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Regioselective C-H alkynylation of arenes via C—H activation is challenging yet a highly desirable
transformation. In this regard, directing group assisted C(sp?)—H alkynylation of arenes offers a unique
opportunity to ensure precise regioselectivity. While the existing methods are mainly centered around
ortho-C—H alkynylation and a few for meta-C—-H alkynylation, the DG-assisted para-selective C-H
alkynylation is yet to be reported. Herein we disclose the first report on Rh-catalyzed para-C-H

alkynylation of sterically and electronically unbiased arenes. The para-selectivity is achieved with the
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Accepted 18th September 2023 assistance of a cyano-based directing template and the selectivity remained unaltered irrespective of the
steric and electronic influence of the substituents. The post-synthetic modification of synthesized para-

DOI: 10.1039/d35c03528] alkynylated arenes is also demonstrated. The mechanistic intricacies of the developed protocol are
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The acetylene motif is prevalent in various natural products,
agrochemicals, pharmaceuticals, and in materials.* It not only
provides a unique linear and rigid backbone in molecular
arrangement but it also renders a platform to harness the
benefit of the extended w-conjugated system in organo-
electronic materials.”> The easily transformable nature of the
alkyne is an additional advantage as it offers a unique oppor-
tunity to diversify the drug molecules and biologically active
molecules via triple bond functionalization.* Therefore, alky-
nylation of arenes is considered as one of the most desirable
transformations. In this regard, the palladium catalyzed Sono-
gashira coupling reaction is the most versatile and generalized
method to synthesize aryl alkynes using aryl (pseudo)halides
and terminal alkynes.* However, utilization of prefunctional-
ized aryl(pseudo)halides is the major drawback of this method
and it inhibits wide application in synthetic chemistry.

In search of alternative approaches that preclude the usage
of prefunctionalized arenes, a number of methods were devel-
oped in which arene-C(sp®)-H alkynylation was achieved using
terminal alkynes or activated alkynes, e.g. ethynylbenziodox-
olone (EBX) reagents® or haloalkynes.® Notably, the success of
these methods requires electronically activated arenes” or

“IIT Bombay, Department of Chemistry, Powai, Mumbai 400076, India. E-mail:
dmaiti@iith.ac.in

*Institute of High Performance Computing (IHPC), Agency for Science, Technology and
Research (A*STAR), Singapore, Singapore. E-mail: zhang_xinglong@ihpc.a-star.edu.sg
t Electronic ~ supplementary information (ESI) available. See DOI:
https://doi.org/10.1039/d35c03528j

i These authors contributed equally.

© 2023 The Author(s). Published by the Royal Society of Chemistry

elucidated through experimental and computational studies.

arenes bearing a chelating directing group (DG).* While the
former strategy delivers an alkynylated product based on the
electronic effect of its substituents, the latter ensures the
regioselective alkynylation of the targeted arene depending on
the nature of the directing group. The applicability of the elec-
tronically controlled C(sp?)-H alkynylation method is limited to
a certain class of substrates bearing electron releasing func-
tional groups. Contrary to that, the DG-assisted C-H activation
strategy offers a broad scope and practical method to ensure
regioselective C-H alkynylation. However, the majority of the
available methods are limited to ortho-C-H alkynylation, which
proceed via a thermodynamically favourable five to six
membered metallacyclic intermediate. Examples pertaining to
the DG-assisted distal meta- or para-C-H alkynylation, which
proceeded via a large macrocyclic cyclophane-type interme-
diate,’ are scarce in the literature. However, the state-of-the art
methodologies that are available to perform para-selective C-H
functionalization of arenes, either rely on the electronic control
of the arene or the prudent design of the templates. In this
regard, para-selective borylation was achieved by the group of
Itami with the help of an elegantly designed bulky ligand.' The
group of Nakao reported the para-selective alkylation and bor-
ylation under nickel' and iridium" catalyzed conditions,
respectively, by exploiting the steric governance of Al-based
Lewis acids. A specialized L-shaped template was developed
by Chattopadhyay and co-workers to perform para-selective
borylation of aromatic esters."® Para-selective alkylation of
aniline derivatives was demonstrated by Frost under Ru-
catalyzed conditions in 2017.** Subsequently, a similar
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catalytic platform was used by Zhao to perform para-selective
difluoromethylation of anilides* and ketoximes.*® In 2020, they
also reported para-selective difluoromethylation using iron(-
tetraporphyriinato) chloride [Fe(TPP)CI]."” Evidently, these
protocols are extremely limited to a certain class of substrates as
well as functionalizations. In order to establish a robust
protocol to access selective distal C-H alkynylation of sterically
and electronically unbiased arenes, we rely on the directing
group assisted C-H activation technique. The group of Yu, in
this regard, has demonstrated a meta-C-H alkynylation protocol
using an ortho-directing group under palladium-norbornene
(Pd-NBE) cooperative catalysis.'®* Our group has also developed
meta-selective alkynylation protocols employing previously
developed meta-directing groups under both palladium** and
rhodium™” catalyzed conditions. However, the notable devel-
opment in the realm of selective para-C-H alkynylation is yet to
be reported.

