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Chapter 1

Introduction

With the advancement of science, the need to understand chemical processes at an
electronic level has become vital for obtaining comprehensive information about the
same. In fact, in recent times, it has become a desired need to develop a theoretical
background of any chemical compound and/or reaction methodology first before
proceeding to wet lab experiments with the excellent aim of avoiding hazards and
wastage of chemicals. And for this purpose, computational chemistry plays an
important role in understanding chemicals/reactions at an electronic level, since it is
impossible to calculate electronic data manually beyond the hydrogen atom. There
are a number of advantages in opting for computational calculations first, which will
be discussed thoroughly in this thesis. As a matter of fact, certain theoretical
calculations on their own can clarify a lot of queries and prove numerous facts if and
when assessed employing appropriate computational methods. Therefore, in this
thesis, an attempt has been made to develop a theoretical background of a popular
class of brominating agents, QATBSs, using computational techniques. The details of

the study are explained conclusively in the upcoming parts of this thesis.



Chapter 1 Introduction

1.1.  Quaternary ammonium tribromides

1.1.1. Introduction to QATBs

Quaternary ammonium tribromides (QATBs) are a series of ionic compounds with a
cationic moiety (QA") and a tribromide anion (Brs"). Where the cationic moiety consists of
a nitrogen atom attached to four alkyl and/or aryl groups and is ionically bonded to the
tribromide ion. In the tribromide ion, a negative charge is spread over three bromine
atoms[1]. Over the years, different types of QATBs have been synthesized and applied for
different types of reactions. QATBs are most popular for their efficiency in bromination
reactions of different kinds of substrates and also for certain oxidation reactions[2—8].
1.1.2. Types of QATBs

In literature, many organic tribromides have been reported (Figure 1.1), that include
tetramethylammonium  triboromide (TMATB)[9], tetrabutylammonium tribromide
(TBATB)[7], tetraethylammonium tribromide (TEATB)[10], cetyltrimethylammonium
triboromide (CTMATB)[11], phenyltrimethylammonium tribromide (PTATB)[12,13],
benzyl trimethylammonium tribromide (BTMATB)[14,15], pyridine hydrobromide
perbromide (PHPB)[16,17], pentylpyridinium tribromide (PPTB)[18], 1-benzyl-4-aza-1-
azonia-bicyclo [2.2.2] octane tribromide (DABCO tribromide)[19,20], 1,8-diazabicyclo
[5.4.0]-undec-7-ene hydrobromide perbromide (DBUHBTr3)[21,22], and 1-butyl-3-
methylimidazoliumtribromide  (bmimTB)[23,24], 1,2-dipyridiniumditribromide-ethane

(DPTBE)[25,26], etc.
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Figure 1.1. Some common QATBs

1.1.3. Other tribromides

Considering the popularity of ammonium tribromides, over the years different types of
tribromides have been synthesized, such as phosphonium tribromides, lanthanide
tribromides, etc[3,27-29]. For example, Mhamdi et al., 2021, reported the solvent effect
and annealing treatment on the properties of Methylammonium lead tribromide thin
films[30]. Koutsu et al., 2021, reported the synthesis of Tetrabutylphosphonium tribromide
(figure 1.2) and further reported its phase transfer properties in organic
transformations[31]. Again, Abia et al., 2021, reported the crystal structure and thermal
evolution of formamidinium lead tribromide, CH(NH2).PbBr3[32]. Zhao et al., 2022,
reported 1,3,5-Tris(4-cyanopyridinium-1-ylmethyl)-benzene tribromide as the base for
covalent triazine frameworks in order to capture and convert CO2[33]. Noorozi-Shad et al.,

2022, reported the synthesis of Propane-3—-bromo-1-(triphenyl phosphonium) tribromide
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(figure 1.3) and thereby showing the bromination of alkenes and aromatic using the

synthesized reagent as the brominating agent[34].

C4Hg

+
C4Hg—P—CyHg

é“Hg Br3-

Figure 1.2. TBPTB

-+ -
Br~ " PPh, Br,
Figure 1.3. Propane-3—bromo-1- (triphenyl phosphonium) tribromide

An extensive literature survey revealed that in addition to the above stated monomeric
tribromides, there are a number of polymeric tribromides which have been synthesized and
applied for different types of applications. Hossein et al., 2010, prepared
Poly(diallyldimethylammonium tribromide) (figure 1.4.1) and used as a brominating agent
for o-bromoacetalization of ketones, bromination of alkenes and regioselective
bromination of activated aromatic compounds[35]. Verma et al., 2011, developed
Poly(ethylene glycol) Embedded Potassium Tribromide (PEG.KBr3, figure 1.4.2) and used
as a recyclable catalyst for oxidation of alcohols[36]. Han et al., 2019, prepared
Poly(vinylbenzyltrimethylammonium tribromide) resin (PVBMATB resin, figure 1.4.3)
and employed for a-bromination and a-bromoacetalization of acetophenones[37]. Again,
Zheng et al., 2020, reported PVBMATB resin as an Efficient Polymeric Catalyst in the

Acetalization and Diacetylation of Benzaldehydes[38].

Figure 1.4.1. Poly(diallyldimethylammonium tribromide)
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Figure 1.4.2. PEG.KBr[36]

H H,
C C

+
CH2N (CH3)3BF3

n

Figure 1.4.3. PVBMATB resin[37]

1.1.4. Structure of other trihalides

Based on literature reports it is understood that in case of I37, the structure is slightly
distorted from linearity and the central iodine is non-equidistant from the terminal iodine
atoms[39,40].

Pimental, 1950[39], studied the bonding in trihalide ions, where the structural geometry of
trilodide was also mentioned. He stated that the trihalide ions are found to be linear. The
trilodide ion may slightly deviate from linearity by a few degrees, and the central iodine
atom seems to be non-equidistant from the end iodine atoms. The trihalide bonds are
apparently slightly longer and presumably slightly weaker than the corresponding halogen
bonds. Thereafter, Wiebenga et al., 1961[40], attempted to understand the structures of
certain interhalogen compounds and polyhalides where they also studied the structural
geometry of trihalides using XRD, emphasizing specifically on triiodide as shown in the

figure 1.5 and 1.6 below.
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Figure 1.5. Structure of triiodide ions[40]
The structures observed for the triiodide ion are interesting in that symmetrical as well as
asymmetrical triiodide ions have been found to exist in the solid triiodides. Wiebenga et
al., 1961, further stated that in the trihalide ions a linear symmetrical model is obtained
when the three lone pairs occupy the equatorial orbitals, in which their mutual repulsion is
probably at a minimum, and the bond pairs go into the remaining orbitals. Deviation from
a symmetrical structure, such as is observed in the triiodide ions in many cases, must in
this picture be due to secondary causes, probably to the influence of the environment in the

crystal[40].

Op

Figure 1.6. Disposition of bonds and lone pairs when sp3d hybridization is assumed in
trinalide ions[40].
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1.1.5. Nature of bonding in other trihalides

The nature of bonding in any compound is a vital component which aids in understanding
various features of the compound like its chemical and physical properties. However, the
type of bonding in trihalides has not been explained univocally. The role of the tribromide
ion (Brs7) in diverse organic transformations has been well studied and documented for
decades now[2,41]. While it is known that this ion forms through the reaction of bromide
with bromine[39], similar to other polyhalide ions such as 137, with the central atom being
hypervalent, the chemical nature of bonding in the tribromide moiety has been somewhat
of an ambiguity. Polyhalide ions are formed when halides react with halogens or
interhalogens, as exemplified through the formation of a trihalide ions such as As(CsHs)als,
NHals, Csls etc., with the central atom being hypervalent[40]. The chemical nature of
bonding in such molecules has been somewhat of an ambiguity so far as it deviates from
the general octet rule and thus cannot be explained with the help of valence bond
theory[42,43]. Many researchers have attempted earlier to explain the stability by valence
bond method considering the participation of d-orbitals on the central ion, however it
proved to be futile. An alternative explanation was proposed by Pimentel and Rundle five
decades ago on the basis of molecular orbitals and considering a delocalized three center o-
bonding (one bonding, one non-bonding and one anti-bonding molecular orbital
(figure.1.7.(a)) to determine the stability of trihalides[39,44]. Thereafter different reports
have discussed that in trihalide, there are four electrons, two of which occupy the bonding
molecular orbital and the other two electrons occupy the non- bonding molecular orbitals
give one bond spread over two positions (bond order of 0.5) which explains the nature of

the stability of the long bonds[45].
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Figure 1.7. (a) Rundle-Pimentel scheme for delocalized three-centre o bonding

(b) Energy level diagram for a two-level donor-acceptor interaction[42,45]

In a two-centre system, a donor-acceptor (also known as a dative bond) bond is usually
made up from interaction between a relatively high-lying doubly occupied orbital on the
donor fragment and a low-lying empty orbital on the acceptor fragment (figure.1.7. (b)).
The HOMO of any complex is formed from the HOMO (highest occupied molecular
orbital) of the donor (¥p) and the LUMO (lowest unoccupied molecular orbital) of the
acceptor (a). Charge transfer from donor to acceptor takes place and the strength of the
donor acceptor bond is determined by the stability of the HOMO of the complex relative to
the position of Wp. However, in case of three-center systems, due to the presence of

occupied orbitals in the acceptor, the donor-acceptor interactions have been observed to be



Chapter 1 Introduction

more complicated. The Rundle-Pimentel scheme, though has been interpreted in many
ways to understand the nature of bonding in molecules containing an electron-rich three-
center bonding or hypervalent central atom, continues to be widely accepted till date and
can be used even to understand the bonding in tribromide ion[42,45].

1.2.  Application of QATBs as brominating agents

Among the many applications of QATBs, being agents of bromination is the most
prominent one and thus a review of their ability as brominating agents is presented below.
TMATB was explored for its brominating property by Avramoff and coworkers[9].
2-acetyl-5-bromo-6-methoxynaphthalene was the only product when TMATB was reacted
with 2-acetyl-6-methoxy-naphthalene in the solvent medium of acetic acid but gave a-

brominated product with reaction condition was altered (Scheme 1.1).
W/\Br TMATB / CgHg OO TMATB Y\Br
(CeHsCO20 " AcOH - ~0

Scheme 1.1.[9]
One of the widely used QATBs for the bromination of various organic compounds is
BTMATB which is used for bromination of phenols, aromatic amines and ketones[46-49].
When BTMATB is reacted with 8-methoxy [2.2] metacyclophanedichloromethane, the
trans-annular reaction products, tetrahydropyrene and 2-bromo-4,5,9,10-tetrahydropyrene
are formed in addition to 5-bromo-8-methoxy[2.2]metacyclophane. Under similar reaction
conditions 5-tert-butyl-8-methoxy[2.2] metacyclophanes gives tetrahydopyrene derivative

exclusively (Schemel.2)[50].
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BTMATB
<0 B D) *@ Om* O

BTMATB
- R—>R

Scheme 1.2.
Another popular brominating agent is TBATB which was first reported by Buckles and
coworkers[7]. Berthelot and his team extensively explored TBATB for its bromination
ability of various organic compounds. Among various groups of organic substrates,
bromination of phenols and amines have been performed in CHCIs; using TBATB to obtain
the corresponding p-bromo product. Subsequently, TBATB have also been reported for the
stereoselective bromination of alkynes, where it produces the (E)-isomer exclusively

(Scheme 1.3) in CCly4 solvent medium[51].

Br
HO TBATB Ho)(l\‘
= e
CCly Br
Scheme 1.3.
Furthermore, it was observed that a-bromination of ketones can also be achieved using
TBATB, however, when the reaction is performed in the presence of ethylene glycol, keto

protection was observed simultaneously (Scheme 1.4)[52].

o__0
é TBATB Br
__on
HO™ >~

Scheme 1.4.

Thereafter, TBATB and CTMATB was explored by Khan et al. for preparation of different

various acyclic and cyclic a-bromoenones from the corresponding enones using a

10
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convenient and useful method. They reported that the dibromo derivative of enone

undergoes elimination giving a-bromoenones in the presence of K.COs (Scheme 1.5)[53].

0 0
S CTMATB/CH2CI2/K2CO3
> AN
DRA® x (L O
TBATB/CH2CI2/K2CO3 r
Scheme 1.5.

Another QATB, DBUHBr3 has been reported as an efficient brominating agent for
bromination of diverse organic substrates in addition to the ring bromination of anthracene

(Scheme 1.6)[21].

Br

0 == 2
70 %

Scheme 1.6.

It has been found that PTATB when dissolved in THF acts a good source of bromine and it
differs from bromine in reactivity. Observation revealed that it is comparatively less
electrophilic and reactive than molecular bromine in bromination of aromatic rings and
double bonds. However, a-Bromination of ketones is preferentially possible in comparison

to ring bromination using PTATB (Scheme 1.7)[54,55].

0]
O Br oy ~OH Br
HO PTATB
PTATB THF
MeO MeO MeO

Scheme 1.7.
Djerassi and Scholz reported the selective a-bromination of ketones using PHPB[56,57].
When PHPB was treated with cholestane in 1 and 2 equivalents respectively, it gave the

dibromo derivative, 2,4-dibromo cholestanone and 2-bromo cholestanone (Scheme 1.8).

11



Chapter 1 Introduction

AcOH AcOH
———> Br
C5H5N HBr.Br2 C5H5N.HBr.Br2
2 equiv 1 equiv o
Scheme 1.8.

2-hydroxy-4-methoxybenzaldehyde was treated with PHPB (2.1 equiv., pyridine) to give
an 80% isolated yield of 3, 5-dibromo-2-hydroxy-4-methoxybenzaldehyde. However,
when 3.5 equiv. of PHPB was used, in the same reaction conditions, a mixture of 2, 4, 6-
triboromo-4-methoxyphenol and 3, 5-dibromo-2-hydroxy-4-methoxybenzaldehyde was

achieved (Scheme 1.9)[58].

MeO OH pHPB ( _PHPB (35 q) MeO PHPB (2.1 eq) MO OH
P ridine H
Br Br y Pyr|d|ne Br
0]

Scheme 1.9.
MPHT have been reported for a regioselective and highly efficient method for the
bromination of different aromatic substrates in aqueous hydrogen peroxide. Solely the use
of MPHT as a brominating agent resulted in poor product yields, however, enhanced
reaction rate and product yields was achieved when aqueous hydrogen peroxide was added

(Scheme 1.10)[59].

[ lo HBr; > :NLO HBr * Bn

N |
=2 h=2
Br, + H,Op ——> 2HOBr
R R
Q + 2 HOBr Q—Br

Scheme 1.10.
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Thereafter, Chen and group reported the regioselective bromination of anilines using an
ionic liquid type tribromide bmimTB which was found to be efficient in this case (Scheme

1.11)[60].

=N [(bmim)]Br3 =N
NH, —— B NH
W Wt

Scheme 1.11.
PPTB has been reported as a ‘vapor pressure free’ brominating agent for bromination of
ketones, aromatics, alkenes and alkynes. Dibromination of phenylacetylene resulted in an
excellent yield of only one isomer whereas ethylpropyolate afforded to a mixture of cis-

trans isomers (Scheme 1.12)[18].

PPTB o
=—Ph %Ph

Br
Br
PPTB ~_COOEt COOEt
——COOEt —> + Br’
Br 94% Br 6%
Scheme 1.12.

Provot and co-workers reported the bromination of substituted-1-tetralones using MPHT,
and the later has proven as an efficient agent for selective a,a-dibromination of tetralones.
Further, when the conditions were base-free and the reaction was continued for a longer
time, various 2-bromo-1-naphthols were achieved in good to excellent yields from

tetralones in one-pot sequence (Scheme 1.13)[61].

0] 0

OH
Br MPHT(2eq.) X MPHT (2 eq.) N Br
N R—— > R—. Br
R—: -~ | / - | /
= CH3CN, 80 oC CH3CN, 80 oC
18 h 30 min
Scheme 1.13
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Again, Chiappe et al. reported 3-methylimidazolium tribromide [(Hmim)Brs] for the

bromination of aromatic compounds (Scheme 1.14)[62,63].

Scheme 1.14
PHPB when used for bromination of 4-Hydroxy[1]benzopyran-2-one or its acetate in
dichloromethane at 0-5°C, fused furochromone in 90% yield was obtained. Further, the

heterocyclic product undergoes rearrangement to furnish fused furocoumarin in 87% vyield

H
o—
50 % H2S04
e
Reflux ©j%\[
(0] (0]

Thereafter, PHPB has also been reported for the bromination of a-allyl-1,3-

(Schemel.15)[64].

Scheme 1.15.

cyclohexanediones to give a mixture of 3-bromomethyltetrahydrobenzopyran-5-ones
(minor) and  bromomethyltetrahydrobenzo  furan-4-ones (major) as products
(Schemel.16)[65]. During the reaction a 2-(2, 3-dibromopropyl)-1,3-cyclohexanedione

intermediate was formed to give both the endo and exocyclic derivates.

o)
Br
PyHBr3
RR" on  CHCL — R

(major) (minor)

Scheme 1.16.

Majumdar and co-workers have reported PHPB for the conversion of 4-hydroxy [1]

14
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benzopyran-2-one into fused furochromone in 90% yield(Scheme 1.17). Rearrangement of

this heterocycle takes place to furnish an 87% vyield of fused furocoumarin[66].

Py.HBr3 AN
—_—
CH2C|2 N O Br
l
Scheme 1.17.

Liu et al.,, 2022, reported the conversion of 2-Methoxyphenol to 2,4-Dibromo-6-
methoxyphenol using BTMATB as shown in scheme 1.18[67]. Shakurova et al., 2022,
reported the one-pot synthesis of pyridinium analogues of lupane triterpenoids using some
organic tribromides (Tempo®Brs~, TBA *Brs-, Py-HBr-Br;)[68]. Li et al., 2022, reported

the synthesis of B-ArylselenoSulfoximines using TBATB as shown in scheme 1.19[69].

OH OH
OCHjy Br OCHjy
BTMATB
—_—
Br
Scheme 1.18.
RZ\S/R1
O\ /NH N/’ \\O
D AL+ TBATB
R1/ R2 R3 X R4S€S€R4 _ . SeR4
3

Scheme 1.19.
Role of QATBs in preparation of brominated activated carbon
With the advancement of green chemistry, researchers are attempting to modify reaction
conditions using greener materials and techniques[70-72]. One of the most important
materials in industrial chemistry is the brominated activated carbon, which finds its
importance in mercury removal from air and water as well[73-76]. Although many works
have reported on the preparation of brominated carbon materials, almost all the research

have been focussed on the utilization of bromine (Br2) as the brominating agent[77-80].
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However, the limitations of using Brz lie in the safety risk involved in the handling of
bromine and their toxicity. Therefore, a greener, mild and versatile brominating agent
would provide a better alternative over the molecular bromine[81]. An effort has been
made to prepare brominated activated carbon using green and cost-effective CTMATB as
the brominating agent[82]. They characterized the brominated material using Field
emission scanning electron microscopy/energy dispersive X-ray analysis, Fourier
transform spectroscopy, powder X-ray diffraction, Brunauer-Emmett-Teller surface area
analyzer, and X-ray photon spectroscopy techniques and results indicated towards the
formation of C-Br covalent bond.

