J. Am. Chem. Soc. 1989, 111, 8047-8049 8047

Elemental analysis, IR, 'H NMR, Méssbauer and electronic
spectroscopic studies as well as magnetic measurements were
performed on these crystals.!?

The molecular structure of 1 is shown in Figure 1. Features
of the {Fe;O(0,CCH,),}** core geometry in 1 compare favorably
with those in the [Fe,O(0,CCH,),(HBpz;),] analogue (2), in
which the terminal ligands are all nitrogen donors (Table I).%
Both compounds have distorted octahedral geometry around each
iron atom and lengthened Fe-ligand bonds trans to the short
Fe-O,,, bridge. The Fe-O,,, bond lengths fall within the known
range for {Fe,;O(0,CCH,),}** complexes. The terminal Fe-O
bond lengths in 1 are significantly shorter than the analogous Fe-N
distances in 2. This result supports the geometric criterion pre-
viously used to assign oxygen donor terminal ligands in dinuclear
iron-oxo proteins.? Slightly but significantly weaker antiferro-
magnetic coupling occurs between the two iron(III) centers in 1
compared to that in 2 (Table I). This difference is reflected in
the ambient temperature solution magnetic moments for the two
complexes. The observed reduction in the exchange coupling
constant (J) for 1 versus 2 is in accord with expectations based
upon an empirical correlation of J with molecular geometry pa-
rameters;!? the slightly longer Fe-O bridge bonds lead to weaker
magnetic coupling. The electronic spectrum of 1 differs from that
of 2 mainly in the visible region, the respective low-energy bands
occurring at 569 and 695 nm. This shift is attributed to the weaker
ligand field strength of the triphosphite (O5), compared to the
tris(pyrazolyl)borate (N,), tripod anions coordinated to the high
spin iron(III) centers.

Resonance Raman studies of iron-oxo proteins and their model
complexes have shown that excitation at or near the UV-vis
absorption bands can afford large enhancements of the Fe-O-Fe
symmetric stretch.!¥ One exception is purple acid phosphatase
in which the existence of a binuclear iron-oxo center implied by
magnetic and Mossbauer measurements could not be confirmed
by a resonance enhanced »,(Fe—~O-Fe) band in the resonance
Raman spectrum.® This failure was attributed to the lack of
histidine-type unsaturated nitrogen donor ligands in positions trans
to the oxo bridge.>!* The solution Raman spectrum of 1 reveals,
however, that scattering due to the Fe~O—Fe symmetric stretch
at 510 cm™ is enhanced to approximately the same extent as in
solutions of 2 at their respective enhancement maxima (Table I).1¢

Cyclic voltammograms of 1 in methylene chloride display a
quasireversible reduction wave with E,. = -0.55 V and E,, =
~0.25 V vs Ag/AgCl. The cathodic current of this wave is greatly
increased by addition of protons, which presumably stabilize the
reduced species. A second irreversible reduction wave appears
at E, = -0.8 V. The electrochemical behavior of 1 is thus sig-
nificantly different from that of 2, which decomposes to mono-

(12) Anal, (C3sH;¢P40,,CoFe;) C. H, P, Fe; IR (KBr, cm™) 2978, 2929,
2905, 2860, 1578, 1425, 1389, 1162, 1123, 1096, 1076, 1036, 933, 832, 761,
729, 592; 'H NMR (250 MHz, 297 K, CDCl;) 6 10.0 (CH;, acetate), 5.10
(CsHs), 4.08 (CH,), 1.26 (CH;) ppm.

(13) (a) Gorun, S. M; Lippard, S. J. Recl. Trav. Chim. Pays-Bas. 1987,
106, 417. (b) Gorun, S. J,; Lippard, S. J., manuscript in preparation.

(14) (a) Sanders-Loehr, J. In Oxidases and Related Redox Systems,
Mason, H. S., King, T. E,, Morrison, M., Eds,; Liss: New York, 1988; p 193,
(b) Sanders-Loehr, J. In Meral Clusters in Proteins; Que, L., Jr. Ed.; ACS
Symposium Series No. 372; American Chemical Society: Washington, DC,
1988; p 49.

