
4676 J .  Org. Chem. 1981,46, 4676-4679 

pluses and minuses. One advantage is the short reaction 
time required and the color change occurring upon ceri- 
um(1V) reduction which clearly signals the end of the 
desired reaction. A second important advantage is the 
complete lack of organic byproducts. Two disadvantages 
are the need to synthesize cerium(1V) acetate and some 
difficulty in isolating and keeping this rather light-sensitive 
salt. However, these problems can be conveniently cir- 
cumvented by generating cerium(1V) acetate and then 
using it immediately without isolation. 

Product yields and byproduct formation were distinctly 
affected by the nature of the cerium complex used. Cer- 
ium(1V) acetate seemed to be the best in terms of good 
yield, no byproducts, and the short reaction time required. 
Some of the other cerium salts investigated (Table I) were 
much inferior to cerium(1V) acetate due perhaps to solu- 
bility problems, low oxidation potentials, or other species 
released upon solvolysis in acetic acid. 

With cerium(1V) ammonium nitrate, the high yield was 
likely the result of the byproduct, ammonium nitrate, re- 
oxidizing cerium(II1) to cerium(1V) during the course of 
the reaction. This is supported by evidence that ammo- 
nium nitrate oxidizes the closely related promoter man- 
ganese(11) to manganese(II1) which promoted the nitro- 
methylation in the presence of nitromethane and an aro- 
matic.2,6 

It  is interesting to note the relative ease at  which ceri- 
um(1V) acetate promotes the reaction in comparison to the 
others. Thus nitromethylation of toluene was complete 
within 15 min with this salt whereas it took 40 min to 
complete under the same conditions with manganese(II1) 
acetate.' Cerium(1V) acetate has been shown to promote 
the carboxymethylation of aromatics13 and the a-keto- 
alkylation of l-octene16 in essentially the same manner as 
does manganese(II1) a ~ e t a t e . ~  In fact, in the latter reaction 
it was shown to be a power of ten more reactive in oxidizing 
secondary alkyl radical intermediates than was the man- 
ganese(II1) species.16 The relatively sluggish reaction with 
cerium(1V) ammonium nitrate may be due to some of the 
side products of its reduction. A similar sluggish behavior 
was noted for cerium(1V) ammonium nitrate in aromatic 
oxygenation." The inclusion of copper(I1) acetate with 
cerium(IV1 ammonium nitrate speeded up nitroalkylation 

considerably (Figure 4) due perhaps to the even greater 
ease of the intermediate aromatic a-radical oxidation by 
~opper ( I I ) . ' ~ J~  However, the nitromethyl radical itself 
apparently resists oxidation, much like other electron- 
deficient carbon radicals.18 

The Hammett treatment with cerium(1V) ammonium 
nitrate and cerium(1V) acetate gave almost the same p 
values, suggesting that both cerium salts function in the 
same manner. In addition, this value was virtually the 
same as that determined for the manganese(II1) acetate 
promoted system under the same conditions (-2.0 vs. -2.3). 
Similar isotope effects were also noted for cerium(1V) and 
manganese(II1) acetate promoted reactions.2 Conse- 
quently, it seems likely that the mechanism of substitution 
is the same with both metal ions: generation of nitro- 
methyl radicals by oxidation (eq 3), attack of these radicals 

(3) 

1 

Ce(IV) 

-Ce(III) 
I - ArCH2NOZ + H+ 

onto the aromatic (eq 4), and oxidative rearomatization 
(eq 5).'s2 The initial step probably goes by way of an aci 
radical cation as shown for manganese(III).' 

The p value of -2 suggests a substantial degree of elec- 
trophilic character for the nitromethyl radical, more so 
than most known carbon radicalslJQ and in the same range 
as a number of oxy 
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Glucose 6-sulfate and glucose-6-phosphate dehydrogenase have been used for NAD(P)H cofactor regeneration 
in preparations of (S)-benzyl-a-dl alcohol and threo-D,(+)-isocitrate (0.1-mol scale). The reduced nicotinamide 
cofactors are more stable in solutions of glucose 6-sulfate than in solutions of glucose 6-phosphate and their lifetimes 
in solution are correspondingly longer. The specific activities of the enzymes are, however, lower with glucose 
&sulfate than with glucose 6-phosphate. Glucose 6-sulfate appears to be a useful and practical reducing agent 
for NADP; glucose 6-phosphate is clearly superior for NAD. Comparisons of several methods for making glucose 
6-phosphate indicate that phosphorylation of glucose with ATP (using ATP cofactor recycling and hexokinase 
as catalyst) is the most effective method for laboratory-scale syntheses. 

