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methane was added slowly until a yellow solution persisted. The excess
diazomethane was quenched with acetic acid, and the solvent was re-
moved at reduced pressure. The pale yellow oil obtained was crystallized
from methanol/water to give 180 mg (90%) of white crystals, mp 88-90
°C. The spectral data were the following: 'H NMR (CDCl;, 300 MHz)
51.06(s,3H),1.12(d, | H,J =144 Hz),1.17 (d, 2H,J = 12.5 Hz),
1.20 (s, 3 H), 1.26 (s, 3 H), 1.53 (d, 1 H, J = 13.1 Hz), 2.03 (s, 3 H),
275(d, 1 H,J =129 Hz),2.80(d, | H, J=13.2Hz),2.95(dd, | H,
Jy =59Hz, J, = 8.6 Hz), 3.44 (dd, | H, J, = 8.10 Hz, J, = 6.4 Hz),
3.60 (s, 3 H), 5.25 (dd, | H, J, = 5.9 Hz, J, = 2.10 Hz), 7.22 (m, 5 H);
IR (CH,Cl,) 2966, 2932, 1728, 1680, 1496, 1462, 1429, 1383, 1319,
1207, 1169, 1093, 1020, 736, 702 cm™'; MS m/e 399 (M), 356, 340,
296, 268, 212, 194, 181 amu; HRMS for C,3;H,NO; caled 399.2046,
found 399. 2046.

Imide Methyl Ester 5b. This compound was synthesized and purified
by use of the same conditions as those used for 5a. The yield was 75%;
mp 98-100 °C. The spectral data were the following: 'H NMR (CDCl;,
300 MHz) 6 0.75(d, 3 H, J = 6.8 Hz), 0.93 (d, 3 H, J = 6.7 Hz), 1.2
(d, 2 H, J = 14.8 Hz), 1.22 (s, 3 H), 1.27 (s, 3 H), 1.31 (s, 3 H), 1.37
(d, 1 H,J=13.2 Hz), 1.98 (d, | H,J = 13.23 Hz), 2.12 (s, 3 H), 2.49
(m, 1 H),2.79 (d, | H, J = 14.5Hz), 2.86 (d, | H, J = 14.3]1 Hz), 3.62
(s, 3 H); IR (CH,Cl,) 3026-2947, 1734, 1718, 1684, 1489, 1458, 1431,
1363, 1317, 1259, 1172 cm™!. MS m/e 351 (M™), 336, 308, 348, 220,
194, 121 amu; HRMS for C;gH,,OsN calcd 351.2046, found 351.2046.

Keto Acid 9. The synthesis of this compound was carried out with the
procedure described for 3, starting with the acid chloride!® of 7 and the
hydrochloride of aminoacetone. The compound 8 was obtained as a
crystalline solid and was used without further purification. A sample (49
mg) of 8 was dissolved in 8 mL of methanol. To this was added 2 mL
of 1 N NaOH, and the solution was heated at reflux for 3 h. Methanol
was removed under reduced pressure, and the crude mixture was acidified
with 1 N HCl at 15 °C. The aqueous solution was extracted with

methylene chloride (3 X 15 mL), and the combined organic layers were
dried over sodium sulfate, filtered, and then concentrated to dryness. The
compound 9 was obtained in 70% yield. The spectral data were the
following: 'H NMR (CDCl;, 300 MHz) § 0.7 (m, 6 H), 1.35 (m, 12 H),
1.7 (m, 10 H), 2.29 (s, 3 H), 4.38 (d, 2 H, J = 7.5 Hz), 7.50 (d, | H,
J =3.0Hz),7.66 (d, | H,J = 3.0 Hz), 7.98 (d, 1 H, J = 3.0 Hz), 8.05
(d, 1 H, J = 3.0 Hz), 9.2 (broad, 1 H); }*C (CD,OD) § 9.5, 27.5, 29.0,
31.5, 33.3, 33.35, 38.5, 40.0, 52.0, 129.3, 130.0, 130.3, 130.6, 145.0, 146;
IR (CH,Cl,) 3314, 2965-2876, 1717, 1706, 1684, 1521, 1447, 1191,
1103 cm™L.

Ketone 10. A sample (120 mg, 0.855 mmol) of benzoyl chloride and
0.34 mL (2.5 mmol) of freshly distilled triethylamine were dissolved in
40.0 mL of CH,Cl,. A 168.9-mg (0.94-mmol) portion of a-aminoacetone
hydrochloride was added to the reaction mixture followed by stirring
overnight. The crude mixture was washed with a saturated solution of
sodium carbonate followed by 10% HCI and then dried over sodium
sulfate. The solvent was removed by rotary evaporation at room tem-
perature. Purification by flash column chromatography on silica gel with
75:25 hexanes/ethyl acetate as the solvent system afforded 10 in 68%
yield. The spectral data were the following: 'H NMR (CDCl;, 270
MHz) 6 2.35 (s, 3 H), 4.35 (d, 2 H, J = 8 Hz), 6.9 (broad, 1 H), 7.45
(m, 3 H), 7.85 (m, 2 H); IR (CH,Cl,) 3437, 3332-3300, 1720, 1639,
1540, 1405, 1019 ¢cm™L.
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Abstract: The lipase from Candida cylindracea catalyzes the enantioselective esterification of 2-hydroxy acids in nearly anhydrous
organic solvents with primary alcohols as nucleophiles. The nature of the 2-hydroxy acid and organic reaction medium affects
the efficiency of catalysis and the enantioselectivity, Straight-chain 2-hydroxy acids are highly reactive and give nearly 100%
enantioselectivities in esterification reactions with 1-butanol. Slight branching with a methyl group adjacent to the 2-hydroxy
moiety in toluene causes a substantial loss (up to 200-fold) in the lipase’s catalytic efficiency with a concomitant loss in
enantioselectivity. Losses in catalytic efficiency and enantioselectivity are also observed when the lipase is employed in hydrophilic
organic media such as dioxane or tetrahydrofuran as compared to hydrophobic solvents such as toluene. With straight-chain
substrates, the lipase is over 100-fold more active in toluene than in tetrahydrofuran or dioxane, while optimal enantioselectivity
is observed in toluene. The loss in enantioselectivity in hydrophilic solvents is mainly due to a drop in the catalytic efficiencies
of the S isomers, as the R isomers’ catalytic efficiencies remain largely unchanged. In highly apolar solvents, such as cyclohexane,
enantioselective relaxation occurs due to an increase in the reactivity of the R isomers relative to that of their S counterparts.
These findings enabled a rational selection of substrates and solvents for a two-step, chemoenzymatic synthesis of optically
active 1,2-diols to be carried out, the first step being the aforementioned enantioselective esterification of 2-hydroxy acids
followed by reduction with LiAl(OCH,);H to give the optically active 1,2-diol. Diols such as (§)-(+)-1,2-propanediol,
(S)-(-)-1,2-butanediol, (S)-(-)-1,2-hexanediol, and (.S)-(-)-4-methyl-1,2-pentanediol were produced in high optical purities
(at least 98% enantiomeric excess (ee)).

