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Summary

The effect of the substituents on the flap angle of the inner ring in Co,(CO)g
was investigated using EHT calculations. Ethylene, cis-butadiene and cyclopen-
tadienyl anion were considered as replacements for the terminal carbonyls. The
results show the trans isomers to be planar, unlike the cis isomers in which the
ring puckering is dependent on the nature of the substituents. It is predicted
that the interconversion of cis—trans tautomers takes place through ring open-

ing.

Introduction

The structure and reactivity of dicobalt octacarbonyl (Co,(CO)g) have been
investigated in recent years both by spectroscopic techniques and theoretical
calculations. The interest in this complex is mainly due to its use as a catalytic
precursor in the hydroformylation of olefins [1].

The crystal structure of the complex IA, determined by X-ray diffraction
[ 2], shows two bridging carbonyls; the inner ring formed with the Co atoms is
not planar, but highly puckered (8 = 127°). Moreover there is spectroscopic
evidence for “open’ isomers in solution and under hydroformylation condi-
tions [3].

In one of our recent papers [4] the structures of both the open and bridged
forms were investigated by theoretical calculations, which were used to inter-
pret the changes in the IR spectrum observed upon temperature variations.
Recently Hoffmann and Pinhas [5] made a detailed analysis of the “ring
puckering’” and metal—metal separation in a series of dibridged binuclear com-
plexes, especially Co,(CO);.

From studies of the IR spectra of dienedicarbonylcobalt dimner complexes
[6], McArdle and Manning showed that these compounds contain planar rather
than puckered inner bridges. The cis—trans tautomerism observed was found to
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be partly solvent dependent; some complexes exist in solution solely as trans or
cis isomers, and others as mixtures of the two.

The crystal structure of a sodium salt of the binuclear radical anion cyclo-
pentadienylcobaltcarbonyl dimer [Co(CO)Cp],~, determined by X-ray diffrac-
tion [7], shows that the cobalt atoms and the bridging carbonyls are coplanar
to better than 0.01 &, and the mean intermetallic distance is 2.36 A, surpris-
ingly short when compared with the corresponding distance in IA, viz. 2.52 X.
The occurrence of only one stretching mode in the spectrum of the correspond-
ing neutral complex [Co(CO)Cp], suggests a similar planar geometry for the
inner ring [ 8].

In the present paper a theoretical investigation is made of the bridged Co,-
(CO)g and its derivatives obtained by replacement of carbonyls by unsaturated
moieties. The Extended Hiickel Theory (EHT) method [9] was employed for
the calculations; this method was satisfactorily used in previous studies on
cobalt carbonyl complexes [4,5]. In particular, this simple computing tech-
nique allows optimization of the geometry of these large complexes by taking
account of the largest possible number of geometrical variables in a reasonably
limited computing time. The main purpose of the present investigation was to
probe the influence of substituents on the ring puckering of Co,(CO)s, through
direct minimization of the total energy of the example considered.

Method of calculation

According to the EHT method [9] the diagonal matrix elements H;; corre-
spond to the valence state ionization potentials, and the values adopted,
already used in a previous investigation [4], as well as the other parameters em-
ployed, are reported in Table 1. Off-diagonal elements H;; were computed from
the Wolfsberg-Helmholtz equation [10].

The total energy of each complex was optimized as a function of all the
angular parameters and of the cobalt—cobalt distance, taking account of
whether or not the removal of symmetry constraints might lead to lower
energy values. The Powell method [11], based on conjugated directions, was
employed for automatic optimization of the geometrical parameters.

Results and discussion

Co,(CO)g
Table 2 shows a list of total energies and geometrical parameters for the

TABLE 1
PARAMETERS USED IN THE EHT CALCULATIONS

e Slater exponents Hj; (eV)
(o] 1.62 (2s, 2p) —23.0 (2s5), —13.4 (2p)
o 2.28 (2s, 2p) —33.9 (25), —16.4 (2p)
H 1.30 (1s) —13.6 (1s)
Co 2.00 (3d) —17.9 (3a
1.60 (4s, 4p) —8.0 (45, 4p)

K=1280
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eclipsed bridged isomer IA, optimized by EHT and CNDQO/2 [12] methods
making use of detailed investigation on the bridged and open structures of Co,-
(CO)g in the gas phase [4]. Total energy and MO’s calculated with a different
set of CNDO parameters for its experimental geometry are available in the liter-
ature [13]. The fairly close agreement between the geometrical parameters op-
timized by EHT and the experimental values, shown in Table 2, induced us to
employ this computational technique to investigate the stability of a possible
staggered structure IB for bridged Co,(CQO);. In fact, as mentioned above, cis—
trans tautomerism of dienedicarbonylcobalt complexes has been demonstrated
by IR spectroscopy [6]. The total energy and optimized geometrical parame-
ters for the staggered isomer are also shown in Table 2. It can be seen that this
isomer is planar (6 = 180°) unlike the eclipsed form, which is predicted to be
highly puckered by EHT (6 = 130°; .., = 127°). The former is about 20 kcal
mole™! (AE = 0.87 eV) less stable, and the Co—Co distance is moderately
longer (stag.: 2.60 A; eclip.: 2.56 A; exp. (eclip.): 2.52 A). However the mean
distance is significantly shorter than the corresponding distances in the open
structures (2.87 and 2.88 A for the structures of Dy, and D5, symmetry, respec-
tively [41).

