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ABSTRACT:

A mechanochemical protocol employing boric acid, an economical and environmentally benign
inorganic acid catalyst, enables the synthesis of symmetrical and unsymmetricalazobenzenes
from diverse amines. This grinding-based, solvent-free approach provides a sustainable
alternative to conventional methods, avoiding harsh transition-metal catalysts. The use of oxone
as a green oxidant, operation under ambient conditions, simplified work-up, and overall

environmental compatibility highlights the advantages of this methodology.

KEYWORDS:Boric Acid; Oxone; Ethanol; Symmetrical Azobenzenes;

Unsymmetrical Azobenzenes.

INTRODUCTION:

In recent years, sustainable development has become a central focus of modern organic
synthesis. The urgent need to address global pollution and the ongoing environmental damage
has stimulated the search for alternative strategies in organic synthesis.! Conventional methods
often rely on petroleum-based solvents, hazardous chemicals, and harsh reaction conditions, all
of which contribute significantly to environmental pollution. To overcome these challenges,
alternative strategies that minimize waste, reduce energy consumption, and eliminate toxic
reagents are urgently needed. Mechanochemistry has emerged as a powerful green approach,
offering solvent-free and energy-efficient pathways for the synthesis of organic molecules. By

replacing traditional solvent-intensive protocols with grinding-based methodologies,
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mechanochemical synthesis provides an environmentally sustainable alternative that is
particularly attractive for both organic and pharmaceutical chemistry.

For chemists, the search for greener and eco-friendly catalysts and solvents remains both a
challenge and an opportunity in the development of sustainable reaction strategies. Among
various targets, aromatic azo-compounds have long attracted significant attention due to their
wide range of applications in food additives, indicators, organic dyes, and therapeutic agents
(Figure 1).23 Owing to their remarkable photochemical properties, these compounds have also
been widely employed in liquid crystals,*> smart polymers,°photoswitches for biological
systems,”® and photochromic ligands in optochemical genetics.” More recently, through C-H
activation or functionalization, azo compounds have been exploited for the synthesis of valuable
derivatives such as o-alkoxyazobenzenes,!%0-acylazobenzenes,'!'14 and indole frameworks.!>16 In

addition, they are increasingly utilized in the fabrication of optical filters and protective glass

materials.
0 O = IN Q o
.87
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Figure 1: Biologically active molecules having azo-moiety.
Literature surveys indicate that several methods have been reported for the synthesis of azo
compounds, including the Mills'”-'®%and Wallach reactions, oxidation of amines, reduction of
azobenzenes, thermolysis of azides, transformations of quinine acetals, dehydrogenation or
metal-catalyzed coupling of arylhydrazines, triazene rearrangements, dimerization of diazonium

salts, and opening of benzotriazoles.!*2Among these, the simplest and most direct strategy is the
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one-step oxidation of amines. This transformation has been achieved using various catalysts such
as gold nanoparticles on TiO,, silver nanoparticles, nickel peroxide, MnO,, NaBO3, BaMnQO,,
AgMnO,, Pb(OAc),, Ag,CO3, Ce(OH);0,H, RuCl3/H,O,, t-BuOIl, t-BuOClI,
galvinoxyl/K3Fe(CN)g, KO, platinum and palladium nanowires, and Cu(I)-diaziridinone.?’-46A
comparative overview of these reported processes is provided in Table 2.

Several methods have been reported for the synthesis of azobenzenes, each with certain
advantages, such as high yields for specific amine derivatives. However, many of these protocols
remain limited due to drawbacks including the use of expensive metal catalysts, toxic solvents,
harsh conditions, long reaction times, moderate yields, and issues of functional group tolerance
or metal contamination. The preparation and handling of metal catalysts, magnetic nanoparticles,
or ionic liquids further increase cost and complexity. In contrast, mechanochemical synthesis
offers a green, solvent-free, and energy-efficient alternative.*’ It enables straightforward one-pot
access to symmetrical and unsymmetricalazobenzenes under ambient conditions, without the
need for transition-metal or lanthanide catalysts, thereby providing a more sustainable and eco-
efficient pathway highly desirable in synthetic organic chemistry.

