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Convenient, easily handled,
organoboron compounds are currently of great interest to researchers. Among the various available
strategies, a metal-free approach would be overwhelmingly accepted, since the target boron
compounds can be prepared in a metal-free state. We herein present a detailed study of the metal-free

laboratory friendly, robust approaches to afford synthetically important

directed ortho-C—-H borylation of 2-pyrimidylaniline derivatives. The approach allowed us to synthesize

various boronates, which are synthetically important compounds and various four-coordinated
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metal-free directed C—H borylation reaction proceeds smoothly without any interference by external
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Introduction

Directed C-H bond activation has emerged as one of the most
powerful and reliable tools in synthetic organic chemistry." A
variety of directing groups are being designed for achieving
a regioselective C-H bond functionalization reaction. Among
them, the metal-catalyzed C-H functionalization of 2-pyr-
imidylanilines was investigated on a number of occasions.”* In
this regard, ortho-C-H alkylation,? alkyne annulation,* alkyny-
lation,*”* chalcogenation,* amidation¥™” and the alkenylation®
of aniline derivatives have been achieved using various metal
catalysts (Fig. 1A). Nevertheless, given the importance of orga-
noboron compounds in organic synthesis,* selective C-H bor-
ylation has not yet been achieved in the case of 2-
pyrimidylanilines, which are key structural motifs that are
found in numerous bioactive compounds that are used in crop
protection and medicinal chemistry.”> Considering the recent
progress in metal-free directed C-H borylation, it would be
predicted that this reaction could be used in conjunction with
a broad spectrum of substrates to prepare a wide variety of
synthetically important organoboron compounds without the
use of any metal precursors. In this regard, notable contribu-
tions include the directed C-H borylation of various nitrogen-
containing heterocycles, such as benzimidazoles,* pyr-
idines,*“"* benzothiadiazoles,* quinolines,”* benzoselena-
diazoles,” benzotriazoles,” and indoles,®" a thio-directed
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impurities, such as inorganic salts,

reactive functionalities, heterocycles and even transition metal

precursors, which further enhance its importance.
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Fig. 1 (A) Literature survey of the directed ortho-C—H functionaliza-
tion of 2-pyrimidylanilines. (B) Our work on the metal-free C—H bor-
ylation of 2-pyrimidylanilines. (C) The importance of triarylboranes in
various fields and (D) our approach to accessing tetra-coordinated
triarylboranes in a straightforward manner.
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intramolecular C-H borylation of 2-mercaptobiphenyl,®” and
pre-installing a directing group” assisted C-H borylation of
phenol,** aniline,”* indole,”* and pyrrole derivatives.” We
recently reported the transient imine-directed C-H borylation of
benzaldehydes.® Having a continuous interest in this metal-free
C-H borylation protocol, we were prompted to explore the
selective C-H borylation of 2-pyrimidylanilines.
Triarylborane-based compounds have wide application as
Lewis acid catalysts or frustrated Lewis pair catalysts in various
catalyses such as hydrosilylation, hydroboration, Diels-Alder
reactions and for small molecule activation.® In addition, there
are widespread applications for tetra-coordinated triarylbor-
anes as organic materials, such as anion sensors, organic light
emitting devices, imaging and electron transport materials
(Fig. 1C).** Four-coordinated organoboron compounds can
function as electron-transport materials via the boron-stabilized
p* orbital of the donating ligands. Considering these wide
applications, various strategies have emerged for their
synthesis. One of the more recent strategies is cascade B-C1/C-B
cross-metathesis and C-H bond borylation.™ While this strategy
is interesting, it has some drawbacks, including the need for
harsh conditions, the production of various waste by-products,
and relatively poor yields of triarylboranes. Therefore, the most
attractive strategy would involve the use of boron trihalide to
construct tetra-coordinated fluorophores via activating a C-H
bond using a directing atom of a heterocycle. Given our focus on
metal-free C-H borylation reactions,® we developed a keen
interest in accessing tetracoordinated triarylboranes containing
a 2-pyrimidylaniline group. In 2019, Shi/Houk and Ingleson
independently reported the directed C-H borylation of anilides
using an oxygen atom as a directing moiety with BBr; for
preparing boronic esters of anilines.”* We hypothesized that,
compared to an oxygen directing atom, a nitrogen moiety would
provide access to more stable tetra-coordinated triarylboranes.
Hence, nitrogen-based heterocycles were mainly used for
organic materials due to their high stability. We herein report
on the metal-free C-H borylation of 2-pyrimidylaniline scaffolds
to afford synthetically important boronic esters (Fig. 1B) and the
synthesis of tetra-coordinated triarylboranes (Fig. 1D).

