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a b s t r a c t

For the first time, the potential of acidic cation-exchange resin (sulfonated polystyrene) to catalyze the
Wallach rearrangement of azoxybenzene into 4-hydroxyazobenzene has been proved. This finding reveals
an alternative reaction path possible in a heterogeneous process using solid acids and may help to clear
some doubts concerning the rearrangement mechanism postulated so far. The resin-induced reaction
vailable online 11 June 2008
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ulfonated polystyrene resin

was found to proceed exclusively in a non-polar medium. Reasonable yield was obtained particularly in
isooctane due to favorable distribution of azoxybenzene throughout the resin’s matrix. On the contrary,
the HY type zeolite did not activate the rearrangement, most probably because of steric hindrance. Exper-
imental results favor the hypothesis of a quinoid intermediate controlling the chemistry of azoxybenzene
conversion, which also follows from thermodynamic considerations involving DFT calculations.

i
1
i
c
n
m
n
h
a
r
h
T
c
d

(
w
o
q
o
i
f

eolite
FT calculations

. Introduction

Isomerization of azoxybenzene, 1, to 4-hydroxyazobenzene, 2a,
ccurring in concentrated solutions of sulfuric acid is known as the
allach rearrangement [1] (Scheme 1).
This acid-catalyzed intermolecular transformation may be con-

idered in terms of aromatic nucleophilic substitution by OH group
ormed by the medium [2]. Rearrangement of [15N]-azoxybenzene
ndicated that both of the para-carbons might be migration targets,
ence, a symmetrical intermediate was suggested [3]. Its struc-
ure is still controversial and has been assumed to be either a
ication 3 [4] or N,N′-diphenyloxadiaziridine 4 [5]. A quinoid inter-
ediate 5, as a different alternative, has also been proposed [6]

Scheme 2).
In a recent monograph dedicated to the “azoxy” compounds and

heir rearrangements the so-called dicationic mechanism involv-
ng 3 was claimed to be the most adequate explanation of the
eaction shown in Scheme 1 [7]. This statement was based in prin-
iple on a previous report maintaining that cation-exchange resins
o not catalyze the Wallach rearrangement [8]. It was concluded,
hat such resins have no potential to induce double-protonation
f 1 and hence to produce the dication intermediate 3, considered

ssential for the rearrangement. However, analysis of experimen-
al conditions applied in [8] brings up some questions regarding
oth the results and conclusions. Similarly, the validity of other
eports, seemingly supporting the hypothesis of 3, including exper-

∗ Corresponding author. Tel.: +48 77 4527131; fax: +48 77 4527101.
E-mail address: rslota@uni.opole.pl (R. Słota).
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ments with 15N [9] and 14C [10] isotope-labeled azoxybenzene
was discussed elsewhere [10,11]. The only certain fact emerg-

ng from these investigations is that under homogenous reaction
onditions both benzene rings have been equally activated for the
ucleophilic attack. This would imply that formation of a sym-
etrical intermediate and hence double-protonation may not be

ecessary to realize the Wallach rearrangement, for instance in a
eterogeneous process exploiting cation-exchange solid acids such
s zeolites or polymeric resins. Indeed, HY-type acid zeolite was
eported to catalyze this reaction [12]. The product included the 4-
ydroxyazobenzene, 2a, along with the 2-hydroxy derivative, 2b.
he authors proposed a novel mechanism involving formation of a
yclic compound, 4, following the idea of a symmetrical interme-
iate (Scheme 2).

An alternative mechanism involving the quinoid form, 5
Nu = HSO4

−), was proposed on the base of empirical studies [6,13],
hich proved the “azoxy” group in 1 may equally activate both

f the benzene rings for a nucleophilic attack, despite of their
uasi-nonequivalence. This idea found reasonable support in the-
retical calculations, which revealed that formation of the quinoid
ntermediate 5 was thermodynamically and kinetically much more
avorable than the other structures proposed instead, i.e. 3 and

[14]. Nevertheless, another theoretical study has promoted the
ication 3 as the most probable structure, although no comparative
esults concerning 4 and/or 5 have been included [15].
Since the results reported so far apply exclusively to the homo-
eneous Wallach process (except [12]), we felt reasonable to
ropose our view upon the discussed problems, on the basis of data
btained from experiments carried out under heterogeneous con-
itions. It has been the intention of this work to help clearing some

http://www.sciencedirect.com/science/journal/13811169
mailto:rslota@uni.opole.pl
dx.doi.org/10.1016/j.molcata.2008.05.016
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Table 1
Azoxybenzene rearrangement on Lewatit resin and HY zeolite

