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860, 830, 740, 680, 635 cm"1; exact mass calcd, m/e 485.2419; found, 
m/e 485.2441; mass spectrum, m/e 485 (parent), 470 (P - Me), 397, 276 
(P - (2(OSi=MOMe))) , 179 (Ph-CH-OSi=, 148 ( ( M e O ) 2 - C = 
CPhH), 131 ( P h - C H = C H C = O ) , 28 (CO). 

Synthesis of 31. To a solution of complex 1 (375 mg, 1.5 mmol) in 
petroleum ether (50 mL) in a Pyrex Erlenmeyer flask under argon at 25 
°C was added 328 mg (1.5 mmol) of the iV-(L-valine methyl ester)-
benzylideneimine. The flask was irradiated with either direct sunlight 
or the 20-W Vitalites. After 30 h, TLC showed unreacted imine still 
present. An additional 100 mg of the carbene was added, and the solu
tion was irradiated for 48 h. Oxidation, filtration, and concentration gave 
285 mg (62%) of a yellow oil. High-field NMR spectra indicated that 
the sample contained both the S,R,S and the R,S,S isomers and was free 
of detectable amounts of side products. The diastereomeric excess was 
60%. Further characterization was not attempted. IR (neat) 1740-1730 
cm-1 (strong, broad). 

Minor isomer: NMR (360 MHz) 0.94 (d, J = 6.8 Hz, 3 H, CH3), 
1.13 (d, J = 6.8 Hz, 3 H, CH3), 1.64 (s, 3 H, CH3), 2.57 (m, 1 H, CH), 
3.04 (s, 3 H, OCH3), 3.46 (s, 3 H, CO2CH3), 3.72 (d, J = 8.6 Hz, 1 H, 
CH), 4.39 (s, 1 H, PhCH), 7.34-7.45 (m, 5 H, Ar). 

Major isomer: NMR 0.78 (d, J = 6.8 Hz, 3 H, CH3), 0.91 (d, J = 
6.8 Hz, 3 H, CH3), 1.63 (s, 3 H, CH3), 2.03 (m, 1 H, CH), 3.05 (s, 3 
H, OCH3), 3.73 (s, 3 H, CO2CH3), 4.04 (d, J = 7.2 Hz, 1 H, CH), 4.65 
(s, 1 H, PhCH), 7.34-7.45 (m, 5 H, Ar). 

X-ray Structure Determinations.38 For compound 27 (C13H15NO2S) 
at -130 0C, a = 6.887 (2) A, b = 13.042 (6) A, c = 13.257 (8) A; 
P2,2,2!, pc = 1.39 g cm"3 (Z = 4, formula weight = 249.32). The 
intensities of 1257 reflections (h, fc, / > 0) were measured by 8 - 28 scans 
on the Nicolet R3m/E diffractometer (Mo Ka radiation, graphite 
monochromator). Intensities of 974 unique, observed reflections (/ > 
2„(/)) were used in refinement of the structure. The structure was solved 

(38) Structural work performed by Professor Oren Anderson, Colorado 
State University. Full details of these structural studies will be published 
elsewhere. 

Most hydrolases can catalyze not only their "natural" reaction 
of hydrolysis but also that of transesterification.2 For example, 
carboxylesterase3 is capable of accepting nucleophiles other than 

(1) B.C. is an Elf Aquitaine postdoctoral fellow. 
(2) Spector, L. B. "Covalent Catalysis by Enzymes"; Springer-Verlag: 

New York, 1982; Chapter 4. 

(by Patterson interpretation and successive Fourier map analyses) and 
refined by using the SHELXTL programs supplied with the 7?3m/E com
puting system. Anomalous scattering of Mo Ka radiation was not of 
sufficient magnitude to unambiguously fix the absolute configuration of 
the enantiomer contained in the data collection crystal. The final 
structural model included anisotropic thermal parameters for non-hy
drogen atoms, together with placement of hydrogen atoms in idealized 
positions. This model refined to convergence with R = 0.039 R„ = 0.039, 
and GOF = 1.60. 

For compound 28 (CnH17NO4S) at 20 (1) 0C, a = 6.357 (2) A, b = 
9.815 (4) A, c = 20.987 (6) A; Pl1IxIx, pc = 1.32 g cm"3 (Z = 4, formula 
weight = 259.32). The intensities of 1417 reflections (h, k, I > 0) were 
measured by 8-28 scans on the Nicolet i?3m/E diffractometer (Mo K0 

radiation, graphite monochromator). Intensities of 1297 unique, observed 
(/ > Ia(I)) reflections were used in refinement of the structure. The 
structure was solved (by direct methods) and refined using the SHELXTL 
programs supplied with the R3m/E computing system. The final 
structural model, which was consistent with the known absolute config
uration at C3, included anisotropic thermal parameters for all non-hy
drogen atoms. Hydrogen atoms were placed in idealized positions. This 
model refined to convergence with R = 0.042, R„ = 0.047, and GOF = 
1.38. 
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water, such as various alcohols.4 The ability of hog liver car
boxylesterase to asymmetrically hydrolyze chiral and prochiral 
esters has been widely used for the preparative syntheses of op-

(3) Krisch, K. In "The Enzymes", 3rd ed.; Boyer, P. D., Ed.; Academic 
Press: New York, 1971; pp 43-69. 

