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We report a detailed study of the selectivity of ruthenium-catalysed C-H arylation reactions directed by Lewis basic
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heterocycles. A reactivity scale for directing power in these reactions, based on the results of intermolecular competition

experiments, is reported for the first time. Our work is supported by detailed density functional theory calculations that

www.rsc.org/

reveal the underlying mechanism of this reaction, which requires the dissociation of a p-cymene ligand before oxidative

addition becomes competent. The calculated energetic span of the catalytic cycles for each substrate is broadly in agreement

with our experimental observations. This work advances our understanding of mechanism and selectivity in these reactions,

and provides a basis for future catalyst design efforts.

Introduction

The development of robust, scalable, and economical C-H
activation reactions still represents a major challenge in the
field of organometallic chemistry, catalysis, and organic
synthesis.! Site-selectivity is a key hurdle in these reactions due
to the preponderance of C-H bonds in organic molecules.
Progress towards understanding site selectivity in C-H activation
reactions has been made, but most examples consider very
specific transformations and require considerable time,
resources and/or computational horsepower.2> One approach
to enforce site selectivity is to use a Lewis basic directing group.
The site of functionalisation is typically ortho- to the directing
group, although examples have been reported that are meta-
selective and proceed via mechanisms that possibly involve
radical intermediates.®11

This strategy has been effective with rhodium, iridium,
palladium, nickel, and ruthenium catalysts.'215 For example,
Ruthenium-catalysed reactions® make widespread use of this
approach with catalysts such as [RuCl,(p-cymene)(PPhs3)]17 and
[Ru(O2CR)2(p-cymene)].18 Reactions catalysed by the latter type
proceed via relatively facile concerted deprotonation/
ruthenation (known as concerted metalation/deprotonation
(CMD) or ambiphilic metal-ligand activation (AMLA)),1° which
occurs at an appreciable rate even at room temperature.20 21
This type of ruthenium catalyst can also mediate C-H arylation
by the combination of benzoic acids with aryl halides.22 23
Experimental evidence suggests that this process occurs in an
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intermolecular fashion. Rate-limiting oxidative addition is
proposed to lead to the product in arylation reactions where
aryl halides are used, while other examples of C-H
functionalisation reactions use boronic acid coupling partners.24
Understanding oxidation state changes during catalytic cycles is
very important.2> Several researchers have carried out
computational studies of reactions catalysed by complexes of the
form [RuXz(n®-arene)],2¢ but there has not yet been a study of
the oxidative addition of aryl halides to plausible intermediates
on this type of catalytic cycle. Larrosa studied C-H activation by
[Ru(NCtBu)4(OPiv)]* complexes, while Prabhu,2” and McMullin
and Frost,2® have calculated free energy profiles for C-H
activation by [Ru(OAc)2(n®-arene)] species.

To date, we have only a semi-quantitative understanding of
how strongly different groups direct the metal centre and
influence reactivity. An example is the qualitative ranking for
palladium-catalysed arene acetoxylation,?® where a 8-
aminoquinoline-derived amide was shown to be a stronger
directing group than common N-heterocycles.30 This issue is
important because functionalised substrates such as
intermediates en route to pharmaceuticals, agrochemicals, or
materials may contain a variety of (potentially directing)
functional groups. A detailed understanding of selectivity will
allow reaction planning and the development of protocols or
catalysts to change this selectivity. Moreover, the choice of
directing group can affect not only the energetic barriers to
reaction but also the mechanism.3!

Only a few reactions that aim to establish the order of
reactivity in ruthenium catalysis have been reported.32-34
Competition oxidation experiments carried out with arene
substrates established that the directing power decreases as
amide > carbamate > ester. Subsequently it was shown that the
directing power decreased as amide > ketone >> aldehyde. In
an oxidative C-H vinylation reaction, the directing group power
decreased as ketone > carboxylic acid > oxazolidinone > ester >
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aldehyde.?8 These interesting examples are semi-quantitative at
best, and consider reactions that use strong oxidants.

This work describes our efforts towards building a
quantitative understanding of directing group ability of
different Lewis basic groups, and the underlying reaction
mechanisms that lead to this selectivity (Figure 1).

