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The enantiomer selectivity of HLADH with respect to various C2 ketones and the corresponding Cz alcohols 
waa examined and revealed that the enzyme exhibits a marked enantiomer selectivity opposite to the microbial 
“(P)-C2-ketone rule” found in Curvularia lunata and Rhodotorula rubra. 

Contrary to a vast accumulation of information on the 
stereochemistry of microbial reduction of numerous ke- 
tones with a variety of structural features, it seems rather 
surprising to realize that so small an effort has been ex- 
pended for exploring the microbiol stereodifferentiating 
reduction in cage-shaped compounds. 

Our continuing interests in the synthetic studies of 
high-symmetry, chiral (gyrochiral), cage-shaped com- 
pounds had provided us with a considerable collection of 
cage-shaped polycyclic ketones, and this prompted us to 
investigate the expected microbial stereodifferentiating 
reactions toward these substrates. 

To summarize the stereochemistry in microbial reduc- 
tion of a large number of racemic cage-shaped C1 ketones2 
with Curvularia lunata and Rhodotorula rubra, we have 
proposed3 a “quadrant rule” whose successful applications4 
have been reported from our laboratory. 

Our other efforts in studying the enantiomer selectivity 
of these microbes in a considerable number of C2 ketones2 
(Chart I),5 including Dwbisnoradamantanone (lK),  9- 
twist-brendanone (2K), D&rishomocubanone (3K), 4- 
C2-methanoditwistanone (4K), 2-brexanone (5K), and the 
biaryl bridged ketones 6 and 7, have been rewarded by our 
finding a microbial “(P)-C2-ketone rule”6 which states that 

(1) A preliminary account of this work has been published Nakazaki, 
M.; Chikamatsu, H.; Naemura, K.; Sasaki, Y.; Fujii, T. J. Chem. Soc.,  
Chem. Commun. 1980,626-7. 

(2) In this paper, ketones are conveniently classified according to their 
symmetry: C, ketones belong to the C, point group and have the plane 
of symmetry coincident with the carbonyl plane; Cz ketones belong to the 
Cz point group and have the Cs axis coincident with the carbonyl axis; 
Cl ketones belong to the C1 point group and have no symmetry element 
passing through the carbonyl axis. 

(3) (a) Nakazaki, M.; Chikamatsu, H.; Naemura, K.; Hirose, Y.; 
Shimizu, T.; Asao, M. J. Chem. SOC., Chem. Commun. 1978,668-70. (b) 
Nakazaki, M.; Chikamatsu, H.; Naemura, K.; Asao, M. J. Org. Chem. 

(4) (a) Nakazaki, M.; Chikamatsu, H.; Hirose, Y.; Shimizu, T. J. Org. 
Chem. 1979, 44, 1043-8. (b) Nakazaki, M.; Hirose, Y.; Shimizu, T.; 
Suzuki, T.; Ishii, A; Makimura, M. Ibid. 1980,45,1428-35. (c) Nakazaki, 
M.; Chikamatsu, H.; Fujii, T.; Nakatsuji, T. Ibid. 1981, 46, 585-9. 

(5) All atructural formulas with (+) or (-) specification in this paper 
are presented in their absolute configurations. 

1980,45, 4432-40. 

chart I 

1 K  x=O 2K X = O  3 K  X = O  

1 A  x=<EH 2 A  x = < Z H  3 A  X=<:H 

4 K  X = O  5K X = O  6 

4 A  X = < E H  5 A  x=<;“ 

7 8 K  X = O  9 
8 A  x = < ! ~  

both microbes selectively reduce the (P)-C2-ketone enan- 
tiomers, furnishing the corresponding (P)-C2 

An interesting stereochemical characteristic common to 
these favored cage-shaped (P)-C2 ketones 1K-4K is the 
7-bicyclo[2.2.l]heptone framework (shown with dotting 
in Chart I) with a (-goo, +20°, +55°)28 twist-boat cyclo- 
hexane moiety. 

(6) (a) Nakazaki, M.; Chikamatsu, H.; Naemura, K.; Nishino, M; 
Murakami, H.; b o ,  M. J. Chem. SOC., Chem. Commun. 1978,667-8. (b) 
Nakazaki, M.; Chikamatau, H.; Naemura, K.; Nishino, M.; Murakami, H.; 
Asao, M. J. Org. Chem. 1979,4.4,4588-93. 

(7) Although the alcohols corresponding to the Cz-ketone precursors 
do not belong to C, point group, these are conveniently called Cz alcohols 
in this paper. 

