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Photoinduced solid state keto–enol
tautomerization of 2-(2-(3-nitrophenyl)-4,5diphenyl-1H-imidazol-1-yloxy)-1phenylethanone†
Arun Kumar Padhy,*a Ashok K. Mishra,b Monalisa Mohapatra,b Avik Kumar Patib
and Sasmita Mishrac
Excited state intramolecular proton transfer (ESIPT) plays an important role in biological systems and has
also recently found applications in electronic devices such as transducers, switches etc. In this paper we
report the synthesis and solid state photochromic behavior of 2-(2-(3-nitrophenyl)-4,5-diphenyl-1Himidazol-1-yloxy)-1-phenylethanone (II) due to ESIPT. Compound II exhibits yellow color in dark and red
color in light, with the yellow form attributed to the keto derivative and the red form assigned to its enol
derivative The color change in the presence of light is thus attributed to the keto–enol tautomerism
through ESIPT. The color change from yellow to red is a photochemical process which thermally decays
to the yellow form in the dark. The solid state stability of the enol form upon phototautomerization of
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the keto form is a noteworthy phenomenon, and its stability has been substantiated by our experimental
ﬁndings. In the solution state, the yellow form (keto) is stable in chloroform while the red form (enol) is
stable in DMSO. Theoretical calculations have been performed to understand the geometries and
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electronic transitions of the keto and enol forms. In addition, ground and excited state equilibrium
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constants for the keto–enol tautomerism were calculated.

In recent years, the structural switchability of organic molecules
from one form to another by external stimuli such as heat,1
redox potential,2 pH3 or light4 has received much attention.
Among these, light helps the eﬃcient conversion as it leads to a
clean reaction without any by-products. Excited state intramolecular proton transfer (ESIPT) commonly initiated by
photons or light is oen observed in keto–enol tautomerism
and is important in several areas of biochemistry. For example,
the high phosphate transfer potential of phosphoenolpyruvate
results from the fact that the phosphorylated compound is
trapped in the less stable enol form, whereas aer dephosphorylation it can assume the keto form. Rare enol tautomers of
the bases guanine and thymine can lead to mutations because
of their altered base pairing properties. The semi-empirical
method of measuring5 the eﬀect of acetaldehyde and ethyl–
methyl ketone tautomerism at room temperature on chemical
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nanotube sensors reveals that the keto structure is more stable
because of intramolecular H-bonds.
The photochromic keto–enol tautomerism of Schiﬀ bases
derived from 2-hydroxyaldehyde, with a hydrogen intramolecular bond in the cis-enol form6, leads to its possible
applications in optical switch devices which are advantageous
in rapid transfer reactions7 and high photochemical
fasteners.8,9 The existence of an imidazole ring in 20 -deoxyisoguanosine10 favors the enol form with the restoration of the
aromaticity.
Keto–enol tautomerism through ESIPT has been studied
extensively for diketones and triketones. In most cases, it has
been observed that the proton transfer is solvent-dependent
and the keto form is primarily found in more polar solvents,
while the enol form is observed in non-polar solvents. The
profound existence of the keto form in polar solvents is attributed to the dipole polarizability of the solvent rather than the
dipole moment of the solvent. However, in some Schiﬀ's
bases,11 it has been observed that the enol form predominantly
exists in polar solvents.
At this juncture, we thought that in order to achieve the
reversibility in a controlled and predictable manner, tuning of
the molecular structure is essential, which can modify the
properties precisely. This tuning of the molecular structure can
be achieved by suitably modifying the functionality of the
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molecule, which can lead to switching back and forth in
response to external stimuli. Because light can be easily tuned
and focused, it is a particularly appealing stimulus to trigger
changes in the structure of molecules, and can be used with a
wide range of materials, as well as in both the solution and solid
state.12
Thus, in continuation of our work, herein we report
the synthesis and solid state photochromic behavior of 2-(2-(3nitrophenyl)-4,5-diphenyl-1H-imidazol-1-yloxy)-1-phenylethanone
through keto–enol tautomerism. In addition to its solid state
photochromic behavior, the solution state photophysical
properties of the derivative II have also been explored. Theoretical investigations have been carried out to understand the
electronic structure of both the keto and enol forms of the
derivative II, to comprehend their solution phase stability.
Equilibrium constant calculations of the keto–enol tautomerism and computations of electronic transitions for the keto
and enol forms have been carried out to understand the thermochemistry and photophysics respectively.

