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The dearomative borylation of indoles is challenging and typically
requires transition metal catalysts, strong bases, or harsh con-
ditions. We report the metal- and base-free C2-borylation of
indoles using bis(1-methyl-ortho-carboranyl)borane as an electro-
philic borylating reagent to generate borylated indolenium species
under mild conditions.

The dearomative functionalization of indoles is an effective
strategy to convert aromatic compounds into functionalized
products." However, dearomative borylation reactions are
scarce. Most established indole dearomatization strategies
involve the use of transition metal catalysts using a diborane
(Bypin,) or organoboron species (RBpin) as the boron source,
typically specific to substrates with directing groups that orient
catalyst binding (Fig. 1a).>® In metal-free approaches,*
Fontaine demonstrated the dearomative C3-borylation of
indoles using pinacolborane (HBpin) as the boron source in
the presence of a B/N frustrated Lewis pair (FLP) catalyst
(Fig. 1b).>® Resconi and coworkers demonstrated the reaction of
the electrophilic borane B(CeFs); with 1-methyl-1H-indole to
selectively furnish the C2-borylated indolenium (Fig. 1c).” The
reaction took 10 days to complete and 1-methyl-1H-indole was
the only substrate. We surmised that such a reaction could be a
fruitful means to access borylated indolenium species and that
more electrophilic boranes could be effective reagents to achieve
the desired products. It has recently been shown that ortho-car-
boranes as substituents on boron amplify the Lewis acidity of
boranes.® For example, tris(ortho-carboranyl)borane (BoCb;)°
and bis(1-methyl-ortho-carboranyl)borane (HB™°0Cb,)'" are
more Lewis acidic than B(C¢Fs);'" and HB(CeFs),,"> making
them promising reagents for dearomative borylation.
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Replicating the Resconi reaction for a baseline, the C-H
borylation of 1-methyl-1H-indole with B(C4Fs); was monitored
by "H NMR spectroscopy that revealed conversion into the
borylated indolenium A after 5 days (120 h) with an isolated
yield of 85% (87% conversion, Table 1, entry 1), half the time
from their report with comparable yield (88%). Switching the
solvent from CH,CI, to benzene had little effect, resulting only
in a slight decrease in conversion (85% conversion, entry 2).
The sluggish reaction may be due to either the Lewis acid
strength or the steric bulk of B(C¢Fs);. Switching to the less
bulky secondary borane HB(CgFs), (buried volume = 47%) pre-
sents the possibility of hydroboration or dehydrogenative bory-
lation reactivity."> When HB(CFs), was treated with 1-methyl-
1H-indole in CH,Cl, or benzene, it did not lead to any reaction
at all even after heating to 80 °C (entries 3 and 4). This implies
that reducing the electrophilicity has a deleterious effect on
the reaction. Replacing B(C¢Fs); with the stronger Lewis acid
BoCb; resulted in no conversion in either CH,Cl, or benzene,
even after heating to 80 °C (entries 5 and 6). This is presum-
ably due to the larger steric profile of the borane (buried
volume of BoCb; = 72% and B(Cg¢Fe); = 59%)."* Switching to
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Fig. 1 Dearomative borylations by (a) transition metal catalysis, (b) B/N
frustrated Lewis pair (FLP) catalysis, and (c) under catalyst-free
conditions.
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Table 1 Screening of electrophilic boranes for the C2-borylation of
1-methyl-1H-indole?

N solvent N 3
Me 23 °C, time Me

ﬁ/ e(Cer)a :ﬁ; eH""eoCbz

A Me 1 Me
Entry BR; Solvent Time (h) Conversion” (%)
1 B(CeFs5)3 CH,Cl, 120 A, 87 (85)
2 B(CeFs)s CeHg 120 A, 85 (82)
3; HB(CgFs), CH,Cl, 24 NR
4 HB(CeFs), CeHg 24 NR
5¢ BoCb, CH,Cl, 24 NR
6¢ BoCbs CeHy 24 NR
7 HBM®0Cb, CH,Cl, 24 1, 37 (30)
8 HB™¢0Cb, CeHg 1 1,>97 (97)
9 HB™°0Cb, CHCl, 7 1,>97 (97)
10 HBM®0Cb, C,Hg 3 1,>97 (97)
11 HBM®0Cb, THF 24 1, NR

