzene 

 

Yellow solid; 65% yield; mp 110-112 oC; 1H NMR (300 MHz, CDC13) δ 5.06 (s, 4H), 6.75 

(br, 3H), 7.35-7.42 (m, 10H), 7.50 (d, J = 13.5 Hz, 1H), 7.90 (d, J = 13.5 Hz, 1H); 13C NMR 

(100 MHz, CDC13) δ 70.5, 106.0, 108.4, 127.7, 128.4, 128.9, 132.0, 136.4, 137.7, 139.2, 160.6; 

HRMS (ESI+) calcd. For C22H20NO4 [M+H]+ 362.1392, found 362.1396 (Δ = 1.1 ppm). All data 

are in agreement with the literature values. 

 

1,3-Dibenzyloxy-5-[2-(N-trifluoroacetylamino)ethyl]benzene (2-20C) 

 

White crystal; 55% yield for two steps from 1,3-dibenzyloxy-5-[(E)-nitroethenyl]benzene: 

mp 85-87 oC; 1H NMR (400 MHz, CDCl3) δ 2.82 (t, J = 6.8 Hz, 2H), 3.61 (q, J = 6.8 Hz, 2H), 

5.03 (s, 4H), 6.26 (br, 1H), 6.43 (d, J = 2.4 Hz, 2H), 6.54 (t, J = 2.4 Hz, 1H), 7.32-7.43 (m, 10H); 
13C NMR (100 MHz, CDCl3) δ 35.4, 40.9, 70.3, 100.8, 108.1, 116.0 (q, J = 286 Hz), 127.7, 

128.3, 128.8, 136.9, 140.1, 157.3 (q, J = 36 Hz), 160.6; HRMS (ESI+) calcd. For C24H23NO3F3 

[M+H]+ 430.1630, found 430.1629 (Δ = -0.2 ppm). 

 

2,4-Dibenzyloxy-1-iodo-6-[2-(trifluoroacetamido)ethyl)]benzene (2-21C) 

 

White solid; 92% yield; mp 139-141 °C; 1H NMR (300 MHz, CDCl3) δ 3.08 (t, J = 6.9 Hz, 

2H), 3.61 (q, J = 6.9 Hz, 2H), 5.00 (s, 2H), 5.10 (s, 2H), 6.37 (br, 1H), 6.46 (d, J = 2.4 Hz, 1H), 

6.52 (d, J = 2.4 Hz, 1H), 7.31-7.50 (m, 10H); 13C NMR (100 MHz, CDCl3) δ 39.9, 40.0, 70.6, 

71.3, 82.9, 100.1, 108.6, 116.0 (q, J = 286 Hz), 127.3, 127.7, 128.2, 128.5, 128.8, 128.9, 136.4, 
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136.5, 142.7, 157.5 (q, J = 36 Hz), 158.5, 160.5. HRMS (ESI+) calcd. For C24H21NO3F3NaI 

[M+Na]+ 578.0416, found 578.0415 (Δ = -0.2 ppm). 

 

1,3-Dibenzyloxy-6-(3-hydroxyprop-1-ynyl)-5-[2-(trifluoroacetamido)ethyl]benzene (2-22C) 

 

Off-white solid; 55% yield; mp 121-123 oC; 1H NMR (300 MHz, CDCl3) δ 2.50 (t, J = 6.0 

Hz, 1H), 3.03 (t, J = 7.2 Hz, 2H), 3.64 (q, J = 7.2 Hz, 2H), 5.00 (s, 2H), 5.12 (s, 2H), 6.43 (d, J = 

2.4 Hz, 1H), 6.46 (d, J = 2.4 Hz, 1H), 6.68 (br, 1H), 7.31-7.45 (m, 10H); 13C NMR (100 MHz, 

CDCl3) δ 34.5, 40.7, 51.9, 70.4, 70.8, 80.1, 95.3, 99.8, 105.7, 107.9, 116.0 (q, J = 287 Hz), 

127.1, 127.8, 128.1, 128.4, 128.8, 128.9, 136.5, 136.8, 142.9, 157.7 (q, J = 37 Hz), 160.0, 161.0. 

HRMS (ESI+) calcd. For C27H24NO4F3Na [M+Na]+ 506.1555, found 506.1551 (Δ = -0.8 ppm). 

 

1,3-Dibenzyloxy-6-[(Z)-3-hydroxyprop-1-enyl]-5-[2-(trifluoroacetamido)ethyl]benzene 

(2-23C) 

 

White solid; 98% yield; mp 138-140 oC; 1H NMR (300 MHz, CDCl3) δ 2.84 (t, J = 6.9 Hz, 

2H), 3.55 (q, J = 6.9 Hz, 2H), 3.94 (d, J = 7.2 Hz, 2H), 5.00 (s, 2H), 5.02 (s, 2H), 6.03 (dt, J = 

7.2, 11.1 Hz, 1H), 6.34 (d, J = 11.1 Hz, 1H), 6.44 (d, J = 2.4 Hz, 1H), 6.50 (br, 1H), 6.56 (d, J = 

2.4 Hz, 1H), 7.32-7.42 (m, 10H); 13C NMR (100 MHz, CDCl3) δ 33.1, 39.9, 60.4, 70.4, 71.0, 

99.9, 107.8, 116.0 (q, J = 286 Hz), 118.4, 124.8, 127.6, 127.8, 128.3, 128.4, 128.8, 128.9, 133.5, 

136.7, 136.8, 138.3, 157.2, 157.5 (q, J = 36 Hz), 159.3; HRMS (ESI+) calcd. For 

C27H26NO4F3Na [M+Na]+ 508.1712, found 508.1714 (Δ = 0.4 ppm). 
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1,3-Dibenzyloxy-6-(3-ethenyloxycarbonyloxyprop-1-enyl)-[2-(trifluoroacetamido) 

ethyl]benzene (2-18C-a) 

 

White sticky solid; 89% yield; 1H NMR (300 MHz, CDCl3) δ 2.89 (t, J = 6.9 Hz, 2H), 3.55 

(q, J = 6.9 Hz, 2H), 4.55 (m, 3H), 4.88 (dd, J = 2.1, 13.8 Hz, 2H), 4.98 (s, 2H), 5.01 (s, 2H), 5.90 

(dt, J = 7.2, 11.1 Hz, 1H), 6.44 (d, J = 2.1 Hz, 1H), 6.48 (d, J = 11.1 Hz, 1H), 6.56 (d, J = 2.1 Hz, 

1H), 6.73 (br, 1H), 6.95 (dd, J = 7.2, 13.8 Hz, 1H), 7.32-7.44 (m, 10H); 13C NMR (125 MHz, 

CDCl3) δ 32.7, 39.3, 66.6, 70.2, 70.6, 98.1, 99.6, 107.8, 115.8 (q, J = 286 Hz), 117.0, 126.9, 

127.3, 127.6, 128.0, 128.1, 128.6, 136.5, 136.6, 138.4, 142.4, 152.9, 157.1, 157.5 (q, J = 37 Hz), 

159.4; HRMS (ESI+) calcd. For C30H28NO6F3Na [M+Na]+ 578.1766, found 578.1762 (Δ = -0.7 

ppm). 

 

1,3-Dibenzyloxy-6-(3-phenoxycarbonyloxyprop-1-enyl)-[2-(trifluoroacetylamino)ethyl]benz

ene (2-18C-b) 

 

White solid; 91% yield; mp 112-114 oC; 1H NMR (300 MHz, CDCl3) δ 2.89 (t, J = 6.6 Hz, 

2H), 3.52 (q, J = 6.6 Hz, 2H), 4.60 (d, J = 6.6 Hz, 2H), 4.99 (s, 4H), 5.95 (dt, J = 6.3, 11.1 Hz, 

1H), 6.40 (d, J = 2.1 Hz, 1H), 6.50 (d, J = 11.1 Hz, 1H), 6.56 (d, J = 2.1 Hz, 1H), 6.67 (br, 1H), 

7.04-7.25 (m, 5H), 7.32-7.44 (m, 10H); 13C NMR (100 MHz, CDCl3) δ 32.9, 39.4, 67.0, 70.4, 

70.8, 99.8, 108.0, 116.3 (q, J = 287 Hz), 117.2, 121.1, 126.3, 127.1, 127.4, 127.5, 127.8, 128.2, 

128.3, 128.8, 128.9, 129.6, 136.8, 138.6, 151.1, 154.1, 157.2, 157.5 (q, J = 37 Hz), 159.6; HRMS 

(ESI+) calcd. For C34H30NO6F3Na [M+Na]+ 628.1923, found 628.1917 (Δ = -1.0 ppm). 
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General procedure for intramolecular asymmetric allylic amination 

 
Typical procedure is described for the reaction of 2-18B-a to afford (+)-6,8-bis-(4- 

methoxybenzyloxy)-1-ethenyl-2-trifluroacetyl-3,4-dihydro-1H-isoquinoline, (+)-(S)-2-19B: A 

solution of BOP ligand (R)-L2a (28.5 mg, 0.0319 mmol) and Pd2(dba)3 (14.8 mg, 0.0159 mmol) 

in DMF (1.3 mL) was added to a reaction tube with a stirring bar under nitrogen. The solution 

was stirred at room temperature until the color of the solution turned to light yellow from purple. 

Then, 2-18B-a (400 mg, 0.638 mmol) was added to the catalyst solution via a syringe. The 

mixture was stirred at room temperature until TLC indicated completion of the reaction. The 

resulting solution was diluted with water (20 mL). The aqueous layer was separated and 

extracted with Et2O (25 mL x3). The combined organic layer was washed with water (20 mL x5) 

and brine, and dried over anhydrous MgSO4. The drying agent was removed by filtration and the 

solvent evaporated in vacuo to afford the crude product as orange oil. The conversion of the 

reaction was checked by 1H NMR, which indicated over 95% conversion and 100% product 

selectivity. Purification of the crude product by flash column chromatography on silica gel 

(hexanes/EtOAc = 10:1→5:1) afforded (+)-(S)-2-19B as colorless oil (285 mg, 85% yield). The 

pure product was then subjected to chiral HPLC analysis, using a Chiralcel AD-RH column 

(CH3CN/H2O = 50/50, 0.7 mL/min), which indicated that the enantiopurity of the product 

(+)-(S)-2-19B was 94.0% ee. The S configuration was tentatively assigned by comparison of the 

sign of the optical rotation of (+)-(S)-2-19B with that of structurally close 

(+)-(S)-1-ethenyl-2-trifluoroacetyl-6,7-dimethoxy- 1,2,3,4-tetrahydroisoquinoline1 and further 

confirmed by converting (+)-(S)-2-19B to literature known (-)-(S,S)-3-12 (see chapter 3 for the 

detail). 

(+)-(S)-2-19B: [α]D
21 +66.0 (c 1.5, DCM); 1H NMR (300 MHz, CDCl3) (a mixture of two 

rotamers) δ 2.76-2.82 (m, 1H), 2.88-3.05 (m, 1H), [3.30-3.40 (m, 0.33H), 3.58-3.66 (m, 0.67H)], 

3.81 (s, 3H), 3.82 (s, 3H), [3.92-4.00 (m, 0.67H), 4.35-4.42 (m, 0.33H)], 4.93-4.99 (m, 5H), 
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5.19-5.24 (m, 1H), 5.87-6.00 (m, 1H), [5.80-5.84 (m, 0.33H), 6.20-6.24 (m, 0.67H)], [6.35 (d, J 

= 2.1 Hz, 0.67H), 6.38 (d, J = 2.1 Hz, 0.33H)], 6.48 (d, J = 2.1 Hz, 1H), 6.89 (d, J = 7.5 Hz, 2H), 

6.92 (d, J = 7.5 Hz, 2H), 7.31 (d, J = 7.5 Hz, 2H), 7.33 (d, J = 7.5 Hz, 2H); 13C NMR (100 MHz, 

CDCl3) (a mixture of two rotamers) (major) δ 29.5, 39.9, 51.6, 55.5, 70.0 70.1, 99.1, 105.6, 

114.2, 114.3, 115.4, 116.7, 116.8 (q, J = 287 Hz), 128.8, 128.9, 129.0, 129.4, 135.1, 135.4, 155.9 

(q, J = 36 Hz), 156.0, 159.1, 159.6, 159.8; (minor) δ 28.0, 38.0, 53.4, 55.5, 70.0, 70.1, 99.0, 

105.9, 114.2, 114.3, 115.4, 116.8 (q, J = 287 Hz), 117.1, 128.8, 128.9, 129.0, 129.5, 135.8, 136.2, 

155.8 (q, J = 36 Hz), 156.6, 159.4, 159.6, 159.8; HRMS (ESI+) calcd. For C29H28NO5F3Na 

[M+Na]+ 550.1817, found 550.1818 (Δ = 0.2 ppm). 

 

(-)-6,8-Bis(4-methoxybenzyloxy)-1-ethenyl-2-trifluroacetyl-3,4-dihydro-1H-isoquinoline,(-)-

(R)-2-19B. 

 

The compound (-)-(R)-2-19B was obtained in the same manner as that described for the 

synthesis of (+)-(S)-2-19B except for using (S)-BOP-L2a as the chiral ligand: 85% yield; 96.1% 

ee. All characterization data were identical to those of (+)-(S)-2-19B except for [α]D
21 -67.1 (c 

1.5, DCM). HRMS (ESI+) calcd. For C29H29NO5F3 [M+H]+ 528.1998, found 528.1996 (Δ = -0.4 

ppm). 

 

(-)-6,8-Dibenzyloxy-1-ethenyl-2-trifluroacetyl-3,4-dihydro-1H-isoquinoline [(-)-(R)-2-19C]. 
BnO

N
COCF3

OBn
(-)-(R)-2-19C  

Colorless oil; 83% yield; 75% ee; 1H NMR (400 MHz, CDCl3) (a mixture of two rotamers) 

δ 2.73-2.85 (m, 1H), 2.90-3.06 (m, 1H), [3.32-3.42 (m, 0.36H), 3.58-3.69 (m, 0.64H)], 

[3.90-4.00 (m, 0.64H), 4.35-4.44 (m, 0.36H)], 4.93-5.10 (m, 5H), 5.19-5.27 (m, 1H), 5.99 (ddd, J 

= 4.4, 10.4, 17.2 Hz, 1H), [5.85-5.90 (m, 0.36H), 6.25-6.30 (m, 0.64H)], [6.37 (d, J = 2.0 Hz, 
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0.64H), 6.39 (d, J = 2.0 Hz, 0.36H)], 6.48 (d, J = 2.0 Hz, 1H), 7.35-7.42 (m, 10H); 13C NMR 

(100 MHz, CDCl3) (a mixture of two rotamers) (major) δ 29.5, 39.8, 51.6, 70.3 70.5, 99.1, 105.8, 

115.6, 116.8 (q, J = 287 Hz), 116.9, 117.0, 117.2, 127.3, 128.3, 128.8, 135.1, 135.9, 136.8, 137.0, 

155.8 (q, J = 36 Hz), 156.6, 159.1; (minor) δ 28.0, 38.0, 53.4, 70.2, 70.4, 99.0, 106.1, 115.5, 

116.7, 116.8 (q, J = 287 Hz), 117.1, 117.3, 127.1, 127.7, 128.1, 135.0, 135.8, 136.3, 136.9, 155.9, 

156.2 (q, J = 36 Hz), 159.1; HRMS (ESI+) calcd. For C27H25NO3F3 [M+H]+ 468.1787, found 

468.1786 (Δ = -0.2 ppm). 
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§ 3.1 Asymmetric synthesis of Schulzeines A-C 
Schulzeines A-C, isolated from the marine sponge, Penares Schulzei, have been identified 

as a new class of marine natural products (Figure 3-1).1 These new alkaloids were found to 

exhibit potent α-glucosidase inhibitory activity, which made them promising leads in drug 

development for the treatment of cancer, diabetes and viral infections.2 Therefore, it is important 

to develop efficient synthesis for these natural products to provide sufficient amounts for 

biological studies as well as structure-activity relationship studies for discovery of more potent 

analogs. 
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Figure 3-1. Schulzeines A-C 
 

Five research groups have reported the synthesis of Schulzeines A-C tricyclic core to date.3 

All but one of these syntheses employed Pictet-Spengler-type cyclization to form the tricyclic 

core, and the introduction of the critical stereocenter at C-11b was either totally nonselective or 

gave only low to moderate diastereoselectivity, wherein the separation of two diastereomers was 

difficult in some cases. Furthermore, the diastereoselectivity at C-11b of those reported results 

favors the cis configuration (C1-C11b bond is cis to C3-N bond) which required for Schulzeine 

B tricyclic core. The efficacy for the synthesis of Schulzeines A and C which possess trans 

configuration (C1-C11b bond is trans to C3-N bond) was greatly disfavored (Figure 3-1). Thus, 

it is apparent that a more efficient construction of the tricyclic core needs to be developed. We 

envisioned that an intramolecular asymmetric allylic amination (AAA) could serve as the key 

reaction in the construction of required stereochemistry at C11b. We describe here a new and 

efficient synthesis of the tricyclic core of Schulzeines A-C based on the AAA approach. 

Our retrosynthetic analysis is illustrated in Scheme 3-1. The S configuration to the C3 

position of the tricyclic core 3-5 can be introduced by coupling (S)-vinylglycine derivative 3-2 to 

the amine moiety of 1-vinyltetrahydroisoquinoline 3-1 (for representative approaches to the 
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construction of 1-vinyltetrahydroisoquinolines, see References 10-15),4 followed by ring-closing 

metathesis (RCM) of 3-35 and hydrogenation of the resulting didehydropiperidinone ring of 3-4. 

Then, 3-1 can be derived from 2-19 by N-deprotection, and 2-19 with excellent enantiopurity can 

be obtained through the intramolecular AAA of 2-18, which should introduce the chiral center at 

C11b of 3-5. 
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Scheme 3-1. Retrosynthetic analysis of the tricyclic core of Schulzeines A-C 
 

§ 3.2 Results and discussion 
§ 3.2.1 Formal total synthesis of Schulzeine B 

With the optimized conditions for the AAA reaction of compound 2-18B reported in the 

chapter 2, we prepared (+)-(S)-2-19B6 with excellent enantiopurity (94-95% ee) in a larger 

quantity, and set out to complete the synthesis of the Schulzeine B tricyclic core in accordance 

with the planned synthetic route based on the retrosynthetic analysis (Scheme 3-1) described 

above. The synthesis is divided into two parts. One part is to introduce 

1-vinyltetrahydronisoquinoline (+)-(S)-3-1B which can be generated from the amide 

deprotection of TFA-substituted 1-vinyltetrahydronisoquinoline (+)-(S)-2-19B using 2 N NaOH 

and EtOH at room temperature for 16 h, with 98% isolated yield after purification (Scheme 
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3-2).7 

 

Scheme 3-2. Synthesis of (+)-(S)-3-1B 
 

With the secondary amine (+)-(S)-3-1B for the formal synthesis of tricyclic core of 

Schulzeines B in hand, the other part is to synthesize the corresponding vinylglycine derivative 

for the amide coupling reaction with compound (S)-(+)-3-1B. Scheme 3-3 shows the synthesis of 

Fmoc-N-protected vinylglycine 3-2a.8 Because basic conditions are not compatible for 

vinylglycine synthesis due to the fast isomerization of the double bond of vinylglycine, only 

neutral or acidic conditions can be used in the synthesis of vinylglycine. Therefore, we herein 

chose the Fmoc group as the protecting group because it can tolerate acidic conditions during the 

synthesis and can be cleaved under mild basic conditions or hydrogenolysis at the end of the 

synthesis. Starting with L-Methionine methyl ester hydrochloride 3-6 treated with Fmoc-OSu 3-7 

in the presence of triethylamine and methylene chloride, 

[N-(9-fluorenylmethoxycarbonyloxy)]-L-methionine methyl ester 3-8 was prepared with 94% 

isolated yield.8a Next, compound 3-8 was converted into the corresponding sulfoxide 3-9 using 

sodium periodate in MeOH/H2O cosolvent. After the work-up and simple purification, 3-9 can be 

used for the next step without further purification. To synthesize 

[N-(9-fluorenylmethoxycarbonyloxy)]-L-vinyl glycine methyl ester 3-10, the pyrolysis of 3-9 

was employed using xylenes as the solvent under reflux condition for 72 h. Because of these 

harsh reaction conditions, compound 3-10 and its regioisomers were generated. After careful 

flash column chromatography on silica gel twice, 3-10 was obtained in 63% isolated yield after 

two steps and 15% of regioisomers were also isolated.8a The desired Fmoc-N-protected 

vinylglycine 3-2a was simply produced by the acid hydrolysis of methyl ester 3-10 in the 

presence of acetic acid and hydrochloric acid with 97% isolated yield.8b 
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Scheme 3-3. Synthesis of vinylglycine derivative 3-2a 
 

With 1-vinyltetrahydronisoquinoline (+)-(S)-3-1B and Fmoc-N-protected vinylglycine 3-2a 

in hands, we first investigated the amide coupling reaction of (+)-(S)-3-1B and 3-2a using 

EDC.HCl and HOBt as the coupling reagents. After 20 h at room temperature, only 12% of 

desired diene product (S,S)-3-3B was obtained and the major product was the diene with the 

double bond isomerization of vinyl glycine moiety which can be attributed to the basicity of 

HOBt (Scheme 3-4). As a result, to avoid the use of basic reagents, DEPC (diethyl 

cyanophosphonate), which is a relatively neutral amide coupling reagent, was employed. Before 

dealing directly with the vinylglycine derivative, a model reaction using butenoic acid was 

investigated first to check the efficacy of the above coupling reagent. The reaction went 

smoothly using 3 equivalent of DEPC in DMF at room temperature and 88% of desired product 

(S)-3-12B was obtained after 18 h. With this encouraging result, (S)-3-1B and 3-2a were coupled 

under the similar reaction conditions mentioned above. However, this reaction is not as fast as 

the model reaction and took 40 h to be completed. Comparing to the result using EDC·HCl and 

HOBt as the coupling reagents, the yield of desired product (S,S)-3-3B was indeed much higher 

here (51%) although 24% of byproduct (S)-3-11B was still obtained (Scheme 3-4). 
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Scheme 3-4. Investigation of amidation of (S)-3-1B and 3-2a 
 

To further optimize this reaction, we tried to run the reaction without adding any coupling 

reagent and under neutral or even acidic condition. Therefore, carboxylic acid 3-2a was then 

converted into acyl chloride 3-2b8 using thionyl chloride, and compound 3-2b was employed to 

couple with (S)-3-1B without adding any base to neutralize HCl formed from the reaction 

(Scheme 3-5). Indeed, as expected, none of the isomerized byproduct was found and only the 

desired product (S,S)-3-3B was observed. However, because no extra base was added in this 

reaction, almost half the starting material (S)-3-1B acts as the base to neutralize the generated 

HCl instead of reactant. As a result, the yield of (S,S)-3-3B should be 50% (61% yield may due 

to the measurement error in the small scale reaction) even though there is no isomerized 

byproduct was formed. 
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Scheme 3-5. Optimization of amidation of (S)-3-1B and 3-2b 
 

Therefore, to increase the yield and minimize the formation of the isomer from above 

optimized reaction, we decided to add a minimal amount of triethylamine as base, i.e., one 

equivalent relative to the starting material (S)-3-1B, and use a slight excess of acyl chloride 3-2b 

(1.1 eq relative to (S)-3-1B) for the further optimized conditions (Scheme 3-6). After 16 h under 

room temperature, (S,S)-3-3B was obtained in 87% yield, and no isomerized product was 

observed in the presence of 1 eq of triethylamine. 

 

Scheme 3-6. Optimized condition for amidation of (S)-3-1B and 3-2b 
 

Before discussing the next step, one issue has to be clarified. Actually, to simplify the 

discussion of the optimization of amidation, we only focused on the product selectivity of 

(S,S)-3-3B and its isomerized byproduct but did not mention the diastereomeric ratio of 

(S,S)-3-3B. However, since (S)-3-1B is not an enantiopure compound (97:3 er), reaction with 

enantiopure 3-2b could theoretically give (S,S)-3-3B with 97:3 dr. Indeed, from 1H NMR 

analysis, over 20:1 dr value was observed in favor of (S,S)-3-3B. Unfortunately, these two 

diastereomers have the same Rf value on TLC and are inseparable by column chromatography. 

For that reason, the mixture was used for the next step without doing further separation. 

With (S,S)-3-3B (97:3 dr) in hand, ring-closing metathesis proceeded to form the third ring 
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of Schulzeine tricylic core. By using 10 mol% of 2nd generation Grubbs catalyst9 in refluxing 

dichloromethane, the tricyclic RCM product (S,S)-3-4B was obtained as a single diastereomer in 

80% yield after column chromatography (Scheme 3-7). 

 

Scheme 3-7. Ring-closing metathesis (RCM) of (S,S)-3-3B 
 

Next, we originally planned to convert compound (S,S)-3-4B to compound (S,S)-3-5 

through the hydrogenation of the olefin and hydrogenolysis of the PMB group using Pd/C under 

H2, followed by the deprotection of Fmoc moiety using piperidine. To our surprise, while 

(S,S)-3-4B was treated with 10% Pd/C (20 mol%) in THF/MeOH cosolvent system under 

ambient pressure of H2 for 48 h, all three reactions were done and the desired (S,S)-3-5 was 

afforded in 91% yield (Scheme 3-8). 

 

Scheme 3-8. Hydrogenation and hydrogenolysis of (S,S)-3-4B 
 

(S,S)-3-5, which has been made by Romo’s group, can be used as a reference to assign the 

absolute configuration at C11b of the tricylic core. However, [α]D value that we got is way 

higher than that they provided (the literature value for (S,S)-3-5 (free amine form) from Ref. 7 is 

[α]D
23 -138.7 (c 0.73, MeOH) but (S,S)-3-5, in our hands, showed the specific rotation of [α]D

20 

-252.3 (c 0.35, MeOH)). Therefore, we reevaluated our data and also checked their experimental 

procedure to see whose data has the mistake, and we found that they used BBr3 for this reaction 

but they didn’t use any base to quench and neutralize the product. As a result, (S,S)-3-5 that they 

obtained should be its corresponding HBr salt. To confirm our finding, we prepared 

(S,S)-3-5.HBr salt by the treatment of (S,S)-3-5 with 15-16% HBr(aq) in MeOH (Scheme 3-9). 

After simple purification, (S,S)-3-5.HBr was obtained and its [α]D value ([α]D
20 -138.9 (c 0.72, 
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MeOH)) was found to be virtually identical to that of the literature value for (S,S)-3-5 (free 

amine form) with [α]D
20 -138.9 (c 0.72, MeOH) and it appears that the data in Ref. 7 indeed 

made an error. 

 

Scheme 3-9. Synthesis of (S,S)-3-5.HBr 
 

To convert (S,S)-3-5 to (S,S)-3-13, Boc protection was first introduced to mask the 

secondary amine at the C3 position to give (S,S)-3-5-Boc in 79% yield. Next, (S,S)-3-5-Boc was 

smoothly reacted with benzyl bromide in the presence of TBAI and Cs2CO3 to give (S,S)-3-13 in 

78% yield (Scheme 3-10). From (S,S)-3-13, three groups already reported the total synthesis of 

Schulzeine B.3b-d Thus, a formal total synthesis of this compound will be completed. 

(S,S)-3-5

N

OH

HO

O

NH2

(S,S)-3-13

Boc2O (1.3 eq)
MeOH, rt, 20 h

79%

BnBr (2.2 eq)

TBAI (cat.), Cs2CO3 (3.0 eq)
DMF, 0 oC, 3 h

78%

(S,S)-3-5-Boc

N

OH

HO

O

NHBoc

N

OBn

BnO

O

NHBoc
 

Scheme 3-10. Synthesis of the common advanced key intermediate (S,S)-3-13 
 

 

Scheme 3-11. Synthesis of an alternative key advanced intermediate (S,S)-3-14 
 

Although O,O’-dibenzyl protection was used in the known total syntheses, O,O’-bis-PMB 
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protection should work equally well. Thus, (S,S)-3-14 was also prepared as an alternative key 

advanced intermediate through Fmoc deprotection of (S,S)-3-4B with diethylamine in DCM at 

room temperature for 10 h (Scheme 3-11). 

 

§ 3.2.2 Formal total synthesis of Schulzeine A and C 
In the same manner, we carried out the asymmetric synthesis of (S,R)-3-5, 3-5-Boc and 3-13, 

starting from (R)-(-)-2-19B, which was obtained in 96.1% ee through the AAA reaction of 

2-18B-a using (S)-BOP-L2a (Scheme 3-12). Diene (S,R)-3-3B was prepared, and subjected to 

the RCM reaction in the same manner as that for (S,S)-3-3B to give the corresponding RCM 

product (S.R)-3-4B. However, unexpectedly, substantial epimerization occurred during the RCM 

reaction to give almost an equal amount of (R,R)-3-4B.10 After screening of RCM catalysts and 

reaction variables, we found that the 2nd generation Hoveyda-Grubbs catalyst11 gave the best 

results so far, favoring the formation of (S.R)-3-4B in 3:1 ratio. Thus, enantio- and diastereopure 

(S.R)-3-4B was isolated in 51% yield. From (S.R)-3-4B, (S,R)-3-5-Boc and (S,R)-3-13 were 

synthesized in a similar manner to that illustrated before, and thus the formal total synthesis of 

Schulzeines A and C have also been completed. 

 

Scheme 3-12. Formal total synthesis of Schulzeines A and C 
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§ 3.3 Conclusions 
A new approach toward the total synthesis of Schulzeines A-C, featuring efficient 

asymmetric allylic amination and ring-closing metathesis as key steps, has been successfully 

developed. Every step in the synthesis gave good to excellent yield except for the formation of 

(S,R)-3-4B. Further optimizations of the whole process, especially the RCM step for (S,R)-3-3B, 

and mechanistic studies are actively underway in our laboratory. 