Results and discussion

We started the project by investigating the reaction conditions
for the directed metal-free C-H borylation of 2-pyrimidylani-
lines. The reaction of N-(pyrimidine-2-yl)aniline (1a) and 1
equiv. of BBr; in dichloroethane (DCE) gave 21% NMR yield of
the expected borylated product 1b (entry 1, Table 1). Remark-
ably, the reaction proceeded even in the case of 1a, which
contains a free NH moiety. An increase in the amount of BBr; to
2 equiv. improved the product yield to 50% (entry 2). After
a thorough screening of various bases, it was found that 2,3,5,6-
tetramethylpyrazine (B5) was the optimal base, giving 1b in 84%
yield (entry 10 vs. entries 3-9). Adjusting the amounts of base
and BBr; used provided the optimal conditions in which the use
of 3 equiv. of BBr; along with 1.2 equiv. of B5 gave 1b in 77%
isolated yield (entry 12). The reactivity was retained when the
solvent was switched from DCE to CHCI; (entry 13).
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Table 1 Optimization of the metal-free

2-pyrimidylaniline 1a“

SRek

borylation  of

i) BBr; (XX equiv), Base (YY equiv)
DCE (0.5mL), rt,4 h

LY

ii) pinacol ( 2 equiv), NEt; (10 equiv) Bpin
1a 0.1 mmol DCE (0.5mL), rt,2 h 1b
Yield of
1b
Entry  Base (YY equiv.) BBr; (XX equiv.)  Solvent (%)
1° — 1 equiv. DCE 21
2 — 2 equiv. DCE 50
3 B1 (2 equiv.) 2 equiv. DCE 71
4 B2 (2 equiv.) 2 equiv. DCE 66
5 Pyridine (2 equiv.) 2 equiv. DCE 5
6 NEt'Pr, (2 equiv.) 2 equiv. DCE 65
7 B3 (2 equiv.) 2 equiv. DCE 3
8 B4 (2 equiv.) 2 equiv. DCE 17
9 NEt; (2 equiv.) 2 equiv. DCE 61
10 B5 (2 equiv.) 2 equiv. DCE 84
11° B5 (3 equiv.) 3 equiv. DCE 93
12° B5 (1.2 equiv.) 3 equiv. DCE 92 (77)
13¢ B5 (1.2 equiv.) 3 equiv. CHCl; 90 (76)
Me CI , Me __N__Me
Reaa s @ o YT
| -
Me Me”™ 'N° 'Me
B1 B2 B4 BS

¢ Reaction conditions: 2-pyrimidylaniline (1a, 0.1 mmol, 1 equiv.), BBr;
and base in DCE (0.5 mL) at r.t. for 4 h, then pinacol (0.2 mmol) and
NEt; (1.0 mmol) in DCE (0.5 mL) for 2 h at r.t. Yields of the product
were determined by 'H NMR of the crude mixture using 1,1,2,2-
tetrachloroethane as an internal standard. Isolated yields are given in
parentheses. © 1 equlv of pinacol was used in the final step. ¢ 3 equiv.
of pinacol was used in the final step.

With the optimized reaction conditions in hand, we explored
the versatility of this ortho-directed metal-free borylation reac-
tion using various substituted 2-pyrimidylaniline derivatives
(Table 2). This protocol provided a broad scope of substrates
and a high tolerance for various functional groups. Notably,
a variety of substituted aniline derivatives containing an
electron-donating group, such as methyl (2b—4b, 8b, and 9b),
ethyl (5b), benzyl (6b), phenyl (7b), methylthio (10b), phenylthio
(11b), and phenoxy (12b), reacted smoothly to afford the cor-
responding boronic esters in yields in the range of 41-80%. 1-
Naphthylamine (13a) and 1-aminopyrene (14a) selectively
produced the desired products (13b and 14b) in high yields
without the formation of any side products. In the case of the
meta-Me-substituted aniline, the reaction occurred exclusively
at the sterically less hindered site (3b). A variety of electron-
withdrawing functional groups, such as F (15b-17b), Cl (18b-
21b), Br (22b-25b), I (26b), CF; (27b), and even NO, (28b) were
also tolerated in this metal-free C-H borylation reaction. The
reaction proceeded readily in the case of substituents on the
pyrimidine ring, as in Me (29a and 30a), CI (31a), and Br (32a)
groups. Notably, this wide substrate applicability increases the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Substrate scope for the metal-free borylation of 2-pyrimidylanilines