Previous work...
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Figure 1. Ruthenium-catalysed C-H activation and selectivity.

Results and discussion
Constructing a reactivity scale for directing group power

Ackermann’s conditions for arylation!® were selected (see
Scheme 1) for this study, because i) they use a well-defined
catalyst (1), ii) they were shown to be applicable to multiple
substrates and iii) they concern the construction of important
structural motifs. The use of 0.5 equivalents of chlorobenzene
ensured selectivity for the mono-arylated product. The reaction
proceeded with pyridines, pyrazoles, oxazolines, imidazoles,
and imines. A series of exploratory reactions established that
other — presumably weaker — directing groups such as
aldehydes, amides, and carbamates unfortunately
unreactive under these reaction conditions. The attempted
reactions with these substrates led only to the recovery of the
starting material, as determined by GC-FID analysis.

are

5 mol% Ru-1
0.5 equiv. PhCl
_—
1 equiv. K,CO4
NMP, 120 °C

Scheme 1. Conditions selected for this study; NMP = N-methylpyrrolidone.

Competition reactions were conducted, each with two
substrates and a limiting amount of chlorobenzene; 2-
phenylpyridine (2), 1-phenylpyrazole (3), 2-phenyloxazoline (4),
1-methyl-2-phenylimidazole (5), and N-(1-phenylethylidene)
aniline (6) were used. Approximately equimolar quantities of
each of the two substrates were employed, with one 5 mol%
charge of catalyst (1) and 0.5 equiv. of chlorobenzene. The GC-
FID apparatus was calibrated for all substrates and products (2-
([1,2’-biphenyl]-2-yl)pyridine (7); 1-([1,1’-biphenyl]-2-yl)
pyrazole (8); 2-([1,1’-biphenyl]-2-yl)oxazoline (9); 2-([1,1’-
biphenyl]-2-yl)-1-methyl-imidazole (10); and 1-([1,1’-biphenyl]-

2 | Catal. Sci. Technol., 2018, 00, 1-3

2-yl)-N-phenylethan-1-imine (11)) using samples of the
authentic compounds. Compounds 5, 6, and 11 (via 12) were
prepared according to Scheme 2. Competition reactions were
conducted in duplicate, and the concentrations of each starting
material and product were quantified by GC-FID analysis, by
integration of the analyte peaks versus an internal standard
(tetradecane).

[\ [\

7 mol% ["Bu,N]I
HN_ N N

xs KOH, 1.1 equiv. Mel —N s
(1)
toluene/H,0 (45:55) 5
rt,3h

53%
o 1.9°equiv‘ PhNH, N/Ph
3 A mol. sieves |
(2)
toluene 6
120°C, 17 h
40%
0.6 mol% [Pd(PPh;),]
(0] 1.5 equiv. PhB(OH), (0]
4 equiv. K,CO3
(3)
toluene/EtOH (6:4) 12
Br 120°C, 17 h Ph
70%
1.5 equiv. PhNH, N/Ph
3 A mol. sieves |
toluene, 120°C, 3d
35% Ph 1

Scheme 2: Synthesis of substrates 5 and 6, and product 11.

To construct the directing group power scale, competition,
the constant k — which quantifies the relative rates of two
competing processes with rates k; and k> (eq. 1) — was
employed.3537

logao (k) = logio (k1) — logao (k2) = logio (ki/k2) (1)

A series of reactions were conducted, a number of values of
Kk were determined and linear regression was used to calculate
a set of k, values, which represent the relative rates of reaction
of the different substrates. Mayr and Knochel have previously
used this avenue to quantify the relative reactivity of different
organozinc species in palladium-catalysed cross-coupling
reactions,3® and in magnesium/halide exchange reactions.3” If
each reaction produces only one product, quantification of the
concentrations of product (P, P2) and starting material (S, S?)
for each reaction readily delivers « (eq. 2).