 

§ 3.4 Experimental section 
General Methods: 1H and 13C and 31P NMR were measured on a Varian Inova-500 NMR (500 

MHz 1H, and 125 MHz 13C), a Varian Inova-400 NMR (400 MHz 1H; 100 MHz 13C; 162 MHz 
31P) or a Varian Gemini-2300 (300 MHz 1H; 75 MHz 13C; 121.5 MHz 31P) spectrometer in a 

deuterated solvent using residual protons (CHCl3: 1H, 7.26 ppm; 13C, 77.0 ppm. C6H6: 1H, 7.15 

ppm) as the internal standard or phosphoric acid as the external reference (31P 0.00 ppm). 

Analytical HPLC in reverse phase was carried out with a Shimadzu LC-2010A HPLC system 

using a Chiralpak AD-RH analytical column. Melting points were measured on a Thomas 

Hoover Capillary melting point apparatus and are uncorrected. Optical rotations were measured 

on a Perkin-Helmer Model 241 polarimeter. TLC analyses were performed using Merck DC 

Alufolien 60F254 aluminum pre-coated silica gel plates. Flash column chromatography was 

carried out using Silicyle SiliaFlashP60® silica gel (particle size 40–63 μm). High-resolution 

mass spectrometric analyses were carried out at the Mass Spectrometry Laboratories, University 

of Illinois Urbana-Champaign, Urbana, IL and ICB&DD at Stony Brook University. Unless 

otherwise noted all reactions were carried out under argon or nitrogen atmosphere in oven-dried 

glassware using standard Schlenck techniques. 

Materials: Solvents were reagents grade and freshly distilled before use. Tetrahydrofuran (THF) 

and dichloromethane (DCM) were dried and degassed using an Innovative Technology 

PureSolvTM solvent purification system. Acetonitrile was distilled from calcium hydride. 

Anhydrous N,N-dimethylformamide (DMF) was purchased from Acros and used without further 

purification. Other solvents were used without purification. 

Benzylidene[1,3-bis(2,4,6-trimethylphenyl)-2-imidazolidinylidene]dichloro(tricyclohexylphosph

ine)ruthenium (2nd generation Grubbs catalyst), [1,3-bis(2,4,6-tri-methylphenyl)-2-Imidazoli- 
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dinylidene]dichloro(o-isopropoxyphenylmethylene)ruthenium (2nd generation Hoveyda-Grubbs 

catalyst), N-iodosuccinimide was obtained from Sigma-Aldrich and used as received. 

(S)-N-Fmoc-vinylglycinyl chloride was synthesized in five steps from commercial available 

L-methionine methyl ester hydrochloride.8 Other chemicals and reagents were purchased from 

Sigma-Aldrich or Fisher Scientific and used without further purification unless otherwise noted. 

Chiral biphenols and chiral BOP ligands, L1a-L1i were prepared according to the procedure 

previously reported by our laboratory.12   

 

Preparation of L-vinylglycine derivative8a, 13 

[N-(9-Fluorenylmethoxycarbonyloxy)]-L-methionine methyl ester (3-8)8a 

 
 

To a stirred solution of L-methionine methyl ester hydrochloride 3-6 (2.01 g, 10.0 mmol) in 

distilled DCM (100 mL) was added triethylamine (2 eq) in an ice bath, followed by the slow 

addition of N-(9-fluorenylmethoxycarbonyloxy)succinimide 3-7 (1.2 eq) in methylene chloride 

via a syringe over the period of 20 min under the same temperature. After the addition was 

complete, the ice bath was removed and the mixture was stirred at room temperature for 19 h. 

The reaction mixture was diluted with DCM and water. The aqueous layer was separated and 

extracted with DCM (3x). The combined organic layer was washed with brine and dried over 

MgSO4. The drying agent was removed by filtration and the solvent was concentrated in vacuo 

to afford crude off-white solid 3-8. Further purification by flash column chromatography on 

silica gel (hexanes/EtOAc = 4:1-2:1) afforded pure 3-8 as a white solid (3.65 g, 94% yield): mp 

80-82 oC; 1H NMR (300 MHz, CDCl3) δ 1.94-2.21 (m, 2H), 2.10 (s, 3H), 2.53 (br, 2H), 3.77 (s, 

3H), 4.23 (t, J = 6.9 Hz, 1H), 4.42 (d, J = 7.2 Hz, 2H), 4.52 (m, 1H), 5.42 (d, J = 8.1 Hz, 1H), 
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7.32 (dd, J = 6.9 and 7.5 Hz, 2H), 7.41 (dd, J = 6.9 and 7.5 Hz, 2H), 7.60 (d, J = 6.9 Hz, 2H), 

7.76 (d, J = 7.5 Hz, 2H). All data are in good agreement with the literature values.8a 

[N-(9-Fluorenylmethoxycarbonyloxy)]-L-vinyl glycine methyl ester (3-10)8a 

 
To a stirred solution of [N-(9-fluorenylmethoxycarbonyloxy)]-L-methionine methyl ester 

3-8 (3.65 g, 9.46 mmol) in distilled MeOH (120 mL) was added slowly aqueous sodium 

periodate (1.1 eq in 20 mL of H2O) over 25 min in an ice bath. After the addition was complete, 

the ice bath was removed and the reaction mixture was stirred at room temperature for 22 h. The 

resulting solid was filtrated off and MeOH was removed under reduced pressure. The resulting 

colorless oil was diluted with CHCl3 (30 mL). The aqueous layer was separated and extracted 

with CHCl3 (3x). The combined organic layer was washed with water, brine and dried over 

MgSO4. The drying agent was removed by filtration and the solvent was concentrated in vacuo 

to afford crude white solid 3-9. This product was used in the next step without further 

purification. To the crude 3-9 was added xylenes (100 mL) and the mixture was heated to reflux 

(150 oC) for 72 h. The reaction mixture was cooled to room temperature and xylenes were 

evaporated under reduced pressure to give crude orange oil 3-10 and its isomers. Further 

purification by flash column chromatography on silica gel (hexanes/EtOAc = 10:1) afforded pure 

3-10 as a white solid (2.07 g, 63% yield) and 15% isomers.  

3-10: mp 107-109 oC; [α]D
21 -7.3 (c 4.1, MeOH); 1H NMR (300 MHz, CDCl3) δ 3.79 (s, 

3H), 4.24 (t, J = 7.2 Hz, 1H), 4.43 (d, J = 6.9 Hz, 2H), 4.95 (m, 1H), 5.29 (d, J = 10.5 Hz, 1H), 

5.35 (d, J = 17.4 Hz, 1H), 5.49 (d, J = 6.9 Hz, 1H), 5.92 (m, 1H), 7.32 (dd, J = 6.9 and 7.5 Hz, 

2H), 7.41 (dd, J = 6.9 and 7.5 Hz, 2H), 7.60 (d, J = 6.9 Hz, 2H), 7.77 (d, J = 7.5 Hz, 2H). All 

data are in good agreement with the literature values.8a 
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[N-(9-Fluorenylmethoxycarbonyloxy)]-L-vinyl glycine (3-2a)13 

AcOH/1N HCl (1/1)

rfx, 1h

O

O

NH

O

O

O

OH

NH

O

O

3-10 3-2a
 

To [N-(9-fluorenylmethoxycarbonyloxy)]-L-methionine methyl ester 3-10 (502 mg, 1.49 

mmol) placed in a 25 mL round-bottom flask were added acetic acid and water in 1:1 ratio (8 mL 

total) at room temperature. After the addition was complete, the mixture was heated to reflux for 

1.5 h. The reaction mixture was cooled to room temperature and acetic acid was evaporated 

under reduced pressure. The resulting oil was diluted with DCM. The aqueous layer was 

separated and extracted with DCM (3x). The combined organic layer was washed with water, 

brine and dried over MgSO4. The drying agent was removed by filtration and the solvent was 

concentrated in vacuo to afford 3-2a as a white crystal (470 mg, 97% yield): mp 151-153 oC; 

[α]D
21 +1.39 (c 16.6, MeOH); (note: the product existed in the form of two distinguishable 

rotamers with 2:1 ratio); 1H NMR (300 MHz, CDCl3) δ 4.24 (t, J = 7.2 Hz, 1H), 4.47 (two d, J = 

6.9 Hz, 2H), 4.63 and 5.00 (two m, 1H), 5.20 and 7.03 (two m, 1H), 5.35 and 5.41 (two m, 2H), 

5.80 and 5.92 (two m, 1H), 7.34 (dd, J = 6.9 and 7.5 Hz, 2H), 7.41 (dd, J = 6.9 and 7.5 Hz, 2H), 

7.55 and 7.60 (two d, J = 6.9 Hz, 2H), 7.77 (d, J = 7.5 Hz, 2H). All data are in good agreement 

with the literature values. 

(+)-6,8-Bis(4-methoxybenzyloxy)-3,4-dihydro-1-ethenyl-1H-isoquinoline, (+)-(S)-3-1B  

 
To a stirred solution of (+)-(S)-2-19B (280 mg, 0.531 mmol, 94.0% ee) in EtOH (5 mL) was 

added slowly 2 M NaOH solution (1 mL) at room temperature, and the mixture was stirred at 

room temperature for 16 h. Then, EtOH was evaporated under reduced pressure, and the 

resulting oil was diluted with Et2O (20 mL) and water (20 mL). The aqueous layer was separated 
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and extracted with Et2O (20 mL x3). The combined organic layer was washed with water and 

brine, and dried over anhydrous Na2SO4. The drying agent was removed by filtration and the 

solvent evaporated in vacuo to afford (+)-(S)-3-1B (225 mg, 98% yield) as a light yellow solid: 

mp 83-85 oC; [α]D
21 +25.8 (c 0.62, CHCl3); 1H NMR (400 MHz, CDCl3) δ 2.61-2.66 (m, 1H), 

2.78-2.90 (m, 1H), 2.97-3.04 (m, 1H), 3.09-3.20 (m, 1H), 3.80 (s, 3H), 3.81 (s, 3H), 4.70 (d, J = 

5.2 Hz, 1H), 4.86-4.95 (m, 5H), 5.11 (dt, J = 10.0 and 1.2 Hz, 1H), 6.01-6.12 (m, 1H), 6.35 (d, J 

= 2.0 Hz, 1H), 6.42 (d, J = 2.0 Hz, 1H), 6.88 (d, J = 8.4 Hz, 2H), 6.91 (d, J = 8.4 Hz, 2H), 7.28 

(d, J = 8.4 Hz, 2H), 7.33 (d, J = 8.4 Hz, 2H); 13C NMR (100 MHz, CDCl3) δ 29.4, 38.1, 52.6, 

55.5, 69.8, 70.0, 98.5, 106.1, 114.1, 114.2, 116.2, 118.1, 128.9, 129.2, 129.3, 129.5, 136.9, 139.0, 

156.8, 158.5, 159.5, 159.7; HRMS (ESI+) calcd. For C27H30NO4 [M+H]+ 432.2175, found 

432.2163 (Δ = -2.8 ppm). 

(-)-(R)-3-1B

NH

PMBO

PMBO

 
(-)-6,8-Bis(4-methoxybenzyloxy)-3,4-dihydro-1-ethenyl-1H-isoquinoline, (-)-(R)-3-1B.  

The compound (-)-(R)-3-1A was obtained in 98% yield in the same manner as that 

described for the synthesis of (+)-(S)-3-1A. All characterization data were identical to those of 

(+)-(S)-3-1A except for [α]D
21 -27.0 (c 0.62, CHCl3); HRMS (ESI+) calcd. For C27H30NO4 

[M+H]+ 432.2175, found 432.2172 (Δ = -0.7 ppm). 

(3S,11bS)-9,11-Bis(4-methoxybenzyloxy)-3-(9H-fluoren-9-yl)methoxycarbonylamino-2,3,6,7

-tetrahydro-1H-pyrido[2,1-a]isoquinolin-4(11bH)-one, (-)-(S,S)- 3-4B 

Grubbs 2nd catalyst
(10 mol%)

DCM, rfx, o.n

(-)-(S,S)-3-4B

N

PMBO

PMBO

O

NHFmoc

(+)-(S)-3-1B

NH

PMBO

PMBO

(+)-(S,S)-3-3B

N

PMBO

PMBO

O

NHFmoc

O

Cl
NHFmoc

(1.1 eq)

TEA (1.0 eq)
DCM, rt, 16 h

3-2b
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To a stirred solution of (+)-(S)-3-1B (94% ee) (58.3 mg, 0.135 mmol) and Et3N (18.8 μL, 

0.135 mmol) in distilled DCM (0.8 mL) was added (S)-N-Fmoc-vinylglycinyl chloride 3-2b 

(50.8 mg, 0.149 mmol) in distilled DCM (2 mL) at 0 oC under nitrogen. The mixture was then 

stirred at room temperature for 16 h, and the reaction was quenched by adding Et2O (10 mL) and 

water (10 mL). The aqueous layer was separated and extracted with Et2O (15 mL x2). The 

combined organic layer was washed with 1 M hydrochloric acid, water and brine, and dried over 

anhydrous MgSO4. The drying agent was removed by filtration and the solvent evaporated in 

vacuo to afford the crude product as yellow oil. Purification of the crude product by flash column 

chromatography on silica gel (hexanes/EtOAc = 5:1→2:1) afforded (+)-(S,S)-3-3B as colorless 

oil (83 mg, 84% yield): cis/trans > 20/1 by 1H NMR); [α]D
21 +61.0 (c 1.0, CH2Cl2); HRMS 

(ESI+) calcd. For C46H45N2O7 [M+H]+ 737.3227, found 737.3232 (Δ = 0.7 ppm).  

To a stirred solution of (+)-(S,S)-3-3B (63 mg, 0.086 mmol) in distilled DCM (3.5 mL) was 

added the 2nd generation Grubbs catalyst (7.4 mg, 10 mol%) under nitrogen, and the mixture 

was heated to reflux for 16 h. The reaction mixture was cooled to room temperature and DCM 

was evaporated under reduced pressure to give the crude product as a brown solid. Purification 

of the crude product by flash column chromatography on silica gel (hexanes/EtOAc = 4:1→1:1) 

afforded (-)-(S,S)-3-4B as a white solid (48 mg, 80% yield): mp 125-127 oC (dec.); [α]D
21 -132 (c 

0.5, CHCl3); 1H NMR (300 MHz, CDCl3) δ 2.63-2.85 (m, 3H), 3.83 (s, 6H), 4.26 (t, J = 7.2 Hz, 

1H), 4.41 (d, J = 7.2 Hz, 2H), 4.65-4.70 (m, 1H), 4.89-5.08 (m, 5H), 5.39 (d, J = 5.7 Hz, 1H), 

5.95-6.08 (m, 2H), 6.39 (d, J = 2.4 Hz, 1H), 6.56 (d, J = 2.4 Hz, 1H), 6.90-6.95 (m, 4H), 

7.26-7.40 (m, 8H), 7.62 (d, J = 6.6 Hz, 2H), 7.76 (d, J = 6.6 Hz, 2H); 13C NMR (125 MHz, 

CDCl3) δ 30.1, 40.4, 47.4, 51.5, 52.8, 55.5, 55.6, 67.4, 70.1, 70.2, 99.3, 106.1, 114.3, 114.4, 

114.5, 115.8, 120.2, 125.4, 127.3, 127.9, 128.4, 128.5, 128.9, 129.0, 129.1, 129.5, 129.9, 137.9, 

141.5, 144.1, 144.2, 156.4, 158.9, 159.7, 159.8, 167.5; HRMS (ESI+) calcd. For C44H41N2O7 

[M+H]+ 709.2914, found 709.2906 (Δ = -1.1 ppm). 

(3S,11bS)-3-Amino-9,11-dihydroxy-2,3,6,7-tetrahydro-1H-pyrido[2,1-a]isoquinolin-4(11bH

)-one, (-)-(S,S)-3-5 
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To (-)-(S,S)-3-4B (40 mg, 0.055 mmol) and 10% Pd/C (12 mg, 0.011 mmol) placed in a 10 

mL round-bottomed flask were added distilled MeOH (1.5 mL) and THF (1.5 mL) at room 

temperature. The nitrogen atmosphere was then replaced with hydrogen (1 atm), and the mixture 

was stirred for 48 h. The reaction mixture was filtered through Celite, washed with MeOH (30 

mL), and the filtrate was concentrated under reduced pressure. Purification of the residue by 

flash column chromatography on silica gel [CH2Cl2/(2 M NH3 in MeOH) = 30:1→10:1) afforded 

(-)-(S,S)-3-5 as a white paste (13 mg, 91% yield): [α]D
20 -252.3 (c 0.35, MeOH); 1H NMR (300 

MHz, CD3OD) δ 1.28-1.52 (m, 3H), 2.22-2.31 (m, 1H), 2.47-2.74 (m, 4H), 3.58 (t, J = 8.1 Hz, 

1H), 4.62-4.66 (m, 1H), 4.79 (dd, J = 3.6 and 14.4 Hz, 2H), 6.11 (d, J = 2.4 Hz, 1H), 6.18 (d, J = 

2.4 Hz, 1H); 13C NMR (125 MHz, CD3OD) δ 28.1, 29.1, 30.6, 40.5, 50.8, 52.1, 102.1, 107.5, 

115.5, 138.6, 156.4, 158.1, 175.2; HRMS (ESI+) calcd. For C13H17N2O3 [M+H]+ 249.1239, 

found 249.1232 (Δ = -2.8 ppm). 

 

(3S,11bS)-3-Amino-9,11-dihydroxy-2,3,6,7-tetrahydro-1H-pyrido[2,1-a]isoquinolin-4(11bH

)-one hydrobromide, (-)-(S,S)-3-5.HBr 

 
To (-)-(S,S)-3-5 (5.5 mg, 0.022 mmol) in a 5 mL round-bottomed flask was added 16% 

hydrobromic acid (0.6 mL) and MeOH (2.4 mL) at room temperature, and the mixture was 

stirred for 4 h. All volatiles were removed under high vaccum to give (-)-(S,S)-3-5.HBr as a light 

yellow paste (7.3 mg, 100% yield): [α]D
20 -138.9 (c 0.73, MeOH); 1H NMR (300 MHz, D2O) δ 

1.41-1.56 (m, 1H), 1.67-1.83 (m, 1H), 2.35-2.53 (m, 2H), 2.66-2.86 (m, 3H), 4.21 (dt, J = 7.8 

and 11.7 Hz, 1H), 4.44-4.51 (m, 1H), 4.82-4.84 (m, 1H), 6.25-6.41 (m, 2H); 13C NMR (125 MHz, 

D2O): δ 22.3, 27.0, 28.4, 39.5, 48.8, 49.8, 101.3, 107.1, 114.4, 138.3, 153.9, 155.4, 168.3; LRMS 

(ESI-) calcd. For C13H17N2O3Br [M-H]- 327.0, found 327; HRMS (ESI+) calcd. For C13H17N2O3 

[M-Br]+ 249.1239, found 249.1237 (Δ = -0.8 ppm). 

(3S,11bS)-3-(tert-Butoxycarbonylamino)-9,11-dihydroxy-2,3,6,7-tetrahydro-1H-pyrido-[2,1-

a] isoquinolin-4(11bH)-one, (-)-(S,S)-3-5-Boc.3b  
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To a stirred solution of (-)-(S,S)-3-5 (5.8 mg, 0.023 mmol) in distilled MeOH (0.5 mL) was 

added Boc2O (7.4 mg, 0.030 mmol) under nitrogen, and a mixture was stirred at room 

temperature for 20 h. The solvent was evaporated under reduced pressure to give the crude 

product as light yellow oil. Purification of the crude product by flash column chromatography on 

silica gel (hexanes/EtOAc = 4:1→1:1) afforded (-)-(S,S)-3-5-Boc as colorless oil (6.4 mg, 79% 

yield): [α]D
22 -176.6 (c 0.64, MeOH); 1H NMR (400 MHz, CD3OD) δ 1.28-1.40 (m, 1H), 1.42 (s, 

9H), 1.46-1.55 (m, 1H), 2.22-2.37 (m, 1H), 2.48-2.52 (m, 1H), 2.59-2.75 (m, 3H), 4.32 (t, J = 8.4 

Hz, 1H), 4.59-4.62 (m, 1H), 4.80-4.81 (m, 1H), 6.11 (d, J = 2.4 Hz, 1H), 6.18 (d, J = 2.4 Hz, 1H); 
13C NMR (100 MHz, CD3OD) δ 26.3, 28.7, 29.2, 30.3, 40.4, 50.8, 51.2, 80.5, 102.0, 107.3, 115.1, 

138.4, 156.3, 158.0, 158.2, 172.4. All data were in agreement with the literature values except 

for the specific rotation. Gurjar et al.3b reported the specific rotation of this compounds to be [α]D 

-49.1 (c 0.90, MeOH). However, the value was [α]D
22 -176.6 (c 0.64, MeOH) in our hands, as 

shown above. It appears that the reported value is either an error or their compound is not 

enantiomerically pure. 

(3S,11bS)-3-(tert-Butoxycarbonylamino)-9,11-bis(benzyloxy)-2,3,6,7-tetrahydro-1Hpyrido[

2,1-a]isoquinolin-4(11bH)-one, (-)-(S,S)-3-13.3b, 3d  

 
To a stirred solution of (S,S)-3-5-Boc (6.4 mg, 0.019 mmol), tetrabutylammonium iodide 

(TBAI) (0.2 mg, 0.0005 mmol), and Cs2CO3 (18 mg, 0.057 mmol) in dry DMF (0.5 mL) was 

added benzyl bromide (0.026 mL, 0.042 mmol) at 0 oC under nitrogen, and the mixture was 

stirred under the same temperature for 3 h. The reaction was quenched with water (5 mL) and 

diluted with EtOAc (5 mL). The aqueous layer was separated and extracted with EtOAc (5 mL 

x2). The combined organic layer was washed with water and brine, and dried over anhydrous 

Na2SO4. The drying agent was removed by filtration and the solvent evaporated in vacuo to 
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afford the crude product as light yellow oil. Purification of the crude product by flash column 

chromatography on silica gel (hexanes/EtOAc = 10:1→4:1) afforded (S,S)-3-13 as colorless oil 

(7.6 mg, 78% yield): [α]D
19 -109.2 (c 0.76, CHCl3) [lit.3d [α]D

24 -108.1 (c 1.97, CHCl3)]; 1H NMR 

(400 MHz, CDCl3) δ 1.35-1.42 (m, 2H), 1.46 (s, 9H), 2.41-2.60 (m, 2H), 2.71-2.82 (m, 3H), 

4.30-4.36 (m, 1H), 4.72-4.76 (m, 1H), 4.89-4.92 (m, 1H), 5.00 (s, 2H), 5.07 (s, 2H), 5.75 (d, J = 

5.2 Hz, 1H), 6.39 (d, J = 2.1 Hz, 1H), 6.48 (d, J = 2.1 Hz, 1H), 7.30-7.42 (m, 10H); 13C NMR 

(100 MHz, CDCl3) δ 26.0, 28.6, 28.7, 29.9, 39.0, 49.0, 50.0, 70.4, 79.7, 99.2, 106.0, 117.6, 127.4, 

127.7, 128.3, 128.4, 128.8, 129.0, 136.7, 136.9, 137.5, 155.9, 156.2, 158.7, 170.8. All data were 

in good agreement with those reported by Bowen and Wardrop.3d However, the specific rotaion 

reported by Gurjar et al.3b was [α]D -102 (c 1.1, CHCl3), which is considerably lower than our 

value as well as that of Bowen and Wardrop. 

(3S,11bS)-3-Amino-9,11-bis(4-methoxybenzyloxy)-2,3,6,7-tetrahydro-1H-pyrido[2,1-a]isoq

uinolin-4(11bH)-one, (-)-(S,S)-3-14.  

 
To a stirred solution of (-)-(S,S)-3-4B (25 mg, 0.036 mmol) in distilled DCM (4.0 mL) was 

added Et2NH (37 μL, 0.36 mmol) at room temperature, and the mixture was stirred at room 

temperature for 10 h. Solvents were evaporated under reduced pressure to give the crude product 

as brown oil. 1H NMR analysis of the crude product indicated a quantitative formation of the 

desired product, (-)-(S,S)-3-14. Purification of the crude product by flash column 

chromatography on silica gel (CH2Cl2/(2 M NH3 in MeOH) = 99:1→98:2) afforded 

(-)-(S,S)-3-14 as a light yellow oil (13 mg, 72% yield): [α]D
21 -197.8 (c 0.45, CHCl3); 1H NMR 

(400 MHz, CD3OD) δ 2.60-2.80 (m, 3H), 3.78 (s, 6H), 3.84-3.87 (m, 1H), 4.77-4.80 (m, 1H), 

4.91-5.04 (m, 4H), 5.35-5.37 (m, 1H), 5.81 (ddd, J = 2.0, 3.2, 9.6 Hz, 1H), 6.18 (ddd, J = 2.0, 3.2, 

9.6 Hz, 1H), 6.41 (d, J = 2.0 Hz, 1H), 6.61 (d, J = 2.0 Hz, 1H), 6.90 (d, J = 8.4 Hz, 4H), 7.31 (d, 

J = 8.4 Hz, 2H), 7.32 (d, J = 8.4 Hz, 2H); 13C NMR (100 MHz, CD3OD) δ 29.6, 40.0, 53.8, 54.5, 

69.7, 69.9, 99.1, 106.5, 113.7, 113.8, 115.9, 127.6, 128.9, 129.1, 129.3, 137.6, 156.4, 158.9, 

159.8, 159.9, 171.3; HRMS (ESI+) calcd. For C29H31N2O5 [M+H]+ 487.2233, found 487.2220 (Δ 

= -2.7 ppm). 
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(3S,11R)-9,11-Bis(4-methoxybenzyloxy)-3-(9H-fluoren-9-yl)methoxycarbonylamino-2,3,6,7-

tetrahydro-1H-pyrido[2,1-a]isoquinolin-4(11bH)-one, (+)-(S,R)-3-4B.  

 
To a stirred solution of (-)-(R)-3-1B (96.1% ee) (76.5 mg, 0.177 mmol) and Et3N (24.6 μL, 

0.177 mmol) in distilled DCM (1 mL) was added 3-2b (72.7 mg, 0.212 mmol) in distilled DCM 

(3 mL) at 0 oC under nitrogen, and the mixture was stirred at room temperature for 18 h. The 

reaction mixture was diluted with Et2O (10 mL) and water (10 mL). The aqueous layer was 

separated and extracted with Et2O (15 mL x2). The combined organic layer was washed with 1 

M hydrochloric acid, water and brine, and dried over anhydrous MgSO4. The drying agent was 

removed by filtration and the solvent evaporated in vacuo to afford the crude product as yellow 

oil. Purification of the crude product by flash column chromatography on silica gel 

(hexanes/EtOAc = 5:1→2:1) afforded (-)-(S,R)-3-3B as colorless oil (105 mg, 81% yield): 

trans/cis > 20/1 by 1H NMR; [α]D
20 -36.8 (c 1.25, CH2Cl2); HRMS (ESI+) calcd. For 

C46H45N2O7 [M+H]+ 737.3227, found 737.3218 (Δ = -1.2 ppm). 

To a stirred solution of (-)-(S,R)-3-3B (41 mg, 0.055 mmol) in distilled toluene (5.5 mL) 

was added 2nd generation Hoveyda-Grubbs catalyst (7.0 mg, 20 mol%) under nitrogen, and the 

mixture was heated to 90 oC for 40 h. The reaction mixture was cooled to room temperature and 

toluene was evaporated under reduced pressure to give the crude product as a brown solid. The 
1H NMR analysis of the crude product indicated that (S,R)-3-4B and (R,R)-3-4B were formed in 

3:1 ratio. Purification of the crude product by flash column chromatography on silica gel 

(hexanes/EtOAc = 2:1→1:1) afforded (S,R)-3-4B as an off-white solid (20 mg, 51% yield). Since 

(S,R)-3-4B was found to be rather unstable and prone to decompose, the purified compound was 

immediately used for the next step without further characterization. 
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(3S,11bR)-3-(tert-Butoxycarbonylamino)-9,11-dihydroxy-2,3,6,7-tetrahydro-1H-pyrido-[2,1

-a] isoquinolin-4(11bH)-one, (+)-(S,R)-3-5-Boc.3b  

 
To (S,R)-3-4B (20 mg, 0.028 mmol), thus obtained, and 10% Pd/C (6.0 mg, 0.0056 mmol) 

placed in a 5 mL round-bottomed flask were added distilled MeOH (0.8 mL) and THF (0.8 mL) 

at room temperature. The nitrogen atmosphere was then replaced with hydrogen (1 atm). The 

mixture was stirred at room temperature for 48 h, and Boc2O (9.0 mg, 0.036 mmol) in MeOH 

(0.2 mL) was added without removing Pd/C. The reaction mixture was stirred at room 

temperature for 20 h. The solid was then filtered out and the filtrate was evaporated under 

reduced pressure to give the crude product as light yellow oil. Purification of the crude product 

by flash column chromatography on silica gel (hexanes/EtOAc = 2:1→1:1) afforded 

(S,R)-3-5-Boc as colorless oil (6.1 mg, 63% yield for two steps): [α]D
20 +184.3 (c 0.51, MeOH); 

1H NMR (300 MHz, CD3OD) δ 1.34-1.51 (m, 1H), 1.45 (s, 9H), 1.91-2.12 (m, 2H), 2.49-2.70 (m, 

3H), 3.05-3.09 (m, 1H), 3.92-4.05 (m, 1H), 4.73-4.79 (m, 2H), 6.08 (d, J = 2.1 Hz, 1H), 6.16 (d, 

J = 2.1 Hz, 1H). 1H NMR data were in agreement with the literature values. Gurjar et al.3b 

reported the specific rotation of this compounds to be [α]D +122 (c 1.4, MeOH). However, the 

value was [α]D
20 +184.3 (c 0.51, MeOH) in our hands, as shown above. It appears that the 

reported value is either an error or their compound is enantiomerically not pure. 

