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Abstract: A ligand-controlled rhodium-catalyzed regio-
divergent arylation of alkenylthianthrenium salts with
arylboroxines which allows the synthesis of terminal and
internal alkene products in a switchable manner is
reported. The use of a diene ligand guides the reaction
toward cine-arylation affording terminal alkenes, while
the use of a phosphine ligand switches the reaction to
ipso-arylation exclusively giving internal alkenes. Deute-
rium labelling studies and DFT computations were
carried out to investigate the mechanism.

Alkenes are among the most fundamental and useful
feedstocks and widely used from laboratory to industry. The
development of general and practical new synthetic methods
of them is of great importance in organic synthesis. The
classical olefinic couplings such as Heck, Kumada, Negishi
and Suzuki–Miyaura reactions normally give access to ipso-
substitution alkene products in which a leaving group
bonded to the olefinic carbon atom in a substrate is replaced
by a nucleophile. Comparatively, olefinic cine-substitution[1]

in which the nucleophile replaces a leaving group at the
adjacent position to produce alkenes has been much less
investigated despite its high potential utility. Most of the
reported cine-substitution have been observed on aromatic
systems.[2] The unusual regioselectivity has been rare in the
reaction on non-aromatic systems. In this vein, alkenylsul-
fones have been reported to undergo cine-arylation with
aryltitanium reagents by rhodium catalysis (Scheme 1a);[3]

Terminal alkenes bearing a substitution and a leaving group
(LG) at 1-position (LG= sulfone,[3] acetate,[4] tosylate and
phosphate[5]) have also been reported to undergo catalytic
cine-arylation with organometals[6] (Scheme 1c). In addition,
sparkle examples of cine-arylation resulting from competing
side reactions in metal-catalyzed cross-couplings have also
been known.[7] Efficient control over reaction selectivity has
been a longstanding goal of chemical synthesis, and switch-

able synthetic technology which allows to produce diverse
products from identical starting materials is highly desirable.
Herein, we report a rhodium-catalyzed divergent arylation
of alkenylsulfonium salts with arylboroxines in which the
use of a diene ligand guides the reaction toward cine-
arylation while the use of a phosphine ligand switches it
toward ipso-arylation exclusively (Scheme 1b).
Sulfonium salts have been attracting increasing attention

owing to their ready availability and broad applications in
synthetic chemistry.[8] In the past years, aryl sulfonium salts
have been developed as a class of versatile electrophilic
reagents.[9] By comparison, alkenylsulfonium salts (R1� CH=

CHS+R2R3X� ) had been much limited[10] until the discovery
of elegant preparation of alkenyl tetrahydrothiophenium
and dibenzothiophenium salts (where R1 was limited to
aryls)[11] and thianthrenium salts (where R1 was expanded to
alkyls and aryls),[12] which significantly broadened the
reaction scope and caused the related chemistry to
flourish.[13] We have made efforts in the C� P,[14] C� Si,[13d]

C� B[13d] bond formation by taking advantages of sulfonium
salts, as well as in the investigation of ligand-controlled
rhodium catalysis for C� C bond formation[15] which lead us
to envision that the merge of the rhodium catalysis and the
alkenylsulfonium salts chemistry may result in new sparkles.
We began our investigation by the reaction of the readily

prepared alkenylthianthrenium salt 1a with an arylboroxine
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Scheme 1. Cine-arylation in olefinic systems.
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2a. The rhodium/diene complex [RhCl(cod)]2 (cod: cyclo-
octa-1,5-diene) was found to catalyze the reaction smoothly
giving an unexpected cine-arylation product 3aa in 88%
yield, with trace amount of the ipso-arylation product 4aa
being observed (Table 1, entry 1). The replacement of 2a
with the corresponding arylboronic acid 2a’ resulted in a
diminished yield (entry 2). K2CO3 was found a good base,
and dioxane a good solvent for this transformation. A series
of diene ligands were compared (entries 10–12) and the
results suggest that the coordination of cod to rhodium is
crucial for successful cine-arylation. Interestingly, the use of
a bisphosphine ligand changed the reaction pattern to ipso-
arylation leading to 4aa as the major product (entry 13).
Further tuning of the phosphine ligand (entries 14–17)
revealed that dppp (1,3-bis(diphenylphosphino)propane)
enables the formation of 4aa exclusively in 88% yield,
inhibiting the cine-arylation completely.
Under the optimized conditions for the cine-arylation, a

variety of alkyl substituted alkenyl thianthrenium salts
reacted smoothly with 2a to give the desired products 3aa–