The trend of HOMO’s and LUMO’s of IA vs. the angle of puckering 8 (Walsh
diagrams) shown in Fig. 2, is almost independent of 8, the inversions of
HOMO' (b,) and HOMO" (a,) at about § = 100°, and of HOMO'V (a,) and
HOMOVY (b,) at about 8 = 160° being the only two exceptions. The Walsh dia-
gram for IB is reported in the same figure. In this case the inversion of HOMO'
(a") and HOMO" (a") occurs at about § = 120°, and that of the two LUMO’s at
6 =125°.

Comparison of our Walsh diagram for 1A with the corresponding diagram

E(eV)

-2088
I8

-2089 -
1A

-2090 -

' 1 1 1
180 155 130 105 ]

Fig. 1. Total energies vs. flap angle § and structures of eclipsed IA and staggered IB isomers of Co2(CO)g.
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Fig. 2. HOMO’s and LUMO’s energies vs. @ for IA and IB.

given by Hoffiann and Pinhas. [5] shows that the trend for each corresponding
MO is qualitatively similar, whereas the relative ordering of the MO’s does not
appear to be the same in the two diagrams. We ascribe the different ordering of
MO’s to the different set of parameters used in the two calculations. However,
it is noteworthy that both calculations satisfactorily predict the angle of
puckering of the inner ring of IA (8 = 143° inref. 5;0 = 130° inref. 4; 0., =
127° [2]).

The reason why EHT calculations correctly predict the inner ring of IA to be
puckered and suggest that of IB to be planar can be explained by the sequence
of the two first HOMO’s vs. 6 (Fig. 2). In the case of IA, HOMO' (b,) and
HOMO" (a,) favour the distortion of the ring from planarity, unlike IB, in
which the two first HOMO’s (a’, a”) exhibit an opposite trend: HOMO'’ (a’) is
destabilized as the ring puckers, while HOMQ" (¢") tends to retain a planar
structure for the complex.

As for the interconversion path between IA and IB, it can be observed that
the energies of the open structures, reported in Table 2 of ref. 4, are higher
than those of the bridged isomers. In the same paper the pathway for the inter-
conversion process from IA to the stable open isomers was also described. Both
the relative values of the energies of the different isomers and the way the
bridge opening occurs suggest that the eclipsed/staggered interconversion
occurs through the opening of the ring, so that the open structures are interme-
diates in the process.

[Co(CO);Et] , (Et = ethylene)
In order to make a systematic investigation of the effect of replacement of
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carbonyl ligands by unsaturated organic moieties on the puckering of the inner
bridges of IA and IB, a complex obtained by substitution of two carbonyls by
two ethylene fragments (as far as we know, unknown) was first studied. Of the
various disubstituted isomers considered, only the cis IIA and trans IIB tauto-
mers of highest symmetry, C,, and C,,, respectively, are discussed.

The Co—Co distance and the angular variables shown above were included in
the energy optimization process. The parameters compatible with the energy
minima are shown in Table 3. It appears that the geometries of the two isomers
are slightly different. In particular, the inner ring is planar (6 = 180°) for trans
IIB, while the ring of cis ITA is predicted to be slightly puckered (6 = 171.7°).
The former turned out to be 7—8 kcal mol™ more stable than the latter.

The remarkable change in the ring puckering in I1A (A0 = 42°) compared
with that in the unsubstituted IA is notable; in contrast, the conformation of
the ring of I1IB remained unchanged after substitution. The Co—Co distance
lengthens by about 0.1 X in both isomers.

[Co(CO),Bu], (Bu = cis-butadiene)

This complex is the simplest in a series derived from I when four terminat
carbonyls are replaced by two diene moieties. cis-Butadiene was therefore used
as the substituent and both the geometry and the relative stability of the iso-
mers IITA and IIIB investigated.

