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A highly efficient, green and sustainable protocol for rhodium(III)-catalyzed C-H alkylation of hetero-
cycles with allylic alcohols has been achieved, which affords a series of b-aryl ketones in high yields. The
reaction proceeds smoothly in water under air, and works well with heterocycles such as indoles,
indolines, pyrroles and carbazoles. Notably, the expensive rhodium catalyst in water could be easily
separated from the organic products, and reused for at least five times without loss of its catalytic activity
and selectivity, which is a promising, green and sustainable pathway for the synthesis of b-aryl ketones.
To the best of our knowledge, this is the first example for the reuse of expensive rhodium catalyst in
water.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

The b-aryl ketones are important building blocks in organic
synthesis, medicinal chemistry and natural products [1]. During the
last few decades, considerable research efforts have been devoted
to develop efficient methods for the preparation b-aryl ketones,
and many strategies have been established. However, methods
such as conjugate addition of organometallic reagents to a,b-un-
saturated carbonyl compounds [2], or Heck-type couplings of aryl
nucleophiles with allylic alcohols, usually required pre-
functionalized arylboronic acids, arylhalides or aryldiazonium
salts as arenes sources [3], which suffered from poor atom-
economy and limited substrate scope. Therefore, step- and atom-
economic synthetic methods for the synthesis of b-aryl ketones is
highly desired.

Transition-metal-catalyzed C-H functionalization has emerged
as a powerful tool for the construction of C-C bonds [4]. Preparation
of b-aryl ketones using rhodium(III)-catalyzed C-H bond alkylation
has attracted increasing attention due to its high efficiency and
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selectivity [5]. For example, rhodium(III)-catalyzed conjugate
addition of aryl C-H bond to a,b-unsaturated carbonyl compounds
represents one of the most powerful tools for the preparation of b-
aryl ketones, and many efficient methods have been well estab-
lished by Li, Huang, Loh, Ellmann, Glorius, Ackermann and other's
group [6]. Transition-metal-catalyzed C-H alkylation with allylic
alcohols is another efficient route to prepare b-aryl ketones [7]. In
2013, Jiang and coworkers successfully fulfilled the rhodium(III)-
catalyzed oxidative alkylation of aryl C-H bonds using the elec-
tronically nonbiased allylic alcohols to prepare the functionalized
b-aryl ketones [8]. Meanwhile, Glorius and coworkers also reported
the oxidative alkylation of indoles with the allylic alcohols to
generate b-indolyl aldehydes [9]. Kim and coworkers reported the
alkylation of indolines with allylic alcohols [10]. Despite of
considerable advances in this field, the reported methods still
suffered from three major limitations: 1) the reaction usually
required excess copper salts; 2) the reaction performed in toxic
organic solvents; 3) the catalytic system could not be reused.
Therefore, to explore more efficient, green and environmental
benign process is still of great importance.

In order to overcome these limitations, synthesis of organic
compounds using environmental friendly solvents or recyclable
catalytic systems have gained great interests in recent years [11].
on of heterocycles with allylic alcohols in water: A reusable catalytic
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Table 1
Optimization of the reaction Conditionsa,b.

entry catalyst additive t (oC) yield (%)b

1 [Cp*RhCl2]2 e RT 10
2 [Cp*RhCl2]2 NaOAc RT 19
3 [Cp*RhCl2]2 AgOAc RT 25
4 [Cp*RhCl2]2 Cu(OAc)2 RT 45
5 [Cp*RhCl2]2 AgOTf RT 50
6 [Cp*RhCl2]2 AgSbF6 RT 65
7 [Cp*RhCl2]2 AgSbF6 60 88
8 [Cp*RhCl2]2 AgSbF6 80 92
9 [Cp*RhCl2]2 AgSbF6 100 90
10c [Cp*RhCl2]2 AgSbF6 80 40
11d [Cp*RhCl2]2 AgSbF6 80 55
12e [Cp*RhCl2]2 AgSbF6 80 90
13 [Ru(cy-mene)Cl2]2 AgSbF6 80 0
14 [Cp*IrCl2]2 AgSbF6 80 0
15 Cp*Co(CO)I2 AgSbF6 80 0
16 Pd(OAc) AgSbF 80 0
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The recyclable catalytic system using metals in PEGs has been well
studied, while catalysis inwater is rarely involved [12]. Givenwater
is the most inexpensive, non-flammable and environmentally
benign solvent, and the water phase containing cationic metal
catalyst is easily separated from organic compounds, development
of organic reactions in water is becoming an area of crucial
importance in modern chemistry. Although there has been
considerable efforts dedicated to the development of organic re-
actions in water [13], Rh(III)-catalyzed C-H functionalization using
water as solvent is rarely explored. Recently, the groups of Zhu, Li,
Hong reported Rh(III)-catalyzed C-H alkylation or annulation re-
actions in water [14], however, the recyclability and reusability of
noble rhodium catalyst were not involved. Considering the high
cost of the rhodium catalyst, it is highly desirable to develop cost-
effective and recyclable rhodium catalytic system. With our
continuing interest in the green and sustainable chemistry using
water as the solvent [15], herein, we report the first reusable rho-
dium(III)/H2O catalytic system for C-H alkylation of heterocycles
with allylic alcohols, which proceeds smoothly under mild condi-
tions, and affords the desired b-aryl ketones in high yields
(Scheme 1).
2 6

17f [Cp*RhCl2]2 AgSbF6 80 91
18g [Cp*RhCl2]2 AgSbF6 80 trace

a Reaction conditions: 1a (0.20mmol), 2a (0.40mmol), catalyst (2.5mol%), addi-
tive (10mol%) in H2O (2mL) under air for 12 h.

b Isolated yield.
c Without solvent.
d 1mol% of catalyst was used.
e 5mol% of catalyst was used.
f Under O2 atmosphere.
g Under N2 atmosphere.
2. Results and discussion

We commenced our investigation by selecting (pyrimidin-2-yl)-
1H-indole (1a) and but-3-en-2-ol (2a) as model substrates to
evaluate the reaction conditions (Table 1). Using 2.5 mol% of
[Cp*RhCl2]2 as the catalyst in water at room temperature, the re-
action gave the desired product 3a in 10% yield (Table 1, entry 1).
The additives played an important role in this reaction, among a
number of additives examined, silver salt AgSbF6 was proved to be
the best and the desired product was obtained in 65% yield (Table 1,
entries 2e6). When the reaction was performed at 80 �C, the yield
was significantly improved, and the product 3awas obtained in 92%
yield (Table 1, entries 7e9). Finally, some control experiments were
performed, surprisingly, the reaction could take place in neat
conditions, and product was obtained in a moderate yield of 40%
(Table 1, entry 10). When the catalyst loading was reduced to 1mol
%, the yields was sharply decreased, increasing the amount of
catalyst to 5mol% did not improve the yield (Table 1, entries 11 and
12). Switching the catalyst to other common used metal catalysts
such as [Ru(cy-mene)Cl2]2, [Cp*IrCl2]2, Cp*Co(CO)I2 or Pd(OAc)2,
the reaction did not occur at all (Table 1, entries 13e16). In addition,
when the reaction was performed under O2 atmosphere, 91% yield
was obtained, while a N2 atmosphere suppressed the reaction,
which suggested that oxygen in air may be the oxidant of this
process (Table 1, entries 17 and 18).

