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A systematic study was undertaken of the EPR of sodium hydroxide solutions of Benzoin, Anisoin and
Thenoin in both ethanol and DMSO as well as their corresponding ionised species of varying colours.
In all cases, the EPR consist of symmetric spectra, resulting from the generation of a free radical-anion.
Furthermore, theoretical DFT methods were applied in order to study the radical anions, revealing the
reason for the colour change in the solutions and in the case of benzoin, found to be related to the inter-
action between the cis and trans-isomers with the molecules in the two solvents. We have defined the
structure of the cis-isomer and for the first time we have described how the adduct between the cis-iso-
mer and the solvent molecule, results in a stable conformer. This corresponds with the EPR results which
indicated a significant difference between the cis and trans-isomers. Both the theoretical and experimen-
tal results inspired similar descriptions of the significant differences between the cis and trans-isomers in
solution.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Benzoin and similar molecules are able to participate easily in
an oxidation process which yields the so-called free radical benzyl.
This process, previously studied by Iwaizumi and Abe [1] was fur-
ther extensively analysed because the reactions display very pecu-
liar behaviour, depending on the environment where this
oxidation occurs. For the first time, Ihring and Caldwell [2] con-
firmed the formation of the free radical in the reaction solution;
a result which had been described 19 years earlier [3].

Each reaction solution easily developed a colourful environ-
ment in a basic medium, either blue where the solvent is DMSO,
or purple if the reaction is performed in ethanol; however, the col-
oured product is very labile and degrades rapidly [1,4].

This peculiar phenomenon has inspired many different explana-
tions; Ihring and Caldwell [2] suggested that the product was a
semiquinone and Michaelis and Fetcher [3] proposed that the col-
our was due to the presence of molecular oxygen dissolved in the
solution. On the other hand, Iwaizumi and Abe [1], with results
based on visible and EPR spectroscopy, proposed that the explana-
tion for the coloured product lay in the formation of symmetric
species containing a radical-anion such as the one represented in
Figs. 1 and 2; these being resonant structures of the same species.
ll rights reserved.
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EPR and its corresponding theoretical simulation have been
shown to be very useful tools for the characterization of free radi-
cal anionic species [5,6] and have been similarly applied in this
work. Russell [5] has carried out extensive investigations concern-
ing semidione ions and their isomers. One of his studies [5a] con-
cerns a case similar to that presented in the present paper, where
he and his co-workers studied an aliphatic semidione, with an
equilibrium similar to that manifested by aromatic diketone and
offered an explanation based on ion-pairing. Our discussion of ben-
zoin complements and extends this work by Russell.

One of the main purposes of this communication is to validate
the suggestion made by Iwaizumi and Abe by carrying out an
EPR study, and also by applying theoretical calculations. We also
attempt to provide an explanation for the varying colours of the
solutions, depending on the solvents employed. Thus we con-
ducted similar EPR experiments on benzoin and other related mol-
ecules. Besides this, the above experimental work was
corroborated by means UV and IR spectroscopy and applying (Den-
sity Functional Theory) DFT calculations, together with the corre-
sponding spectra simulation.
2. Materials and methods

The EPR measurements of the benzoins were made on a flat cell
at room temperature, with a Jeol JES-TE300 spectrometer operat-
ing at X-Band mode, at a modulation frequency of 100 kHz. The
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Fig. 2. Alternative radical-anion a1.

O O

Fig. 1. Radical-anion a suggested by Iwazumi and Abe [1].
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spectra were simulated using the program ESPRIT-382, v1.916.
Each EPR spectra was recorded as a first derivate and the main
parameters, such as the g-factor values and the hfcc (hyperfine
coupling constants) were calculated according to Weil et al. [7].

All the a-hydroxy-ketones were studied in both Ethanol and
DMSO solution. Some of these solutions displayed colour when
NaOH 0.5 M was added, whereas others manifested no change.
Therefore, a solution of each sample was placed on a flat cell in or-
der to acquire and study the EPR spectra of each radical-anion for-
mation in situ and the observed results are summarized in Table 1.
Subsequently, the visible region spectra were recorded in a spec-
trophotometer UV–visible UNICAM UV 500 Thermo Spectronic,
with Software Vision 32; for both freshly prepared and concen-
trated solutions of benzoin in (a) EtOH and (b) DMSO (0.2 mg/
ml), each containing a small amount of NaOH 0.5 M (these dis-
played blue and purple colours, respectively).

