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T h e  subst i tu ted m e t h y l  c innamates 4 a n d  S have prov ided a un ique  system for t he  s tudy of various mecha-  
n i s t i c  aspects o f  t he  nuc leophi l ic  1,4 add i t i on  of sod ium borohydr ide t o  a,@-unsaturated esters. Compe t i t i ve  
rates o f  reduc t i on  for  t w o  sets o f  m e t h y l  a-phenyl-trans-cinnamates (4) ,  para-subst i tu ted in the  a a n d  @ rings, 
respectively, correlate l i nea r l y  w i t h  H a m m e t t  up values. T h e  s im i la r i t y  in pa (1.74) a n d  p 3  11.44) ind icates t h a t  
t he  t rans i t i on  state for  hyd r ide  transfer occurs before s ign i f icant  change in geometry o f  t he  a,B-unsaturated car- 
b o n y l  system occurs. Compet i t i ve  ra te  studies for  m e t h y l  a - (pa ra  subs t i t u ted  pheny1)acrylates (2) a n d  m e t h y l  
a-phenyl-cis- a n d  -trans-crotonates (14 a n d  15) are corroborated by t h e  d a t a  obta ined for-the cinnamates. 

Carbon-carbon double bonds conjugated with strong 
anion-stabilizing groups ( e . g . ,  COR, COzR, CN, SO&, 
NOz) have occasionally been observed to undergo reduc- 
tion with sodium borohydride .2-11 Although it is recog- 
nized that sodium borohydride exhibits nucleophilic be- 
h a ~ i o r , ~ , ~  little is known concerning the mechanism or 
even the general structural requirements for the occur- 
rence of such reactions. 

This paper presents preliminary studies on the scope 
and mechanism of the borohydride reductions of carbon- 
carbon double bonds in a$-unsaturated esters. Although 
esters are less prone to undergo this type of reduction 
than are more electrophilic systems such as ketones or 
nitro compounds, reduction of the carbon-carbon unsatu- 
ration was not complicated (in the cases studied) by sig- 
nificant reduction of the ester function or by other side 
reactions. 

a,P-Unsaturated esters having an additional. electron- 
withdrawing substituent a t  the a position ( e . g . ,  la-f) are 
known to undergo facile carbon-carbon double bond re- 

R 

n 
R' CO,C,H, 

1 

a, R = CH,; R'  = H; Y = CO,C,H, 
b, R = R' = CH,; Y = CO,C,H, 
c, R = Ph o r  s u b s t i t u t e d  Ph; 

R' = H; Y = CO,C,H, 
d, R, R' = (CH,),; Y = CN 
e, R = R' = H; Y = Ph 
f, R = R' = Ph; Y = CN 

g, R = R' = Ph; Y = CO,C,H, 
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Table I 
Nmr Data for the Intermediate from the Reaction of Sodium Borohydride with Methyl 

a-Phenyl-trans-cinnamatea, 1, 

c Ph  P h  d 

b a 
41 

d Ph  OCHs a 
\ /  /""\I 0-B- N a +  

c Ph-CHx 
b, b' 4 

10 
a, 6 3.75  (s) 
b, 6 7.88  (s) 
c, d, 6 6.83-7.60 (m) 

DMSO-ds solution, relative to TMS. 

a, 6 3.52  (s) 
b, b', 6 3 . 0 0  and 3.33  (d, d, J = 14 Hz) 
c, d, 6 6.72-7.62 (m) 

Q Similar results were obtained with the a-(pchloropheny1)cinnamate (40). * Shifts (parts per million) were obtained in 

P CO,CH, 

2 

CH,CH 
\ 

C02CH3 
3 

a, X = NO2; b, X = Cl: c,  X = F; d, X = H; e ,  X = OCH, 

JY 
X 

n 
H COPR 

4 5 

dY x-@ CH, - C? / 

\ 
CO,R 

6 
a, R = X = Y = H 
b, R = X = H; Y = NO, 
c ,  R = X = H; Y = CO,H 
d , R = X = H ; Y = C I  
e .  R = X = H ;  Y = OCH, 
f .  R = Y = H; X = NO, 
g, R = Y = H; X = CO,H 
h, R = Y = H ; X = C l  
i. R = Y = H; X = OCH, 
i, R = H ;  X = OCH,; Y = NO, 
k, R = H; X = OCH,; Y = OCH, 
1, X = Y = H; R = CH, 

