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Abstract: Computational studies on carboxylate-assisted C-H activation and functionalization at
Group 8-10 transition metal centers are reviewed. The review is organised by metal and will cover
work published from late 2009 until mid-2016. A brief overview of computational work prior to 2010
is also provided and this outlines the understanding of carboxylate-assisted C-H activation in terms
of the ‘ambiphilic metal-ligand assistance’ (AMLA) and ‘concerted metalation deprotonation’ (CMD)
concepts. Computational studies are then surveyed in terms of the nature of the C-H bond being
activated (C(sp?)-H or C(sp®)-H), the nature of the process involved (intramolecular with a directing
group or intermolecular) and the context (stoichiometric C-H activation or within a variety of
catalytic processes). The review aims to emphasize the connection between computation and
experiment and to highlight the contribution of computational chemistry to our understanding of
catalytic C-H functionalisation based on carboxylate-assisted C-H activation. Some opportunities
where the interplay between computation and experiment may contribute further to the areas of

catalytic C-H functionalisation and applied computational chemistry are identified.
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1. Introduction

Contemporary computational chemistry provides a major means by which insight into the
mechanisms of organometallic reactions and catalysis can be gained. This utility derives from the
ability of computational chemistry to routinely characterise reactive intermediates and transition
states, thus providing an ideal complement to experiment where data on such species are either
extremely difficult or impossible to obtain. Computational chemistry has made a particularly strong
contribution to our understanding of the mechanisms of C-H bond activation and progress in this
area was the focus of several major reviews published at the end of the last decade.»?3*56 The
importance of computational work in this area reflects the range of mechanistic possibilities that are
associated with the C-H activation step: oxidative addition, c-bond metathesis and electrophilic
activation are all available at late transition metal centers, and which mechanism will be active for a
given scenario can depend subtely on the metal, its oxidation state and the immediate coordination
environment. Carboxylate-assisted C-H activation has added to this landscape, by providing a means
of breaking C-H bonds through the combination of an electron-deficient metal center and efficient
deprotonation by a carboxylate base. The privileged status of carboxylate bases is in many cases
related to their chelating ability which allows them to remain bound to the metal center whilst
facilitating an efficient deprotonation through a pendant basic carbonyl arm. Related examples

where carboxylates are proposed to act as efficient external bases are also increasing in number.

The last ten years have not only greatly enhanced our mechanistic understanding of C-H activation,
but also seen several important developments in computational methodology that have profoundly

impacted on the modelling of transition metal reactivity. Although density functional theory (DFT)
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remains the most widely used method, the possibility of modelling larger systems has highlighted
the known difficulties that DFT has in describing long-range stabilizing dispersion interactions.
Although an isolated pairwise dispersion interaction is individually weak, the cumulative effect of
many such interactions in larger systems can be very considerable. Dispersion interactions can be
taken into account through their separate computation, for example with Grimme’s D3 parameter
set,”® through the use of functionals such as B97D° or ®B97X-D° that incorporate dispersion, or by
employing a Minnesota functional, such as MO06 or its variants,’* where dispersion effects are
captured within the parameterisation scheme. Using these approaches can lead to greatly improved
computed energetics, a classic example being L,M-PRs dissociation energies1%13141%1617 Thege
developments highlight the importance surrounding the choice of functional for a computational

study, and in particular when larger models are to be employed in the calculations.?® °

More recently, the focus of experimental work has moved toward integrating C-H activation
processes into catalytic cycles for organic transformations.2%?12223.242526,27,28,29,30,31,32,33
Computational work has mirrored this trend3*3>3637.3839,404142 \yith studies on catalytic cycles
featuring both C-H activation and functionalization becoming increasingly the norm. Such studies
reveal the complexity of these multiple-step processes, both from a mechanistic viewpoint, as well
as the speciation of the active species performing the catalysis. In principle, calculations are ideally
placed to assess different mechanistic possibilities; however, the complexity of the reaction systems
often means that computational studies are most effective when they are conducted in close

collaboration with experiment. Such studies, when coupled with the advances in computational

chemistry, can then permit a more quantitative assessment of a computed reaction mechanism.

2. Scope and Nomenclature

This review will cover computational studies on carboxylate-assisted C-H activation and
functionalization at Group 8-10 transition metal centers. The scope of the review will be broadened

to cover reactions exploiting other chelating bases that act in a similar way to carboxylates (i.e. they



are potential k%ligands such as carbonate or phosphates). The review will be organised by metal,
with Group 10 metals covered first, reflecting the propensity of Pd catalysis in this area, followed by
Group 9 and then Group 8. The review will focus on the literature published since the major
computational reviews on C-H activation published in 2009/early 2010,*? i.e. from late 2009 to mid-
2016. A brief overview of computational work prior to 2010 will be given to provide appropriate
context. Some aspects of this review have been summarised elsewhere, but are included here for

completeness.*44

Most studies reported in this review have employed DFT calculations and in each case the main
computational protocol used to arrive at the final reported energetics will be highlighted. This will
include the functional employed for optimisation, with any corrections to the energies being noted
in parenthesis. Thus BP86(toluene, D3) indicates use of the BP86 functional for optimisation with
single-point energy corrections for toluene solvent and dispersion effects using the D3 parameter
set. In cases where one functional is used for optimisation and a second for the energy calculation
the // convention will be used, e.g. BP86(toluene, D3)//B3LYP indicates initial optimisation with
B3LYP followed by a single point energy calculations with BP86 with corrections for toluene solvent
and dispersion effects. Any exceptions to these approaches will be highlighted in the text and the

original literature should be consulted for full computational details.

As mentioned in the Introduction, the trend in the period covered in this review has been towards
the use of dispersion-corrected functionals; however this does not mean that results obtained in
studies that neglect dispersion effects are necessarily invalid. The computed trends and the
mechanistic ideas obtained in such studies can still give valuable insight, especially if focussed on
electronic effects arising from small models. However, the dramatic effect of the dispersion
correction on reaction energetics — particularly those steps featuring ligand dissociation — means
that studies purporting a quantitative assessment of computed energetics that do not include

dispersion in the protocol should be viewed with caution.



In general the reported ‘energy’ will be a free energy computed at standard conditions (298.15 K and
1 atm) and usually corrected for solvent and possibly dispersion effects as detailed above. If
relevant, cases where other temperatures are employed will be highlighted in the text. The multi-
step processes involved in catalysis mean that different scenarios arise when describing the
associated energetics. Firstly, the term ‘energetic span’ will be used to denote the overall activation
barrier associated with a catalytic cycle, as recommended by Kozuch and Shaik.** The energetic span
corresponds to the difference in energy between the lowest lying intermediate and the highest lying
transition state and will generally be abbreviated to AG*y... The activation barriers or
thermodynamic changes associated with a series of consecutive steps that do not themselves
correspond to the energetic span will be referred to as an ‘overall AG¥, or ‘overall AG’ respectively,
and this is distinct from the use of ‘AG* or ‘AG’ to describe the energetics of a single step between
two minima linked by a single transition state. In diagrams the energies of transition states will be
denoted in square brackets and dashed arrows will be used to denote multi-step processes; in the
latter case the transition state energy provided will be the highest point between the two minima

indicated.

The vast majority of the work covered in this review features computational studies that refer
directly to specific experimental systems. Increasingly both these aspects are contained within a
single paper and in such cases the details of the experimental system being modelled will be
provided. Otherwise the cited computational work should be consulted for details of the original
experimental work. In many cases the computed reaction profiles can be viewed qualitatively in
terms of the efficiency of an experimental process; for example, a computed energy span may
reflect the reaction conditions that are required for efficient catalysis. Such an assessment can be
challenging, however, not only because of the multiple-step nature of catalysis, but also because
under catalytic conditions the substrates will be in large excess and so can significantly bias equilibria
and hence overall rates. Studies that include kinetic data both from experiment and from kinetic

simulations fed by computed energetics are therefore particularly valuable.



3. Overview of pre-2010 Studies on Carboxylate-Assisted C-H activation at Group 8-10 Metals

The first computational work on carboxylate-assisted C-H activation was reported by Sakaki in 2000
who reported an MP4(SDQ) study of the intermolecular C-H activation of both benzene and
methane at [M(x2-0,CH),] (M = Pd, Pt).*® For both substrates the mechanism involved a two-step
process with the initial k*-«k*-displacement of one formate ligand to give intermediate c-complexes
featuring short M---C-H and C-H---O contacts (see 2a,b for M = Pd, Figure 1). These interactions
facilitate the subsequent heterolytic cleavage of the C-H bonds. This remarkable study presages
much of the subsequent computational work in this area. In particular, the similar mechanisms of
activation for both aromatic and aliphatic C-H bonds are seen, as well as the greater kinetic and
thermodynamic accessibility of aromatic C(sp?)-H activation at Pd. While this is also true for the
thermodynamics of C-H activation at Pt, in that case benzene forms a particularly stable c-complex
at -21.1 kcal/mol from which the barrier for C-H cleavage is 21.3 kcal/mol. A similar two-step process
was subsequently characterised by Goddard and Periana with B3LYP calculations for benzene
activation at [Pt(bpym)(TFA),] and [Pt(pic)(TFA).]" species (bpym = 2,2'-bipyrimidyl, pic = k-N,O-
picolinate; TFA = trifluoroacetate).*’ In this case the TFA derived from the trifluoroacetic acid (TFAH)

solvent facilitates the C-H activation.
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Figure 1. Computed reaction profiles for C-H activation of CHs and CsHs at [Pd(k2-COzH),]; MP4(SDQ)

energies are in kcal/mol and are quoted relative to a non-covalent precursor complex, 1, at 0.0

kcal/mol in each case; selected distances in A. Adapted with permission from Ref. 46. Copyright 2000

American Chemical Society.

The first computational study of intramolecular C-H activation featuring a directing group was
reported in 2005 by Davies and Macgregor who used BP86 calculatons to model the cyclometalation
of dimethylbenzylamine at [Pd(OAc),],*® a system that had been extensively studied experimentally
in the 1980s by Ryabov and co-workers (Figure 2).* Starting from a [Pd(OAc),(Me;NCH,Ph)]
precursor, 4, a two-step C-H activation process was again computed, with the first step involving the
k%! displacement of the OAc ligand by the ortho-C-H bond of the benzyl group via TS(4-5). This
leads to the formation of an agostic intermediate, 5, which features a polarised C-H bond that is, as a
consequence, able to engage in H-bonding with the free arm of the k*-OAc ligand. Cleavage of this C-
H bond then proceeds with a minimal barrier via a 6-membered transition state, TS(5-6), and forms
the cyclometallated product, 6, as an HOAc adduct. An overall barrier of 13 kcal/mol was computed

with TS(4-5) being the highest point on the profile. Other mechanisms based on either H* transfer
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onto the Pd-bound acetate oxygen (i.e. via a 4-membered transition state) or oxidative addition to
form a Pd(IV) intermediate exhibited much higher computed barriers. This study is important in
highlighting the central role played by an agostic intermediate in carboxylate-assisted C-H activation.
A Wheland (or arenium) species was specifically ruled out, indicating that a fundamentally different
mechanism to electrophilic aromatic substitution (SeAr) is operative in this case. This type of
mechanism was later termed ‘ambiphilic metal-ligand assistance’ (AMLA), a description that
emphasizes how an electron-deficient metal center can combine with an adjacent intramolecular
base to promote facile C-H bond activation.® This mechanism also modelled the small rate-
enhancement associated with an electron donating meta-substituent on the DMBA ring. As AMLA
involves an agostic intermediate it should not (unlike SeAr) be restricted to the C-H activation of
aromatic C-H bonds; indeed a computed barrier of only 20 kcal/mol was computed for the analogous
C(sp®)-H activation of Me;NCH,CH,CHs. This ability to activate C(sp®)-H bonds was prefaced in even
earlier work by Kragten and co-workers who postulated that the acetate ligand in
[Pd(OAC)(CH,CH,0H)(H,0):] could assist in 3-H transfer from the B-hydroxyethyl ligand, a key step in

vinylacetate formation.>°

1.1|E'|
2.10

0 \** NMe,
/< 268 ~Pd>

O (0]

K2R displacement C-H bond cleavage 6

Figure 2. Computed reaction profile for C-H activation in [Pd(OAc).(Me;NCH;Ph)]. Energies are in
kcal/mol and include a correction for zero-point energies; selected distances in A.*® Adapted with

permission from Ref. 43. Copyright 2016, John Wiley and Sons.
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Shortly afterwards Maseras and Echavarren reported B3LYP calculations on C-H activation in [Pd(2-
phenethylphenyl)(X)(PHs)] species (7, X = Br or HCOs, Figure 3), as model intermediates for
intramolecular C-C coupling catalysed by [Pd(OAc),].>! Initial oxidative addition of an aryl bromide
precursor forms the Pd-aryl bond which subsequently acts as a directing group for C-H activation.
With X = HCOs this proceeds by proton abstraction via TS7A in a similar fashion to that described
above for [Pd(OAc),(MesNCH,Ph)], although in this case a one-step process was defined and no
agostic intermediate was located. When X = Br, proton abstraction by the bromide ligand proved
inaccessible, however, deprotonation by external bicarbonate (TS7B) was competitive. Both the
internal and external deprotonation mechanisms were subsequently shown to be consistent with
reactivity enhancements seen experimentaly when electron-withdrawing substituents (F, Cl) were
introduced into the aryl ring.>* This trend would clearly be at odds with a traditional SeAr

mechanism.

(D

X——Pd O
b,

X = Br, HCO,

7 TS7A TS7B
AGF=235 AGF=17.4

Figure 3. C-H activation in 7 via internal (TS7A) or external (TS7B) proton abstraction. Computed
relative SCF energies in kcal/mol and key distances in A.°? Adapted with permission from Ref. 43.

Copyright 2016, John Wiley and Sons.

Further evidence for the significance of agostic interactions in carboxylate-assisted C-H activation
was provided by Fagnou who characterized C(sp®)-H bond cleavage as a key step in the Pd-catalysed
synthesis of dihydrobenzofurans (8 — 9, Figure 4(a)).>® Using a [Pd(Ar)(OAc)(PMes)] model system
and B3LYP calculations, the three distinct C(sp®)-H bonds of the 2-methylbutoxy substituent were all

shown to react via a concerted, inner-sphere deprotonation mechanism (Figure 4(b)). Reaction via
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TS8a forms a 6-membered palladacycle and this has a lower barrier than C-H activation of either the
ethyl CH; (via TS8b) or CHs (via TS8c) groups, where the latter leads to a 7-membered palladacycle.
Such one-step C-H activation processes are consistent with ‘concerted metalation deprotonation’
(CMD) that Fagnou later put forward. Clot and Baudoin also demonstrated intramolecular C(sp3)-H
activation at [PdAr(COs)(PRs)] (Ar = 2-'BuCeHs) species with carbonate as the internal base
(B3PW91(DMF) calculations).®® In this case the carbonate was situated trans to the agostic
interaction but the geminal C-H bond was sufficiently protic to enable an intramolecular C-H
cleavage via TS10 (Figure 4(c)). Lleddés and Urriolabeitia also found that related computed processes
could account for selectivities seen in the cyclometalation of stabilised iminophosphoranes,

ArsP=NC(O)Ph at [Pd(OAc)] (B3LYP(CH,Cl,) calculations).>®

f e ok
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Figure 4. (a) Pd-catalysed reaction of 8 to form dihydrobenzofuran, 9; (b) alternative C(sp®)-H
activation transition states with computed free energies quoted relative to [Pd(Ar)(OAc)(PMes)];>3 (c)

computed C(sp3)-H activation transition state for [Pd(2-'Bu-CsH4)(COs3)(P'Bus)] with selected

distances in A.>* Adapted with permission from Ref. 43. Copyright 2016, John Wiley and Sons.

Returning to intermolecular C-H activation, the efficacy of fluorinated arenes in [Pd(OAc);]-catalyzed
direct arylations led Fagnou to model their C-H activation reactions.>® Using [Pd(Ph)(X)(PHs)] model
species (X = Br, HCO3) B3LYP calculations probed several different mechanisms, the most accessible

of which was a one-step non-directed process in which metalation and proton abstraction by the
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intramolecular bicarbonate base occurred in a concerted manner (see Figure 5 for the reaction of
CeéFsH via TS11 in which a P'Bu;Me ligand is employed and AG* = 9.9 kcal/mol). Attempts to
characterise an SeAr mechanism were unsuccessful and this, in combination with the enhanced
reactivity exhibited by the more acidic fluoroarene C-H bonds, led this group to propose the term
‘concerted metalation deprotonation’, CMD, to describe such reactions.>>” A later report on the C-H
activation of benzene gave a reduced barrier of 24.9 kcal/mol when pivalate (OPiv, Piv = C(O)'Bu)

was employed as the base, compared to a value of 26.2 kcal/mol with HCO3.%8

Figure 5. C-H activation transition state computed for the reaction of CgFsH at
[Pd(HCOs)(Ph)(P'BuMe)], with selected distances in A.*® Adapted with permission from Ref. 43.

Copyright 2016, John Wiley and Sons.

In 2008 Gorelsky and Fagnou generalised the CMD concept by studying the C-H activation of a broad
spectrum of (hetero)aromatic substrates (B3LYP calculations). Significantly, the CMD mechanism was
shown to be operative even for electron-rich arenes that had previously been considered to react
through an StAr mechanism.>” The CMD pathway also accounted for the experimentally observed
selectivities, including the reaction at the 2-position of thiophene and ortho-C-H activation in
pyridine N-oxide (Figure 6). Electron-withdrawing substituents again lead to reduced computed
barriers, as exemplified in the C2-H activation of 3-fluorobenzothiophene (AG* = 22.8 kcal/mol) vs.
the equivalent process in benzothiophene (AG* = 26.5 kcal/mol). The predicted reactivity trends and

regioselectivities were later validated experimentally.®
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Figure 6. Free energy activation barriers (kcal/mol) computed for C-H activation of selected
heterocycles at [Pd(OAc))Ph)(PMes)].>” Reproduced with permission from Ref. 43. Copyright 2016,

John Wiley and Sons.

Many of the features described above for carboxylate-assisted C-H activation at Pd(ll) species have
also been shown to be operative in Rh(lll) and Ir(lll) systems. In 2006 Davies and Macgregor reported
an initial computational study of the cyclometallation of Me;NCH,Ph at [IrCl,Cp*]; in the presence of
NaOAc.%%f1 Acetate plays two critical roles in this process: first, in promoting opening of the chloro-
bridged dimer to access monomeric active species and, second, as an intramolecular base in the C-H
activation step. BP86 calculations using a model [Ir(k*-OAc)(Me;NCH,Ph)Cp]* species characterised a
one-step C-H activation in which the k%-«! displacement of acetate and deprotonation of the ortho-
C-H bond by the free acetate arm occur in a concerted fashion via a single 6-membered transition
state. These features are all characteristic of an AMLA/CMD C-H activation and this “AMLA-6"
process was clearly favored over either an “AMLA-4” alternative (i.e. where the Ir-bound oxygen
effects the deprotonation via a 4-membered transition state) or a concerted oxidative addition
pathway that yields an Ir(V)-hydride. In a later study®® a two-step pathway was characterised
featuring an agostic intermediate. This process had a slightly lower barrier of 13.4 kcal/mol in which
the k%«! displacement of acetate was rate-limiting. Replacing acetate with a weaker carboxylate
base, RCOy, resulted in further reduced barriers to C-H activation (R = CF3 < CCl; < HO < Ph < Me). As
weaker bases are also poorer ligands, these will tend to facilitate the rate-limiting -k’
displacement step. The cyclometalation of N-methyl-2-pyrrole-imine was also considered around

this time and also adhered to the AMLA/CMD mechanistic scheme.®?
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Ess, Periana and Goddard subsequently reported on the C-H activation of benzene and methane at
[Ir(acac')2(X)] species (X = OH, OAc, Figure 7; B3LYP calculations).®® With X = OAc C—H activation is
most accessible via a two-step process in which the initial - k!-displacement of OAc is rate-limiting.
Overall barriers of 32.6 kcal/mol were computed for both benzene and methane, with C-H bond
cleavage occurring via the 6-membered transition states TS12 and TS13 respectively. Use of the
activation strain model (see Section 4.3) showed these processes were associated with a low AEgist
term; in comparison the alternative 4-membered transition states (in which proton transfer involves
the Ir-bound oxygen) are more constrained and lie approximately 19 kcal/mol higher in energy. The
4-membered transition states computed for acetate and hydroxide are very similar geometrically
and, although technically not within the remit of this review on carboxylate-assisted C-H activation,
such processes that involve the 1,2 addition of a C-H bond across a M-X single bond (X = OR, NR3) are
worth highlighting as being related to an AMLA/CMD process: in both cases the availability of a lone
pair of electrons on the ligand is central to facilitating an intramolecular deprotonation.®* Ess,

Goddard and Periana® ® %" and Gunnoe and Cundari®® have all contributed significantly to this area.
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Figure 7. Computed transition states for C-H activation of benzene and methane at [Ir(acac')y(k?-
OAc)] with computed free energies (kcal/mol) and selected distances in A. Adapted with permission

from Ref. 63. Copyright 2000 American Chemical Society.

The only computational study on carboxylate-assisted C-H activation at a Group 8 metal to predate

the period of this review was reported by in 2008 by Maseras and Dixneuf who modelled the
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cyclometalation of 2-phenylpyridine (ppy) at [RuCly(p-cymene)], in the presence of N-heterocyclic
carbene (NHC) co-ligands.®® B3LYP calculations on a cis-[RuCly(IMe)(ppy)] model system (IMe = 1,3-
dimethylimidazol-2-ylidene) indicated a strong agostic interaction that developed trans to the IMe
ligand. Despite this the energetics associated with a concerted oxidative addition to form a Ru(IV)-
hydride were very unfavourable. Instead initial coordination of bicarbonate was preferred and from
this structure a low energy deprotonation was defined via TS14 (Figure 8). This proceeds with a
barrier of only 13.9 kcal/mol and involves C-H bond cleavage concomitant with the dissociation of

bicarbonate, which leaves the coordination sphere as H,CO:s.

Figure 8. Computed transition state for C-H activation of 2-phenylpyridine at {cis-Ru(Cl),(IMe)} in the
presence of bicarbonate; selected distances in A.®® Adapted with permission from Ref. 43. Copyright

2016, John Wiley and Sons.

Overall, these early studies of carboxylate-assisted C-H activation highlight a number of key common
features. These include the combination of an electron-deficient metal center and a carboxylate
base that act in concert to facilitate C-H bond cleavage. Computationally, this is most evident when
an agostic intermediate is located as this allows the polarisation (and hence enhanced acidity) of the
C-H bond to be defined, which is thus readily abstracted by the pendant arm of the carboxylate base.
Under these circumstances C-H activation becomes a simple acid-base reaction. This picture also

rationalises how these systems can perform C(sp3)-H bond activation.

An important component of the overall C-H activation process is the need to make a vacant

coordination site available at the metal center. In the above examples this involves the % k!-
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displacement of the carboxylate base by the incoming substrate and in many cases this contributes
significantly to (or may actually be the major component of) the overall barrier. Whether C-H
activation is achieved as a one- or two-step process appears rather system-dependent and for
intramolecular C-H activation the associated energy surface is generally rather flat. This suggests
that any agostic intermediates would not have a significant lifetime. While the two transition states
involved can be distinguished computationally, whether the first (carboxylate k2-x!-displacement) or
the second transition state (C-H bond cleavage) is the higher could be viewed as corresponding to
either an early or a late transition state, respectively. Although energetically this distinction may not
be significant, these transition states have very different degrees of C-H bond elongation and so will
impact on the interpretation of experimental observables such as ku/kp kinetic isotope effects

(KIEs).”

One particular strength of computational chemistry is its ability to probe different mechanistic
scenarios. Thus the possibility of carboxylates acting as an external base after dissociation from the
metal coordination sphere has been considered. Other mechanisms (concerted oxidative addition,
proton transfer onto a halide or the metal-bound oxygen of the carboxylate) have consistently been
shown to be less accessible. Likewise, with aromatic substrates no evidence for an SgAr process was
reported. Experimentally, such a mechanism is often invoked for aromatic C-H bond activation on
the basis of empirical ring substituent effects, i.e. where the reaction is enhanced by electron-

5748 computational studies have shown that such

donating groups. However, as described above
groups can also promote C-H activation via the AMLA/CMD pathways. Computational evidence for
the alternative SeAr mechanism in carboxylate-assisted C-H activation would rely on the computed
structure and charge distribution of any putative Wheland-type stationary point, as well as capturing
any experimental substituent effects through changes in activation barriers. To date no convincing

computational evidence for such a process has been reported when carboxylate assistance has been

involved in the C-H activation.
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What do we call carboxylate-assisted C-H activation? The two terms, ‘ambiphilic metal-ligand
assistance’ (AMLA) and ‘concerted metalation deprotonation’ (CMD), provide similar interpretations
of the mechanism of carboxylate-assisted C-H activation. ‘AMLA’ stresses the dual role of metal and
base in promoting the C-H activation. Being a ligand, the base is necessarily bound to the metal
center and this is a significant point, as in many cases the use of simple monodentate bases such as
amines does not permit the C-H activation. This chelating ability of carboxylates probably lies behind
the dominance of such bases in practical schemes for C-H activation and functionalization. This
behaviour is also readily generalised to other chelating bases, several examples of which will be
given below. ‘CMD’ captures the processes that occur during the C-H bond activation: a metal-
carbon bond forms as the C-H bond is deprotonated. This description can encompass cases where
the carboxylate is bound as a ligand at the metal (an internal base) or where it has fully dissociated
(an external base). In the following we shall refer to the former mechanism as AMLA/CMD and to
the latter as ‘external CMD’. For AMLA it can be taken that a 6-membered transition state is involved

unless otherwise stated.

The above survey highlights the emphasis of early work on Pd(ll) and Ir(lll). This has now
dramatically expanded, in particular to Rh(lll), but also to Ru(ll) metal centers. Little work has been
reported on either osmium or platinum, and the first computational studies on carboxylate-assisted
C-H activation at cobalt and nickel systems have also only appeared during the period of this review.

We are not aware of any work on carboxylate-assisted C-H activation at iron.

Recently the emphasis of computational work has moved from the C-H activation step to the
modelling of processes that integrate this into catalytic cycles for C-H functionalisation. The
complexity of the catalytic systems used experimentally presents many challenges. In response, the
computational state-of-the-art will model the full catalyst and substrates used experimentally (i.e.
without any truncation of ligands or recourse to model systems) and include the effects of implicit

solvation (via continuum methods) and dispersion. Conformational searching would also be included
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for large flexible systems. An additional level of complexity arises from the use of additives -
generally simple inorganic metal salts, MX - in experimental protocols, the presence of which
enhances catalytic efficiency. An accurate treatment of such species as separate ions in solution
would require the use of explicitly solvated models, necessitating many solvent molecules in the
calculation and requiring molecular dynamics techniques. The use of such methods is currently
impractical for the sorts of systems under study here. Efforts to model additive effects have, in many
cases, considered these salts to be present as discrete molecular ion-pairs, ‘MX’. This may be
somewhat unrealistic, especially in higher polarity solvents. In the following when additives are
included and modelled in this way, they will be placed in inverted commas in the text to highlight the

uncertainly of their true speciation in solution.

4. Palladium

4.1 Intramolecular C(sp?)-H Activation

Since the initial work outlining the key features of carboxylate-assisted C-H activation a number of
studies have proposed variations on the AMLA/CMD theme. Other factors that may affect these
processes have also been considered, including the non-innocent roles of solvent, additives and
alternative bases within the metal inner- and outer-coordination sphere. The precise details of the

mechanism can therefore vary depending on the circumstances.

Given the above, the electrospray ionisation-mass spectrometry (ESI-MS) study reported by Roithova
on the C-H activation of 2-phenylpyridine (ppy) at [Pd(OAc),] is important as it occurs in the gas-
phase in the absence of any external factors.”* After reaction in acetonitrile a mixture with a parent
ion at m/z 475 is produced and formulated as either [Pd(OAc)(ppy).]* and/or [Pd(HOACc)(ppy)(ppy')]*
(where here and throughout the prime will indicate a cyclometallated ligand). Collision induced
dissociation (CID) of HOAc occurs with an energy of 15.5 + 0.7 kcal/mol, suggesting either facile C-H

activation already in solution, or a combination of facile C-H activation and HOAc loss in the CID
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experiment. B3LYP(D2) calculations based on a [Pd(k?*-OAc)(ppy):]* precursor locate an intermediate
at +10.5 kcal/mol with short contacts from Pd to one ortho-C-H bond which undergoes a subsequent
AMLA/CMD C-H activation with an overall barrier of 19.8 kcal/mol. C-H activation is slightly
exothermic (AH = -1.9 kcal/mol), in contrast to the [Ru(OAc)(ppy)(n-CsHs)]* (AH = +3.3 kcal/mol)
system also reported in this work. B3LYP(D2) gives a computed HOAc dissociation enthalpy from
[PA(HOAC)(ppy)(ppy')]* of 18.9 kcal/mol, which falls to 15.3 kcal/mol with B3LYP(D3), in good
agreement with experiment. In contrast, B3LYP gives a value of 6.9 kcal/mol, emphasizing the
importance of dispersion effects in describing this dissociative process. Note that the gas-phase MS
method necessarily results in the detection of charged species such as [Pd(x*OAc)(ppy)z]* and that

neutral precursors analogous to [Pd(OAc).(Me,NCH,Ph)] proposed by Ryabov may still be present.*®

49

Substrate substituent effects were probed by Martinez and Urriolabeitia in a joint kinetic and
computational study on the [Pd(OAc),]-mediated C-H activation of methyl-phenylglycinate
derivatives, 15, in acetone and toluene.”? Cyclometalation is promoted by non-H substituents at the
N- or C*-positions, while the outcome is insensitive to the aryl substituents, X. These observations
are more consistent with an AMLA/CMD process over SeAr. B3LYP(toluene or acetone) calculations
on selected [Pd(OAc),(15)] species define a two-step C-H activation mechanism with overall barriers
around 20 kcal/mol, variations in which reproduce the observed reactivity trends. The effect of N-
methylation is particularly marked as this creates more electron-rich substrates that facilitate the
initial k2-k*-OAc displacement step. Experimentally, hydrochloride salts are more efficient than the
simple amines and this is seen computationally in lower computed barriers associated with a
[PACI(OACc)(15)] precursor. In this case C-H activation proceeds in a single step with no agostic
intermediate. The aminophosphonate substrate, 16, also exhibits a reduced barrier and this system
proved amenable to alkoxylation, halogenation and CO insertion processes that were pursued

experimentally.