With the optimized conditions in hand, the substrate scope of
indoles were first explored and the results were summarized in
Scheme 1. C-H alkylation of arenes with allylic alcohols.
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Scheme 2. Both electron-withdrawing (e.g., Cl, Br, F, COOMe) and
electron-donating groups (e.g., CH3, OCH3, OBn) on the indoles
were all well tolerated, affording the corresponding product in high
yields (3a-3j). Especially, the indoles bearing halogen atoms at C4,
C5 or C6 position provided potential opportunities for further
transformations of these products (3b-3e). It was noteworthy that
the steric hindered indole bearing a methyl group on C3 position
was also successfully converted to desired product in a high 82%
yield (3j). C7-substituted indole was also checked, and the product
was obtained in 65% yield (3k). When the directing group was
switched from N-pyrimidyl to N-pyridyl, a sharply decreased yield
of 55% was obtained (3l). In addition, the substrate scope was not
limited to the indoles, N-pyrimidyl indoline and N-pyrimidyl
carbazole reacted well with but-3-en-2-ol (2a), leading to the C7
and C3-selective alkylated products in 80% and 72% yield, respec-
tively (3n and 3o). It is notable that when (pyrimidin-2-yl)-1H-
pyrrole was used as substrate, the mono-alkylated product 3mwas
isolated in 75% yield. These results further revealed the broad
application and high site-selectivity of this chemistry. Unfortu-
nately, other directing groups such as Ac, Piv or Ts failed to give the
desired products, probably due to their weak coordination effect
(3p-3r).

The scope with respect to allylic alcohols was next explored. As
shown in Scheme 3, various a-substituted allylic alcohols were
tolerated in this reaction. Linear allylic alcohols were successfully
converted into the desired bearyl ketones in high yield (4a, 4b, 4f
and 4g), while the branched allylic alcohol 2c only gave a 45% yield
of desired product (4c). Allylic alcohols bearing an aliphatic ring
were also tolerated in the reaction, and the desired products were
obtained in 82% and 84% yield, respectively (4d and 4e). Impor-
tantly, a-aryl substituted allylic alcohols were all smoothly con-
verted into the desired product in high yields (4h-4k).
Unfortunately, when allylic alcohols with pyridyl was used as the
on of heterocycles with allylic alcohols in water: A reusable catalytic
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Scheme 2. Scope of indolesa,b.
a Reaction Conditions: 1 (0.20 mmol), 2a (0.40 mmol), [Cp*RhCl2]2 (2.5 mol%), AgSbF6 (10 mol%) in H2O (2 mL) at 80 �C for 12 h. b Isolated yield.
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partner, the reaction did not occur (4l).
To highlight the synthetic value of this process, the scale-up

experiment was also performed, and the desired product was ob-
tained in 83% yields (Scheme 4).

The aim of this process is to develop a green and sustainable
method for the synthesis of b-aryl ketones using water as the sol-
vent, therefore, we next turn our attention to test the reusability of
this catalytic system using the reaction of (pyrimidin-2-yl)-1H-
indole (1a) and but-3-en-2-ol (2a) under standard conditions. After
the first cycle, the reaction mixture was extracted with ethyl ace-
tate (3*10 mL), the aqueous phase was separated as a clear yellow
liquid (Fig. 1). Then the separated aqueous phase was recharged
with fresh (pyrimidin-2-yl)-1H-indole (1a) and but-3-en-2-ol (2a)
for the next run, and the results were shown in Fig. 2. Pleasingly, we
found that the catalytic system could be reused for at least five
times without obvious loss of the catalytic activity. However, after
the fifth cycle, the color of aqueous phase became shallow, and as
expected, in the sixth cycle, the yield decreased sharply to a
moderate 55% yield. It is worth mentioning that the separated
rhodium/H2O system is still of high catalytic efficiency without
recharging the silver salt. Additionally, the catalytic system could
be prepared under standard conditions using 2.5 mol% of
Please cite this article as: X. Li et al., Rhodium(III)-catalyzed C-H alkylati
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[Cp*RhCl2]2 and 10mol% AgSbF6. The result solution was charged
with substrates 1a and 2a, and the product 3awas obtained in 83%
yield. These results suggested that the active rhodium species
formed in the reaction should be homogenerous and soluble in
water, which could be easily separated from the organic phase and
reused directly for the next run.

Although the mechanism of this process is not clear, some
control experiments were performed to gain insights into the
mechanism of this reaction (Scheme 5). The H/D exchange exper-
iment was first examined with D2O as the solvent and an obvious
H/D exchange at C2 position was observed, indicating that the C-H
bond cleavage is reversible. The intermolecular competition ex-
periments between electron-rich and electron-deficient indoles
revealed that the indoles bearing electron-donating groups is more
reactive. The reaction with two different allylic alcohols was also
performed, and we found allylic alcohols bearing an aromatic ring
were less reactive.

On the basis of our experiments and previous reports [16], a
plausible catalytic cyclewas outlined in Scheme 6. First, the cationic
Rh(III) catalyst formed from [Cp*RhCl2]2 and AgSbF6, followed by
coordination with 1a to generate a five-member rhodacycle I. Then
insertion of the allyl alcohol 2a to rhodacycle I generated the
on of heterocycles with allylic alcohols in water: A reusable catalytic
0.1016/j.tet.2018.10.074



Scheme 3. Scope of allylic alcohols a,b.
a Reaction Conditions: 1a (0.20 mmol), 2 (0.40 mmol), [Cp*RhCl2]2 (2.5 mol%), AgSbF6 (10 mol%) in H2O (2 mL) at 80 �C for 12 h. b Isolated yield.

Scheme 4. Scale-up experiment.

Fig. 1. The color of separated catalytic system.

Fig. 2. Reusability experiments of catalytic system.
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intermediated II, which underwent b-H elimination to afford the
corresponding enol product C. Subsequently keto�enol tautome-
rization of C gave b-aryl ketone 3a. The Rh(III)-H species obtained
from b-H elimination of II underwent the reductive elimination and
reoxidation to regenerate the active Rh(III) catalyst to finish the
catalytic cycle[16e,f,g].

3. Conclusions

In conclusion, we have developed an efficient, green and sus-
tainable protocol for Rh(III)-catalyzed C-H alkylation of various
heterocycles with allylic alcohols, various b-aryl ketones were
prepared in high yields. The reaction proceeded smoothly in water,
and exhibited high regioselectivity, and good functional group
on of heterocycles with allylic alcohols in water: A reusable catalytic
0.1016/j.tet.2018.10.074



Scheme 5. Control experiments.

Scheme 6. Proposed reaction mechanism.
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tolerance. Notably, this Rh(III)/H2O catalytic system could be reused
for at least five times without loss of catalytic activity, thus
providing an efficient, environmental friendly process for the syn-
thesis of b-aryl ketones.

4. Experimental

Unless otherwise noted, all reactions were performed in air, all
reagents and solvents were obtained from commercial suppliers
and used without any purification. Purifications of reaction prod-
ucts were carried out by chromatography using silica gel (200e300
mesh). NMR spectra were recorded for 1H NMR at 400MHz and for
13C NMR at 100MHz. For 1H NMR, tetramethylsilane (TMS) served
as internal standard (d¼ 0) and data are reported as follows:
chemical shift, integration, multiplicity (s¼ singlet, d¼ doublet,
t¼ triplet, q¼ quartet, m¼multiplet), and coupling constant(s) in
Hz. For 13C NMR, TMS (d¼ 0) or CDCl3 (d¼ 77.26) was used as in-
ternal standard and spectra were obtained with complete proton
decoupling.

Substituted indoles [17], pyrrol [17], indoline [18], carbazoles
[19] and allylic alcohols [20] were prepared according to the
literature.

4.1. General procedure for the alkylation of heterocycles

Heterocycles 1 (0.2mmol, 1.0 equiv), allylic alcohols 2
(0.4 mmol, 2.0 equiv), [Cp*RhCl2]2 (2.5mol %), AgSbF6 (0.02mmol,
10mol %) and H2O (2mL) were charged into a Schlenk tube under
Please cite this article as: X. Li et al., Rhodium(III)-catalyzed C-H alkylati
system for the synthesis of b-aryl ketones, Tetrahedron, https://doi.org/1
air. The reaction mixture was stirred for 12 h at 80 �C. After the
reaction was complete, the mixture was extracted with CH2Cl2
three times. The combined organic layer was dried with anhydrous
Na2SO4 and evaporated in vacuum. The crude product was purified
by flash chromatography on silica gel using hexane/ethyl acetate as
the eluent to give the pure product 3.

