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Bis(cycloheptatrienyl) Derivatives of the First-Row Transition Metals: Variable
Hapticity of the Cycloheptatrienyl Ring
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Extrapolation from ferrocene and dibenzenechromium sug-
gests the currently unknown 18-electron sandwich com-
pound (n?-C;H;),Ti as a possible stable molecule. However,
density functional theory (DFT) methods using the B3LYP
and BP86 functionals predict (n?-C;H;),Ti to distort by ring
slippage to give a singlet 16-electron complex (n7-C;H;)-
Ti(n%-C;H;) having an uncomplexed C=C double bond in
one of the C;H; rings but otherwise closely related to the
known (n7-C;H;)Ti(n°-CsHs). The situation is similar with
(C;H7),V except that the corresponding structures have
doublet spin multiplicity. However, an analogous (n7-C;H;)-
Cr(n3-C;Hjy) structure is not found for chromium. Instead the
most stable (C;H;),Cr structure is a singlet d° six-coordinate

formally CrV! complex with two tridentate cyclopropyldivinyl
C;H; ligands. The latter rearrangement of the C;H; rings
bonded to chromium can involve initially a (n°-C;H;),Cr di-
radical sandwich compound followed by a bis(n’-norcaradi-
enyl)Cr intermediate. For the later first-row transition metals
the lowest energy (C;Hj7),M structures are predicted to be
doublet (n7-C;H;)Mn(n3-C;H;) rather than (n°-C;H;),Mn for
manganese, singlet cis and trans structures (n°-C;Hj;),Fe for
iron, doublet (n3-C;H;),Co for cobalt, and two singlet (n3-
C;H;),Ni stereoisomers for nickel.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

1. Introduction

The landmark discovery of the sandwich compound fer-
rocene,[l-2l (0°-CsHs),Fe (Figure 1) in 1951 stimulated the
rapid subsequent development of transition metal organo-
metallic chemistry. A subsequent milestone was the discov-
ery of the related sandwich compound dibenzenechro-
mium,?! (n6-C¢Hg)-Cr in 1955 (Figure 1). At that time the
idea of sandwiching a chromium atom between two stable
benzene molecules to give a thermally stable sandwich com-
pound was truly revolutionary.

The stabilities of ferrocene and dibenzenechromium re-
late at least partially to the favorable 18-electron configura-
tion of the central metal atom. Extrapolation to sandwich
compounds with larger carbocyclic ring sizes and the favor-
able 18-electron configuration suggests bis(cycloheptatri-
enyl)titanium, (n’-C;H,),Ti (Figure 1) as a stable molecule.
However, during the more than half century since the dis-
covery of ferrocene this sandwich compound has never been
prepared even though the sandwich compound dibenzeneti-
tanium, (n%CgHg),Ti, with a normally less favorable 16-
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Figure 1. Some sandwich compounds with 18-electron metal con-
figurations.

electron configuration, is known.[* This suggests an in-
herent instability of (n’-C;H;),Ti.

This apparent instability of (n’-C;H;),Ti cannot arise
from any inherent problems with the n7-C;H;M bond be-
cause numerous derivatives of this type are known.l! The
first such n’-C;H;M complex was the cation (n7-C;H-)-
Mo(CO);* (Figure 2), prepared in 19587 by the hydride
abstraction from the triene complex (n°-C;Hg)Mo(CO)s.
Shortly thereafter, the neutral sandwich compound®!'% (1°-
CsHs5)V(n’-C;H,) was obtained from the thermal reaction
of cycloheptatriene with (n°-CsHs)V(CO),.

Another feature of the cycloheptatrienyl ligand is its abil-
ity to form metal complexes involving only partial bonding
of the seven-membered ring to the metal atom. Early exam-
ples of such complexes are the trihapto derivativest!! 131 (n>-
CsHs5)Mo(CO),(n*-C;Hy7) and  (n*-C;H7)Co(CO);  (Fig-
ure 3), in which the four carbon atoms of the C;H; ring not
bonded to the metal atom can be regarded as a 1,3-diene
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[("-C7H7)Mo(CO)3]" (n°-CsHs)V(n"-C7H7)

Figure 2. Some early n7-C;H;M derivatives.

unit with corresponding carbon—carbon distances reflecting
alternating single and double bonds. More recently penta-
hapto cycloheptatrienyl derivatives!!¥ such as 1°-C;H;Mn-
(CO); (Figure 4, a) and monohapto cycloheptatrienyl deriv-
atives!!>1% such as n!'-C;H;Re(CO)s (Figure 4, b) have also
been prepared.

&
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(n°-C5Hs)Mo(CO),(n3-C7Hy) (n®-C7H7)Co(CO),

Figure 3. Some early 13-C;H;M derivatives: (a) (n°-CsHs)Mo-
(CO),(n*-C7Hy); (b) (n*-C7H7)Co(CO);.
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(M5-C7H;)MN(CO)5 (n'-C7H7)Re(CO)s

Figure 4. Examples of n°>-C;H; and n'-C;H; derivatives.

An interesting question is the nature of the n’-C;H,—
metal bond. Originally such compounds were assumed to
be metal complexes of the tropylium ion, C;H,*, a planar
aromatic species with 6 © electrons isoelectronic with ben-
zene. However, early work by Wilkinson and co-workers!!”]
suggested that reactions of tropylium salts with transition-
metal derivatives were rarely suitable for the preparation of
n’-C;H; metal complexes. More recent studies on n7-C;H,—
metal complexes suggest preferred formulations of such
complexes as derivatives of the 10 n-electron trianion!!3-2!1
C,H-*", which has been generated in a metal-free form by
the treatment of 1,4-cycloheptadiene with nBuLi.[?>23 Thus
the metal formal oxidation states in the known mixed sand-
wich complexes (n°-CsHs)M(n’-C;H;) (M = Ti, V, Cr) may
be considered to be +4 in contrast to the formal zero metal
oxidation states in the isoelectronic and isomeric dibenzene-
metal complexes (n%-C¢Hg),M (M = Ti, V, Cr). This may
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account for the experimentally observed lower air-sensitiv-
ity of (n°-CsHs)M(n’-C;H;) complexes relative to the cor-
responding (n%-C¢Hg),M complexes.

