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EFFECT OF THE BRIDGING LIGANDS ON THE C—O STRETCHING
FORCE CONSTANTS OF THE COMPOUNDS Co,(CO)¢(u-Y). AND
Fe,(CO)c(-X), (WHERE Y = CO, P, As, CR AND X = S, SR, Se, PRR’,
Br, I)*

GYORGY BOR

C.N_R. Laboratory for the Chemistry of Radioelements, University of Padua (Italy) and
Department of Industrial and Engineering Chemistry, Swiss Federal Institute of Technology,
ETH=**, Zurich (Switzerland)

For more than 10 years we have systematically collected infrared spectro-
scopic data for the group of binuclear cobalt and iron carbonyl derivatives which
have a structure analogous to the one of the bridged form of Co,{CO)s {1]. Our
aims were:

(@) to identify an unequivocal and generally valid assignment for the C—O
stretching modes of these compounds of idealized C,, symmetry;

(b) to calculate the C—O stretching force and interaction constants for a
considerable number of compounds of this structural class; and

(c) to reveal the effect of the u,-bridging ligands on the force constants.

Partial data on the spectral characteristics of some representatives of this
class have been published earlier [2-8].

Spectra and assignment

We have obtained the high-resolution spectra (spectral slit width: 0.8-1.2
cm™) for a number of these compounds prepared in part by other authors, but
previously reported without good quality spectra. Our spectra of C0,(CO)s(As;)
[91, Fe,(CO)4(Se;) [10], Fe,(CO)s(PHCy), [11] (Cy = cyclohexyl), and Fe,-
(CO)eBr, [12] are shown, as examples in Figs. 1-4.

On the basis of calculations and, in part, '*CO enrichment studies, the
positions and assignment of the five IR active frequencies (24, + 2B, + B,) and
of the one IR inactive (A,) mode of the all-!2CO molecules, as well as the natural
13CO-satellites were unequivocally established. The scheme for a “theoretical™
spectrum is shown in Fig. 5. One ambiguity cannot be solved a priori: the often
very small separation between bands u and v does not allow their uniform assign-

* Presented at the Symposium on Metal Carbonyl Chemistry, dedicated to Professor Walter Hieber,
held at Ettal (West Germany), July 21st-July 27th, 1974.
** Present address.
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Fig. 1. Infrared spectrum of Co2(CO)s(As;) in the carbonyl stretching region (hexane solution).

Fig. 2. Infrared spectrum of Fe2(CO)s(Se) in the carbonyl stretching region (hexane solution).

ment to 7,(A,) and v(B,), and the decision between “assignment I"” (v> > v)

and ““assignment II”’ (v, < vs) had to be found for each instance separately.
The assignments of the C—O stretching frequencies for the compounds

studied are summarized in Table 1. As we see from Figs. 1-4 and from the data
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l;‘ig. 3. Infrared spectrum of Fez(CO)g(PHCgH|1)> in the carbonyl stretching region (hexane solution).
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Fig. 4. Infrared spectrum of Fe;(CO)gBr; in the carbonyl stretching region (hexane solution).

Fig. 5. Schematic representation of an idealized spectrum of M2(C0O)g(1t-X2) compounds in the carbonyl
stretching region.

in Table 1 not all the compounds show the clear-cut form of the spectrum shown
schematically in Fig. 5. The apparent deviations can be discussed in the following
groups:

(1) Bands v, and v¢ completely overlap (Fe.(CO)¢S, and Fe,(CO)Se,) and
the broader form of a bond composed of u + v indicates a “hidden” separation
by only 1.0-1.5 cm™ (Fig. 2).

(2) The lowest and always weak all-!2C—O fundamental, w, is only slightly
separated from its strong high-energy neighbour (2, or v¢), and hence it is com-
pletely hidden in the low frequency wing of the strong band. In these cases the
vs frequency was successfully calculated from the isotopic satellites x and y
(Fez(CO)sX2, where X = Br or I, Fig. 4). In the case of the alkylthio bridged
complexes of iron, Fe,(CO)s(SR),, the calculated vs band was also observed at
the calculated position in spectra taken on solutions of high concentrations (Fig.
6). (In previous papers only four [5, 13], or even only three [14] bands have
been reported for these compounds.)

(3) The *C—O satellite ¢ is merged into its parent band v, (s) and can be
observed only as a weak shoulder (Figs. 1,3).

(4) The two low-frequency isotopic satellites, always well separated from
the main “body” of the spectrum, overlap each other. The broadening of the
single observed band suggests a hidden separation of 1.0-2.0 em™ (Fig. 3).

(5) Complications arise from the presence of two (or more) inseparable
isomers. The case of Co,(CO); has been the subject of a decade-long study and
was resolved by isotopic enrichment experiments [8]. The assignment to one
isomer of the two, out of the four weak low-frequency bands in the spectrum of
Fe,(CO)¢(SCeFs), (cf. Fig. 8 in Ref. 6),is not straightforward. The combination
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Fig. 6. Infrared spectrum of syn-Fe2(C0O)g(SCH3), in the carbonyl stretching region; two concentrations
(hexane solution). Shoulders belonging to the anti isomer formed during the scanning are labelled with
asterisks.

chosen gave force and interaction constants in the best agreement with those
of the other compounds.

Hence all spectra can be considered as belonging to the same five-band
type with the characteristic intensity distribution shown by the “regular’ spectra
of e.g. Co,(CO)s(As,) (Fig. 1); deviations from this spectral type are only in-
dividual ““distortions’ by casual coincidences. Attempts to give theoretical ex-
planations [13, 14] for a ““necessarily’’ lower number of bands are, therefore,
as underlined already at an earlier stage of these studies [15], fundamentaily
erroneous.

