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Abstract: The influence of structured solids (amorphous, lamellar and 3D crystalline) on the re-
gioselectivity of the dibromination of naphthalene using bromine at room temperature has been
investigated. The more acidic amorphous catalysts and an acidic clay give rapid reactions and lead to
a large preponderance of 1,4-dibromonaphthalene over the 1,5-dibromo compound, while calcined
KSF clay, a bentonite material, after a short reaction time gives a small predominance of the 1,5-isomer.
Longer reaction times lead to the equilibration of reaction mixtures, which means that the 1,4-isomer
eventually predominates in all cases. Based on these observations, it has been possible to devise
synthetically useful preparative procedures, involving direct room temperature reactions of bromine
with naphthalene, for either 1,4-dibromonaphthalene or 1,5-dibromonaphthalene based on the use of
different solids, namely Synclyst 13 and KSF clay, respectively.

Keywords: naphthalene; regioselective dibromination; synclyst; bentonite; montmorillonite KSF
clay; 1,4-dibromonaphthalene; 1,5-dibromonaphthalene

1. Introduction

Electrophilic substitution reactions of aromatics are very effective ways of producing
valuable industrial materials [1–5]. However, the commercial production of these materials
often still uses methodologies developed many years ago. Many traditional processes for
producing substituted aromatics involve the substantial generation of waste, the production
of isomers that require separation and purification, low yields, and poor selectivity [6–9].
Dibromonaphthalenes are important intermediates in the organic syntheses of a range of
valuable compounds [10,11]. Two main direct routes are available for the production of
dibromonaphthalenes; either from further bromination of a monobromonaphthalene or by
direct dibromination of naphthalene.

The bromination of 1-bromonaphthalene using bromine (Br2; 1.5 mole equivalents)
has been reported to give 1,4-dibromonaphthalene as the major product (73%) along
with 1,5-dibromonaphthalene (21%) [12]. However, a high temperature (120 ◦C) was
needed for the reaction to proceed. A higher yield of 1,4-dibromonaphthalene (90%) was
produced by the bromination of 1-bromonaphthalene using Br2 in dichloromethane (DCM)
at a very low temperature (−30 ◦C), but a long reaction time (48 h) was required [13].
Under those conditions, 1,5-dibromonapthalene was a minor (2%) side product. On the
other hand, 1,5-dibromonaphthalene was the major product (80% yield) from the photo-
bromination (250 W lamp) of 1-bromonaphthalene using Br2 (1.5 mole equivalents) in
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carbon tetrachloride (CCl4) at 77 ◦C [13]. The 1H NMR spectrum also showed the presence
of 1,3,5-tribromonaphthalene (8%) in the reaction mixture.

The dibromination of naphthalene using dioxane dibromide (two mole equivalents) at
40 ◦C gave a mixture of 1,4-dibromonaphthalene, 2-bromonaphthalene and 1,5-dibromona-
phthalene [14]. The bromination of naphthalene using copper(II) bromide in chlorobenzene
over alumina at 130 ◦C gave 1,4-dibromonaphthalene in 92% yield [15]. Ionic liquids have
been tested in the bromination of naphthalene, but early attempts were not successful at
providing dibromonaphthalenes [16–18]. For example, the use of N-bromosuccinimide
in the presence of an ionic liquid at 28 ◦C for 5 min was not effective in the bromination
of naphthalene [16], while 3-methylimidazolium tribromide, acting as both solvent and
brominating agent, at 70 ◦C for 23 h, resulted only in monobromination, with the production
of 1-bromonaphthalene in quantitative yield [17]. The dibromination of naphthalene
using Br2 in a mixture of ionic liquid and water at 70 ◦C has been reported to give a
quantitative yield of 1,4-dibromonaphthalene, but the reaction was conducted on a small
scale (0.4 mmol) and required a high temperature, the use of an autoclave, a large excess
of Br2 (7.5 mole equivalents), and a series of crystallizations for purification [18]. None of
these dibromination procedures is attractive for large-scale application.

The photolytic (150 W lamp) bromination of tetralin using Br2 (4.5 mole equiva-
lents) in CCl4 gave 1,1,4,4-tetrabromotetralin in 92% yield, which was debrominated
using potassium tert-butoxide (two mole equivalents) in tetrahydrofuran to give 1,4-
dibromonaphthalene in 95% yield [19]. However, such a method is wasteful of bromine
atoms, requires two steps and is not convenient for commercial use.

