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Abstract: A series of fused non-classical normal N-
heterocyclic carbenes, Pyrpy-NHC precursors de-
rived from pyrazolo[1,5-a]pyridines, has been pre-
pared using palladium-copper-catalyzed decarboxyla-
tive arylation of pyrazolo[1,5-a]pyridine-3-carboxylic
acid. Air-stable palladium and rhodium complexes of
these ligands have been synthesized via mild trans-
metallation of Ag-Pyrpy-NHC. The structural prop-
erties of Rh(Pyrpy-NHC)(COD)CI complexes were
determined via X-ray analysis. The measurement of

the CO stretching frequencies of dicarbonyl Rh-
Pyrpy-NHC complexes revealed that the electron do-
nating strength of Pyrpy-NHC could be tuned by
varying the substituents of the aryl group. A catalytic
study of the Pd-Pyrpy-NHC complexes revealed
promising activity in the Suzuki-Miyaura reaction
under ambient atmospheric conditions.

Keywords: carbenes; decarboxylative
ligand design; palladium; rhodium

coupling;

Introduction

N-Heterocyclic carbenes (NHCs) have been studied
extensively in organometallic chemistry and there has
been explosive development in the field of transition-
metal-catalyzed reactions over the last decades.!! Al-
though phosphine-metal complexes have shown paral-
lel unique reactivities and selectivities in many reac-
tions, the preference for NHCs over phosphine li-
gands is due to the excellent stability of NHC-metal
complexes towards air and moisture owing to the
strong metal-carbene bond? as well as high reactivi-
ties.’! Among the currently accepted NHC ligands,
the two major classes are the normal NHCs (nNHCs),
which have a resonance form with all-zero formal
charges, and abnormal NHCs (aNHCs) or mesoionic
carbenes (MICs), which should have a formal charge
on the canonical structure.

Since the introduction of the first example by the
Crabtree group,” great progress has been made in
the development of aNHCs/MICs!*® because
aNHCs/MICs, which have a carbon and a nitrogen ad-
jacent to carbene carbon, are known to be stronger
sigma donors and sometimes have better reactivity
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than classical nNHCs, which have two adjacent nitro-
gens.”! The distinguishable features of aNHCs are
also observed in the properties of coordinated metal
centers, such as the coordination geometry and elec-
tron density.®! Selected examples of aNHCs/MICs de-
rived from imidazole (A),” triazole (B),™ and imi-
dazopyridine (C and D) are shown in Figure 1.
Recently, the Huynh group developed non-classical
nNHC E, where the carbene carbon environment re-
sembles that of aNHCs, derived from pyrazole and in-
dazole.'""* 4 Interestingly, they found that Indy-NHC
E has even more sigma-donating capability than some
aNHCs. The Zhao group prepared a series of Indy-
NHCs, such as F, by introducing various N-substitu-
ents for steric and electronic tuning and reported
their catalytic activity in a Au-catalyzed reaction.!'”
Knowing these unique properties of non-classical
nNHCs, we envisioned using pyrazolo[1,5-a]pyridine
(Pyrpy) as a new backbone for a non-classical nINHC,
Pyrpy-NHC (G) and surmised that varying C-substitu-
ents may lead to a wide range of novel properties,
since most synthetic tools for NHCs focus only on in-
troducing N-substituents for tunable electronic and
steric properties. However, we found that having ster-
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Figure 1. Selected examples of aNHCs/MICs (A-D) and
non-classical iINHC (E-G) precursors.

ically demanding C-substituents on NHCs is rare
owing to the lack of synthetic approaches.