(8) Klyne, W.; Prelog, V. Ezperientia 1960, 16, 521-3. 
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Table I. Relative Rates of HLADH-Catalyzed 
Oxidoreduction of C, Ketones and C, Alcohols“ 
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re1 re1 
substr rate substr rate 

cyclohexanone 100 cyclohexanol 100 
(*)-1K 0.35 (*)-1A 11.4 
( t  )-(M)-1K (57%) 0.37 
(-)-(P)-1K (46%) 0.28 (+)-(P)-1A (52%) 5.7 
(i:)-2K 14.7 (*)-2A 32.3 
(-)-(M)-2K (81%) 24.0 (-)-(M)-2A (80%) 47.4 
(+ )-(P)-2K (99%) 3.9 (+ )-(P)-2A (50%) 22.7 
(i:)-3K 100 (*)-3A 20.25 
(-)-(M)-3K (63%) 128 (-)-(M)-3A (81%) 31.8 
(+)-(P)-3K (93%) 2.7 (t)-(P)-3A (23%) 11.4 

(-)-(M)-4K (100%) 9.7 
(+ )-(P)-4K (81 %) 0.13 
(*  )-5K 0.13 (t)-5A 0.4 
(f )-6K 0.61 

(i: )-4K 1.3 (i:)-4A 2.2 

(*  )-8K 0.17 (*)-8A 0.0 

a Reduction and oxidation rates were measured at  25 “C 
in M S@rensen phosphate buffer (pH 7.0) and M 
glycine-NaOH buffer (pH 9.0), respectively. 
optically active substrates, their M or P helicity and 
optical purity are indicated in parentheses. 

For the 

A natural extension of these studies led us to examine 
the expected Cpketone enantiomer selectivity of crystalline 
horse liver alcohol dehydrogenase (HLADH)9 whose ster- 
eoselectivity has been extensively studied by Prelog’s ETH 
group, leading to their proposal of the “diamond lattice 
section theory”.lOJ1 

Results and Discussion 
Kinetic Studies. The relative rates of HLADH-cata- 

lyzed oxidoreduction (eq 1) of the C, ketone and corre- 
sponding Cz alcohol substrates are summarized in Table 
I. 

Inspection of the Table I reveals two conspicuous fea- 
tures: (a) the relative rate of the Cz ketone substrates in 
this enzyme-mediated oxidoreduction is roughly parallel 
to that previously found in the microbial reduction with 
C. lunata and R. rubra, and (b) the enantiomeric C2 ke- 
tones and Cz alcohols with M helicity, opposite the mi- 
crobial reduction, are more readily converted into the 
corresponding metabolites than their enantiomers. 

While D3-trishomocubanone (3K) was found to be 
outstanding in its high reduction rate, comparable to cy- 
clohexanone and ita high enantiomer differentiation ratio 
(ca. 50:1), a slight structural deviation from it to give 4- 
Cz-methanoditwistanone (4K) provided a sharp decline in 
the reaction rate. Both Dzabisnoradamantanone (1K) and 
2-brexanone (5K) exhibited markedly low reaction rates, 
parallel to their reported reluctance in the microbial re- 
duction. 

(9) Abbreviations wed HLADH, horse liver alcohol dehydrogenase; 
NADH and NAD+, reduced and oxidized forms, respectively, of nicotin- 
amide adenine dinucleotide; FMN, flavin mononucleotide. 

(10) (a) Prelog, V. Acre Appl. Chem. 1964,s 119-30. (b) For a recent 
review, see: Jonea, J. B.; Beck, J. F. “Applications of Biochemical Systems 
in Organic Chemistry”; Jones, J. B., Sih, C. J., Perlman, D., Eds.; Wiley: 
New York, 1976; Part 1, pp 295-307. 

(11) For the recent applications of the “diamond lattice section 
theory” in preparative-scale optical resolution, see: (a) Irwin, A. J.; Jones, 
J. B. J.  Am. Chem. SOC. 1976,98,8476-82; (b) Irwin, A. J.; Jones, J. B. 
Zbid. 1977, 99, 556-61.; (c) Irwin, A. J.; Jones, J. B. Ibid. 1977, 99, 
1625-30; (d) Jones, J. B.; Goodbrand, H. B. Can. J. Chem. 1977, 55, 
2685-91; (e) Davies, J.; Jonea, J. B. J. Am. Chem. Soc. 1979,101,6405-10. 

Scheme I1 

A peculiar finding reported in our previous papers6 is 
complete immunity of 2-twistanone (8K) and 2-twist- 
brendanone (9) against the microbial reduction, and this 
is found also to be the case in HLADH-mediated oxido- 
reduction as indicated by the low reaction rates (Table I) 
observed in the ketone 8K and the corresponding alcohol 
8A. 

