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Abstract

Vanadium(V) complex was prepared by reaction of vanadium acetylacetonate with
hydrazone ligand. The complex was characterized by IR, "H NMR and UV-Visible
spectroscopy. The structure of the complex was confirmed by single crystal X-ray
crystallography. The complex shows biomimetic catalytic activity similar to that

of haloperoxidases enzyme and brominate various organic substrates efficiently

in presence of bromide salt, Lewis acid, or Brgnsted acid. It was shown that using
aluminium halide as a Lewis acid instead of a Brgnsted acid produced a more
workable approach for oxidative bromination reactions. In our current studies we
observed that oxidative bromination reaction of ketones yielded only a-bromination
products. It was discovered that AlBr; functioned as a Lewis acid and a source of
bromide to easily initiate the bromination reactions.

Keywords Catalysis, Oxidative bromination, Vanadium, Brgnsted acid, Lewis acid

1 Introduction

The terms “green chemistry” and “sustainable chemistry” which are somewhat different
but similar, have been gaining attraction in the scientific community [1-3]. The Organ-
isation for Economic Cooperation and Development (OECD), states that “sustainable
chemistry” is a scientific idea that aims to increase the effectiveness of using natural
resources to satisfy human demand for chemical goods and services [4—8]. Sustain-
able chemistry encompasses the development, manufacturing, and use of safe, secure,
efficient, and environmentally friendly chemical processes and products. According to
sustainable chemistry, the cost-benefit ratio of any chemical process must consider the
sustainable risk associated; lowering the risk allows for the assurance of a high standard
of living, the decrease of environmental damage, and economic advancement [9-13].
Green Chemistry, on the other hand, emphasizes on developing chemical processes that
minimize pollution and are beneficial for the environment and human health. Green
Chemistry, according to Anastas and Warner, is the application of a set of principles that
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Scheme 1 The use of a set of principles that reduces wastes and hazardous substances in chemical synthesis
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Scheme 2 Schematic diagram showing the oxidative bromination of organic substrate using vanadium(V)
complex

minimizes or eliminates the use or production of hazardous chemical in the design, pro-
duction, and usage of chemical products [14, 15].

In green and sustainable chemistry, catalysis is very useful especially whenever recy-
cling of the catalyst is required. However, much metal catalysis frequently used either
a poisonous or precious metals, therefore it is important to select some metals such as
iron or vanadium which are easily available, less expensive and generally non-toxic in
nature [16-20]. Vanadium is one of the most abundant elements with many accessible
oxidation states and plays significant roles in medical and biochemistry, and the coordi-
nation chemistry of vanadium has led to many applications in both heterogeneous and
homogeneous catalysis and synthesis [21-24]. In our previous work, we have achieved
the catalytic oxidative bromination by using vanadium complexes, hydrogen peroxide,
perchloric acid and KBr under aerobic condition. However, these methods required a
stoichiometric concentration of a potent protic acid [25]. Therefore, our research has led
us to create a more adaptable and greener approach for bromination reactions (Scheme
1). Hence, herein we report the synthesis, characterization and catalytic oxidative bro-
mination of organic substrates using vanadium complex as a catalyst, a bromide salt, and
either a Lewis acid or a Brgnsted acid (Scheme 2).

2 Experimental

2.1 Chemicals and physical measurements

Solvents and reagent were used as received. The ligand was synthesized following the
procedure reported in the literature [26]. Other chemicals such as vanadium acetyl-
acetonate, salicylaldehyde, phenol red, 5-bromo salicylaldehyde, 2-nitro phenol, ethyl
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salicylate, acetophenone, 2-hydroxy acetophenone, p-methoxy-acetophenone, 4-methyl-
2-hydroxyacetophenone, 5-methyl-2-hydroxy-acetophenone, p-methyl-acetophenone,
m-methyl-acetophenone and other metal salts were purchased from Sigma Aldrich,
HiMedia and were used as received without any further purification. All operations were
carried out under aerobic conditions. The 'H NMR and '*C NMR spectra were recorded
on AMX-400 MHz and 100 MHz in DMSO-d;, solution using tetramethylsilane as inter-
nal standard.