Introduction
The substrate specificity and enantioselectivity of enzymatic
catalysis in aqueous solutions have been well-studied.! Both

(1) Marshek, W. J.; Miyano, M. Biochim. Biophys. Acta 1973, 316,
363-365. McGahren, W. J.: Sax, K. J.; Kunstmann, M. P.; Ellestad, G. A.
J. Org. Chem. 1977, 42, 1659-1600. Whitesides, G. M.; Wong, C.-H. Angew.
Chem., Int. Ed. Engl. 1985, 24, 617-638. Simon, H.; Bader, J.; Gunther, H.;
Neumann, S.; Thanos, J. /bid. 1988, 24, 539-553. Yamada, H.; Shimizu, S.
Ibid. 1988, 27, 622-624. Jones, J. B. Tetrahedron 1986, 42, 3351-3403 and
references therein. Sih, C. J.; Shieh, W. R.; Chen, C. S.; Wu, S. H.; Gir-
daukas, G. Ann, N. Y. Acad. Sci. 1986, 471, 239-254, Sonnet, P. E. Chem-
t]e]cjl l??s. 18,94-98. Wong, C.-H. Science (Washington, D.C.) 1989, 244,

5-1152.
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characteristics owe their existence to the remarkable capability
of enzymes to discern structural deviations in related molecules.?
These factors can be quantitatively described by kinetic analyses
through differences in the catalytic efficiency constant or specificity
constant (ke /K, or Viax/Ky) between two or more substrates
or between a given pair of stereoisomers. Alterations in substrate
specificity or enantioselectivity can be induced by changes in either
the enzyme structure or the reaction medium. The former requires
protein engineering,’ is not applicable to all enzymes, is tedious,

(2) Fersht, A. Enzyme Structure and Mechanism, 2nd ed.; W, H, Freeman
and Co.: New York, 1985.
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Scheme I

(&) (R.S)-RjCH(OH)COOH + ROH —Enzvme ~, (5)-RjCH(OH)COOR' +
(R)-R {CH(OH)COOH + Hy0

(B)  (8)-RjCH(OH)COOR' .. LIANOCH)3H -, {§)-R | CH(OH)CH,0H + ROH

Ry Compd-Acid Compd-Ester Compd-Diol
CHj3 1 7 13
CH3 CHp 2 8 14
(CH3); CH 3 9 15
CH3 (CHp)3 4 10 16
(CH3)CHCHy  § 11 17
Ph CHp 6 12 18

and can be expensive. The advent of nonaqueous enzymology,
however, has provided enzymologists and organic chemists with
the capability to alter the reaction medium for enzymatic catalysis
at will.4

There are numerous cases wherein substrate specificity and
enantioselectivity have been altered by catalysis in organic solvents
and differences in solvent properties have been shown to cause
predictable effects on enzyme specificity.>” For example, the
substrate specificities of subtilisin Carlsberg, chymotrypsin, and
pig liver carboxylesterase are reversed in octane from those in
aqueous solution. Hence, in octane, polar amino acid esters are
favored over nonpolar substrates, just the opposite of that obtained
in water.® A mechanistically unrelated enzyme (horseradish
peroxidase) also shows solvent-induced specificity alterations.® In
hydrophobic solvents, the partitioning of hydrophobic phenolic
substrates into the enzyme’s active site is poor, thereby leading
to a low absolute value of V,,,./K,. Catalytic efficiencies dete-
riorate as both substrate and solvent hydrophobicities increase.
In the peroxidase and protease/esterase cases, the hydrophobicity
of the reaction medium appears to dictate the observed specificity
shifts.

In addition to substrate specificity, enantioselectivity is also
affected by the organic solvent.” A relaxation in the enantiose-
lectivity of subtilisin Carlsberg, chymotrypsin, and a-lytic protease
occurs as the solvent hydrophobicity increases. Thus, D-amino
acids are nearly as effective substrates as their L counterparts,
a fin<18ing of great importance to the synthesis of unnatural pep-
tides.

One of the more useful classes of enzymes in organic synthesis
in nonaqueous solvents is the lipases. Lipases are well-known to
catalyze a number of potential commercially relevant reactions
in nonaqueous solvents, for example, esterifications, trans-
esterifications, interesterifications, lactone synthesis, peptide

(3) Fersht, A. R.; Shi, J.: Wilkinson, A. J.; Blow, D. M,; Carter, P.; Waye,
M. M. Y.; Winter, G. P, Angew. Chem., Int. Ed. Engl. 1984, 23, 467-473.
Fersht, A. R.; Shi, J. P.; Knill-Jones, J.; Lowe, D. M.; Wilkinson, A. J.; Blow,
D. M,; Brick, P; Carter, P.; Waye, M. M. Y.; Winter, G. Nature 1985, 314,
235-238. Craik, C. S.; Largman, C.; Fletcher, T.; Roczniak, S.; Barr, P. J,;
Fletterick, R.; Rutter, W. J. Science (Washington, D.C.) 1985, 228, 291-297.
Estell, D. A.; Graycar, T. P.; Miller, J. V.; Powers, D. B,; Burnier, J. P.; Ng,
P. G.; Wells, J. A. Science (Washington, D.C.) 1986, 233, 659-663. Wells,
J. A,; Powers, D. B,; Bott, R, R.; Graycar, T. P.; Estell, D. A. Proc. Natl.
Acad. Sci. USA 1987, 84, 1219-1223, Knowles, J. R. Science (Washington,
D.C.) 1987, 236, 1252-1258. Napper, A. D.; Benkovic, S. J.; Tramontano,
A.; Lerner, R, A, Science (Washington, D.C.) 1987, 237, 1041-1043.

(4) For reviews, see: Dordick, J. S. Enzyme Microb. Technol. 1989, 11,
194-211, Klibanov, A, M. Chemtech 1986, 16, 354-359. Klibanov, A. M.
Acc, Chem. Res. 1990, 23, 114-120. Zaks, A.; Russell, A. J. J. Biotechnol.
1988, 8, 259-270. Laane, C., Tramper, J., Lilly, M. D., Eds. Biocatalysis
in Organic Media; Elsevier: Amsterdam, 1986.

(5) Zaks, A.; Klibanov, A. M. J. Am. Chem. Soc. 1986, 108, 2767-2768.

(6) Ryu, K.; Dordick, J. S. J. Am. Chem. Soc. 1989, 111, 8026-8027.

(7) Sakurai, T.; Margolin, A. L.; Russell, A. J.; Klibanov, A. M. J. Am.
Chem. Soc. 1988, 110, 7236-7237.

(8) Margolin, A. L.; Tai, D.-F.; Klibanov, A. M. J. Am. Chem. Soc. 1987,
109, 7885-7887.
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Table I. Substrate Specificity and Enantioselectivity of CCL
Catalysis in Toluene?

103(Vpae/
acid Kn)gs' 0! ee, %

1 240 95
2 200 99
3 1.0 17
4 71 99
5 16 98
6 12 73
2-hydroxycaprylic 330 99¢
2-hydroxypalmitic 0

7Conditions are as described in the Experimental Section.
bCatalytic efficiencies were measured with the racemic acids. ¢Optical
purity obtained by reacting 0.1 M acid with 0.3 M 1-butanol in 0.2 L
of toluene catalyzed by 25 g of CCL. The esterification reaction
slowed considerably above 45% conversion. Introduction of an addi-
tional 25 g of CCL did not increase conversion beyond 50%, thus in-
dicating that CCL obeys nearly complete enantioselectivity. The re-
sulting butyl ester was isolated as per the other 2-hydroxy acid butyl
esters. The product had [a]®p 3.3 (c, 1, CHC).

synthesis, and others.” However, no studies have been carried
out to elucidate the effects of substrate structure and organic
solvent on both catalytic specificity and enantioselectivity of lipase
catalysis in nonaqueous media. Such a study would further the
potential preparative uses of lipases in organic synthesis.

