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A convenient and efficient method for the synthesis of 2-halogen-substituted pyridines is described. The decarboxylative

halogenation of 2-picolinic acids with dihalomethane proceeded smoothly via N-chlorocarbene intermediates to afford 2-
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halogen-substituted pyridines in satisfactory to excellent yields under transition-metal-free conditions. This new type of

decarboxylative halogenation is operationally simple and exhibits high functional-group tolerance.

Introduction

The 2-halogen-substituted pyridine motif is present in many
important bioactive molecules and pharmaceuticals,! and 2-
halogen-substituted pyridine derivatives can serve as useful
intermediates in the synthesis of drug molecules and function
materials through transition metal-catalyzed cross-coupling
reactions? or a nucleophilic aromatic substitution reaction (SyAr
reaction)®. The importance of 2-halogen-substituted pyridines
provides the continuous impetus for the synthetic chemists to seek
simple and valid methods to construct them. Three main methods
for preparing 2-halogen-substituted pyridines have been developed
over the past decades. One method involves the direct chlorination
of pyridine ring with chlorine gas at high temperatures.* This
method generally results in overhalogenation and poor
regioselectivity. Another method involves the substitution reaction
of 2-hydroxy group with halogen atoms, with POCIz, PCls, POBrs,
and PBr; as halogen sources.®> The last method involves the
halogenation of pyridine-N-oxides with almost the same halogen
sources mentioned above.®” However, these halogen sources are
harmful, moisture sensitive, and difficult to handle. Moreover,
these methods also suffer from harsh reaction conditions, limited
substrate scope, and poor regioselectivity. Therefore, developing a
convenient and efficient method for synthesizing 2-halogen-
substituted pyridines is highly desired.

A rapidly growing number of decarboxylative coupling reactions
in the formation of C-C and C-heteroatom bonds have attracted
increasing attention because aromatic carboxylic acids show good
stability and high commercial availability and are low cost.® The
transition metal-catalyzed decarboxylative halogenation has been
demonstrated to be a powerful method for constructing C—X bond
(Scheme 1a).? However, this method cannot be utilized to
synthesize 2-halogen-substituted pyridines because
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a) Transition-metal-catalyzed decarboxylative halogenation of aromatic acids
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Scheme 1. Decarboxylative Halogenation of aromatic acids.

2-metallapyridine intermediates generated in situ are unstable
and easily undergo protodemetalation.!® Recently, Larrosa and
co-workers disclosed a study on the transition-metal-free
decarboxylative halogenation of benzoic acids with N("Bu,)Brs
or I, (Scheme 1b).1! Nevertheless, we failed to synthesize 2-
halogen-substituted pyridines by this protocol. In the course of
our research on the development of efficient methods for
synthesizing aromatic halides,’> we found that 2-halogen-
substituted pyridines can be synthesized also through
transition-metal-free  decarboxylative  halogenation; the
decarboxylative halogenation of 2-picolinic acids proceeded
smoothly via N-chlorocarbene intermediates (Scheme 1c). The
results are reported in this paper.

In our initial study, we selected the reaction of quinoline-2-
carboxylic acid (1a) with dichloromethane as a model reaction
for optimizing reaction conditions. The results are shown in
Table 1. The 2-chloroquinoline (2a) product was obtained in
32% vyield without a base (entry 1). Several bases, including
potassium carbonate (K,COs3), sodium acetate (NaOAc), sodium
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Results and discussion

Table 1. Optimization of Reaction Conditions®

t-BuOCI
©‘\/j oxidant, base ©‘\/j
_ + CHCly ————————— pZ
N COOH 60 °C, 20 h, air N Cl