Our finding of this novel “(M)-Cz-ketone rule” in 
HLADH-mediated oxidoreduction prompted us to test its 
applicability in the preparative-scale optical resolution of 
these Cz ketones (Table 11). 

HLADH-Mediated Oxidoreduction in DM-Bisnor- 
adamantanone (1K) and D,Bisnoradamantanol(lA) 
(Schemes I and 11). Our previous paper6b has reported 
that 10 days of incubation (29 O C )  with a strain of C. 
lunata (IF0 6299) instead of our customary IF0 6288 
strain was required to recover a 20% yield of (+)-(M)- 
ketone 1K of a low optical purity (3%), and the same 
reluctance was also observed in the enzymatic process but 
with opposite stereochemical differentiation; 48 h of in- 
cubation of (f)-C2-ketone 1K in the phosphate buffer with 
HLADH and NADH at 20 “C furnished a 15% conversion 
which was found to be improved only to 16% after another 
74 h of incubation. 

Chromatography of the metabolite afforded a 25% yield 
of the recovered (-)-(P)-ketone 1K and an 8% yield of the 
(-)-(M)-alcohol 1A with 13% and 51% optical purities, 
respectively. 

A test-scale recycling experiment employing 0.1 molar 
equiv of NAD+ in conjuction with sodium dithionite gave 
a low conversion ratio (ti%), preventing us from trying this 
approach on a preparative scale. 

The enhanced enantiomer selectivity suggested by the 
kinetic data of the Cz-alcohol 1A (Table I) seemed to 
promise that the oxidative approach should be a practical 
process for optical resolution. 

The Cz-alcohol 1A was incubated with HLADH and 
NAD+ in the glycine-NaOH buffer until GLC monitoring 
indicated a 53% conversion (48 h), and separation of the 
metabolites furnished a 22% yield of the (+)-(M)-ketone 
1K and a 45% yield of the (+)+‘)-alcohol 1A with 57% 
and 52% optical purities, respectively. 

HLADH-Mediated Oxidoreduction of 9-twist- 
Brendanone (2K) and 9- twist-Brendanol (2A) 
(Schemes I and 11). The kinetic data in Table I sug- 
gested that the 9-oxygenated twist-brendane derivatives 
(2K and 2A) should be smoothly converted in both oxi- 
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Table 11. HLADH-Catalyzed Oxidoreduction of C, Ketones and C, Alcohols - 
optical purity, % (yield, %) reaction % con- 

substr coenzyme time, h version ketone alcohol 
1 (*)-lK NADH 48 
2 
3 
4 
5 
6 
7 
8 
9 
10 

(+ j-1A 
(+)-2K 
(+  )-2K 
(+)-2A 
(*)-3K 
(* )-3K 
(+) -3A 
(+)-4K 
(?))-4A 

NAD+ 
NADH 
NAD+ t Na,S,O, 
NAD+ + FMN 
NADH 
NAD+ t EtOH 
NAD+ + FMN 
NADH 
NAD+ t FMN 

Scheme I11 

Scheme IV 

48 
6 
5 

15 
2 
5 

52 
70 
96 

dative and reductive directions with high enantiomer se- 
lectivity. 

Incubation of the (f)-C,-ketone 2K with HLADH and 
NADH in the phosphate buffer was terminated after 6 h 
when GLC monitoring indicated a 47% conversion, and 
chromatography of the metabolite afforded a 33% yield 
of the (-)-(M)-alcohol2A and a 24% yield of the recovered 
(+)-(P)-ketone 2K with respective 73% and 90% optical 
purities. 

A reductive recycling run with sodium dithionite and 
0.1 molar equiv of NAD+ was found to recover the (+)- 
(P)-ketone 2K with an extremely high optical purity 
(-99%), and this can be compared with another recycling 
experiment using ethanol as the recycling reagent which 
afforded a 41% conversion with very poor enantiomer 
selectivity, furnishing (-)-(M)-2A and (+)-(P)-2K with 
respective 6.4% and 6.0% optical purities. 

A recycling enzymatic oxidation of the (*)-Cz-alcohol 
2A was performed with 0.12 molar equiv of NAD+ and 2 
molar equiv of FMN; the incubation was terminated after 
15 h when GLC monitoring indicated a 61% conversion 
to furnish a 45% yield of (-)-(M)-ketone 2K with 32% 
optical purity and a 35% yield of the (+)-(P)-2A with 50% 
optical purity, demonstrating again the (M)-ketone supe- 
riority in the enzymatic processes. 

