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We have developed a general method for reverse aromatic Finkelstein reactions. Good reaction yields
were obtained when aryl iodides or aryl bromides were treated with copper halide salts as promoters
in a 1-butyl-3-methylimidazolium bromide ([BMIM]Br) ionic liquid (IL) solvent at 140 �C for 8 h.
Preliminary investigation supported that the copper salts were also the halide sources in halogen
exchange reactions. The optimized conditions are applicable to a variety of substrates and have excellent
functional group tolerance. Additionally, the [BMIM]Br solvent showed good stability for at least 10 con-
secutive runs. Results indicated that the [BMIM]Br solvent was recyclable for reverse aromatic Finkelstein
reactions.
� 2018 Production and hosting by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction reactions [1]. They are also highly versatile synthetic intermediates
Aryl halides are widely used in organic synthesis to form
carbon-carbon and carbon-heteroatom bonds under metal cataly-
sis such as in Heck, Sonogashira, Suzuki, and Ullmann coupling
for many applications in agrochemicals, pharmaceuticals, and
materials [2,3]. Therefore, the development of convenient and effi-
cient methods for the selective synthesis of aryl and heteroaryl
halides has attracted increasing attention [4–7]. Traditional meth-
ods involved two common preparatory routes: direct halogenation
via a Friedel-Crafts reaction and a nucleophilic aromatic substitu-
tion reaction (SNAr) of diazonium salts [8]. However, these meth-
ods suffer from several drawbacks including poor functional
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group tolerance, harsh conditions, lengthy procedures, and regios-
electivity issues. Recently, transition metal-catalyzed or transition
metal-mediated halogen exchange has been emerging as a promis-
ing pathway [7,9,10]. Aryl iodides are generally more reactive in
organic transformations. Although aryl chlorides or aryl bromides
are relatively more inert, they are much more commonly found
in pharmaceuticals and agrochemicals, in which they are intro-
duced to modify the physical and biological properties of aromatic
rings [11]. Furthermore, the utilization of gaseous chlorine (Cl2)
and bromine (Br2) in halogenation often required special caution
with regards to handling and safety. In contrast, iodine chemistry
has recently attracted much attention due to its polyvalence, good
selective reactivity, and ease of use [12,13]. Thus, many intermedi-
ates in the synthetic sequences contain iodine substituents. Con-
verting these iodinated compounds to corresponding chlorinated
or brominated ones was occasionally required [14]. Therefore, it
would be useful to have a general method for the interconversion
of different halogen derivatives. Particularly, the aromatic Finkel-
stein reaction for converting aryl chlorides or bromides into the
corresponding more reactive aryl iodides has gained increasing
attention [15]. Lately, many studies under nickel, copper, or palla-
dium catalysis have been intensively reported [15–20]. However,
research in converting iodides to the corresponding bromides or
chlorides is rare. The first report from Cramer using stoichiometric
NiCl2 as a promoter for aryl chloride synthesis from aryl bromides
was followed and further developed by Leadbeater and co-worker
[18,19]. A photocatalytic substitution of aryl bromides by chlorides
using FeCl3 as a promoter was recently described [20]. These exist-
ing reaction routes suffered from either harsh conditions, the uti-
lization of amide solvents, low yields, or not being industrially
accessible. Thus, the development of more practical, milder, and
greener methods, especially using recyclable solvents and less
toxic transition metals, should be targeted.

The utilization of ionic liquids (ILs) has been investigated by a
great number of researchers in the past few decades [21–23].
The increase in the number of publications involving their use
has been attributed to their unique properties, such as the ease
of product separation, the reduction of the emission of toxic com-
pounds, the facilitation of catalyst recovery, and reusability
[24,25]. With respect to catalysis, ILs have often been used in cat-
alytic organic reactions to enhance the reaction rates and selectiv-
ity due to their ability to dissolve transition metal complexes [26].
Specifically, ILs were frequently employed in palladium-catalyzed
cross coupling reactions [27]. Besides acting as the reaction sol-
vent, ILs were proposed to play an important role as a coordinating
agent. This often resulted in ligand-free conditions when ILs were
employed [28]. However, these advantages of ILs are not inten-
sively exploited with other first-row transition metal catalysts.
Herein, we report the implementation of ILs in reverse aromatic
Finkelstein reactions. Notably, a copper salt is used for the first
time as a promoter for the halogen exchange transformation
(Fig. 1). Additionally, the ILs could be separated from the reaction
Fig. 1. The differentiation of this work.
mixture and reused at least 10 times without detectable changes
in their structure and activity.
Experimental

