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Abstract
In the realm of metallaphotocatalytic C-H activation strategy, the mode of reaction which has been mostly
explored is the synergistic effect between a photocatalyst (PC) and a transition metal. In these cases, the
energy and redox transfer from the PC to transition metal modulates the oxidation state which brings new
mechanistic paradigms in C-H activation and enables prior elusive transformations under milder
conditions. Another mode of reactivity occurs via the direct excitation of the transition metal which plays
the dual role of light energy harnessing alongside performing the bond breaking and forming. This mode
is advantageous because it would not require any exogenous PC, however such reactivity by transition
metals is rare in literature. In this context we have developed the �rst photo-induced Rh-catalyzed ortho-
alkynylation under ambient conditions without the requirement of silver salt, PC or any engineered
substrate or catalyst. The transformation functions by the speci�c cooperative effect of a six-membered
rhodacycle which is the photo-responsive species. The catalytic system allows the conjugation of arenes
with sp3-rich pharmacophoric fragments. The control experiments as well as the computational studies
resolve the mechanistic intricacies for this transformation. An outer sphere electron transfer process from
Rh to alkynyl radical is operative for the present photo-induced transformation over the more common
oxidative addition or 1,2-migratory insertion pathways.

Main Text
The C-H activation strategy gives the provision to streamline the overall process toward a target molecule;
thereby empowering the genre of organic synthesis.1 However, it is a general convention that for a
thermally induced C-H activation, a transition metal catalyst is usually accompanied with stoichiometric
silver or copper oxidants.2 This questions the practicality of the method. In order to harness the
applicability in true terms it is required to utilize an alternative energy resource that would provide the
same outcome but in a sustainable manner.3 This is where the merger of transition metal catalysis and
photocatalysis �ts in aptly. The metallaphotocatalysis is an expanding domain in organic synthesis that
has revisited and recreated the traditional modes of transition metal catalyzed reactions via unorthodox
open-shell mechanisms.4 The metallaphotocatalysis functions by leveraging on the modulated oxidation
state of metal complex involved or generating excited form of intermediate catalytic species; which
accounts for the key organometallic step of the transformation.5 Thus, metallaphotocatalysis provides
access to unique reactivity modes through entirely new mechanistic paradigms, that complements the
conventional mechanistic approach in the realm of transition metal catalysis. The rede�ned mechanistic
features enabled by metallaphotocatalysis allow the accomplishment of prior elusive transformations.

In general, the metallaphotocatalysis operates by two distinct modes. The �rst mode constitutes of the
synergistic cooperativity between a transition metal and a photosensitizer that display a dual catalytic
manifold (Figure 1a, left).6 This mode of the reaction pathway is more pronounced and is amenable to a
plethora of C-H functionalization protocols. In this context, the Rh/PC conjugation has been employed
recently to achieve intriguing reactivity under ambient conditions (Figure 1b).7 The ligation of
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photosensitizer to the cyclopentadienyl (Cp) ligand of Rh catalyst provides a bimodular catalyst that
enables the ortho-C−H arylation and alkylation of arenes. This conjugate functions via the photoinduced
intramolecular metal to ligand charge transfer, that generates the cationic CpRh(IV) and lowers the energy
for the product formation step by a faster reductive elimination. On a contrary, very recently ortho-
borylation has been achieved which proceeds via the low valent rhodate (II) anionic complex by a one
electron reduction of Rh(III) from the Ir based photocatalyst (Figure 1c).8 The formation of anionic
complex facilitates the interaction with electron de�cient boron, that makes the photo-induced ortho-C-H
borylation feasi-ble under mild conditions. 

The second mode of reaction path is distinct from the above-mentioned paradigm and constitutes of only
transition metal catalysis that harness the photon energy and catalyze the reaction sequences, obviating
the requirement of an exogeneous photosensitizer (Figure 1a, right).6 This dual mode of reactivity was
demonstrated for Ru(II)-catalyzed C−H meta-alkylation, where photo-induced homolysis of alkyl bromide
produces the alkyl radical which in turn drives the oxidation of Ru(II) complex to cationic Ru(III).9 In our
recent report, we have shown that Pd can also be employed in a similar fashion to effectuate the highly
regioselective Fujiwara-Moritani reaction.10 Although uncommon with Rh catalysis, but with an
engineered N-heterocyclic carbene−Rh(I) catalyst it is possible to self-drive the photo-induced ortho-
borylation process (Figure 1d).11 Alike a borylation process, introducing an alkynyl group into arenes is of
utmost importance because of the highly transformable nature of the alkyne functionality.12,13 Pertaining
to advancement of photo-induced Rh catalyzed C-H functionalization, in the present report, we have
demonstrated a substrate-Rh cooperative reactivity that enable the inverse Sonogashira reaction14 at
ortho-position of arenes without any sophistication in catalysts or substrates designing (Figure 1e).
Noteworthy, the present protocol allows the C-H alkynylation under a silver-free conditions which is
otherwise a prime requirement for a similar thermally induced transformation.15 To the best of our
knowledge, this constitutes the �rst example of photo-induced Rh catalyzed ortho-alkynylation under
silver free conditions.