Kk =logio (1 + [P1]/[S']) / logio (1 + [P2]/[S?]) (2)
K is independent of time, which was confirmed by repeating

some experiments over a shorter time period. Using linear
regression, values of k. were calculated for all five substrates
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from the series of values for k. Pyridine was arbitrarily assigned
krel = 1. This allowed the first quantitative scale for directing
group power to be constructed (Figure 2). A plot of
experimental competition constants Kexp VErsus Keaic (calculated
using kel from linear regression) shows that our approach is
meaningful (Figure 3). The range of reactivity is surprisingly
narrow, with ke = 0.03 — 1. Amongst the N- heterocycle
directing groups the range of reactivity (k) is only 0.17 — 1.
However, our tests with other, weaker directing groups show
that it should be possible to achieve the arylation of substrates
2-6 in the presence of weaker Lewis bases such as aldehydes

and ketones.
Ph —
0 _N @ Oﬂ
N
@” o
6 4 5 3 2

ket = 0.029 0.170 0.271 0.393 1.000

b

Increasing Directing Power

Figure 2. A directing group power scale.
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Figure 3. Plot of experimental versus calculated values of k.

Various scales for Lewis acidity and Lewis basicity have been
developed;38 however, attempts to link these to the selectivity
observed here were unsuccessful. Data for lithium, sodium, and
potassium ion affinity/basicity are available, but only for
pyridine, pyrazole, and 1-methylimidazole. The available data
suggest that basicity decreases in the order 1-methylimidazole
> pyridine > pyrazole, which is not the same order of reactivity
that is observed in ruthenium(ll)-catalysed C-H arylation
reactions. This might be a consequence of the rather softer
nature of Ru' versus Li*, Na*, and K*, or the effect of having other
ligands around the metal centre.

Insights into the reaction mechanism

As noted in the introduction, some stages of the reaction
mechanism with complexes of this type have been well
explored.20-21 However, the latter half of the catalytic cycle —i.e.
oxidative addition of the aryl halide — is still poorly understood.

This journal is © The Royal Society of Chemistry 2018

The active catalyst is known to be a [Ru(O2CR)z(p-cymene)]
species (1), where R=Me, Mes or Ad, as studied by Jutand and
Dixneuf, and by Ackermann?8 20.21 (Scheme 3). The mechanism
proceeds according to the following steps. An acetate ligand is
displaced by an incoming substrate molecule with a Lewis basic
directing group (Il). Then, an intermolecular C-H
activation/ruthenation takes place to yield complex Iil.

Scheme 3. Experimentally-established mechanism for metalation at the C-H bond
ortho- to a Lewis basic directing group by complex I.

Unfortunately, there are precious few insights into how
oxidative addition takes place to Ill to complete the cycle and
deliver the desired product. Ackermann has conducted
Hammett studies on a model reaction between and azobenzene
and differently substituted aryl bromides, catalysed by
[Ru(O2CMes)2(p-cymene)] (generated in situ), which showed
zero order behaviour to at least 50% conversion;3? this yielded
p =-0.2, suggesting that electron-rich aryl bromides react most
quickly, and prompting the authors to propose rate-limiting
reductive elimination. In contrast, other studies have revealed
two-phase Hammett plots with p = 0.4 where 6, <0and p <0
where op, > 0.40.41

In attempts to probe the latter step experimentally, we
prepared known complexes*? of the same structure as Il and
exposed these to aryl halides in toluene solution, and
monitored reactions by 'H NMR or UV/visible spectroscopy.
Unfortunately, oxidative addition did not occur. Jutand noted
the need for additives such as a base to enable complexes such
as lll to undergo oxidative addition.2® Recent experimental
evidence from Larrosa®? and Frost!! strongly suggests that the
p-cymene ligand must dissociate from the complex in order for
reactions to occur; Larrosa’s work was supported with
preliminary DFT calculations.

We then embarked on a computational study of the reaction
mechanism to gain new insight into how this oxidative addition
step proceeds, and to rationalise and further understand the
observed order of selectivity. This study was performed using
density functional theory (DFT) including implicit NMP (see
Computational Details). For our computational study, the
acetate complex [Ru(OAc).(p-cymene)] (A) was considered (R =
Me). Our two main aims were to: (i) establish whether the
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reaction mechanism suggested in the literature is feasible under
the reaction conditions utilised here; and (ii) to identify whether
this reaction mechanism can explain observed trends in
selectivity that we have established here
experimentally.

