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Synthesis of 3-alkenylindoles through regioselective C–H
alkenylation of indoles by a ruthenium nanocatalyst
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Abstract
3-Alkenylindoles are biologically and medicinally very important compounds, and their syntheses have received considerable atten-
tion. Herein, we report the synthesis of 3-alkenylindoles via a regioselective alkenylation of indoles, catalysed by a ruthenium
nanocatalyst (RuNC). The reaction tolerates several electron-withdrawing and electron-donating groups on the indole moiety. Addi-
tionally, a “robustness screen” has also been employed to demonstrate the tolerance of several functional groups relevant to medici-
nal chemistry. With respect to the Ru nanocatalyst, it has been demonstrated that it is recoverable and recyclable up to four cycles.
Also, the catalyst acts through a heterogeneous mechanism, which has been proven by various techniques, such as ICPMS and
three-phase tests. The nature of the Ru nanocatalyst surface has also been thoroughly examined by various techniques, and it has
been found that the oxides on the surface are responsible for the high catalytic efficiency of the Ru nanocatalyst.
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Introduction
The synthesis of functionalised indole ring systems has received
significant attention over the years, as these are the vital struc-
tural motifs of several biologically and medicinally important
compounds [1-4]. Also, 3-alkenylindoles act as fundamental
building blocks for the synthesis of materials such as carbazoles
[5,6], indole alkaloids [7-9], etc. Again, 3-alkenylindoles also
form the core of proposed anticancer compounds like MIPP and
MOMIPP [10], fuligocandin B [2], the TDO inhibitor 680C91
[11], and a HCV NS5B polymerase inhibitor, which has been
proposed as a drug against hepatitis C (Figure 1) [12].

The syntheses of 3-alkenylindoles can generally be classified
into the following three categories: (i) by Wittig or Doebner
reaction of indoles bearing a 3-aldehyde group; (ii) by 1,4- or
1,2-addition of α,β-enones or carbonyl compounds, followed by
oxidation or elimination, respectively; (iii) by Pd-catalysed oxi-
dative coupling of indoles with activated alkenes. Several
groups have used Wittig reactions for the synthesis of
3-alkenylindoles [13-15]. Another variant that uses the Doebner
condensation was reported by Singh and co-worker, who
condensed indole-3-carbaldehyde with phenylacetic acid in the
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Figure 1: Biologically and medicinally important 3-alkenylindoles.

presence of pyridine as the solvent/base and piperidine as the
catalyst [16]. However, this strategy was associated with
several shortcomings, as it required two to four successive steps
for the synthesis of the 3-indolecarbaldehydes starting form
indoles, low yields, a narrow scope, and selectivity issues
among the geometrical isomers, which led to troubles in purifi-
cation [17,18]. As an example for the second category, Jiao and
co-workers developed an organocatalytic C3–H alkenylation of
indoles by the reaction of indoles with α,β-unsaturated alde-
hydes in presence of morpholin-4-ium trifluoroacetate as a cata-
lyst and a stoichiometric amount of DDQ to achieve oxidative
dehydrogenation [19]. Recently, Maji and co-workers reported
the synthesis of 3-alkenylindoles from indoles and α-hydrogen-
containing alkyl-/arylaldehydes by successive Brønsted acid/
base catalysis (Scheme 1) [20].

The third category, which is also the most explored and popular
one, involves the Pd-catalysed Fujiwara–Moritani or oxidative
dehydrogenative Heck reaction via dual C–H activation [21-
24]. One of the early examples of this reaction, reported by
Gaunt and co-workers, involved the regioselective, solvent-con-
trolled C3 alkenylation of indoles with alkenes containing elec-
tron-withdrawing groups, using Pd(OAc)2 as catalyst and
Cu(OAc)2 as oxidant [25]. Since then, several variants of the
reaction involving Pd catalysis and various oxidants have been
reported for the synthesis of 3-alkenylindoles. For example,
Chen et al. and Huang et al. independently reported the C3
alkenylation of indoles using Pd(OAc)2 and Pd(II)/polyoxomet-
allate, respectively, as a catalyst and molecular oxygen as the
oxidant [26,27]. Verma and co-workers used the reaction be-

Scheme 1: a) Previous and b) present work related to the synthesis of
3-alkenylindoles.

tween indoles and alkenes in the presence of a Pd(OAc)2 cata-
lyst, a Cu(OAc)2 oxidant, and a 2-(1-benzotriazolyl)pyridine
ligand [28]. Noël and co-workers reported the C3–H olefina-
tion of indoles using Pd(OAc)2 as a catalyst and molecular
oxygen as the oxidant under continuous flow conditions [29].
Jia et al. reported the synthesis of 3-alkenylindoles using
Pd(OAc)2 as the catalyst and MnO2 as the oxidant under ball
milling conditions [30]. Das and co-workers reported the C3–H
alkenylation of 7-azaindole using Pd(OAc)2 as a catalyst, Ph3P
as a ligand, and Cu(OTf)2 as an oxidative cocatalyst, with mo-
lecular oxygen as the oxidant [31]. Carrow and co-workers re-
ported mechanistic, kinetic, and selectivity studies of the C–H
alkenylation of indole with n-butylacrylate in the presence of
thioether ligands [32].

