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Clearly, mechanisms that involve oxidation by O, or peroxides
can be ruled out for Rh(111)-p(2X%2)-O.

Mechanisms involving OH insertion into the C==C bond of
alkenes have also been proposed for some Rh complexes.!! We
have no evidence for the presence of adsorbed OH on the
Rh(111)-p(2%2)-O surface during alkene reaction. Chemisorbed
OH would produce gaseous water below 250 K,!316 yet no water
is formed below 350 K during sytrene reaction (Figure ).
Furthermore, no OH is detected in X-ray photoelectron spectra.

The oxidation of styrene to acetophenone by oxygen adsorbed
on Rh(111)-p(2X2)-O is an unprecedented reaction for both
homogeneous and heterogeneous systems. This study demonstrates
that the acidity of C-H bonds does not control selectivity or
kinetics for this oxidation reaction. Future work will be directed
toward investigation of the mechanism of this unusual process.
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The growing need for analytical as well as preparative methods
for separation of enantiomers in the life sciences has led to an
extensive search for such methods. To the best of our knowledge,
no one has reported that the easily available cellulases could be
used as chiral selectors.

About 5 X 10" kg of cellulose is converted in nature each year.!
The most important actors in this process are fungi and bacteria,
which produce the enzymes, cellulases, which catalyze the cleavage
of the glycosidic bonds in the cellulose, i.e., the degradation of
cellulose in nature. Fungi are efficient producers of cellulases,
and as much as 20 g of different cellulases, e.g., cellobiohydrolases
and endoglucanases, per liter can be isolated from the culture
filtrate of the fungus Trichoderma reesei.? Cellobiohydrolase
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Figure 1. Structures of the solutes.

Table I. Chromatographic Resolution of Racemic Drugs on
Cellulase-Silica CPS?

pH 4.7 pH 6.8%
compd k a R, k) a R,
alprenolol 0.16 5.1 4.8 2.8 8.3 49
metoprolol 0.10 1.7 0.7 0.81 2.6 39
prilocaine <0.01 0.13 2.1 1.2
propranolol 0.46 2.6 4.6 6.2 4.7 43
warfarin® 3.9 1.3 1.2 075 1.0

9Conditions are shown in Figure 2. ®Eluent: sodium—phosphate
buffer pH 6.8, I = 0.01, containing 0.5% 2-propanol. (+)-Norefedrin
(pH 4.7) or buffer solution without 2-propanol (pH 6.8) was used as a
marker for to, k' = (tg — t0)/te, @ = kh/k’;, N = 16(t,/t,)%, R, =
(NV2k(a - 1))/(4(1 + k’)a), where t; is the retention time of a
nonretarded solute, k', the capacity factor of the first eluted enan-
tiomer, k', the capacity factor of the last eluted enantiomer, « the se-
lectivity factor, NV the number of theoretical plates, R, the resolution,
and 1, the bandwidth at base line. UV detection at 306 nm.

I, CBH [, is the quantitatively dominating cellulase formed by
the fungi T. reesei,? Phanerochaete chrysosporium,? and Peni-
cillium pinophilum,* and there are good reasons to believe that
it is widespread among fungi that can attack crystalline cellulose.
CBH 1 is an acidic glycoprotein with a My in the range
60000-70 000 and the isoelectrical point pH 3.5-3.6, and in the
case of the Trichoderma, both protein® and gene® are well
characterized. The CBH I enzyme, like all Trichoderma cellu-
lases, has a common structural organization with a short terminal
binding domain (36 amino acids) connected to the main part of
the protein, the core, with a flexible arm.2 The three-dimensional
structure of the binding domain has been determined by 2-D
NMR.” The interconnecting region is rich in serine, threonine,
and proline residues and is highly glycosylated. The core is
catalytically active and can easily be separated from the binding
domain by limited proteolysis. The core can be crystallized, and
in the csase of CBH 11, the three-dimensional structure has been
solved.
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Figure 2. Chromatographic resolution of propranolol. Column 250 X
5 (i.d.) mm; eluent, sodium-acetate buffer pH 4.7, I = 0.01, containing
0.5% 2-propanol; (RS)-propranolol was dissolved in the eluent; 20 uL of
the solution (6 X 10~ mol/L) was injected; flow rate 0.3 mL/min,
temperature 22 °C; UV detection at 254 nm. The elution order was
established by injecting the pure enantiomers.