m, X = H; Y = NO,; R = CH, 
n, X = H; Y = CO,CH,; R = CH, 
0. X = H;  Y = C1; R = CH, 
p. X = H; Y = OCH,; R = CH, 
q, .X = NO,; Y = H: R = CH, 
r,  X = CO,CH,; Y = H ;  R = CH, 
s, X = C1; Y = H; R = CH, 
t, X = OCH,; Y = H; R = CH, 
u. X = OCH,; Y = NO,; R = CH, 
v, X = OCH,; Y = OCH,; R = CH, 

duction with sodium borohydride in solvents such as alco- 
hols, dimethoxyethane, or diglyme.l2-I5 

We have examined a number of a,P-unsaturated esters 
in order to find systems of lower electrophilicity than the 
alkylidene cyanoacetates and malonates, but which would 
still be susceptible to borohydride reduction. As expected, 
simple a-  or p-alkyl acrylates such as methyl methacry- 
late, methyl crotonate, or methyl cyclopentene-l-carbox- 
ylate and P-aryl acrylates such as methyl cinnamate and 
methyl p-nitrocinnamate were not reduced by sodium bo- 
rohydride in methanol at room temperature.16,17 How- 
ever, under similar conditions, the series of methyl a- 
(para substituted pheny1)acrylates (2a-c) were reduced 
cleanly to the dihydro esters 3a-e.lB Methyl a-@-nitro- 
pheny1)acrylate (2a) was completely reduced in 1 min a t  
-5". This rate was qualitatively 100 times that observed 
for reduction of the p-methoxy ester 2e. The a-(para sub- 
stituted phenyl)-trans-cinnamates (41-p) were also pre- 
pared and all were found to undergo reduction with sodi- 
um borohydride in dimethoxyethane a t  room temperature. 
The time required for complete reduction ranged from 10 
min for 4m to more than 1 week for 4p. The stoichiometry 
of the reductions were shown to be 4:l  (ester:borohy- 
dride). 

These reductions in aprotic solvent apparently occur by 
1,4 addition of borohydride to provide intermediates of 
type which undergo successive 1,4 additions to give 
the enol boronates (9) in which all four hydride hydrogens 
have been utilized. 

0 
\ I1 NaBH, 
,C=C-C-OR - 

I 
7 

/OR 7 I /OR 
----f -C-C=C 

H 

I -e-c=c I 1 'o+B-N~+ I 1 'OBHJ 
H 

8 9 
The nmr spectrum for the product obtained by reaction 

of a 4:l  molar ratio of methyl a-phenyl-trans-cinnamate 
(41) to sodium borohydride in anhydrous DMSO-& solu- 
tion is consistent with the enol boronate structure 10. A 
comparison of the proton nmr data for this intermediate 
with that for the cinnamate 41 is presented in Table I. 
The methylene protons (b, b') in structure 10 might be 
expected to exhibit magnetic nonequivalence owing to the 
conformational restraint placed on the benzyl group as a 
result of phenyl c to boronate and phenyl c to phenyl d in- 
teractions. The 14-Hz coupling observed for the pair of 
doublets a t  3.00 and 3.33 ppm is within expectation for a 
geminally coupled methylene group adjacent to a 7r 

bond.20 The alternate E geometry for 10 was excluded 
from consideration owing to the steric strain which would 
be imposed by a phenyl group cis to the alkoxyboronate 
function. 
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Table I1 
N m r  Data  for Methyl  2- (p-Nitrophenylj  -3-phenylpropionates 

Compda Chemical shift, b ,  ppm Coupling constant, He 

PhCH2CHAr Ha 3.02 Jab = 15 
Hb 3.38 J,, = 8 
H, 3.97 Jbo 6-7 I 

COzCHi 
6 m  

PhCH2CDAr 
I 

COzCHs 
11 

PhCHDCHArd 

C02CHs 

H, 2.98 
Hb 3.45 

Ha 3.03 
Hb 3.42 
H, 4.00 

Jab 14 

12 
a Ar = p-nitrophenyl. Shifts were determined in CCla solutions relative to  TMS. c The methoxyl singlet appeared a t  

3.62 ppm. d ]Diastereomers. e Peaks were broadened owing to  geminal deuterium coupling. 

