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General remarks

 1H NMR spectra were recorded on AC-200 MHz, MSL-300 MHz, and DRX-500 

MHz  spectrometer  using  tetramethylsilane  (TMS)  as  an  internal  standard. 

Chemical shifts have been expressed in ppm units downfield from TMS.

 13C NMR spectra  were recorded on AC-50 MHz,  MSL-75 MHz, and DRX-125 

MHz spectrometer. 

 EI Mass spectra were recorded on Finnigan MAT-1020 spectrometer at 70 eV using 

a direct inlet system.

 Infrared spectra were scanned on Shimadzu IR 470 and Perkin-Elmer 683 or 1310 

spectrometers with sodium chloride optics and are measured in cm-1.

 Optical rotations were measured with a JASCO DIP 370 digital polarimeter.

 Melting  points  were  recorded  on  Buchi  535  melting  point  apparatus  and  are 

uncorrected.

 All reactions are monitored by Thin layer chromatography (TLC) carried out on 

0.25  mm E-Merck silica  gel  plates  (60F-254)  with  UV light,  I2,  ninhydrin  and 

anisaldehyde in ethanol as development reagents.

 All solvents and reagents were purified and dried by according to procedures given 

in Vogel’s Text Book of Practical Organic Chemistry.  All reactions were carried 

out under nitrogen or argon atmosphere with dry, freshly distilled solvents under 

anhydrous  conditions  unless  otherwise  specified.   Yields  refer  to 

chromatographically  and  spectroscopically  homogeneous  materials  unless 

otherwise stated.

 All  evaporations  were  carried  out  under  reduced  pressure  on  Buchi  rotary 

evaporator below 40 °C.

 Silica gel (60–120) used for column chromatography was purchased from ACME 

Chemical Company, Mumbai, India. 

 All melting points and boiling points are uncorrected and the temperatures are in 

centigrade scale.

 The compounds, scheme and reference numbers given in each section of chapter 

refers to that particular section of the chapter only.
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Abstract

The  thesis  entitled  “Synthesis  of  biologically  active  compounds,  employing  proline 

catalysed  reactions,   asymmetric  dihydroxylation,  aminohydroxylation  and 

Jacobsen’s hydrolytic kinetic resolution” is divided into four chapters.

Chapter 1: Introduction to Sharpless asymmetric dihydroxylation, aminohydroxylation, 

Jacobsen’s hydrolytic kinetic resolution and proline catalysed reactions.

Chapter 2: Asymmetric aminohydroxylation approach to the syntheses of HIV-protease 

inhibitor, hydroxyethylene dipeptide isostere and γ-amino acid derivative and 

synthesis of (R) - selegiline via hydrolytic kinetic resolution.

Chapter 3: Studies towards asymmetric synthesis of (2R, 2’R)-(+)-methylphenidate and 

(2R, 2’R)-N-[phenyl(piperidin-2-yl)methyl] benzamide.

Chapter 4: An  organocatalytic  approach  to  syn-  and  anti-1,3-polyols  and  proline-

catalysed  synthesis  of  piperidine  and  indozolidine  natural  products  (R)-

coiinine and (S)-coniceine.

Chapter  1:  Introduction  to  Sharpless  asymmetric  dihydroxylation, 

aminohydroxylation, Jacobsen’s hydrolytic kinetic  resolution and proline catalysed 

reactions

This  chapter  gives  a  brief  introduction  to  proline  catalysed  reactions1,2  Sharpless 

asymmetric dihydroxylation (AD),3 asymmetric aminohydroxylation (AA)4 and Jacobsen’s 

hydrolytic kinetic resolution (HKR).5 

The field of asymmetric organocatalysis is rapidly developing and attracts an increasing 

number  of  research groups around the world.  In particular,  organocatalytic  asymmetric 

synthesis  have  provided  several  new methods  for  obtaining  chiral  compounds.1 In  this 

connection, proline, an abundant, inexpensive amino acid available in both enantiomeric 

forms, has emerged as arguably the most practical and versatile organocatalyst.1,2 Proline 

has  also been found to  be an excellent  asymmetric  catalyst  for α-functionalization6,7  of 

carbonyl compounds.

The oxidation of olefins is considered as the single most versatile, powerful and reliable 

class of transformation in organic synthesis. The pioneering work of K. B. Sharpless on 

“Chirally catalyzed oxidation reactions” viz. the asymmetric epoxidation (AE) developed 

in early 1980 and the asymmetric dihydroxylation (AD) in early 1990 and newly developed 

iv



asymmetric aminodihydroxylation (AA) in 1995, bagged him the ‘Nobel Prize’ (in part) in 

chemistry (2001).

The hydrolytic kinetic resolution (HKR) of terminal epoxides catalyzed by chiral (salen) 

Co(III)OAc complex  affords  both  recovered  epoxides   and  1,2-diol  products  in  highly 

enantio-enriched form.  In many cases there exist  no practical  alternatives  for accessing 

these valuable chiral building blocks from inexpensive racemic materials.

These methods have contributed to more advances in research not only in chemistry but 

also in material science, biology and medicine. This work gives access to new molecules 

needed to investigate hitherto undiscovered and unexplained phenomena in the molecular 

world.

In this chapter, we have described aforementioned catalytic reactions. During the course of 

our  research  work  we  have  prepared  chiral  diols,  amino  alcohols  and  epoxides  and 

successfully employed these synthetic intermediate towards the synthesis of (R)- selegiline,  

HIV-protease inhibitor,  hydroxyethylene  dipeptide  isostere  and  γ-amino acid derivative, 

(2R,  2’R)-(+)-methylphenidate  and   N-[phenyl(piperidin-2-yl)methyl]  benzamide,  1,3-

polyols, (S)-5-((S)-2-hydroxyhexyl)-dihydrofuran-2(3H)-one, (R)– coiinine, (S)-coniceine.

 

Chapter  2:  Asymmetric  aminohydroxylation  approach  to  the  syntheses  of  HIV-

protease inhibitor,  hydroxyethylene dipeptide  isostere  and γ-amino acid derivative 

and  synthesis of (R) - selegiline via hydrolytic kinetic resolution.

This chapter is further divided into two sections.

Section  A:  Asymmetric  aminohydroxylation  approach  to  the  syntheses  of  HIV-

protease inhibitor, hydroxyethylene dipeptide isostere and γ-amino acid derivative.

Ph
COOH

NH2

OH

O
Ph

Ph

BocHN

O

AHPPAHydroxyethylene dipeptide

isostere

1 2

The  advent  of  acquired  immunodeficiency  syndrome  (AIDS)  and  the  discovery  of  its 

causative  agent,  human immunodeficiency virus (HIV-1),8 has given an impetus  to  the 
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development of efficient inhibitors of viral enzymes, in particular of the transcriptase and 

more  recently  of  the  proteinase  (HIV-PR).9  We  have  successfully  accomplished  the 

synthesis  of  hydroxyethylene  dipeptide  isostere  using  Sharpless  asymmetric 

aminohydroxylation as the key step.

Ph COOEt Ph COOEt

NHCOCH3

OH

Ph COOMe

NHBoc

OH

BocN O

COOEt

Ph O
Ph

Ph

BocHN

O

Hydroxyethylene dipeptide
isostere

AA

2,2-DMP

DIBAL-H, Wittig

H2, 10% Pd-C, LiHMDS, BnBr

3 4 5

6
1

H+, MeOH

(Boc)2 O

AcOH

Scheme 1: Asymmetric synthesis of hydroxyethylene dipeptide isostere

As illustrated in Scheme 1, the asymmetric aminohydroxylation of olefin  3 afforded the 

desired amino alcohol 4 which  was subjected to hydrolysis to furnish the  free amine with 

concomitant  transesterification to the methyl  ester.  The successive conversion of amine 

into the Boc protected amino alcohol  5 followed by the acetonide protection, DIBAL-H 

reduction, Wittig reaction and hydrogenation gave compound 6. Compound 6 on acetonide 

deprotection  under  acidic  conditions  underwent  smooth  cyclisation  to  give the lactone, 

which was alkylated with benzyl bromide using LiHMDS as a base to furnish the target 

compound 1. 

Ph COOEt

NHCOCH3

OH

Ph COOMe

NBn2

OBn

Ph

NBn2

OBn

Ph

NH2

OH

H+, MeOH

BnBr, K2CO3

ClCO2Et, CH2N2

H2, 10% Pd-C

concd HCl

4
7

9 2

Ph

NBn2

OBn8

O

N2
CF3COOAg

LiOH

COOH COOH

Scheme 2: Synthesis of (3S, 4S)-4-amino-3-hydroxy-5-phenylpentanoic acid (AHPPA)
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Scheme 2 summarizes the synthesis of (3S, 4S)-4-amino-3-hydroxy-5-phenylpentanoic acid 

(AHPPA) from the common intermediate 4. The cleavage of the N-acetyl group of 4 with 

concomitant transesterification and subsequent  N- and  O-benzylation afforded compound 

7. Base hydrolysis of the ester 7 furnished acid which was converted into mixed anhydride 

followed  by  reaction  with  diazomethane  to  give  compound  8.  Wolff  rearrangement 

furnished the acid  9 which on subsequent debenzylation and acid treatment furnished the 

target compound 2. 

Section B: Synthesis of (R)- selegiline via hydrolytic kinetic resolution 

Selegiline also known as 1-deprenyl is an irreversible and selective monoamino oxidase- B 

(MAO-B) inhibitor and is administered alone or together with L-DOPA for the treatement 

of Parkinson’s syndrome and Alzheimer’s disease.10 Subsequent studies have shown that 

(R)-selegiline  1 is more effective towards the treatment of Parkinson’s disease as well as 

Alzheimer’s disease when compared to racemic selegiline.11

We have accomplished the asymmetric synthesis of (R)-selegiline using Jacobsen’s HKR 

as a key step. Thus 2-benzyl oxirane  2 was subjected to Jacobsen’s HKR using (R, R) - 

salen- CoIII-(OAc) complex (0.5 mol %) and distilled water (0.55 equiv) to afford (R)-2-

benzyl  oxirane  3 as  a  single  enantiomer.  Regioselective  opening  of  3 with  sodium 

borohydride furnished alcohol 5 in quantitative yield (Scheme 1).

Ph
O Jacobson's Catalyst

Ph
O

Ph OH

OH
+

2 3 4

Ph
O

3

Ph

5

OHNaBH4

Scheme 1: Synthesis of alcohol 5

Alcohol 5 was subjected to mesylation followed by treatment with sodium azide and 10% 

Pd-C under  hydrogenation  atmosphere  to  give  amine  7 which  was monomethylated  to 
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furnish compound 8. Alternatively the compound 8 can be directly obtained from mesylate 

6 by direct nucleophilic displacement of O-mesylate by methyl amine group. Finally amine 

8 was converted to (R)-selegiline 1 using propargyl bromide and K2CO3. 

Ph

OH

Ph

OMs

Ph

NH2

Ph
N

5 6 7

1

MeNH2

MsCl

Propargyl bromidePh

NH
8

NaN3

H2/Pd-C

ClCO2Me

LAH

Scheme 2: Synthesis of (R)-selegiline

Chapter 3: Studies towards asymmetric synthesis  of (2R,  2’R)-(+)-methylphenidate 

and (2R, 2’R)-N-[phenyl(piperidin-2-yl)methyl] benzamide.

N

NH
COOMe

NH

O

R1

(2R, 2'R)-(+)-Methylphenidate (2R, 2'R)-N-[Phenyl(piperidin-2-yl)
methyl] benzamide1

2

Methylphenidate  (methyl  2-phenyl-2-(2’-piperidyl)-acetate))  1 is  commonly  prescribed 

stimulant  used  in  the  treatment  of  attention  deficit  hyperactivity  disorder  (ADHD)  in 

children and used for the treatment of narcolepsy and depression  in adults.12,13 In addition, 

in  vivo and  in  vitro studies  have  determined  that  the  pharmacological  activity  resides 

mainly in the D-threo enantiomer.14 

Compounds  having  general  structure  as 2  are  analgesics,  diurectics,  anticonvulsants, 

sedatives, cerebroprotective by mechanism of action on opiate receptors.15
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OH OH

OH

OH

OTs

OH

OH

OH

O

OPMB

OH

K2CO3, MeOH i) PMBBr

Li acetylide

H2, Lindlar's cat

AD

3
4 5

6 7

TsCl

Scheme 1: Synthesis of homoallyl alcohol

We have completed formal synthesis of these compounds using AD as the key step. As 

depicted in Scheme 1, the AD of cinnmoyl alcohol  3 furnished triol 4 which was mono 

tosylated  and  treated  with  base  to  give  epoxide  6.  The  free  hydroxy  group  was  then 

protected as PMB ether followed by epoxide opening with lithium acetylide, and partial 

reduction  to  furnish  the  homoallylic  alcohol  7.   Alcohol  7 was  treated  with  methane 

sulfonyl chloride, LiN3 to furnish azide 8 (Scheme 2), which under Staudinger conditions 

was

NBoc

OPMB

OPMB

OH

OPMB

N3

OPMB

NHBoc

OPMB

N
Boc

PPh3, THF:H2O.

(Boc)2O

Allyl bromide Grubb's IstGen. catalyst

7
8

9 10

11

MsCl

LiN3

NBoc

OPMB

NH

OHH2-Pd/C , EtOAc Aq. HCl, reflux

12 13

Scheme 2: Synthesis of amino alcohol

converted  to  amine  and  in situ protected  as  carbamate  using Boc anhydride  to  furnish 

compound  9.  Finally the  N-allylation of the amide followed by ring closing metathesis 

afforded piperidine compound 11, which on double bond reduction and global deprotection 

using aq. HCl furnished the free amino alcohol 13 (Scheme 2). 
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To confirm the  stereochemistry,  compound  13 was converted to monotosyl  alcohol  17 

which was obtained as crystalline solid and single X-ray crystal  clearly established the 

structure of the compound. The relative stereochemistry of the amino alcohol was found to 

be trans. Boc protection of 13 followed by IBX oxidation afforded ketone 16 which can be 

converted to the target compound 1 by known procedure.14 Similarly the N-alkylated amino 

alcohol  14 which  was obtained  by selective  alkylation  of  13,  can  be  converted  to  the 

compound 2 by the known procedure15 (Scheme 3).
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Scheme  3:  Formal  synthesis  of  (2R,  2’R)-(+)-methylphenidate and (2R,  2’R)-N-

[phenyl(piperidin-2-yl)methyl] benzamide
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Chapter 4: An organocatalytic approach to  syn- and  anti  - 1,3-polyols and proline-

catalysed synthesis of piperidine and indozolidine natural products (R)-coiinine and 

(S)-coniceine

This chapter is further divided into two sections.

Section A: Organocatalytic approach to syn- and anti-1, 3-polyols and its application 

to the synthesis of a hydroxy lactone pheromone component.

Proline has been found to be an excellent asymmetric catalyst for α-functionalization6,7  of 

carbonyl compounds. Recently, Zhong et. al.16 have reported the sequential aminoxylation-

olefination  reactions  of  aldehydes  to  generate  protected  allylic  alcohols  in  high 

enantiomeric excess. We have devised a general iterative strategy for the synthesis of 1,3-

syn/anti- polyols using Zhong’s sequential aminoxylation, HWE olefination reaction. One 

cycle  of  iteration  consists  of  four  steps  namely  ester  reduction  to  aldehyde,  sequential 

aminoxylation, HWE olefination, reductive hydrogenation and   protection of the  resultant 

alcohol. This strategy is easily extendable for the synthesis of 1,3,5-polyols as shown by 

the representative synthesis of  1,3,5-syn/syn polyol.

Ph
CHO Ph

COOEt

OH

Ph
COOEt

OR'

R' = TBS1 2

TBSOTf

Nitroso Benzene,
L- Proline,HWE salt

H2-Pd/C

Scheme 1: Synthesis of γ- hydroxy ester 1

Thus,  3-phenylpropanal  was  subjected  to  α-aminoxylation  with  nitrosobenzene  and  L-

proline followed by in situ Horner-Wadsworth-Emmons (HWE) olefination to furnish the 

aminoxy-olefinic  ester  which under hydrogenation conditions  yielded γ-hydroxy ester  1 

(Scheme 1). 

The free hydroxy group of 1 was then protected as TBS ether followed by ester reduction 

to furnish aldehyde which was subjected again to the same three step iteration cycle to give 

the  diol  3. Depending  upon  the  catalyst  used  (L/D)-proline  in  each  iteration  we  have 

synthesized both (syn/anti) diol 3 and 5 (Scheme 2).
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Scheme 2: Iterative strategy for the synthesis of polyols

To illustrate the feasibility of synthesizing 1,3,5-polyol in this way syn diol 4 was subjected 

to second cycle of iteration to furnish 1,3,5-syn-/syn- triol as anticipated (Scheme 3).

Syn/Ant i: 10:1

R

OR' OR'

COOEt

OH

R' = TBS7

4

TBSOTf, DCM

R

OR' OR'

COOEt

OR'

R' = TBS8

Second iteration

L- proline

Scheme 3: Stereoselective synthesis of triol derivative by second cycle of iteration 

Prompted by the above findings,  we embarked upon the total  synthesis  of (S)-3-((S)-2-

hydroxyhexyl)dihydrofuran-2(3H)-one  14, representative  of   6-hydroxyalkan-4-olides, 

hydroxy lactones with chain lengths between 10 and 13 carbon atoms, which are part of the 

complex mixture of compounds that giant white butterfly Idea leuconoe hairpencils release 

as a pheromone. 

As  depicted  in  Scheme  4,  the  commercially  available  hexanal  9 was  subjected  to 

aminoxylation, HWE olefination and reductive hydrogenation to furnish γ-hydroxy ester 

10, the free hydroxy group was then protected as TBS ether to give 11. Compound 11 on 

reduction furnished aldehyde, which on first cycle of iteration using L-proline as a catalyst, 

afforded anti-diol 12, which was further treated with TBSOTf to give TBS ether 13. Finally 

silyl deprotection and lactonisation under acidic conditions gave the desired lactone 14. 
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Scheme 4: Synthesis of (S)-3-((S)-2-hydroxyhexyl)dihydrofuran-2(3H)-one 14

Section B: Proline-catalysed synthesis of piperidine and indozolidine natural products 

(R)-coiinine and (S)-coniceine. 

The development of methods for the asymmetric synthesis of pyrrolidines, piperidines and 

ring-fused derivatives such as indolizidines remains an area of current interest due to the 

presence of such saturated heterocyclic  rings in a large range of biologically important 

compounds. Almost invariably, these bioactive compounds, and in particular the naturally 

occurring derivatives, contain an asymmetric centre adjacent to the ring nitrogen atom.

We have developed a common route to the synthesis of both (R)-coiinine and (S)-coniceine 

as a simple representatives of the piperidine and indozolidine alkaloids respectively.

The synthesis of 1 started with aldehyde 3, which on aminoxylation, NaBH4 reduction and 

reductive hydrogenation gave the diol 4 which was monotosylated and treated with base to 

give the epoxide 5. Epoxide 5 on opening with lithium acetylide and partial reduction gave 

the alcohol 6. Alcohol was then treated sequentially with MsCl,  sodium azide to give azide 

7 which was converted into amine and in situ protected as tbutyl carbamate 8. Finally PMB 

deprotection, mesylation and base treatement afforded the target molecule 1 (Scheme 1).
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Scheme 1: Synthesis of (R)-coiinine

Similarly the synthesis of (S)-coniceine was achieved from azide 7. The homoallylic azide 

7 was subjected to Staudinger reaction and converted into amine which on Cbz protection, 

hydroboration–oxidation reaction, PMB deprotection furnished diol 12. Mesylation of diol 

12 with MsCl, concomitant deprotection of Cbz and nucleophilic displacement of OMs on 

hydrogenation with H2/Pd-C led to the target compound 2 (Scheme 2).

Alternatively,  in  order  to  reduce  the  overall  number  of  steps  for  the  synthesis  of  (S)-

coniceine  2,   compound  11 can  be  easily  prepared  form  γ-hydroxy  esters  13.  Thus 

sequential α-aminoxylation and HWE olefination of aldehyde 3 and subsequent reduction
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Scheme 2: Synthesis of (S)-coniceine
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of the obtained O-amine substituted ester furnished γ-hydroxy ester  13. The free hydroxy 

group of 13 on mesyl protection and azide displacement gave azide ester 14. Azide 14 was 

subjected to Staudinger reaction and converted into amine which on Cbz protection and 

subsequent DIBAL-H reduction gave compound 11 in good yield.
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COOEt

PMBO
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COOEt PMBO
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13

11
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14
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3 PMBO
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Scheme 12. Alternate synthesis of amino alcohol 11.
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Chapter 1

1.1.   ASYMMETRIC DIHYDROXYLATION (AD)

1.1.1. Introduction

Asymmetric  synthesis  of  bioactive  molecules  is  in  the  forefront  of  synthetic  organic 

chemistry  due  to  its  varied  applications  in  drug  and  pharmaceutical  industries  and 

biotechnologies. The goal of asymmetric synthesis-whether it is done in an academic or an 

industrial setting-is to prepare stereochemically-enriched compounds in the most efficient 

and practical manner possible.

In the last two decades, many powerful asymmetric reactions have emerged as a result of 

the  growing  need  to  develop  efficient  and  practical  syntheses  of  biologically  active 

compounds. Catalytic asymmetric reactions provide an especially practical entry into the 

chiral world due to their economical use of asymmetric inducing agents.1 Especially useful 

is the carbon-heteroatom bond forming reaction, since the resulting functionality can be 

readily manipulated to produce many important classes of compounds. It is not surprising, 

therefore, that the oxidative addition of heteroatoms to olefins has been a fruitful area in 

last decade. A number of transition metal-mediated methods for the epoxidation,2 oxidative 

cyclization,3 halohydrin  formation,4 dihydroxylation5 and  aminohydroxylation6 have 

emerged.  A common feature  of  most  of  these  processes  is  the  phenomenon  of  ligand 

acceleration,7 wherein  a  metal  catalyzed  process turns over  faster  in the presence  of  a 

coordinating ligand. 

The osmium tetroxide-catalyzed asymmetric dihydroxylation (AD) of olefins, embedding 

two hydroxyl groups in a hydrocarbon framework is perhaps one of the most reliable and 

selective transformations in organic chemistry. 

R1
R2

R1
R2

OH

OH

OsO4

1

2

Scheme 1: Dihydroxylation of olefin
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Chapter 1

A series of discoveries5 gave a best reaction condition for dihydroxylation to be a biphasic 

reaction carried out in 1:1 mixture of water: t-BuOH, using catalytic OsO4, and

N
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N

H

MeO

O R
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           DHQD

Dihydroquinine (R = H)
           DHQ

Figure 1. Cinchona Alkaloid Ligands for AD under Catalytic Conditions.13,16
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Figure 2. The latest generation of “dimeric” PHAL and PYR ligands 
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Chapter 1

K3Fe(CN)6 as the stoichiometric re-oxidant along with K2CO3, methane sulfonamide. In the 

presence of  “dimeric” PHAL or PYR ligands.

1.1.2. Empirical rules for predicting the face selectivity

The face selectivity of the dihydroxylation can reliably be predicted using an empirical 

‘mnemonic device’ (Scheme 2).8 The plane of the olefin is divided into the four quadrants 

according to a simple set of rules. The SE quadrant is sterically inaccessible and, with few 

exceptions, no substituent other than hydrogen can be placed here. The NW quadrant, lying 

diagonally across from the SE quadrant, is slightly more open and the NE quadrant appears 

to  be  quite  spacious.  The  SW  quadrant  is  special  in  that  its  preferences  are  ligand 

dependent. Even though this SW quadrant normally accepts the largest group, especially in 

the case of PYR ligands, it is especially attractive for aromatic groups in the case of PHAL 

ligands.8c An olefin which is placed according to the above constraints receives the two OH 

groups from above, i.e. from the β-face, in the case of DHQD derived ligands and from the 

bottom, i.e. from the α-face, in the case of DHQ derivatives (Scheme 2).

H
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NE
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"OH OH"

OH""OH

t-BuOH-H2O
(1:1)PHAL:

Aromatic groups
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PYR:
Large Aliphatic
groups preferred HO OH

H
RL

RS

HO OH

HRL

RS

DHQD
Top attack

Bottom attack
DHQ

RM
NW

SW

RM

RM

Scheme 2. The mnemonic device for predicting the face selectivity

1.1.3. Reaction Conditions

The catalytic asymmetric dihydroxylation is performed in a 1:1 mixture of water and  t-

BuOH and the olefin concentration is usually 0.1 M.9 The key reagents are 3 equivalents of 

K3Fe(CN)6 as the re-oxidant, 0.2-0.4 mol% osmium, 1 mol% of ligand, 3 equivalents of 

K2CO3 and  1  equivalent  of  CH3SO2NH2.  Additionally,  the  ligand  can  be  recovered 

especially  when large  scale  reactions  are  carried  out.  For  PHAL ligand,  the  combined 

3
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organic layers are extracted with 3% aq. H2SO4 satuarated with K2SO4  (ca. 40 mL/1g of 

ligand). The ligand enters the aqueous phase as the hydrogen sulphate salt and the solution 

can  be  reused  directly  for  the  subsequent  AD  reaction  without  further  purification. 

However, the amount of K2CO3 in the subsequent reaction should be increased in order to 

neutralize excess H2SO4 and also to release the ligand salt as its free base, and the volume 

of aqueous ligand solution added to the reaction mixture. 

1.1.4. The cinchona alkaloid ligands and their substrate preferences

Phthalazine (PHAL) ligands

Due to the ready availability of second generation ligands i.e. PHAL10 (Phthalazine) ligands 

are widely used and this ligand class reacts especially when aromatic groups are present, 

and  remarkably  high  enantioselectivities  were observed when the  aromatic  substituents 

appear in certain optimal locations11 like in trans-stilbene for which the enantioselectivity is 

as high as 99.8%.12 However, PHAL ligands give inferior results with aliphatic olefins, 

especially if they are branched near the double bond or if they have very small substituents. 

Anthraquinone (AQN) ligands

The  anthraquinone  ligands  are  well  suited  for  almost  all  olefins  having  aliphatic 

substituents13 and diols derived from allyl  halides or allyl alcohols can be obtained with 

satisfactory enantiomeric purity, thereby giving access to valuable chiral building blocks. 

The AQN derivatives are the ligands of choice for the AD reaction, except for olefins with 

aromatic or sterically demanding substituents.

Pyrimidine (PYR) ligands

The pyrimidine  ligands  are  the  ligands  of choice  for olefins  with sterically  demanding 

substituents.14

Diphenyl pyrazinopyridazine (DPP) and diphenyl phthalazine (DP-PHAL) ligands

These ligands give improved enantioselectivities for almost all olefins except for terminal 

alkyl  olefins which are better served by the AQN or PYR ligands.15 The DPP ligand is 

normally slightly superior to the DP-PHAL ligand. The DPP derivatives are the optimal 

ligands for aromatic olefins and for certain cis-1,2-disubstituted olefins.

4
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Indoline (IND) ligands

Cis-1,2-disubstituted olefins generally are poor substrates for the AD reaction and the IND 

derivatives are normally the ligands of choice.16 However, in certain cases better results are 

obtained with the new second generation ligands.17
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1.2.   ASYMMETRIC AMINOHYDROXYLATION (AA)

1.2.1. Introduction

Asymmetric  aminohydroxylation6a is  very  versatile  as  it  facilitates  a  single  step 

introduction of two functional groups viz amino (protected) and hydroxy group, from a 

wide  range  of  simple  alkene  starting  materials.  The  significance  of  this  invention  was 

immediately apparent to many researchers18 as the AA reaction provides straightforward 

access to the amino alcohol array and in a wide variety of biologically active agents and 

natural  products.19 As  a  result,  the  reaction  rapidly  gained  the  prominence  of  its 

forerunners, the AE and AD processes. The reaction typified by the conversion shown in 

Scheme  3,  employs  catalyst  constituting  of  cinchona  alkaloid  derived  ligands  and  an 

osmium species in combination with a stoichiometric nitrogen source that also functions as 

the oxidant. The chiral ligands give rise to the observed enantioselectivity by favouring 

addition to one enantiotopic face of the prochiral alkene substrate. In this way, the 1,4-bis-

(9-O-dihydroquininyl)-phthalazine [(DHQ)2PHAL] ligand directs addition to the α-face of 

an alkene 3 to form amino alcohol products such as 4 or 5 (Scheme 3). Alternatively, the 

1,4-bis-(9-O-dihydroquinidinyl)-phthalazine  [(DHQD)2PHAL]  ligand  directs  addition  to 

the β-face of 3. 

R1
R2

R1
R2

NHOCOR

OH

R1
R2

OH

NHOCOR

+
NaOH, t -BuOCl,

ROH, H2O

ROCONH2, (DHQ)2PHAL,
K2OsO2(OH)4

3
4 5

Scheme 3. Sharpless asymmetric aminohydroxylation

An  additional  complexity  that  is  not  manifested  in  the  AD  process  involves  the 

regioselectivity  of  the  AA reaction.  The  oxidation  of  unsymmetrical  alkene  such  as  3 

(R1≠R2) can, in principle, give rise to two regioisomeric amino alcohol products 4 and 5. 

In  many cases,  the  conditions  or  the  aromatic  linker  of  the  chiral  ligand,  for  example 

phthalazine (PHAL) or anthraquinone (AQN), strongly influence the regioselectivity of the 

reaction.20
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1.2.2 Mechanism

The proposed    mechanism for    the    asymmetric   aminohydroxylation is closely based 

on  mechanistic  studies  of  its  forerunner,  the  AD  reaction.  The  mechanism  is  [3+2] 

cycloaddition  of  ligand-bound  complex  6  to  the  alkene,  analogous  to  the  Criegee 

mechanism  for  osmium-mediated  dihydroxylation.  In  this,  ligand  co-ordination  with 

imidotrioxo osmium (VIII) followed by [3+2] cycloaddition with olefin gives 7. Based on 

these results, a mechanistic scheme has been proposed in which two catalytic cycles, give 

different  results  for  selectivity  of  the  transformation  (Figure  4).  The  primary  cycle  is 

mediated by the alkaloid derived ligand and in all but one of the AA methods reported to 

date,21 the  ligand  is  observed  to  improve  catalytic  turnover  relative  to  the  non-ligand-

mediated reaction. Ligand mediated addition of imidotrioxoosmium(VIII) species 6 to the 

alkene gives azaglycolate species 7. Reoxidation of 7 by the nitrogen source gives 8, which 

can undergo hydrolysis to regenerate the initial osmium species and liberate product. The 

oxidized azaglycolate species  8  may also enter the secondary cycle and add to a second 

alkene to give the bis(azaglycolate)osmium species  9. The addition step of this cycle is 

independent  of  the  Cinchona  alkaloid  derived  ligand  and  as  a  result,  gives  addition 

products with low enantio and regio-selectivity. Hydrolysis of 9 leads back to 7, which can 

then re-enter either the primary or secondary cycle.
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Figure 4. Proposed mechanism of asymmetric aminohydroxylation
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The  turnover-limiting  step  in  both  catalytic  cycles  is  the  hydrolysis  of  azaglycolate 

complexes  8  or  9.22 Control  of  the  oxidation  pathway  is  achieved  by  conducting  the 

reaction in aqueous solvent mixtures, thereby favouring hydrolysis of 822a and dominance 

of the primary cycle. In comparison, all of the AA processes reported to date have been 

carried out under homogeneous conditions and suppression of the secondary cycle relies on 

effective hydrolysis. 

1.2.3. Nitrogen sources

There are three main classes of nitrogen source that have been used to date in the AA 

reaction. The N-halogenated species derived from (i) sulfonamides (ii) carbamates and (iii) 

amides. All are converted into the respective alkali metal salt prior to addition to the alkene 

(Figure 5).

Cl
N

S
R

O O

-
Cl

N OR

O

-
Br

N R

O

-

Sulfonamide

10

Carbamate

11

Amide

12

Na+ Na+ Li+

Figure 5. Various nitrogen sources.

(i) Sulfonamide variant 10: The sulfonamide method was first to be developed, stemming 

directly from the use of chloramine-T [TsN(Na)Cl] in the catalytic  but non-asymmetric 

forerunner to the AA.23 Chloramine-T remains the most frequently used reagent, due to its 

low cost and commercial availability. Subsequent studies have revealed that the size of the 

sulfonamide group has a tremendous influence on the outcome of the reaction, the smaller 

the  residue the  better  the  results.6c Thus  the  methane  sulfonamide  based  chloramine-M 

reagent generally gives superior results in terms of enantio and regioselectivity, catalytic 

turnover,  and yield,  compared  to  chloramine-T.  Additionally,  the chloramine-M system 

shows  ligand  acceleration,  while  the  toluene  sulfonamide  based  system  is  ligand 

deaccelerated.  The robust nature of the sulfonamide product requires harsh deprotection 

condition such as reductive cleavage of sulfonamides under Birch conditions24 or with Red-

Al.25 In addition,  33% HBr/CH3COOH has been used to cleave toluene sulfonamides.6b 

Sulfonamide method is limited in its substrate scope, encompassing α, β-unsaturated esters, 
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phosphonates  and  amides,  as  well  as  some  terminal  and  trisubstituted  alkenes,  but 

excluding alkenes such as styrenes and vinyl arenes.26

(ii) Carbamate variant 11 : The discovery of carbamate based nitrogen sources6d greatly 

expanded the scope of the AA reaction to include many styrenes and terminal alkenes. This 

coupled with the facile deprotection of carbamates under milder conditions,27 gave the AA 

much  greater  synthetic  utility  than  was  the  case  using  the  original  sulfonamide  based 

approach.  The  commonly  used  carbamates  include  ethyl,  benzyl,  tert-butyl  and  2-

(trimethylsilyl) ethyl carbamate (Teoc). All except Teoc are commercially available, and all 

can be used without purification.  The carbamate is typically converted,  in situ, into the 

corresponding chloramine salt by reaction with sodium hydroxide and 3 mol equiv. of tert-

butyl hypochlorite.28 One frequently encountered difficulty with the carbamate variant of 

the  AA is  the removal  of  unreacted  from the reaction  mixture,  with  extensive  column 

chromatography  often  being  required.29 As  with  sulfonamides,  carbamates  with  less 

sterically demanding N-substituents were found to give better results.

(iii) Amide variant 12 : The most recent major variant of the AA reaction is based on N-

halogenated amides.30 This variant is comparable in scope to the carbamate based method 

and  works  well  with  cinnamates,  acrylates,  styrenes,  and  terminal  alkenes.  It  is 

advantageous  in  that  only  one  equivalent  of  the  N-haloamide  is  required,  greatly 

simplifying isolation of the AA products. As alkali metal salts of N-chlorocarbamides are 

susceptible  to Hoffmann rearrangement,31 the lithium salt  of  commercially  available  N-

bromoacetamide was found to be the most viable alternative. By carrying out the reaction 

at 4 oC, complete suppression of the Hoffmann rearrangement was achieved.32 

1.3.4. Regioselectivity

Control  of  regioselectivity  in  the  AA  is  arguably  the  single  greatest  challenge  when 

applying  the  reaction  in  synthesis.  Greater  understanding  of  the  factors  responsible  for 

controlling regioselectivity would significantly expand the scope of the AA reaction and 

assist  in the development  of synthetic  strategies  that  centre  on this  transformation.  The 

problem of  regioselectivity  is  a  complex  one  and  many  factors  have  been  invoked  to 

explain one and many observed trends, such as alkene substitution, alkene polarisation and 

ligand-substrate interactions.
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Alkene substitution 

The AA of the homoallylic alcohol derivatives shown in Scheme 4 explains the general 

trend that the nitrogen prefers to add to the less substituted end of the alkene (Table 1). 

These observation may be explained by the steric demand of the substituted imidoosmium 

(Os = NR) relative to the unsubstituted oxo-counterpart (Os = O) in the reactive complex, 

which favours approach of the former to the less substituted olefinic carbon. 

Scheme 4. Aminohydroxylation of unsymmetrical olefins

Substrate R1 R2 Ratio of products
13:14

3a TBDPSOCH2CH2 H >20:1

3b p-OMe-C6H4OCH2CH2 H 1.2:1

3c TBDPSOCH2CH2 Et 2.0:1

3d p-OMe-C6H4OCH2CH2 Et 1:3.5

Table 1. Ratio of products in asymmetric aminohydroxylation of unsymmetrical olefins

Alkene polarisation

Polarisation of the alkene has been suggested as a contributing influence on the preference 

of α, β-unsaturated esters to afford the β-amino product with phthalazine derived ligands. 

Though  the  precise  rationale  varies  depending  on  whether  the  formal  [2+2]  or  [3+2] 

cycloaddition is invoked as the preferred mechanistic path way, it has been suggested that 

the  β-amino  isomer  predominates  due  to  the  greater  nucleophilic  character  of  the 

imidoosmium grouping (Os=NR) relative to (Os=O) which favours addition to the more 

electrophilic  carbon of  the  alkene.  However  changing the aromatic  linker  of  the  chiral 

ligand to an anthraquinone unit results, for a range of α, β-unsaturated esters, in a reversal 
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in regioselectivity such that the  α-aminated products are now favoured. This fact speaks 

against a strong electronic bias.

Panek protocol

Asymmetric synthesis of β-hydroxy-α-amino acid can be performed, by making aryl ester 

substrates  15 successfully using Panek protocol. The reversal of regioselection may arise 

from a conformational change induced by the aryl ester functionality.32

R1 O

O
X

R1 O

O
X

K2[Os(OH)4], 4 mol%

(DHQ)2AQN, 5 mol%
Cbz-NH2/ t-BuOCl
n-PrOH/H2O, rt

15 16

OH

NHCbz

Scheme 5. Reversal of regioselection in asymmetric aminohydroxylation
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1.3. HYDROLYTIC KINETIC RESOLUTION (HKR)

1.3.1. Introduction

The importance of epoxides in organic synthesis arises partly from the occurrence of the 

strained three-membered ring unit in a number of interesting natural products33 but more so 

because  the  ring opening of  epoxides  allows straightforward  elaboration  to  useful  new 

functionality,  often  with  generation  of  new  carbon-carbon  bonds.  Indeed,  reactions  of 

epoxides with nucleophiles, Lewis acids, radicals, reducing agents, oxidizing agents, acids, 

and  bases  have  all  been  well  documented  and  utilized  in  synthesis.34 Further,  the 

stereospecific  manner  in  which  epoxides  generally  react  renders  these  compounds 

attractive chiral building blocks for asymmetric synthesis.

Since  those  epoxides  that  are  produced  naturally  are  typically  complex  compounds 

available only in limited amounts, nature’s chiral pool has not proven to be a useful direct 

source of optically active epoxides for use in organic synthesis. Instead, enantio-enriched 

epoxides have been accessed indirectly from the chiral  pool via multistep procedures.35 

These, however, tend to be inherently inefficient, and the range of epoxides available by 

this approach is also quite limited. As a consequence, the preparation of enantio-enriched 

epoxides has long stood as a most significant target for asymmetric synthesis. In particular, 

the identification of catalytic  asymmetric  olefin  oxidation methods has been an area of 

active research for several decades, and the advances made in this field have increased 

greatly  the  number  of  enantiomerically  enriched  epoxides  available  for  use  in  organic 

synthesis.

Among available methods for the preparation of enantio-enriched epoxides, the Sharpless 

epoxidation  reaction  has  arguably  had  the  most  profound  impact  of  any  asymmetric 

catalytic reaction discovered thus far, providing general access to highly enantio-enriched 

epoxyalcohols.36 More recently, the epoxidation of unfunctionalized conjugated olefins by 

chiral  (salen)Mn(III) complexes has enabled the practical  synthesis  of certain classes of 

enantiomerically enriched epoxides.37 A highly complementary strategy for epoxidation of 

simple olefins involving chiral dioxirane intermediates has expanded the range of chiral 

epoxides now accessible in enantio-enriched form to a significant extent.38 Indirect routes 
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to  enantiopure  epoxides  involving  asymmetric  catalytic  dihydroxylation  or  reduction 

reactions  have  also  proven  highly  valuable  in  specific  contexts.39 Despite  these 

considerable advances in asymmetric catalytic synthesis of epoxides, no general methods 

have  been  identified  for  the  direct  preparation  of  highly  enantio-enriched  1-oxiranes, 

arguably the most valuable class of epoxides for organic synthesis.40 The utility of terminal 

epoxides  as  chiral  building  blocks  is  perhaps  best  illustrated  by  the  fact  that  the  few 

examples  for  which  effective  catalytic  approaches  exist  have  found  extensive  use  in 

asymmetric synthesis. In particular, glycidol and a number of its derivatives are available in 

enantiomerically  enriched  form  using  the  Sharpless  epoxidation  technology41 or  by 

enzymatic kinetic resolution methods,42 and these compounds have become widely used 

starting  materials  for  target-oriented  synthesis.43 Epichlorohydrin  has  been  rendered 

commercially  available  in  bulk by microbial  resolution  of  ((±)-2,3-dichloro-1-propanol, 

and it, too, has found widespread application.