So far there is only one attempt[82] on the bromination of activated carbon using QATB,
however considering the versatility of QATBs, more of them should be explored for their
ability in bromination of activated carbon.

1.3.  Brief review on earlier mechanistic studies of bromination by QATBs
Bromination of aromatic systems is a common reaction because of the important
applications of bromo-aromatic compounds[83]. Before the toxicity of bromine was
acknowledged, this reagent was most commonly used in bromination reactions, so much so
that the bromination mechanism has become a part of organic chemistry textbooks to

explain electrophilic aromatic substitution reactions (Scheme 1.20)[84].

H%\ 0 OH
?jr—Br—» @—l— HBr — +HBr
i B
H ' Br

Scheme 1.20. Mechanism of bromination of phenol by Br,[84]
However, with the advent of green chemistry there has been much focus on avoidance of
use of hazardous chemicals, and this is how QATBs became popular as environmentally

benign alternatives to bromine. Unfortunately, till date it has not been possible to prove the
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mechanism through which the Brs™ ion reacts, which is not ideal because it limits the scope
for planning of reactions. Though existing reports ambiguously suggest that Brz-dissociates
into Br~ to Br2 during the course of a bromination reaction[85-88], after which Br; acts as
the brominating agent, experimental evidence does not seem to be available to support this
assertion.

Literature reports suggest that efforts had been made even earlier to under the mechanistic
pathway which QATBs follow. For example, Bellucci et al. 1980[85], reported the
bromination of ethene using TBATB as shown in the scheme 1.21 below and stated that it
is not possible to easily distinguish between a direct electrophilic attack by the Brz~ and a
Br~ assisted attack by Brz using kinetics. They further mentioned that a direct electrophilic
attack might take place in case of reactive alkenes and Br> might be released in case of
unreactive alkenes. In their studied reaction, they further reported the detachment of the

Br, from the Tetrabutyl ammonium bromide (TBAB), following which the Br, brominates

the ethene.
—_ Br I
N~ Br N C NAA -4
c|;| + Elr N— (a Br = Br : L e
/C\ ! N - N N
Br Br N\_ Br
—_—

Scheme 1.21. Bromination of ethene using TBATB[85]
Bellucci et al. 1981[86], thereafter, reported the bromination of 1,3-Butadiene using
TBATB as shown in scheme 1.22 below, and reported similar statements as Bellucci et al.

1980[85].
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- /
But + Brs +N<

|

_ - %  CH—C=
CHyCH-CH=CH, + pr +N< - CH,F=CH-CH=CH, —5 CH, (I:r E—CHZ
Br Br \ y Br N —
- | Br
N
Br- +
+N/_ h -+
\\ r Br N\<

Scheme 1.22. Bromination of 1,3-Butadiene using TBATB[86]
Thereafter, in 1985, Bellucci et al.[88], reported the mechanism of addition of the
tribromide ion to cyclohexene using TBATB as the brominating agent as shown in scheme
1.23. They stated that multiple reaction pathways are possible for this reaction, however,

for their studied reaction, the detachment of Br. from TBAB was reported which then

brominates the cyclohexene.

>>; 4
\ — / - +// K \ / s}(ozv]v /C—C/
c=—c + Br; N SoW.

=

&

~

~
7
~
~

=

Scheme 1.23. Bromination of Cyclohexene using TBATB[88]
Boer et al. 1988[87], in a similar type of study reported that the tribromide ion absorbs
light in the UV-region at 268 nm and that molecular bromine is known to be in rapid

equilibrium with tribromide ions. Further, they stated that the reaction between tribromide

and 2-chlorodimedone is a fast reaction.
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1.4.  Reaction profile of QATBSs in bromination reactions

Over the years, several tribromides have been synthesized ranging from aliphatic to
aromatic as well as complex tribromides[89-91]. Again, various aliphatic tribromides of
diverse chain lengths have been prepared by different groups and used for different
reactions[2,3,83,89]. When reviewing the reactions possible by the QATBs, it can be
observed that despite the fact that in all the QATBs, Brs™ is the reactive species, each
QATB shows a different reactivity profile[1,10]. Bora et al. 2001, studied the bromination
of a variety of organic substrates using TBATB and CTMATB, and reported that both
reagents are highly efficient, however they found that CTMATB acted as a better
brominating agent than TBATB in their reactions.

Thereafter, Kumar et al. 2012[92], studied the bromination of few organics using TBATB,
TEATB, CTMATB, and TMATB, under thermal conditions at temperature 60+5°C,
microwave conditions, and at room temperature; the results of which are shown in table
1.1, 1.2, and 1.3 below. As can be seen from the tables, the product profile is different for
all the QATBs.

Table 1.1. Bromination of organic substrates with QATBs under thermal condition at
temp. 60+5° C.[92]

TBATB TEATB CTMATB TMATB
b
Substrate Product(s) rte 06y ree 0y rt? %t ree ooy
(min) (min) (min) (min)

N H2 N H2
©/ /O 10 75 25 68 8 70 15 68
Br
OH OH
/©/ 15 72 20 64 10 72 15 70
Br

OH
@/QH /©/ 25 65 10 60 15 60 20 68
Br

Br

OOO 155 80 185 76 125 80 90 72

H B H
N "N

[ > I )—Br | 10 65 10 55 | 10 62 | 25 55
N g~ N
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OO

8

70

15

75

78

60

20

62

70

60

15

72

74

45

25

65

69

Table 1.2. Bromination of organic substrates with QATBs under microwave conditions[92]

OH OH
Br

TBATB TEATB CTMATB TMATB
Substrate Product(s)® rta rta rta rt@
miny | 2V ming | P ming | Y| (min | PV
NH,
NH,
O/ ; /©/ 60 83 50 80 35 85 | 30 79
i
OH OH
©/ 40 76 30 72 40 78 40 72
on OH
45 80 40 78 35 82 45 76
Br
Br
80 92 75 85 55 90 60 82
H Br.
[ h) j: B 100 72 20 65 10 78 30 71
N ‘)H/\‘ 50 87 55 75 45 75| 65 68
25 81 20 79 45 82 30 76
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Table 1.3. Reactions by conventional methods in acetonitrile solvent at room

temperature[92]
TBATB TEATB CTMATB TMATB
Substrate Product(s)?
©) FLE gpye | FES Togye | FES gy | FE® 1 gve
(min) (min) (min) (min)
NH
Nz * | s 72 3.5h 65 3.5h 69 2h 62
min ) ) 50min
OH OH ah
©/ /©/ somin 7° 4.5h 60 3.5h 68 2h 70
OH 2h 3h
©/ /©/ somn 62 | oomin 58 3h 60 | 4h 62
3h
OOO . 70 4.5h 68 4.5h 87 4h 72
40min
H H
N NN ah - eg | an 40 | sh 55 | 350 50
[/> | />—Br 20min :
N Br N
Br
O = O 5h 72 5h 55 5h 92 | 4.5h 65
OH
Br 3h 73 4h 65 3.5h 70 | 3.5h 68

1.5.  Role of some common solvents in bromination reactions
1.5.1. Influence of solvents in bromination reactions

Solvents tend to influence the reaction rates of reactions drastically[93-95] i.e., they can
speed up or slow down a reaction process, might influence the product yields etc. Each
solvent has a different impact on the same reaction, which makes it more interesting to
select a suitable solvent for any reaction process.

Bromination reactions are usually conducted in a solvent medium and interestingly,

literature reports reveal that a wide range of solvents have been used for the different

reactions. Solvents such as acetonitrile[41,96,97], water[98-100], tert-butyl alcohol (t-
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BuOH)[101,102], ethyl acetate[103,104], acetic acid[105,106], trifluoroacetic acid
(TFA)[107], ethanol[56,108], methanol[108], and dimethyl sulfoxide (DMSQO)[109,110]
have been used in various studies by different group of workers probably because of their
relatively greener nature. However, it is interesting to note that solvents like
pentane[111,112], hexane[113,114], heptane[111,115], cyclohexane[116], and carbon
tetrachloride (CCl4)[97,117-120] have also been employed as solvent media in multiple
experiments by different research groups despite their reported hazards; which might be
because of their enhanced influence in the studied reactions. This brief account indicates
that bromination reactions were performed in a diverse variety of solvents and also that
both polar and non-polar solvents are suitable for bromination reactions.

Similarly, as per our literature review, bromination reactions using QATBs have been
performed in various solvents like acetonitrile, CCls, ethyl acetate, dichloromethane
(DCM), water etc[96,99,121-123]. Kajigaeshi et al., 1988[121], reported the bromination
of aromatic amines using benzyltrimethyl ammonium tribromide using dichloromethane
and methanol as solvent media. Akiko et al., 1990[122], reported the bromination of 2-
Methoxyphenol  using  p-Methylbenzyltrimethyl ~ ammonium  tribromide  in
dichloromethane-methanol (5:1) under stirring at room temperature. Teichmannc et al.,
1993[123], reported the 1,5-Anhydrohex-1-enitols (Glycals) using TBATB and BTMATB
as the brominating agent under various solvent conditions i.e., CCls, ethyl acetate,
tetrahydrofuran, DCM, and MeCN. Kumar et al. 2011[96], reported the bromination of
certain organic substrates using Cetylpyridinium tribromide using acetonitrile solvent
medium at room temperature. Thereafter, Longkumer et al.[99] 2019, reported the
bromination of various substrates using CTMATB using water as the solvent medium in

microwave conditions.
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1.5.1.1. Greenness ranking of solvents and solvent selection guides

As mentioned in the previous section, bromination reactions using QATBs have been
reported in a variety of solvent, however, the hazards associated with each solvent have not
been considered. The advent of green chemistry has brought with it a huge amount of focus
on the hazard considerations of all chemicals which are part of chemical
processes[124,125]. Amongst the many types of chemicals, organic solvents have been
under continuous scrutiny because of the inherent hazards associated with[126]. A number
of solvents under scanner are in fact commonly encountered in day-to-day synthetic
organic chemistry. For example, solvents such as pentane, heptane and hexane are
hazardous to human health, capable of causing mild symptoms such as skin irritation,
dizziness, etc., or more severe conditions like damage of the central nervous system,
Kidneys or liver[127-129]. Furthermore, these solvents are also highly flammable liquids.
Methanol is another highly toxic solvent which causes organ damage and even death when
ingested[130], while CCls is an acknowledged carcinogenic chemical[131,132]. Another
commonly used solvent is trifluoroacetic acid which is capable of attacking the respiratory
tract causing cough, wheezing, and/or shortness of breath[133]. In addition to causing
health hazards, most solvents are detrimental to floral and faunal health and therefore pose
a threat to the environment. Over and above is the fact that solvents are mostly used in
bulk, thereby further amplifying their detrimental effects. Therefore, it becomes imminent
that the hazards associated with solvents are very serious and cannot be overlooked.

Even though the hazards associated with solvents advocates for their complete avoidance
in synthetic protocols[134], unfortunately however, they are an integral part of most
chemical transformations. This is because though solvents are not active components of

any chemical formulation, but their role is beyond simply providing a medium for
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reactions to occur. They are responsible for the solubility and stability of compounds and
influence molecular associations of reactants during reactions[135-137].

In view of this, there has been an effort to circumvent the use of hazardous solvents in
chemical reactions through the use of more environmentally benign alternatives such ionic
liquids, deep eutectic solvents, supercritical fluids, switchable solvents, liquid polymers,
and renewable solvents[138]. However, these specially designed solvents have limitations
in terms of scalability and cost effectiveness, and therefore even though hazards associated
with many conventional solvents continue to be very serious concern, many of these
solvents still find usage in organic transformations[138,139].

Acknowledging the fact that traditional solvents cannot be completely done away with,
identification of green and sustainable solvents and development of comprehensive tools,
techniques and frameworks for solvent selection have become an essential requirement.
Since the level of hazard of solvents vary from one another, data sheets or solvent selection
guides[138-141] become important because they allow solvents to be ranked based on ease
of waste disposal, health, and safety issues, etc. Some chemical companies as well as
health departments have developed various safety data sheet which list out the hazards
associated with these solvents and the GlaxoSmithKline (GSK) guide[142] is one such
useful reference in this regard. The GSK’s solvent selection guide has been reported to be a
reliable tool for solvent selection and have been referred by various researchers for
choosing their solvent of choice[143-145].

1.6. Computational chemistry

Computational chemistry is a branch of chemistry which falls under the scope of
theoretical chemistry[146] in contrast to wet lab experiments. Computational chemical
methods are created using the principles of quantum chemistry and are an overlap between

physics and chemistry[147]. With the advancement of science and technology, the use of
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computational tools and techniques have increased immensely in various fields like
chemical industries, pharmaceutical industries, chemical engineering, environmental
science, material science, etc[148]. The reason for the use of computation in these fields
might lie in the fact that (a) it is easier to design new compounds computationally, check
their properties, in addition to determining their stabilities, (b) various compounds which
are difficult to get or expensive to purchase can be studied computationally first to
understand their potentials in different applications, (c) chemicals which might be
associated with certain hazards can be first rationalized using computational calculations,
(d) using computation before proceeding to wet lab experiments will allow the researchers
to save time and chemicals as the use of trial and error can be avoided to a great extent.
There are numerous electrochemical properties which can be studied computationally;
some of which are (1) Electronic structure determinations[149], (2) Geometry
optimizations (ground state and excited state)[150], (3) calculations of vibrational wave
numbers, IR intensities, IR spectrum[151], (4) Definition of transition structures and
reaction paths,[150] (5) Protein calculations, i.e. docking[152], (6) Electron and charge
distributions  calculations[153], (7) Calculations of potential energy surfaces
(PES),[153](8) Calculations of rate constants for chemical reactions (kinetics) [153] (9)
Thermodynamic calculations- heat of reactions, energy of activation,[153] (10) calculation
of NMR chemical shifts,[151] (11) characterization of molecular orbitals for reactivity
predictions, (12) calculation of electronic moments such as dipole moment, polarizability,
first order hyperpolarizability, second order hyperpolarizability,[153] (13) calculation of
electronic excitations, UV spectrum,[151] (14) calculation of charge distribution on atoms
of molecule (MPA, CHELPG, NPA etc.), [153] (15) Calculation of many other molecular
and bulk physical and chemical properties, etc[153]. In order to evaluate these properties,

there are various computational methods that can be opted for[153].
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1.6.1. Computational chemistry methods

Among the different computational methods, the four most important ones are the
molecular mechanics method, ab initio method, semi-empirical method, and density
functional theory (DFT) which are explained briefly below.

1.6.1.1. Molecular mechanics (MM) method

MM also known as force field method is a computational method which uses classical
mechanics to determine various properties of a compound such as energies, molecular
geometry etc. In this method, the atoms are considered as spheres and the bonds between
the spheres are treated as harmonic oscillators, because of which it is comparatively faster
than other computational methods. MM computes the potential energy surface of
compounds using potential functions which rely on experimental parameters like force
constant and equilibrium values. The potential functions are used to explain different types
of interactions like bond stretching, angle bending, torsional energies, and non-bonding
interactions. They have certain limitations as they are not applicable for electronic
properties and are restricted by parameters of equation (i.e., different types of atoms
require different force fields)[154,155]. They are most suitable for simulations of large
molecules like DNA or protein[156].

1.6.1.2. Ab initio method

Ab initio methods are used in computational chemistry and are defined by the principles of
quantum chemistry[157]. The meaning of the word “ab initio” means “from the first
principle” i.e., the energetics and properties of the compounds are calculated as functions
of the positions of the nuclei, from first principles without any knowledge of experimental
data[158]. Even though, the working equations may be developed using variational
principle or perturbation theory, the approximations do not require “fitting” into existing

experimental input. The approximations can be gradually enhanced when the level of
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treatment is raised[159]. Ab initio methods approaches to solve the Schrédinger equation in
order to provide valuable information like physical and chemical properties, electron
densities, and energies of the system[160]. The possibility of achieving “good” results by
solving the Schrddinger equation for different types of systems have allowed theoretical
chemists to address several problems in many disciplines; the importance of this
observation can be reflected by the 1998 Nobel prize awardees, John Pople and Walter
Kohn[161].

The Hartree-fock (HF) method is the simplest of all ab initio methods, where the
Coulombic electron-electron repulsion is not considered exclusively; rather its average
effect (mean field) is involved in the calculation. This proceeds through variational
principle and thus the approximate energies obtained, which are expressed in terms of
wave function, are always greater than or equal to the exact energy[162]. And an increase
in the size of the basis set, causes the energy and the wave function to approach a limiting
value known as the Hartree-Fock limit[163]. Most of the ab initio methods starts with the
HF calculations and later is corrected for electron-electron repulsion, called the electron
correlation. Most common examples of post-HF methods are the Magller-Plesset
perturbation theory (MP2)[164] and coupled cluster theory (CC)[165]. The HF method is
inadequate in a few situations, mainly for bond breaking processes; and for post-HF
methods, this single-determinant reference function is not a good basis[166]. Therefore, it
is important to begin with a wave function that involves more than one single determinant
such as multi-configurational self-consistent field and methods have been constructed
which use this multi-determinant reference for modifications.

1.6.1.3. Semi-empirical method

Semi-empirical methods are modified HF method, where some parameters are obtained

from empirical data which allows the method to include some electron correlation effects.
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This method is very popular for larger systems where the HF method without the
approximations is computationally more expensive. The ab initio methods (including HF)
mostly involve the determination of two electron integrals, which is omitted or
parameterized in the semi-empirical methods, thereby making the later one much
faster[167]. The modern semi-empirical methods approach the modified neglect of
differential overlap (MNDO)[168], which involves assigning parameters for different types
of atoms and thereby fitting them to reproduce like dipole moments, geometrical variable,
first ionization energies, and heats of formation. AM1[168] and PM3[168] are the two the
latest versions of the MNDO method. Despite its fast computation, the results obtained
from semi-empirical methods can be erratic and generally have a poor reliability.

