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ABSTRACT

The thess entitied “ Asymmetric Functionalization of a-Keto Carboxylic
Acids’ isdivided into five chepters.

CHAPTER |
Asymmetric Synthesisof a-H, a-Hydroxy Carboxylic Acids:

Enantiomericdly pure a -H, a-hydroxy carboxylic acids are an important class
of organic compounds because of their use as building blocks for the asymmetric
gynthesis of naturad products and biologicdly active molecules. The objective of this
investigation was to develop a new route to a-H, a-hydroxy carboxylic acids by
asymmetric functiondization of a -keto carboxylic acids usng 1R,2S-ephedrine as a
chira controller.

The diastereomericaly pure hemiacetds 1a-d which are reedily available from
the acylation of 1R, 2S-ephedrine hydrochloride with diphatic a -keto acid chlorides
served as garting materids for this study. Acid catalyzed dehydration of 1a-d affords
the akylidene morpholinones 2a-d in 25-98 % yield (Scheme 1).

Scheme 1.
CH
CHs CHj HaC 3 oh
H Ph H Ph + 3
BC:’}‘/H/ RCOCOCI 3C\N/H/ H' CH,Cl, N )
H e . _—
H  OH EtsN, DMAP O)Yo (25-98%) O)I
(1R, 2S)-Ephedrine R OH R -
hydrochloride
la 1b 1c 1d 2a 2b 2c 2d
R Me Et Pr iPr RRH H H Me

R H Me Et Me

The akylidene morpholinones 2b and 2c have been assigned the Z geometry
by comparison of 'H NMR of 2b with the E isomer obtained by irradiation of 2b a
254 nm. Hydrogenation of 2a-d (H,, Pd/C, 50 ps) generates 3a-d as sngle
diastereomersin quantitative yield (Scheme 2).
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Scheme 2.

CHj CH,

H Ph H Ph
SC\J\/ H,, Pd/C 3C\ngs\6(
o O (95-99%) o)v%(o
R H
R

R"

2a 2b 2c 2d iﬂa ?é? Ific _BF?
R HH H Me R Me r iPr

R" H Me Et Me

The stereochemisiry of the new Stereocenter in 3 isassigned as ‘S by NOE
measurementson 3d which indicate a dis relaionship of the hydrogens a C2, C5 and
C6 in the morpholinone ring and by anology in the *H NMR spectrum of 3a-d.
Dissolving metd reduction (Na/NH,, 20 sec.) of morpholinones 3 yiddsthe a - hydroxy
amides 4 (50-69%). Hydrolysis of 4b-d (1M H,SO,, reflux) generates the a - hydroxy
acids 5b-d (Scheme 3, 72-88% yidld, 92-96% ee by *H NMR or HPLC andysis of
Mosher derivetives of the methyl esters) with ‘S configuration which confirms the
stereochemistry of 3.

Scheme 3.
CHs
OH
H3C\MH/Ph Nalig NHs  3NH 1M H,S0, )}/OH
> >
O)Yo (50-69%) o))__/OH (72-88%) 0 7
R H R H
3a 3b 3c 3d 4a 4b 4c 4d 5b 5c 5d
R Me Et Pr iPr R Me Et Pr iPr R Et Pr iPi

The overdl converson of the hemiacetds 1 to the a-H, a-hydroxy acids 5
condtitutes a new gpproach to these important molecules that involves asymmetric

functiondization of readily availablea -keto carboxylic acids as the key step.

CHAPTER 11
Asymmetric Synthesisof a -Hydroxycyclopr opanecar boxylic Acids:

a - Hydroxycyclopropanecarboxylic acids congtitute a unique class of hydroxy
acids due not only to their structurd novety but also their gpplications in the synthesis
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of five and Sx membered ring systems, as enzyme inhibitors, and as components of
fungicides and agriculturd microbicides. The objective of this investigation was to
develop a new route to these molecules by asymmetric functioandization of a-keto
carboxylic acidsusing 1R,2S-ephedrine as a chira controller.

The dkylidene morpholinones 2b-d served as sarting materids for this study.
Initid studies were conducted on acrylamide 2b. Smmons- Smith cyclopropanation of
2b employing Zn-Cu/CH, |, in refluxing DME afforded the cyclopropyl morpholinone
6b in 62% yield as a4/l mixture of diastereomers (Scheme 4). Lower reaction
temperatures are beneficid and cyclopropanation with the Et,Zn/CH, |, derived reagent
at ambient temperature generates 6b with 16/1 diastereosdectivity.

Scheme 4.

CH3 CHs CHj

HsC Ph HaC Ph HsC Ph
3 ‘N/'\/ Et,Zn/CHoly  ° \N/H/ Zn-Cu/ CHol, 3 ‘N/'\/
- _ >
O)E(O (56-82%) O)IO (58-69%) O)E(O
. . R R

R R R’ R
6b 6c 6d 2b 2¢ 2d 6b 6c 6d
. . R H H Me

R H H Me RH H Me '

R" Me Et Me R" Me Et Me R* Me Et Me

ds=16-19/1 ds=4-15/1

The absolute configuration of the mgjor diastereomer in 6b was determined by
conversion of 6b to the known a-hydroxycyclopropanecarboxylic acid 8b. Dissolving
metal reduction of 6b (Nalig. NH; in THF) generates the hydroxy amide 7b (74%).
Hydrolysis of the amide was achieved by protection of the free hydroxyl group as a
benzyl ether (NaH, PhCH,Br, 63%) followed by treatment with KOH in ethylene
glycal (120 °C, 87%). Debenzylation by hydrogenolysis (1 am. H, Pd/C, 93%)
afforded 8b with the 1S,2R configuraion (Scheme 5) in an overdl yidd of 51% from
7b.



Scheme 5.
CHs -
HsCo Ph NH _ OH
Na/lig. NH 3 o H i) NaH, PhCH»Br 5 OH
0 EE— >
0”3 THF i) KOH,
p - (74-90%) R R+ ethylene glycol R R"
R i) Ha, Pd /C 1S,2R major
(51-60% overall)
6b 6c 6d 7 7c Td 8b 8c &d
R H H Me R H H Me R H H Me
R" Me Et Me R" Me Et Me R" Me Et Me

Acrylamides 2¢ and 2d were dso readily cyclopropanated with good
sereosd ectivity employing the the Et,Zn/CH,l , derived reagent to give morpholinones
6¢c (19/1) and 6d (19/1) respectively. The cyclopropyl morpholinones 6¢,d (obtained
from the Zn-Cu/CH, I, cyclopropanation) were converted to the free hydroxy acids 8c
and 8d via the hydroxy amides 7c,d as described for 6b. The configuration of 8c
(1S,2R) and 8d (1S) isassgned by andogy to 8b.

The above reaction sequence congtitutes a new, stereoselective route to a-
hydroxycyclopropanecarboxylic acids.

CHAPTER 111
Asymmetric Synthesisof a -Alkyl-a -Hydroxy-g-Butyrolactones:
Enantiomericadly pure  a-akyl-a -hydroxy-g butyrolactones  with  akyl
subgtituents in the ring are an important class of compounds due to their utility as
intermediates and as chira building blocks for the synthesis of naturd products and
biologicaly active molecules. The objective of this investigation was to develop a new
route to these lactones by asymmetric functiondization of a-keto carboxylic acids.
Hemiacetds 1a-d (Chepter 1) can be readily converted to the
disstereomericdly pure dlyl morpholinones 9a-d by reaction  with
dlyltrimethylslane/TiCl, (Scheme 6). Oxidative cleavage of the dlylic double bond in
9a-d with Os0,/NalO, cleanly generates the aldehydes 10a-d (83-95% yidld). These
are quantitatively converted to the corresponding alcohols 11a-d by reduction with
NaBH, in ethanol. Converson of 11 to the ethoxyethyl ether followed by dissolving
metal reduction generated the a -hydroxy amides 12a-d in
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58-65% yield over two steps (Scheme 6).

Scheme 6.

CHs CHs CHs

. HsC. Ph H3C_ Ph
H3C\N)\(Ph " SiMes 3 \NJ\/ 050, /NalO 4 3 N)\r
— " > -

O)Yo TiCl4 / CH,Cl, O)YO (83-95%) O)YO

R OH R R
1a 1b 1c 1d 9a 9 9c od 10a 10b 10c 10d
R Me Et Pr iPr R Me Et Pr iPr R Me Et Pr iPr
NaBH4 / EtOH
(>95%)
e CHs
30 1.Ethyl vinyl ether /
NH ChCCOOH HsC_ )\(Ph
)v/OH J < fe)
0" I 2.Na/LigNH3, -7 C 0%
R “
H (58-65%) R
5a-d OH
12a 12b 12c 12d 1la 11b 11c 1id
R Me Et Pr iPr R Me Et Pr iPr

Conversion of the a - hydroxy amides 12 to the target lactones 13 was achieved
by unmasking of the primary acohol in 12 by treatment with 3M H,SO,/THF which
proceeds with concorritant lactonization to generate the desired a -akyl-a - hydroxy-g
butyrolactones 13a-d in 82-91% yidd (Scheme 7).

Scheme 7.
HBC\NH 0
OH J 3M H,S0, / THE o -.R
0 AN 0°C - rt, 12-15h 'OH
R H (82-91%)
12a 12b 12c¢ 12d 13a 13b 13c 13d
R Me Et Pr iPr R Me Et Pr iPr
ee >95%

The ovedl converson of the dlyl morpholinones 9 to the lactones 13
congtitutes a new gpproach to these important intermediates

CHAPTER IV

Enantioselective Synthesis of S-(+)-Pantolctone:
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An enattiosdective synthess of S (+) pantoactone was developed.
Pantolactone is of interest due to its utility as a building block in the synthesis of naturd
products and their andogues, the biologica activity of derivativesand it's
goplication asachird auxiliary in asymmetric synthess.

The a-dkoxy acrylamide 2d served as a garting materia for the asymmetric
gynthess of (S)-(+)-pantolactone. The Prins reection of acrylamide 2d with
(CH,O)n/conc.H,S0, in CH,COOH (75-80°C/1h) gave the desired spiro bis-acetd
14 in 72% yidd as a sngle diastereomer. Reduction of 14 proceeds smoothly with
E,SH/TICl, (-78°C- rt/24h) to give the desired morpholinone 15 as a sngle
diastereomer in excdlent yield (Scheme 8).

Scheme 8.

CHs CH3 CHs
HaC Ph HsC Ph
3 N/'\( (CH:0)n / CHCOH _EtsSH/TiCl, 3 \N)\/

N ° 75-800C, 1h Tamcon O
(72%) (96%) H
HiC” “CHy )

OCH;
2d 15
ds=15/1 ds = >95/5

Dissolving metd reduction of 15 (Nallig. NH; in THF) generates the a-
hydroxy-g- methoxybutyramide 16 in 62% yield. Demethylation of 16 (BBry/CH,Cl,/-
78°C to-15°C) followed by concomitant acid catalyzed hydrolysis was achieved in one
pot to give the desired (S)-pantolactone 17 in 68% yield and 96% enantiomeric excess
(Scheme 9).

Scheme 9.
CHs
HSC\N)\rPh y OH 1. BBg/ CHxCl2 Q
1. Na/lig. N§/ THF y C/N\[H><\ o 78 to -1%C o OH
- ~ —_—
o> 2. Solid NHCI ¢ O 2. H,0 / -150C
(62%) o 3. H2S04 / -19Crt
OCHs 16 17
15 ee 96%

CHAPTER V
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Asymmetric Diazocarbonyl Insertion Reactions into Heteroatom-Hydrogen
Bonds:

The objective of this investigation was to develop a new approach to a -amino
acids by asymmetric N-H insertion reaction of a-diazoesters as the key step.
Asymmetric diazocarbonyl O-H insertion reactions were dso investigated
using Sc(OTf),; asanew insertion catalys.

The diazoester 18 was studied asamode compound for the intramolecular N-
H insertion reactions. When a benzene solution of 18 was heated in the presence of
Rh,(OAC), (1 mol%), 3-phenyl-4- benzyloxycarbonyl morpholin-2-one 19, the product
of intramolecular N-H insertion, was obtained in only 10% yield. Our search for
dternative cataysts led us to investigate the use of Sc(OTf)s. Remarkably, when
Sc(OTf)3 (1 mol%) was employed under identical conditions, 19 was obtained in 63
66% yield. The observation that no 19 isformed in the absence of any catayst confirms
the cataytic effect of Sc(OTf) 4 in the N-H insertion reaction. Hydrogenationof 19 in
methanol proceeds with concomitant methanolysis to generate the phenylglycine
derivative 20 (58%, unoptimized, Scheme 10).

Scheme 10
0
H Sc(OTfy O/\ H, Pd/C  OMe
Pha_ O~ _N_~ Ph ———=» O, ph —— "5 H
\ﬂ/ OJ\[( benzene A OZ\VN\“/ ~ methanol N on
o N2 63 - 66% Ph O 58% Ph
18 19 20

The overdl converson of 18to 20 constitutes a new approach to a -amino
acids, based on intramolecular N-H insartion that proceeds with the crestion of a
stereogenic center.

An asymmetric verson of the methodology was investigated using 21 asthe
Subgrate (ethanolamine in 18 replaced with 1R,2S-norephedring). Although
intramolecular NH insertion of the diazoester 21 could not be achieved with Sc(OTf),
(1 mal%) in refluxing benzene, the Rhy(OAC), catalyzed N-H insertion proceeds at
ambient temperature in dichloromethane to generate the morpholinone 22 in 46% yidd
and with 2.5/1 diastereosdlectivity (Scheme 11).
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Scheme 11.

CbZ\H/K/Ph Rhy(OAC), (1 mol%) CbZ\NJ\(Ph

N2 o) CH,Cly, RT (59%) 0
>—\( Ph
Ph

o] o]
21 22
ds =2.5/1

The asymmetric intermolecular O-H insertion reaction of chird diazoesters 21
and 23 with achird dcohols was dso examined. Reection of 21 and 23 with isopropyl
doohol and benzhydrol in the presence of Rh,(OAc), as wel as Sc(OTf); in
dichloromethane a ambient temperature generates the a-akoxy esters 24 in excdlent
yields but with low diastereosdectivity (ds = 1-1.5/1, Scheme 12).

Scheme 12.
1 1 3
R N2 Catalyst R OR
Cbz /k/o 3 (2-4 mol%) ¢y /'\/o
>N : %Ph + ROH ————» SN ; Ph
H i, CH.Cly, 1t H :,
RZ O R° O
24
21: R'= CHs, R = Ph
ds 1-15/1

23: R'= CH,Ph, R°= H

The asymmetric intermolecular O-H insertion reaction of the menthol derived

chiral diazoester 25 was dso examined. Reaction of 25 with isopropyl dcohal in the

presence of Sc(OTf); (1 mol%) in a variety of solvents a ambient temperature

generates the a -isopropoxy ester 26 in excellent yied but with low diastereosd ectivity
(ds=1.2/1, Scheme 13).

Scheme 13.

wiPr N Sc(OTH)3 (1 mol%) wipr aiPr
Me > Me
OTHkPh T%Ph

iPrOH, solvent, RT o
o) (90%)

O
0]
26
ds=1.2/1

25
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CHAPTERI

ASYMMETRIC SYNTHESS OF

a-H, a-HYDROXY CARBOXYLIC ACIDS
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1. INTRODUCTION

Enentiomericaly pure a-hydroxy acids are an important class of organic
compounds because of their use as building blocks for the asymmetric synthesis of
naturl products and biologicaly active molecules. They are of great vaue as
condtituents of antineoplastic agents,? components of stationary phases in chird
chromatographic columns® and potential precursors of chird vicind glycol systems
which gppear in many natural products. A recent development istheir use asingredients
of lotions and skin creams to increase derma moisture content and aso facilitate the
shedding of dead skin cdls? thereby benefiting wrinkled and damaged skin. The
sereosdective synthess of a-hydroxy acids has therefore attracted considerable
interest and has been intensaly investigated in recent years. Numerous methods have
been described and a summary of these methods, based on key synthetic
transformations, follows. 1t should be emphasized that historicaly important methods
and dso those providing a-hydroxy acids with moderate to good enantiosdlectivity
have been included.
Ster eoselective syntheses of a -hydroxy acids based on chiral a-ketoacid and
derivatives
Stereoselective reduction of chiral a -keto esters

The smplest gpproach to the synthesis of enantiomerically pure g -hydroxy acid
derivativesisreduction of chird a-keto eters (Figure 1).

Figure 1 Reduction of chird g -keto esters

OH OH

o -
. [H ] . hydrolysis
o (0]

(0]
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Thefirg attempt at an asymmetric synthesis by the generd process of creating a
new chird center in the acid moiety of an ester derived from an opticaly active acohol
by Kipping® (reduction of the ()-bornyl esters of the g-keto acids) and Cohen and
Whitedey? (reduction of menthyl pyruvate) in 1900 failed for practicd reasons
(racemisation during hydrolysis in the case of mandelic acid and problems with isolation
of lactic acid). Four years later McKenzie’ repeated the same reactions, and also
successfully applied the then recently discovered Grignard reections to the same
system, thereby circumventing the racemization problem. This development transformed
the g -keto ester asymmetric synthesis to a practica system for extensve sudy and has
become a classicad modd for many asymmetric syntheses. It was further developed by
Prelog® into a vauable procedure for the configurationa corrdlation of secondary
acohals. In spite of these extensve sudies, the stereosdectivities of reduction of chird
a-keto esters remained only poor to moderate ( Figure 1, R = (-)-menthyl (maximum
41% ee)®, 1,2:5,6 di-O- cycdohexylidine D glucofuranose (maximum 45% ee),
(+)-bornyl (3%e.e.)!, (+)-phenyldihydrothebainyl (maximum 69% ee.)'?, g -amyrinyl
(6 % e.e), cholesteryl (maximum 4% e.e)®<, (-)-1-phenyl ethanol (maximum 7%
ee)®).

Interest in the asymmetric reductions of chird a -keto esters has reemerged
only recently and a sgnificant improvement in reduction diastereosdectivity has been
achieved, dthough only in afew cases. Synthesis of a-hydroxy esters (22-70% de) by
the diastereosd ective reduction of g -keto esters derived from cholic acid™* has been
reported recently. Ozaki'® et.al. have reported synthesis of a -hydroxy esters by the

reduction of g-keto esters derived from chiro-inostol for which reduction with
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s ectride reducing agents proceeds with high diastereosdectivity (maximum 94% d.e.)
to afford the ‘S’ isomer of the hydroxy acid. The sdectivity was reversed when 18
crown6 was usad as additive (‘R isomer, maximum 92% e.e. (Scheme 1)).

Scheme 1.

O; ;o o” 0
OX o reducing agent OOX OH
0 %R 0 \H)\R
o e} 0. l 0

X = MOM, TBDMS, H 2''s
2R

In another approacht®, 8-phenylmenthol was used as the chird auxiliary.
Diestereosdectivities of maximum 94% could be obtaned in the reduction of
phenylglyoxylate esters (Scheme 2).

Scheme 2.

reducing agent

Very high diastereosdectivies (90-98% e.e.) have been reported by Xiang" et.
al. in the reduction of chird a-keto esters derived from a - (arylsulfonamido) borneols

with modified lithium auminium hydride resgents (Scheme 3).

Scheme 3.
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NHSO2AT NHSOAr o
_LIAH©OR3) _ @E Jk/ _LoH R
)H‘/ | 0" ~"  THFH:0 Ho)kz/

&H OH
90-98 % ee
OH
'S 2
; R LiOH HO A
_ LIAH(OR3) _LioH |
o} THF, H 20 Y R
NHSOzAr i NHSO,Ar o)
90-98 % ee

Very recently, new acydlic amino acohol and diol auxiliaries were reported™
by Yamamoto and coworkers. Chird a-keto esters derived from these auxiliaries can
be reduced with a variety of reducing agents to provide the a-hydroxy esters. The
diastereosdectivity (20-92% d.e., Scheme 4) is highly dependant on the reducing agent
and DIBAL gave the best results.

Scheme 4.

reducing agent
CH2Cl,, - 78°C

X =0, NH, NMe 0-92%de

Chen® and coworkers have introduced exo-10,10-diphenyt2,10-
camphanediol and exo-10,10-diphenyl-10- methoxy-2-camphanaol as chird auxiliaries
for the asymmetric reduction of g-keto esters (6-99% de). The influence of solvents
and additives on the reaction cour se has been investigated. Thus, both diastereomers of
a-hydroxy esters have been obtained from asingle chird auxiliary with excellent optical

purity by the appropriate choice of reaction conditions (Scheme 5).
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Scheme 5

o]
Selectride OH
%
on R solvent, additive on WH\R
ph OR e OR 0

0
6-99% de

Asymmetric hydrogenation of a-keto esters

The stereosdlective hydrogenation of a -keto esters has also been extensively
investigated. Mogt of the chird subdtrates in the reduction studies employing hydride
reducing agents have aso been reduced by cataytic hydrogenation. In addition, achird
edters have been hydrogenated over asymmetrically modified catdysts.

Figure 2 Asymmetric hydrogenation of a -keto esters.

. OH
R)Sro R H2 OR'
catalyst R™*
(0]

O

chiral ester / achiral catalyst
achiral ester / chiral catalyst

Extensive studies on catdytic hydrogenation of a-keto esters derived from (-)-
menthol, (+)-borneol, and various sugars employing PO, Raney Ni, Pd/C,
Pd/CaCQ,, Pd/BaSO, etc. as cadysts have been reported in the literature %1320
Reatively high enantiosalectivity was reported by Harada?® et. al. in the hydrogenation
of chird amides of opticaly active benzylic anineswith paladium. Recently Noyori et.
al. have reported”? Binap-Ru catdysed hydrogenation of methyl pyruvate which
generates ‘R’ lactic acid with 83% e.e. Blaser et. al. have studiedP® the enantiosdective
hydrogenation of ethyl pyruveate to ethyl lactate (maximum 90% ee) cadysed by

Cinchona-modified PYAILO;. A generd method®* for synthesizing heterogeneous
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cadyds for the asymmetric hydrogenation reaction with chird, quaternary nitrogen
containing groups (cinchonine, quinine, N-methylephedring) on a polystyrene- support
was reported by Bhaduri and coworkers, but the enantiosdectivities for pyruvate
reduction were found to be low (37% e.e.). Baiker and coworkers have reported? the
enantioselective hydrogenation of ethyl pyruvate over PYAILO, modified with smple
chird amino acohols and have demondrated that chird amino dcohols such as 2(1-
pyrrolidinyl)- 1- (ngphthyl)ethanol can induce enantiosdlectivities up to 75%. Agbossou
and coworkers have synthesized new chira ruthenium complexes from chiral bidentate
amino(amido)phosphinephosphinite  bisphosphines and demondrated that these
complexes act as efficient catdysts for the homogeneous asymmetric hydrogenation of
a - ketoesters with a maximum of 79% enantiomeric excess?®
Ster eoselective reduction of a -keto carboxylic acids

Wang?’ et. al. have synthesized enantiomericaly enriched g -hydroxy acids by
reduction of the corresponding a-keto caboxylic acids usng B-
chlorodiisopinocampheylborane. The g -carboxylic substituent has been shown to exert

aremarkable neighbouring group effect on the reduction (Scheme 6).

Scheme 6.
o] O
B
R +)-lpc,BClI R O\
%OH ( )-Ipc2 ﬁ OH
Et
O 8 OH

85-98 % ee

Stereosdective reduction of chiral orthoesters
The use of chira orthoesters®® of a -keto acids for the synthesisof a -

hydroxy acids has been recently reported by Dubé. Reduction of these chird
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orthoesters proceeds with very high sdectivity (>99% d.e). Hydrolyss affords

enantiomerically enriched a - hydroxy acidswith ‘ R' configuration (Scheme 7).
Scheme 7.
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Stereoselective alkylation of chiral glyoxylate esters

OH

+

Excdlent asymmetric induction has been achieved by Whitesdl| in the addition

of Grignard reagents to a chira glyoxylate ester of 8 phenyl menthol. The desired 5 -

hydroxy esters are obtained with ‘S configuration?® and in high chemicd yidd and

excellent levels of asymmetric induction (98-99% e.e., Scheme 8). The stereosdectivity

is due to effective shidding of one face of the adehyde carbonyl by the phenyl group in

the auxiliary. It has dso been shown that the diastereomer with ‘R’ configuration a the

newly generated stereocenter (d.e.>90%) can be obtained by the hydride reduction of

the a -ketoesters of 8-phenylmenthol.®

Scheme 8.

I ntramolecular reduction of a -keto esters

Meyers®! has reported one example of intramolecular reduction of an a-

keto acid derivative. The method employs a chird NADH anadog which forms the

chird ester portionin the a -keto ester (Scheme 9).
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Scheme 9.
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Sdf-immolative chirdity trandfer in the reduction of a benzoylformic ester of
‘S -N- benzyl-3-(hydroxymethyl)-4- methyl-1,4-dihydropyridine  is mediated by
magnesium ion and proceeds with >99% dereosdectivity. The reaction iscompletein a
few seconds

In some of the above studies, the difficulty in obtaining good stereosdectivities
may be due to the inherent conformationd flexibility of the ester linkege. Mogt of the
recent studies have focused on chiral amides of a-keto acids and these approaches
have been discussed below.
Ster eoselective reduction of chiral a -keto amides

The use of chird a -keto amides has been actively investigated in recent
years, and reductions of g -keto amides derived from chira amine and amino acid

based auxiliaries have been reported.

Asymmetric synthesis of the both enantiomers of a -hydroxy acids by the
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diastereosdective reduction of achird g -keto amide derived from ‘S methyl prolinate
has been reported by Soai.® Reduction with lithium borohydride afforded ‘S a-
hydroxy acids (80% ee), whereas diisobutylduminum hydride afforded ‘R’ a-
hydroxy acids (66% e.e.) (Scheme 10).

Scheme 10.
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In related work, Kawanami®® et. al. have showed that a-keto amides derived

from a G symmetic pyrrolidine are more beneficid, and the diastereosdectivity of

reduction may be improved to 98% (Scheme 11).

Scheme 11.
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Reduction of achird a-keto amide derived from 5 S-5-benzyl-2,2,3- trimethyl
imidazolidin-4-one, reported by Solodin® proceeds with 90-100% diastereosd ectivity

and the newly formed stereocenter was found to have‘ R’ configuration (Scheme 12).

Scheme 12.
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Recent work from our group has demonstrated a stereodivergent approach to
the synthesis of ether enantiomer of a - hydroxy esters with good enantiomeric excess.®
Subgrate directed reduction of ‘S-2-hydroxymethyl pyrrolidine derived a-keto
amides with tetramethyl ammonium triacetoxy borohydride proceeds with good
stereoselectivity a room temperature. A reversal of stereochemidtry is observed in
reductions with conventiona borohydride reducing agents in protic solvents (Scheme
13). The advantages of this method are @ good Sereosdectivity at ambient

temperature and b) reagent control of diastereosd ectivity.

Scheme 13.
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Ster eoselective syntheses of a-hydroxy acids from substrates other than a-
keto acid derivatives

Severa syntheses of a -hydroxy acids employing achiral substrates other
then a - keto acid derivatives are known in the literature. A brief discusson

follows.



Catalytic asymmetric hydrogenation of a -acyloxy acrylates

A few gudies on cataytic asymmetric hydrogenation of a -acyloxy
acrylates employing chira rhodium or ruthenium catalysts have been reported in
theliterature.

Figure 3. Asymmetric hydrogenetion of g -alkoxy acrylates

o} (0] O
OH

OCOR' Chiral catalyst OCOR'

R=H, Alkyl, Aryl
R = CH5CO, (CHz)3CCO

Bosich and coworkers have studied the hydrogenation of ethyl-a -acetoxy
acrylate by using rhodium(l) complex of (R)- 1,2-bis(diphenylphosphino) propane as an
asymmetric hydrogendtion catdyst to obtain to the )-lactate with 81% e.e. The
enantosdectivity was improved to 89% by using (R,R)-DiPAMP &s a chird ligand
(Koenig™ et. al.). Schmidf® et. al. have used Rh-DiPAMP and Ru-BINAP catalysts
to hydrogenate a variety of a-acyloxy acrylates and the corresponding a-acyloxy
carboxylates were obtained with 82-98% ee. The use of Rh(I)DuPHOS comlexes
produced the a -acyloxy carboxylateswith 93-99% e.e. (Burk® et. al.).

Michael addition on a -alkoxy acryl moiety

Tanf® and coworkers have synthesized a-hydroxy acids using chird
organoiron(l)complex. A Michad addtion of n-BuLi to enantiomericaly pure a-
benzyloxyacryliron(ll) complex followed by stereospecific protonation (with water) or
akylation (with akyl hdides) of the intermediate enolate leads to a-hydroxy carbonyl
derivatives with 80-95% ds. Oxidative cleavage of the Fe-complex fragment and

hydrogenolyss of the O-benzyl function yiddsthe a -hydroxy esters (Scheme 14).
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Stereoselective alkylation of chiral dioxolanes

Highly diastereosdective dkylation of chird glycolae enolates derived from
menthone and 8- phenylmenthone has been reported by Pearson (Scheme 15). Acid
hydrolysis of the alkylated dioxolanes provides the requisite a -hydroxy acids.®

Scheme 15.
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Pummer reaction of chiral 1,3-dithiane-1,3-dioxide:
Recently, Aggarwa®? et. al. have demongtrated the use of trans-1,3-dithiane-
1,3-dioxide as an acyl anion equivaent in the asymmetric synthesis of a -hydroxy acids
and derivatives. The adducts obtained by the reaction with adehydes were subjected

to Pummerer reaction. Subsequent trans edterification with EtSLi provides the
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thioesters which were readily converted into g-hydroxy acids with 95-98% ee
(Scheme 16).

Scheme 16.
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Reduction of 2-acyl-1,3-oxahianes® (derived from (+) pulegone) with
moderate diastereosdectivity (60-80% d.e.), has been reported by Elid. The resulting
acohols can be converted to the free g -hydroxy acids without racemization (Scheme
17).

Scheme 17.
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Oxidation of chiral amide enolates

The direct oxidetion of chird enolates aso provides an efficient gpproach to a -
hydroxyacids. Oxidation of a chird amide enolate derived from phenylacetic acid and
‘S -2-pyrrolidinemethanol using 2sulfonyloxaziridines as oxygen trandfer agents has
been reported by Davis.* The method generates mandedic acid with 90->95% e.e. The
sereosdectivity is highly dependant on the counterion used and by changing the metd
ion, both the enantiomers of mandelic acid can be obtained. Lithioenolates afford ‘S
manddic acid, whereas sodioenolatesafford ' R manddic acid (Scheme 18).

Scheme 18.
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Good stereosdlectivity has been achieved in the synthesis of a-hydroxy acid

precursors by Evans® from oxazolidinone derived chira amide enolates. ‘7 sodium
enolates could be oxidized with a dight excess of oxaziridine to furnish the a - hydroxy
amides with maximum 98% diastereosdlectivity (Scheme 19).

Scheme 19.

0
’\?\o ) NaN(MesSi), H OH >\O
R W)\Ph o Rl/k(y)(\)\Ph

ii) PAHC—NSO,Ph

O Me Me
R1 = CH2Ph, Ph, Et, tC4Ho 'R' 80-98 % de
e} (@]

>\o i) NaN(MesSi), HO H >‘O

N g /S(N\)
RI/Y : i) PhHC/O—\NSOZPh " :

O R, 0O R,

Ry = CHzph, Ry = iPr 'S'90-98 % de
Ri1=Ry = iPr
Ry = iPr, Ro= CH,Pr

Oxidation of oxazolidinone based enolates using dibenzyl peroxydicarbonate as
the oxidizing agent has been reported by Vederas’® (Scheme 20). The advantage of this
method is the direct obtainment of ‘O’- protected a -hydroxy carbonyl compounds with
more than 98% diastereosd ectivity. The procedure is dso applicable to the oxidation

of other carbon nucleophiles.
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Recently, asynthesis of a -hydroxy amides and esters by direct oxidation of

their titanium enolates was reported®’” by Adam et. d. (Scheme 21). However, the

diastereose ectivity of this procedureislow (34% d.e. of the hydroxyamide).

Scheme 21.
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Syntheses employing chiral catalysts

An dfident, asymmetric glyoxylate-ene reaction cataysed by a bingphthol
derived titanium complex br the synthesis of opticaly pure a -hydroxy acids in high
enantiomeric excess was developed by Mikami.*® The method provides a useful route
to functiondlised ‘R’ a - hydroxy esters (Scheme 22).

Scheme 22.
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Corey has reported® a highly enantiosdective reduction of trichloromethyl
ketones by catecholborane in the presence of an oxazaborolidine catalyst. The product
trichloromethyl carbinols, obtained in 92-98% e.e., can be readily converted to a-
hydroxy acids with inversion of configuration (Scheme 23).

Scheme 23.
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Other stereoselective syntheses of a -hydroxy acids

Other stereosdlective syntheses of a-hydroxy acids and derivetives include
asymmetric reduction of propargyl ketones (74-100% e.e)) followed by oxidation of
the acetylene to the carboxylic acid,® regiosdective ring opening of chira 2,3
epoxyacohols (readily prepared by Sharpless epoxidetion) followed by ruthenium
dioxide oxidation,* diastereoselective OH insertion of rhodium carbenoids derived
from chira phenyldiazoacetates® and nudleophilic subdtitution in chird a -bromo
amides*®
Enzymatic syntheses of a -hydroxy acids

The use of enzymes has been paticulaly ussful for the synthesis of
enantioenriched  a-hydroxy acids. The application of the enzyme lactase
dehydrogenase (LDH) as a catdy4t for the stereospecific reduction of a -keto acids has
been established as a useful method for the preparation of both the enantiomers of a -
hydroxy acids* (Scheme 24).