(15) Sanders-Loehr, J.; Wheeler, W. D.; Shiemke, A. K.; Averill, B. A.;
Loehr, T. M. J. Am. Chem. Soc. 1989, in press.

(16) The Raman spectra of a 0.043 M CH,Cl, solution of 1 exhibited a
510-cm™! band (overtone, 1020 cm™') assigned as v, (Fe—~O-Fe) that shifted
to 496 cm™! upon 'O substitution into the oxo bridge. A methylene chloride
solution of 2 at the same concentration was studied for comparison. Laser
lines with wavelengths of 350.7, 356.4, 406.7, 413.1, 457.9, 488.0, and 514.5
nm were employed. Relative Raman scattering intensities were calculated as
the ratio of the molar scattering intensities (peak height/concentration) of the
v, (Fe~O—-Fe) at 510 cm™ to the molar scattering intensities of the methylene
chloride peak at 704 cm™. The maximum enhancement was observed at 356.4
nm for 1 and at 406.7 nm for 2, with the maximum relative Raman scattering
intensity for 1 being 1.05 that of 2.

(17) The mononuclear complex [Fe{[OP(OEt),];Co(CsHs)},]BF, was
synthesized by a procedure analogous to that previously reported for [Fe-
{[OP(OEt),]);Co(CsH,)},]PFs:  Kldui, W.; Eberspach, W.; Schwarz, R. J.
Organomet. Chem. 1983, 252, 347.

nuclear [Fe(HBpz;),]*, under electrochemical conditions.®* No
evidence was obtained for [Fe{CpCo[OP(OEt),]5}]*,!¢ which has
a reversible Fe!'/Fe'!! couple at 0.8 V vs Ag/AgCl. Attempts
to isolate and characterize the species obtained upon reduction
of 1 are currently in progress.
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The metabolic transformation of androgens (1) to estrogens
(2) by placental aromatase cytochrome P-450 (P-450arom) is
known to consist of three consecutive oxidations, each of which
requires 1 mol of O, and 1 mol of NADPH! (Scheme I). The
conversion of a formyl cyclohexenone moiety of the 19-aldehyde
intermediates (4) to the phenol derivatives, the last step in aro-
matization, is unique in many reactions catalyzed by cytochrome
P-450.2 Among mechanisms proposed for the aromatization
reaction, an involvement of 23-hydroxylation of 4 has received
attention as an attractive mechanism.” Fishman and his co-
workers showed that nonenzymatic aromatization of 28-
hydroxy-4-androstene-3,17,19-trione (5) proceeded with stereo-

specific 18 hydrogen elimination identical with that in estrogen
biosynthesis.> However, Caspi et al. showed no incorporation
of the oxygen atom of the 23-hydroxyl of § into formic acid in
the aromatization reaction.* The intermediacy of 5 appears also
less favor in view of the following considerations.

¥t Current address: National Chemical Laboratory for Industry, Tsukuba,
Ibaraki 305, Japan.

(1) (a) Thompson, E. A.; Siiteri, P. K. J. Biol. Chem. 1974, 249,
5364-5372. (b) Thompson, E. A.; Siiteri, P. K. J. Biol. Chem. 1974, 249,
5373-5378. (c) Meyer, A. S. Biochem. Biophys. Acta 1955, 17, 441-442. (d)
Arigoni, D.; Bataglia, R.; Akhtar, M.; Smith, T. J. Chem. Soc., Chem.
Commun. 1975, 185-186.

(2) (a) Conney, A. H. Pharmacol. Rev. 1976, 19, 317-366. (b) Guenge-
rich, F. P.; Macdonald, T. L. Acc. Chem. Res. 1984, 17, 9-16. (c) Ortiz de
Montellano, P. R. In Cytochrome P-450: Structure, Mechanism, and Bio-
chemistry; Ortiz de Montellano, P. R., Ed.; Plenum Press: New York, 1986;
Chapter 7.

