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Series Preface

The success of the Encyclopedia of Inorganic
Chemistry (EIC) has been very gratifying to the Editors.
We felt, however, that not everyone would necessarily need
access to the full ten volumes of EIC. Some readers might
prefer to have more concise thematic volumes targeted to their
specific area of interest. This idea encouraged us to produce
a series of EIC Books, focusing on topics of current interest.
These books will continue to appear on a regular basis and will
feature leading scholars in their fields. Like the Encyclopedia,
we hope that EIC Books will give both the starting research
student and the confirmed research worker a critical distillation
of the leading concepts and provide a structured entry into the
fields covered.

Computer literature searches have become so easy
that one could be led into thinking that the problem of efficient
access to chemical knowledge is now solved. In fact, these
searches often produce such a vast mass of material that the
reader is overwhelmed. As Henry Kissinger has remarked,
the end result is often a shrinking of one’s perspective.
From studying the volumes that comprise the EIC Books

series, we hope that readers will find an expanding perspective
to furnish ideas for research, and a solid, up-to-date digest
of current knowledge to provide a basis for instructors and
lecturers.

I take this opportunity of thanking Bruce King, who
pioneered the Encyclopedia of Inorganic Chemistry, my fellow
editors, as well as the Wiley personnel, and, most particularly,
the authors of the articles for the tremendous effort required
to produce such a series on time. I hope that EIC Books will
allow readers to benefit in a more timely way from the insight
of the authors and thus contribute to the advance of the field
as a whole.

Robert H. Crabtree
Yale University
Department of Chemistry

January 2009






Volume Preface

Over the past several decades there have been
major advances in our ability to evaluate computationally
the electronic structure of inorganic molecules, particularly
transition metal systems. This is due to the Moore’s Law
increase in computing power as well as the impact of
density functional theory (DFT) and its implementation in
commercial and freeware programs for quantum chemical
calculations. Improved pure and hybrid density functionals
are now allowing DFT calculations with accuracy comparable
to high level Hartree—Fock (HF) treatments, and the results of
these calculations can now be evaluated based on experiment.
The latter is made possible through the development of
modules for the calculation of spin-Hamiltonian parameters
and other ground state properties (vibrational frequencies, g
and A matrices, D tensor, etc.) and ASCF and time-dependent
density functional theory (TDDFT) methods for correlation
to electronic excited states. Developments in wave function
methods have also extended their use to a wide range of
transition metal systems.

The availability and ease in utility of electronic
structure codes have led to their becoming a significant
component of the experimental chemist’s toolbox. Indeed
many papers on inorganic systems in the major chemical
literature now contain electronic structure calculations as a
complement to experimental results. Despite the significant
advances in theory, the accuracy of computational methods
is still limited when applied to transition metal systems,
and different DFT functionals, levels of implementation
of HF based methods (Moeller-Plesset perturbation theory
(MP), complete active space (CAS), coupled cluster (CC),
configurational interaction (CI)), and model designs can
give different results. It is therefore of critical importance
to calibrate calculations with experiments. However, when

calculations are correlated to and supported by experimental
data they can provide fundamental insight into electronic
structure and its contributions to physical properties and
chemical reactivity. This interplay will continue to expand
and contribute to both improved value of experimental results
and improved accuracy of computational predictions.

The purpose of this volume is to provide state-of-the-
art presentations of quantum mechanical and related methods
and their applications by many of the leaders in the field.
Part 1 of this volume focuses on methods, their background
and implementation, and their use in describing bonding
properties, energies, transition states and spectroscopic
features. Then we focus on applications in bioinorganic
chemistry (Part2) and inorganic chemistry (Part 3) where
electronic structure calculations have already had a major
impact. We believe this volume will be of significant value to
both experimentalists and theoreticians, and anticipate that it
will stimulate both further development of the methodology
and its applications in the many interdisciplinary fields that
comprise modern inorganic chemistry.

