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/Abstract: A highly effective visible light-promoted “radical-
type” coupling of N-heteroarenes with aryldiazonium salts in
water has been developed. The reaction proceeds at room
temperature with [Ru(bpy);]Cl,-6H,0 as a photosensitizer
and a commercial household light bulb as a light source.
Pyridine and a variety of substituted pyridines are effective
substrates under these reaction conditions, and only mono-
substituted products are formed with different regioselectivi-

ties. Using aqueous formic acid as solvent, an array of xan-
thenes, thiazole, pyrazine, and pyridazine are compatible
with this new arylation approach. The broad substrate
scope, mild reaction conditions, and use of water as reaction
solvent make this procedure a practical and environmentally
friendly method for the synthesis of compounds containing
aryl-heteroaryl motifs.

/

Introduction

Aryl-heteroaryl motifs are ubiquitous in natural products, phar-
maceuticals, agrochemicals, and organic materials." Transition
metal-catalyzed cross-coupling reactions between an organo-
metallic aryl reagent and an aryl halide or pseudohalide under
thermal conditions are now well-established for aryl-heteroaryl
formation.”

Direct functionalization of heteroarenes through C—H bond
activation provides a highly attractive strategy.”’ However, elec-
tron-deficient N-heteroarenes, such as pyridines, pyrazines, pyr-
idazines, and pyrimidines, are often difficult to derivatize di-
rectly” Although several metal catalysts have proven to be
highly effective in such direct coupling,®™® the synthesis of
aryl-heteroaryl compounds remains very challenging owing to
the high temperatures and harsh conditions required for these
processes. As a result, the development of more efficient and
milder direct arylations of complex electron-deficient heteroar-
omatic bases is still a major challenge for chemists.

Direct functionalization of electron-deficient heteroarenes
through radical addition is one of the most straightforward
methods for constructing aryl-heteroaryl motifs. Recently,
Baran® reported a “radical-type” arylation of N-heterocycles
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using arylboronic acids as an aryl radical source. However, the
Gomberg-Bachmann reaction” is the classic “radical-type”
coupling between arene compounds and diazonium salts in
the presence of a base, leading to biaryls through an inter-
mediate aryl radical. The reaction offers wide scope in terms of
both diazonium salts and arenes, but yields are generally low
due to many side-reactions. Attempts have been made to
make the reaction applicable in organic synthesis by using cat-
alytic or stoichiometric amounts of transition metal salts"" or
by employing phase-transfer catalysis."?

Visible light-promoted photoredox catalysis provides
a green, sustainable, and catalytic process for generating aryl
radicals."*" Recently, Sanford,"® Kénig,"® Li"® and our
group™™ reported the “radical-type” construction of aryl-aryl
bonds by visible light-driven catalysis. Since the reported
methodologies are most efficient with electron-rich arenes, the
direct addition of an aryl radical to an electron-deficient heter-
oarene under visible light-promoted photoredox catalysis is
rare. In continuation of our work on aryl-aryl coupling driven
by visible light photoredox catalysis,"* we report herein a “radi-
cal-type” arylation of electron-deficient heteroarenes, such as
pyridines, xanthenes, thiazole, pyrazine, and pyridazine, with
aryldiazonium salts in water. This provides a general and valua-
ble method for the direct functionalization of electron-deficient
arenes.

Results and Discussion

Initial investigations focused on the direct arylation of 4-(tri-
fluoromethyl)pyridine hydrochloride 1a with the aryldiazonium
salt 2a. [Ru(bpy);]Cl,:6 H,O was employed as the photocatalyst,
and a 3 W blue LED was utilized as the source of visible light.
The cross-coupling product 2-(4-methoxyphenyl)-4-(trifluoro-
methyl)pyridine hydrochloride was obtained in low yield in the
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Table 1. Optimization of the reaction conditions.”
CFs N,BF,4 CF3