i) BBr3 (3 equiv),

DCE, rt,4 h

tetramethylpyrazine (1.2 equiv)

H
No N
\Nﬁ\j
H N
DCE, rt, 2 h

1-30a 0.3 mmol

i) pinacol (3 equiv), NEt; (10 equiv)

H
N.__N
G
Bp!\rl] &
1-30b

Neutral and electron-donating group substituted aniline derivatives

Ph
Ph
N N e
susleavihedceasicasicaviees
Bpm Z Bpl'\r‘w Z Bpm Z Me Bpin Bpin Z Bp!\r‘] Z Bpin
1b 77% 2b 72% 3b 41% 4b 63% 5b 72% 6b 63% b 74%
67% (5 mmol) ?
Me H Me H . SMeH . SPh H . OPh . O H OO .
Me NN N._N N__N N._N
ﬁmw@@@@@@@@OUQOW
= = =
Bpm Z Me Bpin Bpin Bpin Bpm Z Bpm % Bp|’\rlw =
8b 80% 9b 71% 10b 61% 11b 54% 12b 74% 13b 70% 14b 73%
Electron-withdrawing group substituted aniline derivatives
N.__N A
@Ufmwﬁ@@@fmaﬁwﬁm\
Bpm = Bpm Z E Bpin Bpin Z Bpin Cl Bpin Cl Bpm Z
15b 71% 16b 75% 17b 73% 18b 70% 19b 51% 20b 67% 21b 45%
Br Me Me | Me H Me H
H H H H H
N_ _N._ Br N.__N N.__N N.__N N.__N_. CF3 N__ Ny O2N NN
@@ﬁﬂ%@@@@@@ 1 1
=
Bpm & Bpm 7 Br Bph‘q Z Br Bpm = Bpin Bpin Bpin
22b 45% 23b 64% 24b 77% 25b 38% 26b 40% 27b 81% 28b 45%
Scope for pyrimidine substitution
Me H Me H . Me “ . Me “ .
N N e
@U LI @D\CW\
= =
Bpm Z Me Bpm & Bpin Cl Bpin Br
29b 64% 30b 73% 31b 61% 32b 51%

% Reaction conditions: 2-pyrimidylaniline derivative (0.3 mmol, 1 equiv.), BBr; (0.9 mmol, 3 equiv.) and tetramethylpyrazine (0.36 mmol, 1.2 equiv.)
in DCE (1.0 mL) at r.t. for 4 h, then pinacol (0.9 mmol, 3 equiv.) and NEt; (3.0 mmol, 10 equiv.) in DCE (1.0 mL) at r.t. for 2 h. Isolated yields of the

product are given. ? Reaction was performed on a 5 mmol scale.

significance of this easily handled and convenient directed C-H
borylation protocol to afford borylated synthetic intermediates.

Four-coordinated organoboron compounds have been
extensively investigated in the past decade as emissive materials
for use in organic light-emitting diodes, due to their high
thermal and chemical stability.’ We attempted to prepare
a series of tetra-coordinated triarylborane derivatives using this
metal-free ortho-C-H borylation of 2-pyrimidylaniline deriva-
tives. A pyrimidine-directed borylation with BBr; gave a dibro-
moborane intermediate and the subsequent reaction with
diarylzinc provided the desired four-coordinated triarylboranes.
Various electron-donating or neutral group-substituted aniline
derivatives (33-37), electron-withdrawing group substituted