Hermansson has successfully used the plasma protein «;-acid
glycoprotein (AGP or orosomucoid) as a chiral stationary phase
(CSP) for liquid chromatographic separations of enantiomers.’
It has been suggested that the carbohydrate domain of AGP, about
45% of the molecular weight, is involved in the chiral recognition. !
Proteins without carbohydrates, e.g., bovine serum albumin,!!:}2
and carbohydrates without proteins, e.g., cellulose,!!* have also
been utilized as CSPs.

In this study we report briefly the preparation and use of a CSP
based on one cellulase, CBH . Salts and pigments were removed
from the crude culture filtrate of T. reesei QM 9414 by gel
chromatography. lon-exchange chromatography was used for all
remaining purification steps.!* The homogeneity was tested by
SDS-PAGE and IEF-PAGE.!® The cellulase (CBH 1) was co-
valently bonded to aldehyde silica (particle size 10 um) according
to the following method. The aldehyde silica, obtained by oxi-
dation of diol silica by periodic acid, and sodium cyanoborohydride
were added to a phosphate buffer solution (pH 7) of CBH I. The
Schiff’s base obtained was reduced by sodium cyanoborohydride
to get a stable covalent bond between the cellulase and the silica
derivative. The CSP was washed on a sintered-glass filter with
the buffer solution. Finally, the material was packed into a steel
column (250 X 5 mm i.d.) by using a descending slurry-packing
technique.

Examples of direct resolution of racemic drugs (Figure 1) are
given in Table 1. Alprenolol, metoprolol, propanolol (Figure 2)
(B-adrenergic blockers), prilocaine (local anesthetic), and warfarin
(anticoagulant) were all well resolved with high stereoselectivity
on this cellulase-based CSP using aqueous mobile phases. A
surprisingly high stereoselectivity was obtained for alprenolol («
= 8.3).

The cellulase-silica material seems to be a promising contri-
bution to the pool of CSPs. The fact that the cellulases are
available in huge quantities indicates their potential as chiral
selectors in preparative as well as analytical applications.
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Tautomerism of allene episulfide and cyclopropanethione via
a thioallyl intermediate'? is of great interest since these entities
are the sulfur analogues of the well-studied allene oxide—cyclo-
propanone—oxyallyl’ and methylenecyclopropane—trimethylide
systems* (Scheme I). According to the kinetic* and MCSCF
calculation studies,?® thioallyl is a biradical with partial ionic
character similar to trimethylenemethane™ rather than oxyallyl. 4
Recently, we proposed the thioallyl cation to account for the
acid-catalyzed isomerization of allene episulfide.’ Meanwhile
thioallyl biradical would be expected to be easily complexed with
metals such as (trimethylenemethane)iron tricarbonyl.®2® We
now report the formation of the new type of (n*-thioallyl)tri-
carbonyliron complex obtained from the reaction of allene epi-
sulfide with diiron nonacarbonyl.

Tetramethylallene episulfide (1a)? was treated with 1.2 equiv
of diiron nonacarbonyl in benzene at 60 °C for 10 min. After
the solvent was removed at reduced pressure, the residue was
separated by preparative HPLC, and subsequent recrystallization
from hexane gave rise to two iron carbonyl derivatives, 2a
(Me,C,SFe(CO),, 16%) and 3 (Me,CyFe (CO)g, 11.5%), and
1-isopropenyl-2-methyl-1-propenyl) disulfide 4 (6.5%) (see Scheme
II). In contrast, a reaction with aryl- and tert-butyl substituted
allene episulfide 1b provided single iron carbonyl complex 2b
(‘BuPh,C;HSFe(CO),, 29%) along with diaryl-tert-butylallene
5b (25%) (Scheme 11I). The molecular formulas and group
assignments shown in parentheses are based on mass, 'H and 1°C
NMR, and IR spectral analysis.” Compounds 2a and 2b were

(1) For reviews: (a) Ando, W. Chemistry of Allene Episulfides and
Thiiranoradialenes. Reviews on Heteroatom Chemistry; Qae, S., Ed.; MYU:
Tokyo, 1988; Vol. 1, pp 235-276. (b) Ando, W.; Tokitoh, N. Synthesis of
Functionalized Episulfides. Strain and Its Implication in Organic Chemistry:
de Meijere, A., Blechert, S., Eds.; NATO ASI Series; Kluwer Academic
Publishers: London, 1989; pp 59-75.

