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Abstract

The Rh(I)-catalyzed direct arylation of azines has been developed. Quinolines and 2-substituted
pyridines couple with aryl bromides to efficiently afford ortho-arylated azine products using the
commercially available and air stable catalyst [RhCl(CO)2]2. Electron-deficient and rich aromatic
bromides couple in good yields, and hydroxyl, chloro, fluoro, trifluoromethyl, ether and ketone
functionality are compatible with the reaction conditions. Aroyl chlorides also serve as effective
azine coupling partners to give ortho-arylation products via a decarbonylation pathway.

Introduction
Methodology for the regioselective arylation of azines is dominated by strategies relying on
initial stoichiometric prefunctionalization of the heterocycle, either as the halo or
organometallic intermediate, prior to a subsequent arylation step.1 While catalytic direct
arylation protocols have been extensively developed for electron-rich heterocycle and arene
classes,2 the direct arylation of azines has met with considerably less success despite the
enormous importance of azines in drugs.3 Recently, conditions for the catalytic direct
arylation of azine N-oxides,4 N-imino-pyridinium ylides,5 and N-phenacyl-pyridinium
bromides6 with aryl halides have been developed. These methods represent a major
improvement, obviating the need to handle costly and in many instances unstable
organometallic azine intermediates; however, they do require preactivation of the azine as
well as additional synthetic manipulations to obtain the final arylated azine products. The
most direct route to this useful compound class would proceed by catalytic direct arylation
of an unactivated azine with readily available electrophilic coupling partners.7, 8 In an initial
communication, we documented our efforts in this vein, culminating in a Rh(I)-catalyzed
direct arylation of pyridines and quinolines with aryl bromides.9 We now wish to report our
studies further exploring the scope of this method, including the discovery that aroyl
chlorides are competent electrophilic coupling partners in this direct arylation strategy.10
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Results and Discussion
Catalytic Direct Arylation of Azines with Aryl Bromides

We previously developed a Rh(I)-catalyzed direct arylation of pyridines and quinolines
allowing for the efficient arylation of this azine class without prefunctionalization of the
heterocycle component.9 The optimized conditions employ the electron-poor catalyst
[RhCl(CO)2]2, an aryl bromide as the limiting reagent,11 the appropriate heterocycle starting
material (3–6 equiv), and heating in dioxane for 24 h. A more extensive evaluation of
heterocycle scope has now established that a variety of substituted pyridines, and to some
extent other heterocycles, are effective substrates under these reaction conditions (Table 1).
Straight chain (entries 1 and 2), alpha-branched (entry 3), and beta-branched (entry 4)
aliphatic substituted pyridines at the C-2 position all undergo efficient cross coupling with
3,5-dimethylbromobenzene. Tetrahydroquinoline also provides the arylated product in good
yield (entry 5), as does the more highly substituted 2,4-dimethylpyridine (entry 6). In
contrast, when a substituent at the C-2 position is absent arylation does not occur, as
observed for the attempted direct arylation of pyridine (entry 7). Consistent with the
requirement for C-2 substitution, quinoline also participates in regioselective direct arylation
(entry 8), as do chloro- and hydroxy-substituted derivatives (entries 9 and 11, respectively).
An appropriately substituted isoquinoline can be regioselectively arylated, albeit in lower
yields (entry 12). Further studies exploring the scope in heterocycle identified 2,3-
dimethylpyrazine and 4,6-dimethylpyrimidine as competent diazenes for this direct arylation
reaction (entries 13 and 14, respectively). We surveyed the use of a variety of 2-heteroatom
substituted pyridines (including 2-chloropyridine, 2-aminopyridine and several 2-
hydroxypyridine derivatives). In all cases, no arylation product was detected.

The substrate scope in aryl bromide was also evaluated with quinoline as the coupling
partner (Table 2). Both electron-rich and electron-poor aryl bromides are accommodated
with equal efficiency (compare for example entries 4 and 11). A variety of useful functional
groups are tolerated, including aryl and alkyl ethers (entries 3, 4), chloride (entry 8), fluoride
(entry 9), and ketone functionality (entry 10). While cross coupling proceeds smoothly with
meta substitution on the aryl bromide ring (see for example entry 1), attempted cross
coupling with 2-bromotoluene failed to afford product (entry 13), with only unreacted
starting material recovered. In the case of 1-bromonaphthalene, the arylated product was
obtained in only 9% yield (entry 14).