Recently Jacobsen had discovered the (salen)Co complex 17 (Figure 6) catalyzed efficient 

hydrolytic kinetic resolution (HKR) of a variety of terminal epoxides (Scheme 6).44-46 This 

new method  appeared  to  hold  considerable  promise  with  regard  to  meeting  all  of  the 

criteria  outlined  above for  kinetic  resolution  to  be  practical.  Racemic  1,2-epoxides  are 

generally available directly from commercial suppliers at low cost or are obtainable in one 

step  from inexpensive  olefins  or  aldehydes.  In  fact,  certain  racemic  epoxides,  such  as 

propylene  oxide,  epichlorohydrin,  styrene  oxide,  and  butadiene  monoepoxide,  are 

commodity chemicals and are no more expensive than common organic solvents. Second, 

the ligands for catalyst 17 had previously been commercialized and manufactured on a ton 

scale in the context of (salen)Mn epoxidation catalysts.47 The cobalt analogues (R,R)-17 

and (S,S)-17 proved equally accessible, and these are also now available in bulk.48 Third, 

water is perhaps the ideal reagent for effecting the resolution reaction: it is inexpensive and 

safe, and the rate of the ring-opening reaction can be controlled simply by modulating the 

rate of addition of water to the epoxide-catalyst mixture.49 Fourth, for those examples that 

were described in the preliminary report, highly enantio-enriched epoxides were recovered 

from the HKR. Finally,  the HKR provided useful  enantio-enriched  1,2-diols,  including 

many that are otherwise not readily accessible using existing asymmetric dihydroxylation 

methods.5,11 

13



Chapter 1

M = Co: (R,R)-17
M = Co-OAc: (R,R)-17-OAc

NN
H H
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t-Bu

t-Bu O

t-Bu
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H H

O

t-Bu

t-Bu O

t-Bu

t-Bu

M = Co: (S,S)-17
M = Co-OAc: (S,S)-17-OAc

M M

Figure 6. Jacobsen catalyst

The HKR has seen rapid adoption as the method of choice for the preparation of a variety 

of  terminal  epoxides  in  enantio-enriched  form,  and a  number  of  applications  in  target 

oriented synthesis have been reported already.50 In addition, the commercial manufacture of 

enantio-enriched propylene oxide, epichlorohydrin, and styrene oxide using HKR

O

OH

OH

O
O

OH

OH

(R,R)-1-OAc(S,S)-1-OAc

18

(R)-18

(R)-19
(S)-19

(S)-18

+ +

Scheme 6. Hydrolytic kinetic resolution of propylene oxide

methodology  has  been  implemented,  thereby  reducing  the  cost  of  these  useful  chiral 

building  blocks.48 Jacobsen  has  discovered  that  the  HKR is  an  extraordinarily  general 

reaction, allowing efficient kinetic resolution of virtually any type of terminal epoxide. 

1.3.2. Preparation of Catalyst and General Experimental Considerations 

Both enantiomers of the (salen)CoII complex 17 are available commercially on research or 

commercial scale,48 or they can be prepared from the commercially available ligands using 

Co(OAc)2.  The  Co(II)  complex  17  is  catalytically  inactive,  however,  and  it  must  be 

subjected  to  one-electron  oxidation  to  produce  a  (salen)CoIII  X  complex  (X)  anionic 

ligand)  prior  to  the HKR. This  may be done conveniently  by aerobic  oxidation  in  the 
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presence of a mild Brönsted acid.  Water alone was found not to mediate the oxidation 

reaction,  but  a  screen  of  additives  revealed  that  acetic  acid  was  effective  and that  the 

corresponding Co(III) precatalyst  17.OAc is convenient for use in HKR reactions both in 

terms of its preparation and reactivity. Two useful methods for the generation of complex 

17.OAc have been developed. Method A involves isolation of  17.OAc as a crude solid 

prior  to the HKR. The Co(II)  complex  17  is  dissolved in toluene  to generate  ca.  1 M 

solution, and acetic acid (2 equiv) is added. The resulting solution is stirred open to air at 

room temperature for 30 min, during which time the color of the mixture changes from 

orange to dark brown. All volatile materials are removed in vacuo, affording 17.OAc as a 

brown solid residue that can be used without further purification. Method B involves in situ 

generation of  17.OAc under HKR conditions by suspension of the Co(II) complex  17  in 

epoxide or epoxide/solvent and addition of HOAc under an aerobic atmosphere. Catalyst 

obtained by both methods was examined for each of the epoxides described in this study. 

For certain substrates such as 1-hexene oxide, catalyst prepared by either method leads to 

essentially identical results. In these situations,  in situ catalyst  generation (method B) is 

preferable since the procedure avoids an extra solvent removal step. On the other hand, 

catalyst prepared by method A was found to be more effective with less reactive substrates 

(vide infra) and was applicable to all substrates examined. Therefore, if HKR did not afford 

epoxide in >99% ee with catalyst prepared by method B after optimization of solvent and 

catalyst loading, then catalyst prepared by method A was employed. 

O O

Method A
0.5 mol % (R, R)-1-OAc

0.55 eq. H2O
42% yield

Method B
0.5 mol % (R, R)-1

2-3% AcOH
0.55 eq. H2O

43% yield

>99% yield

Scheme 7. General reaction

Aside from the method of generation of 17.OAc, the only reaction parameters in the HKR 

that  required optimization  for individual  substrates  were catalyst  loading and choice of 

solvent. With few exceptions, epoxide of >99% ee could be obtained using 0.55 equiv of 
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water relative to racemate. Relatively small epoxides with some degree of water solubility 

could be resolved effectively without added solvent. However, the HKR of more lipophilic 

substrates  did  benefit  from  inclusion  of  a  water  miscible  organic  solvent  such  as 

tetrahydrofuran (THF), 2-propanol, or 1,2-hexanediol. In general, one volume of solvent 

relative to racemic epoxides was sufficient to allow efficient HKR. Catalyst loadings of 0.5 

mol% or lower relative to racemic epoxide were effective for many substrates, but epoxides 

bearing sterically hindered or unsaturated substituents often required more catalyst (up to 2 

mol%) to attain complete resolution. Reactions were initiated at 0 °C and then allowed to 

warm to room temperature with continued stirring for 12- 18 h.

[(R,R)-N,N'-Bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohexanediaminato(2-]cobalt(II) 

((R,R)-1).  A solution of cobalt(II) acetate tetrahydrate (5.98 g, 24.0 mmol) in MeOH (80 

mL) was added to a solution of ligand [(R,R)-N,N'-bis(3,5-di-tert-butylsalicylidene)-1,2- 

cyclohexanediamine]  (10.9  g,  20.0  mmol)  in  CH2Cl2 (80  mL)  via  cannula  under  an 

atmosphere  of  N2 with  careful  exclusion  of  air.  A brick-red  solid  began to  precipitate 

before addition was complete. The sides of the reaction flask were rinsed with MeOH (20 

mL), and the mixture was allowed to stir for 15 min at room temperature and then 30 min 

at 0 °C. Precipitated solids were isolated by vacuum filtration and rinsed with cold (0 °C) 

MeOH (2 x 75 mL). The red solid was collected and dried in vacuo to yield [(R,R)-N,N'-

bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohexanediaminato(2-)]cobalt(II)  ((R,R)-17)  (11.6 

g, 19.2 mmol, 96%).
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  1.4   PROLINE CATALYZED ASYMMETRIC ORGANIC TRANSFORMATIONS 

1.4.1. Introduction to organocatalysis

The broad utility of synthetic  chiral  molecules as single-enantiomer pharmaceuticals,  in 

electronic and optical devices, as components in polymers with novel properties, and as 

probes  of  biological  function,  has  made  asymmetric  catalysis  a  prominent  area  of 

investigation. Organocatalysis, or the use of small organic molecules to catalyse organic 

transformations, is a relatively new and popular field within the domain of chiral molecule 

(or  enantioselective)  synthesis.  Although  chemical  transformations  that  use  organic 

catalysts, or organocatalysts, have been documented sporadically over the past century, it 

was not until the late 1990s that the field of organocatalysis was ‘born’.51 It is now widely 

accepted that organocatalysis is one of the main branches of enantioselective synthesis (the 

other,  previously  accepted,  branches  being  enzymatic  catalysis  and  organometallic 

catalysis),  and  those  who  are  involved  in  the  synthesis  of  chiral  molecules  consider 

organocatalysis to be a fundamental tool in their catalysis toolbox.

This rediscovery has initiated an explosive growth of research activities in organocatalysis 

both in industry and in academia. The 1970s brought a milestone in the area of asymmetric 

organocatalysis, when two industrial groups led by Hajos and Wiechert published the first 

and highly enantioselective catalytic aldol reactions using simple amino acid proline as the 

catalyst. Organocatalysis is the catalysis of chemical transformations using a purely organic 

molecule,  which  is  composed  of  mainly  carbon,  hydrogen,  nitrogen,  sulfur,  and 

phosphorus, and does not contain any metals. The advent of organocatalysis brought the 

prospect of a complementary mode of catalysis, with the potential for savings in cost, time 

and energy,  an easier  experimental  procedure,  and reductions in chemical waste,  which 

confers  a  huge  direct  benefit  in  the  production  of  pharmaceutical  intermediates  when 

compared  with  transition  metal  catalysts.  Organic  molecules  not  only  have  ease  of 

manipulation  and a  “green”  advantage  but  also can be  very efficient  catalysts.  Several 

aspects  of  organocatalysis  will  undoubtedly  attract  researchers’  attention.  Tremendous 

efforts will continue to be directed towards the discovery and design of catalysts with better 

efficiency, new reactivities and greater turnover numbers. And in near future asymmetric 
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organocatalysis  may  begin  to  catch  up  with  the  spectacular  advancements  of 

enantioselective transition metal catalysis. 

Recently,  List52 introduced a system of classification based on the mechanism of 

catalysis (Figure 6). The four categories are Lewis base, Lewis acid, Bronsted base and 

Bronsted acid catalysis. Accordingly, Lewis base catalysts (B:) initiate the catalytic cycle 

via nucleophilic addition to the substrate (S). The resulting complex undergoes a reaction 

and then releases the product (P) and the catalyst for further turnover. Lewis acid catalysts 

(A)  activate  nucleophilic  substrates  (S:)  in  a  similar  manner.  Brønsted  base  and  acid 

catalytic cycles are initiated via a (partial) deprotonation or protonation, respectively. 

B-S

B: B-P

P

S

A-S

A A-P

P:

S:

Lewis Base Catalysis Lewis Acid Catalysis

A-S

A-H A-PH

P:

S:

Bronsted Acid Catalysis

BH-S

B: BH-P

P-H

S-H

Bronsted Base Catalysis

Figure 6. Organocatalytic cycles
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1.4.2. Proline a “Universal catalyst”

Proline has been defined as a “universal catalyst” because of its high utility in variety of 

asymmetric  organic  transformations.  Proline  is  the  only  natural  amino  acid  with  a 

secondary amine functionality, which raises the pKa value and better nucleophilicity as 

compared to other amino acids. It can act as a nucleophile to carbonyl groups (iminium 

intermediate) or Michael acceptors (enamines). It can be regarded as a bifunctional catalyst 

as the secondary amine acts as Lewis base and the acid group acts as Bronsted acid (Figure 

7).  The  high  stereoselectivity  in  the  proline-catalyzed  reactions  is  possibly  due  to  its 

formation of organized transition states with many hydrogen bonding frameworks. Proline 

is not the only molecule to promote catalysis, but it still seems to be one of the best in the 

diversity of transformations.

N
H

O

OH

L-Proline

N
H

O

OH

Bifunctional
catalyst

N

RMe

CO2

Iminium
catalysis

N

R

CO2H

Enamine
catalysis

20

20a 20b

Figure 7. Modes of proline catalysis

It is known to catalyze aldol,53 Diels-Alder,54 Michael addition55 and α-functionalization56 

among  many  other  organic  transformations.57 Particularly  proline-catalyzed  α-

aminoxylation58 and  α-amination59 of  carbonyl  compounds  have  emerged  as  powerful 

methods because chiral building materials can be synthesized in effective manner starting 

from easily available materials.

1.4.3. Proline-catalyzed α-aminoxylation

Optically active α-hydroxyaldehydes and ketones are important intermediates in organic 

synthesis as they are direct precursors to 1,2-diols. Because of this utility many methods 
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have been developed for their preparation. The more prominent, well-established methods 

of  enantioselective  α-oxygenations  include  the  use  of  Davis  oxaziridine,60a Sharpless 

dihydroxylation of enol ethers,60b manganese–salen epoxidation of enol  ethers,60c and Shi 

epoxidation  of enol ethers.60d It  is  only rather  recently that  direct  catalytic,  asymmetric 

variants  have  been  reported.61 Most  of  these  methods,  however,  require  multiple 

manipulations and there is no direct  method, nor catalytic  asymmetric  method for their 

synthesis  from the corresponding aldehyde.  Recently,  proline  has  been found to  be  an 

excellent  asymmetric  catalyst  for  α-aminoxylation58 of  carbonyl  compounds.  When  an 

aldehyde  21 without  substitution  at  α-position  was  reacted  with  nitrosobenzene  22 in 

presence of  L-proline in DMSO at ambient  temperature,  aminoxylation of the aldehyde 

takes place at the α-position. Aldehyde can be reduced in situ with sodium borohydride and 

the  aminoxyl  moiety  undergoes  hydrogenolysis  with  Pd/C,  H2 or  CuSO4 to  give  the 

corresponding diols 24 in very high enantioselectivities (Scheme 8).

R

H

O

Ph
N

O

R

OH
PhHNO

R

OH
HO

+
a b

21 22
23 24

Scheme 8. Reaction and reagents: (a) (i) S-proline (20 mol%), DMSO, 25 °C; (ii) NaBH4, 

MeOH; (b) Pd/C, H2 or 30 mol% CuSO4.  R = Ph, i-Pr, n-Bu, CH2Ph etc. > 99% ee

The  mechanism  of  the  α-aminoxylation  reaction  is  shown  in  figure  8.  The  observed 

enantioselectivitiy of the catalytic α-aminoxylation of aldehydes can be rationalized by 
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Figure 8. Proposed mechanism of the α-aminoxylation reaction
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invoking an enamine mechanism operating through a chair transition state where the Si face 

of an α-enamine  formed from the aldehyde and  L-proline approaches  the less hindered 

oxygen  atom  of  nitrosobenzene  to  provide  a  chiral  α-aminoxyaldehyde  with  R 

configuration. Since proline is commercially available in both enantiopure forms, a one pot 

sequential  catalytic  α-aminoxylation  of  aldehydes  followed  by  in  situ reduction  with 

NaBH4 affords R- or S- configured 1,2-diol units (the secondary alcohol “protected” by an 

O-amino group) with excellent enantioselectivities and in good yields. 

1.4.4. Proline-catalyzed α-amination

The   importance  of  optically  active  α-amino  acids,  α-amino  aldehydes,  and  α-amino 

alcohols,  formed  by asymmetric  catalysis,  has  stimulated  an  enormous  development  in 

synthetic strategies, and two different catalytic, enantioselective approaches are attractive: 

the C-C  and the C-N bond-forming reactions.

Asymmetric α-amination59 of aldehydes using proline-catalyzed reactions represent 

a   direct  approach synthesizing  chiral  building  blocks  such  as  α-amino acids,  α-amino 

aldehydes,  and  α-amino  alcohols.  The  use  of  organocatalysis,  in  particular  proline 

represents a drastic change in approach to asymmetric α-amination. Recently, both List59a 

and Jørgensen59b disclosed  the  asymmetric  α-amination  of  aldehydes  (Scheme 9)  using 

catalytic quantities of proline. 
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Scheme 9.Reactions and conditions: (a) L-proline (10 mol%), CH3CN, 0 °C, 3 h; NaBH4, 

EtOH; (b) L-proline (10 mol%), CH2Cl2, 25 °C; NaBH4, MeOH; 0.5 N NaOH; (c) L-proline 

(10 mol%), CH2Cl2, 25 °C; H2O.
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While both transition structures lead to identical products directed by the hydrogen bond 

from the  carboxylic  acid  of  proline,  they  presumably  possess  unique  energies,  so  one 

transition state should be favored. However, the operative transition state has yet  to be 

established.

1.4.5. Proline-catalyzed sequential transformations

Proline-catalyzed  sequential  transformations,62 is  a  emerging  research  field  in  organic 

synthesis  as  synthesis  of  complex  organic  molecules  could  be  accessible  in  one-pot 

procedure.  Recently  a  variety  of  such transformations  has  been developed by different 

research groups, some of them are described below.

1.4.5.1. Sequential amination-aldol62a

Barbas III et al. have developed a one-pot protocol for the synthesis of functionalized β-

amino alcohols 30 from aldehydes, ketones and azodicarboxylates (Scheme 10).
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Scheme 10. Reactions and conditions: (a) L-proline (20 mol%), CH3CN, rt, 72 h, 80%.

1.4.5.2. Sequential aminoxylation-olefination62b

Zhong et al. have reported sequential asymmetric α-aminoxylation/Wadsworth-Emmons-

Horner olefination of aldehydes for the synthesis of optically active O-amino-substituted

allylic  alcohols  31 in good enantioselectivities using cesium carbonate as base (Scheme 

11). 
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Scheme  11.  Reactions  and  conditions:  (a)  L-proline  (20  mol%),  nitrosobenzene  (1.0 

equiv.),  DMSO, rt, 10-20 min then diethyl(2-oxopropyl)phosphonate,   cesium carbonate 

(1.5 equiv.).

1.4.5.3. Sequential aldol-olefination62c

Cordova  et  al.  have  reported  one-pot  organocatalytic  asymmetric  tandem  cross-

aldol/Horner-Wittig-Emmons olefination for the synthesis of polyketide and carbohydrate

derivatives (Scheme12).
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32

Scheme 12.  Reactions  and  conditions:  (a)  L-proline  (10  mol%),  DMF;  (b)  Diethyl(2-

oxopropyl)phosphonate,  cesium carbonate (1.5 equiv.).

Apart  from  this  transformation,  Cordova  et  al.  have  also  reported  tandem  Mannich 

olefination reaction.62d 

1.4.5.4. Sequential α-amination-olefination62e

Kotkar  et  al.  have  reported  sequential  asymmetric  α-amination/Wadsworth-Emmons-

Horner olefination of aldehydes for the synthesis of optically active allylic amine in good 

enantioselectivities and yields (Scheme13).
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Scheme  13.  Reactions  and  conditions:  (a)  L-proline  (20  mol%),  DBAD  (1.0  equiv.), 

CH3CN,  rt,  10-20  min  then  diethyl(2-oxopropyl)phosphonate,  cesium  carbonate  (1.5 

equiv.).
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Chapter 2: Section A

2.1. SECTION A

Asymmetric aminohydroxylation approach to the syntheses of HIV-

protease inhibitor, hydroxyethylene dipeptide

isostere and γ-amino acid derivative

2.1.1. Introduction

The  last  two  decades  have  witnessed  a  considerable  upsurge  of  interest  in  the  use  of 

enzyme  inhibitors  as  therapeutic  agents.1 The  advent  of  acquired  immunodeficiency 

syndrome (AIDS) and the discovery of its causative agent, human immunodeficiency virus 

(HIV-1),2 has given an impetus to the development of efficient inhibitors of viral enzymes, 

in  particular  of  the  transcriptase  and  more  recently  of  the  proteinase  (HIV-PR).3 

Consequently numerous potent and selective HIV protease inhibitors have been designed 

based  upon  the  transition  state  mimetic  concept,  incorporating  hydroxyethylene  and 

hydroxyethylamine dipeptide isosteres as the scissile site.4 
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Figure 1. Structure of some protease inhibitors

In view of this, a highly enantioselective synthesis of the isostere unit  1 is still desirable. 

The  development  of  new approaches  to  the  stereo  controlled  synthesis  of  γ-amino  β-
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hydroxy acids has been a subject of immense interest within the context of biologically 

active peptide mimics.5 The two well known examples are AHPPA (4-amino-3-hydroxy-5-

phenylpentanoic acid) 2 and statin. They are the key constituents of microbially produced 

aspartic peptidase inhibitor, pepstatin.6 AHPPA has also been employed for the design of 

HIV protease inhibitors.7

O

BocHN

Ph

O

Ph Ph

NH2

OH

CO2H

AHPPA
Phe-Phe hydroxyethylene

dipeptide isostere

1

2

Figure 2. Protease inhibitors containing syn-amino alcohol unit.  

2.1.2. Review of Literature

While the majority of the earlier syntheses of isosteres and AHPPA use optically active 

amino acids as chiral  pool material,8,9,17 reports in which all  the stereogenic centres are 

constructed by asymmetric  synthesis  are rather scarce.10 A short review on some of the 

syntheses is described below. 

Ghosh et al. (1991)11

Ghosh  et  al. reported  an  efficient  and  stereocontrolled  synthesis  of  hydroxyethylene 

dipeptide  isosteres  1 from commercially  available,  optically  pure  D-mannose.  Thus,  D-

mannose  3  was  converted  to  2,3:5,6-di-O-isopropylidene-α-D-mannofuranose  4, 

deoxygenation of  4 at the C-2 position afforded the glycal  5. Further dehydroxylation of 

glycal 5 at the C-3 position provided a mixture (52:48 by 1H NMR) of methyl glycoside 7. 

Catalytic hydrogenation of 7 with 10% palladium on charcoal afforded the corresponding 

saturated glycoside under hydrogenation condition. Removal of the isopropylidene group 

gave diol 8. Glycosidic diol 8 was then converted to the desired epoxide 9 in the following 

two-step sequence, selective O-tosylation and  treatment of the resulting crude tosylate with 

base. Regiospecific epoxide ring opening of  9  with phenylmagnesium bromide afforded 

glycosidic alcohol. Conversion of glycosidic alcohol   to the corresponding azide  10  was 
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readily accomplished by a Mitsunobu reaction.12 Grieco oxidation13 of methyl furanoside 

10 furnished corresponding azido γ-lactone. Catalytic hydrogenation of the resulting azido 

lactone  with 10% palladium on charcoal  in  the presence of (Boc)2O furnished the Boc 

protected  amino  lactone  11.  Finally  introduction  of  a  benzyl  group  at  C-2  was 

accomplished by stereoselective alkylation of 11 with benzyl iodide, to provide the desired 

alkylated lactone 1.
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Scheme 1. Reagents  and  conditions:  (a)  Me2CO,  3% H2SO4,  23  °C,  12  h;  (b)  CC14, 

(Me2N)P, THF,  -78  to  23 °C,  1 h;  then Li,  NH3,  -78  to  0 °C,  5 h;  (c)  MeOH, PPTS, 

CH2C12,  0-23  °C,  12  h;  (d) 10%  Pd-C, H2, EtOAC-MeOH  (4:1), 5 h; (e) 40%  aqueous 

AcOH,  90  °C, 3  h;  (f) p-TsCl, pyridine,  0-23  °C,  12 h; (g)  NaOMe, CHCl3, 0 °C for  10 

min;  then  23  °C,  4  h;  (h)  (i)  PhMgBr,  CuI,  THF,  -40  to  0  °C,  3  h;  (ii)  Ph3P, 

EtO2CN=NCO2Et, Ph2P(O)N3, PhMe, -10 to 23 °C, 12 h; (j) m-CPBA, BF3.OEt, CH2Cl2, 0 

°C, 3 h; (k) 10% Pd-C, H2, EtOAc, (Boc)2O, 6 h; (1) (TMS)2NLi, THF, -78  °C, 30 min; 

PhCH2I, -78 °C, 30 min; then MeCH2CO2H, -78 to 23 °C, 15 min.

Dondoni et al. (1995)14

Dondoni  et  al.  synthesized  hydroxyethylene  dipeptide  isostere  1 starting  from  L-

phenylalanine.  Thus  N-monoprotected  α-amino aldehyde  12  which was easily  prepared 

from  L-phenylalanine, was reacted with 2-(trimethylsily1)thiazole (2-TST) to furnish syn-

amino alcohol 13 as major diastereomer. 
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The resulting product 13 was then submitted to the one-pot thiazolyl-to-formyl unmasking 

sequence (N-methylation, reduction, hydrolysis)15 to give the aldehyde 14 (Scheme 2). The 

Wittig  olefination  of  aldehyde  14  with  the  stabilized  ylide  ((methoxycarbonyl)-

methylene)triphenylphosphorane in toluene furnished 15 as a mixture of E- and Z-isomers 

in  ca.  3:l ratio.  Subsequent  reduction  by the use of nickel  boride gave  16.  Finally the 

desilylation and concomitant lactonisation was achieved  by treatment  of compound  16 

with tetrabutylammonium fluoride in THF at room temperature to furnish γ-lactone  11. 

Stereoselective anti-alkylation at C-2 of lactone  11 gave the target compound 1.11 
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Scheme 2. Reagents  and  conditions:  (a)  2-(trimethylsilyl)thiazole;  (b)  (i)  MeOTf;  (ii) 

NaBH4, THF; (iii) CuO/CuCl2/H2O; (c) Ph3P=CHCO2Me, Toluene; (d) NiCl.6H2O-NaBH4; 

(e) TBAF, THF-H2O.

Ghosh et al. (1999)16

Ghosh et al. synthesized lactone 1a as a part of core unit of ritanovir. Thus as illustrated in 

Scheme 3, γ,δ-unsaturated ester 18 was prepared by addition of vinyl magnesium bromide 

to  phenylacetaldehyde  17,  followed  by  Claisen  rearrangement  of  the  resulting  allylic 

alcohol with triethyl orthoacetate in the presence of propionic acid at 145 °C. Ethyl ester 18 

was converted to lactone  19  utilizing Sharpless protocol using AD-mix-β. The hydroxy 

lactone  19  was transformed into protected amino lactone derivative  11a  in the following 

three steps sequence of mesylation with MsCl,  displacement of the mesylate with NaN3 

and catalytic hydrogenation of the resulting azide over 10% Pd/C in EtOAc in the presence 

of (Boc)2O (overall 73% yield). The benzyl side chain at C-2 in isostere 1a was installed by 

a stereoselective alkylation of lactone derivative 11a as described previously.11 
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Scheme  3. Reagents  and  conditions:  (a)  (i)  CH2=CHMgBr,  Et2O,  0  °C,  57%;  (ii) 

MeC(OEt)3, MeCH2CO2H (cat), 145 °C, 86%; (b) AD-Mix-β, MeSO2NH2, tBuOH, H2O, 0 

°C, then PhMe, 115 °C, 87%; (c) (i) MsCl, DMAP, Et3N, CH2Cl2, 0 °C; (ii) NaN3, DMF, 

87%; (iii), H2, 10% Pd-C, Et3N, (Boc)2O, EtOAc, 23 °C, 84%; (d) LiHMDS, THF, BnI, -78 

°C, 70%.

Ghosh et al. (1999)17

Ghosh et al. reported another synthesis of phe-phe hydroxyethylene isostere as depicted in 

Scheme 4. Thus titanium enolate of  20  on reaction with cinnamaldehyde precomplexed 

with TiCl4 afforded the anti-aldol product 21. Removal of the chiral auxiliary, followed by 

Curtius  rearrangement,  provided  the  oxazolidinone  22.  Basic  hydrolysis  of  22  and 

subsequent protection of amine furnished the protected amino alcohol 23. Thus, ozonolytic 

cleavage of the olefin 23 followed by reductive workup with triphenylphosphine gave the 

corresponding  aldehyde.  The  crude  aldehyde  was  then  subjected  to  a  Horner-Emmons 

olefination to provide α,β-unsaturated ester 24. Catalytic hydrogenation of 24 over 10% Pd/

C provided the saturated ester quantitatively. The resulting ester was then lactonized with 

acetic acid in refluxing toluene to afford the γ-lactone 11 in 68% yield. For the preparation 

of  hydroxyethylene  Phe-Phe  isostere,  alkylation  of  11  was  carried  out  with  lithium 

hexamethyldisilazide and benzyl iodide in THF, as has been accomplished previously.11 

34



Chapter 2: Section A

20

NH
O

S Op-Tol
O

O

PhH

H

NH
O

S Op-Tol
O

O

PhH

H
OH

Ph

O
HN

Ph

Ph
H

H

O

HO
BocHN

Ph

Ph
H

H
HO

BocHN

Ph

CO2Et
H

H

O

Ph

BocHN

O

H

O

Ph

BocHN

O

H
Ph

a b,c

d,e h,i

j

f,g

21

22

23 24

11 1

Scheme  4. Reagents  and  conditions:  (a)  TiCl4,  iPr2NEt,  then  (E)-PhCH=CHCHO, 

Bu2BOTf, CH2Cl2, -78 °C, 68%; (b) 30% H2O2, LiOH, THF:H2O (3:1), 23 °C, 85%; (c) 

DPPA, Et3N, benzene, reflux, 92%; (d) aq KOH, EtOH, 70 °C; (e) (Boc)2O, CH2Cl2, 23 °C, 

85%; (f) O3, CH2Cl2, PPh3, -78 to 23 °C; (g) NaH, (EtO)2P(O)CH2CO2Et, THF, 0 to 23 °C, 

44% (from 22); (h) H2, 10% Pd/C, EtOAc:MeOH (1:1), 23 °C, 99%; (i) AcOH, toluene, 

110 °C, 68%; (j) LiHMDS, BnI, THF, -78 °C, 77%.

Asymmetric synthesis of AHPPA

Reetz et al. (1989)18

Reetz  et al. synthesized  ethyl  ester of AHPPA  29 starting form naturally occurring  L-

phenyl  alanine  25.  Thus protection  of nitrogen with benzyl  bromide  provided the  N,N-

dibenzylated  acid  derivatives  26  which  was  converted  into  the  imidazolides.  Without 

isolation  the  latter  was  allowed  to  react  with  the  magnesium enolate  of  malonic  acid 

monoethyl ester at 0 to 40 °C, to afford keto esters 27 after acidic workup. Reduction of 27 

using NaBH4 in methanol at -20 °C occurred stereoselectively to form the desired  (S,S)-

products  28  preferentially (Scheme 5), which on deprotection of benzyl group using Pd-

black/HCO2H/MeOH afforded ethyl ester of AHPPA 29. 
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Scheme 5. Reagents and conditions:  (a) K2CO3/BnBr then KOH/H2O/dioxane; (b)  N,N-

carbonyl diimidazole, then iPrMgCl/CH2(CO2Et)CO2H; (c) NaBH4/MeOH, -20 °C; (d) Pd-

black/HCO2H/MeOH.

Rich et al. (1980)19

Rich et al. synthesized AHPPA 2 starting form ethyl ester of naturally occurring L-phenyl 

alanine 30. Thus L-phenyl alanine derivative 30 was easily converted into aldehyde which 

was treated with lithiated anion of ethyl acetate to furnish epimeric mixture of compound 

31.  The  desired  syn-isomer  was  isolated  by  column  chromatography,  which  on  ester 

hydrolysis and Boc deprotection afforded the target compound AHPPA 2.
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Scheme 6. Reagents and conditions: (a) DIBAL-H, -78 0 °C; (b) (i)LiCH2CO2Et, THF; (ii) 

NaOH; (iii) H+.
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2.1.3. Present work

Objective

As part  of  our  research  programme  aimed  at  developing  enantioselective  syntheses  of 

naturally  occurring  amino  alcohols,20 Sharpless  asymmetric  aminohydroxylation  (AA)21 

was  envisioned  as  a  powerful  tool,  offering  considerable  opportunities  for  synthetic 

manipulations. We have now developed a new and enantioselective synthesis of lactone 1 

and AHPPA 2 utilising Sharpless asymmetric aminohydroxylation as the key step. 
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Scheme 7. Retrosynthetic analysis for synthesis of lactone 1 and AHPPA 2

2.1.4. Results and Discussion

The synthesis of lactone 1 started from phenyl acetaldehyde 17, a readily available starting 

material. Thus, treatment of  17 with (ethoxycarbonylmethylene) triphenylphosphorane in 

THF under reflux gave the Wittig product 32 in 85% yield. Appearance of peaks at δ 5.77 

and in the range of δ 7.03-7.08 in 1H NMR confirmed the formation of product. In the next, 

Sharpless aminohydroxylation step, it was envisioned that N-bromoacetamide would be the 

best  nitrogen  source  of  all  those  available  at  present12b for  an  easy  chromatographic 

separation  of  the  product  and subsequent  synthetic  manipulation.  Thus  the  asymmetric 

amino hydroxylation of the olefin 32 with potassium osmate (4 mol%) as oxidant in tert-
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butanol–water (1:1) in the presence of (DHQ)2PHAL (5 mol%) as chiral ligand and freshly 

prepared  N-bromoacetamide22 as the nitrogen source, afforded the desired amino alcohol 

3323 in 10:1 regioisomeric ratio and 64% yield with 89% ee, [α]D 
20 -56.08 (c 0.8, CHCl3).24 

Appearance of singlet at δ 2.12 and multiplets in the range of δ 2.85-2.97, 4.35-4.39 in 1H 

NMR and peaks at  3390, 3360, 1738 cm-1 in IR spectrum  confirmed the formation of 

product (Scheme 8).
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Scheme  8. Reagents  and  conditions: (a)  Ph3P=CHCO2Et,  THF,  0  °C  to  rt,  85%;  (b) 

(DHQ)2PHAL, K2[OsO2(OH)2], LiOH, N-bromoacetamide, t-butanol–H2O (1:1), 0 °C to rt, 

64%; (c) 0.5 M HCl in MeOH, reflux, then (Boc)2O, Et3N, DCM, 0 °C to rt, 87%; (d) 2,2-

DMP, p-TSA, DCM, rt, 89%; (e) (i) DIBAL-H, DCM, -78 °C to rt; (ii) Ph3P=CHCO2Et, 

THF, 0 °C to rt, 46% (over two steps); (f) H2, 10% Pd–C, EtOAc–MeOH, 90%; (g) AcOH, 

PhMe, reflux, 67%; (h) LiHMDS, BnBr, THF, -78 °C, 79%.

Further, in order to achieve the synthesis of target compound  1 from  33, we required a 

suitable amino protecting group for further synthetic manipulation. To this end the amide 

33 was subjected to hydrolysis using 0.5M HCl in methanol under reflux to furnish free 

amine with concomitant transesterification to the methyl ester. Appearance of singlet at δ 

1.51, 3.77 in  1H NMR confirmed the formation of product. The successive conversion of 

amine into the Boc protected amino alcohol 34 followed by further protection as acetonide 

using 2,2-dimethoxypropane in the presence of a catalytic amount of p-toluenesulfonic acid 

afforded  35 in 89% yield. Appearance of singlet at 1.38 and multiplet in the range of δ 

1.58-1.60 in 1H NMR and disappearance of peaks at 3434 cm-1 in IR spectrum confirmed 
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the formation of product.  Reduction with DIBAL-H to the corresponding aldehyde and 

subsequent Wittig reaction with (ethoxycarbonylmethylene)triphenylphosphorane afforded 

the olefin  36. Appearance of multiplet in the range of δ 5.76-5.85, 6.67-6.68 in  1H NMR 

confirmed the formation of product.  The olefin reduction by hydrogenation using 10% Pd–

C gave  37 in 90% yield, which on acetonide deprotection using acetic acid followed by 

reflux  in  toluene  underwent  smooth  lactonisation  to  furnish  11 in  67%  yield.  The 

appearance of peaks at 1768, 1710 cm-1 in IR spectrum and disappearance of peaks at δ 

1.23, 4.08 in  1H NMR confirmed formation of compound  11. Lactone  11 was alkylated 

with benzyl bromide using LiHMDS as a base to furnish the desired compound 1 in good 

yield,  [α]D  
20 -41.7 (c 0.32, CHCl3), lit.17 [α]D  

20 -40.0 (c 0.10, CHCl3) along with a small 

amount  (5%) of  cis-alkylated  product.  This  step  completes  the  formal  synthesis  of  the 

isostere since transformation of 1 to the isostere has been reported previously.17 

Scheme  2  summarises  the  synthesis  of  (3S,4S)-4-amino-3-hydroxy-5-

phenylpentanoic acid (AHPPA) from the common intermediate 33. 
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Scheme 9. Reagents and conditions: (a) (i) 0.5M HCl in MeOH, reflux; (ii) BnBr, K2CO3, 

DCM, 79% (over two steps); (b) (i) LiOH, MeOH–H2O (3:1); (ii) Et3N, ClCO2Et, THF, 

CH2N2, 38% (over two steps); (c) CF3CO2Ag, Et3N, THF–H2O, 60%; (d) (i) H2, 10% Pd–C, 

EtOAc, rt; (ii) concd HCl, 80 °C, 62% (over two steps).

The cleavage of the N-acetyl group of 33 to the free amine was accomplished using 0.5M 

HCl in methanol under reflux with concomitant transesterification,  N- and O-benzylation 

of resultant amino alcohol furnished compound 38. The appearance of singlet at δ 4.51 and 

multiplet in the range of δ 7.25-7.32, 7.35-7.42 comfirmed the formation of compound 38. 

Base hydrolysis of the ester furnished corresponding acid in good yield. For one carbon 

homologation of the acid, we attempted the following sequence. Acid  was first converted 

into a mixed anhydride and subsequently treated with excess of diazomethane to furnish the 
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diazo compound 39 in moderate yield. Appearance of multiplet in the range of δ 4.22-4.31, 

4.74-4.77 and disappearance of singlet at δ 4.51 in  1H NMR confirmed the formation of 

compound 39. Further treatment of 39 with silver oxide furnished desired acid 40 via Wolff 

rearrangement.  Debenzylation  of  40 led  to  the  formation  of  the  lactam,  which  on ring 

opening with concd. HCl furnished the target compound 2 in 73% yield {[α]D  
20 -22.3 (c 

0.36, H2O), lit.17 [α]D 
20  -24.0 (c 0.44, H2O)}. The physical and spectroscopic data were in 

full agreement with the literature.19

2.1.5. Conclusion

In  conclusion,  enantioselective  syntheses  of  lactone  1 and  AHPPA  2 have  been 

accomplished  from  a  common  intermediate  33 for  the  first  time  utilising  Sharpless 

aminohydroxylation as the key step. A short reaction sequence and high overall yield of the 

target compounds render our strategy a good alternative to the known methods.

2.1.6. Experimental Section

(E)-Ethyl 4-phenylbut-2-enoate (32): 

Ph CO2Et

To a solution of (ethoxycarbonylmethylene)triphenylphosphorane (15.9 g, 45.8 mmol) in 

dry THF (150 mL) was added a solution of the aldehyde 17 (5.0 g, 41.6 mmol)  in dry THF 

(50  mL).  The  reaction  mixture  was  stirred  for  24  h  at  room temperature.  It  was  then 

concentrated  and  purified  by  silica  gel  column  chromatography  using  petroleum 

ether/EtOAc (9.5/0.5) as eluent to afford the α,β-unsaturated olefin 32 as a colorless liquid.

Yield: 6.73 g, 85%

Mol. Formula: C12H14O2

IR (CHCl3, cm-1): νmax  3060, 2858, 1718, 1654, 1300, 1216, 1038.
1H NMR (500 MHz, CDCl3): δ 1.23 (t,  J = 7.2 Hz, 3H), 3.47 (dd,  J = 1.2, 6.8 Hz, 2H), 

4.13 (q, J = 7.2 Hz, 2H), 5.77 (td, J = 1.6, 15.9 Hz, 1H), 7.03-7.08 (m, 1H), 7.13(d, J = 8.4 

Hz, 2H), 7.19-7.21 (m, 1H ), 7.25-7.28 (m, 2H ) ppm.
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13C NMR (125 MHz, CDCl3): δ 14.1, 38.3, 60.1, 122.3, 126.5, 128.6, 128.7, 137.6, 147.1, 

166.3 ppm.

Analysis: Calcd.: C, 75.76; H, 7.42%; Found: C, 75.61; H, 7.28 %.

(2R,3S)-Ethyl 3-acetamido-2-hydroxy-4-phenylbutanoate (33): 

Ph CO2Et

NHCOCH3

OH

K2[OsO2(OH)4]  (0.27  g,  4.0  mol%)  was  dissolved  with  stirring  in  90  mL  of  aqueous 

solution  of  LiOH.H2O  (0.83 g,  19.7  mmol).  After  addition  of  t-BuOH  (90  mL), 

(DHQ)2PHAL (0.72 mg, 5 mol%) was added and the mixture was immersed in a cooling 

bath set at 4 °C. After addition of olefin 32 (3.5 g, 18.4 mmol), N-bromo acetamide (2.8 g, 

20.2 mmol) was added in one portion which resulted in an immediate color change to green 

and  the  mixture  was  vigorously  stirred  at  the  same  temperature.  The  reaction  was 

monitored by TLC, and pH (full conversion is indicated when the pH 7 of reaction mixture 

is attained). After 4 h, the reaction mixture was treated with Na2SO3 (2.5 g) and stirred at rt 

for 30 min. The organic layer was separated and the water layer extracted with ethyl acetate 

(3 x 60 mL), combined organic extracts were washed with brine and dried over Na2SO4. 

The residue was purified by silica gel column chromatography using EtOAc:pet.ether (6:4) 

to afford 33 as a syrupy liquid.

