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The ab initio spin-coupled model, which is one of the most useful formulations of modern valence bond
theory, has been used to study the general characteristics of, and the variations in, the chemical bonding in
MCH2

+ (M ) Sc-Co) systems. The covalent metal-methylene interaction, characteristic of Schrock
complexes, exhibits simultaneously a metal to ligandσ electron donation and a ligand to metalπ electron
donation. The degree ofσ donation decreases and that ofπ donation increases monotonically from ScCH2

+

to CoCH2
+ in parallel with the decreasing dipole moment of the system and the increasing electronegativity

of the M+ center. The metal-methylene interactions are found to be well described by a balance between
two resonant Lewis structures: a dominant doubly bonded closed-shell+MdCH2 form and a much less
important diradical-like, singly bonded form,+M•s•CH2. The importance of this last, which accounts for the
triplet character in theπ (andσ) interaction(s), grows with the number of unpaired nonbonding electrons on
the metal. Such trends may be easily understood in terms of the preservation of intraatomic exchange energy
and are consistent with a general decrease in the intrinsic bond strength from ScCH2

+ to MnCH2
+, and vice

versa from MnCH2+ to CoCH2
+. In addition, the sequential filling of nonbonding orbitals across the series is

found to originate from a compromise between the minimization of repulsive electrostatic interactions between
them and with bonding pairs, and the maximization of the intraatomic exchange energy.

1. Introduction

Transition metal carbenes have been implicated as reactive
species and as intermediates in a wide range of important
heterogeneous and homogeneous catalytic reactions.1 More than
thirty-five years since the first synthesis of such a system,
namely [(CO)5WCMe(OMe)] by Fisher and Maasbol,2 it is
commonplace to distinguish between carbene and alkylidene
complexes. Each class of compounds exhibits specific reactivity
as a direct manifestation of the specificity of the bonding
interaction, being predominantly covalent or dative (see below).
Actual metal carbene complexes of Fisher’s type present a
carbene ligand that is electrophilic, whereas the ligand in metal
alkylidene complexes of Schrock’s type is nucleophilic. Both
types of complex have been intensively studied by computational
means.3-5

In this broad family of compounds, it is probably the metal
methylene monocations that have the richer experimental history
over the last two decades,6,7 not least because they play an
important role in various reactions such as oligomerizations8

and because they are perhaps the simplest and smallest carbene
complexes imaginable. In the meantime, naked complexes have
been the subject of an incredible number of high-level compu-
tational surveys,5,9-12 in part because of the need for new
developments in quantum chemistry to be tested on “sensitive”
systems, such as transition metal complexes. Carter and Goddard
established that approaches of Hartree-Fock quality fail to
describe properly the weakπ bond of MCH2

+ complexes.5c

The purpose of the present work is to use modern valence
bond (VB) theory, in its spin-coupled (SC) form, to understand
the nature of the metal-ligand binding in these systems. In
addition, we want to assess the ability of this method to provide
a clear picture of the main chemical features of transition metal
complexes. Whereas the SC approach has already proved
reliable for a wide range of organic and inorganic systems not
containing elements with d orbitals, there have been few clear
indications as to how it will perform for transition metal species.
Indeed, relatively few ab initio VB studies, such as those in
refs 5 and 13-21 have focused on transition metal complexes,
with the majority of these dealing with the simplest singly
bonded metal-hydrogen13,14,18-20 or metal-methyl15 systems.
In our recent work on metal-methylene monoactions,16,17 we
concentrated on the relative merits of the symmetry-separated
σ + π and symmetry-equivalentΩ bond models of the formal
double bond. Our main objective in the present final part is to
explain the general tendencies of energy-related and wave
function-related characteristics of the chemical bonding across
the MCH2

+ (M ) Sc-Co) series.
We identify common features of the metal-methylene

interaction, using familiar concepts such as electron donation,
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hybridization of the metal center, covalent vs ionic character,
and so on. Key parameters, such as the number of unpaired
electrons, the degree of (partial) triplet character in the bonds,
and the electronegativity of the M+ center, are employed to
rationalize variations in theσ andπ interactions. The bonding
is also analyzed in terms of resonance between simple Lewis
structures and we investigate the nature of the difference
between theN-electron SC and the corresponding “N electrons
in N orbitals” CASSCF wave functions.22 Variations in SC
charge distributions and dipole moments are quantified and
explained, and these are compared with values obtained from
higher-level CASPT2 calculations.23 We also elucidate trends
in this series with the help of intrinsic binding energies. Intrinsic
binding energies are preferred here to standard binding energies
because of the way the former can be used in a straightforward
manner to furnish some indirect evidence for the pertinence of
the SC description of the bonding. Finally, we examine and
compare the sequential filling of nonbonding metal orbitals
across the ScCH2+-CoCH2

+ series with the analogous order
in the diatomic MH+ systems. Simple and useful qualitative
rules emerge for predicting the nature of the ground states of
inorganic complexes of the first row, without further calcula-
tions.