1.6.1.4. Density functional theory (DFT)

DFT is a method which follows the principles of quantum mechanics to obtain an
approximate solution to the Schrédinger’s equation of the many-body system. Through this
method, the properties of the systems can be evaluated by using functionals, i.e., functions
of another function. These functionals in DFT, are spatially dependent electron density.
The popularity and versatility of DFT is widespread in the fields of computational
chemistry, computational physics, and condensed-matter physics. Nonetheless, until the
1990s, DFT was not considered accurate enough for quantum chemistry calculations, after
which the approximations used in DFT were refined greatly to better model the exchange
and correlation interactions[169,170]. The cost of computation using DFT is comparatively
lower as compared to traditional methods, like, exchange only HF and post HF methods
which include electron correlation[171]. In DFT, the energy of a molecule is determined

from the electron density rather than the wavefunctions, hence the name[172].
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1.6.2. Basis set

Basis set is a set of functions more specifically basis functions which are used to develop
molecular orbitals. Basis functions can be composed of atomic orbitals, which is the
common preference among quantum chemists, they can be plane waves as well which is
frequently used in solid-state chemistry[173]. There are different types of atomic orbitals
which can be used during a calculation, like, Slater-type orbitals (STO), Gaussian-type
orbitals (GTO), or numerical atomic orbitals. Among these three, the GTOs are the most
widely used, considering they allow efficient implementations of the post-HF
methods[174].

Some of the common types of basis sets are briefly discussed below.

1.6.2.1. Minimal basis sets

The minimal basis set contains one basis function for each atomic orbital in the atom. A
common example of the minimal basis set is the STO-3G where the 3G corresponds to
three Gaussian primitive orbitals per basis functions. By simply increasing the basis
functions per atom, the basis set can be made larger[175].

1.6.2.2. Split valence basis sets

The split valence basis set contains two sizes of basis functions for each valence orbital
like the 3-21G basis set. The double-zeta split-valence introduced by Pople is the 6-31G
where CGTO is the core orbital made of 6 Gaussian functions, and the two orbitals- one
CGTO made of 3 Gaussians and 1 single Gaussian describe the valence orbital[176].
1.6.2.3. Triple split valence basis sets

Triple split valence basis set involves contracted functions of three sizes for each orbital
type like the 6-311G basis set, where the size can be altered but not the shape. The 6-31+G
is the 6-31G in addition to the diffuse s and p functions for non-hydrogen atoms; but 6-

31++G contains diffuse functions for hydrogen as well[177].
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1.6.3. Polarizable continuum model (PCM)

The PCM is a computational chemistry method used to create solvation models, which
have had many modifications over the years. It is important to consider the solvent models
as continuum rather than individual molecules as otherwise computational cost will be
extremely high. In the PCM, the solvent is treated as a polarizable dielectric medium
represented by a dielectric constant, €, where the solute is positioned in a cavity surrounded
by the solvent. The charge density of the solute polarizes the dielectric medium of the
solvent that generates a reaction electrostatic potential which then reacts on the solute
itself. Thereafter, the reaction potential of solvent is added to the quantum Hamiltonian of
the solute, thereby expressing a new solute charge distribution. This process is iterated
until self-consistency is achieved which is regarded as self-consistent reaction field
(SCRF)[178].

1.6.4. Gaussian

Gaussian is a computational software which is used in various branches of science like
chemistry, physics, engineering, biochemistry etc. The software was first released by John
Pople in 1970 and since then it has been modified continuously. The latest version of the
Gaussian software is the Gaussian16 which is a precursor of Gaussian70, 76, 80, 82, 86,
88, 90, 92, 92/DFT, 94, 98, 03, and 09. It is a state-of-the-art software suite for the
calculation of electronic structures and is licensed for a wide variety of operating systems.
Gaussian follows the principles of quantum mechanics and various types of calculations
can be done using the Gaussian software by opting different methods and levels of theory.
Some of the most common calculations that Gaussian can perform are energy predictions,
structural geometry, spectroscopic  simulations, predicting reaction pathways

etc[153,179,180].
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1.6.5. GaussView

GaussView is a platform for designing input files for Gaussian and later to study the output
files graphically that the Gaussian software will generate. GaussView itself does not
facilitate the calculations involved with Gaussian, rather it acts as a front and back-end
interface for Gaussian. The latest version of the GaussView software is the GaussView6
and it is an extremely versatile and user-friendly graphical user interface for modelling and
studying chemical structures. It is very comfortable to draw large molecules, then rotate,
translate, and zoom in with a few clicks on the mouse. GaussView also allows the
importing of standard file formats of molecules such as MDL or MOL files. It simplifies
the process of complex input preparation for various types of calculations like routine jobs
and more advanced jobs like QST2/QST3 transition structure optimizations, ONIOM,
CASSCEF calculations, etc. It is also possible to launch a job through GaussView after
building the structure, provided the Gaussian software is installed on the same system.
Among the various types of calculations whose results can be viewed and examined

through the GaussView software, some are pointed below:

. Optimized molecular structures.

. Dipole moment.

. Molecular orbitals.

. Bond lengths.

. Bond angles.

. Atomic charges.

. IR, Raman, NMR, VCD and other spectra.

. Animation of the normal modes corresponding to vibrational frequencies.

. Animation of geometry optimizations, IRC reaction path following, potential

energy surface scans, and ADMP and BOMD trajectories[180].
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1.6.6. Some common Gaussian calculations

1.6.6.1. Molecular geometry optimization

Molecular geometry optimization involves the three-dimensional arrangement of the atoms
in @ molecule by minimizing the energy of the system to predict its conformation.
Geometry optimization (in principle) simplifies the understanding of molecular binding as
well as bond breaking depending on the type of elements involved. In quantum chemistry,
it is extremely vital to correctly predict the most stable arrangement of atoms in a
molecule, as it is the initial point for various simulations of molecular properties and any
further calculations rely on the appropriate structure. Molecular optimizations can be
performed using different methods and basis sets depending on the type of structure
[150,181].

1.6.6.2. Vibrational frequency analysis

The vibrational frequency analysis of any system in the Gaussian software provides the
Infrared and Raman spectra of the studied compounds along with the details of each
vibration mode with animation. These data are extremely useful in confirming the peak
positions of known compounds as well as newly modelled compounds. The vibrational
frequency calculations also help in understanding the nature of stationary points, thereby,
to justify the absence or presence of any imaginary frequency, which is important for
understanding the stability of the engaged systems[182,183].

1.6.6.3. Dipole moment ()

Dipole moment is the defined as the net polarity of a compound, identified as vectors as
they possess both magnitude and direction, and measured in Debye. Dipole moment
suggests the charge separation in a molecule and a larger difference in electro negativities
of bonded atoms means a larger dipole moment. They can arise from two ions in an ionic

bond or from atoms in case of a covalent bond. The polarity of a molecule is intensely
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important for diverse physicochemical properties as understanding the solubility of
molecules (either they will be soluble in polar or non-polar solvents). Further, in physics,
the dipole moment provides information about the dielectric constant and conductivity of
substances[184,185].

1.6.6.4. HOMO and LUMO analysis and their energies

HOMO and LUMO are molecular orbitals where HOMO is the highest occupied molecular
orbital and LUMO is the lowest unoccupied molecular orbital. They are collectively
regarded as frontier orbitals as these molecular orbitals are at the border between occupied
and empty i.e., the HOMO has electrons while the LUMO does not.

The energy gap between the HOMO and LUMO is called as the HOMO-LUMO gap and
this gap serves as one of the most important parameters in understanding the reactivity of
different compounds. If this gap is large then it will be energetically unfavourable to add
electrons to a high-lying LUMO from a low-lying HOMO, and thus, compounds with very
high HOMO-LUMO gaps are kinetically stable and exhibit lower chemical reactivity. It is
very simple to determine and compare the reactivity of different compounds by just
evaluating their HOMO and LUMO energies. Apart from suggesting the reactivity of
organic compounds, knowledge of these frontier orbitals also helps in predicting the
addition of & ligands in organometallic chemistry. Furthermore, in material chemistry, the
HOMO and LUMO orbitals are considered to understand various physical and chemical
properties of the studied materials[186,187].

1.6.6.5. Atomic charges

Atomic charge of any compound is one of the most important factors for explaining their
molecular properties and reactivity quantitatively. Despite their importance, atomic
charges are not observables; i.e., they cannot be calculated definitively by either

experiments or quantum chemical calculations. Therefore, various atomic charges schemes
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have been developed over the years, each one with different partitioning methods for the
total density of electrons to one-atom contributions[188].

Mulliken charge is the most common method for determining the atomic charge and they
are based in the local electron density; it highly depends on the basis set and the
functionals, as it is sensitive to probability density. Thereafter, natural bond orbital (NBO)
analysis is also a valuable tool for assigning atomic charges where it calculates the
distribution of electron density in atoms and in bonds between atoms. One more important
population scheme is the Hirshfeld charges; the difference between the molecular and
unrelaxed atomic charge densities is the deformation density, which is how Hirshfeld
charges are defined. Among many populations schemes, the Merz-Singh-Kollman (MK)
scheme is one of the best schemes for assigning atomic charges, where the charges on
atoms are fitted to reproduce the molecular electrostatic potential (MEP) at several
locations around the studied compound[189,190].

1.6.6.6. Global reactivity descriptors

Global reactivity descriptors are electronic parameters derived from computational
calculations and are used for understanding various relationships between the structure,
reactivity, and stability. The ability of prediction of these relationships depends on reliable
approximations of these descriptors[191]. The fundamental equations for the global
reactivity descriptors involve the energies of HOMOs and LUMOs of the studied
compounds as the primary components. Therefore, it is important to determine these
energies using appropriate methods and basis sets. Some of the most common global
reactivity descriptors are chemical hardness (1), chemical potential (i), and electrophilicity
(). Chemical hardness is the ability of a compound to resist to chemical changes in its

electronic configuration. Chemical potential is the measurement of an electron’s
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inclination to leave a molecule. And lastly, electrophilicity can be described as the ability
of a compound to accept a pair of electrons[192—-194].
1.7.  Scope and objectives of the work
Quaternary ammonium tribromides have been widely acknowledged in the literature as
effective agents for bromination, oxidation, and other organic transformation. However,
despite their widespread popularity, a thorough understanding of their structure and
reactivity has not yet been achieved. This is crucial since it will enable researchers to
determine the compounds' electronic characteristics and to create and improvise reaction
conditions. In light of this, an effort has been made through this thesis to address a number
of ambiguities regarding the structure and reactivity of QATBSs, like the structure and
nature of the bonding in the tribromide ion, efficiency of different tribromides in different
types of bromination reactions, the mechanistic pathway of bromination by QATBSs, and
influence of different solvent in bromination reactions by QATBs. The study was
conducted to develop a theoretical background for QATBs which is expected to aid
researchers to tune reactions according to their needs and to explore QATBs for further
applications. Accordingly, the objective for this work was designed in the following way:
1. To study the structure and bonding in QATBs
2. To compare the efficiencies of two different QATBs in bromination reactions

2.1.  Bromination of organic substrates

2.2.  Bromination of activated carbon
3. To understand the Mercury adsorption ability of the brominated activated carbon
4. To study the mechanistic pathway of bromination by QATBs
5. To rationalize the efficiency and greenness of solvents in bromination reaction by

QATBs
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Chapter 2
Determination of the Electronic Structure and Bonding in Tribromide

lon of QATBs

This chapter presents the development of molecular orbital diagram of the tribromide
ion in order to understand the nature of bonding in the same. Further, a complete
structural assessment of the tribromide ion was performed both in isolated form as well
as in presence of certain quaternary ammonium cations to rationalize the effect of the

respective cations on tribromide ion.

A part of this chapter has been published in:

Journal of the Indian Chemical Society, 2022, Volume 99, Issue 8.
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2.1.  Introduction
2.1.1. Importance of understanding the nature of bonding and structural geometry of
any compound

The nature of bonding in any compound is one of the most vital components in understanding
the shape of molecules as well as their chemical nature. Chemical bonding is a fundamental
notion in chemistry that is crucial to comprehend material structures, characteristics, and
reactions[1-3]. However, the concept of chemical bond is totally theoretical in that it does not
correspond to any clearly visible phenomena[4,5]. The idea of chemical bond was developed
by researchers to explain the events seen in the laboratory using a complex collection of
submicroscopic models of matter[6]. Chemical bonding allows scientists to select from the
100-plus elements of the periodic table and mix them in a variety of ways to efficiently create
chemical compounds and materials for diverse applications[7].

Similarly, another important aspect of any chemical compound is its chemical structure which
should be determined with precision in order to achieve certain crucial information about the
compound. Chemical structure depicts the spatial arrangement of atoms and chemical bonds in
a molecule, which dictates its molecular geometry. Chemists can see a visual depiction of a
chemical formula in this way[8]. Further, a detailed information about the structural geometry
of chemical compounds allows researchers to develop reaction mechanisms and predict
various chemical and physical properties of the same[9]. Biological activities like
antimicrobial action, etc., can also be predicted by analyzing the chemical structures of
compounds before proceeding to experimental analysis[10,11]. Toxicity can also be predicted
by evaluating the chemical structures of certain compounds as the properties are contained in

their chemical structure[12-16]. Other branches of chemistry which require precise structural
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representation are cheminformatics and QSAR modelling where, even the smallest change can
lead to high error rates in results[17].

2.1.2. Structure and bonding in trihalides

The bonding in trihalides in general had been studied by Pimentel and Rundle five decades
ago on the basis of molecular orbitals and by considering a delocalized three center o-bonding
(one bonding, one non-bonding and one anti-bonding molecular orbital)[18,19]. Thereafter
different reports have attempted to explain the nature of stability of the long bonds by
suggesting that in trihalides, there are four electrons, of which two occupy the bonding
molecular orbital and another two electrons occupy the non-bonding molecular orbitals
thereby resulting in one bond spread over two positions (bond order of 0.5)[20]. There are a
number of reported studies on the nature of bonding in hypervalent species with reference to
triiodide. For instance, Landrum et al.[21] has reported the nature of bonding in trihalides,
mixed trihalides and hydrogen bihalides by employing idea of molecular orbital (MO) theory
and density functional theory (DFT) calculations and concluded that the bonding in these
diverse anions can be understood in terms of Rundle-Pimental model for electron-rich 4-
electron-3-centresystem (4e-3c). Almost after a decade, Aragoni et al.[20] has reported the
nature of bonding in 137, mixed chalcogen/halogen and trichalcogen by employing the same
rule and found that these systems account for a total bond order of 1. However, there is a lack
of literature, on describing the chemical nature when it comes to tribromide ions. Over the
years, different groups including ours have been working on different aspects of QATBs[22—
29]. During the course of our studies, we have observed that there exists a lacuna in the

understanding of the bonding in this anionic moiety.
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Based on literature reports it is understood that in case of I3, the structure is slightly distorted
from linearity and the central iodine is non-equidistant from the terminal iodine atoms[18,30].
In order to ascertain if there is any similarity between I3~ and Brs™, reference was made to one
of our earlier crystallographic studies which had been done on one of the quaternary
ammonium tribromide (QATBS) viz., Tetrapropyl Ammonium Tribromide (TPATB), and the
single Crystal XRD results indicate that the Brs™ is also non-linear and the central bromine
atom is non-equidistant from the terminal bromine atoms[25]. Since further studies were
needed in order to conclusively determine the structure and bonding in the tribromide moiety,
through this piece of work, an attempt has been made to understand the electronic structure of
the Brs™ion and the bonding between the three bromine atoms.

2.1.3. The tribromide ion

The tribromide ion (Br3") is the anionic part of QATBs and is the active brominating agent
responsible for bromination of diverse group of substrates. It has played important roles in
various organic transformations which have been well reported in literature[31-35]. Despite
its popularity, there seems to be a lacuna in understanding the nature of bonding in the Brs
which is highly significant to determine important physical and chemical properties such as
magnetism, stability, electrical conductivity, UV-Vis Spectroscopic data analysis, etc[36].
There is also lack of comprehensive knowledge about the structural geometry of Brs~, which is
a vital factor for modifying reaction conditions.

An effort has been made to build the molecular orbital diagram of Brz~ by using donor-
acceptor bonding theory, which might help explain the exact nature of bonding in tribromide.
Thereafter, density functional theory (DFT) calculations have been employed to determine the

bond length, bond angle and Mulliken atomic charges of Brs~ and thereby to rationalize the
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results obtained. The results of this study are expected to find future applications in
understanding the mechanism of bromination reactions by QATBs which is a long due
question.

2.2.  Materials and methods

All the structures were built in the GaussView6[37] visualization software which were then
subjected to optimization on the Gaussian16[38] suite of program. The method B3LYP hybrid
functional was used along with 6-311G++(d,p) basis set. This basis set is of triple-{ quality
used for valence electrons with diffuse functions and therefore, is appropriate for geometry
calculations of ions and chemical species containing lone pair(s) of electrons. Further, the
optimized geometries were subjected to vibrational frequency analyses in order to determine
the nature of stationary points and to elucidate the zero-point energies. The characteristic of
local minima was confirmed by looking into the matrices of energy second derivatives
(Hessian) which showed no imaginary frequency.

Subsequently, for building the MO diagram of Brs~, the structures of Brs~, bromine molecule
(Br2) and bromide ion (Br-) were optimized and the valence orbitals were observed in order to
rationalize their involvement in the donor-acceptor bonding. Furthermore, the QATBS,
tertraethyl ammonium tribromide (TEATB), TPATB, tetrabutyl ammonium tribromide
(TBATB), and cetyl trimethyl ammonium tribromide (CTMATB) are taken into consideration
to understand the structure of Brz~ in QATB systems. The respective chemical and optimized
structures of Br-, Brz, Brs, TEATB, TPATB, TBATB, and CTMATB are shown in table 2.1.

below.
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Table 2.1. Chemical and optimized structures of Brs, QATBs, TEATB, TPATB, TBATB, and

CTMATB
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The parameters that are studied from the above optimized structures are:

2.2.1.

2.2.2.

2.2.3.

2.2.4.

2.3.

2.3.1.

Bond lengths

The bond length of N-Brl, Brl-Br2 and Br2-Br3 were determined in order to
understand the symmetry of the tribromide ion in the QATB systems.

Bond angles

The bond angle between Br1-Br2-Br3 was observed in all the QATBSs to evaluate if the
tribromide ion is linear or bent in the presence of the QA* ions.

Atomic charges

The Mulliken charges in each Br atom was checked for understanding the charge
distribution in the tribromide ion.

Orbital energies

The orbital energies of Brs~, Bro, and Br- were recorded for developing the MO

diagram of Brs".