In the present work, we have investigated the substrate and
enantioselectivity of lipase catalysis in organic solvents using the
esterification of 2-hydroxy acids with primary alcohols as a model
reaction. In addition to this reaction being used to elucidate solvent
effects on lipase catalysis, such a reaction, coupled to subsequent
chemical reduction of the hydroxy esters, can also be used in the
novel chemoenzymatic synthesis of optically active 1,2-diols as
depicted in Scheme I. These compounds are useful intermediates
in the synthesis of antibiotics,'®!! optically active polymers,!? and
chiral solvents!® and are potentially useful chiral auxiliaries and
ligands in hydrogenation catalysts'* and chiral crown ethers.'’
Chemical methods of synthesis include the osmylation of olefins
via slow feeding of the olefin to the metal catalyst,!S ring opening
of epoxides,'” tin-mediated coupling of aldehydes,'® and reduction
of optically active hydroxy acids or esters.”” While these reactions
can be carried out in high conversions, enantioselectivities vary
considerably with typical values ranging from 50 to 95% enan-
tiomeric excess (ee).

(9) Zaks, A.; Klibanov, A, M. Proc. Natl. Acad. Sci. USA 1988, 82,
3192-3196.

(10) Masamune, S.; Choy, W. Aldrichimica Acta 1982, 3, 47-64. Sar-
iaslani, F. S.; Rosazza, J. P. N. Enzyme Microb. Technol. 1984, 6, 242-254.
Scott, J. W. In Asymmetric Synthesis; Morrison, J, D, Scott, J. W., Eds.;
Academic Press: Orlando, FL, 1984, pp 1-226. Mulzer, J. Nachr. Chem.,
Tech. Lab. 1984, 32, 798-802.

(11) Plattner, J. J.; Rapoport, H. J. Am. Chem. Soc. 1971, 93, 1758-1761.
Goren, N.; Jakupovic, J.; Topal, S. Phytochemistry 1990, 29, 1467-1469.

(12) Spassky, N.; Sigwalt, P. Eur. Polym. J. 1971, 7,7-16. Rao, A. V.
R.; Bose, D. S.; Gurjar, M. K.; Ravindranathan, T. Tetrahedron 1989, 22,
7031-7040.

(13) Smith, A. A,; Haines, R. A, J. Am. Chem. Soc. 1969, 91, 6280—6284,

(14) Hayashi, T.; Tanaka, M.; Ogata, 1. Tetrahedron Lett. 19717, 3,
295-296. Tanaka, M.; Ogata, I. J. Chem. Soc., Chem. Commun. 1975, 735.

(15) Hayward, R. C,; Overton, C. H.; Whitman, G. H. J. Chem. Soc.,
Perkin Trans. 1976, 2413-2415.

(16) Corey, E. J.; Lotto, G.; Tetrahedron Lett. 1990, 31, 2665-2668.
Oishi, T.; Hirama, M. J. Org. Chem. 1989, 54, 5834~5835. Corey, E. J,;
Jardine, P. D.; Virgil, S.: Yuen, P.-W.; Connell, R. D. J. Am. Chem. Soc.
1989, /71, 9243-9244, Wai, J. S. M.: Marko, I.; Svendsen, J. S.; Finn, M.
G.; Jacobsen, E. N.; Sharpless, K. B. J. Am. Chem. Soc. 1989, /i1,
1123-1125. Tomioka, K.; Nakajima, M.; Koga, K. J. Am. Chem. Soc. 1987,
109, 6213-6215.

(17) Hutchins, R. O,; Taffer, I. M. J. Org. Chem. 1983, 48, 1360~1362.
White, J. D.; Kang, M.-C.; Sheldon, B. G. Tetrahedron Lett. 1983, 24,
4539-4542,

(18) Grugel, C.; Neumann, W. P.; Sauer, J.; Seifert, P. Tetrahedron Lett.
1978, 31, 2847-2850.

(19) Mikami, K.; Terada, M.; Nakai, T. /. Am. Chem. Soc. 1990, 112,
3949-3954, Corey, E. J.; Bakshi, R. K. Tetrahedron Lett. 1990, 31,611-614.
Kikuchi, H.; Mori, K. Agric. Biol. Chem. 1989, 53, 2095-2100. Melchiorre,
C. Chem. Ind. 1976, 6, 218. Brown, H. C,; Pai, G. G. Jadhov, P. K. J. Am.
Chem. Soc. 1984, 106, 1531-1533.



Effect of Organic Solvent on Lipase Catalysis

Biological alternatives to chiral 1,2-diol synthesis do exist (e.g.,
fermentation of xylose or glucose by Clostridium thermosac-
charolyticum produces (R)-(-)-1,2-propanediol,? fermentative
baker’s yeast or glycerol dehydrogenase catalyzes the reduction
of a-hydroxy ketones to chiral vicinal diols,??? and microsomal
epoxide hydrolase is capable of enantioselectively hydrolyzing
epoxides to the corresponding chiral 1,2-diols?®); however, dilute
aqueous productivities, limited substrate specificities, or limited
enzyme availability restricts the practicality of the biological routes.

Results and Discussion

The esterification of 2-hydroxycaproic acid (4, see Scheme I)
was chosen as our model reaction. This hydroxy acid is com-
mercially available and soluble in a wide number of organic
solvents. Lipases, in general and in the presence of alcohols, are
well-known to catalyze esterification of organic acids in nearly
anhydrous environments, often with high degrees of enantiose-
lectivity.2* As such, 12 commercially available lipases were tested
for esterification activity of 4 in toluene with 1-butanol as the
nucleophile.?® The enzymes were suspended in a toluene solution
containing a 3-fold molar excess of 1-butanol.? The suspensions
were shaken at 250 rpm at 25 °C. The lipase from the yeast
Candida cylindracea (CCL from Sigma and AY from Amano)
gave the highest activities and was deemed as the most appropriate
biocatalyst for this study.

Encouraged by the high activities afforded by the yeast lipase,
gram-scale ester synthesis was commenced as follows: Powdered
CCL was suspended (0.1 g/mL) in 0.5 L of toluene containing
0.1 M 4 and 0.3 M |-butanol. The reaction was stirred at 250
rpm at 30 °C. The reaction proceeded to nearly 50% conversion
after 15 h. No lactone formation was evident (as determined by
GC). Introduction of 0.2 g/mL of additional lipase resulted in
very slow further esterification (20% additional conversion in 30
h), suggesting that the reaction was highly enantioselective. In
the absence of enzyme, no reaction was observed.

CCL is well-known as a highly useful catalyst for enantiose-
lective esterifications of organic acids in organic solvents 2427
Hence, it was of direct interest for us in this work to elucidate
the substrate specificity and enantioselectivity of CCL on 2-
hydroxy acids in nonaqueous media. For straight-chain acyl
groups, the length of the carbon chain (from C; to Cg) did not
significantly affect lipase catalysis in toluene, as reflected in the
values for catalytic efficiency (Vy,./Km) (Table I). However,
a very long acyl group such as 2-hydroxypalmitic acid (C,¢) was
not a substrate in toluene. It should be noted that the natural
reaction with CCL in water is the hydrolysis of triglycerides such
as those that contain palmitic acid.?® As such, it was expected

(20) Cameron, D. C.; Cooney, C. L. Bio/Technology 1986, 4, 651-654.

(21) Takahashi, Y.; Yang, Y.-L.; Ditullio, D.; Sih, C. J. Tetrahedron Lett.
1982, 23, 5489-5492, Zhou, B.; Gopelan, A. S.; Van Middlesworth, F.; Shieh,
W.-R.; Sih, C. J. J. Am. Chem. Soc. 1983, 105, 5925-5926. Naoshima, Y.;
Maeda, J.; Munakata, Y.; Nishiyama, T.; Kamezawa, M.; Tachibana, H. J.
Chem. Soc., Chem. Commun, 1990, 964-965.

