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ABSTRACT

The biaryl coupling of electron-deficient nitrogen heterocycles and haloarenes can be promoted by potassium t-butoxide alone, without the
addition of any exogenous transition metal species. Electron-deficient nitrogen heterocycles such as pyridine, pyridazine, pyrimidine, pyrazine,
and quinoxaline are arylated with haloarenes. Control experiments support a radical-based mechanism. Taking these findings into account,
radical processes may be partially involved in the reported transition-metal-catalyzed arylation reactions employing t-butoxide bases and
haloarenes under elevated temperatures or under microwave irradiation.

The transition-metal-catalyzed arylation reactions of nucleo-
philic organic compounds with haloarenes are commonplace
in modern organic synthesis.1 Representative examples
include the palladium-catalyzed arylation of organometallic
reagents, amines, alcohols, and carbonyl compounds with
haloarenes.2 More recently, the C-H bond arylation of
arenes with haloarenes has become a rapidly growing area
of extensive research.3 These arylation reactions occasionally

employ strong bases such as t-butoxides and often proceed
at high temperatures. Herein, we describe a surprising result
from our laboratories, which demonstrates that the biaryl
coupling of electron-deficient nitrogen heterocycles and
haloarenes can be promoted by potassium t-butoxide alone,
without the addition of any exogenous transition metal
species (Scheme 1). Although the reaction is still in its

infancy from a practical point of view, the discovered new
reactivity of t-butoxides should raise concerns to the synthetic
community. Considering the occasional employment of
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Scheme 1. KOtBu-Promoted Biaryl Coupling of
Electron-Deficient Nitrogen Heterocycles and Haloarenes
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t-butoxide bases and haloarenes in arylation reactions,1-3

gauging the ability of these reagents to promote reactions in
the absence of presumed metal catalysts is obviously critical.

Biaryls are ubiquitous in natural products and pharma-
ceuticals and are frequently used in organic materials or as
ligands for metals.4 Consequently, the development of new
methods for making these privileged structures has been a
topic of great importance in chemical synthesis. As a part
of our program aimed at establishing a new catalytic biaryl
coupling through C-H bond functionalization,3 we recently
reported that RhCl(CO){P[OCH(CF3)2]3}2 can catalyze the
C-H bond arylation of arenes with iodoarenes.5 Since this
rhodium catalysis is best with electron-rich arenes, the
development of a protocol applicable for electron-deficient
arenes such as pyridine has been our next goal.6

With the hypothesis that a “radical-type” transition metal
mediated reaction might be optimal to achieve such a
process,7 we examined Fujita’s iridium-based protocol, which
has been assumed to be a radical process,8 for the coupling
of pyridine and iodobenzene. In fact, the C-H bond
phenylation of pyridine with iodobenzene can be affected
in the presence of [Cp*IrHCl]2 and KOtBu (C5H5N/C6H5I/
Ir/KOtBu ) 40:1:0.05:3.3 molar ratio) at 80 °C for 30 min
under microwave irradiation to give phenylpyridine in 30%
yield as a mixture of regioisomers (Table 1, entry 1). As

shown in Table 1, a variety of iridium sources were ap-
parently able to catalyze this reaction in moderate yield.
Struck by the similarity of reactions employing dramatically
distinct iridium sources (entries 1-7), we carried out the
coupling reaction in the absence of iridium and remarkably
found that the coupling reaction proceeded to the same extent
with KOtBu as the sole reagent (Table 1, entry 8).

With these unexpected results in hand, we further exam-
ined the reaction conditions (Table 2). For simplicity,
pyrazine was chosen as a substrate for this study. When a
mixture of pyrazine (20 mmol), iodobenzene (0.50 mmol),
and KOtBu (0.75 mmol) is stirred in the dark at 50 °C for 5

