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Abstract: The preparation of the three metal cluster compounds Co3(CO),Se, FeCo,(CO),Se, and FeCo.(CO)yTe by
different reactions and their subsequent characterization by X-ray diffraction and esr single-crystal methods were
carried out in order to provide operational proof for the previously demonstrated antiaromatic character of the
unpaired electron in the tricobalt fragment contained in the Co3(CO)¢S molecule (of C;, geometry), as well as to
determine the effect of this least stable valence electron on the molecular parameters of such a triangular metal
cluster system upon change of the triply bridging chalcogen ligand. Inaddition to giving important stereochemical
information concerning the first quantitative characterization of the distribution of valence electrons in an organo-
metallic cluster system, this investigation has general significance in clearly demonstrating that any electrons in
excess of the closed-shell electronic configuration of each metal atom in a triangular metal cluster system will occupy
primarily the antibonding metal ¢ orbitals (in an equivalent orbital formalism) and thereby will reduce the net metal~
metal valence bond order to a value less than one. As in the case of Cos(CO),S, the esr studies of Co3(CO),Se in
solution and doped in single crystals of FeCo,(CO);Se have shown that the unpaired electron in Co3(CO),Se resides
in an MO (of a, representation) which is made up primarily of an antibonding combination of cobalt 3d orbitals
localized in the plane of the three cobalt atoms. The close similarity of the hyperfine parameters of Co3(CO),Se
with those of Co3(CO),S substantiates the prediction that the chalcogen atom has little effect on the half-filled a.
orbital. These results and the detailed changes in metal-metal distances in the series FeCo,(CO)yX (X = S, Se, Te)
and Co3(CO)eX(X = S, Se) are interpreted in light of the structure and bonding of these organometallic clusters.
Direct bond-length evidence of the antibonding metallic character of the unpaired electron in Co3(CO),Se is shown
from the fact that its removal by formal replacement of one cobalt atom with an iron atom to give FeCo,(CO),Se
gives rise to an average decrease of 0.039 (1) A in the chemically equivalent metal-metal bond lengths (based on
an assumed crystal-disordered model in the case of FeCo,(CO),Se). The markedly decreased antibonding effect of
the unpaired electron on the metal-metal distances in the two selenium complexes, in contrast to the more dramatic
effect on the metal-metal distances in the two corresponding sulfur analogs, is also reflected by an average decrease
of 0.021 (4) A in the cobalt~cobalt distances upon substitution of the larger congener selenium for a sulfur atom in
Co3(CO)S. The structural determinations of Coz(CO),Se, FeCo,(CO),Se, and FeCo,(CO),Te (of different crystal
structure from Co3(CO),S and the isomorphous FeCo,(CO),S) show each of the three compounds to crystallize with
four molecules in a centrosymmetric triclinic unit cell of symmetry CT. The lattice parameters (with estimated preci-
sions given in parentheses)area = 9.503(1),5 = 13.918(1),c = 14.123 (1) A, & = 114.32, 8 = 117.75, v = 84.56° for
Co3(CO)sSe; a = 9.460(1), 5 = 13.842(1),¢ = 14.091 (1) A, o = 114.01,8 = 117.66, = 84.61° for FeCo.(CO),Se;
and @ = 8.773 (16), b = 15.205 (29), ¢ = 14.578 (28) A, « = 117.29, 8 = 118.73, y = 78.42° for FeCo,(CO);Te.
The crystal packing of FeCo.,(CO),Se is virtually identical with that of Cos(CO),Se but significantly different from
that of FeCo,(CO),Te. The particular interrelationship between the crystal packing of the two selenium com-
pounds and that of the Coz(CO)S and FeCo,(CO)sS compounds was correctly deduced from the single-crystal esr
and preliminary X-ray measurements. The structural determinations were performed with a Datex-controlled
General Electric diffractometer; anisotropic least-squares refinements (which initially utilized a procedure involving
the noncrystallographic constraining of the one independent molecule per unit cell to exact C;, symmetry) yielded
unweighted discrepancy factors of R, = 0.043 for Co3(CO),Se, 0.030 for FeCo,(CO),Se, and 0.023 for FeCo,(CO)qTe.

-Ray structural determinations of the paramag-
netic Co3(CO)eS* and of the isomorphous dia-
magnetic mixed-metal analog FeCoy(CO),S! first in-
dicated the nature of the partially filled molecular orbital
of Co3(CO)sS in that they furnished direct bond-length
evidence that this orbital containing the unpaired elec-

(1) Previous paper in this series: D. L. Stevenson, C. H. Wei,
and L. F. Dahl,J. Amer. Chem. Soc., 93,6027 (1971).

(2) Presented in part at the 157th National Meeting of the American
Chemical Society, Minneapolis, Minn., April 1969,

(3) This paper is based in part on a dissertation submitted by C. E.
Strouse to the Graduate School of the University of Wisconsin in
partial fulfillment of the requirements for the Ph.D. degree, June 1969.

(4) C.H. Weiand L. F. Dahl, Inorg, Chem., 6, 1229 (1967).

tron is composed primarily of an antibonding combina-
tion of cobalt atomic orbitals. The paramagnetism of
Co3(CO),S along with the existence of the isomorphous
diamagnetic FeCo2(CO),S as a host material provided
a unique opportunity to employ dilute single-crystal esr
techniques to elucidate the quantitative distribution of
an unpaired electron in an organometallic cluster sys-
tem. In agreement with the X-ray results, an esr in-
vestigation® of Co;(CO)sS doped in the FeCoxCO)sS
disclosed that the unpaired electron in the Cos(CO)sS
molecule of idealized C;,-3m geometry resides in a non-

(5) C. E. Strouse and L. F, Dahl, Discuss. Faraday Soc., No. 47,
93 (1969).

Journal of the American Chemical Society | 93:23 | November 17, 1971



degenerate orbital (of a, character) which consists
mainly of an antibonding combination of cobalt d or-
bitals localized in the plane of the three cobalt atoms.
Since an a, molecular orbital is orthogonal to any atomic
orbitals on the sulfur atom, it was predicted® that there
would be little change in the hyperfine parameters of the
esr spectrum upon substitution of the congener selenium
for sulfur.

To test this hypothesis and to determine on a more
general basis the extent that the molecular geometry
of other similar complexes would be influenced by a
corresponding unpaired electron, the synthesis and
characterization by single-crystal X-ray and esr methods
of the selenium and tellurium analogs of Co3(CO),S and
FeCo0,(CO),S were undertaken. The resulting work pre-
sented here has yielded further definitive stereochemical
information of prime importance with regard to pro-
viding a basic understanding of the nature of metal-
metal interactions in organometallic cluster systems.

Experimental Section

Preparation of the Complexes, Although Cos(CO),S has been
prepared by the reaction of CoxCO)s with a variety of sulfur-con-
taining organic compounds as well as elemental sulfur,®’ the at-
tempted reactions of Co(CO)s with elemental selenium, cobalt
selenide, and diphenylselenium resulted in the recovery of only the
starting materials. Success was finally achieved by the reaction of
Cox(CO); in hexane solution with a stoichiometric amount of
H,Se for two days at 150° under 100 atm of carbon monoxide.
This reaction produced a good yield of Cos(CO),Se in the form of
large brown crystals which are soluble in most organic solvents,
Like its sulfur analog, Cos;(CO),Se is unstable to air oxidation,
especially in solution.

The mixed-metal complex FeCox(CO),Se was prepared by the
reaction of stoichiometric amounts of CoxCO)s, Fe;(CO)i2, and
H,Se at 150° under 100 atm of carbon monoxide. In order to
free the product from small amounts of paramagnetic impurities
crystals of FeCo,(CO),Se were dissolved in hexane, and oxygen
was allowed to bubble through the solution. The solution was then
filtered and the FeCoy(CO);Se was recrystallized. Elemental
analysis® of this purified material gave the following results. Anal.
Calcd for FeCoi(CO),Se: C, 21.4; O, 28.5; Se, 15.6; Fe, 11.1;
Co (by difference), 23.4. Found: C, 21.2; O, 28.3; Se, 15.8;
Fe, 10.9; Co (by difference), 23.8. The infrared spectra of Cos-
(CO).Se and FeCoy(CO).Se are nearly identical with those of the
corresponding sulfur analog.s.7.?