(4) Greenzaid, P.; Jencks, W. P. Biochemistry 1971, 10, 1210-1222. 
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Abstract: A novel enzymatic approach to the production of optically active alcohols and esters from racemates is developed. 
It involves the use of esterase catalyzed transesterifications carried out in biphasic aqueous-organic mixtures. Water-insoluble 
substrates constitute the organic phase, while the enzyme is located in the aqueous phase. Since the fraction of the latter 
phase can be made very low, such an arrangement solves the problem of both the competition of an alcohol (the nucleophile) 
with water in the enzymatic reaction and poor solubility of most organic esters and alcohols in water. By use of porous supports 
(Sepharose or Chromosorb) filled with aqueous solutions of hog liver carboxyl esterase as a stereoselective catalyst and methyl 
propionate as a matrix ester, the following optically active alcohols and their propionic esters were produced on a preparative 
scale: 3-methoxy-l-butanol, 3-methyl-l-pentanol, 3,7-dimethyl-l-octanol, and /3-citronellol. To overcome a rather narrow 
substrate specificity of hog liver carboxyl esterase, a nonspecific lipase from yeast (Candida cylindracea) also was employed 
as a stereoselective transesterification catalyst. Using an aqueous solution of this enzyme confined to the pores of Chromosorb 
and tributyrin as a matrix ester, we have prepared gram amounts of the following optically active alcohols and their butyric 
esters: 2-butanol, jec-phenethyl alcohol, 2-octanol, l-chloro-2-propanol and 2,3-dichloro-l-propanol (subsequently nonenzymatically 
converted to optically active propylene oxide and epichlorohydrin, respectively), 6-methyl-5-hepten-2-ol, and 1,2-butanediol. 
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CH3CH2COCH2CH2R + CH3OH 

i R-CH(OCH3)CH3 (3-methoxy-l-butanol) 

I R = CH(CH3)Ch2CH3 (3-methvl-1-pentano1> 

3 R-Ch(CH 3 )CH 2 CH 2 CH 2 CH(CH 3 I 2 ( 3 , 7 - d l m e t h v l - l - o c t a n o l ) 

4 R = C H ( C H 3 ) C H 2 C H 2 C H - C ( C H 3 I 2 ( c l t r o n e l l o l ) 

Figure 1. Hog liver carboxylesterase catalyzed transesterification. 

tically active compounds.5 And yet, despite their obvious potential, 
transesterifications catalyzed by the enzyme have never been 
utilized for synthetic purposes. This is caused by a problem 
common to all hydrolase catalyzed transesterifications: since the 
concentration of water in aqueous solutions is high and that of 
competing nucleophiles is relatively low, the yield of the trans
esterification products is usually low. In addition, the majority 
of esters of interest to organic chemists are poorly soluble in water, 
and therefore enzymatic reactions must be carried out in dilute 
aqueous solutions, which further reduces their preparative value. 
Attempts to solve both of the above problems by partial re
placement of water with organic cosolvents have not been par
ticularly successful because enzymes lose their catalytic activity 
when the concentration of the nonaqueous solvent becomes high.6 

We are proposing a novel general approach to preparative 
enzymatic transesterifications. It involves the use of biphasic 
aqueous-organic mixtures where the substrates—the ester and 
the alcohol (the nucleophile)—constitute the organic phase and 
the enzyme is dissolved in the aqueous phase. Since proteins are 
insoluble in water-immiscible organic solvents,7 the enzyme will 
remain in the aqueous phase. The substrates will freely diffuse 
into the latter and undergo the enzymatic conversion, and then 
the products will diffuse back into the organic phase. The fraction 
of water in such a biphasic system can be made extremely low, 
and hence transesterification will be greatly favored over hy
drolysis. 

Conceptually, the aforedescribed system represents an emulsion 
of an aqueous solution of an enzyme in a mixture of substrates. 
However, from the experimental standpoint it is advantageous 
instead to use porous supports whose pores are filled with an 
aqueous solution of an enzyme: first, such beads are more me
chanically robust than water droplets; second, they can be readily 
separated from products at the end of the enzymatic reaction; 
third, they can be used repeatedly. The organic (substrate) phase 
should be presaturated with an aqueous buffer (of the pH optimal 
for the enzyme action) to avoid loss of water from the beads due 
to its partitioning. 

Results and Discussion 

We report herein the application of the above approach for the 
preparative production of optically active esters and alcohols. Hog 
liver carboxylesterase, entrapped in such porous supports as Se-
pharose and Chromosorb, was initially used to asymmetrically 
catalyze transesterifications shown in Figure 1; methyl propionate 
was employed as a matrix in which the methyl moiety was ste-
reoselectively replaced with alcohols 1-4.8 

(±)-l was dissolved in a molar excess of methyl propionate, 
and then the mixture was saturated with phosphate buffer, fol-

(5) Huang, F.-C; Lee, L. F. H.; Mittal, R. S. D.; Ravikumar, P. R.; Chan, 
J. A.; Sih, C. J.; Caspi, E.; Eck, C. R. J. Am. Chem. Soc. 1975, 97, 
4144-4145. Ohno, M.; Kobayashi, S.; Iimori, T.; Wang, Y.-F.; Izawa, T. Ibid. 
1981, 103, 2405-2406. Chen, C-S.; Fujimoto, Y.; Sih, C. J. Ibid. 19Sl, 103, 
3580-3582. Chen, C-S.; Fujimoto, Y. Girdaukas, G.; Sih, C. J. Ibid. 1982, 
104, 7294-7299. Arita, M.; Adachi, K.; Ito, Y.; Sawai, H.; Ohno, M. Ibid. 
1983, 105, 4049-4055. 