The Br atom nearest to the N atom is designated as Brl, consecutively, the central Br

atom is considered as Br2 and the Br atom farthest away from the N atom as Br3.

Results and discussion

The MO diagram of Brs

The tribromide ion was studied to understand its bonding through MO diagram. The MO

diagram provides information about the way orbitals take part in the bonding which is a vital

step for understanding a molecule at the electronic level. It is crucial to study compounds at

electronic level so as to plan experiments by predicting the product that might form and

perform further experimental studies.
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It is known that bromine can form higher valencies upon excitation, and these valencies
logically arise by promoting electrons from filled p and s-levels to empty d-levels resulting in
unpaired electrons[39]. These unpaired electrons become very reactive and cause the moiety
to form a stable ion by taking up an electron, which becomes possible because of the electron
affinity of bromine atom (80.5+0.4 kcal/mol)[40] and also because of its oxidation potential.
The tiy orbital of bromide then takes part in the formation of tribromide as a two-electron
donor to the acceptor Brz. In order to develop the molecular orbital diagram, we can take cues
from the 4c-3e approximation that was suggested by Rundle-Pimentel, and accordingly state
that the Brz™ ion is formed by the combination of Br, molecular orbitals and Br~ atomic
orbitals. Thereafter, in order to propose the MO diagram of Brz~, we first consider the MO
diagram of Br> molecule which is shown below in figure 2.1.
U’4pz
o o
R e LB S SRR S &
s A I I R

G-Igz
LS ds
Gys
Br Br, Br

Figure 2.1. MO diagram of Br-
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According to the molecular orbital diagram of Br, the inner shell of Br, is non-bonding since
the orbitals mpx and mpy and their corresponding antibonding orbitals, mpx* and mpy™ are
completely filled and are not expected to take part in the MO of Brz™. This leaves a o-bond
from the filled o4p; Orbital, and since there are no electrons in the corresponding antibonding
molecular orbital (osp,*), thus these orbitals will take part in bonding with Br~ as highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of the
acceptor respectively:

The MO diagram of Brs~ forming from Br, and Bris presented based on the DFT results of
orbital energies of the three species as shown in figure 2.2. The diagram is built without
inclusion of the 3d orbitals of Br~ since they do not take a major part in the donor-acceptor
bonding[41]. Furthermore, the 7 system of Brs™ is also neglected in the MO diagram since all
of them are wholly occupied and might not provide vital information about the nature of
bonding in the same. The o system of Brz™ has three orbitals, namely W1, W2 and W3, two of
which are occupied. Thus, the MO diagram of Brz~ was constructed from the c4p; and oap,*
orbitals of Brz and ty, orbital of Br—. The energies of cap; and c4p,* Were determined from the
optimized structure of Brz and are found to be -4.24 eV and -11.80 eV respectively. The
energy of the orbital tiy, as determined from the optimized structure of Br- was found to be
-0.84 eV. The energies of the three sigma orbitals, W1, ¥2 and W3, are -0.69 eV, -3.33 eV and

-6.52 eV respectively.

69



Chapter 2 Structure and bonding

i
¢ tlu
O 4pe "Pg
1 k4|
C"-1'1:11
(Accepior) (Complex) (Domnor)
Bl‘z Bl‘g' Br

Figure 2.2. MO diagram of Brz forming from Br, and Br~

As can be seen from the MO diagram (figure 2.2), the MO of Brs~, ¥y, is formed from the
combination of HOMO of Brz (o4p;) along with a minor contribution from HOMO of Br-
(04pz*). The HOMO of Brz", W2, is formed from mixing of both 64p; and c4p,*. The LUMO of
Bro, o4p:*, serves as the significant acceptor orbital and the amount of its mixing in Y2
determines the stability of the complex. W2 may be highly antibonding if the contribution of
o4pz* 1S 100 less in W, because of the antibonding contribution of o4p;. This may cause
weakening of the net bonding character thereby resulting in an unstable complex. However,
when there is a proportionate mixing of o4p,* into W2, the complex will be stable as the
antibonding component will be reduced between Brz and Br.

On the other hand, when the Brs~ complex is formed, a net transfer of electrons from Br~ to
Br» takes place. Since, the HOMO of the Brz™ is created from the contribution of cap,*(wWhich

is vacant in free Brz), Brz gains an electron. The Br~ loses its electrons due to the contribution
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of tyy into the LUMO of the complex, 3. Furthermore, the bonding in Bro will weaken due to
the partial involvement of the antibonding orbital of Bro, i.e., cap,*. From the optimized
structure of Brz, the bond length Br-Br was found to be 2.33 A, however in case of Brs, this
bond length increases to 2.63 A, thereby justifying the bond weakening in Brz. Subsequently,
it was seen that the two terminal Br atoms are equidistant from the central Br atom in Brs".
Thus, it can be said that there is a sizable mixing of c4p; and o4p;* in W2 resulting in the
stabilization of the Brz~ complex.

2.3.2. The electronic structure of Brs~

DFT calculations were performed to optimize all the concerned structures to their ground
states, so as to evaluate the electronic parameters of Brs~. After optimization, it was observed
that the structural geometry of isolated Brs~ was linear, where the distance between the two
terminal bromine atoms from the central bromine atom was 2.63 A. Both the terminal bromine
atoms have same atomic charges of -0.473, and the central atom bears a charge of  -0.053.
However, in QATB systems, the geometry of Brz~ seems to differ from its isolated state. In all
the QATBSs, the terminal bromine atom closest to the nitrogen atom is the most negatively
charged having charges of -0.611, -0.617, -0.623, and -0.592 in TEATB, TPATB, TBATB,
and CTMATB respectively. Interestingly, it is also observed that the central bromine atom
which is negative in isolated Brs, is positive in the QATBs with respective charges of 0.049,
0.055, 0.067, and 0.054 for TEATB, TPATB, TBATB, and CTMATB. And the terminal
bromine atom which is the farthest away from the nitrogen atom have charges of -0.335, -
0.339, -0.331, and -0.346 over them for TEATB, TPATB, TBATB, and CTMATB
respectively. Subsequently, it was observed that in QATBs there is alteration in the bond

lengths as well. As presented in the table 2.2, the Brl atom is more attracted towards the
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nitrogen atom since the bond length Br1-Br2 is longer than Br2-Br3 in case of all the QATBs.
The reason for this could be because of the distribution of the electrons to form an ionic bond
between the N-atom of ammonium and Brl of tribromide. Further observation of the structural
geometry of Brs~ revealed that its geometry is distorted from its original linearity in the cases
of all the QATBs. The cause of this distortion could be the formation of a N-Brl bond leading
to the shift of electron cloud towards the Brl thereby attaining a slightly bent shape. Another
reason for the change in geometry might be due to the steric hindrance caused by the bulky
group of the ammonium moieties. Therefore, from these observations, it can be said that the
tribromide ion, in presence of a quaternary ammonium ion loses its linearity, and attains a bent
shape with unequal charges in the terminal bromine atoms, and unequal bond lengths Br1-Br2
and Br2-Br3. These results give scope for further studying the mechanistic pathway of
bromination reactions by QATBS.

Table 2.2. Mulliken charges, bond lengths, and bond angles of Brs™ ion in TEATB, TPATB,
TBATB, and CTMATB

Bond angle
Mulliken charge (au) Bond length (A)
QATBs (Degrees)
Brl Br2 Br3 Bri1-Br2 Br2-Br3 Bri1-Br2-Br3
Brs~ -0.473 | -0.053 | -0.473 2.63 2.63 180

TEATB | -0.611 | 0.049 | -0.335 2.83 2.56 174.74
TPATB -0.617 | 0.055 | -0.339 2.82 2.56 175.49
TBATB | -0.623 | 0.067 -0.331 2.83 2.56 175.27
CTMATB | -0.592 | 0.054 | -0.346 2.80 2.57 174.25
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2.4.  Conclusion

The study showed that the bonding in tribromide ion can be explained in terms of donor-
acceptor interactions. The bonding is a result of interaction between Brz and Br— ion where Br;
acts as the acceptor and Br~ as the donor. The bonding between Br, and Br~ results in decrease
in net bonding character in the Bro molecule. DFT results revealed that in the case of QATBS,
the tribromide ion is non-linear, and the central bromine atom is non-equidistant from the
terminal bromine atoms. This distortion from its original symmetrical structure might be
because of steric hindrance from the bulky groups in the cations. It is expected that this study
will set a foundation for understanding the mechanistic pathway of bromination reaction by
QATBs.
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Chapter3
Understanding the Structure — Reactivity Correlation of Different

QATBs in Bromination Reactions

This chapter presents the details of a comparative study of two QATBs for their
efficiency in bromination reactions on a diverse variety of substrates. Wet lab
experiments were performed to determine the product yield and reaction time and this
was followed by DFT studies to determine various electronic parameters like
dissociation energy, HOMO-LUMO energy gap, and dipole moment of the studied

reagents.

The work described in this chapter has been published in:

Chemical Physics Letter, 2018, Volume 711, Pages 118-126.
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3.1.  Introduction

3.1.1. Structural variation in QATBs

Quaternary ammonium tribromides (QATBs) have been explored for their applications since
nearly a century now and over the years their several types have been synthesized, ranging
from aliphatic to aromatic as well as complex tribromides, which have been reported for
various applications[1-3]. Goswami et al.[4] reported the use of benzyltrimethyl ammonium
tribromide (BTMATB) as an oxidizing agent whereas the same reagent has been reported by
Kajigaeshi et al.[5] as a brominating agent for phenolic derivatives. Some other QATBs like
phenyltrimethyl ammonium  tribromide (PTMATB)[6], 1,8-diazabicyclo [5,4,0]-
tetrabutylammonium tribromide[7,8], hexamethonium bis(tribromide)[9] etc., have also been
explored mostly for their use as brominating and oxidizing agents[6-9]. More common
QATBs viz., tetramethyl ammonium triboromide (TMATB)[10], tetraethyl ammonium
triboromide (TEATB)[11], tetrapropyl ammonium tribromide (TPATB)[12], tetrabutyl
ammonium  triboromide (TBATB)[13], and cetyltrimethyl ammonium tribromide
(CTMATB)[14] have been synthesized by different methods over the years considering their
high efficiency as brominating agent.

3.1.2. Role of the quaternary ammonium cation

As discussed in the previous chapters, QATBs consists of two ions i.e., the quaternary

ammonium cation (QA®) ion and the tribromide anion (Br,") ion, which is common in every
QATB and this Br," is responsible for the bromination of the substrates[15,16]. However, it

has been observed, despite the exclusivity of the brominating agent, there is always some
variation in the reaction profile and product yield[17] which might be because of the influence

of different QA" ion in the Br, ion. The structural determination in the previous chapter
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clearly shows that, the QATBs have some dissimilarity in their structural geometry, which
might have some influence on the reactivity of these QATBs. Therefore, it was considered
important to study if the role of the quaternary ammonium cation goes beyond charge
neutralization, and also it plays an active role in determining the feasibility of reactions.

3.1.3. Selected QATBs in bromination reactions

QATBs are versatile reagents and over the years their different types have been synthesized
and explored various types of organic transformations and applications[1-3]. Among the
various QATBs that have been studied over the years, CTMATB and TBATB have gained
tremendous attention and are extensively employed in bromination of organic substrates.
Despite the large number of QATBs that are present in literature, a comparative study to
assess their efficiency as brominating agents is yet to be done exclusively, which is important
in the pursuit of selecting a suitable reagent of choice. And thus, for the purpose of this
chapter, priority have been given to only bromination reactions, where CTMATB and TBATB
have been explored for their bromination efficiency through wet lab experiments and
computational studies. Wet lab experiments have been performed by taking a diverse group of
substrates to justify the trend in the results, where product profile analysis have been taken
into account. Density functional theory (DFT) calculations have been performed taking phenol
as the substrate of choice while mimicking the wet lab reaction conditions to achieve an
optimum outcome. Further details of the work have been explained through this chapter.

3.1.4. Relevance of DFT studies

DFT is one of the most versatile tool in computational chemistry and there are numerous
electronic parameters that can be obtained by performing a DFT calculation of chemical

compounds[18-21]. Different parameters correspond to different aspects of understanding a
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compound or a reaction such as adsorption energy, chemical hardness, electrophilicity,
transition state calculation, the energy gap of the highest occupied molecular orbital (HOMO)
—lowest unoccupied molecular orbital (LUMO) etc. For this part of the study, the parameters
taken into account are dissociation energy[22-24], HOMO-LUMO energy gap and dipole
moment[25] of the cation. The details of the work have been presented thereof.

3.2. Materials and methods

3.2.1. Experimental studies

3.2.1.1. Bromination of organic substrates

In order to validate the findings in the literature[11,16], it was thought crucial to execute the
bromination reactions under the identical reaction condition. And thus, a collection of organic
substrates with different functionalities was chosen for studying the bromination reactions by
CTMATB and TBATB. The substrates chosen for this study were phenol, aniline, anthracene,
chalcone, o-cresol, and 1-naphthol.

For the reaction, equimolar amounts of the reagent (2 mmol) and substrate (2 mmol) were
taken in a 50 ml round bottom flask and to it acetonitrile (10 ml) was added. The reaction
mixture was vigorously stirred in a magnetic stirrer at room temperature. The progress of the
reaction was monitored by Thin Layer Chromatography (TLC) on silica gel 60 F254 (0.25
mm). After completion of the reaction, the reaction mixture was subjected to column
chromatography over a short pad of silica gel with ethyl acetate-hexane solvent system and the
final product was isolated.

3.2.2. Computational studies

All the concerned structures in this work were constructed using the GaussView6[26] software

and were have been optimized on the Gaussianl16[27] suite of programs using the DFT
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employing the B3LYP hybrid functional and 6-311++G (d,p) basis set. The use of the 6-
311++G(d,p) basis set has been emphasized specifically due to the quality of the basis set
which is of triple-{ quality for valence electrons with diffuse functions and thus, is suitable for
structural calculations for ions and chemical species containing lone pair(s) of electrons. The
equilibrium geometry optimizations were carried out without any symmetry constraints, and
the optimized geometries were subjected to vibrational frequency analysis to determine the
nature of stationary points and the zero-point vibration energies(ZPE)[28,29]. The absence of
any imaginary frequency in the matrices of energy second derivatives (Hessian) verified the
characteristic of local minima. As the wet lab experiments have been performed in acetonitrile
solvent, the obtained in vacuuo geometries were subjected to further optimizations applying
the Polarizable Continuum Model (PCM), with the purpose of making a proper comparison
with the experimental results. In this quantum chemical approach, the solute is put in a cavity
surrounding by the solvent, which is considered as a continuum defined by its dielectric
constant (¢ = 37.5 for acetonitrile)[30].

3.2.2.1. Dissociation energy

Theoretical calculations have been performed considering the well-known hypothesis that
each QATB dissociates into its respective quaternary ammonium cation (QA™) and tribromide
ion (Brz")[31] when exposed to certain solvent media. Therefore, it is predictable that the
QATB which dissociates more quickly into its respective cation and tribromide ion is
projected to the most reactive one[32]. Thus, the following equation have been treated as a

reference point;

QATB — QA* + Bry 1)
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The dissociation energies of the QATBs (in acetonitrile) were calculated as:
AE= Eqarte- (Eqa* + Esry)

Where,

AE= Dissociation energy of QATB

Eoqate= Energy of optimized QATB

Eoa+= Energy of optimized QA"

Eer, ™ Energy of optimized gy,-

It is known that higher the magnitude of AE (it is to be emphasized that in all the concerned
cases the sign of AE is negative), more feasible the reaction is and accordingly more efficient
is the corresponding QATB as a brominating agent.

3.2.2.2. HOMO-LUMO profiles and energy difference

The HOMO-LUMO energy gap of any molecule may be used to determine its stability and, as
a result, its reactivity. Because it is energetically unfavorable to insert electrons into a high-
lying LUMO and removing electrons from a low-lying HOMO, a smaller energy gap can be
used as a measure of chemical and thermodynamic instability and increased chemical
reactivity, and vice versa[33]. For the present study, the MO diagrams have been generated
from the optimized structures using the “CubeGen” formalism present within the GaussView6
software.

3.2.2.3. Dipole moment

The dipole moment is an important metric for determining how atoms in the same or distinct
molecules interact. It is a measure of the polarity of a chemical bond within a molecule. The
dipole moment of the cation has been taken into account since it is the hydration energy of the

cation that will enhance the dissociation of the Brs~ from the QATB salt into the solvent
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medium. Generally, a larger dipole moment corresponds to higher solvation energy which
thereby would accelerate the dissociation process in a polar medium[33].

Structure of the QATBs, QA" and Brs~

Over the years, several distinct quaternary tribromides have been synthesized, each with its
own set of characteristics and reaction profiles. For the present work, emphasis have been
given to bromination reactions with the aim to fully ascertain the role of the cationic part, and
thus, two aliphatic quaternary ammonium tribromides, TBATB and CTMATB have been
chosen for the comparison of their efficiency as brominating agents. TBATB contains four
butyl groups in its cationic component, whereas CTMATB has three methyl groups and a cetyl
chain in its cationic section. The structures of the TBATB, CTMATB, tetrabutyl ammonium
cation (TBA"), Cetyltrimethyl ammonium cation (CTMA"), and Brs obtained using the

above-mentioned optimization protocol, are shown below in figure 3.1, 3.2, 3.3, 3.4, and 3.5.

Color code: O
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0

H

(@) (b)

Figure 3.1. (a) Optimized structure of Tetrabutyl ammonium tribromide (b) Chemical

structural formula of Tetrabutyl ammonium tribromide
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Figure 3.2. (a) Optimized structure of Cetyltrimethyl ammonium tribromide (b) Chemical

structural formula of Cetyltrimethyl ammonium tribromide

Figure 3.3. Optimized structure of Tetrabutyl ammonium ion
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Figure 3.4. Optimized structure of Cetyltrimethyl ammonium ion
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Figure 3.5. Optimized structure of Tribromide

3.3.  Results and discussion

3.3.1. Product profile analysis of the QATBs

In order to validate the literature reports[11,16], it was thought important to execute the
bromination reactions under the same reaction conditions. Consequently, a collection of
organic substrates with varied functional groups was selected for bromination reactions by
TBATB and CTMATB. The details of bromination reaction profile have been shown in Table
3.1

Table 3.1. Bromination of organic substrates with TBATB and CTMATB in acetonitrile

solvent at room temperature

Reaction time® Yield®(%)
a
Substrate Product TBATB CTI\éIAT TBATB | CTMATB

OH

OH
© © 3h 30min 3h 60 70

Br
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NH I
© © 3h 10min 2h 20min 60 65
Br
Br
OOO 3h 40min | 3h 10min 70 87
(o] (0] I§3r

O Z O 5h 3h 15min 65 92
B

Br

NH
NH
( ) I )\ 4h 20min | 2h 50min 65 68
N Br / Br
N

OH OH

2h 50min 2h 5min 80 82

OH
OO OO " 3h 1h 50min 81 82

aProducts were characterized by comparison with authentic pure sample. PReactions were
monitored by TLC. ‘isolated yields are reported.