(3S,11bR)-3-(tert-Butoxycarbonylamino)-9,11-bis(benzyloxy)-2,3,6,7-tetrahydro-1Hpyrido[

2,1-a]isoquinolin-4(11bH)-one, (+)-(S,R)-3-13.3b, 3d  

 
Compound (+)-(S,R)-3-13 was obtained in 78% yield as color less oil in the same manner as 

that described for the synthesis of (-)-(S,S)-3-13: [α]D
19 +177.2 (c 0.57, CHCl3) [lit.8 [α]D

24 

+182.2 (c 1.33, CHCl3)]; 1H NMR (400 MHz, CDCl3) δ 1.40-1.53 (m, 1H), 1.45 (s, 9H), 

1.69-1.75 (m, 1H), 2.41-2.49 (m, 1H), 2.57-2.66 (m, 2H), 2.83-2.90 (m, 1H), 3.04-3.08 (m, 1H), 
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3.99-4.06 (m, 1H), 4.78 (dd, J = 3.6, 11.2 Hz, 1H), 4.89-4.94 (m, 1H), 4.98-5.08 (m, 4H), 5.32 

(br s, 1H), 6.36 (d, J = 2.4 Hz, 1H), 6.49 (d, J = 2.4 Hz, 1H), 7.32-7.42 (m, 10H). 1H NMR data 

are in agreement with the literature values.3d 

Gurjar et al.3b reported the specific rotation of this compounds to be [α]D +116 (c 1.35, 

MeOH). However, the value was [α]D
19 +177.2 (c 0.57, CHCl3) in our hands and [α]D

24 +182.2 (c 

1.33, CHCl3) by Bowen and Wardrop,3d as shown above. It appears that the reported value by 

Gurjar et al.3b is either an error or their compound is enantiomerically not pure. We believe that a 

small difference in our specific rotation and that by Bowen and Wardrop3d is due to the 

difference in concentration and temperature for the measurement. 
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§ 4.1 Introduction of Huperzine A 
Huperzine A (Figure 4-1) is a naturally occurring sesquiterpene alkaloid that can be 

isolated from the Chinese lycopod Huperzia serrata.1 Huperzine A is an acetylcholinesterase 

(AchE) inhibitor, which has a mechanism of action similar to donepezil, rivastigmine, and 

galantamine. In addition, it has also been shown to attenuate β-amyloid-induced apoptosis in 

cortical neurons along with several other neuroprotective effects.2 In China, it has been used for 

the treatment of swelling, fever and blood disorders for many hundred years. In the US, 

Huperzine A is a dietary supplement for memory support. Clinical trials in China have shown it 

to be effective in the treatment of Alzheimer's disease3 and enhancing memory in students. Given 

its promising medicinally benefits, the isolation of Huperzine A is in great demand. However, 

Huperzia serrata on average contains only 0.08 mg HupA/g dry weight. As a result of over 

harvesting, the population of Huperzia serrata is in rapid decline in China.4 Therefore, 

alternative natural sources of Huperzine A are necessary. These natural sources include other 

Huperzia species such as H. elmeri, H. carinat, and H. aqualupian; some of these plants contain 

up to 1.01 mg HupA/g.4 

 
Figure 4-1. Structure of Huperzine A 

 
With the rapid decline of natural sources of Huperzine A, synthetic organic chemists have 

to discover efficient ways to synthesize Huperzine A. The first total synthesis of the alkaloid 

Huperzine A was completed by Kozikowski in 1989 (Scheme 4-1).5 Four years later, he 

modified the key step for the total synthesis of Huperzine A using tandem Pd-catalyzed allylic 

alkylations for the formation of the tricylic core of Huperzine A as shown in Scheme 4-2.6 
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Scheme 4-1. The first total synthesis of the alkaloid Huperzine-A 4-1 

 

 

Scheme 4-2. The total synthesis of Huperzine-A via tandem Pd-catalyzed allylic alkylations 
 

Inspired by Kozikowski’s successful synthesis, Terashima and co-workers completed the 

first catalytic asymmetric synthesis of Huperzine A by using a bidentate ferrocene-based ligand, 

to affording the desired key intermediate 4-6a in excellent yield and moderate enantioselectivity 

(92% yield and 64% ee) (Scheme 4-3).7 

 

Scheme 4-3. The first catalytic asymmetric synthesis of Huperzine-A intermediate 4-6a 
 

In 2001, Bai and co-workers achieved 90% ee of 4-6a by employing a slightly modified 

Terashima’s bidentate ferrocenyl-based ligand (Scheme 4-4).8 
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Scheme 4-4. The modified catalytic asymmetric synthesis of Huperzine-A intermediate 4-6a 
 

In addition to the use of chiral ligand to obtain the enantioenriched Huperzine A 

intermediate 4-6a, Langolis and co-workers adopted the diastereoselective synthesis using 

Whitesell’s chiral auxiliary to afford the desired intermediate 4-8 in 92% d.r (Scheme 4-5).9 

 

Scheme 4-5. The diastereoselective synthesis of Huperzine-A intermediate 4-8 
 

Based on the previously reported results, there is still need to improve the enantioselective 

synthesis of entiopure key intermediates of Huperzine A. Moreover, the use of monodentate 

chiral ligands for the tandem allylic alkylations has not been reported thus far. Therefore, 

building upon the successful application of our biphenol-based MPN ligands used for the total 

synthesis of (+)-lycorane through asymmetric allylic alkylation as the key step for the excellent 

enantioselectivity,10 we would like to study the enantioselective efficacy of this ligand library on 

the same reaction investigated by the Kozikowski, Terashima and Bai’s groups. 
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§ 4.2 Results and discussion 
§ 4.2.1 Synthesis of key-step substrates 

The synthesis of desired enol substrates 4-3a to 4-3d is outlined below. The commercially 

available mono-protected 1,4-cyclohexanedione (4-2) first underwent a modified Stork-enamine 

synthesis with methyl propiolate in the presence of 7 M NH3 in MeOH at 100 oC to afford 

compound 4-9.11 However, the major side product 4-10 and other impurities were obtained in a 

significant amount according to TLC and flash column chromatography, thus lowering the yield 

of the desired product. The subsequent O-methylation promoted by silver carbonate afforded 

compound 4-11 in 84% yield (Scheme 4-6).5 Next, the ketal group was deprotected under the 

acidic condition to afford compound 4-12, followed by the carboxylation at the most acidic 

position to give the desired substrates 4-3a and 4-3b, in 77% and 85% yield, respectively over 

two steps (Scheme 4-7).5 The synthesis of substrates containing n-butyl and cyclohexyl esters 

began with 4-3a, which underwent ester exchange using n-butanol and cyclohexanol in the 

presence of a catalytic amount of p-TSA and benzene as the solvent to afford 4-3c and 4-3d, in 

75% and 82% yields, respectively (Scheme 4-7). It is worthy of note that the enol-tautomer is a 

stable isomer due to an intramolecular hydrogen-bond between the ester carbonyl and the enol 

moiety, thus only the enoltautomers of 4-3a-d were isolated.6 

 

 

Scheme 4-6. Synthesis of 7’,8’-Dihydro-2’-methoxyspiro[1,3-dioxolane-2,6’-(5’H)]quinoline 
4-11 
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Scheme 4-8. Synthesis of allylic substrates 4-5a to 4-5i 
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The second substrate series containing an allylic group was synthesized from commercially 

available 2-methylene-1,3-propane-diol and the corresponding anhydride or chloformate to 

afford the desired allylic diacetate (4-5a)6 and allylic dicarbonates (4-5b to 4-5i)12 in good to 

excellent yields under conventional or microwave-irradiated heating conditions (Scheme 4-8). 

 

§ 4.2.2 Enantioselective synthesis of Huperzine-A key intermediate via tandem 

Pd-catalyzed intermolecular allylic alkylations  
Although the reaction for the synthesis of the key intermediate 4-6a has previously been 

reported by other groups, we were not able to find the detailed chiral HPLC condition for these 

two enantiomers in any literature. Therefore, a racemic allylic alkylation of 4-3a and 4-5c for the 

formation of tricyclic intermediate 4-6a was used to set chiral HPLC condition for further study. 

By using the reaction conditions described by Kozikowski,6 racemic product 4-6a can be 

obtained in moderate yield and the two enantiomers can be separated very well with 5.2 minutes 

differential (tR = 19.0 and 24.2 mins) using a Chiracel OD-H normal phase column with an eluent 

of 3% ispropanol in hexanes (Figure 4-2).  

 

 

Figure 4-2. Chiral HPLC trace of racemic products 4-6a 
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After setting the chiral HPLC conditions for racemic products 4-6a, the ligand and substrate 

screenings for the intermolecular asymmetric allylic alkylation were performed to optimize the 

enantioselectivity of product 4-6a. Figure 4-3 shows a library of chiral MPN ligands that were 

used for the ligand screening. This ligand library demonstrated good to excellent chiral induction 

in the Pd-catalyzed asymmetric allylic alkylation of (+)-γ-lycorane.10 

 

Figure 4-3. Chiral biphenol-based MPN ligand library 
 

Table 4-1. Preliminary Study of the allyl substrate structure on the tandem asymmetric allylic 
alkylations with 4-3a 

 

Entrya Allyl substrate Conv. %b %eec 

1 4-5a 100 33 (-) 

2 4-5b 100 38 (-) 

3 4-5c 100 36 (-) 

4 4-5i 100 40 (-) 
aAll reactions were run using [Pd(η-allyl)Cl]2 (2.5 mol%) 
with a MPN ligand (15 mol%) and TMG (2.5 eq) in DME 
[0.025] at -45 oC for 48 h under N2.  
bDetermined by GC-MS.  
cDetermined by HPLC using Chiracel OD-H normal phase  
column with an eluent of 3% ispropanol in hexanes. 



 101 

A small number of various allylic substrates using 4-3a as the nucleophile and TMG as the 

base in the presence of [Pd(η-allyl)Cl]2 and (R,R,R)-MPN-L4a were investigated to determine 

the optimal substrate for the Pd-catalyzed intermolecular asymmetric allylic alkylation (Table 

4-1). Among those results, more bulky R1 groups tend to provide higher entioselectivity. It was 

observed that the allyl substrate 4-5i which contain t-Bu groups gave the best enantioselectivity,  

thus was selected for the further optimization (entry 4). 

Next, the MPN ligand library shown in Figure 4-3 was screened for the Pd-catalyzed 

asymmetric allylic alkylation of 4-3a and 4-5i (Table 4-2). As shown in Table 4-2, all reactions 

achieved full conversion in 48 h except for entries 4 and 5 which gave less than 5% conversion 

indicated by GC-MS. Among the MPN ligands screened, each ligand containing the 

unsymmetric chiral amine on the phosphorus atom (entries 3,6 and 7) gave higher 

enantioselectivity than those possessing the symmetric chiral amine on the phosphorus atom did 

(entries 1 and 2).  
 

Table 4-2. Screening of MPN ligands for tandem asymmetric allylic alkylations of 4-3a and 4-5f 

 

Entrya Ligand (L*) conv. %b %eec 

1 (R,R,R)-MPN-L4a 100 40 (-) 

2 (S,S,S)-MPN-L5a 100 2 (+) 

3 (S,S,S)-MPN-L6a 100 49 (-) 

4 (R,S,S)-MPN-L6a <5 n.d. 

5 (S,S,S)-MPN-L6b <5 n.d. 

6 (S,S,S)-MPN-L7a 100 61 (-) 

7 (S,S,S)-MPN-L8a 100 76 (-) 
a,b,c See the footnote of Table 4-1. 
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(S,S,S)-MPN-L8a, which contains a 1-naphthalenyl substituent as the Ar group, afforded 

76% ee; the highest enantioselectivity among these three MPN ligands with an unsymmetric 

amine attached to the phosphorus atom. It is worthy of note that there were dramatic decreases in 

reactivity observed when the mismatched ligand pairings were used, i.e., ligands where the 

chirality of biphenol is opposite to that of the chiral amine moiety and the ligand bearing methyl 

group at the 3,3’-positions of the biphenol, were used (Table 4-2, entries 4-5). Thus, 

(S,S,S)-MPN-L8a was selected as the ligand of choice for further optimization studies. 
Next, the effect of different allyl dicarbonates on the tandem asymmetric allylic alkylation 

using the optimized condition determined thus far were investigated (Table 4-3). As shown in 

Table 4-3, the allyl dicarbonate containing benzyl moieties 4-5f gave a slightly better result 

(87% ee) (entry 3) compared to the other two allyl carbonates, which have vinyl-type moieties 

(4-5d and 4-5e; entries 1 and 2). Moreover, the use of 4-5f also afforded better enantioselectivity 

compared to that of 4-5i which was the optimized allyl substrate shown in Table 4-2 (76% ee, 

entry 7). Thus, substrate 4-5f was carried for the next step of optimization. 

 

Table 4-3. Further study of the allyl substrate structure on tandem asymmetric allylic alkylations 
with 4-3a 

 

Entrya Allyl substrate Conv. %b %eec 

1 4-5d 100 55 (-) 

2 4-5e 100 54 (-) 

3 4-5f 100 87 (-) 
aAll reactions were run using [Pd(η-allyl)Cl]2 (2.5 mol%) 
with a MPN ligand (15 mol%) and TMG (2.5 eq) in DME 
[0.025] at -45 oC for 48 h under N2. 
b,c See the footnote of Table 4-1.  
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With the further optimized allyl dicarbonate 4-5f in hand, the effect of enol substrate 

structure was also studied to determine the best enol for this reaction (Table 4-4). Among the 

four substrates examined, 4-3a, which has the smallest R group (Me), gave 4-6 with the highest 

%ee (87%ee, entry 1). 

 

Table 4-4. Effect of enol substrate structure on tandem asymmetric allylic alkylations with 4-5f 

 

Entrya Enol substrate Conv. %b %eec 

1 4-3a 100 87 (-) 

2 4-3b 100 80 (-) 

3 4-3c 100 82 (-) 

4 4-3d 100 66 (-) 
aAll reactions were run using [Pd(η-allyl)Cl]2 (2.5 mol%) 
with a MPN ligand (15 mol%) and TMG (2.5 eq) in DME 
[0.025] at -45 oC for 48 h under N2.  
b,c See the footnote of Table 4-1. 

 

As shown in Table 4-5, the solvent effect on the intermolecular asymmetric allylic 

alkylation of 4-3a and 4-5f was demonstrated. Among the solvents selected, DCM gave a 

slightly better result (89% ee, entry 2) compared to DME (87% ee, entry 1) and DMF, a polar 

solvent (88% ee, entry 3). When toluene, a nonpolar solvent, was used as solvent, a decrease in 

enantioselectivity (81% ee, entry 4) was observed compared to the results observed with polar 

solvents. Surprisingly, we expected the use of ether, which is similar to DME, to give at least 

comparable enantioselectivity, but gave the poorest result (71% ee, entry 5). Accordingly, DCM 

was employed as the optimized solvent for the further optimization process.  
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Table 4-5. Solvent effect on tandem asymmetric allylic alkylations of 4-3a and 4-5f 

 

Entrya Solvent Conv. %b %eec 

1 DME 100 87 (-) 

2  DCM 100 89 (-) 

3 DMF 100 88 (-) 

4 Toluene 100 81 (-) 

5 Ether 100 70 (-) 
aAll reactions were run using [Pd(η-allyl)Cl]2 (2.5 mol%) 
with a MPN ligand (15 mol%) and TMG (2.5 eq) in the  
solvent [0.025] at -45 oC for 48 h under N2.  
b,c See the footnote of Table 4-1. 

 

At this point, the concentration effect on this reaction was investigated (Table 4-6). As 

shown in Table 4-6, More diluted concentration compared to the concentration in entry 2 gave 

both lower reactivity and enantioselectivity (72 h, 100% conv. and 67 %ee, entry 1). On the other 

hand, a higher concentration (0.05 M) afforded better reactivity (24 h, 100% conv., entry 3) but 

the enantioselectivity was lower compared to the % ee observed when the concentration was 

0.025M (80% vs 89% ee, entries 1 and 2). Thus, a concentration of 0.025 M was used for the 

further optimization. 

The effect of the reaction temperature on both enantioselectivity and reaction rate was also 

examined. In general, there is no obvious relationship between the reaction temperature and its 

corresponding %ee. The reaction at -45 oC still gave the best enantioselectivity among all 

temperatures we screened (89% ee, entry 3), although the reaction rate is the slowest compared 

to those observed at -25 and -35 oC (entries 1 and 2). 
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Table 4-6. Effect of concentration on tandem asymmetric allylic alkylations of 4-3a and 4-5f 

 

Entry Conc. (M) Time (h) conv. % %ee 

1 0.0125 72 100 67 (-) 

2  0.025 48 100 89 (-) 

3 0.05 24 100 80 (-) 
aAll reactions were run using [Pd(η-allyl)Cl]2 (2.5 mol%) 
with a MPN ligand (15 mol%) and TMG (2.5 eq) in the  
DCM at -45 oC under N2.  
b,c See the footnote of Table 4-1. 

 

Table 4-7. Effect of temperature on tandem asymmetric allylic alkylations of 4-3a and 4-5f 

 

Entry Temp (oC) Time (h) conv. % %ee 

1 -25 24 100 85 (-) 

2 -35 24 100 81 (-) 

3 -45 48 100 89 (-) 

4 -55 48 100 86 (-) 

5 -78 96 100 68 (-) 
aAll reactions were run using [Pd(η-allyl)Cl]2 (2.5 mol%) 
with a MPN ligand (15 mol%) and TMG (2.5 eq) in the  
DCM [0.025] under N2.  
b,c See the footnote of Table 4-1. 
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Since the benzyl substituted allyl dicarbonate 4-5f gave the best enantioselectivity for this 

reaction thus far, additional benzyl-type substituted allyl dicarbonates were screened to 

determine if benzyl-type substrates can improve the %ee. As shown in Table 4-8, the allyl 

dicarbonate bearing (9H-fluoren-9-yl)methyl on the oxygen (4-5g) afforded a very similar result 

(89.0% ee, entries 2) compared to that obtained from the allyl substrate 4-5f with the benzyl 

substituent (89.2% ee, entry 1). The introduction of the electron-withdrawing group, i.e. 

4-nitrobenzyl, at the allyl dicarbobnate moiety (4-5h) gave slightly lower enantioselectivity than 

the allyl substrate without any electronic effect on the benzyl group (4-5f) (89.2% vs 87.4%, 

entries 2 and 3). If there is a correlation between the electronic effect and enantioselectivity, the 

improvement of %ee can be expected where an electron-donating group is attached to the benzyl 

moiety of the allyl substrate. 

Table 4-8. Effects of the allylic substrates 4-5 on tandem asymmetric allylic alkylations with 
4-3a 

 

Entrya Allyl substrate Conv. %b %eec 

1 4-5f 100 89.2 (-) 

2 4-5g 100 89.0 (-) 

3 4-5h 100 87.4 (-) 
aAll reactions were run using [Pd(η-allyl)Cl]2 (2.5 mol%) 
with a MPN ligand (15 mol%) and TMG (2.5 eq) in DCM 
[0.025] at -45 oC for 48 h under N2. 
b,c See the footnote of Table 4-1. 

 

§ 4.3 Conclusions 
The key intermediate 4-6a in the synthesis of (-)-Huperzine A has been prepared with 

89.2% ee by means of Pd-catalyzed tandem intermolecular asymmetric allylic alkylations using 

our MPN ligand library and optimized substrates 4-3a and 4-5f in the presence of TMG as the 

base and DCM as the solvent at -45 oC for 48 h. Although the enantioselectivity is still lower 
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than that achieved by Bai’s bidentate ferrocenyl-based ligand (90.3% ee)8, this is the first time 

monodentate chiral ligand has been used for this asymmetric allylic alkylation to date. Further 

optimization on enantioselectivity is underway in our labrotatory. 

  

§ 4.4 Experimental section 
General Methods: 1H and 13C and 31P NMR were measured on a Varian Inova-500 NMR (500 

MHz 1H, and 125 MHz 13C), a Varian Inova-400 NMR (400 MHz 1H; 100 MHz 13C; 162 MHz 
31P) or a Varian Gemini-2300 (300 MHz 1H; 75 MHz 13C; 121.5 MHz 31P) spectrometer in a 

deuterated solvent using residual protons (CHCl3: 1H, 7.26 ppm; 13C, 77.0 ppm. C6H6: 1H, 7.15 

ppm) as the internal standard or phosphoric acid as the external reference (31P 0.00 ppm). 

Analytical HPLC in normal phase was carried out with a Shimadzu LC-2010A HPLC system 

using a Chiralpak OD-H analytical column. Melting points were measured on a Thomas Hoover 

Capillary melting point apparatus and are uncorrected. Optical rotations were measured on a 

Perkin-Helmer Model 241 polarimeter. TLC analyses were performed using Merck DC 

Alufolien 60F254 aluminum pre-coated silica gel plates. Flash column chromatography was 

carried out using Silicyle SiliaFlashP60® silica gel (particle size 40–63 μm). High-resolution 

mass spectrometric analyses were carried out at Mass Spectrometry Laboratories, University of 

Illinois Urbana-Champaign, Urbana, IL and ICB&DD at Stony Brook University. Unless 

otherwise noted all reactions were carried out under argon or nitrogen atmosphere in oven-dried 

glassware using standard Schlenck techniques. 

Materials: Solvents were reagents grade and freshly distilled before use. Tetrahydrofuran (THF) 

and dichloromethane (DCM) were dried and degassed using an Innovative Technology 

PureSolvTM solvent purification system. Acetonitrile was distilled from calcium hydride. 

Anhydrous N,N-dimethylformamide (DMF) was purchased from Acros and used without further 

purification. Other solvents were used without purification. Other chemicals and reagents were 

purchased from Sigma-Aldrich or Fisher Scientific and used without further purification unless 

otherwise noted. Chiral biphenols were prepared according to the procedure previously reported 

by our laboratory.10   
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Synthesis of substrates 4-3a to 4-3d5, 11 

2',5',7',8'-Tetrahydro-1'H-spiro[1,3-dioxolane-2,6'-quinoline]-2'-one (4-9)11 

 
1,4-Cyclohexanedione monoethylene ketal (4-2) (3.00 g, 19.20 mmol), methyl propiolate 

(3.229 g, 38.41 mmol) were placed into a 300 mL beaker. A 7 N solution of ammonia in 

methanol (60 mL) was added to the reaction beaker and the flask was then placed into a stainless 

steel Parr reaction vessel and heated to 100 oC for 15 h. The pressure can approximately reach 

90-100 psi. The vessel was evacuated and the solvent was concentrated in vacuo. The resulting 

red-orange solid was adhered to silica gel and subjected to flash chromatography on silica gel 

(MeOH/DCM = 5:95), affording 4-9 as a light yellow solid (2.04 g, 51% yield): mp >220 oC dec, 

(lit.11 mp dec >220 oC); 1H NMR (CDCl3, 300 MHz) δ 1.90 (t, J = 4.8 Hz, 2H,), 2.70 (s, 2H), 

2.86 (s, 2H), 4.01 (s, 4H), 6.38 (d, J = 6.9 Hz, 1H), 7.12 (d, J = 6.9 Hz, 1H); 13C NMR (CDCl3, 

100 MHz) δ 26.1, 30.2, 36.4, 64.9, 107.5, 112.0, 117.9, 141.8, 143.6. All data are in agreement 

with the literature values.11 

 

7’, 8’-Dihydro-2’-methoxyspiro[1,3-dioxolane-2,6’-(5’H)]quinoline (4-11)5 

 
To a solution of 4-9 (1.75 g, 8.44 mmol) and Ag2CO3 (4.66 g, 16.9 mmol, 2 eq) in CHCl3 

(50 mL) was added dropwise iodomethane (5.25 mL, 84.4 mmol, 10 eq). The reaction mixture 

was refluxed for 3 h. The resulting mixture was filtered through Celite and concentrated in vacuo 

to afford crude product as a yellow solid. Purification of the crude product by flash column 

chromatography on silica gel (hexanes/EtOAc = 10:1-4:1) afforded 4-11 as a white needle 
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crystals (1.56 g, 84% yield): mp 73-75 oC (lit.5 mp 77.5-78.5 oC); 1H NMR (CDCl3, 300 MHz) δ 

1.97 (t, J = 6.9 Hz, 2H,), 2.88 (s, 2H), 2.97 (t, J = 6.9 Hz, 2H,), 3.87 (s, 3H), 4.02 (s, 2H), 6.49 (d, 

J = 8.1 Hz, 1H), 7.20 (d, J = 8.1 Hz, 1H); 13C NMR (CDCl3, 100 MHz) δ 31.0, 31.7, 53.5, 64.8, 

108.1, 108.3, 121.7, 140.0, 152.9,162.5. All data are in agreement with the literature values.5 

 

 
6-Oxo-2-methoxy-5,6,7,8-tetrahydroquinoline-5-methylcarbonyl (4-3a)5 

Compound 4-11 (966 mg, 4.37 mmol) was dissolved in a 5% HCl solution in acetone (1:1) 

and refluxed overnight. All volatiles were evaporated in vacuo. The aqueous layer was then 

basified with sat. NaHCO3(aq) until no more gas evolution was noted. The resulting solution was 

then extracted with EtOAc (20 mL x3). The combined organic layers were washed with brine, 

dried over anhydrous MgSO4. The drying agent was removed by filtration and the solvent 

evaporated in vacuo to afford the product as light yellow oil. The resulting product 4-12 was 

used without further purification.  

 To a solution of 4-12 in dimethyl carbonate (25 mL) was added a solution of sodium 

hydride (60% w/v in mineral oil, 1.75 g, 43.7 mmol, 4 eq) in 10 mL of dimethyl carbonate. The 

reaction mixture was refluxed for 3 h and the reaction was quenched with MeOH (10 mL). All 

volatiles were removed in vacuo and the resulting solution was neutrualized with sat. NH4Cl(aq) 

(10 mL). The resulting solution was then extracted with EtOAc (20 mL x3). The combined 

organic layers were washed with brine and dried over anhydrous MgSO4. The drying agent was 

removed by filtration and the solvent evaporated in vacuo to afford the product as a light yellow 

solid. Purification of the crude product by flash column chromatography on silica gel 

(hexanes/EtOAc = 30:1-20:1) afforded 4-3a as a light yellow solid (788 mg, 77% yield for two 

steps): mp 73-74 oC (lit.5 mp 71-72 oC); 1H NMR (CDCl3, 300 MHz) δ 2.06 (t, J = 6. 9 Hz, 2H), 

2.91 (t, J = 8.1 Hz, 2H), 3.90 (s, 6H), 6.55 (d, J = 8.7 Hz, 1H) 7.89 (d, J = 8.4 Hz, 1H); 13C NMR 

(CDCl3, 100 MHz) δ 29.3, 30.2, 52.0, 53.6, 98.5, 107.5, 120.0, 136.3, 151.3, 161.3, 172.2, 177.0. 
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All data are in agreement with the literature values.5 

 

Ethyl 6-hydroxy-2-methoxy-7,8-dihydroquinoline-5-carboxylate (4-3b) 

Compounds 4-3b was obtained in the same manner as that described for the synthesis of 

4-3a with some variations. 

Purification of the crude product by flash column chromatography on silica gel 

(hexanes/EtOAc = 19:1-9:1) afforded pure 4-3b as colorless oil (250 mg, 85% yield for two 

steps): 1H NMR (400 MHz, CDCl3) δ 1.39 (t, J = 7.2 Hz, 3H), 2.62 (t, J = 7.6 Hz, 2H), 2.93 (t, J 

= 7.6 Hz, 2H), 3.90 (s, 3H), 4.37 (q, J = 7.2 Hz, 2H), 6.56 (d, J = 8.8 Hz, 1H), 7.93 (d, J = 8.8 Hz, 

1H), 13.3 (s, 1H); 13C NMR (100 MHz, CDCl3) δ 14.2, 29.1, 30.0, 53.3, 61.0, 98.3, 107.2, 120.0, 

136.1, 151.1, 161.0, 171.6, 176.7; HRMS (ESI+) calcd. For C13H16NO4 [M+H]+ 250.1079, found 

250.1073 (Δ = -2.4 ppm).                            

 

 
Butyl 6-hydroxy-2-methoxy-7,8-dihydroquinoline-5-carboxylate (4-3c) 

Methyl 6-hydroxy-2-methoxy-7,8-dihydroquinoline-5-carboxylate (4-3a) (122 mg, 0.519 

mmol), p-TSA (10 mg, 0.052 mmol) and butanol (0.237 mL, 2.60 mmol) were dissolved in 

benzene (13 mL) and the solution was heated to reflux in a Dean-Stark apparatus. After the 

disappearance of 4-3a indicated by TLC (ca. 48 h), the reaction mixture was concentrated in 

vacuo to afford the crude product as yellow oil. Further purification by flash column 

chromatography on silica gel (hexanes/EtOAc = 19:1-9:1) afforded pure 4-3c as colorless oil 

(108 mg, 75% yield): 1H NMR (400 MHz, CDCl3) δ 0.97 (t, J = 7.2 Hz, 3H), 1.44 (q, J = 7.2 Hz, 

2H), 1.73 (q, J = 7.2 Hz, 2H), 2.62 (t, J = 7.6 Hz, 2H), 2.93 (t, J = 7.6 Hz, 2H), 3.91 (s, 3H), 4.32 

(q, J = 7.2 Hz, 2H), 6.56 (d, J = 8.8 Hz, 1H), 7.91 (d, J = 8.8 Hz, 1H), 13.3 (s, 1H); 13C NMR 

(100 MHz, CDCl3) δ 13.7, 19.3, 29.1, 30.0, 30.6, 53.3, 64.9, 98.3, 107.2, 120.0, 136.1, 151.1, 

161.0, 171.7, 176.7; HRMS (ESI+) calcd. For C15H20NO4 [M+H]+ 278.1392, found 278.1386 (Δ 
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= -2.2 ppm).                                                        

 

Cyclohexyl 6-hydroxy-2-methoxy-7,8-dihydroquinoline-5-carboxylate (4-3d) 

Compounds 4-3d was obtained in the same manner as that described for the synthesis of 

4-3c with some variations. 

