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C), 165.7 (CO). 4b 13C NMR (CDC13): b 45.9 (CHZCl), 55.4 (OMe), 
84.8 (quart C), 165.6 (CO). 13C NMR (CGD,): 6 46.0 (CHzCl), 55.5 
(OMe), 77.4 (CHO), 85.5 (quart C), 165.9 (CO). 

Polymer-Supported Amino Alcohols 5. The polymer-sup- 
ported epoxide 3b (248 mg, 0.87 mmol) and (S)-1-phenylethyl- 
amine (333 mg, 2.75 mmol) were reacted in 2 mL of refluxing 
MeOH under nitrogen for 96 h. The polymer was filtered off, 
washed with MeOH (3 X 20 mL), CHZCl2 (2 X 20 mL), T H F  (20 
mL), and MeOH (3 X 20 mL), and dried under vacuum a t  60 "C 

overnight to yield 289 mg of a yellow polymer (5b). Similar 
treatment of 3a yielded amino alcohol 5a. The 13C NMR spectra 
of 5a and 5b were in agreement with that  of the amino alcohol 
prepared from (S)-1-phenylethylamine and racemic polymer- 
bound styrene oxide? Anal. Found N, 2.71 and 2.60 for polymers 
prepared from 3a and 3b, respectively. 
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The controlled reaction of phenylmalonic acid (la) with boraneTHF at  appropriate temperature makes available 
(phenylmalony1dioxy)borane [2a, PhCH(CO&BH], which has been characterized. Reduction of 2a or of the 
corresponding acid l a  proceeds a t  0 "C at  the same rate. The reaction, however, is incomplete, showing only 
33% product formed in 4 h. Diethylmalonic acid (lb), which possesses no a-hydrogen, and the (diethyl- 
malony1dioxy)borane (2b) are reduced a t  the same rate to the corresponding cyclic dialkoxyborane 5b. These 
results suggest that the reduction proceeds through intermediate formation of 2. The rates of the borane reduction 
for a series of malonic acids (la-h) have been systematically studied and compared a t  0 "C and a t  -20 "C. The 
reductions of aromatic substituted malonic acids (If-h) are quite sluggish with substantial (46-72%) a-metalation 
occurring at 0 "C. Aliphatic alkylmalonic acids (ld-e) are reduced in 24 h with 34-40% of a-metalation. At 
-20 "C, most malonic acids are completely reduced in times ranging from 24 h for aliphatic (lc-e) to  3 days for 
aromatic (If-h) compounds, with only 2-24% a-metalation. The reduction of la  requires -30 "C for 6 days to 
avoid a-metalation. The reduction of l b  a t  either 0 "C or -20 "C is completed in 8 h. At an appropriate lower 
temperature the reduction successfully competes with the a-metalation. 

Previously, Brown and co-workers described the re- 
markable ease with which carboxylic acids, both aliphatic 
and aromatic, are reduced by b~rane . l -~  They have also 
established the details of the borane reduction mechanism, 
which proceeds through a mono(acy1oxy) borane interme- 
diate, formed either directly from the carboxylic acid and 
borane or by a redistribution reaction of bis(acy1oxy)borane 
with b ~ r a n e . ~  

RCOOH + BHS-THF- RCHzOH + ....... 
R = alkyl or aryl 

Recently, we found the reduction of phenylmalonic acid 
(la) by borane-THF to be unusually The reaction 
proceeded sluggishly a t  0 OC, requiring 16 h to yield only 
35% of 2-phenyl-l,3-propanediol, along with unreacted 
starting material.5 Moreover, the yield was not enhanced 
by the use of borane dimethyl sulfide,6.' which led to only 
23% of the product. Subsequently an initial systematic 
study was made of the approximate rates and stoichiom- 

(1) Brown, H. C.; Heim, P.; Yoon, N. M. J. Am. Chem. SOC. 1970,92, 
1637. 

(2) Yoon, N. M.; Park, C. S.; Brown, H. C.; Krishnamurthy, S.; Stocky, 

(3) Lane, C. F. Chem. Rev. 1976, 76,773. 
(4) Brown, H. C.; Stocky, T. P. J. Am. Chem. SOC. 1977, 99, 8218. 
(5) Choi, Y. M.; Kucharczyk, N.; Sofia, R. D., J. Labeled Compd. 