HLADH-Mediated Oxidoreduction in D3-Tris- 
homocubanone (3K) and D3-Trishomocubanol(3A) 
(Schemes I11 and IV). As its high reduction rates in- 
dicate (Table I), a 2-h incubation of (f)-D3-trishomo- 
cubanone (3K) with HLADH and NADH in the phosphate 
buffer was found enough to give a 52% conversion, af- 
fording a 40% yield of the (-)-(M)-C2-alcohol 3A (76% 
optical purity) and a 32% yield of the recovered (+)- 
(P)-ketone 3K (93% optical purity). 

15 
53 
47 
56 
61 
52 
38 
32 
43 
40 

13 (25), (-)-P 

90 (24), ( t )-P 
99 (25), (+)-P 
32 (45), (-)-M 
93 (32), ( t ) - P  
59 (36), ( t )-P 
63 (18), (-)-M 
81 (42), ( t ) -P  

57 (22), (t )-M 

100 (34),  (-)-M 

51 (81, (-1-M 

73 (33), (-)-M 
52 (45), (t)? 

63 (39), (-)-A4 
5 0 ( 3 5 ) , ( t ) - P  
76 (40), (-)-A4 
81 (31), (-)-A4 
23 (54), ( t )-P 
96 (35), (-)-M 
76 (46), ( t )-P 

After an unsuccessful reductive recycling experiment 
with sodium dithionite to yield only 16% conversion, 
ethanol was employed as the recycling reagent together 
with 0.1 molar equiv of NAD+. The incubation was 
quenched after 5 h when GLC monitoring indicated a 38% 
conversion, and separation of the metabolites proved this 
process to be a practical one, affording a 31% yield of 
(-)-(M)-3A (81% optical purity) and a 36% yield of 
(+)-(P)-3K (59% optical purity). 

The kinetic data in Table I predict that, contrary to the 
reductive direction, the HLADH-catalyzed oxidation of 
(f)-D3-trishomocubanol (3A) will be sluggish with poor 
enantiomer selectivity. When the (f)-Cz-alcohol 3A was 
incubated with HLADH, NAD', and the recycling reagent 
FMN in the glycine-NaOH buffer for 52 h, there was 
isolated a 18% yield of the (-)-(M)-Cz-ketone 3K and a 
54% yield of the (+)-(P)-Cz-alcohol 3A, both with rather 
poor optical purities (63% and 23%, respectively). 

HLADH-Mediated Oxidoreduction of 4- Cz- 
Methanoditwistanone (4K) and 4- Cz-Methano- 
ditwistanol (4A) (Schemes I11 and IV). Our recent 
microbial reduction of 4-Cz-methanoditwistanone (4K) 
with R. rubralZ has revealed that the reaction was slow and 
required 238 h of incubation before a 40% conversion was 
achieved, furnishing a 10% yield of the (+)-(P)-alcohol4A 
and a 23% yield of the recovered (-)-(M)-ketone 4K, both 
with very poor optical purities. 

The same reluctance to conversion, but with a surpris- 
ingly high and opposite enantiomer selectivity, was ob- 
served in the HLADH-catalyzed oxidoreduction of the 
4-oxygenated Cz-methanoditwistanes. 

Incubation of (f)-C,-ketone 4K with HLADH and 
NADH in the phosphate buffer for 70 h gave a 43% con- 
version, and chromatography of the metabolite mixture 
furnished a 35% yield of the (-)-(M)-Cz-alcohol 4A and 
a 42% yield of the recovered (+)-(P)-Cz-ketone 4K with 
96% and 81% optical purities, respectively. 

While a reductive recycling experiment with sodium 
dithionite gave only a 12% conversion after 43 h of incu- 
bation, an oxidative recycling experiment with coenzyme 
FMN proved this process to be successful in both the yield 
and optical purity of the isolated metabolites; incubation 
of (f)-4-Cz-methanoditwistano1 (4A) with 0.1 molar equiv 
of NAD+ and 2 molar equiv of FMN for 96 h gave a 40% 
conversion, and separation of the metabolites furnished 
a 34% yield of the (-)-(M)-Cz-ketone 4K and a 46% yield 
of the recovered (+)-(P)-Cz-alcohol 4A with respective 
100% and 76% optical purities. 

Experimental Section 
Optical rotations were measured with a JASCO-DIP-SL po- 

larimeter, and circular dichorism (CD) spectra were taken on a 
~~ 

(12) Nakazaki, M.; Naemura, K.; Chikamatau, H.; Iwaeaki, M.; Hash- 
imoto, M. Chem. Lett. 1980, 1571-2. 
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JASCO-J-40 spectropolarimeter. GLC analyses were performed 
on a JGC-2OK equipped with a FID and using a 2 m X 3 mm 
column of 10% Carbowax 20M on Chromosorb W. Preparative 
TLC was carried out with silica gel 60 P F W + S  (Merck). 

