
RSC Advances

REVIEW

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
A

ug
us

t 2
01

8.
 D

ow
nl

oa
de

d 
on

 0
8/

11
/2

02
5 

2:
59

:3
0 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
C–H activation-a
C
B
a
s
2
2
J
B
s
d
f
b

Organometallics and Smart Materials La

Education and Research Bhopal, Bhopal 462

Cite this: RSC Adv., 2018, 8, 27881

Received 3rd May 2018
Accepted 30th July 2018

DOI: 10.1039/c8ra03799j

rsc.li/rsc-advances

This journal is © The Royal Society of C
nnulation on the N-heterocyclic
carbene platform
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Ring-fused cationic N-heterocycles are an important class of organic compounds recognized to be of

significant interest in diverse research areas including bioactivity, materials chemistry, supramolecular

chemistry, etc. Toward the synthesis of such molecules, recently unique chemistry has been explored

utilizing a novel conjugative action of NHC ligands as a functionalizable directing group in rhodium(III)-

catalyzed aromatic/heteroaromatic/non-aromatic C–H activation and subsequent annulation of various

imidazolium salts with internal alkynes. This review highlights the initial development and underscores

the potential of this chemistry.
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1. Introduction

Their unique stereoelectronic properties and versatile metal–
ligand bonding bestow N-heterocyclic carbenes (NHCs) with
remarkable importance in various research elds including
homogeneous catalysis, materials and medicinal chemistry.1–7
Joyanta Choudhury obtained
Ph.D. in 2006 from IIT Khar-
agpur, India working under
Professor Sujit Roy on the
development of well-dened Ir–
Sn heterobimetallic complexes
for aromatic C–H functionaliza-
tion. He then moved to The
Scripps Research Institute, Flor-
ida, USA for postdoctoral work
with Professor Roy A. Periana in
the eld of alkane functionali-
zation chemistry. In 2008, he

received Marie Curie International Incoming Fellowship from the
European Union and went to the Weizmann Institute of Science,
Israel to work with Professor Milko E. van der Boom on
coordination-driven molecular assemblies on solid surfaces.
Currently, he is an Associate Professor at the Department of
Chemistry, IISER Bhopal, India. His research focusses on (a)
developing new reactivity with metal–NHC complexes and (b)
small molecule activation-functionalization including CO2, H2,
alkanes, arenes, and H2O to address renewable energy related
problems. His research work on ‘Switchable Catalysis’ has been
highlighted in the popular Chemistry magazine, ChemistryWorld.
Recently, he has been featured as ‘Movers & Shakers’ by the
industry-leading magazine ‘The Catalyst Review’, published by
The Catalyst Group (TCG), PA, USA.
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Fig. 1 Scope for exploitation of reactivity in M–NHC motifs.
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The NHC ligand acts as a strong s-donor and considerably
strong p-acceptor when bound to transition metals thereby
affording desired stability and activity. From the frontier
molecular orbitals (FMO) point of view, the sp2 hybridized
orbital (HOMO) on the carbon atom acts as a s-donor whereas
the perpendicularly located vacant p-orbital (LUMO) acts as a p-
acceptor from the metal bound to the carbon atom (Fig. 1). The
robust bonding features impart the key criteria of excellent
stability to metal–CNHC backbones so that tremendous catalytic
and material applications have been possible with metal–NHC
complexes, without any self-transformative side reactions.3–7

However, due to the same features, NHCs were found to be
reluctant to function as a directing group and take part in
powerful C–H functionalization catalysis leading to C–C and C-
heteroatom bond-forming reactions.8 Very recently, this unique
reactivity pattern on the NHC platform has been explored with
the help of transition metals, especially Rh, to develop new
catalytic protocols toward synthesizing various ring-fused
cationic N-heterocyclic structural motifs. These and similar
motifs are synthetically demanding due to their presence in
various biologically active compounds and pharmaceuticals,9

and due to potential in organic light-emitting diode (OLED)
applications.10 The main chemical strategy involves C–H acti-
vation/cyclometalation–insertion–annulation/functionalization
sequence surrounding the metal–NHC templates accessible
from desired quaternized ‘azolium’ salts as precursors/
substrates (Fig. 2). While substituted imidazolium salts are
a priority as substrate as they form building blocks for vastly
known M–NHC motifs, internal alkynes have been found to be
ideal inserting partner for coupling to the azolium substrates to
Fig. 2 Strategy of C–H functionalization on M–NHC platform.