Since pyrazolo[1,5-a]pyridines are an important
class of biologically active compounds!™! and are also
used to develop luminescent compounds,'? there are
a number of reports that describe the facile synthesis
of 2-substituted or 2,3-disubstituted pyrazolo[l1,5-a]-
pyridines,"*! but few synthetic methods for 3-substitut-
ed pyrazolo[1,5-a]pyridine derivatives have been re-
ported (Scheme 1).'¥ Conventional multistep cou-
pling methods for the synthesis of 3-substituted deriv-
atives suffer from limited scope, low yield, and use of
expensive starting materials."*° Furthermore, recent
direct C-3 arylations of pyrazolo[1,5-a]pyridines de-
veloped by the Wu group required four equivalents of
aryl iodide with 30 h of reaction time.'*! Regarding
the development of pyrazolo[l,5-a]pyridine-based
NHC ligands, a better synthetic method for sterically
demanding 3-substituted pyrazolo[1,5-a]pyridines was
needed. We surmised that decarboxylative arylations
would be more flexible synthetic alternatives, because
pyrazolo[1,5-a]pyridine-3-carboxylic acids are easy to
access, ™ and utilizing aryl bromides as substrates in
a short reaction time could be beneficial. Herein, we
report the synthesis of 3-substituted pyrazolo[1,5-
a]pyridines and Pyrpy-NHC precursors via decarboxy-

cat. "Pd" AN
ArX (1.2 equiv) I
-

DME, 80 °C

Kemmitt group 4h

cat. "Pd"

Arl (4 equiv)
-

DMF, 140 °C
30h

Wu group

Scheme 1. Synthesis of 3-substituted pyrazolo[1,5-a]pyridines.
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lative coupling reactions and N-alkylations along with
the characterizations of their metal complexes (Rh-
Pyrpy-NHC and Pd-Pyrpy-NHC) and the catalytic ac-
tivities of Pd-Pyrpy-NHC complexes.

Results and Discussion

Decarboxylative arylation of pyrazolo[1,5-a]pyridine-
3-carboxylic acid

Since the Nilsson group introduced the decarboxyla-
tive Ullmann reaction,' many practical methods
have been developed.'” We began by testing the typi-
cal conditions developed by the Forgione and Bilo-
deau group (Table 1).®) In the presence of Bu,NClI,
we obtained arylated product 2a in 52% yield and
protodecarboxylated product 2a’ in 47% yield

Table 1. Screening of decarboxylative coupling using Pd cat-

alysts.[
S ®

’\{ N COH + PphBr DMFE + ’\\l N

N= Cs,CO0;5 N=

1a 2a 2a'
Entry Catalyst Additive Yield [%]

of 2a/2a’™®

1 Pd[P(:Bu)s], Bu,NClI 52/47
2 Pd[P(:Bu);], - 56/26
3l Pd(OAc), + P(rBu), Bu,NClI 29/28(43)14
4l Pd(OAc), + P(tBu); - 31/0
slel Pd[P(:Bu);], - <5195
6l Pd[P(:Bu);], - 0/100

[2) Conditions: pyrazolo[1,5-a]pyridine-3-carboxylic acid, 1a
(1.0 equiv), bromobenzene (2.0 equiv), Pd catalyst
(5 mol %), Cs,CO; (1.5 equiv), additive (1.0 equiv), DMF
(0.1M), 160°C.

) Yield based on '"H NMR using dibromomethane as an in-
ternal standard.

[ P(Bu),; HBF, (5 mol %) was used.

4l Isolated yield of butyl ester is shown in parentheses.

€l In toluene.

M In dioxane.

cat. "Pd", cat. "Cu"
ArBr (1.5 equiv)
B — e g
DMF, 160 °C

7h

CO,H

Our group
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(entry 1).)  Although protodecarboxylation de-
creased in the absence of Bu,NCI, the amount of the
arylated product did not increase (entry 2). Interest-
ingly, when we added Pd(OAc), and P(tBu);HBF, in
the presence of Bu,NCl, butyl ester was isolated in
43% vyield from the reaction of la with Bu,NCI
before the decarboxylative coupling (entry 3). We ob-
tained the arylated product in 31 % yield with no for-
mation of the protodecarboxylated product in the ab-
sence of Bu,NCI (entry 4). Non-polar solvents, tolu-
ene and 1,4-dioxane, gave little or no desired product
but mostly protodecarboxylated product (entries5
and 6).

After we found that the Pd-only conditions did not
work well, we decided to test the Pd/Cu bimetallic
system developed by the Goossen group (Table 2).")
Under these conditions (5mol% of Pd[P(tBu)s,,
10 mol % of Cu,0O, and 10 mol % of 1,10-phenanthro-
line), we obtained the arylated product in 87 % yield
with 9% of 2a’ (entry 1). Bidentate dppf (1,1’-bis(di-
phenylphosphino)ferrocene) ligand did not increase
the yield of 2a, but the yield of 2a’ increased
(entry 2). Adding Pd,(dba); (dba=dibenzylideneace-
tone) without using a phosphine ligand gave 2a and
22’ in 84% and 10% yields, respectively (entry 3).

