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Abstract

Supported sulfonic acids can be employed as effidatalysts in the dihydroxylation

of 1-methylcyclohexene with agueous hydrogen pe@xivithout the use of additional
solvents, under mild condition.

The reaction was deeply studied in terms of catalg,/1-methylcyclohexene molar
ratio and percentage of aqueous hydrogen peroaideHhieve the best reaction
conditions.

Experimental results, catalytic efficiency and gpescopy data, allow to advance some
hypothesis on the reaction mechanism, based ontéraction, likely via H-bond, of
hydrogen peroxide with the sulfate groups resultiogh the deprotonation of supported

sulfonic acids.
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1. Introduction

Hydrogen peroxide is an ideal oxidant for manysoes: it is cheap, its efficiency is
excellent and water is theoretically the sole bydoict [1-3]. The activation of aqueous
hydrogen peroxide is a challenge that has attrangsty research groups in order to
perform oxidation reactions, under environmentilgndly conditions [4-5].

From a mechanistic point of view, the activatidingdrogen peroxide can take place
in three ways [6]. First, in the presence of metdalysts, according to the well-known
Haber-Weiss reaction, involving the hydroxyl radiithat frequently leads to
unselective processes in organic synthesis [7frsgdn the presence of a base, through
the formation of the strong HO@ucleophile, that can oxidize, for example,
electrophilic alkenes [1]; third, according to teterolytic oxidation process, that is
probably the most important reaction from a syntheoint of view [8].

In the presence of catalysts containing diffetearisition metals such as Ti, W, Mn,
Re and Sn [9-13], hydrogen peroxide undergoesiefiioxidation reactions, for
example alkene epoxidation [14-17], conversionulfides into sulfoxides and sulfones
[18-21] and Baeyer-Villiger (BV) oxidation of ketes to esters or lactones [22-26]. In
all these cases the reaction involves an electiio@utivation of hydrogen peroxide;
the same mechanism is reported with fluorinatedesus, as it was clearly shown by
Sheldon and Berkessel [27-28].

With regard to the crucial role of peracids adttethe reaction mixture or produced
in situ from carboxylic acids, many studies areorégrd in the literature [29]; however
the role of different acids such as sulfonic, arsamd phosphonic acids showing a

similar behaviour is not as much studied and néatlser deepening. For example,



supported-sulfonic acids were reported to be gatadrbgeneous and reusable catalysts
for the BV oxidation of cyclopentanone [30], andmnececently Sato reported a very
efficient procedure for the solvent-free dihydratidon of alkenes with hydrogen
peroxide in the presence of Nafion resin [31].

Despite the numerous examples reported in thalitee concerning the catalytic
dihydroxylation of olefins with hydrogen peroxid&2f34], the selectivity toward 1,2-
diols is frequently very low, due to the formatiohepoxides, alcohols, ketones, and/or
ethers as by-products. Moreover in all the reposigdhetic methods the use of
chlorohydrocarbons or other organic solvents isiireg. For these reasons, in
continuation of our investigation on the prepamticharacterization and use of organic
and organometallic catalysts supported onto diffeneaterials [34-36,26], we have
evaluated the activity of some silica-supportedosut acids as heterogeneous catalysts
for the dihydroxylation of 1-methylcyclohexene wiilidrogen peroxide. In addition,
molecular features of the supported acids andeof thteraction with HO, have been
investigated by IR spectroscopy in controlled atphase and DR UV-Vis spectroscopy

of the catalysts in contact with,8,/H,0 solutions.

2. Experimental

2.1 Materials

Toluene, ethanol, acetonitrile, acetone, 1,2-diciéthane, DMF, 1-
methylcyclohexene, bromobenzene, phenyltriethoagsi|
phenylethyltrimethoxysilane, 3-bromopropyltrimetlyeiane (BPTS), chlorosulfonic

acid, hydrogen peroxide 30% and 50% and mangamesgide were purchased in the



highest purity available and used without furtherifocation. Methanol was distilled
before use.

H2O (bidistilled), and RO (Euriso-top; 99.90%D) were purifiéa vacuoand
rendered gas-free by several “freeze-pump-thawlesyto be employed in the IR
spectroscopic measurements. The same was don&$@,41,0 solution (Sigma-
Aldrich; = 30%; TraceSELECT), that was also used to prepare the sluiwieBR UV-
Vis spectroscopic investigations.

Gas-chromatographic analyses were accomplishedTloaceGC ThermoFinnigan
instrument with a fused silica capillary column SPBfrom Supelco (30 m x 0.25
mm).

N, adsorption-desorption isotherms, obtained at Bhka Micromeritics
PulseChemiSorb 2705, were used to determine spscifface areas (S ), while
pore volume and size were calculated by using the Bodel. Before measurements all
samples were outgassed at 383 K until a residealspre 1.0x10-4 Torr (1 Torr: 133.33
Pa).

The surface acidity and surface area of all cattalygre determined by a reported

titration method [37] and by the BET method [3&pectively (Table 1).

2.2 Catalyst preparation
The catalysts were synthesized by tethering praeeas reported in the literature
[39]. All the catalysts were carefully washed wéitetone (3 x 20 mL) and water (3 x

50 mL) and dried for 24 hours at 100 °C before use.