(6) Krishnamurthy, S.; Thompson, K. L. J. Chem. Ed. 1977,54, 778. 
(7) Brown, H. C.; Choi, Y. M. Synthesis 1981, 439. 

T. P. J. Org. Chem. 1973, 38, 2786. 

Radiopharm. 1986,23, 545. 

Table I. Reduction of Carboxylic Acids with Borane-THF 
in Tetrahydrofuran at 0 OC" 

total H- 
con- 

sumed, H- used for 
H2 evolved, mmol/ reduction, 
mmol/mmol mmol of mmol/mmol 

carboxvlic acid time. h of FG FG of FG 
benzoic 0.25 1.00 1.08 0.08 

1.0 1.00 1.98 0.98 
3.0 1.00 2.46 1.46 

12.0 1.00 2.95 1.95 
24.0 1.00 3.00 2.00 

phenylacetic 0.25 , 1.09 3.09 2.00 
0.5 1.09 3.09 2.00 
1.0 1.09 3.09 2.00 

"0.25 M in functional group (FG) in substrate in 1.0 M in hy- 
dride in BH,-THF unless otherwise indicated. 

etries of the reaction of la with borane-THF.* We have 
continued to study the reduction and have extended our 
study to a set of representative malonic acids. The results 
of these investigations are reported in the present paper. 

Results and Discussion 
Procedure for Rate and Stoichiometry Studies. The 

reaction mixtures were 0.33 M in BH3 and 0.25 M in the 
functional group (FG) in substrate in THF as solvent. The 

~~ 

(8) Choi, Y. M.; Emblidge, R. W.; Kucharczyk, N.; Sofia, R. D. J. Org. 
Chem. 1987, 52, 3925. 
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It  has been previously reported that the reactions of 
carboxylic acids that are not reduced by borane-THF stop 
at  the bis(acy1oxy)borane stage.lOJ1 Addition of borane- 
THF to la  in a 1:l molar ratio resulted in the evolution 
of 2 equiv of hydrogen and the expected formation of a 
cyclic (phenylmalony1dioxy)borane (2a) as indicated in 
Scheme I. This compound had been previously made and 
characterized by 'H and 'lB-FT NMR and FT-IR.s The 
chemical ionization mass spectrum has now been studied 
and a clear M + 1 ion appeared at  m/z 191, with other 
major fragments corresponding to the loss of BH (179), 
BHO (163), BH02 (147), BHCO, (119), and BHC201 (91), 
respectively. This compound is remarkably stable, as in- 
dicated by llB NMR and mass spectral data, when stored 
in the solid state a t  room temperature. 

Reduction of the intermediate 2a with 5 H- equiv in 
BH,-THF or of the acid la  with 8 H- equiv both pro- 
ceeded at  0 "C with approximately the same rate (Table 
11). After 24 h, analysis of the filtered reaction aliquots 
in THF by llB NMR revealed two major resonances at 4 . 9  
and +25.9 ppm, corresponding to the unreacted BH,-THF 
and the reduced product 5a, respectively.12J3 Apparently 
the reduction proceeded through the intermediate 2a 
without an exchange with free BH,-THF to form 3a 
(Scheme I), which would be rapidly reduced as shown in 
Table I by the reduction of phenylacetic acid with bo- 
rane-THF. Treatment of 2a with 1/3 mol of BH,-THF 
resulted in evolution of 0.52 equiv of hydrogen and only 
5% reduction in 2 h (by analysis of residual hydride by 
hydrolysis). The llB NMR spectrum of the reaction 
mixture showed three compounds: unreacted starting 
material 2a (+2.9 ppm), 5a (+25.7 ppm) as a reduction 
product, and 4a (+2.9 and +19.8 ppm) as the second in- 
termediate. Furthermore, by treatment of la  with bo- 
rane-THF in a 1:2 ratio, 3 equiv of hydrogen were evolved, 
achieving only 19% of hydride uptake in 0.5 h and 23% 
of reduction in 1 h (Table I1 and Scheme I). The llB NMR 
of the filtered reaction aliquot showed two compounds 
corresponding to 5a (+26.1 ppm) and 4a (+2.9 and +19.2 
ppm).13 These experiments clearly indicate that a t  0 "C 
metalation is faster than the reduction. The reduction of 
4a is 