Table I11 
Relative R a t e  Data  for Sodium Borohydride Reduct ions 

Reduction time, 
Comwil' Relative rate min P 

NOz/Cl 
CO&Ha/Cl 

OCHs/H 
CI/H 

NOz/" 
CO*CHa/H 
NOz/Cl 
CO&Ha/Cl 

OCHa/H 
CI/H 

Cl/H 
Cl/F 
OCHi/II 

Methyl 01- (Para substituted phenyl)-trans-cinnamates (41-p) 
12.77 3 
2.63 15 
5 .4OC 42, 50 +1.74d 
0.49 70, 100 

Methyl a-Phenyl (para substituted phenyl)-trans-cinnamates (41, 4q-t) 
14 .05e 25 
4 .  05e 60 
4.778 60 
1.63 60 f l . 4 4 1  
3.08 95,60 
0.38 90 

4 .31e 20 
2 .3ge 20 $2.33 
0 .25"0 45 

Methyl LY- (Para substituted pheny1)acrylates (2b-e) 

a Pairs were selected on the basis of relative rates of reduction and separability of reactants and products by glpc. * Average 
for two runs. The relative rate for each run was determined from an average of five glpc injections. Response factors were 
very close to :l : 1. Deviations between runs were <3% of lower value. The difference between runs was 6.8%. The standard 
error was 0,148; the correlation coefficient was 0.978. e Results for a single run. f The standard error was 0.116, with a cor- 
relation coefficient of 0.978. g Relative rate was determined by nmr. 

It is evident that enol boronates derived from a-aryl 
cinnamates might exhibit color due to the auxochromic 
effect of the divalent oxygen functions attached to the sty- 
rene type chromophore. However, it is also possible that 
these compounds would be colored due to the enolate ions 
which would be present due to some dissociation of the 
boronates. Johnson and Rickborn3 have provided evidence 
for dissociation of similar proposed intermediates ob- 
tained by reduction of a$-unsaturated aldehydes and ke- 
tones with sodium borohydride in isopropyl alcohol. A 
deep burgundy-colored intermediate was formed when so- 
dium borohydride was added to a solution of methyl a- 
@-nitropheny1)-trans-cinnamate (4m) in anhydrous dime- 
thoxyethane or dimethyl sulfoxide solution. Colored inter- 
mediates were also observed for 4n (orange) and 2a (red) 
in dimethoxyethane. The intermediates from other a-aryl 
cinnamates were colorless to  pale yellow, except for that 
from 4q which was pale orange. These intermediates were 
stable for weeks in sealed tubes; however, the colors faded 
quickly in moist air or when water was added. Such inter- 
mediates were not observed for reductions carried out in 
methanol owing to  rapid solvolysis to the dihydro esters. 

Chemical shifts and coupling constants for the aliphatic 
proton absorptions in the nmr spectrum of methyl 2 - @ -  
nitrophenyl)-3-phenylpropionate (6m) (obtained by the 
sodium borohydride reduction of 4m in dimethoxyethane 
solution with subsequent hydrochloric acid work-up) are 

listed in Table 11. Referring to the pertinent Newman pro- 
jections (6m), it is apparent that Ha and Hb are diastereo- 

Ph 

CO,CHB C02CHJ 
Ar = p-nitrophenyl 

6m 
topic; however, as a consequence of rapid rotamer inter- 
conversion, they give rise to simple geminal AB coupling 
and vicinal coupling with H,.21 

Reduction of 4m with sodium borohydride in anhydrous 
dimethoxyethane, followed by deuterolysis with 2 N deute- 
rium chloride in deuterium oxide and a parallel reaction 
employing sodium borodeuteride, followed by hydrochloric 
acid work-up, afforded the propionates 11 and 12 (Table 
11) deuterated in the a and P positions, respectively. The 
a-deuteriopropionate (1 1 j exhibited the expected simple 
geminal AB coupling. The P-deuterio compound (12) 
showed the expected Hc doublet, but the R-proton reso- 
nance appeared as two AB doublets, indicating the pres- 
ence of diastereomers 12a and 12b (only one conformer of 
each is shown) in equal amounts. The same mixture of 
diastereomers was obtained from borodeuteride reduction 
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of methyl a-(p-nitropheny1)-cis-cinnamate (5m). Similar- 
ly, identical mixtures were obtained from borodeuteride 
reduction of methyl a-phenyl-p-nitro-cis- and -trans-cin- 
namates (5q and 4q). Diastereomers are, of course, ex- 
pected to result from hydrolysis of the proposed enol boro- 
nate intermediates. 

