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The use of palladium-catalyzed cross-coupling reactions in
biaryl synthesis[1] is linked to, and limited by, the synthetic and
commercial availability of organometallic reagents such as
aryl boronic acids. Not only are most of these compounds
expensive, important classes of aryl organometallic are very
challenging prepare and/or use in cross-coupling reactions,
including electron-deficient nitrogen heterocycles. The impor-
tance of these building blocks in medicinal chemistry and
materials sciences[2] has prompted continued methodological
efforts, and two very recent reports highlight the importance
of this goal.[3,4] Absent from these and the predominance of
reports are some of the most problematic organometallic
reagents—azines bearing the metal adjacent to a nitrogen
atom. The problem is even more severe with diazines
(Scheme 1). These organometallic compounds are unstable,
can rarely be isolated, and commonly decompose under cross-
coupling reaction conditions. While some are commercially
available, the price reflects both their value and the challenge
associated with their preparation.[5]

Recently, the potential of direct arylation as an efficient
alternative to standard cross-couplings is becoming recog-
nized,[6] and we have been studying the use of N-oxides as
replacements for unstable/unreactive organometallics.[7] In
the context of this strategy, diazine N-oxides are more
challenging than simple pyridine N-oxides since they possess
a free nitrogen atom that could bind and poison the catalyst.[8]

They are also more p-electron-deficient and less nucleophilic
than pyridine N-oxides.

Herein we describe the establishment of reaction con-
ditions that enable the use of readily available,[9] bench-
stable[10] diazine N-oxides as cheap, high-yielding reagents in
palladium-catalyzed cross-coupling reactions (Scheme 1). To
overcome catalyst poisoning associated with some N-oxide
substrates, a benefical effect of copper(I) salts was uncovered,

and we demonstrate that the N-oxide functionality can be
removed easily after cross-coupling or transformed into a
wide range of other functional groups. These new reactions
can be performed with aryl iodides, bromides, and chlorides
and include the first examples of N-oxide arylation with
equimolar ratios of the two coupling partners. Furthermore,
the relative reactivities and regioselectivities point to C–H
acidity as a critical factor in reactivity, encouraging consid-
eration of this property in the design of other novel direct
arylation processes.

Initial reaction screens with N-oxides 1–3 under previ-
ously described conditions led to disappointing results. Noting
that the N-oxides were only sparingly soluble in toluene, we
reinvestigated the reaction conditions. We found that chang-
ing the solvent from toluene to dioxane provides superior
conversions with N-oxides 1 and 3, giving the cross-coupled
products 4 and 5 in yields of 75% and 72%, respectively
(Table 1, entries 1 and 2). These two substrates are actually
more reactive than pyridine N-oxide, as demonstrated by a
competition experiment between 1 and pyridine N-oxide,
which resulted in exclusive arylation of 1 (Table 1, entry 4). In
contrast to the excellent results obtained with 1 and 3, the
reaction of pyrimidine N-oxide (2) proceeds in very low yield
(Table 1, entry 3).

Further investigations revealed that the poor outcomes
associated with 2 do not result from low reactivity alone. For
example, the addition of pyrimidine N-oxide (2) to a reaction
with pyrazine N-oxide (1) results in the exclusive formation of
4 but in a significantly lower yield (9%) than when the
reaction was performed in the absence of 2 (75% yield;
Table 1, entries 5 and 1). The reason for catalyst inhibition
with 2 and not with 1 or 3 is a focus of ongoing study.[11,12] We
note that neither pyridine N-oxide nor pyridine poison the
reaction of 1 (Table 1, entries 4 and 6), indicating that these
deleterious effects are specific to pyrimidine N-oxide.[12]

To overcome catalyst inhibition, a variety of additives
were investigated including phosphines, halides, and metals.

Scheme 1. Direct arylation in aryl diazine synthesis. Pyrazine, pyrimi-
dine, and pyridazine boronic acids are unstable, difficult to prepare,
and unsuited for cross-coupling reactions. Their N-oxides are readily
prepared, bench-stable replacements for the organometallic reagent in
biaryl synthesis.
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From these efforts, copper(I) salts such as CuCl, CuBr, and
CuCN emerged as promising leads. CuCN and CuBr were
selected for further optimization, and we found that when
10 mol% CuCN or CuBr was added under the new arylation
conditions, biaryl 6 was obtained in 61 and 54% yield,
respectively, as one regioisomer (Table 1, entries 7 and 8).[13]

The yields observed with CuCN as the additive were typically
higher than those with CuBr.