In order to assess the relative rates of different reactions
computationally, the concept of ‘energetic span’ has been
employed.** This does not consider one specific fundamental
step to be rate-determining, but instead looks at the difference
between the highest and lowest points of the free energy
surface. The overall energetic span (8E) of the catalytic cycle
depends on the order in which the turnover-frequency
determining transition state (TDTS) and turnover-frequency
determining intermediate (TDI) occur. If the TDTS occurs first,
SE is calculated according to equation (3), otherwise equation
(4) applies.

reaction

6E = Trprs — loi + AG,

6E = Trprs — i

(TDTS occurs first) (3)
(TDI occurs first) (4)

Initially, a free energy profile was calculated for the reaction
of A with substrate 2 to form D, followed by oxidative addition
of PhCl and formation of the product (7) (Figure 4). For this

Catalysis Science and Technology

reaction mechanism, the TDTS is TS-E-F, the TDI is H and AG; for
the reaction is 27.0 kcal moll. The energetic span calculated
using equation (3) is found to be 59.8 kcal mol. Note that the
oxidative addition transition state (TS-E-F) is very high in energy
(64.1 kcal mol?), so this mechanism is not likely to be feasible
even under the rather forcing reaction conditions that are used
experimentally (120 °C). A reaction via cationic intermediates in
which an acetate ligand has been dissociated can be ruled out
based on a range of evidence: cationic species [Ru(OAc)(p-
cymene)(2-phenylpyridine)]*is found to be 17.1 kcal/mol higher
in energy with respect to A; the highest energy transition state
with acetate dissociated is still destabilized by 1.5 kcal/mol with
respect to the highest energy transition state in Figure 4; and
the reaction is known to proceed on a similar timescale in
toluene solvent, which has a much lower dielectric constant
than NMP (2.4 and 32.6, respectively) and would therefore
disfavour dissociation of a charged ligand.*>

Further computational analysis permitted the location of an
alternative oxidative addition transition state (TS-E-F’), in which
the hapticity of the p-cymene ligand was decreased as oxidative
addition took place; this leads to dissociation of the p-cymene
ligand and formation of F’. This transition state is lower in
energy by 15.8 kcal mol! as compared to the TS-E-F, so such a

60

40

20

-40

Figure 4. Free energy surface for the arylation of 2-phenylpyridine with chlorobenzene, catalysed by [Ru(OAc),(p-cymene)], in a mechanism where p-cymene remains bound to the

metal centre throughout. Energies are free energies in kcal mol! relative to complex A, in NMP solvent.
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Figure 5. Free energy surface for the arylation of 2-phenylpyridine with chlorobenzene, catalysed by [Ru(OAc),(p-cymene)], in a mechanism where p-cymene is not bound to the

metal centre. Energies are free energies in kcal mol! relative to complex A, in NMP solvent.

ligand dissociation event would occur in preference to an
oxidative addition reaction to form F. Based on this observation
and evidences from the studies by Larrosa®? and Frost,! an
alternative free energy profile was calculated in which no p-
cymene ligand was present (Figure 5). Again, C-H activation is
achieved by a tandem deprotonation/metalation mechanism,
but this time in an intramolecular fashion. Oxidative addition
and reductive elimination are much more facile, and the overall
energetic span of the cycle is much lower. The TDTS is TS-B’-C’
(AGrel = 31.6 kcal molt) and the TDI is I’ (AGye = -3.0 kcal mol?),
with an overall AG, of -26.8 kcal moll. The energetic span
calculated using equation (4) is just 7.8 kcal molL. Finally, the
coordinating capability of NMP was also tested, but B’ bearing
NMP as a ligand was found to be 14.1 kcal/mol higher in energy,
so NMP-ligated species are unlikely to be involved.