Ma Solvent T (◦C) AZBsolv
b ıAZB

c Reaction yieldd

2a 2b

R Methanol 65 80 16 0 0
R 20% MeOH + water 90 20 57 0 0
R 2-Propanol 82 62 11 0 0
R Acetic acid 118 93 4 0 0
R DMF 146 93 5 1.8 2.4
R CCl4 77 51 14 0.6 0.2
R n-Heptane 98 2 89 11.3 5.2
R Isooctane 100 0 90 36.2 11.4
R Isooctane 20e 86 5 0 0
Z Methanol 65 91 8 0 0
Z Isooctane 100 0 11 0 0

a Solid matrix type, where R = resin and Z = zeolite.
b Concentration of azoxybenzene remaining in the post-reaction solvent (mass%).
c Conversion degree of azoxybenzene (%), ıAZB = [(m0 − mr)/m0] × 100%, where m0
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Scheme 1.

uances in understanding of the studied reaction mechanism and
o trigger off further discussion, involving similar processes, as well.
herefore, the following targets have been particularly addressed
o, namely (i) do acidic cation-exchange resins and zeolites induce
rotonation of azoxybenzene and its substituted derivatives; (ii)
oes rearrangement of protonated azoxybenzene and its deriva-
ives take place in the presence of ion-exchange resins and zeolites;
nd (iii) do any of the literature-postulated intermediates meet
he thermodynamic requirements for the Wallach rearrangement
estimated by using the DFT calculation method).

. Experimental

The substrate 1 and products 2a and 2b have been characterized
n detail in Supporting Information. Lewatit K-2629 (Fluka) cation-
xchange resin cross-linked polystyrene matrix with sulfonic acid
roups was used. Specification: H+-form, strongly acidic, macrop-
rous, pore size 65 nm, specific surface area approximately 40 m2/g,
pherical particles 0.4–1.3 mm; preheated at 110 ◦C for 12 h. NH4Y
eolite (Aldrich, 334413-100 G) heated at 500 ◦C for 12 h (to pro-
uce the HY type) was used. All solvents used in this study were
eagent grade.

.1. Rearrangement of azoxybenzene, 1, on the Lewatit resin

Most operations were carried out under dark conditions (and
or comparison under typical laboratory scattered light conditions).
0 mg (0.15 mmole) of 1 was dissolved in 100 ml of a suitable sol-
ent in a glass flask and 3.0 g of Lewatit resin K-2629 was added.
he flask was wrapped in aluminum foil and heated under reflux
or 24 h. The post-reaction mixture was filtered and the filtrate was
nalyzed by HPLC and GC–MS. The Lewatit resin was washed with
everal portions of methanol (in total 100 ml) and the filtrate was
nalyzed by HPLC, GC–MS and UV–vis. Next the resin was washed
ut directly on the funnel with few portions of 85% H2SO4 (in total
0 ml) and the liquid was collected in a vessel containing 180 ml
f water; this diluted acid solution (8.5% H2SO4) was extracted by
hree 50 ml portions of CH2Cl2. The extract was washed with water
nd dried over anhydrous CaCl2. Next, the solvent was distilled off
n a rotary vaporizer; afterwards, the solid residue was dissolved
n 10 ml of CH3OH and analyzed (HPLC, GC–MS). Results have been
resented in Table 1. It must be emphasized, that in experiments

n which the rearrangement was successfully performed, the total

mount of the target product (2a + 2b) found in the sulfuric acid
xtract was less than 0.2%. However, the same extract contained the
ulk of the polymeric by-product. Thus, the applied acid-extraction
as proved an effective way to free the resin of the post-reaction
esidues and allows the re-use of it.

p
o
s
U
p

Scheme 2
nd mr denote the mass of azoxybenzene in the studied system before and after
eaction, respectively.

d Reaction yield (mass%) has been referred to m0.
e Reaction time: 168 h; in all other cases the reaction was stopped after 24 h.

