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a  b  s  t  r  a  c  t

In this  paper  we  compare  two different  reactions,  aimed  at the  synthesis  of  1,2-cyclohexanediol.
Specifically:  (a)  the direct  epoxidation  and  hydrolysis  (dihydroxylation)  of cyclohexene  to  trans-1,2-
cyclohexanediol,  with  an  aqueous  solution  of  hydrogen  peroxide,  and (b)  the  hydrogenation  of  catechol
to  a mixture  of  cis  and  trans-1,2-cyclohexanediol,  in  an  attempt  to establish  green  protocols  for  the  syn-
thesis  of  diols.  Both  reactions,  the  dihydroxylation  of  cyclohexene  and  the hydrogenation  of  catechol,
eywords:
yclohexene dihydroxilation
,2-Cyclohexanediol
atechol hydrogenation
ungstate catalyst

were  carried  out without  organic  solvents.  In the  former  case,  an  unprecedented  97.4%  yield  to  the  glycol
was obtained,  by selecting  proper  reaction  conditions  and  using  a tungstic  acid/phosphoric  acid  catalyst,
in  a biphasic  system  with a  phase-transfer  agent.  In  the  second  approach,  a  heterogeneous  alumina-
supported  Ru(OH)x catalyst  was  used,  and  a  90%  yield  to the  glycol  was  obtained.  A comparison  of the
two  processes  allowed  to  show  the  lower  environmental  impact  of  the  catechol  hydrogenation  route.
upported ruthenium hydroxide

. Introduction

1,2-Diols are molecules widely employed as intermediates in
he perfume and fragrance industry, as well as in drug and lubricant
ynthesis. Dihydroxylation of olefins may  occur either via one-pot
poxidation and water hydrolysis of the oxirane ring into the trans-
iol, or via formation of cyclic inorganic ester, for example, by
eaction with KMnO4 or OsO4, then hydrolyzed into the cis-diol.

hile various conventional oxidants are typically used for syn- and
nti-dihydroxylation, including for instance KMnO4, OsO4, alkylhy-
roperoxides, and peracids [1–4], a greener oxidant such as hydro-
en peroxide is desired, due to both better atom efficiency and the
oproduction of water [5–7]. For these reasons, intensive research

as been conducted with the aim of developing reaction systems
hich may  efficiently transform the olefin into 1,2-diols with H2O2,
ossibly under organic solvent-free conditions. In this context,
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∗∗ Corresponding author.

E-mail address: fabrizio.cavani@unibo.it (F. Cavani).

926-860X/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apcata.2013.06.023
© 2013 Elsevier B.V. All rights reserved.

several authors have reported the dihydroxylation of olefins with
H2O2 catalyzed by transition metal complexes, i.e. H2WO4, poly-
oxometalates or CH3ReO3, and by various solid catalysts as well
[8–33]. The use of zeolites or other heterogeneous catalysts allows
dihydroxylation in the absence of organic solvents, but selectiv-
ity is no higher than 60% because of the formation of epoxides,
alcohols, ketones, and/or ethers: (NH4)10W12O41/hydrotalcite [14],
Ti-� [15,16], Ti-MCM [17,18], Nb-MCM-41 [19], Ti-MMM  and Ce-
SBA [33] are examples of the catalytic systems investigated. In
cyclohexene epoxidation with H2O2 and Ti–silicates catalysts, the
obtained products are typical of both two-electron oxidation mech-
anisms, i.e., cyclohexene epoxide and trans-cyclohexane-1,2-diol,
and one-electron oxidation mechanisms (2-cyclohexene-1-ol and
2-cyclohexene-1-one) [9,20–31,33], even though the selectivity to
allylic oxidation products can be lowered by means of specific
approaches, e.g., the dropwise addition of hydrogen peroxide [24].
The use of a resin-supported sulfonic acid makes it possible to con-
duct the dihydroxylation of cyclohexene with 30% H2O2 without

any solvent, at 70 ◦C, with 98% yield to the diol [32].

In literature one of the most investigated catalytic systems for
epoxide synthesis is based on tungstate anions, because the lat-
ter’s unique chemistry is more conducive to oxygen transfer over

dx.doi.org/10.1016/j.apcata.2013.06.023
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eroxide disproportionation [34–53]. Systems based either on the
enturello or the Ishii conditions, by using phase-transfer catalysis

n organic solvents, involve similar oxoperoxo anions [36–41,54],
hich are well known as very efficient epoxidizing agents. Under

ypical conditions, the Venturello system gives 96% conversion with
1% selectivity (81 epoxide + 10 glycol). In the case of Keggin P/W
olyoxometalates (POM), the latter are precursors of the true cat-
lytic complexes, [PO4{WO(O2)2}4]3− and [HPO4{WO(O2)2}4]2−,
nd/or other low nuclearity species [45,48,55,56]. Various authors
ave investigated the use of amphiphilic quaternary ammonium
ungstophosphate in emulsion or microemulsion systems [57–61].
he same systems have also been suggested for the dihydroxyla-
ion of alkenes [28,54,58,62–65]. With regard to the mechanism of
2O2 activation, it is believed that the key step of activation is the
eterolytic cleavage of the O O bond, because homolytic cleavage
enerates free radicals in solution (Fenton-type chemistry), thus
eading to undesired reactions. The formation of cyclohexene epox-
de may  occur via two different pathways, a direct epoxidation by

2O2 and an indirect epoxidation by cyclohexenyl hydroperoxide,
he formation of the latter compound occurring by involvement of
adicalic steps [22]. For all the systems described in literature for
yclohexene epoxidation, the catalyst features and reaction con-
itions affect the final selectivity into either the epoxide, diol, or
llylic oxidation products, or even the products of oxidative C C
leavage (mono or di-carboxylic acids); as a consequence, the selec-
ivity to a specific compound is often not very high.

An alternative pathway for the synthesis of 1,2-cyclohexanediol
s the selective hydrogenation of catechol: when compared to the
xidative route from cyclohexene, this process might offer the
dvantage of a better availability of the starting material, as com-
ared to cyclohexene which, conversely, is currently supplied by
ery few companies. As an example, Asahi Chemical, which devel-
ped the process for the selective hydrogenation of benzene into
yclohexene [66], uses the olefin produced for its own transfor-
ation processes, i.e., for hydration into cyclohexanol and nitric

xidation of the alcohol into adipic acid. Existing methods for aro-
atic ring reduction typically require excess amounts of reagents

nd harsh reaction conditions because of the stabilization of the
romatic ring. Catalytic hydrogenation with transition-metal cata-
ysts is a simple and sustainable method [67–70], especially when
asily separable and recyclable catalysts – based on, i.e., Ni, Rh, Ru,
t, and Pd – are used. However, conventional methods using het-
rogeneous catalysts generally require high pressures (>1 MPa) and
emperatures and/or strongly acidic or basic conditions. Only a few
xamples of mild hydrogenation methods applicable for aromatic
uclei have been reported [71,72]; therefore, a simple multipur-
ose catalytic approach is highly desirable. Some of us reported
he use of Ru-based catalysts for the hydrogenation of phenol
nto cyclohexanone [73], driven by the increasing price difference
etween Pd (typically used for phenol hydrogenation [74–76]) and
u. In the case of catechol hydrogenation, systems used in the lit-
rature include Pt and Rh [77] or Ru/C catalysts [78].