(6) Butler, L. G. Enzyme Microb. Techno!. 1979, /, 253-259. 
(7) Singer, S. J. Adv. Protein Chem. 1962, 17, 1-68. 
(8) We have found that hog liver carboxylesterase has a rather narrow 

specificity with regard to the alcohols it accepts as nucleophiles in the tran
sesterification reaction; only primary alcohols having no substituents in the 
first two methylene groups adjacent to the hydroxyl react at appreciable rates. 

,. c o n c e n t r a t i o n , M 

14 
hours 

Figure 2. Time course of the reaction between methyl propionate and 
(±)-l catalyzed by hog liver carboxylesterase entrapped in Sepharose 
beads. Circles, disappearance of methyl propionate; squares, accumu
lation of (-)-3-methoxy-l-butyl propionate. The organic phase consisted 
of methyl propionate containing 2 M (±)-l (and was saturated with 0.1 
M phosphate buffer, pH 8.0). The aqueous phase contained 9600 units 
of the enzyme entrapped in 6 g of Sepharose beads swollen with 0.1 M 
phosphate buffer (pH 8.0). The mixture was shaken at room tempera
ture. 

lowed by addition of carboxylesterase entrapped in Sepharose 
beads. The system was vigorously shaken at room temperature; 
from time to time, the organic phase was analyzed gas chroma-
tographically. Figure 2 shows the time course of the enzymatic 
transesterification: One can see that the concentration of 1 
gradually decreases, while the concentration of the trans
esterification product, 3-methoxy-l-butyl propionate, simulta
neously increases (no propionic acid was formed, indicating that 
hydrolysis was completely suppressed). After 20 h no further 
reaction takes place. The enzyme-containing beads were then 
recovered by filtration; the organic phase obtained was separated 
by aqueous extractions and evaporation under vacuum. As a 
result, optically active (+)-l and (-)-3-methoxy-l-butyl propionate 
were collected. We have found that the former was totally un-
reactive in the esterase catalyzed reaction with methyl propionate. 
On the other hand, the (-)-l produced from the (-) ester by an 
alkaline hydrolysis was nearly fully acylated in the enzymatic 
transesterification. These results suggest that hog liver carbox
ylesterase has essentially absolute stereoselectivity in the reaction 
of 1 with methyl propionate and that the transesterification stops 
at a 50% conversion (Figure 2) because the reactive (-) isomer 
is exhausted. 

The enzymatic catalyst recovered after the preparative synthesis 
was rinsed with ether presaturated with phosphate buffer (to 
remove accumulated methanol) and repeatedly employed for the 
preparative transesterification. After each use, no more than a 
quarter of the enzymatic activity was lost (as judged on the basis 
of the half-life of the enzymatic reaction). 

Sepharose is by no means a unique support for the enzyme 
entrapment; e.g., we have successfully used porcine liver car
boxylesterase confined to Chromosorb beads for preparative 
production of three other couples of optically active esters and 
alcohols. Using the same approach as described above for 1, we 
have found that only S (but not R) isomers of 2 and 3 can act 
as nucleophiles in the transesterification reaction shown in Figure 
1 catalyzed by hog liver carboxylesterase. As a result, gram 
quantities of (i?)-(+)-2 and -39 (and their (S)-(-)-propionic esters) 
were prepared with a high enantiomeric excess. 

Both /- and fi?-/3-citronellols (4) are natural products which are 
widely used in perfumery.10 Although methods for the synthesis 

(9) Optically active 3 produced herein can be used as a convenient inter
mediate for the synthesis of (/-a-tocopherol (vitamin E) and /-menthol: Va
lentine, D. H. U.S. Patent 4 115 417, 1978. 
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Figure 3. Yeast lipase catalyzed transesterification. 

of the optical isomers of 4 have been developed, they are rather 
inefficient and usually afford low optical purity.11 d,l-4 can be 
easily made by reduction of synthetic citronellal or geraniol,10 but 
its resolution, as well as that of most racemic alcohols,12 is very 
cumbersome. We have succeeded in preparative resolution of d,l-4 
using our enzymatic approach. As in the case of the other alcohols 
tested, only (S)-(-)-4 was reactive toward the enzyme. Hence 
hog liver carboxylesterase exhibits absolute 5 stereoselectivity in 
the transesterification reaction;13 it is quite remarkable that the 
enzyme recognizes configuration of the chiral carbon which is two 
methylene groups away from the alcohol's reactive hydroxyl. 

