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Abstract: We have developed a new strategy for pal-
ladium-catalyzed arylation reactions with triazolopyr-
idines, wherein two different chemical transforma-
tions (C-3 vs. C-7) are observed by differentiating
the substrates using different bases. The reactive pal-
ladium carbenoids were directly generated from tri-
azolopyridines and underwent denitrogenative aryla-
tions with aryl bromides. Intriguingly, when potassi-
um carbonate was replaced with potassium fert-but-

oxide, direct C—H arylation occurred at the most
acidic position (C-7). Moreover, two different cata-
lytic arylation events were successfully performed in
a one-pot sequence, providing a convenient access to
6-aryl-2-a-styrylpyridines.

Keywords: arylation; carbenes; one-pot reaction;
palladium; triazolopyridines

Introduction

The utilization of the 1,2,3-triazole group as a versatile
reactive platform for a variety of useful synthetic
transformations has been a field of intense re-
search.l'”l Based on the ability of the triazole moiety
to exist in a closed/open form, triazolopyridines can
serve as versatile pyridyl carbene precursors for the
construction of nitrogen-containing heterocyclic com-
pounds via transition metal catalyzed denitrogenative
transformations.”) Important advances have been
made with the use of triazolopyridines as precursors
of rhodium or copper carbenes to afford valuable pyr-
idine-containing compounds./**! Despite the advances
reported thus far, the direct introduction of (hetero)-
arenes via the Pd-catalyzed migratory insertion of an
aryl group into triazoles has not been reported previ-
ously.

We envisioned that a variety of (hetero)aryl groups
could be installed for the synthesis of 2-a-styrylpyri-
dines by trapping the pyridyl carbenes derived from
triazolopyridines with a Pd catalyst,'® if the Lewis ba-
sicity of the pyridine nitrogen is attenuated via coor-
dination of a Lewis acid to the pyridyl nitrogen atom.
We also hypothesized that the reaction site could be
switchable to the most acidic position (C-7) in the tri-
azolopyridines via a base-assisted deprotonation
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mechanism; subsequent transfer of an aryl group
could then afford C-7 arylated products.”) Herein, we
report a new strategy for the Pd-catalyzed arylation
with triazolopyridines, wherein divergent reaction
pathways between positions C-3 and C-7 are observed
by differentiating substrates using different bases.
Moreover, despite the mechanistic dichotomy, two
different catalytic arylation events could be success-
fully linked in a one-pot sequence with a single Pd
catalyst to afford valuable 6-aryl-2-a-styrylpyridine
compounds (Scheme 1).
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Scheme 1. Pd-catalyzed arylation with triazolopyridines.

Adpv. Synth. Catal. 2016, 358, 958 - 964


http://dx.doi.org/10.1002/adsc.201500967

FULL PAPERS

Palladium-Catalyzed Divergent Arylation with Triazolopyridines

Advanced
Synthesis &
Catalysis

Results and Discussion

First, the feasibility of the denitrogenative arylation
of triazolopyridines was tested using the Pd-catalyzed
cross-coupling reaction with aryl bromides for the
synthesis of 2-a-styrylpyridines (Table 1).¥) After sur-
veying some potential catalytic systems, the use of
a catalytic system consisting of Pd(OAc),, Xphos, and
K,COj; was found to initiate the denitrogenative ary-
lation to afford the desired product 3a but only in an
8% yield (Table 1, entry 2). Thorough ligand screen-
ing was conducted and we found that Cy;P exhibited
a much better perfomance (50%, entry 3). No produc-
tive reaction was observed with the Rh or Cu catalytic
systems, which were employed previously in the deni-
trogenative transformations of triazolopyridines.*!
The base source was also critical for the coupling effi-
ciency, and K,CO; was the most effective for promot-
ing the reactions. Diminished yields were observed,
except under reaction conditions that employed tolu-
ene as the solvent. Among the Pd sources tested,
(Cy;P),PdCl, (5 mol%) was found to be an optimal
catalyst with minimal formation of side products
(entry 6). Considering the potential interference of
the Lewis basic N-atom of the pyridine moiety with
the Pd catalyst,””) we screened a variety of additives to
diminish the Lewis basicity of the pyridine or triazole
moiety. During optimization of the reaction condi-
tions, we discovered that Ni(OAc),-4H,O (0.1 equiv.)
was critical for optimal results (81%, entry 8). Control