2. The Spin-Coupled Model

The ab initio spin-coupled wave functions used in the present
work take the form24

Functions{φµ} are singly occupied nonorthogonal SC orbitals
which accommodate theN active electrons. The total wave
functionΨsc is not invariant to arbitrary unitary transformations
of these active orbitals, which are thus a unique outcome of
the variational procedure. The total spin function for theN active
electronsΘSM

N , labeled according to the eigenvalues ofŜ2 and
Ŝz, is expanded in the full spin space25 of f S

N linearly independ-
ent modes of spin coupling:

A fully variational SC calculation consists of the simultaneous
optimization of all the spin and orbital degrees of freedom,
namely then inactive orbitalsψi, theN active orbitalsφµ, and
the f S

N spin-coupling coefficientscSk. It is important to mention
that, unlike classical VB theory, the SC method does not
presuppose the form or degree of localization of the orbitals.
Furthermore, there are no constraints on the overlaps among
the φµ or on the corresponding mode of spin coupling. A
particularly simple way of analyzing the active space spin
function ΘSM

N is to evaluate spin correlation matrix elements
〈ŝ(φµ)‚ŝ(φv)〉, in which ŝ(φµ) is the one-electron spin operator
associated with the electron occupying orbitalφµ. Limiting cases
are -3/4 and +1/4 for pure singlet and pure triplet coupling,
respectively, and zero for strictly uncoupled electron spins.

In general, a one-configurationN-electron SC wave function
is very similar to the corresponding many-configuration“N
electrons inN orbitals” CASSCF function, but it is obviously
much more compact and thus easier to interpret. Various
strategies may be used to improve the SC model, usually
involving excitations into virtual orbitals. In particular, non-

orthogonal configuration interaction calculations starting from
a SC or multiconfiguration SC (MCSC) reference function lead
to accurate description of ground and excited states.24a

3. Details of the Calculations
The metal-carbon distances were taken from modified

coupled-pair formalism (MCPF) ground-state geometry opti-
mizations11 performed inC2V symmetry: in bohr, Sc-C )
3.729, Ti-C ) 3.646, V-C ) 3.502, Cr-C ) 3.407, Mn-C
) 3.471, Fe-C ) 3.434 and Co-C ) 3.386. We adoptedC2V
symmetry for all the complexes, withz along theC2 axis and
all atoms in the planex ) 0. For the sake of simplicity and
consistency in the discussion, the CH bond lengths are fixed at
2.078 bohr and the HCH bond angles at 125°. We checked that
this approximation for the geometries does not have any
significant consequence on our results. Naturally, we examined
the same ground states as given in ref 11, namely1A1 for
ScCH2

+, 2A1 for TiCH2
+, 3B2 for VCH2

+, 4B1 for CrCH2
+, 5B1

for MnCH2
+, 4B1 for FeCH2

+, and3A2 for CoCH2
+. According

to the B3LYP calculations reported by Ricca and Bauschlicher,10

the actual ground state of VCH2
+ may be3B1 instead of3B2,

but the computed energy separation between the two states is
very small (∼0.5 kcal/mol) and this reordering originates from
zero-point corrections. For consistency with the other systems,
we consider here only the3B2 state; this choice does not affect
in any way the validity of the discussion in section 4D, since
in both states,3B1 and3B2, one dδ and one dπ orbital is singly
occupied. The B3LYP calculations of ref 10 also suggest that
the ScCH2

+ and TiCH2
+ complexes are likely to opt in their

ground states forCs rather than forC2V symmetry, the symmetry
lowering arising from a rotation of the CH2 group to allow a
stabilizing interaction between one of the CH bonds and an
empty d orbital on the metal atom. However, the predicted effect
on the energy is small,<2 kcal/mol,10 so that it is reasonable
to adhere toC2V symmetry in the present study.

