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has identified a strong proton acceptor (Asp-235) near the axial
imidazole ring NH, which, due to sequence homology in this region
between CcP? and HRP,? is likely similarly situated in rest-
ing-state HRP, as depicted in Figure 1E. Since resting-state HRP
is five-coordinate,'> we assume the characteristic domed porphyrin
and a sizable out-of-plane displacement of the iron?® such that
the imidazole ring NH can interact with the carboxylate. Upon
coordination of cyanide, the conversion to low-spin iron flattens
the porphyrin and brings the iron into the plane.?’ Because of
the tight clamping of the heme periphery,® this resulting 0.5-1.0-A
movement of the imidazole ring breaks the salt bridge to the amino
acid, with the proton retained by the carboxylate rather than the
imidazole ring, as depicted in Figure 1F. Thus the six-coordinate
compounds I and II, but not five-coordinate resting-state HRP,
may possess the axial imidazolate to stabilize the higher oxidation
state of iron.

Nuclear Overhauser effect studies of the rapidly exchanging
peaks a and b of HRPCN in H,O (not shown) reveal that the
two peaks are in spatial proximity and are consistent with arising
from a histidine in the distal environment of the heme, for which
strong interaction with a coordinated ligand has been demonstrated
by IR spectroscopy.?! Further definitive assignments of the labile
proton signals are in progress.
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While metal-metal bonding is a ubiquitous feature of transi-
tion-metal chemistry and heterobimetallic (“early-late”) systems
are of considerable current interest,!? no well-characterized ex-
ample of an actinide to transition-metal bond unsupported/un-
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Figure 1. Perspective drawing of the molecular structure of Cp’,Th(I)-
Ru(Cp)(CO); (2). The shapes of the ellipsoids correspond to 50%
probability contours of atomic displacement. Individual bond lengths (A)
and angles (deg) of interest: Th—Ru, 3.0277 (6); Th-1, 3.0435 (6); Th—C
(Cp’ ring), 2.82 (1, 2, 4, 10);!*®* Ru—C21, 1.88 (2); Ru—C22, 1.84 (1);
Ru-C(Cp ring), 2.29 (1, 1, 2, 5);'* Th—-Ru-C2I, 83.8 (2); Th-Ru—C22,
84.4 (3); C21-Ru—C22, 88.3 (5); Th—Ru—Cp centroid, 118.4.

complicated by bridging ligands® exists. The competing formation
of isocarbonyl linkages (A)'®* between highly oxophilic 5f centers’
0
l
C

+ —_
An=—0=C—ML, vs An—ML,

A B
An =actinide; M= transition metal

and metal carbonyl synthons has been a major obstacle,® and in
our view, strategies to promote B must minimize crowding around
the An—-ML,(CO) bond and/or provide an ML,(CO) fragment
with an appropriately directed, high-lying, metal-centered HOMO.
Using ML,(CO) = CpRu(C0O),**%” and An = Cp’,Th(X) (Cp
= 93-CsHs; Cp’ = 95-(CH,)sCs) as prototypes in this strategy,
we report the synthesis and structural characterization of the first
complexes with direct, unsupported, actinide to transition-metal
bonds.

The reaction of Cp’,ThX, (X = CL5 I?) with CpRu(CO),Na'?
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proceeds according to eq 1. Initial attempts using larger Ru/Th

Cp’,ThX, + CpRu(CO),Na seonn
Cp’sTh(X)Ru(Cp)(CO), + NaX (1)

1, X = Cl, colorless needles, 50% isolated yield
2, X = I, pale yellow needles, 50% isolated yield

ratios have not led to multiple substitution under these conditions.
Sparingly soluble, exceedingly air-sensitive complexes 1 and 2 can
be recrystallized from toluene/pentane and characterized by
standard analytical/spectroscopic methodology.!! Solid-state and
hydrocarbon solution infrared spectra give no evidence of an
isocarbonyl*® and vcq frequencies in heptane, (1, 2033 s, 1973
scm™; 2,2033 s, 1973 s cm™) are typical of CpRu(CO),X species
where X is approximately as electron withdrawing as an alkyl
group,'?® more so than a SiMe; or GeMe,!% but less so than a
fluorocarbon'?? or halogen.'’* Chlorine/iodine electronic dif-
ferences are apparently not transmitted to the ruthenium center.
Infrared spectra in THF solution are similar (1, 2025 s, 1959 s
cm™l; 2, 2023 5, 1959 s cm™!).