(22) Lee, L. G.; Whitesides, G. M. J, Org. Chem. 1986, 51, 25-36.

(23) Bellucci, G.; Chiappe, C.; Conti, L.; Marioni, F.; Pierini, G. J. Org.
Chem. 1989, 5978-5983,

(24) Marlot, C.; Langrand, G. C.; Triantaphylides, C.; Baratti, J. Bio-
technol. Lett. 1988, 7, 647-650. Goderis, H. L.; Ampe, G.; Feyten, M. P.;
Fouwe, B, L.; Guffens, W, M,; Van Cauwenbergh, S. M,; Tobback, P. P.
Biotechnol. Bioeng. 1987, 30, 258-266. Theisen, P. D.; Heathcock, C. H. J.
Org. Chem, 1988, 53, 2374-2378. Chen, C.-S.; Wu, S.-H.; Girdaukas, G.;
Sih, C. J. J. Am. Chem. Soc. 1987, 109, 2812-2817. Also see references in
review papers listed in ref 4.

(25) Both toluene and 1-butanol have been used for CCL-catalyzed es-
terification of organic acids.4

(26) The concentrations of 4 and 1-butanol were 0.1 and 0.3 M, respec-
tively. All enzymes tested were complete]ly insoluble in toluene and other
organic solvents used in this work. The relatively large amount of enzyme
used in a given experiment is a result of the commercial nature of the enzyme
preparations. Such enzymes are highly impure and contain inert protein and
nonprotein materials. The lipases used in the screen (0.5 g of enzyme in 2
mL of toluene) and the conversion (%) of 4 to the butyl ester 10 after 24 h
were as follows: AY, 47; CCL, 45; M. miehei, 39; P, 34, MAP-10, 17; CE-10,
15; G, 8; AP, 3; APF, 3; GC-20, 20; FAP-15, 2; PPL, 0.

(27) Kirchner, G.; Scollar, M, P.; Klibanov, A, M. J. Am. Chem. Soc.
1985, /07, 7072-7076.
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Figure 1. Influence of solvent hydrophobicity* on the catalytic efficiency
of CCL-catalyzed esterification of (R,S)-2-hydroxycaproic acid (M) and
(R,S)-2-hydroxyisocaproic acid (0). The conditions are as described in
the Experimental Section. The unit of Vy,,/K,; is reciprocal hours.
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Figure 2. Influence of solvent hydrophobicity on the enantioselectivity
of CCL catalysis for (R,S)-2-hydroxycaproic acid (M) and (R,S)-2-
hydroxyisocaproic acid (O).

that the C,4 2-hydroxy fatty acid would be a substrate in aqueous
solutions. :
The presence of bulky groups or chain branching in the vicinity
of the 2-hydroxy group did lower the catalytic efficiency of CCL
in toluene. For example, the value of V,,, /K, for the esterification
of the bulky 6 is over 20-fold lower than that for 1. The location
of chain branching also is rate controlling. As the chain branch
occurs closer to the hydroxyl group, the reaction rate decreases;
3 reacts |6-fold slower than 5 wherein the methyl branch is 8 to
the hydroxy moiety. These findings suggest that the acyl binding
pocket of the active site of CCL best accommodates linear hydroxy
acids. Branched hydroxy acids fit less effectively into this binding
site and, therefore, are less reactive. The sterically hindered
binding pocket of CCL may be further exacerbated by the use
of the lipase in organic solvents, It is well-known that enzymes
in nearly anhydrous organic solvents are highly rigid.?® This

(28) Borgstrom, B., Brockman, H, L., Eds. Lipases; Elsevier: Amsterdam,
1984.
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structural inflexibility may prevent the lipase’s active site from
accepting branched-, bulky-, or long-chain 2-hydroxy acids.
Therefore, in addition to the relatively low catalytic activity ob-
served with 3 or 6, 2-hydroxypalmitic acid may be unreactive due
to the structural inflexibility of the CCL’s active site in nonaqueous
media.

The enantioselectivity of CCL-catalyzed ester synthesis in
toluene is highly dependent on the catalytic efficiency of the
reaction. As depicted in Table I, the enantioselectivity of CCL
catalysis in toluene is nearly 100% for straight-chain substrates.
Branching close to the 2-hydroxy moiety results in poor enan-
tioselectivities as evidenced by the enantiomeric excess of 9 being
only 17%.

The catalytic efficiency of CCL also was significantly affected
by the nature of the organic solvent. Two substrates, 4 and §,
were examined in a number of solvents with widely different
hydrophobicities ranging from the hydrophilic dioxane to the
hydrophobic cyclohexane. In both cases, the catalytic efficiency
of CCL increased as the solvent hydrophobicity increased (Figure
1). This effect was dramatic. The lipase was over 3 orders of
magnitude more active in cyclohexane than in tetrahydrofuran.
The slower enzymatic reactions in hydrophilic solvents resulted
in a relaxation of enantioselectivity for both substrates (Figure
2). It should be note that, in each solvent, CCL catalysis was
allowed to proceed to 25% conversion in order to maximize the
enantioselectivity of ester formation.?” Surprisingly, the enan-
tioselectivity does appear to become maximal in toluene as the
higher catalytic efficiency in cyclohexane did not translate into
nearly complete enantiospecificity.

A relationship between catalytic efficiency and enantioselectivity
was expected. The enantioselectivity for lipase catalysis can be
represented by the ratio of (Vnay/Km)s/(Vimax/Km)r- In order to
determine whether the observed specificity shifts were due to
changes in the catalytic efficiency of one or both stereoisomers,
the catalytic efficiencies of the individual isomers must be known.
For 1, 5, and 6, S isomers are commercially available, while for
4 the R isomer was obtained as described in the Experimental
Section. In each case, it is possible to calculate the catalytic
efficiency of the opposite isomer given the enantioselectivity of
the reaction as follows. Consider the reaction between the two
competing isomers .S and R. The specificity of the enzyme is a
function of the V,,./K,, ratio for each isomer and the concen-
tration of the isomer as shown in eq 1.2 At initial rate conditions,

US/UR = (Vmax/Km)S[S]/(Vmax/Km)R[R] (1)

[S71 = [R] and the ratio of vg/vg (Where v; is the initial rate of
reaction with isomer i at a given isomer concentration [i]) is given
by the enantiomeric ratio (E) and is equal to the ratio of catalytic
efficiencies of the S and R isomers (eq 2).2° This enantiomeric

E= (Vmax/Km)S/(Vmax/Km)R =
In [I - C(1 + ee,)]/ In [1 = C(1 —eey)] (2)

ratio can then be related directly to the enantiomeric excess of
the ester product (ee,) by eq 2. For initial rate studies, con-
versions of no greater than 10% were performed; hence, C = 0.1.
This analysis allows one to calculate the value of catalytic effi-
ciency of the S or R isomer of a given hydroxy acid once the
opposite isomer’s catalytic efficiency and the enantiomeric excess
of the reaction are known. The calculated values for 1 and 4-6
in a number of organic solvents are given in Table II.

For highly reactive 2-hydroxy acids, the S isomer is reactive;
for 1 or 4, the ratio of (Vyax/Kin)s/ (Vimax/ Km) g i8 calculated to
be 220 in each case in toluene. As depicted in Table I, the drop
in enantioselectivities in toluene for less reactive substrates is

(29) Zaks, A.; Klibanov, A. M. J. Am. Chem. Soc. 1986, 108, 2767-2768.
Zaks, A.; Klibanov, A. M. J. Biol. Chem. 1988, 263, 3194-3201. Clark, D.
S.; Creagh, L.; Skerker, P.; Guinn, M.; Prausnitz, J.; Blanch, H. In Bioca-
talysis and Biomimetics; Burrington, J. D,, Clark, D. S., Eds.; ACS Sym-
;]>8‘stiun]145eries 392; American Chemical Society: Washington, DC, 1989; p

-114.

