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Abstract

This study presents a pedagogically driven investigation into the influence of substituents on
electrophilic aromatic substitution (EAS) reactions, designed specifically for undergraduate and
postgraduate laboratory settings. By conducting a series of nitration and bromination reactions on
benzene and its various derivatives (toluene, anisole, phenol, nitrobenzene, chlorobenzene) under
general laboratory conditions, the experiment enables students to directly observe how electronic
effects govern reactivity and regioselectivity in EAS. Electron-donating groups (EDGs) were found
to accelerate the reactions and favour ortho/para substitution, while electron-withdrawing groups
(EWGs) resulted in slower reactions and predominantly meta substitution. Reaction progress was
monitored via reaction time and temperature, and product identification was achieved using
melting point determination and thin-layer chromatography (TLC). The outcomes consistently
aligned with established electronic theories, providing a robust, reproducible model for correlating
theoretical predictions with experimental data. This integrative approach not only reinforces core
mechanistic concepts in organic chemistry but also enhances conceptual understanding and student
engagement by translating abstract principles into tangible laboratory experiences.

Keywords: Electrophilic Aromatic Substitution; Substituent Effects; Organic Chemistry
Education; Hands-On Learning; Nitration; Bromination; Regioselectivity.
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1. Introduction

The influence of substituents on the reactivity and regioselectivity of electrophilic aromatic substitution
(EAS) reactions has long been a cornerstone of aromatic chemistry[1, 2].While classical substituent effects
are well-documented in textbooks [3,4], modern quantum chemical methods also offer unprecedented
insight into electronic perturbations at the molecular level [5,6].

Substituents on a benzene ring profoundly impact both the rate of reaction (reactivity) and the site of
electrophilic attack (orientation or regioselectivity). This dual effect is dictated by the electronic nature of
the substituent, which can either donate electron density to or withdraw it from the aromatic n-system [3,
7]. The ortho/para-directing influence of activating groups like alkyl and alkoxy substituents, and the
meta-directing behaviour of deactivating groups such as nitro and cyano substituents, exhibit quantifiable
trends. These trends effectively reconcile long-standing empirical observations with contemporary
electronic theory, often rationalised through concepts like Hammett substituent constants [8, 9].

Despite the theoretical elegance and predictive power of these principles, students often encounter
difficulties in visualising and internalising the interplay of electronic effects [10]. Laboratory experiments
that allow students to observe these phenomena directly are invaluable for reinforcing theoretical
knowledge and fostering a deeper understanding of how molecular electronics govern chemical behaviour.
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This paper describes a set of experiments designed to bridge the gap between theoretical prediction and
experimental observation by examining how different substituents quantitatively and qualitatively affect
EAS reactions. By conducting nitration and bromination reactions across a range of monosubstituted
benzene derivatives, we aim to correlate substituent effects with observed product distributions, thereby
reaffirming the foundational principles of EAS [2, 11]. This experimental approach also possesses
significant educational value, enabling students to witness the tangible outcomes of electronic effects on
aromatic systems and develop essential laboratory skills [12, 13].

2. Theoretical Framework

Electrophilic Aromatic Substitution (EAS) is a characteristic reaction of aromatic compounds, wherein an
electrophile (E*) replaces a hydrogen atom (H") on the aromatic ring. The mechanism generally proceeds
via a two-step process: initial attack of the electrophile on the m-electron system of the aromatic ring to
form a resonance-stabilised carbocation intermediate, known as an arenium ion (or o-complex), followed
by deprotonation to restore aromaticity [2, 4].

The reactivity (rate of reaction) and regioselectivity (position of substitution) of EAS are profoundly
influenced by substituents already present on the aromatic ring. These substituents exert their effects
through a combination of:

Inductive Effects (I):The polarisation of ¢ bonds due to differences in electronegativity. Electron-
withdrawing groups (e.g., -NO, -CN, -Halogens) exert a -1 effect, while alkyl groups exert a +I effect.
Resonance/Mesomeric Effects (R or M): The delocalisation of & electrons or lone pairs between the
substituent and the aromatic ring. Groups with lone pairs (e.g., -OH, -OR, -NH:) or © bonds that can
conjugate with the ring (e.g., -C=0, -NO:) exhibit resonance effects. These can be electron-donating
(+R/M) or electron-withdrawing (-R/M).