Although attempts to prepare Cos(CO),Te were unsuccessful,
the reaction of stoichiometric amounts of Cox(CO)s and Fes(CO)2
with (C.H;).Te produced a 309 yield of FeCoCOQO),Te. This
compound, like the sulfur and selenium analogs, is brown in color,
readily soluble in most organic solvents, and very stable in air at
room temperature. Its infrared spectrum is nearly identical with
those of the sulfur and selenium analogs. Anal® Caled: Fe,
10.1; Te, 23.1; C,19.5; O, 26.0; Co (by difference), 21,3. Found:
Fe, 10.0; Te, 23.2; C, 19.6; O, 25.8; Co (by difference), 21.2.

(6) (a) L. Mark¢, G. Bor, and E. Klumpp, Chem. Ind. (London), 1491
(1961); (b) L. Marké, G. Bor, E. Klumpp, B. Marké, and G, Alma’sy,
Chem. Ber., 96, 955 (1963); (c) S. A. Khattab, L. Marko, G. Bor, and
B. Marko, J. Organometal. Chem., 1,373 (1964).

(7) C. E. Strouse, unpublished work.

(8) Alfred Bernhardt Mikroanalytisches Laboratorium, 5251 Elbach
iiber Engelskirchen, West Germany.

(9) It is noteworthy that the lower infrared energy range from 600
to 300 cm~! (as well as the higher energy carbonyl stretching region)
has proven to be valuable in a ‘‘fingerprinting’’ characterization of
these and other kinds of organometallic carbonyl clusters produced in
our laboratories. Infrared spectra (recorded as Nujol mulls on a
Beckman IR-8 spectrometer) show that the Cos(CO)sX (X = S, Se)
molecules of C3,-3m geometry contain two broad bands at ~300
(vs) and ~400 (s) cm~1! and that the FeCox(CO)iX (X = S, Se, Te)
molecules of C,-m geometry expectedly give rise to a complicated
spectral pattern with at least six resolvable frequencies in the 600-300-
cm~! range.” Infrared spectra in hexane solution reveal that the
terminal carbonyl stretching region contains eight detectable bands
for the FeCox(CO)sX (X = S, Se, Te) molecules as compared with four
observed for the Cos(CO)sX (X = 8, Se¢) molecules.&”
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Figure 1. [100] projection of the primitive triclinic unit cell of
Co(CO)sS. There are two crystallographically independent
molecules in this centrosymmetric cell.

Preliminary X-Ray and Esr Characterization. Weissenberg

photographs of Co3(CO).Se and the isomorphous FeCo(CO),Se
revealed an interesting relationship between the crystal structure of
Co3(CO),Se and that of Coi(CO)sS. While these compounds are
not isomorphous, a triclinic unit cell can be chosen for Coy(CO).Se
which is of nearly the same dimensions as that chosen by Wei and
Dahl* for Cos(CO);S. Based on this unit cell, the intensities of
reflections of the type { hkl} with I + k = 2# in the photographs of
Cos(CO),Se bear a marked similarity to those of Cos(CO)sS, but
reflections of the type {hkl} with i + k = 21 + 1 are completely
absent, indicative of a C-centered cell. The implications of this
relationship can be appreciated from an examination of the packing
diagram of Cos(CO),S in Figure 1. It can be seen that if one of the
two crystallographically independent molecules is rotated in such a
way that the sulfur atom and one of the metal atoms are inter-
changed (e.g., S’ and M(1’) in Figure 1), the two molecules exhibit
an approximate C-centered relationship to each other. Since the
packing of the molecules in the unit cell of Co;(CO),S appears to be
controlled to a large extent by interactions between molecules
related by a center of symmetry, it seemed a reasonable hypothesis
that in the crystal transformation from Cos(CO),S to Cos(CO),Se
one of the independent molecules of Co3;(CO).S remains approxi-
mately in the same position with respect to the triclinic axes, while
the other molecule is rotated into a position C-centered from the
first one.

Before structural work was begun on these compounds, this
crystal-packing hypothesis was tested by the use of single-crystal
esr measurements to determine the orientation of the one crystallo-
graphically independent Cos(CO),Se molecule in the unit cell.
Single crystals of FeCo(CO),Se containing about 0.5 %, Co(CO),Se
were grown, These crystals were mounted on quartz rods and
aligned by the use of X-ray oscillation photographs. The quartz
rods then were attached to a Varian single-crystal goniometer and
were carefully positioned in the microwave cavity of a conventional
Varian E-3 esr spectrometer. The spectra obtained from these
crystals at room temperature consist of a single broad line whose
width and amplitude vary depending upon the orientation of the
crystal with respect to the magnetic field. Since for a C-centered
lattice the threefold axes of the one independent molecule of Cos-
(CO),Se and the other three symmetry-related molecules per cell
are all parallel with one another, it follows that the paramagnetic
Coy(CO),Se molecules doped into the isomorphous, diamagnetic
FeCox(CO),Se host should give rise to only one esr signal as experi-
mentally observed. (In contrast, two overlapping esr signals were
found® for a single crystal of Cos(CO),S doped into its isomor-
phous, diamagnetic FeCo;(CO),S host, owing to the threefold axes
of the two crystallographically independent molecules per cell
being much differently oriented in the crystals.) The orientation
of the threefold axis of the independent Co;(CO),Se molecule in
the unit cell was experimentally determined by rotation of the
crystal to obtain the maximum amplitude and minimum peak width
of the one observed signal, Since the crystal used in this study was
in the form of a plate with the crystallographic a axis parallel to
the two large opposite, parallel faces of the crystal, the crystal
orientation of the threefold molecular axis was established by a
rotation of the crystal about the normal to the large faces of the
crystal and by a measurement of the angle between the a axis and
the component of the threefold molecular axis in the plane of one
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Table I. Orientations of the Two Crystallographically
Independent Molecules of FeCoxCO)sS Compared with
Orientation of the One Independent Molecule of FeCox(CO).Se®

Angle,b deg Angle,c deg
FeCo:(CO)sS
Molecule 1 90 52
Molecule I1 51 15
FeCox(CO),Se 90 (3) 52(2)

s As obtained from single-crystal esr measurements of FeCo.-
(CO),Se containing 0.5%7, CoxCO),Se. ? Angle between the a axis
and the component of the molecular threefold axis in the large face
of the plate-like crystal. ¢ Angle between the large face of the
crystal and the component of the molecular threefold axis in the
b*~c* plane.

that both Co;(CO),S and Cos(CO),Se have very nearly the same
isotropic hyperfine coupling constants; a broadening of the indi-
vidual hyperfine components observed in the single-crystal esr
spectrum of Coz(CQO),Se compared to that of Cog(CO)S presum-
ably accounts for the lack of any resolved hyperfine structure in the
solution esr spectrum of Cos(CO),Se.

Low-Temperature Single-Crystal Esr Measurements, A single
crystal of FeCox(CO),Se containing about 0.5%;, Cos(CO)Se was
mounted on a quartz rod with its g axis within 0.5° of the axis of
the rod. The rod was then rotated to align the molecular three-
fold axis with the applied magnetic field. The resulting esr spec-
trum recorded at 77°K is shown in Figure 2. The hyperfine cou-
pling constant obtained from this spectrum is 72.8 G, compared
to a coupling constant of 74.3 G obtained from the Coi(CO),S
spectrum. The considerably greater line widths of the 22 hyperfine
components detected in the Cos(CO);Se spectrum compared with

Table II. Crystal Data for the M3(CO)sX Compounds
a, A b, A ¢, A a, deg B, deg v, deg

Co4(CO),S* 9.67(2) 13.23 (3) 13.41(3) 110.0 (2) 108.3(2) 97.3(2)
FeCox(CO),S! 9.56 (2 13.12(2) 13.38 (2) 109.8 (2) 107.5(2) 97.5(2)
Coy(CO),Se 9.5030 (5) 13.9184 (9) 14.1229 (8) 114.3171 (2) 117.752 (2) 84.556 (3)
FeCoy(CO)oSe 9.4595 (4) 13.8419 (6) 14.0908 (6) 114.005 (1) 117.660 (1) 84.608 (2)
FeCox(CO)sTe 8.773 (16) 15.205 (29) 14.578 (28) 117.29 (5) 118.73 (5) 78.42 (6)

Space Vol, dealed, dobsd,® I

group VA A3 g/cm3 g/cm3 cmt n me R R, ed
Co{CO0):S* Pl 4 1476 2.08 2.00
FeCoxCO),S! Pl~ 4 1454 2.09 2.05
Co4(CO).Se 1l 4 1492 2.26 2.20 60.1 48 1370 0.043 0.049 1.1
FeCoy(CO),Se Cl 4 1482 2.26 2.20 58.5 48 1643 0.030 0.034 1.4
FeCoy(CO)yTe Cl 4 1509 2.44 2.40 51.3 22 1554 0.023 0.025 1.4

