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Bromonium salts have been typically but infrequently used in
various reactions as good leaving groups or as aryl or vinyl transfer
reagents owing to their extremely high nucleofugality. Herein, we
report the synthesis of novel, stable bromonium salts and their first
catalytic application to the Michael reaction, with excellent product
yield (up to 96%).

Because of their high and unique reactivities, hypervalent halogen
compounds have been widely investigated in organic chemistry."
The most familiar examples of this class are the hypervalent iodine
reagents, which have been developed over the last few decades for
many reactions, including chiral transformations.>® These com-
pounds have mainly been employed in the asymmetric oxidation
of phenol derivatives,>*“**%! oxidative functionalization of C-C
multiple bonds,””*” and the construction of quaternary carbon
centres.*® Todonium salts, which comprise one species of hyperva-
lent iodine reagents, have been widely used as strong arylating
reagents due to their extremely high electron-withdrawing ability
and nucleofugality. In 2009, Gaunt and co-workers reported the
copper-catalysed meta-selective C-H arylation of pivanilides with
diaryliodonium salts, which provided the corresponding products in
up to 93% yield (Fig. 1).* In contrast to the iodonium salt motif, the
research on bromonium salts, i.e., hypervalent bromine reagents, is
limited.'® In 1952, Sandin and Hay reported the first preparation of
a bromonium salt through intramolecular nucleophilic bromine
attack on an aryldiazonium salt."* A bromonium salt possesses
greater leaving group ability than an iodonium salt because of its
higher electron-withdrawing ability and ionization potential.® There-
fore, several elegant synthetic transformations employing bromo-
nium salts have been described. In 2006, Ochiai and co-workers
reported the first synthesis of bromonium ylides and demonstrated
their applications as aryl or vinyl transfer reagents to nitrogen-
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containing heterocycles (Fig. 1).”” Subsequently, drawing on their
extremely high nucleofugality, these compounds have been applied
in fascinating reactions such as the metal-free amination of unac-
tivated alkanes,? thermal solvolysis,”” and the amination of ethers.”
Despite their unique structures and reactivities, only limited
examples demonstrating the utility of bromonium salts have
been reported due to their instability.

Halogen bonding” has been a focus in organic chemistry as a
versatile interaction that is complementary to hydrogen bonding,
which is employed as a major substrate-activation motif in
organocatalysis.® Halogen-bonding organocatalysts have been
developed as non-covalent Lewis-acidic activators.”'® In recent
years, halonium salts have been utilized as catalysts by Wan et al.
(bromine-containing cationic catalysts),'®® Han, Liu, and Zhang
(Lewis-acidic iodonium salt catalysts, Fig. 1),'°” and Weiss, Huber
and colleagues (halogen-bonding cyclic iodonium salt catalysts,
Fig. 1)."% In 2020, Mayer, Legault, and co-workers constructed a
Lewis acidity scale for diaryliodonium salts, which revealed that
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Scheme 1 Synthesis of A*-bromanes.

cyclic diaryliodonium salts possess higher acidities than acyclic
ones.’® Herein, we report the synthesis and structure determina-
tion of novel, stable cyclic diarylbromonium salts and their first
halogen-bonding-driven catalytic applications to the Michael reac-
tion, which provided the corresponding products in up to
96% yield.

First, haloarenes 1 and bromonium salts 2 were synthesized
using the reported procedure® with slight modification
(Scheme 1). Functionalised substrates 1, obtained through
palladium-catalysed coupling reactions, were successfully
cyclised via the corresponding diazonium salts to afford novel
bromonium salts 2. To check the effect of counteranion on
catalytic activity, bromonium salts 3 and 4 were prepared in
good yields by the respective treatment of 2 with silver triflate
and NaB(3,5-CF;C¢H3), (NaBAr,). Because 2a could be isolated
as a fine single crystal, X-ray crystallographic analysis was
carried out. From the ORTEP diagram, 2a exists in an ion pair
rather than covalently bonded form.™*

Next, the conditions for the Michael reaction of indole 5a
with trans-crotonophenone 6a were optimised (Table 1).” Solvent
screening with 2b revealed that the reaction in chloroform
provided 7a, whereas other polar or non-polar solvents gave no
reaction (Table 1, entries 1-5). With this promising result in
hand, catalyst screening was conducted (Table 1, entries 6-14).
Although 2*-bromanes 2 provided Michael adduct 7a in moderate
conversion, the bromonium salts with the triflate anion (3) and
BAr", anion (4) gave 7a in >99% conversion (Table 1, entries
6-13). Finally, the reaction without a *-bromane additive failed to
afford the desired product (Table 1, entry 14), which confirmed
the effective and high catalytic activity of bromonium salts 2-4 for
the present transformation.