As in our earlier work,17 we employed a spherical Gaussian
basis set, similar to the one used in ref 11. For the lighter atoms,
we used the correlation-consistent Dunning valence triple-ú (cc-
pVTZ) set,26 which corresponds to a [4s3p2d1f] contraction of
(10s5p2d1f) primitives for C and to a (5s2p1d)/[3s2p1d] basis
for H. The transition metal atoms were described using the
(14s9p5d)/[8s4p3d] basis due to Wachters,27 supplemented by
the (3f)/[2f] set of polarization functions developed by Baus-
chlicher et al.,28 thus leading to a final transition metal basis
set of the form (14s9p5d3f)/[8s4p3d2f].

TheN-electron SC and “N in N” CASSCF calculations were
carried out with an active space based on theσ andπ metal-
carbon bonding pairs (i.e., two a1 orbitals and two b1 orbitals),
augmented with orbitals for any nonbonding electrons on the
metal atom. From TiCH2+ to MnCH2

+ the nonbonding electrons
are accommodated by a1 (l1), b2 (l2), a2 (l3), and a1 (l4) metal-
based orbitals, respectively. Thel1 orbital becomes doubly
occupied for FeCH2+, while in CoCH2

+ the extra electron
occupies thel2 orbital, which makes it necessary to add one a1

and one b2 molecular orbital in order to perform an “N in N”
CASSCF calculation. The optimized forms of the nonbonding
orbitals are found to be as follows:l1 is a dδ ) dx2-y2 atomic
function on the metal,l2 is dπ ) dyz, l3 is dδ ) dxy, and l4 is a
hybrid orbital on the metal, of the form s+ λdσ ) s +
λd2z2-x2-y2, “pointing” away from the carbon atom.

We have shown previously16,17 that the description of the
metal-methylene interaction and of the nonbonding orbitals is
little changed when using instead a full-valence active space
(i.e., treating as active also the orbitals associated with the CH
bonds). In our previous work, we also compared the symmetry

Ψsc ) A [(∏
i)1

n

ψiRψiâ)(∏
i)1

N

φµ)ΘSM
N ] (1)

ΘSM
N ) ∑

k)1

f S
N

cSkΘSM;k
N (2)
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separated (σ + π) and bent bond (Ω) models of the formal
double bond in the MCH2+ systems, and concluded that the
former offers the more appropriate description of the metal-
methylene interaction.16,17

All calculations were performed with the MOLPRO suite of
programs,29 which now incorporates an efficient modern VB
module known as CASVB30-33 The SC wave functions were
obtained through full simultaneous optimization of the core and
valence subspaces. We also report here somepost-CASSCF
calculations which take account of dynamical electron correla-
tion effects; these are based on the perturbation technique known
as the CASPT2 formalism, in which the CASSCF wave function
provides the reference for a second-order Rayleigh-Schrödinger
perturbation theory construction.23

4.Results and Discussion

A. Bonding Characteristics. The four SC orbitals which
describe the metal-methylene bonding in MCH2+ (M ) Sc-
Co) complexes are displayed in Figure 1. Visual inspection of
the form of the orbitals reinforces our conviction17 in a standard
description of the metal-ligand bond at the SC level of theory,
making it particularly straightforward to identify general
characteristics and trends.

For each system, the bonding pair describing the axial
interaction consists of orbitalsσC andσM, the first of which is
an spx-like hybrid, almost exclusively centered on the carbon
atom. Its partner,σM, is based on an s+ λdσ hybrid centered
on the metal, and is deformed toward the methylene fragment.
This delocalization ofσM may be interpreted as an indication
of metal to ligand (Mf L) electron donation. On the other
hand,πM is an almost pure metal dπ orbital andπC, which is
based principally on a C(2pπ) function, is significantly deformed
toward the metal atom. This nonnegligible contribution of dπ
character in theπC orbital indicates ligand to metal (Mr L)
electron donation. For each MCH2

+ complex, the metal center
is therefore found systematically to be aσ donor and aπ
acceptor with respect to the CH2 group. The M+ centers becomes
increasingly electronegative across the series from Sc+ to Co+,
as do their neutral parents.34 Accordingly, the two SC orbitals
associated with the metal center,σM andπM, contract on moving
from to ScCH2

+ to CoCH2
+ (see Figure 1).