Table 2. Decarboxylative coupling under Goossen’s condi-
tions.!

S | > B
l\< N\—COH + pher — > ": N\y—Ph + '\\l N
\< DMF = N=

1a C=2C0s 2a 2a'
Entry Pd Cu/Ligand™ Yield [%]
of 2a/2a""
1 Pd[P(:Bu)s], Cu,O/phen 87/9
2 Pd(dppf)Cl, Cu,O/phen 81/16
3 Pd,(dba), Cu,O/phen 84/10
4 Pd(PPh,), Cu,O/phen 92/6
5l Pd(PPh;), Cu,O/phen 58/36
6l Pd(PPh;), Cu,O/phen 15/74
7 Pd(PPh;), Cu,O/bipy 30/62
8 Pd(PPh,), Cul/phen 79/11
9 Pd(PPh,), CuCl/phen 97/-
101 Pd(PPh;), CuCl/phen 97/~
11 Pd(PPh;), - 62/26

[a) Conditions: pyrazolo[1,5-a]pyridine-3-carboxylic acid, 1a
(1.0 equiv), bromobenzene (2.0 equiv), Pd catalyst
(5mol%), Cu catalyst (10 mol%), ligand (10 mol%),
Cs,CO; (1.5 equiv), DMF (0.1 M), 160°C.

] Phen = 1,10-phenanthroline, bipy =2,2'-bipyridine.

[l Yield based on 'H NMR using dibromomethane as an in-
ternal standard.

' K,CO, was used

] Ag,CO; was used

1 Bromobenzene (1.5 equiv) was used.
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The yield of 2a increased to 92 % with lesser amount
of 2a’ using Pd(PPh;), (entry 4). After screening the
bases by using K,CO; and Ag,CO;, Cs,CO; turned
out to be the best (entry4 vs. 5 and 6). Bipyridine
had a detrimental effect, affording 2a’ in 62% yield
(entry 7). To our delight, CuCl gave the highest yield
(97 %) with almost no formation of 2a’ among the
copper sources (entry 9 vs. 4 and 8). The amount of
bromobenzene could be further reduced without de-
creasing the yield (entry 10). In the absence of CuCl
and 1,10-phenanthroline, the yield of 2a decreased to
62 % with 26 % of 2a’ (entry 11).

With the optimized conditions in hand, we investi-
gated the substrate scope with a variety of aryl bro-
mides, and the results are summarized in Table 3. The
aryl bromides with a methyl group at the ortho, para,
and meta positions reacted smoothly and afforded
coupling products 2b-d in 87-88% yields. A bulky
substituent at the para position did not affect the
yield of product 2e (86 % yield). However, di- and tri-
methyl-substituted derivatives gave slightly lower
yields, especially with substituents at the ortho posi-
tion (2f-h). Although aryl bromides with both elec-
tron-donating and withdrawing groups were well tol-
erated to give 2i-m in 70-90 % yields, the CF; group
resulted in moderate yields for 2n—o (68 % and 67 %,
respectively). Despite low yields, highly sterically de-
manding aryl bromides, such as those with a diisoprop-
yl group at the 2 and 4 positions, gave desired prod-
ucts 2p—q in 42 % and 40 % yields, respectively. 2-Bro-
monaphthalene also readily reacted to give 2r in 84 %
yield. 3-Bromopyridine was also tolerated, giving
71% vyield of 2s. 2-Substituted pyrazolo[1,5-a]pyri-
dine-3-carboxylic acid was also tolerated with
15mol% of Pd(PPh;),. 2,3-Diphenylpyrazolo[1,5-
a]pyridine 3a was obtained in 63 % yield and the aryl
bromide with electron donating and withdrawing
group gave moderate yields of 3b (60%) and 3¢
(65%). 3-Bromopyridine gave 47 % yield of 3d.