27882 | RSC Adv., 2018, 8, 27881–27891
furnish functionalized products (Fig. 2). The initial develop-
ment and the potentiality of this chemistry have been high-
lighted in this article.

2. Chemistry at Rh–NHC template
2.1 Background

For a long time Rh–NHC templates are being used as catalyst for
various organic transformations.11–13 The idea of productive
functionalization of Rh–NHC itself toward further conversion
into useful end products was not realized until recently. In the
context of C–H activation, initially, Peris and co-workers re-
ported an Ir(III)–NHC complex which could act as catalyst for
deuteration of organic molecules via C–H activation process.14a

Similarly, Nolan and co-workers reported a unique double
cyclometalation process as a result of double C–H activation in
a Rh(III)–NHC complex.14b In due course of time, stoichiometric
reactions involving insertion of internal alkyne to Rh–NHC
complexes and reductive elimination of such species were also
reported.14c A catalytic functionalization of NHC motifs was re-
ported by the group of Cavell in 2008 catalysed by Ni(II) cata-
lyst.15a They successfully exhibited catalytic intramolecular
annulation of alkyl substituted imidazolium salts in presence of
Ni(0)/Ni(II) redox couple as catalyst. Another catalytic intra-
molecular annulative transformation of alkyl substituted
benzimidazoles reported by Bergman and Ellman involved
Rh(I)–NHC moiety as an intermediate. In this work, the authors
reported to form a Rh(I)–NHC–alkene complex that acted as
resting state of the catalyst for intramolecular catalytic trans-
formation of alkyl substituted benzimidazoles.16

2.2 Intermolecular monoannulation at non-chelating Rh–
NHC template

The rst idea of catalytic intermolecular transformation of Rh–
NHC template was established by our group where we explored
the unique directing group behaviour of NHC to activate
aromatic sp2 C–H bond.17 Using Rh–NHC template as the plat-
form we succeeded in functionalizing the Rh–NHC motif to
useful organic products. The directing group (DG) ability of
NHC was used in activating aromatic sp2 C–H bond of a suitably
placed phenyl ring from NHC group with the help of Rh(III)
catalyst (Scheme 1). This Rh(III)-catalyzed intermolecular
aromatic C–H activation annulation involved coupling of the
NHC backbone with an internal alkyne as electrophile. The DG
assisted C–H activation is not a new strategy and has been in
practice among synthetic chemists for a long time.8
Scheme 1 First report on catalytic transformation of Rh–NHC
template.

This journal is © The Royal Society of Chemistry 2018
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Scheme 2 Stoichiometric/catalytic C–H activation–functionalization
directed by NHC.

Scheme 4 C–H activation/annulation at 4-pyridyl-Rh–NHC
template.
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The Rh–NHC backbone was generated by using aryl imid-
azole salts. The annulation behaviour of Rh–NHC template
was validated initially in a stoichiometric fashion. Using Ag
transmetallation procedure, Rh–NHC complex was syn-
thesised in situ and later treated with diphenylacetylene as
a coupling partner to give the annulated organic compound 3a
(Scheme 2a). The structural conrmation of 3a was made by
various analytical techniques and single crystal X-ray diffrac-
tion (SC-XRD) analysis. Motivated by this information, a cata-
lytic transformation was carried out using phenylimidazolium
iodide; 1a as NHC precursor and diphenylacetylene to get the
same product 3a0 (Scheme 2b). The successful catalytic reac-
tion needed 5 mol% of [RhCp*Cl2]2 as catalyst, 4 eq. of NaOAc
as base, 3 eq. of AgOTf as oxidant and dichloromethane as
solvent under optimised conditions. This result also
conrmed the successful reductive elimination from a Rh–
NHC template without undergoing side reaction or decom-
position. The annulation protocol was found to be operative
for various substituted imidazolium substrates and internal
Scheme 3 Plausible mechanism for C–H annulation at non-chelating R

This journal is © The Royal Society of Chemistry 2018
alkynes as well. The end products of this annulation protocol
were a newer class of cationic aromatic conjugated poly-
aromatic hydrocarbons which might have potential in organic
material applications, pharmaceutics, imaging etc.9,10