For our hydrogenation experiments, we decided to use catalysts
ased on Ru(OH)x grafted over alumina, which in recent years was
eported to be an easily recoverable heterogeneous system. It is
ctive and selective for a variety of reactions, including catalytic
ydrogen transfer for allylic alcohol reduction [79], racemization
f alcohols and amines [80], oxidation of both alcohols and diols
81] and of amines [82,83] with oxygen, ammoxidation of primary
lcohols to nitriles [84], synthesis of tertiary and secondary amines
irectly from alcohols, and urea and N-alkylation of amines with
lcohols [85].
Here we report on the comparison between the two differ-
nt catalytic routes for the synthesis of 1,2-cyclohexanediol: (a)
he selective dihydroxylation (epoxidation + hydrolysis) of cyclo-
exene by means of the homogeneous tungstate/phosphoric acid
Scheme 1. Two  different reaction strategies for the synthesis of 1,2-
cyclohexanediol.

catalytic system, the reaction being carried out in a biphasic system
by using an aqueous solution of H2O2, in the presence of a phase-
transfer-agent (PTA) and without any organic solvent; and (b) the
direct hydrogenation of catechol, by means of the heterogeneous
alumina-supported Ru(OH)x catalyst, once again by using water as
the solvent. Both catechol and cyclohexene are obtained from ben-
zene (Scheme 1), and the full sequence involves in both cases one
hydrogenation and at least one oxidation. 1,2-Cyclohexanediol can
be used as a starting material for the synthesis of adipic acid by
means of oxidative scission [86,87].

2. Experimental

2.1. Catalysts preparation

The catalyst for cyclohexene dihydroxylation was  prepared
as follows: tungstic acid and phosphoric acid were dissolved
in H2O2/H2O; the hydrogen peroxide solution was  prepared by
adding water to a 30 wt.% H2O2 aqueous solution, until the desired
H2O2 concentration (typically, 7.5 wt.%) was  reached. The relative
amount of each component was varied for each reactivity experi-
ment, as described in detail in Tables 2–6; in a typical experiment,
the following quantities were used (e.g., in experiment 4 in Table 2):
190 g of H2O2 (7.5 wt.% aqueous solution), 0.96 g H2WO4 99%, and
0.22 g H3PO4 85%.

It is worth noting that the Venturello system [PO4{W2O2(�-
O2)2(O2)2}2]3−, can be prepared either ex situ by means of
crystallization, as described in refs [11,57], and then added to the
reaction mixture, or can form in situ, by adding the various com-
ponents of the catalyst in aqueous solution directly to the reaction
system, as reported in refs [35,37,38]. It should also be noted that
the ratio between the reaction components, i.e., the substrate, the
tungstate anion, the phosphate anion and the PTA can change in
function of the reaction type. This is shown in Table 1, comparing
the molar ratios between substrate and catalysts components from
some literature sources. For our experiments, we  decided to use
conditions closer to those used for cyclohexene epoxidation, but
with a lower amount of phosphate anion, with a W/P  ratio close to
that of the Venturello system.

Supported Ru(OH)x catalysts were prepared according to the
procedure reported by Yamaguchi and Mizuno [80]. Specifically,
we first dissolved RuCl3·xH2O (38–42 wt.% Ru, Aldrich) in 60 mL
of distilled water (pH of the solution 2), in the amount necessary
to obtain the desired Ru content in the catalysts (i.e. 0.126 g to
obtain the 2.5 wt.% Ru on alumina); then, 2.0 g of �-Al2O3 were
added (precalcined at 500 ◦C for 3 h in static air; surface area
106 m2/g). The system was left at room temperature, under stir-
ring for 30 min; in these conditions, there was no precipitation

of Ru(OH)3. Afterwards, the pH of the slurry was increased by
means of anhydrous NaOH addition, until pH 13.2 was reached;
the slurry was  left under stirring for 24 h. In these conditions, the
Ru species in the solution, [RuClx(OH)y(H2O)6−x−y](3−x−y)+, react
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Table 1
Molar ratios between substrate and catalyst components used with the Venturello-type system.

Ref. Reaction Substrate PTA Na2WO4 or H2WO4 H3PO4

[11] Dihydroxilation of cyclohexene to 1,2-cyclohexanediol 100 – 0.27 [(nC8H17)3NCH3]3[PO4[WO(O2)2]4]
[35] Epoxidation of cyclohexene 100 0.5 1.25 2.5
[37] Oxidative scission of 1,2-cyclohexanediol to adipic acid 100 – 4 2
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[57] Oxidative scission of cyclohexene to adipic acid
[42] Oxidative scission of cyclohexene to adipic acid
This  work (best conditions) Dihydroxilation of cyclohexene to 1,2-cyclohex

ith the Al O− surface groups on alumina, to generate grafted Ru
pecies: Al O− Na+ + [RuCl(OH)2] → Al O Ru(OH)2 + NaCl. Finally,
he solution was filtered off, and the solid was dried at room tem-
erature for 2 days; the catalysts were used as such for reactivity
xperiments, without any preliminary thermal or reactive treat-
ent.
The analysis of the Ru content in both catalysts and in the solu-

ion showed that this method permits the quantitative deposition
f the Ru species. Three Ru(OH)x/Al2O3 samples were prepared
ith this procedure: Ru1.3 (1.3 wt.% Ru), Ru2.5 (2.5 wt.% Ru), and
u3.7 (3.7 wt.% Ru). A commercial catalyst containing metallic Ru
as also used for reference: the 5 wt.% Ru/Al2O3 catalyst was pur-

hased from Aldrich and used as received.

.2. Catalytic experiments: cyclohexene dihydroxylation

Reactions were carried out using a 3-neck 250 ml  glass reac-
or, with magnetic stirring. The aqueous solution containing the
atalyst and hydrogen peroxide was heated to 50 ◦C for 15–30 min,
ith stirring at 700 rpm. Then, a PTA/cyclohexene solution was pre-
ared; the following quantities were used (e.g., in experiment 4 in
able 2): 31.7 g cyclohexene 99%, and 0.75 g PTA 98% (in most exper-
ments, Aliquat 336); this solution was then added dropwise to
he solution containing the catalyst and hydrogen peroxide (addi-
ion rate ca 5 g/min), while the stirring was raised up to 1000 rpm.
he reaction temperature spontaneously started to rise in a few
inutes; the heating bath was regulated to maintain the temper-

ture at the desired level (typically, 70 ◦C), and the reaction was
arried out for the desired reaction time (for example, 1 h). Lastly,
he reaction was completed in one more hour; during this final
eriod the released heat was negligible, and the bath tempera-
ure was the same as that of the reaction mixture, i.e. 68–70 ◦C.

e also conducted an experiment under optimal conditions, but
hanging the way in which the reactants were mixed: the aque-
us solution containing H2O2, tungstic acid and phosphoric acid
as added dropwise to the cyclohexene/PTA solution, under stir-

ing. The obtained results were similar to those achieved with the
tandard procedure.