The selection of substrate is an important aspect of the present transformation since the substrate/Rh
complex has to potentially harness the light energy in visible region to enable cooperativity effect towards
ortho-alkynylation. To commence with, 2-phenylpyridine, which has been employed previously for photo-
induced Rh catalyzed C-H functionalizations, was chosen as the model substrate. A mixture consisting of
[Rh(COD)Cl]2 and 2-phenylpyridine (1:1) was irradiated with blue light. A UV-vis study of the irradiated
substrate-catalyst adduct suggested that the complex shows no absorption in visible light region (lmax

297 nm) (Figure 1f, I). Hence, to further red-shift the absorption value towards the visible light region,
benzo-[h]-quinoline was chosen as the substrate and the identical experimental sets were carried out.
However, the lmax value (349 nm) for this adduct indicated that it is unlikely to cause any absorption in
visible region (Figure 1f, II). A similar inference could be made for 2-phenylquinoline as substrate based
on its lmax value (328 nm) (Figure 1f, III). Surprisingly, with 8-naphthylquinoline, which is expected to form
a six-membered rhodacycle, a large shift in absorption peaks were observed (lmax 490 nm) in comparison
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to the parent substrate (Figure 1f, IV see supplementary information, section 6 for full details). Though
the individual precursors [Rh(COD)Cl]2 or 8-(naphthalen-1-yl)quinoline failed to exhibit any signi�cant
absorption band at the visible region, but their in situ generated Rh-substrate adduct strongly absorbs
light at ~490 nm. Multiple absorptions of the adduct in the UV-vis region have also been analyzed by
time-dependent density functional (TD-DFT) formalism (Figure 1g) in which the lowest energy absorption
band at ~490 nm is originated via the MLCT (dp of Rh(I) ®p* of L) transition. Hence, from the present
study it may be concluded that for the substrate/Rh synergistic effect to be feasible a six-membered
rhodacycle is a primary requirement over the more favored �ve-membered metallacycle. This was further
con�rmed by the 1H NMR studies, which in case of 8-(naphthalen-1-yl)quinoline /Rh adduct exhibited a
complete alteration of the signals in comparison to the parent substrate upon irradiation (see
supplementary information, section 7 for full details). While in case of 2-phenylpyridine only a subtle
change in signals were ob-served even after being irradiated for 24 h (see supplementary information,
section 7 for full details). Based on this analysis, 8-naphthylquinoline was chosen as the substrate to
execute the photo-induced ortho-alkynylation with (bromoethynyl)triisopropylsilane in presence of
[Rh(COD)Cl]2 / KHCO3 / acetic acid combination (see supplementary information, section 2.2 for full
details). The formation of desired ortho-alkynylated product 1 (30% yield by GC analysis) in absence of
the silver salt oxidant or an exogenous photosensitizer proved that with a proper selection of substrate it
is possible to conduct C-H activation only through substrate-catalyst cooperativity. The product structure
1 was characterized by spectroscopic techniques and further con�rmed by X-ray crystallography (CCDC
2103199). The same reaction with 2-phenylpyridine did not afford any product as was expected from the
UV-vis studies. The reaction in absence of light was completely silent justifying the role of light in
promoting the transformation. The aforementioned condition was not amenable to other Rh, Ru and Ir
catalyst except for Rh(COD)Cl]2 (see supplementary information, section 2.2 for full details). The other
reaction parameters were optimized which revealed that replacing KHCO3 with KH2PO4 (2 equiv.) and
prolonging the reaction time to 24 h rendered 1 in a vastly improved yield (86% by GC analysis). It may be
noted that the internal temperature of the reaction vial lied between 30 oC to 35 oC as was monitored
throughout the reaction time. The requirement of a six-membered rhodacycle to enable the ortho-
alkynylation has also been further con�rmed by an intermolecular competition experiment. When an
equimolar ratio of 2-phenylpyridine and 8-naphthylquinoline were subjected to alkynylation under the
optimized conditions, only product 1 was formed although the yield was low in comparison to the
optimized yield (Figure 1h). The reduction in yield could be attributed to the catalytic impediment by 2-
phenylpyridine. Also, a 1:1 Rh-8-naphthylquinoline mixture upon irradiation with blue light followed by
subsequent reaction with (bromoethynyl)triisopropylsilane gave the desired product 1 in 71% yield;
suggesting the pivotal role of the in situ generated adduct in execution of the present transformation.
Details of the optimization studies and control experiments are provided in Supplementary Information
(see supplementary information, section 2.2 and 4.1 for full details).