Synthesis of Pyrpy-NHC ligand precursors

The synthetic pathway for Pyrpy-NHC ligand precur-
sors 4a—g is outlined in Scheme 2. Treatment of pyra-
zolo[1,5-a]pyridine derivatives with 2-iodopropane at
120°C led to the formation of pyrazolo[1,5-a]pyridini-
um iodides in good yields. Anion exchange of iodide
with chloride was performed simply by passing the so-
lution through a column of ion exchange resin Dowex
1x8 chloride form, and compounds 4a-g were ob-
tained in quantitative yields. The '"H NMR spectra of
compounds 4a-g showed the characteristic singlet
peak at 0 =~ 7.98-9.14 ppm arising from the C-2
proton of pyrazolo[1,5-a]pyridinium chloride salt.*”!
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Table 3. Decarboxylative arylations with various aryl bromides.*"

A Br

N
\
N

Ry R

| Pd(PPh3)4 (5 mol %)
\,-COH * X, CuCl (10 mol %), Phen (10 mol %L
| X Cs,CO3 (1.5 equiv)
DMF, 160 °C, 7 h

3a, 63%ld

2b, 60%I¢.9]

OMe

3¢, 65%[49l 3d, 477%4fd

[l Conditions: pyrazolo[1,5-a]pyridine-3-carboxylic acid, 1 (1.0 equiv), aryl bromide (1.5 equiv), Pd cata-
lyst (5 mol %), Cu catalyst (10 mol %), ligand (10 mol %), Cs,CO; (1.5 equiv), DMF (0.1M), 160°C,

7 h.

Isolated yield.

[} Reaction time was 8 h.

4l Reaction time was 12 h.

[l Aryl bromide (2.0 equiv) was used.

[b]

' Pd[P(Bu);], was used instead because triphenylphosphine oxide was inseparable in the case of

Pd(PPh,),.
el Pd catalyst (15 mol %) was used.

Synthesis and structures of Rh-Pyrpy-NHC
complexes

Since silver transmetallation is a well-established
method for the synthesis of NHC-metal complexes, !
we treated 4a-g with Ag,0 (0.5 equiv) in CH,Cl, to
obtain the corresponding Ag-Pyrpy-NHC complexes.
In situ addition of [Rh(COD)CI], (0.5 equiv) (COD =
1,5-cyclooctadiene) to the silver reaction mixture af-
forded corresponding Rh-Pyrpy-NHC complexes Sa—g
in good yields (Scheme 2). All of the Rh complexes
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were well characterized on the basis of their spectro-
scopic data. The "H NMR spectra of the complexes
featured the absence of the characteristic singlet peak
arising from the C-2 proton of pyrazolo[1,5-a]pyridini-
um salt at around 7.98-9.14 ppm, and the "C NMR
spectra revealed a doublet peak at  ~ 188 ppm aris-
ing from the C-2 carbon bound to the Rh center. The
"H NMR spectrum of complex 5b showed two similar
sets of doublet peak at ~ 8.40 ppm, which indicated
two structural isomers arising owing to the position of
the methyl group (R') above or below the ring
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- e. R1=iPr R2=iPr R3=H
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g. R'=H R2=H R%®=CF;

7b-e

Scheme 2. Synthesis of Pyrpy-NHC precursors and their metal (Rh and Pd) complexes.

system. C NMR also support this observation show-
ing two characteristic doublet of C... bonded to
Rh.

Suitable single crystals of complexes 5a and Se for
X-ray analysis were obtained via careful layering of
pentane with a CH,Cl, solution. Their molecular
structures are shown in Figure 2. Some selected geo-
metrical parameters are given in Table 4. The coordi-
nation sphere is square planar for both complexes.
The Rh-Ce,pene bond length is 2.024(3) A for 5a and
2.043(2) A for Se, consistent with a Rh—C single
bond. The torsional angle of the pyrazolo[1,5-a]pyri-
dine ring system to the coordination plane is 99.8° for
5a and —112.4° for Se, indicating significant deviation
in orientation. Also, the torsional angle of the pyrazo-
lo[1,5-a]pyridine ring system to the C3-substituted
aryl ring is —34.9° for 5a and 70.1° for Se, indicating
that the orientation of the aryl group changed with
the introduction of steric bulk. To measure the steric
bulk provided by the ligands, the % V,,, of complexes
5a and Se was calculated using crystallographic data
with the help of the SambVca program developed by
Cavallo and co-workers,® and%V,,, values of 28.7
for 5a and 31.9 for Se were obtained.