.2. Rearrangement of azoxybenzene, 1, on the HY zeolite

NH4Y zeolite (Aldrich, 334413-100 G) was heated at 500 ◦C for
2 h. Such obtained acidic zeolite of the HY type (300 mg) was
dded into a solution of 1 (30 mg, 0.15 mmole) in 100 ml of a suitable
olvent. The flask was wrapped in aluminum foil and heated under
eflux for 24 h. The post-reaction mixture was filtered off on a fun-
el with a glass sinter and the filtrate analyzed by HPLC, GC–MS and
V–vis. Only 1 was identified in the methanol solution, however in

sooctane neither 1 nor the rearrangement products were found.
fter being filtered off, the HY zeolite was refluxed with 100 ml of
H2Cl2 for 12 h. The extract was dry-evaporated in a rotary vapor-

zer; the residue was dissolved in 10 ml CH3OH and analyzed by
V–vis and GC–MS. In both cases (methanol or isooctane starting

olution), neither 1 nor its rearrangement products were identi-
ed. The filtered-off zeolite was washed with few portions of 85%
2SO4 (in total 20 ml) and the liquid collected in a vessel containing
80 ml of water. The diluted filtrate (8.5% H2SO4) was extracted by
hree 50 ml portions of CH2Cl2. The extract was washed with water
nd dried over anhydrous CaCl2. The solvent was distilled off and
he solid residue dissolved in 10 ml of methanol and analyzed by
V–vis and GC–MS. Neither 1 nor any rearrangement product was

ound, no matter which solvent was initially used for the reaction.
ince the method applied to isolate the reaction products adsorbed
n the zeolite (according to [12]) did not appear efficient a new
rocedure consisting in destruction (dissolution) of the zeolite’s
tructure was elaborated. After the solvent (methanol or isooctane)
as filtered off, the zeolite was dissolved in 30 ml of 4 M NaOH.
ext, 70 ml water was added and the liquid acidified with 3 M HCl

o achieve pH ≈ 3. This solution was next extracted by three 50 ml

ortions of CH2Cl2; the extract was washed with water and dried
ver anhydrous CaCl2. After the solvent had been distilled off, the
olid residue was dissolved in 20 ml of CH3OH and analyzed by
V–vis, HPLC and GC–MS. In either case only the presence of 1 was
roved.

.
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.3. Quantitative analysis

HPLC was applied in quantitative determination of the principal
eaction components (1 and the all products), using the standard
alibration curve method.

.4. Theoretical calculations

The density functional (DFT) method with the Gaussian 03 pack-
ge [16] was used to estimate the relative Gibbs free energies of
ormation (�G) of potential intermediates considered important
or the Wallach rearrangement mechanism. Geometry optimiza-
ion and vibrational analysis of the studied compounds were
erformed without constraints on isolated molecules with the
ecke3LYP density functional hybrid method [17,18] in combination
ith the standard basis set 6-31+G**. This model allows calcula-

ion of free energies of organic molecules with standard deviation
f 0.38 kcal/mol [19]. Zero-point energies (ZPE) were calculated
sing analytical second derivatives and scaled down by a factor
f 0.9804 [20]. Thermal correction to enthalpy was determined
rom equation: �Ecorr(T) = �Erot + �Etrans + �Evib + RT. Appropriate
-matrices have been provided in Supporting Information. For com-
arison, the polarizable continuum model (PCM) developed by
omasi and co-workers [21] was applied to assess the effect of
olvation in water upon the rearrangement thermodynamics for
he reaction involving the dicationic intermediate 3. In the water
mbient the structures were fully optimized and the vibrational
requencies were calculated by the B3LYP/6-31+G** method.

. Results and discussion

Quantitative data concerning the progress in the studied reac-
ion under different solvent conditions, obtained from HPLC
nalyses, have been presented in Table 1. These results are different
rom those reported elsewhere [7,8,12,15]. First, the conversion of
zoxybenzene 1 into 4-hydroxyazobenzene 2a proved possible on
he cross-linked sulfonated polystyrene resin and this work is prob-
bly the first one reporting a successful resin-catalyzed Wallach
earrangement. Second, no rearrangement products were formed
hen HY zeolite was used instead of the resin. Besides, the scat-

ered laboratory light was found not to influence the course of the
tudied reaction in a particular way.
.1. Resin-activated rearrangement

