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The two cyclooctatetraene metal carbonyls that have been synthesized are the tetrahapto derivative
(n*-CgHg)Fe(CO); and the hexahapto derivative (1®-CgHg)Cr(CO)s using the reactions of cyclooctatetra-
ene with Fe(CO)s and with fac-(CH3CN)3Cr(CO)s, respectively. Related CgHgM(CO), (M =Ti, V, Cr, Mn,
Fe, Co, Ni; n=4, 3, 2, 1) species have now been investigated by density functional theory in order to
explore the scope of cyclooctatetraene metal carbonyl chemistry. In this connection, the existence of
octahapto (M8-CgHg)M(CO), species is predicted as long as the central metal M does not exceed the
18-electron configuration by receiving eight electrons from the n®-CgHg ring. Thus the lowest energy
structures (N8-CgHg)Ti(CO), (n=3, 2, 1), (n3-CgHg)M(CO), (M =V, Cr; n=2, 1), and (n8-CgHg)Mn(CO)
all have octahapto m8-CgHg rings. An exception is (n°-CgHg)Fe(CO), with a hexahapto 1°-CgHg ring and
thus only a 16-electron configuration for the iron atom. Hexahapto (1°®-CgHg)M(CO), structures are
predicted for the known (1®-CgHg)Cr(CO); as well as the unknown (18-CgHg)Ti(CO)y, (M°-CsHg)V(CO)s,
(n®-CgHg)Mn(CO),, and (M5-CgHg)Fe(CO), with 18, 18, 17, 17, and 18 electron configurations, respec-
tively, for the central metal atoms. There are two types of tetrahapto CgHgM(CO),, complexes. In the
1,2,3,4-tetrahapto (n*-CgHg)M(CO), complexes two adjacent C=C double bonds, forming a 1,3-diene unit
similar to butadiene, are bonded to the metal atom. In the 1,2,5,6-tetrahapto (n>?-CgHg)M(CO); deriva-
tives two non-adjacent C=C double bonds of the CgHg ring are bonded to the metal atom. The known
(n*-CgHg)Fe(CO)s is a 1,2,3,4-tetrahapto complex. The unknown isomeric 1,2,5,6-tetrahapto complex
(n*2-CgHg)Fe(CO)s is predicted to lie ~15 kcal/mol above (n*-CgHg)Fe(CO)s. The related 1,2,5,6-tetraha-
pto complexes (1%2-CgHg)Cr(CO),, (N>?-CgHg)Mn(CO)y, [(M?2-CsHg)Mn(CO)3]~, (n*2-CgHg)Co(CO),, and
(n*2-CgHg)Ni(CO), are all predicted to be low-energy structures.

© 2009 Published by Elsevier B.V.

1. Introduction

face value, this would seem to imply that the CgHg ring is an
octahapto ligand, as suggested by Cotton in a 1960 theoretical

The chemistry of cyclooctatetraene metal carbonyl derivatives
dates back to the first synthesis of cyclooctatetraene-iron tricar-
bonyl, CgHgFe(CO); in 1959 independently by three research
groups, namely Manuel and Stone in the USA [1,2], Rausch and
Schrauzer in the USA [3], and Nakamura and Hagihara in Japan
[4]. Thus, the simple thermal reaction of Fe(CO)s with cyclooctatet-
raene proceeds readily in good yield to give CgHgFe(CO); as an air-
stable, red sublimable solid. However, because of the non-routine
nature of X-ray crystallography at that time, the structure of
CgHgFe(CO); was initially an enigma. Thus the proton NMR spectra
of CgHgFe(CO)3; under ambient conditions exhibited only a single
sharp resonance for the eight protons of the CgHg ring. Taken at
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study [5] shortly after the discovery of CgHgFe(CO)s. However,
the iron atom in CgHgFe(CO); would then have an unfavorable
22-electron configuration by receiving eight electrons from an
18-CgHg ring and six electrons from the three carbonyl groups in
addition to the original eight electrons of the neutral iron atom.
The problem of the structure of CgHgFe(CO); was readily solved
when an X-ray structure determination in 1961 by Dickens and
Lipscomb [6] showed that only four carbon atoms of the CgHg ring
were located within bonding distance of the iron atom leaving
effectively two uncomplexed C=C double bonds (Fig. 1). Thus the
CgHg ring functioned only as a tetrahapto ligand, donating only
four electrons to the iron atom. This gives the iron a favorable
18-electron configuration, by receiving only four electrons from
the n*-CgHs ring as well as the six electrons from the three car-
bonyl groups and the original eight electrons of the neutral iron
atom. However, a new dilemma arose, namely how to reconcile
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(n*-CgHg)Fe(CO); (n®-CgHg)Cr(CO)3

Fig. 1. A comparison of the structures of the original cyclooctatetraene metal
carbonyls to show the difference between the tetrahapto ring in (n*-CgHg)Fe(CO);
and the hexahapto ring in (n°®-CgHg)Cr(CO)s.

the single CgHg proton NMR resonance in CgHgFe(CO); with the
obvious four non-equivalent pairs of hydrogen atoms in the tet-
rahapto structure (Fig. 1). This second dilemma was resolved when
the technology of taking NMR spectra at low temperatures became
available. Thus the proton NMR spectrum of (1*-CgHg)Fe(CO); at
—150 °C showed the expected non-equivalence of the four protons
on carbon atoms bonded to the iron atom and the four protons on
the carbon atoms of the two uncomplexed C=C double bonds [7,8].
The temperature dependence of the NMR spectrum of (n*-
CgHg)Fe(CO); was found to be reversible since these low tempera-
ture proton resonances of the CgHg ring coalesced into a single
peak upon warming to room temperature. The single proton
NMR peak in (n*-CgHg)Fe(CO); at ambient temperature was inter-
preted as indicating motion of the Fe(CO); moiety around the CgHg
ring faster than the time scale of the NMR measurement, i.e., a ste-
reochemical non-rigid system colloquially known as a “ring whiz-
zer” in the early days. Cotton coined the more elegant term
“fluxional” to describe such behavior [9]. Thus (*-CgHg)Fe(CO)s
is of historical interest in representing one of the first examples
of a fluxional organometallic molecule. In fact, this early research
on (N*-CgHg)Fe(CO); was a key impetus in the development of
the concept of fluxionality. Also (n*-CgHg)Fe(CO); is one of the first
examples of a metal complex of an unsaturated hydrocarbon in
which the unsaturated network of the hydrocarbon is only par-
tially bonded to the metal atom. This was a key structure to moti-
vate Cotton to develop the “hapto” nomenclature for olefin-metal
complexes to indicate how much of the unsaturated system is
actually directly bonded to the metal atom [10].