2.2.1 Supported arylsulfonic acids [39]



Silica (8.0 g) was refluxed under stirring for R4vith phenyltriethoxysilane (2.0 mL,
8.3 mmol) or phenylethyltrimethoxysilane (1.8 mL3 8 mol) in toluene (120 mL),
filtered and washed with toluene. The supportechphgroup was then sulfonated by
refluxing the functionalized material with chlordunic acid (10 mL, 150 mmol) under
stirring for 4 h in 1,2-dichloroethane (60 mL). Téaid material was then recovered by
filtration and carefully washed with 1,2-dichlorbabe (3 x 20 mL), acetone (3 x 20
mL) and water (3 x 50 mL). The catalysts derivahrfrsulfonation of the materials
obtained from tethering to silica phenyltriethoXgee and phenylethyltrimethoxysilane
will be hereafter referred to as catalyst A andeSpectively.

A new method was developed for the preparatiah@silica supported 4-
propoxybenzensulfonic acid (hereafter referredstoatalyst B). A mixture of
amorphous silica gel (2.0 g) and BPTS (0.76 mL,00ol) in toluene (80 mL) was
refluxed, under stirring, for 24 h. The resultinlica supported 3-bromopropane was
recovered by filtration and washed with toluene & mL). A mixture of this material
(2.00 g) and sodium phenoxide (0.60 g, 6.0 mmoDNtF (100 mL) was heated to 100
°C under stirring for 24 h. Afterwards the matenas filtered off and washed with
DMF (3 x 20 mL) and acetone (3 x 20 mL). Finallgpnature of this material (2.0 g)
and chlorosulfonic acid (4 mL, 60 mmol) in 1,2-dmoethane (60 mL) was stirred for
4 h at reflux. The catalyst was recovered by titra, washed with 1,2-dichloroethane

(3 x 20 mL), acetone (3 x 20 mL) and water (3 xH0.

2.3. Catalyst characterization
Infrared spectra of the catalysts were performedansmission mode on powders

pressed in self-supporting pellets (“optical thiegs” in the 8-10 nigm range) and



placed in a quartz IR cell equipped with KBr windowhe IR cell was connected to a
conventional vacuum line (residual pressurel®® Torr), allowing
adsorption/desorption experiments to be carriedrositu. A Bruker Vector 22
spectrometer was employed for spectra collectiaghenMid-IR region, and a Jasco
6100 one for selected measurements extended MetielR. In both cases, resolution
was 4 crit, and a DTGS detector was employed.

All spectra were baseline corrected to remove tmribution of light scattering and
were normalized with respect to the intensity &f signals at 1980 and 1870 ¢tmiue
to the combinations of bulk framework modes [40brder to render differences in
intensity independent of differences in the thidsef the pellets.

Mid-IR spectra are reported down to 1250%ciat is the onset of the cut-off due to
the fundamental absorptions of the siliceous lkattilkat rendered opaque the samples at
lower frequency, except for a narrow region (950-86i, the so-called “silica
window”). However, pellets of the catalysts appdam® fragile to be produced so thin
to exhibit a reasonable transparency in such range.

Diffuse reflectance (DR) UV-Vis spectroscopy measuents were performed with a
Cary 5000 spectrophotometer, equipped with an ratew sphere internally coated
with Spectralofl. The same material was used as reference fowotteziion of the
background baseline. The samples, in the form wfdeo, were put on a quartz optical
window, that was the bottom of a cylindrical celpsed by screwing a piston, pressed
toward the powder by a spring. The amount of sawgle dosed in order to form a
layer ca. 3 mm thick, to extinguish the radiati@thpwithin the powder [41]. The
samples were investigated both in air and in tinen fof concentrated slurries, obtained

by dropping HO or H,O,/H,0 solution in proper amounts to obtain an incipient



wetness of the powders. In all cases, the matex@te diluted in a 1:30 ratio by weight
with highly pure amorphous silica (AOX50, Aerosil),order to attain the best
compromise between the location above the 0% tdateince of the most intense
signals and a satisfactory signal/noise ratiolierweakest ones. The conversion with
the Kubelka-Munk function was then attempted, lutamger considered, as the most
intense signals exhibited values of the functigmigicantly higher than 1 (for the
samples in the form of aqueous slurries), thenideitthe limits of applicability of such

algorithm [41].

2.4. Catalytic tests

The catalytic tests were performed by proceduepsnted in the notes of table and
figures. The general procedure was as follows:-enLGound-bottomed flask equipped
with a magnetic stirring bar and reflux condenseaswharged with the selected solid
catalyst (2% mol with respect to 1-methylcyclohexXeand 30% aqueous,&, (0.86
mL, 8.4 mmol). The mixture was stirred at rt for 1@in, after which
1-methylcyclohexene (0.50 mL, 4.2 mmol) was addéw mixture was heated at 70 °C
under stirring for 22 h and then cooled to rt. Tagalyst was removed by filtration and
washed with methanol (3 x 5 mL); Ma@ca. 100 mg) was added to the solution to
destroy any hydrogen peroxide excess. Subsequdmiiynobenzene was added as

internal standard, the mixture was diluted with ma@bl and analysed by GC.

