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Abstract Benzotriazoles are employed as useful synthons in organic
synthesis, and due to their unique structural motif, they are able to un-
dergo denitrogenation during the construction of new bonds. Various
methods for the functionalization of benzotriazoles as precursors of
ortho-amino arenediazoniums have recently been developed that in-
volve transition-metal-catalyzed coupling reactions, mainly via cycliza-
tion, borylation, alkenylation, alkylation, carbonylation and the forma-
tion of carbon-heteroatom bonds. In this short review, we primarily
focus on the recent applications of benzotriazoles in organic chemistry
that proceed via a denitrogenative process, and the mechanisms are
also discussed.
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1 Introduction

1,2,3-Triazoles represent an important class of heterocy-
clic compounds of significant biological relevance.'> Owing
to their unique structural motif, they readily undergo ring-
chain isomerization via a Dimroth-type equilibrium to
form diazonium or diazo species (Scheme 1, a). In the past
decades, numerous novel reactions have been explored on
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the basis of this unique reactivity. Among these, much
progress has been made on the transition-metal-catalyzed
diazo reactions of N-sulfonyl-substituted 1,2,3-triazoles
(Scheme 1, b), which can act as an alternative source of a
diazo synthon.? Rhodium catalysts have shown high effica-
cy for this transformation. However, the ring-opening of
relatively stable benzotriazoles occurs under harsh condi-
tions, such as thermolysis and photolysis,* which for de-
cades has led to poor development.

Transition-metal-catalyzed cross-coupling reactions
have emerged as a powerful tool for the construction of car-
bon-carbon and carbon-heteroatom bonds in organic syn-
thesis,> and the application of this strategy to the ring
cleavage of benzotriazoles would be of significant value for
the synthesis of various nitrogen-containing compounds
known for their wide range of pharmacological activities
(Scheme 1, c). In 2009, Nakamura and co-workers reported
the palladium-catalyzed [3+2]-cycloaddition of N-aroyl-
benzotriazoles with internal alkynes via a denitrogenative
process for the synthesis of indole derivatives.® This pio-
neering work encouraged several investigations in the fol-
lowing years into the transition-metal-catalyzed denitroge-
native reactions of benzotriazole derivatives as synthetic
precursors of ortho-amino arenediazoniums, which exhibit
fascinating chemistry leading to pharmacologically relevant
scaffolds II-XV, as depicted in Scheme 2. For instance, the
transition-metal-catalyzed intermolecular cyclizations of
benzotriazoles have been achieved through unsaturated hy-
drocarbons as coupling partners, such as internal and ter-
minal alkynes, 1,3-dienes, allenes, N-allenamides, etc.5-13
On the other hand, intramolecular cyclizations for the syn-
thesis of benzothiazoles and benzoxazoles have been re-
cently reported by the Tiwari group.!4-2!
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Scheme 1 Ring-opening chemistry of 1,2,3-triazoles and benzotriazoles
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Scheme 2 The denitrogenative reactions of benzotriazoles I leading to
various biologically relevant molecules 11-XV

In this short review, we mainly focus on the denitroge-
native functionalization of benzotriazoles, their scope in or-
ganic synthesis and their mechanisms (Scheme 2). We sin-
cerely hope that this review will serve as a useful reference
for chemists interested in benzotriazole chemistry, particu-
larly benzotriazole ring cleavage (BtRC) methodology, and
in discovering new transformations in organic synthesis.

2 Common Synthetic Routes Allowing Easy
Access to Benzotriazole Derivatives

A range of diverse N1-substituted benzotriazoles I was
prepared in good to high yields through routine intramolec-
ular N-arylation of o-chloro-1,2,3-benzotriazenes XVI (ob-
tained from o-chloroaniline via diazotization followed by
coupling with amines) when treated in the presence of
Cul/Cs,CO; in refluxing DMF (Scheme 3).272> Similar expe-
ditious Buchwald-Hartwig-type chemistry was further
devised under palladium catalysis [Pd(OAc),/Cs,CO5].27¢
Another fascinating way to furnish the desired N1-aryl-
benzotriazoles I was successfully established through
C-H activation of aryl triazines XVII followed by intramo-
lecular amination under palladium catalysis.2’¢¢ On
the other hand, in presence of NaNO, and acetic acid at 0 °C,
o-(arylamino)arylaminophosphoranes XVIII underwent cy-
clocondensation and furnished high yields of the corre-
sponding N1-arylbenzotriazoles within 5-20 minutes.?’f Al-
ternatively, the [3+2]-cycloaddition reaction of benzyne de-
rivatives XIX with various organic azides under click
conditions (Cul/base) successfully afforded high yields of
the respective N1-substituted benzotriazoles 1.27¢-1 Like-

Short Review

wise, [3+2]-cycloaddition of cyclohexenones XX with a va-
riety of aryl azides in the presence of a catalytic amount of
pyrrolidine followed by 2,3-dichloro-5,6-dicyano-1,4-ben-
zoquinone (DDQ)-mediated oxidative aromatization under
one-pot conditions afforded high yields of N1-arylbenzotri-
azoles 127 Interestingly, the reaction of (Z)-1-aryl-3-hexen-
1,5-diynes with sodium azide can further deliver high
yields of N1-benzotriazoles.?’®! Moreover, simple and
straightforward routes for the NH-arylation of benzotri-
azole XXI under copper or palladium catalysis are frequent-
ly utilized for the synthesis of functionalized NH-benzotri-
azoles 1.27m-p

__PPhy

ArNg, Pyrrolidine
—_—
Aromatization

EWG
XX

Pd/Cu-Catalyzed
N-Arylation/Alkylation

| A N‘\N N N
A~y N-Acylation (:[ 3y MeThioacylation N
N ’ — NR2
=0 N z=NR20,S =s

1 1
xxu R XXI xxut

Scheme 3 Common routes for the synthesis of benzotriazoles and
their derivatives

Over the past few decades, N-acylbenzotriazoles and
thioacylbenzotriazoles have been employed as very useful
synthons in a number of N-, C-, S- and O-acylation reactions
to develop many pharmacologically active molecules.
There are several well-established protocols for the N-acy-
lation of benzotriazoles. As the very first example, a carbox-
ylic acid can be activated by means of thionyl chloride and
subsequently reacts with benzotriazole in anhydrous di-
chloromethane at room temperature to furnish the corre-
sponding N-acylbenzotriazoles XXII in high to excellent
yields.?83 Other notable examples of the N-acylation of ben-
zotriazoles include the reactions of carboxylic acids with
NBS/PPh;/BtH (BtH = benzotriazole) in dry dichlorometh-
ane at 0 °C,28 I,/PPh,/Et;N/BtH, 28 RSO,Bt/Et;N/BtH in THF
under refluxing conditions,?8%¢ TsCl/Et;N/DMAP/BtH in di-
chloromethane,?® 24 6-trichloro-1,3,5-triazine (TCT)/BtH
in the presence of Et;N in an organic solvent,?%8 NaHCO; in
an aqueous medium,28" trichloroisocyanuric acid/PPhs/BtH
in dichloromethane,?® N-propanephosphonic acid anhy-
dride (T;P@)/pyridine in DMF at room temperature,?®
and 2,2'-dipyridylsulfide/Ph;P/BtH in dichloromethane.?8
N-Thioacylbenzotriazoles XXIII (ROCSBt or RSCSBt) were
obtained in excellent yields simply by reacting alcohols or
thiols with bis(1-benzotriazolyl)methanethione (BtCSBt) in
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the presence of a suitable base. However, the reactions of
secondary amines (R,NH) with bis(1-benzotriazolyl)meth-
anethione furnished the respective N-thioacylbenzotri-
azoles (R,NCSBt) in excellent yields in 30 minutes even in
the absence of a base (Scheme 3).141>

3 Formation of C-C Bonds
3.1 Cyclization Reactions

Nitrogen-containing fused heterocycles are widely
found in natural products and pharmaceuticals.?® Signifi-
cant efforts have been devoted to the development of new
synthetic methods for their preparation because of their
important biological and physiological activities. Among
these methods, cyclization and cycloaddition reactions
have been established as the most useful transformations.*°
In recent years, benzotriazole derivatives have been em-
ployed in inter- and intramolecular cyclizations via a de-
nitrogenative process for the synthesis of various nitrogen-
containing fused heterocycles.5-20