The other example of an isolable CgHgM(CO), derivative of a first
row transition metal is the chromium derivative (1°-CgHg)Cr(CO)s.
The synthesis of (n®-CgHg)Cr(CO); is more difficult than that of (n*-
CgHg)Fe(CO)s; since it does not arise from the simple thermal reac-
tion of Cr(CO)s with cyclooctatetraene. Instead it is necessary to
convert Cr(CO)g to a fac-L;Cr(CO); derivative with weakly bonded
Lligands, e.g.L = NH;[11] or CH5CN [12], so the reaction with cyclo-
octatetraene can occur under much milder conditions than would
be possible with Cr(CO)s. Furthermore, (15-CgHg)Cr(CO); is more
air-sensitive and reactive than (n*-CgHg)Fe(CO)s.

The two compounds (N*-CgHg)Fe(CO); and (Nn®-CgHg)Cr(CO)3
discovered more than 40 years ago still remain the only examples
of mononuclear cyclooctatetraene first row transition metal com-
plexes that have been isolated. Other possibilities that might have
been anticipated from the 18-elecron rule such as (nS—CgHg)Ti
(CO)s, (N°-CsHs)Ti(CO)4, (N*-CsHs)Cr(CO)4, (N>-CsHg)Ni(CO)s, and
(n4—C8H8)Ni(CO)2 remain unknown experimentally. In order to
evaluate the possibilities in this area we have performed a compre-
hensive theoretical study of the first row transition metal
CgHgM(CO),, derivatives (M =Ti, V, Cr, Mn, Fe, Co, Ni; n=4, 3, 2,
1) using density functional theory methods. This paper reports
our results in this area.

2. Theoretical methods

Electron correlation effects were included by employing density
functional theory (DFT) methods, which have evolved as a practical
and effective computational tool, especially for organometallic
compounds [13-27]. Two DFT methods were used in this study.
The first functional is the hybrid B3LYP method, which incorpo-
rates Becke’s three-parameter exchange functional (B3) with the
Lee, Yang, and Parr (LYP) correlation functional [28,29]. The second
approach is the BP86 method, which marries Becke’s 1988 ex-
change functional (B) with Perdew’s 1986 correlation functional
[30,31]. It has been noted that the BP86 method may be somewhat
more reliable than the B3LYP method for the types of organometal-
lic systems considered in this paper [32-34].

For carbon and oxygen, the double-{ plus polarization (DZP) ba-
sis set used here (9s5p/4s2p) adds one set of pure spherical har-
monic d functions with orbital exponents o4(C)=0.75 and
aq(0) = 0.85 to the Huzinaga-Dunning standard contracted DZ sets
[35,36]. For the first row transition metals Ti to Ni in our loosely
contracted DZP basis set, the Wachters’ primitive set is used, but
augmented by two sets of p functions and one set of d functions
and contracted following Hood et al., and designated (14s11p6d/
10s8p3d) [37,38].

The geometries of all of the structures were fully optimized
using both the DZP B3LYP and DZP BP86 methods. The harmonic
vibrational frequencies were determined at the same levels by
evaluating analytically the second derivatives of the energy with
respect to the nuclear coordinates. The corresponding infrared
intensities were evaluated analytically as well. All of the computa-
tions were carried out with the caussian 94 program [39] in which
the fine grid (75,302) is the default for evaluating integrals numer-
ically, and the tight (1078 hartree) designation is the default for the
energy convergence. All of the computations were performed with-
out symmetry constraints.

Low magnitude imaginary vibrational frequencies are suspect
because of significant limitations in the numerical integration pro-
cedures used in standard DFT computations. Thus imaginary vibra-
tional frequencies with magnitudes less than 50icm™! are
considered questionable, and thus were not always pursued in
the optimizations [40-42].

The geometries of the complexes (CgHg)M(CO), (n=4, 3, 2, 1)
(M=Ti, V, Cr, Mn, and Fe) and (CgHg)M(CO), (n=3, 2, 1) (M = Co,
and Ni) were optimized. The stationary point geometries are shown
in Figs. 1-7, with all C-C bond distances given in angstroms. The sta-
tionary points are designated as Mn-m where M is the atomic sym-
bol of the central metal atom, n is the number of carbonyl groups,
and m orders the structures by relative energies when two isomeric
structures were found. In the tables AEg;ss for CsHgM(CO), indicates
the energy required to lose a carbonyl group from CgHgM(CO), to
give the lowest energy CsHgM(CO),_; derivative.

3. Results
3.1. Titanium complexes

For (CgHg)Ti(CO),, three stationary points with n%, n®, and n?®
coordination of CgHg ring have been optimized (Fig. 2 and Table 1).
The global minimum is the hexahapto complex (1°-CgHg)Ti(CO)4
(Ti4-1) with a 18-electron titanium configuration. The octahapto
structure (N3-CgHg)Ti(CO), (Ti4-2), lies 0.9 kcal/mol (B3LYP) or
2.1 kcal/mol (BP86) above Ti4-1. The 1,2,5,6-tetrahapto structure
(N?2-CgHg)Ti(CO), (Ti4-3) lies at significantly higher energies,
namely 14.3 kcal/mol (B3LYP) or 17.2 kcal/mol (BP86) above
Ti4-1. The titanium atom in structure Ti4-3 is approximately
octahedral being coordinated to the four carbonyl groups and
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Fig. 2. The optimized (CgHg)Ti(CO),4 structures. In Figs. 2-13 the upper distances were obtained by the B3LYP method and the lower distances by the BP86 method.
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Fig. 3. The optimized structures for (CgHg)Ti(CO), (n=3, 2, 1).
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Fig. 4. Optimized structures of CgHgV(CO)s.

