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In this review, we intend to summarize the most important discoveries in the deborylative (thio-/seleno-)

cyanation of aryl boronic acids from 2006 to the end of 2023. Thus, the review is divided into three
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parts. The first section focuses exclusively on cyanation of aryl boronic acids into aryl nitriles. The second

section covers the available literature on the synthesis of aryl thiocyanates through thiocyanation of

DOI: 10.1039/d4ra00487f

rsc.li/rsc-advances selenocyanates.

1. Introduction

As one of the most important and versatile functional groups,
the nitrile group (-C=N) plays a vital role in organic chemistry
and serves as a precursor for various functional groups, such as
amine, amide, aldehyde, ketone, carboxylic acid, triazole, and
tetrazole groups.' More significantly, aryl nitrile skeletal struc-
tures are widely found in pharmaceuticals (Scheme 1a),> agro-
chemicals,® herbicides,* dyes® and natural products.® In
a similar way, thiocyanate (-SC=N) is a structurally related
moiety to nitrile, widely encountered in medicinal chemistry
(Scheme 1b)” and natural products.® Aryl thiocyanates are
particularly relevant because they can be easily converted into
a number of other useful organic compounds, such as thio-
ethers,’ disulfides,' thiophenols,'* sulfonyl cyanides,'* and tri-
fluoromethyl thioethers."® Likewise, the selenium analogue of
thiocyanates, selenocyanates (R-SeC=N) are an important class
of seleno-organic compounds due to their significant biological
activity’* and numerous applications in organic synthesis.” In
this class of compounds, aryl selenocyanates have recently
attracted strong interest in medicinal chemistry owing to their
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respective aryl boronic acids. The third will discuss selenocyanation of aryl boronic acids into aryl

notable biological activities especially as anti-cancer and che-
mopreventive agents (Scheme 1c).**"

Traditionally, aryl (thio-/seleno-)cyanates are prepared by
reaction of (thio-/seleno-)cyanate sources with active aryl
species such as aryl halides'®**° and aryl diazonium salts.
However, the mutagenicity and toxicity of some aryl halides*
and high reactivity, explosive nature and instability of aryl dia-
zonium salts® can be considered as the main drawbacks of
these protocols. Recent endeavor in this domain has allowed
the use of aryl boronic acids as easy accessible, non-toxic, air-
and moisture-stable aryl species. In 2017, Yan, Zhang, and
Wang published an interesting review paper entitled “Recent
advances in the synthesis of aryl nitrile compounds” that
highlights some of the important investigations into the
deborylative cyanation of aryl boronic acid derivatives.>® Since
significant progress and improvements in this fast-growing
research area has been made during the past few years, it
seems an appropriate time to summarize those developments
as well as the available literature on thio-/seleno-cyanation of
aryl boronic acids in an updated and comprehensive review.
Therefore, herein, we try to provide a comprehensive overview
of the synthesis of aryl (thio-/seleno-)cyanates through debor-
ylative (thio-/seleno-)cyanation of respective aryl boronic acids
(Fig. 1), with an aim to encourage scientists to make further
progress in this appealing research area.

21-23

2. Cyanation of aryl boronic acids

2.1. Palladium-catalyzed reactions

One of the first pioneering work of palladium-catalyzed cyana-
tion of aryl boronic acids has been successfully demonstrated
by Zhang and Liebeskind in 2006,”” who disclosed that the
treatment of (hetero)aryl boronic acids 1 with commercially
available low-cost benzyl thiocyanate 2 as cyanating agent in the
presence of a catalytic amount of Pd(PPh;), and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Selected examples of biologically active aryl (thio-/seleno-)cyanates.
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Fig. 1 Deborylative (thio-/seleno-)cyanation of aryl boronic acids.

superstoichiometric amounts of copper(i) thiophene-2-
carboxylate (CuTC), resulted in the formation of the corre-
sponding (hetero)aryl nitriles 3 in good to excellent yields. As
shown in Scheme 2a, both electron-rich and electron-poor aryl
boronic acids (with the exception of nitro-substituted
substrates) were compatible with this reaction. Additionally,
the authors also carried out the cyanation of two alkenylboronic
acid derivatives, affording the corresponding products in high
yields. However, neither boronate esters nor boroxines were
effective substrates in this transformation. According to
author's anticipated mechanism (Scheme 2b), the reaction
starts with an oxidative addition of the thiocyanate to Pd(0) to
form complex A. Next, coordination of the sulfur atom of the
SCN group to CuTC gives intermediate B that, after trans-
metalation with boronic acid 2 affords complex D through
a chair transition state C. Finally, reductive elimination of this
intermediate provides the desired nitrile 3 and regenerates the
catalytically active Pd(0).

Six years later, Tian and co-workers unravelled an elegant
route for the synthesis of diverse (hetero)aryl nitriles 5 from the
corresponding (hetero)aryl boronic acids 4 using nontoxic and
inexpensive K,[Fe(CN)e] as a cyanating agent under the action of
a catalytic system comprised of Pd(OAc),, Cu(OAc),-H,0, I, and

© 2024 The Author(s). Published by the Royal Society of Chemistry

K,CO;3; (Scheme 3a).® The current methodology exhibited
a relatively broad substrate scope, good functional group
tolerance and satisfactory yields. However, the drastic condi-
tions of temperature (120-160 °C) limited its range of applica-
tions. On the basis of mechanistic studies, the author
demonstrated that this protocol proceeded via two-step pathway
initiated with the iodination of aryl boronic acids with I,, fol-
lowed by a subsequent cyanation of in situ generated aryl
iodides with K,[Fe(CN)s]. Soon after, Cheng and colleagues
explored the reactivity of cuprous thiocyanate (CuSCN) as
a suitable and safe cyanating agent under the Pd-catalyzed
coupling reaction with aryl boronic acids/esters 6 (Scheme
3b).? Although only three examples were disclosed, this work
represents the first example of cyanation of organoboron
compounds with CuSCN. Notably, the method was found to be
equally efficient for both boronic acids and pinacol boronic
esters. Therefore, the compatibility of this method with boronic
esters can be considered as one of its main advantages over the
previous Pd-catalyzed protocols that were limited to boronic
acids.

