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Pyruvates. Synthesis of (-)- and (+)-Citramalic 

In 1983 we reported on the reduction, nucleophilic ad- 
dition, and ene reactions (eq 1) of a-keto esters derived 
from 8-phenylmenthol(l)' (Figure 1). Unfortunately, the 
report of an ene reaction between the pyruvate ester and 
1-hexene in the presence of SnC1, was in error as in fact 
the main products from that reaction appear to be those 
resulting from aldol reaction-condensation of the pyruvate 
with itself. Use of other Lewis acids (EtA1C12, AlC13, BF3) 

R' R'  

did not result in significant ene reaction. Apparently, the 
rate of proton loss from the complex of the pyruvate and 
the Lewis acid is faster than the addition of the alkene, 
and the addition of this enol derivative to the complex is 
faster yet. 

On the other hand, we have found that the corre- 
sponding keto esters derived from trans-2-phenylcyclo- 
hexanol (2)2 undergo ene reactions with good to excellent 
levels of stereochemical contr01.~ Thus, reaction of the 
pyruvate ester of trans-2-phenylcyclohexanol (3) with 
1-hexene in the presence of TiC14 afforded adduct 4 with 
acceptable chemical yield and level of stereochemical 
control (Scheme I). Interestingly, and in contrast to re- 
action with the corresponding glyoxylate  ester^,^ 2 equiv 
of the Lewis acid are required-use of only 1 equiv resulted 
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Table I 
equiv of TiCl, equiv of 1-hexene time, min temp, OC yield, % 4:5 de (4), % 

2 8 60 0 58 12:l 82 
2 6 15 0 85 15:l 86 
2 6 45 -78 85 1.8:1 91 

Scheme I1 
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+ 
recovered (+)-2,73% 

8, which was readily cleaved with hydroxide to produce 
citramalic acid as well as recovered chiral auxiliary. Pu- 
rification by crystallization afforded material with an op- 
tical purity of 96%. Conversion to the corresponding 
diester (HC1-methanol) resulted in (-)-dimethyl citrama- 
late with an optical purity of 93%. The (+)-enantiomer 
of the chiral auxiliary was carried through the same se- 
quence of reactions to form the enantiomeric citramalic 
acid, which was again converted to the diester (96% optical 
purity). 

Surprisingly, the absolute sense of stereochemical in- 
duction in the reaction of allyltrimethylsilane and pyruvate 
3 derived from (-)-2 to form 6 is the same as that observed 
with the corresponding gloxylate ester of (-)-2 but opposite 
to that observed for the same reaction with the gloxylate 
of 8-phenylmenthol where the spatial relationship of the 
phenyl groups is the same. We feel that this reversal in 
stereochemical direction may be the result of different roles 
played by the phenyl groups in the two auxiliaries. We 
have previously suggested that there is the possibility for 
the aromatic ring to act as a ?r-donor in 8-phenylmenthol 
systems, an interaction that seems less likely with trans- 
2-phenylcyclohexanol as the auxiliary. I t  should be noted 
in this regard that there is a upfield shift of the olefinic 
protons (5.07 and 4.52 6) for the major diastereomer of 4 
(and 6) relative to analogous compounds derived from the 
glyloxylate of 8-phenylmenthol (5.4 6) as well as alcohols 
lacking the aromatic ring. This effect contrasts with that 
observed, for example, on the bromoacetate esters where 
the aromatic ring of 8-phenylmenthol causes a larger up- 
field shift of the acetate hydrogens (2.94 6) as compared 
with trans-2-phenylcyclohexanol (3.40 6).4 

Experimental Section 
Materials. Ether and tetrahydrofuran (THF) were distilled 

prior to use from a deep-blue solution resulting from benzo- 
phenone and sodium. Benzene and methanol were stored over 
molecular sieves. Methylene chloride and triethylamine were 
distilled from calcium hydride and stored over molecular sieves. 
Skelly-B was stirred first with concentrated sulfuric acid and then 
with solid sodium carbonate, filtered through alumina, and dis- 
tilled before use. All other solvents and reagents were used as 
obtained from commercial sources unless stated otherwise. 