3. Results and discussion

3.1. Catalyst characterization
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Figure 1 shows the IR spectra of the bare silicharihe three Si@supported
catalysts recorded after outgassing at beam temoperga. 50 °C) for 1 hour.
PLEASE INSERT FIGURE 1 (now at the end of the manip$)

Such treatment resulted in the complete desorpiiovater molecules initially
adsorbed from air moisture, as witnessed by thenéis invariance of the signal at ca.
1650 cnt* after subsequent exchange witsC(inset). Actually, adsorbed water
molecules are expected to contribute to that IRdIkiarough their deformatio)
mode, and this contribution should be depleted aftehange with BD, and
substituted by th&8D,0 signal occurring at ca. 1200 ¢rtbelow the cut-off of the
sample).

Focusing on the spectral pattern of the bare Siport (curve a), on the basis of
well assessed literature data [40], the variouspmrants can be assigned as follows
« narrow peak at 3740 ¢hsilanols in weak (van der Waals) interaction with
neighbours Si-OH,;

« shoulder at 3710 ch terminal dangling OH of chains of interactingsibls;

« subband at 3660 c¢touter/inner silanols involved in weak hydrogemts;

« broad band at 3530 éhsilanols involved in stronger hydrogen bonds;

« signals at 1980, 1870 and 1650 troombinations (the first two) and overtone (the
third one) of fundamental silica vibrational moaegurring at lower frequency.

As expected, the last three signals remained uctefteby the tethering of the organic
moieties (curves b-d), whereas the peak at 374bdeunreased in intensity, until
depletion, as the amount of supported acids inesasd the series of absorptions at
lower frequency were overcame by progressively nmdense, broad and complex

pattern spread over the 3700-2000"arange. It is worthing to note that silanols presen
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on the surface of the support can be involved im kimds of events as a consequence of
the functionalization with sulfonic acid molecul@&sconsumption by reaction with the
alcoxysilanes; ii) H-bond interaction with the sulfc groups, with related frequency
downshift and increase in intensity of t88iO-H stretching band.

Of course, the other consequence of the functipatdin of the support was the
appearance of a series of bands below 1658 &wr the sake of clarity, the assignment
of these signals will be reported separately feralkyl + aryl parts and for the sulfonic
group.

Bands due to alkyl + aryl part\ll catalysts (curves b-d) exhibited bands atl€&00
and 1410 cr, that should be related to 8a and 19b modes &ttison notation [42-
44]) respectively, of the aromatic ring (Ar, in tfedlowing) [45, 46a, 47]. Their 8b and
19a partner modes, expected to produce significaregbker absorptions [48, 49],
should be then responsible for the components&Q t&i* (8b mode) in the spectrum
of catalyst C (curve d) and at ca. 1490°cfh9a mode) in the spectra of catalysts B and
C [45, 464a]. Noticeably, in the case of the catadythe 8a band appeared significantly
weaker in intensity than expected with respeché&odther two catalysts on the basis of
the relative amount of supported aromatic spetiesan be considered that this band
arises from a vibration in which the main dipolememt change is produced by the
movements of the substituents on opposite sidéseafing acting in opposition, and
then in the presence of one polar substituent twofsubstituents with different
polarity they should produce quite intense band.[48

Actually, in catalyst A the substituents on thenaatic ring are sulfonic and -
Si(OSi%- groups, exhibiting a significant different potgriHowever, the -Si(OSH) is

in turn directly linked to the support by O-Si band@he consequent possible coupling
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along the resulting (Ar)-Si-(OSH(support) oscillators could affect the displacetran
the Si atom bound to the aromatic ring, with a eguent effect on the dipole moment
change. The same argument should hold for the ke nin which the dipole-moment
change is produced by the movements of the substi&won opposite sides of the ring,
but moving in the same direction.

Furthermore, in the case of catalyst B a weak aodd®er component is present at
1630 cnt, that can be due to the overtone of the aromagéyCH mode [45], the
fundamental producing the strong band, expecteshar815 crit, characteristic of
para-disubstituted benzene rings [46a]. As for the Gtidtching modes, they are
responsible for the weak features in the 3100-3806range.

The methylene groups of the alkyl links connectimg aromatic rings of catalysts B
and C to the support produced the typical seridmatls expected for their stretching
modes in the 3000-2850 Emange, with th®asymmode splitted in two components (at
2940 and 2900 cihin the spectrum of catalyst C, curve d) by Femsonance with the
overtone of the deformation mode, then expectedratd 460 crit. Actually, weak
bands are present at 1470 and 1475 &on catalyst B (curve c) and C (curve d),
respectively. In particular, in the case of catialysthe weak component at 1475 tm
should be due to the -GHgroup linked to the support, and the other, lthkethe
aromatic ring, should produce an absorption neaf b, likely contributing to the
onset of the 19b aromatic mode band.

No specific signals due to Ar-Si, Ar-C, Ar-O bonalsre observed, because located
below the limit of transparency of the self-suppdrpellet employed in this study

[46a,b].
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Bands due to the sulfonic groufhe low frequency region of the spectra of thedhre
catalysts is dominated by a broad band in the I35 cnmt* range, assignable to the
antisymmetric stretching mode of the O=S=0 moi&8}[Actually, the maximum of
this band appeared located at ca. 1370 foncatalyst A (curve b) and at 1355 Crior
catalyst C (curve d). This is the maximum posit@dso in the case of catalyst B, with a
poorly resolved shoulder at ca. 1370 cfaurve c). The overall trend suggests that the
v(0=S=0)symmode monitors the interaction of the sulfonic grevith at least two
types of local environment. As for sulfuryl symmestretching mode, it should
produce a band at ca. 1100 mwvell below the limit of transparency of the saawpl
[50].