Clearly, there are many limitations associated with the existing processes for the pro-
duction of dibromonaphthalenes, including the generation of excessive waste and the use
of expensive reagents, inconvenient temperatures, or special equipment. Therefore, instead
of dibromonaphthalenes being reagents of choice for the synthesis of other disubstituted
naphthalenes, many such compounds have been synthesized from the corresponding
derivatives containing nitro, amino, or other groups. Therefore, there is still room for a
convenient method for the production of dibromonaphthalenes selectively and in high
yields by the direct bromination of naphthalene. We have previously developed several
simple, efficient, and high yielding synthetic procedures for the production of substituted
aromatics [20–28] and in particular halogenated derivatives [29–33]. Many of the pro-
cedures involved the use of solid additives to catalyze or control the regioselectivity of
reactions. Therefore, we became interested in studying the dibromination of naphthalene
to produce dibromonaphthalenes using Br2 over various structured solids, and we now
report our results.

2. Results and Discussion

The dibromination of naphthalene (1) using bromine (Br2; two mole equivalents)
at 25 ◦C in dichloromethane (DCM) was attempted (Scheme 1) in the absence of any
added catalyst to provide a baseline result. The reaction time was varied from 1 to 72 h
(Table 1). Under the conditions attempted, the main products were 1-bromonaphthalene
(2), 1,4-dibromonaphthane (3), and 1,5-dibromonaphthalene (4) based on quantitative gas
chromatography (GC) analysis. 1-Bromonaphthalene (2; 63%) was produced as the only
product when the reaction time was 1 h. The highest yield obtained for 3 was 20% when
the reaction was carried out for a long reaction time (72 h). No evidence was found for
the formation of 4 when the reaction time was 1–6 h. In addition, unreacted naphthalene
(14–35%) was identified when the reaction time was less than 6 h.

It appeared that a reaction time of 6 h at 25 ◦C could be suitable to test the effect of various
catalysts on the yield and selectivity of brominated naphthalenes. Therefore, several different
kinds of additives were tested as catalysts. They included a traditional Brønsted mineral acid
(sulfuric acid), a traditional Lewis acid (AlBr3) and a range of different kinds of commercial
solids available in our laboratories following earlier research. The solids included amorphous
materials (silicic acid, silica 60A, and two different “Synclysts”—silica–aluminas with different
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alumina content), lamella materials (two different commercial clays), and a range of zeolites
with different pore and channel characteristics. Some features of the zeolites are listed
Table 2. Zeolite lattices are negatively charged because they incorporate 4-coordinate
aluminum atoms, the number of which determines how many counter cations are required
to preserve neutrality, so in some cases zeolites with the same pore-channel structure but
different Si/Al ratios were used. The counter cations can be protons, in which case the
zeolite will be acidic (the strength depending on several factors), or can be a metal cation,
the nature of which can affect the acid-base properties and available pore aperture/volume
of the zeolite. For example, in molecular sieve 3A the predominant counter cation is K+,
while in molecular sieve 5A the predominant counter cation is Ca2+. Both are zeolite A. For
other zeolites used, the nature of the major counter cation is indicated by a prefix to the
zeolite type designation (so NaY means zeolite Y with predominantly Na+ counter cations).
The molecular sieves have a Si/Al ratio of around 1, but for the other zeolites the Si/Al
ratio is given in parentheses after the zeolite designation when relevant.
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Scheme 1. Dibromination of naphthalene (1) using bromine.

Table 1. Dibromination of naphthalene (1) using Br2 in DCM in the absence of a catalyst a.

Time (h)
Yield (%)

Mass Balance (%) b
1 2 3 4

1 35 63 - - 98
3 14 80 3 - 97
6 - 82 14 - 96
24 - 81 14 2 97
48 - 76 19 3 98
72 - 75 20 4 99

aA solution of Br2 (2.44 g; 15.28 mmol) in DCM (10 mL) was added over 45 min to a stirred mixture of naphthalene
(0.98 g, 7.64 mmol) and DCM (40 mL). The mixture was then stirred further in the dark at 25 ◦C for the stated
reaction time. b Sum of the yields of identified compounds, based on quantitative GC.