The attainment of optimal conditions for photo-induced Rh catalyzed ortho-alkynylation of 8-
naphthylquinoline was pursued further towards generalizing the scope of the transformation (Figure 2).
The alkynyl variants with different substitution pattern at the silyl group were explored initially, which
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provided the anticipated alkynylated products (2 and 3) in good yields. The nucleophilic addition of
alkynyl magnesium bromides into ketones lead to the formation of propargyl alcohols which can be
further converted to their corresponding silyl ethers.13e,16 A series of these propargyl silyl ethers were
targeted for photo-induced ortho-alkynylation (Figure 2). The alkynyl bromide derived from cyclopropyl
methyl ketone, cyclopentanone and cyclohexanone respectively underwent facile reaction affording the
cycloalkane conjugated alkynylated products (4, 5 and 6) in good yields. The transformation is also
feasible with various substituted cyclohexane linked alkynyl bromides (7-9). The alkynyl bromides from
bicyclic alkanone viz. norbornanone and heterocyclic based ketone viz. pyranone were also found to be
suitable as substrates to be incorporated at the ortho-position of arenes in synthetically useful yields (10
and 11). The transformation could also engage in various propargyl silyl ethers possessing larger ring
systems (7, 8, 12 and 15-membered) (12-15) to provide their corresponding products. The structure of
compound 14 was con�rmed by X-ray crystallography (CCDC 2168677). Apart from cyclo-alkanones, the
reactions with the propargyl silyl ethers from benzophenone (16) and acyclic ketone viz. methyl iso-propyl
ketone (17) also proceeded smoothly under the present photo-induced reaction conditions, which are
generally deemed as di�cult substrates in the alkynylation process. The suitability of the present
transformation to a variety of cycloalkyl linked propargyl silyl ethers prompted to venture on the carbonyl-
containing sp3-rich natural product fragments. The milder nature of the present photo-induced inverse
Sonogashira allows a range of pharmaceutically relevant and biologically active ketones e.g. estrone
(18), menthone (19), epiandrosterone (20), camphor (21) and fenchone (22) to be covalently linked to
arenes. 

We next evaluated the scope of DG possessing arenes having electronically diverse substituents in the
arene part (Figure 3). With alkyl substituents at the ortho-position high yields of corresponding
alkynylated products (23-25) were obtained. The presence of bulky iso-propyl group (25) did not hamper
the reactivity. Even free phenol group was tolerated in this transformation without the requirement of prior
protection (26). Substrates with ether (27 and 28), tri�uoromethyl (29 and 30), esters (31) and alkyl esters
(32 and 33) functional groups at the ortho-position were viable substrates to afford the desired
alkynylated products in decent yields upon reaction with triisopropylsilyl acetylene or propargyl silyl
ethers. Noteworthy, the ester functionality (31-33) was left untouched under the acidic conditions
employed for this transformation. With 1,2- and 1,3- di-substitution pattern in the arenes, the photo-
induced alkynylation occurred smoothly with synthetically useful yields of their corresponding products
(34-40) irrespective of the electronic and steric nature of the substituents present. The tri-substituted
arenes was also compatible to the photo-irradiated alkynylation process to render the ortho-alkynylated
product (41) in decent yield. Further, the alkynylation process could be executed on various C4-substituted
naphthyl (42-45), acenaphthenyl (46) and pyrenyl (47 and 48) substrates. The tethering of drug molecule
�urbiprofen (49) or natural products menthol and fenchol (50 and 51) to the arenes did not impede the
reactivity of the substrate towards alkynylation. This showcases the robustness of the present protocol in
accommodating a wide substrate range with high tolerance to different functional groups. However, with
para-substituted arenes, the di-alkynylation occurred predominantly over the mono-alkynylation (52-54).
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The same observation was made for the heterocyclic substrate quinoline giving rise to di-alkynylation at
C5 and C7 position (55).