Table 4. Selected bond lengths [A] and angles [°] for com-
plexes 5a and Se.

Bond Param® Sa Se
Rh;-C, 2.024(3) 2.043(2)
Rh,-Cl4 2.391(8) 2.392(6)
C-N, 1.366(3) 1.372(3)
C,-C, 1.408(4) 1.404(3)
N;-N, 1.370(3) 1.374(2)
C,-C-N, 105.8(2) 105.8(2)
C,-Rh;-Cl, 88.62(9) 90.83(6)
Rh;-C-N, 123.6(2) 120.1(1)
Rh;-C,-C, 130.2(2) 134.1(1)
Cl,-Rh;-C,-G, 99.8(3) -112.4(2)

Ci-C-Gy(C11)-Co(Cr) -34.9(4) 70.1(3)

[} Atom label for complex Se shown in bracket.

Synthesis of dicarbonyl Rh-Pyrpy-NHC complexes

To determine the electronic effects of these new
Pyrpy-NHC ligands, the corresponding rhodium dicar-
bonyl complexes 6a—g, were synthesized by bubbling
CO through solutions of complexes Sa—g in CH,Cl, at

Figure 2. Molecular structures of complexes 5a and 5e (H atoms are not shown for clarity).?!
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Table 5. Stretching frequencies for complexes 6a—g.

Entry  Complex  vco Voo TEP®

(cm™) (cm™) (cm™)
1 6a 2064.7, 1988.0 2026.3 2041.2
2 6b 2063.6, 1986.6 2025.1 2040.2
3 6¢ 2064.4, 1986.2 2025.3 2040.4
4 od 2064.1, 1985.9 2025.0 2040.2
5 6e 2064.8, 1986.4 2025.6 2040.7
6 of 2067.2, 1990.1 2028.6 2043.0
7 6g 2069.1, 1992.4 2030.7 2044.7

[ TEP calculated by using the following equation: TEP =
0.8001 veo™R! + 420.0 cm ™.

room temperature for 15 min, which caused the quick
substitution of COD ligands with CO ligands
(Scheme 2). The average CO stretching frequencies
(veo™) of these CO ligands in the complexes ranged
from 2025 to 2031 cm™', as shown in Table 5. To com-
pare the donor strengths of these ligands with those
of other carbenes, the TEP (Tolman electronic param-
eter) was calculated by using vco" according to the
reference studies by Crabtree and co-workers® and
by Nolan and co-workers.””” Regarding the TEP of
electron-withdrawing substituents, F at the para posi-
tion has a value of 2043 cm !, while CF; has a value
of 2045cm™, indicating weaker electron-donating
properties compared to other Pyrpy-NHCs. More-
over, we found that our Pyrpy-NHC ranked highest
among other NHCs, indicating strong sigma electron-
donor property (Scheme 3).°!

Synthesis of Pd-Pyrpy-NHC complexes

A similar silver transmetallation approach using
[Pd(allyl)Cl], was used for the synthesis of Pd-Pyrpy-
NHC complexes 7b—e (Scheme 2). Initial attempts
with  1-isopropyl-3-phenylpyrazolo[1,5-a]pyridinium
salt, 4a, which has no substituent on the ortho posi-
tion of the ancillary phenyl group, failed to give
a stable palladium complex. This lack of stability

¢9 r‘w

could be attributed to easier rotation of the C3-substi-
tuted phenyl group, which pushes the ortho phenyl
C—H bonds closer to the palladium center. Fortunate-
ly, ligand precursors 4b—e with R' and/or R* alkyl
groups, containing a chloride counter anion, gave de-
sired products 7b—e in good yields, while an iodide
counter anion was unsuccessful. Also, the NMR spec-
trum of complex 7b showed two similar sets of peak
patterns indicating two structural isomers arising
owing to the position of the methyl group (R") above
or below the ring system.