(2) (a) Hortmann, A. G.; Bhattacharjya, A. J. Am. Chem. Soc. 1976, 98,
7081. (b) Block, E.; Penn, R. E.; Ennis, M. D.; Owens, T. A.; Yu, S.-L. J.
Am. Chem. Soc. 1978, 100, 7436. (c) Longejan, E.; Buys, T. S. V.; Steinberg,
H.; de Boer, T. J. Recl. Trav. Chem. Pays-Bas. 1978, 97, 214. (d) Saalfrank,
R. W,; Paul, W; Schierling, P.; Schuler, H.; Wilhelm, E. Chem. Ber. 1982,
115,57. (e) Furuhata, T.; Ando, W. Tetrahedron Leti. 1986, 27, 4035. (f)
Furuhata, T.; Ando, W. Tetrahedron 1986, 42, 5301. (g) Ando, W,; Fur-
uhata, T. Nippon Kagaku Kaishi 1987, No. 7, 1293. (h) Ando, W.; Itami,
A.; Furuhata, T.; Tokitoh, N. Tetrahedron Lett. 1987, 28, 1787. (i) Tokitoh,
N.; Choi, N.; Ando, W. Chem. Lett. 1987, 2177. (j) Furuhata, T.; Ando, W.
Tetrahedron Lett. 1987, 28, 1179.

(3) For review: (a) Noyori, R. Acc. Chem. Res. 1979, 12, 61. (b) Chan,
T. H.; Ong, B. S. Tetrahedron 1980, 36, 2269. For theoretical treatment: (c)
Osamura, Y.; Borden, W. T.; Morokuma, K. J. 4m. Chem. Soc. 1984, 106,
5112,

(4) For reviews: (a) Dowd, P. Acc. Chem. Res. 1972, 5, 242. (b) Berson,
J. A. Ibid. 1978, 11, 446. For theoretical calculations: (¢) Crawfold, R. J.;
Tokunaga, H. Can. J. Chem. 1974, 52, 4033. (d) Dolbier, W. R., Jr.; Fielder,
T. H., Jr. J. Am. Chem. Soc. 1978, 100, 5577. (e) Dolbier, W. R, Jr,;
Burkholder, C. R. Ibid. 1984, 106, 2139.

(5) (a) Ando, W ; Hanyu, Y.; Furuhata, T.; Takata, T. J. Am. Chem. Soc.
1983, 105, 6151. (b) Tokitoh, N.; Choi, N.; Ando, W. J. Org. Chem. 1989,
54, 4660.

(6) For trimethylenemethane complex: (a) Churchill, M. R,; Gold, K. J.
Chem. Soc., Chem. Commun. 1968, 693. (b) Ehrlich, K.; Emerson, G. F. J.
Am. Chem. Soc. 1972, 94, 2464. (c) Trost, B. M.; Chan, D. M. T. Ibid. 1983,
105, 2326. (d) Trost, B. M. Angew. Chem., Int. Ed. Engl. 1986, 25, 1. (e)
Jones, M. D.; Kemmitt, R. D. W; Platt, A. W. G. J. Chem. Soc., Dalton
Trans. 1986, 1411. For oxyallyl complex: (f) Fawcett, J.; Henderson, W.;
Jones, M. D.; Mekkitt, R. D. W.; Russell, D. R; Lam, B,; Kang, S. K,;
Albright, T. A. Organometallics 1989, 8, 1991. (g) Jones, M. D.; Kemmitt,
R. D. W,; Fawcett, J.; Russell, D. R. J. Chem. Soc., Chem. Commun. 1986,
427. (h) Imran, A.; Kemmitt, R. D. W.; Markwick, A. J. W.; McKenna, P,;
Russell, D. R.; Sherry, L. J. S. J. Chem. Soc., Dalton Trans. 1988, 549. (i)
Kemmitt, R. D. W.; McKenna, P.; Russell, D. R.; Sherry, L. J. S. Ibid. 1985,
259. (j) Holmgren, J. S.; Shapley, J. R.; Wilson, S. R.; Pennington, W. T.
J. Am. Chem. Soc. 1986, 108, 508.

0002-7863/90/1512-4574%$02.50/0 © 1990 American Chemical Society



