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Abstract: More than twenty new alternative methods
for bromination of alkenes have been evaluated taking
into consideration their resource demands, waste pro-
duction as well as environmental, health and safety as-
pects. The cost of bromine and the substances designat-
ed to circumvent the application of molecular bromine
have also been taken into account. As bromine is only
one of several problematic substances being used, its
avoidance—by applying bromine supported on solid
material or by performing the in situ generation of bro-
mine—does not significantly reduce the technological
requirements. On the contrary, the resource demands
and amount of waste produced by most new methods
are significantly higher compared to the standard meth-
ods, especially if the recycling of a carrying agent is not
efficient. The method using hydrobromic acid and hy-
drogen peroxide can be regarded as a competitive alter-
native to the standard method. The application of cer-
tain carrying agents could be interesting, because sol-
vents such as carbon tetrachloride or chloroform used
during synthesis could be replaced with less problematic
ones during work-up. However, problems associated
with these alternatives are not resolved as yet.
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Introduction

Bromination of organic molecules is an important task in
synthetic organic chemistry. Bromine can be added to al-
kenes and alkynes to yield vicinal dibromides. Alkynes and
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prochiral alkenes are most often stereospecifically converted
to trans adducts an important class of synthons.! The rele-
vant mechanisms of electrophilic additions have been stud-
ied intensively over the last two decades.”* Rather than
adding bromine to multiple bonds, bromine reacts with aro-
matic systems by substitution.’) The importance of bromina-
tion reactions becomes evident by analysis of the large
number of examples found in the Beilstein Database.]
Today there are reported to be about 1980 different 1,2-di-
bromoalkanes prepared from various alkenes and 270 1,2-di-
bromoalkenes prepared from alkynes. Previously, bromina-
tion has been primarily performed by using molecular bro-
mine as reagent, mainly in chlorinated solvents. During the
last ten years, several new bromination methods have been
developed, which circumvent molecular bromine as reagent,
mostly to avoid its hazardous potential. However, in the al-
ternative protocols other problematic substances are often
used. In addition, resource demands often seem to be signif-
icantly higher than in the traditional procedure.

Resource efficient syntheses and production processes of
fine chemicals contribute significantly to sustainable devel-
opment.”® This has also been pointed out in Agenda 21 of
the United Nations plan for sustainable development: “Pro-
mote efficient use of materials and resources, taking into ac-
count the life cycles of products, to realise the economic and
environmental benefits of using resources more efficiently
and producing fewer wastes” (Agenda 21, Chapter 9.18)."!

We will compare different bromination methods to show
and evaluate promising new approaches, and we will point
out where improvements are necessary. Prior to a qualitative
discussion of health and safety aspects, the different synthe-
sis protocols are presented by using metrics regarding raw
material demand and waste production. Besides yield and
atom economy,!'”'l mass balances are established to inte-
grate solvents, catalytic systems and auxiliary materials for
chemical reactions. The preparation of such mass balances
can become very tedious. The Environmental Assessment
Tool for Organic Syntheses (EATOS)! is convenient soft-
ware for mass balancing substrates, solvents, auxiliary mate-
rials, catalysts, etc. The following two parameters will be
evaluated [Egs. (1) and (2)]:
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Regarding mass balances, the standard bromination
method, the method using pyridinium perbromide, and the
method that uses the oxidation of HBr with H,O, have al-
ready been compared in literature.™¥ We have extended this
approach with more detailed information. We also consider
costs of bromine and of the substances that are designated
to circumvent its application.

Results

The standard method for the generation of vicinal dibro-
mides is the conversion of unsaturated compounds with mo-
lecular bromine (Method I). The use of supported bromine
as an easy to handle carrying agent (summarised as Method
II) is considered an appropriate measure to circumvent the
hazardous potential of neat bromine. A third approach
(Method III) is the generation of bromine in situ by using
bromide compounds and oxidants. An overview of consid-
ered methods is schematically shown in Figure 1. These

Method |
molecular bromine
Br

R. R® Method II Ry R
2> < 4 carrying agent supporting bromine R? R*
R R Br
Method IlI

in situ generation of bromine

Figure 1. Considered methods for electrophilic bromination of alkenes.

methods are summarised in Table 1. Ideally, the comparison
of different bromination methods should be based on the
same alkene. The protocols chosen for this evaluation go
through different alkenes, which are shown in Figure 2. The
differences in reactivity and behaviour of these alkenes are
not significant.