1a 2a
entry base (equiv.) oxidant (equiv.)  vyield (%)?
1 none air 32
2 K,CO5(0.5) air 58
3 NaOAc (1) air 10
4 NaOH (1) air 32
5 EtsN (1) air Trace
6 Na,CO;(1) air 60
7 NaHCO; (1) air 88
8 NaHCO; (1) none 20
9 NaHCO; (1) K;S,05(2) 47
10 NaHCO; (1) TBHP (2) Trace
11 NaHCO; (1) p-chloranil (2) 39
12 NaHCO; (1) 0, 89
13¢ NaHCO; (1) 0, 80
149 NaHCO; (1) 0, 78

a Reaction conditions: 1a (0.3 mmol), t-BuOCI (1.5 equiv., 0.45 mmol), base, and oxidant in
dichloromethane (3 mL) at 60 °C for 20 h. ® Isolated yield. ¢ The reaction was conducted at
50 °C for 20 h. @ The reaction was conducted at 60 °C for 16 h

hydroxide (NaOH), triethylamine (EtsN), sodium carbonate
(Na,CO03), and sodium bicarbonate (NaHCO3), were examined
by using 1.5 equivalents of t-BuOCI as the promoter under air
(entries 2—7). When NaHCO; was used as the base, a relatively
high yield of product 2a was obtained (entry 7 vs. entries 2—-6).
Comparatively, the reaction performed under an atmosphere
of N, gave merely 20% product (entry 8). Oxygen in the
reaction system might be beneficial for the single electron
transfer process involved in the reaction.!®> Other oxidants,
such as potassium persulfate (K5S,03), tert-butyl
hydroperoxide (TBHP), and p-chloranil, were inefficient
(entries 9—11). The yield of 2a was insignificantly improved
under oxygen atmosphere (entry 12 vs. entry 7). The yield of
2a decreased along with the decreasing temperature and
shorting reaction time (entries 13 and 14). Therefore, the
subsequent reactions of picolinic acid substrates 1 with
dichloromethane were performed in the presence of t-BuOCI
(1.5 equiv) and NaHCOs; (1 equiv) in air at 60 °C for 20 h.

The scope and limitation of this type of decarboxylative
chlorination reaction were determined under optimal reaction
conditions. The results are summarized in table 2. When using
2-picolinic acid (1b) as the substrate, the desired product 2b
was obtained in 73% yield. The reactions of 2-picolinic acids
1c-1f bearing methyl (Me), phenyl (Ph), chloro (Cl), or bromo
(Br) on 3-position gave the desired products 2c-2f in good
yields, thus indicating that steric hindrance of the 3-position
did not influence the reactivity of 2-picolinic acid substrates.
Meanwhile, 2g was obtained in relatively low yield in
comparison with 2b possibly because of the strong electron-
withdrawing capability of the nitro (NO,) group. Me, Cl, and Br
linked on the 4-position of pyridine ring (1h-1j) gave the
desired products 2-chloropyridines 2h-2j in 52%—74% vyields.
Moderate-to-good yields (59%—-72%) were obtained when the
substrates 1k—1m bearing a substituent (Me, Ph, or COOMe)
on 5-position were examined. A satisfactory yield (65%) of

2| J. Name., 2012, 00, 1-3

Table 2. Decarboxylative Chlorination of 2-Picolinic Acids with chhlor\glréﬁvstlb%r&?; Online
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t-BuOCI (1.5 equiv)

R N CH.CI NaHCOj3 (1 equiv) R N
i _NahCOs (1equiv) 11
(> + 2Ll2 °C ai (>
N COOH 60 °C, air,20 h N cl
1 2
A X A xPh
. P » »
N~ el N~ cCl N~ Cl N~ cl
2a 88% 2b 73%° 2¢ 80%° 2d 91%
~Cl B N0z §
® ® ® ®
N~ el Nl N~ el N al
2e 80% 2f 83% 29 47%° 2h 74%°
Cl Br N P~
> N T,
| | N el N" el
~ ~Z
N el N~ el
2i 61%! 2j 52%¢ 2k 72%° 21 56%
X
HsCOOC. | X Cl o C!
| P » N
Nl N™ C N &
2m 59%¢ 2n 65%° 20 42%9 2p 92%

3 Reaction conditions: 2-picolinic acid (1, 0.3 mmol), t-BuOCl (0.45 mmol), NaHCO;
(0.3 mmol) in dichloromethane (3 mL) at 60 °C under air for 20 h.® The isolated yields
were calculated based on 2-picolinic acids. ¢ Yields were determined via 'H NMR
analysis using dibromomethane as an internal standard. ¢ The reaction was conducted
in the presence of 0.9 mmol t-BuOCl under O, atmosphere.

product 2n was obtained when 6-methyl 2-picolinic acid (1n)
was used as the substrate. The reaction of 3,5-dichloro-2-
picolinic acid (10) afforded the corresponding product 20 in 42%
yield. The reaction of isoquinoline-1-carboxylic acid (1p)
proceeded smoothly, producing the desired product 2p in
92%.