To  control la  metalation by borane-THF, the reaction 
was carried out at  a lower temperature. Addition of 
BH,-THF to la  in a ratio of 8:3 a t  -20 "C resulted in the 
evolution of 2 equiv of hydrogen and consumption of 37% 
active hydride for reduction in 5 min. I t  appeared that 
at  -20 "C the reduction was significantly faster in the first 
5 min than at  0 "C. I t  was then decided to carry out the 
reduction of lb, which possesses no active &-hydrogen, with 
borane-THF. Treatment of borane-THF to lb  in a 1:l 
molar ratio resulted in the evolution of only 2 equiv of 
hydrogen in 0.25 h and the expected formation of cyclic 
(diethylmalony1dioxy)borane (2b) as indicated at  +5.4 ppm 
relative to BF3-OEt29 by "B-FT NMR ~ p e c t r u m . ~ ~ ~ J '  
Furthermore, by treatment of lb with hydride in a 1% ratio 
or 2b with hydride in a 1:5 ratio a t  0 OC, consumption of 

and the reaction stops. 

Scheme I 

R1 ''OH + 7 /3  B H 3 : T H F  
R , X C O O H  

l a - h  

R I = H ,  E l  
4 /3  B H , : T H F  t tlxcoo' , cO0,BH R , = H ,  E t ,  n - B u ,  

2a-h 
P h ,  Ph-X 

R l  - C O M P O U N D  

a H 
b CLHB 
C H 
d H 
e H 
f H 
3 H 
h H 

Rz 

C,HS 

C,HB 

- 
Ph 

H 

n-C,H, 

p - n e - P h  
p - n e O - P h  

p - C 1 - P h  

reactions were carried out at 0 "C and -20 "C unless oth- 
erwise indicated. Aliquots were removed at timed intervals 
and analyzed for residual hydride by hydrolysis. This 
established both the reduction rate and the stoichiometry 
of the reaction; for example, the number of hydrides 
utilized per mole of compound when the reaction stops. 
A blank experiment was carried out under the same con- 
ditions except that solvent was added instead of substrate. 

Mechanism. During early investigations of diborane 
as an acid-type reducing agent toward organic carboxylic 
acids, benzoic acid reacted with borane-THF in the 
stoichiometric ratio to liberate the theoretical amount of 
hydrogen, assuming a potential synthesis of tris(benz0- 
xy10xy)borane.~ On the other hand, tris(acyloxy)borane, 
if formed momentarily, has been demonstrated to undergo 
a rapid dismutation.2J0 Recently, Brown and Stocky 
undertook a study of the controlled reaction of carboxylic 
acids with borane-THF a t  appropriate temperatures 
making available mono-, bis-, and tris(acy10xy)boranes.~ 
Treatment of the carboxylic acids with borane-THF (l: l) ,  
the bis(acy1oxy)borane with borane-THF, or the tris- 
(acy1oxy)borane with borane-THF (1:2) produced at  the 
same rate the corresponding trialkoxybor~xines.~ These 
results established that no matter which (acy1oxy)borane 
is initially formed, the essential intermediate is the 
mono(acy1oxy) borane. 

As shown in Table I, benzoic acid, the most inert among 
the acids, reacted with a solution of borane-THF in THF 
with evolution of 1 equiv of hydrogen in 0.25 h and com- 
plete reduction in 24 h. The corresponding reaction of 
phenylacetic acid, which contains acidic &-hydrogen was 
complete in 0.25 h, a t  which time 1.09 equiv of hydrogen 
had been released (Table I). With phenylacetic acid the 
reduction successfully competes with active a-hydrogen 
abstraction (metalation) for the borane intermediate. The 
reaction of la,  however, was quite slow. It stopped in 4 
h with 33% of the expected uptake of hydride. The hy- 
drogen evolution was 2.8 equiv in 0.25 h and 3 equiv in 0.5 
h (Tables I1 and HI), suggesting substantial metalation. 

(9) Brown, H. C.; Subba Rao, B. C. J. Am. Chem. SOC. 1960,82,681. 
(IO) Pelter, A.; Hutchings, M. G.; Levitt, T. E.; Smith, K. J. Chem. 

SOC. D 1970, 347. 

(11) Maryanoff, B. E.; McComsey, D. F. J. Org. Chem. 1978,43,2733. 
(12) Eaton, G. R.; Lipscomb, W. N. NMR Studies of Boron Hydrides 

and Related Compounds; W. A. Benjamin: New York, 1969. The llB 
NMR chemical shift of the reduced product, 5, is identical with that 
(+23.3 ppm) of the prepared sample by the stoichiometric reaction of 
2-phenyl-1,3-propanediol with borane-THF. 

