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The exo orientation of the NO group in C,F;NO, i.e. eclipsed
position with respect to F,, corresponds to the eclipsed confor-
mation observed for CF;NO. No gas-phase structural data are
known for a nitroso or isoelectronic carboxaldehyde group bonded
to cyclobutane, which would allow comparison of the position of
such groups relative to the ring. In nitrosocyclopropane the
preference for the exo orientation of the NO group has been
determined by microwave spectroscopy and no transitions cor-
responding to any other orientation were observed.!* For cy-
clopropanecarboxaldehyde both conformers, exo and endo, are
nearly equally favored!® and this result is in agreement with
theoretical considerations.'¢

The nitroso group causes considerable angle distortion of the
cyclobutane ring (C,C,C, = 91.4 (6)° vs. C,C,C; = 86.3 (6)°),
resulting in a shorter C,++C, distance (2.15 A) than C,C, dis-
tance (2.25 A).
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The present theoretical investigation is an extension of previous
experimental electron diffraction studies of the molecular structure
of first-row transition-metal dihalides: MnCl,,> MnBr,,’ FeCl,,*
FeBr,,* CoCl,,’> CoBr,,’ and NiBr,.” These studies have pointed
to a linear configuration for these molecules while exhibiting
large-amplitude, low-frequency bending vibrations. Current
electron diffraction analyses of the molecular structure of vana-
dium dichloride® and chromium dichloride,® however, indicate that
these molecules may have a highly bent structure with bond angles
in the vicinity of 110°. These analyses are in progress and are
indeed complicated by the presence of different amounts of dimeric
species. Such mixtures have been successfully analyzed for
manganese dibromide® and iron dibromide* as well as for cobalt
dibromide.® The emerging bent monomeric structures for VCl,
and CrCl,, however, prompted us to initiate a theoretical inves-
tigation on the geometry and electronic structure of the ground-
state dichloride monomeric species. As a benchmark for further
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calculations on other transition-metal dichlorides, the manganese
dichloride molecule was chosen. The choice of MnCl, was mo-
tivated both by the relative ease of computation for the d* con-
figuration and by the good experimental electron diffraction data
available for this molecule.? Our calculations were essentially
completed when a recent matrix-isolation infrared spectroscopic
study® came to our attention, reporting a bent structure for the
dichlorides of iron, cobalt, and nickel, with a bond angle of about
160°. The electron diffraction data on all these molecules have
been interpreted with a linear equilibrium configuration; FeCl,
and CoCl, have been studied in our Budapest laboratory,*’ and
the structure of NiCl, has been determined in Professor Hedberg’s
laboratory.!® The apparent controversy has already been com-
mented upon.!! A reanalysis of the electron scattering data of
iron dichloride and additional spectroscopic calculations!! reinforce
the linear structure for this molecule. Calculations on magnanese
dichloride are instructive also in this respect since the electron
diffraction analyses led to analogous results for the whole series
of MnCl,, FeCl,, CoCl,, and NiCl, molecules.

The low-frequency, large-amplitude bending vibrations and the
high-temperature experimental conditions make the electron
diffraction analysis of a molecule like manganese dichloride less
straightforward than those of more rigid molecules. For this reason
the experimental results® will be briefly summarized. The nozzle
temperature of the manganese dichloride experiment was ap-
proximately 800 °C. The thermally averaged internuclear dis-
tances'? were determined to be r,(Mn-Cl) = 2.205 £ 0.005 A
and r,(Cl--Cl) = 4.324 + 0.015 A. 1If the equilibrium con-
firguration is assumed to be linear, the 2r,(Mn-Cl) ~ r,(Cl---Cl)
difference is the linear shrinkage, 3, = 0.086 A. This shrinkage
is the consequence of large-amplitude bending vibrations, and
under this assumption it was used to estimate the bending vi-
brational frequency, », = 93 + 8 cm™. This estimated frequency
compared well with the value 83 cm™! reached from a matrix-
isolation infrared spectroscopic investigation.’> This rather good
agreement, in fact, supported the assumption for the linear
equilibrium configuration. Originally this assumption was based
on the lack of the symmetric stretching frequency in the infrared
spectrum!? and the absence of a permament electric dipole moment
as concluded from the molecular beam deflection experiments.'4