The success in decarboxylative chlorination encouraged us
to explore the decarboxylative bromination reaction. The
decarboxylative bromination reaction of 1a with dibromo
methane was selected as the model reaction in the
optimization of the reaction conditions. The results are shown
in Table 3. The desired product, 2-bromoquinoline (3a), was
obtained in 23% yield along with trace amounts of 2a when

Table 3. Screening of Reaction Conditions for Decarboxylative Bromination?

+ CHjBr, - + _
N/ COOH oxidant, 20 h N/ Br N Cl

1a 3a 2a
entry equiv. of oxidant yield of 3a/2al’l
+-BuOCl 3a (%)
1 1.5 air 23 25/1
2 2.0 air 29 25/1
3 3.0 air 40 25/1
4 4.0 air 41 25/1
5 3.0 0O, 65 25/1
67 3.0 0, 76 25/1
7¢ 3.0 0O, 69 25/1

@ Reaction conditions: 1a (0.3 mmol), -BuOCI (3 equiv, 0.9 mmol), base, oxidant
in dibromomethane (2 mL) at 60 °C under air for 20 h.? Isolated yield. ¢ The ratios
of isomers were determined by crude product 'H NMR analysis. ¢ The reaction
was performed at 70 °C for 20 h. € The reaction was performed at 70 °C for 16 h.
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the model reaction was conducted under the standard
conditions of chlorination (entry 1). The t-BuOCI loading was
subsequently screened with NaHCOs as the base. The results
obtained indicated that 3 equivalents of t-BuOCI is enough for
obtaining 3a in relatively high yield (entries 2—-4). When the
reaction was conducted under an O, atmosphere, the yield of
3a was improved to 65% (entry 5). The yield of 3a was further
improved to 76% when the model reaction was performed at
enhanced temperature (entry 6, 70 °C). However, reducing the
reaction time to 15 h led to a decrease in product yield (entry
7). The subsequent reactions of picolinic acid substrates 1 with
dibromomethane were therefore performed in the presence
of t-BuOCl (3 equiv) and NaHCO; (1 equiv) under O,
atmosphere at 70 °C for 20 h.

The scope of the decarboxylative bromination reaction was
explored using dibromomethane as the bromine source. The
results are summarized in Table 4. The desired product 3b was
obtained in 65% yield when using 2-picolinic acid (1b) as the
substrate. The reactions of 2-picolinic acids 1c-1f bearing
methyl (Me), phenyl (Ph), chloro (Cl), or bromo (Br) on 3-
position afforded the desired products in good vyield
(70%—92%). These results indicated that the steric hindrance
of 3-position did not influence the reactivity of the 2-picolinic
acid substrates. The product 3g was obtained in a relatively
low vyield (52%) along with protodecarboxylation product; the
low yield and poor selectivity was attributed to the strong

Table 4. Decarboxylative Bromination of 2-Picolinic Acids with Dibromomethane *°

t-BuOCI (3 equiv)

n = NaH003 1 equiv) 7\
R ~ tCHBr e opzon °C, 05,20 h
N COOH 2) N
1 3
X AN Ph
® B
N Br N Br
3a76% 3b 65%° 3¢ 70%° 3d 92%
(25/1) (50/1) (25/1) (25/1)
CH,
N Cl N Br N NO, I
‘ N/ B ‘ N/ B ‘ N/ B ‘
—

' ' ' N Br
3e 80% 3 78% 3g 52%* 3h 55%°
(25/1) (25/1) (4.5/1) (20/1)

| B
Cl r “ Ph “
\ B \@ .
= N Br N Br
Br N Br
3| 56% 3j 45% 3k 40%°¢ 31 53%
(50/1) (50/1) (25/1) (25/1)
H;COOC N
T, o G
Br
3m 45%° 3n 35%°%° 3061% 3p 85%
(50/1) (25/1) (25/1) (25/1)

3 Reaction conditions: 2-picolinic acid (1, 0.3 mmol), t-BuOCI (0.9 mmol), NaHCO3
(0.3 mmol) in dibromomethane (2 mL) at 70 °C under oxygen for 20 h. The ratios
of isomers were determined by 'H NMR analysis. ® The isolated yields were
calculated based on 2-picolinic acids. ¢ Yields were determined via H NMR
analysis using diethylene glycol dimethyl ether as an internal standard. ¢
Additional NBS (0.3 mmol) was added to the reaction. ¢ The reaction was
conducted for 30 h.