In the context of C–H activation reactions, the catalyst of choice
has mostly been Pd [33,34]. However, as part of the search for
newer and more cost-efficient catalysts, other transition metals,
such as Ru, have also been explored, with some favourable
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results [35-40]. Other very important aspects of Ru catalysts are
mechanistic aspects, which has also favoured their exploration
for directing group-assisted C–H activation reactions [40]. With
respect to non-directed Ru nanoparticle-catalysed reactions,
there are few reports. For example, the supported Ru-catalysed
regiospecific C(sp2)–H arylation of benzo[h]quinolines and the
addition of vinylsilanes to the C–H bonds of α-tetralones were
reported by Inoue and co-workers [41,42]. Pieters et al. re-
ported the Ru nanoparticle-catalysed C–H deuteration reaction
of aza compounds [43,44]. Again, a Ru nanoparticle-catalysed
C–H selenylation of indoles was reported by Lin et al. [45].
Herein, we report the Ru-catalysed regioselective synthesis of
C3 alkenylindoles using a near-naked, surfactant-free, and re-
cyclable Ru nanocatalyst in a heterogeneous manner.

Results and Discussion
Synthesis and characterisation of the Ru
nanocatalyst
The surfactant- and stabiliser-free RuNC was synthesised pho-
tochemically, based on a procedure that we have previously re-
ported for the synthesis of Pd nanoparticles [46,47]. The synthe-
sised RuNC, obtained directly after photolysis, was charac-
terised by TEM (Figure S1, Supporting Information File 1),
which showed polydispersed spherical particles of a size distri-
bution mainly in the range of 10–25 nm, with a mean diameter
of 15 nm. The size distribution of the particles from Figure S1,
Supporting Information File 1, is presented in Figure S3, Sup-
porting Information File 1. TEM–EDX confirmed the nanopar-
ticles to be those of Ru (Figure S2, Supporting Information
File 1). Further, the Ru nanoparticles were separated by
centrifugation and characterised in more detail. The TEM anal-
ysis of the isolated Ru nanoparticles showed considerable
agglomeration of the individual nanoparticles (Figure S4, Sup-
porting Information File 1). The HRTEM–SAED diffraction
image showed the presence of several crystalline phases, in-
cluding those for Ru(0) and RuO2 (Figure S5, Supporting Infor-
mation File 1). More specifically, the crystalline planes (101),
(210), (103), and (200), corresponding to the interlayer spac-
ings of 2.10, 1.38, 1.24, and 1.18 Å, respectively, could be iden-
tified for Ru(0), and the crystalline planes (200) and (221), cor-
responding to the interlayer spacings of 2.38 and 1.60 Å for
RuO2, could be identified. The TEM–EDX analysis (Figure S6,
Supporting Information File 1) distinctly showed the presence
of Ru. The experiment also showed the presence of a small
amount of oxygen, which could be attributed to the presence of
some surface oxides.

Powder X-ray diffraction (Figure S7, Supporting Information
File 1) of the isolated nanoparticles showed several amorphous
phases, along with diffraction peaks for Ru(0) at 2Θ = 38.3,
43.4, 57.7, 69.0, 77.8, and 84.8°, which could be designated to

the (100), (101), (102), (210), (103), and (201) planes, respec-
tively (JCPDS file no. 00-006-0663). The isolated RuNC was
also analysed by XPS, which showed peaks at 280.0 and
284.7 eV (Figure S8, Supporting Information File 1), corre-
sponded to the 3d5/2 and 3d3/2 peak regions of ruthenium
(Figure S9, Supporting Information File 1). This could be
deconvoluted to the peaks for Ru(0) at 279.8 and 283.8 eV and
RuO2 at 280.5 and 284.6 in the sample (Figure S10, Supporting
Information File 1) [48,49]. Additionally, in the XPS experi-
ment, the peaks corresponding to O 1s at 529.7 (Figure S8, Sup-
porting Information File 1) could also be detected which,
unequivocally pointed at the presence of RuOx in addition to
the Ru(0) species. The ruthenium:oxygen ratio was found to be
3:1 from the XPS elemental ratio (Figure S8, Supporting Infor-
mation File 1). Further confirmation of the presence of surface
oxides was obtained through IR spectroscopy, which showed a
Ru–O stretching peak at 462 cm−1 (Figure S9, Supporting
Information File 1). IR spectroscopy also revealed that the sur-
face of the catalyst contained a negligible amount of organic
compounds and was therefore appropriately clean. Thus, the
RuNC that we used in this study can be characterised as
Ru@RuOx where the bulk of the Ru nanocatalyst is zerovalent
state and contained ruthenium oxides/hydroxides on the surface.

Ru nanocatalyst-catalysed C–H alkenylation
of indoles
After the synthesis of the RuNC, we explored the catalytic ac-
tivity of the material in C–H alkenylation reactions of indole
(1a). Initial optimisation of the conditions for the alkenylation
reactions were carried out employing indole (1a), methyl acry-
late (2a), and 3 mg of the RuNC. Different oxidants as well as
solvents were explored for the reaction. From the optimisation
reactions and the control experiments, it was concluded that the
reaction with Cu(OAc)2 as the oxidant in DMF/DMSO, 9:1, v/v
at 130 °C for 12 h were the best conditions, affording the prod-
uct 3a in 81% yield (Table 1, entry 4) after 12 h. Control reac-
tions using RuCl3 or the absence of any catalyst in the presence
of Cu(OAc)2 were also carried out, which demonstrated that the
RuNC was essential for the reaction. Another control reaction
was also carried out using [Ru(p-cymene)Cl2]2 as a homoge-
neous catalyst, but this also did not lead to the formation of the
desired product.