4.2. 4-(1-(Pyrimidin-2-yl)-1H-indol-2-yl)butan-2-one (3a) [9]

Yield: 92%; 1H NMR (400MHz, CDCl3) d 8.78 (d, J¼ 4.8 Hz, 2H),
8.29 (d, J¼ 8.3 Hz,1H), 7.53e7.51 (m,1H), 7.25e7.12 (m, 3H), 6.45 (s,
1H), 3.42 (t, J¼ 7.8 Hz, 2H), 2.90 (t, J¼ 7.8 Hz, 2H), 2.17 (s, 3H). 13C
NMR (100MHz, CDCl3) d 208.0, 158.2, 140.5, 136.9, 129.2, 122.8,
122.0, 119.8, 117.1, 114.1, 106.0, 43.5, 30.0, 23.8. HRMS (ESIþ) calcd
for C16H16N3O [MþH]þ: 266.1288, found: 266.1286.

4.3. 4-(5-Chloro-1-(pyrimidin-2-yl)-1H-indol-2-yl)butan-2-one
(3b)

Yield: 85%; 1H NMR (400MHz, CDCl3) d 8.70 (d, J¼ 4.8 Hz, 2H),
8.15 (d, J¼ 8.9 Hz, 1H), 7.39 (d, J¼ 2.1 Hz, 1H), 7.10e7.08 (m, 2H),
6.30 (s, 1H), 3.34 (t, J¼ 7.4 Hz, 2H), 2.81 (t, J¼ 7.4 Hz, 2H), 2.10 (s,
3H). 13C NMR (100MHz, CDCl3) d 206.7, 157.2, 141.0, 134.2, 129.3,
126.3, 121.7, 118.1, 116.3, 114.3, 104.3, 42.2, 28.8, 22.7, 13.1. HRMS
(ESIþ) calcd for C16H15ClN3O [MþH]þ: 300.0898, found: 300.0899.

4.4. 4-(4-Chloro-1-(pyrimidin-2-yl)-1H-indol-2-yl)butan-2-one
(3c)

Yield: 95%; 1H NMR (400MHz, CDCl3) d 8.72 (d, J¼ 4.8 Hz, 2H),
8.08 (d, J¼ 8.0 Hz, 1H), 7.12e7.06 (m, 3H), 6.49 (s, 1H), 3.34 (t,
J¼ 7.2 Hz, 2H), 2.87 (t, J¼ 7.8 Hz, 2H), 2.12 (s, 3H). 13C NMR
(100MHz, CDCl3) d 206.6, 157.0, 140.4, 136.5, 126.8, 123.9, 122.3,
120.6, 116.6, 111.6, 102.8, 42.2, 28.8, 22.5. HRMS (ESIþ) calcd for
C16H15ClN3O [MþH]þ: 300.0898, found: 300.0901.

4.5. 4-(6-Bromo-1-(pyrimidin-2-yl)-1H-indol-2-yl)butan-2-one
(3d)

Yield: 93%; 1H NMR (400MHz, CDCl3) d 8.80 (d, J¼ 4.8 Hz, 2H),
8.50 (s, 1H), 7.36 (d, J¼ 8.3 Hz, 1H), 7.30e7.26 (m, 1H), 7.19 (t,
J¼ 4.8 Hz, 1H), 6.41 (s, 1H), 3.42e3.38 (m, 2H), 2.89 (t, J¼ 7.8 Hz,
2H), 2.17 (s, 3H). 13C NMR (100MHz, CDCl3) d 207.8, 158.1, 141.3,
137.5, 128.0, 125.1, 120.8, 117.3, 116.4, 105.9, 43.3, 32.0, 30.1, 29.5,
23.2, 14.2. HRMS (ESIþ) calcd for C16H15BrN3O [MþH]þ: 344.0393,
found: 344.0395.

4.6. 4-(6-Fluoro-1-(pyrimidin-2-yl)-1H-indol-2-yl)butan-2-one
(3e)

Yield: 80%; 1H NMR (400MHz, CDCl3) d 8.71 (d, J¼ 4.8 Hz, 2H),
8.04e8.01 (m, 1H), 7.35e7.32 (m, 1H), 7.10 (t, J¼ 4.8 Hz, 1H),
6.90e6.85 (m, 1H), 6.34 (s, 1H), 3.35 (t, J¼ 7.2 Hz, 2H), 2.82 (t,
J¼ 7.8 Hz, 2H), 2.10 (s, 3H). 13C NMR (100MHz, CDCl3) d 206.9,
160.3,158.0,157.2, 140.0,135.9, 124.5,119.1, 116.2,109.1,104.8,100.6,
42.4, 29.0, 22.9. HRMS (ESIþ) calcd for C16H15FN3O [MþH]þ:
284.1194, found: 284.1194.

4.7. Methyl 2-(3-oxobutyl)-1-(pyrimidin-2-yl)-1H-indole-4-
carboxylate (3f)

Yield: 85%; 1H NMR (400MHz, CDCl3) d 8.81 (d, J¼ 4.8 Hz, 2H),
8.45 (d, J¼ 8.3 Hz, 1H), 7.95e7.93 (m, 1H), 7.28-7.17 (m, 3H), 3.99 (s,
3H), 3.44 (t, J¼ 7.1 Hz, 3H), 2.98 (t, J¼ 7.9 Hz, 2H), 2.20 (s, 3H). 13C
NMR (100MHz, CDCl3) d 207.7, 158.1, 143.0, 137.6, 129.2, 124.9,
on of heterocycles with allylic alcohols in water: A reusable catalytic
0.1016/j.tet.2018.10.074
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122.0, 120.5, 118.5, 117.7, 106.3, 51.8, 43.2, 30.0, 23.6. HRMS (ESIþ)
calcd for C18H18N3O3 [MþH]þ: 324.1343, found: 324.1345.

4.8. 4-(4-Methyl-1-(pyrimidin-2-yl)-1H-indol-2-yl)butan-2-one
(3g)

Yield: 81%; 1H NMR (400MHz, CDCl3) d 8.79 (d, J¼ 4.8 Hz, 2H),
8.14 (d, J¼ 8.4 Hz, 1H), 7.19-7.13 (m, 2H), 7.02 (d, J¼ 7.2 Hz, 2H), 6.51
(s, 1H), 3.45 (t, J¼ 7.2 Hz, 2H), 2.93 (t, J¼ 7.8 Hz, 2H), 2.56 (s, 3H),
2.19 (s, 3H). 13C NMR (100MHz, CDCl3) d 208.4, 158.1, 136.1, 135.6,
130.4, 123.0, 121.7, 118.0, 116.7, 114.1, 113.5, 43.9, 29.7, 20.9, 8.8.
HRMS (ESIþ) calcd for C17H18N3O [MþH]þ: 280.1444, found:
280.1449.

4.9. 4-(5-Methoxy-1-(pyrimidin-2-yl)-1H-indol-2-yl)butan-2-one
(3h)

Yield: 93%; 1H NMR (400MHz, CDCl3) d 8.67 (d, J¼ 4.8 Hz, 2H),
8.18 (d, J¼ 9.0 Hz,1H), 7.04 (s,1H), 6.91 (d, J¼ 2.6 Hz,1H), 6.80e6.77
(m, 1H), 6.30 (s, 1H), 3.78 (s, 3H), 3.36 (t, J¼ 7.1 Hz, 2H), 2.82 (t,
J¼ 7.8 Hz, 2H), 2.10 (s, 3H). 13C NMR (100MHz, CDCl3) d 207.0, 157.1,
154.4, 140.2, 130.7, 128.9, 115.7, 114.3, 110.6, 105.2, 101.1, 54.7, 42.5,
29.0, 23.0. HRMS (ESIþ) calcd for C17H18N3O2 [MþH]þ: 296.1394,
found: 296.1396.