The main conclusion that emerges from these results is that
the p-cymene ligand must be removed during the first turnover
of the cycle, during oxidative addition (Figure 4). Once this
occurs, subsequent catalytic cycles proceed via a sequence of
intermediates which have no p-cymene ligand bound. The
energetic span for this cycle is much smaller, hence it will turn
over more quickly. The initial turnover will require much higher
temperatures than subsequent turnovers in order to achieve p-

This journal is © The Royal Society of Chemistry 2018

cymene dissociation. Complexes without p-cymene ligands, or
that bear more labile n%-arene ligands, may therefore vyield
more reactive catalysts for future generations of C-H activation
reactions. This pathway is dependent on the presence of
carboxylate ligands bound to ruthenium. Arene-free catalysts
for C-H functionalisation are widely known, such as recent
examples from the groups of Larrosa%? and Frost;1! Stefane
profiled the release of p-cymene during a prototypical C-H
arylation reaction.?® The present study demonstrates that not
only are arene-free complexes more reactive than arene-
containing catalysts, but that arene-containing catalysts are
ineffective for C-H arylation reactions. This is important given
the preponderance of arene-containing ruthenium complexes

in the C-H functionalisation literature,’> despite the
demonstrated competence of alternative precursors such as
[RuH,(CO)(PPhs)s],%6 [RUH(COD),][BF4],%” and even

RuCls.nH,0%851 in C-H arylation reactions; in addition, arene-
free ruthenium carboxylate complexes and even ruthenium
alkylidenes have been deployed in C-H alkylation reactions.>2 53

Catal. Sci. Technol., 2018, 00, 1-3 | 5
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Analysis of oxidation states

Additional insight into the electronic structures of the
intermediate species in Figure 5 was obtained using the
effective oxidation states (EOS) analysis.>* This approach has
recently been used to probe the electronic structure of
ruthenium complexes that possess potentially non-innocent
ligands.>> In particular, we wished to establish the formal
oxidation state of the ruthenium centre as it progresses through
the catalytic cycle. Table 1 presents three important pieces of
data for each structure, namely: the formal oxidation state of
ruthenium in this structure; the partial atomic charge of the
ruthenium atom; and the R index derived from EOS analysis. The
latter indicates how closely the actual electron distribution
within the molecule agrees with the formal ionic picture of
oxidation states. The lowest possible value of R is 50%, which
indicates that two different assignments are equally probable.
The values obtained show that all structures, with the
exception of TS-E’-F’ and F’ are best described as ruthenium(ll)

Table 1. Analysis of oxidation state, R-index, and partial charge on ruthenium (Qg,) for
structures in Figure 5.

Structure Oxidation State R Qgru
A Ru(l1) 91% 1.50
B Ru(ll) 95% 1.54
B’ Ru(ll) 93% 1.64
TS-B’-C’ Ru(ll) 100% 1.59
(og Ru(ll) 64% 1.26
D’ Ru(ll) 65% 1.27
E’ Ru(l1) 64% 1.41
TS-E’-F Ru(IV) 50% 1.51
F Ru(IV) 51% 1.45
TS-F-G’ Ru(ll) 67% 1.48
G’ Ru(l1) 97% 1.45
i Ru(ll) 93% 1.56
Y Ru(ll) 89% 1.52

complexes. Structures C, D, and E have lower R indices, perhaps
as a consequence of the bidentate coordination of the
phenylpyridine substrate, which can be redox non-innocent.
Species TS-E’-F’ and F’, associated with the oxidative addition
step, can be considered to have ruthenium(IV) character but the
low R index (close to 50%) suggests an almost equivalent
contribution of ruthenium(ll). Contrary to what is sometimes
believed, the value of the partial charge on ruthenium is
completely unrelated to its formal oxidation state and
character.

Predicting selectivity in arylation reactions

With a free energy profile for the arylation of 2 established,
studies were extended to evaluate selectivity in the competition
reactions discussed previously. Free energy profiles for all five
substrates (2-6) were calculated, and the energies of the
intermediates and transition states are gathered in Table 2. Full
potential energy profiles for all substrates can be found in the
Supporting Information.
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In all cases, TS-B’-C’ is the TDTS, whereas I’ is typically the
TDI, except for substrate 4 (imidazole) where it corresponds to
G’. With the exception of substrate 6 (imine) the trend in 86E
mirrors the trend in k. from competition experiments, namely
the energetic spans increase in the order 2 < 3 <5 <4, reflecting
a decrease in the rate of reaction. Notably, the energies of any
of the specific barriers or intermediates do not show a well-
defined trend, so the energetic span of the overall cycle needs
to be considered in order to reproduce the experimental trends.