Attempts to carry out the rearrangement of azoxybenzene in
he presence of a cation-exchange resin proved that in polar sol-

l
f
e
c

ig. 1. Morphology (SEM) of the solid acid bed used in reaction with azoxybenzene in isoo
eaction, 10 000×. (c) Inside of resin’s matrix covered by reaction products, 5000×. (d) Ze
talysis A: Chemical 292 (2008) 36–43

ents (methanol, methanol–water, 2-propanol, and acetic acid) the
eaction stopped at the stage of azoxybenzene monoprotonation.
his fact has been confirmed by a characteristic absorption band
t 384 nm, displayed in the UV–vis spectra of methanol solutions
f 1 in the presence of the resin [8]. In the final reaction product,
xcept azoxybenzene, 1, neither 4-hydroxyazobenzene (2a) nor 2-
ydroxyazobenzene (2b), as well as no other aromatic compounds
ith the azobenzene skeleton were identified. One exception to

he rule was DMF, however in this case the conversion degree of
zoxybenzene and the reaction yield were very poor, as well. The
act the reaction in DMF was initiated at all, one may attribute to
he thermal activation rather (at 146 ◦C) than to the effect of the
esin. This conclusion has been reflected by extremely high con-
entration of unreacted 1 (AZBsolv = 93%) found in the post-reaction
edium.
Application of a non-polar solvent, isooctane, resulted in the

lassic Wallach rearrangement yielding 2a in average of 36.2% as
ell as some quantity of 2b (11.4%). Since the post-reaction solvent

ontained no azoxybenzene as well as its 2a and 2b derivatives, it
s obvious the rearrangement occurred within the bulk of the resin
see Fig. 1). The reaction must be thermally activated, otherwise the
rocess would fail (Table 1, isooctane, 20 ◦C). Sub-products consti-
ute ca. 47% of the bulk and approximately the half of this amount
as determined as azobenzene. The rest remained unknown, how-

ver from our attempts (GC–MS analysis) it follows, that this part
f the product represents an aniline-derivative polymeric material,
s suggested elsewhere [12,22].

These results are in agreement with the primary Wallach
eaction. Under typical homogeneous conditions (in concentrated
2SO4) the yields reported for 2a fall between 40 and 60% [12,23].
he only quoted side-products have been azobenzene and the so-
alled “unidentified polymeric material”, the latter one making up
ven 34% of the total reaction product [12].

The both rearrangement products were identified also in the
ther non-polar solvents used and particularly in n-heptane the
eaction yield (in total 16.5%) was quite acceptable, although signifi-
antly lower when compared with isooctane. However, CCl4 proved
o efficient medium for the studied process and hence the yield
as very poor. This may be due to disadvantageous distribution of

zoxybenzene, 1, between the solid phase and the liquid, as indi-
ated by the amount of 1 left in the solvent after the process was
nished (51% in CCl4).
These findings do challenge the concept of the dicationic Wal-
ach rearrangement mechanism involving 3, strongly postulated
or the homogeneous reaction [7,8]. However, in the studied het-
rogeneous system the mechanism could have changed with the
hanging conditions. It was suggested, that the structure of a

ctane solution. (a) Resin’s surface before reaction, 10 000×. (b) Resin’s surface after
olite HY surface after reaction with azoxybenzene, 10 000×.



lar Ca

m
a
[
c
t
a
a
n
y
f
t
p

e
p
h
r
i
T
m
w
v
t
m
s
i
p
r
h
h

3

2
a
b
i
e
m

d
t
i
l
d
t
d
w
o
t
i
p
o

3

a
p
s
o
1
e
e
c
t
i
s
a
r
b
(
1
l
t
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acroporous resin does not allow a single azoxybenzene molecule
dsorbed to be anchored by two sulfonic groups at the same time
8]. In fact, the rigid matrix of the sulfonated polystyrene chains
ross-linked by divinylbenzene (DVB) particles [24] does not seem
o favor a simultaneous contact of 1 with two sulfonic groups, sep-
rated from each other to a distance exceeding the size of 1, even
t the molecular level. Moreover, mutual interactions between the
on-polar part of the reactant and the resin’s matrix during catal-
sis on an ion-exchange resin prevent the azoxybenzene molecule
rom double-protonation [25]. However, due to such interactions
he azoxybenzene solution may freely penetrate into the resin’s
ores.

