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Abstract

Epoxidation of cyclohex-2-en-1-ol and cyclooct-2-en-1-ol on titania—silica aerogel catalysts tmityghydroperoxide (TBHP) as oxi-
dant was studied by in situ attenuated total reflection (ATR) Fourier transform infrared spectroscopy. Probing of the catalytic liquid—solid
interface revealed different adsorption behaviors for the two allylic alcohols on the aerogel. Cyclohexenol was found to adsorb stronger and
less reversible on the catalyst surface and Ti sites than cyclooctenol. The spectroscopic measurements under working conditions suppor
the previously proposelydroxy-assisted mechanism for the formation of cyclohexenol oxide anddihanol-assisted mechanism for cy-
clooctenol epoxidation. The evidence of the former is traced to the occurrence of a framework vibration upon adsorption of cyclohexenol,
whereas the latter is supported by large negative bands of the silanol groups at 3700 and b&0tbe case of cyclooctenol epoxidation.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction mand and such studies must be performed under working
conditions due to the metastable nature of these materials.
In the past years considerable effort has been made to fur-

Epoxidation of functlonghzed oleflns using Ti- a}nd .S" ther develop attenuated total reflection Fourier transform in-
based catalysts has received considerable attention in re;

T frared (ATR-IR) spectroscopy to a versatile tool for investi-
cent years [1,2]. Titania—silica aerogels belong to the cata- __.. : ) .
) o . : . ) gating catalytic solid—liquid interfaces [16—19]. Particularly,
lysts which exhibit interesting catalytic potential, particular L : .
for th idati f bulky functionalized olefi inl the combination of ATR-IR with modulation spectroscopy
dor te ?EO.X' ation of bulky func |:)nat|ze o€ It?'s, ;na".lg has brought significant advantages concerning the sensitiv-
h-ueh % (ejlr oper} .mels;)p:jotrotushs (;uc"ure Co;.] |?ed T\.NI i aity of the method and for the discrimination of dynamic and
Ivllgstaofu ?h:ncoerck) :.I?ng de ateelrac'?ja;'i yfr?grrr:gghzn'slr‘? ﬁfs'static surface processes [17]. In a recent study we explored
idati r\]N b ' ied ut' N9 calli ”('j f. OIthe potential of the technique to study differences in the ad-
epoxidation has been carried out on crystafine wet-detine sorptive interactions of the reactants in the epoxidation of
molecular sieve materials [3-9] or special homogeneous

. - cyclohexene [20].
model catalysts [10—-13]. Various transition-state structures Studies on the epoxidation of various allylic alcohols on
have been proposed (see, e.g., [14] and references therein)[It

H th all terials with their riaid structural ania—silica aerogels revealed striking differences in the
owever, the crystafiine matenais wi eIrngid structiral o pavior of the epoxidation depending on the allylic alco-
constraints are generally less suitable for the epoxidation

: - ) hol [14]. Particularly interesting is the difference observed
of buII.<y olefins [7’1.5]' .I\/Iec.h.amstlc studies on amorphpus Whe[n c]omparing th)é epoxidati?)n of cyclohexenol with that
materials, such as titania—silica aerogels are therefore in de-Of cyclooctenol. Based on the reaction rate and the highly

different stereoselectivity we speculated that the different
— , catalytic behavior can be traced tddroxy-assisted mech-
Ef’;;?fggggs t;a;ilt:;?r@tech.chem.ethz.ch (A, Baike). anism in the case of cyclohexenol epoxidation, whereas for
1 present address: Institut de Chimie, Université de Neuchatel, Switzer- Cyclooctenol asilanol-assisted mechanism seems to prevail

land. (Scheme 1).
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Scheme 1. Proposed transition states for the epoxidations of cyclo-
hex-2-en-1-ol vishydroxy-assisted mechanism (a) and cyclooct-2-en-1-ol
by a silanol-assisted mechanism (b). Note that different coordination for
cyclooctenol may be feasible depending on the position of the neighboring
silanol group.

10Ti
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In the present work we aim at unraveling the subtle differ-
ences in the interactions occurring during epoxidation of cy-
clohexenol and cyclooctenol using ATR-IR combined with
modulation spectroscopy.