In this realm, Raval's research group disclosed the cyanation
reactions of aryl boronic acids with aryl thiocyanates employing
N,N,N-trimethyl-2-(sulfooxy)ethanaminium palladium()

RSC Adv, 2024, 14, 9184-9199 | 9185
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(a)
Pd(PPhy), (3 mol%)
B(OH), CuTC (1.5-3.0 equiv.) CN
5 1,4-Dioxane, 100 °C, 12 h
1 3
13 examples (76-95%)

(b) ArCN 9/' pi(0) BnSCN (2)

LI'Pd‘\L L/,Pd\\L
ArHs'D‘CN BnS” YCN
CuTC
L /CNH L/ ‘\L
~ Bn _H.
4 07cu0 B s'Pd‘CN
L/ S’]_L:' : ni
A7 [0 2-thienyl Cu CO-2-thienyl
OH Y ~o” Y
C B
ArB(OH), (1)

Scheme 2 (a) Pd-catalyzed cyanation of (hetero)aryl boronic acids 1 with benzyl thiocyanate; (b) plausible mechanism for the formation
of(hetero)aryl nitriles 3.

(a) Pd(OAc), (1 mol%)
Cu(OAc),.H,0 (30 mol%)
I, (1 equiv.)
(O K,COj5 (1 equiv.) Cu
+ K,[Fe(CN)g] -
DMSO, 120-160 °C, 6-24 h
4 5
17 examples (12-90%)
(b) PdCl,(dppe) (1 mol%)
B(OR2)2 HCOOH (10 mol%) CN
HCOONa (3.0 equiv)
+ CuSCN -
DMSO/H,0 (8:1), 100 °C, 36 h
R! R
6a, R'= OH; R=H 7a, (38%)
6b, R'= OMe; R*>= H 7b, (52%)
6¢, R'= OMe; R?= Bpin 7e, (56%)

Scheme 3 (a) Pd-catalyzed cyanation of (hetero)aryl boronic acids 4 with K4[Fe(CN)gl; (b) Pd-catalyzed cyanation of (hetero)aryl boronic acids 6
with CuSCN.
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Scheme 4 Raval's synthesis of aryl nitriles 10.

PdCl,(PPhs), (10 mol%)
NHj; (excess)

Na,CO3 (20% aq.)
Xylene/THF (2:1), r.t., 2-3 h

10
15 examples (86-93%)

UCN

B(OR),
+ [""CINH,CN
12

DMF, 100 °C, 5 min

.@

13
32 examples (RCYs: 46-99%)

Scheme 5 Pd-catalyzed [*'Clcyanation of aryl boronic acids/esters 12 with [*CINH4CN.

chloride (IL-PdCl,) catalyst.** Herein, catalytic amounts of IL-
PdCl, in presence of Na,CO; (20% aq.) enabled deborylative
cyanation of various functionalized (hetero)aryl boronic acids 8
with aryl thiocyanate derivatives 9 under mild conditions to
dispense the targeted arylnitriles 10 with high functional group
compatibility (Scheme 4a). Notably, the same catalytic system
was also found very effective for cyanation of the same set of
boronic acids 8 with indole thiocyanates 11 (Scheme 4b).
Additionally, the catalyst could be reused at least for four times,
with only negligible loss of activity. Despite the mild conditions,
good yields, and high functional group tolerance; low atom
economy and large amounts of waste generation might limit the
application profile of these methods.

At the same year, an elegant deborylative [''C]cyanation of
organoboron compounds using NH;''CN as the [*'C]cyanide

source was developed by Zhang et al.** The optimal conditions
consisted of NH,'CN with an excess amount of NH, and
a catalytic amount of bench stable PdCl,(PPhs;), in DMF at 100 °
C. These conditions were successfully used to synthesize 32
(hetero)aryl-{"'C]-nitriles 13 in moderate to excellent radio-
chemical yields (RCYs) from the corresponding aryl boronic
acids/esters 12 within minutes (Scheme 5). Using this method,
they also reported ''C-labeling of 2-phenylvinylboronic acid
pinacol ester (an alkenylboronate) in an excellent RCY of 95 + 5.
It should be mentioned that using superstoichiometric
amounts of ammonia as the base in this strategy, eliminates the
need to remove the excess NH; during the production of
NH,''CN reagent, saving time and resources in the synthesis.
Following these works, Togni and co-workers deeply inves-
tigated Pd-catalyzed cyanation reaction of boronic acids with

Pd G5 p-OMs (2.5 mol%)

CN _ —
| Xantphos (5 mol%) CN
N B(OH), 0 N _0 K5PO, (20 mol%) X
4 T ~
I 1,4-Di 120°C, 12 h
_ ,4-Dioxane, C, = TTIH‘
Pd—
14 15 16 O ‘
23 examples (34-96%) MsO—t
L -2