Ph Ph 

C02CH3 COiCH, 
(+ the enantiomers) 

12a 12b 

The a-aryl cinnamates provided an ideal system for 
mechanistic studies, since the electron availability at the 
N and /3 positions could be varied by use of substituents 
on either the a or /3 phenyl group. Hammett u,, correla- 
tions were obtained on two series of methyl a-phenyl- 
trans-cinnamates. In one series, the a phenyl group was 
unsubstituted while the para substituents on the /3 ring 
were varied (41, 4q-t). In the second series, the /3 phenyl 
group was held constant while the a ring was altered (41- 
p). Competitive reductions of these cinnamates with sodi- 
um borohydride were carried out in anhydrous dimethoxy- 
ethane and the reaction mixtures were quenched with di- 
lute hydrochloric acid to provide the corresponding pro- 
pionates (6). Since quenching occurred instantly, the 
yields of propionates indicated the rates of formation of 
the boronate intermediates. 

Table I11 lists relative rate data for the competitive re- 
ductions of the methyl @-(para substituted phenyl)-trans- 
cinnamates (41-p). A Hammett plot of this data us upz2 
was linear; p was f1 .74.  The data obtained from competi- 
tive reduction of the methyl a-phenyl-trans-cinnamates 
(41, 4q-t) are also given in Table 111. The p value for this 
series was +1.44. Although it has not been determined 
whether the first hydride transfer in the reduction of cin- 
namates is rate determining, as has been observed in the 
borohydride reduction of ketones,23 it appears likely that 
this is the case. In any event, the linear Hammett correla- 
tions obtained are indicative of a constancy of mechanism 
for the range of substituents employed in both cases.24 
This was further demonstrated by competitive reduction 
of methyl a-(p-nitropheny1)-trans-p-methoxycinnamate 
(4u) us. methyl a-(p-nitropheny1)-trans-cinnamate ( 4 4 ,  
which showed a linear ua -i- u~ con t r ibu t io r~ .~~  The rate 
factor (CH30/H) was 0.381, comparing favorably to the 
predicted value of 0.357 (Table 111). 

Correlation of both sets of relative rate data with op are 
consistent with a rate-determining step involving hydride 
transfer to the carbon-carbon double bond in the cinna- 
mate. The magnitudes of p are indicative of substantial 
negative charge stabilization during this step.25,26 The re- 
markable similarity in magnitudes of the p values suggests 
that the transition state for hydride transfer is attained 
before a considerable change in geometry of the cinna- 
mate occurs. 

Competitive rate studies on the methyl a-(para substi- 
tuted pheny1)acrylates (2a-e) were quite problematic 
owing to difficulty in obtaining a sufficient number of 
compounds in this series and their tendencies to polymer- 
ize. On the basis of three reactions carried out in metha- 
nol solution at -5” (Table 111), a linear Hammett plot was 
obtained, p = $2.3. This value was in line with that an- 
ticipated from the p value of 1.74 obtained for the a-(para 
substituted phenyl)-trans-cinnamates. The decreased p 
values observed for the cinnamates are explained by a cis- 

stilbene type interaction of the aryl groups27 which pre- 
vents them from achieving maximum resonance interac- 
tion with the developing anion. 

In the a-phenyl-trans-cinnamates, steric hindrance forc- 
es the a and /3 phenyl groups out of plane with the car- 
bon-carbon R bond, but has little effect on the carbo- 
methoxyl group, which can still achieve maximum conjuga- 
tive overlap. In the cis-cinnamate system, however, inter- 
action between the carbomethoxyl and (?-phenyl groups 
forces the ester function out of c o n j u g a t i ~ n . ~ ~  The de- 
creased ability of the carbomethoxyl group to achieve cop- 
lanarity and thus stabilize incipient anion formation ap- 
pears to be the prime factor governing the differences in 
rates of reduction of cis- us. trans-a-phenyl cinnamates. 
Reduction of methyl a-phenyl-trans-cinnamate (41) was 
slow (5.5% in 90 min); however, the cis isomer was not de- 
tectably (less than 0.1%) reduced under similar condi- 
tions. The methyl a-(p-nitropheny1)cinnamates exhibited 
similar behavior. The trans isomer (4m) was completely 
reduced in less than 10 min, while the cis isomer required 
about 8 hr for complete reduction. Analogously, Truce 
and coworkers9 report that trans-l-mesityl-2-(mesitylsul- 
fony1)ethylene was reduced to the dihydrosulfone by sodi- 
um borohydride in diglyme. The cis isomer was inert to 
these conditions. In view of these results, the reported 
failure of diethyl diphenylmethylidenemalonate ( lg) to 
undergo borohydride reduction appears to be as much a 
consequence of steric hindrance to anion development as 
the proposed decreased electrophilicity of the p carbon 
atom due to conjugation of the double bond with the (? 
phenyl g r 0 ~ p . l ~  