(13) It appears that the second intermediate, 4a, slowly precipitates 
out of the solution during the course of the reaction, as indicated by the 
decrease in the llB NMR resonances of 4a and the increase in the amount 
of precipitate present. 

(14) (a) Marshall, J. A.; Anderson, N. H.; Hochstetler, A. R. J. Org. 
Chem. 1967,32,113. (b) Brown, H. C.; Yoon, N. M. J.  Am. Chem. SOC. 
1966, 88, 1464. 
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Table 11. Reduction of Representative Malonic Acids with Borane-THF in Tetrahydrofuran at Selected Temperatures' 
H- used for 

H2 evolved, total H- consumed, reduction, 
mmol/mmol of FG mmol/mmol of FG mmol/mmol of FG 

0.95 1.70 0.75 
substrate time, h 0 "C -20 "C 0 "C -20 "C 0 "C -20 "C 

la 0.08 

2ab 

lac 

lb 

2bb 

IC 

Id 

le 

If 

0.25 
0.50 
1.0 
4.0 

24.0 
48.0 
0.25 
0.50 
1.0 
4.0 

24.0 
0.25 
0.50 
1.0 
0.25 
0.50 
1.0 
8.0 

24.0 
0.25 
0.50 
1.0 
4.0 
8.0 
0.25 
0.50 
1.0 
8.0 

24.0 
0.25 
0.50 
1.0 
8.0 

24.0 
0.25 
0.50 
1.0 
8.0 

24.0 
0.25 
0.50 
1.0 
8.0 

24.0 
48.0 
72.0 
0.25 
0.50 
1.0 
8.0 

24.0 
48.0 
72.0 

lh  0.25 
0.50 
1.0 
8.0 

24.0 

1.44 
1.50 
1.50 
1.50 
1.50 

0.39 
0.46 
0.49 
0.49 
0.49 
1.41 
1.49 
1.49 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 
1.30 
1.30 
1.30 

1.30 
1.16 
1.17 
1.17 

1.17 
1.18 
1.20 
1.20 
1.20 
1.20 
1.27 
1.30 
1.33 
1.33 
1.33 

1.36 
1.36 
1.36 
1.36 
1.36 

1.20 
1.22 
1.23 

1.23 

1.08 
1.14 
1.18 
1.19 
1.19 
1.18 

1.04 
1.04 
1.04 
1.04 
1.04 

1.10 
1.12 
1.12 
1.12 
1.12 
0.98 
1.01 
1.01 
1.01 
1.01 
0.95 
1.03 
1.03 
1.03 
1.03 
0.85 
1.00 
1.12 
1.12 
1.12 
1.12 
1.12 
0.80 
0.94 
0.98 
1.03 
1.03 
1.03 
1.03 
0.87 
0.95 
1.02 
1.04 
1.04 

1.95 
2.05 
2.06 
2.18 
2.31 

0.87 
0.97 
1.02 
1.19 
1.24 

1.86 
1.95 
1.64 
1.93 
2.32 
2.99 
2.99 
1.57 
1.91 
2.31 
2.92 
3.00 
2.07 
2.17 
2.31 

2.76 
1.84 
2.16 
2.33 

3.20 
1.88 
2.04 
2.32 
2.74 
3.02 
1.90 
2.18 
2.26 
2.57 
2.65 

2.08 
2.32 
2.39 
2.66 
2.72 

1.68 
1.77 
1.88 

2.15 

1.84 
1.90 
2.08 
2.23 
2.37 
2.36 

1.55 
1.68 
1.95 
3.00 
3.06 

2.24 
2.40 
2.44 
2.90 
2.96 
1.80 
2.00 
2.20 
2.68 
2.96 
1.64 
1.92 
2.18 
2.60 
3.02 
1.32 
1.51 
1.83 
2.35 
2.65 
2.99 
3.10 
1.26 
1.46 
1.62 
2.05 
2.43 
2.73 
2.99 
1.33 
1.45 
1.65 
2.20 
2.42 

0.51 
0.55 
0.56 
0.67 
0.81 

0.48 
0.52 
0.53 
0.70 
0.74 

0.37 
0.46 
0.64 
0.93 
1.32 
1.99 
1.99 
0.57 
0.91 
1.31 
1.92 
2.00 
0.77 
0.87 
1.01 