3ma in good to excellent yields with high selectivities
(Table 2). A broad range of functional groups such as imide
(3aa), amide (3ka), ester (3ha, 3ja, 3 la), ether (3ma),
halogens (3 fa, 3ga) are well tolerated. Terminal olefin
moiety (3ea) keeps intact during the course of the reaction.
Sensitive functionalities such as Br (3ga) and OTf (3ha) are
compatible with the reaction conditions. The presence of
heterocycles (3 la) did not hamper the reaction. The reaction
of 1m derived from L-(� )-menthol to gave 3ma in 87%
yield with excellent regioselectivity (>99/1). However, the
use of styrenyl thianthrenium salts (1n–1p) resulted in
disturbing the regioselectivity, giving a mixture of the cine-
and ipso-arylation products in high total yields. The internal
alkenyl thianthrenium salts such as (E)/(Z)-PrC=C(Pr)TT+

BF4
� are not appropriate substrates for this transformation.

It is worthy to note that thianthrene (TT) generated in the
reaction can be recovered and reused for the synthesis of
thianthrenium salts.[12]

Table 1: Evaluation of reaction parameters.[a]

entry Variations from standard conditions (shown above) yield [%][b]

3aa 4aa

1 none 89(88) 4
2 4-MeOC6H4B(OH)2 (2a’) instead of 2a 76 4
3 KOH instead of K2CO3 60 23
4 K3PO4 instead of K2CO3 75 4
5 Cs2CO3 instead of K2CO3 75 13
6 THF instead of dioxane 72 6
7 MTBE instead of dioxane 7 0
8 Toluene instead of dioxane 39 2
9 DCE instead of dioxane 49 2
10 [RhCl(coe)2]2 instead of [RhCl(cod)]2 0 0
11 [RhCl(nbd)]2 instead of [RhCl(cod)]2 0 20
12 [RhCl(Ph-bod)]2 instead of [RhCl(cod)]2 78 11
13 [RhCl(binap)]2 instead of [RhCl(cod)]2 5 57
14 [RhCl(dppf)]2 instead of [RhCl(cod)]2 3 78
15 [RhCl(dppe)]2 instead of [RhCl(cod)]2 0 22
16 [RhCl(dppp)]2 instead of [RhCl(cod)]2 0 91(88)
17 [RhCl(dppb)]2 instead of [RhCl(cod)]2 0 17

[a] Reaction conditions: 1a (0.12 mmol), 2a (0.12 mmol, 3.0 equiv of
B), K2CO3 (3.0 equiv), and Rh catalyst (5 mol% Rh) in dioxane
(1.5 mL) at 55 °C for 13 h. [b] The yields are obtained by 1H NMR
analysis of the crude reaction mixture with the aid of Cl2CHCHCl2 as
an internal standard. Isolated yields in parentheses. Cod=cycloocta-
1,5-diene, coe=cyclooctene, nbd=bicyclo[2.2.1]hepta-2,5-diene, Ph-
bod=2,5-Ph2-bicyclic[2.2.2]octa-2,5-diene, binap=2,2’-
bis(diphenylphosphino)-1,1’-binaphthalene, dppf=1,1’-bis
(diphenylphosphino)ferrocene, dppe=Ph2P(CH2)2PPh2, dppp=Ph2P-
(CH2)3PPh2, dppb=Ph2P(CH2)4PPh2, THF= tetrahydrofuran, MTBE=

methyl tert-butyl ether.

Table 2: Substrate scope of alkenylthianthrenium salts for the cine-
arylation.[a,b]

[a] Reaction conditions: 1a (0.12 mmol), 2a (0.12 mmol), K2CO3

(3.0 equiv), solvent (1.5 mL), 60 °C, 13 h. Isolated yield of 3 is given.
[b] The ratio of 3/4 is indicated in parentheses determined by 1H NMR
analysis of the crude reaction mixture.