Scheme 24.
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Casy €. d. have syntheszed b,g-uasaturated a -hyadroxy acids in very high
enantiomeric excess (97-99%) by the enantioselective reduction of the corresponding

a-keto acids using Bacillus stearothermophilus lactase dehydrogenase (BSLDH) ®

(Scheme 25).
Scheme 25.
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Lipase cadysed enantiosdective edterification (maximum 100% ee) of a-
hydroxy acids in arhydrous organic solvents with primary acohols has been reported™
by Dordic. Enantiosdlective oxidation of 1,2-diols to g-hydroxy adehydes using
acohol dehydrogenase (ADH), followed by the oxidation to the a -hydroxy acids usng
aldehyde dehydrogenase (AldDH) as catalysts has also been reported.>” Reduction of
a-keto esters with baker's yeast provides the ‘S a-hydroxy acid (94% ee).®
Enantiosdlective g -hydroxylation of carboxylic acids with molecular oxygen catayzed
by the a-oxidation enzyme sysem of young pea leaves (pisum sativurr) provides
enantiomericaly pure‘R’ a-hydroxy acids (>99% e.e.) >®

The microbid tranformatiorf® of a-keto esters to the corresponding a-

hydroxy acids with up to 100% enantiosdlectivity using the fungus Geotrichum sp. G38
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reported by Qiang aso provides a ussful method for the synthesis of opticdly pure a -
hydroxy acids.
General synthesis of racemic a -hydroxy acids

Severd methods are available for the preparation of a-hydroxy acids in
racemic form. For example, Pummere reaction of b-keto sulfoxides with acetic
anhydride in the presence of sodium acetate yields a -acetoxy acid thioesters which are
transformed into various types of g -hydroxy acid derivaives® Aeraion of lithiated
carboxylic acids in tetrahydrofuran solution is a very smple and effective route to the
a-hydroxy acids$? (Scheme 26).
Scheme 26.

o i) n-CaHoLi / THF o

le)l\ i) air Rl>‘)k
OH - OH
2 i) H,O HO R2

R

Smilaly, oxidaion of ketene biqtrimethylslyl) acetas with m-chloro-
perbenzoic acid followed by mild acid hydrolyss is a generd, high yielding method for
the preparation of a-hydroxy acid$® (Scheme 27).

Scheme 27.
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Aryl and akylcarboxylate esters are converted into the corresponding a-
hydroxy acids or a-akoxy esters upon trestment with hypervaent iodine compounds

such as CgHsl (OAC), and base in an appropriate solvent™ (Scheme 28).
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Scheme 28.
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It may be noted that dmogt dl of these methods are amenable to asymmetric
modification and thus provide avenues for future work in the stereosdlective synthes's of

a-hydroxy acids.

2. OBJECTIVES

The objective of this undertaking was to develop a highly stereosdective
gynthessof a-H-a-hydroxy acids by asymmetric reduction of a-akoxy acrylic acid
derivatives. Specificdly, we chose to invedigate the utility of a-akoxy adkylidene
amides derived from chird aminoadcohols. As a primary objective, we decided to

investigate the possibility of carrying out asymmetric reductions of subdtituted, chird a-

akoxyacrylamides (Figure 4).
Figure 4.
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3. RESULTS AND DISCUSSION
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Among the severd chird amino acohok available®™ we chose to employ 1R,
2S-ephedrine due to its commercid availability and more importantly, the presence of a
hydrogenolyzable carbon-oxygen bond. It is worthy of mention that reatively few
reports in the literature describe the use of ephedrine as a chird auxiliary/controlling
groupf-71

Acyldion of 1R, 2S-ephedrine hydrochloride with diphetic a-keto acid
chlorides generates, the corresponding hemiacetds 14 in 65-71% yield with 'S

configuration of the hemiacetal stereocenter (Scheme 29).”2 These sarved as starting

materiadsfor this Sudy.
Scheme 29.
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Initid experiments were conducted with hemiacetd 1. The attempted
dehydration of 1 to the corresponding akylidine morpholinone 6 was found ether
unsuccessful or low yielding under a variety of acid cataysed conditions. Thus the
reaction of 1 with catalytic p-toluenesulfonic acid in refluxing benzene and with cataytic
trifluoroacetic acid in refluxing CH,Cl, could not provide any dehydration product 6.
The reaction of 1 ether with excess TiCl, (CH,Cl,, - 78°C-rt) or with catalytic conc.
H,SO, in refluxing CH,Cl, lead to the exclusive formation of a dimeric product 5.
Compound 5 probably arises by reaction of the required akylidene morpholinone 6

with its oxocarbenium ion precursor (Scheme 30).
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The reaction of 1 either with catalytic TFA in benzene a 40-45 °C or with

amberlys-15 in refluxing CH,Cl, was low yidding and gave the desired dehydration

product 6 in <20% yidd. The yield was improved to 25% (34% recovery of the

dating materid) by treatment of 1 with conc. H,;SO,4 in CH,Cl; at 0 °C for 20 min.

Extended reaction timeslead to the exclusive formation of the dimeric product 5.

In contrast, hemiacetals 2-4 could easily be dehydrated to the

corresponding alkylidene morpholinones 7-9 in quantitative yieds by trestment

of TFA in refluxing CHCl, (Scheme 31).

Scheme 31
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The ddfins 7 and 8 have been assigned the Z geometry on the basis of the
chemicd shift of the olefinic methine proton (d 6.12 in 7) as compared to the upfield
shift in the E isomer 10 (d 5.75). Compound 10 was obtained as a mixture with 7 by
irradigion of 7 in benzene a 254 nm (Scheme 32). This stereochemica assgnment is
based on the reported trend in chemica shifts for the olefinic methine protonsin E and

Z benzylidene camphor derivatives

Scheme 32
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With the requiste akylidene morpholinones in hand, we examined their

diastereosdlective reduction. Hydrogenation of the akylidene morpholinones 6-9 (H.,

Pd/C, 50 ps) in ethyl acetate cleanly generated the reduced products 11-14 in

quantitative yields and as single diastereomers as determined by *H and **C NMR
spectroscopy (Scheme 33).

Scheme 33.
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The stereochemistry of the new stereocenter in 11-14 is assigned as * S by
NOE measurements on 14 which indicated a cis rdationship of the hydrogens a C2,
C5 and C6 in the morpholinone ring, and by anology in the *H NMR spectrum of 11-
14 (Figure 5).

Figureb.
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The sense of asymmetric induction in the reduction step can be explained by
adsorption on the catalyst surface and subsequent hydrogenation of the double bond
from the dericdly less hindered face in the molecule (Figure 6). The high
stereosdectivity for hydrogenation emphasizes the strong, intringc stereochemical bias
for reagent approach in the ephedrine derived template.

Figure6.
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Alternatdly, 1 can directly be reduced to 11 (TiCl,, EtSiH, CH.CI,, -40 °C),”
but with low stereosdlectivity (88% yield of 11, ds = 5/1) (Scheme 34).

Scheme 34
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Liberation of the free hydroxy acids from the ephedrine template in 11-14
proved to be chalenging. It may be noted, that the akylation of an ephedrine derived
glycolic acid derivative has been briefly described, but remova of the ephedrine portion
was not investigated due to potentia difficulties®” The benzylic C-O bond is resistant to
cleavage under a variety of hydrogenolytic conditions and is dso inert under mild ether
cleavage conditions such as TMSI " or NBS/CCl,, followed by NaOH.”™

As an dternative, we examined the possibility of remova of the ephedrine
portion by initid amide hydrolyss followed by reductive cleavage of the benzylic G-O
bond. The acid catadyzed hydrolysis of 12 (1M HCI, reflux) gave the requisite acid 15
as the hydrochloride sdt. No epimerization was detected (H NMR). Attempted
cleavage of the benzylic C-O bond in the hydrochloride salt 15 was unsuccessful under
a vaiety of hydrogenolytic conditions. Trestment of 15 with TMS led to
decomposition.

Scheme 35.
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Ederification of 15 (in ader to facilitate isolation of the hydroxy acid as its
methyl ester) with diazomethane did not yield the desired methyl ester 16 and 12 was
isolated as the only product. Presumably, excess diazomethane adso neutraizes the
hydrochloride sdt to the amine and the resulting amino ester 16 undergoes a facile
intramolecular cyclization under the reaction conditions to give 12 (Scheme 35).

Gratifyingly, dissolving metd reduction of 11-14 with Nain lig. NH; at -78°C
(20 9) generates the hydroxy amides 17-20” in 51-68% yidd. Presumably, the
intermediiate benzylic anion derived from 11-14 undergoes facile b-dimination of the N-
acyl moiety a low temperature (Scheme 36). It is noteworthy that this reduction is

extremely rgpid a -78 °C and prolonged reaction times (>30 sec.) result in Sgnificantly

lower yidds of 17-20.

Scheme 36.
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Hydrolysisof 18-20 (1M H,SQ,, reflux) generates the a-hydroxy acids 21-
238 in good yidd (72-88%). Hydrolysis of 17 was not examined due to possible
difficulties in the isolaion of lactic acid which is water soluble. Thus the acids 21-23
were obtained with ‘S configuration which was assgned by comparison of the sign of
optical rotation of the acids or their methyl esters with the literature values."*® Thisdso
confirms the stereochemistry of 11-14. The enantiomeric excess of the acids was
determined as 92-96% by the 'H NMR and/or HPLC andysis of their Mosher
derivatives. The acids 21-23 were edterified with diazomethane in ether to the
corresponding methyl esters 24-26 (Scheme 37). The esters 24-26 were derivatised
with @ther * R™-(-)- or ‘S -(+) methoxytrifluoromethyl phenylacetic acid and the MTPA

ester<®! thus obtained were used for determination of the enantiomeric excess.

Scheme 37.
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The results of dehydration of 1-4, hydrogenation of 6-9, dissolving metd
reduction of 11-14 and subsequent hydrolysistoa -H-a -hydroxy acids 21-23
have been summarized in Table 1.

Table 1. Conversion of hemiacetals 1-4 to the a -hydroxy acids 21-23



17-20

21-23

Qbs- | Alkylidene Hydrogenation | Hydroxy a- %yidd %
trate | morpholinone | product (% | amide | Hydroxy ee
(% yidd) yield) (% yidd) acid
1 6 (25 11 (96) 17 (50) - - -
2 7 (96) 12 (95) 18 (68) 21 87 92
3 8 (92 13(99) 19 (59) 22 88 92
4 9 (98) 14 (99) 20 (51) 23 72 96

4. CONCLUSIONS

In conclusion, we have demongrated high stereosdectivity in asymmetric GH

bond congruction by hydrogenation of chird akylidene morpholinones derived from

a-keto acids and ephedrine. The methodology has been applied to a highly

dereosdective synthesis of severd a-H-a-hydroxy amides and a-H-a-hydroxy

acids.



5. EXPERIMENTAL

General: All reactions requiring anhydrous conditions were performed under a positive
pressure of argon using oven-dried glassware (120 © C) which was cooled under
argon. THF was didtilled from sodium benzophenone ketyl and dichloromethane,

triethylamine were didilled from CaH,. Commercidly available titanium tetrachloride
(TiCl,) was used as such. Petroleum ether refers to the fraction boiling in the range 60-
80 ° C. Commercia, precoated silicagel (Merck 60F254) plates were used for TLC.
Slicagd for column chromatography was 60- 120 mesh or 230-400 mesh. All mdting
points are uncorrected. *H NMR and *C NMR spectra were recorded on Bruker
MSL-300 or Bruker AC-200 instruments. Optica rotations were measured at the
sodium D line on a JASCO-181 digitd polarimeter a ambient temperature. Elementd

andyses were performed by the Microandysisfacility a NCL, Pune.

General procedurefor the preparation of hemiacetals 1-4:

To a sugpension of the sodium sdt of the g -keto acid in CH,CI, or to the neat
a-keto acid was added ClL,CHOMe a ambient temperature and the mixture was
dtirred for 20 minutes. The resulting suspension or solution was heated at 50-55 °C for
60-90 minutes after which it was cooled to ambient temperaiure, diluted with
anhydrous CH,CI, and the solution was added to a suspension of 1R,2S-ephedrine
hydrochloride, triethylamine and DMAP in anhydrous CH,Cl, dropwise with cooling
(ice bath). The mixture was then stirred a ambient temperature for 6 h. The reaction

mixture was diluted with CH,ClI,, washed with 5% HCI, saturated sodium bicarbonate,
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brine, dried (NgSO,) and concentrated to provide the crude product which was

purified by flash chromatography on silicagel using petroleum ether/ethyl acetate.

2S,5S,6R-2,4,5-Trimethyl-2-hydr oxy-6-phenyl mor pholin-3-one (1):
Reaction of pyruvoyl chloride (prepared from pyruvic acid (2.06 mL, 30 mmol)
and Cl,CHOCH; (3.2 mL, 35 mmol)) and 1R,2S-ephedrine hydrochloride (3 g, 15
mmoal) in the presence of triethylamine (8.4 mL, 60 mmol) and DMAP (183 mg, 1.5
mmol) in CH,CI, (45 mL) afforded 4.03 g of crude product which on purification by
flash chromatography on silica gd (3/7 petroleum ether/ethyl acetate) furnished 2.48 g
(71%) of 1. An andyticd sample was obtained by crystalization from ethyl acetate.
mp: 110° C
'H NM R (300 MHz, CDCl,):
d 7.36-7.23 (m, 5H, ArH), 5.47 (d, 1H, J = 2.9, PhCH), 4.4 (br s, 1H,
OH), 3.43 (dg, 1H, J=2.9, 6.5, CHCH;), 2.99 (s, 3H, NCH3), 1.69 (s, 3H,
CH3COH), 0.93 (d, 3H, J = 6.5, CHCHj).
BC NMR (50 MHz, CDCly):
d 168.7 (NC=0), 137.4 (ArCipso) , 128.1 (ArCH), 127.4 (ArCH), 125.6
(ArCH), 95.9 (CH,COH), 71.2 (PhCH), 59.2 (N CH), 33.5 (NCH,), 26.3
(CCHy), 11.9 (CHCH,).
IR (CHCly):
3340, 3000, 2940, 1635, 1490, 1450, 1380, 1220, 1130, 1010, 940, 890,

750 e,



MS (70eV):
m/z 58 (100), 77 (12), 91 (8), 100 (28), 105 (71), 118 (32), 146 (2), 235
(<1, MY).

[a]®p=-107.4(c 1.1, CHCL).

Analysisfor C13H17NO;:
Cdcd: C, 66.36; H, 7.28; N, 5.95

Found: C, 66.39; H, 7.43; N, 5.99.

2S,5S,6R-2-Ethyl-4,5-dimethyl-2-hydr oxy-6-phenyl morpholin-3-one (2):
Reaction of 2oxo butyryl chloride (prepared from 2-oxobutyric acid (0.51 g,
5 mmol) and CLCHOCH, (0.53 mL, 6 mmol)) and 1R,2S-ephedrine hydrochloride
(0.5 g, 25 mmoal) in the presence of triethylamine (1.7 mL, 12.5 mmol) and DMAP
(0.12 g, 1 mmol) in CH.CI, (16 mL) afforded 0.88 g of a gum which on purification by
flash chromatography on slica gel (35/65 petroleum ether/ethyl acetate) furnished 0.41
g (66%) of 2 asasolid.
mp: 88-89° C
IH NMR (200 MHz, CDCl,):
d 7.45-7.20 (m, 5H, ArH), 552 (d, 1H, J = 3.0, PhCH) 3.70 (br s, 1H,
OH), 3.46 (dg, 1H, J = 6.5, 3.0, CH,CH), 3.03 (s, 3H, NCHs,), 2.26-2.08
(m, 1H, CH.CH,), 2.02-1.84 (m, 1H, CH,CH,), 1.06 (t, 3H, J = 7.0,
CH4CH,), 0.97 (d, 3H, J = 6.5, CHCH.).
BC NMR (50.3 MHz, CDCL):

d 168.2 (NC=0), 137.4 (ArCipso), 127.8 (ArCH), 127.0 (ArCH), 125.3
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(ArCH), 97.8 (COH), 70.3 (PhCH), 58.7 (CH,CH), 33.2 (NCH,), 31.8
(CH,), 12.1 (CH3), 7.8 (CHy).

IR (CHCL):
3340, 3120, 1640, 1450, 1452, 1220, 1214, 1140, 1020, 750 cm .

MS (70 eV):
m/z 57 (43), 77 (15), 86 (35), 91 (15), 105 (8), 118 (100), 143 (7), 174 (2),
232 (2).

[a]®p= - 110 (c 2.3, CHCL)

Analysisfor Cy4HoNO;:
Calcd: C, 67.45; H, 7.68; N, 5.62

Found: C, 67.21; H, 7.75; N, 5.54

2S,5S,6R-4,5-Dimethyl-2-hydr oxy-6-phenyl-2-propyl morphalin-3-one (3):
Reaction of 2-oxopentanoyl chloride prepared from (2- oxopentanoic acid
sodium st (0.7 g, 5 mmol) and CL,CHOCH; (053 mL, 6 mmol)) and 1R2S
ephedrine hydrochloride (1 g, 5 mmoal) in the presence of triethylamine (1.67 mL, 12
mmol), DMAP (0.12 g, 1 mmol) in CH,Cl, (20 mL) afforded 1.2 g of agum which on
purification by flash chromatography on slica gd (35/65 petroleum ether/ethyl acetate)
furnished 0.85 g (65%) of 3 asasolid.
mp: 132-133° C
1H NM R (200 MHz, CDCl,):
d 7.41-7.24 (m, 5H, ArH), 5.5 (d, 1H, J = 3.0, PhCH), 3.85 (br s, 1H, OH),

3.45 (dg, 1H, J = 6.8, 3.0, CH,CH), 3.0 (s, 3H, NCH,), 2.11 (ddd, 1H, J =
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13.4, 11.6, 4.8, CHCH,CH,), 1.88 (ddd, 1H, J = 13.4, 116, 48,
CH,CH,CH,), 169156 (m, 1H, CHCH,CH,), 1.45-1.29(m,1H,
CH,CH,CH,), 0.97 (t, 3H, J = 7.4, CH;CH,CH,), 0.95 (d, 3H, J = 6.8,
CH4CH).

BC NMR (75.5 MHz, CDCL):

d 168.3 (NC=0), 137.5 (ArCipso), 127.9 (ArCH), 127.1 (ArCH), 125.4
(ArCH), 97.5 (COH), 70.5 (PhCH), 58.8 (CH,CH), 41.1 (CCH,), 33.2
(NCHj,), 16.8 (CH,CH.,), 13.8 (CH,), 12.2 (CH,).

IR (CHCL):

3340, 2963, 2874, 1642, 1498, 1452, 1342, 1282, 1257, 1239, 1214, 1148,
1120, 1102, 1064, 1049, 1024, 1005, 991, 927, 907, 893, 862, 773 cm 2.

M S(70eV)
m/z 57 (100), 71 (44), 77 (19), 96 (2), 105 (11), 118 (83), 128 (62), 132
(57), 142 (38), 146 (100), 157 (81), 164 (30), 174 (16), 186 (3), 192 (6),
220 (14), 235 (7), 246 (7), 263 (1, M").

[a]®p= - 102 (c 1.9, CHCL)

Analysisfor CsH»1NOs:
Calcd: C, 68.42; H, 8.04; N, 5.32

Found: C, 68.10; H, 8.35; N, 5.24.

2S5S,6R-4,5-Dimethyl-2-hydr oxy-6-phenyl-2-(2-pr opyl)mor pholin-3-one (4):
Reaction of 3-methyt 2-oxobutyryl chloride prepared from (3-methyl-2-oxo

butyric acid sodium sdt (0.7 g, 5 mmol) and Cl,CHOCH; (0.53 mL, 6 mmoal)) and



51

1R,2S-ephedrine hydrochloride (1 g, 5 mmol) in the presence of triethylamine (1.67

mL, 12 mmol), DMAP (0.12 g, 1 mmol) in CH,Cl, (20 mL) afforded 1.4 g gum which

on purification by flash chromatography on slica gd (35/65 petroleum ether/ethyl

acetate) furnished 1 g (65%) of 4 asasolid.

mp: 100-102° C

'H NM R (200 MHz, CDCL,):
d 7.45-7.20 (m, 5H, ArH), 5.5 (d, 1H, J = 3.0, PhCH), 3.7 (br s, 1H, OH),
3.48 (dg,1H, J = 6.7, 3, CH;CH), 3.03 (s, 3H, NCH,), 2.55-2.35 (m, 1H,
CH(CH,),), 114 (d, 3H J = 6.9, CH(CH3),), 0.99 (d, 3H, J = 6.9,
CH(CH4),), 0.96 (d, 3H, J=6.7, CH(CHy),).

BC NMR (50.3 MHz, CDC):
d 168.9 (NC=0), 137.6 (ArCipso), 127.9 (ArCH), 127.1 (ArCH), 125.3
(ArCH), 98.7 (COH), 70.2 (PhCH), 58.7 (CH4CH), 35.3 (CH(CH;),),
33.2(NCH,), 17.7 (CH,), 14.2 (CHy), 12.2 (CH,).

IR (CHCly):
3400, 3018, 1651, 1639, 1561, 1499, 1451, 1405, 1381, 1142, 1098, 1073,
1039, 1028, 930, 701 cm .

MS (70 eV):
m/z 58 (76), 77 (12), 91 (23), 105 (7), 118 (100), 146 (7), 157 (4), 174 (3),
220 (4), 246 (2).

[a]?5= - 146.5 (c 2, CHCL)

Analysisfor CisH»3NO;:

Calcd: C, 68.42; H, 8.04; N, 5.32
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Found: C, 68.42; H, 7.74; N, 5.28

5S,6R-2-M ethylidene-4,5-dimethyl-6-phenyl mor pholin-3-one (6):

A solution of the hemiacetd 1 (225 mg, 0.96 mmol) in dichloromethane (14 ml)
was treated with concentrated sulfuric acid (0.5 ml) a 0 °C and the mixture was stirred
vigoroudy a 0 °C for 20 minutes. The mixture was then neutrdized with excess of
saturated agueous sodium bicarbonate. The organic layer was separated and dried
over anhydrous sodium sulfate. Concentration of the organic phase under reduced
pressure gave crude product which on purification by flash chromatography on slicagel
gave 53 mg (25%) of 6 asacolourless oil and unreacted 1 (81mg, 34%). The purified
product decomposes gradualy at room temperature. Storage a -20 °C under Ar is
beneficid. However, 6 is sable in solution in common organic solvents a ambient
temperature.

H NMR (200 MHz, CDCly):

d 7.5-7.3(m, 5H, ArH), 5.57 (s, 1H, C(CH.)), 5.27 (d, = 2.5, 1H,

CHPh), 4.92 (s, 1H, C(CH,)), 3.55 (dg, J= 2.5, 7, 1H, CH,CH), 3.1 (s,

3H, NCHj), 1.00(d, J =7, 3H, CH.CH).

BC NMR (50.3 MHz, CDCL):

d 158.9 (NC=0), 150.6 (C=CH,), 136.5 (ArCipso), 128.4 (ArCH), 128.0

(ArCH), 1255 (ArCH), 98.7 (CH,), 77.2 (PhCH), 58.7 (CH,CH), 33.4

(NCHjy), 11.6 (CHCH,).

IR (neat):



2930, 1665, 1623, 1401, 1306, 1221, 1144, 1021, 870, 761 cm™.
MS (70 eV):

m/z 56 (100), 68 (16), 77 (19), 82 (47), 91 (24), 105 (14), 117 (27), 126 (6),

131 (8), 146 (7), 200 (19), 217 (M*, 56).

General procedure for dehydration of hemiacetals 24 to alkylidene
mor pholinones 7-9:

A solution of the hemiacetals 2-4 in dichloromethane and trifluoroacetic acid
was hested to reflux for 78 h. The reaction mixture was cooled to ambient temperature
and then washed with saturated agueous sodium bicarbonate solution followed by
brine. The organic layer was separated, dried over anhydrous sodium sulfate and
concentrated under reduced pressure to give the crude product which was purified by
column chromatography over flash slica gdl usng a mixture of petroleum ether/ethyl
acetate. The purified products decompose gradually at room temperature. Storage at -
20 °C under Ar is beneficid. However, solutionsin common organic solvents are stable

a ambient temperature.

(2,1)Z,5S,6R-2-Ethylidene-4,5-dimethyl-6-phenyl morpholin-3-one (7):

Prepared from hemiacetd 2 (470 mg, 1.88 mmol), trifluoroacetic acid (1
ml) in anhydrous dichloromethane (20 ml). Purification of the crude product by flash
chromatography on silicagel gave 418 mg (96%) of 7 asapde yelow ail.

H NMR (200 MHz, CDCL):
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d 7.5-7.3 (m, 5H, ArH), 6.12 (q, J = 7, 1H, olefinic CHCH;), 5.22 (d, J =
2.5 1H, CHPh), 3.55 (dg, J = 2.5, 7, 1H, CH,CH), 3.07 (s, 3H, NCH.,),
1.77 (d, J = 7, 3H, olefinic CHCH ), 0.97 (d, J = 7, 3H, CH4CH).

BC NMR (50.3 MHz, CDCL):
d 159.0 (NC=0), 144.3 (C=CHCH;), 136.7 (ArCipso), 127.9 (ArCH),
1274 (ArCH), 125.0 (ArCH), 110.6 (C=CHCH,), 76.5 (PhCH), 58.0
(CH,CH), 32.9 (NCHb), 29.8 (CH,), 11.2 (CH,).

IR (nesat):
2980, 2933, 2917, 1676, 1632, 1480, 1449, 1401, 1380, 1316, 1258, 1212,
1177, 1146, 1042, 1022, 738, 701 cnit.

M S (70 eV):
m/z 56 (52), 68 (17), 77 (10), 83 (100), 91 (27), 105 (15), 118 (100), 131
(8), 140 (14), 146 (16), 214 (26), 231 (M *, 100).

[a]®5= -197.9 (c 2.3, CHCl,)

UV | max=245nm.

(2,1')Z,5S,6R-2-(1-Pr opylidene)-4,5-dimethyl-6-phenyl mor pholin-3-one (8):
Prepared from hemiacetal 3 (131 mg, 0.49 mmol), trifluoroacetic acid (0.25
ml) in anhydrous dichloromethane (10 ml). Purification of the crude product by flash
chromatography on slicagd gave 113mg (92%) of 8 asapdeydlow ail.
1H NM R (200 MHz, CDCl,):
d 7.5-7.3 (m, 5H, ArH), 6.07 (t, J =7, 1H, dlefinic CHCH,), 5.22 (d, J =

25, 1H, PhCH), 3.55 (dg, J = 2.5, 7, 1H, CH,CH), 3.1 (s, 3H, NCH.), 2.27
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(quin., J = 7, 2H, CHy), 1.05 (t, J = 7, 3H, CH,CH ), 1.00(d, J=7, 3H,
CHCHL).

BC NMR (50 MHz, CDCly):
d 159.1 (NC=0), 143.1 (C=CHCH,), 136.6 (ArCipso), 127.9 (ArCH),
127.3 (ArCH), 124.9 (ArCH), 117.5 (C=CHCH,), 76.4 (PhCH), 57.9

(CH,CH), 329 (NCHs), 17.7 (CH,), 12.9 (CHy), 11.1 (CH2).

IR (nesat):
2969, 2934, 2874, 1671, 1631, 1481, 1451, 1401, 1380, 1335, 1301,
1211, 1177, 1148, 1045, 701 cni™.
M S (70 eV):
m/z 56 (22), 69 (14), 77 (6), 91 (18), 105 (10), 118 (100), 128 (8), 146 (8),
148 (11), 154 (4), 228 (6), 245 (M*, 50).

[a]%5=-186.4 (c 2.3, CHCL)

5S,6R-2-(2-Pr opylidene)-4,5-dimethyl-6-phenylmor pholin-3-one (9):

Prepared from hemiacetd 4 (108 mg, 0.41 mmal), trifluoroacetic acid (0.5 mL)
in anhydrous dichloromethane (8 mL). Purification of the crude product by flash
chromatography on slica gd (7/3 petroleum ether/ethyl acetate) gave 99 mg (98%) of
9 asapdeydlow ail.

H NMR (200 MHz, CDCL):
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d 7.5-7.3 (m, 5H, ArH), 5.12 (d, J = 2,5, 1H, PhCH), 3.55 (dg, J = 2.5, 7,
1H, CHCH), 3.05 (s, 3H, NCH2), 2.25 (s, 3H, CCH3), 1.9 (s, 3H, CCH.),
0.95 (d, J = 7, 3H, CHCH,).

BC NMR (50.3 MHz, CDCL):
d 160.4 (NC=0), 138.2 (C=C(CH,),), 137.3 (ArCipso), 128.1 (ArCH),
1274 (ArCH), 126.3 (C=C(CHs),), 125.1 (ArCH), 76.5 (PhCH), 58.5
(CH,CH), 33.0 (NCHb), 19.8 (CH,), 11.6 (CH,).

IR (nesat):

2922, 1660, 1626, 1449, 1378, 1291, 1174, 1067, 757 cm™.

M S (70 eV):
m/z 56 (43), 67 (33), 77 (24), 82 (40), 91 (47), 96 22), 105 (19), 110 (7),
118 (100), 128 (21), 140 (6), 146 (25), 154 (15), 228 (16), 245 (M *, 67).

[a]®p=-177.1(c0.7, CHCL).

General procedure for reduction of alkylidene morpholinones 6-9 to
mor pholinones 11-14:

A solution of akylidene morpholinones 6-9 in ethyl acetate was shaken with
5% Pd/C in a Parr hydrogenator under 50 ps of hydrogen a ambient temperature for
1.5-25 h. The catdyst was filtered off and the filtrate was concentrated in vacuo to

give pure morpholinones 11-14 as colourless ails.

2S,5S,6R-2,4,5-trimethyl-6-phenyl mor pholin-3-one (11):
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Prepared from 6 (140 mg, 0.64 mmal) in ethyl acetate (14 ml) and Pd/C (5%,
28 mg). Reection time: 1.5h. Yield: 136 mg (96%).
'H NM R (200MHz, CDCls):
d 7.43-7.29 (m, 5H, ArH), 5.01 (d, J= 2.8, 1H, PhCH), 4.42 (g, J = 6.8,
1H, CH,CH-0O), 3.48 (dgq, J = 2.8, 6.4, 1H, CH,CH-N), 3.03 (s, 3H,
NCH,), 1.58(d, J=6.8, 3H, CH4CH-0), 0.98 (d, J = 6.4, 3H, CH;CH-N).
BC NMR (50MHz, CDCL):
d 169.3 (NC=0), 137.4 (ArCipso), 127.8 (ArCH), 127.1 (ArCH), 125.0
(ArcH), 76.1 (CH), 74.2 (CH), 58.3 (CH,CH), 33.0 (NCHy), 18.2 (CH,),

12.5 (CH,).

IR (nest):
2979, 2936, 2855, 1657, 1451, 1379, 1281, 1148, 1112, 1038, 753, 703
om®,

M S (70eV):
m/z: 58 (100), 70 (13), 77 (15), 85 (71), 91 (21), 113 (83), 117 (38), 133
(8), 219 (M*, 11).

HRMSfor Ci3sH1/NO,
Cdcd: 219.1260

Found: 219.1282

[a]2% = -120.1 (c 0.8, CHCH).

2S,5S,6R-2-Ethyl-4,5-dimethyl-6-phenyl morphalin-3-one (12):
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Prepared from 7 (145 mg, 0.62 mmoal) in ethyl acetate(14 ml) and Pd/C (5%,
29 mg). Reection time: 1.5h. Yidd: 139 mg (95%). Solidified dowly into a white wax
when stored under refrigeration.
'H NM R (200 MHz, CDClL,):
d 7.45-7.25 (m, 5H, ArH), 5.00 (d, J=2.8, 1H, PhCH), 4.30 (dd, J=3.8, 6.6,
1H, CH,CH), 3.49 (dg, J=2.8, 6.4, 1H, CH,;CH), 3.03 (s, 3H, NCHy),
1.85-2.2 (m, 2H, CH,), 1.09 (t, J=7.3, 3H, CH,CH,), 0.98 (d, J=6.4, 3H,
CHCH,).
BC NMR (50MHz, CDCL):
d 168.9 (NC=0), 137.8 (ArCipso), 128.0 (ArCH), 127.2 (ArCH), 125.2
(ArCH), 78.7 (CH), 76.0 (CH), 58.4 (CH4CH), 33.1 (NCH,), 25.5(CH,),
12.7 (CH3), 9.3 (CHy).
IR (neat):
2977, 2934, 1650, 1451, 1401, 1380, 1148, 1016, 703 cn™.
M S (70eV):
m/z: 58 (100), 65 (7), 70 (14), 77 (19), 84 (35), 91 (27), 99 (89), 105 (15),
117 (40), 127 (94), 146 (4), 233 (M*, 7).
HRMSfor CiuH1gN O,
Cdcd: 233.1416
Found: 233.1408

[a % =-163 (c 2.3, CHCI,)

2S,5S,6R-2-Propyl-4,5-dimethyl-6-phenyl mor pholin-3-one (13):
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Prepared from 8 (182 mg, 0.74 mmol) in ethyl acetate (18 ml) and Pd/C (5%,

36 mg). Reection time: 1.5h. Yield: 182 mg (99%).

