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be safe and efficient reagent system for the ipso-bromination/iodination. The reaction occurs under mild
conditions and tolerates various functional groups resulting in products with high selectivity and yields.
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Introduction

Aryl halides, in particular, aryl bromide and aryl iodides are
valuable synthetic intermediates widely applied in carbon-carbon
and carbon-heteroatom bond formation [1]. Another important
synthetic application of aryl iodides is to prepare various hyperva-
lent iodine reagents [2]. Moreover, the radiolabeled haloarenes are
used as target compounds in biological research and as compo-
nents of synthetic schemes for diagnostic and therapeutic agents
[3].

Traditionally, aryl halides are formed via electrophilic aromatic
substitution. While electrophilic aromatic chlorination and bromi-
nation work well, due to the low reactivity of iodine and related
iodinating agents compared to the corresponding chloro and
bromo analogues, the direct iodination of arenes is generally not
achievable [4]. A number of general methods for the synthesis of
iodoarenes have been developed including: (a) oxidative iodina-
tion of arenes by using strong oxidizing agents [5], (b) classic Sand-
meyer reaction involving regioselective halogenation of arenes via
aryl diazonium salts under acidic condition [6] and organocatalytic
variants of Sandmeyer reactions [7], and (c) various methods using
highly reactive aromatic mercury [8] and thallium [9] compounds.
However, these methods have obvious limitations as they involve
hazardous oxidizing agents, harsh reaction conditions, complex
and dangerous work up, low regioselectivity and yields. Therefore,
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most of them don’t meet the requirements of safe and environ-
mentally benign methodology.

Organoboron derivatives have drawn considerable attention in
ipso-substitution reactions, in particular arylboronic acids, by the
ipso-substitution of boronic acid group can lead to convenient
access to arenes bearing important functional groups with good
regioselectivity. Arylboronic acids [10] are usually crystalline
solids, generally nontoxic and stable to air and moisture. A large
number of substituted arylboronic acids are readily prepared via
transition metal catalyzed approach and directed borylation of
active C—H bonds without using haloarenes [11].

In 1982, Kabalka and his co-workers developed halogenation of
organoboranes with halide salts in the presence of chloramine-T
[12]. Later, in 1998, ipso-halogenation of arylboronic acid was
achieved in good yields using N-halosuccinimides by Prakash
et al. [13] despite some limitations. More related works of ipso-
halogenation of boronic acid with N-halosuccinimides have been
reported in the following years [14]. In 2004, Szumigala, ]r.
described the synthesis of haloarenes from arylboronic acids using
1,3-dihalo-5,5-dimethylhydantoin (DCDMH or DBDMH) as an
effective halogenating agent [15]. In 2011, Chen et al. developed
a copper-catalyzed halodeboronation protocol using oxygen as
the oxidant [16]. Recently, more methods of boron-iodine
exchange have emerged to generate iodoarenes, including cop-
per-catalyzed approaches with iodide salts [17a] or iodine [17b],
metal-free methods using iodine [17c], using cetyltrimethyl
ammonium bromide (CTAB)/I, [17d] or another novel ipso-
iodination way via N-iodomorpholinium iodide (NIMI) [17e]. As
compared to ipso-substitutions of iodine, the reports on the
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ipso-bromination of arylboronic acids are relatively scarce. In
addition, many reported methods above are either requiring high
temperature, long reaction time, or large excess of additives/
special ligand and some of them have limited substrate scope or
yields. Therefore, it is very desirable to develop milder, more
efficient, less expensive and environmentally benign alternative
for preparation of haloarenes.