Results & discussion
The synthesis and crystal structure of N1-hydroxy imidazoles13
have been reported previously from our laboratory. In an
attempt to improvise the metal binding ability and to explore
the possibility of thermal cleavage to form a keto-aldehyde, we
have synthesized the phenacyl derivative of the said imidazole.
Compound II was prepared by the reaction of the imidazole
(I) with 2-bromo-1-phenylethanone (commonly known as phenacyl bromide) in acetone in the presence of a mild base
(Scheme 1). Under ambient light conditions in the laboratory,
the precipitated solid was red in color. To our surprise, it was
found that it turned yellow when kept overnight in the dark, but
immediately turned red when exposed to light. The change in
color of the solid from yellow to red was found to be spontaneous and was complete within a couple of minutes on exposure to diﬀused sunlight, whereas the reverse change took more
than 24 h in the dark. The baseline-corrected DRS (Diﬀuse
Reectance Spectroscopy) spectra were used to understand the
origin of the yellow and red color of the derivative II in the two
diﬀerent forms (Fig. 1). It is observed that the yellow form
absorbs signicantly in the blue (400–450 nm) region, as
expected. The red form shows appreciable light absorption in

Scheme 1

Synthesis of the phenacyl derivative.
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Fig. 1 Baseline-corrected DRS spectra of the yellow and red forms of
the compound.