Conclusions

We have carried out a detailed and quantitative study of
mechanism and selectivity in C-H arylation reactions catalysed
by ruthenium carboxylate complexes. Experimental studies
have produced a quantitative ranking of five commonly-used
directing groups based on nitrogen-containing functional
groups, revealing a rather narrow window of reactivity (ke =
0.03 — 1). DFT calculations have provided new insight into the
identity of the active catalyst in these systems and how this
active species is generated in situ. A mechanism involving a p-
cymene-ligated complex was elucidated but the oxidative
addition to chlorobenzene has a prohibitively high barrier. The
location of an alternative low-energy TS in which the p-cymene
ligand dissociates during oxidative addition paved the way for a
more plausible, alternative pathway in which the active catalyst
does not bear an arene ligand.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

J.M. thanks the University of Strathclyde for a University
Studentship. I.M.S. thanks the University of Strathclyde for a
Santander Mobility Grant and the European Commission for an
Erasmus+ grant to fund a research stay at Strathclyde. D.J.N.
thanks the University of Strathclyde for a Chancellor’s
Fellowship, and for a Global Engagements Fund
grant/WestCHEM ECR Exchanges Fund grant to enable a
research stay in Catalonia. We thank Johnson Matthey/Alfa
Aesar for a gift of RuCl3.nH20. We are grateful to Mr Craig
Irving, Dr John Parkinson, Ms Patricia Keating, Mr Alexander
Clunie, and Mr Gavin Bain for their assistance with technical and
analytical facilities, and to Professor Jonathan Percy for access
to laboratory equipment. We thank Dr Claire McMullin
(University of Bath) for helpful discussions. A.P. thanks the
Spanish MINECO for a project CTQ2014-59832-JIN.

Computational Details

All calculations were carried out using Gaussian09 (Rev. E.01).5¢
The SDD pseudopotential/ECP was used for ruthenium in all
calculations. Structures were optimised at the BP86-D3/SVP
level of theory, and energies were refined using M06/CC-pVTZ.
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Table 2. Energies of key intermediates and transition states in the ruthenium-catalysed C-H arylation reactions of 2 — 6 using PhCl.2

Substrate 2 3 4 5 6

Directing Group Pyridine Pyrazole Oxazoline Imidazole Imine

Pre-catalyst (A) 0.0 0.0 0.0 0.0 0.0

Substrate coordinated (B) 11.5 7.9 5.4 3.1 9.6

Without p-cymene ligand (B’) 14.8 18.4 18.5 15.7 12.6

C-H activation (TS-B’-C’) 31.6 36.6 38.9 343 32.9

Metalated intermediate.AcOH (C’) 31.2 31.0 33.5 30.7 29.3
Metalated intermediate (D’) 24.8 25.4 27.9 26.1 23.1
Chlorobenzene coordinated (E’) 14.2 15.7 17.3 15.2 12.6
Oxidative addition (TS-E’-F’) 22.0 25.0 26.2 23.1 21.0

Ru(IV) intermediate (F’) 17.9 17.6 13.4 9.3 8.8

Reductive elimination (TS-F’-G’) 21.7 26.1 25.4 22.5 21.9

Product coordinated (G’) -0.2 0.5 -1.4 -4.1 1.7

Product and substrate coordinated (I’) -3.0 -1.0 1.5 -7.9 0.2

Product decoordination (J’) 2.9 5.9 7.5 19 14
Substrate coordinated (B’) -12.0 -9.4 -8.0 -13.5 -14.7

Turnover-determining Transition State (TDTS) TS-B’-C’ TS-B’-C’ TS-B’-C’ TS-B’-C’ TS-B’-C’
Turnover-determining Intermediate (TDI) I I’ G’ I I

Free Energy of Reaction (AG;) -26.8 -27.8 -26.5 -29.2 -27.3

Energetic Span (8E) 7.8 9.8 13.8 13.0 5.4

a Energies are free energies in kcal mol in NMP solvent.