4.10. 4-(5-(Benzyloxy)-1-(pyrimidin-2-yl)-1H-indol-2-yl)butan-2-
one (3i)

Yield: 82%; 1H NMR (400MHz, CDCl3) d 8.75 (d, J¼ 4.8 Hz, 2H),
8.26 (d, J¼ 9.1 Hz, 1H), 7.48e7.26 (m, 6H), 7.13e7.06 (m, 2H),
6.95e6.92 (m, 1H), 6.37 (s, 1H), 5.12 (s, 2H), 3.43 (t, J¼ 7.1 Hz, 2H),
2.89 (t, J¼ 7.8 Hz, 2H), 2.17 (s, 3H). 13C NMR (100MHz, CDCl3)
d 208.1, 158.1, 154.6, 141.3, 137.6, 131.9, 130.0, 128.6, 127.8, 127.5,
116.8, 115.3, 112.5, 106.2, 103.7, 70.6, 43.6, 30.0, 24.1. HRMS (ESIþ)
calcd for C23H22N3O2 [MþH]þ: 372.1707, found: 372.1719.

4.11. 4-(3-Methyl-1-(pyrimidin-2-yl)-1H-indol-2-yl)butan-2-one
(3j)

Yield: 82%; 1H NMR (400MHz, CDCl3) d 8.77 (d, J¼ 4.8 Hz, 2H),
8.35e8.32 (m, 1H), 7.54e7.51 (m, 1H), 7.28-7.24 (m, 2H), 7.14-7.10
(m, 1H), 3.40 (t, J¼ 7.8 Hz, 2H), 2.85 (t, J¼ 7.8 Hz, 2H), 2.32 (s, 3H),
2.16 (s, 3H). 13C NMR (100MHz, CDCl3) d 208.5, 158.2, 136.0, 135.6,
130.4, 123.0, 121.7, 118.0, 116.7, 114.1, 113.5, 43.9, 30.0, 20.9, 8.8.
HRMS (ESIþ) calcd for C17H18N3O [MþH]þ: 280.1444, found:
280.1446.

4.12. 4-(7-Methyl-1-(pyrimidin-2-yl)-1H-indol-2-yl)butan-2-one
(3k)

Yield: 65%; 1H NMR (400MHz, CDCl3) d 8.89 (d, J¼ 4.8 Hz, 2H),
7.43 (d, J¼ 7.6 Hz, 1H), 7.36 (t, J¼ 4.8 Hz, 1H), 7.09 (t, J¼ 7.6 Hz, 1H),
6.96 (d, J¼ 7.6 Hz, 2H), 2.97-2.93 (m, 2H), 2.91-2.87 (m, 2H), 2.17 (s,
3H), 1.95 (s, 3H). 13C NMR (100MHz, CDCl3) d 207.0, 158.0, 140.2,
136.2, 129.0, 124.6, 121.2, 120.8, 118.8, 117.5, 102.7, 42.4, 29.5, 21.2,
19.4. HRMS (ESIþ) calcd for C17H18N3O [MþH]þ: 280.1444, found:
280.1448.

4.13. 4-(1-(Pyridin-2-yl)-1H-indol-2-yl)butan-2-one (3l)

Yield: 55%; 1H NMR (400MHz, CDCl3) d 8.53-8.51 (m, 1H), 7.83-
7.79 (m,1H), 7.34-7.32 (m, 3H), 7.03e7.01 (m,1H), 6.25 (t, J¼ 3.2 Hz,
1H), 6.08 (s, 1H), 3.12 (t, J¼ 7.2 Hz, 2H), 2.81 (t, J¼ 8.0 Hz,2H), 2.16
(s, 3H). 13C NMR (100MHz, CDCl3) d 208.4,152.8,148.9, 138.5,138.0,
132.7, 127.4, 121.2, 120.7, 117.3, 109.3, 109.1, 43.6, 30.0, 22.0. HRMS
Please cite this article as: X. Li et al., Rhodium(III)-catalyzed C-H alkylati
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(ESIþ) calcd for C17H17N2O [MþH]þ: 265.1335, found: 265.1337.
4.14. 4-(1-(Pyrimidin-2-yl)-1H-pyrrol-2-yl)butan-2-one (3m)

Yield: 75%; 1H NMR (400MHz, CDCl3) d 8.66 (d, J¼ 4.8 Hz, 2H),
7.77-7.75 (m, 1H), 7.10-7.07 (m, 1H), 6.22 (t, J¼ 3.2 Hz, 1H), 6.08 (s,
1H), 3.39 (t, J¼ 7.8 Hz, 2H), 2.86 (t, J¼ 8.0 Hz, 2H), 2.19 (s, 3H). 13C
NMR (100MHz, CDCl3) d 208.7, 158.1, 133.9, 120.9,117.0, 111.7, 109.9,
43.9, 30.0, 24.0. HRMS (ESIþ) calcd for C12H14N3O [MþH]þ:
216.1131, found: 216.1133.
4.15. 4-(1-(Pyrimidin-2-yl)indolin-7-yl)butan-2-one (3n) [10]

Yield: 80%; 1H NMR (400MHz, CDCl3) d 8.34 (d, J¼ 4.8 Hz, 2H),
7.04 (d, J¼ 6.9 Hz, 1H), 7.00-6.93 (m, 2H), 6.63 (t, J¼ 4.8 Hz, 1H),
4.35 (t, J¼ 7.6 Hz, 2H), 2.97 (t, J¼ 7.6 Hz, 2H), 2.84e2.80 (m, 2H),
2.68e2.64 (m, 2H), 1.98 (s, 3H). 13C NMR (100MHz, CDCl3) d 208.7,
161.3, 157.7, 142.4, 135.2, 131.0, 128.2, 124.5, 122.5, 112.4, 53.4, 43.1,
29.9, 29.7, 28.2. HRMS (ESIþ) calcd for C16H18N3O [MþH]þ:
268.1444, found: 268.1446.
4.16. 4-(9-(Pyrimidin-2-yl)-4b,8a-dihydro-9H-carbazol-1-yl)
butan-2-one (3o) [10]

Yield: 72%; 1H NMR (400MHz, CDCl3) d 8.81 (d, J¼ 4.8 Hz, 2H),
8.00e7.90 (m, 3H), 7.37e7.33 (m, 1H), 7.26e7.19 (m, 4H), 2.83 (t,
J¼ 7.5 Hz, 2H), 2.58e2.54 (m, 2H), 1.91 (s, 3H). 13C NMR (100MHz,
CDCl3) d 206.9, 157.8, 157.6, 140.3, 137.0, 127.2, 125.9, 125.8, 125.6,
124.4, 121.2, 118.9, 117.3, 117.2, 111.2, 42.1, 28.9, 27.0. HRMS (ESIþ)
calcd for C20H18N3O [MþH]þ: 316.1444, found: 316.1446.
4.17. 1-(1-(Pyrimidin-2-yl)-1H-indol-2-yl)pentan-3-one (4a) [21]

Yield: 92%; 1H NMR (400MHz, CDCl3) d 8.78 (d, J¼ 4.8 Hz, 2H),
8.28 (d, J¼ 8.3 Hz, 1H), 7.53e7.51 (m,1H), 7.26e7.18 (m, 3H), 6.45 (s,
1H), 3.43 (t, J¼ 7.8 Hz, 2H), 2.87 (t, J¼ 7.8 Hz, 2H), 2.45 (q, J¼ 7.8 Hz,
2H),1.07 (t, J¼ 7.3 Hz, 3H). 13C NMR (100MHz, CDCl3) d 210.7, 158.2,
140.7, 136.9, 129.2, 122.8, 121.9, 119.8, 117.1, 114.1, 106.0, 42.2, 36.0,
23.8, 7.9. HRMS (ESIþ) calcd for C17H18N3O [MþH]þ: 280.1444,
found: 280.1446.
4.18. 1-(1-(Pyrimidin-2-yl)-1H-indol-2-yl)octan-3-one (4b) [21]