Carter and Goddard5a studied CrCH2+ and RuCH2
+ using the

GVB approach, which involves additional constraints, such as
strong orthogonality. Nonetheless, the resulting GVB orbitals
were fairly similar to those described here. A notable difference
concernsσM which, in their study, was almost a pure (94.1%)
metallic dz2 atomic orbital.

Analysis of the orbital overlaps and spin correlation matrix
elements (see Figure 2) shows theσ interaction to be systemati-
cally much stronger than theπ interaction. The overlapSσ )
〈σC|σM〉, which varies between 0.77 and 0.80, is approximately
twice the value ofSπ ) 〈πC|πM〉 which varies between 0.30
and 0.42. Such values ofSσ are typical of those found forσ
bonds in the wide range of systems studied with the SC approach
(e.g., 0.81 in FeH, 0.79 in SF6, 0.82 in SiH5

-, 0.81 in CH2). By
contrast, those ofSπ are somewhat smaller than we have
typically found forπ bonds (e.g., 0.62 in C2H2, 0.53 in C6H6).
Similarly, 〈ŝ(σC)‚ŝ(σM)〉 never exceeds-0.61, so that there is
never more than 14% triplet character in theσ interaction,
whereas〈ŝ(πC)‚ŝ(πM)〉 can reach-0.42, which corresponds to
33% triplet character in theπ interaction. The relative weakness
of the π bond was discussed by Alvarado-Swaisgood and
Harrison,12 among others.

We argued previously17 that the degree of triplet character
in the π bond is the result of a competition between the

maximization of intraatomic exchange energy and the preserva-
tion of a strong metal-ligand interaction. As shown in Figure
2b, the spin correlation matrix elements〈ŝ(πC)‚ŝ(πM)〉 increase
with the number of unpaired electrons on the metal, logically
reaching a maximum at Mn. The values of〈ŝ(σC)‚ŝ(σM)〉 show
similar behavior, but it is clear that theσ bonding is much less
sensitive to the presence of unpaired electrons than is theπ
interaction. This is not surprising, given that the singlet-coupled
σ interaction is much stronger than itsπ analogue and that orbital
σM is based on a mixture of 4s and 3d atomic orbitals whereas
πM is essential pure d: in transition metals, the d-d exchange
energy is much larger than the s-d exchange energy.35 From
Figure 2a, we see that the orbital overlaps are somewhat less
sensitive to the number of unpaired electrons than are the spin
correlation matrix elements but do show the expected trends:
they are reduced both by the orbital contraction upon an increase
of the electronegativity of M+ and by the triplet character in
the bond due to the presence of unpaired electrons. These two
effects act in cooperation from ScCH2

+ to MnCH2
+ leading to

decreasing values ofSπ andSσ. From MnCH2
+ to CoCH2

+ they
act in opposition; the triplet character in the bond prevails over
the electronegativity effect, and so we observe in Figure 2a a
slight increase ofSπ andSσ.

The three VB-like structures which contribute to the metal-
methylene bonding may be represented as

The dominant speciesI (σ + π) is associated with the perfect
pairing scheme and corresponds to the classical closed-shell,
covalent, doubly bonded description of the metal-methylene
interaction. The perfect pairing mode of spin coupling (expressed
in the Kotani or Serber bases25) accounts for 98.2, 88.8, 80.0,
68.9, 59.7, 65.8 and 70.2%, respectively, of the total spin
function ΘSM

N for the N active electrons in the MCH2+ (M )
Sc-Co) complexes; the weight ofI (σ + π) decreases from
ScCH2

+ to MnCH2
+, and increases again afterward. Analysis

of the active space spin function also shows that modes
corresponding to triplet character in theσ bond are much less
important than are those relating to triplet character in theπ
interaction.36 The minority formII (σ) corresponds to a singlet
pairing of theσ electrons and a triplet pairing ofπ electrons. It
is an open-shell, diradical-like singly bonded structure. Finally,
there is only a very small contribution fromII( π), with triplet
pairing of theσ electrons and a singlet-coupledπ pair.

Another way of assessing the relative importance ofI (σ +
π), II (σ) andII (π) is to construct an orthogonal natural orbital
representation of the SC wave functions, because the three struc-
tures correspond to (σ)2(π)2, (σ)2(π)1(π*) 1 and (σ)1(σ*) 1(π)2

configurations, respectively. The occupation of the lowest energy
natural orbitals are 1.9755, 1.9735, 1.9708, 1.9529, 1.9294,
1.9450 and 1.9432, respectively, for theσ interaction and 1.7144,
1.6129, 1.5549, 1.3813, 1.4141 and 1.4521, respectively, for
theπ interaction across the ScCH2

+-CoCH2
+ series. The trends

indicated by these occupation numbers are much the same at
the SC, CASSCF, and CASPT2 level of theory.