“Standard reaction conditions: 1-methyl-1H-indole (0.1 mmol), BR;
(0.1 mmol), solvent (1 mL), and 23 °C. BoCb; = tris(ortho-carboranyl)
borane, HBMeoCb2 = bis(1-methyl-ortho- carboranyl)borane and NR =
no reaction.  Conversions are calculated from 'H NMR spectroscopy
us1ng mesitylene as an internal standard and 1s01ated yields are given
in the parenthesis. “Reaction heated to 40 °C. ?Reaction heated to
80 °C.

HBY“0Cb,, a secondary borane with a smaller steric profile
than BoCbs (buried volume = 64%) and higher electrophilicity
than B(C¢Fs)s, gave encouraging results. Carrying out the reac-
tion with HBM®0Cb, in CH,Cl, at 23 °C resulted in 37% conver-
sion after 24 h, but in benzene, quantitative conversion was
achieved within an hour, enabling the isolation of 1 in 97%
yield (entries 7 and 8, respectively). The structure of 1 was con-
firmed by a single-crystal X-ray diffraction study (Fig. 2).

The '"H NMR spectrum features a singlet integrating to two
protons for the a methylene group at 4.78 ppm. The tricoordi-
nate resonance for HB™®oCb, in the ''B NMR spectrum at
70.9 ppm disappears, leaving only peaks in the tetracoordi-
nate/cluster region, notably a diagnostic doublet for the borate
at —17.8 ppm (YJg_uz = 90 Hz). The "*C NMR spectrum revealed a
singlet at 79.4 ppm assigned to C3 that is consistent with the
methylene group of the iminium species. Reactions in chloro-
form and toluene led to comparable yields but in both cases the
reaction took a longer time to complete (entries 9 and 10), while
THF completely suppressed the reactivity (entry 11). Using the
optimized conditions for 1, the reactivity of other indole sub-
strates with HB™°0oCb, was investigated (Scheme 1). First, we
examined substitution on nitrogen. Indoles bearing n-butyl and
benzyl groups on the nitrogen worked efficiently to generate
borylated products 2 and 3 in 80% and 86% yields, respectively
(Scheme 1a). A more electron-withdrawing tosyl (Ts) substituent
or a bulky triisopropylsilyl (TIPS) group failed to enable any reac-
tion. Interestingly, the parent indole did not undergo C2-boryla-
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Fig. 2 Solid-state structures of 1 (top) and 4 (bottom). Hydrogen atoms
(except for H attached to the central boron atom) and solvates are
omitted for clarity. Thermal ellipsoids are drawn at the 50% probability
level. Selected bond lengths (A) and angles (°) of 1: N(1)-C(2) 1.315(3),
C(2)-C(3) 1.512(3), C(2)-B(1) 1.631(3), and N(1)-C(2)-B(1) 124.52(17); 4:
B(1)-N(1) 1.597(17), C(2)-C(3) 1.483(18), N(1)-C(2) 1.293(17), and C(2)-N
(1)-B(1) 126.56(11).
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Scheme 1 Substrate scope of HBM®oCb, mediated C2-borylation of
indoles with nitrogen substitution (a), parent indole (b), substitution on
the aryl group (c), and methyl at the C3 position (d). Reaction conditions:
indole (0.1 mmol), HBM®oCb, (0.1 mmol), and CgHe (1 mL). TIPS = triiso-
propylsilyl and Ts = tosyl.

tion; instead, dearomative N-borylation occurred to afford 4 in
90% yield (Scheme 1b). The structure was confirmed by a single
crystal X-ray diffraction study (Fig. 2).'>
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Substitution on the 6-membered ring of N-methylindole
was tolerated for bromo-substituted N-methylindoles at the C5-
and C6-positions to furnish the borylated products 5 and 6 in
88% and 82% yields, respectively (Scheme 1c). Inductive
donating groups (4-Me and 7-Me) and a strong n donor
(5-OMe) were tolerated to afford borylated indoleniums 7-9 in
excellent yields (90-97%). A decrease in yield (75%) was
observed for a n-electron withdrawing -Bpin substituent at the
C5-position (10).