(30) Chen, C.-S.; Fujimoto, Y.; Girdaukas, G.; Sih, C. J. J. Am. Chem.
Soc. 1982, 104, 7294-7299.
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Table II. Catalytic Efficiency of CCL Catalysis in Various Organic
Solvents?

10°(Viax/  10%(Vigy/ 103 (Viny/

acid solvent Krs b1 Kp)g b7 Ko)g 07!

1 toluene 240 490 2.2

3 toluene 1.0 1.0° 1.0¢

4 toluene 72 1409 0.64

5 toluene 16 32 0.29*

6 toluene 8.7 24 3.4b

4 cyclohexane 350 12304 200

5 cyclohexane 31 79 15%

4 diethyl ether 1.2 6.9¢ 0.82

5 diethy] ether 0.42 23 0.32¢

4 dioxane 0.63 1.7¢ 0.24

5 dioxane 0.11 0.23 0.052%

4 THF 0.17 NC <1073

5 THF 0.32 1.4 0.33%

7 Conditions are as described in the text and Experimental Section.
bCalculated from the value of (V,./Kn)s and the ee with eq 2.
“These are assumed values given that the ee is low; hence, the catalytic
efficiencies for the individual isomers are similar to that for the ra-
cemic mixture. ¢Calculated from the value of (V,,,/Kn)g and the ee
with eq 2.

mainly due to a reduction in the value of V., /K, for the S
isomers. For example, the catalytic efficiency of the S isomer
of 6 is 20-fold lower than that of the S isomer of 1, whereas the
catalytic efficiencies of the R isomers are comparable. More
striking is the difference in catalytic efficiency between 1 and 3;
the ratio of efficiencies for the .S isomers is 490-fold, whereas the
ratio of R isomers is comparable.

With respect to the reaction medium, as the solvent becomes
more hydrophilic, the enzyme becomes a less efficient catalyst
for butyl esterification. This may be speculated to be due to a
number of factors including the stripping of enzyme-bound water
away from the catalyst, thereby reducing the catalytic power of
the enzyme,*! or the partitioning of the 2-hydroxy acid substrate
away from the lipase’s active site and into the bulk reaction
medium. This latter effect would reduce the catalytic efficiency
of CCL in solvents that can readily dissolve 2-hydroxy acids due
to an increase in the apparent K, of the substrates. It should be
noted that the solubility of all 2-hydroxy acids tested was higher
in the hydrophilic solvents such as dioxane or THF than in toluene.
A mechanistically similar phenomenon has been obtained with
peroxidase catalysis in organic media with phenolic substrates.
As with less reactive substrates in toluene, the loss in the enan-
tioselectivity of 2-hydroxy acid esterification in hydrophilic solvents
is due mainly to a reduction in the value of (V. /Knm)s (Table
IT). For example, the catalytic efficiency for the S isomer of 4
is 60-fold lower in diethyl ether than in toluene, whereas the R
isomer’s catalytic efficiency is not significantly affected.

It is interesting that the lower catalytic efficiencies of the S
isomers in hydrophilic solvents are phenomenologically similar
to those found with branched substrates in toluene (i.e., only the
S isomers show reduced catalytic efficiencies). One may envision
that, for branched substrates in toluene, the S isomers cannot fit
properly into the active site and, hence, both reactivity and en-
antioselectivity drop. Assuming the active site of CCL is ste-
reoselective, then in order for the R isomers to be reactive, they
must bind to the enzyme incorrectly.3 This incorrect binding
is much less affected by the branched nature of the substrate, as
the branched groups of the R isomers would not occupy the same
spatial position in the active site as the branched groups of the
S isomers. Similarly, the hydrophilic solvents must impair the
ability of the .S isomers to bind well to the active site of CCL,
although the exact mechanism of this effect is still undetermined.
Once aguin, the R isomers, which do not bind well to the active
site, are less affected.

(31) Kazandjian, R. Z.; Dordick, J. S,; Klibanov, A. M. Biotechnol.
Bioeng. 1986, 28, 417-421. Zaks, A.; Klibanov, A. M. J. Biol. Chem. 1988,

263, 8017-8021. )
(32) Bergmann, M,; Fruton, J. S. J. Biol. Chem. 1937, 117, 189-202.

Blow, D. M. Enzymes 1971, 3, 185-212.



Effect of Organic Solvent on Lipase Catalysis

The lower enantioselectivities for 4 and § in cyclohexane cannot
be explained by a drop in activities for the S isomers, as the enzyme
is significantly more active in cyclohexane than in toluene (Table
I1), but rather the R isomers have also become more reactive. In
cyclohexane, the R isomers were roughly one-sixth as reactive as
the S isomers. This explains the relatively low ee’s for 10 and
11 obtained in cyclohexane. The change in the enantioselectivity
of CCL together with the increase in catalytic efficiency of CCL
in cyclohexane, as compared with more polar solvents tested in
this work, suggests that CCL can be used to effectively esterify
both R and S isomers of 2-hydroxy acids in very hydrophobic
solvents. A similar effect has been observed for serine proteases
in highly apolar solvents in which the reactivity of the R isomer
of amino acid esters increases as the solvent hydrophobicity in-
creases,” While the mechanism for enantioselective relaxation
for serine proteases has been ascribed to an inhibition in the release
of active site water into a highly apolar solvent, such an event
cannot be reliably predicted with CCL due to a lack of under-
standing of the structure of the active site. Clearly, however, the
enantioselectivity of CCL catalysis in organic media is controlled
by both the organic solvent and the substrate structure. This
finding should be of great interest to both enzymologists and
organic chemists, as rational approaches to solvent and substrate
choice can be made for selective organic synthesis with enzymes.

Synthesis of (S)-(-)-1,2-Hexanediol (16). A Model System.
The ability to control the enantioselective esterification of 2-
hydroxy acids catalyzed by CCL in organic media prompted us
to investigate an example of where such ester syntheses can be
employed. CCL is capable of catalyzing the enantioselective
esterification of 2-halo carboxylic acids?’ in hexane. Optically
active butyl esters were produced in greater than 95% ee. In
principle, a similar technique could be employed in the synthesis
of optically active 2-hydroxy carboxylic esters. The resulting esters
can be reduced with lithium aluminum hydride (LAH) or its
derivatives to yield optically active 1,2-diols.** The chemoen-
zymatic approach is depicted in Scheme I.

The model reaction employed for structure—function studies
(2-hydroxycaproic acid (4)) was also used in the enzymic step
for 1,2-diol synthesis. For synthetic purposes, we initiated a
reaction identical with that described earlier (e.g., powdered CCL
was suspended (0.1 g/mL) in 0.5 L of toluene containing 0.1 M
4 and 0.3 M 1-butanol). The reaction was stopped after 8 h (38%
conversion) and the product isolated (see Experimental Section),
yielding 2.2 g (64% isolated yield) of (S)-(=)-butyl 2-hydroxy-
caproate (10) in 99% ee.’* Reduction of 1.4 g of 10 with Li-
Al(OCH,;);H yielded (S)-(-)-1,2-hexanediol (16) (0.83 g, 96%
isolated yield) in 99% ee. Therefore, the chemoenzymatic two-step
reaction sequence depicted in Scheme I provides a high degree
of optically pure (5)-(-)-16.