2. Experimental

T T — T T T
10 100

Pore Diameter (d,) / nm

2.1. Preparation of catalyst layer

The four aerogels used in the experiments were pre- Fo. 1. Differential e distributions derived from the d .
. . _Fig. 1. Differential pore-size distributions derived from the desorption
pared as reported in detail elsewhere [15,21]. The cata branch of the isotherm of methyl-modified titania—silica aerogel (10Ti-Me)

lysts were synthesized by a SOI_ge.I process, using tet'jam'(bo'['[om), and the corresponding unmodified aerogel 10Ti (top). Note that
ethoxysilane (Fluka, puriss.) and titanium diisopropoxide the x-axis is logarithmic.

bis(2,4-pentanedionate) (75% in i-PrOH; Aldrich puriss.)

with 2-propanol (i-PrOH; Fluka, purum) as solvent, and wa- ameter, and specific desorption pore volume, assessed by
ter and HNQ as hydrolysant. For the aerogel modified with - the BjH method, were determined by nitrogen physisorption
covalently bound methyl groups (10Ti-Me), prehydrolysis 4t _196°C using a Micromeritics ASAP 2000 instrument.

of methyltrimethoxysilane (Fluka, purum) was necessary 10 BT syrface area was calculated in a relative pressure range
compensate for the different sol-gel reactivity of the precur- petween 0.05 and 0.2, assuming a cross-sectional area of
sor [22]. Trihexylamine (Fluka- 97%) was added to force g 162 nr? for the nitrogen molecule. Pore-size distribution
gelation to an opaque monolithic body. Semicontinuous ex- yas calculated applying the BJH method to the desorption
traction with supercritical C®was carried out at 40C and branch of the isotherm [24]. Maxima of pore-size distribu-

230 bar, as described prgviously [23]. The a§-pre_pared 8€r0%ions (/may) Were graphically assessed from the desorption
gel clumps were ground in a mortar and calcined in a tubular pranch of the isotherms.

reactor' with upward air flow at 4Q@:. Tit'ania—silica aero- Textural properties of the aerogels (OTi, 10Ti-Me, 10Ti,
gels with 0,10, and 20 wt% nominal TgOvere prepared,  anq 20Ti) were (same sequence): BET surface area, 1102,

designated OTi, 10Ti, and 20Ti, respectively. 635, 768, and 761 Alg; dmax 35, 60, 36, and 96 nm: spe-
The calcined aerogel was stirred in i-PrOH and the result- ;i pore volume, 3.77, 2.08, 2.21, and 1.46%m

ing slurry was dropped onto the surface of a ZnSe internal

: Fig. 1 shows the differential pore-size distribution of the
reflection element (IRE, 4550 x 20 x 2 mm, KOMLAS).

aerogels 10Ti and 10Ti-Me, derived from the desorption
Subsequently, the IRE was kept at 500 Torr and@dor branch of the corresponding isotherms. 10Ti-Me showed the

3 h for solvent evaporation. For achieving a uniform catalyst highest performance for epoxidation of cyclohexenol [21].
layer on the ZnSe IRE, this procedure had to be repeated sev-

eral times. Adsorbed water and solvent were removed prior 5 3 ATR Spectroscopy
to the experiment by heating the IRE to 8D for 2 h at

5 Torr [20]. The temperature-controlled ATR flowthrough cell used

for the investigations and the experimental setup were previ-

ously described in detail [17,20,25]. The cell was mounted
The textural properties of the different aerogels, that is, within the sample compartment of the Fourier transform

the specific surface aredggTt), mean cylindrical pore di- IR spectrometer (Bruker IFS-66/S) equipped with a liquid

2.2. Nitrogen physisorption
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nitrogen-cooled medium band MCT (HgCdTe) photodetec- al. [29]) were carried out at 7GC in cyclohexane (Fluka,
tor. All spectra were recorded at a resolution of 4 érand puriss. p.a., dist. over Calsolvent, and corresponding ex-
are presented in absorbance unitglas — log(//Ip), where periments with cyclohex-2-en-1-ol (Fluka, puriss. p.a.) were
I and [y are the reflected intensities of the sample and refer- carried out at 80C in toluene (Fluka, puriss., dist. over Na).
ence, respectively. For the latter experiment, toluene was used as solvent since
The flow of the reactant solutions was provided by a cyclohexane was unsuitable due to its lower boiling point
peristaltic pump (ISMATEC Reglo 100) and controlled by (81°C). For the concentration modulation, corresponding
a pneumatically actuated three-way Teflon valve (PARKER liquid feeds were dosed from two different tanks. Tank 1

