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guanine bases and is quite selective in binding to the pur-
ines.

Because water is a reasonable nucleophile it has been pre-
sumed that cis-[PtClo(NH3)»] in vivo first undergoes aquation
and then the aquated species react with the nuclear DNA 34
The aquation has been presumed to occur in the intracellular
fluid after transport through the membrane of the cis-
[PtCl5(NHj)] has taken place. On the basis of the poor se-
lectivity exhibited by the cis and trans aquo species, it would
appear that a direct bimolecular displacement of chloride or
some even more strongly bound carrier ligand would be nec-
essary to have the high selectivity that has been observed.

Acknowledgments. We wish to thank Engelhard Industries
and Matthey Bishop, Inc. for loans of platinum.

Supplementary Material Available: Raman spectra, 3 pages. Or-
dering information is given on any current masthead page.

References and Notes

(1) Work supported by Public Health Service Grant No. AM-16101 from the
National Institute for Arthritis, Metabolism, and Digestive Diseases and by
Natlonal Science Foundation Grant No. CHE 76-18591.

(2) For the previous article in this serles, see ref 13.

(3) National Cancer Institute Postdoctoral Fellowship No. CA-03254-02.

(4) S. Mansy, Ph.D. Thesis, Michigan State Unlversity, East Lansing, Mich.,
1972,

(5) P. J. Stone, A. D. Kelman, and F. M. Sinex, Nature (London), 251, 736
(1974); P. J. Stone, A. D. Kelman, F. M. Sinex, M. M. Bhargava, and H. O.
Halvorson, J. Mol. Biol., 104, 793 (1976).

(6) L. L. Munchausen and R. O. Rahn: (a) Cancer Chemother. Rep., 59, 643
(1975); (b) Biochim. Biophys. Acta, 414, 242 (1975).

(7) I. A. G. Roos, Chem.-Biol, Interact., 16, 39 (1977).

Journal of the American Chemical Society [/ 100:2 | January 18, 1978

(8) J. P. Macquet and T. Theophanides, Biopolymers, 14, 781 (1975).
(9) A. B. Robins, Chem.-Biol. Interact., 6, 35 (1973).

(10) W. M. Scovell and T. O'Connor, J. Am. Chem. Soc., 99, 120 (1977).

(11) G. Y. H. Chu, R. E. Duncan, and R. S. Tobias, Inorg. Chem., 16, 2625
(1977).

(12) G. Y. H. Chu and R. S. Tobias, J. Am. Chem. Soc., 98, 2641 (1976).

(13) G.Y.H. Chuy, S. Mansy, R. E. Duncan, and R. S. Tobias, J. Am. Chem. Soc.,
preceding paper in this issue.

(14) R. W, Chrisman, S. Mansy, H. J. Peresie, A. Ranade, T. A. Berg, andR. S.
Tobias, Bioinorg. Chem., 7, 245 (1977).

(15) G. Y. H. ChuandR. S. Toblas, unpublished research.

(16) (a) J. A. Elvidge, J. R. Jones, C. O'Brien, E. A, Evans, and H. C. Sheppard,
J. Chem. Soc., Perkin Trans. 2, 2138 (1973); (b) ibid., 174 (1974).

(17) P. K. Glascoe and F. H. Long, J. Phys. Chem., 64, 188 (1960).

(18) S. Mansy and R. S. Tobias, Biochemistry, 14, 2952 (1975).

(19) J. C. English, R. W. Chrlsman, and R. S. Tobias, App!. Spectrosc., 30, 168
(1976).

(20) J. W. Amy, R. W, Chrisman, J. W. Lundeen, T. Y. Ridley, J. C. Sprowles,
and R. S. Tobias, Appl. Spectrosc., 28, 262 (1974).

(21) R. E. Duncan and R. S. Toblas, unpublished research.

(22) S. C. Erfurth and W. L. Peticolas, Biopolymers, 14, 247 (1975).

(23) S. C. Erfurth, P. J. Bond, and W. L. Peticolas, Biopolymers, 14, 1245
(1975).

(24) Protonation constants are tabulated in R. M. lzatt, J. J. Christensen, and
J. M. Rytting, Chem. Rev., 71, 439 (1971).

(25) See, e.9., the discussion in B. Singer, Prog. Nucleic Acid Res. Mol. Biol.,
15, 219 (1975).

(26) D. M. Brown in "'Basic Principles in Nucleic Acid Chemistry”, P, O. P. Tso,
Ed., Vol. 2, Academic Press, New York, N.Y., 1974, p 1.

(27) R. G. Pearson, H. Sobel, and J. Songstad, J. Am. Chem. Soc., 90, 319
(1968).