When the reaction time was completed (overall reaction time

–2.5 h), the reaction mixture was weighed, and then filtered twice
first with paper filter and then with a 0.45 � syringe filter), to sep-
rate suspended particles or particles in emulsion of the PTA. The
ltered solution was then divided into two parts: (a) one part of

able 2
eaction conditions and results of experiments of cyclohexene dihydroxylation into trans

Exper. Molar ratio of reactants with respect to H2WO4 Re

N H2WO4 H3PO4 PTA CH HP Tim

1 1 0.5 0 100.4 111.5 3.4
2  1 0.5 0.25 100.3 110.2 2.6
3  1 0.5 0.32 99.5 110.6 2.7
4  1 0.5 0.5 100.5 110.1 2.7
5  1 0 0.48 100.4 112.6 3.3

24  1 0.27 0.74 100.0 113.1 3.0

TA, phase-transfer-agent; Y, yield; CH, cyclohexene; HP, H2O2; CHD, trans-1,2-cyclohexa
100 – 1.2 [(nC8H17)3NCH3]3[PO4[WO(O2)2]4]
100 1 1 –

ol 100 0.25–0.75 1 0.25–0.5

the aqueous phase was analyzed to determine the dissolved car-
boxylic acids (ionic chromatograph Dionex 2000isp, column IonPac
ICE AS1e and suppressor AMMS  ICE, eluent octanesolphonic acd
1 mM 2.5% in isopropanol), the remaining part was  titrated with
KMnO4 to determine the residual H2O2; (b) a second part was
heated under vacuum to completely eliminate water; the organic
residue was weighed, dissolved in methanol, and then analyzed by
means of GC (Agilent 6850 GC, equipe with PTV injector, FID detec-
tor, capillary column HP-INNOWax Polyethlene Glycol, T ramp
from 50 ◦C to 230 ◦C), to determine the non-acid reaction products:
1,2-cyclohexanediol, 2-cyclohexe-1-ol, and 2-cyclohexe-1-one. In
some cases, the produced 1,2-cyclohexanediol was  purified to
determine the effective weight yield; in this case, purification was
carried out by means of recrystallization in acetone. Specifically,
acetone was added to the reaction mixture after water evaporation
and concentration (acetone/organic residue 2.5/1 vol ratio), heated
until complete dissolution, and then cooled under mild stirring to
foster recrystallization. The solid was  then separated, washed twice
with cold acetone, dried, and then weighed.

2.3. Catalytic experiments: catechol hydrogenation

The hydrogenation reactions were carried out in a 300 ml
mechanically stirred Parr 4560 autoclave equipped with a P.I.D.
4843 controller. In a typical procedure, the proper amount of the
chosen Ru-based catalyst was introduced into the autoclave under
inert atmosphere. Then the autoclave was  closed, evacuated up to
0.5 mm Hg, and a solution containing the substrate (0.6 g of cat-
echol) in 50 ml  of water was  introduced by suction, followed by
pressurization with hydrogen to 0.2 MPa. Afterwards, the reactor
was heated up to the chosen temperature and, once it was reached,
the autoclave was  pressurized with hydrogen to the desired pres-
sure, under stirring. The pressure value was held constant at the
chosen value manually by repeated hydrogen feeds. The course
of the reaction was monitored both by periodically sampling the
liquid from a sampling valve and by analyzing it through gas chro-
matography and GC–MS. When the reaction was completed, the
autoclave was rapidly cooled, the gas was  discharged, and the liq-
uid mixture was  immediately analyzed after dilution with acetone.

Recycling experiments of the solid catalyst were carried out in a
similar manner, but after removing the liquid reaction mixture
through the sample valve, the autoclave containing the solid cat-
alysts was evacuated and again charged with the fresh catechol

-1,2-cyclohexanediol: effect of the PTA and phosphoric acid concentration.

action Y CHD Y DA Y others Conv. Residual

e, h mol% mol% mol% CH, % HP, %

 n.d. 0.7 n.d. 7.6 97.8
 90.3 0.6 9.1 100 3.5
 96 0.6 3.4 100 0.9
 97.2 0.4 2.4 100 0.4
 78.1 1.9 2.9 82.9 4.9

 97.4 0.2 2.4 100 0.2

nediol; DA: dicarboxylic acids. Temperature 70 ◦C; HP concentration 7.5 wt%.
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olution for a subsequent catalytic cycle. Catechol, trans and cis-
,2-cyclohexanediol were purchased from Sigma Aldrich and used
s received. 2-Hydroxycyclohexanone was not commercially avail-
ble and was synthesized by oxidation of 1,2-cyclohexanediol with
aBrO3/NaHSO3 as previously reported [88].

GC analyses of reactant and products were carried out with
 HP 5890 gas chromatograph equipped with a HP 3396 inte-
rator, a flame ionization detector, and a PONA capillary column
50 m × 0.25 mm × 0.25 �m)  with a 100% dimethylpolysiloxane
tationary phase (carrier gas nitrogen, flow 1 mL/min). The repro-
ucibility of repeated catalytic runs was within 5%. GC–MS
nalyses were carried out using the instrument Hewlett-Packard
P 6890 with one MSD  HP 5973 detector with a Phenomenex
ebron G.C. column characterized by a stationary phase of 100%
imethylpolysiloxane (length of the column: 30 m,  inner diame-
er: 0.25 mm,  and thickness of the stationary phase: 0.25 �m).  The
ransport gas was helium 5.5 and the flow rate was  1 ml/min.

.4. Catalysts characterization

Ru(OH)x/Al2O3 catalysts were characterized by means of XPS,
urface area measurements (BET) and Raman spectroscopy. X-ray
hotoelectron spectroscopy (XPS) measurements were performed
n a SPECS spectrometer with a 150 MCD-9 detector and using a
on monochromatic AlK� (1486.6 eV) X-ray source. Spectra were
ecorded using analyzer pass energy of 30 V, an X-ray power of
00 W,  and under an operating pressure of 10−10 MPa. Only the
u3p peak was used for the evaluation of the Ru oxidation states
ince the more intense Ru3d peak is completely masked by the C1s
eak of contaminating carbon. Spectra treatment was  performed
sing the CASA software. Binding energies (BE) were referenced to
l2p at 74.5 eV. Laser Raman spectra were recorded using a Ren-

shaw 1000 spectrometer, with laser source Argon ion (514 nm),
quipped with a Leica DMLM microscope.

. Results and discussion

.1. The direct hydroxylation of cyclohexene into
,2-cyclohexanediol

The performance of most homogeneous epoxidation systems
s greatly enhanced by adding molecules that coordinate to some
omponent in the reaction mixture; these additives may  consist
f tertiary heterocyclic amines (i.e. pyridines, pyrazoles, and imid-
zoles) or carboxylates (i.e. acetates, benzoates, or glyoxylates); for
ungsten-based epoxidations, an optimal additive for tungstic acid
s phosphate anion [11,34,35,37,57]. We  investigated the reactivity
ehavior of cylohexene by using H2WO4 as the active component,

n the presence of phosphoric acid as co-catalyst and Aliquat 336
s the PTA.