Installing a methyl group at the C3-position resulted in only
trace amounts of borylated product (11) with the lack of reac-
tivity attributed to steric bulk. The method proved to be scal-
able to multigram quantities, as exemplified in the synthesis
of 2.25 g of 1 with no change in yield (97%). We examined the
addition of several bases (nBuLi, pyridine, 2,6-lutidine, and
NEt;) to attempt to convert the indolenium species into either
the C3-borylation product or a functionalized indole. At 23 °C
in THF, reactions with pyridine, NEt3, and 2,6-lutidine did not
result in any conversion, but heating at 80 °C for a day resulted
in conversion into N-methylindole, the starting material.
Reaction with nBuLi at 23 °C in THF yielded an intractable
mixture.

In the structures of 1 and 4 (Fig. 2), the C(2)-C(3) bonds are
similar in length [1: 1.512(3) A and 4: 1.483(18) A], consider-
ably longer than that in indole [1.355(11) A] and consistent
with dearomatization. The N(1)-C(2) bond lengths [1: 1.315(3)
A and 4: 1.293(17) A] are shortened compared to that in indole
[N(1)-C(2) 1.332(11) A], in agreement with the iminium
structure.”'>*¢

The borylation mechanism was investigated by conducting
the reaction with DB™0Cb, (Scheme 2). The outcome of the
reaction was the borylated product with deuterium exclusively
on boron based on *H NMR spectroscopy (1-d) that eliminates
the possibility of a hydroboration sequence. The reaction took
an hour, the same time as HB™0Cb,, ruling out any kinetic
isotope effect and consistent with the deuterium staying on
boron throughout the reaction. A rational mechanism leading
to 1-d involves olefin attack to afford the C2- or C3-functiona-
lized carbocation intermediates (I and II, respectively). In the
C2 pathway, an amine facilitates hydride migration from I to
generate 1-d. In the C3 pathway, the migration of the borate in
intermediate II leads to I, which subsequently results in 1-d. In
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Scheme 2 Deuterium labelled study and proposed mechanism.
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an attempt to observe intermediates, the reaction was moni-
tored by "H and 'H{''B} NMR spectroscopy at 23 °C and
—50 °C. Unfortunately, no intermediates were observed, only
starting materials (N-methylindole and HB™“0Cb,) and 1 were
detected.

In summary, the high Lewis acidity of bis(1-methyl-ortho-
carboranyl)borane is leveraged for the uncatalyzed dearoma-
tive C2-borylation of indoles. Borane screening revealed that
both steric effects and Lewis acidity are essential, with
HBM¢0Cb, performing better than fluoroaryl boranes. Despite
the hydride on boron, no hydroboration reactivity was
observed for any substrates. Substrate screening indicated that
substitution on the 6-membered ring is well tolerated but
bulky groups on nitrogen or a methyl group at the C3 position
inhibit the reaction. The parent indole undergoes N-borylation
rather than C2-borylation. In all reactions, mild conditions are
used and atom economy is preserved. This work demonstrates
the potential of HBM®0Cb, as a borylation reagent that will
continue to be investigated.

Data availability

The data underlying this study are available in the published
article and its ESL.}

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

C.D.M. is grateful to the Welch Foundation (Grant No. 2203-
20240404) and the National Science Foundation (Award No.
2349851) for their generous support of this work. Dr John
Tidwell is thanked for assistance with X-ray crystallography
and Dr Webster Santos for useful discussions.

References

1 (@) C. Zheng and S.-L. You, ACS Cent. Sci., 2021, 7, 432-444;
(b) H. Abou-Hamdan, C. Kouklovsky and G. Vincent,
Synlett, 2020, 1775-1788; (c) T. S. Silva, M. T. Rodrigues ]Jr,
H. Santos, L. A. Zeoly, W. P. Almeida, R. C. Barcelos,
R. C. Gomes, F. S. Fernandes and F. Coelho, Tetrahedron,
2019, 75, 2063-2097; (d) C. Zheng and S.-L. You, Nat. Prod.
Rep., 2019, 36, 1589-1605; (¢) A. A. Festa,
L. G. Voskressensky and E. V. Van der Eycken, Chem. Soc.
Rev., 2019, 48, 4401-4423; (f) S. P. Roche, ]J.-J. Y. Tendoung
and B. Tréguier, Tetrahedron, 2015, 71, 3549-3591;
(g) C.-X. Zhuo, W. Zhang and S.-L. You, Angew. Chem., Int.
Ed., 2012, 51, 12662-12686.