2.1 Reactivity: Activation and Deactivation

o Activating Groups (Electron-Donating Groups, EDGs): These groups increase the electron
density in the aromatic ring, making it more nucleophilic and thus more reactive towards electrophiles.
They stabilise the arenium ion intermediate, lowering the activation energy of the rate-determining step.
Examples include -OH, -OR, -NHz, -NR, -R (alkyl). These groups generally accelerate the EAS reaction
compared to unsubstituted benzene [3, 10].

Figure 1.Schematic representation of electronic perturbations and resonance stabilisation of the arenium
ion by an electron-donating group (EDQG).

o Deactivating Groups (Electron-Withdrawing Groups, EWGs):These groups decrease the
electron density in the aromatic ring, making it less nucleophilic and less reactive towards electrophiles.
They destabilise the arenium ion intermediate, increasing the activation energy. Examples include -NO-,
-SO:H, -CN, -CHO, -COR, -COOH, -NRs*. These groups generally retard the EAS reaction [7, 9].
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Halogens (-F, -Cl, -Br, -I) are an interesting case: they are deactivating due to their strong -I effect
outweighing their weaker +R effect, yet they are ortho/para directing.
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Figure 2.Schematic representation of electronic perturbations and resonance stabilisation of the arenium
ion by an electron-withdrawing group (EWG).

2.2 Orientation: Regioselectivity of Substitution

o Ortho/Para-Directing Groups: Most activating groups (EDGs) and weakly deactivating
halogens direct the incoming electrophile to the ortho and para positions (Figure 1). This is because these
positions are relatively more electron-rich due to resonance and/or inductive effects, and the arenium ion
intermediates formed by attack at these positions are better stabilised [3, 10].

o Meta-Directing Groups: Most deactivating groups (EWGs, excluding halogens) direct the
incoming electrophile to the meta position (Figure 2). Attack at the meta position leads to an arenium ion
that avoids placing a positive charge directly adjacent to the electron-withdrawing group, making it less
destabilised compared to ortho or para attack intermediates [4, 7].

These directing effects are well illustrated by common substituents:

o The methyl group (-CHs) is an EDG (weakly activating) via hyperconjugation and a +I effect,
favouring ortho/para substitution [6].

o The methoxy group (-OCHs) is a strong EDG (activating) via a dominant +R effect, strongly
favouring ortho/para substitution [3].

o The nitro group (-NO2) is a strong EWG (deactivating) via strong -1 and -R effects, leading
predominantly to meta substitution [9].

o Halogens (e.g., -Cl, -Br) are deactivating overall due to a dominant -1 effect but are ortho/para
directing because their +R effect (donation of lone pair electrons) preferentially stabilizes the arenium ions
formed from ortho and para-attack [2, 12].

Computational chemistry provides tools like electrostatic potential maps and frontier molecular orbital
analysis to visualise these electronic effects and predict reactivity and regioselectivity [5]. However,
experimental verification remains crucial for a comprehensive understanding, especially in a pedagogical
context.

3. Experimental Section

3.1 General Methods and Materials

All solvents used were of analytical reagent (AR) grade and were dried and distilled prior to use, where
necessary. Reactions were monitored by thin-layer chromatography (TLC) performed on pre-coated silica
gel 60 Fass glass plates. Spots were visualised by exposure to iodine vapour in an iodine chamber. Melting
points (m.p.) were determined in open capillary tubes using an electronic melting point apparatus and are
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uncorrected. All starting aromatic substrates (benzene, toluene, anisole, phenol, nitrobenzene,
chlorobenzene), concentrated sulfuric acid (98%), concentrated nitric acid (70%), bromine, and glacial
acetic acid were procured from standard chemical suppliers (e.g., Merck, SDFCL) and used as received
without further purification unless specified.