1.46 
0.68 
0.99 
1.16 

2.03 
0.70 
0.84 
1.12 
1.54 
1.82 
0.63 
0.88 
0.93 
1.24 
1.32 

0.72 
0.96 
1.03 
1.30 
1.36 

0.48 
0.55 
0.65 

0.92 

0.76 
0.76 
0.90 
1.04 
1.18 
1.18 

0.51 
0.64 
0.91 
1.96 
2.02 

1.14 
1.28 
1.32 
1.78 
1.84 
0.82 
0.99 
1.19 
1.67 
1.95 
0.69 
0.89 
1.15 
1.57 
1.99 
0.47 
0.51 
0.71 
1.23 
1.53 
1.84 
1.98 
0.46 
0.52 
0.64 
1.02 
1.40 
1.70 
1.96 
0.46 
0.50 
0.63 
1.16 
1.38 

Osee Table I. *0.25 M in FG in substrate and 0.65 M in hydride in BHS-THF. c0.25 M in FG in substrate and 0.75 M in hydride in 
BHS-THF. 

100% active hydride (by analysis of residual hydride by 
hydrolysis) for reduction in 8 h was achieved (Table 11). 
The IlB NMR of a reaction aliquot showed three com- 
pounds corresponding to 5b (+25.2 ppm), a very broad 
peak of boron oxide (+17.9 ppm), and boraneTHF (-0.66 
ppm).15 This experiment clearly indicates that the re- 

(15) Eatan, G. R.; Lipscomb, W. N. NMR Studies of Boron Hydrides 

action proceeds through the intermediate formation of 2b, 
either formed directly from the malonic acid and borane 
or formed by a redistribution reaction of an acyclic (di- 
ethylmalonyldioxy)bis(borane) (3b). When active why- 
drogen is available in substrates, the reduction of inter- 
mediate 4 is exceptionally slow and essentially stops fur- 
ther reduction. 

Reduction. The reduction of la by borane-THF was 
reported to be incomplete a t  -20 OC.* Now we describe and Related Compounds; W. A. Benjamin: New York, 1961. 
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Table 111. Effect of Temperature on the Rates of 
Reduction of Phenylmalonic Acid (la) with Borane-THF in 

Tetrahydrofuran" 
total H- 

consumed, H- used for 
Hz evolved, mmol/ reduction, 

tempera- mmol/mmol mmol of mmol/mmol 
ture, O C  time, h of FG FG of FG 

0 0.25 1.44 1.95 0.51 
0.50 1.50 2.05 0.55 
1.0 1.50 2.06 0.56 
4.0 1.50 2.18 0.67 

24.0 1.50 2.31 0.81 
-20 0.10 0.95 1.70 0.75 

0.25 1.08 1.84 0.76 
0.50 1.14 1.90 0.76 
1.0 1.18 2.08 0.90 
4.0 1.19 2.23 1.04 

24.0 1.19 2.37 1.18 
48.0 1.18 2.36 1.18 

-30 0.25 0.55 1.11 0.56 
1.0 0.89 1.62 0.73 
8.0 1.00 2.01 1.01 

24.0 1.00 2.17 1.17 
72.0 1.00 2.71 1.71 

120.0 1.00 2.81 1.87 
144.0 1.00 2.97 1.97 

-50 0.25 0.01 0.00 0.00 
0.50 0.02 0.20 0.18 
1.0 0.02 0.20 0.18 
4.0 0.02 0.20 0.18 

See Table I. 

the complete study of la  reduction and the comparison 
of the rate of reduction of la  with other corresponding 
malonic acids under both 0 "C and -20 "C, unless other- 
wise indicated. The results are given in Tables I1 and 111. 

At  -20 "C 35% of metalation of la  still occurred.8 The 
reaction essentially stopped in 24 h and gave only 59% 
reduction as shown in Table 111. Reduction of l a  a t  -30 
"C with 8 equiv of H- in borane-THF was then carried out. 
The reaction at -30 "C was clean enough to be completed 
but took 6 days. No metalation was seen. The isolated 
yield after further purification was 85 %. Reaction at  -50 
O C  was quite sluggish, giving only 9% reduction in 4 h and 
no hydrogen evolution. 