two opposite C=C double bonds of the CgHg ring. This gives the
central titanium atom only a 16-electron configuration, which
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the driving forces of this reaction is the conversion of a hexahapto
Fig. 5. The optimized structures for (CsHg)V(CO), (n=3, 2, 1). 1%-CgHg ring with one uncomplexed C=C double bond to a fully
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bonded octahapto 18-CgHg ring. Further dissociation of CO groups
from (n8-CgHs)Ti(CO); (Ti3) is predicted to require energies
>20 kcal/mol indicating that (n8-CgHg)Ti(CO); is reasonably stable
towards carbonyl loss. Despite this predicted stability of (n3-CgHg)
Ti(CO)3, it has not yet been reported in the literature.
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3.2. Vanadium complexes

The CgHgV(CO), structures analogous to the (CgHg)Ti(CO),
structures discussed above were used as starting points for optimi-
zation with the B3LYP and BP86 methods. Three optimized
(CgHg)V(CO), structures were found. The structures (n°-CgHg)
V(CO)4 (V4-1) and (1%>?-CgHg)V(CO)4 (V4-2) have real vibrational
frequencies confirming that they are genuine minima on the en-
ergy surface (Fig. 4 and Table 3). The pentahapto structure (1°-
CgHg)V(CO),4 (V4-1) is the global minimum. The 1,2,5,6-tetrahapto
structure (n%*2-CgHg)V(CO), (V4-2) lies only 0.2 kcal/mol (B3LYP)
or 5.8 kcal/mol (BP86) in energy above the V4-1 global minimum,
suggesting a highly fluxional system. The octahapto structure (8-
CgHg)V(CO), is a transition state with a large imaginary vibrational
frequency of 217i cm™~! (B3LYP) or 223i cm~! (BP86). Following the
corresponding normal mode leads to the global minimum (m°-
CgHg)V(CO)4 (V4-1).

The loss of one CO group from (1°-CgHg)V(CO), (V4-1) gives the
hexahapto structure (n°-CgHg)V(CO); (V3) with a 17-electron
vanadium configuration (Fig. 5 and Table 4). The predicted energy
for this CO dissociation process is 9.6 kcal/mol (B3LYP) or
17.5 kcal/mol (BP86). This CO dissociation energy AEgyss from
(N>-CgHg)V(CO), is thus significantly higher than the CO dissocia-
tion from (CgHg)Ti(CO), discussed above. Further dissociation of a
CO group from (n°®-CgHg)V(CO); to give (n3-CgHg)V(CO), requires
an energy of 20.1 kcal/mol (B3LYP) or 26.4 kcal/mol (BP86). The
next CO dissociation process, namely the dissociation of (13-
CgHg)V(CO), to (n3-CsHs)V(CO) + CO, requires a slightly higher en-
ergy of 30.0 kcal/mol (B3LYP) or 38.8 kcal/mol (BP86).

3.3. Chromium complexes

A stable 1,2,5,6-tetrahapto structure (12?-CgHg)Cr(CO), (Crd)
was found as a genuine minimum without any imaginary vibra-
tional frequencies (Fig. 6 and Table 5). In this structure the 1??-
CgHg ligand may be regarded as a chelating diolefin so that the
chromium atom in Cr4 is approximately octahedral with the fa-
vored 18-electron configuration as in the unsubstituted Cr(CO)e.
A similar chelating diolefin ligand is found in the related 1,5-cyclo-
octadiene complex (1?2-CgH;,)Cr(CO)4 [43]. The octahapto struc-
ture (N3-CgHg)Cr(CO), is a transition state with a large imaginary
vibrational frequency not shown here. In this respect, chromium
is analogous to vanadium.

Successive loss of carbonyl groups from (122-CgHg)Cr(CO), (Cr4)
gives first the hexahapto structure (n°-CgHg)Cr(CO); (Cr3) and
then the octahapto structure (n8-CgHg)Cr(CO), (Cr2), retaining the
favored 18-electron configuration by complexing a new C=C double
bond from the CgHg ring to compensate for each carbonyl loss (Fig. 6
and Table 5). The predicted energies required for this CO loss are
16.2 kcal/mol (B3LYP) or 18.7 kcal/mol (BP86) for the conversion
of (N%?-CgHg)Cr(CO)4 (Crd) to (N°®-CgHg)Cr(CO)s (Cr3) and then
the much larger energy of 34.6 kcal/mol (B3LYP) or 39.8 kcal/mol
(BP86) for the conversion of (n°-CgHg)Cr(CO)s (Cr3) to (N3-CgHs)
Cr(CO), (Cr2). The further dissociation of CO from (13-CgHg)Cr(CO),
(Cr2) to give the 16-electron complex (m3-CgHg)Cr(CO) (Crl)

Table 1
Bond distances (in A), HOMO-LUMO energy gaps (Egap in eV), total energies (E in hartree), and relative energies (AE in kcal/mol) for the (CgHg)Ti(CO)y structures.
Ti4-1 (C) Ti4-2 (C4y) Ti4-3(C,)
B3LYP BP86 B3LYP BP86 B3LYP BP86
Ti-CgHg (ave.) 2.694 2.693 2.603 2.602 2.830 2.793
Egap 1.94 0.78 2.12 0.92 2.00 0.75
—Energy 1612.56007 1612.70445 1612.55860 1612.70118 1612.53721 1612.67699
AE 0.0 0.0 0.9 2.1 14.3 17.2
Imaginary frequencies None None None None None 34i
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Table 2
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Bond distances (in A), HOMO-LUMO energy gaps (Egap in eV), total energies (E in hartree), dissociation energies (AEq;ss in kcal/mol) for the (CgHg)Ti(CO), (n =3, 2, 1) structures.