Although all experimental evidence is consistent with a linear
equilibrium geometry, the experimental data refer directly to an
average structure resulting from averaging over all intramolecular
motion. On the other hand, the theoretical calculations refer
directly to the equilibrium configurations. As the manganese
dichloride study was considered to be a bench mark one for further
calculations on other transition-metal dihalides, it was also decided
to examine the applicability of various levels of basis set so-
phistication to determine a reasonable level of theory for use in
future work.

Computational Details

All ab initio calculations were carried out with the GAMESS series of
programs.'> The structural parameters that were varied in the calcu-
lations are the Mn—Cl bond distance and the Cl-Mn—Cl bond angle.
Restricted open-shell calculations for the open-shell sextet states were
carried out by using Davidson’s method.! The open shell calculations
were performed on the ...18,23n,2gs," configuration for linear D, ge-
ometry and ...3a2'10b2‘13a1‘g5b1‘14a1] configuration for bent C,, geom-
etries.

Several different basis sets were employed for the present calculations
on MnCl,. Basis I consists of the STO-3G basis of Hehre et al.,'”” which

(9) Green, D. W.; McDermott, D. P.; Bergman, A. J. Mol. Spectrosc. 1983,
98, 111.

(10) Eddy, L. Ph.D. Dissertation, Oregon State University, Corvallis, OR,
1973.

(11) Hargittai, M.; Hargittai, I. J. Mol. Spectrosc. 1984, 108, 159.

(12) E.g.; Kuchitsu, K. In “Diffraction Studies on Non-Crystalline
Substances”; Hargittai, 1., Orville-Thomas, W. J., Eds.; Akademiai
Kiado: Budapest, Elsevier: Amsterdam, New York, 1981.

(13) Thompson, K. R.; Carlson, K. D. J. Chem. Phys. 1968, 49, 4379.

(14) Buchler, A,; Stauffer, J L.; Klemperer, W. J. Am. Chem. Soc. 1964,
86, 4544,

(15) Dupuis, M.; Spangler, D.; Wendoloski, J. J. QCPE 1981, 1, 91.

(16) Davidson, E. R. Chem. Phys. Lett. 1973, 21, 565.

© 1985 American Chemical Society



Notes

Table I. Parameters Used in the EH and INDO Calculations

H. eV exponents
orbital EH EH INDO
Mn, 4s -8.46 1.800 1.650
Mn, 4p -4.92 1.800 1.650
Mn, 3d 11.31 5.150 (0.5320) 5.7574 (0.3898)
1.90 (0.6490) 2.5097 (0.7297)°
Cl, 3s -25.71 2.130 2.130
Cl, 3p -13.60 2.130 2.130

2Reference 19.

Table II. Bond Distances and Total Energies for MnCl, Calculated
with Different Basis Sets

Mn basis® type Mn-Cl dist, A Erota)s aU
I STO-3G 2.149 -2047.16371
11 STO-3G(2d) 2.208 -2048.753 65
111 Hay (10s 7p 3d) 2.289 ~2068.928 74
Hay (10s 7p 3d)® 2.267 —-2068.945 49
v Goddard (10s 7p 3d) 2.294 ~2068.929 37

2.205 (5)¢

“See text for a description of basis sets. ®d-Polarization function
(0.6) added to CI basis. “Experimental bond distance, r; (see text).

contains a single-{ exponent for the 3d function.’® Since it is well known
that the 3d orbital cannot be adequately represented by a single exponent,
basis II employed an STO-3G basis for each of the two Slater orbitals
optimized for the Mn atom by Clementi et al.'® This had the effect of
allowing the 3d orbitals of Mn to have a double-{ contraction, and it was
named STO-3G(2d). Basis III for Mn involves the Wachters (14s 9p
5d)? set extended to 6d as recommended by Hay?' with one additional
p function to describe the 4p orbital as discussed by Schaefer? to give
Mn (14s 10p 6d/10s 7p 3d). The final basis (basis IV) is similar to basis
IIT except that the 6d basis of Hay is replaced by the 6d basis of God-
dard.?