We first investigated the role of both the PTA and phosphoric
cid. Results are summarized in Table 2, reporting the effect of
he molar ratio between the PTA and cyclohexene, while keep-
ng the concentration of all other reactants constant; experiment

 was carried out with the optimal amount of PTA, but in the
bsence of phosphoric acid. It is shown that in the absence of
ither PTA (experiment 1) or phosphoric acid (experiment 5), the
yclohexene conversion was lower than in the presence of both
omponents, even though the effect of PTA was much greater than
hat shown by phosphoric acid. With an equimolar amount of
TA and phosphoric acid, it was possible to obtain a 97.2% yield

o trans-1,2-cyclohexanediol, with a very low amount of uncon-
erted H2O2, which was used in 10% molar excess only with
espect to the stoichiometric requirement for cyclohexene dihy-
roxylation. By-products mainly consisted of acidic compounds
 A: General 466 (2013) 21– 31

of 1,2-cyclohexanediol overoxidation, such as 6-hydroxyhexanoic
and 6-oxohexanoic acids (overall yield 2.4%) and dicarboxylic acids
(overall yield 0.4%). We also carried out an experiment by using
a phosphate/tungstate ratio close to ¼, which corresponds to the
stoichiometry of the Venturello system (experiment 24 in Table 2);
with an amount of PTA even greater than that used in experiment 4,
we could achieve 97.4% yield to 1,2-cyclohexanediol, thanks to the
slightly decreased formation of dicarboxylic acids. Worth of note,
under the conditions shown in Table 1, Venturello and Gambaro
[11] obtained the best yield of 87% in cyclohexene dihydroxyla-
tion to trans-1,2-cyclohexanediol, at 70 ◦C, in a two-phase mixture
of acidified (pH 1.5) aqueous hydrogen peroxide and a benzene
solution of the alkene, containing the catalyst.

Decreasing the PTA concentration led to a progressively lower
yield to 1,2-cyclohexanediol, and a greater yield to monocarboxylic
acid by-products; in the absence of PTA, the reaction did not
progress (experiment no. 1). Therefore, the role of the PTA was
not only that of bringing the activated form of the tungstate cata-
lyst from the aqueous H2O2 layer to the organic cyclohexene layer,
where cyclohexene epoxide was  formed – which is the well-known
role of a PTA in this phase-transfer catalysis – but also that of
limiting the consecutive oxidation of 1,2-cyclohexanediol, by keep-
ing it in the organic layer, as long as some unconverted cyclohexene
remained. Finally, at total cyclohexene conversion, a single phase
was obtained, but H2O2 was  also completely converted; in these
conditions, the 1,2-cyclohexanediol produced was stable because
H2O2 was no longer available. The protecting effect of the PTA
on 1,2-cyclohexanediol was probably effective only as long as a
biphasic system was  present; in fact, experiments carried out start-
ing from 1,2-cyclohexanediol (see below) have shown that in a
monophasic aqueous system the reactivity of the diol with regard
to consecutive oxidation reactions was similar both in the presence
and in the absence of the PTA component (Table 5, see below). This
behavior was also observed at 90 ◦C, in the presence of an excess
H2O2. On the other hand, the hydrolysis/ring opening of cyclohex-
ene epoxide may  occur at the interface between the organic layer
and the water layer.

We  expected the phosphoric acid to have also the role of accel-
erating the hydrolysis of cyclohexene epoxide, but this was  not
observed. Indeed, the acid apparently had the role of accelerat-
ing the cyclohexene and H2O2 conversion, but it did not show an
important effect on selectivity. Therefore, the acidity of the aque-
ous phase (containing the tungstic acid) was  sufficient to foster the
oxirane ring opening.

The peculiarity of the reaction described is that a very high selec-
tivity to 1,2-cyclohexanediol was  obtained using only 1.1 mole
H2O2 per mole of cyclohexene, with minimal or nil formation of
both cyclohexene epoxide and acid by-products. This is an excel-
lent result, especially if we  consider that low H2O2/alkene ratios are
typically used in cyclohexene epoxidation; in this way, high selec-
tivity to cyclohexene epoxide + 1,2-cyclohexanediol with respect
to both cyclohexene and H2O2 is obtained, but the conversion of
cyclohexene is low [89,90]. On the other hand, in the oxidation of
cyclohexene with stoichiometric H2O2, such a high selectivity to
1,2-cyclohexanediol in the reaction catalyzed by tungstate-based
catalysts has never been reported up to now [33]. In general,
with tungstate-based systems the catalyst acidity may  lead to oxi-
rane ring opening [27]. However, considerably different results are
reported in the literature, depending on the reaction conditions
used; for example, with Ti-containing W-based polyoxometalates,
cyclohexene yielded cyclohexene epoxide with up to 98% selectiv-
ity and 84% conversion (or even 100% selectivity at 50% conversion)

when 1 eq of H2O2 was used, but was  oxidized up to adipic acid
by using 4 equivalents of H2O2, working at 50–70 ◦C. In this case,
the mechanism included the hydrolysis of cyclohexene epoxide to
glycol, the oxidation of the latter into the 2-hydroxyketone, the
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Table 3
Reaction conditions and results of experiments of cyclohexene dihydroxylation into trans-1,2-cyclohexanediol: effect of the H2O2 concentration.

Exper. Molar ratio of reactants with respect to H2WO4 Reaction HP Y CHD Y DA Y others Conv. Residual

N H2WO4 H3PO4 PTA CH HP Time, h wt.% mol% mol% mol% CH, % HP, %

4 1 0.5 0.5 100.5 110.1 2.7 7.5 97.2 0.4 2.4 100 0.4
6  1 0.5 0.5 100.1 110.3 2.5 15.2 96.3 0.4 2.9 100 1.2
7  1 0.5 0.5 100.3 110.6 2.6 19.9 94.5 0.5 5.0 100 2.7
8  1 0.5 0.5 100.9 218.8 2.8 7.7 94.9 1 4.1 100 38.8
9  1 0.5 0.5 99.8 327.2 2.7 7.8 92.7 1.5 5.8 100 61.7

10  1 0.5 0.5 100.7 220.9 2.8 15.1 86.6 2.8 19.6 100 32.5
11  1 0.5 0.5 100.5 329.2 2.7 20 83.1 7 9.9 100 54.5

PTA, phase-transfer-agent; Y, Yield; CH, cyclohexene; HP, H2O2; CHD, trans-1,2-cyclohexanediol; DA, dicarboxylic acids. Temperature 70 ◦C.

Table 4
Experiments carried out by reacting cyclohexene epoxide.

Exper. Molar ratio of reactants with respect to H2WO4 HP Y CHD Y DA Y others Conv. Residual

N H2WO4 H3PO4 PTA CEP HP wt.% mol% mol% mol% CEP,% HP, %

12 1 0.6 0.5 107 109.6 7.7 82.4 10.9 6.5 99.8 79.7
13  1 0 0.5 100.1 111.9 7.6 84.6 9.0 6.4 100 68.3
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14  1 0.5 0 99.9 111.2 

TA, phase-transfer-agent; Y, yield; CEP, cyclohexene epoxide; HP, H2O2; CHD, tran

ormation of adipic anhydride, and final hydrolysis into adipic acid
28,91].