Catalytic studies of palladium complexes

The catalytic activities of the Pd-Pyrpy-NHC com-
plexes in the Suzuki-Miyaura coupling reaction were
tested under ambient atmosphere using 4-bromoto-
luene and phenylboronic acid as model substrates.
Using complex 7¢, we optimized the reaction condi-
tions by determining the GC conversion and yield
using dodecane as an internal standard, and the re-
sults are summarized in Table 6. The reaction was per-
formed using 4-bromotoluene (1.0 equiv) and phenyl-
boronic acid (1.5 equiv) in the presence of 2.0 equiv
of base and 1.0 mol % of 7¢ at 80°C. Toluene was the
optimum solvent among the tested solvents (1,4-diox-
ane, N,N-dimethylformamide (DMF), dimethylaceta-
mide (DMA), CH;CN, and tetrahydrofuran (THF))
using K,CO; (entries 1-5). The other bases (Cs,COs,
Na,CO;, KOrBu, K;PO,, and KF) were also tested in
toluene, but K,CO; turned out to be the best (en-
tries 6-11). When we doubled the amount of phenyl-
boronic acid, yield increased to 99% (entry 12). De-
creasing the amount of catalyst to 0.5 mol % resulted
in nearly the same yield (entry 13).

To compare the reactivities of Pd-Pyrpy-NHC com-
plexes 7Tb—e, we investigated reaction conversion
under the optimized condition (Table 7 and Figure 3).
We found that complex 7¢ revealed the best catalytic
activity among others.””) For the comparison with
classical nNHC, we tested (SIMes)Pd(allyl)Cl and

Me Me
7 \ ® Me
6d L N=N 0 0o
N
o\ ,N E,l\i\)g _N N- N N
ipr=N Mes Me—N t N/ Ph Mes™ '\ Mes Mes” " “N-Mes

+11

2041 T

2038 2044 * 2047 *2050 2053 2056 $ 2059 cm'!
N-Mes J © N—Mes MeS‘N/\N’MSS Ph~N/\N/Ph
\
l\i N=< \—/ N:<
Y iy
Me ® 'ph Ph
12 13 14 15

Scheme 3. Comparison of TEPs of different NHC ligands.
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Table 6. Optimization of Suzuki-Miyaura reaction using

7.l

7¢ (1 mol%)
Me@—sr + <i>—r3(0H)2 4>base Me

solvent, 4 h

Entry Solvent Base Yield (%)

1 dioxane K,CO; <5

2 DMF K,CO;, NR

3 DMA K,CO; NR

4 CH,CN K,CO; <5

5 THF K,CO; <5

6 toluene K,CO; 84

7 toluene Cs,CO; 18

8 toluene Na,CO; <5

9 toluene KO1Bu 28

10 toluene K;PO, 79

11 toluene KF 26

120! toluene K,CO, 99

130 toluene K,CO, 98

[ Reaction conditions: 4-bromotoluene (1.0 equiv), phenyl-
boronic acid (1.5 equiv), base (2.0 equiv), Pd catalyst 7c
(1 mol %), solvent (0.2M), 80°C.

] GC yield using dodecane as an internal standard.

[l Phenylboronic acid (2.0 equiv).

@ 0.5 mol % of 7c was used

Table 7. Comparison of Pd-Pyrpy-NHC catalysts.[!

Catalyst
KyCO3
toluene
80°C,2h

Me Me Me Me
l \ l_\
N....N N:..N
Me T Me Me TM Me
MePdMe MePd, e
\“4 *Cl \‘< Cl

(SIMes)Pd(allyl)Cl (IMes)Pd(allyl)Cl

Entry Catalyst Conversion/yield (%)
1 7b 83/80
2 Tc 97/96
3 7d 77177
4 Te 78176
5 (SIMes)Pd(allyl)Cl 38/35
6 (IMes)Pd(allyl)Cl 2111

[} Reaction conditions: 4-bromotoluene (1.0 equiv), phenyl-
boronic acid (2.0 equiv), K,CO; (2.0 equiv), Pd catalyst
(0.5 mol %), toluene (0.2M), 80°C.

[’} GC conversion/yield using dodecane as an internal stan-
dard.

(IMes)Pd(allyl)C1®! in the same condition and found
21% and 38% conversion in 2 h, respectively. The
conversion was stalled after 20 min presumably due to
the catalyst degradation.

