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is therefore entirely possible that, unlike Trost’s reaction of =-
allylpalladium derivatives with “soft” carbanions which has been
shown to involve the backside attack of w-allylpalladium cations
by the carbanionic species,® our reaction might involve attack of
g-allylpalladium derivatives by organometals via transmetalation
which is followed by reductive elimination, as we have suggested
for various other Pd-catalyzed cross-coupling reactions.?
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(18) The reaction of 7 with the same alkenylalane also produces 2 in 42%
yield. The reaction, however, is accompanied by competitive isomerization
of 2 into a conjugated diene which is complete in 10 h as well as by formation
of 2-methyl-1-octene (~40%). Addition of a small aliquot (~5 mol %) of
the above reaction mixture to pure 2 does include the same isomerization but
that of 7 to 2 does not.
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The higher valent iron porphyrin intermediates which play an
important role in the mechanisms of hemoproteins such as the
peroxidases! and cytochromes P-450? are poorly understood. The
enigmatic spectral characteristics of the oxidized states of the
peroxidases and the lack of simple model compounds of similar
structure and oxidation state have elicited much conjecture re-
garding the structure of such species. For example, the properties
of compounds I of horseradish peroxidase? (HRP) and chloro-
peroxidase® are consistent with an iron(IV)—porphyrin #-cation
radical formulation,” whereas the two-electron oxidized inter-
mediate of cytochrome ¢ peroxidase appears to have unpaired
electron density on a protein functional group.® No reactive

(1) Hewson, W. D.; Hager, L. P. Porphyrins 1979, 7, 295.

(2) (a) White, R. E.; Coon, M. J. Annu. Rev. Biochem. 1980, 49, 315. (b)
Groves, J. T. Adv. Inorg. Biochem. 1979, 119,

(3) See ref 1, p 315 ff and references therein.

(4) (a) Thomas, J. A.; Morris, D. R.; Hager, L. P. J. Biol. Chem. 1970,
245, 3145. (b) Palcic, M. M; Rutter, R.; Araiso, T.; Hager, L. P.; Dunford,
H. B. Biochem. Biophys. Res. Commun. 1980, 94, 1123,

(5) Dolphin, D.; Forman, A.; Borg, D. C.; Fajer, J.; Felton, R. H. Proc.
Natl. Acad. Sci. US.A. 1971, 68, 614.

(6) Hoffman, B. M.; Roberts, J. E.; Brown, T. G.; Kaug, C. H.; Margo-
laish, E. Proc. Natl. Acad. Sci. U.S.A. 1979, 76, 6132.

iron—oxygen species has ever been observed for cytochrome P-450.
This fact has been used to support recent suggestions?® that a
protein-derived radical may be responsible for the C-H bond
cleavage of cytochrome P-450 mediated aliphatic hydroxylation
reactions. We report here the preparation and characterization
of a new high-valent iron-porphyrin complex with spectral
properties similar to those reported for horseradish peroxidase
compound I and reactivity toward olefins indicative of cytochrome
P-450 activity.

The oxidation of chloro-5,10,15,20-tetramesitylporphinatoi-
ron(I11)7 [TMPFeCl] with 1.5 equiv of m-chloroperoxybenzoic
acid in methylene chloride-methanol (4:1) at —=78 °C produced
a green intermediate A. This change was detected by the dis-
appearance of the 8-pyrrole hydrogen resonance at § 120 in the
'H NMR spectrum of TMPFeCl and the appearance of a new
resonance of equivalent intensity at 6 —27. Similarly, the EPR
signals of high-spin TMPFe(III)Cl were absent in toluene solutions
of A.

The 'H NMR spectrum of A at =77 °C in methylene chlo-
ride-methanol showed absorbances at § 68 (m H), 26 and 24
(o-methyl), 11.1 (p-methyl) and -27 (8-pyrrole H).® These
chemical shifts were highly temperature dependent and obeyed
the Curie law between -26 and -89 °C. The magnetic suscep-
tibility of A was determined by the Evans method® to be 4.2 ug,
slightly larger than expected for an S = 3/, system. The visible
spectrum of A showed a broad Soret band at 406 nm and another
broad band centered at 645 nm. The Mossbauer spectrum of A
derived from ’Fe-enriched TMPFeCl showed a quadrupole
doublet centered at 0.05 mm/s (AE, = 1.49 mm/s).!° A showed
no strong EPR absorbances above 20 K.1!

