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adducts were not detected in these cases, even though 
complete disappearance of TPPO was indicated in some 
cases by the absence of oxygen evolution on warming. This 
result suggests tha t  biradicals like I1 are very short lived 
and decay to  stable products before they can be spin 
trapped. This observation is in agreement with the sug- 
gestion of Bartlett and Chu7 that hindered phenols act as 
electron donors to TPPO rather than intercepting birad- 
icals like 11, since radicals that can be intercepted by 
phenols might also be expected to  form spin adducts. 

Conclusion 
The  decomposition of TPPO mainly gives singlet oxygen 

and the  production of I11 probably is a minor pathway. 
This  is evidenced by the brisk oxygen evolution when 
TPPO-PBN mixtures are rapidly warmed to room tem- 
perature. Since the peroxyl spin adduct is unstable and 
since PBN reacts with singlet oxygen to produce nonrad- 
ical products, an exact estimate of the  ratio of the yields 
of singlet oxygen and spin adducts is not possible. How- 
ever, our results combined with the kinetic evidence of 
Stephenson and McClure2 confirm the  biradical mecha- 
nism by which TPPO decomposes to singlet oxygen. The  
formation of PBNOx in many previous photooxidation 
s t u d i e ~ ' ~ J ~  can be explained by our finding tha t  nitrone 
spin traps are oxidized to acyl nitroxides by singlet oxygen 
a t  low temperatures. 

E x p e r i m e n t a l  Section 
General Procedures. ESR spectra were recorded on a Varian 

E-109 ESR spectrometer. Low-temperature experiments were 
done with a quartz Dewar insert. The temperature was controlled 
by varying the flow of nitrogen (precooled by passing through a 
stainless steel coil immersed in liquid nitrogen) through the insert. 

Ozone was generated by using a Welsbach Model T-23 ozonator. 
Triphenyl phosphite (Aldrich) was washed with base and distilled 
in vacuo. Commercially available PBN (Eastman) was recrys- 
tallized from hexane before we. DMPO obtained from Spin Trap 
Producers (Guelph, Canada) was used without further purification. 
Dichloromethane was washed with sulfuric acid and distilled 
water, dried over CaC12, distilled from CaH2, and stored over 
molecular sieves. 

Spin Trapping: TPPO-PBN Experiments. TPPO was 
made by the slow addition of 8 mg of triphenyl phosphite dissolved 
in 0.1 mL of dichloromethane to a saturated solution of ozone 
in dichloromethane (0.3 mL) at -78 "C, with continued bubbling 
of ozone. After the addition was complete, excess ozone was 
flushed out with nitrogen and a precooled solution of 5 mg of PBN 
in 0.1 mL of dichloromethane was added. The sample was then 
warmed in a -15 "C bath for 10-15 min and cooled back to -70 
"C, and the ESR spectrum was recorded after deoxygenation. To 
establish the stability of the peroxyl radical spin adduct, we added 
methanol and pyridine (0.1 mL, 1:l) at -78 "C to a TPPO-PBN 
sample that had been warmed at -5 "C until oxygen evolution 
almost stopped. 

Quenching Experiments with &Carotene. A blank ex- 
periment was done as follows. To a TPPO-PBN mixture prepared 
as described above was added 0.1 mL of precooled methanol and 
pyridine. The mixing of the reagents was effected by a stream 
of nitrogen and the sample was transferred to a -65 "C bath. After 
30 min, the sample was deoxygenated with N2 again and the ESR 
spectrum was recorded at -70 "C. In the 8-carotene experiments, 
0.1 mL of a solution of &carotene of the required concentration 
was added before the addition of methanol and pyridine and 
treated exactly as the blank. Volumes were made equal by ad- 
dition of dichloromethane. 

Acknowledgment. This work was supported in par t  
by grants from the NSF and NIH (HL-16029). 

Registry No. 1,79101-59-0; ozone, 10028-15-6; TPPO, 29833-83-8; 
(PhO)SP, 101-02-0. 