PV-1-2324). contained a solution of allylic alcohol anebutyl hydroper-
oxide (TBHP; Fluka, purumy~ 5.5 M in nonane) in the
2.4, Modulation spectroscopy corresponding solvent, respectively, and tank 2 a mixture

of the two reactants. Data acquisition was performed with
The characteristic features and advantages of modula-a modulation periodl’ = 299 s. Samples were collected

tion spectroscopy have been described before [17,26]. Thein a time-resolved manner using a fraction collector after
response of the system, stimulated by periodic variation the cell. The samples were subsequently analyzed using a
of reactant concentration, is followed by measuring time- HP 6890 gas chromatograph (cool on-column injection, HP-
resolved spectra. These are converted to phase-resolve@FAP column, 30 mx 0.32 mmx 0.25 pum).
spectra by a digital phase-sensitive detection (demodulation)
according to the equation:

T 3. Results
o2 ~ ; PS
A =7 A(®, 1) sin(ket + ¢ D), 3.1. Adsorption experiments
0
k=12..., Important vibrational bands of reactants and products

A(P, 1) is the time-dependent absorbance at wavenurmber used in this _study are listed in Table 1. Fig. 2 shows ATR
w is the stimulation frequencyl is the modulation pe- spectra of dissolved cyclohex-2-en-1-ol and cyclohexenol

riod, andd)ESD is the demodulation phase angle. All spectra oxide in toluene as well as TBHP, cyclooct-2-en-1-oland cy-

reported were demodulated at the fundamental frequencyclooctenol oxide in cyclohexane-(10 mmoj/L each) mea-

(k = 1). sured over the uncoated internal reflection element (IRE) in
The phase-sensitive detection is a narrow-band technique (N€ absence of catalyst.

which efficiently filters the noise at frequencies different

from the stimulation frequency. Bands can be positive or Table 1

negative, depending on the phase lag. In the following we Assignments of observed vibrational bands associated with reactants and

refer to r;ositive bands as those which are positive when theproducts as well as catalyst framework vibrations. Bands used in discussion
. . . . . are in bold

stimulation is on. A more detailed description of the tech-

nique can be found elsewhere [16,17,26-28]. Reactant Typical reaptant/ Catalyst Negative catalyst
product product signals framework framework
. L . (cm™1 vibrations vibrationd
2.5. Adsorption and epoxidation experiments CUD) cm Y
. L . Cyclohexenol 3026, 2960, 1064, 1035, 102620, 3700, 980,
The procedure for adsorption and epoxidation experi- 1053, 1048, 1041, 1014, 1002, 983 ,890-810
ments was essentially the same as previously described 953, 804, 727 958
[20]. Typically, GQ smglg-beam spectra were recorded dur- Cyclohexenol 1069, 1057, 1040, 10§89, 953  905-875
ing one modulation period by averaging several scans peryqe 1030, 998944,
single beam spectrum, which were collected by coadding 931, 864,853, 846
40 interferograms at a rate of about 10 sper&ighteen Cyclooctenol 3019, 2964131, 1050-1010, 3700, 980,
phase-resolved absorbance spectra were calculated by vary- 1049. 1017. 988,  990-910 900780
ing the phase angle in 1Gteps between 0 and 18Note 962, 782,751, 713
Fhat phase-resolved Qbsorbance spectra dn‘fgnng b dig0 Cyclooctenol 1053, 1024, 1017, 1045, 1004, 954  850-830
identical but for the sign of the absorbance signals. oxide 985, 978, 97(B12
Adsorption experiments were carried out at room temper- 892,881, 864, 828,
ature. Measurement of the time-resolved spectra was syn- 821,745
chronized with the concentration modulation by switching |gyp 2083, 13891367, 1020, 944
the computer-controlled valve within the data acquisition 1320,1260, 1250,
loop. One modulation period lastdd= 244 s. 1191, 844, 747

Epoxidation e).(periments with CyClOOCt'?'en'l'Ol (9_7%; a signals decreasing upon exposure to concentration modulation of re-
prepared according the procedure described by Meier etactants.
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Fig. 2. Demodulated ATR spectra of reactants and products on blank
internal reflection element (IRE) at room temperature: (top-down) T T T T T 1 T 1
cyclohex-2-en-1-ol, cyclohexenol oxide;butyl hydroperoxide (TBHP), 1100 1000 900 800 700
cyclooct-2-en-1-ol, cyclooctenol oxide. Note that in the experiments of cy- Wavenumber / cm!

