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Abstract

Computaiional methods for the analysis of transition metal complexes have undergone
rapid progress in the recent past. Improved methods, most notably effective core poientials
including relativistic correlations, new methods for determining analyiic first and second
energy derivatives and efficient methods for obtaining multiconfiguraiion wavefunctions, have
been developed. Combined with new computational technologies, mosi notably the develop-
ment of parallel hardware and software. this provides exciting new opporiunities to investigate
quantitatively the bonding, structure and reactivity of complexes incorporating transition
metals from the entire series. This review covers recent work from our laboratories, in which
all of these emerging technologies have been used. Subjects io be discussed include the nature
of muliiple bonds between transition metals and main group elements and the activation of
prototypical bonds by traasition metals.

We focus on muliiply bonded transition metal-maia group {TM=MG) complexes of the
early transiiion metals, because of the vigorous experimental research that has been doae in
this area, particolarly as it pertains to catalysis and advanced materials applications. The
bonding and struciure of alkylidene (L, M=C{R)R’}, silylidene (L, M=S8i{R)R") and imido
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{L,M=NR) cornplexes are reviewed. Some recent results on oxo (L, M=0), sulfido (L, M=S5)
and phosphinidine (L, M=PR) complexes are also presented. Bonding is, in general, interpre-
ted using the language of valence bond theory, made possible by the development of localiza-
tion methods for multiconfigurational orbitals. This approach is quite useful, since it conforms
to the langueage used by the experimenial community in their analyses of the boading and
reactivity of TM=MG complexes, vet it retains the fundamental molecular orbiial approach.
Of particular interest are the following guestions,

{1} Can a computaiional scheme be developed to predict accurately the properties of
experimenially characterized TM=MG species, thus allowing coafidence in studies of
TM=MG complexes whose reactivity is not conducive to X-ray siruciural analysis?

(2} For a given LM, how does the basic picture of metal-ligand multiple bonding change
from alkylidene to imido to oxe, and from silylidene to phosphinidene to sulfido?

{3) What are the essential features of the potential energy surfaces relating to bond
activation?

{4) How do TM=MG species involving the heavier elements (MG = Si, P and 5} compare
with their lighter congeners?

{5) Are any trends in ithe properties of the transition metal-main group linkage discernible
(as a function of M, L, or E), which may provide new insight into the reactiviiy of these
complexes in the various important processes in which they participate, and which may help to
design more effective TM =MG materials through modification of the chemical environmeni?

Keywords: Core potential studies; Transition metals

1. Introduction

The transition metals (TMs) constitute a family of elements of obvious importance
in fields such as advanced materials, catalysis and biochemistry [ 1]. Coordination
chemistry owes its richness to the amazing ability of TMs to stabilize a variety of
geometries, spin and oxidation states and ligand types, properties which are largely
responsible for their utility in these techaclogically important areas. However, these
properties, as well as others {e.g. the large number of low-energy excited states and
the large size of many TM complexes), contribute to the many difficulties encountered
in treating TMs using computational chemistry techaiques. It is perhaps no accident
that two recent compendia of research in this area contain the word “challenge” in
their titles [ 2]. To meet the challenges of TM chemistry, a wide variety of computa-
tional approaches have been employed, and a review of computational TM chemistry
has recently appeared in this journal [3].

As the impressive body of literature on ab initio studies of crganic chemistry
clearly demonstrates, ab initio methods have the potential to provide a quantitative
prediction of geometries, reaction enthalpies, activation barriers and bond energies
[41. Computational TM chemistry has not yet progressed to the extent atiained by
computational organic chemistry, but because of the fundamental importance of the
TMs in many areas of chemisiry, this field coniinues to be one of major activity
[2.5]. The recent dramatic improvements in computational methods and technology
promise to propel computational TM chemistry to a level comparable with that of
the lighter main group {MG) elements. The present contribution presents some of
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the approaches to the challenges of coordination chemisiry, as weli as some of the
results that have been obtained in our laboratories.

2. Natore of the probiem

Three main challenges face the computational chemist with an interest in TM
coordination chemistry [ 2]. First, the large number of electrons and orbitais which
need to be described in the TMs, particularly those of the second and third row,
have made all-electron studies of these systems computationaily prohibitive in many
circumstances. It is important to remember that the computational effort in
Hartree—Fock, ab initio methods is roughly proportional to N4 where N is the
number of atomic orbitals {basis functions) which are needed to describe the system.
Second, relativistic effects increase in significance as one descends to the heavier
elements in the Peniodic Table, and any credible model must treat these effects
adequately, A third challenge in computational TM chemistry arises from the fre-
quent existence of a large number of low-lying elecironic states. This precludes the
simple description of TM systems in terms of a single electronic configeration, and
requires a multiconfiguraiional description as a starting point for the calculation.
Related to this is the electron correlation problem that arises from the neglect of
instantaneous electron—¢lectren repulsions in the standard Hariree-Fock molecular
orbital scheme (which forms the basis of the majority of quantum chemical methods).
When it is necessary to include electron correlation (essential for the prediction of
accirate energetics, and frequently necessary for the prediction of accurate TM=—MG
geometries), the computational effort can be propostional to N°-N’, potentially
further limiting the size (and thus to some extent the experimental relevance} of
systems which can be treated.

Our main algorithmic approach to the challenges of the TMs (and their lanthanide
counierparts) incorporates the development and utilization of effective core potential
{ECP) methods [ 6], in which inner shell electrons are replaced by a model potential.
Combined with the use of reliable valence basis sets, modern technigues for treating
eleciron correlation and emerging technologies such as paraliel computing ¢the
distribution of a single calculation over multiple processors), this appears to be a
very powerful method for dealing with TM systemns. This paper presenis a summary
of our research that has used this combination of methods as a tool to probe TM
bonding and reactivity. The utility of ECPs, combined with modern computational
techniques, is highlighted by focusing on 2 variety of recent applications.

This paper is organized in the following fashion. First, we start with a brief
overview of the main computational methods used. This is followed by a discussion
of several applications of these methods to the molecular and electronic siructure
and reactivity of TM complexes. Since TM = MG multiple bonding has been extens-
ively studied by our groups, this work receives special consideration. The amazing
reactivity of TM complexes has made them popular subjects for both experimental
and theoretical chemical researchers, so that in the final section we review some of
our work 1n this area, focusing on methane C—H activation.
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3. Computational methods

An ECP is simply a group of potential functions {ideally a very small set} which
replaces the core electron and core orbitals which are normally assumed to have a
minor effect on most chemical phenomena [6]. The ECPs have the functional form
shown in Eq.(1)

r2Viry = Z Ay exp(— Byyr?) (1}
k

Coeflicients {4, ), radia! exponents {n,,) and gaussian exponents (B, ;} describe the
radial extent and shape of the model poiential. Basis sets for describing the valence
electrons are of the familiar gaussian variety. Our groups have employed the ECPs
and attendant vaience basis sets { VBSs) of Stevens, Basch, Krauss and Jasien (SBKJ})
[6a,b] which are built into the GaMEs quanitum chemistry program package [7].
The SBKIJ scheme has been derived with an eye towards minimizing the number of
terms needed in Eq. 1) to describe the potential generated by the core elecirons;
thus they are sometimes referred o as compact effective potentials (CEPs). ECPs
and VBSs for TMs have been derived by other workers [ 6], most notably Hay and
Wadt (HW) [6d]. and used to goed effect by various researchers [2,3,5,6].