Table 2. Some physical properties of zeolites used.

Zeolite Pore Type Pore Aperture (Å)
Dimensionality of

Channels

Molecular sieve 3A (KA) Small pore ca. 3 3
Molecular sieve 5A (CaA) Small pore ca. 5 3

ZSM-5 Medium pore 5.3 × 5.6 and 5.1 × 5.5 3
Mordenite Large pore 6.5 × 7.0 1

β Large pore 5.7 × 7.5 3
Y Large pore 7.4 3

In order to ensure consistency, all solids were calcined in an identical manner by
heating at 550 ◦C in air for 6 h prior to use. Reactions were conducted under identical
conditions. The results obtained are shown in Table 3.
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Table 3. Dibromination of naphthalene using Br2 in the presence of various additives in DCM for 6 h a.

Catalyst
Yield (%)

Mass Balance (%) b
2 3 4

- 82 14 - 96
H2SO4 13 51 - 64 c

AlBr3 51 41 8 100
Silicic acid 76 20 4 100
Silica 60A 40 56 4 100

Synclyst 13 - 99 1 100
Synclyst 25 18 82 - 100
K10 Clay 8 87 5 100
KSF Clay - 60 40 100

Molecular sieve 3A 73 27 - 100
Molecular sieve 5A 51 38 11 100

HZSM-5 (Si/Al = 15) 60 40 - 100
H-Mordenite (Si/Al = 10) 54 41 5 100

Hβ (Si/Al = 12.5) 20 76 4 100
Hβ (Si/Al = 150) 37 62 1 100
HY (Si/Al = 15) 7 54 35 96

NaY (Si/Al = 7.5) 94 5 - 99
NaY (Si/Al = 12.5) 62 29 9 100
NaY (Si/Al = 28) 40 41 19 100
NaY (Si/Al = 55) 70 30 - 100

a A solution of Br2 (2.44 g; 15.28 mmol) in DCM (10 mL) was added over 45 min to a stirred mixture of naphthalene
(1; 0.98 g, 7.64 mmol) and additive (4.0 g) in DCM (40 mL). The mixture was stirred in the dark at 25 ◦C for 6 h
then the reaction was quenched. b Sum of the yields of identified compounds, based on quantitative GC. c Not all
products were identified.

In the absence of any catalyst under such conditions, both 2 (82%) and 3 (14%) were
produced, but an insignificant quantity of 4 was seen. The reaction involving the use of
H2SO4 led to a very low mass balance because the reaction was very messy and some
products could not be identified. However, the only dibromonaphthalene observed in
significant quantity was 3. The use of the Lewis acid AlBr3 led to a faster reaction than that
involving no catalyst, and a significant amount of 4 was also observed in this case, but the
conversion into dibromonaphthalenes was still only 49%. Several of the solid materials
(notably silicic acid, 3A molecular sieve, NaY (Si/Al = 7.5) and NaY (Si/Al = 55)) gave low
yields of dibromonaphthalenes (≤30%) involving little or no improvement compared to
the reaction in the absence of a catalyst. In all of these cases, the amount of 4 recorded was
very low (≤4%), but since the yield of 3 was also not large it is difficult to be confident
about the precise ratio of 3:4 in these cases.

Some apparently quite similar solids gave rather higher yields of dibromonaph-
thalenes. For example, silica 60A gave more than silicic acid, molecular sieve 5A gave more
than molecular sieve 3A, and samples of NaY with Si/Al ratios of 12.5 and 28 gave more
than samples of NaY with Si/Al ratios of 7.5 and 55. In the reactions over NaY zeolites,
there appeared to be a trend towards a higher conversion to dibromonaphthalenes with
higher Si/Al ratio (lower number of Na+ cations), until the highest Si/Al ratio, when
there may have been insufficient active sites available to have a great effect. However,
the modest improvements in rates of reaction in all of these cases may be due to nothing
more than differences in accessible surface area, particle size, stirring effectiveness or some
other such physical factor. Differences in selectivity for the formation of 3 or 4 are more
interesting. Apart from the case of silica 60A, which is a mild Brønsted acid, the other
solids in this group all gave a much higher proportion of 4 than their apparently similar
counterparts from the lower rate group. The solids concerned are not significantly acidic in
the Brønsted sense, but neither are their counterparts, which gave lower proportions of 4.
HZSM-5 (a medium pore zeolite) and H-mordenite (a large pore zeolite, but with linear
channels that are therefore less accessible than more open three-dimensional channels)



Catalysts 2021, 11, 540 5 of 12

also led to modest rate enhancements but to a low proportion of 4. Both are fairly strong
Brønsted acids.