However, the information on the sulfonic groupsxsended by the presence of the
spectral features due to the SO-H stretching moc®yrring in the high frequency
region. Focussing on the comparison between treeagport (curve a) and catalyst A
(curve b), it can be noticed that as a consequehttee surface functionalization, beside
the decrease in intensity of the sharp peak at 87#() the rest of the OH pattern is
constituted by an asymmetric absorption with maximsimilar in position (3510 ct)
and intensity of that present for the bare silR30 cni), and a tail extended down to
2800 cni. This absorption should results from the supetjrsdf subbands due to
O-H stretching of sulfonic groups and silanols. Bipgearance of the low frequency tail
suggests the occurrence of an H-bond interactibmd®sn SO-H (expected to act as an
H-bond donor) and SiOH (expected to act as an Htlaaceptor). However, the
supported acid molecules synthesised starting frbemyltriethoxysilane should be
oriented with the sulfuric group pointing away frane support. Thus, the supposed

interaction might involve acid molecular moietiesmed in pores of the silica support,
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where silanols properly located on the facing peaé could be present. Of course the
presence of sulfonic groups involved in weaker kébmmteraction cannot be excluded,
and, if present, they should contribute to the pathe asymmetric band close to the
maximum at 3510 crh Vice versa, significant amount of sulfonic grouyss involved

in any interaction should be negligible, as, onlibsis of spectra of species entrapped
in inert matrices [51] and of theoretical calcuas [52], they should absorb at ca. 3560
cm™,

Focussing on catalyst B, the 3740 tpeak appeared slightly less intense, whereas
the band at lower frequency, with maximum now ledat 3460 ci, exhibited a
significant increase in intensity, accompaniedhmsydppearance of a shoulder at ca.
3250 cm* and a partly resolved subband at ca. 2400, @nd a further broadening
toward lower frequency, tailing down to ca. 2100 ’ci8uch behaviour monitors the
occurrence of stronger H-bond interactions, angotteern appears typical of the
occurrence of a Fermi resonance between overtdries drequency bending modes,
with the continuous distribution of levels resultimtom the coupling ob(A-H D] and
v(AHIIB) modes (were A and B represent H-donor and Hyocgroups,
respectively) [53, 54]. In the present case, the odbH-donor is played by the sulfuric
groups, whereas the oxygen atoms of surface sfaranl act as H-acceptor.
Furthermore, it must be considered that in thegiresase the H-acceptor groups (the
silanols) possess an internal mode, w1 one, that absorbs in the same region, and
then can be involved in the coupling. This effdatidd be responsible for the increase
in intensity of the high frequency part of the cdexpabsorption, near the maximum at

3510 cn, related to less perturbed oscillators. Indeech sntensification cannot be

ascribed to a higher amount of silanols interacéiagh other, as, conversefgi-OH
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should have been consumed in a slightly larger atndwring the synthesis of the
supported sulfonic acid molecules (by assuming#ime Si-OH/alcoxide stoichiometry
for both phenyltriethoxy- and phenylethyltrimethekgne), slightly more numerous in
catalyst B than in catalyst A (see Table 1). Thergjer interaction between sulfonic
groups and silanols should be related to possiiaitions of the substituted aromatic
ring different from the normal to the surface, hesmthe link to the support through the
alkyl moiety, with rotational degree of freedomamd the C-C bonds.

Furthermore, the weak feature at ca. 2400 @rsimilar in position to the low
frequency component, with a more intense partneaa?900 cil, of thevOH pattern
obtained for dehydrated H-NAFION membranes [55thwulfonic groups interacting
each other via H-bonding. Actually, the increasatensity of this component, and the
more clear presence of a broad subband at ca.@fd0are the distinctive features of
thevOH pattern of catalyst C (curve d), that contaas49©% additional supported acid
moieties than catalyst B (see Table 1). Other aumseces of such increased content in
supported molecules are: i) the depletion of th#033" peak, indicating that all
isolated silanols have been chemically consume¢band/olved in interaction with
supported species, and ii) the appearance of shiaima at 3300 and 3200 ¢mthat
might be narrow Evans windows resulting from Ferasionance between the levels
resulting from the coupling af(A-H D] andv(AHIIB) modes (see above), and the
overtones and combinations of internal modes obtdse B involved in the H-bond (in
this case, the aromatic sulphate, exhibiting riragles in the 1650-1550 ¢ty as
observed in pyridine/acid zeolites systems [56].

Finally, it can be noticed that the differencehe tnteraction of sulfonic groups with

different neighbours (silanols and/or other suléogioups) should affect, other than the
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SO-H band, also the S=0 ones, and this could pacttpunt for the difference in
position and shape of the antisymmetric O=S=0dtnet) band observed for the three

catalysts (see above).

3.2 Interaction of catalysts with&

To probe the acid behaviour of the supported spethe catalysts (and the bare
support, for the sake of comparison), where coathaiith 20 mbar of kD vapour,
with the consequent formation of adsorbed multitaye molecular water [57] and
possible proton transfer from sulfonic groups t®Hnolecules (Figure 2).