* donsa = density measured by flotation. ®# = number of reflections used in the calculation of lattice parameters. ¢m = number of

reflections used in least-squares refinement. ¢e

of the faces. The crystal was then remounted about the a axis
and the angle measured between the component of the threefold
axis in the b*~c* plane and the same large crystal face. Finally, a
Weissenberg photograph of the crystal mounted about the a axis
was used to determine the angles between b*, ¢*, and this large
crystal face. It was found that this face of the crystal makes an
angle of 81° (2) with the —c* axis and an angle of 33° (2) with the
b* axis. The observed angles were then compared to those calcu-
lated for the two molecules in the structure of FeCox(CO),S (Table
I). These measurements indicate that within experimental error

m /v /WJW

Figure 2. The esr spectrum of a single crystal of diamagnetic
FeCox(CO)sSe doped with about 0.5 of paramagnetic Co;(CO).Se.
This spectrum containing 22 hyperfine components was recorded
at 77°K with the molecular threefold axis parallel to the magnetic
field direction.

the molecules in Cos(CO).Se are oriented in the same way with
respect to the crystallographic axes as the unprimed molecule (mole-
cule I) in the crystal packing diagram of Co3(CO),S (Figure 1),
Solution of Esr Spectrum of Co;(CO),Se. Measurements of the
esr spectrum of Cos(CO),Se in saturated hexane and ether solutions
showed a single broad line which appears to be independent of
solvent and temperature and which gives only the expected loss of
intensity upon dilution. It was initially expected that the solution
spectrum would show a hyperfine structure due to the interaction of
the unpaired electron with all three cobalt nuclei (I = 7/, for %°Co,
100%). While the predicted 22 hyperfine components are par-
tially resolved in the solution esr spectrum of Co;(CO),S, they are
not at all resolvable in the corresponding spectrum of the selenium
analog. A superposition of these two spectra, however, indicates

standard deviation of a reflection of unit weight.

those found in the Cos(CO),S spectrum are probably a consequence
of the larger spin~orbit coupling constant of the selenium atom.
There is no discernible evidence of any resolvable splitting of each
hyperfine component as a result of hyperfine interaction with the
77Se nucleus (7.58%7 abundance; I = 1/;); a small unresolvable
splitting would contribute to the larger observed line widths of the
hyperfine components,

Single-Crystal X-Ray Data and Data Collection. The crystal
data for the M3(CO);X compounds are summarized in Table II.
Small well-shaped crystals of Cos(CO)sSe, FeCox(CO),Se, and
FeCou(CO)Te were chosen for X-ray structural determinations.
Each crystal was mounted in turn on a General Electric four-angle
automated diffractometer, and a complete sphere of intensity data
was collected to 26 = 45° with Mo K radiation at room tempera-
ture (~22°). A 6-29 scan technique was used, and background
was measured for 10 sec on each side of the peak. In the case of
FeCo.(CO),Se the crystal was mounted about the crystallographic
a axis, while in the other two cases the crystals were mounted about
the [110] direction. During the data collection from the Cos-
(CO).Se crystal a small decay in the intensity of a set of periodically
measured standard reflections was observed which necessitated a
correction to the observed intensities. A Lorentz~polarization
correction was applied and a structure factor F calculated for each
reflection. A o(F) was assigned to each reflection from the formulas
o(F) = o(F?)/2F and ¢(F?) = [$ + (Ts/Ts)*B + 0.0011%]'/2, where
S is the total integrated scan count, B is the background count,
Ts and T's are the scan and background count times, and I = S +
(Ts/Ts)B. All reflections with F < 6¢(F) were considered unob-
served and were omitted from further consideration.

The crystals of FeCox{CO),Se and Cos(CO).Se selected for data
collection were approximately equidimensional blocks with an
average side dimension of 0.13 mm. Trial absorption corrections!
for selected reflections (which produced the extreme values of
absorption corrections) from these crystals indicated for each of
these two selenium compounds that the absorption correction was
comparable to the random error in the intensities (with transmission

(10) J. F. Blount, DEAR, an absorption correction program based
on the methods of W. R. Busing and H. A, Levy, Acta Crystallogr.
10, 180 (1957).
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coefficients ranging from 0.57 t0 0.61); consequently, no absorption
correction was applied to the X-ray intensity data of FeCo;(CO)sSe
and Cox(CO);Se. The crystal of FeCo,(CO),Te chosen for data
collection had dimensions 0.08 X 0.02 X 0.18 mm, which gave
transmission factors ranging from 0.58 to 0.69; therefore, in this
case an absorption correction was applied.’® The linear absorp-
tion coefficients for the three compounds are tabulated in Table 1L
No corrections for extinction were made.

The lattice parameters for these compounds (Table I1) were calcu-
lated with a least-squares program!! that fitted the 26, x, and ¢
values of a number of reflections centered by the use of a top-
bottom-left-right technique with Mo Ko radiation at room tem-
perature (A 0.71069 A). A takeoff angle of 2° was used for both
lattice parameter measurements and data collection; in all of
these experiments, collimators of 1-mm diameter were utilized
together with a 0.002-in. zirconium filter. Because of the large
number of reflections used in the determination of the lattice pa-
rameters of Coz(CO),Se and FeCo.(CO).Se, the estimated standard
deviations obtained from the least-squares fits are unrealistically
small.

Structural Determinations and Refinements of Co,(CO),Se, FeCo;-
(CO)sSe, and FeCo,(CO),Te. The positions of the selenium atom
and the three metal atoms of FeCoy(CO),Se were obtained from the
interpretation of a three-dimensional Patterson map.!2 These
coordinates were then used to position a rigid-body model of the
molecule in the unit cell. This model was constructed from the
average interatomic distances and angles obtained by Stevenson,
Wei, and Dahl! for FeCo,(CO),S. A least-squares refinement
was then carried out in which the positional parameters of the
crystallographically independent molecule were constrained to
exact Cj, symmetry.!%!4 This noncrystallographic constraint
lowers the number of independent positional parameters from 66 to
only 18 (i.e., consisting of 6 orientation parameters and 12 distor-
tion coordinates). Application of this least-squares model to-
gether with the use of individual isotropic temperature factors for
the 22 atoms of FeCox(CO),Se resulted in convergence of the refine-
ment to Ry = [Z||Fo| — |Fi|/Z|Fs] = 0.069 and R, = [Zw]||F,|
— |Fe||2/Zw]Fo|1"/2 = 0.061, with a metal-metal distance of 2.576
A and a metal-selenium distance of 2.287 A. The C;. constraint
was then broken, and the refinement continued with 66 positional
parameters and 22 isotropic temperature factors. This uncon-
strained refinement converged to R, = 0.055 and R, = 0.040.
Application of Hamilton’s R-factor ratio test!® indicated a deviation
from C;, symmetry at the 0.005 significance level. The differences
in the atomic coordinates obtained from these two refinements were
then calculated; it was observed that the shift of the selenium
atomic position was 0.01 A, the largest metal shift was 0,02 A, the
largest carbon shift was 0.10 A, and the largest oxygen shift was
0.18 A. It was also noted that while the final metal-metal dis-
tances varied by as much as 4¢ from the mean, the metal-metal
distance obtained from the constrained C;, refinement was within
le of the mean. Details of this refinement technique applied to
the FeCox(CO);Se molecule are given elsewhere by one of us,!3
It should be noted that such a refinement allows the application of
chemically reasonable constraints to a system whose bond lengths
and angles are not sufficiently well known (as in the case of the
FeCoy(CO),Se complex) to justify a completely constrained rigid-
body refinement. Inaddition to a large reduction of the number of
parameters to be refined (which greatly decreases the computer
costs due to much less calculation time), this symmetry-flexible
rigid-group least-squares model retains the increased rate and range
of convergence inherent in a standard rigid-group refinement. 16

(11) A, S. Foust, “ANGSET,” Ph.D. Thesis, University of Wiscon-
sin, Madison, Jan 1970,

(12) J. F. Blount, “A Three-Dimensional Crystallographic Fourier
Summation Program for the CDC Computer,” Ph.D. Thesis, Uni-
versity of Wisconsin, Madison, 1965,

(13) C.E.Strouse, Acta Crystallogr., Sect. A, 26, 604 (1970).