Among inorganic acids, boric acid is a weak acid (pK. = 9.2), moderately soluble in water, more

soluble in warm water, and well known for its stability and environmental safety. Over the past

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

decades, it has been widely applied in organic transformations®->2 due to its advantages,

including commercial availability, chemical stability, and ease of handling, low cost, non-
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toxicity, and overall green nature. In this study, we explored the catalytic potential of boric acid

(cc)

in a mechanochemical framework for the sustainable synthesis of azobenzenes. We report a
straightforward, solvent-free grinding protocol under mild conditions for the preparation of both
symmetrical (Scheme 1) and unsymmetricalazobenzenes (Scheme 2), employing oxone>? as the

oxidant in the synthesis of symmetric derivatives.

NH, NH; o
Boric acid, Oxone Na
> N R
+ RT, 10 min
R R

Grinding R

Scheme 1. Synthesis of symmetrical azobenzene from amines.
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NO NH> /@
Boric acid N\\N
+ > R
RT, 10 min

R Grinding

Scheme 2. Synthesis of unsymmetrical azobenzene from amines and nitrosobenzene.

Result and Discussion

Synthesis of symmetricalazobenzenes

To standardize the reaction protocol, aniline (1 mmol) was taken as the starting material and the
progress of the reaction was monitored by TLC. Initially reaction was investigated in absence of
catalyst under solvent condition and even after 30 min of grinding our desired product is not
obtained (Table 1, Entry 1). In absence of boric acid, only nitrobenzene was formed in presence
of oxone and it was confirmed by matching TLC with commercially purchased nitrobenzene
(Table 1, Entry 1). Then the reaction was carried out by taking 1 mmol of aniline, 25 mol% of
boric acid and 0.5 mmol of oxone under aqueous condition for 30min when only less amount of
the product was obtained (Table 1, Entry 2). Now with the same reaction conditions, different
solvents were used to monitor the reaction. However, with ethanol, methanol, acetonitrile,
chloroform, and toluene we get moderate yield of the desired product (Table 1 Entry 3-7). When
we switch from different solvent to neat condition in presence of varying amount of boric acid
and we were excited to find our desired product in good amount of yield (82% - 88%) (Table 1,
Entry 8-12). Now with the solvent being optimized, we increased the amount of oxone to 1.0
mmol but here we were surprised to find that yield decreased considerably to 66% (Table 1,
Entry 13). It might be due to the oxidation of aniline to nitrobenzene before undergoing coupling
reaction. While reducing the amount of oxone to 0.25 mmol reduced the yield to 45% (Table 1,
Entry 14). To explore the effect of oxidant, we screened our reaction with various oxidants such
as CH3;COOOH, K,S,05 and I,. However, either traces amount of product was obtained or no
reaction was observed (Table 1, Entry 18-20). Thus we choose oxone as an oxidanr for this
reaction. We further investigated the reaction by increasing the time, such as- 15, 20, 30 min
which did not give any significant increase in the yield of the product (Table 1, Entry 15, 16. 17).
Hence finally we choosel mmol of aniline, 10 mol% of boric acid and 0.5 mmol of oxone>* as

the optimal reaction condition for the synthesis of symmetric azobenzenesunder solvent free
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condtion at room temperature for 10 min using grinding method (Table 1, Entry 12). So, boric

acid has a great catalytic activity to carry out the preparation of symmetric azobenzene under

mechanochemical process.

Table 1. Screening of the reaction conditions for the synthesis of symmetric azobenzenes®:

2

NH2 NH Solvent, Catalyst, Oxone Na
N

Q)

Entry Oxone (mmol) Solvent Catalyst loading| Time (min) Yield (%)P
(mol%)
1 0.5 Neat - 30 -
2 0.5 Water 25 30 35
3 0.5 Ethanol 25 30 39
4 0.5 Methanol 25 30 41
5 0.5 Acetonitrile 25 30 50
6 0.5 CHCl; 25 30 56
7 0.5 Toluene 25 30 60
8 0.5 Neat 25 30 88
9 0.5 Neat 30 30 87
10 0.5 Neat 20 20 85
11 0.5 Neat 15 10 82
12 0.5 Neat 10 10 82
13 1.0 Neat 10 10 66
14 0.25 Neat 10 10 45
15 0.5 Neat 10 15 82
16 0.5 Neat 10 20 84
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17 0.5 Neat 10 30 84
18 0.5 Neat 10 30 Trace®
19 0.5 Neat 10 30 -d
20 0.5 Neat 10 30 -¢

The bold significance represents the optimized conditions.

aReaction of aniline (1 mmol), varying amount of oxone andboric acid under various solvent condition at room

temperature using grinding method, “Isolated yield of product by column chromatography,"CH;COOOH as

oxidant,9K,S,0y as oxidant,*I, as oxidant.