Scheme 6 Togni's synthesis of aryl nitriles 16.
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the electrophilic ‘CN’ transfer reagents, N-CN reagents.** After
due screening of six N-CN reagents (N-cyanoheterocyclic
reagents, N-cyanoimides, and N-cyanoimines), 90 different
ligands, various catalysts (e.g., Pd(dba),, PEPPSI™-IPr, Pd G3 p-
OMs dimer) and bases (e.g., KOAc, Cs,CO3, and K;PO,), N-cya-
nosuccinimide 15 was found to be the most promising cyana-
tion agent and the merge of 2.5 mol% of Pd G3 n-OMs dimer
with 5 mol% of xantphos and 20 mol% of K;PO, was identified
as the best catalytic system. Pleasingly, a diverse range of aryl
boronic acids 14 bearing various synthetically useful function-
alities (e.g., OMe, CN, CHO, CO,Me, CF3, OCF;, NO,, F, Cl, SMe)
were amenable under the current Pd catalyzed regime,
providing the corresponding aryl nitriles 16 in modest to
excellent yields (Scheme 6). However, carboxylic acid, bromo,
and polyfluoro-substituted aryl boronic acids as well as N-het-
eroaromatic boronic acids were found to be unsuitable
substrates for this protocol. The authors explained these
observations by protonation of K;PO, with carboxylic acid
which is required to activate the precatalyst, homocoupling of
bromo-substituted substrate to form 4-bromobiphenyl side

View Article Online

Review

product, incompatibility of polyfluoro-substituted substrates
with the basic environment, and catalyst poisoning by N-het-
eroaromatic substrates.

2.2. Rhodium-catalyzed reactions

The first accomplishment for the synthesis of organic nitriles
via Rh-catalyzed cyanation of respective boronic acids revealed
from the laboratory of Prof. Beller in 2011.%* They showed that
in the presence of a catalytic amounts of [Rh(OH)(cod)], and
K,CO; (1 equiv.) the C-N bond of N-cyano-4-methyl-N-phenyl-
benzenesulfonamide 18 could be efficiently cleaved and
subsequently the CN moiety coupled with various (hetero)aryl
boronic acids 17 to afford the corresponding (hetero)aryl
nitriles 19 in moderate to high yields, ranging from 58% to 90%
(Scheme 7a). It should be mentioned that although the use of
boric acid (H;BO3) instead of K,CO; provided the target prod-
ucts in better yields, K,CO; was superior to H;BO; with respect
to substrate scope. Successively, the trend of compatibility of an
alkenyl boronic acid was also evaluated in the system. The
authors also investigated the applicability of their methodology

(a)
[Rh(OH)(cod)], (1 mol%)
BO:  pp CN K,CO; (1 equiv.) N H
- 2LU3 q | |
’ I ocah \Rh/O\Rh/
Dioxane, 80 °C, 4
Ts Voo N
17 18 19
14 examples (58-90%) [Rh(OH)(cod)],
b
®) B(OH); + HN” [Rh-OH]
llah ArB(OH), + Base
T 17
(HO),B._ _Ts B(OH); Naw
N \ /TS
| N
Ph [Rh-Ar] |
18 Ph
A
ArB(OH), + Base
17 e B
Rh/
Rh\ /TS A
N Naw
| \\ s
Ph ITJ
D L B Ph |
Ar
AICN (19) ATs
0
Rh  Ph
C

Scheme 7
mechanism for the formation of (hetero)aryl nitrile 19.
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(a) Rh-catalyzed cyanation of (hetero)aryl boronic acids 17 with N-cyano-4-methyl-N-phenylbenzenesulfonamide 18; (b) proposed

© 2024 The Author(s). Published by the Royal Society of Chemistry
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B(OH CN
X ©OH2 N Cs,CO; (2 equiv.) X
R—7 + R—+
l Dioxane, 100 °C, 6 h o
20 21 22

16 examples (65-97%)

Scheme 8 Cyanation of aryl boronic acids 20 with DMMN catalyzed by [Rh(Cl)(cod)]s.

B(OH),

Cu(NO3),-3H,0 (2 equiv.)

CsF (1 equiv.) CN

+ Zn(CN), (3 equiv.)

MeOH/H,0 (2.5:1), 80 °C, 2 h

23

Scheme 9 Hartwig's synthesis of (hetero)aryl nitriles 24.

for cyanation of boronic esters and found that the reaction
using phenyl boronate neopentylglycol ester afforded the cor-
responding benzonitrile in moderate yield. However, phenyl
boronic acid pinacolate did not undergo cyanation under the
identical conditions. Based on literature data, the author
proposed a catalytic mechanism for the synthesis of aryl nitriles
19 which encompassed the following steps (Scheme 7b): (i)
transmetalation of the aryl boronic acid 17 with an active rho-
dium(i) species to generate the aryl-rhodium species A; (ii)
coordination of the nitrogen atom of the C=N group of N-CN
reagent 18 to aryl-rhodium species A to give intermediate B; (iii)
the insertion of Rh-Ar into the nitrile carbon atom to afford
intermediate C; (iv) rearrangement of C to produce the observed
aryl nitrile 19 along with the reactive Rh species D; and (v)
transmetalation of D with boronic acid 17 to regenerate the aryl
rhodium species A and complete the catalytic cycle.

Drawing inspiration from this work, a facile Rh-catalyzed
cyanation of organoboron compounds with dimethylmalono-
nitrile (DMMN, 21) as a commercially available, non-toxic and
bench-stable cyanating agent was developed by Reeves et al.**
An assembly of [Rh(Cl)(cod)], and Cs,CO; appeared to be the
most effective catalytic systems. By this protocol, various aryl
boronic acids 20 bearing o/m/p substituents were successfully
converted to the corresponding aryl nitriles 22 (Scheme 8).
Notably, heteroaryl boronic acids were also well tolerated under
the reaction conditions. Besides, both neopentylglycol aryl
boronic acid esters and aryl potassium trifluoroborates could
also be employed. However, aryl pinacolboronate esters failed to
produce any product under the optimized conditions.

