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Abstract

SNAr reactions constitute an important pathway for the synthesis of many cru-

cial organic derivatives from polyhaloaromatic compounds. The sluggish

nature of the reaction in many cases makes it a challenging pathway and limits

its potential applications. In the present report, liposomes have been used as

model membrane systems to study nucleophilic substitution reactions of halo-

substituted dinitrobenzene with morpholine. The results show an interesting

dependence of the reactivity on the size and composition of liposomes. The

extent of rate acceleration in liposomes is strongly dependent on the identity

of the halogen which undergoes the substitution—for example, chloro-

substituted aromatic compounds show the most sensitivity to the presence of

lipsomal reaction media. The observed behavior correlates with the reported

reactivity of halobenzenes while revealing interesting details which may be

critical in harnessing the reactivity of less reactive substrates. The results

explore the viability of employing liposomes as promising alternatives for

synthetic protocols.
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1 | INTRODUCTION

Aromatic nucleophilic substitution (SNAr) reactions of
1-halo-2, 4-dinitrobenzenes are synthetically important
class of reactions.[1–8] This class of reactions is very sensi-
tive to the composition of the reaction medium.[9, 10]

However, the general reactivity of substrates in organic
solvents and aqueous media has observed to be low, thus
hampering extensive application of this class of reactions.
The sluggish nature of nucleophilic substitution reactions
(coupled with concern over the environmental hazards of
conventional organic solvents) has prompted the use
of numerous unconventional reaction media such as

ionic liquids,[11–13] deep eutectic solvents,[14] and
nanomicelles.[15] The high yields of SNAr reaction in
nanomicelles indicated the possible role of aqueous-
organic interface towards enhancing the reactivity.
In continuation with our previous efforts towards
developing an environmentally sustainable synthetic
strategy for SNAr reactions,[14,16] further exploration of
SNAR reactions in microheterogeneous media such as
liposomes (or vescicles) was relevant and logical exten-
sion of the previous attempts.

The complex chemistry of liposomal assemblies has
been harnessed for improved synthetic protocols and was
recently demonstrated by Iwasaki and coworkers,[17] who
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reported high enantioselectivity for alkylation of
N-(diphenylmethylene)glycine-tert-butyl ester in lipo-
somes. Recent studies on use of liposomes as reaction
media for 1,3-dipolar cycloaddtion reactions[18] and
Michael addition reaction[19] have also highlighted the
critical role of liposomal interface in accelerating the
rates of these reactions. Kinetic and mechanistic investi-
gations of chemical processes in liposomal assemblies
have been very few in number. For example, several
modes of liposomal reactivity under identical conditions
were investigated by Menger and Azob[20] as a
cytomimetic model. The observed rates were justified on
the basis of hydrophilic nature of the functional groups
present. Further investigation revealed the critical role of
interliposomal transfer of reactant molecules during
collisions between liposomes.[21]

An additional incentive for studying chemical pro-
cesses in liposomes is that it provides an opportunity to
model phospholipid membranes in vitro while overcom-
ing many of the experimental limitations associated with
in vivo studies. These membranes are fundamental
building blocks for cellular structures and are capable of
controlling the outcome of numerous biological
processes.[22–25] In recent years, this approach has been
explored extensively to design protocells that can mimic
cellular complexity in the form of cascading enzymatic
reactions,[26] synthesis of proteins[27] and the effect of
compartmentalization over peptide synthesis.[28,29]

The present work explores the model SNAr reaction
of 1-halo-2,4-dinitrobenzene (DNXB) with morpholine
in liposomal assemblies composed of 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine (DPPC) or 1,2-dimyristoyl-
sn-glycero-3-phosphocholine (DMPC). Various factors
that could influence the reaction outcome such as loca-
tion of the substrate vis-à-vis the liposomal assembly,
composition of the liposomes, and concentration of lipid
constituting the liposomes were examined. Varying the
halide substituent affected the sensitivity of the substrate
to the liposomal reaction medium and thus influenced
the rate of the reaction. The results are discussed in terms
of the hydrophobicity and leaving group ability of the
substrate.