The major drawback of hog liver carboxylesterase as a practical 
catalyst is its narrow nucleophile specificity.8 To overcome this 
obstacle, we have endeavored to search for another commercially 
available esterase which will be both stereoselective and nonspecific 
in the transesterification process. Such an esterase was found 
among lipases. Since the natural function of lipases is to hydrolyze 
triglycerides,14 one of them, tributyrin (glyceryl tributyrate), was 
employed by us as a matrix ester.15 

We have discovered that lipase from the yeast Candida cyl-
indracea, when placed in a biphasic system where the aqueous 
phase is a solution of the enzyme in water confined to the pores 
of Chromosorb and the organic phase is a solution of an alcohol 
in tributyrin, (i) accepts a wide variety of alcohols (both secondary 
and primary) in the transesterification reaction (Figure 3) and 
(ii) if the alcohol is chiral, displays a marked stereoselectivity in 
accepting only one isomer as a nucleophile. In the case of all chiral 
alcohols tested, the time course of lipase catalyzed trans-
esterifications resembled that shown in Figure 2. In all cases the 
process was carried out to apparent completion; no appreciable 
amount of butyric acid was detected (i.e., enzymatic trans
esterification totally suppressed hydrolysis). The general scheme 
of this process was conceptually the same as in hog liver car
boxylesterase catalyzed resolutions and is illustrated in Figure 4. 

To test the reusability of lipase entrapped in the Chromosorb 
beads, the enzymic catalyst was used for four consecutive tran-

(10) Booth, A. B. In "Kirk-Othmer Encyclopedia of Chemical 
Technology", 2nd ed.; Interscience: New York, 1969; Vol. 19, pp 803-838. 
"The Merck Index", 9th ed.; Merck: Rahway, NJ, 1976; p 301. 

(11) Von Rienacker, R.; Ohloff, G. Angew. Chem. 1961, 73, 240. Von 
Rienacker, R. Chimia 1973, 27, 97-99. Shono, T.; Matsumara, Y.; Hibino, 
K.; Miyawaki, S. Tetrahedron Lett. 1974, 1295-1298. Hidai, M.; Ishiwatari, 
H.; Yagi, H.; Tanaka, E.; Onozawa, K.; Uchida, Y. J. Chem. Soc, Chem. 
Commun. 1975, 170-171. 

(12) Jacques, J.; Collet, A.; Wilen, S. H. "Enantiomers, Racemates, and 
Resolutions"; Wiley: New York, 1981; Chapter 5. 

(13) There is a close parallelism between the stereospecificity of the en
zyme in the transesterification reaction (Figure 1) and that in the reaction 
of hydrolysis. We have found that in water (pH 8.0) hog liver carboxylesterase 
catalyzes the hydrolysis of only the (-) isomer of propionic esters of 1, 2, 3, 
or 4 (the reactions were carried out to completion in a pH-stat's cuvette; then 
the products were extracted with ether and characterized). 

(14) Desnuelle, P. In "The Enzymes"; 3rd ed.; Boyer, P. D., Ed.; Academic 
Press: New York, 1972; Vol. 7, pp 575-616. Brockerhoff, H. "Lipolytic 
Enzymes"; Academic Press: New York, 1974. Shahani, K. M. In "Enzymes 
in Food Processing"; 2nd ed.; Reed, G., Ed.; Academic Press: New York, 
1975; Chapter 8. 

(15) Tributyrin is a readily available and inexpensive matrix ester. Tri-
acetin is too soluble in water and also is less reactive with most lipases.14 

Triglycerides of fatty acids are inferior because of their high molecular weight 
and cost per mole. 

(16) Byrne, K. J.; Swigar, A. A.; Silverstein, R. M.; Borden, J. H.; Stok-
kink, E. / . Insect Physiol. 1974, 20, 1895-1900. 
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Figure 4. Schematic illustration of the resolution of racemic alcohols 
using esterase catalyzed transesterifications. 

sesterifications with 5 as a nucleophile. After each resolution, 
about 75% of the initial enzymatic activity was retained. 

Enzymatically prepared optically active alcohols and esters can 
then be chemically converted to other optically active compounds. 
We have illustrated this in the lipase catalyzed transesterification 
(Figure 3) using 9 and 10 as nucleophiles. In each case only the 
R isomer was reactive. Both the remaining 5 alcohols and butyric 
esters of the R alcohols were converted to epoxides by using KOH 
treatment.17 All four optically active epoxides produced are useful 
as chiral building blocks,18 for example; (i?)-(+)-propylene oxide 
in the synthesis of (i?)-reciferolide19 or chiral a-methylene-7-
lactones;20 (S)-(-)-propylene oxide for the production of (S)-
sulcatol;21 both (./?)-(-)- and (5)-(+)-epichlorohydrin for the 
synthesis of a variety of pharmaceuticals.18,22 

All the alcohols enzymatically resolved thus far were monoh-
ydric. It was of obvious interest to explore whether the lipase 
catalyzed transesterifications can be used for the preparation of 
optically active diols; 1,2-butanediol was chosen as a model. To 
avoid formation of both 1- and 2-esters, the enzyme, in addition 
to stereoselectivity, must also exhibit positional specificity. To 
examine this we studied the lipase catalyzed transesterification 
with 2 M 1-butanol (mimicking the primary hydroxyl in 11) and 
with 2 M 5 (mimicking the secondary hydroxyl in 11) as nu
cleophiles. It was determined that the half-life of the former 
reaction exceeds that of the latter by the factor of 12; that is, the 
enzyme is indeed regiospecific. This, along with the displayed 
stereoselectivity, led to the facile enzymatic resolution according 
to the scheme in Figure 4. 