2.2 Single X-ray crystallography

Single crystal X-ray data of the complex were collected using Xcalibur, Eos, Gemini dif-
fractometer equipped with a monochromated Mo K radiation ((\ = 0.71073 A). The
CrysAlis PRO; Agilent, 2013 software packages were used for data collection and reduc-
tion. The intensity data were corrected using semi empirical absorption method. In all
cases absorption corrections based on multiscan using SADABS software were applied
[27].The crystal structure was solved and refined using SHELXL-2014 [28]. All non-
hydrogen atoms were refined anisotropically, whereas the hydrogen atoms were place
at a calculated position and refined in the final refinement using riding model. Crystal-
lographic data of the complex have been deposited with the Cambridge Crystallographic
Data Centre, CCDC, 12 Union Road, Cambridge CB21EZ, UK. Copies of the data can be
obtained free of charge on quoting the depository number CCDC-2441189 (deposit@
ccde.cam.ac.uk, https://www.ccdc.cam.ac.uk).

2.3 Preparation of vanadium(V) complex

Hydrazone ligand (0.24 g, 1 mmol) was dissolved in 20 mL of methanol and stirred for
few minute and vanadyl acetylacetonate (0.27 g, 1 mmol) was added and stirred for
another 30 min. The reaction mixture was then refluxed at 70 °C for 45 min and cooled
to room temperature followed by addition of sodium carbonate (1 mmol) and stirred at
room temperature for 30 min. The resulting solution yielded a light brown precipitate.
The precipitate was collected, dried at room temperature and kept it in the desiccator.
Colour: light brown; M.p: >320 °C. Analysis found % for C,¢H3,NcNa,O,,V,: C, 37.40; H,
4.10; N, 10.00; V, 12.20. Calculated % for CpoHs,NNa,0,,V,: C, 37.42; H, 4.11; N, 10.07;
V, 12.21. IR data (cm™! KBr): 3485 v(—NH + OH)1606 (vs.) v(N=CO-), 941 (s), 891 (s),
v(V=0). 'H NMR (400 MHz, DMSO-dg, Me,Si): d (ppm): 8.83 (s, H, H-C=N), 7.73-6.71
(m, 10H, Ar—H). Electronic spectrum (},,,,, nm): 304, 330, 398.

2.4 General procedure for oxidative bromination

2.4.1 Procedure for method A: 1-(2-hydroxyphenyl)ethan-1-one (1a)

In a 50 mL round bottom flask equipped with a reflux condenser, vanadium(V) com-
plex (5 mmol, 0.018 g), 1-(2-hydroxyphenyl)ethan-1-one (5 mmol, 0.68 g), and Bu,NBr
(2 mmol, 0.274 g) were placed. To the mixture, 5 mL of acetonitrile and trifluoroacetic
acid (0.23 g, 2 mmol) were added. The flask was filled with oxygen (1 atm). The mixture
was stirred at 70 °C for 4 h. The reaction mixture was then cool to room temperature and
followed by treatment with aqueous sodium bicarbonate and extracted with ether. The
organic layer was dried over Na,SO,, filtered, and evaporated. The product was purified
by preparative column chromatography (TLC) (hexane/ethyl acetate =2/1) solvents mix-
ture to give 2-hydroxybenzoyl bromide in 96% yield.
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2.4.2 Procedure for method B: 1-(2-hydroxyphenyl)ethan-1-one (1a)

In a 50 mL round bottom flask equipped with a reflux condenser, vanadium(V) com-
plex (5 mmol, 0.018 g), 1-(2-hydroxyphenyl)ethan-1-one (5 mmol, 0.68 g), and Bu,NBr
(2 mmol, 0.274 g) were placed. To the mixture, 5 mL of acetonitrile and AICl; (0.26 g,
2 mmol) were added. The flask was filled with oxygen (1 atm). The mixture was stirred
at 70 °C for 4 h. The reaction mixture was then cool to room temperature and followed
by addition of aqueous sodium bicarbonate and extracted with ether. The organic layer
was dried over MgSQ,, filtered, and evaporated. The product was purified by prepara-
tive column chromatography (TLC) (hexane/ethyl acetate =2/1) solvents mixture to give

2-hydroxybenzoyl bromide in 96% yield.