After establishing the optimum conditions for the reaction, we
carried out the alkenylation of several indole derivatives 1 with
different acrylates 2 under the standard conditions using the
RuNC. The results are summarised in Scheme 2. The reactions
led to the successful regioselective C3 alkenylation of different
indoles 1 with substrates 2 bearing both electron-donating and
electron-withdrawing groups on the indole moiety. The reac-
tion was also successful with a bromo-substituted substrates 3e
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Table 1: Control experiments and optimisation of the conditions for the alkenylation of indole (1a).

entry oxidant solvent time (h) yield of 3a (%)a

1b Cu(OAc)2 dioxane 24 32
2b Cu(OAc)2 DMF 12 63
3b Cu(OAc)2 DMSO 12 32
4b Cu(OAc)2 DMF/DMSOc 12 81
5b – DMF/DMSOc 24 –
6b K2S2O8 DMF/DMSOc 24 27
7b K3Fe(CN)6 DMF/DMSOc 24 –
8d Cu(OAc)2 DMF/DMSOc 24 –
9e Cu(OAc)2 DMF/DMSOc 12 17
10f Cu(OAc)2 DMF/DMSOc 12 –

aIsolated yield. bReaction conditions: 1 (1 mmol), 2 (2 mmol), oxidant (1.8 mmol), solvent (5 mL), RuNC (3 mg), Ar, 12–24 h, 130 °C. cRatio = 9:1.
dNo catalyst was added. eRuCl3⋅3H2O (0.2 mol %) was used as a catalyst. f[Ru(p-cymene)Cl2]2 (0.2 mol %) was used as a catalyst.

Scheme 2: Substrate scope for the C–H alkenylation of the indoles 1. Reaction conditions: 1 (1 mmol), 2 (2 mmol), oxidant (1.8 mmol), DMF/DMSO,
9:1, v/v (5 mL), RuNC (3 mg), Ar, 130 °C, 12 h. All yields are isolated yields.
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and 3f, demonstrating that the methodology was suitable for
substrates with the potential for further late-stage modification.
Steric effects were also explored with C2-substituted substrate
3i and 3j, and no significant decline in product formation was
observed.

To further test the functional group tolerance of the reaction, we
employed a modified version of the “robustness screen” method
promulgated by Glorius and co-workers [50-52]. For this
purpose, the reaction of indole (1a) was carried out with 2b in
the presence of several additives bearing different functional
groups (Table 2). It was found that the reactions tolerated
carboxylic acid, ketone, halogen (Cl, Br, I, and F), aldehyde,
amide, primary amine, secondary amine, and phenolic func-
tional groups to a reasonably acceptable extent.

Table 2: Robustness screen of the synthesis of 3-alkenylindole 3b.a

Entry Additive 3b (%)b 4 (%)c

1 4a, R = H, X = COOH 74 94
2 4b, R = Cl, X = COCH3 73 89
3 4c, R = Cl, X = CHO 71 79
4 4d, R = H, X = NHCOCH3 74 84
5 4e, R = H, X = NH2 71 90
6 4f, R = H, X = NHPh 70 89
7 4h, R = OCH3, X = OH 68 75
8 4i, R = H, X = I 67 60
9 4j, R = CH3, X = Br 71 83
10 4k, R = NH2, X = F 63 88

aThe reactions were performed under standard conditions in the pres-
ence of 1 mmol of 4. bIsolated yields. cRecovered material.

Recovery and recyclability of the Ru
nanocatalyst
The reusability and recyclability of the solid RuNC was then
tested in the reaction of 1a with 2a. The catalyst was recovered
from the C–H alkenylation reaction and reused in subsequent
reactions, with up to eight cycles (Figure S11, Supporting Infor-
mation File 1). To recover the catalyst, the reaction mixture was

diluted with ethyl acetate, and then water was added to it, which
resulted in the dissolution of the soluble copper salts. Then, the
mixture was centrifuged at 17000 rpm, and the supernatant
liquid was decanted. The residue was successively washed
thrice more with water, and finally the centrifuge tube was dried
under vacuum, and the RuNC was recovered. The yields of the
reactions progressively declined very insignificantly up to the
fourth cycle and slightly more rapidly in the subsequent cycles.
To understand the change in the nature of the catalyst after its
recovery, we also subjected the recovered catalyst to TEM and
TEM–SAED analysis (Figures S12 and S13, Supporting Infor-
mation File 1) and found that it remained consistent with
“fresh” RuNC.