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5dt00579e

Open Access Article. Published on 12 March 2025. Downloaded on 3/13/2026 5:26:39 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton Transactions

2 (@) S. Namirembe and J. P. Morken, Chem. Soc. Rev., 2019,
48, 3464-3474; (b) J.-B. Chen and Y.-X. Jia, Org. Biomol.
Chem., 2017, 15, 3550-3567.

3 (@) Q. Zhang, W. Xu, Q. Liu, C. Xia, Q. Shao, L. Ma and
M. Wu, Nat. Commun., 2024, 15, 4371; (b) G. L. Trammel,
R. Kuniyil, P. F. Crook, P. Liu and M. K. Brown, J. Am.
Chem. Soc., 2021, 143, 16502-16511; (¢) C. Shen, N. Zeidan,
Q. Wu, C. B. ]J. Breuers, R.-R. Liu, Y.-X. Jia and M. Lautens,
Chem. Sci., 2019, 10, 3118-3122; (d) A. D. Marchese,
F. Lind, A. E. Mahon, H. Yoon and M. Lautens, Angew.
Chem., Int. Ed., 2019, 58, 5095-5099; (e¢) S. Das,
C. G. Daniliuc and A. Studer, Angew. Chem., Int. Ed., 2018,
57, 4053-4057; (f) N. Zeidan, T. Beisel, R. Ross and
M. Lautens, Org. Lett., 2018, 20, 7332-7335; (g) S. Panda and
J. M. Ready, J. Am. Chem. Soc., 2018, 140, 13242-13252;
(h) L. Chen, J.-J. Shen, Q. Gao and S. Xu, Chem. Sci., 2018, 9,
5855-5859; (i) Z. Yang, F. Chen, Y. He, N. Yang and Q.-H. Fan,
Angew. Chem., Int. Ed., 2016, 55, 14067-14070; (j) K. Kubota,
K. Hayama, H. Iwamoto and H. Ito, Angew. Chem., Int. Ed.,
2015, 54, 8809-8813; (k) D. A. Petrone, A. Yen, N. Zeidan and
M. Lautens, Org. Lett., 2015, 17, 4838-4841.

4 (@) P. Nad and A. Mukherjee, ACS Omega, 2023, 8, 37623—
37640; (b) X. Tan, X. Wang, Z. H. Li and H. Wang, J. Am.
Chem. Soc., 2022, 144, 23286-23291; (c) Y. Zou, B. Zhang,
L. Wang and H. Zhang, Org. Lett., 2021, 23, 2821-2825;
(d) S. Igbal, K. Yuan, J. Cid, J. Pahl and M. Ingleson, Org.
Biomol. Chem., 2021, 19, 2949-2958; (e) K. K. Das, S. Paul
and S. Panda, Org. Biomol. Chem., 2020, 18, 8939-8974;
(f) A. D. Bage, K. Nicholson, T. A. Hunt, T. Langer and
S. P. Thomas, ACS Catal., 2020, 10, 13479-13486; (g) S. Rej
and N. Chatani, Angew. Chem., Int. Ed., 2022, 61,
€202209539; (h) E. Rochette, V. Desrosiers, Y. Soltani and
F.-G. Fontaine, J. Am. Chem. Soc., 2019, 141, 12305-12311;
(©) S. Zhang, Y. Han, ]J. He and Y. Zhang, J. Org. Chem.,
2018, 83, 1377-1386.

5 A. Jayaraman, L. C. M. Castro, V. Desrosiers and
F.-G. Fontaine, Chem. Sci., 2018, 9, 5057-5063.

6 (a) D. W. Stephan, J. Am. Chem. Soc., 2015, 137, 10018-
10032; (b) G. C. Welch, R. R. S. Juan, J. D. Masuda and
D. W. Stephan, Science, 2006, 314, 1124-1126.

