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Copper()-catalysed intramolecular Ullmann N-arylation has been widely used to synthesise
benzimidazoles. However, the possible intermediates on the catalytic pathway and the role of the ancillary
ligands in these systems have been seldom studied and are currently not fully understood, especially when
compared to comparable intermolecular Ullmann reactions. Accordingly, this work explores the copper()-
intramolecular N-arylation of 1,2-dimethylbenzimidazole, reporting on the solid-state structures of several

copper(l) species with the reaction substrate and product. In addition, kinetic profiling using bis(tetra-n-
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butylphosphonium) malonate as a soluble base has been carried out, notably revealing negligible catalyst
deactivation but significant catalyst inhibition. Based on these results an improved catalytic protocol using
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Introduction

Benzimidazoles are an important class of heterocycles
comprising of benzene-fused imidazole scaffolds. They are
often biologically active and therefore play an important role
in pharmaceutical research.'™ Benzimidazoles are one of the
most commonly encountered nitrogen heterocycles in U.S.
FDA approved drugs, and their derivatives have shown activity
for a wide range of applications including antiulcers,
anthelmintics, antivirals, anticancer drugs, antimicrobials,
analgesics and anti-inflammatory agents.”

The synthesis of benzimidazoles has therefore attracted
great interest over the years.”® The two most common
strategies reported for the preparation of substituted
benzimidazoles are condensation and intramolecular C-N
cross coupling (Scheme 1). The condensation method forms
two new C-N bonds by reacting 1,2-diaminoarenes with
carboxylic acids”® or aldehydes/oxidants.'®™** However, this
long-standing protocol has some drawbacks, including the
use of strong acids and high reaction temperatures. The
alternative newer intramolecular cross-coupling method
employs amidines as starting materials and can operate
under milder conditions. The key ring-forming step is a
metal-catalysed intramolecular C-N cross coupling using

Department of Chemistry, Molecular Sciences Research Hub, Imperial College
White City Campus, Wood Lane, London W12 0BZ, UK.

E-mail: r.davies@imperial.ac.uk

t Electronic supplementary information (ESI) available: Additional experimental
and crystallographic details. CCDC 2263362 to 2263367. For ESI and
crystallographic data in CIF or other electronic format see DOI: https://doi.org/
10.1039/d3¢cy00767g

1 Current address: Department of Chemistry, Xi'an Jiaotong-Liverpool University,
Suzhou 215123, China.

This journal is © The Royal Society of Chemistry 2023

sub-mol% catalyst loading has been developed.

N'-(2-halogenphenyl)-N-substituted-ethanimidamide. = Many
different combinations of pre-catalyst and auxiliary ligand
have been employed for these intramolecular cyclizations,
including Pd-phosphine catalysts,”® Cu,O or Cul,"*"* CuO
nanoparticles,'® and even transition-metal-free conditions
(for example, KOH mediated couplings in DMSO at 120 °C)."”

Recent advances in intermolecular copper-catalysed
N-arylation (including the introduction of ancillary ligands)
have led to higher yields, improved reliability, lower catalyst
loadings, and milder reaction conditions."®'® In addition, it
has permitted the use of more challenging substrates such as
aryl chlorides. Over recent years, studies on the mechanism
of the intermolecular N-arylation (Ullmann amination)
reaction by our group and others has led to a much improved
understanding of these systems.”*®® However, to date,
mechanistic studies on related intramolecular Ullmann
reactions are rare, and advances in the understanding and
methodology for intermolecular coupling has yet to be fully
transitioned to these intramolecular systems.

Therefore, in order to build an improved mechanistic
understanding of copper-catalysed intramolecular N-arylation
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Scheme 1 Retrosynthetic synthesis of benzimidazoles.
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and to identify any differences with the intermolecular
systems, a series of reactivity and mechanism studies have
been carried out in this work for the synthetically important
preparation of benzimidazoles. The solid-state structures of
several copper(1) species derived from the reaction starting
materials have been obtained. These structures reveal a range
of potential coordination modes adopted by the substrate
and auxiliary ligand (where present) with the copper(i) centre.
The incorporation of both the aryl halide and amine
functionalities within the same substrate permits additional
insight not often accessible using intermolecular systems.