Enzymatic Conversion of a-Keto Aldehydes to Optically Active a-Hydroxy 
Acids Using Glyoxalase I and 11' 

Mark A. K. Patterson,2 Richard P. S ~ a j e w s k i , ~  and Geroge M. Whitesides* 

Department of Chemistry, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 

Received M a y  18, 1981 

a-Keto aldehydes (RCOCHO, R = CH8, CH3CH2CH2, Ph, p-CH30Ph, p-CPh) have been converted to optically 
active a-hydroxy acids (RCHOHC02H) by the combined action of glutathione and the (immobilized) enzymes 
glyoxalase I (GX-I, EC 4.4.1.5) and glyoxalase I1 (GX-11, EC 3.1.2.6). The reaction seems to provide a practical 
if specialized method for synthesizing 1-10-g quantities of product with enantiomeric excesses (ee) in the range 
75-99%. Efforts to increase the scale of the reacton are accompanied by decreases in the ee of the product and 
in the turnover number reached by the enzymes. 

Introduction 
This paper describes the conversion of a-keto aldehydes 

to optically active acids, using a catalytic system comprised 
of two enzymes, glyoxalase 14-13 (GX-I, EC 4.4.1.5) and 
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glyoxalase II14J5 (GX-11, EC 3.1.2.6), and the cysteine- 
containing cofactor glutathione (GSH, y-~-Glu-~-Cys-Gly) 
(eq 1). GX-I accepts a number of sterically unhindered 
a-keto aldehydes as substrates bu t  does not accept sub- 
stances tha t  have large substituents close to the keto 
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Conversion of a-Keto Aldehydes to a-Hydroxy Acids 

0 

0 

g r ~ ~ p . ~ h ~ ~ J ~  Its action appears to involve an enediol-proton 
transfer mechanism,12 with the hemithioacetal formed 
between GSH and a-keto aldehydes as substrate.6J0 GX-I1 
has been studied in less detail but seems to function 
primarily as a catalyst for the hydrolysis of thioesters of 
GSH.14J5 The combination of GX-I and GX-I1 has been 
reported to convert methylglyoxal to lactic acid, having 
>99% the D(-) config~ration,~~’ and phenylglyoxal to 
mandelic acid (>95% D(-)).~O GX-I and GX-I1 are com- 
merically available. 

Results 
GX-I and GX-I1 were immobilized in a cross-linked gel 

derived from poly(acry1amide-co-N- (acry1oxy)succinimide) 
(PAN)16 in yields of -51% and 31%, respectively. Im- 
mobilized GX-I and GX-I1 are stable a t  pH 7 and 25 “C 
for periods of several months in the absence of reactants. 
In the presence of a-keto aldehydes, both lose activity, 
presumably as a result of modification of arginine resi- 
d ~ e s . ’ ~ J ~ - ’ ~  This instability of the enzymes (especially 
GX-II)15 in the presence of a-keto aldehydes is the most 
severe limitation to the practical utility of this catalytic 
system. 

Reactions were carried out by using two procedures. In 
one (called the “simultaneous” procedure here), a-keto 
aldehyde was added slowly to an aqueous solution of GSH 
containing both gel-immobilized enzymes. In the second 
(called the “sequential” procedure), immobilized GX-I was 
used to convert a-keto aldehyde to the intermediate 
thioester. The GX-I was then removed, and immobilized 
GX-I1 was used in a separate step to hydrolyze the thio- 
ester to product. Removal of the GX-I1 and readdition 
of GX-I and additional a-keto aldehyde permitted limited 
reuse of GSH, howbeit with a decrease in the enantiomeric 
excess of the product a-hydroxy acid. 

Table I summarizes representative results obtained with 
these two procedures. These results illustrate several 
features of our experience with this reaction. First, reac- 
tions run with the “simultaneous” procedure give better 
efficiencies for use of GSH (as reflected in TNGsH) than 
those with the “sequential” procedure. Particularly on 
large scale, however, the TN’s for the enzymes (especially 
GX-11) are lower in the “simultaneous” procedure, prob- 
ably as a result of deactivation of the enzymes by reaction 
with a-keto aldehyde. Since the enzymes are the greatest 
contributor to the cost of these syntheses, in most cases 
it is more practical simply to accept GSH as a stoichio- 
metric reagent, use the “sequential” procedure, and recover 
as much GSH as possible (typically -50%) for reuse by 
isolation at  the conclusion of the reaction. Second, the 

(16) Pollak, A.; Blumenfeld, H.; Wax, M.; Baughn, R. L.; Whitesides, 

(17) Means, G. E.; Feeney, R. E. “Chemical Modification of Proteins”; 
G. M. J. Am. Chem. SOC. 1980, 102,6324-6336. 