The transformable nature of the alkynyl moiety in the synthesized ortho-alkynylated arenes products led
us to conduct a series of functional group conversion (Figure 4). Product 31 when subjected to ruthenium
catalyzed oxidation in presence of sodium periodate gave the corre-sponding carboxylic acid ester 56.
While the product 1 upon treatment with tert-butyl nitrite and TEMPO afforded the 1,2-addition product 57
in high yield. The desilylation of 1 with CsF gave 58. Subsequently, reaction of isolated 58 with tert-butyl
nitrite in presence of picoline-N-oxide gave the ortho-cyano derivative 59 while the desilylated product of
23 under ruthenium catalyzed oxidation in presence of tert-butyl hydroperoxide transformed the alkynyl
moiety to a formyl derivative 60. The synthetic utility of the protocol was further demonstrated by
conducting a gram scale reaction that provided an acceptable yield of the product (Figure 4b).

We next delved into the mechanistic aspects of the photo-induced alkynylation under silver free
conditions. To probe if any radical is involved in this transformation, alkynylation reaction was performed
in presence of TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl), butylated hydroxytoluene (BHT) and phenyl
N-tert-butylnitrone (PNB). With three equivalence of the radical inhibitor reagents, the reaction proceeded
with noticeable decrease of catalytic activities while with �ve equivalence the reactions were impede to
large extent giving only traces of the product 1 (Figure 5a, see supplementary information, section 4.1 for
details). The impediment of reaction suggests the generation of a radical species in the reaction. When
alkynyl bromide was irradiated with blue light in presence of the radical scavenger TEMPO, the formation
of the corresponding TEMPO-alkyne adduct (61) formation was observed by mass analysis (Figure 5b,
see supplementary information, section 4.1 for details). Also, alkynyl bromide under the blue light
irradiation provided the diyne (62). But the same diyne formation did not occur in absence of light even in
the presence of Rh catalyst (Figure 5c, see supplementary information. Section 4.1 for details). These
observations indicate that the ortho-alkynylation most likely goes via the initial homolysis of the alkynyl
bromide to alkynyl radical.17 The photo-irradiated C−H activation by Rh(I) is documented in literature;
however, the intriguing aspect was how the substrate-Rh cooperativity enables the ortho-alkynylation by
engaging the in situ generated alkynyl radical. In order to gain an insight on the aforesaid, computational
studies were carried out (Figure 5d, see supplementary information, section 9 for details). The study
suggest that initial C−H activation of the 8-(naphthalen-1-yl)quinoline leads to the photo-responsive six-
membered rhodacycle A ([RhI(L)(COD)], S0). Absorption of visible light (lmax = 490 nm) stimulates the
excitation of A (S0) to *A (S1) (Figure 5d), which is decayed through inter-system crossing (ISC) to

generate triplet species B (3A, T1). The homolysis of (bromoethynyl)triisopropylsilane generates the

alkynyl and bromide radicals. The formation of high energy radical species prompts the meta-stable 3A to
participate in the electron transfer process. Two simultaneous single electron transfer from Rh(I) by an
outer sphere mechanism leads to the formation of alkynyl and bromide anions along with the
concomitant oxidation of the catalyst to Rh(III). The alkynyl anion ligates to Rh(III) and enter into the
coordination sphere of Rh resulting in intermediate C by overcoming a high energy barrier at ambient
condition. This has been experimentally con�rmed by order studies which suggest the involvement of
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substrate, alkyne and Rh catalyst in the rate determining step (see supplementary information, section 4.3
for details). Also, the kinetic isotope effect studies suggest that the C−H activation is not the energy
demanding step of the transformation (see supplementary information, section 4.2 for details). It may be
noted that under the similar thermally induced process, it is usually the oxidative addition or the 1,2-
migratory insertion of the catalyst into alkynyl bromide that is favored. A difference in the mechanism
operative forges the present transformation under mild conditions in absence of any silver salt as an
oxidant. Further, an intramolecular rearrangement (D) followed by reductive elimination of the alkynylated
8-(naphthalen-1-yl)quinoline derivative restores the catalyst [Rh(COD)Cl]2.