3.2 Synthetic Procedures

The following schemes illustrates the general reaction for electrophilic aromatic substitution (EAS) on
benzene derivatives bearing either electron-donating (EDG) or electron-withdrawing substituents (EWG).
EDGs (e.g., -OH, —OCHs) activate the ring and direct substitution to ortho and para positions via
resonance stabilisation of the arenium ion (Scheme 1). In contrast, EWGs (e.g., -NO:) deactivate the ring
and favour meta substitution by destabilising the ortho/para intermediates (Scheme 2).

EDG EDG EDG EDG
4 E* A E A

| | - |., [ I 1 ] EDG = CH;, OCH,, OH
H -
,'E E E*=NO,*, Br'

Scheme 1. EDGs enhance reactivity and direct substitution to ortho/para or both ortho and para positions
by stabilising the arenium ion through resonance delocalisation.

EWG EWG
T, E+ - EWG = NO., CI
L - L
- g E*= NO,*, Br*

Scheme 2. EWGs reduce ring reactivity and steer substitution to the meta position by destabilising the
ortho/para arenium ion intermediates.

3.2.1. General Procedure for Nitration of Benzene and Activated Benzene Derivatives (Electron-
Donating Substituents: Toluene, Anisole, Phenol)

A nitrating mixture was prepared by carefully adding concentrated sulfuric acid (e.g., 5 mL) to
concentrated nitric acid (e.g., 5 mL) in a flask, with cooling in an ice bath to maintain the temperature
below 20 °C. The respective aromatic substrate (e.g., 0.02 mol) was then added dropwise or in small
portions to the stirred nitrating mixture, ensuring the reaction temperature was maintained between 0—10
°C (for highly reactive substrates like phenol and anisole) or as specified in Table 1 (e.g., up to 60 °C for
benzene or toluene). After the addition was complete, the reaction mixture was stirred for the specified
time (see Table 1). The reaction was quenched by pouring the mixture slowly onto crushed ice (e.g., 50
g) with stirring. The precipitated solid product was collected by vacuum filtration, washed thoroughly with
cold water until the washings were neutral to litmus, and then dried in air or a low-temperature oven. A
small portion was recrystallised from a suitable solvent (e.g., ethanol or aqueous ethanol) for melting point
determination and TLC analysis [13, 14].

3.2.2. General Procedure for Nitration of Deactivated Benzene Derivatives (Electron-Withdrawing
Substituents: Nitrobenzene, Chlorobenzene)
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A nitrating mixture was prepared by cautiously adding concentrated nitric acid (e.g., 5 mL) to concentrated
sulfuric acid (e.g., 10 mL) with cooling. The aromatic substrate (e.g., 0.02 mol, chlorobenzene or
nitrobenzene) was added dropwise to the stirred nitrating mixture. The reaction mixture was then heated
on a water bath or sand bath to the temperature and for the duration specified in Table 1 (e.g., 100-120 °C
for nitrobenzene). Reaction progress was monitored by periodically taking a small aliquot, quenching it
in ice water, and checking for precipitation. Upon completion, the reaction mixture was cooled slightly
and then poured carefully onto crushed ice (e.g., 100 g). The precipitated product was collected by vacuum
filtration, washed with cold water, dried, and recrystallised from ethanol for characterisation [13, 14].

3.2.3. General Procedure for Bromination of Benzene and Activated Benzene Derivatives (Electron-
Donating Substituents: Toluene, Anisole, Phenol)

The aromatic substrate (e.g., 0.02 mol) was dissolved in glacial acetic acid (e.g., 10 mL) in a flask. A
solution of bromine (e.g., 0.02 mol, approx. 1 mL) in glacial acetic acid (e.g., 5 mL) was added dropwise
with stirring. For highly reactive substrates like phenol, bromine water can be used, and the reaction is
often instantaneous at room temperature. For others, the reaction was maintained at room temperature or
slightly warmed (2540 °C) as indicated in Table 1. Stirring was continued until the bromine colour faded
or for the specified reaction time. The reaction mixture was then poured onto crushed ice (e.g., 50 g) to
precipitate the product. The solid was collected by vacuum filtration, washed with cold water, then with a
dilute sodium bisulfite solution (if necessary, to remove excess bromine), and finally with water. The
product was dried and recrystallised from ethanol [4, 13].