PLEASE INSERT FIGURE 2 (now at the end of the marnip$)

The admission of water on the bare silica (Figyra,&) simply resulted in the
appearance of the bands due to the deformalicat (1630 crit) and stretching modes
(3730-2800 cnif range, maximum out of scale), these latter oveneq to the silanols
pattern. As expected, the interaction witfOHnolecules heavily affected the peak at
3740 cnt', as the related groups are now interacting visoRebwith adsorbed species.
Nevertheless, a small portion of such signal, wigximum at 3744 cthstill remained,
indicating that some of the surface silanols areisiely distributed to form patches not
hydrophilic enough for the adsorption of water [58]

In the case of catalysts (Figure 2, b,b’-d,d’), #lakelitional consequences of the
interaction with water were the depletion of th&syl signal in the 1390-1325 ¢
range, and the appearance of a continuous absoettended from 3500 to 1700 ¢m
This latter is a kind of “fingerprint” of the forrtian of H (H,O), clusters [56], and then
probes the transfer of protons to the aqueousddyem -SQH groups, converted into

-SQO5, that are expected to absorb below the transpgianit of the samples [56].
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Thus, it can be stated that the contact with aragsi medium results in a complete
deprotonation of the sulfonic groups. The same weduor the materials in contact
with air (as some of the UV-vis measurements, sé@Aj, with the consequent
formation of liquid-like molecular layers by adstgm of air moisture (Figure SI-1 in
the SI).

The deprotonation of sulfonic groups is quite ratevfor the proposal of the nature
of catalytically active species. Indeed, as ingidah the Introduction, supported
monoperoxysulfate species, were hypothesized axtiee in the selective oxidation of
cyclohexene to 1,2-cyclohexanediol [31]. Howevke, tormation of S-O-O-H groups
by reaction between sulfuric/sulfonic groups an@requires the presence of a S-O-H
moiety, as for instance in the case of sulfuriclg6b, 60, 61]:

H,SOy + H,O — HSQy + H30'
H,O, -~ 2 OH
HSO, + OH - SQ; + OH
SO + OH - SOOH
Conversely, IR data demonstrated the occurreneecomplete deprotonation of

supported sulfonic acids when in contact with ameays environment.

3.3 Interaction of catalysts with,J8,/H,0

Similar IR measurements were carried out by adngjtthe vapour (20 mbar) of a
H,0O/H,O, mixture (30% vol HO,) onto the samples.

No specific features related to the interactiohyifrogen peroxide with the species

supported on the surface of catalysts were obséRigdre SI-2 in the Sl and related
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comment) owing to the overwhelming contributiorH, and, likely, the weakness of
the HO,-surface species adducts.

Conversely, some information was obtained fromUkeVis spectra of the systems
contacted with KO and the HO/H,O; solution (Figure 3).
PLEASE INSERT FIGURE 3 (now at the end of the marnip$)
As a first step, the electronic spectra of the mmtein the form of an aqueous slurry
were collected (Figure 3, panel A). The bare sidighibited a continuous absorption,
progressively increasing in intensity towards therter wavelengths, assignable to
charge transfer transitions involving metal ion uripes (curve a). Conversely, the
spectrum of the much more pure pyrogenic silicaleysa as diluent, appeared
significantly less intense (curv®aOverimposed to the feature due to the suppuet, t
spectra of the catalysts appeared characterizedhgin band at ca. 220 nm (catalysts
A and C, curves b,d, respectively) or at ca. 24Q(catalyst B, curve c), with a weaker
partner, exhibiting a partially resolved fine stiwre, centred at ca. 260 nm (catalyst A
and C, curves b,d, respectively) or at ca. 280 cata(yst B, curve c). These
components can be identified as the primajyagd secondarnaf bands, this latter
with the typical vibrational structure, due to ts@ions involving that electron system
of a benzylic aromatic ring [62]. Their displacermmtwards longer wavelengths in the
case of catalyst B can depend on the presencapastaent inpara position with
respect the sulfonic group, of an oxygen atom, lol@paf a larger electron contributing
effect than the Si atom and gptesent on the aromatic ring in catalysts A and C,
respectively. The spectra of the samples in aieapd similar to those of the aqueous
slurries in terms of position of the absorption dsrthat exhibited a lower intensity

(Figure SI-3 in the SI). This was likely due to thereased contribution of light
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scattering with respect absorption phenomena iptégence of only some layers of
physisorbed water.

Subsequently, the slurries obtained by mixing tma@es with the ED/H,O,
solution were analyzed. All spectra exhibited calyery intense and broad absorption
band, with a deep reflectance minimum at ca. 25@ndha tail towards longer
wavelength (Figure 3, panel A’), due te® molecules in aqueous solution [63]. In
order to render the spectral profiles independardifierence in intensity due to the not
perfect equivalent density of all slurries, anddredbserve differences in shape, the
data have been normalized to the minimum of redleme.