It must be emphasized, that changing the solvent’s polarity
ntails a change in the distribution coefficient of the “azoxy” com-
ound between the solvent and the resin’s matrix. On the other
and, polarity of the solvent influences the dissociation of the
esin’s sulfonic groups, increasing its acidity and catalytic activ-
ty when non-dissociated. This may explain the results reported in
able 1, which prove that the resin-catalyzed Wallach rearrange-
ent evidently occurs in the non-polar isooctane or n-heptane,
hereas it is not being observed in methanol and other polar sol-

ents used. Trace amounts of water present in the system allow
he hydration of sulfonic group protons, which next give rise to the

onoprotonation of 1. Finally, it must be noticed, that benzene-
ulfonic acid is considered almost as strong as H2SO4 and hence
t has become a rather popular catalyst. The catalytic activity of
-toluenesulfonic acid was confirmed also for the Wallach rear-
angement under homogeneous conditions [26]. Thus, one might
ave expected a similar result produced by the Lewatit resin in a
eterogeneous reaction.

.2. Zeolite-activated rearrangement

Experiments designed to perform the conversion of 1 into its
a derivative on a HY type zeolite bed gave no positive results

nd furthermore proved the Wallach rearrangement was not possi-
le under reaction conditions according to the procedure reported

n literature [12]. Nevertheless, non-polar isooctane allowed very
fficient adsorption of 1 at the zeolite surface compared with
ethanol, Table 1. However, in both cases it appeared difficult to

i
o
t
e
a

Fig. 2. SEM linescan; performed for resin solids after the reaction was completed.
talysis A: Chemical 292 (2008) 36–43 39

ischarge the products from the solid substrate by typical extrac-
ion. Only after dissolving the post-reaction solid bed in NaOH,
t was possible to retrieve the compounds adsorbed by the zeo-
ite during the process and estimate the yield (see Section 2 for
etails). Examination of the product freed from the zeolite revealed
hat no rearrangement had occurred and only the substrate, 1, was
etermined in the post-reaction extract. Interestingly, in the cited
ork [12], comparable amounts of the 2a and 2b derivatives were

btained with the HY zeolite. From the other hand it is well known,
hat under solar or UV light azoxybenzene is preferably converted
nto 2b even while in solid state [5], however no contribution of the
hotochemical mechanism to the zeolite-catalyzed rearrangement
bserved in [12] was reported.

.3. Solid acid structure-related effects

Solids of the resin and HY zeolite used in our work are char-
cterized by completely different space structures and this fact
roved crucial for their catalytic activity against the reaction sub-
trate. The size of a single azoxybenzene molecule, 1, fits a frame
f ca. 12 Å × 5 Å and the both rearrangement products fit that of ca.
3 Å × 5 Å. Hence, the resin containing pores of ca. 650 Å in diam-
ter, which may easily be penetrated by molecules of 1, appeared
fficient in the studied case. In contrast, acidic zeolite of the HY type,
haracterized by channels and cavities being few Å in diameter (100
imes narrower compared with the resin) has proved ineffective to
nduce the azoxybenzene rearrangement. Furthermore, the resin’s
ystem remains porous even after the reaction has been completed,
s follows from SEM investigations, Fig. 1. The outer surface of the
esin beads (Fig. 1b) appears quite smooth and is uniformly covered
y a thin layer of 1, as revealed by the line scan and EDAX analyses
Fig. 2a). A very similar pattern was obtained for surface-adsorbed
at 20 ◦C, when no reaction occurred. In isooctane, due to a particu-

arly favorable distribution coefficient (liquid phase–resin’s matrix)
he once adsorbed reagent molecules seem to be quite firmly held

nside of the porous matrix and do not tend to migrate back into the
uter liquid phase, whereas a reversed trend was observed in case of
he polar solvents used (Table 1). However, this may reduce to some
xtent the diffusion of the substrate toward the resin’s active sites
nd in consequence be crucial to the reaction yield. At the same

(a) Surface (refer to Fig. 1b). (b) Inside of the resin’s matrix (refer to Fig. 1c).
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Table 2
Energies and enthalpies of structures involved in the Wallach rearrangement

Compound Eelec (a.u.) ZPE (kcal/mol) �Ecorr (kcal/mol) H298 (a.u.) G298 (a.u.)