Holden-Day: San Francisco, 1971. 
(18) Takahashi, K. J. Biochem. 1977,81, 395-402, 403-414. 
(19) McLaughlin, J. A.; Pethig, R.; Szent-GyBrgyi,, A. Proc. Natl. 

Acad. Sci. U.SIA. 1980, 77, 949-951. 
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enantiomeric excess in the product is variable. It appears 
that use of large quantities of GX-I1 (reflected in low values 
of TNGX.11 in Table I) leads to relatively high values of ee. 
We conclude from this observation, and from others,2o that 
the intermediate a-hydroxy thiol esters (RCHOHCOSG) 
epimerize under the reaction conditions: the highest values 
of ee are observed under conditions in which these species 
would be expected to have relatively short lifetimes. 

Conclusions 
The enzymatic conversion of a-keto aldehydes to why- 

droxy acids represents a practical if specialized method 
for the small-scale (<lo g) preparation of these latter 
species.21 The advantage of this method is that the 
product is obtained in an enantiomerically enriched form. 
Further, if relatively large quantities of GX-I1 are used, 
the enantiomeric excess of the product may be high. The 
enzymes are commerically available, and the experimental 
procedure is straightforward. Although most of our work 
has been carried out with immobilized enzymes, these 
reactions may also be conducted with soluble enzymes. 
The stabilities of the soluble enzymes are lower than those 
of the immobilized enzymes, but the procedure is sim- 
plified by omission of the immobilization step and the 
lower stability is compensated for by avoiding the signif- 
icant loss in enzymatic activity (5049% of initial activity) 
that accompanies the immobilization step. The enzymes 
appear to accept a useful range of sub~trates>’~J~ although 
their activity is very low when R is a group that introduces 
steric bulk close to the keto group. 

The deficiencies of this method are also several. First, 
yields of a-hydroxy acids are not high, and enzyme costs 
are such that the reaction is expensive to scale up.22 
Efforts to increase the yield or to produce larger quantities 
of product seem to be frustrated by spontaneous epimer- 
ization of the intermediate RCHOHCOSG in the reaction 
and by deactivation of the glyoxalase enzymes (especially 
GX-11) by reaction with a-keto aldehyde (and perhaps also 
with thioester). Second, only one enantiomer of the a- 
hydroxy acids is accessible by this route. 

Experimental Section 
General Procedures. Glyoxalase I (EC 4.4.1.5, from yeast), 

glyoxalase I1 (EC 3.1.2.6, from beef liver), D-lactic dehydrogenase 
(EC 1.1.1.28), L-lactic dehydrogenase (EC 1.1.1.27), and reduced 
glutathione were obtained from Sigma Chemical Co. (R)-(+)-a- 
Methoxy-a-(trifluoromethy1)benzeneacetic acid was from Aldrich. 
All other materials were reagent grade. pH measurements were 
made on a Radiometer PH M62 standard pH meter. Enzymatic 
assays and absorbance measurements were performed on a Gilford 
240 spectrophotometer equipped with a constant temperature bath 
and a strip-chart recorder. A Varian T-60 was used to  record 
60-MHz ‘H NMR spectra, and a Bruker WH-250 was used for 

(20) The use of multiple cycles in the “sequential” reactions leads to 
a reduced ee. This result can be explained by an a-hydroxy carboxylate 
catalyzed epimerization of the a-hydroxy thiol ester. In addition, phe- 
nylglyoxals having electron-withdrawing substituents seem to give man- 
delic acids with lower enantiomeric excesses than with electron-donating 
substituents. 

(21) Optically active a-hydroxy acids have been obtained by resolution 
(Collet, A.; Jacques, J. Bull. SOC. Chim. Fr. 1973,3330-3334) or by the 
conversion of optically active a-bromo acids (Levene, P. A,; Mori, T.; 
Mikeska, L. A. J. Biol. Chem. 1927, 75,337-365) or a-amino acids (Baker, 
C. G.; Meister, A. J. Am. Chem. SOC. 1951, 73,1336-1338). In addition, 
they can be prepared by asymmetric reactions (Meyers, A. I.; Slade, J. 
J. Org. Chem. 1980, 45, 2785-2791 and references contained therein). 

mol. The major contributor to the cost of the reactions is the price of 
GX-11. Attempts to substitute less expensive esterases, such as acylase 
I, acetylesterase, carboxylesterase, and Candida cyEindracea lipase for the 
GX-I1 were unsuccessful. With extensive screening it might, however, 
be possible to develop a better (Le., less expensive) esterase for these 
glutathione thiol esters. 