(3) (a) Hosoda, H.; Fishman, J. J. Am. Chem. Soc. 1974, 96, 7325-7329.
(b) Fishman, J.; Raju, M. S. J. Biol. Chem. 1981, 256, 4472-4477. (c) Hahn,
E. F.; Fishman, J. J. Biol. Chem. 1984, 259, 189-1694.
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The remarkable reactivity of cytochrome P-450 is believed to
derive from an oxoferryl porphyrin cation radical species, so called
oxenoid, equivalent to compound I of peroxidases.?5 If 5 is the
intermediate responsible for the aromatization in the enzymatic
system, the C-2 position of 4 must be more reactive than the C-19
oxo group. However, oxidation of aldehydes to carboxylic acids
by the oxenoid intermediate seems more likely over hydroxylation
of alkanes. Furthermore, the two successive and stereospecific
oxidations at the C-19 position of 1 by P-450arom® suggest that
the C-19 oxo group of 4 could be close to the active center in the
substrate-enzyme complex. Thus, we have recently suggested a
different mechanism, i.e., the intermediacy of 108-hydroxyestr-
4-ene-3,17-dione (7) in the conversion of 4 to 2.7 The same
intermediate, 7 was also suggested for an intermediate in the
aromatization reaction of 19-norandrogens by a reconstituted
system with purified human placental P-450arom.’

The proposed mechanism is initiated by the reaction of 4 with
the peroxo-iron(III) intermediate [Fe!(0,27)] of cytochrome

P-450 instead of the oxenoid species. A homolytic O-O bond .

cleavage reaction of 6 and the release of formate, likewise the
decarboxylations of acyloxyl radicals and ester anion radicals,?
give the C-10 radical intermediate. Then, the oxygen bound to
the heme-iron is captured by the radical to yield 7 (Scheme II).
Stereospecific cis dehydration and enolization can finally produce
2% An alternative aromatization process of 6 either by a hydride
transfer or proton shift of the C-1 hydrogen was considered by
Akhtar et al.'%® and Cole and Robinson.!®4 A possible heterolytic

(5) (a) White, R. E.; Coon, M. J. Ann. Rev. Biochem. 1980, 50, 315-356.
(b) McMurry, T, J.; Groves, J. T. In Cytochrome P-450: Structure, Mech-
anism, and Biochemistry; Ortiz de Montellano, P. R., Ed.; Plenum Press; New
York, 1986; Chapter 1. (c) Marnett, L. J.; Weller, P,; Battista, J. R. In
Cytochrome P-450: Structure, Mechanism, and Biochemistry; Ortiz de
Montellano, P. R, Ed.; Plenum Press: New York, 1986; Chapter 2.

(6) (a) Caspi, E.; Santaniello, E.; Patel, K.; Arunachalam, T.; Eck, C. J.
Am. Chem. Soc. 1978, 100, 5223-5224, (b) Osawa, Y.; Shibata, K.; Rohrer,
D. C.; Duax, W. L. J. Am. Chem. Soc. 1975, 97, 4400-4402. (c) Caspi, E.;
Arunachalam, T.; Nelson, P. A. J. Am. Chem. Soc. 1983, 105, 6987-6989,

(7) Watanabe, Y.; Ishimura, Y. J. 4m. Chem. Soc. 1989, 111, 410-411.

(8) (a) Bevington, J. C.; Toole, J. J. Polym. Sci. 1958, 28, 413-420. (b)
Braun, W.; Rajbenbach, L.; Eiricj, F. R. J. Phys. Chem. 1962, 66, 1591-1595.
(c) Detar, D. F. J. Am. Chem. Soc. 1976, 89, 4058-4068. (d) Masnovi, J.;
Maticic, J. J. Am. Chem. Soc. 1988, 110, 5189-5191.

(9) (a) Osawa, Y.; Spaeth, D. G. Biochemistry 1971, 10, 66-71. (b)
Morato, T.; Raab, K; Brodie, H. J.; Hayano, M.; Dorfman, R. L. J. Am.
Chem. Soc. 1962, 84, 3764-3766.