(14) As previously utilized in the least-squares refinement of FeCos-
(CO)sS,1 a crystal-disordered model was likewise employed in the
least-squares refinements of FeCoxCO)sSe and FeCoxCO)sTe; this
model assumes a statistical distribution of the one iron and two cobalt
atoms over the three metal positions in the crystallographically inde-
pendent molecule. Such a crystal disordering, which was anticipated
in view of the nearly identical covalent radii of iron (1.165 A) and
cobalt (1.157 A), is not incompatible with the equivalent metal-metal
distances determined in the FeCos(CO)sX complexes (X = S, Se, Te).

(15) W. C. Hamilton, 4Acra Crystallogr., 18, 502 (1965).

) (.16) For a general description together with applications of standard
rigid-body least-squares refinement, see (a) C. Scheringer, ibid., 16,
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191 (b}
M, {cOl5 Se

Figure 3. Basic molecular geometry of the Coy(Co)sSe and Fe-
Co4(CO),Se molecules.

Anisotropic temperature factors for all atoms and corrections
for anomalous dispersion!”!8 were then introduced for the FeCo,-
(CO),Se molecule, and the nonconstrained refinement was allowed
to convergetoa final R, = 0.030and R, = 0.034. The refinements
of Cos(CO)sSe and FeCox(CO),Te were carried out in a similar
manner.

In all of these refinements the scattering factor tables of Hanson,
et al.,'® were used along with the real and imaginary anomalous dis-
persion corrections.!”.®® The function minimized in the refine-
ments was Zw||Fs] — |Fo||?, where the weights were assigned ac-
cording to the estimated standard deviations of the observed struc-
ture factors. Final Fourier difference maps from the refinements
showed no residual peaks greater than 0.6 /A3,

Positional and thermal parameters from the output of the last
least-squares cycles are tabulated in Table III.? Distances and
angles calculated with the orFFE program?! are given in Table IV,
The full inverse matrix of the last least-squares cycle for each com-
plex was used in the error calculations, which included the effect
of the estimated uncertainties in the unit cell parameters.

Results and Discussion

General Description of the Molecular and Crystal
Structures. The basic molecular geometry (Figure 3)
of Cos(CO)sSe, FeCo,(CO,)Se, and FeCox(CO)sTe is
analogous to that of Co;(CO)S and FeCoy(CO),S. Its
trinuclear metal architecture may be described as a
tetrahedrally shaped M;X cluster system formed by the
symmetrical coordination of an apical chalcogen atom
X to a basal M;3(CO), fragment containing three M(CO);
groups situated at the corners of an equilateral triangle
and linked to one another by metal-metal bonds. The
idealized configuration of Cos(CO),Se (as well as that of
Co04(CO0),S) possesses C;,-3m point group symmetry.
This trigonal molecular symmetry is expectedly reduced
to Cy-m by the formal substitution of an iron atom in
place of one cobalt atom to give the FeCo:(CO),X com-
plexes (X = S, Se, Te). Owing to the crystal-dis-
ordered model assumed in each of these iron dicobalt
carbonyl chalcogen complexes, the resulting disorder-
averaged configuration (containing a statistical distribu-
tion of the one iron and two cobalt atoms averaged over

546 (1963); (b) S. J. LaPlaca and J. A. Ibers, ibid., 18, 511 (1965),
and references containedl therein; (¢) R. J. Doedens and L. F. Dahl,
J. Amer. Chem. Soc., 88, 4847 (1966), and references contained therein,

(17) For Mo K radiation the values of the dispersion corrections
to the atomic scattering factors are Af’ = —0.5, Af’’ = 2.2 for Te;
Aft = —0.1, Af"" = 2.4 for Se; Af = 04, Af"” = 1.1for Co; Af' =
1.1, Af'’" =1.0 for Fe.,18
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Kynoch Press, Birmingham, England, 1962, p 215.
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Crystallogr., 17, 1040 (1964).