The total energies and optimized geometrical parameters are summarized in
Table 3. It appears that the cis isomer is 5—6 kcal mol~! more stable than the
trans isomer. As in the case of IIA and IIB, most of the geometrical parameters
of the two complexes are very similar. The only substantial difference lies in
the conformation of the inner ring, which is planar for trans IIIB and signifi-
cantly puckered (8 = 152°) for cis IIIA. Comparison with the unsubstituted
and disubstituted complexes shows that the ring of the trans tautomers is
planar and unaffected by the substituents. In contrast, in the case of cis tauto-



132

mers, the ring puckering is directly dependent on the nature of the substituent
and on the effect of the substituent on the ordering of the cobalt MO’s.

[Co(CO)Cpl7~ (z =2, 1, 0; Cp = cyclopentadienyl)

If the standard isolobal replacement of three carbonyls by a cyclopentadi-
enyl moiety (Cp~) is made, the title complex IV?~ is obtained with z = 2. The
electron configuration of the Co atoms is d°—d?, the same as in the unsubsti-
tuted and substituted complexes previously examined.

To our knowledge the crystal structure of IVZ~ has not been reported in the
literature, unlike that of the monoanion IV~. The neutral complex IV is also
known as a solid which is slowly converted into the unsoluble trimer
[Co(CO)Cpl; in solution [8]. Its crystal structure is unknown, but the appear-
ance of only one stretching mode in the IR spectrum indicates a coplanar
geometry for the central ring [8], as mentioned in the Introduction.

The total energy and optimized geometrical parameters for IV?~, IV~ and IV

E(eV) r
8=0°
) 20°
-1761 10°
-1762 v

-1763 |
v, 1v

—-1786

-1787

] 1 1

1
180 160 140 120 100 [}

Fig. 8. Total energies vs. 8 with different 8 values, and structures of the dianion IV2~, monoanion IV~ and
the neutral complex IV of [Co(CO)Cp]5.
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are given in Table 3. The significant puckering (¢ = 112°) of the inner ring of
IV?2- predicted by our EHT calculations is surprising, as it is known that in the
Cp,M,AB series (M = Fe, Co, Ni; A, B = CO, NO) a planar structure is pre-
ferred, as pointed out by Hoffmann and Pinhas [ 5]. However, the inner ring of
[CpNi(CO)], is puckered (¢ = 138—142° [14]).

It should be observed that the present calculations accurately predict the
planarity of the inner rings of the monoanion IV~ and the neutral complex
IV, proved by experimental evidence [7,8]. The choice of the set of starting
EHT parameters (Co ionization potentials) can, of course, be critical, but anal-
ysis of the frontier orbitals of IV, IV~ and IV?~, and in particular of the
HOMGO’s b,, a, and a, vs. 0 at different values of § (as defined in IV27) eluci-
dates the relationship between the ring puckering in the three complexes
(Fig. 4).

The HOMO' (b,) is strongly stabilized as 6 decreases, unlike HOMO" (a,) and
HOMO'’’ (a,) which are destabilized. In the case of IV?~ where HOMO' (b,) is
completely filled, a puckered ring conformation is evidently favoured, indepen-
dently of other factors. Conversely, in the case of the neutral IV, the aforemen-
tioned MO (b,) is vacated and HOMO' (a,) and HOMO" (a,) are strongly stabi-

E (eV) F _
-8l -
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-10 r T
-11}
—12 =
-13}F
-14 |
-2
v v
1 A 1 1 i 1 - 1 1 ]
180 160 140 120 100 180 160 140 120 100 @8
Fig. 4. HOMO’s and LUMO’s energies vs. § for IV2~and IV with different 8 values. 8 = 180%: -- - - - - 8=

170°: —— —;8=160": . The similar corresponding diagram for IV~ is omitted.
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lized by ring planarity. Lastly, in the case of the monoanion IV~ the presence
of only one electron in HOMOQO' (b,) reduces the contribution of this MO to the
total energy of the system, so that the monoanion should show a greater prefer-
ence for a planar inner ring than the dianion and a lower preference than the
neutral complex. This is clearly evidenced by the variations of the total energies

with 6 shown in Fig. 3.
Concluding remarks

EHT calculations of the geometries for the eclipsed and staggered form of
Co0,(CO)4 provide evidence for the stability of both isomers, correctly predict
that the former is puckered, and suggest that the latter is planar, with AE =
20.12 kcal mol™! in favour of the eclipsed isomer. When two, four and six car-
bonyls are replaced by two ethylenes, cis-butadienes, or cyclopentadiene
anions, the optimized geometries of the tautomers show that the inner ring is
planar in the trans isomer, while puckered in the cis isomer. The magnitude of
the flap angle cannot be rationalized in terms of the number of the replaced
carbonyls, but depends directly on the nature of the substituents. A compari-
son between the relative stabilities of the bridged and open isomers of Co,-
(CO); suggests that cis/trans isomerism can occur through ring opening. The
intermediates in the interconversion of cis—trans bridged tautomears can thus be
expected to be the open form for Co,(CO); and its substituted derivatives.
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