In contrast to the failure of methyl a-phenyl-cis-cinna- 
mate to undergo reduction, a-phenyl-cis-cinnamonitrile 
was easily reduced (40% in 90 min) by sodium borohy- 
dride in dimethoxyethane. Likewise, Knabe and cowork- 
ers7 have reported that the substituted a-phenylcinnamo- 
nitriles 13a-c undergo double-bond reduction in good 

R(p 
R’ 

b, R = H; R’ = OCH, 
c, R = CN; R’ = OCH, 

13a, R = R’ = H 

yield upon heating with sodium borohydride in tetrahy- 
drofuran solution. In the cinnamonitrile cases, the sym- 
metrical nitrile function is not conformationally restricted 
to 0verlap.~7 The nitrile function is, however, a somewhat 
better anion-stabilizing moiety than the ester function.28 

Steric restraint of coplanarity of the carbomethoxyl 
function by a cis (?-methyl group is expected to be much 
less dramatic than that observed with a cis (?-phenyl 
group. Thus both the cis (14) and trans (15) isomers of 
methyl a-phenylcrotonate were found to undergo slow re- 
duction with sodium borohydride in methanol to yield 
methyl a-phenylbutyrate. Competitive rate studies in 
methanol showed the trans crotonate to be 2.6 times more 
reactive than the cis isomer. 

H Ph Ph 

14 15 
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Experimental Section29 

Reagents. Sodium borohydride (SBH) and sodium borodeuter- 
ide were obtained from Matheson Coleman and Bell and from 
Stohler Isotopes, Inc., respectively. a-Phenyl-trans-cinnamic acid 
wab purchased from Aldrich Chemical Co. Dimethoxyethane 
(DME) was refluxed over freshly cut sodium for several days and 
distilled from calcium hydride under nitrogen just prior to use. 
Solutions of SUH in anhydrous DME were standardized by titra- 
tion with hydrochloric acid to a Methyl Orange endpoint.30 

Preparation of Methyl a-(Para substituted pheny1)acrylates 
(2a-e). Preparation of 2a was reported p r e v i o ~ s l y ; ~ ~  2b-e were 
prepared by the procedure of Dutta and B i s w a ~ 3 ~  for the prepara- 
tion of ethyl a-(p-methoxyphenyl)acrylate, except bhat the appro- 
priate methyl para-substituted phenyl acetates, sodium methox- 
ide in methanol, and dimethyl oxalate were employed instead of 
the corresponding ethyl compounds. Nmr and glpc analysis of the 
crude products after short-path distillation indicated 25-40% 
yields of acrylates 2b-e contaminated with 15-20% of the methyl 
para-substituted phenyl acetates. Small samples of pure 2b-e 
were obtained by distillation of the crude products through a 
60-cm platinum spinning band column. The boiling points follow: 
2b, 78" (0.10 mm);  2c, 57" (0.11 mm); 2d, 69" (0.76 mm); 2e, 89" 
(0.10 mm). The nmr spectra were conclusive for the assigned 
 structure^.^^ 

Reduction of Acrylates 2a-e. SBH (1 mmol). was dissolved in 5 
ml of methanol at  -65" under nitrogen. A solution of 1 mmol of 
the acrylate in 5 ml of methanol a t  -65" was added and the solu- 
tion was allowed to warm to room temperature and was stirred 
for 2 hr longer. Cold 0.4 N HC1 (25 ml) was added and the mix- 
ture was extracted four times with 25-ml portions of ether. The 
combined ether extract was washed with NaHC03 solution and 
twice with 25-nil portions of water, then dried (MgS04), filtered, 
and evaporated through a Vigreux column. The propionates 3a-e 
were purified by evaporative distillation (bath temperature, pres- 
sure): 3a, 116" (0.15 mm); 3b, 82-86" (1.2 mm);  3c, 57-65" (0.2 
mm); 3d, 65" (0.25 mm);  3e, 100-120" (2.1 mm). Small amounts 
(5-1070) of residues were obtained in each case. Nmr and glpc 
analysis indicated 95-10070 carbon-carbon double bond reduction 
and the absence of other products. Preparative glpc was em- 
ployed to obtain analytical samples of 3a-e.33 

Competitive Reductions of the Acrylates 2b-e. Three reac- 
tions were conducted with the pairs of acrylates indicated. in 
Table 111. Methyl cu-(pnitropheny1)acrylate was omitted since its 
rate of reduction was too fast 'to permit quantitative comparison 
with the other acrylates available. 