Ru(bpy)3Cly-6H,0 N
“HCI (2 5 mol %) | B
N

visible light, solvent
25 °C, under Ar

OMe
1a 2a 3a
Entry Conditions Solvent Time Yield
[h] [9%]®™
1 catalyst, light¥ MeOH 24 trace
2 catalyst, light'” HCOOH 24 18
3 catalyst, light¥ MeCN 24 13
4 catalyst, light¥ H,0 24 35
5 catalyst, light“ H,0 24 30
6 catalyst, light®® H,0 24 21
7 catalyst, light!” H,0 24 40
8 catalyst, light™9 H,0 24 20
9 catalyst, light¥ H,0 80 65
10 catalyst, light!” H,0 80 74
n no catalyst, no light H,0 60 no reaction
12 catalyst, no light H,0 60 no reaction
13 no catalyst, light H,0 60 trace

[a] All reactions were carried out on a scale of 0.3 mmol of 2a and
1.5 mmol of 1a in 1 mL of solvent. [b] Yields of isolated product. [c] A
3 W blue LED was used. [d] 4 mol% Ru" catalyst was used. [e] 1 mol% Ru"
catalyst was used. [f] A 45 W fluorescent bulb was used. [g] 4-(Trifluoro-
methyl)pyridine was used.

organic solvents screened at room temperature (Table 1, en-
tries 1-3). To our delight, when H,0 was used as the solvent,
the yield was increased to 35% under identical conditions
(Table 1, entry 4). On extending the reaction time, 65 % isolated
yield was obtained. Further improvement was seen by chang-
ing the visible light source to a 45 W fluorescent bulb, where-
upon 3a was isolated in 74% yield (Table 1, entry 10). Water
appears to be an ideal solvent for reactions of this nature, as
both the substrates and catalyst are soluble and stable in
aqueous solution. The solubility of a substrate in water is cru-
cial to the reaction yield. When 4-(trifluoromethyl)pyridine was
used under identical reaction conditions, a low product yield
was obtained (Table 1, entry 8 vs 10). It is notable that the Ru"
photocatalyst and visible light were both critical for this reac-
tion. In the absence of either of these components, no reaction
product was observed (Table 1, entries 11-13).

Having established the optimal conditions,”” we proceeded
to investigate the substrate scope. As illustrated in Scheme 1,
we found that this new arylation protocol allows the direct
coupling of arene units with a broad range of N-heteroarene
hydrochlorides using aryldiazonium salts in water. Pyridine and
a variety of substituted pyridines are effective substrates under
these reaction conditions, and only monosubstituted products
were formed, albeit with different regioselectivities. 4-Substi-
tuted pyridines with electron-donating or electron-withdraw-
ing groups such as Me, CF;, Br, and COOEt gave only 2-arylated
products in good yields. With pyridine, however, both 2- and
4-arylated products were isolated in 93% total yield. With 2-
substituted pyridines, 4- or 6-arylated products were obtained
in high yield. With 3-substituted pyridines, mixtures of 2-, 4-,
and 6-arylated products were obtained in high yield. 3,5-Dime-
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1 3
CF, CN CHs Br
X A X S
| » L. L.
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COOEt 4
= | \—Ar | b
| | _ N/) 2 A P
N7 NAr =N
8%[31 3f, 50%"] 3g, 93% 3h, 48%
(2-aryl/4-aryl, 2.3:1)
4 4 4 E 4
(\ A (\/ | X | N Cl
TAr = Ar - Ar -—Ar
6 S\l 6 N2 6 ~\72 6 N7 2
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(4-aryl/6-aryl, 1:1.3) (2-aryl/4-aryl/6-aryl, (2-aryl/4-aryl/6-aryl,
1.1:1.5:1) 1.1:2.1:1)
X 4\ X N
A\
l/ Ty oL L
N” A N2 N” A \
3m, 55%[°! 3n, 75% 30, 60%! 3p, 89%!!