The standard method for bromination of an alkene is car-
ried out in solvent; the alkene is dissolved in chloroform
then bromine is added™!® (entry 1, Table 1). Other proto-
cols can be found in the literature.'’ " In special cases, bro-
mination can be performed in boiling water as solvent, for
example, in the bromination of fumaric acid™'® (entry 2,
Table 1). The synthesis in entry 3 makes use of a two-phase
reaction of bromination with perfluorohexane as the second
solvent.””! Bromination can also be performed in ionic lig-
uids (entry 4, Table 1).2"

Employing carrying agents as a transport medium for bro-
mine reduces the hazardous potential of molecular bromine,
examples include; sol—gel-entrapped pyridinium hydrobro-
mide perbromide (PHPB@s.g., entry5, Table 1), poly
(vinylpyrrolidone) (PVP, entry 6*1),2¥ pyridine hydrobro-
mide (entries7 and 8),%% pentylpyridinium bromide
(entry 9),?" 1,2-dipyridiniumdibromide-ethane (entry 10),
N-octylquinolinium bromide (entry 11),” and tetrameric
DABCO (TM)-bromine (DABCO =1,4-diazabicyclo-
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[2.2.2]octane, entry 12). The workshop script?®! refers to
the original procedure by Djerassi.’!! Another protocol that
uses polymer supported bromine was reported in 1996 by A.
Kessat and A. Babadjamian.®”

The use of hydrogen bromide and bromide salts in the
presence of oxidizing reagents liberates bromine in situ
(Table 1). Oxidants used are sodium perborate (entry 13,
Table 1), lead tetraacetate (entry 14),5* cerium(IV)ammo-
nium nitrate (CAN, entry 15)! sodium periodate
(entry 16),59 Selectfluor® (entry 17)," diacetoxyiodo ben-
zene (DIB, entry 18)P and hydrogen peroxide (entry 19).5]
The latter was used to convert hydrobromic acid
(entry 20),**I which can also be oxidised by using Oxone®
(2KHSO+KHSO,-K,SO,, entry 21).2! Oxone® is applied di-
rectly during the synthesis to convert the alkene into the di-
bromide (entry 21,? entry 22[!), but also to regenerate the
reagent, which is a carrying agent (entry 10b),%! an N-halo
compound (entry 23),** or another N-halo compound, N-
bromsuccinimide (NBS, entry 24).1

Overviews of applications of the oxidants sodium perbo-
rate,?4 CAN,P9 Selectfluor®>* and other N-halo re-
agents,™ sodium periodate,® DIB as a polyvalent iodine
compound®* and Oxone®**! can be found in the litera-
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Table 1. Bromination methods considered in Figure 1: Entries 1-4 (Method I, neat bromine), Entries 5-12 (Method II, carrying agent), and Entries 13-24 (Meth-

od I1I, in situ generation of bromine).[*”)

No. Stoichiometric equation Ref. No. Stoichiometric equation Ref.
] [(H,DABCO),
1 2 +Br, — 10 15 12 1+75 (HDABCO), —= 9+ N O H + HBI’ 3010
[ ] (Br)(Bra)al NB [ ]
2 6 +Br, — 14 [1 5] 13 1+2NaBr + % Na,[B,(0,),(OH),] — 9+ Na;BO; + H,0 [33][6]
3 2 +Br, - 10 [20] 14  1+ZnBr, + Pb(CH,CO0), — 9 +Zn(CH,COO), + Pb(CH,COO), [34]
4 3+Bpb— 1 [21] 15 2+2KBr+2(NH,),Ce(NOy) 10 +2 Ce(NOs), + 4 NH,NO; + 2 KNO, [35]Ll
5 1 + Br, (on sol-gel) — 9 [22][1’] 16 2 +2LiBr+ —j‘- NalO, +2 CH;COOH — 10 + -41 Nal + H,O + 2 LiICH,COO [36]
F \I\N o BFy
6 1+Br(onPVP) —= 9 [23]] 17 4+2KBr+ i _\|—> 12 + KF + KBF, + N\/\N—\ [37]
2 BF,
®
—e = b
7 ., A " oy ar [25] 18 5+2LiBr+ <}| — 13 + 2 LiCH,COO0 + @l [38]
8 \ 3 \ [26] \O\‘(
o}
19 2 +2NaBr +H,0, + H,SO, ——10 +2H,0 +Na,SO, [39]
| = Bry | S Br
9a 1+ P g\/\/\‘* 9 + . g\/\/\ [27] 20 4 +2HBr+H,0, —>=12 +2H,0 [40]
N pr X g 8 +2H" +2Br +%Oxone—> 16 + H,0 +%KHSO4 +%KZSO4
9 | +B, | : 7] 21 1 1 [42]
N~ N (KHSOS 1kHso, §K2504>
. Bry O + 2 NaBr + Oxone 9 +H,0 +2K,S0,
1 N . 4 N _—
10a 2+ C /\/g 10 + C /\/ [28] 22 (2 KHSO; KHSO, K,SO, ) + KHSO; + Na,SO, [43]1
o ° Na~
N +4 KBr Bry 7 O 0" Na
4 Br.. L _Br S .
10b C ("\‘Q”ome C PO g g3e zemaers 3NN g 3 NAONTIN N [44]
Al AN o M A o
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Br
OH o]
7 (D 15 @ oy ThEOReKE LBy A B 2o
+ 5 i + Y 2 KHSO )
11a [29] 23b 3 A+ Oxone KHSOz 3 )\ /&o :gl?(Hgg [45]
(CH ,CHJ (CH2)7CH3 HO™ 'N° "OH K,SO, 1 A
r
(¢} o]
+ Bl - © .
11b (D I (D [29] 24 1% LiBr + iéN_Br —9+ E/éN +Li [46]
(CHz)vcHs (CH2)7CH3 0 o