A suitable directing group to ensure the selective para-C-H
activation requires to maintain a precise geometric orientation
between the desired C-H bond and the directing group, so that
the transition metal catalyst can be accommodated at the
proximity of the desired para-C-H bond.’*** In this regard,
a cyano-based D-shaped template was contemplated by our
group in 2015 to execute the para-selective C-H functionaliza-
tion.>® With this D-shaped template, thus far, para-selective C-H
olefination,?*?' acetoxylation,?*?'* silylation,>* ketonization,*'?
cyanation,* and arylation®" have been achieved. In 2021, Li
and coworkers developed a novel pyridine-based para-directing
template to harness para selective olefination under Pd-
catalyzed conditions.” Despite the seminal progress in this
realm, the widespread application of the template assisted para-
selective C-H activation is yet to be achieved. We, therefore,
became interested in harnessing para-selective C-H alkynyla-
tion of arenes by employing the D-shaped template. Neverthe-
less, para-selective alkynylation of aniline derivatives was
achieved by Waser’ and Fernandez-Ibafiez’® using Au and Pd
catalysts, respectively. These methods were found to be effective
with electron rich aniline derivatives. van Gemmeren and co-
workers also reported sterically controlled C-H alkynylation of
arenes under Pd-catalyzed conditions at the distal meta-
position.”

Our investigation in para-selective C-H functionalization
relying on template assistance is mainly centered around the
palladium catalyzed conditions in combination with the super
stoichiometric silver oxidant”*** In sharp contrast, broader
catalytic potential of other transition metals is yet to be explored.
To the best of our knowledge, para-selective C-H olefination is
the only instance, reported to date under Rh-catalyzed conditions
(Scheme 1a).** As our concerted focus is devoted to diversifying
the template assisted regioselective distal C-H functionalization
method, herein we disclosed the first example of DG-assisted
para-C-H alkynylation of arenes via an inverse Sonogashira
coupling reaction utilizing a Rh-catalyst (Scheme 1b). More
importantly, the desired transformation is unattainable under
Pd-catalyzed conditions. Therefore, the present method provides
a complementary platform to Pd-catalysis in achieving selective
distal C-H functionalization of arenes.
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Scheme 1 Directing group assisted Rh catalyzed para-C-H func-
tionalization of arenes.
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To demonstrate the feasibility of the para-selective C-H
alkynylation reaction, we chose a model toluene scaffold,
equipped with the electron rich, dimethoxy substituted cyano-
based D-shaped template (DG;) and (bromoethynyl)triisopro-
pylsilane as an alkynylating coupling partner. Initial attempt of
para-C-H alkynylation using [RhCp*Cl,], as catalyst, CuCl, as
oxidant and Ag,COj3; as co-oxidant in the presence of trifluoro-
acetic acid (TFA) in dichloroethane (DCE) solvent gave the
desired product in 20% yield. While optimizing the Rh-
catalysts, a slight improvement in yield was observed with
[Rh(COD)Cl],. Rh,(OAc), and Rh(PPh;);Cl were found to be
ineffective. Further optimization of the reaction parameters
revealed that the combination of dual additives consisting of
Cu,Cr,0s5 and Ag,SO, furnished the desired compound in 51%
yield. Finally, synthetically useful yield (76% isolated) and
selectivity (para : others >15 : 1) were achieved when a combina-
tion of 1-adamantanecarboxylic acid and Na,CO; was used as an
acid and base additive, respectively. We also tried using oxygen
as a green oxidant along with a catalytic amount of Cu,Cr,0s5
but the reaction outcome was not good compared to Cu,Cr,05
as the stoichiometric oxidant.*® Notably, electronically modified
cyano-based weakly coordinating directing groups (DG2, DG3,
and DG4) were also examined and all of them were found to be
less efficient in comparison to DG1 (Table 1). Additionally,
relatively strongly coordinating pyridine (DG5), pyrimidine
(DG6) and quinoline (DG7) based directing groups failed to
produce the alkynylated compounds under the developed
reaction conditions.