20



OEt

R CO,Me O b OFt
|
= H H
15 16

R = H, Me, Ph, Bn, Bu; R' = H, Me
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Directing group effects were also considered by Fang as part of a study of MeOCH,Ph and MeSCH,Ph
olefination with methyl acrylate.”® The thioether is more reactive experimentally and B3LYP(DCE)
calculations (where DCE = 1,2-dichloroethane) suggest this reflects its greater coordination ability.
This would also aid the k?«! displacement of OAc in the CH activation step. The coordinating
abilities of other sp3- and sp?-hybridised heteroatom directing groups were compared and found to

follow the trends PMe; > SMe > NMe; > OMe and PMe > NMe > S > O, respectively.

Korenaga has considered the effects of the ancillary phosphine ligand on the energetics of C-H
activation at [Pd((2-phenoxymethyl)phenyl)(i<3-COs’)(PRs)] species.” In this study COs* was placed cis
to the activating C-H bond rather than the trans arrangement suggested previously with bulky PR
ligands.>* Computed activation barriers (M06-2X//B3LYP) follow the trend PPhs (26.8 kcal/mol) >
PCys (24.5 kcal/mol) > P(BFPy); (23.3 kcal/mol) and so reproduce the accelerating effect of the
electron withdrawing P(BFPy); ligand (P(BFPy)s = tris-{2,6-bis-CFs-4-pyridyl}phosphine). P(BFPy)s is
proposed to lower the barrier relative to PPhs by promoting a stronger Pd---C interaction. On the

other hand NBO analysis indicates that stronger donation from PCys; enhances C-H---O H-bonding.
Thus C-H activation can be promoted either by creating a more electron-deficient metal center or by
enhancing ligand basicity, features that are consistent with the synergy of metal/ligand contributions

inherent in the AMLA model.

Granell and Martinez observed accelerated cyclometalation of N-methylbenzylimine at Pd(OAc),
when performed in acetic acid solvent.”>’® [Pd(HOAc)s(MeN=CHPh)]** was proposed as the key
intermediate and B3LYP(MeOH) calculations (with MeOH chosen to model the dielectric of acetic
acid) suggest C-H activation proceeds via initial substitution of one acetic acid ligand by the
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approaching ortho-C-H bond to form an agostic intermediate with the free acetic acid then
performing an external deprotonation to form an H,OAc" cation (see TS17, Figure 9). The overall
barrier for this process is only 6.8 kcal/mol, with C-H cleavage via TS17 the highest point on the
profile. The magnitude of this computed barrier also proved insensitive to the choice of solvent

(toluene: AG* = 6.2 kcal/mol; water: AG* = 6.7 kcal/mol)
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Figure 9. Transition state for the cyclometallation of N-methylbenzylimine at [Pd(OAc).] in acetic

acid.” Adapted with permission from Ref. 43. Copyright 2016, John Wiley and Sons.

Martinez and Urriolabeitia have also compared the alternative C-H activation reactions of (2)-2-aryl-
4-arylidene-5(4H)-oxazolones, 18, at [Pd(OAc),] under acidic conditions.”” The C-H? arylidene position
is favored, giving 6-membered palladacycles that are isolated as carboxylate-bridged dimers.
B3LYP(HOAC) calculations (X = Y = H) showed that protonation of the Pd precursors to C-H activation
gives reduced barriers, with reaction via a dicationic intermediate, [Pd(HOACc)s(k-N-18)]*, being
most in line with experimental activation data. This proceeds by a HOAc loss/external deprotonation
pathway, similar to that seen above with N-methylbenzylimine.”” The kinetic preference for
activation of the C-H? bond (and the unusual preference for a 6- over a 5-membered palladacycle)
reflects the reduced geometric reorganisation in this case. Replacing HOAc with TFAH gives lower
barriers, and the latter system is indeed more reactive experimentally. The detailed energy
landscape of these processes varies, C-H bond cleavage being rate-limiting in TFAH, while in acetic

acid this corresponds to the dissociation of HOAc.

22



O._0 = Y

o H

>
720\

18

Larionov has described the [Pd(OAc),]-catalysed C8-arylation of quinoline N-oxides (19) in acetic acid
(Figure 10).”® B3LYP(HOAC) calculations favor reaction via [Pd(HOAc)3(k-0-19)]** and a 5-membered
transition state, TS20, corresponding to external deprotonation by HOAc. The energetics of this
process (overall AG* = 24.7 kcal/mol, AG +14.2 kcal/mol) accord with the H/D exchange seen
experimentally. Reaction at the 2-position proves much less accessible (overall AG* = 40.4 kcal/mol)
as it entails a 4-membered transition state. In contrast 19 undergoes C2-H bond activation at [Pd(i2-
OAc)(Ph)(PMe3s)] (overall AG* = 29 kcal/mol), although this proceeds by an intermolecular C(sp?)-H

activation rather than via using the N-oxide moiety as a directing group (see Section 4.3).

X
+
S [PdOAc)2], HOAC, AgsPO,4 Ny XN
et Ar—H - S . via C>:O/H \ d)\
3 N/ H H,0, microwave 180 “C N/ Pcf* \H\O
Hoo roo H o~ \,o:<
19 A w
O
TS20

Figure 10. (a) Direct, C8-selective arylation of quinoline N-oxide, 19, via TS20.”® Adapted with

permission from Ref. 43. Copyright 2016, John Wiley and Sons.

The [Pd(OAc);]-catalysed hydroxylation of the N-bound phenyl group in N-methyl-N-
phenylbenzamide, 21, indicates selective C-H? activation to form a 6-membered metallacycle.” This
reaction proceeds in acidic medium (9:1 TFAH:trifluoroacetic anhydride), although neutral
[PA(TFA),(21),], formed from [Pd(OAc).]s, was considered as the active species. MO6(HOAc)//B3LYP
calculations suggest C-H activation involves loss of TFA followed by external CMD at an agostic
intermediate. The overall barrier is computed to be 27.3 kcal/mol, 1.7 kcal/mol lower than for C-HP
activation, a difference that is related to the less electron-rich character of the benzoyl phenyl
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group. Details of the alternative inner-sphere AMLA/CMD C-H activation at Pd were not presented,
although intramolecular C-H activation of this type is computed to be favored at [Ru(TFA)(21)(p-

cymene)l*, leading to hydroxylation at the benzoyl position, as observed experimentally.

The potential non-innocence of protic solvents has also been highlighted by Sunoj in a study of the
alkoxylation of N-methoxybenzamide at [Pd(OAc),].8% 8 Using M06(MeOH)//B3LYP calculations a
mechanism in which a methanol solvent molecule intervenes as a proton shuttle in both the N-
deprotonation and subsequent C(sp?)-H activation steps is proposed (see TS22, Figure 11). The
HOAc formed is then deprotonated by the amide ligand to regenerate acetate, which subsequently

aids the C-OMe bond forming step by deprotonating the methanol molecule involved in this process.

X +
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Figure 11. (a) Computed transition state TS22 for the solvent-assisted C-H activation of N-
methoxybenzamide at [Pd(OAc),] in MeOH;®" 8! (b) Computed transition state, TS24, for the water-
assisted C-H activation of p-X-CeHs-NHC(O)Me, 23y, at [Pd(OTs)(H,0)3]* .82 Selected distances are

given in A; for TS24 X = H.

Brown has defined a related process involving water in a M06-2X(acetone) study of the C-H
activation of substituted acetanilides (23x), at [Pd(OTs)(H20)s]*.2% Substrate binding (with X = H) with

displacement of two waters permits an AMLA/CMD C-H activation in which one S=0 bond of the OTs
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ligand accepts the proton with an overall barrier of 22.9 kcal/mol. Replacing OTs by OAc gives a
similar overall barrier of 23.7 kcal/mol. An alternative general base catalysis in which an intervening
water molecule relays the proton to the tosylate S=0 group (via TS24, Figure 11) has a barrier of only
14.3 kcal/mol, and this value is more consistent with the efficient room temperature process
observed experimentally. Transition state energies proved sensitive to substituents, X, in the 4-
position and followed the trend X = Me < H < F < Cl. A classical SeAr process was inferred, however,
with the 4-Me and 4-F substrates a significant stabilisation of the O-bound precursors is also
computed meaning that the overall barrier in both these cases is higher than when R = H. C-H
activation of 23y (X = H) was also modelled by Stirling and Novak in their study of the coupling with
benzaldehyde/'BUuOOH mediated by [Pd(OAc),] in water/TFAH.2® M0O6(water) calculations identify
[Pd(k2-OAc)(23u)]* as the immediate precursor to C-H activation, this charged species being more
stable in water than neutral [Pd(OAc),] + free 234 or [Pd(OAc)2(234)] (by 19.3 kcal/mol and 22.1
kcal/mol, respectively). C-H activation then proceeds with a barrier of ca. 15 kcal/mol, to ultimately
form an acetate-bridged dimer, [Pd(OAc)(234')]2. Addition of a benzoyl radical gives a Pd(lIl)/Pd(ll)

species from which C-C reductive coupling is computed to readily occur.

The nature of the active species during catalysis by “Pd(OAc),” has also been considered. Musaev
assessed both dimeric and monomeric intermediates in the C-H activation of a range of N- and O-
donor substrates, including benzo[h]lquinoline (bzq) and several N-deprotonated N-arylbenzamides,
where the latter are considered as ion-pairs with a Cs* cation.®##> B3LYP(DMF, D3)//MO06 calculations
with optimisation in DMF formulate [Pd(OAc).;]; as a paddlewheel structure which reacts via a
kinetically facile and exergonic associative substitution of one acetate arm by the incoming
substrate. C-H activation requires a vacant site and thus entails full dissociation of an OAc ligand
which occurs concurrently with the C-H activation via TS25 (Figure 12). Repeating this process at the
second Pd center produces a dimeric ‘clam-shell’ structure with two cyclometalated ligands. The first
C-H activation has the higher barrier (e.g. for bzq these are 18.1 and 11.9 kcal/mol respectively) but

both processes have higher barriers than the equivalent step at monomeric [Pd(k*-OAc),] (8.7
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kcal/mol). Direct comparison requires the energy to break up the [Pd(OAc),]: dimer to be taken into
account (+24.3 kcal/mol) and on this basis the reaction via the dimer has the lower overall barrier,
although specific ligation (e.g. by solvent) or concentration effects may also play a role. The dimeric
cyclometallated intermediate is significantly more stable than two separate monomers, by 25.4
kcal/mol for bzq. The stability of the dimers may also be enhanced by n—rn stacking between
appropriate cyclometallated ligands although the more natural ‘bite angle’ provided for the bridging
acetates by the dimeric motif may also be a factor in stabilizing this form over monomers featuring a
k>-0Ac with a tight O-Pd-O angle of ca. 80°. In an earlier study Sakaki had characterised the C-H
activation of bzq at monomeric [Pd(OAc);] as proceeding via a [Pd(k*-OAc)(x!-OAc)(n*bzq)]
intermediate rather than the alternative N-bound form.2 This led to a transition state more similar
to an intermolecular AMLA/CMD C-H activation (see Section 4.3) with a computed barrier at the

MP4(SDQ)//B3PW91(CsHs) level of 18.3 kcal/mol.

Figure 12. Computed transition states for C-H activation of benzo[h]lquinoline (bzq) and 3-Me-2-
phenylpyridine (mppy) at {Pd(u-OAc),Pd(k*-OAc)}; selected distances are given in A. Adapted with
permission from Refs 8 and 87. Copyright 2014 and 2013, respectively, American Chemical

Society.

The nature of the second C-H activation step in forming dimeric clam-shell cyclometallated
intermediates had in fact been discussed previously by Canty, Sanford and Yates in the context of

the catalytic arylation of 3-Me-2-phenylpyridine (mppy) by [Pd(OAc).]s in acetic acid.!” The free
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energy barrier to an acetate-assisted C-H activation analogous to TS25 is 11.0 kcal/mol (M06(CHCl)
level) compared to 12.3 kcal/mol at monomeric [Pd(k!-OAc),(mppy)]. However, under catalytic
conditions (5 mol% [Pd(OAc);]) it is argued that free OAc would not be available in sufficiently high
concentrations and that the large excess of the mppy substrate makes this an attractive alternative,
especially as C-H activation can proceed via an external CMD. This process (see TS26, Figure 12) has
a barrier of only 5.7 kcal/mol and is also consistent with the rate-determining step lying elsewhere in

the cycle, namely the oxidation with PhI(OAc); (see Section 4.3.2).

Defining the nature of the active species involved in C-H activation is further complicated by the
presence of additives. Sunoj and Schaefer assessed the effects of AgOAc and CsF in the [Pd(OAc)z]-
catalysed amination of N-arylbenzamides with N-oxy- and N-chloromorpholines® (27 to 28, Figure
13(a)).®? M0O6(DCE) calculations were used to define C-H activation at monomeric, homobimetallic
and heterobimetallic species in the presence of both additives. ‘CsF’ first promotes N-deprotonation
of the benzamide substrate to yield HF which, in combination with the acetate, interacts with the Cs*
cation to facilitate C-H activation. The most accessible process is via heterobimetallic TS27, although
all the structures surveyed retained the core features of AMLA/CMD C-H activation, i.e. C-H
interaction at electron deficient Pd** and efficient intramolecular deprotonation by a proximate
carboxylate base. In the case of TS27 this begins to resemble an external CMD with the base
positioned by the adjacent metal center.

(a) (b) Ar

///////

b
o) X 0 o— d\{ff{
/@\)‘\NHAr . [Nj [Pd(OAcz], AgOAc, CsF /@\)J\NHAr {)\ 1‘3?_‘
R H o DCE, 130°C, 18 hr R N ‘Ag 18y

27 28 TS27

Figure 13. (a) Pd-catalysed amination of N-arylbenzamides (experiment, R = ‘Bu, Ar = 4-C¢F4CF3, X =
Cl, OAc,0,CPh); (b) Computed transition state TS27 (R = H, Ar = 4-CsF4CF3), with selected distances in

A. Adapted with permission from Ref 89. Copyright 2014, American Chemical Society.
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Subsequently the full cycle for the direct amination of 27 to 28 (R = 'Bu, Ar = 4-C¢F4CF3) with O-
benzoyl hydroxypiperidine was modelled.®® C-H activation via TS27 (Figure 13(b)) has an overall
barrier of 20.3 kcal/mol and is exergonic, giving an intermediate at -26.1 kcal/mol. After
displacement of HOAc by the piperidine, N-O bond activation and C-N reductive coupling proceed via
transition states that are 30.3 and 32.1 kcal/mol respectively above this precursor. In this case the
AgOAc and CsF additives were initially modelled as the solvent adducts AgOAc(DCE); and CsF(DCE)s
and different degrees of microsolvation were assessed in the key transition states along the
pathway. In the absence of the additives a pathway with an energetic span, AG*san, of 31.2 kcal/mol
is computed, with C-H activation now being rate determining. This energy span is actually slightly
lower than that computed in the presence of the AgOAc/CsF additives: experimentally, these
additives induce a higher yield (from ca. 40% to 97 %; 18 hr at 130 °C), emphasizing the challenge of

computing these complex reaction systems.

A heterobimetallic [PdAg(OAc)3] system is also proposed to be central to the meta-selective C-H
activation of 29 by [Pd(OAc),]/[AgOAc] (Figure 14).°' Here, the remote CN group binds to Ag and
directs the {Pd(OAc)} moiety to a meta-C-H bond which proceeds via TS29 with overall AG* = 24.8
kcal/mol (MO6(DCE)//B3LYP). This proves more accessible than either ortho- or para-C-H activation
(overall AG* = 27.8 kcal/mol and 28.3 kcal/mol respectively). Reaction via [Pd(OAc),], [Pd2(OAc)s] and
[Pd3(OAc)s] all entailed higher barriers for meta-C-H activation and actually predicted ortho-

selectivity with the mono- and trimeric systems.
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Figure 14. Meta-selective Pd/Ag-catalysed alkenylation of 29 to 30 via TS29. Adapted with

permission from Ref 91. Copyright 2014, American Chemical Society.

Removable bidentate directing groups have been developed to address challenging C-H
functionalisation processes and the efficiency of N,N-bidentate directing groups in promoting C(sp?)-
H activation at [Pd(OAc);] has been assessed by Huang, Wang and Chen with B3LYP(toluene, D3)
calculations.?? Using N-(quinolin-8-yl)benzamide (31, Px = NH; Ds = N) and N-(pyridin-2-ylmethyl)-
benzamide (32, Px = NH; Ds = N, n = 1) as reference species, this and related studies,®® emphasize the
importance of a protic substituent at the proximal position, Px. These promote access to vacant sites
at the metal via displacement of the acetate ligands, one via protonation and loss as acetic acid and
the second via k%! displacement by the approaching C-H bond of the strongly anchored bidentate
substrate. C-H bond activation then involves a characteristic AMLA/CMD process. The greater acidity
of the quinoline-based ligands therefore makes them particularly effective. Donor groups in the
distal position (Ds) aid substrate coordination and so also promote C-H activation. For 32 (Px = NH, D
= N) a shorter ligand backbone (n = 0) increases the barrier to C-H cleavage by over 14 kcal/mol due
to greater strain in the transition state and elongation of the proximal Pd-N bond. Similar trends
were also seen in a related study on C(sp®)-H activation which included a 2-thiomethylaniline N,S
bidentate group.” These trends appear to be broadly transferable to other metal centers with
similar results obtained in this study for the reactions of [Ni(OAc);] and [Ru(OAc):(PHs)s] (see

Sections 5 and 8 respectively).

o ol
Py pelCHN = |
S< | S
31 32

Px = NH, NMe, O Px = NH, NMe, O
Ds = N, CH Ds =N, CH
n=0-2

The C-H activation of naphthalene, substituted at the Cl-position with a bidentate N,N-

pyridylarylimine (33), at [Pd(OAc),] has been assessed with BP86(toluene, D3) calculations.®* C-H
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activation involves a two-step AMLA/CMD and favors reaction at C8 over C2 (AAG* = 1.8 kcal/mol,
AAG = 3.5 kcal/mol). In this case a 6-membered palladacycle is formed; however with 2-
naphthylpyridine reaction at the 2-position is favoured and gives a 5-membered C,N-chelate. This
change is also seen experimentally and suggests the change in selectivity is linked to use of the

bidentate imine.
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H HNJJ\

The sequential C(sp?)-H activations of 1-(pyridin-2-yl)-3-allyl-1H-imidazoliums, 34, at [Pd(OAc),] have
been characterised by MO06 calculations by Willans and Ariafard where optimisations were carried
out in MeCN solvent.?® The pyridine moiety acts as a directing group for the initial imidazolium C-H
activation to form [Pd(k*-OAc)(MeCN)(k-N,C-34")]*. In this case a MeCN solvent molecule is retained
throughout making this an unusual example of C-H activation at a 5-coordinate Pd center, with the
pyridyl arm dissociating after the C-H activation. An overall barrier of 23.1 kcal/mol is computed
(with R = OMe). The N,C-chelate can then act as a bidentate directing group for the second C(sp?)-H
activation which has an overall barrier of 24.3 kcal/mol. This C-H activation generates a 6-membered
ring and a tridentate N,C,C-palladacycle, and this process is computed to be competitive with the
binding and C-H activation of a second imidazolium ligand. Experimental evidence is seen for both
processes when R = OMe. Competition between the [Pd(OAc),]-mediated intramolecular aromatic

and vinylic C(sp?)-H activation in enamide 35 was studied by Fang with B3LYP(dioxane) calculations.®®

The development of N-acyl mono-protected amino acids (MPAA, e.g. 36) in promoting
enantioselective C-H functionalisations has attracted a number of computational studies. MPAAs act
as chiral auxiliaries and with [Pd(OAc);] they enter the coordination sphere as mono-anionic O-

deprotonated N,O-chelates (see Int36). In doing so, protonation and loss of one acetate as HOAc
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creates a vacant site for a substrate to bind. In their initial work in this area Musaev and Yu used
B3LYP(THF) calculations to model C-H activation of substrates 37 and 38 with the R-enantiomer of an
MPAA (PG = CO,'Bu, R = 'Pr) and R! = H.°” A key outcome of this study is that N-deprotonation of the
initial N,O-chelate by R1CO, occurs prior to the C-H activation. In this case the C-H activation occurs
via an external CMD, with the recycled R!CO, acting as base. Formation of the new Pd-C bond is
favored trans to O. With 37, depending on the orientation of the —CHPh; group the C-H activation
can be either pro-R or pro-S and in this study the former process is favored in agreement with

experiment.

(}—O substrate
4
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36 Int36 37 38

More recently Musaev has assessed the general features of MPAA-assisted C(sp?)-H activations in
Int36 by systematically varying R (H 'Pr, '‘Bu), PG (H, CO,Me, Boc, C(O)Me, TFA) and substrate (37,
38).%8 B3LYP-D3(THF) calculations emphasize the importance of having an electron withdrawing PG,
with AG for this step with 37 varying by over 27 kcal/mol. C-H activation again proceeds via an
external CMD by acetate and this is favored over an intramolecular process at the PG carbonyl that
had been suggested by Houk, Yu and Wu (see below). The barriers for this external CMD step fall in a
narrow range (6-8 kcal/mol), indicating the dominance of the N-deprotonation step in determining
the overall barriers. With R = 'Pr both pathways favor formation of the R-enantiomer. The substrate
also determines which pathway is favored. Thus with 38 (with PG = TFA, R = 'Pr) the inner and outer
sphere processes become competitive. With 3-MPAAs (i.e. with a second backbone CH, group) 6-
membered N,O-chelates are formed in a boat conformation making the steric impact of the

backbone substituent more significant as it is in close proximity to the metal.
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An additional role of the MPAA in which a pendant N-acyl protecting group acts as an internal base
in the C-H activation process was proposed by Houk, Yu and Wu in their M06(generic solvent, € =
16.7) study of the meta-olefination of 39 with ethyl acrylate to give 40 (Figure 15).°> 1% MS and
computational data indicate the active species to be monomeric in nature and identify reaction via
TS39 to be most accessible (AG* = 23.6 kcal/mol, cf. 24.5 kcal/mol and 24.1 kcal/mol for reaction at

the ortho-C-H and para-C-H bonds respectively).
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NC rCOQEt [Pd(OAc)2], N-acetyl giycine  NC @} :@
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Figure 15. Pd-catalysed alkenylation of 39 to 40 via TS39 in which the N-acyl group of an MPAA co-
ligand acts as an internal base (Ar = 2-C¢Hi-CN). Adapted with permission from Ref 99. Copyright

2014, American Chemical Society.

Subsequently Yu and Wu also combined MS data with computation to probe the C-H activation
event with a,o-diphenylacetic acid, 41, as the substrate (see Figure 16).1°! Initial MS studies on a
1:1:1:1 mixture of [Pd(OAc).], KOAc, MPAA (with PG = C(O)Me and R = Me) identified species
corresponding to [Pd(MPAA)(41), K,-2H]* in the gas phase, characterised as a mixture of C-H
activated and C-H non-activated species. Isolation of the non-activated component then permitted
C-H activation to be demonstrated in the gas-phase and hence in the absence of an external base.
MO6 calculations on this reaction starting from Int41 (PG = CO,'Bu, R = 'Pr) confirmed the feasibility
of the N-PG group to act as an internal base and showed the formation of the R-enantiomer to be
kinetically favored via TS41(R) over the S-form via T41(S) by 1.3 kcal/mol. This preference is traced
to (i) the approach of the reacting C-H bond from below the coordination plane: this aligns it with

the preferred position of the N-Boc internal base which lies anti to 'Pr substituent on the MPAA
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backbone and (ii) minimised repulsion between the reacting and spectator Ph groups of the
substrate in the pro-R attack. This ‘gearing’ mechanism for control of enantioselectivity was then

confirmed with a range of other substrates and MPAA combinations.
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TS41(R) T541(S)

Figure 16. Substrate 41 and the lowest energy pro-R and pro-S C-H activation transition states in its
reaction via Int41 (PG = CO,'Bu and R = 'Pr) where the substrate is present as its potassium salt and
selected distances are in A. Adapted with permission from Ref. 101. Copyright 2015 John Wiley and

Sons.

MPAA:s are also finding application as supporting ligands for catalytic C-heteroatom bond formation.
Sunoj and Maiti combined an MPAA co-ligand with a 2-cyanophenyl methanesulfonate meta-
directing group to perform aromatic C(sp?)-H meta-acetoxylation at 70 °C in hexafluoroisopropanol
(HFIP).1°2 Experimental studies indicate a rate-limiting C-H activation with a ku/kp KIE of 3.0 and
proposed an intermediate, 42, by NMR. MO06 calculations (with optimisations run in solvent with € =
16.7 to mimic HFIP) locate 42 as a minimum and show this to undergo meta-selective C-H activation
with amide carbonyl assistance with an overall barrier of 16.4 kcal/mol. Oxidative addition with
PhI(TFA), forms a 5-coordinate Pd(IV) species in which the MPAA exhibits a k*-O-binding mode. C-O
reductive coupling then leads to the meta-functionalised product via a transition state that is 1.3
kcal/mol below that for C-H activation. Dang has also studied the Pd-mediated C-H iodination of

benzylamine 43 in which an MPAA ligand (R’ = 'Bu, R = Ph cf. that in 42) both promotes the reaction
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and controls enantioselectivity (M06(DMSQ)//B3LYP calculations).!®® In this case AMLA/CMD C-H
activation is proposed to involve the carboxylate of the MPAA as the internal base with an overall
barrier of 20.5 kcal/mol. Oxidative addition of I, and C-I bond forming reductive coupling is rate-
limiting and forms the R-enantiomer with AG*s..n = 22.8 kcal/mol, 5.0 kcal/mol below that for the

equivalent pathway to form the S-enantiomer.
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The iodination of N-arylbenzylamides has also been studied by Yu and Musaev with M06(DMF)
calculations to model a [Pd(OAc),]/CsOAc catalyst system.'® C-H activation of the N-deprotonated
benzamide (formulated as an ion-pair with Cs*) has a barrier of 14.3 kcal/mol. After HOAc loss the
iodination proceeds via an end-on bound |, adduct with a Pd-mediated transfer of I* onto the ortho-
carbon. This has a barrier of only 7.7 kcal/mol, 12.9 kcal/mol below an alternative route involving a

concerted oxidative addition. A similar sequence may also take place on the cyclometalated dimer.

The protic character of a phosphoryl directing group also accounts for the greater reactivity of
methylbenzylphosphonate, PhCH,P(O)(OMe)(OH) (440n) over dimethylbenzylphosphonate,
PhCH,P(0O)(OMe), (44ome) toward alkenylation with styrene (Figure 17).2% Modelling a
[PA(OAC),]/[AgOAc] catalyst system B3PW91(1,4-dioxane) calculations show that 4404 can first
protonate one OAc ligand and thus facilitate substrate binding via the P=0 bond. The free oxygen of
the phosphonate group can now act as an internal base for the C-H activation which is rate-limiting
with AG*san = 25.7 kcal/mol (see TS4404). Subsequent H* transfer to OAc facilitates the formation of

a coordination site for styrene to bind and undergo a 2,1-insertion. The regenerated phosphonate
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anion also facilitates the subsequent -H transfer step en route to the coupled product 4504. With
44,y the lack of a protic hydrogen means C-H activation occurs at a [Pd(OAc);] moiety via an

AMLA/CMD process with an increased AG*,an of 30.0 kcal/mol.

F’/O I:)/O via /O\b'/
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= OH, OMe
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Figure 17. Pd-catalysed alkenylation of 440r showing the computed phosphonate-assisted C-H
activation transition state TS44ou with selected distances in A. Adapted with permission from Ref.

105. Copyright 2014, American Chemical Society.

Jiao has used M06(DCE) calculations to model the Pd-catalysed formation of phenanthridinone, 47,
from 2-iodotoluene and methylcarbamic chloride 46 (Figure 18).2% This system exploits the Catellani
protocol and constructs two C(sp?)-C(sp?) bonds each of which are accessed after directed C(sp?)-H
activations. Oxidative addition of o-iodotoluene and insertion of norbornene sets up an AMLA/CMD
C-H activation facilitated by carbonate (modelled as ‘CsCOs” see TS46a) which is meta to the Me
substituent derived from 2-iodotoluene. This forms an initial cyclometallated intermediate at which
rate-limiting C-Cl oxidative addition of 46 proceeds with a computed barrier of 30.3 kcal/mol. C-C
coupling and de-insertion of the norbornene auxiliary leads to a further C-H activation via TS46b

with a final C-C reductive coupling to form 47.
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Figure 18. Pd-catalysed formation of phenanthridinone from 2-iodotoluene and methylcarbamic

chloride highlighting the two C-H activation transition states.Adapted from Ref. 106.

107 and of isonitriles with

The Pd-catalysed coupling of CO and isonitriles with benzamidines
benzamides have been modelled.’® In the latter case, Wang reported MO6L(dioxane)//B3LYP
calculations on the reaction of N-methoxyiso-nicotinamide, 48, with 'BuNC at Pd,(dba); with O, as
oxidant to give 49 (see Figure 19). The cycle commences with the formation of [Pd(*BuCN);(n2-0,)]
that can deprotonate two molecules of 48 in its imidic acid tautomer to form Int48a and H.0,.
Importantly, this anionic form of the substrate promotes binding through the amide rather than the
pyridyl nitrogen. '‘BUCN insertion followed by a 1,3-acyl migration then generates Int48b. This can
then undergo an AMLA/CMD C-H activation of the pyridyl ortho-C-H bond in which the pendant
oxygen of the second imidate acts as the intramolecular base. C-C coupling from Int48c provides the
final product. The C-H activation is involved in the rate determining process with AG¥yan = 27.3
kcal/mol and although similar C-H activations can in principle occur earlier in the cycle (e.g. at
Int48a) these have overall barriers in excess of 30 kcal/mol. This study reiterates the generality of
the chelating base in AMLA/CMD C-H activation and further work replacing the pyridyl moiety with a

range of p-substituted phenyl groups showed C-H activation is promoted by electron donating

groups that enhance the basicity of the pendant C=0 group.