This journal is © The Royal Society of Chemistry 20xx
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electron-withdrawing capability of the NO,  group. olhe
reactions of 2-picolinic acids 1h—1j bearing: aosubstitbento@vie,
Cl, or Br) on 4-position afforded the products 2-
bromopyridines 3h-3j in moderate vyields (45%-56%).
Similarly, moderate yields (40%-53%) were observed in 2-
picolinic acids 1k-1m bearing a substituent (Me, Ph, or
COOMe) on the 5-position. Only 35% of 3n was obtained when
6-methyl 2-picolinic acid was used as the substrate. A
satisfactory yield of 61% was obtained when 3,5-dichloro-2-
picolinic acid (10) was examined. Finally, the reaction of 1p
with dibromomethane was examined, and the desired product
3p was obtained in 85% vyield.

X
| +  CHyX,
N~ >COoH

standard conditions

X
- (1)
N X

TEMPO (2 equiv.)

(X= Cl, Br)
1a
m CHAX standard conditions ©‘\/j ?
Pz + 2722 i | pZ
N COH  (X= Cl,Br) without t-BuOCI N X
1a

t-BuOCI (3 equiv)
A NaHCO; (1 equiv) A
| + CH,Cly/CHBr, —————"» | 3)
N" COH  (wn=11)  ©270°C.20N N” X
1a X = Cl, 2a (57%)
X = Br, 3a (33%)

Scheme 2. Control experiments.

Control experiments were conducted to gain insights into
the mechanism of this type of decarboxylative halogenation
reaction (Scheme 2). No reaction was observed when the
reaction of 1a was performed in the presence of 2 equivalents
of 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO; Scheme 4, Eq.
1). This result suggested that this transformation might involve
a radical process. No decarboxylation reaction occurred when
t-BuOCIl was removed from the catalytic system, and 1a was
recovered completely (Scheme 4, Eq. 2). t-BuOCI was hence
required for the reaction to proceed. A 1.7 ratio of 2a to 3a
was observed when an intermolecular competition reaction
between dichloromethane and dibromomethane was
conducted at 70 °C (Scheme 4, Eq. 3); the reason was probably
that the formation of C-Cl bond was more favorable than the
formation of C-Br bond in thermodynamics.

On the basis of the preliminary results and our previous
reports,'* a possible mechanism was proposed (Scheme 3).
Radicals Cl- and t-BuO- generated from t-BuOCI under heating
conditions were transformed to CI* and t-BuO- in the presence
of oxygen. The reaction of sodium picolinate (B) with CI* and t-
BuO~ would produce intermediate N-chloro potassium
picolinate (C). The intermediate C underwent a
decarboxylation process to generate pyridine ylide (D), which
would transform into a carbene intermediate E.»®
Dihalomethane reacted with the carbene intermediate E to
form the desired product 2b or 3b. Bromochloromethane
(CH,CIBr) generated in the decarboxylative bromination
reaction was verified by gas chromatography—mass
spectrometry;'® this is the reason for the presence of small
amount of decarboxylative chlorination product in the
decarboxylative bromination reaction.
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t-BuO_

Cl + t-BuO* <— t-BuOCI

N | A NaHCO; X
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K‘/U ONa £BuO” N CO,Na N COOH
| O B

& 1b
Cc

&COZ, t-BuONa
O o (g
,\/ CHoX, LU+

Scheme 3. Proposed mechanism.