2.3. Copper-mediated/catalyzed reactions

In 2010, Hartwig and co-workers reported the first general
protocol for copper-mediated cyanation of boronic acids/esters
using Zn(CN), as the cyanide source.*® In this investigation,
various copper salts (e.g., Cu(OAc),, CuCN, CuBr, Cu(NOj3),,
CuSO,) and bases (e.g.,, KOH, K3PO,, K,CO3, KF, CsF) were
examined and the Cu(NOj;),/CsF system in MeOH/H,O (2.5:1)

© 2024 The Author(s). Published by the Royal Society of Chemistry

24
8 examples (58-70%)

was found to be optimal for this C-C bond formation reaction.
The current methodology tolerated both aromatic and hetero-
aromatic boronic acids 23 and afforded the corresponding
(hetero)aryl nitriles 24 in good yields (Scheme 9). Moreover,
alkenyl boronic acids also accomplished the respective products
in satisfactory yields. Intriguingly, this procedure could achieve
the one-pot meta-cyanation of 1,3-disubstituted arenes by
iridium-catalyzed C-H borylation, followed by copper-mediated
cyanation of the formed pinacol arylboronate esters. The author
nice displayed the applicability of their methodology by high
yielding synthesis of etravirine, an anti-HIV medicine. Unfor-
tunately, they did not unravel the plausible mechanistic cycle
for the transformation. Interestingly, nowadays, this strategy is
widely used as a general, practical, and viable method to build
up libraries of nitriles.’**>

Shortly afterwards, Cheng's research group developed two
alternative sets of suitable reaction conditions for the Cu-
mediated cyanation of aryl boronic acids: CuCN in the pres-
ence of K,CO;, and trimethylsilyl cyanide (TMSCN) in the
presence of Cul and K,CO;.** Thus, a range of functionalized
aryl boronic acids 25 were subjected to these complementary
protocols, affording the corresponding products 26 in good to
moderate yields, irrespective of the nature of substituents
(Scheme 10). Notably, both protocols also permitted the usage
of arylboroxines and aryl boronic acid pinacol esters under the
standard reaction conditions. Unfortunately, no comment was
made by the authors regarding the mechanistic aspects of the
reactions. A detailed review of the scientific literature revealed
that the CuCN-mediated procedure was further successfully
applied to the preparation of various (hetero)aryl nitrile deriv-
atives by other groups.**** Drawing inspiration from this work,
in a closely related investigation, Han and co-workers also re-
ported the synthesis of diverse aryl nitriles by the reaction
between corresponding aryl boronic acids/esters with TMSCN
using Cu,O as a catalyst and 1,2-dimethylethylenediamine
(DMEDA) as a ligand.*® The reactions were carried out at room
temperatures under O, atmosphere and provided moderate to

RSC Adv, 2024, 14, 9184-9199 | 9189
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(a)
CuCN (1 equiv.)
B(OH CN
X (OH), K,CO; (3 equiv.) X
R— > R
l DMEF, 60 °C, 2 h l
25, (1.5 equiv.) 26

13 examples (42-96%)

(b) TMSCN (1 equiv.)
Cul (0.55 equiv.)
B(OH CN
X (OH), K,COj5 (3 equiv.) R
R— > R—r
l DMEF, 60 °C, 2 h l
25, (1.25 equiv.) 26

13 examples (52-91%)

Scheme 10 Cu(l)-mediated cyanation of aryl boronic acids 25 developed by Cheng.

excellent yields of the desired products. The results indicated
that the reaction was equally efficient for both aryl boronic acids
and esters. However, heteroaryl boronic compounds turned out

to be ineffective coupling partners under the standard reaction
condition.

In 2012, Chang and co-workers have made an important
contribution to the field by developing a highly efficient cyanation

(a) NH4I (2 equiv.)
CU(NO3)2'3H20 (2 equiV.)
B(OH), HOAC (2 equiv.) CN
(CH;),NCHO (DMF), O,, 130°C, 18h
27 28
15 examples (46-92%)

®) 0 G)No [Cu]

2Cu(NO3), 3 [Cu] O °NH
DMF > H N e 2.CH —> | CN

N | o
2CuNO; Me
- HNO; A B Me
120,
ONH,| + 2HOAe —————> INH,0Ac + I,
-Hy
Cu(NO3)2 + NH4I ﬂ) NH4NO3 + Cul
O,
©
I,/CuX,, or Cul or NH4l/CuX, l CN ] / CuX,,
(OH), ! or CuCN f
27 C 28

Scheme 11
formation of (hetero)aryl nitriles 28.
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(a) Cu-mediated cyanation of (hetero)aryl boronic acids 27 using NH4l and DMF; (b) proposed mechanistic pathway for the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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| X (OH), Ag,CO; (1 equiv.) | AN
U " °c.20h R
DMF, 100 °C, 20

Z Cl CN =
29 30 o 31

Scheme 12 Cu-catalyzed cyanation of aryl boronic acids 29 with DDQ.

reaction of organoboron compounds using the merge of ammo-
nium iodide (NH,I) with DMF as a safely combined cyano
source.” They disclosed that treatment of various (hetero)aryl
boronic acids 27 with NH,I in the presence of Cu(NO3),-3H,0 in
DMF under O, atmosphere afforded the corresponding (hetero)
aryl nitriles 28 with yield ranging from 46% to 97% (Scheme 11a).
Furthermore, the procedure could also be applied to other
substrates including borate salts and electron-rich arenes. In
these reactions, NH,I was found to play a dual role: as a donor of
the “N” unit of the cyano moiety and as a source of iodide for the
formation of iodine. Mechanistically, it was believed the reaction
might proceed through an iodination/cyanation sequential
process as depicted in Scheme 11b.