Yield: 3.12 g, 64%

Mol. Formula: C14H19NO4

[α]D 
25 :  -56.08 (c 0.8, CHCl3)

IR (CHCl3, cm-1): νmax 3390, 3360, 2983, 2361, 1738, 1657. 
1H NMR (500 MHz, CDCl3):  δ 1.30 (t,  J = 7.2 Hz, 3H), 2.15 (s, 3H), 2.77 (dd,  J = 9.0, 

13.9 Hz, 1H), 2.90 (dd, J = 9.0, 13.9 Hz, 1H),  4.24 (q, J = 7.2 Hz, 2H), 4.39–4.41 (m, 1H), 

4.77 (dd, J = 2.0, 9.1 Hz, 1H), 6.52 (d, J = 8.9 Hz, 1H), 7.25–7.30 (m, 3H), 7.33-7.36 (m, 

2H)  ppm.
13C NMR (50 MHz, CDCl3): δ 14.0, 22.9, 40.4, 52.8, 55.9, 61.6, 72.7, 126.7, 128.5, 129.3, 

137.3, 170.9 ppm.

Analysis Calcd.: C, 63.38; H, 7.22; N, 5.28; Found: C, 63.21; H, 7.38; N, 5.43% 

MS (GC–MS):  m/z : 266 (M+1).
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(2R,3S)-Methyl 3-(tert-butoxycarbonylamino)-2-hydroxy-4-phenylbutanoate (34): 

Ph CO2Me

NHBoc

OH

Amino alcohol 33 (0.68 g, 2.56 mmol) was treated with 0.5 M HCl in methanol (68 mL), 

and heated under reflux for 15 h. After removal of solvent under reduced pressure, the 

residue was dissolved in fresh methanol (2x50 mL) and evaporated. Dry CH2Cl2 (20 mL) 

was added to the residue and solution cooled to 0 °C. To this suspension was added triethyl 

amine (0.86 mL, 6.15 mmol) in dry CH2Cl2 (5 mL) followed by (Boc)2O (0.92 mL, 3.84 

mmol) in dry CH2Cl2 (5 mL). The reaction mixture was stirred for 30 min. at 0 °C and then 

for 24 h at room temperature. After TLC diagnosis, the reaction mixture was evaporated to 

near dryness and purified by silica gel column chromatography using EtOAc:pet.ether (3:7) 

to afford 34 as a syrupy liquid.

Yield: 0.69 g, 87%

Mol. Formula: C16H23NO5 

[α]D 
25 :  -20.48 (c 0.7, CHCl3)

IR (CHCl3, cm-1): νmax 3434, 3018, 2360, 1733, 1708, 1498, 1454, 1217, 1058. 
1H NMR (500 MHz, CDCl3): δ 1.51 (s, 9H), 2.79-2.84 (m, 1H), 2.89-2.92 (m, 1H), 3.77 (s, 

3H), 4.36-4.41 (m, 2H), 5.43 (bs, 1H), 7.25-7.29 (m, 3H), 7.33-7.36 (m, 2H) ppm.
13C NMR  (125 MHz, CDCl3): δ 28.2, 40.2, 52.3, 57.1, 72.7, 79.9, 126.5, 128.5, 129.3, 

137.3, 156.1, 171.9 ppm.

Analysis Calcd.: C, 62.12; H, 7.49; N, 4.53; Found: C, 62.28; H, 7.31; N, 4.37% 

(4S,5R)-3-tert-Butyl 5-methyl 4-benzyl-2,2-dimethyloxazolidine-3,5-dicarboxylate (35): 

OBocN

Ph CO2Me

To a solution of amino alcohol 34 (1.14 g, 3.5 mmol) in dry DCM (15 mL) was added 2,2-

dimethoxy propane (0.1 mL, 8.75 mmol) and catalytic amount of  p-TsOH (0.08 g). The 

reaction mixture was stirred at 0 °C to room temperature for 2 h. A pinch of NaHCO3 was 

added and stirring was continued for additional 15 min and then the solution was extracted 

with EtOAc (3 x 10 mL). The combined extracts were washed with brine, dried (Na2SO4) 
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and  concentrated.  Silica  gel  column  chromatography  purification  (EtOAc/petroleum 

ether:5/95) of the crude product gave 35 as a colourless liquid.

Yield: 1.06 g, 89%

Mol. Formula: C19H27NO5

[α]D 
25 :  -0.70 (c 1.8, CHCl3)

IR (CHCl3, cm-1): νmax 3020, 2360, 1749, 1703, 1496, 1454, 1390, 1253, 1089. 
1H NMR (200 MHz, CDCl3): δ 1.38 (s, 9H), 1.58-1.60 (m, 6H), 2.99-3.04 (m, 2H), 3.60 (s, 

3H), 4.10-4.13 (m, 1H), 4.31-4.35 (m, 1H), 7.27-7.32 (m, 5H) ppm.
13C NMR (50 MHz, CDCl3): δ 24.0, 26.5, 28.2, 39.4, 52.0, 64.0, 78.3, 80.3, 95.3, 126.7, 

128.3, 129.5, 136.3, 150.9, 171.4 ppm.

Analysis Calcd.: C, 65.31; H, 7.79; N, 4.01; Found: C, 65.50; H, 7.61; N, 3.87% 

(4S,5S)-tert-Butyl  4-benzyl-5-((E)-3-ethoxy-3-oxoprop-1-enyl)-2,2-

dimethyloxazolidine-3-carboxylate (36): 

OBocN

Ph COOEt

To a solution of methyl ester 35 (1.0 g, 2.86 mmol) in CH2Cl2 (15 mL), was added DIBAL-

H (1.36 mL 2.3 M solution in toluene, 3.14 mmol) at -78 °C under argon atmosphere. The 

reaction was stirred at this temperature for 40 min, then a solution of tartaric acid (5 mL) 

was  added.  The  resulting  mixture  was  stirred  for  15  min  and  the  organic  layer  was 

separated.  The  aqueous  phase  was  extracted  with  CH2Cl2 (3  x  10  mL),  the  combined 

organic  layers  were  dried  (Na2SO4),  and  evaporated  under  reduced  pressure  to  give 

aldehyde as a colourless liquid, which was directly used in the next step without further 

purification. 

To  a  solution  of  (ethoxycarbonylmethylene)triphenylphosphorane  (1.1  g,  3.14 

mmol) in dry THF (150 mL) was added a solution of the above aldehyde in dry THF (50 

mL).  The  reaction  mixture  was  stirred  for  24  h  at  room  temperature.  It  was  then 

concentrated  and  purified  by  silica  gel  column  chromatography  using  petroleum 

ether/EtOAc (19/1) as eluent to afford the α,β-unsaturated olefin 36 as a colorless liquid.
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Yield: 0.51 g, 46%

Mol. Formula: C22H31NO5 

[α]D 
25 :  -0.64 (c 6.8, CHCl3)

IR (CHCl3, cm-1): νmax νmax 3030, 2360, 1730, 1654, 1629, 1215. 
1H NMR (200 MHz, CDCl3): δ 1.31 (t, J = 7.1 Hz, 3H), 1.40-1.56 (m, 15H), 2.95 (d, J = 

5.2 Hz, 2H), 4.01-4.09 (m, 2H), 4.17-4.22 (m, 2H), 5.76-5.85 (m, 1H), 6.67-6.68 (m, 1H), 

7.26-7.27 (m, 3H), 7.31-7.34 (m, 2H) ppm.
13C NMR  (50 MHz,  CDCl3): δ 14.2,  28.3,  38.5,  60.4,  62.8,  79.2,  122.6,  126.7,  128.4, 

129.5, 136.8, 165.9 ppm.

Analysis Calcd.: C, 67.84; H, 8.02; N, 3.60; Found: C, 67.69; H, 8.17; N, 3.75% 

(4S,5S)-tert-Butyl   4-benzyl-5-(3-ethoxy-3-oxopropyl)-2,2-dimethyloxazolidine-3-

carboxylate (37):

OBocN

Ph COOEt

To a solution of olefin 36 (0.20 gm, 0.51 mmol) in ethyl acetate (8 mL) was added 10% Pd/

C (0.02 g), and reaction mixture was stirred under hydrogen atmosphere for 12 h at room 

temperature. After completion of reaction as indicated by TLC, the reaction mixture was 

filtered through a celite pad and the filtrate was concentrated in vacuo. Silica gel column 

chromatography using petroleum ether/EtOAc (19/1) as eluent afforded the compound 37 

as a colorless liquid.

Yield: 0.18 g, 90%

Mol. Formula: C22H33NO5

[α]D 
25 :  -1.4 (c 1.4, CHCl3)

IR (CHCl3, cm-1): νmax 3030, 2360, 1730, 1654, 1629, 1215. 
1H NMR (200 MHz, CDCl3): δ 1.23 (t, J = 7.6 Hz, 3H), 1.48-1.54 (m, 15H), 1.58-1.72  (m, 

2H),  2.08-2.10 (m, 2H), 2.84 (dd, J = 6.9, 13.7 Hz, 1H), 2.96 (dd, J = 6.9, 13.7 Hz, 1H), 

3.68-3.77 (m, 1H), 4.02-4.04 (m, 1H),  4.08 (q, J = 7.6 Hz, 2H) 7.22-7.25 (m, 3H), 7.30-

7.32 (m, 2H) ppm.
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13C NMR (50 MHz, CDCl3): δ 14.2, 26.1, 28.4, 30.4, 41.5, 60.3, 60.9, 80.6, 126.6, 128.5, 

129.4, 137.6, 172.9 ppm.

Analysis Calcd.: C, 67.49; H, 8.50; N, 3.58; Found: C, 67.35; H, 8.67; N, 3.74 % 

tert-Butyl (S)-1-((S)-5-oxotetrahydrofuran-2-yl)-2-phenylethylcarbamate (11):

O

BocHN

Ph

O

To a stirred solution of compound  37 (0.5 g, 1.3 mmol) in MeOH was added a catalytic 

amount of  p-TSA at room temperature and the reaction mixture stirred overnight at the 

same temperature. Solid NaHCO3 (0.1 g) was added and stirred for 30 min. The mixture 

was then filtered through a celite pad, washed with MeOH and concentrated.  Silica gel 

column chromatography using petroleum ether:ethyl  acetate  (1:1) afforded  11 as a pale 

yellow liquid.

Yield: 0.26 g, 67%

Mol. Formula: C17H23NO4 

[α]D 
25 :  -4.4 (c 0.84, CHCl3) {Lit17 -4.1 (c 0.73, CHCl3)} 

IR (CHCl3, cm-1): νmax 3062, 1768,1710,1490, 1454, 1020. 
1H NMR (200 MHz, CDCl3):  δ 1.40 (s, 9H), 2.07-2.19 (m, 2H), 2.42-2.60 (m, 2H), 2.88 

(dd, J = 7.5, 13.5 Hz, 1H), 2.96 (dd, J = 7.0, 13.5 Hz, 1H), 3.97-4.08 (m, 1H), 4.42-4.49 

(m,  1H), 4.64 (d, J = 10.0 Hz, 1H), 7.20-7.35 (m, 5 H) ppm.
13C NMR (50 MHz, CDCl3): δ 24.1, 28.2, 28.7, 39.4, 54.0, 79.9, 80.0, 126.4, 126.7, 128.6, 

129.3, 137.1, 155.8, 177.2 ppm.

Analysis Calcd.: C, 66.86; H, 4.58; N, 7.60; Found: C, 66.71; H, 4.38; N, 7.51% 

tert-Butyl-(S)-1-((2S,4R)-4-benzyl-5-oxotetrahydrofuran-2-yl)-2-

phenylethylcarbamate (1): 

Lithium hexamethyldisilazide (2 mmol) was prepared by the dropwise addition of 1.5 M n-

BuLi in hexane (1.35 mL) to hexamethyldisilazane (0.46 mL, 2.2 mmol) in THF (2 mL) at 
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0 °C for 5 min and then warmed to 23 °C for 15 min. The resulting solution was cooled to -

78 °C, and lactone  11 (0.305 g,  1  mmol) in THF (2 mL) was added dropwise for  5  min. 

The mixture was stirred at -78 °C for 30 min, and benzyl iodide (0.22 g, 1 mmol) in THF (1 

mL) was added slowly for 2 min. The resulting reaction mixture was stirred at -78 °C for 

30 min and then quenched with propionic acid (0.25 mL) in THF (1 mL), stirred for 5 min, 

and warmed to 23 °C for 15 min. Aqueous 10% citric acid (10 mL) and ethyl acetate (50 

mL) were added, and the layers were separated. The aqueous layer was extracted with ethyl 

acetate  (30  mL), and the combined extract was washed with aqueous NaHCO3 and brine 

and  dried  (Na2SO4).  Evaporation  of  solvents  gave  a  residue  which  was  flash 

chromatographed over silica gel (1:3 ethyl acetate:pet ether) to provide 1 .

Yield: 0.31 g, 79%

Mol. Formula: C24H29NO4

[α]D 
25 :  -42.4 (c 0.2, CHCl3) {Lit17 -40 (c = 0.1, CHCl3)}

IR (CHCl3, cm-1): νmax 3060, 1768, 1710, 1490, 1454, 1302, 1249, 1032. 
1H NMR (200 MHz, CDCl3): δ 1.35 (s, 9 H), 1.95 (m, 1H), 2.2 (m, 1H), 2.75 (dd, J = 8.0, 

13.2 Hz, 1H), 2.85 (m, 2H), 2.98 (m, 1H), 3.12 (dd, J = 5.0, 14.1 Hz, 1H), 3.95 (q, J = 9.2 

Hz, 1H), 4.2 (m, 1H), 4.5 (d, J = 10.1 Hz, 1H), 7.10-7.30 (m, 10 H) ppm.

Analysis Calcd.: C, 72.89; H, 7.39; N, 3.54; Found: C, 72.64; H, 7.50; N, 3.67% 

(2R,3S)-Methyl 2-(benzyloxy)-3-(dibenzylamino)-4-phenylbutanoate (38):

Ph CO2Me

NBn2

OBn

Amino alcohol 33 (0.63 g, 2.38 mmol) was treated with 0.5 M HCl in methanol (63 mL), 

and heated under reflux for 15 h. After removal of solvent under reduced pressure, the 

residue was dissolved in fresh methanol (2x50 mL) and evaporated. Dry CH2Cl2 (20 mL) 

was added to the residue and solution cooled to 0 °C. To a 0 °C solution of crude amino 

alcohol  (0.5 g,  2.38 mmol)  in  CH2Cl2  (5 mL)  was added K2CO3 (1.98 g,  14.33 mmol) 

followed by benzyl bromide (1.4 mL, 11.94 mmol), in CH2Cl2 (2 mL). The reaction was 

allowed to warm to room temperature and was complete after stirring for 24 h, as indicated 

by TLC analysis. The reaction was quenched with H2O at 0 °C and diluted with CH2Cl2. 
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The mixture was extracted with CH2Cl2, and the combined organic phases washed with 

brine, dried over Na2SO4, and concentrated in vacuo to afford crude benzylated product. 

Silica gel column chromatography using pet ether/ EtOAc (8/2) gave compound  38 as a 

colorless liquid.

Yield: 0.89 g, 79%

Mol. Formula: C32H33NO3

[α]D 
25 :  +22.97 (c 0.26, CHCl3)

IR (CHCl3, cm-1): νmax 3085, 1731, 1650, 1494, 1454, 1261, 1027. 
1H NMR (500 MHz, CDCl3): δ 2.87-2.92 (m, 2H), 3.05-3.14 (m, 1H), 3.23-3.27 (m, 1H), 

3.43-3.46 (m, 1H), 3.71(d,  J = 3.7 Hz, 2H), 3.75-3.81 (m, 1H), 3.94-3.97 (m, 1H), 4.02-

4.04 (m, 1H), 4.51 (s, 3H), 7.25-7.32 (m, 10H), 7.35-7.42 (m, 10H) ppm.
13C NMR (125 MHz, CDCl3): δ 14.5, 33.4, 40.1, 54.8, 55.8, 60.4, 61.4, 64.9, 67.8, 126.1, 

126.8, 127.4, 128.0, 128.4, 128.6, 128.9, 129.1, 129.3, 137.9, 138.1, 139.7, 170.5 ppm.

Analysis Calcd.: C, 80.14; H, 6.94; N, 2.92; Found: C, 80.31; H, 6.69; N, 3.04% 

(3R,4S)-3-(Benzyloxy)-1-diazo-4-(dibenzylamino)-5-phenylpentan-2-one (39):

Ph

NBn2

OBn

N2

O

To a  solution  of  (2R,3S)-methyl  2-(benzyloxy)-3-(dibenzylamino)-4-phenylbutanoate  38 

(1.0 g, 2.10 mmol) in methanol: H2O (3:1) (2 mL) at 0 °C was added LiOH (0.26 g, 6.26 

mmol). The reaction mixture was stirred at 0 °C for 0.5 h, then 4 h at room temperature and 

concentrated in vacuo. The residue was acidified with 0.1M aqueous HCl and extracted 

with Et2O. The combined organic layers  were dried over MgSO4,  concentrated.  To this 

crude acid in CH2Cl2 (10 mL) was added ethyl choloroformate (0.2 mL, 2.10 mmol), Et3N 

(0.44 mL, 3.12 mmol), After stirring the reaction mixture for 1 h, freshly prepared CH2N2 

(0.44 g, 10.4 mmol) was added, and reaction was allowed to stir  at 0 °C for 1 h and at 

room  temp.  for  24  h,  after  completion  of  reaction  the  triethylamine  hydrochloride 

precipitate was filtered and washed with ether (3x15 mL). The yellowish filtrate was then 

concentrated in vacuo, and the residue obtained was purified by column chromatography 

using pet ether: EtOAc (85:15) to afford α-diazo ketone 39 as a syrupy liquid.
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Yield: 0.39 g, 38%

Mol. Formula: C32H31N3O2

[α]D 
25 :  -2.87 (c 0.16, CHCl3)

IR (CHCl3, cm-1): νmax 2964, 2361, 2106, 1813, 1749, 1680. 
1H NMR (500 MHz, CDCl3): δ 2.96 (t, J = 12.4 Hz, 1H), 3.16–3.21 (m, 1H), 3.36 (d, J = 

12.8 Hz, 2H), 3.53 (d, J = 12.9 Hz, 2H), 4.09 (d, J = 13.4 Hz, 2H), 4.24 (t, J = 6.9 Hz, 2H), 

4.69–4.71 (m, 2H), 7.22–7.38 (m, 20H) ppm.
13C NMR (125 MHz, CDCl3): δ 14.2, 29.9, 55.2, 64.7, 126.5, 127.1, 128.1, 128.6, 128.7, 

128.8, 129.0, 129.3, 139.9 ppm.

Analysis Calcd.: C, 78.50; H, 6.38; N, 8.58; Found: C, 78.34; H, 6.51; N, 8.70% 

MS (GC-Ms):  m/z   490 (M+1).

(3S,4S)-3-(Benzyloxy)-4-(dibenzylamino)-5-phenylpentanoic acid (40):

Ph

NBn2

OBn

COOH

To  a  flask  carefully  wrapped  in  aluminum  foil  (to  exclude  light  during  the  reaction), 

containing diazo ketone  39 (0.5 g, 1.04 mmol) dissolved in  tetrahydrofuran (8 mL), de-

ionized water (1 mL) was added, and the flask is  cooled to −25 °C.  To this reaction 

mixture silver trifluoroacetate (0.03 g, 0.14 mmol) and triethylamine (0.44 mL, 3.12 mmol) 

were  added in  one  portion  (via  syringe). The  solution  was  allowed  to  warm to  room 

temperature overnight. The solution was evaporated to dryness with a rotary evaporator and 

the  residue  was  stirred  for  1  h  with  saturated  aqueous  sodium bicarbonate (NaHCO3) 

solution (10 mL). The reaction mixture was extracted with ethyl acetate (3 x 15 mL). The 

organic  layer  was washed with  three additional  portions  of saturated aqueous NaHCO3 

solution (3 x 10 mL). The combined organic layers are dried over magnesium sulfate and 

evaporated on a  rotary evaporator. Column chromatography of the crude product using 

MeOH: CH2Cl2 (1:19) gave the acid 40 as a white solid.

Yield: 0.29 g, 60%

Mol. Formula: C32H33NO3 

[α]D 
25 :  -8.4 (c 1.0, CHCl3)

IR (NaCl, 1% KBr, cm-1): νmax 3310, 3074, 3060, 1740, 1612, 1554, 1180, 1065.
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1H NMR (200 MHz, CDCl3): δ 1.62-1.73 (m, 3H), 2.01-2.09 (m, 1H), 2.31-2.42 (m, 1H), 

2.75-3.03 (m, 1H), 3.43-3.73 (m, 2H), 3.87-4.21 (m, 2H), 4.27-4.67 (m, 1H), 5.16-5.50 (m, 

1H), 7.18-7.39 (m, 7H), 7.50 (t, J = 7.7 Hz, 5H), 7.63 (t, J = 7.3 Hz, 3H), 8.14 (d, J = 8.32 

Hz, 5H) ppm.

Analysis Calcd.: C, 80.14; H, 6.94; N, 2.92; Found: C, 80.34; H, 6.63; N, 2.78% 

(3S,4S)-4-Amino-3-hydroxy-5-phenylpentanoic acid (2): 

Ph

NH2

OH

CO2H

A solution of acid 40 (0.29 g, 0.60 mmol) in EtOAc (5 mL) was added Pd/C (10% mol) and 

reaction  mixture was stirred for 12 h under hydrogen atmosphere.  After  completion of 

reaction as indicated by TLC, the catalyst was removed by filtration and the solvent was 

evaporated to furnish lactam, which was directly used in the next step without purification. 

Lactam (0.11 g) was dissolved in conc. HCl (3 mL) and the reaction mixture was warmed 

to 80 °C for 3 h. Then the water was removed in vacuo to give the crude hydrochloride salt. 

The  crude  salt  is  applied  to  an  ion  exchange  Dowex  column [50X8-100(acidic  form)] 

eluting first with water and then with a 2N NH4OH solution to give acid 2 as a white solid.

Yield: 0.08 g, 62%

Mol. Formula: C11H15NO3 

[α]D 
25 :  -26.0 (c 0.40, H2O) {Lit19 -24 (c 0.44, H2O)}

IR  (NaCl, 1% KBr, cm-1): νmax 3304, 3074, 3060, 1756, 1612, 1554, 1508, 1431, 1358, 

1180, 1065.
1H NMR  (200 MHz, D2O):  δ 2.49-2.61 (m, 2H), 2.73-3.29 (m, 2H), 3.45-3.68 (m, 1H), 

3.99-4.19 (m, 1H), 7.40 (s, 5 H) ppm.

Analysis Calcd.: C, 63.14; H, 7.23; N, 6.69; Found: C, 63.29; H, 7.41; N, 6.51%  

2.1.7. Spectras
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2.2. SECTION B 

Synthesis of (R)-selegiline via hydrolytic kinetic resolution

2.2.1. Introduction

Selegiline also known as 1-deprenyl is an irreversible and selective monoamine oxidase- B 

(MAO-B) inhibitor and is administered alone or together with L-DOPA for the treatment of 

Parkinson’s syndrome and Alzheimer’s disease.1 It is used in the treatment of Parkinson’s 

disease as it prevents the brains dopamine cells from oxidative stress.1,2 It  has immune-

system boosting and  anti-neurodegenerative effect.2 Subsequent studies have shown that 

(R)-selegiline  1 is more effective towards the treatment of Parkinson’s disease as well as 

Alzheimer’s  disease  when  compared  to  racemic  selegiline.3  In  addition,  selegiline 

stimulates the release of superoxide dismutase (SOD). SOD is key enzyme which helps to 

quench the products of damaging free radicles.2 Some of the MAO inhibitors are shown in 

Fig.1.  Structurally  similar  chiral  amine  such as  (R)-tamsulosin  hydrochloride  (Fig.1)  is 

employed in the symptomatic treatment of benign prostatic hyperplasia.4

O

N

Rivastigmine

N

O

N

(R)-Selegiline 1

Tamsulosin

SO2NH2

MeO

N
H

O

O
HN

(R)-Resagiline

Figure 1. Some MAO inhibitors

Various  methods  for  the  synthesis  of  selegiline  are  documented  in  the  literature.1,5-7 

Majority of the asymmetric synthesis  reported uses chiral  pool as the starting material.5 

Recently there has been reports of its synthesis using proline catalysed reactions, Sharpless 
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asymmetric  dihydroxylation  and  regioselective  aziridine  opening  as  the  key  steps.7 

Surprisingly  there  is  no  report  of  use  of  HKR  for  the  synthesis  of  this  molecule.  In 

continuation of our interest on hydrolytic kinetic resolution and its application towards the 

asymmetric  synthesis  of  various  natural  products,8 we became  interested  in  devising  a 

simple  and  straightforward  route  to  (R)-selegiline  using  Jacobsen’s  HKR  of  terminal 

epoxide. The Jacobsen’s  HKR method uses  readily  accessible  cobalt-based  chiral  salen 

complexes as catalyst and water as the only reagent to resolve a racemic epoxide into the 

enantiomerically enriched epoxide and diol in high enantiomeric excess. These advantages 

have made it a very attractive asymmetric synthetic tool.9 

2.2.2. Review of Literature

Several approaches have been reported in the literature for the synthesis of racemic as well 

as optically active  (R)-selegiline.  A few interesting and recent syntheses of  (R)-selegiline 

are described below.

Sterling et al. (2002)1a

Sterling et al. have reported the synthesis of (R)-3-hydroxy selegiline 3, involving classical 

resolution  of  amine  (±)-2 with  D-tartaric  acid  to  give  optically  pure  amine  (R)-2. 

Subsequent propargylation and reaction with ethyl formate gave formate derivative, which 

on reduction yielded (R)-3-hydroxy selegiline 3 (Scheme 1).

NH2

HO

NH2

HO

N

HOa b

(R)-2
3

(±) 2

Scheme 1: (a) D-Tartaric acid, MeOH, reflux; then 25% NH4OH, 25 °C; (b) (i) Propargyl 

bromide, K2CO3, 25 °C; (ii) HCO2Et, reflux, then LiAlH4, THF, 5 - 25 °C. 

Plenevaux et al. (2002)5c 

Plenevaux  et  al.  synthesized  racemic  4-[18F]fluoroselegiline  6 starting  from 4-

nitrobenzaldehyde 4  via the three step procedure. Thus, substitution of 4 by [18F] fluoride 

followed  by  reaction  with  (1-chloro-1-(trimethylsilyl)ethyl)lithium  and  hydrolysis 

furnished  4-[18F]fluorophenylacetone  5,  which  on  reductive  alkylation  with  N-

methylpropynylamine afforded 6 (Scheme 2).
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CHO

NO2

*F
O

*F
N

a b

4
5

6

Scheme 2: (a) (i) KF, 65%; (ii) 1-Chloro-1-(trimethylsilyl)ethyl lithium, hydrolysis, 50%; 

(b) N-Methylpropynylamine, NaBH3CN, 35%.

www.selegiline.com2

In this method, L-phenyl alanine 7 was used as the starting material for the preparation of 

(R)-selegiline  1. Thus methyl ester of phenyl alanine  8 on condensation with formic acid 

gave N-formyl derivative, which on subsequent reduction furnished N-methyl derivative 9. 

Propargylation  and  reduction  of  ester  9 with  LiAlH4 yielded  alcohol  10,  which  on 

subsequent reaction with thionyl chloride followed by reduction, afforded (R)-selegiline 1 

(Scheme 3).

CO2H

NH2

CO2Me

NH2

CO2Me

NHMe

N
N

OH

a b

c d

7 8 9

10
1

Scheme 3: (a) MeOH, 95%; (b) HCO2H then NaBH4 , 85%; (c) Propargyl bromide, then 

LiAlH4; (d) SOCl2, reduction.

Sudalai et al.  (2004)7a

Sudalai  et al. synthesized (R)-selegiline  1 using asymmetric dihydroxylation as key step. 

Thus β-methyl styrene  11 was subjected to Sharpless AD reaction to give chiral diol  12 

which on treatment  with SOCl2 gave the corresponding cyclic  sulfite  13.  Treatment  of 

cyclic sulfite 13 with sodium azide afforded the corresponding azido alcohol 14 which on 

treatment  with  triphenylphosphine  gave  chiral  aziridine  15.  Aziridine  15 underwent 

stereospecific and regioselective ring opening at the benzylic position using Pd-catalyzed 

reductive ring opening with ammonium formate under transfer hydrogenation conditions to 
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produce  amine  16 which  was  converted  to  (R)-selegiline  1 using  known  sequence  of 

reactions (Scheme 4).

OH

OH
O

O S
N3

OH

NH

NH2 HN N

a b c d

e f g

11
12 13 14

15 16 17 1

O

Scheme 4:  (a) OsO4,  (DHQ)2PHAL, K3Fe(CN)6,  K2CO3,  t-BuOH–H2O, 0 °C, 82%; (b) 

SOCl2, Et3N, CH2Cl2, 0 °C, 85%; (c) NaN3, acetone–H2O, 80 °C, 82%; (d) PPh3, CH3CN, 

90%;  (e)  Pd/C  (10%),  HCO2NH4,  MeOH,  reflux,  88%;  (f)  (i)  ClCO2CH3,  CH2Cl2,  aq 

K2CO3,  45min,  90% (ii) LiAlH4, dry THF, 65 °C, 65%; (g) propargyl  bromide,  K2CO3, 

CH3CN, 25 °C, 72%.

Sudalai et al. (2004)7b

Sudalai et al. have recently developed another approach for the synthesis of (R)-selegiline 1 

using α-amination and  α-aminoxylation of aldehyde catalysed by proline. Thus amination 

of phenyl propanal  18 using  D-proline as catalyst and subsequent reduction using NaBH4 

funished amino alcohol 20. Raney nickel treatment gave free amine which was protected as 

Boc  derivative  using  (Boc)2O  to  furnish  21.  Deoxygenation  of  OH  group  of  21 by 

tosylation and LAH treatment furnished amine  22, which was subsequently transformed 

into (R)-selegiline 1 by N-alkynation (Scheme 5).

H

O
N

N

CO2Bn

BnO2C

OH

N
CO2BnHN

CO2Bn

OH

NHBoc
NHBoc N

+
a b

c d

18 19
20

21 22 1

Scheme 5. Reagents and conditions: (a) Dibenzyl azodicarboxylate, D-proline (10 mol %), 

0–20 °C, 3 h then NaBH4, EtOH, 95%; (b) (i) H2 (60 psi), Raney-Nickel, MeOH, AcOH, 16 
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h, (ii) (Boc)2O, Et3N, CH2Cl2, 0 °C, 1 h, 66% for two steps; (c) (i) p-TsCl, Et3N, CH2Cl2, 2 

h, (ii) LiAlH4, THF, reflux, 4 h, 81% for two steps; (d) propargyl bromide, K2CO3, CH3CN, 

12 h, 72%.

2.2.3. Present work

Objective:

Given the biological activities associated with (R)-selegiline, interest in the synthesis of this 

class  of  compounds  continues  unabated.  Although  a  few  syntheses  are  reviewed  in 

foregoing  section,  several  more  are  documented  in  the  literature.  There  has  been 

surprisingly no report on the synthesis of this molecule using Jacobsen’s HKR method. We 

thought  it  would  be  worthwhile  to  design  a  synthetic  route  for  this  molecule using 

Jacobsen’s  HKR  method  as  a  key  step.  The  Jacobsen’s  HKR  method  uses  readily 

accessible  cobalt-based chiral  salen complex  (Fig.  2) as catalyst  and water  as the only 

reagent to resolve a racemic epoxide into the enantiomerically enriched epoxide and diol in 

high enantiomeric  excess.  These advantages  have made it  a  very attractive asymmetric 

synthetic tool.9 

2.2.4. Results and discussion

The synthesis commences from commercially available phenyl acetaldehyde 24, which on 

treatment  with  dimethylsulfoxonium methylide  gave  2-benzyl  oxirane  25 in  82% yield 

(Scheme 6). Appearance of peaks at δ 2.56 and in the range of δ 2.76-2.79 in  1H NMR 

confirmed the formation of epoxide  25.  The racemic epoxide  25 was then subjected to 

Jacobsen’s HKR using (R,R)–salen-CoIII (OAc) complex 23 ( 0.5 mol%) and distilled water 

(0.55 equiv) to afford (R)-2-benzyl oxirane (R)-25 as single enantiomer in  42% yield and 

95% ee,10 along with diol 26

(R,R)-SalenCo (III) OAc complex 23

NN
H H

O

tBu

tBu O

tBu

tBu
OAc

Co

Figure 2.  Jacobsen’s catalyst
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 in 45% yield and 96% ee. The epoxide (R)-25  was easily separated from polar diol 26 by 

vacuum distillation {105 °C/14 mm}. As the Jacobsen’s HKR method provides the desired 

epoxide (R)-25  along with undesired diol 26 in almost equal amount, we thought it would 

be appropriate to convert the 

Ph
OH

Ph CHO Ph
O

Ph
O

Ph OH

OH
+

Ph OH

OH

Ph OPiv

OH
Ph

O

Ph
O

24 25

(R)-2526

27

(R)-25

(R)-25

26

a b

c d

e

Scheme 6. Reagents and conditions: (a) (CH3)3SO, NaH, DMSO, 82%; (b) R,R-salen-CoIII 

-(OAc) (0.5 mol%), dist. H2O (0.55%), 0 °C, 8 h, (42% for (R)-25, 45% for 26); (c) PivCl, 

Et3N, Cat. DMAP, rt; (d) (i) MsCl, Et3N, DMAP, 0 °C to rt; (ii) K2CO3, MeOH, rt (63% for 

three steps c-d); (e) NaBH4, EtOH, reflux, 2 h, 81%.

residual  diol  26 into  epoxide  (R)-25 via  a  three  step  process  of  internal  nucleophilic 

substitution of the secondary mesylate of diol  26.11 Thus regioselective pivalation of the 

primary hydroxy group of diol  26 followed by mesylation of the secondary hydroxy and 

the treatment of crude mesylate with K2CO3 in methanol led to deprotection of the pivaloyl 

ester.  Concomitant  ring  closure  via  intramolecular  SN2  displacement  of  the  mesylate 

furnished  the  (R)-2-benzyl  oxirane  (R)-25  in  63%  yield.  Epoxide  (R)-25 was  then 

subjected to regioselective opening with sodium borohydride to furnish the desired alcohol 

27 in 81% yield (Scheme 6). Appearance of peaks at δ 1.27, 2.78 in 1H NMR and a broad 

peak at 3365 cm-1 in IR spectrum confirmed the formation of alcohol 27.

With substantial amount of enantiomerically pure alcohol  27 in hand, we then proceeded 

towards the synthesis of target compound 1 (Scheme 7). The protection of the alcohol 27 

with MsCl and Et3N afforded compound 28 in excellent  yield. Appearance of singlet at δ 
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2.50 in 1H NMR and disappearance of broad peak at 3365 cm-1 in IR spectrum confirmed 

the formation of compound 28, which on treatment with sodium azide in DMF furnished 

azide 29 with

Ph
OH

Ph
OMs

Ph
N3

Ph
NHBoc

Ph
NHMe

a b c

d f

27 28 29 22

17

1

e

Scheme 7.  Reagents and conditions: (a) MsCl, Et3N, DMAP, DCM, 0 °C to rt, 85%; (b) 

NaN3, DMF, 50 °C, 8 h, 61%;  (c) H2-Pd/C, (Boc)2O, EtOAc, 90%; (d) LiAlH4, THF, 0 °C 

to  rt,  69%; (e)  Aq.  MeNH2,  DMF,  50  °C,  18  h,  60%; (f)  Propargyl  bromide,  K2CO3, 

acetonitrile, 72%.

inversion  of  the  configuration.  Disappearance  of  singlet  at   δ  2.50  in  1H  NMR  and 

appearance of a broad peak at 2110 cm-1 in IR spectrum confirmed the formation of azide 

29. The azide was then easily converted to Boc protected amine 22 on treatment with 10% 

H2/Pd-C and (Boc)2O. Appearance of singlet at δ 1.42 in 1H NMR and disappearance of a 

broad  peak  at  2110  cm-1 in  IR  spectrum  confirmed  the  formation  of  compound  22. 

Subsequent  carbamate  reduction  by LiAlH4 gave the  monomethylated  compound  17 in 

69%  yield.  Appearance  of  singlet  at  δ  2.44  in  1H  NMR  confirmed  the  formation  of 

compound 17. Alternatively the compound 17 can be directly obtained from mesylate 28 in 

moderate yield by direct nucleophilic displacement of O-mesylate group by methyl amine. 

Thus compound  28 on treatment with excess of aqueous CH3NH2 in DMF directly gave 

compound  17 in  60% yield.  Finally  amine  17 was  converted  to  (R)-selegiline  1  using 

propargyl  bromide  and K2CO3.  [α]D
25  – 10.7 (c 6.5,  EtOH){Lit.13 [α]D

25  – 10.8 (c 6.48, 

EtOH)} The physical and spectroscopic data were in full agreement with the literature.7b

2.2.5. Conclusion

In conclusion a short, simple and highly enantioselective synthesis of (R)-selegiline was 

achieved employing HKR as the key step. This strategy is easily amenable to prepare other 

members of MAO inhibitors. Currently studies are in progress in this direction.  
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2.2.6. Experimental Section:

2-Benzyloxirane (25):

To a solution of trimethylsulfoxonium iodide (1.37 gm, 6.24 mmol) in dry DMSO (5 mL) 

was added NaH (0.15 gm, 6.24 mmol). After 1 h, phenyl acetaldehyde  24  (0.5 gm, 4.16 

mmol) dissolved in THF (5 mL) was added at 25 °C. After stirring for 5 h ice was added to 

the reaction mixture and the reaction mixture was extracted with ethyl acetate (2 x 20 mL). 

The organic layer was washed with water (2 x 10 mL), brine, dried (Na2SO4). Solvent was 

removed  under  reduced  pressure  and  the  crude  product  was  purified  by  column 

chromatography to get pure compound 25 as colourless liquid. 

Yield: 0.42 g, 42%

Mol. Formula: C9H10O

IR (CHCl3, cm-1): νmax  3019, 1635, 1496, 1215, 1083. 
1H NMR (200 MHz, CDCl3): δ 2.56 (dd, J = 2.7, 5.1 Hz, 1H), 2.76-2.79 (m, 1H), 2.82-2.86 

(m, 1H), 2.88-2.98 (m, 1H), 3.11-3.20 (m, 1H), 7.24-7.36 (m, 5H) ppm.
13C NMR (50 MHz, CDCl3): δ 38.5, 46.4, 52.0, 126.3, 128.2, 128.7, 137.0 ppm.

Analysis Calcd.: C, 80.56; H, 7.51; Found: C, 80.75; H, 7.34.

(R)-2-Benzyloxirane ((R)-25): 

 

A solution of epoxide  (±)-25  (1.0 g,  7.45 mmol) and (R,R)-Salen-Co(III)-OAc (0.025 g, 

0.037 mmol) was stirred at 0 °C for 5 min, and then distilled water (73 μL, 4.09 mmol) was 

added. After stirring for 8 h, the enantiomerically pure epoxide (R)-25  was isolated by 

vacuum distillation (105 °C/14mm) and the residue containing diol was purified by silica 

gel column chromatography using pet ether/EtOAc (3:2) to afford diol 26 as a brown color 

liquid. 
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(S)-3-Phenylpropane-1,2-diol (26):

Yield: 0.51 gm, 45%

Mol. Formula: C9H12O2

[α]D 
25 :  - 35.0 (c 1.04, EtOH); [Lit14 [α]18

D -35.4° (c 1.00, EtOH)].

IR (CHCl3, cm-1): νmax 3365, 2968, 1600, 1452, 1080.
1H NMR (400 MHz, CDCl3): δ 2.76-2.87 (m, 4H), 3.46-3.55 (m, 1H), 3.89-4.00 (m, 1H), 

7.23-7.40 (m, 5H) ppm.
13C NMR (50 MHz, CDCl3): δ 39.5, 65.7, 73.0, 126.4, 128.4, 129.3, 137.9 ppm.

Analysis Calcd.: C, 71.03; H, 7.95; Found: C, 71.23; H, 7.75.