In 2009, Nakamura and co-workers reported a novel
route for the palladium-catalyzed denitrogenative [3+2]-
cycloaddition of N-aroylbenzotriazoles 1 with internal
alkynes 2 for the construction of biologically relevant in-
dole derivatives 3 (Scheme 4).5 Notable advantages of this
novel protocol include a simple, solvent- and base-free ex-
perimental procedure, mild reaction conditions, easy sepa-
ration of the product, the release of molecular nitrogen gas
as the sole by-product and satisfactory reaction yields. Al-
though terminal alkynes were not compatible with this
transformation, a broad substrate scope with respect to the
benzotriazole was tolerated. In addition, the reaction exhib-

2 /INN 3 4
R | R ——R 3
NN T neat, 130 °C \ R
O)\FU (1.5 equiv) )‘R1

23 examples, up to 74% yield

Pd(PPh3)s (10 mol%)

n-Pent n-Pr
| n-Pel

) = A\
@n-Pem ®n Pent Qﬂ nt mn-Pr
N o
F FC
3d (71%)

3a (69%) 3b (64%) 3¢ (66%) 71%
Ph n-Bu

Ph
N N N
O//\\Q\CF3 O//\\Q\CF3 O//\\Q\CFS

3e (41%) 3f and 3f' (72%, 74:26 ratio)

Scheme 4 Pd-catalyzed cycloaddition of benzotriazoles with internal
alkynes
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ited good regioselectivity for asymmetric alkyne substrates,
in which a bulkier substituent was located at the C-2 posi-
tion of the indole ring. From the results, it was evident that
benzotriazoles could be used efficiently as synthetic equiv-
alents of 2-haloanilides or ortho-amino arenediazoniums in
metal-catalyzed coupling reactions.

A plausible mechanism was proposed by the authors
and is depicted in Scheme 5.% Initially, under the thermal
conditions, benzotriazoles 1 can undergo ring-chain isom-
erization via a Dimroth-type equilibrium (see Scheme 1, a)
to afford 2-iminobenzenediazoniums A, followed by oxida-
tive insertion of the Pd(0) species to give Pd(II) intermedi-
ate B or B'. Subsequently, insertion of the internal alkyne 2
into the carbon-palladium bond generated the palladacy-
clic species C. Finally, reductive elimination took place to
give the desired indoles 3 as the sole products, along with
the Pd(0) species to complete the catalytic cycle. Both a
high reaction temperature and a strong electron-withdraw-
ing group on the nitrogen atom are crucial for opening of
the triazole ring.

5

Scheme 5 A plausible mechanism

In 2017, Glorius and co-workers developed the Ir-cata-
lyzed denitrogenative [3+2]-cycloaddition of aroylbenzotri-
azoles 4 with terminal alkynes 5 under irradiation with vis-
ible light (Scheme 6).” This protocol represents an import-
ant complement to Nakamura’'s work® The reaction
exhibited a broad substrate scope, excellent functional
group tolerance and high regioselectivity for the synthesis
of 2-substituted indoles 6 in moderate to good yields. Nota-
bly, deprotected indoles could be obtained with substrates
possessing a strongly electron-withdrawing trifluorometh-
yl group on the benzoyl fragment, which provides a valu-
able approach for the synthesis of 2-aryl-substituted in-
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doles without additional deprotection steps. However, in-
ternal alkynes were not compatible with this
transformation.

Benzoic anhydride (0.5 equiv) x
qil X N‘N [Ir(ppy)2(dtbbpy)](PFe) (1.0 mol%) l={‘:—<:f\>fﬂa
A e DIPEA (3.0 equiv) Z N
o ) "BuyNClI (2.0 equiv), blue LED — o
= (20 equiv) DMSO (0.2 M), r.t., 16 h @
Y /4 5 R/ 6

25 examples, up to 92% yield

6a and 6a' (85%) 6b (79%) 6¢ (79%) 6d (40%)
(5-Cl/6-Cl = 62:38)

:: j J Cl
N N N
i3 Bz

6e (74%) 6f (31%) 69 (62%)

Scheme 6 |Ir-catalyzed cycloaddition of benzotriazoles with terminal
alkynes

On the basis of their investigation of the mechanism,
Glorius proposed a radical pathway for this Ir-catalyzed cy-
cloaddition of benzotriazoles with terminal alkynes
(Scheme 7).7 Initially, the excited-state Ir(Ill)* catalyst, gen-
erated upon irradiation with blue light, was reduced by the
tertiary amine (DIPEA) via a single-electron transfer process
to afford the amine radical cation and the highly reducing
Ir(Il) catalyst. Subsequently, single-electron transfer be-
tween the Ir(II) catalyst and the benzotriazole took place to
regenerate the Ir(Ill) catalyst and produce radical anion A.
This was followed by release of nitrogen gas to produce aryl
radical B. On the one hand, the protonated by-product
could be obtained by hydrogen abstraction from the sol-
vent. On the other hand, the addition of aryl radical B to the
triple bond of the alkyne occurred to give the stabilized
radical intermediate C, which could be oxidized by another
molecule of benzotriazole or by the Ir(Il) catalyst to afford
the zwitterionic intermediate D. Finally, intramolecular cy-
clization gave the desired product 6.

In 2018, Tang and co-workers reported novel denitroge-
native [2+2+1]- and [2+2+2]-cycloadditions of benzotri-
azoles 7 with internal alkynes 2 catalyzed by palladium cat-
alysts (Schemes 8 and 9).8 The multiply functionalized 5,6-
spiro bicycles 8 and naphthylamines 9 could be obtained by
controlling the conditions of the reactions of benzotriazoles
7 with the internal alkynes 2 under selective catalysis with
Pd(TFA), (5 mol%)/AgBF, (4.0 equiv) or Pd(PhCN),Cl, (5
mol%)/AgBF, (4.0 equiv), respectively. Notably, it was found
that the 5,6-spiro bicycles 8 could gradually convert into
naphthylamines 9 via a ring-expansion process at high tem-
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N N
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Scheme 7 A possible mechanism

perature. Different from previous work,%” indole derivatives
could not be obtained under these conditions, which might
be attributed to the introduction of a more electron-
deficient substituent (Tf) on the nitrogen atom of the benzo-
triazole and AgBF, stabilizing the arenediazonium species.
A broad range of benzotriazole and internal alkyne sub-
strates were suitable for these reactions. Interestingly, the
alkenylation products could be obtained with terminal
alkynes (see Section 3.2).

Pd(TFA), (5 mol%)

N, AgBF, (4.0 equiv
R~ N+ A== Ar —9BF4 (4.0 equl) a? Ar
Z~N MeCN, 100 °C, 4-12 h S~ Ar
:I'f (2.0 equiv) NTf
8
7 2 16 examples, up to 95% yield

(/\ 3 Ph\&Ph éph
NTf NTF NTf

Ar =3-FCgHy4
a (76%, 4 h) 8b (77%, 8 h) C (41%, 6 h) 8d (74%, 4 h)
ﬁ - F’“
NTf NTf
NTf ph Ph
8e (95%, 6 h) f (70%, 4 h) 89 (70%, 4 h)

Scheme 8 Pd-catalyzed [2+2+1]-cycloaddition of benzotriazoles with
internal alkynes
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N Pd(PhCN),Cly (5 mol%) Ar
X S i
R_:(I NP— AgBF, (4.0 equiv) R >
Z N ) MeCN, 100 °C, 12-72 h Ar
) 2.0 equiv
Tt NHTf Ar
7 2 9
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 8 examples, up to 95% yield_
Ph Ph OMe Ph COMe p,
o0 ) eoH
. oo .
NHTf Ph NHTf Ph NHTf Ph NHTf Ph

9a (92%, 24 h)

Ph Ph  Ph Ar  Ph Ar
O Ph Ph OO Ph OO Ar
OO Ph OO Ph Ph Ar
NHTf Ph NHTf Ar

Ar = 4-F-CgH,
9h (87%, 24 h)

9b (83%, 24 h) 9c (95%, 72 h) 9d (79%, 12 h)

NHTfPh NHTf Ph
Ar = 2-Naphthyl

9e (52%, 12h)  9f (91%, 24 h) 9g (77%, 24 h)

Scheme 9 Pd-catalyzed [2+2+2]-cycloaddition of benzotriazoles with
internal alkynes

A plausible mechanism has been proposed for these re-
actions (Scheme 10). Firstly, benzotriazole 7 underwent
ring opening under the thermal conditions to generate the
arenediazonium tetrafluoroborate A, followed by oxidative
addition with the Pd(0) catalyst to afford the Pd(II) complex
B. Subsequently, insertion of the internal alkyne into car-
bon-palladium bond produced the palladacycle species C.
Due to the highly electron-deficient nature of the nitrogen
atom, the direct reductive elimination process to give in-
dole products was largely inhibited at this stage. Thus, in-
termediate D was generated by a second insertion of anoth-
er internal alkyne. Next, a 1,3-shift of the metal center in
intermediate D occurred to give the six-membered pallada-
cycle species E, which was followed by reductive elimina-
tion to afford the 5,6-spiro bicycle product F. At a high tem-
perature, the 5,6-spiro bicycle readily underwent ring ex-
pansion to generate the thermodynamically more stable
naphthylamine 9.