Apart from the computational benefits outlined above, ECPs offer exciting “chemi-
cal” benefits for the coordination chemist. Since only valence elecirons are treated,
the computational effort remains the same for complexes which differ only in the
central TM atom, regardless of its position in the transition series. With ECPs, a
compuiational investigation of an Hf catalyst or advanced material precursor can
be carried out with the same facility as studies of the Zr and Ti analogs. This allows
the computational chemist to approach TM bonding and reactivity in the manner
long employed by experimentalists, ie. studying trends for related complexes, e.g.
those congeners within a triad.

The calculations described below employ the computational chemistry program
GAMESS [ 7] running on sequential, parallel and vecior platforms. The ECPs and
VBSs of SBKJ [6a,b] are used for heavy atoms, and the —31G basis set is used
for H. ECPs replace the innermost core orbitals for the TMs and all core orbitals
for MG elements. Thus the ns, ap, nd, (8 + 1}s and (n + 1)p are treated explicitly
for the d block; for the MG, ns and np are treated explicitly [ 6a,b]. In the standard
implementation, TM VBSs are guadruple and triple zeta for the sp and d shells
respectively, while MG elements have a double-zeta valence basis [ 6a,b]. Basis sets
for heavy MG elements are angmented with a d polarization function [47]. Unless
otherwise stated, geometries are optimized at the restricted Hartree-Fock (RHF)
level for closed shell singlets. Vibrational frequencies are always calculated at station-
ary points to identify them as minima (zero imaginary frequencies), transition states
(one imaginary frequency) or higher order saddle points (two or more imaginary
frequencies}.

For coordinatively unsaturated systems and systems with weak TM — MG bonding
{typically when MG is a third row element such as Si}, one must often go beyond
a single determinant description {vide infra} for even a qualitative understanding of
the bonding in these complexes.
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Although geometries are vsually accurately predicted at the RHF level, energetics
are expected to be poor if correlation is ignored. For species described well at the
RHF level, the correlation contribution is a perturbation to the RHF energy, and
can be calculated using many bedy perturbation theory. Typically, our choice has
been the efficient second-order Moller-Plesset perturbation theory (MP2} [8]. An
[RHF geometry/MP2 energy] scheme has been shown in our laboratories to yield
good agreement with experimental data for processes such as methane elimination
from d® methyl{amido) complexes of the Ti and V triad [9]. Calculated data are
corrected for zero point energies and from absolute zero to experimentally relevant
temperatures using RHF frequencies. In those cases for which a muiticonfigurational
sel-consistent field (MCSCF)} wavefunction is required for a qualitatively correci
description of the molecular and electronic structure, the MCSCF wavefunction is
augmented by either muliireference configuration interaction { MRCT} [ 10] or multi-
reference periurbation theory [11].

A particularly useful means for analyzing the nature of TM=MG multiple bonds
combines simple MCSCF wavefunctions with the concepi of localized molecular
orbitals {LMOs}, n order to provide a bridge between these complex ab initio
calculations and a simple valence bond view of bonding. Let us consider the applica-
tion of this MCSCEF/LMO/CI approach to a prototypical TM=MG (M =E} double
bond. A simple RHF description of a simple double bond is represented by the
wavefunction

2
Peur=|... Oue RMEZ(TEME* }O(UME* )G|

so that the o and = bonding orbitals for the ME bond are both doubly occupied
and the corresponding antibonding orbitals are empty. A simple MCSCF wavefunc-
tion for this bond, referred to as MCSCFE (4 ,4), includes all electronic configurations
in which the four {o and =) elecirons in the bond are distnibuted among the four
{bonding and antibonding) orbitals, giving rise to 20 elecironic configurations. The
mote important the additional configurations become, the less correct it becomes to
describe the electronic wavefunction sumply by the closed shell, single determinant
Hartree- Fock wavefunction ¥, The importance of the additional configurations
15 easily assessed by diagonalizing the first-order density matrix for the MCSCF{4.4)
wavefunctions. The eigenfunctions of the density matrix, the natural orbiials, will
have occupation numbers near 2.0 for bonding and 0.0 for antibonding orbitals if
the closed shell Hartree—Fock description 1s essentially correct. The more important
a multiconfigurational description becomes, the larger the occupation numbers for
the antibonding natural orbitals. Correspondingly. the occupation of the bonding
orbitals decreases,

The MOSCHF/LMO/CI procedure comnsists of three steps. In step 1. the
MCSCF{4.4}) wavefunction described above, consisting of 20 configurations. is gener-
ated. In step 2, the MCSCF naitural orbitals are localized to yield “atomic orbital
(AO)-like” molecular orbitals (MOs). These will correspond to &g, %g, Ty, Gy. The
AO-like MOs are predominantly (more than 90%) located on either the TM {M) or
MG {E) end of the ME bond. In step 3, a CI wavefunction consisting of the AO-like
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MO active space is used to generate 20 configurations that now look like valence
bond resonance structures and give the weight of each in the overall wavefunction.
Generally, only a subset of these 20 configurations is chemically sensible. We denote
the resonance structures as |0 R My’ O », Where a, b, ¢ and d are the occupation
numbers of the AO-like MOs. It is sensible to expect that those resonance structures
which possess two clectrons each in the ¢ and = manifolds {ie. a+d=2;b+c=2)
will be the primary contributors, since the compound thereby avoids large coniribu-
tions from configurations with weaker one- or three-electron bonds.

4, Transition metal-ligand mpl¢iple bonding

Coordination compounds with multiple bonds between TMs and MG elements
(TM=MG} have come under intense experimental scrutiny [12] because of their
interesting structure and reactivity. Multiply bonded complexes are putative interme-
diates in a variety of industrial (e.g. imido complexes (L,M=NR]) in the ammoxida-
tion of propylene), bioclogical {e.g. oxo complexes (L,M=0)} in the cytochrome
P-450-catalyzed oxidation of xenobiotics) and academic {(e.g. carbene complexes
{L,M=C(R)R'} in organic synthesis) processes [ 12]. Complexes involving multiple
bonds between TMs and the heavier MG elements {e.g. P, 8i and S} are comparatively
rare, although a growing number of examples have recently been reporied [13].
Ouwr initial studies of ECP methods focused on the fundamenial nature of the bonding
in TM=MG complexes, and its response to the chemical environment [9,14].

The essential features of a chemical reaction mechanism are contained in the
minimum energy path(s) {MEP(s)} — ihe path(s) of steepest desceni connecting
reactants and products via transiiion states. A schematic of such an MEP (also
referred to as an intrinsic reaction coordinate or IRC) is shown in Fig. 1, where the
energy (ordinate) is plotted against the “reaction coordinate” s {abscissa). The coordi-

TS

Reactant

Energy (E) Precursor

Product

Geometry (s)

Fig. 1. Hypothetical reaction coordinate.
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nate s represents a composite change in all geomeiric parameters {angles and bond
iengths) as the reaction proceeds. To undersiand fully a reaction mechanism, experi-
mentally or computationally, one first needs to characterize all of the stationary
points (minima and transition siates) along the MEP. This entails the evaluation of
both the energy and the geometry at these stationary points, as well as an analysis
of the bonding. Frequently, even this information is insefficient to understand fully
the dynamics and kinetics of reaction mechanisms, and geometries and energies
along the reaction path connecting the stationary points must alsc be probed. The
following sections are organized to emphasize the appropriate level of ireatment
needed to carry oui the tasks of describing the bonding, geometry and energetics of
TM-containing sysiems in key regions of a reaction path.