HLADH was purchased from Boehringer (Mannheim) as a 
crystalline suspension in phosphate buffer containing 10% EtOH; 
NAD+ and NADH were also obtained from the same manufac- 
turer. The enzyme suspension was freeze-dried to a powder 
immediately before each experiment. 

All melting points were measured in sealed tubes and are 
uncorrected. 

General Procedure for the Preparative-Scale HLADH- 
Catalyzed Oxidoreduction. While the reduction experiments 
were carried out in l / lb  M Srarensen phosphate buffer solution 
(pH 7.0), the oxidation experiments were performed in 0.05 M 
glycine-NaOH buffer solution (pH 9.0). The reactions were 
monitored by GLC, and the incubations (20-25 "C) were ter- 
minated when monitoring indicated a ca. 1:l ratio of alcohol to 
ketone in the reaction mixture. Extraction of the mixture with 
ether was followed by drying with MgS04, and removal of the 
solvent left a residue whose preparative TLC, when eluted with 
CHC13-MeOH (1003), furnished ketone and alcohol fractions. 
The separated metabolites were purified through sublimation in 
vacuo (20-30 mm). 

Kinetic Studies. The reductive runs were carried out in 
M Srarensen phosphate buffer (pH 7.0) containing NADH (1.8 
X lo4 M) and the substrate ketone (3.6 X lo-' M for 1K3K, 5K, 
and SK and 1.7 X lo4 M for 4K). Because of its poor solubility, 
the bridged biphenyl ketone 6K was f i t  dissolved in a minimum 
amount of dioxane and then brought into the buffer solution to 
give a 3.5 X lo-' M solution. The oxidative runs were performed 
in 0.05 M glycine-NaOH buffer (pH 9.0) containing NAD+ (5.0 
X lo-' M) and the substrate alcohol (3.4 X lo4 M for 1A-3A, 5A, 
and SA and 1.75 X lo4 M for 4A). 

The reaction was initiated by adding a 100-/~L aliquot of 
HLADH stock solution (1 mg/l mL in 0.05 M Tris-HC1 buffer, 
pH 7.4) to the assay solution to make a final solution of 3 mL 
in a 1-cm path length cuvette. 

The absorbance change was monitored at 340 nm at 25 "C, and 
for each compound a reference assay was performed on a solution 
containing the same concentration of cyclohexanone or cyclo- 
hexanol. 

D2d-Bisnoradamantanone (1K) and  Dad-Bisnor- 
adamantanol(1A). Reduction of 1K with HLADH-NADH. 
The racemic ketone lK13 (mp 103-105 "C; 100 mg, 0.82 mmol) 
and NADH (650 mg, 0.87 mmol) were dissolved in lo00 mL of 
the Srarensen buffer solution. HLADH (8 mg) was then added, 
and the mixture was incubated at 20 "C for 48 h. Workup of the 
metabolite mixture whose GLC showed 15% reduction gave the 
following materials. (a) (-)-DwBisnoradamantanone OK): 25 
mg (25% yield); mp 107 OC; [a]"D -10.1' (c 0.43, EtOH); optical 
purity 12.8%. Anal. Calcd for C&IlOO: C, 78.65; H, 8.25. Found 
C, 78.39; H, 8.25. (b) (-)-Du-Bisnoradamantanol (lA):" 8 mg 
(8% yield); mp 119-121 "c; -28.0" (c 0.41, CHCI,); optical 
purity 51.4%. Anal. Calcd for C$IlzO; C, 77.37; H, 9.74. Found 
C, 76.90; H, 9.71. 

Oxidation of 1A with HLADH-NAD'. The racemic alcohol 
lA13 (mp 119-123 "C; 200 mg, 1.16 "01) was dissolved in lo00 
mL of the glycine-NaOH buffer solution, and NAD+ (1.12 g, 1.64 
mmol) and HLADH (20 mg) were added. After 48 h at 20 "C 
when GLC showed 53% oxidation, the reaction was worked up 
to give the following materials. (a) (+)-Ketone 1K: 43.7 mg (22% 
yield); mp 104-106 "c; [a]'$ +45.2" (c 0.54, EtOH); o p t i d  purity 
57.2%. Anal. Calcd for C8HlOO: C, 78.65; H, 8.25. Found: C, 
78.70; H, 8.30. (b) (+)-Alcohol 1A: 89.7 mg (45% yield); mp 
97-100 OC; [.]'*D +28.1" (c 0.72, CHCI,); optical purity 51.6%. 
Anal. Calcd for C8HI20: C, 77.37; H, 9.74. Found: C, 76.54; H, 
9.77. 