In addition to 1-butanol, a number of other primary alcohols
were capable of acting as acyl acceptors in the CCL-catalyzed
esterification of 4 in toluene, including ethanol, 1-propanol, and
1-hexanol (Figure 3). In each case, the corresponding ester was
isolated in greater than 95% ee. No reaction was observed with
secondary alcohols such as 2-propanol or 2-butanol.

The reaction rate with 1-hexanol was virtually identical with
that with 1-butanol; hence, we proceeded to investigate this alcohol
as a cosubstrate for diol synthesis. After 8 h, 38% conversion of
4 to the hexyl ester was obtained. Following workup, 1.20 g (72%
isolated yield) of the hexyl ester was isolated. The hexyl ester
(0.80 g) was reduced exactly as with the butyl ester to give
(8)-(-)-16 (0.41 g, 96% isolated yield) in 99% ee. Hence, sub-
stitution of butanol with a larger acyl acceptor did not effect the
conversion of 4 to (5)-(-)-16. Toluene was by no means the only
solvent capable of sustaining CCL catalysis. Effective diol syn-
thesis was achieved with use of cyclohexane, diethyl ether, THF,
and dioxane as solvents for the enzymic step, albeit with differing

(33) Brown, H. C,; Weissman, P. M. J. Am. Chem. Soc. 1965, 87,
5614-5620. Brown, H. C.; Yoon, N, M. J. Am. Chem. Soc. 1966, 88,
1464-1472.

(;;)42‘ The isolated yield is based on a maximum of 50% conversion of the
(R,S)-4.
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Figure 3. Effect of alcohol chain length on CCL-catalyzed esterification
of (R,S)-2-hydroxycaproic acid. Conditions: 0.1 M acid and 0.3 M
n-alkyl alcohol dissolved in 10 mL of toluene containing 0.2 g of CCL.
The suspension was shaken at 250 rpm at 30 °C. The unit of initial rate
is micromoles per hour.

degrees of enantioselectivity as predicted from the structure—
function studies.

A significant advantage of enzymatic catalysis in organic as
opposed to aqueous media is the ability to directly couple the
enzymic step to a chemical synthesis that must be performed in
a nonaqueous environment.* For example, LAH and its derivatives
are highly unstable in water yet are effective reductants in dry
organic solvents such as diethyl ether. It occurred to us that the
lipase-catalyzed esterification of 4 and the necessary reduction
could be carried out sequentially in the same solution of diethyl
ether without purification of the intermediate hydroxy ester.* The
CCL-catalyzed esterification proceeded slowly with less than 10%
conversion after 5 days. In contrast to CCL, lipase AY showed
higher activity in diethyl ether; in 5 days, 45% of 4 was esterified
to 10. The resulting ester was worked up as described in the
Experimental Section and, while remaining in the original ether
solution, was reduced with LiAl(OCHj;);H, resulting in (S)-(-)-16
in 95% ee. Thus, chemoenzymatic synthesis of optically active
1,2-diols can be performed in a single reaction vessel without
evaporation of the organic solvent.

Chemoenzymatic Synthesis of Optically Active 1,2-Diols. The
two-step enzyme/chemical synthetic scheme for optically active
1,2-diols could be extended to a number of related alkyl and aryl
2-hydroxy acids (Table III). All butyl esters were produced in
the S form (with varying optical purities) and with high GC
purities (>98%). Reduction of the butyl esters with LiAl(OC-
H,);H (Table IV) resulted in the formation of S-1,2-diols (with
varying optical purities). Complete retention of optical activity
was obtained upon reduction of the esters. Straight-chain alkyl
hydroxy acids were esterified with nearly complete stereoselectivity.
However, chain branching or the presence of bulky groups in the
vicinity of the 2-hydroxyl moiety reduced the enantioselectivity
of lipase-catalyzed esterification. In addition to the reduction in
CCL's enantioselectivity, the rates of esterification with such
compounds were lower than with straight-chain substrates.

(35) LiAl(OCHj,);H has virtually no solubility in toluene; hence, diethyl
cther was used for the chemoenzymatic reaction sequence.

(36) log P is defined as the logarithm of the partition coefficient of a given
solvent between |-octanol and water (Laane, C.; Boeren, S.; Vos, K.; Veeger,
C. Biotechnol. Bioeng. 1987, 30, 81-87). Values of log P for 1-butanol-solvent
mixtures were calculated with use of the following correlation: log P = (1
= x) 108 Pygem + X 108 Py.ouancls Where x is the mole fraction of 1-butanol in
the mixture (Reslow, M.; Aldercreutz, P.; Mattiasson, B. Appl. Microbiol.
Biotechnol, 1987, 26, 1-8).

(37) Levene, P. A,; Haller, H. L. J. Biol. Chem. 1928, 76, 415-422,

(38) Ko, K.-Y.; Frazee, W, J.; Eliel, E. L. Tetrahedron 1984, 1333-1343,

(39) Levene, P. A.; Haller, H. L. J. Biol. Chem. 1929, 79, 475-488.
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Table III. Synthesis of Optically Active Esters from Racemic Acids via Scheme I with CCL in Toluene?

reaction degree of

acid time, h conv, % yield, g (%)*  bp, °C (mmHg) purity, % [@]p,? deg isomer ee, %
1 3.2 50 4.1 (47) 183-185 (760) 98 =123 (c 1) S 95¢
2 2.5 38 1.5 (42) 66-68 (2) 98 =34 () S 99/
3 168 13 0.4 (12) 204-205 (760) 98 32(c2) S 1
4 8 38 2.2 (32) 43-44 (3) 98 -6.8 (c 1) S 99/
5 48 40 1.4 (37) 84-85 (7) 99 -6.7 (c 1) S 98¢
6 192 40 2.1 (31 138-140 (4) 98 -16.8 (c 1) S 73¢

?Conditions: The concentrations of racemic acids and 1-butanol were 0.1 and 0.3 M, respectively. The amounts of racemic acid and CCL and
volumes of toluene were 9.0 g of 1, 50 g of CCL,0.50 L; 3.0 g of 2, 14 gof CCL, 0.30 L; 5.0 g of 3, 60 g of CCL,0.30L; 4.8 gof 4, 75 g of CCL,
0.36 L; 2.6 g of 5,30 g of CCL, 0.20 L; and 2.4 g of 6, 50 g of CCL, 0.2 L. The reactions were magnetically stirred at 250 rpm at 30 °C. ?Given
as the molar ratio of isolated ester/starting acid; hence, for enantiospecific syntheses the yields are twice that as listed. Determined by gas chro-
matography. ?All optical rotations were measured in CHCl;. ¢Compared with authentic (S)-7. /These values are from corresponding ee’s of the
respective diols (see Table IV). 2Compared with enzymically prepared S butyl esters from the commercially available S acids. The synthesis of these

S esters was similar to that described for the respective racemic starting materials.