A widely accepted mechanism for C–H activation catalyzed
by Rh(III) species is concerted metalation deprotonation (CMD)
pathway assisted by a carboxylate base. Numerous experimental
and theoretical reports on CMD-type mechanism validated for
DG-assisted C–H activation-annulation are known.18 These
investigations suggested involvement of carboxylate ligand
acting as internal base to deprotonate the desired proton to
undergo cyclometalation. We investigated the plausible mech-
anism of mono-annulation process for aromatic sp2 C–H bond
activation/functionalization at Rh–NHC platform.19 Aer
rigorous control studies supported by experimental and theo-
retical evidences and SC-XRD structural conrmations,
a mechanism as shown in Scheme 3 was proposed. Aer initial
formation of Rh–NHC coordinated species, the carboxylate
(OAc) ligand at the Rh center acts as an internal base to abstract
the proton from phenyl ring to undergo cyclometalation. An
iodo-coordinated cyclometalated intermediate 4 (iodo version
of IB) was synthesized and structural conrmation was done by
SC-XRD technique. The intermediacy of 4 was conrmed by
various control experiments under stoichiometric and catalytic
conditions. To the cyclometalated species, the alkyne coordi-
nates and inserts into Rh–CPh bond instead of Rh–CNHC bond.
h–NHC platform.

RSC Adv., 2018, 8, 27881–27891 | 27883
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Scheme 5 Plausible mechanism for NHC directed C–H activation/annulation of pyridyl C–H bond.

RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
A

ug
us

t 2
01

8.
 D

ow
nl

oa
de

d 
on

 0
8/

11
/2

02
5 

2:
59

:3
0 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Thermodynamically viable path is the former, supported by
theoretical calculations and later by X-ray structure conrma-
tion of a seven-membered rhodacycle intermediate. The seven-
membered intermediate undergoes reductive elimination to
give desired product. Silver mirror in the reaction vessel was
observed as well because of formation elemental Ag as a result
of reductive elimination.20 From kinetic studies it was realized
that imidazolium C2–H activation was the rate-determining
step (rds) for this catalytic transformation.
Scheme 6 Cascade functionalization of Rh–nNHC and Rh–aNHC
template.
2.3 NHC directed pyridine C–H activation/annulation at Rh–
NHC platform

The success with NHC directed C–H activation/annulation
prompted to extend its viability in more difficult C–H
activation/annulation of pyridine ring. In 2015, our group re-
ported similar catalytic annulative sp2 C–H activation/
functionalization based on 4-pyridyl-Rh–NHC platform
(Scheme 4).21 It is noteworthy that although several DG-assisted
C–H functionalization were known at that time, pyridine func-
tionalization catalysed by transition metal via similar strategy
was limited mostly to amide directing group only.22,23 The Li
group reported synthesis of quinolines via Rh(III) catalysed
annulation strategy where DGs were amide, pyridine and
imidazole as well.23 From theoretical standpoint, functionali-
zation of pyridine C–H is more difficult because of high Lewis
basicity of pyridine N atom that may coordinate to the metal
strongly. This could be an inhibiting effect on the overall reac-
tion. However, in the work reported by our group, the pendant
pyridine-coordination enhanced the reactivity thereby
providing a remote support. One signicant change achieved in
this work was reduction of catalyst loading to 2.5 mol% from
earlier reported 5 mol% of [RhCp*Cl2]2.17
27884 | RSC Adv., 2018, 8, 27881–27891
The plausible mechanistic pathway for this type of C–H
activation/annulation could be depicted as similar to Scheme 5
above. However, presence of a coordinating N atom at 4-posi-
tion could inuence the reactivity in such cases. In fact, the rst
rhodacycle isolated from a stoichiometric reaction, contained
a pendent Rh–N coordination at the pyridine ring. This partic-
ular work shed light upon the mechanistic path taken in terms
of formation of both early and late stage intermediates. The
free N at the 4-position of pyridine ring acts as a remote coor-
dination site besides usual cyclometalation of Rh(III) to the NHC
backbone. The pendant Rh(III) remains even aer reductive
elimination step leading to desired annulated product.
Presumably, during work up stages the pendant centre was
removed to furnish imidazo-[1,2-a][1,6] naphthyridinium salts
as new products (Scheme 5).
2.4 Cascade annulation at non-chelating Rh–NHC motif

Aer the mono-annulation reaction of phenylimidazolium
salts, the structural backbone of the products could, in prin-
ciple, undergo another annulative functionalization in cascade
if double equivalents of alkyne were used. This could conrm
functionalization of Rh–aNHC template (aNHC ¼ abnormal
This journal is © The Royal Society of Chemistry 2018
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Scheme 7 Proposed mechanism for cascade C–H activation/annulation.