A gram-scale reaction of 1a with dichloromethane was
tested. This reaction was performed at 20 mmol scale and
proceeded smoothly, affording product 2a with only a slight
decrease in yield (1.24 g, 76%; Scheme 6). The potential
application of 2-halogen-substituted pyridine products was
explored through synthetic manipulations. As expected, 1,4-
bis-(2-(3,5-dichloropyridyloxy)) benzene (4, TCPOBOP) was
obtained in 88% vyield through Buchwald’s procedure.l”
TCPOBOP is an agonist ligand for constitutive androstane
receptor.18

t-BuOCI (1.5 equiv)

A NaHCO; (1 equiv) X
_ + CHCl, —(—————(—— _ 1)
N COOH 60 °C, under air, 20 h N al

1a, 10 mmol 66 mL 2a, 1.24 g, 76% yield
OH
al al Cul (10 mol%)
\(j N _PyCOH (20 mol%) mol%) cl cl
P K3POy4 (2 equiv) \(I /©/
N" Br Jy DMSO,100°C, 241 cl
3m 4, 88% yield

Scheme 4. Gram-scale synthesis and further transformations.

Conclusions

In conclusion, we have developed a convenient and efficient
method for synthesizing 2-halogen-substituted pyridines under
transition-metal-free conditions. The decarboxylative
halogenation reaction of 2-picolinic acids with dihalomethane
proceeded smoothly via N-chlorocarbene intermediates. The
reaction afforded 2-halogen-substituted pyridines in
satisfactory to excellent yields. Low-cost and readily available
dihalomethane and oxygen were utilized as halogen source
and oxidant, respectively, in this protocol. This advantage
should make the present methodology not only highly useful
but also in accordance with green chemistry principles.

4| J. Name., 2012, 00, 1-3
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Experimental

General Information

The reactions were performed in clean, oven-dried reactors
fitted with air-tight stoppers. All the chemicals were used
without further purification. *H and 3C NMR spectra were
obtained with a Bruker Avance |I-400 spectrometer (400 MHz
for 1H, 100 MHz for 13C) or a Varian Inova-500 spectrometer
(500 MHz for 1H, 125 MHz for 13C); CDCl; and TMS were used
as solvent and internal standard, respectively. The chemical
shifts are reported in ppm downfield (6) from TMS, the
coupling constants J are given in Hz. The peak patterns are
indicated as follows: s, singlet; d, doublet; t, triplet; q, quartet;
m, multiplet. GC-MS analysis was performed on an Agilent
7890A GC interfaced to an Agilent 5975C mass-selective
detector (30 m x 0.25 mm capillary column, HP-5MS). TLC was
used with SiO, (silica gel 60 F254, Merck) as stationary phase.
Spots were viewed under UV light. Flash column
chromatography was performed with SiO, (80 mesh) as
stationary phase.

General Procedure for the decarboxylative chlorination

A reaction flask was charged with a mixture of quinoline-2-
carboxylic acid (1a, 51.9 mg, 0.3 mmol), NaHCO; (25.2 mg, 0.3
mmol), t-BuOCl (51 uL, 0.45 mmol), and dichloromethane (3
mL). The reaction mixture was stirred at 60 °C for 20 h, and
then was cooled to room temperature. The solvent was
removed under reduced pressure, and the residue obtained
was purified via silica gel chromatography (eluent: ethyl
acetate : petroleum ether = 1 : 10) to afford 2-chloroquinoline
(2a) as a white solid.

Procedure for the decarboxylative bromination

A reaction flask was charged with a mixture of quinoline-2-
carboxylic acid (1a, 51.9 mg, 0.3 mmol), NaHCOs (25.2 mg, 0.3
mmol); t-BuOCI (102 uL, 0.9 mmol) and dibromomethane (2
mL) was added and the mixture was charged with oxygen gas
three times. The reaction mixture was stirred at 70 °C for 20 h,
and then was cooled to room temperature. The solvent was
removed under reduced pressure, and the residue obtained
was purified via silica gel chromatography (eluent: ethyl
acetate : petroleum ether = 1 : 10) to afford 2-chloroquinoline
(3a) as a white solid.
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= transition-metal-free « oxygen as an oxidant

= mild conditions = cheap and readily available halogen source
The reaction of 2-picolinic acids with terz-butyl hypochlorite and sodium hydrogen carbonate in
the presence of oxygen proceeded smoothly to generate heterocyclic carbene intermediates, which
subsequently reacted with methylene halide to produce 2-halide pyridines in satisfactory to good

yields under transition-metal-free conditions.
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