The same group has also developed a novel method for
the synthesis of indolines 11 of biological interest through
the [3+2]-cycloaddition of benzotriazoles 7 with 1,3-dienes
10 as the coupling partners by using Pd(PPh;), (5
mol%)/PPh; (0.3 equiv) in the presence of AgBF, (2.5 equiv)
in MeCN at 90 °C (Scheme 11).° The reactions proceeded
smoothly to yield the corresponding indoline products 11
in good to excellent yields. Additionally, this catalytic sys-
tem exhibited a broad substrate scope and excellent func-
tional group tolerance. An investigation of the mechanism
suggested that the highly electrophilic nature of the n-allyl-
palladium species B readily underwent intramolecular N-
allylation instead of B-H elimination.

Short Review

N\
CL
N
_ H@ 7 Tf
@
iAgBF‘,
A

NHTf Ph NHTf P!

N»BF,

Ph +PdL,

y (I
-
Ph < Ph
Ph K’NTf
F
Denltrogenatlon
d Ph "
@ NTng

Ph Ph
@Ph

NTfAg

Scheme 10 Tang’s mechanism for the denitrogenative cycloaddition
of Tf-substituted benzotriazoles (BtTf) with internal alkynes under palla-
dium catalysis

Pd(PPhg)4 (5 mol%)
PPhg (0.3 equiv)

BN Ar
R—:/ N AT A RW
LA~ AgBF4 (2.5 equiv) KA ~N
S MeCN (3.0 mL), 80 °C T

1
20 examples, up to 95% yield

Phl\ /PhiWPh O
= B O /

Tf N
11a (78%) 11b (75%) 11c ( 8%
NTf
11d (92%) 11e (90% 11f (94%) 119 (80%)
Possible mechanism: (Pd] N, )
N, AgBF, o N2BF4 :
N —_— | Ar PRI
N = NTfAg M "N, ~—Ar
T Ar T, “Ag
7 A
Nu
attack

‘31 &‘31 #AF

Scheme 11 Pd-catalyzed [3+2]-cycloaddition of benzotriazoles with
1,3-dienes leading to the respective indolines through denitrogenative
functionalization of benzotriazoles

More recently, Zhang and co-workers developed the en-
antioselective palladium-catalyzed intermolecular denitro-
genative cyclization reaction of benzotriazoles 7 separately
with allenes 12 and N-allenamides 15 using the chiral sulfi-
namidephosphine-type ligand 14a or 14b (Schemes 12 and
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13).10 Optically active 3-methyleneindolines 13 and 16
could be obtained in excellent yields and with high to excel-
lent enantioselectivity (ee values up to 96%) by utilizing the
same protocol. The advantages of the reaction were a broad
substrate scope, mild reaction conditions without a base,
and high regio- and enantioselectivity. In addition, a gram-
scale reaction also provided a high yield and ee value under
the standard conditions. Furthermore, 3-methyleneindo-
lines 16 could be oxidized to give the corresponding chiral
ketones in good yields. These features make this reaction
extremely useful and practical.

R Pdy(dba)s (5 mol%) o Tf

@ X5c |Rs)-PC (11 mol%) R;NO i .
R — :
DMSO (0.1 M), 40 °C y

\ NR1 3 YBU\'S\\O

1.2 equiv '
7 12 13 15 examples ' R=4-BuCgHy
up to 97% yield and 96% ee | PC-Phos (14a)

OMe

O Yore W S rys
N N Et N Et N
i b T

13a (yield 91%,  13b (yield 90%, 13c (yield 97%, 13d ( yleld 91%,
90% ee) 97% ee) 95% ee) 95% ee)

o™
N Et
T

“Et

f N
T
13e (6-MeO, yield 90%, 92% ee) 13g (yield 93%, 13h (yield 89%,
13f (5-MeO, yield 90%, 96% ee) 96% ee) 91% ee)

Scheme 12 Pd-catalyzed [3+2]-cycloaddition of benzotriazoles with al-
lenes in the presence of chiral sulfinamidephosphine-type ligand 14a
leading to optically active 3-methyleneindolines

P8 Pd(dba), (5 mol%)

(SeRs)PC (75 mol%) <N-ge 3
\@ \ NaBF4 (0.5 equiv) & ) NTf 3
toluene (0.1 M), 40 °C F(‘ :

(1.2 equiv)
7 15

16 19 examples: R =2-PrCgH,
up to 95% yield and 95% ee;  pC-Phos (14b)

s Ts F. Ts Ts
N N‘F’h "'N\ "'N\ "'N‘
N Bn N N Ph
Br T Tf Tt

16a (95% vyield, 16b (90% yleld 16c (91% yleld 16d (91% vyield,

95% ee) 87% ee) 83% ee) 90% ee)

OO OO D

16e (91% yield, 16f (93% yield, 169 (90% yield, Bn
90% ee) 95% ee) 87% ee)

Scheme 13 Pd-catalyzed [3+2]-cycloaddition of benzotriazoles with N-
allenamides in the presence of chiral sulfinamidephosphine-type ligand
14b leading to chiral 3-methyleneindolines

Short Review

For the mechanism (Scheme 14), under thermal condi-
tions, benzotriazoles 7 readily undergo ring—chain isomeri-
zation via a Dimroth-type equilibrium to form the arenedi-
azonium A, which is followed by oxidative addition of the
Pd(0) catalyst and extrusion of molecular nitrogen gas to af-
ford intermediate B or B'. Subsequently, the insertion of al-
lenes 12 or N-allenamides 15 into the carbon-palladium
bond generates a m-allylpalladium complex C or C'. Finally,
intramolecular allylic substitution can occur to produce the
cyclization products 13 or 16, along with release of the pal-
ladium catalyst to complete the catalytic cycle.

Pda(dba)s or Pd(dba), ©:'\LN
L PC-Phos

7 Tf

PdL*

Denitrogenation

@ : :NTf
PdllL*
: :NTf

Scheme 14 BtRC mediated by a sulfinamidephosphine-type ligand fol-
lowed by reaction with allenes leading to the corresponding chiral 3-
methyleneindolines

In addition to these unsaturated hydrocarbons, carbon
monoxide was also employed in the cyclization of acyl-sub-
stituted benzotriazoles. In 2017, Wu and co-workers devel-
oped a novel carbonylative activation of benzotriazoles 1
with a silver and palladium bimetallic catalyst system
(Scheme 15)."" The reaction gave the corresponding hetero-
cycles 17 in moderate to good yields with excellent func-
tional group tolerance under neutral conditions. A series of
biologically relevant benzoxazinones 17 could be efficiently
obtained in good yields by utilizing this simple procedure.