[a] poly(vinylpyrrolidone)-bromine complex. [b] Sol-gel, pyridinium hydrobromide perbromide (PHPB@s.g.). [c] Na;BOj; is assumed to be the coupled product if
sodium perborate is used as the oxidizing agent. [d] [(NH,),Ce(NO;)], cerium(IV)ammonium nitrate (CAN). [e] Personal communication with V. Nair enabled
us to conjecture that the inorganic by-products of the reaction are cerium(III) nitrate, ammonium nitrate and potassium nitrate. Although this has not been veri-
fied experimentally the stoichiometry is plausible. [f] Cyclohexene (2 mmol), sodium bromide (6 mmol), Oxone® (4 mmol), water (1 mL), and carbon tetrachlor-
ide (5 mL). Personal communication with R. Karl Dieter allowed us to identify that no triethyl amine was used in this reaction, contrary to the table published in
Ref. [43]. [g] K. M. Kim does not agree with the stoichiometry noted here. In a personal communication he suggests an alternative to applying an equimolar
amount of Oxone®. He prefers the following: but-2-en-1,4-diol +2 HBr+ 1-Oxone®—2,3-dibromobutan-1,4-diol. The reason for us to deviate from this reaction
equation is that the preparation of a mass balance requires a correct stoichiometry in which the number of input-atoms has to equal the number of output-atoms.
[h] Discussions with B. K. Patel lead us to hypothesise that this is plausible if an additional H* source is used, such as extra KHSO,. A stoichiometry is conceiva-
ble that uses potassium hydrogen peroxysulphate more efficiently (left scheme below)."s! Regarding the stoichiometry in entry 23b, we suggest that extra KHSO,
would result in a more efficient application of Oxone® (right below) similar to entry 10b.

+ 4 KBr
+ KHSO,

/\:> + Oxone

( 2|<Hs;o5 KHSO, K,SO, >

—\® Bry’
— <\ /:N_\_®N<—> +2H,0
Brs W/

+5 K,S0,

OH Q
1 )QN + NaOH + KBr , Br\N)J\ -Br +2H,0
3 | KHSO:\ T3 +2 K80,
)\ = +—1-o><one < KHSO,, OZ\N/&O +% Na,SO,
1 1K,80, Br
+75 KHSO,

[i] In ref. [30] one sixth of the 1,4-diazabicyclo[2.2.2]octane (DABCO) was used in relation to the alkene (1 mmol). However, considering the molecular formula
we see that, stoichiometrically, one quarter of the amount of DABCO is necessary for the equation. We would like to suggest that a hydrogen source is missing in

the protocol of the DABCO synthesis.'*’!

ture. Special protocols such as enantioselective bromination
reactions,®” the application of a CuBr,/LiBr-system!®! or
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special polymer supports® have not been considered here.
The alkenes considered in this paper are listed in Figure 2.
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Figure 2. Alkenes used for bromination in this study (1-8) and their trans
adducts (9-16).