(2-aryl/4-aryl, 1:1.1)

Scheme 1. Radical arylation of five- and six-membered heteroarenes by pho-
toredox catalysis in water. Reactions were carried out on a scale of 0.3 mmol
of 2a and 1.5 mmol of 1 in H,0 (1 mL). Yields were determined upon isola-
tion. [a] Heterocycle (3 mmol). [b] Heterocycle (9 mmol).

thylpyridine gave 2- and 4-arylated products in 75% total iso-
lated yield. Quinoline also gave the 2-arylated product in good
yield, as did 2,4-dimethylpyridine. Clearly, arylation occurs only
at the meta and para positions of the pyridine ring. Five-mem-
bered N-methyl-imidazole also proved to be a good substrate
for this methodology; the 2-arylated product was isolated in
89% yield. In contrast to metal-catalyzed®™® arylations, which
require high temperature, our reaction conditions are milder
and, moreover, water is used as the solvent, highlighting the
potential of the methodology in organic synthesis.

Next, we evaluated the substrate scope in terms of aryldia-
zonium salts. A wide range of aryldiazonium salts 2 with useful
functional groups, such as CN, COOEt, Br, Cl, F, and CF,, under-
went coupling with 4-(trifluoromethyl)pyridine hydrochloride
1a at ambient temperature in water. As can be seen from
Scheme 2, for most of the substrates, the desired products
were isolated in good yields. C—X (X=F, Cl, and Br) substitu-
ents on the aryldiazonium salts were tolerated under the reac-
tion conditions, making them available for further functionali-
zation.

Xanthines, such as caffeine, theophylline, and theobromine,
are important bioactive alkaloids that contain imidazole skele-
tons. For instance, 8-(hetero)aryl-substituted xanthines are
highly potent and selective antagonists at human A,B adeno-
sine receptors.”" To find interesting applications of our meth-
odology, we attempted the coupling of caffeine 5a with aryl-
diazonium salts 2a under the conditions of photoredox cataly-
sis. It was interesting to find that the solvent played a vital role
in the reaction.” Arylated product was obtained, but only in
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N.BE, [RU(DPY)Clo]-6H;0 (2.5 mol %)
X R 2P0 4 S
| .HCI+R—:()/ 45 W bulb |
N 7 25°C, H,0, 80 h, Ar N | > o
1a 2 4 Pz
CF4 CF3 CFs CF3
® B B ®
N” N7 N7 N7
CFs CN cl
4a, 50% 4b, 61% 4c, 51% 4d, 50%
CF, CF3 CF3 CF;
S B B B
| N/ N/ N/ N/ Cl
F Br CO,Et
4e, 56% 4f, 53% 49, 51% 4h, 54%

Scheme 2. The coupling of 4-(trifluoromethyl)pyridine hydrochloride 1a with
aryldiazonium salts. All reactions were carried out on a scale of 0.3 mmol of
2 and 1.5 mmol of 1a in H,O (1 mL). Yields were determined upon isolation.

low yield under the conditions used for pyridine hydrochloride
with water as the solvent. Remarkably, on changing the solvent
to 88% aqueous formic acid, the yield increased to 75%. This
may be partly attributed to the good solubility of caffeine in
this acidic medium. As shown in Scheme 3, an array of xan-
thenes, thiazole, pyrazine, and pyridazine proved to be com-
patible with this new arylation approach, affording the arylated

N,BF,  [Ru(bpy)sCly]-6H,0 (2.5 mol %)
Het + ©/ 45 W Bulb HetOOMe
MeO 25 °C, HCOOH-H,0, 60 h, Ar
5 2a 6
0 O By Q
/ v /
N N N N Bn.y N
T one X g om L T o
07 N" N ¢} rv N o T N
|
6a, 75% 6b, 70% 6c, 61%
o / o nBu
nBu\N N SN N S,
Lo Y o L=
0“>N" "N 07N N N
6d, 56% 6e, 52% 6f, 84%0°
cl cl cl
N N N
N>—?—©f0Me N\_?—@OMe N OMe
c’ c F Br
69,70% 6h, 67% 6i, 65%
Br
2 \ N= 2 \
N OMe & ) OMe N OMe
\=N N \=N
6j, 54% 6k, 60% 61, 63%
N N=
N=
6m, 78% 6n, 78%