H NM R (200 MHz, CDCly):
d 7.45-7.25 (m, 5H, ArH), 4.98 (d, J = 2.8, 1H, PhCH), 4.32 (dd, J=3.7,
7.3, 1H, CH,CH), 3.48 (dqg, J = 2.8, 6.4, 1H, CH,CH), 3.02 (s, 3H, NCH.,),
207-1.79 (m, 2H, (H,), 1.67-1.48 (m, 2H, CH,), 0.99 (t, J = 7.2, 3H,
CH,CH,), 0.96 (d, J= 6.4, 3H, CHCHj,).

BC NMR (50MHz, CDC):
d 169.0 (NC=0), 137.7 (ArCipso), 127.9 (ArCH), 127.1 (ArCH), 125.1
(ArcH), 77.6 (CH), 76.0 (CH), 58.3 (CH,CH), 34.3 (CHCH,), 33.0
(NCHjy), 18.2 (CH;CH,), 13.6 (CHj3), 12.6 (CHy).

IR (nesat):
2961, 2872, 1650, 1452, 1401, 1151, 758, 703 cm.

M S (70eV):
m/z 58 (100), 77 (19), 84 (25), 91 (22), 98 (23), 105 (20), 113 (64), 117
(47), 141 (64), 205 (24), 247 (M*, 6).

[a]%5=-154.7 (c 3.1, CHCE)

2S,5S,6R-2-(2-Propyl)-4,5-dimethyl-6-phenyl morpholin-3-one (14):
Prepared from 9 (150 mg, 0.61 mmol) in ethyl acetate (15 mL) and Pd/C (5%,
30 mg). Reection time: 2.5h. Yield: 150 mg (99%).

'H NM R (300MHz, CDCl,):
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d 7.37-7.24 (m, 5H, ArH), 4.93 (d, J = 2.8, 1H, PhCH), 4.16 (d, J = 2.4,
1H, CHCH-0), 3.45 (dg, J = 2.8, 6.4, 1H, CH,CH), 3.00 (s, 3H, NCH,),
2.52 (dseptet, J=6.9, 2.4, 1H, CH(CH,),), 1.12(d, J= 6.9, 3H, CHy), 0.96
(d,J=6.9,3H, CHj), 0.92 (d, J= 6.4, 3H, CHj).
BC NMR (50 MHz, CDCl,):
d 168.7 (NC=0), 137.9 (ArCipso), 128 (ArCH), 127.2 (ArCH), 125.1
(ArcH), 820 (CH), 75.7 (CH), 58.3 (CH,CH), 33.0 (NCH,), 304
(CH(CH,),), 19 (CHy), 16.3 (CHy), 12.8 (CHsy).
IR (neat):
2966, 1735, 1648, 1451, 1253, 1151, 1042, 705 cni*.
M S (70 eV):
m/z 58 (92), 69 (43), 77 (24), 84 (20), 91 (34), 98 (31), 105 (22), 113
(71), 118 (100), 126 (21), 141 (86), 148 (12), 205 (11), 247 (M*, 29).
HRMSfor CisH,1N O,
Cdcd: 247.1573
Found: 247.1565

[a]2% = -158.7 (¢ 1.8, CHCH).

General procedure for dissolving metal reduction of morpholinones 11-14 to
amides 17-20:

To anhydrous liquid anmonia (ditilled over sodium) was added Na (10 eq.) at
-78 °C and the mixture gtirred for 15 minutes. To the resulting blue solution was added

asolution of 11-14 (1 eg.) in anhydrous THF and the mixture was gtirred for 15-20
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sec. Anhydrous ammonium chloride (20 eg.) was added and the mixture was warmed
up to ambient temperature to remove ammonia The resulting solid mass was directly

purified by flash chromatography on silicagd.

*S'-2-Hydroxypropanoic acid N-methyl amide (17):”

Prepared from 11 (0.09 g, 0.41 mmoal) in THF (0.5 ml) and Na (0.1g, 4.34
mmal) in anmonia (8 mL). Purification by flash chromatography on slica gd (ethyl
acetate) furnished 0.021g (50%) of 17 as aclear, colourless gum.

H NMR (300 MHz, CDCly):
d 6.77 (bs, 1H, NH), 4.18 (g, J = 6.7, 1H, CHOH), 3.59 (bs, 1H, CH),
2.83 (d,J=4.9, 3H, CH;N), 1.41 (d, J= 6.7, 3H, CHC).
IR (nest):
3370, 2978, 1649, 1550, 1412, 1282, 1122, 1011, 911, 848, 614 cm™.
M S (70eV):
m/z: 58 (100), 59 (33), 60 (60), 88 (4), 103 (M *,6).
[a]®p= - 22.6(C 3.6, EtOH).
‘S’ -2-Hydroxybutanoic acid N-methyl amide (18):"

Prepared from 12 (0.186 g, 0.80 mmol) in THF (1.5 ml) and Na (0.215 g,
9.34 mmal) in ammonia (20 mL). Purification by flash chromatography on slica gel
(ethyl acetate) furnished 0.064g (68%) of 18 as aclear, colourless gum.

H NMR (300 MHz, CDCL,):
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d 6.68 (bs, 1H, NH), 4.06 (b, 1H, CHOH), 3.28 (bs, 1H, OH), 2.84(d, J =
4.9, 3H, CH;N), 1.91-1.82 and 1.72-1.59 (m, 2H, CH,CH,), 0.96 (t, J=7.5,
3H, CHL).

IR (neat):
3359, 2968, 1646, 1551, 1461, 1413, 1316, 1127, 1048, 986, 590cm™.

M S (70eV):
m/z: 58 (60), 59 (87), 60 (47), 88 (62), 89 (100), 99 (7), 117 (M*33).

[a]®p=- 48.7 (c 1.2, CHCL)

‘S’-2-Hydroxy pentanoic acid N-methyl amide (19):”

Prepared from 13 (0.333g, 1.35 mmol) in THF (1 ml) and Na (0.31 g, 13.5
mmal) in anmonia (10 mL). Purification by flash chromatography on dlica gd (ethyl
acetate) furnished 0.104g (59%) of 19 as white solid.

'H NM R (200 MHz, CDClL,):

d 6.75 (bs, 1H, NH), 4.1 (m, 1H, CHOH), 3.50 (bs, 1H, OH), 2.85 (d, J =

4.9,3H, CH;N), 1.35-1.9 (m, 4H, CH,CH,), 0.95 (t, J= 7.5, 3H, CH,C).
IR (CHCIy):

3340, 2959, 1648, 1548, 1411, 1286, 1131, 757cm™.

M S (70eV):
m/z: 55 (44), 58 (73), 73 (29), 89 (100), 113 (2), 132 (M+1, 9).

[a]®,=- 48.4(c 1.4, CHCl,)
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*S’-2-Hydroxy 3-methyl butanoic acid N-methyl amide (20)"": Prepared from 14
(0.488 g, 1.98 mmol) in THF (2ml) and Na (0.453 g, 19.7 mmol) in ammonia (40 mL).
Purification by flash chromatography on slica gd (ethyl acetate) furnished 0.132g
(51%) of 20 aswhite solid.
IH NM R (200MHz, CDCL):
d 6.59 (bs, 1H, NH), 3.98 (bs, 1H, CGHOH), 2.96 (bs, 1H, OH), 2.85 (d,
J=4.9, 3H, NHCH,), 2.17 (dsept, J = 3.1, 6.9, 1H, CH(CH,),), 1.02 (d, J
=6.9, 3H, CH,), 0.84 (d, J= 6.9, 3H, CHj).
IR (CHCly:
3365, 2958, 1632, 1577, 1409, 1021, 616 cni™.
M S (70 eV):
m/z 55 (87), 58 (74), 60 (64), 73 (86), 83 (17), 89 (100), 98(3), 113 (11),
131(M*, 5).

[a]%,=- 57.0 (c 2.6, CHCI).

General procedurefor the hydrolysis of the amides 18-20:

The hydroxy amides 18-20 were sugpended in 1M H,SO, and the mixture
was heated to reflux till hydrolyss was complete. After cooling to 0 °C, the solution
was neutrdized with solid NaHCQO, and the mixture was extracted with ether. The
aqueous layer was acidified with conc. H, SO, and the a-hydroxy acid was extracted
repestedly with ether. The combined extracts were dried over anhydrous NSO, and
concentrated to furnish the acids 21-23. The acids were converted to the methyl esters

24-26 by trestment with diazomethane in ether.



Synthesisof MTPA derivativesof thea -hydroxy methyl esters 24-26:

‘S or ‘R -Methoxytrifluromethylphenylacetyl chloride was prepared according
to the literature  proceduré® by  refluxing the  corresponding
methoxytrifluoromethylphenylacetic acid (1.0 g) and NaCl (0.01 g) in thionyl chloride
(6 mL) for 50 h. The excess thionyl chloride was removed by didtillation. Kugerohr
didillation of the residue furnished 0.85-0.90 g of the pure acid chloride as a colourless
oil. A stock solution of the MTPA chloride was prepared in dichloroethane and stored
in the refrigerator under argon. It was used when necessary. The MTPA esters were
prepared by mixing the a-hydroxy ester, MTPA chloride (1.2-1.5 eg.) and 10 drops
of pyridine. The reaction was complete & ambient temperature in 18-24 h.. The
reaction mixture was diluted with CHCl; and washed with 5% HCI, saturated
NaHCQO,, brine, dried (NgSO,) and concentrated to furnish the crude MTPA ester
which was purified minimaly by filtration through a smdl pad of slicagd. The MTPA
esters thus obtained were analysed for diastereomeric content by *H NMR and/or

HPLC.

2S-2-Hydroxybutanoic acid (21):*

18 (40 mg, 0.34 mmol) in 1M H,SO, (3 ml) was heated to reflux for 4 hto
yidd, after work up, 31 mg (87%) of 21 as colourless needles.
[a]®>= +5.5(c 0.66, CHCL)

The acid was immediately converted to the methyl ester in order to prevent

dimerisaion.



2S-M ethyl-2-Hydr oxybutanoate (24):

IH NM R (200 MHz, CDCl,):
d4.2(g,J=7,1H, CH), 3.8 (s, 3H, OCH,), 2.75 (d, J=7, 1H, OH),
1.95-1.55 (m, 2H, CH.,), 0.95 (t, J= 7, 3H, CH,CH.).

Enantiomeric excess:
92% by H NMR andyss of the Mosher derivative of 24 with ‘R-

methoxytrifluoromethylphenylacetyl chloride.

2S-2-Hydroxypentanoic acid (22):®
19 (96 mg, 0.73 mmol) in IM H,SO, (6 ml) was heated to reflux for 8 h to
yield, after work up, 76 mg (88%) of 22 as pde ydlow solid.
1H NM R (200 MHz, CDCl,):
d 5.8-5.1 (bs, 2H, OH, CO,H), 4.35-4.25 (m, 1H, CH), 1.95-1.65 (m, 2H,
CHCH,), 1.65-1.40 (m, 2H, CH,CH,), 1.00 (t, J= 7, 3H, CH.).
IR (CHCIy):
3420, 2960, 2360, 1725, 1227, 1131cm?.
M S (70eV):

m/z; 55 (100), 73 (80), 76 (28), 119 (M+1, 1).

2S-M ethyl-2-Hydr oxypentanoate (25):
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IR (neat):
4258, 3833, 3398, 2926, 2342, 1750, 1641, 1563, 1451, 1093, 678 cni™.
IH NM R (200 MHz, CDCl,):
d 4.25-4.15 (m, 1H, CH), 3.8 (s, 3H, OCHy), 2.7 (d, J= 7, 1H, OH), 1.9-
1.3 (m, 4H, CH,CH,), 0.95 (t, J= 7, 3H, CH,CH,,).
[a]®,= +9.9 (c 0.48, CHCl)
Enantiomeric excess:
92% by 'H NMR andyss of the Mosher derivaive of 25 with ‘S-

methoxytrifluoromethylphenylacetyl chloride.

2S-2-Hydroxy-3-methylbutanoic acid (23):"°
20 (130 mg, 0.99 mmoal) in 1M H,SO, (18 ml) was heated to reflux for 36 h to
yield, after work up, 85 mg (72%) of 23 aswhite solid.
'H NM R (200 MHz, CDClL,):
d 5.8 (bs, 2H, OH, CO,H), 4.16 (d, J = 3.4, 1H, CHOH), 2.30-2.05 (m,
1H, CH(CHs),), 1.07 (d, J= 6.9, 3H, CH.), 0.93(d, J = 6.9, 3H, CH.).
IR (CHCIy):
2967, 1728, 1467, 1215, 1136, 1028, 895, 759 cm™.
MS (70 eV):
m/z 55 (53), 58 (38), 73 (85), 76 (100), 87 (5), 102 (5), 118 (M*, 2).

[a]%= +13.8(c 1.5, CHCL)
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2S-M ethyl-2-Hydr oxy-3-methylbutanoate (26):

'H NM R (200 MHz, CDCl,):
d 4.04 (m, 1H, CHOH), 3.77 (s, 3H, OCHy), 2.72 (d, J= 6, 1H, OH),
2.08-1.97 (m, 1H, CH(CHjy),), 0.98 (d, J =7, 3H, CH(CHs),), 0.83 (d, J =
7, 3H, CH(CHs,),).

Enantiomeric excess 96% (HPLC analyss of the Mosher derivative of 26 with

* S -methoxytrifluoromethylphenylacetyl  chloride; Macherey-Nagel Nudleosil®s Cg

(reversed phase) column, 250 x 4 mm, acetonitrilewater 6/4, flow rate 1.2 ml/min. &

(major): 3.81 min.; t; (minor): 5.11 min).
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CHAPTER 11

ASYMMETRIC SYNTHESIS OF

a-HYDROXYCYCLOPROPANECARBOXYLIC ACIDS
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1. INTRODUCTION

a - Hydroxycyclopropanecarboxylic acids condtitute a unique class of hydroxy
acids due to their structura novety as wdl as their gpplications in the synthesis of five
and six membered ring systems; as enzyme inhibitors (|, Figure 1), and components

of fungicides and agriculturd microbicides (11, Figure 1).34

Figure 1.
OH cl 0
o) on »\o
R
k A
Ra Cl o) Ry
' I
Ry H Me Me Fungicide (R; = R, =H)
R, H Me Et Agricultural microbicide (R; =R, = Me)
Inhibitors of dihydroxyacid

dehydratase from yeast and E. coli.

Synthesis of a -hydroxycyclopr opanecar boxylic acids

Two approaches to a-hydroxycyclopropanecarboxylic acids have been
reported in the literature,
Diazotization of a -aminocyclopropanecar boxylic acids

Thefirst synthesis of the parent, achira a - hydroxycyclopropanecarboxylic acid
was reported by Ingold®. The approach involved conversion of a-amino- or a-
(nitroso-ureido) -cycl opropanecarboxylic acid to the a - hydroxy andogue (Scheme 1).
Scheme 1.

o) ') OsNH,
NHT HNO, op )NaoH oY
oK )X N. .O
HO -
ii) HCI HOJX N

A diagtereosdective verson® of this methodology has also been demonstrated

on racemic, diastereomerically pure 2 ethyl- 1-aminocyclopropane-1-carboxylic acids.
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The procedure involves diazotization of the g -amino acid with sodium nitrite in acetic
acid to yidd the corresponding a-acetoxy acids with retention of stereochemisiry
(Scheme 2).

Scheme 2.

NaNO-
_—
AcOH
CHs3 CHs3
racemic racemic

Stereoselectivering contraction of cyclobutane-1,2-diones

Hene™® has synthesized a-hydroxycyclopropane carboxylic acids by
dereosdective ring contraction of cyclobutane-1,2-diones prepared from the
corresponding diethylsuccinates. The stereochemica course of the ring contraction
processis governed by the preexisting stereocenter at in the cyclobutanedione to obtain
a - hydroxycyclopropanecarboxylic acids in which the carboxylic acid group is trans

with respect to the C2 substituent in the cyclopropane ring (Scheme 3).

Scheme 3.
OH
RL 00t Ri otms Rl o
R, Na Ry B, Ry 1.NaOH G H
R R R R Ry
3 COOEt TMSCI 3 OTMS 3 o 2. HCI 1
4 R4 R4 Rz Rs

This reaction has aso been employed by Sdalin'® et. al. in an asymmetric
approach to a - hydroxycyclopropanecarboxylic acids from enantiomericaly
enriched diethylsuccinates (Scheme 4).

Scheme 4.
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OH
OTMS O
R M OH
COOMe Na Br, 1.NaOH O~ B
COOMe TMSCI OTMS o . H R
R = Me, CMe 3

2. OBJECTIVES

The cyclobutanedione based synthesis™® is the only procedure presently
available for the preparation of enantiomericaly enriched a-
hydroxycyclopropanecarboxylic acids. The objective of this underteaking was to
develop a generd, asymmetric synthesis of a -hydroxycyclopropanecarboxylic acids
that involves stereoselective cyclopropanation of chird, a -alkoxy acrylamides derived

from a-keto carboxylic acids. These acrylamides have been described in Chapter 1.

3. RESULTSAND DISCUSSION

Initiad dtudies were conducted on a-akoxy acrylamide 7. Somewhat
unexpectedly, cyclopropanaion of 7 could not be achieved with CH,N,'* and
unreected starting materid was recovered from this reaction. The addition of a catdytic
amount of Pd(OAc),'> had no effect on the reaction. However, Smmons-Smith
cyclopropanation'® of 7 employing Zn-Cu*¥/CH,l, in ether was successful and afforded
the cyclopropyl morpholinone 27 in 62% yield (Scheme 5). The reaction proceeded
only at the solvent reflux temperature and stereosdl ectivity was moderate.

Thus, in diethyl ether, 27 was obtained as a 3/1 mixture of diastereomers (*H
NMR). The use of DME or THF as a solvent marginaly increased the selectivity to 4/1

(62% vyidd in refluxing DME). The a-alkoxy acrylamides 8 and 9 were aso
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cyclopropanated to the corresponding cyclopropyl morpholinones 28 (58% yidld, ds =
4/1) and 29 (69% yidld, ds= 15/1) in refluxing DME. Although the diastereosdlectivity
for 28 (4/1) was the same as that for 27, the dimethyl compound 29 is obtained from 9
with good diastereosdlectivity (15/1) a the DME reflux temperature (Scheme 5). The
large increase in selectivity may be attributed to the increased steric demands of the
substrate (tetrasubstituted double bond in 9).

Scheme 5.

Et,Zn / CHal, “H\/
> o)
Et,0, -780C - 1t o)I
ChHs 27 28 29
Hsc\N/H/F’h ds=16-19/1

R H H Me
R" MeEt Me ZnCulCHalz H3C\th
DME, reflux

27 28 29
ds=4-15/1

Cyclopropanation of 7-9 was dso investigated by employing other reagents
reported in the literature. Thus, the reaction of 7-9 with the Me,Al/CH,l ,* derived
reagent could not produce any cyclopropanation product and only the starting materia
was recovered. However, the reaction with Et,Zn'%/CH.l, derived reagent™ at ambient
temperature successfully generated the corresponding cyclopropyl morpholinones 27
(ds=16/1), 28 (ds = 19/1) and 29 (ds = 19/1) with 56-82% yield (Scheme 5). The

diastereomer ratio in 27-29 was readily determined by *H NMR spectroscopy of the
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crude product and is based on the integration of the characteristic benzylic methine
resonance (doublet in the 5 ppm region) due to the ephedrine portion of the molecule.
The absolute configuration of the major diastereomer in 27-29 was determined
by their conversion to the corresponding a -hydroxy cyclopropane carboxylic acids and
is described below.
Dissolving metd reduction of 27-29 with sodium in lig. anmoniaa —78 °C

generated the hydroxy amides 30-32 in 74-90% yield (Scheme 6).

Scheme 6.
CH3 H3C\
HsC. Ph NH
N Na/lig. NH 3 5 H
_ > o
o7 o THF, -780C ..
. -
R R
30 31 32
amw R
e
R R
R" MeEt Me K MeEt Me

Hydrolysis of the amides 30-32 was problematic under acidic (6N HCI, 80 °C)
as wdl basic (KOH, ethylene glycoal, reflux) conditions and resulted in a complex
mixture, presumably due to cleavage of the cyclopropane ring under the reaction
conditions. Protection of hydroxyl group in 30-32 had a dgnficant effect. Thus,
reaction of 30-32 with NaH / PhCH,Br in anhydrous THF furnished the corresponding
O-benzyl amides 33-35 in 66-81% yidd (Scheme 7). Hydrolysis of 33-35 could not
be achieved under acidic conditions (refluxing 1IN HCI or refluxing 3M HSO,) and
resulted in a complex mixture. However, the treetment of 33-35 with KOH in ethylene
glycof® (120 °C or 180 °C) cleanly generated the desired O-benzyl carboxylic acids

36-38 in 71-93% yield. Debenzylation of 36-38 by hydrogenolysis (H, (1 atm.), Pd/C,
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EtOH) afforded the desired a - hydroxycyclopropanecarboxylic acids 39-41 in 82-94%

yield. The overdl transformation is shown in Scheme 7.

Scheme 7.
H3C\
NaH / PhCH ,Br
30 31 32
R H H Me
R" MeEt Me
KOH/
ethylene
glycol
Hy, Pd/C
39 40 41 36 37 38
R H H Me R H H Me
R" MeEt Me R" MeEt Me

The absolute configuration of 39-41 was determined by comparision of the Sign
of the optical rotation of 39 with the literature vdue ((a]p = -32.4 (c 1.6, CHCI,) for
39 (Scheme 7); lit4a]p = -57 (c 1.6, CHCL,) for 1S,2R 39) and by analogy in the *H
NMR spectra of the precursors 27-29. Thus, 39 and 40 have been assgned the
1S,2R, and the configuration of 41 isalso 1S a C1.

The enantiomeric excess of the a-hydroxycyclopropanecarboxylic acids is
based on the diastereomeric excess of the precursors 27-29 since epimerization of the

newly generated stereo centers during conversion of 27-29to 30-32 and  30-32 to
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39-41 is unlikely. It should be noted that 7-9 obtained by the Zn-Cu/CH,l,
procedure were employed in the above sequence since they were available in larger
guantities. The EtL,Zn/CH,l, procedure is superior, since the stereosdectivity of
cyclopropanation (and consequently the enantiomeric excess of the a-
hydroxycyclopropanecarboxylic acids) is much higher. The results are summarized in
Table 1.

Table 1: Stereoseective cyclopropanation of acrylamides 7-9 and their conversion to
a-hydroxycyclopropanecarboxylic acids 39-41.

CHs CHj

H3C\N)\/Ph . H3C\N)YPh . HaCanm ] OH o
o)]]:o o);(O ° 0y 0 o):l
R TR" R|I.I" R R’ R R’ R

7-9 27-29 30-32 3941
Subst- Reagent Cyclopropyl ds® Hydroxy Hydroxy er®
rate mor pholinone amide acid
(% yidd) (Yoyidd)  (%yidd)®

7 Zn-Cu/CHyl, 27 (62) 41 30(74) 39(51) 41
Et,Zn/CH,l 27 (56)° 16/1

8 Zn-Cu/CH,l, 28 (58) 4/1  31(85) 40(60) 41
Et,Zn/CH,l, 28 (59) 1971

9 ZnCu/CHl, 29 (69) 151 32(90) 41(58) 151
Et,Zn/CH,l, 29 (82) 191

a determined by *H NMR spectroscopy b: overall yield for three steps ¢ based on
the dsfor precursors 27-29 d: based on recovered starting materid.

The facid sdectivity for cyclopropanation of 7-9 may be explained by
conddering a trangtion state conformation for 7-9 in which the phenyl group is quasi
equatorid. An axid gpproach of the cyclopropanating species would result in the

observed stereosdectivity (Figure 1).

Figure 1.
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4. CONCLUSIONS

An asymmetric synthesis of a - hydroxycyclopropanecarboxylic acids has been
achieved by cyclopropanation of chird a-akoxy acrylamides. It is noteworthy that
enantiomericdly enriched hydroxy acids such as 41, which ae symmericdly
disubgituted on C2, may not be readily avalable by ring contraction of the

corresponding cyclobutane-1,2-dione’ since it is achird. The present method thus

offersadigtinct advantage.



5. EXPERIMENTAL
Generd experimentd techniques which have been described in the experimental

section of Chapter 1 were followed.

Preparation of the zinc-copper couple:**

In a 250 mL round-bottomed flask fitted with magnetic stirrer were placed zinc
powder (49.2 g, 0.75 g aom) and 40 mL agueous hydrochloric acid (3%). The
mixture was dirred rapidly for 1 min., the zinc was dlowed to settle, and the
supernatant liquid was decanted. The resdud zinc powder was then washed
successively with three additiona 40 mL portions of hydrochloric acid (3%), five 100
mL portions of distilled water, two 75 mL portions of aqueous copper sulfate (2%),
five 200 mL portions of digtilled water, four 100 mL portions of absolute ethanol and
five 100 mL portions of asolute ether. The resulting Zn-Cu couple was transferred to
a Buchner funnd, washed with anhydrous ether and dried with suction. It was stored in

avacuum dessicator over phosphorous pentoxide and used when required.

General procedure for the Simmons-Smith cyclopropanation of a-alkoxy
acrylamides7-9:*®

To g -dkoxy acrylamides 7-9 (1eg.) and Zn-Cu couple (10 eq.) in DME was
added a crysta of iodene. To this gtirred suspention was added di-iodomethane (10
eq.) dropwise. A vigorous reaction commences and the reaction mixture dtarts
refluxing. The reflux was maintained for 6h (oil bath, 110 °C) a which point additiona

Zn-Cu ouple (10 egq.) and diiodomethane (10 eq.) were added and the reflux was
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continued for another 6h. The reaction mixture was cooled to ambient temperature and
the solvent was removed under reduced pressure. The residue was taken up in ethyl
acetate and washed with ice cold 2N HCI followed by water. The organic layer was
dried over anhydrous Ng SO, and concentrated in vacuo. The crude product obtained
was purified by flash chromatography on slica ge using petroleum ether/ethyl acetate

mixtures as € uant.

(IR, 3S, 5R, 69-1,6,7-Trimethyl-4-oxa-5-phenyl-7-aza-spir o[2.5]octan-8-one
(27):
Prepared from 7 (0.69 g, 2.98 mmol) in anhydrous 1,2-dimethoxyethane (30
mL), Zn-Cu couple (3.8 g, 58.46 mmal), iodine (0.005 g) and diriodomethane (4.82
mL, 59.83 mmol) to furnish 0.82 g of crude product (ds = 4/1 by *H NMR) which on
purification by flash chromatography on slica gd (6/4 petroleum ether/ethyl acetate)
furnished 0.46 g (62%) of 27 as clear, colourless gum.
H NMR (200 MHz, CDCly):
d 7.45-7.25 (m, 5H, ArH), 5.20 (d, 1H, J = 2.4, PhCH), 3.65 (dq, 1H,
J =24, 6.4, NCH), 3.05 (s, 3H, NCH,), 2.0-1.8 (m, 1H, CH,CH), 1.40
(dd, 1H, J = 4.4, 9.7, CH,) 1.30 (d, 3H, J = 6.3, CH,CHCH,), 1.00 (d, 3H,
J=6.4, NCHCHS,), 0.60 (dd, 1H, J = 4.4, 7.3, CH,).
Visible peaks for the other diastereomer: d 5.05 (d, 1H, PhCH), 1.15 (d,
3H, CHCHj), 1.05 (d, 3H, CHCH_,3), 0.80 (dd, 1H, CH,).

BC NMR (50 MHz, CDCly):
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d 169.6 (NC=0), 138.0 (ArCipso), 128.2 (ArCH), 127.4 (ArCH), 125.3
(ArCH), 76.6 (PhCH), 63.1 (C-0), 59.2 (NCH), 33.3 (NCH), 23.0 (CH,),
20.0 (CH,CH), 12.5 (CH5), 11.7 (CH>).
Visible peaks for the other diastereomer: d 137.0 (ArCipso), 77.0
(PhCH), 64.0 (C-0), 22.0 (CH,CH), 21.0 (CH,), 11.0 (CH,).

IR (neat):
2978, 2932, 2874, 1651, 1605, 1450, 1400, 1379, 1340, 1296, 1258, 1213,
1198, 1141, 1094, 1070, 1042, 1015, 988, 918, 885 cni™.

M S (70 eV):
m/z 58 (4), 91 (16), 118 (100), 128 (85), 148 (2), 204 (1), 245 (M*, 2).

[a]2%=-117.8 (c 1, CHCl)

(IR, 3S, 5R, 69-1-Ethyl-4-oxa-5-phenyl-6,7-dimethyl-7-aza-spir o[ 2.5] octane-8-
one (28):

Prepared from 8 (0.7 g, 2.85 mmol) in anhydrous 1,2-dimethoxyethane (40
mL), Zn-Cu couple (3.6 g, 55.38 mmoal), iodine (0.005g), di-iodomethane (4.6 mL,
57.1 mmoal) to furnish 0.89 g of crude product s = 4/1 by 'H NMR) which on
purification by flash chromatogrgphy on dlica gel (7/3 petroleum ether/ethyl acetate)
furnished 0.431 g (58%) of 28 as clear, colourless gum.
'H NM R (200 MHz, CDClL,):

d 7.45-7.25 (m, 5H, ArH), 5.20 (d, 1H, J = 2.7, PhCH), 3.60 (dq, 1H,

J =27, 6.5 NCH), 3.05 (s, 3H, NCH3), 1.90-1.60 (m, 3H, CH,CH,CH),
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1.35 (dd, 1H, J = 4.5, 9.0, CCH,), 1.10 (t, 3H, J = 7.0, CH,CHS), 1.00 (d,
3H, J = 6.5, CHCHS,), 0.60 (dd, 1H, J = 4.5, 6.8, CCH.,).
Visible peaks for the other diastereomer: d 5.05 (d, 1H, PhCH), 0.85
(dd, 1H, CCH,).

BC NMR (50 MHz, CDC,):
d 169.1 (NC=0), 137.7 (ArCipso), 127.8 (ArCH), 127.0 (ArCH), 124.9
(ArcH), 76.3 (PhCH), 62.8 (C-O), 58.8 (NCH), 329 (NCH,), 27.0
(CH,CH), 21.7 (CH,), 20.4 (CH,), 13.3 (CHs), 12.1 (CHy)
Visible peaks for the other diastereomer: d 137.0 (ArCipso), 77.0
(PhCH), 64.0 (C-0), 29.0 (CH,CH), 19.4 (CH,), 19.0(CH,).

IR (Neat):
3475, 3064, 2962, 2931, 2872, 2361, 2238, 1647, 1451, 1400, 1379, 1340,
1299, 1264, 1198, 1142, 1097, 1069, 1046, 1006, 969, 943, 917, 888, 802
om®,

M S (70 eV):
m/z 56 (3), 68 (2), 77 (6), 83 (8), 91 (12), 96 (1), 103 (8), 118 (100), 131
(4), 142 (45), 148 (8), 259 (M*, 1).

[a]%, = -107.2 (c 5, CHCL,)

8S, B5R, 69)-1,1,6,7-Tetramethyl-4-oxa-5-phenyl-7-aza-spir o[ 2.5]octane -8-one
(29):
Prepared from 9 (0.65 g, 2.65 mmol) in anhydrous 1,2-dimethoxyethane (25

mL), Zn-Cu couple (3.36 g, 51.69 mmal), iodine (0.005 g), diiodomethane (4.26 mL,
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52.8 mmal) to furnish 0.89 g of crude product @ds= 15/1 by H NMR) which on

purification by flash chromatography on slica gd (8/2 petroleum ether/ethyl acetate)

furnished 0.48 g (69%) of 29 aswhite solid.

'H NM R (200 MHz, CDClL,):
d 7.50-7.20 (m, 5H, ArH), 5.10 (d, 1H, J = 2.7, PhCH), 3.55 (dq, 1H,
J =27, 6.5, NCH), 3.05 (s, 3H, NCH,), 1.45 (s, 3H, C(CH4),), 1.40 (s,
3H, C(CH,),), 1.35 (d, 1H, J = 4.5, CH,), 1.00 (d, 3H, J = 6.5, CHCH,),
0.80 (d, 1H, J=4.5, CH)).
Visible peaks for the other diastereomer: 1.55 (s, 3H, C(CH>),), 1.50 (s,
3H, C(CH4),).

BC NMR (50 MHz, CDCl):
d 168.6 (NC=0), 138.1 (ArCipso), 128.0 (ArCH), 127.2 (ArCH), 125.2
(ArCH), 76.0 (PhCH), 66.1 (C-0), 59.2 (NCH), 33.5 (NCH,), 28.8 (CH)),
27.0 (C(CHg),), 21.4 (CH3), 19.9 (CH,), 12.3 (CH,).

IR (CHCly):
3471, 2979, 2927, 1652, 1448, 1398, 1377, 1339, 1295, 1254, 1207, 1180,
1097, 1070, 1026, 968, 885 cnt.