Edward 1. Solomon
University of Stanford
Department of Chemistry

Robert A. Scott
University of Georgia
Department of Chemistry

R. Bruce King
University of Georgia
Department of Chemistry

September 2009
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1 INTRODUCTION

The description of chemical bonding with heuristic
bonding models is an essential part of chemical research
since the early days of chemistry.! Chemists use a particular
language and special symbols that convey information about
the bonding properties of molecules, which is useful for
chemical research in order to explain their structure and
reactivity. The development of quantum chemistry during
the last decades® has led to a situation where the accuracy
of the calculated geometries, energies, spectroscopic data,
and other properties may now challenge experimental values.
Quantum chemical methods have also been used to analyze
the bonding situation in molecules and solids aiming at a
qualitative understanding of the nature of the chemical bond .3
Numerous charge and energy partitioning techniques were
developed which establish a bridge between the prequantum
theoretical heuristic bonding models and the numerical results
of quantum chemical calculations. The former models were
derived and further refined in a neural network of experimental
observations, which helped to establish a classification system
for the enormous diversity of chemical phenomena. A litmus
test for the usefulness of heuristic ad hoc models and for
the quantum chemically derived bonding models are new
molecules which exhibit hitherto unknown structural motifs
and/or reactivities. A pertinent historical example is pericyclic

reactions that could only be explained with the introduction of
the frontier orbital model of Fukui®® and the orbital symmetry
model of Woodward and Hoffmann.”

Inorganic compounds show a much greater variety
in structural motifs and bonding properties than organic
compounds because of the significantly larger number of
elements that are considered. In the following, we provide
examples that show that quantum chemical bonding models,
which are based on unambigously defined theoretical terms,
can be very useful to examine and to complement heuristic
concepts of chemical bonding. The advantage of the former
approaches comes from the numerical values, which can be
used to estimate the well-defined terms of the interatomic
interactions. Two examples from main group chemistry and
two examples for transition-metal complexes were chosen.
The main group compounds are the apparently trivial and
well-understood diatomic molecules H,, N,, CO, BF, and
the recently synthesized heavy-atom group-14 homologs of
alkynes REER (E = Si—Pb) whose bonding situation has been
a topic of controversies. The discussion of the nature of
the chemical bonds in the main group compounds aims
at connecting the description in terms of classical Lewis
structures with an energy decomposition analysis of the
calculated electronic structures.

We also discuss the chemical bonds in transi-
tion metal carbonyl complexes that are archetypical parent

Computational Inorganic and Bioinorganic Chemistry. Edited by Edward I. Solomon, Robert A. Scott and R. Bruce King.

© 2009 John Wiley & Sons, Ltd. ISBN 978-0-470-69997-3



4 COMPUTATIONAL INORGANIC AND BIOINORGANIC CHEMISTRY

compounds for transition metals. The second transition-metal
topic focuses on the bonding situation in the recently
synthesized molybdenum compound [Mo(ZnMe)y(ZnCp*)3],
which has the coordination number 12. In the discus-
sion of the transition-metal compounds, we compare the
Dewar—Chatt—Duncanson (DCD) model with the bonding
analysis using quantum chemical calculations.

The bonding properties of the molecules have been
calculated and analyzed with the energy decomposition
analysis (EDA), which was introduced more than 30 years
ago by Ziegler and Rauk and by Morokuma. The next section
gives a short account of the EDA. A more detailed discussion
can be found in the literature. 312

2 EDA METHOD

It seems obvious to use the experimental value of the
bond dissociation energy (BDE) D, to estimate the strength
of a chemical bond A—B between the fragments A and B.
The use of the D, values for analyzing the nature of the bond
A—B may be misleading, however, because the BDE refers to
the energy difference between AB and the fragments A and B
at the respective equilibrium geometry and in their electronic
ground states. It is more reasonable for analyzing the chemical
bond to use the instantaneous interaction energy, A Eiy, of the
bond A-B, which is the calculated energy difference between
the molecule and the fragments in the frozen geometry of the
compound.