In general, work-up procedures and methodologies
(Table S2 in the Supporting Information), such as washing
with brine, drying over sodium sulphate and chromatogra-
phy were not considered for various reasons, including that
details of these standard laboratory procedures are generally
not fully described in the literature considered. Further-
more, the work-up procedures can be very similar for a
number of syntheses, therefore this part of each protocol is
assumed to be alike. Lastly, work-up methodologies in the
laboratory will be different to those used in potential indus-
trial processes and, therefore, not particularly comparable.

Mass Balances

By using the software EATOS, mass balances were calculat-
ed for all syntheses, see Figure 3. The mass balances show a
huge disparity in resource demand and waste generation
and give a rough overview of which syntheses are most re-
source intensive. The higher a column the larger the amount
of raw material used and waste produced.
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First, we will look at the protocols applying molecular
bromine. The amounts of substrate used in the Method I
syntheses are very similar (Figure 4) and there was no sub-
strate excess of bromine. Waste production for each of the
protocols aggregates to about 4.1 kg of waste per kg of prod-
uct except for protocol entry 4, 37 kgkg™' (for details, see
Table S3 in the Supporting Information). In contrast, the ap-
proaches that use a carrying agent have a much higher re-
source demand (Figure 4). Even if 95% of the carrying
agent is assumed to be recyclable, and this is the reason to
use such reagents, a large amount of solvent is necessary for
reaction (Solvents) and extraction purposes (Auxiliaries
(isolation)). Since the “Recycling” segment of column en-
tries 5 and 6 in Figure 4 is very small and not identifiable,
we refer to the details given in Table S3 in the Supporting
Information. Interestingly, the dimension of solvent utiliza-
tion is similar in two references (Figure 4 and Table 2, en-
tries 5 and 6). Apparently, there is a need for a large quanti-
ty of solvent in these systems. The segment “Substrates”
demonstrates the necessity to apply bromine in excess for
these reactions (Figure 4b).

The carrying materials of entries 5 to 12 (Method II) are
potentially recyclable. The quantities are shown in Table 2
and the extent of their disposal depends on the recyclability,
the costs of which (Table 2) will diminish correspondingly.

In contrast to the procedures of methods I and II, the
generation of bromine in situ is strictly linked to a high pro-
duction volume of coupled products (Figure 5). When hy-
drobromic acid reacts with hydrogen peroxide (see entry 20,
Table 2) the lowest amount of coupled product, water
(about 0.15kgkg™") is produced. All other syntheses give
salts such as sodium borate, zink acetate, lead diacetate, or
lithium acetate in amounts up to 4.45 kgkg™!. For entry 18
D. C. Braddock et al. suggest that there is the possibility of a
recycling system for iodobenzene (0.72 kgkg™'). Regarding
the coupled product formation, the substrate quantities al-
ready indicate that the amounts of waste to be disposed of
are not low (Table S4 in the Supporting Information). Sol-
vent utilization of Method III is generally from 2.5 to
60 kgkg™'. Entry 17 in Table S4 uses 418 kg solvent per kg™!
synthesised product. This appears to be an exception and
the high potential for savings can easily be conceived. How-
ever, the solvent demand of Method III is relatively high
compared to Method I. Some reaction conditions and met-
rics are summarised in Table 2.

Substance Properties and Safety Aspects

Many of the chemicals used in these bromination methods
carry additional risk and require particular care. n-Hexane
is highly flammable and harmful, bears the risk of impairing
fertility and is an irritant (entries 3, 5, Table S3 in the Sup-
porting Information). Diethyl ether (entries 4, 11, 19), tetra-
hydrofuran (entry 18) or 1,4-diazabicyclo[2.2.2]octane
(DABCO) (entry 12) are extremely or highly flammable
and may form explosive peroxides. For dichloromethane,
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Figure 3. Environmental factor E of syntheses shown for different bromination methods of Table 1. More detailed information is given in Figures 4 and

S.

chloroform and carbon tetrachloride there is evidence that
they might have carcinogenic effects (entries 1, 5, 6, 14-18,
20, 22). Concerning carcinogenic potential, pyridine (animal
carcinogen A3), quinoline (suspicion of carcinogenic effects)
and other aromatic amines are problematic substances,
which were used indirectly or directly in entries5 to 11.
Generally, one should consider that non-polar alkyl chains
such as pentyl in pentylpyridinium bromide or octyl in octyl-
quinolinium bromide have negative toxicological effects,/® ™!
also valid for [bmim][Br] (bmim: 1-butyl-3-methylimidazali-
um) used in entry 4. Acetic acid causes severe burns and
is flammable. Hydrogen peroxide (entries 19, 20) causes
burns and may react spontaneously in certain situations.>”!
These and other adverse effects are summarised in Table S1
in the Supporting Information. These reports are a formal
consideration, and may be important when applied to indus-
trial processes. Chemicals with harmful properties can be
handled by trained chemists by using appropriate measures
in the laboratory.