In closing, we have successfully tested our approach, enzymatic 
stereoselective transesterification in biphasic systems, with two 
different esterases—hog liver carboxylesterase and yeast lipase. 
As a result, a number of optically active alcohols and esters were 
produced with high yield and enantiomeric purity. It appears that 
our work represents a significant advance in the use of enzymes 
for preparative production of chiral compounds23 as the metho
dology developed (i) is very simple, efficient, and readily amenable 
to a scale-up, (ii) is applicable to a wide variety of water-insoluble 
alcohols, (iii) employs commercially available enzymes, (iv) does 
not require expensive cofactors,24 and (v) is carried out in the 

(17) Blau, N. F.; Johnson, J. W.; Stuckwisch, C. G. J. Am. Chem. Soc. 
1954, 76, 5106-5107. 

(18) Rao, A. S.; Paknikar, S. K.; Kirtane, J. G. Tetrahedron 1983, 39, 
2323-2367. 

(19) Utimoto, K.; Uchida, K.; Yamaya, M.; Nozaki, H. Tetrahedron Lett. 
1977, 3641-3642. 

(20) Martin, L. D.; Stille, J. K. J. Org. Chem. 1982, 47, 3630-3633. 
(21) Johnston, B. D.; Slessor, K. N. Can. J. Chem. 1979, 57, 233-235. 
(22) Baldwin, J. J.; Raab, A. W.; Mensler, K.; Arison, B. H.; McGlure, 

D. E. J. Org. Chem. 1978, 43, 4876-4878. 
(23) Jones, J. B.; Beck, J. F. In: "Applications of Biochemical Systems 

in Organic Chemistry"; Jones, J. B., Sih, C. J., Perlman, D., Eds.; Wiley: New 
York, 1976; Part I, pp 107-401. Whitesides, G. M.; Wong, C-H. Aldri-
chimica Acta 1983, 16, 27-34. 

(24) Cf: Maugh, T. H. Science (Washington, D.C.) 1983, 221, 351-354. 
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presence of only a few percent of water which greatly simplifies 
product recovery.24 

Experimental Section 
Materials. Hog liver carboxylesterase (EC 3.1.1.1) was purchased 

from Sigma Chemical Co. in the form of a suspension in 3.2 M ammo
nium sulfate and had a specific activity of 160 units/mg of protein. 
Lipase from Candida cylindracea was also obtained from Sigma; it was 
a powder with a specific activity of 2415 units/mg of protein. 

Porous supports used for "immobilization" of the enzymes, Sepharose 
4B and Chromosorb 101, were purchased from Sigma. The former 
represented an aqueous suspension of 40-190-^m beads (agarose con
centration 4%). Chromosorb 101 (commonly used as a carrier in gas-
liquid chromatography) consisted of 125-150-^m particles with the pore 
diameter of 0.3-0.4 /tm. 

All alcohols used in this work, both in the racemic and in the optically 
pure form (when available), were obtained commercially. Propionic 
esters of 1-4 and butyric esters of 5-10 were synthesized from propionyl 
chloride and butyryl chloride, respectively, and the corresponding alcohol 
following the general procedure of Morris and Green.25 The boiling 
points of the esters thus prepared were as follows (760 mmHg): propionic 
ester of 1 180-181 0C, of 2 173-175 0C, of 3 242 0C, and of 4 249-252 
°C; butyric esters of 5 151-152 0C, of 6 209-211 °C, of 7 249-250 0C, 
of 8 223 0C, of 9 169-170 0C, and of 10, 219-220 0C. Methyl pro
pionate and tributyrin employed in this study as matrix esters were used 
without further purification. 

Assays. All alcohols and esters in this work were determined gas 
chromatographically by using a 6-ft glass column packed with Analab's 
"Super Pak 20 M" (N2 carrier gas, 10 mL/min; detector and injector 
port temperature 250 0C). (i) In the case of 1 and 5 through 11, the 
temperature of the column was increased from 51 to 240 0C at 16 
°C/min. The retention times observed were 1.6 min for methyl pro
pionate and methanol, 6.4 min for 1, 7.1 min for 3-methoxy-l-butyl 
propionate, 5.2 min for propionic acid, 11-13 min for tributyrin and 
dibutyrin (a broad shapeless peak), 6.0 min for butyric acid, 1.8 min for 
5, 3.2 min for 2-butyl butyrate, 5.0 min for 6, 6.6 min for 2-octyl buty-
rate, 6.6 min for 7, 7.8 min for sec-phenethyl butyrate, 5.0 min for 8, 6.7 
min for 6-methyl-5-hepten-2-yl butyrate, 3.0 min for 9, 4.9 min for 
l-chloro-2-propyl butyrate, 6.1 min for 10, 7.4 min for 2,3-dichloro-
prop-1-yl butyrate, 6.1 min for 11, and 7.1 min for 2-hydroxybut-l-yl 
butyrate. (ii) In the case of 2, the temperature of the column was 90 0C. 
The retention times observed were 1.1 min for methyl propionate and 
methanol, 2.0 min for propionic acid, 2.8 min for 2, and 3.6 min for 
3-methoxy-l-pentyl propionate, (iii) In the case of 3 and 4, the tem
perature of the column was 135 0C. The retention times observed were 
1.0 min for methyl propionate and methanol, 1.5 min for propionic acid, 
3.0 min for 3, 4.1 min for 3.7-dimethyl-l-octyl propionate, 3.5 min for 
4, and 4.5 min for citronellyl propionate. 