(28) See the discussion in F. Basolo and R. G. Pearson, ""Mechanisms of Inor-
ganic Reactions™, 2nd ed, Wlley, New York, N.Y., 1967, p 351.

(29) D. W. Gruenwedel and N. Davldson, J. Mol. Biol., 21, 129 (19686).

(30) R. B. Simpson, J. Am. Chem. Soc., 86, 2059 (1964).

(31) B. L. Tomlinson and W. L. Peticolas, J. Chem. Phys., §2, 2154 (1970).

(32) L. Lafleur, J. Rice, and G. J. Thomas, Jr., Biopolymers, 11, 2423
(1972).

(33) S. Mansy and W. L. Peticolas, Biochemistry, 15, 2650 (1976).

(34) B. Rosenberg, Naturwissenschaften, 60, 399 (1973).

Communications to the Editor

Preparation and Crystal Structure of
Ir+(CO);2(CsH2)X(CsH 1) (CsH o), a Heptanuclear
Iridium Cluster Showing Three Stages of
Cyclooctadiene Coordination and Dehydrogenation

Sir:

Recent interest in the preparation and properties of large
metal cluster compounds! has resulted in the structural char-
acterization of large clusters involving cobalt,? nickel,34 ru-
thenium, rhodium,®? osmium,®® and platinum,!0 but the
corresponding chemistry of iridium is underdeveloped. The
hexanuclear compounds Irg(CO);s2~ and Irg(CO)j¢ are
moderately well characterized by infrared and powder x-ray
comparison with the known cobalt and rhodium compounds,
but Irg(CO)202~ and Irg(CO)222 have been formulated solely
on the basis of elemental analyses.}! We wish to report the
preparation and first x-ray structural characterization of a
large iridium cluster, Ir7(CO)12(CsH12)(CsHi)(CsHyo). The
compound also is a rare example of a large cluster with hy-
drocarbon ligands. Previous examples include the arene de-
rivatives Rug(CO)y4(arene)C,'2 of which the mesitylene
complex has been structurally characterized,!? and the com-
pounds formulated as Rhg(CO);4(diene),!# in which, for ex-
ample, diene = 1,5-cyclooctadiene. The title compound con-
tains not only coordinated cyclooctadiene, but also singly and
doubly dehydrogenated cyclooctadiene moieties.

The reaction of Irs(CO);, with 1,5-cyclooctadiene in re-
fluxing chlorobenzene (18 h) provided a complex mixture of
products.!> Column chromatography of the mixture (Flor-
isil/pentane) developed a green fraction, which after further
purification by TLC (silica gel/pentane) afforded a green-
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black crystalline solid (yield ~3%).1¢ The field desorption mass
spectrum (m/e 2008 (19*Ir), M*)!7 and 'H NMR data!® ob-
tained for this compound are consistent with the formulation
Ir7(CO)12(CsH2)(CsH11)(CsHyp). A single-crystal x-ray
diffraction study was undertaken to determine the geometry
of the metal framework together with the binding modes of the
organic ligands.!?

As shown in Figure 1, the seven iridium atoms adopt a
capped octahedral geometry with Ir(7) above the Ir(2)-
Ir(5)-1Ir(6) face. Eleven of the twelve carbonyl ligands are
bound terminally to the six metal atoms of the octahedral
fragment, two per metal except for Ir(6), which has one ter-
minal carbonyl and shares the twelfth carbonyl with Ir(7). In
addition to the bridging carbonyl, the apical iridium atom
coordinates a normal, chelating 1,5-cyclooctadiene ligand.
Shown at the lower left of Figure 1 is a cyclooctadiene ligand
missing one olefinic proton; the bridging vinyl moiety is =
bonded to Ir(4) and ¢ bonded to Ir(6). The Ir(6)-C(21) o-bond
length is 2.02 (3) A, the distances in the = bond are Ir(4)-
C(21) = 2.18 (3) A and Ir(4)-C(22) = 2.29 (4) A, and the
C(21)-C(22) bond length is 1.51 (5) A. Located beneath the
Ir(1)-Ir(2)-Ir(3) face of the cluster in the center background
of the view is the acetylenic portion of a cycloocta-1-en-5-yne
ligand, coordinated as a [20 + =] four-electron donor. The
Ir(2)-C distances are both 2.20 (4) A, the o-bond distances
are 2.08 (3) and 2.04 (4) to Ir(1) and Ir(3), respectively, and
the C(13)-C914) length is 1.32 (5) A. The additional olefinic
portions of the CgH;; and CgHjo ligands are uncoordinat-
ed.

Only three heptanuclear cluster complexes have been
characterized previously and each has a capped octahedral
geometry. Both Rh7(CO);6°>~ 2! and Os7(CO),,° have the
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Figure 1. Perspective view of the Ir;(CO);2(CsH,2)(CsH,)(CgH1o)
molecule. Carbons C(13) and C(14) are associated with the alkyne portion
of the CsHjo ligand, C(21) and C(22) with the vinylic portion of
CsHi.