Costs

The availability of starting materials and the costs of the
overall process technology plays a dominant role in the final
costs assessment. To obtain a rough overview of economy,
the raw material costs of bromine or bromine compound
and carrying agent or oxidant have been calculated for the
conversion of one mole alkene (Table 2), regardless of the
costs for the alkene, solvent, auxiliary material, substrate
excess etc. The costs for Method II entries will depend on
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the recyclability of the carrying agents (Table?2, right
column).

Discussion

All results obtained are based on the protocols given in lit-
erature. They allow a comparison of raw material consump-
tion and potential waste production, regardless of recycling
options, down stream processing etc. It is clear that the pro-
tocols given in literature, in which only milligrams of the
alkene had been converted (see scale in Table 2), are not
optimised. If these procedures were scaled up to kilogram
and ton scale for industrial purposes the amounts of solvents
and other auxiliary materials would be optimised. This
would also improve the mass balance of the procedures to a
certain extent. However, the relative amounts of coupled
products will remain unchanged during scaling up. Regard-
ing characteristic materials of the bromination methodology,
such as polymer support, we believe that a significant opti-
mization cannot be expected, because the effectiveness of
the bromination methodology is generally a major concern
for synthetic chemists, that is to say that the protocols po-
tential yield and ease of use is more important to them than
the amount of consumables used. Though no data exists, we
assume a general recyclability of 95% for some substances
as a first approach. Ideally this amount should be even
higher, ionic liquids, for example, should be recyclable to an
extent of 99% or more. As no modelling of technological
solutions has been conducted, this examination cannot be an
in-depth eco-efficiency or life cycle analysis. Instead of con-

Chem. Eur. J. 2008, 14, 98309841
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Figure 4. a) Environmental factor E of Method I (entries 1 to 4) and Method II (entries 5 to 12) syntheses
(Table 1). Slightly magnified cutout of Figure 2. For details see Table S3 in the Supporting Information. b) En-
vironmental factor E of Method I (entries 1 to 4) and Method II (entries 5 to 12) syntheses (Table 1). Magni-
fied cutout of Figure 2. For details see Table S3 in the Supporting Information.

sidering real or at least calculated emissions, substances are
discussed regarding their properties and resulting dangers.
Regarding the energy issue, there is insufficient data. This is
why we refer to reaction times and temperature (see
Table 2) as well as solvent demand, which becomes relevant
for the work-up procedures.

Health/safety requirements: The initial efforts in the litera-
ture focused on circumventing the use of molecular bromine
to reduce the hazard potential. Method II and the use of a
carrying agent merely causes a forward displacement of the
problem into an earlier reaction step. The overall hazard po-
tential remains because the inherent safety risk is connected
to the specific properties of a problematic substance. Expo-
sure to hazards is also dependent on technology so introduc-
ing a carrying agent only makes sense if the technological
equipment used for loading this agent with bromine increas-
es safety in the overall synthesis route. This means that an
appropriate production unit must exist at least for loading
the carrying agent. Multi-purpose equipment, which is not

Chem. Eur. J. 2008, 14, 9830-9841
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particularly constructed for the
application of molecular bro-
mine, could then be used for
the electrophilic bromination
reaction. The loaded bromine
reagent could then be used
flexibly in various synthetic ap-
plications requiring different
technologies. However, during
the bromination step, a range
of technological equipment is
required to handle certain sub-
stances such as solvents that
have toxicological (n-hexane,
chloroform and carbon tetra-
chloride in entries 1, 3, 5, 12,
14, 20, 22, Table S1 in the Sup-
porting  Information)  and
chronic effects on health (n-
hexane, dichloromethane,
chloroform, carbon tetrachlor-
ide, entries 1, 3, 5, 6, 12, 14-18,
20, 22, Table S1). A number of
the solvents used in Method-
s I-IIT are flammable (3-5, 7,
10-13, 16, 17, 19, 23, 24) and
may form explosive peroxides
(entries 4, 11, 18, 19, 24).
Owing to these hazardous sub-
stances, the safety standard of
the available technological
equipment is possibly already
safe enough for the application
of molecular bromine. Conse-
quently, the question arises as
to whether the indirect way of
using a carrying system is justi-
fied. Instead of bromine, other substances such as acetic
acid, hydrogen peroxide and hydrobromic acid, which also
causes burns, are introduced (Table S1 in the Supporting In-
formation). In addition, aromatic amines such as pyridine
and quinoline show carcinogenic effects. They are used to
produce pyridinium hydrobromide perbromide (entries 7,
8), pentylpyridinium tribromide (entry 9), 1,2-dipyridinium-
ditribromide-ethane (entry 10) and N-octylquinolinium tri-
bromide (entry 11). The negative effect of alkylchains con-
cerning toxicology has been reported in literature.® It is
questionable whether the overall hazard potential is reduced
to a significant extent in these protocols. One has to keep in
mind that bromine is used regardless in the production line
of Method III (Figure 6). However, as bromine appears very
early on in the synthesis sequence concept, the technology
should already be adjusted appropriately.