The theoretical studies on bis(cycloheptatrienyl)metal
sandwich complexes in this paper were motivated by the
desire to understand the reason for the apparent non-exis-
tence of the sandwich compound (n7-C;H),Ti despite the
stability of (n3-CsHs),Fe and (n°-C¢Hg),Cr (Figure 1). In
addition, a variety of (C;H;),M (M = V to Ni) structures
were found with varying hapticity of the C;H; rings guided
largely by the 18-electron rule. More surprisingly, the bis-
(cycloheptatrienyl)chromium sandwich compound (C,;H5),-
Cr is found to be energetically disfavored with respect to a
transannular rearrangement converting a cycloheptatrienyl
ring to a tridentate chelating cyclopropyldivinyl ligand.
Thus the preferred structure for (C;H),Cr is predicted to
be a six-coordinate structure of the hexaalkylchromium(VI)
type analogous to hexamethyltungsten(VI),?423 (CH;)sW,
rather than a bis(cycloheptatrienyl)chromium derivative.

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, es-
pecially for organometallic compounds.?*33 Two DFT
methods were used in this study. The first functional is the
hybrid B3LYP method, which incorporates Becke’s three-
parameter exchange functional (B3) with the Lee, Yang,
and Parr (LYP) correlation functional.[3*33 The second ap-
proach is the BP86 method, which marries Becke’s 1988 ex-
change functional (B) with Perdew’s 1986 correlation func-
tional.l’%37 It has been noted that the BP86 method may
be somewhat more reliable than the B3LYP method for the
types of organometallic systems considered in this pa-
per.[38:39]

The geometries of all of the structures were fully opti-
mized using both the DZP B3LYP and DZP BP86 methods.
The harmonic vibrational frequencies were determined at
the same levels by evaluating analytically the second deriva-
tives of the energy with respect to the nuclear coordinates.
The corresponding infrared intensities were evaluated ana-
lytically as well. All of the computations were carried out
with the Gaussian 03 program in which the fine grid
(75,302) is the default for evaluating integrals numerically,
and the tight (1078 Hartree) designation is the default for
the energy convergence. 0!

For carbon the double-( plus polarization (DZP) basis
set used here adds one set of pure spherical harmonic d
functions with an orbital exponent 04(C) = 0.75 to the stan-
dard Huzinaga-Dunning contracted DZ sets, and is desig-
nated (9s5p1d/4s2p1d).[*1421 For H, a set of p polarization
functions a,(H) = 0.75 is added to the Huzinaga-Dunning
DZ sets. For the first-row transition metals, in our loosely
contracted DZP basis set, the Wachters’ primitive sets are
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).[43:44
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In the search for minima, low magnitude imaginary vi-
brational frequencies are suspect, because the numerical in-
tegration procedures used in existing DFT methods have
significant limitations.[*>] Thus, an imaginary vibrational
frequency of magnitude less than 100 icm™' should imply
that there is a minimum with energy very similar to that of
the stationary point in question. In many cases we do not
follow the eigenvectors corresponding to imaginary fre-
quencies less than 100i cm™' in search of another mini-
mum.4¢!

3. Results

3.1 Molcular Structures

The geometries of the complexes M(C;H,), (M = Ti, V,
Cr, Mn, Fe, Co, and Ni) were optimized in the lowest elec-
tronic singlet and triplet states for Ti, Cr, Fe, and Ni, and

Figure 6. Optimized geometries for the V(C,;H5), structures.
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the doublet and quartet states for V, Mn, and Co. A sextet
state for (C;H;)>,Mn was also investigated. The stationary

Figure 7. Optimized geometry for the lowest energy Cr(C;H;),
structure.
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Figure 9. Optimized geometries for the Fe(C,H), structures.

point geometries of the energetically low-lying species of
M(C;H5), are shown in Figures 5, 6, 7, 8, 9, 10, and 11,
with all C—C bond lengths given in Angstroms.

Ni-4T

Ni-3T

Figure 11. Optimized geometries for the Ni(C;H-), structures.
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3.1.1. Ti(C,H,),

Three energetically low-lying structures were found for
Ti(C;H5), (Figure 5 and Table 1). The global minimum of
Ti(C;H;), (Ti-1S) is a singlet (n’-C;H,)Ti(n>-C;H;) struc-
ture with one heptahapto and one pentahapto C;H; ring as
indicated by the Ti—C distances. The two uncomplexed car-
bon atoms of the n’-C;H; ring (C1 and C2 in Figure 5)
have Ti-C distances of 3.2 A. Furthermore, the C=C dis-
tance between these carbon atoms is 1.339 A (B3LYP) or
1.351 A (BP86), which is appreciably shorter than the other
carbon—carbon distances and consistent with an uncom-
plexed double bond. Structure Ti-1S for (C;H;),Ti is thus
closely related to the well-known compound®’! (n7-C;H>),-
Ti(n’-CsHs) and has a 16-electron configuration about the
titanium atom.