The product profile analysis of the studied reaction clearly indicated that there is no difference
in product selectivity, but the reaction time and product yield is different from substrates to
substrates. In case of reaction with CTMATB, the reactions tend to finish faster, giving better
product yield than in the case of reaction with TBATB.

3.3.2. Reactivity parameters of the QATBs

In order to support the above experimental results, dissociation energy of the two QATBs

were determined using computational calculations employing the DFT method. The DFT
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results of dissociation energy obtained after optimizing the structures computationally are

presented below in table 3.2. As can be observed from the results, the dissociation energy for

TBATB is calculated to be -5 kJ/mol and that for CTMATB is -8 kJ/mol. Therefore, from the

dissociation energies of the two QATBs, it can be ascertained that, in acetonitrile solvent

medium, the dissociation of CTMATB is energetically more feasible than the dissociation of

TBATB. Hence, it can be established that CTMATB may dissociate faster into its constituting

ions and is a more efficient brominating reagent than TBATB(Scheme 3.1).

Table 3.2. EQATB, EQA"', EBr3', and 4AE OfTBATB and CTMATB

QATB Eqats (kimol™) Eqa* (kJmol™?) Esr,-(kJmol™) AE (kJmol™)
TBATB
-2.2077379 x 10’ -0.1801561 x 10’ -5
-2.0275813 x 10
CTMATB
-2.2387140 x 10’ -0.2111319 x 10 -8
CHy  con CH
4Mg 4719 CyH
AE= -5KJ/mo
\Né o /mol \ 4Mg
N Brg > N® + Brg
C.Hs | G |
CaHy CsHg
TBATB TBA*
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AE= -8KJ/mol
N® Bf > _N® B
CH3(CHy)15s | CH3(CHy)15 |
CH, CHs
CTMATB CTMA*

Scheme 3.1. Schematic diagrams of dissociation of TBATB and CTMATB to give their

respective cation and tribromide ion

Subsequently, the HOMO-LUMO energy gap of CTMATB and TBATB were calculated from
their optimized structures and the results revealed lower HOMO-LUMO energy difference in
case of CTMATB (energy gap for CTMATB is -2.54182 eV) than TBATB (energy gap for
TBATB is -2.69474 eV). And as was in the previous section, a smaller HOMO-LUMO energy
gap corresponds to higher reactivity of the molecule and vice versa. Therefore, it can be
concluded from the results that, CTMATB will have better reactivity than TBATB in

bromination of organic substrates.

Thereafter, an observation on the dipole moment of the two cations of the studied QATBs was
made to determine the dissociation of Brz from the QATB salt. As shown in table 3.3,
CTMA+ has a higher dipole moment than TBA+ suggesting that the former will reinforce the
dissociation of Brs~ into solution faster than the later. Accordingly, it can be said that

CTMATB will act as a better brominating agent than TBATB in polar medium.
Table 3.3. Some molecular parameters of TBATB and CTMATB calculated using B3LYP/6-

311G++(d,p) level of theory
Parameter TBATB CTMATB

AE (kJ/mol) 5 -8
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Eromo(kJ/mol) -739.81345 -936.96226
ELumo(kJ/mol) -479.81345 -691.71428
EHomo-Lumo)(eV) -2.69474 -2.54182
Dipole moment(Debye) 0.7923 (TBA") 35.9861MA")

3.4.  Conclusion

QATBs have always displayed different reaction profiles depending on many factors like
choice of solvent, heating conditions, etc., but mostly due to the choice of QATB. In this
work, two of the most popular QATBs have been chosen to study their bromination efficiency
through experimental as well as computational calculations. Accordingly, the effect of their
cations on the bromination reactions have been studied by performing reactions with a group
of substrates consisting of different functionalities. Thereafter, DFT calculations were
performed to determine the dissociation energy and HOMO-LUMO energy gap of the
molecules as well as the dipole moment of their respective cations. The wet lab experiments
indicated that CTMATB has an edge over TBATB in terms of reaction time and product yield.
Thereafter, the results of the dissociation energy displayed that the dissociation of CTMATB
to CTMA+ and Brs™ should be more feasible than the dissociation of TBATB to its constituent
ions. Subsequently, it was found that the HOMO-LUMO energy of CTMATB is smaller than
that of TBATB, further justifying the better reactivity of CTMATB. Lastly, the dipole
moments of CTMA+ and TBA+ were observed to determine the dissociation efficiency of the
respective QATBs to give Brs~ and the results once again indicated towards the better
dissociation of CTMATB as compared to that of TBATB. And thus, it can be said that the
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results of all the experiments and calculations in this work suggested towards the better

reactivity of CTMATB over TBATB thereby proving that the experimental and computational

studies complimenting each other. This work is conducted with the expectation of building a

foundation to highlight better brominating agents for the purpose of achieving a maximum

outcome from any bromination reaction.
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Chapter 4
a) Study on the Efficiencies of CTMATB and TBATB in

Bromination of Activated Carbon

Brominated activated carbon is an extremely important material especially in
mercury removal. Brominated activated carbon is usually prepared by bromination
of the activated carbon surface with liquid bromine, which is well-known for its high
toxicity. However, efforts are being made to find more environmentally benign
brominating reagents, for preparing brominated activated carbons. Therefore, in this
piece of work, TBATB and CTMATB have been explored to compare their potentials

as brominating agents in bromination of activated carbon.
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4.1. Introduction

4.1.1. Importance of brominated activated carbon

The usefulness of activated carbon (AC) has been widely reported with applications such
as water and air purification[1,2], use in cosmetic industry[3], is used for methane and
hydrogen storage[4,5], etc. Due to their wide range of applications, various researchers
over the world have been attempting to make modifications in the AC surface in order to
enhance its properties. One such modification leads to the production of brominated
activated carbon (BAC) which have shown tremendous enhancement of properties over
pristine AC in terms of pollutant removal, electrochemical properties, etc[6].

4.1.2. Common brominating agents for preparation of BAC

Bromine is known to be the most common brominating agent for preparation of
brominated compounds[7,8]. And the same is the case for brominated activated carbon
(BAC) which as per literature review, is prepared mostly by using bromine considering the
spontaneous bromination of the substrates. For example, Papirer et al. 1994 did an XPS
study where they used bromine vapours in CCls solvent medium for bromination of carbon
black[9]. Jin et al. 2000 studied the intercalation of bromine in multi-wall carbon nano
tubes where liquid bromine was used for the purpose under N2[10]. Barpanda et al.
2011[6] reported the preparation of BAC using liquid bromine to study the structure,
surface morphology and electrochemical properties of the prepared compound. Further,
Bulusheva et al. 2012[11], Friedrich et al. 2013[12], and Jankovsky et al. 2014[13]
reported the application of bromine for bromination of their respective carbon materials. It
IS quite clear that bromine has been extensively used for bromination of different kinds of
carbon materials. However, despite its efficiency, the toxicity related to the same cannot be
neglected and thus continuous attempts are being made by researchers to find and use

environmentally benign alternative agents for preparation of BAC. Among the various
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available alternatives, Cetyltrimethyl ammonium tribromide (CTMATB) has also been
explored for the bromination of activated carbons (ACs), and thereby the BAC prepared
have been successfully applied for the removal of bacteria from water[14]. Although the
efficiency of CTMATB is well established, it has some limitations because of its bulky
size and surfactant properties. CTMATB is just one type of quaternary ammonium
tribromide (QATB) and there are various others with different cationic parts, among
which, tetrabutyl ammonium tribromide (TBATB)[15] is also a popular reagent. With an
attempt to introduce a new brominating agent for synthesis of brominated activated carbon
(BAC), in this work the efficiencies of CTMATB and TBATB in bromination of ACs have

been compared.

4.1.3. Effects of surface functional groups in preparation of BAC

A factor that affects the efficiency of bromination of activated carbon is the presence of
surface functional groups[16]. The nature of the functional groups depends on the
activation process of the carbon[17,18]. Among the various activation processes, KOH
activation is one of the most common methods which leads to formation of oxygen
containing functional groups on the activated carbon (AC) surface[19-21]. Therefore, in
this study certain oxygen containing functional groups have been considered to explore
their effects on the AC surface and to determine the brominating efficiency of CTMATB
and TBATB for bromination of the studied activated carbon models. Density functional
theory (DFT) has been used for determining various parameters which defines the

reactivity of any compound.

4.2.  Materials and methods
Computational calculations come with their own set of requirements, such as, it is
extremely important to construct the structures with exact accuracy, to apply the

appropriate method, embedding the right solvent conditions, observing the vibrational
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frequencies, etc. And therefore, an extensive literature review was conducted before
performing the calculations computationally so as to maximize the precision in results. For
this work, Gaussian16[22] software was used for the optimization of all the concerned
structures which were initially constructed in the GaussView6[23] graphical user interface.
The structures were optimized at B3LYP[24] model of theory with 6-31G basis set[25].
These reactions are usually performed in water and thus the polarizable continuum method
was fitted with dielectric constant of ¢ = 78.4[26] to introduce the solvent conditions of
water. Additionally, vibrational frequency analysis was also observed to validate the nature
of stationary points.
The parameters studied for this piece of work are:
4.2.1. Interaction energy
The interaction energy of various interaction between TBATB and the ACs have
been determined to observe the best interaction between them.
4.2.2. Bond lengths
Various bond lengths have been evaluated to determine the best interaction and the
bond strengths of various bonds.
4.2.3. Relative total energy
Relative total energy was evaluated to study the most favoured position for
bromination the studied ACs surface.
For understanding any interaction theoretically, it is vital to construct and use the correct
models of structure. According to the solid-state *3C nuclear magnetic resonance
observations, there are three to seven fused rings in the activated carbon surface[27]. A
four benzene rings (CisHe) armchair model was chosen for the present study where the
upper edge side was unsaturated of hydrogen atoms to generate the active sites for

bromination. Since KOH activation is one of the most common methods for activation of

101



Chapter 4 (a) Bromination of activated carbon

carbon, the oxygen containing functional groups have been chosen for this study and thus
the groups have been embedded in the active sites of the activated carbon surface for
studying their interaction with TBATB/CTMATB. The oxygen containing functional
groups such as hydroxyl (OH), carboxyl (COOH), and aldehyde (CHO) are introduced in
the activated carbon surface to determine their influence on the extent of
bromination/interaction. The AC models were named pristine armchair (AC-P), -OH
armchair (AC-OH), -COOH armchair (AC-COOH), -CHO armchair (AC-CHO), and

-COOH+CHO+OH armchair (AC-ALL) is presented in the figure 4.1 below.

The interaction energy (Ei) of the TBATB/CTMATB and activated carbon is calculated
using equation

E; = Epp — (E4 + Ep)
where, E,5 is the total energy of TBATB/CTMATB and activated carbon in an equilibrium
state; E,is the total energy of the TBATB/CTMATB; E} is the total energy of the activated
carbon. Generally, the higher negative value of interaction energy indicates more stability

and stronger interaction.

Following that, it is expected that in case of QATBSs, Br» is released during bromination,
which happens when there is bond lengthening of one Br-Br and bond shortening of
another Br-Br in the Brs~ species. The bond lengthening usually occurs between the Br
atom closest to the N atom of the quaternary ammonium cation in QATBs and the central
Br atom of Brs-, while the bond shortening happens between the central Br atom and
terminal Br atom in Brs™. In the present study, in the structures of CTMATB and TBATB,
the Br atom nearest to the N atom is designated as Brl, the central Br atom is considered as
Br2 and the Br atom farthest away from the N atom as Br3. Thus, the bond lengths Brl-
Br2 and Br2-Br3 are observed in CTMATB and TBATB in the presence of all the
activated carbon models under study so as to determine how they influence the Br-Br
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bonds in these QATBs. An efficient interaction will be one in which the Br1-Br2 bond
length is longest and Br2-Br3 bond length is shortest, thus a fourth parameter is studied
where the ratio of Br1-Br2 and Br2-Br3 is determined in order to see if which interaction

have the highest efficiency to brominate the activated carbon.

Subsequently, it was considered important to determine the most stable configuration of
each brominated activated carbon (BAC) i.e., the most stable position for the bromine
attachment in each activated carbon (AC). For this purpose, the total energies of all
possible configurations of all the studies compounds have been evaluated and compared.
The structures with the least energies among all possible configurations of each compound
have been chosen as the accepted bromine attachment position. And lastly, the C-Br bond

length has also been observed to determine the strongest C-Br bonded structures.

AC-COOH AC-CHO
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Color key: O O

C H O

Figure 4.1. Optimized structures of pristine and functionalised activated carbon

4.3.  Results and discussion

Brominated activated carbon serves as a vital industrial component. However, due to the
adverse effects of bromine, alternate brominating agents are frequently explored. QATBs
have garnered reputation as excellent reagents for bromination of various groups of organic
substrates and thus in this study an attempt has been made to study the interaction of two
of the most popular QATBs viz. CTMATB and TBATB with pristine and functionalized

activated carbon.

4.3.1. Determining the best interaction between different ACs and the two QATBs

For this study, hydroxyl (-OH), carboxyl (-COOH), aldehyde (-CHO) functional groups
were chosen and accordingly, five carbon models depicting AC-P, AC-OH, AC-COOH,
AC-CHO, and AC-ALL were considered and their interactions with CTMATB and
TBATB was studied. The consideration of activated carbon models with different
functional group would aid in understanding the effect of such functionalities on the extent

of activated carbon bromination. The various interactions representing the bromination
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process are given in figure 4.2, while the interaction energies and the bond length obtained

for the various type of bromination interactions are given in table 4.1
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Table 4.1. The interaction energies and the bond lengths obtained for the various type of

bromination interactions

Interaction Br1-Br2 bond | Br2-Br3 Br1-Br2/Br2-
QATB AC model energy length bond length Br3
(kJ/mol) A) (A)
2.71 2.68 1.01
AC-P -16.12 2.69 2.67 1.01
AC-OH -9.53 2.70 2.68 1.01
CTMATB

AC-COOH -17.37 2.72 2.66 1.02
AC-CHO -7.48 2.72 2.68 1.01
AC-ALL -13.04 2.69 2.67 1.01
2.70 2.69 1.00

TBATB
AC-P -17.61 2.69 2.68 1.00
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AC-OH -102.59 3.33 2.96 1.13
AC-COOH -194.31 3.38 2.95 1.15
AC-CHO -12.48 2.70 2.69 1.00
AC-ALL -54.62 2.47 2.46 1.00

From the table, it can be inferred that functionalized activated carbon might have better
interaction with CTMATB and TBATB than pristine activated carbon. Additionally, it can
be observed that in general the modelled ACs have better interaction with TBATB as
compared to CTMATB. Furthermore, the interaction energy is lowest in case of interaction
with AC-COOH for both CTMATB and TBATB (-17.37 kJ/mol for AC-
COOH+CTMATB and -194.31 kJ/mol for AC-COOH+TBATB). Also, the strongest
interaction was observed in case of AC-COOH+TBATB (-194.31 kJ/mol) which has the
lowest energy among all the studied interactions. Thereafter, when we observe the various
bond lengths, it becomes clear that the results of interaction energy compliment with the
bond length ratio. The interactions with lower energy have a higher Br1-Br2/Br2-Br3 ratio
indicating that during these interactions the release of Br, will be faster. The ratio is
highest again for interaction with AC-COOH for both CTMATB and TBATB (1.02 for
AC-COOH+CTMATB and 1.15 for AC-COOH+TBATB). Further, the results, it can be
understood that the ratio is highest for AC-COOH+TBATB (1.15 for AC-
COOH+TBATB). Therefore, from the table, it can be said that TBATB might act as a
better brominating agent for bromination of activated carbon than CTMATB. Also, the
presence of COOH functional group on the AC surface might positively influence the

interaction of the ACs with the QATB:s.
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4.3.2. Determining the most favourable position for bromination in the AC surface

Thereafter, effort was made towards obtaining the most preferred bromine attached
configuration by determining the total energies of all possible systems and the C-Br bond
length in each case. There are three positions of carbon possible for bromination in each
activated carbon (AC) except for AC-ALL where all the three functional groups are
embedded. The three carbons in each AC have been numbered as 1, 2, and 3 as shown in
the figures in table 4.2. As per well-established fact, the configuration with the lowest
energy (highest negative value) will be the most stable structure and a shorter C-Br bond
represents strong bonding in the compound. The results of this assessment are presented in
table 4.2 as given below. In order to maintain simplicity in the results obtained, the total
energies are converted into kJ/mol and the relative energies are presented where the

highest energy in each case is considered as 0.

Table 4.2. Total energies of all the bromine containing systems

Relative total
C-Br bond
Functional groups Possible bromine positions energy (in
length (A)
kJ/mol)
Pristine BAC
4
’), j’ 2 -59.17 1.93
No functional groups J,‘/ - ‘/J Y
04”9 oo
" A =
J""J 9
9
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P {z -274.49 1.94
\ )
Pt
J
-377.96
1.92
0 1.98
21.35 2.00
-OH
-356.85 1.94
0 1.97
-COOH+CHO+OH
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The results obtained in table 4.2. clearly indicate that the most preferred position for
bromination is at carbon number 3 in all the cases. The relative total energy is the lowest
(highest negative value) in the structures with bromine in the third position. Further, the C-
Br bond length also indicates that position 3 is most favourable as the strongest bonds are
all in position 3. Therefore, from these results, we can conclude that bromination might

occur in position 3 all the cases.