The distinctive visible spectrum suggests that A is a porphyrin
w-cation radical.’> The large downfield shifts of the proton res-
onances of the pendant mesityl groups indicate that significant
spin density resides on the porphyrin meso carbons as would be
expected for the loss of an electron from the a,, porphyrin =
orbital.!? The small isomer shift in the Mossbauer spectrum of
A is similar to that reported for HRP I (§ = 0.08 mm/s, AEq
= 1.25 mm/s) and is in the range expected for iron(IV).!* The
very high-field position of the 8-pyrrole hydrogen resonances in
the '"H NMR spectrum of A contrasts sharply with the low-field
position of those protons in the spectrum reported'4® for a
[TPP(cation radical)Fe!!!]?* or [TPPFe!"]?* and the 4 5.0 position
reported by Balch and LaMar for an oxo-TPPFe(IV) complex.!?
High-field proton NMR resonances have been reported for the
pyrrole hydrogens of HRP-I'¢ and a vinylidene carbene porphi-
natoiron(I11) complex!” which is, formally, at the same oxidation
state.

(7) (a) The ligand was prepared as described in: Badger, G. M.; Jones,
R. R.; Laslett, R. L. Aust. J. Chem. 1964, 17, 1028. (b) Iron was inserted
according to the method of Kobayashi, H.; Higuchi, T.; Uaizu, Y.; Osada,
H.; Aoki, M. Bull. Chem. Soc. me. 1976, 48, 3137.

(8) Proton assignments in the '"H NMR spectra of A and B were made by
comparison with spectra of deuterated and methylated derivatives: Nakamura,
M., unpublished results.

(9) (a) Evans, D. F. Chem. Commun. 1959, 2003. (b) Jolly, W. L. “The
Synthesis and Characterization of Inorganic Compounds”; Prentice-Hall:
Englewood Cliffs, NJ, 1971; pp 375-378.

(10) Complete details of the Mossbauer spectra of these oxidized iron—
porphyrin complexes will be presented elsewhere.

(11) We are grateful to Dr. W. R. Dunham, Biophysics Research Division,
University of Michigan, for low-temperature EPR measurements.

(12) Gouterman, M.; Hanson, L. K.; Uhalil, G.-E.; Lenstra, W. R. J.
Chem. Phys. 1975, 62, 2343.

(13) (a) Schultz, C. E.; Devaney, P. W; Winkler, H.; Debrunner, P. G.;
Doan, N.,; Chiang, R.; Rutter, R.; Hager, L. P. FEBS Lett. 1979, 103, 102.
(b) Moss, T. H.; Ehrenberg, A.; Bearden, A. J. Biochemistry 1969, 8, 4159.

(14) Phillippi, M. A.; Goff, H. M. J. Am. Chem. soc. 1979, 101, 7641.

(15) (a) Chin, D.-H.; Balch, A. L.; La Mar, G. N. J. Am. Chem. Soc.
1980, 102, 1446. (b) Chin, D.-H.; La Mar, G. N,; Balch, A, L. Ibid. 1980,
102, 5945,

(16) (a) La Mar, G. N.; de Ropp, J. S. J. Am. Chem. Soc. 1980, 102, 395;
(b) Morishima, I.; Ogawa, S. Ibid. 1978, 100, 7125.

(17) (a) Mansuy, D.; Lange, M.; Chottard, J. C. J. Am. Chem. Soc. 1979,
101, 6437. (b) Cheng, R.-J.; Lator-Grazynski, L.; Balch, A. L.; La Mar, G.
N. Second Chemical Congress of the North American Continent, Las Vegas,
NV, Aug 1980.
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Communications to the Editor

Taken together, the NMR, visible, Mossbauer, and EPR data
indicate the A is an iron(IV)-porphyrin w-cation radical structure
such as 1 or its conjugate acid. The similarity between the data

we have reported here for A and those of HRP I'!%!% supports
previous suggestions>?® that HRP I and related enzymic inter-
mediates are also iron(IV)—porphyrin cation radicals similar to
1.

We have recently shown that iodosylbenzene and m-chloro-
peroxybenzoic acid can transfer oxygen to chlorotetraphenyl-
porphinatochromium(III) to give an oxochromium(V) complex.?!
Extended Hiickel calculations by Gouterman'? have indicated that
while the lowest lying d orbitals of chromium(III) lie well above
the porphyrin a,, orbital, those of iron(III) are similar in energy
to the filled porphyrin orbitals. Thus, the differences between
the electronic structures of A and its chromium analogue have
been correctly predicted by these calculations.

Reaction of TMPFeCl with 1.0 equiv of iodosylbenzene in
methylene chloride at =78 °C produced initially a red intermediate
B. Addition of acetic acid to solutions of B at —=78 °C caused the
conversion of B to A. Furthermore, the green species A generated
from m-chloroperoxybenzoic acid could be converted to B by the
addition of tetramethylammonium hydroxide.