After tuning various reaction conditions, we analysed our results to previously published

literature (Table 2) to demonstrate the benefits of using boric acid as a catalyst in this procedure.

The results show that previously published techniques have flaws including prolonged response

times, low yields, severe reaction conditions, and so on. Compared to previously reported

approaches, the suggested procedures are more efficient, cost-effective, and environmentally

friendly.
Table 2. Comparative studies for the synthesis of azobenzenes
SI No. Catalyst Condition Time (h) | Yield (%)
1 Ag-nanoparticle (1 mmol) KOH, DMSO, RT 24 50-97
Au/TiO;- nanoparticle
2 Toluene, 100 °C, O,, 5 bar 5-31 44-99
(1.5 wt%)
3 t-BuOCl (1 mmol) Nal (1 mmol), ether, rt 1-36 44-97%
Diaziridinone (1.1 equiv),
4 CuBr (5 mol%) 2 70-98%
CH;CN, RT
glacial acetic acid (20 cc), 6.52-
5 NaBOj; (0.01 mol) 3
45-50 °C 50.42%
Present Oxone (0.5 mmol), Neat,
Boric acid (10 mol %) 10 min 62-82%
Work RT, Grinding
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This protocol gave desired products with different range of amines (Table 3). The progress of the
reaction was monitored by TLC (eluent: ethyl acetate-petroleum ether). The product was
collected through column chromatography. A number of amines have been employed in the
synthesis of symmetric azobenzenes in our methodology. As evidence from Table 3, good yield
of different products has been obtained all at room temperature. The procedure has been
generalized for a range of amines having electron-donating, electron-withdrawing groups on
benzene ring as well as naphthyl rings. Better results were obtained for amines having electron-
donating effect compare to those having electron-withdrawing effect. It may be due to the
electron density on nitrogen atom making them more nucleophilic. It was also observed that
ortho-product gave fewer yields than the other products. This may be due to steric factors at the

ortho positions.

Table 3. Boric acid catalyzed and ethanol mediated synthesis of symmetric azobenzenes?*:

NH
NH; z Boric acid, Oxone N\\N/Q
» R
+ Solvent Free, RT, 10 min

R R Grinding R

1a-11
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N+
o

la

Yield = 82%

CHj
N\\N
CHj
1b

Yield = 84%

QN\\N@

CH,

lc

Yield = 82%

1d

5

le

Yield = 62%

OH

If
Yield = 74%

OH

N
N

OH

lg
Yield = 69%

1h
Yield=71%
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Cl

Cl

Br

1j
Yield = 63%

Br

or
o
Br
1k

Yield = 67%

N

11

1i
Yield = 66%

Yield = 82%

aReaction conditions: aniline (1 mmol), oxone (0.5 mmol) and boric acid (10 mol %) under solvent free condition at

room temperature using grinding method.