Catalytic Direct Arylation of Azines with Aroyl Chlorides
Recent work has documented the use of aroyl chlorides in Rh(I)-catalyzed decarbonylative
direct arylation of arenes.10 Owing to the similarity in reaction conditions employed in these
systems to our own, we envisioned that this manifold may be amenable to our present
system. As such, with the optimized conditions for the direct arylation of quinoline with aryl
bromides as a starting point, we evaluated the use of benzoyl chloride as an electrophilic
coupling partner (Table 3).12 Under these conditions, an encouraging 32% yield of 2-
phenylquinoline was obtained (entry 1). Importantly, we did not observe any formation of
ketone, consistent with a decarbonylative manifold for the present reaction. Switching from
dioxane to a variety of aromatic solvents proved fruitful, with yields improving under
otherwise identical conditions with dichlorobenzene, trifluorotoluene, mesitylene, or toluene
as solvent (entries 2–5). We next evaluated the inclusion of inorganic base additives, but
consistent with our previous observations for the direct arylation with aryl bromides,9 these
additives also proved deleterious when benzoyl chloride is used as the electrophile (entries 6
and 7). The choice of absolute concentration proved important, with the best results being
obtained at relatively high concentrations in benzoyl chloride (compare entries 8 and 9). The
reactions were typically run at 175 °C, but could be heated to 190 °C with equal efficiency

Berman et al. Page 2

J Org Chem. Author manuscript; available in PMC 2012 April 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(entry 10). Lastly, the product was obtained in modestly higher yield upon using six
equivalents of quinoline under otherwise identical conditions (compare entries 5 and 11).13

Having identified optimal conditions for the direct arylation of quinoline with benzoyl
chloride, we next evaluated the generality of this new protocol with a variety of aroyl
chlorides (Table 4). Both benzoyl chloride and 3,5-dimethylbenzoyl chloride provided high
isolated yields of the 2-arylquinolines 1h and 1o (entries 1 and 2, respectively). Electron-
rich aroyl chlorides coupled efficiently under these conditions, while the use of electron-
poor aroyl chlorides proved more challenging (compare entries 3 and 4). Importantly,
sterically congested 1-naphthoyl and 1-methylbenzoyl chlorides proved to be competent
coupling partners, providing access to the 2-arylquinolines 1z and 1y in good yields (entries
5 and 6, respectively). The successful coupling of 2-substituted aroyl chlorides expands the
range of direct arylation products that can be obtained because coupling ortho-substituted
aryl bromides was previously found to proceed in very low yields (see Table 2, entries 13
and 14).

The use of heterocycles other than quinoline was evaluated. For the case of 2-
methylpyridine, a 21% yield of 1bb was obtained upon reaction with 1-naphthoyl chloride,
indicating that the efficiency of coupling aroyl chlorides is quite sensitive to azine structure
(eq 1).14

(1)

Proposed Mechanism
A plausible mechanism for the Rh(I)-catalyzed direct arylation of azines with aryl bromides
is presented in Figure 1. Initial nitrogen coordination of the 2-substituted pyridine to
[RhCl(CO)2]2 provides adduct 2. Subsequent ortho C-H activation provides 3, which may
tautomerize to N-heterocyclic carbene (NHC) complex 4. We have previously characterized
N-heterocyclic carbene (NHC) Rh-complexes for a variety of nitrogen heterocycles15 and
others have characterized pyridine- and quinoline-based Os, Ru, and Ir-NHC complexes also
prepared via C-H activation.16 Upon solvent or azine coordination and reductive elimination
of HX to give 5, oxidative addition of the aryl bromide would then provide 6. Subsequent
reductive elimination and exchange with the pyridine starting material would regenerate N-
bound Rh complex 2. This catalytic cyclic is also applicable to the direct arylation with
aroyl chlorides whereby oxidative addition to 5 would be followed by decarbonylation to
generate 6 (Br would be replaced with Cl). Alternative catalytic cycles are possible, for
example, oxidative addition of the aryl bromide or aroyl chloride might occur prior to C-H
bond activation.17 Mechanistic study will clearly be necessary to discriminate between the
different possible catalytic cycles.