2.5 Gram-scale reaction of 2-hydroxybenzaldehyde

In a 100 mL two neck round bottom flask, vanadium(v) complex (0.1 g, 10 mmol),
AICl, (1.03 g, 10 mmol) was added. The flask was evacuated and backfilled with oxygen
(1 atm), and 50 mL of acetonitrile and 2.44 g of 2-hydroxybenzaldehyde (20 mmol) were
added. The reaction mixture was stirred at 70 °C for 4 h, cool to room temperature and
extracted with ether. The organic layer was dried over MgSO,, filtered, and evaporated.
Column chromatography gave 2.38 g of 5-bromo-2-hydroxybenzaldehyde with 97%
yield.

3 Results and discussion

3.1 Synthesis and characterization

Vanadium(V) complex was obtained by reaction of vanadium pentoxide with ligand
and sodium carbonate in 1:1:1 molar ratio (Scheme 3). Different spectroscopic tech-
niques such Infrared spectroscopy, UV-visible spectroscopy and '"H NMR were used to
characterized the complex. In the IR spectrum of the complex, the peaks appeared at
3485 cm™!, 1606 cm™, 941 cm™ and 891 cm™}, respectively. The peak at 3485 cm™ was
assigned to the —OH stretching vibrations frequency, whereas the peak at 1606 cm™
was assigned to azomethine functional group (N=C) stretching vibrations frequency.
The new stretching vibrations frequencies appeared at 941 cm™ and 891 cm™ in the
IR spectrum of the complex, these peaks were assigned to the terminal V=0 stretch-
ing vibrational frequencies. The 'H NMR spectral data of the complex were recorded
using DMSO-d; solution and the data were presented in the experimental section. The
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Scheme 3 Schematic diagram showing the preparation of ligand (H,SL) and complex (VO,SL)
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azomethine proton appeared at 8.83 ppm and the peaks in the region 7.73-6.71 ppm
were assigned to the aromatic protons. The electronic spectrum of the complex shows
two bands at 304 nm and 330 nm. The bands at 304 nm was assigned to intra-ligand
transition whereas the bands at 398 nm was assigned to the ligand to metal charge trans-
fer (LMCT) which arises from the transfer of charge from p-orbital of phenolate-oxygen
atoms to an empty d-orbital of vanadium(V) atom [29, 30].

3.2 Single crystal structure analysis

Single crystal of the complex suitable for single XRD analysis was obtained by slow evap-
oration of solvent mixture (DMF/H,0) at room temperature after 1 week. The single
crystal structure of vanadium(v) complex is shown in Fig. 1. The crystal structures data
and structure refinement parameters are given in Table 1. The geometrical bond lengths
and bond angles of the complex were presented in Tables S1 and S2. The complex crys-
tallized in triclinic crystal system with P-1 space group, the asymmetric unit of the com-
plex consist of one vanadium atom, two terminal oxygen atoms and ligand moiety, and
one terminal oxido linked to sodium atom which is bonded to two water molecules.
The asymmetric unit of the complex contains one additional crystallization water mol-
ecule. The ligand coordinated to vanadium(V) ion in tridentate fashion through —-ONO-
donors atoms. The penta-coordinated vanadium atom adopted a distorted square
pyramidal geometry, in which the oxygen and nitrogen atoms occupied in the equatorial
positions, whereas the two dioxo groups occupied in the apical position. The geometri-
cal bond lengths around vanadium atom are 1.9021(15) A (V1-O1); 1.9868(16) A (V1-
02); 1.6163(16) A (V1-03); 1.6223(17) A (V1-04) and 2.1249(19) A (V1-N1), whereas
the bond lengths around sodium atom are 2.3904(19) A (Nal-04); 2.298(2) A (Nal-05);
2.374(2) A (Nal-06); 2.361(2) A (Nal-O7), respectively. The meta—metal interactions
bond distances in the complex are 3.5786(18) A (Nal-Nal') and 3.2742(11) A (V1-Nall),
symmetry code (*1-x, 2-y, 1-z).