The scope of these transformations with respect to the aryl
halide was evaluated with pyrazine N-oxide (1) (Table 2).
High- yielding arylations are possible not only with aryl
bromides but also with aryl iodides (Table 2, entries 17 and
18) and even with aryl chlorides (entries 13–16). With aryl
iodides, Ag2CO3 must be employed as an additive. A variety
of substituents are tolerated on the aryl halide including
electron-donating (Table 2, entries 3, 6, and 7) and electron-
withdrawing groups (entries 4, 8–10 and 16). More sterically
encumbered aryl halides may also be employed (Table 2,
entries 2, 5, 9, 10, 13, and 14). If an excess of aryl halide is used
relative to the pyrazine N-oxide, the product of double direct
arylation can be obtained in 50% yield (Table 2, entry 11).

The scope of diazine N-oxide substrates was also eval-
uated (Table 3). Quinoxaline N-oxide (7) is an excellent
substrate in these reactions, and an equimolar ratio of the N-
oxide and aryl halide could be used for the first time (Table 3,
entries 1–7). More sterically encumbered alkyl-substituted
pyrazine N-oxides may also be coupled in synthetically useful
yields (Table 3, entries 8–11). Different aryl halides were also
examined in reactions with both pyridazine N-oxide (3)

(Table 3, entries 12–15) and pyridimine N- oxide (2) (Table 3,
entries 16–22). With 2, 10 mol% CuCN or CuBr must be
added to the reaction to achieve cross-coupling. In each case
useful yields of the cross-coupled product are obtained.

If desired, the direct-arylation products can be easily
deoxygenated (Table 4). Treatment of pyrazine N-oxides with
ammonium formate and palladium/carbon in methanol at
room temperature gives the corresponding free base in
excellent yields (Table 4, entries 1–5, method A). This proto-
col is incompatible with pyridazine N-oxides, however
(Table 4, entry 6). An extensive survey of methods for the
reduction of N-oxides led to the discovery that high yields can
be obtained with catalytic Pd/C in ammonium hydroxide
under a hydrogen atmosphere (Table 4, entries 7–9, meth-
od B). Products from the direct arylation of pyrimidine N-
oxide may also be deoxygenated by this second protocol in
high yield (Table 4, entry 10).

N-Oxides are key intermediates in many processes that
introduce functionality adjacent to the nitrogen atom. For
example, for the pyrazine derivative shown in Scheme 2, a
new carbon–oxygen bond adjacent to the nitrogen atom may
be formed by reaction with acetic anhydride and heating to
give 8.[14] A second direct arylation can add a second aromatic
group as in the formation of 9. Alternatively, the N-oxide may
be converted to chloropyrazine 10 by reaction with POCl3

[15]

and subsequently used in a wide range of palladium catalyzed-
cross coupling reactions. To illustrate this possibility, a
Buchwald–Hartwig amination was performed, giving 11 in
70% yield.[16] Chloride 10 may also be treated with alkoxides

Table 1: Cross-coupling reactions of N-oxides 1–3 with aryl bromides.[a]

Entry N-Oxide Aryl bromide Additive Product Yield [%][b]

1 none 75

2 none 72

3 none 17

4 70

5 9

6 69

7
8

CuCN (10 mol%)
CuBr (10 mol%)

61[c]

54[c]

[a] Reaction conditions: The N-oxide (2 equiv), aryl halide, Pd(OAc)2 (5 mol%), PtBu3–HBF4 (15 mol%), K2CO3 (2 equiv), and the additive (if
indicated, 2 equiv) were added to a round-bottomed flask. Dioxane was added, and the reaction mixture was heated to 110 8C. [b] Yield of isolated
product. [c] 3 equivalents of 2 employed.
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to give compounds such as 12 in good yield. The diazine N-
oxide ring may also be reduced to give arylpiperazine 13 in
68% yield by treatment with Pt2O and H2.

