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N . .  C'ommuntcations 
Enzyme-Catalyzed Organic Synthesis: 
Electrochemical Regeneration of NAD(P)H from 
NAD(P) Using Methyl Viologen and Flavoenzymes 

Summary: A procedure for enzyme-catalyzed organic 
synthesis is described in which regeneration of NAD(P)H 
from NAD(P) is accomplished by the electrochemical re- 
duction of oxidized to reduced methyl viologen (MV2+ - 
MV1+) followed by flavoenzyme-catalyzed reduction of the 
nicotinamide cofactor by this MV1+ (Scheme I). 

Sir: Direct electrochemical methods for reduction of 
NAD(P) to NAD(P)H have not proved sufficiently selec- 
tive for reduction at  the 4-position to  give high turnover 
numbers (TN) for these A combined elec- 
trochemical/enzymatic method based on cathodic reduc- 
tion of lipoamide and lipoamide dehydrogenase (LipDH, 
EC 1.6.4.3) catalyzed reduction of NAD gave TN e 900: 
and hydrogenase-catalyzed reduction of Mv2+ by H2 com- 
bined with lipoamide dehydrogenase or ferredoxin re- 
ductase (FDR, EC 1.6.99.4) catalyzed reduction of NAD(P) 
gave similar values? Although the use of electrochemically 
generated MV" to produce NADPH from NADP via re- 
action with FDR has been reported previ~usly,"?~ appli- 
cation of this redox cycle to regeneration of NAD(P)H for 
practical organic synthesis has not been described; here 
we report such a procedure. 

Reactions were performed under argon in a 1-L three- 
necked flask containing a magnetic stirring bar and a 
working electrode of 10 m of coiled tungsten wire8 (0.020-in. 
diameter, N 160-cm2 surface area). The counter electrode 
was a 2 X 5-in. section of 80-mesh platinum gauze and was 
separated from the working solution in a glass tube sealed 
to a fine-porosity sintered glass frit inserted through the 
center neck of the flask. The reference electrode (SCE) 
was isolated from the working solution in the same manner. 
The total charge passed during electrolyses was determined 
by graphical integration of the recorded current-time 
curve. Current efficiency was calculated by subtraction 
of the integrated background currentg from the total in- 
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tegrated current and comparison of this value with the 
value calculated for the amount of product present, de- 
termined by enzymatic assay. 

In a typical procedure, a 600-mL solution containing 
imidazole (0.2 g, 3 mmol, pH 8.0), sodium pyruvate (10 g, 
91 mmol), NAD (0.090 mmol, 0.15 mM), 1,l'-dimethyl- 
4,4'-bipyridinium dichloride (MV2+, 0.31 g, 1.2 mmol), 
8-mercaptoethanol(O.94 g, 1.2 mmol), and K#04 (5.23 g, 
30 mmol) was added to a flask containing LipDH (from 
pig heart, 1400 U, immobilized in 50 mL of PAN gello) and 
D-laCtate dehydrogenase (D-LDH, EC 1.1.1.28,30 U, 1 mL 
of gel).lo The counterelectrode and reference electrode 
compartments were fded with 50 mM K#04 solution, and 
the three compartments were deoxygenated with ultrahigh 
purity argon for 30 min. The potential of the tungsten 
working electrode was adjusted to -0.72 V" (vs. SCE) and 
the reaction mixture was stirred at  ambient temperature, 
while the solutions in both the counterelectrode and 
working electrode Compartments were continuously purged 
with argon. After 9 days, the reaction was 94% complete 
and Dlactate was isolated as ita calcium salt (as described 
previously12 but with CaC03 instead of ZnC03). A white 
crystalline material (11.4 g) composed of 94% Ca(D-laC- 
tate)&HzO (36.9 mmol) and 3% Ca(~-lactate)~.5H~O was 
obtained, corresponding to an 81% yield and 94% ee.12 
Turnover numbers (and residual activities) for cofactor and 
enzymes were as follows: NAD, 940 (51%); LipDH, 5.4 X 
105 (66%); DLDH, 3.5 X lo7 (84%). The current efficiency 
was 104 f 10%. 

The preparation of D-lactate was repeated with FDR 
instead of LipDH. A 600-mL solution containing Na2S04 
(8.5 g, 60 mmol), imidazole (0.2 g, 3 mmol, pH 8.0), sodium 
pyruvate (13.2 g, 120 mmol), NAD (0.2 mM), MV2+ (0.23 
g, 0.91 mmol), @-mercaptoethanol (94 mg, 1.2 mmol), 
PAN-immobilized FDR (300 U, 90 mL of gel),I3 and D-L- 
DH (30 U, 1 mL of gel)lo was electrolyzed as previously 
described. The reaction was 90% complete in 14 days, and 
calcium D-lactate was isolated as a white solid (14.2 g) in 
77% yield based on pyruvate and 94% ee. Turnover 
numbers (and residual activities) for cofactor and enzymes 
were as follows: NAD, 900 (20%); FDR, 7.3 X lo6 (60%); 
D-LDH, 2.2 X lo7 (64%). The current efficiency was 103 
f 10%. 