The packing diagram is shown in Fig. 2. Crystal structure analysis shows the exis-
tence of hydrogen bonding, pi-pi stacking and other short molecular interactions such
as O—H.O, O-H.N and C-H.O. The O-H.O interaction bond distances are 2.877(3) A
(O(8)~H(8B).O(1); 2.888(3) A (O(7)-H(7B).0O(3); 2.810(3) A (O(7)-H(7 A).O(8); 2.974(2)
A (O(6)-H(6B).0(2); 2.793(3) A (O(6)-H(6 A).O(8); 3.014(3) A (O(5)-H(5 A).O(7).
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Fig. 1 Single crystal structure of vanadium(v) complex
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Table 1 Crystal data and structure refinement

(2026) 3:91

Empirical formula C,6H34NgNa, 0,6V,
Temperature/K 295.0(3)

Crystal system Triclinic

Space group P-1

a/A 7.7307(5)

b/A 10.3264(9)

/A 12.0317(9)

a/° 109.555(7)

pre 104.336(6)

v/° 93.128(6)
Volume/A? 866.91(12)

z 2

Peatcg/cm’ 1.598

w/mm-™' 0.645

F(000) 428.0

Radiation MoKa (\=0.71073)
Reflections collected 4722

Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final Rindexes [I>=20 ()]
Final R indexes [all data]
Largest diff. peak/hole/e A~

3026 [R,; = 0.0204, Ry, = 0.0416]
3026/0/267

1040

R, =0.0352, wR, = 0.0833

R, =0.0421, wR, = 0.0876
033/-026

Fig. 2 A Packing diagram of the complex along the crystallographic b-axis and polyhedral plot for metal ions; B
packing diagram of the complex along the b-axis showing a parallel stacking

The O-H.N bond distances are 2.987(3) A (O(5)-H(5B).N(2) and 2.803(3) A O(8)—
H(8 A).N(3), whereas the C-H.O interaction bond distances are 3.429(3) A (C(4)—
H(4).0(3) and 3.418(3) A (C(7)-H(7).0(6), respectively. The major contribution are the

Page 6 of 14
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H--H interactions with 39%, followed by O--H interactions with 26.7%. The pi-pi stack-
ing interaction bond distance between the centroid in the complex is 3.75 A.

3.3 Oxidative bromination reaction

Using the above synthesized vanadium(V) complex, we carried out the experiment for
oxidative bromination of organic substrates such as phenol, aniline, aromatic aldehyde
and ketone. In the present work, we carried out the catalytic activities of vanadium(v)
complex for the oxidative bromination of 1-(2-hydroxyphenyl)ethan-1-one using
Bu,NBr (as a bromide source) and Brensted acid or Lewis acid in presence of oxygen
(1 atm). In the initial stage, the oxidative bromination reaction of 1-(2-hydroxyphenyl)
ethan-1-one using vanadium(v) complex (5 mol%), Bu,NBr (300 mol%), trifluoroace-
tic acid (TFA) (300 mol% ) using dioxane as a solvent and O, (1 atm) was carried out
(Table 2). The bromination reaction proceeds smoothly leading to the formation of bro-
minated product, 2-hydroxybenzoyl bromide with 96% yields within 2 h (Table 2, entry
1). In this study, we also performed the reaction under inert conditions using argon, but
it was found that the bromination reaction yield only 14% (Table 2, entry 2). The use
of p-toluenesulfonic acid monohydrate (PTS.H,O) in place of trifluoroacetic acid (TFA)
under identical conditions showed a 20% drop in yield (Table 2, entry 3). These results

suggested that for effective catalytic bromination requires the use of acid and oxygen

Table 2 Optimization of reaction conditions for the oxidative bromination of 1-(2-hydroxyphenyl)
ethan-1-one using vanadium(v) complex, Bu,NBr and Brgnsted acid or Lewis acid in presence of
oxygen (1 atm)?

