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Abstract TiO2(SiO2)x and ZrO2(SiO2)x mixed oxides

prepared by a simple sol–gel procedure plus freeze-drying

achieve very high surface areas. Such cryogels are shown

to catalyze the cyclization of citronellal to isopulegol. The

dispersion of the active metal has been optimized, as it is

shown that high specific surface areas are the key for the

catalytic activity of the cogels. Nevertheless zirconia–silica

cryogels depict much higher catalytic activity, with only

5 mol% Zr being required, than the corresponding titania-

silica mixed oxides.

Keywords Titania–silica �Zirconia–silica �Mixed oxides �
Isopulegol � Heterogeneous catalysis � Citronellal

1 Introduction

Since the initial discovery by Nakatani and Kawashima [1]

that stoichiometric amounts of ZnBr2 promoted the cycli-

zation of citronellal (Scheme 1) with high diastereoselec-

tivity (ds) towards isopulegol (up to 94 % ds), in what is a

key step in the industrial synthesis of (-)-menthol, the

interest in developing heterogeneous catalysts for such

transformation has grown because not only typical factors

like conversion and chemoselectivity must be controlled,

but also the stereoselectivity of the reaction towards the

desired diastereomer [2].

The use of porous titania–silica and zirconia–silica

mixed oxides prepared through sol–gel procedures in this

reaction is attractive because their properties can be easily

controlled by fine-tuning their composition and synthesis

conditions. In particular, cryogels (like aerogels) offer the

possibility of achieving very high specific surfaces since

pore collapse is avoided during the drying step [3, 4].

Surprisingly, to our knowledge there is only one pre-

liminary report on the citronellal cyclization that makes use

of regular xerogels as catalysts for the cyclization of cit-

ronellal: Ravasio et al. [5] showed that commercial TiO2–

and ZrO2–SiO2 cogels (100 wt%) were able to perform the

reaction at 90 �C, both with moderate diastereoselectivity

(62 % ds), but no detailed study was conducted. Other

types of zirconium-containing heterogeneous catalysts

have received more attention. Zr-exchanged montmoril-

lonite (5 mol% acid sites, 40 wt%) was successfully tested,

although only the two main diastereomers were controlled

during the research [6]. Sulphated zirconia (10 wt%) gave

a poor diastereoselectivity [7, 8]. Hydrous zirconia (5 wt%)

was more effective, reaching 72 % ds, which suggests that

Lewis acidity, not Brönsted acidity, was crucial for the

stereoselectivity [9]. Later Chuah et al. [10] also developed

a series of Zr zeolites (8 wt%) able to promote the cycli-

zation with high efficiency (up to 92 % ds), including a

subsequent hydrogenation to yield menthol directly [11,

12]. Finally, the mesoporous silica Zr-TUD-1 (16 wt%) has

also been shown to catalyze this reaction, with 69 % dia-

stereoselectivity [13–15]. In all cases, relatively high

temperatures ranging from 80 to 110 �C were used. Herein
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we want to present our study of zirconia–silica and titania–

silica cryogels with high specific surface areas for this

reaction.

2 Experimental

2.1 Materials and Methods

Tetraethoxysilane (TEOS) and titanium(IV) tetraisoprop-

oxide were purchased from Aldrich, and used as received.

Zirconium(IV) tetra(n-butoxide) was purchased from

Strem. Absolute ethanol (analysis grade, from Merck

Chemicals), concentrated hydrochloric acid (37 %, analy-

sis grade, from Acros) and MilliQ water (18.2 MX cm)

were used for the preparation of mixed oxides. Anhydrous

dichloromethane obtained from a solvent purification sys-

tem was used for the carbonyl-ene reactions.