—D. = AE = AEi + AEpe ()

The EDA takes the calculated AE;y values as the
starting point for the bonding analysis. The interaction energy
is divided into three main components:

AEin = AEeistat + AEpauii + AEo, )

AFE 4 gives the electrostatic interaction energy
between the fragments, which are calculated using the frozen
electron density distribution of the fragments in the geometry
of the molecules and in the electronic reference state, which
may or may not be the electronic ground state. The second term
in equation (2), A Ep,y;, refers to the repulsive interactions
between the fragments, which are caused by the fact that two
electrons with the same spin cannot occupy the same region
in space. A Ep,y is calculated by enforcing the Kohn—Sham
determinant on the superimposed fragments to obey the Pauli
principle by antisymmetrization and renormalization. The
stabilizing orbital interaction term, AE.y, is calculated in
the final step of the energy partitioning analysis when the
Kohn—Sham orbitals relax to their optimal form. This term
can be further partitioned into contributions by the orbitals
belonging to different irreducible representations of the point
group of the interacting system.

3 DIATOMIC MOLECULES H,, N;, CO, BF

The EDA results for the chemical bond in H, provide
quantitative support for the suggestion that the binding
interactions come solely from orbital interactions. Table 1
shows that A E 4 is the only attractive term that contributes to
the H-H bond while the electrostatic term at the equilibrium
distance is slightly repulsive. The AFE, term becomes
weakly attractive at longer distances but the energy minimum
is very shallow (~10kcalmol~') at r(H-H) ~0.9 A, which
is significantly longer than the equilibrium value (0.745 A).
There is no Pauli repulsion in H, because there are only
two electrons with opposite spins. Note that the BDE of the
diatomic species H,, N,, CO, BF is the same as the interaction
energy A Ej, because there is no preparation energy A Eprep.

The EDA results for N, exhibit a significantly
different picture. There is a very strong Pauli repulsion

Table 1 Energy decomposition analysis of the H-H, N-N, C-O, and B-F bonds at RPBE/TZP.® Energy
values in kilocalories per mole. Bond lengths R in angstrom. Experimental values are given in parentheses

Hy N, CO BF
AEj, —112.9 —2322 —258.4 —180.8
A Epaui 0.0 791.7 575.8 476.1
AE g™ +5.8 —308.5 (30.1%) —240.0 (28.8%) ~210.5 (32.0%)
AEqs® —118.7 (100%) —715.4 (69.9%) —594.2 (71.2%) —446.4 (68.0%)
AE,© —118.7 (100%) —470.0 (65.7%) —301.7 (50.8%) —396.4 (88.8%)
AE,© 0.0 —045.4 (34.3%) —292.5 (49.2%) ~50.0 (11.2%)
R 0.745 (0.741) 1.105 (1.09768) 1.144 (1.128) 1.285 (1.262)
D, —112.9 —232.2 —258.4 —180.8
D, —106.3 (—103.3) —228.8 (—225.0) —255.4(=255.7) —178.9 (179.9)
@ Ref. 13.

® The values in parentheses give the percentage contribution to the total attractive interactions

AEcstat + AEo.

© The values in parentheses give the percentage contribution to the orbital interactions A Ey,.
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Figure 1 Energy contributions to the bonding in N, as a function of N-N interatomic distance (angstrom) calculated at RPBE/TZP. (a) Small

scale and (b) large scale

of AEp, = 791.7kcalmol™!, which compensates for the
attractive orbital interactions AE., = —715.4kcalmol™!.
The latter term can be divided into —470.0 kcal mol~! (65.7%)
which come from the o orbitals and —245.4kcalmol™!
(34.3%), which come from the m orbitals. Surprisingly,
the contribution of the electrostatic interactions A Eejgat =
—308.5kcal mol~! is strongly attractive. Figure 1 shows a plot
of the energy terms at different N-N distances. It becomes
obvious that AE, and A E,i, become even more strongly
attractive at shorter distances than the equilibrium value.
The shortening is prevented by the steep increase of the Pauli
repulsion. The energy curves for N, are typical for the chemical
bond of bonded atoms that are heavier than hydrogen. The
chemical bond in H; is atypical because (i) there is no Pauli
repulsion and (ii) there is only weak electrostatic attraction
because of the small charge of the light atomic nuclei.