4.1, Geometries

Generally, the first task in any computational study is to predici the geometry of
stationary points on the potential energy surface of interest. Since it is important to
calibrate the predictive ability of the computational method(s) being used, it is
necessary to compare predicted geometries with experimenial results when the latier
are available, It is also essential to verify that predicted geometries correspond to
potential energy minima (or transition states where appropriate) by calculating the
matrix of emergy second derivatives (hessian} and then diagonalizing that matrix.
The existence of zero {one) negative eigenvalues shows that the corresponding geome-
try is a minimum (iransition state) at that level of theory. The ECP scheme of
SBKJ [6a,b] has performed exiremely well with respeci io the caleulation of the
geomeiries of TM=MG compiexes [ 9,14]. In general, bond lengths and bond angies
are predicted to within 3% of the experimental models, as long as a suitable level
of theory is employed. Representative examples are given below and many more can
be found in the original papers [9,14]. The ability of a computational scheme to
predict accurately the geometry of many TM complexes gives confidence in structusal
predictions for species for which there is limited experimental data (e.g. reactive
intermediates in a catalytic cycle), and it is a strong indication that the electronic
structure of these complexes is being accurately described by the ECP/VBS scheme.

Shown in 1 15 2 model of Schrock’s Lewis acid-free olefin metathesis catalysis
L15]. The results for these catalyst models make good illustrative examples since
they contain single, double and triple bonds from the transition metal M to the main
group atoms (O, N, C) that have a variety of polarities [ 14b]. At the time of this
study, experimental structures were available for M = Mo, W; X = N. Subsequently.
the M = Re; X = C analog was published by Toreki et al. [ 15b]. Comparison of the
experimental and calculated data in Table 1 shows that predicted bond lengths and
bond angles involving the central metal deviate from the experimental system by an
average of 0.01 A and 2° respectively.

The ability of related TM compiexes to oceur in a wide vanety of chemical
environments is a hallmark of their chemistry, and one which must be handled by
any computational scheme. Recent studies of Re-oxo compounds [14a] (2 5) pro-
vide a good illustration of the flexibility of the SBIK ECP scheme. The ECP
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Table
Schrock’s Lewis acid-free olefin metathesis catalyst models*

Bond length/angle Me {calc.} Mo {expt) W (calc) W {expt.) Re (calch Re {expt.)

M=C (A) 1.88 188 1.89 187 188 1.88
M=X (A) 171 1.73 .72 1.73 1.70 170
M—0 (A) 190 187 190 1.88 151 192
0—-M—0 {°} 108 107 107 110 113 120
O~M=C {°} 107 109 108 110 110 107
C=M=X {*} 102 100 103 193 97 9
O—M=X {) 116 i15 115 112 112 112

SN TN B
€ & s B@a, e Reven
Hh'(;L ()f;” H‘QCEH gﬁ/ \g: I—"—/ l 5
H"C_"C""H 0" C-,H F

2 3 4 5

calculated structures (Tabie 2) show good agreement with experimental values, as
determined by X-ray crystallographby, for Re-oxo complexes with formal oxidation
states of +7, +5, +3 and +1, and coordination numbers {(counting acetylene as
occipying one coordination site) of 3, 4, § and 6. Average deviations between
calculated structures and experimental models is 0.03 A and 2°. In the case of the
bis{acetylene} Re—oxo anion 2, the ECP calculations are able to reproduce subtle
geometric perturbations, such as pivoting of the olefins, slight movement of the Re
out of the plane defined by the oxo and the C=C centers and splaying of the
acetylenes such that the C=C vectors are not parallel [ 14n]. The ECP results were
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Table 2
Comparison of calculated and experimental Re—oxo geometries®

Bond length/angle ReF, O Bond length/angle [ReCl,07]
Calc. Expt. Caic. Expt.
Re O (A) 1.63 1.64 Re  O(A) 1.62 1.63
Re F,,(A) 1.82 181 Re ~Cl (A) 239 2.34
Re = Frpoy (A} 1.88 NR® O—Re—Ci {} 106 100
O - Re—F., ') 95 93
Bond iength/angle Re{OMHNC,H, 1" Bond tength/angle [Re{OWC, H,),] ¢
Calc. Expt. Cale. Expt.
Re -O (A} 1.66 1.70 Re— 0O {A) .71 .75
Re C, (A) 2,06 206 Re—C, (A} 2.04 1.99
Re—Cy (A} 206 204 Re—Cg (A) 205 202
C, - Cg A} 1.30 1.2% C.—Ca (A} 1.33 £.29
O-Re—C, (A) 115 115 O—Re—C, {) 124 124
O—Re—Cg () 114 109 O—Re—Cq () 14 14
Re—H {A) 1.66 1.68¢
O—Re—H(") 1069 106%°

" Caiculated geometries were determined at the RHF level using ECPs and valence basis sets described
in Section 3. The calculated minima for ReF,O and ReCl, O are C,,: the calculated minima for the
bis(acetylene) complexes are C,.

® NE, not reported.

“ The atoms denoted C, and Cy represent the symumetry equivalent pairs in the C, minima which are
proximal and distal respectively with respect to the hydride ligand (iodide in the experimental model)
and “open” end in the anion.

4 The Re—H distance is that reported for [ReHy]*~ [16].

* The experimenta) value is the O~Re T angle in Re{OWI)(C,Me,),.

importani in assessing whether the perturbations in the crystal structure of the
Naf(eryptand)”® salt were due to the cation or crystal packing forces [ 14n].

Despite the fiexibility built into the VBS, one concern which needs to be kept in
mind when dealing with d block metals is the importance of electron correlation. A
good example is provided by Mn(=NMe),;(Cl) in C,; symmetry, a model of the
interesting MnY®-tris(imide) complex {Mn{=NCMe;),{CI)} recenily characterized
by Wilkinson et al. [ 17]. Although the complex is d° (which tends to mitigate the
electron correlation problem to a great extent), it is apparent that a flexible VBS is
not sufficient to describe the electronic structure of this Mn-tris(imido) complex;
deviation of the calculated C, structure for Mn{=NMe),Cl (6) from the approxi-
mately C; Mn(=NCMe,}; experimental structure {given in parentheses} is very
large. Based on our studies of TM multiple bonding, it is found that, for a given
family of compounds {e.g. imidos}, the importance of electron correlation for an
accurate description of ground state properties increases as one goes from the right
to the left in a transition series and from heavier to lighter members of a triad,
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Mn=N-C = 127° (140°}

Mn-Cl=224 A (222 A)
CI-Mn=N = 126° {108°)

even for ccordinatively saturated complexes [9,14]. Hartree—Fock optimization
of a related iris{imido} for the elemeni following Mn in Group VIIB, ie
{(HN=)%Tc—Tc(=NH};, shows excellent agreement with the structure of ethane-
like Tc{=NAr)s (At, 2,6-diisopropyl-phenyl) reporied by Bryan and Burrell
[18]: Te—Te=272A (2.744(1)A, expi); Te=N=173A (L738(2) A, expt});
N=Tc—Tc = 100° (103.6(1)°, expt.); N=Tc=N = 117° (114.6(1)°, expt.). It scems
likely that an accurate treatment of 6 will entail extensive correlation with multicon-
figuration wavefunctions, although tests with more extensive basis sets than used in
the standard SBKJ scheme (at Hartree-Fock and correlated levels) would be advis-
able. As noted above, a key ingredient in the calculations that facilitates extensive
study of larger {and typically more experimentally relevant) TM species is the
availability of a version of an electronic structure code for parailel computers.
Development of such codes for cotreiated wavefunctions, such as used in the MCSCF,
CI or MP2 levels of theory, is & much greater challenge than for SCF wavefunctions.
A parailel algorithm for calculating MCSCF wavefunctions has very recently been
developed for Gamess [19]. These advances in parallel computing will afford the
opportunity to study such interesting species as 6,

4.2. Multiple bonding involving heavier MG elements

Recently there has been greater effort directed towards the synthesis of complexes
with multiple bonds between TMs and heavier MG elements [ 13]. Apart from the
fundamental interest in multiple bonding involving heavier MG elements, such
complexes have been envisioned as precursors for materials such as TM sulfides,
phosphides and silicides [ 13]. Multipie bonds involving these elements can present
greater computational challenges in relation to lighter congeners since an explicit
account of electron correlation may be needed as the MG element becomes heavier
and TM—MG = bonding becomes weaker. Studies of high-valent silylidene com-
plexes (L,M=Si(R)R'} showed that while the M —Si ¢ bond could be described
with a Hartree-Fock wavefunction, the M—Si n bond needed a muitideterminant
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description to allow for mixing in states such as (Mg ) {Mus™) into the dominant
{Rusi P {mus®)° configuration [ 14d.e].