2 | RESULTS AND DISCUSSION

Unlike conventional kinetic studies in homogeneous
reaction media, the kinetic studies for micro-
heterogeneous media are complicated by the fact that the
reaction dynamics may depend on the exact location of
the reaction—in the bulk phase or at the interface. For
example, reactions taking place in liposomal media may
occur at any one of the three “locations”—in bulk water,

inside the liposome or at the liposome-water interface. It
may be possible that the reaction occurs at all three
“locations” simultaneously with either one or two of
them dominating the reaction outcome—depending on
the conditions employed. This situation also complicates
the quantitative discussion of kinetic data—especially for
comparison of rates in bulk media with those occurring
at the interface. In order to overcome this limitation, the
rate constants in the present report have been designated
as “apparent” rate constants, although all experimental
kinetic data could be best modeled as first order
(or pseudo first order) rate processes.

Another important consideration would be the pH of
the solution, which can be influenced by the presence of
a weak base (morpholine, pKa = 8.4). For the concentra-
tions of morpholine used in this study, the pH of the
aqueous medium was found to be greater than 9 and var-
ied slightly for different concentrations of morpholine
used. No buffer solution was used to control the
pH of the reaction medium. The possibility of
competitive reactions with hydroxide ions at such high
pH cannot be completely ruled out. However, the
stoichiometric conversion of the substrates to the product
N-(2,4-dinitrophenyl)morpholine indicates that any com-
petitive reactions may be negligible in extent.

3 | KINETICS IN LIPOSOME
VERSUS AQUEOUS MEDIA

The primary mechanistic concern about any reaction car-
ried out in liposomes would be to determine which loca-
tion/s is/are most conducive for the reaction to occur. In
order to determine whether the model SNAr reaction pri-
marily occurred in the aqueous phase, inside the lipo-
some or at the interface, the rate of product formation
was determined under three different reaction condi-
tions. Initially, the rates of nucleophilic substitution reac-
tion between 1-fluoro-2, 4-dinitrobenzene (DNFB) and
morpholine were determined in the presence of
liposomes.

Two different approaches were adopted to measure
the kinetics of the reaction in liposomal media. In the
first approach, the DNFB substrate was added to liposo-
mal dry film before formation of liposomes and thus, got
“encapsulated” inside the liposome due to its low solubil-
ity in water. In the second case, the substrate was allowed
to get adsorbed on the liposome interface after the forma-
tion of liposome from the dry film; that is, it was
“incubated” to yield the liposomal solution of DNFB.
Given the low solubility of substrate and low membrane
permeability of pure DPPC liposomes and our kinetic
data, it can be safely assumed that majority of the
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substrate was adsorbed on the surface of the liposome
and the percolation of the encapsulated substrate was
negligible during the progress of the reaction. An
analogous kinetic run was carried out in the aqueous
media, keeping all other reaction conditions identical,
except the presence of liposomes. The third setup would
be critical in determining the relative rate of such reac-
tions in aqueous versus liposomal media. The results of
the three kinetic runs are summarized in Figure 1.
Maximum rate of product formation was observed for the
“incubated” DNFB (i.e. reactant molecules adsorbed at
liposomal surface) followed by reaction of “encapsulated”
DNFB (i.e. reactant primarily located/encapsulated inside
liposomes) whereas the reaction in water showed least
rate of conversion. Rate acceleration was, thus, observed
for reactions progressing at liposome–water interface as
compared to those taking place in water, while the
reaction in the interior of liposome showed a marginal
acceleration in comparison to the reaction taking place in
water. Similar trends were reported by Iwasaki et al[18]

for 1,3-dipolar cycloaddition reactions, wherein the

substrates adsorbed on the surface of liposome were
found to show a 3-fold increase in reactivity as compared
to the substrates in bulk aqueous medium.