Besides this, all the structures were theoretically optimized in
the gas phase using a Jaguar 4.0 package [8]. For the purpose of en-
ergy evaluations, a pure DFT (Density Functional Theory) method
was applied, which included Becke’s gradient correction [9] for
exchange and Perdew–Wang’s for correlation [10] The entire cal-
culation was performed using the 6-31G** basis set. Gaussian
time-dependent calculations [11], taking into account the EtOH
and DMSO environments were performed on the conformational
isomers of the benzoin radical-anion species, in this case employ-
Table 1
Comparison of the hfcc of the free radical formed by a-hydroxy-ketones. The theoretical c

Compound g-value Line width DHp–p (mT) Hfcc

Benzoin/DMSO a 2.0057 0.016 0.10
Benzoin/EtOH b0 2.0055 0.028 0.10
Anisoin/DMSO b 2.0056 0.010 0.01
Anisoin/EtOH b0 2.0055 0.010 0.01
Thenoin/DMSO c 2.0055 0.012 0.20
Thenoin/EtOH c0 2.0055 0.012 0.22

The hfcc values reported by Strom has been made in DMSO–tBuOH (80–20%) [5].

HO O

     DMSO 
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Fig. 3. Reaction of benzoin in
ing the B3LYP method [9,10] with the aug-cc-pVDZ basis set [12].
This method was applied in order to provide an explanation for the
colour change taking place in the different solutions. Additionally,
NWChem calculations [13] were carried out in order to establish
the possible types of interactions occurring between the benzoin
conformers and the solvents. The theoretical UV and IR spectra
were obtained from the same TD results and from frequencies cal-
culations on the optimized structures of the cis and trans-isomers.
3. Results and discussion

The reactions in either basic/ethanol or basic/DMSO solution
proceeded as shown in Fig. 3.

The oxidation mechanism involves the loss of two hydrogen
atoms; the first generates the anion and the second the free radical.
This needs to be a synchronized process between the lost hydrogen
atom from the hydroxyl group and the hydrogen attached to the
carbon atom that originally supported the hydroxyl group (see
Fig. 3). The same kind of experiment was carried out for the differ-
ent species, as shown in Fig. 4. From this it is evident that in all
cases, the resulting species developed a free radical-anion, corre-
sponding to a doublet state.

Thus, by using the EPR spectroscopy and the DFT calculations,
we were able to establish and confirm the proposal made by Iwaiz-
umi and Abe [1]. The EPR spectrum corresponding to the benzoin
sample solution (a), in DMSO/NaOH exhibited a very stable and in-
tense blue-coloured, free radical with an isotropic signal, contain-
ing hyperfine coupling interactions centred at g = 2.0057,
corresponding to a typical organic free radical and surely indicat-
ing a doublet state. The hyperfine coupling constant (hfcc) values
for these signals were; aH = 0.107 mT for 2 H, aH = 0.101 mT for 4
H and aH = 0.037 mT for 4 H, with a line width of
DHp–p = 0.016 mT. Likewise, the spectra for benzoin in both EtOH
and DMSO were theoretically calculated and are shown in Fig. 5.

The EPR spectrum of the anisoin sample in ethanol (b0) showed
a very stable purple coloured free radical, with an isotropic signal
centred at g = 2.0055, assigned to a free organic radical. The hfcc
values for these signals were aH = 0.010 mT for 6 H corresponding
to the methyl protons, at aH = 0.106 mT for 4 H and aH = 0.042 mT
for 4 H, with a line width of DHp–p = 0.028 mT. Besides in this case,
the theoretical values for all of these data were also calculated
from the simulated spectra. The epr spectra manifest a clear differ-
ence for benzoin in either DMSO or Ethanol solution, in terms of
line width.
alculations has been made without dissolvent effect.