MS (70 eV):
m/z 78 (2), 83 (11), 91 (8), 105 (3), 117 (100), 131 (1), 142 (63), 148 (3),
189 (1), 204 (1), 259 (M*, 1).

Analysisfor CsH»1NO,:
Cdcd: C, 74.09; H, 8.16; N, 5.40

Found: C, 73.96; H, 8.29; N, 5.41



[a ]25D = '1674 (C 1, CHCI3)

Preparation of diethylzinc:

To asolution of zinc chloride (2.73 g, 20 mmoal) in 30 mL anhydrous ether was
added 40 mmol ethylmagnesium iodide (2.2 M in ether). The resulting suspension was
dirred at for 2 h a ambient temperature and then trested with 12 mL of anhydrous
1,4-dioxane. The mixture was girred for an additiond 45 min. to ensure complete
precipitation of the magnesum sdts. The mixture was then filtered under an inert gas

atmosphere using a Schlenk filter to give a clear solution of diethylzinc in ether.

General procedurefor the cyclopropanation of 7-9 with Et,Zn/CHal 5:*’

To asolution of 7-9 (1eg.) in anhydrous ether (1 mL) at -78 °C was added
diethylzinc (1M solution in ether, 10 eq.) followed by driodomethane (10 eqg.). After 5
min. the reaction mixture was warmed to ambient temperature and stirred for 12 h after
which it was cooled to -78 °C, additiond Et,Zn and CH,l, were added (10 eq. each)
and the reaction was continued for 12 h a ambient temperature. The mixture was
diluted with ether and the solution was washed with 2N HCI follwed by water. The
ether solution was dried over anhydrous Na,SO, and concentrated to give the crude
product which was purified by flash chromatography on slica gd using petroleum

ether/ethyl acetate mixtures as € uant.

(AR, 3S, 5R, 69-1,6,7-Trimethyl-4-oxa-5-phenyl-7-aza-spir o[2.5]octan-8-one

(27):
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Prepared from 7 (0.09 g, 0.38 mmoal) in ether (1 mL), Et,Zn (1M solution in
ether, 7.6 mL, 7.6 mmol), driodomethane (0.6 mL, 7.44 mmoal) to furnish 0.14 g of
crude product (ds = 16/1 by *H NMR) which on purification by flash chromatography
on silicagd (65/35 petroleum ether/ethyl acetate) furnished 0.042 g (44%, 56% based
on recovered 7) of 27 as clear colourless gum.

[a]®p=-170.2(c 1.1, CHCI3)

(IR, 3S, 5R, 69-1-ethyl-4-oxa-5-Phenyl-6,7-dimethyl-7-aza-spir o[ 2.5] octane-8-
one (28):

Prepared from 8 (0.038 g, 0.15 mmol) in ether (1 mL), Et,Zn (1M solutionin
ether, 1.5 mL, 1.5 mmoal), di-iodomethane (0.12 mL, 1.48 mmol) to furnish 0.097 g of
crude product (ds = 19/1 by *H NMR) which on purification by flash chromatography
on slica gd (65/35 petroleum ether/ethyl acetate) furnished 0.024 g (59%) of 28 as
clear colourless gum.

[a %, = -163.3(c 2.4, CHCL)

8S, 5R, 69)-1,1,6,7-tetramethyl-4-oxa-5-Phenyl-7-aza-spir o[ 2.5]octane -8-one
(29):

Prepared from 9 (0.047 g, 0.19 mmol) in ether (1 mL), Et,Zn (1M solution in
ether, 4 mL, 4 mmoal), diiodomethane (0.32 mL, 3.97 mmal) to furnish 0.064 g of
crude product (ds = 19/1 by *H NMR) which on purification by flash chromatography
on slicagd (8/2 petroleum ether/ethyl acetate) furnished 0.034 g (69%, 82% based on

recovered 9) of 29 aswhite solid.
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[a 15, = -170.8 (¢ 2, CHCly)

General procedure for dissolving metal reduction of 4-oxa7-
azaspir o[2.5]octane-8-ones 27-29:

To anhydrous liquid ammonia (distilled over sodium) was added Na (10 eq.) at
-78 °C and the mixture was gtirred for 15 minutes. To the resulting blue solution was
added a solution of 27-29 (1 eq.) in anhydrous THF and the mixture was stirred for 2-
3 minutes. Methanol was added followed by water, the mixture was warmed to
ambient temperature and extracted with ethyl acetate after the removd of anmonia
The combined extracts were dried over Na,SO, and concentrated to provide the crude

product which was purified by flash chromatography on silicagd.

(1S, 2R)-2-Methyl-1-hydroxycyclopropane-1-carboxylic acid N-methyl amide
(30):

Prepared from 27 (0.8 g, 3.26 mmol) in THF (2 mL) and Na (0.75 g, 32.6
mmal) in ammonia (25 mL) to furnish 0.38 g of crude product which on purification by
flash chromatography on silicagd (2/8 petroleum ether/ethyl acetate) furnished 0.312 g
(74%) of 30 aswhite solid.

IH NM R (200 MHz, CDCl,):

d 7.10 (br s, 1H, NH), 4.45 (br s, 1H, OH), 2.8 (d, 3H, J=5.5, NHCHy),

1.60-1.35 (M, 2H, CH,, CH,CH), 1.15 (d, 3H, J = 7.0, CHCHy), 0.60 (m,

1H, CH,).

BC NMR (50 MHz, CDCly):
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d 175.7 (NC=0), 58.6 €-OH), 26.1 (NHCH.), 22.5 (CH,), 20.6 (CH),
11.7 (CHCHy).

IR (CHCL):
3434, 3345, 3017, 2975, 2963, 2932, 1641, 1544, 1415, 1280, 1255, 1216,
1191 cmit,

MS (70eV).
m/z 58 (17), 71 (64), 82 (5), 86 (19), 96 (4), 102 (8), 114 (34), 129 (M*,
100).

Analysisfor CgH;;NO2:
Calcd: C,55.79; H, 858; N, 10.84
Found: C, 55.67; H, 9.01; N, 10.46

[a]%,=-46.7 (c 1.5, CHCl,)

(1S, 2R)-2-Ethyl-1-hydroxycyclopropane-1-carboxylic acid N-methyl amide
(32):

Prepared from 28 (0.23 g, 0.88 mmol) in THF (2 mL) and Na (0.204 g, 8.86
mmal) in ammonia (15 mL) to furnish 0.32 g of crude product which on purification by
flash chromatography on slicagd (2/8 petroleum ether/ethyl acetate) furnished 0.108 g
(85%0) of 31 aswhite solid.

'H NM R (200 MHz, CDClL,):

d 6.95 (br s, 1H, NH), 3.45 (br s, 1H, OH), 2.85 (d, 3H, J=5.5, NHCH,),

1.60-1.40 (m, 4H, CH,CH,CH, CCH,), 1.00 (t, 3H, J = 7.0, CH,CHJ),

0.65 (m, 1H, CCH,).
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BC NMR (75.5 MHz, CDCL):
d 176.0 (NC=0), 58.6 (C-OH), 28.2 (NHCH,), 26.1 (CH), 21.2 (CH,),
20.5 (CHy), 13.6 (CH,CHS,).
IR (CHCly:
3374, 2962, 1644, 1548, 1413, 1258, 1193, 1104, 1043, 943, 885 cr'.
M 'S (70eV):
m/z 58 (19), 69 (11), 85 (100), 89 (24), 96 (5), 110 (5), 114 (15), 128 (5),
143 (M", 28).

[a]?%=-34.7 (c 1.5, CHCL)

1S-2,2-Dimethyl-1-hydroxycyclopropane-1-carboxylic acid N-methyl amide
(32):
Prepared from 29 (0.275 g, 1.06 mmol) in THF (1 mL) and Na (0.245 g,
10.65 mmal) in ammonia (10 mL) to furnish 0.209 g of crude product which on
purification by flash chromatography on glica gd (2/8 petroleum ether/ethyl acetate)
furnished 0.138 g (90%) of 32 as white solid.
IH NM R (200 MHz, CDCl,):
d 7.10 (br s, 1H, NH), 4.55 (br s, 1H, OH), 2.80 (d, 3H, J=5.0, NHCH,),
1.35 (d, 1H, J = 5.2, CH,), 1.25 (s, 3H, C(CH.),), 1.15 (s, 3H, C(CHs),),
0.70 (d, 1H, J=5.2, CH,).
BC NMR (50 MHz, CDCl,):
d 174.2 (NC=0), 62.6 (C-OH), 27.1 (NHCH3), 26.1, 26.0 (CH,,C(CH,).),

20.9 (CCHj), 19.3 (CCHy).



IR (CHCly):
3354, 2924, 1641, 1544, 1412, 1187, 1019, 905 cn*.
M S (70eV):
m/z 59 (38), 69 (10), 73 (5), 85 (100), 103 (39), 116 (2), 128 (1), 143 (M*,
4).
Analysisfor CH;3NO:
Cacd: C,58.72; H,9.15; N, 9.78
Found: C, 58.78; H, 9.41; N, 9.56

[a 5= -58.2 (c 3, CHCl,)

General procedure for O-benzylation of Xhydroxycyclopropane-1-carboxylic
acid N-methyl amides 30-32:

To a dtirred suspension of NaH (2.8 eg. (washed with anhydrous petroleum
ether)) in THF a -10 °C (ice-sdt bath) was added drop wise asolution of 30-32 in
THF. Benzyl bromide was added after 30 min. and the reaction mixture was dowly
warmed up to and stirred at ambient temperature for 4h. Methanol was added followed
by water and the reaction mixture was extracted with ethyl acetate. The combined
extracts were dried over NgSO,, and concentrated to provide the crude product which

was purified by flash chromatography on slicagd.

(1S, 2R)-2-Methyl-1-O-benzylcyclopropane-1-carboxylic acid N-methyl amide

(33):
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Prepared from 30 (0.26 g, 2.01 mmoal) in THF (2 mL), NaH (0.48 g, 28%
disperson in minerd ail, 5.6 mmol) in THF(4 mL) and benzyl bromide (0.28 mL, 2.35
mmol) to furnish 0.39 g of crude product which on purification by flash chromatography
on slica gd (7/3 petroleum ether/ethyl acetate) furnished 0.273 g (62%) of 33 aswhite
solid.

'H NM R (200 MHz, CDCL,):

d 7.45-7.25 (m, 5H, ArH), 6.65 (br s, 1H, NH), 4.60 (d, 1H, J = 11.6,

OCHy,), 4.50 (d, 1H, J = 11.6, OCH,), 2.80 (d, 3H, J = 4.9, NHCH,), 1.65

1.45 (m, 2H, CCH,, CH,CH), 1.20 (d, 3H, J = 6.0, CHCHS), 0.75 (dd, 1H,

J=39,5.8, CCH,).
3C NMR (50 MHz, CDCl,):

d 173.2 (NC=0), 137.4 (ArCipso), 1285 (ArCH), 127.8 (ArCH), 127.3

ArCH), 72.0 (OCH,), 65.9 (C-0), 26.0 (NHCH,), 22.5 (CH), 18.8

(CCH,), 12.4 (CHCHy).

IR (CHCly):
3442, 3348, 3064, 3030, 2932, 2872, 1666, 1522, 1454, 1410, 1288, 1258,
1188, 1106, 1082, 1048, 1028, 910, 818 cm.

M S (70eV):
m/z 58 (21), 65 (9), 69 (17), 91 (100), 105 (1), 118 (13), 128 (61), 143 (1),
161 (5), 220 (M+1, 1).

Analysisfor Ci3Hi7NO;:
Calcd: C, 71.20; H, 7.81; N, 6.38

Found: C, 71.26; H, 7.81; N, 6.02



[a]®p=-9.83 (c 1.1, CHCI,)

(1S, 2R)-2-Ethyl-1-O-benzylcyclopropane-1-carboxylic acid N-methyl amide
(34):

Prepared from 31 (0.072 g, 0.5 mmol) in THF (1 mL), NaH (0.12 g, 28%
digoerson in minegrd ail, 1.4 mmoal) in THF(2 mL) and benzyl bromide (0.07 mL, 0.58
mmol) to fumish 0102 g of crude product which on purification by flash
chromatography on silica gd (85/15 petroleum ether/ethyl acetate) furnished 0.081 g
(69%) of 34 aswhite solid.

'H NM R (200 MHz, CDCl,):

d 7.45-7.20(m, 5H, ArH), 6.65 (br s, 1H, NH), 4.60 (d, 1H, J = 10.0,

OCHy,), 4.45 (d, 1H, J = 10.0, OCH,), 2.80 (d, 3H, J = 5.0, NHCH,), 1.65

1.35 (m, 4H, CH,CH,CH, CCH,), 1.05 (t, 3H, J= 7.0, CH,CH,), 0.80 (m,

1H, CCH,).

BC NMR (50 MHz, CDCly):
d 173.3 (NC=0), 137.5 (ArCipso), 1285 (ArCH), 127.8 (ArCH), 127.3
(ArCH), 72.1 (OCH,), 66.2 (C-0), 30.1 (NHCHS,), 26.0 (CH), 21.3(CH.,),
17.6 (CH,), 13.5 (CH,CH,).

IR (CHCL):
3276, 2928, 2440, 1640, 1528, 1406, 1256, 1192, 1060, 914 cm*.

M S (70eV):
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m/z 58 (12), 65 (4), 83 (28), 91 (100), 105 (3), 132 (10), 142 (94), 149 (3),
175 (3), 234 (M+1, 1).
Analysisfor C3H1gNO::
Calcd: C, 72.07; H, 8.20; N, 6.00
Found: C, 71.95; H, 8.34; N, 5.84

[a]?5=-25(c 1.5, CHCL)

1S-2,2-Dimethyl-1-O-benzylcyclopr opane-1-carboxylic acid N-methyl amide
(35):

Prepared from 32 (0.12 g, 0.83 mmoal) in THF (2 mL), NaH (0.201 g, 28%
digperson in minerd oil, 2.34 mmoal) in THF (6 mL) and benzyl bromide (0.1 mL, 0.84
mmol) to furnish 0198 g of crude product which on purification by flash
chromatography on slica gel (88/12 petroleum ether/ethyl acetate) furnished 0.16 g
(81%) of 35 aswhite solid.

H NMR (200 MHz, CDCly):

d 7.50-7.20 (m, 5H, ArH), 6.60 (br s, 1H, NH), 4.45 (s, 2H, OCH,), 2.85

(d, 3H, J = 5.0, NHCH3g), 1.50 (d, 1H, J = 5.5, CCH,), 1.30 (s, 3H,

C(CHa),), 1.15(s, 3H, C(CH3),), 0.85 (d, 1H,J = 5.5, CCH,).

BC NMR (50 MHz, CDCl):

d 171.2 (NC=0), 137.6 (ArCipso), 128.4 (ArCH), 127.8 (ArCH), 127.5

(ArcH), 71.4 (OCH,), 70.6 (C-O), 26.8 (NHCH,), 26.0 (C(CH,),), 22.8

(CCH,), 21.1 (CCHsy), 19.4 (CCHs).

IR (CHClY:
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3444, 3350, 3064, 3030, 2994, 2946, 2872, 1670, 1522, 1498, 1454, 1410,
1384, 1296, 1252, 1180, 1120, 1080, 10s40, 1026, 1002, 914, 840 cn™.

M S (70eV):
m/z 58 (12), 64 (3), 83 (89), 91 (65), 105 (2), 120 (1), 142 (100), 234
(M+1, 1).

[a]%p=-23.7 (c1, CHCl)

General procedure for hydrolysis of 1-O-benzylcyclopropane-1-carboxylic acid
N-methyl amides 33-35:

To 33-35 (1eg.) in ethylene glycol was added KOH (10 eq.) and the reaction
mixture was hested a an oil bath temperature of 120°C or 180°C for 48-60 h. The
reaction mixture was acidified with conc. HCl and extracted with CH,Cl,.. The
combined organic phase was extracted with saturated ag. NaHCO;. The NaHCO,
layer was acidified with conc. HCI and extracted with CH,Cl,. The combined organic
extracts were dried over Na,SO, and concentrated to provide carboxylic acids 36-38

which were pureby *H NMR.

(1S, 2R)-2-M ethyl-1-O-benzylcyclopr opane-1-car boxylic acid (36):

Prepared from 33 (0.05 g, 0.22 mmoal) in ethylene glycol (2 mL) and KOH
(0.128 g, 2.28 mmoal) a an ail bath temperature of 120°C (48 h) to furnish 0.041 g
(87%) of 36 as pde ydlow gum.

'H NM R (200 MHz, CDCL,):



9

d 10.25 (br s, 1H, CO,H), 7.55-7.30 (m, 5H, ArH), 4.90 (d, 1H, J = 10.8,
OCHy,), 4.65 (d, 1H, J = 10.8, OCH), 1.95-1.75 (m, 1H, CH), 1.60 (dd,
1H, J=4.8,9.6, CCH,), 1.35(d, 3H, J= 6.0, CHCH3), 0.95 (dd, 1H, J
=4.8,7.4,CCH,).
BC NMR (50 MHz, CDC,):
d 180.0 €=0), 137.9 (ArCipso), 128.3 (ArCH), 127.8 (ArCH), 127.7
(AICH), 72.3 (OCH,), 63.0 (C-0), 24.7 (CH), 22.7 (CCH?2), 12.5 (CH3).
IR (nesat):
3750, 3648, 3032, 2932, 2360, 1694, 1497, 1455, 1302, 1256, 1181, 1106,
1082, 1047, 1028, 995, 904, 836 cm*.
M S (70eV):
m/z 65 (13), 69 (4), 77 (4), 91 (100), 105 (3), 118 (19), 161 (4).

[a]®=-30.1(c 3.3, CHCl)

(1S, 2R)-2-Ethyl-1-O-benzylcyclopr opane-1-carboxylic acid (37):
Prepared from 34 (0.138 g, 0.59 mmol) in ethylene glycol (4 mL) and KOH
(0.331 g, 5.91 mmol) a an oil bath temperature of 120°C (48 h) to furnish 0.122 g
(93%) of 37 aspde ydlow gum.
H NM R (200 MHz, CDCly):
d 7.45-7.25 (m, 5H, ArH), 4.85 (d, 1H, J = 11.0, OCH,), 4.55 (d, 1H, J =
11.0, OCH,), 1.85-1.45 (m, 4H, CH;CH,CH, CCH,), 1.10 (t, 3H, J=7.0,
CH,CH,), 0.95 (dd, 1H, J = 4.9, 6.3, CCH,).

BC NMR (50 MHz, CDCL):
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d180.4 (C=0), 137.9 (ArCipso), 128.3 (ArCH), 127.6 (ArCH), 72.2
(OCH,), 63.1 (C-0), 32.2 (CH) , 21.3 (CH,), 21.2 (CH,), 13.5 (CHs).

IR (neat):
3854, 3650, 2963, 2923, 2873, 2363, 1697, 1497, 1455, 1305, 1262, 1181,
1106, 1059, 940 cnt.

M S (70eV):
m/z 65 (4), 83 (4), 91 (100), 105 (1), 132 (5), 175 (1).

[a]®p=-23.4 (cl.1, CHCl,)

1S-2,2-Dimethyl-1-O-benzylcyclopr opane-1-car boxylic acid (38):
Prepared from 35 (0.15 g, 0.64 mmoal) in ethylene glycol (8 mL) and KOH
(0.36 g, 6.42 mmol) at an oil bath temperature of 180°C (60 h) to furnish 0.112 g
(79%) of 38 as pdeydlow gum.
'H NM R (200 MHz, CDClL,):
d 7.55-7.30 (m, 5H, ArH), 4.75 (d, 1H, J = 10.8, OCH,), 4.50 (d, 1H,
J=10.8, OCH,), 1.50 (d, 1H, J = 5.3, CCH,), 1.40 (s, 3H, C(CH>),), 1.30
(s, 3H, C(CH5),), 1.10 (d, 1H, J= 5.3, CCH,).
3C NMR (50 MHz, CDCl,):
d 177.6 (C=0), 137.4 (ArCipso), 128.4 (ArCH), 127.9 (ArCH), 719
(OCH,), 68.1 (C-O), 29.9 (C(CH,),), 26.6 (CCH,), 21.4 (CH3), 19.9
(CHD).

IR (neat):
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3854, 3840, 3822, 3805, 3752, 3736, 3712, 3691, 3677, 3650, 2925, 1695,
1497, 1455, 1425, 1386, 1302, 1262, 1183, 1115, 1042, 925, 832 cnt'.

M S (70eV):
m/z 55(14), 65 (23), 83 (58), 91 (100), 101 (3), 129 (12).

[a]2% = -41.4 (c2.9, CHCy)

General procedure for the hydrogenolyss of 1-O-benzylcyclopropane-1-
car boxylic acids 36-38:

The solution d 36-38 in ethanol was hydrogenated over 10% Pd/C (20% by
weight) at ambient temperature and atmospheric pressure for 68 h. The catalyst was
removed by filtration through celite. The filtrate upon concentration furnished the

hydroxy acids 39-41 which werepureby *H NMR.

(1S, 2R)-2-M ethyl-1-hydr oxycyclopr opane-1-car boxylic acid (39):*
Prepared from 36 (0.15 g, 0.72 mmoal) in ethanol (20 mL) and 10% Pd/C
(0.03 g) to furnish 0.079 g (93%) of 39 aswhite solid.
IH NM R (200 MHz, CDCl,):
d 4.35 (br s, 2H, OH, CO,H), 1.75-1.50 (m, 2H, CCH,, CH), 1.25 (d, 3H,
J=7.0, CHCH), 0.95-0.80 (m, 1H, CCH,).
BC NMR (50 MHz, CDCl,):
d 180.7 (C=0), 57.0 (C-OH), 23.6 (CH,), 23.1 (CH), 11.8 (CH.).
IR (CHCIy:

3404, 1710, 1165 cm?.
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M'S (70eV):
m/z 55 (94), 60 (21), 70 (100), 86 (4), 89 (10), 116 (M*, 20).

[a]®,=-32.4 (c 1.6, CHCl,, lit*[a ]%°,=-57 (c 1.6, CHCl,) for 1S,2R 39).

(1S, 2R)-2-Ethyl-1-hydroxycyclopr opane-1-car boxylic acid (40):
Prepared from 37 (0.1 g, 0.45 mmoal) in ethanol (10 mL)and 10% Pd/C (0.02
g) to furnish 0.056 g (94%) of 40 as white solid.
'H NM R (200 MHz, DMSO-d):
d 1.50-1.35 (m, 2H, CH, CCHy), 1.35-1.10 (m, 2H, CH;CH>), 0.90 (t, 3H,
J=17.0, CH,CHj,), 0.60-0.45 (m, 1H, CCH,).
BC NMR (50 MHz, CDCl):
d 181.4 (C=0), 57.5 €-OH), 30.5 CH), 22,5 CH,), 20.6 CH,), 13.7
(CHy).
IR (CHCly):
3897, 3848, 3833, 3814, 3795, 3379, 2923, 2356, 1694, 1450, 1309, 1243,
1174, 1104, 1065, 1041, 997, 916, 873, 818 cn*.
MS (70eV):
m/z 55 (48), 60 (18), 71 (39), 74 (67), 84 (100), 88 (99), 97 (11), 101 (17),
112 (35), 130 (M*, 33).

[a]®p=-9.0(c 2.7, CHC}).

1S-2,2-Dimethyl-1-hydr oxycyclopr opane-1-car boxylic acid (41):



103

Prepared from 38 (0.08 g, 0.36 mmoal) in ethanol (10 mL) and 10% Pd/C
(0.016 g) to furnish 0.043 g (91%) of 41 as white solid.
IH NM R (200 MHz, CDCl,):
d 7.40 (br s, 2H, OH, CO,H), 1.40 (d, 1H, J = 5.2, CCH,), 1.30 (s, 3H,
C(CHs),), 1.25 (s, 3H, C(CH3),), 1.00 (d, 1H,J = 5.2, CCH,).
BC NMR (50 MHz, CDCly):
d 179.0 (C=0), 62.0 (C-OH), 28.6, 28.4 (CH,, C(CHs),), 20.7 (CH,), 19.9
(CH,).
IR (CHCly:
3904, 3871, 3854, 3839, 3821, 3806, 3750, 3735, 3711, 3382, 2932, 2364,
1992, 1694, 1463, 1379, 1305, 1253, 1178, 1114, 1044, 1021, 984, 922,
873 cni*,
MS (70eV):
m/z 56 (30), 59 (67), 69 (100), 85 (70), 97 (4), 103 (24), 115 (4), 130 (M*,
15).

[a]®5=-13.9 (c 2.4, CHCl,).
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CHAPTER |11

ASYMMETRIC SYNTHESIS OF a-ALKYL-a-HYDROXY-g-

BUTYROLACTONES
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1. INTRODUCTION

Enantiomerically pure a-hydroxy-g-butyrolactones condtitute an important
class of compounds due to ther utility as intermediaes for the synthesis of natura
products and biologicaly active molecules*” a-Alkyta - hydroxy- g butyrolactones are
important members of this dlass as exemplified by a -methyl a -hydroxy ¢ butyrolactone
which is a key intermediates in the synthesis of (1S,2R)-(-)-frontadin (pheromone) and
(R)- (-)-mevdonolactone (Figure 1).8

Figure 1.

.-'\‘
—> ———>

O @]

R)-(-)-Mevalonolactone
o R-0)
Q° Yew CHs —
(S)-2-Methyl-2-Hydroxy-
T \@

gbutyrolactone
(1S,5R)-~(-)-Frontalin

Despite their synthetic utility, only two approaches to a-akyl-a -hydroxy- g
butyrolactones have been reported in the literature.
Asymmetric enolate oxidation protocol

Davis® and co-workers have reported enantiosdlective hydroxylation of the
sodium enolate of 2-methyl-g-butyrolactone using optically pure 2 sulfonyloxaziridines
as oxygen transfer reagents. Both enantiomers of 2 methyt2-hydroxy- ¢ butyrolactone
have been obtained (isolated as their benzoate derivetives) with 84% e.e. by employing
[(8,8-dimethoxycamphoryl)sulfonyl]oxaziridine (Scheme 1).

Scheme 1.
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Condensation of cyanohydrinswith epoxides
Mufioz et. al.° have reported synthesis of racemic a -akyl-a - hydroxy-g-
butyrolactones by condensation of the lithium anion of ethoxyethyl-protected

cyanohydrins with ethylene oxide, followed by trestment of the subgtituted nitrile with

acid (Scheme 2).
Scheme 2.
0
Me CN Me CN OL" R
AN A 2 A | 2 0
_—
EtO o] R -50 0C EtO (o) HO

R
racemic

These racemic a-dakyl-a-hydroxy-g-butyrolactones serve as starting materials

in the preparation of a,b-butenolides, a - akylidene- g lactones and furans?®

2. OBJECTIVE
The objective of this sudy was to develop a stereosdective synthesis of a -
dkyl-a - hydroxy-g-butyrolactones from chira alyl morpholinones which are readily

prepared from a-keto acids.

3. RESULTS AND DISCUSSION
Thedlylation of chird hemiacetas 1-4 (prepared from a-keto acidsand 1R,2S

ephedrine as described in Chapter 1) with dlyltrimethylslane/TiCl, proceeds with
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excdlent diastereosdectivity (>95/5) a - 40 °C, to generate the 2-akyl-2-dlyl-
morpholinones 42-45 in good yield (75-92%)'° (Scheme 3). These morpholinones
served as sarting materids for this study.

Scheme 3.

CH3
H3C Ph
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ds>95/5

Oxidative deavage of the dlylic double bond in 42-45 with OsO/NalO4* in
THF/water & ambient temperature cleanly generates the aldehydes 46-49 (83-95%
yield) which are quantitatively converted to the corresponding adcohols 50-53 by

reduction with sodium borohydride in ethanol (Scheme 4).

Scheme 4.

§Hs CHs CHs3
H?’C\NJ\(Ph 050,/ NalO 4 HSC\NJ\/Ph NaBH, H3C\N/'\/Ph
SPDaT e _ NaBH,
O)Yo THF, H,0 O)Yo v 5 )YO

R\ R ™\ R\
O OH
42 43 44 45 46 47 48 49 50 51 52 53
R Me Et Pr iPr R Me Et Pr iPr R Me Et Pr iPr

Removd of the ephedrine portion in 50 by dissolving meta reduction (Na, lig.
NHjz, -78 °C) was problematic and resulted in a complex mixture, presumably due to
the presence of the free hydroxyl group. Converson of 50-53 to the corresponding
ethoxyethyl ethers (mixture of diastereomers, obtained by treatment with ethyl vinyl

ether/trichloroacetic acid) was beneficid and dissolving metd reduction of protected
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50-53 proceeded smoothly at -78 °C to generate the g -hydroxy amides 54-57 in 60-

65% yidd over two steps (Scheme 5).

Scheme 5.

' HsC
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OH
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It is noteworthy thet the crude acohols 50-53 and the corresponding ethoxy
ethyl ethers can be used in the Nallig.NH; reduction step without any purification. This
sgnificantly enhances the utility of the procedure.

The converson of the a-hydroxy amides 54-57 to the target lactones 58-61
was achieved under remarkably mild conditions. Unmasking of the primary dcohal in
54-57 is readily achieved by trestment with 3M HSO,/THF & ambient temperature
and proceeds with concomitant lactonization, presumably due to a very facile
intramolecular acyl transfer from nitrogen to oxygent? to generate the desired a -akyl-

a-hyaroxy-g-butyrolactones 58-61 in 82-91% yield (Scheme 6).

Scheme 6.
0
HaCy HaC..
3M sto4 THF NH R
) — ¥
%\ 00C-nt oM 'OH
o " NoH
58 59 60 61
54 55 56 57 R Me Et Pr iPr

R Me Et Pr iPr

The absolute configuration and enantiomeric excess of 58-61 are based on

those of the precursors 42-45 since epimerization of the newly generated stereocenter
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in 42-45 during their conversion to the target g -akyl-a -hydroxy- o butyrolactones 58-
61 is unlikdy. Thus, lactones 58-60 are assigned R configuration and 61 the S
configuration. The configurational assgnment was further confirmed by converson of
58 (R = CH,) to its benzoate derivative 62 (PhCOCI, Et;N, DMAP,CH,Cl,, 89%)
(Scheme 7) and comparison of the sign of the optical rotation of the benzoate with the

literature value ([a ], = +17.6 (c 1, CHCl,); lit®[a ], = +18.9 (c 3.8, CHCIy)).

Scheme 7.
0 0 o
CH, PhCOCI, EtzN, DMAP 5 CHUJ\
Q 7 >
'OH CH,Cl,, 0 OC - rt "0~ “Ph
58 62

The overdl converson of the dlyl morpholinones 42-45 to the lactones 58-61
condtitutes a new agpproach to these important intermediates that involves asymmetric
functiondization of reedily available a-keto carboxylic acids as the key step. The
results are summarized in Table 1.

Table1.
Conversion of alyl morpholinones42-45 to a -akyl-a -hydroxy- g butyrolactones 58-
61.

CHy CH, CH3

HSC\N)YPh HoCyy, Ph r@c\N)\/Ph
e

HaCo o}
NH R
)yo (o] H _— .
o r, O)Yo O)X O)Y-O/\O’J{\OJ "OH
R '—\ R '—\o R ‘_\OH R H

42-45 46 - 49 50-53 54 -57 58-61
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Substrat  Aldenyd Alcohol Hydroxy Butyro % %  Config.
e e (% amide lacton vyidd ee’
(%yidd)  yidd)® (% e
yidd)®
42 46(95) 50(96) 54(64) 58 912 >95 R
43 47(85) 51(9) 55(60) 59 80 >95 R
44 48(84) 52(97) 56(65) 60 8  >05 R
45 49(83) 53(97) 57(62 61 82 >95 S

a yidd d crude product which was pure by 'H NMR b from crude acohols 50-53 over
two steps ¢: based on d.e. of 42-45 d: based on the absolute configuration of 42-45.

4. CONCLUSION

An asymmetric synthesis of a-akyl-a-hydroxy-g-butyrolactones has been

achieved from (1R,2S)-ephedrine-derived dlyl morpholinones. The methodology

developed has been successfully applied to the synthesis of 2methyl-2-hydroxy-g

butyrolactone which serves as a key precursor in the synthess of (1S,2R)-(-)-frontain

and (R)-(-)-mevaonolactone. Since (1S,2R)-ephedrine is also commercidly available,

the enantiomeric series of a -akyl-a -hydroxy-g-butyrolactones should aso be readily

available by this methodology.
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5. EXPERIMENTAL

Gererd experimenta techniques which have been described in the experimental
section of Chapter 1 were followed.
General procedure for the allylation of hemiacetals 1-4 to morpholinones 42-
4510

To a solution of 1-4 in CH,Cl, was added dlyltrimethylsilane @ -40 © C
followed by TiCl, and the solution was stirred for 6-10 h at -40 © C. Saturated NH,Cl
was added to the reaction mixture and it was warmed up to ambient temperature. The
precipitated solids were dissolved with water and the solution was extracted with
CH,CI,. The combined CH.CI, extracts were dried (NgSO,) and concentrated to
furnish the crude product which was purified by flash chromatogrgphy on silicagel using

petroleum ether/ethyl acetate as the euant.