A bis(heptahapto) structure (n’-C;H,),Ti, namely Ti-2S
(Figure 5 and Table 1), is also found but at 9.6 kcal/mol
(B3LYP) or 5.0 kcal/mol (BP86) above the global minimum
Ti-1S. More significantly, an imaginary vibrational fre-
quency is found in Ti-2S at 49i cm™! (B3LYP) or 40i cm™!
(BP86) for Ti-2S. Following the corresponding vibrational
mode leads to the global minimum Ti-1S. This indicates
that the bis(heptahapto) sandwich compound (n’-C,H),Ti
(Ti-2S), having an 18-electron metal configuration analo-
gous to ferrocene and dibenzenechromium (Figure 1),
is unstable with respect to the complex (n’-C;H,)Ti-
(n>-C;H>) (Ti-1S) having two uncomplexed carbon atoms
in one of the C;H; rings and only a 16-electron metal con-
figuration.

The lowest lying structure for triplet (C;H,),Ti depends
on the DFT method. The B3LYP method predicts a triplet
structure (n’-C;H,)Ti(n*C,;H,) (Ti-3T), lying 13.2 kcal/
mol (B3LYP) above the global minimum. This structure has
one heptahapto C;H; ring and one tetrahapto C;H, ring
with three carbon atoms not bonded to the metal atom.
One of the unpaired electrons in Ti-3T (B3LYP) can be de-
localized among these three carbon atoms of the n*-C;H;
ring not bonded to the metal atom, leaving the other un-
paired electron largely localized on the titanium atom. The
BP86 method predicts a bis(heptahapto) (n’-C;H,)-,Ti
structure Ti-3T' as the lowest energy triplet structure lying
only 2.4 kcal/mol above the global minimum Ti-1S. In the
triplet Ti-3T’ the retention of sevenfold symmetry means
3701
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Table 1. Bond lengths [A], total energies E [Hartree], relative energies AE [kcal/mol] and HOMO-LUMO gaps for the Ti(C,H;), structures.

Ti-1S (Cy) Ti-2S (Cy) Ti-3T (C)) Ti-3T' (C))
B3LYP BP86 B3LYP BP86 B3LYP BP86
M-C;H,[4 2.603 2.581 2.352 2.348 2.694 2.360
M-C,H,®! 2.264 2.271 2.352 2.348 2.250 2.360
~HOMO(a) 0.17036 0.15003 0.12835 0.10986 0.14764 0.10599
~-LUMO(e) 0.05844 0.09894 0.07070 0.09466 0.06533 0.09699
Gap [eV] 3.05 1.39 1.57 0.41 2.24 0.24
-E 1391.42885 1391.54955 1391.41357 1391.54151 1391.40776 1391.54571
AE 0.0 0.0 9.6 5.0 13.2 2.4
Imaginary frequency none none 49i 40i none 43i
S 0.00 0.00 0.00 0.00 2.01 2.01

[a] Average M—C;H, upper ring distance. [b] Average M-C,;H lower ring distance (Figure 5).

that the out-of-plane combination of the binodal (3) ligand
7 orbitals remains degenerate to accommodate the two un-
paired electrons.

3.1.2. V(C,H),

The structures found for (C;H),V (Figure 6 and Table 2)
correspond rather closely to the low-energy structures
found for (C;H,),Ti. Thus the global minimum of V(C,;H,),
is the doublet (n’-C;H,)V(n3-C;H,) (V-1D in Figure 6),
closely related to the corresponding titanium global mini-
mum (n’-C;H,)Ti(n>-C;H;) (Ti-1S in Figure 5) with one
heptahapto and one pentahapto C;H; ring. The vanadium
structure (n’-C;H;)V(n’>-C;H;) (V-1D) has a 17-electron
metal configuration and is closely related to the compound
(n’-C;H4),V(n>-CsHs), known since 1959.1]

The lowest energy quartet structure found for (C;H;),V
is (M’-C;H,)V(n*-C;H;) (V-2F) with one heptahapto and
one tetrahapto C;H- ring analogous to the lowest energy
triplet structure (n’-C;H;)Ti(n*-C;H,) (Ti-3T) found for
(C;H,),Ti. This quartet structure lies 13.7 kcal/mol
(B3LYP) or 13.5 kcal/mol (BP86) above the V-1D global
minimum.

A higher energy doublet structure V-3D (Figure 6) was
also found for (C;H5),V lying 16.3 kcal/mol (B3LYP) or
15.2 kcal/mol (BP86) above the global minimum V-1D. This
structure is indicated to be a bis(heptahapto) structure by
all 14 V-C distances being less than 2.5 A. However, struc-
ture V-3D has significant imaginary vibrational frequencies
(Table 2), namely 46i by B3LYP or 1714, 1307, 102i by BP86.
Following the corresponding normal modes of V-3D leads

to V-1D indicating the instability of bis(heptahapto) struc-
tures relative to heptahapto-pentahapto structures for vana-
dium as well as for titanium discussed above.

3.1.3. CV(C7H7)2

The lowest lying singlet structure of (C;H7),Cr (Cr-1S in
Figure 7 and Table 3) no longer has intact cycloheptatrienyl
rings. Instead the C;H-, units are converted to tridentate
cyclopropyldivinyl ligands as a result of a cycloheptatri-
enyl — norcaradienyl rearrangement followed by metal in-
sertion into the carbon—carbon bond opposite the fused
three-membered ring. Thus the metallacyclic complex Cr-
1S may be regarded formally as a hexaalkylchromium
derivative with the central chromium atom in the d® CrV?
formal oxidation state. The lowest lying triplet structure
found for (C;H;),Cr lies >80 kcal/mol above this singlet
bis(cyclopropyldivinyl) Cr¥! global minimum Cr-1S and
thus does not appear to be chemically significant.

Table 3. Bond lengths [A], total energies E [Hartree], and HOMO-
LUMO gap for the lowest lying Cr(C,;H>), structure.

Cr-1S (G,)

B3LYP BP86
-HOMO 0.22668 0.19911
-LUMO 0.04451 0.07322
Gap [eV] 4.96 3.43
-E 1584.18332 1584.29469
Imaginary frequency none none

Table 2. Bond lengths [A], total energies E [Hartree], relative energies AE [kcal/mol] and HOMO-LUMO gaps for the V(C,;H-), structures.