A possible mechanism for the reaction as put forward by
the authors is depicted in Scheme 16. Initially, arenediazo-
nium intermediate A was generated from N-acylbenzotri-
azole 1 in the presence of the silver salt under thermal con-
ditions. Subsequently, oxidative addition of the formed
arenediazonium with the Pd(0) catalyst took place to pro-
duce the organopalladium complex B, which was followed
by coordination and insertion of CO to afford the seven-
membered intermediate C. Finally, reductive elimination
occurred to deliver the desired cyclized product 17, along
with the active Pd(0) species to finish the catalytic cycle.
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PdCl; (5 mol%)
Xantphos (5 mol%)

AgOTf (20 mol%)

=0 MeCN (2 mL), 120 °C, 16 h
1 Ar 20 bar

Cfi

24 examples, up to 91% yield

17a (67%) 17b (34%) 17¢ (81%) 17d (58%)
o o o
CLA . O3 SO NP
s
N = Z o ()
| N S Br Z SN ph m
B o cl N” >Ph
o
17e (52%) 17f (61%) 179 (63%) 17h (68%)

Scheme 15 Pd-catalyzed carbonylative cyclization of benzotriazoles
with carbon monoxide

Scheme 16 Wu’s mechanism for the Pd-catalyzed carbonylative cy-
clization of benzotriazoles with CO

Ahmed and co-workers were the first to develop the
copper-catalyzed three-component denitrogenative cy-
clization of benzotriazole derivatives 18, 2-oxoaldehydes
and secondary amines under mild conditions (Scheme
17).12 This protocol provides a simple and practical proce-
dure for the synthesis of various phenanthridines 19 from
readily available and inexpensive starting materials. Nu-
merous functional groups were tolerated in this reaction.
However, ortho-substituted 2-oxoaldehydes were not suit-
able for this reaction and monosubstituted benzotriazoles
provided a pair of isomers with similar regioselectivity.

Short Review

XN Ar 2 pe _CuBr;(10mol%)
Z>N o N toluene, 80 °C 3-6h
H H H 10 R3

18 38 examples, up to 97% yield

™ ) O g
S
19a (65%) 19b (77%) 19¢ 81% 19d (68%)
19e (70%) 19f (65%) 199 (70%) 19h (61%)

2-/3-Me = 1:1.25 2-/3-Cl = 1:1.68 8-/10-MeO = 1:1.89

Scheme 17 Cu-catalyzed three-component denitrogenative cycliza-
tion reactions of benzotriazoles

Based on their investigations, the authors proposed a
plausible mechanism as depicted in Scheme 18. Initially,
the reaction of the 2-oxoaldehyde with the secondary
amine generated 2-oxoiminium ion A. Under a basic envi-
ronment, benzotriazole derivative 18, acting as a nucleo-
philic reagent, attacks the 2-oxoiminium ion A to afford
a,0-diamino carbonyl adduct B or its enolic form C. This is
followed by the release of nitrogen gas to produce the reac-
tive aryl electrophilic species D via a five-membered hydro-
gen-bonded intermediate. Subsequently, electrophilic sub-
stitution occurred to give the cyclic product E, which im-
mediately produced a second iminium ion F under the
oxidative conditions. Finally, sequential rearrangement and
decarbonylation occurred to give the cyclized product 19.

A number of denitrogenative functionalizations of ben-
zotriazole derivatives have been accomplished through var-
ious methods, mainly under thermal (pyrolysis) or photo-
irradiation (photolysis) conditions, as discussed in this sec-
tion. A representative application of denitrogenative
functionalization of benzotriazole 20 involves the synthesis
of clausenawalline D (21b) (Scheme 19). The Burgess group
explored the photoinduced Graebe-Ullmann-type reaction
that proceeded smoothly to afford a variety of biologically
relevant carbazole alkaloids.3! The reaction involves the
photolysis of benzotriazole 20 via cleavage of the benzotri-
azole ring to afford the diradical species A, which immedi-
ately rearranges into species B. Recombination then gives
heterocycle C as an intermediate. Finally, the cyclized inter-
mediate C can undergo aromatization to afford clausen-
awalline D (21b) in addition to carbazole 21a.
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Scheme 18 Ahmad’s concept on Cu-catalyzed three-component de-
nitrogenative functionalization benzotriazoles leading to respective
phenanthridines 19

Very recently, Tiwari’'s group extended their established
BtRC methodology for the synthesis of phenanthridine 23
via free-radical benzotriazole ring cleavage of 1-(1-phenyl-
vinyl)-1H-benzotriazole (22).2! This was achieved by treat-
ing compound 22 with 2.0 equivalents of "BuSnH in the
presence of 0.2 equivalents of AIBN as a radical initiator in
sealed tube. The 2-cyanoprop-2-yl radical generated from
AIBN rapidly reacts with "Bu;SnH to produce a tin radical,
which then reacts with the vinylic group of 1-(1-phenyl-
ethenyl)-1H-1,2,3-benzotriazole (22) leading to cleavage of
the N-N bond. The removal of molecular nitrogen initially
results in the radical A, which on subsequent rearrange-
ment gives biradical B. This species undergoes a 1,4-hydro-
gen radical shift involving the other phenyl ring leading to
the generation of two phenyl radical centers (C). Both phe-
nyl radicals then participate in a cyclization to give the
phenanthridine 23 (Scheme 20). The yield of the reaction
product needs to be improved and further investigations in
this direction are ongoing in our laboratory.

Short Review

3.2 Arylation, Alkenylation, Alkylation and Carbon-
ylation Reactions

Transition-metal-catalyzed cross-coupling reactions
have emerged as a powerful tool for the construction of car-
bon-carbon bonds. Over the years, various coupling part-
ners have been developed for this purpose, such as organic
(pseudo)halides, organometallic reagents, (hetero)aromatic
compounds, etc.3? Recently, benzotriazoles were utilized as
the synthetic precursors of ortho-amino arenediazonium
salts for the formation of carbon-carbon bonds in transition-
metal-catalyzed cross-coupling reactions, mainly involving
arylation, alkenylation, alkylation and carbonylation.

Organoboronic acids represent versatile building blocks
in organic synthesis?* and have found wide applications in
transition-metal-catalyzed cross-coupling reactions.334
In 2017, Tang and co-workers reported the palladium-cata-
lyzed denitrogenative Suzuki and carbonylative Suzuki

N

(Elimination P2
reaction) N
Br (BtRC

22 phenanthridine 23

;—N AIBN (0.2 equiv)
N K>COg3 (1.0 equiv) “ "BuSnH (2.0 equiv) O
N __anhyd DMF_ toluene, 140 °C O

Scheme 20 Application of 1-(2-bromo-1-phenylethyl)-1H-benzotriazole
for the systematic formation of phenanthridine 23 via a free-radical re-
action pathway

MeO OH
MeO N hv (254 nm)
\C[ - MeoN MeO O+Me oo O
¢ —S— L ®
H N

20 OMe N2

OH
Homolysis

-N
® oMe

OMe
H OH
| Q) MeO . . OH MeO. N OH
g R —_—
7 N NT Cyclization | P
H
B

clausenawalline D

Aromatization

H OMe

Scheme 19 Synthesis of clausenawalline D (21b) via Graebe-Ullmann-type denitrogenative functionalization of BtAr (BtAr = N1-aryl benzotriazole)

© 2020. Thieme. All rights reserved. Synthesis 2020, 52, 3781-3800

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



3790

Synihésis J. Yuetal.

coupling reactions of benzotriazoles 7 with boronic acids
24 under mild conditions (Schemes 21 and 22),4 which
provided not only the corresponding ortho-amino biaryls
25 and styrenes 26, but also biaryl ketone derivatives 27.
This catalytic system exhibited broad substrate scope with
respect to both the coupling partners and gave good yields
of the products. A range of electron-donating and electron-
withdrawing substituents was tolerated in the reaction. No-
tably, for the carbonylative reactions, vinyl boronic acids
failed to give the desired products under the standard con-
ditions. In addition, the application of this strategy for the
synthesis of bioactive natural products and drugs showed
that the reaction had potential value in the field of pharma-
ceutical chemistry.
AgBF4 (2.5 equiv)

.\ §
N NN
R—| N + < /—B(OH R+
Z S NHTS
toluene, 80 °C

7 ‘Tf 24 ' 25,26
32 examples, up to 94% yield

I NHTY NHTf | <:(E}f>‘\/r\::

Pd(OACc), (5 mol%)
PPhz (0.3 equiv)

NHTF
25a (94%)  25b (63%) 25¢ (85%) 25d (60%) 25e (71%)
Ph x-CO:Me
oMe - C(\/ @(\/
NHTF NHTY NHTY
NHTf 26b (85%)
25f (72%) 259 (87%) 26a (56%)

