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ABSTRACT: Selective bromination reactions of “click compounds” are _ N=N\NL ,
described. Electron-neutral and electron-deficient arenes selectively N | /+ T M N ~/ R
undergo unprecedented Pd-catalyzed C—H ortho-halogenations assisted ol < ; PR !
by simple triazoles as modular directing groups, whereas electron-rich Click & Gol "

C-H Bromination protocol 30 examples

arenes are regioselectively halogenated following an electrophilic up to 99% yield
aromatic substitution reaction pathway. These C—H halogenation

procedures exhibit a wide group tolerance, complement existing bromination procedures, and represent versatile synthetic tools
of utmost importance for the late-stage diversification of “click compounds”. The characterization of a triazole-containing

palladacycle and density functional theory studies supported the mechanism proposal.

he carbon—halogen bond is undoubtedly a major workhorse Scheme 1. Metal-Catalyzed C—H Functionalization Processes
within the realm of organic chemistry.1 In particular, aryl Using “Click” 4-Aryl-1,2,3-triazoles

halides are prevalent key motifs in a vast array of natural products AP ArX or ArCHO

and stand out as highly versatile compounds of widespread utility Hy N=N Pd&Cucat ~ Ru&Pdcat R N=N

: ) ; N-R' " routea [ routeb ~ N-R!
in chemical industry for the assembly of numerous relevant @)QT [ (
Ar H N=N &
a

medicinal products and agrochemicals.2 As a result, the

= : N-R! R = Ar, COAr
development of novel and practical halogenation procedures is Sy ©/L‘T c-c
of prime synthetic value in basic and applied chemistry. Classical He & N
approaches include electrophilic aromatic substitution (EAS),’ I NiN‘N,Ru P"‘ﬂf,fg‘;"r' | Lorid N-R'
halogenation of aryldiazonium salts (Sandmeyer reaction),” and 3 Pd cat. mu::d ©/(\‘;»
directed ortho-lithiation/halogenation sequence.5 Despite their X<0OR. NSZ fouta ¢ Hils work
common use, those methods suffer from notable drawbacks such ¢-08C-N Skl

as harsh reaction conditions often involving hazardous reagents
and mostly lack regioselectivity across many substrate classes. The
past decade has witnessed an increasing interest in the pursuit of

selective chelation-directed metal-catalyzed C—H halogenations preferentially proceed at the arene while leaving the C5—H site
which are of paramount importance from a sustainability intact'* (Scheme 1, route b). We and others have recently
standpoint."” Although a wide variety of directing groups expanded the latter to Pd-catalyzed C—H oxygenation'**" and
(DGs) have been effectively utilized for the halogenation of nitration reactions'* featuring an unconventional role of a simple
C(spz)—Hbonds,G’7 expanding the scope to other versatile motifs triazole scaffold as a modular DG in C—heteroatom bond-
remains a critical challenge of tremendous impact in the field of forming processes (Scheme 1, route c). To the best of our
C—H functionalization.® knowledge, the parent-challenging C—H halogenation event
The 1,2,3-triazole core is a prevalent heterocyclic structure in a directed by “click triazoles” remains unexplored (Scheme 1, route
wide range of compounds in distinct research areas such as crop d). If developed, this methodology would complement the
protection, medicinal chemistry, and material sciences.” How- existing C—H halogenations of arenes and clearly provide
ever, its unique properties have not been fully exploited in the field straightforward access to a variety of densely substituted
of metal catalysis'lo In particular, 4_ary1_1’2,3_triazoles resulting heterocyclic units in Wthh the introduced hahde motlf could
from the atom-economical Cu-catalyzed azide—alkyne [3 + 2] behave as a temporary functional group allowing even further
cycloaddition (CuAAC)'" represent an ideal platform to design structural diversification. As part of our interest in heterocyclic
novel C—H functionalization events. If successful, such methods ChemiStrY;bllé we describe herein selective C(sp?)—H halogen-
would constitute versatile techniques for the unexplored ation methods using 4-aryl-1,2,3-triazoles that feature a unique
chemoselective late-stage derivatization of “click compounds”."” tool to enable the buildup of molecular diversity combined with a
Most of the postfunctionalizations of 4-aryl-1,2,3-triazoles rapid .asse’r’nbly of the required heterocyclic substrates via “click
involve C—C bond-forming processes such as Pd- or Cu- chemistry”.
catalyzed direct arylations selectively occurring at the heterocyclic
C—H bond"® (Scheme 1, route a) or triazole-assisted Ru- Received: January 25, 2017
catalyzed direct arylations and Pd-catalyzed acylations which Published: February 9, 2017
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Table 1. Pd-Catalyzed C(sp*)—H Bromination of 1a”