(4-9 
[ a  ID -25.4 O 

Procedures. Reactions were routinely carried out under dry 
nitrogen or argon atmmpheres with magnetic stirrii. Preparative 
chromatography was carried out with use of recycling techniques 
with either a Waters Prep-500 system with two normal-phase silica 
gel cartridges or a Waters 600A HPLC with two 7.8 mm X 60 cm 
Porasil A silica gel semiprep columns with a refractive index 
detector. 

Spectra. Carbon NMR spectra were obtained by using either 
a Nicolet NT-360 spectrometer a t  90 MHz or a Varian FT-80A 
at  20 MHz. Proton NMR spectra were obtained with a Nicolet 
NT-360 at 361 MHz. Both carbon and proton NMR spectra were 
obtained in chloroform-d, and chemical shift values are reported 
in ppm downfield shift from TMS as an internal standard. IR 
spectra were obtained on dilute (5%) methylene chloride solutions 
with a Beckman Acculab 8 or a Perkin-Elmer 298 infrared 
spectrophotometer, with use of polystyrene's absorption a t  1601.4 
cm-' as a reference. Low-resolution mass spectra in E1 mode were 
recorded using a Bell and Howell Model 21-491 spectrometer a t  
70 eV and those in CI mode using a Finnigan-MAT 4023 GC/MS 
with methane. High-resolution mass spectra were recorded with 
a CEC 21-llOB instrument in E1 mode. Only m/Z values greater 
than or m/Z greater than or equal to 90 m u  are reported. Optical 
rotations were measured with a Perkin-Elmer 141 polarimeter 
using the sodium D line. 
trans-2-Phenylcyclohexyl Pyruvate (3). A solution of 4.41 

g (25 mmol) of trans-2-phenylcyclohexanol(2), 7.28 g (83 mmol) 
of pyruvic acid, and 0.27 g (1.6 mmol) of p-toluenesulfonic acid 
in 100 mL of benzene was heated at reflux with azeotropic removal 
of water for 3 h. "he reaction mixture was cooled and then washed 
with saturated sodium bicarbonate, and the aqueous layer was 
extracted with ethyl acetate. The combined organic layers were 
dried (magnesium sulfate) and filtered through silica gel (1O:l 
Skelly-B-ethyl acetate), and the solvent was removed to afford 
5.80 g (94%) of pyruvate 3 as a pale yellow oil: 13C NMR 6 192.1 
(s), 160.1 (s) ,  142.3 (s), 128.4 (d), 127.6 (d), 126.8 (d), 79.0 (d), 49.7 
(d), 33.3 (t), 31.9 (t), 26.5 (q), 25.6 (t), 24.7 (t); 'H NMR 6 7.32-7.10 
(m, 5 H), 5.06 (dt, J = 5, 11 Hz, 1 H), 2.77 (dt, J = 4, 11 Hz, 1 
H), 2.20-1.20 (m, 8 H), 2.12 (s, 3 H); IR 2930, 2860, 1725, 1145, 
1120 cm-'; HRMS m / e  calcd for C15H18O3 246.1256, found 
246.1247. 

