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Abstract: This short overview discusses the contribution that computational methods can make to the study of
reaction mechanisms in non-noble-metal-catalyzed cross-coupling reactions. The differences between such
reactions and those catalyzed by more traditional noble metals are emphasized, together with the challenge this

poses to computation.
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Introduction

Non-noble metals (earth-abundant metals such as iron or
nickel and others from the first transition metal row) are attract-
ing increasing interest for their various applications in homoge-
neous catalysis, including cross-coupling reactions. Many of the
reactions catalyzed by such metals remain poorly understood in
mechanistic terms. Here, we will give a short overview of the
state of quantum chemical computational studies of these cross-
coupling catalytic reactions involving non-noble metal catalysts.

Since the early days of computational organometallic chem-
istry, there has been considerable interest in elementary steps in-
volved in catalysis based on metals such as palladium or platinum.
In fact, the very first ab initio geometry optimization of a transi-
tion state for a reaction of an organometallic species was carried
outl!l for a simple model reaction relevant to platinum catalysis:
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PY(PH,), + H, — Pt(H),(PH,), (1)

Since then, there have been a large number of studies of such
computational studies,?! focusing either on individual elementary
steps such as oxidative addition, or on whole catalytic cycles. This
is thereby almost a mature field, where the contribution that com-
putational methods can make is well-known. Much of the work
in the area is based on the use of density functional theory, as
this represents a good compromise between accuracy and com-
putational expense. However, more and more often, correlated ab
initio methods are used, which offer the promise of getting much
more accurate results. We do not intend to suggest that there are
no remaining challenges in the field of computational homoge-
neous catalysis for noble metal catalysts. It remains very difficult
to make firm predictions concerning e.g. improved catalysts, or
to predict a reaction mechanism in the absence of extensive ex-
perimental data concerning intermediates and substituent effects.
Nevertheless, with our growing knowledge of the issues arising
in computational studies of this type, more and more pertinent
results are being obtained.[!

Computational studies for cross-coupling involving non-noble
metals are much less numerous. This is partly because the experi-
mental work in the field has so far been less abundant, but also
because there are considerable challenges involved in the study
of such reactions. Foremost among these challenges is that non-
noble metals tend to follow rather different mechanistic pathways.
Organometallic chemists are used to drawing mechanisms involv-
ing steps such as ligand addition or dissociation, oxidative addi-
tion, reductive elimination, and migratory insertion. Indeed, some
cross-coupling reaction mechanisms with non-noble metal cata-
lysts do seem to operate using such steps.[* However, many other
cross-coupling reactions appear to operate with rather different
mechanisms, in particular because the ‘traditional’ organometal-
lic reaction steps typically involve changes in oxidation state by
increments of two, whereas non-noble metals often have stable
oxidation states different by increments of just one.

Another point of contrast between ‘noble’ metal catalysts and
non-noble metals is that catalysis with the former quite often in-
volves relatively simple reaction conditions. The word ‘relatively’
is emphasized because cross-coupling chemistry is notorious for
sensitivity to the nature of the ligand on the metal, additives such
as bases used to react with departing protons or other Lewis acidic
species, and the type of metal catalyst precursor used. We do not
wish to minimize this complexity! Still, with non-noble metals,
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it is quite common to encounter aspects such as the use of solid
metal reductants, or large excesses of nucleophile, or sensitivity
to the presence of Lewis acids, which cannot readily be accounted
for in simple mechanistic terms.

Against this background, we will discuss some notable suc-
cesses in the field and some of the challenges.

Selected Computational Studies

One of the earliest thorough computational studies of cross-
coupling with a non-noble metal was carried out in the group of
Norrby in 2009.51 This remarkable paper combines some new
experimental results with a computational attempt to map out
possible mechanisms. In their study, Norrby et al. first used ex-
periments to assess the likely oxidation state of the key active
species, as well as computational studies to investigate relative
energies for key TSs, for iron-catalyzed Kumada-type coupling
of p-trifluoromethyl phenyl chloride and n-octylmagnesium bro-
mide, in ether or amide solvent. This is a variant of the reaction
that was developed by Tamura and Kochi in the 1970s.[91 Among
the computational steps that they considered were the following
reductive elimination processes (where DME is dimethylether, as
a model for the ether solvents used):

Fe(DME),(C,H,)(Ph) — PhC,H, + Fe(DME), )

Fe(Cl)(DME),(C,H,)(Ph) — PhC H, + Fe(Cl)(DME), 3)

The first of these reactions involves a starting species with a
+11 oxidation state for the iron centre, leading to an Fe(o) oxida-
tion state for the product, and the second reaction involves oxida-
tion states +111 and +1 respectively. Likewise reductive elimination
steps involving initial oxidation states for iron of —11 and —1 were
also considered. Based on the calculated energetics, it was con-
cluded that the two steps shown are those that are most likely to
be involved in catalysis, though other evidence pointed towards
the +111/+1 step as more likely. Also, reaction (3) was suggested to
be more likely, as reaction (2) had a very high activation barrier.

This study was a landmark in the study of reaction mecha-
nisms with non-noble metals using computation, because it ex-
plicitly addressed the huge mechanistic uncertainty for such re-
actions, and set out to try to provide some input into possible
mechanisms by carrying out sensitivity tests for some key reaction
steps, varying the oxidation state and exploring the dependence
of reaction barriers on the oxidation state. In the authors’ view,
with large uncertainties about the mechanism, this kind of broad
overview of possibilities based on simple computational models
provides more mechanistic information than detailed studies of
assumed catalytic cycles.

Still, it should be recognized that this study did not — and most
likely could not — pin down the correct mechanism, as that mecha-
nism is rather complex. Building on earlier work by Kochi and
other groups, the group of Mike Neidig showed that a polynuclear
Fe,R (n = 12) cluster is apparently important in the Kumada-
coupling.l”l Such polynuclear species had not been considered in
the computational study.