To determine the best catalyst, further reaction optimizations
were performed (Table 2). When the reactions were conducted
for 1.5 h with 10 mol% catalyst loading of 3a and 3b, the desired
product was obtained with >99% conversion; the other catalysts
provided inferior results, even with higher catalyst loads or
extended reaction times (Table 2, entries 2, 5, and 8-11). When
the reactions were stopped after 0.5 h, 7a was obtained in 58%
conversion with 3a and 59% conversion with 3b, which revealed
that the best catalyst was 3b (Table 2, entries 1 and 4). When the
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Table1 Optimisation of conditions for the Michael reaction of indole (5a)
with trans-crotonophenone (6a)?

(0]

m . ©)\/\ Cat. (20 mol%) O \ ¢
H Solvent (0.2 M) ”
5a 6a 60°C,24h 7a
Entry Cat. Solvent Conv.” (%)
1 2b CHCl, 12
2 2b ‘AmylOH 0
3 2b MeCN 0
4 2b THF 0
5 2b Toluene 0
6 2a CHCl, 36
7 2¢ CHCl, 26
8 3a CHCl, >99
9 3b CHCl, >99
10 3c CHCl, >99
11 4a CHCl, >99
12 4b CHCly >99
13 4c CHCl, >99
14 — CHCl, 0

¢ Unless noted, reactions were performed with 5a (1.0 equiv.), 6a
1.0 equiv.), and Cat. (20 mol%) in appropriate solvent (0.2 M) at 60 °C.
All conversions were determined by '"H NMR analysis.

Table 2 Catalyst optimisation for the Michael reaction of indole (5a) with
trans-crotonophenone (6a)”

(e]
@ . ©)K%\ Cat. (X mol%) O \ {
H CHCl3 (0.2 M) H
5a 6a 60 °C, Time 7a
Entry Cat. X Time (h) Conv.” (%)
1 3a 10 0.5 58
2 3a 10 1.5 >99
3 3a’ 10 1.5 Trace
4 3b 10 0.5 59
5 3b 10 1.5 >99
6 3b 5 4 >99 (92)
7¢ 3b 5 8 27
8 3c 10 1.5 76
9 4a 20 6 60
10 4b 20 6 21
11 4c 10 1.5 84

3Unless noted, reactions were performed with5a  1;®

(1.0 equiv.), 6a (1.0 equiv.), and Cat. (10 mol%) in .
CHCl3 (0.2 M) at 60 °C.

bAll conversions were determined by *H NMR anal- 3a’
ysis. The parenthetical value is the yield of isolated 7a.
The reaction was carried out at 25 °C.

reaction with 3b was conducted at 25 °C, the conversion of 5a
was only 27% even after prolonged reaction (Table 2, entry 7).
Remarkably, the A*-iodane analogue 3a’ exhibited significantly
lower catalytic activity than the A*-bromane (Table 2, entry 3).
Next, the scope and limitations of the present reaction were
explored (Scheme 2). Screening of the indole reactant revealed
that, in every case, the corresponding products 7a-7i could be
isolated in high yields irrespective of their steric or electronic

This journal is © The Royal Society of Chemistry 2021
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Scheme 2 Scope and limitations for Michael reactions catalysed by
A3-bromane 3b? “Unless noted, reactions were performed with
5 (1.0 equiv.), 6 (1.0 equiv.), and 3b (5 mol%) in CHClz (0.2 M) at 60 °C
for 4 h. Yields of isolated products are shown. ° Reactions were conducted
for 6 h. ©Reaction was conducted for 8 h. 9 Reactions were conducted for
12 h. ¢ Reactions were conducted for 24 h.

nature, although strongly electron-withdrawing 5-cyano-substituted
7h was not obtained, and only the substrate was recovered.
The investigation of substituted trans-crotonophenones showed
that electron-rich and -deficient aromatic substituents were well
tolerated, giving products 7j and 7k in good yields. In the case of
chalcone derivatives as Michael acceptors, 7m was not obtained,
even after 12 h, although products 71, 7n, and 7o were isolated in
moderate yields. Finally, N-methyl indole and 2-phenyl indole were
found to be well tolerated in the present reaction.'”

To gain more insight into the reaction mechanism, control
experiments were carried out (Scheme 3). Conducting the
reaction in the presence of 2.5 mol% cyclohexene provided 7a
in almost the same yield as that under the standard conditions
(Scheme 3(1)).*® The reaction did not proceed when employing
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Scheme 3 Mechanistic studies.