(20) Calculated and observed structure factors will appear following
these pages in the microfilm edition of this volume of the journal.
Single copies may be obtained from the Reprint Department, ACS
Publications, 1155 Sixteenth St., N.W., Washington, D, C. 20036,
by referring to author, title of article, volume, and page number,
Remit check or money order for $3.00 for photocopy or $2.00 for
microfiche,
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Fortran Crystallographic Function and Error Program,”” ORNL-TM-
306, Oak Ridge National Laboratory, 1964.
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Table III. Final Atomic Parameterse+®
Positional parameters for Coz(CO)eX (X = Se) Positional parameters for FeCox(CO)yX (X = Se) Positional parameters for FeCox(CO)sX (X = Te)
X y z X y z X y z
X 0.2402 (1) 0.1545 (1) 0.1157 (1) 0.23965 (8) 0.15571 (5) 0.11398 (5) 0.52920 (5) 0.26829 (3) 0.10294 (3)
M) 0.3124 (2) 0.2659 (1) 0.3072 (1) 0.31369 (10) 0.26397 (6) 0.30637 (8) 0.64834 (10) 0.38184 (6) 0.30979 (6)
M(3) 0.4852(2) 0.1243 (1) 0.2359 (1) 0.48435 (10) 0.12435 (1) 0.23568 (8) 0.84876 (10) 0.28188 (6) 0.21311 (6)
M(1) 0.2122(2) 0.0639 (1) 0.2100 (1) 0.21385 (10) 0.06453 (7) 0.20987 (8) 0.66199 (10) 0.19073 (6) 0.23945 (7)
C(5) 0.4089 (15) 0.2801 (10) 0.4563 (12) 0.4086 (9) 0.2791 (5) 0.4551 (1) 0.8097 (9) 0.4126 (4) 0.4570 (6)
o5 0.4712(13) 0.2903 (8) 0.5507 (8) 0.4692 (7) 0.2913 (4) 0.5512 (5) 0.9081 (6) 0.4363 (4) 0.5516 (4)
C(8) 0.6105 (15) 0.1191 (10) 0.3725(12) 0.6110 (8) 0.1202 (5) 0.3749 (7) 1.0360 (8) 0.3025 (4) 0.3476 (5)
0O(8) 0.6996 (11) 0.1155(8) 0.4615 (8) 0.6986 (6) 0.1161 (5) 0.4629 (5) 1.1590 (6) 0.3157 (4 0.4315(4)
c(2) 0.2963 (13) 0.0493 (9) 0.3479 (11) 0.2951 (8) 0.0506 (5) 0.3475 (6) 0.8194 (9) 0.1946 (4) 0.3755 (6)
0(2) 0.3434 (11) 0.0404 (7) 0.4322(8) 0.3413 (7) 0.0410 (4 0.4317 (5) 0.9195 (7) 0.1923 (4) 0.4622 (4)
C(6) 0.1221 (19) 0.3126 (10) 0.2932(12) 0.1274 (9) 0.3151 (5) 0.2951 (6) 0.4583 (9) 0.4031 (5) 0.3316 (6)
0O6) 0.0057 (11) 0.3460 (7) '0.2842 (9) 0.0100 (7) 0.3483 (4 0.2867 (5) 0.3375(7) 0.4202 (4) 0.3473 (5)
C(4) 0.4116 (16) 0.3824 (11) 0.3278 (13) 0.4097 (9) 0.3811 (6) 0.3269 (7) 0.6510 (8) 0.4944 (5) 0.3014 (5)
o) 0.4679 (13) 0.4577 (8) 0.3402 (10) 0.4684 (7) 0.4561 (5) 0.3404 (6) 0.6497 (7) 0.5672 (4) 0.2948 (4)
C9) 0.6130(17) 0.2198 (11) 0.2396 (13) 0.6104 (9) 0.2181 (6) 0.2398 (7) 0.8945 (8) 0.3745 (4) 0.1853 (5)
09 0.6854 (12) 0.2788 (8) 0.2415 (10) 0.6859 (7) 0.2774 (5) 0.2414 (6) 0.9251 (7) 0.4329 (4) 0.1677 (4)
(6@)] 0.5148 (16) —0.0009 (12) 0.1379 (12) 0.5156 (9) 0.0002 (6) 0.1384 (1) 0.9110 (8) 0.1721 (5) 0.1168 (6)
o7 0.5333 (14) —0.0783 (8) 0.0759 (10) 0.5380 (8) —0.0776 (5) 0.0786 (5) 0.9515(7) 0.1041 (4) 0.0567 (4)
C(3) 0.1897 (15) —0.0733 (11) 0.1074 (11) 0.1916 (8) —0.0729 (6) 0.1096 (6) 0.6867 (8) 0.0649 (5) 0.1472 (6)
03) 0.1768 (12) —0.1586 (8) 0.0432 (9) 0.1778 (6) —0.1581 (4) 0.0453 (5) 0.7026 (7) —0.0145 (4) 0.0897 (5)
) 0.0052 (16) 0.0756 (9) 0.1817 (10) 0.0075 (9) 0.0753 (5) 0.1819 (6) 0.4678 (9) 0.1764 (5) 0.2439 (6)
o) —0.1239 (10) 0.0808 (7) 0.1635 (8) —0.1214 (6) 0.0815 (4) 0.1634 (4) 0.3453 (1) 0.1696 (4) 0.2481 (6)
Anisotropic temperature factors for Cox(CO)sX Anisotropic temperature factors for FeCoy(CO)sX Anisotropic temperature factors for FeCoACO)eX
(X = Se) (X = Se) (X =Te)
104By; 104B;, 10%B;; 10%B;, 104B;;  104By; 10%By; 10B;;  104B;; 10*B;;  10*B;;  10%Bs; 10*B;; 104By;  104B3;  10%B).  104B;; 10%By;
X 1342 65(1) 61(1) 1) 45(1) 34(1) 136(1) 61(1) 61(1) 13¢) 40(¢1) 30(1) 118(1) 53(1) 55(1) —2() 17(1) 23Q1)
M2 121(3) 48(1) 76(2) 6(1) 53 26(1) 1210Q)) 4270) 7330 8(1) 48(1) 20(1) 134(2) 41(1) 62(1) S5(1) 46(1) 18(D)
MG3) 1113 59(1) 79 12(1) 57(2) 33Q) 108(1) 53()  78(1) 13(1) 52(1) 28(1) 112(1) 43(1) s4)  2(1) 36(1) 20Q1)
M) 107(2) 47(1) 67(2) s 45 26(1) 1041  41(1)  64(1) 4(1) 39() 19(1) 1322  42() T7Q) —2() 41() 28(1)
O5)  159(25) S6(10) 81(14) —13(13) 42(16) 20(10)  159(14) 47(5  96(8) 12¢7) 57(9) 23(6) 203(14) 45(4) 91(7) 20(6) 89(9) 20(4)
o5 320 (25) 102 (9) 82 (10) 3(12) 75(14) 35(8) 324 (14) 85(H) 89 (6) 2006) 71(@®) 324 253 (11) 99(@4) 65 17(6) 30(@6) 21(3)
C(8) 115(23) 78(12) 95(15) 03 577015 314D 130 (13) 50(5) 117 (9) 107 7709 32(6) 143 (12) 58 (4) 64(6) 2(6) 50() 24
0O(8) 172 (19) 125(10) 111 (11) 6(11) 3312 670 192 (11) 128 (6) 129 (7) 13(6) 40(7) 78(5) 180(10) 98(4) 80(4) —8(5 19(6) 40
) 120(21) 43(9) 76(13) —1(11) 44(14) 16(9) 11011 51(5  76(7) 0(6) 43(7) 22(5) 174(14) 52(4) 100(7) —3(6) 62(9) 28(5)
0(2) 239 (20) 124 (10) 99 (10) 18(11) 65(12) 79(9) 225(11) 107 (5) 88 (6) 8(6) 49(7) 58(5) 240 (12) 122(5) 105(5) 4(6) 47(7) 104
c6)  119(23) 75(12) 113(15) 12(13) 57(16) 58(11)  180(14) 47(5) 109(8) 8(7) 83(9) 29(5 202(14) 61(5 104(7) 10(7) 76(9) 34(5
0O6) 205(20) 88(8) 161 (13) 43 (11) 103 (14) 60(8) 191 (11) 83(5) 173(7) 48 (6) 110(8) 50(5) 253 (12) 120(5) 207 (8) 42(6) 176 (8) 67 (5
C(4)  200(28) 63(12) 155(19) 12(15 116(19) 40(12) 173(14) 56(6) 124(9) 16(7) 86(9 30(6) 165(13) 51(5) 65(6) 12(6) 52(1 21 (dH
O(4) 312(25 81(9 234(17) —14(12) 161 (17) 63(10) 305(15) 73(5) 231(9) —10(7) 134(10) 68(6) 298(13) 59(3) 136(6) 15(5) 89(7) 48(4
CY) 243(31) 591 157(19) 29(15) 133(21) 47(12) 173(15) 80(7) 128(9) 38(8) 96(10) 53(6) 155(13) S3(4) 74(6) 2(6) S1(7) 17(4)
0(9) 27423 112(11) 239 (17) 8(12) 181 (17) 89(11) 265(13) 114(6) 232(9) 10(7) 174(9) 84(6) 309(13) 78(4) 120(5) —29(6) 86(7) 47(4)
(6¢))] 158 (25) 105(14) 90(Q5) —-1(Q135 7617 4712 174 (15) 87(7) 124 (9) 36 (8) 104 (10) 48 (7) 175(13) 62(5) 77 (6) 6(6) 40(8) 32(5
o) 381 (28) 96 (10) 165 (14) 45(13) 187 (17) 42(10) 343 (15) 85(5) 166 (8) 50 173(9) 30(5) 368(14) 75(4) 102(5) 496) 115(7) 19(3)
C(3) 130(23) 86(13) 84(14) 25(14) S7(15) 42(11) 159(13) 60(6) 82 (7) 17(7) 54(8) 27(5 152(13) 63(5 110(8) 1() 39(8) 41(5
O(3) 243(21) 68(8) 154(13) 18(11) 98(14) 26(9) 236 (12) 55(4) 140 (7) 18(6) 78(7) 10(4) 309(14) 55(3) 151(6) 36 71(8) 15(@4)
(1) 174(26) 64(11) 7T1(13) ~—2(14) 65(16) 28 (9) 165(14) 53(5) 64(1) 4(T) 52(8) 17(5) 192(14) 61(5) 138(8) 0 76(9) 51(5
o) 115(16) 94(8) 128(11) 11(10) S55(11) 44(8) 130(9) 104(5) 115(6) 10(5) 58(6) 35(4) 246(12) 110(5) 256 (9) 0(6) 156(9) 87(5)

s Estimated standard deviation of the last significant figure is given in parentheses.

b Anisotropic temperature factors are of the form exp[— (Buh? + Baok? + Bysl® + 2Bihk + 2Byshl + 2Bkl
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Table IV. Intramolecular Distances (A) and Angles (Deg) for M{CO)eX