Angewandte
ChemieCommunications

Angew. Chem. Int. Ed. 2022, e202212522 (2 of 5) © 2022 Wiley-VCH GmbH

 15213773, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202212522 by H

angzhou N
orm

al U
niversity, W

iley O
nline L

ibrary on [09/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Using the alkenylthianthrenium salt 1e, the scope of
arylboroxine partner was investigated for the cine-arylation
(Table 3). A variety of para-, meta-, ortho-substituted
arylboroxines successfully reacted with 1e to give products
3ea–3eq in generally good to excellent yields tolerating a
wide range of functional groups such as ether, amine,
halogen (F, Cl, Br), CF3, ester, silane, etc. Comparatively,
the production of 3 was affected by the electronic property
of the substituent on the aromatic ring of 2. The arylborox-
ines bearing an electron-donating group delivered the cine-
arylation products in perfect regioselectivity (3ea, 3ef) while
those bearing an electron-deficient group resulted in
diminished regioselectivity (3eh, 3ei). Steric hindrance from
the ortho substituent of 2 l, 2n did not affect the regiose-
lectivity. The X-ray analysis of 3an unambiguously con-
firmed the structure of cine-arylation products.[16] The use of
3-thienyl boroxine 2r and the alkenyl boroxine 2s gave the
corresponding cine-products in low yields, accompanying the
ipso-products as the major ones.
In addition to the novel cine-arylation, the ipso-arylation

of general alkenylsulfonium salts with high stereoselectivity
is also highly desirable because the olefinic C� C bond
formation is very useful and important in synthetic
chemistry. In the present study, the replacement of cod with
dppp allows a wide scope of alkenylthianthrenium salts and
arylboroxines to undergo ipso-arylation to give products 4
(Table 4). Generally, the alkyl substituted ones (R1=alkyl)
reacted smoothly with arylboroxines giving moderate to
high yields of target products (54–91%). Steric hindrance
from the ortho substituent of arylboroxine 2 l resulted in
lower yield of 4al (24%). Comparatively, the styrenyl
substrates (R1=Ar) gave higher yields of the corresponding
products 4na–4pa (91–99%). The alkenyl boroxine (2s) is
also an excellent partner giving the corresponding 1,3-diene
(4as) in 99% yield. Interestingly, this protocol also allows
the biologically relevant scaffolds derived from L-(� )-
menthol, (� )-borneol, (+)-fenchol to produce the products
(4ma, 4qa–4sa). It should be noted that this transformation
proceeds through exclusive ipso-arylation giving internal
olefin products with exclusive E-selection. The geometry of
C=C double bonds in the products was unambiguously
confirmed by X-ray analysis of 4ac.[16]

The double cine- and ipso-arylation of 1t which bears
two alkenylthianthrenium salts moieties have also been
achieved (Scheme 2) giving the corresponding double aryla-
tion products 3ta (50%, with cod) and 4ta (52%, with
dppp), respectively.

Table 3: Substrate scope of boroxines for the cine-arylation.[a,b]

[a] Reaction conditions: 1 (0.12 mmol), 2 (0.12 mmol), K2CO3

(3.0 equiv), and Rh catalyst (5 mol% Rh) in dioxane (1.5 mL) at 55 °C
for 13 h. Isolated yield of 3 is given. [b] The ratio of 3/4 is indicated in
parentheses determined by 1H NMR analysis of the crude reaction
mixture.