1 −647.9854 120.5 7.6 −647.7812 −647.8287
2a −648.0271 119.7 8.0 −647.8237 −647.8726
3 −572.0936 116.9 7.5 −571.8953 −571.9423
3 in water −572.3620 115.5 7.2 −572.1665 −572.2132
6 −648.3359 127.6 8.0 −648.1198 −648.1678
6 in water −648.4212 125.7 7.9 −648.2083 −648.2567
7 −724.7467 144.0 9.2 −724.5026 −724.5556
8 −1271.8186 128.3 10.7 −1271.5972 −1271.6575
9 −1348.1750 144.7 11.8 −1347.9256 −1347.9896
H2O −76.4341 13.1 2.3 −76.4095 −76.4304
H2O in water −76.4481 12.5 2.3 −76.4245 −76.4455
H3O+ −76.7078 21.1 2.4 −76.6703 −76.6926
H2SO4 −700.2332 23.5 3.8 −700.1897 700.2235
H2SO4 in water −700.2685 21.5 3.7 −700.2283 −700.2618
HSO4

− −699.7301 16.0 3.7 −699.6987 −699.7329
HSO4

− in water −699.8384 15.1 3.2 −699.8092 −699.8416

Scheme 3. Rearrangement involving the N,N′-diphenyloxadiaziridine intermediate (�G, kcal/mol).
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Scheme 4. Rearrangement involving

ime parallel and/or consecutive reactions resulting in the poly-
eric material and azobenzene may be prompted. Nevertheless,

learly both the products and unreacted 1 have been distributed
hroughout the resin’s matrix in such a way that no pore clogging
ccurred (Figs. 1c and 2b). Hence, there is still sufficient space left to
llow relative easy solvent-extraction of the adsorbed compounds
rom the post-reaction system. In the case of HY type zeolite, a layer
f 1 was formed probably only at the surface of the solids making
p the bed (Fig. 1d) and therefore no reaction could proceed. Unfor-
unately, we were not in position to investigate the interior of the
eolite matrix due to its specific structure and very small grain size.
.4. Theoretical calculations

The DFT method was applied in this work only to estimate the
hermodynamic reliability of the hypothetical intermediates 3, 4

o
e

H

Scheme 5. Rearrangement involving the q
ationic intermediate (�G, kcal/mol).

nd 5, considered important for the studied rearrangement. Thus,
alculated relative free enthalpies of formation (�G) were used
o justify it. However, at this stage it had not been our objective
o submit a complete mechanistic model. Hence, our conclusions
eferring to the most probable reaction course are supposed to be
onsidered merely as a preliminary step in preparation of a com-
rehensive theoretical study to be reported in a follow-up paper.

The choice of DFT calculations and the level of theory used
eem adequate for the studied reaction to provide the most real-
stic energy values, as stated elsewhere [16–19]. Results have been
ollected in Table 2 and included in Schemes 3–5. The enthalpies

f the studied molecules have been computed using the following
xpression:

298 = Eelec + ZPEscaled + �Ecorr(T)

uinoid intermediate (�G, kcal/mol).
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Scheme 6. Resin-activated formation of 4-hydroxyazobenzene, 2a.

Scheme 7. Resin-activated formation of 2-hydroxyazobenzene, 2b.
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lar reaction act controlling the rearrangement kinetics. From the
other hand, as mentioned above, the diffusion of reactants at the
resin–liquid interface is probably critical to the rearrangement
chemistry and may particularly affect the initial stages of activation
of 1.

Table 3
Resin-activated rearrangement of para bromo-azoxybenzene isomers in isooctane

Substrate ıS
a Reaction yieldb
Scheme 8. Resin-activated rearrangeme

here Eelec represents the electronic energy, ZPEscaled the scaled
ero-point energy and �Ecorr(T) the thermal correction to enthalpy
see Section 2 for details).

A comparison of the azoxybenzene rearrangement energetics
or the mechanisms discussed above has proved that only the
uinoid intermediate 9 would be thermodynamically favored, in
ontrast to the other ones (3 and 7), as shown in Schemes 3–5. In
articular, formation of the dicationic species 3 appeared to be a
ighly endoergic process (�G = +179.3 kcal/mol), which means the
quilibrium of this reaction lies strongly in favor of the reactants.
n addition, the free enthalpy of formation of 3 including the solva-
ion effect (�Gaq) also appeared positive. This implies the dicationic

echanism of the Wallach rearrangement is not favored even in a
olar solvent.