With the optimized reaction conditions, the mono
substituted toluene-based scaffolds tethered with DG1 were
examined to demonstrate the generality of the developed
method (Scheme 2). Both the electron donating as well as
electron withdrawing substituents delivered the desired para-
alkynylated compounds with excellent yield and acceptable
selectivity.

The electron releasing methyl substituent provided the
desired product (2b) in 79% yield with greater than 15:1
selectivity and the electron deficient haloarenes (2c-2e) and
ortho-trifluoromethyl arene also gave the para-alkynylated

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Directing group (DG) optimization
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Scheme 2 Rh-catalyzed para-C—-H alkynylation of mono-substituted

arenes.
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compounds (2f) in good yield and selectivity. Additionally, are-
nes bearing ethers (1g-1j) and thioether (1k) were tolerated
under the reaction conditions and the desired products were
obtained without compromising the yield and selectivity. The
versatility of the developed protocol was further demonstrated
with disubstituted arenes. para-C-H alkynylation with both the
2,6- (11-1p) and 2,5-disubstituted arenes (1q-1s) proceeded
smoothly and the desired products were obtained in syntheti-
cally useful yield and selectivity (Scheme 3). Notably, while the
meta-F substrate provided the para-alkynylated compound in
65% yield with >15:1 selectivity, relatively bulky meta-substit-
uents such as meta-CH;, meta-Cl, and meta-CF; scaffolds deliv-
ered mainly the meta-alkynylated compounds. We reasoned that
the bulkiness of these substituents prevents the accessibility of
the para-C-H bond and therefore the sterically less hindered
meta-C-H bond was activated. Further, the applicability of the
protocol was extended to a-substituted toluene derivatives (1t
and 1u). Notably, the a-phenyl toluene derivative mainly affor-
ded the mono-alkynylated product (2t, mono:di - 10:1). It is
evident from the scope of the reaction that the electronic nature
of the arenes and steric influence of the substituents did not
alter the reaction outcome in terms of yield and para-selectivity.
Thus, the protocol offers an opportunity to expand the scope of
regioselective distal para-C-H alkynylation to accommodate
a wide range of steric and electronic demands of substrates.
However, the developed protocol failed to accommodate other
alkyne coupling partners such as 1-bromo-2-phenylacetylene, 1-
bromohept-1-yne, ethyl 3-bromopropiolate and (bromoethynyl)
trimethylsilane. The phenomenon could be justified by the

ipr, /Pr Pry _/Pf DG, &,
Si [Rh(COD)CI], (5 mol% Sisp
DGy Cu,Cry05 (1 equiv.)
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Scheme 3 Rh-catalyzed para-C-H alkynylation of di-substituted
arenes.
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coordinating propensity of 7 bonds to the Rh center, which was
also highlighted in the previous literature reports.>