In the case of the anti isomers of the RS-bridged iron compounds, and also
of the Co,(CO)s(RC.R') complexes with asymmetric acetylenic bridges, the
molecular geometry is C, rather than C,,. In spite of this, the sixth band, de-
manded by this lower symmetry, was not observed for the alkylthio bridged
iron compounds. For cobalt complexes with some asymmetric acetylenes (e.g.
propyne), however, the very weak sixth band could be observed, at the frequency
calculated for the A, mode of the C,, model.

C—O Stretching force and interaction constants

Our parametric method [16] was used for the calculations. The extended
application to dinuclear types demands the assumption, justified by previous
successful applications, [17, 18] that the extent of local coupling between the
different types of CO vibrators is equal for the two second order species. With
this single constraint, one can calculate the two C—O strefching force constants,
and the two geminal and four “remote” [i.e. M(CO) - - - M'(CO)] type inter-
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Fig 7. Definition of the C—O stretching force and interaction constants.

action constants (defined as shown in Fig. 7) in a *““factored C—O stretching
force field”. The results are given in Table 2.

Concerning the “remote” (or indirect) interaction constants we can see
that:

() not even the ““transoid’ types (J;, je.) are zero;

(if) the two “‘cisoid” {j., j.,) and the two “‘transoid” constants have similar,
but not equal values.

These results prove that it is equally erroneous to neglect completely these
CO -- - C'O interactions as it is to assume for them a priori equal values [13}, crto
treat these spectra by supposing that only one, arbitrarily chosen remote inter-
action has a non-zero value [14]. A more complete force field cannot modify
qualitatively these findings.

To visualize the relative influences of the bridging ligends on the R(CQO)’s,

TABLE 2
C—0 STRETCHING FORCE AND INTERACTION CONSTANTS (mdyn/A)%

k eq kax ic lea it i, c b} ac i, ea
Co2(CO)s 17.02 1712 0.33 0.30 0.03 0.21 0.17 0.10
Co0a(CO)e(P2) 16.96 17.10 0.22 0.28 0.02 0.18 0.19 0.06
Co2(C0)s(AS?) 16.85 16.96 0.21 028 0.03 0.19 0.19 0.07
Co02(C0O)(HC2H) 16.83 16.88 0.28 0.32 0.02 0.21 0.19 0.08
Co02(CO)e(HC2CHOH) 16.82 16.84 0.30 0.32 0.02 0.22 0.17 0.08
Co2(CO)¢(HC2Fh) 16.80 16.86 0.26 0.31 0.04 0.20 0.18 0.08
Co2(CO)g(PhCoPh) 16.73 16.86 0.27 0.31 0.01 0.21 0.19 0.06
Co2(CO)g(MeC,Me) 16.66 16.68 0.27 0.33 0.04 0.21 0.19 0.09
Fe(CO)sBr2 16.59 17.13 0.30 0.34 0.02 0.16 0.21 0.04
Fea(CO)6(SCsF35)2 16.55 17.05 0.24 0.33 0.07 0.12 0.21 0.03
Fe2(CO)6I2 16.48 16.93 0.30 0.33 0.01 0.17 0.20 0.04
Fea(CO)e(S2) 16.39 16.65 0.31 0.37 0,03 0.21 0.23 0.67
Fez(CO)Yg(Se2) 16.29 16.55 0.31 0.37 0.03 0.21 0.23 0.08
Fes(C0)6(SMe)s-syn 16.16 16.61 0.29 0.37 0.03 0.16 0.21 0.05
Fez(CO)g(SMe)r-anti 16.22 16.54 0.35 0.37 0.04 0.20 0.24 0.04
Fea(CO)g(PHMe) 16.13 16.22 0.26 0.37 0.04 0.18 0.18 0.08
Fea(CO)g(PHCY)2 16.07 16.14 0.26 0.37 0.05 0.17 0.18 0.08
Fe2(CO)g(FMez)2 15.89 16.16 0.32 ©.35 0.08 0.17 0.24 0.04

@ Me = CH3, Ph.= CgHjs, Cy = cyclo-CgHj1-
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Fig. 8. Ak = k,x —¥%gq vs- kK(CO) plot. (The point of Y = CF3C,CF3 has been added after the Symposinm,
and it is based on spectra through the courtesy of Prof. S.F.A. Kettle.)

we have plotted the differences Ak = k,, — ke Vs. the average C—O strefching
force constants, & = (kax + 2k.q)/3 (Fig. 8). In each series we can notice that
AP increases linearly as k& increases. Since % can be assumed to be a measure of the
“net donation of electrons’ from the bridging groups to the metal atoms, and
AFE should be a measure of the m-bonding effect [19] of the bridging ligands,

this trend observed for bridging hetero groups is analogous to that found for
terminal ones [19-21].

The complexes Fe,(CO)s(PMe,), and syn-Fe,(CO)s(SMe), do not follow
the general trend but have anomalously high Ak values. The X-ray study of
the former compound [22] indicated that there is a considerable interaction
between the two methyl groups oriented toward each other.

In the case of the syn-methylthio compound MO calculations [23] showed
that the two lone pairs on the sulpur atoms, oriented towards each other, may
interact. These interactions, accompanied by small distortions of the M,(CO),
skeleton, may significantly alter the single (¢ and 7) contributions, without
affecting the “net charge donation™.

The isotopic satellites of the PMePh-bridged compound defied satisfactory
agreement with calculations proving that this compound cannot be treated on
the basis of C,, symmetry. A full account of this study will be published
elsewhere.
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