All optical rotations were measured at 589 nm (sodium line) and 25 
0C on a Perkin-Elmer 243 B polarimeter. 

Distillations. The fractional distillation apparatus employed by us 
consisted of a Vigreux distilling column (12.5 cm height), water-cooled 
condenser, and a three-neck distilling receiver equipped with a vacuum 
adapter. The holdup of this apparatus with a typical amount of liquid 
we used in our work was about 0.7 mL. With the above apparatus, we 
succeeded in obtaining excellent separations of esters from alcohols 
(Table II) due to the very low rates of distillation used (2-5 mL/hr). 

Preparation of Enzymatic Catalysts. Solutions of hog liver carboxy
lesterase were entrapped either in Sepharose or in Chromosorb as de
scribed below, (i) Swollen Sepharose 4B (2 mL) was washed with water 
and with 0.1 M phosphate buffer (pH 8.0). Then the resin was thor
oughly dried on a glass filter, followed by cutting the resultant gel into 
small (approximately 2 mm X 2 mm) pieces with a razor blade. The 
beads produced were added to 4.6 mL of 10.9 mg/mL enzyme suspension 
and allowed to absorb it (there was no liquid left afterwards), (ii) 
Chromosorb 101 (1 mL) (100-120 mesh) was washed with water and 
0.1 M phosphate buffer and then dried on a glass filter. After that, the 
beads were added to 1.1 mL of a 10.9 mg/mL enzyme suspension and 
allowed to completely absorb it. We have found that (for reasons not 
presently clear) Sepharose was a better support in the transesterification 
with 1 as a nucleophile, while Chromosorb was superior with 2, 3, and 

(25) Morris, J. F.; Green, E. H. J. Am. Chem. Soc. 1901, 26, 293-318. 
(26) Mori, K.; Suguro, T.; Uchida, M. Tetrahedron 1978, 34, 3119-3123. 
(27) Cohen, N.; Scott, C; Neukom, C; Lopresti, R. J.; Weber, G.; Saucy, 

G. HeIv. Chim. Acta 1981, 64, 1158-1173. 
(28) "The Merck Index", 9th ed.; Merck: Rahway, NJ, 1976; p 197. 
(29) Lin, Y. Y.; Palmer, D. N.; Jones, J. B. Can. J. Chem. 1973, 52, 

469-476. 
(30) "Aldrich Catalog/Handbook of Fine Chemicals"; Aldrich: Milwau

kee, 1982-1983; p 918. 

4 (in terms of the half-life of the reaction at a given amount of the 
enzyme present in the system). 

Lipase from Candida cylindracea was entrapped in Chromosorb beads 
only. One gram of the beads was impregnated with 0.1 M phosphate 
buffer (pH 8.0), followed by drying on a filter paper. Then 67 mg of the 
enzyme powder was added to the beads and mixed thoroughly, and the 
mixture was allowed to equilibrate at room temperature for 5 h. 

Both enzymic preparations were stored at 4 0C for several days with 
no appreciable loss of the catalytic activity. 

Enzymatic Production of Optically Active 1-11 and Their Esters. 
Racemic alcohols 1-4 were resolved through the transesterification re
action shown in Figure 1 catalyzed by hog liver carboxylesterase. In the 
case of 1, the enzyme was entrapped in Sepharose beads; in the case of 
2-4, the enzyme was entrapped in Chromosorb beads (for both proce
dures see the previous section). Racemic alcohols 5-11 were resolved 
through the transesterification reaction shown in Figure 3 catalyzed by 
yeast lipase entrapped in Chromosorb beads as described above. 

In all cases 2 M racemic alcohol (Table I) was dissolved in the matrix 
ester (methyl propionate or tributyrin). Then the mixture was saturated 
with 0.1 M phosphate buffer (pH 8.0), and the enzymic catalyst was 
added. The amount of the latter (including the weight of the support, 
of the buffer, and of the enzyme) was (i) 50 and 167 mg/mL of the 
reaction mixture for hog liver carboxylesterase entrapped in Sepharose 
and Chromosorb, respectively (which corresponds to 0.5 mg of the en-
zyme/mL of the reaction mixture), and (ii) 100 mg/mL of the reaction 
mixture for Candida cylindracea lipase (which corresponds to 3.34 mg 
of the enzyme/mL of the reaction mixture). 

A mixture containing the matrix ester, the corresponding racemic 
alcohol, and the corresponding enzyme (prepared as described above) was 
placed in a 50-250-mL screw-cap bottle and shaken on an orbit shaker 
at 250 rpm and room temperature (21-25 0C) for a period of time 
required to complete the enzymatic transesterification. Experimental 
conditions for all the transesterifications examined are shown in Table 
I. 

Following completion of the reaction, the enzymic catalyst was re
covered by filtration. The liquid phase obtained was then separated by 
using (i) aqueous extractions with subsequent evaporation (in the case 
of 1 and 11) or (ii) fractional distillation (in the case of 2-10). 

(i) The liquid phase was washed with 3 volumes of distilled water. The 
washings were combined, and water was evaporated at 50 °C and 15 
mmHg; the remainder was washed with ether and dried with anhydrous 
MgSO4. In the case of 1, the organic phase (consisting of (-)-3-meth-
oxy-1-butyl propionate and methyl propionate) left after aqueous ex
traction was evaporated at 40 0C and 15 mmHg to remove methyl pro
pionate. In the case of 11, the organic phase (consisting of (-)-2-
hydroxy-1-butyl butyrate, dibutyrin, and tributyrin) left after aqueous 
extraction was distilled at 5 mmHg. 