Yield: 89%; 1H NMR (400MHz, CDCl3) d 8.77 (d, J¼ 4.8 Hz, 2H),
8.28 (d, J¼ 7.6 Hz, 1H), 7.53e7.51 (m,1H), 7.26e7.13 (m, 3H), 6.45 (s,
1H), 3.41 (t, J¼ 7.4 Hz, 2H), 2.86 (t, J¼ 7.6 Hz, 2H), 2.41 (t, J¼ 7.4 Hz,
2H), 1.58 (t, J¼ 7.5 Hz, 2H), 1.29e1.24 (m, 4H), 0.89 (s, 3H). 13C NMR
(100MHz, CDCl3) d 210.4, 158.2, 140.7, 136.9, 129.2, 122.8, 121.9,
119.8, 117.1, 114.1, 106.0, 42.7, 31.4, 29.7, 23.7, 22.5, 14.0. HRMS
(ESIþ) calcd for C20H24N3O [MþH]þ: 322.1914, found: 322.1916.
4.19. 4-Methyl-1-(1-(pyrimidin-2-yl)-1H-indol-2-yl)hexan-3-one
(4c)

Yield: 55%; 1H NMR (400MHz, CDCl3) d 8.80 (d, J¼ 4.8 Hz, 2H),
8.31 (d, J¼ 8.2 Hz, 1H), 7.54 (d, J¼ 7.2 Hz, 1H), 7.27e7.16 (m, 3H),
6.48 (s, 1H), 3.42 (t, J¼ 7.8 Hz, 2H), 2.95e2.91 (m, 2H), 2.54e2.45
(m, 1H), 1.74-1.66 (m, 1H), 1.45-1.38 (m, 1H), 1.09 (d, J¼ 7.2 Hz, 3H),
0.89 (t, J¼ 7.4 Hz, 3H). 13C NMR (100MHz, CDCl3) d 213.8, 158.2,
140.8, 136.9, 129.2, 122.7, 121.9, 119.7, 117.1, 114.0, 106.0, 47.9, 41.1,
26.0, 23.6, 15.9, 117.7. HRMS (ESIþ) calcd for C19H22N3O [MþH]þ:
308.1757, found: 308.1759.
on of heterocycles with allylic alcohols in water: A reusable catalytic
0.1016/j.tet.2018.10.074



X. Li et al. / Tetrahedron xxx (xxxx) xxx 7
4.20. 1-Cyclopropyl-3-(1-(pyrimidin-2-yl)-1H-indol-2-yl)propan-
1-one (4d) [22]

Yield: 82%; 1H NMR (400MHz, CDCl3) d 8.79 (d, J¼ 4.8 Hz, 2H),
8.28 (d, J¼ 8.4 Hz,1H), 7.54e7.52 (m,1H), 7.26e7.16 (m, 4H), 6.47 (s,
1H), 3.45 (t, J¼ 7.4 Hz, 2H), 3.02 (t, J¼ 7.6 Hz, 2H),1.96e1.93 (m,1H),
1.06-1.02 (m, 2H), 0.90e0.84 (m, 2H). 13C NMR (100MHz, CDCl3)
d 210.0, 158.2, 140.8, 136.9, 129.3, 122.7, 121.9, 119.8, 117.1, 114.0,
106.0, 43.2, 23.9, 20.6, 10.8. HRMS (ESIþ) calcd for C18H18N3O,
[MþH]þ: 292.1444, found: 292.1446.

4.21. 1-Cyclohexyl-3-(1-(pyrimidin-2-yl)-1H-indol-2-yl)propan-1-
one (4e) [21]

Yield: 84%; 1H NMR (400MHz, CDCl3) d 8.78 (d, J¼ 4.8 Hz, 2H),
8.27 (d, J¼ 8.2 Hz, 1H), 7.53e7.51 (m,1H), 7.26e7.13 (m, 3H), 6.45 (s,
1H), 3.39 (t, J¼ 7.2 Hz, 2H), 2.91 (t, J¼ 7.8 Hz, 2H), 2.39-2.31 (m,1H),
1.85e1.75 (m, 4H), 1.36e1.20 (m, 6H). 13C NMR (100MHz, CDCl3)
d 213.2, 158.2, 141.0, 136.9, 129.3, 122.7, 121.9, 119.7, 117.1, 114.0,
106.0, 50.9, 40.5, 28.5, 25.7, 23.7.HRMS (ESIþ) calcd for C21H24N3O,
[MþH]þ: 334.1914, found: 334.1916.

4.22. 1-Phenyl-5-(1-(pyrimidin-2-yl)-1H-indol-2-yl)pentan-3-one
(4f)

Yield: 75%; 1H NMR (400MHz, CDCl3) d 8.65 (d, J¼ 4.8 Hz, 2H),
8.21 (d, J¼ 8.3 Hz,1H), 7.44e7.41 (m,1H), 7.20e7.03 (m, 8H), 6.34 (s,
1H), 3.34 (t, J¼ 6.9 Hz, 2H), 2.83e2.75 (m, 4H), 2.67 (t, J¼ 7.6 Hz,
2H). 13C NMR (100MHz, CDCl3) d 209.1, 158.2, 158.1, 141.1, 140.5,
136.9, 129.2, 128.5, 128.5, 128.4, 126.1, 122.8, 122.0, 119.8, 117.1, 114.1,
106.1, 44.4, 42.8, 29.8, 23.7. HRMS (ESIþ) calcd for C23H22N3O,
[MþH]þ: 356.1757, found: 356.1759.

4.23. 1-Phenyl-4-(1-(pyrimidin-2-yl)-1H-indol-2-yl)butan-2-one
(4g) [22]

Yield: 72%; 1H NMR (400MHz, CDCl3) d 8.68 (d, J¼ 4.8 Hz, 2H),
8.27 (d, J¼ 8.3 Hz, 1H), 7.50e7.48 (m,1H), 7.31e7.10 (m, 8H), 6.37 (s,
1H), 3.70 (s, 2H), 3.39 (t, J¼ 7.0 Hz, 2H), 2.93 (t, J¼ 7.8 Hz, 2H). 13C
NMR (100MHz, CDCl3) d 207.5, 158.1, 140.4, 136.9, 134.2, 129.4,
129.2, 128.8, 127.0, 122.8, 121.9, 119.8, 117.0, 114.1, 106.1, 50.3, 41.9,
23.7. HRMS (ESIþ) calcd for C22H20N3O, [MþH]þ: 342.1601, found:
342.1603.

4.24. 1-Phenyl-3-(1-(pyrimidin-2-yl)-1H-indol-2-yl)propan-1-one
(4h) [21]

Yield: 70%; 1H NMR (400MHz, CDCl3) d 8.77 (d, J¼ 4.8 Hz, 2H),
8.31 (d, J¼ 8.4 Hz, 1H), 8.00e7.98 (m, 2H), 7.59-7.52 (m, 2H), 7.46 (t,
J¼ 7.8 Hz, 2H), 7.24e7.13 (m, 3H), 6.53 (s, 1H), 3.61-3.57 (m, 2H),
3.49-3.45 (m, 2H). 13C NMR (100MHz, CDCl3) d 199.3, 158.2, 140.9,
136.9, 133.1, 129.3, 128.6, 122.8, 128.0, 122.8, 122.0, 119.8, 117.1, 114.1,
106.2, 38.9, 24.2. HRMS (ESIþ) calcd for C21H18N3O, [MþH]þ:
328.1444, found: 328.1446.