© 2021 The Author(s). Published by the Royal Society of Chemistry

aniline derivatives (38-42), and even a substrate with a substi-
tution on the pyrimidine ring (43) reacted efficiently to afford
the desired products in good to high yields (Table 3). These
entities would be of value in terms of preparing many other
pyrimidinyl-coordinated triarylborane compounds. A di-
pentafluorophenyl substituted triarylborane (44) was also
synthesized when bis(pentafluorophenyl)zinc was used. This
protocol could lead to the production of various substituted
boron-based Lewis acid catalysts. When trimethylaluminum
was reacted with the dibromoborane intermediate, a dimethyl
substituted aryl borane compound 45 was obtained. This
convenient synthetic protocol for obtaining various substituted
four-coordinated boranes clearly provides opportunities to

Chem. Sci., 2021, 12, 1447-11454 | 11449
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Table 3 Synthesis of tetra-coordinated triarylborane via a metal-free
C—H borylation®

i) BBr3 (3 equiv)
tetramethylpyrazine (1.2 equiv)

NN ¥
\ﬁ\; CHClg, tt, 4 h N\(N
H N R evaporate and then B
i) ZnAr', (3 equiv) :
0.15 mmol toluene, 70 °C, 12 h Ar
. Ph
H N H N
Oy QD Y
B\'N & IB\‘N & IB' &
e bn PH Ph Ph Ph
33 82% 34 72% 35 60%
F
y Me H \ SMeH "
e
o0y Ol
B‘,N = IB‘, = lB,
pr bn PH Ph Ph Ph
36 59% 37 59% 38 81%
Cl Me Br
N.__N Cl
0Tl Qo
B,N = B\' = B' =
e bn P! en P ph
39 70% 40 63% 4 71%
FsC N NN I\ NN e NN
3
D Ty QO
N~ N~ B'N =
B\ IB\ LAY
pr bn Ph Ph CeF's CoFs
42 73% 43 66% 44 45%
i) BBr3 (3 equiv)
H N 26-utidine (3 equiv) Ho
QL Eh o
g N~F i) AMe; (6 equiv) geN A
rt, 12 h N
Me Me
0.15 mmol 45 74%

% Reaction conditions: 2-pyrimidylaniline derivative (0.15 mmol, 1
equiv.), BBr; (0.45 mmol, 3 equiv.), and tetramethylpyrazine
(0.18 mmol, 1.2 equiv.) in CHCl; (1.0 mL) at r.t. for 4 h, evaporated
under reduced pressure, after which, toluene (1.5 mL) and ZnAr,
(0.45 mmol 3 equiv.) were added followed by heating at 70 °C for
12 h. ? 2-Pyrimidylaniline (0.15 mmol, 1 equlv ), BBr; (0.45 mmol, 3
equiv.) and 2,6-lutidine (0.45 mmol, 3 equiv.) in DCE (1.0 mL) at r.t.
for 4 h, then AlMe3 (0.9 mmol, 6 equiv.) for 12 h at r.t. Isolated yields
of the product are given.

produce a library of compounds containing the 2-pyr-
imidylaniline moiety, which would be useful as emissive
materials.

The wide substrate applicability of this metal-free borylation
prompted us to investigate the sustainability of this protocol in
the presence of impurities. Although detail studies of robust-
ness and sensitivity have been previously reported for metal-
catalyzed organic synthetic procedures,"”” metal-free protocols

1450 | Chem. Sci, 2021, 12, 1447-11454
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i) BBr3 (3 equiv)
tetramethylpyrazine (1.2 equiv)
external impurity (1 equiv)
DCE, rt, 4 h

H
N.__N
LT
H N~ ii) pinacol (3 equiv), NEt3 (10 equiv)
DCE, rt,2h
1a 0.1 mmol 1b

a)

Yield of 1b (%)

Cl

M Inorganic salts @ Reactive functionalities

80
70
60
50
40

Yield of 1b (%)

30
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10

/

S N i/ & O & v xv
O [) N OSb ¥ & &
& «
N

W Heterocycles [ Transition metals

Fig. 2 Metal-free directed borylation of 2-pyrimidylaniline in the
presence of external impurities such as (a) inorganic salts and reactive
functionalities, (b) heterocycles and transition metals.

have not gained much attention.®? To examine this issue, we
performed a series of borylation reactions using 1a in the
presence of 1 equiv. of various external impurities, such as
inorganic salts, reactive functionalities, heterocycles, and tran-
sition metals (Fig. 2). To our delight, in most cases, the reaction
proceeded smoothly to afford the desired product 1b with
negligible interference by external impurities. These observa-
tions further strongly support the sustainability of this protocol
from a synthetic point of view. We anticipated that the robust-
ness of the procedure would make this protocol useful in terms
of large-scale organic synthesis.