Table IV. Synthesis of Optically Active 1,2-Diols from Enzymically Prepared 2-Hydroxy Esters?

yield of diol, resulting
ester g (%) purity,? % [a]p, deg isomer ee, % diol product
7 1.2 (31) 99 16.2 (¢ 1, EtOH) S 97 13¢
8 0.6 (76) 96 -13.2 (¢ 1, EtOH) S 99 147
9 0.2 (84) 96 1.8 (¢ 3, EtOH) S 17 15¢
10 0.8 (96) 99 -15.9 (¢ 1, EtOH) S 99 16/
11 0.6 (97) 99 -22.8 (¢ 1, EtOH) S 89 17¢
12 0.9 (97) 95 -21.0 (¢, 1, EtOH) S 75 18*

7Conditions: The respective amounts of butyl esters and LiAI(OCH;);H and volumes of diethyl ether were 7.5 g of 7, 18 g,0.50 L; 1.1 g of 8, 5.3
g, 0.15L;04g0f9,2.2g,0.10L;1.4g0f10,7.08,020L;1.0g0f 11,4.0g,0.10L; 1.3 gof 12,7.0g,0.20 L. The reaction time was | h for each

reduction. The diol products 13-18 were purified as described in the Ex
authentic (S)-(+)-13. “Lit.%7 [«]¥, -12.6 (¢ 11, EtOH). ¢Lit.*® [a]?

erimental Section. ®Determined by gas chromatography. °Compared with
-10.9 (¢ 0.9, CHCl;). /Lit.» [a]®p -15.7 (¢ 13, EtOH). £From (S)-5§

starting material and chemoenzymatic reaction carried through to the diol product. #From (S)-6 starting material and chemoenzymatic reaction

carried through to the diol product.

Conclusions

The yeast enzyme from C. cylindracea (CCL or AY) is an
effective biocatalyst for the enantioselective esterification of 2-
hydroxy acids in a variety of organic solvents and in the presence
of a number of alcohols. Because the reactivity of the lipase was
heavily influenced by the substrate and organic solvent, the
substrate specificity and enantioselectivity of CCL in nonaqueous
media have been examined in this work. Straight-chain alkyl
2-hydroxy acids are highly reactive and give nearly 100% enan-
tioselectivities in the esterification reactions with 1-butanol. Slight
branching with a methyl group adjacent to the 2-hydroxy moiety
causes a substantial loss in CCL'’s catalytic efficiency (up to nearly
200-fold, compare 3 to 2 in toluene). A significant drop in catalytic
power is also observed with a bulky aryl group adjacent to the
hydroxyl moiety. Similar losses in catalytic efficiency are observed
when CCL reacts in hydrophilic media such as dioxane and THF.
In general, the lower the reactivity of CCL toward a substrate
in a given solvent, the poorer the enantioselectivity. This relaxation
in enantioselectivity is due to primarily to a decrease in the
catalytic efficiencies of the .S isomers. These findings provide us
with a method to quantitatively describe CCL catalysis in non-
aqueous media and allow us to rationally choose both substrate
and solvent for enantioselective catalysis.

In addition to the fundamental studies on CCL catalysis, we
have discovered that the lipase-catalyzed enantioselective ester-
ification of 2-hydroxy acids could be used advantageously in the
single-pot chemoenzymatic synthesis of optically active 1,2-diols.
Optically active vicinal diols with enantioselectivities in excess
of 95% can be prepared with use of this approach. Application
of enzymes in nonaqueous media can be significantly extended
if chemoenzymatic syntheses are considered. Enantioselective
synthesis of 1,2-diols is one example of this approach.

Experimental Section

Materials. Porcine pancreatic (PPL) and C. cylindracea (CCL) li-
pases were purchased from Sigma Chemical Co. Lipase from Mucor
miehel was obtained from Novo-Nordisk. All other enzymes used in this
work were obtained from Amano International Enzyme Co. Thesc in-
cluded lipases from C. cylindracea (AY), Pseudomonas fluorescens (P),
Rhizopus sp. (FAP-15), Mucor sp. (MAP-10), Geotrichum candidum

(GC-20), Aspergillus niger (AP and APF), Humicola langinosa (CE-
10), and Pseudomonas sp. (G). In all experiments, the enzymes were
used directly from the bottle without any prior pretreatment.

All racemic 2-hydroxy acids (as well as individual optical isomers
when available) and alcohols used in this work were obtained commer-
cially. All organic solvents employed in this work were of analytical
grade and, prior to use, were dehydrated by shaking with 4-A molecular
sieves (Linde) (ca. 1 g of sieves/10 mL of solvent) for 24 h at room
temperature. The water content of the solvents did not exceed 0.01%
(w/w), as determined by the optimized Fisher method with a Karl-Fisher
Coulometric titrimeter (Fisher-Scientific).

Synthesis of LIAI(OCH,);H. This derivative of LAH was prepared
fresh each time in diethyl ether solution.” In a typical reaction (e.g., for
the preparation of 10 reduction), 2 g (0.05 mol) of LAH suspended in
100 mL of diethyl ether was mixed with 6.4 mL (0.166 mol) of methanol
at 4 °C. The mixture was magnetically stirred for 2 h prior to use.

Assays. All acids, esters, and diols in this work were quantified by
gas chromatography with a 25-m capillary column with 530-um fused-
silica gum (Hewlett-Packard), a N, carrier gas (30 mL/min), and in-
jector and detector port temperatures of 250 °C. The free acids 1-6 were
not easily measured by the GC and are, therefore, not reported. How-
ever, the esters and diols were measured: (i) In the case of 9-11, the
temperature of the column was 175 °C and the retention times were 3.89
min for 9, 4.79 min for 10, and 4.35 min for 11. (ii) For 7 and 8, the
temperature of the column was 150 °C and the retention times were 3.60
min for 7 and 4.05 min for 8. (iii) For 12, the temperature of the column
and retention time were 250 °C and 4.30 min, respectively. The hexyl
ester of 4 was measured with a column temperature of 175 °C and a
retention time of 7.60 min.

The diols were measured at the same column temperature as that for
their corresponding butyl esters with the exception of 13, which was
measured at 100 °C. The diols were quantified with authentic standards
where commercially available. Retention times were as follows: 13, 3.21
min; 14, 2.94 min; 15, 3.01 min; 16, 3.45 min; 17, 3.13 min; and 18, 3.57
min.

All optical rotations were performed at 589 nm (sodium line) on a
Jasco Model DIP-360 optical polarimeter at 25 °C. 'H NMR spectra
were recorded on a Britker 360-MHz spectrometer in CDCl;.  All
chemical shifts were reported (ppm) with tetramethylsilane as external
standard.

Enzyme-Catalyzed Esterifications. In a typical reaction, a solution of
a racemic 2-hydroxy acid and 1-butanol in toluene was prepared and
CCL was added (for details, see footnote a to Table II1). The resulting
suspension was magnetically stirred at 250 rpm at 25 °C to reach a
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certain degree of conversion (Table IIT). The reactions were terminated
by filtering the enzyme, and the liquid phase was washed with three
150-mL portions of 0.3 M aqueous NaHCO;. The organic phase ob-
tained was dried with MgSO, and the solvent evaporated in a rotary
evaporator. The pure esters were isolated free from the 1-butanol by
distillation. Optical rotations and ee values are given in Table III.

Synthesis of (R)-(+)-2-Hydroxycaproic Acid ((R)-(+)-4). A solution
of racemic 4 was prepared in toluene as follows: 2.4 g of (R,S)-4 (0.1
M) was dissolved in 0.18 L of toluene containing 0.3 M 1-butanol and
the reaction initiated upon the addition of 9.0 g of CCL. The reaction
was stirred at 250 rpm at 30 °C. The reaction was terminated after 30
h by filtering off the CCL. The conversion at this time was 70%. The
unreacted acid was extracted into 0.3 M NaHCO; solution, acidified with
HC|, and reextracted into CH,Cl,. The solvent was then dried with
MgSO, and then evaporated, leaving behind the pure acid. The (R)-
(+)-4 showed [a]¥p + 27.5° (¢ 1, | N NaOH).