In terms of Lewis analysis, only two structures are required
to account for the metal-methylene interaction:
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Figure 1. Four SC orbitals involved in the metal-methylene bonding in MCH2+ complexes (M) Sc-Co, from top to bottom).
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since II (σ) and II (π) may be assigned the same Lewis
representation. The importance ofII increases from ScCH2+ to
MnCH2

+ and decreases afterward. Of course, one could replace
the lines representing purely covalent bonding by arrows, so as
to emphasis the dative nature of the interactions.

A purely electrostatic metal-methylene interaction, in a
Fisher complex, could be based solely on a dn+1 configuration,
so that one crude way of estimating the covalent character
(deemed to arise from s1dn) is to perform a Mulliken population
analysis. At the SC level, the d populations are 1.34, 2.35, 3.39,
4.47, 5.08, 6.12 and 7.11, respectively, suggesting covalent
character of 66, 65, 61, 53, 92, 88 and 89%, respectively, for
the MCH2

+ (M ) Sc-Co) complexes. Taking into account also
the form of the SC orbitals, this series therefore appears
undoubtedly to be of Schrock’s type. It should be mentioned
that our SC and “N in N” CASSCF wave functions are biased
in favor of electronic states with low d occupation whereas the
opposite is true10 for the B3LYP formalism. This can easily be
seen by computing the s1dn-dn+1 energy separations for, e.g.,
Sc+: the SC and CASSCF values are too large, whereas the
B3LYP values are too small.

B. Difference between SC and CASSCF Energies.The
single-configuration SC wave functions capture between 83 and
90% of the total CASSCF (‘nondynamical’) correlation energy
in the (M ) Sc-Mn) series.17 We find that the difference
between the two wave functions is concentrated in so-called

doubly ionic configurations, i.e., in those which feature two
doubly occupied SC orbitals: MCSC wave functions consisting
of the SC configuration plus all doubly ionic configurations
recover more than 99% of the CASSCF correlation energy. For
each system, a closer examination of these MCSC wave
functions reveals that it is just one doubly ionic structure that
dominates the difference from the SC energy. For each complex,
this additional structure is based on the same (σM)2(πC)2

configuration and may be represented graphically as

This particular configuration is not associated with charge
transfer, because C and M still have two electrons each. As a
consequence, SC and CASSCF calculations should provide
similar dipole moments (see below) and, more generally, similar
chemical descriptions. A two-configuration SC wave function
based on the SC configuration and this particular doubly ionic
configuration recovers between 91 and 97% of the CASSCF
correlation energy.

C. Dipole Moments and Intrinsic Binding Energies.Dipole
moments (µ) and net Mulliken charges (q) computed at the SC,
CASSCF and CASPT2 levels are recorded in Table 1. As
anticipated, the SC and CASSCF values are fairly similar. The
changes on inclusion of dynamical correlation via the CASPT2
formalism are also rather modest.

Each metal-methylene bond is found to be polarized toward
the methylene group. The magnitude of the charge separation
and of the dipole moment decreases from ScCH2

+ to CoCH2
+.

A close inspection of the SC orbitals provides additional
insights: on moving from ScCH2+ to CoCH2

+, the delocaliza-
tion of σM toward the methylene group tends to be reduced while
σC remains essentially unchanged. These observations are
consistent with a reduction of theσ donor capacity of M+ as
its electronegativity increases. At the same time,πC is found to
acquire slightly more metal character: this corresponds to an
accentuation of theπ acceptor character of M+. Naturally, the
concurrent decrease across the series of theσ donor capacity
of M+ with respect to the CH2 group and the reinforcement of
its π acceptor capacity results in a decrease in the polarity of
the metal-methylene interaction.