36



0]
N-OMe  [Pda( dba) ] SN
’\| ,\J —1tBu
tBuNC air = {

dioxane, 80°C 49 ~OMe
0 (0]
via
0]
Py\i tBu\N/lLPy Bu. &
BuN
! C\: \OMe +'BUNC N= CNBu -'BuNC N/J\P AN
et Meo/ { """" > MeO/ d OH
C/ \ insertion/ VRN © " C-H Activation AN
BuN ] /§O rearrangement BuNC NJ(P BuNC/ N%P
Me Med y MeO
Int48a Int48b Inta8c

Figure 19. Pd-catalysed coupling of 'BUNC with benzamide 48 with selected computed key

intermediates. Adapted with permission from Ref. 108. Copyright 2016, American Chemical Society.

Fang has modelled the cyclisation of PACH,CMe,OH at [Pd(OAc),],}* a reaction that initially appears
to be a heteroatom analogue of indane formation reported by Clot and Baudoin (see Section 4.2).11°
However, in this case B3LYP(C¢Fs) calculations (with free energies at 100 °C) show a Pd(ll)-Pd(IV)-
Pd(ll) cycle is necessary. After substrate binding, C-H activation proceeds through a 2-step
AMLA/CMD C-H activation with an overall barrier of 20.2 kcal/mol. Direct C-O reductive coupling at
this stage entails a high barrier of 41.0 kcal/mol; instead, oxidation with PhI(OAc), gives [Pd(k!-
OAc)s(HOAC)(k-C,0-CsHaCH2CMe,0H)] from which C-O bond formation has a barrier of only 11.6
kcal/mol. The oxidation to Pd(IV) is rate determining with AG*san = 30.9 kcal/mol and this barrier is
lower than those computed with other PhI(OR), species (R = CFs;, 'Bu). The energetics of the
oxidation to Pd(IV) were found to be sensitive to whether the Pd center was described with a

pseudopotential and basis set or with an all-electron basis set.

4.2 Intramolecular C(sp®)-H Activation

The role of agostic intermediates in AMLA/CMD C-H activation indicates that such processes are not
restricted to aromatic C-H bonds but will also apply to C(sp3®)-H bonds. In early computational studies

Clot and Baudoin modelled the cyclisation reactions of 2-halo-alkylbenzenes, starting with the

37



conversion of 2-bromo-tert-butylbenzene, 50, to benzocyclobutane, 51. This process involves initial
C-Br oxidative addition at a bulky [Pd(PRs)] species (R = ‘Bu>* 11! or Cyp!?) to generate a Pd-aryl bond
that then acts as a directing group for intramolecular C(sp®)-H activation. Experimentally, carbonate
bases proved most efficient, however B3PW91(DMF) calculations comparing OAc, HCOs and COs* at
a model PMejs system failed to capture this; moreover, C-H activation was computed not to be rate-
limiting, in contrast to the significant ku/kp KIE observed experimentally. Instead, calculations on a
[Pd(2-'Bu-phenyl)(CO5’)(P'Bus)] model posited a novel variation on the AMLA/CMD mechanism in
which the bulky P'Bus ligand precludes the carbonate from sitting adjacent to the substrate’s agostic
C-H bond (Figure 20). Deprotonation of one of the geminal C(sp®)-H bonds is, however, still possible
as this position exhibits enhanced acidity due to the neighboring agostic interaction.'* C-H
activation via TS50 now becomes rate-limiting and is more accessible with CO3? than with OAc or

HCOs'.
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Figure 20. Pd-catalysed formation of benzocyclobutane, 51 via TS50 with selected distances in A.!*

Adapted with permission from Ref. 43. Copyright 2016, John Wiley and Sons.

These intramolecular cyclisations have been extended to the diastereo- and enantioselective
syntheses of indanols'** and indanes.'® With 52-Br (Figure 21, R = 'Pr) reaction proceeds via the C-Br
activated [Pd(52)(COs’)L] intermediate, where L is a chiral binepine-based phosphine ligand and
carbonate is again sited trans to the vacant site. With R = 'Pr indane formation is observed and PBEO-
D3BJ(DMSO) calculations locate the eight diastereo- and enantio-distinct C-H activation transition
states, the most accessible of which corresponded to formation of the R,R-product 53. This is 1

kcal/mol more stable than the nearest competing process that led to the S,S-product, a difference
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that equates to an enantiomeric ratio of 77:23, in good agreement with experiment. A non-covalent
interaction (NCI) plot highlighted a network of ligand-substrate interactions that promote the R,R-

process.
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Figure 21. Indane formation via a Pd-catalysed enantioselective intramolecular cyclisation. Adapted

with permission from Ref 110. Copyright 2015, American Chemical Society.

With 52-Br (R = Et) C-H activation of the methylene adjacent to the benzylic positon is favored and
the system reverts to benzocyclobutane formation. In this case, however, competition with 3-H
elimination is also seen.*®> B3PW91(DMF, D3BJ) calculations link this to the protonolysis of the Pd-Ar
bond by the HCOs formed in the initial cyclometallation (see 54, Figure 22). This has a barrier of 24.3
kcal/mol and yields Pd-alkyl Int54a from which a carbonate-assisted -H transfer gives Int54b.
Alternatively HCOs  dissociation leads to C-C coupling, giving Int54d via Int54c. The rate of HCOs™ loss
via TS54c is therefore the key to controlling the reaction outcome, but a reliable barrier for this
process is difficult to compute. Instead a kinetic model was set up in which the product distribution
was monitored as a function of the inputted barrier to HCO3 dissociation. When this is set to 6
kcal/mol benzocyclobutane formation is favored, but at 12 kcal/mol B-H elimination via Int54a
dominates. This demonstrates the importance of such kinetic modelling in interpreting complex,
multi-step catalytic cycles that may also have competing reaction pathways. Moreover, the
bicarbonate loss step here is not rate-limiting, and yet still plays a crucial role in determining the

product distribution. Martin has also recently shown that these palladacycles such as Int54c can be
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intercepted with diazocarbenes to form indanes; calculations suggest the carbene moiety inserts

preferentially into the Pd-C(sp®) bond prior to C-C reductive coupling.!®
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Figure 22. Competing pathways upon C-Br and C-H activation of 52-Br (R = Et) at [Pd(P'Bus]; relative
free energies are given in kcal/mol. Adapted with permission from Ref. 115. Copyright 2014,

American Chemical Society.

A related intramolecular C(sp?)-C(sp?) cyclisation of 55-Cl to form indolone 56 was investigated by Fu
with MO06(mesitylene)//B3LYP calculations (Figure 23).1Y7 After C-Cl oxidative addition at
[Pd(PAd;Bu)] the exchange of Cl with a base at [Pd(55)(Cl)(PAd.Bu)] was assessed for CsCO57, HCO5"
and PivNHO, with the N-hydroxypivalamide forming the most stable intermediate when bound in a
k2-0,0 form. C(sp®)-H activation of the 2-methyl substituent now proceeds via TS55 (AG* = 23.7
kcal/mol), and is significantly more stable than the alternative C(sp?)-H activation at the 8-position of
the naphthyl moiety (AG* = 30.2 kcal/mol). C-C coupling then forms the indolone product. In this
case the benzylic nature of the C(sp3)-H bond facilitates reactivity and the rate-limiting process
corresponds to the initial C-Cl activation (AG*san = 26.3 kcal/mol). The utility of the PivNHO additive
is ascribed to its greater solubility. Solé and Fernandez have characterised the mechanism of the

intramolecular arylation of sulfone 57-1 using B3LYP-D3(THF) calculations.''® After C-I oxidative
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addition, C(sp3)-H activation proceeds via a carbonate-assisted AMLA/CMD. The rate-limiting process
is the final C-C reductive coupling to form the indoline intermediate 58 which then reacts on with a

vinylsulfone to form 59.
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Figure 23. (a) Indolone formation via the intramolecular C(sp?)-C(sp®) cyclisation of 55-Cl; the
computed C-H activation transition state TS55 is also shown. Adapted with permission from Ref 117.
Copyright 2013, American Chemical Society. (b) Synthesis of 3-[2-
(phenyl/methylsulfonyl)ethyllindole, 59 (PRs, experiment: = 2,2'-Bis(diphenylphosphino)-1,1'-
binaphthalene (BINAP) or 1,1'-Bis(diphenylphosphino)ferrocene (dppf); computation: PMes. Adapted

with permission from Ref 118. Copyright 2016, American Chemical Society.

C-N cyclisation has been modeled by Gaunt in a joint experimental and computational mechanistic
study of the aziridination of cyclic amine 60 to 61 via the intramolecular activation of a C(sp*)-H bond
(Figure 24).1*° Experimentally, the reaction rate shows an inverse dependence on [60], is first order
in [Pd(OAc)2] and zero order in Phl(OAc),. A significant ky/kp of 3.8 is also observed and a mechanism
based on BLYP-D3(toluene) calculations successfully captures these features. Initial binding of 60 at
[Pd(OAC),] is supported by intramolecular NH---OAc H-bonding and is followed by an AMLA/CMD C-
H activation of a Me group at the 3-position with a barrier of 20 kcal/mol. This is facilitated by
enhanced C-H acidity due to the proximity of the carbonyl moiety: C-H activation at the 5-position

has a higher barrier of 24.9 kcal/mol. Oxidation with PhI(OAc), gives a Pd(IV) tris-acetate
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intermediate from which HOAc loss occurs with deprotonation of the amine. The resultant
intermediate Int60 features a formally anionic amide ligand and can undergo C-N reductive coupling
leading to 61 with an overall barrier of 17.2 kcal/mol, i.e. lower than that associated with the C-H
activation process and hence consistent with the observed KIE. Shortly afterwards Liu and Wang
published a related B3LYP(toluene) study probing selectivity in the 3,3-ethylmethyl- and 3,3-diethyl
analogues of 60.2%° In both cases activation of the 1° Me C-H bonds was preferred, and in the case of
the diethyl species this results in a 5-membered palladacycle. C-O reductive coupling with an OAc

ligand was then preferred over C-N cyclisation.
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Figure 24. Pd-catalysed aziridination of cyclic amine 60 gives 61 via Pd(IV) species Int60. Adapted

with permission from Ref 119. Copyright 2015, American Chemical Society.

Stereoselective C(sp3)-H activation was considered by Houk and Yu in the context of the Pd(ll)-
catalyzed iodination and acetoxylation of oxazoline derivatives 62 (see Figure 25, MO06//B3LYP
calculations).!? The resting state was found to control reactivity; thus with sterically encumbered
62a (R! = R? = 'Bu) this is the [Pd(OAc).]s trimer from which a C-H activation process with an overall
barrier of 26.2 kcal/mol via TS62a is characterised. In this case the diastereomeric excess, de, of 82 %
seen experimentally can be linked to the anti arrangement of the ‘Bu substituents in the transition
state. This is preferred over the alternative syn forms that lie 2.3 kcal/mol higher in energy, the
difference in energy implying a 96 % de. In contrast when R! = Et and R? = 'Pr (62b) the trimer is

opened up to give a monomeric precursor, [Pd(OAc)(k-N-62b),], from which C-H activation entails

an overall barrier of 38.4 kcal/mol. AAG* in this case reduces to -0.2 kcal/mol (cf. a de of 0%

experimentally) and a much reduced overall yield is also obtained.
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Figure 25. C(sp3)-H iodination of oxazolines (R! = R? = 'Bu, 62a; R! = Et, R? = 'Pr, 62b) and TS62a.

Adapted with permission from Ref 121. Copyright 2012, American Chemical Society.

Kindig has provided further evidence of the ability of DFT calculations to model the small energy
differences associated with enantioselectivity through two MO06-L(xylenes) studies of the [Pd(NHC)]-
catalysed asymmetric synthesis of indolines (see Figure 26).122123 With R-63-Br initial Ar-Br activation
and Br/OPiv exchange vyields IntR-63, from which C-H activation occurs preferentially at the
methylene group, and in particular that leading to the product as its trans isomer, trans-64. Methyl
C-H bond activation that leads to 65 is preferred over formation of cis-64 which involves reaction of
the second methylene C-H bond. Analogous studies based on IntS-63 and a benzyl analogue also
reflect the observed experimental outcomes. The high degree of enantioselectivity can be related to

unfavourable interactions involving the NHC ligand, a result that was confirmed with the B97-D
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Figure 26. Reactions of R-63-Br to give alternative indoline products via IntR-63; transition state free
energies (computed at 413 K) are indicated in kcal/mol.}?2 Adapted with permission from Ref. 43.

Copyright 2016, John Wiley and Sons.

The role played by a carbonate base was further probed by Rousseaux in a combined
experimental/computational study of [Pd(Ar)(Br)(PRs)2] species (Inté6a, Ar = 2-
(dimethylcarbamoyl)phenyl), Figure 27).1?* Both carboxylate and carbonate additives are required
for efficient catalysis and B3LYP(toluene) calculations (R = Me) indicate that the carboxylate
promotes both the C-H activation, as well as initial phosphine dissociation from the Pd center (i.e.
Int66a — Int66b, AG = -0.6 kcal/mol). Formation of the initial HOAc adduct, Int66c, is endergonic
and so this species should rapidly revert back to Intééb. The carbonate additive is proposed to
circumvent this via a rapid deprotonation, thus trapping out the cyclometallated intermediate and
allowing this to react on to products. The fact that the carbamoyl moiety is only weakly coordinating
is also significant, as with more basic amines displacement of the k*-OAc ligand in Int66b is predicted

to form stable bidentate C,N-adducts which render any subsequent C-H activation far less accessible.
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Figure 27. Pd-catalysed indolinone formation (experiment, R = Cy, R’ = '‘Bu) with selected computed
intermediates (R = Me, R’ = Me, relative free energies in kcal/mol).1** Adapted with permission from

Ref. 43. Copyright 2016, John Wiley and Sons.
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The roles of substrate substituents and additives have been dissected by Morokuma in a
comprehensive study of the stereoselective C(sp®)-H arylation of alanine derivatives 67 at [Pd(TFA),]
(Figure 28).1% Starting from trans-[Pd(TFA),(2-picoline),] B3LYP-D3(DCE) calculations suggest that
substitution of 2-picoline by 674 involves an initial N-deprotonation by ‘CsF’, a process facilitated by
the greater acidity of the N-aryl group. This leads to a contact ion-pair in which Cs* is associated with
both the amide nitrogen and one C=0 group of the succinimide substituent. C-H activation then
proceeds via intermediate Int674 in which displacement of one of the TFA ligands creates a vacant
site for an agostic interaction. Importantly the TFA is retained in the outer coordination sphere,
aided by electrostatic interactions with the Cs* cation and the low dielectric of the DCE solvent. From
Int67, the C(sp®)-H activation step proceeds via an external CMD with a barrier of 7.9 kcal/mol which
contributes to a free energy span of 23.9 kcal/mol. C-C coupling was then modeled from a bis-2-
picoline intermediate (isolated experimentally) with substitution of one 2-picoline ligand being
facilitated by protonation (with TFAH). Ph-l oxidative addition (AG* = 22.3 kcal/mol) then gives a
Pd(1V) intermediate which can access a facile reductive elimination to generate 67pn. This species can
itself act as a substrate and undergoes activation of a secondary C(sp3)-H bond via an equivalent
external CMD pathway in which the TFA anion approaches from above the metal coordination plane.
This is favored kinetically by 9.1 kcal/mol due to reduced steric hindrance between the Ph and the
succinimide groups and leads to the S,R-product seen experimentally. Electronic effects on the C-H
activation step at the —CH;R group depend significantly on R. With R = H, C-H activation is predicted
to be aided by a stronger agostic interaction which can be promoted by a more electron-
withdrawing co-ligand (e.g. 2-trifluoromethylpyridine) or moving to the Pt analogue. In contrast for R
= Ph the electron withdrawing effect means that a more electron donating co-ligand is preferred

(e.g. 2-methoxypyridine). These trends are mirrored experimentally.
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Figure 28. Pd-catalysed stereoselective C(sp3)-H arylation of alanine derivatives 67z (R = H, Ph) at
[PA(TFA),] showing key intermediate Int674. Adapted with permission from Ref 125. Copyright 2015,

American Chemical Society.

The use of a bidentate 8—aminoquinolinyl directing group in assisting the intermolecular arylation of
a 2° C(sp®)-H bond in 69 at [Pd(TFA),] has been modelled by Wu and Zeng with B3LYP(2-butanol)
calculations.’?® Substrate binding and N-deprotonation accesses a Pd(Il)-Pd(IV)-Pd(ll) pathway
involving initial C-H activation following by rate-limiting Ph-Br activation (AG¥san = 27.5 kcal/mol).
This is clearly favored over the alternative featuring oxidative addition of Ph-Br prior to C-H
activation (AG*span = 53.9 kcal/mol). This large difference primarily reflects the much easier oxidative
addition step at the more electron-rich cyclometalated intermediate: both C-H activations proceed
via AMLA/CMD pathways with more similar barriers of 19.6 kcal/mol and 24.5 kcal/mol at Pd(Il) and
Pd(IV) respectively. The C-H activation step is endergonic at Pd(ll) by 9 kcal/mol, but exergonic by
12.4 kcal/mol at Pd(IV). Related reports on directed C(sp®)-H bond activation processes at Pd®*
centers include an external CMD with HCOs; proposed by Wang and Wang for an anionic alanine
amide (MO06-L(DCE)//BP86, with optimisation including the DCE solvent),’?’ the stereoselective
C(sp®)-H arylation of a 2-pyridylsulfonyl derivative of valine reported by Alonso and FerAandez-
Ibafiez (MO6(MeCN)//B3LYP) that captures the preferred activation of the pro-R Me of the iPr
substituent,’?® and the C(sp®)-H bond activation of alkylamides featuring a 2-pyridylisopropyl
directing group (70) which has been characterised by Shi (M06-L//BP86 calculations).’?® Zhu and

Zhang found use of a novel bidentate directing group fitted with a dioxo-dihydro-anthracenyl
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substituent leads to C-H activation adjacent to the amide C=0 group to form a 4-membered
palladacycle, 71.1% Formation of this species has an overall barrier of 33.2 kcal/mol, 3.0 kcal/mol
lower than the alternative C-H activation of one of the terminal methyl C-H bonds. Reaction with

PhI(OAc) leads to the acetoxylation product.
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O N
Pd =0
69 70 AcOH 71

The carboxylate-assisted activation of allylic C(sp®)-H bonds has also been modelled computationally.

In such processes the alkene moiety could be considered as a directing group, although the intrinsic
reactivity of allylic C(sp®)-H bonds and the large geometric rearrangement required to form an n3-
allyl ligand result in reported transition states being dominated by interaction with the carboxylate
base and long Pd---C distances in excess of 3 A that imply limited interactions.3%13%133 \While these
processes literally involve a concerted metalation and deprotonation they do not feature the
synergic involvement of the metal and carboxylate ligand that CMD might imply but that AMLA

makes explicit.

4.3 Intermolecular C(sp?)-H activation

Many computational studies of intermolecular C(sp?)-H activation have been performed in the
context of so-called direct arylation reactions. These involve C(sp?)-C(sp?) bond formation via the
coupling of two aryl groups, one of which is derived from an intermolecular C(sp?)-H activation while
the other generally involves C-X oxidative addition with a leaving group, X. The order of these events
can vary, with implications for the pattern of the Pd oxidation states involved. In oxidative coupling
reactions both partners derive from C-H bond activation and so avoid any leaving groups, making
such processes particularly desirable from an atom economy point of view. Examples include
reactions where one partner is derived from an intramolecular (directed) C-H activation and the
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other via an intermolecular C-H activation process. Most challenging of all is to combine two
coupling partners that are both supplied by intermolecular C-H activation. The nature of these
oxidative coupling reactions means that such processes require an oxidant to complete the catalytic
cycle. One other process that formally involves C(sp?)-H-C(sp?)-H coupling is C-H alkenylation, the C-
H activation analogue of the Mizoroki-Heck reaction. In the following, after covering some key
general papers in the area, the discussion is structured in terms of the nature of the coupling

reactions involved and, within that, by substrate type.

Building on the CMD concept,® Gorelsky has made use of the activation strain model*** to analyse
B3LYP-computed barriers to C-H activation for a range of aromatic and heteroaromatic substrates
reacting at [Pd(k2-OAc)(Ph)(PMe3)].13>136137 |n this approach, illustrated in Figure 29 for benzene, the
activation energy, AE.q, is split into two terms: AEgs, the sum of the energies associated with
distorting the two reaction partners into the geometries they each adopt in the transition state, and
AEiy, the interaction energy between these two distorted fragments. Through this approach a wide
range of substrates can be categorized into three different classes depending on which energy term
dominates the overall barrier. In Class | substrates AEgist is dominant, and in particular the energy
required to distort the C-H bond. This destabilising term is lower with more acidic C-H bonds, for
example electron-deficient substrates such as CgFsH, fluoro(hetero)aromatics and heterocyclic N-
oxides. In Class Il species the stabilising AEinx term dominates and this is enhanced by more
nucleophilic substrates. Finally, in Class Ill substrates the variations in both AEgst and AEin: must be
taken into account. Computed reaction profiles indicate that precursors featuring the substrate
bound at Pd may occur, either as n-bound, heteroatom-bound or C-H-bound adducts. No Wheland
intermediates were seen and with C¢FsH no precursor was located at all. Gorelsky has provided an
overview of this area, including work on azoles, Cl- and F-substituted arenes, heterocyclic N-oxides,
and thiophenes.’® A key outcome of this body of work is the ability of the AMLA/CMD concepts to

accommodate both electron deficient and electron rich substrates.
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Figure 29. lllustration of the activation strain model based on C-H activation of benzene at [Pd(k?-

e

OAc)(Ph)(PMes)]. Contributing energies terms are provided in kcal/mol.**” Reproduced with

permission from Ref. 43. Copyright 2016, John Wiley and Sons.

The nature of the active species derived from [Pd(OAc)] in such reactions has come under scrutiny.
Hartwig showed that the direct arylation of 2-bromotoluenes and benzene is more efficient in
dimethylacetamide (DMA) solvent in the absence of added phosphines and that a preformed dimer,
[PdArBr;],%, was a competent catalyst.’3® B3LYP calculations showed a barrier of 31 kcal/mol for C-H
activation of benzene at [Pd(k?*-OPiv)(Ph)(DMA)], and this compared to 42 kcal/mol for the same
reaction at [Pd(k2-OPiv)(Ph)(P'Bus)]. The increased barrier is due to the bulky phosphine that results
in greater steric hindrance around the Pd center. ‘Ligandless’ C-H activation may therefore be

possible, even for these unactivated substrates.

4.3.1. Catalytic Direct Arylation. Eisenstein and Perutz have reported work on the direct arylation of
polyfluorinated arenes, Arf-H.1*® Starting from a [Pd(x*-OAc)(Ph)(DMA)(PMes)] adduct (with DMA
trans to PMes;) B3PW91(DMA) calculations (with free energies at 100 °C) assessed the initial
DMA/arene exchange and C-H activation steps, as well as the subsequent steps involving HOAc
dissociation, C-C reductive coupling and dissociation of the biaryl product. The computed trends
show a marked dependency on the number of fluorines that are ortho to the reacting C-H bond.

Thus DMA/arene exchange is always endergonic, but is least so with substrates featuring no ortho-F
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which can form m-adducts. Substrates with two ortho-F form Pd---H-C adducts, this interaction being
enhanced by H-bonding to the free arm of the k!-OAc . The C-H bond cleavage is also promoted by
two ortho-F substituents and as a result these substrates have the lowest overall barriers to C-H
activation. In contrast, C-C reductive coupling is disfavored by ortho-F substituents. The trends in C-H
activation reflect both the C-H bond acidities (related to the computed heterolytic BDEs) and the
homolytic BDE of the Pd-Arf bond formed in the [Pd(Arf)(Ph)(HOAc)(PMes)] intermediates. A
stronger Pd-Arf bond also increases the barrier to C-C coupling which is accessed after HOAc
dissociation. Overall, the C-H activation is more sensitive to the number and location of the F-
substituents as the trends in C-H bond acidity and the Pd-Arf bond strength reinforce each other; in
contrast while a strong Pd-Arf bond will tend to increase the barrier to C-C coupling this effect is
counter-balenced by the greater stability of the [Pd(Arf)(Ph)(PMes)] intermediate. The importance of
the Pd-Ar bond strength on the regioselectivities of (hetero)arene activation at [Pd(xk?-
OAc)(Ph)(PMe3s)] has also been discussed by Ess and co-workers (M06 calculations).!*® Gorelsky has

135 and re-emphasized the role of the AE; term, due to the poor correlation between

questioned this
AEit and the computed Pd-Arf heterolytic BDEs. However, as AEix may depend on other factors than
just the Pd-Arf bond strength, these two interpretations may not be mutually exclusive. A role for
‘Ag2COs° in deprotonating CsFsH has also been suggested in a B3LYP study of the [Pd(OAc);]-

catalysed oxidative coupling with benzene.!*

A novel approach to the activation of fluorobenzene was reported by Larossa who used [Cr(CO)s(n®-
CsHsF)] as a substrate for C-H activation at [Pd(k?-OAc)(Ph)(PMes)].**? B3LYP calculations indicate the
barrier to C-H activation ortho to F is 25.0 kcal/mol, 5.7 kcal/mol lower than that for free
fluorobenzene. An activation strain analysis indicates that distortion of the C-H bond is significantly

reduced in the complexed C¢HsF, reflecting the enhanced acidity induced by the {Cr(CO)s} moiety.

Gorelsky has probed the effect of the N-bound CuCl additive on the computed barriers to C-H

activation of azoles at [Pd(k%-OAc)(Ph)(PMes)] (B3LYP, see Figure 30).1%¢ Free azoles favor reaction at
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C5 but this changes to C2 in the presence of the Cu(l) salt; for N-methylimidazole and oxazole this
mirrors the swap in regioselectivity seen experimentlaly. The Lewis acidic CuCl moiety shifts the
azole from a Class Il substrate (nucleophilicity dominant)'*® to a Class | substarte (C-H bond acidity
dominant). Similarly the thiazole N-oxide has a much lower barrier to C2-H bond activation (16.7
kcal/mol) than in the free thiazole (26.3 kcal/mol). The C-H activation of N-alkylindoles has also been
studied and an AMLA/CMD mechanism found to be applicable to a range of substituents in the C6
position.}** Computed barriers could be understood if these species are considered as Class Il

substrates, while regioselectivities correlated with the distribution of the HOMOs of these species.
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Figure 30. Computed activation barriers (free energies, kcal/mol) for C-H activation for N-
methylimidiazole and oxazole (and their N-bound CuCl adducts), thiozole and thiazole N-oxide at
[Pd(k2-OAc)(Ph)(PMes)].13® Reproduced with permission from Ref. 43. Copyright 2016, John Wiley

and Sons.

Due to their importance in synthesis a number of studies have considered the reactivity of
heterocyclic N-oxides. Campeau reported kinetic studies, supported by B3LYP calculations on the
direct arylation of pyridine N-oxide.*> Experimental studies show the catalytic coupling of para-
nitropyridine N-oxide with 5-bromo-m-xylene involves initial P'Bus loss and Ar-Br activation to form a
dimeric resting state. This must then open up in order to access the rate-determining C-H activation
of the pyridine N-oxide. B3LYP calculations show that C-H activation at the 2-position of the pyridine

N-oxide at [Pd(k?-O,CR)(Ph)(PMes)] involves an AMLA/CMD inner-sphere process with computed
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barriers of 34.9 kcal/mol or 34.1 kcal/mol for R = OH" or CHs respectively. Pyridine ring substituent
effects were also rationalised computationally. Although [Pd(k?*-OAc)(Ph)(P'Bus)] (72) was proposed
as the catalytically active species, this was later questioned by Hartwig who showed that 72 does not
react with pyridine N-oxide. A cyclometallated dimer, [Pd(OAc)(‘Bu,PCMe,CH>)]>, 73, was instead
implicated (see Figure 31) that opens to give a cyclometalated monomer, [Pd(i?-
OAc)('‘Bu,PCMe,CH,)], 74, that then effects the C-H activation. The bromo-analogue,
[Pd(Br)(‘Bu2PCMe,CH>)], is inactive and so C-H activation is suggested to proceed via an AMLA/CMD
pathway with the intimate involvement of acetate, rather than, for example, a o-bond metathesis
with Pd-C bond of the cyclometallated phosphine ligand. B3LYP calculations gave a reduced barrier
of 27 kcal/mol for C-H activation at 74 compared to 33 kcal/mol at 72. Overall a cooperative
mechanism is proposed featuring C-H activation of pyridine N-oxide at 74 to generate 75 (Figure 31).
Exchange with the OAc ligand in 72 reforms 74 along with [Pd(Ar)(Ar')(P'Bus)], 76, from which
reductive elimination yields the biaryl product and [Pd(P'Bus)]. Under catalytic conditions the latter
goes on to reform 73/74. Gorelsky subsequently confirmed that the computed selectivities of C-H
activation for a range of heterocycles are the same at cyclometalated species 74 as seen previously

at 72, and that these trends can be understood by the activation strain model.**’
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Figure 31. Proposed mechanism for the direct arylation of pyridine N-oxides in the [Pd(OAc).]/P'Bus

system. Adapted with permission from Ref 146. Copyright 2012, American Chemical Society.