The STO-3G basis for CI** was used with the small basis sets (I and
IT) of Mn. To match the larger basis sets for the Mn atom (111 and IV),
the chlorine basis consisted of (11s 7p/6s 4p) taken from Dunning and
Hay,? to which a d polarization function (a = 0.06) was also added.

Semiempirical calculations of the extended-Hiickel (EH) type were
carried out with the program FORTICONS,? while INDO calculations were
performed with a recent version of Zerner’s program.”’ In these cal-
culations only bond angles were varied, and the Mn—Cl distance was kept
fixed at the experimental value.? Both the EH and INDO calculations
employed double-{ functions for the d orbitals. The parameters used in
the EH and INDO calculations are summarized in Table I.

Geometry optimizations for the ab initio calculations utilized a gra-
dient method in which the gradient was reduced to less than 2.0 milli-
hartrees/bohr.

For the optimizations employing small Mn basis sets (I and II) C,,
symmetry was used to determine the possibility of obtaining a bent
MnCl, structure. The optimized geometries obtained with larger basis
sets for Mn (III and IV) utilized D,, symmetry, a subgroup of the higher
order D., symmetry for linear MnCl,.

Results and Discussion

The total energies and Mn—Cl bond distances for MnCl, from
several different basis sets are given in Table II. The experimental
Mn-Cl bond distance is 2.205 (5) A, and the best agreement with
the calculated values comes from the STO-3G(2d) basis. Since
the experimental value for the Mn—Cl bond distance is derived
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Figure 1. Energy of MnCl, as a function of the bending angle (8) for
different calculational methods. The energies are relative to the linear
geometry, and the experimental Mn—Cl bond distance was used.
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Figure 2. Orbital energies of MnCl, as a function of the CI-Mn-Cl

bending angle for ab initio calculations employing the STO-3G(2d) basis
for Mn.

from electron diffraction data, which is known to incorporate
vibrationally averaged Mn-Cl distances, the equilibrium Mn-Cl
distance may actually be less than 2.205 A. Thus the STO-3G
results appear to give good agreement with experiment and are
probably fortuitous. Interestingly, the large basis set calculations
in Table II yield much larger Mn—Cl distances than the small basis
sets. The addition of a d polarization function on the Cl atom
provides some decrease in the Mn-Cl distance but not enough
to provide adequate agreement with the experimental value. The
trend of ab initio calculations yielding transition-metal-ligand
distances larger than experimental values is similar to that obtained
previously for ferrocene.?® Moreover, unlike molecules derived
from first-row atoms, where the use of better basis sets and
consideration of electron correlations leads to larger bond lengths,
the opposite may be true for molecules containing transition-metal
atoms. These molecules may contain many unfilled molecular
orbitals that are bonding between the metal and the ligand.
Calculations including electron correlation in which electrons are
excited to these molecular orbitals would tend to shorten bonds.?’

Figures 1 and 2 reveal interesting results. In Figure 1, the total
energy as a function of the Cl~-Mn—Cl bending angle (6) is given
for ab initio STO-3G(2d) calculations as well as the INDO and
extended-Hiickel (EH) semiempirical calculations. All calcula-
tional methods agree with experiment in producing a linear ge-
ometry. The most interesting and far-reaching results for future
work on other metal chlorides is revealed by the Walsh*® diagram
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given in Figure 2, where energies of the orbitals of MnCl, with
substantial d character are plotted against the bending angle (6).
The d; orbitals are degenerate at 180° but split and gently rise
in energy for smaller values of §. The d, orbitals are also ener-
getically degenerate at 180°, but one d, component rises in energy
rapidly for small values of § while the other d, component un-
dergoes a gradual ascent. In contrast, the d, orbital decreases
in energy as 6§ decreases.