(13) Sauers, R. R.; Kelly, K. W.; Sickela, B. R. J. Org. Chem. 1972,37, 
537-43. 

(14) When coupled with the reported +79O of the ketone 1K,16 
Jones oxidation of a specimen of (+)-alcohol 1A ([a]D +28.1°) to the 
(-)-(PI-ketone 1K ([a]D -40.8'; aee Experimental Section) established the 
absolute configuration of (+)-1A and ita [a]D b of +54.5O. 

(15) Nakazaki, M.; Naemura, K.; Arashiba, fi. J.  Org. Chem. 1978,43, 
88a-91. 

J. Org. Chem., Vol. 46, No. 13, 1981 2729 

Jones Oxidation of (+)-DwBisnoradamantanol (1A). The 
(+)-alcohol 1A (50 mg; [a]'$ +28.1") was dissolved in 4 mL of 
acetone and treated with 0.5 mL of 8 N Jones reagent at  0 "C. 
The routine procedure gave a crystalline product which was 
sublimed in vacuo [60-65 "C (20 mm)] to afford (-)-ketone 1 K  
28.9 mg (59% yield); mp 96-97 "c; [alPD -40.8O (c 0.42, EtOH); 
optical purity 51.6%; CD (c 1.54 X lo4 M, isooctane) [el, -6.89 
x lo3. Anal. Calcd for CSHl00: C, 78.65; H, 8.25. Found: C, 
78.09; H, 8.28. 

9-twist-Brendanone (2K) and 9- twistBrendano1 (2A). 
Reduction of 2K with HLADH-NADH. After the racemic 
ketone 2Als (mp 164-169 "C; 60.2 mg, 0.44 mmol) was dissolved 
in 600 mL of the Srarensen buffer solution, HLADH (6 mg) and 
NADH (330.5 mg, 0.44 mmol) were added, and the mixture was 
incubated for 6 h at 21 "C. Workup of the metabolite mixture 
whose GLC indicated 47% reduction yielded the following me- 
tabolites. (a) (+)-g-twist-Brendanone (2K): 14.3 mg (24% yield); 
mp 154-157 "c; [a]"OD +253.0" (c 0.27, MeOH); optical purity 
90%. And  Calcd for C$IlZO: C, 79.37; H, 8.88. Found C, 79.17; 
H, 8.92. (b) (-)-9-twist-Brendanol(2A): 20 mg (33% yield); mp 

Anal. Calcd for CSH1,0: C, 78.21; H, 10.21. Found: C, 78.03; 
H, 10.08. 

Reduction of 2K with HLADH-NAD+-Na2S204. The ra- 
cemic ketone 2K (100.4 mg, 0.74 mmol), NAD+ (61.5 mg, 0.09 
mmol), and NazSz04 (8.7 g, 0.05 mol) were dissolved in 500 mL 
of the Smensen buffer solution. HLADH (16 mg) was then added, 
and the mixture was incubated at 22 "C for 5 h. Workup of the 
metabolite mixture whose GLC indicated 56% reduction yielded 
the following metabolites. (a) (+)-Ketone 2K: 24.6 mg (25% 
yield); mp 162-168 "c; [a]'$ +28O.Oo (c 0.28, MeOH); optical 
purity 99%. Anal. Calcd for C$II2O: C, 79.37; H, 8.88. Found: 
C, 79.41; H, 9.01. (b) (-)-Alcohol 2A: 40.0 mg (39% yield); mp 
174.5-178 "C; [ a IB~  -166.0" (c 0.90, MeOH); optical purity 63.4%. 
Anal. Calcd for CgH140: C, 78.21; H, 10.21. Found: C, 78.04; 
H, 10.23. 

Oxidation of 2A with HLADH-NAD+-FMN. The racemic 
alcohol 2A16 (mp 163-170 "C; 100 mg, 0.73 mmol), NAD+ (60 mg, 
0.088 mmol), and FMN (724 mg, 1.46 mmol) were dissolved in 
500 mL of the glycine-NaOH buffer solution, and oxidation was 
initiated by addition of HLADH (8.5 mg). Incubation at  22 "C 
was terminated after 15 h when GLC monitoring indicated 61 % 
oxidation, and workup of the metabolite mixture afforded the 
following materials. (a) (-)-Ketone 2K: 45 mg (45% yield); mp 
168.5-172 "c; [a]"D -90.1" (c 0.49, MeOH); optical purity 32%. 
Anal. Calcd for CgHl20: C, 79.37; H, 8.88. Found: C, 79.10; H, 
8.97. (b) (+)-Alcohol 2A: 35 mg (35% yield); mp 176.5-179 OC; 
[aImD +131.O0 (c 0.4, MeOH); optical purity 50%. Anal. Calcd 
for CsH1?O C, 78.21; H, 10.21. Found: C, 78.23; H, 10.24. 