The C-H activation of 2-substituted thiophenes at the 5-position was modelled by Gorelsky and
Lapointe using a [Pd(i®-OAc)(Ph)(PMes)] model system and B3LYP calculations.’® Computed barriers
showed a correlation with the nucleophilicity of the substrate and additional correlations between
op and both AE.: and AEgs: were established. Substrates featuring both electron-withdrawing
substituents (CN, CO,Me) and certain electron-donating groups (N-pyrrolidine) both displayed lower
computed barriers than the unsubstituted thiophene, and this enhanced reactivity was confirmed in
experimental competition studies. The fact that both electron-withdrawing and electron-donating
groups can be more reactive reflects the counter-balancing effects of enhanced acidity (less
favorable AEi,, more favorable AEgs) vs. enhanced nucleophilicity (more favorable AEi, less
favorable AEqist). A negative gradient in a Hammett plot is often taken as evidence of SeAr character,
however, and so this study is particularly significant in showing that ¢, can show a similar correlation
with the components of the activation strain model and that a negative Hammett gradient can
therefore also be compatible with mechanisms based on AMLA/CMD C-H activation. An earlier
B3LYP study of substituted thiophenes and N-methylindoles had also indicated rate enhancement
upon introduction of an electron-withdrawing Cl substituent, as well as highlighting useful

regioselectivities that could be exploited synthetically.'*®

Ozawa has studied mechanistic variations seen experimentally for the stoichiometric direct arylation
of thiophenes and benzothiazoles with [PdAr(u-OAc)(PPhs)], (Figure 32).%* MO06-2X(1,4-
dioxane)//B3LYP calculations on a simple [Pd(k?-OAc)(Ph)(PHs)] model reproduced the observed
change in rate-determining step, from AMLA/CMD C-H activation with benzothiazole (AG*san = 23.8
kcal/mol) to C-C coupling with 2-methylthiazole (AG*san = 25.2 kcal/mol). Calculated kn/kp KIEs also

aligned well with experiment. The same workers then assessed the effect of para-substituents in the
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triarylphosphine co-ligands, P(4-CsH4R)s (R = H, OMe, F and CFs), on these processes.’® The rates of
reaction observed for [Pd(Ar)(x*-OAc){P(4-CcH4R)s}] intermediates (Ar = 2,6-CsHsMe;) follow
opposite trends between benzothiazole (R = CF; > F > H > OMe) and 2-methylthiophene (R = OMe >
H > F > CF3). M06-2X(THF)//B3LYP calculations (Ar = Ph, Figure 32) again show the identity of the
rate-determining step change depending on the substrate. Benzothiazole reacts via rate-limiting C-H
activation (see TS77, Figure 32), with larger computed barriers arising from a stabilisation of the N-
bound precursors when more electron-withdrawing phosphines are employed. For 2-
methylthiophene the C-C reductive coupling step becomes rate-limiting (TS78) and this becomes
more accessible with more electron-donating phosphines. Jing also found C-H activation of 6-Ph-
imidazo[2,1-b]thiazole at [Pd(k?-OAc)(CsH4R)(PPhs)] to be favored at C5 over C2 or C3 (B3LYP

calculations).’®?
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Figure 32. Phosphine-dependence in the direct arylation of benzothiazole and 2-methylthiophene.**°

Adapted with permission from Ref. 43. Copyright 2016, John Wiley and Sons.

With 2,3-disubstituted thiophenes the regioselectivity of the direct arylation has been shown to
depend on the choice of co-ligand: with 2,2’-bipyridine (bpy) C5-arylation is seen, whereas with
P{OCH(CFs),}s arylation at the C4 postion dominates.?®>'>3 Using dispersion-corrected double hybrid
DFT (B2PLYP-D3//TPSS-D3) Grimme, Itami and Studer modelled the reaction of [PdPh(bpy)]* with

thiophene and showed a kinetic preference for insertion into the Pd-Ph bond with phenyl transfer
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onto C3; however this step is reversible and product selectivity is governed by the deprotonation
following insertion that favours C2.** Fu considered the reactions of 3-methoxy-2-phenylthiophene
at  [Pd(k'-HCOs)(Ph)(bpy)] and [Pd(k?-HCOs)(Ph){P(OR)s}] (R = Me, CH(CFs);) with
MO6(toluene)//B3LYP calculations.®> With the bpy co-ligand activation at the C5-H bond proceeds
via TS79 with AG* = 29.9 kcal/mol (see Figure 33). In this case the non-labile, bidentate bpy
mandates the initial displacement of HCOs™ by the thiophene substrate, with the liberated base then
completing the C-H activation via an external CMD mechanism. Alternatively, thiophene may
undergo a Heck-type insertion but this has a higher barrier of 31.6 kcal/mol (and in fact favors Ph-
transfer onto the 4 position). Calculations with [Pd(Ph)(k2-HCO3){P(OCH(CFs),)s}] did capture the
change in regioselectivity, with C5-H bond activation having a computed barrier of 36.7 kcal/mol
while insertion with Ph transfer to C4 is more accessible via TS80 with a barrier of 34.4 kcal/mol.
Experimentally the reaction proceeds at 130 °C in 12 hours. The use of P{OCH(CFs),;}s in the
calculated model was important as specific H-bonding interactions involving this ligand in the
transition state are suggested to control the selectivity. With a simpler P(OMe); model the change in

selectivity was not reproduced.
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Figure 33. Different outcomes of the direct arylation of 3-methoxy-2-phenylthiophene with selected
distances in A for the C-H activation transition state TS79.2> Adapted with permission from Ref. 43.

Copyright 2016, John Wiley and Sons.
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4.3.2. Oxidative coupling. Several studies have considered the Pd-mediated arylation of
cyclometallated ligands that themselves have been formed by C-H activation. Using
MP4(SDQ)//B3PW91(C¢Hs) Sakaki modelled the reaction of benzo[h]lquinoline (bzq) with benzene
occurring at monomeric [Pd(OAc),] with a focus on the promoting effect of a benzoquinone additive
(bq).% After formation of the cyclometallated intermediate (see Section 4.1) substitution of HOAc by
bq leads to [Pd(bzq’)(k*-OAc)(n*bq)] at -34.6 kcal/mol. C-H activation of benzene then proceeds
with a barrier of 26.7 kcal/mol to give [Pd(bqz’)(Ph)(HOAc)(n*bq)] from which the final C-C coupling
occurs with a very low barrier of only 0.4 kcal/mol. The major role of the bq additive is to promote

this C-C coupling, as in its absence the barrier rises to 34.7 kcal/mol.

Sanford and Schoenebeck were the first to define an intermolecular AMLA/CMD C-H activation at a
dimeric Pd system in their study of the role of base in the selective arylation of bzq with 1,3-
dimethoxybenzene (DMB) in the presence of bq. This leads to coupling at either the 5- or the 4-
position of DMB depending on whether acetate or carbonate is used.®® Starting from the
cyclometalated dimers, [Pd(bzq')(u-O.CR)l,, MO6L(DMSO or DMB)//mB97X-D calculations
considered C-H activation directly at the dimer or via the [Pd(bzq')(k?-0,CR)] monomer. For acetate,
C-H activation at the 4-/5-positions via the monomer proceeds with overall barriers of 35.5/42.2
kcal/mol. This involves a regular AMLA/CMD transition state and compares with barriers of
35.9/41.8 kcal/mol at the dimer. The latter process involves opening the bridged dimer structure to
permit C-H bond cleavage via a Pd-supported external CMD (TS81, cf. TS27, Figure 13 where Ag*
plays a similar role®). For carbonate (modelled by ‘NaCO;”) the equivalent data are 32.5/39.0
kcal/mol and 32.2/36.5 kcal/mol respectively. Thus C-H activation is clearly favored at the 4-position
with both bases and for ‘NaCOs; the C-H activation is also the selectivity determining process. For
acetate, however, C-C reductive elimination becomes the highest lying transition state and this
favors the 5-position. The reversibility of C-H activation under these circumstances was tested
experimentally by use of an insoluble MgO base to act as an acid trap; arylation at the 4-position was

then observed.
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In their 2013 paper Canty, Sanford and Yates modelled the arylation of 3-methyl-2-phenylpyridine
(mppy) with [Ph2l][BF.] at the [Pd(mppy’)(1-OAc)]. dimer, where the latter is formed by a facile
external deprotonation by the basic substrate (see Section 4.1).%” The reaction then proceeds via Ph*
transfer from Ph,l* to Pd(ll) with a barrier of 20.7 kcal/mol to give [Pd(Ph)(mppy’)(u-
OAc),Pd(mppy')]* from which C-C reductive coupling has a barrier of 7.0 kcal/mol. The retention of
Pd---Pd interactions in these processes is thought to be important, as much higher barriers are
computed with more open dimer structures. Overall, oxidation of the [Pd(mppy’)(u-OAc)], dimer by
Ph,l* is rate determining and this is in agreement with the lack of any experimental ky/kp KIE. A
computational study on the arylation of enamide 35 with PhSi(OMe); with a Pd(OAc),/AgF catalyst

has been previously highlighted in Section 4.1.%

Oxidative coupling based on two intermolecular C(sp?)-H activations has also been considered. In an
insightful study, Peng, Paton and Hong used ®B97X-D(HOAC) calculations to model selectivity in the
oxidative cross coupling reactions of heterocycles 82x with benzene and bq (Figure 34).*>” Modeling
a [Pd(TFA),] catalyst in pivalic acid H/D exchange studies show enolone 82¢ undergoes reversible C-H
activation at C3 for which calculations provide an overall barrier of 18.9 kcal/mol relative to a [Pd(«k?-
TFA)(x2-TFA)(n*CeHs)] adduct formed in benzene solution. This is 9.2 kcal/mol more accessible than
C-H activation at C2, reflecting the more m-electron rich character of the C3 position. However, in
this case C-H activation of the benzene solvent is more accessible (AG* = 17.7 kcal/mol) and should
dominate due to the excess of benzene present, as well as the availability of six C-H bonds for

reaction. A [Pd(Ph)(TFA)(k-0-82o)] intermediate is therefore formed. However C-H activation of 82o
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at this species would still favour reaction at C3 (AG* = 24.1 kcal/mol); instead, insertion of the alkene
moiety into the Pd-Ph bond proved more accessible (AG* = 16.8 kcal/mol) and this does result in Pd-
C3 bond formation. This regioselectivity again reflects the more electron rich-character of the C3
position but now it leads to the C2 functionalised product, 83. In the reaction with bq, the initial C3-
H bond activation of 82¢ will dominate as this is 8.7 kcal/mol more accessible than that of bq. This

step therefore determines the formation of product 84 with C3 selectivity.
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Figure 34. Selectivity in the oxidative cross coupling reactions of heterocycles 82x (X = O, NMe) with

benzene and bq. Adapted from Ref. 157.

With enaminone 82yme, C-H activation at C3 is again preferred over C2 and is now significantly more
accessible than the C-H activation of benzene (AAG* = -4.4. kcal/mol). Thus C3-H activation leads to a
[Pd(82nme')(k?-TFA)(n*-CeHe)] intermediate from which the C-H activation of benzene and
subsequent C-C reductive coupling forms 85. The higher reactivity of 82nme makes its C-H activation
competitive with that of benzene and so some homocoupling is also observed that results in 86. All
the C-H activations in this study were characterised as AMLA/CMD processes and no evidence for a
Wheland intermediate or an external CMD process was seen. Good correlations between the C-H
activation barriers and certain transition state metrics were noted - in particular the developing
Pd---C distance and the distortion of the C—H bond out of the ring-plane. This reflects the greater

reactivity of the more electron rich-substrates in this system and, within a given substrate, the more
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electron-rich site. These benefit from a greater degree of Pd---C interaction in the transition state

and the resultant increase in C—H acidity due to the out-of-plane distortion of the reacting C—H bond.

Hu and You have used B3LYP calculations to model the [Pd(OAc),]-catalysed coupling of N-
methylimidazole with thiophene, were the former is a model for xanthines (see Figure 35).1°8
Thiophene is computed to readily undergo C-H activation at [Pd(OAc),] with a barrier (based on SCF
energies) for reaction at the 2-position of only 9.6 kcal/mol. Although described as proceding via
SeAr, the computed transition state appears typical for an intermolecular AMLA/CMD process.
Displacement of HOAc by N-methylimidazole gives 87, which then undergoes C-H activation at the 2-
position with a barrier of 43.2 kcal/mol to yield 88. Alternatively, a second thiophene may bind to
give 89 which can access a Heck-type insertion of the C2=C3 bond into the Pd-thiophenyl bond with
a slightly lower barrier (relative to 87) of 39.4 kcal/mol. The resultant formation of 90 would imply
homocoupling, although this is not seen experimentally under the reaction conditions (20 hours at
120 °C in 1,4-dioxane). A follow-up study used M06(1,4-dioxane) calculations to model the oxidative
coupling of caffeine and 2-formylfuran.®® Shaik and Kozuch have highlighted the role of
concentration effects in dictating the balance of homo- vs. hetero-coupling in oxidative coupling

reactions.®°
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Figure 35. Computed key stationary points with for the reactions of thiophene and N-
methylimidazole at [Pd(OAc),]; relative SCF energies are reported in kcal/mol.’>® Adapted with

permission from Ref. 43. Copyright 2016, John Wiley and Sons.

4.3.3. Alkenylation Reactions. Benzene alkenylation by enolone 820 has already been discussed in
the context of oxidative coupling in Section 4.3.2.%7 A related example was reported by Wu and
Zeng for the meta-selective C-H functionalisation of pyridine (py) at [Pd(OAc),] in the presence of an
MPAA ligand and using B3LYP(1-pentanol) calculations (see Figure 36).2! The key intermediate
formed prior to the C-H activation is [Pd(x*-OAc){i-N,O0-{AcNCH('Pr)CO,}(py)] which is formed upon
the double deprotonation of N-acetyl-valine and which features an N-bound pyridine ligand.
Isomerisation to a m-bound form costs 17.1 kcal/mol and is necessary to access C-H activation via the
AMLA/CMD transition state TS91 (overall AG* = 31.0 kcal/mol). C-H activation at either the ortho- or
para-positions proves to be less accessible (overall AG* = 32.4 kcal/mol and 31.9 kcal/mol,
respectively). The possibility that the N-acetyl group may be implicated in the C-H activation step
(that was later proposed by Houk®) was not considered (see TS39, Figure 15). Reprotonation
promotes the N-decoordination of the MPAA ligand, which allows access to the subsequent reaction

steps with ethyl acrylate. Zhang has published a related study with mono-substituted arenes.6?

N
| CO.R \\/II""_O\
N COzR  Pd(OAc)2, N-acetyl valine N . o N c?/
| + W | via Pd
N7 0,, KHCO,, tAmOH, 130°C 12 hr N7 )J\N/ o
H=—(
P 0
TS01

Figure 36. Pd-catalysed alkenylation of pyridine facilitated by an MPAA co-ligand (experiment R =
"Bu; computed R = Et).1%? Adapted with permission from Ref. 43. Copyright 2016, John Wiley and

Sons.
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The Lewis acid-promoted alkenylation of indoles has been studied by Liao and Yin.'®® Starting from
the [Pd(OAc),]s trimer B3LYP(MeCN, D3) calculations indicate AG*span = 28.4 kcal/mol for the favored
C3-H activation via an initial [Pd(OAc):(n’cc-indole)] intermediate at +14.5 kcal/mol. In contrast
addition of [Sc(OTf)s] serves to break up the trimer to give a bimetallic paddlewheel complex, [Pd(u-
OAC),(u-OTf)2Sc(OTf)] at -20.9 kcal/mol from which C-H activation has a much reduced barrier of
14.5 kcal/mol. As a result the rate-determining step of the alkenylation moves from C-H activation to
the alkene insertion (AG*gan = 25.4 kcal/mol). B-H transfer and deprotonation of the resultant
hydride produces a [Pd(HOAc)(alkene)] species which is then reoxidised by O, with formation of
H,0,. The O addition corresponds to the highest lying transition state in this latter half of the cycle

and has an overall barrier of 20.3 kcal/mol.

4.3.4. C-S bond formation. Wang and Liu have proposed a mechanism for the arylthiolation of
benzene with N-thiophenylsuccinimide, 92, at a [Pd(OAc),]/TFAH catalyst system (Figure 37).1¢*
Using MO6(TFAH)//B3LYP calculations they propose trans-[Pd(TFA),(HOAc),] is initially formed at
which the AMLA/CMD C-H activation of benzene proceeds with an overall barrier of 22.3 kcal/mol.
92 then binds in a k¥%>-0,S fashion from which N-S activation occurs via TS92 with a barrier of 23.6
kcal/mol. This process occurs with concomitant Ph-SPh bond formation, with this product being
released after rearrangement and reprotonation of the succinimide ligand. The alternative sequence

involving S-N activation then C-H activation is considerably less accessible.

O
O 9 i 3 1 DN
25 C, 45 min PR, 5_-3

T392

Figure 37. Pd-catalysed C-S coupling to form diphenylsulfide highlighting the N-S bond forming
transition state. Adapted with permission from Ref. 164. Copyright 2016, The Royal Society of

Chemistry.
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4.4 Intermolecular C(sp®)-H Activation

In a series of papers Strassner has considered the C-H functionalisation of simple alkanes in acidic
media promoted by a [PdBr;(L-L)] complex, 93, featuring a chelating bis-NHC ligand (see Figure 38).
B3LYP(TFAH, D3BJ) calculations suggest that the reaction proceeds from a [Pd(TFA),(L-L)] precursor
from which TFA dissociation forms [Pd(TFA)(L-L)(CH4)]* at +16.1 kcal/mol .2%> Intramolecular
AMLA/CMD then proceeds with a barrier of 23.4 kcal/mol via TS93, and this is 8.3 kcal/mol more
accessible than an external CMD involving the outer-sphere TFA counterion. Simple oxidative
addition lies to even higher energy. The overall energy span is therefore 39.5 kcal/mol and forms,
after deprotonation, an [Pd(CHs)(TFA)(L-L)] intermediate at +30.5 kcal/mol. The preference for
intramolecular AMLA/CMD over an external CMD in the C-H activation is a reversal of the situation

computed by Morokuma in their study of C-H functionalisation of substituted alanines.?

After C-H activation, oxidation by dithionate leads to a [PdMe(TFA),(L-L)]* cation from which C-O
reductive coupling readily occurs. An alternative pathway featuring C-H activation at a Pd(IV)
species, [PdBry(TFA)(L-L)]*, formed via facile oxidative addition of Br, lies only 3.6 kcal/mol higher in
energy. The computed AG*s,.n for C-H activation at the acetate analogue, [Pd(OAc),(L-L)], is slightly
higher (40.7 kcal/mol) but this is composed of a much harder OAc dissociation (+25.0 kcal/mol)
followed by a more facile C-H cleavage (+15.7 kcal/mol). Knowledge of the C-H activation step is in
itself not sufficient to understand the overall C-H activation process: putting in place the
circumstances for C-H activation to occur, e.g. by prior ligand dissociation, can be equally if not more
important and will reflect a balance between the favorable effects of greater basicity against the
unfavorable consequences of stronger coordination. The resting state of the system was
subsequently proposed to be [PdBr4(L-L)] which is computed to lie 14.8 kcal/mol below [PATFA,(L-

I_)].166
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Figure 38. C-H functionalisation of methane catalysed by [PdBr;(L-L)] 93 via C-H activation transition

state TS93. Adapted with permission from Ref. 165. Copyright 2013 American Chemical Society.

The reaction of propane at [Pd(TFA)y(L-L)] proceeds via a similar mechanism with AG*an for
activation of a primary C-H bond being 38.1 kcal/mol, 5.0 kcal/mol below that for a secondary C-H
bond.'®” Experimentally, however, the formation of 'PrOC(O)CF; is observed and this is explained by
the facile isomerisation of [Pd"Pr(L-L)]* to the more stable 2° alkyl, [Pd'Pr(L-L)]*, which is stabilised by
the stronger donating ability of the Pr ligand. This also favors the subsequent oxidation by Br, and

ultimately the formation of the observed product.
5. Nickel and Platinum

Relatively few computational studies of carboxylate-assisted C-H activation at nickel have been
reported, the first being within the 2014 B3LYP(toluene, D3) general study by Huang, Wang and
Chen into N,N-bidentate directing groups.®? The transition state computed for C(sp?)-H activation of
N-(pyridin-2-ylmethyl)-benzamide at [Ni(OAc),], TS94, exhibits a geometry characteristic of an

AMLA/CMD process. A subsequent study considered C(sp3)-H activation in related systems.*

(0]
(=000

228 .

---Ni—N
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Fu has studied the alternative selectivities seen for the [Ni(COD),]/dcype-catalysed arylation of azole
95 using different aryl carboxylate reactants, RCOPh (R = 2-thiophenyl, 'Bu; COD = cyclooctadiene;
deype = 1,2-bis-(dicyclohexylphosphino)ethane, see Figure 39).2% For R = 2-thiophenyl
MO6L(dioxane)//B3LYP calculations suggest initial oxidative cleavage of the C(acyl)-O bond at
{Ni(dcype)} is favored over C(phenyl)-O bond activation. ‘KsPO,’/OPh exchange then liberates ‘KOPh’
and installs ‘K,PO4” at the Ni center. This acts as an intramolecular base for C-H activation via TS95b
after which rate-limiting decarbonylation and C-C reductive elimination yield the coupled products.
This mechanism has an energy span of 30.1 kcal/mol and is consistent with the absence of a ku/ko
KIE and the inverse dependency on [CO] seen experimentally. For R = 'Bu the greater steric bulk
makes the decarbonylation step prohibitively high in energy. Instead the reaction starts with
cleavage of the C(phenyl)-O bond at Ni(0) to give [Ni(kx!-OPiv)(Ph)(dcype)]. OPiv is not however used
in the subsequent C-H activation, but rather exchange with ‘K3sPO,‘ leads to a ‘K,POs’-assisted C-H
activation of the azole via TS95a. C-C coupling then gives the final product. In this case the C-H

activation is rate-limiting with AG*span = 30.6 kcal/mol.
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Figure 39. Alternative outcomes in the [Ni(COD),]/dcype-catalysed arylation of azole, 95, with aryl
carboxylates; computed C-H activation transition states are shown with selected distances in A.

Adapted with permission from Ref. 168. Copyright 2014 American Chemical Society
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Iltami and Musaev have considered the related coupling of azoles with naphthalen-2-yl pivalates at
the {Ni(dcype)} fragment with MO6L calculations with optimisations including the effect of the 1,4-
dioxane solvent.!®® C(naphthyl)-O activation forms [Ni(dcype)(2-naphthyl)(x*-OPiv)] at which
intermolecular C-H bond cleavage of the azole is effected by the dissociating OPiv anion with
concomitant Ni-C bond formation. Facile C-C reductive coupling then gives the final product. AG*pan
for this process is 34.7 kcal/mol with C-H activation involved in the rate-limiting transition state.
Experimentally the reaction requires heating at 120 °C for 12 hrs, but up to 3-fold rate
enhancements and improved yields were seen when a Cs,CO; additive was employed. To account for
this, a ‘Cs,COs3(0OPiv)”“ cluster is proposed to be the active base in the C-H activation step; with this
AG*san = 31.1 kcal/mol, while with ‘K,CO3(OPiv)]* an intermediate value of 32.5 kcal/mol is
determined. This is therefore postulated to account for the differential effects of M,COs salts on the
efficiency of C-H activation. Alternatively such salts are considered to be proton sinks that reduce
the reversibility of C-H activation and so enhance the rate of the onward functionalisation
reaction.!?* 145 170 The relative efficiencies of different salts may also reflect their solubility.?*® On the
other hand, Clot and Baudoin have shown that COs* can be intimately involved in the C-H activation
step.>* Identifying the species active in the C-H activation step, whilst often challenging, would help
clarify these issues and in the Itami/Musaev study the computed stability of the proposed active

species, [(dcype)Ni(Cs,CO3{OPiv})]*, would make it an ideal target for experimental characterisation.

Since Goddard and Periana’s initial characterisation of an AMLA/CMD C-H activation transition state
for benzene activation at [Pt(TFA)2(bpym)] and [Pt(pic)(TFA),]" (bpym = 2,2’-bipyrimidyl, pic = k>-N,O-
picolinate; TFA = trifluoracetate),*” very few studies have considered carboxylate-assisted C-H
activations at Pt. This may reflect the greater capacity of this metal to undergo the alternative
oxidative addition: for example, Goddard showed that CH; prefers oxidative addition at
171

[PtCI(OSOsH)(H-bpym)]* (featuring a protonated bpym ligand) over an external CMD by bisulfate.

Similarly in Morokuma’s study of stereoselective C(sp®)-H arylation of alanine derivatives at Pd(TFA),,
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C-H activation at the Pt analogue of Int674 (Section 4.2) was characterised but found to involve

proton transfer to Pt, rather than the external TFA base as was seen with Pd.}?

6. Rhodium and Iridium

6.1. Intramolecular C(sp?)-H Activation

Davies and Macgregor have modelled the cyclometalation of N-alkylimines (96-100) and 2-
phenylpyridine (ppy) at [MCl,Cp*],/NaOAc (M = Rh, Ir, see Figure 40(a)).'’? Experimentally, H/D
exchange studies show C-H activation to be reversible at Rh while this process is irreversible at room
temperature at Ir. Competition studies also gave trends in the substrate reactivities. Reaction
profiles were computed at the BP86(solvent, D3) level (solvent = MeOH for M = Rh or CH,Cl, for M =
Ir) and are exemplified by those shown for the 2-thiophenyl derivative 98 in Figure 41. Opening of
the [MCl,Cp*], dimer in the presence of acetate followed by substitution of either Cl in [MCl(x?-
OAc)Cp*] or OAc in [M(k?-OAc)(x!-OAc)Cp*] by 98 leads to the formation of Int98awm. For Rh, a two-
step AMLA/CMD C-H activation via an agostic intermediate, Int98brs, gives the cyclometallated
HOAc adduct Int98crn; HOAC/Cl substitution then yields the observed product 101gs. The energetics
of this process (AG = -4.0 kcal/mol; AG* = 11.8 kcal/mol) are consistent with reversible C-H activation
and hence H/D exchange. For Ir the reaction has a higher overall barrier (AG* = 17.4 kcal/mol) and is
more exergonic (AG = -11.9 kcal/mol), consistent with an irreversible process under kinetic control.
In this case C-H activation is a one-step process and corresponds to k?-k! displacement of OAc. The
lack of H/D exchange also indicates that HOAc/Cl exchange in Int98c, must be faster than H/D
exchange at the HOACc ligand and the back reaction to Int98a;.. Experimentally the Rh reactions are
slower, taking much longer to achieve reasonable yields. However, the calculations show that this is
due to a slow approach to equilibrium with Rh, with the reverse reaction being much more

significant than for Ir.
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Figure 40. (a) Cyclometalation of N-alkylimines (96-100) and 2-phenylpyridine (ppy) at [MCl.Cp*]2 (M
= Rh, Ir) to give 101w; (b) experimental reactivity trends and computed overall free energy changes
(AG, kcal/mol) at [RhCl.Cp*],; (c) experimental reactivity trends and computed overall activation
barriers, AG*, at [IrCl,.Cp*],.}7? Data in parenthesis are for the modified ligand 99* (see text for

details). Adapted with permission from Ref. 43. Copyright 2016, John Wiley and Sons.
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Figure 41. Free energy profiles (kcal/mol) computed for the reactions of 98 with [MCl,Cp*], (M =Ir,
Rh) to give cyclometallated 101y; data for M = Ir are in CH,Cl, (italics) and for M = Rh in MeOH (plain

text). Adapted with permission from Ref. 43. Copyright 2016, John Wiley and Sons.

Importantly, use of both the D3 correction and an extended basis set (with diffuse functions to
ensure a reasonable description of the loosely held electron density of the free anions) was the key
to reproducing the favorable thermodynamics that were expected for all the combinations of metal
and substrate in this study. The stabilization due to dispersion becomes particularly significant when
the bulky substrate is placed close to the {MCp*} fragment, and this also reiterates the need to
employ the full experimental system in the calculations. Use of this protocol reproduces the more
subtle trends in the substrate reactivities reasonably well. Thus for Rh (Figure 40(b), operating under
thermodynamic control) the trend in AG largely mirrors the increase in substrate reactivity, whereas
for Ir (Figure 40(c), under kinetic control) an increase in substrate reactivity is reflected in reduced
overall barriers, AG*. One exception was 99, for which the calculations overestimated the reactivity
for both metals. Here the increased size of the vinyl CH=CHPh substituent compared to the aromatic
substituents in 96-98 and 100 was postulated to lead to an anomalously high dispersion stabilization.
This is because the chemical model, which is based on isolated molecules, tends to emphasize
intramolecular stabilization over interaction with the environment, i.e. explicit solvent molecules,

that are absent in the calculation. Hence, the degree of dispersion stabilization upon binding the
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larger substrate 99 to the metal fragment is particularly overestimated. The behavior of a model
substrate, 99%, which featured a smaller CH=CH, substituent was therefore assessed (data in
parentheses, Figure 40). This gave both a reduced AG at Rh and an increased AG* at Ir and is
therefore more consistent with the experimental results for 99. Shortly afterwards Zheng also
compared Rh(lll) and Ir(lll) in a study of the cyclometalation of N-phenylbenzaldimines at [MCl,.Cp*],
dimers in the presence of acetate.!’®> B3LYP(MeOH) calculations again indicated that reaction at Ir
was thermodynamically favored (Rh: AG = -0.5 kcal/mol; Ir: AG = -8.4 kcal/mol); however the barrier
to C-H activation was now computed to be higher with Rh (Rh: AG* = 26.4 kcal/mol; Ir: AG* = 19.7
kcal/mol). Experimentally the reaction is indeed slower with Rh and the computational results
suggest this may be due to either the higher barrier or, as in the Davies/Macgregor study, the
reversibility of the process (and hence a slow approach to equilibrium) with Rh.’4 This study also
assessed the effect of phenyl substituents, R, introduced meta to the directing group. With R = CF; or
Me steric effects dominate, while for R = OMe and F reaction at the adjacent ortho-C-H bond

becomes competitive; this change in selectivity is also seen experimentally.