The combination of glucose 6-phosphate (G-6-P) and 
G-6-P dehydrogenase (G-6-PDH from Leuconostoc mes- 
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enteroides) provides a useful method for large-scale re- 
generation of NAD(P)H.2 This procedure has the ad- 
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Table I. Methods for the Preparation of 

method % yield 
Glucose 6-Phosphate" 

1. 

2. 

3. 

4. 

5. 

6. 
7. 
8. 

HK 
G + ATP __f G-6-P + ADP 100' 

G-1-P ___f G-6-P 95' 

FDP ---+ G-6-P + Pi 50' 

(G), + Pi ____f G-6-P 30' 

(G), + Pi -+ G-1-P + G 25d 

PGM 

H', PGI 

Pase, PGM 

CT 

CT, PGM 
(G), + Pi ____f G-6-P + G 45d 
G + POCl, + lutidine --f G-6-P 32e 
G + pyrid;ne.P,O, + G-6-P 1Of 

a Abbreviations: G-6-P, glucose 6-phosphate; G-1-P, glu- 
cose 1-phosphate; G, glucose; HK, hexokinase; PGM, phos- 
phoglucomutase; FDP, fructose 1,6-diphosphate; PGI, 
phosphoglucoisomerase; (G)n, starch; Pase, phosphorylase 
a; (G),, cellobiose; CT, resting cells of C. thermocellum. 

Calculated as moles of G-6-P per mole of G or its deriva- 
tive based on the concentration in the reaction mixture. 
' See ref 2. The yield reached its maximum value after 
a 60-h incubation at 50 'C, and no further increase of G-l- 
P or G-6-P was observed after that time. e POCl, and 
lutidine were first allowed to react at 0 "C in triethyl phos- 
phate, and glucose was then added to the reaction mix- 
ture. f Equivalent pyridine and P,O, (0.5 M each) were 
mixed first in CHCl, followed by addition of glucose in 
DMF (0.5 M) at 25 "C. 

vantage that it is applicable to the regeneration of both 
NADH and NADPH and that the enzyme is inexpensive, 
stable, and highly active. It has the disadvantage that it 
requires glucose 6-phosphate as a stoichiometric reagent 
and that phosphate ion and alkyl phosphates are active 
acid catalysts for the decomposition of the reduced nico- 
tinamide cofactors NAD(P)H. 

Several preparations of the G-6-P required in this pro- 
cedure have been reported (entries 1-4, Table I).* Al- 
though these procedures are easily capable of generating 
kilogram quantities of G-6-P, none are ideally convenient. 
In this work, we have examined three other methods (en- 
tries 5-8, Table I). None have proved as satisfactory as 
hexokinase-catalyzed phosphorylation of glucose by ATP 
(entry 1). The chemical methods are unsatisfactory in that 
they give low yields and require extensive purification. 
The phosphorolysis of cellobiose to glucose 1-phosphate 
by cellobiose phosphorylase (EC 2.4.1.20, provided by 
resting cells of Clostridium thermocellum) is also less 
practical than hexokinase-catalyzed phosphorylation. The 
phosphorolysis is limited by the equilibrium constant of 
the r e a ~ t i o n : ~  

[glucose 1-phosphate J [glucose] 
[cellobiose] [phosphate] K =  = 0.23 (pH 7.0) 

Although the reaction can be driven by adding phospho- 
glucomutase to convert glucose 1-phosphate to G-6-P (95% 
of an equilibrium mixture of G-1-P and G-6-P is G-6-P), 
phosphoglucomutase is not stable a t  the temperature (55 
"C) used for the phosphor~lysis.~ Moreover, since high 

(1) Supported by NIH (GM 26543, to G.M.W.) and the Department 

(2) Wong, C. H.; Whitesides, G. M. J. Am. Chem. SOC. 1981,103,4890. 
(3) Cohn, M. Enzymes, 1961,5, 192. 

of Energy (EG-77-5-0204198; XR-9-8109-1, to C.L.C.). 

