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Figure 1. 400 MHz 'H NMR spectrum of 6 in the region of H(9): (a) experimental spectrum, (b) simulated spectrum of a 1:1 mixture of 6b,c, (c)

simulated spectrum of a statistical (2:1:1) mixture of 6a,b,c.
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a 1:1 mixture of 6b° and 6c (derived from the disrotatory adduct
4b); the respective signals of H(9) were simulated with the paNIC
program’ with 2J(H,H) = 15.0 Hz, Z 3J(H,H) = 7.0 Hz, and
E *J(H,H) = 4.0 Hz (taken from the spectrum of the unlabeled
6H°) and the relation J(H,H) = 6.51 J(H,D).2 As shown in
Figure 1b, the simulated spectrum of a 1:1 mixture of 6b and 6¢
reproduces the experimental one® quite well; for comparison, the
calculated spectrum of a random, statistical mixture (6a:6b:6¢
= 2:1:1) is presented in Figure lc. Because of the relatively low
D,-incorporation (90.6%), the difference spectrum from Figure
1 (parts b and a) was irregular and did not permit a conclusion
on the possible presence of minor quantities of 6a. However, the
addition of increasing percentages of the simulated spectrum of
6a to that in Figure 1b showed that approximately 15% 6a would
have been detectable. This implies a disrotatory stereospecificity
of the 1,4-addition for 70% or more. Thus, a necessary re-

(6) Van Straten, J. W.; Van Norden, J. J.; Van Schaik, T. A. M.; Franke,
g}7 Tl}z)é De Wolf, W. H.; Bickelhaupt, F. Recl. Trav. Chim. Pays-Bas 1978,
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(8) Ginther, H. NMR Spektroskopie, Thieme: Stuttgart, 1983.

(9) The multiplets of H(9) of 6b and 6c are both shifted sli%htly to higher
field compared to 6H.1° The chemical shift of H(9) and its >J(H,D) of 6¢
are slightly larger than those of 6b. Both differences find a stereochemical
analogy in D-labeled cyclohexane derivatives.!!

(10) (a) Batiz-Hernandez, H.; Bernheim, R. A. Prog. NMR Spectrosc.
1967, 3, 63. (b) Hansen, P. O. Ann. Rep. NMR Spectrosc. 1983, 15, 105.

(11) Haddon, V. R.; Jackman, L. M. Org. Magn. Reson. 1973, 5, 333.

quirement for concertedness of the 1,4-addition of a carbene has
been established. At the same time, we have shown that the
process, if concerted, is (predominantly) of the linear type.
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The transition-metal-mediated synthesis of difunctionalized
cyclohexadienes by nucleophilic addition to coordinated arenes
has been investigated with a number of systems:!™ (arene),Fe?*,
CpCo(arene)?*, and (arene)Mn(CO),L* (L = CO, PR;). The
manganese reactions generally involve single nucleophilic addition
to give (cyclohexadienyl)Mn(CO),L complexes which are reac-
tivated toward a second nucleophilic attack by conversion to
(cyclohexadienyl)Mn(CO)(NO)L* cations.* It has been shown’
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1985, 9, 41. Mandon, D.; Toupet, L.; Astruc, D. J. Am. Chem. Soc. 1986,
108, 1320. Astruc, D. In The Chemistry of the Metal-Carbon Bond, Patai,
S., Hartley, F. R., Eds.; Wiley: London, 1987; Vol. IV, Chapter 7, p 625.
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J. Organomet. Chem. 1981, 216, 97.