Synthesis of unsymmetricalazobenzenes

Now to broaden the catalytic activity, boric acid was also investigated for synthesise of
unsymmetrical azobenzenes. Attempts to synthesize unsymmetric azobenzenes directly from
amines, we choose aniline (1 mmol), p-toluidine (I mmol), and oxone (0.5 mmol) as a model
substrate which gave only trace amounts of the desired product in presence of 25 mol% of boric
acid, with nitrobenzene as the main by-product. It was also confirmed by the TLC using
commercially available one.Then to synthesise of unsymmetricalazobenzeneswe choose
nitrosobenzene rather than aniline under the same condition. At first, in absence of catalyst no
desired product was obtained (Table 4 entry 1). However, under these solvent-free
mechanochemical conditions, the reaction of p-toluidine (1 mmol) with nitrosobenzene (1 mmol)
in the presence of boric acidafforded the best yield of the targeted azobenzene(Table 4, Entry 8-
12). Screening of solvents such as water, ethanol, methanol, chloroform, and acetonitrile gave
only moderate results, confirming the superiority of the neat grinding method (Table 4, Entry 2-
7). The yield of the product was not so much affected even after increasing the time of the
reaction (Table 4, Entry 13-15). Thus the optimal protocol involved 1 mmol p-toluidine, 1 mmol
nitrosobenzene, and 10 mol% of boric acid under grinding process for 10 min, providing
excellent yield of the unsymmetric azobenzene at room temperature (Table 4, Entry 12).

Amines with diverse substituents were efficiently transformed into unsymmetric azobenzenes in
good yields, as shown in Table 5. Both ortho- and para-substituted amines were compatible with
the methodology, though para-substituted derivatives generally gave higher yields. The lower
yields observed with ortho-substituted amines can be attributed to steric hindrance at the ortho

position.
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Table 4. Screening of the reaction conditions for synthesis of unsymmetric azobenzenes®:

Catalyst, Solvent N
s ©/ SN

NO NH,
+

L

Entry Solvent Catalyst loading Time (min) Yield (%)°
(mol %)
1 Neat - 30 -
2 Water 25 30 33
3 Ethanol 25 30 40
4 Methanol 25 30 47
5 Acetonitrile 25 30 56
6 CHCl, 25 30 63
7 Toluene 25 30 69
8 Neat 25 20 86
9 Neat 30 20 86
10 Neat 20 15 84
11 Neat 15 10 82
12 Neat 10 10 80
13 Neat 10 15 80
14 Neat 10 20 81
15 Neat 10 30 82

The bold significance represents the optimized conditions.

aReactionof amines(Immol), nitrosobenzene (Immol) and varying amount of boric acid at room temperature

under different solvent condition, ’Tsolated yield of the products using column chromatography.
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Table 5. Boric acid catalyzed and ethanol mediated synthesis of unsymmetric azobenzenes?*:

NO NHz
Boric acid N
SN
RT, Solvent Free ©/ R
R Grinding, 10 min
2a-2h
N Q N+ @ N+ /© ™
o N o g
HaC Br “
2
2a cl i i -
» Yield =72% Yield = 70%

Yield = 80%

Yield = 76%

N.
e
CHj

2e
Yield =77%

o
Br

Yield = 69%

N\\/©
N

CHj

2g
Yield = 75%

CKT°“©

2h
Yield = 65%

aReaction conditions: nitrosobenzene (1 mmol), amines (1 mmol) and boric acid (10 mol%)under neat condition at

room temperatureusing grinding method.

Table 6 shows the turnover frequency (TOF) and turnover number (TON). Boric acid can be

used to attain higher turnover frequency (TOF) and turnover number (TON) values for both the

symmetrical and unsymmetrical azobenzene synthesis at optimal circumstances.>>

Table 6: Calculations of Greem Metrics- Turnover Number (TON) and Turnover

Frequency (TOF)
Entry Product TON TOF Entry Product TON TOF
1 la 114 11.4 11 1k 76 7.6
2 1b 119 11.9 12 11 113 11.3
3 Ic 114 11.4 13 2a 99 9.9
4 1d 144 14.4 14 2b 89 8.9
5 le 65 6.5 15 2c 80 8.0
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6 1f 92 9.2 16 2d 77 7.7
7 lg 81 8.1 17 2e 93 9.3
8 lh 85 8.5 18 2f 74 7.4
9 li 72 7.2 19 2g 88 8.8
10 1j 67 6.7 20 2h 66 6.6

We studied the recyclability and reusability of the catalyst H;BO; for the synthesis of symmetric
and unsymmetric azobenzenes. It was found that after completion of the reaction,n-hexane was
added to the residual mixture and then by simple filtration the catalyst was recovered and reused
upto five times under the optimal conditions.After yielding excellent amount of product in the 1%
run, the catalyst was separated and collected to use for the next run. In the 2" run, the recovered
catalyst provided our desired product in good yield (77%). The same process was just repeated
for 31, 4% and 5% run. We were glad to find that the catalytic activity of boric acid was retained

upto 5™ run providing our desired product in good amount of yield (58-82%) (Figure 2).