Scheme 21 Pd-catalyzed arylation and alkenylation of benzotriazoles
with boronic acids

Pd(PPh3),Cl, (5 mol%)
__ PPh3 (0.3 equiv) d

R
(OH), - —R!
@ N+ Q AgBF4 (2.5 equiv) R m R

CO (1 atm), toluene, 80 °C NHTf
27

V

19 examples, up to 87% yield

MeO,C
”Cﬁ “\* (ﬁ J@ﬁh
NHTf NHTf NHTf Ph NHTf

27a (85%) 27b (70%) 27c¢ (84%) 27d (87%)
NHTf l ' I l l NHTf
27e (75%) 27f (54%) 279 ( 84% 27h (77%)

Scheme 22 Pd-catalyzed carbonylation of benzotriazoles with boronic
acids and carbon monoxide

For the mechanism shown in Scheme 23, AgBF, was
used as the additive and coordinated with a nitrogen to ac-
tivate the N1-N2 bond of the triazole ring. This resulted in
cleavage of the ring to afford the stabilized ring-opened in-
termediate B through the formation of an arenediazonium
tetrafluoroborate. Subsequently, oxidative addition with

Short Review

the Pd(0) catalyst occurred to give the organopalladium
complex C along with the release of nitrogen gas. Subse-
quent transmetalation with the organoboronic acid gener-
ated complex D. Finally, reductive elimination occurred to
furnish the desired coupling products.

N ®.N
. Actlvanon Stabilization N:‘*BF?
N* AgBFy —— D e
N T AgBF. °
7

N Ad
B Tf

N %F’d(onn

L\®/L o
2 @Pd"‘?ﬁ
L@

ﬁ,/-\g

c'i'f

NHTf 47 @

25, 26

Scheme 23 Tang’s mechanism for the denitrogenative Pd-catalyzed
arylation and alkenylation of benzotriazoles with boronic acids

In the same year, Tang’s group extended further the de-
nitrogenative alkenylation of benzotriazoles with a diverse
range of alkenes under similar palladium catalysis, making
the route more general at the same time (Scheme 24)° A
series of functional groups on the aryl moiety of benzotri-
azoles 7 was tolerated and gave the corresponding ortho-
amino styrene products 29 in good to excellent yields. In
addition, various alkenes were compatible with this reac-
tion, such as styrenes, ethylene and ethyl acrylate. However,
the desired products could not be obtained with aliphatic
substrates and internal alkenes. Notably, for 1,3-diene sub-
strates, the reaction provided the [3+2]-cycloaddition prod-
ucts, which have been already discussed in Section 2.1.

Pd(PPhg) (5 mol%)

>N, PPhg (0.3 equiv SR
Z >N AgBF, (2.5 equiv) ZSNHR'!
7 R' 28 MeCN (3.0 mL), 90 °C 29
26 examples, up to 96% yield

()/\:(\/ Ph @(\/Ph MeOZC\(t(\/Ph
NHTE ()\\/\)\ NHTF NHTF

29a (62%) 20b (92% 29c (86%) 29d (96%)
@ SN X O
NHTf (
NHTf NHTf NHTf
29e (88%) 29f (66%) 299 (85%) 29h (54%)

Scheme 24 Pd-catalyzed alkenylation of benzotriazoles with alkenes

A similar mechanism for the reaction was proposed
(Scheme 25). Initially, in the presence of AgBF,, the ring
opening of benzotriazole 7 generated the ortho-amino
arenediazonium salt A through a Dimroth-type equilibri-
um. Sequential oxidative addition with the Pd(0) catalyst
and migratory insertion of the alkene occurred to afford the

© 2020. Thieme. All rights reserved. Synthesis 2020, 52, 3781-3800

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



3791

Pd(Il) complex B. Finally, B-hydride elimination led to the
Heck-type reaction products 29 via intermediate C, along
with Pd(0) to complete the catalytic cycle.

N AgBF, N,BF, [Pd]
220 %A
N NTFA
Tt N
7 A

NTfA

B-H Elimination l

Pd—H_ ~Pd] #
@\” @(Y

NHTf NTfAg
NTfAg

29 Pd(O) Ag*

Scheme 25 Mechanistic denitrogenative route via Pd-catalyzed alke-
nylation of benzotriazoles with boronic acids to give Heck-type products

Interestingly, Tang’s group extended their investigations
and reported the palladium-catalyzed alkenylation of ben-
zotriazoles 7 with terminal alkynes 5 (Scheme 26).8 Al-
though a broad range of terminal alkynes was compatible
with this reaction to afford the ortho-amino styrene deriva-
tives 30 (as the major products) along with 1,1-disubstitut-
ed styrenes 31 (as minor products, see Scheme 27) in mod-
erate to good yields, compared with alkenes, terminal
alkynes are more expensive and are not as easy to obtain.
Of course, this reaction provides another method for the
synthesis of styrene derivatives using terminal alkynes as
alkenylation reagents.

Pd(dppfClz (5 mol%) A
AgBF4 (4.0 equiv)

N ) i —
R—:@ N o+ A= —————————> /=
Z N MeCN, 100 °C, 2-6 h & ) NHTH
\ a<

7 Tf 5 30
8 examples, up to 82% yield

‘\A’ N ‘\N‘
NHTf NHTf

NHTf NHTf
30d (76%, 6 h)

30b (54%, 2 h) 30c (65%, 2 h)
SN
®
ZSNHTH NHTS NHT! NHTH

30e (68%, 2 h)

30a (72%, 2 h)

30f (51%, 6 h) 30g (54%, 2 h) 30h (82%, 6 h)

Scheme 26 Pd-catalyzed alkenylation of benzotriazoles with terminal
alkynes

Compared with the previous cyclization of internal and
terminal alkynes,®8 a different mechanism was proposed
for the alkenylation reaction (Scheme 27). Two regioiso-
mers, C and D, could be generated via the insertion of ter-
minal alkynes, followed by protonation to afford the major
product. However, the formation of 1,1-disubstituted sty-
rene products is disfavored due to steric effects. In addition,

Short Review

the insertion of a second alkyne did not occur under the
current conditions, which could be attributed to the easier
protonation in the presence of the proton source generated
in situ from the solvent.

AgBF4 N2BF4 Steric Effect
Ar
NTfA
9 H@
PdLn Ar—— PdLn
Ar
Denltrogenatlon N2 D(Dlsfavored)
NHTf
AN ~ (Minor)
(:[ B X Ar
4 NTfAg @\/\/
8 NHTf
0 (Major)
Ar——

PdLn

C (Favored

Scheme 27 Possible mechanism for the Pd-catalyzed alkenylation of
benzotriazoles with terminal alkynes

In 2017, Glorius and co-workers reported a novel visi-
ble-light-promoted alkylation of benzotriazoles 32 with
styrenes 33 via a denitrogenative route to give ortho-al-
kylated N-arylbenzamide derivatives 34 (Scheme 28).2
Various styrenes with electron-withdrawing and electron-
donating substituents could react to provide the alkylated
products in moderate to good yields, whereas a few exam-
ples of substituted benzotriazoles underwent the reaction
smoothly. However, aliphatic alkenes were not suitable
coupling partners, which could be attributed to them being
relatively poor radical acceptors.