Conversion of  Diol into epoxide: 

Conversion of 26 into (R)-25: Diol 26 (0.2 g, 1.31 mmol) was dissolved in dry CH2Cl2 (2 

mL) under argon and treated with pivaloyl chloride (0.178 mL, 1.44 mmol), Et3N (0.22 

mL, 1.57 mmol), and catalytic amount of DMAP. The resulting mixture was stirred at room 

temperature for  2  h  quenched with water and then extracted with CH2Cl2.  Removal  of 

volatiles under reduced pressure gave an oily crude monopivalate. This compound was then 

dissolved in dry CH2Cl2 (10 mL) under argon and treated with MsCl (0.11mL, 1.44 mmol), 

Et3N (0.219 mL, 1.57 mmol), and catalytic amount of DMAP. The reaction mixture was 

stirred at room temperature for 1 h and then quenched with water. The water layer was 

extracted with CH2Cl2 (3 x 15 mL) and the combined organic layer was washed with brine, 

dried (Na2SO4), and concentrated to give a crude product, which was dissolved in MeOH 

(10 mL) and treated with K2CO3 (0.199 g, 1.31 mmol). This mixture was stirred overnight 

at  room  temperature  and  then  filtered  through  celite.  Removal  of  the  volatiles  under 

reduced  pressure,  followed  by  column  chromatography  on  silica  gel  (petroleum 

ether/EtOAc  19:1) produced the epoxide  (R)-25 (0.11 g, overall yield  63%) as a yellow 

liquid. 
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 (S)-1-Phenylpropan-2-ol (27): 

NaBH4 (0.99 g, 26.08 mmol) was added to (R)-epoxide (R)-25 (1g, 7.45 mmol) in EtOH 

(10 mL), and the mixture was refluxed for 2 h. After diluting with ether and quenching 

with saturated NH4Cl,  the mixture was filtered. The precipitate was washed thoroughly 

with ether. The ether layer was washed with H2O, and the aqueous layer was re-extracted 

with DCM. The combined organic phases were dried (Na2SO4), concentrated under reduced 

pressure and purified by flash chromatography to yield alcohol 27.

Yield: 0.82 g, 81%

Mol. Formula: C9H12O

[α]D 
25 :  - 38.21 (c 2.04, CHCl3)

IR (CHCl3, cm-1): νmax 3365, 2968, 1600, 1452, 1080.
1H NMR (400 MHz, CDCl3): δ 1.27 (d,  J = 6.3 Hz, 3H), 2.66-2.69 (bs, 1H), 2.78 (d,  J = 

6.6 Hz, 2H), 3.95-4.10 (m, 1H),  7.24-7.41 (m, 5H)  ppm.
13C NMR (100 MHz, CDCl3): δ 22.0, 45.2, 68.0, 125.6, 127.7, 128.9, 138.3 ppm.

Analysis Calcd.: C, 79.37;  H, 8.88; Found: C, 79.55; H, 9.02.

(S)-1-Phenylpropan-2-yl methanesulfonate (28):

To an ice-cold stirred solution of 27 (1.0 g, 7.34 mmol) and triethylamine (1.84 mL, 13.21 

mmol) in anhydrous CH2Cl2 (10 mL) was added dropwise methanesulfonyl chloride (0.68 

ml,  8.8  mmol)  over  15  min.  The  resulting  mixture  was  allowed  to  warm  upto  room 

temperature and stirred for 5 h. After diluting with 25 mL CH2Cl2, the solution was washed 

with  water  (3  x  15 mL),  brine,  dried  over  Na2SO4 and  concentrated  to  give the  crude 

mesylated product. Silica gel column chromatography of the crude product gave mesylate 

28 as a colourless liquid.

Yield: 1.33 g, 85%

Mol. Formula: C10H14O3S 
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[α]D 
25 :  - 32.81 (c 1.44, CHCl3)

IR (CHCl3, cm-1): νmax 3029, 2360, 2341, 1604, 1496, 1350, 1174.
1H NMR (200 MHz, CDCl3): δ 1.49 (d,  J = 6.3 Hz, 3H), 2.50 (s, 3H), 2.93-2.98 (m, 2H), 

4.81-4.97 (m, 1H), 7.23-7.38 (m, 5H) ppm.
13C NMR (100 MHz, CDCl3): δ 20.9, 37.2, 42.5, 80.8, 126.6, 128.2, 129.2, 136.5 ppm.

Analysis Calcd.: C, 56.05; H, 6.59; S, 14.96; Found: C, 56.19; H, 6.73; S, 14.83;

(R)-(2-Azidopropyl)benzene (29):

To a solution of above mesylated product 28 (1 gm, 4.66 mmol) in dry DMF (10 mL) was 

added portion wise NaN3 (1.82 g, 28.00 mmol) and the resulting suspension was stirred for 

8 h at 50 °C. After cooling the reaction mixture to room temperature, Et2O (15 mL) and 

H2O (15 mL) were added and the aqueous layer was extracted with Et2O (3 x 10 mL). The 

combined organic layer was dried over Na2SO4 and the solvent was removed under reduced 

pressure.  Silica  gel  column  chromatography  of  the  crude  product  gave  azide  29  as  a 

yellowish liquid. 

Yield: 0.458 g, 61%

Mol. Formula: C9H11N3 

[α]D 
25 :  - 66.49 (c 0.92, CHCl3)

IR (CHCl3, cm-1): νmax 3029, 2110, 1604, 1496, 1453, 1255, 1085.
1H NMR (200 MHz, CDCl3): δ 1.24 (d,  J = 6.7 Hz, 3H), 2.65-2.88 (m, 2H), 3.62-3.72 (m, 

1H), 7.17-7.34 (m, 5H)  ppm.
13C NMR (75 MHz, CDCl3): δ 18.7, 42.3, 58.3, 126.4, 128.2, 129.1, 137.6 ppm.

Analysis Calcd.: C, 67.06; H, 6.88; N, 26.07; Found: C, 67.25; H, 7.03; N, 26.21;
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(R)-N-Methyl-1-phenylpropan-2-amine (17):

Procedure 1: 

To a solution of mesylate  28 (0.48 g, 2.63 mmol) in DMF (15 mL) at room temperature 

was added methylamine (40% in water, 8.2 mL, 105.3 mmol). After the mixture was stirred 

at 50 °C for 12 h, another portion of methylamine (4.1 mL, 52.68 mmol) was added, and 

the resulting mixture was stirred for 8 h at 50 °C. Then, the mixture was diluted with ether 

(100 mL) and water (30 mL). The aqueous phase was extracted with ether (4 x 10 mL). The 

combined extracts were washed with water (1x 20 mL) and brine (2 x 20 mL), dried over 

anhydrous Na2SO4, and filtered. Removal of solvent left an oil which was purified by flash 

chromatography (5% EtOH/0.5% Et3N/CH2Cl2), to afford 17 (0.2 g, 60%) as a colorless oil.

Procedure 2:

To a solution of azide 29 (1.0 g, 6.2 mmol) in ethyl acetate was added 10% Pd/C (50 mg) 

and  Boc2O (1.63  mL, 6.82  mmol).  The  resulting  solution  was  stirred  under  hydrogen 

atmosphere  for  12  h  at  room temperature  until  disappearance  of  the  azido  alcohol  as 

monitored by TLC. The reaction mixture was filtered through a celite pad to remove the 

catalyst and the filtrate was concentrated in vacuo. Silica gel column chromatography of 

the  crude  product  using EtOAc/pet  ether  (1:19)  as  eluent  gave  22 (1.31 g,  90%) as  a 

colorless liquid.

Yield : 1.31 gm, 90% 

Mol. Formula: C14H21NO2

[α]D 
25 :  +7.62 (c 0.8, CHCl3)

IR (CHCl3, cm-1): 3360,2978, 2935, 1703, 1456, 1366, 1250, 1173, 1061.
1H NMR (200 MHz, CDCl3): δ 1.08 (d, J = 6.7 Hz, 3H), 1.42 (s, 9H), 2.64 (dd, J =13.3, 7.3 

Hz, 1H), 2.84 (dd, J = 13.4, 5.6 Hz, 1H), 3.82–3.92 (m, 1H), 4.37 (br s, 1H), 7.14–7.32 (m, 

5H) ppm. 
13C NMR (50 MHz, CDCl3): δ 20.1, 28.4, 43.0, 47.41, 78.9, 126.2, 128.2, 129.4, 138.2, 

155.0 ppm.

Analysis calcd. C, 71.46; H, 8.99; N, 5.95%; found C, 71.5; H, 8.84; N, 6.09%.
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To a stirred suspension of LiAlH4 (76 mg, 2 mmol) in THF (5 mL) was added dropwise a 

solution of  tert-butyl (R)-1-phenylpropan-2-ylcarbamate  22 (235 mg, 1 mmol) in THF (2 

mL) at 0 °C. The reaction mixture was refluxed for 4 h and then cooled to 0 °C and the 

excess LiAlH4 was quenched by addition of EtOAc. The reaction mixture was treated with 

20% NaOH (0.5 mL), the white precipitate formed was filtered off and the residue was 

washed with EtOAc (3x10 mL). The combined EtOAc layer was dried over anhyd  Na2SO4, 

solvent was distilled off under reduced pressure, and the crude product was purified by 

column chromatography over silica gel using CHCl3 as eluent to yield the corresponding 

pure N-methyl amine 17.

Yield: 0.2 g, 60%

Mol. Formula: C10H15N 

[α]D 
25 :  - 21.35 (c 0.4, CHCl3)

IR (CHCl3, cm-1): νmax 3329, 2926, 1654, 1621, 1495, 1453, 1084.
1H NMR (400 MHz, CDCl3): δ 1.12 (d,  J = 6.2 Hz, 3H), 2.21 (bs, 1H), 2.44 (s, 3H),  2.65-

2.94 (m, 3H), 7.23-7.37 (m, 5H)  ppm.
13C NMR (50 MHz, CDCl3): δ 19.1, 33.3, 42.7, 55.9, 125.7, 127.9, 128.8, 139.0 ppm.

Analysis Calcd.: C, 80.48;; H, 10.13; Found: C, 80.61; H, 10.27

N-Methyl-N-((R)-1-phenylpropan-2-yl)prop- 2-yn-1-amine: (R)-selegiline (1):

To a stirred solution of (R)-2-(methylamino)-1- phenylpropane  17 (0.2 g, 1.34 mmol) in 

CH3CN (10 mL) were added anhyd K2CO3 (0.28 g, 2.01 mmol) and propargyl bromide 

(0.48 g, 4.02 mmol). The reaction mixture was then stirred for 12 h at 25 °C, the solid 

residue  formed  was  then  filtered  off,  and  the  solvent  was  distilled  off  under  reduced 

pressure to give the crude product, which was purified by column chromatography over 

silica gel using CHCl3 as eluent to give pure (R)-selegiline 1.

Yield: 0.18 g, 72%

Mol. Formula: C13H17N 
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[α]D 
25 :  -10.7 (c 6.5, EtOH)

IR (CHCl3, cm-1): νmax 3029, 2110, 1604, 1496, 1453, 1255, 1085.
1H NMR (200 MHz, CDCl3): δ 0.95 (d, J = 6.0 Hz, 3H), 2.25 (t, J = 2.0 Hz, 1H), 2.35 (s, 

3H), 2.40–2.55 (m, 1H), 2.80–3.10 (m, 2H), 3.40 (d, J = 2.0 Hz, 2H), 7.00–7.50 (m, 5H) 
13C NMR (75 MHz, CDCl3): δ 21.1, 31.4, 46.8, 51.9, 60.8, 68.1, 82.2, 125.6, 128.3, 128.6, 

140.2 ppm.

Analysis Calcd.: C, 83.37; H, 9.14; N, 7.47%; Found: C, 83.34; H, 9.11; N, 7.53%.

2.2.7. Spectra
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Chapter 3

          Asymmetric synthesis of (2R, 2’R)-(+)-methylphenidate and 

(2R, 2’R)-N-[phenyl(piperidin-2-yl)methyl] benzamide

3.1. Introduction

Attention  deficit  hyperactivity  disorder  (ADHD)  is  the  most  commonly  diagnosed 

behavioral disorder in children. ADHD persists across the full span of development, from 

preschool  to school age and adolescence,  and frequently continues  into adult  life.1 The 

diagnosis of ADHD is a clinical  rather than a specific medical diagnosis. Racemic (±)-

threo-methylphenidate  hydrochloride  (methyl  phenyl-(2-piperidyl)acetate)  is  a  mild 

nervous system stimulant and is currently the most widely used drug for the treatment of 

children with ADHD.2,3 The psychostimulant properties of (±)-threo-methylphenidate have 

been linked to its binding to a site on the dopamine receptor,  resulting in inhibition of 

dopamine re-uptake and enhanced levels of synaptic dopamine. This stimulation is believed 

to  regulate  attention  and  impulsivity  of  ADHD  in  children.  Racemic  (±)-threo 

methylphenidate,  however,  possesses side effects,  e.g.,  anorexia,  insomnia,  weight  loss, 

dizziness,  dysphoria,  and has potential  for substance abuse in patients,  especially when 

administered intravenously or through inhalation as it produces an euphoric effect. It has 

been postulated that the euphoric effect of (±)-threo-methylphenidate is primarily due to 

the action of l- or (2S,2'S)-(±)-threo-enantiomer. Enhanced relief for patients with ADHD 

was recently documented4 with newly formulated D- or (2R,2'R)-(+)-threo methylphenidate 

(Figure  1),  while  reducing  side  effects  and  euphoric  effects.  Additionally,  it  has  been 

shown  that  (2R,2'R)-(+)-threo-methylphenidate  1 is  more  potent  in  the  induction  of 

locomotor activity and has a higher affinity for the dopamine transporter than the (2S,2'S)-

(±)-threo-enantiomer  ent-1.5 A  recent  report  has  demonstrated  that  pharmacological 

specificity resides entirely in the (2R,2'R)-(+)-threo methylphenidate 1 and that the binding 

of the (2S,2'S)-(-)-threo-enantiomer ent-1 in human brain is mostly non-specific.6 Thus, to 

segregate the desired pharmacological activities from side effects, there is a great interest 

for preparing enantiomerically pure (2R,2'R)-(+)-threo-methylphenidate hydrochloride 1 on 

a large scale.
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Figure 1. Four isomers of methylphenidate

Subsequent studies led to the discovery that the (2R,2'R)-(+)-threo-enantiomer was 57 to 

388 times more active than the (2S,2'S)-(-)-  threo-enantiomer. The metabolic pathway for 

methylphenidate  in  dogs and rats  has also been delineated.9 While  the development  of 

efficient routes for the synthesis of racemic (±)-threo-methylphenidate and its analogues 

for structure-activity relationship studies remains a topic of interest.10-13 

NH
N

O

NH
N

OR1 R1

3 ent -3

(2R, 2'R)-N-[Phenyl(piperidin-2-yl)
methyl] benzamide

(2S, 2'S)-N-[Phenyl(piperidin-2-yl)
methyl] benzamide

Figure 2. Two isomers of Benzamide

Compounds having structures which is analogous to that of the compounds shown above 

(Figure 2)  are  described as analgesics,  diuretics,  anticonvulsants,  anesthetics,  sedatives, 

cerebroprotective  agents,  by  a  mechanism  of  action  on  the  opiate  receptors.14 Other 

compounds  having  analogous  structures  are  described  as  5-HT-3 antagonist  which  are 

useful  in  the treatment  of  psychotic  disorder,  neurological  diseases,  gastric  syndromes, 

83



Chapter 3

nausea and vomiting.  These compounds are devoid of activity on the opiate  or 5-HT-3 

receptors and exhibit a particular activity as specific inhibitors of the glycine, transporter 

glyt1 and or glyt2. The compounds preferred as inhibitor of the glyt1 transporter are of the 

configuration (1S,2S), while the compounds preferred as inhibitors of the glyt2 transporter 

are of the configuration (1R,2R).

3.2. Review of Literature

Various  approaches  to  the  preparation  of  enantiomerically  pure  (2R,2'R)-(+)-threo-

methylphenidate hydrochloride  1 are reviewed. These approaches include synthesis using 

enantiomerically  pure  precursors  obtained  by  resolution,  classical  and  enzyme-based 

resolution  approaches,  enantioselective  synthesis  approaches,  and  approaches  based  on 

enantioselective synthesis of (2S,2'R)-erythro-methylphenidate followed by epimerization 

at the 2-position. 

Perel et al . (1998)15

Perel et  al. synthesised  (2R,2'R)-(+)-threo-methylphenidate  hydrochloride  1 using  an 

enantiomerically  pure  starting  material,  D-pipecolic  acid  4. Enantiomerically  pure  D-

pipecolic acid 4 was protected with a Boc group to afford N-Boc-D-pipecolic acid 5 in 97% 

yield (Scheme 1).15 5 was converted into key amino ketone  7 in two steps involving its 

conversion to the N-methoxy-N-methyl amide 6, followed by the reaction of amide 6 with 

phenyllithium.  The  amino  ketone  7 underwent  a  Wittig  olefination  with 

methyltriphenylphosphonium bromide in the presence of potassium  tert-butoxide to give 

the alkene 8 in high yield. The transformation of alkene 8 to the desired threo diastereomer 

of alcohol 9, was achieved via hydroboration/oxidation. Hydroboration with BH3.THF gave 

a 72:28 mixture of threo and erythro isomers respectively, from which the threo alcohol 9 

was  isolated  after  chromatography.  Oxidation  of  threo alcohol  9 with  PDC  in  DMF 

followed by esterification of the resulting acid  10 with diazomethane, and  N-Boc group 

deprotection  with  3N  methanolic  HCl  furnished  (2R,2'R)-(+)-threo-methylphenidate 

hydrochloride 1 in 67% yield after recrystallization from ethanol/ether.
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Scheme  1.  Reagents  and  conditions:  (a)  (Boc)2O,  TEA,  97%;  (b)  BOP,  TEA,  N,O-

Dimethylhydroxylamine  hydrochloride,  93%;  (c)  PhLi,  then  H+/H2O,  73%;  (d) 

Methyltriphenylphosphonium bromide, K+O-tBu, 93%; (e) (i) BH3.THF, (ii) NaOH, H2O2, 

64%; (f) PDC/DMF; (g) (i) CH2N2; (ii) methanolic HCl, 63% (over two steps).

Zeitlin et al. (1998)16 

Enzymatic  hydrolysis  of  (±)-threo-methylphenidate  1 free  base  with  an  esterase/lipase 

enzyme, obtained from various microorganisms, was reported by Zeitlin  et al. to furnish 

(2R,2'R)-(+)-threo-methylphenidate  in  96%  ee.  (±)-trans-7-Phenyl-1-

azabicyclo[4.2.0]octan-8-one  11 was also hydrolyzed using a lactamase enzyme in pH 7 

phosphate  buffer  (Scheme  2)  to  afford  (2R,2'R)-threoritalinic  acid  12 with  >96%  ee. 

(2R,2'R)-threo-Ritalinic acid  12 was also obtained by hydrolysis of (±)-threo-2-phenyl-2-

(2-piperidyl)acetamide  14 with  amidase  or  (±)-threo-2-phenyl-2-(2-piperidyl)acetonitrile 

13 using a nitrile hydratase and amidase enzymes in 98% ee.16 (2R,2'R)-threo-Ritalinic acid 

12 furnished (2R,2'R)-threo-methylphenidate hydrochloride  1 after esterification and HCl 

salt formation. 
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M Prashad et al. (1999)17

Mahavir Prashad  et al. reported the first enantioselective synthesis of (2R,2'R)-(+)-threo-

methylphenidate hydrochloride 1, which involved an asymmetric aldol condensation of 5-

chlorovaleraldehyde  with  the  (Z)-boron  enolate  derived  from  N-phenylacetyl-(R)-4- 

phenyl-2-oxazolidinone  16 as the key step to generate both stereogenic centers of  1 with 

desired absolute configuration (Scheme 3).17 Mesylation of 17 with either methanesulfonic 

anhydride and pyridine in dichloromethane or methanesulfonyl chloride and triethylamine 

in toluene yielded the mesylate 18 in 92% yield. Reductive removal of the chiral auxiliary 

in 18 with sodium borohydride in THF and water furnished the desired alcohol 19 in 91% 

yield. Treatment of alcohol 19 with benzylamine at 85 °C afforded the desired piperidine 

intermediate 20 in 60% yield. Hydrogenation of 20 with 10% Pd-C in ethanol furnished the 
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amino alcohol 21 in 92% yield, which was acylated with di-tert-butyl dicarbonate to afford 

the  N-Boc-protected alcohol  22  in 82% yield.  Oxidation of alcohol  22 with NaIO4 and 

RuCl3 furnished  the  acid  10 in  80% yield  which  on   treatment  with  methanol  in  the 

presence  of  HCl  gas  at  50  °C  gave  the  desired  (2R,2'R)-(+)-threo-methylphenidate 

hydrochloride 1 in 70% yield. The enantiomeric purity of 1 was >99% ee and the overall 

yield from phenylacetic acid was 13% after 9 steps.
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Scheme 3. Reagents  and  conditions:  (a)  (R)-4-Phenyl-2-oxazolidine,  pivaloyl  chloride, 

Et3N, toluene, 78%; (b) (i)  n-Bu2BOTf, DIEA, CH2Cl2 or toluene, -20 °C to rt; (ii) 30% 

H2O2, MeOH, 78%; (c) Ms2O, C5H5N, 0 °C or MsCl, Et3N, 92%; (d) NaBH4, THF-H2O, 0 

°C to  rt,  91%; (e)  PhCH2NH2,  85 °C,  3  h,  60%; (f)  H2,  10% Pd-C,  EtOH, 92%;  (g) 

(Boc)2O, THF, 82%; (h) NaIO4, RuCl3.H2O, CCl4, 80%; (i) MeOH, HCl, 50 °C, overnight, 

70%.

Winkler et al. (2000)18-19 

Winkler  et  al. reported18-19 an  enantioselective   synthesis  of  (2R,2'R)-(+)-threo-

methylphenidate hydrochloride 1 based on the rhodium-mediated C-H insertion of methyl 

phenyldiazoacetate  23 with  N-Boc-piperidine  24.  Thus,  reaction  of  methyl 

phenyldiazoacetate 23 with N-Boc-piperidine 24 in cyclohexane at 50 °C in the presence of 

1  mol%  of  Rh2(5R-MEPY)4 led  to  the  selective  formation  of  N-Boc-D-threo-
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methylphenidate  25 in  64.5% yield  (Scheme  4).  Deprotection  of  25 with  HCl  gas  in 

methanol  furnished  crude  (2R,2'R)-(+)-threo-methylphenidate  hydrochloride  1 in  68.5% 

yield with 94% de and 69% ee. Two recrystallizations of this crude product from a mixture 

of ethanol and diethyl ether (1:1 v/v) gave 1 in 26% yield with 95% de and >95% ee.

N2

+
N

Boc

N
COOMe

Boc Ph

COOCH3
a b

23 24 25

1

Scheme 4. Reagents and conditions: (a) Rh2(5R-MEPY)4, cyclohexane; (b) HCl, MeOH, or 

(a) Rh2(S-biDOSP)2, 2,3-dimethoxybutane, rt; (b) TFA.

Matsumura et al. (2000)20,21 

Matsumura  et al.20,21 described a convenient method for the preparation of (2R,2'R)-(+)-

threo-methylphenidate  1 free  base  starting  from  the  easily  available  N-

methoxycarbonylpiperidine  26 involving a highly stereoselective coupling reaction of the 

α-methoxylated carbamate  27 with the Evans imide  28 as the key step (Scheme  5). An 

electrochemical  α-methoxylation  of  26 in  methanol  afforded  the  N-protected  α-

methoxypiperidine  27 in 85% yield. The C-C bond forming reaction between  27 and  28 

was  successfully  achieved  by  using  a  combination  of  TiCl4 and  diisopropylethylamine 

(DIPEA)  to  give  the  coupled  product  29 with  high  diastereo-  and  enantioselectivity. 

Deprotection   of the chiral  auxiliary furnished acid,  which on subsequent esterification 

afforded  30.  The deprotection at  the  N-methoxycarbonyl  group with (CH3)3SiI afforded 

(2R,2'R)-(+)-threo-methylphenidate 1 free base in 75% yield.
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Scheme 5. Reagents  and conditions:  (a)  2.3  F/mol  of  electricity  in  MeOH containing 

Et4NBF4; (b) TiCl4, DIPEA, CH2Cl2, -78 °C to rt; (c) LiOOH, H2O/THF, rt; (d) CH2N2, 

ether, 2 h; (e) Me3SiI, CH2Cl2, rt; 75%.

Seido et al. (1998)22

Another  potential  approach  towards  1 was  reported  by  Seido  et  al.22 utilizing  an 

asymmetric reduction of the ketone 32 as the key step. Acylation of the lithium enolate of 

methyl  phenylacetate with imidazolide,  obtained by treatment of the acid  31 with  N,N'-

carbonyldiimidazole  gave  the  ketoester  32 in  66.4%  yield  (Scheme  6).  Asymmetric 

reduction of  32 with [RuI(p-cymene)(S)-binap]I, SnCl2,  and CSA in methanol at 80 °C 

afforded the alcohol 33 as a mixture of syn and anti forms in 87.4% yield. The ratio of syn 

to anti isomers was 76.3:23.7 and the enantiomeric purity of each form was 95.6% ee and 

97.8% ee respectively. Tosylation of 33 with p-toluenesulfonyl chloride and pyridine in the 

presence of catalytic amounts of DMAP yielded a diastereomeric mixture of tosylate 34 in 

61.8% yield.  Deprotection  of  the  N-Cbz group in  34 by hydrogenation  over  5% Pd-C 

followed by cyclization of the resulting amino tosylate  35 with potassium carbonate  in 

methanol furnished methylphenidate as a mixture of  erythro and  threo isomers in a 7:3 

ratio and 77.5% yield.
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Scheme  6. Reagents  and  conditions:  (a)  N,N'-carbonyldimidazole,  THF;  (b) 

PhCH2CO2CH3,  LDA; (c)  [RuI(p-cymene)(S)-binap]I,  cat.  SnCl2,  CSA,  H2,  MeOH; (d) 

TsCl, DMAP, Pyridine; (e) H2, Pd-C; (f) K2CO3, MeOH.

M Prashad et al. (1999)23

Mahavir  Prashad  et  al.  reported23 an  enantioselective  synthesis  of  (2S,2'R)-erythro-

methylphenidate 2 utilizing Evans (S)-4-benzyl-2-oxazolidinone chiral auxiliary to control 

the diastereofacial selectivity in the hydrogenation of enamine intermediate  39. Acylation 

of (S)-4-benzyl-N-phenylacetyl-2-oxazolidinone 36 with the mixed anhydride 37, followed 

by deprotection of the N-Boc group with TFA, and neutralization of the reaction mixture 

with  NaHCO3 afforded  the  enamine  intermediate  39  (Scheme  7).  Hydrogenation  of 

enamine  39 with 10% Pd-C in ethyl acetate furnished  40 in 95% yield with an excellent 

diastereoselectivity (97:3). Treatment of 40 with methanol in the presence of LnI3 afforded 

the desired (2S,2'R)-erythro-methylphenidate 2 in 85% yield and 94% ee. 
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Scheme 7. Reagents  and conditions:  (a)  LiHMDS, THF,  0  °C,  1  h;  (b)  (i)  CF3CO2H, 

CH2Cl2, 0 °C to rt, 4 h, (ii) NaHCO3, 30% in two steps; (c) 10% Pd–C, EtOAc, rt, 24 h, 

95%; (d) MeOH, LnI3, THF, rt, 16 h, 85%.

3.3. Present work

Objective

(2R, 2’R)-(+)-Methylphenidate 1, (2R, 2’R)-N-[Phenyl(piperidin-2-Yl)methyl] benzamide 3 

and  their  derivatives  have  attracted  a  great  deal  of  interest  among  synthetic  organic 

chemists  and  medicinal  chemists  worldwide  as  attractive  synthetic  targets  due  to  their 

interesting biological properties. As part of our research programme aimed at developing 

enantioselective syntheses of bioactive molecules24 we became interested in devising an 

efficient route to  1  and  3  and present study describes our endeavors towards the formal 

synthesis of compound 1 and compound 3 from commercially available cinnamyl alcohol 

employing Sharpless asymmetric dihydroxylation (AD) and ring closing metathesis (RCM) 

as the key steps.

3.4. Results and discussion

Our  initial  approach  for  the  synthesis  of  compound  1 and  3 was  envisioned  via  the 

retrosynthetic route as shown in Scheme 8. The diol  46 was thought to be the common 

intermediate  which  can  easily  be  obtained  from cinnamyl  triol  44.  The  triol   44 was 

obtained from the cinnamyl alcohol 41 by OsO4 catalysed cis dihydroxylation.
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Scheme 8: Retrosynthetic route for the synthesis of compound 1 and compound 3.

Thus  commercially  available  cinnamyl  alcohol  41 was  subjected  to  OsO4 catalysed 

dihydroxylation to give triol  42, appearance of multiplet in the range of δ 3.31-3.36 and 

broad  singlet  at  δ  3.93,  and  appearance  of  broad  peak  at  3300  cm-1 in  IR  spectrum 

confirmed the formation of  triol. Selective protection of the secondary hydroxy groups was 

achieved by using 3-pentanone to give ketal 43. Appearance of multiplet in the arrange of δ 

1.00-1.10 and 1.73-1.92 confirmed the formation of ketal. The free primary hydroxy group 

of  43 was  then  converted  into  a  leaving  group  by  protecting  as  p-toluene  sulphate 

derivative using tosyl chloride to furnish 44 in 90% yield. 
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41
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Scheme 9: Reagents and conditions: (a) OsO4, K3Fe(CN)6, K2CO3, t-BuOH, H2O, 84%; (b) 

3-pentanone, CSA, DCM, 85%; (c) TsCl, Et3N, DCM, 90%. 

With the tosylate  44 in hand our next aim was to displace tosyl group with suitable alkyl 

group, towards this end we tried various conditions to displace the tosyl group with allyl 

group using allyl magnesium bromide. The results are summarized in Table 1. The reaction 

gave  best  result  with  simultaneous  addition  of  tosylate  44 to  Grignard  reagent  (allyl 
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magnesium bromide) in Et2O.   The appearance of olefinic protons in the range of δ 4.93-

5.00 as multiplet and δ 5.75-5.83 as multiplet confirmed the formation of the product.

OTs

Ph

O
O

Et
Et

Ph

O
O

Et
Et

Reaction conditions

44 45
Table 1

Scheme 10:  Reagents and conditions: Allyl Bromide, Mg, various additives, solvent.(see 
Table 1 )

Sr.
No

Reaction
conditions

Time
(h)

Temperature
(°C)

Yield
(%)

Additive Solvent

1 Allyl bromide 12 -30 0 CuI THF
2 Allyl bromide 12 -78 0 CuI THF
3 Allyl bromide 12 -78 0 CuI Et2O
4 Allyl bromide 24 25 <5 - Et2O
5 Allyl bromide 24 25 40 - Et2O
6 Allyl bromide 96 25 70 - Et2O
7 Allyl bromide 96 25 40 - THF

Table 1: Various conditions for the tosyl displacement 

With the olefin 45 in hand, we then deprotected the ketal using p-TSA in methanol  to give 

diol olefin 46 in excellent yield. The IR spectrum of  46 clearly shows a broad peak at 3401 

cm-1 corresponding to hydroxy absorption.

Ph

O
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Et
Et OH

OH

Ph

S

Ph

O
O

O

OH

Ph

CN
a b c

X

45 46 47 48

Scheme  11:  Reagents and conditions: (a)  p-TSA, MeOH, 92%; (b) SOCl2, Et3N, DCM, 

65%; (c) NaCN, DMF, 80 °C.

The  essential  feature  of  our  synthetic  strategy was  based  on  the  presumption  that  the 

nucleophilic opening of the cyclic sulphite 47 would occur in a regioselective manner at the 

α-carbon atom.25 The diol  46 was then subjected to freshly distilled thionyl  chloride in 

presence of triethyl amine to give cyclic sulphite 47 in 65% yield. The absence of peak at 

93



Chapter 3

3304 cm-1 in IR spectrum and deshielding of benzylic proton from δ 4.30 to 5.52 clearly 

showed  the  formation  of  cyclic  sulphite.  Cylic  sulphite  47  was  then  subjected  to 

regioselective  and  stereoselective  displacement  by  sodium  cyanide  but  to  our 

disappointment we did not get the expected product but ended up with complex reaction 

mixture, which was difficult to characterize. Then we attempted at conversion of diol  46 

into cyclic sulphate using sulphuryl chloride at -78 °C but the desired product could not be 

obtained.  We  then  switched  over  to  different  strategy  to  functionalize  the  diol  42 by 

regioselective  differentiation  of  the  two hydroxy  group and then  displacement  of  each 

group.

Our new approach for the synthesis of compound  1  &  3 was envisioned  via  the 

retrosynthetic route as shown in Scheme 12. The amino-alcohol  59 was thought to be the 

common intermediate from which both compounds 1 and 3 can be easily synthesized. The 

amino alcohol  59 could be obtained from the epoxide 50 by series of reactions involving 

regioselective  epoxide  opening  and  RCM.  The  epoxide  50 in  turn  could  be  easily 

synthesized by the Sharpless asymmetric dihydroxylation (AD) of cinnamyl alcohol 41.

OH

OH

O

NH

OH

N

NH

COOMe

NH

PhO

R1

(2R, 2'R)-(+)-Methylphenidate

(2R, 2'R)-N-[Phenyl(piperidin-2-yl)
methyl] benzamide

1

3

41

50

59

Scheme 12. Retrosynthetic analysis of compound 1 & 3.

Thus  the  commercially  available  cinnamyl  alcohol  41 was  subjected  to  Sharpless 

asymmetric dihydroxylation using OsO4 and K3Fe(CN)6 as co-oxidant in the presence of 

(DHQ)2PHAL as ligand to give triol 42 in 84% yield with ee > 95%, {[α]D 
25 :  +20.8 (c 3.5, 
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CHCl3); Lit26 {[α]D 
25: +20.92 (c 3.68, CHCl3)}. The regioselective primary monotosylation 

of this triol  42 with tosyl  chloride and catalytic  Bu2SnO, furnished the tosyl  diol  49 in 

excellent yield. The appearance of peak at δ 2.37 in 1H- NMR shows the presence of tosyl 

group (Scheme 13). Base treatment of this compound 49 in presence of K2CO3 in methanol 

furnished hydroxyl epoxide 50. The appearance of multiplet in the range of δ 2.71-2.79 and 

3.10-3.17 confirmed the presence of epoxide. The free hydroxy group of epoxide 50 was 

then protected as PMB ether using PMB-bromide to give 51. The appearance of  singlet at 

δ 3.82 in 1H NMR  and    disappearance of broad  peak  at 3300 cm-1 in IR confirmed the 

formation of product.  The regioselective opening of epoxide  51 using lithium acetylide 

ethylene diamine complex gave the homopropargyl alcohol  52 which on partial reduction 

using  Lindlar’s  catalyst  gave  the  homoallylic  alcohol  53.  The appearance  of  olefinic 

protons in the range of δ 4.86-4.96 as multiplet and δ 5.62-5.83 as multiplet confirmed the 

formation of the product (Scheme 13).

OH
OH

OH

OH

OTs

OH

OH

OPMB

OH

a b

OPMB

O

c e
OH

O

d

OPMB

OH

f

41 42 49

50 51

52
53

Scheme 13: Reagents and conditions: (a) (DHQ)2PHAL (1mol%), 0.1M OsO4 (0.4mol%), 

K2CO3,  K3Fe(CN)6,  MeSO2NH2,  t-BuOH/H2O (1:1),  0  °C,  24  h,  84%; (b)  TsCl,  Et3N, 

Bu2SnO,  DCM,  89%;  (c)  K2CO3,  MeOH,  76%;  (d)  PMB-Br,  NaH,  DMF,  85%;  (e) 

LiC≡CH–ethylene diamine, DMSO, rt, 10 h, 65%; (f) H2, Pd/BaSO4, quinoline, benzene, 1 

bar, rt, 2 h, 95%.

The free hydroxy group of 53 was converted into O-mesylate, The attempted displacement 

of  O-mesylate  with sodium azide resulted in sluggish reaction and the starting material 

coluld  not  be fully  converted  into the product  even with excess  of  sodium azide,   but 
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nucleophilic displacement with lithium azide in dry DMF afforded compound  54 in 60% 

yield. The IR spectrum of 54 showed strong azide absorption at 2110 cm-1. The azide 54 

was  then  subjected  to  Staudinger  reaction27 and  converted  into  amine  which  on  Boc 

protection with (Boc)2O led to 55 in 80% yield (two steps, one pot). The IR spectrum of 55 

showed absence of azide absorption at 2110 cm-1 and 1H-NMR showed the appearance of 

singlet at δ 1.28. Compound  55 was then alkylated with allyl bromide in the presence of 

NaH to  produce  56 in  85% yield.  Treatment  of  56 with  the  Grubbs’  first  generation 

catalyst28 (Scheme 14) in toluene furnished the 3,4-dehydropiperidine 57 in 94% yield. The 

appearance  of  olefinic  protons  in  the  range  of  δ  5.55-5.71  as  multiplet  confirmed  the 

formation of the product.  After catalytic hydrogenation of the double bond of 58 in EtOAc 

over Pd-C, the deprotection of  p-methoxybenzyl and Boc groups was achieved  with aq. 

HCl to furnish amino alcohol 59 in 74% yield. In order to concludingly prove the structure 

of the amino alcohol, 59  was monotosylated using 1 equiv. of TsCl in Et3N, to furnish 60 

in good yield as a crystalline white solid. The single X-ray structure analysis of 60 clearly 

showed the relative stereochemistry of the OH and NH groups to be anti.

NBoc

OPMB

OPMB

OH

OPMB

N3

OPMB

NHBoc

NBoc

OPMB

NH

OH

OPMB

N
Boc

NTs

OH

a b

c d e

f g

53 54 55

56 57
58

59 60

Scheme 14: Reagents and conditions: (a) (i) MsCl, Et3N, DCM; (ii) LiN3, DMF, (60% over 

two steps); (b) (i) TPP, THF:H2O; (ii) (Boc)2O, dioxane: H2O, 80%; (c) Allyl  bromide, 

NaH, DMF, 85%; (d) Grubb’s catalyst, Toluene, 94%; (e) H2-Pd/C, EtOAc, 92%; (f) HCl 

(1N) 74%; (g) TsCl, Et3N, 80%.
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Figure 3. The ORTEP diagram of the (S)-phenyl((R)-1-tosylpiperidin-2-yl)methanol 60

After  completing  the  synthesis  of  compound  57 and  confirming  the  relative 

stereochemistry,  our next aim was to convert the PMB protected hydroxy group into its 

mesyl or tosyl derivative. Thus deprotection of  PMB ether in presence of DDQ furnished 

alcohol 61. 

NBoc

OH
b

N

O
O

NTs

OH b

NTs
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X

NTs

OH

NTs
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R = Ms, Ts

b
X
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OPMB
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OH

a

c

57

61 63

60

6261

Scheme 15: Reagents and conditions: (a) DDQ, DCM: H2O, 79%; (b) TsCl, Et3N, DMAP, 

or MsCl, Et3N, DCM; (c) (i) HCl (1M), 74%; (ii) TsCl, Et3N, DMAP.
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The attempted conversion of free hydroxy into mesyl derivative furnished oxazolidine  62 

in  quantitative  yield.  Further  various  attempts  to  carryout  the  reaction,  changing  the 

protecting groups at nitrogen from Boc to Ts and introducing unsaturation in the piperidine 

ring failed to give the desired products (Scheme 15). 

To overcome this problem, free hydroxy group of 61 was converted into ketone which on 

reduction with Pd-C under hydrogenation conditions gave compound 64. The conversion of 

ketone  64 into target molecule  1 is documented in the literature.15 Similarly with amino 

alcohol  59 in hand we tried to convert  it  into target compound  3 (Scheme 16).  Thus 

selective N-alkylation of 59 using allyl bromide and K2CO3 furnished the N-allyl compound 

65.  Appearance  of  multiplet  in  the  range  of  δ  5.13-5.17  and  5.21-5.27  confirmed  the 

formation of the product. The conversion of N-allylic alcohol 65 to the various substituted 

diamines  of the general formula 3 is documented in literature.14 

NH

OH

N

OH

NBoc

OH COOMe

NH

N

NH

PhO

R1

NBoc

Oa Ref . 15

b Ref . 14

61
64 1

59 65
3

Scheme 16:  Reagents and conditions: (a) (i) IBX, EtOAc; (ii) H2-Pd/C, EtOAc, 83%; (b) 

Allyl bromide, K2CO3; CH3CN, 65%.

3.5. Conclusion

In  conclusion,  practical  and  stereocontrolled  formal  synthesis  of  (2R,  2’R)-(+)-

Methylphenidate 1 & (2R, 2’R)-N-[Phenyl(piperidin-2-Yl)methyl] benzamide 3 is achieved 

and the synthetic strategy described here has significant potential for the development of 

structural variants on the piperidine ring.
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3.6. Experimental Section

(1S,2S)-1-Phenylpropane-1,2,3-triol (42): 

To  a  mixture  of  K3Fe(CN)6 (36.80  g,  111.8  mmol),  K2CO3 (15.44  g,  111.8  mmol), 

(DHQ)2PHAL (0.290 g, 1 mol%) in t-BuOH/H2O (1:1, 380 mL) at 0 °C was added osmium 

tetroxide (1.47 mL, 0.1 M solution in toluene, 0.4 mol%), followed by methanesulfonamide 

(3.57 g, 37.26 mmol). After stirring for 5 min at 0 °C, cinnamyl alcohol 41 (5.0 g, 37.26 

mmol) was added in one portion. The reaction mixture was stirred at 0 °C for 24 h and then 

quenched with solid sodium sulfite (55.0 g). The stirring was continued for additional 15 

min and then the solution was extracted with EtOAc (3 x 200 mL). The combined extracts 

were  washed  with  brine,  dried  over  Na2SO4 and  concentrated.  Silica  gel  column 

chromatography of  the crude product  using EtOAc/petroleum ether  (6:4)  gave  42  as  a 

syrupy liquid. 