Chen has also highlighted the importance of dispersion corrections in a benchmarking study of 19
different functionals against the results of CCSD(T)-F12 calculations.'’”> The AMLA/CMD C-H
activation step in [Rh(x}-0,CH)(x'-0,CPh)Cp] was one of several bond activation processes
considered, with optimisations performed at the B3LYP level. The CCSD(T)-F12//B3LYP energetics
are AE* = 11.7 kcal/mol and AE = -5.8 kcal/mol and the best overall performing functionals were
B3LYP-D3 and ®B97X-D. Note this study did not consider the initial k*- k! displacement of the

carboxylate ligand that is usually a key component of the AMLA/CMD C-H activation process.

Cyclometallation of the tris-(2-thienyl)phosphine ligand in [(HOAc)(P{2-thienyl}s)Rh(u-OAc)sRh(OR’)]
dimers (1020, OR’ = OAc, OTf) has been studied by Lahuerta and Pérez-Prieto with B3PW91
calculations (see Figure 42).7® For the OTf adduct cyclometalation proceeds from an S-bound

precursor 102q1¢ which first rotates to a m-bound intermediate. This then undergoes rate-limiting
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AMLA/CMD C-H bond cleavage (AG* ~ 20 kcal/mol; AG ~ +0.1 kcal/mol) with the marginal
endergonicity being consistent with facile H/D exchange. This pathway implies that the thienyl
moiety never leaves the Rh coordination sphere and so H/D exchange is confined to one of the
thienyl substituents, as is observed experimentally. For the OAc adduct calculations indicate a k-
precursor, 1020ac, from which C-H activation proceeds with a similar overall barrier, but within which
the k%! displacement is now rate-limiting. This reflects the greater coordinating ability of OAc cf.
OTf. The reaction is now significantly exergonic (AG = -16 kcal/mol) and so consistent with

irreversible cyclometalation in the presence of NaOAc and the experimental observation of 103¢ac.
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Figure 42. Cyclometallation of a tris-(2-thienyl)phosphine ligand in [(HOAc)(P(2-thienyl)s)Rh(p-
OAc)sRh(OR’)] (1020r, OR' = OAc, OTf). Adapted with permission from Ref. 176. Copyright 2009, John

Wiley and Sons.

Carboxylate-assisted C-H activation has now been widely incorporated into cycles for Rh(lll)-
catalysed C-H functionalisation reactions. The [RhCl,Cp*], dimer is the near-ubiquitous precursor in
this chemistry and opening of this dimer by acetate (or another carboxylate) is usually assumed in
computational studies to form [Rh(OAc),Cp*] or a related species as the catalyst precursor. One
acetate ligand must then be removed to create a vacant site for an intramolecular AMLA/CMD C-H

activation. Substrates bearing protic hydrogens can facilitate this by inducing loss of HOAc. The large
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number of studies that have modelled AMLA/CMD C-H activation at Rh(lll) indicate this occurs with
modest barriers and with the endergonic formation of an initial cyclometallated HOAc adduct.
Compared to Pd, fewer examples of direct C-H functionalisation have been reported with Rh;
however, oxidative coupling reactions with unsaturated partners that result in the formation of
heterocylic rings are more prevalent and this will be the initial focus below. A more limited number

of related studies on Ir(lll) catalytic C-H functionalisation have also appeared.

6.1.1. Catalytic Heterocycle Formation with Internal Oxidants. The use of benzamides,
ArC(O)NHOR, and their coupling with alkynes, alkenes or carbenes has been extensively studied. In
this process the OR group (OR = OMe, OPiv) acts as an internal oxidant via the oxidative cleavage of
the N-O bond. This may occur either after a reductive coupling event in which case a Rh(lll)-Rh(l)-
Rh(ll) cycle is involved. Alternatively N-O bond cleavage prior to coupling gives a Rh(lll)-Rh(V)-Rh(lII)

cycle, typically with the formation of a Rh(V)-nitrene intermediate.

In 2011, Guimond published B3LYP(MeOH) calculations on the coupling of acetylene with N-
acetoxybenzamide at [Rh(OAc).Cp] to form isoquinolone, the first computational study of Rh(lll)-
catalyzed heterocycle formation based on a C-H activation and functionalization strategy (see Figure
43).Y7 N-deprotonation followed by HOAc loss and directed C-H activation give loac With an overall
barrier of 20.5 kcal/mol, and this proved to be much more accessible than an alternative route based
on the C-H activation of the neutral (i.e. N-protonated) substrate (AG* = 34.7 kcal/mol). Energetically
accessible HOAc/HCCH exchange, insertion and N(sp®)-C(sp?) reductive coupling then form IVoac,
with the isoquinolone bound to a Rh(l) center (Rh-N = 2.13 A) and the N-acetate group also chelates
the Rh (Rh-0 = 2.21 A). N-O bond cleavage and simultaneous transfer of acetate to Rh then proceed
with a minimal barrier (AG* = 0.8 kcal/mol) to form Rh(lll) intermediate Voac.. The isoquinolone
product is released via protonolysis by HOAc, which also completes the catalytic cycle. The
calculations suggest that C-H activation is rate-limiting, consistent with the large ku/kp KIE observed

experimentally with ArC(O)NHOPiv substrates. However, with N-methoxybenzamide no KIE was
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observed indicating that the nature of the rate-limiting step is substrate dependent. Note that in this
early paper a small model was employed and no dispersion correction was applied. A similar
mechanism was recently characterised by Fang for the oxidative coupling of a MIDA boronate alkyne
with PhC(O)NHOPiv using B3LYP(D3) calculations with optimisation in MeCN solvent and free
energies at 313 K.® These show alkyne insertion is preferred with the boronate substituent
adjacent to the metal on steric grounds. This study proposed that OPiv transfer to Rh(l) could be

facilitated by prior binding of ‘[Cu(OAc),]’ to the metal center.
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Figure 43. Catalytic cycle computed for the model reaction coupling acetylene with N-
acetoxybenzamide at [Rh(OAc).Cpl;*”” computed free energies (kcal/mol) are quoted relative to the
reactants at 0.0 kcal/mol. Adapted with permission from Ref. 43. Copyright 2016, John Wiley and

Sons.
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In 2012 Xia published an important complementary study on the coupling of alkenes with
PhC(O)NH(OR), where the outcome depends on the OR group: when OR = OMe [-H elimination is
seen, whereas with OR = OPiv the alternative N(sp®)-C(sp®) coupling to give the 3,4-dihydroquinolone

179 M06(MeOH) calculations on the reactions of

is observed (see Figure 44(a) for the case of ethene).
both benzamides with ethene at [Rh(OAc),Cp*] gave very similar N-deprotonation/C-H activation
profiles in each case (AG* = +18 kcal/mol; AG = +4 kcal/mol). HOAc/ethene substitution then allows
insertion to form a conformationally flexible 7-membered rhodacycle, lor, in which a weak
interaction with the m-system of the original cyclometallated phenyl is maintained (Figure 44(b)). For

OR = OPiv, however, the pendant oxygen can also coordinate to the metal center and this produces

a more stable isomer in this case (I'opiv, Figure 44(c)).
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Figure 44. (a) Alternative reactions of ethene with PhC(O)NH(OR) (OR = OMe, OPiv) at

[Rh(OAc),Cp*].1”° (b) Key stationary points for the alkenylation pathway for OR = OMe and (in italics)
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OPiv, with data for the onward reaction of lllor for R = OMe only; and (c) C(sp?)-N coupling for OR =
OPiv. Free energies (kcal/mol) are quoted relative to the reactants at 0.0 kcal/mol. Adapted with

permission from Ref. 43. Copyright 2016, John Wiley and Sons.

The fate of the 7-membered rhodacycles now depends on the N-substituent. For OR = OMe (Figure
44(b)), facile B-H elimination is followed by formal N-H reductive coupling to give Rh(l) intermediate
lllome. This reacts with HOAc via cleavage of the N-O bond with a barrier of 13.6 kcal/mol to form
MeOH and the Rh(lll) species IVome. The barrier to re-oxidation via OMe transfer onto Rh in lllome is
22.4 kcal/mol higher in energy. Product release and catalyst regeneration then occur by a second
protonation with HOAc at the amide nitrogen in IVome. Direct C-N coupling in lome is too high to be
competitive as it involves a transition state at +43.8 kcal/mol. In contrast, in I'opy migration of the
OPiv from N to Rh (Figure 44(c)) readily occurs to give Rh(V) nitrene Vopiv (AG* = 14.5 kcal/mol, Rh-N
= 1.871 A) and is now favored over B-H elimination and N-H reductive coupling (i.e from I'gpiv to
opiv, AG* = 23.2 kcal/mol). Vopiv then undergoes facile C-N reductive coupling and protonolysis to
complete the cycle. The OPiv group is thought to play several roles in this mechanistic swap: the
extra Rh-O interaction stabilises the 7-membered rhodacycle I'opiv increasing the barrier to 3-H
transfer, while increased repulsion between the OPiv and the Cp* also destabilises the alkene
intermediate, lllopiv, making 3-H transfer significantly endergonic. The Rh-O interaction in I'opiv is also

key to the internal oxidation to give the Rh(V) nitrene intermediate Vopiy,.

The regioselectivity of the insertion of styrene with PhC(O)NHOBoc (OBoc = CO,'Bu) has been
studied with PBEO(dDsC, MeOH)//®»B97X-D calculations by Corminboeuf and Cramer (Figure 45).18
Experimentally, {RhCp*}-based catalysts favor the 4-isomer whereas those with {RhCp®} groups
promote formation of the 3-isomer. Calculations based on the pathways in Figure 44 indicate that
the transition state energies for the insertion and internal oxidation steps are very similar. Hence,
quantitative predictions of regioselectivity were difficult and so the computed data were used for

kinetics simulations. These predicted the 3-isomer is favoured by a 76:24 ratio with {RhCp®}, in

74



excellent agreement with experiment. For {RhCp*} the computed ratio is essentially 1:1, indicating a
relative increase in the 4-isomer, although experimentally a 16:84 ratio is observed. The authors
point out that this discrepancy equates to a 0.5 kcal/mol shift in energy and this highlights the

computational challenge when such subtle selectivities are being modelled.

O (e} (0]
_OBoc {Rh}
©)LH + 2 ph — NH NH
Ph
h
3-isomer 4-isomer
- dominant for dominant for
A h {Rh} = {RhCp™"} {Rh} = {RhCp*}
{RhCp } {RhCp}

Figure 45. Dihydroisoquinolone formation with Rh-cyclopentadienyl catalysts.’®® Reproduced with

permission from Ref. 43. Copyright 2016, John Wiley and Sons.

Xia subsequently used this mechanistic picture to rationalise the different outcomes of the Rh(lll)-
catalyzed C-H activation/cycloaddition of ArC(O)NHOPiv (Ar = Ph or 2-furanyl) with

).181 M06(MeOH) calculations characterise a similar sequence of

methylenepropenes (see Figure 46
N-deprotonation/C-H activation and alkene insertion for both substrates, although for Ar = Ph the C-
H activation is rate-limiting (AG*span = 23.1 kcal/mol) while for Ar = 2-furanyl this is the alkene
insertion (AG*san = 26.3 kcal/mol). These steps form 7-membered rhodacycles (cf. I'opw, Figure 44(c))
from which the chemoselectivity is determined by a competition between OPiv transfer or B-C
elimination. When Ar = Ph, OPiv transfer is favored (AG* = 15.1 kcal/mol cf. 15.9 kcal/mol for B-C
elimination) and the resultant Rh(V) intermediate readily undergoes C-N coupling with formation of
104. In contrast with Ar = 2-furanyl, B-C elimination intervenes (AG* = 10.5 kcal/mol cf. 13.3 kcal/mol
for OPiv transfer) and forms an expanded 8-membered rhodacycle. OPiv transfer (AG* = 14.6
kcal/mol) then accesses a Rh(V) species that undergoes C-N coupling to 105. The more favorable 3-C
elimination computed with Ar = 2-furanyl reflects the ability of the furan moiety to accommodate

strain in the transition state due to the intrinsically wider C'=C?-C and C-C'=C? angles.
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Figure 46. Different outcomes of the reaction of ArC(O)NHOPiv (Ar = Ph or 2-furanyl) with a
methylenepropene. Adapted with permission from Ref. 181. Copyright 2015 American Chemical

Society

Ma studied the related formation of 8-membered lactams (106, Figure 47) via coupling of allene-
enes with N-acetoxybenzamide.’® MO06(MeOH) calculations based on a [Rh(ik?-COs)Cp*] active
species indicate that the carbonate can both deprotonate the substrate and (as HCOj3") effect the
subsequent C-H activation. The latter C-H activation was found to be rate-limiting with (AG*span =
20.8 kcal/mol, AG = +5.4 kcal/mol) and this is consistent with the observations of efficient room
temperature catalysis and a significant kn/kp KIE. In contrast, no H/D exchange was seen
experimentally, even in the absence of the coupling partner, and this is at odds with the computed
endergonic C-H activation. After coordination of the allene-ene insertion of the distal allenic double
bond precedes that of the terminal alkene to form the rhodacyclic intermediates 107 and 108
respectively. The reaction is then analogous to that in Figure 44(c), with formation of a Rh(V) nitrene
via OAc transfer again preferred to 3-H transfer/N-H reductive coupling. Huang and Chen reported a
related M06(MeOH)//B3LYP study on the Rh(lll)-catalysed coupling of both cyclohexylallene and 1,1-
dimethylallene with PhC(O)NHOR (OR = OPiv, OMe).'® The computed results are consistent with the
swap in selectivity seen experimentally, with the 4-isomer (cf. Figure 45) being favored with
cyclohexylallene while the greater steric hindrance of 1,1-dimethylallene favors the alternative

insertion that leads to the 3-isomer.
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Figure 47. Rh(lll)-catalysed formation of lactam 106 via coupling of N-acetoxybenzamide with 3-
methylhexa-1,2,5-triene.'® Adapted with permission from Ref. 43. Copyright 2016, John Wiley and

Sons.

A further example of N-substituent control of selectivity was modeled by Li for the reactions of
benzamides PhC(O)NHOR (OR = OMe, OPiv) with cyclohexadienone-containing 1,6-enynes, 109,
catalysed by [RhCl,Cp*], (Figure 48).** MO06(DMF) (OR = OPiv) and MO6(DCE) (OR = OMe)
calculations characterise accessible N-deprotonation and AMLA/CMD C-H activation with overall
barriers of ca. 21 kcal/mol. Alkyne insertion then forms the 7-membered rhodacyclic intermediates
1100r. The most stable isomer of 110¢piy has a pivalate bridging across the Rh-N bond and this
facilitates C-N bond coupling (see Figure 48(a)). Cleavage of the Rh-OPiv bond effects the internal
oxidation to give 111 from which an intramolecular Michael addition forms 112. Experimentally a
significant ku/kp KIE of 6.1 is observed, while computationally the C-N bond coupling is found to be
rate-determining. However, this has a very similar barrier to that associated with the N-
deprotonation/C-H activation (21.8 kcal/mol cf. 20.3 kcal/mol). With OR = OMe (Figure 48(b)) one
site at Rh remains accessible in 110ome and so insertion of the cyclohexadienone into the Rh-vinyl
bond can form 113 from which rearrangement and protonolysis with 2 equiv of HOPiv gives 114 and
[Rh(OPiv),Cp*] (AG*span = 27.3 kcal/mol). The use of a weakly coordinating solvent such as DCE may

be significant as a more coordinating solvent might block alkene binding and insertion.
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Figure 48. Reactions of PhC(O)NHOR with cyclohexadienone-containing 1,6-enynes, showing
intermediates involved in the selectivity-determining steps; (a) OR = OPiv; (b) OR = OMe. Adapted

with permission from Ref. 184. Copyright 2016 American Chemical Society

The different outcomes of the coupling of N-pivaloxybenzamide with diazocarbenes, MeO,CC(N;)R
(R = vinyl, Ph), have been rationalised by Xia with M06(MeCN) calculations (see Figure 49).1% In this
case after the initial cyclometalation, binding of the diazocarbene followed by N, loss and insertion
into the Rh-aryl bond produces 6-membered rhodacycle intermediates of the type 115. With R = Ph
the expected oxidative cleavage of the N-O bond accesses a Rh(V)-nitrene, 116, from which C-N
reductive coupling and protonolysis give the 5-membered iso-indolinone product 117. In contrast
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when R = vinyl rearrangement via a 1,3-allylic migration permits expansion to a 8-membered
rhodacycle. N-O oxidative cleavage then forms the Rh(V)-nitrene intermediate 118 from which C-N

reductive coupling forms a 7-membered cyclic lactam 119.
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Figure 49. Different outcomes of the reaction of PhC(O)NHOPiv with diazocarbenes, MeO,CC(N;)R (R
= vinyl, Ph) showing key intermediates involved in the selectivity-determining steps. Adapted with

permission from Ref. 185. Copyright 2015 John Wiley and Sons

A number of studies have considered the Rh(lll)-catalysed functionalisation of N-phenoxyacetamide,
PhONHACc, 120, in which oxidative cleavage of the O-N bond again serves as an internal oxidant.
Houk and Wu used MO06(solvent)//B3LYP calculations to rationalise the solvent-dependent coupling
with PhCCPh that forms either enamides 121 (in MeOH) or benzofurans 122 (in CH,Cl,, see Figure
50).18¢ Reaction at [Rh(OAc),Cp*] again involves sequential N-deprotonation and AMLA/CMD C-H
activation and is computed to be readily accessible in both solvents (MeOH/CH,Cl,: AG* = 21.0/16.9
kcal/mol). The subsequent insertion of PhCCPh is rate-limiting (AG*span = 25.4/28.7 kcal/mol) and
forms a 7-membered rhodacycle Int120b at -3.3/-5.7 kcal/mol. Internal oxidation then forms a
Rh(V)-nitrene Int120c. C-N reductive coupling from this species forms a new 7-membered
rhodacycle Int120d with barriers (relative to Int120c) of only 4.3/5.1 kcal/mol; protonolysis then

releases the enamide product (121). Alternatively addition of HOAc to Int120c protonates the
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nitrene (Int120e) and permits C-O coupling with barriers (relative to Int120e) of 4.2/3.8 kcal/mol
after which protonolysis releases benzofuran 122. The very similar barriers for the competing C-N
and C-O reductive couplings suggest a close competition between the two pathways and show C-O
coupling and furan formation becomes more competitive in the less polar CH,Cl; solvent. Alternative
pathways including C-N reductive coupling at Int120b or C-O bond coupling at Int120c to give the
furan directly were shown to be uncompetitive. A further route to the furan has been proposed by Li
for the reaction with MeCCPh which inserts to form an analogue of intermediate Int120b with the
Ph substituent adjacent to Rh (M06(CH,Cl,) calculations).’®” A concerted C-O bond coupling/ N-O
bond cleavage then forms the furan with a barrier of 21.5 kcal/mol, 1.6 kcal/mol lower than for the

formation of the Rh(V)-nitrene intermediate.
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Figure 50. Key stationary points computed for the coupling of PhONHAc, 120, with PhCCPh at

[Rh(OAc),Cp]. Computed free energies (kcal/mol) are quoted relative to the reactants at 0.0
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kcal/mol. Values in plain text are computed in MeOH, those in italics are in CH,Cl,. Adapted with

permission from Ref. 186. Copyright 2016 American Chemical Society

Xia has compared the couplings of N-pivaloxybenzamide and N-phenoxyacetamide (120) with 3,3-
dimethylcycloprop-1-ene at [Rh(OPiv),Cp*] (see Figure 51(a)).’®® 18 MO06(MeOH) calculations
provide similar profiles for N-deprotonation/C-H activation with overall barriers of 21.9 kcal/mol and
21.3 kcal/mol, respectively, and this is then followed by facile alkene insertion to form 7-membered
rhodacycle intermediates. With N-pivaloxybenzamide an analogous path to that shown in Figure
44(c) is followed and forms the cyclic lactam 123. With N-phenoxyacetamide, however, the 7-
membered rhodacyclic intermediate 125 (Figure 51(b)) undergoes a preferential B-C elimination to
form an allylic intermediate 126. Protonation of the amide nitrogen then releases cyclohexa-2,4-
dienone 127 that subsequently rearranges, facilitated by the [Rh(OPiv),Cp*] catalyst, to the 2H-
chromene 124. The B-C elimination step is shown to be favored when the Rh center interacts with
the C? and C! positions in the transition state, as this orientates the bulky disubstituted C3 position
away from the {RhCp*} unit; a higher barrier of 24.3 kcal/mol is computed with the alternative
arrangement when Rh interacts with C1-C3. This pathway, in which the Rh(lll) oxidation state is
maintained throughout, also pertains with related 3-Me-3-phenylethylcycloprop-1-ene and updates

earlier work by Li on that system.®’
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Figure 51. (a) Different outcomes of the reactions of 3,3-dimethylcycloprop-1-ene with N-
phenoxyacetamide and N-pivaloxybenzamide at [Rh(OPiv),Cp*]. Adapted with permission from Ref.
188. Copyright 2015 American Chemical Society; (b) Key steps in the formation of 2H-chromene 124
with relative free energies in kcal/mol. Adapted with permission from Ref. 189. Copyright 2016

American Chemical Society

Ammonium groups are also effective internal oxidants via loss of amine by C-N bond cleavage. Using
MO6(MeCN) and B3LYP-D3(MeCN) calculations Lan, Wan and Li modelled the [Rh(OAc),Cp*]-
catalysed formation of a benzocyclopentanone from an acetophenone ammonium cation and a-
diazoesters (Figure 52).2% Active catalyst [Rh(OAc),Cp*] interacts with the ammonium salt to form a
C-bound enolate intermediate from which rate determining C-H activation proceeds with a barrier of
26.3 kcal/mol (B3LYP-D3); barriers via the O-bound enolate were 2-3 kcal/mol higher. The reaction
proceeds via diazoester coordination, N, loss and carbene insertion to give 128. NEts loss from 128
has a computed barrier of 20.7 kcal/mol (B3LYP-D3) and leads, after coordination of OAc, to 129.
The Rh(V)-carbene intermediate, 129, is isoelectronic with the Rh(V)-nitrene species mentioned
previously (e.g. Vopi, Figure 44(c)). Insertion of the carbene moiety followed by protonolysis
complete the cycle. Overall aryl C-H activation is rate-limiting and this is consistent with a significant

ku/ko KIE observed experimentally.
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Figure 52. Rh-catalysed benzocyclopentanone formation from the coupling of a-diazoesters (R =
CO,'Pr) with benzophenone ammonium salts.'®® Adapted with permission from Ref. 43. Copyright

2016, John Wiley and Sons.

Internal oxidation by N-N bond cleavage of 2-acetyl-1-arylhydrazines, 130, has been exploited in the
Rh(lll)-catalysed synthesis of indoles as studied by Lin with M0O6(DCE, D3) calculations (Figure 53).1%
After deprotonation to form Int130a, the terminal NAc group directs a two-step C-H activation with
an overall AG* of 18.8 kcal/mol. HOAc/PhCCPh exchange then gives Int130b, from which alkyne
insertion leads to Int130c vig a transition state at 29.2 kcal/mol. A facile 1,2-Rh shift followed by
HOAc-assisted H* transfer then accesses Int130e which can undergo ring closure by C-N reductive
coupling to give the Rh(l) species, Int130f. Reoxidation then occurs via N-N bond cleavage to
regenerate a Rh(lll) species, Int130g. H,NAc is then displaced by HOAc with a second equivalent of
HOAc protonating the Rh-N bond to release the indole and regenerate the catalyst. Experimentally
the reaction proceeds at 70 °C and a ku/kp KIE of 2.3 is observed and it is proposed that the
computed reverible (i.e. endothermic) C-H activation would affect the overall rate as a pre-
equilibrium prior to rate-limiting alkyne insertion. Calculations suggest that the -NH(NHAc) group is a
weaker oxidant than-NH(OAc); C-N bond coupling with alkynes is therefore possible, while that with

alkenes is inaccessible. Li and Liao drew similar conclusions in their work.'%?
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Figure 53. Key stationary points for [Rh(OAc).Cp*]-catalysed indole formation via the coupling of 2-
acetyl-1-arylhydrazine, 130, with diphenylacetylene. Free energies are indicated in kcal/mol.**

Adapted with permission from Ref. 43. Copyright 2016, John Wiley and Sons.

Liu and Bi considered the coupling of alkynes with pyrazolone, 131, to form the 2,3-diphenyl-1H-
indole derivative 132, a further example of a reaction that involves oxidative cleavage of a substrate
N-N bond (see Figure 54(a); M06(PhBr)//B3LYP calculations)).’®®* 131 lacks a heteroatom-H bond,
however, deprotonation of the backbone CH, group via TS131a is found to be accessible and, upon
HOACc release, frees up a coordination site for the (now anionic) substrate to bind. Unlike most N-H
or O-H deprotonations, this initial C(sp®)-H deprotonation proves less kinetically accessible (AG* =
19.7 kcal/mol, Figure 54(b)) than the following directed AMLA/CMD C-H activation via TS131b (AG* =
17.4 kcal/mol). Non-directed ortho-C-H activation via TS131c is also disfavored (AG* = 25.1 kcal/mol).
Insertion of PhCCPh then forms Intl31a, a 7-membered rhodacycle which undergoes C-N bond
formation to a zwitterionic Rh(l) intermediate Int131b (Figure 54(c)). N-N oxidative cleavage occurs
at this point to give Rh(lll)-nitrene Int131c which reacts with 2 equiv of HOAc to release the indole

product and regenerate [Rh(OAc),Cp*]. The N-N cleavage transition state is rate-determining with
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AG*span = 31.1 kcal/mol relative to Int131a. An alternative process via a Rh(V)-nitrene formed upon

N-N cleavage in Int131a has a barrier in excess of 50 kcal/mol.
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Figure 54. (a) Rh-catalysed coupling of alkynes with pyrazolone 131; (b) Geometries of alternative C-
H activation transition states with selected distances in A; (c) Key stationary points associated with
the alkyne insertion and N-N bond cleavage steps. Free energies are indicated in kcal/mol. Adapted

with permission from Ref. 193. Copyright 2015 The Royal Society of Chemistry.

Huang has provided a further variation of the internal oxidant theme in a study of the redox neutral
Rh(lll)-catalyzed formation of 1-aminoindolines, 134, via the intermolecular annulation of aryl-
substituted diazenecarboxylates, 133 (see Figure 55).1%* M06-2X(DCE)//MO06 calculations showed the
alternative N- or NZ%bound [Rh(OAc)(133)Cp*]* precursors to be similar in energy, but that
AMLA/CMD C-H activation is more accessible from the N>-bound form (AG* = 19.4 kcal/mol cf. 27.8
kcal/mol via the N!-bound isomer which gives a strained 4-membered metallacycle). Ethene

insertion forms a 7-membered rhodacycle, Int133a. At this point neither C-N reductive coupling nor
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B-H transfer onto N? (via a Rh-H intermediate) are accessible. Instead Int133a rearranges to Int133b
in which N* is bound to the metal center. Reductive coupling is now accessible (AG* = 11.1 kcal/mol)
with the assistance of the electronically flexible N-Boc moiety that gives a formally anionic O-bound
ligand and thus maintains the Rh(lll) oxidation state in Int133c. Protonation with HOAc releases the
coupled product and regenerates the {Rh(OAc)} catalyst. With acrylonitrile a 2,1-insertion is

kinetically preferred.
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Figure 55. Rh(lll)-catalyzed intermolecular annulation of aryl-substituted diazenecarboxylates, 133,
with alkenes. Key stationary points are indicated with free energies (kcal/mol) quoted relative to
Int133a set to 0.0 kcal/mol. Adapted with permission from Ref. 194. Copyright 2016 American

Chemical Society.

The cleavage of an N-S bond to effect the redox neutral Rh(lll)-catalyzed annulation of N-t-
butylsulfinylimine, 135, with ethyl acrylate to give 1H-isoindoles, 136, has been modelled by Lan and
Li with M11L(DCE)//B3LYP calculations (see Figure 56).1%> [Rh(OAc)(HOAc)Cp*]* is considered as the
active species in this study which, after HOAc/135 substitution, allows for an N-directed AMLA/CMD
C-H activation with AG* = 25.8 kcal/mol and AG = +1.6 kcal/mol. The reaction proceeds via HOAc/
ethyl acrylate exchange, insertion and -H transfer to form a hydrido alkene intermediate Int135a.
Deprotonation of this hydride by the —S(0)'Bu moiety releases HOS'Bu and forms a cationic Rh(lll)-

imide complex Int135b. C-N bond formation proceeds via insertion of the alkene into the Rh-imide
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bond which generates a 2° Rh-alkyl, Int135c. A HOAc-promoted 1,2[Rh]-shift to a 3° alkyl (i.e forming
a Rh-C! bond) then permits a second alkene insertion. For the first insertion the endothermic C-H
activation is rate-limiting and so consistent with the observation of H/D exchange in the absence of

alkene and a significant ku/kp KIE. AG¥span for the second insertion appears to be somewhat larger at

29.7 kcal/mol.
(0]
EtO,C
N“"'Bu [RhCl2Cp* 2
p*]2: AgSbFs
P + EtO,C7Xx \PPh
Ph~">Ph Zn(OTf)2. DCE, AcOH, 100°C  Eyo,
135 136
via Cp* Cp*

h+ Il(h

EtO,C / ‘—| BU [+11 0] EtO,C \{\l [-9.8] N

Int135a Int135b Int135¢c

+8.3 -23.3 -47.8

Figure 56. Key stationary points for the Rh(lll)-catalyzed annulation of N-t-butylsulfinylimine, 135,
with ethyl acrylate; free energies (kcal/mol) and are quoted relative to the reactants at 0.0 kcal/mol.

Adapted with permission from Ref. 195. Copyright 2016 American Chemical Society.