The most interesting group of solids comprises those that led to a substantial in-
crease in the yield of dibromonaphthalenes. This group included the two “Synclysts”
(strongly acidic, amorphous silica–aluminas with different Si/Al ratios), two types of
proton-exchanged zeolites (Hβ and HY) with large, three-dimensional pores, and the two
commercial clays (K10 and KSF), one of which (K10) was strongly acidic. Most of the
solids in this group not only led to a significantly higher yield of dibromonaphthalenes,
but also gave a very high proportion of 1,4-dibromonaphthalene (ratio 3:4 ≥17). The
exceptions were KSF clay and HY (Si/Al = 15), which both gave very high conversion into
dibromonaphthalenes and a much higher proportion of 1,5-dibromonaphthalene (3:4 ratio
of about 3:2). Interestingly, the dibromination reaction over HY (Si/Al = 15) was somewhat
faster than any of those carried out over NaY zeolites.

From all of the above results, it seemed that it would be possible to provide access to 3
in a synthetically useful way by use of one of the Synclyst solids and possibly to 4 by use of
KSF clay. However, the role played by the solids in influencing the regioselectivity was not
very clear. In an attempt to increase the yields of 3 and 4 in some cases, and hopefully gain
more insight into the regioselectivity of some of the reactions, a longer reaction time (72 h)
was employed with some of the solids under otherwise identical conditions. The results
achieved are presented in Table 4. The conversion into dibromonaphthalenes generally
increased compared to that at 6 h, but in the case of HY (Si/Al = 15) the conversion was
actually less. The major product was again 3 in all cases, but with the longer reaction time,
some 4 was seen in all cases. The proportion of 4 in the cases that had previously given
quite a lot of it was usually somewhat lower. For example, the yield of 4 over KSF clay
decreased from 40% (6 h reaction) to 11% when the reaction time was 72 h, which was a
surprise. It seems likely that 4 was isomerized to 3 over time. In the case of HY (Si/Al = 15),
the reduction in the quantity of 4 from 35% at 6 h to 27% at 72 h was accompanied by a
rise in the amount of 1-bromonaphthalene (2), suggesting that the further bromination of
2 was reversible, and that this could also be the mechanism by which 3 and 4 could be
interconverted.

Table 4. Dibromination of naphthalene (1) using Br2 over various catalysts in DCM for 72 h a.

Catalyst
Yield (%)

Mass Balance (%) b
2 3 4

- 75 20 4 99
Silicic acid 11 83 6 100
K10 Clay - 89 9 100 c

KSF Clay - 87 11 100 c

Molecular sieve 3A 41 57 2 100
Molecular sieve 5A 20 69 11 100

HZSM-5 (Si/Al = 15) 7 84 9 100
H-Mordenite (Si/Al = 10) 18 59 23 100

Hβ (Si/Al = 150) 4 82 14 100
HY (Si/Al = 15) 17 56 27 100

NaY (Si/Al = 7.5) 27 65 8 100
NaY (Si/Al = 28) 18 62 20 100

a See footnote a for Table 1, except that the reaction time was 72 h. b Based on quantitative GC. c 1,4,6-
Tribromonaphthalene was also produced in 2% yield and is included in the mass balance.

The reactions carried out over all zeolites (including molecular sieves) had not quite
given complete conversion to dibromonaphthalenes even after 72 h. This could be due to
the segregation between naphthalene, intermediates and bromine because of differential
absorption within the zeolite pores. In particular, some molecular bromine could have been
removed from availability for reaction either by possible absorption within zeolite small
cavities or perhaps by evaporation over the long reaction time. In support of the former
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possibility, the overall yield of dibromonaphthalenes over zeolites could be improved by
the addition of excess bromine, while the latter reason may be responsible for the reaction
not going to completion in the case of silicic acid. Only the use of K10 and KSF clays
led to the complete conversion of naphthalene to dibromonaphthalenes, along with 1,4,6-
tribromonaphthalene as a minor product (2%). Both reactions had or had almost gone to
completion even after 6 h, but the proportions of 3 and 4 after 6 h were very different for
the two different clays, whereas after 72 h the proportions were almost the same. Again,
this suggested that isomerization must be possible under the reaction conditions.