X-ray analyses were carried out at Servei de Difracció de

Raigs-X from Institut de Ciències de la Terra Jaume Almera

(ICTJA-CSIC, Barcelona) by combination of X-ray powder

diffraction (XRD) and X-ray fluorescence (XRF) measure-

ments. XRD scans were acquired with a Bruker-AXS (Sie-

mens) D5005 powder diffractometer equipped with a

2.2 kW sealed Cu X-ray source, a graphite monochromator

and a NaI(Tl) scintillation detector. To determine the

amorphous content of the samples with the Rietveld method,

the samples were spiked with a known proportion of internal

standard (20 % of CaF2 in weight). XRF measurements were

carried out with a Panalytical Axios PW 4400/40 sequential

wavelength dispersive spectrometer. Transmission electron

microscope (TEM) images were recorded at Serveis Cient-

ı́fico-Tècnics of the Universitat de Barcelona. Samples were

analysed in a carbon holder by using a Hitachi (model

H-800-MT) TEM operated at 200 kV. For the energy-dis-

persive X-ray microanalysis (EDX) an X-ray Silicon Drift

Chamber detector (Bruker, 133 eV resol.) was used. The

STEM mode used a spot size 10–15 nm and a beam current

of 15 lA. Nitrogen sorption experiments were performed in

a Quantachrome Autosorb-IQ automated gas sorption

apparatus. Samples were degassed at 80 �C for 24 h before

the experiments, and N2 sorption isotherms were recorded at

-196 �C. NMR analyses were performed in an automated

Varian VNMRS 400 MHz equipped with an One NMR

Probe. CDCl3 was used as solvent and reference. FTIR

spectra (KBr pellets) were recorded in a Nicolet Avatar 360

apparatus.

2.2 Preparation of the Catalysts, Ti–Six and Zr–Six

TiO2(SiO2)x and ZrO2(SiO2)x cogels of variable composi-

tion (molar ratio of the precursors x = 1, 2, 4, 8, and 16)

were synthesized as described elsewhere [16]. The cogels

obtained were frozen, and then lyophilized. The final

cryogels were ground to a fine powder and heated at 80 �C

under high vacuum (\1 mbar) for 24 h. Hereafter, these

materials will be named Ti–Six and Zr–Six, where x can

range from 1 to 16 and refers exclusively to the molar ratio

of the precursors.

2.3 Citronellal Cyclization, Typical Procedure

33 mg of Zr–Si8 catalyst (5 mol% Zr with respect to cit-

ronellal) was weighed into a flame-dried flask, and purged

with nitrogen. 4 mL anhydrous dichloromethane was

added via syringe. Then, citronellal (200 lL, 1.10 mmol)

was added, and the mixture was stirred at room tempera-

ture (rt) for 20 h. The suspension was filtered through a pad

of Celite 545 and washed thoroughly with CH2Cl2. After

solvent removal in vacuo, the crude product was analyzed

by 1H-NMR to determine conversion and diastereoselec-

tivity by integration of characteristic signals [17]. Purifi-

cation, when required, was carried out by flash

chromatography on silica gel, eluting with hexane.

3 Results and Discussion

3.1 Characterization of Materials

The as synthesized materials were first analyzed by X-ray

diffraction, which indicated that anatase was the only

crystalline phase present in the Ti–Six mixed oxides,

whereas Zr–Six materials were amorphous (See supple-

mentary material). Quantitative Rietveld analysis com-

bined with X-rays fluorescence established the amounts of

anatase, total titania, zirconia, and silica. A sample of pure

silica was also prepared and characterized using the same

procedure, for comparison purposes. These data are sum-

marized in Table 1. Incorporation of both titania and zir-

conia into the silica matrix was very efficient, yielding

materials with MO2/silica ratios certainly close to the

CHO
OH OH

OH OH

+

+ +

rac -citronellal, 1 rac -isopulegol, 2 3

4 5

Scheme 1 Cyclization of citronellal to isopulegol plus diastereomers
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nominal values. However, when the crystalline titania

percentage was calculated over the total titania amount, it

was evident that different results were obtained depending

on the stoichiometry of the mixed oxide. Thus, Ti–Si1 and

Ti–Si2 gave an even distribution of crystalline (anatase)