The recent developments of polymer supported reagents have
been growing fast in synthetic organic chemistry [18]. Polymeric
reagents are generally macromolecules to which chemical func-
tional groups are connected. They possess the similar potential
abilities of the low molecular weight analogues. On the other hand,
the main advantages of these polymer-supported species over
their monomeric reagents are (a) easier work-up by simple filtra-
tion and subsequent washing with the solvent because of their
insolubility in the reaction medium, (b) using excess of the
reagents to drive the reaction to completion without any concern
regarding the separation of the desired products from the unused
reagents, (c) recyclability of these polymer supports, (d) lower tox-
icity which makes them environmentally safer, (e) and fine-tuning
the stability and selectivity of the reagents towards different syn-
thetic transformations compared to those carried out on same
functional groups by unsupported reagents [19]. Poly(4-vinylpyri-
dine) (PVP) is one of the most frequently used polymer as a solid
support for various reagents and catalysts because of its commer-
cial availability, its stability, facile complexation with high loading
capacity, fine swelling properties, and good physicochemical char-
acteristics [19]. During the course of our studies, we developed
environmentally benign methods via polymer-supported reagents
such as PVP-HF, PVP-SOy PVP-H,0,, PVP-NM (nitrating Mixture),
and PVP-CF;SOsH in recent decades [20]. In continuation of our
efforts using these polymeric complexes for various organic trans-
formations, we decided to explore the application of poly(4-vinyl-
pyridine)- bromine/iodine complexes (PVP-Bry/l;) as effective
reagents for halogenation of aryl boronic acids. PVP-Br;, as a poly-
mer-supported solid complex have been previously studied for
bromination of aromatic rings, alkenes, alkynes, ketones etc [21].
However, the application of PVP-Bry/l; as polymer supported
reagents for ipso-halogenation reactions has very rarely been
explored in recent years. Herein, we report the preparation and
the use of PVP-Br,/I, complexes as green and efficient reagents
for ipso-bromination/iodination of arylboronic acids with catalytic
amount of NaNO, for the synthesis of the corresponding
haloarenes.

Results and discussion

We initiated our investigation by preparing poly(4-vinyl-
pryridine)-bromine/iodine complexes or PVP-Br;/I,. Several meth-
ods of making PVP-Br, had been reported by Zabicky and
Mhasalkar [21g]. Accordingly, commercially available poly(4-
vinylpyridine), 2% cross linked with divinylbenzene, was stirred
with excess hexane as solvent for 24 h so that the polymer was
swollen well. Liquid bromine or solid iodine was then carefully
added to the swollen polymer support in hexane with efficient
cooling and thorough mixing. As complex formation of PVP-Br,
or PVP-I, proceeds, the color of the solution became lighter and
lighter and stirring was continued till no further significant
change in color was observed (about 24h). After filtering,
washing and drying under the vacuum, a fluffy, free-flowing,
fresh orange (PVP-Brp) or purple black solid (PVP-I;) was
obtained (Scheme 1). The complexes are almost odorless which is
ready for use as reagent for bromination/iodination, which are
much safer than molecular bromine or iodine. The complex can
be stored in well-closed containers for many months. From the
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Scheme 1. Preparation of PVP:Br; (1:1) and PVP:I, (1:1).

weight increment, PVP-Br, and PVP-I, complexes are found to
have a 1:1M ratio, achieved by the addition of equimolar
amounts of bromine or iodine with respect to monomer unit of
the polymer. During our initial trials, with direct treatment of the
polymer and Br,/I, without swelling for a day, we got PVP-Br;
and PVP-I, complexes with 1.5:1M ratio and 1.2:1 M ratio
respectively. By prior swelling and proper stirring as mentioned
we were able to get the complexes with 1:1 M ratio. The changes
in morphology of the polymer samples because of the formation
of the complexes were further studied through scanning electron
microscopy (SEM) (Fig. 1). The surface morphology of the
complexes changed significantly compared to that of the
precursor PVP polymer. The particle sizes of both PVP-Br, and
PVP-I, were found to be much smaller indicating activities of the
complexes with increased reaction surfaces (Fig. 1b, c).

To screen their capabilities as reagents for halogenation, the
complexes were subsequently used for ipso-bromination or iodina-
tion of various arylboronic acids. Preliminary studies showed that
the complex is very effective and convenient halogenating reagent
(for both bromination and iodination) under mild conditions
(Scheme 2).