Scheme 8 Wang's procedure of C–H activation-annulation at Rh–
NHC platform.
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NHC) in an annulative pattern. This possibility was explored as
well. Our group reported a double functionalization in cascade
involving Rh–NHC template for the rst time.24 In this partic-
ular work, we exploited the potential abnormal-NHC function-
alization in addition to normal NHC-directed annulation. The
double annulation resulted in nicely framed polyaromatic
architectures of highly conjugated nature (Scheme 6).

Frommechanistic point of view, the rst annulation step was
expected to follow a similar mechanism as shown in Scheme 7.
Later, to the product of rst annulation, in presence of Rh(III)
precursor and NaOAc, another activation and cyclometallation
is possible. Plausibly, an abnormal Rh–NHC complex 10 acts as
an intermediate in this step (Scheme 7). To the complex 10,
another equiv. of internal alkyne 2 inserts to form 7-memebered
inserted complex that may undergo reductive elimination. The
end result of the reductive elimination is the desired bis-
functionalized cationic annulated product.

The elevated interest in functionalizing NHC-backbone was
displayed by overlapping of almost similar reports by the Wang
group on cascade annulation which involved Rh–NHC template
and similar ligand backbone.25a They reported an annulation
protocol involving Rh(III) as catalyst and Cu(II) salts as oxidant
and base in t-AmOH as solvent at a reaction temperature of
80 �C (Scheme 8).

The Wang group later explored their annulation protocol in
multiple C–H activations of arylimidazoles too, thereby result-
ing substituted benzo[ij]imidazo[2,1,5-de]quinolizine based
polyheteroaromatic compounds as end products.25b Contem-
porarily, they also succeeded in replacing expensive Rh catalysts
This journal is © The Royal Society of Chemistry 2018
with comparably cheaper Ru(II), but higher reaction tempera-
ture of 130 �C and both Cu(OAc)2 and AgSbF6 were required as
additives.25c Later, Li, Wang and other few groups extended this
kind of annulation strategy to various other directing groups
and coupling partners as well.26
2.5 Annulative transformation of non-aromatic sp2 C–H
bond

Aer success with aromatic sp2 C–H activation/annulation,
our group reported another successful functionalization of
Rh–NHC template wherein the NHC backbone was based on
non-aromatic imidazolium salts. In this work, we succeeded in
activating various non-aromatic sp2 C–H bonds and coupling
them with internal alkynes to form cationic annulated scaf-
folds (Scheme 9).27 Interestingly, no intramolecular C–H
activation/annulation of vinylic group was observed under
these reaction conditions. Two protocols using AgOTf or
RSC Adv., 2018, 8, 27881–27891 | 27885
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Scheme 11 Bimodal ‘rollover’ process at chelated Rh–NHC platform.

Scheme 9 Functionalizing Rh(III)–NHC template for non-aromatic sp2

C–H activation.
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Cu(OAc)2 were achieved. The latter did not require any external
base as it acted as internal base too. It was observed that under
standard reaction conditions there was a competition between
phenylic C–H bond and vinylic C–H bond leading to mixture of
annulated products of both types.

However, complete switching of reactivity toward pyridyl
sp2 C–H activation over the vinylic sp2 C–H activation under
the competitive situation was observed when 4-pyridyl
substituent was used. These results suggested that the regio-
selectivity in the sp2 C–H activation could be guided by the
electronic nature of the N-substituents within the NHCmotifs.
In agreement with the cascade annulation report earlier,24

excess alkyne provided a double sp2 C–H (aromatic as well as
non-aromatic) activated product at higher temperature,
wherein the second annulation was directed by an abnormal
carbene generated from C(5)Im–H deprotonative metalation.

The mechanistic steps were presumed to follow a similar
pathway as in monoannulation process (Scheme 10). In fact,
isolation of rhodacycle intermediate 13 and stoichiometric
and catalytic intermediacy test supported the proposed inter-
mediates in the mechanism. Undoubtedly, this work moti-
vated others to explore other annulative transformations and
mechanistic investigations too.28
Scheme 10 Proposed mechanism for non-aromatic sp2 C–H activa-
tion/annulation.