(22) Costs: GX-I $7.10/100 U; GX-11: $43.00/100 U; GSH $305/ 
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Table I. Synthesis of Chiral a-Hydroxy Carboxylic Acids from a-Keto Aldehydes Using Glyoxalase I (GX-I), 
Glyoxalase I1 (GX-11), and Glutathione (GSH) 

TN reaction product ( RCHOHCO,M)a RCOCHO, GSH, 
R mmol mmol M g % ee R,  % typeb GX-I GX-I1 GSH cyclesd 

p-C1Ph 278 139 
Ph 65 7.5 
p-MeOPh 11 2 
CH, 324 7 

20 25 
29 36 
67 50 
98 68 

0.6 CH,CH,CH, 28 

Ca/2 14 26 
H 7 75 
Ca/2 2 84 
Zn/2 8 17  
Ba/2 4 79 

2 54 
2 30 
4 30 

1 2  65 

76e 
91e 
94 e 
97 f 

> 98e 
>9ge 
> 99e 

85eJg 
80 e,g, h 

simul 5 x 10’ 1 x l o 6  
3 x 1 0 7  1 x 105 
4 x 1 0 6  2 x 1 0 4  
4 x  1 0 6  9 x  104 
2 x  i o 6  5 x  104 

4 x 106 4 x 105 
2 x  1 0 7  9 x  105 
3 x  107 i x  1 0 6  

seq 2~ l o 6  6X l o 5  

2 
9 
6 

46 
47 

0.8 1 
0.8 1 
1.3 3 
1.4 3 

a Yields (in grams and percent based on RCOCHO) are for isolated products. The yield before isolation was 73% for the 
lactic acid producing system, as measured by enzymatic assay. Suitable assays did not exist for the measurement of other 
products in solution. Reaction type is discussed in the text. C TN = turnover number = moles of RCHOHC0,H gener- 
ated per mole of enzyme or glutathione originally present in the solution. These turnover numbers are not corrected by 
taking into account enzyme or glutathione present at  the conclusion of the reaction. “Cycle” refers t o  the number of 
times that the sample in a sequential procedure was used in a sequence of formation of RCHOHCOSG and hydrolysis of 
this species. e Enantiomeric excess determined by NMR analysis, using diastereomeric esters (see the text). f Enantiomeric 
excess determined by enzymatic analysis. g Insignificant quantities of active enzymes were recovered upon completion of 
the reactions except for these cases. An average of 55% GX-I and 35% of GX-I1 initial activities were recovered at  the end 
of each cycle. Enantiomeric excess was 89% after two cycles. 

2WMHz spectra. Distilled water was deionized with a Barnstead 
ion-exchange column and then redistilled, using a Coming AG-lb 
type still; this water was used to prepare atl solutions. Peristaltic 
pumps from LKB were used for the addition of substrates and 
base, while the pH was maintained at  a constant value with a 
Chemtrix pH controller. 

Methylglyoxal was steam-distilled under argon before use. 
(p-Chlorophenyl)glyoxa1,23 (p-methoxyphenyl)glyoxal,B propyl- 
glyoxal,” S-(p-bromobenzyl)glutathione,25 and PAN16 were syn- 
thesized following literature procedures. Glyoxalase I activity 
was measured in buffered solutions (pH 6.0-8.0) that were 10 mM 
in MgClZ, 3.0 mM in methylglyoxal, and 3.0 mM in GSH at 30 
“C. The increase in absorbance at  240 nm (e 3370 M-’ cm-1)26 
was directly related to enzymic activity. Glyoxalase I1 activity 
was determined in buffered solutions (pH 6.0-8.0) containing 0.6 
mM S-ladoylglutathione at 30 OC, with the decrease in absorbance 
at 240 nm being measured. The concentrations of methyiglyoxd,% 
propylglyoxal,26 phenylglyoxal: (pmethoxypheny1)glyoxal: (p- 
chlorophenyl)glyoxal,5 glutathione,% and L-lactic acidz6 were 
measured enzymatically by using literature procedures. D(-)- 
Chloromandelic acid was prepared by resolution.21 