(M®-CsHs)Ti(CO)s

(n®-CgHg)Ti(CO), (n®-CgHg)Ti(CO)

Ti3 () Ti2 (G) Ti1 (G)
B3LYP BP86 B3LYP BP86 B3LYP
Ti-CgHg (ave.) 2.445 2437 2.351 2.322 2.342
Egap 2.30 0.95 1.89 0.51 1.79
—Energy 1499.23416 1499.37080 1385.86877 1385.99905 1272.49489
AEqiss 23.1 279 28.4 - -
Imaginary frequencies None None None None None

Table 3
Bond distances (in A), HOMO-LUMO energy gaps (Egap in eV), total energies (E in hartree), and relative energies (AE in kcal/mol) for the (CsHs)V(CO),4 structures.
V4-1 (Cy) V4-2 (Gy)
B3LYP BP86 B3LYP BP86
V-CgHg (ave.) 2.81 2.76 2.84 2.84
Egap 3.23 2.00 4.10 2.72
—Energy 1707.10548 1707.28491 1707.10516 1707.27572
AE 0.0 0.0 0.2 5.8
Imaginary frequencies None None None None
(s% 0.78 0.76 0.76 0.75
Table 4
Bond distances (in A), HOMO-LUMO energy gaps (Egap in eV), total energies (E in hartree), dissociation energies (AEg;ss in kcal/mol) for the (CgHg)V(CO), (n = 3-1) structures.
(CgHg)V(CO)3 (CgHg)V(CO), (CgHg)V(CO)
V3 (G) V2 (Gy) V1 (G)
B3LYP BP86 B3LYP BP86 B3LYP BP86
V-CgHg (ave.) 2.518 2.492 2.363 2.357 2.281 2.269
Egap 3.58 2.10 3.08 1.47 3.26 1.08
—Energy 1593.76155 1593.92982 1480.40080 1480.56051 1367.02438 1367.17151
AEqiss 20.1 26.4 30.0 38.8 - -
Imaginary frequencies None None None None 12i 10i
(8% 0.77 0.75 0.79 0.76 0.78 0.82
Table 5
Bond distances (in A), HOMO-LUMO energy gaps (Egap in eV), total energies (E in hartree), dissociation energies (AEq;ss in kcal/mol) for the (CgHg)Cr(CO), (n = 4, 3, 2,1) structures.
(CgHg)Cr(CO)4 (CgHg)Cr(CO)3 (CsHg)Cr(CO), (CgHg)Cr(CO)
Cr4 (Cyy) Cr3 (C) Cr2 (Gy) Crl (Cay)
Cr-CgHg (ave.) B3LYP 2.812 2.518 2.317 2.212
BP86 2.759 2.493 2311 2.195
Egap B3LYP 4.14 3.49 3.15 3.63
BP86 2.66 2.02 1.41 1.28
-E B3LYP 1807.59246 1694.23802 1580.85420 1467.47312
BP86 1807.79619 1694.43908 1581.04842 1467.65107
AEqiss B3LYP 16.2 34.6 329 -
BP86 18.7 39.8 44.0 -
Imaginary frequency None None None None
Table 6

requires almost the same energy of 32.9 kcal/mol (B3LYP) or
44.0 kcal/mol (BP86).

The hexahapto complex (15-CgHg)Cr(CO); (Cr3) has been syn-
thesized [11,12] butits crystal structure, as determined by X-ray dif-
fraction, is not reported in the literature. The BP86 method predicts
¥(CO) frequencies of 1980, 1934, and 1911 cm™!, which are very
close to the experimental values of 1996, 1940, and 1912 cm™'
determined experimentally in cyclohexane solution [11].

3.4. Manganese complexes
Optimization of the 1,2,5,6-tetrahapto complex (N?2-CgHs)

Mn(CO), (Mn4-2 in Fig. 7 and Table 6) leads to a large imaginary
vibrational frequency of 100i cm~! (B3LYP) or 117icm™~' (BPS6).

Bond distances (in A), HOMO-LUMO energy gaps (Egap in eV), total energies (E in
hartree), and relative energies (AE in kcal/mol) for the (CgHg)Mn(CO), structures.

Mn4-1 (C) Mn4-2 (Cy,)

B3LYP BP86 B3LYP BP86
Mn-CgHg (ave.) 3.29 3.22 3.29 3.13
Egap 3.36 1.65 2.93 1.07
—Energy 1914.09738 191431813 1914.09138 1914.31024
AE 0.0 0.0 3.8 5.0
Imaginary None None 100i 117i

frequencies

(S?) 0.78 0.76 0.77 0.76

Following the corresponding normal mode leads to rupture of
one of the olefin-manganese bonds to give the dihapto derivative
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(n°-CsHs)Mn(CO)s
Mn3-1(Cy)

(n*-CsHg)Mn (CO)s
Mn3-2 (C)

[(n*?- CcHe)Mn(CO)2]”
Mn3~(C;)

(n*?- CeHe)MN(CO)s
Mn3-3 (C;)

Fig. 8. Optimized structures of [CsHgMn(CO)s]* (z=0, —1).

(n2-CgHg)Mn(CO), (Mn4-1) as the real global minimum with an
energy 3.8 kcal/mol (B3LYP) or 5.0 kcal/mol (BP86) below the sta-
tionary point (n?2?-CgHg)Mn(CO), (Mn4-2). The manganese atom
in (n2-CgHg)Mn(CO), has a 17-electron configuration.

Loss of a carbonyl group from (1n2-CgHg)Mn(CO), (Mn4-1 in
Fig. 7) gives the pentahapto structure (n>-CgHg)Mn(CO); (Mn3-1)
structure with a local 18-electron environment for the manganese
atom (Fig. 8) similar to the very stable [44-46] (1°>-CsHs)Mn(CO)3
but with an unpaired electron on the uncomplexed carbon atoms.
This CO loss from Mn4-1 requires only the very small energy of
4.8 kcal/mol (B3LYP) or 3.9 kcal/mol (BP86) suggesting (1?-CgHg)
Mn(CO), to be unstable towards carbonyl loss. This is not surpris-
ing since in the dihapto complex (n?-CgHg)Mn(CO), (Mn4-1) there
are three uncomplexed C=C double bonds in the CgHg ring avail-
able for intramolecular displacement of a carbonyl group.