Synthesis of the ILs

In a typical reaction for the preparation of [BMIM]Br, 1-
methylimidazole (20.5 g, 0.25 mol) was mixed with 1-
bromobutane (38.1 g, 0.28 mol) in a 250 mL round bottom flask
equipped with a reflux condenser. The mixture was then irradiated
in a microwave oven (Sanyo, EM S2086W, 800 W) at 80 W and stir-
red vigorously during the reaction time by a magnetic stirrer. The
irradiation was paused every 10 s to prevent overheating. The irra-
diation was repeated for a total time of 3 min. After completion,
the resulting mixture was cooled to room temperature. The start-
ing materials and undesired products were extracted with ethyl
acetate (3 � 100 mL), followed by diethyl ether (3 � 100 mL). The
residue of volatile solvents was removed by rotary vacuum evapo-
ration at 50 �C to deliver 52.8 g of product (97% yield). Procedures
for the preparation of other ILs were detailed in Supporting Infor-
mation (Section S2).

Catalytic studies

Aryl halide (1 mmol) and copper (I) halide (1.2 mmol) were
added into a 4 mL vial. To this vial, the IL solvent (1 mL) was added.
The resulting reaction mixture was stirred at 140 �C for 8 h. After
completion, the reaction mixture was quenched with water (15
mL). The organic layer was extracted by ethyl acetate (3 � 25 m
L), dried over anhydrous Na2SO4, and evaporated to remove
organic solvent. The residue was subjected to flash chromatogra-
phy, followed by elution with the appropriate solvent to elute
the products. Product identity was confirmed by gas
chromatography-mass spectroscopy (GC–MS) and nuclear mag-
netic resonance (NMR). For solvent recycling, after quenching with
H2O and diethyl ether, the resulting aqueous solution was sub-
jected to vacuum distillation to remove the water, leaving the
[BMIM]Br ionic liquid. The recovered ionic liquid was then reused
in further reactions under identical conditions to those of the first
run.
Results and discussion

It is worth mentioning that the mechanism of the aromatic
Finkelstein reaction has been extensively investigated under cop-
per and palladium catalysts [7]. Specifically, the oxidative addition
of aryl bromides or aryl chlorides required an additional ligand,
and the halide exchange from bromides/chlorides to iodides in
metal complexes is quite facile. Previous studies from Stack and
Ribas showed that trends in the rate of C–X bond reductive elimi-
nation from Cu(III) complexes are controlled by the relative car-
bon–halogen bond strengths, which are as follows: C–Cl > C–Br >
C–I [29,30]. We hypothesize that the reverse Finkelstein reaction
would favor the oxidative addition and reductive elimination,
while the halide exchange could be facilitated by using the copper
halide promoters as halide sources.

In optimization screening, halide replacement reactions of 4-
iodoacetophenone with CuBr were performed with respect to the
IL type, temperature, and amount of promoter (Table 1). By taking
advantage of coordination property of ILs, no additional ligand was
utilized during this process. Optimal results were obtained in
[BMIM]Br at 140 �C with 1.2 equiv. of CuBr salt, and a 93% GC yield
of the corresponding aryl bromide was achieved (entry 1). Increas-
ing the hydrophobicity of the IL by using 1-hexyl-3-
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methylimidazolium bromide ([HMIM]Br) or 1-octyl-3-
methylimidazolium bromide ([OMIM]Br) resulted in a greater
amount of dehalogenation by-product and a lower efficiency
Table 1
Optimization of the reaction conditions.a

Entry Type of IL [CuBr] (equiv.)