2-bromobiphenyl as a catalyst in place of 3b (Scheme 3(2)).>¢
These results eliminate the possibility of catalytically active
species of Br, or a bromoarene derived from decomposition of
the A*-bromane. Additionally, the reaction in the presence of
TEMPO proceeded smoothly, which excludes a radical-mediated
mechanism (Scheme 3(3))."* Finally, the present reaction was
conducted in the presence of water to accelerate the formation
of TfOH through the decomposition of 3b. The production of 7a
in only 8% yield indicates that in situ-generated TfOH is not the
catalytically active species (Scheme 3(4)).”

A plausible reaction mechanism is shown in Fig. 2. trans-
Crotonophenone coordinates to 3b, and the nucleophilic addi-
tion of indole to II takes place to form III. Then, intramolecular
proton transfer provides IV, after which product 7a is elimi-
nated together with the regeneration of catalyst 3b. Under this
catalytic cycle, the triflate counteranion on 3b is beneficial for
the activation of 6 by increasing the halogen bonding strength,
depending on the non-coordinating nature of the anion.'®
Based on this effect and the substrate scope of the reaction, the
indole addition step appears to be the rate-determining step.

Rate-determining
Step

Fig. 2 Plausible reaction mechanism.
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In conclusion, the first halogen-bonding A\*-bromane

catalyst was developed and characterised by X-ray crystallo-
graphic analysis. Its performance in the catalysis of the Michael
reaction was evaluated, and its wide substrate scope suggests
broad applicability. Mechanistic studies disclosed that the
intact A*-bromane, rather than the decomposition products,
functioned as the active catalyst in the reaction. Further inves-
tigations to develop chiral versions of these catalysts are
ongoing.

We are grateful for financial support from a Grant-in-Aid for

Early-Career Scientists (No. 20K15271) from the JSPS, and the
Leading Research Promotion Program ‘Soft Molecular Activa-
tion’ of Chiba University, Japan.

Conflicts of interest

There are no conflicts to declare.

Notes and references

1

)

w

IS

(@) R. B. Sandin and A. S. Hay, J. Am. Chem. Soc., 1952, 74, 274;
(b) E. A. Merritt and B. Olofsson, Angew. Chem., Int. Ed., 2009,
48, 9052; (¢) M. Nakajima, K. Miyamoto, K. Hirano and
M. Uchiyama, J. Am. Chem. Soc., 2019, 141, 6499. For reviews: see:
(d) U. Farooq, A. U. Shah and T. Wirth, Angew. Chem., Int. Ed., 2009,
48, 1018; (e) A. Yoshimura and V. V. Zhdankin, Chem. Rev., 2016,
116, 3328; (f) L. Turunen and M. Erdélyi, Chem. Soc. Rev., 2020,
149, 2688.

(@) T. Dohi, A. Maruyama, N. Takenaga, K. Senami, Y. Minamitsuji,
H. Fujioka, S. B. Caemmerer and Y. Kita, Angew. Chem., Int. Ed.,
2008, 47, 3787; (b) M. Fujita, Y. Yoshida, K. Miyata, A. Wakisaka and
T. Sugimura, Angew. Chem., Int. Ed., 2010, 49, 7068; (c¢) M. Uyanik,
T. Yasui and K. Ishihara, Angew. Chem., Int. Ed., 2010, 49, 2175;
(d) M. Uyanik, T. Yasui and K. Ishihara, Angew. Chem., Int. Ed., 2013,
52, 9215; For reviews; see: (e) R. Corbo and ]J. L. Dutton,
Coord. Chem. Rev., 2018, 375, 69; (f) S. V. Kohlhepp and
T. Gulder, Chem. Soc. Rev., 2016, 45, 6270; (g) A. Parra, Chem. Rev.,
2019, 119, 12033.