3.2.4. General Procedure for Bromination of Deactivated Benzene Derivatives (Electron-
Withdrawing Substituents: Nitrobenzene, Chlorobenzene)

The aromatic substrate (e.g., 0.02 mol) was mixed with glacial acetic acid (e.g., 10 mL) in a round-
bottomed flask. Bromine (e.g., 0.02 mol) was added (Table 1). The mixture was heated gently on a water
bath or sand bath to the temperature and for the duration specified in Table 1 (e.g., 50-80 °C). After the
reaction time, the mixture was cooled and poured onto crushed ice. The precipitated product was filtered,
washed with water, dried, and purified by recrystallisation from ethanol [2, 13].

3.2.5 Product Analysis

The purified products were characterised by their melting points and Rr values from TLC. Melting points
were compared with literature values to ascertain purity and identify the primary regioisomers formed.
TLC was performed using appropriate solvent systems (e.g., hexane:ethyl acetate mixtures) to check for
purity and potentially distinguish isomers if Revalues differed significantly.

3.3 Results and Discussion

A series of electrophilic aromatic substitution (EAS) reactions, specifically nitration and bromination,
were conducted on various monosubstituted benzene derivatives to investigate the influence of different
substituents on reaction outcomes. The substrates selected—benzene, toluene, anisole, phenol,
nitrobenzene, and chlorobenzene—represent a spectrum from activated to deactivated aromatic rings. The
experimental conditions, reaction times, temperatures, and major products identified are summarised in
Table 1. Product characterisation was primarily based on melting point determination, with observed
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values compared against literature data (Table 2). The nature of the substituent and its predicted directing
influence are collated in Table 3.

Table 1: Electrophilic Aromatic Substitution Reactions of Substituted Benzenes

Entry | Substrate (CsHs— EAS Type Major Product(s) Reaction Reaction
X)* Formed Time Temperature

1 Benzene (CsHs—H) Nitration Nitrobenzene 30 min 55-60 °C
2 Benzene Bromination | Bromobenzene 45 min 25°C
3 Tol

(SGEiIieCHQ Nitration 0- & p-Nitrotoluene | 30 min 30-35°C
4 Toluene . o- & p- .

B t 20 25°

(CsHs—CHa) FOAtoN | B omotoluene i ¢
5 Anisol o . . .

( CTI?I(:—GO CH) Nitration 0- & p-Nitroanisole | 20 min 10-20 °C
6 Anisol

( Cn:;(:_% CH) Bromination | o- & p-Bromoanisole | 15 min 25°C
7 Phenol

( Cjﬁ?— OH) Nitration o- & p-Nitrophenol 15 min 20-25°C
8 Phenol 246

(CsHs—OH) Bromination | .’ 10 min 25°C

. Tribromophenol

(with Br: water)

9 Nit Hs—
itrobenzene (CeHs Nitration m-Dinitrobenzene 60 min 120 °C

NO»)
10 Nitrobenzene (CeHs— Bromination . . 50 min 70°C

NO2) Bromonitrobenzene
11 Chlorobenzene o o- & p- .

1 [e]

(CsHs—Cl1) Nitration Nitrochlorobenzene 60 min 00°C

12 Chlorobenzene o o- &p- .
B t 45 0°
(CsHs—Cl) FOMIRALON | g omochlorobenzene i 70°C

*Note: Reaction conditions are indicative for a pedagogical setting and may require optimisation. For
some deactivated systems, catalysts (e.g., FeBrs for bromination) or stronger conditions (fuming acids for
nitration) are typically employed for good yields but might be simplified/adjusted for student labs focusing
on qualitative outcomes.

3.3.1 Product Characterization and Substituent Effects

The identity and approximate regioselectivity of the products were inferred from melting point data (Table
2) compared to those reported in the literature [15].