Detailed kinetic profiling using reaction progress kinetic
analysis (RPKA) methodology””*® has also been carried out to
study the potential catalyst inhibition and deactivation
pathways which may occur during the catalytic process, and
to determine the rate dependence on the concentration of
reactants. Based on these studies, an improved protocol
capable of operating at sub-mol% copper catalyst loadings
has been developed.

Results and discussion
TBPM promoted copper(i)-catalysed intramolecular N-arylation

The copper(r)-catalysed synthesis of
1,2-dimethylbenzimidazole (2) via intramolecular C-N cross-
coupling of N'-(2-halogenphenyl)-N-methylethanimidamide
(1a-1c) was selected as a model reaction for these studies.
The soluble ionic base n-tetrabutylphosphonium malonate
(TBPM) has previously been reported in the literature to
promote  copper-catalysed  inter-molecular  N-arylation
reactions,>**>?° and was employed here as the base.
Significantly, the excellent solubility of TBPM in the reaction
mixture precludes any base mass transfer effects. In terms of
substrate reactivity, aryl iodide (1a) was observed to be the
most reactive with self-cyclisation occurring at room
temperature (38% yield) even without a catalyst, and over
99% yield of the cyclised product was obtained with the
addition of 5 mol% Cul (Table 1, entries 1 and 2). The aryl

Table 1 TBPM promoted copper(l)-catalysed intramolecular N-arylation

T Co-

\
X =1 (1a), Br (1b), Cl (1c)

Cul 5 mol%, TBPM 1.5 eq.

DMSO-d6, 6 h

2

o o
TBPM = [nBusP], [OMO}

Entry Substrate X = Cul Temp. (°C) Yield (%)
1 1a I — r.t. 38
2 1a I 5% I.t. >99
3 1b Br — r.t. 0
4 1b Br 5% r.t. >99
5 1c Cl — 130 0
6 1c Cl 5% 130 80

Reaction yield was measured by "H NMR using naphthalene as
internal standard.
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bromide 1b also gave near quantitative conversions in the
presence of the catalyst, though no background reaction
without a catalyst was observed in this case (entries 3 and 4).
The less reactive aryl chloride 1c¢ required both the copper
catalyst and high reaction temperatures (130 °C) to give
satisfactory yields (entries 5 and 6).

Copper(1) complexes: isolation and characterisation

In order to investigate the different complexes that might be
present in the reaction mixture, a study of the solid-state
structures of potential copper containing intermediates was
carried out. Single crystals were obtained by reacting aryl
halides (1a-1d) with mesitylcopper(i) followed by the
recrystallisation of the resultant copper(r) complexes from
toluene/hexane (Scheme 2).

For the more reactive aryl iodide (1a) and bromide (1b),
intramolecular amination occurred readily giving complexes
in which the imine group of the cyclised benzimidazole
product 2 coordinates to a copper(i) centre. However, the less
reactive aryl chloride (1c) and fluoride (1d) remained
uncyclized with the negative charge on the substrate
delocalised over the imidazole N-C-N unit.