4.4.  Conclusion
This study was conducted to explore the potential of QATBs in bromination of AC and
therefore CTMATB and TBATB were chosen as representatives for QATBs and few AC
models were chosen including pristine AC and some oxygenated functionals containing
ACs like AC-OH, AC-COOH, AC-CHO, and AC-ALL to understand their interaction. The
first part of the study was to evaluate the influence of the surface functionals on the
interaction of the ACs with the QATBS, and the results revealed that TBATB might be a
better brominating agent than CTMATB for bromination of the studied ACs and that the
COOH functional might have a better influence in the interaction of the ACs with both the
QATBs. Thereafter, an effort was made to determine the most favourable position for
bromination on the engaged ACs surfaces and the results indicated that position 3 is most
favourable as the relative energies are lowest when bromine is attached in this position and
the strongest bonds are all in position 3 as indicated pictorially in the images above.
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Chapter 4
b) Determining the Influence of Oxygenated Functionals on

Brominated Activated Carbon towards Mercury Adsorption

Mercury toxicity has been widely reported; therefore, newer methods are
continuously being designed to remove mercury from water and air. Brominated
activated carbon is an excellent candidate for mercury removal through surface
adsorption, which has been used in various ways to adsorb mercury efficiently.
Different types of brominated activated carbons have been prepared and studied for
their mercury adsorption ability; however, the effect of oxygenated functionals on the
mercury adsorption ability of brominated activated carbons has not been explored
exclusively. Therefore, this chapter presents the efficiencies of certain oxygenated
functionals containing brominated activated carbon, designed in the previous part of

this chapter, in mercury adsorption.
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4.6. Introduction

4.6.1. Hazards associated with mercury

Mercury is a highly hazardous heavy metal which is harmful to plant as well as animal life
due to its extreme toxicity, transport through food chain and bio accumulation[1,2].
Mercury is released into the atmosphere from various sources like oil refining, cement
production, biomass burning etc. and natural sources like volcanic eruption, geothermal
springs, emission from the ocean etc[3,4]. One of the major sources of anthropogenic
mercury pollution is coal-fired power plants accounting for almost 30% of mercury

emissions into the atmosphere[5].

4.6.2. Different processes for mercury removal

There are mainly three forms of mercury in the flue gas which are elemental mercury
(Hg®), oxidised mercury (Hg?*), and particulate-bound mercury (HgP)[6]. Among these, the
Hg® is most difficult to remove which is because of its high vapour pressure, high
operating temperatures, and low solubility in water[7]. Zambrano et al., 2002 reported the
removal of mercury from aqueous solutions by the method of complexation-
ultrafiltration[8]. Abai et al., 2015 reported the removal of mercury from natural gas using
ionic liquids[9]. Then, Liu et al., 2020 reported the removal from mercury from coal-fired
flue gas using mineral adsorbents[10]. Again, Altaf et al., 2022 reported the removal of
elemental mercury (Hg®) from coal syngas by using magnetic tea-biochar[11]. Wu et al.,
2022 reported the gas phase removal of elemental mercury using rod-like Bi2Sz single
crystals[12]. Zeng et al., 2022 studied the adsorption of mercury ions from aqueous

solutions using high-performance Zn-based coordination polymers[13].

4.6.3. Role of BACs in mercury removal
One of the most efficient ways of capturing the Hg® is using brominated activated carbon

(BAC) as have been reported vastly in literature and the modification is still
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ongoing[14,15]. Hutson et al., 2007, reported the XAS and XPS characterization of
mercury binding onto activated carbon to determine the mode the binding on the BAC
surface[16]. Zhao et. al., 2021, studied the mercury removal efficiency of brominated rice
husk activated carbon and compared with commercially available brominated coal based
activated carbon[15]. There are also many density functional theory (DFT) studies on the
application of BAC in mercury removal viz., Geng et al., 2022, reported a DFT study of
the mechanochemical bromination of unburnt carbon in fly ash and thereby determined its
efficiency in mercury removal[17].

The activation process of carbon usually leads to attachment of functionals groups on the
activated carbon (AC) surface which influence the efficiencies of the AC in different
applications[18]. One such set of functional groups are the oxygen containing functional
groups as -OH, -COOH etc which arises from KOH activation of the carbon material[19].
The presence of these functional groups has been reported to enhance the activity of the
activated carbon and have showed better performance than pristine activated carbon in
various pollutant removal studies[15]. Therefore, it is possible that the presence of these
groups in the surface of BAC might also improve their properties in mercury removal.
There are a few reports of oxygenated functionals containing brominated activated carbon
(OBAC) in mercury removal[20,21], however no exclusive reports on the efficiencies of
different OBACs in mercury adsorption. Therefore, through this piece of work, an effort
has been made to understand the influence of certain oxygenated functionals on the
mercury adsorption ability of BAC.

Subsequently, considering mercury removal is an ongoing research and newer materials
are developed frequently with the aim of producing better materials than the existing ones,
the OBAC models and the pristine BAC model designed computationally in the previous

chapter have been employed for testing their mercury adsorption abilities. Electronic
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parameters such as adsorption energy, total energy, and bond lengths were evaluated to
rationalize the results. Through this work, the importance of oxygenated functionals for

efficient removal of mercury was explained.

4.7.  Materials and methods

Gaussian16[22] suite of programme has been used as the prime software for the energy
minimization of all the structures which were constructed and viewed in the
GaussView6[23] graphical user interface. Along with geometry optimization, vibrational
frequency analysis was also performed to ensure the nature of stationary points.
B3LYP/LANL2DZ[24] level was theory was employed along with the polarizable

continuum model of water to create the solvation condition of water (¢=78.4).

The OBAC models and the pristine BAC model designed in the previous chapter are
considered for understanding their ability in mercury adsorption and the structures are

shown below in figure 4.3.
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Figure 4.3. Designed models of (a) pristine BAC (b) -CHO BAC (c) -COOH BAC

(d) -OH BAC

Color key: O C X

C H O Br
The parameters evaluated for this study are:

4.7.1. Adsorption energy
The adsorption energy of various adsorption between mercury and the BACs have

been determined to observe the best adsorption between them.
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4.7.2. Bond lengths
Various bond lengths have been evaluated to determine the best adsorption and the
bond strengths of various bonds.
4.7.3. Relative total energy
Relative total energy was evaluated to study the most favoured position for the
adsorption of mercury on the studied BACs surface.
Subsequently, the adsorption energies for the adsorption of mercury in each OBAC and
pristine BAC have been evaluated employing the formula given below:
Eads = Erac+Hg — (EBac + Eng)
Where, Eads = mercury adsorption energy of the respective BAC, Egac+Hg = total energy of
respective BAC and mercury system, Esac = total energy of the respective BAC, Enxg =
total energy of mercury. Literature suggests that an adsorption energy of less than -30
kJ/mol suggests physisorption and more than -50 kJ/mol indicates chemisorption. A lower
value of adsorption energy corresponds to a stronger adsorption.
Along with the adsorption energy, the relative total energies of the possible positions
where Hg can be adsorbed was determined in order to select the most favourable position
for the adsorption. Subsequently, the C-Hg or Br-Hg bond lengths in all the positions for

all the engaged structures were evaluated to determine the strongest bond.

4.8. Results and discussion

The OBAC models designed in the previous chapter have been employed for
understanding their mercury adsorption ability. Various electrochemical parameters like
adsorption energy, total relative energy, and bond lengths have been evaluated for some
positions where mercury might possibly adsorb, to determine the influence of the
oxygenated functionals on the mercury adsorption abilities of the studied OBACs. Further,

the most favourable position for mercury adsorption was also determined. The results of all
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the calculations are presented in table 4.3 below. In order to understand the efficiencies of
the modelled OBAC, pristine BAC has also been considered for comparison. The
adsorption energies of all the structures for adsorption of mercury were calculated and
further, the relative total energies and the C-Hg and Br-Hg bond lengths were analysed to

determine the most favoured position for the adsorption of mercury.

4.8.1. Determining the BAC with the strongest mercury adsorption ability

From the results of the adsorption energy, relative total energy, and C-Hg/Br-Hg bond
lengths, it can be observed that -COOH might have a better influence on the mercury
adsorption ability of the designed OBACSs. The adsorption energy is lowest in case of -
COOH i.e., -1.4475 kJ/mol, at carbon position 1 as marked in the structures. The relative
total energy is also lowest for -COOH at carbon position 1, and the C-Hg bond length is
also strongest at the same position for -COOH. Thus, from the results it can be inferred that
-COOH functional on the BAC surface might enhance the mercury adsorption ability of
the BAC as compared to pristine BAC and -CHO and -OH BACs as adsorption energy and
the relative total energies are lowest in case of -COOH and also the C-Hg bond is strongest
in the presence of -COOH group. The conclusion that the presence of the -COOH group on
the surface of the BAC might have a better influence than the other studied functionals is

in agreement with various reports as documented in literature.

4.8.2. Determining the most favourable position for mercury adsorption

From the results it was found that for all the studied models, carbon position 1 might be
most favourable for mercury adsorption. This is because, for all the structures, the
adsorption energies, the relative total energies are lowest and the C-Hg bond length is

strongest at this position, suggesting a stronger adsorption.
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Table 4.3. Total energies of all the mercury containing systems

Adsorption Relative total | C-Hg or Br-
Functional Possible positions for
energy energy (in Hg bond
groups mercury adsorption
(in kJ/mol) kJ/mol) length (A)
Pristine BAC
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4.9.  Conclusion

In this work, an effort was made to introduce new materials for the adsorption of mercury.
For the initial part, few oxygenated functionals containing BAC models as designed in the
previous part of this chapter were studied for their potentials in the adsorption of mercury.
After determining the adsorption energy, relative total energy, and the C-Hg/Br-Hg bond
lengths, it was observed that among the studied materials, the presence of -COOH group in
the BAC surface will have better influence in the adsorption of mercury than the other
oxygenated functionals. Further, mercury adsorption might possibly take place on the
carbon 1 of the OBAC surface as indicated in the structures above. This work is expected

to introduce new materials for removal of mercury.
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Chapter 5
Deducing the Mechanistic Pathway of Aromatic Bromination by
Quaternary Ammonium Tribromides
The reaction mechanism of any reaction is a vital component for optimizing reaction
condition. Therefore, considering the importance of QATBSs, in this chapter, an effort

is made to understand the mechanistic pathway of bromination by QATBs, taking

phenol and nitrobenzene as test substrates.
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Journal of the Indian Chemical Society, 2022, Volume 99, Issue 8.
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5.1. Introduction

5.1.1. Importance of understanding the bromination reaction mechanism of QATBs
Bromination reactions is one of the most important organic transformations in chemistry
considering the importance of bromo-organic compounds[1l]. Among the various
brominating agents, molecular bromine (Brz) was most commonly used for these
transformations before its toxicity was acknowledged[2]. However, as green chemistry has
progressed, there has been a greater emphasis on avoiding the usage of harmful
chemicals[3], and this is how quaternary ammonium tribromides (QATBSs) became popular
as environmentally benign alternatives to bromine. Even though the versatility and
efficiency of QATBSs have been well discussed in the previous chapters, till date it has not
been possible to prove the mechanism through which QATBs promote bromination. It is
vital to know the bromination reaction mechanism by QATBSs as it will allow researchers
to modify the reaction conditions to develop a more efficient and greener reaction process.
Knowledge of the mechanistic pathway also provides information about the transition
states and intermediates which might be useful to as they might have their own properties

which might not be observed in the starting materials or products[4,5].

5.1.2. Existing reports on attempts to comprehend the mechanistic pathway of
bromination by QATBs
In these compounds, while the cationic part can be of varied types, it is the anionic

component, i.e., a tribromide ion (Brs”) which is the active reagent. The existing reports

indicates that Brs~ dissociates into Br to Brz during the course of a bromination reaction
after which the Br> brominates the substrates under study[6-8], however, experimental
evidence does not seem to be available to support this assertion. UV studies suggest that
Brs™ is the reactive species for bromination and there was no absorption peak for Br. during

the course of the reaction, which can be because of a spontaneous reaction[9]. Because of
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these ascertains, there is always a confusion about the exact mechanistic pathway of
bromination by QATBs.

Our group have been working on different aspects of QATBs[10-15] and the inability to
identify or construct a correct experimental approach to verify the mechanism for
bromination reactions prompted us to explore the subject using computational simulations
specifically employing density functional theory (DFT)[16-19]. Aromatic bromination
using QATBs have been reported widely in literature because of the importance of bromo
aromatic compounds, and therefore, we considered it worthwhile to first establish the
mechanism for the bromination of aromatic systems. Accordingly, in this piece of work, an
attempt is made to develop the mechanism of bromination of an activated and a deactivated
aromatic ring, taking phenol and nitrobenzene as test substrates and tetrabutyl ammonium
tribromide (TBATB) was chosen as the representative of the QATBs. The schemes for

bromination of phenol and nitrobenzene by TBATB is shown below in scheme 5.1 and 5.2

OH OH
@ TBATB <j
—_—

Br

Scheme 5.1. Bromination of phenol by TBATB[20-22]

NO, NO,
@ — @\
R
Br

Scheme 5.2. Bromination of nitrobenzene by TBATB[23]

respectively[20-23].
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5.2. Materials and methods
GaussView6[24] serves as an extremely versatile tool for building chemical structures of
all types and it also allows one to specify important electronic parameters based on
experimental requirement. All the concerned structures in this work have been built in the
GaussView6 graphical user interface for optimization which is also used for viewing and
analysing the structures after optimization. Gaussian16[25] suite of program was used for
optimization of all the structures which were then subjected to vibrational frequency
analysis[26,27] in order to determine the nature of stationary points. Since QATBs act as
efficient brominating agents under various reaction conditions, no implicit solvent medium
was employed for the optimization of the structures.
The reactivity parameters studied for this work are:
5.2.1. Bond length
Different bond lengths have been observed to determine the changes in the structure
of TBATB in the presence of substrates.
5.2.2. Atomic charges using different schemes
Different schemes have been employed to determine atomic charges to justify the
trend in results.
5.2.3. Relative total energies from transition state calculation
Transition state (TS) calculations were performed and the relative total energies of
all the involved structures were recorded to determine the mechanistic pathway of
bromination.
Optimization of Brz and Brs™ structures
The first step to understand the mechanism of action of Brs™ in bromination reactions to
understand the how Brz™ is formed from Br, and Br—. Therefore, the structures of Br, and

Brz~ was optimized and analysed to evaluate the necessary parameters in understanding the
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formation of the Brs ion. The method B3LYP hybrid functional was used along with 6-
311G++(d,p) basis set. This basis set is of triple-( quality used for valence electrons with
diffuse functions and therefore, is appropriate for geometry calculations of ions and
chemical species containing lone pair(s) of electrons. The chemical and optimized
structures of Brz and Brs™ are shown below in table 5.1.

Table 5.1. Chemical and optimized structures of Brz', QATBs, TEATB, TPATB, TBATB,
and CTMATB

Abbreviations Chemical structure Optimized structure

Br—Br —

Brs~ —

Br Br Br o o .

Optimization of TBATB in the presence of the substrates for understanding their

influence on it.

As has been mentioned earlier, two substrates, viz., phenol and nitrobenzene were selected
based on the ability of their respective functionalities to activate (-OH) or deactivate
(-NO3) the aromatic ring, and thereafter study the effect of an activated and a deactivated
ring, on TBATB, which has been chosen as representative for QATBs. The structures of
TBATB in presence of phenol and nitrobenzene (RM1 and RM2 respectively, RM
signifies reaction mixtures) were optimized at B3LYP/6-31G(d) level of theory. Usually,
the site for bromination on phenol and nitrobenzene are first the para and meta positions
respectively[20-23]. Thereafter a computational study of the effect of an activated and a
deactivated ring on the structure of TBATB was assessed by understanding the electronic
changes in TBATB in the presence of phenol and nitrobenzene. The bond lengths Br1-Br2,

Br2-Br3, and bond angle Brl-Br2-Br3 were studied along with observing the atomic
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charges over all the bromine atoms. The atomic charges from different population schemes
were then analysed in order to justify the precision in the results. Mulliken charges, along
with Natural Bond Order (NBO), Hirshfeld atomic charge, and Merz-Singh-Kollman
(MK)[28] method were applied in order to determine the charges on different atoms with
better precision. The structures for determining the mechanistic pathway are shown in

figure 5.1 (a), (b), and (c).

(@) (b)

(€)

Figure 5.1. Optimized structures of (a) TBATB and (b) TBATB in presence of phenol

(RM1) (c) TBATB in presence of nitrobenzene (RM2)
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Optimization of structures for TS calculations to determine the site of attack in the Brs~
species

The very structure of tribromide indicates that there are two sites for nucleophilic attack on
this moiety, either on the central bromine atom (Br2) or on the terminal bromine atom
(Br3). Figure 5.2 represents the possibilities of (a) Attack of phenol on the central bromine

atom (Br2) and (b) Attack of phenol on the terminal bromine atom (Br3).

(a) (b)

Figure 5.2. Optimized structures of (a) Attack of phenol on the central bromine atom (Br2)

and (b) Attack of phenol on the terminal bromine atom (Br3)
In order to understand how nucleophilic attack by an organic substrate actually takes place
on tribromide during bromination reactions, two reaction pathways were conceptualized.
For the pathway involving attack on the central atom of Brs-, the structures were
constructed in such a way that the para carbon of phenol is directed towards the central
bromine atom as shown in figure 5.2 (a). On the other hand, in order to analyse the
pathway involving attack on the terminal bromine atom of, the para carbon of phenol is

directed towards terminal bromine atom as shown in figure 5.2 (b). Accordingly, TS
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calculations were performed for all the structures including the intermediates (IMs),
involved in the two pathways using the QST2[29,30] method where the TSs were
confirmed by the presence of one imaginary frequency each. Intrinsic Reaction
Coordinates (IRC) calculations were performed in order to confirm the connection between

the two local minima joining the transition states.

5.3. Results and discussion

5.3.1. Evaluating the structures of Br2 and Brs

It is well reported that the Brz~ species is formed by bonding of Br~ and Brz[31,32].
Therefore, a computational structural analysis of Brs™ and Br> was performed to determine
the effects of bonding of Br and Brz to give Brs, so as to understand the mode of
dissociation of Brz~. DFT calculations showed that the Br-Br bond length was found to be
2.33 A for the optimized structure of Brz, however in case of Brs-, this bond length
increased to 2.63 A and the two terminal Br atoms are equidistant from the central Br atom
in Brz~. The increase in bond length obviously implies bond weakening in Br.. This
observation led to the assumption that while formation of Brz~, Br-Br bond length in Bra
weakens thereby bonding with Br~ to give a symmetrical moiety, a reversible process can

well occur during bromination reaction by Brs.