A plausible mechanism was proposed for the reaction as
depicted in Scheme 29. Under irradiation with visible light,
the excited photocatalyst underwent a single-electron
transfer (SET) with the reductive quencher (DIPEA), result-
ing in the generation of an amine radical cation and a highly
reactive Ir(Il) species. Subsequently, a second single-elec-
tron transfer between the benzotriazole and Ir(Il) species
took place to produce species A, along with regeneration of
the Ir(Ill) catalyst, which immediately extruded molecular
nitrogen to give the aryl radical B. Subsequently, the addi-
tion of aryl radical B to the carbon-carbon bond of the sty-
rene gave the stabilized radical intermediate C. Finally, the
abstraction of hydrogen could occur from the reductive
quencher (DIPEA) or its radical cation through the adoption
of hydrogen atom transfer (HAT) in a photocatalytic ap-
proach to afford the ortho-alkylated benzamide products
along with amino radical intermediate D, which could fur-
ther reduce another molecule of the benzotriazole by serv-
ing as a potential single-electron donor to complete the cat-
alytic cycle.?> The adoption of hydrogen atom transfer in a
photocatalytic approach often results in an excited catalyst
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R4
N [Ir(ppy)2(dtbbpy)(PFe)] (2.5 mol%)
re A N DIPEA (3.0 equiv)
A~ T (PhCO),0 (2.0 equiv) N
R DMSO (0.20 M), r.t., 14h  R24-
32 33 R* blue LEDS (Apax = 455 nm) 34\/ NHR'

9 examples, up to 68% yield

9
g o
80
Q
o
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o

34a (56%) 34b (30%) 34c (46%) 34d (63%)
Z N
<
LR E\ i LR
N 7 N N
H H H
34e (68%) 34f (56%) 349 (32%) 34h (47%)

Scheme 28 Visible-light-promoted denitrogenative alkylation of benzo-
triazoles with styrenes

for the activation of substrates and offers outstanding op-
portunities for the synthesis of wide range of molecules by
enabling the straightforward activation of R-H bonds (for
example, R =C, Si, S) in the reagents.

L
&x §

Reductive * Il

Quenching
/’n\\\ 1
)\ J\ =

\} @E%

B
/" Electron \
D k ¢ Transfer

Cha:n

Scheme 29 A possible mechanism for the visible-light-promoted al-
kylation of N1-(benzoyl)benzotriazoles with styrenes via a denitrogena-
tive BtRC route

Short Review

4 Carbon-Heteroatom Bond Formation

The formation of carbon-heteroatom bonds is one of
the fundamental transformations in organic synthesis.
Transition-metal-catalyzed cross-coupling reactions have
been established as powerful tools for the construction of
carbon-heteroatom bonds.”*343> Among these, radical oxi-
dative coupling has been the subject of intense research in
organic synthesis in recent years.3¢

In 2017, Glorius and co-workers reported novel visible-
light-promoted methods for the borylation and thiolation
of benzotriazoles via denitrogenative routes to give ortho-
functionalized N-arylbenzamide derivatives 36 and 38
(Schemes 30 and 31).2°> The reactions tolerated electron-do-
nating and electron-deficient substituents on either the
benzotriazole core or the benzoyl fragment. Although there
are only a few examples of the borylation reaction, a variety
of functional groups and additives were tolerated. In addi-
tion, for the thiolation, various alkyl disulfides 37 were
compatible with this transformation, but aryl disulfides
failed to afford the thiolation products. The mechanism for
the borylation and thiolation is similar to that of the alkyla-
tion shown in Scheme 29.

N [Ir(ppy)2(NHC-F2)] (1.0 mol%) ooy
P A ) DIPEA (1.0 equiv) SN R
R N+ Boping —————————"—> T
Z N (PhCO)20 (0.5 equiv) L o)
=g 35 MeCN (0.2 M), r.t., 24 h 36
R? blue LEDS (Amax = 455 nm) )
32 5 examples, up to 85% yield
Bpin p Bpin |, y)@/ Bpin \H)i)
36a (64%) 36b (41%) 3ec (88%)
Bpln Bpln
c'ij )@f
36d (62%) )
(mip = 58:42) 36e (61%)

Scheme 30 Visible-light-promoted borylation of benzotriazoles with
B,pin,
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[Ir(dF(CF3)ppy)2(dtbbpy)](PFe) (1.0 mol%)
DIPEA (3.0 equiv)

N i SR3
R X R3 (PhCO0),0 (2.0 equiv) A
R?- N+ g3 S s~ R2-
Z~N DMSO (0.05 M), r.t., 15 h = NHR'
R 37 blue LEDS (Amax = 455 nm) 38

16 examples, up to 75% yield

SMe CFa  sen JOK/\S
S G a0

38a (62%) 38b (75%) 38c (46%)
%ef HQ - (j K© m)?
38d (59%) 38e (63%) . .
(mip = 60:40) (mip = 55:45) 381 (62%) 389 (29%)

Scheme 31 Visible-light-promoted thiolation of benzotriazoles with
alkyl disulfides

More recently, Yang and co-workers developed the visi-
ble-light-induced denitrogenative phosphorylation of ben-
zotriazoles with phosphites under mild conditions (Scheme
32).26 A series of ortho-phosphorylated N-arylbenzamides
was obtained in good to excellent yields. In addition, this
reaction exhibited excellent functional group tolerance.
Various trialkyl phosphites were suitable for the reaction
and steric hindrance due to the phosphites had an import-
ant effect on the product yields. However, the desired prod-
ucts could not be obtained when triphenyl phosphite was
used as the phosphorylation agent. Furthermore, a gram-
scale reaction performed under the standard conditions
gave a good yield of the expected product, which demon-
strates the utility of this new protocol.

N,
R_'@N'N . OR DIPEA (3.0 equiv) \n,
o RO P\OR MeCN (1.0 mL), blue LEDs @/

3.0 equiv

Ir(ppy)2(dtbbpy)PFg (1.0 mol%)
(PhCO),0 (2.0 equiv) RO. I ,OR

e ‘,’?,,,,,,,,,,,,,,,,,,,,,,,,,,,2,8,?3@9!%%,99}9,99‘3/9,1'?'5{
Et n Et
EtO\H/OEt i MeO., || OMe ﬁuo\ll,OBUp (ONJIe] \”/3
40a (99%) 40b (94%) 40c (66%) 40d (98%)
EtO\“,OEt
ﬁ/@/ y/@ EtO\H/OEt EtO\”,OEt :
>(NH
40e (51%) 40f (43%) 40g (92%)

Scheme 32 Visible-light-induced phosphorylation of benzotriazoles
with phosphites

Short Review

For the mechanism of the reaction shown in Scheme 33,
the benzotriazole could be reduced by the highly reactive
Ir(Il) species to give the ring-opened radical anion A
through a single-electron transfer process, along with re-
generation of the Ir(Ill) catalyst. Subsequently, the radical
anion A readily underwent denitrogenation to afford aryl
radical anion B, from which two pathways were possible,
the abstraction of hydrogen leading to the by-product of N-
phenylbenzamide, or reaction with the trialkyl phosphite
to afford the unstable phosphoranyl radical anion C. The
rapid release of an ethyl radical from species C could then
generate the intermediate anion D. Finally, the phosphory-
lation products 40 could be obtained by protonation .

©:N“N @ Denitrogenation @\ o
N Z =N
0 Slmllar to Glorius' (0]
photocatalysis route
A B

o lP(OEt)g
£, f EtO,
—OE! "okt 0P8t
Lt Fot Ot G
47 €] -~
o
N Ve )‘\©
N
5 Et .

EtH

Scheme 33 A possible mechanism for the visible-light-induced de-
nitrogenative phosphorylation

Free-radical cyclization is an important method for the
synthesis of heterocyclic compounds.3%36b37 Recently, Shi
and co-workers developed a novel approach for the ring
opening of benzotriazoles via radical addition to N-vinyl-
benzotriazoles 41 under mild conditions (Scheme 34).13
The reaction exhibited excellent chemoselectivity by con-
trolling the precursors of the azide radical for the selective
synthesis of quinoxaline or nitrile compounds. A series of
substituted quinoxalines could be obtained in moderate to
good yields by using TMSN; as the azide radical precursor.
In addition, a wide scope of functional groups on both aro-
matic and aliphatic N-vinylbenzotriazoles was suitable for
this reaction. For the mechanism, the formation of quinox-
alines was relatively simple through the sequential release
of nitrogen gas. In the presence of PhI(OAc),, an azide radi-
cal generated in situ from TMSN; could be trapped by the
N-vinylbenzotriazole to afford radical intermediate A or A".
Subsequently, ring opening of the triazole could lead to the
formation of aryl radical B or B’, followed by the release of
another molecule of nitrogen gas to produce nitrogen-
centered radical C. Finally, the desired products 42 were ob-
tained under oxidative conditions.
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. 3
Nl ’\LN PhI(OAC) (1.5 equiv) LS N R
i + TMSNg —————————— R’

