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One of the most interesting features of the cytochrome P-450 
family of enzymes is the ability to convert alkanes to alcohols, 
often with high regioselectivity and stereospecificity.1"3 There 
is now abundant evidence that the hydroxylation process is stepwise 
and that C-H bond scission is an event stereochemical^ discrete 
from the subsequent formation of the new C-O bond of the 
product alcohol. Thus, the hydroxylation of norbornane by cy
tochrome P-450LM2 was demonstrated in our laboratory to afford 
both the exo- and enofo-norborneols and that either product could 
derive from initial removal of either the exo or endo hydrogen.43 

Likewise, it has been shown that the selective exo-C-5 hydroxy
lation of camphor by P-450CAM occurs with a considerable degree 
of stereochemical indiscrimination for hydrogen removal,5 that 
the allylic hydroxylation of olefins occurs with significant allylic 
scrambling,415 and that the benzylic hydroxylation of ethylbenzene 
is nonstereospecific.6'7 By contrast, predominant retention4 of 
configuration has been reported for the hydroxylation of isotop-
ically chiral methyl groups.8 The central question becomes 
whether hydroxylation with retention of configuration at carbon 
is a mechanistically enforced outcome or whether the enzyme can 
adequately control the stereochemical outcome of a stepwise, 
free-radical process. 

Many of the essential features of oxygen transfer by cytochrome 
P-450 have been modeled with synthetic metalloporphyrin catalysts 
by using iodosylbenzene9 or other oxygen donors10"17 as oxidants. 
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Scheme I 

In this paper we describe the stereochemical course of the hy
droxylation of ethylbenzene with a chiral iron porphyrin catalyst. 
The results indicate that the degree of stereospecificity is related 
to the fit of the substrate into the catalyst and provide insight into 
how a stepwise free-radical reaction may proceed with apparent 
retention of configuration at carbon. 

In a typical reaction, the hydroxylation of ethylbenzene was 
carried out under anaerobic conditions in dichloromethane at 0 
0C by using the chiral binaphthyl iron porphyrin 1 (Scheme I) 
we have described elsewhere18 as the catalyst. Reactions were 
initiated by the addition of iodosylbenzene (100 equiv based on 
1) to a dichloromethane solution of 1 (1.5 mg in 2 mL) and 
ethylbenzene (1000 equiv). The product alcohols were isolated 
by chromatography on silica and esterified with (R)-(-)-2-
phenylpropionyl chloride. Yields, enantiomeric excesses, and 
alcohohketone ratios were determined by GC, and the deuterium 
content of each diastereomeric ester was measured by GC-MS 
(Table I). 

Ethylbenzene afforded a 40% yield of 1-phenylethanol with a 
71:29 ratio of the R and S enantiomers, respectively (41% ee). 
Some acetophenone was also detected but was shown not to be 
due to further oxidation of the alcohol product. Samples of 
optically pure [R)- and (S)-(I-deuterioethyl)benzene were pre
pared by the method of Mosher.19 (/?)-(l-deuterioethyl)benzene 
provided the S alcohol in excess (16% ee) while (S)-(I-
deuterioethyl)benzene afforded the R alcohol but with a much 
higher, isotopically enhanced stereoselectivity (77% ee). Multiple 
determinations of at least three oxidations indicated that the 
enantiomeric excesses were reproducible and accurate to ±2%. 

The deuterium content of the enantiomeric alcohols derived 
from (R)- and (5)-(l-deuterioethyl)benzene was determined from 
the mass spectra of the diastereomeric 1-phenylpropionyl esters. 
The base-line separation of the GC peaks and the uncomplicated 
parent region for these compounds (no m-1 peak) allowed an 
unambiguous determination. Tabulations of the mass spectra of 
the diastereomeric esters and the deuterium content of each di-
astereomer derived from the data are shown in Table I. The 
primary data provide a measure of the stereoselectivity of these 
hydroxylations and the proton/deuterium inventory for each 
stereoisomeric product. Two things are immediately apparent: 
(1) the major hydroxylation product was determined by the 
stereochemistry of the deuteration and (2) the extent of deuter-
ation of the major product was indistinguishable from 100% 
whereas the minor product in each case contained nearly equal 
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Table I. Mass Spectral Data for 1-Phenylethyl Esters Derived from (R)- and (S)-(l-Deuterioethyl)benzene° 