Table 1. Optimization of Pd-catalyzed denitrogenative aryla-
tion conditions.™

Me
ANAN . phe Pdlbase Ph
SNy 2a Phve |y
1a 3a
Entry Pd (5mol%) Base Ligand or Additive Yield
(2 equiv.) (0.1 equiv.) [%]
1 Pd(OAc), K,CO; - -
2 Pd(OAc), K,CO;  XPhos 8
3 Pd(OAc), K,CO;  CysP 50
4 Pd(OAc), Cs,CO;  Cy;P 6
5 Pd(TFA), K,CO;  CysP 48
6 (CysP),PdCl, K,CO; - 53
7 (Cy;P),PdCl, K,CO;  Zn(OAc), 60
8 (Cy;P),PdCl, K,CO; Ni(OAc),4H,0 81
9 (Cy;P),PdCl, K,CO;  Mn(OAc),4H,0 71
10 Pd(OAc), K,CO;  CysP/ 70
Ni(OAc),4H,0

1 - K,CO, Ni(OAc),4H,0 0

=

1a, (0.1 mmol), 2a (0.2 mmol), Pd (5mol%), base
(0.2 mmol), and additive (10 mol% ) in PhMe (1.5 mL) at
130°C under N, for 24 h; isolated yields. XPhos=2-dicy-
clohexylphosphino-2',4’,6'-triisopropylbiphenyl,  Cy;P=
tricyclohexylphosphine, TFA =trifluoroacetate.
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experiments verified that no reaction occurred with-
out a Pd catalyst, which indicated that Ni-catalyzed
coupling was unlikely to be operative (entry 11).

After determining the optimal reaction conditions,
we set up a series of experiments to investigate the
scope of the triazolopyridines (Table 2). The present
methodology was amenable to the presence of a varie-
ty of both electron-donating and electron-withdrawing
groups, affording the desired products (3a-1). In case
of the C-7 CF;-substituted triazolopyridine, the result-
ing oa-styrylpyridine product underwent further the
Mizoroki-Heck reaction,'” leading to 1,2-diphenyl
product 3m.[""! Expanding the scope from the pyridine
to the pyrimidyl and pyrazinyl motifs, which are
useful for medicinal chemistry, was also possible, lead-
ing to the formation of 30 and 3p. Substrates bearing
ethyl, and phenyl groups at the R? position were suc-
cessfully converted into the E-selective adducts (3q—
3s).

Subsequently, we examined the scope of this new
method with respect to the aryl bromides (Table 3).
We observed that the coupling of the triazolopyridine
worked well with a wide range of aryl bromides bear-
ing electron-neutral, electron-donating, and electron-

Table 2. Substrate scope of triazolopyridines.

R2 (Cy3P),PdCl, (5 mol%) R?
K>CO3 (2 equiv.) |
“ Ni(OAc); (0.1 equiv. X
“W . pher  WOACk (0T equv) g Ph
s N\N PhMe, 130 °C, 24 h N

4 (2 equiv.) /N
R R’ 3
\O)L /@)L 3e, R=CHj; 73%
- 0,
3a R=H, 81% 3f,R=Cl, 82%
o 3g,R=F 82%
3b, R=CHj3 81% o
D= 3h, R = CF5 72%
3¢, R=Cl, 69%
3d R = OMe. 87% 3i, R = CO,Et, 70%
’ ’ 3j, R= OMe, 70%
| Ph cl
X “Ph X X VPh N/\HLPh
| | S LA
N _N _N >
3n, 549 30, 68%
R CF3 gm, 7504 o X% o8
3k, R = CHz 75%
31, R = Ph, 88%
Nﬁ)LPh C([ Tol
E&N
3p, 71% 3q, 92% (E/Z, 3.2:1) 3r, 86% (E/Z, 15:1)
Ph Me Me
| |
= i Ph = | Ph
N N

3s, 81% (E/Z, 3:1) 3t 77%

4] 4 equiv. of PhBr were used.
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Table 3. Substrate scope of aryl bromides.