4.25. 3-(1-(Pyrimidin-2-yl)-1H-indol-2-yl)-1-(p-tolyl)propan-1-
one (4i)

Yield: 80%; 1H NMR (400MHz, CDCl3) d 8.77 (d, J¼ 4.8 Hz, 2H),
8.31 (t, J¼ 8.4 Hz, 1H), 7.89 (t, J¼ 8.2 Hz, 1H),7.54-7.52 (m, 1H),
7.28e7.17 (m, 5H), 6.53 (s, 1H), 3.58 (t, J¼ 4.8 Hz, 2H), 3.43 (t,
J¼ 4.8 Hz, 2H), 2.40 (s, 3H). 13C NMR (100MHz, CDCl3) d 199.0,
158.3, 158.2, 143.9, 141.0, 136.9, 134.4, 129.3, 129.3, 128.2, 122.8,
122.0, 119.7, 117.1, 114.1, 106.2, 38.7, 24.2, 21.7. HRMS (ESIþ) calcd
for C22H20N3O, [MþH]þ: 342.1601, found: 342.1603.
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4.26. 1-(4-Isopropylphenyl)-3-(1-(pyrimidin-2-yl)-1H-indol-2-yl)
propan-1-one (4j)

Yield: 85%; 1H NMR (400MHz, CDCl3) d 8.77 (d, J¼ 4.8 Hz, 2H),
8.30 (d, J¼ 8.4 Hz, 1H), 7.92 (d, J¼ 8.4 Hz, 2H), 7.54e7.52 (m, 1H),
7.30 (d, J¼ 8.2 Hz, 2H), 7.23e7.13 (m, 3H), 6.53 (s, 1H), 3.60e3.56
(m, 2H), 3.46e3.42 (m, 2H), 3.00-1.92 (m, 1H), 1.26 (d, J¼ 7.2 Hz,
6H). 13C NMR (100MHz, CDCl3) d 199.0, 158.3, 158.2, 154.6, 141.0,
136.9, 134.8, 129.3, 128.4, 126.7, 122.8, 121.9, 119.8, 117.1, 114.1, 106.2,
38.8, 34.3, 24.2, 23.7. HRMS (ESIþ) calcd for C24H24N3O, [MþH]þ:
370.1914, found: 370.1916.

4.27. 1-(3-Chlorophenyl)-3-(1-(pyrimidin-2-yl)-1H-indol-2-yl)
propan-1-one (4k)

Yield: 82%; 1H NMR (400MHz, CDCl3) d 8.78 (d, J¼ 4.8 Hz, 2H),
8.32 (t, J¼ 7.6 Hz, 1H), 7.96 (s, 1H), 7.87e7.84 (m, 1H), 7.55e7.52 (m,
2H), 7.41 (d, J¼ 7.9 Hz, 1H), 7.26e7.14 (m, 3H), 6.53 (s 1H), 3.58 (t,
J¼ 6.9 Hz, 2H), 3.47e3.43 (m 2H). 13C NMR (100MHz, CDCl3)
d 198.1, 158.3, 158.2, 140.5, 138.4, 136.9, 135.0, 133.0, 130.0, 129.2,
128.1, 126.2, 122.9, 122.0, 119.9, 117.1, 114.2, 106.4, 39.2, 24.2. HRMS
(ESIþ) calcd for C21H17ClN3O, [MþH]þ: 362.1055, found: 362.1057.

4.28. Procedure for reusing of Rh(III)/H2O catalytic system

1-(pyrimidin-2-yl)-1H-indole 1a (0.2mmol, 1.0 equiv), but-3-
en-2-ol 2a (0.4 mmol, 1.2 equiv), [Cp*RhCl2]2 (2.5mol %), AgSbF6
(10mol %), H2O (2.0 mL) were charged into Schlenk tube under air.
The reactionmixture was stirred for 12 h at 80 �C. After the reaction
was complete, the mixture was cooled to room temperature and
the reaction mixture was extracted with ethyl acetate (3*10 mL),
the organic phase was removed under reduced pressure and the
residue was purified by silica gel chromatography using PE/EA (5:1)
to afford the product 3a in 92% yield. And the resulting water phase
containing the Rh(III) catalyst was recharged with fresh substrates
of 1-(pyrimidin-2-yl)-1H-indole (1a, 0.2mmol) and but-3-en-2-ol
(2a, 0.4mmol) for the next run, this operationwas repeated for five
cycles, and the yield was obtained in 90%, 88%, 86%, 85% and 55%,
respectively.

Notes

There are no conflicts to declare.

Acknowledgements

We thank Shaanxi University of Science and Technology for
financial support of this research (2016BJ-67). We thank Dr. Tuanli
Yao for his careful proofreading of our manuscript.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.tet.2018.10.074.

References

[1] (a) H.J. Edwards, J.D. Hargrave, S.D. Penrose, C.G. Frost, Chem. Soc. Rev. 39
(2010) 2093;
(b) C.-Y. Hsiang, H.-M. Cheng, H.-Y. Lo, C.-C. Li, P.-C. Chou, Y.-C. Lee, T.-Y. Ho,
J. Agric. Food Chem. 63 (2015) 6051;
(c) M.L.B. Ahui, P. Champy, A. Ramadan, P.L. Van, L. Araujo, K.B. re, S. Diem,
D. Damotte, S. Kati-Coulibaly, M.A. Offoumou, M. Dy, N. Thieblemont,
A. Herbelin, Int. Immunopharm. 8 (2008) 1626;
(d) J.-K. Kim, Y. Kim, K.-M. Na, Y.-J. Surh, T.-Y. Kim, Free Radic. Res. 41 (2007)
603;
(e) X. Tian, B. Qin, Z. Wu, X. Wang, H. Lu, S.L. Morris-Natschke, C.H. Chen,
on of heterocycles with allylic alcohols in water: A reusable catalytic
0.1016/j.tet.2018.10.074

https://doi.org/10.1016/j.tet.2018.10.074
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib1a
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib1a
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib1b
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib1b
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib1c
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib1c
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib1c
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib1d
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib1d
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib1e


X. Li et al. / Tetrahedron xxx (xxxx) xxx8
S. Jiang, K.-H. Lee, L. Xie, J. Med. Chem. 53 (2010) 8287;
(f) J. Zhang, J. Liu, Y. Ma, D. Ren, P. Cheng, J. Zhao, F. Zhao, Y. Yao, Bioorg. Med.
Chem. Lett 26 (2016) 2273.

[2] (For selected examples, see:) (a) M. Sakai, H. Hayashi, N. Miyaura, Organo-
metallics 16 (1997) 4229;
(b) T. Hayashi, K. Yamasaki, Chem. Rev. 103 (2003) 2829;
(c) R.A. Kjonaas, E.J. Vawter, J. Org. Chem. 51 (1986) 3993;
(d) R.A. Kjonaas, R.K. Hoffer, J. Org. Chem. 53 (1988) 4133;
(e) J.D. Hargrave, J.C. Allen, C.G. Frost, Chem. Asian J. 5 (2010) 386;
(f) K. Fagnou, M. Lautens, Chem. Rev. 103 (2003) 169.

[3] (For selected examples, see:) (a) J. Muzart, Tetrahedron 61 (2005) 4179;
(b) R.F. Heck, J. Am. Chem. Soc. 50 (1968) 5526;
(c) Y. Tamaru, Y. Yamada, Z.-i. Yoshida, Tetrahedron 35 (1979) 329;
(d) A. Boffi, S. Cacchi, P. Ceci, R. Cirilli, G. Fabrizi, A. Prastaro, S. Niembro,
A. Shafir, A. Vallribera, ChemCatChem 3 (2011) 347;
(e) M. Chen, J. Wang, Z. Chai, C. You, A. Lei, Adv. Synth. Catal. 354 (2012) 341;
(f) E.W. Werner, T.-S. Mei, A.J. Burckle, M.S. Sigman, Science 338 (2012) 1455;
(g) L. Huang, J. Qi, X. Wu, K. Huang, H. Jiang, Org. Lett. 15 (2013) 2330;
(h) L. Huang, J. Qi, X. Wu, W. Wu, H. Jiang, Chem. Eur J. 19 (2013) 15462;
(i) J. Zhang, Y. Ma, Y. Ma, Eur. J. Org Chem. 5 (2018) 1720.