2R 5S,6R-2,4,5-Trimethyl-6-phenyl-2-(1-propenyl) mor pholin-3-one (42):
Reection of 1 (0.29 g, 1.23 mmol) and dlyltrimethylsilane (1 mL, 6.3 mmol) in
the presence of TiCl, (0.68 mL, 6.2 mmol) in CH,Cl, (10 mL) afforded 0.32 g of a
gum which on purification by flash chromatography on slica gd (7/3 petroleum
ether/ethyl acetate) furnished 0.24 g (75%) of 42 asagum.
H NM R (200 MHz, CDCly):
d 7.457.20 (m, 5H, ArH), 5.98-5.75 (m, 1H, CH,=CH), 5.2 (d, 1H, J =
2.7, PhCH), 5.18-5.03 (m, 2H, (H,=CH), 3.5 (dg, 1H, J = 6.5, 2.7,

CH,CH), 3.04 (s, 3H, NCH5), 2.83 (dd, 1H, J = 14.4, 5.9, CHCH.,), 2.53
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(dd, 1H, J = 14.4, 8.7, CHCH,), 1.50 (s, 3H, CCH,), 0.98 (d, 3H, J= 6.5,
CH,CH).

BC NMR (75 MHz, CDCl):
d 171.4 (NCO), 137.7 (ArCipso), 132.6 (ArC), 127.8 (ArC), 127.0 (ArC)
125.1 (CH=CH,), 117.6 (CH=CH,) , 78.8 (CCH,), 71.7 (PhCH), 58.7
(CH;CH), 40.2 (CH,), 33.2 (N CHsy), 24.8 (CCH,), 12.1 (CHCH,).

IR (CHCly:
3000, 1630, 1430, 1210, 750 cm ™.

M S (70 eV):
m/z 58 (53), 67 (22), 77 (19), 91 (27), 105 (18), 117 (40), 148 (100), 174
(6), 190 (27), 218 (69), 259 (8, M*).

HRMS (FAB+) for CigH,NO, (M+H):
Cdcd: 260.1651
Found: 260.1645

[alo= - 67.1 (c2.1, CHCL)

2R 5S,6R-4,5-Dimethyl-2-ethyl-6-phenyl-2-(1-propenyl) mor pholin-3-one (43):

Reection of 2 (0.27 g, 1.08 mmoal) and dlyltrimethyl slane (0.87 mL, 547
mmol) in the presence of TiCl, (0.6 mL, 5.47 mmol) in CH,Cl, (8 mL) afforded 0.3 g
of a gum which on purification by flash chromatography on slica gd (7/3 petroleum
ether/ethyl acetate) furnished 0.24 g (81%) of 43 asagum.

'H NM R (200 MHz, CDCL,):
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d 7.457.20 (m, 5H, ArH), 5.95-5.74 (m, 1H, CH=CH,), 5.25(d, 1H, J =
3.0, PhCH), 5.15-5.02 (m, 2H, CH,=CH), 3.54 (dq, 1H, J = 6.5, 3.0,
CH,CH), 3.05 (s, 3H, NCH3), 2.85 (tdd, 1H, J = 16.1, 5.8, 1.3, CHCH,),
2.55 (dd, 1H, J = 14.6, 85, CHCH,), 2.08-1.75 (m, 1H, CH,CH,), 1.35
1.10 (m, 1H, CH,CH,), 1.02 (t, 3H, J = 6.6, CH;CH,), 0.98 (d, 3H, J= 7.8,
CH3CH).

BC NMR (75 MHz, CDCl):
d 171.2 (NCO), 138.1 (ArCipso), 133.0 (ArC), 128.1 (ArC), 127.3 (ArC),
1255 (CH=CH,), 117.9 (CH=CH,), 823 (CCH,), 71.4 (PhCH), 59.1
(CH;CH), 40.1 (CH~=CHCH,), 335 (NCHj), 30.9 (CH,CH,), 12.9 (CH,),
8.7 (CH,).

IR (CHCly):
3010, 1625, 1440, 1215, 1140, 1030, 750cm =,

MS (70eV):
m/z 58 (100), 67 (23), 77 (21), 91 (31), 105 (12), 117 (39), 148 (90), 204
(35), 232 (78), 245 (1), 273 (6, M")

HRMS (FAB+) for C;7Hx4NO, (M+H):
Cdcd: 274.1807
Found: 274.1812

[a]o= - 60 (c=1.8, CHCL)

2R 5S,6R-4,5-Dimethyl-6-phenyl-2-(1-propenyl)-2-propyl morphalin-3-one (44):
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Reectionof 3 (0.3 g, 1.14 mmol) and dlyltrimethyl slane (0.9 mL, 5.7 mmal) in
the presence of TiCl, (0.62 mL, 5.7 mmoal) in CH,Cl, (9 mL) afforded 0.35 g of agum
which on purification by flash chromatography on slica gel (7/3 petroleum ether/ethyl
acetate) furnished 0.27 g (82%) of 44 asagum.
1H NM R (200 MHz, CDCl,):

d 7.4-7.2 (m, 5H, ArH), 5.95-5.74 (m, 1H, CH=CH,), 5.24 (d, 1H, J= 3.0,

PhCH), 5.13-4.98 (m, 2H, CH,=CH), 3.50 (dg, 1H, J= 6.5, 3.0, CH;CH),

3.0 (s, 3H, NCHs3), 2.82 (tdd, 1H, J=15,5.8, 1.3, CHCH), 2.53(dd, 1H,

J = 14.6, 85, CHCH,), 1.98-1.55 (m, 3H, CH,CH,CH,), 1.4-1.1 (m, 1H,

CH,CH,CH,), 0.96 (d, 3H J = 6.5, QHsCH), 0.94 (t, 3H J = 7.6,

CH;CH,CH,).

BC NMR (75 MHz, CDCl,):

d 171.3 (NCO), 138.1 (ArCipso), 133.0 (ArC), 128.1 (ArC), 127.3 (ArC),

125.4 (CH=CH,), 117.9 (CH=CH,), 81.9 (CCH,), 71.3 (PhcH), 59.1

(CH,CH), 402 (CH=CH,CH,, CH,CH,CH,), 336 (NCH,), 175

(CH,CH,CH,), 14.3 (CH,), 12.9 (CH,).

IR (CHCly):
3010, 1620, 1215, 1145, 1050, 755 cm .

M S (70 eV):
m/z 58 (40), 71 (50), 77 (32), 84 (49), 91 (19), 105 (52), 118 (49), 148
(100), 218 (20), 246 (57), 281 (2), 287 (2, M)

[a]o= - 56.4 (c=1.8, CHCl)



117

2S,5S,6R-4,5-Dimethyl-6-phenyl-2-(1-propenyl)-2-(2-Propyl)  morpholin-3-one
(45):
Reection of 4 (0.09 g, 0.34 mmoal) and dlyltrimethyl slane (0.27 mL, 1.69
mmol) in the presence of TiCl, (0.19 mL, 1.73 mmol) in CH.CI, (3 L) afforded 0.11
g of agum which on purification by flash chromatography on slica gd (7/3 petroleum
ether/ethyl acetate) furnished 0.09 g (91%) of 45 asagum.
IH NM R (200 MHz, CDCl,):
d 7.50-7.20 (m, 5H, ArH), 6.10-5.89 (m, 1H, CH=CH,), 5.34 (d, 1H, J= 3,
PhCH), 5.15-4.95 (m, 2H, CH,=CH), 3.5 (dq, 1H, J = 6.5, 3, CH;CH),
303 (s, 3H, NCH3), 2.85258 (m, 2H, CHCH,), 2.4-2.15 (m, 1H,
CH(CHy),), 1.09 (d, 3H, J = 6.9, CH,CHCH,), 1.04 (d, 3H, J = 6.9,
CH3CHCHj), 0.95 (d, 3H J = 6.5, CH,CH).
BC NMR (75 MHz, CDCl,):
d 171.2 (NCO), 138.3 (ArCipso), 134.3 (ArC), 128.1 (ArC), 127.2 (ArC),
1254 (CH=CH,), 117.1 (CH=CH,), 83.2 (CCH,), 71.2 (PhCH), 58.9
(CH,CH), 40.1 (CH,=CHCH,), 35.3 (CH;CHCH,), 33.5 (NCH,), 18.7
(CHs), 16.0 (CH,), 12.9 (CHy).
IR (CHCly):
2970, 2940, 1625, 1440, 1375, 1280, 1140, 1030, 915, 750, 710 cm %,
M S (70 eV):
m/z 57 (39), 71 (76), 77 (37), 91 (40), 105 (34), 118 (100), 148 (93), 218
(41), 246 (97), 287 (12, M")

HRMS (FAB+) for C;gHsNO, (M+H):
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Cdcd: 288.1964
Found: 288.1969

[alb= - 90.9 (c 1.6, CHC)

General procedure for the oxidative cleavage of allylmor pholinones 42-45 with
0sO/Nal O,

To the gtirred solution of 42-45 (1 eq.) in THF/H,O (3:1) at 25°C was added
0sO, (0.5 M in toluene, 0.01 eg.). To this was added solid NalO, (2.4 eq.) in
portions over 20-30 min and the reaction mixture was girred for 4 h. Brine was added
and the solution was extracted with ethyl acetate. The combined organic layers were
dried (N&,SO,) and concentrated under reduced pressure. The crude product obtained
was purified by flash chromatography on glica gd under Ar gas usng petroleum

ether/ethyl acetate mixtures as €uant.

2R,5S,6R-2-(2-Oxoethyl)-2,4,5-trimethyl-6-phenylmor pholin-3-one (46):

Prepared from42 (0.8 g, 3.08 mmol) in THF (12 mL) and H,O (4 L), OsO,
(0.5 M in toluene, 0.06 mL, 0.03 mmol) and NalO, (1.58 g, 7.38 mmal) to furnish
932 mg of the crude ddehyde. Purification by flash chromatography on slicagd (3/2
petroleum ether/ethyl acetate) under Ar gas furnished 768 g (95%) of 46 as clear,
colourless gum.

H NMR (200 MHz, CDCL):
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d 9.85 (t, 1H, J = 3.0, CHO), 7.50-7.20 (m, 5H, ArH), 5.20 (d, 1H, J= 2.5,
PhCH), 3.50 (dg, 1H, J = 2.5, 6.8, CHsCH), 3.05 (s, 3H, NCHy), 2.9 (m,
2H, CH,), 1.70 (s, 3H, CCH,), 1.00 (d, 3H, J = 6.8, CHCH3).
BC NMR (50 MHz, CDCl,):
d 199.2 (CHO), 170.3 (N-C=0), 137.4 (ArCipso), 128.3 (ArCH), 127.6
(ArCH), 1255 (ArCH), 77.7 (C-0), 72.9 (PhCH), 59.2 (CH,CH), 50.2
(CH,), 33.7 (NCH;), 26.4 (CCH,), 12.4 (CHCH,).
IR (CHCly):
2980, 2934, 1716, 1646, 1496, 1450, 1402, 1378, 1142, 1098, 1018 cm™.
M S (70 eV):
m/z 69 (62), 77 (31), 91 (22), 98 (12), 105 (18), 117 (40), 126 (15), 133 (6),
148 (7), 156 (30), 190 (2), 232 (8), 261 (M+, 13).

[a]%5=- 92.3 (c 1, CHCL).

2R,5S,6R-2-Ethyl-2-(2-oxoethyl)-4,5-dimethyl-6-phenylmorpholin-3-one (47):
Prepared from43 (0.84 g, 3.1 mmoal) in THF (9 mL) and H,O (3 mL), OsO,
(0.5 M in toluene, 60 ni-, 0.03 mmol) and NalO, (1.57 g, 7.4 mmol) to furnish 0.89 g
of the crude adehyde. Purification by flash chromatography on silicagd (3/2 peroleum
ether/ethyl acetate) under Ar gasfurnished 722 mg (85%) of 47 asawhite solid.
'H NM R (200 MHz, CDClL,):
d 9.80 (t, 1H, J=2.9, CHO), 7.50-7.20 (m, 5H, ArH), 5.20 (d, 1H, J= 3.0,

PhCH), 3.55 (dg, 1H, J = 3.0, 6.4, CH,CH), 3.05 (S, 3H, NCH,), 2. 85 (m,
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2H, CH,CHO), 2.30-1.85 (m, 2H, CH.CH,), 1.10 (t, 3H, J = 7.3,
CH,CH2), 1.00 (d, 3H, J = 6.4, CHCHS).

BC NMR (50 MHz, CDCL):
d 198.9 (CHO), 169.2 (N-C=0), 137.2 (ArCipso), 127.9 (ArCH), 127.2
(ArCH), 125.2 (ArCH), 80.3 (C-O), 71.8 (PhCH), 58.6 (CH,CH), 48.7
(CH,CHO), 33.1 (NCHs), 31.9 (CH,CH,), 12.5 (CH,), 8.1 (CHJ).

IR (CHCI,):
2982, 2937, 2880, 1717, 1643, 1497, 1452, 1402, 1381, 1321, 1279, 1250,
1232, 1207, 1146, 1099, 1070, 1030 cm.

M S (70 eV):
m/z 57 (25), 77 (24), 83 (79), 91 (52), 105 (43), 118 (100), 133 (12), 148
(24), 162 (5), 170 (53), 190 (4), 218 (2), 246 (12), 275 (M", 22).

HRMS (FAB+) for CygH»NO; (M+H):
Calcd: 276.1600
Found: 276.1607

[a]®p=- 765 (c 2.5, CHCly).

2R,5S,6R-2-(2-Oxoethyl)-2-pr opy+4,5-dimethyl-6-phenylmor pholin-3-one (48):
Prepared from44 (0.66 g, 2.3 mmoal) in THF (9 mL) and H,O (3 mL), OsO,
(0.5 M in toluene, 50 i, 0.025 mmol) and NalO, (1.17 g, 5.5 mmoal) to furnish 0.72
g of the crude ddehyde. Purification by flash chromatography on slica gd (3/2
petroleum ether/ethyl acetate) under Ar gas furnished 562 mg (84%) of 48 as awhite

solid.
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H NM R (200 MHz, CDC,):
d 9.80 (t, 1H, J = 3.0, CHO), 7.50-7.20 (m, 5H, ArH), 5.20 (d, 1H, J= 2.9,
PhCH), 3.55 (dg, 1H, J = 2.9, 6.4, CH,CH), 3.05 (s, 3H, NCH ), 2. 85 (m,
2H, CH,CHO), 2.20-1.85 (m, 2H, CH.CH,CH,), 1.85-1.60 (m, 1H,
CH,CH,CH,), 1.50-1.20 (m, 1H, CH,CH,CH,), 1.00 (t, 3H, J = 7.3,
CH,CH.), 1.00 (d, 3H, J = 6.4, CHCHs).

BC NMR (50 MHz, CDCL,):
d 199.3 (CHO), 169.6 (N-C=0), 137.4 (ArCipso), 128.1 (ArCH), 127.5
(ArCH), 1253 (ArCH), 80.4 (C-O), 72.1 (PhCH), 58.9 (CH,CH), 49.2
(CH,CHO), 41.4 (CH,CH,CH,), 33.4 (NCH,3), 17.2 (CH,CH.CH,), 14.0
(CH)12.7 (CH,).

IR (CHCIy:
1719, 1643, 1452, 1404, 1381, 1215, 1146, 1038 cm™.

M S (70 eV):
m/z 58 (23), 69 (6), 77 (10), 91 (25), 97 (60), 105 (43), 118 (100), 126 (11),
148 (25), 154 (8), 162 (3), 184 (13), 260 (1), 289 (M*, 2).

[a]P®=- 73.6 (c 1.9, CHCL,).

2S,5S,6R-2-(1-M ethylethyl)-2-(2-oxoethyl)-4,5-dimethyl-6-phenylmor pholin-3-
one (49):

Prepared from 45 (0.92 g, 3.2 mmol) in THF (12 mL) and H,O (4 mL), OsO,
(0.5 M in toluene, 0.07 mL, 0.035 mmoal) and NalOQ, (1.64 g, 7.7 mmoal) to furnish

0.99 g of the crude adehyde. Purification by flash chromatography on slicagd (6/4
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petroleum ether/ethyl acetate) under Ar gas furnished 774 mg (83%) of 49 asawhite

solid.

IH NM R (200 MHz, CDCl,):
d 9.85 (dd, 1H, J = 2.5, 3.4, CHO), 7.5-7.1 (m, 5H, ArH), 5.15 (d, 1H, J =
3.4, CHPh), 3.54 (dg, 1H, J= 3.4, 6.8, CH,CH), 3.05 (s, 3H, NCHy), 2.95
(dd, 1H, J = 3.4, 15.1, CH,CHO), 2.80 (dd, 1H, J= 2.5, 15.1, CH,CHO),
2.44 (sept., 1H, J = 6.8, Me,CH), 1.16 (d, 3H, J = 6.8, (CH),CH), 1.06 (d,
3H, J=6.8, (CH5),CH), 0.98 (d, 3H, J= 6.8, CHCHy).

BC NMR (50 MHz, CDCly):
d 199.5 (CHO), 170.1 (N-C=0), 137.6 (ArCipso), 128.2 (ArCH), 127.5
(ArCH), 1254 (ArCH), 82.0 (C-0), 72.6 (PhCH), 58.8 (CH,CH), 48.2
(CH,CHO), 35.5 (CH,CHCH;)33.4 (NCH>), 18.4 (CH,), 15.6 (CH3), 12.8
(CHy).

IR (CHCly):
2972, 2877, 1715, 1636, 1452, 1401, 1383, 1338, 1316, 1289, 1206, 1180,
1143, 1098, 1070, 1038 cm”.

M S (70eV):
m/z 58 (51), 69 (11), 77 (11), 91 (29), 97 (32), 105 (14), 118 (100), 125 (6),
133 (8), 148 (33), 156 (4), 184 (39), 218 (6), 246 (6), 260 (11), 289 (M,
30).

HRMS (FAB+) for C;7Hx4NO3; (M+H):
Calcd: 290.1756

Found: 290.1760
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[a]®p="- 132.0 (c 1, CHCI,)

General procedure for reduction of aldehydes 46-49 with NaBHy:

To a solution of the aldehyde (46-49) in ethanol a ambient temperature was
added sodium borohydride in smdl portions and the solution was stirred for 2 h. HCI
(0.5 M) was added and the mixture was dtirred for 10 min. The ethanol was removed
under reduced pressure and the residue was taken up in water. The mixture was
saturated with NaCl and extracted with ethyl acetate. The combined extracts were
dried (Na,S0O,) and concentrated to furnish the crude acohols 50-54. These were pure

by *H NMR.

2R,5S,6R-2-(2-Hydr oxyethyl)-2,4,5-trimethyl-6-phenylmor pholin-3-one (50):
Prepared from 46 (0.22 g, 0.84 mmol) in ethanol (5 mL) and NaBH, (35
mg, 0.92 mmol) to furnish 0.213 g (96%) of crude 50 asaclear, colourless ail which
waspureby *H NMR.
'H NM R (200 MHz, CDCL,):
d 7.50-7.20 (m, 5H, ArH), 5.20 (d, 1H, J = 2.4, PhCH), 3.95-3.75 (m, 2H,
CH,OH), 3.45 (dg, 1H, J= 2.4, 6.8, CH,CH), 3.05 (s, 3H, NCH,), 2.35
2.00 (m 2H, CH,CH,OH), 1.60 (s, 3H, CCH,), 1.00 (d, 3H, J = 6.8,
CHCH,).

BC NMR (50 MHz, CDCL):
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d 172.4 (N-C=0), 137.5 (ArCipso), 128.0 (ArCH), 127.3 (ArCH), 125.3
(ArCH), 79.0 (C-0), 72.0 (PhCH), 59.0 (CH,CH), 58.2 (CH,CH,OH), 38.5
(CH,CH,0H), 33.6 (N CH,), 25.0 (CCHs), 12.2 (CHCH.).

IR (CHCly):
3424, 2978, 2934, 1632, 1496, 1450, 1402, 1378, 1144, 1100, 1068, 1052,
1026 cni*.

M S (70 eV):
m/z 58 (100), 69 (30), 77 (14), 91 (19), 105 (9), 118 (55), 130 (5), 148 (13),
157 (9), 163 (5), 190 (8), 219 (17), 232 (2), 263 (M*, 6).

[a]%5= - 62.3(c3, CHCly)

2R,5S,6R-2-Ethyl-2-(2-hydr oxyethyl)-4,5-dimethyl-6-phenylmor pholin-3-one
(51):

Prepared from 47 (0.14 g, 0.50 mmol) in ethanol (3 mL) and NaBH, (22
mg, 0.58 mmal) to furnish 0.132 g (93%) of crude 51 as awhite solid which was pure
by 'H NMR.

IH NM R (200 MHz, CDCl,):

d 7.50-7.15 (m, 5H, ArH), 5.25 (d, 1H, J = 2.9, PhCH), 3.95-3.65 (m, 2H,

CH,OH), 3.50 (dg, 1H, J= 2.9, 6.3, CH,CH), 3.40 (b, 1H, OH), 3.05 (s,

3H, NCH>), 2.35-1.75 (m, 4H, CH,CH,, CH,CH,OH), 1.05 (t, 3H, J= 7.3,

CH,CH,), 1.00 (d, 3H, J = 6.3, CHCH).

BC NMR (50 MHz, CDCly):
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d 171.9 (N-C=0), 137.8 (ArCipso), 128.0 (ArCH), 127.3 (ArCH), 125.3
(ArCH), 81.9 (C-0), 71.4 (PhCH), 59.0 (CH,CH), 58.2 (CH,CH,OH), 38.0
(CH,CH,OH), 335 (N CHs), 30.7 (CHCH,), 12.6 (CH,), 8.4 (CHJ).

IR (CHCly:

3418, 2880, 1634, 1450, 1402, 1381, 1205, 1148, 1099, 1032 cm™.

M S (70 eV):

58 (43), 77 (16), 83 (19), 91 (26), 105 (7), 117 (100), 131 (3), 148 (11),
163 (4), 190 (1), 233 (7), 277 (M*, 1).

[a]*®5=- 65.7 (c 1.8, CHCl,).

2R,5S,6R-2-(2-Hydr oxyethyl)-2-pr opyl-4,5-dimethyl-6-phenylmor pholin-3-one
(52):

Prepared from 48 (0.253 g, 0.87 mmol) in ethanol (5 mL) and NaBH, (37
mg, 0.97 mmoal) to furnish 0.247 g (97%) of crude 52 as a white solid which was pure
by *H NMR.

'H NM R (200 MHz, CDCl,):

d 7.50-7.15 (m, 5H, ArH), 5.25 (d, 1H, J = 3.0, PhCH), 4.00-3.65 (m, 2H,

CH,OH), 3.50 (dg, 1H, J = 3.0, 6.8, CH;,CH), 3.45 (b, 1H, OH), 3.05 (s,

3H, NCH,), 2.35-1.50 (m, 5H, CH3CH,CH,, CH,CH,0OH), 1.45-1.15 (m,

1H, CH,CH,CH,), 1.10-0.90 (m, 6H, CH,CH 3, CHCHy,).

BC NMR (50 MHz, CDCl,):
d 172.2 (N-C=0), 137.7 (ArCipso), 128.2 (ArCH), 127.5 (ArCH), 125.4

(ArCH), 81.8 (C-0), 71.4 (PhCH), 59.1 (CH,CH), 58.4 (CH,CH,OH), 39.9
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(CH,CH,0OH), 38.1 (CH,CH,CH,) 33.7 (NCH,), 17.4 (CH,CH,CH,), 14.2
(CHy), 12.8 (CHy).

IR (CHCly):
3018, 2964, 2876, 1628, 1452, 1402, 1215, 1136, 1070, 1036 cm™.

MS (70eV):
m/z 58 (8), 69 (16), 77 (11), 83 (32), 91 (25), 97 (32), 105 (22), 118 (100),
129 (7), 148 (25), 163 (8), 190 (7), 218 (5), 247 (25), 256 (4), 291 (M*, 7).

[a]%°5=- 63.9 (c 1, CHCL)

2S,5S,6R-2-(2-Hydr oxyethyl)-2-(1-methylethyl)-4,5-dimethyl-6-phenyl-
mor phoalin-3-one (53):

Prepared from 49 (0.18 g, 0.62 mmol) in ethanol (3 mL) and NaBH, (26
mg, 0.68 mmoal) to furnish 0.176 g (97%) of crude 53 as awhite solid which was pure
by 'H NMR.

H NMR (200 MHz, CDCly):

d 7.50-7.15 (m, 5H, ArH), 5.25 (d, 1H, J = 3.0, PhCH), 4.30 (b, 1H, OH),

4.05-3.85 (m, 1H, CH,OH), 3.80-3.60 (m, 1H, CH,OH), 3.50 (dg, 1H, J =

3.0, 6.3, CH,CH), 3.05 (s, 3H, NCH,), 2.65-2.30 (m, 2H, CH,CH,OH,

(CH),CH), 1.90 (ddd, 1H, J = 2.4, 5.4, 14.6, CH,.CH,0H), 1.05 (d, 3H, J

= 6.8, (CH3),CH), 1.00 (d, 3H, J= 6.8, (CH3),CH), 0.95 (d, 3H, J=6.3,

CHCHsy).

BC NMR (50 MHz, CDCly):
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d 173.2 (N-C=0), 137.9 (ArCipso), 128.0 (ArCH), 127.3 (ArCH), 125.2
(ArcH), 82.6 (C-0), 70.5 (PhCH), 58.8 (CH,CH), 58.5 (CH,CH,OH), 36.5
(CH,CH,0H), 33.6 (CH,CHCH,), 33.0 (NCHj;), 18.3 (CH,), 15.6 (CH,),
12.6 (CHa).

IR (CHCly):
3403, 3064, 2974, 2937, 2878, 1953, 1631, 1452, 1401, 1382, 1339, 1315,
1289, 1216, 1181, 1144, 1099, 1071, 1038 cm™.

M S (70 eV):
m/z 58 (61), 69 (15), 77 (16), 83 (3), 91 (33), 97 (12), 105 (15), 118 (100),
132 (4), 148 (29), 163 (11), 190 (2), 202 (2), 218 (3), 247 (10), 291 (M,
1).

HRMS (FAB+) for C;7HxNO3; (M+H):
Calcd: 292.1913
Found: 292.1922

[a ], =-96.8 (c 1, CHCl,

General procedure for the conversion of alcohols 50-53 to the hydroxyamides
M4-57.

To the solution of acohal (50-53) (1 eg.) in anhydrous CHCl; was added ethyl
vinyl ether (4-6 eq.) and a cataytic amount of trichloroacetic acd. The mixture was
dtirred a ambient temperature for 12 h. Saturated agueous NaHCO, was added, the
organic layer was seperated and the agueous layer was extracted with CHCl;. The

combined organic layers were dried over Na,SO, and concentrated under reduced
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pressure to furnish the crude ethoxyethyl ether. This was dissolved in anhydrous THF
and added to a mixture of anhydrous liquid ammonia (distilled over sodium) and Na
(10 eq.) at -78 °C and the mixture was stirred for 3 minutes. Methanol was added and
the mixture was warmed up to ambient temperature to remove ammonia. The methanol

was removed under reduced pressure and the residue was taken up in water. The
mixture was saturated with NaCl, extracted with ethyl acetate and the combined

extractswere dried (Na,SO,) and concentrated to furnish the crude product which was
purified by flash chromatography on sllica gd using petroleum ether/ethyl acetate as the

duant.

2R-2-M ethyl-4(1-ethoxy-ethoxy) butanoic acid N-methyl amide (54):
Prepared from acohol 50 (60 mg, 0.22 mmal), ethyl vinyl ether (0.12 mL,
1.25 mmoal) and trichloroacetic acid (2 mg, 0.012 mmol) in CHCl, (2 mL) to furnish 97
mg of the crude ethoxyethyl ether. This was dissolved in anhydrous THF (1 mL) and
treated with Na (50 mg, 2.17 mmol) in anhydrous lig. anmonia (5 mL) to furnish 42
mg of the crude product. Purification by flash chromatography on slica g (3/7
petroleumn ether/ethyl acetate) furnished 32 mg of 54 as a clear, colourless gum (64%
from 50 over two steps).
IH NM R (200 MHz, CDCl,):
d7.15 (b, 1H, NH), 4.80-4.50 (m, 2H, CH, OH), 3.90-3.35 (m, 4H,
CH,CH,O, CH,CH,0), 2.85 (d, 3H, J = 4.9, CHNH), 2.40-2.10 (m, 1H,
CH,CH,0), 2.05-1.80 (m, 1H, CH,CH,0), 1.40 (s, 3H, CCH,), 1.30 (d,

3H, J =5.4, CHCH,), 1.20 (t, 3H, J = 7.3, OCH,CH3).
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BC NMR (50 MHz, CDCl,):
d 176.5 (NCO), 99.9 (OCHO), 76.4 (C-OH), 62.7 (OCH,), 61.4 (OCH,),
37.7 (NCHs,), 26.4 (CCH,), 25.6 (CH,), 19.6 (CH,), 15.0 (CHs,).
IR (neat):
3424, 2978, 2934, 2884, 1654, 1542, 1410, 1380, 1134, 1088, 1056 crm?.
M S (70 eV):
miz 58 (75), 73 (100), 87 (42), 103 (12), 115 (61), 130 (69), 146 (8), 174

(6), 220 (M+1, 2).

2R-2-Ethyl 4-(1-ethoxy-ethoxy) butanoic acid N-methyl amide (55):

Alcohal 51 (0.21 g, 0.75 mmol), ethyl vinyl ether (2 mL, 209 mmol) and
trichloroacetic acid (5 mg, 0.03 mmoal) in CHCl; (3 mL), to afforded 0.3 g of the crude
product. Purification by flash chromatography on slica gel (1/1 petroleum ether/ethyl
acetate) furnished 0.182 g (68%), of O-protected 51 asaclear, colourless gum.

H NMR (200 MHz, CDCly):

d 7.50-7.15 (m, 5H, ArH), 5.20 (s, 1H, PhCH), 4.70-4.50 (m, 1H, OCH-

0), 3.85-3.25 (m, 5H, NCH, OCHCH,, OCH,CHj), 3.00 (s, 3H, NCH,),

2.40-1.75 (m, 4H, CH,CH,0, CH,CH,C), 1.30-0.90 (m, 12H, OCH,CHj,

OCHCHj, CCH,CH,, NCHCHL,).

BC NMR (50 MHz, CDCl,):
d 171.0 (NCO,), 138.0 (ArCipso), 128.0 (ArCH), 127.2 (ArCH), 125.3

(ArCH), 993 (OCH-0), 81.4 (-0), 71.2 (PhCH), 60.7, 60.5 (OCH,),
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60.2, 60.1 (OCH,), 58.9 (NCH), 35.1 (CCH,), 33.4 (NCHj), 30.9 (CCH,),
19.6, 19.5 (CHy), 15.0 (CHs), 12.8 (CHs), 8.8 (CH5).
IR (neat):
2980, 2936, 2880, 1651, 1497, 1481, 1450, 1400, 1379, 1342, 1312, 1281,
1250, 1207, 1148, 1099, 1070, 1059, 1042, 928 cm.
The above ethoxyethyl ether (0.175 g, 0.5 mmol) was dissolved in anhydrous
THF (1.5 mL) and treated with Na (0.115 g, 5 mmoal) in anhydrous lig. NH; (8 mL)
to afford 0.124 g of the crude product. Purification by flash chromatography on slica
gd (1/4 petroleum ether/ethyl acetate) furnished 0.104 g of 55 as a clear, colourless
gum (89%, 60% from 51 over two steps).
H NM R (200 MHz, CDCl,):
d 7.10 (b, 1H, NH), 4.70-4.60 (m, 1H, CH,CH), 4.50, 4.45 (s, 1H, OH),
3.90-3.40 (m, 4H, CH,CH,0, CH,CH,0), 2.85 (d, 3H, J = 5.1, CH;NH),
2.25-1.55 (m, 4H, CH,CH,0, CH;CH,C), 1.30 (d, 3H, J = 5.1, CHCH,),
1.20 (t, 3H, J= 7.3, OCH,CHj), 0.85 (t, 3H, J= 7.3, CH;CH.C).
BC NMR (50 MHz, CDCly):
d175.6 (NCO,), 99.8, 99.6 (OCH-O), 79.1, 79.0 (C-OH), 62.8, 62.6
(OCH,), 61.2 (OCH,), 36.6 (NCH,), 32.2 (CCH,), 25.4 (CCH,), 19.4
(CH3), 14.9 (CHy), 7.2 (CHy).
IR (neat):
3421, 3367, 2974, 2935, 2881, 1655, 1647, 1541, 1456, 1410, 1379, 1340,
1134, 1087, 1055, 949 cm™*.

M S (70 eV):
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m/z 57 (29), 73 (100), 85 (31), 129 (23), 144 (17), 160 (1), 175 (1), 188 (1).