10ab 11ab 12

B Substrates (excess)
O Solvents

10ab 11ab 12

Environmental issues: The protocols of Method I are nor-
mally relatively resource efficient, although there are excep-
tions (entry 4 in Table S3 represents a protocol that has a
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Table 2. (Continued)

No.
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0.4995
0.5566
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12.5

51.58
27.42
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NBSlal

23ab
24

63.4

69

61

RT

0.2

[a] kg per kg of dibromide produced. [b] No data given. [c] Arbitrary assumption: 80 %. [d] Reaction times for other styrene derivatives are 0.3-0.75 h. [e] PHPB@s.g. [f] PVP-bromine complex. [g] Ceriu-

m(IV)ammonium nitrate (Table 1). [h] 1-Chloromethyl-4-fluoro-1 and 4-diazoniabicyclo[2.2.2]octane bis-(tetrafluoroborate) (Table 1). [i] (Diacetoxyiodo)benzene (Table 1). [j] Atom economy. [k] The
costs of bromine or bromine compound and carrying agent or oxidant [Euros] to convert 1 mole of alkene according to the Aldrich catalogue (for more details see Table S6 in the Supporting Informa-

tion). [I] The environmental factor E includes solvents and comprises no water. As the carrying materials are not supposed to end up as by-product, a quantitative (100 %) conversion is assumed in en-

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

tries 7 to 12. Therefore, the discrepancy to 100% yield is understood as “Loss of product” being part of the E-factor. [m] 2KHSOs+KHSO,K,SO,. [n] N-Bromosuccinimide. [0] Similar syntheses have

been conducted without solvent for extraction. [p] The precise structure is given in the literature*’ [q] N-Bromosuccinimide. [r] Assumption: 95% of ionic liquid (12.65 g) are recyclable and are missing
here. [s] Includes 0.67 g ionic liquid, which is 5% of the used amount of 13.322 g. [t] Providing that 95% of silica gel (~3 g) and PH@s.g. (~2.3 g) are recyclable. [u] Providing that 95% (~1.,4 g) of

PVP are recyclable. [v] Assumption: 95% of ionic liquid (6.4 g) are recyclable and are missing here. [w] Includes 0.3 g ionic liquid, which is 5% of the used amount of 6.7 g.

MINIREVIEW

high solvent demand). This is possibly owed to the very
small scale of the experiment, which does not allow handling
substance quantities in an optimised manner. Surprisingly,
no purification step for separation from by-products is re-
ported in literature. It is not clear how the ionic liquid is
treated and how large its overall loss is after several runs.
Even if 95% recyclability is assumed, waste production re-
sulting from the ionic liquid has to be reduced. Thus, recy-
clability must be even higher. However, stereoselectivity ob-
served for alkynes is better compared to that of normal sol-
vents. The applicability of Method II, among other things,
depends on the recyclability of the carrying agents. None-
theless, even if 95% recyclability is guaranteed, there will
be solid waste of up to 0.6 kg per kg of product, which
needs to be disposed of (Table S3 in the Supporting Infor-
mation). The use of large volumes of solvent is the second
issue, however in industry solvents are often recycled to a
high degree, although this environmental performance is
offset by the significant energy demand of recovery. This
has been shown to be the case in a biochemical procedure
in which the solvent demand is high compared to the chemi-
cal and extraction procedures that were necessary.*™” Even
without conducting an eco balance, mass balancing can pro-
vide valuable corresponding clues.® In this regard, the ap-
plication of pentylpyridinium tribromide (entry 9, Table S3)
and of N-octylquinolinium tribromide (entry 11) seem to be
two of the best variants of Method II, because no or only
few non-toxic solvents are used and recyclability is claimed
to be efficient. Unfortunately, the yield of entry 9, Table S3,
is not as high as in Method I protocols. Additionally, the
scale-up of the work-up procedure does not seem to be pos-
sible without significant changes, including the introduction
of a solvent for extraction and washing procedures. There-
fore, the potential ecotoxicological effects and biodegrada-
bility™ of the carrier have to be taken into account.