General trends in the binding energies across the MCH2
+

series have been discussed extensively. Revisiting a preliminary
experimental study due to Armentrout et al.,7 Bauschlicher et
al.11 established the existence of a quasi-linear relationship
between the dissociation energies and the metal cationpromo-
tion-plus-exchangeenergies, as defined and computed by Carter
and Goddard.35

An attractive way of examining the strength in situ of the
M+ interaction with CH2 is to use intrinsic binding energies,
defined by Ziegler and co-workers37 as “the difference of energy
between the molecule and its subsystems taken in their
molecular electronic configurations and considered at their
molecular equilibrium geometries.” Figure 3 shows intrinsic
“experimental” binding energies computed with respect to the
s1dn dissociation limit.38 Except for a small discontinuity at
chromium, the general trend is for the intrinsic bond strengths
to decrease from ScCH2+ to MnCH2

+ and then to increase again
beyond this point. This observation is, of course, consistent with
our earlier remarks about the increase of the number of unpaired
electrons on the transition metal which confers a higher weight
to the singly bonded structuresII . Also shown in Figure 3 are

Figure 2. Orbital overlaps and spin correlation matrix elements in
the MCH2

+ series.
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CASPT2 intrinsic binding energies; the corresponding CASSCF
and SC results are smaller, because of the neglect of dynamical
electron correlation, but they follow the same general pattern
as the experimental values.

D. Ground-State Configurations.So far, no full rationaliza-
tion has been proposed for the successive ordering of molecular
states for the MCH2+ (M ) Sc-Co) series. On the other hand,
a qualitative prediction of the ground state and of low-lying
excited states for other transition-metal complexes, based on
simple and intuitive arguments, has proved to be rather reliable.20

Almost simultaneously, independent studies due to Loades et
al.18,19 and to Ohanessian and Goddard21 pointed out that the
sequence in which the available nonbonding orbitals become
occupied across the MH+ and MH systems occurs in a consistent
manner. We have found that a very similar sequence applies to
the complexes considered here: electronic configurations of
ground states of MCH2+ and MH+ species are compared in
Table 2.

The main considerations in determining the occupancy of the
nonbonding orbitalsli appear to be minimization of the
electrostatic repulsion between them and with the two bonding
pairs σC,σM and πC,πM, and maximization of the number of

unpaired electrons. In this way, a d orbital in the plane
perpendicular to the molecular axis is occupied first, because
this tends to minimize any interaction with the bonding
electrons. Thus, in the MH+ diatomics and in the metal-
methylene series, the first odd electron is housed in a dδ orbital.
The second nonbonding electron occupies a dπ orbital in
preference to the second dδ orbital. Although this produces a
greater electrostatic repulsion with the bonding pairs in com-
parison with the case in which a further dδ orbital would be
occupied, the dπ orbital is preferentially occupied because filling
two orbitals placed in the same plane would produce a more
destabilizing effect. In accord with the policy of minimizing
repulsive bonding/nonbonding electrostatic interactions, the third
additional nonbonding electron of the MH+ systems is accom-
modated in the second dπ orbital, which is orthogonal to all of
the previously occupied orbitals. Of course, this dπ component
is not available in the MCH2+ series, because it is already
involved in the metal-methyleneπ bond. As a consequence, it
is the second dδ orbital which accommodates the third extra
electron for the metal-methylene systems. This is the orbital
that is occupied by the fourth nonbonding electron of the MH+

systems. Next in the sequence comes an s+ λdσ hybrid that
points away from the ligand. At this stage, all of the available
nonbonding orbitals are singly occupied. For FeCH2

+, the fifth
nonbonding electron is accommodated by one of the dδ orbitals,
which becomes doubly occupied, while in CoCH2

+ the second
doubly occupied orbital is dπ, following again the same order
as seen for TiCH2+ and VCH2

+.
Our results clearly indicate that the sequential filling of

nonbonding orbitals for the (M) Sc-Co) complexes does not
occur in a random manner: nonbonding orbitals are filled in
the same order as for the diatomic MH+ species, except that
one of the dπ orbitals is already involved in bonding. This
sequence results from a compromise between minimizing
electrostatic repulsions and maximizing the number of unpaired
electrons, and thus maximizing the exchange energy.

