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catalysts might be that shown in Scheme I.

In conclusion, bimetallic Rh—Fe3* ensembles appeared to be
generated from Rh—Fe carbony] clusters supported on SiO,. They
are active for migratory CO insertion as judged by selectivity
toward olefin hydroformylation. This activity and selectivity may
be due to the bi-site interaction with C- and O-bonded CO. This
is reflected in Fe promotion for C;—C, alcohol production from
CO + H, catalyzed on Rh-Fe catalysts.
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Stabilization of Nickel(III) in a Classical N,S,
Coordination Environment Containing Anionic Sulfur

Sir:

Current interest in the factors stabilizing Ni(III)! derives in
substantial measure from the presence of this oxidation state in
many hydrogenases,? in which nickel has been suggested to
function in catalytic dihydrogen activation.® In the enzymes, the
Ni(II/III) potential is remarkably negative, falling in the ca. -150
to =400 mV range vs NHE.? In synthetic complexes, the higher
oxidation states of nickel can often be stabilized by anionic po-
larizable ligands containing deprotonated amides*® or oximes.’
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Figure 1. Cyclic voltammograms (100 mV/s) of | mM [1]?" and [2]*
in DMF solutions at 25 °C. Peak and half-wave potentials vs SCE are
indicated.

Thiolate being a polarizable ligand, it is perhaps not unexpected
that the Ni EXAFS of several hydrogenases reveals the presence
of (at least three) anionic sulfur ligands.®® Classical nickel(II)
thiolate complexes (the non-dithiolene type) can be oxidized,'°
but always irreversibly thus far, and the description of certain
products as containing Ni(III) is without substantiation. Our study
of this problem has revealed no cases in which the ligand is not
irreversibly oxidized to a disulfide,!! a behavior also demonstrated
by others.'® We report here one means of effecting metal-centered
oxidation in a classical (innocent) ligand system containing thi-
olates and a measure of the relative effect of anionic oxygen and
sulfur ligands on nickel redox potentials.

Treatment of IV,V-ethylenebis(o-hydroxybenzamide)!? (2 equiv
of Et,NOH) and N,N"-ethylenebis(o-mercaptobenzamide)’? (4
equiv of NaH) in DMF with the indicated bases followed by 1
equiv of Ni(OAc),4H,0, and in the latter case also by 2 equiv
of Et,NClI, afforded in good yields red (Et,N),[1] and red-green
dichroic (Et,N),[2],!*!5 respectively. 'H NMR spectra were

(5) (a) Fabbrizzi, L.; Perotti, A.; Poggi, A. Inorg. Chem. 1983, 22, 1411.
(b) Fabbrizzi, L.; Licchelli, M.; Perotti, A.; Poggi, A.; Soresi, S. Isr.
J. Chem. 19885, 25, 112.

(6) (a) Kimura, E.; Sakonaka, A.; Machida, R.; Kodama, M. J. Am. Chem.
Soc. 1982, 104, 4255. (b) Kimura, E. Coord. Chem. Rev. 1986, 15, 1.
(¢) Machida, R.; Kimura, E.; Kushi, Y. Inorg. Chem. 1986, 25, 3461.

(7) (a) Chakravorty, A. Isr. J. Chem. 1985, 25, 99. (b) Bemtgen, J.-M.;
Gimpert, H.-R.; von Zelewsky, A. Inorg. Chem. 1983, 22, 3576.

(8) (a) Lindahl, P. A.; Kojima, N.; Hausinger, R. P; Fox, J. A.; Teo, B.
K.; Walsh, C. T.; Orme-Johnson, W. H. J. Am. Chem. Soc. 1984, 106,
3062. (b) Scott, R. A.; Wallin, S. A.; Czechowski, M.; DerVartanian,
D. V,; LeGall, J.; Peck, H. D., Jr.; Moura, 1. J. Am. Chem. Soc. 1984,
106, 6864. (c) Scott, R. A.; Czechowski, M.; DerVartanian, D. V,;
LeGall, J.; Peck, H. D., Jr.; Moura, 1. Rev. Port. Quim. 1988, 27, 67.

(9) EPR spectra of Wolinella succinogenes hydrogenase enriched in S
indicate at most two sulfur atoms bound to Ni(III): Albracht,S.P. J;
Kroger, A; van der Zwaan, J. W,; Unden, G.; Bécher, R.; Mell, H.;
Fontijn, R. D. Biochim. Biophys. Acta 1986, 874, 116.