Table 11. Calculated and Observed Half-lives for 
NAD(P)H (0.1 mM) in 0.2 M Glucose 6-Phosphate or 

Glucose 6-Sulfate Solution at 25 "C" 

[G-6- NADH, h T ~ / ~  NADPH, h 
pH mM G-6-P G-6-S G-6-P G-6-S 
7.0 21.4 25 686 14 32 
7.8 4.9 139 31 64 81 182 

8.0 3.1 218 4225 126 27 1 

The concentration of active NAD(P)H was determined 
The concen- 

p- I ,  

(128)' (3100)' (77)' (170)' 

enzymatically,' using G-6-P and G-6-PDH. 
tration of lucose 6-phosphate monoanion (= [G-6-P]/( 1 
+ lopH"&) where [ G-6-P] is the total concentration of 
G-6-P, and pK, = 6.2 for G-6-P). ' The numbers in paren- 
theses were observed values. The first-order rate con- 
stant' ( k o b d )  for NADH is k ~ [ H + l  + ~ H A [ H A ]  + ~ H , o ;  

10pH-pKa). In these expressions, the constants have the 
for NADPH it is ~ H [ H ' ]  + ~ H A [ H A ]  + kH,O + k I / ( 1  + 
following values: k H  = 9.4 x l o 3  M-l h-' , k H , o  = 0.7 X 

h-I, kI = 0.15 h-', k H A  for G-6-P = 0.97 M-' h-', and 
pK, = 6.2 for the 2'-phosphate of NADPH. We assume 
that [HA] = 0 for G-6-S at pH 2 7. kI is the intramolecu- 
lar rate constant for 2'-phosphate-catalyzed decomposi- 
tion of NADPH. 

Table 111. Kinetic Parameters for Glucose-6-phosphate 
Dehydrogenases" 

yeast (S. 
cerevisiae) L. mesenteroides 

NAD NADP NAD NADP 
G-6-P 

K,(G-B-P), mM 0.051 0.053 0.053 
K m  (NAD(P)) 'mM 0.0075 0.106 0.0057 
sp act., U mg- 0 400 

K,( G-6-S), mM - 30 - 50 
Km(NAD(P)), mM 0.002 0.106 0.0057 
sp act., U mg-' 0 60 

a The numbers are cited from: H. R. Levy, Adu. 

700 400 
G-6-S 

2 10 

Enzymol .  1979, 48,  141. 
G-6-S were determined in this laboratory. The activities 
were measured in a triethanolamine buffer (0.1 M, pH 
7.8) containing 2 mM NAD or NADP, 0.1 mg/mL of 
enzyme, and varied concentrations of G-6-S. K m  for 
NAD(P) was determined at 0.8 M G-6-S. 1 U = 1 &mol of 
product produced per min. K ,  = the concentration of 
indicated substrate at which the enzyme showed its half- 
maximum activity. 

Specific activities (at Vmm) for 

concentrations of phosphate are required, purification of 
the G-6-P again presents a technical problem. Thus, the 
best current procedure for the preparation of G-6-P seems 
to be hexokinase-catalyzed phosphorylation of glucose. 
Although this procedure is straightforward, it does require 
two enzymes (hexokinase and acetate kinase, for ATP 
recycling) and a separate preparation of acetyl phosphate. 
Moreover, glucose 6-phosphate is itself an effective acid 
catalyst for decomposition of NAD(P)H.2 In an effort to 
avoid these problems, we have examined the utility of 
glucose 6-sulfate (G-6-S) as a reducing agent. This material 