5. Concluding Remarks

We have found that the spin-coupled description of the
metal-methylene interaction is consistent across the whole
MCH2

+ (M ) Sc-Co) series. The bonding is significantly

TABLE 1: Dipole Momentsa (µ, in Debye) and Net Mulliken Charges (q)

ScCH2
+ TiCH2

+ VCH2
+ CrCH2

+ MnCH2
+ FeCH2

+ CoCH2
+

µ (CASPT2) 5.67 4.75 4.34 3.72 3.02 2.74 2.06
µ (CASSCF) 5.69 4.80 4.32 3.69 3.09 2.78 2.05
µ (SC) 5.72 4.96 4.52 3.93 3.33 3.29 2.89
qM (CASPT2) 1.47 1.42 1.43 1.38 1.37 1.36 1.31
qC (CASPT2) -0.83 -0.80 -0.78 -0.73 -0.75 -0.74 -0.67
qM (CASSCF) 1.47 1.43 1.41 1.36 1.37 1.36 1.30
qC (CASSCF) -0.82 -0.79 -0.75 -0.70 -0.75 -0.74 -0.66
qM (SC) 1.49 1.46 1.45 1.40 1.40 1.43 1.40
qC (SC) -0.85 -0.83 -0.79 -0.73 -0.78 -0.80 -0.75

a The origin is at the center of mass.

TABLE 2: Ground States (GS) and Electronic Configurations for the MH+ and Series

nba MCH2
+ GSb configurationb MH+ GSc configurationc

0 ScCH2
+ 1A1 (σ)2(π)2

1 TiCH2
+ 2A1 (σ)2(π)2(dδ) ScH+ 2∆ (σ)2(dδ)

2 VCH2
+ 3B2 (σ)2(π)2(dδ)1(dπ)1 TiH+ 3Φ (σ)2(dδ)1(dπ)1

3 CrCH2
+ 4B1 (σ)2(π)2(dδ)1(dπ)1(dδ)1 VH+ 4∆ (σ)2(dδ)1(dπ)1(dπ)1

4 MnCH2
+ 5B1 (σ)2(π)2(dδ)1(dπ)1(dδ)1(s + λdσ)1 CrH+ 5Σ+ (σ)2(dδ)1(dπ)1(dπ)1(dδ)1

5 FeCH2
+ 4B1 (σ)2(π)2(dδ)2(dπ)1(dδ)1(s + λdσ)1 MnH+ 6Σ+ (σ)2(dδ)1(dπ)1(dπ)1(dδ)1(s + λdσ)1

6 CoCH2
+ 3A2 (σ)2(π)2(dδ)2(dπ)2(dδ)1(s + λdσ)1 FeH+ 5∆ (σ)2(dδ)2(dπ)1(dπ)1(dδ)1(s + λdσ)1

a Number of unpaired electrons on the metal center.b Reference 11.c Reference 21.

Figure 3. Intrinsic binding energies in the MCH2+ series.
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covalent (arising from s1dn configurations) but the M+ center
is simultaneously aσ donor and aπ acceptor with respect to
the methylene fragment. For these two reasons, all complexes
in the series are best described as being of Schrock’s type rather
of Fisher’s type, i.e., as being alkylidene rather than carbene.
The continued decrease in the degree ofσ donation and the
accentuation of theπ donation on moving from ScCH2+ to
CoCH2

+, which parallels the increasing electronegativity of the
metal center, results in a concomitant decay of the dipole
moment.

The metal-methylene interaction may be visualized in terms
of just two resonant Lewis structures: a predominant classical
closed-shell formI , +M ) CH2, together with a minority
diradical-like form II , +M•s•CH2, corresponding to triplet
character in theπ interaction or, to a much lesser extent, in the
σ interaction. The differences between theN-electron SC and
corresponding “N in N” CASSCF descriptions are small and
consistent: all along the series the difference between these two
wave functions consists mostly of the same “ionic” configura-
tion(s). These last do not change the essential description of
the bonding.

From ScCH2
+ to MnCH2

+, the increasing number of unpaired
electrons accentuates the triplet character in theπ (and σ)
interaction(s), resulting in an increased weight for the singly
bonded structure(s)II , and corresponds to a reduction in the
intrinsic bond strength. The reverse situation occurs, of course,
for the MnCH2

+-CoCH2
+ triad.

The sequential filling of nonbonding orbitals in the MnCH2
+

and MH+ series can easily be understood by considering merely
the best way to maximize the exchange energy of unpaired
electrons on the metal center and to minimize their electrostatic
repulsion with the bonding electrons and with the other electrons
of the methylene group. It seems reasonable to suppose that
analogous qualitative arguments will work equally well for a
wide range of complexes containing first-row transition metal
atoms.

Our various results indicate clearly the utility of modern
valence bond theory, in its spin-coupled form, for understanding
the bonding in complexes that contain transition metal atoms
in low oxidation states.
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