Reaction of aryl iodide 1a with mesitylcopper led to the
formation of crystals which were identified, using single
crystal X-ray diffraction, as the tetramer Cu,l,2, (Fig. 1a).
Each copper(r) centre forms bonds with either two or three
bridging iodide anions and one nitrogen (imine) atom. Cu-N
distances are 1.957(3) and 1.980(3) A. This gives rise to a four
rung Cul twisted ladder structure in which the copper atoms
adopt a close to planar rhombic Cu, arrangement. Closer
inspection of the benzimidazole groups within the copper
complex reveals them to stack in an almost head-to-tail
confirmation (offset 156°). Adjacent imidazole rings stack
directly on one another with a distance between the centroids
of 3.536 and 3.614 A. A search of the literature shows
benzimidazole-ligated copper(1) iodide complexes to have
been reported with monomeric, dimeric, tetrameric, and
polymeric Cul units. However, only a small number of
tetrameric clusters are known, all of which contain cubic
Cuyl, units based around a tetrahedral arrangement of
copper atoms (Fig. 1b).*°? The unique twisted ladder cluster
in Cuyl,2, maybe due to the stabilisation obtained from the
n-stacking combined with the steric requirements of the
methyl group on the carbon of the imidazole ring.

Similar to 1a, intramolecular amination also occurred
when aryl bromide 1b was reacted with mesitylcopper(i).
However, in this case, a different aggregation state was

C * MeN—Cu-|-
u
N . ~N7N (CuX)m _<\
Y - mesitylene X O N-----
* or
NHMe rt, under N
X
dry toluene n
X =1 (1a), Br (1b), , n
o g el Saatiet xsone:
' ' X=F n=4

Scheme 2 Synthesis of new copper() complexes in this work.

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (a) Solid-state structure of Cuyls24; thermal ellipsoids are set at

50% probability and hydrogen atoms are omitted for clarity. (b)
Benzimidazole ligated Cuyl, complexes reported in the literature.>°-32

observed in the solid state with just one CuBr unit
coordinating to two molecules of 2 (Fig. 2a). The CuBr2,
complex has comparable Cu-N bond distances (1.9718(18)
and 1.9853(18) A) to those in the Cu,I,2, tetramer. Two other
examples ligated copper(i) bromide
complexes have previously been reported in the literature
(Fig. 2b).>*>*

Due to the stronger aryl-halide bond in 1¢, intramolecular
amination did not proceed in the reaction of mesitylcopper(i)
with 1c at room temperature. X-ray diffraction studies instead

of benzimidazole

revealed the formation of the dimeric structure Cu,lc)
(where 1¢’ is deprotonated 1c) comprising of a nearly planar

Fi’»r
Cu M Br
v e Me
HN SN N7 NH JUPNPN
(b) R-N"SN NZN-R
QR C O 0
Liu 2012

Deng and Zeller 2011

Fig. 2 (a) Solid-state structure of CuBr2,; thermal ellipsoids are set at
50% probability and hydrogen atoms are omitted for clarity. (b)
Benzimidazole ligated CuBr complexes reported in literature.®***
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Fig. 3 (a) Solid-state structure of one of the two independent
molecules in Cuylc); thermal ellipsoids are set at 50% probability and
hydrogen atoms are omitted for clarity. (b) Copper() complexes
containing planar Cu,N,C, 8-membered rings.>>~”

Cu,N,C, 8-membered ring (Cu---Cu distance 2.441 A). The
secondary amine group in 1c¢ has been deprotonated by
mesitylcopper(1) to give a Cu-N bond. The Cu-N bonds in
Cu,1c), are shorter (mean 1.882°) than those in either Cuyl,2,
or CuBr2,. Furthermore, the C1-N1 and C1-N11 bond
distances (1.344(6) and 1.314(6) A) are indicative of at least
partial delocalization of the negative charge over the
amidinate units. Although copper(1) complexes
containing planar Cu,N,C, 8-membered rings have been
reported in the literature,>>” these differ from Cu,lc, by
virtue of being cationic, with the copper centers ligated by
neutral bridging ligands (Fig. 3b).