(3) (Arene)Mn(CO),L* complexes: Lamanna, W.; Brookhart, M. J. Am.
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B.J. Am. Chem. Soc. 1982, 104, 2117. Brookhart, M.; Lamanna, W.; Pinhas,
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106, 4161.
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Table I. Proton Nuclear Magnetic Resonance Data for (Cyclohexadiene)Mn(CO)(NO)(PMe;) Complexes 2

'H NMR: $

R R’ isomer
Ph¢ mal® A
Ph* mal® B
Ph¢ H B
Phe H A

221 (m, J = 11, 8, 3, Hy), 5.3 (m, H,;), 3.11 (dd, J = 5.0, 3.3, Hy), 3.56 (dd, J = 11, 10.5, Hy), 3.26 (ddd, J =
10.8, 3, 1.5, Hg), 3.73, 3.15 (s, s, CO;Me), 2.92 (d, J = 11.7, CH), 1.37 (d, J = 9.0, PMe3), 7.2 (m, Ph)

3.35(ddd, J = 6.7, 2.7, 1.5, H,), 5.2 (m, H,3), 2.00 (m, J = 9.3, 5, 4, H,), 3.00 (dd, J = 11.4, 9.1, Hy), 3.81 (dd,

= 104, 2.4, Hy), 3.62, 3.12 (s, s, CO,Me), 2.83 (d, J = 11.5, CH), 1.40 (d, J = 8.9, PMe3), 7.2 (m, Ph)

3.45(dd, J = 6.6, 3.3, H)), 5.21 (dd, J = 6.7, 4.1, H,), 5.25 (m, H3), 2.32 (m, J = 7, 7, 3, H,), 2.08 (dd, J = 15,
10.5, Hyengo), 1.64 (d, J = 15.4, Hypro), 3.59 (d, J = 11, Hg), 1.39 (d, J = 8.8, PMe3), 7.2 (m, Ph)

227 (m, J =9, 8, Hy), 5.19 (m, Hy), 5.30 (m, H,), 3.49 (m, Hy), 2.60 (dd, J = 15, 10, Hyeno), 1.93 (d, J = 15.4,
Hogo), 2.97 (d, J = 10.4, H), 1.37 (d, J = 8.9, PMe,), 7.2 (m, Ph)
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Me¢  malb A
(tt, J = 10.8
0.75 (d, J = 8.8, PMe;)
Me*  mal® B 3.2 (m, H)), 4.

Me¢ H B

1.90 (m, J =9,7,4, H)), 469 (t, J = 6.5, Hy), 5.05 (m, J = 6.3, 4.0, 1.8, H;), 3.36 (dd, J = 6.5, 2.7, Hy), 3.77
= , 2.2, Hy), 2.34 (m, Hg), 3.51 (d, J = 11.2, CH), 3.28, 3.27 (s, s, CO,Me), 0.85 (d, J = 8.8, Me),

1), 4.86 (m, Hy3), 2.03 (m, J = 11, 2.5, Hy), 3.08 (t, J = 10.4, Hy), 2.76 (m, J = 11, H), 3.36 (d, J =
10.3, CH), 3.30, 3.23 (s, s, CO,Me), 0.87 (d, J = 6.9, Me), 0.76 (d, J = 6.8, PMe,)
3.43 (ddd, J = 6.9, 3.3, 1.6, H,), 4.94 (m, H,), 4.88 (m, H;,), 1.9 (m, Hy), 1.9 (m, Hyengo): 1.23 (d, Heero), 2.59

(m, J = 10.5, Hy), 1.02 (d, J = 6.8, Me), 0.81 (d, J = 8.8, PMe3)

Me¢ H A

2.0 (m, H,), 4.75 (m, H,), 5.05 (dd, J = 6.7, 4.0, H,), 3.37 (m, J = 7.2, 2.6, Hy), 2.42 (dd, J = 13.2, 13, Hsepao),

1.49 (d, Hyego), 2.0 (m, H), 0.86 (d, J = 6.6, Me), 0.80 (d, J = 8.8, PMe;)

¢In CDCl, at room temperature. ®Mal is CH(CO,Me),. <In C¢Ds.

that addition to the ring in (cyclohexadienyl)Fe(CO),L* cations
is diastereoselective when the nucleophile and the cyclohexadienyl
ring are chiral. Likewise, CN~ adds diastereoselectively to
(C¢H4)Fe(CO),L* when L is a chiral phosphine. Herein we report
that the addition of R’ (H-, CH(CO,Me),™) to 1 (R = Ph, Me),
in which the metal is the center of chirality, proceeds with sig-
nificant asymmetric induction; the diastereomers of 2 so formed
have been separated and characterized via X-ray diffraction.