Me (CysP),PdCl, (5 mol%)
K>CO3 (2 equiv.)
74 — i i
N + ABr Ni(OAc); (0.1 equiv.)
x-N-N 2 PhMe, 130°C, 24 h
1a
4a,R=CH; 78%  4i, R = COMe, 74%
4b,R=0Me, 70%  4j, R = COOMe, 77%
R 4c,R=NO, 88% 4k R=Ph, 77%
AN 4d,R = F, 59% 41, R = NMe, 67%
| N 4e, R = Cl, 65% 4m, R = TMS, 83%

4f R = CF; 55%
4g, R = CN, 60%
4h, R = CHO, 82%

Me
X
| |\
N R _N

4s, 65%

4n, R = CH=CH,, 70%
40, R =SMe, 82%

|\
_N

4p, R = CHj 70% 4t, 66%
4q, R = OMe, 47%

4r,R=NO, 67%

4y, 57%

4x, 50%

withdrawing groups that are commonly encountered
in organic synthesis. The 2-bromonaphthalene sub-
strate was also suitable for this transformation, and
the desired product 4t was obtained in good yield. In
view of the frequency of heterocyclic analogs within
biologically active molecules, we further investigated
heteroaryl substrates and were pleased to observe
that this method was further extended using a series
of heteroaryl groups, including thiophene (4u), pyri-
dines (4v and 4w), pyrimidine (4x), benzothiazole
(4y), and chromone (4z).

A plausible mechanism for the Pd-catalyzed deni-
trogenative arylation of triazolopyridines with aryl
bromides is shown in Scheme 2. Oxidative addition
initiates the catalytic cycle, generating an organopalla-
dium species. Next, a reactive Pd-carbene complex I
is formed via the reaction of an arylpalladium species
with the in situ-generated diazo imine 1a’. Nickel ions
may coordinate to the pyridyl nitrogen atom in
a diazo form and facilitate Pd-carbene formation. The
resulting complex I can undergo migratory insertion
of the aryl group to give the alkylpalladium species
II. Subsequent B-hydride elimination provides the de-
sired coupled product 4 and regenerates the Pd(0)
catalyst with the aid of the base.

Unexpectedly, the endo-olefin products Sa-5d were
obtained with the C-7 methoxy-substituted triazolo-
pyridine 1b (Scheme 3a). A control experiment
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Scheme 2. Plausible mechanism for Pd-catalyzed denitroge-
native arylation.
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Scheme 3. Reactions of 7-MeO-substituted triazolopyridine
with aryl bromides.
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Scheme 4. Synthesis of LG100268.

showed that the mixture of alkene 1b’ and cycloprop-
yl product 6 could be detected in the absence of Pd
and aryl bromide (Scheme 3b). The cyclopropyl prod-
uct 6 is presumably generated from the reaction of
the in situ generated carbene with an alkene inter-
mediate. The introduction of a methoxy group at C-7
appears to facilitate the formation of the reactive
diazo form,**?! thus spontaneously generating the
carbene and alkene intermediates.””! These observa-
tions suggest that the alkene intermediate 1b’, which
is rapidly formed in situ via the 1,2-H shift of the car-
bene intermediate, reacts with the arylpalladium spe-
cies to afford Heck-type products 5a-5d (Scheme 3d).

To further showcase the synthetic applicability, this
method was employed as a straightforward synthetic
route to the selective retinoid X receptor agonist
L.G100268." Thus, a key intermediate 7 of LG100268
was efficiently prepared (82% ), via Pd-catalyzed deni-
trogenative cross-coupling (Scheme 4).

After successfully achieving the Pd-catalyzed deni-
trogenative arylation, we speculated that the direct
C—H arylation of the triazolopyridine could be ach-
ieved by taking advantage of the inherent electronic
characteristics of this core.”” Thus, we performed
computational studies with density functional theory
calculations, showing that the Gibbs free energy for
the deprotonation of C-7-H is particularly low
(Scheme 5a).I"*! Additionally, the H/D exchange ex-
periment revealed that the most acidic site of the tri-
azolopyridines is the C-7 position.

These observations prompted us to explore the fea-
sibility of the installation of an aryl group at the C-7
position in the triazolopyridines via the presumed
base-assisted deprotonation mechanism. We investi-
gated a possible collection of C—H arylation condi-
tions using the Pd catalytic system and phenyl bro-
mide by evaluating the effect of different bases
(Table 4). We found that the C-7 arylated product
could be obtained in a 62% yield using KHMDS
(entry 3). As predicted, the choice of base had a signif-
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a)

AGexch = 11.97 Me 6053

(kcal/mol) 15.49 2 =

1287 N~
5.35
S )
substrate-H + t-BuO === substrate ~ + t-BuOH
b)
Me Me

N t-BuOK/t-BuOD = N N
“~ N\N’N PhMe NN

[o
130°C,1.5h D

[7-D]-1a (99% D conversion)

Scheme 5. a) Calculated B3LYP/6-311 + + G(2df,2p) free en-
ergies for the deprotonation of each C—H bonds of sub-
strate. b) H/D exchange experiment.