FeCol(CO)Se  CofCO)Se  FeCoCO)sTe FeCofCO)Se Coy(CO)Se  FeCoyCO),Te
A. Bond Lengths C(5)C1\~A%;CC(6) 99.9 (3) 100.9 (6) 98.5(3)
M-M ~M(2)~ : : :
M(1)-M(2) 2.570 (1) 2.609 (2) 2.599 (6) C5)-MQ2)-C@)  99.0(3) 99.3 (6) 99.7 (3)
M(2)~-M(3) 2.583 (1) 2.624(2) 2.595(4) C(8)~-M(3)~C(9) 99.7(3) 100.2 (6) 98.4 (3)
M(3)~-M(1) 2.580 (1) 2.616 (2) 2.600 (4) gggmg;-gg; }88.; 8; 1(9)(9). 2 58 lgg-g 8;
M-X C)-M(1)-C(1)  98.8 (3) 99.8 (6) 99.8 (3)
M(1)-X 2.287 (1) 2.283 (2) 2.466 (4) C(s)mg;:g@) 1(9)8'2 g; 1(9)(9) .g Eg; 1(9)(7) . is g;
M(2)-X 2.283 (1 2.283 (2) 2.467 (5) C9)~ 7 . . .
ME3;~X 2.284 21; 2.281 (2) 2.466 (4) CR)-M1)-C(1)  98.9(3) 99.4 (6) 100.3 (3)
M-C-O0
M-C M(2)-C(6)~0(6)  178.6 (7) 176.5 (11) 177.6 (6)
MU;@E% 1.808 Eg; } gfé 82 } ggg Eg; M(2-C(4)-0(4)  178.7 (7) 177.0 (13) 178.8 (6)
M(1)- 1.809 . . M(3)-C(9)-0(9)  178.5(7) 177.7 (13) 179.3 (6)
M(2)-C(4) 1.786 (8) 1.802 (14) 1.776 (8) M(3)~C(7)—0(7; 178.7 (8) 179.1 (13) 179.1 (6)
xg~g§% } ;?; Eg; } g;(l) E }g; } -;51‘8 g; M(1)-C(3)~0(3)  178.5(7) 179.2 (12) 179.5 (7)
~ : : : M(1)-C(1)-O(1)  179.3 (6) 178.7 (11) 178.5 (6)
M(3)~-C(9) 1.809 (8) 1.854 (15) 1.794 (8) M(2)~C(5)~O(5)  178.4 (6) 179.9 (12) 176.8 (6)
xggggg igé} Eg; } gg; 8‘3& } ;(7)‘11 Eg; M(3)-C(8)~O(8)  176.5 (6) 176.6 (11) 177.5 (5)
~ - - : -C(2 178.1 (6 177.9 (11 176.6 (6
M(3)~C(8) 1.784 (8) 1.761 (14) 1.785(7) M(I)C_gdiﬁ(z) © {an ©
2 ere BT
C(1)-0(1) 1.125(7) 1.133(12) 1.133(8) ~M(2)- : : :
C(3)-0(3) 1.131 (7) 1.133 (14) 1.139 (8) 8(8)"1‘1\2(?"1“(2) g;g (g) gg; (:3 ggg 8;
C(4)-0(4) 1.127 (8) 1.133 (14) 1.151 (7) cg;imiliiﬁﬁg e 22; o s §3) %50
C(6)-0(6) 1.134(7) 1.130 (13) 1.145 (8) CO-MI)-M3)  9.5(2) 9.0 (4) 97.1(2)
C(7)~0(7) 1.139 (8) 1.136 (15) 1.133(7)
C(9)~0(9) 1.124 (8) 1.106 (14) 1138 (7) C(6)-M(2)-M(3) 153.7(2) 152.1 (4) 155.6 (2)
C(2-0(2) LI () L1612 1Lisa@®  SOMO-MD15.8)  155.2(4) 154.2(2)
- : ' : C(7)-M(3)-M(2) 154.9(2) 154.5 (4) 153.9(2)
C(5)~0(5) 1.141 (8) 1.127 (13) 1.141(8) O MM 130716 10,3 (4 135.4 (2
C(8)~0(8) 1.150 (8) 1.162 (13) 1.138 (7) C§3;:M§1;:M§2; 154:752; PP 15570
M- C()-M(1)-M(3) 154.9(2) 154.5 (4) 151.7 (2)
M(Z)I\:IM%)xd(l) 59.71 (3) 59.72 (6) 60.05 (13) C(A-M2)-M(3)  99.8(2 99.0(4) 98.1(2)
M(1)-M(2-M(3)  60.08 (3) 59.98 (6) 60.07 (7) A6)~-M(©2)-M(1)  98.1(2) 96.2 (4) 99.3(2)
M@3)-M(1)-M(2)  60.21 (3) 60.30 (6) 59.88 (11) gg;:xg;:xg; g; } gg gg -g Ej; gg-z g;
M-X-M C()-M(1)-M(2)  98.6(2) 98.1 (4) 96.1(2)
M(2)-X~-M(1) 68.44 (4) 69.70 (6) 63.59 (16) CB-M()-M3)  97.7() 97.3(4) 98.9 (3)
M(1)-X~M(3) 68.71 (4) 69.94 (6 63.62 (7 X-M-~C
M(3)~X~M(2) 68.88 (4) 70.21 (6; 63.47 (8; X~M(2)~C(6) 100.9 (2) 100.5 (4) 10(9).2 EZ)
X~-M(2)-C(4) 102.5(2) 102.9 (5) 99.6 (2)
X-M~-M X~M(3)-C(9) 98.6 (2) 99.0(5) 100.6 (2)
X~-M(2)-M(3) 55.58 (3) 54.86 (6) 58.25 (12) X~M(3)-C(7) 102.4 (2) 102.5 (4) 100.9 (2)
X~-M(2)~-M(1) 55.85 (3) 55.16 (6) 58.18 (8) X~M(1)-C(3) 102.6 (2) 102.0 (4) 101.6 (3)
X~-M(3)~-M(2) 55.54 (3) 54.93 (6) 58.28 (14) X~M(1)~C(1) 102.3 (2) 102.4 (4) 97.5(2)
X~-M(3)-M(1) 55.69 (3) 55.07 (6) 58.18 (12) X~M(2)~C(5) 147.9 (2) 145.9 (4) 150.5 (2)
X-M(1)~M(2) 55.72 (3) 55.14 (6) 58.22 (12) X~-M(3)-C(8) 147.2(2) 146.9 (4) 148.1 (2)
X~M(1)~-M(3) 55.60 (3) 54.99 (6) 58.19 (11) X~M(1)~C(2) 145.9 (2) 145.2(3) 149.4 (2)

the three metal positions) also conforms experimentally
to Cs, symmetry. !¢

The crystalline arrangement of the molecules of the
virtually isomorphous Coy(CO),Se and FeCo,(CO),Se
compounds is shown in Figure 4. Comparison of this
figure with Figure 1 illustrates the validity of the par-
ticular interelationship (vide supra) between the crystal
packing of these two selenium compounds and that of
the Co4(Co)S and FeCoyx(CO),S compounds (which are
isomorphous) as correctly deduced from the single
crystal esr and preliminary X-ray measurements. While
X-ray photographs of the FeCo,(CO),Te compound in-
dicate that it is isomorphous with both M(CO)sSe
compounds, Figure 5 emphasizes that the crystal pack-
ing of the four FeCox(CO)sTe molecules in the unit cell
is significantly different from that of the selenium
analog. For the Co3(CO),Se, FeCo04(CO),Se, and
FeCox(CO),Te compounds (as also previously found for
the_Co3(CO)QS and FeCoy(CO},S compounds), the ex-
perimental observation that the intermolecular O --O

and O- - -C contacts are all greater than 2.9 and 3.2 A,
respectively, offers strong support for the premise that
packing effects on the molecular geometries (i.e., par-
ticularly the bond lengths) of these complexes are
negligible. Substantial weight for this premise is also
given by the relatively small degree of angular distortion
of the carbonyl groups from linearity; all M-C-O
bond angles (listed in Table IV for each of the three com-
pounds) are within 4° of being linear. 2223
Stereochemical Interrelationships Based on X-Ray
Diffraction Data. A comparison of the detailed mo-
lecular parameters of the entire series of compounds
FeCox(CO)X (X = S, Se, Te), and Cox(CO)X (X =
S, Se) in Table V accents several stereochemical and
bonding principles of significance with regard to metal

(22) It is noteworthy that nonlinear M~C-Q bond angles in a M(CO);
group may be attributed to w-bonding as well as steric and packing
effects.?3

(23) S. F. A. Kettle, Inorg, Chem., 4, 1661 (1965); J. Chem. Soc. A,
421 (1966).
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Table V. A Comparison of Molecular Parameters of My(CO)sX Compounds
FeCo(CO),S! Co3x(CO),5¢ FeCoi(CO),Se Cos(CO)sSe FeCox(CO)yTe
M-~M distances 2.554 (3) 2.637(3) 2.577Q1) 2.616 (1) 2.598 (2)
M-X~M angle® 72.6 (1) 76.1 (1) 68.7 (1) 69.9 (1) 63.6 (1)
M-X distances 2.159 (4) 2.139 (9 2.285(1) 2.282(1) 2.466 (1)
X =S X = Se
M-~M difference? 0.083 (9 0.039 (1)
M-X difference? 0.020 (6) 0.003 (1)

¢ Average value.
were calculated as ¢(4 — B) = [6(A)? + o(B)?/,

cluster systems. One prominent structural feature
which emerges from this systematic investigation is
that, analogous to an average metal-metal bond-length
shortening of 0.083 (4) A observed upon formal replace-
ment of one of the cobalt atoms of Cos(CO)S by an

Figure 4. [100] projection of the C-centered triclinic unit cell of
Co3(CO);Se and of its isomorphous analog FeCoy(CO)sSe.
There is one crystallographically independent molecule in this
centrosymmetric cell.

iron atom to give FeCoy(CO),S, there is likewise an
average decrease of 0.039 (1) A in the metal-metal
bond lengths upon the formal substitution of an iron
atom in place of one cobalt atom in Co3(CO),Se to give
the corresponding FeCoy(CO),Se. Hence, this study
provides an important operational test of our hypoth-
esis (which motivated this research) that a formal re-
moval of an unpaired electron from a tricobalt en-
neacarbonyl chalcogen complex by the substitution
of an iron for a cobalt atom produces a shortening and
hence strengthening of the metal-metal bonds in accord
with the highest occupied MO containing the unpaired
electron in Co3(CO)X being strongly antibonding rel-
ative to the three metal atoms. The particular nature
of this antibonding MO is discussed later in connection
with the interpretations of the esr data.