Homogeneous vs heterogeneous
mechanism of catalysis
The actual nature of the catalytic species in metal nanoparticle-
catalysed C–C bond formation reactions has been a matter of
debate, with several studies pointing out that the actual reaction
occurs on the surface of the nanocatalyst through a heterogen-
eous mechanism, while other groups provided evidence that the
metal nanoparticles actually act as a reservoir for soluble metal
species formed by leaching that are the actual catalytic species
responsible for the activity through a homogeneous mechanism
[53-58]. Nevertheless, it is very difficult to confidently estab-
lish the actual operative mechanism and species as well as the
heterogeneity/homogeneity of the catalysis. Several experimen-
tal tests were proposed to establish these, but each had its own
limitations. To elaborate the homogeneous/heterogeneous
nature of the catalysis by the RuNC, we carried out some of the
recommended and accepted tests. As a preliminary experiment,
we employed the Hg poisoning test for the reaction between 1a
and 2a using the solid catalyst as well as the as-synthesised
dispersed RuNC solution. The reaction was initially carried out
for 2 h under the standard conditions, after which about 20% of
the starting material was converted to the product. Then, Hg
was added to the reaction mixture, and the reaction was
continued for further 10 h, at the end of which an analysis indi-
cated that the addition of Hg had completely inhibited product
formation [59].

For further confirmation of the heterogeneous reaction pathway,
we also carried out the three-phase test (Scheme 3) [60]. For
this purpose, indole-5-carboxylic acid was anchored to Wang
resin and then subjected to the conditions for the alkenylation
reaction with 2a using the solid catalyst (3 mg) for 48 h. After
that, the reaction mixture was worked up, and the solid product
was isolated and subjected to solid-state NMR spectroscopy.
The results were then compared to, and found to be identical to,
that for the indole-anchored Wang resin used as substrate for
the reaction (Figures S16–S18, Supporting Information File 1).
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Scheme 3: a) Three-phase test to determine a homogeneous or heterogeneous catalytic mechanism of action for the RuNC. b) Control experiment
for the reaction of an anchored indole derivative under homogeneous catalysis with RuCl3⋅3H2O.

As a control experiment, the homogeneous alkenylation reac-
tion of the Wang resin-anchored indole derivative was also
carried out using a significantly higher loading of RuCl3
(10 mol %) under the optimised conditions for 48 h. Analysis of
the product after the experiment by IR spectroscopy indicated
the presence of an additional peak at 1610 cm−1 for a C=O
moiety. For further confirmation of the alkenylation reaction,
the solid product was hydrolysed with aqueous NaOH, and the
reaction mixture was then acidified with aqueous HCl to yield
the product 5, which was characterised by spectroscopic tech-

niques. The formation of the product 5 could be rationalised by
the following: The C–H alkenylation reaction of the Wang
resin-anchored indole-5-carboxylic acid was successful during
the homogeneous two-phase alkenylation reaction. Subse-
quently, during its removal from the support under alkaline
conditions, N-alkylation occurred through a Michael addition to
the acrylate 2a, followed by the formation of the methyl ester of
the 5-carboxylic acid during the acidification of the reaction
mixture in MeOH. These experiments established that the reac-
tion was not taking place with any leached homogeneous Ru
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Scheme 4: Probable catalytic mechanism for the transformation of 1a by the RuNC.

species within any detectable limits, and most certainly, the
catalyst was acting through a heterogeneous mechanism.

Further proof for the heterogeneous mechanism was also found
through ICP–MS studies of the reaction mixture between 1a
and 2a. The ICP–MS analysis of the reaction mixture was
carried out after removal of all the solids by centrifugation in
the middle of the reaction. It showed that the content of Ru in
the solution phase was negligible (2.1 ppb). While from these
results, it may be possible that the actual catalyst for the reac-
tions under the standard conditions was the leached homoge-
neous species of Ru, such as clusters [53-58,61-65], the
ICP–MS results taken in conjunction with the results of the Hg
poisoning test and, more importantly, the three-phase test, could
allow us to reach the conclusion that the reactions were cata-
lysed by a heterogeneous process.

Role of the surface oxide and plausible
mechanism
One of the reasons for the high catalytic activity of the RuNC
was the near-naked nature, since it is well established that Ru
nanoparticles that lack stabilisers on their surface are catalyti-
cally more active than those with stabilisers [66]. The presence
of surface oxides on the ruthenium nanoparticles is interesting:
On the face of it, it is a digression from our initial target to syn-
thesise zerovalent Ru nanoparticles. However, with respect to

their catalytic ability, they are actually beneficial and responsi-
ble for the catalytic activity of the nanocatalyst towards the
C–H activation reaction, since it has previously been shown that
the presence of surface oxides on essentially zerovalent Ru
nanoparticles promotes their catalytic ability towards several
challenging reactions, such as CO oxidation [67,68] and hydro-
gen evolution [69]. Interestingly, pristine Ru(0) single crystals
have been reported to perform poorly in these reactions when
compared to the surface-oxidised ones [54,70]. With respect to
C–H activation reactions, the presence of surface oxides on our
RuNC probably governed its ability to catalyse the C–H alkeny-
lation reaction, in contrast to the role of reduced Ru(0) nanopar-
ticles with hydride/deuteride species on their surface, reported
by Pieters et al. for C–H deuteration reactions occurring α to the
nitrogen atom [43,44]. The synergistic effect of the surface
oxides in promoting the efficiency of zerovalent Ru nanoparti-
cles is also documented through experimental as well as compu-
tational results in a study of the C–H selenylation of indoles
where the C–H activation reactions were initiated by the
oxidised Ru species on the surface [45]. Again, strongly
oxidising reaction conditions due to the presence of Cu(OAc)2
as the oxidant further attenuated the preservation and regenera-
tion of the surface oxides following any catalytic cycle, which
enabled the catalytic activity to be maintained for subsequent
cycles. A probable mechanism for the synthesised RuNC is
presented in Scheme 4.
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Conclusion
In conclusion, this work describes the C–H alkenylation of
indoles 1 catalysed by colloidal Ru@RuOx nanoparticles. The
C–H alkenylation reaction tolerated several functional groups,
including bromine and nitrile units, which provide ample scope
for further manipulation of the products from the perspective of
medicinal chemistry. The catalyst can be easily recovered and
recycled in a colloidal solid form, enabling catalytic recycling
and reusability. Mechanistic studies have unambiguously
proven the heterogeneous nature of the catalysis. The ability of
the nanocatalyst to activate the C–H bond is due to the pres-
ence of minimal stabilising groups on its surface. Studies of the
surface morphology of the catalyst have revealed the presence
of surface oxides RuOx on the RuNC, which is responsible for
the high catalytic activity in the C–H activation reaction.