Crystals of 2 suitable for X-ray diffraction!?* were grown by
diffusion of pentane into a toluene solution of 2. The thorium
coordination geometry (Figure 1)!3®is of the Cp’,Th(X)Y type
and is unexceptional®>'* (£Cp’ centroid-Th—Cp’ centroid = 128.8°;
£X-Th-Y = 94.96 (2)°) except for the presence of a Th-Ru bond
of length 3.0277 (6) A. This contact can be compared to cal-
culated Th-Ru distances of ca. 3.14 A from metallic radii,’’ ca.
3.23 A from homobimetallic Ru-Ru'® and Th-Th!” compounds,
ca. 3.12-3.16 A from Zr-Ru compounds?~ corrected for the
Th(IV) ionic radius,'® and observed distances of ca. 2.87-3.24
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A in Me;Si(Me,C,),Th(u-H), Th(Me,C5)SiMe,: Fendrick, C. M.; Day, V.
W.; Marks, T. J., submitted for publication. Fendrick, C. M., Ph.D. Thesis,
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A in ThRu intermetallics.!® The Th-Ru distance in 2 is among
the shortest of these values. The “piano stool” ruthenium coor-
dination geometry (Figure 1) is metrically typical of CpRu(CO),X
molecules,>?° and there is no significant interaction between the
thorium atom and the carbonyl ligands (Th-C 3.39 (1), 3.39 (1)
A; Th-O = 4.11 (1), 4.14 (1) A). Judging from the spectroscopic
data, it is likely that the structure of 1 is very similar to that of
2,

Viewed schematically along the Ru-Th vector, it can be seen
that in the solid state, 2 adopts one of two possible conformations
(C, as opposed to enantiomorphous D and E).!? While C may

0 0
Cp C (‘:
cp cp’  Cp Cp’ cp. jor 4
T R T
N
OC lv CO Cp \l/ CO OC ‘ Cp
I I I
c D E

optimize interactions between Cp’,Th(I)* ¢-bonding MO’s?! in
the equatorial girdle and the CpRu(CO),” HOMOQ’ in the plane
bisecting £C21-Ru-C22, it may also minimize nonbonded re-
pulsions. Regarding the possible presence of D,E, variable-tem-
perature 'H and !3C NMR spectra of 2 reveal the presence of
two species at low temperature which are in dynamic equilibrium
at room temperature (7, ~ +20 °C). The isomer ratio in THF-dj
(-60 °C) is ~1.4:1 with the former having magnetically equivalent
Ru-1CO ligands (8 206.0, presumably C) and the latter, non-
equivalent ligands (§ 226.5, 214.0 of equal intensity, presumably
D,E).2% Results in C4DsCD, are qualitatively similar, although
the ratio of isomers is ~15:1 (=60 °C).??®* Futher studies of this
equilibrium are in progress.

In regard to the reactivity of the Th-Ru bond, the infrared
spectra in THF indicate that heterolysis'>?»?* is not favorable (eq
2). However, we find tert-butanolysis of 2 to CpRu(CO),H

Cp’,Th()Ru(Cp)(CO), + nTHF =
Cp’,Th*(I)-THF, + CpRu(CO),™ (2)

(identified by NMR!%) and the corresponding thorium alkoxide?®
(eq 3) to be rapid and reaction also to occur with H, and CO (the

Cp’,Th(I)RuCp(CO), + t-BuOH —
Cp’,Th(I)(O-t-Bu) + CpRu(CO),H (3)

nature of these products is under investigation).

These results demonstrate that complexes having unsupported
actinide to transition—-metal bonds are synthetically accessible.
Future efforts will explore the range of 5f, 4f, bimetallics that
can be synthesized and their structures, thermochemistry, and
reactivity.
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Iron(1V) protoporphyrin IX species have been shown or pro-
posed to play important roles in the mechanisms of peroxidase,
cytochrome P-450, and cytochrome oxidase enzymes.! Studies
focused on the chemical oxidation of iron(III) porphyrins have
been designed in order to elucidate structure and reactivities of
the higher valent iron porphyrin species. Eminent among these
are the studies of Balch? and Groves® which have dealt with
investigations of iron(IV)—oxo porphyrins (peroxidase compound
II model) and an investigation of Balch® which provides evidence
for an iron(I'V)—oxo porphyrin w-cation radical (peroxidase com-
pound I model). Electrochemistry has not been vigorously pursued
as a means to both generate and to determine oxidation potentials
of iron(I'V)—oxo porphyrins and iron(IV)—oxo porphyrin w-cation
radicals. We now report the spectral and electrochemical char-
acterization of an electrochemically generated iron(IV)-oxo
porphyrin and an iron(IV)—oxo porphyrin #-cation radical.