- (10) (a) Akhtar, M.; Calder, M. R,; Corina, D. L.; Wright, J. N. Biochem.
J. 1982, 201, 569-580. (b) Stevenson, D. E.; Neville Write, J.; Akhtar, M.
J. Chem. Soc., Chem. Commun. 1985, 1078-1080. (c) Cole, P. A.; Robinson,
C. H. J. Chem. Soc., Chem. Commun. 1986, 1651-1653. (d) Cole, P. A;
Robinson, C. H. J. Am. Chem. Soc. 1988, 110, 1284-1285.
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Table I. The Reaction of 4-Androstene-3,17,19-trione with
Peroxo-iron(III) Complex

products? (%)

Fe(0,*):18-crown-6 7 9 2
1:0.92 85 14 <5
1:1.80 53 88 trace
0:1.00 0 15 <+ unknown products

9Yields were determined by GLC and calculated based on FePFP
used. ®Yield was calculated based on 18-crown-6 employed.

Scheme 111

Felll
|
OH

Flem . }
o)
o Enz-Xs+-HO
/Qi} — Fe'l
Enz-X--:HO |

H oy
L Enz-X. --HO/CE}

0-0 bond scission of 6!! was ruled out in the mechanism shown
in Scheme II since it regenerates 4-equivalent and the oxenoid
species (eq 1).

Heterolysis
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Here we describe the reactions of 4 with model complexes of
both the oxenoid species and the peroxo-iron(III) intermediate
in the oxygen activation reaction by cytochrome P-450. Synthesis
of model complexes of the peroxo-iron(III) intermediate of cy-
tochrome P-450 has been reported by Valentine et al.!? Further,
the oxoferryl porphyrin cation radical complexes [FelY(=O)Por**]
have been prepared and characterized in the reaction of synthetic
iron(III) porphyrin complexes and peracids at low temperature
by Groves and co-workers.'la¢13

Reaction of 4 and Peroxoiron(III) Porphyrin Complex. An
acetonitrile solution (5 mL) of 5,10,15,20-[tetrakis(pentafluoro-
phenyl)porphyrinato]iron(III) chloride [Fe™PFP(CIl)] (10.6 mg,
10 umol) containing a large excess amount of KO, powder was
stirred in the presence of 18-crown-6 (2.6 mg, 9.8 umol) at room
temperature under dry nitrogen atmosphere for several hours.
After confirming the formation of FeMPFP(Q,%) (8) with UV-vis
spectroscopy,'? the reaction mixture was centrifuged (2000 rpm)
for 20 min to remove unreacted KO, powder. Then, 4 was added
to the supernatant, and the mixture was stirred at room tem-
perature for 72 h. The products were analyzed by GLC and
AlL,O5;-TLC, and 7 was identified as the major product with
concomitant formation of 19-norandrostenedione (9) (Table I).
Independent synthesis of 7 was also carried out in the reaction
of estr-5(10)-ene-3,17-dione and mCPBA.!® Similar hydroxide

(11) (a) Groves, J. T.; Watanabe, Y. J. Am. Chem. Soc. 1986, 108,
7834-7836. (b) Groves, J. T., Watanabe, Y. Inorg. Chem. 1986, 25,
4808-4810. (c) Groves, J. T.; Watanabe, Y. J. Am. Chem. Soc. 1988, 110,
8443-8452, (d) Lee, W. A.; Yuan, L.-C.; Bruice, T. C. J. Am. Chem. Soc.
1988, 110, 4277-4283. (e) Yuan, L.-C.; Bruice, T. C. Inorg. Chem. 1985,
24, 98-987.

(12) (a) McCandlish, E.; Miksztal, A. R.; Nappa, M.; Sprenger, A. Q.;
Valentine, J. S.; Strong, D.; Spiro, T. G. J. Am. Chem. Soc. 1980, 102,
4268-4271. (b) Burstyn, J. N.; Roe, J. A;; Miksztal, A. R.; Shaevitz, B. A.;
Lang, G.; Valentine, J. S. J. Am. Chem. Soc. 1988, 110, 1382-1388.

(13) (a) Boso, B,; Lang, G.; McMurry, T. J.; Groves, J. T. J. Chem. Phys.
1983, 79, 1122-1126. (b) Groves, J. T.; Haushalter, R. C.; Nakamura, M;
Nemo, T. E.; Evans, B. J. J. Am. Chem. Soc. 1981, 103, 2884-2886.