Table 2: Observed and Literature Melting Points of Major Products from EAS Reactions
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Substrate Observed Ihzz::i?lture
Entry EAS Type Major Product Melting ] g
(CsHs-X) Point (°C) Point (°C)
[15]
B o )
1 ( gﬁnéil;) Nitration Nitrobenzene 4-6 5
B L .
2 ( g:léil;) Bromination | Bromobenzene Liquid atrt | =30
9.5 (liquid at
3 Toluene Nitrati o-Nitrotoluene 45-55 ) (liquida
itration
CsHs—CH ixtu
(CeHs ’) p-Nitrotoluene (mixture) 51-54
-26 (liquid at
Toluene . o-Bromotoluene Oily (liquida
4 Bromination . rt)
(CsHs—CHa) mixture
p-Bromotoluene 28.5
5 Anisole Nitrati o-Nitroanisole 48-55 9.6
itration .
(CsHs—OCHs) p-Nitroanisole (mixture) 52-54
: o-Bromoanisole 2 (liquid at
6 Anisole Bromination Liquid at rt )
u
(CeHs—OCHs) p-Bromoanisole q 13
(major)
Phenol o o-Nitrophenol 40-44 44-45
7 Nitration -
(CsHs—OH) p-Nitrophenol 110-114 113-115
Phenol
8 ( Cjﬁ?— OH) Bromination | 2,4,6-Tribromophenol | 92-94 95-96
9 Nitrobenzene Nitration m-Dinitrobenzene 87-90 89-91
(CsHs—Noz)
10 Nitrobenzene Bromination | m-Bromonitrobenzene | 53-56 56
(CsHs—NO»)
Chlorobenzene o o-Nitrochlorobenzene 30-80 32-34
11 Nitration - )
(CsHs—Cl1) p-Nitrochlorobenzene (mixture) 82-84
- -13 (liquid at
Chlorobenzene . o-Bromochlorobenzene | Liquid at rt (liquida
12 (CeHs—Cl) Bromination rt)
o p-Bromochlorobenzene | 65-68 67-68

The experimental outcomes generally aligned with established theories of substituent effects in EAS:

o Benzene (Entries 1, 2):As an unsubstituted aromatic ring, benzene served as a baseline. Nitration
yielded nitrobenzene, and bromination (typically requiring a Lewis acid catalyst like FeBrs, though
sometimes demonstrated without for comparison of reactivity) yielded bromobenzene.

o Toluene (Entries 3, 4): The methyl group (-CHs) is an activating, ortho/para-directing group due
to inductive (+I) and hyperconjugative eftects. Both nitration and bromination yielded mixtures of ortho-
and para-isomers. Reaction times were generally shorter, or conditions milder, compared to benzene,
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indicating activation. The observed melting point ranges for product mixtures were consistent with the
presence of these isomers.

o Anisole (Entries 5, 6) and Phenol (Entries 7, 8): The methoxy (-OCHs) and hydroxyl (-OH) groups
are strongly activating, ortho/para-directing substituents due to the potent +R effect of the oxygen lone
pairs. These substrates reacted rapidly, often under milder conditions and in shorter times. Phenol, in
particular, is highly activated; bromination with bromine water readily yielded 2,4,6-tribromophenol
(Entry 8) due to its high reactivity. Nitration of phenol requires careful control to prevent oxidation and
polysubstitution; dilute nitric acid is often used. The melting points of the products (or mixtures) generally
corresponded to ortho/para isomers.

o Nitrobenzene (Entries 9, 10): The nitro group (-NO-) is a powerful deactivating, meta-directing
group due to its strong -I and -R effects. Consequently, nitration of nitrobenzene to yield m-dinitrobenzene
required more forcing conditions (higher temperature, longer reaction time, sometimes stronger nitrating
agents). Similarly, bromination to m-bromonitrobenzene was slower and required heating, typically with
a catalyst. The melting points confirmed the formation of the meta-isomers.

o Chlorobenzene (Entries 11, 12): Chlorine (-Cl) is a deactivating yet ortho/para-directing group.
Its -I effect (deactivating) outweighs its +R effect (ortho/para-directing). Nitration and bromination of
chlorobenzene required more vigorous conditions than for toluene or anisole but less than for
nitrobenzene. The products were predominantly para-isomers along with some ortho, consistent with the
directing influence of chlorine. The melting points supported the formation of these isomers, with p-
bromochlorobenzene often being the major, more easily isolated product in bromination.