The low selectivity to dicarboxylic acids experimentally
bserved in our case is attributable to both the low reaction temper-
ture (70 ◦C) and the stoichiometric amount of H2O2 used; under
ur conditions, the consecutive reactions leading to the oxidation of
,2-cyclohexanediol into adipic acid are kinetically unfavored. With
egard to this point, we carried out experiments using different
2O2 concentrations and molar ratios between H2O2 and cyclo-
exene. Table 3 summarizes the results obtained. It is shown that
n increase in H2O2 concentration had a moderate effect on 1,2-
yclohexanediol yield (with only a minor increase in the selectivity
o by-products). The same minor effect was shown when a large
xcess of H2O2 with respect to the stoichiometric requirement was
sed; indeed, most of the H2O2 remained unconverted, an indica-
ion that, at the used reaction conditions, any consecutive oxidation
pon 1,2-cyclohexanediol was kinetically unfavored. A more sig-
ificant effect was observed when both a large H2O2 excess and a
igher H2O2 concentration were used (experiments 10 and 11).

It was not possible to study the effect of temperature, because
t 75 ◦C the mixture started refluxing; only once the organic phase
ontaining cyclohexene had disappeared, could the temperature
e raised up to 90 ◦C. As expected, the final result was similar
o that obtained in the experiment carried out at 70 ◦C: 1,2-
yclohexanediol yield 96.9%, unconverted H2O2 0.48%, dicarboxylic
cids yield 0.36%.
Some experiments were carried out by reacting cyclohexene
xide aimed at observing the effect of PTA and phosphoric acid
n epoxide hydrolysis into 1,2-cyclohexanediol (Table 4). The
chieved results demonstrate that the hydrolysis of cyclohexene

(

able 5
xperiments carried out by reacting trans-1,2-cyclohexanediol.

Exper. Molar ratios of reactants with respect to H2WO4 T, ◦C 

N H2WO4 H3PO4 PTA CHD HP 

15 1 0.5 0.5 101.1 111.1 70 

16  1 0.5 0 100.8 111.5 70 

17  1 0.5 0.5 101.4 333.6 70 

18  1 0.5 0.5 99.7 337 70 

19  1 0.5 0.5 99.9 332.1 90 

20  1 0.5 0.5 100.5 333.7 90 

21  1 0.5 0 100.5 333.8 90 

TA, phase-transfer-agent; Y, yield; HP, H2O2; CHD, trans-1,2-cyclohexanediol; DA, dicar
.5 80.2 12.3 7.5 100 65.6

cyclohexanediol; DA, dicarboxylic acids. Temperature 70 ◦C; reaction time 3 h.

epoxide is very fast at the conditions used (the epoxide turned
out to be much more reactive than cyclohexene), and that the
1,2-cyclohexanediol produced is stable; in fact, the majority of the
added H2O2 was  found to be unconverted at the end of the exper-
iment. With regard to the role of the PTA and phosphoric acid, the
two compounds showed only a minor effect, with minimal varia-
tions in conversion and selectivity in the experiments carried out
either without phosphoric acid (entry 13) or without the PTA (entry
14), as compared to the experiment carried out with both compo-
nents (entry 12). With regard to the nature of the dicarboxylic acids
formed, adipic acid was  again the prevailing one, but with a signif-
icant amount of glutaric acid (for instance, in experiment 12: 7.0%
adipic acid, 3.9% glutaric acid, traces of succinic acid).

These results indicate that 1,2-cyclohexanediol is stable under
the conditions used, and does not undergo consecutive oxidative
cleavage; the relatively low reaction temperature is likely to be
the major factor contributing to high selectivity. In order to further
confirm this hypothesis, we  carried out experiments by reacting
trans-1,2-cyclohexanediol; the results are summarized in Table 5.
It is shown that:

(a) The reactivity of 1,2-cyclohexanediol was much lower
than that of the olefin; products obtained were both 2-
hydroxycyclohexanone and monocarboxylic acids (lumped into
“Others” in the table) and dicarboxylic acids. These “Others”
were in lower amount after reaction at 90 ◦C, being intermedi-

ates in the transformation of the diol into adipic acid.

b) The PTA had negligible effects on 1,2-cyclohexanediol conver-
sion (experiments 15 and 16 for tests at 70 ◦C; experiments 20
and 21 at 90 ◦C).

Reaction HP Y DA Y others Conv. Residual

Time, h wt.% mol% mol% CHD, % HP, %

3.2 7.6 6.4 16.7 23.1 17.5
3.1 7.6 3.5 16 19.5 14.1
2.9 7.6 2.8 14.4 17.2 79.5
3 31.1 14 12.4 26.4 37.7
3.1 31.1 91.8 5.6 97.4 1.5
6 31.1 93.3 4.1 97.4 0.05
6.2 31.1 93.9 4.2 98.1 0.03

boxylic acids.
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Table  6
Experiments of cyclohexene oxidation carried out under selected conditions, in order to replicate tests reported in literature.

Exper. Molar ratio of reactants with respect to WO4
2− T, ◦C Reaction HP Y CEP Y CHD Y DA Y others Conv. Resid.

N Catalyst H3PO4 PTA CH HP Solvent Time, h wt.% mol% mol% mol% mol% CH, % HP,  %

24 1 (H2WO4) 0.27 0.74a 100.0 113.1 – 70 3.0 7.6 0 97.4 0.2 2.4 100 0.2
22  1 (Na2WO4) 2.01 0.38a 184.5 60.5d CH3Clc 70 1 7.9 23.1 6.5 0.4 5.2 35.1 2.8
23  1 (Na2WO4) 0.51 0.49b 50.8 75.2 – 74–79 4 30 0.2 46.2 15.7 7.5 69.6 2.7

PTA, phase-transfer-agent; Y, Yield; CH, cyclohexene; HP, H2O2; CHD, trans-1,2-cyclohexanediol; DA, dicarboxylic acids; CEP, cyclohexene epoxide.
a Aliquat 336.
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Table 7
Hydrogenation of catechol to 1,2-cyclohexanediol in the presence of sample Ru2.5.

T, ◦C P H2, MPa Time, h Catechol conv., % Sel. to CHD, mol%a

90 5 8 99.6 90.2
190  5 0.5 100 87

90  3 5 35.9 78

Reactions conditions: H O 50 ml, catechol 0.6 g, Ru: 5.1 mg.

different Ru loadings were prepared and tested (see Section
2). Hydrogenation tests were carried out at 90 ◦C under 5 MPa
of H2, keeping the catechol/Ru initial molar ratio constant at
b Methyltrioctylammonium hydrogensulfate.
c Solvent/cyclohexene weight ratio 0.6/1.
d The pH of the H2O2/H2O solution has been adjusted to 3.2 with NaOH.

(c) At 70 ◦C, the adoption of a H2O2/1,2-cyclohexanediol molar
ratio close to 3 had no important effect on conversion (com-
pare experiment 15 with 17); however, when the greater H2O2
amount was used in more concentrated conditions (experiment
18), the highest 1,2-cyclohexanediol conversion (26.4%) with
14% yield to dicarboxylic acids was obtained.

d) At 90 ◦C and H2O2/1,2-cyclohexanediol molar ratio 3, with H2O2
concentration 31% (that is, under conditions closer to those
reported in literature for the one-step oxidative cleavage of
cyclohexene into adipic acid), almost complete diol conversion
was achieved with very high yield to dicarboxylic acids in 3 h
reaction time (experiment 19); in these conditions, the PTA had
no role (experiments 20 and 21).

e) The prevalent dicarboxylic acid was, in all cases, adipic acid;
for example, in experiment 21 the following distribution was
observed: yield to adipic acid 92.1%, glutaric acid 1.6%, succinic
acid 0.2%.