The proposed mechanism can be used to rationalize the requirement that the pyridine be
ortho substituted in order to achieve successful arylation (see entry 7, Table 1). Presumably,
unfavorable steric interactions in the N-bound complex of ortho-substituted pyridines
increase the equilibrium ratio of the C2-bound rhodium complexes 3 or 4 relative to the N-
bound rhodium complex 2. These results are consistent with reports on the preparation and
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characterization of (2-substituted)-pyridine- and quinoline-based Os and Ir-NHC complexes
wherein ortho-substitution was necessary for obtaining the complexes.16 The requirement
for ortho-substitution is also consistent with our observations that the Rh-catalyzed
intermolecular alkylation of pyridines with alkenes only occurs when the pyridine substrates
are substituted at the ortho position.8a

Conclusion
In summary, we have developed a Rh(I)-catalyzed strategy for the direct arylation of azines.
A variety of differentially substituted aryl bromides and aroyl chlorides can be used in this
protocol, including chloro, fluoro, trifluoromethyl, ether and ketone functionality. The
heterocycle is used directly without requiring any prefunctionalization. This strategy
represents an expeditious route to an important class of arylated azines and for appropriate
substrates should be of broad utility.

Experimental Section
General Procedure for the Catalytic Direct Arylation of Azines with Aryl Bromides

To a 15- or 25-mL sealable flame- or oven-dried Schlenk tube (Kontes No. 218710-0015 or
218710-0025) containing a stir bar was added [RhCl(CO)2]2 (0.0078 g, 0.0200 mmol), the
heterocycle (2.400 mmol), the aryl bromide (0.400 mmol), and 1,4-dioxane (reaction
solution diluted to a total concentration of 0.30 – 0.80 M). The volume of the heterocycle is
not negligible at the concentrations used and must therefore be included in the concentration
calculation. The reaction vessel was sealed, removed from the glove box, submerged to the
neck in a silicone oil bath, heated at the indicated temperature with stirring for 24 h and then
cooled to room temperature. The reaction mixture was transferred to a 60 mL separatory
funnel using 3 × 5.0 mL of CH2Cl2 and 2.5 mL of MeOH. The resulting solution was
washed with saturated NaHCO3 (1 × 20 mL), the aqueous layer was extracted with CH2Cl2
(3 × 10 mL). The organic extracts were combined, washed with saturated NaCl (1 × 20 mL),
dried over Na2SO4, filtered through glass wool and concentrated to dryness under reduced
pressure. The crude product mixture was loaded onto a Biotage samplet using a minimal
amount of CH2Cl2 (ca. 0.5 mL). This solvent was removed by placing the samplet under
reduced pressure in a vacuum dessicator for ca. 15 min, and the samplet was loaded into a
Biotage SP1 system. Eluting with an ethyl acetate/hexanes gradient calculated by the
instrument from the Rf of the product in a specified ethyl acetate/hexanes mixture provided
the desired product.

2-(3,5-Dimethylphenyl)-quinoline (1h)
The reaction was conducted with quinoline (0.3100 g, 2.400 mmol), 1-bromo-3,5-
dimethylbenzene (0.0740 g, 0.400 mmol) and 1.0 mL of 1,4-dioxane at 175 °C for 24 h. The
crude mixture was purified by flash chromatography using an ethyl acetate/hexanes gradient
to provide 0.0800 g, 86% yield of 1h as a clear, colorless oil. 1H NMR (400.13 MHz,
CDCl3): δ 8.34 – 8.12 (m, 2 H), 7.91 – 7.67 (m, 5 H), 7.49 – 7.45 (m, 1 H), 7.08 (br s, 1 H),
2.41 (s, 6 H). 13C {1H} NMR (100.61 MHz, CDCl3): δ 157.9, 148.4, 139.8, 138.5, 136.7,
131.2, 129.8, 129.7, 127.6, 127.3, 126.3, 125.6, 119.4, 21.6. HRMS-EI (m/z): calculated for
C17H15N: 233.1205; observed: 233.1203.