2R-2-Pr opyl-4-(1-ethoxy-ethoxy) butanoic acid N-methyl amide (56):
Prepared from dcohol 52 (0.29 g, 1 mmol), ethyl vinyl ether (0.57 mL, 6.0
mmol) and trichloroacetic acid (8 mg, 0.048 mmol)in CHCI; (3 mL) to furnish 0.298 g
of the crude ethoxyethyl ether. This was dissolved in anhydrous THF (1.5 mL) and
trested with Na (0.19 g, 8.26 mmol) in anhydrous lig. ammonia (10 mL) to furnish
0.188 g of the crude product. Purification by flash chromatography on slica ge (3/7
petroleum ether/ethyl acetate) furnished 0.163 g of 56 as a clear, colourless gum (65%
from 52 over two steps).
IH NM R (200 MHz, CDCl,):
d 7.10 (b, 1H, NH), 4.70-4.55 (m, 1H, CH,CH), 4.50 (b, 1H, OH), 3.80-
3.35 (m, 4H, CH,CH,0, CH,CH,0), 2.85 (d, 3H, J = 4.9, CHNH), 2.25
210 (m, 1H, CH,CH,0), 2.05-1.35 (m, 5H, (H,CH,O, CH,CH,CH,),
1.30 (d, 3H, J=5.4, CHCH3), 1.20(t, 3H, J= 7.1, OCH,CH), 0.90 (t, 3H,
J=17.1, CH,CH,CH,)
IR (neat):
3429, 2963, 1657, 1535 cni*,
M S (70 eV):
m/z 58 (10), 73 (100), 83 (9), 87 (14), 99 (25), 117 (4), 143 (38), 158 (19),

174 (1), 189 (1), 202 (1).

2S-2-(1-methylethyl)-4-(1-ethoxy-ethoxy) butanoic acid N-methyl amide (57):
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Prepared from acohol 53 (0.365 g, 1.25 mmal), ethyl vinyl ether (0.71 mL,
7.4 mmol) and trichloroacetic acid (10 mg, 0.06 mmoal) in CHCl; (4 mL) to furnish
0.36 g crude ethoxyethyl ether. It was dissolved in anhydrous THF (2 mL) and treated
with Na (0.21 g, 9.13 mmoal) in anhydrous lig. anmonia (15 mL) to furnish 0.207 g
crude product. Purification by flash chromatogrephy on slica gd (3/7 petroleum
ether/ethyl acetate) furnished 0.194 g of 57 as white solid (62% from 53 over two
steps).
'H NM R (200 MHz, CDCl,):
d 7.10 (b, 1H, NH), 4.70-4.55 (m, 1H, CH,CH), 4.35 (d, 1H, J = 6.4, OH),
3.85-3.35 (m, 4H, CH,CH,0, CH,CH,0), 2.85 (d, 3H, J = 4.8, CH3;NH),
2.20-1.90 (m, 3H, CH,CH,0, (CH,),CH), 1.30 (d, 3H, J =5.9, CHCH,),
1.20 (t, 3H, J = 7.0, OCH,CH3), 0.95 (d, 3H, J = 6.8, (CH;),CH), 0.85 (d,
3H, J=6.8, (CH3),CH).
IR (CHCly):
3425, 3369, 2976, 2936, 2882, 1651, 1539, 1410, 1381, 1173, 1134, 1101,
1088, 1055 cni’.
M S (70 eV):
m/z 58 (11), 73 (100), 87 (15), 99 (28), 114 (5), 143 (27), 158 (14), 174 (1),

189 (1), 202 (1).

a-Alkyl-a -hydroxy-g-butyrolactones 58-61:
To the dirred solution of 5457 in THF & 0°C was added 3M H,SO,

dropwise over 3 min. The resulting solution was warmed to and dirred & ambient
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temperature for 12-15 h. It was then diluted with ether and neutraized with excess
solid NaHCO;. The organic layer was separated and the aqueous layer was extracted
with ether. The combined organic layers were dried (NgSO,) and concentrated under
reduced pressure. The crude product obtained was purified by flash chromatography

on slicagd usng petroleum ether/ethyl acetate as the duant.

R-3-Hydr oxy-3-methyl-dihydro-2(3H)-furanone (58): 3°
Prepared from 54 (0.035 g, 0.15 mmoal) in THF (1 mL) and 3M HSO, (1
mL) to furnish 0.017 g (91%) of crude 58 as clear colourlessail which was pure by *H
NMR.
IH NM R (200 MHz, CDCl,):
d 4.50-4.35 (m, 1H, OCH,), 4.30-4.15 (m, 1H, OCH,), 3.2 (b, 1H, OH),
255-2.35 (m, 1H, CH,CH,0), 2.35-2.15 (m, 1H, CH,CH,0), 1.50 (s, 3H,

CH,).

R-3-Benzoyloxy-3-methyl- dihydro-2(3H)-furanone (62):®

Benzoyl chloride (50 ni., 0.43 mmol) was added drop wise to a sirred
solution of 58 (0.017 g, 0.14 mmol), triethylamine (50 ni., 0.35 mmol) and DMAP
(0.005 g, 0.04 mmoal) in anhydrous CH,Cl, at 0 °C. The reaction mixture was sirred a
ambient temperature for 20 h after which it was diluted with CH,Cl,, washed with 5%
HCI, saturated ag. NaHCO;, brine and dried (Na,SO,). Concentration under reduced

pressure furnished 46 mg of crude product which on purification by flash
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chromatography on silicagd (4/1 petroleum ether/ethyl acetate) furnished 29 mg (89%)
of 62 asawhite solid.
IH NM R (200 MHz, CDCl,):
d 8.05 (d, 2H, J = 6.9, ArCH), 7.70-7.55 (m, 1H, ArH), 7.55-7.35 (m, 2H,
ArH), 4.70-4.55 (m, 1H, OCH,), 4.45-4.25 (m, 1H, OCH,), 3.00-2.80 (m,
1H, CH ,.CH,0), 2.50-2.30 (m, 1H, CH,CH,0), 1.75 (s, 3H, CH,).
IR (CHCly):
3020, 1785, 1720, 1286, 1216, 1149, 1101, 1028 cm™.
M S (70 eV):
m/z 69 (1), 77 (33), 105 (100), 122 (1), 220 (M*, 1).

[a]®>=+17.6 (c 1, CHCL).

R-3-Hydroxy-3-ethyl- dihydro-2(3H)-furanone (59):°
Prepared from 55 (0.19 g, 0.81 mmol) in THF (4 mL) and 3M H,SO, (4 mL)
to furnish 94 mg of the crude lactone. Purification by flash chromatography on silicagd
(petroleum ether/ethyl acetate 7/3) furnished 85 mg (80%) of 59 as clear, colourless
oll.
'H NM R (200 MHz, CDCl,):
d 4.50-4.35 (m, 1H, OCH,), 4.30-4.15 (m, 1H, OCH,), 2.65 (s, 1H, OH),
2.45-2.20 (m, 2H, CH,CH,0), 1.95-1.60 (m, 2H, CH,CHs), 1.05 (t, 3H, J
= 7.3, CH,CH.).

13C NMR (75 MHz, CDCly):
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d 1789 (C=0), 75.0 (C-OH), 65.2 (OCH,), 34.0 (CH,CH,), 29.5
(CH,CH,0), 7.2 (CH,CH,).
IR (CHCly:
3437, 3021, 2975, 1774, 1217 cit.
M S (70eV):
m/z 57 (100), 67 (7), 72 (41), 86 (50), 101 (21), 112 (1), 130 (M*, 3).
HRM S for CsH103:
Calcd: 130.0630
Found: 130.0624

[a]®p=+59.0(c 1.7, CHCL).

R-3-Hydroxy-3-propyl- dihydro-2(3H)-furanone (60):°
Prepared from 56 (0.14 g, 0.56 mmol) in THF (3.5 mL) and 3M H,SO, (3.5
mL) to furnish 87 mg of the crude lactone. Purification by flash chromatography on
slica gd (petroleum ether/ethyl acetate 7/3) furnished 67 mg (82%) of 60 as a clear,
colourless all.
IH NM R (200 MHz, CDCl,):
d 4.50-4.35 (m, 1H, OCH,), 4.30-4.15 (m, 1H, OCH,), 2.70 (s, 1H, OH),
245-2.20 (m, 2H, (H,CH,0), 1.90-1.25 (m, 4H, CH,CH.CH,), 1.00 (t,
3H,J=7.0, CH,CH).
IR (nesat):
3445, 2936, 2876, 1771, 1456, 1379, 1113, 1020, 976, 947 cni.

M S (70eV):
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m/z 57 (73), 71 (100), 85 (19), 102 (50).

[a]?5=+50.7 (c 3.4, CHCL).

S-3-Hydroxy-3-(1-methylethyl)- dihydro-2(3H)-furanone (61):°
Prepared from 57 (0.1 g, 0.4 mmoal) in THF (25 mL) and 3M H,SO, (2.5
mL) to furnish 53 mg of the crude lactone. Purification by flash chromatography on
slica gel (ethyl acetate/petroleum ether, 3/7) furnished 48 mg (82%) of 61 as clear,
colourless al.
IH NM R (200 MHz, CDC,):
d 4.5-4.3 (m, 1H, CH,0), 4.3-4.15 (m, 1H, CH,0), 2.8-2.45 (b, 1H, OH),
2.45-2.10 (m, 2H, CH,), 2.05 (sept, 1H, J = 6.8, Me,CH), 1.05 (d, 3H, J =
6.8, CHCHS), 0.95 (d, 3H, J = 6.8, CHCH.).
BC NMR (75 MHz, CDCl,):
d 178.7 (=0), 78.0 €C-OH), 65.4 CH,-0O), 33.8 (CH), 30.8 CH,-C),
17.2 (CH3), 15.8 (CHy).
IR (neat):
3445, 2968, 2924, 2880, 1759, 1472, 1373, 1300, 1136, 1107, 1013, 984,
961, 943 cm.
M S (70eV):
m/z 57 (65), 67 (26), 71 (100), 85 (99), 102 (82), 126 (1), 144 (M*, 1).
HRM S (FAB+) for C;H;503; (M+H):
Calcd: 145.0865

Found: 145.0866
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[a]5%= + 75.6 (¢ 3.2, CHCE).
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CHAPTER IV

ENANTIOSELECTIVE SYNTHESS OF (S)-(+)-PANTOLACTONE
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1. INTRODUCTION

The asymmetric synthess of pantolactone (b,b-dimethyl-a - hydroxy-g
butyrolactone) continues to be an area of active interest due to its utility as a building
block in the asymmetric synthesis of natural products and their andogues. Pantolactone
is an important starting compound for pantothenic acid (a member of the B complex
vtaming)! cacium pantothenate (enzyme co-factor  vitamin)?  (R)-panthenol
(bactericide),® (R)-pantetheine (growth factor),* and (R)-pantoyl taurine (bacteria
growth inhibitor Figure 1) In addition, pantolactone has found application as a chird
auxiliary in the asymmetric synthesis.®
Figure 1.

(0]

(0]

(R)-Pantolactone

|
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OH OH OH OH OH OH OH OH
H H H H H
N. N: OH N: N N-
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O O o) (o] (o]
Calcium ( R)-pantothenate (R)-Panthenol (R)-Pantetheine (R)-Pantoyl taurine

Enantiomericaly enriched pantolactone has been obtained by severd procedures.
These incdlude asymmetric functiondization of linear or cyclic precursors, asymmetric
reduction of 3,3-dimethyl-2-oxobutyrolactone (ketopantolactone) and resolution of
racemic pantolactone. Some of these approaches are described below.
Asymmetric functionalization of linear or cyclic precursors

Kalmerten’ has developed a synthesis of R-pantolactone that employs an

asymmetric Claisen rearrangement of a chird glycolate ester as the key step. The
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stereochemica course of the reaction is controlled by the chird substituent appended to

the hydroxyl group of the glycalic acid (Scheme 1).

Scheme 1.
0 o 0
JK/O Ph O._Ph
~N "N
() i) KHMDS, TMSCI _ MeO HO o
K/< : ii) CHoN, :
ds 2.5/1 R-Pantolactone

An dficent synthess of R-pantolactone (ee 3 95%) has been achieved by
asymmetric carboxylation of the carbanion of a 1,3-propanediol dicarbamate. An
asymmetric deprotonation employing a combination of sec-butyllithum and (-)-

sparteine isthe key step (Scheme 2) 8

Scheme 2.
o)
- i) s-BuLi/ - HO
beO\/‘</Obe __ Osparteine _ oy L _ocby _ONHCI_ o)
ii) CO, 90 0C
iii) 2N HCI COzH

R-Pantolactone
95% e.e.

Chy = #N/\O
y\&/X

Rao et al.” have reported a synthesis of R-pantolactone that employsthe
Sharpless asymmetric epoxidation reaction as the key step in the congtruction of the
lactone precursor. The synthesis begins with 3-hydroxy- 2,2- dimethyl propand which is

functiondised as shown in Scheme 3.
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Scheme 3.
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Effenberger'® has examined the enzyme- catalyzed addition of hydrocyanic acid
to subgtituted pivaadehydes. The use of R-oxynitrilase in the presence of HCN affords
the corresponding cyanchydrinsin 61-96% e.e. These are converted to R-

pantolactone by acid cataysed hydrolysis of the nitrile that proceeds with concomitant

lactonizetion (Scheme 4).
Scheme 4.
HQ
R- Oxynltrllase X N Hel
\_‘/\ el
X = OH, OR, halogen 61-96% e.e.

R-Pantolactone

A recent syntheds of R-pantolactone'’ utilizes the Sharpless asymmetric
dihydroxylation reaction as the key dep. The slyl enol ether of 3,3-dimethyl-g
butyrolactone is subjected to the asymmetric dihydroxylation reaction to generate R-
pantolactone with 92% e.e. (Scheme 5).

Scheme 5.
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Asymmetricreduction of 3,3-dimethyl-2-oxo-butyr olactone (ketopantolactone)

The asymmetric reduction of ketopantolactone employing chemica or microbid
cadyss has been extensively investigated as a generd route to R- and S-pantolactones
(Figure 2).

Figure 2.

fo) Asymmetric reduction 2 0

Ketopantolactone Pantolactone
The cadytic asymmetric reduction of ketopantolactone with rhodium
complexes containing chird ligands provides high enantiomeric excess of pantolactone
with excdlent chemica yidds. Qjima™ has reported the reduction of ketopantolactone
with BPPM-Rh (I) complex (86% e.e. of R-pantolactone), Achiwa® hasused 4R,5R
DIOCP-Rh (I) complex (75% ee. of R-pantolactone), Tani* has reported reduction
with (-)-iPrDIOP-Rh (I) complex (54% ee. of R-pantolactone) and (-)-tBu-
CYCAPP-Rh (1) complex (66% ee. of S-pantolactone), while Agbossou® has
reported AMPP-Rh complex (98% ee. of R-pantolactone) and BAMP-Rh (1)
complex (87% e.e. of S pantolactone). The reduction of ketopantolactone has aso
been achieved with CrO 5-complexed AMPP ligands (99% e.e. S-of pantolactone) X6
Microbid reduction of ketopantolactone has dso been examined. Nakamura

et. al.}” have reduced ketopantolactone using Baker's yeast to obtain R-pantolactone
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with 73% ee. Addition of p-dextrin increased the enantiomeric excess to 93%.
Reduction of ketopantolactone with the ascomycete, Byssochlamys fulva provides R-
pantolactone with 99% e.e8
Resolution of racemic pantolactone

Since racemic pantolactone is readily accessble in a one-pot reaction from
hydroxypivaaldehyde, sodium cyanide, hydrochloric acid and cacium chloride™
generd racemate resolution techniques have been gpplied to obtain enantiomericaly
pure R-pantolactone. The racemic pantolactone has been resolved by conversion to
diastereomeric amides with D-gdactamine® and 1R-3-endo-aminoborneol.?t An
dternative gpproach involves resolution of the paent a,gdihydroxy-b,b-
dimethylbutyric acid with chird amines such as quining? and (+)-3-
aminomethylpinane® The lactone may aso be resolved by complexation with brucine
or by acylation with diacetyl-d-tartaric anhydride followed by separation of
diastereomers.?* Racemic pantolactone has aso been resolved by hydrolysis with
NaOH followed by partid neutrdization with 1S-(+)-10-camphorsulfonic acid.®
Enzymatic resolution of racemic pantolactone has aso been examined. Lipase catalysed
enantiosdlective ederification of the racemae with vinyl acetate provides R-
pantolactone in 88% e.e.?® Lipase catalysed transesterification of racemic pantolactone

acetatein t-butanol gives R-pantolactone with 70% e.e.?’
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2. OBJECTIVE
The objective of this undertaking was to develop a new, enantiosdlective route
to (S)-(+)- pantolactone by asymmetric functiondization of an a-keto acid derived,

chird akylidene morpholinone.

3. RESULTS AND DISCUSSION

The akylidene morpholinone 9 (prepared from 3methyl-2-oxobutanoic acid
and 1R,2S ephedrine as described in Chapter 1) served as a subdrate for the
enantiosdective synthesis of ©)-(+)-pantolactone. Initid investigations on the Prins
reaction of 9 were conducted with agqueous forma dehyde as an dectrophile® Sulfuric
acid cataysed reaction of 9 with agueous formadehyde in 1,4-dioxane at 80-85 °C
generated the spiro bis-aceta 63 as a single diastereomer in 41% yield. However, this
reection was cgpricious and frequently generated unwanted products in sgnificant
amounts or falled to give 63. Changing the solvent to acetic acid was beneficid and the
Prinsreection of 9 with paraformaldehyde in acetic acid at 75-80 °C in the presence of
a catalytic amount of conc. sulfuric acid®® consstently generated 63 in 70-72% yield
(Scheme 6).

Scheme 6.
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The dtereochemistry at spiro aceta stereocenter is assgned by andogy to other
reactions of the oxacarbenium ion intermediate in the ephedrine- derived
template (chapter 1 and chapter 2).

Treatment of 63 with P, SH/TICI,* in CH,Cl, (-78 °C-rt) followed by an
agueous work up generated the hemiacetal 64 as a mixture of diastereomers.
Presumably, TiCl, coordinates with the exocyclic oxygen (O1, Scheme 7) in the spiro-
acetd 63 to generate an endocyclic oxocarbenium ion which is inaccessble for
reduction by Ph,SH due to deric reasons. Fecile reduction of the resulting
methylenedioxy functiondity followed by reection with waer generates 64.
Replacement of Ph,SH by dericaly less demanding Et,SH® resulted in facile
reduction of the endocyclic oxocarbenium ion to furnish 65 in 96% yield and
excellent diastereosdl ectivity (ds >95/5).

Scheme 7.
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It should be noted that an excess of Et;SH (20 eq.) is essentid for the
conversion of 63 to 65. Use of lesser amounts of Et;SH results in the formation of 9
which is generated by a competing retro-Prins reection of the intermediate
oxocarbeniumion (5% of 9 wasformed when 10 eg. Et;SIH was used).

Lewis acid coordination to O3 in 63 (Scheme 7) followed by acetd cleavage,
would generate a free hydroxymethyl group in the product. However, this reaction path
was not observed since there was no evidence of the corresponding product. Reasons
for the regiosdective Lewis acid coordination and aceta cleavage in 63 are unclear. It
is plausble that the reaction is governed by the dability of the more substituted
endocyclic oxocarbenium ion. The opposing dipole of the amide carbonyl may aso be
adabilizing factor.

The stereochemidtry of the newly generated chira center in 65 was asigned ‘'S
from a NOESY experiment that indicated a syn orientation of the hydrogens on C2 and
C6 in morpholinone 65. The stereochemidry is an outcome of a stereoeectronicaly
controlled axid reduction of the intermediate oxocarbenium ion (Figure 3).

Figure 3.



148

CH r T
3 CH; CHz
H3C\ Ph Ph + H_SlEt3 H3C\ Ph
6]
O TiCl, HsC— i axial attack 2.0 H‘\
O Ny T = o kP - o
syn
J o
(@] EtSi—H + OCH3
63 oot

— - 65
ds >95/5

Morpholinone 65 is a protected version of the requisite a ,g-dihydroxy butyric
acid precursor to pantolactone. Dissolving meta reduction of 65 (Nallig. NH; in THF)
proceeds rapidly (10-15 ) at - 78°C to generate the a - hydroxy g-methoxy butyramide

66 in 629 yield (Scheme 8).

Scheme 8.
CHg ) Na/ i
HaCo Ph i) Na/lig. NH 3, THF,
: N/H/ 780C- 1t o o
e) > H.C”~ \UJ><\ CHs
O d .. . 3 O
\> H i) solid NH ,CI S
OCHg 66
65

Converson of 66 to (S)-pantolactone 67 was achieved by a one-pot
reaction sequence. The primary hydroxyl group in 66 was liberated by demethylation
with BBr; in CH,Cl, (—78°C to—15 °C). Subsequent acid catdysed lactonization (—15
°C to rt), which presumably involves a very facile intramolecular acyl transfer from
nitrogen to oxygen,®* furnished ©)-(+)-pantolactone 67 in 96% e.e. (68% yield and
from 66 over two steps) (Scheme 9). [a]p™ = +51.6 (¢ 2, H,0); lit#? [a]p® = +50.1
(c2, H,0).

Scheme 9.
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The enantiomeric excess (96%) of (S)-pantolactone 67 was determined by GC
andysis of itsMosher derivaive with R-MTPA.

The synthesis of andogues of pantolactone was dso investigated. The a-
dkoxy acrylamides 7 and 8 (described in Chapter 1) are potentia precursors of
pantolactone anadogues (Figure 4).

Figure 4.
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The aulfuric acid cadysed Prins reection of 7 and 8 with agueous
formadehyde® in 1,4-dioxane at 80-85 °C (36-42 h) gnerated the corresponding
Spiro bis-acetals 68 (48%) and 69 (54%) as single diastereomers (Scheme 10), abeit
in modest yield.

Scheme 10.
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o 0 dioxane, 80-85 °C R )O
R O
7 8 68 69
R Me Et R Me Et
de =>95%

Reductive cleavage of the bis-acetal 69 with Et;SIH/TiCl, (-78 °C-rt, 12 h) in
CH,CI, generated the desired morpholinone 70 as a mixture of diastereomers (52%,
ds = 3.5/1) dong with the dimination product 71 as a mixture of E- and Z-isomers
(22%, ds = 7.5/1, Scheme 11). Traces of acrylamide 8 (<5%) were also formed due
to the retro-Prins reaction.

Scheme 11.

EtsSiH / TiCl,
CH.Cly, -780C-1t

69 70 71
ds=35/1 ds=75/1

One o severd atempts to improve the reduction stereosdectivity involved the
reaction of a modified subgtrate that was derived from 68. The  bis-acetal 68 was
converted to the hemiacetd 72 by reaction with TiCl, (-78 °Cto — 10 °C, 60 h)

followed by querching with water (28% yield, Scheme 12).
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Scheme 12.

CHs CHs

i) TiCl,, 78 OC to -10 OC H3C\N/'\/F’h

0> ° ii) H,0 o 0
j) OH
0
68

OH
72

The reection of hemiacetd 72 with Et;SIH/TiCl, in CH,Cl, (- 78 °C to rt, 24 h)
did not generate any of the required reduction product but resulted in the exclusve
formation the akylidene morptolinone 7 (*H NMR of the crude product, Scheme 13).
Scheme 13.

Fs CH3

HsC Ph C Ph
3 ‘NKH/ EtsSiH / TiCl , Hs \N/H/

o -.,O CH,Cly, -78 OC to -t o o
OH
CHy

72 7

The reasons for the low stereosdlectivity in the reduction of 68 and 69 are not

clear at present and aternative reduction conditions are being explored.

4. CONCLUSION

An asymmetric syntheds of (S)-(+)-pantolactone has been achieved by
employing a chird, akylidene morpholinone derived from 1R,2S-ephedrine and 3
methyl- 2- oxo-butyric acid. The sdlient feetures of the synthesis involve a Prins reection

followed by an asymmetric, regiosdective reduction of the Prins product. Since 1S,2R-
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gphedrine is dso commercidly available (R)- (-)-pantolactone should

aso be readily available by this methodology.



153

5. EXPERIMENTAL
Generd experimenta techniques that have been described in the experimentd

section of Chapter 1 were followed.

6R,8R,9S-5,5,9,10-Tetramethyl-8-phenyl-1,3,7-trioxa-10-aza-
spiro[5,5]undecant11-one (63):
Prinsreaction of 9 with (CH,0)/H,S0O,in CH;COOH 2°
Conc. H,S0, (0.25 g, 2.55 mmol) was added to a mixture of the akylidene
morpholinone 9 (1.2 g, 4.9 mmol) and paraformaldehyde (0.735 g, 24.5 mmal) in
glacid acetic acid (20 mL) and the reaction mixture was heated a an oil bath
tempereture of 75-80°C for 1 h. It was neutralized with saturated ag. NaHCO,; and
extracted with ether. The ether layer was washed with water, 2N HCl followed by
water and dried over NgSO,. Removd of the solvent under reduced pressure
furnished 1.234 g of the crude product as clear colourless gum (single diastereomer by
H NMR). Purification by flash chromatography over slica ge (petroleum ether/ethyl
acetate 7/3) furnished 1.086 g (72%) of the spiro acetd 63 as awhite solid.
IH NM R (200 MHz, CDCl,):
d 7.5-7.2 (m, 5H, ArH), 5.4 (d, 1H, J = 3.4, PhCH), 5.1 (d, 1H, J=5.9,
OCH,0), 5.0 (d, 1H, J = 5.9, OCH,0), 3.85 (s, 2H, OCH,C), 3.45 (dq,
1H, J = 3.4, 6..3, CH;CH), 3.00 (s, 3H, NCH3), 1.30 (s, 3H, CCH3), 1.1 (s,
3H, CCHs), 0.95 (d, 3H, J= 6.3, CHCH .

BC NMR (75 MHz, CDC):
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d 165.0 (C=0), 137.2 (ArC), 128.4 (ArCH), 127.6 (ArCH), 125.4 (ArCH),
99.4 (OCO (quat)), 88.3 (O-CH,-0), 745 (CCH,0), 70.7 (PhCH), 58.9
(CH,CH), 38.0 ((CH5),C), 335 (NCHj,), 22.0 (CCH3), 21.3 (CCH,), 12.4
(CHCH,).

IR (CHCIy:
3017, 2982, 1655, 1479, 1215, 1178, 1150, 1132, 1097, 1036, 1013,
976 cm™,

M S (70 eV):
m/z 91 (8), 105 (3), 118 (100), 146 (4), 220 (3), 305 (M*, 3).

HRMS (CI, NHs) for CisHuNO4 (M+H):

Calcd: 306.1706
Found: 306.1707.

[a]®5=-117.3(c 1.1, CHCL).

2S,5S,6R-4,5- Dimethyl-6-phenyl- 2- hydroxy - 2-(1,1-dimethyt 2- methoxyethyl)
morphalin- 3-one (64):
Reductive cleavage of spiro acetal 63 with TiCl,/Ph;SiH:

Toasolution of 63 (0.036 g, 0.12 mmoal) in dichloromethane (2 mL) & -
78°C was added Ph,SiH (0.2 g, 0.77 mmol) followed by TiCl, (0.07 mL, 0.66 mmoal)
and the reaction mixture was dowly warmed to and stirred at ambient temperature for
12 h. It was then cooled to 0 °C, saturated aqueous NH,Cl was added and the mixture
was warmed up to ambient temperature. Water was added to dissolve precipitated

solids and the solution was extracted with CH,CL,. The combined CH.CI, layerswere
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dried (N&,S0,) and concentrated to furnish 0.23 g of amixture of 64 and

triphenylsilane.

IH NM R (200 MHz, CDCl,):
d 7.70-7.2 (m, 5H, ArH), 5.55 (br s, 1H, PhCH), 3.75 (d, 1H, J = 8.3,
CH,), 3.55(d, 1H, J=8.3, CH,), 3.45(dq, 1H, J= 3.4, 6.3, MeCH), 3.35
(s, 3H, OCH4), 2.95 (s, 3H, NCHs), 1.30 (S, 3H, C(CH,),), 1.05 (s, 3H,
C(CHs3),), 0.90 (d, 3H, J=6.3, CHCHy).

Visible peaksfor the other diastereomer:

d 5.65 (br s, 1H, PhCH), 3.30 (s, 3H, OCHJ).
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2S,5S,6R-4,5-Dimethyl-6-phenyl-2-(1,1-dimethyl-2-methoxyethyl) mor pholin-3-
one (65):
Reductive cleavage of spiro acetal 63 with TiCl /Et:SiH:

To asolution of 63 (1.08 g, 3.54 mmoal) in dichloromethane (30 mL) at -78°C
was added Et,SH (11.3 mL, 70.8 mmoal) followed by TiCl, (4.65 mL, 42.48 mmol)
and the reaction mixture was dowly warmed to and stirred a ambient temperature for
24 h. It was then cooled to 0 °C, saturated aqueous NH,Cl was added and the mixture
was warmed up to ambient temperature. Water was added to dissolve precipitated
solids and the solution was extracted with CH,Cl,. The combined CH.CI, layerswere
dried (N&,SO,) and concentrated to furnish 1.22 g of crude product (single
diastereomer by 1H NMR) which on purification by flash chromatography on slicage
(7/3 petroleum ether/ethyl acetate) furnished 0.99 g (96%) of 65 asclear colourless
gum.

'H NM R (200 MHz, CDClL,):

d 7.5-7.2 (m, 5H, ArH), 4.9 (d, 1H, J= 2.9, PhCH), 4.25 (s, 1H, CH-O),

355 (d, 1H, J = 8.8, CH,), 345 (d, 1H, J = 8.8, CH,), 3.48 (dq, 1H, J =

2.9, 6.6, MeCH), 3.35 (s, 3H, OCHy), 3.0 (s, 3H, NCHj3), 1.15 (s, 6H,

C(CHa),), 0.95 (d, 3H, J= 6.6, CHCHs).

BCNMR (22.5 MHz CDCl):
d 168.3 (C=0), 138.0 (ArC), 127.9, 127.1, 125.1 (ArCH),81.3 (CH-O),
79.4 (CH,0), 76 (PhCH), 58.7, 58.4 (OCH, CH5CH), 39.8 (NCH,), 33

(C(CHy),), 21.7 (C(CHy),), 12.7 (CH5CH).
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IR (neat):
2976, 2932, 2874, 1651, 1477, 1452, 1396, 1379, 1308, 1252, 1150, 1111,
1063 cm.

M S (70eV):
m/z 58 (7), 84 (33), 118 (100), 140 (15), 148 (7), 205 (70), 276 (1), 291
M7 1).

HRMS (CI, NHs) for Ci7HxNO3 (M+H):
Calcd: 292.1913
Found: 292.1913.

[a 5= -193.4(c 3, CHC,).

2S-3,3-Dimethyl-2-hydr oxy-4-methoxybutanoic acid N-methyl amide (66):
Dissolving metal reduction of 65

To anhydrous liquid ammonia (25 mL, digtilled over sodium) was added Na
metal (0.8 g, 34.7 mmol) a -78 °C and the mixture tirred for 15 minutes. To the
resulting blue solution was added a solution of 65 (0.98 g, 3.36 mmol) in anhydrous
THF (2 mL) and the mixture was stirred for 10- 15 sec. Anhydrous ammonium chloride
(6 g) was added and the mixture was warmed to ambient temperature to remove
ammonia. The resulting solid mass was extracted with hot ethyl acetate to furnish 0.8 g
of the crude product. Purification by flash chromatography on slica gd (petroleum
ether/ethyl acetate 2/8 furnished 0.369 g
(62%) of 66 as clear colourless gum.

1H NM R (300 MHz, CDCL,):
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d 6.8 (br s, 1H, NH), 4.45 (d, 1H, J=3.6, OH), 4.00 (d, 1H, J = 3.6, CH),
3.35 (s, 3H, OCHj), 3.35(d, 1H,J =9.2, CH),), 3.25(d, 1H,J = 9.2, CH),),
2.85(d, J=5.1, 3H, NCH,), 1.00 (S, 6H, C(CHs),).

BCNMR (22.5 MHz, CDCly):
d 172.9 (C=0), 81.7 (CHOH), 77.9 (OCH,), 59.1 (OCH,), 38.4 (C(CH,),),
25.0, 25.3 (NCHj), 21.6 (C(CHs),), 20.2 (C(CH,),).

IR (CHCy):
3431, 2964, 2936, 2880, 2251, 1666, 1541, 1477, 1414, 1101, 1074, 908
cmt,

HRMS (CI, NHs) for CgH1gN O3 (M+H):
Calcd: 176.1287

Found: 176.1288.

S-(+)-3-Hydroxy-4,4-dimethyl-dihydro-2(3H )-furanone (Pantolactone) (67):
Toasolution of 66 (0.1 g, 0.57 mmol) in CH,Cl, (4 mL) was added &t - 78°C
BBr; (2M in CH,Cl,, 25 mL) and the resulting mixture was dowly warmed to and
dirred at -15°C for 2h. Water (2 mL) was added and the reaction mixture was stirred
for an additiona 10 min after which 2 mL of ice cold 6M H,SO, was added dropwise
and the reaction mixture was dowly warmed to and gtirred at ambient temperature for
12 h. It was cooled (ice bath) and neutralized by addition of small portions of solid
NaHCO;. The resulting semi-solid residue was extracted with hot CH,Cl, to furnish 72
mg of the crude lactone as clear colorless ail. Purification by flash chromatography on

slicagd (6/4 petroleum ether/ethyl
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acetate) furnished 0.051 g (68%) of S-(+)-pantolactone 67 as awhite solid.
'H NM R (300 MHz, CDCl,):
d 4.1(d, 1H, J= 3.7, CHOH), 403 (d, 1H, J= 9.2, CH,), 3.95(d, 1H, J =
9.2, CH,), 2.82(d, 1H,J = 3.7, OH), 1.24 (s, 3H, CH ), 1.08 (s, 3H, CH,).
IR (CHCIy:
3445, 1782, 1113, 1007 cni*,
M S (70eV):
m/z 57 (19), 68 (15), 71 (100), 85 (2), 130 (M*, 1).
[a]o® = +51.6 (¢ 2, H,0, lit® [ |25 = +50.1 (c 2, H,0) for S-67).
Enantiomeric excess: 96% (GC andysis of the Mosher derivative of 67 with
‘ R-methoxytrifluoromethylphenylacetyl  chloride; column: BP1 (non-polar) 100%
dimethylpolysloxane, 0.53 mm id; nitrogen as carier gas (3.8 mL/min); injection
temperature 280 °C; column temperature 140-280 °C at 10 °C/min; tg(minor) 9.54

min, tg(mgjor) 9.87 min.