We began with the screening of reaction conditions such as
amount of the reagents, solvent, temperature and time for bromi-
nation of p-tolylboronic acid with PVP-Br, complex with molar
ratio 1.5:1 (Table 1). Fortunately, 42% product was formed when
1 equiv. alryboronic acid reacted with 1.5 equiv. PVP-Br, (1.5:1)
in acetonitrile at room temperature for 17 h (Table 1, entry 1).
Increasing the temperature to 80 °C and reducing the reaction time
to 3 h, showed significant improvement in yield to 67% though not
high as expected (entry 2). Next, we added NaNO, as additive in
different amounts to see whether it has any impact on the reaction.
In order to improve the yield of the product, reactions with varying
amounts of the complex and the additive with respect to starting
materials were further examined (Table 1, entries 3-7). Reaction
using 1.5 equivalents of PVP-Br, (1.5:1) with 0.25 equiv. sodium
nitrite at 80°C for 3 h yielded the ipso-brominated product in
93% yield (Table 1, entry 6). The small amount of sodium nitrite,
0.25 equiv. used in this high yield reaction and much lower yield
in its absence reveal its role as a catalyst (Table 1, entry 6).

For the ipso-halogenation reaction, acetonitrile (CH3CN) was
found to be the solvent of choice in terms of the yield and selectiv-
ity of the reaction (Table 1, entries 3-6, 8). Reaction at a lower tem-
perature led to lower conversion of 4-tolylboronic acid and the
yield of the desired product, 4-bromotoluene (Table 1, entry 8).

Next, four different sodium salts were screened in the presence
of 1.5 equiv. of PVP-Br, (1.5:1) in acetonitrile at 80°C for 3 h
(Table 2). Analytically, catalytic amounts of both sodium nitrite
and sodium nitrate provided the products in similar high yields
(Table 2, entries 1 and 3). While conducting the reactions under
similar conditions, results from sodium nitrite and sodium nitrate
did not differ significantly though a slightly better yield was
obtained with sodium nitrite (Table 2, entries 2 and 4).

The optimal reaction conditions for ipso-bromination reaction
using PVP-Br, (1.5:1) were found to be: 1.5 equiv. PVP-Br, (1.5:1)
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Fig. 1. (a) SEM image of PVP, (b) PVP:Br; (1:1) and (c) PVP:I; (1:1).
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Scheme 2. ipso-Halogenation of arylboronic acid using PVP-X, complexes.

and 0.25 equiv. NaNO; in acetonitrile at 80 °C for 3 h. Accordingly,
the optimization of reaction conditions for bromination of p-tolyl-
boronic acid with PVP-Br; (1:1) complex was also studied (Table 3).
As PVP-Br; (1.5:1) and PVP-Br, (1:1) differ in the amount of bro-
mine in the complexes and the particle size of each polymer com-
plex which are contributing factors toward the variance of their
reaction activity, greater reactivity was anticipated for PVP-Br,
(1:1). Therefore, reactions were conducted using PVP-Brp (1:1)
with the optimized reaction conditions, acetonitrile as solvent
and NaNO, as additive. As shown in Table 3, ratios of PVP-Br,
(1:1) and NaNO,, display a significant role on the reaction (Table 3,
entries 1-4 and 7). The optimum amounts of PVP-Br, (1:1) and
NaNO, which provided the best results are 1.35 and 0.25 equiva-
lents respectively. Further screening of the reaction conditions
showed that yields dropped with decrease in temperature and
time (Table 3, entries 4-6, 7 and 8). In general, the best reaction
conditions for ipso-bromination using PVP-Br; (1:1) are as follows:
sodium nitrite (0.25 equiv) as catalyst, PVP-Br, (1:1) (1.35 equiv)
as the halide source, and acetonitrile as solvent, with the reaction
being carried out at 80 °C for one hour.

Furthermore, we also compared the potentials of the two PVP-
Br, complexes for ipso-bromination of arylboronic acids with liquid
bromine (Table 4). The results revealed that both PVP-Br,
complexes are excellent in their ability for ipso-bromination of p-
tolylboronic acid (chosen as the model substrate) in comparison

Table 1
Optimization of the reaction conditions for ipso-bromination of arylboronic acids
using PVP-Br, (1.5:1) complex.”

HO.__OH
> Br
B PVP:Br,
NaNO, (additive)
B ————
solvent
CHj, CH3
Entry PVP-Br, NaNO, Solvent Temp Time Yield
(equiv) (equiv) (°C) (h) (%)
1 1.5 None CH3CN 1t 17 42
2 1.5 None CHsCN 80 3 67
3 135 1.2 CHsCN 80 10 100
4 1.8 1.6 CH3CN 80 3 97
5 1.5 1.2 CH;CN 80 3 94
6 1.5 0.25 CHsCN 80 3 93
7 1.5 0.25 CH,Cl, 80 3 63
8 1.5 0.25 CHsCN 60 3 73
9 1.5 0.25 H,0 80 3 0

? Reaction conditions: 0.25 mmol of 4-tolylboronic acid with 1 equiv. each of
PVP-Br;, (1.5:1) and NaNO, in 2 mL of the solvent at the temperature and time
indicated in the table.