Immobilization of Enzymes. The glyoxalase enzymes were 
immobilized following the procedure of Pollak et  al.16 GX-I was 
immobilized in a 0.3 M Hepes, pH 7.5, solution containing 10 mM 
MgCl,, 5 mM 1,3-dithiopropan-2-01 (DTP), and 0.8 mM S-(p- 
bromobenzy1)gl~tathione.~~ Optimal yields were obtained when 
a ratio of 0.5 mg of enzyme to 100 mg of PAN-500 (contains 500 
pmol of active ester groups per g of solid) was used. The average 
yield of immobilized enzyme was 51%, with 14% of the initial 
activity present in the wash. GX-I1 was immobilized in a 0.2 M 
Pi, pH 7.0, solution containing 5 mM MgClZ, 5 mM DTP, and 8 
mM GSH with an enzyme to PAN-500 ratio of 2 mg/100 mg. An 
average of 31% of the initial activity was present in the gel, with 
an additional 8% in the wash. 

cr-Hydroxypentanoate: “Simultaneous” Procedure. The 
pH of 150 mL of a solution containing MOPS (7.5 mmol), MgClz 
(1.5 mmol), GSH (0.6 mmol), and 1,3-dithiopropan-2-01 (DTP, 
0.9 mmol) was adjusted to 6.8 with 2 N NaOH. The solution was 

(23) Arnold, R. T.; Fuson, R. C. J .  Am. Chem. SOC. 1936, 58, 
1295-1296. 

(24) Royals, E. E.; Robinson, A. G. J .  Am. Chem. SOC. 1956, 78, 
4161-4164. The solution of cy-keto aldehyde obtained by acid hydrolysis 
of the corresponding acetal was used without purification. 

(25) Vince, R.; Daluge, S.; Wadd, W. B. J. Med. Chem. 1971, 14, 
402-404. S-@-Bromobenzy1)glutathione is a competitive inhibitor of 
glyoxalase I, causing 50% inhibition at a concentration of 9 pM with an 
a-keto hemithioacetal concentration of 0.51 mM. 

(26) “Methods of Enzymatic Analysis”, 2nd English ed.; Bergmeyer, 
H. U., Ed.; Academic Press: New York, 1974. GX-I, pp 469-470; RCO- 
CHO, R = Me or n-Pr, pp 1496-1498; GSH, pp 1643-1647; D-lactate, pp 
1492-1495; blactate, pp 1464-1468. 

deoxygenated with a stream of argon and soluble GX-I (160 U) 
and GX-I1 (100 U) added. Over an 8-day period 69 mL of an 
aqueous solution of propylglyoxal (28 mmol) was added, together 
with additional GX-I (180 U) and GX-I1 (75 U). The pH was 
maintained at 6.8 with 2 N NaOH by using a pH controller. Upon 
completion of the reaction, the mixture was acidified to pH 1.5 
with concentrated HCl and extracted continuously for 40 h with 
ether (0.7 L). The ether was concentrated under reduced presure, 
and the residue was diluted with H20 (40 mL), heated briefly, 
and neutralized with BaC03. The mixture was boiled and filtered 
while hot, and the residue was washed with boiling HzO (10 mL). 
The filtrate volume was reduced to 25 mL by gentle boiling, the 
solution cooled (70 “C), and ethanol (15 mL) added. After cooling 
to 4 OC, the precipitate was filtered, washed with ether, and dried, 
yielding 4.1 g of barium or-hydroxypentanoate (>98% ee R; 79% 
based on propylglyoxal). The activities of GX-I and GX-I1 at  
the end of the reaction were only 6% and 3%, respectively, of 
the original values. 