Purification of the crude product by flash column chromatography on silica gel 

(hexanes/EtOAc = 19:1-9:1) afforded pure 4-3d as light-yellow oil (247 mg, 82% yield): 1H 

NMR (400 MHz, CDCl3) δ 1.42-1.60 (m, 4H), 1.61-1.63 (m, 2H), 1.73-1.77 (m, 2H), 1.93-1.98 

(m, 2H), 2.61 (t, J = 7.6 Hz, 2H), 2.93 (t, J = 7.6 Hz, 2H), 3.90 (s, 3H), 5.01-5.08 (m, 1H), 6.55 

(d, J = 8.8 Hz, 1H), 7.96 (d, J = 8.8 Hz, 1H), 13.4 (s, 1H); 13C NMR (100 MHz, CDCl3) δ 23.6, 

25.3, 29.1, 30.0, 31.6, 53.3, 73.7, 98.4, 107.1, 120.2, 136.1, 151.1, 161.0, 171.7, 176.6; HRMS 

(ESI+) calcd. For C17H22NO5 [M+H]+ 304.1549, found 304.1545 (Δ = -1.3 ppm).  

 

Synthesis of substrates 4-5a to 4-5i6, 12                                                      

2-Methylenepropane-1,3-diyl diacetate (4-5a)6 

 
1,3-(2-Methylene)propandiol (4-13) (407 mg, 4.62 mmol,) and 0.033 mL of pyridine were 

placed in a 10 mL round-bottomed flask. To this solution 3 mL of acetic anhydride was added. 

The reaction mixture was then refluxed overnight. The excess acetic anhydride was concentrated 

in vacuo and ice water was added to the resulting solution. The aqueous layer was then basified 

with sat. NaHCO3(aq) until no more gas evolution was noted. The aqueous layer was separated 

and extracted with Et2O (10 mL x3). The combined organic layer was washed with water (20 mL) 

and brine (20 mL), and dried over anhydrous MgSO4. The drying agent was removed by 

filtration and the solvent evaporated in vacuo to afford the product 4-5a as colorless oil. (694 mg, 

87% yield): 1H NMR (CDCl3, 300 MHz) δ 2.16 (s, 6H) 4.67 (s, 4H) 5.35 (s, 2H); 13C NMR 

(CDCl3, 100 MHz) δ 21.1, 64.7, 116.9, 138.8, 170.1. All data are in agreement with the literature 

values.6 
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Dimethyl 2-methylenepropane-1,3-diyl dicarbonate (4-5b)12a  

 
1,3-(2-Methylene)propandiol (4-13) (250 mg, 2.84 mmol) and DMAP (1.275 g, 5.68 mmol, 

2 eq) were introduced to a 35 mL microwave reaction vessel, followed by DCM (15 mL) under 

nitrogen at room temperature. The mixture was then cooled to 0 oC and the methyl chloroformate 

(1.16 g, 8.52 mmol, 3 eq) was added dropwise with stirring. The reaction mixture was warmed to 

room temperate and placed in a microwave reactor for 90 min at 40 oC. The reaction was 

quenched by adding sat. NaCl(aq) (10 mL). The aqueous layer was separated and extracted with 

DCM (20 mL x3). The combined organic layer was washed with water (40 mL) and brine (40 

mL), and dried over anhydrous MgSO4. The drying agent was removed by filtration and the 

solvent evaporated in vacuo to afford the crude product as yellow oil. Purification of the crude 

product by flash column chromatography on silica gel (hexanes/EtOAc = 10:1→4:1) afforded 

4-5b as colorless oil (367 mg, 64% yield): 1H NMR (CDCl3, 300 MHz) δ 3.80 (s, 6H), 4.67 (s, 

4H) 5.35 (s, 2H); 13C NMR (CDCl3, 100 MHz) δ 54.7, 67.4, 117.8, 137.6, 155.2. All data are in 

agreement with the literature values.12a 

 

 
Di-n-butyl 2-methylenepropane-1,3-diyl di-n-butyl dicarbonate (4-5c)12b 

1,3-(2-Methylene)propandiol (4-13) (274 mg, 3.11 mmol) and pyridine (2.51 mL, 31.1 

mmol, 10 eq) were introduced to a 35 mL microwave reaction vessel, followed by DCM (15 mL) 

under nitrogen at room temperature. The mixture was then cooled to 0 oC and the butyl 

chloroformate (1.60 mL, 12.4 mmol, 4 eq) was added dropwise with stirring. The reaction 

mixture was warmed to room temperate and placed in a microwave reactor for 60 min at 50 oC. 
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The reaction was quenched by adding sat. CuSO4(aq) (15 mL). The aqueous layer was separated 

and extracted with DCM (20 mL x3). The combined organic layer was washed with water (40 

mL) and brine (40 mL), and dried over anhydrous MgSO4. The drying agent was removed by 

filtration and the solvent evaporated in vacuo to afford the crude product as yellow oil. 

Purification of the crude product by flash column chromatography on silica gel (hexanes/EtOAc 

= 10:1→4:1) afforded 4-5c as colorless oil (858 mg, 96% yield): 1H NMR (CDCl3, 300 MHz) δ 

0.88 (t, J = 7.5 Hz, 6H) 1.33 (q, J = 7.8 Hz, 4H), 1.59 (q, J = 8.1 Hz, 4H), 4.09 (t, J = 6.9 Hz, 

4H), 4.63 (s, 4H), 5.31 (s, 2H); 13C NMR (CDCl3, 100 MHz) δ 13.4, 18.7, 67.3, 67.9, 154.8. All 

data are in agreement with the literature values.12b 

    Compounds 4-5d to 4-5h were obtained in the same manner as that described for the 

synthesis of 4-5c with some variations. 

 

2-Methylenepropane-1,3-diyl divinyl dicarbonate (4-5d)12b 

Purification of the crude product by flash column chromatography on silica gel 

(hexanes/EtOAc = 10:1→4:1) afforded 4-5d as colorless oil (58% yield): 1H NMR (CDCl3, 300 

MHz) δ 4.58 (dd, J = 5.4, 1.2 Hz, 2H), 4.74 (s, 4H), 4.90 (dd, J = 3.0, 0.9 Hz, 2H), 5.41 (s, 2H), 

7.03 (dd, J = 21, 6.0 Hz, 2H); 13C NMR (CDCl3, 100 MHz) δ 68.0, 98.1, 119.4, 136.7, 142.5, 

152.4. All data are in agreement with the literature values.12b 

 

2-Methylenepropane-1,3-diyl diprop-1-en-2-yl dicarbonate (4-5e) 

Purification of the crude product by flash column chromatography on silica gel 

(hexanes/EtOAc = 10:1→4:1) afforded 4-5e as light yellow oil (93% yield): 1H NMR (CDCl3, 

400 MHz) δ 1.92 (s, 6H), 4.66 (s, 2H), 4.67 (s, 4H), 5.36 (s, 2H); 13C NMR (CDCl3, 100 MHz) δ 

18.9, 67.7, 101.8, 118.6, 137.0, 152.4, 152.8; HRMS (ESI+) calcd. For C12H20NO6 [M+NH4]+ 

274.1291, found 274.1285 (Δ = -2.2 ppm).  

 

2-Methylenepropane-1,3-diyl dibenzyl dicarbonate (4-5f)12b 

Purification of the crude product by flash column chromatography on silica gel 

(hexanes/EtOAc = 10:1→4:1) afforded 4-5f as colorless oil (76% yield): 1H NMR (CDCl3, 300 

MHz) δ 4.76 (s, 4H), 5.23 (s, 2H), 5.42 (s 2H), 7.41 (m, 9H); 13C NMR (CDCl3, 100 MHz) δ 

60.3, 67.7, 69.7, 118.2, 128.3, 128.5, 128.5, 137.4, 154.7. All data are in agreement with the 
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literature values.12b     

 

Bis((9H-fluoren-9-yl)methyl) 2-methylenepropane-1,3-diyl dicarbonate (4-5g) 

Purification of the crude product by flash column chromatography on silica gel 

(hexanes/EtOAc = 10:1→4:1) afforded 4-5g as light yellow oil (99% yield): 1H NMR (CDCl3, 

400 MHz) δ 4.30 (t, J = 7.2 Hz, 2H), 4.47 (d, J = 7.2 Hz, 4H), 4.79 (s, 4H), 5.44 (s, 2H), 7.36 (t, 

J = 7.6 Hz, 4H), 7.44 (t, J = 7.6 Hz, 4H), 7.66 (d, J = 7.6 Hz, 4H), 7.80 (d, J = 7.6 Hz, 4H); 13C 

NMR (CDCl3, 100 MHz) δ 46.6, 67.7, 69.9, 118.3, 120.0, 125.1, 127.1, 127.8, 137.5, 141.2, 

143.2, 154.8; HRMS (ESI+) calcd. For C34H32NO6 [M+NH4]+ 550.2230, found 550.2224 (Δ = 

-1.1 ppm).          

 

2-Methylenepropane-1,3-diyl 4-nitrobenzyl dicarbonate (4-5h) 

Purification of the crude product by flash column chromatography on silica gel 

(hexanes/EtOAc = 10:1→4:1) afforded 4-5h as light yellow oil (82% yield): 1H NMR (CDCl3, 

400 MHz) δ 4.70 (s, 4H), 5.23 (s, 4H), 5.37 (s, 2H), 7.51 (d, J = 8.8 Hz, 4H), 8.18 (d, J = 8.8 Hz, 

4H); 13C NMR (CDCl3, 100 MHz) δ 67.9, 68.0, 118.9, 123.7, 128.2, 136.9, 142.2, 147.7, 154.4; 

HRMS (ESI+) calcd. For C20H22N3O10 [M+NH4]+ 464.1300, found 464.1300 (Δ = 0.0 ppm).          

 

tert-Butyl 2-methylenepropane-1,3-diyl dicarbonate (4-5i) 

 
To a solution of 1,3-(2-methylene)propandiol (4-13) (535 mg, 6.07 mmol), (t-Boc)2O (3.58 

g, 16.4 mmol, 2.7 eq) and tetrabutylammonium hydrogen sulfate (350 mg, 1.03 mmol, 0.17 eq) 

in DCM (15 mL) was added dropwise 6 N NaOH(aq) (7 mL) at 0 oC and the mixture was stirred 

overnight at room temperature. The reaction was quenched by adding water. The aqueous layer 

was separated and extracted with DCM (20 mL x3). The combined organic layer was washed 

with water (40 mL) and brine (40 mL), and dried over anhydrous MgSO4. The drying agent was 

removed by filtration and the solvent evaporated in vacuo to afford the crude product as yellow 
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oil. Purification of the crude product by flash column chromatography on silica gel 

(hexanes/EtOAc = 10:1→4:1) afforded 4-5i as colorless oil (1.43 g, 82% yield): 1H NMR 

(CDCl3, 400 MHz) δ 1.37 (s, 18H), 4.45 (s, 4H), 5.16 (s, 2H); 13C NMR (CDCl3, 100 MHz) δ 

27.4, 66.5, 81.7, 116.7, 138.2, 152.8; HRMS (ESI+) calcd. For C14H24NaO6 [M+Na]+ 311.1471, 

found 311.1464 (Δ = -2.2 ppm).          

 

A typical procedure for tandem asymmetric allylic alkylations 

A chiral ligand (15 mol%), and a catalyst [Pd(η3-C3H3)Cl]2 (1.2 mg, 2.5 mol %) and 2- 

methylene-1,3-propane diacetate (4-5a) (34 mg, 0.20 mmol, 1.5 eq) and 4-3a (31 mg, 0.13 mmol) 

were dissolved in 8 mL of dry solvent in a 35 mL Schlenck tube. The mixture was then stirred at 

room temperature for 30 min and cooled to -45 oC for 30 min. Then tetramethylguanidine (TMG) 

(37.4 mg, 0.33 mmol) was slowly added to this solution and the reaction mixture was stirred at 

-45 oC for 48 h. The solvent was evaporated and the resulting yellow oil was submitted to normal 

phase chiral HPLC column (Chiracel OD-H) with an eluent of 3% ispropanol in hexanes (tR = 

19.0 and 24.2 mins) to determine the enantiopurity. Purification of the crude product by flash 

column chromatography on silica gel (hexanes/EtOAc = 20:1→10:1) afforded 4-6a as a light 

yellow oil (26 mg, 70% yield): 1H NMR (CDCl3, 300 MHz) δ 2.53 (2H, m), 2.75 (1H, m), 2.92 

(m, 1H), 3.06 (2H, m), 3.40 (1H, dd, J = 18.4, J= 6.8), 3.78 (3H, s), 3.86 (3H, s), 4.47 (1H, s), 

4.80 (1H, s), 6.54 (1H, d, J = 8.4 Hz), 6.94 (1H, d, J = 8.4 Hz); 13C NMR (CDCl3, 100 MHz) δ 

40.4, 43.9, 45.6, 47.8, 52.6, 53.4, 62.0, 109.5, 116.3, 124.7, 137.5, 138.9, 151.3, 162.9, 171.3, 

208.3. All data are in agreement with the literature values.6 
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§ 5.1 Introduction to the asymmetric Heck reaction 
§ 5.1.1 The Heck reaction and its application to catalytic asymmetric synthesis 

The Heck reaction (more accurately “Mizoroki–Heck reaction”) is defined as a 

Pd(0)-catalyzed coupling reaction of aryl or alkenyl halides with alkenes in the presence of an 

appropriated base. This reaction was first discovered and developed by Mizoroki et al.1 and Heck 

and Nolley2 in the early 1970s. Since then, this coupling reaction has become one of the most 

widely used reactions in organic synthesis, and its popularity is mainly attributed to the fact that 

this reaction can construct tertiary and quaternary carbon centers through carbon–carbon bond 

formation. This feature has found numerous applications in the synthesis of complex natural 

products.3 With the explosive development of chiral ligands for asymmetric catalysis over the 

past decades, the development of the asymmetric Heck reaction has attracted much attention.4 

The first successful examples of the intramolecular enantioselective reaction were reported 

independently by Shibasaki et al.5 and Overman et al.6 in 1989. In Shibasaki’s process, a chiral 

tertiary carbon center was introduced (46% ee) by the catalysis of Pd(OAc)2-(R)-BINAP in the 

presence of Ag2CO3 in N-methyl-2-pyrrolidinone (NMP), while in Overman’s process, a chiral 

quaternary carbon center was created (45% ee) by using Pd(OAc)2-(R)-DIOP as the catalyst in 

the presence of Et3N in benzene (Scheme 5-1). 

 

Scheme 5-1. The first successful examples of the intramolecular enantioselective reaction 
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After these reports, a variety of intra- and intermolecular asymmetric Heck reactions 

emerged quickly with improved enantioselectivities. For example, enantioselective 

intramolecular Heck reaction of meso-cycloalkadienes 5-5, 5-8, and 5-11, bearing an enol triflate 

tether using Pd catalysts with (R)- or (S)-BINAP, gave key intermediates 5-6, 5-9, and 5-12 for 

the synthesis of various terpenoid natural products, including (+)-vernolepin 5-7, (−)-oppositol 

5-10, and (−)-capnellene 5-13, respectively (Scheme 5-2).7 The reaction has also been applied to 

the total synthesis of natural polyketides such as halenaquinone, xestoquinone, and wortmannin.3 

Moreover, the reaction has been employed as the key step in the synthesis of various alkaloids, 

for example, physostigmine, quadrigemine C, spirotryprostatin B, and minfiensine.3 
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Scheme 5-2. The total synthesis of terpenoid natural products 5-7, 5-10 and 5-13 
 

§ 5.1.2 Asymmetric intramolecular Heck reactions 
The intramolecular asymmetric Heck reaction has found numerous applications in organic 

syntheses, as mentioned above. Among those applications, the synthesis of optically active 

oxindoles bearing a quaternary asymmetric center has been extensively studied, mainly because 

enantiopure oxindoles can serve as versatile intermediates or synthons in the total synthesis of a 

variety of natural products.4, 8 The reaction of (E)-α,β-unsaturated-2-iodoanilide 5-14 was carried 
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out using Pd2(dba)3-(R)-BINAP as catalyst and Ag3PO4 or 1,2,2,6,6-pentamethylpiperidine (PMP) 

as HI scavenger in N,Ndimethylacetamide (DMA), to give oxindoles (S)- or (R)-5-15 in good 

yield and fairly good enantioselectivity under cationic or neutral conditions (Scheme 5-3). It 

should be noted that a dramatic switching in the direction of asymmetric induction was observed 

between these two conditions even though the same chiral ligand, (R)-BINAP, was used in both 

reactions. This was the first example that achieved fairly good enantioselectivity under neutral 

conditions. 
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Scheme 5-3. Synthesis of enantioenriched oxidoles 5-15 
 

In the same manner, the reactions of a series of N-cycloalkenoyl-2-iodoanilides, 

Ncycloalkenylmethyl-2-iodoaniline, and cycloalkenylmethyl 2-iodophenyl ether were 

investigated, and results are shown in Scheme 5-4.8b It is worthy of note that the cationic 

conditions with Ag3PO4 are detrimental to the enantioselectivity in the reactions of 

N-cycloalkenoyl-2-iodoanilides, while neutral conditions with PMP do not give appreciable 

asymmetric induction in the reaction of N-cycloalkenylmethyl-2-iodoaniline and 

cycloalkenylmethyl 2-iodophenyl ether. Thus, this reaction appears to be highly sensitive to the 

matching or mismatching of the functional groups in substrate and reaction conditions. 

To optimize both enantioselectivity and regioselectivity of the reaction, new chiral ligands 

and modified substrates have been developed in the past 10 years. For example, Guiry and Kiely 

prepared aryl triflate 5-20 to investigate the regio- and enantioselectivity in the formation of 

oxindole 5-21 catalyzed by Pd(0) complex with oxazoline-based aminophosphine ligand 5-23 

under cationic conditions (Scheme 5-5).8c Excellent regioselectivity (99:1) and high 
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enantioselectivity (up to 85% ee) were obtained using Pd2(dba)3, 5-23, and proton sponge as 

TfOH scavenger in toluene or DMA. 

Scheme 5-4. Synthesis of enantioenriched oxidoles 5-16 to 5-19 
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Scheme 5-5. Synthesis of enantioenriched oxidoles 5-21 
  

A library of phosphinoimidazoline (BIPI) ligands 5-28 was developed by Busacca et al. for 

asymmetric intramolecular Heck reactions.9 Through electronic tuning of three substituents in a 

ligand, high enantioselectivity was achieved. Two examples are shown in Scheme 5-6. In 

addition to chiral oxindoles, other chiral nitrogen heterocycles have also been synthesized via 

intramolecular asymmetric Heck cyclization. For example, the reaction of endocyclic enamide 

5-29 afforded indoloizidine 5-30 or its achiral isomer 5-31, depending on the solvent used 

(Scheme 5-7).10 The reaction of 5-29 catalyzed by Pd-(R)-BINAP in the presence of Ag3PO4 in 

DMF at room temperature gave 5-30 in 64% yield and 85% ee. However, when THF was 

employed as the solvent, 5-31 was formed exclusively (Scheme 5-7). Indolizidine 5-32, a key 

intermediate for the synthesis of 5E,9Z-indolizidine 223AB11 and (+)-5-epiindolizine 167B,12 

was obtained from 5-30 in four steps.10  
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Scheme 5-6. Synthesis of enantioenriched oxidoles 5-25 and 5-27 
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Scheme 5-7. Synthesis of Indolizidine 5-32 
 

A sequential catalytic asymmetric Heck–iminium ion cyclization was employed for the 

enantioselective total synthesis of minfiensine, a strychnos alkaloid.13 In this synthesis, the 

reaction of 5-33 catalyzed by Pd(OAc)2 with Pfaltz ligand 5-36 under microwave conditions 

gave tricyclic dienylcarbamate 5-34 in 85% yield and 99% ee (Scheme 5-8). The total synthesis 

of (+)-minfiensine 5-35 was completed with another 16 steps from key intermediate 5-34. 

Desymmetrization of meso-1,4-cyclohexadienes with a vinyl iodide or triflate tether, forming the 

corresponding chiral bicyclic products can be achieved through intramolecular asymmetric Heck 

reaction. This methodology has proven to be powerful for the rapid and enantioselective 

construction of fused polycyclic compounds. The first example was reported by Shibasaki et al..5 

The reaction of 5-37 catalyzed by Pd(OAc)2-(R)-BINAP gave cis-decalintrienes 5-38 in 

moderate yields and excellent enantioselectivity (up to 92% ee) (Scheme 5-9).  
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Scheme 5-8. The total synthesis of (+)-minfiensine 5-35 
 

 

Scheme 5-9. Synthesis of enantioenriched cis-decalintrienes 5-38 
 

An efficient intramolecular Heck reaction of cyclohexadienone 5-39 gave 5-40 with high 

enantioselectivity (up to 96% ee) using a TADDOL-based monophosphoramidite ligand 5-41 

instead of BINAP (Scheme 5-10).14 It is noteworthy that excellent enantioselectivity can be 

achieved by a chiral monodentate phosphorus ligand in the absence of silver or thallium salt. 

 

Scheme 5-10. Synthesis of enantioenriched tricyclic compound 5-40 
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The intramolecular asymmetric Heck reaction through desymmetrization of 

bicyclo[3.3.0]octadiene 5-42 gave the corresponding fused polycyclic product 5-43 in high yield 

and excellent enantioselectivity using Pd2(dba)3–(S)-p-tol-BINAP as catalyst in the presence of 

Ag3PO4 (Scheme 5-11).15 In contrast, the reaction of bicyclo[4.4.0] decadiene, 5-44 or 5-47, 

with an aryl iodide or triflate tether under similar reaction conditions gave mixed results (Scheme 

5-11).15 The enantioselective desymmetrization of bicyclo[4.4.0]decadienes 5-50 catalyzed by 

Pd-(S,R)-JOSIPHOS complex 5-52 gave fused tetracyclic product 5-51 with three stereogenic 

centers in excellent yield and 84% ee (Scheme 5-12).16 

 

 

Scheme 5-11. Synthesis of enantioenriched fused polycyclic products 
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Scheme 5-12. Synthesis of enantioenriched fused tetracyclic product 5-51 
 

§ 5.1.3 Asymmetric intermolecular Heck reactions 
§ 5.1.3.1 Dihyofurans 

In 1991, Hayashi et al. reported the first example of the asymmetric intermolecular Heck 

reaction, wherein the asymmetric arylation of 2,3-dihydrofuran 5-53 with phenyl triflate 5-54 

catalyzed by Pd-BINAP complex gave 2-phenyl-2,3-dihydrofuran 5-55’ (93% ee) as the 

predominant product accompanied by a small amount of 2-phenyl-2,5-dihydrofuran 5-56 

(Scheme 5-13).17 

 

Scheme 5-13. The first example of the asymmetric intermolecular Heck reaction 
 

A plausible mechanism was proposed to explain the high enantiopurity of the major product 

5-55 (R) and inversion of configuration in the formation of minor product 5-56’ (S). This 

mechanism was further refined by Brown et al. (Scheme 5-14).17-18 As Scheme 5-14 illustrates, 

the insertion of the double bond of 5-53 into the Ar–Pd bond of 5-57 yields two diastereomeric 

Pd complexes 5-58 (via si-face attack) and 5-58’ (via re-face attack). Next, β-hydride elimination 

takes place for both intermediates to form π-olefin-Pd-H complex 5-59 and its diastereomer 

5-59’. The π-complex 5-59 undergoes rapid hydropalladation to give 5-60, followed by 

β-hydride elimination and reductive elimination to afford 2-phenyl-2,3-dihydrofuran 5-55. Thus, 

for 5-59, the hydropalladation is much faster than the dissociation of 5-56. In contrast, the 
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π-complex 5-59’ rapidly dissociates 2-phenyl-2,5-dihydrofuran 5-56’ rather than undergoing 

hydropalladation. Accordingly, the proposed mechanism involves a kinetic resolution process 

that enhances enantioselectivity of 5-55 by selectively eliminating 5-58’ through the formation of 

5-56’ as the minor product. 

 

Scheme 5-14. Plausible mechanism of the asymmetric intermolecular Heck reaction 
 

 

Figure 5-1. Various P-N type chiral ligands 
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The asymmetric intermolecular Heck reaction, involving double-bond migration, has been 

extensively studied using various chiral P,N-ligands (Figure 5-1). 

As Scheme 5-15 exemplifies, the reaction of 5-53 with 2-carbethoxycyclhexenyl triflate 

5-70 gave 5-cyclohexenyl-2,3-dihydrofuran 5-71 with 96% ee exclusively.19 In contrast, the 

reaction of 2,2-dimethyl-2,3-dihydrofuran 5-72 with phenyl triflate 5-54 afforded 

2-phenyl-2,5-dihydrofuran 5-73 with 98% ee, as the sole product.20 The reaction of 5-53 with 

5-54 catalyzed by a Pd complex with (D-glucosamine)phosphiteoxazoline ligand 5-68 gave 5-56 

with 99% ee and 97% regioselectivity.21 Also, the reaction of 5-53 with cyclohexenyl triflate 

5-74 catalyzed by a Pd complex with 5-69 gave 2-cyclohexenyl-2,5-dihydrofuran 5-75 with 98% 

ee and 98% regioselectivity.21 A series of PHOX ligands, for example, 5-63 and 5-64, featuring a 

rigid chiral cyclopropyl backbone, were applied to the asymmetric Heck reaction of 5-53 with 

5-54. As Scheme 5-16 shows, the chirality in the oxazoline moiety of the PHOX ligands exerts a 

profound influence on the double-bond migration, forming either 5-55 or 5-56, exclusively.22  
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Scheme 5-15. Synthesis of enantioenriched substituted dihydrofurans 5-71, 5-73, 5-56 and 5-75 
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A dramatic change in enantioface selection was observed when closely related chiral 

P,N-ligands 5-65 and 5-66, bearing chiral oxazolines with the same absolute configuration, were 

used in the reaction of 5-53 with aryl and cyclohexenyl triflates.23 The ligand 5-66 led to the 

formation of (R)-2-substituted 2,5-dihydrofurans with up to 95% ee, while 5-65 bearing a 

gem-dimethyl group gave (S) products with up to 87% ee (Scheme 5-16). 

 

 

Scheme 5-16. Synthesis of enantioenriched substituted dihydrofurans 5-55 and 5-56 
 

§ 5.1.3.2 Dihydrodioxepins  

Asymmetric arylation reaction of 4,7-dihydro-1,3-dioxepins 5-76 through intermolecular 

Heck reaction has been studied in a similar manner as that for dihydrofurans. The resulting enol 

ether 5-78 can be readily transformed to chiral β-aryl-γ-butyrolactones 5-79, which are useful 

chiral building blocks in natural product synthesis. Shibasaki et al. reported the first example in 

1994, wherein products 5-78 were obtained in variable yields and enantioselectivities, using 

Pd(OAc)2–(S)-BINAP as catalyst in the presence of potassium carbonate and 3 Å molecular 

sieves (Scheme 5-17).24 The best results were obtained with 5-76a (R1 = R2 = H), giving 5-78a 

(R1 = R2 = H) in 48–86% yield and 60–75% ee.24 The reaction of 5-76a (R1 = R2 = H) with 5-54 

catalyzed by a Pd complex with a chiral oxazoline-based P,N-ligand 5-67 gave 5-78a (R1 = R2 = 

H, Ar = Ph) in 70% yield and 92% ee (Scheme 5-17).25 The same reaction using P,N-ligand 5-68 

also afforded 5-78a in 84% yield and 92% ee (Scheme 5-17).21 
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Scheme 5-17. Synthesis of enantioenriched β-aryl-γ-butyrolactones 5-79 
 

§ 5.1.3.3 Other substrates for asymmetric intermolecular Heck reactions  

In addition to dihydrofurans and dihydrodioxepins, dihydropyrroles and cyclopentene have 

been employed as substrates for asymmetric intermolecular Heck reaction. For example, the 

reaction of 2,3-dihydropyrrole 5-80 with aryl triflate catalyzed by Pd complex and chiral 

P,N-ligand 5-65 gave (S)-2-aryl-2,5-dihydropyrrole (S)-5-81 in good yield and up to 89% ee, 

while the same reaction catalyzed by Pd-5-66 afforded the enantiomeric (R)-5-82 in moderate 

yield and 60–70% ee (Scheme 5-18).23b  

 

Scheme 5-18. Synthesis of enantioenriched substituted dihydropyrrole 5-81~5-82 and 
cyclopentene 5-84 
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The reaction of cyclopentene 5-83 with 5-54 using Pd-5-69 as the chiral catalyst gave 

(R)-3-phenylcyclopent-1-ene 5-84 in good yield and 95% ee with 94% regioselectivity (Scheme 

5-18).21 

From the above introduction of asymmetric Heck reactions, it is apparently that the 

applications of mondentate ligands in palladium-catalyzed asymmetric Heck reactions are still 

very limited. However, this efficient intramolecular Heck reaction of cyclohexadienone 5-39 

shown in Scheme 5-10 inspired us to believe that monophosphoramidite ligands, including our 

tunable ligand system, still have potential to lead to high enantiomeric excess in some 

asymmetric Heck reactions. 

 

§ 5.2 Results and discussion 
In 2002, Feringa published the first and only successful asymmetric Heck reaction catalyzed 

by a phosphoramidite ligand, obtaining 100 % conversion and up to 96 % ee (Scheme 5-10).14 

However, this ligand provided only 33 % conversion and 32 % ee for one of Overman’s 

substrate.8b 
These results clearly indicate the need for tunable ligands for each specific substrate 

type and substitution pattern. Accordingly, we plan to use these two substrates, 5-39 and 5-85, 

for the evaluation of basic efficacy of our monodentate phosphorus ligands. 