Yield: 5.26 g, 84%

Mol. Formula: C9H12O3 

[α]D 
25 :  +38.83 (c 1.00, CHCl3)

IR (CHCl3, cm-1): νmax 3424, 2931, 1447, 1215, 1008.
1H NMR (200 MHz, CDCl3): δ 3.31-3.36 (m, 2H), 3.64-3.66 (m, 1H), 3.93 (bs, 3H), 4.51 

(d, J = 7.1 Hz, 1H), 7.23-7.27 (m, 5H) ppm.
13C NMR (50 MHz, CDCl3): δ 62.6, 74.2, 75.7, 126.5, 127.6, 128.1, 140.5 ppm.

((±)-2,2-Diethyl-5-phenyl-1,3-dioxolan-4-yl)methanol (43): 
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To a solution  of the  triol  42  (2.0 g,  11.9 mmol),  in  dry DCM (20 mL)  was added 3-

pentanone (5.0 mL),  p-TsOH (0.2 g) and stirred overnight. Solid NaHCO3 (0.50 g) was 

added and stirred for 30 min. The reaction mixture was filtered through a pad of neutral 

alumina and concentrated. Silica gel column chromatography using petroleum ether:ethyl 

acetate (9:1) gave 43 as a colorless liquid.

Yield: 2.38 g, 85%

Mol. Formula: C14H20O3

IR (CHCl3, cm-1): νmax 3359, 2935, 1596, 1447, 1215, 1050. 
1H NMR (200 MHz, CDCl3): δ 1.00-1.10 (m, 6H), 1.73-1.92 (m, 4H), 2.49 (bs, 1H), 3.59-

3.68 (m, 1H), 3.82-3.92 (m, 2H), 4.86 (d, J = 8.6 Hz, 1H), 7.31-7.44 (m, 5H) ppm.
13C NMR (50 MHz, CDCl3): δ 8.1, 30.4, 60.5, 78.9, 83.8, 112.8, 126.5, 128.2, 128.5, 137.8 

ppm.

Analysis Calcd.: C, 71.16; H, 8.53; Found: C, 71.29; H, 8.35% 

((±)-2,2-Diethyl-5-phenyl-1,3-dioxolan-4-yl)methyl 4-methylbenzenesulfonate (44): 

To a mixture of alcohol 43 (2.0 g, 8.5 mmol), in dry dichloromethane (20 mL) was added 

p-toluenesulfonyl chloride (1.77 g, 9.3 mmol) and triethylamine (2.35 mL, 16.9 mmol) at 0 

°C  and  reaction  was  stirred  at  room  temperature  under  nitrogen.  The  reaction  was 

monitored by TLC, after completion of reaction (45 min) the mixture was quenched by 

adding  water.  The  solution  was extracted  with dichloromethane  (3 x 10 mL)  and then 

combined organic phase was washed with water, dried (Na2SO4) and concentrated. Silica 

gel column chromatography of crude product using petroleum ether:EtOAc (7:3) as eluent 

afforded monotosyl compound 44 as a viscous liquid.

Yield: 3.00 g, 90%

Mol. Formula: C21H26O5S
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IR (CHCl3, cm-1): νmax 3002, 2985, 1496, 1453, 1399, 1173, 1009. 
1H NMR (200 MHz, CDCl3): δ 0.89-1.05 (m, 6H), 1.66-1.81 (m, 4H), 2.46 (s, 3H), 3.84-

3.92 (m, 1H), 4.13 (dd, J = 4.0, 11.0 Hz, 1H), 4.23 (dd, J = 4.0, 11.0 Hz, 1H), 4.80 (d, J = 

8.7 Hz, 1H), 7.32-7.37 (m, 7H), 7.75-7.80 (m, 2H) ppm.
13C NMR (50 MHz, CDCl3): δ 7.9, 21.5, 30.1, 30.2, 67.2, 79.0, 80.7, 113.5, 122.4, 126.4, 

126.8, 127.9, 128.6, 129.7, 129.9, 131.4, 132.7, 137.0, 144.8 ppm.

Analysis Calcd.: C, 64.59; H, 6.71; S, 8.21; Found: C, 64.71; H, 6.54; S, 8.11% 

(±)-4-(But-3-enyl)-2,2-diethyl-5-phenyl-1,3-dioxolane (45): 

To a stirred suspension of allylmagnesium bromide (7.8 mL, 89.6 mmol,) in diethyl ether 

(4 mL) was added tosyl compound  44 (5.0 g, 12.8 mmol) and the reaction mixture was 

allowed to stir at room temperature. After stirring the resultant mixture for 4 days,  the 

reaction mixture was quenched by addition of sat. ammonium chloride. Reaction mixture 

was extracted with diethyl ether (3 x 20 mL). Organic layer was separated, washed with 

brine, dried (MgSO4) and evaporated. Column chromatography (EtOAc/pet. ether: 1/19) of 

the residue gave alkene 45 as a colorless liquid.

Yield: 2.33 g, 70%

Mol. Formula: C17H24O2

IR (CHCl3, cm-1): νmax 3066, 2928, 2253, 1610, 1494, 1454, 1197, 1050.
1H NMR (200 MHz, CDCl3): δ 1.01 (t, J = 7.5 Hz, 3H), 1.07 (t, J = 7.5 Hz, 3H), 1.68-1.74 

(m, 2H), 1.76-1.80 (m, 2H),  1.83-1.88 (m, 2H), 2.06-2.15 (m, 1H),  2.21-2.30 (m, 1H), 

3.77-3.83 (m, 1H), 4.54 (d, J = 8.8 Hz, 1H), 4.93-5.00 (m, 2H), 5.75-5.83 (m, 1H),  7.33-

7.43 (m, 5H) ppm.

Analysis Calcd.: C, 78.42; H, 9.29; Found: C, 78.58; H, 9.05% 
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(±)-1-Phenylhex-5-ene-1,2-diol (46):
 

To a stirred solution of compound  45 (1.0 g, 5.2 mmol) in MeOH was added a catalytic 

amount of p-TSA (0.1 g) at room temperature and the reaction mixture stirred overnight at 

the same temperature. Solid NaHCO3 (0.1 g) was added and stirred for 30 min. The mixture 

was  then  filtered  through  a  celite  pad,  washed  with  MeOH,  concentrated  and  column 

purified using petroleum ether:ethyl acetate (7:3) to give 46 as a pale yellow liquid 

Yield: 0.68 g, 92%

Mol. Formula: C12H16O2

IR (CHCl3, cm-1): νmax 3401, 2920, 2250, 1640, 1494, 1453, 1197, 1047, 909. 
1H NMR (200 MHz, CDCl3): δ 1.28-1.39 (m, 2H), 1.93-2.14 (m, 2H), 2.94 (bs, 2H), 3.54-

3.63 (m, 1H), 4.30 (d, J = 6.5 Hz, 1H), 4.81-4.92 (m, 2H), 5.57-5.74 (m, 1H), 7.20-7.30 (m, 

5H) ppm.
13C NMR (50 MHz, CDCl3):  δ 29.8, 31.7, 75.3, 77.9, 114.9, 126.8, 128.1, 128.5, 128.7, 

138.1 ppm.

Analysis Calcd.: C, 74.97; H, 8.39; Found: C, 74.84; H, 8.52% 

Compound 47: 

To a solution of diol 46 (1.0 g, 5.2 mmol) in dry CH2Cl2 (10 mL) was added Et3N (2.9 mL, 

20.8 mmol). The mixture was cooled in an ice bath and thionyl chloride (0.76 mL, 10.4 

mmol) added dropwise. The reaction mixture was stirred for 30 min and then quenched by 

adding  water  (10  mL).  The  phases  were  separated  and  aqueous  phase  extracted  with 

CH2Cl2 (3 x 10 mL). The combined organic phase was dried over Na2SO4 and concentrated. 
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Silica gel column chromatography (EtOAc/petroleum ether, 1:4) of the crude product gave 

cyclic sulphite 47 as a colorless liquid. 

Yield: 0.81 g, 65%

Mol. Formula: C12H14O3S 

IR (CHCl3, cm-1): νmax 3066, 2928, 2253, 1610, 1494, 1454, 1197, 1050. 
1H NMR  (200 MHz, CDCl3): (major diastereomer):  δ 1.86-1.94  (m, 1H), 2.00-2.09 (m, 

1H), 2.13-2.23 (m, 1H), 2.26-2.34 (m, 1H), 4.75-4.80 (m, 1H), 4.94-5.03 (m, 2H), 5.52 (d, 

J = 9.0 Hz, 1H), 5.69-5.78 (m, 1H), 7.39-7.50 (m, 5H) ppm.
13C NMR (50 MHz, CDCl3): (major diastereomer):  δ 29.8, 31.5, 84.4, 88.8, 115.9, 127.3, 

127.8, 129.1, 129.7, 134.0, 136.5 ppm.

Analysis Calcd.: C, 60.48; H, 5.92; S, 13.46; Found: C, 60.32; H, 6.08; S, 13.21% 

(2S,3S)-2,3-Dihydroxy-3-phenylpropyl 4-methylbenzenesulfonate (49): 

To a mixture of triol 42 (4.00 g, 23.66 mmol), in dry dichloromethane (40.0 mL) was added 

dibutyltin  oxide  (0.292 mg,  0.2  mol  %)  followed by the  addition  of  p-toluenesulfonyl 

chloride (4.94 g, 26.0 mmol) and triethylamine (3.62 mL, 26.0 mmol) and reaction was 

stirred at  room temperature  under  nitrogen.  The reaction  was monitored  by TLC, after 

completion of reaction (45 min) the mixture was quenched by adding water. The solution 

was extracted with dichloromethane (3 x 100 mL) and then combined organic phase was 

washed with water, dried (Na2SO4) and concentrated. Silica gel column chromatography of 

crude product using petroleum ether: EtOAc (7:3) as eluent afforded monotosyl compound 

49 as a viscous liquid.

Yield: 6.8 g, 89%

Mol. Formula: C16H18O5S

[α]D 
25 :  +13.82 (c 1.0, CHCl3)

IR (CHCl3, cm-1): νmax 3403, 1496, 1453, 1399, 1173, 1009. 
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1H NMR (200 MHz, CDCl3):  δ 2.37 (s, 3H), 2.83 (bs, 2H), 3.77-3.82 (m, 2H), 3.91-3.98 

(m, 1H), 4.55 (d, J = 6.1 Hz, 1H), 7.19-7.27 (m, 7H), 7.65-7.69 (d, J = 8.3 Hz, 2H) ppm.
13C NMR (50 MHz, CDCl3): δ 21.5, 70.4, 73.4, 73.5, 126.5, 127.8, 128.1, 128.5, 129.8, 

132.2, 139.7, 145.0 ppm.

Analysis Calcd.: C, 59.61; H, 5.63; S, 9.95; Found: C, 59.75; H, 5.49; S, 9.74% 

(S)-((S)-Oxiran-2-yl)(phenyl)methanol (50): 

To a solution of compound 49 (1.0 g, 3.1 mmol) in methanol (10 mL) at 0 °C was added 

solid K2CO3 (0.857g, 6.2 mmol) in one portion and continued the stirring at 0 °C for one 

hour.  After  completion  of  the  reaction  (progress  of  reaction  was  monitored  by  TLC), 

solvent was evaporated under reduced pressure. Residue was diluted with water (5 mL), 

extracted with ethyl  acetate (2 X 15 mL).  Organic layer was washed with water, brine, 

dried over MgSO4, solvent was evaporated under reduced pressure to give crude epoxide 

50, which was further purified by column chromatography using EtOAc /pet ether (7:3) as 

eluent.

Yield: 0.354 g, 76%

Mol. Formula: C9H10O2

[α]D 
25 :  +18.54 (c 1.0, CHCl3)

IR (CHCl3, cm-1): νmax 3438, 2934, 1612, 1513, 1454, 1247, 1097. 
1H NMR (200 MHz, CDCl3): δ 2.71-2.79 (m, 2H), 3.10-3.17 (m, 1H), 4.35 (d, J = 5.7 Hz, 

1H), 7.26-7.36 (m, 5H) ppm.
13C NMR (125 MHz, CDCl3): δ 45.3, 56.0, 74.4, 126.2, 128.0, 128.4, 140.0 ppm.

Analysis Calcd.: C, 71.98; H, 6.71; Found: C, 72.07; H, 6.56% 

(S)-2-((S)-(4-Methoxybenzyloxy)(phenyl)methyl)oxirane (51): 
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To a solution of hydroxyl alcohol 50 (2.03 g, 13.51 mmol) in dry THF (20 mL) was added 

sodium hydride (60%, 0.810 g, 20.57 mmol) at 0 °C. The reaction mixture was then stirred 

at room temperature for 30 min after which it was again cooled to 0 °C. To this was added 

slowly  p-methoxybenzyl  bromide  (1.84  mL,  14.86  mmol)  and  tetra  n-butylammonium 

iodide (0.50 g, 1.35 mmol) with further stirring for 2 h at room temperature. The reaction 

mixture was quenched with addition of cold water at 0 °C. The two phases were separated 

and the aqueous phase was extracted with EtOAc (3 x 100 mL). The combined organic 

layer was washed with water (3 x 100 mL), brine, dried (Na2SO4) and concentrated. Silica 

gel column chromatography of the crude product using petroleum ether/EtOAc (8:2) as 

eluent furnished the mono-PMB protected epoxide 51 as a colorless oil.

Yield: 3.06 g, 85%

Mol. Formula: C17H18O3

[α]D 
25 :  +41.3 (c 1.8, CHCl3)

IR (CHCl3, cm-1): νmax 3012, 1612, 1514, 1465, 1249, 1035. 
1H NMR (200 MHz, CDCl3): δ 2.60 (dd, J = 2.6, 4.8 Hz, 1H), 2.72-2.77 (m, 1H), 3.23-3.29 

(m, 1H), 3.82 (m, 3H), 4.09-4.12 (d, J = 6.5 Hz, 1H), 4.43-4.59 (m, 2H), 6.89 (d, J = 8.7 

Hz, 2H), 7.29 (d, J = 8.7 Hz, 2H), 7.38-7.41 (m, 5H) ppm.
13C NMR (125 MHz, CDCl3): δ 44.1, 55.1, 55.2, 70.3, 82.1, 113.7, 127.1, 128.2, 128.5, 

129.3, 130.0, 138.1, 159.1 ppm.

Analysis Calcd.: C, 75.53; H, 6.71; Found: C, 75.68; H, 6.84% 

(1S,2S)-1-(4-Methoxybenzyloxy)-1-phenylpent-4-yn-2-ol (52): 

To a stirred solution of epoxide 51 (1.5 g, 5.9 mmol) in DMSO (5 mL) at 0 °C was added 

lithium acetylide-EDA complex (0.814 g, 8.84 mmol). The mixture was stirred at r.t. for 10 

h. To the mixture were added 50 mL of 20% aq. H2SO4 and 50 mL of ether. After the 

biphasic mixture was stirred overnight, the product was extracted with ether. The organic 
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layer  was  washed  with  water,  brine,  dried  (Na2SO4),  concentrated.  Silica  gel  column 

chromatography of the crude product using petroleum ether/EtOAc (9:1) as eluent gave 

acetylide 52 as a colorless syrupy liquid.

Yield: 1.06 g, 65%

Mol. Formula: C19H20O3

[α]D 
25 :  +54.1 (c 2.9, CHCl3)

IR (CHCl3, cm-1): νmax 3468, 3292, 3062, 2909, 1612, 1513, 1454, 1302, 1249, 1032. 
1H NMR (200 MHz, CDCl3): δ 2.07-2.09 (m, 1H), 2.15-2.19 (m, 1H), 2.36-2.40 (m, 1H), 

3.84 (m, 3H), 3.87-3.91 (m, 1H), 4.25 (d, J = 10.9 Hz, 1H), 4.42-4.49 (m, 2H), 6.90 (d, J = 

8.7 Hz, 2H), 7.25 (d, J = 8.7 Hz, 2H), 7.40-7.45 (m, 5H) ppm.
13C NMR  (50 MHz,  CDCl3): δ 22.4,  55.1,  70.4,  73.1,  80.4,  83.1,  113.7,  127.5,  128.3, 

128.5, 129.5, 129.6, 138.0, 159.2 ppm.

Analysis Calcd.: C, 77.00; H, 6.80; Found: C, 77.15; H, 6.63% 

MS (ESI):  m/z   297.0679 (M++H), 319.1123 (M++Na), 335.0899 (M++K).

(1S,2S)-1-(4-Methoxybenzyloxy)-1-phenylpent-4-en-2-ol (53): 

To a solution  of  52 (1.0 g,  3.37 mmol)  in  ethyl  acetate  (10 mL)  was added Lindlar’s 

catalyst  (0.050 g) and few drops of quinoline. The reaction mixture was stirred for 2 h 

under a balloon of H2 at room temperature and filtered through a celite pad. The filtrate was 

concentrated  and  the  residue  was  purified  by  silica  gel  column  chromatography  using 

petroleum ether/EtOAc (9:1) as eluent to give 53 as a pale yellow oil.

Yield: 0.96 g, 95%

Mol. Formula: C19H22O3 

[α]D 
25 :  +23.6 (c 1, CHCl3)

IR (CHCl3, cm-1): νmax 3399, 3019, 1613, 1514, 1249, 1215, 1036.
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1H NMR (200 MHz, CDCl3): δ 1.88-2.01 (m, 2H), 2.87 (bs, 1H), 3.64-3.66 (m, 1H), 3.71 

(s, 3H), 4.07-4.13 (m, 2H), 4.28 (d,  J = 11.0 Hz, 1H), 4.86-4.96 (m, 2H), 5.62-5.83 (m, 

1H), 6.78 (d, J = 8.8 Hz, 2H), 7.11 (d, J = 8.8 Hz, 2H), 7.24-7.30  (m, 5H) ppm.
13C NMR  (50 MHz, CDCl3):  δ 36.6, 55.1, 70.2, 74.4, 84.3, 113.8, 117.0, 127.8, 128.2, 

128.5, 129.5, 129.8, 134.5, 138.4, 159.2 ppm.

Analysis Calcd.: C, 76.48; H, 7.43; Found: C, 76.62; H, 7.58% 

1-(((1S,2R)-2-Azido-1-phenylpent-4-enyloxy)methyl)-4-methoxybenzene (54):

 

To an ice-cold stirred solution of  53 (1.0 g, 3.35 mmol) and triethylamine (0.93 mL, 6.7 

mmol) in anhydrous CH2Cl2 (15 mL) was added dropwise methanesulfonyl chloride (0.31 

mL, 4.02 mmol)  over 15 min.  The resulting mixture was allowed to warm up to room 

temperature and stirred for 2 h. After diluting with 25 mL CH2Cl2, the solution was washed 

with  water  (3  x  20 mL),  brine,  dried  over  Na2SO4 and  concentrated  to  give the  crude 

mesylated product. This was used for the next step without further purification. 

To a solution of above mesylated product (1.3 g, 3.45 mmol) in dry DMF (15 mL) 

was added portion wise LiN3 (1.52 g, 31.1 mmol) and the resulting suspension was stirred 

for 24 h at 45 °C. After cooling the orange solution to room temperature, Et2O (50 mL) and 

H2O (50 mL) were added and the aqueous layer was extracted with Et2O (3 x 40 mL). The 

combined  organic  layers  were  dried  over  Na2SO4 and  the  solvent  was  removed  under 

reduced  pressure.  Silica  gel  column  chromatography  of  the  crude  product  using  pet 

ether/EtOAc: (98/2) gave azide 54 as a yellowish liquid.

Yield: 0.65 g, 60%

Mol. Formula: C19H21N3O2 

[α]D 
25 :  -14.54 (c 1, CHCl3)

IR (CHCl3, cm-1): νmax  3017, 2936, 2110, 1642, 1612, 1514, 1455, 1249,1216.
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1H NMR (200 MHz, CDCl3): δ 2.17-2.42 (m, 2H), 3.39-3.49 (m, 1H), 3.73 (s, 3H), 4.12 (d, 

J = 11.2 Hz, 1H), 4.29-4.40 (m, 2H), 5.00-5.10 (m, 2H), 5.60-5.82 (m, 1H), 6.80 (d, J = 8.7 

Hz, 2H), 7.15 (d, J = 8.7 Hz, 2H), 7.29-7.33  (m, 5H) ppm.
13C NMR  (50 MHz, CDCl3): δ 34.1, 55.2, 66.1, 70.4, 82.3, 113.8, 118.0, 127.7, 128.3, 

128.5, 129.4, 129.8, 134.1, 138.1, 159.2 ppm.

Analysis Calcd.: C, 70.57; H, 6.55; N, 12.99; Found: C, 70.72; H, 6.38; N, 12.78% 

MS (ESI):  m/z   346.0216 (M++Na).

tert-Butyl (1S,2R)-1-(4-methoxybenzyloxy)-1-phenylpent-4-en-2-ylcarbamate (55): 

To a solution of azide 54 (1.0 g, 3.10 mmol) in THF (20 mL)/ water (1.0 mL) was added 

PPh3 (1.21 g, 4.6 mmol) and mixture was stirred at room temperature for 12 h. The mixture 

was concentrated and then 1,4-dioxane (15 mL)/ water (15 mL) and Na2CO3 (0.78 g, 7.3 

mmol) were added and stirred for another 10 min at 0 °C. To this ice cold solution, (Boc)2O 

(1.00  mL,  4.13  mmol)  was  added  and  mixture  stirred  overnight  at  0  °C  to  room 

temperature. The solvent was evaporated at reduced pressure and extracted with EtOAc (3 

x 25 mL). The combined organic layer was washed with brine, water, dried (Na2SO4) and 

concentrated.  Silica  gel  column  chromatography   of  the  crude  product   using 

EtOAc/petroleum ether (1:9) gave compound 55 as a white solid.

Yield: 0.98 g, 80%

Mol. Formula: C24H31NO4 

[α]D 
25 :  -21.36 (c 1.4, CHCl3)

IR (CHCl3, cm-1): νmax 2964, 1693, 1611, 1514, 1439, 1249. 
1H NMR (200 MHz, CDCl3): δ 1.28 (s, 9H), 2.12 (t, J = 6.6 Hz, 2H), 3.71 (s, 3H), 3.72-

3.79 (m, 1H), 4.10 (d, J = 11.4 Hz, 1H), 4.37-4.45 (m, 2H), 4.57 (d, J = 9.5 Hz, 1H), 4.86-

4.94 (m, 2H), 5.49-5.70 (m, 1H), 6.79 (d, J = 8.7 Hz, 2H), 7.15 (d, J = 8.7 Hz, 2H), 7.19-

7.29 (m, 5H) ppm.
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13C NMR  (50 MHz, CDCl3): δ 28.2, 33.1, 55.0, 70.7, 82.3, 113.7, 117.0, 127.0, 127.5, 

128.2, 129.2, 135.0, 138.9, 155.3, 159.1 ppm.

Analysis Calcd.: C, 72.52; H, 7.86; N, 3.52; Found: C, 72.69; H, 7.81; N, 3.62% 

tert-Butyl allyl((1S,2R)-1-(4-methoxybenzyloxy)-1-phenylpent-4-en-2-yl)carbamate 

(56): 

To a solution of 55 (2.0 g, 5.03 mmol) in DMF (20 mL), NaH (0.805 g of 60% dispersion 

in oil,  20.12 mmol) was added through solid addition funnel at 0 °C. The mixture was 

stirred for 30 min at 0 °C and freshly distilled allyl bromide (1.74 mL, 20.12 mmol) was 

added dropwise. After 4 h at room temperature, the reaction was quenched by addition of 

ice pieces. The reaction mixture was diluted with EtOAc (25 mL), and the aqueous phase 

was extracted with EtOAc (3 X 40 mL). The combined organic phase was washed with 

water (40 mL) and brine (40 mL), dried over MgSO4, and concentrated in vacuo. Silica gel 

column  chromatography  (EtOAc/petroleum  ether,  1:9)  of  the  crude  product  gave 

compound 56 as a pale yellow oil.

Yield: 1.87 g, 85%

Mol. Formula: C27H35NO4 

[α]D 
25 :  +26.21 (c 2.4, CHCl3)

IR (CHCl3, cm-1): νmax 3066, 2976, 1691, 1612, 1514, 1455, 1366, 1248, 1172, 1036. 
1H NMR (200 MHz, CDCl3): δ 1.29 (s, 9H), 2.63-2.70 (m, 2H), 2.98-3.13 (m, 1H), 3.30-

3.40 (m, 1H), 3.49-3.57 (m, 1H), 3.73 (s, 3H), 4.03-4.16 (m, 1H), 4.24-4.53 (m, 2H), 4.76-

5.00 (m, 4H), 5.11-5.32 (m, 1H), 5.54-5.75 (m, 1H), 6.77-6.82 (m, 2H), 7.13 (d, J = 6.7 Hz, 

2H),  7.23-7.30 (m, 5H) ppm.
13C NMR  (50 MHz,  CDCl3): δ 26.8,  28.3,  55.1,  70.6,  79.1,  82.6,  113.7,  116.4,  116.5, 

127.5, 125.6, 127.9, 128.0, 128.2, 129.3, 129.6, 130.1, 130.4, 135.6, 136.2, 140.0, 155.0, 

159.1 ppm.

Analysis Calcd.: C, 74.11; H, 8.06; N, 3.20; Found: C, 74.24; H, 8.16; N, 3.03% 
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(R)-tert-Butyl 6-((S)-(4-methoxybenzyloxy)(phenyl)methyl)-5,6-dihydropyridine-

1(2H)-carboxylate (57): 

To a solution of 56 (1.00 g, 2.28 mmol) in anhydrous toluene (10 mL) was added a solution 

of Grubb’s first generation catalyst  (0.094 g, 0.11 mmol) in toluene (2 mL) over 4 h at 

room temperature.  The mixture was stirred for 12 h at room temperature and was then 

concentrated in vacuo. Silica gel column chromatography (EtOAc/petroleum ether, 1:9) of 

the crude product gave compound 57 as a white solid.

Yield: 0.88 g, 94%

Mol. Formula: C25H31NO4

[α]D 
25 :  +29.5 (c 1.4, CHCl3)

IR (CHCl3, cm-1): νmax 3014, 1693, 1605, 1510, 1368, 1216. 
1H NMR (200 MHz, CDCl3): δ 1.06 (s, 9H), 1.18-1.31 (m, 1H), 1.35-1.45 (m, 1H), 2.18-

2.30 (m, 1H), 2.51-2.66 (m, 1H), 3.33-3.45 (m, 1H), 3.73 (s, 3H), 4.19-4.29 (m, 2H), 4.36-

4.44 (m, 1H),  5.55-5.71 (m, 2H), 6.78 (d, J = 8.6 Hz, 2H), 7.09 (d, J = 8.6 Hz, 2H), 7.23-

7.29 (m, 5H) ppm.  
13C NMR (50 MHz, CDCl3):  δ 25.6, 27.9, 28.1, 40.3, 53.4, 55.2, 70.5, 79.0, 79.2, 113.7, 

122.8, 123.4, 127.7, 127.9, 128.0, 128.2, 129.4, 130.2, 139.9, 154.1, 159.1 ppm.

Analysis Calcd.: C, 73.32; H, 7.63; N, 3.42; Found: C, 73.51; H, 7.78; N, 3.25% 

(R)-tert-Butyl 2-((S)-(4-methoxybenzyloxy)(phenyl)methyl)piperidine-1-carboxylate 
(58): 

To the olefin  57 (0.5 g, 1.22 mmol) in ethyl acetate was added Pd-C (10%) (0.050 g), a 

drop of Et3N and the reaction mixture was allowed to stir overnight under hydrogenation 
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conditions.  On  completion  of  reaction  (until  1H  NMR  analysis  of  the  crude  mixture 

indicated  complete  conversion),  the  mixture  was  filtered  through  a  pad  of  celite  and 

concentrated in vacuo to give saturated piperidine. The crude product was then purified by 

using flash column chromatography using pet ether: EtOAc (85:15) as eluent to give 58 as 

a colorless white crystalline solid.

Yield: 0.464 g, 92%

Mol. Formula: C25H33NO4

[α]D 
25 :  +25.3 (c 0.8, CHCl3)

IR (CHCl3, cm-1): νmax 3014, 1693, 1605, 1510, 1368, 1216.. 
1H NMR (200 MHz, CDCl3): δ 1.15 (s, 9H), 1.49-1.62 (m, 6H), 2.18-2.29 (m, 1H), 2.84 (t, 

J = 13.5 Hz, 1H), 3.82 (s, 3H), 4.11 (d, J = 11.4 Hz, 1H), 4.32 (m, 1H), 4.41 (d, J = 11.4 

Hz, 1H),  4.56 (d, J = 9.2 Hz, 1H), 6.9 (d, J = 8.7 Hz, 2H), 7.22 (d, J = 8.7 Hz, 2H), 7.30-

7.34 (m, 5H) ppm.

Analysis Calcd.: C, 72.96; H, 8.08; N, 3.40; Found: C, 73.09; H, 8.18; N, 3.27% 

(S)-Phenyl((R)-piperidin-2-yl)methanol (59): 

To a solution of 58 (0.5 mg, 1.21 mmol) in EtOH (5 mL) was added 1 M HCl (5 mL). The 

solution was refluxed for 3 h, and then the solvents were removed by evaporation in vacuo. 

The residue was taken up in EtOAc (20 mL) and washed with saturated NaHCO3 solution 

and brine (20 mL of each). The combined aqueous layers were extracted with EtOAc (40 

mL), and the combined organic layer was then dried (MgSO4) and concentrated to give a 

yellow oil. Purification by column chromatography using pet. ether/EtOAc (3/7) gave the 

amino alcohol 59 as a waxy solid. 

Yield: 0.171 g, 74%

Mol. Formula: C12H17NO
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[α]D 
25 : +56.0 (c = 0.95, MeOH) {Lit.29 [α]D 

25  +55.0 (c = 0.90, MeOH)}.

IR (CHCl3, cm-1): νmax 3379, 3018, 1648, 1453, 1215, 1050. 
1H NMR (200 MHz, CDCl3): δ 1.34-1.41 (m, 2H), 1.45-1.76 (m, 4H), 2.75 (dt, J = 3.9, 8.0 

Hz, 1H), 2.99 (td, J = 2.7, 11.7 Hz, 1H), 3.29-3.35 (m, 1H), 4.25 (bs, 2H), 5.10 (d, J = 2.6 

Hz, 1H), 7.17-7.33 (m, 5H) ppm.
13C NMR (50 MHz, CDCl3): δ 23.7, 24.9, 25.1, 46.0, 61.9, 74.8, 126.2, 127.2, 128.1, 141.6 

ppm.

Analysis Calcd.: C, 75.35; H, 8.96; N, 7.32; Found: C, 75.51; H, 8.79; N, 7.21% 

(S)-Phenyl((R)-1-tosylpiperidin-2-yl)methanol (60): 

To a solution of  59 (0.2 g, 1.04 mmol) in dry CH2Cl2 (4 mL) at 0 °C was added tosyl 

chloride (0.22 g, 1.1 mmol), Et3N (0.27 mL, 1.9 mmol). The reaction mixture was stirred at 

room temperature for 5 h and then poured into Et2O-H2O mixture. The organic phase was 

separated and the aqueous phase extracted with Et2O. The combined organic phases were 

washed with water, brine, dried (Na2SO4) and concentrated. The crude residue was purified 

by silica gel column chromatography(pet ether/ ethyl acetate: 85/15) to afford 60 as a white 

crystalline solid.

Yield: 0.29 g, 80%

Mol. Formula: C19H23NO3S

[α]D 
25 :  +45.2 (c 1.3, CHCl3)

IR (CHCl3, cm-1): νmax 3504, 3020, 160, 1454, 1328, 1216, 1092. 
1H NMR (200 MHz, CDCl3): δ 1.28-1.44 (m, 4H), 1.69 (bs, 2H), 1.88-1.97 (m, 1H), 2.31 

(s, 3H), 3.00-3.15 (m, 1H), 3.46-3.55 (m, 1H), 4.07-4.13 (m, 1H), 4.97 (d, J = 6.9 Hz, 1H), 

7.07 (d, J = 8.2 Hz, 2H), 7.23-7.33 (m, 7H) ppm.
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13C NMR (50 MHz, CDCl3): δ 19.1, 21.4, 23.4, 23.6, 42.5, 57.6, 74.2, 126.6, 127.1, 127.8, 

128.4, 129.4, 137.6, 141.9, 142.8 ppm.

Analysis Calcd.: C, 66.06; H, 6.71; N, 4.05; S, 9.28; Found: C, 66.21; H, 6.59; N, 4.17; S, 

9.12% 

MS (ESI):  m/z   368.0766 (M++Na), 384.0653 (M++K).

Crystallographic data of 60. (C19H23NO3S): M = 345.44, Crystal dimensions 0.22x 0.16 x 

0.15 mm3, monoclinic, space group P21/c, a = 6.506(4), b = 7.427(5), c = 36.28(2) Å, β = 

91.910(10)°,  V = 1752.0(19) Å3,  Z = 4,  ρcalcd = 1.310 gcm–3
,  µ (Mo-Kα) = 0.201 mm–1, 

F(000) = 736, 2θmax = 52.00°, T = 297(2) K, 9084   reflections collected, 3427unique, 2828 

observed  (I  > 2σ (I)) reflections, 222 refined parameters,  R value 0.0498, wR2 = 0.1191 

(all  data  R = 0.0610,  wR2 = 0.1249),  S = 1.098, minimum and maximum transmission 

0.9567 and 0.9710; maximum and minimum residual electron densities +0.316 and –0.250 

e Å-3.

(R)-tert-Butyl 6-((S)-hydroxy(phenyl)methyl)-5,6-dihydropyridine-1(2H)-carboxylate 

(61): 

To a solution of 57 (0.5 g, 1.22 mmol) in a mixture of CH2Cl2 and H2O (18/1) (10 mL) was 

added DDQ (0.304 g,  1.34 mmol,  1.1  equiv).  After  15 min,  the  reaction  mixture  was 

quenched with an aqueous saturated NaHCO3 solution (5.0 mL). The mixture was diluted 

with water (10 mL) and CH2Cl2 (15 mL), and the aqueous layer was extracted with CH2Cl2 

(3 X 20 mL). The combined organic layer was washed with water (40 mL) and brine (40 

mL), dried over MgSO4 and concentrated in vacuo. The crude residue was purified on silica 

gel to afford 61 as a white solid.

Yield: 0.28 g, 79%

Mol. Formula: C17H23NO3

[α]D 
25 :  +38.2 (c 1.3, CHCl3)
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IR (CHCl3, cm-1): νmax 3434, 3014, 1693, 1605, 1453, 1413, 1368, 1253, 1027. 
1H NMR (200 MHz, CDCl3): δ 1.14 (s, 9H), 1.38-1.59 (m, 1H), 1.99-2.12 (m, 1H), 2.26-

2.35 (m, 1H), 2.51-2.62 (m, 1H), 3.40-3.53 (m, 1H), 4.05-4.11 (m, 1H), 4.60 (d, J = 8.9 Hz, 

1H), 5.65-2.82 (m, 2H), 7.21-7.31 (m, 5H) ppm.

Analysis Calcd.: C, 70.56; H, 8.01; N, 4.84; Found: C, 70.73; H, 8.12; N, 4.61% 

(1S,8aR)-1-Phenyl-8,8a-dihydro-1H-oxazolo[3,4-a]pyridin-3(5H)-one (62): 

To an ice-cold stirred solution of 61 (1.0 g, 3.09 mmol) and triethylamine (0.861 mL, 6.2 

mmol) in anhydrous CH2Cl2 (10 mL) was added dropwise methanesulfonyl chloride (0.29 

mL, 3.71 mmol)  over 15 min.  The resulting mixture was allowed to warm up to room 

temperature and stirred for 2 h. After diluting with 25 mL CH2Cl2, the solution was washed 

with water (3 x 25 mL), brine, dried over Na2SO4 and concentrated to give the bicyclic 

product which was purified by the column chromatography.

Yield: 0.65 g, 87%

Mol. Formula: C13H13NO2

[α]D 
25 :  +45.5 (c 1.2, CHCl3)

IR (CHCl3, cm-1): νmax 3014, 1756, 1652, 1598, 1497, 1419, 1267, 1016.
1H NMR (200 MHz, CDCl3): δ 2.33-2.45 (m, 2H), 3.60-3.80 (m, 2H), 4.11-4.22 (m, 1H), 

5.13 (d, J = 6.7 Hz, 1H), 5.74-5.89 (m, 2H), 7.36-7.43 (m, 5H) ppm.
13C NMR (100 MHz, CDCl3): δ 29.7, 41.1, 58.1, 82.6, 122.9, 123.7, 125.5, 128.9, 138.0, 

158.6 ppm.

Analysis Calcd.: C, 72.54; H, 6.09; N, 6.51; Found: C, 72.71; H, 6.19; N, 6.39% 
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 (S)-Phenyl((R)-1-tosyl-1,2,3,6-tetrahydropyridin-2-yl)methanol (63): 

To a solution of 61 (0.2 g, 0.69 mmol) in EtOH (5 mL) was added 1M HCl (5 mL). The 

solution was stirred for 3 h, and then the solvents were removed by evaporation in vacuo. 

The residue was taken up in EtOAc (10 mL) and washed with saturated NaHCO3 solution 

and brine (15 mL of each). The combined aqueous layers were extracted with EtOAc (15 

mL), and the combined organic layers were then dried (MgSO4) and concentrated to give a 

yellow oil. To a solution of above compound (0.13 g, 0.69 mmol) in dry CH2Cl2 (2 mL) at 

0  °C  was  added  tosyl  chloride  (0.16  g,  0.82  mmol),  Et3N (0.10  mL,  1.4  mmol).  The 

reaction mixture was stirred at room temperature for 5 h and then poured into Et2O-H2O 

mixture. The organic phase was separated and the aqueous phase extracted with Et2O. The 

combined organic phase was washed with water, brine, dried (Na2SO4) and concentrated. 

The crude residue was purified on silica gel to afford 63 as a white solid. 

Yield: 0.19 g, 80%

Mol. Formula: C19H21NO3S

[α]D 
25 :  +52.2 (c 1.4, CHCl3)

IR (CHCl3, cm-1): νmax 3502, 3022, 2862, 2360, 1596, 1463, 1215, 1159 1095. 
1H NMR (400 MHz, CDCl3): δ 2.12-2.19 (m, 1H), 2.38 (m, 3H), 2.42-2.48 (m, 1H), 3.61-

3.66 (m, 1H), 3.97-4.02 (m, 1H), 4.39 (t, J = 7.3 Hz, 1H), 4.78 (d, J = 7.5 Hz, 1H),  5.63-

5.6 (m, 1H), 5.74-5.78 (m, 1H), 7.16 (d, J = 7.7 Hz, 2H), 7.33-7.41 (m, 7H) ppm.
13C NMR (100 MHz, CDCl3): δ 21.5, 23.5, 41.5, 55.0, 74.8, 122.6, 124.2, 126.7, 127.0, 

128.2, 128.6, 129.5, 137.3, 141.8, 143.0 ppm.

Analysis Calcd.: C, 66.45; H, 6.16; N, 4.08; S, 9.34; Found: C, 66.25; H, 6.29; N, 4.14; S, 

9.15% 

MS (ESI):  m/z   366.4592 (M++Na), 382.4328 (M++K).
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(R)-tert-Butyl 2-benzoylpiperidine-1-carboxylate (64): 

To a solution of alcohol 61 (0.5 g, 1.71 mmol) in DMSO (5 mL) was added IBX (0.96 g, 

3.43  mmol)  in  one portion  and the  reaction  mixture  was stirred  for  1  h.  The  reaction 

mixture was quenched by addition of ice pieces and the crude reaction mixture was filtered 

through a pad of celite and filtrate was extracted with EtOAc (3 x 15mL) and the combined 

organic layer was washed with water (15 mL), brine, dried (Na2SO4) and concentrated to 

give the crude ketone, which was used in the next step without purification.

To the crude ketone in ethyl acetate (5 mL) was added Pd-C (10%) (0.050 g), a drop of 

Et3N and the reaction mixture was allowed to stir overnight under hydrogenation condition. 

On completion of reaction (until 1H NMR analysis of the crude mixture indicated complete 

conversion), the mixture was filtered through a pad of celite and concentrated in vacuo to 

give  the  saturated  piperidine.  The  crude  product  was  then  purified  by  flash  column 

chromatography using pet ether:  EtOAc (8:2) as eluent  to give  64  as a colorless white 

crystalline solid.

Yield: 0.412 g, 83%

Mol. Formula: C17H23NO3

[α]D 
25 :  +25.6 (c 1, CHCl3) {Lit15 +25.8  (c 1.06, CHCl3)}

IR (CHCl3, cm-1): νmax 2977, 2856, 1687, 1596, 1448, 1409, 1249, 1170, 1056. 
1H NMR (200 MHz, CDCl3): δ 1.36 (brs, 2H), 1.43 (s, 9H), 1.56 (m, 2H), 1.78 (m, 1H), 

2.06 (m, 1H), 3.12 (m, 1H), 3.89 (m, 1H), 5.55 (d, J = 11.7, 1H),) 7.41 (m, 2H), 7.50 (m, 

1H), 7.87 (m, 2H).
13C NMR  (50 MHz, CDCl3): δ 19.92,  24.95,  26.18,  28.29,  42.57,  56.09,  79.94,  128.1, 

128.5, 132.8, 135.8, 155.8, 200.9 ppm.