The synthetic utility of the developed para-selective C-H
alkynylation protocol was further demonstrated through the
removal of the appended directing group as well as through
functional group interconversion (Scheme 4). Treatment of 2a
with tetra-butylammonium fluoride (TBAF) furnished p-tolyla-
cetylene (3) along with the directing group (DG1) in quantitative
yield. It is worth noting that the 4"-hydroxy-4,5-dimethoxy-[1,1-
biphenyl]-2-carbonitrile (DG;) could be attached further to
prepare our starting materials, highlighting the reusability of
the directing group. Compound 2a treated with p-toluene-
sulfonic acid in methanol resulted in a silanol derivative, 4.
Taking advantage of ortho-directing capability of the silanol
motif, 4 was subjected to Pd catalyzed ortho-C-H olefination
reaction conditions and an ortho-olefinated and para-alkyny-
lated compound, 5 was obtained in 68% yield. Considering the
easy transformability of alkynes, the alkynylated product (3) was
reduced to corresponding alkane (6) and alkene (7), and
oxidized to benzonitrile (8), benzoic acid (9), and phenyl acetic

acid (10) derivatives. Additionally, oxynitration (11),
post-fi DG-r
ipr, /Pr
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(o]
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Il w0y e
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Scheme 4 Directing group (DG) removal and post-synthetic modifi-
cation of para-alkynylated arenes.
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Scheme 5 Kinetic isotopic experiments with the deuterium-labeled
substrate.

oxydibromination (12), and cyclopropenation (13) reactions
were also achieved with good to excellent yields.

Isotope labeling experiments were performed involving an
intermolecular competition using the substrate and its deuter-
ated analogue d7 and a Py/Pp, value of 1.04 and ky/kp value of 1.03
were obtained (Scheme 5). This implies that the C-H activation
step is not the overall rate-limiting step of this reaction.
Furthermore, order determination studies with respect to the
substrate revealed that the reaction was first order with respect to
the substrate and first order with respect to the alkyne coupling
partner, indicating that both the substrate and the alkyne
coupling partner are involved in the rate-limiting step.

Computational studies

For computational investigation of the mechanism of present
Rh-catalyzed para-selective C(sp?)-H alkynylation of arenes,
density functional theory (DFT) was employed. Simplified
arene, SM1, where the isopropyl groups on the Si atom were
replaced by methyl groups, and  bromoethynyl-
triisopropyllsilane (hereafter bromoalkyne) were used for
modelling. The use of ‘Pr groups on Si benefits from the
favorable Thorpe-Ingold effect making the formation of rho-
dacycle easier than Me groups, but this simplification should
not affect the reaction mechanism - any favorable barriers
calculated with this simplified model are expected to be favor-
able for the 'Pr analogue. The adamantane-1-carboxylate is
simplified to acetate in the DFT calculations to save computa-
tional cost. The adamantyl group provides steric hinderance to
the molecules and in computational modelling we avoid
conformations that would give rise to clashes if adamantane-1-
carboxylate were used instead of acetate. We expect the
carboxylate group of the simplified acetate to provide similar
metal-ligand interactions with the Rh center as the ada-
mantane-1-carboxylate. Gibbs energy profiles were computed at
the SMD (dichloroethane)-MN15 (ref. *7)/def2-QZVP//MN15/
GENECP (def2-TZVPD for Br,”® Rh** and Ag* + def2-SVP***" for
others) level of theory where a mixed basis set was used for
geometry optimization (See ESI Section 67 for full details).*
The overall Gibbs free energy profile is shown in Fig. 1. First,
the Cu,Cr,0s5 additive may play a role in oxidising the Rh()
precatalyst to Rh(m) which actively participates in the catalytic
cycle. Computed C-H activation barriers indicate a kinetic
preference for the activation of the para-C-H bond (see ESI,
Section 6.31) by a factor of 16 : 1 over the meta position and ~1.5

© 2023 The Author(s). Published by the Royal Society of Chemistry
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pB-bromide elimination product release

Fig. 1 Gibbs energy profile for the Rh-catalyzed C(sp?)—H alkynylation of arenes. DFT optimized key transition structures are shown in Fig. 2.