While reactivity studies for organometallic catalysis naturally
often focus on the study of TSs and reaction paths, for non-noble
catalysts, there is also very significant interest in the electronic
structure of intermediates and TSs, due to the frequency with
which open-shell electronic structures occur. Probing potential
intermediates using spectroscopic methods is very helpful in
such cases, and computation can really assist in understanding
the spectral properties. In our group, we carried out a number
of such studies in collaboration with the experimental group of
Robin Bedford at the University of Bristol in the UK, putting con-
siderable effort into calculating the structure and EPR parameters

of putative Fe(1) and related species involved in cross-coupling.!8]
Even simple aspects like the ground-state spin-pairing of each
intermediate is not always obvious to assign based on experiment
alone, and calculations can help to suggest the correct spin state
(for an example from another group, see ref. [9]).

As mentioned above, cross-coupling with non-noble metal
catalysts does not need to follow the same mechanisms as for
more common cross-coupling reactions. One nice example of a
studyl!91 providing strong evidence for a different, bimetallic radi-
cal-like mechanism used computation in part to support a Kumada
coupling mechanism in which the key carbon—carbon bond form-
ing steps were (here L is a ligand):

LFe"Ph + R* — LFe™PhR “)

LFe"PhR — R-Ph + L'Fe 4)

This mechanism involves Fe(1) and Fe(111) species, and has as
key C—C bond-forming step reaction (5), a reductive elimination
from Fe(111), but formation of the key Fe(111) intermediate involves
multiple steps and free radicals — rather unlike the traditional oxi-
dative addition and transmetallation steps expected in more con-
ventional Kumada couplings. One such key step is reaction (4).
It is not yet clear how general such mechanisms are, with for
example the dependence on ligands, or on the sp? or sp* hybrid-
ization of the organometallic species and the halide still requiring
more investigation. Yet other mechanisms may also be operative.

Cross-coupling with nickel catalysts is also often suggested,
based on computational studies, to involve formation of radicals
during activation of the C—X bond.['!] Here too, it is unclear to
what extent the radical nature of these reactions is a common fea-
ture. At least in some early studies, oxidative addition steps simi-
lar to those found with palladium have been characterized also for
Ni, at least in the case of the Heck reaction.[!2] This has also been
confirmed in more recent studies.[!3]

In our recent work, carried out during the PhD studies of one
of us (AD), we have tried to approach a ‘whole-mechanism’ com-
putational study of challenging non-noble metal-catalyzed cross-
coupling reactions. By ‘whole-mechanism’, we mean that we
tried to go beyond providing insight into individual intermediates,
or individual elementary steps, and instead to provide an overall
picture of the whole cross-coupling mechanism. Our work of this
type has so far led to two publications, whose broader themes we
will briefly summarize here.

The first studyl!'¥l concerned the mechanism of reaction (6)
between an alkyl iodide and an alkyne, developed recently in a
collaborator’s group.[15!

FeBry Ph CgHyy

NGO

Zn

Ph———=—o—H

The challenge in modelling this reaction was considerable, as
there was no ligand involved, and relatively little mechanistic data
concerning possible (or excluded) mechanistic intermediates. In
our work, we focused on, among other things, finding a way to
address the thermodynamics of reduction by solid zinc for the
dissolved iron-containing species, on determining the spin- and
solvation-state of the various iron-containing species, and on ex-
ploring the variety of possible reaction steps that could lead to
carbon-carbon bond formation. We also used kinetic modelling
to assess which collection of reaction steps most likely accounted
for observed reactivity. Our conclusion was that the mechanism
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was best described by a reductive cleavage step (7) of the carbon-
iodine bond, driven by zinc but presumably modified by the pres-
ence of iron salts:

CGH“—I +7Zn - Can + Y2 Znl, (7)

This would be followed by addition of the cyclohexyl radi-
cal to the alkyne. While our study was not able to resolve all the
mechanistic issues for this complicated reaction, we did provide
a road-map for techniques to study complex cross-coupling reac-
tions of this type.

Our second study!!®l addressed the coupling of a nitrogen-
containing species, typically a diazo-compound ArN, Ar, with an
ester, to provide an amide. This is not strictly a cross-coupling
reaction, though it shares many features with this class of reac-
tions. It is catalyzed by nickel salts with phenanthroline ligands
and involves metallic zinc as a reductant to create the nitrogen
nucleophile. Using some of the same techniques as in the other
study, we were able to quantify the thermodynamics of reductive
steps involving metallic zinc, and to provide evidence that the
key step in the reaction involved a bimetallic nickel-zinc amidate.

Conclusions

To conclude this short overview, we wish to emphasize that
while computational chemistry is going to be a key technique for
studying cross-coupling reaction mechanisms involving non-no-
ble metal catalysts, it is striking that the ‘chemical’ space of pos-
sible mechanistic alternatives and of viable intermediates seems
to be much larger than for more standard palladium-catalyzed
reactions.[l7] Multiple spin-states, coordination states, oxidation
states, seem to play an important role. Some of the reactions we
have modelled feature as important steps reduction by a metallic
co-reactant. Also, radicals play an important role in many of the
mechanisms. Hence although individual computational analyses
as cited here provide insight into individual reactions, it is very
difficult to obtain a global overview of the whole mechanism. As
in many cases, the strongest basis for getting such global insight
will be firm kinetic and mechanistic input from experiment for
some typical processes, coupled with systematic computational
studies using accurate quantum chemical methods in order to ob-
tain reliable results. Furthermore, it is important to realize that
non-noble metals are quite often different in terms of catalytic
mechanisms from more standard metals.
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