OH 0 9

Vanadium(V) complex (5 mol%)

0,
Bu,NBr
acid, 70 °C, 2 hr OH
Entry | Vanadium (V) BwNBr (mol%) | Acid/(mmol) Isolated yield %
complex (mol%)
1° 5 300 CF3COOH/300 | 87
2b-d 5 300 CF3COOH/300 | 14
3 5 300 PTS. H,O%300 | 56
4 5 300 AlC15/300 39
5 5 150 AlCI3/150 95
6 5 150 BF3 OEt/150 45
7 5 150 FeCl3/150 0
8 5 150 ZnCly/150 28
9 5 150 CoCly/150 0
10 5 150 CuCly/150 60
11 5 100 AICI3/100 57
12 5 50 AlCI3/50 26
13 10 150 AlC15/150 74
14 2.5 150 AlCI5/150 61
15 V205 (5 mol%) | 150 AlC1:/150 78
16 No catalyst 150 AICI3/150 0

?Conditions: 1-(2-hydroxyphenyl)ethan-1-one (5 mmol), 5 mol % vanadium(V) complex, Bu,NBr (as bromide source), and
acid, 5 mL of 1,4-dioxane, under O, (1 atm); bConditions: 1-(2-hydroxyphenyl)ethan-1-one (3 mmol), 5 mol % vanadium(V)
complex, Bu,NBr (as bromide source), and acid, 5 mL of acetonitrile, under O, (1 atm); “p-Toluenesulfonic acid monohydrate;
dReaction under argon

Page 7 of 14
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(1 atm). The more important bromination reaction is thought to be accomplished by
combining with a Lewis acid rather than a Brensted acid. It should be mentioned that the
1-(2-hydroxyphenyl)ethan-1-one bromination process generated the 2-hydroxybenzoyl
bromide in a reasonable yield (Table 2, entry 4). The amounts of AICl; and the bromide
source were successfully reduced to 120 mol% at 70 °C, in which the 2-hydroxybenzoyl
bromide was produced in 95% isolated yield (Table 2, entry 5). The bromination reaction
of 1-(2-hydroxyphenyl)ethan-1-one was also performed by using different amount of
vanadium(v) complex (2.5 mol% and 10 mol%), Bu,NBr (50 mol% and 150 mol%), AICl,
(50/100/150 mol%) but it was observed that the bromination products were obtained
in less yield (Table 2, entries 11-14). The bromination reaction was also carried out
using BF;.OEt,, ZnCl, and CuCl, instead of AICl;, but the bromination products were
obtained in lower yield (Table 2, entries 6, 8 and 10). Other Lewis acid such as FeCl,,
and CoCl, are less effective for the oxidative generation of bromine from bromide salts
under mild conditions compare to vanadium catalyst (Table 2, entries 7, 9). The catalytic
study was also performed using V,0O;, however the yield of 2-hydroxybenzoyl bromide
obtained is lower compared to that of the complex (Table 2, entry 15). Furthermore, the
catalytic study was also carried out without the use of the vanadium complex in order to
check that there is no background with the conditions of Bronsted acids and Lewis acids
(Table 2, entry 16).