Table 1 shows that the BDE of CO is higher
(258.4 kcalmol~!) than for N; (232.2 kcal mol™"). Inspection

ofthe energy terms reveals that the stronger C—O bond does not
come from stronger attraction but from weaker Pauli repulsion
than in N,. The AE,, and A E ¢ Values for CO are smaller
than for N, but the weaker attraction is overcompensated by
the much smaller A Ep,y,); value. The EDA results also show
that the relative contribution of the 7w orbitals to the A E,;, term
in CO (49.2%) is higher than in N, (34.3%). The molecule
BF is isoelectronic with N, and CO but it has the lowest
bond dissociation energy of the three species (Table 1). The
Pauli repulsion in BF is still smaller than in CO but it does
not compensate for the loss of the attractive contributions
of AE,p and AE. . On closer examination, it becomes
obvious that there is a particularly weak contribution of the
7 orbitals in BF, which comprise only 11.2% of AE,. The
latter result is in agreement with the Lewis bonding model
for BF, which is usually written with a single bond, not with
a triple bond. The EDA results thus suggest that the stronger
bond of CO compared with N, comes from the weaker Pauli
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repulsion in the former compound while the weaker bond in
BF is explained by the dramatic loss of 7 bonding.

4 ACETYLENE AND HEAVIER GROUP-14
HOMOLOGS HEEH (E = C-Pb)

Chemical experience shows that molecules, which
have multiple bonds between heavier atoms than those of the
first octal row, are much less stable and are more difficult
to synthesize than the homologs of the lighter atoms. This
holds, in particular, for the heavier group-14 homologs of
alkynes RC=CR. It was only in the years 2000 until 2004 that
compounds REER where E = Si, Ge, Sn, Pb with bulky
substituents R could be synthesized and isolated for X-
ray structure analysis.!#!516 Unlike acetylene and alkynes,
which have a linear RCCR geometry, the heavier group-14
compounds REER all have a strongly trans-bent structure
where the angle T(REE) = 120-125° for E = Si, Ge, Sn, and
T(REE) = ~96° for E = Pb. There has been much debate if
the E-E bond in the trans-bent structures of REER should be
considered a triple bond.

A straightforward answer to the question about
the nature of the E-E bond in REER can be given when
the equilibrium structures of the parent systems HEEH are
analyzed with quantum chemical methods. Figure 2 shows
six different stationary points, which are found on the singlet
potential energy surface (PES) of E;H,. It becomes clear that

H
H /
E/_\E/H g E\H
B c
c — c — C 447 (i=0)
Si 00(i=0) Si 99 (i=0) Si 153 (i=0)
Ge 0.0 (i=0)  Ge 109 (i=0) Ge 165 (i=0)
Sn 0.0 (i=0)  Sn 136 (i=0)  Sn 19.3 (i=0)
Pb 0.0 (i=0) Pb 17.0 (i=0) Pb 27.1 (i=0)
H
~120°_H jO"d
E—FE E—E H—E—F§—H
y’ D1 | D2 E
H
c — c — C 00 (i=0)
Si 19.9 (i=0) Si 457 (i=1) Si 415 (i=2)
Ge 223 (i=0) Ge 376 (i=1) Ge 557 (i=2)
Sn 253 (i=0) Sn 29.3 (i=1) Sn 646 (i=2)
Pb 31.0 (i=0) Pb 265 (i=1) Pb 925 (i=2)

Figure 2 Schematic representation of the E;H, isomers. Relative
energies (kilocalories per mole) at BP86/QZ4P and number of
imaginary frequencies i