V-1D (Cy) V-2F (C)) V-3D ((,)

B3LYP BP86 B3LYP BP86 B3LYP BP86
V-C;H,2 2.545 2.522 2.671 2.615 2.316 2.350
V-C,H,"! 2.235 2.233 2.222 2.230 2.316 2.350
~HOMO(a) 0.17456 0.14061 0.14584 0.12570 0.12125 0.11404
~LUMO(a) 0.04930 0.07678 0.02905 0.05736 0.06941 0.09218
Gap [eV] 3.41 1.74 3.18 1.86 1.41 0.59
-F 1485.96019 1486.10586 1485.93830 1486.08437 1485.93416 1486.08164
AE 0.0 0.0 13.7 13.5 16.3 15.2
Imaginary frequency none none none none 46i 1714, 1304, 102i
S 0.82 0.78 3.83 3.78 0.78 0.79

[a] Average M—C;H, upper ring distance. [b] Average M-C,;H lower ring distance (Figure 6).
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3.1.4. Mn(C7H7)2

Four low-lying structures (two doublets, one quartet, and
one sextet) were found for Mn(C,H;), (Figure8 and
Table 4). The global minimum Mn-1D is predicted to be a
doublet having a structure (n’-C;H,;)Mn(n*-C;H-) with one
heptahapto and one trihapto C;H; ring leading to a 17-
electron metal configuration. Two of the C=C distances
in the chain of four uncomplexed carbon atoms in the
n3-C,H; ring of Mn-1D are 1.39 A (Figure 8) correspond-
ing to double bonds in a cis butadienoid unit.

A second doublet structure Mn-2D for Mn(C,;H,), was
found to lie 9.2 kcal/mol (B3LYP) or 19.7 kcal/mol (BP86)
above this global minimum. However, this structure has two
or three imaginary vibrational frequencies (Table 4). Fol-
lowing the largest imaginary frequency of Mn-2D leads to
the global minimum Mn-1D.

The lowest lying quartet structure of (C;H;),Mn is a
heptahapto-trihapto  derivative  (n7-C;H,;)Mn(n3-C;H)
(Mn-3F) lying 5.3 kcal/mol (B3LYP) or 24.9 kcal/mol
(BP86) above the doublet global minimum Mn-1D. Rela-
tively large spin contamination (based on the use of the
DFT orbitals in a single determinant wave function) is
found in the Mn(C,H>), structures calculated by the B3LYP
method. This tends to confirm the view that the BP86 pre-
dictions are more reliable than the B3LYP predictions.!38-3

In view of this significant spin contamination for the
quartet structure Mn-3F, particularly using the B3LYP
method, calculations were also done on sextet structures
of (CsH;)>»Mn noting that bis(cyclopentadienyl)manganese,
(CsHs),Mn, is a sextet corresponding to the five unpaired

European Journal
of Inorganic Chemistry

electrons of the half-filled d> shell of Mn™.[81 However, the
lowest lying sextet structure, namely Mn-4X (Figure 8 and
Table 4), was found to lie at the relatively high energy of
18.1 kcal/mol (B3LYP) or 32.6 kcal/mol (BP86) above the
global minimum Mn-1D. The Mn-C distances in Mn-4X
suggest a (M*-C;H,),Mn structure with two tetrahapto
C,Hj; rings. Since the n*-C;H; rings can be regarded as neu-
tral free radical ligands, (n*-C;H;),Mn (Mn-4X) is not a
formal sextet d> Mn!! derivative but instead a formal quar-
tet d” Mn(0) derivative with the extra two unpaired elec-
trons on the C;H; ligands. This may account for the rela-
tively high energy of Mn-4X. Thus (n*-C;H;),Mn (Mn-4X)
is not at all analogous to (CsHs),Mn.

3.1.5. Fe(C7H7)2

Both of the stationary points found for singlet Fe(C;H),
(Figure 9 and Table 5) are bis(pentahapto) structures (n°-
C;H;),Fe, differing only in the relative positions of the two
uncomplexed C=C double bonds on the two rings. The
trans structure Fe-2S lies 5.7 kcal/mol (B3LYP) or 5.3 kcal/
mol (BP86) above the global minimum cis structure Fe-1S.
The closeness in the energies of these two (n°-C;H;),Fe
structures suggests a highly fluxional system.

The lowest energy triplet structure Fe-3T is a bis(tetra-
hapto)structure (n*-C;H,),Fe 4.4 kcal/mol (B3LYP) or
18.1 kcal/mol (BP86) above the global minimum singlet
structure Fe-1S. In Fe-3T the two unpaired electrons of the
triplet can be considered to be largely localized in each un-
complexed allylic unit of the tetrahapto n*-C;H; rings.

Table 4. Bond lengths [A], total energies E [Hartree], relative energies AE [kcal/mol] and HOMO-LUMO gaps for the Mn(C;H,), struc-

tures.

Mn-1D (C,) Mn-2D (Cs,) Mn-3F (C;) Mn-4X

B3LYP BP36 B3LYP BPS6 B3LYP BP36 B3LYP (C,) BP86(Cy,)
Mn-C,H! 2.879 2.823 2.666 2.533 3.117 2.770 2.924 2.604
Mn-C,H,"®! 2.278 2.178 2.666 2.533 2.286 2.276 2.613 2.604
~HOMO(a) 0.20093 0.15228 0.20870 0.15456 0.13040 0.10605 0.14057 0.12100
~-LUMO(a) 0.06723 0.07986 0.08283 0.10138 0.07367 0.08489 0.06810 0.07780
Gap [eV] 3.64 1.97 3.43 1.45 1.54 0.58 1.97 1.18
-E 1692.92268  1693.11555 1692.90796  1693.08407 1692.91417  1693.07587 1692.89376  1693.06354
AE 0.0 0.0 9.2 19.7 53 249 18.1 32.6
Imaginary frequency 17i none 751, 45i 122i, 83i, 58i none none none none
> 2.63 0.89 3.20 1.27 5.20 4.00 9.48 8.85

[a] Average M-C;H; upper ring distance. [b] Average M-C;H; lower ring distance (Figure 8).