milion : 1 over the ortho position. Detailed investigation of the
steric and electronic influences of these TSs suggests that ring
strains in the meta-C-H activation transition structures (meta-
TS1-sitel and meta-TS1-site2, Fig. S51) are the lowest (Table S97)
while para-activation has the most favorable orbital overlap
between the d-orbital on Rh-metal and the m-orbital on the
arene (Fig. S6T). Taken together, the activation of the para-C-H
bond (TS1) is lower than the activation of the meta-C-H bond
(by 2.2 keal mol ™" for meta-TS1-sitel and by 3.9 kcal mol " for
meta-TS1-site2) and the activation of the ortho-C-H bond (by
11.1 keal mol ™~ for ortho-TS1-sitel and by 13.9 kcal mol " for
ortho-TS1-site2). Additionally, the C-H activation step was
found not to be the turnover frequency-determining transition
state (TDTS) of the reaction as the formation of the rhodacycle
after C-H activation is highly exergonic and irreversible, with
the subsequent barrier for 1,2-migratory insertion
(19.7 keal mol ™" from the C-H activated complex INT2 to TS2)
lower than the barrier from INT2 back to INT1 (23.0 kcal mol "
via TS1). In the absence of silver ion participation, the -
bromide elimination step (TS3) has a barrier of 17.9 kcal mol ™.
In the presence of silver ions, however, the B-bromide elimi-
nation step has a much lower barrier (TS3', barrier of 1.5 keal-
mol); this is potentially favored by the exergonic formation of

© 2023 The Author(s). Published by the Royal Society of Chemistry

AgBr salt.”® In either case, the 1,2-migratory insertion of bro-
moalkyne, TS2, will be the overall TDTS and the C-H activated
rhodacycle, INT2, will be the TDI. Since the bromoalkyne enters
after the TDI and participates in the TDTS, this predicts a first
order dependence of the reaction rate on the concentration of
the bromoalkyne substrate. In addition, as the C-H activated
substrate also participates in the TDTS, a first order dependence
on the substrate is similarly expected from the computed energy
profile. Both of these predictions are consistent with our
experimental order determination measurements (first order
with respect to the substrate and bromoalkyne). Finally, the
alkynylation product dissociates from the catalyst-product
complex INT5’, which releases the product and enters the next
catalytic cycle by regenerating INT1. Combined experimental
and computational mechanistic investigations suggest that the
present Rh-catalyzed C(sp*)-H alkynylation proceeds via non-
rate-determining, irreversible regioselective C-H activation at
the para-position, followed by turnover-frequency determining
1,2-migratory insertion of the bromoalkyne substrate. This is
then followed by the B-bromide elimination step which can be
greatly facilitated in the presence of silver ion participation. Our
computed energy profile is in agreement with experimental
kinetic isotope effects showing that C-H activation is not rate-

Chem. Sci., 2023, 14, 11381-11388 | 11385
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Fig. 2 DFT optimized TS structures for the C—H activation at different arene sites (TS1s), migratory insertion (TS2) and B-bromide elimination
without (TS3) and with (TS3') silver ion participation. All Gibbs energies are taken with INT1 as zero reference. See Fig. S57 for C—H activation TSs

of all possible sites.

determining and the measured rate law with first order
dependence on both the substrate and the alkyne coupling
partner.

Conclusions

In summary, we have developed an unprecedented route for
reusable template-assisted Rh catalyzed para-C-H alkynylation.
The protocol was well tolerated with different kinds of substit-
uents on the arene ring. Further late-stage modification of the
product and functional group inter-conversion were performed.
The mechanistic studies were supported by computational
studies proving that although regio-determining, the C-H acti-
vation is not the overall rate limiting step. Instead, migratory
insertion of the alkyne coupling partner is overall rate-
determining. We anticipate that this methodology will greatly

1386 | Chem. Sci, 2023, 14, T1381-11388

broaden the scope of functionalization in the realm of remote
para-C-H activation.
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