The behavior of the d orbitals in Figure 2 as a function of 4
can be contrasted with similar curves for previous calculations
on ZnF,*!' and MnH,.3? For both ZnF, and MnCl, the F(2p,)
and Cl(3p,) orbitals are antibonding with respect to the metal
d, orbitals. Thus, as § decreases, the d, component that rises
rapidly on bending is the result of the loss of a metal(3d,)-lig-
and(p,) antibonding interaction coupled to an increasing ligand
(o) antibonding interaction, with the latter prevailing. These two
effects lead to the destabilization of the d, orbitals in both MnCl,
and ZnF,. For MnCl, the d, orbital energy decreases on bending
but increases on bending for ZnF,. This behavior can be attributed
to both a larger antibonding interaction with the d_: orbital in ZnF,
than in MnCl, and a stronger Mn(d,2) + Ads mixing, which would
favor bending. The situation for MnH, produces a Walsh diagram
similar to that for MnCl,, but the absence of = orbitals on H
produces some differences.

It is possible to derive a qualitative model from Figure 2 to give
useful information about the trends in geometry and electronic
structure of other transition-metal dichlorides. A d* CrCl,
molecule with electronic configuration ...15,23w,? would most likely
be linear.’> Interestingly, experimental studies of high-tem-
perature CrCl; and VCI, vapors® appear to point to bent structures
for these molecules. This can be reationalized on the basis of
Figure 2, supposing that the electronic configuration of CrCl,
would not be ...18,237,? but rather ...18,237,'90,'. In this case
an electron is removed from the d; orbital, which rises rapidly
in energy on bending, and is placed in a d,: orbital, which decreases
in energy upon bending. Thus the CrCl, molecule would favor
a bent geometry with a lower total energy than for the linear
configuration. The same reasoning is applicable to the d* VCl,
molecule. In future work, we propose to investigate our model
further and to determine the electronic structure of other tran-
sition-metal dichlorides.

Acknowledgment. One of us (M.H) expresses appreciation for
the hospitality extended to her by the University of Connecticut
and to the Research Foundation for financial support. A generous
grant of computer time by the Department of Computer Systems
of the University of Connecticut is also gratefully acknowledged.
Finally, it is a pleasure to acknowledge fruitful discussions with
D. Fox, H. F. Schaefer, III, T. A. Albright, and R. Bartram.

Registry No. MnCl,, 7773-01-5.

(31) Yarkony, D. R.; Schaefer, H. F., IIl. Chem. Phys. Lett. 1972, 15, 514,
(32) Demuynck, J.; Schaefer, J. F. II1. J. Chem. Phys. 1980, 72, 311.
(33) Garner, C. D.; Hillier, I. H.; Wood, C. Inorg. Chem. 1978, 17, 168.

Contribution from the Dipartimento di Chimica Inorganica
e Struttura Molecolare, Universita di Messina,
98100 Messina, Italy

Chemical Oxidation of Binuclear Rhodium(I) Complexes with
Silver Salts. Synthesis and X-ray Crystal Structure of the
Paramagnetic Rh,** Formamidinate Complex
ha(Form)g(N03)2

Pasquale Piraino,* Giuseppe Bruno, Francesco Nicold,
Felice Faraone, and Sandra Lo Schiavo