The couplings of phenylboronic acid with a number
of aryl halides using complex 7¢ were then investigat-
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Figure 3. Reaction profiles catalyzed by 7b—e, (SIMes)Pd(al-
lyl)Cl, and (IMes)Pd(allyl)Cl.

ed under the optimized conditions, and the results are
summarized in Table 8. Activated, unactivated, and
deactivated aryl bromides coupled smoothly with phe-
nylboronic acid to give good to excellent yields (77—

Table 8. Substrate scope.

7c
- K2003 / \
\ X B(OH), —— 3
R/\ / ' Q ’ toluene R/_
80°C,2h
Entry X R Yield (%)™
1 Br H 98
2 Br 2-Me 79
3 Br 3-Me 96
4 Br 4-Me 94
5 Br 2-CF; 87
6 Br 2,3-Me,Me 82
7 Br 3,4-Me,Me 79
8 Br 2,6-Me,Me 51
9 Br 2,4,6-Me,Me, Me 62
10 Br 4-tBu 77
11 Br 4-COMe 98
12 Br 4-CN 96
13 Br 4-NO, 98
14 Br 4-NH, 92
15 Br 4-OMe 98
16 CH,Br H 75
17 Br 2-pyridine 93
18l Cl 4-COMe 24
191 Cl 4-COMe 66

[] Reaction conditions: aryl halide (1.0 equiv), phenylbor-
onic acid (2.0 equiv), K,CO; (2.0 equiv), catalyst 7c
(0.5 mol %), toluene (0.2m), 80°C.

] Tsolated yield.

[ K,PO, (2.0 equiv), 120°C.

4 K,PO, (2.0 equiv), phenylboronic acid (3.0 equiv), cata-
lyst 7e (1 mol %), 120°C.
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99%), and a wide range of functional groups was tol-
erated. However, reduced yields were observed with
sterically hindered aryl bromides (entries 8 and 9).
Coupling between sp’-carbons and sp’-carbons was
achieved by using benzyl bromide and phenylboronic
acid in 75% yield (entry 16). 2-Bromopyridine also
gave the coupling product in excellent yield
(entry 17). Aryl chloride derivatives failed to couple
with phenylboronic acid under the optimized condi-
tions. However, the desired product was obtained in
24 % vyield along with the product of homocoupling of
phenylboronic acid when the base was changed to
K;PO, and temperature was increased to 120°C
(entry 18). A longer reaction time did not affect the
yield, which may be attributed to catalyst decomposi-
tion. The use of catalyst 7e, which could have better
stability owing to the sterically bulky wing tip, with
3.0 equiv of phenylboronic acid under an inert atmos-
phere increased the yield to 66 %, minimizing the for-
mation of the homocoupled product (entry 19).

Conclusions

We have developed an efficient method for direct
synthesis of 3-substituted pyrazolo[l,5-a]pyridine de-
rivatives via decarboxylative arylation using a Pd/Cu
bimetallic system. This method can also be applied to
the synthesis of multi-substituted pyrazolo[1,5-a]pyri-
dine derivatives. We have also designed and synthe-
sized a series of Pyrpy-NHC ligand precursors derived
from the pyrazolo[1,5-a]pyridine backbone. Air-stable
Pd and Rh complexes of these ligands were synthe-
sized via mild transmetallation of Ag-Pyrpy-NHC to
the corresponding metal complexes and characterized
using X-ray and NMR analysis. The Pd-Pyrpy-NHC
complexes showed promising catalytic activity in the
Suzuki-Miyaura reaction.

Experimental Section

General information

All reagents were prepared using chemicals obtained from
commercial sources and used without purification unless
otherwise noted. Decarboxylative arylation reactions were
performed in 7 mL vials in an aluminum heating block. All
reactions were monitored using GC and 'HNMR and by
analytical thin layer chromatography (TLC) using Merck
pre-coated silica gel glass plates (0.25 mm) with F254 indica-
tor. 'H NMR and *C NMR spectra were recorded in CDCl,
(Cambridge Isotope Laboratories, Inc.) with a 300 MHz
Fourier transform spectrometer. Chemical shifts (6) are
given in ppm and coupling constants (/) are given in Hz. In-
frared (IR) spectra are reported in frequency of the absorp-
tion (cm ™). High-resolution mass spectra (HRMS) were ac-
quired on a high-resolution Q-TOF mass spectrometer (ioni-
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zation mode: ESI). Flash column chromatography was per-
formed with Merck silica gel 60 (230-400 mesh).