min under microwave irradiation, C-H bond phenylation
takes place to afford 2-phenylpyrazine in 98% yield (Table
2, entry 1).9 The reaction also takes place under conventional
heating but requires higher temperatures and longer reaction
times to achieve full conversion (79% at 120 °C, 13 h, entry
2). N,N-Dimethylacetamide (DMAc) can also be used as a
solvent for this reaction (54% at 80 °C, 0.5 h, entry 3).
Interestingly, the use of DMAc as a solvent allows the
reaction to proceed at lower substrate loading (entry 4) or at
room temperature (entry 5), albeit less efficiently. The
reaction also takes place with bromobenzene at 80 °C (54%),
but chlorobenzene and fluorobenzene are virtually unreactive
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1, 4047. (j) Núñez, A.; Sánchez, A.; Burgos, C.; Alvarez-Builla, J.
Tetrahedron 2004, 60, 6217. (k) Curran, D. P.; Keller, A. I. J. Am. Chem.
Soc. 2006, 128, 13706.

(8) Fujita, K.; Nonogawa, M.; Yamaguchi, R. Chem. Commun. 2004,
1926.

(9) Although we hold the temperature at 50 °C, this is the bulk
temperature of the reaction mixture. As well documented, we assume that
the reaction is taking place at high-temperature “hotspots” that are generated
by microwave irradiation. For reviews on the use of microwave in organic
synthesis, see: (a) de la Hoz, A.; Dı́az-Oritiz, Á.; Moreno, A. Chem. Soc.
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Table 1. Discovery of KOtBu-Promoted Biaryl Couplinga

entry Ir complex yield (%)b

1 [Cp*IrHCl]2 30
2 [Cp*IrCl2]2 32
3 [IrCl(cod)]2 17
4 Ir(acac)(cod) 18
5 IrH(CO)(PPh3)3 29
6 IrCl(CO)(PPh3)2 41
7 (NH4)3IrCl6 26
8 none 39

a Conditions: pyridine (16 mmol), iodobenzene (0.40 mmol), Ir complex
(0.02 mmol), KOtBu (1.32 mmol), 80 °C, 30 min, under microwave
irradiation. b As a mixture of regioisomers.

Table 2. Phenylation of Pyrazine with Halobenzenea

entry X promoter conditions yield (%)

1 I KOtBu 50 °C, 5 min 98
2b I KOtBu 120 °C, 13 h 79
3c I KOtBu 80 °C, 0.5 h (in DMAc) 54
4c,d I KOtBu 80 °C, 0.5 h (in DMAc) 35
5b,c I KOtBu 23 °C, 72 h (in DMAc) 26
6 Br KOtBu 80 °C, 0.5 h 54
7 Cl KOtBu 80 °C, 0.5 h <1
8 F KOtBu 80 °C, 0.5 h <1
9 I NaOtBu 50 °C, 5 min <1
10 I LiOtBu 50 °C, 5 min <1
11 I KOMe 50 °C, 5 min <1
12 I KOH 50 °C, 5 min <1

a Conditions: pyrazine (20 mmol), halobenzene (0.50 mmol), promoter
(0.75 mmol), under microwave irradiation. b Reaction was conducted without
microwave irradiation. c 0.5 mL of N,N-dimethylacetamide (DMAc) was
used as solvent. d 5.0 mmol of pyrazine was employed.
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under these conditions (entries 6-8). Other potential promot-
ers related to KOtBu were also examined (entries 9-12).
The use of NaOtBu or LiOtBu instead of KOtBu does not
give the product under these conditions (50 °C, 5 min).
However, it should be noted that, at temperatures above 80
°C, NaOtBu also promotes the biaryl coupling. In addition
to the nature of the metal cation (K), the t-butoxide moiety
is also crucial, as KOMe and KOH exhibited nearly no
reactivity.

Next the scope of the reaction with respect to the iodoarene
and nitrogen heterocycle was examined. Representative
results are summarized in Table 3. Various iodoarenes react

with pyrazine to give the corresponding nitrogen-containing
biaryls in good yields (entries 1-4). These reactions take
place exclusively at the C-I bond of iodoarenes, and
regioisomers with respect to the iodoarene are not detected.10

Other than iodoarenes, iodoalkenes such as �-iodostyrene
also react with pyrazine (entry 5). A range of electron-
deficient nitrogen heterocycles other than pyrazine undergo
arylation with iodoarenes. For example, pyridine, pyridazine,
pyrimidine, and quinoxaline react with iodobenzene to afford
the coupling products in good yields, albeit with poor
regioselectivity with respect to the heteroarene (entries 6-9).