clohexenol and cyclohexenol oxide the spectral region between 730 and

700 cn 1 was obscured by strong absorptions of toluene used as solvent. Fig. 4. Demodulated ATR spectra of adsorption of cyclooct-2-en-1-ol at
room temperature on titania—silica aerogels with different Ti contents and
modifications: (top-down): OTi (Si&), methyl-modified titania—silica aero-
gel (10Ti-Me), 10Ti, 20Ti. The concentration of cyclooct-2-en-1-ol was
modulated between 0 and 3 mryblin cyclohexane.

gels (OTi, 10Ti-Me, 10Ti, and 20Ti). Prominent signals at
3026, 2960 (not shown), 1064, 1020, 1014, 1002, 953, 860,
848, 804, and 727 cnt were discernible. The negative
bands at 3700 and 980 crh revealed a strong interac-
tion with the surface silanol groups. The broad band at
3280 cnt! indicated an interaction of the OH group of the
allylic alcohol with the catalyst surface. With increasing Ti
content, the area between 990 and 1080 tohanged dras-
tically. Note that cyclohexenol typically absorbed between
1040 and 1065 cm' (Fig. 2). Whereas for the 10Ti aerogel
the signals at 1019 and 1002 thas well as the typical cy-
clohexenol signals, became more prominent with respect to
OTi, these bands were weaker and saturated for 20Ti. Fur-
thermore the bands at 1027 and 1035 énbecame less
intense on desorption of cyclohexenol. The broad negative
band in the area between 810 and 890 ¢rimcreased with
1100 10'00 9(')0 8(')0 200 higher Ti content, as well as the positive signals at 348_ and
B 860 cn1 . Upon initial adsorption of cyclohexenol a signifi-
Wavenumber / cm cant change in the framework vibration occurred giving rise
Fig. 3. Demodulated ATR spectra of adsorption of cyclohex-2-en-1-ol at 10 @ band at 958 cnt. Note that this band is close to the
room temperature on titania—silica aerogels with different Ti contents and C—O-stretching vibration of cyclohexenol at 953t
modifications: (top-down): OTi (SIQ, methyl-modified titania—silica aero- The Corresponding adsorption experiments W|th Cyclooct_
gel (10Ti-Me), 10Ti, 20Ti. The co_ncentration of cyclohex-2-en-1-ol was 2-en-1-ol over aerogels with different Ti content (OTi,
modulated between 0 and 3 mifblin toluene. 10Ti-Me, 10Ti, and 20Ti) are shown in Fig. 4. Again,
the concentration of the allylic alcohol was modulated be-
Fig. 3 shows phase-resolved ATR spectra recorded whentween 0 and 3 mmgL at room temperature. Typical signals
modulating the cyclohex-2-en-1-ol concentration between 0 could be observed at 3019, 2964 (not shown), 1049, 1017,
and 3 mmolL at room temperature over titania—silica aero- 988, 962, 782, 751, and 713 ¢t A broad negative frame-

Absorbance
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work band between 900 and 780 thwas detected, which
indicates a perturbation of the symmetric Si—-O-Si vibrations
(see below). For all aerogels a negative band at 3700'cm
was observed. Due to overlaps with the cyclooctenol sig-
nal at 988 cm?, the corresponding negative signal of the
surface silanol groups at 980 crhis obscured. A broad sig-
nal at 3280 cm?! indicated an interaction of the hydroxy
group of cyclooctenol with the catalysts surface. As already
observed for cyclohexenol, cyclooctenol showed a similar
adsorption behavior on the methyl-modified (10Ti-Me) and
the pure silica aerogel (OTi). For these catalysts, the signals
of the substrate (1048, 988, and 962 ¢mwere more dom-
inant than the signals of the framework in this area and a
slightdshift of the band at 1049 to 1043 cfcould be ob- 1400 1300 1200 1100 1000 900 800

served.

The spectra of adsorbed TBHP on the corresponding cat-
alysts have been discussed before [20]. Typical strong bandsrig. 5. Demodulated ATR spectra of epoxidation experiments recorded
appear at 2983, 1389, 1367, 1320, 1250 (broad), 1191, 844 |n the region between 1400 and 750 th The concentrations of cy-
and 747 le, which are assigned to adsorbed TBHP. The clohex-2-en-1-ol (top) anq TBHP (bottom) were periodically modulated

. . between 0 and 3 mmgdl in toluene at 80C. The topmost spectrum
strong broad Slgnals arognd :!'020 and 944—Emngmate (1070-965 crl) represents cyclohexenol oxide over 10Ti-Me for com-
from aerogel framework vibrations. parison.