The 'H NMR spectrum of B at -73 °C showed resonances at
8 -33.5 (8-pyrrole H), 2.8 (p-CH;) and 7.6 (m-H).®2 An extremely
broad resonance centered at § 2.4 at —-60 °C in the 360-MHz
spectrum of B was assigned to the ortho-methyl hydrogens. The
B-pyrrole hydrogen resonance was highly temperature dependent.
From -30 to =90 °C the paramagnetic shift obeyed the Curie law
indicative of noninteracting paramagnetic sites in B. The magnetic
susceptibility of B determined by the Evans method® over this
temperature range was 2.9 ug, close to the spin-only value expected
for an § = 1 system. The Mossbauer spectrum of B showed a
well-resolved quadrupole doublet centered at —-0.03 mm/s. (AE,
= 2.13 mm/s)'® and the EPR spectrum of toluene solutions of
B showed no strong signals.

The stoichiometry of the reactions that produce B and the
interconversion of A and B with acid and base suggest that both
are at the same formal oxidation state. Such considerations
suggest an oxoiron(V) structure or an Fe(IV) ay, cation radical
formulation,® but neither appears consistent with all the observed
spectral properties of B.2%?3

(18) (a) Nakamura, S.; Yamazaki, 1. Biochim. Biophys. Res. Commun.
1969, 189, 29. (b) Balny, C.; Douzou, P. Ibid. 1974, 56, 386.

(19) (a) Brill, A. S.; Williams, R. J. P. Biochem. J. 1961, 78, 253. (b)
Schonbaum, G. R.; Lo, S. J. Biol. Chem. 1972, 247, 3353. (c) Peisach, J;
Blumberg, W. E.; Wittenberg, B. A.; Wittenberg, J. G. Ibid. 1968, 243, 1871.

(20) (a) Weinryb, 1. Biochem. Biophys. Res. Commun. 1968, 31, 110. (b)
Felton, R. H.; Owen, G. S.; Dolphin, D.; Fajer, J. J. Am. Chem. Soc. 1971,
93, 6332. (c) Urejcarek, G. E.; Bryant, R. G.; Smith, R. J.; Hager, L. P.
Biochemistry 1976, 15, 2508.

(21) Groves, J. T.; Kruper, W. J., Jr. J. Am. Chem. Soc. 1979, 101, 7613.

(22) We and others have previously speculated on the nature of transient
species observed upon the reaction of simple iron—porphyrins with iodosyl-
benzene: (a) Groves, J. T.; Nemo, T. E; Myers, R. S. J. Am. Chem. Soc.
1979, 101, 1032. (b) Groves, J. T. Presented at the American Chemical
Society—Chemical Society of Japan Chemical Congress, Honolulu, April 1979.
(c) Groves, J. T.; Kruper, W. J.; Nemo, T. E.; Myers, R. S. J. Mol. Catal.
1980, 169. (d) Chang, C. K.; Kuo, M.-S. J. Am. Chem. Soc. 1979, 101, 3413.

(23) (a) A low-spin peroxoiron(IV) dimer is consistent with all of the data
for B if the iron atoms are not antiferromagnetically coupled. (b) A similar
dimer has been invoked for oxidized manganoporphyrins in aqueous solution:
Harriman, A.; Porter, G. J. Chem. Soc., Faraday Trans. 2 1979, 75, 1532.
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Both the green compound A and the red compound B were very
reactive toward reducing agents even at temperatures below -85
°C. Treatment of either A or B with tetramethylammonium iodide
(2.2 equiv) in methylene chloride at —85 °C caused the appearance
of a new, high-spin iron(III) complex which could only be
5,10,15,20-tetramesitylporphinatoiron(I11) hydroxide (2).%

Compound B reacted with cyclooctene in methylene chloride
at —40 °C to regenerate TMPFe!'!ICl. While the half-life of B
under these conditions was 15 min, similar treatment of B with
trans-3-hexene caused negligible reduction. As we have noted,??
cis-olefins are more reactive than trans-olefins in the iron—
porphyrin-catalyzed epoxidation of double bonds by iodosyl-
benzene. The qualitative kinetic behavior observed here is con-
sistent with the intermediacy of B under these catalytic conditions.