The bromination reaction of 1-(2-hydroxyphenyl)ethan-1-one was also performed
using different solvents combination such as acetonitrile, toluene, dichloromethane and
1,4-dioxane (Table 2). Hence, the bromination reaction in these solvents resulted in a
slightly lower yield compared with acetonitrile as a solvent (Table 3, entries 1-6). Simi-
larly, after studying the effects of solvents, the catalytic studies was also carried out using
AICl; as a Lewis acid under same condition and it is found that Lewis acid is much more
superior compare to the trifluoroacetic acid system. The bromination reaction using
toluene and acetonitrile as a solvent were also carried out at room temperature, it was
found that reaction proceeded smoothly giving a moderate yield (Table 3, entries 7 and

Table 3 The effect of solvent in bromination of 1-(2-hydroxyphenyl)ethan-1-one using
vanadium(V) complex, Bu,NBr, Bransted acid or Lewis acid in presence of oxygen (1 atm)?

OH o a

Vanadium(V) complex (5 mol%)
0,

BuyNBr

acid, 70 °C, 2 hr OH
Entry | Vanadium(V) BuNBr Acid/(mmol) Solvent Isolated
complex (mol%) | (mol%) yield %
1° 5 300 CF;COOH/300 1.4-dioxane 62
2b 5 300 CF:COOH/300 Toluene 67
3 5 300 CEF;COOH/300 Dichloromethane | 38
4 5 150 AlCI3/150 Acetonitrile 79
5 5 150 AlCI5/150 Toluene 87
6 5 150 AlCI3/150 Dichloromethane | 65
7¢ 5 150 AlCl13/150 Toluene 69
8¢ 5 150 AlCI5/150 Acetonitrile 57

?Conditions: 1-(2-hydroxyphenyl)ethan-1-one (5 mmol), 5 mol % vanadium(v) complex, Bu,NBr (as bromide source) and
acid, 5 mL of acetonitrile, under O, (1 atm); bConditions: 1-(2-hydroxyphenyl)ethan-1-one (3 mmol), 5 mol % vanadium(v)
complex, Buy,NBr (as bromide source), and acid, 5 mL of acetonitrile, under O, (1 atm). “Reaction was conducted at room
temperature (23 °C)

Page 8 of 14
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8). The reversal of performance between room temperature and at elevated tempera-
ture can be explained by considering the nature of the solvents. At room temperature it
can be attributed that acetonitrile coordinates with AICl;, and partially deactivated the
catalyst by occupying its vacant orbital. However, as the temperature increases the coor-
dination shifted and liberating more active AICl; to facilitate the generation of the Br*
electrophile. Similarly, in case of toluene, which is a non-polar and a weakly coordinating
solvent which allows for maximum catalytic efficiency. Furthermore, the performance
between Lewis Acid and Brensted acid relies on the formation of Br*AICl,” complex.
Solvents with strong coordinating abilities like acetonitrile may compete directly with
the halogen for the Aluminium center. In Trifluoroacetic acid (TFA) the solvents effects
are governed by acidity and ability to stabilize protons (H") rather than electron-pair
coordination [31].