5.3.2. Understanding the changes in TBATB in the presence of phenol and
nitrobenzene

The mechanism of bromination by QATBs is a long due question even though several

attempts have been made to understand the same. The previous sections of the paper

already provide an indication that the bromination by Brz~ might proceed via dissociation

of Brs™ into Br~ and Br». In this section of the work, an attempt to comprehend and develop

the mechanism by taking phenol and nitrobenzene as reference and studying the para and

meta bromination of the substrates respectively. The candidates phenol and nitrobenzene
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were selected in order to understand the influence of their electron donating and
withdrawing properties on the dissociation pattern of the tribromide ion in the presence of
these substrates. The first step is to observe the changes in the structural geometry and
atomic charges in TBATB in presence of these substrates. Table 5.2 presents the atomic
charges and concerned bond lengths of the optimized structures of TBATB and RMs. In
order to achieve a precision in the results, different population schemes have been analysed
to determine the charges in different atoms; which are Mulliken charges, NBO, Hirshfeld
atomic charge, and Merz-Singh-Kollman (MK) method. The optimized structures of
TBATB and RMs have been shown in figure 5.3 (a), (b), and (c) respectively which
displays the studied bond lengths along with symbol of the atoms. From the results
obtained, it is observed that in case of TBATB, the bond distance N-Br1 is shorter than N-
Br3 indicating that Brl is closest to the nitrogen atom; in the case of RMs, N-Brl has
shorten further and N-Br3 has grown longer. The bond distance Brl-Br2 is longer
compared to Br2-Br3 indicating the fact that the Brl is more attracted towards the nitrogen
atom. Thereafter while observing the optimized structure of the RMs, the bond distance
Br1-Br2 have found to have lengthen further than in case of isolated TBATB; also, Br2-
Br3 have grown shorter, indicating that in the presence of the selected substrates, Brl
moves closer to N, while Br2 and Br3 moves away from Brl and N atoms. There is no
major difference in the atomic charges of TBATB and RMs, however, the observable
changes give some indication that there might be charge transfer from Br3 to Br2 and from
Br2 to Brl which might be because of the Br1-Br2 bond breakage, thereby releasing Br-.
From the above observations of bond length and atomic charges, it is expected that when
coming in contact with phenol and nitrobenzene, TBATB might dissociate into TBAB and

Br».
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Table 5.2. Bond lengths and atomic charges

Bond lengths (A) TBATB RM1 RM2
Brl-Br2 2.60 2.62 2.65
Br2-Br3 2.58 2.54 2.53
N-Bril 4.77 4.37 4.37
N-Br3 5.12 5.43 5.44
Atomic Charges (au)

Mulliken NBO Hirshfeld MK

TBATB | N -0.41 -0.28 0.05 0.62

Brl -0.39 -0.42 -0.31 -0.32

Br2 -0.05 -0.07 -0.13 -0.10

Br3 -0.38 -0.41 -0.33 -0.30

RM1 N -0.40 -0.28 0.08 0.10

Brl -0.41 -0.47 -0.33 -0.36

Br2 -0.04 -0.06 -0.08 -0.06

Br3 -0.32 -0.35 -0.27 -0.25

RM?2 N -0.40 -0.29 0.10 0.06

Brl -0.41 -0.47 -0.27 -0.34

Br2 -0.04 -0.07 -0.09 -0.10

Br3 -0.32 -0.34 -0.15 -0.23
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(€)

Figure 5.3. Optimized structures of (a) TBATB and (b) RM1 displaying the bond lengths

N-Br1, Br1-Br2, Br2-Br3, and N-Br3 (c) RM2 displaying the bond lengths N-Br1, Br1-Br2,

Br2-Br3, and N-Br3

5.3.3. Determining the reactive atom in the tribromide moiety by studying the attack
of phenol on the central bromine atom of the Brs~ and attack on the terminal
bromine atom of the Brs~

The tribromide moiety has two sites of reaction, i.e., the central bromine atom or the

terminal atom. In order to have a complete understanding of the behaviour of tribromide

during brominations, it was important to understand which atom took part in the reaction.
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Both phenol and nitrobenzene showed similar trends in case of dissociation of the
tribromide ion, therefore only phenol was chosen for the study. For this section of the
work, two reaction pathways were studied along with TS calculation. All the structures
involved in the two pathways are presented in table 5.3 along with their respective energies
in kJ/mol.

Table 5.3. Structures involved in the two pathways along with their respective energies in
kJ/mol

Name Attack on the central bromine Attack on the terminal bromine

atom atom
Reactant 9
.rQJJ
* 2, [* ] @’
’ ."‘ J“J 2 ,,,J &
".})? N + JV':"‘.:‘) " IJ
9 ) 3 o NN ? J
2 o °? *si
% 'fa 299 ) ¥
9
0
0
Complex

-48.39 -43.78
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The respective graphs of the two pathways have been constructed and shown in figure 5.4.

From the graphs, it can be observed that the reactants will enter the reaction pathway

having energy higher than the complex, which implies towards exothermic addition of the

two reactants. Thereafter, it can be observed that TS1 has a higher energy than the complex

and involves lengthening of the O-H bond in phenol. It is probably TS1 where Br; is

separated from the QATB to give Quaternary Ammonium Bromide.

IM1  with

comparatively lower energy than TS1 involves the detachment of the H atom from the O of

the phenol leading to formation of phenoxide ion. The reaction proceeds with TS2 bearing

higher energy than IM1, where the hydrogen that has been detached in IM1 is picked up by

a bromine atom and forms HBr. In the same step, the para carbon of the phenol attacks

either the central or the terminal bromine atom, leading to the formation of C-Br bond in

the para position of the phenol. This step is followed by IM2 with a lower energy than TS2

and involves the O of the phenoxide ion to pick up an H atom from the para position. The

products then obtained are TBAB, HBr and p-bromophenol. The presence of one

imaginary frequency confirmed the existence of the TSs in all the cases and was further
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justified by IRC calculations which verified the connection of the transition states with the
local minima of the reactant and the products. As can be clearly observed from the graphs,
the TSs have relatively higher energy than the corresponding reactants and products,
justifying the characteristic of local maxima. However, the products have an energy 118.63
kcal/mol higher than the reactants which might be because overall, it is an endothermic
reaction. Analysing the graphs individually reveals that the pathway involving attack of
phenol on the terminal bromine atom of the tribromide ion has species which have
relatively lower energies than the pathway 1. TS1 in pathway 1 has an energy of 18.52
kJ/mol more than TS1 in pathway 2. Further TS2 in pathway 1 has an energy of 153.6
kJ/mol more than TS2 in pathway 2. Thereafter, the position of the IMs shows that IM1
and IM2 in pathway 1 have energy 1.96 kJ/mol and 80.42 kJ/mol more than IM1 and IM2
in pathway 2 respectively. Since, both the TSs i.e., TS1 and TS2 as well as IM1 and IM2
are found to have lower energies when the attack is on the terminal bromine than on the
central bromine atom, the results indicate that this pathway involving attack on the
terminal bromine atom is more favourable than attack on the central bromine. The
respective IRC graphs have been shown in figure 5.5 below and the predicted mechanism

of action is as shown below in scheme 5.3.
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Figure 5.4. Energy profile graphs of the two reaction pathways for phenol
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Scheme 5.3.Proposed schematic diagram of the bromination mechanism of phenol by
TBATB

5.4.  Conclusion

This study was conducted with the aim to understand the mechanistic pathway of
bromination reaction by TBATB, for which initially the structures of Br, and Brs~ were
optimized and observed to understand the formation of the Brs™. Thereafter the mechanistic
pathway was studied by comparing the structures of TBATB without and in presence of
two substrates, and lastly TS calculations were performed to determine the best possible
pathway for the studied bromination reaction.

1. By observing the optimized structures of Br. and Brs, it has been found that the
Brs~ is found from Bro and Br™ by bond lengthening of Br-Br in Br.. Thus, it can be
assumed that this process might be reversible in while bromination reaction by
Brs™, i.e., breakage of one Br-Br bond.

2. Furthermore, a comparison of the optimized structure of TBATB with and without
the presence of phenol and nitrobenzene was made so as to explain the changes in
the geometry and atomic charges of the reagent. The results revealed that when
TBATB was optimized in the presence of phenol and nitrobenzene, there were

certain variations in its structure: the bromine atom (Br1) moved and came closer in
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5.5.

case of the RMs, the bond length Br1-Br2 have lengthen further in case of the RMs.
The observable changes in the atomic charges of TBATB and the RMs indicate that
there might be charge transfer from Brl to N and from Br2 to Br3 which might be
because of the Brl-Br2 bond breakage, thereby releasing Br.. From the above
observations of bond length and atomic charges, it is expected that when coming in

contact with the substrates, TBATB might dissociate into TBAB and Bra.

. Subsequently, two reaction pathways were studied, one involving attack of phenol

on the central bromine atom of the tribromide ion of TBATB, and the other
involved attack on the terminal bromine atom. By making a comprehensive
observation of the various transition states and intermediates involved in both the
pathways, it can be concluded that the bromination of phenol by TBATB most
probably takes via attack of phenol on the terminal bromine atom of the tribromide
of TBATB. This attempt of understanding the reaction mechanism of bromination
reaction by QATBs have been a long due question and it is expected that the
findings of this work might aid researchers to tune reactions according to one’s
requirements.
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Chapter 6
Correlating the Efficiency and Greenness of Solvents through a Study

of their Influence on TBATB

The role of solvents in any reaction goes beyond just providing a reaction medium as
solvents have an immense effect on the rate of the reaction. However, some solvents
pose serious threats to humans and the environment. Therefore, it becomes important to
find a balance between the benignity of solvents and their efficacy. Thus, this chapter
explains the details of a pareto-optimal presentation of the efficiency of solvents and

their respective greenness.

The work described in this chapter has been published in:

Sustainable Chemistry and Pharmacy, 2021, Volume 20, 100387.
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6.1. Introduction

6.1.1. Solvents and their associated hazards

With the advancement of green chemistry, the hazards associated with the chemicals and
chemical processes came into limelight. Amongst the various categories of chemicals, organic
solvents have mostly been criticized due to their underlying hazards. Solvents like pentane[1],
heptane[2], hexane[3], carbon tetrachloride (CCls)[4,5] pose serious threats to the human
health as well the environment. Continuous exposure to these solvents can lead to skin
irritation, dizziness, damage of the kidneys, liver, or central nervous system etc[1-5]. Despite
the fact that all the above-mentioned risks involved with solvents indicates towards their
avoidance in synthetic processes[6], they still remain as an integral part of most chemical
reactions. The reason for this is that they significantly influence the stability and solubility of
compounds and is responsible for molecular associations of reactants throughout the
reaction[7,8]. The most important factor is that solvents are usually used in bulk amounts,
thereby further intensifying their hazardous effects. Hence, it becomes imminent that risks
associated with these solvents are extremely serious and should not be ignored.

6.1.2. Methods for solvent selection

Given that solvents continue to remain an essential component of most chemical reactions, it
is vital to identify green and sustainable solvents and thereby develop comprehensive
techniques, tools, and frameworks for solvent selection. As the level of hazard of solvents
differ from each other, data sheets or solvent selection guides[9-12] are useful since they
allow solvents’ ranking based on ease of waste disposal, health, and safety concerns, and so

on. The GlaxoSmithKline’s (GSK’s) solvent selection guide is one such excellent resource
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which has been acknowledged to be a reliable tool for solvent selection, and it has been
recommended by a number of researchers for selecting their preferred solvent[13-15].

6.1.3. Bromination by QATBs and influence of solvents

Different organic transformations have recently been explored through the field of green
chemistry, and among the many reactions studied, bromination reactions have received a lot of
attention[16-18]. The most commonly used reagent for this transformation has been molecular
bromine (Br2)[19], despite its highly dangerous nature and intrinsic toxicity. Because of the
unfavorable aspects of bromine, new environmentally preferable chemicals have been
developed. Among the most successful replacements to molecular bromine are the Quaternary
Ammonium Tribromides (QATBS), also known as Br. carriers. Among the several QATBS,
tetrabutylammonium tribromide (TBATB) has risen to prominence due to its efficiency and
versatility[20-22]. Bromination reactions are normally carried out in a solvent medium, and
literature studies suggest that a variety of solvents have been utilized for various reactions
including both polar[21,23] as well as non-polar solvents[24] are appropriate for these
reactions.

6.1.4. Reactivity parameters and DFT

The efficacy of any reagent is determined by a number of factors, including ease of
dissociation, stability in any solvent, chemical potential, chemical hardness, electrophilicity,
and so on[25-27]. For TBATB, these factors, like those of all other reagents, could be
influenced by the solvent system in which the reaction is carried out. And thus, it is necessary
to evaluate the effects of various solvents on the reagent, allowing for the selection of the most
suitable green solvents. One of the most practical approaches to examine reaction profiles is to

undertake computational calculations prior to wet lab investigations, considering it entirely
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eliminates the danger of risk of hazards and the potential waste of chemicals. Density
functional theory (DFT)is one such popular technique for modelling experiments since it
produces results that are nearly precise with the experimental findings[28] at an affordable
computing cost. Therefore, an attempt is made through this study to examine the effects of
various solvents on the behavior of both TBATB and bromine. A set of fourteen solvents like
pentane[24], hexane[29], heptane[24], cyclohexane[30], CCls[31], ethyl acetate[32], acetic
acid[33], trifluoro acetic acid[34], tert-butyl alcohol(t-BuOH)[35], ethanol[36], methanol[37],
acetonitrile[21], dimethyl sulfoxide (DMSO)[38], and water[39] have been chosenbased on a
review of bromination reactions in literature. The electronic parameters calculated and
analyzed in this study are dissociation energy, highest occupied molecular orbital (HOMO) -
lowest unoccupied molecular orbital (LUMO) energy gap, chemical hardness, chemical
potential, and electrophilicity. A comprehensive review of literature suggested that these
parameters indicate about the reactivity of compounds[25-27,40]. Following that, the GSK’s
solvent selection guide[41] was referred to determine the greenness of each of these solvents
in order to build a greenness-efficiency correlation. Through the introduction of alternative
green solvents, this study is expected to serve as a springboard for more research into

chemically efficient and environmentally benign solvent options.

6.2. Materials and methods

TBATB is a well-known quaternary ammonium tribromide which is a combination of a
tetrabutyl ammonium cation and a tribromide ion (Brs), in which the negative charge is
dispersed over the three bromine atoms. In organic reactions TBATB is frequently considered

as a carrier of bromine and it is supposed that mechanistically during any reaction, this reagent
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loosely dissociates into TBA" (cationic part) and Brz~ (anionic part) (Scheme 6.1) and

thereafter Brs~ further dissociates into Br. and Br~ (Scheme 6.2).

TBATB——»  TBA + Bry

Scheme 6.1. Dissociation of TBATB into TBA*and Brs

Bry ——» Br, + Br

Scheme 6.2. Dissociation of Brs into Br.and Br’

In order to comprehend the influence of the solvent medium in the behavior of this reagent,
appropriate computational studies were done with a series of solvents. All the computational
calculations were carried out in the Gaussian 16[42] suite of program applying density
functional theory with the B3LYP hybrid functional and 6-31g (d,p) basis set. The structures
were built with precision and visualized using the GaussView6[43] Graphical User Interface.
Along with optimization of the structures, vibrational frequency analyses were also performed
in order to elucidate the zero-point vibration energies (ZPE).The characteristics of local
minima was corroborated by the absence of any imaginary frequency in the matrices of energy
second derivatives (Hessian).

Among the other descriptors investigated in this work, DFT was employed to determine the
dissociation energy of TBATB into TBA" and Brs, as well as Brz~ into Br, and Br-.
Furthermore, the energy gaps of HOMO and LUMO of TBATB and Brz™ were calculated in
the studied solvents. Lastly, for understanding the influence of the solvents on the reactivity
parameters of the reagent, molecular descriptors like chemical hardness, chemical potential,

and electrophilicity were also calculated and analyzed.
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Elucidation of optimized structure of the TBATB, TBA™, Brs, Br2 and Br-

B3LYP/6-31g(d,p) level of theory was employed for optimizing the structures of TBATB,
TBA", Brs, Brz and Br-, which were further subjected to vibrational frequency analyses. The
calculations were carried out in the Gaussianl6 software by individually incorporating the
implicit solvent models of (i) pentane, (ii) hexane, (iii) heptane, (iv) cyclohexane, (v) CCls,
(vi) ethyl acetate, (vii) acetic acid, (viii) trifluoroacetic acid, (ix) t-BuOH, (x) ethanol, (xi)
methanol, (xii) acetonitrile, (xiii) DMSO, and (xiv) water. The optimization process
necessitated the creation of fourteen input files for each of the moieties, one for each solvent.
The polarizable continuum model (PCM)[44] was used to add all fourteen solvents separately
for each input file, which involved placing the solute in a void surrounding by the solvent,
which was considered as a continuum characterized by its dielectric constants. The PCM has
its own set of constraints, such as the absence of solute-solvent charge transfer[45] and the
imposition of a boundary between the solute and the solvent, which thereby may result in a
reduction in dielectric behavior at the molecular level[46]. The PCM, however, is one of the
most accurate continuum models due to its two key features: the use of a surface charge
distribution to define the polarization of the surroundings and the inclusion of a molecular
cavity containing the actual geometry of the analyzed system. The existence of these two
characteristics allows PCM to be employed for solutes of any shapes and charge distribution,
thereby making it a highly versatile method. It is an easy to use and computationally
economical tool which can be applied for determining the important impacts of solvents on the

characteristics and reactivity of diverse molecular systems[47].
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The optimized structure of TBATB is presented below in figure 6.1:

Colorkey:Br N C H

A CHo  cyHg
Nar \ £
b d NO B
/ 3
C.Hs |
CaHo
(a) (b)

Figure 6.1. (a) Optimized structure of Tetrabutyl ammonium tribromide along with

(b) chemical structural formula

Studies on the role of solvent in the dissociation of tribromide

Tetrabutylammonium tribromide dissociation can be thought of as a sequential process in
which the quaternary ammonium cation [N(CHs)4]" and the tribromide anion Brs~ first move
apart from one another, then Brsz~ dissociate into Br, and Br. We wanted to see if the
surrounding solvent had an effect on the energy associated with these events. As a result, in all
14 solvents, two associated metrics, namely the change in N-Br distance and the dissociation
energy of TBATB, were investigated.

6.2.1. N-Br bond length

Study to determine the influence of solvent on N-Br bond length during dissolution

The dissociation of TBATB into [N(CHz3)s]" and Brs™ is caused by lengthening of the N-Br

distance. As a result, it's reasonable to suppose that the longer the N-Br bond, the weaker the
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bond strength and the easier it is to dissociate. The goal of the first experiment was to see if
the length of the N-Br bond changed as the solvent medium changed. As a result, the N-Br
bond length in each solvent medium was determined in order to evaluate the ease with which
the Brz-anion might be released into the solution, which could provide information on the
reagent's efficacy in each solvent.