6.1.2. Catalytic Heterocycle Formation with External Oxidants. In the absence of an internal oxidant
this role is played by metal salts, typically Cu(OAc)..H,0 or AgOAc. In computational studies these
are often assumed to act after the reductive coupling event. Attempts have been made to model
this reoxidation, but this is challenging due to the speciation of these metal salts (and their reduced
equivalents) in solution. In principle, oxidation of the metal center could occur at any point in the
reaction mechanism and computational studies highlighting this possibility are now appearing,
especially prior to the final reductive coupling step. The assumption that oxidation occurs after
product release (or at least does not impinge on the rate-determining step within catalysis) could be

probed experimentally by checking for product formation in the absence of the oxidant.
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Davies and Macgregor modelled the oxidative coupling of 5-methyl-3-phenylpyrazole, 137, and 4-
octyne at [Rh(OAc).Cp*] using BP86(DCE) and BP86(DCE, D3) calculations (Figure 57).1%
Experimentally, H/D exchange occurs both in the absence (40% ortho-deuteration) and in the
presence of alkyne (7% incorporation). C-H activation is therefore reversible, but the reduced D-
incorporation in presence of alkyne also indicates that protonolysis of the initial cyclometallated
intermediate Int137b (via TS137a) and the onward reaction via HOAc/alkyne exchange and
migratory insertion (via TS137b) have similar rates. This feature was only captured upon inclusion of
the D3 dispersion correction, the major effect of which was to make the HOAc/"PrCC"Pr substitution
step much more accessible (AG: BP86(DCE) = +6.8 kcal/mol; BP86(DCE, D3) = -1.5 kcal/mol). The
different bulk of the two ligands involved in this process make it particularly sensitive to the
dispersion correction. Similar results were found with other approaches that incorporate dispersion

effects (e.g. M06 or B97D, or the addition of a D3 correction to other pure or hybrid functionals).
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N,
P
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137 138
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(b) H \ | -HOAc HO - HOAC
N M, N— \
Me—¢ ;N/HEAS © T+ HOAC Me / ”PrCC"PrMe / /C Me—/
N-H Activation Ligand Mlgratory
C-H Activation Subsmunon Insertion
Int137a TS137ab Int137b +6.8 Int137¢ TS137b Int137d
() {RhCp~) +4.8 +16.2 +36 - +10.4 +23.9 +5.8
BP86(DCE) 15
(ii) {RhCp*} -6.8 +14.8 21 - +0.6 +14.6 16
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(iii) {Ru(p-cymene) -8.6" +16.8 041 T S - +2.3 +11.9 +3.8
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Figure 57. (a) Rh- and Ru-catalysed oxidative coupling of 4-octyne and 3-phenylpyzazole, 137, to
form pyrazoloisoquinoline, 138. (b) Selected stationary points for (i) {RhCp*} (BP86(DCE)), (ii)
{RhCp*} (BP86(DCE, D3)) and (iii) {Ru(p-cymene)} (BP86(MeOH, D3)) with free energies (kcal/mol)

quoted relative to the reactants set to 0.0 kcal/mol in each case. 2-8.6 kcal/mol is the most stable
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point on the computed profile and corresponds to the N-deprotonated form of 137. P TS137a is the
highest point in a multi-step process that links Int137a to Int137b. Adapted with permission from

Ref. 43. Copyright 2016, John Wiley and Sons.

Useful insight was gained by comparing the behavior of the [Ru(OAc).(p-cymene)] system and so this
is discussed here. Rate-limiting C-H activation was found for both metals, with a higher free energy
span computed for Ru (25.4 kcal/mol) over Rh (21.8 kcal/mol), this being in qualitative agreement
with the higher temperatures required experimentally for Ru (120 °C in 2-methylbutanol compared
to 83 °C in DCE for Rh). For Rh a ky/kp KIE of 2.7 + 0.5 is observed and the calculations mirror this via
a two-step C-H activation process in which the C-H bond cleavage transition state, TS137agn (Figure
58), is the highest point; a corresponding KIE of 5.5 was computed. In contrast for Ru, calculations
defined a single-step C-H activation via TS137ag, Which is characterized by the «*-«! displacement of
OAc. As a result TS137ag, features minimal C-H bond stretching and a small computed KIE of only
1.2, consistent with the value of 1.1 £ 0.2 determined experimentally. This study shows that the
absence of a marked kn/kp KIE does not necessarily indicate that C-H activation is not rate-limiting,

and that this result may arise if the C-H activation transition state has a very early geometry.

kH/kD (exp) =27%05 kH/kD (exp) =11%0.2
kn/Kp (calc) = -5 Kn/Kp (calc) = 1.2
TS137agy, TS137ap,

Figure 58. Rate-limiting transition states for the C-H activation of 5-methyl-3-phenylpyrazole at
{Rh(OAc)Cp*} (TS137arn) and {Ru(OAc)(p-cymene)} (TS137agy). Key distances are shown in A along
with the experimental and computed kn/kp KIEs.'®® Adapted with permission from Ref. 43. Copyright

2016, John Wiley and Sons.
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Davies and Macgregor have also considered the C-N and C-C oxidative coupling of alkynes with 1-
phenylpyrazole, 138, using BP86(D3, solvent)//BP86 calculations.’” This substrate lacks a protic
hydrogen and so access to an AMLA/CMD directed C-H activation requires initial OAc/138
substitution to form cationic [Rh(k?-OAc)(138)Cp*]*. In addition, non-directed (intermolecular) C-H
activations were also defined at a neutral [Rh(x!-OAc),Cp*] moiety for both the ortho-C-H and the
pyrazole C5-H positions (cf. TS131c, Figure 54). The involvement of charged intermediates makes the
barriers to the directed C-H activation highly solvent-dependent, whereas those for the non-directed
processes are not significantly affected by solvent choice (see Figure 59). With ethanol and DCE
solvents the directed process and subsequent reaction with "PrCC"Pr lead to 139, where the C-N
coupling is rate-limiting (EtOH: AG*span = 22.2 kcal/mol, AG = -3.2 kcal/mol). In contrast, with PACCPh
the energetics of C-N coupling are less favorable (AG* = 27.3 kcal/mol, AG = +3.3 kcal/mol) and,
consistent with this, the corresponding 7-membered rhodacycle does not undergo this coupling
experimentally. Once formed, 139 can react via non-directed C5-H activation followed by C-C
coupling with either alkyne to form 140. In contrast, the initial reaction of 138 in xylene proceeds via
a non-directed process to give 141. The reaction in xylene stops at this point;*® however, more polar
solvents do permit a directed C-H activation to occur after which C-N coupling produces 140.
Computed barriers to C-X reductive coupling are lower for X = C than when X = N, and coupling is
also facilitated in the ’strapped’ substrates 139 and 141 by the extra strain this induces in the 7-
membered rhodacycles. With 2-phenylpyridine the initial directed C-H activation is readily accessible
(AG* = 8.8 kcal/mol in EtOH) and insertion can then occur with both alkynes. Non-directed C-H
activation of the backbone positions is then inaccessible due to the lower acidity of these positions

(AG* = 28 kcal/mol) and no further coupling is observed.
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Figure 59. Different products emerging from the Rh(lll)-catalysed coupling of 1-phenylpyrazole, 138,
with 4-octyne. Overall barriers for C-H activation at the indicated sites are provided in kcal/mol,
computed in EtOH (bold) DCE (italics) and xylene (plain text). Adapted with permission from Ref.

197. Copyright 2015 American Chemical Society.

Several other studies have investigated the formation of N-heterocycles through the Rh(lll)-
catalysed oxidative coupling with alkynes. Mascarefias and Gulias have modelled the intramolecular
annulation of an N-alkynyl-tethered benzamide 142a to give a tricyclic isoquinolone 142b with
B3LYP(MeOH) calculations (Figure 60(a)).'®® N-deprotonation and AMLA/CMD C-H activation at
[Rh(OAC).Cp*] permit an intramolecular insertion that, unusually, occurs preferentially into the Rh-N
bond rather than the Rh-C bond. This is the rate determining process and corresponds to a large
AG*pan of 36.4 kcal/mol; experimentally the reaction proceeds at 110 °C. Rodriguez, Arrayas and
Carretero have assessed competing C-H functionalisation of N-benzyl-2-picolinamides with
alkynes.?® Starting from 143 (Figure 60(b), the Cl analogue of which was characterised

experimentally) M06 calculations define reaction profiles with similar barriers for combined pyridine

91



dissociation and AMLA/CMD activation at the heteroaryl C-H? bond (AG* = 38.1 kcal/mol) and the
aryl C-H® bond (AG* = 39.0 kcal/mol). The similar barriers are consistent with H/D exchange at both
positions experimentally, although the computed barriers are rather high for the conditions
employed (1,4-dioxane/D,0, 120 °C). Subsequent alkyne insertion is more accessible after C-H?
activation and leads to an isoquinolone product. Finally, Wu, Zhang and Wang modelled the
formation of the tetracyclic species 144 via the coupling of 2,3-diphenylindole with PhCCPh at
[Rh(OACc),Cp*] (Figure 60(c)).2* MO06(MeOH)//B3LYP calculations indicate rate-limting alkyne
insertion with AG*an = 24.2 kcal/mol, consistent with a small ky/kp KIE of 1.1 determimed

experimentally.

@ 0 0 (®)
dﬁ [RhCIzCp*Jp, Cu(OAc)z N
24Metutai), 110 8C Z
Z
Ph h
1428 142b

© Ph

{_p, __[RNCCpls AgOAG
Cu(QAg)2.Hz0, DCE, 80 8c

Figure 60. Rh(lll)-catalysed reactions forming N-heterocycles: (a) formation a tricyclic isoquinolone,

142b; adapted from Ref. 199. (b) Common precursor to competing C-H activations in N-benzyl-2-
picolimamide with overall barriers indicated in kcal/mol;?® (c) Formation of tetracyclic species 144.

Adapted with permission from Ref. 201. Copyright 2014 American Chemical Society.

The non-innocence of the oxidant in determining the outcome of the [RhCl,Cp*],-catalysed coupling
of MeCCPh with benzoic acid has been highlighted by Maseras.?*? In the presence of Cu(OAc),.H,0
this reaction forms the isocoumarin product 149 whereas with AgOAc extrusion of CO, occurs and
coupling with a second alkyne gives the naphthalene derivative 147 (Figure 61). B97D(o-xylene)

calculations on the intermediate rhodacycle 145 show that, in isolation, CO, extrusion (AG* = 8.2
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kcal/mol) to 146 is more accessible than C-O coupling (AG* = 13.0 kcal/mol). However, the copper
acetate additive is proposed to intervene in the form of a [CuCl(OAc)(H.0)], dimer that forms the
bridged adduct 148 (AG = -15.3 kcal/mol). 148 is computed as a triplet with significant spin density
computed at each of the formally Cu(ll) centers. C-O bond coupling then proceeds with a barrier of
15.9 kcal/mol, making this process more accessible than CO; extrusion direct from 145. Moreover,
the computed spin densities in TS148 show a transfer of charge toward the Cu centers and are
consistent with a degree of Rh(IV) character in the transition state. This “cooperative reductive

elimination” highlights further ways in which additives may impinge on C-H functionalisation.
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Figure 61. Key steps in the Rh-catalysed reaction of MeCCPh with benzoic acid. Computed free
energies are provided in kcal/mol relative to species 145 set to 0.0 kcal/mol, with computed spin
densities indicated for structures 148 and TS148. Adapted with permission from Ref. 202. Copyright

2016 John Wiley and Sons.

The oxidative coupling of benzoic acids with alkynes at [Ir(OAc).Cp*] has been modelled by Ison
using BP86(MeOH) calculations (Figure 62(a)).2®® O-deprotonation gives [Ir(ic®:-OAc)(ic*-0,CPh)Cp*]
from which AMLA/CMD C-H activation proceeds with AG* = 19.5 kcal/mol and AG = +11.1 kcal/mol.
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HOAc/4-octyne substitution then leads to a rate-limiting alkyne insertion with AG*s.n = 30.9
kcal/mol. It is likely this barrier would be affected by the inclusion of dispersion effects since, as
detailed above, the HOAc/alkyne substitution step is particularly sensitive to these effects.'®® Upon
insertion, C-O reductive coupling gives an Ir(l) intermediate in which the isocoumarin product is
bound in an n* fashion. Oxidation with two equivalents of ‘AgOACc’ is then proposed to occur in two
steps, the first giving an Ir(l1)OAc species, atomic ‘Ag’ and releasing the organic product, the second
then regenerating the Ir(Ill)(OAc), catalyst. A related Rh-catalysed coupling of phenylphosphonates
and alkynes to give phosphaisocoumarins, 150, was reported by Zhao based on B3LYP(‘BuOH, D3)

calculations.?%
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R F_ n MeOH,60°C R NR
(b) (t)&

. OMe

©/ E)ﬁ)'\"e [RhCI2Cp*lo, AGOAC Py
R_.— R Ag,CO4, 'BUOH, 90 °C 2SR

150

Figure 62. (a) Ir-catalysed isocoumarin formation (computational study: R = Me, R’ = H);?® (b) Rh-
catalysed phosphaisocoumarin formation (computational study: R = Me).?** Adapted with

permission from Ref. 43. Copyright 2016, John Wiley and Sons.

The Rh(lll)-catalysed asymmetric spiroannulation of 3-chloro-1-phenyl-2-naphthol, 151, with PhCCPh
has been studied by Zheng and You based on a [Rh(OAc),Cp’] active species, where Cp' is a chiral
1,1'-binaphthalene-based ligand (see Figure 63(a)).2®® B3LYP(toluene, D3)//®B97X-D calculations
(with optimisations in toluene) indicate O-deprotonation of the naphthol to have a computed barrier
of 17.4 kcal/mol and to be endergonic by 10.5 kcal/mol; however, it is proposed that the
stoichiometric base, ‘K;COs5’, can drive this forward thermodynamically by removing HOAc as a
‘K2(HCO3)OAC’ cluster, making the deprotonation exergonic by 16.5 kcal/mol. A two-step AMLA/CMD

94



C-H activation then proceeds with AG* = 17.3 kcal/mol and AG = +10.6 kcal/mol, this step again
being promoted by removal of HOAc by ‘K,CO3’ (AG = -18.9 kcal/mol). This represents the lowest of
four diastereomeric pathways to form the 6-membered cyclometallated intermediate Int151a which
was found to readily interconvert between its four diastereomers. The enantiomeric induction
occurs in the subsequent alkyne binding and (irreversible) insertion steps for which a preference for
the pro-S pathway is computed (AAG* = 2.9 kcal/mol). This forms intermediate Int151b which then
accesses a C!---C? bond coupling (AG* = 14.8 kcal/mol; AG = +6.9 kcal/mol) that installs the chiral
quaternary carbon of the dearomatized product bound in Int151c. This is distinctly favored over the
alternative C-O reductive coupling (AG* = 30.4 kcal/mol). Exergonic re-oxidation by ‘[Cu(OAc).],’ then
reforms [Rh(OAc).Cp’] and releases the product (152) along with ‘[Cu(OAc)],’. As formulated, AG*span
for this process is the C-H activation step at 17.3 kcal/mol, although this value does assume facile
and rapid deprotonation after the initial O-deprotonation; if this did not occur then the energy span
for the sequential O-deprotonation/C-H activation would be 28.8 kcal/mol. The 2.9 kcal/mol
preference in the enantio-determining alkyne insertion step agrees well with an experimental
enantiomeric ratio of 97:3 in favor of the S-product and this preference is linked to a destabilising
O---0 interaction between the substrate and one methoxy substituent on the chiral ligand in the
higher energy pro-R transition state. With MeCCPh, insertion with Ph adjacent to the metal is
preferred and this is postulated to be assisted by favorable m—mn interactions between the alkyne
phenyl group and the 2-naphthol ring. Huang has reported a related study on the Rh(lll)-catalysed
coupling of 2-H,C=CRCgHsOH (153, R = H, Me) with PhCCPh (Figure 63(b)).}’° These form a 6-
membered rhodacycle analogous to Intl51a in Figure 63(a) and with R = Me B3LYP(MeCN, D3)
calculations suggest that C-C coupling and spiroannulation to 154 is kinetically favored by 3.9
kcal/mol over C-O reductive coupling that would give the benzooxepine product 155. In contrast,
when R = H, C-O coupling has the lower barrier by 2.1 kcal/mol. This swap is in accord with
experimental observations and is thought to relate to increased steric hindrance in the C-O bond
forming transition state when R = Me. In this case an additional metallacyclopropene intermediate
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was located on the C-C bond formation pathway and a related mechanism was also invoked for the

Ru-catalysed spiroannulation of naphthols and alkynes (see Section 8.1).
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Figure 63. (a) Spiroannulation of 3-chloro-1-phenyl-2naphthol, 151, with PhCCPh at a [Rh(OAc),Cp’]
active species. Key stationary points are indicated with free energies (kcal/mol) quoted relative to
Intl51a plus free PhCCPh set to 0.0 kcal/mol. Adapted with permission from Ref. 205. Copyright
2016 American Chemical Society. (b) Competing outcomes of the reaction of 2-H,C=CRC¢H,OH, 153,

with PhCCPh. Adapted with permission from Ref. 170. Copyright 2016 John Wiley and Sons.

The mechanism of Rh(lll)-catalysed C-H functionalization of quinoline N-oxide, 19, with PhCCPh to
form 156 has been studied by Li and Lan with M11L(1,4-dioxane)//B3LYP calculations (Figure 64).2%
In this case a new heterocyclic ring is not formed, but the mechanism is closely related to the others

covered in this section and so is discussed here. Starting from the cationic solvent adduct, [Rh(k?-
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OAc)(1,4-dioxane)Cp*]* in which the exchange of OAc by 1,4-dioxane is assumed, substitution of 1,4-
dioxane by 19 then allows the N-oxide oxygen to act as a directing group for an AMLA/CMD C-H
activation (AG* = +23.3 kcal/mol; AG = +7.4 kcal/mol). HOAc/PhCCPh substitution and migratory
insertion into the Rh-C bond forms rhodacycle Int19a which then undergoes C-O bond forming
reductive coupling to give tricyclic species, Int19b (AG* = +24.6 kcal/mol; AG = +0.4 kcal/mol). Rather
than dissociate, Int19b accesses a very facile N-O oxidative cleavage to form Int19c, thus completing
a net O atom transfer from N to C via Rh. Rearrangement of Int19c to Int19d allows product release
via protonation with HOAc with an overall barrier of 23.4 kcal/mol. This final step is endergonic and
regenerates the [Rh(OAc)(1,4-dioxane)Cp*]* active species; as such the energy span in this case links
Int19d to the reductive coupling transition state in the subsequent cycle and has a value of 29.5

kcal/mol. With MeCCPh insertion is favoured such that the Ph group is adjacent to Rh.
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Figure 64. Rh(lll)-catalysed alkenylation of quinoline N-oxide, 19, with PhCCPh to form 156. Key
stationary points are indicated with free energies (kcal/mol) quoted relative to Int19a set to 0.0

kcal/mol. Adapted with permission from Ref. 206. Copyright 2015 John Wiley and Sons.

Related mechanisms have been characterised by Yu for the enantioselective indoline formation from
phenylnitrones and PhCCPh,?°” and by Zhou, Yang and Zhu for the coupling of 1-naphthylamine N-

oxides, 157, with diazo compounds to give 1H-benzo[glindolines 158 (Figure 65).2°% The latter
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reaction requires activation of both a C(sp?)-H and a C(sp®)-H bond and MO6(DCE) calculations
indicate an initial C(sp?)-H activation is preferred via a [Rh(OAc)(k'-0-157)Cp*]* precursor and an
overall barrier of AG* = 28.4 kcal/mol. a-diazomalonate addition and loss of N, forms a Rh-carbene
which inserts into the Rh-aryl bond to form the 6-membered rhodacycle Int157a. C(sp®)-H activation
then occurs via an external CMD in which acetate removes a proton that is geminal to the agostic C-
H bond via TS157 with a barrier of 20.1 kcal/mol. A transition state for a non-metal assisted C(sp3)-H
deprotonation proved to be 13.6 kcal/mol less accessible. Int157b features a k3-0,C,C-ligand but
direct C-C coupling at this point has a significant barrier of 47.5 kcal/mol. Instead N-O bond cleavage
is postulated to form a Rh=0 species, Int157¢ (AG* = 31.9 kcal/mol, AG = -1.0 kcal/mol), protonolysis
of which releases an iminium cation that undergoes off-metal intramolecular C-C bond formation.
Protonation of the Rh=0 unit by HOAc is assumed to regenerate [Rh(OAc),Cp*]. Overall N; loss from
the diazocarbene is rate determining and equates to a computed AG¥an of 34.0 kcal/mol, rather

large given that experimentally catalysis proceeds efficiently at 60 °C.
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Figure 65. Rh(lll)-catalysed coupling of 1-naphthylamine N-oxide, 157, with an o-diazocarbene to
give 1H-benzo|glindoline 158. Key stationary points are indicated with free energies (kcal/mol)
quoted relative to Int157a set to 0.0 kcal/mol. Adapted with permission from Ref. 208. Copyright

2015 John Wiley and Sons.

Lan and Huang have studied the Rh(lll)-catalysed oxidative cyclocarbonylation of ketimines, 159, to
give 3-methylene-isoindolin-1-one 160 using M11-L(toluene)//B3LYP calculations (see Figure 66).2%°
The ketimine is proposed to access the cycle as its enamine tautomer, 159%, allowing facile N-
deprotonation and AMLA/CMD C(sp?)-H bond activation to form cyclometallated Int159a (AG* = 28.8
kcal/mol). This then tautomerises on the metal to give Int159a* with subsequent migratory insertion
of CO into the Rh-aryl bond. Coordination of a second CO molecule precedes facile C-N bond
coupling to form the product, 160, and [Rh(CO),Cp*]. The latter is assumed to be re-oxidised to

[Rh(OAC).Cp*] by [Cu(OACc)].
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Figure 66. Rh(lll)-catalysed oxidative cyclocarbonylation of ketimine 159. Key stationary points are
indicated with free energies (kcal/mol) quoted relative to [Rh(OAc),Cp*] and the reactants set to 0.0

kcal/mol. Adapted with permission from Ref. 209. Copyright 2016 American Chemical Society.

6.1.3. Direct Functionalisation. Rh(lll)-catalysed direct functionalisation, the net replacement of a C-
H bond by a C-R group, has been modelled with a variety of coupling partners. Studies of

alkenylation are most prevalent and an example has already been mentioned in Section 6.1.1 as an
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alternative outcome of the reaction of benzamides fitted with an internal oxidant (see Figure 44).17°
C-C bond formation has been modelled with diazocarbenes, allyl and aryl precursors, although direct
arylation is far less common than in Pd catalysis. Direct C-C bond formation is also seen in the
reactions of N-oxides with alkynes, and these were covered in Section 6.1.2 due to the mechanistic

similarity of this process with heterocycle formation (see Figure 64).

One of the first computational studies of direct alkenylation came from Huang and Fu who used a
MO6(THF)//B3LYP protocol to model the Rh(lll)-catalyzed oxidative Heck coupling of aryl carbamates
with alkenes (see Figure 67, where THF presents a similar dielectric to the tetrahydropyran (THP)
solvent used experimentally).?!° The reaction of m-tolyldimethylcarbamate, 161, with ethyl acrylate
was assumed to proceed from a 16e [Rh(OAc)Cp*]* precursor with the substrate binding via the
carbamate oxygen (Int161a, 0.0 kcal/mol). This then reacts preferentially at the less hindered ortho-
position via a one-step C-H activation with a computed barrier of 22.2 kcal/mol. Loss of HOAc gives
the 6-membered metallacycle, Int161b, at +7.9 kcal/mol, which then undergoes 2,1-insertion with
ethyl acrylate with an overall barrier of 11.9 kcal/mol to produce the 8-membered rhodacycle,
Intl61c, at -5.5 kcal/mol. B-H transfer to Rh(l)-H intermediate, Int161d, is endergonic (AG* = 16.9
kcal/mol; AG =+17.0 kcal/mol), with product release presumed to occur in the presence of the
Cu(OAc); oxidant. Rate-limiting C-H activation is therefore proposed, and while this would be
consistent with an intramolecular ku/kp KIE of 3.1 the computed AG*sn of 22.2 kcal/mol is perhaps
rather low for the experimental conditions (24 hours at 110 °C).2!! One possible reason for this may
be that the energetic cost of OAc dissociation from [Rh(OAc).Cp*] to form the unsaturated
[Rh(OAC)Cp*]* precursor has not been taken into account. An alternative mechanism featuring initial
C-H activation of the ethyl acrylate was also modelled but found to have a higher barrier in excess of

25.1 kcal/mol.
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Figure 67. The Rh-catalysed reaction of ethyl acrylate with m-tolyldimethylcarbamate, 161, with
selected stationary points; free energies (kcal/mol) are quoted relative to Intl6la set to 0.0

kcal/mol.2*® Adapted with permission from Ref. 43. Copyright 2016, John Wiley and Sons.

Davies and Macgregor have also modelled the related couplings of 5-methyl-3-phenylpyrazole, 137,
with methyl acrylate and styrene at [Rh(OAc),Cp*] (Figure 68(a), BP86-D3(DCE) calculations).?'?
Starting from alkene analogues of the previously discussed cyclometallated intermediate (137c,
Figure 57),% 2,1-insertion was computed to be preferred for both alkenes, with a slightly lower
barrier for methyl acrylate than for styrene (approximately 20 kcal/mol and 23 kcal/mol
respectively). The rhodacyclic products are sufficiently flexible that B-H transfer can occur to give
both the cis and trans alkene products, with the experimentally observed trans isomers (162) being
favoured both kinetically and thermodynamically. For methyl acrylate the overall barriers for C-H
activation and the subsequent alkene insertion were computed to be similar, whereas with styrene
insertion is clearly rate-limiting. Huang and Wang modelled the reaction of dimethyl-2-
vinylcyclopropane-1,1-dicarboxylate with N-methoxybenzamide (Figure 68(b), MO06(CFs;CH,0OH)
calculations). This proceeds by a reversible C-H activation with a barrier of 21.4 kcal/mol followed by
rate-limiting 2,1-insertion with a free energy span of 26.1 kcal/mol.?*? In this case further reaction
via B-H elimination and ring opening of the cyclopropane forms 163. The coupling of allyl carbonate
at a cyclometallated N-sulfonyl ketimine has also been modelled, although the C-H activation step

was not itself considered in this case.?'*
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Figure 68. Rh-catalysed alkenylations: (a) 5-methyl-3-phenylpyrazole, 137, with H,C=CHR (R = Ph,
CO;Me);#*? (b) N-methoxybenzamide with dimethyl-2-vinylcyclopropane-1,1-dicarboxylate.?!?

Adapted with permission from Ref. 43. Copyright 2016, John Wiley and Sons.

Li and Liao have also modelled the reactions of N-phenoxyacetamide, 120, with styrene and N-
tosylhydrazone to give the 1,2 and 1,1-diarylalkenes 164 and 165 respectively, see Figure 69.1%
MO6(solvent) calculations provide similar profiles in both EtOH and toluene for the initial
cyclometallation to give the common intermediate 166. With styrene a 2,1-insertion is followed by
the mechanism outlined in Figure 44(b), i.e. B-H transfer and N-H reductive coupling to Rh(I) amine
intermediate Int164a, followed by N-O oxidative cleavage with transfer of the NHAc group onto Rh
(Intl64b) and protonolysis by HOAc to release 164. The oxidative cleavage is rate-determining with
AG*san = 28.8 kcal/mol, and this process is shown to be kinetically favored by 3.1 kcal/mol over
formation of a Rh(V)-nitrene species. The endothermicity of the initial cyclometallation is proposed
to contribute to the observed ku/kp KIE seen experimentally. In the presence of base N-
tosylhydrazone forms an a-diazocarbene and this species reacts with intermediate 166 to form
Int1l65a and, after insertion, the stable 6-membered rhodacycle, Int165b. The most accessible
pathway then involves NAc transfer to Rh to form a Rh(V)-nitrene, Int165c, which rearranges to give

the Rh(lll) species Int165d that features a methylenecyclohexadienone moiety. H* transfer from the

Me group to nitrogen reinstates aromaticity in Int165e, and protonation releases the alkenylated
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product 165. The internal oxidation is again rate-determining with AG¥an = 21.1 kcal/mol. A Rh(lll)-
Rh(I)-Rh(lll) pathway is therefore favored with styrene, but a Rh(lll)-Rh(V)-Rh(lll) pathway dominates

with N-tosylhydrazone.
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Figure 69. (a) Reactions of N-phenoxyacetamide, 120, with styrene and N-tosylhydrazone to give
diarylalkenes 164 and 165 respectively; [Rh] = RhCp*; (b) key stationary points with free energies
(kcal/mol) quoted relative to [Rh(OAc),Cp*] plus the organic reactants set to 0.0 kcal/mol. Adapted

with permission from Ref. 192. Copyright 2016 The Royal Society of Chemistry.

Zhao and Wang?®® have used PBEO(PhBr, D3BJ) calculations to model the direct arylation of
PhC(O)N'Pr, with bromobenzene as reported by Glorius (167 to 168, Figure 70).2%¢ Starting from a
[Rh(k%-OPiv)(k-0-167)Cp*]* precursor an AMLA/CMD ortho-C-H bond activation occurs in one step

(AG* = 20 kcal/mol; AG = +10.6 kcal/mol). HOPiv/PhBr exchange forms an adduct in which the PhBr
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binds in a n’-fashion through the para-C. Several possible para-C-H activation pathways were then
considered, with non-pivalate-assisted processes (oxidative addition or H-transfer onto either the
benzamide oxygen or the Cp* ligand) being ruled out. Instead deprotonation of the para-C-H bond
via an external pivalate was computed to have a barrier of only 6.9 kcal/mol and forms
[Rh(167')PhCp*]. C-C coupling then proceeds with a barrier of 28.0 kcal/mol. The authors designate
this C-H activation reaction as an S¢3 process, similar to that proposed by Jutand,?!”?!8 although no
specific computational evidence is presented to support this and the calculated transition state
geometry resembles an external CMD. Further calculations show meta-C-H activation is slightly less
accessible (AG* = 29.2 kcal/mol) and experimentally a 2.8:1 meta:para selectivity is seen; computed

kn/kp KIEs of around 3.6 also compare well with experimental values.