Recent reports on hypervalent iodine chemistry: see (@) H. Wu,
Y.-P. He, L. Xu, D.-Y. Zhang and L.-Z. Gong, Angew. Chem., Int. Ed.,
2014, 53, 3466; (b) S. M. Banik, J. W. Medley and E. N. Jacobsen,
Science, 2016, 353, 51; (c) Y. Yoshida, A. Magara, T. Mino and
M. Sakamoto, Tetrahedron Lett., 2016, 57, 5103; (d) M. Shimogaki,
M. Fujita and T. Sugimura, Angew. Chem., Int. Ed., 2016, 55, 15797;
(e) T. Hashimoto, Y. Shimazaki, Y. Omatsu and K. Maruoka,
Angew. Chem., Int. Ed., 2018, 57, 7200; (f) M. S. Yusubov,
N. S. Soldatova, P. S. Postnikov, R. R. Valiev, A. Yoshimura,
T. Wirth, V. N. Nemykin and V. V. Zhdankin, Chem. Commun.,
2019, 55, 7760; (g) Y. Aota, T. Kano and K. Maruoka, J. Am. Chem.
Soc., 2019, 141, 19263; (h) K. Kiyokawa, D. Okumatsu and
S. Minakata, Angew. Chem., Int. Ed., 2019, 58, 8907; (i) Y. Yoshida,
Y. Kanashima, T. Mino and M. Sakamoto, Tetrahedron, 2019,
75, 3840; (j) W. Ding, ]J. Chai, C. Wang, ]J. Wu and N. Yoshikai,
J. Am. Chem. Soc., 2020, 142, 8619.

(@) M. Ochiai, K. Oshima and Y. Masaki, J. Am. Chem. Soc., 1991,
113, 7059; (b) M. Ochiai, Y. Kitagawa, N. Takayama, Y. Takaoka and
M. Shiro, J. Am. Chem. Soc., 1999, 121, 9233; (¢) V. V. Zhdankin and
P. J. Stang, Chem. Rev., 2008, 108, 5299; (d) R. ]J. Phipps,
N. P. Grimster and M. J. Gaunt, J. Am. Chem. Soc., 2008, 130, 8172;
(e) R. J. Phipps and M. ]J. Gaunt, Science, 2009, 323, 1593;
(f) E. A. Merritt and B. Olofsson, Angew. Chem., Int. Ed., 2009,
48, 9052; (g) Y. Zeng, G. Li and J. Hu, Angew. Chem., Int. Ed., 2015,
54, 10773; (h) K. Miyamoto, S. Iwasaki, R. Doi, T. Ota, Y. Kawano,
J. Yamashita, Y. Sakai, N. Tada, M. Ochiai, S. Hayashi, W. Nakanishi
and M. Uchiyama, J. Org. Chem., 2016, 81, 3188; (i) K. Aradi,

2522 | Chem. Commun., 2021, 57, 2519—2522

wm

~

o

10

11

12

13

14

View Article Online

ChemComm

B. L. T6th, G. L. Tolnai and Z. Novak, Synlett, 2016, 1456;
(j) R. Haraguchi, T. Nishikawa, A. Kanazawa and S. Aoshima,
Macromolecules, 2020, 53, 4185.

(@) G. K. S. Prakash, M. R. Bruce and G. A. Olah, J. Org. Chem., 1985,
50, 2405; (b) M. Ochiai, N. Tada, K. Murai, S. Goto and M. Shiro,
J. Am. Chem. Soc., 2006, 128, 9608; (c) M. Ochiai, N. Tada, T. Okada,
A. Sota and K. Miyamoto, J. Am. Chem. Soc., 2008, 130, 2118;
(d) K. Miyamoto, M. Shiro and M. Ochiai, Angew. Chem., Int. Ed.,
2009, 48, 8931; (e) M. Ochiai, T. Okubo and K. Miyamoto, J. Am.
Chem. Soc., 2011, 133, 3342; (f) M. Ochiai, K. Miyamoto, T. Kaneaki,
S. Hayashi and W. Nakanishi, Science, 2011, 332, 448; (g) M. Ochiai,
S. Yamane, M. M. Hoque, M. Saito and K. Miyamoto,
Chem. Commun., 2012, 48, 5280; (k) S. Riedmiller and
B. J. Nachtsheim, Beilstein J. Org. Chem., 2013, 9, 1202.

(@) C. Hansch, A. Leo and R. W. Taft, Chem. Rev., 1991, 91, 165;
(b) V. V. Grushin, Acc. Chem. Res., 1992, 25, 529; (c¢) M. Ochiai,
Y. Nishi, S. Goto, M. Shiro and H. J. Frohn, J. Am. Chem. Soc., 2003,
125, 15304; (d) D. R. Lide, CRC Handbook of Chemistry and Physics,
CRC Press, Boca Raton, FL, 2005, http://www.hbcpnetbase.com;
(e) M. Ochiai, Synlett, 2009, 159.