(10) (a) Yamamura, T.; Miyamae, H.; Katayama, Y.; Sasaki, Y. Chem.
Lett. 1985, 269. (b) Yamamura, T. Chem. Lett. 1986, 801. (c) Fabre,
P.-L.; Poilblanc, R. Bull. Soc. Chim. Fr. 1986, 740. (d) Snyder, B. S.;
Rao, Ch. P.; Holm, R. H. Aust. J. Chem. 1986, 39, 963. (e) Naka-
bayashi, Y.; Masuda, Y.; Sekido, E. J. Electroanal. Chem. Interfacial
Electrochem. 1986, 205, 209.

(11) Kriger, H.-J.; Holm, R. H., unpublished results.

(12) (a) Van Allan, J. A. J. Am. Chem. Soc. 1947, 69, 2913. (b) Ojima,
H. Nippon Kagaku Zasshi 1967, 88, 329. This paper describes the
preparation of the disodium salt of [1]> and its IR and UV /visible
spectra.

(13) Tanaka, H.; Yokoyama, A. Chem. Pharm. Bull. 1962, 10, 556.

© 1987 American Chemical Society



3646 Inorganic Chemistry, Vol. 26, No. 22, 1987

2-

X X
N\/\‘N
0]

]
X=0([17), S(C2D

consistent with the indicated structures. The compounds are planar
(diamagnetic) and, unlike some Ni(II) deprotonated amide com-
plexes,®®% do not react with dioxygen for at least 24 h. They are,
however, readily oxidized electrochemically, as shown by the cyclic
voltammograms in Figure 1 recorded at v = 100 mV/s. The
reactions [1]* = [1]" + e” and [2]> = [2]” + e” in DMF and
acetonitrile are chemically reversible (i,,/i, = 1) and approach
electrochemical reversibility (AE, = 70 mV, i; « v'/?). Addition
of ligands such as PhS-, PhO", py, and OAc™ showed little if any
effect on the potentials.

Electrolysis of DMF solutions of [1]% (+0.40 V) and [2]*
(4+0.17 V) at -30 °C resulted in the development of green-and
blue-green colors, respectively. These solutions were immediately
frozen and examined by EPR spectroscopy. The spectra, presented
in Figure 2, with substantial g-tensor anisotropies and average
g values in excess of 2.00, demonstrate metal-centered oxidation
products. Because the spectral features cannot be assigned to
specific principal components of the g tensor without further
information, the orbital of the odd electron remains unidentified
at present. However, the configuration ...(d,2)! is unlikely for the
oxidation product of [2]?~ inasmuch as no g value is close to 2.16
With 1 mM solutions at =30 °C and the passage of 1 faraday on
oxidation, the first electrolytic oxidation-reduction cycle was
completed with ca. 85% and 80% recoveries of [1]>~ and [2]%,
respectively. Cyclic voltammetry of these solutions revealed the
presence of these complexes at concentrations consistent with the
coulometric results. At room temperature, 1 mM solutions of the
oxidized forms decayed completely within 4 h to EPR-silent species
that have not been identified. This decay, which occurred much
more slowly at —30 °C, appears to be the reason for the small
residual currents observed after the passage of 1 faraday at either
temperature and the less than quantitative recoveries of the initial
compounds in the redox cycle at =30 °C. A combination of
OTTLE experiments and analysis of the time-dependent EPR and
UV-visible spectral intensities has further substantiated assignment
of the EPR-active complexes having intense LMCT bands at 840
and 718 nm as the Ni(III) primary oxidation products [1]™ and
(2], respectively.

When the electrolysis is carried out in 4:1 DMF/py (v/v) as
above and the solutions immediately frozen, the reaction products
afford EPR spectra (Figure 2) consistent with the formulations
[1(py),]~ and [2(py)]~. The spectrum of [1(py),] is axial with
g. > g and a superhyperfine quintet from two axial pyridine
ligands with gy = 18.5 G. The spectrum of [2(py)]™ is rhombic,
but with the extent of rhombicity much reduced compared to that
of [2]7, and has a triplet with ay = 21.0 G. These results require
the ...(d,2)! configuration in each case.!® The coupling constants
are within the ranges for other Ni(III) complexes with one (20-25
G) and two (18-20 G) axial nitrogen ligands.*>*#% Rhombic
spectra of Ni(III) peptide complexes have been observed when
a sulfur ligand is substituted for nitrogen,!” presumably at an
in-plane position.