1 [BMIM]Br 1.2
2 [HMIM]Br 1.2
3 [OMIM]Br 1.2
4 [BMIM]PF6 1.2
5 [BMIM]BF4 1.2
6 [BMIM]Br 0.5
7 [BMIM]Br 0.85
8 [BMIM]Br 1.4
9c [BMIM]Br 0.1
10 [BMIM]Br 1.2
11 [BMIM]Br 1.2
12d [BMIM]Br 1.2
13e [BMIM]Br 1.2

a Volume of solvent 1.0 mL, 1.0 mmol scale, 8 h.
b GC yields (Supporting Information, Section S3).
c Reaction in the presence of KBr (1.5 equiv.).
d Reaction in 12 h.
e Reaction in 6 h. See the supporting information for more details (Section S4).

Table 2
Effect of the solvent and promoter.a

Entry Solvent Promoter

1 [BMIM]Br CuBr
2 DMF CuBr
3 NMP CuBr
4 DMSO CuBr
5 n-BuOH CuBr
6 Diglyme CuBr
7 Mesitylene CuBr
8 [BMIB]Br CuBr2
9 [BMIB]Br KBr
10 BMIB]Br NiBr2
11 BMIB]Br FeBr3
12 BMIB]Br AgBr
13 BMIB]Br ZnBr2
14 [BMIB]Cl CuBr
15 [BMIB]Br Cu(OAc)2
16 [BMIB]Br CuCl

N.D: not determined.
a Volume of solvent 1.0 mL, 1.0 mmol scale.
b GC yield.
c 4-chloroacetophenone product. N.D: not determined.
(entries 2, 3). A similar trend was observed when hexafluorophos-
phate (PF6) and tetrafluoroborate (BF4) were introduced as anions
in ILs (entries 4, 5). Using less or more than 1.2 equiv. of promoter
Temperature (�C) (1)/(2) ratio Yield (%)b

140 21.3 93
140 16.8 73
140 15.2 81
140 11.4 84
140 13.7 79
140 3.1 41
140 8.8 63
140 21.9 94
140 0.48 12
130 22.0 36
150 5.1 76
140 21.8 92
140 22.6 65

(1)/(2) ratio Yield (%)b

21.3 93
4.1 56
5.9 74
8.9 32
0.7 15
1.1 36
N.D <2
18.6 53
N.D <2
N.D <2
N.D <2
N.D <2
N.D <2
17.9 90
0.24 5
19.9 87c



Table 3
Reaction scope.a

Entry Reactant Product Yield (%)

1 89

2 71

3 81

4 74

5 64

6 78

7 61

8 67

9 82

10 76

11 70b

64c

12 58

13 42

a Volume of solvent 1.0 mL, 1.0 mmol scale.
b 2.15 equiv. of CuBr, 14 h.
c Reaction in 6 h.
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did not afford better yields (entries 6–8). Unlike the regular aro-
matic Finkelstein reaction, reverse halogen exchange did not afford
a reasonable amount of the desired product with a catalytic
amount of copper salt, even in the presence of bromide salts (entry
9). Reactions conducted at 130 �C and 150 �C provided 36% and 76%
yields, respectively (entries 10, 11). A substantial amount of
dehalogenation product was detected when the reaction tempera-
ture increased, and 8 h is the optimal reaction time (entries 12, 13).