In conclusion, it is evident that temperature is the main factor
esponsible for the absence of further transformation of 1,2-
yclohexanediol into dicarboxylic acids when cyclohexene reacts
ith H2O2, even with a large excess of the latter. Furthermore, the

TA had no role in the two  consecutive steps of cyclohexene epox-
de hydrolysis into 1,2-cyclohexanediol and of 1,2-cyclohexanediol
xidation into dicarboxylic acids (in this step also, phosphoric acid
layed no role). Due to the fact that the two compounds both show

 non-negligible effect on the rate and selectivity of cyclohexene
ransformation into 1,2-cyclohexanediol, we may  conclude that the
romotional effect of these components (especially of the PTA) is
ainly on the first step of cyclohexene oxidation into cyclohexene

poxide.
Final experiments were carried out under reaction conditions

imilar to those reported by Venturello (experiment 22) [35], and
hose described in Noyori’s papers (experiment 23) [92], both
esigned to obtain high yield to cyclohexene epoxide. Results
re summarized in Table 6 and compared with the best ones
btained in our reaction conditions (experiment 24). It is shown
hat by using conditions similar to those reported by Venturello,
he extent of cyclohexene epoxide hydrolysis was much lower
han under our conditions; differences between the two proce-
ures concerned the presence of a solvent, the type of catalyst
nd of PTA used, and the relative amount of the components.
ith regard to the Noyori’s conditions, we could not exactly repli-

ate those reported in the literature. We  used phosphoric acid
nstead of aminomethylphosphonic acid, and were unable to raise
he temperature above 79 ◦C (the reflux T of the mixture). In this
ase, under our conditions, the absence of the solvent led to the
ydrolysis of the epoxide (cyclohexene epoxide formed with a very
ow yield); however, because of the excess H2O2 and the high
emperature used, the yield to dicarboxylic acids (mainly adipic
cid) was higher than that obtained using our standard condi-
ions.
2

CHD, 1,2-cyclohexanediol.
a The by-products were cyclohexanol, cyclohexanone, and traces of phenol.

4. The hydrogenation of catechol into 1,2-cyclohexanediol
in aqueous medium

Catechol hydrogenation was  first studied using a Ru2.5 cata-
lyst; under the conditions used, the alumina-supported Ru(OH)x

produced almost total catechol conversion after 8 h reaction time
(Table 7). The main reaction was the selective hydrogenation
of catechol to 1,2-cyclohexanediol (a mixture of cis and trans
isomers), with 90% selectivity; the other by-products were the
consecutive hydrogenolysis or dehydration compounds, cyclohex-
anol and cyclohexanone, respectively, with only traces of phenol
(Scheme 2). No formation of the partially hydrogenated product, 2-
hydroxycyclohexanone, occurred. When the reaction was  carried
out at 190 ◦C, total catechol conversion was achieved already after
0.5 h, but 1,2-cyclohexanediol selectivity was 87%, with 13% selec-
tivity to hydrogenolysis compounds. Conversely, when the reaction
was carried out at 3 MPa  H2 pressure and 90 ◦C, as expected, cat-
echol conversion was  36% only after a 5 h reaction. On the basis
of these results, further investigation was carried out at 90 ◦C, but
using the higher pressure of 5 MPa  of hydrogen.

With the aim of better understanding the suitability of
Ru(OH)x/Al2O3 catalysts in catechol hydrogenation, samples at
Scheme 2. Products obtained in catechol hydrogenation.
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Fig. 1. Catechol conversion (%) based on reaction time (top) and selectivity to 1,2-
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Fig. 2. Catechol conversion (%) (open symbols) and selectivity to 1,2-
cyclohexanediol (full symbols) based on the reaction time. Catalyst: fresh
sample Ru3.7 (��), and sample Ru3.7 recovered and reused without any regenera-
yclohexanediol (%) based on catechol conversion (bottom) with Ru(OH)x/Al2O3

atalysts: sample Ru2.5 (�), sample Ru1.3 (♦) and sample Ru3.7 (�). Reactions
onditions: 90 ◦C, 5 MPa  of H2, H2O: 50 ml,  catechol 0.6 g, Ru: 5.1 mg.

.1 × 10−2 mol/mol; Fig. 1 shows the results. It can be seen that,
espite the similar overall Ru content used for the experiments,
ample Ru1.3 (containing the lower Ru content) was  the least active
atalyst, whereas the sample showing the highest activity was
hat containing the higher amount of Ru (sample Ru3.7), with an
ntermediate behavior shown by sample Ru2.5. With regard to 1,2-
yclohexanediol selectivity, samples Ru1.3 and Ru3.7 both showed

 drop in selectivity to 1,2-cyclohexanediol depending on the cat-
chol conversion; with sample Ru1.3, the decline in selectivity
tarted already for catechol conversion higher than 40%, whereas
ith sample Ru3.7 the selectivity declined above 80% catechol con-

ersion. The progressive decrease in selectivity with hydrogenation
dvancement was due to the undesired hydrogenolysis reaction,
hich increased with the longer reaction times. However, in the

ase of sample Ru2.5, which contained an intermediate amount of
u loading, a slight increase in 1,2-cyclohexanediol selectivity was
bserved in the 20–60% catechol conversion interval, after which
he selectivity was almost stable at 90% until total catechol conver-
ion.

The differences in catalytic behavior experimentally observed
ere quite unexpected, especially with regard to the catalyst activ-

ty; in fact, we expected that in the sample containing the lowest
u content (sample Ru1.3) a better dispersion of the active species
ver alumina would have led to a better intrinsic activity (referred

o the amount of Ru). For the same reason, in the sample contain-
ng the highest Ru content (sample Ru3.7), we expected that the
ormation of either Ru(OH)x aggregates or oligomeric species over
he support would lead to a lower availability for the Ru species in
tion  treatment (©�). Reaction conditions: T 90 ◦C, 5 MPa  H2, H2O: 50 ml,  catechol
1.2 g, Ru: 10.0 mg.

this catalyst. The obtained results were just the opposite of what
we expected; the characterization of used samples will help clarify
this point (see below).

On the basis of these encouraging results, sample Ru3.7 was
recovered by filtration after use and reused without any regenera-
tion procedure, by adding a fresh substrate: the results achieved are
compared with those obtained with the fresh catalyst in Fig. 2. It can
be seen that the recovered catalyst not only maintained a good effi-
ciency, but also showed a higher activity than the fresh one at the
beginning of the recycle test. However, the increase of conversion
over time was slower than that observed with the fresh sample.
Some differences were also observed with regard to the selectivity
to 1,2-cyclohexanediol; in fact, the reused catalyst showed a better
1,2-cyclohexanediol selectivity, and also did not show any decline
for longer reaction times, as was the case for the fresh sample.
Overall, these results highlight some changes in the active phase
features which had likely occurred during the first experiment (on
the fresh catalyst), changes which were responsible in the end for
the modified catalytic behavior shown by the reused catalyst.

We also carried out the reaction using the reaction mixture, after
filtering off the catalyst; this experiment was  carried out by stop-
ping the reaction after 2 h (catechol conversion being close to 60%
at that time), by carrying out the “hot filtration” of the reaction mix-
ture, by adding fresh reactant and starting again the reaction at the
same conditions previously used with the fresh catalyst. No reac-
tion took place in the absence of catalyst, thus allowing us to rule
out the presence of any active species leached from the catalyst to
the liquid phase.