7 F. Focante, I. Camurati, D. Nanni, R. Leardini and
L. Resconi, Organometallics, 2004, 23, 5135-5141.

8 (@) M. Zhu, P. Wang, Z. Wu, Y. Zhong, L. Su, Y. Xin,
A. M. Spokoyny, C. Zou and X. Mu, Chem. Sci., 2024, 15,

This journal is © The Royal Society of Chemistry 2025

9

10

11

12

13

14

15

16

View Article Online

Communication

10392-10401; (b) L. Xiang, J. Wang, A. Matler and Q. Ye,
Chem. Sci., 2024, 15, 17944-17949; (¢) K. K. Samudrala,
M. O. Akram, J. L. Dutton, C. D. Martin and M. P. Conley,
Inorg. Chem., 2024, 63, 4939-4946; (d) M. O. Akram,
C. D. Martin and ]. L. Dutton, Inorg. Chem., 2023, 62,
13495-13504; (¢) M. Diab, K. Jaiswal, D. Bawari and
R. Dobrovetsky, Isr. J. Chem., 2023, 63, €202300010;
(f) J. Schulz, R. Clauss, A. Kazimir, S. Holzknecht and
E. Hey-Hawkins, Angew. Chem., Int. Ed., 2023, 62,
€202218648; (g) J. Wang, P. Jia, W. Sun, Y. Wei, Z. Lin and
Q. Ye, Inorg. Chem., 2022, 61, 8879-8886; (h) C. Zhang,
J. Wang, Z. Lin and Q. Ye, Inorg. Chem., 2022, 61, 18275~
18284; (i) C. Zhang, J. Wang, W. Su, Z. Lin and Q. Ye, J. Am.
Chem. Soc., 2021, 143, 8552-8558; (j) S. Yruegas,
J. C. Axtell, K. O. Kirlikovali, A. M. Spokoyny and
C. D. Martin, Chem. Commun., 2019, 55, 2892-2895;
(k) A. M. Spokoyny, C. D. Lewis, G. Teverovskiy and
S. L. Buchwald, Organometallics, 2012, 31, 8478-8481;
() A. M. Spokoyny, C. W. Machan, D. ]J. Clingerman,
M. S. Rosen, M. ]J. Wiester, R. D. Kennedy, C. L. Stern,
A. A. Sarjeant and C. A. Mirkin, Nat. Chem., 2011, 3, 590-
596.

M. O. Akram, J. R. Tidwell, J. L. Dutton and C. D. Martin,
Angew. Chem., Int. Ed., 2022, 61, €202212073.

M. O. Akram, J. R. Tidwell, J. L. Dutton and C. D. Martin,
Angew. Chem., Int. Ed., 2023, 62, 202307040.

A. G. Massey and A. ]. Park, J. Organomet. Chem., 1964, 2,
245-250.

D. J. Parks, R. E. von H. Spence and W. E. Piers, Angew.
Chem., Int. Ed. Engl., 1995, 34, 809-811.

(@) M. ]. Ingleson, ACS Catal., 2023, 13, 7691-7697;
(b) E. A. Patrick and W. E. Piers, Chem. Commun., 2020, 56,
841-853.

(@) Y. Li, M. Tamizmani, M. O. Akram and C. D. Martin,
Chem. Sci., 2024, 15, 7568-7575; (b) L. Zapf, M. Riethmann,
S. A. Fohrenbacher, M. Finze and U. Radius, Chem. Sci.,
2023, 14, 2275-2288; (c) K. Vashisth, S. Dutta, M. O. Akram
and C. D. Martin, Dalton Trans., 2023, 52, 9639-9645.

S. Guidotti, I. Camurati, F. Focante, L. Angellini,
G. Moscardi, L. Resconi, R. Leardini, D. Nanni,
P. Mercandelli, A. Sironi, T. Beringhelli and D. Maggioni,
J. Org. Chem., 2003, 68, 5445-5465.

J. Pisarek and M. Malinska, ACS Omega, 2020, 5, 17141~
17151.

Dalton Trans., 2025, 54, 5664-5667 | 5667


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5dt00579e

	Button 1: 