To highlight the excellent property of [BMIM]Br for the trans-
formation, reactions in other common solvents were carried out
(Table 2). In fact, the solvent was found to have an important role
with regards to the reaction efficiency. Notably, polar aprotic sol-
vents such as dimethyl formaldehyde (DMF), N-methyl-2-
pyrrolidone (NMP), and dimethyl sulfoxide (DMSO) are ineffective
with <75% yield, and a significant amount of by-product was gen-
erated (entries 2–4). Reactions in a protic solvent (n-BuOH) or non-
polar solvent also generated the desired product in low yields
(entries 5–7). Experiments to compare the activity of CuBr with
other bromide salts were conducted (entries 8–13). As expected,
CuBr2 was less effective, presumably due to its difficulty in oxida-
tive addition [29,30]. Interestingly, other first-row transition metal
salts and KBr produced no detectable amount of the desired prod-
uct. To further confirm the bromide source for the halide exchange,
several control experiments were performed (entries 14–16).
Replacing the bromide with a chloride anion in ILs did not affect
the formation of the aryl bromide product. In the presence of
[BMIM]Br, only 5% of halide replacement product was detected
when Cu(OAc)2 was employed. Furthermore, aryl chloride was
mostly obtained in the reaction conducted using CuCl as a pro-
moter and [BMIM]Br as the solvent. Although isotopic labeling is
needed to further support the halide source, it is likely that reduc-
tive elimination occurred with the halogen originating from the
copper salt.

To assess the generality of the optimized conditions, a variety of
aryl halide derivatives were utilized in the exchange reaction. The
isolated product yields are presented in Table 3. Aryl iodides bear-
ing electron withdrawing groups and electron donating groups are
reactive, and the bromide products were obtained in good yields
(entries 1–5). It should be noted that previous studies on a Ni-
promoted reverse aromatic Finkelstein reaction were not efficient
with electron-rich aryl halides. Conditions are not limited to
para-substituted substrates. The bromination of 3-
iodoacetophone, 2-iodobenzonitrile, and 3-iodoanisole afforded
products in reasonable yields (entries 6–8). The reactions are
highly functional-group tolerant, with nitro, ester, cyano, and car-
bonyl functionalities all compatible with the reaction conditions.
Furthermore, halogen exchange with chlorine is also possible,
and 4-chloroacetophenone and 1-chloronaphthalene were
achieved in 86% and 72% yields, respectively (entries 9, 10). Selec-
tive mono- or di-bromination exchange product can be achieved
with modified reaction conditions (entry 11). Interestingly, aryl
bromides can be chlorinated efficiently, and the corresponding aryl
chlorides were formed in reasonable yields (entries 12, 13).

To identify the effectiveness of the methodology, more difficult
substrates were tested. Interestingly, the chlorination of an aryl
iodide containing a bromide functionality is selectively accessible.
The optimal conditions are also applicable for vinyl halides, and the
corresponding product synthesized for the first time by this path-
way was isolated in a 67% yield (Scheme 1). Moreover, heteroaryl
halides can undergo halogen exchanges. Thus, the chlorination of
4-iodopyridine and bromination of 3-iodoindole give the desired
products in acceptable yields.

With respect to efforts to reduce chemical consumption, the
easy recycling of ILs makes use of their negligible solubility in
non-polar organic solvents such as diethyl ether. This allowed
reaction products as well as unreacted starting materials to be
extracted by diethyl ether while ILs were completely dissolved in
water. Recovered ILs after evaporating the water were then applied
in the next runs under identical conditions (Fig. 2). The results



Scheme 1. Selective halogen exchange and reactions of vinyl- and heteroaryl iodides.

Fig. 2. Recycling study of [BMIM]Br.
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revealed that [BMIM]Br could be utilized efficiently in at least 10
consecutive runs. Indeed, a yield of approximately 90% was still
obtained in the 10th run. GC–MS analysis of reused [BMIM]Br indi-
cated the stability of the IL under long-term exposure to the
reported conditions (Fig. S4). Besides the utilization of less toxic
copper salt promoters, this methodology supports the classifica-
tion of ionic liquids as environmentally benign solvents.
Conclusions

In summary, an efficient route for a reverse aromatic Finkelstein
reaction has been developed. The optimal conditions involved the
use of recyclable [BMIM]Br solvent and copper halide salts as pro-
moters and halide sources at 140 �C in 8 h. A wide range of sub-
strates are applicable in conjunction with good functional group
compatibility. This method also shows the use of ionic liquids as
solvents for transition metal-mediated reactions.
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