27886 | RSC Adv., 2018, 8, 27881–27891
2.6 Rollover annulation at chelating Rh–NHC template

Upon successful exhibition of directing group behaviour of
NHC to activate aromatic17,19,21,24 and non-aromatic sp2 C–H
bonds at Rh–NHC platform,27 we extrapolated our investiga-
tions to difficult-to-functionalise chelating organic molecules
having strongly coordinating heteroatoms in suitable metal-
chelating positions. Thus, in early 2016, our group reported
an unprecedented ‘rollover’ C–H activation-annulation of such
chelating molecules based on 2-pyridylimidazolium halide
motifs as NHC backbone.29 In this work, we reported a ‘switch-
able rollover annulation’ protocol wherein Rh–NHC metal-
lachelate underwent a rollover process to give C–C coupled
annulated product instead of expected C–N coupled product
without any ring opening process (path a, Scheme 11).

The ‘rollover’ process signies initial formation of a metal-
lachelate where the metal centre is bound to a heteroatom such
as N or S.30 Then, under certain conditions and inuencing
factors, the ring opens followed by a rotation of the pivotal bond
and nally formation of a new metallacycle wherein the
connectivity of themetal is nomore with the earlier heteroatom.
This kind of rollover cyclometallation (ROCM) was known for
various square planar complexes based on Pt metal, reported by
the Zucca group (Scheme 12).31

Usually, the rollover process in these stoichiometric trans-
formations was induced by trans effect of the substituent on
square plane, anti to the heteroatom.30,31 Solvent-induced roll-
over was also observed in these cases. Cheng group investigated
Scheme 12 Steric and electronics induced stoichiometric rollover
cyclometalation.

This journal is © The Royal Society of Chemistry 2018
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Scheme 13 Rollover functionalization of Rh–NHC metallachelate.
Scheme 15 NHC rollover functionalization of Rh–NHC
metallachelate.
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the ROCM process in both strong bidentate and tridentate
heteroaryl ligands.32 In 2015 Miura and Satoh reported ROCM
process for the synthesis of indolonaphthyridines from 2-pyr-
idylindole derivatives, catalysed by Rh(III).33a Oro group also
reported a similar rollover process in 2014, for 2-thienylpyridine
C–H activation catalysed by a Rh(III)–NHC complex.33b

In addition to usual challenges associated to C–H activation/
functionalization, chelate functionalization involves two major
problems. The former being the facile formation of stable
metallachelate resistant to ring opening process without
undergoing decomplexation and the latter is desired and
selective coupling with incoming electrophile to get function-
alized products without undergoing decomposition. Owing to
these facts, reports on ‘rollover’ C–H functionalization are
extremely rare till date. However, the pyridine and thiophene
motifs are in the suitable range of forming metallachelate of
desired stability that may undergo ROCM process. Regardless,
we succeeded in functionalization of strongly bonded Rh–NHC
metallachelate which gave a newer class of cationic C–C coupled
polyheteroaromatics (Scheme 13).

This type of rollover transformation giving annulated
product is an outcome of pyridine rollover as apparent from
path a in Scheme 11. The mechanistic investigations suggested
that initially an Npy-Rh–NHC metallachelate 19 (Scheme 14) is
formed. It was understood that in the above-mentioned rollover
C–H functionalization strategies, stereoelectronic factors oper-
ating at the catalytic metal center play a pivotal role for the
Scheme 14 Plausible mechanism for ‘rollover’ C–H annulation at Rh–N

This journal is © The Royal Society of Chemistry 2018
success to overcome high activation barrier rollover process to
initiate the subsequent C–H bond cleavage step. Other factors
such as ligand trans effect, intramolecular H-bonding, and
water-assisted H-bonding were proposed as the driving force in
this particular type rollover functionalization process.32,34

Under inuence of these factors a pyridine rollover process is
expected in complex 5 that may undergo alkyne insertion and
via reductive elimination nal annulated product is obtained.
Presumably, the pyridine rollover in piano-stool type Rh–NHC
complexes is driven by an induced bond weakening and hemi-
lability of pyridine ligand attached to a highly electrophilic
cationic, alkyne coordinated Rh(III) centre generated during the
reaction. However, till date the exact step of the rollover process
has not been conrmed for piano-stool type of complexes.