Received February 25, 1985

The chemistry of the complexes characterized by the presence
of Rh,** core is still an attractive field of research, and a wealth

of experimental data, complemented by theoretical studies, are
available for such complexes.! In contrast, little is known on
complexes containing the Rh,** core mainly because these species
have been rarely isolated.>> These complexes in fact are generated
when the Rh,** derivatives Rh,(carboxylate), are electrochem-
ically oxidized, undergoing a one-electron oxidation at a potential
that is dependent on the electronic properties of the bridging
ligands.! Recently Bear and co-workers synthesized the series
of mixed-ligand Rh,** complexes* Rh,(ac),(acam),_, (ac =
[O,CCH;]", acam = [HNOCCH;]", n = 0~4) showing that the
redox potential for the Rh(IL,II) = Rh(ILIII) conversion is a
function of the number of the acetamidate groups. On the other
hand, it is known that the electrochemical oxidation of the tri-
fluoroacetate derivative Rh,(O,CCF;), does not occur up to 1.8
V vs. SCE.’ The existence of species containing the Rhy** or
Rh,** cores is then determined from the donor properties of the
bridging ligands. So a careful adjustment of the electronic density
on the rhodium atoms by means of the appropriate ligands could
permit the synthesis of complexes containing the Rh,** or Rh,**
cores.

We have found a synthetic route that enabled us to synthesize
the mixed-ligand complex Rh,(Form),(O,CCF;),(H,0), (Form
= [p-MeC,H,NC(H)NC¢H Me-p]~) containing the Rh,** core®
and the mixed-valence complex Rhy(Form),;(NOQ,), containing
the Rh,** core. This method is based on the chemical oxidation
with the appropriate silver salt of the Rh(I) formamidinate
complex [Rh(CgH,,)(Form)],. In this paper we describe the
synthesis, the spectroscopic properties, and the X-ray crystal
structure of the complex Rh,(Form);(NO;),.

Experimental Section

Preparation of Rh,(Form);(NO,),. [Rh(CgH,,)(Form)],’ (0.400 g,
0.46 mmol) was dissolved in 100 mL of a CH,C1,-CH,0H (1:1) mixture,
and silver nitrate (0.156 g, 0.92 mmol) dissolved in water (1 mL) was
added in the dark. The solution suddenly turned green while a gray
precipitate of silver metal was formed. The mixture was stirred at room
temperature for ~4 h to effect reaction, indicated by the final blue-violet
color. The solution was then filtered on a short Celite column to remove
the silver, and the solvent was evaporated under reduced pressure until
crystallization commenced. The deposition was completed by allowing
the solution to stand overnight. The black-violet solid obtained was
collected and crystallized from benzene~heptane, affording 0.250 g of
complex (yield 63%). Anal. Caled for C4sH4sNgOgRh,: C, 54.06; H,
4.53; N, 11.20; O, 9.60. Found: C, 54.23; H, 4.50; N, 10.91; O, 9.61.

X-ray Data Collection and Structure Refinement. Suitable black-violet
crystals of the complex of cubic habit were obtained by slow evaporation
from a benzene—heptane solution. A crystal of approximate dimensions
0.10 X 0.10 X 0.09 nm was selected and mounted on a Siemens-Stoe
automatic four-circle diffractometer. Accurate unit-cell dimensions and
crystal orientation matrices together with their estimated standard errors
were obtained from least-squares refinement of the 26, w, x, and ¢ values
of 25 carefully centered high-angle reflections using graphite-mono-
chromated Mo K radiation (A = 0.71069 A). The complex crystallizes
in the triclinic space group P1, with @ = 11.791 (1) A, b = 13.066 (2)
A, c=16.881 (4) A, a =110.69 (3)°, 8 = 92.89 (2)°, v = 114.68 (3)°,
V= 2149.96 A3, F(000) = 1018, Z = 2, and Dyyoy = 1.664 g cm™. X-ray
data were collected at room temperature for all independent reflections
in the range 3 < 26 < 50°. An w—f scan technique was used for each
reflection with a scan speed 0.03° s™! and scan width 1.2°. No reflections
were sufficiently intense to require the insertion of attenuators into the
beam. Three standard reflections were monitored periodically during the
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