A solution of 0.35 mmol of each of the indicated pair of acry- 
lates in 27.5 ml of methanol was prepared under nitrogen. The so- 
lution was cooled to -5". SBH solution (prepared by stirring 0.80 
mmol of SBH in 2.5 ml of methanol a t  -5' for 2 min) was added 
in one portion to the stirred acrylate solution. After stirring at  
-5" for the time indicated in Table 111, the reaction was 
quenched with 30 ml of cold 1 N HC1. Work-up was carried out as 
described above for reduction of the individual acrylates. The rel- 
ative rates for Cl/H and Cl/F were determined by glpc analysis. 
The CH30/H ratio could not be determined in this manner owing 
to unsatisfactory resolution of all four peaks. Since the vinyl pro- 
ton peaks in the nrnr spectrum of a mixture of 2d and 2e were 
completely separated, the relative rate was determined from the 
rate of disappearance of these peaks. Mesitylene was employed as 
an internal concentration standard to determine the amounts of 
2d and 2e remaining after partial reduction. 

a- and &(Para substituted)-a-phenyl-cis- or -trans-cinnamic 
Acids. The traizs-cinnamic acids 4b,34 4c, 4d,35 4e,34 4f,34 4g, 
4h,36 4i,34 4j,34 and 4k34 were prepared by triethylamine-cata- 
lyzed condensation of the appropriate para-substituted benzalde- 
hyde and phenylacetic acid in acetic anhydride solution according 
to the procedure of Buckles and coworkers (recrystallized from 
m e t h a n 0 1 ) . ~ ~ , ~ 8  Compounds 4c, mp 191-192", and 4g, mp 304" 
(both obtained in -80 yield), apparently have not been reported 
previously. The assigned structures were confirmed by microana- 
lyses on the corresponding methyl esters33 and by nmr and ir 
spectroscopy. 

The cis-cinnamic acids 5a, 5b, and 5f were isolated from the 
equilibrium mir.tures obtained by refluxing the corresponding 
trans acids in triethylamine-acetic anhydride solution for 3 hr.34 

Preparation of the Methyl Esters of the cis- or trans-Cin- 
namic Acids (4in-j, Sa, 5b, and 5f). An ice-cold solution of diazo- 
methane in ether39 was added slowly to a cold suspension or solu- 
tion of the appropriate a-  or @-(para-substituted)-a-phenylcin- 
namic acid in 25 ml of anhydrous ether until evolution of nitrogen 

ceased and excess diazomethane was visibly present. After stir- 
ring for 0.5 hr (ice bath), the ether solution was allowed to warm 
to room temperature and excess diazomethane was destroyed by 
addition of a little acetic acid. The ether solution was extracted 
with 50 ml of 10% Na2CO3 solution, dried (MgSOs), and evapo- 
rated. 

The crude cinnamates were recrystallized from hexane or 
methanol. The yields ranged from 89 to 96%. The melting points 
follow: 41, 72-73"; 51, liquid; 4m, 102-103" (lit.40 104"); 4n, 126"; 
40, 87-88"; 4p, 82.5-83"; 5m, 101-103"; 4q, 139-140"; 5q, 149-150"; 
4r, 104-105"; 4s, 105-106'; 4t, 73-74"; 4u, 113-114"; 4v, 96-97", 
The assigned structures were confirmed by elemental analysis33 
and by nmr and ir spectroscopy. 