Since KSF clay (40%) and zeolite HY (Si/Al = 15; 35%) led to the highest yield of 4 in
a 6 h reaction, the two catalysts were chosen for further investigation. A shorter reaction
time (3 h) was employed to test if 4 could be produced in higher yields at the early stages
of the reaction before its possible isomerization to 3. The quantity of catalyst was also
varied from 0.5 g to 8.0 g for 7.64 mmol of 1 to test the effect of quantity on the yields and
selectivity of the products (Table 5).

Table 5. Effect of quantity of HY (Si/Al = 15) and KSF clay on dibromination of naphthalene (1)
using Br2 in DCM for 3 h a.

Catalyst Mass (g)
Yield (%)

Mass Balance (%) b
2 3 4

HY (Si/Al = 15)

0.5 92 2 3 100 c

1.0 89 3 3 98 d

2.0 76 14 8 99 e

4.0 61 20 18 99
8.0 58 20 22 100

KSF clay

0.5 75 2 - 94 f

1.0 79 6 7 97 f

2.0 35 30 23 89 f

4.0 20 45 33 100
8.0 4 42 38 89 g

a See footnote a for Table 1, except that the reaction time was 3 h over various quantities of either HY (Si/Al = 15)
or KSF clay. b Based on quantitative GC. c Including 2-bromonaphthalene (1%) and unreacted naphthalene (1;
2%). d Including 2-bromonaphthalene (2%) and unreacted naphthalene (1; 1%). e Including 2-bromonaphthalene
(1%). f Including unreacted naphthalene (1; 1–17%). g 1, 4, 6-Tribromonaphthalene (5%) was also produced and is
included in the mass balance.

Table 5 shows that the total yield of dibromonaphthalenes 3 and 4 increased broadly
in line with the quantity of solid used until the largest quantities of solids were used, where
stirring efficiency may have been affected. However, the ratio between 3 and 4 remained
almost constant. The period of 3 h was clearly not long enough for the complete conversion
of 2 into 3 and 4 with up to 8 g of solid. Nevertheless, some interesting observations can
be made. Even allowing for the fact that these heterogeneous reaction mixtures are more
difficult to regulate, in terms of ensuring equal dispersion of materials, etc., it was clear
that the proportion of 4 within the dibromonaphthalene portion of the products was higher
than for the 6 h reactions over both solids, and that KSF clay gave a faster conversion into
dibromonaphthalenes than HY (Si/Al = 15). In view of these findings, a broader study of
the effect of reaction time on the yields and proportions of dibromonaphthalenes over 4 g
of KSF clay was undertaken (Table 6). Due to difficulty in taking representative samples of
the whole reaction mixture from such heterogeneous reactions, each time point relates to a
separate reaction mixture, set up in an identical manner, rather than to samples of the same
mixture taken at different times. This may account for some of the variability in the extent
of reaction with time.



Catalysts 2021, 11, 540 7 of 12

Table 6. Effect of reaction time on dibromination of naphthalene (1) using Br2 in DCM over KSF clay a.

Reaction Time (h)
Yield (%)

Mass Balance (%) b,c
2 3 4

0.75 3 43 49 99
1 10 42 46 100
3 20 45 33 100
6 - 60 40 100
72 - 87 11 100

a See footnote a for Table 1, except that the reaction time was varied. b Based on quantitative GC. c 1, 4, 6-
Tribromonaphthalene (2–4%) was also produced and is included in the mass balance.

A high yield of dibromonaphthalenes was attained even after a short reaction time,
and the reaction proportion of 4 was greater than the proportion of 3 in the early stages.
Interestingly, the proportion changed with longer reaction times, and by 72 h 3 was easily
the more abundant isomer. For example, the yield of 4 was 49% after 45 min and decreased
to only 11% after 72 h. This confirmed the isomerization of 4 to 3 under the conditions. It
appears that the higher selectivity for 4 in the early stages may be under kinetic control,
while over a prolonged reaction time the thermodynamic proportions may be established.
In an attempt to check whether the presence of HBr produced as a side product was
responsible for catalyzing the isomerization, a reaction was conducted in which a stream
of nitrogen was passed through the mixture. Unfortunately, it appeared that molecular
bromine was also removed, so that the yields of both 3 and 4 suffered and no conclusion
could be drawn.