Most Method III protocols suffer from a high coupled-
product formation, and furthermore, indirect processes
cause high levels of pollution. For example, propylene oxide
was investigated and described in detail by the Enquete
Commission of the German Bundestag as an example of a
chlorine-free end product produced by using chlorine.™
Since additional process steps are required, a compulsory
formation of coupled products is always less advantageous
than a direct process, as has been pointed out previously in
the literature."! Salts produced in Method III protocols rep-
resent a significant problem (spotlighted in Table S1 in the
Supporting Information). Moreover, the production of these
alkali metal salts already produces quite a large amount of
coupled products (Figure 6).

Other environmental problems such as ozone-depletion
potential or stress to the aquatic environment are indicated
in Table S1 in the Supporting Information. Emissions from
potential industrial processes will have to be minimised.
Corresponding technological equipment will also have a
positive impact on safety, and vice versa, safety concepts ad-
dressing chronic adverse effects on a company employee’s
health or the fire and explosion hazard will reduce emissions
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Figure 5. a) Environmental factor E of Method III syntheses (Table 1). Slightly magnified cut-out of Figure 2.
For details see Table S4 in the Supporting Information. b) Environmental factor E of Method III syntheses
(Table 1). Magnified cutout of Figure 2. For details see Table S4 in the Supporting Information.

to the environment. In our opinion, all efforts will have to
be comprehensive in the sense that handling negative effects
of bromine will already be met to the greatest possible

[ Substrates (excess)
OSolvents

production (Table S1 in the
Supporting Information and
Figures 3-5), which is cost in-
tensive on the raw material
and the disposal side, the aim
to eliminate molecular bro-
mine is not justified.

The in situ oxidation of hy-
drobromic acid by using hy-
drogen peroxide seems to be
an alternative to the tradition-
al procedure that uses molecu-
lar bromine. However, as hy-
drobromic acid and hydrogen
peroxide, though not as vola-
tile as bromine, are also dan-
gerous substances, the safety
aspect is less of a motivation
than the sensible utilization of
the coupled product hydrogen
bromide resulting from the
bromination of hydrocarbons
(Figure 6). Regarding the con-
ditions listed in the conclusion
section, some Method II proto-
cols have to be considered as
well.

22 23ab 24

22 23ab 24

Costs: The protocols for bro-
mination of one mole of
alkene by standard procedures
(entries 1 to 4 in Table 2) show
the lowest costs at 5.03 Eurosmol™!, followed by the costs
when using sodium perborate and sodium bromide
(entry 13, 12.66 Eurosmol™), HBr and H,0, (entry 20,

extent. Especially when considering the significant waste 13.59 Eurosmol™), and NaBr and H,0, as reagent
2 NaCl| | Hydrocarbon | IBromo-Hydrocarbon| 2 NaBr
2 NaBr Br, 2 HBr 2 LiBr
cl,
2 NaCl 2 NaOH 2 KBr
2 H,0 H 2H,0
2
CaO
[eco,| [2ro ]
o | Lico 2LiOH
(in H,SO,| O i,CO3 i
digestion \ |
Na,SO,
2 KCI
2H,0 2 KOH

Figure 6. Bromine and hydrobromic acid in the production of alkalimetalbromides from sodium bromide out of sea water. Sodium chloride is used by
means of electrolysis™ to produce molecular chlorine and, by way of the the Solvay process,” to produce sodium carbonate. Calcium carbonate is pro-
duced from calcium hydroxide, that is, calcium oxide.” Sodium carbonate and calcium hydroxide are necessary to produce lithium carbonate!” and lith-