(4) The PAN-immobilized PGM was not stable a t  50 OC (half-life = 
6 h), and the reaction catalyzed by the resting cells of C .  thermocellum 
was very slow a t  lower temperatures (for example, the rate of G-1-P 
production at  37 "C was -10% of that  at 50 "C). Other thermostable 
enzymes such as glucose isomerase (= xylose isomerase, EC 5.3.1.5) might, 
in principle, be used to  convert glucose in the equilibrium mixture to  
fructose, which might then be stabilized as a germanate complex (optimal 
pH -6; the optimal pH for fructose borate complex is 9; Barker, S. A.; 
Bowers, H. A.; Somers, P. J. Enzyme Eng. 1980,5, 329). Since glucose 
isomerase is not available and germanate might influence the activity of 
the enzymes, we did not test this system. 
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Scheme I. Regeneration of NAD(P)H Using 
G-6-S/G-6-PD H 

co; 

Wong et al. 

the decomposition of NAD(P)H, the lifetimes of these 
cofactors are higher in solutions containing G-6-S than in 
those containing G-6-P. For these reasons, and because 
this regeneration system has high specific activity relative 
to  ~ t h e r s , ~ J  we believe i t  is one of the best available for 
NADPH in laboratory-scale preparations (several moles 
of product). For larger scale manipulation, however, the 
6-sulfogluconate formed may complicate product isolation. 
Under such circumstances, we believe that methods using 
HZ9 or electrochemistry1' are more practical. 

Experimental Section 
Enzymes and routine biochemicals were obtained from Sigma. 

Chlorosulfonic acid, lutidine, and POC13 were obtained from 
Aldrich. Other chemicals and solvents were reagent grade. 
Welding-grade argon was used as an inert atmosphere without 
purification. 

UV spectra were obtained with a Perkin-Elmer 552 spectro- 
photometer, equipped with a constant temperature cell. NMR 
spectra were measured at 250 MHz (Bruker 270). Procedures for 
immobilizations and assays of enzymes have been described.2J2 

Preparation of C. tbermocellum Used in the Resting Cell 
System. C. thermocellum was obtained from the American Type 
Culture Collection (ATCC 27405). The composition of the me- 
dium for growth was as follows: cellobiose, 10 g L-l; yeast extract 
(Difco Lab), 10 g L-l; KH2P04, 1.5 g L-l; K2HP04, 2.9 g L-'; 
(NH4)2S04, 1.3 g L-l; MgC12, 0.75 g L-I; CaCI2, 0.1 g L-I; FeS04 
(1.25% solution), 0.1 mL L-I; Resazurin (0.2% solution), 1.0 mL 
L-I; sodium thioglycollate, 0.5 g L-'; sodium bicarbonate, 10 g L-l. 
The culture vessel was a specially modified 500-mL Erlenmeyer 
flask for anaerobi~sis'~ and contained 300 mL of medium. The 
procedures for medium preparation, sterilization, and inoculation 
were as follows: three portions of 100 mL of concentrated solution 
in distilled water of (1) the cellobiose, (2) chloride salts, and (3) 
the remaining medium components were steam sterilized in 
separate flasks for 15 min at 15 psi (121 "C). (This procedure 
was followed to avoid caramelization of the cellobiose and pre- 
cipitation of the salts). After being autoclaved, the solutions were 
cooled to room temperature. The cellobiose and chloride salt 
solutions were added to the anaerobic flask containing the rest 
of the medium. Flasks were inoculated with 10 mL of C. ther- 
mocellum growing in the same medium. Prior to and during 
inoculation, the flasks were bubbled with sterile carbon dioxide 
to effect and maintain anaerobiosis and to complete the bi- 
carbonate buffer system in the medium. 

After 24 h of anaerobic incubation at 60 "C, the cells were 
harvested by centrifugation (10000 rpm for 30 min in a Sorvall 
refrigerated centrifuge, SA-600 rotor), washed once in citrate- 
phosphate buffer, pH 5.6 (0.1 M citric acid-0.2 M disodium 
phosphate-distilled water, 2:3:5), resuspended in the same ci- 
trate-phosphate buffer containing cellobiose (10 g L-') and sodium 
thioglycollate (1.0 g L-l). (Cells suspended in citrate-phosphate 
buffer alone were used as controls.) The cell/substrate suspensions 
were transferred from centrifuge tubes to Hungate tubes (Bellco 
Glass Inc., Vineland, NJ), 5-mL working volume. After harvesting, 
centrifugation, and resuspension in the substrate solution, the 
cells were effectively concentrated sixfold (4-5 g L-') from their 
original broth volume (0.7-0.8 g L-'). 