(ii) The liquid phase was subjected to fractional distillation by using 
the apparatus described above. 

Table II summarizes the data concerning the properties of the enzy-
matically produced optically active alcohols and esters. (It is worth 
noting that the boiling points of the latter, propionic for 1-4 and butyric 
for 5-10, were identical with those of the corresponding chemically 
synthesized esters.) 

Alkaline Hydrolysis of Esters. Enzymatically prepared optically active 
esters (propionic or butyric) can be converted to the corresponding op
tically active alcohols by alkaline hydrolysis, (i) Propionic esters of 1, 
2, 3, and 4 and butyric esters of 5 and 11 were hydrolyzed at pH 12 and 
37 0C in a pH-stat's cuvette: saturated solutions of the esters in 0.1 M 
aqueous solution of KCl with 10% of acetone were placed in a 100-mL 
water-jacketed cuvette and were hydrolyzed till completion (several 
hours). Then the solutions were partly evaporated under vacuum and the 
alcohols were extracted with ether, followed by its evaporation, (ii) 
Butyric esters of 6, 7, and 8 (about 10 g) were dissolved in 50 mL of dry 
methanol saturated with KOH. The esters were completely hydrolyzed 
within 1 h (as judged by gas chromatography). Then methanol was 
evaporated under vacuum and the precipitated KOH was removed by 
filtration; the resultant solution was washed with ether and dried with 
anhydrous MgSO4. (iii) In the case of butyric esters of 9 and 10, the 
alkaline treatment resulted both in alcoholysis and in formation of ep
oxides17 of the alcohols produced. Butyric ester of 9 (11.9 g) and 10.5 
g of butyric ester of 10 were dissolved in 11 mL of dry 1-butanol and 12 
mL of dry methanol, respectively. Then the resultant solutions were 
added dropwise to 50 mL of dry 1-butanol or methanol, respectively, 
saturated with KOH, at 4 0C. The mixtures were stirred at room tem
peratures for 1 h, during which time the expoxide formation was com
pleted as judged by gas chromatography. (Under the same conditions 
as in (i) of the Assays section, the retention times of both authentic, 
commerically obtained, and enzymatically prepared propylene oxide and 
epichlorohydrin were 1.3 and 2.5 min, respectively.) Then the mixtures 
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were stored at 4 0C overnight to precipitate KCl and filtered, the solvents 
were evaporated under vacuum, and the solutions were filtered again, 
washed with ether, and dried with anhydrous MgSO4. 

The properties of the optically active alcohols prepared from the en-
zymatically produced esters by using the aforedescribed procedures are 
listed in Table II. 

Formation of Epoxides from 9 and 10. The procedure used was a 
modification of the method of Blau et al.17 and was identical with that 
described in (iii) of the preceding section except that 6.3 g of 9 and 8.2 
g of 10 were used instead of their butyric esters. 

In the case of 9, (S)-(-)-931 (see Table II) was converted to 2.4 g of 

(31) The absolute configurations of optically active 9 and 10 (and their 
butyric esters) are not available as such. Therefore we determined the absolute 
configurations of the enzymatically produced 9, 10, and their esters on the 
basis of those of the epoxides derived from the alcohols, using the Cahn-
Prelog-Ingold rule. 

(32) Mori, K.; Sasaki, M.; Tamada, S.; Suguro, T.; Masuda, S. Hetero-
cycles 1978, 10, 111-115. 

(33) Mori, K.; Sasaki, M.; Tamada, S.; Suguro, T.; Masuda, S. Tetrahe
dron 1979,35, 1601-1605. 

Cytochrome i 5 is a membrane-bound monoheme protein having 
a wide range of redox functions.1 It can be detached from its 
membrane by detergent to give a protein of ca. 135 residues, which 
aggregates in solution. Much work has been carried out on the 
93-residue (heme containing) soluble protein which is obtained 
by proteolysis.2 This includes X-ray diffraction studies on the 
protein with Fe in the oxidized cytochrome M i l l ) (1.5-A reso
lution) and reduced cytochrome ^5(II) (2.8 A) states.3 A pre
ferred isolation procedure is that used in the present work involving 
trypsin digest, which gives an 84-residue protein. To obtain this 
the 50 C-terminal residues, which contain a high percentage of 
hydrophobic residues and attaches the protein to the membrane 
(it is also responsible for the aggregation), and 2 N-terminal 
residues are split off, leaving the 84-residue water-soluble heme 
peptide fragment, which is very resistant to further attack by 
trypsin. It has been demonstrated that trypsin digest of the 
93-residue protein removes 7 C-terminal and 2 N-terminal residues 
to give the same 84-residue protein.2 The heme group is situated 
in a hydrophobic pocket. There are no peptide to porphyrin 
linkages, but two histidines (39 and 63 in the 93-membered 

(1) Mathews, F. S.; Czerwinski, E. W1; Argos, P. "The Porphyrins"; 
Dolphin, D., Ed.; 1979; Vol. VII, pp 107-147. 