Concurrently, by utilizing 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ; 30) as cyanide source, Cheng and Chen
team reported cyanation of a series of aryl boronic acids 29
employing a combination of Cu(OTf),, K,COs, and Ag,CO; as
the catalytic system in dry DMF (Scheme 12).*® Various
synthetically useful functional groups such as chloro, cyano,

14 examples (60-95%)

functionalities were tolerated on the phenyl ring periphery of
boronic acids to produce the nitrile products 31 in moderate to
excellent yields. It should be mentioned that the presence of all
components of the catalytic system (i.e., Cu(OTf),, K,CO3, and
Ag,CO;) were crucial to the success of this transformation. No
target product was detected in the absence of any of them.
Soon after, Lu and Wang along with their co-workers
exploited benzyl cyanide 33 as the CN source for the Cu-
mediated cyanation of boronic acids/esters under oxidative
conditions.* Particularly, the reaction was facilitated by Cul (1
equiv.) in N,N-dimethylacetamide (DMAc) using 2 equiv. of tert-
butyl hydroperoxide aqueous solution (TBHP) as an oxidant. In
this report, 16 (hetero)aryl nitriles 34 were synthesized in fair to
good yields from the respective (hetero)aryl boronic acids 32
(Scheme 13a). In addition to aryl boronic acids, the authors
investigated the cyanation of aryl boronic esters under their
optimal conditions, which generally demonstrated similar
reactivity to the parent boronic acids. Despite these good
results, it seems that the required elevated temperature (130 °C)

nitro, ether, thioether, aldehyde, ketone, and ester may preventthe application of this process in organic synthesis.
Cul (1 equiv.)
B(OH .
@ (OH), TBHP (aq. 2 equiv.) CN
+ PhCH,CN > @
DMAc, 130°C,20 h
33
32 34
16 examples (31-87%)
O
(b) )J\
)(L Nu Ph Nu
— Pk~ CN NS
Cul A o
o — > CN
P N 'BuOOH OH
33
L
Ph CN -PhCHO — ArCN
B 34
Cul Cul
Ar—B(OH), ——— > Ar— I ——— > ArCul —
‘BuOOH
32 C D
Scheme 13 (a) Cu-mediated cyanation of (hetero)aryl boronic acids 32 using benzyl cyanide 33; (b) mechanistic proposal for the formation of

(hetero)aryl nitriles 34.
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Cu(OAc), (20 mol%), phen (20 mol%)

B(OH),

NIS (1.1 equiv.), (Me;Si), (2 equiv.)
TEMPO (2 equiv.), 'Pr,NH (1 equiv.)

35

Scheme 14 Shen's synthesis of (hetero)aromatic nitriles 36.

CH;CN, 150 °C, 48-72 h

\i

36
34 examples (21-99%)

(CuOTf), toluene (15 mol%)
dtbpy (33 mol%)

BO| + ICN

3
37

CsF (2.2 equiv.)
MeOH/H,0 (4:1), 130°C, 12-24 h

38
17 examples (45-84%)

Scheme 15 Cu-catalyzed cyanation of (hetero)aryl boroxines 37 with ICN.

Moreover, the protocol is not viable for up-scale synthesis due to
the drastic reduction in the yield (from 82% in the 0.5 mmol
scale, to 56% in the 6.0 mmol scale). The authors also proposed
the two possible putative pathways for this transformation
which is shown in Scheme 13b. Later, the same catalytic system
was found very effective for cyanation of a broad range of aryl
boronic acids with ethyl (ethoxymethylene)cyanoacetate.*® In
2017, Wang and Zhang utilized a conceptually similar strategy
to construct a library of (hetero)aryl nitriles in acceptable
yields.*

In 2015, Shen and co-workers reported an elegant way for the
cyanation of organoboron compounds with Cu-catalyst by using
acetonitrile as the solvent and a slow dosage CN source with
Cu(OAc),/phen/NIS/(Me;Si),/TEMPO/'Pr,NH system.*> In this
process, TEMPO played a dual role: firstly, in the generation of
the active cyanating agent (TEMPOCH,CN) and secondly, as an
oxidant in this catalytic cyanation. As shown in Scheme 14, the
system enabled the cyanation of a broad range of (hetero)aryl
boronic acids 35 to provide (hetero)aromatic nitriles 36 in fair to
quantitative yields. Fortunately, the protocol also functioned
smoothly with boronic esters (naphthalene-2-boronic acid
pinacol ester) and borate salts (potassium trifluoro(phenyl)
borate). However, the method suffers from certain disadvan-
tages, such as prolonged reaction times (2-3 days), harsh
conditions (150 °C) and require several catalytic components
which may leads to the production of large amounts of chemical
waste. According to mechanistic studies, this cyanation reaction
proceeds through two sequential steps: initial iodination fol-
lowed by cyanation.

Encouraged by the above results, Okamoto-Ohe's research
group developed an efficient method for the cyanation of
different (hetero)aryl boroxines 37 on the use of cyanogen
iodide (ICN) in the presence of 15 mol% (CuOTf),-toluene as
catalyst, 33 mol% of dtbpy as ligand and 2.2 equiv. CsF as

9192 | RSC Adv, 2024, 14, 9184-9199

base.>® The reactions were performed in a Schlenk tube in
a mixture of MeOH/H,0O medium at 130 °C, tolerated a wide
range of useful functionalities, and generally provided the
desired (hetero)aryl nitriles 38 in moderate to high yields
(Scheme 15). The reaction was also compatible with alkenyl
boroxines, affording the corresponding alkenyl nitriles in good
yields. Double cyanation of a diboronic acid also proceeded
successfully by using double the amount of cyanating agent.
The author illustrated a reasonable mechanism by taking cues
from the control experiments which involved two catalytic
cycles, including a Cu(u)-catalyzed iodination of boroxines, and
the following CuCN-mediated cyanation of organic iodides.