Analysis Calcd.: C, 70.56; H, 8.01; N, 4.84; Found: C, 70.71; H, 7.85; N, 4.62% 
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(S)-((R)-1-Allylpiperidin-2-yl)(phenyl)methanol (65): 

A solution of 59 (0.2 g, 1.04 mmol) in acetonitrile (2.0 mL) was cooled at 0 °C and K2CO3 

(0.14 g, 1.04mmol) was added. The mixture was stirred for 30 min at 0 °C and freshly 

distilled  allyl  bromide  (0.09 mL,  1.04  mmol)  was  added dropwise.  After  2  h  at  room 

temperature, the reaction was quenched by addition of ice pieces. The reaction mixture was 

then diluted with EtOAc (5 mL), and the aqueous phase was extracted with EtOAc (3 X 10 

mL). The combined organic layer was washed with water (10 mL) and brine (10 mL), dried 

over  MgSO4,  and  concentrated  in  vacuo.  The  crude  residue  was  purified  on  silica  gel 

column chromatography (EtOAc/MeOH, 97/3) to afford compound 65 as a pale yellow oil. 

Yield: 0.157 g, 65%

Mol. Formula: C15H21NO

[α]D 
25 :  +46.2 (c 0.9, CHCl3)

IR (CHCl3, cm-1): νmax 3379, 3018, 1648, 1453, 1215, 1050. 
1H NMR (200 MHz, CDCl3): δ 0.84-0.97 (m, 2H), 1.25-1.39 (m, 2H), 1.47-1.56 (m, 2H), 

2.23 (dt, J = 2.9, 8.9 Hz, 1H), 2.39 (td, J = 3.2, 11.1 Hz, 1H), 2.92-3.02 (m, 1H), 3.17 (dd, 

J = 8.1, 14.6 Hz 1H), 3.52-3.56 (m, 1H), 5.13-5.17 (m, 1H), 5.21-5.27 (m, 2H), 5.85-6.05 

(m, 1H), 7.16-7.30 (m, 5H) ppm.
13C NMR (50 MHz, CDCl3): δ 23.2, 23.6, 25.4, 53.0, 56.2, 64.4, 69.7, 118.2, 125.5, 126.5, 

127.8, 133.7, 141.3 ppm.

Analysis Calcd.: C, 77.88; H, 9.15; N, 6.05; Found: C, 77.71; H, 9.28; N, 6.17% 
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4.1. SECTION A 

An organocatalytic approach to syn- and anti-1,3-polyols and its 

application to the synthesis of a hydroxy lactone pheromone 

component

4.1.1. Introduction

The  1,3-skipped  polyol  systems  with  anti-  or  syn-configuration  are  structural  units  of 

several natural products including clinically valuable polyene macrolide antibiotics. This 

has aroused great interest among synthetic organic chemists, resulting in an onslaught of 

activity directed at the development of efficient, stereoselective approaches to the assembly 

of  1,3-diols.1 Despite  the  numerous  strategies  to  synthesize  polyols  through  substrate-

controlled asymmetric induction, the interest in the new methods of its synthesis continues 

unabated.2 We have recently developed a diastereoselective and iterative approach for the 

synthesis of 1,3-polyols using Jacobsen’s hydrolytic kinetic resolution of racemic epoxide 

by  which  in  principle  one  can  prepare  all  the  stereoisomers  from  easily  available 

epoxides.2b However, the sequence of reaction suffers from a disadvantage due to the loss 

of 50% of starting compound as diol in each resolution step. Within the context of this 

work, the most widely used method to prepare 1,3-polyols in an iterative fashion are by 

allyl  addition sequence utilizing stoichiometric amounts of chiral  borons3 and titanium.4 

Recently,  Kirsch and coworkers have developed an efficient catalytic, iterative synthetic 

route  to  1,3-polyols  using  Overmann  esterification,  5a while  chromium-mediated 

asymmetric allylation has been reported by Kishi et al.5b However, the method involves a 

greater number of steps for each iteration5a (Kirsch  et al.) or requires stringent reaction 

conditions5b (Kishi  et  al.)  and  uses  an  expensive  catalyst.  In  view  of  the  above 

considerations,  there  is  still  need  for  a  versatile  synthetic  method  that  addresses  the 

following issues: mild reaction conditions, minimum steps for each iteration,  cheap and 

readily available catalysts, and flexible construction of possible isomers. In recent years, 

there has been growing interest in the use of small organic molecules to catalyze reactions 

in  organic  synthesis.6 As  a  result,  the  area  of  organocatalysis  has  now  emerged  as  a 

promising  strategy and as  an alternative  to expensive  protein catalysis  and toxic  metal 
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catalysis,7 thus  becoming  a  fundamental  tool  in  the  catalysis  toolbox  available  for 

asymmetric  synthesis.8 Proline  is  among  the  most  successful  secondary  amine  based 

organocatalysts  which have been widely employed in the asymmetric aldol,9 Mannich,10 

Michael addition,11 and α-functionalization,12 viz. α-aminoxylation-,12c α-amination-,13 and 

α-aminoxylation  directed  tandem  reactions,14  among  many  others,15 providing  rapid, 

catalytic,  and  atom-economical  access  to  enantiomerically  pure  products.  Similarly, 

organocatalytic tandem processes are emerging as powerful methods for the rapid synthesis 

and construction of complex target molecules from simple and readily available precursors 

while minimizing yield, time, and energy losses.16
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Figure 1. Representative examples of bioactive molecules containing 1,3-polyol moiety.
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4.1.2. Review of Literature

Cossy et al. (2000)4a

Cossy  et  al. developed  an  enantioselective  synthesis  of  syn-  and  anti-1,3-diols  via 

allyltitanation of unprotected β-hydroxyaldehyde. Thus syn- or anti-1,3-diols were obtained 

with  good  to  excellent  enantiomeric  excess  by  allyltitanation  of  nonprotected  β-

hydroxyaldehydes  of  4 (type  B)  with  cyclopentadienyldialkoxyallyltitanium  complexes 

(R,R)-II  or (S,S)-II17  (Scheme 1).  β-Hydroxyaldehydes  4  (type B) were prepared in two 

steps by allyltitanation of aldehydes of  1 (type  A). Treatment of aldehydes  1 with either 

complex (R,R)-II or (S,S)-II in ether at -78 °C afforded homoallylic alcohols 2 with good 

enantiomeric excess (ee) 93-96%18,19 and in high yield (85-92%). The transformation of 

these  homoallylic  alcohols  to  the  corresponding  β-hydroxyaldehydes  4  (type B)  was 

achieved  by using  sodium periodate  in  the  presence  of  a  catalytic  amount  of  osmium 

tetraoxide.20 These  β-hydroxyaldehydes were unstable and were treated directly with the 

allytitanium  complexes.  When  β-hydroxyaldehydes  4  (type B)  were  treated  with  the 

allyltitanium complex (R,R)-II 5, the anti-1,3-diols 3a were isolated in high yield (75-83%) 

and with diastereomeric excess up to 93%. When the β-hydroxyaldehydes  4 (type B) were 

treated with the (S,S)-II 6, complex, the syn-1,3-diols 3b were obtained in high yields (78-

85%) and with diastereoisomeric excess up to 93%. 
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Scheme 1.  Reactions and conditions: (a) cyclopentadienyldialkoxyallyltitanium complex 

(R,R)-II or (S,S)-II , Ether, -78 °C; (b) NaIO4, OsO4.
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Kumar et al. (2006)2b

Pradeep Kumar  et  al. developed an efficient  method for  the synthesis  of  syn-/anti-1,3-

polyols  using  Jacobsen’s  hydrolytic  kinetic  resolution  and  regioselective  opening  of 

epoxide  by  vinyl  magnesium  bromide.  Thus  optically  pure  propylene  oxide  7 easily 

obtained by Jacobsen’s hydrolytic kinetic resolution (HKR) of racemate, was regiosectively 

opened  using  vinyl  magnesium bromide  to  furnish  homo  allyl  alcohol  8,   which  was 

subjected  to  m-CPBA  epoxidation  to  furnish  hydroxy  epoxide  9.  Epoxide  9 on  TBS 

protection furnished the TBS ether 10 which served as a precursor for the next Jacobsen’s 

hydrolytic kinetic resolution. Compound 10 was then subjected to Jacobsen’s HKR to give 

chirally  pure  epoxide  11.  The  syn-  and  anti-configuration  of  1,3-polyol  moiety  can  be 

manipulated simply by changing the Jacobsen’s catalyst in the hydrolytic kinetic resolution 

step. The synthesis of syn-/syn- 1,3,5 polyols was achieved  by iodolactonisation of the diol 

12.
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a b c

OTBS
O

OP OH
OP O O

OH

O

P = TBS
P = TBS, de>95

e f

de>95

syn/anti : 1.2/17 8
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d

Scheme 2. Reactions and conditions: a) Vinylmagnesium bromide, CuI, THF, -20 °C, 12 h, 

87%; b) m-CPBA, CH2Cl2, 0 °C to rt, 10 h, 96%; (c) TBSCl, imidazole, CH2Cl2, 0 °C to rt, 

4 h, 95%; (d) (S,S)-Salen- Co-(OAc) (0.5 mol%), dist. H2O (0.55 equiv), THF, 0 °C, 24 h; 

(e) Vinylmagnesium bromide, THF, CuI, -20 °C, 1 h, 82%; (f) (i) Boc2O, DMAP, CH3CN, 

rt, 5 h, 90%; (ii) IBr, PhMe, -85 °C, 1 h. 

Kirsch et al. (2007)21

Kirsch et al. developed an iterative systematic approach to the 1,3-polyol motif to provide 

access  to  all  possible  stereoisomers  by  utilizing  the  catalytic  asymmetric  Overman 

esterification for the construction of all stereogenic centers. The first stereogenic center was 
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introduced by reaction of trichloroacetimidate  1522 with benzoic acid in the presence of 

palladacyclic (+)-COP-OAc 19 (1 mol%).23 The conversion in CH2Cl2 at 23 °C provided 

(R)-allylic ester 16 in 93% yield and 92% ee after 16 h (Scheme 3). 
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Scheme 3. Reagents and conditions: (a) (i) (PhO)2P(O)CH2CO2Et, NaH, 0 °C, THF; (ii) 3-

phenylpropionaldehyde, -78 °C, 85%; (b) DIBAL-H, -78 °C, CH2Cl2; (c) Cl3CCN, DBU 

(10 mol%), 23 °C, CH2Cl2; (d) PhCOOH, (+)-COP-OAc (1 mol%), 23 °C, CH2Cl2, 93%; 

(e) (i) DIBAL-H, -78 °C, CH2Cl2; (ii) CH2=CHCH2CO2H, DCC, DMAP (15 mol%), 23 °C, 

CH2Cl2,  88%; (f) (i) Grubbs II (1 mol%),  38 °C, CH2Cl2;  (ii)  DBU (10 mol%),  23 °C, 

CH2Cl2, 82%; (g) NaBH4, CeCl3.7H2O, 0 °C, MeOH, 91%; (h) (i) TESOTf, 2,6-lutidine, 0 

°C, CH2Cl2; (ii) K2CO3, 0 °C, MeOH, 90%; (j) Cl3CCN, DBU (10 mol%), 23 °C, CH2Cl2, 

94%; (k) PhCOOH, (+)-COP-OAc (1 mol%), 23 °C, CH2Cl2, 95%; (l) PhCOOH, (-)- COP-

OAc (1 mol%), 23 °C, CH2Cl2, 94%.
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A series of transformations consisting of transesterification,24 ring-closing metathesis,25 and 

base-catalyzed  double  bond  isomerization26 led  to  the  formation  of  α,β-unsaturated  δ-

lactone  17.27 The  lactone  ring  was  opened  with  NaBH4/ CeCl3.7H2O  followed  by  the 

formation of the corresponding bis silyl ether. The protecting group on the primary alcohol 

was  removed  selectively,  and then  the  Z-configured  allylic  alcohol  was  converted  into 

trichloroacetimidate  18.  The imidate  was subsequently reacted with benzoic acid in the 

presence  of  (+)-COP-OAc  19 (1  mol%)  to  create  the  next  stereogenic  center.  Under 

catalyst control,  syn-1,3-diol  20a was produced in high diastereoselectivity (dr = 94 : 6). 

The  sequence  with  (-)-COP-OAc  ent-19 (1OH-3SOH),  a  modification  that  resulted  in  the 

formation of anti-1,3-diol 20b in excellent yield and diastereoselectivity (dr = 97 : 3). The 

feasibility of this apporch was further illustrated by synthesizing 1,3-polyols in this way. 

Kishi et al. (2008)28

Kishi  et al. recently developed Cr-mediated catalytic asymmetric allylation approach for 

the synthesis  of homoallyl  alcohol.  Thus  22  was subjected to the Cr-mediated catalytic 

asymmetric  allylation  in  the  presence  of  sulfonamide  ligand-A 26a,  followed by TMS 

protection, to furnish the anticipated, protected allylic alcohol 23 in 83% yield and 97% ee. 

Further this reaction sequence was used in iterative fashion for the synthesis of syn-/anti-

1,3,-polyols. One cycle of iteration is composed of a three-step operation, i.e., oxidative 

cleavage of the olefin to form an aldehyde, catalytic asymmetric allylation, and protection 

of the resultant alcohol. Thus, TMS-protected allylic alcohol 23 was subjected to first cycle 

of iteration in the presence of sulfonamide ligand A or its enantiomer ent-A, followed by 

TMS protection to furnish syn-/ anti-diol 24a and 24b respectively. The 1H NMR analysis 

revealed that the diastereomeric purity of resultant  24a and 24b was de > 92% and de > 

95%, respectively. Similarly the second iteration of the alcohol 24a furnished the syn/syn- 

triol 25 in good yield and de>95%.
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Scheme 4:  Reagents and conditions: (a) (i) CrBr, Mn, Et3N, 2,6-Lutidine, allyl bromide, 

Ligand-A, Zr(Cp)2Cl2 (ii) TMS-Cl, Et3N.

4.1.3. Present work

Objective

Recently,  Zhong  et  al.  have  reported  an  α-aminoxylation  directed  tandem  reaction 

catalyzed  by  proline  which  involves  a  sequential  α-aminoxylation,  HWE-olefination 

reaction at ambient temperature furnishing O-amino-substituted allylic alcohol from readily 

available  achiral  aldehydes.14a We  envisioned  that  this  reaction  could  give  us 

stereocontrolled  synthetic  access  to  1,3-polyol  motifs.  However,  it  may be pertinent  to 

mention  here  that  the  chirality  of  the  already  established  1,3-polyol  chain  makes  the 

stereoselective  chain  elongation  a  challenging  process.29 Our  iterative  strategy  for  the 

synthesis of polyols is outlined in Figure 2.
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Figure 2. General synthetic strategy to the synthesis of 1,3-polyols 

4.1.4. Results and discussion

Toward the synthesis of 1,3-polyols, our first goal was to synthesize γ-hydroxy ester 28 in a 

tandem fashion (Scheme 5).  Thus,  the commercially  available  phenyl  propanal  27  was 

subjected  to  sequential  α-aminoxylation  (L-proline  as  a  catalyst)  followed  by  HWE-

olefination reaction, to furnish O-amino-substituted allylic alcohol. In an effort to minimize 

handling of intermediates and its time-consuming purification, the crude product obtained 

after workup was directly subjected to hydrogenation conditions using catalytic amounts of 

Pd/C to furnish the γ-hydroxy ester 28 in good yield. The appearance of singlets at δ -0.12, 

0.03, 0.91 in 1H NMR and disappearance of peak at 3488 cm-1in IR spectrum confirmed the 

formation of compound  29.  Thus,  in two steps and one column purification,  γ-hydroxy 

ester 28 was obtained in 71% yield and 98% ee.30 

Ph
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COOEt

OH

Ph
COOEt
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ONHPh
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a b

c

Scheme 5.  Reagents and Conditions:  (a)  Nitrosobenzene,  L-proline,  DMSO, HWE salt, 

DBU, LiCl, CH3CN; (b) H2/Pd-C, EtOAc; (c) TBSOTf, 2,6- Lutidine, DCM.
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The free hydroxy group of γ-hydroxy ester 28 was protected as TBS ether using TBSOTf to 

furnish compound  29. The appearance of singlets at δ -0.12, 0.03, 0.91 in  1H NMR and 

disappearance of peak at 3488 cm-1in IR spectrum confirmed the formation of compound 

29. With a substantial amount of the TBS ether 29 in hand, we then proceeded toward the 

first  cycle  of  iteration  (Scheme 6).  Each  cycle  of  iteration  consists  of  four  steps,  viz. 

DIBAL-H reduction of ester to aldehyde,  sequential  α-aminoxylation,  HWE olefination, 

and H2-Pd/C reduction,  followed by TBS protection of the hydroxy group to eventually 

furnish the TBS protected γ-hydroxy ester. 
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Scheme 6. Reagents and Conditions: (a) (i) DIBAL-H, -78 °C; (ii) Nitroso benzene,  D/L-

Proline, DMSO, HWE salt, DBU, LiCl, CH3CN; (iii) H2/Pd-C, EtOAc; (b) TBSOTf, 2,6- 

lutidine, DCM.  

As illustrated in Scheme 6, the DIBAL-H reduction of ester 29 furnished the corresponding 

aldehyde  which  on  α-aminoxylation  using  D-proline  as  a  catalyst  followed  by  HWE 

olefination  and subsequent  Pd/C reduction gave the  anti-diol  30  in  65% yield.  The  1H 

NMR analysis  revealed the diastereomeric  purity (de) of the reaction to  be >95%, and 

appearance of the peaks in the range of δ 3.55-3.63 and 3.81-3.90 in 1H NMR and a broad 

peak at 3493 cm-1 in IR spectrum confirmed the formation of  anti-diol  30. Further TBS 

protection of free hydroxy group afforded TBS ether  31  in 95% yield. Disappearance of 

peak  at  3493  cm-1 in  IR  spectrum  confirmed  the  formation  of  31.  Following  similar 
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iteration with L-proline-catalyzed sequence of reactions provided the syn-diol 32 as a 10:1 

unseparable mixture of diastereomers in 63% yield. Nevertheless, after protection of the 

hydroxy group of 32 with TBS, we were able to separate the major diastereomer 33 in 89% 

yield  in  diastereomerically  pure form as determined from  1H NMR. Appearance of the 

peaks in the range of δ 3.83-4.01 in 1H NMR and disappearance of broad peak at 3493 cm-1 

in IR spectrum confirmed the formation of compound 33.   These findings could probably 

be attributed to match/mismatch effect of the TBS group, without any appreciable change 

in yield of the reaction31 (Scheme 6). 
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Scheme 7. Reagents and Conditions: (a) DIBAL-H, -78 °C; (b) BnBr, NaH, DMF; (c) p-

TSA, MeOH; (d) 2,2-DMP, p-TSA, DCM. 

The relative stereochemistry of 1,3-diols 30 and 32 was determined by using Rychnovsky’s 

acetonide method32 (Scheme 7). Thus, DIBAL-H reduction of esters  31  and  33  afforded 

alcohols 34 and 38, respectively,  which on benzyl protection gave compounds 35 and 39. 

Subsequent TBS deprotection furnished the diols 36 and 40, which on treatment with 2,2-

DMP gave the  anti-acetonide  37  and  syn-acetonide  41,  respectively.  The appearance of 

methyl resonance peaks at δ 19.8 and 30.2 ppm and acetal carbon resonating at δ 98.5 ppm 

confirmed the presence of syn-acetonide 41. Similarly, anti-acetonide 37 was confirmed by 

the appearance of the methyl carbons resonance at  δ 24.8 ppm and the acetal carbon at δ 

100.3 ppm (Scheme 7). This iterative sequence is particularly attractive because of mild 
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reaction conditions, use of proline as a cheap and commercially available catalyst,33 and the 

overall  short  reaction  sequence  involving  four  steps  and  two  column  purifications  per 

iteration. Since the stereochemical outcome of the reaction can be predicted on the basis of 

the catalyst used, this method gives an easy access to 1,3 syn-/anti-diols with predictable 

and useful stereocontrol in good yield. 

To  illustrate  the  feasibility  of  this  approach  for  preparing  1,3,5-polyols,  we  further 

attempted the synthesis of a  syn/syn-1,3,5-triol as a representative example (Scheme 8). 

Thus, by subjecting syn-diol 33 to a second cycle of iteration using the L-proline-catalyzed 

sequence of reactions, triol 42 was obtained as a 10:1 unseparable mixture of diastereomers 

in 61% yield as determined from 1H NMR. Appearance of a broad peak at 3436 cm-1 in IR 

spectrum and peaks at m/z 539.4416 (M++H), 561.4312 (M++Na), 579.3909 (M++K) in the 

mass spectrum confirmed the formation of compound 42. However, the diastereomerically 

pure triol  was obtained as the TBS ether  43  in 88% yield,  after  TBS protection of the 

hydroxy group  of  42  and separation by flash chromatography. Disppearance of a broad 

peak at 3436 cm-1 in IR and appearance of clear multiplets in the range of δ 3.55-3.61, 3.81-

3.97, 4.00-4.18 confirmed the formation of compound 43.

Ph

OR OR

CO2Et

OH

43

33 Ph

OR OR

CO2Et

OR

R = TBS

42

a

R= TBS, syn/ant i: 10:1

b

Scheme 8.  Reagents and Conditions: (a) (i) DIBAL-H, -78 °C; (ii) Nitroso benzene,  L-

Proline, DMSO, HWE salt, DBU, LiCl, CH3CN, 61%; (iii) H2/Pd-C, EtOAc; (b) TBSOTf, 

2,6 Lutidine, DCM, 88%.  

As  an  outgrowth  from  these  efforts,  we  became  interested  in  the  application  of  this 

approach for the expedient  total  synthesis  of (2S,3S)-2-hydroxyhexylcyclopentanone  48, 

representative of 6-hydroxyalkan-4-olides, hydroxy lactones with chain lengths between 10 

and 13 carbon atoms, which are part of the complex mixture of compounds that giant white 

butterfly Idea leuconoe hairpencils release as a pheromone (Scheme 9). They seem to act 

synergistically with the other pheromone components and are probably involved in male-

male  interactions.34 To  this  end,  commercially  available  hexanal  44  was  subjected  to 

sequential  α-aminoxylation  (D-proline  as  a  catalyst),  HWE  olefination,  and  reductive 
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hydrogenation to furnish the γ-hydroxy ester 45 in 65% yield and 94% ee.35 This on TBS 

protection  (45  →  46)  followed  by  a  first  cycle  of  iteration  using  L-proline  catalyzed 

reaction conditions afforded the anti-diol 47, with de >95% as determined from 1H NMR. 

Appearance of broad singlet at δ 3.64 and multiplet at δ 3.95-4.01 in 1H NMR and broad 

peak at 3434 cm-1 in IR spectrum confirmed the formation of anti-diol 47. Subsequent acid 

treatment with p-TSA in methanol resulted in deprotection of TBS group and concomitant 

lactonization to furnish the required lactone  48. Appearance of multiplet at δ 3.81-3.92, 

4.73-4.83 in 1H NMR and  broad peak at 3468 cm-1 corresponding to OH group and 1764 

cm-1 corresponding to carbonyl absorption in IR spectrum confirmed the formation of 48.

C3H7 CHO C3H7 CO2Et

OH

C3H7 CO2Et

OTBS

C3H7

OR

CO2Et

OH

R = TBS (anti /syn > 39:1)

45 46

47

OH O

O

48

44

a

ba

c

D-Proline

L-Proline

Scheme 9.  Reagents  and Conditions:  (a)   (i)  DIBAL-H, reduction  of ester  (ii)  Nitroso 

benzene,  D/L-Proline, DMSO, HWE salt, DBU, LiCl, CH3CN; (iii) H2/Pd-C, EtOAc; (b) 

TBSOTf, 2,6-lutidine, DCM; (c) p-TSA, MeOH.

4.1.5. Conclusion 

In conclusion, a practical and efficient iterative approach to the stereocontrolled synthesis 

of 1,3-polyols from commercially available  and inexpensive starting materials  has been 

developed. The advantages of using this process are as follows: (a) the reaction uses mild 

reaction conditions (at room temperature, air and moisture are tolerated), (b) the O-amino-

substituted  allylic  alcohol  that  is  formed  after  sequential  α-aminoxylation  and  HWE 

olefination  can  be  isolated  in  good  yield  and  is  converted  to  γ-hydroxy  ester  without 

requiring a separate column purification step, and (c) both enantiopure forms of proline are 

commercially available, and thus, in principle, all possible combinations of 1,3,5-polyols 

can be accessed.  The synthetic  utility of this  protocol  was further demonstrated by the 

asymmetric synthesis of a pheromone component, (2S,3S)-2-hydroxyhexylcyclopentanone. 
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4.1.6. Experimental Section

(S)-Ethyl 4-hydroxy-5-phenylpentanoate (28): 

 

General procedure A:

To a solution of phenyl propanal (2.0 g, 14.4 mmol) and nitroso benzene (1.55 g,  14.4 

mmol) in anhydrous DMSO (29 mL) was added L-proline (0.67 g, 5.8 mmol) at 20 °C. The 

mixture was vigorously stirred for 25 min under argon (the color of the reaction changed 

from green to yellow during this time), then cooled to 0 °C. Thereafter, A premixed and 

cooled (0 °C) solution of triethylphosphonoacetate (8.68 mL, 43.4 mmol), DBU (6.48 mL, 

43.4 mmol) and LiCl (1.83 g, 43.4 mmol) in CH3CN (29 mL) was added quickly (1-2 min) 

at 0 °C. The resulting mixture was allowed to warm to room temperature over 1 h, and 

quenched by addition of ice pieces. The acetonitrile was evaporated under vacuum. This 

reaction mixture was then poured into water (100 mL) and extracted with Et2O (5×100 

mL).  The combined organic layers were washed with water,  brine,  dried (Na2SO4)  and 

concentrated in  vacuo to  give crude product  which was directly  subjected to next  step 

without purification. To the crude allylic alcohol in ethyl acetate was added Pd-C (10%) 

under hydrogenation conditions and the reaction mixture was allowed to stir overnight. On 

completion of reaction (until  1H NMR analysis of the crude mixture indicated complete 

conversion), the mixture was filtered through a pad of celite and concentrated in vacuo to 

give γ-alcohol. The crude product was then purified by using flash column chromatography 

using pet ether: EtOAc (85:15) as eluent to give  (S)-ethyl 4-hydroxy-5-phenylpentanoate 

28 as a colorless liquid. 

Yield: 2.73 g, 71% 

Mol. Formula:

[α]D 
25 :  +14.54 (c 1, CHCl3). 

IR (CHCl3, cm-1): νmax 3488, 1731, 1602, 1494, 1022. 
1H NMR (200 MHz, CDCl3): δ 1.26 (t, J = 7.1 Hz,  3H), 1.71-2.01 (m, 3H), 2.49 (t, J = 7.0 

Hz,  2H), 2.66-2.88 (m, 2H), 3.80-3.93 (m, 1H), 4.12 (q, J = 7.1 Hz,  2H), 7.20-7.34 (m, 

5H) ppm. 
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13C NMR  (50 MHz,  CDCl3):  δ 13.9,  30.5,  31.3,  43.8,  60.1,  71.5,  126.1,  128.2,  129.1, 

138.2, 173.8 ppm.

The analytical data are identical to those reported elsewhere.36

(S)-Ethyl 4-(tert-butyldimethylsilyloxy)-5-phenylpentanoate (29):

To an ice-cold stirred solution of 28 (1.0 g, 4.49 mmol) in CH2Cl2 (10 mL) were added 2,6- 

lutidine (2.6 mL, 11.24 mmol) and TBSOTf (3.10 mL, 6.74 mmol) at 0 °C. The resulting 

mixture was stirred for 1 h at 0 °C before H2O (20 mL) was added. The aqueous layer was 

extracted with CH2Cl2 (3 x 20 mL). The combined organic layers were washed with brine, 

dried  (Na2SO4),  and  concentrated  under  reduced  pressure.  Silica  gel  column 

chromatography (petroleum ether: ethyl acetate: 99:1) of the crude product gave TBS ether 

29 as a colourless liquid.

Yield:1.37 g, 91% 

Mol. Formula: C19H32O3Si

[α]D 
25 :  - 2.08 (c 1.1, CHCl3). 

IR (CHCl3, cm-1): νmax 2955, 1736, 1684, 1454, 1088. 
1H NMR (400 MHz, CDCl3): δ -0.12 (s, 3H), 0.03(s, 3H), 0.91 (s, 9H), 1.26 (t,  J = 7.0 Hz, 

3H), 1.69-1.78 (m, 1H), 1.80-1.89 (m, 1H),  2.37-2.47 (m, 2H), 2.73 (dd, J = 6.3, 13.2 Hz, 

1H), 2.79 (dd, J = 6.3, 13.2 Hz, 1H), 3.92-3.98 (m, 1H), 4.13 (q, J = 7.0 Hz, 2H),   7.18-

7.23 (m, 3H), 7.27-7.31 (m, 2H)  ppm.
13C NMR  (50 MHz, CDCl3):  δ -5.0, -4.9, 14.1, 17.9, 25.8, 29.8, 31.5, 43.8, 60.1, 72.4, 

126.1, 128.1, 129.6, 138.6, 173.6 ppm. 

Analysis Calcd. C, 67.81; H, 9.58; Found: C, 67.99; H, 9.41.

Anti isomer: 

(4R, 6R)-Ethyl 6-(tert-butyldimethylsilyloxy)-4-hydroxy-7-phenylheptanoate (30)

145

Ph OEt

O OH
TBS

O30

Ph
COOEt

OTBS

29



Chapter 4: Section A

To a solution of ethyl ester 29 (1.0 g, 2.97 mmol) in CH2Cl2 (15 mL), was added DIBAL-H 

(1.43 mL 2.3 M solution in toluene, 3.26 mmol) at -78 °C under argon atmosphere. The 

reaction was stirred at this temperature for 40 min. Then a solution of tartaric acid (5 mL) 

was  added.  The  resulting  mixture  was  stirred  for  15  min  and  the  organic  layer  was 

separated.  The  aqueous  phase  was  extracted  with  CH2Cl2 (3  x  15  mL),  the  combined 

organic layers were dried (Na2SO4), filtered and evaporated under reduced pressure to give 

aldehyde as a colourless liquid, which was directly used in the next step without further 

purification. Following the general procedure A (D-proline as a catalyst) 30 was obtained 

as  a  crude  product  (>95%  diastereomeric  excess)  and  was  purified  by  flash  column 

chromatography using petroleum ether:ethyl acetate (90:10) to  furnish pure diol  30  as a 

colorless liquid.

 Yield: 0.65 g, 65% 

Mol. Formula: C21H36O4Si

[α]D 
25 :  -5.51 (c 1.30, CHCl3). 

IR (CHCl3, cm-1): νmax 3493, 2930, 1727, 1603, 1454, 1216.  
1H NMR  (200 MHz, CDCl3):  δ -0.39 (s, 3H), -0.08 (s, 3H), 0.83 (s, 9H), 0.89-0.92 (m, 

2H), 1.27 (t,  J = 7.2 Hz, 3H) 1.77-1.90 (m, 2H), 2.40-2.57 (m, 2H), 2.76 (d, J = 6.6 Hz, 

2H), 3.55-3.63 (m, 1H),  3.81-3.90 (m, 1H),  4.14 (q, J = 7.2 Hz, 2H), 7.17-7.20 (m, 2H), 

7.22-7.27 (m, 3H) ppm. 
13C NMR (50 MHz, CDCl3): δ -5.4, -4.9, 14.2, 17.9, 25.8, 26.8, 31.1, 37.8, 60.4, 73.8, 76.8, 

126.1, 128.2, 129.7, 129.8, 138.7, 173.8 ppm.

MS (ESI):  m/z   381.3861 (M++H), 403.4595 (M++Na), 419.4212 (M++K). 

Analysis Calcd. C, 66.27; H, 9.53; Found C, 66.42; H, 9.63.

(4R, 6R)-Ethyl 4,6-bis(tert-butyldimethylsilyloxy)-7-phenylheptanoate (31):

To an ice-cold stirred solution of 30 (0.5 g, 1.31 mmol) in CH2Cl2 (5 mL) were added 2,6- 

lutidine (0.38 mL, 3.28 mmol) and TBSOTf (0.45 mL, 1.97 mmol) at 0 °C. The resulting 
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mixture was stirred for 1 h at 0 °C before H2O (10 mL) was added. The aqueous layer was 

extracted with CH2Cl2 (3 x 20 mL). The combined organic layers were washed with brine, 

dried  (Na2SO4),  and  concentrated  under  reduced  pressure.  Silica  gel  column 

chromatography purification (petroleum ether) of the crude product gave TBS ether 31 as a 

colorless liquid.

Yield: 0.68 g, 95% 

Mol. Formula: C27H50O4Si2

[α]D 
25 :  + 8.79 (c 1.70, CHCl3). 

IR (CHCl3, cm-1): νmax  3020, 2857, 1729, 1603, 1559, 1538, 1404, 1216. 
1H NMR (400 MHz, CDCl3): δ -0.07 (s, 3H), 0.07 (s, 3H), 0.08 (s, 6H), 0.92 (s, 9H), 0.93 

(s, 9H), 1.35 (t,  J = 7.1 Hz, 3H), 1.60-1.83 (m, 3H), 1.92-2.01 (m, 1H), 2.43 (t,  J = 7.5 Hz, 

2H), 2.82 (d,  J = 6.3 Hz, 2H), 3.87 (quientet,  J = 6.0 Hz, 1H), 4.01 (quientet,  J = 6.0 Hz, 

1H), 4.21 (q,  J = 7.0 Hz, 2H), 7.25-7.29 (m, 3H), 7.33-7.37 (m, 2H) ppm. 
13C NMR (125 MHz, CDCl3):  δ -4.6, -4.3, 14.2, 18.0, 25.8, 25.9, 29.8, 32.4, 44.4, 45.1, 

60.2, 69.1, 71.5, 126.1, 128.1, 129.7, 138.8, 173.7 ppm. 

MS (ESI):  m/z   495.4796 (M++H), 517.6717 (M++Na), 533.4339, (M++K). 

Analysis Calcd. C, 65.53; H, 10.18; Found C, 65.28; H, 10.36.

(4R, 6R)-4,6-Bis(tert-butyldimethylsilyloxy)-7-phenylheptan-1-ol (34)

To a solution of 31 (2.0 g, 4.04 mmol) in dry DCM (70 mL) at 0 °C was added dropwise 

DIBAL-H (10.1 mL, 10.1 mmol, 1 M in toluene) through a syringe. The reaction mixture 

was allowed to warm to room temperature over 1 h, then recooled to 0 °C and treated with 

sat.  aqueous  solution  of  sodium  potassium  tartrate  (50  mL).  The  organic  phase  was 

separated and the aqueous layer was extracted with CH2Cl2 (3 x 50 mL).  The combined 

organic extracts were washed with water, brine, dried (Na2SO4), filtered and concentrated 

in  vacuo.  Silica  gel  column  chromatography  of  the  crude  product  using  petroleum 

ether:ethyl acetate (8:2) as eluent gave 34 as colorless oil.
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Yield:1.64 g, 90% 

Mol. Formula: C25H48O3Si2

[α]D 
25 :  + 3.53 (c 1.12, CHCl3). 

IR (CHCl3, cm-1): νmax 3300, 3087, 2858, 1603, 1495, 1454, 1256, 1216, 1030.  
1H NMR (200 MHz, CDCl3): δ -0.05 (s, 3H), 0.09 (s, 9H), 0.93 (s, 9H), 0.94 (s, 9H), 1.64-

1.75 (m, 6H), 1.82 (bs, 1H), 2.81 (dd, J = 1.7, 8.8 Hz, 1H), 2.84 (dd, J = 1.7, 8.8 Hz, 1H), 

3.68-3.74 (m, 2H), 3.84-3.92 (m, 1H), 3.95-4.08 (m, 1H), 7.23-7.35 (m, 5H) ppm. 
13C NMR  (100 MHz, CDCl3): δ -4.5, -4.3, -4.2, 18.0, 25.8, 25.9, 28.2, 33.9, 44.5, 44.6, 

63.0, 70.0, 71.6, 126.1, 128.1, 129.7, 138.8 ppm. 

MS (ESI): m/z 453.4679 (M++H), 475.6094 (M++Na).  

Analysis Calcd. C, 66.31; H, 10.68; Found C, 66.56; H, 10.57.

(5R,7R)-5-Benzyl-7-(3-(benzyloxy)propyl)-2,2,3,3,9,9,10,10-octamethyl-4,8-dioxa-3,9-

disilaundecane (35):

To a solution of 34 (0.14 g, 0.31 mmol) in dry DMF (2  mL) was added sodium hydride 

(60%,  0.024  g,  0.62  mmol)  at  0  °C.  The  reaction  mixture  was  then  stirred  at  room 

temperature for 30 min after which it was again cooled to 0 °C. To this was added slowly 

benzyl bromide (0.55 mL, 0.46 mmol) and tetra n-butylammonium iodide (catalytic) with 

further stirring for 1 h at the same temperature. The reaction mixture was quenched with 

addition of cold water at 0 °C. The two phases were separated and the aqueous phase was 

extracted with EtOAc (3 x 5 mL). The combined organic layers were washed with water (3 

x 5 mL), brine, dried (Na2SO4) and concentrated. The residual oil was purified by silica gel 

column  chromatography  (ethyl  acetate:petroleum  ether,  1:49)  to  furnish  the  protected 

alcohol 35 as a colorless oil.

 Yield: 0.14 g, 87% 

Mol. Formula: C32H54O3Si2

[α]D 
25 :  + 0.28 (c 1.22, CHCl3). 

IR (CHCl3, cm-1): νmax 3029, 2952, 2856, 1604, 1461, 1454, 1255, 1096. 
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1H NMR (500 MHz, CDCl3): δ -0.21 (s, 3H), -0.08- -0.06 (m, 9H), 0.77 (s, 9H), 0.78 (s, 

9H), 1.43-1.61 (m, 6H), 2.63-2.71 (m, 2H), 3.40 (t, J = 6.6 Hz, 2H),  3.69 -3.74 (m, 1H), 

3.85-3.90 (m, 1H),  4.44 (s, 2H ), 7.08 -7.12 (m, 3H), 7.17- 7.23 (m, 3H), 7.27-7.28 (m, 

4H) ppm. 
13C NMR  (125 MHz, CDCl3):  δ -4.5, -4.2, -4.1, 18.0, 25.4, 25.9, 34.2, 44.6, 45.2, 70.0, 

70.4, 71.5, 72.8, 126.0, 127.4, 127.5, 128.1, 128.3, 129.7, 138.6, 138.9 ppm. 

MS (ESI): m/z   543.2448 (M++H), 565.247 (M++Na), 581.2300, (M++K). 

Analysis Calcd. C, 70.79; H, 10.02; Found C, 70.62; H, 10.11.

(2R, 4R)-7-(Benzyloxy)-1-phenylheptane-2,4-diol (36):

To a stirred solution of compound 35 (0.5 g) in MeOH was added a catalytic amount of p-

TSA  at  room  temperature  and  the  reaction  mixture  stirred  for  30  min  at  the  same 

temperature. Solid NaHCO3 (0.1 g) was added and stirred for 30 min. The mixture was then 

filtered through a celite pad, washed with MeOH and concentrated to give crude compound 

which was purified by silica gel column chromatography (ethyl  acetate:petroleum ether, 

4:6) to furnish the alcohol 36 as a colorless oil.

Yield: 0.26 g, 90%  

Mol. Formula: C20H26O3

[α]D 
25 :  + 5.20 (c 1.1, CHCl3). 

IR (CHCl3, cm-1): νmax 3373, 2957, 2857, 1602, 1495, 1454, 1217, 1093. 
1H NMR (400 MHz, CDCl3): δ 1.48-1.53 (m, 2H), 1.56-1.58 (m, 2H), 1.63-1.69 (m, 2H), 

2.70-2.73 (m, 2H), 2.82 (bs, 1H), 3.41-3.48 (m, 3H),  3.81-3.92 (m, 1H), 4.06-4.11 (m, 

1H), 4.44 (s, 2H), 7.14-7.17 (m, 3H),  7.21-7.30 (m, 7H) ppm. 
13C NMR (100 MHz, CDCl3): δ 26.1, 34.4, 41.8, 43.8, 68.6, 69.8, 70.3, 72.8, 126.1, 127.5, 

127.6, 128.2, 128.3, 129.2, 137.9, 138.5 ppm. 

MS (ESI): m/z   337.291 (M++Na), 353.266 (M++K). 