Sodium Borohydride Reduction of the Cinnamates 41-v, 51, 
5m, and 5q. A mixture of 1.0 mmol of the particular methyl a-  
phenylcinnamate, 1.0 mmol (37.8 mg) of SBH, and 10 ml of an- 
hydrous DME was stirred a t  room temperature. After sufficient 
time for complete reduction (ranging from about 10 min for 4m to 
more than 1 week for 4p or 4t) the mixture was neutralized with 1 
N HC1 and the solvent was removed in vacuo. Saturated aqueous 
NH4Cl solution (5 ml) was added and the mixtu.re was extracted 
three times with a total of 20 ml of chloroform. The combined ex- 
tract was dried over MgSO4, concentrated, and sublimed or evap- 
oratively distilled at  100-110" (0.1 mm). These dihydroesters were 
all liquids except 6m, mp 60-61"; 6q, mp 78-80"; 6r, mp 63-64"; 
6t, mp 60-61"; 6u, mp 73-78". Reduction of 4v was extremely 
slow-gc analysis indicated that 6v was formed in only 1% yield 
after 2 weeks reduction time. The dihydrocinnamate structures 
were verified by microanalysis33 and nmr (data in Table I1 are 
typical) spectroscopy. Glpc indicated that these compounds were 
the only reaction products in all cases. This was confirmed by tlc. 

Competitive Reductions of Methyl a-  or P-(Para-substi- 
tuted)-a-phenyl-trans-cinnamates. Five milliliters of a standar- 
dized solution containing 5.67 mg (0.15 mmol) of SBH in anhy- 
drous DME was added to a stirred solution of 0.33 mmol each of 
the two cinnamates (Table 111) in 2 ml of dry DME a t  25". After 
the reaction time indicated, the reaction was quenched with a few 
drops of 2 N HC1. The solvent was removed in uucuo, 5 ml of sat- 
urated NH4CI solution was added, and the mixture was extracted 
three times with a total of 25 ml of ether; the combined extract 
was dried (MgS04) and evaporated before glpc analysis. 

Preparation of Intermediates for Nmr Analysis (Table I). 
Samples were prepared in a glove box under nitrogen. A solution 
of 4.33 mmol of methyl a-phenyl-trans-cinnamate (41) or the p -  
chlorophenyl ester (40) in 2 ml of anhydrous DMSO-& (1% 
TMS) was prepared in a dry 4-ml septum-capped vial. Sodium 
barohydride (1.08 mmol) was added and the sample was sealed 
and stirred magnetically to effect solution. Samples were then 
transferred to oven-dried nmr tubes fitted with conventional 
polyethylene caps. 

Preparation of Methyl 2-Deuterio-2-@-nitrophenyl)-3-phen- 
ylpropionate (11). One millimole (283 mg) of 4m was dissolved in 
20 ml of dry DME under nitrogen and 1 mmol of SBH was added. 
The mixture was stirred for 10 min. then quenched with a few 
drops of 2 N DCl in D2O solution. The solvent was evaporated in 
vacuo a t  room temperature. The residue was extracted twice with 
5-ml portions of ether, and the combined extract was dried over 
MgS04 and evaporated in vacuo. The crude product was recrys- 
tallized from hexane to yield 206 mg (76% yield) of 11, mp 58-59", 
Nmr data for 11 are given in Table 11. 

Preparation of Methyl 2-(p-Nitrophenyl)-3-deuterio-3-phen- 
ylpropionate (12). A solution of 0.5 mmol of methyl a-@-nitro- 
phenyl)-cis- or -trans-cinnamate (4m or 5m) was dissolved in 10 
ml of dry DME under nitrogen. An equimolar amount of sodium 
borodeuteride was added and the mixture was stirred a t  room 
temperature (10 min for 4m, overnight for 5m). A few drops of 
water was then added and the solvent was evaporated in vacuo a t  
room temperature. Work-up was carried out as described for the 
preparation of the 2-deuterio compound (11). Nmr on the crude 
product (Table 11) indicates that both reactions gave 1:1 mixtures 
of the diastereomers of 12. 

Borohydride Reduction of a-Phenyl-cis-cinnamonitrile. Re- 
duction of a-phenyl-cis-cinnamonitrile (K and K Laboratories) 
was carried out for 1.5 hr a t  room temperature, using the 
amounts and procedure described for the cinnamates. The crude 
product was examined by glpc and by nmr and found to contain 
-4070 2,3-diphenylpropionitrile. 