trans-2-Phenylcyclohexyl2-Hydroxy-2-methyl-4-octenoate 
(4). The experimental conditions that gave the highest ratio of 
4 to 5 are as follows. To a stirred solution of 0.90 g (3.7 mmol) 
of the pyruvate 3 in 25 mL of methylene chloride under a nitrogen 
atmosphere a t  0 "C was added 1.41 g (7.4 mmol) of titanium 
tetrachloride, causing the mixture to  turn dark orange. After 5 
min, 2.0 g (23 mmol) of 1-hexene was added. After 15 min, the 
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resulting oil was filtered through a short silica gel column (1:1 
SkB-EtOAc) to give a clear oil. NMR analysis of the product 
showed that the acid 8 was contaminated with about 25% of 
unreacted 6. Flash chromatography on a silica gel column (5:l 
SkB-EtOAc) afforded 90 mg of 6 followed by elution with 5:l 
SkB-acetone with 5% acetic acid to afford 230 mg of the acid 
8. The unreacted 6 was subjected to the same reaction conditions 
as described above, affording an additional 80 mg for a combined 
yield 310 mg (90%) of 8: 13C NMR 6 175.9 (s), 174.5 (s), 142.6 
(s), 128.4 (d), 127.4 (d), 126.7 (d), 78.4 (d), 72.1 (s), 49.8 (d), 43.3 
(t), 33.8 (t), 31.9 (t), 25.8 (t), 25.7 (q), 24.7 (t); 'H NMR 6 7.3C-7.08 
(m, 5 H), 4.96 (dt, J = 5 ,  11 Hz, 1 H), 2.71 (dt, J = 4, 11 Hz, 1 
H), 2.57 (d, J = 16 Hz, 1 H), 2.39 ( J  = 16 Hz, 1 H), 2.25-1.20 (m, 
8 H), 1.17 (s, 3 H); IR 3510, 3000-2500, 2940, 2860, 1730, 1450, 
1210 cm-'. 

Citramalic Acid. A solution of 100 mg (0.31 mmol) of the 
acid 8 and 90 mg (1.6 mmol) of potassium hydroxide in 5 mL of 
T H F  and 5 mL of water was heated at 60 "C for 24 h, diluted 
with 15 mL of water, and extracted with one 15-mL portion of 
ether. The organic layer was dried (magnesium sulfate) and 
concentrated to afford 40 mg (73%) of the recovered chiral 
auxiliary 2. The aqueous layer was acidified with 2 N hydrochloric 
acid to a pH of 2 and then concentrated to  a light brown solid. 
The solid was rinsed with acetone five times to remove the ci- 
tramalic acid, leaving behind inorganic salts. Evaporation of the 
acetone gave a pale yellow solid, which was identified as crude 
citramalic acid. The crude acid was dissolved in 5 mL of water 
and treated with 0.01 g of charcoal. After fitration through Celite, 
the colorless solution was concentrated and dehydrated by the 
addition of two 50-mL portions of ethyl acetate-benzene (1:l) and 
concentrated. The crude sample was then diluted with 5 mL of 
ethyl acetate and transferred to an Erlenmeyer flask, and 2.5 mL 
of Skelly-B was added. Crystallization and then recrystallization 
from the same solvents afforded 40 mg (87%) of citramalic acid. 

From (+)-truns-2-phenylcyclohexanol was obtained diacid with 
the following: [a]D +22.7" (c = 0.0156, H20) [lit [a]D +23.7" (c 
= 0.0156, H20)]; 13C NMR (referenced to dioxane at 67.4) 6 179.3 
(s), 174.8 (s), 73.4 (s), 44.8 (t), 26.4 (q); 'H NMR 6 3.08 (d, J = 
15 Hz, 1 H), 2.75 (d, J = 15 Hz, 1 H);,1.49 (s, 3 H). 

Dimethyl Citramalate (9). A sample of the crude acid was 
dissolved in 150 mL of methanol and 2 mL of concentrated hy- 
drochloric acid, and the mixture was heated a t  55 "C for 48 h. 
The mixture was concentrated, and the resulting product was 
partitioned between 100 mL of saturated sodium bicarbonate and 
100 mL of ether. The aqueous layer was extracted with four 
50-mL portions of ether, and the combined organic layers were 
dried (magnesium sulfate) and concentrated to afford 1.14 g (72%) 
of dimethyl citramalate as a yellow oil. 