6.2.2. Dissociation energy

Following with the assumption that the solvent affects the release of Br> from TBATB, the
most efficient solvent for bromination reactions will be the one that causes the TBATB
reagent to dissociate most readily, first into TBA™ and Brs~ (Scheme 6.1), and then into Br»
and Br~ (Scheme 6.2). DFT was used to compute the dissociation energies of TBATB and Brz~

in various solvents, and the equations were constructed as follows:

AE1= Ergats- (Etea* + Esry)

Where, AE1 = Dissociation energy of TBATB;

Etsate = Energy of optimized TBATB;
Ersa+ =Energy of optimized TBA";
Esr,-=Energy of optimized Brs-

The dissociation energies of Brs~ in various solvents were computed similarly as shown

below:

AE2= Egry- (Eg,,* + Ebr)

Where, AE, = Dissociation energy of Brs™;
Eer,-= Energy of optimized Brs™;

Esr,=Energy of optimized Bra;
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Egr-= Energy of optimized Br-

6.2.3. HOMO-LUMO profiles and energy difference

The energy gap of HOMO-LUMO signifies a compound’s stability and thus its reactivity as
demonstrated by the negative magnitude of their energies[48].A molecule with a short EHomo—
ELumo energy gap indicates greater polarizability, thus displaying intramolecular charge
transfer from the electron donor to the electron acceptor[49]. It has been documented that the
HOMO and LUMO energies of any compound are affected by the solvent, thus affecting the
HOMO-LUMO energy gap[40,50]. As a result, the HOMO — LUMO profiles of TBATB and
Br> were created in order to examine their energy distribution and energetic behavior, and
thereby to better understand their chemical reactivity. The calculations were carried out in
each of the fourteen solvents to determine how the solvent affected their reactivity. The
function “CubeGen” existing within the GaussView6 graphical user interface was used to
generate all the MO diagrams.

Studies on the role of solvent on bromine (Br»)

6.2.4. Chemical Hardness (1)

Chemical hardness can be described as the capacity of a chemical species to withstand
changes in its electrical configuration. It is a crucial descriptor because it indicates the species'
chemical stability, and hence its reactivity[51]; reports imply that the harder the molecule, the
lower its reactivity, and vice versa[51]. Given that Breacts as the active brominating agent in
the last stage, hardness, which is a descriptor of reactivity, has been investigated for Br in all
solvents.

Chemical hardness was calculated using the formula given below[52]:
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_E Lumo—Enomo
2

6.2.5. Chemical Potential ()
The chemical potential of any compound can be defined as the rate of change of free energy,
as a result of change in the number of electrons. It is a measurement of an electron's
inclination to leave a molecule, and the lower the value of p, the easier it will be to gain an
electron or more difficult it will be to lose an electron. The formula below was used to

calculate the change in chemical potential of Brz in various solvent systems[52]:

HOMO+LUMO

# 2

6.2.6. Electrophilicity (o)
The electrophilicity of any compound determines its ability to accept an electron pair[53] and
higher the electrophilicity, more will be its reactivity as an electrophile[54]; and vice versa.
The electrophilicity of Br. in all the studied solvents was investigated in order to identify its
electrophilic ability in various solvents. Electrophilicity was calculated using the formula

given below[53,54]:

where, p and n signifies chemical potential and chemical hardness respectively.

6.3. Results and discussion

The negative effects of solvents have become a major global concern and is a well-known fact,
which is why a number of solvents have now been banned or restricted. However, it must be

acknowledged that solvents play a crucial part in chemical reactions, and there is enough
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everyday laboratory experience to confirm that under the influence of certain solvents,
reactions tend to complete more quickly and generate superior product yields. As a result,
while solvent greenness will always be the primary issue, it must be accepted that proper
solvent selection is also a critical necessity. For example, bromination reactions using
TBATB, have been investigated since many years now, and it can be seen that the solvents
used in these experiments have been gradually changed over time[19-22,37,55].The change in
solvent in this reaction was probably motivated by the environmental concerns about the
toxicity of many of the organic solvents formerly utilized. However, acknowledging the fact
that solvents should ideally be both efficient and ecologically friendly, it becomes necessary to
investigate the role of these solvents in bromination processes and compare their efficiency to
their greenness. A group of fourteen different solvents have been chosen for this specific work
considering literature reports on their involvement in bromination reactions using TBATB as
well as other brominating agents. Taking into account the fact that TBATB dissociates into
TBA" and Brs™ in any reaction medium, followed by Brs~ dissociation into Br and Br-,
computational methods have been extensively employed to observe the ease with which
TBATB dissociates into TBA* and Brs-, and then to Br, as depicted in schemes 6.1 and
6.2.The behavior of Brz in the presence of the engaged solvents have been examined more
thoroughly as Brz is expected to be liberated from TBATB and is the active species
responsible for bromination of the substrates.

6.3.1. Efficiency of TBATB in different solvent media

Since easier dissociation of reagent correlates with higher reagent activity, an assessment of
the ease of separating TBATB into N(CH3)4" and Brs and hence Brz~ into Br. and Brwas

carried out. The distance between N and Br in TBATB was first calculated, and table 6.1
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shows the various N-Br distances between N(CHs)4* and Brs™. The results show that the bond
length of N-Br is longest in ethanol (4.7278), implying that the easiest separation is achieved
when ethanol is used as the solvent, followed by hexane (4.6330). An intriguing note is that,
whereas CCls was formerly the solvent of choice for TBATB, from table 6.1, it can be seen
that this solvent did not actually facilitate facile separation of Brs~ from TBATB.

Thereafter the dissociation energy was calculated and from the results it can be observed that
the energy requirement for dissociation of TBATB is lowest in pentane solvent medium (AE1
= -313.7342 kJ/mol) followed by heptane (AE1 = -307.6372 kJ/mol) as presented in table 6.1.
Brs” showed a trend similar to TBATB and was found to dissociate easier in pentane solvent
medium (AE2 = -145.574 kJ/mol) followed by hexane (AE: = -144.5158 kJ/mol) and heptane
(AE2 = -143.7202 kJ/mol). A higher magnitude of AE (it is to be noted that in all the
concerned cases the sign of AE is negative) indicates which solvent facilitates ecasier
dissociation of the reagent and therefore, based on the lower dissociation energies of TBATB
and Brz™ in pentane, heptane and hexane as compared to other solvents, it can be assumed that
these solvents are expected to have higher efficiency in the bromination reactions by TBATB.
Interestingly dissociation energy of Brs™ into Br, and Br-, was also found to be lowest in
pentane (seen in table 6.1). From these results of step-wise dissociation of TBATB, it can be
inferred that solvents such as ethanol, hexane, heptane, and pentane might assist better in the

dissociation of TBATB into N(CHzs)s* and Brs~ and thereby Brs™ into Brz and Br.

The energy gap of HOMO and LUMO was evaluated in all fourteen solvents in order to
examine the compound’s reactivity in the presence of various solvent systems. The results (as
shown in table 6.1) demonstrate a trend that is somewhat similar to the dissociation energy

results i.e., the HOMO-LUMO energy gap was observed to be smallest under the presence of
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pentane (energy gap for TBATB = 3.9026 eV) and is followed by heptane closely (energy gap
for TBATB = 3.9040eV). As previously stated, a smaller energy gap of HOMO and LUMO
signifies easier intermolecular charge transfer, thereby resulting in higher reactivity. This
suggests that the reactivity of TBATB in pentane and heptane maybe higher than in the other

solvents under investigation.

Table 6.1.Molecular descriptors of TBATB calculated at B3LYP/6-311G level of theory

HOMO-LUMO
Dielectric AE; (in
N-Br (A) AE; (in kJ/mol) energy gap of
Constant kJ/mol)
TBATB (eV)
Pentane Ethanol Pentane Pentane Pentane
1.84 4.7278 -313.7342 -145.574 3.9026
Hexane Hexane Heptane Hexane Heptane
1.88 4.6330 -307.6372 -144.5158 3.9040
Heptane t-BuOH Acetic Acid Heptane CClq4
1.92 4.49632 -211.1928 -143.7202 3.9111
Cyclohexane Water Trifluo;oacetic Cyclohexane Methanol
2.02 4.4817 -191.l3574 -141.2294 3.9312
CCly DMSO Hexane CCly Acetic Acid
2.24 4.4777 -177.3434 -136.9316 3.9334
Ethyl Acetate Acetonitrile Cyclohexane Ethyl Acetate Trifluoroacetic a.
6.02 4.4748 -164.5098 -111.0928 3.9356
Acetic Acid Methanol CCly Acetic Acid Hexane
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6.2 4.4743 -152.9814 -110.6534 3.9410
Trifluoroacetic | Acetic Acid Ethyl Acetate | Trifluoroacetic t-BuOH
655 4.4519 74.2716 1065048 3.9432
t-BuOH Trifluoroacetic t-BuOH t-BuOH Cyclohexane
12.5 4.4al.192 -59.3502 -103.2148 3.9478
Ethanol Ethyl Acetate Ethanol Ethanol Ethanol
22.4 44471 -49.4364 -99.5722 3.9671
Methanol Heptane Methanol Methanol Water
32.6 4.3556 -39.5226 -98.6934 3.9671
Acetonitrile Pentane Acetonitrile Acetonitrile Ethyl Acetate
375 4.3539 -38.8934 -98.4542 3.9674
DMSO Cyclohexane DMSO DMSO Acetonitrile
46.7 4.3465 -37.3178 -97.8406 3.9674
Water CCl4 Water Water DMSO
79.7 4.3358 -35.295 -97.0554 3.9674

The dissociation of TBATB aids the release of bromine, which is considered as the actual
brominating agent. As a result, after examining the findings for TBATB and Brsz-, the
influence of solvents on Br, were studied. Initially, the energy gap of the HOMO and LUMO
of Br, was calculated for understanding its stability and reactivity in the presence of the
studied solvents. Table 6.2 presents the results of HOMO-LUMO energy gap of Br, and as can
be observed the energy gap is smallest in the pentane solvent medium (energy gap for Brz =
3.8975 eV) implying that under its influence, Br. might be most reactive, since as already

stated earlier, a smaller HOMO-LUMO energy gap corresponds to better intermolecular
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charge transfer. As shown in table 6.2, hexane (energy gap for Br> = 3.8980 eV) and heptane
(energy gap for Brz = 3.8986 eV) also show potential.

Following that, the chemical hardness () of Br> was computed (Table 6.2) in order to
determine the chemical resistance of Brzin the investigated solvent media. A lower value of n
signifies a softer molecule, thereby implying enhanced reactivity and vice versa. As the results
in table 6.2 clearly demonstrates, in the presence of pentane solvent medium, the lowest value
of n was achieved (n = 1.9487 eV), followed by hexane (n = 1.9490 eV) and heptane (n =
1.9493 eV). As a result, it can be deduced that when Br» is exposed to pentane, hexane, or
heptane, it will act as a softer molecule, exhibiting better reactivity as comparison with when
exposed to other solvents.

In addition, the chemical potential () of Br, was investigated in order to evaluate its electron
accepting power, and the results revealed a divergence from the expected trend when
compared to the other parameters. The results of p of Br; as presented in table 6.2 shows that
w is lowest in CCls solvent medium (p = -5.7470 eV), and then in pentane (n = -5.7447 eV),
hexane (u = -5.7445 eV) and heptane (u = -5.7442 eV). As fact suggests, a more negative
value of pu signifies easier electron gain, from the results, it can be said that under the influence
of CCls, pentane, hexane, and heptane, Br> might operate as a stronger electron acceptor than
in other solvents.

Finally, the electrophilicity (o) of Brz in the specified solvents was investigated in order to
assess its ability as an electrophile; that is, its ability to receive a pair of electrons. The results
of o showed a trend similar to that of the HOMO-LUMO energy gap and chemical hardness.
Table 6.2 presents the results of o of Brz and as can be seen the value is highest in case of

pentane (o= 8.4675 eV) which is followed by hexane (® = 8.4655eV) and heptane (o =
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8.4635 eV). Therefore, as a higher value of « corresponds to higher reactivity as an
electrophile, it can be assumed that when Br. is exposed to these solvents, it will operate as a
stronger electrophile, thereby exhibiting superior reactivity.

According to these findings, in bromination reactions using TBATB and Br,, non-polar
solvents may have an advantage over polar solvents.

Table 6.2. Molecular descriptors of Br, calculated at B3LYP/6-311G level of theory

HOMO-
Dielectric
LUMO energy 1 (eV) n (eV) o (eV)
Constant
gap of Brz(eV)
Pentane Pentane Pentane CCly Pentane
1.84 3.8975 1.9487 -5.7470 8.4675
Hexane Hexane Hexane Pentane Hexane
1.88 3.8980 1.9490 -5.7447 8.4655
Heptane Heptane Heptane Hexane Heptane
1.92 3.8986 1.9493 -5.7445 8.4635
Cyclohexane Cyclohexane Cyclohexane Heptane Cyclohexane
2.02 3.9002 1.9501 -5.7442 8.4576
CCly CCly CCly Cyclohexane CCly
2.24 3.9135 1.9568 -5.7434 8.4395
Ethyl Acetate Ethyl Acetate | Ethyl Acetate | Ethyl Acetate Ethyl Acetate
6.02 3.9263 1.9632 -5.7357 8.3790
Acetic Acid Acetic Acid Acetic Acid Acetic Acid Acetic Acid
6.2 3.9266 1.9633 -5.7356 8.3780
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Trifluoroacetic

Trifluoroacetic

Trifluoroacetic

Trifluoroacetic

Trifluoroacetic

a. a. a. a. a.
8.55 3.9312 1.9656 -5.7349 8.3662
t-BuOH t-BuOH t-BuOH t-BuOH t-BuOH
12.5 3.9350 1.9675 -5.7343 8.3565
Ethanol Ethanol Ethanol Ethanol Ethanol
22.4 3.9391 1.9696 -5.7337 8.3459
Methanol Methanol Methanol Methanol Methanol
32.6 3.9405 1.9702 -5.7336 8.3426
Acetonitrile Acetonitrile Acetonitrile Acetonitrile Acetonitrile
375 3.9405 1.9702 -5.7336 8.3426
DMSO DMSO DMSO DMSO DMSO
46.7 3.9416 1.9708 -5.7336 8.3403
Water Water Water Water Water
79.7 3.9424 1.9712 -5.7334 8.3382

6.3.2. Correlating between solvent efficacy and greenness

The overarching concern about solvent greenness must be addressed concurrently with any

debate about solvent efficacy. As a result, in order to make a rational assessment of the studied

solvents' efficiency, a study of their greenness was conducted using the GSK guide for solvent

selection as a reference[41], and their impact on health and the environment, as well as their

flammability, were used as reference factors for the current study. The GSK solvents guide

assigns a score to each factor, ranging from 1 to 10, with 10 being the most environmentally
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friendly. According to calculation methodology developed by Prat et al.[11] and the GSK's

guide, some solvents have an EHS (environment/health/safety) red flag, which indicates that

the solvent has a known or probable regulatory issue[41]. As a result, a score of 8 has been

deducted from these flagged solvents in order to achieve a genuine outcome. The scores of the

three factors were totaled together, with an additional 8 points deducted for EHS-flagged

solvents. Depending on the overall greenness of the solvents, the sum of the scores is colored

green, yellow, or red, with green signifying greener solvents and red indicating dangerous

solvents. Table 6.3 highlights the greenness ranking of the solvents under study according to

their health impact, environmental impact and flammability.

Table 6.3. The greenness ranking of the studied solvents based on GSK guide for solvent

selection

Solvents Health Environmental | Flammability | EHS flag | Sum
impact

Pentane 8 6 2 -8

Hexane 4 3 2 -8

Heptane 8 3 3 14

Cyclohexane 7 5 2 14

CCl,4 3 5 4 -8

Ethyl Acetate 8 8 4

Acetic Acid 6 8 8

Trifluoroacetic acid 6 5 7

t-BuOH 9 6 6

Ethanol 8 8 6
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Methanol 5 9 5
Acetonitrile 6 6 6
DMSO 7 5 9
Water 10 10 10
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Figure 6.2. Correlation graph of studied solvents’ greenness and their respective efficiencies

A comparative graph has been shown in figure 6.2 in order to provide a better understanding
of the studied correlation. The graph above depicts a distinct relationship between the
greenness of the investigated solvents and their respective efficiencies. According to GSK's
solvent selection guide, the broad black curve reflects the total of the solvents' greenness,
while the red, green, blue, and cyan colors represent the HOMO-LUMO energy gap, chemical
hardness, chemical potential, and electrophilicity of Brz, respectively. Because it is predicted

that Broreleased from TBATB during the reaction is the active brominating agent, the
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chemical descriptors of Br, were chosen to better explain the correlation. As can be observed
from the graph, solvents with a greater solvents' greenness sum have larger HOMO-LUMO
energy gaps, chemical hardness, and chemical potential and smaller electrophilicity values,
and vice versa. As previously stated, a bigger value of HOMO-LUMO energy gap and
chemical hardness suggests lower reactivity, whereas a lower chemical potential implies easier
electron gaining ability, and a higher value of electrophilicity signifies better electron
accepting ability. As a result of the aforementioned graph, it can be deduced that solvents near
the left end of the curve will most likely perform better in the examined reaction than those

towards the right end.

The above correlation graph displays a clear view of the greenness and efficiency of the
investigated solvents, with pentane being identified as a high-risk solvent, despite its
efficiency being higher than the others. As a result, a chemist is always faced with a dilemma
when choosing the correct solvent, since the efficiency of the solvent medium and its
greenness may not always complement one other. And which is why, a middle path must be
found where the greenness is reasonably high while the positive chemical influence on the
reagent's reactivity is likewise significant. A deeper examination of the graph reveals that,
according to computational calculations, heptane may be the best solvent for TBATB related
bromination reactions, as its greenness sum is moderately greater than the other solvents at the
left end, as represented by the broad black curve. The findings of this study are important
because they open up the possibility of more investigation into non-traditional green solvents

as options for various other chemical transformations.
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6.4. Conclusion

Through this work an attempt has been made to understand the influence of different solvents
on the reagent TBATB. After assessment of various parameters, a co-relation between
efficiency and greenness of the solvents was developed which led to the realization that
greenness and efficiency may not necessarily complement each other in any particular
reaction. Based on the computational assessment of reactions involving TBATB, a correlation
graph was developed and it led to the conclusion that heptane could be an ideal choice of
solvent for these reactions as it strikes a balance between reactivity and toxicity.
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