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NH, respectively.!>!¢ Except for the presence of exchangeable
proton resonances, the spectrum is very similar but not quite
identical with that reported in 2H,0.!* In a 50:50 mixture of 'H,O
and H,0O (Figure 1B), the spectrum corresponds to a 1:1 su-
perposition of the subspectra recorded in the isotopically pure
solvents. It is obvious that most but not all nonexchangeable
proton signals coincide: the three heme methyl peaks yield double
lines as shown in the expansion of Figure 1B. The relative
splittings of the 5-, 1-, and 8-methyl peaks are 32, 16, and 18 Hz,
respectively. Thus, the isotope composition of the solvent exerts
an influence on the electronic structure of the heme, and the two
species differentiated by the solvent isotopes are in slow exchange
on the NMR time scale (<<2 X 10%s7') at 30 °C and pH 9.2.

The response of the two 5-methyl peak intensities to variable
solvent isotope composition is illustrated by the three 'H,0:?H,0
ratios shown in Figure 2: 90:10 (A), 70:30 (B), and 50:50 (C).
In any solvent mixture, there are two and only two lines per heme
methyl group, and their relative intensity is identical with the bulk
'H:?H solvent composition. This immediately allows the conclusion
that the isotope perturbation on the heme electronic structure
is due exclusively to a single 'H/*H exchange site in the protein.
The low field component for each heme methyl corresponds to
the “'H” form, while the high field component arises from the
“H” form in each case. Splittings for other resonances are not
resolved.

Logical candidates for this unprecedented isotope effect on the
heme electronic structure are heme cavity labile protons: proximal
His ring or peptide protons (B or C) and distal His ring proton
(A). Specific assignment can be effected on the basis of the known
exchange rates for 4, B, and C.!®* When the bound 'H or *H
exchanges with bulk solvent at a rate much faster than the
chemical shift separation, the two subspectra must coalesce into
one averaged spectrum. The effect of pH at 30 °C is displayed
in traces D-G of Figure 2, which demonstrate that the dynamic
collapse of the two 5-methyl signals is acid-catalyzed. Further-
more, the lines remain well-resolved and sharp up to pH 10.4.
Only the distal His ring NH exhibits a compatible exchange
behavior.!6 With use of the equation for a two-site exchange
process,'” analysis of the line width of the collapsed line at pH
7.24 yields an exchange rate of ~ 102 s7!, which is of the order
of that determined for the distal His ring NH by saturation
transfer from bulk solvent.!®!® Differential paramagnetic re-
laxation has already demonstrated that the His E7 ring (peak A4)
must be within 4.2 A of the iron and thus close to the bound
cyanide.!6

We conclude that the perturbation of the heme electronic
structure arises directly from the isotope effect of the H bond
between the distal His E7 and the bound ligand.!® Since such
an H bond is present in MbO,® and absent in MbCO,® our NMR
data indicate that, regarding distal interactions, cyanide is a better
model for O, than for CO, even though the conformational
tendencies of CN™ more closely resemble that of CO. The relative
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magnitudes of the isotope splitting and the fact that only heme
resonances exhibit such splitting demand that the contact, and
not the dipolar, contribution!? to the hyperfine shift be sensitive
to the '"H/?H replacement. Since the resolved “H” heme methyl
shifts are all downfield of the “?H” components, it appears that
the heme in-plane asymmetry is larger in '"H,O than in H,0. The
observed shifts confirm the direct influence of the distal ligand
on the heme electronic structure and provides important evidence
for its contribution to the asymmetry of the unpaired spin dis-
tribution.!>?! This can be rationalized by the observation that
the CN~ is tilted from the heme normal® and suggests that the
differential '"H/?H bonding either induces an electronic pertur-
bation in the Fe-CN bond or causes a small change in tilt angle.
The absence of an isotope effect on the bound cyanide stretching
frequencies in metMbCN? favors the latter interpretation. The
effect of H bonding on the heme methyl contact shift pattern
requires reassessment of the simple picture where only the proximal
imidazole orientation modulates the in-plane asymmetry.> A more
quantitative interpretation awaits the availability of a suitable
X-ray structure of metMbCN.

The observation: of similar, but highly differential, solvent
isotope splittings of heme resonances in a variety of ferric cyanide
ligated derivatives of other myoglobins, hemoglobins, and per-
oxidases indicates that the present NMR method provides a new
probe of H bonding in heme proteins which will have broad
applicability.
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Of the transition metals, osmium forms the most neutral binary
carbonyls. The crystal structures of Os;(CO),;,' Oss(CO)y¢,°
0s5(CO)ys,% Os4(CO),45,* Os,(CO),;,° and Osg(CO) 3¢ have been
determined. Pentacarbonylosmium, Os(CO)s,” and nona-
carbonyldiosmium, Os,(CO),,® are also known as is Osg(CO),,,
previously considered to be Osg(CO),.>° However, to our
knowledge there are no previous reports of a tetranuclear binary
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carbonyl of osmium. Given the stability of Os;(CO);, and allowing
for the increase in nonbonded interactions, one might expect that
0s4(CO),¢ with a square arrangement of metal atoms would be
stable. Here we report the synthesis and structure of Os,;(CO);;
the first tetranuclear binary carbonyl of osmium, along with the
synthesis and structure of (7°-CsMes)(OC)IrOs,(CO),,. These
clusters have unusual planar skeletons with adjacent short and
long metal-metal bonds. We have previously observed this
configuration of metal atoms in Os,(CO),,(PMe;) and have ra-
tionalized it in terms of three-center—two-electron metal-metal
bonds. !0