The results constitute the initial demonstration with synthetic
complexes that Ni(II) at least partly in a thiolate coordination
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Figure 2. X-Band EPR spectra of electrochemically generated [1]~ and
[2]" and their pyridine adducts in DMF and DMF/pyridine solutions (4:1
v/v) at ~100 K. Apparent g values are indicated.

environment can be oxidized to the Ni(III) state with a stability
sufficient to permit its detection. Further, the in-plane ligand
change 2 RO~ — 2 RS results in a decrease in potential by 0.160
V,!8 or a 3.7 kcal/mol relative stabilization in the N,S, unit. The
—0.035 V potential for the [2]27/[2]™ couple is one of the lowest
recorded for a nonbiological Ni(II)/Ni(III) couple. In contrast,
the great majority of Ni(ILIII) potentials are 2+0.50 V vs SCE,!
with cationic complexes generally having the higher values. The
apparently lowest value is —0.20 V, for a NiNg complex derived
from dioximate ligand;"® several tetraaza macrocyclic species are
reported to have potentials just below 0 V vs SCE.!? Potentials

(18) A previous attempt to address this point utilized thioether vs ether ligand
functionalities and showed that the former promoted reversible oxidation
whereas the latter did not: Ray, D.; Pal, S.; Chakravorty, A. Inorg.
Chem. 1986, 25, 2674.
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for certain [Ni(S,C,R,),]'™* couples are even more negative,?
but these dithiolene monoanions are extensively delocalized.
Manifestations of this include a pronounced dependence of po-
tential on substituent R and a relatively small g anisotropy (e.g.,
gx = 2.160, g, = 2.042, g, = 1.998 in [Ni(mnt),]"'¢). The ex-
istence of a dithiolene structure in the enzymes is implausible given
the highly anisotropic, nearly invariant Ni(III) EPR spectra (g
=~ 2.3, 2.2, 2.0) of the “as prepared” state of most hydrogenases.?
The present complexes when oxidized resemble this state in terms
of g anisotropy but are not considered as site models owing to the
lack of precedence of deprotonated amide as a physiological ligand.
Rather, they do emphasize the role of anionic polarizable ligands,
including thiolate, and the attendant net negative charge of the
reduced species in markedly lowering redox potentials. Thiolate
ligands at biological nickel sites doubtless modulate potentials by
virtue of these properties. Indeed, Co(III) has recently been
stabilized in a classical tetrathiolate environment??? and in one
case reversibly linked to Co(II) at a potential of —1.16 V vs SCE.2®

Future reports will deal with the redox processes of Ni(II)
thiolate complexes and further investigations of anionic N,S,
ligand complexes of nickel and other metals.!! As will be shown,
ligand structural variation can afford even lower Ni(I1I)/Ni(IT)
potentials than that reported here.
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Pincer Porphyrin: X-ray Crystal Structure of a Binuclear
Zinc/Copper Complex!
Sir:

Binucleating porphyrins are receiving considerable current
attention as active-site models for multimetal proteins and for
exploiting chemistry that is distinctive to binuclear complexes.?*
A critical aspect of such systems is achieving a well-defined
geometric arrangement of the metal sites. For this reason relatively
rigid urea? or arene®’ links between cofacial porphyrins have been
favored as have multiple links in face-to-face porphyrins® and
ligating superstructures.>*® The merits of these approaches are
borne out in the few x-ray crystal structures that have successfully
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Figure 1. ORTEP drawing of the [Fe(PincerP)(4-r-BuHIm)] molecule
illustrating how the two attached benzimidazole groups block access to
one face of the porphyrin. The two benzimidazole planes make dihedral
angles of 26.7 and 23.0° with the porphinato core.

been determined on binuclear systems,**$ but even so, it is clear
that “rigid” systems have important and subtle flexibility. Also,
although large molecules that are rigid and symmetrical often
crystallize well this can lead to unworkable solubility. Binucleating
porphyrins with relatively flexible superstructures are synthetically
accessible®!? and can be expected to have good solubility but in
the absence of single-crystal x-ray data there will always remain
uncertainty about the structures of their binuclear complexes. This
leads us to communicate the first structural characterization of
a binuclear complex of “pincer porphyrin”, a binucleating por-
phyrin whose design is tailored to provide flexibility, solubility,
and crystallizability.’
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In the structures of the mononuclear [Fe(4-z-BuHIm)(PincerP)]!!
and the dinuclear [(DMF)ZnCu(PincerP)]PF, we have the ele-
ments of a model for the heme/copper active site of cytochrome
oxidase. The structures reveal interesting conformational aspects
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(11) Abbreviations used in this paper: 4-t-BuHIm = 4-tert-butylimidazole;
PincerP = dianion of 5a,15a-bis[(N-(2-methylbenzimidazolyl)acet-
amido)phenyl]-10a,20a-bis(pivalamidophenyl)porphine = trans-L of ref
9; DMF = N,N’-dimethylformamide; THF = tetrahydrofuran; PincerP’
= 5,6-dimethylbenzimidazole analogue of PincerP.
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