FN o DMSO (0.01 M) AN e
Ar, r.t., 30 min
a1 R 42
18 examples, up to 80% yield
@N\L@ '
N
L
N o
Br
42a (80%) 42b (60%) 42¢ (72%)
(I ]D @ I @ j\/OTBS E:[ j\O
iPr
42d (41%) 42e (53%) 42f (58%) 429 (65%)

Scheme 34 The synthesis of quinoxalines through radical addition to
N-vinylbenzotriazoles with TMSN;

The intramolecular cyclization of benzotriazole deriva-
tives via a denitrogenative process has also been reported
for the synthesis of benzothiazoles and benzoxazoles. Ti-
wari’s group has performed significant research in this
field.’#-2! In 2013, we developed a novel protocol for the
synthesis of various benzothiazole glycoconjugates from
protected carbohydrates through intramolecular cycliza-
tion (Scheme 35).!4 This reaction underwent free radical -
scission of the N-N bond of the benzotriazole ring by treat-
ment with a stannane under heating or microwave irradia-
tion. The advantages of this methodology, such as the short
reaction time, mild conditions, simple work-up, good yields
and excellent functional group tolerance, highlight its po-
tential applications. In order to avoid the use of the toxic
stannane for the radical cyclization, (TMS),;SiH was utilized
as a radical reducing agent for the synthesis of diverse 2-
N/S/C-substituted benzothiazoles via ring cleavage of the
benzotriazole in the presence of AIBN (Scheme 36).1
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N BusSnH (1.2 equiv)

R{j N ABNEmO®) g . R’
Z N Lz N/

44
11 examples, up to 98% yield

toluene, 80 °C, 1 h
S or MW, 5-7 min

)—O [0}
- OMe
44a ( 8% 44b (95%) 44c (92%)
Q* o o™
S o/\&
-, 6.0
E BnO 'O B K
44d (96%) 44e (94%) 445 (96%)

Scheme 35 Intramolecular cyclization of benzotriazole derivatives us-
ing a stannane as the radical reducing agent

iy '\!\N (TMS)3SiH (2.2 equiv)
o | o S
AN AIBN (5 mol%), toluene R_:/\ />_ZR1
s MW or heat, 80 °C Z~N
43 R'Z

45
26 examples, up to 95% yield

45a (86%, 3 h) 45b (88%, 3 h) 45c¢ (83%, 4 h) 45d (95%, 4 h)
O N
gj D P )\/\/
Fe 78S
Fe N7 S

jog N©@7

45e (91%, 3 h) 45f (94%, 3 h) 459 (84%, 3 h) 45h (91%, 3 h)

Scheme 36 Intramolecular cyclization of benzotriazole derivatives us-
ing (TMS);SiH as a radical reducing agent

These reactions tolerated a series of functional groups
and a wide scope of substrates was compatible leading to
high yields of the corresponding products. More recently,
we developed a green and efficient modification of this pro-
cess for the synthesis of benzothiazoles using polymethyl-
hydrosiloxane (PMHS) as the radical reducing agent, instead
of Bu;SnH and (TMS);SiH (Scheme 37).!917 The use of the
silicone industry by-product polymethylhydrosiloxane
(PMHS) makes the process cost-effective, more practical
and greener than the previous BtRC methods as PMHS is a
non-toxic and biodegradable industrial waste.
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N PMHS (2.0 equiv)

7N o x-S
RE LN AIBN (5 mol%) R{I pu.
N 110°C,5h Z~N
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BriZ N H ) 44c, 45
—Si-0 éi—O Si— 20 examples, up to 98% yield
/ | \
PMHS
Oy Oy O Qo
RPN ANU RPN N)\©
N K K/O al
45b (87%) 451 (91%) 45§ (73%) 45Kk (95%)
Qs s ‘\ 5
- N
@ s
N)\N’N\‘N N N/\© @.\/NZ\S e}
Fe BnO 0
<> BnO
BnO OMe
451 (85%) 45m (62%) 45n (67%) 44c (84%)

Scheme 37 Intramolecular cyclizations of benzotriazole derivatives us-
ing PMHS as the radical reducing agent

Furthermore, benzyloxythioacylbenzotriazoles (ROCSBt),
comprising a thiocarbonyl benzotriazole residue at the
non-benzylic end, when treated with Bu;SnH or silanes in
refluxing toluene undergo anticipated free radical B-scis-
sion of the C-0 bond in compound 430 instead of the N-N
bond (as a part of denitrogenative functionalization), and
thus result in the formation of deoxy compound 450
(Scheme 38).1° Similar reactions under microwave irradia-
tion required shorter reaction times than those under con-
ventional heating conditions. Hence this method can be
considered as being regioselective for the required deoxy-
genation of benzylic alcohols, simply with the aid of bis(1-
benzotriazolyl)methanethione in addition to relatively non-
toxic (TMS);SiH as an adequate alternative to Bu;SnH.

Non-benzylic system
/ (TMS)3SiH (6.0 equiv) N Cycllzahon (via BtRC)

AIBN (5 mol%)

S T tolwene
' JL MW, 110 °C, 30 min QS ;
N b or heat, 80 °C, 8 h J\

\N, Fo &

450 (48%)
Benzylic system

Z
=z
1
Z

————) Deoxygenation

Scheme 38 Deoxygenation vs denitrogenative cyclization of benzylic/
non-benzylic alcohols using bis(1-benzotriazolyl)methanethione
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A mechanism for the radical cyclization has been pro-
posed (Scheme 39). Initially, on heating in the presence of
AIBN, homolytic cleavage of tributylstannane generates a
stannyl radical, which adds to the thiocarbonyl of the ben-
zotriazole to afford radical intermediate A. Subsequently, a
hydrogen radical is rapidly captured to furnish intermedi-
ate B, in which B-scission of the N-N bond of the benzotri-
azole ring leads to the formation of biradical intermediate
C. Next, the release of nitrogen gas produced resonance sta-
bilized aryl radical intermediate D or E. Finally, the desired
products 44 and 45 are obtained via a thermodynamically
favorable and thermally induced oxidation process.

Bu38n~s

/—\?w s
- B @“

AIBN, BusSnH \

44,45

3
MW or A BuzSn—S XR
X=0,5N,C .
N H
. C
/u\ Re o
X~ Denltrogenatlon (o
Ni
Ny + Buasn'

O Oy

Scheme 39 Possible mechanism for the BtRC of thioacylbenzotriazole
43 leading to the respective benzothiazoles 44 and 45

In 2017, Tiwari’s group further developed the Lewis acid
mediated cyclization of N-acylbenzotriazoles for the syn-
thesis of benzoxazoles via a ring-opening process (Scheme
40)."8 Although a high temperature was required, the reac-
tion gave good yields of products 47 and employed an inex-
pensive and easily available catalyst under mild conditions.
In addition, both electron-withdrawing and electron-
donating substituents on the aromatic ring could be tolerat-
ed in this transformation. Importantly, a gram-scale reac-
tion could be achieved under the standard conditions with
no adverse effect on the yield. Notably, the reaction under-
went the traditional Friedel-Crafts acylation to afford the
corresponding ketones in excellent yields for the substrates
of aliphatic N-acylbenzoxazoles. Indeed, this novel protocol
provides a simple and practical access to a variety of benz-
oxazoles.
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N )
R A N anhyd AICl3 (1.2 equiv) X0,
0 )| R />‘R3
N toluene, 140 °C, 3 h Z~N
o
4% g 47

19 examples, up to 83% yield

C% B

47a (65%) 47b (60%) 47¢ (43% 47d (73%)
47e (67% 47% (33% 479 (77%) 47h (68%)

Scheme 40 AlCl;-mediated cyclization of N-acylbenzotriazoles for the
synthesis of benzoxazoles

A plausible mechanism for the reaction was proposed
(Scheme 41). Initially, coordination of the carbonyl with the
Lewis acid AICIl; generates intermediate A, which is fol-
lowed by a charge transfer process to afford carbocation in-
termediate B by stabilization of the aryl ring. Subsequently,
the release of one molecule of nitrogen gas produces the
stabilized intermediate C through an extended m-conjuga-
tive interaction, which involves delocalization of the posi-
tive charge over the aryl ring and carbonyl functionality. Fi-
nally, cyclization is achieved to deliver the corresponding
cyclized oxazole products 47.