(mT) calculated by simulation Hfcc theoretical

7 (2 H), 0.101 (4 H), 0.037 (4 H) 0.160 (2 H), 0.125 (4 H), 0.044 (4 H)
7 (2 H), 0.101 (4 H), 0.042 (4 H)
0 (6 H), 0.106 (4 H), 0.037 (4 H) 0.010 (6 H), 0.127 (4 H), 0.042 (4 H)
0 (6 H), 0.106 (4 H), 0.039 (4 H)
7 (2 H), 0.166 (2 H), 0.040 (2 H) 0.272 (2 H), 0.241 (2 H), 0.063 (2 H)
9 (2 H), 0.184 (2 H), 0.041 (2 H)

O O

/ -OH

alkaline DMSO solution.
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Fig. 4. The general reaction was made in both, DMSO and EtOH as solvents.

Fig. 5. EPR spectra of benzoin in DMSO solution (a) theoretical spectra, (b)
simulated spectra and (c) experimental spectra.

Fig. 6. EPR spectra of anisoin in ethanol solution (a) theoretical spectra, (b)
simulated spectra and (c) experimental spectra.

Fig. 7. EPR spectra of thenoin in ethanol solution (a) theoretical spectra, (b)
simulated spectra and (c) experimental spectra.
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The thenoin EPR spectrum (c0) in ethanol/NaOH displayed a
very stable and green coloured free radical, with an isotropic signal
centred at g = 2.0055. The hfcc values were aH = 0.229 mT for 2 H,
aH = 0.184 mT for 2 H, and aH = 0.041 mT for 2 H.

The compounds (b)–(d) exhibited free radicals in DMSO, and in
all cases manifested small gross changes in terms of their signal
peaks, as well as in their hfcc. The above technique was also used
to obtain the EPR spectra of the reaction products for the com-
pounds in DMSO/NaOH, and associated hfcc values.

The assignation of the peaks in all the experimental spectra ap-
pears to be similar to that suggested by Russell [5]. We have a dou-
blet signal generated by the loss of a hydrogen atom which
generates a free radical, strongly influenced by the negative charge
that arises when the other hydrogen atom is released in the form of
a proton. Russell suggested the presence of two species in the solu-
tion of semidiones in the presence of K+, these species are precisely
the conformational ions cis and trans that inspired this discussion,
based on the experimental results we have described and the the-
oretical discussion which follows.

Extensive interpretation of the experimental EPR spectra has
been undertaken, corroborated by theoretical calculations and this
is currently an important topic [14]. Previously, a simple method
was suggested for the comparison of experimental and theoretical
EPR spectra [14]. This method can be applied in a straightforward
way to our study. The experimental, simulated and theoretical
spectra of benzoin, anisoin and thenoin are all shown in Figs. 5–
7. The simulated, theoretical and experimental results are pre-
sented in Table 1. A qualitative match between the three types of
data can be clearly observed. Although the quantitative match is
not exact; the global result led us to the conclusion that the gener-
ation of the charge, as well as the formation of the free radical cor-
responds to that described by Iwaizumi and Abe [1], especially as
these calculations were performed on the species specifically sug-
gested by these authors.

Based on the above comparison, we propose that the theoretical
method can be used to follow the pathway of the active species for-
mation. The molecular modelling studies were carried out using
DFT methods, which confirmed the source and sequence of free
radical formation during the oxidation of a and b. This technique
allowed us to establish the following sequence: (1) the free radical
a is formed by the loss of the hydrogen atom, which is linked to the
carbon atom that supports the hydroxyl group (Fig. 1). This conclu-
sion was reached by comparing the radical generated by the previ-
ously mentioned hydrogen loss and the free radical obtained when
the hydrogen atom was lost from the hydroxyl group (Fig. 2). The
radicals manifested a clear difference in energy level of 1.483 eV,
favouring the first case. Planarity of the aromatic moiety with
the free radical permits electronic delocalisation, increasing the
stability of these intermediates. (2) The process outlined above is
followed by the loss of the hydrogen atom that belongs to the hy-
droxyl group as a proton. Thus the final product is a radical-anion
where delocalisation can be found on both the negative charge and
the free electron and this species yields a doublet which is also
responsible for the complexity of the EPR signal.