(14) [FeMPFP(0O)]K*: Apax (CH3CN) 445 (soret), 555, 586 nm,; see ref
7.
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Table II. Oxidation of Aldehydes with Oxoferryl Porphyrin Cation
Radical

substrate product(s)? %
4 10 (as methyl ester) 92b
PhCH,CHO PhCH,COOH 88
Ph(CH;)CHCH,CHO Ph(CH;)CHCH,COOH 87
Ph(CH;),CHO Ph(CH;),COOH 92

9Yields were determined by 'H NMR and GLC as free acids.
®Yield was determined as methyl ester by GLC.

formation after the decarboxylation of acylperoxo metallo-
porphyrins has been observed in the consequence of the homolytic
0O-0 bond cleavage reactions.!!®®16 Increased formation of 9
and unknown products either upon the use of an excess amount
of 18-crown-6 or in the reaction without Fe"'PFP(CIl) might be
caused by iron porphyrin-free superoxide ion and/or its decom-
posed products.!’?

While treatment of 7 with 4-N HCI (aqueous) readily gave an
aromatized product, 2, the enzyme system directly affords 2 at
physiological pH.'*  Therefore, if the peroxo intermediate is
responsible for the aromatization, the activation of the C-1 hy-
drogen of 4 by such as enolization due to the hydrogen bond
interaction with the active site of the enzyme™!? could be involved
during the course of oxygen rebound process as shown in Scheme
ITI. A possible participation of the enolate of 4 in the aroma-
tization reaction has been reported.”.1%

Then, we carried out the reaction of 4 and a model system of
the oxenoid species of P-450arom to compare the reactivity of
the C-2 hydrogens to that of the C-19 oxo group.

Oxidation of 4 with Oxoferryl Porphyrin Cation Radical. To
a methylene chloride solution (3 mL) of 4 (23 mg, 73 umol) and
Fel'lPFP(CI) (2 mg, 1.9 umol) was added 15 mg of mCPBA (87
umol) at =78 °C and stirred for 20 min. After confirming the
disappearance of 4 on Al,O,—TLC, an excess amount of diazo-
methane was added at 0 °C. Methyl m-chlorobenzoate and the
oxidation product were separated by column chromatography
(Al,03), and the structure of the product was identified to be
4-androsten-19-oic-3,17-dione methyl ester (10) by 'H NMR, IR,

o
MeO,C

10

and mass spectra.? No formation of the acid was observed when
FellPFP(Cl) was absent. Further, oxidation of several alkyl
aldehydes, which possess reactive positions for the hydroxylation,”?!
was examined with the same system by employing 1.1-1.2 equiv
of mCPBA. As shown in Table II, the corresponding carboxylic
acids were obtained as the sole products. Thus, if the oxenoid

(15) Cross, A. D.; Denton, E.; Acevedo, R.; Urquiza, R.; Bowers, A. J.
Org. Chem. 1964, 29, 2195-2200. 7: IR (KBr) 3400, 1730, 1670 cm™; Ay
(MeOH) 243 nm; mass spectrum, m/e 288 (M*, 23.5) 260 (42.8) 99 (100);
HRMS for C,gH,,O; requires 288.1722, found, 288.1692; °C NMR (CDCI,)
8 220.36 (C-17), 198.73 (C-3), 163.69 (C-5), 124.99 (C-4), 70.35 (C-10),
52.58, 50.47, 47.59, 35.76, 34.85, 33.77, 33.61, 31.76, 31.03, 30.55, 21.62,
19.72, 13.72.

(16) Groves, J. T.; Watanabe, Y. J. A4m. Chem. Soc. 1986, 108,
7836-7837.

(17) The reaction of aldehyde with superoxide anion in acetonitrile was
reported to give several products: Gibian, M. J.; Sawyer, D. T.; Tangpoon-
pholvivat, T. U. R.; Morrison, M. M. J. Am. Chem. Soc. 1979, 101, 640-644.

(18) At physiological pH (0.2 M phosphate buffer, pH = 7.2), 7 was not
converted to 2,

(19) (a) Poulos, T. L.; Finzel, B. C.; Gunsalus, I. C.; Wagner, G. C.; Kraut,
J. J. Biol. Chem. 1988, 260, 16122-16130. (b) Poulos, T. L.; Finzel, B, C,;
Howard, A, T. Biochemistry 1986, 25, 5314-5322.