Preparation of Methyl cu-Phenyl-cis- and -trans-crotonates 
(14, 15). A 15-g sample of a-phenylcrotonic acid41 was esterified 
by refluxing for 22 hr with 100 ml of a 10% solution of concentrat- 
ed HzS04 in methanol. The crude product was poured into ice 
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water a n d  ext racted i n t o  ether. T h e  ether ext ract  was washed 
w i t h  water, d r i ed  (MgSOk), evaporated, a n d  d is t i l led a t  70-73" 
(0.3 m m )  to give 6.8 g (42% y ie ld)  o f  a 9:91 m i x t u r e  o f  m e t h y l  a- 
phenyl-cis- a n d  -trans-crotonates (14 a n d  15, respectively). These 
isomers were separated by preparat ive glpc. T h e  nmr spect rum o f  
t he  trans-crotonate 15 h a d  peaks a t  1.68 (d, J = 7 Hz ,  CH3),  3.58 
(s, OCH3), 7.08 ppm (q, J = 7 H z ,  =CH),  p a r t l y  obscured by the  
pheny l  absorptions (7.05-7.40, m ) .  Peaks for t he  cis-crotonate 14 
were a t  1.96 (d, J = 7 H z ,  CHs) ,  3.65 (s, OCHs),  6.14 (q, J = 7 
Hz ,  =CH), 7.05-7.40 ppm (m, pheny l ) .  

B o r o h y d r i d e  R e d u c t i o n  of t h e  Cro tona tes  14 and 15. A solu- 
t i o n  of 189 m g  (5 m m o l )  o f  SBH in 20 ml o f  me thano l  was pre-  
pa red  under  n i t rogen  a t  -78". A solut ion o f  881 mg (5 m m o l )  o f  
m e t h y l  phenyl -c is-  a n d  -trans-crotonates ( 9 9 1 )  in 5 ml o f  me tha -  
n o l  was added, t h e  cool ing b a t h  was removed, a n d  the  m i x t u r e  
was s t i r red fo r  2 hr a t  r o o m  temperature (29"). W o r k - u p  with di- 
l u t e  HC1, etc., as described for t h e  acrylate reductions, fo l lowed 
by glpc analysis, i nd i ca ted  t h a t  -20% reduc t i on  h a d  occurred. 
T h e  crude p r o d u c t  was redissolved in methano l  a t  0" under  n i t ro -  
gen, 0.5 g o f  SBH was added, a n d  t h e  m i x t u r e  was al lowed t o  
w a r m  t o  25" over 1.25 hr. T h e  so lut ion was again cooled t o  0" a n d  
another 0.5-g por t i on  o f  SBH was added. T h e  m i x t u r e  was a l -  
lowed t o  w a r m  t o  25" over 1.5 hr. Work -up  w i t h  d i l u te  HC1. etc., 
as before, gave 775 m g  o f  colorless liquid. G lpc  i nd i ca ted  t h a t  15- 
20% unreacted crotonates (cis:trans r a t i o  ea. 2 3 )  remained as 
we l l  as a ma jo r  a n d  m i n o r  (<5%) product .  Samples of these p rod -  
ucts  were col lected by glpc. T h e  m a j o r  p roduc t  was m e t h y l  a-  
pheny lbu ty ra te  (16), conf i rmed b y  ir, u v ,  a n d  m i ~ r o a n a l y s i s . 3 ~  
T h e  m i n o r  p roduc t  was 2-phenylbutanol  (nmr ) .  

C o m p e t i t i v e  R e d u c t i o n  of t h e  Crotonates.  A solut ion of 21  mg 
(0.12 m m o l )  o f  a m i x t u r e  of m e t h y l  a-phenyl -c is-  a n d  -trans-cro- 
tonate (41.7% cis, 58.370 t rans)  in 1 ml of methano l  a t  28" was 
t reated w i t h  a t o t a l  o f  28.7 mg (0.75 m m o l )  of SBH, added in 
three por t ions a t  1.25-hr intervals. A f te r  add i t i on  of a few drops o f  
co ld  d i l u te  HC1, work-up was carr ied out as described fo r  t h e  ac- 
r y la te  reductions. G lpc  analysis o n  the  crude p roduc t  i nd i ca ted  
t h a t  t he  trans-crotonate (15) was reduced 2.6 t imes  faster t h a n  
the  cis isomer. O n l y  a t race o f  2-phenylbutanol  was observed. R e -  
duc t i on  o f  a sample of  cis-crotonate under  s im i la r  condit ions 
r u l e d  o u t  t he  poss ib i l i ty  o f  cis-trans isomer izat ion of s ta r t i ng  m a -  
ter ia l .  
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