The proposal that both electronic configurations are delocalized
is upheld by analysis of the frontier molecular orbitals. The unre-
stricted calculation of the radical-anion species yielded a result
in which the a and b HOMO’s have eigenvalues of 0.1088 and
2.2041 eV, respectively. The first of these is a SOMO (single occu-
pied molecular orbital) and the second is a virtual LUMO. The
shape of these regions is shown in Fig. 8.

Both orbitals are practically equal and obviously belong to the
same irreducible representation. Therefore, the actual nature of
the SOMO was approximated by carrying out an open-restricted
calculation.

The shape of this last orbital is practically the same as those
shown in Fig. 8, however this orbital is localized halfway between
the a and b orbitals, with an eigenvalue of 0.789 eV. It is possible to
observe that both the free electron and the negative charge have



Fig. 8. Shape of molecular orbitals: (a) SOMO; (b) LUMO.
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Fig. 9. Comparison between theoretical absorption bands and experimental spectra of solutions of benzoin: (a) visible spectrum in DMSO; (b) visible spectrum in EtOH.
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access to a large region within this orbital. Again, it is this delocal-
isation which causes the complexity of the EPR spectrum.

However, the most important challenge is to answer the essen-
tial question; how are the various observed behaviours, related to
the solvent? Further calculations were made, considering the sol-
vent in a time-dependent approximation [11] in order to simulate
the electronic spectra of the benzoin molecule. Thus, all the visible
spectra of the conformational isomers cis and trans were simulated
in the context of EtOH and DMSO environments. When comparing
the experimental visible spectra with the theoretical simulations,
the results are very interesting, revealing that the isomer trans of
the free radical-anion species is the only conformer present in EtOH
solution, however the isomer cis of the same radical-anion is present
in significant quantities in the DMSO solution. These differences give
rise to the different colours observed in the solutions. The experimen-
tal spectra and the corresponding values for the electronic transi-
tions obtained from the theoretical calculations are shown in
Fig. 9 and table 2, respectively. The strong band at 550 nm of the
isomer trans is the only important absorption in the EtOH solution,
whereas the two sets of bands from both isomers are mixed in the
Table 2
Theoretical absorption bands for both isomers in DMSO and EtOH.

Isomer cis/DMSO 719
555
498

Isomer trans/DMSO 600
595
437

Isomer cis/EtOH 706
512
485

Isomer trans/EtOH 584
566
422
corresponding spectrum from the DMSO solution; these consisting
of the two bands at 570 and 582 nm from the trans-isomer and the
710 nm band from the isomer cis.

This phenomenon was confirmed by an infrared study. Both col-
ored solutions were analysed by IR spectroscopy and the results
were compared with theoretical calculations of frequencies that
were carried out in order to get the corresponding theoretical spec-
tra. It is important to emphasize three features; first, the calcula-
tions were carried out on the species that contains two carbonyl
groups, this is little different to the commercial benzoin in which
there are a hydroxyl and a carbonyl group. Second, for the same
reason, we have a situation of two isomers (cis and trans) and
the calculations were carried out for each isomer, therefore we
have two different spectra for the same chemical specie, obviously
in practice this would be different because a sample of benzoin
would have no isomers or in case of having two carbonyl groups
would content both isomers. Third, the experimental spectra were
recorded in presence of the solvents (that are the majority of the
samples) DMSO and ethanol with the basic medium, therefore they
retain the signals corresponding to these solvents in spite of the
substraction of the computer, however the spectra are useful and
it is possible to appreciate the important bands for the present
study.

The theoretical spectrum of the cis-isomer show two own
important bands, the one at 1215 cm�1 that corresponds to the
bending of the carbon–carbon bond that supports both carbonyl
groups and the one at 1407 cm–1 which corresponds to the asym-
metric stretching of both carbonyl groups. These bands can also be
insight in the experimental spectra recorded in basic medium of
DMSO (1208.5 and 1408, respectively), this comparison is shown
in Fig. 10a.