N=N N=N,

N—jpn Pd{OAc); (10 mol %) N—iPn
Me = ~ Me =
\'f\[‘/k/ NBS (1.5 equiv)
v PhI{OAc); (1.0 equiv) Br
1a PivOH (2.0 equiv)

DCE. 110°C
entry change from standard conditions yield® (%)
1 none 70
2 without Pd(OAc), 0
3 without PhI(OAc), 27
4 without PivOH 50
5 without NBS 25°
6 under air 5SS
7 K,S,0g instead of PhI(OAc), traces
8 PdCL,(MeCN), instead of Pd(OAc), 61
9 Pd(TFA), instead of Pd(OAc), 48
10 Pd(dba), instead of Pd(OAc), 42
11 CuBr, instead of NBS 0
12 AdCO,H instead of PivOH 47

“Reaction conditions: 1a (0.25 mmol), Pd(OAc), (10 mol %), NBS
(1.5 equiv), PhI(OAc), (1.0 equiv), PivOH (2.0 equiv), DCE (0.25
M) at 110 °C for 24 h under Ar. "Yield of isolated product after
column chromatography. o-Acetoxylated triazole derivative was
obtained.

We first prepared triazole 1a upon CuAAC and study its
bromination as the model reaction.”” After careful optimization,
we found that the desired transformation was possible and o-
bromo derivative 2a was obtained in 70% yield when a
combination of Pd(OAc), as catalyst, N-bromosuccinimide
(NBS) as brominating agent, (diacetoxyiodo)benzene as co-
oxidant, and pivalic acid as additive was used (Table 1, entry 1).
Notably, monobromination of 1a preferentially took place in the
less hindered ortho-position, while competitive ortho-acetoxyla-
tion of the arene ring was detected in trace amounts. Control
experiments evidenced the crucial impact on reactivity of all the
variables: the reaction did not occur in the absence of palladium
catalyst (entry 2), the addition of an external oxidant was
determinant to obtain high yields (entry 3),'® the presence of a
protic acid clearly enhanced the target C—H halogenation (entry
4), and the parent ortho-acetoxylation of 1a took place in the
absence of NBS, albeit in low yields (entry S). The use of other Pd
sources (entries 8—10), oxidants (entry 7), brominating agents
(entry 11), or protic acids (entry 12) afforded substantially lower
yields of 2a. Likewise, the performance of the process at distinct
temperatures did not improve the reaction outcome."

Having established an optimal system for the selective Pd-
catalyzed ortho-halogenation of “click compounds”, we next
evaluated its generality utilizing a variety of substituted 4-aryl-
1,2,3-triazoles easily obtained by CuAAC of the corresponding
alkynes and azides. Importantly, the electronic nature of the arene
had a tremendous impact on the halogenation process. The Pd-
catalyzed ortho-bromination of triazole derivatives bearing either
electron-neutral or electron-withdrawing substituents smoothly
proceeded to selectively afford the corresponding monobromi-
nated arenes in moderate to good yields (Scheme 2). When the
parent N-chloro- and N-iodosuccinimide were used, the
corresponding chlorinated and iodinated products, 2b and 2c,
respectively, were obtained, albeit in comparatively lower yields.
Importantly, meta-substituted arenes demonstrated excellent site
selectivity in the process, providing monohalogenated com-
pounds as sole regioisomers (2a—j,p—q) as verified by X-ray
analysis of 2q. The efficiency of the reaction was not impeded by
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Scheme 2. Pd-Catalyzed C(sp*)—H Ortho-Halogenation of
Arenes la—y™”