To investigate the substrate scope and explore the validity of the present catalytic sys-
tem, we explore the catalytic oxidative bromination reaction using different substrates.
The reaction was performed using the standardised method, vanadium(v) complex (as a
catalyst), Bu,NBr (as a bromide source), trifluoroacetic acid, AlCl; (Lewis acid) in pres-
ence of O, (1 atm) and acetonitrile as a solvent at 70 °C for 4 h as shown in Table 4.
The oxidative bromination of 1-(2-hydroxy-4-methylphenyl)ethan-1-one (1) proceeded
smoothly giving 2-bromo-1-(2-hydroxy-4-methylphenyl)ethan-1-one (Table 4, entry 1).
It was observed that the use of trifluoroacetic acid, the yield of 2-bromo-1-(2-hydroxy-
4-methylphenyl)ethan-1-one dropped to 18%. Similarly the bromination reaction of ace-
tophenone (2) gives 2-bromo-1-phenylethan-1-one in high yield in the presence of 120
mol % of AICl; and Bu,NBr (Table 4, entry 2). Bromination reaction of 1-(4-methoxy-
phenyl)ethan-1-one (3) and 2-hydroxybenzaldehyde (4) was successfully converted to
2-bromo-1-(4-methoxyphenyl)ethan-1-one with 91% and 5-bromo-2-hydroxybenzal-
dehyde 98% (Table 4, entries 3 and 4). The use of trifluoroacetic acid instead of AlCl,
drop the yield of 2-bromo-1-(4-methoxyphenyl)ethan-1-one to 21% and 5-bromo-
2-hydroxybenzaldehyde to 17%. The efficiency of AICl; than trifluoroacetic acid was
also observed in the oxidative bromination reaction. Ethyl 2-hydroxybenzoate (5) and
1-(2-hydroxy-5-methylphenyl)ethan-1-one (6) was converted to their correspond-
ing bromide 6a and 7a with 90% and 94% vyield, respectively (Table 4, entries 5 and 6).
Similarly, the bromination reaction of 2-nitrophenol (7), aniline (8), phenol red (9) and
2,6-dimethylphenol (10) was performed smoothly and converted to their correspond-
ing bromide 8a (91%) and 9a (96%), 10a (86%) and 11a (94%), respectively (Table 4,
entries 7—10). It has been observed that the position of attack for bromination reactions
are governed by the electron donating and electron withdrawing attached to the ring.
Strong electron withdrawing group present on the ring such as -CHO and NO, lack
alpha hydrogen and deactivate the ring and the bromination reaction takes place at the
meta-position because it is the least destabilized site for the carbocation intermediate.
Substituents that are electron donation group increase the electron density at the ortho
and para position, and hence the bromination reaction take place at the orth-position or
the para-position. However, aromatic ketones having acidic alpha hydrogen can under-
goes keto-enol tautomerism, and the bromination take place at the alpha position rather
than on the aromatic ring because the enol form acts as a strong nucleophile. The results
obtained from the catalytic studies show that vanadium(v) complex is a good catalyst for

oxidative bromination reaction using Brensted acid or Lewis acid in presence of oxygen
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Table 4 Oxidative bromination using vanadium(V) complex/Bu,NBr/AlCl;/ in presence of oxygen (1

atm)?
Entry Substrate Condition *® Product Yield (%)
(isolated)
1 it A, 150 f 23,98
/@5‘\ B, 300 /@5‘\/5’ 23,80
OH OH
2 i A, 150 it 33,92
©)‘\ B, 300 ©)1vm 33,79
3 f A, 150 it 43,91
/@)‘\ B, 300 /@)‘\/sr 4a,70
~ o
4 N A, 150 . N 5a,98
B, 300 53, 81
OH 'OH
5 i A, 150 i 6a, 90
@5‘\0/\ B, 300 B’\(;\Hko/\ 6a,78
'OH oH
6 it A, 150 it 7a, %4
\©5‘\ B, 300 \Cﬁl\/ﬂr 73,78
OH OH
7 0‘ A, 150 ﬁ 83,91
©i”\o B, 300 Br\@iw\o 8a,71
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AlCl;, 5 mL of acetonitrile, under O, (1 atm), 70 °C, 4 h. Method B: 5 mmol of substrate, 5 mol % vanadium(V) complex,
Bu,NBr, Trifluoroacetic acid, 5 mL of acetonitrile, under O, (1 atm), 70 °C, 4 h

=
o
I

(1 atm) and Bu,NBr as a bromide source. Based on the aforementioned findings, it is
anticipated that AlBr; will function as both a source of bromide ions and a Lewis acid.
The bromination of acetophenone was carried out with 5 mol % of vanadium(v) complex
and 120 mol % of AlBr; under oxygen (1 atm). It was found that the bromination reac-
tion proceeded successfully which lead to the formation of the 2-bromo-1-phenylethan-
1-one with 87% yield. In oxidative bromination systems, AlBr; provides the Br~ ions for
the reaction. These ions are oxidized to electrophilic species (Br, or Br*) forming more
reactive electrophilic intermediate such as bromonium ions facilitating the electrophilic
substitution. Studies have shown that AlBr; can acts as a direct brominating agent, con-
verting the organic substrates into brominated derivatives without the initial addition
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of elemental Br,. In bromination reactions, AlBr; outperforms AlCl; and TFA due to its
stronger Lewis acidity and its role as a halogen donor [23]. This result indicates that two
bromides of AlBr, are able to participate as a bromide source.