The path b in Scheme 11 suggests the possibility of a non-
annulative transformation at Rh–NHC template. By virtue of
NHC rollover of the rhodium metallachelate, alkenylation was
observed under certain constraints (Scheme 15). The NHC
ROCM process could possibly be due to the formation of
stronger aNHC–Rh bonds with stronger s-donation from aNHC
site. The steric control generated from N-substituent of imida-
zolium ring and electronics of alkyne incorporated are also
determining factors in such rollover process. A subtle steric and
electronics balance between the normal and the abnormal NHC
ligands dictates the direction of the rollover process. We
observed NHC rollover when incoming alkyne is a very electron-
decient one such as dimethylacetylenedicarboxylate (DMAD)
HC platform.

RSC Adv., 2018, 8, 27881–27891 | 27887
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Scheme 16 Stereoelectronically biased C–H functionalization at Rh–
aNHC platform.
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or when a very bulky group (such as adamantyl) is present
within the imidazolium ring. Hence, the results were alkeny-
lated products via non-annulative transformation at Rh–NHC
template. Prior to this report, few similar Pd–NHC metal
complex based non-annulative catalytic transformations were
reported by Cavell15b and other groups during 2000–2008.15c,d
2.7 Rollover transformation at Rh–aNHC platform

NHC rollover is a less general process and controlled by steric
and electronic factors to greater extent than pyridine rollover
process. Also, NHC rollover was expected to be prominent for
abnormal aNHC–Rh chelate than normal nNHC–Rh chelate.
Based on these observations, our group investigated C–H acti-
vation–functionalization at Rh–aNHC platform too. A specially
designed ligand via blocking the C2 position of the imidazolium
backbone, provided the desired abnormal Rh–aNHC metal-
lachelate template (Scheme 16). Functionalization of Rh–aNHC
template is expected to be more difficult attributed to their
enhanced stability as result of stronger s-donation from NHC to
metal centre which can terminate the reaction from undergoing
functionalization or decomposition under reaction
conditions.35

In this context, C–H cyanation of arylimidazo[1,2-a]pyridines
reported by Song and Hao group,34a C–H diamination of aryl-
pyridines by Lu group,34b and rollover annulation at tridentate
motifs by Chang group added signicant value to the eld of
rollover functionalization of metallachelates.32b One recent
report from Thiel group demonstrated ROCM process in the
synthesis of Ir–Pt or Ir–Pd heterobimetallic complexes based on
substituted pyrimidine as ligand backbone.36
Scheme 17 Bimodal C–H activation/annulation at Rh–aNHC template.

27888 | RSC Adv., 2018, 8, 27881–27891
Following our established annulation protocol, we investi-
gated functionalization of Rh–aNHC platform (Scheme 17).20

The expected transformation in case of Rh–aNHC template was
alkenylation likewise in aNHC-directed rollover for chelators,
without undergoing C–N coupling. However, it was observed
that even in case of Rh–aNHC template bimodal functionali-
zation leading to both alkenylation and annulation was
possible. The usual pathway for this was alkenylation whereas
under certain stereoelectronic constraints, annulation was also
possible via a pyridine rollover process. When the adjacent 2-
position of the pyridyl ring is substituted (R2 in Scheme 17) by
electron donating group, rollover annulation was observed for
electron-decient alkynes such as diphenyl acetylene. No roll-
over product was obtained for electron-rich alkyne such as 4-
octyne. On the other hand, with substantial steric bias at 2-
position led to rollover exclusively. The steric bias involved at
pyridyl ring led to exclusive alkenylation as a result of non-
rollover. Therefore, it was evident that the reaction path was
never controlled by one factor; rather it was guided by a collec-
tive contribution from sterics and electronics of substituents
and incoming electrophile as well.