.5. Explanation of the resin-catalyzed mechanism

Experimental results and thermodynamic considerations sug-
est, that the most realistic explanation of the chemistry in
esin-activated rearrangement of azoxybenzene is offered by
ssuming the reaction proceeds via the quinoid intermediate

. The postulated general reaction mechanisms presented in
chemes 6 and 7 explain the formation of the both hydroxyazoben-
ene isomers (2a and 2b), observed under experimental conditions
xcluding the possibility of a photochemically induced rearrange-
ent. It is obvious that the quantity ratio of the both isomers

1
1

rans-4-bromo-NNO-azoxybenzene, 12a.

epends on the stability of the particular quinoid intermediates
1a and 11b and presumably on the solvent properties and reac-
ion temperature, as well. Since the structure 11a is supposed to be
onsiderably more stable, hence the higher yield of the 2a isomer
n the applied non-polar solvents (Table 1).

Direct kinetic measurements were not possible for the studied
eterogeneous reaction. Nevertheless, by considering the entropic
ontribution to the theoretically estimated �G term one may
ssume the rate determining step to occur rather before the quinoid
ntermediate is formed (T�S ≈ −12 kcal/mol) than after this stage
T�S ≈ +11 kcal/mol). This may have indicated for a bimolecu-
15a 4bazb

2a 19 15 4
2b 23 15 8

a Substrate conversion degree (%).
b mass% (see Table 1).
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Scheme 9. Resin-activated rearrangement of trans-4-bromo-ONN-azoxybenzene, 12b.
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Scheme 10. Resin-activated rearrang

Additionally, to confirm the postulated heterogeneous Wallach
echanism, the Lewatit resin was applied to para bromo-

ubstituted azoxybenzene isomers 12a and 12b (synthesis of, see
27]), in a process carried out in boiling isooctane under similar
onditions as in the case of 1. As expected, each of the indi-
idual bromo-derivatives yielded the same hydroxy-compound,
amely 4-bromo-4′-hydroxyazobenzene, 15a, and interestingly, in
he same quantity (Table 3). The lower rearrangement yield (15%)
n comparison with the principal reaction (47.6% in total, Table 1)
as due to the considerably less reactive bromo-substrate. The
nly side-product identified was 4-bromoazobenzene (4bazb). No
-hydroxyazobenzene bromo-derivative was found in the prod-
ct. This result is consistent with the experimental data previously
ublished for homogenous systems [26,28]. A probable reaction
echanism is shown in Schemes 8 and 9.
It is worth to mention, that 4,4′-dibromoazoxybenzene

16) in 92% H2SO4 rearranged exclusively into 4,4′-dibromo-2-
ydroxyazobenzene (11% of yield) [26]. Similarly, in a resin-
atalyzed process, by using the same substrate 16 we have solely
btained the 2-hydroxy derivative (16% of yield, ıS = 50%). A hypo-
hetical mechanism is presented in Scheme 10.

. Conclusions

The experimental and theoretical results presented in this work
onfirm that the “azoxy” group does not distinguish the benzene
ings in 1 and hence both are equally susceptible to interactions
nvolving the nucleophilic resins’ sulfonic group. In our opinion
his is the fundamental reason making the rearrangement pos-
ible also in heterogeneous systems. This fact was proved in the

uccessfully performed reactions using the brominated isomers of
, as described in Schemes 8 and 9. It is clear, that the position
f the oxygen atom does not affect the reaction product. In addi-
ion, by regarding the structure-related restrictions imposed by the
esin [24,25] it seems, that formation of an absolutely symmetrical

A

i

t of 4,4′-dibromoazoxybenzene, 16.

ntermediate (e.g. 3) may not be necessary to realize the thermody-
amic and kinetic terms essential for the Wallach rearrangement,
t least in the studied case. Thus, for the resin-catalyzed heteroge-
eous reaction the postulated quinoid mechanism looks plausible
nd complies with a previously proposed theory [13].

Summarizing, we would like to emphasize the principal impor-
ance of a proper solvent choice for a resin-activated reaction. In
ur opinion the effect of the solvent generally deserves much more
etailed research to be carried out. Moreover, we feel that other fac-
ors, which have been highlighted here, e.g. structural features of
he solid substrate, reaction temperature, water content and influ-
nce of light may also be significant for the reactivity of the solid
cid-azoxybenzene system. In addition, the catalytic properties dis-
layed under specified conditions by the sulfonated polystyrene
esin may also be of interest in the case of other reactions involving
cidic activation.
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General experimental: synthesis and characterization of the
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