1a

Table 4. Discovery and optimization of Pd-catalyzed C-7 ar-
ylation.[

Me
Me (Cy3P)2PdCl (5 mol%) Cf(
N base ,N
@/gN + PhBr NV
o N=N PhMe, 130 °C, 1.5 h
1a 2a Ph ga
Entry Base (2 equiv,) Temp. [°C] Time [h] Yield [%]
1 LiOEt 130 1.5 NR
2 t-BuONa 130 1.5 NR
3 KHMDS 130 1.5 62
4 -BuOK 130 1.5 88
5 t-BuOK 80 7 70
6 LiHMDS 130 1.5 NR
7 Cs,CO,4 130 15 7
8 NaH 130 1.5 63
9 K,CO, 130 15 NR

@l 1a, (0.1 mmol), 2a (0.2mmol), Pd (5mol%), base
(2 equiv.), in PhMe (1.5 mL) at 130°C under N,; isolated
yields.

icant effect on the reactivity, and +-BuOK was the
most effective for promoting the reactivity (88%
yield, entry 4). Interestingly, usage of other bases led
to lower yields presumably as a result of competitive
ring-opening decomposition.'””’ Moreover, no forma-
tion of C-3 denitrogenative arylation by-product was
observed under the reaction conditions. A diminished
conversion rate was observed when the reaction tem-
perature was decreased to 100 or 80°C (entry 5).
Next, we explored the scope of both triazolopyri-
dine and aryl bromide substrates by conducting direct
C-7-H arylation reactions (Table 5). We found that
this catalytic system was amenable to a range of func-
tional groups such as alkyl, methoxy, trifluoromethyl,
dimethylamino, phenyl, and chloro groups under the
optimized conditions, leading to the formation of
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Table 5. Substrate scope for C-7 arylation of triazolopyri-
dine.

R? (Cy3P),PdCl; (5 mol%)

7z t-BuOK (2 equiv.)
R1—/\f<N + ArBr

NN , PhMe, 130°C,1.5h

8e, 76% 89, 84%

8f, 75%

8m, 71% 8n, 73%

80, 82%

8p, 72%

a series of C-7 arylated triazolopyridines in good to
excellent yields.

We next preliminarily investigated the utility of this
approach for the controlled installation of two differ-
ent aryl groups in a one-pot procedure because the
resulting C-7 aryltriazolopyridines are prone to under-
go the Pd-catalyzed denitrogenative arylation reaction
(e.g., 31 in Table 2). Indeed, we were delighted to ob-
serve that the one-pot catalytic process was facile
under slightly modified reaction conditions in which
KHCO; was employed to remove the reactive ftert-
butoxide anion. The second half event operates se-
quentially via the in situ generated K,CO; from t-
BuOK and KHCO,."! As demonstrated in Table 6,
a series of substrates effectively underwent a one-pot

962 asc.wiley-vch.de
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Table 6. One-pot reaction.”!

Me Me
(PCy3),PdCl, KHCO3
N £-BuOK = Ni(OAC), X Ar2
N— —— |
o N-N Ar'Br Ar2Br _N
toluene ]
1a 130 °C Arl 9

X X
| N Ph f Ph | f Ph | N F
_N r / _N
CF

31, 67% NMe29a, 720 CFogp, 760, 9¢: 50%
S cl S Me OMe
9d, 57% 9e, 64% 9f, 61%
Me OMe
X N
| N NOz ] N O | N O
N 2 Z
NMEZ NMe2 .
99, 66% 9h, 77% 9i, 70%
NO, N OMe N NO,
| N O | _N O
NM CF CF
29}, 87% %ok, 71% 391,79%
& 1a, (0.1 mmol), Ar'Br (0.11 mmol), (Cy;P),PdCl,

(10 mol%), and -BuOK (0.2 mmol) in PhMe (1.5 mL) at
130°C under N, for 1.5h; Ar’Br (0.2 mmol), KHCO,
(0.2 mmol), and Ni(OAc),-4H,0 (10 mol%) for 24 h.

process, in which two different aryl groups are intro-
duced for the construction of diversely functionalized
6-aryl-2-a-styrylpyridines.