The (CgHg)Mn(CO); structures analogous to the (CgHg)Fe(CO);
structures were also used as starting points for optimization

Table 7
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(n®-CgHg)Mn(CO),
Mn-2 (Cy)

(n®-CgHg)Mn(CO)
Mn-1 (CZV)

Fig. 9. Optimized structures for (CgHg)Mn(CO), (n=2, 1).

with the B3LYP and BP86 methods. Both (n4—C8H8)Mn(CO)3 and
(N?*2-CgHg)Mn(CO); optimized structures were found. The
structures (N*-CgHg)Mn(CO); (Mn3-2) and (n22-CgHg)Mn(CO)3
(Mn3-3) with the 17-electron configuration have real vibrational
frequencies confirming that they are genuine minima on the
energy surface (Fig. 8 and Table 7). The tetrahapto structure
(n*-CgHg)Mn(CO); (Mn3-2) and the 1,2,5,6-tetrahapto structure
(n?2-CgHg)Mn(CO); (Mn3-3) lie 7.3 and 12.3 kcal/mol (B3LYP) or
8.5 and 14.5 kcal/mol (BP86) in energy, respectively, above the
Mn3-1 global minimum.

The anion [CgHgMn(CO)s]~ isoelectronic with the known
(n*-CgHg)Fe(CO); was also investigated (Fig. 8). A 1,2,5,6-tetraha-
pto structure [(n%*?-CgHg)Mn(CO)3]~ was found, which has the fa-
vored 18-electron configuration. This contrasts with the known [6]
1,2,3,4-tetrahapto structure for (n*-CgHg)Fe(CO)s;,

Further loss of a carbonyl group from (1°-CgHg)Mn(CO); (Mn3-
1 in Fig. 8) requires a significantly higher energy of 31.0 kcal/mol
(B3LYP) or 38.8 kcal/mol (BP86) and leads to a hexahapto complex
(n%-CgHg)Mn(CO), (Mn2 in Fig. 9) with a 17-electron manganese
configuration. The next CO dissociation process, namely that of
the hexahapto complex (1®-CgHg)Mn(CO), (Mn2) to the octahapto
complex (1n3-CgHg)Mn(CO) (Mn1 in Fig. 9 and Table 8), requires the
much higher energy of 42.9 kcal/mol (B3LYP) or 52.4kcal/
mol (BP86). The conversion of a hexahapto n°-CgHg ligand in
Mn2 into an octahapto n®-CgHg ligand in Mn1 balances the car-
bonyl loss so that the 17-electron manganese configuration is re-
tained in Mn1.

3.5. Iron complexes

A dihapto (1?-CgHg)Fe(CO), structure (Fe4 in Fig. 10 and Table
9) is found without any imaginary vibrational frequencies analo-
gous to the (n?-CgHg)Mn(CO), structure Mnd4 (Fig. 8). This structure
is analogous to known (n2-olefin)Fe(CO), derivatives [47,48] and

Bond distances (in A), HOMO-LUMO energy gaps (Egap in eV), total energies (E in hartree), and dissociation energies (AEq;ss in kcal/mol) for the (CsHg)Mn(CO), (n=3-1)

structures.

Mn3-1 (C;) Mn3-2 (C) Mn3-3 (C) Mn3~

B3LYP BP86 B3LYP B3LYP B3LYP BP86 B3LYP BP86
Mn-CgHg (ave.) 2.706 2.696 2.899 2.908 2.676 2.640 2.248 2.229
Egap 4.02 2.47 3.43 2.09 3.45 2.08 3.82 2.53
—-E 1800.76114 1800.98467 1800.74945 1800.97114 1800.74151 1800.96163 1573.98586 1574.18494
AE 0.0 0.0 7.3 85 123 14.5 - -
AEgiss 31.0 38.8 23.7 30.3 18.7 24.3 - -
Imaginary frequency None None None 10i None None None None
(s% 0.78 0.76 0.77 0.76 0.76 0.75 0.86 0.79




H. Wang et al./Journal of Organometallic Chemistry 695 (2010) 215-225 221

Table 8

Bond distances (in A), HOMO-LUMO energy gaps (Egap in eV), total energies (E in
hartree), dissociation energies (AEg;ss in kcal/mol) for the (CgHg)Mn(CO), (n=2 and 1)
structures.

(CsHg)Mn(CO), (CsHg)Mn(CO)

Mn2 (G) Mn1 (C,,)

B3LYP BP86 B3LYP BP86
Mn-CgHg (ave.) 2.386 2.367 2.248 2.229
Egap 3.79 2.07 2.82 0.74
—-E 1687.38294 1687.59567 1573.98586 1574.18494
AEqiss 429 52.4 - -
Imaginary None None None None

frequency

(s% 0.84 0.77 0.86 0.79

has the favored 18-electron configuration. Two energetically
low-lying structures were found for (CgHg)Fe(CO)s (Fig. 10 and
Table 9). The global minimum is the 1,2,3,4-tetrahapto structure
(n*-CgHg)Fe(CO); Fe3-1 found experimentally by X-ray crystallog-
raphy [6]. The other structure is the 1,2,5,6-tetrahapto structure
(n?2-CgHg)Fe(CO)s, which lies 14.0 kcal/mol (B3LYP) or 15.5 kcal/
mol (BP86) above the global minimum Fe3-1. Both CgHgFe(CO)3
structures are the genuine minima without the imaginary vibra-
tional frequencies. The CO dissociation energy for the conversion
of (Mm?-CgHg)Fe(CO), (Fe4) into (N*-CgHg)Fe(CO); (Fe3-1) is rather
low at 8.4 kcal/mol (B3LYP) or 8.8 kcal/mol (BP86) consistent with
the experimentally observed direct formation of (1*-CgHg)Fe(CO);
from cyclooctatetraene and iron carbonyls without the observation
of any (12-CgHg)Fe(CO), intermediate.