the heavier atoms exhibit vastly different structural motifs than
carbon. The only energy minima for carbon are the acetylene
form E and the energetically much higher lying vinylidene
isomer C. The global energy minimum for the heavier group-
14 atoms Si—Pb is the doubly hydrogen-bridged butterfly
structure A. The next higher lying form of the latter elements
is the planar singly hydrogen-bridged isomer B, which has
a very unusual geometry. Structures A and B of E;H, have
been isolated for E = Si, Ge in a low-temperature matrix and
they were identified through comparison of their experimental
vibrational spectra with calculated values. The vinylidene
form C and the trans-bent form D1 are for all heavy elements
slightly less stable than B. There is another trans-bent form D2
(Figure 2) with a more acute bonding angle t(HEE) = ~90°
which for E = Pb is even lower in energy than D1 but the
former species is a transition state for the degenerate wing
flapping isomerization of A. The linear form E of the heavier
group-14 atoms is an energetically high-lying second-order
saddle point. Bulky substituents in REER make the isomers
A and B less stable than the trans-bent structures D1 and D2,
which explains why only the latter could become isolated at
room temperature when R is very big.

The unusual geometries of A, B, D1, and D2 are
difficult to explain with Lewis structures but their appearance
is easily understood when the electronic structure of the
fragments EH is considered.!® We do not discuss the
vinylidene structure C because it has a different connectivity
than the other isomers. Figure 3 schematically shows the
X2IT ground state and the a*X~ first excited state of
EH. It becomes obvious that the latter electronic state is
the proper reference state for the acetylene-like structure
because it has one unpaired electron in a o orbital and two
electrons in a degenerate m orbital. This means that the EH
fragments must first become excited into the a*¥~ state
in order to bind through a o and degenerate w bond in

Exp. Calc

0.0 16.7 154 (E=C)
36.4 38.6 (E=Si)
47.8 471 (E=Ge)

445 459 (E=Sn)
50.3 52.0 (E=Pb)

Figure 3 Schematic representation of the electron configuration of
the 2T electronic ground state and the a*%~ excited state of EH
(E = C-Pb). Experimental and calculated (BP86/QZ4P) excitation
energies are given as (kilocalories per mole)
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Table 2 Calculated bond dissociation energies
D. (kilocalories per mole) of linear HE=EH
— 2 EH (a*27) and X’IT — a*=~ excitation
energies A E. (kilocalories per mole) of EH at

BP86/QZ4P

E D, AEexe De — 2xAEexe
C 270.9 15.44 240.0

Si 121.6 38.56 44.5

Ge 1133 47.09 19.0

Sn 89.4 45.87 -23

Pb 69.0 52.01 -35.0

HE=EH (E). The electron configuration of the 2IT ground
state allows only one electron-sharing single bond between
two EH moieties. Figure 3 shows that CH has the lowest
X2IT — a*X~ excitation energy while the heavier homologs
need much more energy to reach the a*~~ excited state. It
means that CH requires much less excitation energy in order
to form a triple bond than the heavier EH species.

Table 2 gives the calculated bond dissociation
energies of linear HE=EH species for E = C-Pb and the
excitation energies 2x A E¢y., which is the energy penalty
that must be paid by the fragments in order to allow for
the formation of a triple bond. The very high BDE of D, =
270.7 kcal mol~! for the carbon species indicates a substantial
energy gain of 240.0 kcalmol~! for acetylene, which shows
that it is energetically profitable for the CH fragments to form

a HC=CH triple bond through the a*X~ excited state. A
C—C single bond that can be formed from the X*IT ground
state would deliver much less binding energy. Typical C—C
single bonds have bond energies of only 80—90 kcalmol~'.
The situation is very different for the heavier homologs
SiH-PbH. The calculations predict that the hypothetical linear
molecule HSi=SiH would have a bond dissociation energy
for breaking the triple bond of D, = 121.6 kcal mol~', which
is much less than for acetylene. The X?IT — a*X~ excitation
energy for the SiH fragments is 2x AE. = 77.1kcal mol~!,
which is much higher than for CH (Table 2). Thus, the
gain in the binding energy for the silicon system is only
D, — 2x AEq. = 44.5kcalmol~!. This is much less than the
stabilization energy that can be expected from the formation
of an electron-sharing HSi—SiH single bond between two SiH
moieties in the X?IT ground state. Typical bond dissociation
energies of Si-Si single bonds are 75—80kcalmol~'. Thus,
it is energetically more profitable for two SiH species to
bind through their X?IT ground state than through the a*%~
excited state. This holds even more for the heavier homologs
GeH-PbH. Table 2 shows that the additional binding energy
of the latter diatomics in the linear structure HE=EH is only
19.0 kcalmol~! for E = Ge while the excitation energies of
two EH fragments where E = Sn, Pb are even higher than the
bond dissociation energy of linear HE=EH.