It can be then noticed that the onset of the albisorpf catalysts B and C, appeared
shifted towards longer wavelength with respectdthtihe bare silica support and the
catalysts simply in contact with,B (Figure 3, panel A’ inset). Such feature can be
reasonably related to the interaction gOxmolecules with supported organic species,
that, apparently, occurred in a lower extent fdalyast A, the spectrum of which
appeared not so different with respect that obthinghe presence only of water. It is
of interest to notice that catalyst A exhibitedbaise lowest catalytic activity, despite
the similar content in supported sulfonic acidsatalyst B. Quantum chemical
calculations indicate the possibility of the forinatof complexes between,@, and
halide anions [64], and then it is proposed thatesél-bonding interaction can occur
between hydrogen peroxide (acting as an H-donafla@ sulfate groups (acting as H-
acceptor) resulting from the deprotonation of sufgmbsulfonic acids. As for the
competition with water molecules for the interaotigith sulfate groups, it can be
recalled that KO, in aqueous solution is a stronger H-bond donat dbueaker

acceptor) than pO [65]. The result of the competition with hydratégD" ions should
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be the subject of a future modelling, as well &sdfiect of the sulfate-#D, interaction
on the electronic states of hydrogen peroxide nubdsc

The occurrence of such interaction can be relefearthe catalytic process, as the
results obtained by Neumann [8] on the selectitgined in oxidation reactions by
using HO, in perfluorinated alcohol solvents suggested thssibility for an
electrophylic activation of hydrogen peroxide vigbbinding. Tentative drawings are
reported in Figure 4, where no indication of th®kldihedral angle has been reported,
intentionally. In general, it is known that hydrogeeroxide has a quite flexible
molecular structure, easily distorted by molecudégractions [66, 67], as a result of the
only weakly hindered rotation of the OH groups awbthe O-O bond [66, 68].

PLEASE INSERT FIGURE 4 (now at the end of the marnip$)

3.4. Reaction condition optimization

The activity of the supported sulfonic acid cattdysas been evaluated in the 1,2-
dihydroxylation of 1-methylcyclohexen&)(with hydrogen peroxide (Table 1) [69].
PLEASE INSERT TABLE 1
The experiments were carried out by adding 1-metityjdhexene to a suspension of the
catalyst in 30% aqueous hydrogen peroxide andibingtthe reaction mixture for 22
hours at 70 °C [70]. The model reaction was fiested with phenylsulfonic acid
supported onto amorphous silica, and with the coroialéy available Amberlyst-15. In
all cases 1-methyl-1,2-cyclohexanedig) (vas obtained as the major product. The
silica supported phenylsulfonic acid (catalyst A9 tholar ratio with respect to reagent

1) showed the best activity, affording prod@ah 80% yield and 94% selectivity (Table
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1, entry 2). Lower efficiency was observed with Aariigst-15 (59% vyield, 93%
selectivity) (Table 1, entry 5).

The catalytic activity of two additional sulfonicids supported onto silica through
arms with different length, namely 4-ethylphenylsalc acid and
4-propoxyphenylsulfonic acid, has been successstelgied in the reaction performed
under the best conditions (2 mol% catalyst, 70ZZhours, HO,/1 molar ratio = 2).

The best result in terms of yield (90%) and sel#gt(96%) of 1-methyl-1,2-
cyclohexanediol was obtained with the silica supgb#r-ethylphenylsulfonic acid
(Table 1, entry 4). The lower activity (80% yiei#}% selectivity) observed for the
silica-supported phenylsulfonic acid (Table 1, gy could be ascribed to the fact that
the direct anchoring of phenylsulfonic group to $ileca surface can partly hamper the
availability of the active acid sites with respda more accessible ethylphenylsulfonic
group. The modest activity of the silica suppodegropoxyphenylsulfonic acid bearing
the longest arm (Table 1, entry 3), was tentatiasigribed to the lower stability of the
ethereal chain in the reaction medium, that isaesible for some catalyst leaching.
Indeed, the elemental analyses of all the utiliza@lysts showed that only catalyst B
underwent a 45% loss of the total carbon aftefiteecycle.

The surface area of these catalytic materials séeins irrelevant in the present
reaction; similarly it is impossible to gather adar correlation between surface acidity
and catalytic activity from experimental resultpaded in Table 1 (see, for example,
the poor activity showed by Amberlyst-15 that intevaundergoes 60-70% swelling).

In order to evaluate the possible catalytic agtivitthe bare support, the reaction

was performed in the presence of amorphous stheasiliceous support played no
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catalytic role. Similarly hydrogen peroxide itsislfinot able to oxidize 1-
methylcyclohexene.

The influence of catalyst A amount was then evaldiathe results are illustrated in
Figure 5.

PLEASE INSERT FIGURE 5 (now at the end of the marnip$)

The system was inert until the catalyst A/substitat®lar ratio raised 0.002, then a
sharp increase of produgtyield was observed: 1-methyl-1,2-cyclohexanediasw
obtained in 55% vyield with a good level of seleit}i{93%) by increasing the catalyst
A/substratel molar ratio to ca. 0.05. A further yield increagas observed by using a
0.02 catalyst/substrate molar ratio value (80%)n&hs with larger amount of catalyst
(0.04 catalyst/substrate molar ratio), a lowerimgield due to a non-controllable acid-
catalyzed side reactions of the hydroxyl groups el@served (69%).

Concerning the optimum 4@, amount, the best result was achieved with@.HAL
molar ratio = 2; with lower or higher amounts of®4 product3 was obtained in lower
yield due to the competition of unproductive®4 decomposition in the first case, and
over oxidation reactions in the second one.