2-(2-Naphthyl)-4-hydroxyquinoline (1k)
To a 15-mL sealable flame-dried Schlenk tube (Kontes No. 218710-0015) containing a stir
bar was added [RhCl(CO)2]2 (0.0038 g, 0.0100 mmol), 4-hydroxyquinoline (0.0436 g, 0.300
mmol), 2-bromonaphthalene (0.0207 g, 0.100 mmol) and 0.33 mL of 1,4-dioxane. The
reaction vessel was sealed, removed from the glove box, submerged to the neck in a silicone
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oil bath, heated at 165 °C for 24 h and then cooled to room temperature. The reaction
mixture was transferred to a 60 mL separatory funnel using 3 × 5.0 mL of CH2Cl2 and 2.5
mL of MeOH. The resulting solution was washed with saturated NaHCO3 (1 × 20 mL), and
the aqueous layer was extracted with CH2Cl2 (3 × 10 mL). The organic extracts were
combined, washed with saturated NaCl (1 × 20 mL), dried over Na2SO4, filtered through
glass wool and concentrated to dryness under reduced pressure. The crude product mixture
was loaded onto a Biotage samplet using a minimal amount of CH2Cl2 and MeOH (ca. 0.5
mL). This solvent was removed by placing the samplet under reduced pressure in a vacuum
dessicator for ca. 15 min, and the samplet was loaded into a Biotage SP1 system. Eluting
with a methanol/dichloromethane gradient calculated by the Biotage instrument provided
0.0133 g, 49% yield of 1k as a pale yellow powder. Rf (5% methanol/dichloromethane)
0.45. mp 275 °C (decomposes). 1H NMR (400.13 MHz, DMSO-d6): δ 11.87 (br s, 1 H),
8.48 (s, 1 H), 8.14 – 8.10 (m, 3 H), 8.06 – 8.03 (m, 1 H), 7.96 – 7.94 (m, 1 H), 7.83 – 7.81
(m, 1 H), 7.73 – 7.64 (m, 3 H), 7.38 – 7.35 (m, 1 H), 6.50 (s, 1 H). 13C {1H} NMR (100.61
MHz, DMSO-d6): δ 176.7, 150.3, 141.1, 134.0, 133.0, 132.3, 132.0, 129.1, 129.1, 128.2,
128.0, 127.6, 127.5, 125.4, 125.2, 125.0, 123.8, 119.2, 108.2. HRMS-EI (m/z): calculated for
C19H14NO: 272.1070; observed: 272.1072.

1-Methyl-3-(2-naphthyl)-isoquinoline (1l)
The reaction was conducted with 1-methylisoquinoline (0.3432 g, 2.400 mmol), 2-
bromonaphthalene (0.0828 g, 0.400 mmol) and 1.00 mL of 1,4-dioxane at 175 °C for 24 h.
The crude mixture was purified by flash chromatography using an ethyl acetate/hexanes
gradient to provide 0.0236 g, 22% yield of 1l as a white powder. Rf (10% ethyl acetate/
hexanes) 0.50. mp 128 – 130 °C. 1H NMR (400.13 MHz, CDCl3): δ 8.72 (s, 1 H), 8.33 –
8.30 (m, 1 H), 8.21 – 8.19 (m, 1 H), 8.12 (s, 1 H), 8.05 – 8.00 (m, 2 H), 7.95 – 7.92 (m, 2 H),
7.76 – 7.72 (m, 1 H), 7.66 – 7.61 (m, 1 H), 7.58 – 7.52 (m, 2 H), 3.14 (s, 3 H). 13C {1H}
NMR (100.61 MHz, CDCl3): δ 158.7, 149.8, 137.1, 136.9, 133.7, 133.4, 130.1, 128.7,
128.4, 127.7, 127.7, 126.9, 126.7, 126.2, 126.2, 125.7, 124.8, 115.6, 22.8. HRMS-EI (m/z):
calculated for C20H16N: 270.1277; observed: 270.1286.