6 R MesP 1 pnve) Mesf 4 R
2 1 5 2 3
¢ _co S_co
3 4 3/ 3 ) 2/ &
R Ph(Me)
L. Mn ON 4 ON 1
Meg P \co Mn{COINO)PMey
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It is known® from X-ray studies that the CO ligand in 1 lies
under the saturated C-6 carbon. A nucleophile can attack at C-5
or C-1, ie., cis to NO or PMe;. The addition of NaCH(CO,Me),
to 1 (R =Ph) (THF, -78 °C, N,, 2.5 h) produced an 80% isolated
yield of 2 as diastereomers in a 2:1 ratio as judged by 'H NMR
(Table I). Separation of the diastereomers was effected on neutral
alumina by using 2:1 hexane/ether. Figure 1 gives the structures
of the isomers.” The major isomer is A, which arises from attack
of malonate at C-5, cis to the NO ligand in 1. This site preference
agrees with observations by others with CpMo(CO)(NO)(allyl)*
complexes.® Addition of CH(CO,Me),” to 1 (R = Me) also
occurred cleanly with an A:B ratio of ca. 2:1. A correlation of
the 'H NMR and structural results shows that 6(H,) is much lower

(5) Atton, J. G.; Kane-Maguire, L. A. P.; Williams, P. A ; Stephenson, G.
R. J. Organomet. Chem. 1982, 232, C5. Evans, D. J.; Kane-Maguire, L. A.
P.; Wild, S. B. J. Organomet. Chem. 1982, 232, C9. Evans, D. J.; Kane-
Maguire, L. A. P. J. Organomet. Chem. 1982, 236, C15. Howell, J. A. S.;
Thomas, M. J. J. Organomet. Chem. 1983, 247, C21. Howell, J. A. S;;
Thomas, M. J. J. Chem. Soc., Dalton Trans. 1983, 1401. Howell, J. A. S.;
Thomas, M. J. Organometallics 1985, 4, 1054, Howell, J. A. S.; Tirvenga-
dum, M.-C.; Walton, G. J. Organomet. Chem. 1988, 338, 217.

(6) Ryan, W. J; Pike, R. D.; Sweigart, D. A., to be published.

(7) Crystal data for isomer A; space group Cc with a = 6.688 (1) A, b
=29218 (8) A, c = 11.965(2) A, 8 =96.99 (1)°, ¥ =12320.7 A%, Z =4,
Deaq = 1.35 g cm™3; data collected at 22 °C with Mo Ka radiation, u = 6.47
cm™, 20 limits 5.0-45°, 280 variables refined with 1602 unique reflections
I> 1.00() to R =0.034 (R, = 0.034). Crystal data for isomer B: space
group Cc with a =9.906 (3) A, b =27.812 (6) A, c =8.704 (2) A, 8 = 101.32
(2)°, ¥ =2351.5A% Z =4, D4 1.34 g cm™3; data collected at 22 °C, u =
6.38 cm, 26 limits 5.0-45°, 272 variables refined with 1516 unique reflections
I> 1.00() to R =0.052 (R, = 0.043). Both structures were solved by direct
methods by using the SHELXTL 5.1 program. Absolute structures (Jones,
P. G. Acta Crystallogr. 1984, 440, 660) were tested by n refinement (Rogers,
D. Acta Crystallogr. 1981, A37, 734) with the following results: A, » = 0.91
(0.09); B, » = 0.91 (0.13). In each case this result verifies the consistency
of the sense of the a and ¢ axes with the structure and, hence, indicates the
quality of the data.

(8) Faller, J. W.; Chao, K.-H. J. Am. Chem. Soc. 1983, 105, 3893. Faller,
J. W,; Chao, K.-H. Organometallics 1984, 3, 927. Faller,J. W.; Chao, K.-H.;
Murray, H. H. Organometallics 1984, 3, 1231.