the blue and green region (400–600 nm), thereby appearing in
its complementary red color.
Compound II was found to show very poor solubility in most
of the solvents. When the solid compound was dissolved in
solvents like CHCl3, the solution was yellow in color; however it
appeared red in the more polar DMSO. This indicates the
presence of two diﬀerent species in the respective solvents, as
observed in the case of benzodifurantrione.14 In order to look
into the existence of any structural changes in the compound in
both the solvents, NMR studies were performed in DMSO-d6
and CDCl3. The solution phase NMR spectrum in CDCl3 has
signicant peaks at d 4.9 corresponding to the –CH2 protons,
and d 8.2 for the ortho proton of the phenyl group attached to
the carbonyl carbon, which is due to the diamagnetic anisotropy
of the carbonyl group. The 13C spectrum has peaks at 190 ppm
for the carbonyl carbon and 79.3 ppm for the methylene carbon.
On the other hand, in DMSO-d6 solution, the 1H NMR spectrum
has peaks at d 5.69 (–CH) and d 8.07 (both the ortho protons).
Obtaining a clear 13C NMR spectrum was diﬃcult because of its
poor solubility. Only in DMSO, where the compound solubility
is good, does the enolic form exist. The 13C spectrum similarly
exhibits carbons resonating at 89 ppm (–C]CH) and 196.89
ppm (–C(OH)]C). The high downeld shi for the enolic
carbon to 196.89 is a well-known and established consequence
of the formation of a H-bonded ring structure of the enolic
hydroxyl group with the neighboring electronegative atoms.15
The existence of a trace amount of ketone in the enol form,
however, cannot be overruled completely. The DEPT (Distortionless Enhancement by Polarization Transfer) study of the
13
C NMR revealed that in DMSO, which is polar, the red-colored
enol form exists, and in chloroform the yellow-colored keto
form exists. Any advanced NMR studies, such as low temperature NMR, turn out to be ineﬀective as the compound precipitates out at low temperature.16 Even cross polarization-magic
angle spinning (CP-MAS) solid state NMR experiments of both
the yellow and red forms did not reveal any useful information,
owing to the presence of signicant noise and a high spectral
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bandwidth, merging all of the aromatic signals together
(see ESI†).
In order to know more about the color change; solution
phase absorption and transmittance studies were carried out in
DMSO and CHCl3. Fig. 2A represents the absorption spectra of
the compound (105 M) in DMSO and CHCl3. This shows a
slight red shi in the absorption maximum in the more polar
DMSO solvent. This small red shi appears to be due to the
DEPT observation that the compound is in its enolic form in
DMSO. In order to understand the origin of the color in CHCl3
and DMSO, transmittance spectra of the concentrated solutions
(2 mM of the compound) were recorded. Fig. 2B shows the
transmittance spectra of the compound (2 mM) in DMSO and
CHCl3. It is observed that the keto form in CHCl3 absorbs
signicantly in the blue (400–450 nm) region, meaning it is
visualized as its complementary yellow color. However, the enol
form in DMSO absorbs entirely in the blue and green (400–
600 nm) region, causing it to be visualized as its complementary
red color.
The close similarity of the transmittance spectra of the
yellow and red forms in the solid state and in solution suggests
that in the solid state the yellow color could arise from the keto
form and the red color from the enol form. Based on the above
observations, the yellow-to-red form conversion of the derivative
II in the solid state upon exposure to light was designated as
photoinduced keto–enol tautomerism, as indicated in
Scheme 2. The enol form claims special importance owing to its
high stability in the solid state.
Other mechanisms, such as cyclization involving proton
transfer, are ruled out as the aromatic ring at the 2-position has
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to lose its aromaticity, which is unlikely, and also on the
grounds of the NMR experiments, no such peaks are observed
corresponding to the aliphatic carbon.
Further, the electronic structures of the keto and enol forms
were investigated through B3LYP/6-311+G(d,p) density functional theory (DFT)17,18 calculations using the Gaussian 09
computational program.19 The ground state optimized geometries of the keto and enol forms are depicted in Fig. 3. In the
keto form, the three phenyl groups attached to the central vemembered heterocyclic ring are out of the plane of the vemembered ring and are propeller-shaped. In the enol form, the
three phenyl rings attached to the ve-membered ring also
follows the same geometry as the keto form. The noteworthy
feature of the enol form is that the enolic olen is trans in
geometry and the enolic hydrogen is anti to the nitro
substituted phenyl ring, presumably to avoid steric crowding
with the hydrogen of the nitro-substituted phenyl ring.
The rst vertical absorption (S0 / S1) for both the keto and
enol forms involves a HOMO / LUMO transition (Table 1).
Table 1 depicts the oscillator strength, vertical excitation energies and orbital contributions for the keto and enol forms in the
gas phase, CHCl3 and DMSO. As we move from the gas phase to
CHCl3 to DMSO, the vertical excitation energy decreases. This
implies that polar solvents stabilize the HOMO and LUMO and
thereby help to reduce the vertical excitation energy. The excitation energy of the enol form is less than that of the keto form
in a particular solvent, indicating greater solvent stabilization of
the HOMO and LUMO of the enol form than of the keto derivative. The HOMO of the keto form comprises of the core vemembered heterocyclic ring, two unsubstituted phenyl rings
attached to the ve-membered ring and the phenyl ring of the
nitro-substituted phenyl moiety, while the LUMO includes the
whole nitro-substituted phenyl moiety (Fig. 4a). The pendant
oxygen-substituted phenacyl group does not contribute to the
electronic distributions of the HOMO and LUMO in the keto
form.
Earlier, we discussed that the keto form is converted into the
enol form in highly polar solvents such as dimethyl sulfoxide
(DMSO). This observation urges us to look at the electronic
structure of the enol form, where the pendant oxygensubstituted group should play an important role in electronic

(A) Absorption and (B) transmittance spectra of the compound
in DMSO and CHCl3.

Fig. 2

Ground state optimized geometry of the (a) keto form and (b)
enol form in the gas phase.
Fig. 3

Scheme 2

Suggested keto–enol transformation.
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Gas phase
CHCl3
DMSO

Keto–enol
forms

Vertical excitation
energy (eV)

Oscillator strength (f)

Orbital transitions

Keto
Enol
Keto
Enol
Keto
Enol

2.8059
2.7508
2.5386
2.5047
2.4540
2.4321

0.0123
0.0125
0.0102
0.0102
0.0081
0.0082

HOMO / LUMO (99.10%)
HOMO / LUMO (99.14%)
HOMO / LUMO (99.30%)
HOMO / LUMO (99.32%)
HOMO / LUMO (99.33%)
HOMO / LUMO (99.35%)

HOMO and LUMO energy in the gas phase, CHCl3 and DMSO
for the (a) keto and (b) enol forms.
Fig. 5

Energy of the keto and enol forms in the ground state in the
gas phase, CHCl3 and DMSO

Table 2

Energy (E in a.u.) without zero point
vibrational energy correction
Gas phase/solvents

Keto form (Eketo)

Enol form (Eenol)

Fig. 4 HOMO and LUMO of the (a) keto form and (b) enol form.