versus amorphous titania (ca. 50 wt% anatase over total

titania), whereas materials with lower Ti/Si ratios, Ti–Si4

and Ti–Si8, yielded crystalline/amorphous titania ratios of

ca. 1/2 (only ca. 33 wt% anatase over total titania,

Table 1). An increase in the amount of silica matrix results

into the suppression of crystallization of the minor com-

ponent (TiO2). Therefore, a significant increase in the

amorphous titania fraction was achieved upon dilution in

the silica matrix during the synthesis.

Then, textural studies concluded that such cryogels

contained both micropores and mesopores. Table 2 shows

that the specific surface area (SSA) determined by the BET

method was large ([1,000 m2/g) for Ti–Si2, Ti–Si4, and

Ti–Si8, whereas a lower value was obtained for the 1:1

TiO2:SiO2 material (744 m2/g). Total pore volumes ranged

between 0.6–0.9 cm3/g. Pore widths were then obtained by

the Density Functional Theory (DFT) method [18]. For the

1:1 TiO2:SiO2 composite, they were similar to pure silica,

but the pore width was much smaller for the other com-

pounds, around 1.3 nm. Finally, surface due to micropo-

rosity, determined by the t-plot method [19], increased

steadily up to a maximum for Ti–Si8 (690 m2/g).

Similarly, although SSA areas are lower for the Zr–Six

cryogels due to the higher atomic weight of zirconium,

they increased upon dispersion of zirconia, from 380 m2/g

in Zr–Si2 to 914 m2/g for Zr–Si16. Total pore volumes

ranged from 0.4 to 0.8 cm3/g, whereas pore diameters

decreased from from 3.5 nm in Zr–Si4 down to 1.4 nm in

Zr–Si16. As for Ti–Six materials, microporosity surface

always increased upon dispersion of zirconia in silica,

reaching 427 m2/g for Zr–Si16. Altogether these data

indicated that dispersion of titania and zirconia into the

silica matrix produced an increase in the surface area,

especially compared to the more concentrated materials

Ti–Si1 and Zr–Si2, which contain about 50 wt% of titania

or zirconia, respectively, due to a smaller DP, and the

general increase of microporosity.

Afterwards, TEM images were taken in search of the

nanocrystalline part of the Ti–Six composites. Small

nanoparticles in the range 5–10 nm could be clearly seen.

In general, these nanoparticles corresponding to anatase

showed good dispersion in the silica matrix but some

tendency to self-aggregation: sometimes two or more

anatase nanoparticles appeared attached. In Fig. 1, some

representative TEM images are shown.

Since Zr–Six materials were completely amorphous, an

elements mapping (EDX experiment) was carried out in

STEM mode to assess whether well mixed zirconia or

segregated domains were present. Images shown in Fig. 2

indicate that a good dispersion of zirconia was achieved

indeed, as Zr, Si and O appear homogeneously distributed

at the scale analyzed.

3.2 Catalytic Experiments

Since all cryogels had been synthesized at 80 �C maximum

(gelation temperature), we decided to carry out the cata-

lytic tests at room temperature to avoid any potential

degradation of the catalyst during the reactions. Ti–Six

catalysts were first tested in the cyclization of citronellal.

We were pleased to find that the cyclization to isopulegol

took place in CH2Cl2 smoothly. However, high catalyst

Table 1 X-rays characterization of TiO2(SiO2)x and ZrO2(SiO2)x

mixed oxides

Catalyst Anatase

(wt%)a
Total

titania or

zirconia

(wt%)b

Anatase/

total

titania%

Nominal

MO2/

SiO2 wt

ratio

Determined

MO2/SiO2

wt ratiob

Silica 0 0 na na na

Ti–Si1 23.7 47.1 50.3 1.33 1.32

Ti–Si2 16.7 33.3 50.1 0.67 0.66

Ti–Si4 7.9 21.7 36.4 0.33 0.35

Ti–Si8 3.9 12.0 32.5 0.17 0.17

Zr–Si2 na 45.8 na 1.03 1.10

Zr–Si4 na 33.9 na 0.51 0.58

Zr–Si8 na 20.4 na 0.26 0.30

Zr–Si16 na 11.4 na 0.13 0.15

a Determined by X-ray Rietveld analysis
b Determined by X-ray fluorescence analysis