Figure 1. ORTEP drawings of diastereomers A and B (2; R = Ph, R’ =
CH{(CO,Me),) with the thermal ellipsoids at the 50% probability level.

than 6(H,) in A and that the opposite is true in B. Furthermore,
coupling to P (ca. 10 Hz) is seen only with the hydrogen cis to
PMe, (H; in A and Hy in B).

The addition of NaBH, to 1 (R = Ph, Me) (THF, 0 °C, 2.5
h) produced 2 (R’ = H) in an isolated yield of 85%. The dia-
stereomers were separated for the R = Ph product by chroma-
tography on neutral alumina (5% ether in hexane eluant). In
contrast to the results with malonate, the ca. 2:1 diastereoselectivity
observed with the hydride donor occurred in favor of the B isomer,
as judged from the chemical shifts and coupling constants of H,
and H, (Table I). This difference is probably due to the (unusual)
preference for hydride to add stereospecifically endo to complexes
like 1; malonate and most other nucleophiles add in the (usual)
exo manner (as shown in 2).4

The diene ring in 2 (R = Ph, R” = H) was liberated in 90%
isolated yield from the metal by treatment with excess FeCl,
(THF, 25 °C, 1 h), followed by solvent removal, addition of 2
M HC], and extraction with CH,Cl,. Comparison of the 'TH NMR
with literature data® verified that the product was C¢H,Ph. We
are currently attempting to resolve the cation 1, since the pro-
cedures described above can then be used to synthesize enan-
tiomerically pure mono- and difunctionalized cyclohexadienes.
In a related series of experiments, the lithium enolate of (-)-bornyl
acetate was added to (C4Hg)Mn(CO),PMe;* to give (CsHgR)-
Mn(CO),PMe; (72% yield). Interestingly, reactivation with
NOPF, produced a single diastereomer of 1 (73% yield) as judged
from 'H, 13C, and 3'P NMR. This suggests that nucleophilic
addition to this 1 complex will produce two enantiomerically pure
diastereomers, possibly with greater than the ca. 2:1 selectivity
found in the cases discussed above since the nucleophile attacks
in close proximity to one of the chiral centers.

(9) Reich, H. J.; Wollowitz, S. J. Am. Chem. Soc. 1982, 104, 7051.
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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.!> There
is now abundant evidence that the hydroxylation process is stepwise
and that C-H bond scission is an event stereochemically discrete
from the subsequent formation of the new C-O bond of the
product alcohol. Thus, the hydroxylation of norbornane by cy-
tochrome P-450, s, was demonstrated in our laboratory to afford
both the exo- and endo-norborneols and that either product could
derive from initial removal of either the exo or endo hydrogen.*®
Likewise, it has been shown that the selective exo-C-5 hydroxy-
lation of camphor by P-450¢40 occurs with a considerable degree
of stereochemical indiscrimination for hydrogen removal,’ that
the allylic hydroxylation of olefins occurs with significant allylic
scrambling,® and that the benzylic hydroxylation of ethylbenzene
is nonstereospecific.%’ By contrast, predominant retention* of
configuration has been reported for the hydroxylation of isotop-
ically chiral methyl groups.® 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 iodosylbenzene® or other oxygen donors'®7 as oxidants.

¥ Current address: Central Research Institute for Chemistry, Hungarian
Academy of Sciences, P.O. Box 17, H-1515 Budapest, Hungary.
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Scheme I

HyCO OCH,

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
°C by using the chiral binaphthyl iron porphyrin 1 (Scheme I)
we have described elsewhere!® 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
alcohol:ketone 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)-(1-deuterioethyl)benzene were pre-
pared by the method of Mosher.!®* (R)-(1-deuterioethyl)benzene
provided the S alcohol in excess (16% ee) while (S)-(1-
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 (S)-(1-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

(18) Groves, J. T.; Viski, P. J. Org. Chem. In press.
(19) Elsenbaumer, R. L.; Mosher, H. S. J. Org. Chem. 1979, 44, 600.
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