It was of interest to test the effect of different solvents on the yields of dibromon-
aphthalenes 3 and 4 and their proportions over KSF clay for a short reaction time (1 h).
The results obtained are recorded in Table 7. The reaction proceeded readily in n-pentane,
n-hexane, chloroform and DCM, while the yields of dibromonaphthalenes were much
lower when 1,2-dichloroethane, tetrachloroethylene, and especially more polar solvents
were used. Indeed, with the latter group unreacted naphthalene (1) was present at the end
of the reaction time, possibly because much of the bromine introduced into the reaction
mixture was consumed by reaction with the solvent. The highest yield (82%) of 3 was
obtained when n-hexane was used. Therefore, this reaction was attempted for a prolonged
duration. The 24 h reaction in n-hexane led to the formation of a mixture of 2 (16%), 3
(67%), and 4 (13%). This may again be indicative of the reversibility of the reaction and
some loss of bromine by other means.

Table 7. Effect of solvent on dibromination of naphthalene (1) using Br2 over KSF clay for 1 h a.

Solvent
Yield (%)

Mass Balance (%) b
2 3 4

n-Pentane 7 72 20 99
n-Hexane 4 82 13 99

Chloroform 25 53 21 100
Dichloromethane 10 42 46 98 c

1,2-Dichloroethane 47 24 29 100
Tetrachloroethylene 90 4 - 99 d

Acetonitrile 89 3 - 95 d

Ethyl acetate 64 2 - 99 d

Diethyl ether 7 - - 96 d

Acetone 13 - - 98 d

a See footnote a for Table 1, except that the reaction time was 1 h using different solvents. b Based on quantitative
GC. c 1, 4, 6-Tribromonaphthalene was produced in 2% yield. d Unreacted naphthalene (1; 1–90%) was also seen
and is included in the mass balance.
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As a result of all the above studies, Synclyst 13 was identified as a useful catalyst for
highly regioselective synthesis of 1,4-dibromonaphthalene (3) and KSF clay was identified
as a useful catalyst for regioselective synthesis of 1,5-dibromonaphthalene (4). Reactions
were conducted for periods of 6 h (Synclyst) or 45 min (KSF) (4 g solid for 7.54 mmol
reactions; for the Synclyst 13 reaction the bromine was added dropwise over 45 min, but for
the KSF reaction involving a shorter reaction time, the bromine was added all at once) and
worked up as for the analytical reactions, and then the products were simply recrystallized.
The Synclyst 13 reaction gave 91% isolated yield of pure 3, while the KSF reaction gave
40% of pure 4. Each of these preparative reactions was performed on the same scale (using
0.98 g of naphthalene) as the analytical reactions. However, we also carried out reactions
under identical conditions on a larger scale (7.83 g of naphthalene) and obtained virtually
identical results. As explained earlier, the added solids were samples left over from earlier
research. Unfortunately, neither of these materials is now commercially available and
our supplies were limited, so conducting the reactions on an even larger scale was not
considered. However, Synclyst 13 is just an amorphous silica–alumina with 13% alumina
content and the preparation of such material is well documented [34,35], so it is expected
that similar results could be reproduced with prepared materials.

The exact identity of KSF clay, on the other hand, was a commercial confidence,
although it was believed to be based on bentonite. Therefore, we decided to investigate the
dibromination of naphthalene (1) over readily available bentonite clay. In the early stages
of this project, we had decided to treat all of the solids used in the same way, involving
calcination at 550 ◦C, and so we again treated the bentonite clay in the same way. However,
this is not the normal way to prepare clays before using them because such treatment can
lead to irreversible loss of water and collapse of the lamellar structure of a clay. It is more
usual simply to dry them at 100–120 ◦C, so we also treated a sample of bentonite in this way
and compared the effects of the two samples of bentonite with that of KSF in reactions of 1
with two equivalents of bromine. The results suggested that the effect of calcined bentonite
was qualitatively similar to that of calcined KSF. The formation of dibromo compounds was
perhaps somewhat slower, so that at 3 h there was still a substantial amount of 2 remaining,
but after 1 day the product was almost entirely a mixture of 3 and 4 with a 3:4 ratio of ca.
70:30. Additional experimentation would be required to identify the optimal conditions for
the reaction, but it is clear that calcined bentonite could provide an alternative to calcined
KSF for the synthesis of 4. Bentonite that had just been dried at 120 ◦C, however, behaved
quite differently, giving a product that was almost entirely 3 after 1 day.