Table 5. Bond lengths [A], total energies E [Hartree], relative energies AE [kcal/mol], and HOMO-LUMO gap for the Fe(C;H,), structures.

Fe-1S (C,) Fe-2S (C,) Fe-3T (C,)

B3LYP BP86 B3LYP BP86 B3LYP BP86
Fe-C,H,* 2.359 2.344 2.372 2.355 2.683 2.582
Fe-C;H,! 2.359 2.344 2.372 2.355 2.683 2.582
-HOMO(a) 0.17670 0.15780 0.18758 0.15354 0.15240 0.12834
—-LUMO(a) 0.03140 0.06430 0.02538 0.06374 0.07142 0.10014
Gap [eV] 3.95 2.54 4.41 2.44 2.20 0.77
-FE 1805.62931 1805.85201 1805.62025 1805.84358 1805.62224 1805.82313
AE 0.0 0.0 5.7 5.3 44 18.1
Imaginary frequency  none none none none none none
> 0.00 0.00 0.00 0.00 2.22 2.12

[a] Average M—C-;H; upper ring distance. [b] Average M-C,H; lower ring distance (Figure 9).
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3.1.6. CO(C7H7)2

The global minimum Co-1D for Co(C;H,), (Figure 10
and Table 6) may be regarded as a trans bis(trihapto) struc-
ture (n3-C;H,),Co. The cobalt atom thus has only a 15-
electron configuration. The four carbons of each n3-C;H,
ligand not bonded to the cobalt atom (i.e., with Co—C dis-
tances > 2.3 A) form a cis-diene unit with C=C bond
lengths in the range 1.35 to 1.41 A. However, one of the
four carbons of the cis-diene unit of each n?-C;H; ring in
Co-1D is at an intermediate distance from the cobalt atom
(2.25 A by B3LYP or 2.57 A by BP86), suggesting an ad-
ditional weaker Co—C interaction. This is consistent with
the electron deficiency of the formally 15-electron cobalt
atom in a (n3-C;H;),Co structure.

The lowest energy quartet structure Co-2F for Co(C,H»),
is a bis(tetrahapto) structure (n*-C;H,),Co (Figure 10 and
Table 6) lying 16.3 kcal/mol (B3LYP) or 14.4 kcal/mol
(BP86) above the doublet global minimum Co-1D. The co-
balt atom has a 17-electron configuration suggesting that
one of the three unpaired electrons in the quartet Co-2F is
localized on the cobalt atom and the other two unpaired
electrons are localized on the uncomplexed allylic units in
the n*-C;H; rings.

Table 6. Bond lengths [A], total energies E [Hartree], relative ener-
gies AE [kcal/mol] and HOMO-LUMO gaps for the Co(C;H,),
structures.

Co-1D (Cy) Co-2F ()

B3LYP BP86 B3LYP BP86
Co-C;H, 2.619 2.533 2.627 2.554
Co-C;H,™ 2.619 2.533 2.627 2.554
-HOMO(a) 0.15865 0.12935 0.13663  0.12391
-LUMO(a) 0.06665 0.10099 0.05851 0.07633
Gap [eV] 2.50 0.77 2.13 1.29
-E 1924.70036 1924.91909 1924.67432 1924.89610
AE 0.0 0.0 16.3 14.4
Imaginary frequency none none none none
s> 0.81 0.77 3.76 3.76

[a] Average M—-C;H; upper ring distance. [b] Average M-C;H,
lower ring distance (Figure 10).

3.1.7. Ni(C;H;),

Four structures for Ni(C,H), were found (Figure 11 and
Table 7). Two of these structures are singlets and two are
triplets. None of these (C;H),Ni structures has any imagi-

nary vibrational frequencies. All of these (C,H;),Ni struc-
tures are of the type (n3-C;H;),Ni with two trihapto C;H;
ligands as clearly indicated by their Ni—C distances. The
singlet cis structure Ni-1S is the global minimum. However,
the corresponding frans structure Ni-2S lies within 1 kcal/
mol of this global minimum, suggesting a potentially flux-
ional system. The nickel atoms in both Ni-1S and Ni-2S
have 16-clectron configurations with a nickel environment
very similar to the well-known™! bis(n3-allyl)nickel, (13-
C53Hs),Ni. The two triplet structures Ni-3T and Ni-4T
found for (C;H;),Ni have similar n3-C;H;Ni local geome-
tries to the corresponding singlet structures Ni-1S and Ni-
2S, respectively. However, both triplet structures lie more
than 11 kcal/mol above the singlet global minimum Ni-1S.

3.2. Charge Distributions

The partial charges on the upper C,H; ring, metal atom,
and the lower C;H; ring (as depicted in the Figures) were
obtained by a Mulliken population analysis (Table 8). The
total dipole moments are also shown in Table 8. The charge
distributions found using the B3LYP method are consist-
ently larger than those found using the BP86 method. The
largest dipole moment and “charge” at the metal atom
among all of the (C;H,),M derivatives is found in
(n’-C;H,)Mn(n3-C;H;) (Mn-1D in Figure 8) with one
heptahapto and one trihapto C;H; ring. The electron distri-
butions found for each member of the stereoisomer pairs
(n3-CsH,),Fe Fe-1S and Fe-2S and n3-(C;H,),Ni (Ni-1S
and Ni-2S) are essentially identical. The NBO atomic
charges are smaller than the formal charges.