The predicted structure for (1*-CgHg)Fe(CO); (Fe3-1) is close to
that found experimentally by X-ray diffraction [6]. Thus the bond-

1486(,2
o 383
ez ;781
1428 O 8 FrasrTy
T 1486
1151
1154 1gie | 1837
1169 1801 1819 /4199
= Fe F— —90)
Ot C ¥
i 1.802
) 1e02)l-79%
V179 g
J1.159
1150
1172 N7z

(n?-CgHg)Fe(CO),
Fed (Cy)

1383 4438 1402

(n*-CgHg)Fe(CO),
Fe3-1 (Cy)

ing Fe-C distances to the “inner” and “outer” carbons of the
1,2,3,4-n*-CgHg unit in Fe3-1 are predicted to be 2.11 A (B3LYP)
or 2.07 A (BP86) and 2.32 A (B3LYP) or 2.25 A (BP86) as compared
with experimental values of 2.05 A and 2.18 A, respectively, deter-
mined by the original X-ray diffraction study reported in 1961 [6].
No subsequent X-ray crystal structure determinations on
(n*-CgHg)Fe(CO); have been reported using more modern meth-
ods. The predicted v(CO) frequencies (BP86) for (n*-CgHg)Fe(CO);
are 2016, 1967, and 1956 cm™! as compared with experimental
values of 2047, 1992, and 1978 cm~! in CS, solution [2].

A hexahapto structure (1%-CgHg)Fe(CO), (Fe2-1 in Fig. 11) with
the favored 18-electron configuration is predicted to be the global
minimum for CgHgFe(CO),. A higher energy 1,2,5,6-tetrahapto
structure (n?2?-CgHg)Fe(CO), lies 18.4kcal/mol (B3LYP) or
17.5 kcal/mol (BP86) above this global minimum. The dissociation
energy AEq;s for loss of a carbonyl group from (1*-CgHg)Fe(CO)s
(Fe3-1) to give (N°%-CgHg)Fe(CO), (Fe2-1) is relatively high at
38.3 kcal/mol (B3LYP) or 41.7 kcal/mol (BP86). Further carbonyl
loss from (1%-CgHg)Fe(CO), (Fe2-1) also requires a rather high en-
ergy of 35.1 kcal/mol (B3LYP) or 42.7 kcal/mol (BP86) and gives a
hexahapto complex (n°-CgHg)Fe(CO) (Fe1) with a 16-electron con-
figuration for the iron atom.

3.6. Cobalt complexes

A trihapto structure Co3 (Fig. 12 and Table 10) is found for
CgHgCo(CO)s in which the environment of the cobalt atom is very
similar to the well-known trihaptoallyl derivative [49,50] (13-
C3Hs5)Co(CO)s. However, this leaves an unpaired electron on the
uncomplexed carbon atoms of the CgHg ring.

1.367 -

(m%2-CgHg)Fe(CO);
Fe3-2 (Cy)

Fig. 10. Optimized structures of CgHgFe(CO), (n =4, 3).

Table 9

Bond distances (in A), HOMO-LUMO energy gaps (Egap in eV), total energies (E in hartree), relative energies (AE in kcal/mol), dissociation energies (AEg;ss in kcal/mol) for the

(CgHg)Fe(CO), (n=4, 3, 2, 1) structures.

Fe4 (C) Fe3-1 (C) Fe3-2 (C,) Fe2-1 (C;) Fe2-2 () Fel (Cy)

Fe-CgHg (ave.) B3LYP 3.642 2.841 2.629 2.359 2.519 2274

BP86 3.619 2.862 2.598 2.352 2.503 2.265
Egap B3LYP 4.08 3.45 4.42 3.86 2.70 3.48

BP86 2.36 2.06 2.80 2.28 1.51 1.49
—-E B3LYP 2026.83824 1913.49619 1913.47381 1800.10656 1800.07721 1686.72205

BP86 2027.08467 1913.74339 1913.71875 1800.34971 1800.32177 1686.95444
AE B3LYP 0.0 0.0 14.0 0.0 18.4 0.0

BP86 0.0 0.0 155 0.0 17.5 0.0
AEqiss B3LYP 8.4 383 42.6 35.1 16.6 -

BP86 8.8 41.7 43.8 42.7 25.2 -
Imaginary frequency None None None None None None
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9
(cf 78131 51472
o 11511.755 1.746 1.161
1.179 1.180

(n®-CsHg)Fe(CO), (n*%-CsHg)Fe(CO), (n5-CgHg)Fe(CO)
Fe2-1(Cs) Fe2-2 (Cy) Fel (Cy)

Fig. 11. Optimized structures of CgHgFe(CO), (n=2, 1).

(n*-CsHg)Co(CO)a
Co3 (Cy)

(M**-CgHg)Co(CO).  (n*-CgHs)Co(CO).  [(M*-CsHg)Co(CO)2I
Co2-1(Cy) Co2-2 (Cy) Co2”

(n%2-CHs)Co(CO) (n°-CaHs)Co(CO)
Co1-1(Cy) Co1-2 (Cu)

Fig. 12. Optimized structures of CgHgCo(CO), (n=3, 2, 1).

Two tetrahapto structures were found for CgHgCo(CO),. The can be considered to be tetrahedrally coordinated to the two
1,2,5,6-tetrahapto derivative (n>?-CgHg)Co(CO), (Co2-1 in Fig. 12 CgHg double bonds and the two carbonyl groups and has a 17-elec-
and Table 10) is the global minimum. The cobalt atom in Co2-1 tron configuration. The 1,2,3,4-tetrahapto derivative (1*-CgHg)Co
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Table 10

Bond distances (in A), HOMO-LUMO energy gaps (Egap in eV), total energies (E in hartree), relative energies (AE in kcal/mol), dissociation energies (AEg;ss in kcal/mol) for the

(CgHg)Co(CO), (n =3, 2, 1) structures.

Co3 (Cy) Co2-1 (C) Co2-2 (Gy) Co2™ Col-1(Gy) Co1-2 (C4y)
Co-CgHs (ave.) B3LYP 3.073 2.644 2.793 2.908 2.541 2.376
BP86 3.360 2.532 2.798 2916 2.477 2314
Egap B3LYP 2.65 4.76 2.56 3.10 4.24 1.91
BP86 1.14 3.14 1.51 1.87 225 0.28
-E B3LYP 2032.53759 1919.18405 1919.17818 1919.24636 1805.80079 1805.77953
BP86 2032.79439 1919.41810 1919.42248 1919.49894 1806.02541 1806.00816
AE B3LYP 0.0 0.0 3.7 - 0.0 133
BP86 0.0 0.0 2.8 - 0.0 10.8
AEqiss B3LYP 15.6 343 43.9
BP86 30.8 41.1 54.6
Imaginary frequencies None None None None None None
) B3LYP 0.86 0.80 0.85 0.00 0.85 1.18
BP86 0.77 0.76 0.76 0.00 0.78 0.77

(CO), (Co02-2) lies 3.7 kcal/mol (B3LYP) or 2.8 kcal/mol (BP86)
above this global minimum. Thus the relative energy order of the
1,2,5,6-tetrahapto and 1,2,3,4-tetrahapto structures for CgHgCo(-
CO), is the opposite of that for CgHgFe(CO)s discussed above. The
carbonyl dissociation energy AEgss for the conversion of (m°-
CgHsg)Co(CO); (€Co3) to (M*2-CgHg)Co(CO), (Co2-1) is rather high
at 15.6 kcal/mol (B3LYP) or 30.8 kcal/mol (BP86).