2-aryl/3-aryl, 1:4.6

Scheme 3. Radical arylation of heteroarenes by photoredox catalysis in
aqueous formic acid. All reactions were carried out on a scale of 0.2 mmol of
2a and 2 mmol of 5 in 1 mL of solvent. Yields were determined upon isola-
tion. [a] p-Methylphenyl diazonium salt was used.
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derivatives in good to excellent yields. Additional benefits of
this process are the tolerance of halides, multiple substitution,
steric bulk, and diversity in the electronic properties of the N-
heteroarenes. It was also satisfying to find that arylations of
caffeine with a wide range of aryldiazonium tetrafluoroborates
proceeded well in aqueous formic acid. The results are shown
in Scheme 4. Irrespective of whether the aryldiazonium salts
were electron-poor or electron-rich, they all afforded good
yields. However, increasing steric bulk of the diazonium salts
had a negative effect on the yields.

2962

o) o)
/ [Ru(bpy)sCly]-6H,0 (2.5 mol %) /
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Scheme 4. The coupling of caffeine with aryldiazonium salts. All reactions
were carried out on a scale of 0.2 mmol of 2 and 2.0 mmol of 5a in 1 mL of
solvent. Yields were determined upon isolation. [a] 60 h.

It is noted that most aryldiazonium salts are rather unstable.
To simplify the synthetic procedure and in particular to avoid
the problem of substrate instability, the photoredox arylation
can be carried out in a one-pot fashion, starting with an
amine. Thus, upon completion of the diazotization, a pyridine
hydrochloride and the photosensitizer were added directly to
the reaction mixture to afford the coupling product. An exam-
ple is shown in Scheme 5. Such a one-pot process avoids the
inconvenient purification step for an aryldiazonium salt, further
enhancing the applicability of this new arylation method.

The described C—H arylation is likely to proceed through
a radical mechanism, and this is supported by our preliminary
mechanistic investigations (Scheme 6) and literature re-
ports."®'? Thus, when the aryldiazonium salt 2a was irradiated
with a 45W bulb in the presence of pyridine hydrochloride
and photosensitizer in water, the arylated compound was
formed and could be isolated in 93 % yield [Scheme 6, Eq. (2)].
However, when the radical trap 2,2,6,6-tetramethylpiperidinox-
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NH2 HCI, NaNO,
\O/©/ [Ru(bpy)sClo]-6H,0
(2.5 mol %),
45 W bulb, H,0
25°C, Ar 4% 21 %

Scheme 5. Sequential radical arylation of heteroarenes by photoredox catal-
ysis.

[Ru(bpy)3Cly]-6H,0 (2.5 mol %)

A .
@ +HCI + Ar—N,BF, no light no reaction 1)
N 25°C, Hy0, 80 h, Ar
5 equiv 2a
Ar
[Ru(bpy)sCly]-6H,0 (2.5 mol %)
A A A
O “HCI+ Ar—N,BF, 45 W bulb ® .
N 25°C, H,0, 80 h, Ar N NAr N @
5 equiv 2a total yield: 93%
Ar
N [Ru(bpy);Cl,]-6H,0 (2.5 mol %) N N
O < HCl+ Ar—N,BF, + TEMPO 45 Wbulb Q e
N 25°C, H,0, 80 h, Ar N A N
5 equiv 2a 2 equiv total yield: 0%

Scheme 6. Mechanistic investigations.

yl (TEMPO) was added to the same reaction mixture, the aryla-
tion process was significantly suppressed and the arylated
product was not isolated [Scheme 6, Eq. (3)]. The suppression
of the arylation reaction in the presence of TEMPO lends sup-
port to radical species being involved in the photocatalytic ary-
lation.