(20) 10: IR (KBr) 1740, 1730 (sh), 1675 cm™; mass spectrum, m/e 331
(M + 1, 23.7), 330 (M*, 100), 271 (46.9), 270 (70.4), 253 (38.7); HRMS
for CyoH,60, requires 330.1819, found 330.1811; 'H NMR (CDCl,) § 5.91
(s, 1 H), 3.76 (s, 3 H, ~CO,Me; 13C (CDCl5) 6 220.14 (C-17), 198.73 (C-3),
177.19 (C-19), 162.06 (C-5), 126.85 (C-4), 53.80, 52.16, 50.92 (O-Me), 50.88,
47.5, 35.73, 35.62, 34.94, 33.85, 32.59, 31.38, 30.10, 21.95, 21.66, 13.79.

(21) (a) Groves, J. T.; Nemo, T. E.; Myers, R. S. J. 4m. Chem. Soc. 1979,
101, 1032-1033. (b) Groves, J. T.; Nemo, T. E. J. Am. Chem. Soc. 1983,
105, 6243-6248.

species was involved in the final step of the aromatase reaction,
the corresponding carboxylic acid (or possibly 9 due to facile
decarboxylation) either with or without 5 should be observed. In
fact, Suhara et al. have recently reported that when 4 was oxidized
by purified adrenal cortex mitochondrial P-4501183,% a concurrent
formation of 2 and 9 was observed.

While the oxenoid species has been generally considered to be
responsible for oxidations catalyzed by cytochrome P-450,%25 the
results shown above indicate a possible participation of the per-
oxo-iron(III) intermediate instead of the oxenoid species, if the
substrate contains an electrophilic site. Reactions of the peroxo
complex of synthetic metalloporphyrins and electrophiles such as
acyl halides and CO, have been reported to afford the corre-
sponding adducts,? consistent with these considerations.

Detection of 7 in the enzymatic oxidation of 4 with purified
cytochrome P-450arom is now under investigation in this labo-
ratory.
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In 1970 Barefield, Parshall, and Tebbe demonstrated the ex-
change of hydrogen and deuterium between benzene and the
hydride ligands on Cp,TaH, (Cp = #°-CsH;).!  Although a
tantalum phenyl complex could not be isolated, this was one of
the earliest indications of intermolecular arene C—H activation
by a transition-metal complex.2 Over the past two decades many
research groups have investigated the activation of both saturated
and unsaturated hydrocarbons by a wide variety of metal com-
plexes.> Although several different mechanisms for C-H acti-
vation have been identified, the most common pathway, oxidative
addition of a C—H bond to an unsaturated, electron-rich metal
center, is still believed to proceed as originally postulated in 1970.
In this report we show that the addition of benzene to an otherwise
unreactive Ta(III) alkyl complex can be catalyzed by di-tert-
butylsilane and that an isolated silyl complex, Cp,Ta(PMe,)-
(SiH(#-Bu),), will itself activate benzene under extremely mild
conditions.

In the presence of 0.7-2.0 equiv of di-fert-butylsilane, the 18
e”, Ta(III) alkyl complex Cp,Ta(CH;)(PMe;) (1) reacts with

(1) Barefield, E. K.; Parshall, G. W; Tebbe, F. N. J. 4m. Chem. Soc.
1970, 92, 5234-5235.

(2) The first example of homogeneous intermolecular arene C-H activation
by a transition-metal complex was observed by Chatt and Davidson in 1965:
Chatt, J., Davidson, J. M. J. Chem. Soc. 1965, 843-855.

(3) For recent reviews, see: (a) Green, M. L. H.; O'Hare, D. Pure Appl.
Chem. 1985, 57, 1897. (b) Crabtree, R. H. Chem. Rev. 1985, 85, 245. (c)
Deem, M. L. Coord. Chem. Rev. 1986, 74, 101. (d) Bergman, R. G. Science
1984, 223, 902-908. (e) Jones, W. D.; Feher, F. J. Acc. Chem. Res. 1989,
22, 91-100.
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