In 2017, Liang and co-workers described the first Cu-
catalyzed [''Cleyanation of aryl boronic acids with [*'C]JCsCN
to access ''C-labelled nitriles.** To evaluate the activity of
different catalytic systems, (4-bromo/methoxy-phenyl)boronic
acids were chosen as the model reactants. The combination of
inexpensive and commercially available Cul with DMEDA was
found to be more effective, which gave better yields of "'CN-
substituted products. The solvents such as DMF, DMA,
DMSO, MeCN, 1,4-dioxane, and DMF/H,O were examined and
a good yield of product was obtained when using the binary
solvent. Under standard conditions, various aromatic and het-
eroaromatic boronic acids 39 reacted efficiently to give the
desired *'C-labelled products 40 in radiochemical conversions
(RCCs) up 70%, determined by radioTLC (Scheme 16). Subse-
quently, Scott's research team further extended this labeling
precursors to other boron compounds (boronic esters, tri-
fluoroborate salts) and arylstannanes by using Cu(OTf),/pyri-
dine system.”®

2.4. Manganese-mediated reactions

Very recently, a beautiful and efficient manganese-mediated
cyanation of (hetero)aryl boronic acids 41 with commercially

© 2024 The Author(s). Published by the Royal Society of Chemistry
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B(OH),

DMEDA (2 pL)
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Cul (] mg) llCN

+ [''C]CsCN

39, (4 mg)

DMF/H,0 (3:1), 150 °C, 5 min

40
12 examples (RCCs: 8-70%)

Scheme 16 Cu-catalyzed ["'Clcyanation of aryl boronic acids 39 with ["'CICsCN developed by Liang.

Mn(OAc);-2H,0 (3 equiv.)
PhCO,H (2 equiv.)

CN

@ B(OH
( )2+ @_C;I) /Phph
— \
41 42
(b)
Ar—B(OH), (41)
Mn(IIT)
Y
“Mn(IT) ,
Ar—Mn(Ill) (A) ———— > Ar (B)
R—NC (42) R—NC (42)
Y
2 '
N R
A N
v S Mo
(D)

K

Toluene, 80 °C, 12 h

L
Y

43
24 examples (25-94%)

Mn(IIT)= Mn(OAc)(OBz)5

(x=3,2,10r0)
Mn(1IT) Mn(II)
\ N _*
> Ar——=N—R
path (B)

Ar—CN
(43)

A

(E)

Scheme 17
(hetero) aryl nitrile 43.

available trityl isocyanide 42 as cyanating agent using the
system comprising of cheap and non-toxic Mn(OAc);-2H,0 as
mediator and benzoic acid as an additive was developed by Li
and coworkers.*® As shown in Scheme 17a, a wide range of ortho-
, meta-, and para-substituted aryl boronic acids with diverse
steric and electronic properties were amenable in this reaction,
rendering the respective nitriles 43 in modest to excellent yields.
However, alkenyl- and alkylboronic acids were incompatible in
the reaction and applicability of boronic esters as starting
materials was not investigated in this study. Notably, the

© 2024 The Author(s). Published by the Royal Society of Chemistry

> R —» ROH

(F)

Mn(ll[) Mn(I[)

(@) Mn-mediated cyanation of (hetero)aryl boronic acids 41 with trityl isocyanide 42; (b) proposed mechanism for the formation of

authors claimed that compared with palladium-, rhodium-, or
copper-catalyzed transnitrilation, their methodology showed
better functional group compatibility. Based on the previous
literature report, they proposed a mechanistic scenario which is
depicted in Scheme 17b. At first, aryl boronic acid 41 undergoes
transmetalation with Mn(m) to form Mn(m)-aryl species A,
which after Mn homolysis leads to aryl radical B and Mn(u).
Subsequently, addition of radical B to the isocyanide 42 affords
an imidoyl radical C (this radical can be also formed through
the intermediate D) that, then loses a R’ radical E to give the
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expected aryl nitrile 43 (Scheme 17b, path A). In another
possibility, oxidation of the imidoyl radical D leads to the cor-
responding cation G that, after elimination of the R" cation F
produces the observed aryl nitrile 43 (Scheme 17b, path B).

3. Thiocyanation of aryl boronic acids

The possibility of synthesizing aryl thiocyanates through
deborylative thiocyanation of aryl boronic acids was first
demonstrated by Hu and co-workers in 2013, who synthesized
a library of 16 aryl thiocyanate derivatives 45 through the reac-
tion of corresponding aryl boronic acids 44 with inexpensive
and stable KSCN in the presence of 20 mol% of Cu(OAc), as
a catalyst and 2.0 equivalents 4-methylpyridine as both a ligand
and a base using molecular oxygen as a terminal oxidant.”” This
Cu-catalyzed C-S coupling reaction tolerated both electron-rich
and electron-poor aryl boronic acids 44 and provided the
respective aryl thiocyanates 45 in up to 91% yields
(Scheme 18a). However, the protocol was unsuccessful for NO,-
substituted substrates. Furthermore, neither alkylboronic acids
nor vinylboronic acids were reacted under the conditions
employed. Subsequently, the authors improved their method-
ology in terms of yield and substrate scope using trimethylsi-
lylisothiocyanate (TMSNCS) as SCN source and a combination
of CuCl, TMEDA, NaF, and K,CO; as the catalytic system.*®
Irrespective of nature and position of the substituents, both
electron-donating (Me, OMe, vinyl) and electron-withdrawing
(F, Cl, Br, CF3, CHO, COMe, CO,Me, CN, NO,) functionalities
were tolerable under the current protocol, delivering the cor-
responding aryl thiocyanates 47 in moderate to high outcomes
(Scheme 18b). However, as the same results in their previous
report, heteroaryl, alkyl, and alkenyl boronic acids were proven
not to be adaptable substrates for this reaction. In addition,
when boronic esters and borate salts were employed under the
optimal reaction conditions, only trace amounts of corre-
sponding aryl thiocyanates were obtained. In Scheme 19,
a reasonable mechanistic pathway for this thiocyanation

View Article Online

Review

reaction is suggested. Initially, LCu(1)Cl A undergoes exchange
with the in situ generated NCS™ anion to give reactive LCu(1))SCN
B, which after oxidation by oxygen leads to the bis(u-oxo)
dicopper(ur) complex C. Next, this complex C reacts with two
molecules of aryl boronic acid 46 to form intermediate D which
after aryl group transfer to the Cu atom affords E. Subsequent
decomposition of complex E generates two monomeric cop-
per(m) complex F. Later, reductive elimination of this complex F
affords the desired product 47 and LCu(1)-OB(OH), G. Finally,
the formed G undergoes further exchange with the NCS™ anion
to complete the catalytic cycle by reproducing LCu(1)SCN B.