2-(2-Naphthyl)-5,6-dimethylpyrazine (1m)
The reaction was conducted with 2,3-dimethylpyrazine (0.2594 g, 2.400 mmol), 2-
bromonaphthalene (0.0828 g, 0.400 mmol) and 1.10 mL of 1,4-dioxane at 175 °C for 24 h.
The crude mixture was purified by flash chromatography using an ethyl acetate/hexanes
gradient to provide 0.0153 g, 16% yield of 1m as a pale yellow powder. Rf (10% ethyl
acetate/hexanes) 0.20. mp 111 – 112 °C. 1H NMR (400.13 MHz, CDCl3): δ 8.90 (s, 1 H),
8.52 (s, 1 H), 8.18 – 8.16 (m, 1 H), 8.01 – 7.92 (m, 3 H), 7.57 – 7.56 (m, 2 H), 2.70 (s, 3 H),
2.65 (s, 3 H). 13C {1H} NMR (100.61 MHz, CDCl3): δ 151.9, 150.6, 149.3, 138.5, 134.2,
133.7, 133.5, 128.7 (2 carbons), 127.7, 126.7, 126.5, 126.1, 124.1, 22.3, 21.8. HRMS-EI (m/
z): calculated for C16H15N2: 235.1230; observed: 235.1233.

2-(2-Naphthyl)-4,6-dimethylpyrimidine (1n)
The reaction was conducted with 4,6-dimethylpyrimidine (0.2594 g, 2.400 mmol), 2-
bromonaphthalene (0.0828 g, 0.400 mmol) and 1.10 mL of 1,4-dioxane at 175 °C for 24 h.
The crude mixture was purified by flash chromatography using an ethyl acetate/hexanes
gradient to provide 0.0205 g, 22% yield of 1n as a white powder. Rf (10% ethyl acetate/
hexanes) 0.40. mp 116 – 117 °C. 1H NMR (400.13 MHz, CDCl3): δ 9.02 (s, 1 H), 8.61 –
8.59 (m, 1 H), 8.06 – 7.91 (m, 3 H), 7.57 – 7.54 (m, 2 H), 7.00 (s, 1 H), 2.63 (s, 6 H). 13C
{1H} NMR (100.61 MHz, CDCl3): δ 166.9, 135.5, 134.6, 133.4, 129.2, 128.3, 128.1, 127.7,
126.9, 126.1, 125.4, 118.1, 24.3. HRMS-EI (m/z): calculated for C16H15N2: 235.1230;
observed: 235.1234.
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General Procedure for the Catalytic Direct Arylation of Azines with Aroyl Chlorides
To a 15- or 25-mL sealable flame- or oven-dried Schlenk tube (Kontes No. 218710-0015 or
218710-0025) containing a stir bar was added [RhCl(CO)2]2 (0.0078 g, 0.0200 mmol), the
heterocycle (2.400 mmol), the aroyl chloride (0.400 mmol), and toluene (reaction solution
diluted to a total concentration of 0.30 M). The volume of the heterocycle is not negligible at
the concentrations used and must therefore be included in the concentration calculation. The
reaction vessel was sealed, removed from the glove box, submerged to the neck in a silicone
oil bath, heated at 175 °C with stirring for 24 h and then cooled to room temperature. The
reaction mixture was transferred to a 60 mL separatory funnel using 3 × 5.0 mL of CH2Cl2
and 2.5 mL of MeOH. The resulting solution was washed with saturated NaHCO3 (1 × 20
mL), and the aqueous layer was extracted with CH2Cl2 (3 × 10 mL). The organic extracts
were combined, washed with saturated NaCl (1 × 20 mL), dried over Na2SO4, filtered
through glass wool and concentrated to dryness under reduced pressure. The crude product
mixture was loaded onto a Biotage samplet using a minimal amount of CH2Cl2 (ca. 0.5 mL).
This solvent was removed by placing the samplet under reduced pressure in a vacuum
dessicator for ca. 15 min, and the samplet was loaded into a Biotage SP1 system. Eluting
with an ethyl acetate/hexanes gradient calculated by the instrument from the Rf of the
product in a specified ethyl acetate/hexanes mixture provided the desired product.