 

§ 5.2.1 Synthesis of substrates for asymmetric Heck reactions  
In order to screen asymmetric Heck reactions by our monophosphoramidite ligand library 

(MPN), two substrates have to be synthesized as our starting materials. One is dienone 5-39 

which was reported by Feringa,14 
and the other is carboxamide 5-85 which was published by 

Overman8b (Figure 5-2).
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Figure 5-2. Two substrate candidates for asymmetric Heck reactions 
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§ 5.2.1.1 Synthesis of 4-(2-iodo)benzyloxy-4-methoxycyclohexa-2,5-dien-2-one (5-39)  

According to the reported literature,14 4-(2-iodo)benzyloxyphenol 5-87 was first synthesized 

from (2-iodo)-benzylchloride 5-86 and excess hydroquinone in the presence of K2CO3 
and 

acetone under reflux condition overnight. Unfortunately, the starting material 5-86 was not able 

completely consumed until 40 h. For this reason, a catalytic amount of tetrabutylammonium 

iodide (TBAI) was added as an ion exchange reagent to increase reaction rate, and the reaction 

was finished after 12 h under reflux. In this ether-formation reaction, byproduct 5-88 was also 

formed and the ratio of product and byproduct was about 7 to 1 (74 % : 11 %). (Scheme 5-19)14  

 

Scheme 5-19. Synthesis of 4-(2-iodo)benzyloxyphenol 5-87 
 

To achieve desired dienone substrate 5-39, phenolic oxidation of 

4-(2-iodo)benzyloxyphenol 5-87 with phenyliododiacetate (PIDA) and K2CO3 
in dry MeOH was 

employed to afford dienenone 5-39 in 94 % isolated yield (Scheme 5-20).14 
In this reaction, 

K2CO3, which acts as base, was required. If no base is added in this reaction, several undesired 

products are obtained by TLC and the reaction does not go completion even after 2 days. 

 

Scheme 5-20. Synthesis of 4-(2-Iodo)benzyloxy-4-methoxycyclohexa-2,5-dien-2-one 5-39 
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§ 5.2.1.2 Synthesis of N-(2-Iodophenyl)-N-methyl-1-cyclohexene-1-carboxamide (5-85)  

N-(2-Iodophenyl)-N-methyl-1-cyclohexene-1-carboxamide 5-85 was efficiently synthesized 

in four steps from commercially available 1-cyclohexenecarboxylic acid 5-89 which was treated 

with few drops of DMF and oxalyl chloride at reflux for 4 h followed by amidation with 

2-iodoaniline and dry triethylamine to afford N-(2-Iodophenyl)-1-cyclohexene-1-carboxamide 

5-90 in 51 % isolated yield. Next, methylation of NH-carboxamide 5-90 with sodium hydride 

and methyl iodide gave desired NMe- carboxamide 5-85 in 94 % isolated yield (Scheme 5-21).8b  

 

Scheme 5-21. Synthesis of N-(2-Iodophenyl)-N-methyl-1-cyclohexene-1-carboxamide 5-85 
 

§ 5.2.2 Asymmetric Heck reactions with a library of biphenol-based 

monophosphoramidite ligands 
§ 5.2.2.1 Pd-catalyzed asymmetric Heck reaction of dienone using chiral bipheol-based 

monophosphoramidite 

In this study, phenyl-substituted monophosphoramidite (S)-MPN-L1d was first employed 

as the chiral ligand because it possesses the same substituted group as reported ligand which 

gave the best conversion and enantioselectivity in asymmetric Heck reaction of dienone 5-39. 

Several conditions were attempted and all results were shown in Table 5-1. Entry 1 demonstrated 

the synthesis of racemic Heck product 5-40 to set up the chiral HPLC condition. In this reaction, 

dienone 5-39 was catalyzed by Pd(OAc)2 
and PPh3 

in the presence of Cy2MeN and CHCl3 under 

reflux for 48 h.14 
Product 5-40 was expected to be produced after 48 h; however, no desired 

product was formed, as determined by TLC, 1H NMR and LC-MS characterization. At the same 

time, (S)-MPN-L1d was introduced and different reaction conditions were tested to evaluate this 
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asymmetric Heck reaction (entries 2-5). Unfortunately, no matter which thermal or microwave 

condition was adopted, no product was found after reaction; even though solvent or base was 

changed, the same result was observed consistently. Due to these poor results, the reported ligand 

was synthesized to examine where the problem came from. Entry 6 and Scheme 5-23 showed 

reaction details and the result using taddol-based monophosphoramidite ligand.14 
From MS 

determination, the peak of product was observed along with two other undesired peaks. 

Considering 1H NMR, only few peaks match cyclisation product 5-40; too many unexpected 

peaks appeared in the spectrum as well. Accordingly, this unanticipated problem was still not 

clear. A further study is necessary to solve this issue. 

 

Table 5-1. Preliminary screening of MPN ligands for asymmetric Heck reaction of 5-39 

O
O

P N

Ph

Ph

O

OO

I

O

O

O
*

Pd(OAc)2 (10 mol%)
L* (30 mol%)
base (1.2 eq)
solvent, temp

5-39 5-40

(S)-MPN-L1d
 

Entryc Ligand  Base  Solvent Temp(oC) Time (h) Condition Resultse 

1a PPh3 Cy2MeN CHCl3 reflux 48 Heating Messy mixtures 

2a (S)-MPN-L1d Cy2MeN CHCl3 reflux 48 Heating Only starting material 

3a (S)-MPN-L1d Cy2MeN CHCl3 80 3 MW Messy mixtures 

4b (S)-MPN-L1d Cy2MeN THF 80 3 MW Messy mixtures 

5b (S)-MPN-L1d K2CO3 THF 80 10 MW Messy mixtures 

6a 5-41 Cy2MeN CHCl3 80 48 Heating No desired productf 

a. 40 mg of substrate and 2 mL of solvent were used.  
b. 20 mg of substrate and 1 mL of solvent were used.  
c. The conversion was determined by 1H NMR.  
d. Microwave condition: dynamic mode, 250 W, 100 psi.  
e. Those results were characterized from TLC, 1H NMR and LC-MS.  
f. The result was shown in Scheme 5-22. 
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Scheme 5-22. Analysis of the tricyclic product 5-40 by MS and NMR 
 

§ 5.2.2.2 Pd-catalyzed asymmetric Heck reaction of carboxamide using chiral 

bipheol-based monophosphoramidite 

A library of our biphenol-based monophosphoramite ligands was intended to screen this 

known cyclisation substrate 5-85 in intramolecular asymmetric Heck reaction (Figure 5-3). The 

synthesis of racemic Heck cyclization products 5-21 and 5-22 was performed by using Pd(OAc)2 

as the precatalyst, Bu3P and dppp as ligands in the presence of Ag2CO3 
and DMF (Table 5-2, 

entry 1).8b As expected, isomers 5-21 and 5-22 were both obtained and were inseparable by 

column chromatography. Therefore, 1H NMR was employed to determine the regioselectivity of 

isomers 5-21 and 5-22. From 1H NMR, two set of peaks are shown. However, only characteristic 

alkene peaks were able to be distinguished. Alkene peaks for isomer 5-21 were shown at 5.27 

and 6.13 ppm and for isomer 5-22 were shown at 5.90 ppm.8c 
Besides, the conversion of the 

reaction was also obtained from 1H NMR by comparing methyl group between starting material 

and products. These racemic products were then submitted to chiral HPLC (OD-H column) to 

determine their retention times. Unfortunately, racemic mixtures of isomer 5-22 were difficult to 

be separated in this column. However, based on previous literature,8b 
isomer 5-22 was the 

undesired product. For this reason, it is understandable if enantiomeric excess of 5-22 was 

ignored in the following data. 
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Figure 5-3. MPN ligands for asymmetric Heck reactions 
 

From Table 5-2, three enantiopure biphenol-based monophosphoramite ligands, 

(S)-MPN-L1b, (S)-MPN-L1d and (R)-MPN-L1e, were chosen to do some preliminary tests to 

decide which reaction condition was better for the future study. In entries 2-4, the reaction 

condition of neutral pathway reported by Overman was adopted.8b 
Each case gave about 95 % 

conversion after 1.5 h at 80 oC except entry 2 (60 %). No matter which ligand was used, regio 

ratio was almost 1 to 1 in each case which was similar to Overman’s results. However, when 

considering enantiomeric excess, methyl-substitued monophosphoramite ligand (entry 2) gave 

nearly no enantioselectivity, and tert-butyl and phenyl-substituted monophosphoramite ligands 

(entries 3 and 4) only provided 27 % and 28 % ee which were poor enantiomeric excess 

compared to 89 % ee by chiral BINAP ligands. On the other hand, the reaction conditions for the  

cationic pathway was employed in entries 5-7. In this reaction conditions, Pd(OAc)2 
was used as 

precatalyst and Ag2CO3 
acted as base and halide scavenger, favoring the cationic pathway.8c 

From entries 5-7, each reaction gave 100 % conversion after 1.5 h at 80 oC. The regioselectivity 

was pretty good when methyl- or tert-butyl-substitued monophosphoramite ligand was 

performed as the chiral ligand (entries 5 and 6). The ratio of 4-21 to 4-22 was poorer while 

phenyl-substituted monophosphoramite ligand was employed (entry 7). Regarding 

enantioselectivity, only tert-butyl-substitued monophosphoramite ligand provided significant 

result, 22 % ee (entry 6). Moreover, the comparison of the same ligand within these two sets of 

data indicated that the reaction condition of the cationic pathway gave comparable 

enantioselectivity but better reactivity and regioselectivity than the reaction conditions of the 

neutral pathway did (entries 2 and 5, entries 3 and 6). Therefore, the cationic reaction conditions 

were chosen as the standard conditions in the following study. 
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Table 5-2. Preliminary screening of MPN ligands for asymmetric Heck reaction of 5-85 

 

Entrya Pd source Ligand Base (eq) Solventb Temp(oC) Conv. %c 5-21:5-22d % eee 

5-21f 

Bu3P  
1 Pd(OAc)2 

dppp 
Ag2CO3 (2) DMF 150 66 83:17 rac 

2 Pd2(dba)3 (S)-MPN-L1b PMP (5) DMA 80 60 55:45 <5 

3 Pd2(dba)3 (R)-MPN-L1e PMP (5) DMA 80 96 45:55 -28  

4 Pd2(dba)3 (S)-MPN-L1d PMP (5) DMA 80 94 57:43 +27 

5 Pd(OAc)2 (S)-MPN-L1b Ag2CO3 (2) DMF 80 100 93:7 <5 

6 Pd(OAc)2 (R)-MPN-L1e Ag2CO3 (2) DMF 80 100 96:4 +22 

7 Pd(OAc)2 (S)-MPN-L1d Ag2CO3 (2) DMF 80 100 67:33 <5 

a. 20 mg of substrate was used in each entry.  
b. 0.75 mL of solvent was used.  
c. The conversion was determined by 1H NMR.  
d. The regioselectivity was determined by 1H NMR.  
e. % ee was determined by chiral HPLC (OD-H column, eluent: Hexane:IPA=99.5:0.5).  
f. % ee of 5-21 equals to the % area of first peak minus the % area of second peak.  
* PMP=1,2,2,6,6-pentamethylpiperidine 

1,2,2,6,6-pentamethylpiperidine

N

 
 

Next, a variety of parameters were adjusted to optimize the regioselectivity and 

enantioselectivity using Pd(OAc)2 as precatalyst, Ag2CO3 as base in DMF. First, temperature 

effect was investigated by tert-butyl-substitued monophosphoramite ligand which was the best 

ligand from the preliminary tests (Table 5-3, entries 1-4). The results suggested that lower 

temperature gave both poor regioselectivity and enantioselectivity. A valid explanation of those 

results was not clear so far because in principle, lower temperature should enhance 
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enantioselectivity due to less flexibility of the chiral monodentate ligand.  

In addition to temperature effect, the loading of catalyst has also been discussed (entry 5). 

In this trial, the amount of Pd(OAc)2 
and chiral ligand was four times less than the amount in 

entry 1. After 3 h at 80 oC, the conversion was over 95 % and the regio- and enantioselectivity 

were only slightly unfavorable compared to the results in entry 1. It showed that lower catalytic 

loading had a chance to be applied to asymmetric Heck reaction in our ligand system. In entries 

6-10, the amine moiety of ligands was replaced by N,N-bis((R)-methyl benzyl) amine with 

C2-symmetry to see whether bulky chiral amine moiety was capable of achieving higher 

enantioselectivity than small achiral amine moiety.  

 

Table 5-3. Screening of MPN ligands for asymmetric Heck reaction of 5-85 

Entrya Pd source Ligand Temp(oC) Time (h) Conv. %b 5-21:5-22c % eed 

5-21e 

1 Pd(OAc)2 (R)-MPN-L1e 80 1.5 >95 96:4 +22 

2 Pd(OAc)2 (R)-MPN-L1e 60 2.5 93 56:44 <5 

3 Pd(OAc)2 (R)-MPN-L1e 40 3.5 82 56:44 <5 

4 Pd(OAc)2 (R)-MPN-L1e rt 4.0 >95 57:43 <5 

5f Pd(OAc)2 (R)-MPN-L1e 80 3.0 >95 85:15 +13 

6 Pd(OAc)2 (S,R,R)-MPN-L2a 80 1.5 76 77:23 <5 

7 Pd(OAc)2 (S,R,R)-MPN-L2b 80 1.5 83 85:15 -15 

8 Pd(OAc)2 (S,R,R)-MPN-L2d 80 1.5 41 76:24 -26 

9 Pd(OAc)2 (S,R,R)-MPN-L2d 80 48 77 78:22 -18 

10 Pd(OAc)2 (S,R,R)-MPN-L2e 80 48 83 76:24 <5 

a,b,c,d,e, Please see the footnotes on Table 5-2. 

f. 2.5 mol% of Pd(OAc)2 and 7.5 mol% MPN-L1e were used in the reaction. 

 

From the data, entry 8, in which phenyl-substitued monophosphoramite ligand with chiral 

amine moiety (S,R,R)-MPN-L2d was used as a chiral ligand, performed the best enantiomeric 
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excess (26 % ee) but worst conversion (41 % after 1.5 h at 80 oC). Moreover, when comparing 

with (S)-MPN-L1d which possesses the same biphenol but different amine moiety in this 

asymmetric Heck reaction (Table 5-2, entry 7), the chiral amine moiety indeed affected the 

enantioselectivity but reduced the reactivity as well. Entries 6 and 7 gave higher conversion but 

lower enantiomeric excess and each case showed moderate regioselectivty (up to 85:15). In order 

to increase the conversion of entry 8, reaction time was prolonged to 48 h (entry 9). Although the 

conversion was really enhanced, enantiomeric excess slightly dropped to 18 % ee. According to 

above results, the chiral amine moiety does improve enantioselectivity but its steric effect 

decreases reactivity instead (Table 5-2, entries 5 and 7; Table 5-3, entries 7 and 8). 

 

§ 5.2.3 Asymmetric Heck reactions with a library of chiral biphenol and 

oxazoline-based phosphite-oxazoline ligands 
Because poor results were obtained by using chiral biphenol-based monophosphoramidite, 

the focus was shifted back onto bidentate P-N type ligands which achieved impressive results in 

both inter- and intramolecular asymmetric Heck reactions (Figure 5-1). Thus, new chiral 

biphenol and oxazoline-based phosphite-oxazoline ligands were designed and synthesized for 

asymmetric Heck reactions described in the chapter 5.2. 
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Scheme 5-23. General procedures for the synthesis of P-N type ligands 
 
§ 5.2.3.1 Synthesis of chiral biphenol and oxazoline-based phosphite-oxazoline ligands 

According to the synthetic route in Scheme 5-23, biphenyl chlorophosphite and hydroxy 
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substituted oxazoline are two mandatory components.Thus, two oxazoline derivatives were 

synthesized; one is α,α-dimethyl-2-ethanol substituted 4,5-dihydro-oxazole 5-91, another is 

phenol substituted 4,5-dihydro-oxazole 5-92. 

To synthesize α,α-dimethyl-2-ethanol substituted 4,5-dihydro-oxazole moiety, the selected 

chiral amino acids 5-93 were reduced by NaBH4 and I2 in THF to introduce corresponding amino 

alcohols 5-94 in 57-70% isolated yields and the optical rotation for each amino alcohol is in 

agreement with the reported literature (Table 5-4). 

 

Table 5-4. Synthesis of enantiopure 5-94a to 5-94c 

 

Entry substrate R1 yield (%) [α]D
22 

1 D-Valine (R) i-Pr 57 -17.3 (c=1.2 in EtOH) 

2 L-Valine (S) i-Pr 61 +14.6 (c 0.8, EtOH) 

3 L-Phenylglycine (S) Ph 70 +30.9 (c 1.4, 1N HCl) 

 

Next, D or L-Valinol 5-94a was reacted with 2-Hydroxy-2-methylpropanoic acid 5-95 in 

p-xylene under reflux condition using a Dean-Stark apparatus to generate desired (R) or 

(S)-4,5-Dihydro-α,α-dimethyl-4-isopropyloxazole-2-ethanol 5-91a. However, even though water 

was removed by Dean-Stark trap to inhibit the reversed reaction, the reaction did not complete 

after 30 h. Therefore, only 15% and 18% yield of products were obtained (Table 5-5).26  

On the other hand, because of the instability of chlorophosphite under moisture, each chiral 

chlorophosphite was formed in situ, followed by the condensation with chiral 

α,α-dimethyl-2-ethanol substituted 4,5-dihydro-oxazole moiety (S)-5-91a to introduce the 

corresponding chiral P,N ligand (Tables 5-6 and 5-7). According to the data, more bulky 

substituent on 3,3’ positions of chiral biphenol results in lower yield of desired ligand (R1=H, 

62%, R1=Me, 57%, R1=Ph, 25%, R1=Br, 34% in Table 4-6, R1=Me, 50%, R1=Ph, 46%, R1=Br, 

33% in Table 5-7). Biphenol bearing tert-butyl substituent on 3, 3’ positions was also tried to 
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form its corresponding ligand using the same method. Unfortunately, none of desired ligand was 

observed after the reaction. 

Table 5-5. Synthesis of (S)- and (R)-5-91a 

 

Entry substrate 
yield (%) 

5-91a 
[α]D

22 

1 D-Valinol (R) 15 +59.5 (c 0.4, CH2Cl2) 

2 L-Valinol (S) 18 -69.1 (c 1.2, CH2Cl2) 

 

Table 5-6. Synthesis of (S,S)-PN-L1a to 1d 

 

Entry R1 

31P NMR of 

chlorophosphite 

(ppm) 

31P NMR 

of P-N 

ligand 

(ppm) 

Yield 

(%) 
[α]D

23 

(S,S)-PN-L1a H 171.3 145.3 62 +92.3 (c 0.52, CH2Cl2) 

(S,S)-PN-L1b Me 166.4 140.9 57 +173.3 (c 0.45, CH2Cl2) 

(S,S)-PN-L1c Ph 167.5 142.5 25 +266.7 (c 0.30, CHCl3) 

(S,S)-PN-L1d Br 172.2 143.9 34 +257.9 (c 0.40, CHCl3) 
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Table 5-7. Synthesis of (R,S)-PN-L1b to 1d 

 

Entry R1 

31P NMR of 

chlorophosphite 

(ppm) 

31P NMR of 

P-N ligand 

(ppm) 

yield 

(%) 
[α]D

23 

(R,S)-PN-L1b Me 166.4 141.4 50 -237.5 (c 0.40, CHCl3) 

(R,S)-PN-L1c Ph 167.5 142.8 46 -120.0 (c 0.45, CHCl3) 

(R,S)-PN-L1d Br 172.2 143.9 33 -343.8 (c 0.30, CHCl3) 

 

Table 5-8. Synthesis of phenol substituted 4,5-dihydro-oxazoles 5-92 

 
Entry substrate R1 yield (%) [α]D

22 

1 D-Valinol (R) i-Pr 81 +46.3 (c 1.6, CHCl3) 

2 L-Valinol (S) i-Pr 83 -30.8 (c 2.3, CHCl3) 

3 L-Phenylglycinol (S) Ph 63 +83.0 (c=1.1 in CHCl3) 

 

To synthesize phenol substituted 4,5-dihydro-oxazoles 5-92, 2-hydroxybenzamide 5-96 was 

converted into 2-hydroxybenzonitrile 5-97 in the presence of catalytic amount of PdCl2 and 1:1 

ratio of acetonitrille and water. After 24 h at 50 oC, 2-hydroxybenzonitrile 5-97 was obtained in 
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66% isolated yield.21 The resulting substrate then reacted with chiral amino alcohols 5-94 which 

were described above to introduce corresponding phenol substituted 4,5-dihydro-oxazoles 5-92 

in moderated yields (63-83% in Table 5-8). 

Next, the same approach shown in Tables 5-6 and 5-7 was employed to synthesize this type 

of P,N ligands. A chiral chlorophosphite was formed in situ, and then a solution of oxazole 

moiety was treated with it in the presence of NEt3 and DMAP. After room temperature for 20 h, 

TLC and 31P NMR indicated the presence of the desired ligand (R,S)-PN-L3a. However, no 

product was found after column chromatography on silical gel; only starting material 5-92b was 

recovered (Scheme 5-24). 
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Scheme 5-24. Unsuccessful attempt toward the synthesis of (R,S)-PN-L3a 
 

§ 5.2.3.2 Asymmetric Heck reaction of carboxamide with a library of chiral biphenol and 

oxazoline-based phosphite-oxazoline ligands  

A small library of our chiral biphenol-based phosphite-oxazoline ligands in Figure 5-3 was 

intended to screen this known cyclization substrate 5-85 in intramolecular asymmetric Heck 

reaction. The results are summarized in Table 5-9. The solvent effect was first studied in this 

reaction (entries 1-3). Among these three common solvents (DMA, NMP and toluene) for Heck 

reaction, NMP gave the best conversion, regio- and enantioselectivity (entry 2). Next, different 

silver source was used to investigate the reaction (entries 4 and 5). While AgOTf replaced 

Ag3PO4 as the HI scanvenger, the reactivity was enhanced a lot; however, both regio- and 

enantioselectivity dropped dramatically (entries 1 and 4). Therefore, according to above results, 

the ligand study will be performed in the presence of NMP as a solvent and Ag3PO4 as a HI 
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scanvenger. Here, three chiral biphenol-based phosphite-oxazoline ligands, (S,S)-PN-L1a, 

(S,S)-PN-L1b, (R,S)-PN-L1c, were used to screen the reaction (entries 2, 6, and 7). From those 

data, each of them gave 100% conversion after 26 h at 80 oC and more bulky substituent on 3, 3’ 

positions of chiral biphenol results in higher regio- and enantioselectity. However, that’s so 

called “higher regio- and enantioselectity” still not an encouraging outcome. Besides, two BOP 

ligands, (R)-BOP-L1a and (S)-BOP-L1b (Figure 4-3), were also employed in this reaction to 

test their efficacy. Unfortunately, the regioselectivity was improved but enantioselectivity 

became even worse; only racemic cyclization products were found for each isomer. 

 

Table 5-9. Screening of PN-L1a~c and BOP-L1a~b for asymmetric Heck reaction of 5-85 

 

Entrya Ligand Ag salt Solventb Conv. (%)c Regioselectivityd 

5-21:5-22 

% eee  

5-21:5-22f 

1 (S,S)-PN-L1a Ag3PO4 DMA 40 50:50 25:rac (R) 

2 (S,S)-PN-L1a Ag3PO4 NMP 100 53:47 23:rac (R) 

3 (S,S)-PN-L1a Ag3PO4 Toluene 46 30:70 11:rac (R) 

4 (S,S)-PN-L1a AgOTf DMA 100 36:64 Racemic 

5 (S,S)-PN-L1a AgOTf NMP 100 38:62 Racemic 

6 (S,S)-PN-L1b Ag3PO4 NMP 100 53:47 21:rac (R) 

7 (R,S)-PN-L1c Ag3PO4 NMP 100 62:38 31:rac (S) 

8 (R)-BOP-L1a Ag3PO4 NMP 100 85:15 Racemic 

9 (S)-BOP-L1b Ag3PO4 NMP 100 87:13 Racemic 

a,b,c,d,e,f  Please see the footnotes on Table 5-2. 
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Figure 5-4. PN and BOP ligands for asymmetric Heck reactions 
 

§ 5.2.4 Asymmetric 1,4-conjugated addition with a library of chiral biphenol 

and oxazoline-based phosphite-oxazoline ligands 
Although poor results for asymmetric Heck reaction were given by newly developed chiral 

phosphite-oxazoline ligands, other useful asymmetric reactions have to be tried without just 

sacrificing those ligands.  

O

n
* n = 0,1,2

O Cu(OTf)2 (3.0 mol%)
L* (3.6 mol%)
Et2Zn (1.3 eq)

n
toluene (10 ml)

-20 oC
15 h1.4 mmol

n=2

O
O

P
O

N

O

R

S

Con%= 97%, ee=94% (+)

n=1

O
O

P
O

N

O

S

S

Con%= 96%, ee=90% (R)

n=0

R

R

R

O
O

P
O

N

O

S

R=

Con%= 41%, ee=94% (R)

 

Scheme 5-25. Asymmetric 1,4-conjugate addition of diethyl zinc to enone systems 
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Here, asymmetric 1,4-conjugate addition was screened by those P,N ligands (Figure 5-5) 

since silimilar P,N type chiral ligands gave moderate to good enantioselectivity for this reaction 

(Scheme 5-25).27 

In the asymmetric 1,4-conjugate addition, both cyclohepten-1-one and cyclohexen-1-one 

were used as substrates. The results are summarized in Table 5-10 and 5-11.  

 

Figure 5-5. PN ligands for asymmetric 1,4-conjugate addition 
 

Table 5-10. Screening of PN-L1a~d and L2c for asymmetric 1,4-conjugate addition of 
cycloheptenone 5-98 

 

Entrya,b Ligand Conv. (%)c % eed Entrya,b Ligand Conv. (%)c % eed 

1 (S,S)-PN-L1b 89 7 (S) 4 (R,S)-PN-L1b 68 42 (R) 

2 (S,S)-PN-L1c 97 75 (S) 5 (R,S)-PN-L1c 97 81 (R) 

3 (S,S)-PN-L1d 79 42 (S) 6 (R,S)-PN-L1d 71 59 (R) 

    7 (R,S)-PN-L2c 98 79 (R) 

a. 1 mmol of substrate was used in each entry.  
b. 5 mL of solvent was used.  
c. The conversion was determined by 1H NMR and GC.  
d. %ee was determined by chiral GC (β-Dex 225 column, tR=12.0 min (S)-product, tR=12.2 min  
(R)-product) for 2-cyclohepten-1-one). 
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In Table 5-10, (R,S)-PN-L1c gave very good conversion and the best ee among chiral P,N 

ligands (97% conv. and 81% ee in entry 5) for the asymmetric 1,4-conjugate addition of 

cyclohepten-1-one. While the substituent on the oxazolie moiety was changed from iPr to Ph 

which is (R,S)-PN-L2c, the comparable result was observed (98% conv. and 79% ee in entry 7). 

Comparing ligands and their diastereomeric pairs (entries 1 and 4, 2 and 5, 3 and 6), (S,S) ligands 

seem to inhibit the ee of the product and (R,S) ligands enhance the ee. These results indicated 

that two moieties of the ligand possessing the same chiralty interfere with each other and the ee 

of the product decreases by this mismatch. 

In Table 5-11, (R,S)-PN-L1c and (R,S)-PN-L2c gave the best results among chiral P,N 

ligands for the asymmetric 1,4-conjugate addition of cyclohexen-1-one (Table 5-11, entries 3 and 

10); > 99% conv. and 68% ee were obtained. However, they are still not as good as the data 

reported in the literature. Moreover, the mismatch effect of two moieties of the ligand was not 

clearly found in this case. 

 

Table 5-11. Screening of PN-L1a~d and L2c for asymmetric 1,4-conjugate addition of 
cyclohexenone 5-100 

 

Entrya,b Ligand Conv. (%)c % eed Entrya,b Ligand Conv. (%)c % eed 

1 (S,S)-PN-L1a 94 18 (S) 5 (R,S)-PN-L1b 89 10 (R) 

2 (S,S)-PN-L1b 88 24 (S) 6 (R,S)-PN-L1c 62 50 (R) 

3 (S,S)-PN-L1c >99 64 (S) 7 (R,S)-PN-L1d 97 46 (R) 

4 (S,S)-PN-L1d 87 37 (S) 8 (R,S)-PN-L2c >99 68 (R) 

a,b,c,d, Please see the footnotes on Table 5-10. 
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§ 5.3 Conclusions 
So far, a small library of chiral biphenol-based phosphite-oxazoline ligands was 

successfully synthesized for asymmetric Heck reaction. For asymmetric Intramolecular Heck 

reactions of carboxamide substrate, these newly synthesized Phosphite-Oxazoline Ligands show 

good reactivity to catalyze this reaction (26 h, 100 % conversion). However, the regioselectivity 

and enantioselectivity of products are both unsatisfied so far. (About 2 :1 regio ratio and 31 % 

ee). 

 

§ 5.4 Experimental section 
General Methods: 1H and 13C and 31P NMR were measured on a Varian Inova-500 NMR (500 

MHz 1H, and 125 MHz 13C), a Varian Inova-400 NMR (400 MHz 1H; 100 MHz 13C; 162 MHz 
31P) or a Varian Gemini-2300 (300 MHz 1H; 75 MHz 13C; 121.5 MHz 31P) spectrometer in a 

deuterated solvent using residual protons (CHCl3: 1H, 7.26 ppm; 13C, 77.0 ppm. C6H6: 1H, 7.15 

ppm) as the internal standard or phosphoric acid as the external reference (31P 0.00 ppm). 