From (+)-trans-2-phenylcyclohexanol was obtained diester 9 
with the following properties: [o]D +26.15' (c = 1.95, CHC13), 

+57.6" (C = 10.0, CH3OH) [lit." ["ID +27.23" (C = 2.11, 
CHCl,)]. 

From (-)-tr~ns-2-phenylcyclohexanol was obtained diester 9 
with the following properties: ["ID -25.40' (c = 2.25, CHC13), [aID 

(s), 52.8 (q), 51.8 (q), 44.2 (t), 26.3 (9); 'H NMR 6 3.83 (s, 3 H), 
3.72 (s, 3 H), 3.00 (d, J = 16.1 Hz, 1 H), 2.70 (d, J = 16.1 Hz, 1 
H), 1.46 (s, 3 H); MS m/e 176 (M'), 158, 117 (base), 91, 85, 43. 
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reaction was quenched by the addition of several mL of a satu- 
rated, aqueous sodium bicarbonate solution. The mixture was 
washed with water and dried (magnesium sulfate). The solvent 
was removed, and the product was filtered through silica gel (1O:l 
SkB-ethyl acetate) to afford as a clear oil 1.04 g (85%) of a 15:l 
mixture (by HPLC analysis) of 4 (as a 6.1:l diastereomeric 
mixture) and the cyclic product 5. The two adducts, 4 and 5,  were 
separated by semipreparative HPLC (15:l SkB-ethyl acetate). 
Higher diastereomeric selectivity (10.2:l) in the formation of 4 
was obtained when the reaction was initiated at and held a t  -78 
"C for 45 min. These conditions gave a combined 85% yield of 
4 and 5 in a 1.8:1 ratio. 

For 4: 13C NMR 6 175.7 (s, Cl) ,  143.0 (s), 134.9 (d, C5), 128.4 
(d), 127.5 (d), 126.6 (d), 123.5 (d, C4), 77.8 (d), 73.9 (s, C2), 49.8 
(d), 43.2 (t, C3), 34.5 (t, C6), 33.9 (t), 32.2 (t), 25.8 (t), 25.1 (9, 
C2 Me), 24.7 (t), 22.5 (t, C7), 13.6 (9, C8); 'H NMR 15 7.30-7.15 
(m, 5 H), 5.07 (dt, J = 16, 7 Hz, 1 H), 4.97 (dt, J = 5, 11 Hz), 4.52 
(dt, J = 16, 7 Hz, 1 H), 2.83 (b s, 1 H), 2.71 (dt, J = 5, 11 Hz, 1 
H), 2.20-2.08 (m, 2 H), 1.98-1.71 (m, 5 H), 1.62-1.13 (m, 7 H), 
1.22 (s, 3 H), 0.84 (t, J = 8 Hz, 3 H); IR 3540, 2935, 1725, 1205 
cm-'; HRMS m/e calcd for C21H3003 330.2195, found 330.2201. 

For 5: 13C NMR 6 174.4 (s, Cl), 143.2 (s), 128.3 (d), 127.6 (d), 
126.4 (d), 83.0 (s, C2) 79.6 (d, C5), 76.3 (d), 50.1 (d), 38.1 (t, C6), 
35.7 (t, C3), 34.0 (t), 32.2 (t), 30.3 (t, C4), 25.8 (t), 24.8 (9, C2 Me), 
24.5 (t), 19.0 (t, C7), 14.1 (4, C8); 'H NMR 6 7.30-7.10 (m, 5 H), 
5.03 (dt, J = 5, 11 Hz, 1 H), 3.78 (quin, J = 7 Hz, 1 H), 2.68 (dt, 
J = 4, 9 Hz, 1 H), 2.10 (m, 1 H), 2.00-1.75 (m, 3 H), 1.60-1.15 
(m, 12 H), 1.22 (s, 3 H), 0.88 (t, J = 7 Hz, 3 H); IR 2940, 1730, 
1185,1120 cm-'; HRMS m / e  calcd for C21H30O3 330.2195, found 
330.2204. 