The relative reactivities of diazine N-oxides 1–3 as well as
the regioselectivity of the reaction with 2 provide insight into
the reaction mechanism. In competition studies[17] 1 is
approximately twice as reactive as 3. While significant catalyst
inhibition is observed in competition experiments of 1 with 2,

exclusive reaction of 1 is observed. In each case, the reaction
is completely selective for reaction at the carbon adjacent to
the N�O functionality.[18] Furthermore, with pyrimidine N-
oxide (2), direct arylation occurs exclusively at the position
para to the free nitrogen atom.[18] All of these outcomes
parallel the relative acidities of the different C�H bonds of
the N-oxide substrates.[19] We observed a similar dependence
on pKa in reactions with perfluoroarenes which were deter-

Table 2: Scope of the direct arylation of pyrazine N-oxide (1).[a]

Entry 1 [equiv] ArX Product Yield [%][b]

1 2 75

2 2 89

3 2 82

4 2 53

5 2 70

6
7

2
3

72
84

8 2 70

9
10

2
4

50
96

11 0.3 50

12 3 40

13
14

2
3

60
68

15 2 75

16 2 82

17
18

2
2[c]

17
77

[a] Reaction conditions: 1, aryl halide, Pd(OAc)2 (5 mol%), PtBu3–HBF4 (15 mol%), and K2CO3 (2 equiv) were added to a round-bottomed flask.
Dioxane was added, and the reaction mixture was heated to 110 8C. [b] Yield of isolated product. [c] Ag2CO3 (0.5 equiv) added.
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Table 3: Scope of the direct arylation of diazine N-oxides.[a]

Entry N-Oxide N-Oxide
[equiv]

Aryl halide Product Yield [%][b]

1 1 68

2
3

7
1
2

50
80

4 7 1 84

5 7 1 57

6 7 1 70[c]

7 7 1 84[c]

8
9

2
3

48
56

10
11

2
3

52
56

12 2 76

13 3 2 74

14 3 2 73

15 3 2 92[c,d]

16
17

3 (CuCN[e])
3 (CuBr[e])

61
54

18 2 3 (CuCN[e]) 55

19
20

2
2

3 (CuCN[e])
3 (CuBr[e])

62
45

21
22

2
2

3 (CuCN[e])
3 (CuBr[e])

50
41

[a] Reaction conditions: Diazine N-oxide, aryl halide, Pd(OAc)2 (5 mol%), PtBu3–HBF4 (15 mol%), and K2CO3 (2 equiv) were added to a round-
bottomed flask. followed by the addition of dioxane and heating to 110 8C. Dioxane was added, and the reaction mixture was heated to 110 8C. [b] Yield
of isolated product. [c] Ag2CO3 (0.5 equiv) added. [d] Performed on a 1-g scale. [e] 10 mol% Cu salt as additive.
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mined to occur by a concerted palladation–deproto-
nation pathway.[20] A similar reaction mechanism may
be operable here and is under investigation.

In conclusion, diazine N-oxides are convenient,
inexpensive, and readily available replacements for
problematic diazine organometallic substates in pal-
ladium-catalyzed cross-coupling reactions. In some
cases the necessary reactivity could be achieved by the
addition of copper salts, and the products can be easily
converted into a wide range of substituted nitrogen
heterocycles by taking advantage of the N-oxide
functionality. This chemistry should be of consider-
able use in the synthesis of these medicinally impor-
tant compounds.

Experimental Section
Caution: Some aromatic N-oxides can undergo thermally
induced exothermic decomposition at elevated tempera-
tures.[21] The diazine N-oxide starting materials and repre-
sentative examples of direct arylation products were ana-
lyzed by differential scanning calorimetry up to 250 8C. In no
instance was there indication of exothermic decomposi-
tion.[22] Regardless, we recommend that controlled heating
be employed and calorimetry data be obtained if the
reactions are to be conducted on large scale.

To a dried flask was added the diazine N-oxide (1.0–
3.0 equiv), K2CO3 (2.0 equiv), Pd(OAc)2 (5 mol%), and
HP(tBu)3BF4 (15 mol%). If the aryl halide is a solid, it was
added at this point (1.0 equiv). The flask and its contents
were then purged under nitrogen for 10 min. If the aryl
halide is a liquid, it was added by syringe after purging, and
then degassed dioxane was added (to produce a reaction
concentration of 0.3m). The reaction mixture was then
heated at 110 8C for 8–16 h (overnight), after which the

Table 4: Deoxygenation of the direct-arylation products.

Entry N-Oxide Method[a] Product Yield [%][b]

1 A 86

2 A 82

3 A 98

4 A 84

5 A 76

6
7

A
B

0[c]

87

8 B 70

9 B 70

10 B 81

[a] Reaction conditions: Method A: Pd/C (10 mol%), NH4HCO2, MeOH; Method
B: Pd/C, H2, NH4OH. [b] Yield of isolated product. [c] Decomposition.

Scheme 2. Further reactions of a pyrazine derivative for the preparation of substituted nitrogen heterocycles.
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volatiles were removed under reduced pressure and the residue was
purified by silica gel column chromatography.
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