The possible explanation for an enhanced rate at
liposomal surface can be attributed to the presence of
optimum hydrophobic environment at liposomal surface
comparable to organic solvents, promoting greater inter-
action between the hydrophobic substrate and water
soluble secondary amine. In contrast, lower kobs values
for encapsulated substrate indicate that the interior of
liposome was less accessible for the more water soluble
substrate morpholine. The order of reactivity is, thus,
consistent with the previously observed reaction rates in
liposomes.[20,21] Considering the rate acceleration at lipo-
some surface, all further kinetic experiments for liposo-
mal assembly were carried out in conditions promoting
interfacial interactions, that is, with substrate incubated
on the liposome.

4 | EFFECT OF LIPID
CONCENTRATION

The reactions taking place at the interface of the liposome
are bound to be controlled by the total interfacial area
available—which can be regulated by controlling the size of
the liposomes or changing the concentration of liposomes
in a monodisperse suspension. The rate of product forma-
tion for the DNFB-morpholine reaction was measured in
monodisperse DPPC liposomes with lipid concentration
ranging from 5 to 50 μM (refer Table S1 in Supporting
Information). The variation in the observed pseudo first
order rate constants in liposomes (kobs) with change in lipid
concentration was monitored (Figure 2). The increase in
kobs values with increasing lipid concentration can be easily
related to availability of increase in interfacial area, adsorp-
tion, and conversion of DNFB molecules (since the size of
the liposomes was maintained constant). However, after an
initial increase, the kobs values were found to level off at a
maximum value and then decrease with further increase
lipid concentration. It was critical to understand the
nonlinear dependence of kobs values on interfacial area,
achieved by increasing concentration of liposomes in a
monodisperse solution.

The liposomes used for the kinetic experiment were
extruded through a polycarbonate membrane of fixed
mean pore size resulting in a monodispersed liposomal
system. Hence, the size of liposomes had no significance
in explaining the decrease in kobs values with increasing
lipid concentration. It must be noted that previous
literature studies have limited number of reports focused
on the interfacial reactions in liposomes and their
correlation with concentration of lipid or interfacial

FIGURE 1 Time-dependence of product formation for the

reaction of 0.01 M DNFB with 10 mM morpholine in aqueous

medium (blue), interior of DPPC liposome (red), and liposome-

water interface (green). The concentration of liposomes (wherever

used) is 19 mM

SCHEME 1 Model SNAr reaction between 1-halo-

2,4-dinitrobenzene and morpholine

DUTTA AND TIWARI 3 of 8



area—none of those report a nonlinear dependence of
rates on concentration as observed in Figure 2. The possi-
ble explanation for the observed decrease in kobs values
with increasing lipid concentration can be the increase of
liposomal surface area with increasing lipid concentra-
tion, which should promote the reactivity of any interfa-
cial process. Above an optimum lipid concentration, the
number of liposomes available in reaction system may
increase significantly beyond the requirement for the
reaction. In such circumstances, DNFB concentration
available in the reaction system for adsorption at
liposome surface would be lower than the saturation
limit of the interface, leading to a decrease in the effective
interfacial concentration (number of molecules adsorbed
per unit area). The increase in surface area, under such
conditions, may be counterproductive.[30,31]

5 | EFFECT OF COMPOSITION

The effect of composition of the liposome on the kinetics
of the SNAr reaction was also investigated. Liposomes
composed of DPPC, DMPC, and their mixtures with cho-
lesterol were prepared. The substrate (DNFB) was incu-
bated over the liposomes under identical conditions and
kinetics measurements were done. Rate acceleration was
observed for DMPC based liposomes, similar to the obser-
vations in DPPC liposomes (Refer Tables S2 and S3 in
Supporting Information for absolute rate constants). The
kobs value was marginally higher for DPPC liposome in

comparison to DMPC liposome, suggesting the contribu-
tion to interfacial reactivity by hydrophobic chain length.
For investigating mixtures of lipids, lipid-cholesterol mix-
tures with Xchol ranging from 0.1 to 0.4 were prepared
(Xchol is mole fraction of cholesterol). The total concen-
tration of lipid in the kinetic runs was kept constant at
19 mM, and only the relative compositions were altered.
Cholesterol is known to modulate the physical properties
and organization of lipid bilayer, affecting the membrane
fluidity and permeability. This modulation of lipid mem-
branes can be critical for the reactions proceeding at the
surface of liposome. The kobs value increased from
liposome composed of only DPPC to liposome with