Also, the spectrum of the 10Ti-Me catalyst was reported
previously [20] and discussed in comparison with the results
reported for TiQ-SiO, mixed oxides by Schraml-Marth et
al. [30]. Most prominent, a broad and strong band with
a maximum at 1075 cm and a shoulder at 1200 crh
could be detected, which can be assigned to{l&-0O-Si)
asymmetric stretching vibration. The symmeir{&i—-O-Si)
stretching vibration can be found at 810chAt 947 cntt
a signal of thev(Ti—O-Si) asymmetric stretching vibra-
tion could be detected, which is partially overlapped by the
Si—OH vibration at 980 cm'.

Absorbance

Wavenumber / cm!

Absorbance

3.2. Concentration modulation experiments of epoxidation
reactions L L L L L L
1400 1300 1200 1100 1000 900 800 700

Reactant concentration modulation experiments were Wavenumber / cm™!

perfqrmed at 80 and ?DQ:' reSpeCtl.VEIy' using the methyl-' Fig. 6. Demodulated ATR spectra of epoxidation experiments recorded

modified aerogel 10Ti-Me. Two different types of experi- in the region between 1400 and 700 th The concentrations of cy-

ments were performed. In one the concentration of TBHP clooct-2-en-1-0l (top) and TBHP (bottom) were periodically modulated

was kept constant (3 mmydl) and the concentration of the  between 0 and 3 mmglL in cyclohexene at 70C.

allylic alcohol was modulated between 0 and 3 myholn

the other type of experiment the allylic alcohol concentra- work vibrations in the region between 950 and 1070¢m

tion was kept constant and the one of TBHP was modulatedwere hardly influenced and exhibited a phase shift ¢f 90

between 0 and 3 mmglL. Figs. 5 and 6 show some phase- Wwith respect to the TBHP signals. The changes in the frame-

resolved ATR spectra of these experiments. work vibrations typical for TBHP adsorption on the methyl-
When cyclohexenol was used as reactant (Fig. 5, top), modified aerogel (10Ti-Me) at 1020 and 944 chcould

the cyclohexenol concentration modulation experiment af- not be detected [20]. GC analysis of the effluent reaction

fected the signals of surface silanols 980 dmwhile this solution showed only traces of the desired epoxide and its

effect was not observed for the corresponding experimentintensity did not seem to be periodically modulated.

with TBHP (Fig. 5, bottom). For both experiments, no clear In the case of cyclohexenol modulation, signals of the al-

signals of the epoxidation product were discernible. lylic alcohol (1064, 1053, 1048, 1041, 953, and 804 ¢jn
Only relatively weak signals could be detected between and the catalyst framework (1035, 1027, 1020, 1014, 983,

1100 and 900 cm!, when the concentration of TBHP and 958 cm') could be detected. The spectrum showed a

was modulated. While typical peroxide signals (1367, 1326, high similarity to the one of cyclohexenol adsorption on the

1250, 1191, and 844 cm) could be observed, the frame- unmodified aerogel (10Ti) at room temperature (see Fig. 3).
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d) TBHP
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Fig. 7. Demodulated ATR spectra in the region between 3935 and
2935 cnm1 of epoxidation experiments of cyclohexenol (cf. Fig. 5) and
cyclooctenol (cf. Fig. 6). Conditions are given in legends of Figs. 5
and 6, respectively. (Modulation of reactant concentration: (a) cyclooctenol;
(b) TBHP in cyclooctenol epoxidation; (c) cyclohexenol; (d) TBHP in cy-
clohexenol epoxidation.)

498 99.7 1495 1993 2492 299
Time / s

Furthermore, negative bands at 1367, 1250, 1191, 844, and
747 cn ! indicate a displacement of TBHP. Analysis of the
cell effluent by GC revealed a small concentration of cyclo- Fig. 8. Time dependence of signals for the experiments shown in Fig. 6.
hexenol oxide, which was, however, higher thanin the TBHP (a) Modulation of cyclooctenol concentration and (b) modulation of

modulation experiment. Yet, the concentration showed only TBHP concentration. Change afans-cyclooctenol oxide concentration
slight periodic time depéndénce analyzed by GC (pillars). Intensities of the cyclooctenol oxide signal at