A model experiment was then carried out utilizing lb 
at  both 0 "C and -20 "C (Table 11). The rate of reduction 
at  0 "C was about the same as that a t  -20 "C and resulted 
in complete reduction in 8 h. Then we did a comparative 
study of the reactions of other representative malonic acids 
at 0 "C with the corresponding reaction a t  -20 "C. The 
results are summarized in Table 11. For all aromatic cy- 
substituted malonic acids (If-h) the reductions at  0 O C  

showed significant metalation (46-72% ), leading to in- 
complete reactions (46-67 %). Under similar conditions, 
the aliphatic monoalkylmalonic acids (ld-e) except for 
malonic acid (IC) were reduced in 24 h with 34-40% 
metalation. On the other hand, at -20 "C, the corre- 
sponding reaction employing If-h gave reduction in 3 days 
with 6-24% of metalation. With the aliphatic malonic 
acids (ld-e) a t  -20 "C, no metalation was found and the 
reduction was completed in 24 h. The data and observa- 
tions indicate that (1) at  -20 "C metalation is reduced and 
reduction occurs a t  the same rate as at 0 "C; (2) at -50 "C, 
however, neither reduction nor metalation occurred; and 
(3) the relative rates of reduction and metalation between 
aromatic and aliphatic malonic acids a t  0 OC and -20 "C 
is presumably due to an electronic influence of the a- 
substituent group. No clear difference in the rate of the 
reduction among the substituted aromatic malonic acids 
(If-h) was found under these reaction conditions. 

Conclusion 
The reaction mechanism for reduction of representative 

malonic acids has been investigated systematically with 
borane-THF. The relatively stable cyclic intermediate, 
2a, has been synthesized and characterized. It appears that 
the reduction occurs via the intermediate 2 and the ex- 
ceptionally slow reduction seen in some cases is due to the 
intermediate formation of the metalation product, 4. The 
data for the comparison of the rate of reduction of la with 
other corresponding malonic acids under both 0 "C and 
-20 "C are summarized in Tables 1-111. The data indicate 
that the use of a low temperature (-20 "C) prevents 
metalation except for la  which requires -30 "C. The re- 
duction a t  -20 "C proceeded at approximately the same 
rate as a t  0 "C. 

Experimental Section 
"B-FT NMR and 'H-FT NMR spectra were recorded on a 

JEOL FX-9OQ FT NMR spectrometer. All 'H chemical shifts 
are relative to tetramethylsilane (6 0), and llB chemical shifts are 
relative to boron trifluoride etherate (6 0). FT-IR spectra were 
recorded on FX-6160 FT-IR spectrometer. Mass spectra were 
recorded on a Finnigan TSQ-70 instrument operating in the 
chemical ionization (ethane) mode. All glassware was dried 
thoroughly in a drying oven and cooled under a stream of dry 
nitrogen. All reduction experiments were carried out under a dry 
nitrogen atmosphere. Hypodermic syringes were used to transfer 
the solutions. Melting points were taken on a Thomas-Hoover 
melting point apparatus and are uncorrected. 

All malonic acids were either commercially available (Aldrich 
Chemical Co.) or were prepared from the corresponding acetic 
acid by the published procedure.6 Tetrahydrofuran (THF) was 
dried with excess lithium aluminum hydride and distilled under 
nitrogen immediately prior to use. Borane-THF was the com- 
mercial product and was standardized by hydrolyzing a 1-mL 
aliquot of the solution with a glycerine-water-THF mixture and 
measuring the hydrogen evolved. 

Procedure for the Rate Study. The reaction of phenyl- 
malonic acid is representative. Two 100-mL round-bottom 
side-arm flasks were dried in an oven and cooled in a dry nitrogen 
atmosphere. The first flask was equipped with a rubber syringe 
cap, a magnetic stirring bar, and a reflux condenser connected 
to a gas buret for the measurement of hydrogen evolved. Then 
6.0 mL (3.0 mmol) of a 0.5 M solution of phenylmalonic acid was 
injected into the reaction flask followed by 9.0 mL of dry THF. 
The contents of the flask were immersed in an ice bath and cooled 
to 0 O C .  Then 9.04 mL (24 mmol of hydride) of 0.89 M borane 
solution in THF was added slowly (the resulting solution contained 
1.0 M in hydride and 0.25 M in functional group). The rate of 
hydrogen evolved was followed with time. The results are sum- 
marized in Table 1-111. 