C. tbermocellum Catalyzed Phosphorylation of Cellobiose. 
A 5-mT., solution containing cellobiose (60 mM), citrate-phosphate 
buffer (60 mM), and thioglycolate (8 mM), pH 6.0, was deoxy- 
genated with argon. The resting cells (20 mg) were added, and 
the mixture was incubated at 50 O C  anaerobically (deoxygenated 
with Ar). After 1 h, the immobilized phosphoglucomutase (20 
U, 0.5 mL of gel) was added and the mixture kept at the same 
temperature anaer~bically.'~ Aliquots were withdrawn periodi- 
cally, and G-6-P or G-1-P was determined.14 

Glucose 6-Sulfate (G-6-S). The procedure used was a 
modification of that described by Guiseley and Ruoff.6 Pyri- 

G-S-fOH 

NAD(P) = NAD(P)H 

\ 
0 

HO H 0 HO H -0,c -cog 
Phx D Ph"D ?),C+co; + 

02C H co, 
a Abbreviations: G-6-PDH, glucose-6-phosphate dehy- 

drogenase; HLADH, horse liver alcohol dehydrogenase; 
ICDH, isocitrate dehydrogenase. 

has been reported to  be a substrate for the glucose 6- 
phosphate dehydrogenase from L. me~en te ro ides .~  It is 
not an acid catalyst for the decomposition of NAD(P)H 
(Table 11). It is easily prepared6 by reaction of glucose 
and pyridine-sulfur trioxide' in DMF in 58% yield. After 
removal of DMF and pyridine, the resulting G-6-S solution 
is used directly for cofactor regeneration without further 
purification. 

The G-6-PDH from yeast is specific for NADP, but its 
specific activity in catalysis of the reduction of NADP by 
G-6-S is sufficiently high to  be useful (Table 111). The 
G-6-PDH from L. mesenteroides accepts both NAD and 
NADP, but specific activities with both cofactors are low. 
Nonetheless, i t  is possible to  carry out syntheses on the 
scale of 100 mmol with NAD-requiring enzymes by using 
G-6-S as a reducing agent. 

S c h t x e  I illustrates syntheses carried out to  demon- 
strate the practicality of these regeneration systems. Each 
was carried out on 100-mmol scale. The  (S)-benzyl-a-dl 
alcohol preparation utilized NAD; the threo-D,(+)-iso- 
citrate synthesis required NADP. The  turnover numbers 
(TN = moles of product produced per mole of cofactor 
present during the reaction) and residual activities of the 
cofactors remaining a t  the  conclusion of these reactions 
were TNN- = 1000 (90%) and TN"p = 1500 (84%). 
These values indicate good lifetimes for the cofactors. The 
enzymes used also proved stable and the yields of reaction 
products were high (see the Experimental Section). 

Discussion 
The combination of G-6-PDH from yeast and glucose 

6-sulfate provides a useful method for regenerating NAD- 
PH from NADP. Although the specific activity of the 
system comprising G-6-S/G-6-PDH (yeast) is less than 
that of G-6-P/G-6-PDH (L. mesenteroides), it is compa- 
rable with other regeneration systems such as formate/ 
formate dehydrogenase,8 dihydrogen/ hydrogena~e ,~  and 
combined electrochemical/ enzymatic systems.lOJ' It has 
two advantages over the G-6-P/GB-PDH system. Glucose 
6-sulfate is more easily prepared than glucose 6-phosphate. 
Because glucose 6-sulfate is inactive as an acid catalyst for 

~~ 

(5 )  Levy, H. R. Adu. Enzymol. 1979,48, 97. 
(6) Guiseley, K. B.; Ruoff, P. M. J .  Org. Chem. 1961, 26, 1248. 
(7) Fernelius, W. C. "Inorganic Synthesis'? McGraw-Hill: New York, 

1946; Vol. 2, p 173. 
(8) Shaked, Z.; Whitesides, G. M. J. Am. Chem. SOC. 1980,102,7104. 
(9) Wona, C. H.: Daniels, L.; Orme-Johnson, W. H.; Whitesides, G. M. 