General procedure for the Prins reaction of acrylamides 7 and 8 with ag.
CH,0/H,S0,in dioxane?®

Conc. H,SO, was added to a mixture of the akylidene morpholinone7 or 8 (1
eq.) and agueous formaldehyde (37% wiv, 4 eq.) in dioxane and the reaction mixture
was heated a an oil bath empereture of 80-85 °C for 36-42 h. The solvent was
removed under reduced pressure, water was added and the mixture was extracted with
ether. The combined organic layer was dried (Na,SO,) and concentrated under

reduced pressure to furnish the crude product that was purified by flash



160

chromatography on slica gd using a mixture of petroleum ether/ethyl acetete as the
euant.
5R,6R,8R,9S-8-Phenyl-5,9,10-Trimethyl-1,3,7-trioxa-10-aza spiro[5,5]undecan
11-one (68):
Prinsreaction of 7 with ag. CH,O/H,SO, in dioxane:
Prepared from 7 (0.45 g, 1.94 mmol), agueous forma dehyde (37% wi/v, 0.64
mL, 7.96 mmol) and conc. H,SO, (0.2 mL) in dioxane (12 mL) to furnish 0.438 g of
the crude product (single diastereomer by *H NMR) which on purification by flash
chromatography on dlica g (7/3 petroleum ether/ethyl acetate) furnished 0.272 g
(48%) of 68 asawhite solid.
IH NM R (200 MHz, CDCl,):
d 7.60-7.20 (m, 5H, ArH), 5.50 (d, 1H, J = 3.0, PhCH), 5.05 (d, 1H, J =
59, OCH,0), 480 (d, 1H, J = 5.9, OCH,0), 3.95-3.70 (m, 2H,
OCH CH), 3.55 (dg, 1H, J = 3.0, 6.8, NCH), 3.05 (s, 3H, NCHj), 3.10-
2.90 (m, 1H, OCH,CH), 1.00 (d, 3H, J = 6.8, CHCH), 0.90 (d, 3H, J =
6.8, CHCH,).
BC NMR (50 MHz, CDCl,):
d 164.0 (C=0), 136.8 (ArC), 128.1 (ArCH), 127.3 (ArCH), 124.9 (ArCH),
98.2 (OCO (quat)), 86.0 (O-CH,-0), 69.8 (PhCH), 67.3 (OCH,CH) 58.3
(NCH), 34.1 (OCH,CH), 33.2 (NCHjy), 12.2 (CHCH3), 10.9 (CHCH,).
IR (CHCly):
3040, 1670, 1420, 1390, 1300, 1230, 1180, 1050, 990, 950 cni.

M S (70 eV):
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m/z 56 (7), 77 (4), 91 (6), 105 (8), 118 (100), 148 (7), 291 (M*, 5).

5R,6R,8R,95-9,10-Dimethyl-5-ethyl-8-phenyl-1,3,7-trioxa-10-aza-
spiro[5,5]undecant11-one (69):
Prinsreaction of 8 with aq. CH,O/H,S0O, in dioxane:
Prepared from 8 (0.4 g, 1.63 mmol), agueous formaldehyde (37% w/v, 0.6
mL, 7.46 mmol) and conc. H,SO, (0.1 mL) in dioxane (10 mL) to furnish 0.403 g of
the crude product (single diastereomer by *H NMR) which on purification by flagh
chromatography on sllicagd (7/3 petroleum rther/ethyl acetate) furnished 0.27 g (54%)
of 69 asawhite solid.
IH NM R (200 MHz, CDCl,):
d 7.50-7.20 (m, 5H, ArH), 5.50 (d, 1H, J = 2.9, PhCH), 5.00 (d, 1H, J =
5.9, OCH,0), 4.80 (d, 1H, J = 5.9, OCH,0), 4.05 (dd, 1H, J = 4.9, 11.0,
OCH CH), 3.80 (t, 1H, J = 11.0, OCH,CH), 3.50 (dg, 1H, J=2.9, 6.4,
NCH), 3.05 (s, 3H, NCH5), 2.90-2.70 (m, 1H, OCH,CH), 1.45-1.20 (m,
2H, CH,CH,), 1.00 (d, 3H, J = 6.4, CHCHS,), 0.90 (t, 3H, J = 7.4,
CH,CH.,).
3C NMR (75 MHz, CDCly):
d 164.2 (C=0), 136.8 (ArC), 128.1 (ArCH), 127.4 (ArCH), 125.0 (ArCH),
98.2 (OCO (quat)), 86.1 (O-CH,-0), 69.8 (PhCH), 65.9 (OCH,CH) 58.4
(NCH), 40.5 (OCH,CH), 33.3 (NCH,), 19.6 (CH,CH,), 12.2 (CH,), 10.8
(CHy).

M S (70 eV):
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m/z 56 (21), 77 (5), 91 (10), 106 (4), 118 (100), 131 (3), 148 (7), 174 (1),

247 (1), 258 (1), 305 (M*, 2).

2S,2(1R),5S,6R-4,5-Dimethyl-6-phenyl-2-(1-methoxymethylpropyl) morpholin-
3-one (70):
Reductive cleavage of spiro acetal 69 with TiCl,/Et;SH:

To asolution of 69 (0.337 g, 1.1 mmol) in dichloromethane (10 mL) a -78°C
was added Et;SH (2.1 mL, 13.1 mmol) followed by TiCl, (1.2 mL, 10.9 mmol) and
the reaction mixture was dowly warmed to and stirred at ambient temperature for 12 h.
It was then cooled to 0 °C, saturated agueous NH,Cl was added and the mixture was
warmed up to ambient temperature. Water was added to dissolve precipitated solids
and the solution was extracted with CH,Cl,. The combined CH,CI, layers were dried
(NaS0,) and concentrated to 0.4 g of the crude product that wasamixture of 70 (ds
= 35/1 by '"H NMR) and 71 (ds = 7.5/1 by 'H NMR). Purification by flash
chromatography on slica ge (3/2 petroleum ether/ethyl acetate) furnished 0.168 g
(52%) of 70 asclear, colourless gum and 0.064 g (22%) of 71 as clear colourless gum.
IH NM R (200 MHz, CDCl,):

d 7.50-7.20 (m, 5H, ArH), 5.00 (d, 1H, J = 3.0, PhCH), 4.50 (d, 1H, J =

2.5, CH-0), 3.65-3.40 (m, 3H, OCH,, NCH), 3.35 (s, 3H, OCH3), 3.05 (5,

3H, NCHy), 2.65-2.40 (m, 1H, CH,CH), 1.651.35 (m, 2H, CH,CH,),

1.10-0.80 (apparent m, 6H, CH,CH 3, CHCH,).

Visible peaksfor the other diastereomer:
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d 5.15 (d, 1H, J = 3.0, PACH), 4.40 (d, 1H, J = 2.5, CH-0), 3.25 (s, 3H,
OCH,).

MS (70 eV)
58 (74), 71 (6), 83 (47), 91 (17), 98 (11), 105 (10), 118 (100), 128 (14),
140 (33), 148 (8), 159 (5), 174 (1), 186 (2), 205 (83), 246 (7), 260 (1),

276 (1), 291 (M*, 16).

5S,6R-2-(2-Butylidene)-4,5-dimethyl-6-phenyl mor pholin-3-one (71):
Formed as a mixture of E- and Z-isomers ds = 7.5/1) during the reductive
cleavage of spiro-acetal 69 with TiCl,/Et,SIH.
IH NM R (200 MHz, CDCl,):
Major diastereomer:
d 7.50-7.20 (m, 5H, ArH), 5.10 (d, 1H, J = 2.9, PhCH), 3.55 (dg, 1H, J=
2.9, 6.4, NCH), 3.05 (s, 3H, NCH,), 2.40-2.20 (m, 2H, CH,), 2.25 (s, 3H,
olefinic CH5), 1.05 (t, 3H, J= 7.4, CH,CH,), 0.95 (d, 3H, J = 6.4, CHCHy).
Visible peaksfor the other diastereomer:

d 5.00 (d, 1H, J= 2.9, PhCH).

2S,2(1R),5S,6R-4,5-Dimethyl-6-Phenyl-2-hydr oxy-2-
(1-hydroxymethylethyl)mor pholin-3-one (72):
Conversion of spiro-acetal 68 to hemiacetal 72:
To asolution of 68 (0.52 g, 1.78 mmal) in anhydrous CH,Cl, (25 mL) was

added TiCl, (2 mL, 18 mmol) a& —78 °C after which the mixture was warmed to and
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dirred a —10 °C for 60 h. It was quenched by ice and extracted with CH,Cl,. The
combined CH,CI, layers were dried (Na,SO,) and concentrated to furnish 0.49 g of
crude product. Purification by flash chromatography on slica gd (1/4 petroleum
ether/ethyl acetate) furnished 0.142 g (28%) of 72 asawax.
1H NM R (200 MHz, CDCl,):
d 7.5-7.2 (m, 5H, ArH), 6.15 (s, 1H, OH), 5.65 (d, 1H, J= 3.0, PhCH),
4.30-4.05 (m, 1H, CH,0H), 3.90 (dd, 1H, J = 3.9, 10.7, CH,0H), 3.50
(dg, 1H, J = 3.0, 6.4, NCH), 3.20-2.95 (b, 1H, OH), 3.05 (s, 3H, NCH,),
2.95-2.70 (m, 1H, CH,CH), 1.00 (d, 3H, J = 6.4, CHCHSs), 0.90 (d, 3H, J =
6.9, CHCHS).
Visible peaksfor the other diastereomer:
d 5.60 (d, 1H, PhCH), 3.10 (s, 3H, NCH ).
BCNMR (50 MHz, CDCL):
d 167.6 (C=0), 138.0 (ArC), 128.1 (ArCH), 127.3 (ArCH), 125.6 (ArCH),
100.2 (C-OH), 70.1 (PhCH), 64.4 (CH,0OH), 58.9 (NCH), 40.4 (CH,CH),
334 (NCH,), 12.5 (CHCH), 12.4 (CHCH,).
Visible peaksfor the other diastereomer:
d 128.4 (ArCH), 125.2 (ArCH), 73.3 (PhCH), 57.9 (NCH), 42.9 (CH,CH),
34.1 (N CH,), 13.0 (CHCH), 12.7 (CHCH,).
IR (CHCly):
3400, 3040, 1660, 1510, 1480, 1470, 1435, 1420, 1400, 1230, 1040 cm?.

M S (70eV):
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m/z 58 (62), 68 (4), 77 (8), 86 (6), 91 (14), 105 (7), 118 (100), 132 (2), 146
(7), 155 (1), 173 (3), 183 (1), 214 (1), 220 (3), 231 (5), 257 (1), 279 (M,

1).
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CHAPTER V

ASYMMETRIC, DIAZOCARBONYL INSERTION REACTIONS

INTO HETEROATOM -HYDROGEN BONDS
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1. INTRODUCTION

a-Diazocarbonyl compounds conditute a class of compounds that have
exceptiond flexibility in organic synthesis. Their most sgnificant reactions are those that
proceed with loss of nitrogen which can be brought about thermally, * photochemically?
or cadyticaly.® These compounds react stoichiometricdly with many Bronsted acids
and dectrophiles, and catayticaly with numerous trangition metds and their sdts.

The reactions of diazo compounds that are cataysed by trandtion metd
complexes primarily fal into two catagories: &) cyclopropanation and b) insertion into
carbonhydrogen and heteroatom hydrogen bonds.

The trandtion meta catadysed heteroatom+H bond insertion reactions of a-
diazocarbonyl compounds have been the focus of severa recent investigations. In
particular, the diazocarbonyl/OH as wdll as the diazocarbonyl/NH insertion reactions
have been extensvely sudied. A brief discusson follows.

Diazocar bonyl insertion reactionsinto O-H bonds:

There have been severd imaginative uses of diazocarbonyl/OH insertion
reactions involving a cohols and water as the heteroatom donors.

Thomas and coworkers* have reported the borontrifluoride catalysed addition
of dcohals to 6-diazopenicillanate as a direct route to 6-oxypenicillanate derivatives
(Scheme 1).

Scheme 1.
N2 H s ROH Rou..'_4 H S
o

) z z
CO,CH,CCl3 CO,CH,CCl3
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In asynthesis of chorismic acid, Ganem and coworkers® have introduced
the enol pyruvate sde chain by employing a rhodium (Il) acetate catadysed OH

insertion reaction with diazomaonate as the key step (Scheme 2).

Scheme 2.

CO,CH3 CO,CH3 COH
NgC(COzMe)z CHZ
hz(OAc) )’I\
R

v~ YOH e .= CH(CO,Me), =" 0" CcoH

OMEM OMEM OH

Berchtold® and Bartlett” have also used this gpproach to the introduction of the
enol pyruvate Sde chain in shikimate- derived metabolites.

An asymmetric verson of the intermolecular diazocarbonyl/OH insertion
reaction has been studied by Moody? by employing phenyldiazoacetate esters of (-)-
borneal, (+) menthal, (-)-menthal, (-)-8-phenylmenthal, (-)-trans 2-
phenylcyclohexanal, (+)-trans-2-phenylcyclohexanal, and (-)-10-
(dicydohexylsulfamoyl)- D-isoborneol. The diastereosdlectivity of the insertion was very
dependent on the sze of the dcohol and the nature of the chird auxiliary. The
combination of tert-butanol as the donor and an 8-phenylmenthol as the auxiliary gives

the highest d.e. (53%, Scheme 3).

Scheme 3.
N, OR
oL ROH o
* —_— ~N
Ph)%( R Rho(OAC) P R*
@) 0]

1-53% d.e.
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Severd aspects of the intramolecular verson of the OH insertion of acohols
into diazocarbonyl subgrates have been studied, the earliest example being that of
Marshal® who observed the cydisation of an g - hydroxy diazoketone
in glacid acetic acid to form an oxetanone derivative (Scheme 4).

Scheme 4.

OH 0
CHNz o coLH
\ —_— o
o)

McClure® and coworkers have developed a stereosdective synthesis of a 1,4-
oxazinone by employing an intramolecular O-H insertion reaction as the key step.
Treatment of the phenyldanine derived b-hydroxy diazoacetamide derivative with
rhodium acetate (Rhp(OAcC),) or borontrifluoride etherate furnishes the required
product (Scheme 5).

Scheme 5.

OH cHN2 ,.0/%
H 0
COzH RIHOAC);
e N,
orB F3 CH3

There are saverd reports on the use of Rh(11) catalysed intramolecular
diazocarbonyl/OH insertion reactions for the congtruction of five, Sx, seven, and eight
membered cyclic ethers.

Rapoport!! has reported the synthesis of a 3- oxo-tetrahydrofuran derivativein
quantitative yield by the Rh(Il) acetate cataysed intramolecular  O-H insartion
reaction of the corresponding g -diazoester which was prepared as shown in Scheme

6.
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Scheme 6.

(0]

0 yNaH Co,Me
*/COZMe i) nBuLi .
i) CgHsCH,OCHCI

OBn

i)H,, Pd/C
i) ArSO,N,, DBU

o o)

CO;Me
[Igfcone Rhg(OAC)4 (uﬁ‘/ O;
0o N,

OH
A similar approach has been used by Moody® for the preparation of sevent
and eght-membered cyclic ethers (Scheme 7).

Scheme 7.
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H CJJ\/CO CH
o i) NaH /2 2ers
ii) nBuLi
CO,Me - (CHz)n
iii) X-(CHp)n-OTBDMS

n=3,4;X=8r,l OTBDMS

4

i) TSN3, Et3N
ii) AcOH or HF

O

O

ha(OAC)4 N>

(CHp)n o - (CHy)n
\—/ \'OH
n=3,4

In another intramolecular O-H insartion approach to the synthesis cydlic ethers,
Moody has synthesized the requisite acyclic diazocarbonyl precursors by aring opening
reaction of the appropriate lactone with lithio diazoacetate (Scheme 8).*

Scheme 8.

0

o) 0
‘\ /J\'(COZEt /_J\(cozEt
(O]

(CHz)n R ————————> (@CHn ° —————> (CHpn ©
J &FOH M
R R

n=23,4

In yet another approach, Calter'* has demonstrated a two step reaction
sequence for the synthesis of subdtituted tetrahydrofurans. In this case, the starting
material is prepared by an adol reaction of an a -diazo- b- ketoester. Subsequent Rh(I1)
cadysad intramolecular O-H insertion furnishes the required product (Scheme 9).

Scheme 9.
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o o OH O O COR

i) PhBCl,, EgN Rh,(OAc), 0O
HsC OR ———— X > Ph OR ——MmM> o)
i) PhCHO

NZ N2 Ph

Diazocar bonyl insertion reactionsinto N-H bonds:

The insartion of a-diazocarbonyl compounds into N-H bonds had attracted
little attention as a synthetic route to a -amino ketones or esters until 1978 when its use
in bicydic b-lactam synthesis was reported by a Merck group.®® Since then there have
been numerous examples of the utility of this reection.

The diazocarbonyl insertion into N-H bonds of a variety of nitrogen containing
compounds (amines, amides, carbamates or lactams) is a facile reaction and both
intermolecuar and intramolecular versions of the reaction have been investigated.

The earliest example of an intermolecular N-H insertion reaction was
reported by Y ates'® who examined the copper cataysed reaction of an a-
diazoester and aniline to generate the a - anilino ester (Scheme 10).

Scheme 10.

0 0
d/Nz HZN\O Cu NH
+ —

Cuprous cyanide or chloride were later used as cadyds for the insertion of
ethyldiazoacetate into the N-H bonds of piperidine, morpholine, and butylamine.

Kagart® has used cuprous cyanide as a catayst for the N-H insertion reaction
of diazopropionates with chird benzylamines in an asymmetric synthesis of danine.
Although the insertion reaction was successful, the enantioselection in the creation of the

new gtereogenic center was low (15-26% e. e., Scheme 11).
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Scheme 11.
N2 NHR' ) NH,
J§ + RNH, _CWCN J\ ) Ha, PAOH),/C PR
HsC~ ~CO.R H3C” ¥ “CO,R i)’ OH/C,H50H HC”~ * ~COH

R = CgHy; or L-menthyl

R' = (S)-phenylethylamine
( R)-phenylethylamine
(S)-(-)-1-(1-naphthyl)ethylamine
(R)-(+)-1-(1-naphthyl)ethylamine

In another asymmetric gpproach to a-amino acid derivatives, Moody*® has
studied Rh(I1) acetate catalysed insertion reactions of a-diazo phenylacetate esters of
(-)-borneal, (+)menthol and ¢)-8-phenylmenthol with diethylamine, acetamide and
methylcarbamate. The a-aminoesters were obtained in moderate yields (37-71%) and

with low diastereosdlectivity (maximum 13% de, Scheme 12).

Scheme 12.
PWCOZR* RyR,NH Ph\*(COZR*
—
N2 ha(OAC)4 NR1R2
maximum 13% d.e.

The intermolecular N-H insertion reactions of diazophosphonates with amines,

amides and carbamates have a'so been reported (Scheme 13).1°

Scheme 13.
PWP O(OMe), RNH, Ph PO(OMe),
—_—
N Rhy(OAC)4 NHR

By far, the most successful N-H insartions have been the intramolecular

reactions leading to small ring heterocycles.
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The ealiet example of intramolecular diazocarbonyl/NH insertion was
reported by Moore? in the synthesis of an azacyclobutane derivative as shown in
Scheme 14.

Scheme 14.

Ph _N» Ph
CH3CO,H
— >
_NH &N

Cama™ has reported the synthesis of a penicillin andogue viaa Rh(11) catalysed
intramolecular insertion of an a-keto carbenoid into the N-H bond of the b-lactam.

This method is the key step in the Merck synthess of the antibiotic thienamycin

(Scheme 15).%
Scheme 15.
OH ! . OH ! OH . ! H2N~>
i Rh(l) T i
/'j;NKI /5';&0 —— \ S
ol H N2” “co,pPnB o 1 o Z

CO,PNB CO,H

The intramolecular carbenoid/NH insartion reaction has dso  been
demondtrated to be a mild, efficient and regiospecific method for the construction of a
vaiety of nitrogen containing rings (Scheme 16).*

Scheme 16.
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CO,CHs CO,CH,4

R (OAC)4

(CH)N N2 (CH)n NCbz

NHCbz
n=23,4

A chird 3-azetidinone, obtained from a N-and O-protected R-serine-derived
diazoketone, has been transformed into opticaly active cis- and trans polyoximic acid
(Scheme 17).%

Scheme 17.

CO,H
o) o .
OTBDPS / NH

N Rhy(OAC
ZQH/\OTBDPS hz( )a \]\:y/\
NBoc

NHBoc . COH

NH

Burger?® has reported the synthesis d 4-oxo-L-proline derivative from L=

agpartic acid using the intramolecular NH insertion as a key step (Scheme 18).

Scheme 18.
R o) 0O
/
COH NZW Rhp(OAC)s o
HOZC/\r — - > 0 2T
NH © HN7< ; N7<CF
2 Z
F3C CFs R FsC :

K 0** has reported a convenient synthesis of a 5-oxo-pipecolic acid derivative
by the rhodium(I1) acetate catalysed intramolecuar N-H insertion reection of a S
glutamic acid derived diazoketone as shown in Scheme 19.

Scheme 19.
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o) o)
T e
—_—
N2/ HITI CO,Me

|?l CO,Me
Chbz Chz

2. OBJECTIVE

The objective of this undertaking was to synthesize benzoyldiazoformeate esters
of achird and chird amino dcohols and to investigate their asymmetric intramolecular
N-H insartion reactions and asymmetric intermolecular O-H insartion reactions as
routes to a-amino and a -hydroxy acid derivatives. Although diazocarbonyl insertion
reactions into OH and N-H bonds have been extensvdy investigated in literature,
relatively few reports have examined their asymmetric verson that proceeds with the

creation of anew stereogenic center.

3. RESULTSAND DISCUSSION
Intramolecular diazocarbonyl / NH insertion reactions

Initial investigations were conducted with N-Boc-ethanolamine 73.%
Acylation of N-Boc-ethanolamine with benzoyl formyl chloride generated the
corresponding a-keto ester 74 in 86% yield. Reection of 74 with tosylhydrazide in
refluxing toluené® gave hydrazone 75 (69% yield) which was readily converted into
diazo ester 76 (89% vyidd) by trestment with triethylamine in dichloromethane at

ambient temperature® (Scheme 20).
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Scheme 20.
0
P’“\H)k EtsN, DMAP
Cl + HO_~ =N DOVAT
T NHBoc "G goc O NHBoc
73
TsNHNH,
tolune, reflux

)Hr Con NNHTs

O. 3

Ph ~"“NHBoc “—— o

1 CH,Ch, 1t P ~"“NHBoc

o}
75

The rhodium(ll) acetate catalysed intramolecular N-H insertion reaction of 76
was sudied under a variety of conditions (CH,Cl,, CHCL or benzene a ambient
temperature or reflux) but the desred morpholin-2-one derivative 77 could not be
obtained (Scheme 21).

Scheme 21.

o
HNBoc Rh?%e,(om)“ O/\
(@) N, solvent O)YNBOC
Ph Ph
76 77

It is plausble that deric hindrance in 76, due the bulky N-Boc protecting
group, in the vicinity of the reaction site (N-H bond) inhibits the insertion reaction. This
led usto investigete the reectivity of the N-Cbz analogue.

Thus, Cbz-ethanolamine 78%° was converted into the corresponding
diazoester 81 (51% overdl yidd) by following the same resction sequence as
employed for the preparation of 76 (Scheme 22).

Scheme 22.
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0

o
PHHL E;N, DMAP
Cl + HO_"~ — T s O
NHCbz ~ cp,cly, 00c™ PR " NHCbz

o
o}
78 79

TSNHNH,
tolune, reflux

N>
Jﬁf EtsN NNHTs
O. 3
Ph NSNHChz  ———
I CH,Chy, 1t P " NHCbz
81

The rhodium(ll) acetate cataysed intramolecular diazocarbonyl insertion
reaction of 81 into the carbamate N-H bond was studied under a variety of conditions.
When a benzene solution of 81 was heated in the presence of Rh,(OAC), (1 mol%), 3
phenyl-4-benzyloxycarbonyl morpholin-2-one 82, the poduct of intramolecular N-H

insartion, was obtained in only 10% yield (Scheme 23).

Scheme 23.
(0]
bhe 0 H oh Rh(OAC)4 (1 mol%) OﬂN o eh
~N~ \n/N\/\O)H( benzene, reflux O)\( \n/ ~
(e} N> (10% yield) Ph O
81 82

The converson of 81 to 82 could not be achieved in CH,Cl,, CHCl; or
benzene & ambient temperature and in refluxing CH,Cl, or CHCl,

Our search for an dternative, more effective catdy for the insertion reection
led usto investigate the use of Sc(OTT) 5. Remarkably, when Sc(OTf); (1 mol%) was
employed under the reactions conditions employed for Rh,(OAC),, 82 was obtained in
63-66% yidd. The observation that no 82 isformed in the absence of any catdyst

confirmsthe catdytic effect of Sc(OTf) ;3 inthe N-H insertion reaction (Scheme 24).
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Scheme 24.
H 7 Sc(OTH)5 (1 mol%) o
Ph\/o\n/N\/\o)HrPh - N O\/Ph
benzene, reflux o \[(
O N2 (63 - 66%) Ph O
81 82

Hydrogenolysisof 82 (Pd/C, H,, 1atm. MeOH) proceeds with concomitant

methanolysis to generate the phenylglycine derivaive 83 in 58% yield (Scheme 25).

Scheme 25.
O/ﬁN o pn P PdIC oMe H
_—
O)\( \n/ ~ methanol O)\( " oH
Ph O (58%) Ph
82 83

Theoverdl converson of 81 to 83 congtitutes anew agpproach to a-amino
acids, based on intramolecular N-H insertion that proceeds with the creation of a
stereogenic center.

Under identica reaction conditions, the Boc-protected diazoester 76 could not
furnish any intramolecular N-H insertion product.

The success in the intramolecular N-H insertion reaction of the Cbz
ethanolamine derived diazoester 81 encouraged us to examine the asymmmetric verson
of the transformation. Benzoyldiazoformate esters prepared from chiral amino acohols
were therefore examined as substrates.

Thereection of (1R,2S)-Cbz-norephedrine 847" (prepared from 1R, 2S-
norephedrine and carbobenzyloxy chloride in the presence of Et;N and DMAPIN

CH,Cl,) with 2-oxophenylacetyl chloride tosylhydrazone 852 in the presence of excess



184

triethylamine directly provides the corresponding diazoester 86 in 58% yidd (Scheme

26).
Scheme 26.
CHy NNHTs
HO : Cl _EtN,DMAP
Y\NHCbZ + Ph)H]/ CH2C|2 h)]\”/ Y\NHCbz
Ph o 00C -1t )
84 85
(S)-Cbz-phenyldanindl 87% was similarly converted to the diazoester 88 in
52% yield (Scheme 27).
Scheme 27.
Ph
7 NNHTs
HO_ A Cl _EtN DMAP_
NHcbz =+ P T ohC, )H( \/\NHCbz
© 00C - 1t
87 85

The chiral diazoesters 86 and 88 were examined for the intramolecular  N-H
ingertion in refluxing benzene usng Sc(OTf); as the insertion catayst. Contrary to
expectations, reaction of 86 and 88 with cataytic scandium triflate in refluxing benzene
could not provide the desired intramolecular N-H insertion product. However, the
rhodium(I1) acetate catayzed insertion reaction of 86 in CH,Cl, a ambient temperature
generated the desired morpholinone 89 in 46% yield with the crestion of anew
stereogenic center (Scheme 28). The diastereosdectivity of the insertion step was
determined as 2.5/1 by conversion of 89 to the corresponding morpholinone 90 (Ho,
Pd/C, EtOAC). The diastereomer ratio in 90 was readily determined by 'H NMR

spectroscopy and is based on the integration of the characteristic benzylic methine
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resonance (doublet in the 5-6 ppm region) due to the ephedrine portion of the

molecule
Scheme 28.
Ph
H3C Ph Ph
sro_ [ 9 Rhp(OAC)s HBC%O . Pd/C MO
CH,CI
Ny= o H.Clp CbzN Xo EtOACc HNYKO
Ph Ph Ph
ds=25/1

The rhodium(I1) acetate catalysed reaction of diazoester 88 was capricious and
did not give reproducible results for the intramolecular diazocarbonyl/N-H insertion

reaction.

Intermolecular diazocar bonyl / OH insertion reactions

Asymmdtric, intermolecular O-H insertion reactions of the chird diazoesters 86
and 88 were dso investigated by employing achira dcohols under rhodium(l1) acetate
and Sc(OTf)4 catalyss. Thus, the reection of 86 or 88 with isopropyl acohol and
benzhydral in the presence of cataytic rhodium(l1) acetate or Sc(OTf); (2-4 mol%) in
CH,CI, a ambient temperature generated the desired intermolecular O-H insertion
products in quantitative yields but with low diastereosdectivity (ds = 1.5/1 for 86 and
1.2/1for 88). It is noteworthy that the intermolecular O-H insertion proceeds
effeciently in the presence of a carbamate N-H bond and no N-H insertion product is
observed. The scandium triflate catalysed reaction of 86 and 88 with triphenylmethanol
in CH,Cl, a ambient temperature could not provide any insertion product (recovery of

the starting materia) while the rhodium(l1) acetate catayss of the reaction produced a
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complex mixture under the identica conditions. These results are summerized in teble 1

and 2.

Table 1. Intermolecular O-H insertion reactions of 86

R
Ry
CHs N2 R, Catalyst CHs O)<R2
Cbz\N)\i/o\[HkPh N Rz—(IZ—OH (2-4mol%)  Cbz /ks/oﬁ‘/‘\l’h
H : I CH.Cly, rt H E
Ph O Ry Ph O
86 91 92 93
Ry CHz Ph Ph
R, H H Ph
Entry Alcohol Catadys Product Yidd ds
1 2-Propanol Rh,(OAC), 91 98% 151
Sc(OTH)5 91 97% 171
2 Benzhydrol Rhp(OAC), 92 95% 1.5/1
Sc(OT), 92 93% 1.5/1
3 Triphenyimethano  Rhy(OAQ), 93 -- -
Sc(OTf)3 93 -- --

Table 2: Intermolecular O-H insartion reactions of 88

R1
Ph )(Rl

Ph
N R, Catalyst ¢ R
Chz O | (2-4 mol%) Chz_ O
N Ph + Ry—(Q—OH ——————> N Ph
H
e} R
88

CHClp, 1t H
2Lk o)

94 95 96
Ry CHs Ph Ph
R, H H Ph
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Entry Alcohol Catalyst Product Yidd ds
1 2-Propanol Rh,(OAC)4 94 97% 11
Sc(OTf)3 94 96% 11
2 Benzhydrol Rh,(OAC), 95 95% 1.2/1
Sc(OTf)4 95 94% 1.2/1
3 Triphenylmethanol R, (OAC), 96 -- --
S(OTf)s 96 -- -

Theintermolecular O-H insertion reaction of the menthol derived diazoester
97° was dso examined by using Sc(OTf), as the insertion catalyst. Reaction of 97 with
isopropyl acohal in the presence of Sc(OTf) 3 (1 mol%) was very fecilein avariety of
solvents and generated the a -isopropoxy ester 98 in excdlent yield (90%) but with low
diastereosd ectivity at ambient temperature (ds 1.2/1, Scheme 29).

Scheme 29.