There is a growing body of data for one family of TM~MG (heavy) complexes,
the chalcogemdes. An excellent series of complexes is provided by Parkin and
Howard [ 13¢], who have reported Cp’; M{E)py (7a). Through parallel supercomput-
ing and ECP methods, we were able to study the structures of the parent Cp, ME
compounds {7b). The calculated ME bond lengths at the RHF level are
ZrO = 1.76 A (1.804(4) A), ZrS = 2.28 A (2.334(2) A), ZrSe = 2.42 A (2.480(1) A) and
ZrTe =268 A (2.729(1) A) [13e]. Similar good agreement is found for Hf analogs
[ 140]. The Ti-ox0 bond length in Cp,TiO is 1.61 A [140], in acceptable agreement
with Cp*, Ti{O}(4-phenyl-py) (Cp* = 1°-CsMes) which has TiO = 1.665(3) A [20].
The results for Group VB chalcogenides should be conirasted with those for TM=S5i
complexes [ 14d,e], where a multiconfigurational wavefunction constituies a mmni-
muom accepiable level of theory, and further emphasize the necessity for calibration
of computational resulis against exiant experimental data in the siudy of a new
family of complexes. Uniformly good agreement [ 140] between theory and experi-
ment from the lightest {Cp, TiO) to the heaviest {Cp, HfTe) member in the series is
a clear demonstration of the power of ECP methods as a tool in opening up all
areas of the Periodic Table to computation.

4.3. Electronic structure

TM multiple bonding provides much fertile ground for research, since it is the key
to understanding their behavior in many important reactions [121. Explanations of
the experimentally observed chemistry of TM=MG complexes are often couched 1n
valence bond terms, i.e. which resonance (or Lewis} structure dominates in a given
situation. For example, the metalcarbon linkage in alkylidenes has been described
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as ethylene-like (A), a 7-ylide (B}, coordinated singlet carbene (€} or a four-glectron
donor (D), as shown in Eq.(2) [21].

M=C M=C MeC =C {2)
A B C D

Similar resonance structure descriptions for imido and oxo complexes can also be
found in the literature [ 12]. Typically these descriptions are based on the observed
reactivity. For example, the ability of high-valent alkylidenes o olefinate carbonyls
in the manner of phosphorus-based Wititg reagents suggests a w-ylide description of
the metal-alkylidene bond {B) [2ic]. Rescnance structure descriptions have aiso
been inferred from structural data. For example, a linear ¢oordination mode for
imido complexes is suggestive of a triple bond description ( E), while bent imidos are
envisicned as being coordinated through a metal-nitrogen double bond (F) [12,227.

The utility of chemically intuitive Lewis siructure descriptions such as A-F is
clear, since such structures are easily related to simple valance bond-like concepts
and can be used to understand and rationalize TM=MG bonding and reactivity.
The MCSCEF/LMO/CI scheme outlined earlier can be thought of as a bridge between
complicated and highly accurate ab initio molecular orbital-based calculations and
the appealing visual picture provided by Lewis structures. The technique is easily
used to provide a Lewis structure-like description of any multiple bond. The localiza-
tion process serves to transform the MOs into those necessary to describe the bond
of interest. The AQ-like MOs are highly localized on either end of the multiple bond,
although they possess small “tails” (typically less than 2%) on the atom comprising
the other end of the bond. The presence of these small tails is necessary to ensure
orthogonality among the finai orbitals, and this distinguishes the MCSCF/LMOQ/Ct
method from the spin-coupled valence bond approach {23]. The small tails in the
localized orbitais make the computational problem much more tractable and there-
fore the MCSCFEF/LMO/CI method is applicable to larger TM complexes. It is critical
to recognize that the MCSCF/LMOQ/CI technique provides an aliernative {and
chemically appealing) conceptual picture of the basic nature of bonding in the
compound of interest. The procedure does not alter the total molecular wavefunction
{and therefore the fundamental quantum mechanical description of the TM=MG
complex} at all. We are, in a sense, iaking a photograph of the same object with a
different lens,

For double (triple) bonds, there are 20 (175) resonance structures that can be
obtained from the distribution of four (six) electrons in four (six} AQ-like MOs, with
the constraint that there be equal numbers of up- and down-spin elecirons. While
this seems to be a large number of configurations (resonance structures) to deal with,
analysis of the bond of interest is simplified by the fact that not all descriptions of

L,M==N—R L,M=—N

E F
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a bond are chemically reasonabie. For example, while G is certainly plausible {ie. a
pair of two-electron bonds), the presence of a three-electron o bond aad one-electron
7 bond in struciure H suggests that its importance in describing the linkage will be
minimal. If one considers as chemically reasonable only those resonance structures
that have two-center, two-electron bonds, then the number of resonance structures
to be examined drops dramatically. It is gratifying that the ouicome of the
MCSCF/LMO/CU procedure is that only those resonance structures which are
chemically sensible by this definition have significant weighis in the final wavefunc-
tion. This will be illusirated quantitatively below. The nine chemicaily sensible
resonance structures for a double bond are shown in Eqg.{3).

M=E M©~E M=E
M=E MsE M3IZE {3
M*=E MECE MsE

A straight line represents a covalent bond (1.e. one electron in a TM-centered AQ-like
MO and one in the MG-centered counterpart}, an arrow pointing towards the metal
represents a dative bond {both elecirons on the M{-centered AO-like MO} and an
arrow pointing towards the element is described as a back bond (i.e. both electrons
on the TM-centered AQ-like MO). The bottom line {or arrow) describes the o bond
and the other lines the x components of the ME linkage. The 27 “chemical” resonance
structures which describe a triple bond can be found cisewhere [ 141,

To facilitate discussion of the resonance structure, it is also possible to subdivide
them further into nucleophilic, electrophilic and neutral contibutions. Nucleophilic
and electrophilic resonance structures are defined as those in which the formal charge
on the MG element is negative and positive respectively. Any bonds the MG element
makes to substituents are considered to be covalent, contributing one electron to
the MG element for each MG—substituent bond. Thus resonance structures A and
C in Eq. {2} are neutral, while B and D are nucleophilic.

It is satisfying that the MCSCF/LMO/CI technique reveals that the so-called
“chemical” rescnance siructures dominate [14]. For all multiply bonded species
investigated to date, the chemically sensible resonance structures make the over-
whelming contribution {95% or more} to the total wavefunction. It is expected that

pt 2 &5@ Q@c&@
0

G H

M_E M_TE
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the resonance structures in which the MG element acts as a ¢ donor will be much
more important than those where it acts as a o acceptor. Similarly, it is expected
that back-bonding resonance structures will be more prevalent in the = bond(s).
Finally, for the coordination of MG fragments to early, high-valent TMs, resonance
structures which are nucleophilic and neutral should dominate over electrophilic
resonance struciures. As one goes to lower valent complexes, this trend is expected
to start to reverse. Each of these chemicalily intuitive expectations is supported by
the MCSCF/LMO/CI analysis. This not only provides confidence in the
MCSCF/LMO/CI method, but also in the underlving ECP/VBS description [14]
of the TM=MG complex on which it is based.