D3-Trishomocubanone (3K) and D,-Trishomocubanol 
(3A). Reduction of 3K with HLADH-NADH. The racemic 
ketone 3K" (mp 163-164 "C; 62 mg, 0.387 mmol) and NADH 
(296.3 mg, 0.40 mmol) were dissolved in 600 mL of the Srarensen 
buffer solution, and HLADH (8 mg) was added to initiate the 
reaction. The mixture was incubated at 23 "C, and the reaction 
was terminated after 2 h when GLC monitoring indicated 52% 
reduction of the substrate ketone. Workup of the mixture gave 
the following materiak. (a) (+)-D3-Trishomocubanone (3K): 20 
mg (32% yield); mp 163-164 "c; [a]"D +82.4" (c  0.36, EtOH); 
optical purity 93%. Anal. Calcd for ClIHlZ0: C, 82.46; H, 7.55. 
Found: C, 82.70; H, 7.51. (b) (-)-D3-Trishomocubanol (3A): 25 
mg (40% yield); mp 167-168 "c; [a]"D -116.0' (c 0.52, EtOH); 
opitcal purity 76%. Anal. Calcd for C11H140: C, 81.44; H, 8.70. 
Found: C, 81.64; H, 8.65. 

Reduction of 3K with HLADH-NAD+-EtOH. After the 
racemic ketone 3K (96.8 mg, 0.60 "01) and NAD+ (44.6 mg, 0.065 
"01) were dissolved in lo00 mL of the Ssrensen buffer solution, 
HLADH (16 mg) and EtOH (0.2 mL) were added. The reaction 
mixture was incubated at 22 "C until GLC monitoring indicated 
38% reduction of the substrate ketone (5 h), and workup of the 
metabolite mixture afforded the following materials. (a) (+I- 
Ketone 3K: 35 mg (36% yield); mp 163-164 "c; [.]23'bD +52.3" 

177.5-179 "C; [CY]~D -190.0" (C 0.32, MeOH); o p t i d  purity 72.5%. 

(16) Sauers, R. R Whittle, J. A. J.  Org. Chem. 1969, 34, 357!3-82. 
(17) Nakazaki, M.; Naemura, K.; Arashiba, A. J.  Org. Chem. 1978,43, 

689-92. 
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(c 0.47, EtOH); optical purity 59%. Anal. Calcd for C11H120: 

30 mg (31% yield); mp 166-167 "C; [cx]~D -122.4" (c 0.465, EtOH); 
optical purity 81%. Anal. Calcd for Cl1Hl10: C, 81.44; H, 8.70. 
Found: C, 81.21; H, 8.58. 

Oxidation of 3A with HLADH-NAD+-FMN. The racemic 
alcohol 3A" (mp 155-160 OC; 101.5 mg, 0.63 mmol), NAD+ (42.7 
mg, 0.063 m o l ) ,  and FMN (620 mg, 1.25 mmol) were dissolved 
in lo00 mL of the glycine-NaOH buffer solution. The reaction 
was initiated by adding HLADH (8 mg) and was allowed to 
proceed at  20 "C. The GLC monitoring of the process showed 
32% oxidation of the substrate alcohol after 52 h of incubation. 
The reaction was terminated, and workup of the metabolite 
mixture gave the following materials. (a) (-)-Ketone 3 K  18 mg 
(18% yield); mp 162-163 OC; [.Iz1D -55.3" (c  0.33, EtOH); optical 
purity 63%. Anal. Calcd for Cl1Hl2O C, 82.46, H, 7.55. Found 
C, 82.12; H, 7.65. (b) (+)-Alcohol 3A: 55 mg (54% yield); mp 
166-168 "C; [cxI2l~ +34.6" (c 0.50, EtOH); optical purity 23%. 
Anal. Calcd for C11H140: C, 81.44; H, 8.70. Found: C, 81.41; 
H, 8.71. 