Analytical HPLC in reverse phase was carried out with a Shimadzu LC-2010A HPLC system 

using a Chiralpak AD-RH analytical column. Melting points were measured on a Thomas 

Hoover Capillary melting point apparatus and are uncorrected. Optical rotations were measured 

on a Perkin-Helmer Model 241 polarimeter. TLC analyses were performed using Merck DC 

Alufolien 60F254 aluminum pre-coated silica gel plates. Flash column chromatography was 

carried out using Silicyle SiliaFlashP60® silica gel (particle size 40–63 μm). High-resolution 

mass spectrometric analyses were carried out at the Mass Spectrometry Laboratories, University 

of Illinois Urbana-Champaign, Urbana, IL and ICB&DD at Stony Brook University. Unless 

otherwise noted all reactions were carried out under argon or nitrogen atmosphere in oven-dried 

glassware using standard Schlenck techniques. 

Materials: Solvents were reagents grade and freshly distilled before use. Tetrahydrofuran (THF) 

and dichloromethane (DCM) were dried and degassed using an Innovative Technology 

PureSolvTM solvent purification system. Acetonitrile was distilled from calcium hydride. 

Anhydrous N,N-dimethylformamide (DMF) was purchased from Acros and used without further 

purification. Other solvents were used without purification. All chemicals and reagents were 

purchased from Sigma-Aldrich or Fisher Scientific and used without further purification unless 
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otherwise noted. 
4-(2-Iodo)benzyloxyphenol (5-87)14  

 
To a solution of acetone (10 mL), 2-iodobenzyl chloride 5-86 (676 mg, 2.68 mmol), 

hydroquinone (1.49 g, 13.4 mol), tetrabutylammonium iodide (TBAI) (100 mg, 0.27 mmol) and 

K2CO3 (561 mg, 4.1 mmol) were added and stirred under reflux for 12 h. The reaction mixture 

was then cooled to room temperature and the salts were removed by filtration. The remaining 

solution was evaporated under reduced pressure and the residue was redissolved in CHCl3. The 

insoluble hydroquinone was removed by filtration again. After evaporation of CHCl3, methanol 

was added to the remaining oil and byproduct 5-88 was precipitated (155 mg, 11 %). After 

filtration and evaporation, the resulting orange oil was purified by column chromatography on  

silica gel (hexanes/EtOAc = 10:1-5:1) to give pure 5-87 as an off-white solid (650mg, 74 %): 1H 

NMR (400 MHz, CDCl3) δ 4.60 (s, 1 H), 4.98 (s, 2 H), 6.76-6.78 (m, 2 H), 6.86-6.88 (m, 2 H), 

7.02 (td, 1 H, J = 7.5, 1.2 Hz), 7.38 (td, 1 H, J = 7.5, 1.2 Hz), 7.50 (dd, 1 H, J = 7.5, 1.2 Hz), 7.86 

(dd, 1 H, J = 7.5, 1.2 Hz); 13C NMR (100 MHz, CDCl3) δ 74.7, 97.1, 116.0, 116.1, 128.3, 128.6, 

129.4, 139.2, 139.3, 149.9, 152.7. All data are in agreement with the literature values.14  

 

4-(2-Iodobenzyloxy)-4-methoxycyclohexa-2,5-dien-2-one (5-39)14  

 
A mixture of PhI(OAc)2 (500 mg, 1.53 mmol), K2CO3 (432 mg, 3.05 mmol) in dry MeOH 
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(18 mL) was placed in a flask and flushed with N2. To this solution was added 

4-(2-iodo)benzyloxyphenol 5-87 (400 mg, 1.22 mmol) in MeOH (15 mL) at 0 oC over 10 min. 

Stirring was continued for 2 h and the reaction was quenched with sat. NaHCO3 (15 mL). The 

mixture was separated and the organic layer was diluted with ether and washed with water and 

brine, and dried over MgSO4. The drying agent was removed by filtration and the remaining 

solution was concentrated in vacuo to afford crude 5-39. This crude product was further purified 

by column chromatography on silica gel (hexanes/EtOAc = 5:1) to give pure 5-39 as a yellow 

solid (407 mg, 94 %): mp 37-38 oC (lit.14 35-37 oC); 1H NMR (300 MHz, CDCl3) δ 3.45 (s, 3 H), 

4.65 (s, 2 H), 6.29-6.32 (m, 2 H), 6.90-6.94 (m, 2 H), 7.01 (td, 1 H, J = 7.5, 1.2 Hz), 7.35 (td, 1 H, 

J = 7.5, 1.2 Hz), 7.43 (dd, 1 H, J = 7.5, 1.2 Hz), 7.82 (dd, 1 H, J = 7.5, 1.2 Hz); 13C NMR (100 

MHz, CDCl3) δ 50.8, 68.9, 92.8, 97.3, 128.3, 128.7, 129.4, 130.0, 139.2, 139.8, 143.2, 185.1. All 

data are in agreement with the reported literature.14  

 

A typical procedure for asymmetric Heck reaction of 5-3914  

O
O

P N

Ph

Ph

O

OO

I

O

O

O
*

Pd(OAc)2 (10 mol%)
L* (30 mol%)
base (1.2 eq)
solvent, temp

5-39 5-40

(S)-MPN-L1d
 

A mixture of Pd(OAc)2 (0.011 mmol) and monophosphoramidite ligand (0.033 mmol) in 

dry solvent (1 mL) was heated to reflux for 1-2 h. After a clear yellow solution was obtained, a 

base (0.44 mmol) and dienone 5-39 (0.11 mmol) were added and the reaction mixture was 

refluxed for 48 h. The solvent was evaporated and the crude product was characterized by 1H 

NMR, TLC and LC-MS. However, in every trial, each characterization showed several undesired 

products which are inconsistent with published results.14  
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N-(2-Iodophenyl)-1-cyclohexene-1-carboxamide (5-90)8b  

 
To a solution of 1-cyclohexenecarboxylic acid 5-89 (540 mg, 4.28 mmol) in dry DCM (10 

mL) were added few drops of DMF and oxalyl chloride (0.81 mL, 8.63 mmol) in ice bath and the 

mixture was stirred at reflux for 4 h. The reaction mixture was concentrated to dryness under 

reduced pressure. To the remaining residue were added 2-iodoaniline (1.12 g, 5.13 mmol) in dry 

CH2Cl2 (6 mL) and dry Et3N (0.81 mL, 5.82 mmol) ,and the solution was stirred at 50 oC for 2 h. 

The reaction mixture was diluted with DCM, and then washed with 1N HCl, 5 % NaOH and 

brine, and dried over MgSO4. The drying agent was removed by filtration and the remaining 

solution was concentrated in vacuo to afford crude 5-90. This crude product was further purified 

by column chromatography on silica gel (hexanes/EtOAc = 20:1, 15:1, then 10:1) to give pure 

4-90 as a yellow solid (710 mg, 51 %): 1H NMR (400 MHz, CDCl3) δ 1.64-1.78 (m, 4 H), 

2.24-2.28 (m, 2 H), 2.40-2.44 (m, 2 H), 6.82 (ddd, 1 H, J = 8.1, 8.1, 1.2 Hz), 6.89-6.91 (m, 1 H), 

7.35 (ddd, 1 H, J = 8.1, 8.1, 1.2 Hz), 7.76 (dd, 1 H, J = 8.1, 1.2 Hz), 7.84 (br, 1 H), 8.36 (dd, 1 H, 

J = 8.1, 1.2 Hz); 13C NMR (100 MHz, CDCl3) δ 21.4, 22.2, 24.4, 25.7, 89.9, 121.6, 125.6, 129.3, 

133.5, 135.6, 138.4, 138.7, 166.2. All data are in agreement with the literature values.8b  

 

N-(2-Iodophenyl)-N-methyl-1-cyclohexene-1-carboxamide (5-85)8b  

 
A suspension of N-(2-iodophenyl)-1-cyclohexene-1-carboxamide 5-90 (607 mg, 1.85 mmol) 

and NaH (259 mg, 60 % dispersion in mineral oil, 6.48 mmol) in dry DMF (23 mL) was stirred 

at room temperature for 30 min. A solution of MeI (0.13 mL, 1.85 mmol) in dry DMF (13 mL) 

was added to the resulting mixture and the whole solution was stirred at room temperature for 

another 1 h. Then, the reaction mixture was diluted with ether and washed with brine, dried over 
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MgSO4. The drying agent was removed by filtration and the remaining solution was concentrated 

in vacuo to afford crude 5-85. This crude product was further purified by column 

chromatography on silica gel (hexanes/EtOAc = 5:1) to give pure 5-85 as a white solid (592 mg, 

94 %): 1H NMR (400 MHz, CDCl3) δ 1.36-1.50 (m, 4 H), 1.78-2.15 (m, 4 H), 3.22 (s, 3 H), 5.88 

(br, 1 H), 6.97 (ddd, 1 H, J = 7.6, 7.6, 1.6 Hz), 7.14 (d, 1 H, J = 7.6 Hz), 7.33 (dd, 1 H, J = 7.6, 

7.6 Hz), 7.86 (dd, 1 H, J = 7.6, 1.6 Hz); 13C NMR (100 MHz, CDCl3) δ 21.4, 22.0, 24.9, 25.9, 

36.9, 99.1, 128.9, 129.2, 129.3, 132.3, 134.1, 140.0, 172.4. All data are in agreement with the 

literature values.8b  

 

General procedure for asymmetric Heck reaction of 5-858b  

 
Cationic Pathway: 

A mixture of Pd(OAc)2 (0.006 mmol), monophosphoramidite ligand (0.018 mmol), and 

Ag2CO3 (0.12 mmol) in dry DMF (0.35 mL) was stirred at room temperature for 30 min. To this 

mixture was added carboxamide 5-85 (0.06 mmol) in dry DMF (0.40 mL) and the resulting 

mixture was heated to 80 oC for 1.5 h. The reaction mixture was diluted with ether and filtrated 

through Celite to remove salts and excess Ag2CO3. The solution was washed with sat. NaHCO3 

and brine, and dried over MgSO4. The drying agent was removed by filtration and the remaining 

solution was concentrated in vacuo to afford crude cyclization products 5-21 and 5-22. The 

conversion and regioselectivity of 5-21 and 5-22 were determined by 1H NMR. The crude 

products were then passed through flash silical gel column and submitted to chiral HPLC 

analysis (OD-H or OJ column, eluent: Hexane:IPA=99.5:0.5) to give enantiopurity of both 

isomers. 

 

Neutral Pathway:  

A mixture of Pd2(dba)3 CHCl3 (0.003 mmol) and monophosphoramidite ligand (0.018 mmol) 

in dry DMF (0.35 mL) was stirred at room temperature until the color of solution turned red. To 

this mixture were added PMP (0.3 mmol) and carboxamide 9 (0.06 mmol) in dry DMF (0.40 mL) 
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and the resulting mixture was heated to 80 oC for 1.5 h. The reaction mixture was diluted with 

Et2O and filtered through Celite to remove salts. The filtrate was washed with sat. NaHCO3 and 

brine, and dried over MgSO4. The drying agent was removed by filtration and the remaining 

solution was concentrated in vacuo to afford crude cyclization products 5-21 and 5-22. The 

conversion and regioselectivity of 5-21 and 5-22 were determined by 1H NMR. The crude 

products were then passed through flash silical gel column and submitted to chiral HPLC 

analysis (OD-H or OJ column, eluent: Hexane:IPA=99.5:0.5) to give enantiopurity of both 

isomers. 

 

Synthesis of chiral biphenol and oxazoline-based phosphite-oxazoline ligands 

 

 
D-Valinol [(R)-5-94a]28  

To a solution of D-Valine (R)-5-93a (4.95 g, 47.2 mmol) and NaBH4 (3.89 g, 102.7 mmol) 

in THF (108 mL) was added slowly a solution of iodine (10.9 g, 47.2 mmol) in THF (40 mL) at 0 
oC over 15 min. The reaction mixture was then heated to reflux for another 20 h. After cooling 

the reaction mixture to room temperature, THF was removed under reduced pressure and 20% 

KOH (100 mL) was added and stir for 4 h at room temperature. The aqueous mixture was 

extracted with DCM (100 mLx3). The combined organic layer was washed with brine and dried 

over MgSO4. The drying agent was removed by filtration and the remaining solution was 

concentrated in vacuo to afford crude oil (R)-5-94a. This crude product was further purified by 

distillation (52 oC/0.5 mmHg) to give pure (R)-5-94a as a white solid (2.50 g, 64%): mp 31-32 oC 

(lit.28 31-32 oC); [α]D
23 -17.3 (EtOH, 1.2); 1H NMR (300 MHz, CDCl3) δ 0.91 (m, 6H), 1.57 (m, 

1H), 2.00 (br, 3H), 2.55 (m, 1H), 3.29 (dd, J = 6.6, 8.1 Hz, 3H), 3.63 (dd, J = 3.0, 8.1 Hz, 2H). 

All data are in agreement with the literature values.28 

 

L-Valinol [(S)-5-94a]28 

The compound (S)-5-94a was synthesized in the same manner as that described for 

(R)-5-94a. White solid (61% yield); mp 31-32 oC (lit.28 31-32 oC); [α]D
23 +14.6 (EtOH, 0.8); 1H 
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NMR (300 MHz, CDCl3) δ 0.91 (m, 6H), 1.57 (m, 1H), 2.00 (br, 3H), 2.55 (m, 1H), 3.29 (dd, J = 

6.6, 8.1 Hz, 3H), 3.63 (dd, J = 3.0, 8.1 Hz, 2H). All data are in agreement with the literature 

values.28  

 

L-Phenylglycine [(S)-5-94b]28 

The compound (S)-5-94b was synthesized in the same manner as that described for 

(R)-5-94a. The crude oil (S)-5-94b was recrystallized from toluene to give a pure white solid 

(70% yield): mp 76-78 oC (lit.28 75-76 oC); [α]D
22 +30.9 (1N HCl, 1.4); 1H NMR (300 MHz, 

CDCl3) δ 2.79 (br, 3H), 3.52 (m, 1H), 3.68 (m, 1H), 3.99 (m, 1H). All data are in agreement with 

the literature values.28 

 

 
(S)-4,5-Dihydro-α,α-dimethyl-4-isopropyloxazole-2-ethanol [(S)-5-91a]26 

2-Hydroxy-2-methylpropanoic acid (5-95) (2.75 g, 26.4 mmol) and the L-valinol [(S)-5-94a] 

(2.75 g, 26.7 mmol) were dissolved in p-xylene (70 mL) (complete dissolution occurred during 

heating) and heated to reflux in a Dean-Stark apparatus (oil-bath temp. 180 oC). After water 

formation stopped (ca. 28-30 h). The mixture was cooled to room temperature and the solvent 

was removed under reduced pressure. The yellow crude liquid was further purified by flash 

column chromatography on silica gel (hexanes/EtOAc = 7:3) to afford pure (S)-5-91a as 

colorless oil at room temperature (white solid was formed in a refrigerator) (830 mg, 18% yield): 

[α]D
22 -69.1 (DCM, 1.2); 1H NMR (300 MHz, CDCl3) δ 0.86 (d, J = 6.8 Hz, 3H), 0.92 (d, J = 6.8 

Hz, 3H), 1.42 (s, 6H), 1.72-1.77 (m, 1H), 3.30 (br, 1H), 3.89-3.95 (m, 1H), 4.05-4.11 (m, 1H), 

4.29-4.34 (m, 1H). All data are in agreement with the literature values.26 

 

(R)-4,5-Dihydro-α,α-dimethyl-4-isopropyloxazole-2-ethanol [(R)-5-91a]26 

The compound (R)-5-91a was synthesized in the same manner as that described for 

(S)-5-91a. White solid (15% yield): mp 31-32 oC (lit.26 31-32 oC); [α]D
23 +59.5 (DCM, 0.4); 1H 

NMR (300 MHz, CDCl3) δ 0.86 (d, J = 6.8 Hz, 3H), 0.92 (d, J = 6.8 Hz, 3H), 1.42 (s, 6H), 
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1.72-1.77 (m, 1H), 3.30 (br, 1H), 3.89-3.95 (m, 1H), 4.05-4.11 (m, 1H), 4.29-4.34 (m, 1H). All 

data are in agreement with the literature values.26 

 

 
(+)-{2-[(4'S)-(4'-Isopropyloxazolin-2'-yl)]-2-methylethyl[(S)-5,5',6,6'-tetramethylbiphenyl-2,

2'-diyl]phosphate [(S,S)-PN-L1a] 

In a dry 5 mL Schlenk tube under nitrogen, (S)-5,5’,6,6’-tetramethyl-1,1’-biphenyl-2,2’-diol 

(144 mg, 0.590 mmol) was dissolved in PCl3 (1.0 mL). The mixture was heated to reflux for 6 h. 

Afterwards the reaction mixture was cooled to room temperature and excess PCl3 and HCl were 

removed under reduced pressure. The crude product was characterized by 31P NMR, which 

showed exclusively one peak at 171.3 ppm for the chlorophosphite; no peak at 210 ppm for PCl3 

was observed. In a second 10 mL round-bottomed flask, DMAP (7.2 mg, 0.052 mmol) and Et3N 

(0.34 mL, 2.6 mmol) and (S)-4,5-dihydro-α,α-dimethyl-4-isopropyloxazole-2-ethanol [(S)-5-91a] 

(88 mg, 0.52 mmol) were dissolved in dry THF (2.5 mL). The chlorophosphite in THF (1 mL) 

was added slowly over 5 min by syringe at 0 oC. The reaction mixture was allowed to warm to 

room temperature and stirred for 20 h. The salt was removed and then THF was evaporated 

under reduced pressure to give the crude oil (S,S)-PN-L1a. Further purification by flash column 

chromatography on silica gel [(Neutralized by 1% NEt3) hexanes/EtOAc = 15:1-10:1] afforded 

pure (S,S)-PN-L1a as a sticky solid (140 mg, 62% yield): [α]D
23 +92.3 (DCM, 0.52); 1H NMR 

(400 MHz, CDCl3) δ 0.89 (d, J = 6.8Hz, 3H), 0.97 (d, J = 6.8 Hz, 3H), 1.66 (s, 3H), 1.70 (s, 3H), 

1.76-1.84 (m, 1H), 1.99 (s, 3H), 2.01 (s, 3H), 2.27 (s, 3H), 2.28 (s, 3H), 3.97-4.03 (m, 1H), 

4.08-4.12 (m, 1H), 4.31-4.36 (m, 1H), 6.87 (d, J = 6.0 Hz, 1H), 6.99 (d, J = 6.0 Hz, 1H), 7.09 (d, 

J = 6.0 Hz, 1H), 7.12 (d, J = 6.0 Hz, 1H); 31P NMR (162 MHz, CDCl3): δ 145.3; HRMS (EI+) 
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calcd. For C25H32NO4P [M]+ 441.2069, found 441.2068 (Δ = -0.1 ppm).  

 

(+)-{2-[(4'S)-(4'-Isopropyloxazolin-2'-yl)]-2-methylethyl}[(S)-3,3'-dimethyl-5,5',6,6'-tetrame

thylbiphenyl-2,2'-diyl]phosphate [(S,S)-PN-L1b] 

Compound (S,S)-PN-L1b was synthesized in the same manner as that described for 

(S,S)-PN-L1a. White, foam-like solid (57% yield): [α]D
23 +173.3 (DCM, 0.45); 1H NMR (300 

MHz, CDCl3): δ 0.87 (d, J = 6.6 Hz, 3H), 0.95 (d, J = 6.6 Hz, 3H), 1.66 (s, 3H), 1.69 (s, 3H), 

1.76-1.84 (m, 1H), 1.93 (s, 3H), 1.96 (s, 3H), 2.23 (s, 3H), 2.24 (s, 3H), 2.31 (s, 3H), 2.32 (s, 3H), 

3.97-4.12 (m, 2H), 4.28-4.36 (m, 1H), 6.99 (s, 1H), 7.01 (s, 1H); 31P NMR (121.5 MHz, CDCl3) 

δ 140.9; HRMS (EI+) calcd. For C27H36NO4P [M]+ 469.2382, found 469.2382 (Δ = 0.0 ppm). 

 

(+)-{2-[(4'S)-(4'-Isopropyloxazolin-2'-yl)]-2-methylethyl}[(S)-3,3'-diphenyl-5,5',6,6'-tetrame

thylbiphenyl-2,2'-diyl]phosphate [(S,S)-PN-L1c] 

Compound (S,S)-PN-L1c was synthesized in the same manner as that described for 

(S,S)-PN-L1a. White, foam-like solid (25% yield): [α]D
23 +266.7 (CHCl3, 0.3); 1H NMR (300 

MHz, CDCl3) δ 0.69 (d, J = 6.6 Hz, 3H), 0.78 (d, J = 6.6 Hz, 3H), 0.84 (s, 3H), 1.07 (s, 3H), 

1.56-1.64 (m, 1H), 2.07 (s, 3H), 2.11 (s, 3H), 2.33 (s, 3H), 2.35 (s, 3H), 3.60-3.66 (m, 3H), 

7.20-7.60 (m, 12H); 31P NMR (121.5 MHz, CDCl3) δ 142.4; HRMS (EI+) calcd. For 

C37H40NO4P [M]+ 593.2695, found 593.2695 (Δ = 0.0 ppm). 

 

(+)-{2-[(4'S)-(4'-Isopropyloxazolin-2'-yl)]-2-methylethyl}[(S)-3,3'-dibromo-5,5',6,6'-tetrame

thylbiphenyl-2,2'-diyl]phosphate [(S,S)-PN-L1d] 

Compound (S,S)-PN-L1d was synthesized in the same manner as that described for 

(S,S)-PN-L1a. White, foam-like solid (34% yield): [α]D
22 +257.9 (CHCl3, 0.4); 1H NMR (300 

MHz, CDCl3) δ 0.88 (d, J = 6.6 Hz, 3H), 0.96 (d, J = 6.6 Hz, 3H), 1.64 (s, 3H), 1.80-1.85 (m, 

1H), 1.88 (s, 3H), 1.92 (s, 3H), 1.93 (s, 3H), 2.25 (s, 3H), 2.27 (s, 3H), 3.98-4.04 (m, 1H), 

4.11-4.16 (m, 1H), 4.33-4.39 (m, 1H), 7.39 (s, 1H), 7.41 (s, 1H); 31P NMR (121.5 MHz, CDCl3) 

δ 143.9; HRMS (EI+) calcd. For C25H30NO4Br2P [M]+ 597.0279, found 597.0277 (Δ = -0.3 

ppm). 

 

(-)-{2-[(4'S)-(4'-Isopropyloxazolin-2'-yl)]-2-methylethyl}[(R)-3,3'-dimethyl-5,5',6,6'-tetrame
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thylbiphenyl-2,2'-diyl]phosphate [(R,S)-PN-L1b] 

Compound (R,S)-PN-L1b was synthesized in the same manner as that described for 

(S,S)-PN-L1a. White, foam-like solid (50% yield): [α]D
23 -237.5 (CHCl3, 0.4); 1H NMR (300 

MHz, CDCl3) δ 0.87 (d, J = 6.6 Hz, 3H), 0.95 (d, J = 6.6 Hz, 3H), 1.66 (s, 3H), 1.69 (s, 3H), 

1.76-1.84 (m, 1H), 1.93 (s, 3H), 1.96 (s, 3H), 2.23 (s, 3H), 2.24 (s, 3H), 2.31 (s, 3H), 2.32 (s, 3H), 

3.97-4.12 (m, 2H), 4.28-4.36 (m, 1H), 6.99 (s, 1H), 7.01 (s, 1H); 31P NMR (121.5 MHz, CDCl3) 

δ 141.4; HRMS (EI+) calcd. For C27H36NO4P [M]+ 469.2382, found 469.2382 (Δ = 0.0 ppm). 

 

(-)-{2-[(4'S)-(4'-Isopropyloxazolin-2'-yl)]-2-methylethyl}[(R)-3,3'-diphenyl-5,5',6,6'-tetrame

thylbiphenyl-2,2'-diyl]phosphate [(R,S)-PN-L1c] 

Compound (R,S)-PN-L1c was synthesized in the same manner as that described for 

(S,S)-PN-L1a. White, foam-like solid (46% yield): [α]D
23 -120.0 (CHCl3, 0.45); 1H NMR (300 

MHz, CDCl3) δ 0.69 (d, J = 6.6 Hz, 3H), 0.78 (d, J = 6.6 Hz, 3H), 0.84 (s, 3H), 1.07 (s, 3H), 

1.56-1.64 (m, 1H), 2.07 (s, 3H), 2.11 (s, 3H), 2.33 (s, 3H), 2.35 (s, 3H), 3.60-3.66 (m, 3H), 

7.20-7.60 (m, 12H); 31P NMR (121.5 MHz, CDCl3) δ 142.8; HRMS (EI+) calcd. For 

C37H40NO4P [M]+ 593.2695, found 593.2689 (Δ = -0.6 ppm). 

 

(-)-{2-[(4'S)-(4'-Isopropyloxazolin-2'-yl)]-2-methylethyl}[(R)-3,3'-dibromo-5,5',6,6'-tetramet

hylbiphenyl-2,2'-diyl]phosphate [(R,S)-PN-L1d] 

Compound (R,S)-PN-L1d was synthesized in the same manner as that described for 

(S,S)-PN-L1d. White, foam-like solid (33% yield): [α]D
24 -343.8 (DCM, 0.3); 1H NMR (300 

MHz, CDCl3) δ 0.88 (d, J = 6.6 Hz, 3H), 0.96 (d, J = 6.6 Hz, 3H), 1.64 (s, 3H), 1.80-1.85 (m, 

1H), 1.88 (s, 3H), 1.92 (s, 3H), 1.93 (s, 3H), 2.25 (s, 3H), 2.27 (s, 3H), 3.98-4.04 (m, 1H), 

4.11-4.16 (m, 1H), 4.33-4.39 (m, 1H), 7.39 (s, 1H), 7.41 (s, 1H); 31P NMR (121.5 MHz, CDCl3) 

δ 144.1; HRMS (EI+) calcd. For C25H30NO4Br2P [M]+ 597.0279, found 597.0281 (Δ = 0.2 ppm). 

 

2-Hydroxybenzonitrile (5-97)21 

 
To a suspension of 2-hydroxybenzamide 5-96 (3.01 g, 21.9 mmoli) in a mixture of 
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water:acetonitrile (1:1, 180 mL) was added PdCl2 (383 mg, 2.19 mmol). The orange suspension 

was heated at 50°C for 24 h. Acetonitrile was evaporated under reduced pressure and aqueous 

layer was extracted with DCM (3x). The combined organic layer was washed with brine and 

dried over MgSO4. The drying agent was removed by filtration and the remaining solution was 

concentrated in vacuo to afford crude solid 5-97. The yellow crude solid was further purified by 

flash column chromatography on silica gel (hexanes/EtOAc = 9:1-1:1) to afford pure 5-97 as a 

white solid (1.72 g, 66% yield): mp 75-77 oC (lit.21 75-77 oC); 1H NMR (400 MHz, CDCl3) δ 

6.60 (br, 1H), 6.96-7.03 (m, 2H), 7.45-7.52 (m, 2H); 13C NMR (100 MHz, CDCl3) δ 99.4, 116.3, 

116.6, 120.9, 132.9, 134.8, 158.6. All data are in agreement with the literature values.21 

 

 
(S)-2-(4-Isopropyl-4,5-dihydrooxazol-2-yl)phenol [(S)-5-92a] 

2-Hydroxybenzonitrile 5-97 (315 mg, 2.64 mmol), L-valinol [(S)-5-94a] (331 mg, 3.21 

mmol), and ZnCl2 (14.4 mg, 0.104 mmol) were placed in a 10 mL round-bottomed flask. Dry 

toluene (4 mL) was added in the flask. The reaction mixture was then heated to reflux for 24 h. 

After the reaction mixture was cooled to room temperature, Et2O was added and the organic 

layer was washed with water (5x). The organic layer was washed with brine and dried over 

MgSO4. The drying agent was removed by filtration and the remaining solution was concentrated 

in vacuo to afford crude (S)-5-92a as yellow oil. Further purification by flash column 

chromatography on silica gel (hexanes/EtOAc = 9:1) afforded pure (S)-5-92a as pale yellow oil 

(449 mg, 83%): [α]D
22 -30.8 (CHCl3, 2.3); 1H NMR (400 MHz, CDCl3) δ 0.95 (d, J = 6.8 Hz, 

3H), 1.02 (d, J = 6.8 Hz, 3H), 1.75-1.85 (m, 1H), 4.05-4.15 (m, 2H), 4.40-4.50 (m, 1H), 6.86 (t, J 

= 8.4 Hz, 1H), 7.00 (d, J = 8.4 Hz, 1H), 7.36 (t, J = 8.4 Hz, 1H), 7.62 (d, J = 8.4 Hz, 1H), 12.4 (s, 

1H); 13C NMR (100 MHz, CDCl3) δ 18.5, 18.6, 32.9, 69.8, 71.5, 110.6, 116.6, 118.5, 127.9, 

133.2, 159.9, 165.0. All data are in agreement with the literature values. 

 

(R)-2-(4-Isopropyl-4,5-dihydrooxazol-2-yl)phenol [(R)-5-92a] 

Compound (R)-5-92a was synthesized in the same manner as that described for (S)-5-92a. 

Pale yellow oil (81% yield): [α]D
22 +46.3 (CHCl3, 1.6); 1H NMR (400 MHz, CDCl3) δ 0.95 (d, J 
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= 6.8 Hz, 3H), 1.02 (d, J = 6.8 Hz, 3H), 1.75-1.85 (m, 1H), 4.05-4.15 (m, 2H), 4.40-4.50 (m, 1H), 

6.86 (t, J = 8.4 Hz, 1H), 7.00 (d, J = 8.4 Hz, 1H), 7.36 (t, J = 8.4 Hz, 1H), 7.62 (d, J = 8.4 Hz, 

1H), 12.4 (s, 1H); 13C NMR (100 MHz, CDCl3) δ 18.5, 18.6, 32.9, 69.8, 71.5, 110.6, 116.6, 

118.5, 127.9, 133.2, 159.9, 165.0. All data are in agreement with the literature values. 