Lastly, an experiment was  carried out using sample Ru2.5,
with a very high initial catechol/Ru molar ratio (catechol/Ru:
3.65 × 103 mol/mol), with the aim of achieving moderate catechol
conversion and thus identifying possible reaction intermedi-
ates; results are shown in Fig. 3. Actually, in this experiment,
it was possible to identify by GC/MS the intermediate 2-
hydroxycyclohexanone by comparison with the pure substance;
in fact, due to the very high catechol/Ru molar ratio, the reaction
progressed more slowly, and consequently the intermediate
2-hydroxycyclohexanone desorbed from the catalyst surface and
dissolved into the liquid phase, thus being identified in the reaction
mixture. In literature it is reported that this two-step reaction

pathway is unfavorable for Ru, while the amount of intermediate
2-hydroxycyclohexanone is scarce, even at the beginning of the
catalytic run [93]. Huang et al. reported that the reaction pathway,
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Fig. 3. Hydrogenation of catechol to 1,2-cyclohexanediol in the presence of sam-
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le Ru2.5. Reactions conditions: 90 ◦C, 5 MPa of H2 H2O: 50 ml,  catechol 15.0 g,
u:  3.8 mg.  Conversion of catechol (�), selectivity to 1,2-cyclohexanediol (�), to
-hydroxycyclohexanone (�) and to cyclohexanol + cyclohexanone (�).

ither consecutive or direct hydrogenation, is influenced by the
trength of oxygen affinity with the catalyst [93]. In the case of
eak oxygen affinity catalysts, such as Pt and Pd, the intermediate

-hydroxycyclohexanone can more easily desorb and dissolve
n the liquid phase, and thus the consecutive hydrogenation

echanism takes place. Conversely, in the case of strong oxygen
ffinity catalysts, such as with Ru and Rh, the desorption of the
ntermediate is more difficult, and the contribution of the direct
ydrogenation mechanism prevails over the two-step one.

. Characterization of Ru(OH)x/Al2O3 catalysts after use

For samples recovered after reaction, the XPS results referred to
he Ru3p3/2 peak are summarized in Table 8. Attribution of the Ru
E to different oxidation states is quite controversial in literature
80,94–96]. In general, it is recognized that on increasing the Ru
xidation state, the BE value shifts from around 458 eV (for metal-
ic Ru), to around 466 eV for Ru6+. In our case, for all the samples a
ingle broad band was centered at around 462.5 eV, which seems to
uggest the presence of Ru3+ as the main species. However, a shoul-
er centered at ca 458.5 eV, attributable to Ru0, was present in the
ample at higher Ru loading (Ru3.7), and this could suggest that for
his sample Ru3+ is partially reduced during the reaction; by means
f peak deconvolution, the relative amount of the metallic Ru was
stimated to be around 10 ± 3% of the Ru content. The contribution
f this lower BE peak was instead negligible for Ru1.3 and Ru2.5.
his might explain the highest activity experimentally observed for
ample Ru3.7, and also the change of catalytic behavior shown by
he recycled catalyst. The formation of metallic Ru in sample Ru3.7

ay be due to the presence of Ru species which develop a weaker
nteraction with the support, and are more easily reducible from
u3+ to Ru0. Conversely, in samples Ru2.5, and especially in sample
u1.3, the higher dispersion of Ru3+ species led to a stronger inter-

ction with the alumina support, which makes them less reducible
nd, in the end, less intrinsically active in catechol hydrogenation.

Catalysts were also characterized by means of Raman spec-
roscopy; spectra of both fresh and used Ru1.3 and Ru3.7 samples

able 8
PS results of samples Ru1.3, Ru2.5 and Ru3.7 after use in hydrogenation of catechol

o  1,2-cyclohexanediol at 90 ◦C, 5 MPa  of H2.

Sample Ru3p3/2 (BE 462.5 eV), % Ru3p3/2 (BE 458.5 eV), %

Ru1.3 100 0
Ru2.5 100 0
Ru3.7 90 ± 3 10 ± 3
Fig. 4. Raman spectra of Ru1.3 and Ru3.7, both fresh and after use in hydrogenation
of  catechol to 1,2-cyclohexanediol.

are shown in Fig. 4. The Ru3+ species which strongly interacts
with La2O3 is reported to show a broad band centered at around
670 cm−1 [97]; in our samples, such a band was  not observed (nor
was it seen in fresh samples either). On the other hand, bands
observed in both Ru1.3 and Ru3.7, not corresponding to any typi-
cal vibration observed in Ru oxides (i.e., RuO2, RuO3 or RuO4) [98],
can be attributed to Ru3+ species chemically interacting with the
support. Indeed, in literature, a band at 470 cm−1 (also visible in
spectra shown in Fig. 4) is attributed to hydrated RuO2 (together
with the band at 670 cm−1 which, however, is not observed in our
case) [99], whereas the band at 510 cm−1 is close to that reported
for crystalline RuO2 dispersed over zirconia support [100]; typi-
cally of RuO2, however, other bands should also be seen at 640 and
705 cm−1, which instead are not present.

The relative intensity of the two  main bands observed in fresh
samples, at around 460 and 510 cm−1, was a function of the Ru
loading. In sample Ru3.7, the latter was more intense than the
former band, whereas the opposite was true in sample Ru1.3;
therefore, based on these observations and by analogy with sim-
ilar bands reported in literature, we  can tentatively attribute the
lower wavenumber band to an isolated Ru3+ species which is chem-
ically grafted to the support, while attributing the band at around
510 cm−1 to a less dispersed, oligomeric Ru3+ species. It is inter-
esting to note that the Raman spectrum of sample Ru3.7 showed
the most significant changes after reaction, compared with the
spectrum before reaction; more specifically, the band at 510 cm−1

almost disappeared in the spectrum of the used sample. The same
relevant change was not observed in sample Ru1.3. These results
can be attributed to the fact that mainly the oligomeric Ru3+ species,
especially present in the Ru3.7 sample, underwent reduction down
to the metallic state during contact with hydrogen in catechol
hydrogenation. This evidence agrees with the development of a
more active metallic Ru species during reaction in the presence of
Ru3.7 catalyst.