[4] (For selected reviews, see:) (a) L. Ackermann, Chem. Rev. 111 (2011) 1315;
(b) J. WencelDelord, T. Dr€oge, F. Liu, F. Glorius, Chem. Soc. Rev. 40 (2011)
4740;
(c) O. Baudoin, Chem. Soc. Rev. 40 (2011) 4902;
(d) N. Kuhl, M.N. Hopkinson, J. Wencel-Delord, F. Glorius, Angew. Chem. Int.
Ed. 51 (2012) 10236;
(e) J.J. Mousseau, A.B. Charette, Acc. Chem. Res. 46 (2013) 412;
(f) K.M. Engle, T.-S. Mei, M. Wasa, J.-Q. Yu, Acc. Chem. Res. 45 (2012) 788;
(g) S.R. Neufeldt, M.S. Sanford, Acc. Chem. Res. 45 (2012) 936;
(h) J. Yamaguchi, A.D. Yamaguchi, K. Itami, Angew. Chem. Int. Ed. 51 (2012)
8960;
(i) B.-J. Li, Z.-J. Shi, Chem. Soc. Rev. 41 (2012) 5588;
(j) J. He, M. Wasa, K.S.L. Chan, Q. Shao, J.-Q. Yu, Chem. Rev. 117 (2017) 8754;
(k) M. Zhang, Y. Zhang, X. Jie, H. Zhao, G. Li, W. Su, Org. Chem. Front. 1 (2014)
843;
(l) D. Wei, X. Zhu, J.-L. Niu, M.-P. Song, ChemCatChem 8 (2016) 1242.

[5] (a) G. Song, F. Wang, X. Li, Chem. Soc. Rev. 41 (2012) 3651;
(b) N. Kuhl, N. Schr€oder, F. Glorius, Adv. Synth. Catal. 356 (2014) 1443;
(c) D.A. Colby, R.G. Bergman, J.A. Ellman, Chem. Rev. 110 (2010) 624;
(d) D.A. Colby, A.S. Tsai, R.G. Bergman, J.A. Ellman, Acc. Chem. Res. 45 (2012)
814;
(e) B. Ye, N. Cramer, Acc. Chem. Res. 48 (2015) 1308.

[6] (a) L. Yang, C.A. Correia, C.-J. Li, Org. Biomol. Chem. 9 (2011) 7176;
(b) L. Yang, B. Qian, H. Huang, Chem. Eur J. 18 (2012) 9511;
(c) P. Lu, C. Feng, T.-P. Loh, Org. Lett. 17 (2015) 3210;
(d) J. Boerth, J.A. Ellman, Chem. Sci. 7 (2016) 1474;
(e) T.J. Potter, J.A. Ellman, Org. Lett. 18 (2016) 3838;
(f) A.B. Weinstein, J.A. Ellman, Org. Lett. 18 (2016) 3294;
(g) X.-H. Hu, X.-F. Yang, T.-P. Loh, Angew. Chem. Int. Ed. 54 (2015) 15535.

[7] (a) X.-Q. Chu, D. Ge, Z.-L. Shen, T.-P. Loh, ACS Catal. 8 (2018) 258;
(b) J. Qi, L. Huang, Z. Wang, H. Jiang, Org. Biomol. Chem. 11 (2013) 8009;
(c) R. Manoharan, M. Jeganmohan, Chem. Commun. 51 (2015) 2929;
(d) G.S. Kumar, P. Kumar, M. Kapur, Org. Lett. 19 (2017) 2494;
(e) N. Ahlsten, A. Bartoszewicz, B. Martín-Matute, Dalton Trans. 41 (2012)
Please cite this article as: X. Li et al., Rhodium(III)-catalyzed C-H alkylati
system for the synthesis of b-aryl ketones, Tetrahedron, https://doi.org/1
1660.
[8] L. Huang, Q. Wang, J. Qi, X. Wu, K. Huang, H. Jiang, Chem. Sci. 4 (2013) 2665.
[9] Z. Shi, M. Boultadakis-Arapinis, F. Glorius, Chem. Commun. 49 (2013) 6489.

[10] S.H. Han, M. Choi, T. Jeong, S. Sharma, N.K. Mishra, J. Park, J.S. Oh, W.J. Kim,
J.S. Lee, I.S. Kim, J. Org. Chem. 80 (2015) 11092.

[11] (For reviews, see:) (a) C.-J. Li, Chem. Rev. 93 (1999) 2023;
(b) C.-J. Li, Chem. Rev. 105 (2005) 3095;
(c) C.I. Herrerías, X. Yao, Z. Li, C.-J. Li, Chem. Rev. 107 (2007) 2546;
(d) R.N. Butler, A.G. Coyne, Chem. Rev. 110 (2010) 6302;
(e) A. Cha, V.V. Fokin, Chem. Rev. 109 (2009) 725;
(f) K.H. Shaughnessy, Chem. Rev. 109 (2009) 643;
(g) M.-O. Simon, C.-J. Li, Chem. Soc. Rev. 41 (2012) 1415;
(h) R. Ma, H. Sun, Y. Cui, RSC Adv. 8 (2018) 11145;
(i) N. Komiya, T. Nakae, H. Sato, T. Naota, Chem. Commun. (2006) 4829;
(j) N.R. Ceias, P.M.P. Gois, C.A.M. Afonso, Chem. Commun. (2005) 391;
(k) B. Rao, W. Zhang, L. Hu, M. Luo, Green Chem. 14 (2012) 3436;
(l) R.S. Manea, B.M. Bhanage, Adv. Synth. Catal. 359 (2017) 2621.

[12] (a) H. Zhao, M. Cheng, J. Zhang, M. Zhong, Green Chem. 16 (2014) 2515;
(b) R.S. Manea, B.M. Bhanage, Adv. Synth. Catal. 359 (2017) 2621;
(c) B. Rao, W. Zhang, L. Hu, M. Luo, Green Chem. 14 (2012) 3436.

[13] (For selected examples, see:) (a) B. Li, P.H. Dixneuf, Chem. Soc. Rev. 42 (2013)
5744;
(b) L. Ackermann, L. Wang, R. Wolfram, A.V. Lygin, Org. Lett. 14 (2012) 728;
(c) L. Ackermann, S. Fenner, Org. Lett. 13 (2011) 6548;
(d) L. Ackermann, J. Pospech, H.K. Potukuchi, Org. Lett. 14 (2012) 2146.

[14] (a) Zhu, Y.-Q.; Li, J.-X.; Han, T.-F.; He, J.-L.; Zhu, K. 2017, 4, 806. (b) L. Shi,
B. Wang, Org. Lett. 18 (2016) 2820;
(c) N.S. Upadhyay, V.H. Thorat, R. Sato, P. Annamalai, S.-C. Chuang,
C.eH. Cheng, Green Chem. 19 (2017) 3219;
(d) S. Kim, S. Han, J. Park, S. Sharma, N.K. Mishra, H. Oh, J.H. Kwaka, I.S. Kim,
Chem. Commun. 53 (2017) 3006.

[15] (a) K. Xu, F. Yang, G.-D. Zhang, Y.-J. Wu, Green Chem. 15 (2013) 1055;
(b) X. Li, F. Yang, Y.J. Wu, Y.S. Wu, Org. Lett. 16 (2014) 992;
(c) X. Li, F. Yang, Y.J. Wu, J. Org. Chem. 78 (2013) 4543;
(d) X. Li, S. Li, S. Sun, F. Yang, W. Zhu, Y. Zhu, Y.S. Wu, Y.J. Wu, Adv. Synth.
Catal. 358 (2016) 1699.

[16] (a) X. Zhou, S. Yu, L. Kong, X. Li, ACS Catal. 6 (2016) 647;
(b) Z. Zhang, M. Tang, S. Han, L. Ackermann, J. Li, J. Org. Chem. 82 (2017) 664;
(c) Y. Wu, B. Zhou, Org. Lett. 19 (2017) 3532;
(d) S.-S. Zhang, J. Xia, J.-Q. Wu, X.-G. Liu, C.-J. Zhou, E. Lin, Q. Li, S.-L. Huang,
H. Wang, Org. Lett. 19 (2017) 5868;
(e) H.-J. Xu, Y. Lu, M.E. Farmer, H.-W. Wang, D. Zhao, Y.-S. Kang, W.-Y. Sun, J.-
Q. Yu, J. Am. Chem. Soc. 139 (2017) 2200;
(f) R.-J. Mi, Y.-Z. Sun, J.-Y. Wang, J. Sun, Z. Xu, M.-D. Zhou, Org. Lett. 20 (2018)
5126;
(g) Z.-J. Wu, K.L. Huang, Z.-Z. Huang, Org. Biomol. Chem. 15 (2017) 4978.