Pentacarbonylosmium (or (7>-CsMes)Ir(CO),) does not displace
acetonitrile from Os;(CO),;(CH;CN), one of the methods used
to prepare Os;(CO),,[0s(CO),(PMe;)] and hence Osy(CO),,-
(PMe,).10 However, treatment of the cyclooctene derivative
0s;(C0O)o(CsH,4),'" in hexane with an approximately equimolar
amount of Os(CO)s in hexane at room temperature or below
readily yields Os,(CO),; (1) as air-stable, dark red crystals.!?> The
structure of 1'3 was determined at —73 °C; a view of the molecule
is shown in Figure 1. The Os, unit is essentially planar (the
dihedral angle between the planes Os(1)-0Os(2)-Os(3) and Os-
(1)-0s(2)-0s(4) is 179.0°). The unit has adjacent short (Os-
(1)-0s(3) = 2.772 (1) A; Os(1)-0s(4) = 2.772 (1) A) and long
(0s(2)-0s(3) = 2.997 (1) A; 0s(2)-Os(4) = 2.997 (1) A) bonds.
Although somewhat long, the diagonal Os(1)-Os(2) bond length
at 2.948 (1) A is more typical of an Os—Os single bond. (In
Os3(CO),,, the average Os—Os bond length is 2.877 (3) A.') As
discussed for Os,(CO),4(PMe;)!? we believe these unusual bond
lengths are best rationalized in terms of three-center—two-electron
metal-metal bonds as shown. In this way the Os(1)-Os(3) and

\V4
0s(CO),

Os(1)-Os(4) bonds are assigned a bond order of 1.5, the Os-
(2)-0s(3) and Os(2)-0s(4) bonds an order of 0.5, and achieves
an 18-electron configuration for each metal atom. (Molecular
orbital calculations are in progress in an attempt to support this
interpretation.) The cluster is the missing member of the series
of Os;(CO),, and the higher nuclearity planar clusters of osmium
such as Os;(CO);,° and Os,(CO),7[P(OMe);],.514

The osmium-iridium cluster (3>-CsMes)(OC)IrOs,(CO)y, (2)'°
was prepared in a similar manner to 1 from Os;(CO),4(CsH,4),
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CADA4F; radiation, Mo Ko graphite monochromator (A(Ka;) = 0.709 30 A);
scan range = 0° < 26 < 50°; reflections = 1204 with I, = 2.5¢1; R; = 0.0441,
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dered molecules (each of half occupancy) related by the twofold axis. The
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Figure 1. Molecular structure of Os(CO);s (1).

Figure 2. Molecular structure of (n°-CsMes)(OC)IrOs,;(CO),, (2).

and (7°-CsMes)Ir(CO),.1¢ The crystal structure,!’” determined
at room temperature, reveals (Figure 2) an almost planar IrOs,
framework (the dihedral between the planes Os(1)-Os(2)-Ir and
Os(1)-0s(2)-0s(3) is 169.9°). Once again, there are adjacent
short and long metal-metal bonds: Os(1)-Ir = 2.703 (2) A,
Os(1)-0s(3) = 2.796 (2) A; Os(2)-Ir = 2.939 (2) A; Os(2)-Os(3)
=2.994 (2) A. The diagonal Os—Os bond length (Os(1)-Os(2))
is 2.909 (2) A. As discussed for 1, the short and long bonds are
consistent with the assignment of bonds of order 1.5 between
Os(1)-Ir and Os(1)—Os(3) and of order 0.5 between Os(2)-Ir and
Os(2)-0s(3). (Unbridged single Ir-Os bonds reported in the
literature range from 2.776 (5) to 2.881 (1) A.'® Inview of the
ability of (7°-CsMes)Ir(CO), to react with hydrocarbons!® it will
be of interest to see if 2 can also bring about C-H activation.
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It has been pointed out by Tamres? and others? that tri-
methylamine-sulfur dioxide (TMA-SO,) is the only charge-
transfer complex for which the reaction thermodynamics are
known in both solution and gas phase as well as the solvation and
lattice energies necessary to complete the cycle.’® Tts dipole
moment® and matrix IR spectrum? have been reported. Ab initio
calculations gave N-S distances of 2.86° and 2.36 A® compared
with 2.06 A by X-ray crystallography.l® The SO, plane reportedly
makes an angle with the TMA symmetry axis of 90-95° in the
theoretical studies and 112° in the crystallographic study, with
the sulfur atom close to the TMA axis. A 90° approach is not
expected for a dipolar interaction but is favored when higher order
electrostatic terms are considered.!!