Table L. Iridium~Iridium Lengths in the Ir;(CO);3(CsH;2)-
(CsH11)(CsH;p) Cluster

Ir(1)-Ir(3) 2.690 (2) Ir(3)-Ir(6) 2.783(2)
Ir(1)-Ir(2) 2.738 (2) Ir(3)-Ir(4) 2.862(2)
Ir(1)-Ir(5) 2.744 (2) Ir(4)-Ir(6) 2,665 (2)
Ir(1)-Ir(4) 2.791 (2) Ir(4)-Ir(5) 2.764 (2)
Ir(2)-Ir(3) 2,678 (2) Ir(5)-Ir(7) 2,676 (2)
Ir(2)-Ir(6) 2.799 (2) Ir(5)-Ir(6) 2.764 (2)
Ir(2)-Ir(5) 2.817(2) Ir(6)-Ir(7) 2.689(2)
Ir(2)-Ir(7) 2.979(2)

same number of valence electrons (98) as the Ir; cluster;
Rh7(CO)16I2~ 7 has an additional electron pair due to the
bridging iodine atom. The former two clusters adopt near-Cs,
structures and exhibit relatively small deviations from their
mean metal-metal bond lengths (2.76 (1) and 2.855 (6) A,
respectively). In the latter case, the extra electron pair ap-
parently resides in an orbital locally antibonding with respect
to the capping rhodium atom, which causes significant
lengthening of the apical Rh-Rh bonds (mean 2.926 (5) A)
relative to the remainder (mean 2.770 (5) A). The Rh-Rh
bond associated with the bridging iodide is especially length-
ened to 3.000 (5) A. The Ir-Ir bond lengths in Ir7(CO)1»-
(CgH2)(CgH1)(CgHyp) are summarized in Table 1. The
values vary over a considerable range, from 2.665 (2) t0 2.979
(2) A, and show a larger, average deviation from the mean
(2.763 (2) A) than any of the previous structures. The longest
Ir-Ir distance, Ir(2)-Ir(7) = 2.979 (2) A, involves the apical
iridium atom, but the other apical distances, Ir(5)-Ir(7) =
2.676 (2) and Ir(6)-Ir(7) = 2.689 (2) A, are actually shorter
than the average. The formal distribution of valence electrons
among the metal centers is also much less symmetrical for
Ir7(CO)12(CsH12)(CsH; 1) (CsHig) than for Os7(CO)yy; Ir(2)
and Ir(4) are electron rich whereas Ir(5) and Ir(6) are electron
poor relative to the analogous centers in the osmium com-
pound.??2 However, for the Ir7 structure, no correlation of bond
distances with the formal electron distribution is apparent.
The structure of Ir7(C0O);2(CsH12)(CsH 1) (CgH ) is di-
rect evidence that iridium carbonyl cluster species can possess
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sufficient reactivity for olefinic C-H bond cleavage, heretofore
a feature of the chemistry of trinuclear ruthenium and osmium
carbonyl! clusters.2? Furthermore, coordination of the “enyl”
moiety to an edge and of the “yne” moiety to a face of the Iry
polyhedron parallels the manner in which such groups are
bound to an edge or to a face of a triangular cluster frame-
work.2425 This recurrence of localized coordination modes in
the large cluster provides support for the proposition that such
modes also will occur in similar environments on metal sur-
faces.26
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Magnetic Exchange Interactions in

Copper(Il) Dimers Bridged by Aromatic Diamines.
Crystal and Molecular Structure of
u-Benzidine-bis(2,2’,2”-triaminotriethylamine)-
dicopper(II) Nitrate

Sir:

The determination of the spatial and time-dependent delo-
calization of electrons in molecules or more complex systems
is an important problem.? For example, it is relevant to
electron transfer in redox reaction precursors® and electron
transport chains.* Mixed-valence compounds provide the op-
portunity to monitor the propagation time of an electron from
one region of the molecule to another.5-7 It is also possible to
study electron dynamics in biradical systems that are involved
in magnetic exchange interactions. The frequency of electron
exchange between the two radical centers parallels the mag-
nitude of the magnetic exchange interaction (as gauged by the
exchange parameter J in the spin Hamiltonian A = —2JS
S5).8 In a series of nitroxyl biradicals, then, the biradical which
is not involved in a magnetic exchange interaction will not have
electrons exchanging between the two radical centers. This
noninteracting biradical has an electronic structure consisting
of two localized nitroxyl radical moieties. Recent work on
nitroxyl biradicals has shown that electrons can exchange in-
tramolecularly via a through-bond mechanism.?