The second reaction flask was prepared in the same manner 
for the reduction. Aliquots (2.0 mL) were withdrawn at various 
time intervals and analyzed by hydrolysis. A blank experiment 
was performed in which THF was substituted for the acid. From 
the difference, the number of millimoles of hydride used for 
reduction per millimole of acid and hence the percentage of 
reaction was calculated. The results are given in Tables 1-111. 
(Phenylmalony1dioxy)borane. The apparatus is the same 

as that described previously. In a 50-mL round-bottom flask was 
placed 3 mL (1.5 mmol) of 0.5 M solution of phenylmalonic acid 
followed by 4.5 mL of dry THF. The mixture was cooled to 0 
"C, and then 1.68 mL of 0.89 M BH3-THF (1.5 mmol) was slowly 
added. Hydrogen evolution (72 mL, 2.84 mmol) ceased in 1.5 h. 
The glass apparatus was weighed. A small piece of vacuum tubing 
was attached to the connecting tube. It was then immersed in 
a water bath at room temperature and connected to a vacuum 
setup. The flask was then opened slowly to the vacuum, and the 
weight change was noted with time. A white, crystalline solid 
whose weight corresponds to PhCH(C02)2BH was obtained, 0.25 
g (98%), mp 159-161 O C :  IR (THF) 2470 (br s), 1725 (sh), 1702 
(s), 1600 (s), 1560 (w), 1502 (s), 1330 (m), 1290 (vs), 1090 (m), 990 
(m), 770 (m), 690 (m) cm-'; 'H NMR (CDC13) 6 4.61 (8,  1 H, 
benzylic) and 7.36 (s, 5 H, Ar); I'B NMR (THF) +2.98 ppm; MS, 
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m / t  (relative intensity) 91 (77), 119 (loo), 147 (ll), 163 (4), 179 
(4), and 191 (3). 
2-Phenyl-l,3-propanediol. A 250-mL round-bottom flask with 

a side-arm was dried in an oven and cooled under a stream of dry 
nitrogen. The flask was fitted with a rubber syringe cap, a 
magnetic stirring bar, and a nitrogen outlet connecting tube. Then 
1.80 g (10 mmol) of phenylmalonic acid was added followed by 
52.0 mL of dry THF. The  rapidly stirring solution was cooled 
to -30 "C, and 28.0 mL (80.0 mmol of hydride) of 0.95 M borane 
solution in T H F  was added slowly. The reaction mixture was 
maintained a t  -30 OC for 6 days. Then 40 mL of methanol was 
slowly added, and the solution was slowly warmed to room tem- 
perature overnight. The  solvents were removed a t  reduced 
pressure, and the residue was dissolved in 125 mL of diethyl ether. 
The ethereal solution was washed with saturated potassium 
carbonate (2 X 30 mL), which was then extracted with diethyl 

ether (2 X 100 mL). The combined organic phases were dried 
with potassium carbonate and concentrated a t  reduced pressure 
to give 1.38 g (91%) of a white oily material, which was repre- 
cipitated from a mixture of diethyl ether-hexane-toluene 
(5:150:30) to give the purified diol, 1.29 g (85%), mp 51-53 O C  

(lit.16 mp 51-53 O C ) .  

Registry No. la, 2613-89-0; l b ,  510-20-3; IC, 141-82-2; Id, 
601-75-2; le, 534-59-8; If, 118459-48-6; lg ,  118459-49-7; l h ,  
53181-45-6; 2a, 109306-89-0; 2b, 118459-50-0; 2-phenyl-1,3- 
propanediol, 1570-95-2; benzoic acid, 65-85-0; phenylacetic acid, 
103-82-2. 
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Radiopharm. 1986,23, 785. 
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2-Phenyl-l,3-propanediol (2) has been used as an im- 
portant intermediate in the synthesis of 2-phenyl-1,3- 
propanediol dicarbamate (felbamate), an antiepileptic drug 
under development in our 1aboratories.lJ The preparation 
of 2 from diethyl phenylmalonate (1) by reduction with 
excess lithium aluminum hydride (LAH) in refluxing ethyl 
ether has been described.' However, the procedure was 
not detailed, and the reported yield of 2 was only 
3O-50% . l s 3  Furthermore, we observed hydrogen evolution 
during the r e a ~ t i o n , ~  probably due to a-proton abstrac- 
tion4s5 (metalation) by the reagent, with formation of the 
malonic enolate 3 (Scheme I). 