5 Yield by 'H NMR.

with liquid Br,. As expected, PVP-Br, (1:1) with higher bromine
loading was more active than PVP-Br; (1.5:1) (Table 4, entries 1-
3, and 4-6). Results also show that NaNO, has more significant
effect on reactions with PVP-Br,, thus making it an essential cat-
alytic component in the reactions to afford the products in high
yields.
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Table 2
Effect of different sodium salts on the ipso-bromination of arylboronic acids using
PVP-Br, complex (1.5:1).°

Entry Sodium salt Yield (%)"
1 NaNO, 93
2 NaNO,* 73
3 NaNO; 92
4 NaNOs© 70
5 Na,COs3 41
6 NaOH¢ 74
7 None 67

¢ Reaction conditions: 0.25 mmol of 4-tolylboronic acid (1 equiv), 0.38 mmol of
PVP-Br; (1.5 equiv) in the presence of 0.063 mmol sodium salt (0.25 equiv) in 2 mL
of acetonitrile at 80 °C (15 mL pressure tube) for 3 h.

5 Yield by 'H NMR.

¢ Reaction temperature is 60 °C.

4 1.2 equiv of NaOH was used.

Table 3
Optimization of reaction conditions for ipso-bromination of p-tolylboronic acid with
PVP-Br, (1:1) complex.*

HO.__OH
~B” Br
B PVP:Br,
NaNO, (additive)
—_—
CH5CN

CHg, CH;
Entry PVP-Br, (equiv) NaNO,(equiv) Temp (°C) Time (h) Yield (%)"
1 1 1 80 1 86
2 1.5 1.2 80 1 100
3 135 1.2 80 1 100
4 135 0.25 80 1 97
5 1.35 0.25 60 1 84
6 1.35 0.25 rt 17 91
7 135 None 80 1 44
8 1.35 None 80 2 63

¢ Reaction conditions: 0.25 mmol of 4-tolylboronic acid (1 equiv) with PVP-Br,
NaNO,, 2 mL CH5CN, temperature and time indicated in table.
b Yield by 'H NMR.

Table 4
Activity of the reagents: PVP-Br,(1.5:1), PVP-Br,(1:1) and Br; for ipso-bromination of
p-tolylboronic acid.”

Entry Bromine source Additive Time (h) Yield (%)"
1 Br, NaNO, 3 89
2 PVP-Br, (1.5:1) NaNO, 3 93
3 PVP-Br; (1:1) NaNO, 1 97
4 Bry, None 3 81
5 PVP-Br; (1.5:1) None 3 67
6 PVP-Br; (1:1) None 3 78

2 Reaction condition: 0.25 mmol of 4-tolylboronic acid (1 equiv), 0.38 mmol PVP-
Br, (1.5:1) (1.5 equiv), 0.34 mmol of PVP-Br; (1:1) (1.35 equiv) or 0.38 mmol Br,
(1.5 equiv) in the presence of 0.063 mmol sodium salt (0.25 equiv) or no saltin 2 mL
of acetonitrile at 80 °C (15 mL pressure tube) for the time indicated.

b Yield by 'H NMR.

With optimized reaction conditions of PVP-Br, complexes as
halide sources for ipso-bromination of arlyboronic acid in hand,
the scope and functional-group tolerance of this transformation
were tested with a variety of representative arylboronic acids, as
summarized in Table 5. A series of substrates were smoothly con-
verted into the brominated products with good to excellent yields.
Both complexes PVP-Br; (1.5:1) and PVP-Br; (1:1) exhibited simi-
lar trend of reactivity for different functional groups. As the reac-