3.3. Orbital Analysis

Orbital analyses were performed for the lowest energy
M(C,H>), structures. The schematic qualitative energy level
diagrams for the frontier MOs of the most stable structures
with the BP86 method are displayed in Figure 12. The
largest HOMO-LUMO energy gap (3.43 ¢V) is found for
Cr(C,;H5), (Cr-1S in Figure 7) in which the C;H; ring has
rearranged to a tridentate cyclopropyldivinyl ligand and the
chromium atom is in the d° +6 formal oxidation state. In a
(C;H7),M derivative with an intact cycloheptatrienyl ring

Table 7. Bond lengths [A], total energies E [Hartree], relative energies AE [kcal/mol] and HOMO-LUMO gap for the Ni(C;H-), structures.

Ni-1S (Cs,) Ni-2S () Ni-3T (Cy,) Ni4T (Cy)

B3LYP BP86 B3LYP BP86 B3LYP BP86 B3LYP BP86
Ni-C,H,l 2.692 2.694 2.680 2.662 2.700 2.675 2.710 2.700
Ni-C;H®! 2.692 2.694 2.680 2.663 2.700 2.675 2.710 2.700
~HOMO(a) 0.155549 0.13853 0.15701 0.14202 0.12879 0.11820 0.13337 0.12264
~-LUMO(a) 0.07197 0.10184 0.07304 0.10040 0.06674 0.08735 0.06816 0.08958
Gap/eV 2.27 1.00 2.28 1.13 1.69 0.84 1.77 0.90
-F 2050.26198  2050.49502 2050.26229  2050.49376 2050.23721  2050.47644 2050.24213  2050.47714
AE 0.0 0.0 0.2 15.5 11.7 12.5 11.2
Imaginary frequency none none none none none none 19i none
> 0.00 0.00 0.00 0.00 2.08 2.00 2.12 2.01

[a] Average M—C;H, upper ring distance. [b] Average M-C,;H, lower ring distance (Figure 11).
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Table 8. Partial charges on the C;H; rings and the metal atom; total dipole moment in Debye.

Upper C;H; ring Metal Lower C;H; ring Dipole moment
B3LYP BP86 B3LYP BP86 B3LYP BP86 B3LYP BP86
Ti-1S -0.15 -0.15 0.45 0.42 -0.30 -0.27 1.38 1.28
Ti-2S -0.17 -0.15 0.33 0.31 -0.17 -0.15 0.09 0.09
Ti-3T -0.21 -0.14 0.55 0.28 -0.35 -0.14 0.84 0.04
V-1D -0.23 -0.21 0.37 0.31 -0.14 -0.10 1.06 1.04
V-2F -0.29 -0.26 0.47 0.42 -0.18 -0.16 0.46 0.38
Cr-1S -0.01 0.06 0.03 -0.13 -0.01 0.06 0.78 0.83
Mn-1D -0.27 -0.20 0.54 0.39 -0.27 -0.19 2.06 2.04
Mn-2D -0.29 -0.25 0.59 0.49 -0.29 -0.25 1.01 0.68
Mn-3F -0.24 -0.30 0.58 0.46 -0.34 -0.15 2.68 0.37
Fe-1S -0.16 -0.11 0.32 0.21 -0.16 -0.11 1.46 1.39
Fe-2S -0.17 -0.11 0.34 0.22 -0.17 -0.11 0.69 0.63
Fe-3T -0.23 -0.19 0.46 0.38 -0.23 -0.19 1.11 0.75
Co-1D -0.19 -0.15 0.39 0.29 -0.19 -0.15 0.91 0.60
Co-2F -0.16 -0.15 0.32 0.30 -0.16 -0.15 0.09 0.25
Ni-1S -0.16 -0.15 0.33 0.30 -0.16 -0.15 0.79 0.70
Ni-2S -0.16 -0.15 0.32 0.29 -0.16 -0.15 0.51 0.77
Ni-3T -0.17 -0.16 0.34 0.33 -0.17 -0.16 0.77 0.72
Ni-4T -0.14 -0.12 0.28 0.25 -0.14 -0.12 0.00 0.12

the largest HOMO-LUMO energy gap, namely 2.54 eV, is
found in (n3-C;H;),Fe (Fe-1S in Figure 9), which is closely
related to the very stable ferrocene (Figure 1).
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Figure 12. Energies of the frontier MOs of the lowest energy
M(C;H>), structures. Bonding MOs are solid lines whereas the
LUMOs are dotted lines.

Figure 13 and Figure 14 compare the frontier molecular
orbitals (LUMO down to HOMO-6) for the sandwich com-
pound (n’-C;H;),Ti (Figure 1 and Ti-2S in Figure 5) and
the (n’-C;H,)Ti(n>-C;H,) global minimum (Ti-1S in Fig-
ure 5), which has one pentahapto C;H; ring and an uncom-
plexed C=C double bond. For the high symmetry sandwich
compound (n7-C5H5),Ti Ti-2S (Figure 13) the five highest
lying filled molecular orbitals (HOMO to HOMO-4) repre-
sent the interactions of the five titanium d orbitals with the
C;H; rings. The LUMO, HOMO-5 and HOMO-6 orbitals
are localized purely on the C;H; rings. Thus the HOMO
for (n7-C;H,),Ti corresponds to the o interaction of the
titanium d.- orbital with the C;H; ring orbitals of suitable
symmetry. The next two orbitals, HOMO-1 and HOMO-
2, correspond to the § interactions of the d,. » and d,,
orbitals with the corresponding C,H; ring orbitals. Then
come the HOMO-3 and HOMO-4 corresponding to the «
interactions of the d,. and d,. orbitals with the correspond-
ing C;H; ring orbitals. The 18-electron titanium configura-

Eur. J. Inorg. Chem. 2008, 3698-3708

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

tion of (n’-C;H5),Ti (Figure 1 and Ti-2S in Figure 5) may
be viewed (in a simple picture) as arising from the filling of
the nine-orbital sp>d> manifold.