In the case of the trans-isomer, the theoretical spectra shows
the same band corresponding to the bending of the same C–C bond,
but it appear at 1091 cm�1 whereas the asymmetric stretching of
the carbonyl groups appear at 1360 cm�1. These bands also appear
in the experimental spectra recorded in basic medium of EtOH



Fig. 10. (a) Theoretical IR spectrum of the cis-isomer compared with experimental IR spectrum from benzoin obtained in basic médium of DMSO. (b) Comparison between
theoretical IR spectrum of the trans-isomer and the experimental IR spectrum of benzoin achieved in basic médium of EtOH.
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(1102 and 1382 cm�1) and as weak shoulders in the basic medium
of DMSO spectra, this comparison is shown in Fig. 10b. The impor-
tant point is that the trans-isomer appear as a majority species (al-
most unique) in the EtOH medium whereas cis-isomer has
important presence in the basic medium DMSO spectrum which
is the same behaviour predicted by the UV–visible studium.



Fig. 11. (a) Schematic representation of the interaction between the free radical-
anion of benzoin and the DMSO molecule; (b) energy plot for the interaction shown
in (a).

Fig. 12. Reaction of benzoin and oxygen in b
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It is important to note that the quantitative differences in the
delocalization of these two isomers may relate to the fact that
the optimization of the geometry of the trans-isomer yields a to-
tally planar species, whereas the corresponding geometry of the
cis-isomer manifests a deviation from planarity, due to the steric
hindrance that arises between the hydrogen atoms substituted
on both aromatic rings. Thus the trans species should be more sta-
ble than the cis, owing to its improved resonance framework.

The peculiar, contrasting behaviour observed for both isomers
in the two solutions may be explained as follows: the trans-isomer
represents the most stable of the two and is the main species pres-
ent in EtOH solutions, whereas the cis-isomer is the dominating
presence in the DMSO solution, where the DMSO molecule inter-
acts directly with the benzoin radical-anion, by means of two
hydrogen bridges which are able to fix the cis conformation posi-
tion. A NWChem dynamic calculation [12] of both species revealed
this kind of interaction, both molecules are positioned in a free
space and brought together. Where the interaction is successful,
a bond will occur, but where no interaction occurs, the molecules
will rebound. As a result, an attraction effect arises due to the cou-
pling phenomenon (see Fig. 11a). This effect is evident, if the en-
ergy is plotted versus the distance between the oxygen atoms of
benzoin and the hydrogen atoms of the methyl fragments of DMSO
(see Fig. 11b). An energy minimum at 3.55 Å indicates that hydro-
gen bridges have been formed.

Free radicals are responsible for the signals found in the visible
spectra (and also for the EPR signals). However, fresh experiments
were carried out in order to investigate the presence of these free
radicals. Following the technique proposed by Nuñez-Vergara et al.
[15], oxygen was bubbled into the flasks of both the EtOH and the
DMSO solutions of benzoin (containing a small quantity of NaOH
solution) and the colour quickly disappeared in both cases. Thus,
when the visible and epr spectra of both clear solutions were re-
corded, no signal appeared. Oxygen reacts with the free radicals,
following the pathway presented here:

R—O� þ O�2 ! O2 þ R@O
asic medium (a) In EtOH; (b) In DMSO.
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The reaction was photographed in order to show how the pro-
cess occur and the colour is lacked in both cases. These images
can be seen in Fig. 12.

Similar behaviour was found in the other species, but the case of
benzoin is the clearest, therefore this was used as the general
example.
4. Conclusions

When the EPR spectra of certain aromatic a-hydroxy-ketones
were studied, the spectra as well as the theoretical calculations
confirmed that the signal corresponds to a doublet induced by an
anionic free radical which arises from the loss of two hydrogen
atoms, one from the carbon chain that supports the hydroxyl group
and the other from the hydroxyl group. This phenomenon was
clearly confirmed by calculations indicating the nature of the
SOMO, generated by the loss of these atoms. The nature of the vis-
ible spectra was explained by means of time-dependent theoretical
calculations, which indicated that the solution of benzoin in EtOH
contained only the trans-isomer of the radical-anion. However, the
same solute in DMSO resulted in significant amounts of both the cis
and the trans-isomers. Likewise, the relationship between free rad-
ical species and the different spectra was demonstrated by the
reaction of the free radical and oxygen with an associated lack of
colour and signals, in the corresponding spectra.
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