Analysis Calcd. C, 76.40; H, 8.33; Found C, 76.12; H, 8.45.
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(4R, 6R)-4-Benzyl-6-(3-(benzyloxy)propyl)-2,2-dimethyl-1,3-dioxane (37):

To a solution of the diol  36  (0.06 g, 0.19 mmol),  in dry DCM (2 mL) was added 2,2-

dimethoxypropane (2 mL), p-TsOH (0.02 g) and stirred overnight. Solid NaHCO3 (0.05 g) 

was added and stirred for  30 min.  The reaction  mixture  was filtered  through a  pad of 

neutral  alumina  and  concentrated.  Silica  gel  column  chromatography  using  petroleum 

ether:ethyl acetate (24:1) gave 37 as a colorless liquid.

 Yield: 0.053 g, 80%  

Mol. Formula: C23H30O3

[α]D 
25 :  - 41.68 (c 1.0, CHCl3). 

IR (CHCl3, cm-1): νmax 3028, 2926, 2856, 1604, 1454, 1262, 1118. 
1H NMR (200 MHz, CDCl3): δ 1.34 (s, 3H), 1.38 (s, 3H), 1.45-1.53 (m, 2H), 1.56-1.64 (m, 

2H), 1.67-1.78 (m, 2H), 2.65-2.75 (m, 1H), 2.91-3.01 (m, 1H), 3.45-3.55 (m, 2H), 3.77-

3.91 (m, 1H), 4.02-4.17 (m, 1H), 4.53 (s, 2H), 7.24-7.39 (m, 10H) ppm. 
13C NMR (100 MHz, CDCl3): δ 24.8, 25.8, 32.4, 38.1, 42.1, 66.5, 67.4, 70.1, 72.9, 100.3, 

126.1, 127.5, 127.6, 128.2, 128.3, 129.2, 138.4, 138.6 ppm. 

MS (ESI): m/z   355.478 (M++H), 377.475 (M++Na), 393.461 (M++K). 

Analysis Calcd. C, 77.93; H, 8.53; Found C, 77.67; H, 8.65.

(4S,6R)-Ethyl 6-(tert-butyldimethylsilyloxy)-4-hydroxy-7-phenylheptanoate (32):

To a solution of ethyl ester 29 (1.0 g, 2.97 mmol) in CH2Cl2 (15 mL), DIBAL-H (1.43 mL 

2.3 M solution in toluene, 3.26 mmol) was added at -78 °C under argon atmosphere. The 

reaction was stirred at this temperature for 40 min. Then a solution of tartaric acid (5 mL) 

was  added.  The  resulting  mixture  was  stirred  for  15  min  and  the  organic  layer  was 

separated.  The  aqueous  phase  was  extracted  with  CH2Cl2 (3  x  15  mL),  the  combined 

organic layers were dried (Na2SO4), filtered and evaporated under reduced pressure to give 
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aldehyde as a colorless liquid, which was directly used in the next step without further 

purification. Following the general procedure A (L-proline as a catalyst) 6 was obtained as 

a crude product, which was found to be inseparable mixture of syn: anti (10: 1) diols with 

syn diol 32 as a major component. 

Yield: 0.629g, 63% 

Mol. Formula: C21H36O4Si

IR (CHCl3, cm-1): νmax 3493, 2930, 1727, 1603, 1454, 1216. 
1H NMR  (200 MHz, CDCl3): (Major isomer of diastereomeric mixture):  δ 0.03 (s, 3H), 

0.11 (s, 3H), 0.91 (m, 9H), 1.21-1.26 (m, 4H), 1.50-1.53 (m, 1H), 1.66-1.70 (m, 2H), 2.32-

2.39 (m, 2H), 2.68-2.90 (m, 2H), 3.36-3.42 (m, 1H), 3.70-3.80 (m, 1H), 4.09-4.10 (m, 2H), 

7.17-7.27 (m, 5H) ppm. 
13C NMR (100 MHz, CDCl3): (Major isomer of diastereomeric mixture): δ -4.8, -4.4, 14.1, 

17.8, 25.8, 30.2, 32.4, 42.8, 44.8, 60.2, 69.7, 74.0, 126.3, 128.3, 129.5, 132.0, 138.1, 173.9 

ppm. 

MS (ESI): m/z   381.3861 (M++H), 403.4595 (M++Na), 419.4212 (M++K). 

Analysis Calcd. C, 66.27; H, 9.53; Found C, 66.48; H, 9.39.

(4S, 6R)-Ethyl 4,6-bis(tert-butyldimethylsilyloxy)-7-phenylheptanoate (33):

To an ice-cold stirred solution of 32 (0.5 g, 1.31 mmol) in CH2Cl2 (5 mL) were added 2,6-

lutidine (0.38 mL, 3.28 mmol) and TBSOTf (0.45 mL, 1.97 mmol) at 0 °C. The resulting 

mixture was stirred for 1 h at 0 °C before H2O (10 mL) was added. The aqueous layer was 

extracted with CH2Cl2 (3 x 20 mL). The combined organic layers were washed with brine, 

dried  (Na2SO4),  and  concentrated  under  reduced  pressure.  Silica  gel  column 

chromatography (petroleum ether) of the crude product gave TBS ether 33 as a colourless 

liquid. 

Yield: 0.64 g, 89%
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Mol. Formula:  C27H50O4Si2

[α]D 
25 :  - 3.54 (c 1.22, CHCl3). 

IR (CHCl3, cm-1): νmax  3020, 2857, 1729, 1603, 1559, 1538, 1404, 1216. 
1H NMR (200 MHz, CDCl3): δ -0.15 (s, 3H), -0.02 (s, 3H), 0.06 (s, 6H),  0.86 (s, 9H), 0.89 

(s, 9H), 1.26 (t,  J = 7.2 Hz, 3H ), 1.44-1.55 (m, 1H), 1.62-1.74 (m, 2H), 1.76-1.90 (m, 1H), 

2.29 (t, J = 7.7 Hz, 2H), 2.73 (dd, J = 1.6, 8.7 Hz, 1H), 2.76 (dd, J = 1.6, 8.7 Hz, 1H), 3.83-

4.01 (m, 2H), 4.10 (q,  J = 7.2 Hz, 2H ), 7.14-7.31 (m, 5H) ppm. 
13C NMR  (100 MHz, CDCl3):  δ -4.8, -4.5, -4.4, 14.2, 17.9, 18.0, 25.8, 29.6, 31.8, 44.2, 

60.2, 68.3, 70.7, 126.1, 128.1, 129.7, 138.7, 173.7 ppm. 

MS (ESI): m/z   495.4796 (M++H), 517.6717 (M++Na), 533.4339 (M++K). 

Analysis Calcd. C, 65.53; H, 10.18; Found C, 65.27; H, 10.04.

(4S, 6R)-4,6-Bis(tert-butyldimethylsilyloxy)-7-phenylheptan-1-ol (38):

To a solution of 33 (0.63 g, 1.27 mmol) in dry DCM (7 mL) at 0 °C was added dropwise 

DIBAL-H (1.59  mL,  19.5  mmol,  1.99  M in  toluene)  through  a  syringe.  The  reaction 

mixture was allowed to warm to room temperature over 1 h, then recooled to 0 °C and 

treated with sat. aqueous solution of sodium potassium tartrate (5 mL). The organic phase 

was separated and the aqueous layer was extracted with CH2Cl2 (3 x 25 mL). The combined 

organic extracts were washed with water, brine, dried (Na2SO4), filtered and concentrated 

in  vacuo.  Silica  gel  column  chromatography  of  the  crude  product  using  petroleum 

ether:ethyl acetate (8:2) as eluent gave 38 as colorless oil. 

Yield: 0.47 g, 82% 

Mol. Formula: C25H48O3Si2

[α]D 
25 :  - 6.5 (c 1.8, CHCl3). 

IR (CHCl3, cm-1): νmax 3300, 3087, 2858, 1603, 1495, 1454, 1256, 1216, 1030. 
1H NMR (400 MHz, CDCl3): δ -0.12 (s, 3H), 0.00 (s, 3H), 0.09 (s, 3H), 0.10 (s, 3H), 0.89 

(s, 9H), 0.91 (s, 9H), 1.47-1.58 (m, 4H), 1.63- 1.71 (m, 2H), 1.84 (bs, 1H),  2.72-2.81 (m, 

2H), 3.56-3.64 (m, 2H), 3.90-3.96 (m, 2H), 7.18-7.23 (m, 3H), 7.27-7.31 (m, 2H)  ppm. 13C 
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NMR (100 MHz, CDCl3): δ -4.8, -4.4, 18.0, 25.9, 27.8, 33.2, 44.0, 44.3, 63.0, 69.2, 70.9, 

126.1, 128.1, 129.7, 138.8 ppm. 

MS (ESI): m/z 453.4679 (M++H), 475.6094 (M++Na). 

Analysis Calcd. C, 66.31; H, 10.68; Found C, 66.54; H, 10.51.

 (5R, 7S)-5-Benzyl-7-(3-(benzyloxy)propyl)-2,2,3,3,9,9,10,10-octamethyl-4,8-dioxa-3,9-

disilaundecane (39):

To a solution of 38 (0.14 g, 0.31 mmol) in dry DMF (2  mL) was added sodium hydride 

(60%,  0.024  g,  0.62  mmol)  at  0  °C.  The  reaction  mixture  was  then  stirred  at  room 

temperature for 30 min after which it was again cooled to 0 °C. To this was added slowly 

benzyl bromide (0.55 mL, 0.46 mmol) and tetra n-butylammonium iodide (catalytic) with 

further stirring for 1 h at the same temperature. The reaction mixture was quenched with 

addition of cold water at 0 °C. The two phases were separated and the aqueous phase was 

extracted with EtOAc (3 x 5 mL). The combined organic layers were washed with water (3 

x 5 mL), brine, dried (Na2SO4) and concentrated. The residual oil was purified by silica gel 

column chromatography (EtOAc/petroleum ether, 1:50) to furnish the protected alcohol 39 

as a colorless oil. 

Yield: 0.15 g, 90%  

Mol. Formula: C32H54O3Si2

[α]D 
25 :  + 4.69 (c 1.2, CHCl3). 

IR (CHCl3, cm-1): νmax 2952, 2856, 1461, 1454, 1255, 1096. 
1H NMR (200 MHz, CDCl3): δ -0.24 (s, 3H), -0.11 (s, 3H), 0.0 (s, 3H), 0.01 (s, 3H) 0.80 

(s, 9H), 0.84 (s, 9H), 1.46-1.58 (m, 6H), 2.57-2.78 (m, 2H), 3.39 (t, J = 6.3 Hz, 2H), 3.73 

-3.95 (m, 2H), 4.44 (s, 2H ), 7.13-7.28 (m, 10H) ppm. 
13C NMR (100 MHz, CDCl3):  δ -4.8, -4.3, 18.0, 25.1, 25.9, 33.6, 44.2, 44.7, 69.3, 70.6, 

70.9, 72.7, 126.0, 127.4, 127.5, 128.1, 128.3, 129.8, 138.6, 139.0  ppm.

MS (ESI): m/z   543.2448 (M++H), 565.247 (M++Na), 581.2300, (M++K). 

Analysis Calcd. C, 70.79; H, 10.02; Found C, 70.91; H, 10.15.
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(2R, 4S)-7-(Benzyloxy)-1-phenylheptane-2,4-diol (40):

To a stirred solution of compound 39 (0.5 gm) in MeOH was added a catalytic amount of 

p-TSA  at  room temperature  and  the  reaction  mixture  stirred  for  30  min  at  the  same 

temperature. Solid NaHCO3 (0.1 g) was added and stirred for 30 min. The mixture was then 

filtered through a celite pad, washed with MeOH and concentrated to give crude compound 

which was purified by silica gel column chromatography (ethyl  acetate:petroleum ether, 

4:6) to furnish the alcohol 40 as a colorless oil. 

Yield:0.28 g, 96% 

Mol. Formula: C20H26O3

[α]D 
25 :  - 2.49 (c 0.8, CHCl3). 

IR (CHCl3, cm-1): νmax 3373, 2957, 2857, 1602, 1495, 1454, 1217, 1093. 
1H NMR (400 MHz, CDCl3): δ 1.31 (bs, 2H), 1.54-1.60 (m, 2H), 1.61-1.68 (m, 2H), 1.76 

(quintet, J = 6.0 Hz, 2H), 2.77 (dd, J = 7.0, 13.3 Hz, 1H), 2.85 (dd, J = 7.0, 13.3 Hz, 1H), 

3.55  (t, J = 6.0 Hz, 2H), 3.85-3.90 (m, 1H),  4.10-4.18 (m, 1H), 4.55 (s, 2H), 7.25-7.31 (m, 

3H), 7.33-7.41 (m, 7H) ppm. 
13C NMR (100 MHz, CDCl3): δ 25.9, 35.5, 42.1, 44.4, 70.4, 72.5, 73.1, 73.7, 126.4, 127.7, 

128.4, 129.4, 137.9, 138.2 ppm. 

MS (ESI): m/z   337.291 (M++Na), 353.266 (M++K). 

Analysis Calcd. C, 76.40; H, 8.33; Found C, 76.61; H, 8.48.

(4R, 6S)-4-Benzyl-6-(3-(benzyloxy)propyl)-2,2-dimethyl-1,3-dioxane (41):

To a solution of the diol  40  (0.06 g, 0.19 mmol),  in dry DCM (2 mL) was added 2,2-

dimethoxypropane (2 mL), p-TsOH (0.020 g) and stirred overnight. Solid NaHCO3 (0.05 g) 

was added and stirred for  30 min.  The reaction  mixture  was filtered  through a  pad of 
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neutral  alumina  and  concentrated.  Silica  gel  column  chromatography  using  petroleum 

ether:ethyl acetate (24:1) gave 41 as a colorless liquid.

Yield: 0.057g, 85%  

Mol. Formula: C23H30O3

[α]D 
25 :  - 10.71 (c 0.6, CHCl3). 

IR (CHCl3, cm-1): νmax 2926, 2856, 1604, 1454, 1262, 1118. 
1H NMR (400 MHz, CDCl3):  δ 1.41 (s, 6H), 1.46-1.56 (m, 2H), 1.59-1.71 (m, 4H), 2.62 

(dd, J = 5.5, 13.3 Hz, 1H), 2.93 (dd, J = 5.5, 13.3 Hz, 1H), 3.46 (dt, J = 1.8, 6.3 Hz, 2H), 

3.71-3.78 (m, 1H), 3.99-4.05 (m, 1H), 4.48 (s, 2H), 7.22-7.24 (m, 3H),  7.27-7.33 (m, 7H) 

ppm. 
13C NMR (100 MHz, CDCl3):  δ 19.8, 25.3, 30.2, 32.9, 36.3, 43.0, 68.7, 70.1, 72.8, 98.5, 

126.2, 127.5, 127.6, 128.2, 128.3, 129.4, 137.9, 139.5 ppm. 

MS (ESI): m/z   355.478 (M++H), 377.475 (M++Na), 393.461 (M++K). 

Analysis Calcd. C, 77.93; H, 8.53; Found C, 77.67; H, 8.69.

 (4S,  6S,  8R)-Ethyl  6,8-bis(tert-butyldimethylsilyloxy)-4-hydroxy-9-phenylnonanoate 

(42):

To a solution of ethyl ester 33 (1.00 g, 2.02 mmol) in CH2Cl2 (15 mL), was added DIBAL-

H (1.11 mL 1.99 M solution in toluene, 2.22 mmol) at -78 °C under argon atmosphere. The 

reaction was stirred at this temperature for 40 min. Then a solution of tartaric acid (5 mL) 

was added. The resulting mixture was stirred for 15 min and the organic layer separated. 

The aqueous phase was extracted with CH2Cl2 (3 x 15 mL), the combined organic layers 

were dried (Na2SO4), filtered and evaporated under reduced pressure to give aldehyde as a 

colorless liquid, which was directly used in the next step without any further purification. 

Following the general procedure A (L-proline as a catalyst)  16  was obtained as a crude 

product, which was found to be inseparable mixture of syn:anti (10:1) diols with syn diol 

42 as a major component. 

Yield: 0.66 g, 61% 
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Mol. Formula: C29H54O5Si2

IR (CHCl3, cm-1): νmax 3436, 2929, 1726, 1604, 1514, 1463, 1215, 1093. 
1H NMR (200 MHz, CDCl3): (Major isomer of diastereomeric mixture):  δ -0.14 (s, 3H), 

0.02 (s, 3H), 0.08 (s, 3H), 0.09 (s, 3H),  0.87 (m, 9H), 0.90 (m, 9H), 1.25-1.26 (m, 4H), 

1.50-1.55 (m, 2H), 1.66-1.75 (m, 4H), 2.25-2.32 (m, 1H), 2.44-2.54 (m, 1H), 2.71-2.81 (m, 

2H), 3.55-3.60 (m, 2H), 3.89-3.92 (m, 2H),  4.09-4.16 (m, 1H), 7.16-7.20 (m, 3H) 7.25-

7.29 (m, 2H) ppm. 
13C NMR (100 MHz, CDCl3): (Major isomer of diastereomeric mixture): δ -4.7, -4.4,  18.0, 

25.9, 27.8, 29.7, 33.2, 43.9, 44.4, 63.1, 69.1, 70.9, 126.1, 128.1, 129.8, 138.8, 177.1 ppm.  

MS (ESI): m/z  539.4416 (M++H), 561.4312 (M++Na), 579.3909 (M++K). 

Analysis Calcd. C, 64.63; H, 10.10; Found C, 64.88; H, 10.23.

(4S, 6S, 8R)-Ethyl 4,6,8-tris(tert-butyldimethylsilyloxy)-9-phenylnonanoate (43):

To an ice-cold stirred solution of 42 (0.2 g, 0.9 mmol) in CH2Cl2 (2 mL) were added 2,6- 

lutidine (0.26 mL, 2.25 mmol) and TBSOTf (0.310 mL, 1.35 mmol) at 0 °C. The resulting 

mixture was stirred for 1 h at 0 °C before H2O (20 mL) was added. The aqueous layer was 

extracted with CH2Cl2 (3 x 5 mL). The combined organic layers were washed with brine, 

dried  (Na2SO4),  and  concentrated  under  reduced  pressure.  Silica  gel  column 

chromatography using petroleum ether:ethyl acetate (99:1) of the crude product gave TBS 

ether 43 as a colourless liquid. 

Yield: 0.21 g, 88%  

Mol. Formula: C35H68O5Si3

[α]D 
25 :  + 5.67 (c 0.8, CHCl3)

IR (CHCl3, cm-1): νmax 2929, 1730, 1471, 1216. 
1H NMR (200 MHz, CDCl3): δ -0.19 (s, 3H), -0.05 (s, 3H), 0.04 (s, 6H), 0.06 (s, 3H), 0.08 

(s, 3H), 0.85 (s, 9H), 0.89 (s, 9H), 0.90 (s, 9H), 1.26-1.30 (m, 3H), 1.42-1.49 (m, 2H), 1.55-

1.61 (m, 4H), 2.02-2.10 (m, 2H), 2.70 (dd, J =  6.5, 13.3 Hz, 1H), 2.78 (dd, J =  6.5, 13.3 

Hz, 1H), 3.55-3.61(m, 2H), 3.81-3.97 (m, 2H), 4.00-4.18 (m, 1H), 7.15-7.27 (m, 5H) ppm. 

156

Ph

OR

COOEt

OR OR

R = TBS 43



Chapter 4: Section A

13C NMR  (125 MHz, CDCl3):  δ -5.3, -4.8, -4.7, -4.3, 18.0, 18.1, 18.4, 25.9, 26.0, 28.3, 

29.7, 33.5, 44.2, 44.7, 63.4, 69.4, 70.9, 126.0, 128.1, 129.8, 139.1, 173.8 ppm. 

Analysis Calcd. C, 64.36; H, 10.49; Found C, 64.54; H, 10.61.

Synthesis of (2S, 5S)-2-hydroxyhexyl cyclopentanone 

(S)-Ethyl 4-hydroxyoctanoate (45): 

Commercially  available  hexanal  44 (2.0  g,  20  mmol)  was  subjected  to  the  general 

prodecure  A (D-proline  as a  catalyst)  to  furnish crude product,  which was purified  by 

column  chromatography  using  petroleum  ether:  EtOAc  (95:5)  to  give  (S)-ethyl  4-

hydroxyoctanoate 45 as colorless liquid.

Yield: 2.44 g, 65 %  

Mol. Formula: C10H20O3

[α]D 
25 :  - 0.93 (c 2.24, CHCl3)

IR (CHCl3, cm-1): νmax 3430, 2934, 1718, 1465, 1177. 
1H NMR (200 MHz, CDCl3): δ 0.86-0.93 (m, 3H), 1.25 (t, J = 7.2 Hz, 3H), 1.32-1.36 (m, 

3H), 1.41-1.45 (m, 2H), 1.62-1.93 (m, 4H),  2.44 (t,  J = 7.2 Hz, 2H), 3.55-3.67 (m, 1H), 

4.11 (q, J = 7.2 Hz, 2H) ppm.
13C NMR (100 MHz, CDCl3): δ 13.7, 13.8, 22.4, 27.5, 30.4, 31.9, 36.9, 60.1, 70.5, 174.0 

ppm.  

MS (ESI): m/z   211.2468 (M++Na). 

Analysis Calcd. C, 63.80; H, 10.71; Found C, 63.59; H, 10.91.

(S)-Ethyl 4-(tert-butyldimethylsilyloxy)octanoate (46):  

Following the procedure as described for the synthesis of compound 29 , (S)-ethyl 4-(tert- 

butyldimethylsilyloxy)octanoate   was obtained from compound 45 (1g,  5.3 mmol) as a 
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crude  product  which  was  purified  by  column  chromatography  using  petroleum  ether: 

EtOAc (99:1) to give  (S)-ethyl  4-(tert-butyldimethylsilyloxy)octanoate  46  as  colorless 

liquid. 

Yield:1.48 g, 92%

Mol. Formula: C16H34O3Si

[α]D 
25 :  + 9.96 (c 1.78, CHCl3). 

IR (CHCl3, cm-1): νmax 2858, 1726, 1463, 1256. 
1H NMR (400 MHz, CDCl3): δ -0.04 (s, 6H), 0.89 (s, 12H), 1.24-1.30 (m, 7H), 1.41-1.46 

(m, 2H), 1.65-1.72 (m, 1H), 1.77-1.85 (m, 1H), 2.33-2.38 (m, 2H), 3.66-3.72 (m, 1H), 4.12 

(q, J = 7.2 Hz, 2H) ppm. 
13C NMR (100 MHz, CDCl3):  δ -4.9, -4.7, 13.9, 14.0, 17.8, 22.6, 25.7, 27.2, 29.8, 31.5, 

36.6, 59.9, 70.9, 173.5  ppm.  

MS (ESI): m/z   325.4028 (M++Na). 

Analysis Calcd. C, 63.52; H, 11.33; Found C, 63.31; H, 11.17.

(4S, 6S)-Ethyl 6-(tert-butyldimethylsilyloxy)-4-hydroxydecanoate (47):

Following the prodecure as described for the synthesis of 30, crude (4S, 6S)-ethyl 6-(tert-

butyldimethylsilyloxy)-4-hydroxydecanoate 47 was obtained (>95% diastereomeric excess) 

from compound 46 (1 g, 3.3 mmol) using L-proline as a catalyst. This compound was then 

purified by column chromatography using petroleum ether: EtOAc (95:5) to furnish  (4S, 

6S)-ethyl 6-(tert-butyldimethylsilyloxy)-4-hydroxydecanoate 47 as a colorless liquid. 

Yield:0.69 g, 60% 

Mol. Formula: C18H38O4Si

[α]D 
25 :  + 2.85 (c 1.40, CHCl3). 

IR (CHCl3, cm-1): νmax 3434, 2957, 1722, 1463, 1216. 

158

O

COOEt

OH
TBS

47



Chapter 4: Section A

1H NMR (400 MHz, CDCl3): δ 0.08 (s, 3H), 0.10 (s, 3H), 0.89 (s, 12H), 1.23-1.34 (m, 7H), 

1.55-1.64 (m, 4H), 1.70-1.77 (m, 2H), 2.37-2.53 (m, 2H), 3.64 (bs, 1H), 3.95-4.01 (m, 2H), 

4.10-4.16 (q, J = 7.3 Hz, 2H) ppm. 
13C NMR (100 MHz, CDCl3):  δ -4.9, -4.7, 13.9, 14.1, 17.8, 22.7, 25.7, 27.9, 30.4, 32.8, 

35.7, 41.2, 60.2, 67.3, 71.6, 173.9 ppm.  

MS (ESI): m/z 347.5696 (M++H), 369.5734 (M++ Na), 385.5597 (M++K). 

Analysis Calcd. C, 62.38; H, 11.05; Found C, 62.61; H, 11.21.

 (5S, 2S)-Hydroxyhexyl dihydrofuran-2(3H)-one (48):

To a stirred solution of compound 47 (0.5 g) in MeOH was added a catalytic amount of p-

TSA  at  room  temperature  and  the  reaction  mixture  stirred  overnight  at  the  same 

temperature. Solid NaHCO3 (0.1 g) was added and stirred for 30 min. The mixture was then 

filtered through a celite pad, washed with MeOH and concentrated and column purified 

using petroleum ether:ethyl  acetate (80:20) to give  (5S,  2S)-hydroxyhexyl  dihydrofuran-

2(3H)-one 48 as a pale yellow liquid. 

Yield: 0.25 g, 94% 

Mol. Formula: C10H18O3

[α]D 
25 : + 58.92 (c 1.15, Et2O). 

IR (CHCl3, cm-1): νmax 3468, 2931, 1764, 1459, 1185.  
1H NMR (200 MHz, CDCl3): δ 0.91 (t, J = 7.1 Hz, 3H), 1.28-1.39 (m, 3H), 1.41-1.48 (m, 

2H),  1.60-1.89 (m, 3H), 1.92-1.99 (m, 2H), 2.29-2.41 (m, 1H), 2.50-2.59 (m, 2H), 3.81-

3.92 (m, 1H) 4.73-4.87 (m, 1H) ppm. 
13C NMR (100 MHz, CDCl3): δ 13.9, 22.5, 27.5, 28.4, 28.8, 37.6, 43.1, 68.2, 78.2, 177.3 

ppm. 

MS (ESI): m/z  209.3111 (M++Na), 225.3125 (M++K). 

Analysis Calcd. C, 64.49; H, 9.74; Found C, 64.70; H, 9.56.

4.1.7. Spectra
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Figure 3. HPLC chart of lactone for ee determination of (S)-Ethyl 4-hydroxy-5-

phenylpentanoate 28  
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4.2. SECTION B 

Proline-catalysed synthesis of piperidine and indozolidine natural products 

(R)-coiinine and (S)-coniceine

4.2.1. Introduction 

The substituted piperidines and ring fused piperidines such as indolizidines are among the 

most  ubiquitous  heterocyclic  building  blocks  in  both  natural  products  and  synthetic 

compounds  with  important  biological  activities.1 The  interest  in  the  piperidine  and 

indolizidine alkaloids is well displayed by the wealth of published material detailing there 

sources  and  biological  activities  and  there  structure  diversity  makes  them  interesting 

providing grounds for organic chemists. 
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Fig. 1. Some of the important piperidine and indolizidine containing natural products and 

bioactive molecules.

Therefore considerable efforts have been directed towards synthesizing them2 in stereo and 

enantioselective manner3 and the interest in their chemistry remains unabated. (R)- coniine 

and  (S)-  coniceine  the  simplest  members  of  piperidine  and  indolizidine  alkaloids 

respectively  have  attracted  great  interest  from  chemists  as  an  representative  targets 
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demonstrating the viability of the synthetic routs to piperidine and indolizidine derivaties 

and there are numerous successful asymmetric synthesis of these molecules.4

4.2.2. Review of Literature

(S)-2-Propylpiperidine alkaloid (R)-(-)-coniine, and (S)-coniceine are popular target for the 

demonstration of chiral methodology in the piperidine and indolizidine field. (S)-Coniine is 

a poisonous hemlock alkaloid extracted from the plant Conium maculatum and from many 

tropical  subspecies.  Several  approaches  have  been  reported  in  the  literature  for  the 

synthesis  of  racemic  as  well  as  optically  active  coniine,  and  (S)-coniceine.  A  few 

interesting and recent syntheses of coniine ((R)-(-)-1, (S)-(+)-ent-1), and coniceine ((S)-(+)- 

2, (R)-(-)-ent-2) are described below.

Approches towards synthesis of (R)-/(S)-coniine

Moody et al. (2000)5             

Moody  et al. accomplished the synthesis of  (R)-(-)-coiinine  1 by ring closing metathesis 

reactions of the diene  5.  The diene  5,  is easily accessible by the addition of an alkene 

containing organometallic reagent to the aldoxime ether 3, followed by N-allylation of the 

resulting hydroxylamine  4. The RCM reaction was carried out by heating the diene  5  in 

dichloromethane in the presence of Grubbs’ catalyst furnishing the compound 6 in modest 

yield, which was hydrogenated over Pd/C to give (R)-(-)-coniine.

Pr N
O Ph

Pr N
H

O Ph Pr N

OR

Pr N

OR
Pr N

H

a b

c d
R = 1-Phenylbutyl

.HCl

3
4 5

6
1

Scheme 1. Reagents and conditions: (a) AllylMgBr, BF3.Et2O; (b) K2CO3, allyl bromide, 

acetonitrile; (c) Grubb’s catalyst, DCM; (d) H2-Pd/C, MeOH, HCl in Et2O.
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Shipman et al. (2001)6

Shipman  et  al.  synthesized  (S)-coniine  by  making   use  of  multi-component  coupling 

reaction of 2-methyleneaziridine  7.7 Thus, ring opening of  7 with EtMgCl in presence of 

copper(I)  iodide  furnished  metalloenamine  8 in  a  regiocontrolled  fashion,  which  was 

treated with 1,3-diiodopropane, and sodium triacetoxyborohydride to afford piperidine 10 

as a single diastereomer (97% de). Finally hydrogenolysis of 10 furnished (S)-(+)-coniine 

hydrochloride ent-1 in 93% yield (Scheme 2). 

N

Me Ph
H

Pr N
MgCl

MePh
H

Pr

I

MePh
H

N

MePh
H

Pr
N
H

Pr
.HCl

a

b

7 8
9

10
ent-1

Scheme  2. Reagents  and  conditions:  (a)  (i)  EtMgCl,  CuI,  THF,  -30  °C  →  rt;  (ii) 

ICH2CH2CH2I, 40 °C; (iii) NaBH(OAc)3; (b) Pd(OH)2, H2, HCl, EtOH. 

Knochel et al. (2004)8

Knochel  et  al.  developed  one-pot  three-component  addition  reaction  of 

trimethylsilylacetylene 11, aldehydes 12 and dibenzylamine 13 in presence of CuBr/Quinap 

16 as catalyst, to furnish enantiomerically enriched propargylamine  14 in good yield and 

excellent enantiomeric excess. Thus chiral propargylamine 14 was alkylated with ethylene 

oxide  followed  by  protection  with  TIPSCl  to  afford  15 in  70%  overall  yield.9 The 

hydrogenolysis  of benzyl  groups and the reduction of the triple  bond was achieved by 

hydrogenation  of  15 in  methanol  leading  to  an intermediate  primary amine  which was 

desilylated with Bu4NF and subjected to an intramolecular Mitsunobu reaction10 to afford 

(S)-(+)-coniine ent-1 in 5 steps with 41% overall yield (Scheme 3).
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PrCHO + H SiMe3 + HNBn2 Pr
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11 12 13 14

15

16

14 ent-1

Scheme 3. Reagents and conditions: (a) (i) CuBr (cat), (R)-quinap (cat), toluene, rt, 6d;  (ii) 

Bu4NF; (b) (i) n-BuLi, -78 °C; (ii) ethylene oxide, BF3.OEt2; (iii) TIPSCl, DMF; (c) (i) H2, 

Pd/C, MeOH; (ii) Bu4NF; (iii) PPh3, DEAD. 

Couture et al. (2007)11

Couture et al.  synthesized (S)-coniine ent-1 by making  use of a highly diastereoselective 

nucleophilic 1,2-addition of aldehyde  11 on chiral  aliphatic SAMP hydrazone  17. Thus 

hydrazone 17 on treatment with aldehyde 11 furnished compound 18. Treatment of 18 with 

allyllithium  gave  the  transient  lithium  hydrazide  salt  19, which was  intercepted  with 

acryloyl chloride to afford dienehydrazides 20. On subjecting dienehydrazides 20 to ring-

closing metathesis condition gave chiral α,β-unsaturated piperidones 21, which on catalytic 

hydrogenation provided corresponding hydrazides 22. Treatment of hydrazides 22 with the 

BH3.THF complex, followed by aqueous alkaline  workup effected  reductive  N-N bond 

cleavage with the concomitant reduction of the lactam carbonyl group. Finally treatment 

with HCl in Et2O afforded the target natural product ent-1 as its hydrochloride salt (Scheme 

4).
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Scheme 4. Reagents and conditions: (a) MgSO4, rt, 12 h;  (b) Allyl-Li, Et2O, -78 °C to rt; 

(c) acryloyl chloride, -78 °C to rt; (d) Grubb's catalyst II, CH2Cl2, rt, 24 h; (e) H2, Pd/C, 

EtOH, rt, 12 h; (f) BH3.THF, then HCl, EtO2.

Fustero et al. (2007)12

Fustero et al. reported an intramolecular aza-Michael reaction approach for the synthesis of 

(S)-coniine  ent-1. Thus  intramolecular aza-Michael reaction (IMAMR) of carbamates  23 

bearing remote α,β-unsaturated aldehydes as Michael acceptors (Scheme 5), in presence of 

catalyst  26 and  phenyl  acetic  acid  as  additive  furnished  aldehyde  25 which  was 

subsequently  transformed  into  (+)-coiinine  ent -1 by  Wittig  homologation  and 

hydrogenation of the double bond.
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Scheme 5. Reagents and conditions: (a) Catalyst  26, PhCO2H, CHCl3, -50 °C to -30 °C, 

80%;  (b) (i) PPh3MeBr, tBuOK, THF; (ii) H2, Pd/C, EtOH, rt, 12 h.

Approches towards synthesis of (R)-/(S)-coniceine 

Pedrosa et al. (2000)13

Pedrosa et al. synthesised (-)-coniine and (S)-coniceine from (R)-phenylglycinol and γ- or 

δ-chloroketones.  Condensation  of  (R)-(2)-phenylglycinol  27 and  with  δ  -  or  γ 

-chloroketones  28  and 31 respectively furnished chiral  bicyclic  oxazolidines  29  and 32 

(Scheme 6, 7).   (-)-Coniine  1 was obtained from 29  by hydrogenolysis over Pd(OH)2 on 

carbon followed by treatment with hydrogen chloride in anhydrous diethyl ether (Scheme 

6).

Similarly, reductive ring opening of oxazolidines 32 by treatment with lithium aluminium 

hydride yielded a mixture of diastereomeric 2-substituted pyrrolidines 33 in 74% yield with 

total  retention  of  configuration.  The  major  diastereoisomer  33  was  transformed  into 

enantiopure (R)-(-)-coniceine  ent-2. Thus hydrolysis of  33 and hydrogenation over 10% 

Pd/C in  methanol  containing  a 2  M solution of  HCl furnished  (R)-(-)-coniceine  ent-2 

(Scheme 7).
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Scheme 6. Reagents and conditions: (a) Et3N, CHCl3;  (b) (i) LiAlH4, THF, 0 °C, 12 h; (ii) 

Ac2O, DMPA, rt; 1.5 h; (c) H2, Pd(OH)2, HCl, Et2O.
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Scheme 7. Reagents and conditions: (a) Et3N, CHCl3; (b) LiAlH4, Et2O, 0 °C; (c) H2, 10% 

Pd/C, EtOH, 2M HCl.

Gardette et al. (2007)14

Gardette et al. described a new synthetic route to the hydrobromide salt of (+)-coniceine 2. 

Thus  reductive  photocyclisation  of  dienamide  34 furnished,  two  diastereomeric 

piperidinones as an inseparable mixture, the desired (10S,6S)-isomer 36 and the undesired 

(10S,6R)-isomer  ent-36 (Scheme  8).  Reduction  of  the  amide  function  in  the  36/ent-36 

mixture using LiAlH4 in refluxing THF gave a mixture of amines  37  and ent-37.  This 

mixture was easily separated by column chromatography, thus affording pure 37 in around 

61% yield and pure ent-37 in around 16% yield. Debenzylation of  37 using 10% Pd/C with 
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HCO2NH4 as  the  hydrogen  source15 afforded  amino  alcohol  38.  Finally  cyclization  of 

aminoalcohol 38 was achieved using CBr4 and PPh3 in MeCN, aqueous workup gave (+)-

coniceine hydrobromide 2.HBr in 58% yield for the last two steps.
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Scheme 8. Reagents and conditions:  (a) hυ, NaBH4, quartz reactor; (b) LiAlH4, THF, Δ. 

37: 61%,  ent-37: 16%; (c) HCO2NH4, 10% Pd/C, MeOH, Δ; (e) CBr4, PPh3, MeCN, rt, 

58% (for two steps).

4.2.3. Present work 

Objective

Given the vast chemistry, structural modifications and biological activities associated with 

the  piperidine  and  indolizidine  molecules,  interest  in  the  synthesis  of  these  class  of 

compounds remains unabated. Although a few syntheses are reviewed above, several more 

are documented in the literature. This explains the importance of research work in this area. 
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With the development  of an  efficient  approach to the synthesis  of 1,3-polyols  using α-

aminoxylation  and  sequential  α-aminoxylation  HWE  olefination  reaction  catalysed  by 

proline  and  its  subsequent  application  towards  the  synthesis  of  hydroxy  lactones,  our 

attention  was  further  focused  to  extrapolate  the  above  knowledge  to  the  synthesis  of 

indolizidine and piperidine alkaloids.

4.2.4. Results and discussion

In recent years, there has been growing interest in the use of small organic molecules to 

catalyze reactions in organic synthesis.16 As a result, the area of organocatalysis has now 

emerged as a promising strategy and as an alternative to expensive protein catalysis and 

toxic metal catalysis,17 thus becoming a fundamental tool in the catalysis toolbox available 

for asymmetric synthesis.18 Proline is among the most successful secondary amine based 

organocatalysts  which  have  been  widely  employed  in  the  asymmetric  aldol,  Mannich, 

Michael  addition,  and  α-functionalization,  viz.  α-aminoxylation-,  α-amination-,  and  α-

aminoxylation directed tandem reactions, among many others, providing rapid, catalytic, 

and atom-economical access to enantiomerically pure products.19

In continuation of our interest in organocatalysis19 and asymmetric synthesis of piperidine 

and indolizidine alkaloids20 we have recently accomplished the syntheses of (R)-coniine 

and  (S)-  coniceine,  employing  α-aminoxylation  and  sequential  α-aminoxylation  HWE 

olefination reaction catalysed by proline.
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Scheme 9. Retrosynthetic route for the syntheses of (R)-coniine 1 and (S)- coniceine 2.
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Our  synthetic  approach  for  the  synthesis  of  (R)-coniine  1 and  (S)-coniceine  2 was 

envisioned via the retrosynthetic route shown in the Scheme 9. Azide 45 was thought to be 

common intermediate for synthesis of both the molecules, which could be easily obtained 

from the epoxide 42 which in turn could be prepared from aminoxyalcohol 40. Alcohol 40 

could be easily obtained by the α-aminoxylation of the corresponding aldehyde 39. Thus as 

shown in Scheme 10, synthesis of azide 45 began with the OPMB protected aldehyde 39, 

which  was  subjected  to  α-aminoxylation  catalysed  by  L-proline,  followed  by  in  situ 

reduction using NaBH4 to furnish the O-amino-substituted diol 40 in 71% yield and >95% 

ee.21 Appearance of multiplet in the range of  δ  3.44-3.52, 3.63-3.69 and 3.93-4.00 in  1H 

NMR and a peak at 3304 cm-1 in IR spectrum confirmed the formation of the compound 40. 

Diol  40 was subjected to reductive hydrogenation condition to afford diol  41, which on 

selective  monotosylation  and  base  treatment  furnished  epoxide  42 in  79%  yield. 

Appearance of multiplet in the range of δ 2.45-2.49, 2.73-2.77, 2.87-2.94 in 1H NMR and 

disappearance of OH peak at 3412 cm-1 in IR spectrum confirmed the formation of the 

epoxide  42. Regioselective opening of epoxide  42 with lithium acetylide.EDA complex 

afforded  homopropargyl  alcohol  43,  which  on  partial  reduction  using  H2-Pd/C  gave 

homoallyl alcohol  44.  Appearance of olefin protons as multiplets  in the range of δ 5.00-

5.02, 5.06-5.10, 5.64-5.85 in 1H NMR confirmed the formation of the compound 44. The 

free hydroxy group of 44 was then converted into azide 45 following a two step process of 

mesylation  and  sodium  azide  treatment.  Appearance  of  peak  at  2104  cm-1 and 

disappearance of peak at 3464 cm-1 in IR spectrum confirmed the formation of azide  45. 