FIGURE 3 Observed pseudo first-order rate constants (kobs) for

the reaction of 1-fluoro-2,4-dinitrobenzene (DNFB) and morpholine

at 298 K against mole fraction of cholesterol (Xchol) inreaction

medium composed of (A) DPPC-cholestrol liposomes and

(B) DMPC-cholestrol liposomes. The final concentrations of lipid,

DNFB, and morpholine in a 2.5 ml reaction mixture were 19, 0.012

and, 10 mM respectively

FIGURE 2 Observed pseudo first order rate constants (kobs) for

the reaction between 1-fluoro-2,4-dinitrobenzene (DNFB) and

morpholine against varying lipid concentration of DPPC liposomes

at 298 K. Final concentrations of DNFB and morpholine in a 2.5 ml

reaction mixture were 0.012 mM and 10 mM, respectively
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(DPPC + Xchol = 0.2) but further increases in amount of
cholesterol Xchol to 0.4 resulted in a lower kobs value
(Figure 3A). Similar trends were observed for DMPC +
cholesterol mixture. However the change in kobs value on
increasing Xchol from 0.2 to 0.4 in DMPC liposomes was
less significant (Figure 3B).

The kinetic outcome of the SNAr reaction was thus
correlated with the structural alterations of the liposome
interface induced by change in lipid composition.
Liposomes constituting of pure lipids exist either
in gel phase (S) or in liquid-disordered phase (Ld),
whereas liposomes composed of binary mixtures of (lipid
+ cholesterol) possess an additional cholesterol-rich
phase, known as liquid-ordered (Lo) phase.[32] The signif-
icance of cholesterol-rich phase can be observed in
biological membranes possessing heterogeneous struc-
tures exhibiting different lipid domains—for example,
lipid rafts present in biological membranes have close
resemblance in properties with liquid ordered phase (Lo).

According to the literature on liposomal phase
behavior, the (DMPC + Xchol = 0.2) composition lies in
Ld + Lo phase above 24�C.[32] For DPPC liposomes, the
phase transition temperature was reported to be around
42�C.[33,34] The SNAr reactions were performed at 298 K
which corresponds closely to the Tm of DMPC. DPPC
could possibly undergo a pretransition between S phase
and ripple gel phase below the phase transition tempera-
ture, as observed for DPPC previously.[33] Considering
the observed relative rates for (DMPC + Xchol = 0.2), it
can be said that the Ld + Lo phase behavior of liposome
composition was favoring the SNAr reaction. (DMPC +
Xchol = 0.4) composition exhibits mainly Lo phase for all
the temperature ranges. The highly ordered arrangement
of liposome in the Lo phase could not be favorable to
SNAr reactions progressing at liposomal interface, hence
a deceleration is observed in relative rate constants. In
DPPC liposome the temperature at which SNAr reactions
were carried out 298 K corresponds to pretransition tem-
perature, and the existing phase lies between S phase and
ripple phase, which could be a less ordered state in

comparison to Ld + Lo, and hence, kobs value is relatively
much higher in comparison to that observed for highly
ordered Lo phase of (DPPC + Xchol = 0.4).

5.1 | Substrate study

Kinetics of different 1-halo-2,4-dinitrobenzene substrates
(fluoro-, chloro-, bromo- and iodo-substituted) with
morpholine at 298 K in DPPC liposomes under identical
conditions revealed interesting mechanistic details. For
DNFB and 1-chloro-2,4-dinitrobenzene (DNCB), the
substitution reactions were faster when carried out in
presence of liposome compared to pure water (krel values
in Table 1).