To illustrate the power of MCSCEF/LMO/CI, we present resulis for both double
and triple bonds. The doubly bonded species will provide a comparison between
alkylidene and silylidene complexes, while the focus will be on imide complexes for
the description of triple bonds.

An important consideration in describing an M=E beond is that an appropriate
level of theory is used to describe the wavefunction. In particular, it is important to
be aware of the amount of configurational mixing present in the correct wavefunction.
As noted earlier, in the limit that a closed shell {RHF) description is valid, there will
be no configurational mixing. An equivalent way of saying this is that the wavefunc-
tion has no “diradical character”, ie. the natural orbital occupation numbers
{NOONS;s) of the bonding MOs fe.g. o and n) will be identically 2.0, while the
NOQONs of the antibonding MOs {e.g. o* and =n*} will be 0.0, As the diradical
character increases, the bonding NOONs decrease to values of less than 2.0, while
the antibonding NOON;s increase to values greater than 0.0. A “pure” n diradical
would have NOON(zn) = NOON(=*} = 1.0. For all M=E bonds investigaied to date,
the amount of configurational mixing in the o framework has been very small, so
NOONI(o) = 2.0 and NOON{c*) = 0.0. The same is not true for the n bonds, how-
ever. Here, there can be considerable configurational mixing, and therefore consider-
able diradical character. As an example, let us consider a series of M=38i bonds in
which both the transition metal M and the subsiituents at both the TM and Si ends
are varied. The results are summarized in Table 3, where n is the NOON and kg,
is the MSi force constant (mdyn A ™). First, let us consider the effect of varying M.
Within Group IVB, the diradical character, as measured by the NOON, clearly
decreases as the TM gets heavier {Ti > Zr > Hf ). Since diradical character implies
kinetic instability (high reactivity), this is also the order of increasing kinetic stability
{i.e. Hf > Zr > Ti). Interestingly, the force constani for the MSi bond increases in
the same direction, so thermodynamic stability increases in the same order. This
should not imply very strong n bonds, however, since all force constants in Table 3
are still smaller than those for very weak Sn==S8n and Sn=Ge bonds [247]. The
same trends are observed in Group VB, since the diradical character in the Ta=S8i
bond is generally smaller than that in the corresponding Nb==5i bond, and the force
constant is correspondingly larger. Finally, both the kinetic and thermodynamic
stabilities are greater for a Group VB element than for the Group IVB element in
the same row. It is clear that an MCSCF wavefunction that at least correlates the
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Table 3
Metal-siticon force constants and n populations®

H,M==8iH, Ci,M=S8iH, H,M=SiHCI H,M=S8iCl, H,M=SiHMe H,M=8i{H)5iH,

M=Ti

fus, 130 1.57 1.36 1.41 1.37 1.26
Hy 1.557 1.653 1,554 1.637 1.598 1.533
e 0443 0.347 0.406 0.363 0402 0.467
M=7Zr

kst 1.49 1.59 1.38 1.40 1.40 1.50
Hy 1.748 1.783 1,765 1.788 i.771 1,737
Ry 0252 0.217 0.235 0.2i2 0.229 0.263
M= Hf

ks, 156 .78 1,60 1.63 .60 1.52
n, 1.805 1.824 1.817 1.823 1.821 1801
nee 0195 0179 {.183 Q.168 0179 3.19%
M =Nb

ke 177 192 1.80 1.7 1.83 1.73
", 1.769 1.792 1.804 1.824 1.804 1.757
e (231 0.208 0.196 0.176 $.196 0.243
M=Ta

ks 186 203 1.90 .86 195 .99
n, 1.805 1.804 1325 1.838 1829 1.795
g 0195 0.196 2175 0.162 0.171 0.205

2 Equilibrium force constants (kyg, mdyn A™') and = boading {n,) and n antibonding (n.) MO
accupations are calculated at the swo-configuration self-consistent field {TCSCFE) level of theory using
the basis sets described in the text and in Ref [14¢].

n space is necessary for all of these compounds, since the number of electrons in the
n* orbital is substantial (greater than 0.16) for ail of the M==5i compounds.

Replacing the hydrogens on M with chlorines generally decreases the diradical
character in the M=S8i bond {although Ta is an exception) and also tends to increase
the MSi force constant (Table 3). Making the analogous substitution at the Si end
has the same effect on the diradical character, but not necessarily on the force
constant. Methyl substitution at the $i end has an effect similar to that of Ci, while
sifyl substitution at the Si end bas a small impact on the bond stability. Therefore
the most stable M=S$i bonds, from both a thermodynamic and Xinetic point of view,
are those between Si and Ta, especially with Cl substituents. To the exient that Cl
is a reasonable prototype for Cp in these complexes [ 14e], caicuiations suggest three
synthetic strategies for Cp-substituted TM=25) complexes: {1) metals from the third
transition series; (2) electron-withdrawing ligands; (3) Si substituents which are good
7 donors.

Contributions of the primary resonance structures to Group IVB and Group VB
M=8; and M=C bonds are summarized in Table 4. For both C and Si, the two
most important ¢ontribufions to the total wavefuncition are the covalent and the
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Table 4
Resonance structure contributors for alkylidenes vs. silylidenes*

Resonance M=Ti
contributor H,M=EH, CL,M=EH, H,M=EHCI H,Si=ECi, H,M=SiHMe H,M=EHSiH,

Si C 8 C S C 5i C St C St C

MEE 0.3 26 03 16 03 21 02 19 03 23 0.3 35
M= Le 97 23 7.1 1.7 7.2 1.4 56 20 93 20 135
MsE 038 23 Lo 20 08 17 o7 i3 49 23 05 o
M~—E M6 362 303 338 333 391 34 420 Mi 34 352 350
M=E 446 365 427 400 437 364 429 358 431 376 453 339
M=E 54 26 43 32 e0 26 87 26 49 28 5.2 23
MzE 82 73 132 85 92 8O 162 80 100 &3 7.5 6.5
M=E 38 26 54 34 46 27 57 26 44 31 33 21
MIE 0.2 61 03 01 03 01 05 g1 03 .1 0.2 0.1

Electrephilic 94 33 100 67 109 54 129 53 9.6 6.0 87 44
Nucleophilic 36.8 485 329 425 353 484 338 435 364 457 375 320
Neutral 536 461 569 569 537 461 538 451 540 482 537 434

Resonance M=2Zr
contributoy  H,M=EH, CL,M=EH, H,M=EHClI H,85i=ECl, H,M=S8§iHMe H,M=EHSiH,

5i C Si C Si C Si C Si C Si C

MEE i6 6.3 1.3 50 15 63 14 64 L6 55 1.4 19
M<=E 55 141 49 123 50 129 44 118 54 135 44 168
MsE 29 3.1 i3 31 1.2 28 L8 25 19 3.2 ig 3.5
M+—E 315 309 288 298 304 329 288 350 306 279 288 305
M=E 400 328 395 348 396 324 393 317 394 3406 393 305
M=E 5.7 3 35 36 62 30 &7 28 55 33 6.7 26
M=E 8.6 68 113 76 93 68 102 65 99 75 W2 58
M=E 4.7 29 &2 36 54 28 65 27 54 3.5 6.3 2.2
M3E 0.4 01 04 02 05 &1 06 61 04 0.1 0.6 0.1