[17] S. Xu, X. Huang, X. Hong, B. Xu, Org. Lett. 14 (2012) 4614.
[18] C. Premi, A. Dixit, N. Jain, Org. Lett. 17 (2015) 2598.
[19] V.P. Reddy, R. Qiu, T. Iwasaki, N. Kambe, Org. Lett. 15 (2013) 1290.
[20] A.E. Pasqua, F.D. Ferrari, C. Hamman, Y. Liu, J.J. Crawford, R. Marquez, J. Org.

Chem. 77 (2012) 6989.
[21] J. Li, Z. Zhang, W. Ma, M. Tang, D. Wang, L.-H. Zou, Adv. Synth. Catal. 359

(2017) 1717.
[22] X. Zhou, S. Yu, L. Kong, X. Li, ACS Catal. 6 (2016) 647.
on of heterocycles with allylic alcohols in water: A reusable catalytic
0.1016/j.tet.2018.10.074

http://refhub.elsevier.com/S0040-4020(18)31311-5/bib1e
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib1f
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib1f
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib2a
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib2a
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib2b
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib2c
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib2d
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib2e
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib2f
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib3a
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib3b
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib3c
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib3d
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib3d
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib3e
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib3f
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib3g
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib3h
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib3i
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib4a
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib4b
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib4b
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib4b
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib4c
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib4d
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib4d
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib4e
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib4f
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib4g
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib4h
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib4h
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib4i
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib4j
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib4k
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib4k
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib4l
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib5a
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib5b
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib5b
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib5c
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib5d
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib5d
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib5e
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib6a
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib6b
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib6c
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib6d
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib6e
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib6f
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib6g
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib7a
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib7b
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib7c
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib7d
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib7e
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib7e
http://refhub.elsevier.com/S0040-4020(18)31311-5/sref4
http://refhub.elsevier.com/S0040-4020(18)31311-5/sref5
http://refhub.elsevier.com/S0040-4020(18)31311-5/sref6
http://refhub.elsevier.com/S0040-4020(18)31311-5/sref6
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib11a
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib11b
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib11c
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib11d
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib11e
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib11f
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib11g
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib11h
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib11i
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib11j
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib11k
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib11l
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib12a
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib12b
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib12c
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib13a
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib13a
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib13b
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib13c
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib13d
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib14b
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib14b
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib14c
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib14c
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib14c
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib14d
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib14d
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib15a
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib15b
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib15c
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib15d
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib15d
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib16a
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib16b
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib16c
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib16d
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib16d
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib16e
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib16e
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib16f
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib16f
http://refhub.elsevier.com/S0040-4020(18)31311-5/bib16g
http://refhub.elsevier.com/S0040-4020(18)31311-5/sref9
http://refhub.elsevier.com/S0040-4020(18)31311-5/sref10
http://refhub.elsevier.com/S0040-4020(18)31311-5/sref11
http://refhub.elsevier.com/S0040-4020(18)31311-5/sref12
http://refhub.elsevier.com/S0040-4020(18)31311-5/sref12
http://refhub.elsevier.com/S0040-4020(18)31311-5/sref13
http://refhub.elsevier.com/S0040-4020(18)31311-5/sref13
http://refhub.elsevier.com/S0040-4020(18)31311-5/sref14

	Rhodium(III)-catalyzed C-H alkylation of heterocycles with allylic alcohols in water: A reusable catalytic system for the s ...
	1. Introduction
	2. Results and discussion
	3. Conclusions
	4. Experimental
	4.1. General procedure for the alkylation of heterocycles
	4.2. 4-(1-(Pyrimidin-2-yl)-1H-indol-2-yl)butan-2-one (3a) [9]
	4.3. 4-(5-Chloro-1-(pyrimidin-2-yl)-1H-indol-2-yl)butan-2-one (3b)
	4.4. 4-(4-Chloro-1-(pyrimidin-2-yl)-1H-indol-2-yl)butan-2-one (3c)
	4.5. 4-(6-Bromo-1-(pyrimidin-2-yl)-1H-indol-2-yl)butan-2-one (3d)
	4.6. 4-(6-Fluoro-1-(pyrimidin-2-yl)-1H-indol-2-yl)butan-2-one (3e)
	4.7. Methyl 2-(3-oxobutyl)-1-(pyrimidin-2-yl)-1H-indole-4-carboxylate (3f)
	4.8. 4-(4-Methyl-1-(pyrimidin-2-yl)-1H-indol-2-yl)butan-2-one (3g)
	4.9. 4-(5-Methoxy-1-(pyrimidin-2-yl)-1H-indol-2-yl)butan-2-one (3h)
	4.10. 4-(5-(Benzyloxy)-1-(pyrimidin-2-yl)-1H-indol-2-yl)butan-2-one (3i)
	4.11. 4-(3-Methyl-1-(pyrimidin-2-yl)-1H-indol-2-yl)butan-2-one (3j)
	4.12. 4-(7-Methyl-1-(pyrimidin-2-yl)-1H-indol-2-yl)butan-2-one (3k)
	4.13. 4-(1-(Pyridin-2-yl)-1H-indol-2-yl)butan-2-one (3l)
	4.14. 4-(1-(Pyrimidin-2-yl)-1H-pyrrol-2-yl)butan-2-one (3m)
	4.15. 4-(1-(Pyrimidin-2-yl)indolin-7-yl)butan-2-one (3n) [10]
	4.16. 4-(9-(Pyrimidin-2-yl)-4b,8a-dihydro-9H-carbazol-1-yl)butan-2-one (3o) [10]
	4.17. 1-(1-(Pyrimidin-2-yl)-1H-indol-2-yl)pentan-3-one (4a) [21]
	4.18. 1-(1-(Pyrimidin-2-yl)-1H-indol-2-yl)octan-3-one (4b) [21]
	4.19. 4-Methyl-1-(1-(pyrimidin-2-yl)-1H-indol-2-yl)hexan-3-one (4c)
	4.20. 1-Cyclopropyl-3-(1-(pyrimidin-2-yl)-1H-indol-2-yl)propan-1-one (4d) [22]
	4.21. 1-Cyclohexyl-3-(1-(pyrimidin-2-yl)-1H-indol-2-yl)propan-1-one (4e) [21]
	4.22. 1-Phenyl-5-(1-(pyrimidin-2-yl)-1H-indol-2-yl)pentan-3-one (4f)
	4.23. 1-Phenyl-4-(1-(pyrimidin-2-yl)-1H-indol-2-yl)butan-2-one (4g) [22]
	4.24. 1-Phenyl-3-(1-(pyrimidin-2-yl)-1H-indol-2-yl)propan-1-one (4h) [21]
	4.25. 3-(1-(Pyrimidin-2-yl)-1H-indol-2-yl)-1-(p-tolyl)propan-1-one (4i)
	4.26. 1-(4-Isopropylphenyl)-3-(1-(pyrimidin-2-yl)-1H-indol-2-yl)propan-1-one (4j)
	4.27. 1-(3-Chlorophenyl)-3-(1-(pyrimidin-2-yl)-1H-indol-2-yl)propan-1-one (4k)
	4.28. Procedure for reusing of Rh(III)/H2O catalytic system

	Notes
	Acknowledgements
	Appendix A. Supplementary data
	References