Since the cobalt atoms in the tetrahapto derivatives (m
CgHs)Co(CO), (Co2-1 in Fig. 12) and (n*-CgHg)Co(CO), (Co2-2)
have only 17-electron configurations, the [(CgHg)Co(CO),]~ anion
was also investigated hoping to obtain a tetrahapto derivative with
an 18-electron configuration. However, the optimized structure of
the anion, namely [(n3-CgHg)Co(CO),]~ (Co2~) is predicted to
have a trihapto n3-CgHg ligand similar to that in the tricarbonyl
(n3-CgHg)Co(CO); (Co3 in Fig. 12) and thus a 17-electron cobalt
configuration. The coordination of the cobalt is approximately
square planar to the two carbonyl groups and the midpoints of
the C-C bonds in the trihapto allyl portion of the 13-CgHg ring.

Two structures for the monocarbonyl CgHgCo(CO) were opti-
mized. The lowest energy structure (n>?-CgHg)Co(CO) (Co1-1 in
Fig. 12) has a 1,2,5,6-tetrahapto ring similar to that in (n*?-
CgHg)Co(CO), (Co2-1). The carbonyl dissociation energy AEgiss of
Co2-1 to give Co1-1 is rather high at 34.3 kcal/mol (B3LYP) or
41.1 kcal/mol (BP86) (Table 10). The higher energy structure of
the monocarbonyl, namely (13-CgHg)Co(CO) (Co1-2) at 13.3 kcal/
mol (B3LYP) or 10.8 kcal/mol (BP86), has an octahapto n3-CgHg
ring and thus a 20-electron configuration for the central cobalt
atom.

22_

3.7. Nickel complexes

The dihapto structure (n2-CgHg)Ni(CO); (Ni3 in Fig. 13 and Ta-
ble 11) is predicted for the tricarbonyl. The nickel has the favored
18-electron configuration and tetrahedral coordination similar to
the well-known [51,52] Ni(CO),. Loss of a carbonyl group from
Ni3 requires 13.7 kcal/mol (B3LYP) or 15.9 kcal/mol to give the
1,2,5,6-tetrahapto derivative (n22-CgHg)Ni(CO), (Ni2-1 in Fig. 13
and Table 11). A higher energy 1,2,34-tetrahapto (n*-CgHg)
Ni(CO), structure Ni2-2 is also predicted at 9.5 kcal/mol (B3LYP)
or 8.9 kcal/mol (BP86) above the Ni2-1 global minimum. Both tet-
rahapto CgHgNi(CO), derivatives Ni2-1 and Ni2-2 have the favored
18-electron nickel configuration. Further dissociation of a carbonyl
group from (1?2-CgHg)Ni(CO), (Ni2-1 in Fig. 13) requires 30.8 kcal/
mol (B3LYP) or 35.5 kcal/mol (BP86) to give (1>?-CgHg)Ni(CO)
(Ni1) with retention of the 1,2,5,6-tetrahapto CgHg ligand. The
nickel atom in Nil has a 16-electron configuration similar to that
in a number of tricoordinate Ni(0) complexes.

Ni3 (Cy)

(n*2-CgHg)Ni(CO)
Ni2-1 (Cy)

(n*-CsHg)Ni(CO)2
Ni2-2 (Cy)

(n?*-C5Hg)NI(CO)
Nit1 (C)

Fig. 13. Optimized structures of CgHgNi(CO), (n=3, 2, 1).

4. Discussion

Metal tricarbonyl complexes of cyclic hydrocarbons of the type
(n"-C,H,)M(CO); with the favored 18-electron configurations are
known to be stable for all ring sizes from three to seven as exem-
plified by (n3-Ph3C3)Co(CO); [53], (N*-C4H4)Fe(CO); [54,55], (1°-
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Table 11

Bond distances (in A), HOMO-LUMO energy gaps (Egap in eV), total energies (E in hartree), relative energies (AE in kcal/mol), dissociation energies (AEg;ss in kcal/mol) for the

(CgHg)Ni(CO), (n =3-1) structures.

Ni3 (C;) Ni2-1 (C) Ni2-2 (¢y) Nil (C)
Ni-CgHg (ave.) B3LYP BP86 B3LYP BP86 B3LYP BP86 B3LYP BP86

3.360 3.268 2919 2.566 2.839 2.820 2.509 2.448
Egap 3.76 2.24 4.21 2.52 1.21 3.80 2.28
—E 2158.09863 2158.34837 2044.74816 2044.99572 2044.73297 2044.98158 1931.37037 1931.61184
AE 0.0 0.0 0.0 9.5 8.9 0.0 0.0
AEqiss 13.7 15.9 30.8 21.3 26.7 - -
Imaginary frequency None None None None None None None None

C5H5)MH(CO)3 [44—46], (nG—CGHG)Cr(CO)g [56,57], and (n7—C7H7)
V(CO); [58]. The next member of this series is (M3-CgHg)Ti(CO);
(see Ti3 in Fig. 3), which has not yet been synthesized. We predict
this to be a stable compound with a reasonably high CO dissocia-
tion energy (AEgiss) of 25+ 3 kcal/mol. Furthermore, loss of a
carbonyl group from the tetracarbonyl (n°-CgHg)Ti(CO), to give
(n8-CgHg)Ti(CO)s is predicted to be essentially thermoneutral
within ~4 kcal/mol. The reason why (18-CgHg)Ti(CO); has not yet
been synthesized may relate to the lack of a suitable neutral tita-
nium carbonyl derivative to react with cyclooctatetraene analo-
gous to the methods used to synthesize the known compounds
[1-4,11,12] (n%-CgHg)Cr(CO); and (n*-CgHg)Fe(CO);. Reactions
such as that between the known [59] Ti(CO)s?~ and cyclooctatetra-
ene in the presence of a mild oxidizing agent such as Ag*, Hg?*, etc.,
might provide a route to (n3-CgHg)Ti(CO)s.