Notably, a gram-scale practical reaction was carried out successfully to give the bromi-
nation product in a high yield, as exemplified by the bromination of 2-hydroxybenzalde-
hyde to the corresponding 5-bromo-2-hydroxybenzaldehyde in 97% isolated yield.

Furthermore, the catalyst can be recycled, regenerate and used for further reaction.
Hence, we have successfully executed the bromination experiment of 2-hydroxyaceto-
phenone for five consecutive runs, in order to study the feasibility of the catalyst (Fig. 3).
In our studies, the catalyst can be easily recovered, using a simple extraction method,
washed with ethylacetate and dried at 80 °C for 40 min. In the following cycles, the
recovered catalyst was kept for further use. These findings demonstrated that neither
deactivation nor decrease the catalyst’s selectivity occurred during the cycles.

4 Plausible mechanisms

It has been known that the bromide ions are oxidized by the stoichiometric oxo-metal
[32]. While one electron transfer was observed with the chromium ion, manganese and
ruthenium complexes has been also reported which induces the formation of hypobro-
mide species through oxygen atom transfer [33, 34]. In the current study, the oxidative
bromination of 2,6-demethylphenol did not produce benzyl bromide nor a dimerization
product through radical process (Table 4, entry 10). Therefore, a bromonium species
(OBr/AlBr,, Br*) may be suggested as the key intermediate. This species is produced by
oxidation of a bromide ion via oxygen atom transfer of an oxovanadium species activated
by a Lewis acid. Hence, the catalytic efficiency of the bimetallic complex is attributed to
a cooperative effect between the two metal centres as shown in the proposed mechanism
(Scheme 4). The catalytic cycle initiates with the formation of vanadium peroxo inter-
mediate upon reaction with the oxidant. In the next step, the AI(III) center functions
as a Lewis acid, coordinating to the peroxo-oxygen atom. This secondary coordination

OH o] 0
Br
Vanadium(V) complex (5 mol%)
0O, (balloon)
BuyNBr
acid, 70 °C, 2 hr OH
\ .0..
Recyecled
98 - o .
96
94 -
=
)
= 92
>
c\c
90 A
88 -
86

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5
Number of Cycles

Fig. 3 Recyclability of the catalyst
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0,
Br AIBT3
\®/OH 0,
\R Br
Br ~A' - o-—o O,H

..

/

\\/O/:H\ \ o /\
avh \J/ —

OBr/AlBr2

Scheme 4 Plausible mechanism for the catalytic oxidative bromination

induces a strong polarization of the V-O bond, thereby significantly increasing the elec-
trophilicity of the vanadium center and facilitates the nucleophilic attack of the sub-
strates regeneration of the catalyst in presence of oxygen.

5 Conclusion

In conclusion, vanadium(v) complex was successfully synthesis and characterized. The
complex adopted a square pyramidal geometry. The catalytic activity for bromination
of various organic substrates was obtained in good yield without the use of a strong
oxidant. Using aluminium halide as a Lewis acid instead of a Brensted acid allows for
more efficient and practical selective bromination of a variety of substrates. The oxida-
tion of bromide anion proceeds to produce a species that id similar to a bromonium
ion through the combination of a Lewis acid and a vanadium catalyst. It was found that
AlBr; acted as a Lewis acid and a source of bromide, resulting in smooth bromination
without the need for a protic acid or stoichiometric strong oxidant. Research is being
done to increase the synthetic flexibility and employ this practical method for other
reactions.
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