When aryl fluoride 1d was employed in the reaction with
mesitylcopper(i), a copper complex with a tetrameric
aggregation state was observed (Fig. 4a). Cus1d) (where 1d’ is
deprotonated 1d) contains a folded Cu,N,C, 16-membered
ring with a central distorted rhombic Cu, core (Fig. 4b).
Similar to Cu,1c), the negative charge is delocalized within
the N-C-N units with, for example, C1-N1 and C1-N11
bond distances of 1.343(5) A and 1.313(5) A respectively.
Similar copper(i) complexes containing 16-membered
CuyNgC, (ref. 38) or CuyNy, (ref. 39-43) rings, planar Cu,
arrangements, and close to linear N-Cu-N coordination have
been reported in the literature (Fig. 4c).

Given that the addition of 1,10-phenanthroline (L1) has
been shown to increase product yield in copper catalysed
benzoxazole synthesis,** the interaction of L1 with Cu,1d)
was also investigated. Thus, reaction of 1d with
mesitylcopper(1) in the presence of L1 gave crystals which
were characterized by X-ray diffraction as Cu,(1d'),(L1)
(Fig. 5). The addition of L1 therefore leads to a dimeric
complex containing an 8-membered Cu,N,C, ring. This
contrasts to the tetramer Cu,1ld) observed without the
presence of L1 (Fig. 4a). The structure of Cu,(1d'),(L1) also

several

Catal. Sci. Technol,, 2023,13, 7181-7189 | 7183
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Fig. 4 (a) Solid-state structures of Cusld); thermal ellipsoids are set

at 50% probability and hydrogen atoms are omitted for clarity. (b)
Different views of the CuyN4C,; 16-membered ring. (c) Copper()
complexes containing a 16-membered ring and N-Cu-N
coordination %3

differs from the dimeric structure of Cu,1c), (Fig. 3a) as the
two aryl halides adopt a head-to-head arrangement in
Cu,(1d'),(L1), rather than the head-to-tail arrangement in
Cuy1c). The presence of L1 leads to a significant elongation
of the Cul-N1 bond (1.999(2) A) when compared to the
Cu2-N3 bond (1.859(2) A). This can be attributed to the

Fig. 5 Solid-state structure of Cu,(3d'),(L2). Thermal ellipsoids are set
at 50% probability and hydrogen atoms are omitted for clarity.
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increased coordination number (four) of Cul compared to
Cu2 (which is two coordinate). The delocalization of the
negative charge within the N-C-N unit was also confirmed
by the C-N bond distances (N1-C2 = 1.307(4) A; C2-N3 =
1.352(4) A).

To confirm whether these copper() complexes are
feasible reaction intermediates, the reactivity of Cu,1c, was
studied by heating the complex, with or without L1, to 110
°C in DMSO (Table 2). Cuplc, reacts at this higher
temperature to give the desired cyclized benzimidazole
product 2, supporting its viability as an intermediate on the
reaction pathway. Furthermore, addition of L1 gave an
improved yield for this reaction (see Fig. 11 and discussion
later for a comparison of catalytic reaction rates with
different ligands).

Overall, the solid-state structures of these copper(i)
complexes some novel insights into copper
coordination modes and aggregation states with amidinate
and imidazole substrates. In all the uncyclized products, it
is interesting to note that the copper centers coordinate to
the amidinate nitrogens and thus remain relatively distant
from the aryl-halide bonds. If a similar motif were adopted
under the catalytic reaction conditions it is likely that aryl-
halide activation would require the involvement of an
additional copper center for the intramolecular cyclization
reaction to proceed. However, it is difficult to draw any
direct parallels between the solid-state structures and
catalyst speciation in the reaction due to the different
conditions employed (solvent, presence of base, temperature

furnish

etc.). Therefore, an alternative approach was also employed
based on kinetic measurements of the actual catalytic
system as detailed below.

Reaction kinetic studies

In order determine the rate dependence in reactants as well
as build a better understanding of the catalyst performance,
the intramolecular N-arylation reaction was profiled using a
superCRC calorimeter (see the ESIt for full details). Initial
reaction calorimetry studies focused upon the rate
dependence on catalyst concentration, with the order in the
catalyst determined by comparing the graphical rate
equations obtained using different catalyst concentrations.?’