4- C2-Methanoditwistanone (4K) and 4-Ca-Methano- 
ditwistanol (4A). Reduction of 4K with HLADH-NADH. 
The racemic ketone 4K14 (mp 111-113 "C; 70.0 mg, 0.37 mmol) 
dissolved in 700 mL of the Sarensen buffer solution was treated 
with NADH (286 mg, 0.38 mmol) and HLADH (16 mg) at 22 "C. 
After 70 h when GLC monitoring indicated 43% reduction of the 
starting material, the incubation was terminated, and workup of 
the mixture afforded the following metabolites. (a) (+)-4-C2- 
Methanoditwistanone (4K):18 29.4 mg (42% yield); mp 116-118 

C, 82.46; H, 7.55. Found: C, 82.18; H, 7.46. (b) (-)-Alcohol 3A: 

"c; [ a ] " ~  +206.4' (C 0.265, EtOH); optical purity 81%; CD (C 

(18) For the absolute configuration and the absolute rotation of 4- 
C2-methanoditwistanone (410 and the corresponding alcohol (4A), see 
ref 12. 

5.3 X lo4 M, isooctane) [e],, -7.64 X lo3. Anal. Calcd for 
ClsHlsO: C, 82.93; H, 8.57. Found C, 82.96; H, 8.59. (b) (-)- 
4-CzMethanoditwistanol (4A):18 24.5 mg (35% yield); mp 112-113 

for CI3Hl80: C, 82.06; H, 9.54. Found C, 82.07; H, 9.60. 
Oxidation of 4A with HLADH-NAD+-FMN. The racemic 

alcohol 4A12 (mp 101-102 "C; 50.6 mg, 0.265 mmol), NAD+ (18.7 
mg, 0.0274 mmol), and FMN (272 mg, 0.55 mmol) were dissolved 
in 600 mL of the glycine-NaOH buffer solution. HLADH (9.7 
mg) was added, and the reaction was allowed to proceed at  25 
OC until GLC monitoring indicated 40% oxidation of the substrate 
alcohol (96 h). Workup of the metabolite mixture gave the fol- 
lowing materials. (a) (-)-Ketone 4 K  17 mg (34% yield); mp 

Anal. Calcd for C13H16O: C, 82.93; H, 8.57. Found: C, 82.91; 
H, 8.54. (b) (+)-Alcohol 4A: 23 mg (46% yield); mp 111-112.5 

for CI3Hl8O: C, 82.06; H, 9.54. Found: C, 82.11; H, 9.52. 
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o-Bromo- and o-iodostyrene oxides are converted in fair to good yield to benzocyclobutenols upon treatment 
with n-BuLi and MgBrz in THF or ether at -78 "C, followed by warming to room temperature. The reaction 
involves initial halogen-lithium exchange followed either by MgBr2-initiated opening of the epoxide function 
to a haloalkoxide or rearrangement of the epoxide function to a ketone or aldehyde followed by cyclization. 
Benzocyclobutenol formation was not successful in the case of o-halostilbene oxides. 

We recently reported a new route to benmcyclobutenol 
(1) based on o-bromo- or o-iodostyrene oxide 2 as starting 
material.' This interconversion involved a halogen-lith- 
ium exchange between 2 and n-butyllithium in THF at -78 
"C to generate the lithiated epoxide 3, followed by either 
a MgBr2-mediated rearrangement to the metalated phe- 
nylacetaldehyde 4 or an opening to the bromoalkoxide 5, 
and subsequent cyclization (Scheme I). Several other 
o-halostyrene oxides were also converted into benzo- 
cyclobutenols. In some examples, including the conversion 
of 2 to 1, both mechanistic pathways occurred simulta- 
neously while in others the rearrangement route was 
dominant. 

Benzocyclobutenes in genera12i3 and benzocyclobutenols 
(the Chemical Abstracts nomenclature for benzocyclo- 

(1) K. L. Dhawan, B. D. Gowland, and T. Durst, J.  Org. Chem., 45,922 
(1980). 

(2) W. Oppolzer, Synthesis, 793 (1978). 
(3) T. Kametani, H. Nemoto, H. Ishikawa, K. Shiroyama, H. Matsu- 

moto, and K. Fukumoto, J. Am. Chem. SOC., 99,3461 (1977); T. Kame- 
tani, H. Matsumoto, H. Nemoto, and K. Fukumoto, ibid., 100, 6218 
(1978). 
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2a, X =  Br 
b, X =  I 

5 

5@? 4 \  

3 

1 

butenol is bicyclo[4.2.0]octa-1,3,5-trien-7-ol; for conven- 
ience the benzocyclobutenol nomenclature together with 
the numbering shown in structure 1 has been adopted) in 
particular4 have been shown to be valuable intermediates 
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