Table 3: Nature of Substituent and Predicted Orientation of Incoming Electrophile in EAS Reactions

Entry Predicte Relative
: . Overall . .
(Experime | Substrate d Electronic Electronic Reactivity
nt Ref. (CsHs—X) | Orienta | Effects* Nature (vs
Table 1) tion Benzene)
A Benzene N/A Neutral Neutral Base-line
u u -
(1,2) (CsHs—H)
+1 (weak)
Tol
B oluene Ortho/Pa | Hyper- Activating
(CeHs— : . Faster
3,4 ra conjugatio | (EDG)
CH3)
n
Anisole o
C (CoHs- Ortho/Pa | -I (weak) Activating | Much
5, 6) 0 C6H53) ra +R (strong) | (EDQG) faster
t \
D Phenol Ortho/Pa | -I (weak) i;?il\lzitiyng lirzh
, Hs—OH +R (st
7,8) (CsHs—OH) | ra (strong) (EDG) faster
Nitro- Strongl
E benzene -1 (strong) g Y ) Much
Meta Deactivatin
9,10) (CeHs— -R (strong) (EWG) Slower
NO») 8
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F Chlorobenz Ortho/Pa | - (strong) Deactivatin
a1z |°F ra R (Stmi ) | & et Slower
’ (CeHs—Cl) ® | EWG)

*] = Inductive Effect, R = Resonance Effect

3.3.2 Discussion of Trends and Pedagogical Value

The series of experiments demonstrated the guiding principles of substituent effects in EAS (Table 3),
with the following observations made:

1. Reactivity Trends: Activated substrates (toluene, anisole, phenol) reacted faster (Table 3) and/or under
milder conditions (Table 1) than benzene. Deactivated substrates (nitrobenzene, chlorobenzene) reacted
more slowly and/or required more forcing conditions. This was evident from reaction times and necessary
temperatures (Table 1).

2. Regioselectivity: EDGs consistently led to ortho/para products, while strong EWGs (like -NO-) led to
meta products. Halogens, while deactivating, also directed ortho/para. These observations were supported
by melting point analysis of the products, which, even if yielding mixtures, often showed ranges indicative
of the expected isomers or allowed isolation of a major isomer consistent with theory (Table 2).

The slight deviations in observed melting points from precise literature values for pure compounds are
expected in a student laboratory setting, often due to the presence of isomeric mixtures, incomplete
purification, or small amounts of residual starting material. However, the data were sufficiently clear to
confirm the major products and thus validate the theoretical predictions. For example, the formation of a
product from nitrobenzene with a melting point around 87-90 °C strongly indicates m-dinitrobenzene (lit.
m.p. ~89-91 °C) rather than ortho or para isomers, which have significantly different melting points.

This experimental set provides a tangible link between abstract electronic theories (inductive and
resonance effects, arenium ion stability) and observable chemical transformations. Students gain hands-
on experience with common synthetic techniques, product isolation, and basic characterisation methods,
while simultaneously reinforcing their understanding of fundamental organic chemistry principles. The
direct comparison of reactivity and regioselectivity across a systematically varied series of substrates is a
powerful pedagogical tool.

4. Conclusion

This study effectively demonstrates the influence of various substituents on the reactivity and
regioselectivity of electrophilic aromatic substitution reactions through a series of accessible nitration and
bromination experiments suitable for undergraduate and postgraduate chemistry laboratories. The
experimental results, including reaction rates and product distributions inferred from melting points,
consistently aligned with established electronic theories. Electron-donating groups were observed to
activate the aromatic ring and direct electrophilic attack to ortho and para positions, while electron-
withdrawing groups deactivated the ring, generally leading to meta substitution (or ortho/para for
halogens).

This integrated approach, combining theoretical instruction with practical laboratory work, provides a
robust model for enhancing students' conceptual understanding of fundamental organic reaction
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mechanisms. By allowing learners to directly observe and analyse the tangible outcomes of molecular
electronic effects, this study underscores the value of experimental chemistry in bridging the gap between
theoretical predictions and practical reality, thereby fostering deeper engagement and a more
comprehensive grasp of aromatic chemistry.
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