HOMO-3 HOMO-4 HOMO-5 HOMO-6

Figure 13. The frontier orbitals for (n’-C;H,),Ti (Ti-2S in Fig-
ure 5).

HOMO-1 HOMO-2

J“

HOMO-4

HOMO-3 HOMO-5

HOMO-6

Figure 14. The frontier orbitals for (n’-C;H;)Ti(n>-C;H,) (Ti-1S in
Figure 5).

Comparison of Figure 14 with Figure 13 shows the effect
on the frontier molecular orbitals accompanying distortion
of (n’-C;H5),Ti (Ti-2S in Figure 5) to the (n7-C;H;)Ti(n°’-
C,;H,) global minimum (Ti-1S in Figure 5). The five metal
d orbitals and their interactions with C;H; ring orbitals of
suitable symmetry now correspond to LUMO and HOMO
3705
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to HOMO-3. Going from an 18-electron titanium configu-
ration in (n’-C;H-),Ti to a 16-electron titanium configura-
tion in (n’-C;H;)Ti(n>-C5H>) is seen to involve transfer of
a pair of electrons from the titanium d.. orbital to a lower
lying bonding MO corresponding to the uncomplexed C=C
double bond in the n°-C;H; ring. This is seen (Figure 13
and Figure 14) by the HOMO titanium d.. orbital and its
relatively weak metal-ring interactions in (n’-C;H,),Ti
(Figure 13) becoming the LUMO in (n’-C;H;)Ti(n3-C;H>)
(Figure 14) corresponding to a “pure” titanium d.. orbital
with no apparent interaction with the ring orbitals. Thus
the 16-electron configuration of the titanium atom in
(n’-C;H)Ti(n>-C;H) (Ti-1S in Figure 5) is seen at least
formally to arise by emptying the d.. orbital and thus corre-
sponds to a filled sp’d*(xz, yz, xy, x>-3?) eight-orbital
manifold rather than the filled nine-orbital sp3d> manifold
of (n’-C;H,),Ti. We must emphasize that such valence
bond metal descriptions should not be taken literally, as
there is no ab initio evidence for the required high 4p or-
bital occupations.

4. Discussion

Figure 15 shows five ways that a cycloheptatrienyl ring
can bond through a transition metal using from three to all
seven of its carbon atoms. These bonding modes have the
following features.

o O

M M M
(n"-C7HM (®-C7HyM (n®C7Hy)M
C/HA~ CsH7~ CsH7~

10 = electrons 6 7 electrons 4  electrons

v &

M
M
(n*C7H)M (n®-C7H/ M
C7Hze C7Hze

4 7 electrons 6 7 electrons

Figure 15. Five ways of bonding a cycloheptatrienyl (C;H,) ligand
to a metal atom.

(1) Heptahapto n’-C;H, Bonding Using All Seven Car-
bon Atoms: The C;H; ligand in such complexes can
be considered formally to be the C;H;* trianion with
10 m-electrons in accord with the Hiickel 4n + 2 m-electron
rule for planar cyclic aromatic systems. The bonding of
an n’-C;H; ligand to the metal atom has five components:
one ¢ component using metal s, p., and/or d.. orbitals, two
n components using p, and p, as well as d.. and d,. orbit-
als, and two & components using d,> ,» and d,,, orbitals (as-
suming that the C; axis of the C;H; ring is the z axis).
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(2) Pentahapto n3-C;H,; Bonding Using Five Carbon
Atoms Leaving an Uncomplexed C=C Double Bond: The
C;H; ligand in such complexes can be considered formally
to be the C;H; monoanion with 6 1t electrons involved in
the bonding to the metal atom. The bonding of an 1n’-C,H;
ligand to the metal atom has three components, namely one
o6 component and two m components using the same metal
orbitals as for the corresponding metal-ring bonds in the
n’-C;H; metal complexes discussed above. The uncom-
plexed C=C double bond in a n>-C;H; ligand is unusually
short compared with the carbon-carbon bonds involving
the carbons bonded to the metal atom.

(3) Trihapto n3-C;H, Bonding Using Three Carbon Atoms
Leaving an Uncomplexed cis-1,3-Butadiene Unit: The
n3-C;H; ligand in such complexes is closely related to the
trihaptoallyl ligand and can be considered formally to be a
monoanion with 4 m electrons similar to the allyl anion.
The bonding of a n*-C;H; ligand to a metal atom, like that
of a n3-C;H; ligand, can be considered to consist of one &
and one © bond. The n?-C;H; ligand contains an uncom-
plexed cis-1,3-butadiene unit, as indicated by its carbon—
carbon bond lengths.

(4) Tetrahapto n*-C;H; Bonding Using Four Carbon
Atoms Leaving an Unpaired Electron on the Allylic Unit Not
Bonded to the Metal Atom: This ligand resembles a tet-
rahapto cis butadiene ligand and is predicted to occur in
some triplet and quartet structures found in this work in-
cluding Ti-3T (Figure 5), V-3F (Figure 6), Fe-3T (Figure 9),
and Co-2F (Figure 10) as well as the sextet structure Mn-
4X (Figure 8).

(5) Hexahapto n°-C,H- Bonding Using Six Carbon Atoms
Leaving an Unpaired Electron on the Carbon Not Bonded to
the Metal Atom: No examples of hexahapto C;H; ligands
were found in this work. However, the hypothetical
(n%-C;H;),Cr complex might be an intermediate to the for-
mation of the bis(tridentate) cyclopropyldivinyl CrV! deriva-
tive Cr-1S (Figure 7).