General procedure for synthesis of 3-substituted
pyrazolo[1,5-a]pyridines 2a—s

Pyrazolo[1,5-a]pyridine-3-carboxylic acid (0.24 mmol), aryl-
bromide derivatives (0.36 mmol), Pd(PPh;), (0.012 mmol),
copper(I) chloride (0.024 mmol), 1,10-phenanthroline
(0.024 mmol), cesium carbonate (0.36 mmol) and DMF
(24 mL) were added to screw-capped vial. The reaction
mixture was heated to 160°C in an aluminum heating block
for 7-12 h. After cooling to room temperature, the reaction
mixture was filtered through Celite and washed with
CH,Cl,. The solvent was concentrated and the residue was
purified by silica gel flash chromatography to afford the de-
sired products 2a-s.

General method for the synthesis of ligand precursors
4a—-g

A septum-capped vial (7 mL) was charged with 3-substitut-
ed pyrazolo[1,5-a]pyridine derivatives (1.0 mmol) and 2-io-
dopropane (16.0 mmol). The reaction mixture was then
stirred at 120°C for 24-48 h. Subsequently, Et,0 (2 mL) was
added. The resulting precipitate was filtered off and recrys-
tallized from CH,CIl,/Et,O. A solution of the above iodoni-
um salt in MeOH was passed through a column of Dowex
1x8 chloride anion exchange beads. MeOH was removed
under reduced pressure and the resulting precipitate was re-
crystallized from CH,CL/Et,0 to give analytically pure
products 4a-g.

General method for the synthesis of rhodium
complexes Sa-g

To a solution of pyrazolo[1,5-a]pyridinium chloride salt
(0.1 mmol) in dry CH,Cl,, Ag,O (0.05 mmol) was added,
and the mixture was stirred at room temperature in the dark
for 3-16 h. The reaction mixture was filtered through Celite
to give a clear solution. [Rh(COD)CI], (0.05 mmol) was
added to the solution, and the mixture was stirred for 4 h.
The suspension was filtered through Celite and the solvent
was removed under reduced pressure. Analytically pure
compounds 5a-g were obtained after elution through a short
path column of alumina using CH,CL,.

General method for the synthesis of dicarbonyl
rhodium complexes 6a-g

Through a solution of complexes Sa-g in CH,Cl,, CO was
bubbled for 15 min at room temperature. The solvent was
removed under reduced pressure and washed with hexanes
to give rhodium dicarbonyl complexes 6a—g.

General method for the synthesis of palladium
complexes 7b—e

To a solution of pyrazolo[1,5-a]pyridinium chloride
(0.1 mmol) in dry CH,Cl,, Ag,O (0.05 mmol) was added and
the mixture was stirred at room temperature in the dark for
3-16 h. The reaction mixture was filtered through Celite to
give a clear solution. [Pd(allyl)Cl], (0.05 mmol) was added
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to the solution, and the mixture was stirred for 4 h. The sus-
pension was filtered through Celite, and the solvent was re-
moved under reduced pressure. Analytically pure com-
pounds 7b—e were obtained after elution through a short
path column of alumina using CH,ClI,.

General procedure for the Suzuki-Miyaura reaction

To a 7 mL vial equipped with a magnetic stir bar, catalyst 7¢c
(0.5 mol%, 0.001 mmol), K,CO; (0.4 mmol), ArB(OH),
(0.4 mmol), toluene (1.0 mL), and aryl halide (0.2 mmol)
were added under ambient atmosphere. The reaction mix-
ture stirred at 80°C, and the progress of the reaction was
monitored by GC. Upon complete consumption of aryl
halide, the mixture was allowed to cool to room tempera-
ture, quenched with water, and extracted with CH,Cl,. The
organic layer was dried over MgSO,, filtered, and concen-
trated. The residue obtained was purified by column chro-
matography with Et,O/EtOAc as the eluent.
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