trans -2-Phenylcyclohexyl2-Hydroxy-2-methyl-4-pente- 
noate (6). To a solution of 2.03 g (8.3 mmol) of the pyruvate 3 
in 50 mL of methylene chloride under a nitrogen atmosphere a t  
-78 "C was added 2.58 g (9.9 mmol, 1.16 mL) of tin tetrachloride. 
After 10 min, 2.36 g (21 mmol, 3.28 mL) of trimethylallylsilane 
in 5 mL of methylene chloride was added to the yellow reaction 
mixture. After being stirred for 45 min, the reaction mixture was 
quenched with 4 mL of triethylamine. Upon warming to  room 
temperature, the reaction mixture was washed once with water, 
dried (magnesium sulfate), and concentrated. The resulting 
residue was filtered through a short silica gel column (1O:l 
Skelly-B-ethyl acetate) and concentrated to afford 1.90 g (80%) 
of a yellow oil. The product was very clean by spectral analysis. 
Only one diastereomer was seen by HPLC (30:l Skelly-B-ethyl 
acetate) and NMR spectral analysis. A small amount of 7 (16%) 
was also formed. 

For 6: 13C NMR 6 175.8 (s), 142.7 (s), 132.4 (d), 128.4 (d), 127.5 
(d), 126.6 (d), 118.8 (t), 77.9 (d), 73.9 (s), 50.1 (d), 44.3 (t), 33.9 
(t), 32.3 (t), 25.8 (t), 25.2 (q), 24.7 (t); 'H NMR 6 7.27 (m, 2 H), 
7.19 (m, 3 H), 5.00 (m, 2 H), 4.78 (dd, J = 2.5, 10 Hz, 1 H), 4.65 
(dd, J = 2, 16 Hz, 1 H), 2.85 (br, 1 H), 2.70 (t, J = 4, 11 Hz, 1 
H), 2.16 (m, 1 H), 2.00-1.30 (m, 9 H), 1.25 (s, 3 H); IR 3545, 2940, 
1730,1228, 1165 cm-'; HRMS m/e calcd for C1,H2,03 288.1725, 
found 288.1736. Anal. Calcd for C18H2403: C, 74.97; H, 8.39. 
Found: C, 75.02; H, 8.43. 

For 7: I3C NMR 6 174.6 (s), 143.1 (s), 128.2 (d), 127.6 (d), 126.5 
(d), 82.7 (s), 76.5 (d), 71.9 it), 50.0 (d), 38.7 (t), 33.8 (t), 32.2 (t) 
26.9 (d), 25.8 (t), 24.7 (t), 24.6 (q), -2.9 (q); 'H NMR 6 7.25-7.00 
(m, 5 H), 5.18 (dt, J = 5, 11 Hz, 1 H), 3.84 (t, J = 7.7 Hz, 1 H),  
3.55 (dd, J = 10, 13 Hz, 1 H), 2.82 (td, J = 5, 11 Hz, 1 H), 2.02 
(m, 1 H), 1.90-1.10 (m, 10 H), 1.05 (s,3 H), -0.24 (s, 9 H); IR 3510, 
2935, 1730, 1210, 1120 cm-'; HRMS m / e  calcd for C21H3203Si 
360.21 2 1, found 360.2 120. 

trans-2-Phenylcyclohexyl Citramalate (8). A solution of 
320 mg (1.1 mmol) of the adduct 6,  30 mg (0.17 mmol) of po- 
tassium permanganate, and 1.41 g (6.6 mmol) of sodium periodate 
in 35 mL of water was stirred at room temperature for 20 h, during 
which time it lost its dark purple color and became brick-red. The 
reaction mixture was extracted six times with ether, and the 
oiganic layers were combined, dried, and concentrated. The 