Such charge-transfer complexes have not been studied by
conventional microwave spectroscopy due to the complexity of
typical systems and their small equilibrium concentrations at low
pressures. We have recently observed the rotational spectrum of
TMA-SO, formed in a supersonic expansion using a Fourier-
transform microwave (FTMW) spectrometer.'>!3  This has
provided some insight on the structure of the complex.

A TMA-SO, sample!'4 was held at 75-125 °C in a small
chamber attached to a modified Bosch fuel injector pulsed valve.
The equilibrium vapor above the sample (about 99% dissociated
TMA-SO,) was mixed with 1-2 atm of argon and pulsed through
a 1-mm orifice into the resonant cavity of the FTMW spectrom-
eter. Transitions were observed split by the *N quadrupole
interaction. Components (64) from 18 g, and p transitions
involving J°s between 1 and 4 were fit with an RMS deviation
of 2.6 kHz. A weaker set of transitions were found in the regions
expected for the 3S species (4% abundance), and 31 components
from 10 transitions were similarly fit. No evidence of internal
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(13) Balle, T. J.; Flygare, W. H. Rev. Sci. Instr. 1981, 52, 33.
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Table I. Spectroscopic Constants for TMA.SO,

free
TMA,
TMA-80,° TMA-*S0, S0,?
A, MHz 3179.789 (6) 3172.628 (50)
B, MHz 1720.319 (1) 1703.240 (3)
C, MHz 1503.603 (1) 1492.122 (2)
L +1.-1, 201.2752 201.2778 199.63
amu.A?
Xaa» MHz -3.52 (1) -3.43 (3) -5.47 (3)
Xbpy MHzZ 1.96 (1) 1.88 (10) 2.74 (3)
Xcev MHZ 1.57 (1) 1.55 (10) 2.74 (3)

9 Centrifugal distortion constants (kHz): D; = 0.84 (4), Dy = —0.79
(7), D = 4 (1). ?Data from ref 15 and 16.

Table II. Structural Parameters of TMA-SO,

I I1° I11° Kraitchman®
d(N-S), A 2.25 2.25 2.29
a, deg 17.2 17.5 20.3
8, deg 90.9 90.8 90.9
lag, A 1.168 1.164 1.156 1.147
les)s A 0.367 0.374 0.386 0.430

Al amu-A? 0.570 0.038 0.032

9Least-square fitting of observed moments and assumptions de-
scribed in text. ®Kraitchman substitution coordinates.!” ¢ Al = (Jppq -
I a1eq) TMS.

rotation or inversion motions was seen. The spectral constants
and selected inertial parameters are listed in Table I. The
transition data are available as Supplementary Material.

L d
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The N-S distance and the tilt angles « and 3 relative to the
N-S distance can be estimated from the inertial parameters;
however, some ambiguities are encountered. The ab initio
structures and the observed selection rules suggest an ac symmetry
plane which passes through N, S, and one C atom. This is con-
firmed by the agreement in I, + I — I, for the two isotopic species
(Table I), which should be invariant for substitution in this plane.
The observed value of I, + I, — I, is 1.65 amu-A? larger than
calculated from the undistorted structures of free TMA and
S0,,1516 suggesting either a distortion of one or both subunits or
a large amplitude internal motion.

There are other indications that a change in subunit(s) geometry
should be considered, unlike hydrogen-bonded or van der Waals
dimers in which the component structures remain virtually un-
changed. The decrease in the quadrupole coupling constants from
TMA seem too large to arise entirely from a large amplitude
motion; for example, the change in xy, would imply an average
out-of-plane bending amplitude of nearly 26°. These sizeable
changes might imply an electronic redistribution which could affect
the subunit geometries. The appreciable shifts in SO, vibrational
frequencies’ and the large dipole moment of the complex (4.60
D9) also suggest possible geometric changes in the subunits.

To estimate the N-S distance and the tilt angles « and 8 we
adopt three strategies. (1) The TMA and SO, structures are fixed
at the free molecule geometries, and their orientations adjusted
in a least-squares fit to the moments of inertia of both species.
This gives a poor fit since I, + I, — I, cannot match the experi-
mental value (see above). (2) The S-O bonds are lengthened by
0.012 A to match the observed I, + I, — I, repeating the least-
squares fit. (3) The C—-N-C angles in TMA are increased by 1.5°
to match I, + I, - I, (SO, unchanged), and the least-squares fit
is repeated. The results are listed in Table II along with a com-

(15) Harmony, M. D.; Laurie, V. W.; Kuczkowski, R. L.; Schwendeman,
R. H.; Ramsay, D. A.; Lovas, F. J,; Lafferty, W. J.; Maki, A. G. J. Phys.
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