In order to try to gain some information about the differences between the samples of
bentonite treated in the two different ways (drying or calcination), we subjected them to
atomic force microscopy (AFM). The major physical differences between the two samples
were that the calcined sample showed greater core roughness depth (difference between
the minimum and maximum heights of the surface), surface roughness average (mean
deviation from the arithmetical mean surface plane), and surface area ratio (percentage
additional area contributed by the texture compared to that of the arithmetical mean
surface plane), but smaller average diameter of granules (both mean and median) than
the non-calcined sample (Table 8 and Supplementary Materials). More work would be
required to characterize any chemical changes in the materials.

Table 8. Surface roughness analysis from AFM studies.

Parameter Bentonite Calcined Bentonite

Core roughness depth (nm) 20.3 69.4
Roughness average (nm) 5.8 20.0

Surface area ratio 10.4 97.5
Mean diameter of granules (nm) 70.5 59.0

Median diameter of granules (nm) 65.0 60.0
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The pure samples of 3 and 4 obtained following the crystallizations reported above
were used to confirm their structures using various spectroscopic techniques (see ex-
perimental section). In addition, their molecular structures were confirmed using X-ray
crystallography (Figure 1) and were found to be consistent with those reported [36,37].
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3. Materials and Methods
3.1. General

Most solid catalysts, reagents, and solvents were purchased from Zeolyst International
(Kansas City, KS, USA) or Aldrich Chemical Company (Gillingham, UK). Synclysts were
donated by Crosfield Catalysts (Warrington, UK). The solids were freshly calcined for 6 h at
550 ◦C before use. Melting points were recorded on a Gallenkamp melting point apparatus
(Calgary, Canada). A FTIR-660 plus Fourier transform infrared spectrometer (Jasco, Tokyo,
Japan) was used to record the IR spectra. UV-visible spectra were recorded on a U-750
UV-visible spectrophotometer (Jasco, Tokyo, Japan). 1H (400 MHz) and 13C (100 MHz)
NMR spectra were recorded on a Bruker AV400 spectrometer (Zürich, Switzerland) in
CDCl3 and chemical shifts (δ) are reported in ppm and coupling constants (J) are reported
in Hz. Low- and high-resolution mass spectra were recorded on GCT Premier and Waters
Q-TOF mass spectrometers (Milford, MA, USA), respectively. AFM images were made
using a PHYWE Compact AFM atomic force microscope (Göttingen, Germany). A Nonius
Kappa CCD diffractometer (Bruker, Madison, WI, USA) with a graphite-monochromated
Mo-Kα, (λ = 0.71073 Å) radiation source was used to collect the X-ray crystal diffraction
data. The crystallographic data for compounds 3 and 4 were deposited at the Cambridge
Crystallographic Data Center with CCDC reference numbers 2060613 and 2060614.

3.2. Quantitative GC Analysis

The products from dibromination reactions of naphthalene were subjected to quantita-
tive GC using a Hewlett Packard 5890 Series II Gas Chromatograph. The GC was equipped
with a ZEBRON ZB-5 column (100% poly(dimethylsiloxane), 0.32 mm ID, 30 m length).
The GC conditions involved the use of 170 ◦C for 0.5 min, ramped to 300 ◦C at 4 ◦C/min.
The injection and detection temperatures were fixed as 295 ◦C. Hexadecane was used as a
standard to quantify products.

3.3. General Procedure for the Investigative Dibromination Reactions of Naphthalene (1)

A solution of 1 (0.98 g, 7.65 mmol) in the appropriate solvent (10 mL) was added
to a stirred calcined solid in the same solvent (30 mL) in a round bottom flask (100 mL)
equipped with a dropping funnel. The flask was wrapped with aluminum foil and a freshly
prepared solution of Br2 (2.44 g; 15.28 mmol) in the same solvent (10 mL) was added
over 45 min. The mixture was stirred in the dark at 25 ◦C for the appropriate time. The
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catalyst was removed by filtration and washed with DCM (3 × 10 mL). The combined
filtrates were washed with a saturated aqueous solution of Na2S2O5 (20 mL) followed by
layer separation. The organic layer was dried (MgSO4) and evaporated at 40 ◦C (normal
pressure) and the products were analyzed by GC.