Supporting Information
Supporting Information File 1
Figures for the characterisation of the Ru nanocatalyst,
detailed experimental procedures, and product
characterisation data, along with 1H and 13C NMR spectra.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-16-16-S1.pdf]

Acknowledgements
The TEM facilities of CUSAT Kochi and IACS Kolkata are
gratefully acknowledged. The XPS facility of IIT Kanpur and
the ICP–MS facility of IIT Bombay are also gratefully acknowl-
edged. DST-FIST is acknowledged for the NMR facility at IIT
(ISM).

Funding
S.Y. thanks the Science and Engineering Research Board, India
for funding this work (grant no. SR/FT/CS-130-2011). A.P. (09/
085/0118/2016-EMR-I) and D.C. (09/085/0119/2016-EMR-I)
thank CSIR, India for Senior Research Fellowships. S.B. thanks
the Science and Engineering Research Board, India, for
partially funding this work (SR/FT/CS-160/2012).

ORCID® iDs
Somnath Yadav - https://orcid.org/0000-0002-3708-1188

References
1. Sashidhara, K. V.; Dodda, R. P.; Sonkar, R.; Palnati, G. R.; Bhatia, G.

Eur. J. Med. Chem. 2014, 81, 499–509.
doi:10.1016/j.ejmech.2014.04.085

2. Pettersson, B.; Hasimbegovic, V.; Bergman, J. J. Org. Chem. 2011, 76,
1554–1561. doi:10.1021/jo101864n

3. Steuer, C.; Gege, C.; Fischl, W.; Heinonen, K. H.; Bartenschlager, R.;
Klein, C. D. Bioorg. Med. Chem. 2011, 19, 4067–4074.
doi:10.1016/j.bmc.2011.05.015

4. Tsou, H.-R.; MacEwan, G.; Birnberg, G.; Zhang, N.; Brooijmans, N.;
Toral-Barza, L.; Hollander, I.; Ayral-Kaloustian, S.; Yu, K.
Bioorg. Med. Chem. Lett. 2010, 20, 2259–2263.
doi:10.1016/j.bmcl.2010.02.012

5. Schmidt, A. W.; Reddy, K. R.; Knölker, H.-J. Chem. Rev. 2012, 112,
3193–3328. doi:10.1021/cr200447s

6. Roy, J.; Jana, A. K.; Mal, D. Tetrahedron 2012, 68, 6099–6121.
doi:10.1016/j.tet.2012.05.007

7. Kochanowska-Karamyan, A. J.; Hamann, M. T. Chem. Rev. 2010, 110,
4489–4497. doi:10.1021/cr900211p

8. Yanagita, R. C.; Nakagawa, Y.; Yamanaka, N.; Kashiwagi, K.;
Saito, N.; Irie, K. J. Med. Chem. 2008, 51, 46–56.
doi:10.1021/jm0706719

9. Somei, M.; Yamada, F. Nat. Prod. Rep. 2005, 22, 73–103.
doi:10.1039/b316241a

10. Robinson, M. W.; Overmeyer, J. H.; Young, A. M.; Erhardt, P. W.;
Maltese, W. A. J. Med. Chem. 2012, 55, 1940–1956.
doi:10.1021/jm201006x

11. Dolusic, E.; Larrieu, P.; Moineaux, L.; Stroobant, V.; Pilotte, L.;
Colau, D.; Pochet, L.; Van den Eynde, B.; Masereel, B.; Wouters, J.;
Frederick, R. J. Med. Chem. 2011, 54, 5320–5334.
doi:10.1021/jm2006782

12. Jin, G.; Lee, S.; Choi, M.; Son, S.; Kim, G.-W.; Oh, J.-W.; Lee, C.;
Lee, K. Eur. J. Med. Chem. 2014, 75, 413–425.
doi:10.1016/j.ejmech.2014.01.062

13. McNulty, J.; Das, P.; McLeod, D. Chem. – Eur. J. 2010, 16,
6756–6760. doi:10.1002/chem.201000438

14. Tao, Y.; Zhang, F.; Tang, C.-Y.; Wu, X.-Y.; Sha, F. Asian J. Org. Chem.
2014, 3, 1292–1301. doi:10.1002/ajoc.201402152

15. Guan, X.-K.; Liu, G.-F.; An, D.; Zhang, H.; Zhang, S.-Q. Org. Lett.
2019, 21, 5438–5442. doi:10.1021/acs.orglett.9b01675