Determining the presence and magnitude of a magnetic
exchange interaction between the copper(Il) centers in a
copper(II) dimer with an extended organic bridge is one means
of learning whether the extended organic moiety does support
electron exchange between two paramagnetic centers. It was
with this in mind that we prepared a series of copper(II) dimers
with extended aromatic amine bridges having the composition
of [Cuj(tren);(DA)] X4, where DA is various aromatic di-
amines such as benzidine (BZD), o-tolidine (OT), or p-phe-
nylenediamine (PPD); tren is 2,2’,2”-triaminotriethylamine;
and X is ClO4~, NO;™, or PF¢™. In this paper we communicate
the structural and magnetic properties of these complexes.!0

The single-crystal x-ray structure of {Cus(tren)>(BZD)]-
(NOj3)4 was solved using 8154 (I > 2¢(1)) unique reflections
collected on a Syntex P2, diffractometer equipped with a
graphite monochromator, A (Cu Kea) = 1.54178 A. The
crystal data are as follows: Co4H4sN401,Cuz, mol wt 851.83;
monoclinic, space group P2;/c;a = 29.799 (4), b = 13.960 (2),
c=18.732(3) A;: 8=106.49 (1)°; V ="7471.9A3% Z = 8;
Pealed = 1.51, pobsa = 1.52 g/cm?3, The asymmetric unit consists
of 104 nonhydrogen atoms (2 formula weights, 937 variables)
and, as such, only Gauss-Seidel block refinements were used
to refine the structure to final discrepancy indices!! of R = 0.11
and R,, = 0.16. All nonhydrogen atoms were refined with
anisotropic thermal parameters. The positions of the 96 hy-
drogen atoms were calculated with fixed bond lengths of 1.05
A and assigned isotropic thermal parameters of 9.5 A2, The
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Figure 1. Perspective view of the [Cua(tren)2(BZD)]** cation for one of
the two independent dimers. The bond distances about the copper(I1) ions
and in the BZD bridge are quite similar for the two units.

two crystallographically independent dimers are related by a
translation of almost (15,0,0).

The geometry of one of the dimeric cations is illustrated in
Figure 1 which shows the trigonal-bipyramidal coordination
about each copper(II) ion. The bond distances and angles are
quite similar for the two dimers which give copper-copper
distances within each dimer of 12.270 (2) and 12.074 (2) A.
The phenyl rings of the BZD bridge are planar with dihedral
angles of 13.8 and 22.5° about the C-C bond connecting them
for each dimer. The nitrate anions exhibit weak (O-N distance
>2.9 A) hydrogen-bonding interactions with the tren nitro-
gens. There are copper-copper interdimer separations as short
as 7.499 (2) A.

Variable-temperature (4.2-286 K) magnetic susceptibility
data for [Cus(tren)2(BZD)](NO3)4 show an antiferromag-
netic exchange interaction with a maximum in the suscepti-
bility data at 6 K. The data were least-squares fit to equations
for an isotropic magnetic exchange interaction (exchange
parameter J in a spin Hamiltonian of —2J5;-S5) to give J =
—3.2 ecm™! and a Curie-Weiss constant of § = 0.75°.
The g values used in the fitting were taken from the Q-band
EPR spectrum, which shows signals at g = 2.030, 2.124, and
2.191. Replacement of the NO;™ counterion with ClO4~ or
PFg™ leads to very similar magnetic susceptibility results with
J values fit to —3.0 and —2.6 cm™!: respectively. The lack of
a counterion dependence for the exchange parameter J is clear
indication that the magnetic exchange interaction is propa-
gated by the benzidine bridge. A similar complex, [Cus-
(tren),(OT)](PFg)s, shows a slightly weaker exchange inter-
action with J fit to —=2.3 cm™!,

Further substantiation for the fact that the benzidine bridge
is propagating the interaction is found in the susceptibility data
for the [Cuj(tren)2(PPD)]X4 compounds. All three of these
p-phenylenediamine compounds exhibit a stronger antifer-
romagnetic interaction than found for the BZD compounds.
For example, the data for the NO;~ compound were fit to give
J = =26 cm~! with the average g value fixed at 2.115
(EPR).

The copper(II)~-BZD compounds demonstrate that elec-
trons can exchange between two metal ions separated by >12
A via a biphenyl moiety. This is relevant to previous work
which suggests that, in certain redox reactions between tran-
sition metal ions, the electron transfer occurs through extended
ligands such as the p-dicarboxylic acid of biphenyl.!2!3 These
same compounds are the first stable nonpolymeric copper(II)
complexes of BZD and PPD, two reagents which are used to
monitor the enzymatic activity of various cuproproteins such
as ceruloplasmin!415 and laccase.!4b
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