Treatment of a solution of A, generated from m-chloroper-
oxybenzoic acid, with norbornene at —80 °C led to the regeneration
of TMPFeCl. Gas chromatographic analysis of the solution
revealed the presence of norbornene oxide in 78% yield based on
peroxyacid. When A was prepared in 6 mL of methylene chlo-
ride-methanol (5:1) containing 47 uL of H,®0 (99.5%) and
treated with norbornene, the mass spectrum of the norbornene
oxide produced indicated 99% '#0 incorporation into the product
epoxide. Thus, the oxygen of the epoxidizing species was ex-
changeable with added H,'®0. This result is inconsistent with
either free or metal-coordinated peroxyacid as the oxygen-transfer
agent but would be expected for an oxoiron intermediate such as
12! (Scheme 1).%°

Compound A is significantly more reactive toward olefins than
B. Thus, treatment of a methylene chloride solution containing
A and B with methylcyclohexene caused the disappearance of A
and the appearance of TMPFeCl within 3 min. Reduction of B
to TMPFeCl was complete after 30 min under these conditions.
The high reactivity of A toward hydrocarbons supports the view
that an oxoiron(IV)—porphyrin r-cation radical intermediate, such
as 1, would be a viable intermediate for the oxyfunctionalization
of hydrocarbons mediated by cytochrome P-450.7 Further, the
facile oxygen exchange observed during the epoxidation of nor-
bornene with 1 could explain the 80 incorporation that has been
observed in the cytochrome P-450 mediated hydroxylation of
cyclohexane.?6

These compounds now provide the first opportunity to study
simple models of peroxidase compounds I and the putative active
oxygen species of cytochrome P-450.77 Such studies are currently
under way in our laboratories.

(24) (a) Material identical to 2 could be prepared by treatment of
TMPFeCl with sodium hydroxide; »oy 3650, 3610 em™. (b) Cense, J.-M.;
LeQuan, R.-M. Tetrahedron Lett. 1979, 3725.

(25) The porphyrin ligand in 1 is considered as a monoanion overall,
whereas it is a dianion in TMPFeCl.

(26) Nordblom, G. D.; White, R. E.; Coon, M. J. Arch. Biochem. Biophys.
1976, 175, 524.

(27) For several theoretical treatments of ferryl porphyrins, see: (a) Loew,
G. H.; Herman, Z. S. J. Am. Chem. Soc. 1980, 102, 6174. (b) Hanson, L.
K.; Chang, C. K.; Davis, M. S.; Fajer, J. /bid. 1981, 103, 663. (c) Tatsumi,
K.; Hoffmann, R., unpublished results.
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Pursuing our interest in the chemistry of «,3-unsaturated sulfur
compounds,! we have discovered that several types of optically
pure a-carbonyl «,G-ethylenic sulfoxides undergo facile conjugate
addition of organometallic reagents with good to excellent amounts
of asymmetric induction.?* This transfer of chirality from the
sulfoxide sulfur atom to the §-carbon atom during organometallic
8 addition, followed by reductive removal of sulfur, produces
B-alkylcarboxylic esters in 59-65% optical purity and g-substituted
cyclopentanones in 79—>98% optical purity. Virtually complete
control of absolute stereochemistry is achieved in preparation of
2,2,3-trisubstituted cyclopentanone 11, the racemate of which we
have rgcently converted into steroidal (+)-11-oxoequilenin methyl
ether.

a-Lithiation!® and then protonation of optically pure (E)-1-
undecenyl phenylsulfoxide (1) [R = n-CyH s, [a]*?p = +95.66°
(¢ 0.76, CHCl;)]%7 caused virtually no loss of optical activity
([«]®p +95.22°) and no E — Z isomerization. One-pot a-lith-
iation followed by carboxylation and esterification produced op-
tically pure a-(methoxycarbonyl)alkenyl sulfoxides (S)-2a and
(S)-2b in 80 and 40% overall yields, respectively (eq 1).6

PhSO PhSC
{1) 2 -PryNL, THF, =78 °C
/= {2) C0,, =78 °C ~ m
-
g {3) MeL. HIPA COOCH
(-1 (SH(+)2
2a,R =n-C(H,, [e]?*?p +200° (¢ 2.98, acetone)

b, R=CH, [e}*p +216° (c 1.82, acetone)

(E)-1-Octenyl sulfoxide (S)-2a’ reacted with dimethylcop-
perlithium to afford 8-adduct 3a in 86% chemical yield (Scheme
I). Reduction of a-sulfinylcarboxylic ester 3a with aluminum

(1) (a) Posner, G. H.; Brunelle, D. J. J. Org. Chem. 1973, 38, 2747. (b)
Posner, G. H.; Tang, P. W.; Mallamo, J. P. Tetrahedron Lett. 1978, 3995.
(c) Posner, G. H.; Tang, P. W. J. Org. Chem. 1978, 43, 4131.