=N

=N
N N g Pd(OAG), (10 mol %) i P
= = _— = R
rRIE | NXS (1.5 equiv) R’--/ |
= R? PhI(OAC), (1.0 equiv) = R?
PivOH (2.0 equiv)
T DCE, 110°C 2a-x
=N, FoN=N R N=N
X Br Br
2a, X = Br, 70% 2k, R = Pn,66% 2m, R = F,70%
2b, X = Cl, 49%° 2IR = Cy, 60% 2n, R = Br, 68%
2¢, X =1, 20%" 20, R = Cl, 64%
L n=N, N=N
:'..”._an Me < N R x“‘@—n
L " . - B L
2 N=N F Br Br
Me <~ N-R  2p.R=Pn 43% 2r, R = H, 72%
2q, R = Bn, 46% 25 R=CN. 76%
2t,R=F, 65%
Br CFy N=N
2d, R = Pn, 65% N R F | N=N,
2e, R = Hpt, 54% R - N-Bn
2f, R =Bn, 51% e
29, R =Cy, 60% 3 Br

2h, R = Mes, 40% 2u, R =/Pn, 81%
2i, R = (p-OMe)Ph, 47% 2v, R =Bn, 83%
2j, R = (p-CN)Ph, 55%

2w, R = 2-0Ts, 61%
2x, R = 3-Me, 46%

“As for Table 1, entry 1. "Yield of isolated product after column
chromatography, average of at least two independent runs. °N-
Chlorosuccinimide (2.0 equiv) was used. “N-Iodosuccinimide was
used.

ortho substituents on the aryl ring (2k—o,u,v). Of remarkable
importance are examples 2r—t where arenes with various
accessible C(sp?)—H bonds selectively underwent the mono-
bromination event and not even traces of dihalogenated product
were detected. Notably, several functional groups were perfectly
accommodated such as ethers (2i), halides (2k—q,t—v), cyanides
(2j,8), and tosylate (2w). Our process was also applicable to 4-
benzyl-1,2,3-triazoles 1w,x proceeding in those cases through the
presumable formation of a six-membered palladacycle.

In striking contrast, when the electron-rich substrate 3a was
submitted to the standard conditions, the projected triazole-
directed ortho-bromination did not occur in the presence or
absence of palladium catalyst, and instead, the bromination
selectively took place in the S-position of naphthyl ring (Scheme
3). After slight modifications of the reaction conditions, we
observed that simply mixing the substrate with NBS at room
temperature furnished brominated product 4a in 88% yield.
Interestingly, other electron-rich substrates followed the same
trend, and uncatalyzed EAS predominated over the Pd-catalyzed
ortho-functionalization process. In this respect, triazoles bearing
acetanilide and anisole units (3b,c) as well as thiophenes (3e,f)
were efficiently brominated following an EAS mechanism.”’
Importantly, the alternative employment of N-clorosuccinimide
led to the corresponding chlorinated product 4d in excellent yield.

The usefulness of the developed method is highlighted by the
synthetically practical transformations that the prepared triazoles
can undergo at the C—Br site through metal-catalyzed C—C and
C—N bond-forming processes. As depicted in Scheme 4, Pd-
catalyzed Sonogashira and Suzuki couplings provided Sa and Sb
in good yields, and the latter can be also obtained upon nickel
catalysis albeit in moderate yields (see the Supporting
Information). Note that common scaffolds in medicinally
relevant targets such as heterocyclic arenes were successfully
introduced by Cu-catalyzed N-arylations that furnished Sc and 5d
in excellent yields.
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Scheme 3. Regioselective EAS of Arenes 3a—f" b

H N=N H N=N
EAS Y
MR <N R
NXS (1.5 equiv)
DG DCE, DG
H 3af X da-f
N=N N=N,
e N-Bn . N-Bn
MeO l I AcHN
Br Br
42, §6%° 4b, 74%F

N=N, N=N,
MeO ~ MN—=iPn ~ N-R
]
S
X Br

4c¢, X = Br, 82%"
4d, X = CI, 95%°

de, R = Bn, 97%°
4f, R = (p-CN)Ph, 98%°

“Reaction conditions: 3 (0.25 mmol), NXS (1.5 equiv), DCE (0.25
M) at rt for 24 h under Ar. ®Yield of isolated product after column
chromatography, average of at least two independent runs. “Using N-
bromosuccinimide. dUsing N-chlorosuccinimide.