tions with 1:1 complex resulted in higher yields in shorter time,
reactions with 1:1 complex were more focused and the results
are displayed in Table 5. Arylboronic acids containing both elec-
tron-donating groups as well as electron-withdrawing groups
underwent the reaction as expected with precise regioselectivity
(at the ipso position) though the latter required longer reaction
time for achieving satisfactory yields. Various substituents includ-
ing methyl, halide, acetyl, cyano, nitro and phenyl were safe and
tolerant (Table 5, entries 1-9). The bromination of 2-naphthyl-
boronic acid also gave the product in impressive yield (Table 5,
entry 10). Notably, reactions with all the three isomeric electron
deficient boronic acids, o-, m-, and p-nitro phenylboronic acids
resulted in the corresponding ipso-brominated products in good
yields (Table 5, entries 6-8). The o-nitro phenylboronic acid took
the longest time due to the electron withdrawing effect of the nitro
group as well as anchimeric resistance (steric hindrance) from its
proximity.

To enhance the synthetic utility of this protocol, the iodination
reactions of arylboronic acids with PVP-I, (1:1) were evaluated in
the same way. The results of screening of the reaction conditions
for the ipso-iodination of p-tolylboronic acid with PVP-I, (1:1) is

Table 5
ipso-Bromination of arylboronic acids with PVP-Br, (1:1) complex.”
Entry Substrate Time (h) Product Yield (%)"
1 ?H 1 /©/Br 83
By,
e
Me
2 QH 1 Br 93
! oy
o
Cl
3 CI)H 2 Br 97
B oH /©/
o Bf
Br
4 (I)H 10 Br 85
B\OH OY©/
0 Me
Me
5 OH 14

: Br 84
: o
o .

O.N
7 OH 20 ©:Br 80
B.
OH NO,
NO,
8 OH 50 Br 78
Bo
OH Q/
NO,
NO,
9 OH 1 Br 99
: o
OH
/©/ Ph
Ph
10 OH 1

: Br 96
B<
)

2 Reaction conditions: 0.25 mmol of boronic acid (1 equiv), 0.34 mmol of PVP-Br,
(1:1) (1.35 equiv) in the presence of 0.063 mmol NaNO, (0.25 equiv) in 2 mL ace-
tonitrile at 80 °C for the time indicated in the table.

b Isolated yields.
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shown in Table 6. When compared to bromination reaction with
PVP-Br;, (1:1), iodination with PVP-I, (1:1) was faster (Tables 3
and 6). As in the case of the bromination reactions, catalytic
amount of NaNO, or NaNOs (0.25 equiv) and CH5CN as the solvent
of choice are key components in the iodination reactions also.
Results in Table 6 show that reaction with conditions 1.2 equiv.
of PVP-I; (1:1) in the presence of 0.25 equiv. NaNO, in acetonitrile
at 80 °C is the most efficient one giving the best yields and there-
fore, further reactions were conducted under similar conditions.
The reaction was also conducted with I, in the absence and pres-
ence of NaNO,. It is worth mentioning that in the absence of NaNO,
no product was obtained, emphasizing the role of NaNO, as cata-
lyst. However, reaction of p-tolylboronic acid with PVP-I, com-
plexes even in the absence of NaNO, resulted in p-iodotoluene in
significant amount (39%) showing that complexation improves
the reactivity considerably.

After screening various reaction conditions for ipso-iodination
reaction with PVP-I, complexes and finding the optimal conditions,
the scope and generality of the reaction were explored using a ser-
ies of arylboronic acids. The results are summarized in Table 7. As
in the case of bromination using PVP-Br, complexes, electron rich
phenylboronic acids showed much higher reactivity for iodination
also (Table 7, entries 1-4, 10 and 11), although electron deficient
arylboronic acids required longer reaction time to obtain the prod-
ucts in good yields (Table 7, entries 5-9).

Finally, we investigated the recovery and recycling of the poly-
mer from solid bromine and iodine complexes after the initial
course of reactions. At the end of the halogenation reaction of aryl-
boronic acid, the solution containing the product was pipetted out
of the pressure tube and the solid polymer residue was rinsed with
CH,Cl, to remove the product adhered to the polymer followed by
washing the extract with NayS,04 solution to remove the excess
Bry/I, left with the polymer. The solution in CH,Cl, was then
washed with water, dried over MgSO,4 and product was recovered
by evaporating the solvent in a rotary evaporator.