16. Asefa, A.; Singh, A. K. J. Fluoresc. 2009, 19, 921–930.
doi:10.1007/s10895-009-0525-4

17. Tan, B.; Hernandez-Torres, G.; Barbas, C. F., III. J. Am. Chem. Soc.
2011, 133, 12354–12357. doi:10.1021/ja203812h

18. Zheng, H.; He, P.; Liu, Y.; Zhang, Y.; Liu, X.; Lin, L.; Feng, X.
Chem. Commun. 2014, 50, 8794–8796. doi:10.1039/c4cc03135k

19. Xiang, S.-K.; Zhang, B.; Zhang, L.-H.; Cui, Y.; Jiao, N.
Chem. Commun. 2011, 47, 8097–8099. doi:10.1039/c1cc12220g

20. Sahu, S.; Banerjee, A.; Maji, M. S. Org. Lett. 2017, 19, 464–467.
doi:10.1021/acs.orglett.6b03612

21. Moritani, I.; Fujiwara, Y. Tetrahedron Lett. 1967, 8, 1119–1122.
doi:10.1016/s0040-4039(00)90648-8

22. Fujiwara, Y.; Moritani, I.; Matsuda, M.; Teranishi, S. Tetrahedron Lett.
1968, 9, 633–636. doi:10.1016/s0040-4039(01)98820-3

23. Fujiwara, Y.; Moritani, I.; Danno, S.; Asano, R.; Teranishi, S.
J. Am. Chem. Soc. 1969, 91, 7166–7169. doi:10.1021/ja01053a047

24. Jia, C.; Lu, W.; Kitamura, T.; Fujiwara, Y. Org. Lett. 1999, 1,
2097–2100. doi:10.1021/ol991148u

25. Grimster, N. P.; Gauntlett, C.; Godfrey, C. R. A.; Gaunt, M. J.
Angew. Chem., Int. Ed. 2005, 44, 3125–3129.
doi:10.1002/anie.200500468

26. Chen, W.-L.; Gao, Y.-R.; Mao, S.; Zhang, Y.-L.; Wang, Y.-F.;
Wang, Y.-Q. Org. Lett. 2012, 14, 5920–5923. doi:10.1021/ol302840b

27. Huang, Q.; Song, Q.; Cai, J.; Zhang, X.; Lin, S. Adv. Synth. Catal.
2013, 355, 1512–1516. doi:10.1002/adsc.201201114

https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-16-16-S1.pdf
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-16-16-S1.pdf
https://orcid.org/0000-0002-3708-1188
https://doi.org/10.1016%2Fj.ejmech.2014.04.085
https://doi.org/10.1021%2Fjo101864n
https://doi.org/10.1016%2Fj.bmc.2011.05.015
https://doi.org/10.1016%2Fj.bmcl.2010.02.012
https://doi.org/10.1021%2Fcr200447s
https://doi.org/10.1016%2Fj.tet.2012.05.007
https://doi.org/10.1021%2Fcr900211p
https://doi.org/10.1021%2Fjm0706719
https://doi.org/10.1039%2Fb316241a
https://doi.org/10.1021%2Fjm201006x
https://doi.org/10.1021%2Fjm2006782
https://doi.org/10.1016%2Fj.ejmech.2014.01.062
https://doi.org/10.1002%2Fchem.201000438
https://doi.org/10.1002%2Fajoc.201402152
https://doi.org/10.1021%2Facs.orglett.9b01675
https://doi.org/10.1007%2Fs10895-009-0525-4
https://doi.org/10.1021%2Fja203812h
https://doi.org/10.1039%2Fc4cc03135k
https://doi.org/10.1039%2Fc1cc12220g
https://doi.org/10.1021%2Facs.orglett.6b03612
https://doi.org/10.1016%2Fs0040-4039%2800%2990648-8
https://doi.org/10.1016%2Fs0040-4039%2801%2998820-3
https://doi.org/10.1021%2Fja01053a047
https://doi.org/10.1021%2Fol991148u
https://doi.org/10.1002%2Fanie.200500468
https://doi.org/10.1021%2Fol302840b
https://doi.org/10.1002%2Fadsc.201201114


Beilstein J. Org. Chem. 2020, 16, 140–148.

148

28. Verma, A. K.; Jha, R. R.; Chaudhary, R.; Tiwari, R. K.; Danodia, A. K.
Adv. Synth. Catal. 2013, 355, 421–438. doi:10.1002/adsc.201200583

29. Gemoets, H. P. L.; Hessel, V.; Noël, T. Org. Lett. 2014, 16, 5800–5803.
doi:10.1021/ol502910e

30. Jia, K.-Y.; Yu, J.-B.; Jiang, Z.-J.; Su, W.-K. J. Org. Chem. 2016, 81,
6049–6055. doi:10.1021/acs.joc.6b01138

31. Kannaboina, P.; Kumar, K. A.; Das, P. Org. Lett. 2016, 18, 900–903.
doi:10.1021/acs.orglett.5b03429

32. Gorsline, B. J.; Wang, L.; Ren, P.; Carrow, B. P. J. Am. Chem. Soc.
2017, 139, 9605–9614. doi:10.1021/jacs.7b03887

33. Yeung, C. S.; Dong, V. M. Chem. Rev. 2011, 111, 1215–1292.
doi:10.1021/cr100280d

34. Cho, S. H.; Kim, J. Y.; Kwak, J.; Chang, S. Chem. Soc. Rev. 2011, 40,
5068–5083. doi:10.1039/c1cs15082k

35. Arockiam, P. B.; Bruneau, C.; Dixneuf, P. H. Chem. Rev. 2012, 112,
5879–5918. doi:10.1021/cr300153j

36. Hussain, I.; Singh, T. Adv. Synth. Catal. 2014, 356, 1661–1696.
doi:10.1002/adsc.201400178

37. Ackermann, L. Acc. Chem. Res. 2014, 47, 281–295.
doi:10.1021/ar3002798

38. Ruiz, S.; Villuendas, P.; Urriolabeitia, E. P. Tetrahedron Lett. 2016, 57,
3413–3432. doi:10.1016/j.tetlet.2016.06.117