Table 2 Reactivity of Cuz1c; toward benzimidazole synthesis

L1 N
Cuyic', >
DMSO, 110 °C, Ny, 6h N
\
2
Entry Substrate L1 2 (%)
1 Cuy1c) — 65
2 Cu,1c) 1 equiv. 89

The reaction was carried out by heating the copper(r) complex (0.1
mmol) in DMSO (1 mL) with or without L1 (0.1 mmol). The yield of 2
was determined by '"H NMR using naphthalene as internal standard.

This journal is © The Royal Society of Chemistry 2023
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A positive non-integer order in [Cu]iy Was observed (Fig. 6a)
with ‘best fit” reaction rate plots obtained by normalising by
[Cult™™® (Fig. 6b). Non-integer orders in catalyst
concentration have been used to infer catalyst deactivation or
off-cycle equilibrium(s), whereas an order in [catalyst] greater
than one can indicate catalyst inhibition or more than one
catalytic species being involved in the rate determining
step.*” This later scenario could fit with observations from
the solid-state studies where the copper centre in the
metalated aryl halide would seem to be sited too distant from
the aryl-halide bond to permit oxidative addition at this
centre, and hence an additional catalytic copper centre would
be required for the rate limiting oxidative addition step. The
following experiments explore this possibility in more detail.
It is noteworthy that this behaviour therefore differs to that
observed for intermolecular Ullmann aminations where
generally first order reactions in [Cu] have been reported and
where amide coordination/deprotonation and aryl halide
activation occurs at the same copper centre.?>?*2°

A “same excess” experiment was carried out to investigate
potential catalyst deactivation and/or inhibition. This
experiment involved reducing [TBPM], and [1b], in 0.0250 M
increments, whilst keeping the excess [e] constant at 0.0500
(Fig. 7a). The marked lack of overlay of the graphical rate
equations indicates that strong catalyst deactivation and/or
inhibition processes are occurring. To distinguish between
deactivation and inhibition, a “same excess” experiment was
carried out with the addition of the three reaction products,
namely 1,2-dimethylbenzimidazole (2), the mono-anion of
malonic acid (MalH) and tetra-(n-butyl)phosphonium
bromide (TBPB) (Fig. 7b) - note that in these experiments all
reagents and additives are fully dissolved to give a
homogeneous solution. All three graphical rate equations
now overlayed one another very well, indicating that catalyst

N
@ \j/ Cul 2.5 - 10 mol%, TBPM 1.5 eq
g NHMe DMSO, 30 °C

1b 1 mmol 2 \
Symbol [Cul]o (M) [1b]o (M) [TBPM]o (M) [e] (M)
[ ] 0.0100 0.1000 0.1500 0.0500
[ ] 0.0050 0.1000 0.1500 0.0500
° 0.0025 0.1000 0.1500 0.0500
°o% () (b)

)

0.015

<3
=
IS}
o

Rate (M min)
o
8
3
S

°
8
&

~

Rate/[Culpr* (M3 min)

°
8
&

z —

0+ 0 +
0.01 0.03 0.07 0.01 0.03

0.07

0.05 0.05
[1b] (M) [1b] (M)

Fig. 6 Rate dependence on [Cull: (a) comparison of graphical rate
equations using different [Cull; (b) the reaction rate is normalized by
[Cul**® to show the best fit overlap.