mjz 

253 
254 
255 
256 

rel yield, % 
% deuterated 
% ee 

substrate 

(7?)-ethyl-/-d-benzene 

R,R ester R,S ester 
rel int, % rel int, % 

1.75 
98.56 

100.0 
19.3 

42 
45.7 
16 

0.82 
3.51 

100.0 
19.92 

58 
98.3 

(S)-ethyl-/-d-benzene 

R,R ester R,S ester 
rel int, % rel int, % 

0.77 
1.8 

100.0 
19.87 

88 
99.0 
77 

4.72 
85.01 

100.0 
19.78 

12 
49.6 

esters6 

1-phenylethanol 
rel int, % 

1.12 
100.0 

19.12 
0.4 

0.0 

from 

1 -phenylethan-/ -d-o\ 
rel int, % 

0.9 
1.75 

100.0 
16.5 

100.0 

"The relative intensities are averaged over the GC peak and are uncorrected. Deuterium percentages are corrected for 13C natural abundance. 
Determinations of at least three oxidations were reproducible to ±2%. 'These authentic phenylethyl esters were made from racemic alcohols. 
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The results indicate that the chiral porphyrin catalyst 1 has 
a 2-fold preference for removal of the pro-R hydrogen of ethyl-
benzene. More significantly, however, it is apparent that the 
radical produced by removal of either H or D from the pro-R site 
is captured with nearly complete retention of configuration whereas 
20-25% inversion (40-50% racemization) results from H(D) 
removal from the pro-S position. Accordingly, by the usual criteria 
of mechanism, the enantiotopic protons of ethylbenzene are hy-
droxylated by 1 by different mechanisms. 

A more satisfying interpretation is that the same mechanism, 
hydrogen abstraction and subsequent geminate cage recombina
tion,20 occurs in both cases. Capture of the incipient carbon radical 
must occur rapidly on the preferred re face due to the good fit 
of the substrate into the binaphthyl cavity. By contrast, the 
unfavorable nonbonded interactions encountered by the radical 
on the si face afford an opportunity for significant racemization. 
The results described here for this simple model system provide 
a clear indication as to how it is possible for asymmetric cata
lyst-substrate interactions to impose stereoselectivity on a free-
radical reaction. 
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amounts of hydrogen and deuterium. 
Analysis of the results is simplified by consideration of the 

stepwise hydroxylation process outlined in Scheme II. The C-H 
bond scission and subsequent C-O bond formation are stereo-
chemically discrete events.4,9 The intrinsic stereoselectivity for 
hydrogen removal from ethylbenzene by 1 can be derived from 
the observed ratio of R and S alcohols (71:29), and the stereo
selectivity of the capture of the intermediate becomes kRli/ksu 
= 2.0, where the subscript RH indicates hydrogen removal from 
the pro-R position. The deuterium inventory also allows a direct 
measure of the ratios kRD/kSH = 0.311 and km/kSD = 12.7 and, 
as indicated in eq 1, an independent measure of the isotope effects 
for H(D) removal from the R and S positions. The equivalence 
of these two values (6.4) is reassuring and the magnitude in accord 
with the intramolecular isotope effect for ethylbenzene-rf10 (kH/kD 

= 8.7), which should be inflated by secondary isotope effects and 
a higher degree of deuteration. 

^ R H A S H ^SH/^RH 
*RH/*RD = 7—71— = 6A = 7—TTT- = *SH/*SD (1) 

^ R D / ^ S ^ S D / ^ R 
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Although dihydrogen complexes1,2 (1) are frequently invoked 
along the reaction coordinate for lanthanide-centered, actinide-

(1) (a) Kubas, G. J. Ace. Chem. Res. 1988, 21, 126-128. (b) Crabtree, 
R. H.; Hamilton, D. G. Adv. Organomet. Chem. 1988, 28, 299-337 and 
references therein, (c) Kubas, G. J. Comments Inorg. Chem. 1988, 7, 17-40 
and references therein. 

(2) (a) Cotton, F. A.; Luck, R. L. Inorg. Chem. 1989, 28, 6-8. (b) 
Gonzalez, A. A.; Zhang, K.; Nolan, S. P.; Lopez de la Vega, R.; Mukerjee, 
S. L.; Hoff, C. D.; Kubas, G. J. Organomelallics 1988, 7, 2429-2435. (c) 
Bautista, M. F.; Earl, K. A.; Maltby, P. A.; Morris, R. H.; Schweitzer, C. T.; 
Sella, A. J. Am. Chem. Soc. 1988, 110, 7031-7036. (d) Chinn, M. S.; 
Heinekey, D. M. /. Am. Chem. Soc. 1987, 109, 5865-5867. (e) Bianchini, 
C; Mealli, C; Peruzzini, M.; Zandini, F. /. Am. Chem. Soc. 1987, 109, 
5548-5549. 

0002-7863/89/1511-8538501.50/0 © 1989 American Chemical Society 