Since various impurities were tolerated in this protocol, we
performed a series of sequential reactions, in which the first
step is the synthesis of the starting 2-pyrimidylanilines followed

© 2021 The Author(s). Published by the Royal Society of Chemistry
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a)

NH, CIYN\
|
@ * NJ

0.5 mmol

i) CH3COOH/1,4-dioxane (1:1)
110 °C, 36 h,
then NaHCO3 work up

if) BBr3 (3 equiv),
tetramethylpyrazine (1.2 equiv)
DCE, rt,4 h

iii) pinacol (3 equiv)

NEt; (10 equiv)

DCE, rt,2h

H

N.__N
LI

Bpm/

0.5 mmol
1b 71%

b)
SPh
NH, CI

0

0.5 mmol

i) CH3COOH/1,4-dioxane (1:1)
110 °C, 36 h,
then NaHCO3; work up

if) BBr3 (3 equiv),
tetramethylpyrazine (1.2 equiv)
DCE, rt, 4 h

iii) pinacol (3 equiv)

NEt; (10 equiv)

DCE, rt,2h

i) CH;COOH/1 4-dioxane (1:1) e
Me 110 °C, 36 h,

Cl N

NH, W X, then NaHCOj work up
+ N~
Me

0.5 mmol

SPhH
N.__N
\W X

N

=

Bpin

0.5 mmol
1b 51%

c)

H
N N
b
ii) BBr3 (3 equiv), B N~
. . pin

tetramethylpyrazine (1.2 equiv)
DCE, 1t,4 h Me
0.5 mmol jii) pinacol (3 equiv) 30b 59%
NEt; (10 equiv)
DCE, rt,2h

Scheme 1 (a)—(c) Sequential one-pot reaction of starting material
synthesis followed by metal-free directed borylation.

by directed C-H borylation without isolating the starting
materials. The sequential reactions proceeded without any
difficulties to afford the desired products 1b, 11b, and 30b,
despite the presence of various impurities such as aniline
derivatives, 2-chloropyrimidine, traces of solvent and acetic acid

a) Arylation

PhBr (1.2 equiv)
Pd,(dba); (5 mol%)

Me PPhj (20 mol%) Me |,
N._N K3PO, (3 equiv) N._N
3FYs
T - D
Bpin DMF, 90 °C, 24 h phN~F
0.15 mmol 46 81%

b) Alkenylation
ph” X-Br (1.2equiv) pp,

Ph Pdy(dba); (5 mol%)
H N PPhj3 (20 mol%)
D
N

H

N

i
K3POy4 (3 equiv) NJ

=
Bpin DMF, 90 °C, 24 h
P Ph
0.15 mmol 47 82%
O/\Br
(2 equiv) Me 9y
Pdy(dba); (5 mol%) Me N__N
Me |, PPhs (20 mol%) Tj
Me NTN\ KsPO, (Bequiv) N .~
Bpm ~ DMF, 90°C, 24 h
0.15 mmol
48 78%

Scheme 2 Representative synthetic application of C-H borylated
products in terms of (a) phenylation and (b) alkenylation.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(Scheme 1). This experiment further confirms the efficacy of this
protocol for use in a multi-step organic synthetic process.

To evaluate the synthetic utilities of ortho-borylated
2-pyrimidylaniline derivatives, some important synthetic
transformations were performed and the results for reactions
including arylation and alkenylation are presented in Scheme 2,
which indicate the smooth formation of the desired products
(46-48).