Gas phase
CHCl3
DMSO

1583.14671150
1583.160152922
1583.16662593

1583.12688970
1583.14003841
1583.14570805

distribution. The LUMO of the enol form resembles the LUMO
of the keto form, whereas the HOMO is contributed by the
pendant oxygen-substituted enolized phenacyl moiety, as
anticipated (Fig. 4b). With the ketone group being enolized, the
electron density in the HOMO of the enol form is mainly
localized on the electron-rich enolic moiety.
The HOMO and LUMO energy stabilization of the keto and
enol forms was studied in the gas phase and in chloroform and
dimethyl sulfoxide media (Fig. 5). Both the HOMO and LUMO of
the keto and enol forms are stabilized from gas to chloroform to
DMSO. The stabilization of the HOMO of the enol form is twice
that of the keto form, when going from chloroform to DMSO. At
this point, it is worth stressing that although the HOMO and
LUMO of the enol form are stabilized from the gas phase to
solvent phase relative to the keto form, the overall stability of
the keto form is higher than the enol form in the gas phase and
in the solvents (Table 2). Thus, the experimental observation of
the red color of derivative II in DMSO may be attributed to the
certain percentage of the enol form present in the keto–enol
tautomerism reaction in the ground state.

In an eﬀort to understand the equilibrium constant of the
keto–enol tautomerism in the ground state, the thermochemical parameters such as the enthalpy change (DH), free energy
change (DG) and entropy change (DS) were computed. It was
found that the keto form is more stable in the ground state, and
the equilibrium constant of the keto–enol tautomerism was
noted to be low (Table 3).
Earlier, we observed that the keto form is transformed into
the enol very quickly upon irradiation with light. Thus, the
equilibrium constant of the keto*–enol* tautomerism in the
excited state is expected to be high. Considering the high
computational cost to optimize the keto and enol forms of the
derivative II in the excited state, we adopted a thermochemical energy diagram (Scheme 3) to estimate the excited state
free energy change of the keto*–enol* tautomerism to obtain
its equilibrium constant. Although the values obtained in this
way are approximate, they can provide valuable insight into
the photochromic process.
It was assumed that the transition energy is close to the
changes in internal energy, assuming the work related to

This journal is © The Royal Society of Chemistry 2014
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Keto # enol tautomerism in the ground state
Gas phase/solvents

DH (kcal mol1)

DS (kcal mol1)

DH (kcal mol1)

Keq

Gas phase
CHCl3
DMSO

12.1235
13.1539
13.4262

0.001012
0.006544
0.006064

12.4252
11.2028
11.6182

7.78  1010
6.13  109
3.04  109
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volume expansion to be negligible and the entropy changes of
the diﬀerent states of the molecules to be insignicant. Thus,
DEabs.vertical for keto / keto* and enol / enol* was considered
from Table 1, and DG was assumed to be equivalent to DH,
neglecting DS. The free energy change in the excited state DG*
for the keto*–enol* tautomerism was calculated to be 11.728,
–12.372 and 12.921 kcal mol1 in the gas phase, CHCl3 and
DMSO respectively. Thus, the K*eq for the keto*–enol* tautomerism was found to be 3.96  108, 1.17  109 and 2.97  109 in
the gas phase, CHCl3 and DMSO respectively. The negative
value of DG* and the high value of K*eq indicate that the enol*
form is more stable than the keto* form.

Conclusions
In summary, we have described the solid state keto–enol tautomerization of 2-(2-(3-nitrophenyl)-4,5-diphenyl-1H-imidazol1-yloxy)-1-phenyl-ethanone (II). The initial color change (keto
/ enol) is a photo-initiated process and quite fast, whereas the
reverse color change (enol / keto) is a thermal process and
quite slow, which was corroborated theoretically through the
calculations of the ground and excited state equilibrium
constants for the keto–enol and keto*–enol* tautomerism
respectively. The ESIPT from the keto form to the enol form is
photochemically controlled, and the enol then thermodynamically decays to the keto form. The enol form of the derivative II is
attractive because of its high stability in the solid state. As
observed, the dark reaction took more than 24 h, suggesting
that the energy is retained for a longer period of time. Thus, we
believe that this concept could be useful for applications in
molecular memory devices.
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