This azide 45 was used as a common precursor for the synthesis of (R)-coniine 1 and (S)-

coniceine  2.  For  the  synthesis  of  (R)-coniine  1, the  double  bond reduction  and in  situ 

conversion of azide to Boc protected amine was achieved in one step using H2/Pd-C and 

(Boc)2O. Subsequent PMB deprotection using DDQ, afforded the hydroxy compound 46. 

Appearance of peak at  3464, 1740 cm-1 and disappearance  of peak at  2104 cm-1 in IR 

spectrum confirmed the formation of compound  46.  The free hydroxy group of  46 was 

protected as mesyl ester followed by  base treatment to furnish Boc protected (R)-coniine. 

The  HCl salt of  (R)-coniine  1 was easily achieved by Boc deprotection using methanolic 

HCl. {[α]D 
25 :  -8.64 (c 0.25, EtOH)}; Lit13 {[α]D 

25: -7.3 (c 0.33, EtOH)}. The physical and 

spectroscopic data of 1 were in full agreement with the literature data.
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Scheme 10. Reagents and conditions: (a) (i) L-Proline, nitrosobenzene, DMSO; (ii) NaBH4, 

MeOH, 71% (over two steps); (b) H2/Pd-C, EtOAc, 85%; (c) (i) TsCl, Bu2SnO, Et3N; (ii) 

K2CO3,  MeOH, 79%; (d) Li. Acetylide,  DMSO, 82%; (e) H2-Lindlar’s  catalyst,  EtOAc, 

90%; (f) (i)MsCl, Et3N; (ii) NaN3, DMF, 68%; (g) (i) H2/Pd-C, (Boc)2O, EtOAc; (ii) DDQ, 

NaHCO3, DCM: H2O, 80%; (h) MsCl, Et3N, 85%; (i) NaH, -78 °C, HCl in methanol, 90%.

Similarly for the synthesis of (S)-coniceine  2, the azide  45 was subjected to Staudinger 

reaction and converted into amine which on Cbz protection with benzyl chloroformate led 

to compound 48. Appearance of peak at 1716 cm-1 and disappearance of peak at 2104 cm-1 

in IR spectrum confirmed the formation of compound 48. The compound 48 was subjected 

to hydroboration-oxidation reaction to afford alcohol 49 as confirmed by the appearance of 

peak at 3318 cm-1 in IR and disappearance of olefin protons in the range of δ 4.53-4.65, 

5.69-5.89 in  1H NMR spectrum. Further in order to achieve the synthesis of  2  the PMB 

group was deprotected  and the free hydroxy groups were  protected  as  mesyl  ester   to 

furnish 51. Appearance of singlet at δ 2.99 and disappearance of doublet at δ 6.89, 7.27 in 
1H  NMR  confirmed  the  formation  of  mesylate  51.  Finally  the  concomitant  Cbz 

deprotection and cyclisation under hydrogenation condition furnished (S)-coniceine  2 in 

excellent yield (Scheme 11).  [α]D  
25:  + 9.5 (c 1.1, EtOH), {Lit13 {[α]D  

25:  +10.2 (c  1.76, 
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EtOH)}. The physical and spectroscopic data of 2 were in full agreement with the literature 

data.13
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Scheme 11.  Reagents  and conditions: (a)  (i) TPP, THF:H2O then CbzCl,  Na2CO3,  1,4- 

dioxane:H2O, 90%; (b) BH3.THF, THF, then H2O2, 86%; (c) DDQ, NaHCO3, DCM: H2O, 

86%; (d) MsCl, Et3N, 84%; (e) H2-Pd(OH)2, EtOAc, 80%.

Alternatively,  in  order  to  reduce  the  overall  number  of  steps  for  the  synthesis  of  (S)-

coniceine  2,   compound  49 can be easily prepared form γ-hydroxy esters  52.  We have 

recently reported a two step one column modification to sequential α-aminoxylation and 

HWE olefination reaction of aldehyde reported by Zhong et al. where in one can prepare γ-

hydroxy  esters  in  moderate  to  good  yields  and  excellent  ee.19  Thus  sequential  α-

aminoxylation  and  HWE  olefination  of  aldehyde  39 and  subsequent  reduction  of  the 

obtained  O-amine substituted ester furnished γ-hydroxy ester  52  in 65% yield and 95% 

ee.22 Appearance of quartet at δ 4.18 and doublets at δ 6.91, 7.29 in 1H NMR along with 

appearance  of  broad  peak  at  3452 cm-1 in  IR spectrum confirmed  the  formation  of  γ-

hydroxy ester 52. The free hydroxy group of 52 on mesyl protection using mesyl chloride 

and azide  displacement  gave  azide  ester  53 along with  a  small  amount  of  lactone  54. 

Disappearance of peak at 3452 cm-1 and appearance of peat at 2099 cm-1 in IR spectrum 

confirmed  the  formation  of  azide.  Similarly,   disappearance  of  peak  at  3452 cm-1 and 

appearance of peak at 1768 cm-1 in IR spectrum confirmed the formation of lactone  54. 

Lactone is probably formed during mesylation step. Azide 53 was subjected to Staudinger 

reaction and converted into amine which on Cbz protection with benzyl chloroformate led 
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to NHCbz ester,  which on subsequent  DIBAL-H reduction gave compound  49 in good 

yield.

PMBO

OH

COOEt

PMBO

N3

COOEt

PMBO

NHCbz

52

49

CHOPMBO

+

a

b, c

d

53

OH

39

PMBO

O

O

53

54

PMBO

ONHPh

COOEt

Scheme 12.  Reagents and conditions:. (a) Nitrosobenzene,  L-proline, DMSO, HWE salt, 

DBU, LiCl, CH3CN; (b) H2/Pd-C, EtOAc, 65% (over two steps); (c) (i) MsCl, Et3N; (ii) 

NaN3,  DMF,  71% (over  two  steps);  (d)  (i)  TPP,  THF:  H2O then  CbzCl,  Na2CO3,  1,4 

dioxane:H2O; (ii) DIBAL–H, DCM, 0 °C, 60% (over two steps).

4.2.5. Conclusion

In  conclusion,  α-aminoxylation  and  sequential  α-aminoxylation,  HWE  olefination 

approaches have been successfully applied towards the synthesis of (S)-coniceine and (R)-

coniine. The present methods are easily amenable for the synthesis of variety of piperidine 

and indolizidine alkaloids and currently studies are in progress towards this direction. 

4.2.6. Experimental Section

(R)-6-(4-Methoxybenzyloxy)-2-(phenylaminooxy)hexan-1-ol (40): 

 

190

PMBO
OH

ONHPh



Chapter 4: Section B

To  a  stirred  solution  of  6-(4-methoxybenzyloxy)hexanal 39 (1.00  g,  4.24  mmol)  and 

nitrosobenzene (0.379 g, 3.53 mmol) in DMSO (9 mL) was added L-proline (0.097 g, 0.84 

mmol, 20 mol %) in one portion at 25 °C. After 1 h, the temperature was lowered to 0 °C, 

followed by dilution with anhyd. MeOH (10 mL) and careful addition of excess NaBH4 

(0.643 g, 17.0 mmol). The reaction was quenched after 10 min by pouring the reaction 

mixture into a vigorously stirred biphasic solution of Et2O and aqueous HCl (1 M). The 

organic layer was separated, and the aqueous phase was extracted with EtOAc (3 x 20 mL). 

The combined organic phases were dried over anhyd Na2SO4, concentrated, and purified by 

column chromatography over silica gel using EtOAc/Pet. Ether (40:60) as eluent to give 

pure aminoxy alcohol 40.

Yield: 1.03 g, 71%

Mol. Formula: C20H27NO4

IR (CHCl3, cm-1): νmax 3304, 3028, 2979, 2358, 1714, 1600, 1494, 1454, 1029. 
1H NMR (200 MHz, CDCl3): δ 1.44-1.68 (m, 8H), 3.44-3.52 (m, 3H), 3.63-3.69 (m, 1H), 

3.83 (s, 3H), 3.93-4.00 (m, 1H), 4.46 (s, 2H), 6.88-6.93 (m, 2H), 6.98-7.04 (m, 2H), 7.22-

7.38 (m, 5H) ppm.
13C NMR (50 MHz, CDCl3): δ 22.4, 29.6, 29.7, 55.2, 65.0, 69.7, 72.5, 83.8, 113.7, 114.7, 

122.3, 122.8, 128.9, 129.2, 130.5, 148.4, 159.1 ppm.

Analysis Calcd.: C, 69.54; H, 7.88; N, 4.05; Found: C, 69.67; H, 7.71; N, 4.17% 

(R)-6-(4-Methoxybenzyloxy)hexane-1,2-diol (41):

The aminoxy alcohol 40 (1.00 g, 2.89 mmol) was dissolved in methanol (10 mL) and to the 

solution was added 10% Pd/C (0.050 g) and the reaction mixture was stirred in a hydrogen 

atmosphere (1 atm, balloon pressure) for 12 h. After completion of the reaction (monitored 

by TLC) the reaction mixture was filtered through a celite pad, concentrated, and the crude 

product was then purified by silica gel chromatography using EtOAc/Pet. ether (40:60) as 

eluent to give pure diol 41.

Yield: 0.625 g, 85%
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Mol. Formula: C14H22O4 

[α]D 
25 :  + 0.84 (c 0.5, CHCl3)

IR (CHCl3, cm-1): νmax 3412, 3018, 2938, 1612, 1513, 1248, 1215.
1H NMR (200 MHz, CDCl3): δ 1.33-1.56 (m, 6H), 2.81 (bs, 2H), 3.27-3.40 (m, 3H),  3.49-

3.56 (m, 1H), 3.59-3.63 (m, 1H), 3.72 (s, 3H), 4.35 (s, 2H), 6.80 (d, J = 8.70, 2H),    7.18 

(d, J = 8.70, 2H) ppm.
13C NMR (50 MHz, CDCl3): δ 22.1, 29.5, 32.7, 55.2, 66.5, 69.8, 72.0, 72.4, 113.7, 129.2, 

130.4, 159.1 ppm.

Analysis Calcd.: C, 66.12; H, 8.72%, Found: C, 66.02; H, 8.84%

(R)-2-(4-(4-Methoxybenzyloxy)butyl)oxirane (42):

To a mixture of diol  41  (0.21 g, 0.83 mmol), in dry dichloromethane (5 mL) was added 

dibutyltin  oxide  (0.004  g,  0.016  mmol)  followed  by  the  addition  of  p-toluenesulfonyl 

chloride (0.16 g,  0.83 mmol)  and triethylamine  (0.12 mL, 3.3 mmol) and reaction was 

stirred at  room temperature  under  nitrogen.  The reaction  was monitored  by TLC, after 

completion of reaction (15 min) the mixture was quenched by adding water. The solution 

was extracted with dichloromethane (3 x 10 ml) and then combined organic phase was 

washed with water, dried (Na2SO4) and concentrated. To this crude mixture in MeOH at 0 

°C was added K2CO3 ( 0.22 g, 1.56 mmol) and the resultant mixture was allowed to stir for 

1  h  at  same temp.  After  completion  of  reaction  as indicated  by TLC the reaction  was 

quenched  by  addition  of  ice  pieces  and  methanol  was  evaporated.  The  concentrated 

reaction mixture was then  extracted with ethyl acetate (3 x 20 mL), the combined organic 

layer  was  washed  with  brine,  dried  (Na2SO4)  and  concentrated.  The  column 

chromatography of crude product using pet ether:ethyl acetate (9:1) gave the epoxide 42 as 

a colorless liquid. 

Yield: 0.15 gm,  79%

Mol. Formula: C14H20O3 

[α]D 
25 :  + 4.18 (c 1.00, CHCl3)
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IR (CHCl3, cm-1): νmax  2934, 2858, 1612, 1586, 1513, 1463, 1248.
1H NMR (200 MHz, CDCl3): δ 1.52-1.67 (m, 6H), 2.45-2.49 (m, 1H), 2.73-2.77 (m, 1H), 

2.87-2.94 (m, 1H), 3.46 (t, J = 6.3 Hz, 2H), 3.81 (s, 3H), 4.44 (s, 2H), 6.88 (d, J = 8.7, 2H), 

7.27 (d, J = 8.7, 2H) ppm.
13C NMR (125 MHz, CDCl3): δ 22.6, 29.4, 32.2, 46.9, 52.1, 55.1, 69.7, 72.5, 113.7, 129.1, 

130.6, 159.1 ppm.

Analysis Calcd.: C, 71.16; H, 8.53%; Found: C, 71.04; H, 8.65%.

(R)-8-(4-Methoxybenzyloxy)oct-1-yn-4-ol (43): 

To a solution of epoxide 42 (0.5 g, 2.11 mmol) in DMSO (2 mL) at 0 °C was added lithium 

acetylide-EDA complex (0.29 g,  3.16 mmol) in one portion.  The reaction mixture was 

stirred at  0  °C for  30 min  and 12  h at  room temperature.  The excess  of  reagent  was 

quenched with 0.3 N H2SO4 and extracted with diethylether, washed with water,  brine, 

dried (Na2SO4) and concentrated. The residue was purified by silica gel chromatography by 

eluting with light petroleum: EtOAc (9:1) to afford the alkyne product  43  as a colorless 

liquid.

Yield: 0.46 g, 82%

Mol. Formula: C16H22O3

[α]D 
25 :  +1.07 (c 1.02, CHCl3)

IR (CHCl3, cm-1): νmax 3438, 3305, 3016, 2937, 2250, 1608, 1463, 1249.
1H NMR (200 MHz, CDCl3): δ 1.43-1.68 (m, 6H), 1.79 (bs, 1H), 2.06 (t, J = 2.6 Hz, 1H), 

2.33-2.42 (m, 2H), 3.46 (t, J = 6.3 Hz, 2H), 3.71-3.74 (m, 1H), 3.81 (s, 3H), 4.44 (s, 2H), 

6.88 (d, J = 8.7, 2H), 7.27 (d, J = 8.7, 2H) ppm.
13C NMR (125 MHz, CDCl3): δ 22.3, 27.3, 29.5, 35.9, 55.3, 69.8, 70.8, 72.6, 80.9, 113.8, 

129.2, 130.6, 131.5, 159.1 ppm.  

Analysis Calcd.: C, 73.25; H, 8.45%; Found: C, 73.38 H, 8.31%.
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(R)-8-(4-Methoxybenzyloxy)oct-1-en-4-ol (44):

To a solution of homopropargyl alcohol  43 (1.00 g, 3.81 mmol) in ethyl acetate (10 mL) 

was added Lindlar’s catalyst (0.08 g). The reaction mixture was stirred for 0.5 h under a 

balloon  of  H2 at  room temperature  and  filtered  through  a  celite  pad.  The  filtrate  was 

concentrated  and  the  residue  was  purified  by  silica  gel  column  chromatography  using 

petroleum ether/EtOAc (9:1) as eluent to give 44 (0.90 g, 90%) as a pale yellow oil.

Yield: 0.90 g, 90%

Mol. Formula: C16H24O3 

[α]D 
25 :  + 3.60 (c 1.35, CHCl3)

IR (CHCl3, cm-1): νmax 3464, 2983, 1614, 1587, 1514, 1447, 1373, 1098.
1H NMR (200 MHz, CDCl3): δ 1.32-1.43 (m, 5H), 1.52-1.59 (m, 2H), 2.01-2.24 (m, 2H), 

3.37 (t, J = 2.6 Hz, 2H), 3.48-3.61 (m, 1H), 3.72 (s, 3H), 4.35 (s, 2H), 5.00-5.02 (m, 1H), 

5.06-5.10 (m, 1H), 5.64-6.85 (m, 1H), 6.78 (d, J = 8.7, 2H), 7.18 (d, J = 8.7, 2H)  ppm.
13C NMR (50 MHz, CDCl3):  δ 22.1, 29.4, 36.2, 41.7, 54.8, 69.7, 70.3, 70.9, 72.2, 113.5, 

117.3, 129.0, 134.8, 158.8 ppm.

Analysis Calcd.: C, 72.69; H, 9.15%; Found: C, 72.80; H, 9.29%.

(S)-1-((5-Azidooct-7-enyloxy)methyl)-4-methoxybenzene (45)

To  an  ice-cold  stirred  solution  of  homoallyl  alcohol  44 (1.0  g,  3.78  mmol)  and 

triethylamine  (0.95 mL,  6.8 mmol)  in  anhydrous  CH2Cl2 (75 mL)  was added dropwise 

methanesulfonyl chloride (0.32 mL, 4.16 mmol) over 15 min. The resulting mixture was 

allowed to warm up to room temperature and stirred for 2 h. After diluting with 100 mL 

CH2Cl2, the solution was washed with water (3 x 50 mL), brine, dried over Na2SO4 and 

concentrated to give the crude mesylated product. This was used for the next step without 

further purification. To a solution of above mesylated product in dry DMF (15 mL) was 

added portionwise NaN3 (1.47 g, 22.69 mmol) and the resulting suspension was stirred for 

24 h at 45 °C. After cooling the orange solution to room temperature, Et2O (50 mL) and 
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H2O (50 mL) were added and the aqueous layer was extracted with Et2O (3 x 40 mL). The 

combined  organic  layers  were  dried  over  Na2SO4 and  the  solvent  was  removed  under 

reduced pressure. Silica gel column chromatography of the crude product using petroleum 

ether gave azide 45 as a yellowish liquid.

Yield: 0.74 g, 68%

Mol. Formula: C16H23N3O2 

[α]D 
25 :  - 21.41 (c 1.25, CHCl3) 

IR (CHCl3, cm-1): νmax 2931, 2253, 2104, 1607, 1512, 1465, 1258. 
1H NMR (200 MHz, CDCl3): δ 1.48-1.66 (m, 6H), 2.27-2.34 (m, 2H), 3.31-3.36 (m, 1H), 

3.46 (t, J = 6.2 Hz, 2H), 3.81 (s, 3H), 4.44 (s, 2H), 5.10-5.12 (m, 1H), 5.15-5.21 (m, 1H), 

5.72-5.92 (m, 1H), 6.89 (d, J = 8.70, 2H), 7.27 (d, J = 8.70, 2H)  ppm.
13C NMR (125 MHz, CDCl3): δ 22.8, 29.4, 33.7, 38.7, 55.2, 62.2, 69.7, 72.5, 113.7, 118.0, 

129.2, 130.6, 133.9, 159.1 ppm.

Analysis Calcd: C, 66.41; H, 8.01; N, 14.52%; Found: C, 66.56; H, 8.17; N, 14.65%.

(R)-tert-Butyl 8-hydroxyoctan-4-ylcarbamate (46):

To a solution of azide 45 (0.80 gm, 2.76 mmol) in ethyl acetate (8 mL) was added 10% Pd/

C (0.05 gm) and Boc2O (0.7 mL, 3.04 mmol).  The resulting solution was stirred under 

hydrogen atmosphere for 12 h at room temperature until disappearance of the azido alcohol 

as monitored by TLC. The reaction mixture was filtered through a celite pad to remove the 

catalyst and the filtrate was concentrated in vacuo. To a crude solution of above ester (0.96 

g, 2.61 mmol) in CH2Cl2 (9.5 mL) and water (0.5 mL) was added 2,3-dichloro-5,6-dicyano 

benzoquinone (DDQ) (0.66 g, 2.88 mmol). Reaction mixture was stirred at rt for 30 min. 

After completion (monitored by TLC), the reaction mixture quenched by addition of ice 

cooled aq. solution of NaHCO3 and reaction mixture was extracted with CH2Cl2 (3 x 20 

mL). The combined organic layer was washed with saturated sodium bicarbonate solution 

followed by brine, dried (Na2SO4) and concentrated to afford the crude product. Silica gel 

column chromatography of the crude product using petroleum ether/EtOAc (8:2) as eluent 

gave compound 46 as a oily liquid.
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Yield: 0.542 g, 80%

Mol. Formula: C13H27NO3

[α]D 
25 :  + 4.32 (c 1.72, CHCl3)

IR (CHCl3, cm-1): νmax 3464, 2984, 2256, 1740, 1518, 1478, 1465, 1243.
1H NMR (200 MHz, CDCl3): δ 0.88-0.99 (m, 3H), 1.25-1.35 (m, 4H), 1.43 (s, 9H), 1.52-

1.79 (m, 4H), 1.94-2.04 (m, 2H), 2.26-2.44 (m, 1H), 3.63 (t, J = 6.4 Hz, 2H), 4.30 (t, J = 

6.7 Hz, 1H) ppm.
13C NMR (100 MHz, CDCl3):  δ 13.7, 14.0, 19.1, 22.0, 27.4, 28.4, 30.5, 32.5, 35.4, 38.0, 

62.7, 65.5, 167.7 ppm.

Analysis Calcd.: C, 63.64; H, 11.09; N, 5.71%; Found: C, 63.80; H, 11.21; N, 5.58%.

(R)-5-(tert-Butoxycarbonylamino)octyl methanesulfonate(47): 

To an ice-cold stirred solution of  46 (0.3 g, 1.22 mmol) and triethylamine (0.31 mL, 2.2 

mmol) in anhydrous CH2Cl2 (7 mL) was added dropwise methanesulfonyl chloride (0.10 

mL, 1.34 mmol)  over 15 min.  The resulting mixture was allowed to warm up to room 

temperature and stirred for 2 h. After diluting with 15 mL CH2Cl2, the solution was washed 

with  water  (3  x  25 mL),  brine,  dried  over  Na2SO4 and  concentrated  to  give the  crude 

mesylated product. Silica gel column chromatography of the crude product using petroleum 

ether/EtOAc (8:2) as eluent gave compound 47 as a oily liquid.

Yield: 0.34 g, 85% 

Mol. Formula: C14H29NO5S 

[α]D 
25 :  + 2.80 (c 1.16, CHCl3)

IR (CHCl3, cm-1): νmax 2985, 1742, 1464, 1447, 1373, 1242, 1047.  
1H NMR (200 MHz, CDCl3): δ 0.90 (t, J = 6.7 Hz, 3H), 1.32-1.43 (m, 18H), 1.68-1.85 (m, 

2H), 3.00 (s, 3H), 3.53 (bs, 1H), 4.22 (t, J = 6.5 Hz, 2H) ppm.
13C NMR  (50 MHz, CDCl3):  δ 13.8, 18.9, 21.7, 28.2, 28.8, 34.8, 37.1, 37.6, 49.9, 69.9, 

78.7, 155.7 ppm. 

Analysis Calcd.: C, 51.99; H, 9.04; N, 4.33; S, 9.91%; Found: C, 52.11; H, 9.11; N, 4.21; 

S, 9.79%
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(R)-(-)-Coniine (1):

N
H.HCl

To a solution of mesyl ester  47 (0.10 g, 0.31 mmol)  in DMF cooled to 0 °C was added 

NaH (0.01 g, 60% dispersion in oil). On completion of reaction as indicated by TLC (3h) 

the  reaction mixture  was cooled to  0  °C,  quenched by addition of  ice pieces,  and the 

reaction mixture was extracted with ethyl acetate (3 x 10 mL). The combined organic layer 

was  washed  with  water,  brine,  and  dried  (Na2SO4).  Silica  gel  column chromatography 

(EtOAc: Pet.ether/ 9:1) furnished the compound as a colorless liquid.  

To the above product (0.05 gm, 0.22 mmol) in dry CH2Cl2 (2 mL) was added methanolic 

HCl (2 mL) in catalytic amount. The reaction mixture was stirred at room temperature for 2 

h and then saturated aq. NaHCO3 added and extracted with dichloromethane (3 x 5 mL). 

The combined organic layer was washed with brine, dried over Na2SO4 and concentrated. 

The crude product was purified by silica gel column chromatography using CH3OH/CH2Cl2 

(1:10) as eluent to give 1 as solid compound. The physical and spectroscopic data of 1 were 

in full agreement with the literature data.13

Yield: 0.032 g, 90% 

Mol. Formula: C8H17N

[α]D 
25 :  - 8.64 (c 0.25, EtOH), {Lit13 {[α]D 

25: -7.3 (c 0.33, EtOH)}

IR (CHCl3, cm-1): νmax 3020, 2962, 1215.  
1H NMR (200 MHz, CDCl3): δ 0.96 (t, J = 7.0 Hz, 3H), 1.46 (bs, 4H), 1.93 (bs, 5H), 2.85-

2.92 (m, 2H), 3.45-3.50 (m, 1H), 9.14-9.39 (m, 2H)  ppm.
13C NMR (125 MHz, CDCl3): δ 13.8, 18.7, 22.3, 22.4, 28.2, 35.4, 45.0, 57.3 ppm. 

MS (ESI): m/z   128.2709 (M++H)

Analysis Calcd.: C, 75.52; H, 13.47; N, 11.01%; Found: C, 75.65; H, 13.34; N, 11.15%.

(S)-Benzyl 8-(4-methoxybenzyloxy)oct-1-en-4-ylcarbamate (48):
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To a solution of azide  45 (2.0 g, 6.91 mmol) in THF (30 ml)/ water (4.5 ml) was added 

PPh3 (2.71 g, 10.36 mmol) and mixture was stirred at  room temperature for 12 h. The 

mixture was concentrated and then 1,4-dioxane (25 mL)/ water (25 mL) and Na2CO3 (1.60 

g, 15.20 mmol) were added and stirred for another 10 min at 0 °C. To this ice cold solution, 

benzyl chloroformate (1.28 mL, 8.98 mmol) was added and mixture stirred overnight at 0 

°C to room temperature. The solvent was evaporated at reduced pressure and extracted with 

EtOAc (3 x 25 mL).  The combined organic layer was washed with brine, water, dried 

(Na2SO4)  and concentrated.  Silica gel  column chromatography (EtOAc/petroleum ether, 

1:19) of the crude product gave compound 48 as a white solid.

Yield: 2.47 g, 90%

Mol. Formula: C24H31NO4 

[α]D 
25 :  - 5.22 (c 1.8, CHCl3)

IR (CHCl3, cm-1): νmax  3438, 3019, 2928, 1716, 1510, 1215.
1H NMR (200 MHz, CDCl3): δ 1.43-1.53 (m, 4H), 1.54-1.64 (m, 2H), 1.94 (bs, 1H), 2.21-

2.30 (m, 1H), 3.46 (t, J = 6.3 Hz, 2H), 3.65-3.74 (m, 1H), 3.83 (s, 3H), 4.45 (s, 2H), 4.53-

4.65 (m, 1H), 5.06-5.12 (m, 4H), 5.69-5.89 (m, 1H),  6.91 (d,  J = 8.70, 2H), 7.30 (d,  J = 

8.70, 2H), 7.35-7.41 (m, 5H) ppm.
13C NMR (100 MHz, CDCl3): δ 22.5, 29.4, 34.2, 39.3, 50.5, 55.1, 69.6, 72.3, 113.6, 117.6, 

127.8, 128.3, 129.1, 130.5, 134.1, 136.6, 155.9, 159.0 ppm.

Analysis Calcd.: C, 72.52; H, 7.86; N, 3.52%; Found: C, 72.39; H, 7.98; N, 3.61%.

(S)-Benzyl 1-hydroxy-8-(4-methoxybenzyloxy)octan-4-ylcarbamate (49):

PMBO

NHCbz

OH

To a solution of olefin  48 (0.54 g, 1.36 mmol) in dry THF (10 mL) at 0 °C under argon 

atmosphere was added BH3.DMS (0.207 g, 2.04 mmol,  2 M solution in THF) and the 

reaction mixture was allowed to warm to room temperature and stirred for 3 h. The reaction 

flask was cooled to 0 °C and then a solution of NaOH (0.108 g, 2.72 mmol) in EtOH/H2O 

(2:1, 10 mL), followed by H2O2 (0.5 mL, 4.08 mmol, 30% w/v solution in water) were 

added drop wise over 15 min. It was then allowed to stir at room temperature for 6 h. The 

product was taken up in EtOAc and the aqueous layer extracted with EtOAc (3 x 15 mL). 

The  combined  organic  layer  was washed  with  brine,  water,  dried  (Na2SO4)  and 
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concentrated. Silica gel column chromatography ( EtOAc/petroleum ether, 4:6) of the crude 

product gave alcohol 49 as a colourless liquid.

Yield: 0.49 g, 86%

Mol. Formula: C24H33NO5

IR (CHCl3, cm-1): νmax 3318, 3019, 2922, 1685, 1540, 1463, 1377, 1216, 1030.
1H NMR (200 MHz, CDCl3): δ 1.42-1.46 (m, 4H), 1.54-1.60 (m, 6H), 1.90 (bs, 2H), 3.42 

(t, J = 6.3 Hz, 2H), 3.64 (t, J = 5.5 Hz, 3H), 3.80 (s, 3H), 4.42 (s, 2H), 5.09 (s, 2H), 6.89 (d, 

J = 8.70, 2H), 7.27 (d, J = 8.70, 2H), 7.33-7.36 (m, 5H) ppm.
13C NMR (100 MHz, CDCl3):  δ 22.4, 28.6, 29.4, 31.6, 35.0, 50.9, 55.1, 62.2, 66.4, 69.7, 

72.3, 113.6, 127.8, 128.3, 129.2, 130.4, 136.5, 156.3, 159.0 ppm.

Analysis Calcd.: C, 69.37; H, 8.00; N, 3.37; Found: C, 69.51; H, 8.15; N, 3.19%.

MS (ESI): m/z  438.2811 (M++Na)

(S)-Benzyl 1,8-dihydroxyoctan-4-ylcarbamate (50):

To a solution of above hydroxy amine  49 (0.23 g, 0.603 mmol) in CH2Cl2 (9.5 mL) and 

water (0.5 mL) was added 2,3-dichloro-5,6-dicyano benzoquinone (DDQ) (0.15 g,  0.66 

mmol).  Reaction mixture  was stirred at  rt  for 30 min.  After  completion (monitored by 

TLC), the reaction mixture was extracted with ethyl acetate (3 x 20 mL). The combined 

organic fraction was washed with saturated sodium bicarbonate solution followed by brine, 

dried  (Na2SO4)  and  concentrated  to  afford  the  crude  product.  Silica  gel  column 

chromatography of the crude product using petroleum ether/EtOAc (6:4) as eluent gave 

compound 50 as an oily liquid.

Yield: 0.14 g, 86%

Mol. Formula: C16H25NO4

[α]D 
25 :  +2.53 (c 0.32, CHCl3) 

IR (CHCl3, cm-1): νmax 3300, 3087, 2858, 1740, 1603, 1495, 1454, 1256, 1216, 1030. 
1H NMR (400 MHz, CDCl3): δ 1.39-1.59 (m, 10H), 2.58 (bs, 2H), 3.57-3.63 (m, 4H), 3.81-

3.85 (m, 1H), 4.77-4.85 (bs, 1H), 5.08 (s, 2H), 7.34 (m, 5H) ppm.
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13C NMR (100 MHz, CDCl3): δ 22.0, 28.7, 31.8, 32.3, 35.2, 51.0, 62.3, 62.4, 66.3, 128.0, 

128.1, 128.5, 136.6, 156.6 ppm.

Analysis Calcd.: C , 65.06; H, 8.53; N, 4.74; Found: C, 65.19; H, 8.41; N, 4.88%.

MS (ESI): m/z 296.2657 (M++H), 318.2326 (M++Na).

(S)-4-(Benzyloxycarbonylamino)octane-1,8-diyl dimethanesulfonate (51):

To an ice-cold stirred solution of diol  50 (0.5 g, 1.69 mmol) and triethylamine (0.94 mL, 

6.8 mmol) in anhydrous CH2Cl2 (10 mL) was added dropwise methanesulfonyl chloride 

(0.31 mL, 4.06 mmol) over 15 min. The resulting mixture was allowed to warm up to room 

temperature and stirred for 2 h. After diluting with 25 mL CH2Cl2, the solution was washed 

with  water  (3  x  15 mL),  brine,  dried  over  Na2SO4 and  concentrated  to  give the  crude 

mesylated product. Silica gel column chromatography of the crude product using petroleum 

ether/EtOAc (7:3) as eluent gave compound 51 as an oily liquid.

Yield: 0.64 g, 84%

Mol. Formula: C18H29NO8S2 

[α]D 
25 :  + 0.82 (c 1.0, CHCl3)

IR (CHCl3, cm-1): νmax 3022, 2933, 2360, 1710, 1512, 1355, 1217. 
1H NMR (200 MHz, CDCl3): δ 1.39-1.54 (m, 5H), 1.67-1.86 (m, 5H), 2.77-2.89 (m, 1H), 

2.99 (s, 6H), 4.10-4.27 (m, 4H), 4.60-4.70 (m, 1H), 5.09 (s, 2H), 7.35 (m, 5H),             ppm.
13C NMR (50 MHz, CDCl3):  δ 21.8, 25.7, 28.7, 31.5, 34.9, 37.3, 50.4, 66.7, 69.6, 128.0, 

128.2, 128.5, 136.4  ppm.

Analysis Calcd.:  C, 47.88; H, 6.47; N, 3.10; S, 14.20%;  Found: C, 47.98; H, 6.31; N, 

3.23; S, 14.31%.

(S)-(+)-Coniceine (2):

N

H
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To the above mesylated  product  51 (0.05 g,  0.11 mmol)  in EtOAc (5 mL)  was added 

Pd(OH)2 (0.015 g) and reaction mixture was stirred under hydrogenation condition for 12 

h, until disappearance of the mesyl compound as monitored by TLC. The reaction mixture 

was filtered through a celite pad to remove the catalyst and the filtrate was concentrated in 

vacuo. Silica gel column chromatography using CH3OH/CH2Cl2 (1:10) as eluent gave 2 as 

solid compound. The physical and spectroscopic data of 2 were in full agreement with the 

literature data.

Yield: 0.011 g, 80%

Mol. Formula: C8H15N 

[α]D 
25 :  + 9.5 (c 1.1, EtOH), {Lit13 {[α]D 

25: +10.2 (c 1.76, EtOH)}

IR (CHCl3, cm-1): νmax 2952, 2920, 1461, 1454, 1320,1255, 1096.
1H NMR (200 MHz, CDCl3): δ 1.12-1.87 (m, 11 H), 1.95 (dt, J =  3.6,11.2 Hz, 1H), 2.07 

(q, J =  9.0 Hz, 1H), 3.02-3.12 (m, 2H) ppm.
13C NMR (100 MHz, CDCl3): δ 20.5, 24.5, 25.4, 30.4, 31.0, 53.0, 54.2, 64.3 ppm.

Analysis Calcd.: C, 76.74; H, 12.07; N, 11.19%; Found: C, 76.91; H, 12.25; N, 11.01%.

(R)-Ethyl 4-hydroxy-8-(4-methoxybenzyloxy)octanoate (52) :

To  a  solution  of  6-(4-methoxybenzyloxy)hexanal 39 (2.0  g,  8.57  mmol)  and  nitroso 

benzene (0.92 g, 8.57 mmol) in anhydrous DMSO (18 mL) was added  L-proline (0.40g, 

3.42 mmol) at 20 °C. The mixture was vigorously stirred for 25 min under argon (the color 

of  the  reaction  changed  from green  to  yellow during  this  time),  then  cooled  to  0  °C. 

Thereafter, A premixed and cooled (0 °C) solution of triethylphosphonoacetate (5.12 mL, 

25.7 mmol), DBU (3.83 mL, 25.7 mmol) and LiCl (1.09 g, 25.7 mmol) in CH3CN (18 mL) 

was added quickly (1-2 min) at 0 °C. The resulting mixture was allowed to warm to room 

temperature  over  1  h,  and  quenched  by  addition  of  ice  pieces.  The  acetonitrile  was 

evaporated under vacuum. This reaction mixture then poured into water (50 mL) and was 

extracted with Et2O (5×100 mL). The combined organic layers were washed with water, 

brine, dried (Na2SO4) and concentrated in vacuo to give crude product which was directly 
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subjected to next step without purification. To the crude allylic alcohol in ethyl acetate was 

added Pd-C (10%) under hydrogenation condition and the reaction mixture was allowed to 

stir  overnight.  On completion of reaction (until  1H NMR analysis  of the crude mixture 

indicated  complete  conversion),  the  mixture  was  filtered  through  a  pad  of  celite  and 

concentrated in  vacuo to give  γ-alcohol.  The crude product  was then purified by flash 

column chromatography using pet  ether:  EtOAc (85:15)  as  eluent  to  give  (R)-ethyl  4-

hydroxy-8-(4-methoxybenzyloxy)octanoate 52 as a colorless liquid.

Yield: 1.78 g, 65%

Mol. Formula: C18H28O5 

IR (CHCl3, cm-1): νmax 3452, 2928, 1731, 1613, 1586, 1462, 1248, 1097.
1H NMR (200 MHz, CDCl3): δ 1.29 (t, J = 7.0 Hz, 3H), 1.37-1.51 (m, 4H), 1.54-1.78 (m, 

4H), 2.33-2.56 (m, 2H), 3.48 (t, J = 6.3 Hz, 2H), 3.62-3.69 (m, 1H), 3.84 (s, 3H), 4.18 (q, J 

= 7.0 Hz, 2H), 4.46 (s, 2H), 6.91 (d, J = 8.70, 2H), 7.29 (d, J = 8.70, 2H) ppm.

Analysis Calcd.: C, 66.64; H, 8.70%; Found: C, 66.52; H, 8.86%.

MS (ESI): m/z   325.3509 (M++H), 347.3415 (M++Na), 363.3388, (M++K).

(S)-Ethyl 4-azido-8-(4-methoxybenzyloxy)octanoate (53) : 

To an ice-cold stirred solution of 52 (1.0 g, 3.08 mmol) and triethylamine (0.86 mL, 6.16 

mmol) in anhydrous CH2Cl2 (10 mL) was added dropwise methanesulfonyl chloride (0.27 

mL,  3.4 mmol)  over  15 min.  The resulting  mixture  was allowed to  warm up to  room 

temperature and stirred for 2 h. After diluting with 15 mL CH2Cl2, the solution was washed 

with  water  (3  x  50 mL),  brine,  dried  over  Na2SO4 and  concentrated  to  give the  crude 

mesylated product. This was used for the next step without further purification. 

To a solution of above mesylated product in dry DMF (10 mL) was added portion 

wise NaN3 (1.20 g, 18.5 mmol) and the resulting suspension was stirred for 24 h at 45 °C. 

After cooling the orange solution to room temperature, Et2O (25 mL) and H2O (25 mL) 

were added and the aqueous layer was extracted with Et2O (3 x 20 mL). The combined 

organic layer was dried over Na2SO4 and the solvent was removed under reduced pressure. 
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Silica gel column chromatography (petroleum ether:  EtOAc/ 95:5) of the crude product 

gave azide 53 as a yellowish liquid.

Yield: 0.76 g, 71%

Mol. Formula: C18H27N3O4

[α]D 
25 :  + 10.37 (c 1.54, CHCl3)

IR (CHCl3, cm-1): νmax 2937, 2860, 2099, 1732, 1613, 1586, 1462, 1247, 1098.
1H NMR (200 MHz, CDCl3): δ 1.29 (t, J = 7.2 Hz, 3H),  1.55-1.81 (m, 8H), 2.39-2.49 (m, 

2H), 3.29-3.38 (m, 1H), 3.48 (t, J = 6.0 Hz, 2H), 3.83 (s, 3H), 4.19 (q, J = 7.2 Hz, 2H), 4.46 

(s, 2H), 6.91 (d, J = 8.7, 2H), 7.29 (d, J = 8.7, 2H) ppm.
13C NMR  (50 MHz, CDCl3):  δ 14.0, 22.7, 29.3, 30.7, 34.0, 55.1, 60.4, 62.0, 69.5, 72.4, 

113.6, 129.1, 130.4, 159.0, 172.8  ppm.

Analysis Calcd.: C, 61.87; H, 7.79; N, 12.03%; Found: C, 61.65; H, 7.63; N, 12.17%.

MS (ESI): m/z   372.3995 (M++Na), 387.3571 (M++K)

(R)-5-(4-(4-Methoxybenzyloxy)butyl)dihydrofuran-2(3H)-one (54) :

Yield: 0.21 g, 25%

Mol. Formula: C16H22O4

[α]D 
25 :  + 9.58 (c 1.24, CHCl3)

IR (CHCl3, cm-1): νmax 2938, 2863, 2253, 1768, 1612, 1513, 1460, 1356, 1248, 1035.
1H NMR (200 MHz, CDCl3): δ 1.26-1.38 (m, 2H), 1.56-1.83 (m, 6H), 2.39-2.60 (m, 2H), 

3.48 (t,  J = 6.1 Hz, 2H), 3.84 (s, 3H), 4.11-4.23 (m, 1H), 4.46 (s, 2H), 6.91 (d, J = 8.70, 

2H), 7.29 (d, J = 8.70, 2H)   ppm.
13C NMR (100 MHz, CDCl3): δ 21.8, 27.7, 28.6, 29.2, 35.1, 55.0, 66.4, 72.3, 80.7, 113.5, 

129.0, 130.3, 158.9, 177.1  ppm.

Analysis Calcd.: C, 69.04; H, 7.97%; Found: C, 69.21; H, 8.07%.

MS (ESI): m/z  301.3093 (M++Na), 317.3053 (M++K)

4.2.7. Spectras
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