AlCl3 NN

Scheme 41 Possible mechanism for the Lewis acid catalyzed BtRC of
acylbenzotriazoles leading to the corresponding benzoxazoles 47

5 Miscellaneous Denitrogenative Function-
alization

In fact, during the described ring-opening reactions of
benzotriazoles for the formation of carbon-carbon and car-
bon-heteroatom bonds, by-products, such as ortho-proton-
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ated products, were often detected. That is to say, after ring-
opening of the triazole ring, the corresponding intermedi-
ates can easily capture protons from the solvent or other
additives. Therefore, in order to avoid the formation of by-
products, aprotic or anhydrous solvents were often used in
these types of reactions. Different from previous reactions,
various amides could be prepared through using this strate-
gy of protonation of intermediates.

In 2017, Tiwari’s group developed a novel n-Bu;SnH/AIBN-
mediated ring-opening method for the synthesis of amides
from N-acylbenzotriazoles via a radical pathway (Scheme
42).2° Various aryl- and alkyl-carbonylbenzotriazoles were
compatible with this transformation and the corresponding
amides could be obtained in high yields. In addition, a se-
ries of functional groups was tolerated. Furthermore, the
use of NaBH, as a reactant improved the reaction by reduc-
tion of the tin dimer to regenerate n-Bu;SnH, which re-
duced the amount of n-Bu;SnH required.

Method A
BuzSnH (2.2 equiv)

” —./ j:’\!‘N AIBN (5 mol%), toluene, 140°C {j\ i
Y Method B ZSN7 R
)\Fﬂ BuzSnH (0.6 equiv) H
o AIBN (5 mol%), NaBH, (6 equiv) 48

toluene, 140 °C, 12 h 28 examples, up to 86% yield

Qﬁ@ Qu

H
48a A: 78% 48b A: 81% 48c A: 66% 48d A 76%
B: 67% B: 73% B: 63%
)k© 9. L :
48e A: 63% 48f A: 58% 48g A: 70%
B: 62% B: - B: 52%

Scheme 42 Synthesis of amides from N-acylbenzotriazoles mediated
by Bu;SnH and AIBN

Sequential reductive cleavage and evolution of molecu-
lar nitrogen gas are included in the mechanism shown in
Scheme 43. Initially, under heating conditions, the 2-cyano-
prop-2-yl radical generated from AIBN rapidly reacted with
Bu;SnH to give a tin radical. Subsequently, radical interme-
diate A could be formed through attack of the tin radical on
the carbonyl group of the N-acylbenzotriazole. The release
of molecular nitrogen then occurred to afford radical inter-
mediate B, which could capture a hydrogen radical from
Bu;SnH to produce intermediate C along with regeneration
of the tin radical. Finally, hydrolysis delivered intermediate
D, which rearranged into the final product.
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Scheme 43 Possible mechanism for the cleavage of acylbenzotriazoles
to the corresponding amides under free-radical conditions

The type of reaction is closely related to the substituents
on the nitrogen atom of the benzotriazoles. Specifically, N-
vinylbenzotriazole substrates could be used as the acceptor
of the free radical, readily undergoing radical addition. In
2015, Shi and co-workers reported radical addition to a vin-
yltriazole for the preparation of a-substituted ketones using
cerium ammonium nitrate (CAN) as the oxidant (Scheme
44).3 A series of radical precursors were compatible with
this reaction and led to the corresponding products in good
yields. In addition, a less reactive aliphatic vinyltriazole also
gave the desired product in 76% yield. This reaction opens a
new possibility to synthesize various a-substituted ketones
from N-vinylbenzotriazoles using triazole as a leaving

group.

N
N . CAN(22 equw (;[ - TA (0]
(/IN' + X J_x

): DMSO r.t. R
49 R 1.5 equiv % .
7 examples, up to 91% yield
o o) o o
N o ATy M sen [ A er

50a (91%) 50b (91%) 50c (81%) 50d (90%)

(e} 0O o
Ph)I\’NS Ph)]\/Ph ”BU)K/TS

50e (88%) 50f (40%) 50 (76%)

Scheme 44 CAN-mediated radical addition to of N-vinylbenzotriazoles

During the investigation of this reaction, Shi also de-
scribed the denitrogenative functionalization of N-vinyl-
benzotriazoles by using NaN; as the precursor of an azide
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radical for the selective synthesis of nitriles in the presence
of PhI(OAc), (Scheme 45).!3 Relatively higher yields could be
obtained with more polar DMSO as the solvent, in which
the relatively high solubility of NaN; could accelerate the
formation of the nitrile compounds. This reaction worked
smoothly with o-aromatic-substituted N-vinylbenzotri-
azoles and tolerated a series of functional groups of differ-
ent electronic nature. However, a-aliphatic-substituted N-
vinylbenzotriazoles were not suitable for this transforma-
tion. Notably, the use of TMSN; as the azide radical precur-
sor afforded the corresponding cyclization products as has
already been discussed in Section 4 (see Scheme 34).

N Ph.
| N PhI(OAc); (1.5 equiv) N
Z~N + NaNg T EE—— J\

DMSO (0.033 M)
air, r.t., 20 min R 51 CN
R 4.0 equiv .
49 10 examples, up to 85% yield
CN
Cl O\ Ph. )\@\ )\@\ )\@\
Bu Et
51a (80% ) 51b (75%) 51c (74%) 51d (72%)
(p/m= 1 1)

*@ *Q U

51e (73%) 51f (78%) 519 (85%) 51h (72%)

Scheme 45 Phl(OAc),-mediated radical addition of N-vinylbenzotri-
azoles

The mechanism is shown in Scheme 46. In the presence
of PhI(OAc), (PIDA), addition of the azide radical, generated
in situ from TMSN;, to the carbon-carbon double bond of
the N-vinylbenzotriazole occurs to afford radical intermedi-
ate A or A’. Two possible pathways of sequential denitroge-
nation were included in the next steps. In path a, ring open-
ing of the triazole occurs initially followed by the release of
molecular nitrogen to afford intermediate B. Subsequently,
a 1,5-H shift leads to intermediate C, which can provide in-
termediate D through a single-electron transfer process. Fi-
nally, the nitrile product is obtained by release of another
molecule of nitrogen gas. In path b, the emission of nitrogen
gas from the azide unit occurs first to give intermediate E,
followed by ring opening of the triazole to produce inter-
mediate F. Finally, a single-electron transfer process deliv-
ers the desired product.
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Scheme 46 Possible mechanisms for the PhI(OAc),-mediated radical
addition to N-vinylbenzotriazoles

6 Conclusion and Perspective

To summarize, we have presented a critical overview on
the functionalization of benzotriazoles via denitrogenative
processes. As we know, triazoles readily undergo ring-
chain isomerization through a Dimroth-type equilibrium to
form the diazonium or diazo species. Owing to its unique
structural motif, the use of 1,2,3-triazoles as diazo precur-
sors has been investigated in transition-metal-catalyzed
coupling reactions, whereas the reactions of this heterocy-
clic skeleton as a precursor of diazonium salts have only
been developed in recent years. Therefore, this short review
focuses on the formation of carbon-carbon and carbon-
heteroatom bonds by using benzotriazoles as the synthetic
precursors of ortho-amino arenediazoniums, and mainly
involving cyclization, arylation, alkenylation, alkylation,
carbonylation, borylation, thiolation and phosphorylation.
Gathering mechanistic insights could help us to understand
the nature of the ring-opening and subsequent functional-
ization. Although significant progress has been made in this
area of research, there are still some major challenges that
need to be addressed, such as the limitations of the sub-
strate scope with respect to both coupling partners.

To overcome these central challenges, the most import-
ant development will be to extend the substrate scope and
the reaction types. On the one hand, with regards to the
previously developed transition-metal-catalyzed coupling
reactions of diazonium salts, additional novel reactions will
be explored for the functionalization of benzotriazoles. On
the other hand, the radical strategy opens up a new ap-
proach for the denitrogenative functionalization of ben-
zotriazoles under visible light conditions. Thus, various rad-
ical precursors should be explored for radical coupling with
benzotriazoles. Of course, changing the substituents on the
nitrogen atom of the benzotriazoles may lead to some new

Short Review

reactions. As a consequence, new achievements in ben-
zotriazole chemistry are expected to appear in the near fu-
ture.
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