Preliminary mechanistic investigations led to synthesis,
isolation and structural conrmation of various intermediates.
Owing to experimental challenges involved in the ‘rollover’
process, full proof investigations have not yet been completed.
It was observed that ‘rollover’ in sterically-biased Rh–aNHC
platform is controlled by substituents, electronics of the
incoming electrophile and the base involved (Scheme 19). When
R2]H in the metallachelate 24 (Scheme 18) no rollover was
observed and alkenylation path was followed. The main differ-
ence in alkenylation and annulation is that in the former the
last step is a protodemetalation step while for annulation it is
a reductive elimination step.
2.8 C–C vs. C–N ring-extension annulation

Based on the earlier works, our group recently reported the
switching of reaction pathway controlled by anion and solvents
giving dichotomous end products.37 However, the substrates
used in this work were based on aryl imidazoles rather than
imidazolium salts (Scheme 19). The anion attached to the
common rhodacycle intermediate along with the nature of the
reaction solvent played a crucial role in dictating chemo-
selectivity in this divergent annulation protocol catalyzed by
Rh(III). A strongly coordinating anion such as acetate (from
Cu(OAc)2$H2O) forms a neutral rhodacycle intermediate which
prefers non-polar solvents for stabilization. As a result of this, it
This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Images of selected synthesized annulated products under UV
light.

Scheme 19 Switching of reaction pathway from C–C rollover to C–N
ring-extension annulation.

Scheme 18 Plausible mechanism for ‘rollover’ C–H annulation at Rh–aNHC platform.
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undergoes selective C–C annulation (path a; Scheme 19). On the
other hand, a weakly/non coordinating anion such as BF4 or OTf
(from Cu(BF4)2$6H2O; AgOTf) prefers formation of cationic
rhodacycle stabilized better by polar solvents. Eventually it leads
to C–N coupled product involving a ring-extension process (path
b, Scheme 19). These observations added further to the mech-
anistic understanding of catalytic rollover process involving
piano-stool chelating type of metallacycles.
This journal is © The Royal Society of Chemistry 2018
3. Conclusion and outlook

The chemistry of C–H activation-annulation at the metal–NHC
platform described herein shows a new direction of applica-
tions in the versatile eld of transition-metal-catalyzed C–H
functionalization. It was suggested that productive trans-
formation of in situ generated metal–NHC templates could be
a potential strategy for derivatizing a large number of azolium-
containing organic substrates to the valuable products.
Aromatic, heteroaromatic and non-aromatic C–H bonds were
shown to be possible to functionalize via these protocols. In
terms of reaction pathway, one can control the same by several
factors including electronic and steric on the substrates,
solvents, base, temperature etc. Interestingly, the end-products
represent a newer class of cationic annulated poly-
azaheteroaromatic compounds with extensive conjugation.
These compounds exhibit variable uorescence emission in
organic as well as aqueous solutions (Fig. 3). These may nd
potential applications in the eld of organic materials, cellular
imaging etc.

More importantly, the one-pot synthesis of these poly-
heteroaromatics achieved by the current annulation protocol is
an attractive route in comparison to traditionally-practiced
multistep tedious organic synthetic protocols. However, these
protocols are not free of drawbacks. The major drawback is the
use of metal-based oxidants, such as either Ag salts or Cu salts.
From synthetic point of view, it is a limitation that has to be
resolved. Investigations can be focused toward application of
cheaper non-metal oxidants including aerobic conditions.

On the other hand, the mechanistic picture of the highly
attractive rollover C–H functionalization protocols is not clear,
particularly due to various thermodynamic and kinetic
RSC Adv., 2018, 8, 27881–27891 | 27889
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restrictions involved in arresting the crucial organometallic
intermediates. An extensive research direction consisting of
experimental and computational approaches can address the
mechanistic issues and thereby establish the required under-
standing and knowledge-base which may help in designing
newer methods as well as broadening the reaction scope. Lastly
and most importantly, there is a signicant scope for future
research involving these new synthetic reactions toward the
development of cheaper rst-row transition metal-based cata-
lysts to replace the expensive Rh-based ones. Recently, there
started a trend toward this direction, although the implication
in the NHC-directed/assisted C–H activation-annulation is yet
to be achieved.
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Coord. Chem. Rev., 2007, 251, 874; (c) D. J. Nelson and
S. P. Nolan, Chem. Soc. Rev., 2013, 42, 6723.

7 (a) M. C. Jahnke and E. Hahn in N-Heterocyclic Carbenes:
From Laboratory Curiosities to Efficient Synthetic Tools, S.
27890 | RSC Adv., 2018, 8, 27881–27891
Diez-Gonzalez, RSC, 2011, vol. 6, ch. 1, pp. 1–45; (b)
R. Zhong, A. C. Lindhorst, F. J. Groche and F. E. Kühn,
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