(2) For 8 addition of alkyllithium reagents to a,8-ethylenic sulfoxides, see:
Isobe, M.; Kitamura, M.; Goto, T. Chem. Lett. 1980, 331. Sugihara, H.;
Tanikaga, R.; Tanaka, K.; Kaji, A. Bull. Chem. Soc. Jpn. 1978, 51, 655.

(3) For 8 addition of enolate ions and heteroatomic nucleophiles to «,3-
ethylenic sulfoxides, see: (a) Tsuchihashi, G.; Mitamura, S.; Ione, S.; Ogura,
K. Tetrahedron Lett. 1973, 323. (b) Tsuchihashi, G.; Mitamura, S.; Ogura,
K. Ibid. 1973, 2469. (c) Tsuchihashi, G.; Mitamura, S.; Ogura, K. /bid. 1976,
855. (d) Abott, D. J.; Colonna, S.; Stirling, J. M. Chem. Commun. 1971, 471.
(e) Guitet, E.; Julia, S. Tetrahedron Lett. 1978, 1155.

(4) For asymmetric inductions during 3 additions to closely related sulf-
oxide derivatives, see: (a) Cinquini, M.; Cozzi, F. J. Chem. Soc., Chem.
Commun. 1977, 723. (b) Annunziata, R.; Cinquini, M. J. Chem. Soc., Perkin
Trans. 1 1979, 1684,

(5) Posner, G. H,; Chapdelaine, M. J; Lentz, C. M. J. Org. Chem. 1979,
44, 3661.

(6) All new compounds were fully characterized spectroscopically and by
combustion and/or high resolution mass spectral analysis.

(7) Prepared according to ref lc.
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amalgam in ethanol!® and saponification gave (R)-(+)-3-
methylnonanoic acid (4), [«]?p +4.68° (¢ 1.1, acetone), in 53%
chemical yield and 65% optical purity.! Reversing the order of
introducing the larger and the smaller alkyl groups at the prochiral
B-carbon atom afforded mainly that enantiomer having opposite
absolute stereochemistry. (E)-1-Propenyl sulfoxide (S)-2b® reacted
with di-n-butylcopperlithium to produce conjugate adduct 3b;
reductive removal of the sulfinyl group and saponification gave
(S)-(-)-3-methylheptanoic acid (5), [«]??p —2.46° (c 0.65, ace-
tone), in 59% enantiomeric excess (eq 2b).! Comparable levels
of asymmetric induction were also obtained by using >2 equiv
of various methylcopper species and the carboxylic acid corre-
sponding to ester (S)-2a. We tentatively rationalize these results
in terms of an approximately planar metal chelate such as (S)-2¢
which suffers nucleophilic addition from that side of the plane
containing sulfur’s nonbonding electron pair and opposite to that
side containing the aryl group.

Activation of «,(-ethylenic sulfoxides toward organometallic
8 addition is not limited to a-carboxyl groups; a-keto groups also
are highly effective. For example, optically pure, crystalline (mp
121-122 °C), stable cyclopentenone p-tolyl sulfoxide (S)-6, [«]?p
+141.7° (¢ 0.11, CHCl,),%° underwent methyl Grignard (1.5
equiv) conjugate addition (even in the absence of copper salts).

(8) (a) Optically pure (R)-(+)-4 is reported to have [a]*p +7.6° and
optically pure (S)-(-)-5 to have [a]?'p ~4.2°: Meyers, A. I; Kamata, K. J.
Am. Chem. Soc. 1976, 98, 2290. (b) For other examples of hlgh asymmetric
induction in preparation of 8-alkylcarboxylic acids, see: Meyers, A. I; Smith,
R. K.; Whitten, C. E. J. Org. Chem. 1979, 44, 2250. Hashimoto, S.; Yamada,
S.; Koga, K .J. Am. Chem. Soc. 1976, 98, 7450.

(9) Cyclopentenone sulfoxide (S)-6 was prepared from 2-bromo-2-cyclo-
pentenone (Branca, S. J.; Smith, A. B, III J. Am. Chem. Soc. 1978, 100,
7767) as follows: Note that preparation of optically pure ketal sulfoxide i

TolSC

1) HOCH3CH,OH,
ey To\SO H .
=+ {=)=menthol
e EtaN 2) /7 Buli
{=)-TolSOpmenthyl

involves liberation of optically pure (~)-menthol which, as the original source
of chirality for the entire scheme, can be recycled easily. Ketal sulfoxide i,
[a]?2p +49.5° (¢ 1.03, CHCl;), was easily and quantitatively converted into
the corresponding ketone (S)-6 by stirring it in acetone at room temperature
over copper sulfate (Posner, G. H.; Mallamo, J. P.; Rose, R. K., unpublished
results).
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