NMP solvent was modelled using a polarisable continuum
model (PCM). The nature of stationary points on the free energy
surface was confirmed using frequency calculations.

Experimental

General. NMR spectra were acquired at 300 K using a Bruker
AV3-400 spectrometer fitted with a liquid nitrogen cryoprobe.
1H NMR spectra are referenced to the residual solvent signal.
13C{IH} NMR spectra are referenced to solvent signals.

GC-MS data were acquired on an Agilent Technologies
7890A GC system fitted with a Restek Rxi-5Sil column (30 m,
0.25 mm ID, 0.25 um) and coupled to an Agilent mass
spectrometer using either chemical ionisation (methane) or
electron impact ionisation. Helium was used as the carrier gas
(1 mL min-1). In all cases, an inlet temperature of 320 °C and the
following oven temperature gradient were used: 4 min at 40 °C;
ramp to 320 °C at 20 °C min‘1; hold for 10 min (total run time of
28 min). GC-FID data were acquired on an Agilent Technologies
7890A GC system fitted with a Restek Rxi-5Sil column (30 m,
0.32 mm ID, 0.25 pum). Helium was used as the carrier gas (2 mL
min-1). Hydrogen (30 mL min-1) and compressed air (400 mL min-
1) were used for the FID. An inlet temperature of 320 °C was
used, as well as the following oven temperature gradient: 5 min
at 40 °C; ramp to 320 °C at 20 °C min'L; hold for 5 min (total run
time 24 min).

Column chromatography was performed using silica gel
(Zeochem Zeoprep 60 HYD, 40 — 63 um). Thin layer
chromatography was performed on pre-coated aluminium-

This journal is © The Royal Society of Chemistry 2018

backed silica gel plates (Merck silica gel 60, F254, 0.2 mm).
Melting points were acquired using a Griffin EN61010-1.
[Ru(O,CMes),(p-cymene)] was prepared according to
literature procedures.1® 2-phenylpyridine (2), 1-phenylpyrazole
(3), and phenyloxazoline (4) were obtained from commercial
sources and used as supplied. Arylated products 7-10 were
prepared according to literature methods.1® Complexes of the
general form Il were prepared using literature methods.42 57
N-methyl-2-phenylimidazole (5). A round-bottom flask was
charged with 2-phenylimidazole (5.00 g, 35 mmol), tetra-n-
butylammonium iodide (0.92 g, 2.5 mmol), toluene (150 mL),
and 33% w/w aqueous potassium hydroxide solution (190 mL).
The reaction was stirred using an overhead stirrer.
lodomethane (2.4 mL, 38.5 mmol) was added and the reaction
was stirred at room temperature for 3 h. Distilled water (200
mL) and toluene (100 mL) were added. The layers were
separated, and the organic layer was washed with saturated
aqueous sodium thiosulfate solution, dried on magnesium
sulfate, and evaporated under reduced pressure to yield an
orange oil which crystallised on standing. Yield: 2.9 g, 53%. 1H
NMR (400 MHz, CDCl3) 64 7.60 — 7.57 (m, 2H, Ar C-H), 7.43 —
7.33 (m, 3H, Ar C-H), 7.08 (d, 1H, C-H, 3Juy = 1.2 Hz), 6.91 (d, 1H,
C-H, 3Jyn = 1.2 Hz), 3.67 (s, 3H, N-CHs). 13C{'H} NMR (101 MHz,
CDCls3) 6¢ 147.3, 130.2, 128.1, 128.0, 128.0, 127.9, 121.9, 33.9.
m/z (GC-MS, Cl): 159.1 [M+H]+, 187.1, 199.1. Analytical data are
consistent with the literature.>®
N-(1-phenylethylidene)aniline (6). A round-bottom flask was
charged with toluene (10 mL), freshly-dried 3 A molecular
sieves, acetophenone (2 mL, 17.1 mmol), and aniline (3 mL, 32.9
mmol). The reaction was stirred at 120 °C for 17 h and filtered
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to remove molecular sieves. The solvent was removed under
reduced pressure and the product was purified by Kugelrohr
distillation (150 °C, 0.6 mbar) to yield a pale solid. Yield: 1.4 g,
40%. M.P. 38 — 41 °C. *H NMR (400 MHz, CDCl3) 64 8.05 — 8.02
(m, 2H, Ar C-H), 7.52 — 7.48 (m, 3H, Ar C-H), 7.40 (t, 2H, Ar C-H,
J=7.6 Hz), 7.14 (tt, 1H, Ar C-H, J = 7.5, 1.2 Hz), 6.87 — 6.85 (m,
2H, Ar C-H), 2.28 (s, 3H, C-CH3). 13C{tH} NMR (101 MHz, CDCls)
6¢ 165.0, 151.3, 139.1, 130.0, 128.5, 127.9, 126.7, 122.7, 118.9,
16.9. m/z (GC-MS, Cl): 196.1 [M+H]+, 224.1, 236.1. Analytical
data are consistent with the literature.>®
2’-phenyl-acetophenone (12). A flame-dried round-bottom
flask was charged with [Pd(PPhs)s] (49 mg, 0.042 mmol),
toluene (70 mL) and ethanol (46 mL) forming a yellow solution.
Phenylboronic acid (1.3 g, 10.5 mmol), potassium carbonate (4
g, 28 mmol) and 2’-bromoacetophenone (0.95 mL, 7 mmol)
were added and the reaction was stirred at 120 °C for 17 h. The
solvent volume was decreased under reduced pressure, and the
solution was filtered through celite. The product was purified by
Kugelrohr distillation (170 °C, 14 mbar) to yield a colourless oil.
Yield: 0.96 g, 70%. *H NMR (400 MHz, CDCl3) 64 7.58 — 7.51 (m,
2H, Ar C-H), 7.45 — 7.36 (m, 7H, Ar C-H), 2.04 (s, 3H, C(O)CHs).
13C{IH} NMR (101 MHz, CDCls) &¢ 204.4, 140.4, 140.3, 140.1,
130.3, 129.8, 128.4, 128.2, 127.4 (2 carbons), 127.0, 30.0. m/z
(GC-MS, Cl): 197.1 [M+H]+, 179.0. Analytical data are consistent
with the literature.5°