(2) Strittmatter, P.; Axols, J. J. Biol. Chem. 1966, 241, 4787. 
(3) Argos, P.; Mathews, F. S. J. Biol. Chem. 1975, 250, 474 and references 

therein. 

(S)-(-)-propylene oxide (43% overall yield, 93% purity by GC) with 
H25

D -4.9° (c 1, chloroform) which corresponds to ee 68%34 (lit.35 [a]25
D 

-7.2° (c 1, chloroform)). The (.R)-(+)-]-chloro-2-propyl butyrate31 

enzymatically produced (see Table II) was converted to 2.7 g of (R)-
(+)-propylene oxide (50% overall yield, 94% purity by GC) with [a]25

D 
+4.8° (c 1, chloroform), which corresponds to ee 67%34 (lit.35 [a]D

25 

+7.2° (c 1, chloroform)). 
In the case of 10, (S>(+)-1031 (see Table II) was converted to 3.6 g 

of (S)-(+)-epichlorohydrin (51% overall yield, 95% purity by GC) with 
[a]25

D +23.5° (c 1.2, MeOH)). The (£)-(-)-2,3-dichloro-l-propyl bu-
tyrates31 enzymatically produced (see Table II) was converted to 3.0 g 
of CR)-(-)-epichlorohydrin (43% overall yield, 95% by GC) with [a]25

D 
-23.0° (c 1.5, MeOH), which corresponds to ee 67%34 (lit.22 [a]25

D 
-34.3° (c 1.5, MeOH)). 

(34) The most likely reason for a relatively low ee obtained is tempera
ture-induced racemization of optically active 9 and 10 (and their butyric 
esters). In agreement with this hypothesis, when the enzymatically produced 
9 was distilled at a lower vacuum (20 mmHg) and higher temperature (38 
0C) only 10% ee was obtained for the resultant propylene oxide. 

(35) See ref 30, p 997. 

protein) are axial ligands to the Fe. There are no cysteines or 
methionines. The Fe is low spin in both the II (colored orange) 
and III (red) states. A redox potential of 20 mV has been reported 
for the protein in solution and when bound to microsomes.43 

Recent studies indicate a value of 5 mV for the 84-residue protein 
at 25 0C, pH 7-8, / = 0.10 M (phosphate).4b From the amino 
acid composition5 the charge on cytochrome 65(H) and ^5(III) 
is estimated as 10- and 9-, respectively. A feature of the structure 
is the ring of acidic residues around the exposed heme edge.1 The 
possible significance of two propionate groups attached to the 
porphyrin, both of which are exposed to solvent in hemoglobin 
but one of which is almost totally buried in cytochrome b5, has 
been considered.6 

A preliminary account of this work has appeared.7 The re
duction of cytochrome b5(lll) with Fen(edta)2" has been reported 
previously.8 There have been no previous kinetic studies on the 

(4) (a) Weber, H.; Weis, W.; Staudinger, H. Hoppe-Seyler's Z. Physiol. 
Chem., 1971, 352, 109. (b) Reid, L. S.; Taniguchi, V. T.; Gray, H. B.; Mauk, 
A. G. J. Am. Chem. Soc. 1982, 104, 7576. 

(5) (a) Tsugita, A.; Kabayashi M.; Tani, S.; Kyo, S.; Rashid, M. A.; 
Yoshida, Y.; Kajchara, T.; Hagihara, B. Proc. Natl. Acad. Sci. U.S.A. 1970, 
67, AAl. (b) Ozols, J.; Strittmatter, P. J. Biol. Chem. 1969, 244, 6617. 

(6) Reference 1, p 140. 
(7) Chapman, S. K.; Davies, D. M.; Vuik, C. P. J.; Sykes, A. G.; J. Chem. 

Soc, Chem. Commun. 1983, 868. 
(8) Reid, L. S.; Mauk, A. G. J. Am. Chem. Soc. 1982, 104, 841. 

Kinetic Studies on the Oxidation of Calf Liver Cytochrome 
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Abstract: The complexes Co(edta)", Co(NH3)6
3+, Pt(NH3)6

4+, and (NHJ) 5 CONH 2 CO(NH 3 )S 5 + have been used as oxidants 
for cytochrome 65(11) at 25 0C, pH 7.4, / = 0.10 M (NaCl). With Co(edta)" a simple rate law first order in both reactants 
(k = 14.1 M"1 s-') is observed. The effects of pH (5.4-7.9) and temperature (AH* = 8.6 kcal mol"1, AS* = -24.4 cal K"1 

mol"1) were studied. With the other oxidants a less than first-order dependence on oxidant (> 10-fold excess) is observed, 
consistent with association (K) prior to electron transfer (ka). Values obtained are for Co(NH3)6

3+ (600 M"1,0.075 s"1), Pt(NH3)6
4+ 

(14 800 M"1, 0.080 s"1), and (NH3)5CoNH2Co(NH3)5
5+ (16 600 M"1, 3.8 s"1). Competitive inhibition is observed with the 

positively charged oxidants on addition of redox-inactive Cr(en)3
3+ (KCr = 309 M"1). With Co(edta)", however, an increase 

in rate constants is observed on addition of Cr(en)3
3+. These results can be accounted for in terms of reaction by all four 

oxidants at a specific functional site on the protein, which includes the exposed heme edge, and are strongly influenced by 
acidic residues in this region. The magnitude of K values suggests an effective charge of 3-/4- at this binding site. 
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