Enolizable 1,3-dicarbonyl compounds have frequently 
been reported to afford products of both reduction and 
metalation upon treatment with LAH.- Ketone enolates 
were found to resist reduction by the reagent.EJO Marshall 
and co-workers studied the reduction of malonic enolates 
with LAH in refluxing 1,2-dimethoxyethane.11 However, 

(1) Berger, F. M.; Ludwig, B. J. U.S. Patent No. 2,884,444, 1959. 
(2) Swinyard, E. A.; Sofia, R. D.; Kupferberg, H. J. Epilepsia 1986,27, 

27. 
(3) These are "unpublished results". 
(4) Choi, Y. M.; Emblidge, R. W.; Kucharczyk, N.; Sofia, R. D. J. Org. 

(5) Choi, Y. M.; Emblidge, R. W.; Kucharczyk, N.; Sofia, R. D. J. Org. 
Chem. 1987,52,3925. 

Chem., in press. 
(6) Drieding, A. S.; Hartmann, J. A. J. Am. Chem. SOC. 1953, 75, 939. 
(7) Romann, E.: Frev, A. J.: Stadler, P. A.: Eschenmoser. A. Helu. 

Chim. Acta 1957, 40, 1900. 

1724. 
(8) Bailey, W. J.; Hermes, M. E.; Klein, W. A. J. Org. Chem. 1963,28, 

(9) Soai, K.; Oyamada, H. Synthesis 1984, 605. 
(10) Dauben, W. G.; Eastham, J. F. J. Am. Chem. SOC. 1953, 75,1718. 
(11) Marshall, J. A.; Anderson, N. H.; Hochstetler, A. R. J. Org. Chem. 

1967, 32, 113. 
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Table I. Rates of Reduction of Diethyl Phenylmalonate 
with Metal Hydrides in Tetrahydrofuran a t  Room 

TemDerature" 
total H- H- used 

H2 evolved, consumed, for reduction, 
metal mmol/mmol mmol/mmol mmol/mmol 

hydride time, h of compd of compd of compd 
LiAlHt 0.25 0.05 2.05 2.00 

0.50 
1.0 

LiAlH, 0.25 
0.50 
1.0 
2.0 

LiBH4 0.25 
0.50 
1.0 
2.0 

AlH3 0.25 
0.50 
1.0 

BH,-SMe, 0.25 
0.50 
1.0 
4.0 
8.0 

24.0 
(i-Bu)*AlH 0.25 

0.50 
1.0 
2.0 

0.05 
0.05 
0.18 
0.18 
0.18 
0.18 
0.57 
0.67 
0.67 
0.67 
0.17 
0.17 
0.17 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 

2.05 
2.05 
3.51 
3.69 
3.81 
3.81 
2.27 
2.98 
3.34 
3.34 
3.57 
3.69 
3.82 
0.01 
0.06 
0.06 
0.12 
0.16 
0.30 
2.56 
2.98 
3.53 
4.02 

2.00 
2.00 
3.33 
3.51 
3.63 
3.63 
1.70 
2.31 
2.67 
2.67 
3.40 
3.52 
3.65 
0.00 
0.05 
0.05 
0.11 
0.15 
0.29 
2.55 
2.97 
3.52 
4.01 

"1.0 M in hydride in metal hydride and 0.17 M in substrate 
(compd). bReduction of ethyl phenylacetate, 1.0 M in hydride in 
metal hydride and 0.33 M in compd. 

the reduction gave a mixture of aldehydes and saturated 
or unsaturated alcohols as major products without for- 
mation of 1,3-propanediol.11 

Accordingly, we undertook a detailed comparison of the 
behavior of representative Lewis basic reducing agents 
[LiAlH4, LiBH4]12a,c,13 with Lewis acidic ones [AlH3, 

(12) (a) Hudlicky, M. Reductions in Organic Chemistry; Ellis Hor- 
wood Limited Chichester, England, 1984; pp 147-164. (b) Brown, H. 
C.; Yoon, N. M. J .  Am. Chem. SOC. 1966, 88 1464. (c) Yoon, N. M.; 
Brown, H. C. J. Am. Chem. SOC. 1968, 90, 2927. 

(13) (a) Yoon, N. M.; Cha, J. S. J. Kor. Chem. SOC. 1977,21,108. (b) 
Brown, H. C.; Narasimhan, S.; Choi, Y. M. J .  Org. Chem. 1982,47,4702. 
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