Chemical Reduction. Preparation of (§)-(-)-1,2-Hexanediol ((S)-
(-)-16). A solution of 1.4 g of (S)-(-)-butyl 2-hydroxycaproate dissolved
in 100 mL of diethyl ether was slowly added over a. period of 1 h with
magnetic stirring to 100 mL of diethyl ether solution containing 7.0 g
of LIAI(OCH,);H. The addition was carried out at 4 °C. When ad-
dition was complete, 25 mL of water was added to destroy the unreacted
hydride and 100 mL of 4% aqueous sulfuric acid solution was added to
extract the salts. The 1,2-hexanediol product remained in the organic
phase and was washed three times with 100 mL of sulfuric acid solution.
The 1,2-hexanediol was isolated free from 1-butanol by distillation.

The single-pot synthesis of 1,2-hexanediol was carried out in a similar
fashion by sequential esterification and reduction steps in diethyl ether.
No purification of the butyl ester intermediate was performed; however,
the unreacted 4 was removed from the diethyl ether by extraction and
the organic phase dried over MgSO, prior to reduction.

The following data were obtained: bp 91-92 °C (2 mmHg); 'H NMR
(360 MHz, CDCl,) 6 4.15-4.08 (1 H, br s, OH), 4.08-3.93 (1 H, brs,
OH), 3.70-3.55 (1 H, m, CHOH), 3.42-3.35 (2 H, m, CH,0H),
1.45-1,30 (6 H, m, 3 CH,), 0.94-0.88 (3 H, t, CHj;).

Other 1,2-diols were prepared in an analogous manner. For (S)-
(+)-13, the recovery from the reduction step was through the water

phase, as the product does not partition into the organic layer. The diol
product was then purified by distillation,

(S)-(+)-1,2-Propanediol (13): bp 186-187 °C (760 mmHg); 'H
NMR (CDCl;) 6 4.70-4.35 (2 H, br s, OH), 3.77-3.69 (1 H, m,
CHOH), 3.45-3.20 (2 H, m, CH,0OH), 1.01-0.98 (3 H, t, CHj,).

(8)-(-)-1,2-Butanediol (14): bp 195-197 °C (760 mmHg); 'H NMR
(CDCl,) § 4.25-4.20 (2 H, br s, OH), 3.65-3.52 (1 H, m, CHOH),
3.42-3.30 (2 H, m, CH,0OH), 1.45-1.30 (2 H, m, CH,), 0.93-0.85 (3
H, t, CH;).

(8)-(+)-3-Methyl-1,2-butanediol (15): bp 62-63 °C (4.1 mmHg); 'H
NMR (CDCly) é 3.73-3.67 (1 H, m, CHOH), 3.53-3.41 (2 H, m,
CH,0H), 1.75-1.66 (1 H, m, CH), 0.98-0.96 (3 H, d, CH3;), 0.93-0.91
(3 H,d, CHj). Note: the two OH protons were too broad for accurate
measurement by NMR.

(S)-(-)-4-Methyl-1,2-pentanediol (17): bp 80-82 °C (6.8 mmHg);
'H NMR (CDCl,) é 4.60-4.35 (2 H, br s, OH), 3.81-3.75 (1 H, m,
CHOH), 3.63-3.57 (1 H, m, CH,0H), 3.42-3.33 (1 H, m, CH,0OH),
1.83-1.75 (1 H, m, CH), 1.42-1.32 (2 H, m, CH,), 0.96-0.91 (6 H, t,
CHjy).

(S)-(-)-3-Phenyl-1,2-propanediol (18): bp 135-13% °C (2 mmHg);
'H NMR (CDCl;) 8 7.30-7.15 (5 H, m, C¢Hs), 3.90-3.83 (I H, m,
CHOH), 3.64-3.42 (2 H, m, CH,0H), 2.74-2.65 (2 H, m, CH,). Note:
the two OH protons were too broad for accurate measurement by NMR.

Enzyme Kinetics. Enzyme kinetics were followed by GC for the for-
mation of the butyl esters. The concentrations of the 2-hydroxy esters
were varied from 10 to 200 mM, and the concentration of 1-butanol was
fixed at 0.3 M. The concentration of CCL was 50 mg/mL, and the
reaction volumes were all 10 mL. All analyses were carried out up to
10% conversion of the acid substrate. The water produced during the
reaction with 200 mM substrate and 10% conversion amounts to 20 mM,
This concentration of water does not affect the linearity of initial rate
(ester produced vs time) measurements.
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Abstract: This paper describes the development of several competitive inhibitors and mechanism-based inactivators of subtilisin
BPN’. Various methyl arylakanesulfonates were prepared and shown to be either competitive inhibitors or selective methylating
reagents for the €2-N of the active-site His. Styrene sulfonyl chloride was shown to be a goed covalent inactivator and benzyl
N-(N-Boc-L-phenylalanyl)-L-aziridine-2-carboxylate was a strong competitive inhibitor. The second-order rate constant of
inactivation and the X; of the enzyme reacting with the methylating reagents and other inactivators were determined. The
methylated enzyme was purified to homogeneity and the kinetic constants for the enzyme-catalyzed ester and amide hydrolyses
were determined. It was established that the methylated enzyme lost most of the amidase activity while the esterase activity
was still significant and useful for peptide synthesis via aminolysis. A mechanism involving ring flipping of the active-site
imidazole, first proposed for methylchymotrypsin activity, was also proposed to explain methylsubtilisin-catalyzed reactions.

Selective modification or inhibition of enzymes at the active
site has been a subject of intense investigation. One of our interests
in this regard is to develop modified proteases for the aminolytic
condensation of peptide segments to form larger peptides without
secondary peptide hydrolysis. We have recently developed two
strategies to accomplish this goal: one is the use of serine proteases
in the presence of water-miscible organic solvents, which selectively
inhibit the amide cleavage activities;!2 the other is the use of

(1) Barbas, C. F., IlI; Matos, J. R,; West, J. B.; Wong, C.-H. J. Am.
Chem. Soc. 1988, 170, 5162, and references cited therein for various ap-
proaches to peptide synthesis.

(2) Wong, C.-H.; Chen, S.-T.; Hennen, W, J.; Bibbs, J. A.; Wang, Y.-F,;
Liu, J. L.-C.; Pantoliano, M. W.; Whitlow, M.; Bryan, P. N. J. Am. Chem.
Soc. 1990, 112,945, Zhong, Z; Liu, J, L.-C,; Dinterman, L. M.; Finkelman,
M. A. J.; Mueller, W. T,; Rollence, M. L.; Whitlow, M.; Wong, C.-H. J. Am.
Chem. Soc. 1991, 113, 683,
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methylchymotrypsin prepared via site-directed methylation.* Both
approaches provide modified proteases useful for peptide segment
coupling. One disadvantage with methylchymotrypsin is that only
peptidyl segments that meet the chymotrypsin specificity re-
quirements can be coupled,? which presents a limitation of this
methodology. We describe here the development of new reagents
for selective methylation of subtilisin BPN, a serine protease with
a wide range of substrate specificity,* at the e-N of active-site His,

(3) West, J. B.; Scholten, J.; Stolowich, N, J.; Hogg, J. L.; Scott, A. I.;
Wong, C.-H, J. Am. Chem. Soc. 1988, 110, 3709. West, J. B.; Hennen, W,
J.; Bibbs, J. A; Lalonde, J. L.; Zhong, Z.; Meyer, E. F.; Wong, C.-H. J. Am.
Chem. Soc. 1990, 112, 5313. For other semisynthetic subtilisin, see: Wu, Z.
P.; Hilvert, D. J. J. Am. Chem. Soc. 1989, 117, 4513. Nakatsuka, T.; Sasaki,
T.; Kaiser, E. T, J. Am. Chem. Soc. 1987, 109, 3808.

(4) Philipp, M.; Bender, M. L. Mol. Cell. Biochem. 1983, 51, 5.
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