Because of the suggested important role of the in situ-generated
metallic Ru, we  compared the reactivity of the Ru2.5 catalyst with
that of a commercial catalyst having 5 wt.% Ru/Al2O3, with Ru in the
metallic form. This catalyst was characterized in a previous work
[73]; it shows an average Ru particle size of 4.9 ± 2.3 nm, greater
than that shown by Ru(OH)x nanoparticles in fresh catalysts pre-
pared in the lab [101]. Results are reported in Fig. 5, which shows
catechol conversion and selectivity to 1,2-cyclohexanediol depend-

ing on reaction time. In the two  experiments, the same catechol/Ru
ratio was  used (1.08 × 102 mol/mol, with 5.1 mg  Ru), working at
90 ◦C under 5 MPa  of hydrogen. In both cases, by-products were
cyclohexanol and cyclohexanone, with only traces of phenol. It is
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Fig. 5. Conversion of catechol (open symbols) and selectivity to 1,2-cyclohexanediol
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full symbols) in the presence of sample Ru2.5 (��), and a commercial 5 wt.%
u/Al2O3 catalyst (��). Reactions conditions: 90 ◦C, 5 MPa  of H2, H2O: 50 ml,  cate-
hol 0.6 g, Ru: 5.1 mg.

hown that despite the low fraction of metallic Ru present in the
pent Ru2.5 catalyst, differences in activity between the two  sam-
les were small. The TON, calculated with respect to the overall Ru

oading (catechol conversion after 2 h reaction time was  taken), is
hown to be lower for sample Ru2.5 than for the commercial sam-
le [0.0080 molcatechol/(gRu h) for sample Ru2.5, vs 0.0144 for the
ommercial sample]. However, if we consider that the amount of
etallic Ru in the spent Ru2.5 sample was no more than 10 ± 3%

f the overall Ru loading, the TON calculated with respect to the
etallic Ru species was by far greater with Ru2.5 than with the

ommercial sample. It can be speculated that the significant activity
f the alumina-supported Ru(OH)x catalysts was  due either to some
ynergic interaction between the different Run+ species, which led
o an enhanced activity of metallic Ru, or to a direct participation of
he oxidized Ru3+ species. The latter hypothesis is more likely, due
o the activity shown by Ru1.3 and Ru2.5 catalysts, which showed
o metallic Ru species in used samples.

Finally, we compared Ru2.5 and the commercial Ru/Al2O3 cat-
lysts, using a greater concentration of the substrate (2.5 g instead
f 0.6 g), and a greater amount of catalyst (20.5 mg  Ru instead of
.1 mg). The results are shown in Fig. 6; for both catalysts, we

bserved a lower conversion rate compared to the more diluted
onditions (Fig. 5), whereas the selectivity to 1,2-cyclohexanediol
emained unchanged.

ig. 6. Conversion of catechol (open symbols) and selectivity to 1,2-cyclohexanediol
full symbols) in the presence of sample Ru2.5 (��), and a commercial 5 wt.%
u/Al2O3 catalyst (��). Reactions conditions: 90 ◦C, 5 MPa  of H2, H2O: 50 ml,  cate-
hol 2.5 g, Ru: 20.5 mg.
Fig. 7. Comparsion of E and EI factors for the processes of 1,2-cyclohexanediol
synthesis by means of catechol hydrogenation and of cyclohexene dihydroxylation.

6. Comparing the sustainability of the two  processes

Common aspects of the two processes investigated were the
excellent yield to the desired product (especially in the case of
cyclohexene dihydroxylation), and the absence of organic solvents;
in both cases, the reactions were carried out in water solvent. On
the other hand, the main disadvantage of the tungstate-based sys-
tem is the recovery of the catalyst and of the PTA. Recently some
papers reported about procedures for the recovery of the soluble
W catalyst [102], or for the use of heterogeneous, hence more eas-
ily recovered, WO3 catalyst [103]. Instead, the Ru-based catalyst is
easily recoverable and reusable.

Concerning the starting reactant, catechol and cyclohexene,
both are obtained from benzene. The current world production
for cyclohexene is around 40,000 tons/y, mainly used by Asahi for
hydration into cyclohexanol, precursor for the synthesis of adipic
acid. Catechol is produced by phenol hydroxylation.

Fig. 7 presents a comparative assessment of the two alterna-
tive routes to 1,2-cyclohexanediol. The assessment is normalized
to 1 kg of product and was  made with the aid of the EATOS [104]
tool. It takes into consideration both the masses (E-factor) as well as
environmental impact of the substances released by the processes
(Sheldon’s Q) [105]. This assessment compares the two  routes via
oxidation of cyclohexene (Table 2, experiment 4) and via hydro-
genation of catechol (Table 7, entry 1). The following assumption
was made: the catechol route is a heterogeneous reaction and
therefore both the solvent (water) and the catalyst have been con-
sidered easily recyclable at the 95% amount with only 5% of losses.

Comparison of E-factors shows that the route from cyclohex-
ene produces 0.39 kg of wastes while route from catechol produces
0.13 kg. Inspection of EATOS graphical output allows also to see
where these wastes come from. Much of the wastes produced in
cyclohexene route (0.31 kg out of 0.39 kg; blue block) are aque-
ous waste and come from the aqueous reagents. Further inspection
of this segment with EATOS tool shows that the remaining waste
is unreacted reagents (green block) and catalyst (magenta block).
Inspection of the wastes produced in the catechol route shows that
most of them come from the by-products (0.11 kg out of 0.13 kg;
yellow block).

For the assessment of the environmental impact of chemical
processes, EATOS can take into consideration up to ten different

substances ecotoxicological and human toxicological parameters,
and each parameter can be given a different weight. Such param-
eters are then normalized (each parameter is made to vary from
1 to 10), and then combined to afford an environmental quotient
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I (much the same of Sheldon’s Q). So each different component of
he waste can be assigned a quantitative potential environmental
mpact PEIout (much the same of Sheldon’s environmental quotient
Q), defined as the product of its mass (relative to the product unit
ass) with its EI. In this work the parameters taken into account

or the assessment of EIout of the waste were: MAK, TLV, Hazard
ymbol, or LX50 for human acute toxicity; any suspect carcinogen,
utagen or teratogen for chronic human toxicity; and WGK  or LC50

o fish for ecotoxicology. These data were obtained from substances
aterial Safety Data Sheets. The quantitative comparison of poten-

ial environmental impact of waste (PEIout) is also reported in Fig. 7.
he figure allows to see immediately that the route from cyclohex-
ne is at 0.74 PEI unit/kg product while the route from catechol is
t 0.62 PEI unit/kg product, that is the catechol route achieves a
et 20% reduction in waste potential environmental impact. It is
orth of note that a significant contribution to the environmen-

al impact of the cyclohexene route comes from the unrecovered
omogeneous catalyst (magenta block).

. Conclusions

Two different strategies for 1,2-cyclohexanediol synthesis were
dopted, with the aim of developing a high-yield and sustainable
ethod for the production of glycol, which can act as a start-

ng material for a new oxygen-based oxidation process for adipic
cid. The one-pot epoxidation and hydrolysis (dihydroxylation)
f cyclohexene to trans-1,2-cyclohexanediol was  achieved with
7.4% yield, in the absence of a solvent using an aqueous solu-
ion of hydrogen peroxide, a phase-transfer-agent, and a tungstic
cid/phosphoric acid catalytic system. One drawback of the synthe-
is was the difficulty in the recovery and reuse of the homogeneous
atalyst and of the PTA.

The alternative route investigated is the direct hydrogenation of
atechol to a mixture of cis and trans-1,2-cyclohexanediol, carried
ut in a water solvent, using a Ru(OH)x-alumina heterogeneous cat-
lyst. Glycol was obtained with 90% yield; furthermore, the catalyst
ould be recovered by filtration and reused, without any regenera-
ion. The reactivity of the Ru-based catalyst was influenced by the
u content; in fact, the in situ generation of metallic Ru during the
ydrogenation reaction led to a greater intrinsic activity for the cat-
lyst containing the greater Ru content. A comparison of the two
rocesses allowed to show the lower environmental impact of the
atechol hydrogenation route.
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