Electrophilic 10.8 61 121 74 121 57 138 56 1.3 69 138 49
Nucleophilic 386 514 35¢ 471 369 520 346 532 376 469 346 552
Neutral 50.6 427 526 455 505 420 513 411 509 447 513 398

Resonance M =Hf
contributor  H,M=EH, Cl,M=EH, H,M=EHC| H,51=ECl, H,M=5iHMe¢ H,M=EHSiH,

Si C ] C Si C S C Si C Si C

MEE 24 8.1 29 68 22 32 1.2 84 23 7.3 5 109
M= 7.7 154 764 136 71 143 64 135 T35 147 g4 174
M+E 31 31 27 30 30 29 29 27 29 3.2 33 3.3
M~E 278 313 268 306 266 327 252 342 272 297 278 308
M=E 394 304 393 322 395 301 3%4 204 3906 317 354 282
M—=E 6.7 28 66 32 7§ 28 81 27 &8 31 6.8 24
MeE 7.3 64 90 7.1 1.8 64 84 64 82 170 68 56
M= 4.9 27 59 3z 56 26 65 25 55 32 4.5 22
MZIE 0.5 61 65 Gt D6 0.1 0.3 61 G5 LS G4 0.1

Electrophilic 2.1 56 130 66 137 3.6 154 53 128 64 117 47
Nucleophilic 379 543 358 510 359 552 335 561 376 517 389 582
Neutral 502 403 510 423 503 394 507 385 500 419 495 371
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Tabie 4 icontinued)

Resonance M=Nb
contnbutor H.,M=EH, CL,M=EH, H.M—=EHCI H,8=E(l, H,M=8iHMe H,M=EHSiH,

S C Si C Si C Si C Si C 5i C

MEE 09 37 05 26 09 33 08 35 09 i .9 4.6
M=E 48 117 38 9% 42 102 35 94 45 10 33 142
MsE 1.9 ENC T 34 i.6 29 1.3 25 17 34 21 4.0
M+—E 241 263 193 240 258 274 260 36 244 M6 253 258
M=E 415 374 434 430 390 379 3695 W3 401 S 425 360
MSE 53 44 68 55 49 43 438 38 540 438 5.2 41
MaE 132 81 137 88 51 58 168 92 146 89 116 1.0
M=E 7.6 45 99 56 7% 49 88 44 8 54 6.5 iR
MIE s 02 a7 43 05 02 06 02 95 0.3 0.4 0.2

Electrophilic 134 91 174 114 133 94 142 84 136 105 121 80
Nucleophilic 208 417 234 363 309 409 303 435 299 387 315 446
Neuiral 560 490 580 523 557 496 S50 480 564 508 562 470

Resonance M=Ta
conttibutor H,M=—EH, Ci,M=tH, H,M=FHCl H,S5i=ECl, H,M==S8iHMe H,M=EHSIH,

S C 8i C ] C Si C S C S C

MEE 1.5 5.5 L0 43 1.4 52 i3 5.3 i3 4.8 1a 6.8
M©=E 63 134 52 11% 56 120 48 113 61 128 70 158
MsE 23 3322 3 I 29 19 26 22 33 24 37
M+—E 265 282 225 267 21 298 257 M7 255 266 264 278
M=E 397 341 417 364 388 339 379 333 360 35t 403 324
M=E 5.5 367 45 57 6 59 34 54 4.0 33 i3
Me=E 11.0 16 116 81 121 81 1 83 123 83 oo 6.8
M=E 6.5 % 83 45 14 48 83 g 15 47 6.0 33
MIE 0.5 02 07 03 46 a2 07 02 05 0.2 0.4 0.2

Electrophilic 1235 18 157 94 137 78 149 14 134 89 119 6.7
Nucieophilic 353 471 282 429 330 470 318 483 3131 442 350 504
Neutral 530 450 535 475 530 449 5285 442 535 46T 329 4y

* Contributions from nine “chemical” resonance structures for the TM— MG muitiple bond i anaiogous
alkylidenes {L,M=C(RIR') and silyiidenes (L, M=Si{R}JR") {scc tex! for further descriptions of resonance
classifications).

o dative/m covalent structure (o-ylide}
M=E M—E

These two structures account for 60%—80% of ihe total wavefunction for both E=C
angd E=8i. The o-ylide does not correspond to a resonance structure discussed
previously in the literature and thus highlighis the use of MCSCF/LMO/CI to not
only confirm, but augment, our understanding of bonding as deduced from the
observed structure and reactivity. The remainder of the wavefunction is distributed
among the other seven “chemical” structures shown in Eqg.(3). There is only a
modest variation as a function of the metal or substitueni. The breakdown among



104 M. 8. Gordon and T. R, CundarifCoordination Chemistry Reviews 147 { 1996) 87115

neutral, nucleophilic and electrophilic contributions, also sutmmarised in Table 4,
provides an interesting contrast between Si and €. As discussed above, we generally
expect the electrophilic contribution to be smaller than the other two, and this is
found teo be the case. However, the electrophilic contribution is generally much larger
when E = §i than when E = C. This reflects the greater elecironegativity of C vs, Si.
Consistent with this, neutral resonance structures are much more important in M=S8i
wavefunctions than in M=C wavefunctions. In the latter, the neutral and nucleophilic
resonance structures have roughly equal weights,

Let us consider the application of MCSCF/LMOQ/CI to imide complexes. There
are eight resonance structures {Fig. 2} to be considered for a ground state descripticn
of TM-imidos. We treat both = components as equal in Fig. 2; although not rigor-
ously correct, & bonds perpendicular and parallel to the MNX plane display similar
behavior for large M=N—X angles [ 14 ].

The eight structures in Fig, 2 account for over 90% of the total contributions to
the ground state description of the metal-imide linkage. Six resonance structures
correspond to descriptions found in the literature. Perhaps the most imporiant point
to emerge from the MCSCF/LMO/CI analysis is that the TM=MG muitiple bond
cannot be described as being dominated by a single resonance structure. Modification
of a TM=MG complex for synthetic or catalytic advantage will not cause one
resonance structure to dominate, but will afiect the subtie interplay of dominant
resonance structures. For example, MCSCF/LMQ/CI results for silylidene [ i4e]
{L,M=S8i(R)R'} and alkylidene [ 14a] complexes show the n donor character of Cl
to be more important than the effect on the & framework brought about by iis
electronegativity. The MCSCF/LMO/CI analysis shows in a quantitative manner
which resonance contributors are changing and thus how the TM, ligand and/or
substituent afiects the TM=MG bond.

In Fig. 3, the changes in resonance coniributors are shown as a function of

G-cleciron donoy M E N
atl-conalent ME N
sigpna-yide M ...:__ N
sigma,pr-yiide M E N M E N
Basolo's inide M E N
Basolo's nitrenc M ==N =N
singiet nitrene M E"N M EN
poariced ripie band M=—N M=Z=N

Fig. 2. Eight principal resonance contributors to the TM-imide bond.
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Resonance Coniributors

Fig. 3. Changes in eight prime resonance contributors as a function of the metal.

changing the central TM. Complexes with experimental models are chosen [12d].
The singlet pitrene (sn) (Fig. 2) changes the least in Fig. 3. For the two neutral
structures, o-ylide (sy) and polarized triple bond (ptb), a different behavior is ¢xhib-
ited. The o-ylide, with its dative & bond, increases in importance from left o right
in the transition series, while the pth structure decreases from left to right. The
nucleophilic structures — o,n-ylide (spy), Basolo's imide (bi} and the six-electron
donor (6ed} — are largest for the early metals and generally decrease as one proceeds
to the left, particularly for the o,r-ylide (see Fig. 3). The electrophilic structures —-
the all-covalent (ac) and Basolo’s nitrene {(bn) — show the oppesite trend, Changes
in the TM—mido bond concur with the concepts first suggested by Nugent et al.
[25). Thus MCSCF/LMO/CI clearly shows changes m contributions from the
various resonance structures which are in accord with, and contribuie to, changes
in chemical reactivity.