No - )\O
i fm/ Sc(OTf); (1 mol%% iPrm
Phj\”/ Me ©Tha@more) Me
0 0

iPrOH, solvent, RT g
(90%)

97 98

ds=1.2/1

4. CONCLUS ON

Sc(OTf); has been demonstrated to be a useful catayst for diazoester derived
carbenoi d/heteroatom- hydrogen bond insertion reactions. a - Diazoesters of chird
amino acohols have been synthesized and their utility towards the asymmetric synthess
of a-hydroxy and a-amino acid derivatives has been examined. Although these

reactions are quite efficient, they are not very diastereosdective.
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5. EXPERIMENTAL

Generd experimentd techniques which have been described in the experimenta
section of Chapter 1 were followed.
2-(Car bobenzyloxyamino)-1-ethanol (78):®

A 250 mL round bottomed flask equipped with a ftirring bar was charged with
2-aminoethanal (3.6 mL, 60 mmol), sodium bicarbonate (5.55 g, 66 mmoal), and
dioxanewater (1:1, 100 mL). The resulting solution was cooled to 0 °C. Benzyl
chloroformate (9.4 mL, 66 mmoal) in dioxanewater (1:1, 20 mL)was added over 20
min. The mixture was dlowed to warm to ambient temperature over 1 h and was
dtirred for additiona 4 h. It was then transferred to a separatory funnel and partitioning
between EtOAc (100 mL) and water (100 mL) were added. The organic phase was
separated and washed with IN HCI (3 x 50 mL), 5% NaHCO; (3 x 50 mL), brine (1
X 100 mL) and dried (Na,SO,) and concentrated under reduced pressure to give a
ydlow solid. Recrygtdlization from CH,Cl,-pentane afforded 78 aswhite needles.
mp: 62 °C (Lit.2® mp: 62-63 °C)
'H NM R (200 MHz, CDCL,):

d 7.35 (s, 5H, ArH), 5.35 (b, 1H, NH), 5.1 (s, 2H, PhCH,), 3.7 (t, 2H, J =

5.5, OCH,), 3.35 (g, 2H, J= 5.5, NCH,), 2.70 (b, 1H, OH).

(2-Car baobenzyloxyamino-ethyl)-oxophenylacetate (79):
A solution of benzoylformylchloride (prepared from benzoylformic acid (0.574
g, 3.82 mmal) and oxayl chloride (1.5 mL, 17.2 mmoal), reflux, 2 h) in anhydrous

CH,Cl, (10 mL) was added to a solution of 78 (0.56 g, 2.9 mmol), triethylamine (1.3
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mL, 9.5 mmol), and DMAP (36 mg, 0.3 mmol) in CH,Cl, (20 mL) dropwise at 0 °C.
The reaction mixture was gtirred a 0 °C for 2 h after which it was diluted with CH,CI,,
washed with 5% HCI, saturated agueous sodium bicarbonate, brine, dried (NgSO,),
and concentrated to furnish 1.05 g of the crude product which on purification by flash
chromatography on slica gd (7/3 petroleum ether/ethyl acetate) furnished 839 mg
(89%) of 79 asapde ydlow gum.
IH NM R (200 MHz, CDCl,):
d 8.0 (d, 2H, J= 7.0, ArH), 7.65 (t, 1H, J= 7.0, ArH), 7.50 (t, 2H, J= 7.0,
ArH), 7.35 (s, 5H, ArH), 5.20 (br, 1H, NH), 5.10 (s, 2H, PhCH,), 4.45 (t,
2H, J=5.4, OCH,CH,), 3.60 (g, 2H, J= 5.4, NCH,).
BC NMR (50 MHz, CDCl):
d 185.6 (PhC=0), 163.3 (CO,CH,), 156.3 (NCO,), 136.3 (ArC), 134.7
(ArC), 132.2 (ArC), 129.8 (ArC), 128.7 (ArC), 128.3 (ArC), 127.8 (ArC),
66.7 (OCH,), 64.7 (OCH,), 39.8 (NCH,).
IR (nest):
3400, 3342, 3065, 3034, 2957, 1732, 1715, 1693, 1597, 1580, 1537, 1520,
1452, 1393, 1367, 1321, 1258, 1198, 1177, 1159, 1124, 1099, 1080, 1028,
1018, 1003, 986, 910 cni.
M S (70 eV):
m/z 77 (40), 91 (33), 105 (100), 117 (4), 122 (53), 131 (2), 151 (1), 221 (1).
(2-Carbobenzyloxyamino-ethyl)-((4-methylphenylsulfonyl)hydr azono)-
phenylacetate (80):

A mixture of 79 (0.8 g, 2.44 mmol) and tosylhydrazide (0.445 g, 2.44
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mmoal) in anhydrous toluene was heated under reflux with azeotropic remova of water
for 18 h after which time the solvent was removed under reduced pressure to obtain
1.3 g of a pde ydlow solid. Purification by flash chromatography on slica ge (7/3
petroleum ether/ethyl acetate) furnished 0.749 g (61%) of 80 asapae ydlow solid.
1H NM R (200 MHz, CDCl,):
d 7.90 (d, 2H, J = 7.0, ArH), 7.60-7.20 (m, 12H, ArH), 5.10 (s, 2H,
PhCH,), 5.00 (b, 1H, NH), 4.40 (t, 2H, J=5.5, OCH,CH,), 3.50(q, 2H, J
= 5.5, NCHy,), 2.40 (s, 3H, CH.).
BC NMR (50 MHz, CDCly):
d 161.7 (CO,), 156.4 (NCO,), 144.3 (C=N), 138.4 ((ArCipso), 136.1
(ArCipso), 135.2 (ArCipso), 133.6 (ArCipso), 1295 (ArCH), 129.3
(ArCH), 128.3 (ArCH), 128.1 (ArCH), 127.9 (ArCH), 127.8 (ArCH), 66.7
(OCH,), 64.9 (OCH,), 39.5 (NCH,), 21.4 (CHy).
IR (CHCly):
2980, 2360, 1685, 1480, 1350, 1190, 1150, 1045 cmt.
Analysisfor CxH,sN306S:
Cdcd: C, 60.59; H, 5.08; N, 8.48

Found: C, 60.80; H, 5.32; N, 8.58

(2-Car babenzyloxyamino-ethyl)-diazophenylacetate (81):
Triethylamine (0.2 mL, 1.43 mmol) was added dropwise to a stirred solution of
80 (0.57 g, 1.15 mmoal) in arhydrous CH.CI, (30 mL) at ambient temperature and the

mixture was dirred a ambient temperature for 16 h after which the solvent was
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removed under reduced pressure to obtain the crude diazoester which on purification
by chromatography on dlica gd (60-120 mesh, 3/1 petroleum ether/ethyl acetate)
furnished 0.369 g (94%) of 81 asydlow solid.
'H NM R (200 MHz, CDClL,):
d 7.60-7.20 (m, 10H, ArH), 5.15 (s, 3H, PhCH,, NH), 4.40 (t, 2H, J= 5.5,
OCH,CH,), 3.60 (g, 2H, J= 5.5, NCH,).
BC NMR (50 MHz, CDCl,):
d 164.6 (CO,), 156.2 (NCO,), 136.2 (ArCipso), 128.6 (ArCH), 128.1
(ArCH), 127.7 (ArCH), 1255 (ArCH), 124.9 (ArCipso), 123.6 (ArCH),
66.4 (OCH,), 63.4 (OCH,), 63.0 (CN.,), 40.0 (NCH,).
IR (CHCly):
2980, 2060, 1690, 1500, 1320, 1230, 1200, 1140, 1030 cn™.
M S (70eV):
65 (10), 77 (25), 91 (100), 98 (3), 105 (85), 118 (12), 132 (5), 148 (8), 160
(2), 171 (1), 176 (10), 183 (2), 220 (3), 339 (M*, 1).
Analysisfor CigH;7N30y4:
Cdcd: C, 63.71; H, 5.05; N, 12.38

Found: C, 63.88; H, 5.15; N, 12.32

3-Phenyl-4-benzyloxycar bonyl mor pholin-2-one (82):
To refluxing suspenson of Sc(OTf); (1.5 mg, 0.003 mmol, 1 mol%) in benzene

(0.5 mL) was added dropwise a solution of diazoester 81 (0.1 g, 0.3 mmoal) in benzene
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(1 mL). The mixture was heated to reflux for 1 h after which it was concentrated. The

residue was purified by flash chromatography on slicage

(3/1 petroleum ether/EtOAC) to gve 0.061 g (66%) of 82 as a colourless gum.

'H NM R (200 MHz, CDClL,):
d 7.6:7 (m, 10H, ArH), 6.2-5.75 (br, 1H, PhCH), 5.4-4.95 (br, 2H,
PhCH,), 4.5-4.1 (br, 2H, OCH ,CH,), 3.95-3.60 (m, 2H, NCH,).

BC NMR (50.3 MHz, CDCL):
d 166.8 (CO,), 154.8 (NCO,), 135.8, 1353 (ArCipso), 129.0, 128.5,
1283, 127.9, 125.7 (ArCH), 68.0, 649 (OCH,), 59.6 (PhCH), 40.7
(NCH,).

IR (nesat):
3080, 3040, 2960, 2900, 1770, 1720, 1610, 1600, 1500, 1460, 1430, 1300,
1220, 1130, 1070, 1040, 1010, 980, 920, 860 cm*.

M S (70 eV):
m/z 65 (21), 77 (19), 91 (100), 105 (33), 118 (15), 132 (10), 148 (5), 176

(13), 220 (25), 311 (M", 1).

M ethyl (2-(2-hydr oxyethyl)-amino)phenylacetate (83):

A mixture of 82 (45 mg, 0.13 mmol) and 5% Pd/C (9 mg, 20% wi/w) in
MeOH (10 mL) was hydrogenated at 1 atm. H, at ambient temperature for 4 h &fter
which the mixture wes fil tered through celite and concentrated to obtain 27 mg of the
crude product. Purification by flash chromatography on silicagd (EtOAC) furnished 24

mg (58%) of 83 asclear colourlessgum.
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H NM R (200 MHz, CDCl,):
d 7.50-7.15 (m, 5H, ArH), 4.40 (s, 1H, PhCH), 3.70 (s, 3H, OCHS,), 3.60 (t,
2H, J = 5.0, CH,0), 2.75 (m, 2H, NCH,), 2.20 (br, 2H, OH, NH).

BC NMR (75 MHz, CDCl):
d 1735 (CO,), 138.2 (ArCipso), 128.8 (ArCH), 1282 (ArCH), 127.5
(ArCH), 65.3 (PhCH), 61.2 (CH20H), 52.2 (OCH3), 49.2 (NCH,).

IR (CHCly):
3448, 3088, 3067, 3018, 2955, 2907, 2887, 2851, 2800, 1736, 1495, 1468,
1454, 1437, 1406, 1367, 1292, 1215, 1175, 1153, 1067, 1030, 1020, 1005,
995 cnit.

M S (70 eV):
m/z 59 (11), 65 (25), 77 (61), 91 (73), 105 (48), 118 (100), 132 (61), 150

(43), 162(71), 179 (1), 192 (1).

1R, 2S-2-(Car bobenzyloxyamino)-1-phenyl-1-pr opanol (84):*

Benzyl chloroformate (0.17 mL, 1.2 mmol) was added dropwise to a solution
of 1R,2S norephedrine (0.151 g, 1 mmal), triethylamine (0.17 mL, 1.2 mmoal), and
DMAP (6 mg, 0.05 mmol) in CH,Cl, (3 mL) & O °C. The reaction mixture was
warmed to and gtirred at ambient temperature for 18 h after which it was diluted with
CH,CI,, washed with 5% HCI, saturated sodium bicarbonate, brine, dried (Ng,SO,),
and concentrated under reduced pressure to afford 292 mg of the crude product which
on purification by flash chromatography on silica gel (3/1 petroleum ether/ethyl aceteate)

furnished 218 mg (76%) of 84 as awhite solid.
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IH NM R (200 MHz, CDCl,):
d 7.55-7.20 (m, 10H, ArH), 5.10 (s, 2H, CH,), 4.95 (d, 1H, J = 7.8, NH),
4.85 (br, 1H, PhCH), 4.15-3.90 (m, 1H, CH,CH), 2.90 (d, 1H, J = 2.4,
OH), 1.00 (d, 3H,J = 7.4, CH»).
2-((4-Methylphenylsulfonyl)-hydr azono)-phenylacetylchloride (85): 2
To a solution of benzoylformic acid (3.2 g, 21 mmoal) in anhydrous methanol (4
mL) was added in one portion, a hot solution of p-toluenesulfonhydrazide (4 g, 21
mmol) in methanol (15 mL) containing 1 drop of conc. HCI. The reaction mixture was
then warmed for 5 min and stored at —20 °C for 12 h a which point 5 mL of water
was added and flask stored for an additiond 12 h. The reaction mixture was
concentrated under reduced pressure to furnish 6.7 g of the crude 2 oxophenylacetic
acid tosylhydrazone as a white solid. Thiswas taken up in anhydrous benzene (25 mL)
and heated to reflux with thionyl chloride (4 mL, 54.8 mmal) for 2.5 h after which it
was concentrated under reduced pressure to obtain crude 85 as a ydlow solid which
upon recrystdlization from anhydrous benzene/anhydrous petroleum ether furnished 4.9
g (69%) of pure 85 asayellow solid.
mp: 136 °C.
'H NM R (200 MHz, CDCl,):
d 8.60 (s, 1H, NH), 7.90 (d, 2H, J = 8.0, ArH), 7.60-7.10 (m, 7H, ArH),
245 (s, 3H, CH,).
IR (nujol):
3190, 1740, 1590, 1560, 1440, 1380, 1350, 1270, 1190, 1160, 1070, 1020,

870, 820 cmL.
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1R ,25-((1-Phenyl-2-car bobenzyloxyamino)pr opyl)-diazophenylacetate (86):
Triethylamine (0.26 mL, 1.86 mmol) was added dropwise to a solution of 84
(0.183 g, 0.64 mmol) and 2oxophenylacetyl chloride tosylhydrazone 85 (0.217 g,
0.64 mmol) in anhydrous CH,Cl, (2 mL) at 0 °C after which the mixture was dowly
warmed to and Hirred a ambient temperature for 18 h. Solvent was removed under
reduced pressure and the residue was purified by flash chromatography on slica gd
(91 petroleum ether/EtOAC) to furnish 0.161 g (58%) of 86 asaydlow solid.
H NMR (200 MHz, CDCly):
d 7.55-7.10 (m, 15H, ArH), 6.05 (d, 1H, J = 3.4, PhCH), 5.10 (s, 2H,
CH,), 4.80 (d, 1H, J = 9.3, NH), 425 (m, 1H, CHCH,), 1.10 (d, 3H, J =
6.8, CHCH,).
BC NMR (50 MHz, CDCl,):
d 163.9, 159.5 (CO,), 155.5 (NCO,), 136.6, 136.3, 128.8, 128.4, 128.0,
127.9, 126.3, 125.8, 125.0, 123.8 (ArC), 66.6, 63.5 (OCH, OCH,), 50.5
(NCH), 15.3(CH3), (C=N, not observed).
IR (CHCly):
3450, 3018, 2089, 1713, 1508, 1499, 1244, 1217, 1153 cni™.
Analysisfor CxH23N3O0y,:
Cacd: C,69.92; H, 5.40; N, 9.78

Found: C, 70.16; H, 5.70; N, 9.66

S-2-(Car bobenzyloxyamino)-3-phenyl-1-pr opanol (87):%°
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Benzyl chloroformate (1.71 mL, 12 mmol) was added dropwise to a solution
of S-phenyldaninol (1.51 g, 20 mmol), triethylamine (1.67 mL, 12 mmol), and DMAP
(61 mg, 0.5 mmal) in CH,Cl, (20 mL) at 0 °C. The reaction mixture was warmed to
and dirred at ambient temperature for 18 h after which it was diluted with CH.CI,,
washed with 5% HCI, saturated agueous sodium bicarbonate, brine, dried (NgSO,),
and concentrated under reduced pressure to afford 2.81 g of the crude product which
on purification by flash chromatography on slicagel (3/2 petroleum ether/ethyl acetate)
furnished 2.21 g (77%) of 87 asawhite solid.

IH NM R (200 MHz, CDC,):
d 7.50-7.10 (m, 10H, ArH), 5.15 (br, 1H, NH), 5.05 (s, 2H, PhCH,0),
4.00-3.80 (m, 1H, NCH), 3.70-3.40 (m, 2H, CH,OH), 2.85 (d, 2H, J= 6.8,

PhCH,CH), 2.65 (br, 1H, OH).

(S-((2-(Carbobenzyloxyamino)-3-phenyl)pr opyl)-diazophenylacetate (88):
Triethylamine (2.11 mL, 15.15 mmol) was added dropwise to a solution of 87
(1.44 g, 5.05 mmol) and 2 oxophenylacetyl chloride tosylhydrazone 85 (1.7 g, 5.05
mmol) in anhydrous CH,Cl, (20 mL) at O °C after which the mixture was dowly
warmed to and dtirred at ambient temperature for 18 h. Solvent was removed under
reduced pressure and the residue was purified by flash chromatography on silica gel
(9/1 petroleum ether/EtOAC) to furnish 1.124 g (52%) of 88 asaydlow solid.
1H NMR (200 MHz, CDCl,):
d 7.50-7.10 (m, 15H, ArH), 5.05 (s, 2H, OCH,Ph), 4.90 (d, 1H, J = 5.8,

NH), 4.40-4.10 (m, 3H, OCH,CH), 3.0-2.75 (m, 2H, PhCH,CH).
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BC NMR (125 MHz, CDCl):
d 164.8 (CO,), 155.7 (NCO,), 136.7, 136.3, 129.1, 128.9, 128.6, 128.4,
128.1, 128.0, 126.8, 126.0, 125.1, 124.0 (ArC), 66.7, 65.2 (OCH,), 51.4

(NCH), 37.7 (PhCH,CH), (C=N,, not observed).

IR (CHCly):
3018, 2091, 1717, 1705, 1506, 1499, 1244, 1215, 1155 cm?.
MS (70eV):
m/z 65 (14), 77 (9), 91 (100), 105 (9), 117 (5), 130 (2), 150 (1), 266 (9),
311 (1).
Analysisfor CxH23N30,
Cdcd: C,69.92; H, 5.40; N, 9.78

Found: C, 70.03; H, 5.53; N, 9.76

5S,6R-3,6-Diphenyl-4-benzyloxycar bonyl-5-methylmor pholin-2-one (89):

A solution of 86 (0.17 g, 0.39 mmoal) in anhydrous CH,Cl, (0.8 mL) was
added dropwise to a stirred suspension of Rh,(OAC), (2 mg, 0.004 mmoal) in CH,CI,
(0.5 mL) at ambient temperature over a period of 2 h. The mixture was stirred at
ambient temperature for another 2 h after which it was concentrated and purified by
flash chromatography on slica gdl (8/2 petroleum ether/EtOAC) to furnish 74 mg (46%)
of 89 aswhitefoam.

'H NM R (200 MHz, CDCl;) (mixture of diaster eomers):



198

d 7.55-6.70 (m, 15H, ArH), 5.80-5.60 (m, 2H, PhACH-N, CH-0), 5.25-4.75
(m, 3H, CH,, CHCH,), 1.10(d, 3H, J = 6.9, CH ).
13C NMR (50 MHz, CDCl;) (mixture of diaster eomers):
d 167.0, 162.8 (CO,), 155.5, 154.5 (N CO,), 137.6, 136.0, 135.5, 135.3,
134.8, 132.3, 129.9, 128.8, 128.6, 128.5, 128.3, 128.2, 128.0, 127.9,
127.7, 127.4, 126.3, 125.3 (ArC), 82.1, 79.0 (OCH), 67.9, 66.7 (CH,),
58.6 (PhCH-N), 50.9 (CHCH), 14.8, 12.4 (CH,).
5S,6R-3,6-Diphenyl-5-methylmor pholin-2-one (90):
A mixture of crude 89 (prepared from 86 (0.6 g, 1.39 mmol) and Rh,(OAcC),
(6 mg, 0.013 mmoal)) and 10% Pd/C (0.12 g) in EtOAc (30 mL) was hydrogenated at
1 am. H, a ambient temperature for 18 h after which the mixture was filtered through
cdite. The filtrate was concentrated to obtain 0.382 g of the crude product as a pae
ydlow gum (ds = 2.5/1 by *H NMR). Purification by flash chromatogrgphy on silicagd
(7/3 petroleum ether/ethyl acetate) furnished 168 mg of 90 as clear, colourless gum
(45% from 86 over two steps).
'H NM R (200 MHz, CDCl,):
Major diagereomer: d 7.70-7.20 (m, 10H, ArH), 5.50 (d, 1H, J = 3.4,
OCH), 4.95 (s, 1H, PACHN), 3.95-3.70 (m, 1H, CHCH,), 1.00 (d, 3H, J =
6.8, CH.).
Minor diastereomer: d 7.70-7.20 (m, 10H, ArH), 5.65 (d, 1H, J = 3.5,
OCH), 5.00 (s, 1H, PhCHN), 3.95-3.70 (m, 1H, CHCH,), 1.00(d, 3H, J =
6.8, CH.).

IR (neat):
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3323, 3063, 3032, 2974, 2932, 1747, 1732, 1589, 1497, 1454, 1435, 1371,
1331, 1254, 1202, 1165, 1140, 1028, 1003 cnit.

M S (70 eV):
65 (30), 77 (35), 84 (17), 91 (100), 105 (25), 118 (16), 136 (25), 223 (1),

267 (M*, 1).

Generd procedure for the intermolecular O-H insertion reactions of diazoesters 86 and
88 with acohols:

To a dtirred solution of the diazo ester and acohal in anhydrous CH,Cl, was
added (Rh,(OAcC), or Sc(OTf); (2-4 mol% with respect to the diazo ester) and the
mixture was dirred a ambient temperature for 2-4 h after which it was concentrated
under reduced pressure to furnish the crude product. Remova of the catayst by
filtration through a pad of slica gd (EtOAc) furnished the pure product in quantitative

yield.

(1R,2S-(1-Phenyl-2-car bobenzyloxyamino)propyl)-2-(2-propoxy)- phenylacetate
(92):
Rhodium acetate catalysed O-H insertion of 86 with 2-propanal:

A mixture of 86 (0.11 g, 0.25 mmol) and 2-propanol (1 mL) was treated with
Rh,(OAC), (2 mg, 0.004 mmoal) for 2 h to furnish 0.116 g (98%) of 91 as a gum (ds
1.5/1 by *H NMR of crude product).

4 NMR (200 MHz, CDCL,):
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Major diastereomer: d 7.70-6.85 (m, 15H, ArH), 5.95 (d, 1H, J = 3.0,
PhCHCH), 5.20-4.95 (m, 3H, PhCH,, COCHPh), 420 (d, 1H, J = 8.7,
NH), 4.05-3.90 (m, 1H, NCH), 3.80-3.60 (m, 1H, CH(CH,),), 1.20 (d, 6H,
J=5.9, CH(CHs,),), 0.80 (d, 3H, J= 7.3, CH3CH).
Minor diastereomer: d 7.70-6.85 (m, 15H, ArH), 5.85 (d, 1H, J = 3.0,
PhCH-OCO), 5.20-4.95 (m, 3H, PhCH,, COCHPh), 4.55 (d, 1H, J =8.7 ,
NH), 4.15-4.05 (m, 1H, NCH), 3.80-3.60 (m, 1H, CH(CH,),), 1.25 (d, 6H,
J=5.9, CH(CHjy),), 0.95 (d, 3H, J=7.3, CH,CH).

3C NMR (50 MHz, CDCl;) (mixtur e of diastereomers):
d 170.1 (CO,), 155.4, 155.2 (NCO,), 137.5, 137.2, 137.0, 136.4, 128.4,
128.2, 128.0, 127.7, 127.3, 127.0, 126.4, 126.2, 125.9 (ArC), 78.5, 77.6,
70.9 (OCH), 66.4 (OCH,), 50.9, 50.7 (NCH), 22.0, 21.8 (CH(CHy),), 15.0,
14.4 (CHCHy).

IR (CHCly):
3413, 3345, 3089, 3065, 3031, 2974, 2933, 1753, 1722, 1714, 1604, 1586,
1510, 1453, 1402, 1381, 1334, 1227, 1170, 1110, 1060, 1029, 989, 925,

830 cmt™,

Scandium triflate catalysed O-H insertion of 86 with 2-propanal:
A mixture of 86 (0.125 g, 0.29 mmol) and 2 propanol (40 ni, 0.52 mmal) in
CH,CI, (1 mL) was treated with Sc(OTf) 5 (7 mg, 0.014 mmol) for 4 h to furnish 0.131

g (97%) of 91 asagum (ds 1/1 by *H NMR of the crude product).
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(1R,2S-(1-Phenyl-2-car bobenzyloxyamino)pr opyl)-2-(diphenylmethoxy)-
phenylacetate (92):
Rhodium acetate catalysed O-H insertion of 86 with 1,1-diphenylmethanol:

A mixture of 86 (0.1 g, 0.23 mmoal) and benzhydrol (44 mg, 0.23 mmal) in
CH,CI, (1 mL) was treated with Rh,(OAc), (2 mg, 0.004 mmoal) for 2 h to furnish 0.13
g (95%) of 92 asagum (ds 1.5/1 by *H NMR of the crude product).

IH NMR (200 MHz, CDCI3):
Major diastereomer:

d 7.50-6.85 (m, 25H, ArH), 6.00 (d, 1H, J=3.0, PhCHO), 5.50 (s, 1H,

COCHPh), 5.05 (s, 1H, Ph,CH), 5.00 (s, 2H, PhCH.,), 4.15 (d, 1H, J = 8,

NH), 4.10-3.90 (m, 1H, CH,CH), 0.75 (d, 3H, J = 6.9, CH,).

Minor diastereomer:

d 7.50-6.85 (m, 25H, ArH), 5.85 (d, 1H, J = 3.0, PhCH-OCO), 5.55 (s,

1H, COCHPh), 5.05 (s, 1H, Ph,CH), 5.00 (s, 2H, PhCH,),450 (d, 1H, J =

8, NH), 4.10-3.90 (m, 1H, CH,CH), 0.90 (d, 3H, J = 6.8, CHs).

BC NMR (50 MHz, CDCl,) (mixtur e of diaster eomers)

d 169.7, 169.6 (CO,), 155.4, 155.2 (NCO,), 144.0, 141.3, 141.2, 141.0,

140.9, 136.9, 136.6, 136.4, 128.6, 128.5, 128.4, 128.3, 128.1, 128.0,

127.7, 127.6, 127.3, 127.1, 126.4, 126.0, 125.8, 125.3 (ArC), 81.5, 78.1,

77.8, 77.5, 759 (OCH), 66.6 (OCH,), 50.9, 50.5 (CHCH,), 14.9, 14.1

(CH4CH).

IR (CHClY:
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3410, 3062, 3029, 1750, 1719, 1708, 1600, 1495, 1452, 1403, 1333, 1229,
1170, 1095, 1067, 1028 cn’.
Scandium triflate cataysed O-H insertion of 86 with 1,1-diphenylmethanal:
A mixture of 86 (22 mg, 0.05 mmol) and benzhydrol (10 mg, 0.05 mmoal) in
CH,CI, (0.3 mL) was treated with Sc(OTf) ; (1 mg, 0.002 mmoal) for 4 h to furnish 28

mg (93%) of 92 asagum (ds 1.5/1 by *H NMR of crude product).

(S-((2-(Car bobenzyloxyamino)-3-phenyl)pr opyl)-2-(2-pr opoxy)-phenylacetate
(94):
Rhodium acetate catalysed O-H insertion of 88 with 2-propanal:
Themixtureof 88 (0.11 g, 0.25 mmol) and 2-propanol (2 mL) was treated
with Rh,(OAC), (2 mg, 0.004 mmol) for 2 h to furnish 0.115 g (97%) of 94 as a
gum (ds /1 by 'H NMR of crude product).
'H NM R (200 MHz, CDCl,) (mixture of diaster eomers):
d 7.70-6.75 (m, 15H, ArH), 5.20-4.95 (m, 3H, OCH,Ph, PhCH), 4.80 and
4.65 (d, 1H, J = 8, NH), 4.20-3.90 (m, 3H, OCH,CH), 3.80-3.60 (m, 1H,
CH(CH>),), 2.80-2.40 (m, 2H, PhCH,CH), 1.35-1.10 (m, 6H, CH(CHs),).
BC NMR (50 MHz, CDCl,) (mixture of diastereomers):
d 171.0 (CO,), 155.5 (NCO,), 137.3, 136.7, 136.4, 129.0, 128.4, 127.8,
127.3, 126.9, 1265 (ArC), 78.4, 70.9 (OCH), 66.6, 64.8 (OCH,), 51.4
(NCH), 37.4 (PhCH.CH), 21.9 ((CH,),CH).

IR (CHClY:
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3343, 3063, 3030, 2971, 2929, 1951, 1750, 1728, 1712, 1698, 1588, 1535,
1453, 1382, 1327, 1237, 1171, 1113, 1065, 1028, 926, 832 cn™.
Scandium triflate catalysed O-H insertion of 88 with 2-propanal:

A mixture of 88 (0.125 g, 0.29 mmol) and 2 propanol (40 ni., 0.52 mmoal) in
CH,CI, (1 mL) was trated with Sc(OTf); (7 mg, 0.014 mmol) for 4 hto furnish 0.13 g

(96%) of 94 asagum (ds 1/1 by *H NMR of crude product).

(S-((2-(Carbobenzyloxyamino)-3-phenyl)pr opyl)-2-(diphenylmethoxy)-
phenylacetate (95):
Rhodium acetate catalysed O-H insertion of 88 with 1,1diphenylmethanal:

A mixture of 88 (0.125 g, 0.29 mmol) and benzhydrol (55 mg, 0.29 mmoal) in
CH,CI, was treated with Rh,(OAC), (2.6 mg, 0.005 mmol) for 2 h to furnish 0.162 g
(95%) of 95 asagum (ds 1.2/1 by *H NMR of crude product).

'H NM R (200 MHz, CDCL,):
Major diastereomer:

d 7.50-6.75 (m, 25H, ArH), 5.50 (s, 1H, PhACHO), 5.02 (s, 2H, OCH,Ph),

496 (s, 1H, Ph,CH), 455 (d, 1H, J = 7.3, NH), 4.20-3.85 (m, 3H,

OCH,CH), 2.80-2.40 (m, 2H, PhCH,CH).

Minor diastereomer:

d 7.50-6.75 (m, 25H, ArH), 5.51 (s, 1H, PhCHO), 5.03 (s, 2H, OCH.Ph),

495 (s, 1H, Ph,CH), 475 (d, 1H, J = 7.3, NH), 4.20-3.85 (m, 3H,

OCH,CH), 2.80-2.40 (m, 2H, PACH,CH).

BC NMR (50 MHz, CDCl,) (mixture of diastereomers):
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d 170.6, 170.5 (CO,), 1555 (NCO,), 141.2, 141.0, 136.7, 136.5, 136.3,
129.1, 129.0, 128.7, 128.4, 128.0, 127.8, 127.4, 127.2, 126.6, 126.5 (ArC),
81.7, 81.6, 78.2, 78.0 (OCH), 66.7, 64.9 (OCH,), 51.3 (NCH), 37.5

(PhCH,CH).

Scandium triflate catalysed O-H insertion of 88 with 1,1-diphenylmethanol:
The mixture of 88 (0.15 g, 0.34 mmol) and benzhydrol (63 mg, 0.34 mmal) in
CH,Cl, (2 mL) was treated with Sc(OTf) ; (7 mg, 0.014 mmoal) for 4 h to furnish 0.193

g (94%) of 95 asagum (ds 1.2/1 by *H NMR of crude product).

(1R,2S,5R-(2-(2-propyl)-5-methyl-cyclohexyl)-diazophenylacetate (97):®

A solution of menthol (0.156 g, 1 mmoal) in toluene (2 mL) was added
dropwise to a gtirred suspension of NaH (28% dispersion in minerd ail, 0.343 g, 4
mmol) in toluene (2 mL) & 0 °C and the mixture was stirred for 30 min. A solution of
2-oxophenylacetyl chloride tosylhydrazone 85 (0.336 g, 1 mmol) in toluene (4 mL)
was then added dropwise and the mixture was warmed to and irred at ambient
temperature for 12 h. Water was added and the mixture was extracted with EtOAcC.
The combined extracts were dried (N&,SO,) and concentrated under reduced pressure
to furnish the crude product which on purification by flash chromatography on silica g
(99/1 petroleum ether/ethyl acetate) furnished 0.128 g (42%) of 97 asan orange gum.

H NMR (200 MHz, CDCL):
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d 7.60-7.10 (m, 5H, ArH), 4.90 (dt, 1H, J = 4.4, 10.7, CH-0), 2.25-0.75
(M, 9H, 3XCH, 3xCH), 0.92 (d, 3H, J = 7.0, CHs), 0.91 (d, 3H, J = 7.0,

CHs), 0.80 (d, 3H, J = 7.0, CH).

(1R,2S,5R-(2-(2-propyl)-5-methyl-cyclohexyl)-2-(2-pr opoxy)-phenylacetate
(98):
Scandium triflate catalysed O-H insertion of 97 with 2-propanol:

To asolution of 97 (12 mg, 0.04 mmol) and 2-propanol (10 ni., 0.13 mmoal) in
CH,CI, (0.4 mL) was added Sc(OTf)5 (2 mg, 0.004 mmol) and the reaction mixture
was dtirred a room temperature for 42 h after which it was diluted with CH,Cl,. The
solution was washed with water, dried (Na,SO,) and concentrated to furnish 12 mg
(90%) of crude 98 as a dlear, colourless gum which was pure by *H NMR (ds =
1.2/2).

'H NM R (200 MHz, CDClL,):
Major diastereomer:

d 7.50-7.25 (m, 5H, ArH), 4.93 (s, 1H, PhCH), 4.80-4.55 (m, 1H, CH-

OCO), 3.70 (sept, 1H, (CH;),CHO), 2.10-0.40 (m, 24H, CH, CH,, CH,).
Visble pesksfor the other diastereomer:

d 4.97 (s, 1H, PhCH).
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