This journal is © The Royal Society of Chemistry 2023
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1b TBPM 2 MalH TBPB
Symbol [1b]o [TBPM]o [e](M) [2]o (M) [MalH]o [TBPBJo
(M) (M) (M) (M)
(a)® 0.1000 0.1500 0.0500 0 0 0
(a)® 0.0750 0.1250 0.0500 0 0 0
(a)® 0.0500 0.1000 0.0500 0 0 0
(b) ® 0.1000 0.1500 0.0500 0 0 0
(b) ® 0.0750 0.1250 0.0500 0.0250 0.0250 0.2500
(o) ® 0.0500 0.1000 0.0500 0.0500 0.0500 0.0500
0007 1 (a) 0.006 | (b)
0.006 0.005
__ 0,005
T T 0004
E 0.004 £
% 0.003 =4 0003
;'é 0.002 5 0.002
0.001 0.001
o 0
0 0.02 [1%]0(4M) 0.08 ] 0.02 ll%loldm) 0.06 0.08
Fig. 7 (a) “Same excess” experiment: graphical rate against [1b]; (b)

“same excess” experiment with addition of corresponding amounts of
2, MalH and TBPB.

inhibition is occurring and any catalyst deactivation is
negligible. This differs from our previous calorimetry study
on intermolecular copper-catalysed N-arylation in which
catalyst deactivation occurred and catalyst inhibition was
negligible.*®

As the initial inhibition experiment used addition of all
products together ([2], [MalH] and [TBPB]), the inhibition
cause by each component was also studied individually,
starting with benzimidazole 2 (Fig. 8). This revealed a
significant negative order in [2] which could be due to an off-
cycle process involving coordination of 2 to the copper center.
The predilection of 2 to coordinate to Cu(i) has already been
observed in the solid-state studies (Fig. 1 and 2) and can be
explained by the accessible exocyclic lone pair on the
imidazole nitrogen which readily coordinates to the copper
center. Inhibition experiments using the mono-anion of
malonic acid (MalH) and tetra-(n-butyl)phosphonium
bromide (TBPB) both showed less pronounced negative
influences on the reaction rate (see the ESIf for plots), which
can be rationalized respectively by the formation of an
inactive diligated copper(1) complex with MalH and variations
in solution conductivity with TBPB.

Different excess experiments®® were then carried out to
determine the rate dependences on [1b] and [TBPM]. Fig. 9
shows the graphical equations for [1b]. The reaction rate can
be normalized by [1b]' indicating that the reaction is first
order in the aryl bromide starting material (Fig. 9b).

The rate dependence on [TBPM] was found to be
approximately negative first order (Fig. 10). This shows that

Catal. Sci. Technol,, 2023,13, 7181-7189 | 7185
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1b 1 mmol 2

Symbol  [1blo(M)  [TBPM]o (M) [e] (M) [2]o (M)
° 0.1000 0.1500 0.0500 0
Py 0.1000 0.1500 0.0500 0.0500
° 0.1000 0.1500 0.0500 0.1000
0.007 -
0.006 -

__0.005 -

vE
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s
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2
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0.001 -

0 : : : ,
0.01 0.03 0.05 0.07 0.09
[1b] (M)

Fig. 8 Catalyst inhibition experiment: graphical rate against [1b] with
addition of 1,2-dimethylbenzimidazole 2.

N
@[ \\( Cul 0.15 mmol @[N\>_
gy \HMe TBPM, DMSO, 30 °C N
1b 2 \
Symbol [1b]o (M) [TBPM]o (M) [e] (M)
[ 0.1000 0.1500 0.0500
® 0.0750 0.1500 0.0750
] 0.0500 0.1500 0.1000
0.007 (3) 0.1 (b)
0.006 0.09
PS 0.005 i 0.08
é 0.004 :E 0.07
2 )
g 0.003 S 00
B 0.002 5 0.05
0.001 0.04
0+ 0.03 +
0.06 0.08 0.1 0.12 0.14 004 006 008 0.1 012 014 016
(TBPM] (M) (TBPM] (M)

Fig. 9 <“Different excess” experiment: (a) graphical rate equation
against [TBPM]; (b) normalised reaction rate by [1b]* and overlapped.

higher TBPM loading can inhibit the reaction to give a slower
overall rate. A negative rate dependence on [TBPM] was also
reported in TBPM promoted Cu(i)-catalysed inter-molecular
N-arylation where this was rationalised by the formation of
an inactive (off-cycle) di(malonate) copper(i) complex.>®