N-(1-2'phenyl-phenylethylidene)aniline (11). A round-bottom
flask was charged with 2’-phenyl-acetophenone (0.5 g, 2.5
mmol), aniline (360 uL, 3.75 mmol), toluene (2 mL) and freshly-
dried 3 A molecular sieves. The reaction was stirred at 120 °C
for 3 d, and filtered to remove the molecular sieves. The solvent
was removed under reduced pressure to yield a red-black oil
which was purified by column chromatography on silica gel (10
% Et,0/hexane) to give a yellow oil. Recrystallisation from
hexane gave the product as a yellow solid as 1:0.18 mixture of
E and Z isomers. Yield: 240 mg, 35%. Major (E): *H NMR (400
MHz, CDCls) 6y 7.64 (d, 1H, Ar C-H, J = 7 Hz), 7.56 — 7.52 (m, 2H,
Ar C-H), 7.51 — 7.45 (m, 5H, Ar C-H), , 7.38 — 7.33 (m, 3H, Ar C-
H), 7.09 (tt, 1H, Ar C-H, J = 7.4 Hz, 1.2 Hz), 6.80 — 6.77 (m, 2H, Ar
C-H), 2.47, 1.70 (s, 3H, CHs). 13C{H} NMR (101 MHz, CDCls) &¢
170.9, 150.7, 141.3, 140.9, 139.4, 129.6, 128.6, 128.48, 128.47,
128.0,127.7,127.0, 126.9, 122.9, 118.7, 20.9. m/z (GC-MS, Cl):
272.1 [M+H]+, 256.0, 179.0. Anal. Calc’d for CoH17N: C, 88.52;
H,6.31; N, 5.16. Found: C, 88.27; H, 6.33; N, 5.17. Analytical data
are consistent with the literature.6!

Notes and references

§ See the Supporting Information for: characterisation data for 5,

6,11, and 12; calibration data for 2-11 versus tetradecane for GC-

FID quantification; coordinates and energies for all intermediates

and transition states modelled using DFT calculations.
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