. . . 912 cn11 (thin line) and corresponding reactants (bold line, cyclooctenol
Modulation experiments using cyclooctenol as reactant 4 713 cmr; dotted line, TBHP at 1396 cni) in the time-resolved IR

revealed an interaction with surface silanol groups for TBHP spectra.
as well as for the allylic alcohol. In contrast to the behavior
observed with cyclohexenol, the spectra revealed negativehinted to adsorption on the active sites [20]. The negative
signals at 980 and most prominently at 3700¢as shown  pands at 753 and 713 crhare indicative for cyclooctenol
in Fig. 7. The spectra of both experiments showed the for- desorption from the catalyst. Reactants, activated species,
mation of cyclooctenol oxide. The signals indicated with an and product showed different phase lags. The cyclooctenol
asterisk in Fig. 6 are associated with the epoxidation productsignal at 713 cm! reached its minimum at ?0demodu-
and could also be found in the spectrum of dissolved cy- lation phase angle, while the TBHP signal at 1367 ¢m
clooctenol oxide. Prominent cyclooctenol oxide signals were had its maximum at 100 The signal originating from the
found at 1045, 1024, 1004, 985, 970, 912, 892, 881, 864, peroxide adsorbed on the Ti site (1260 chreached its
821, and 745 cmt. The appearance of product demonstrates maximum at 30 and the one for the cyclooctenol oxide
that the catalyst is active under the applied conditions and thesignal at 881 cm! was observed at 60 Spectra recorded
infrared spectra were recorded truly in situ. Note that the cy- before starting the modulation experiment showed a slight
clooctenol oxide signal at 745 cr partially overlaps with increase of the silanol bands at 3700 and 980 timefore
TBHP (747 cmt!) and cyclooctenol (751 cmi) signals. they decreased again when TBHP concentration was raised.
Simultaneous gas chromatographic analyses of the sampleThe scans were recorded starting at the steady state, when
taken from the cell effluents at different phase angles, as pre-the allylic alcohol in cyclohexane was flown through the cell
sented in Fig. 8, confirmed the formation of cyclooctenol and before the peroxide was applied for the first time.
oxide. For the corresponding epoxidation experiment with cy-
When the TBHP concentration was modulated (Fig. 6, clooctenol concentration modulation (Fig. 6, top), the char-
bottom), the typical signals for the adsorption of the per- acteristic framework bands in the area between 1050 and
oxide on the catalyst could be observed (1367, 1320, 1250,940 cnt! and the signals of the allylic alcohol at 753
1191, 1020, 944, and 844 crh). Interestingly, additional  and 713 cm! were observed, as for the adsorption exper-
signals at 1260 and at 936 cth were observed, which  iments. The negative signals at 2983, 1367, 1250, 1191, and
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844 cn ! indicate a desorption of TBHP. Note that for both than for the other two catalysts, which can be seen by the
epoxidation experiments, the signal at 844 ¢noverlaps higher intensity of the negative band at 3700¢mAlso, the
with the broad negative framework band between 900 and framework vibrations seem to have bigger influence on the
780 cntl. Also in this case, the various compounds exhibit ATR spectra which underlines the assumption of a stronger
a different phase lag. The maximum of the cyclooctenol sig- interaction between cyclooctenol and these catalysts. For
nal at 713 cm! appears at 80demodulation phase angle 10Ti-Me and OTi aerogels on the other hand, the signals
while the one of the TBHP signal (1367 cf) can be ob- of cyclooctenol seems to be stronger, for example, a weak
served at 580 The epoxide signal at 881 cth reaches its  signal at 1131 cm! (not shown) can only be observed for
maximum at 180. these two catalysts. This hints to more reversible adsorp-
tion and desorption of cyclooctenol on these catalysts with
consequently less saturation of the signals. The molecules
4. Discussion appearing at the interface therefore dominate the spectra.
Compared to the adsorption experiments with cyclohexenol,
As noted in the Introduction, comparative studies of the cyclooctenol seems to have a more reversible and weaker in-
epoxidation of various allylic alcohols on aerogels with a teraction with all catalysts.
Ti content of 1 and 5 wt% using TBHP as oxidant showed In the epoxidation experiments the difference of the ad-
remarkable differences in reactivity and regio- and stereos- sorption becomes more obvious. When the TBHP concentra-
electivity depending on the allylic alcohol [14]. In partic- tion is modulated in the epoxidation of cyclohexenol (Fig. 5,