Regeneration of NADP was demonstrated by the syn- 
thesis of L-glutamate from a-ketoglutarate. The recovered 
gel from the FDR/D-LDH reactor was added to a solution 
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Scheme I. Electrochemical Regernation of NAD(P)H" 
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Abbreviations: MV, methyl viologen; FDR, ferre- 

doxin-NADP reductase; LipDH, lipoamide dehydro- 
genase; D-LDH, D-lactate dehydrogenase; GluDH, glu- 
tam ic dehydrogenase. 

(total volume 600 mL) containing sodium a-ketoglutarate 
(20 g, 120 mmol, neutralized with -13 mL of 10 N 
NH40H), NADP (0.12 mmol, 0.2 mM), MV2+ (0.31 g, 1.2 
mmol), 0-mercaptoethanol(O.94 g, 1.2 mmol), Na2S04 (4.2 
g, 30 mmol), and glutamic dehydrogenase (GluDH, EC 
1.4.1.3,40 U, 1 mL of gel). The pH was controlled a t  8.0 
by adding deoxygenated 1 N H2S04 with a peristaltic 
pump. The reaction was complete in 7 days. The decanted 
solution was concentrated to -100 mL and the pH ad- 
justed to 6.5, followed by addition of ethanol (60 mL). 
Crystalline monosodium L-glutamate (17.8 g) was obtained 
after cooling. This material contained 96% of monosodium 
L-glutamate (101 corresponding to a 84% isolated 
yield. The turnover numbers (and residual activities) for 
cofactor and enzymes were as follows: NADP, lo00 (68%); 
GluDH, 1.1 X lo7 (92%); FDR, 7.5 X lo6 (80%). The 
current efficiency was 105 f 10%. 

The relative activities of flavoenzymes for NADH re- 
generation under the conditions employed in these reac- 
tions were LipDH (yeast)/LipDH (pig heart)/FDR = 1:47 
[ca. 3 pmol of NAD reduced min-' (mg of FDR)-']. 
FDR-catalyzed NADPH regeneration is 5 times as fast as 
the reaction using FDR-catalyzed NADH regeneration, 
while LipDH-catalyzed NADPH regeneration is 10% as 
fast as that for NADH regeneration. Under the reaction 
conditions studied, FDR is more stable = 16 days) 
than LipDH = 7 days). 

The electrochemical method for NAD(P)H regeneration 
summarized in Scheme I is more convenient than that 
based on hydrogenase? since hydrogenase is not com- 
mercially available and requires a nonroutine fermentation 
for its preparation. In both schemes, LipDH has relatively 
low stability and catalytic activity (-1 U/mg, 2 mM W+, 
pH 7.8, -0.72 V vs. SCE); FDR is more expensive but more 
stable and active (-3 U/mg under the same conditions). 
The overall reaction rate in systems using FDR or LipDH 
is limited by the reduction of NAD(P) by MV'+ under 
FDR or LipDH cataly~is.'~ Increasing the concentration 
of MV'+ increases this rate but may lead to increased side 
reactions. 
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Biomimetic Approaches to Morphine Alkaloids. 
Total Synthesis of (f)-2-Hydroxycodeine and 
(f )-Noroxycodone' 

Summary: Oxidative coupling of a triphenolic hydroxy- 
norreticuline substrate with VOC& affords the corre- 
sponding 2-hydroxynorsalutaridine derivative in good 
yield; the latter is readily converted to the title compounds 
via (f)-N-(ethoxycarbonyl)-2-hydroxynorthebaine. 

Sir: The key step in the biosynthesis of the morphine 
alkaloids is the regioselective para-ortho oxidative cycli- 
zation of reticuline (1) to salutaridine (2).2 The discovery 
in our laboratory that oxidative coupling of the reticuline 
derivative 3 with thallium(II1) trifluoroacetate gave the 
salutaridine 4 as the major product resulted in the first 
biomimetic synthetic route to these alkaloids3 and was 
latter extended to yield some morphine alkaloid ana- 
l ogue~ .~  Szh tay  and co-workers very recently reported 
remarkable success in achieving the same regioselectivity 
with a variety of oxidants in the presence of certain organic 
acids.5 
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