On the basis of the above experiments and literature report-
s,1% 3 plausible mechanism is shown in Scheme 7. There are
three key steps: (1) irradiation of the catalyst in the ground
state A, generating the excited [Ru(bpy);]™ B; (2) single elec-
tron transfer from B to the aryldiazonium salt, releasing
a phenyl radical while oxidizing the catalyst to [Ru(bpy),]" C
and (3) addition of the phenyl radical to the pyridine hydro-

;4 \>

N~ “Ar
H
T_W N,BF,
X
[Ru( bpy N Z | 2R
~F %
N Ar
V H
b
CX
W Ar’
[RU(bPV)slz* [Ru(bpy)3]3* ” Ar
X
‘ + 2
N
N,BF, N=N BF4§’Ar'
N X
\ JR C/—R N, + BFg

Scheme 7. Proposed mechanistic cycle for the radical arylation of heteroar-
enes by photoredox catalysis.
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chloride to give a new radical intermediate. The latter is subse-
quently transformed into a carbocation intermediate by two
possible pathways: oxidation by the strongly oxidizing [Ru-
(bpy);]" (photocatalytic arylation, pathway a) or by the aryldia-
zonium salt (pathway b). The latter would lead to a radical
chain-transfer reaction and appears to be less likely, consider-
ing the reduction potentials of the two oxidants (1.3 against
0.05V, vs SCE)'®22 and the observation that switching off the
light stopped the arylation [Scheme 6, Eq. (1)]. Finally, deproto-
nation of the carbocation intermediate regenerates the aro-
matic systems, furnishing the desired coupling adduct.

Conclusion

A highly effective visible light-promoted “radical-type” cou-
pling of N-heteroarenes with aryldiazonium salts in water has
been developed. The reaction proceeds at room temperature
with [Ru(bpy);]Cl,:6 H,O as a photosensitizer and a commercial
household light bulb as a light source. Pyridine and a variety
of substituted pyridines are effective substrates under these re-
action conditions and only monosubstituted products were
formed with different regioselectivities. Using aqueous formic
acid as solvent, an array of xanthenes, thiazole, pyrazine, and
pyridazine are compatible with this new arylation approach.
The broad substrate scope, mild reaction conditions, and use
of water as reaction solvent make this procedure a practical
and environmentally friendly method for the synthesis of com-
pounds containing aryl-heteroaryl motifs.

Experimental Section

General procedure for radical arylation of five- and six-
membered heteroarenes by photoredox catalysis in water

A flame-dried 10 mL tube was equipped with a rubber septum and
a magnetic stir bar and charged with [Ru(bpy);]Cl,:6H,0
(0.0075 mmol, 0.025 equiv), the requisite N-heterocycle hydrochlo-
ride 1 (1.5 mmol, 5.0 equiv), the aryldiazonium tetrafluoroborate
2a (0.3 mmol, 1.0 equiv), and H,O (1.0 mL). The mixture was de-
gassed by the freeze-pump-thaw procedure under Ar and then ir-
radiated with a 45 W compact fluorescent light bulb. The resulting
mixture was stirred for 80 h and then diluted with 5% aqueous
sodium hydrogencarbonate solution. After extraction with di-
chloromethane (3x30 mL), the combined organic phases were
washed with saturated aqueous sodium chloride solution (30 mL)
and dried over sodium sulfate. The solvent was removed under re-
duced pressure, and the residue was purified by flash chromatog-
raphy (petroleum ether/ethyl acetate) to afford the product 3. The
identity and purity of the known product were confirmed by
'H NMR, *C NMR, and MS.

General procedure for the arylation of heteroarenes by
photoredox catalysis in aqueous formic acid

A flame-dried 10 mL tube was equipped with a rubber septum and
a magnetic stir bar and charged with [Ru(bpy),;]Cl,-6H,0
(0.005 mmol, 0.025 equiv), the requisite N-heterocycle 5a (2 mmol,
10.0 equiv), the aryldiazonium tetrafluoroborate 2a (0.2 mmol,
1.0 equiv), and 88% aqueous HCOOH (1.0 mL). The mixture was
degassed by the freeze-pump-thaw procedure under Ar and then

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

:@‘* ChemPubSoc
x Europe

irradiated with a 45 W compact fluorescent light bulb. The result-
ing mixture was stirred for 80 h and then diluted with 5% aqueous
sodium hydrogencarbonate solution. After extraction with di-
chloromethane (3x30 mL), the combined organic phases were
washed with saturated aqueous sodium chloride solution (30 mL)
and dried over sodium sulfate. The solvent was removed under re-
duced pressure, and the residue was purified by flash chromatog-
raphy (petroleum ether/ethyl acetate) to afford the products.
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