Scheme 4. Versatility of Brominated Triazoles

N=N, N=N
Me NP Me . N—iPn
PACIy(PPhg), PA(PPhs)s
X phenylacetylene PhB(OH), Ph
KoCO3, THF KoCO3,PhMe b 76%
5a, 78% 90 °C 90°C g °
Cu,0
N-heterocycle
Cs,CO; DMF
100 °C
N=N

Het

e
5c, Het = benzimidazole, 830%
5d, Het = pyrazole, 98%

In order to gain some insights into the reaction mechanism,
several control experiments as well as DFT studies were
performed. To support the intermediacy of a triazole-containing
palladacycle, a stoichiometric reaction of triazole 1s with
Pd(OAc), in DCE was performed and the bimetallic complex A
was pleasingly obtained in 93% yield. Such a dinuclear complex
was characterized by NMR spectroscopy and by X-ray
crystallography; to the best of our knowledge, it represents the
first palladallacycle involving a “click” 1,2,3-triazole as chelating
group. Importantly, complex A efficiently catalyzed the formation
of 2s from 1s in 87% isolated yield, which indicates that it is likely
an active species within the catalytic cycle (Table 2, entry 2). In
related metal-catalyzed halogenations, the crucial role of the acid
as additive has been described as either to protonate the carbonyl
group of the N-halosuccinimide, thus rendering a more effective
halonium source,6f or to in situ produce the corresponding acyl
hypohalite by combination with NXS.”* Accordingly, we
prepared a solution of pivaloyl hypobromite (PivOBr) following
a reported procedure,”’ and it was found to be a powerful
halogenating agent providing the brominated arene 2s in yields
similar to those under the standard conditions (Table 2, entry 3)
or in moderate yield when complex A was used as the Pd source
(Table 2, entry S).

While further studies are clearly required to confirm the
mechanistic scenario, a plausible mechanism is proposed in
Scheme 5. The reaction would begin by a cyclopalladation process
to furnish a bimetallic species Iy which has been confirmed by
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Table 2. Control Experiments with Triazole 1s

ety
A
N=N, o
[}
- N_Q‘C" Pd(0Ac); (1.0 equiv) d‘:::?“" .n:"q.ﬂo
Ph DCE, 90 °C iy oy
93% St A
1s
[Pd] (10 mol %) Complex A
[Br-source] (1.5 equiv)
PhI(OAC) (1.0 equiv) entry  [Pd] [Br-source]  yield (%)*®
PivOH (2.0 equiv)
DCE, 110°C 1 Pd(OAc),  NBS 72
N=N 2 Complex A NBS a7
s N cN 3 Pd(OAcl,  PiWOBr 75
Ph 4 none PivOBr 0
Er 5 ComplexA  PivOBr 40

25

“As for Table 1, entry 1. ®Yield of isolated product after column
chromatography, average of at least two independent runs.

Scheme S. Proposed Reaction Mechanism
N=N H o N=N

Cyclopalladation
AAGH = 10,5 Kealimol

Br

2 \N‘R
Pd(ll)

Reductive

AAG¥=7.7 Kealimol / elimination

Br c Me
f\Pd:OPlv A
) N P S
\_-N Pd —PdZ
- “Ne Ns=PI<0) e
idati N = op—Me
Oxidative N\ -
‘ N. NyPdZ
halk O
alogenation R Ph/
[UN} (g}
PivOBr(path a, AAG* = 14.4 Kcalimol) N; = triazole

vs NBS (path b, AAG* = 31.4 Kcalimol)

DFT studies to be more stable than its monomeric species L.
Therefore, a dissociation prior to the oxidation step seems arather
feasible reaction pathway. Likewise, in accordance with experi-
ments depicted on Table 2, DFT studies revealed that the
oxidation step is energetically more favorably assisted by in situ
generated PivOBr (path a) than NBS (path b).>* Finally, C—Br
bond-forming reductive elimination** from the monometallic Pd
intermediate IT would afford the desired product and regenerate
the active Pd catalyst."®

In summary, we have disclosed unprecedented C(sp*)—H
halogenations events upon “click” triazoles, which represent
practical late-stage diversification strategies toward molecular
complexity. The electronic nature of the arene is pivotal in
selectively boosting the reaction mechanism either by a triazole-
directed Pd-catalyzed ortho-functionalization or by an EAS
reaction. Importantly, a triazole-containing palladacycle was
identified as a competent intermediate along the catalytic cycle,
and DFT studies supported the role of in situ generated PivOBr as
the more plausible halogenating agent. Further mechanistic
investigations are currently underway in our laboratories.
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