Table 2 Textural characterization of TiO2(SiO2)x and ZrO2(SiO2)x

mixed oxides

Catalyst (MO2

wt%)

SBET
a (m2/

g)

VP
b (cm3/

g)

DP
c

(nm)

SMicro
d (m2/

g)

Silica 1,316 1.17 3.2 236

Ti–Si1 (47 %) 744 0.76 3.8 136

Ti–Si2 (33 %) 1,032 0.89 1.3 463

Ti–Si4 (22 %) 1,093 0.79 1.3 556

Ti–Si8 (12 %) 1,032 0.62 1.4 690

Zr–Si2 (46 %) 380 0.36 2.6 81

Zr–Si4 (34 %) 667 0.76 3.5 86

Zr–Si8 (20 %) 696 0.56 2.6 131

Zr–Si16 (11 %) 914 0.84 1.4 427

a SSA determined by the BET isotherm method
b Total pore volume
c Pore width according to the DFT method applied to the adsorption

branch
d Estimated micropore area determined by the t-plot method

618 C. Jimeno et al.

123



loadings were needed. At catalyst loadings of 10 mol% Ti

with respect to citronellal, incomplete conversions were

achieved, and finally, 50 mol% of Ti loadings were used.

Furthermore, catalysts with higher titania dispersion were

more effective than the 1:1 cryogel. Maximum conversion

in the benchmark reaction was indeed achieved for

(a) (b)

Fig. 1 Representative TEM

images of Ti–Si4 (a), and Ti–

Si8 (b). Arrows highlight some

of the nanocrystallites

Fig. 2 TEM and Zr, Si, and O EDX images of Zr–Si8 at magnification 9 15,000

Fig. 3 Citronellal conversion for catalysts Ti–Six after 20 h at rt in

dichloromethane, with increasing nominal catalyst loadings with

respect to citronellal (left). Conversion versus time for equivalent

amounts of Ti–Si4 and Silica, at room temperature (right). Conver-

sion determined by 1H-NMR
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50 mol% of Ti–Si4 (99 % conversion) whereas Ti–Si2 and

Ti–Si8 activities remained slightly below (Fig. 3, left). No

other by-products were observed.

When the diastereoselectivity (ds) towards isopulegol was

analyzed, it was found that differences between the nano-

composites were small, in the range of 5 %. Catalysts Ti–Si1

and Ti–Si8 showed the poorest behaviour, and diastereose-

lectivity was just 59 %. Mixed oxides with 1:2 and 1:4

TiO2:SiO2 ratios showed the most stable and highest stere-

oselectivity, near 65 % ds, for the whole range of catalyst

loadings studied. Taking into account both conversion and

diastereoselectivity, titania dispersed in silica in a 1:4 ratio

(Ti–Si4) is the most reliable combination at 50 mol% loading,

yielding isopulegol in 99 % conversion and 64 % ds at room

temperature, followed by Ti–Si2 (97 % conversion, 63 % ds).

It is also worth mentioning that at 60 �C (not shown in Fig. 3),

20 mol% of Ti–Si4 was able to promote the conversion of

citronellal in 93 % conversion after 7 h (reaction carried out in

a sealed tube) while still keeping 62 % ds.