0 0
@)‘\Nipr2 [RhCI2Cp*]2, AgSbFe: Cu(OAc)2 O NiPr,
HOPiv, CsOPiv, PhBr, 120-140 °C O
167 168 Br

(meta @nd para)

Figure 70. Rh(lll)-catalysed direct arylation of PhC(O)N'Pr, with bromobenzene modelled by Zhao

and Wang. Adapted with permission from Ref. 215. Copyright 2015 American Chemical Society.

Lan and Li have modelled the Rh(lll)-catalysed amination of benzo[h]quinoline, bzq, with anthranils,
169, using M11-L(DCE)//B3LYP calculations (Figure 71).%'° Starting from a 16e [Rh(OPiv)Cp*]*
precursor, binding of bzq followed by an AMLA/CMD C-H activation proceeds with a barrier of 14.8
kcal/mol and, after HOAc/anthracil (with R = R’ = H) exchange, leads to key intermediate Int169a at -
2.0 kcal/mol. Of several pathways that were considered, amination via N-O bond cleavage and
formation of the Rh(V)-nitrene intermediate Int169b proved most accessible. Nitrene insertion into
the Rh-aryl bond proceeds with an overall barrier (relative to Int169a) of 21.8 kcal/mol. Protonolysis

of the resultant amide by HOPiv releases the final product. Analogues of Int169a and Int169c were
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characterised experimentally with R = Cl, R” = Ph. With this substrate the computed barrier (in CHCl3)
for the conversion of Int169a to Int169c is 27.9 kcal/mol and this compares favorably with an

experimental value of 24.9 kcal/mol.

\ / [RhCl2Cp*]2; AgSbFs, Cu(OAc)2
HOPiv, DCE, 100 °C
4A molecular sieves
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-2.0 +10.1 -39.8

Figure 71. Rh(lll)-catalysed amination of bzq with anthranils, 169. Key stationary points (with R =R’ =
H) are indicated with free energies (kcal/mol) quoted relative to the reactants set to 0.0 kcal/mol.

Adapted with permission from Ref. 219. Copyright 2016 John Wiley and Sons.

6.2 Intramolecular C(sp®)-H Bond Activation

Relatively few computational studies on carboxylate-assisted intramolecular C(sp®)-H activation at
Rh or Ir have been reported, although one example, the external CMD of an C(sp®)-H bond in 1-
naphthylamine N-oxide (157, Figure 65) modelled by Zhou, Yang and Zhu, has already been
mentioned.?®® Morokuma has considered the [RhCl,Cp*],-catalyzed C(sp3)-H bond functionalisation
of 8-methylquinoline (8mgq) with alkynes (Figure 72).22° Experimentally,? H/D exchange occurs in
the absence of alkyne when Cu(OAc); is present, but is not observed when the alkyne is available.
This indicates rate-limiting C-H activation which is confirmed by a significant kx/kp KIE of 4.0. The
cyclometallated intermediate [Rh(8mq')CICp*] was also isolated experimentally. Initial B3LYP-
D3(DMF) calculations were based on the formation of a contact ion-pair, [Rh(k!-OAc)(8mq)Cp*]OAc,
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that features a C(sp®)-H---Rh agostic interaction. From here an external CMD was found to be most
accessible and proceeds to form [Rh(8mq')(kx*-OAc)Cp*].HOAc with AH* = 10.7 kcal/mol and AH = -
21.6 kcal/mol. These energetics are, however, incompatible with reversible H/D exchange. Instead
the authors propose that Cu(OAc); is present in DMF as trans-[Cu(k'-OAc),(DMF),] and that, as a
result, there is no free acetate available in solution. C-H activation is therefore postulated to occur at
[Rh(CI)(8mq)Cp*]* with trans-[Cu(k!-OAc)(DMF),] acting as an external base via one of the acetate

C=0 groups. The computed energetics of this step (AH* = 26.4 kcal/mol; AH = -0.8 kJ/mol) would be
consistent with reversible C-H activation. Subsequent alkyne insertion proceeds after ClI" dissociation
from the cyclometaled intermediate. One feature of this study is the high exothermicity computed
for CI/OAc exchange: for example [Rh(8mq')(OAc)Cp*] is 17.3 kcal/mol more stable than
[Rh(8mq')CICp*], although only the latter species is observed experimentally even in the presence of
excess OAc. This also contrasts with other experimental studies that suggest ClI/OAc exchange in
MeOH to be near to equilibrium;'’* computationally the energetics of anion exchange have also
been shown to be sensitive to the inclusion of diffuse functions in the basis set.'”> Further
exploration of these issues would therefore be of interest. A related work by Wang considered a
directed C(sp®)-H activation of 8mq at [Rh(OAc),Cp*], but without prior OAc loss. B3LYP(DMF)
calculations provide a barrier of over 50 kcal/mol, confirming the importance of creating a vacant

site at the metal center for formation of the M-aryl bond.??

Ph
H Ph.
N . /Ph [RhCl2Cp*]2 Cu(OAC)2.H20 Ny
| ph" o |
P DMF, 80 °C _
8mq

Figure 72. Rh(lll)-catalyzed C(sp®)-H bond functionalisation of 8-methylquinoline, 8mgq, with PhCCPh.

Adapted with permission from Ref. 220. Copyright 2015 John Wiley and Sons
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A study of intramolecular C(sp®)-H activation involving the Ir(lll)-catalysed direct arylation of
ketoximes has been reported by Xia and Shi who used M06(cyclohexane, D3) calculations to model
the reaction of butan-2-one-O-methyl oxime, 170 (R = H), with Ph,IOTf (see Figure 73).2® Of a
number of cationic [Ir(X)(k-N-170)Cp*]* precursors considered (X = k!-N-NTf,, k2-OPiv or k%-OTf) the
most accessible AMLA/CMD pathway for B-C(sp®)-H bond activation was for X = OTf (AG* = 24.1
kcal/mol, AG = +13.0 kcal/mol, relative to a [Ir(k*-N-NTf)(x-O-Ph,IOTf)Cp*]* precursor). Oxidation
with PhIX was computed to be most accessible when X = NTf,, with Ph* transfer to the Ir center
proceeding with a barrier of only 9.4 kcal/mol, followed by addition of the NTf, anion to form
intermediate Int170. C-C coupling then readily occurs with a barrier of 9.1 kcal/mol. The overall
computed reaction profile implies rate-limiting C-H activation with AG¥p.n = 24.1 kcal/mol,
consistent with a reported ky/kp of 4.0. The alternative sequence involving initial Ph* transfer and
then C-H activation was ruled out. No reaction with the substrate 170 when R = Me is observed
experimentally and calculations show not only increased barriers for the C-H activation at [Ir(OTf)(k-
N-170)Cp*]* but also that Ph* transfer would become rate-limiting in these cases, with AG¥;pan = 32.8

kcal/mol and 37.1 kcal/mol for -C-H and y-C-H functionalisation respectively.
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Figure 73. Ir(Ill)-catalysed direct arylation of ketoximes with Ar,IOTf (Ar = Ph in the computational

study). Adapted with permission from Ref. 223. Copyright 2015 American Chemical Society.

To this point examples of carboxylate-assisted intramolecular C-H activation at Rh and Ir have
depended on a heteroatom directing group. A variation on this theme has been eluciated by Bera in

a joint experimental and computational study of the acetate-induced activation of the allylic C(sp®)-H
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bonds in the cyclooctadiene (COD) ligand.?** This process, in which one of the C=C double bonds may
be viewed as a directing group, is seen in the reaction of [Ir(u-OAc)(COD)], with 3-(pyrid-2-yl)-
imidazolium bromides that leads to the unexpected product 171 in which the COD has isomerised to
a C-H activated k!-n3-binding mode (see Figure 74). In contrast, the methoxide-bridged precursor
gave the un-isomerised product 172. B3LYP calculations indicated initial C-H activation of the
imidazolium C2-H bond occurs via a concerted oxidative addition and gives a hydrido alkene
intermediate 173. This features a k>-OAc ligand that then undergoes a two-step acetate-assisted C-H
activation via an agostic intermediate from which allylic C-H bond cleavage proceeds via TS173 with
an overall barrier of 18.1 kcal/mol. The subsequent insertion of the second alkene moiety into the Ir-
H bond in 174 then leads to the formation of the observed product 171. The short Ir---H and Ir---C
contacts in TS173 suggest this allylic C-H activation is a genuine AMLA/CMD-type process in which

metal and intramolecular base work in concert to effect the C-H bond cleavage.
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Figure 74. Reactions of [Ir(u-X)(COD)], (X = OMe, OAc) with 3-(pyrid-2-yl)-imidazolium bromides
(exp: R = mesityl; calc: R = Me); key stationary points in the COD isomerisation highlighting C(sp®)-H
activation transition state TS173 with selected distances in A. Adapted with permission from Ref.

224. Copyright 2015 American Chemical Society.
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Further mechanistic studies on this carboxylate-induced COD isomerisation were performed by Kunz
on the related [Ir(CAC)(COD)]* system, 175, where CAC is a chelating bis-NHC ligand (see Figure
75).2% Experimental studies showed that formation of the isomerised product 176 requires donor
solvents such as MeCN and is catalysed by acid. Intermediate 177 was also isolated in CH,Cl; when R
= CF; and shown to react on to form 176 in MeCN. Moreover, H/D exchange was shown to occur
exclusively at the four Hengo positions. BP86-D3 calculations on 177 (with R = CHs) indicate that, after
an initial isomerisation, alkene insertion into the Ir-H bond can form agostic intermediate Int177
with an overall barrier of 12.7 kcal/mol and AG = +8.1 kcal/mol. A facile AMLA/CMD allylic C-H
activation with a barrier of 2.7 kcal/mol then leads, after HOAc/MeCN substitution, to 176 (AG = -
10.8 kcal/mol c¢f. 177). The observation of H/D exchange at the endo positions is consistent with C-H
activation being an intramolecular AMLA/CMD and argues against an external CMD. The alternative
C-H activation/alkene insertion sequence (operative in the Bera system??*) was ruled out in this case

as the initial allylic C-H activation has a high barrier of 28.4 kcal/mol.
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Figure 75. Carboxylate-induced COD isomerisation in [(CAC)IrCOD]*, 175, with key stationary points
and free energies (kcal/mol) relative to 177 set to 0.0 kcal/mol. Adapted with permission from Ref.

225. Copyright 2015 American Chemical Society.
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[Rh(CAC)I2(OAc)] complexes (where CAC = bidentate ‘normal’ and ‘abnormal’ NHCs linked by a -
(CH2)s- unit) exhibit C(sp®)-H activation of the linker’s central CH, group. This process occurs more
readily with the abnormal NHCs, and BP86(MeCN) calculations suggest these induce an easier pre-

dissociation of iodide, rather than having any direct effect on the AMLA/CMD C-H activation step.2%®

6.3 Intermolecular C(sp?)-H Activation

Following on from their pioneering work on the C-H activation of benzene® Periana and Goddard
revisited the cis-[Ir(acac),(x%-0,CR)] system (R = CHs, CFs) to rationalise observed differences in the
H/D exchange reactions of benzene. With R = CH; multiple H/D exchange gives higher CsHe.nDn
species, whereas with R = CFs only a single H/D exchange event occurs to form CeHsD.??’
B3LYP(HOACc) calculations indicate that when R = CHs the reaction proceeds via the rate-limiting
formation of cis-[Ir(acac),(x!-0,CR)(n?-CsHe)] (AH* = 23 kcal/mol, see Figure 76). Subsequently
AMLA/CMD C-H activation occurs via a transition state at +21 kcal/mol. H/D exchange at the
resultant HOAc ligand and a reversal of these steps would then generate C¢HsD. However, in this
case further C-H activation is shown to be more accessible than arene loss (AAH* = 2 kcal/mol), and
so several H/D exchange events occur before the arene eventually dissociates. In contrast when R =
CFs (calculated in TFAH), the initial addition of C¢Hs is much easier (AH* = 5 kcal/mol) and the C-H
activation transition state lies above this at 10 kcal/mol. Hence, only a single H/D exchange occurs as
the arene will readily dissociate as CsHsD. A computed difference of 13 kcal/mol between the two
overall barriers agrees well with experiment, although the computed values are both ca. 5 kcal/mol

too low.
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Figure 76. Computed reaction profiles (kcal/mol) for H/D exchange of benzene at cis-[Ir(acac),(k?-

0,CR)] (R = CHs, CF3). Adapted with permission from Ref. 227. Copyright 2015 American Chemical

Society.

H/D exchange of benzene has also been reported by Gunnoe and Goddard at [(N,N)Rh(TFA)(TFAH)]
complexes, where N,N = bidentate diazobutadiene (178a) or bis(2-oxazolin-2-yl) ligands (178b).?%
(MO6(TFAH)//B3LYP) calculations showed similar overall barriers for an initial oxidative addition or
for TFAH/benzene substitution and an AMLA/CMD C-H activation. For 178a (the most active species
experimentally) AG*an is computed to be 30.9 kcal/mol at 498 K and is consistent with an observed
turnover number of 450 after two hours at 423 K (AG*san = 27.4 kcal/mol). Jones has modelled both
the C(sp?)-H and C(sp?)-H activation reactions of isopropylbenzene at [M(bdmpza)Cls] complexes (M

= Rh, Ir; bdmpza = bis-(3,5-dimethylpyrazol-1-yl)acetate and this will be discussed below in Section

6.4.72°
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Gorelsky and Woo have compared the C-H activation of benzene at [Ir(Ph)(k?-COs)(PMes)(py)] with
that of the heterocycles 2-methoxythiophene, 2,3-dimethylfuran and N-methylindole.
B3LYP(toluene) calculations showed that the lowest energy C-H activation pathway involved
isomerisation of square-pyramidal [Ir(x*-CO3’)(Ph)(PMes)(py)] with an axial Ph ligand to a structure
featuring an axial pyridine which forms an n?-C-H adduct with the approaching benzene molecule
(AG = +26.7 kcal/mol). C-H activation thus places the new phenyl group trans to the low trans
influence pyridine. Unusually, assistance by the carbonate ligand is achieved whilst maintaining a 12-
binding mode throughout and so proceeds via a 4-membered AMLA/CMD transition state (TS179,
Figure 77). Similar transition states were located for the heterocycle substrates and the computed
reactivity and selectivity patterns were consistent with experimental observations.?° Lapointe and
Gorelsky also modelled the C-H activation of benzene at [Ir(CO5)(PMes)Cp*] and

[Rh(OAc)(PMes)Cp*] as part of their analysis of the CMD process at Pd centres.*’
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Figure 77. Computed transition state for C-H activation of benzene at [Ir(k2-COs’)(Ph)(PMes)(py)]
with selected distances in A; computed barriers for the C-H activation of (hetero)arene substrates at
[Ir(x2-CO3’)(Ph)(PMes)(py)] are also indicated in kcal/mol. Adapted with permission from Ref. 230.

Copyright 2011 John Wiley and Sons.

A comparison of the C-H activation of benzene and ethene at an [Ir(i®>-OAc)(PMes)Cp]* model species
was presented by Davies and Macgregor using BP86 calculations.?! Both substrates undergo a two-
step C-H activation in which the initial k2-k!-displacement of OAc is rate-limiting with overall barriers

of 28.4 kcal/mol and 26.3 kcal/mol respectively. With benzene an n?-adduct is formed at +22.9
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kcal/mol from which C-H activation has a barrier of 5.2 kcal/mol to give [Ir(Ph)(HOAc)(PMes)Cp]* at
+16.6 kcal/mol. A similar profile was characterised with ethene, albeit with a more stable n?-adduct
(+9.9 kcal/mol) that increases the barrier to C-H activation to 15.0 kcal/mol.

[Ir(CaH3)(HOAC)(PMes)Cp]* is formed at +10.7 kcal/mol.

6.4 Intermolecular C(sp3®)-H Activation

Goddard and Periana have investigated the C-H activation of methane at the Ir(TFA)2(NNC) complex
180 in TFAH (where NNC is a cyclometallated 6-Ph-2,2’-bipyridine ligand), a key step in catalytic
formation of CF;CO,Me (Figure 78).232 B3LYP(TFAH) calculations indicate complementary energetics
between the k%«!-displacement step (AH = +14.9/+3.9 kcal/mol trans to TFA/N?) and the
subsequent C-H cleavage step (AH* = 7.2/19.3 kcal/mol; all values computed at 453 K). Thus the
overall barrier via TS180a (+22.1 kcal/mol) is lower with Ir-Me bond formation trans to TFA and
forms 181 at +16.8 kcal/mol. This compares with overall barriers of 23.2 kcal/mol with Ir-Me bond
formation trans to N? via TS180b to give 182, and 24.2 kcal/mol for H transfer onto the aryl ring of

the NNC ligand.

TN < N (T N s -
~~,,,,O TFA=" | “"CHj
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Figure 78. Key stationary points in the C-H activation of methane at the Ir(TFA),(NNC) complex 180;
relative enthalpies computed at 453 K are given in kcal/mol and selected distances in A. Adapted

with permission from Ref. 232. Copyright 2009 The Royal Society of Chemistry.
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Jones has demonstrated that [M(bdmpza)Cls]” complexes (M = Rh, Ir; bdmpza = bis-(3,5-
dimethylpyrazol-1-yl)acetate) induce H/D exchange at both the arene C(sp?)-H and the B-alkyl C(sp?)-
H bonds of alkylbenzenes in TFAH.??® B3LYP(HOAc) calculations were employed to model H/D
exchange processes in iso-propylbenzene, starting from [Rh(bdmpza)(k2-0,CCFs)(C¢HsPr)]*, 183
(Figure 79) featuring the arene bound in an 1n?-C-H fashion through one ortho-C-H bond. 183 is a
precursor to both ortho-C(sp?)-H activation (AG* = 23.2 kcal/mol) and B-alkyl-C(sp3)-H activation (AG*
= +32.3 kcal/mol) and these computed values agree well with experiment. Activation of the o-C-H
bond is much less accessible (AG* = 44.1 kcal/mol), and indeed no H/D exchange was observed at
that site. All three processes go via similar AMLA/CMD transition states which differ primarily in
their computed Rh---C distances (C(sp?)-H: 2.16 A; B-C(sp?)-H: 2.29 A; a-C(sp?)-H: 2.39 A). Competing
C(sp?)-H and C(sp®)-H bond activation of a-pyridinium and a-imidazolium esters (e.g. 184) at
[IrCl,Cp*]./NaOAc was modelled by Cross.?* M06(CH,Cl,)//B3LYP calculations characterised a non-
directed C-H activation process initiated from H-bonded adducts formed at the {Ir(x*-OAc).Cp*}
fragment. The observed C(sp®)-H activation was computed to be favored kinetically over the
thermodynamically more stable C(sp?)-H activation, albeit with rather large barriers in excess of 40

kcal/mol.
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Figure 79. Competing C-H activation processes at [Rh(bdmpza)(k?-0,CCF3)(CsHs'Pr)]*(183)%° and a-
imidazolium ester (184);2** computed free energy barriers are indicated in kcal/mol. Adapted with

permission from Ref.44. Copyright 2016 Springer International Publishing.
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As part of their drive to develop new catalysts for CHs to CH3;OH conversion, Nielsen, Goddard and
Gunnoe have assessed the C-H activation of methane at a range of Rh-complexes featuring various
bi- and tri-dentate ligands. Initial work?** adopted an MO06//B3LYP protocol for reactions in both
water and TFAH and indicated an amidinate ligand with three CsFs substituents (as in 185) in TFAH
solvent gave the most accessible C-H activation (AG* = 27.6 kcal/mol relative to 185 and a free
proton). The mechanism entailed TFAH/CH4 exchange and an AMLA/CMD C-H activation involving
one of the TFA ligands. The electron withdrawing amidinate ligand promotes this reaction by
enhancing c-donation from the methane C-H bond. Computed Rh-Me bond strengths were a good
indicator of the trend in the C-H activation barrier heights. Functionalization of the Rh-Me complex
(via nucleophilic attack of TFA at the bound methyl group) had a barrier of 36.8 kcal/mol. This result
is solvent-dependent, however, with the relative energies of the C-H activation and nucleophilic
attack transition states swapping when re-computed with a model formed in water (AG* = +35.0 and

33.3 kcal/mol respectively).
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In a later study the reactivity of a variety of [Rh(TFA)s(bis(quinolinyl)benzene)] complexes, 186, was
assessed. In this case the parent system (X = Y = H) gave the lowest barriers for both H;C-H bond
activation and the subsequent functionalization with TFA (AG* = 33.4 kcal/mol and 35.8 kcal/mol
respectively).?®> Experimental studies highlighted H/D exchange in the Me substituents of an o-
xylene-based ligand (Y = H, X = Me)?*® and MO6(TFAH)//B3LYP calculations showed this unusual
‘remote’ C(sp®)-H bond activation proceeds via deprotonation by a Rh-bound TFA ligand. This results
in dearomatization of the xylyl moiety and concomitant metalation at the para position giving 187 at

+4.8 kcal/mol. AH* was calculated to be 22.4 kcal/mol, and compares with an experiment value of 21
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+ 2 kcal/mol. Nielsen and Goldman have also studied H/D exchange at the benzylic position of
mesitylene at [Ir(O,CR),(H,0)(Phebox)] complexes (R = CHs, CFs, see Figure 80).23” B3LYP(mesitylene)
calculations define pathways where C-H activation via TS188 is rate-limiting and these provide a
lower barrier in the case of the TFA system, consistent with the somewhat greater H/D exchange
activity seen experimentally in that case (130 °C, 12 hrs in mesitylene). This study also highlighted a
background H/D exchange at the mesitylene aryl positions in the absence of catalyst. This
phenomenon was also identified by Goddard and Gunnoe who performed experimental and
computational (MO6(TFAH)) studies that demonstrate proton-catalysed H/D exchange in acidic
media via a Wheland intermediate.?®® This study highlights that care is required when interpreting
the observation of arene H/D exchange in acidic media.
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Figure 80. Computed transition states for C(sp®)-H activation of mesitylene at
[Ir(0,CR)2(H20)(Phebox)] complexes (R = CHs, CFs); with selected distances in A. Adapted with

permission from Ref. 237. Copyright 2015 American Chemical Society.
7. Cobalt

The first computational study of a carboxylate-assisted C-H activation at Co was reported by
Matsunaga and Kanai in their 2014 study of the {Co(lll)Cp*}-catalysed formation of pyrroloindolones
via coupling of alkynes with N-dimethylcarbamoyl-indole, 189.%° B3LYP calculations probing C-H
activation at the 2-position indicated the presence of two different agostic intermediates on a very

flat energy profile. The highest lying transition state equates to a rearrangement between these two
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species and corresponds to an overall barrier of 20.5 kcal/mol. The C-H cleavage transition state,
175189, is only slightly more stable at +19.4 kcal/mol and the geometry of this species is shown in
Figure 81. H*-transfer onto the Co-bound oxygen is a much higher energy process (AG* = +36.5
kcal/mol). These free energies are relative to a [Co(OAc)(x-O-189)Cp*]* precursor in its singlet state.
However, a spin triplet precursor is computed to be just 1.0 kcal/mol less stable with C-H activation
on the triplet surface proceeding in a single step via 3TS189 with a barrier of 20.9 kcal/mol. 3TS189
features a somewhat later geometry than TS189 with a longer C---H distance (1.35 A), as well as a
noticeable elongation of the Rh-O bond to the carbamoyl directing group. C-H activation is
endergonic with AG = +12.0 kcal/mol (singlet) or +15.6 kcal/mol (triplet), and this accords with H/D
exchange being seen experimentally but without the observation of any cyclometalated
intermediates. The proximity of the two surfaces emphasizes the importance of taking into account
different spin states with a first row transition metal. The greater activity of the {CoCp*} catalysts
over {RhCp*} species observed experimentally was attributed to a higher computed polarity of the
Co-C bond that is suggested to promote the final reductive coupling step. In a subsequent study the
C-H allylation of N-pyrimidin-2-yl indole with allylic alcohols was modelled with B3LYP(D3)

calculations, although in this case the C-H activation step was not considered computationally.?4

Olﬂ/ 0% 02_'1,5—/(1301'\940
Me,N—(72.08 / Me,N—(72.08
? £ H &/ \% H&/
\ 26 1-36 \ T35 126
\ 1TS189 N\ 3TS189
+19.4 kcal/mol +20.9 kcal/mol

Figure 81. Transition states for C2-H activation of N-dimethylcarbamoylindole, 189, at
[Co(OACc),Cp*], computed in the singlet (1TS189) and triplet (3TS189) states; free energies are in
kcal/mol and selected distances are in A.2*®> Adapted with permission from Ref.44. Copyright 2016

Springer International Publishing.
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Wei and Niu have characterised an AMLA/CMD C-H activation with an acrylamide containing a
bidentate aminopyridine-N-oxide directing group at both Co(ll) and Co(lll) metal centres, where
these were computed with the MO06-L functional with optimisation in MeOH solvent as a doublet
and as a singlet respectively (see 2190" and '190).2** C-H activation in both species proceeds in a
single step (2190°: AG* = 28.0 kcal/mol, AG = +14.0 kcal/mol; *190: AG* = 37.0 kcal/mol, AG = +12.0
kcal/mol) and the magnitude of these barriers lead the authors to propose an alternative mechanism
based on a single electron transfer process to be operative in this case. Alkyne insertion and C-N
reductive coupling from the resultant 7-membered cobaltacycle was studied by Macgregor and
Ackermann at a related Co(ll) species, 191, using BP86(TFE, BJD3) calculations.?*? This study did not
consider the C-H activation step, but does highlight the accessibility of higher spin states for both the
Co(ll) and Co(lll) oxidation states. Prior oxidation to Co(lll) greatly facilitates C-N coupling with amide

nitrogen which proceeds on the triplet surface.
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C(sp®)-H bond activation has also been modelled at a Co(lll) centre by Sundararaju as part of a
mechanistic study on the alkenylation of 8-methylquinoline (8mgq) with alkynes.?** The proposed
precursor to C-H activation is an ion-pair [Co(OAc)(8mq)Cp*]OAc. B3LYP-D3 calculations indicate a
barrier of only 2.5 kcal/mol for an external CMD where a C-H bond geminal to an agostic C-H bond is
deprotonated, and this is clearly favoured by 11.4 kcal/mol over an intramolecular AMLA/CMD
process. The C-H activation is exergonic (AG = -22.1 kcal/mol) consistent with the absence of any
H/D exchange experimentally. This large exergonicity is relatively unusual for the C-H activation step

at Group 9 centers and it would be of interest to confirm this result when the effects of solvent and
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a larger basis set are included. The analogous process at [Rh(OAc)(8mq)Cp*]OAc was discussed in

Section 6.3).2%°

8. Group 8

Compared to the extensive work on Groups 9 and 10 species relatively few computational studies on
carboxylate-assisted C-H activation at Group 8 systems have been published. Moreover, those that
are available are almost exclusively concerned with Ru, and we are only aware of one study on Os
and none on Fe. The following discussion of Group 8 systems is therefore split into two sections, the
first on intramolecular carboxylate-assisted C-H activation and the second on intermolecular

carboxylate-assisted C-H activation.

8.1 Intramolecular C-H Activation

Roithova has reported a combined ESI-MS and DFT study analysing the products of the reaction of 2-
phenylpyridine (ppy) with [RuCly(n-CsHe)]2 in MeCN in the presence of HOAc and NEt;.”* A parent ion
at m/z 394 is assigned to [Ru(k?-OAc)(ppy)(n-CeHs)]" on the basis of a comparison of observed and
computed infrared spectra. Collision-induced dissociation (CID) of HOAc occurs with an energy of
27.0 £ 0.7 kcal/mol, indicating facile C-H activation in the CID experiment. A parent ion at m/z 394
was also seen with 3-phenylpyridine; in this case CID was dominated by loss of the 3-phenylpyridine
moiety although evidence for some HOAc loss (hence C-H activation) was also seen, albeit with a
much higher energy of 40.9 + 0.7 kcal/mol. B3LYP(D2) calculations characterise a [Ru(k!-
OAc)(ppy)(n-CeHe)]* intermediate at +14.3 kcal/mol which undergoes AMLA/CMD C-H activation
with a minimal further barrier of 1.0 kcal/mol. The overall C-H activation process is endothermic (AH
= +3.3 kcal/mol). B3LYP(D2) gives a computed HOAc dissociation enthalpy from [Ru(k?-OAc)(ppy)(n-

CeHe)]* of 33.9 kcal/mol, hence somewhat overestimated compared to experiment.

As described in Section 6.1.2 Davies and Macgregor have modeled the oxidative coupling of 5-

methyl-3-phenylpyrazole, 137, with 4-octyne at both [Ru(OAc):(p-cymene)] and [Rh(OAc).Cp*] (see
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Figure 82).1°° For the Ru system the key details are a computed AG*sp.n of 25.4 kcal/mol which
encompasses both N-deprotonation and a one-step rate-limiting AMLA/CMD C-H activation. The low
experimental ku/kp KIE of 1.1 + 0.2 was reproduced computationally (1.2) and could be reconciled by
the very early geometry of the transition state: this equated to the k2-x! displacement of OAc and so
exhibits minimal C-H bond elongation. This study emphasized the importance of treating dispersion
effects and this was also highlighted by Chen in a benchmarking study based on C-H bond cleavage
in a [Ru(x!-0,CH)(k!-0,CPh)(n-CeHs)] model system. B3LYP-D3 and ®B97X-D gave the overall best

performance against the results of high level CCSD(T)-F12 calculations.t”®
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Figure 82. Ru-catalysed oxidative coupling of 3-phenylpyrazole, 137, and 4-octyne to form a
pyrazoloisoquinoline, 138; the rate-determining transition state is shown with key distances in A.

Adapted with permission from Ref. 196. Copyright 2014 American Chemical Society.