ular vastly different rates as well as chemoselectivity and bottom), the observations reveal a stronger adsorption of cy-
stereoselectivity were observed for the epoxidation of cy- clohexenol on the surface and the active sites compared to
clooctenol and cyclohexenol. The turnover numbers (TON) TBHP. The lack of negative signals originating from the al-
for 2 min (7.2 and 1.4, respectively) and 2 h (39.5 and 10.2, lylic alcohol (e.g., 953 or 727 cnt) and typical framework
respectively) as well as the times necessary for 50% TBHP bands observed for TBHP adsorption (1020 and 942%m
conversion (8 and 56 min, respectively) showed a higher indicate that the catalyst remains mainly static when TBHP
reactivity for cyclooctenol. On the other hand, the diastere- concentration is modulated. Hence, no significant displace-
oselectivity forcis-epoxide was much higher in the case of ment of cyclohexenol by TBHP could be detected, except
cyclohexenol (82.5 and 14.5%, respectively). The presentwhen the peroxide was flown through the cell for a very
spectroscopic investigations provide substantial evidence forlong period. Even interaction with surface silanol groups
the earlier speculations made that in the case of the cyclo-could not be detected. Interestingly, the framework vibra-
hexenol a hydroxy-assisted interaction prevails, whereas fortions seem to react with a delay to the appearance of TBHP
the cyclooctenol epoxidation a silanol-assisted interaction is on the surface, which corroborates the hindrance of TBHP
dominant, due to steric hindrance (Scheme 1). adsorption by cyclohexenol. Therefore, it is not surprising
The cyclohexenol adsorption experiments (Fig. 3) reveal that no cyclohexenol oxide could be detected in the spectra
a strong adsorption on the surface of the different catalysts,and only traces were discernible in the GC analysis. When
which can clearly be seen by the negative signals at 3700modulating the concentration of cyclohexenol (Fig. 5, top),
and 980 cml, indicating a strong binding to the surface the typical spectrum of the allylic alcohol can clearly be ob-
silanol groups. Since the prominent signal at 1020 tiis served. Furthermore the negative bands of TBHP indicate a
absent for the adsorption on the pure silica aerogel (0Ti), displacement of the peroxide. This clearly shows a stronger
this band seems to be originating from framework vibrations adsorption on the catalyst for cyclohexenol with respect to
which are influenced by the Ti sites. The saturation of typi- TBHP. Since this experiment showed a higher concentration
cal cyclohexenol signals (1064—1041c¢h for the aerogel of cyclohexenol oxide in the effluent solution and its inten-
with 20 wt% nominal TiQ (20Ti) indicates an irreversible  sity even marked a slight dependence on the cyclohexenol
adsorption on the catalyst. On the other hand, the appear-concentration, the shoulder at 999 thand the weak sig-
ance of a stronger negative band between 890 and 81& cm nals at 944, 931, and 853 crhmay indicate cyclohexenol
for this catalyst also points to a strong but reversible inter- oxide formation. This is strongly supported by the topmost
action with the catalyst framework, thus revealing different spectrum (bold) in the range between 1070 and 965m
adsorption behavior on different sites of the catalyst. A sec- of cyclohexenol oxide over 10Ti-Me (Fig. 5, top). Interest-
ond prominent signal next to the typical cyclohexenol band ingly, when the experiment was repeated 5 min later, the
at 953 cmr! appears at 958 cni for the adsorption onthe  ATR spectrum revealed a clear deactivation since both the
catalysts 10Ti and 20Ti. This corroborates the assumption of cyclohexenol signals and the negative TBHP bands were
an interaction with the active site, since a similar behavior much weaker (Fig. 9). Fig. 9 shows that in the second ex-
could be found for adsorption of TBHP [20]. periment the bands are in general much weaker. As only
When cyclooctenol is adsorbed on the catalysts, the spec-dynamic changes are visible in the demodulated spectra the
tra reveal an interaction of the surface silanols with the hy- comparison in Fig. 9 shows that in the second experiments
droxy group of the allylic alcohol (Fig. 4). For the 10Ti the catalyst was less active. This corroborates the findings of
and 20Ti aerogels, these interactions seem to be strongeBeck et al. [14] who observed a fast catalyst deactivation
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which is smaller than that found for the epoxidation with
cyclohexene (187 [20].