Based upon these kinetic studies and existing literature
knowledge on related systems,> we now put forward a
postulated reaction mechanism (Scheme 3). The presence of
two catalytic species in the rate limiting step, product
inhibition, and a negative order in TBPM make this a
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N
@ X Cul 5 mol%, TBPM 1.5-2.5 eq @N\
gy \HMe DMSO, 30 °C N\:

1b 1 mmol 2
Symbol [1b]o (M) [TBPM]o (M) [e] (M)
™ 0.1000 0.1500 0.0500
® 0.1000 0.2000 0.1000
° 0.1000 0.2500 0.1500
0.008 (a) 0.001 (b)
. 0.006 =g\ 0.0008
z £
E S 0.0006
S 0004 s
F] & 0.0004 .
L. 3 /
£ 0.0002
0+ 0 +
0.01 0.05 0.07 0.01 0.03 0.05 0.07
[1b] (M) [1b] (M)
Fig. 10 (a) “Different excess experiment”: graphical rate against [1b];

(b) normalized rate by [TBPM] ™.

challenging system to study, however some key salient
similarities and differences can be observed between this
intramolecular  coupling widely  studied
intermolecular couplings.

Rate dependence on [ArBr] (1st order) and [TBPM]
(approximately negative 1st order) are in agreement with the
literature for intermolecular Ullmann reactions.”* Also the
proposed oxidative addition rate limiting step which takes
place at a copper center with a malonate XX-type ligand is
the same. However a catalyst order greater than 1 is

suggestive of two catalytic species reacting on a cycle and a
945

and more

‘parent-offspring  species mechanism seems  most
15Cu° + %Cu'' species
Product [ Disproportionation
inhibition
e} [Cu'2;]X {Cu'Mal ]36
CuMal 2 2
N 20
S] N 2\ %Aal X
X"+ ©: )—Me | N__NHMe
N Cu'X N
2 Me Me
reductive Substrate
elimination coordination
X x
Malcy!  Cu
N'\\Vrr\NMe
Me

oxidative
addition

)
Cu'Mal

[Oe)
12 Mal= L
N

Scheme 3 Proposed mechanism for TBPM promoted copper()-
catalysed intramolecular N-arylation.
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probable. One copper centre aids with the deprotonation of
the amidine unit (required due to the relative weakness of
the TBPM base®®) whilst the other copper centre facilitates
the aryl halide oxidative addition step. Although all catalytic
on-cycle species are shown in Scheme 3 as monomeric,
aggregates similar to those observed in the X-ray diffraction
studies cannot be ruled out.

Catalyst inhibition by the imidazole product (2) plays a
significant role as the reaction progresses towards
completion as revealed by the kinetic studies as shown in
Scheme 3 as an off-cycle equilibrium. Additional equilibrium
due to excess Mal coordination are also inhibitory to a lesser
extent but are not shown in Scheme 3 for clarity.

Reaction optimisation

The addition of an ancillary ligand has previously been
shown to help improve yields and reactions rates for
Ullmann arylations when organic bases such as TBPM are
used.>* However the use of organic bases with an ancillary
ligand for intramolecular Ullmann arylations have not yet
been investigated, hence TBPM promoted copper(i)-catalysed
intramolecular N-arylation was also carried out in the
presence of ancillary ligands. Unfortunately, none of the
ligands studied (L1-L4) led to an improvement in the
reaction rate compared to the ligandless system (Fig. 11).
Moreover, increasing [L1] to 20 mol% resulted in an even
lower reaction rate. Competition between the ancillary ligand
and the malonate anion from TBPM for coordination to the
metal center and the fact that malonate is already a good
ligand for the reaction would explain these observations.
Given the absence of any catalyst decomposition processes
(as shown by the “same excess” experiments described
above), attempts were made to lower the copper(i) loading to