This study predicts the existence of octahapto (18-CgHg)M(CO),
derivatives as long as the central metal M does not exceed the fa-
vored 18-electron configurations by receiving eight electrons from
the n8-CgHs ring. Thus the lowest energy structures for (n3-CgHg)
Ti(CO), (n =3, 2, 1), (n®-CgHg)M(CO), (M =V, Cr; n=2, 1), and (13-
CgHg)Mn(CO) all have octahapto N®-CgHg rings. An exception is
(n®-CgHg)Fe(CO), with a hexahapto N®-CgHg ring and thus only a
16-electron configuration. In fact, no CgHgFe(CO), structures were
found with octahapto m8-CgHs rings.

A hexahapto Nn®-CgHg ring with an uncomplexed double bond is
found in the known [11,12] compound (1®-CgHg)Cr(CO); obtained
by reactions of suitable fac-L3Cr(CO); derivatives (e.g., L= NH3 or
CH3CN) with cyclooctatetraene. Hexahapto structures are also pre-
dicted for (15-CgHs)Ti(CO)s4, (N°-CsHg)V(CO)s, (N°-CsHg)Mn(CO),,
and (n5-CgHg)Fe(CO), with 18, 17, 17, and 18 electron configura-
tions, respectively, for the central metal atoms.

The tetrahapto CgHgM(CO),, complexes are particularly interest-
ing since two types of tetrahapto metal complexes are observed
(Fig. 14). A 1,2,3,4-tetrahapto cyclooctatetraene ring, designated
as N*-CgHg, has four adjacent carbon atoms bonded to the metal
atom with six of the CgHg carbon atoms being approximately
coplanar. The remaining four carbon atoms form a 1,3-diene unit,
which can bond to a second metal atom as in the binuclear com-
plex (n*4-CgHg)[Fe(CO)s],, which is another product from the reac-
tion of cyclooctatetraene with iron carbonyl [1-4]. However, in the
1,2,5,6-tetrahapto complexes, designated as n?>?-CgHg, the carbon
atoms from two non-adjacent double bonds are bonded to the me-

A

M
M
1,2,3,4-tetrahapto 1,2,5,6-tetrahapto
(n*-CgHg) (n?2-CgHg)

Fig. 14. The two different types of tetrahapto cyclooctatetraene metal complexes.

tal atom so that the conformation of the CgHg ring remains in the
tub form as is the case for free cyclooctatetraene. None of the
1,2,5,6-tetrahapto (n%*2-CgHg)M(CO), derivatives predicted in this
research has been synthesized. However, there are other examples
of stable 1,2,5,6-tetrahapto cyclooctatetraene metal complexes
that have been isolated such as (1>-CsHs)Co(1>?-CgHg), obtainable
from the reaction of (°>-CsHs)Co(CO), with cyclooctatetraene [60].
For CgHgFe(CO); the experimentally unknown 1,2,5,6-tetrahapto
(n%2-CgHg)Fe(CO)s structure is predicted to lie ~18 kcal/mol above
the experimentally known [6] 1,2,3,4-tetrahapto (n*-CgHg)Fe(CO);
structure.

A few dihapto n?-CgHg derivatives are predicted. However,
these compounds are predicted to lose CO easily since a dihapto
T]Z-CgHg ligand has three uncomplexed C=C double bonds avail-
able to displace carbonyl groups from the central metal atom.
The dihapto nickel complex (1?-CgHg)Ni(CO); (Ni3 in Fig. 13) has
the favorable 18-electron configuration. However, because of the
three uncomplexed double bonds on the n?-CgHg ligand, the CO
dissociation energy from (n?-CgHg)Ni(CO); (Ni3) to give the
1,2,5,6-tetrahapto complex (n%2-CgHg)Ni(CO), (Ni2-1) is rather
low at ~14 + 2 kcal/mol. The other dihapto M?-CgHg complex is
the manganese complex (n2-CgHg)Mn(CO), (Mn4-1 in Fig. 7),
which has a 17-electron configuration for the manganese atom.
The CO dissociation energy of Mn4-1 to give (1°>-CgHg)Mn(CO);
(Mn3-1 in Fig. 8) of ~4 kcal/mol is even lower than that of Ni3.

The CgHgM(CO), derivatives of the transition metal of odd
atomic number, namely vanadium, manganese, and cobalt, clearly
have an odd number of electrons and thus have the expected dou-
blet spin state with an unpaired electron. In most of these deriva-
tives the doublet spin state is reflected in a 17-electron
configuration of the central metal atom. However, there are some
examples of optimized CgHgM(CO), structures in which an odd
number of carbon atoms are bonded to a transition metal of odd
atomic number, i.e., a structure with odd hapticity of the CgHg ring.
In these structures the unpaired electron must necessarily reside
within the group of uncomplexed carbon atoms in the CgHg ring
so that the transition metal actually has the favored 18-electron
configuration. Typically the local environment of the odd-num-
bered transition metal in these structures is an 18-electron config-
uration similar to that of a stable organometallic compound of the
same metal. Thus the pentahapto m>-CgHg structures (m°-
CgHg)V(CO)4 (V4-1 in Flg 4) and (T]S—CgHg)Mn(CO)3 (Mn3-1 in
Fig. 8) correspond to the very stable well-known cyclopentadienyl-
metal carbonyls [44,61] (n°-CsH5)V(CO)4 and (n°-CsHs)Mn(CO)s,
respectively. Similarly, the trihapto (n3-CgHg)Co(CO); (Ce3 in
Fig. 12) corresponds to the stable trihaptoallyl cobalt carbonyl
[49,50] (n3-CsH5)Co(CO)s.
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