It is now accepted that the first le” oxidation of an iron(III)
porphyrin ligated to such anions as ClI-, ClO,", etc. is porphyrin
centered resulting in the formation of an iron(III) porphyrin
w-cation radical. Further le™ oxidation leads to an iron(III)
porphyrin dication.® These electrochemical studies did not include
strongly basic oxyanions as ligands due to the problem of u-
oxo-dimer formation. We have examined the electrochemistry
of sterically hindered porphinato iron(III) hydroxide and meth-
oxide salts and have demonstrated that the ligation of strongly
basic oxy ligands results in a new peak. The presence of this new
peak (about 100 mV less positive than the first oxidation for the
chloride salt of the corresponding iron(IIl) porphyrin) was taken
as the first evidence for the room-temperature existence of iron-
(IV)-oxo species; however, this species is only stable at ambient
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Figure 1. Visible spectra (at =78 °C) of the meso-tetrakis[(2,4,6-tri-
methylphenyl)porphinato]iron(IV) hydroxide species ([(TMP)-
FelYOH]*) formed by le™ oxidation of (TMP)FeOH and the corre-
sponding iron(IV) hydroxy porphyrin w-cation radical ([-(TMP)-
Fe!YOH]?*) formed by le™ oxidation of ([TMPFe!YOH]*) in 5%
CH,;OH/CH,Cl, (with 0.1 M tetrabutylammonium perchlorate). From
repetitive spectral scanning isosbestic points for oxidation of
TMPFe'OH to [TMPFe!YOH]* were determined to be at 405, 425, 502,
and 550 nm while the maximum absorbances of the latter are found at
415 (Soret band) and 525 nm. For [{(TMP)Fe!YOH]?* isosbestic points
are at 400, 426, 485, and 545 nm while maximum absorbances of the
latter are found at 398, 412, 600, and 670 nm. With the exception of
a small bathochromic shift of approximately 5 nm in the o, region, the
spectrum shown in this figure are unaltered on transfer to Burdick and
Jackson dichloromethane solvent.

temperatures on the cyclic voltammetric time scale (scan rate =
25-400 mV/s).4

In order to observe the iron(I'V)—oxo porphyrin products of the
electrochemical oxidation a special 1.0-mm spectroelectrochemical
quartz cuvette was designed with a gold minigrid (10 lines/in.?)
working electrode; in quartz side compartments fused to the cuvette
a platinum flag auxiliary electrode (separated from the cuvette
by a medium glass frit) and an Ag/AgCl reference electrode (filled
with aqueous tetramethylammonium chloride, adjusted to 0.00
V vs. saturated calomel electrode) were mounted. The entire
apparatus was maintained at =78 °C. For the purpose of the
present study meso-tetrakis[(2,4,6-trimethylphenyl)porphina-
to]iron(I11) hydroxide [(TMP)Fe""OH] was used as the repre-
sentative iron(IIT) porphyrin. The solvent employed was CH,Cl,
(Burdick and Jackson). Potentials for consecutive 1~ oxidation
of (TMP)Fe"'OH were determined by conventional CV at -78
°C. Oxidation products were generated in the spectroelectro-
chemical cuvette by le™ and 2e™ controlled-potential electrolysis
at the required potentials. Constant monitoring of the visible
spectra was carried out during the course of the electrochemical
oxidations. In Figure 1 there are presented the visible spectra
of (TMP)Fe"OH and its 1- and 2¢” oxidation products. Exam-
ination of Figure 1 shows that the first l1e~ oxidation (1.05 V vs.
SCE) results in a decrease in absorbance of the Soret band (415
nm) without a change in its position and a new absorption peak
appears at 520 nm. The latter is not associated with the starting
(TMP)Fe""OH nor to the eventual decomposition product
[(TMP)Fe™Cl] of the electrochemical reaction. The w-cation
radical of (TMP)Fe''Cl also displays an absorbance around 520
nm; on the other hand the most characteristic feature for the visible
spectrum of a w-cation radical is the shift of the Soret band to
below 400 nm.? This is clearly not observed during the le” ox-
idation of (TMP)Fe'"OH. Additional evidence that the product
is [(TMP)Fe!YOH]* was obtained by the addition of 1 equiv of
1-methylimidazole which brought about a shift of the 520-nm peak
to 570 nm, which is consistent with Balch’s report of an absorbance
at 560 nm (toluene) of iron(IV) meso-tetraphenylporphyrin ligated
to [-methylimidazole.?? The A, values of [(TMP)FelYOH]*
and [(TMP)Fe!VOCH,]* in 5% CH;0H/CH,Cl, (v/v) are at 525
nm. On addition of 1 equiv of CH;O" to the electrochemically
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