2-(3,5-Dimethylphenyl)-quinoline (1h)
The reaction was conducted with quinoline (0.3100 g, 2.400 mmol), 3,5-dimethylbenzoyl
chloride (0.0674 g, 0.400 mmol) and 1.00 mL of toluene at 175 °C for 24 h. The crude
mixture was purified by flash chromatography using an ethyl acetate/hexanes gradient to
provide 0.0706 g, 76% yield of 1h as a clear, colorless oil. Analytical data consistent with
that previously reported.9

2-Phenyl-quinoline (1o)
The reaction was conducted with quinoline (0.3100 g, 2.400 mmol), benzoyl chloride
(0.0562 g, 0.400 mmol) and 1.00 mL of toluene at 175 °C for 24 h. The crude mixture was
purified by flash chromatography using an ethyl acetate/hexanes gradient to provide 0.0538
g, 66% yield of 1o as a white powder. Analytical data consistent with that previously
reported.9

2-(4-(Trifluoromethyl)phenyl)-quinoline (1w)
The reaction was conducted with quinoline (0.3100 g, 2.400 mmol), 4-
(trifluoromethyl)benzoyl chloride (0.0834 g, 0.400 mmol) and 1.00 mL of toluene at 175 °C
for 24 h. The crude mixture was purified by flash chromatography using an ethyl acetate/
hexanes gradient to provide 0.0321 g, 29% yield of 1w as a white powder. Analytical data
consistent with that previously reported.9

2-(1-Methylphenyl)-quinoline (1y)
The reaction was conducted with quinoline (0.3100 g, 2.400 mmol), o-toluoyl chloride
(0.0618 g, 0.400 mmol) and 1.00 mL of toluene at 175 °C for 24 h. The crude mixture was
purified by flash chromatography using an ethyl acetate/hexanes gradient to provide 0.0455
g, 52% yield of 1y as a white powder. mp 71 – 72 °C. 1H NMR (400.13 MHz, CDCl3): δ
8.27 – 8.25 (m, 1 H), 8.22 – 8.20 (m, 1 H), 7.92 – 7.90 (m, 1 H), 7.81 – 7.77 (m, 1 H), 7.63 –
7.54 (m, 3 H), 7.39 – 7.36 (m, 3 H), 2.47 (s, 3 H). 13C {1H} NMR (100.61 MHz, CDCl3): δ
160.3, 147.9, 140.7, 136.1, 136.0, 130.9, 129.7, 129.7, 129.6, 128.5, 127.5, 126.8, 126.4,
126.1, 122.4, 20.4. HRMS-EI (m/z): calculated for C16H14N: 220.1121; observed: 220.1120.
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2-(1-Naphthyl)-quinoline (1z)
The reaction was conducted with quinoline (0.3100 g, 2.400 mmol), 1-naphthoyl chloride
(0.0764 g, 0.400 mmol) and 1.00 mL of toluene at 175 °C for 24 h. The crude mixture was
purified by flash chromatography using an ethyl acetate/hexanes gradient to provide 0.0553
g, 54% yield of 1z as a pale yellow powder. Rf (10% ethyl acetate/hexanes) 0.30. mp 96 –
98 °C (lit. 96 – 97 °C).18 1H NMR (400.13 MHz, CDCl3): δ 8.35 – 8.33 (m, 1 H), 8.29 –
8.27 (m, 1 H), 8.19 – 8.17 (m, 1 H), 8.02 – 7.96 (m, 3 H), 7.85 – 7.81 (m, 1 H), 7.78 – 7.75
(m, 2 H), 7.67 – 7.63 (m, 2 H), 7.59 – 7.50 (m, 2 H). 13C {1H} NMR (100.61 MHz, CDCl3):
δ 159.5, 148.2, 138.8, 136.3, 134.0, 131.3, 129.8, 129.8, 129.1, 128.4, 127.8, 127.6, 127.0,
126.6 (2 carbons), 126.0, 125.7, 125.4, 123.3. HRMS-EI (m/z): calculated for C19H14N:
256.1121; observed: 256.1127.

2-(4-Methoxyphenyl)-quinoline (1aa)
The reaction was conducted with quinoline (0.3100 g, 2.400 mmol), 4-methoxybenzoyl
chloride (0.0682 g, 0.400 mmol) and 1.00 mL of toluene at 175 °C for 24 h. The crude
mixture was purified by flash chromatography using an ethyl acetate/hexanes gradient to
provide 0.0530 g, 56% yield of 1aa as a white powder. Rf (10% ethyl acetate/hexanes) 0.45.
mp 123 – 124 °C (lit. 124 – 125 °C).19 1H NMR (400.13 MHz, CDCl3): δ 8.23 – 8.18 (m, 4
H), 7.89 – 7.84 (m, 2 H), 7.78 – 7.73 (m, 1 H), 7.56 – 7.52 (m, 1 H), 7.11 – 7.09 (m, 2 H),
3.93 (s, 3 H). 13C {1H} NMR (100.61 MHz, CDCl3): δ 160.8, 156.9, 148.3, 136.7, 132.3,
129.6, 129.6, 128.9, 127.5, 126.9, 125.9, 118.6, 114.3, 55.4. HRMS-EI (m/z): calculated for
C16H14NO: 236.1070; observed: 236.1076.