The possibility of a significant background reaction due

to silica catalysis was then studied [17]. Conversion and

selectivity values from Ti–Si4 were compared to data

collected from a four-fold molar amount of silica prepared

by the same method (Fig. 3, right). A conversion versus

time plot using 50 mol% of Ti–Si4 and 200 mol% Silica

demonstrated that the TiO2–SiO2 cogel was an active

promoter of the reaction, reaching more than 80 % con-

version after 7 h, whereas the equivalent amount of pure

silica barely achieved 20 % conversion in 6 h. Moreover,

diastereoselectivity using Silica never surpassed 50 %,

compared to 64 % with Ti–Si4.

Next, Zr–Six cogels were tested (Fig. 4, left). Much

higher levels of catalytic activity were observed than for

Ti–Six under identical reaction conditions. All materials

gave conversions[98 % at 20 mol% Zr loading. At lower

loadings differences in performance arose again, and at

5 mol% zirconium loading, Zr–Si4 and Zr–Si8 stood up,

still achieving 97 and 98 % conversion respectively. Even

more interestingly, diastereoselectivity towards isopulegol

was also higher for these series of catalysts than for Ti–Six,

68 % ds for Zr–Si2, 73 % ds for Zr–Si4, 74 % ds for Zr–

Si8, and 69 % ds for Zr–Si16. These results clearly show

Fig. 4 Citronellal conversion for catalysts Zr–Six after 20 h at rt in

dichloromethane, with increasing nominal catalyst loadings (left).
Dependency of citronellal conversion and diastereoselectivity (ds)

with ZrO2 wt% in catalysts Zr–Six after 20 h at rt in dichloromethane,

with 5 mol% Zr loadings (right). Conversion and ds determined by
1H-NMR

Fig. 5 Conversion versus time plot for Zr–Six mixed oxides (left), and TOF versus time plot for Zr–Six mixed oxides (right), at rt and 5 mol%

Zr loading
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the influence of the dispersion of zirconia into the silica up

to an optimal point, reached around 20 wt% (Zr–Si8), as

illustrated in Fig. 4, right. Again, total selectivity towards

cyclization products was observed.

An initial kinetic analysis of the different Zr-containing

catalysts suggested that differences between them were

actually bigger than shown through conversion and ds

values: indeed, Zr–Si8 was quite faster than Zr–Si4, and

left far behind Zr–Si2 and Zr–Si16, showing the impor-

tance of metal dispersion on silica to control catalysis

(Fig. 5, left). Zr–Si8 yielded more than 80 % isopulegol in

6 h at room temperature, at just 5 mol% Zr loading. In

order to obtain a more accurate analysis, turnover fre-

quencies (TOF) were calculated as moles of citronellal

converted per gram of catalyst used per specific surface

area (SSA) per hour, and plotted as a function of time

(Fig. 5, right). The plots for the different mixed oxides

overlaid very nicely except for Zr–Si16, thus disclosing

that, with a minimum concentration of available Zr active

sites, catalytic performance depended basically on the SSA

available of the catalyst. Hence, Zr–Si2, Zr–Si4 and Zr–Si8

were shown to have indeed identical catalytic activity. The

observed rate increase upon dispersion on silica (Zr–

Si8 [ Zr–Si4 [ Zr–Si2) arose simply from the increase in

SSA. This trend breaks for Zr–Si16 (11 wt% ZrO2), where

further dispersion seemed to inhibit catalysis, likely due to

a diminished pore diameter (DP = 1.4 nm, Table 2) and

the burial of Zr sites into the silica matrix at higher Si/Zr

ratios. Therefore the optimal catalytic performance must

come from a compromise between the highest SSA pos-

sible for the catalyst (mainly due to the increase of

microporosity with increasing ZrO2– or TiO2–dispersion)

and the decrease of active sites concentration due to dis-

persion itself.

Finally, recycling experiments were carried out with the

Zr–Si8 cryogel: after the reaction, the reaction medium was

diluted with CH2Cl2, centrifuged at 4,000 rpm, and dec-

anted. The remaining solid was washed-centrifuged-dec-

anted again and finally dried at 80 �C, and reused. In this

way, only a slight decrease in activity was observed after 3

cycles, still yielding 92 % conversion, whereas diastere-

oselectivity remained constant.

