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A clean process has been developed for the synthesis of p-menthane-3,8-diols from cyclization of
citronellal in CO2–H2O medium without any additives. With the addition of CO2, the reaction rate
could be enhanced about 6 times for the cyclization of citronellal in H2O, because CO2 dissolved
into water and formed carbonic acid inducing an increase of the acidity. Although, the reaction
conversion in CO2–H2O is slightly lower compared to that obtained with sulfuric acid as catalyst,
CO2–H2O could replace the sulfuric acid at a relative higher reaction temperature. The reaction
kinetics studies showed that the hydration of isopulegols to p-menthane-3,8-diols is a reversible
reaction. The equilibrium constant and the maximum equilibrium yield obtained in CO2–H2O at a
range of CO2 pressures are similar to that with sulfuric acid catalyst.

Introduction

In the last two decades, many interests have been focused
on CO2 and H2O as environmentally benign alternatives to
conventional organic solvents. Both CO2 and H2O are non-toxic,
non-flammable, abundant, cheap and easy to handle.1 When
water is compressed with CO2, the acidity of the solution will
increase in pH value by about 3 at a wide range of pressures
and temperatures,2,3 and the solution can be easily neutralized
by depressurization.4 In some cases, compressed CO2 dissolved
in water could replace the conventional hazardous acids such
as HCl and H2SO4 to catalyze some chemical reactions with-
out requiring post-reaction neutralization and salt disposal.
The conventional acid-catalyzed reactions in water have been
recently reported to be accelerated in the presence of CO2

without addition of any acid catalysts.5–13 Savage et al. reported
that the addition of CO2 could accelerate the dehydrations of
cyclohexanol and 1,4-butanediol as well as the hydrolysis of
dibenzyl ether in high-temperature water.5–7 The same results
have also been reported for the reactions of decarboxylation,
hydrolysis, and diazotization.10–13

The present work has been undertaken to study the cyclization
of citronellal to p-menthane-3,8-diols in the CO2–H2O system
without any hazardous acids. p-Menthane-3,8-diols are com-
posed of several stereo-isomers which have biological activities,
e.g., plant growth inhibition, allelopathic effect, and strong
mosquito repellent activity.14 The cyclization of citronellal in the
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CO2–H2O system has been compared to the reaction catalyzed
with sulfuric acid.

Experimental

(S)-(-)-citronellal (Aldrich) and (±)-citronellal (Fluka) were
used as received without further purification. Sulfuric acid and
acetic acid are of analytical grade. The pH values of the reaction
solution with acetic acid or sulfuric acid were adjusted to 3.20 at
25 ◦C. ZSM-5 catalyst, with a Si/Al ratio of 38, was purchased
from the Catalytic Industry of Nankai University. Gases of
CO2 (99.999%) and N2 (99.999%) (Changchun Xinxing Gas
Company) were used as delivered. The reaction was carried
out in a 50 ml Teflon-lined high-pressure stainless steel batch
reactor. A desired amount of citronellal and deionized water
were loaded into the reactor, and the reactor was sealed and
flushed with N2 and then heated up to the desired temperature.
Then the CO2 was compressed into the reactor using a high-
pressure liquid pump and controlled by a back-pressure system.
The reaction mixture was stirred continuously with a magnetic
stirrer for a certain time. After the reaction, the liquid product
was extracted with hexane and washed using deionized water.
Then the mixture was dehydrated with anhydrous sodium sulfate
and analyzed with a gas chromatograph (GC-Shimadzu-14C,
FID, capillary column, Rtx-Wax 30 m ¥ 0.25 mm ¥ 0.25 mm)
and the products were identified by gas chromatography/mass
spectrometry (GC/MS, Agilent 5890).

Results and discussion

It is known that p-menthane-3,8-diols are usually produced
through acid-catalyzed cyclization of citronellal.15 The cy-
clization of citronellal as shown in Scheme 1 involves the
isomerization of citronellal firstly to isopulegols, and then isop-
ulegols hydration to p-menthane-3,8-diols, as well as citronellal
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Scheme 1 The cyclization of citronellal to p-menthane-3,8-diols.

Table 1 Influence of CO2 pressure on citronellal cyclizationa

Selectivity (%)

Entry CO2/MPa Conversion (%) 2 3 4

1 — 8 27 58 15
2 1 42 22 73 5
3 4 49 20 76 4
4 6.5 50 17 79 4
5 7 53 20 77 3
6 7.5 46 20 76 4
7 8 43 20 76 4
8b — 16 24 70 6
9b 6 93 13 86 1

10b 7.5 97 12 85 3
11b 12 28 21 76 3

a Reaction conditions: (±)-citronellal: 1 mmol, water: 10 ml, T : 120 ◦C,
t: 0.5 h. b (S)-(-)-citronellal: 1 mmol, water: 10 ml, T : 100 ◦C, t: 2 h.

and p-menthane-3,8-diols condensation to p-menthane-3,8-diol
citronellal acetals which was referred to the literature.15