The effect of the concentration of the aqueous dyein peroxide on the efficiency of
the process has been successively evaluated elea sf experiments, the reaction was
carried out in the presence of 1.2, 15, 30 and B@&togen peroxide, by using the same
amount of the oxidizing agent. The optimum hydrogeroxide concentration was
found to be 30% (80% vyield, 94% selectivity), as tise of 50% kD, afforded the diol
in lower yield (72%) and selectivity (88%), probgblue to overoxidation processes; on

the contrary, when more diluted solutions of theliming agent were employed, lower

23



yields and selectivities were detected for the cetitipe alkene water addition (15%
H.0O.: 49% yield, 80% selectivity; 1.2%,8,: 8% vyield, 65% selectivity).

Concerning the efficiency of the hydrogen peroxidéer the best reaction
conditions (catalyst/substrate molar ratio = 03I®6 aq HO,/substratanolar ratio =
2, 70 °C, 22 h), a value of 65%, calculated as gpeo¢mol) per consumed B, (mol) x
100, was found.

Addition of a solvent (2 mL) such as toluene, ac#tile, methanol or water, resulted
in a dramatic lowering (<10% yield) or completeibition of compound production,
irrespective of the polarity. Among the by-produstsated in these reactions, 1-
methylcyclohexan-1-ol, due to acid catalyzed additf water to alkene, and 2-
methylcyclohexanone, derived from the isomerisatibapoxide intermediate or from
the pinacol rearrangement of 1-methyl-1,2-cycloimextol, were recognized in the
final mixtures. When methanol was utilized, theexntpd 2-methoxy-1-
methylcyclohexan-1-ol, derived from the reactiorthed methanol with the intermediate
epoxide, was also isolated in modest yield.

To achieve further information on the behaviouthafse catalysts, the reactions with
silica-supported phenylsulfonic, ethylphenylsulfoand propoxyphenylsulfonic acids
were analyzed during the first 10 hours under #mesreaction condition. Results are
reported in Figure 6.

PLEASE INSERT FIGURE 6 (now at the end of the manp§)

The three catalysts show completely different ieagbrofiles. Propoxyphenylsulfonic
acid (o) shows a slightly higher initial rate with respézthe ethylphenylsulfoniaa(
and phenylsulfonic acid#), without any induction period. Instead, variaiolduction

periods were observed with ethylphenylsulfonic phdnylsulfonic acids. IR analyses
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indicated that these induction times are not attable to the production of supported
peroxysulfonic acid intermediates.

The catalyst efficiency is expected to be stroraffgcted by the accessibility of the
supported sulfonic acid groups that, in turn, madeépends on the length of the carbon
atom arm that binds them to the support surfaamrding to the order
propoxyphenyl>ethylphenyl>phenyl. However, soméher parameters such as the
stability and the swelling of the solid catalystves|l as the nature of the solvent affect
the efficiency of these catalytic systems.

The higher initial rate is observed with catalysfa@n: propoxyphenyl).
Nevertheless the system reaches a plateau at tthesireb% yield after about 10 hours.
As previously showed, we have ascribed this drakwbathe low stability of the
catalyst in the reaction medium. It is indeed expecthat in the present acidic medium
the phenyl-alkyl ether linkage could undergo braghkwith production of
para-hydroxybenzene sulfonic acid in solution. The prettcbn of an homogeneous
arylsulfonic acid accounts for the lack of any intion period and for the modest
product3 final yield. Indeed, our blank experiments conftimat, under homogeneous
conditions para-toluensulfonic acid catalyses the reaction witmptete conversion of
reagentl and modest yield (~60%) of prod{see Supporting Information).

The induction periods showed with catalyst B (aethylphenyl) and particularly
with catalyst A (arm: phenyl) are observed with #seprepared as well the recycled
catalysts. We tentatively ascribed this behaviouhe nature of the reaction medium
and to its change with the going on of the reactiodeed, the reaction mixture is

initially triphasic, being constituted of water{Bb), 1-methylcyclohexene and the solid
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catalyst. The activation of reagents accordindnéorhechanism reported in Scheme 1 is
thus unlikely.

PLEASE INSERT SCHEME 1 (now at the end of the maripg

This negative effect is stronger with catalyst Aendthe phenylsulfonic acid is directly
anchored to the silica surface and consequenttydeailable. However, the initial
production, even trace amount, of 1-methyl-1,2-glgekanediol ) converts the liquid
biphasic system into an emulsion followed by thedpiction of a single liquid phase
where the reaction is more and more easy.

Consistent with this, the reaction performed wilkatyst A in the presence of
product3 (5% mol with respect to reagehtafforded the same product in 45% vyield
after 8 hours without any induction period (see@upng Information).

Based on the results reported above, particulgegtsoscopic studies, we propose
the catalytic mechanism depicted in Scheme 1.drptRsent aqueous reaction medium
the supported benzenesulfonic acid results conipldeprotonated affording the
supported sulfonate anion in combination witfOHcation. UV and IR studies gave
some information indicating the possible occurrenica selective H-bond interaction of
H,0, (as H-donor) and the sulfonate group (as H-acceptdhe presence of water,
affording the three possible adducts depicted guifei 4. One of these adducts can
transfer one oxygen atom to the alkene moiety diifigrthe corresponding epoxide that
in aqueous medium and in the presence+'Hon undergoes very fast epoxide ring
opening affording the final diol.

The second step, namely theQH catalysed addition of a water molecule to the
epoxide, seems to be very fast; indeed in a blapkrment we confirmed that

cyclohexene oxide was quantitatively converted thetrans1,2-cyclohexanediol in 5
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minutes by reaction with water at room temperataithe presence of silica supported
4-ethylphenylsulfonic acid.