Modulation of the cyclooctenol concentration reveals a
strong adsorption on the catalyst and a displacement of
TBHP not only by consumption of the latter on the ac-
tive sites (Fig. 6, top), but also on the residual surface.
The strong negative band at 3700 chindicates adsorption
of cyclooctenol on the catalyst surface via silanol groups.
Note that in the corresponding experiment using cyclohex-
ene as substrate, this band was not discernible due to the
weak interaction with the catalyst surface and the blocking
L e L of the silanol sites by TBHP [20]. The phase lag for the cy-

1300 1200~ 1100 1000 900 800 clooctenol signal at 713 cnt and the one of the epoxide

Wavenumber / cm” at 881 cmr! is 90° and therefore smaller than the corre-
Fig. 9. Demodulated ATR spectra of epoxidation experiments recorded Sponding phase lag observed for the TBHP concentration
in the region between 1380 and 780 thi The concentration of cyclo- modulation. This is probably due to the fact that TBHP is al-
foluene & 80C. The second exporiment (botom wias staied 5 min af- 13y coordinated to the Ti ste and therefore can react with
ter the first experiment (top) was finished. the allylic alcohol as soon as the latter is adsorbed on the
active site.

Compared to the experiment with cyclohexene, where
for the epoxidation of cyclohexenol. They also suggested the observed phase lag was 15@0], the cyclooctenol
that the allylic alcohol blocks the active sites and there- oxide seems to be formed faster once the allylic alcohol
fore deactivates the catalyst. This is fully supported by our js detected on the surface. This may be surprising at first
experiments described above and also by variable temperag|ance, since cyclohexene has a smaller Van der Waals ra-
ture experiments where the catalyst was slowly heated. GCjys than cyclooctenol and, most important, does not reveal
analysis of.the effluent reaction splutlon showed the hlghestany strong interaction with the catalysts surface. Hence the
concentration of cyclohexenol oxide at %G, although best olefin should diffuse more rapidly into the pores, resulting

performances were reported for 90 [21]. in sh ling t h | h
In the case of cyclooctenol epoxidation, the adsorption In shorter traveling time from the catalyst surface to the ac-
’ tive site [20,31]. Using an aerogel with 5 wt% nominal 3jO

behavior of the allylic alcohol plays a different role. When « Lt hiah ¢ | | than {
the TBHP concentration was modulated (Fig. 6, bottom), BeCk etal. found higher TONs for cyclooctenol than for cy-

a displacement of cyclooctenol could clearly be monitored ¢lohexene, forareaction time of 2 min as well as for 2 h [14].
by the two negative bands at 751 and 713 €éniThe nega- ' ne faster formation of the cyclooctenol oxide may be traced
tive bands of the silanol groups at 3700 and 980 trand to the dominance of a silanol-assisted epoxidation mecha-
the signal at 1260 originating from TBHP coordinating to the nism where the allylic alcohol adsorbs on a surface silanol
active Ti site [20] indicate a weaker adsorption of the allylic group adjacent to the Ti site or vicinal to it (Scheme 1) [8,
alcohol on the catalyst surface and active sites than observe®2-34].

for cyclohexenol. When investigating the scans taken before  In the case of cyclohexenol, the dative bond of the oxygen
starting the epoxidation experiment, it can clearly be ob- of the allylic alcohol to the active site as described by Kumar
served that the silanol signal at 3700 cthincreased before et al. for TS-1 [6] is much stronger mainly due to the smaller
decreasing again when TBHP concentration is raised (vide steric demand of the molecule compared to cyclooctenol.

infra). This indicates a desorption of cyclooctenol before o, experiments revealed catalyst deactivation and re-
TBHP adsorbs on the surface silanols. Therefore coordina- 4 o q accessibility for TBHP on the surface and the ac-

tion gnd activation of the' peroxide at thg Ti gctlvg Sites are 4 o ite in the case of cyclohexenol, which explains the
possible and the formation of the epoxide is evident. GC

: e ?Iower formation of cyclohexenol oxide. The prevalence of
analysis showed a clear periodic increase and decrease othe hvdroxv-assisted mechanism for cvclohexenol enoxida
cyclooctenol oxide concentration. The phase lag of ¥t® ydroxy ! : Y x pox

the two TBHP signals at 1250 and 1260 threveals the tion is also indicated by the stereoselectivity of the formed
rate-determining factor. Since the first band indicates the €POXide. GC analysis of the effluent solution revealed forma-
adsorption on the surface silanol groups and the latter thetion of cis-cyclohexenol oxide as the main product, whereas
adsorption at the Ti centers, the phase lag reflects the timeWwith cyclooctenol mainly thérans-epoxide was observed.
needed for the pore diffusion and/or coordination to the ac- A close and dative bonding to the Ti site leads to a hydroxy-
tive site. The phase lag for the TBHP signal at 1250°¢ém  assisted epoxidation mechanism which favors the formation
and the cyclooctenol oxide signal at 881 Tthis 140, of acis-epoxide.

Absorbance
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