The range of species that have been shown computationally to participate as internal bases in the
AMLA/CMD process has been extended by Ackermann who reported an M06L(toluene) study on the
cyclometalation of ppy at a model [Ru(Cl)(PMe,=0)(ppy)(n-CeHs)] species.?** This is the first step in a
catalytic arylation process and involves initial chloride dissociation to form an ion pair with a vacant
site for C-H activation. This then proceeds with assistance by the dimethylphosphinite oxygen,
passing through a 5-membered AMLA-5/CMD transition state TS192. The overall barrier is 24.7
kcal/mol and the cyclometalated product, which features a P-bound dimethylphosphinous acid
ligand is exergonic by 4.8 kcal/mol. As part of their survey of the factors promoting the activation of
N,N-bidentate directing groups (see Section 4.1), Huang, Wang and Chen included the C(sp?)-H bond
activation reactions of N-(quinolin-8-yl)benzamide (31) and N-(pyridin-2-ylmethyl)-benzamide (32) at
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a model [Ru(OAc),(PHs)s] species.’? A related study considered C(sp®)-H activation®® with similar

trends to those computed with [Ni(OAc):] and [Pd(OAc).] being seen in both cases.
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MO06(MeOH) calculations were used by Lledds and Urriolabeitia to model the oxidative coupling of 2-
butyne with benzylamines, 193, at [Ru(OAc),(p-cymene)], (Figure 83).2* Starting from [Ru(OAc)(p-
cymene)] OAc/amine substitution initially forms a contact ion-pair, Int193a, in which the displaced
acetate H-bonds to the amine. From here external CMD via TS193 at 24.6 kcal/mol was computed to
be 2.3 kcal/mol more accessible than an alternative intramolecular AMLA/CMD process.
Displacement of OAc by 2-butyne gives Int193c, which undergoes insertion to give a 7-membered
ruthenacycle that can rebind OAc to give the saturated intermediate Int193d. The most accessible
pathway for C-N bond formation necessitates both loss of OAc and N-decoordination such that the
liberated amine can act as a nucleophile at the bound Ru-alkenyl. OAc remains H-bonded to the
amine during this process, which has an overall barrier (relative to Int193d) of 28.8 kcal/moland
leads to a protonated 1,2-dihydroisoquinoline bound to a Ru(0) metal centre (Int193e). Oxidation of
both these components completes the cycle and releases the isoquinoline product (although these
steps were not modelled). Overall, no unique rate-determining process could be defined, the Gibbs
energy barrier to C-H activation (25-27 kcal/mol) being only slightly lower than those for insertion
and C-N bond formation (each ca. 29 kcal/mol). Experimentally, the reaction required heating to ca.
100 °C. Related profiles were also computed for 1-naphthylmethyl, 2-methylallylamine and 2-

thiophenemethylamine. Zhang and Rao have also compared the alternative intramolecular
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AMLA/CMD C-H activations of N-methyl-N-phenylbenzamide, 21, at a [Ru(TFA)(k-0-21)(p-cymene)]*

intermediate (see Section 4.1) with MO6(HOAc)//B3LYP calculations.”
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Figure 83. (a) Ru-catalysed oxidative coupling of 2-butyne with benzylamine, 193, to form 3,4-
dimethylisoquinoline; (b) transition state for C-H activation via an external CMD with key distances
in A; (c) Selected stationary points with free energies in (kcal/mol) quoted relative to the reactants at

0.0 kcal/mol.?* Adapted with permission from Ref. 43. Copyright 2016, John Wiley and Sons.

The coupling of 1-phenyl-2-naphthol, 194, with PhCCMe has been modelled by Huang using
B3LYP(D3, 1,4-dioxane) calculations (see Figure 84).27° Initial O-deprotonation proceeds with an
overall barrier of 18.6 kcal/mol and is approximately thermoneutral (AG = +0.4 kcal/mol), although
the loss of HOAc (modelled via reaction with ‘K,COs’ to form ‘KOAc’ and ‘KHCOs’) drives this forward
thermodynamically (AG = - 18.7 kcal/mol). A one-step AMLA/CMD C-H activation of a phenyl ortho-
C-H bond then has a barrier of 23.9 kcal/mol and is initially rather endergonic (AG = +18.2 kcal/mol).
However, loss of HOAc via reaction with ‘K,CO3’ is again considered to drive this through to give in
this case the 16e cyclometallated intermediate, Int194a, at -19.7 kcal/mol. Alkyne insertion into the
Ru-C bond produces a 8-membered ruthenaacycle Int194b in which the Ph substituent is adjacent to
Ru; the transition state for the alternative regioselectivity is 5.4 kcal/mol higher in energy. Both

direct C'-C3 bond formation (AG* = 39.3 kcal/mol) and C-O reductive coupling (AG* = 55.7 kcal/mol)
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are disfavored from Int194b. Instead, rearrangement to a metallacyclopropene intermediate Int194c
(AG* = 17.0 kcal/mol) provides a low energy route to the spiroannulated product that is bound to Ru
in Int194d. The initial C-H activation is rate-limiting (AG*span = 23.9 kcal/mol) and the degree of C-H
elongation in this structure (C---H = 1.35 A) suggests it would be consistent with the significant ky/kp

KIE observed experimentally.
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Figure 84. Ru(ll)-catalysed spiroannulation of 1-phenyl-2-naphthol, 194, with PhCCMe; [Ru] = Ru(p-
cymene) giving 195. Selected stationary points are indicated with free energies (kcal/mol) quoted
relative to the reactants at 0.0 kcal/mol. Adapted with permission from Ref. 170. Copyright 2016

John Wiley and Sons.

Yu and Wang have studied the mechanism of the formal dehydrative [4 + 2] cycloaddition of
enamides with alkynes to form substituted pyridines (see Figure 85(a)).**® Using
MO6(toluene)//B3LYP calculations, adducts of the form [Ru(k*-OAc),(196)(n®-CsHs)] were located in
which 196 (with R! = H and R? = R = Me, Figure 85(b)) is bound either through the carbonyl oxygen
(set to 0.0 kcal/mol) or the C=C double bond (at +1.0 kcal/mol). A non-directed CMD activation of
the alkenyl C-H bond proceeds from the latter with an overall barrier of 18.2 kcal/mol to give, after
HOACc loss, a 6-membered ruthenacycle Int196a, at +3.8 kcal/mol. Decoordination of the carbonyl

moiety permits MeCCPh to bind and the subsequent insertion generates Int196b at -8.2 kcal/mol.

123



The transition state with Ph adjacent to Ru is 4.4 kcal/mol below that for insertion with Me beside
Ru. Rearrangement of Int196b allows insertion of the carbonyl group into the Ru-C(Ph) bond to give
Int196¢. These steps correspond to an energetic span of 29.1 kcal/mol. Protonolysis then releases

Int196d that undergoes off-metal dehydration to give the pyridine product 197.
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Figure 85. (a) Ru(ll)-catalysed dehydrative [4 + 2] cycloaddition of enamides, 196, with alkynes to
form substituted pyridines; (b) selected stationary points with free energies in kcal/mol quoted
relative to [Ru(OAc),(k-0-196)(n-CsHe)] (with R! = H and R? = R® = Me) set to 0.0 kcal/mol. Adapted

with permission from Ref. 246. Copyright 2015 American Chemical Society.

McMullin, Williams and Frost have used BP86(2-Me-THF, D3BJ) calculations to study the [RuCl,(p-
cymene)],-catalysed alkenylation reaction of 3-phenyl-2-oxazolidinone, 198, with methyl acrylate,
with free energies reported at 120 °C and corrected for concentration effects (see Figure 86).2%
Starting from a cationic carbonyl-bound [Ru(k?-OAc)(kx-0-198)(p-cymene)]* adduct at 0.0 kcal/mol,
the lowest energy pathway involves a two-step AMLA/CMD C-H activation (AG* = 13.4 kcal/mol, AG
= +4.0 kcal/mol) with the k2 k*-OAc displacement transition state lying 1.4 kcal/mol above that for
C-H bond cleavage. HOAc/methyl acrylate substitution accesses a 2,1-insertion with a barrier of 13.5
kcal/mol and gives an 8-membered ruthenacycle Int198a at -4.7 kcal/mol. Barriers for the
alternative 1,2-insertions are ca. 5 kcal/mol higher. B-H transfer then proceeds via initial

rearrangement to a -agostic intermediate Int198b from which B-H transfer occurs with a minimal
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barrier to form Int198c at +2.1 kcal/mol in which the trans-alkenylation product, 199, is bound to the
Ru center. The energetic span therefore corresponds to the formation of the agostic intermediate
prior to the B-H transfer with AG*san = 15.3 kcal/mol and this step has a negligible computed k/kp
KIE. Experimentally a KIE of around 2 is observed, however, and the factors that may impact this are

discussed.
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Figure 86. Ru(ll)-catalysed alkenylation of 3-phenyl-2-oxazolidinone, 198, with methyl acrylate along
with selected stationary points (free energies in kcal/mol quoted relative to the [Ru(x2-OAc)(k-O-
198)(p-cymene)]* at 0.0 kcal/mol). Adapted with permission from Ref. 247. Copyright 2016 American

Chemical Society.

Prabhu has studied the ortho-C-H functionalisation of acetophenone, 200, with N-substituted
maleimides, 201 (see Figure 87(a)).?*® Using an M06(DCE)//B3LYP protocol with optimisation (with R
= Me) including the effects of DCE solvent, an initial [Ru(k!-OAc),(k-0-200)(n-CsHs)] adduct Int200a
is located at 4.0 kcal/mol above the separated reactants (see Figure 87(b)). From here an
AMLA/CMD C-H activation is characterised with unusually, both OAc ligands remaining bound to the
metal center, rather than dissociation of one OAc ligand to form a cationic intermediate. Instead an
n®-n? slippage of the benzene ligand occurs during the C-H activation (see TS200) to permit the new
Ru-C bond to form. This process has a modest overall barrier of 17.4 kcal/mol and entails HOAc

dissociation to give Int200b at +0.9 kcal/mol in which the benzene has reverted to an n®-binding
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mode. Insertion of N-methylmaleimide into the Ru-aryl bond (again with n®n? benzene slippage)
then forms Int200c at -20.5 kcal/mol. The rigid bicyclic structure of this species does not permit 3-H
transfer and so an alkenylation product is not formed. Instead protonolysis by HOAc is accessible
(AG* = 21.5 kcal/mol, AG = -9.3 kcal/mol) and gives Int200d, which upon release of 202 regenerates

the [Ru(OAc)2(n-CsHs)] active species.

(a) 0
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NMe
+ [ N-R [RuClz(P-cymeme)]2, AgSbFe
Cu(OAc)2.H20, HOAc, H,O
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Figure 87. (a) Ru(ll)-catalysed ortho-C-H functionalisation of acetophenone, 200, with N-substituted
maleimides, 201; (b) selected stationary points (kcal/mol, relative to [Ru(OAc).(n-CsHe)] and the free
reactants set to 0.0 kcal/mol). Adapted with permission from Ref. 248. Copyright 2016 American

Chemical Society.

The direct arylation of a bidentate 8-aminoquinoline substrate, 203, has been modelled by Lan using
M11-L(toluene)//B3LYP calculations (see Figure 88).2*° The reaction is postulated to proceed via
displacement of the p-cymene ligand by 203 followed by N-deprotonation. A carbonate-assisted

AMLA/CMD C-H activation (AG* = 20.6 kcal/mol, AG = -1.5 kcal/mol) then produces Int203 from
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which oxidative addition of PhBr proceeds with AG*,.n = 34.2 kcal/mol. This energetic span is made
up of HCO57/PhBr exchange (AG = +28.1 kcal/mol) followed by a relatively facile Ph-Br activation step
(AG* = 6.1 kcal/mol). The high endergonicity of HCOs™ loss may reflect the low polarity of the toluene
solvent. Facile C-C reductive coupling and protonolysis with an incoming substrate molecule releases
the product 204. The alternative sequence (i.e. initial PhBr oxidative addition followed by

introduction of 203) was computed to have a significantly higher barrier.

° ©iig L
- PPh N
H | [RuClz(P-cymeme)]2, 3 o /(g
’ N Na,CO;,, PhBr, toluene, 130 °C H

203 Int203
(L= PPh3)

Figure 88. Ru(ll)-catalysed direct arylation of 203 with PhBr. Adapted with permission from Ref. 249.

Copyright 2016 American Chemical Society.

Houk and Grubbs have carried out detailed studies on the cyclometallation reactions of 2"
generation Grubbs’ catalysts bearing bulky NHC ligands.?*® Starting from 205a, C-H activation
requires two Cl/OPiv substitutions to give 205b, as well as displacement of the axial benzylidene
oxygen to access 206 (Figure 89). MO6(THF)//B3LYP calculations then show C-H activation proceeds
via an AMLA/CMD mechanism to give 207. The computed overall barrier (relative to 205b) and kx/kp
KIE (23.5 kcal/mol and 6.5 respectively) are in good agreement with experimental values (22.2 £ 0.1
kcal/mol and 8.1 + 1.7). Alternative C-H activation mechanisms at a mixed OPiv/Cl complex, involving
an equatorial OPiv, or with OPiv acting as an external base all proved less accessible. The presence of
two OPiv ligands is important as one of these can act as a k2-spectator that stabilizes the Ru centre.
The positioning of the active OPiv in an axial site also accounts for the diastereoselectivity of this
C(sp®)-H bond activation. In comparison, C(sp®)-H activation of the mesityl substituent is less
accessible (AG* = 27.7 kcal/mol) as the required rotation around the N-Mes bond is hindered by the

NHC backbone. C(sp®)-H activation of an N-'Bu substituent is, on the other hand, predicted to be
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accessible (AG* = 15.2 kcal/mol). Further calculations on analogues of 205b with X = OAc, PhCOy

showed the overall barrier to C-H activation to increase as the basicity of the carboxylate is reduced.

@’Iﬁhm]@ﬂujﬁ [+235] @/\I
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Figure 89. C(sp®)-H activation in a Grubbs’ catalyst with computed free energies in kcal/mol.>°

Adapted with permission from Ref.44. Copyright 2016 Springer International Publishing.

These cyclometalated systems proved to be highly effective as Z-selective alkene metathesis
catalysts and this prompted a systematic study of the formation of a range of analogous
cyclometallated species at the equivalent bis-OPiv Ru fragments 205, (see Figure 90).2°* Moving from
methylene C-H activation in the 1-adamantyl system (205s, AG* = 23.5 kcal/mol) to the more
hindered methine C-H bond in the 2-adamantyl analogues 205g (with Ar= Mes or DIPP) resulted in
increased barriers of ca. 28 kcal/mol. For the norbornyl substituent in 205¢, endo-C-H activation to
form a 5-membered ruthenacycle (AG* = 22.5 kcal/mol) is favored over the formation of a 6-
membered species via C-H activation at the methyl substituent (AG* = 27.7 kcal/mol) or the remote
exo-C-H bond (AG* = 32.0 kcal/mol). In contrast, formation of a 4-membered product is accessible
with the acyclic diaminocarbene ligand in 205p as the more open architecture of this ligand allows
for deformation in the C-H activation process. C-H activation of ligand 205¢ is inaccessible, however,
and this is proposed to be due to both the formation of a 6-membered ruthenacycle and a
stabilisation in the ground state due to a lack of steric encumbrance around the sulfur centre. The

origin of the Z-selectivity was also considered although this is beyond the scope of this review.?*?
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Figure 90. Different NHC ligands used in the study of intramolecular C(sp®)-H activation at species
205.; overall barriers are reported in kcal/mol at the varuious sites indicated. Adapted with

permission from Ref. 251. Copyright 2015 American Chemical Society.
8.2 Intermolecular C-H Activation

Holscher and Leitner have used calculations in the design of catalysts for benzene carboxylation
based on Ru(PCNCP)(O,CPh), complexes, where PCNCP is a tridentate pincer ligand (see Figure
91).2 Surprisingly, this was found experimentally to prefer a fac-coordination mode over the
targeted mer-geometry and this was confirmed with M06L(benzene) calculations that found the fac-
isomer to be 6.1 kcal/mol more stable. The computed reaction profiles then illustrate the
importance of both the carboxylate -k -displacement and the C-H cleavage steps in contributing to
the overall barrier to C-H activation. For the fac-isomer k?!-displacement is relatively easy (AG* =
19.6 kcal/mol) as the Ru-O bond is labilized by being opposite the relatively high trans influence
phosphine. By the same token C-H cleavage step is then difficult (AG* = 22.8 kcal/mol) as the new
Ru-Ph bond must now develop trans to the phosphine. For the mer-isomer k2-x!-displacement with
Ru-O dissociation trans to pyridine is now much harder (AG* = 25.5 kcal/mol) but the subsequent C-
H bond cleavage is easier (AG* = 13.5 kcal/mol). After loss of benzoic acid, CO, insertion via
transition states at 26.7 kcal/mol (fac) and 29.6 kcal/mol (mer) complete the cycle. Overall for the
fac-isomer the C-H cleavage step is therefore rate-limiting (AG*san = 38.7 kcal/mol) while for the
mer-isomer this is the k?-k!-displacement step (AG*span = 25.5 kcal/mol, where this is relative to the

mer-isomer at +6.1 kcal/mol). Moving to PONOP analogues (i.e. swapping the CH; linkers with O)
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makes the mer-isomer 0.1 kcal/mol more stable than the fac due to the ability of the O linker to
participate in conjugation with the central pyridine ring. Free energy spans of 31.9 kcal/mol and 26.3
kcal/mol are computed for the fac- and mer-isomers respectively. Earlier B97-D calculations on the
mer-isomers indicated barriers were also affected by the phosphine substituents (R = 1-pyrrolidinyl <
Ph < 'Bu) and could also be reduced by introducing electron withdrawing substituents para to the

pyridyl nitrogen of the tridentate ligand.?*
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Figure 91. Computed reaction profiles (kcal/mol) for C-H activation of benzene at fac- and mer-
Ru(PCNCP)(02CPh), complexes; details of the computed C-H activation transition states are provided
with selected distances in A. Adapted with permission from Ref. 253. Copyright 2014, The Royal

Society of Chemistry.

The carboxylate-assisted activation of the C(sp)-H bond in phenylacetylene has been modelled by
Lynam and Slattery as a key step in the alkyne/vinylidene isomerisation at [Ru(OAc),(PPhs),].%>
PBEO//BP86 calculations characterise the formation of an initial m-bound adduct, trans-[Ru(x!-

OAc)(k2-OAc)(HCCPh)(PPhs),] from which an alternate C-H c-complex lies only 1 kcal/mol higher in
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energy. Facile AMLA/CMD C-H activation then proceeds via TS206 to form trans-[Ru(i?-
OAC)(CCPh)(HOAC)(PPhs);] (AG* = 1.2 kcal/mol; AG = -8.4 kcal/mol). The HOAc thus formed can then
deliver a proton to the B-carbon of the acetylide to form a vinylidene ligand in an overall process

that the authors term a ‘ligand-assisted proton shuttle’ (LAPS).
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One example of AMLA/CMD C-H activation at osmium has been reported, in Nielsen and Periana’s
study of catalytic H/D exchange of benzene at complexes bearing neutral tridentate PyBox ligands,
L.2%¢ Using M06(HOAC)//B3LYP calculations a chloro-bridged dimer, [Os(u-Cl)(OAc)L], was proposed
as the resting state in acetic acid and this first breaks up into [OsCl(k*OAc)L] monomers (AG = +5.6
kcal/mol). k%-«!-displacement of OAc by benzene costs a further 19.2 kcal/mol before AMLA/CMD C-
H activation proceeds through a 6-membered transition state at +32.0 kcal/mol to form

[OsCI(HOACc)(Ph)L] at +18.4 kcal/mol.
9. Discussion

Over the period of this review (late-2009 to mid-2016) the body of computational work on
carboxylate-assisted C-H activation at Group 8-10 metal centers has reinforced the AMLA/CMD
concepts that were developed at the end of the last decade. In this view a Lewis acidic metal center
and an intramolecular basic ligand combine to facilitate C-H bond cleavage via C-H deprotonation.
More recently variations of this pattern have been proposed: in particular, an external base may also
perform the deprotonation (‘external CMD’) or a protic solvent molecule may act as a base before
relaying a proton to a remote, terminal carboxylate. Both electron-rich and electron-deficient

aromatic substrates can react via an AMLA/CMD pathway and the carboxylate-assisted activation of
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C(sp®)-H bonds is readily accommodated within this framework. The AMLA/CMD concept also
extends to other chelating bases that can play the role of the intramolecular base. It is even
operative in main group systems: for example TI(OTf); activates simple alkanes via this
mechanism.?”?® To date, when a carboxylate (or related base) has been shown to facilitate an
AMLA/CMD C-H activation there has been no clear computational evidence to implicate a Wheland
intermediate. The traditional SeAr mechanism therefore appears not to be involved in these

carboxylate-assisted C-H bond activations.

Carboxylate-assisted C-H activation generally entails two processes: first the creation of a vacant site
at which a new M-C bond can form, and then the cleavage of the C-H bond. The commonly used
metal precursors are saturated complexes such as 16e [Pd(OAc),] or 18e [M(OAc),Cp*] (M = Rh, Ir)
or [Ru(OAc),(arene)] all of which feature k2-OAc ligands. The energetics of the k?-«! displacement of
OAc or the dissociation of an OAc anion can therefore contribute significantly to the overall barrier
for C-H activation. With substrates featuring a protic directing group the reaction is often initiated
with a proton transfer onto a bound OAc ligand to form HOAc. This can then more readily dissociate
from the metal center and thus facilitate the overall C-H activation process. This strategy contributes
to the efficacy of the commonly used bidentate directing groups such as 2-amidoquinoline, as well
as MPAA co-ligands. With non-protic directing groups OAc/substrate exchange is normally required
resulting in the formation of cationic organometallic intermediates and a dissociated OAc anion.
Polar solvents may therefore facilitate this process and, computationally, modelling the energetics of
anion dissociation requires care, as this has been shown to be highly basis set dependent. Within the
context of catalysis these OAc protonation and exchange steps are often central to the generation
(and regeneration) of the active species and it is therefore important that these routine processes

are fully taken into account in any computational model.

A clear trend in recent computational work is the modelling of full catalytic cycles that incorporate a

carboxylate-assisted C-H activation. This also reflects experimental developments where catalytic C-
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H functionalisation is increasingly exploited as a practical tool in organic synthesis. A significant
proportion of the articles summarised here combine computational and experimental results and
often include the full molecular structure of the catalyst and substrates used experimentally in the
computational model. The large size of these models makes a treatment of dispersion effects
mandatory for the computation of reasonable energetics. The advent of dispersion-corrected DFT
has highlighted the initially counterintuitive observation that the introduction of bulky substituents
can be a stabilising factor.?>® Apparently simple processes such as ligand dissociation or substitution
reactions are therefore particularly sensitive to the methodology adopted and the energetics of

these steps can have a significant effect on the overall shape of a reaction profile.

The use of large models, coupled to the routine treatment of implicit solvation, entropy and
temperature effects have allowed computation to reflect more closely the conditions used in
experiment. Among the most insightful studies are those that feature a two-way dialogue between
computation and experiment, i.e. where computation is used not only to rationalise experimental
observations but also where experimental data are used to test the validity of the computational
methods and/or chemical models used in the calculations. Substrate H/D exchange is commonly
used to provide insight into the C-H activation process. The observation of H/D exchange implies an
endergonic carboxylate-assisted C-H activation to form (in the case of acetate) an HOAc adduct,
followed by an efficient H/D exchange with solvent and deuteration of the M-C bond (i.e. the reverse
of the initial C-H activation). However, other processes may intervene to trap out the initial HOAc
adduct, for example substitution of HOAc by another species (ligand, solvent molecule or substrate)
or deprotonation of HOAc to form a more stable OAc adduct. Indeed several studies have postulated
that this is the role played by the stoichiometric bases, generally carbonate salts, that are present in
experimental catalytic protocols.t?* 145 170 |f these alternative processes are efficient then H/D
exchange may not be observed experimentally, even though the initial C-H activation process is

endergonic. Intimate knowledge of these ligand exchange and deprotonation steps from
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computation would therefore be extremely valuable, although these are challenging to calculate,

not least because of the difficulty in modelling inorganic salts in organic solution (see below).

Another widely used experimental technique is the determination of ky/kp KIEs. Such data can be

d*® and so insight from computation is particularly useful. In many cases the

misinterprete
computed energy surfaces associated with carboxylate-assisted C-H activation are rather flat and
may feature an agostic intermediate, in particular for intramolecular AMLA/CMD C-H activation. The
two transition states around this intermediate equate to the k*- k! displacement of OAc and the
subsequent C-H bond cleavage. The former generally exhibits little C-H elongation and so if it is
higher in energy then only a small (if any) kw/kp KIE would be anticipated. Thus the lack of a
significant ky/kp KIE experimentally does not necessarily mean that the C-H activation process is not
rate-limiting. As pointed out by Hartwig?®° the position of the C-H activation transition state relative
to the overall rate-determining transition state is also important. The ability of computation to place
the energetics of a C-H activation process into the context of an overall reaction profile is therefore
invaluable. For example, AMLA/CMD transition states that contribute to a pre-equilibrium prior to

the rate-limiting step may still contribute to a significant KIE if they exhibit significant C-H bond

elongation.

Another strength of computational modelling lies in its ability to define the details of a catalytic
cycle. Ideally, these multi-step processes can then be interpreted in terms of the energetic span
model. However, computation often reveals the difficulties in identifying a single “rate determining
step” within a catalytic cycle: several components within a cycle may have a similar energetic span
and this can complicate the chemical interpretation; moreover the presence of multiple pre-
equilibria that are subject to concentration effects exacerbates the situation. As a result it may be
difficult to equate experimental observations such as a given selectivity or a ku/kp KIE to a single
transition state or barrier. One recent development is to tackle these problems through the use of

kinetic modelling. Here a kinetic model is constructed on the basis of the computed profile that also
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supplies the necessary energies to provide an overall rate of reaction. This approach also allows
concentration effects to be taken into account. Those studies that have applied kinetic modelling to
processes featuring a carboxylate-assisted C-H activation show a lot of promise, and have
highlighted the very subtle relationship between the computed energetics and the observed
outcomes.'*>8% The availability of reliable computed energetics is therefore essential. One aspect of

157,125,87,254,256

this, as discussed by several authors here, is the well-known difficulty of using free

energies computed in the gas-phase to interpret reactions that, experimentally, proceed in solution.

Two further important aspects of catalysis based on carboxylate-assisted C-H activation that are only
now beginning to be tackled are the roles played by additives and oxidants. Both classes of species
are often simple inorganic metal salts and the speciation of these salts in organic solvents needs
some clarification. Experimental insight into this issue would be particularly valuable. To date some
computational studies have adopted cluster models in which ions are solvated by a small number of
explicit solvent molecules.® Alternatively M,CO; or CsF additives are simply described in calculations
as molecular ion-pairs. Such models may exaggerate the effect of these species as the ionic charges
are not screened by the effects of an explicit solvent shell. The different solubility of inorganic salts
in organic solvents may also affect reactivity and this concentration effect is difficult to capture

computationally.

Generally, most studies assume that, if necessary, reoxidation of the metal catalyst can readily occur
after the product release steps. However, in principle the required oxidation may occur at any point
in the mechanism and this may be probed experimentally by checking whether products are formed
in stoichiometric reactions in the absence of oxidant. Computationally, the modelling of metal salts
as oxidants presents similar difficulties to those described above for additives and in this case both
the oxidised and reduced forms must be modelled. Dioxygen is perhaps the best defined oxidant
from a computational point of view and, experimentally, air would be an ideal oxidant. The extensive

computational studies on the mode of action of internal oxidants in Rh catalysis have highlighted the
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importance of understanding the exact nature of the oxidant (e.g. N-OMe versus N-O,CR) and how
the timing of the oxidation within the cycle can control the outcome of the process. This body of
work also showcases the power of computational chemistry to provide insight into complex catalytic

processes.

10. Conclusions and Outlook

Computational studies have played a central role in developing the fundamental understanding of
carboxylate-assisted C-H activation and, more recently, showing how this process contributes to
practical catalytic cycles for C-H functionalisation. This field has matured to the extent that it now
provides a practical tool in organic synthesis for the production of fine chemicals and can sit beside
more traditional strategies based on cross-coupling reactions. However, many opportunities still
exist: the goal of completely replacing the atom inefficient cross-coupling strategies is not yet
realised, while practical schemes for the catalytic upgrading of simple hydrocarbons to more
valuable fuels or feedstocks are also not yet in hand. Future computational studies will surely play a
role in defining likely catalysts and conditions to achieve these important goals. Recently there has
been a drive to use more widely available 1% row transition metals as catalysts. Such systems can
access a range of different spin-states, the computational assessment of which is challenging due to

the functional sensitivity of spin-state energetics.

As well as supporting experimental developments, computational chemistry itself remains a
developing field. Much of the work in this review represents the state of the art, however challenges
remain. Chief amongst these are the computation of accurate energetics that can feed into the
qguantitative understanding - and ultimately the prediction - of reactivity. This implies the accurate
modelling of free energies and the use of more sophisticated chemical models that better reflect the
complex reaction conditions that are used experimentally. Progress in these areas may ultimately
rely on molecular dynamics techniques and real advances have already been made in applying these

methods to organometallic chemistry and homogeneous catalysis.?®%2%? Nevertheless such methods
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require significant computational resources and do not yet represent a practical tool for widespread

use.

Whether developing these new methodologies or pursuing state of the art static calculations, a close
dialogue between experiment and computation remains vital. Improved mechanistic insight
demands input from experiment in the form of quantitative experimental data. This may take the
form of kinetic data on the overall process (orders of reaction and activation parameters), but also
the quantification of the thermodynamics associated with key equilibria that are often challenging to
compute. The isolation of intermediates and the characterisation of individual steps would also be
ideal for the benchmarking of computational data and would provide a stringent test for
computational chemists to assess their methodologies and chemical models. With this approach the
role of computation in integrating carboxylate-assisted C-H activation into ever-more ambitious
catalytic schemes and the role of experiment in enhancing developments in computation both have

a vibrant future.
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