Subsequently, electrochemical version of this thiocyanation
reaction was developed by Goofden and co-workers.** They
showed that the treatment of various (hetero)aryl boronic acids
48 with ammonium thiocyanate (NH,SCN) in an undivided cell
assembled with simple Pt sheet electrodes under constant
current conditions provided the corresponding (hetero)aryl
thiocyanates 49 within 2 h (Scheme 20). Beside short reaction
time, mild reaction conditions, simplicity, safety, and no need
for metal-catalysts, bases, and additives can be considered as
the advantages of this synthetic strategy. In this study, the
authors found some limitations in their protocol when they
attempted to react electron-neutral phenyl-, 1-naphthyl-, and 2-
naphthyl-boronic acids, electron-rich tolyl- and biphenyl-
boronic acids, and strongly electro-poor substrates such as 4-
cyanophenyl-boronic acid. In these cases, very poor yields or
even no desired product was observed at all. Gratifyingly, the
authors partly solved this limitation by replacing boronic acids
with corresponding trifluoroborates.

Along this line, Fu, Cai, and their colleagues recently ach-
ieved the electrochemical thiocyanation of (hetero)aryl boronic
acids 50 with TMSNCS under catalyst- and oxidant-free condi-
tions.* The reaction was conducted in an undivided cell with
graphite electrodes under constant-current electrolysis at 10 mA
in anhydrous MeCN/H,O mixed solvents at room temperature
and afforded the target (hetero)aryl thiocyanates 51 in relatively
poor to high yields (Scheme 21). Although this method showed

(a)
Cu(OAc); (20 mol%)
B(OH 2 SCN
I AN (OH); 4-methylpyridine (2 equiv.) I AN
R—T + KSCN > R—
— MeCN, 3 A MS, 0,,80°C, 12 h _—
44 45
16 examples (25-91%)
(b) CuCl (20 mol%)
TMEDA (20 mol%)
NaF (1 equiv.)
B(OH SCN
I X (O K,CO; (4 equiv.) I X
R—1 + TMSNCS > R—r
P MeCN, 3 AMS, O,,1.t., 12 h 7
46 47

Scheme 18
boronic acids 46 with TMSNCS.
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17 examples (45-89%)

(a) Cu-catalyzed oxidative coupling between aryl boronic acids 44 and KSCN; (b) Cu-catalyzed oxidative thiocyanation of aryl

© 2024 The Author(s). Published by the Royal Society of Chemistry
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TMSNCS + NaF —» NCS~

N
Ll < Cu—SCN
/ 02
N

N

\ \ /N

Cu—OB(OH), N—Ci Cu—N

/ / \O/ \ )
N NCS N

C Ar—B(OH),
Ar—SCN 46
47

F B(OH)2 HORB,,
( N Ar ' SCN / b
\/ / \ /

N— —N
\ //\ )
NCS Ar N
(OH)2B
E

Scheme 19 Plausible reaction pathway for the formation of aryl thiocyanates 47.

B
B(OH), Pt SCN

(1= 80 mA)

MeCN/HCOH (9:1), r.t., 2 h
48 49

11 examples (38-100%)

Scheme 20 Electrochemical ipso-thiocyanation of (hetero)aryl boronic acids 48 with NH4SCN.

B(OH), C E SCN

+ TMSNCS >
KF (5 equiv.), (I= 10 mA)

MeCN/H,O0 (10:0.05), r.t., 80-300 min
50 51

20 examples (21-87%)

Scheme 21 Metal-free electrochemical thiocyanation of (hetero)aryl boronic acids 50 with TMSNCS.
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better functional group tolerance than Goofen's strategy, but,
unfortunately, electron-neutral and electron-poor substrates
were sluggish to participate in this protocol. Following these
works, Han-Xu's research group successfully synthesized two
aryl thiocyanate derivatives in high yields by simple heating of
the corresponding aryl trifluoroborates in the presence of
NaSCN (4 equiv.) in DMSO/HOAc (1:1) at 80 °C.**

(a)

View Article Online

Review

4. Selenocyanation of aryl boronic
acids

Synthesis of aryl selenocyanates through the deborylative sele-
nocyanation of corresponding boronic acids has been scarcely
studied; in fact, only three examples were reported on such
reactions till date. In 2019, Redon, Vanelle, and colleagues
revealed that the treatment of (hetero)aryl boronic acids 52 with

B(OH), SeCN
+ 8e0, +NCT N -
DMSO, 60 °C, 14 h
53
52 54
22 examples (29-98%)
(b) NCSefe,SeCN
NCSe<_ _-SeCN Se
Sé | _OH
B(OH), B SeCN
A © “OH
> —_— + B(OH),SeSeCN
52 B 54

Scheme 22
nocyanates 54.