a-Hydroxypentanoate “Sequential” Procedure. A 100-mL 
aqueous solution of propylglyoxal (27 mmol) containing GSH (34 
mmol), MgClz (1.0 mmol), and DTP (1.0 mmol) was adjusted to 
pH 7.0 with 10 N NaOH and then deoxygenated with argon. 
Immobilized GX-I (22 U) was added. After 47 h the GX-I was 
removed by gentle centrifugation (-3000 rpm) and immobilized 
GX-II (6.6 U) added to the supernatant. The pH of the suspension 
was maintained between 6.7 and 7.0 with 1 N NaOH and a pH 
controller. After 67 h the mixture was centrifuged to remove the 
GX-I1 and additional propylglyoxal (31 “01) and GSH (9 mmol) 
was added to the supernatant. The pH of the solution was ad- 
justed to 6.9 with 10 N NaOH, the solution deoxygenated, and 
immobilized GX-I (22 U) added. Fifty hours were required for 
completion of the reaction, at  which time the GX-I was removed 
and immobilized GX-II(6.5 U) added to the supernatant. Seventy 
hours later the suspension was centrifuged to remove the GX-11, 
and to the resulting solution was added propylglyoxal (40 mmol) 
and GSH (25 mmol). Following adjustment of pH 6.8 with 10 
N NaOH, immobilized GX-I (40 U) was added. The suspension 
was centrifuged after 48 h to isolate the GX-I, and immobilized 
GX-I1 (5.4 U) was added. Forty-three hours later an additional 
portion of GX-II(5.1 U) was added. After 71 h the reaction was 
complete, the GX-I1 was removed by centrifugation, and the 
supernatant was acidified to pH 1.5 with concentrated HCl. The 
acidified solution was extracted with ether and barium why- 
droxypentanoate (12.0 g, 32 mmol; 80% ee R; 65% yield based 
on propylglyoxal) isolated as described above. The average 
amount of initial activity recovered at the end of each step was 
56% for GX-I and 37% for GX-11. 

p-Chloromandelate. A “simultaneous” procedure, utilizing 
immobilized GX-I and 11, converted a solution of (p-chloro- 
pheny1)glyoxal (279 mmol, dissolved in Me2SO) to p-chloro- 
mandelic acid (3.5 g, 19 mmol) and calcium p-chloromandelate 
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(11 g, 27 “01). The final reaction mixture was 14% (v/v) MefiO. 
Calcium carbonate was used in the preparation of calcium p- 
chloromandelate. The overall yield was 26% (based on (p- 
chloropheny1)glyoxal) and the product was composed of a 76% 
ee of the R enantiomer. The recovered GX-I and GX-I1 had 3% 
and 59%, respectively, of their initial activities. 

Mandelic Acid. An aqueous suspension of phenylglyoxal (65 
mmol in 350 mL of HzO, pH 6.3) was converted in a 
“simultaneous” process with immobilized enzymes to mandelic 
acid (7.4 g, 49 mmol; 91% ee R; 75% based on phenylglyoxal). 
The recovered enzymes were not active. 

p-Methoxymandelate. A “simultaneous” procedure, using 
soluble GX-I and GX-11, converted 256 mL of an aqueous solution 
of @-methoxypheny1)glyoxal (11 mmol) to the corresponding 
a-hydroxy acid. Calcium p-methoxymandelate (1.9 g, 4.6 mmol; 
94% ee R; 84% based on (p-methoxypheny1)glyoxal) was isolated 
with calcium carbonate. No enzymatic activity remained upon 
completion of the reaction. 

Lactate. Methylglyoxal solutions are known to contain sig- 
nificant amounts of acid, penumably lactic acid: A steam-distilled 
solution (450 mL of 2.97 M methylglyoxal, 0.48 M acid) was 
treated with 16 portions of Dowex-1 X 8/50 (OH-) (15-mL por- 
tions, 20 min each) to give a solution (380 mL) of 1.62 M me- 
thylglyoxal and 8.7 mM acid. A “simultaneous” procedure, using 
immobilized enzymes, converted 200 mL of this solution (324 
mmol methylglyoxal) to lactic acid, which was isolated as the zinc 
salt (7.9 g, 28 mmol; 97% ee R;  17% based on methylglyoxal), 
using zinc carbonate. No enzymatic activity was recovered. 

Determination of Enantiomeric Compositions. D- and 
L-lactate were measured by using enzymatic assays.% The same 
value of enantiomeric excess was found for the lactate present 
in the reaction mixture before workup and for the zinc lactate 
isolated as product. This observation indicates that no enan- 
tiomeric enrichment occurs during workup. Assays for other 
materials were based on Mosher’s method,na chemical shifta for 

(27) Dale, J. A,; Dull, D. L.; Mosher, H. S. J. Org. Chem. 1969, 34, 
2543-2549. 

the OCHS protons of the diasteromeric forms of RCH(OCOC*- 
(CF3)(OCH,)Ph)CO2CH3 differed by -0.1 ppm, and those for the 
COzCH3 group by -0.03 ppm. At 250 MHz, the latter gave base 
line separations and were used to determine enantiomeric exceea. 
The absolute configurations of the compounds were assigned by 
comparison with spectra of compounds derived from resolved or 
enriched a-hydroxy methyl esters. The methyl esters used were 
prepared by using a procedure described below for methyl 2- 
hydroxypentanoate. Control experiments carried out with the 
methyl esters of mandelic and p-chloromandelic acids showed that 
the procedure for the determination of the enantiomeric com- 
positions does not result in enantiomeric enrichment. 