We predicted that one of the reasons for the wide substrate
scope and high impurity tolerance of this metal-free directed
borylation is that the reaction proceeds rapidly. To confirm this,
we plotted the reaction profile for this reaction with yield vs.
time (Fig. 3a), and were surprised to observe that the reaction
gave the desired borylated product 1b in 70% yield, even after
a reaction time of 1 minute at room temperature. This finding
can be attributed to the high reactivity of BBr; and the electron-
rich arene system. Similar to the previously reported metal-free
directed borylation using BBr;,* the present reaction also
appears to proceed through an electrophilic aromatic substi-
tution pathway. To confirm this, two control experiments were
performed, in which an electron-donating group substituted
aniline derivative (10a or 2a) and an electron-withdrawing group
substituted aniline derivative (18a or 22a) were reacted in a one-
pot reaction. As expected, anilines with electron-donating
groups gave higher product yields in both cases (Fig. 3b).
However, the ratio of the product yields for electronically
different sets of substrates were not as high as we expected. An
additional substituent on the aniline substrate had only
a minor influence on the reactivity because the substrate itself is
an electron-rich system. To determine whether tetramethylpyr-
azine has any other role in this metal-free borylation except for
abstracting a proton, we conducted "B NMR studies. Unlike the
previous observation in the reaction of 2,6-lutidine and BBrj3, in
which the generation of a mixture of an adduct complex and
a borenium ion was observed,*" only one signal appeared in
the negative region in the reaction of tetramethylpyrazine and
BBr;, which corresponds to the formation of the adduct
complex (49) (Fig. 3c)."* A similar signal was also observed in the
reaction of 2-pyrimidylaniline 1a with BBr;. We were not able to
confirm the exact species that is responsible for the reaction,
due to the speed of the reaction.

A proposed mechanism for this ortho-C-H borylation of 2-
pyrimidylanilines is shown in Scheme 3. A Lewis acid-base
adduct is initially formed between BBr; and the N atom of
a pyrimidyl group in 1a. A bromine transfer from 50 to another
BBr; molecule then leads to the formation of the borenium
species 51.*° Due to the strong electrophilic nature of the aniline
ring in 51, an electrophilic aromatic substitution proceeds
readily to give a Wheland intermediate 52.7? Proton abstraction
by a base then gives the dibromoboron complex 1c, which, upon
quenching with pinacol and triethyl amine, provides the
desired borylated product 1b. The results of ''B NMR experi-
ments suggest that electrophilic borylation proceeds soon after
a borenium species 51 is generated from the adduct 50, because
of the electron-rich nature of 2-pyrimidylaniline. However, the
possibility that a base accelerates disproportionation between
50 and BBr; cannot be excluded. It is noteworthy that due to the

Chem. Sci., 2021, 12, 1447-11454 | 11451
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a) Reaction profile

i) BBr3 (3 equiv)
tetramethylpyrazine (1.2 equiv)

H
N._N
QI S ees
H N~ ii) pinacol (3 equiv), NEt; (10 equiv) Bpin
CDCly, 1, 2 h
100 @ 1b
%0
wg&;~»\.g¢6~"*
7 70 {® Yield of the product (%)
3 60
2 s0
o
% 40
= 30 Remianed starting material (%)
o
fg ’00.0000...
LF

25 5 75 10 125 15 175 20 225 25 275 30

Time (mins)

[b) Reactivity comparison ]

b-l)
H . SMe
1S cae
NZ i)BBr; (3 equiv) . Bp~
102 0.1 mmol  SAAMettypyrazine (1.2 equiv) 10b 53%
+ +
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speed of this reaction, it is not possible to trap or detect any of
the other reactive intermediates.

Conclusions

In summary, we report that a biologically important key struc-
tural motif of a pyrimidyl moiety functions efficiently as
a directing group for the ortho-C-H borylation of aniline deriv-
atives. Despite being a highly significant structural component,
the C-H borylation of 2-pyrimidylanilines has not yet been
achieved, even by a metal-catalysed process. Moreover, the high
impurity tolerance of this process makes it the first choice for
the synthesis of organoboron compounds. This approach can
also be a useful protocol for producing a series of four-
coordinated triarylborane derivatives containing a pyrimidyl
moiety, which are of importance in material chemistry for use
in OLED devices or as a Lewis acid catalyst. The protocol
involves the use of readily available starting materials, can be
carried out at room temperature without the need for external
additives, and reaction times are minimal, thus being poten-
tially useful as an industrial process. Finally, we conclude that
the detailed study presented here represents a notable contri-
bution in the field of synthetic organic chemistry as well as in
organic materials chemistry, since it permits libraries of
compounds containing key structural scaffolds to be produced.
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