The formation of the unusual structures A, B, D1,
and D2 can now easily be explained when the interacting

+
H H 1

Figure 4 Qualitative model for the orbital interactions between two EH molecules in different orientations where the unpaired electrons yield

a o bond
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Figure 5 Qualitative model for the orbital interactions between two EH molecules in different orientations where the unpaired electrons yield

a 7 bond

fragments EH in the X?TI ground state are used as building
blocks. Figure 4 schematically shows the arrangement of the
EH fragments where the unpaired electrons yield a ¢ bond.
There are several conformations for rotation about the o
bond. The C—H bonds and the lone-pair (Ip) orbitals of the
fragments are eclipsed in the syn—planar arrangement leading
to F (Figure 4a), which is energetically unfavorable because
the vacant p(r) orbitals remain unoccupied while the E-H
bonds and the electron Ips of the two molecules repel each
other. The geometry optimization of F under C,, symmetry
constraint gives a structure, which is the transition state for
degenerate rearrangement of the global energy minimum A.
The latter form is obtained from F through rotation about
the o-bond axis by 90°, which gives a much more favorable
arrangement (Figure 4b). The empty p(rr) orbitals of EH can
now interact in E,H, with the E-H bond and with the electron
Ip of the other EH. Note that the E-H bonds are better donors
than the electron Ips for heavier elements E because the Ip
orbitals have mainly s-character and because hydrogen is more
electronegative than Si—Pb. The E-H bonds are tilted toward
the empty p(rr) orbitals of the other EH moiety in order to
enhance the donor—acceptor interactions, which directly leads
to the doubly bridged butterfly structure A. Note that there are
three bonding components of the orbital interactions in A, one
o bond and two (degenerate) E-H donor—acceptor bonds.
Figure 4c shows the antiplanar arrangement of the
EH fragments yielding the structure D2 whose E-E bonding
contribution comes only from the o orbital between the
atoms E. The structure D2 lacks the two EH donor—acceptor
interactions of A. The former isomer may become lower in
energy than the latter if the hydrogen atoms are substituted

by bulky groups such as the terphenyl substituent, which was
used in the synthesis of the R*PbPbR* compound.

Rather than a o bond, the unpaired electrons in
the X?IT ground state of EH may alternatively yield an
electron-sharing bond of (EH),, which possesses 7 symmetry
with respect to the molecular structure. Figure 5 shows three
different orientations for the (X?IT) EH molecules, which
lead to an E-E 7 bond. The arrangement, which is given
in Figure 5(a), that leads to structure B has an electron lp
of one EH moiety pointing in the direction of the empty p
orbital of the other EH species. This orbital interaction now
has o symmetry with respect to the (EH), dimer. Besides the
electron-sharing = bond and the Ip donor—acceptor o bond,
further stabilizing orbital interactions come from the donation
of the EH bonding orbital and possibly the electron Ip of
that EH molecule, which serves as the lp o acceptor (bottom
EH in Figure 5a) into the empty p orbital of the Ip donor
EH (top EH in Figure 5a). As noted before, donation from
the EH bonding orbital is stronger than from the Ip orbital.
The former interaction becomes stronger when the EH donor
orbital and the empty p orbital of the interacting fragments
are tilted toward each other, which leads to structure B. The
tilting of the empty p orbital of the acceptor EH moiety
(top EH in Figure 5a) means that the terminal hydrogen
atom moves toward the bridging hydrogen atom. The syn
orientation of the terminal hydrogen atom with respect to
the bridging H atom can be explained as a secondary effect
of optimizing the EH donor—acceptor interaction, which is
shown in Figure 5(a). The unusual singly bridged geometry of
B, which has a terminal hydrogen atom with syn orientation
to the bridging atom can thus be straightforwardly explained