3.4. Synthesis of 1,4-Dibromonaphthalene (3)

A solution of 1 (0.98 g, 7.65 mmol) in DCM (10 mL) was added to a stirred mixture
of Synclyst 13 (4.0 g) and DCM (30 mL). A solution of Br2 (2.44 g; 15.3 mmol) in DCM
(10 mL) was added dropwise over 45 min and the mixture was stirred in the dark at 25 ◦C
for 6 h. The reaction was worked-up as reported in Section 3.3 and the crude product
was recrystallized from DCM to give 3 (2.00 g, 91%) as colorless needles, Mp 80–82 ◦C (lit.
80–82 ◦C [13]). FTIR (KBr) υmax 3060, 1564, 1180, 757 cm−1. UV-visible λmax 310 nm, Abs.
1.58, ε 15.8 × 102, c 1 × 10−3 M (25 ◦C). 1H NMR δ 8.35 (dd, J 3.3, 6.5 Hz, 2H), 7.75 (dd, J
3.3, 6.5 Hz, 2H), 7.72 (s, 2H). 13C NMR δ 133.5, 131.3, 128.6, 127.8, 123.4. EI-MS m/z (%)
288 ([M81Br2]+, 45), 286 ([M79Br81Br]+, 96), 284 ([M79Br2]+, 52), 207 (30), 205 (32), 126 (100).
HRMS (EI) m/z calculated for C10H6

79Br2 (M+) 283.8842, found 283.8836.

3.5. Synthesis of 1,5-Dibromonaphthalene (4)

A solution of 1 (0.98 g, 7.65 mmol) in DCM (10 mL) was added to a stirred mixture
of calcined montmorillonite KSF clay (4.0 g) and DCM (30 mL) and stirred in the dark for
15 min to ensure even dispersion. A solution of Br2 (2.44 g; 15.3 mmol) in DCM (10 mL)
was added rapidly to the stirring mixture, which was then stirred in the dark at 25 ◦C for
a further 45 min. The reaction was worked-up as reported in Section 3.3 and the crude
product was purified by fractional crystallization using a mixture of DCM and Et2O (4:1
by volume). The mixture was kept at –15 ◦C for 72 h to give 4 (0.88 g, 40%) as pale-yellow
crystals, Mp 129–130 ◦C (lit. 129–130 ◦C [13]). FTIR (KBr) υmax 3060, 1488, 1379, 1191, 903,
776, 701 cm−1. UV-visible λmax 311 nm, Abs. 1.58, ε 15.8 × 102, c 1 × 10−3 M (25 ◦C). 1H
NMR δ 8.24 (d, J 8.0 Hz, 2H), 7.83 (d, J 8.0 Hz, 2H), 7.42 (app. t, J 8.0 Hz, 2H). 13C NMR δ
133.5, 131.3, 127.8, 127.7, 123.42. EI-MS m/z (%) 288 ([M81Br2]+, 57), 286 ([M79Br81Br]+, 100),
284 ([M79Br2]+, 64), 207 (29), 205 (30), 126 (64). HRMS (EI) m/z calculated for C10H6

79Br2
(M+) 283.8842, found 283.8836.

4. Conclusions

Simple and efficient laboratory-scale processes for the regioselective dibromination
of naphthalene using bromine over structured solids have been developed. The reaction cat-
alyzed by an acidic amorphous silica–alumina gives a high yield of 1,4-dibromonaphthalene,
while the reaction in the presence of calcined montmorillonite KSF clay, a bentonite clay,
gives a mixture rich in 1,5-dibromonaphthalene, which can be crystallized in pure form
directly from the reaction mixture. The bromination reactions appear to be reversible,
allowing the equilibration of the dibromonaphthalene isomers over time or for them to
revert to compounds with fewer bromine atoms if bromine can escape from the reaction
medium over time.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/catal11050540/s1, CIF and checkcif for compounds 3 and 4, and the AFM images of bentonite.
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