 

(S)-2-(4-Phenyl-4,5-dihydrooxazol-2-yl)phenol [(S)-5-92b] 

The compound (S)-5-92b was synthesized in the same manner as that described for 

(S)-5-92a. Pale yellow oil (63% yield): [α]D
22 +83.0 (CHCl3, 1.1); 1H NMR (400 MHz, CDCl3) δ 

4.24 (t, J = 8.4 Hz, 1H), 4.80 (dd, J = 8.4, 10.0 Hz, 1H), 5.47 (dd, J = 8.4, 10.0 Hz, 1H), 6.91 (t, 

J = 8.0 Hz, 1H), 7.05 (d, J = 8.0 Hz, 1H), 7.29-7.40 (m, 5H), 7.73 (d, J = 8.0 Hz, 1H), 12.2 (s, 

1H); 13C NMR (100 MHz, CDCl3) δ 68.8, 73.9, 110.4, 116.8, 118.7, 126.5, 127.8, 128.2, 128.8, 

133.6, 141.5, 160.0, 166.3. All data are in agreement with the literature values. 
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§ 6.1 Introduction of chiral phosphoric acid for asymmetric 

organocatalysis 
Chiral phosphoric acid derived from chiral BINOL has first been used as an organocatalyst 

by Akiyama,1 Uraguchi, and Terada2 groups independently in 2004. They developed a 

BINOL-based phosphoric acid library as a novel and easily accessible chiral Brønsted acid 

catalyst system. After this breakthrough, many groups have explored numerous asymmetric 

transformations such as Friedel-Crafts reactions,3 Diels-Alder reactions,4 and nucleophilic 

addition of imine5 utilizing this catalyst system and found that phosphoric acids are actually 

bifunctional catalysts which possess a Brønsted acidic site and a Lewis basic site (Figure 6-1). 

Moreover, like BINOL or biphenol-based phosphoramidite and diphosphonite ligands that we 

mentioned in the previous chapters, 3, 3’ substituents of BINOL for phosphoric acids are also 

crucial for controlling enantioselectivity and reactivity due to their steric and electronic 

properties. 

 
Figure 6-1. Chiral BINOL-based phosphoric acids 

 

In addition to chiral BINOL-based phosphoric acids, several novel phosphoric acids with 

different backbones have also been reported and proven to be highly efficient for several 

asymmetric transformations such as Mannich-type reactions and transfer hydrogenations (Figure 

6-2).6 
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Figure 6-2. Other novel chiral phosphoric acids 

 

§ 6.2 Results and discussion 
Several different biphenol-based phosphorus ligand libraries which gave comparable or 

even better enantioselectivities comparing to BINOL-based phosphorus ligands have been 

developed in the Ojima laboratory.7 As a result, according to previously successful experiences 

and encouraging results reported by other research groups mentioned above, the development of 

novel enantiopure biphenol-based phosphoric acids has its significance and is worth to be done.  

Described here is the synthesis of chiral biphenol-based phosphoric acids with various 3,3’ 

substituents and the evaluation of asymmetric efficacy of these phosphoric acids through the 

desymmetrization of meso-1,3-diones for which BINOL-based phosphoric acids gave up to 92% 

ee.8  

 

§ 6.2.1 Synthesis of chiral biphenol-based phosphoric acids  
With various chiral biphenols in hand, a library of chiral bipenol-based phosphoric acids 

(Figure 6-3) can be synthesized according to literature procedures for the synthesis of 

BINOL-based phosphoric acids with some modifications (Scheme 6-1).2, 9  

 

Scheme 6-1. General procedure for the synthesis of chiral bipenol-based phosphoric acids 
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Figure 6-3. Chiral biphenol-based phosphoric acids 
 

For the synthesis of chiral phosphoric acids bearing less bulky substituents on the 3, 3’ 

positions of the biphenol, i.e. PA-1a~1c, 2a, and 3a, their corresponding biphenols were first 

treated with phosphoryl chloride in pyridine at room temperature for several hours and followed 

by the hydrolysis using water at room temperature to give desired phosphoric acids in 50 to 90% 

yields after recrystallization in DCM/hexanes. In the syntheses of PA-1d~1f, which possessing 

bulky groups on the 3, 3’ positions of the biphenol, harsher conditions are necessary. Reflux 

temperature was mandatory in the first step to push the reaction to completion. In the hydrolysis 

step, phosphoric acids PA-1d and 1f form in decent yield using water at 95 oC for 24 hours. 

However, the above conditions were not harsh enough to introduce PA-1e. In this case, 12 M 

NaOH(aq) was utilized as the hydrolysis reagent at 60 oC for 5 hours, and the desired phosphoric 

acid can be obtained in 80% yield after column chromatography.2, 9 

 

§ 6.2.2 The Application of chiral biphenol-based phosphoric acids in the 

desymmetrization of meso-1,3-diones 
§ 6.2.2.1 Synthesis of substrates 6-2a~c 

Substrates 6-2a~c were prepared following literature procedures8, 10 to evaluate the efficacy 

of the chiral biphenol-based phosphoric acids (Scheme 6-2). According to literature procedure, 

compound 6-2a can be obtained in excellent yield starting from 2-methylcyclohexane-1,3-dione 

6-1 treated with methyl vinyl ketone in the presence of catalytic amount of triethylamine at room 
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temperature for 2 hours. However, due to the impurity which is most likely the oligomer of 

MVK in the original bottle, poor conversion was observed after 2.5 hours at room temperature. 

As a result, another 0.9 equivalent of distilled MVK and also 0.3 equivalent of triethylamine 

were added in the reaction mixture and 6-2a can be obtained in decent yield. For the synthesis of 

6-2b, which is an allylic substituted triketone, cyclohexane-1,3-dione 6-3 was reacted with allyl 

bromide in the presence of 5 mol% copper powder and 20% KOH(aq) at room temperature for 24 

hours to introduce 2-allylcyclohexane-1,3-dione 6-4 which is followed by 1,4 conjugate addition 

using the procedure described above to give 6-2b in 85% isolated yield. To introduce 6-2c, 

dimethyl phthalate 6-5 was first reacted with methyl propionate in the presence of sodium 

hydride and dibutyl ether to give desired diketone intermediate 6-6 and followed by 1,4 

conjugate addition to give 6-1c in good yield after two steps.    
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Scheme 6-2. Synthesis of substrates 6-2a to 6-2c8, 10 
 

§ 6.2.2.2 Evaluation of the efficacy of chiral biphenol-based phosphoric acids in 

desymmetrization of meso-1,3-diones 

With substrates 6-2a~c in hand, the reaction using the library of chiral biphenol-based 

phosphoric acids were screened and results are summarized in Table 6-1 to 6-3. In Table 6-1, 

PA-1a~e, 2a and 3a were used to screen the desymmetrization of 6-2a. No obvious trend for the 

increase of enantioselectivity was observed with the increase of bulkiness of the substituent on 
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the on the 3, 3’ positions of the biphenol (entries 1-4). However, if the substituent of the 3, 3’ 

positions of the biphenol becomes really bulky such as triphenyl silyl and 2,4,6-triisopropyl 

phenyl groups, the enantioselectivity did increase dramatically and was up to 82% which is 

comparable to the result from the literature using chiral binol-based phosphoric acid with 

2,4,6-triisopropyl phenyl on the the 3, 3’ positions of the binol (entries 5-7).8 The use of benzyl 

or ethynyl phenyl group did not help much in enantioselectivity (entries 8 and 9). For the solvent 

screening, hexanes is better than toluene in enantioselectivity but poorer in reactivity 

(dehydration to non-dehydration product ratio) (entries 1, 5 and 6).  

 

Table 6-1. Screening of PA catalysts 1a~f, 2a and 3a for the desymmetrization of 6-2a 

 

Entry Catalyst Temp (oC) Solvent Conv. %a 6-7 (%)a %ee 

1 (R)-PA-1a 70 Hexanes 100 80 12.2 (R) 

2 (R)-PA-1b 90 Toluene 100 >95 22.4 (R) 

3 (R)-PA-1c 90 Toluene 100 >95 rac 

4 (R)-PA-1d 90 Toluene 100 >95 21.0 (R) 

5 (S)-PA-1e 90 Toluene 100 >95 77.0 (S) 

6 (S)-PA-1e 70 Hexanes 100 84 82.2 (S) 

7 (R)-PA-1f 90 Toluene 100 >95 51.1 (R) 

8 (S)-PA-2a 90 Toluene 100 >95 20.8 (S) 

9 (S)-PA-3a 90 Toluene 100 >95 rac 
aDetermined by GC-MS.  

  

As shown in Table 6-2, PA-1e, the best catalyst in Table 6-1, was employed for the 
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desymmetrization of 6-2b and 77% ee was obtained which is comparable to the result of using 

6-2a as the starting substrate (Table 6-1, entry 5 and Table 6-2, entry 1).  In the study of 

desymmetrization of 6-2c, the combination of PA-1e and hexanes gave the best result which is 

also comparable to what they got in the literature (entry 2).8  

 

Table 6-2. Use of PA-1e for the desymmetrization of 6-2b 

 

Entry Catalyst Conv. % a 6-9 (%)a %ee 

1 (S)-PA-1e 100 >95 77.1 (+) 
aDetermined by GC-MS.  

 

Table 6-3. Screening of PA catalysts 1e and 1f for the desymmetrization of 6-2c 

(10 mol%)

solvent (0.1 M)
70 oC, 48 h

O
O

P OH
O

R

R

6-2c

O

*

O

O O
6-11  

Entry Catalyst Solvent Conv. %a 6-11 (%)a %ee 

1 (S)-PA-1e Toluene 88 >95 90.6 (+) 

2 (S)-PA-1e Hexanes 100 >95 90.8 (+) 

3 (R)-PA-1f Toluene 100 >95 71.6 (-) 
aDetermined by GC-MS.  

 

§ 6.3 Conclusions 
A library of chiral biphenol-based phosphoric acids was successfully developed and its 
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asymmetric efficacy was evaluated by desymmetrization of meso-1,3-diones. Among those chiral 

phosphoric acids, PA-1e bearing 2,4,6-triisopropyl phenyl group on the 3,3’ positions of the 

biphenol gave the best ee in all three cases which is comparable to results from the literature 

using chiral binol-based phosphoric acid with 2,4,6-triisopropyl phenyl on the the 3,3’ positions 

of the binol.8 Further investigations in other asymmetric organocatalytic reactions catalyzed by 

our catalyst library are underway in our laboratory.   

   

§ 6.4 Experimental section 
General Methods: 1H and 13C and 31P NMR were measured on a Varian Inova-500 NMR (500 

MHz 1H, and 125 MHz 13C), a Varian Inova-400 NMR (400 MHz 1H; 100 MHz 13C; 162 MHz 
31P) or a Varian Gemini-2300 (300 MHz 1H; 75 MHz 13C; 121.5 MHz 31P) spectrometer in a 

deuterated solvent using residual protons (CHCl3: 1H, 7.26 ppm; 13C, 77.0 ppm. C6H6: 1H, 7.15 

ppm) as the internal standard or phosphoric acid as the external reference (31P 0.00 ppm). 

Analytical HPLC in reverse phase was carried out with a Shimadzu LC-2010A HPLC system 

using a Chiralpak AD-RH analytical column. Melting points were measured on a Thomas 

Hoover Capillary melting point apparatus and are uncorrected. Optical rotations were measured 

on a Perkin-Helmer Model 241 polarimeter. TLC analyses were performed using Merck DC 

Alufolien 60F254 aluminum pre-coated silica gel plates. Flash column chromatography was 

carried out using Silicyle SiliaFlashP60® silica gel (particle size 40–63 μm). High-resolution 

mass spectrometric analyses were carried out at Mass Spectrometry Laboratories, University of 

Illinois Urbana-Champaign, Urbana, IL and ICB&DD at Stony Brook University. Unless 

otherwise noted all reactions were carried out under argon or nitrogen atmosphere in oven-dried 

glassware using standard Schlenck techniques. 

Materials: Solvents were reagents grade and freshly distilled before use. Tetrahydrofuran (THF) 

and dichloromethane (DCM) were dried and degassed using an Innovative Technology 

PureSolvTM solvent purification system. Acetonitrile was distilled from calcium hydride. 

Anhydrous N,N-dimethylformamide (DMF) was purchased from Acros and used without further 

purification. Other solvents were used without purification. Other chemicals and reagents were 

purchased from Sigma-Aldrich or Fisher Scientific and used without further purification unless 

otherwise noted. Chiral biphenols were prepared according to the procedure previously reported 

by our laboratory.7   
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General procedure for the synthesis of chiral biphenol-based phosphoric acids2, 9 

 

Synthesis of (R)-PA-1a~1c, (S)-2a, and (S)-3a 

To a stirred solution of chiral biphenol 1-27 (1.00 mmol) in anhydrous pyridine (3 mL) was 

added POCl3 (183 μL, 2.00 mmol) dropwise at 0 oC. The mixture was warmed up to room 

temperature and then stirred under room temperature until TLC indicated the completion of the 

reaction. To the reaction mixture was added water (2 mL) dropwise at room temperature and the 

reaction was stirred at the same temperature for 18 h. The reaction was quenched with 1 M HCl 

(10 mL) and the aqueous layer was separated and extracted with Et2O (15 mL x4). The combined 

organic layer was washed with brine and dried over anhydrous MgSO4. The drying agent was 

removed by filtration and the solvent was concentrated in vacuo to afford the crude product as a 

white foam. The recrystallizatoin of the white foam from DCM/hexanes gave pure chiral 

biphenol-based phosphoric acids as an off-white solid. 

 

(R)-PA-1a: white solid (42% yield); [α]D
20 -96.5 (CH2Cl2, c 1.13); 1H NMR (400 MHz, 

d-DMSO) δ 1.99 (s, 6H), 2.28 (s, 6H), 7.01 (d, J =8.0 Hz, 2H), 7.26 (d, J =8.0 Hz, 2H); 13C 

NMR (100 MHz, d-DMSO) 17.2, 19.8, 118.2, 127.2, 130.1, 134.0, 136.9, 147.0; 31P NMR 

(121.5 Hz, CDCl3) δ 3.95; HRMS (ESI-) calcd. For C16H16O4P [M-H]- 303.0786, found 

303.0790 (Δ = 1.3 ppm). 

 

(R)-PA-1b: white solid (71% yield); [α]D
20 -173.6 (CH2Cl2, c 1.06); 1H NMR (400 MHz, 

CDCl3) δ 1.93 (s, 6H), 2.20 (s, 6H), 2.31 (s, 6H), 6.95 (s, 2H), 7.61 (br, 1H); 13C NMR (100 MHz, 

CDCl3) 16.2, 17.1, 20.0, 126.9, 127.8, 131.5, 133.1, 134.0, 145.9; 31P NMR (121.5 Hz, CDCl3) δ 

3.57; HRMS (ESI-) calcd. For C18H20O4P [M-H]- 331.1099, found 331.1105 (Δ = 1.8 ppm). 

 

(R)-PA-1c: white solid (75% yield); [α]D
20 -177.5 (CH2Cl2, c 1.02); 1H NMR (400 MHz, 
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CDCl3) δ 2.09 (s, 6H), 2.34 (s, 6H), 7.09-7.21 (m, 8H), 7.40-7.60 (m, 4H); 13C NMR (100 MHz, 

CDCl3) 17.4, 20.2, 126.9, 127.9, 128.2, 129.5, 131.5, 134.0, 136.5, 137.2, 143.7; 31P NMR 

(121.5 Hz, CDCl3) δ 1.52; HRMS (ESI-) calcd. For C28H24O4P [M-H]- 455.1412, found 

455.1419 (Δ = 1.5 ppm). 

 

(S)-PA-2a: white solid (97% yield); [α]D
20 +204.1 (CH2Cl2, c 1.45); 1H NMR (400 MHz, 

CDCl3) δ 1.94 (s, 6H), 2.17 (s, 6H), 3.95 (d, J = 12.8 Hz, 2H), 4.28 (d, J = 12.8 Hz, 2H), 6.84 (s, 

2H), 7.10-7.20 (m, 10H), 7.40 (br, 1H); 13C NMR (100 MHz, CDCl3) 17.2, 20.1, 35.4, 125.6, 

128.0, 128.1, 129.3, 130.0, 130.9, 133.4, 140.7, 145.5; 31P NMR (121.5 Hz, CDCl3) δ 3.72; 

HRMS (ESI-) calcd. For C30H28O4P [M-H]- 483.1731, found 483.1731 (Δ = 0.0 ppm). 

 

(S)-PA-2b: light yellow solid (97% yield); [α]D
20 +204.1 (CH2Cl2, c 1.45); 1H NMR (400 

MHz, CDCl3) δ 1.91 (s, 6H), 2.09 (s, 12H), 2.14 (s, 6H), 3.72 (d, J = 13.2 Hz, 2H), 4.13 (d, J = 

13.2 Hz, 2H), 6.52-6.75 (m, 8H); 13C NMR (100 MHz, CDCl3) 17.1, 20.1, 21.1, 34.8, 127.1, 

127.2, 128.2, 130.4, 130.6, 132.9, 134.3, 137.3, 140.5, 145.8; 31P NMR (121.5 Hz, CDCl3) δ 2.70. 

HRMS (ESI-) calcd. For C34H36O4P [M-H]- 539.2351, found 539.2354 (Δ = 0.6 ppm). 

 

(S)-PA-3a: light yellow solid (92% yield); [α]D
20 +321.1 (CH2Cl2, c 1.09); 1H NMR (400 

MHz, CDCl3) δ 1.96 (s, 6H), 2.19 (s, 6H), 7.07-7.11 (m, 5H), 7.27 (s, 2H), 7.30-7.42 (m, 5H); 
13C NMR (100 MHz, CDCl3) 17.5, 19.9, 85.6, 92.7, 113.8, 123.2, 126.1, 127.7, 127.9, 128.2, 

131.5, 133.1, 133.3, 137.6, 141.0, 144.3, 148.3, 148.4; 31P NMR (121.5 Hz, CDCl3) δ 2.10; 

HRMS (ESI+) calcd. For C32H24O4P [M-H]- 503.1412, found 503.1419 (Δ = 1.4 ppm). 

 

Synthesis of (R)-PA-1d9a 

To a stirred solution of a chiral biphenol (354mg, 1.00 mmol) in anhydrous pyridine (3 mL) 

was added POCl3 (183 μL, 2.00 mmol) dropwise at 0 oC. The mixture was refluxed until TLC 

indicated the completion of the reaction. To the reaction mixture was added water (2 mL) 

dropwise at room temperature and the resulting mixture was stirred at 95 oC for 24 h. The 

reaction was quenched with 1 M HCl (10 mL) and the aqueous layer was separated and extracted 

with Et2O (15 mL x4). The combined organic layer was washed with brine and dried over 

anhydrous MgSO4. The drying agent was removed by filtration and the solvent was concentrated 
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in vacuo to afford the crude product as a white solid. The recrystallizatoin of the white solid in 

hot acetic acid gave pure (R)-PA-1d as a white needle crystal (230 mg, 55%): [α]D
20 -87.7 

(CH2Cl2, c 1.06); 1H NMR (300 MHz, CDCl3) δ 1.46 (s, 18H), 1.83 (s, 6H), 2.25 (s, 6H), 7.21 (s, 

2H); 31P NMR (121.5 Hz, CDCl3) δ 0.84. All data are in agreement with the literature value.9a  

 

Synthesis of (S)-PA-1e 

To a stirred solution of chiral biphenol (328mg, 0.507 mmol) in anhydrous pyridine (3 mL) 

was added POCl3 (140 μL, 1.52 mmol) dropwise at 0 oC. The mixture was refluxed until TLC 

indicated the completion of the reaction. To the reaction mixture was added 12M NaOH (0.5 mL) 

dropwise at room temperature and the resulting mixture was stirred at 60 oC for 5 h. The reaction 

was quenched with 1M HCl (20 mL) and the aqueous layer was separated and extracted with 

Et2O (15 mL x4). The combined organic layer was washed with brine and dried over anhydrous 

MgSO4. The drying agent was removed by filtration and the solvent was concentrated in vacuo 

to afford the crude product as a white solid. Further purification by flash column 

chromatography on silica gel (DCM/MeOH = 20:1-10:1) afforded pure (S)-PA-1e as a white 

solid (289 mg, 80% yield): [α]D
20 +53.2 (CH2Cl2, c 1.24); 1H NMR (300 MHz, CDCl3) δ 

0.79-0.85 (m, 12H), 0.97 (d, J = 6.6 Hz, 6H), 1.07 (d, J = 6.6 Hz, 2H), 1.08-1.25 (m, 12H), 2.10 

(s, 6H), 2.32 (s, 6H), 2.48-2.58 (m, 4H), 2.76-2.85 (m, 2H), 6.88 (s, 2H), 6.93 (s, 2H), 7.01 (s, 

2H); 13C NMR (100 MHz, CDCl3) 17.3, 20.2, 22.8, 23.1, 23.9, 24.1, 24.8, 26.4, 30.4, 30.5, 34.2, 

119.9, 120.8, 128.1, 128.4, 128.5, 129.1, 132.0, 132.1, 132.9, 136.3, 147.0, 147.6, 147.7; 31P 

NMR (121.5 Hz, CDCl3) δ 1.49; HRMS (ESI-) calcd. For C46H60O4P [M-H]- 707.4235, found 

707.4236 (Δ = 0.1 ppm). 

 

Synthesis of (R)-PA-1f 

To a stirred solution of chiral biphenol (363mg, 0.48 mmol) in anhydrous pyridine (1.5 mL) 

and DMAP (117 mg, 0.96 mmol) was added POCl3 (90 μL, 0.96 mmol) dropwise at 0 oC. The 

mixture was refluxed until TLC indicated the completion of the reaction. To the reaction mixture 

was added water (8 mL) dropwise at room temperature and the resulting mixture was refluxed 

for 24 h. The reaction was quenched with 1M HCl (10 mL) and the aqueous layer was separated 

and extracted with Et2O (15 mL x4). The combined organic layer was washed with brine and 

dried over anhydrous MgSO4. The drying agent was removed by filtration and the solvent was 
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concentrated in vacuo to afford the crude product as a white solid. The solid was washed with 

cold CH2Cl2 gave pure (R)-PA-1f as a white crystal (280 mg, 71%): [α]D
20 -162.2 (MeOH, c 

0.37); 1H NMR (300 MHz, d-DMSO) δ 1.97 (s, 18H), 2.16 (s, 6H), 5.75 (brs, 1H), 7.09 (s, 2H), 

7.30-7.37 (m, 18H), 7.39-7.46 (m, 12H); 13C NMR (100 MHz, d-DMSO) δ 17.1, 19.8, 121.5, 

121.6, 127.6, 127.8, 129.4, 132.7, 134.2, 136.1, 138.5, 139.7, 152.2, 152.3; 31P NMR (121.5 Hz, 

d-DMSO) δ 2.76. HRMS (ESI-) calcd. For C52H44O4PSi2 [M-H]- 819.2516, found 819.2520 (Δ = 

0.5 ppm). 

 

Synthesis of substrates 6-2a~2c8, 10 

2-Methyl-2-(3-oxobutyl)cyclohexane-1,3-dione (6-2a) 

 
To a stirred solution of 2-methylcyclohexane-1,3-dione 6-1 (3.80 g, 30.1 mmol) and methyl 

vinyl ketone (2.71 mL, 33.1 mmol) was added a catalytic amount of NEt3 (1 mol%) at room 

temperature. The mixture was stirred under room temperature for 2.5 h. However, the reaction 

did not go well as indicated by TLC. Thus, another 0.3 equiv. of NEt3 and 0.9 equiv. of distilled 

methyl vinyl ketone were added to the reaction mixture at room temperature. After stirring for 

another 2.5 h at room temperature, volatile components were removed under reduced pressure to 

give crude brown oil 6-2a. Further purification by flash column chromatography on silica gel 

(hexanes/EtOAc = 3:1-1:1) afforded pure 6-2a as colorless oil (3.64 g, 62% yield): 1H NMR 

(300 MHz, CDCl3) δ 1.27 (s, 3H), 1.87-2.09 (m, 4H), 2.09 (s, 3H), 2.31-2.36 (m, 2H), 2.57-2.77 

(m, 4H). All data are in agreement with the literature values.10 

 

 

 

 

 

2-Allyl-2-(3-oxobutyl)cyclohexane-1,3-dione (6-2b) 
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To a stirred solution of cyclohexane-1,3-dione (6-3) (2.25 g, 20.1 mmol) and allyl bromide 

(1.55 g, 22.1 mmol) in 20% KOH(aq) was added a catalytic amount of copper powder (5 mol%) at 

room temperature. The mixture was stirred at room temperature for 24 h. The reaction mixture 

was diluted with Et2O (50 mL) and the resulting precipitate was removed by filtration. The 

aqueous layer was separated and extracted with Et2O (50 mL x3). The combined organic layer 

was washed with brine and dried over anhydrous MgSO4. The drying agent was removed by 

filtration and the solvent was concentrated in vacuo to afford the crude product as a brown solid. 

The recrystallization of the brown solid in toluene gave pure allyl substituted diketone 6-4 as an 

off-white solid (1.51 g, 50% yield).  

To a solution of the off-white solid in distilled methyl vinyl ketone (1.1 equiv.) was added 

NEt3 (1 mol%). The reaction mixture was stirred at room temperature for 3.5 h and then volatile 

components were removed under reduced pressure to give crude brown oil 6-2b. Further 

purification by flash column chromatography on silica gel (hexanes/EtOAc=3:1-1:1) afforded 

pure 6-2b as colorless oil (1.25 g, 85% yield): 1H NMR (300 MHz, CDCl3) δ 1.97 (quint, J = 6.6 

Hz, 2H), 2.05 (t, J = 7.2 Hz, 2H), 2.10 (s, 3H), 2.34 (t, J = 7.2 Hz, 2H), 2.49 (d, J = 7.5 Hz, 2H), 

2.52-2.70 (m, 4H), 5.03 (m, 2H), 5.51-5.60 (m, 2H). All data are in agreement with the literature 

values.10 

 

2-Methyl-2-(3-oxobutyl)-1H-indene-1,3(2H)-dione (6-2c) 

 
 To a suspension of NaH (494 mg, 12.4 mmol) in Bu2O (10 mL) were added dimethyl 

phthalate 6-5 (2.00 g, 10.3 mmol) and methyl propionate (1.18 g, 13.4 mmol) at room 

temperature. The mixture was refluxed for 2 h and then cooled to room temperature. To the 
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reaction mixture was added another 1.2 equiv. of NaH and the resulting mixture was refluxed for 

another 14 h. The reaction was quenched with 1M HCl (15 mL) and the aqueous layer was 

separated and extracted with Et2O (15 mL x4). The combined organic layer was washed with 

brine and dried over anhydrous Na2SO4. The drying agent was removed by filtration and the 

solvent was concentrated in vacuo to afford the crude product 6-6 as yellow oil.  

To a solution of crude 6-6 and distilled methyl vinyl ketone (1.5 equiv.) in DCM was added 

NEt3 (2.0 equiv.). The reaction mixture was stirred at room temperature for 3 h and then volatile 

components were removed under reduced pressure to give crude yellow oil 6-2c. Further 

purification by flash column chromatography on silica gel (hexanes/EtOAc = 10:1-4:1) afforded 

pure 6-2c as yellow oil (1.23 g, 52% yield for two steps): 1H NMR (300 MHz, CDCl3) δ 1.28 (s, 

3H), 2.04-2.06 (m, 2H), 2.07 (s, 3H), 2.35-2.40 (m, 2H), 7.84-7.90 (m, 2H), 7.95-7.99 (m, 2H). 

All data are in agreement with the literature values.8 

 

General procedure for the desymmetrization of meso-1,3-Diones. 

 

Typical procedure is described for the reaction of 6-2a to afford Wieland–Miescher ketone, 

(S)-6-7: A mixture of 6-2a (19.6 mg, 0.100 mmol), and (S)-PA-1e (7.1 mg, 10 mol%) was placed 

in a 15 mL Schlenck tube. After purging the tube with nitrogen, toluene (1 mL) was added to the 

mixture, and the solution was stirred at 90 oC for 24 h. The conversion and the ratio of 6-7 to 6-8 

were determined by GC-MS. The volatile solvent was removed under reduced pressure to give 

crude yellow oil (S)-6-7. Purification of the crude product by flash column chromatography on 

silica gel (hexanes/EtOAc = 10:1→5:1) afforded (S)-6-7 as colorless oil (12 mg, 75% yield). The 

pure product was then subjected to chiral HPLC analysis, using a Chiralcel OD-H column 

(Hexanes/IPA = 96/4, 0.6 mL/min), which indicated that the enantiopurity of the product (S)-5-2 

was 77.0% ee. The S configuration was assigned by comparison of the HPLC trace in the 

literature.8 
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§ 7.1. Introduction  
Transition metal-catalyzed carbocyclization and cycloadditions are among the most efficient 

types of reactions to access complex polycyclic skeletons.1 Recent advances of higher order 

cycloaddition reactions include [2+2+2+1]2, [4+2+2]3, [5+1+2+1]4, [3+3+1]5, [5+2+1]6, and 

[2+2+2+2]7 processes. Linear, unsaturated starting materials can be transformed into complex 

polycyclic systems via any of these higher order processes. This proves useful in rapid access to 

the cores of a number of natural products and natural product-like derivatives from acyclic 

precursors.6c, 8 

In the Ojima laboratory, a series of Rh(I)-catalyzed, silicon initiated carbocyclizations and 

carbonylative carbocyclizations as well as the Rh(I)-catalyzed [2+2+2+1] cycloaddition for the 

formation of polycyclic compounds using linear eneynes, diynes, triynes and enediynes as 

substrates have been developed.1a, 2, 9 Among them, enediyne type substrates have been the most 

extensively studied in recent years to give the desired tricyclic and tetracyclic products.2, 9c 

In 2000, the first example for the formation of 5-7-5 tricyclic products 7-2 using dodeca-1-

en-6,11-diynes 7-1 was reported by the Ojima group via silylcarbocyclization (CO-SiCaT) 

(Scheme 7-1).9c However, these CO-SiCaT reactions only went smoothly with substrates having 

terminal alkyne moieties. None of the desired product was formed using enediyne substrates with 

substituted alkyne moieties under CO-SiCaT reaction condition. 