In contrast to the observation for the fluoro- and
chloro-substituted subtrate, SNAr reactions of 1-bromo-
2,4-dinitrobenzene (DNBB) and 1-iodo-2,4-dinitroben-
zene (DNIB) with morpholine showed a deceleration in
rates when liposomal assemblies were used as reaction
media instead of water. Interestingly, the trends in the
absolute rates and relative rates for all four substrates
had notable peculiarities. While DNFB showed a
highest absolute rate in liposomal media among all the
four substrates, the relative rates in liposomes (with
respect to aqueous medium) were observed to be
highest for DNCB. The results indicate that DNCB was
the most sensitive to the presence of liposome-water
interface.

Several factors can influence the interfacial reactivity
for these substrates. It must be noted that, convention-
ally, the order of reactivity for the halogens for
undergoing nucleophilic substitution reactions is
F> > Cl > Br > I. Previous reports on mechanistic inves-
tigation of SNAr reactions of DNFB with different amines
have demonstrated an unusual reactivity of DNFB
depending on the nature of reaction medium.[9] The
discrepancy between the observed reactivity of
fluorine substituted substrate as compared to other
halo-substituted aromatic compounds is due to the

TABLE 1 Observed relative pseudo first order rate constants for the reaction of DNFB, DNCB, DNBB, and DNIB with different

concentrations of morpholine

[Amine]
(mM)

DNFB DNCB DNBB DNIB

102kw
(s–1)

102klip
(s–1) krel

105kw
(s–1)

105klip
(s–1) krel

105kw
(s–1)

105klip
(s–1) krel

106kw
(s–1)

106klip
(s–1) krel

10 1.02 2.10 2.10 2.60 12.9 4.96 2.24 1.10 0.49 9.00 7.74 0.86

16 1.40 3.00 2.14 4.00 22.7 5.67 3.53 1.49 0.42 19.5 18.3 0.94

22 1.80 3.40 1.89 6.10 24.5 4.02 4.33 1.90 0.44 32.5 24.2 0.74

The final concentrations of DPPC and DNXB in a 2.5 ml reaction mixture were 19 μM and 0.012 mM, respectively. bklip = kobs in liposomal reaction media;

kw = kobs in water; krel = klip/kw.
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mechanistic differences for the halo-substituted dinitro-
benzene substrates. In most of SNAr reactions, formation
of Meisenheimer intermediate is known to be rate deter-
mining step, and the reactivity of substrates towards
nucleophile is governed by ability of leaving group to sta-
bilize the negative charge in benzene ring in transition
state and not the ability of heterolytic dissociation of C–X
bond.[35] The enhanced reactivity of DNFB was attributed
to the steric advantage available to DNFB during the
nucleophilic attack,[36] which renders the formation of
the intermediate as a facile and not a rate determining
step. However, the departure of leaving group is the rate
determining step, which can compete with rate limiting
proton transfer in protic solvents.[37] Even in aprotic or
nonpolar media, the formation of the Meisenheimer com-
plex may still not be the rate determining step, if the
halo-substituent is fluorine. Thus, the reaction of DNFB
is mechanistically different from the rest of the halogen-
substituted substrates, and hence, the difference in sensi-
tivity to the reaction medium is not wholly unexpected.

In order to facilitate comparison of the reactivity and
mechanism in different reaction media for the present
work, few additional assumptions need to be incorpo-
rated in the model scheme. It should be assumed that the
mechanism of the reaction is similar in water, in the
interior of the liposomes, or at the liposome-water
interface. Additionally, it should be assumed that an
observed rate constant represents only the interfacial
process in the presence of liposome and does not contain
any contribution from the aqueous process.

It is observed that the kobs values for DNCB are almost
2 to 3 orders of magnitude lower than those for DNFB in
water as well as liposomes. This is agreement to the
hypothesis that in DNFB, the formation of the complex is
much more facile as compared to the other halo-
substituted substrates. On changing the reaction medium
from water to liposomal solution, the k1 values for DNCB
increase by almost five times as compared to the two times
increase in the rate for DNFB. This observation supports
the results from Table 1, showing that nucleophilic substi-
tution of DNCB is sensitive to the presence of liposomes
as compared to the substitution reactions of DNFB.