In summary, we have devised the �rst protocol on a photo-induced Rh catalyzed ortho-alkynylation under
silver free conditions. With the proper substrate choice, where Rh can form a six-membered rhodacycle
enables the transformation by harnessing the photo-chemical energy. The transformation does not
require any sophistication engineering in either catalyst or substrate. With the aid of substrate-Rh
cooperativity it is possible to effectuate both the activation of C(sp2)-H bond as well as the C-alkyne bond
formation under ambient conditions. The transformation is amenable with different alkyne variants, to
the extent of incorporation of various pharmacologically relevant molecules into the arenes by means of
alkyne bridge. The mechanistic investigation alongside computational studies shed light about the
possible pathway for this transformation. Computational studies suggest that the photo-excited Rh
species is responsible for the electron transfer to the high energy alkynyl radical generated in situ in the
medium by an outer sphere mechanism rather than the more common oxidative addition or 1,2-migratory
insertion pathways. The computational �ndings are in sync with the experimental observations.

Received (to be inserted automatically)
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Methods Summary
Photo-induced rhodium catalyzed ortho-alkynylation of arenes.

In an oven-dried screw capped reaction tube was charged with magnetic stir-bar, 8-aryl quinoline (0.1
mmol), [Rh(COD)Cl]2 (5 mol%), KH2PO4 (0.2 mmol, 2.0 equiv). The vial was capped and wrapped with a
Te�on seal. After that (bromoethynyl)triisopropylsilane (0.3 mmol, 3.0 equiv) was added with a microlitre
pipette and 1 mL acetic acid was added with a disposable laboratory syringe under nitrogen condition.
The reaction tube was placed 3 cm away from 34 W Kessil lamp with stirring (1000 rpm) for 24 h. The
temperature was maintained at approximately (30-35 oC) through cooling with a fan. Upon completion
the mixture was diluted with ethyl acetate and �ltered through a celite pad. The �ltrate was evaporated
under reduced pressure and the crude mixture was puri�ed by column chromatography using silica (100-
200 mesh size) and petroleum ether / ethyl acetate as the eluent.
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Experimental data as well as characterization data for all the compounds prepared in the course of these
studies are provided in the Supplementary Information of this manuscript. The X-ray crystallographic
coordinates compounds 1 and 14 have been deposited at the Cambridge Crystallographic Data Center
(CCDC) with accession codes 2103199 and 2168677 respectively. These data can be obtained free of
charge from the Cambridge Crystallographic Data Center via www.ccdc.cam.ac.uk/structures/.
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Figure 1

The realm of metallaphotocatalytic C-H activation strategies. a, Different modes of metallaphotocatalytic
C-H activation. b,. Rh-PC modular conjugate for photo-induced ortho-C-H arylation and alkylation. c,.
Photo-induced ortho-C-H borylation by in situ generated Rh(II) complex. d, Rh-NHC complex promoted
ortho-C-H borylation. e, Rh-substrate cooperativity in promoting ortho-C-H alkynylation. f, UV-vis study for
the Rh-substrate adduct. g, Experimental and TD-DFT calculated (at M06-L/TZVP/SDD(SMD/CH3COOH))
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electronic spectra of representative [Rh(COD)Cl]2 + substrate]. Oscillator strengths are shown by the black
vertical lines; the spectra (red) are convoluted with a Gaussian function having full width at half-
maximum of 3000 cm-1. h, Intermolecular competition experiment for �ve- vs six-membered metallacycle.

Figure 2

Photoinduced alkynylation of 8-naphthylquinoline with different alkyne variants. 1-22: Reaction
conditions: [Rh(COD)Cl]2 (5 mol%), KH2PO4 (2 equiv.), AcOH (1 mL), blue LED (34 W), 30 oC-35 oC, N2, 24
h. Isolated yields are reported.
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Figure 3

Photoinduced ortho-alkynylation of diverse arenes. 23-55: Reaction conditions: [Rh(COD)Cl]2 (5 mol%),

KH2PO4 (2 equiv.), AcOH (1 mL), blue LED (34 W), 30 oC-35 oC, N2, 24 h. 52-55: alkynyl bromide (6 equiv.).
Isolated yields are reported.
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Figure 4

Applicative potential for photo-induced ortho-alkynylation of arenes.
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Figure 5

Mechanistic aspects of photoinduced ortho-alkynylation of arenes. a, Effect of radical scavenger on
photo-induced ortho-C-H alkynylation. b, Radical trapping experiment of alkynyl radical. c,. Control
experiments to depict the role of light in homolysis of alkynyl bromide d, Computed Gibbs free energies
pro�le (in kcal/mol) for the photo-induced alkynylation of 8-(naphthalen-1-yl)quinoline (L) at the
M06L(SMD)/TZVP/SDD//B3LYP/6-31G**/LANL2DZ level. Population of spin on the alkynyl radical is
shown as green isosurface. e, Kinetic isotope plot
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