A completely unexpected but nevertheless significant
aspect of the structural determinations of the M;(CO),Se
complexes is that the average metal-metal distance in
Cos(CO)Se is less by 0.021 (4) A than that found in
Co3(CO),S despite the fact that the formal replace-
ment of the apical sulfur atom with a larger selenium
atom would be expected under normal circumstances
to cause an increase in the Co—Co distances. This ob-
servation along with the decreased antibonding effect

b Difference in M~M or M~X distance between FeCo(CO)sX and Cos(C0):X. Standard deviations of the differences

of the unpaired electron on the metal-metal distances
in the two selenium structures compared to the corre-
sponding sulfur structures points to the increased in-
fluence of the M-Se bonding relative to the M-S bond-
ing on the overall molecular geometry (i.e., while oc-
cupation of the antibonding orbital in Co3;(CO)sSe

4= b sin¥

Figure 5. [100] projection of the C-centered triclinic unit cell of
FeCox(CO)sTe. There is one crystallographically independent
molecule in this centrosymmetric cell,

tends to increase the metal-metal distance, such a
change presumably is more constrained by the metal—
chalcogen ¢-bonding framework in this case than in
the case of Co03(CO),S). These conclusions empha-
size that the influence of the unpaired electron in Cos-
(CO)sX on its molecular geometry is just one of many
factors relating to the equilibration of the atoms at
given internuclear distances. Hence, although a quanti-
tative estimation of the effect of bonding or antibonding
electrons on molecular geometries apparently cannot be
predicted, it is illustrated here that in a given organome-
tallic cluster system it is definitely possible from the re-
sulting directional shifts of the metal atoms upon al-
teration of the number of valence electrons by formal
substitution of a different metal atom to deduce the
topological nature of the highest occupied metal sym-
metry orbital.

Another important stereochemical principle exem-
plified by this series of M;(CO),X complexes is that the
difference in metal-metal distances for the three elec-
tronically equivalent diamagnetic molecules FeCoe-
(CO)X (X = S, Se, Te) is less than 0.05 A, in contra-
distinction to the relatively large observed increases
in the two types of Co-Co distances of 0.28 (2) and 0.10
(2) A for the octahedrally shaped CoX, cluster system

Journal of the American Chemical Society | 93:23 | November 17, 1971



found in the diamagnetic series of molecules Co/(CO)o-
X, (X = S, Te) upon substitution of the congener tel-
lurium for sulfur, These dissimilarities in changes of
the metal-metal distances upon formal replacement of
the bridging sulfur atoms with tellurium atoms in these
two different series of metal cluster complexes signify
that one must be extremely careful either in an extrap-
olation of trends in molecular parameters or in the
formulation of bonding generalizations from one kind
of metal cluster system to another kind of metal cluster
system of different basic geometry. As in the case for
the sulfur analogs, the difference in the average metal-
chalcogen distances of FeCox,(CO)sSe and Coi(CO).Se
is probably not significant. The differences in the av-
erage metal-chalcogen distances in the series M;(CO),X
(X = S, Se, Te) are in excellent agreement with those
predicted by the change in covalent radii of the chal-
cogen atoms. The observed average variations in
metal-chalcogen bond lengths between the Cos(CO)sS—
Co3(CO)sSe and FeCoxCO);S-FeCoy(CO)sSe pairs
are 0.14 and 0.13 A, respectively, vs. a difference of
0.13 A between the estimated covalent radii of sulfur
(1.04 A)“ and selenium (1.17 A),2¢ while the observed
average variation in the metal-chalcogen distance be-
tween the FeCoy(CO)sSe-FeCoy(CO)¢Te pair is 0.18
vs. a difference of 0.20 A based on the estimated co-
valent radii of selenium and tellurium (1.37 A).2¢

No significant differences are found in either the
metal-carbon or the carbon-oxygen distances for the
three structural determinations.

Stereochemical Interrelationships Based on the Esr
Data. From a detailed analysis of the combined in-
formation obtained from the esr solution spectrum and
the anisotropic esr single-crystal spectrum, the un-
paired electron in Co;(CO),S was unambiguously as-
signed to the nondegenerate MO of antibonding metal
character shown in Figure 6. This orbital of a, rep-
resentation is constituted primarily of the in-plane
cobalt 3d,, orbitals (labeled on the basis of an arbitrar-
ily defined local orthogonal right-handed coordinate
system on each cobalt atom, wherein the positive
z axis is directed toward the centroid of the three
cobalt atoms and the x axis is in the plane of the
three cobalt atoms). The fact that such an a, orbital
can possess no cobalt s character is completely consis-
tent with the observation that the hyperfine coupling
constant of 30,9 G for Cos(CO),S is just one-third that
of several other cobalt compounds in which the un-
paired electron is localized in a single cobalt d orbital.’
Spin polarization of the inner s electron by an electron
occupying an a, orbital was shown by McGarvey? to
give rise to a negative cobalt isotropic hyperfine cou-
pling constant. From the magnitude of the hyperfine
coupling constant (4;) observed when the threefold
axis of the Co3(CO),S molecule is parallel to the mag-
netic field direction, it was deduced? that the isotropic
and dipolar contributions to 4, must have the same
sign, and furthermore that the principal symmetry axes
of the cobalt atomic d orbitals comprising the half-
filled molecular orbital must be nearly parallel to the
molecular threefold axis. Based on this model the
magnitude of the hyperfine term |4, | was calculated

(24) Cf. F. A. Cotton and G. Wilkinson, ‘‘Advanced Inorganic
Chemistry,” 2nd ed, Interscience, New York, N. Y., 1966, p 105.
(25) B. R. McGarvey, J. Phys. Chem., 71, 51 (1967).
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d,,(a};)

Figure 6. The nondegenerate antibonding metal symmetry orbital
combination (of a, representation) comprised of d,. orbitals localized
in the plane of metal atoms. A detailed analysis of the esr data
provided definitive evidence that the one unpaired electron in Cos-
(CO)S and in CoyCO)sSe resides in this antibonding tricobalt
orbital which has nodal planes coincident with the three vertical
mirror planes possessed by each of these two isostructural mole-
cules of C;, symmetry.

to be 77.0 G, in excellent agreement with the observed
coupling constant of |4;,| = 74.3 G.5

The fact that this strongly antibonding a, orbital is
orthogonal to all s, p, and d atomic orbitals on the sul-
fur atom led to the prediction that substitution of a
selenium atom for the sulfur atom would cause little
change in the hyperfine parameters. The esr study of
Co;3(CO),Se in solution and in single crystals of FeCo,-
(CO);Se, reported here, confirms this prediction.
While the isotropic hyperfine coupling constant of
C03(CO),Se cannot be accurately measured from the
solution spectrum, it must be within 5% of that ob-
tained for Co;(CO),S. The hyperfine coupling con-
stant A4, observed with the magnetic field direction
parallel to the idealized threefold axis of the Co3;(CO),Se
molecule is only 297 less than that observed for Cos-
(CO},S (72.8 G vs. 74.3 G).

Bonding Description and Resulting Stereochemical
Implications. The molecular orbital arguments (pre-
viously briefly outlined?®) utilized to rationalize the esr
and X-ray diffraction results for Co3;(CO),S are not
only equally valid for Cos(CO),Se but also sufficiently
general that they have been successfully employed to
predict observable metal-metal bond length changes
in a number of other triangular metal cluster com-
plexes.26~%  Hence, the application of this qualitative
LCAO-MO model to the Coy(CO)X complex is re-
ported here in detail in order to elucidate further the
nature of metal-metal interactions in organometallic
cluster systems. A local right-handed Cartesian co-
ordinate system is defined at each cobalt atom with the
positive z axis directed toward the center of the cobalt
triangle, the y axis located perpendicular to the tri-
cobalt plane, and the x axis situated in the tricobalt
plane. For this choice of axes, nine sets of three sym-
metry orbitals of a given type can be constructed under
C;, molecular symmetry from the nine types of valence
orbitals per cobalt atom. Since the three 4s and nine
4p tricobalt orbital combinations of representations

(26) H.Vahrenkamp, V. A. Uchtman, and L. F, Dahl, J. Amer. Chem.
Soc., 90, 3272 (1968).