 
Scheme 7-1. Rh(I)-catalyzed CO-SiCaT reaction of dodeca-1-en-6,11-diynes 7-1 

 

After further study, the Ojima laboratory found that the 5-7-5 fused ring system can be 

easily introduced from enediyne substrates with substituted alkyne moieties through Rh(I)-

catalyzed [2+2+2+1] cycloaddition without the addition of hydrosilane (Scheme 7-2).2a, b  
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Scheme 7-2. Rh(I)-catalyzed [2+2+2+1] cycloaddition reaction of 1-substituted dodec-11-ene-

1,6-diynes 7-3 
 

Recently, the scope of the enediyne substrates has been extended for the formation of 5-7-n-

5 tetracyclic fused ring systems via Rh(I)-catalyzed [2+2+2+1] cycloaddition. A number of 3-

(nona-3,8-diynyl)-1-cycloalkene derivatives 7-5 were synthesized and subjected to the 

cycloaddition reaction to afford the corresponding tetracyclic fused products and their 

regioisomers in good to excellent yields (Scheme 7-3).2c 

 
Scheme 7-3. Rh(I)-catalyzed [2+2+2+1] cycloaddition reaction of 3-(nona-3,8-diynyl)-1-

cycloalkene derivatives 7-5 
 

Although the similar fused-ring products can be accessed via the CO-SiCaT and [2+2+2+1] 

cycloaddition reactions, their mechanisms are fundamentally different. The plausible 

mechanisms of two typical processes are illustrated in Schemes 7-4 and 7-5.2b The general 

mechanism of Rh(I)-catalyzed CO-SiCaT reaction of the enediyne begins with the insertion of 

the terminal alkyne moiety into the Si-Rh bond of the hydrosilane-Rh oxidative complex. 

Carbocyclization then takes place to give intermediate 7-7a which isomerizes to 7-7c via 7-7b 

through the Ojima-Crabtree mechanism due to the steric hindrance between silane and [Rh]H. 

Intermediate 7-7c can undergo the second carbocyclization to afford 7-7d. At this stage, CO 

insertion to 7-7d and reductive elimination of 7-7d can compete to give different products. 

Reductive elimination of 7-7d assisted by the hydrosilane gives 7-8 as the product and regenerate 
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hydrosilane-Rh active species to complete the catalytic cycle. On the other hand, the insertion of 

CO into Rh-C bond introduces acyl-[Rh]H intermediate 7-7e. The corresponding aldehyde 7-9 

can be obtained by reductive elimination of 7-7e. To afford the most desired 5-7-5 tricyclic fused 

product, the carbocyclization of 7-7e should occur to give tricyclic intermediate 7-7f which 

possesses the silane and rhodium species in syn positions. Because of the syn conformation, β-

silyl elimination is able to happen to give the tricyclic product 7-2.  

It is worthy of note that the amount of hydrosilane and reaction concentration easily control 

the product selectivity. When stoichiometric or excess amount of hydrosilane and high reaction 

concentration are used, products 7-8 and 7-9 are obtained as major products due to the 

bimolecular process during the reductive elimination step (intermolecular reaction). On the other 

hand, tricyclic product 7-2 can be synthesized as the major product under the substoichiometric 

amount of hydrosilane and dilute concentration because the unimolecular process during the β-

silyl elimination step (intramolecular reaction) is involved in the reaction mechanism. 

Furthermore, by using a catalytic amount of hydrosilane and high dilution conditions, product 7-

2 can be obtained exclusively with excellent yield.2b         
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Scheme 7-5 shows the proposed mechanism of Rh(I)-catalyzed [2+2+2+1] cycloaddition 

reaction of enediynes. It includes; (i) the formation of metallacycle 7-10a ([2+2+M]) by the 

oxidative cyclization of the diyne moiety into the active Rh catalyst species; (ii) the formation of 

fused 5-7-n-5 rhodacycle 7-10b ([2+2+2+M]) by the insertion of the olefin moiety into the Rh-C 

bond followed by CO coordination to the metal; (iii) the formation of 5-8-n-5 rhodacycle 7-10c 

or 7-10c’ ([2+2+2+1+M]) by the migratory insertion of CO into the Rh-C bond; and (iv) the 

production of the [2+2+2+1] cycloadduct 7-6 by reductive elimination and the regeneration of 

the active Rh catalyst species for the next catalytic cycle. If no CO insertion occurs at step (iii), 

the [2+2+2] cycloadduct 7-11 can be obtained by reductive elimination from the 5-7-n-5 

rhodacycle 7-10b.  

 
Scheme 7-5. The proposed mechanism Rh(I)-catalyzed [2+2+2+1] cycloaddition reaction of 

enediyne 
 

Very recently, 5-7-5 fused tricyclic γ-lactones were also obtained via the Rh(I)-catalyzed 

[2+2+2+1] cycloaddition from the corresponding enediyne substrates in good to excellent yields 
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(Scheme 7-6).10 Because of these successful results, as part of the ongoing studies of the Rh(I)-

catalyzed [2+2+2+1] cycloaddition, the synthesis of enediyne substrates with the incorporation 

of an amide moiety for the formation of  5-7-5 fused tricyclic γ-lactams has been explored. If this 

methodology can be applied to the γ-lactam synthesis as well, it will become a more powerful 

tool for the synthesis of natural products and natural product-like derivatives. 

 
Scheme 7-6. [2+2+2+1] Cycloaddition of 1-substituted dodec-11-ene-8-oxo-1,6-diynes 7-12 

 

§ 7.2. Result and discussion  
§ 7.2.1. Synthesis of 1,3-diethyl 2-{3-[(prop-2-en-1-yl)carbamoyl]prop-2-yn-1-

yl}-2-(prop-2-yn-1-yl)propanedioate and its derivative 
The synthesis of 1,3-diethyl 2-{3-[(prop-2-en-1-yl)carbamoyl]prop-2-yn-1-yl}-2-(prop-2-

yn-1-yl)propanedioate 7-16a first underwent the coupling of propynyl diethylmalonate 7-14 with 

propargyl bromide in the presence of NaH in THF to obtain the desired dipropynyl 

diethylmalonate 7-15 in 93% yield (Scheme 7-7).10 Another coupling of 7-15 with allyl 

chloroformate in the presence of LiHMDS afforded the desired enediyne derivative 7-16a in 

62% isolated yield (Scheme 7-7).  

 
Scheme 7-7. Synthesis of enediyne substrate 7-16a 
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To extend the substrate scope, 7-16a with N-methyl substituted group, 7-16b, was also 

synthesized by using methyl iodide as the methylating reagent and solvent in the presence of 

NaH (Scheme 7-8).  

 
Scheme 7-8. Synthesis of enediyne substrate 7-16b 

 

§ 7.2.2. Optimization of Rh(I)-catalyzed [2+2+2+1] cycloaddition reaction of 

enediyne 7-16a 
With the enediyne substrates in hand, the Rh(I)-catalyzed [2+2+2+1] cycloaddition was 

investigated to find out the optimized condition (Table 7-1). First, enediyne 7-16a was reacted 

with 5 mol% [Rh(COD)Cl]2 and 2 atm of CO in DCE (0.05 M) at 50 oC to afford the desired 

[2+2+2+1] and [2+2+2] products. Analysis of the crude reaction mixture by HPLC indicated a 

clean reaction with two major peaks (Table 7-1, entry 1). Further analysis by LC-MS showed 

molecular masses consistent with the desired [2+2+2+1] product 7-17a and [2+2+2] product 7-

18a. Since the two cycloaddition products have different absorption coefficients, each compound 

must be isolated to determine each coefficient which can be further used to determine the 

product selectivity by HPLC. However, both products have the same Rf value in any solvent 

combination and could not be separated by column chromatography. Fortunately, the products 

were able to be separated according to analytical HPLC analysis, and prep-HPLC enabled us to 

isolate each of them with excellent purity. In addition, to achieve the best accuracy in the 

determination of product selectivity by HPLC, the UV spectrum of each product is necessary to 

find out the most appropriate working wavelength for HPLC and 303 nm was found to be the 

best wavelength to give the most accurate estimation of product distribution.    

After setting the method to determine the product ratio by HPLC, the optimization studies 

of concentration effect were investigated (Table 7-1). When the reaction was ran in DCE at a 

substrate concentration of 0.05 M and 2 atm CO at 50 oC for 24 h in the autoclave, 100% 

conversion and 81:19 product selectivity favoring the carbonylated product 7-17a were obtained 

(entry 1). Decrease in selectivity for the carbonylated product 7-17a was noted under more 
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concentrated condition (entry 2) due to the lower quantity of CO in the reaction mixture. Based 

on this logic, the reaction should be selective towards the carbonylated product 7-17a under 

more dilute conditions and it indeed gave the result as expected but with some significant 

impurities based on HPLC analysis (entry 3). Thus, the reaction concentration at 0.05 M was 

selected for the further optimization. 

 

Table 7-1. Effect of concentration on [2+2+2+1] cycloaddition of enediyne 7-16a with CO 

 

Entrya Conc. (M) Conv. (%)b 7-17a:7-18ab 

1 0.05 100 81:19 

2 0.1 100 66:34 

3 0.025 100 Messy mixture 
aAll reactions were run using [Rh(COD)Cl]2 (5.0 mol%) in  
DCE at 50 oC for 24 h under CO(g) (2 atm).  
bDetermined by HPLC using Proteo reverse phase column. 

 

Next, a number of rhodium catalysts were screened for the [2+2+2+1] cycloaddition of 

enediyne 7-16a with CO using the best reaction condition to date mentioned in Table 7-1 (Table 

7-2). When [Rh(CO)2Cl]2 was used as the catalyst, a decrease of the [2+2+2+1] product was 

observed, as determined by calibrated HPLC data (i.e. 81:19 vs. 73:27) (Table 7-2, entries 1 and 

2). In addition to using rhodium dimer complex as the catalyst, catalysts with the mono rhodium, 

Rh(acac)(CO)2, and the cationic rhodium complex, [Rh(COD)2]SbF6 were also employed for this 

reaction. Surprisingly, the [2+2+2+1] product 7-17a was not obtained using Rh(acac)(CO)2 as 

the catalyst, as the [2+2+2] product 7-18a was obtained exclusively (entry 3). On the other hand, 

the reaction using [Rh(COD)2]SbF6 as the catalyst resulted in high selectivity towards the 

carbonylated product 7-17a; however, the reaction mixture was very messy according to HPLC 
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analysis. To conclude, the effect of rhodium dimer precursor, [Rh(COD)Cl]2, is still the most 

appropriate catalyst and was utilized for the further optimization. 

 

Table 7-2. Screening of different Rh(I) species for the [2+2+2+1] cycloaddition of enediyne 7-
16a with CO 

Entrya Catalyst (mol%) Conv. (%)b 7-17a:7-18ab 

1 [Rh(COD)Cl]2 (5) 100 81:19  

2 [Rh(CO)2Cl]2 (5) 100 73:27  

3 Rh(acac)(CO)2 (10) 100 7-18a only 

4 [Rh(COD)2]SbF6 (10) 100 Messy mixture 
aAll reactions were run using Rh catalyst (10.0 mol%) in DCE [0.05] at  
50 oC for 24 h under CO(g) (2 atm).  
bDetermined by HPLC using Proteo reverse phase column. 

 

Since the goal was to increase the selectivity towards the carbonylated product 7-17a, the 

screening of different CO pressures was performed (Table 7-3). As shown in Table 7-3, 

increasing the pressure of CO from 2 atm to 3 atm gave the worse selectivity compared to that 

obtained when the CO pressure was 2 atm (entries 1 and 2). Also, higher CO pressure (6 atm) 

was explored in this reaction, but resulting in lower product ratio compared to the result at 3 atm 

of CO (entry 3). Based on above results, lower CO pressure gave better product selectivity. 

Therefore, 1 atm of CO was used to prove the proposed trend. Indeed, the reaction at 1 atm of 

CO afforded a bit better product selectivity than that at 2 atm of CO (entries 1 and 4). In addition, 

bubbling CO at ambient pressure has been shown to increase [2+2+2+1] product selectivity for 

[2+2+2+1] cycloaddition of other enediyne substrates. Thus, the reaction under CO bubbling was 

ran and gave the best result so far (i.e. 88:12) (entry 5). 

The solvent effect was also studied to further optimize the product selectivity. When the 

reaction was run in toluene, at 1 atm of CO bubbling and 50 oC in 0.05 M substrate concentration, 

a significant decrease in product ratio of the [2+2+2+1] product 7-17a to [2+2+2] product 7-18a 

was noted by calibrated HPLC analysis (i.e. 88:12 vs. 70:30) (Table 7-4, entries 1 and 2). 

Because trifluoroethanol (TFE) has been shown to be an effective solvent in cyclocarbonylation 

reactions of other enediyne substrates,2c performing the reaction in TFE was done and afforded 
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very similar results to that in DCE (entries 1 and 3). With two good solvent candidates in hand, 

different co-solvent ratios of these two were investigated to evaluate their influence on the 

product selectivity. Thus far, only two co-solvent ratios were ran and a mixture of DCE and TFE 

(1 : 1) gave the best product selectivity (i.e. 94:6) favoring the [2+2+2+1] product 7-18 (entries 4 

and 5). 

 

Table 7-3. Effect of CO pressure on [2+2+2+1] cycloaddition of enediyne 7-16a with CO 

Entrya CO (atm) Conv. (%)b 7-17a:7-18ab 

1 2 100 81:19  

2 3 100 59:41  

3 6 100 47:53  

4 1 100 83:17  

5 1 (bubble CO) 100 88:12  
aAll reactions were run using [Rh(COD)Cl]2 (5.0 mol%) in DCE 
[0.05] at 50 oC for 24 h under CO(g). 
bDetermined by HPLC using Proteo reverse phase column. 

 
Table 7-4. Solvent effect on [2+2+2+1] cycloaddition of enediyne 7-16 with CO 

Entrya  Solvent Conv. (%)b 7-17a:7-18ab 

1 DCE 100 88:12 

2 toluene 100 70:30 

3 TFE 100 91:9 

4 DCE/TFE 
4/1 100 93:7 

5 DCE/TFE 
1/1 100 94:6 

aAll reactions were run using [Rh(COD)Cl]2 (5.0 mol%) in 
the solvent [0.05] with CO(g) bubbling (1 atm) at 50 oC for 24 h.  
bDetermined by HPLC using Proteo reverse phase column. 
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§ 7.2.3. Rh(I)-catalyzed CO-SiCaT reaction of enediynes 7-16a and 7-16b  
As mentioned above, because the reaction condition to obtain exclusive product selectivity 

was not found and the separation of two desired products was still impossible using column 

chromatography, the Rh(I)-catalyzed CO-SiCaT reaction of enediyne 7-16 with hydrosilane was 

studied as well to determine if the carbonylated product can be obtained exclusively or if 

multiple products can at least be separated using standard purification techiques. 

Enediynes 7-16a and 7-16b were subnjected to the CO-SiCaT reaction (Table 7-5). When 

enediyne 7-16a (R1 = H) was used as the substrate, the reaction almost did not proceed after 24 h 

under the reaction condition described in Table 7-5 (entry 1). Fortunately, enediyne 7-16b (R1 = 

Me) was able to give the desired 5-7-5 tricyclic carbonylated product 7-17b in 71% isolated 

yield based on 70% conversion under the same CO-SiCaT reaction condition with no 

observation of other possible byproducts (7-19 and 7-20) by TLC (entry 2). The poor reactivity 

of enediyne 7-16a may due to the formation of rhodium-imidate complex by rhodium catalyzed 

N-H activation prior to the formation of rhodium-silicon active species for CO-SiCaT reaction. 

This rhodium-imidate complex then traps the hydrosilane by strong Si-O bond and completely 

poisons the CO-SiCaT reaction. 

 

Table 7-5. Rh(I)-catalyzed CO-SiCaT reaction of enediyne 7-16a and 7-16b with PhMe2SiH 

 

Entrya R1 Conv. (%)b Yield of 7-17 

1 H <5 n.d.  

2 Me 70 50 (71)b 

aAll reactions were run using [Rh(CO)2Cl]2 (1.0 mol%)  
in THF [0.015] at 22 oC for 24 h under CO(g) (2 atm). 
bDetermined by HPLC using Proteo reverse phase column. 
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§ 7.3. Conclusions  
Enediynes containing amide moieties were successfully synthesized in moderate to good 

yields for the formation of 5-7-5 fused tricyclic γ-lactam products. Rh(I)-catalyzed [2+2+2+1] 

cycloaddition of 7-16a has been applied and optimized to afford the desired 5-7-5 fused tricyclic 

γ-lactam 7-17a and 5-6-5 fused tricyclic γ-lactam 7-18a in 94:6 product selectivity. However, the 

separation of two desired products is impossible using flash column chromatography. Therefore, 

the Rh(I)-catalyzed CO-SiCaT reaction of enediyne with hydrosilane was studied and found to 

give the corresponding 5-7-5 fused tricyclic γ-lactam 7-17b exclusively when enediyne 7-16b 

was used as the substrate. Both methodologies are useful and promising to introduce desired 

fused tricyclic γ-lactams. Further studies on the synthesis of other enediyne derivatives for these 

methodologies are underway in our laboratory. 

 

§ 7.4. Experimental section 
General Methods: 1H and 13C and 31P NMR were measured on a Varian Inova-500 NMR (500 

MHz 1H, and 125 MHz 13C), a Varian Inova-400 NMR (400 MHz 1H; 100 MHz 13C; 162 MHz 
31P) or a Varian Gemini-2300 (300 MHz 1H; 75 MHz 13C; 121.5 MHz 31P) spectrometer in a 

deuterated solvent using residual protons (CHCl3: 1H, 7.26 ppm; 13C, 77.0 ppm. C6H6: 1H, 7.15 

ppm) as the internal standard or phosphoric acid as the external reference (31P 0.00 ppm). 

Analytical HPLC in reverse phase was carried out with a Shimadzu LC-2010A HPLC system 

using a Chiralpak AD-RH analytical column. Melting points were measured on a Thomas 

Hoover Capillary melting point apparatus and are uncorrected. Optical rotations were measured 

on a Perkin-Helmer Model 241 polarimeter. TLC analyses were performed using Merck DC 

Alufolien 60F254 aluminum pre-coated silica gel plates. Flash column chromatography was 

carried out using Silicyle SiliaFlashP60® silica gel (particle size 40–63 μm). High-resolution 

mass spectrometric analyses were carried out at the Mass Spectrometry Laboratories, University 

of Illinois Urbana-Champaign, Urbana, IL and ICB&DD at Stony Brook University. Unless 

otherwise noted all reactions were carried out under argon or nitrogen atmosphere in oven-dried 

glassware using standard Schlenck techniques. 

Materials: Solvents were reagents grade and freshly distilled before use. Tetrahydrofuran (THF), 

diethyl ether (Et2O) and dichloromethane (DCM) were dried and degassed using an Innovative 
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Technology PureSolvTM solvent purification system. Acetonitrile was distilled from calcium 

hydride. Anhydrous N,N-dimethylformamide (DMF) was purchased from Acros and used 

without further purification. Other solvents were used without purification. Other chemicals and 

reagents were purchased from Sigma-Aldrich or Fisher Scientific and used without further 

purification unless otherwise noted.  

 

Synthesis of Diethyl 2-{3-[(prop-2-en-1-yl)carbamoyl]prop-2-yn-1-yl}-2-(prop-2-yn-1-

yl)propanedioate (7-16a) 

 
To a solution of dipropynyl diethylmalonate 7-15 (944 mg, 4.00 mmol) in THF (15 mL) was 

added dropwise 1 M LiHMDS (6.0 mL, 6.0 mmol) in THF at -78 ºC. After stirring the mixture at 

this temperature for 30 min, allyl isocyanate (498 mg, 6.00 mmol) was added to the reaction 

mixture and stirred for another 30 min at -78 ºC. The reaction was quenched by sat. NH4Cl(aq). 

The aqueous layer was separated and extracted with EtOAc (50 mL x3). The combined organic 

layer was washed with distilled water, brine and dried over MgSO4. The drying agent was 

removed by filtration and the solvent was concentrated in vacuo to afford the crude product as a 

light yellow oil. Purification of the crude product by flash column chromatography on silica gel 

(hexanes/EtOAc = 10:1-3:1) afforded 7-16a as colorless oil (1.19 g, 62% yield): 1H NMR (400 

MHz, CDCl3) [a mixture of two rotamers (6:1)]  δ 1.23 (t, J = 7.2 Hz, 6H), 2.03 (t, J = 2.4 Hz, 

1H), 2.93 (d, J = 2.4 Hz, 1H), [3.07 (s, 1.72H), 3.14 (s, 0.28H)], [3.85 (t, J = 5.6 Hz, 1.72H), 

3.94 (t, J = 5.6 Hz, 0.28H)], 4.20 (q, J = 7.2 Hz, 4H), 5.11-5.22 (m, 2H), 5.73-5.84 (m, 1H), 6.00 

(brs, 1H); 13C NMR (100 MHz, CDCl3) (a mixture of two rotamers) (major) δ 13.9, 22.6, 22.7, 

42.0, 56.0, 62.3, 72.1, 77.9, 78.0, 81.0, 116.9, 133.1, 152.4, 168.2; (minor) δ 13.9, 22.8, 22.9, 

45.4, 55.9, 62.3, 72.1, 77.9, 78.0, 81.0, 116.5, 133.8, 155.5, 168.1; HRMS (ESI+) calcd. For 

C17H22NO5 [M+H]+ 320.1498, found 320.1492 (Δ = -1.9 ppm). 

 

Synthesis of Diethyl 2-{3-[methyl(prop-2-en-1-yl)carbamoyl]prop-2-yn-1-yl}-2-(prop-2-yn-

1-yl)propanedioate (7-16b) 
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To a solution of enediyne 7-16a (180 mg, 0.562 mmol) in MeI (1 mL) was added slowly 

NaH (60% oil dispersion, 27 mg, 0.67 mmol, 1.2 eq) at 0 ºC. After stirring the mixture at this 

temperature for 30 min, the reaction mixture was warmed up to room temperature and stirred for 

another 18 h. The reaction was then quenched by sat. NH4Cl(aq). The aqueous layer was separated 

and extracted with Et2O (10 mL x3). The combined organic layer was washed with distilled 

water, brine and dried over MgSO4. The drying agent was removed by filtration and the solvent 

was concentrated in vacuo to afford the crude product as a light yellow oil. Purification of the 

crude product by flash column chromatography on silica gel (hexanes/EtOAc = 10:1-3:1) 

afforded 7-16b as colorless oil (133 mg, 71% yield): 1H NMR (400 MHz, CDCl3) [a mixture of 

two rotamers (3:2)]  δ [1.19 (t, J = 7.2 Hz, 2.4H), 1.20 (t, J = 7.2 Hz, 3.6H)], [1.99 (t, J = 2.4 Hz, 

0.4 H), 2.00 (t, J = 2.4 Hz, 0.6H)], 2.03 (t, J = 2.4 Hz, 1H), 2.90 (s, 2H), [2.87 (d, J = 2.4 Hz, 

1.2H), 2.90 (d, J = 2.4 Hz, 0.8H)], 3.02 (s, 1H), [3.09 (s, 1.2H), 3.11 (s, 0.8H)], [3.92 (d, J = 5.6 

Hz, 0.8H), 4.04 (d, J = 5.6 Hz, 1.2H)], [4.15 (q, J = 7.2 Hz, 1.6H), 4.16 (q, J = 7.2 Hz, 2.4H)], 

5.07-5.18 (m, 2H), 5.60-5.76 (m, 1H); 13C NMR (100 MHz, CDCl3) (a mixture of two rotamers) 

(major) δ 13.8, 22.9, 23.0, 31.7, 35.5, 48.7, 53.2, 55.8, 62.1, 72.0, 76.6, 77.8, 86.0, 117.5, 132.3, 

153.8, 168.1; (minor) δ 13.8, 22.7, 22.8, 31.7, 35.5, 48.7, 53.2, 55.8, 62.1, 72.0, 76.4, 77.8, 86.6, 

117.8, 131.7, 153.5, 168.1; HRMS (ESI+) calcd. For C18H24NO5 [M+H]+ 334.1654, found 

334.1648 (Δ = -1.8 ppm). 

 

General procedure for the [2+2+2+1] cycloaddition reaction 

 
A typical procedure is described for the reaction of enediyne 7-16a. All other reactions were 

run following the same procedure unless otherwise noted. Enediyne 7-16a (32 mg, 0.10 mmol) 

was introduced to a 5 mL round-bottomed flask, followed by DCE (2 mL) under nitrogen, and 
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then CO was bubbled into the solution at room temperature. After 15 min, [Rh(COD)Cl]2 (2.5 

mg, 0.0050 mmol, 5 mol%) was added under CO and the resulting mixture was stirred at room 

temperature for an additional 5 min. Then, the reaction mixture was stirred at 50 oC for 16 h 

under CO (ambient pressure, bubbled into the solution). All volatiles were removed in vacuo to 

afford the crude product as yellow oil. Purification of the crude product by flash column 

chromatography on silica gel (hexanes/EtOAc = 1:1-2:8) afforded mixtures of 7-17a and 7-18a 

as light yellow oil. Two products were further separated by prep HPLC and 7-17a was obtained 

as colorless oil: 1H NMR (400 MHz, CDCl3) δ 1.25 (t, J = 7.2 Hz, 6H), 2.60 (dt, J = 15.2, 2.0 Hz, 

1H), 2.80 (t, J = 15.2 Hz, 1H), 3.06-3.14 (m, 2H), 3.24-3.33 (m, 2H), 3.61-3.72 (m, 2H), 3.83 (dd, 

J = 18.8, 3.6 Hz, 1H), 4.19 (qd, J = 7.2, 3.2 Hz, 4H), 6.23 (s, 1H), 6.61 (s, 1H); 13C NMR (100 

MHz, CDCl3) δ 13.9, 33.8, 38.5, 42.7, 44.7, 45.1, 57.8, 61.9, 127.5, 140.7, 154.6, 170.0, 170.5, 

170.6, 196.3; HRMS (ESI+) calcd. For C18H22NO6 [M+H]+ 348.1447, found 348.1441 (Δ = -1.7 

ppm). 

7-18a was obtained exclusively using Rh(acac)CO2 as the catalyst. Light yellow oil. 75% 

yield: 1H NMR (400 MHz, CD3OD) δ 1.25 (t, J = 7.2 Hz, 3H), 1.27 (t, J = 7.2 Hz, 3H), 1.90-2.04 

(m, 1H), 2.54-2.60 (m, 1H), 2.80-2.95 (m, 1H), 2.99-3.04 (m, 3H), 3.25-3.31 (m, 1H), 3.45 (dd, J 

= 18.4, 2.8 Hz, 1H), 3.72 (t, J = 8.8 Hz, 1H), 4.19 (q, J = 7.2 Hz, 2H), 4.22 (q, J = 7.2 Hz, 2H), 

5.89-5.92 (m, 1H); 13C NMR (100 MHz, CD3OD) δ 14.5, 29.9, 34.8, 37.6, 39.1, 49.2, 61.1, 62.9, 

63.0, 122.6, 123.9, 140.3, 140.9, 172.5, 172.9; HRMS (ESI+) calcd. For C17H22NO5 [M+H]+ 

320.1498, found 320.1491 (Δ = -2.2 ppm). 

 

General procedure for the catalytic CO-SiCaT reaction 

 

A typical procedure is described for the reaction of diethyl 2-(4-(allyl(methyl)amino)-4-

oxobut-2-ynyl)-2-(prop-2-ynyl) malonate (7-16b). A reaction vessel equipped with a stirring bar 

and a CO inlet was charged with [Rh(CO)2Cl]2 (0.6 mg, 1 mol%). After purging the reaction 
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vessel with CO, THF (9 mL) was added to dissolve the catalyst. Dimethylphenylsilane (12 μL, 

0.078 mmol, 0.5 eq) was then added, and the mixture was stirred at room temperature. After 1 

min, a solution of substrate 7-16b (52 mg, 0.16 mmol) in THF (2 mL) was added, and the 

reaction mixture was stirred under CO (1 atm) for 24 h. All volatiles were removed in vacuo to 

afford the crude product as yellow oil. Further purification by flash column chromatography on 

silica gel (hexanes/EtOAc = 8:2-7:3) afforded pure 7-17b as  light-yellow oil (26 mg, 71% yield 

based on 70% conversion): 1H NMR (400 MHz, CDCl3) δ 1.24 (t, J = 7.2 Hz, 6H), 2.60 (dt, J = 

15.2, 2.0 Hz, 1H), 2.76 (t, J = 15.2 Hz, 1H), 3.04 (s, 1H), 2.90-3.28 (m, 4H), 3.64 (dt, J = 15.2, 

4.4 Hz, 1H), 3.88 (dd, J = 18.4, 3.2 Hz, 1H), 4.19 (qd, J = 7.2, 2.4 Hz, 4H), 6.21 (s, 1H); 13C 

NMR (100 MHz, CDCl3) δ 14.0, 30.0, 31.3, 38.4, 42.7, 44.8, 52.1, 57.7, 61.8, 61.9, 127.1, 136.4, 

139.6, 155.0, 167.1, 170.6, 170.7, 196.4; HRMS (ESI+) calcd. For C19H24NO6 [M+H]+ 362.1604, 

found 362.1599 (Δ = -1.4 ppm). 
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