Table 4: Substrate scope of ipso-arylation.[a]

[a] Reaction conditions: 1 (0.12 mmol), 2 (0.12 mmol), K2CO3

(3.0 equiv), and Rh catalyst (5 mol% Rh) in dioxane (1.5 mL) at 55 °C
for 13 h. Isolated yield of 4 is given. Scheme 2. Double cine/ipso-arylation of 1 t.
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Deuterium labelling experiments were performed using
the substrates 1d-1-d1 (92% D) and 1d-2-d1 (96% D)
(Scheme 3). Firstly, the reaction of 1d-1-d1 with 2a catalyzed
by [RhCl(cod)]2 afforded 3da-d2 in 90% yield with serious
deuterium scrambling at the α-position [Eq. (1)]. Next, the
reaction of 1d-2-d1 with 2a under the same conditions gave
3da-d2 in 84% yield, with deuterium migration from the β-
position to the α-position [Eq. (2)]. These observations
indicate that the reversible rhodium-catalyzed β-H elimina-
tion and re-addition of [Rh]-H takes place during the
reaction. In addition, an intermolecular competition be-
tween 1d and its analogue 1d-2-d1 with 2a showed a kinetic
isotope effect kH/kD�1.2 [Eq. (3)], suggesting that C� H
bond cleavage is not likely involved in the rate-determining
step.[17] The results of the radical trapping experiments
excluded the involvement of a radical intermediate during
the reaction.[18]

Based on the experimental results, the possible catalytic
cycles were proposed. In the presence of a base, [RhCl-

(cod)]2 undergoes transmetalation with arylboroxine to give
an aryl-[Rh] species A. Syn addition of A to the double
bond of 1 generates alkyl-[Rh] intermediate B, where the
Rh takes the α-position. Intermediate B readily undergoes
reversible β-H elimination and successive re-addition of
[Rh]-H with reverse direction in a syn fashion to form a new
alkyl-rhodium intermediate E where the Rh takes the β-
position.[19] The deuterium scrambling results [Eqs. (1) and
(2)] indicate that E undergoes E1 elimination generating the
intermediate F. Finally, F undergoes transmetalation with 2
to produce the cine-arylation product 3 and regenerate A
closing a catalytic cycle (Scheme 4a). Alternatively, replac-
ing cod with dppp, the syn addition of an aryl-[Rh] species
A’ to 1 takes place with opposite regiochemistry to form an
alkyl-[Rh] intermediate G, where the Rh takes the β-
position. Similarly, G undergoes E1 elimination to give H
followed by transmetalation with 2 to produce the ipso-
arylation product 4 and regenerate A’ (Scheme 4b).
DFT calculations were then performed to rationalize the

most plausible mechanism (Figure 1). Two pathways are
possible for the syn-addition of the aryl-rhodium species
with cod ligand to 1a, pathway 1 via TS1 leading to cine-
arylation versus pathway 2 via TS1’ leading to ipso-arylation.
It was found that TS1’ is 7.2 kcalmol� 1 higher in energy than
TS1, indicating that cine-arylation is favored (ipso-arylation
is disfavored) under the conditions. Upon on preferential
syn aryl-rhodation via TS1, Int-2 was readily formed
followed by β-H elimination, re-addition (via TS2),[19] etc. to
finally give the cine-arylation product.
In summary, we have disclosed a new ligand-controlled

rhodium-catalyzed divergent arylation of alkenyl thianthre-
nium salts with arylboroxines. This protocol provides an
efficient way for switchable installation of an aryl group
onto a wide scope of alkenes and complex molecules via
highly selective olefinic C� C bond formation in a controlled
manner.

Scheme 3. Deuterium labelling experiments.

Scheme 4. Proposed mechanism.

Figure 1. Free energy profile for the key process of cine-arylation. The
optimization and frequency were performed via DFT in the Gaussian16
program, using the pbe1pbe/def2svp level of theory for C, O, H, N, S
and Rh. The solventized model uses SMD (1,4-dioxane). L1=cod.
Ar=4-MeOC6H4.
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Communications
Rhodium Catalysis

Y. Ye, J. Zhu, H. Xie,
Y. Huang* e202212522

Rhodium-Catalyzed Divergent Arylation of
Alkenylsulfonium Salts with Arylboroxines

A ligand-controlled rhodium-catalyzed
divergent arylation of alkenyl thianthre-
nium salts with arylboroxines which
allows switchable synthesis of both
terminal and internal alkene products in
a highly selective manner is reported.
The use of a diene ligand guides the
reaction toward cine-arylation affording
terminal alkenes, while the use of a
phosphine ligand switches the reaction
to ipso-arylation exclusively giving inter-
nal alkenes.
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