39. Gandeepan, P.; Müller, T.; Zell, D.; Cera, G.; Warratz, S.;
Ackermann, L. Chem. Rev. 2019, 119, 2192–2452.
doi:10.1021/acs.chemrev.8b00507

40. Singh, K. S. Catalysts 2019, 9, 173. doi:10.3390/catal9020173
41. Miura, H.; Wada, K.; Hosokawa, S.; Inoue, M. Chem. – Eur. J. 2010,

16, 4186–4189. doi:10.1002/chem.200903564
42. Miura, H.; Wada, K.; Hosokawa, S.; Inoue, M. ChemCatChem 2010, 2,

1223–1225. doi:10.1002/cctc.201000144
43. Taglang, C.; Martínez-Prieto, L. M.; del Rosal, I.; Maron, L.; Poteau, R.;

Philippot, K.; Chaudret, B.; Perato, S.; Sam Lone, A.; Puente, C.;
Dugave, C.; Rousseau, B.; Pieters, G. Angew. Chem., Int. Ed. 2015,
54, 10474–10477. doi:10.1002/anie.201504554

44. Pieters, G.; Taglang, C.; Bonnefille, E.; Gutmann, T.; Puente, C.;
Berthet, J.-C.; Dugave, C.; Chaudret, B.; Rousseau, B.
Angew. Chem., Int. Ed. 2014, 53, 230–234.
doi:10.1002/anie.201307930

45. Lin, M.; Kang, L.; Gu, J.; Dai, L.; Tang, S.; Zhang, T.; Wang, Y.; Li, L.;
Zheng, X.; Zhu, W.; Si, R.; Fu, X.; Sun, L.; Zhang, Y.; Yan, C.
Nano Res. 2017, 10, 922–932. doi:10.1007/s12274-016-1350-0

46. Paul, A.; Paul, A.; Yadav, S. Tetrahedron Lett. 2020, 61, No. 151364.
doi:10.1016/j.tetlet.2019.151364

47. Paul, A.; Chatterjee, D.; Rajkamal; Banerjee, S.; Yadav, S. RSC Adv.
2015, 5, 71253–71258. doi:10.1039/c5ra14995a

48. Park, K. C.; Jang, I. Y.; Wongwiriyapan, W.; Morimoto, S.; Kim, Y. J.;
Jung, Y. C.; Toya, T.; Endo, M. J. Mater. Chem. 2010, 20, 5345–5354.
doi:10.1039/b923153f

49. Xu, S.; Zhang, P.; Li, H.; Wei, H.; Li, L.; Li, B.; Wang, X. RSC Adv.
2014, 4, 7079–7083. doi:10.1039/c3ra45509b

50. Collins, K. D.; Glorius, F. Nat. Chem. 2013, 5, 597–601.
doi:10.1038/nchem.1669

51. Collins, K. D.; Glorius, F. Tetrahedron 2013, 69, 7817–7825.
doi:10.1016/j.tet.2013.05.068

52. Collins, K. D.; Rühling, A.; Glorius, F. Nat. Protoc. 2014, 9, 1348–1353.
doi:10.1038/nprot.2014.076

53. Davies, I. W.; Matty, L.; Hughes, D. L.; Reider, P. J. J. Am. Chem. Soc.
2001, 123, 10139–10140. doi:10.1021/ja016877v

54. Astruc, D. Inorg. Chem. 2007, 46, 1884–1894. doi:10.1021/ic062183h

55. Phan, N. T. S.; Van Der Sluys, M.; Jones, C. W. Adv. Synth. Catal.
2006, 348, 609–679. doi:10.1002/adsc.200505473

56. Crabtree, R. H. Chem. Rev. 2012, 112, 1536–1554.
doi:10.1021/cr2002905

57. Eremin, D. B.; Ananikov, V. P. Coord. Chem. Rev. 2017, 346, 2–19.
doi:10.1016/j.ccr.2016.12.021

58. Huang, L. Curr. Org. Chem. 2018, 22, 1022–1038.
doi:10.2174/1385272822666180129143614

59. Tang, D.-T. D.; Collins, K. D.; Ernst, J. B.; Glorius, F.
Angew. Chem., Int. Ed. 2014, 53, 1809–1813.
doi:10.1002/anie.201309305

60. Witham, C. A.; Huang, W.; Tsung, C.-K.; Kuhn, J. N.; Somorjai, G. A.;
Toste, F. D. Nat. Chem. 2010, 2, 36–41. doi:10.1038/nchem.468

61. Cassol, C. C.; Umpierre, A. P.; Machado, G.; Wolke, S. I.; Dupont, J.
J. Am. Chem. Soc. 2005, 127, 3298–3299. doi:10.1021/ja0430043

62. de Vries, J. G. Dalton Trans. 2006, 421–429. doi:10.1039/b506276b
63. Yin, L.; Liebscher, J. Chem. Rev. 2007, 107, 133–173.

doi:10.1021/cr0505674
64. Jia, C.-J.; Schüth, F. Phys. Chem. Chem. Phys. 2011, 13, 2457–2487.

doi:10.1039/c0cp02680h
65. Gayakhe, V.; Sanghvi, Y. S.; Fairlamb, I. J. S.; Kapdi, A. R.