2-(1-Naphthyl)-6-methyl-pyridine (1bb)
The reaction was conducted with 2-methylpyridine (0.2234 g, 2.400 mmol), 1-naphthoyl
chloride (0.0764 g, 0.400 mmol) and 1.00 mL of toluene at 175 °C for 24 h. The crude
mixture was purified by flash chromatography using an ethyl acetate/hexanes gradient to
provide 0.0183 g, 21% yield of 1bb as a clear, colorless oil. Rf (10% ethyl acetate/hexanes)
0.25. 1H NMR (400.13 MHz, CDCl3): δ 8.10 – 8.08 (m, 1 H), 7.95 – 7.93 (m, 2 H), 7.77 –
7.74 (m, 1 H), 7.64 – 7.48 (m, 4 H), 7.42 – 7.40 (m, 1 H), 7.26 – 7.24 (m, 1 H), 2.72 (s, 3
H). 13C {1H} NMR (100.61 MHz, CDCl3): δ 158.7, 158.3, 138.8, 136.6, 134.0, 131.3,
128.7, 128.3, 127.4, 126.3, 125.8, 125.8, 125.4, 122.1, 121.6, 24.8. HRMS-EI (m/z):
calculated for C16H14N: 220.1121; observed: 220.1122.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Proposed mechanism for the catalytic direct arylation of azines with aryl bromides.
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Table 1

Investigation of Scope in Heterocycle

entry azine ArBr product yield (%)a

1 1a 53

2 “ 1b 51

3 “ 1c 78

4 “ 1d 70

5 “ 1e 76

6 “ 1f 67

7 “ 1g 0

8 “ 1h 86b
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entry azine ArBr product yield (%)a

9 “ 1i 65b

10 1j 73b

11 “ 1k 49c

12 “ 1l 24b

13 “ 1m 26b

14 “ 1n 33b

a
Isolated yield of analytically pure product; 0.4 mmol scale in ArBr; 0.8 M absolute concentration in ArBr;

b
Reaction run at 175 °C and 0.3 M absolute concentration in ArBr;

c
Reaction run at 165 °C and 0.3 M absolute concentration in ArBr.
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Table 2

Investigation of Scope in Aryl Bromide

entry ArBr product yield (%)a

1 1h 86

2 1o 74

3 1p 62

4 1q 70

5 1j 73

6 1r 77

7 1s 69

8 1t 68
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entry ArBr product yield (%)a

9 1u 69

10 1v 70

11 1w 65

12 1x 45

13 1y 0

14 1z 9

a
Isolated yield of analytically pure product; 0.4 mmol scale in ArBr; 0.3 M absolute concentration in ArBr.
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Table 3

Direct Arylation of Quinoline with Benzoyl Chloride

entry additive (equiv) solvent conc. (M)a yield (%)b

1 none dioxane 0.3 32

2 none dichlorobenzene 0.3 45

3 none trifluorotoluene 0.3 56

4 none mesitylene 0.3 58

5 none toluene 0.3 56

6 Na2CO3 (3.0) toluene 0.3 10

7 K3PO4 (3.0) toluene 0.3 0

8 none toluene 0.15 29

9 none toluene 0.6 64

10c none toluene 0.3 60

11d none toluene 0.3 75

a
Refers to the absolute concentration in benzoyl chloride;

b
determined by GC analysis with hexamethylbenzene as an internal standard;

c
reaction run at 190 °C;

d
6.0 equiv of quinoline employed.
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Table 4

Investigation of Scope in Aroyl Chloride

entry ArC(O)Cl product yield (%)a

1 1h 76

2 1o 66

3 1aa 56

4 1w 24

5 1z 54

6 1y 52

a
Isolated yield of analytically pure product; 0.4 mmol scale in ArC(O)Cl; 0.3 M absolute concentration in ArC(O)Cl.
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