3.3 Origin of Diastereoselectivity With Molecular

Probes

It is well known that titania– and zirconia–silica cogels

present Brönsted acidity due to the presence of silanol and

M–OH groups as well as Lewis acidity because of the M4?

centers [20–29]. Indeed, pyridine adsorption/desorption

Table 3 Molecular probes for Ti–Si4 and Zr–Si8 acidity

Probe Catalyst (M mol% loading) Predominant producta Conv.(%)a cis/trans dra

Ti–Si4 (50 %) 50b

98c (79)e

1.4/1

Zr–Si8 (5 %) 83b 1/1.1

Ti–Si4 (20 %) 71d 1.2/1

Zr–Si8 (10 %) None 83b 1.0/1

a Determined by 1H-NMR
b At rt for 20 h
c At 60 �C for 16 h
d At 60 �C for 7 h
e Isolated yield
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FTIR spectra and TGA of selected samples with and

without adsorbed pyridine show that a variety of acidic

sites (Lewis and Brönsted) are present in the catalysts (See

Electronic Supplementary Material). We have also estab-

lished in this work that silica itself is barely able to pro-

mote the carbonyl-ene cyclization of citronellal, even at

high loadings (200 mol%) (Fig. 4), and therefore the

activity of silanol groups is negligible. It is reasonable to

attribute the higher diastereoselectivity of Zr–Six cryogels

(compared to Ti–Six) to an enhanced Lewis acidity [2],

either due to a higher amount of Lewis acid sites or to their

improved accessibility to citronellal. To probe this idea, we

decided to use the carbonyl-ene reaction itself: it had been

established that certain enals yield specifically cis cycli-

zation products from the action of Brönsted acids whereas

Lewis acids promote trans cyclizations [30, 31]. Accord-

ingly, we decided to use enals 6 and 8 as molecular probes

to evaluate the origin of the observed diastereoselectivity

(Table 3).

Thus we observed that using Ti–Si4, the N-tosyl deriv-

ative 6, yielded the cis isomer with a small predominance.

The ether version, 8 [32], confirmed the observation and

also afforded the cyclization product in good yield with

slight cis predominance. On the other hand, Zr–Si8 yielded

cyclization products from 6 with some trans predominance,

and unlike for Ti–Si4, 8 was converted to an even mixture

of cis and trans products. It is thus suggested that although

both Brönsted and Lewis acidity coming from the active

metal are operative in these carbonyl-ene reactions, Zr–Six

cryogels exhibit a slight predominance of Lewis acidity

with respect to Ti–Six, which leads to a higher proportion

of trans products, and therefore to a higher ratio of isop-

ulegol with respect to the other isomers (from 62 % ds for

Ti–Si4 to 74 % ds for Zr–Si8) [2].

4 Conclusion

Titania– and zirconia–silica cryogels of different ratios

have been prepared and successfully tested as catalysts in

carbonyl-ene cyclizations at room temperature. Although

the performance of Ti–Six is modest, zirconia–silica cogels

show excellent catalytic activity, and diastereoselectivities

up to 74 % ds, with a loading of just 5 mol% Zr. The Zr–

Si8 mixed oxide was found optimal for this reaction.

Moreover, we have established that the performance of

such catalysts is due to their high specific surface areas,

which can be controlled and therefore optimized by tuning

the ratio of zirconia into the silica matrix during their

synthesis.

The background reaction due to silica catalysis was

found to be slow, affecting slightly the performance of Ti–

Six catalysts, but it can be considered negligible for the

faster Zr–Six materials. The use of molecular probes sug-

gested that the observed diastereoselectivity was due to a

combination of Brönsted and Lewis acidity, even though

Lewis acidity predominated slightly in Zr–Six cryogels.

This accounts for the enhanced diastereoselectivity of such

Zr cryogels.
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