Chem. Commun. 2015, 51, 11944–11960. doi:10.1039/c5cc03416g
66. Anantharaj, S.; Jayachandran, M.; Kundu, S. Chem. Sci. 2016, 7,

3188–3205. doi:10.1039/c5sc04714e
67. Qadir, K.; Joo, S. H.; Mun, B. S.; Butcher, D. R.; Renzas, J. R.;

Aksoy, F.; Liu, Z.; Somorjai, G. A.; Park, J. Y. Nano Lett. 2012, 12,
5761–5768. doi:10.1021/nl303072d

68. Peden, C. H. F.; Goodman, D. W. J. Phys. Chem. 1986, 90,
1360–1365. doi:10.1021/j100398a031

69. Lu, B.; Guo, L.; Wu, F.; Peng, Y.; Lu, J. E.; Smart, T. J.; Wang, N.;
Finfrock, Y. Z.; Morris, D.; Zhang, P.; Li, N.; Gao, P.; Ping, Y.; Chen, S.
Nat. Commun. 2019, 10, 631. doi:10.1038/s41467-019-08419-3

70. Shaikhutdinov, S.; Freund, H.-J. Annu. Rev. Phys. Chem. 2012, 63,
619–633. doi:10.1146/annurev-physchem-032511-143737

License and Terms
This is an Open Access article under the terms of the
Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0). Please note
that the reuse, redistribution and reproduction in particular
requires that the authors and source are credited.

The license is subject to the Beilstein Journal of Organic
Chemistry terms and conditions:
(https://www.beilstein-journals.org/bjoc)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjoc.16.16

https://doi.org/10.1002%2Fadsc.201200583
https://doi.org/10.1021%2Fol502910e
https://doi.org/10.1021%2Facs.joc.6b01138
https://doi.org/10.1021%2Facs.orglett.5b03429
https://doi.org/10.1021%2Fjacs.7b03887
https://doi.org/10.1021%2Fcr100280d
https://doi.org/10.1039%2Fc1cs15082k
https://doi.org/10.1021%2Fcr300153j
https://doi.org/10.1002%2Fadsc.201400178
https://doi.org/10.1021%2Far3002798
https://doi.org/10.1016%2Fj.tetlet.2016.06.117
https://doi.org/10.1021%2Facs.chemrev.8b00507
https://doi.org/10.3390%2Fcatal9020173
https://doi.org/10.1002%2Fchem.200903564
https://doi.org/10.1002%2Fcctc.201000144
https://doi.org/10.1002%2Fanie.201504554
https://doi.org/10.1002%2Fanie.201307930
https://doi.org/10.1007%2Fs12274-016-1350-0
https://doi.org/10.1016%2Fj.tetlet.2019.151364
https://doi.org/10.1039%2Fc5ra14995a
https://doi.org/10.1039%2Fb923153f
https://doi.org/10.1039%2Fc3ra45509b
https://doi.org/10.1038%2Fnchem.1669
https://doi.org/10.1016%2Fj.tet.2013.05.068
https://doi.org/10.1038%2Fnprot.2014.076
https://doi.org/10.1021%2Fja016877v
https://doi.org/10.1021%2Fic062183h
https://doi.org/10.1002%2Fadsc.200505473
https://doi.org/10.1021%2Fcr2002905
https://doi.org/10.1016%2Fj.ccr.2016.12.021
https://doi.org/10.2174%2F1385272822666180129143614
https://doi.org/10.1002%2Fanie.201309305
https://doi.org/10.1038%2Fnchem.468
https://doi.org/10.1021%2Fja0430043
https://doi.org/10.1039%2Fb506276b
https://doi.org/10.1021%2Fcr0505674
https://doi.org/10.1039%2Fc0cp02680h
https://doi.org/10.1039%2Fc5cc03416g
https://doi.org/10.1039%2Fc5sc04714e
https://doi.org/10.1021%2Fnl303072d
https://doi.org/10.1021%2Fj100398a031
https://doi.org/10.1038%2Fs41467-019-08419-3
https://doi.org/10.1146%2Fannurev-physchem-032511-143737
https://creativecommons.org/licenses/by/4.0
https://www.beilstein-journals.org/bjoc
https://doi.org/10.3762%2Fbjoc.16.16

	Abstract
	Introduction
	Results and Discussion
	Synthesis and characterisation of the Ru nanocatalyst
	Ru nanocatalyst-catalysed C–H alkenylation of indoles
	Recovery and recyclability of the Ru nanocatalyst
	Homogeneous vs heterogeneous mechanism of catalysis
	Role of the surface oxide and plausible mechanism

	Conclusion
	Supporting Information
	Acknowledgements
	Funding
	ORCID iDs
	References