Considering that trace transition metals present in sodium
carbonate have been shown to catalyze coupling reactions such
as the Suzuki-Miyaura reaction when performed under forcing
conditions,11 all reagents were purified extensively before use,
including sublimation for KOtBu.12 All reaction glassware and
equipment were thoroughly cleaned prior to use. Finally, the
quantitative elemental analysis of KOtBu was conducted by
ICP-AES (inductively coupled plasma-atomic emission spec-
trometry).13 Though very low in concentration, the most
abundant exogenous elements found to be present in the
KOtBu used in this study are Si (0.92 ppm), Al (0.38 ppm),
and Ca (0.048 ppm). These elements are unlikely to be
promoters for the present coupling since there is no correla-
tion between the yield of coupling product and the concen-
tration of these elements in the promoters listed in Table
2.13 More importantly, the concentration of all transition
metals in the KOtBu employed in our study is less than 0.50
ppm. In particular, Pd, Rh, and Ru, which one might suspect
as potential catalysts for such biaryl couplings,3 were not
found in concentrations above the detection limits (Pd: <0.06
ppm, Rh: <0.20 ppm, Ru: <0.30 ppm). Although the
possibility of transition metal mediation in this reaction
cannot be completely excluded, such a catalyst, if any, must
be effective at low parts per billion concentrations.11

Although the precise mechanism of this reaction remains
to be determined, our current hypotheses favor either
homolytic aromatic substitution14 or SRN1 reaction,15 both
of which involve the generation of an aryl radical from
iodoarene as a key step. While other possibilities such as
SNAr and aryl cation16 mechanisms cannot be rigorously
excluded at this stage, the radical nature of the present
reaction is supported by control experiments performed in
the presence of radical scavengers. For example, the addition
of 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO), galvi-
noxyl, or acrylonitrile to the reaction of pyrazine, iodoben-
zene, and KOtBu completely shuts down the otherwise
efficient biaryl coupling (Scheme 2).

(10) These results imply that our reaction does not proceed through aryne
intermediates, although such a mechanism cannot be rigorously excluded
at this stage. (a) Bates, R. B.; Janda, K. D. J. Org. Chem. 1982, 47, 4374.
(b) Beller, M.; Breindl, C.; Riermeier, T. H.; Eichberger, M.; Trauthwein,
H. Angew. Chem., Int. Ed. 1998, 37, 3389.

Table 3. Substrate Scope of KOtBu-Promoted Biaryl Couplinga

a Molar ratio: 1/2/KOtBu ) 40:1.0:1.5. b Isolated yield. c Molar ratio:
1/2/KOtBu ) 40:1.0:2.0. Conditions: 80 °C, 30 min. d Isomer ratio: 2-/3-/
4- ) 36:21:43. e Isomer ratio: 3-/4- ) 24:76. f Isomer ratio: 2-/4-/5- )
23:52:25. g Isomer ratio: 2-/5- ) 64:36. Scheme 2. KOtBu-Promoted Coupling with Radical Scavengers
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In summary, the arylation of electron-deficient nitrogen
heterocycles with iodoarenes promoted by potassium t-
butoxide has been described. Although further mechanistic
studies and a systematic optimization of the reaction condi-
tions are warranted for this reaction to reach its full synthetic
potential, the discovered new reactivity of t-butoxides should
raise concerns to the synthetic community. Given the
occasional use of t-butoxide bases and haloarenes in transi-
tion-metal-catalyzed arylation reactions (e.g., C-H bond
functionalization and amination),17,18 the ability of these
bases to promote coupling reactions is of significant impor-
tance. Taking our findings into account, radical processes
may be partially involved in the reported transition-metal-
catalyzed arylation reactions employing these t-butoxide
bases and haloarenes under elevated temperatures or under
microwave irradiation. Thus, great care is urged in the
analysis and interpretation of such reactions.
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