J .  Am. Chem. SOC., in press. 

submitted. 

Chem., in press. 

(10) Shaked, 2.; Barber, J. J.; Whitesides, G. M. J.  Org. Chem. SOC. 

(11) DiCosimo, R.; Wong, C. H.; Daniels, L.; Whitesides, G. M. J .  Org. 

(12) Pollak, A.; Blumenfeld, H.; Wax, M.; Baugn, R. L.; Whitesides, 
G. M. J .  Am. Chem. SOC. 1980, 102, 6324. 

(13) Daniels, L.; Zeikus, J. G. Appl. Microbiol. 1975, 29, 710. 
(14) Bergmeyer, H. U. "Methods of Enzymatic Analysis"; Academic 

Press: New York, 1974. G-6-S was determined in the same way as G-6-P. 
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dinesulfur trioxide' (135 g, 0.85 mol) in Dh4F (700 mL) was added 
to a solution of glucose (156 g, 0.87 mol) dissolved in DMF (1 L) 
over 3 h at 25 "C. The mixture was stirred for another hour and 
concentrated in vacuo (0.1 mmHg) at 35-40 "C to remove DMF 
and pyridine. The oily residue was dissolved in water (1 L), 
adjusted to pH 7.5 (2 N KOH), and concentrated again to remove 
pyridine. The process was repeated until neutrality was per- 
manent (2-3 times). The aqueous solution (400 mL) contained 
0.5 mol of G-6-S14 (58% yield) and was used directly for the 
enzymatic syntheses. 

Glucose 6-Phosphate. Some methods for the preparation of 
G-6-P are summarized in Table I. The procedure for POCl,- 
lutidine was as follows. Triethyl phosphate (250 mL) and freshly 
distilled POCl, (18 mL, 200 mmol) were mixed at 0 "C. To this 
solution was added slowly 2,6-lutidine (20 mL, 200 mmol) with 
stirring over 15 min at  0 "C followed by addition of glucose (36 
g, 200 mmol). The reaction mixture was stirred at 25 OC for 5 
h. Aliquota were taken, diluted 10 times with water, and heated 
on a steam bath for 20 min. G-6-P was determined enzymati- 
cally." This assay showed that 32% of the glucose had been 
converted to G-6-P. If chloroform (80 mL) was used instead of 
triethyl phosphate, and glucose dissolved in DMF (36 g in 200 
mL) was added slowly (over 1 h) to the POC1,-lutidine solution, 
a 28% reaction yield was observed in 5 h. 

Synthesis of (S)-Benzyl-a-dl Alcohol. To a 1-L solution 
containing G-6-S (0.2 mol), MgSO, (3 mmol), NAD (0.16 mmol), 
@-mercaptoethanol (2 mmol), and 20 U each of immobilized 
G-6-PDH from L. mesenteroides (based on NAD and G-6-S as 

substrates, 10 mL of gel) and horse liver alcohol dehydrogenase 
(HLADH, based on benzaldehyde and NADH as substrates, 0.5 
mL of was added slowly benzaldehyde-a-dl (17.1 g, 0.16 
mmol)2 over 3-4 days. The solution was kept under argon at pH 
7.6.2 After 8 days, the reaction was complete and (S)-benzyl-a-dl 
alcohol was isolated as described previously:2 15 g, 130 mmol, 
81% yield, 95% ee. The turnover numbers (TN) and residual 
activities were as follows: NAD, lO00,90%; G-GPDH, 1.6 X loa, 
80% ; HLADH, 1 X lo', 78%. The TN for NAD is based on the 
quantity of NAD added at the beginning of the reaction, not the 
quantity lost during the reaction. 