Another important factor to be considered is the
hydrophobicity of the substrate which is critical in deter-
mining the location inside the liposome, and hence, its
accessibility for the reaction. The aggregation of substrates
at liposomal surface, within the bilayer or in the interior
of the liposome is expected to be governed by the hydro-
phobicity of the substrate. Increasing the substrate hydro-
phobicity could increase substrate incorporation on or in
liposomal assembly, favoring organic transformations of
hydrophobic substrates. In case of highly hydrophobic
substrate, the substrate is rendered inaccessible for the

reaction to proceed. For example, retardation of rates has
been reported for substrates being located at the micellar
core.[31] The hydrophobicity parameters of the
four substrates have been previously reported as
DNIB > DNBB > DNCB > DNFB.[15] Higher hydropho-
bicity of DNBB and DNIB should induce the relocation of
these substrates in the interior of liposome that has lim-
ited accessibility to promote reaction, leading to a decrease
in rates relative to water (Table 1).[38] The high sensitivity
of DNCB to liposomal reaction medium can be attributed
to its optimum hydrophobicity.

The results can be correlated to the nature of DNCB
as a standard contact allergen. The results also indicate
that liposomes, and related assemblies can be potentially
used as reaction media for the nucleophilic aromatic sub-
stitution reactions. Interesting mechanistic insights on
the factors governing interfacial reactions can also be
determined by further studies. In the present study, we
have examined a model SNAr reaction in liposomal
assembly, with an aim to explore the applicability of such
systems as biomimetic substitutes. Future work in the
area should aim to compare the results from such experi-
mental models with those reported earlier from biological
testing. The liposomal systems could easily be modified
to incorporate more complex structural features, enhanc-
ing their similarity to living cells.

6 | CONCLUSION

The results show the promising potential of liposomal
assemblies as synthetic and mechanistic tools for organic
transformations. The reaction rates at the surface of lipo-
some were found to be greater as compared to the inte-
rior of liposomes. The results indicate the important role
of liposome-water interface in determining the reactivity
as compared to the interior of the liposomes. The lower
reactivity of the more hydrophobic substrates which tend
to permeate towards the interior of the liposomes con-
firms that the conditions at the interface are the most
optimum. Interesting trends in reactivity were observed
as a function of different lipid concentration and compo-
sition. Interfacial reactivity showed a nonlinear depen-
dence on the interfacial area, with an initial increase
followed by decrease at higher values. Presence of choles-
terol resulted in altered phase behavior of liposomes,
modulating the feasibility of SNAr reactions at liposome
surface. The SNAr reactions were found to be fastest in
composition of liposome corresponding to moderately
ordered phase Ld + Lo, whereas highly ordered choles-
terol rich Lo phase and pure lipid phase had a relatively
low rate acceleration. The reactivity trend for different
halogen substituted substrates could be justified by
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differences in mechanism and hydrophobicity. In sum-
mary, SNAr reactions in liposomes are sensitive to several
factors like interfacial area, phase behavior of the liposo-
mal membrane, and substrate hydrophobicity. The pre-
sent approach can potentially facilitate experimental
verification of SNAr modeling studies for skin sensitiza-
tion potency, eliminating the need for animal testing. A
robust liposome-based experimental setup and accurate
computational models should be the ideal substitute for
animal testing studies.

7 | EXPERIMENTAL SECTION

All chemicals used, including lipids and cholesterol, were
of the highest purity available commercially and used
without further purification. HPLC grade water was used
for liposome preparation and dilution.

7.1 | Preparation of liposomes

Liposomes were prepared by conventional thin lipid film
hydration method. A chloroform solution of requisite
amount of lipid mixture was dried in a round bottom
flask by rotary evaporator. The dried lipid film was kept
in vacuum for 15 min, to ensure complete removal of
chloroform. Thin lipid film was hydrated with HPLC
water (volume of water in accordance with lipid concen-
tration) and then, gently sonicated to ensure complete
dislodging of lipid film. The resulting liposomal solution
was extruded 20 times through a polycarbonate mem-
brane with a mean pore size of 0.08 μm installed in
Avanti polar mini extruder assembly. The extruded lipo-
somes were analyzed by dynamic light scattering, and the
average sizes of 99% liposomes were observed to be
0.08 μm with a poly dispersity index of 0.47.