(a) Redon-Vanelle's synthesis of (hetero)aryl selenocyanates 54; (b) plausible mechanism for the formation of (hetero)aryl sele-

(a) |—|
B(OH), C SeCN
+ KSeCN >
(I= 10-15 mA)
MeCN/H,0 (10:0.05), r.t., 80-300 min
55 56
19 examples (42-89%)
(b)
anode || cathode
| ! |
1/2H,
2 SeCN® O +o
e Hzo
1/2 (HO),B-B(OH),
2'SeCN — (SeCN),
+e
“B(OH),
SeCN
| N | X
R_I R_I
= =
55 A 56

Scheme 23
formation of aryl selenocyanates 56.
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(a) Electrochemical deborylative selenocyanation of (hetero)aryl boronic acids 55 with KSeCN; (b) proposed mechanism for the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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SeCN

+ Se powder + TMSCN

57

fy
: o

58
41 examples (26-99%)

DMSO, 120°C, 12 h

Scheme 24 Catalyst-free three-component reaction of aryl boronic acids 57, Se powder, and TMSCN.

selenium dioxide and malononitrile 53 under catalyst- and
additive-free conditions afforded the respective (hetero)aryl sele-
nocyanates 54 in up to 98% yields (Scheme 22a).** The results
indicated that substrates bearing an electron-donating group (e.g:,
Me, OMe) afforded better yields than those with an electron-
withdrawing group (e.g, Cl). Notably, substrates bearing
a strongly deactivating (CF3, NO,) group in para-position, failed to
participate in this reaction. A possible reaction mechanism for
this selenocyanation involves the formation of triselenodicyanide
intermediate A through the reaction of selenium dioxide with
malononitrile in DMSO. Then, aryl boronic acid 52 reacts with
this intermediate A to form complex B, which after intramolecular
nucleophilic addition of aryl ring of the aryl boronic acid on to the
electrophilic SeCN group affords the desired arylselenocyanate
compound 54 (Scheme 22b).

In 2020, in the same paper describing the electrochemical
deborylative thiocyanation of aryl boronic acids to aryl thiocya-
nates using TMSNCS as a thiocyanation reagent in the presence of
KF, Cai and co-workers reported the successful electrocatalytic
selenocyanation of aryl boronic acids to produce corresponding
aryl selenocyanates under metal-free conditions.”” Thus, in
a simple undivided cell equipped with two graphite felts under
constant current conditions (10-15 mA) in aqueous solution of
MeCN, the reaction of various electron-rich aryl boronic acids 55
with KSeCN at room temperature furnished the desired aryl
selenocyanates 56 in moderate to high yields (Scheme 23a).
Unfortunately, aryl boronic acids bearing electron-withdrawing
groups (e.g., Cl, Br, CN, CO,Me) was proven not to be adaptable
substrates for this electrosynthesis. In the plausible mechanistic
pathway, the authors speculated that this reaction proceeds via
generation of selenocyanate radical ('SeCN) intermediate through
a single-electron-transfer process at the anodic. Next, radical
coupling of this intermediate forms selenocyanogen, (SeCN),,
which after heterolytic bond-cleavage affords the electrophile
SeCN". Subsequently, electrophilic attack of this cation to aryl
boronic acid 55 produces active adduct B. Finally, the elimination
of "B(OH), from intermediate B leads to the formation of the
expected aryl selenocyanate 56 (Scheme 23b).

Recently, Zhou-Liu's research team developed a general and
straightforward strategy for the synthesis of (hetero)aryl seleno-
cyanates 58 via catalyst- and additive-free selenocyanation of
a diverse range of (hetero)aryl boronic acids 57 with TMSCN and
elemental selenium (Scheme 24).% The reactions showed very good
tolerance to a number of important and sensitive functional
groups such as the trifluoromethyl, trimethylsilyl, tri-
fluoromethoxy, aldehyde, ester, ether, thioether, and halogen

© 2024 The Author(s). Published by the Royal Society of Chemistry

groups. Moreover, the authors also successfully extended this
protocol to the high yielding synthesis of five- to seven-membered
selenaheterocycles.

5. Conclusion

Aryl nitriles are highly common structural motifs found in
a variety of pharmaceuticals, agrochemicals, dyes, and natural
products. They also serve as the versatile precursors for synthesis
of the diverse functional groups. In a similar way, aryl thiocya-
nates and selenocyanates are also important structural motifs in
pharmaceuticals and biologically active compounds. Addition-
ally, they are used as versatile intermediates in the synthesis of
various valuable sulfur- and selenium-containing derivatives,
respectively. Conventional methods for aryl (thio-/seleno-)
cyanates formation involve (thio-/seleno-)cyanation of active
aryl species, mainly aryl halides or aryldiazonium salts. However,
these methods suffer from certain disadvantages, such as liber-
ation of hazardous halogen by-products and explode unpredict-
ably of aryl diazonium salts. In order to overpass this limitations,
(thio-/seleno-)cyanation of low toxic, high stable, and easily
accessible, aryl boronic acids have emerged as viable and general
protocol for the preparation of the titled compounds. As shown
in this review, a variety of cyanating agents have been utilized for
the cyanation of (hetero)aryl boronic acid derivatives. However,
almost all of these reactions are limited to the use of palladium
and rhodium catalysts or (super)stoichiometric copper salts.
Thus the exploration of first row transition metal catalysts on this
chemistry will be highly desirable from the standpoint of
economy and green chemistry. On the other hand, the number of
reported examples on thio- and selenocyanation reactions are
narrow and there is further need to study the scope and limita-
tions of these reactions and explore applicability of other thio-
and seleno-cyanating agents in these reactions. The literature
scan also showed that no reporting guideline exists for the
electrochemical cyanation of aryl boronic acids and only
a handful of electrochemical methodologies have been reported
for thio- and selenocyantion. Considering that the large amounts
of wasteful stochiometric oxidants used by many of the methods
summarized in this review, it seems that development of external
oxidant-free electrochemical strategies can bypass this
limitations.
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