Synthesis of threo-D,(+)-Isocitrate. A 1-L solution con- 
taining G-6-S (0.2 mol), a-ketoglutarate (0.15 mol), NaHCO, (0.2 
mol), MgClz (5 mmol), MnClz (1 mmol), NADP (0.1 mmol), 8- 
mercaptoethanol(2 mmol), and 80 U each of immobilized G-6- 
PDH from yeast (based on NADP and G-6-S as substrates, 3 mL 
of gel) and isocitrate dehydrogenase (ICDH, 12 mL of gel) was 
kept under C02  at pH 7.6 with stirring for 5 days, and isocitrate 
was isolated as ita barium salt as described previously? The solid 
(38 g) contained 94% of threo-D,(+)-isocitrate (91.5 mmol), 
corresponding to 61% yield. The TN and residual activities were 
as follows: NADP, 1500,84%; G-6-PDH, 5 X lo6, 81%; ICDH, 
1 X lo6, 84%. 

&&try NO. G-6-S,79084-12-1; G-6-P, 79101-58-9; NAD, 53-84-9; 
NADP, 53-59-8; NADH, 58-68-4; NADPH, 53-57-6; (S)-benzyl-a-dl 
alcohol, 3481-15-0; benzaldehyde-a-dl, 3592-47-0; barium threo-D,- 
(+)-isocitrate, 79120-64-2; a-ketoglutarate, 64-15-3. 
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The decomposition of triphenyl phosphite ozonide (TPPO) at or above -30 "C in the presence of a-phe- 
nyl-N-tert-butylnitrone (PBN) leads to a peroxyl radical spin adduct, providing experimental evidence for the 
existence of a biradical during the decomposition of TPPO. Benzoyl-tert-butyl nitroxide also is formed during 
the decomposition. Singlet oxygen generated at -78 "C from TPPO and methanol-pyridine oxidizes nitrones 
to the corresponding acyl nitroxides. This oxidation is inhibited by @-carotene. Spin adducts are not observed 
from the reaction of TPPO with olefins at temperatures below the decomposition temperatures of TPPO. 

Introduction 
Triphenyl phosphite ozonide (TPPO), formed during the 

low-temperature ozonation of triphenyl phosphite, is a 
well-known thermal source for singlet 0xygen.l On the  
basis of a study of the effects of substituents on the kinetics 
of decomposition, Stephenson and McClure2 proposed that 
at temperatures above -25 "C TPPO exists in equilibrium 
with the "ring-~pened"~ form (I), which subsequently loses 
singlet oxygen (eq 1). The  epoxidation of certain olefins4g5 

(1) For a recent review on the thermal sources of singlet oxygen, see 
Murray, R. W. In "Singlet Oxygen"; Wasserman, H. H., Murray, R. W., 
Eds.; Academic Press: New York, 1979; Chapter 3. 

(2) Stephenson, L. M.; McClure, D. E. J. Am. Chem. SOC. 1973, 95, 
3074. 

(3) (a) Stephenson and McClure chose not to speculate on the elec- 
tronic distribution in the "ring-opened" form, although the thermo- 
chemical calculations of Benson and Shadb are in agreement with a 
biradical structure. (b) Benson, S. W.; Shaw, R. In "Organic Peroxides"; 
Swern, D., Ed.; Wiley-Interscience: New York, 1970; Vol. 1, Chapter 2. 

(4) Murray, R. W.; Ramachandran, V.; Henirichs, T. A. J.  Am. Chem. 
SOC. 1979,101, 1282. 
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by TPPO has been attributed to  a biradical form of in- 
termediate (I) by Murray et al.4 

0 
,o, -25.C I 

( A r O I 3 P  + 0 )  -(ArO)3P, ,O ,= (ArO)3POO - 
I 0 

(Ar0)3P=O t '02 (1) 

Bartlett et aL6 have reported that TPPO reacts with 
olefins at low temperatures, where i t  is thermally stable, 
t o  give products that resemble those from the reaction of 
singlet oxygen with olefins. However a detailed study of 
the  distribution of products from different olefins led 

(5) Hamilton, G. A.; Keay, R. E. J.  Am. Chem. SOC. 1976, 98,6578. 
(6) (a) Bartlett, P. D.; Mendenhall, G. D. J.  Am. Chem. SOC. 1970,92, 

210. (b) Bartlett, P. D.; Mendenhall, G. D.; Schapp, A. P. Ann. NY Acad. 
Sci. 1970,171, 79. (c) Bartlett, P. D.; Schaap, A. P. J. Am. Chem. SOC. 
1970,92, 3223. 
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