(27) H. Vahrenkamp and L. F. Dahl, Angew. Chem., Int. Ed. Engl., 8,
144 (1969).

(28) V. A. Uchtman and L. F. Dahl, J. A4mer. Chem. Soc., 91, 3763
(1969).

(29) V. A. Uchtman and L. F. Dahl, submitted for publication.

(30) P. D. Frisch and L. F. Dahl, to be published.
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C,, METAL SYMMETRY ORBITALS FOR M, (CO), X
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Figure 7. Classification under Ci., symmetry of the five sets of 3d
metal symmetry orbitals available for metal-metal interactions in
the M;(CO)oX molecule.

3a; + a, + 4e possess the proper symmetry and direc-
tional properties for effective ¢ bonding of the cobalt
atoms to the sulfur and carbonyl ligands, it is arbi-
trarily assumed that only these 4s and 4p cobalt basis
functions are utilized to form localized cobalt-ligand
o bonds. The presumption of the perfect-pairing ap-
proximation then allows separability of the metal-
ligand o-bonding interactions from the metal-metal
interactions. Although these simplifying assumptions
are not valid from the viewpoint of a rigorous quanti-
tative description of the electronic structure, neverthe-
less the bonding picture obtained from this particular
MO model appears to be correct qualitatively with re-
gard to existing data and resulting stereochemical pre-
dictions which have been operationally tested, 15,26~ 30

The remaining five sets of 3d cobalt symmetry orbital
combinations (of total representations 3a, + 2a, + 5e)
which are available for direct cobalt-cobalt interactions
are shown in Figure 7. If it is further assumed that the
energy level splittings from the cobalt-cobalt inter-
actions are sufficiently large compared to the splittings
due to nonspherical field effects, then orbital overlap
considerations predict (with the neglect of any config-
urational interaction) that the lowest two energy levels
will be the in-plane tricobalt bonding d.«(a;) and d..(e)
orbitals while the highest two energy levels will be the
corresponding in-plane tricobalt antibonding d..(a,*)
and d.(e*) combinations. However, in the qualita-
tive energy level diagram given in Figure 8 the atomic
orbital character of the energy levels is not specified,
since mixing can occur among the tricobalt symmetry
orbitals belonging to the same representation. In-
varient to the unknown degree of mixing, it is note-
worthy that all three metal symmetry orbitals of a, rep-
resentation will be bonding orbitals, while both those
of a, representation will be antibonding relative to the
energies of the isolated atomic orbitals of each cobalt
atom. Furthermore, only the specific orbitals com-
prising the highest two energy levels, labeled 2a, and
Se in Figure 8, are of particular importance to this dis-
cussion. 3!

(31) MO calculations are being carried out (B. K. Teo, M. B. Hall,
R. F. Fenske and L. F. Dahl, to be published) on Cos(CO)sS and its
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Figure 8. Qualitative energy-level scheme for the metal symmetry
orbitals in the C3, M(CO)yX molecule.

In the Co;3(CO)X molecule the triply bridging chal-
cogen atom may be reasonably considered to have a
tetrahedral-like valency of one nonbonding and three
bonding electron pairs, with the unshared electron pair
localized along the molecular threefold axis and with
the other four valence electrons of the chalcogen atom
participating in ¢ bonding with the three cobalt atoms.
Hence, of the 27 valence electrons made available by
the tricobalt system, two of them must be utilized to
complete the three electron-pair ¢ bonds with the chal-
cogen atom. A distribution of the remaining 25 elec-
trons via the aufbau principle into the available tricobalt
energy levels portrayed in Figure 8 leads to the unpaired
electron occupying the nondegenerate 2a, level. The
fact that the esr studies of both Co;(CO),S and Cos-
(CO)¢Se establish that the unpaired electron must be
in this antibonding a,* orbital and that this tricobalt
orbital is comprised primarily of the in-plane antibond-
ing combination of d., atomic orbitals is in accord with
our qualitative MO model.

A significant bonding principle which therefore ema-
nates from these investigations is the self-consistency
between the MO model employed here and the equiv-
alent valence-bond formalism concerning the fact that
in a triangular metal-cluster system any electrons in
excess of the closed-shell electronic configuration of
each metal atom occupy primarily the in-plane anti-
bonding metal o-orbital combinations. In Figure 8
the ““noble gas” electronic configuration for each metal
atom in either the FeCoy(CO),X molecules (of assumed
C;, geometry) or the oxidized Co;(CO),X* cation cor-
responds to the available 24 electrons occupying all
levels through the 4e one. The wavy line above this
level signifies that for such a noble gas metal complex
the highest two levels, 2a; and Se, are empty. The con-
version of such an MO picture with the bonding d,«(ay)
and d,(e) combinations filled with six electrons and
(with the corresponding antibonding d.(a;*) and d,«(e¥)
ones empty) to a valence-bond counterpart involving
electron-pair metal-metal bonds is made apparent
once it is recognized that the ner contribution to
the metal-metal interactions in this triangular metal
relatives via the LCAO approach with a nonparameterized model (cf.
M. B. Hall and R. F. Fenske, Inorg. Chem., submitted for publication,
and references cited therein for details of the approximations and com-
putational techniques). For Co3(CO)sS preliminary MO calculations
indicate that the az level containing the unpaired electron is comprised
primarily of tricobalt d.. orbitals of antibonding character (in accord
with the esr analysis®) along with some mixing of tricobalt p. orbitals.
The results of this and several other metal-cluster complexes not only
exhibit extensive mixing of the orbitals for an occupied level of given
representation but also demonstrate that the relative energy level order-
ing is strongly dependent on metal-ligand interactions as well as metal~
metal interactions. Nevertheless, the simplified bonding model given
in this paper conceptually provides a reasonable qualitative basis in the
prediction of expected observational changes as well as an accounting of

the determined variations in the molecular geometries of metal cluster
systems.
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system merely involves the distribution of the six
electrons in the bonding in-plane cobalt symmetry
orbitals. From the d,: and d,, atomic orbitals at each
cobalt atom, two equivalent hybrid orbitals d,. = d,,
may be constructed which can form localized bonding
and antibonding o-orbital combinations by overlap
with the corresponding identical hybrid orbitals on the
other two cobalt atoms. An electron-pair bond be-
tween each pair of cobalt atoms is therefore a conse-
quence of the placement of six available electrons in
the three bonding o-orbital combinations. It follows
that the effect of the extra 25th electron in the Cos-
(C0O)eX molecule (by its occupation of the antibonding
in-plane tricobalt 2a, symmetry orbital) is to reduce the
valence-bond metal-metal order to /ess than one.

We wish to predict that the one unpaired electron
in the recently prepared black, paramagnetic complex
Niy(h3-C;H;)s(tert-C.HoN),*? which is electronically
equivalent and structurally analogous®® to the Cos-

(32) S. Otsuka, A, Nakamura, and T. Yoshida, Justus Liebigs Ann.
Chem., 719, 54 (1968); Inorg. Chem., 7, 261 (1968).

(33) A single-crystal X-ray diffraction study3? of Nis(hs-CsHs)s~
(tert-CsHoN) showed its idealized C3, molecular geometry to be closely
related to that of Cos(CO)sX (X = S, Se) with the triply bridging NR
ligand symmetrically attached to the equilateral triangle of nickel atoms
and with each cyclopentadienyl ring occupying the three coordination
sites in place of three carbonyl ligands. The experimental conformity
of this molecule to a C3, geometry is based on assumed cylindrical sym-
metry for each cyclopentadienyl ring. The average value for the three
Ni-Ni distances is 2.35 A.
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(CO)X (X = S, Se) molecules, is similarly in an anti-
bonding metal symmetry orbital (rather than in a bond-
ing one as speculated by its synthesizers®?). An attempt
is in progress to obtain an operational test of our hy-
pothesis by comparison of the metal-metal bond lengths
in this complex with those of its (as yet unknown) di-
amagnetic analog. It is hoped that production of such
an analog by removal of the unpaired electron from
Nis(hs-CsH;)s(tert-C.HoN) can be achieved either by
oxidation of the parent molecule to give the monocation
or by substitution of a cobalt atom in place of one
nickel atom (such as was successfully done?® to prove
operationally that the unpaired electron in Nij(A*-
C;H;);(CO), was also in an antibonding metal sym-
metry orbital rather than in a bonding one as previously
reported?).
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