ium hydroxide.” Potassium hydroxide is produced by electrolysis.”!
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(entry 19, 10.30 Eurosmol !, without ionic liquid). All other
protocols show significantly higher costs. In the cases in
which the carrying agents (Table 2, right column) are recy-
clable the extent of costs diminishes correspondingly and, in
ideal conditions, might be almost as low as the standard pro-
cedure. The oxidants and bromides used in protocols
entry 15 and entry 17 are very cost intensive with 834.57 and
2571.85 Eurosmol !, respectively. Obviously, Selectfluor®
displays its potential as a fluorinating agent rather than as
an oxidant. Solvents etc. were not even considered and costs
frequently reflect, at least partially, the conditions under
which a substance has been produced. The synthesis of an
expensive starting material is supposed to be more elaborate
(e.g. more steps or expensive technology design etc.). There-
fore, in this preliminary examination, which only considers
the key substances for bromination, the traditional Method I
appears to be most cost efficient. If hydrogen bromide re-
sults from a synthesis as a coupled product (Method III,
entry 20), it can be reintroduced in another bromination re-
action in combination with hydrogen peroxide, which is rela-
tively low-priced (Table S6 in the Supporting Information).
However, the more expensive the alkene, the less important
the costs for bromine or bromine compounds and carrying
agent or oxidant become and the significance of the yield in-
creases (Table 2).

Aside from all bromination reactions considered in this
examination, it should at least be mentioned that bromina-
tion of the double bond of E-cinnamic acid has recently
been described by using a method without any solvent. Bro-
mine is transferred as gas, which flows on the surface of the
crystals of this compound. The reaction is clean, without for-
mation of side products, but the reaction has to be per-
formed on a very small scale in a desiccator under special
experimental conditions. In addition, the reaction needs
about one week to be complete for the amount of 100 mg; it
is an example of a very special case of a bromination reac-
tion.[®¥

Several organic reactions have been performed recently
as solid/solid phase reactions, which avoid the use of sol-
vents.’>*! However, their so-called process-intensity is
low,® meaning that the reaction conditions require long
performance times and upscaling may be difficult. It would
also be difficult to control the temperature for exothermic
reactions, such as the bromination of alkenes.

Conclusion

Most of the new bromination methods, which circumvent
the use of molecular bromine have severe disadvantages,
owing to waste production. Additionally, solvent demand is
significantly higher than in the traditional procedures and
necessitates energy intensive recycling operations. As safety
equipment has to allow for a range of toxic or dangerous
substances regardless, we do not consider the avoidance of
molecular bromine to be a significant improvement.

Chem. Eur. J. 2008, 14, 9830-9841

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

MINIREVIEW

The application of hydrobromic acid with hydrogen per-
oxide (entry 20) might be an interesting alternative to sensi-
bly use the coupled product hydrogen bromide, which re-
sults from the production of bromohydrocarbons (Figure 6).
However, the problematic solvents used in the traditional
procedure (e.g. entries1, 3, 20 in Tables S1, S3 and S4)
could potentially be avoided by application of a carrying
agent (see for example, entries 9, 11 in Tables 1, S1 and S3)
if this agent was proven to be the following:

a) Non-toxic!®™ or created no emissions during the work-
up procedure (i.e. no solubility in any solvents that are
applied during or after synthesis, or if the work-up was
by distillation).

b) Recyclable to a degree much higher than 95% (for rele-
vant aspects concerning recycling see ref. [82]).

c) Prepared and worked-up in an agreeable manner. Pres-
ently, preparation and work-up of ionic liquids are not
environmentally benign.””

In our opinion, these prerequisites are currently not being
met, because thorough examinations have not been de-
scribed in literature. Nonetheless, the approach can be
judged as promising and in this regard more scientific work
is needed. In addition, the problematic substances pyridine
and quinoline still precede these concepts. Furthermore, the
argumentation concerning the technological equipment is
now valid, considering bromine on the one hand and sol-
vents such as chloroform on the other. However, the re-
placement of such solvents during reaction by less toxic
ones in the work-up procedure is progress and could orien-
tate itself by the literature.” In this regard, the bromination
through the oxidation of hydrobromic acid with oxygen in
acetonitrile in the presence of sodium nitrite as catalyst
could be an interesting alternative.’”” As some protocols are
similarly resource efficient, further examinations should
consider work-up procedures in more detail.

The method using a solid alkene and bromine vapour!® is
favourable according to the mass balance, but the very low
space-time yield renders this method unattractive on prepa-
rative scale. For liquid alkenes micro reactors®™ could over-
come the problem of heat transport and, thus, make carrying
agents and solvents redundant. The applicability of micro re-
actors for halogenation reactions and specifically for the
bromination of thiophene was demonstrated by P. Lob.+%
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