The solid polymer was subsequently washed water, acetone and
dried under vacuum. The recovered dry PVP solid was used again
to prepare the PVP-Br,/I; (1:1) complexes. The recyclability of this
PVP-Br,/I; sample made of recycled PVP was examined by repeat-

Table 6
Screening the optimal conditions for ipso-iodination of p-tolylboronic acid using PVP-
I, (1:1).°

HO. B,OH |
PVP:l, (1:1)
NaNO, (catalyst)
—_—
solvent
CH3 CH3

Entry PVP-I, (equiv) NaNO, (equiv) Temp (°C) Time (h) Yield (%)"
1 1 1 80 0.5 90
2 1.35 1.2 80 0.5 100
3 1.2 1.1 80 0.5 98
4 1.2 0.25 80 0.5 92
5 1.2 0.25 60 0.5 79
6 1.2 0.25 60 1 85
7 1.2 0.25¢ 80 0.5 90
8 1.2 0.25¢ 60 0.5 73
9 1.2 0.25°¢ 60 1 79
10 1.2 None 80 0.5 39

¢ Reaction conditions: 0.25 mmol of 4-tolylboronic acid (1 equiv) with PVP-I,
(1:1), NaNO,, 2 mL acetonitrile, temperature and time indicated in table.

" Yield by 'H NMR.

€ NaNOs used as sodium salt.

Table 7
ipso-lodination of arylboronic acids with PVP-I, (1:1) complex.”
Entry Substrate Time (h) Product Yield (%)°
1 ?H 0.5 | 87
o :
Me
2 (I)H 1.5 1 92
B\OH /©/
ios :
Cl
3 ?H 1.5 | 94
i ol
Br
4 (IJH 0.5 /©/I 90
B
o S
MeO
5 (I)H 5 | 86
B\OH OY©/
o Me
Me
6 CI)H 8 | 89
Bon /©/
o <
NC
7 QH 8 /©/I 87
B
O,N
8 (.;)H 9 ©:I 90
B.
S
NO,
9 OH 25 | 91
B<
y O
NO,
NO,
10 CI)H 0.5 I 929
Ph
Ph
11 OH 0.5 929

g
0

¢ Reaction conditions: 0.25 mmol of boronic acid, 0.34 mmol of PVP-I, (1.2:1)
(1.35 equiv) or 0.3 mmol of PVP-I, (1:1) (1.2 equiv) in the presence of 0.063 mmol
NaNO, (0.25 equiv) in 2 mL acetonitrile at 80 °C for the time indicated.

b Isolated yields.

ing the ipso-bromination and ipso-iodination of diphenylboronic
acid with the sample. The brominated and iodinated products were
obtained in 97% and 98% yields respectively (Scheme 3), almost
similar to the yields obtained with the PVP-Br,/I, complexes pre-
pared using fresh PVP (Table 5, entry 9; Table 7, entry 10).

Conclusions

In summary, we developed a safe and environmentally friendly
protocol for the ipso-bromination/iodination of arylboronic acids
using poly(4-vinylpyridine) supported bromine/iodine complexes.
The complexes are free-flowing stable solids and very convenient
to handle. Presence of NaNO, as catalyst promotes the conversion
of arylboronic acids bearing various both activated and deactivated
functional groups to the corresponding ipso-bromo/iodo deriva-
tives with high selectivity and isolated yield. Mild reaction condi-
tions including short reaction times, high yields, easy product-
separation as well as purification, and high recyclability of the
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PVP-Br; (1:1)
NaNO, (0.25 equiv)

MeCN, 80 °C, 1 h Q\g%
Rec.PVP-Br, (1:1)

NaNO, (0.25 equiv) 979,
MeCN, 80 °C, 1 h

OH
e
OH

PVP-I, (1:1)
NaNO; (0.25 equiv)

MeCN, 80 °C, 0.5 h V‘g%
Rec.PVP-I, (1:1)

NaNO; (0.25 equiv) ggv,
MeCN, 80 °C, 0.5 h

OH
e
OH

Rec. PVP = Recycled PVP

Scheme 3. Recycling of poly(4-vinylpyridine) in ipso-bromination/iodination reac-
tions using PVP-Br,/I, (1:1).

polymer are the salient features of this methodology. Further stud-
ies on the scope of these PVP complexes as safe and efficient
“green” reagent system for halogenation in various other synthetic
transformations are currently underway.
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