44. Reactivity

An essential use of TMs and TM complexes is as catalysts for a broad range of
chemical reactions, such as activation of bonds in alkanes, hydrosilation and a
variety of polymerization reactions [ 1,12]. The importance of reactive intermediates
and transition states in catalysis, species for which direct experimental evidence is
often limited, makes catalysis an ideal area for computational studies. While we have
an interest in many catalytically important processes, in the following we focus on
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recent calculations of TM activation of methane by Co™ and by a series of prototypi-
cal complexes.

Selective C—H acitvation is the first, and often most difficult, step in imporiant
processes such as catalytic methane conversion. The desire to effect direct, catalytic
conversion of abundant methane to liquid fuels and more easily transportable
materials (e.g. methanol} has attracted the efforts of many chemists [ 26]. Scission
of C—H can be either a non-concerted or conceried process [27]. Non-concerted
systems activate through homolytic (e.g. biochemical oxidation [287) or heterolytic
{e.g. superacid systems [29]) C—H cleavage. Non-conceried C—H activation tends
to yield low selectivity; thus much interest has focused on concerted C—H activation
[30-43]. The two recognized conceried C—H activation mechanisms are [2 4 2]
[30-33] end oxidative [34-42] addition. The [2+ 2] mechanism involves
1,2-addition of C—H across a meial-ligand single (¢ boad metathesis [31,33]) or
multiple {{2, + 2, ] addition [32]) bond and is effecied by high-valent (d® or d%"}
complexes [30]; examples include Cp*,LuCH, [31], (NHSI'),Zr=NG&/'
{8i' =8i(t-Bu);) [32a] and thoracyciobutanes [33]. Oxidative addition entails
1,1-addition of C—H to a low-valent TM and increases the formal oxidation state
and coordination number of the TM by two units [ 34,35]. Sixteen-clectron Cp* M(L)
{(M=Rh, Iy L=PR,, CO) [36-38] and fouricen-clectron M(L),{PR;),
{L = univalent ligand such as hydrido, chloro or an n!-carboxylaie and M = Ir, Rh)
{39-42] species are known for which oxidative addition is the putative C—H
activation mechanism.

Reactions beiween atomic TM ions and alkanes in the gas phase yield much
insight into the kinetics and thermodynamics [43] of similar processes in condensed
phases. The poiential energy surfaces (PESs) for the reaction of Co™ {*F, sd”} with
methane and the reverse reaction of CoCH,* (in several of its low-lying electronic
states) with H, have been studied using ECP basis sets and MRCI wavefunctions
[441. The reactions are qualitatively similar for all CoCH, " elecironic states, since
they differ primarily in the identity of the occupied non-bonding Co™ d orbitals. A
typical potential energy curve is illustrated in Fig. 4 for the lowest A’ (broken curve)
and >A” (full curve) states. There are several stationary points {minima ard fransition
staies) of interest on these curves. On the far right of the figure are the separated
species Co™ + CH,. As these species approach each other, they form a complex
[Co---CH,]". The structure of this complex may be either C,, {(with two of the
four hydrogens bound to the metal, 8a) or C,, (in which three of the hydrogens are
bound to the metal, 8b). At the MRCI level, the Hay-Wadt ECP predicts that the
two stractures are virtually degenerate, whereas the SBKJ ECP finds the C,, struciure
to be lower by about 6 kcal mol ~*. All calculations predict that a C,, structure with
just one H bound to the metal (Co* —H —C = 180°} is much higher in energy. The
most recent experimenial measurement [45] of the binding energy of Co™ to methane
is 22.9 + 0.7 kcal mel ~*. The MRCI/SBKI prediction of 22.3 kcal mol ™! is in very
good agreement with the experimenial value.

Proceeding to the left in Fig. 4 brings us to a transition state that separates the
methane adduct from HCoCH,*. The MRCI/SBKI barrier that separates HCoCH; ¥
from the final complex is very small (2.6 kcal mol ~%), so it is very possible that the
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H, + CoCH,"

[Hz--CoCH,]*
Co* + CH,

{HCoCH;})'
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Fig 4. Schematic potential energy surfaces for methane activation by Co ™. Full curve. A" broken curve, A’
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HCoCH, " species does not exist. Indeed, use of the HW ECP predicts that this
barrier disappears when the multireference CI 1s added to the MCSCF wavefunction.
The next step on the reaciion surface is the transfer of a second hydrogen to the
metal to form (H,;)}CoCH, ", a complex between H, and CoCH,*. The barrier for
this process is substantial {(above 30 kcal mol™ ') in both the forward and reverse
directions. So, at thermal energies, this barrier is expecied to prohibit further progress
in either direction. The complex between H, and CoCH; " is predicted to be bound
by about 8.5 kcal mol ! at the MRCI/SBKI level of theory. The binding energy of
the species CoCH,* itself is predicted to be 78-80 kcal mol ™!, in excellent agreement
with the experimental values of 77.5 + 2.3 kcal mol ™! {ion beam experiment [467])
and 84 + 5 kcal mol ™! (gas phase photodissociation [47]).

Based on the PES in Fig 4, the reaction of Co* with CH, may yield the ion-
molecule complex as the only stable product. This is in agreement with available
experimental data [48]. The species CoH™ and CoCH, ™ have also been studied at
the same levels of theory [44]., While the reaction Co™ + CH,;—~ CoCH,™ + H, is
predicted to be slightiy more favourable thermodynamically than the reactions
Co* + CH;—» CoCH; " + Hand Co™ + CH,;—~CoH " + CH,;, the high predicted bar-
rier for the former may mean that the latter may be preferred at elevated temperatures.
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The results for methane activation by Co™ emphasize a paradox of computational
TM chemistry, i.e. larger, coordinatively saturated species are often easier to ireat
than smaller, coordinatively unsaturated complexes. The presence of a ligand field
limits the number of low-energy excited states, so that lower level {and computation-
ally less intensive) methods are often appropriate for coordinatively saturated sysiems.
(Gas phase chemistry has provided a greaier amount of thermodynamic data, once
nearly non-existent, for TM species [43]. The use of chemically sensible theoretical
approaches to study reactions such as Co™ + CH, will not only yield insight into
important chemisiry, but provide further checks on the methods of evaluation of
accurate thermodynamic and kinetic data for reactions invelving TMs.