At the end the recyclability of the silica suppdrteethylphenylsulfonic acid catalyst
was evaluated in the dihydroxylation of 1-methylojx@xene. After the reaction, the
catalyst was filtered off, washed with water, dreadefully and reused. The yield (and
selectivities) were as follows®tun: 89 (95), 2 run: 66 (94), % run: 64 (96), & run:

64 (95). A loss of activity was observed during fiingt run, while maintaining a very

high selectivity, whereas from the second cyclectitalyst shows a constant activity.

4. Conclusion

Supported sulfonic acids can be used as eco-efticatalysts for the dihydroxilation
of 1-methylcycloehexene with ag®, under mild condition without using any
additional solvent. The silica supported 4-ethylpfiesulfonic acid shows the best
activity giving 1-methyl-1,2-cyclohexanediol in 90 yield and 96 % selectivity. The
reaction requires an induction time before the pobdtarts to be present in the reaction
mixture. This period can be decreased by suspertdengatalyst in ag hydrogen
peroxide for two hours before adding the 1-methglialyexene. These results, together
with the spectral analyses, suggest that the ictierabetween the catalyst and the
hydrogen peroxide give raise to an activation gdHmolecules, that produce the
epoxide intermediate; this epoxide is immediatelgwerted to the diol, by the addition

of a water molecule.
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Figure and scheme legends

Figure 1. IR spectra of samples outgassed at beam tempe(aturg0 °C) for 1 h: a)
bare silica; b) catalyst A; c) catalyst B; d) cgsalC.

Figure 2. IR spectra of samples outgassed beam temperaturdqQ¢C) for 1 h (curves
X, the same as in Figure 1) and in presence of 24 wf HO vapour (curves x’): a,a’)
bare silica; b,b’) catalyst A; c,c’) catalyst Bdg,catalyst C. The maximum of the main
absorption in the high frequency region was owgaaile.

Figure 3. DR UV-Vis spectra of slurries obtained by wettthg samples with different
agueous media. Panel A, samples in contact wi@: ld) bare silica used as suppof}; a
highly pure silica used as diluent; b) catalysticatalyst B; d) catalyst C. Panel A’
samples in contact withJ@,/H,0 solution: a) bare silica; b) catalyst A; c) cgsalB;

d) catalyst C. Inset, zoomed view of the 350-500ragion, where the spectra (b’),(c’),
(d") of the catalysts A,B, and C, respectivelycontact with the bBD,/H,O (the same as
in panel A) are compared with the spectrum of @ Isilica support in contact with the
same medium (curves a’, the same as in panel Alwath the spectra (b), (c) and (d)
of catalyst the catalysts A,B, and C, respectivielygontact with HO (the same as in
panel A).

Figure 4. Possible interactions J@,-catalyst

Figure5. Influence of the catalyst amount on the yield aglédivity in the reaction
carried out with Si@(CgH4)-SO;H catalyst.

Figure6. Yield versus time trend for the reactions caroetl with SiQ-(CgH4)-SO;H

(#), SIOx-(CHy)2-(CeH4)-SOsH (A) and SiQ-(CH,)3-O-(CsHy4)-SO;H (m) catalysts.

Schemel. Possible reaction mechanism.
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Table 1. Codes, textural features (Sg#, porosity) of the materials and catalytic
efficiency of the supported sulfonic acids in thieydroxylation of 1-
methylcyclohexend.
Catalyst OH
O e
70°C, 22h OH
1 2 3

#Reaction conditions: 1-methylcyclohexene (0.5 #hP2, mmol), 30% aq pD, (0.86

Entry Material Specific Total Average Surf. acidity Yield [Sel.f
surface  pore pore  (mmol H'/g) (%)
area  volumé  width®
(m’/g)  (cm’/g)  (nhm)

1 Sio 450 0.88 5.8 - -

2 SiQ-(CeHa)-SOH 440 0.87 5.8 0.65 80 [94]
3 SiO-(CHp)3z-O-(CHa)-SOsH 415 0.80 5.3 0.70 55 [93]
4 SiQ-(CHy)2-(CeHa)-SOH 300 0.43 4.2 1.20 90 [96]
5  Amberlyst-15 53 - - 4.70 55 [93]

mL, 8.4 mmol), 70 °C, 22 h
® Measured on the desorption branch
¢ Determined by GC analysis
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region was out of scale. Inset: spectra, in the M§lon, of the bare SiOn contact
with 20 mbar of: a) kD; a’) H,O,/H,O (30% vol HO,), as in the main frame. Similar
data were obtained for the other samples.

Comment to Figure SI-2No significant changes were observed between peetsa
collected after admission on the samples gdldr H,O,/H,O vapour. However, the
presence of kD, in the liquid-like molecular layers formed on tbemple surface was
witnessed by the broadening towards the low frequeside of thevout+doy band of
water at 5230 cih (NIR region), likely due to the presence of ani@odal component
due to the same combination mode gOk[1] (see inset).

[1] L.G.Weyer, S.-C. Lo, Handbook of Vibrationgb&troscopy, J.M. Chalmers, P.R.
Griffiths (Eds), Wiley, Chichester 2003, Volumep3,1832
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Figure SI-3. DR UV-Vis of samples in air:% pyrogenic silica used as diluents; a) bare

silica support; b) catalyst A; c) catalyst B; djatgst C.
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