A plausible mechanism for the one-pot reaction is
shown in Scheme 6. The initial addition of Pd(II) to
C-7 would proceed via a base-assisted C—H deproto-
nation—palladation mechanism, leading to the C-7 pal-
ladated species I. The subsequent reductive elimina-
tion of II delivered the C-7 arylated triazolopyridine,
which was then engaged in the Pd-catalyzed denitro-
genative arylation event in the second catalytic cycle.

Adpv. Synth. Catal. 2016, 358, 958 - 964
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ArPdX

Y catalytic cycle B
Me

| Ar \X t-BuOH

Scheme 6. Proposed reaction pathways for one-pot catalysis.

Conclusions

In summary, we have developed a new and versatile
synthetic strategy for the Pd-catalyzed arylation with
triazolopyridines. The synthetic utility of this ap-
proach has been verified via two different chemical
transformations (C-3 vs. C-7) from the same set of
substrates, which were achieved by differentiating
each event using different bases. Moreover, two con-
current arylation events successfully proceeded in the
one-pot process with a single Pd catalyst, providing
a new straightforward route to 6-aryl-2-o-styrylpyri-
dines of high synthetic utility.

Experimental Section

General Procedure for Synthesis of 2-(1-Phenylvinyl)-
pyridine Derivatives

Triazolopyridine (0.1 mmol), aryl bromide (0.2 mmol),
(Cy;P),Pd(l, (5 mol%), K,CO; (2 equiv.), and
Ni(OAc),4H,O (0.1 equiv.) were combined in anhydrous
PhMe (1.5 mL) under nitrogen condition in a sealed tube.
The reaction mixture was stirred at 130°C for 24 h. The mix-
ture was monitored by TLC using EtOAc and n-hexane =
1:2 as the mobile phase and stirred until the starting materi-
al disappeared. After being cooled to room temperature, the
mixture solvent was removed under reduced pressure. The
reaction mixture was diluted with CH,Cl, and the residue
was extracted with aqueous NH,Cl (3x30 mL). The organic
layer was dried over MgSO,. After removal of the solvent,
the residue was purified by flash chromatography on silica
gel to give desired product.

Full characterization data and copies of relevant spectra
are provided in the Supporting Information.

General Procedure for 7-Arylation of Triazolo-
pyridine

Triazolopyridine (0.1 mmol), aryl bromide (0.2 mmol),
(CysP),PdCl, (5 mol%), and KO-#-Bu (2 equiv.) were com-

bined in anhydrous PhMe (1.5 mL) under nitrogen condition
in a seal tube. The reaction was stirred at 130°C for 1.5 h.
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The mixture was monitored by TLC using EtOAc and n-
hexane=1:2 as the mobile phase and stirred until starting
material disappeared. After cooled to room temperature,
the mixture solvent was removed under reduced pressure.
The reaction mixture was diluted with CH,Cl, and the resi-
due was extracted with aqueous NH,CI (3 x30 mL). The or-
ganic layer was dried over MgSO,. After removal of solvent,
the residue was purified by flash chromatography on silica
gel to give desired product.

Full characterization data and copies of relevant spectra
are provided in the Supporting Information.

General Procedure for One-Pot Synthesis of 6-
Phenyl-2-a-styrylpyridines

Triazolopyridine (0.1 mmol), Ar'Br (0.11 mmol),
(CysP),PdCl, (10 mol% ), and KO-#-Bu (2 equiv.) were com-
bined in anhydrous PhMe (1.5mL) under nitrogen n
a sealed tube. The reaction mixture was stirred at 130°C for
1.5 h. The mixture was monitored by TLC using EtOAc and
n-hexane=1:2 as the mobile phase and stirred until the
starting material disappeared. After being cooled to room
temperature, KHCO;  (0.2mmol), Ni(OAc),4H,0
(0.1 equiv.), and Ar’Br (0.2 mmol) were added. The reaction
mixture was stirred at 130°C for 24 h under nitrogen. The
mixture was monitored by TLC using EtOAc and n-
hexane=1:5 as the mobile phase and stirred until the inter-
mediate disappeared. After being cooled to room tempera-
ture, the mixture solvent was removed under reduced pres-
sure. The reaction mixture was diluted with CH,Cl, and the
residue was extracted with aqueous NH,Cl (3x30 mL). The
organic layer was dried over MgSO,. After removal of sol-
vent, the residue was purified by flash chromatography on
silica gel to give desired product.

Full characterization data and copies of relevant spectra
are provided in the Supporting Information.
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