(@) A. Farina, S. V. Meille, M. T. Messina, P. Metrangolo, G. Resnati
and G. Vecchio, Angew. Chem., Int. Ed., 1999, 38, 2433; (b) G. Cavallo,
P. Metrangolo, R. Milani, T. Pilati, A. Priimagi, G. Resnati and
G. Terraneo, Chem. Rev., 2016, 116, 2478; (¢) F. Heinen,
E. Engelage, C. J. Cramer and S. M. Huber, /. Am. Chem. Soc.,
2020, 142, 8633; (d) J. Holthoff, E. Engelage, R. Weiss and
S. M. Huber, Angew. Chem., Int. Ed., 2020, 59, 11150; (e) J. Wolf,
F. Huber, N. Erochok, F. Heinen, V. Guerin, C. Legault, S. Kirsch and
S. M. Huber, Angew. Chem., Int. Ed., 2020, 59, 16496.

(@) B. List, R. A. Lerner and C. F. Barbas, J. Am. Chem. Soc., 2000,
122, 2395; (b) K. A. Ahrendt, C. J. Borths and D. W. C. MacMillan,
J. Am. Chem. Soc., 2000, 122, 4243. For reviews see:
(¢) D. W. C. MacMillan, Nature, 2008, 455, 304; (d) T. Akiyama,
Chem. Rev., 2007, 107, 5744; (e) A. G. Doyle and E. N. Jacobsen,
Chem. Rev., 2007, 107, 5713; (f) S. Mukherjee, J. W. Yang,
S. Hoffmann and B. List, Chem. Rev., 2007, 107, 5471.

Reports on halogen bond catalyst: see: (@) C. Bolm, A. Bruckmann
and M. Pena, Synlett, 2008, 900; (b) S. Jiang, L. Zhang, D. Cui, Z. Yao,
B. Gao, J. Lin and D. Wei, Sci. Rep., 2016, 6, 34750; (c) S. Kuwano,
T. Suzuki, Y. Hosaka and T. Arai, Chem. Commun., 2018, 54, 3847;
(d) Y-C. Chan and Y.Y. Yeung, Angew. Chem., Int. Ed., 2018,
57, 3483; (e) R. Haraguchi, S. Hoshino, M. Sakai, S. Tanazawa,
Y. Morita, T. Komatsu and S. Fukuzawa, Chem. Commun., 2018,
54, 10320; (f) Y. Kobayashi, Y. Nakatsuji, S. Li, S. Tsuzuki and
Y. Takemoto, Angew. Chem., Int. Ed., 2018, 57, 3646; (g) T. Arai,
K. Horigane, O. Watanabe, J. Kakino, N. Sugiyama, H. Makino,
Y. Kamei, S. Yabe and M. Yamanaka, iScience, 2019, 12, 280;
(h) S. Kuwano, T. Suzuki, M. Yamanaka, R. Tsutsumi and T. Arai,
Angew. Chem., Int. Ed., 2019, 58, 10220; (i) R. A. Squitieri,
K. P. Fitzpatrick, A. A. Jaworski and K. A. Scheidt, Chem. - Eur. J.,
2019, 25, 10069; (j) R. L. Sutar, E. Engelage, R. Stoll and
S. M. Huber, Angew. Chem., Int. Ed., 2020, 59, 6806.

Reports on halonium-type halogen bond catalyst: see (a) F. Guo,
L. Wang, S. Mao, C. Zhang, J. Yu and J. Han, Tetrahedron, 2012,
68, 8367; (b) Y. Zhang, J. Han and Z.-J. Liu, RSC Adv., 2015, 5, 25485;
(¢) F. Heinen, E. Engelage, A. Dreger, R. Weiss and S. M. Huber,
Angew. Chem., Int. Ed., 2018, 57, 3830; (d) R. J. Mayer,
A. R. Ofial, H. Mayr and C. Y. Legault, J. Am. Chem. Soc., 2020,
142, 5221.

G. Cavallo, J. S. Murray, P. Politzer, T. Pilati, M. Ursini and
G. Resnati, IUCrJ, 2017, 4, 411. See ESIT for more details.

Our bromonium salts are very stable even for several month storage
at room temperature under air atmosphere. Also, after the reaction
in Table 2, entry 5, 80% recovering of 3b could be found on crude
'"H NMR analysis using 1,3,5-trimethoxybenzene as an internal
standard.

R. B. Sandin, M. Kulka and R. McCready, J. Am. Chem. Soc., 1937,
59, 2014.

R. B. Sandin, F. T. McClure and F. Irwin, J. Am. Chem. Soc., 1939,
61, 2944.

This journal is © The Royal Society of Chemistry 2021


http://www.hbcpnetbase.com
https://doi.org/10.1039/d0cc07733j