@NY Cul 5 mol% Ligand 10 mol%
g NHMe TBPM 1.5 eq., DMSO, 30 °C

Cr-
\

0.007 A

0.006 igand-free

2
0.005 - 3and L4

0.004 L1 10%

0.003 L1 20%

0.002

Reaction Rate (M min-1)

0.001 -

0 T T T T T T ]

0.01 0.02 0.03 004 005 006 0.07 0.08
[1b] (M)

Fig. 11 In situ ligand screening by calorimetry.
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Table 3 Sub-mol% copper()-catalyzed intramolecular N-arylation

See
\

Cul 0.01 - 1 mol%

@[NY
gr\HMe  18py DMSO, 30 °C

1b 2
Entry Cul (mol%) Temp. (°C) Time (h) Yield (%)
1 — 22 72 n.r.
2 0.1 22 72 91
3 1 22 72 >99
4 — 110 24 63
5 0.1 110 3 >99

sub-mol% levels (Table 3). Pleasingly, it was shown that the
reaction can proceed with catalyst loadings as low as 0.1
mol% Cul and still give satisfactory yields even at room
temperature (entry 2). Over 99% yield can be achieved within
3 hours by increasing the reaction temperature to 110 °C
(entry 5), although it should be noted that at this higher
temperate the reaction can also proceed without a catalyst,
although longer reaction times are required and the yield is
significantly lower (entry 4).

Conclusion

New insights into the reactivity and mechanism of copper-
catalysed intramolecular N-arylation for the synthesis of
benzimidazoles have been obtained, including the solid-state
structures of copper() complexes with the amidinate
substrate and benzimidazole product. For aryl iodide and aryl
bromide substrates, cyclisation occurred readily when
they treated with mesitylcopper(i) to give
1,2-dimetylbenzimidazole ligated copper(i) complexes Cu,l,2,
and CuBr2,. The less reactive aryl chloride and fluoride

were

substrates were found to form dimeric (Cu,lc)) and
tetrameric (Cu,1d}) complexes respectively in which the aryl
halide bond remained unreacted. Moreover, the solid-state
structure of a 1,10-phenanthroline (L1) ligated intermediate
(Cu,(1d'),(L1)) was reported revealing how L1 can interact
with just one of the metal centres.

Kinetic profiling of the intramolecular reaction was carried
out using RPKA methods and in situ monitoring by a
calorimeter. An organic ionic base (TBPM) was used in the
reaction to avoid any base mass transfer effects and to allow
comparison with similar intermolecular Ullmann couplings
using this base.>® Several parallels were observed between the
intramolecular and intermolecular Ullmann couplings, notably
the same rate dependence on [ArBr] (1st order) and [TBPM]
(approximately negative 1st order). However, several significant
differences were also found. Most notably, the rate dependence
study on catalyst concentration reveals a complex order in
[Culiorar (1 < order < 2), suggestive of two catalytic species
reacting on a cycle in a parent-offspring species mechanism.
The solid-state structures of (Cu,1¢}) and (Cu,1d}) hint how
one Cu centre might coordinate to the amidine functionality
and aid its deprotonation, whilst the other facilitates activation

Catal. Sci. Technol,, 2023, 13, 7181-7189 | 7187
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of the aryl halide moiety via oxidative addition. Same excess
experiments reveal high levels of catalyst inhibition by the
product 2 which can be attributed to strong interactions
between the readily accessible exocyclic nitrogen lone pair on
benzimidazole and the copper centres - a similar motif was
also observed in the solid-state structures of Cu,l,2, and
CuBr2,. This highlights how small changes in the reaction
components can have significant impact on the overall reaction
kinetics. Based on these findings, we have been able to propose
a new intramolecular sub-mol% copper(i)-catalysed process for
the preparation of benzimidazoles. Further work is ongoing to
further improve the scope of this reaction in terms of
substrates and base.
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