Methyl 2-Hydroxypentanoate. The ester was prepared by 
placing the barium salt (0.5 g) of 2-hydroxypentanoic acid in 
MeOH (20 mL), adding acetyl chloride (0.5 mL), and heating the 
mixture under reflux for 30 min. The mixture was cooled, filtered 
to remove BaClZ, and concentrated under reduced preasure. Ether 
(10 mL) was added, residual BaC12 removed by filtration, and 
solvent removed under vacuum. The resulting liquid was used 
directly in determination of enantiomeric excess. 
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98-8; propylglyoxal, 7332-93-6; (R)-4-chloro-a-hydroxybenzeneacetic 
acid 1 /2  Ca, 79083-97-9; (R)-a-hydroxybenzeneacetic acid, 611-71-2; 
(R)-4-methoxy-a-hydroxybenzeneacetic acid 1 / 2  Ca, 79083-98-0; 
(R)-a-hydroxypropanoic acid 1/2 Zn, 18975-98-9; (R)-a-hydroxy- 
pentanoic acid 1/2 Ba, 79083-99-1. 

(28) The method of Reuben for determining enantiomeric purity of 
unmodified a-hydroxy carboxylic acids led to formation of gels (Reuben, 
J. J. Am. Chem. SOC. 1980,102,2232-2237). The resolution of the method 
is such that it is only useful for mixtures containing significant quantities 
of both enantiomers. Mixtures of Eu(dcm)3 (McCreary, M. D.; Lewis, D. 
W.; Wernick, D. L.; Whitesides, G. M. J. Am. Chem. SOC. 1974, 96, 
1038-1054) and compounds of the structure RCHOHCOzCHB gave shifted 
spectra but no usable splitting of enantiomeric signals. 
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Arylsulfonylhydrazones decompose in alkaline media on thermolysis (Bamford-Stevens reaction) or on UV 
irradiation. The thermal method is known to produce a diazo hydrocarbon, which gives products by carbenic 
and/or cationic routes according to the reaction conditions. In contrast, mechanistic information on the photic 
decomposition is lacking. We now report a successful isolation of a diazo hydrocarbon from direct photolysis 
of a tosylhydrazone sodium salt and present evidence that the diazo compound is an intermediate in the overall 
photic Bamford-Stevens reaction. Our key substrate was spiro[l2.ll]tetracosan-l3-one (5a), synthesized from 
cyclododecanone by a three-step sequence involving reductive coupling, epoxidation of the derived olefin, and 
rearrangement of the oxirane. Photic Bamford-Stevens reaction of the tosylhydrazone sodium salt of 5a under 
different alkaline conditions was brought about by UV irradiation through a Vycor filter (i.e., X > ca. 220 nm). 
The products were (E)-spiroalkene 11 (75-80%), (2)-spiroalkene 12 (10-14%), and saturated hydrocarbons 
(10-11 %). The alkanes were not individually identified but are expected products of intramolecular C-H insertions 
by a carbene. By using lower energy light (i.e., Pyrex filter; X > ca. 270 nm), we isolated instead 13-diazospi- 
ro[l2.ll]tetracosane (14) in 95% yield. This diazo hydrocarbon was characterized spectroscopically, by elemental 
analysis, and by an independent synthesis. Then, on separate irradiation with Vycor-filtered light, 14 gave a 
product mixture, which, after correction for a small contribution from cationic pathways, contained E olefin 11, 
2 olefin 12, and saturated hydrocarbons in a ratio of 78:12:11, the same as that from the uninterrupted photic 
Bamford-Stevens reactions. We also found that thermal Bamford-Stevens conditions give markedly different 
product ratios, viz., 90% 11, ca. 0% 12, and 10% alkanes. These differences suggest that the “carbene” (or diazo 
hydrocarbon) derived thermally and the one derived photically behave differently with respect to the stereaelectivity 
of the 1,2 H shift that produces olefin. 

Thermal decomposition of arylsulfonylhydrazones in 
alkaline media (the Bamford-Stevens reaction) provides 
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an important synthetic route to olefins and cyclo- 
propanes.lV2 At  elevated temperatures the  anions of the  
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