Systems which are intermediate between the extremes of late, low-valent complexes
{which efiect C—H activation through oxidative addition) and early, high-valent
complexes (which effect C—H activation by [ 2 + 27 addition) have recently garnered
attention as practical methane functionalization catalysts [49-54]. These systems
possess late, but electrophilic, TMs and are stable at ambient temperatures and in
the presence of G, and H,O [54]. The C—H activation mechanism for these
complexes is unclear. To build towards an undersianding of electrophilic methane
activators, we have initiated two lines of research: (1} analysis of reaction surfaces
for methane activation by prototypical high-valent [9,14k] and low-valent [14j]
complexes; (2} investigation of compiexes capable of effecting C—H activation by
[2+ 2] and oxidative addition [ 14h]. By understanding what interactions determine
the preference for {2+ 2] or oxidative addition in systems for which theory and
experiment are in agreement as to the preferred C—H activation mechanisms, we
can begin to undersiand complexes whose activation mechamsms are unclear,

Experimentalists have sought to meodel reaction coordinates using meiric data
from related complexes with differing ancillary ligands, an approach termed a
Burgi-Dunitz analysis [ 557. Crabtree et al. [ 56] have constructed a C—H oxidative
addition trajectory from crystal structures of agosiic complexes. A rigorous theoreti-
cal trajectory is provided by the IRC defined as the steepest descent path {in mass-
weighted cartesian coordinates) from transition state to reactants and products [ 57].
Calculation of the IRC reveals a dynamie picture of important interactions affecting
methane activation [9]. For exampie, analysis of IRCs for methane activation by
Group I'VB imidos clearly shows the importance of agostic interactions in facilitating
bond scission {even when not present in ground state products and reactants} [9a],
as has been suggested by experimentalists since agostic complexes were first charac-
terized [ 58]. The TIRC for methane activation by oxidative addition of C—H to
IriPH;1,{(H} {9} was compared with [2,+ 2] additien to the imide bond of
W(=NH), (10}

Ir{PH;},(H) + CHy— [os — [r{PH, ),(H),(CH,) {4}
W{=NH}; + CH; > Ip_+23— W(=NH){NH;}{CH,) {3}

Complexes 9 and 10 were chosen because of the similar covalent radii of the TMs,
but the resulis are typical of all IRCs for HX activation investigated to date
[9,14g—14j]. The IRCs were calculated using ECP methods on a parallel supercom-
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puter and the progress of the iniernal coordinates studied by Crabtree et al. [56]
{C~ H distance and M —H—C angle) were followed along the IRC; the plot in Fig, 5
is obtained. The transition state is set arbitrarily at S, = 0 bohr amu'? (S, is
the mass-weighted distance in cartesians along the IRC). The reactants w Egs. {4}
and (5) have positive S,,,,, while C—H activated products have negative S,,,,. The
most obvious feature of Fig. 5 is the similarity of the curves for oxidative and
[2 + 2] addition despiie differences in the uitimate fate of the activated C —H bond.
In both cases, the methane C—H bond remains close to its equilibrivm value
until the transition state (TS} is imminent. The rapid increase in C —H distance con-
comitant with a sharp decrease in the M—H—C aagle should be noted at
Sioeat = 1 bohr amu'2. Inspection of the Crabtree trajectory [56] shows a rough
correlation between a decrease in the M—H—C angle and an increase in C- H
distance.

According to the Sailltard-Hoffmann model [35], the bonding between C— H
bonds and metal centers arises from two synergistic interactions — donation of
electron density from ocy to a vacant metal-based orbital and back donation from
a filled metal orbital to oqu*. If the M/H—C interaction were totally dominaied by
steric considerations, an M—H—C angle of 180° would be expected; electronic
considerations {particularly the need for effective overlap for back donation) dictate
an M—H—C angle of less than 90°. The value of M—H—C = 105° in the early
portion of the activation event is somewhat less than the 130° in the experimental
trajectory [ 36]. Some differences between calculated and experimental trajectories
is expected since the experimental trajectory is derived from agostic complexes [ 56]
(1.e. intramolecular C— H/M interactions) which have less freedom to explore confor-
mational space that intermolecuiar C—H/M interactions. The calculated angle of
approach for both high- and low-valent complexes is approximately 105°, suggesting
a subtle interplay of steric and electronic factors conirolliing M/H— C interaction.

The power of computational metheds, as applied to reactivity and catalysis, lies



110 M.S. Gordon and T.R. Cundari/Coordination Chemistry Reviews 147 ( 1996] 87115

s CH High- versus Low-Valent ¢ MHC
o CH Methane Activation 5 MHC
Products TS Reactants
I e R T 10
(‘o'o'ooooo‘.‘..... .
r “og > 5 100
25 e "o, L7
" 3 L)
. a :D '0') ]
b a C . o
Bond i I »
Lengths ] L -
{A) t * 7 (=) & M-E,-]
2~ Coom .' ad © BG ( )
a
| 2 e
:f © © ) « c !
. © . O ]
i5 ‘0“> ¢ .D C
I 3:0 0 i
Lo.® * % i
.0 ) o |
[o % * & RO LG R
1 I I i + —_— ey 50
3 2 1 0 ! 2

i
Smw(bohr‘amu )

Fig. 5. Changes in C—H distances and M~ H—C angles for the C—H boad in methane activated by
Is(PH),{H) (open symbols) and W{=NH}, {filled symbols} as shown in Egs. (4) and (5},

in their ability to see the “unseen,” i.e. reactive intermediates, iransition states and
points along the IRC, portions of the catalytic cycle for which direct experimental
evidence is often limited. Comparison of the IRCs for C—H activation surfaces with
the experimental trajectory not only gives confidence in the computational methods
{and vice versa), but the computed IRC presents certain advantages: (1) the [RC is
for one complex, not a family of complexes as in a Biirgi-Dunitz analysis; (2) points
near the transition state can be sampled; {3) theory can provide insight inio electronic
structural reasons for observed dynamic effects. For example, inspection of the
wavefunction along the IRC shows the charge on the methane fragment to increase
for both the low- and high-valent complexes from the reactants (a methane adduct)
to the “break point” at S, .=~ 1 bohr amu'? (Fig. 5). In terms of the Saillard—
Hoffmann moedel [35], donation is increasing relative to back donation — the
complex is acting as an electrophile. High-valent complexes are d° so we expect
electrophilic behavior; the low-valent complex can be considered as eleciron deficient
since it 15 a 14-electron complex, short of an 18-electron count. Similar arguments
can be made for 16-electron C—H activators. After the “break point”, the calculated
charge on the methane fragment begins to decrease: back donation is increasing
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relative to donation and the activating complex is aciing as a nucleophile. For low-
valent complexes, frontier MQOs are dominated by metal-based orbitals, so that both
ends of the C—H bond end up on the metal, giving rise to oxidative addition. For
high-valent complexes, particularly the muitiply bonded complexes focused on to
date, frontier MOs are metal-ligand, = bonding MQOs (the most plausible source of
electron density with which to populate ooy*) polarized towards the more electroneg-
ative MG elemenis {particularly for MG =C, N, O) leading to [2 + 2] addition.
The ECP studies suggest a “iwo-stage” model of methane activation in which there
is similarity in the early part of the reaction coordinate when Gy donation to a
vacant metal-based orbital is dominant (“electrophilic” stage). To cleave the H;C—H
bond, significant population of oq,* develops from an electron source on the
activating complex (“nucleophilic” stage). It is at the moment of decision, when G *
must be populated for C—H scission, that oxidative and [ 2 + 2] addition pathways
diverge. An ECP study of methane activation by oxidative and [2 + 2] addition for
a d* W-imido complex [ 14j] suggests that this divergence of pathways, at least in
an energetic sense, occurs relatively late along the IRC and in the neighborhood of
the “break point”. Thus the stady of this technologically important reaction, feasible
only through the use of ECPs, points to greater similarity in two seemingly disparate
reactions.

5. Summary

In summary, we have focused on research from our laboratories in order to
highlight the utility of effective core potentialis for addressing computational problems
in coordination chemistry. Crur main emphasis to date has been on the development
of methods for treating the entire d block [12]. However, research on complexes
incorporating the heavier MG elements [ 141-o] highlights the utility of ECPs for
treating heavier p block elements. Similarly, an ECP approach to the f block metals
is a worthy avenue for future research [6¢] given the growing interest in these
elemenis. Thus effective core poiential methods, particularly when coupled with
emerging technologies such as parallel supercomputing, constitute an exciting
approach towards the goal of developing methods for addressing the chemistry of
the entire Periodic Table.
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