7.2 | General procedure for aromatic
nucleophilic substitution reactions

Typically, the reaction was initiated by addition of a stock
solution of morpholine to the halo-substituted dinitro-
benzene substrate (in aqueous/liposomal media). The
product formation was followed by TLC. The product
N-(2,4-dinitrophenyl)morpholine was isolated using flash
column chromatography on 60-120 mesh size silica gel
with 1:1 hexane:ethylacetate as eluent. The product was
characterized using 1H NMR spectroscopy (400 MHz,
CDCl3): δ 8.72 (d, J = 2.7 Hz, 1H), 8.30 (dd, J = 9.3,
2.7 Hz, 1H), 7.11 (d, J = 9.3 Hz, 1H), 3.91–3.84 (m, 4H),
and 3.31–3.24 (m, 4H).

7.3 | Encapsulation of substrate

In a round bottom flask, 11.7 mg of DPPC was dissolved
in 1 ml of chloroform, and the lipid solution was dried
over rotary evaporator resulting in thin lipid film on walls
of round bottom flask. The thin lipid film was vacuum
dried for 15 min to ensure complete removal of solvent. A
total of 1.2 μl of DNFB was added to the round bottom
flask containing thin lipid film and further hydrated by
addition of 998.8 μl of HPLC water; total volume of the
solution was 1 mL. The mixture was sonicated gently until
complete dislodge of lipid film from walls of round bottom
flask. The resulting stock solution of DNFB encapsulated
liposome was extruded 20 times through a polycarbonate
membrane with mean pore size 0.08 μm installed in
Avanti polar mini extruder assembly. The extruded liposo-
mal DNFB stock solution was used for encapsulation stud-
ies. Final concentration of lipid and DNFB in stock
solution was 19 mM and 0.01 M, respectively.

7.4 | Incubation of substrate

Liposome stock solution was prepared as described above
by dissolving 11.7 mg of DPPC in 1 ml of chloroform
followed by drying to give a thin film. The film was
hydrated by adding 1 ml of water and sonicated gently to
give a liposomal suspension. 998.8 μl of this liposomal
solution was added in fractions (20 μl each) to a volumet-
ric flask containing 1.2 μl of DNFB with gentle vortex.
The resultant volume of liposomal DNFB stock solution
was 1 mL. The final lipid and DNFB concentration in
liposomal DNFB stock solution for a typical reaction was
19 mM and 0.01 M respectively. The liposomal DNFB
stock solution was left for 1 h at 298 K to ensure adhesion
of DNFB to liposomal surface. The liposomal DNFB stock
solution prepared was used for incubation based kinetic
measurements.

7.5 | Kinetic study

Kinetic study of the nucleophilic substitution reactions
was performed on Shimadzu UV2450 spectrophotometer
equipped with a Peltier temperature controller (accuracy
of ±0.1 K). The progress of the reaction was monitored
by appearance of product N-(2,4-dinitrophenyl)mor-
pholine at fixed wavelength of 371 nm (the λmax of the
product, consistent in all reaction media, refer Figure S1
and S2 in the Supporting Information). All other reactant
components including solvent did not show any signifi-
cant absorbance at this wavelength. For a typical kinetic
run 3 μl of 0.01 M stock solution of DNXB in respective
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medium (water or liposomal solution) was added to
2.5 ml of 10 mM aqueous solution of morpholine at
298 K. All reactions were carried out in triplicate with an
average standard deviation of ≤5%.

Due to the microheterogeneous nature of the reaction
media, the order of the reaction was determined by com-
paring fitting parameters from various rate laws. The
time-dependent change in absorbance data showed best
fit to the first order rate equation:

ln A∞ –Atð Þ= – kobst

where At is absorbance at time t and A∞ is absorbance at
t = infinity.
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in the Supporting Information section at the end of this
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