80 1
70 7
60
50 1
40 7
30 1
20 1
10 1

IstRun 2ndRun 3rdRun 4thRun 5th Run
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Figure 2. Recyclability of the catalyst.

Mechanism

Based on the literature survey, a plausible mechanism has been proposed in Scheme 3. In the
first step, boric acid can coordinate with the lone pair of the amine nitrogen (I) through its
electron-deficient boron centre. This coordination reduces the reactivity of nitrogen and directs
the oxidation by oxone towards the formation of nitrosobenzene(detected by FT-IR

spectra)rather than nitrobenzene. In the second step, boric acid may interact with the oxygen
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atom of nitrosobenzene (II), thereby activating it for nucleophilic attack by aniline at the nitrogen
center. This leads to the formation of intermediate (III), which subsequently transforms into the
targeted product, azobenzene. The first step of the mechanism is suitable only for the synthesis
of symmetrical azobenzenes, where the second one is applicable for both the symmetrical and

unsymmetricalazobenzenes synthesis.
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Scheme 3. Probable mechanism for the preparation of azobenzene.
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Experimental details

General procedure for the synthesis of symmetrical azobenzene derivatives

Firstly to get the desired product of the model reaction, amine (1 mmol), oxone (0.5 mmol) and
boric acid (10 mol%) were mixed together and grinded by using mortar and pestle manually at
room temperature for 10 min under solvent free condition. The progress of the reaction observed
on TLC with a mixture of ethyl acetate and petroleum ether as the eluent system. After
completion of the reaction, the mixture was extracted with ethyl acetate, washed several times
with water. The combined organic mixture was dried over anhydrous Na,SO,, concentrated and
the residue was purified by column chromatography to afford pure solid product. All the
products were characterized by 'H NMR and 3C NMR.

The NMR data of (E)-Azobenzene,*® the desired product of the model reaction, is given below:
"H NMR (300 M Hz, CDCl;) 8(ppm): 7.54-7.49 (m, 6H), 7.93 (d, J= 7.2 Hz, 4H);
I3C NMR (75 M Hz, CDCls) 8(ppm): 122.84, 129.10, 131.00, 152.62.

General procedure for the synthesis of unsymmetrical azobenzene derivatives
Firstly to get the desired product of the model reaction, p-toluidine (1 mmol), nitrosobenzene (1

mmol), and boric acid (10 mol%) were mixed grinded by using mortar and pestle manually at

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

room temperature for 10 min under solvent free condition. After completion of the reaction,

checked by TLC, the mixture was separated usingethyl acetate and water. The combined organic
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mixture extracted in ethyl acetate was dried over anhydrous Na,SO,, concentrated and the

(cc)

residue was purified by column chromatography on silica gel 60-120 mesh using petroleum ether
as eluent to afford pure solid product. All the products were characterized by 'H NMR and '*C
NMR.

The NMR data of (E)-1-(4-Methylphenyl)-2-phenyldiazene,>’the desired product of the model
reaction, is given below: 'H NMR (400 M Hz, CDCls) 6(ppm): 2.44 (s, 3H), 7.3 (d, J = 8.0 Hz,
2H), 7.5 (d, J = 8.0 Hz, 3H), 7.8 (d, J = 8.0, 2H), 7.9 (d, J = 7.6, 2H);!3C NMR (100 M Hz,
CDCl3) d(ppm): 22.69, 122.72, 122.85, 129.05, 129.74, 130.69, 141.56, 150.77, 152.74.
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Conclusion

In conclusion, we have developed a simple, eco-friendly, and efficient mechanochemical strategy
for the synthesis of both symmetrical and unsymmetricalazobenzenes. The use of inexpensive
and non-toxic boric acid as a recoverable catalyst makes this method sustainable and
environmentally benign. The process features easy reaction conditions, a straightforward setup,
and eliminates the need for hazardous solvents. Overall, this work presents a facile and green

approach for azobenzene synthesis, aligning with the principles of sustainable organic chemistry.
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