One of the major conclusions from this theoretical study
is that the bis(heptahapto) sandwich compound (n’-C;H>),-
Ti is not likely to be a viable species unlike dibenzenechro-
mium and ferrocene (Figure 1). Simple analyses suggest in-
stability of the titanium sandwich (n’-C;H-),Ti for the fol-
lowing reasons:

(1) The presence of two n7-C;H; 10 m-electron rings on a
titanium atom with their —3 formal charges gives the central
titanium atom a +6 formal oxidation state. Such a high tita-
nium oxidation state, even if only formal, is clearly unrea-
sonable since it requires loss of two electrons from an inner
electron shell in addition to loss of all four electrons in the
titanium valence shell.

(2) Each n’-C;H,~Ti bond with its five components
(o + 2m + 20) requires five metal orbitals implying the need
for ten orbitals for a (n7-C;H-),Ti structure. However, there
are only nine orbitals in the accessible sp>d> valence orbital
manifold for titanium suggesting the impossibility (or at le-
ast unfavorability) of bis(heptahapto) bonding. However,
for actinides, with f orbitals available in the valence shell,
(n’-C;H;),M derivatives with two heptahapto C;H; rings
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are feasible as indicated by the synthesis of the anion
(n’-C;H,),U~ by Ephritikhine and co-workers.[>!

The present results support the unlikelihood of a bis(hep-
tahapto) structure for (n’-C;H;),Ti in the following two
ways:

(1) A heptahapto-pentahapto structure (n’-C;H,)Ti(n?’-
C;H5) (Ti-1S in Figure 5) is found for (C;H,),Ti of signifi-
cantly lower energy than the bis(heptahapto) structure.

(2) The higher energy bis(heptahapto) structure (n’-
C;H,),Ti (Ti-2S in Figure 5) has a 40/ cm ! imaginary vi-
brational frequency. Following the corresponding normal
mode leads to the lower energy (n’-C,H;)Ti(n>-C;H,)
(Ti-1S) structure. Thus the bis(heptahapto) structure
(n’-C;H,),Ti is a transition state rather than a true mini-
mum.

The lowest lying structures for (C;H,),M (M =
Ti, V) are the heptahapto-pentahapto structures
(n’-C;H,)M(n>-C;H;). However, an analogous structure is
not found at a competitive energy for (C;H;),Cr. Instead
the lowest energy structure Cr-1S for (C;H,),Cr (Figure 7)
has two chelating tridentate cyclopropyldivinyl ligands
formed by rearrangement of the cycloheptatrienyl rings.
The resulting formally chromium(VI) hexaalkyl can arise
from a bis(hexahaptocycloheptatrienyl)chromium derivative
(n%C;H,),Cr through a pentahapto norcaradienyl interme-
diate (Figure 16) in which the norcaradienyl ligand is linked
to the chromium atom through its two double bonds as well
as a Cr-alkyl bond to the cyclopropyl carbon not bearing
a vinyl group. A simple rearrangement of this n’-norcaradi-
enyl ligand can then lead to the observed tridentate chelat-
ing cyclopropyldivinyl ligand

& QN &

T Cr
Cr Cr
(m8-C7H7)Cr (n®-C7Hy)Cr (n3-C7Ho)Cr
C7Hz C7H7™ C7H
triolefin n®-norcaradieny! divinyl

+ cyclopropyl

Figure 16. A possible mechanism for the rearrangement of a
(n%-C,H-)Cr structure to the tridentate chelating cyclopropylbis(di-
vinyl) structure. For clarity only one of the C;H; ligands is shown.

The lowest energy (C;H;),M structures for the later first-
row transition metals from manganese to nickel have cyclo-
heptatrienyl rings partially bonded to the metal atom
through pentahapto and trihapto bonding. In general struc-
tures with the lowest spin multiplicity have the lowest ener-
gies. Thus the lowest energy structures for the iron and
nickel derivatives are singlets and those for the manganese
and cobalt derivatives are doublets. For iron, the lowest
energy structures are the singlet cis and trans pentahapto
(n3-C;H,),Fe derivatives (Fe-1S and Fe-2S in Figure 9),
which are of similar energies with an 18-electron local iron
environment and a metal formal oxidation state of +2 very
similar to that in ferrocene. For nickel, the lowest energy
structures are the singlet cis and frans stereoisomers of
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trihapto (n3-C;H;),Ni (Ni-1S and Ni-2S in Figure 11)
with a local nickel environment very similar to that in
bis(n?-allyl)nickel and again a metal formal oxidation state
of +2. For manganese, the doublet heptahapto-trihapto
structure (n’-C;H;)Mn(n3-C;H) (Mn-1D in Figure 8) is of
lower energy than the more symmetrical doublet bis(penta-
hapto) structure (n3-C;H;),Mn (Mn-2D). The lowest en-
ergy structure for (C;H,),Co is a bis(trihapto) structure
(Co-1D) with a 15-clectron metal configuration.

None of the (C;H7),M derivatives predicted in this paper
has been synthesized to date. A possible synthetic method
might involve reactions of the C;H-* trianion with suitable
metal halides or other related metal derivatives. A possible
source of the required trianion is the metallation of 1,4-
cycloheptadiene with suitable organolithium derivatives.[>?!
However, at the present time this does not seem to be a
particularly clean reaction so improvements in the cyclo-
heptadiene metallation procedure might be necessary before
this synthetic method can be used.

Supporting Information (see also the footnote on the first page of
this article): Complete tables of metal—carbon distances [A] for the
M(C,H5), M = Ti, V, Mn, Fe, Co, Ni) structures (Tables SI to
S6); complete tables of vibrational frequencies for (C;H;),M (M =
Ti, V, Cr, Mn, Fe, Co, Ni) structures (Tables S7 to S25); coordinates
of the (C;H,),M (M =Ti, V, Cr, Mn, Fe, Co, Ni) structures (Tables
S26 to S43).
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