In this work, the cyclization of citronellal in pressurized CO2–
H2O medium in the absence of additives has been studied.
The influence of CO2 pressure was examined and the results
are shown in Table 1. When (±)-citronellal was used, both
the conversion and the selectivity to p-menthane-3,8-diols were
improved in the presence of CO2, and the conversion increased
with increasing CO2 pressure, it increased to a maximum value
of 53% at 7.0 MPa CO2 (entry 5), which is about 6 times higher
than that (8%) obtained in the absence of CO2 (entry 1). The
changes of conversion with CO2 pressure may depend on the
solubility of CO2 and the acidity in the reaction solution. As
reported in the literature, the solubility of CO2 in the reaction
solution increases with CO2 pressure resulting in the solution
acidity noticeably increasing,2,3,6,8 the pH value changes from
6.8 to 3.24 when CO2 pressure increases from 0 to 7.0 MPa,
then it changes very little with pressure further increasing, it
changes from 3.24 to 3.20 when CO2 pressure was increased from
7.0 MPa to 8.0 MPa.3 The selectivity to the desired product of
p-menthane-3,8-diols was larger in the CO2–H2O system than
that in the pure water, and it did not change much with CO2

pressure. When (S)-(-)-citronellal was used the conversion also
increased with increasing CO2 pressure. It increased to 93% and
97% at 6.0 and 7.5 MPa CO2, respectively (entries 9 and 10),
which are more than 6 times higher than that in the absence of
CO2 (entry 8). While, at 12.0 MPa CO2, the conversion decreased
largely due to the extraction of citronellal into CO2 phase and the
dilution effect (entry 11), because that the solubility of citronellal
in CO2 phase increased with increasing CO2 pressure, especially
at pressures above 7 MPa (critical pressure) from the solubility

Table 2 Results of citronellal cyclization at different temperatures

Selectivity (%)

Entry T/◦C Conversion (%) 2 3 4

1 90 60 16 79 5
2 100 73 17 81 2
3 110 80 19 76 5
4 120 83 21 74 5
5 130 83 26 71 3

Reaction conditions: (±)-citronellal: 1 mmol, water: 10 ml, CO2: 1 MPa,
t: 2 h.

measurement as described in the literature,16 it was 6.25 mmol L-1

at 8.5 MPa CO2, and increased to 25 mmol L-1 at 11.2 MPa CO2

(see Fig S1, ESI†).
The solubility of CO2 and solution acidity increases with CO2

pressure up to 7 MPa, so that the following reactions were carried
out at a CO2 pressure of 1 MPa. The effects of temperature
are shown in Table 2. The conversion increased from 60% to
83% when the reaction temperature was enhanced from 90 ◦C
to 120 ◦C (entries 1 and 4), then it almost did not change at a
higher temperature of 130 ◦C. The selectivity to p-menthane-3,8-
diols presented a maximum of 81% at 100 ◦C (entry 2), then it
decreased at higher temperatures. Both temperature and acidity
of the system are important factors influencing the cyclization
of citronellal. Higher temperature and higher acidity favor the
present reaction, but the acidity of the system becomes weaker at
higher temperatures due to the solubility of CO2 in the aqueous
phase decreasing under constant pressure.2 So that, the reaction
conversion increases and then changes slightly with increased
temperature. The higher selectivity to p-menthane-3,8-diols was
obtained at lower temperature due to the forward reaction of
isopulegols hydration to p-menthane-3,8-diols is an exothermic
reaction as discussed later.

The cyclization of citronellal in the CO2–H2O system was
compared with the results in the presence of conventional liquid
acids and solid acid catalyst, the results are presented in Table 3.
Under the same temperature, sulfuric acid is more effective for
the cyclization of citronellal than acetic acid and 7 MPa CO2–
H2O system, and the selectivity to p-menthane-3,8-diols is also
the highest with sulfuric acid (entries 1–3), in which the pH value
changed slightly (from 3.20 to 3.43) during the reaction. While,
the conversion and selectivity in CO2–H2O system were 73%
and 81%, respectively. Those are higher than the values of 48%
and 73% obtained over the ZSM-5 catalyst (entries 4 and 5).
Furthermore, the conversion over ZSM-5 catalyst was increased
to 78% (entry 6) in the presence of CO2 due to the acidity of the
reaction solution being increased.
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Table 3 The cyclization of citronellal to p-menthane-3,8-diols in the
presence of different acid catalysts

Selectivity (%)

Entry Catalyst CO2/MPa T/◦C Conv. (%) 2 3 4

1 — 7 60 35 17 72 11
2 CH3COOH — 60 52 13 78 9
3 H2SO4 — 60 72 14 82 4
4 ZSM-5 (0.01 g) — 100 48 21 73 6
5 — 1 100 73 17 81 2
6 ZSM-5 (0.01 g) 1 100 78 21 75 4

Reaction conditions: (±)-citronellal: 1 mmol, water: 10 ml, t: 2 h.

The amount of water being used showed a large influence
on the reaction conversion also, the conversion increased from
21.6% to 75% with an increasing volume of water from 2 ml
to 15 ml, and it changed little with further increases in water
volume. While, the selectivities to p-menthane-3,8-diols were
above 70% and it presented a maximum value of 80.9% in 10 ml
water. In the present reaction system, the reactant is not soluble
to water, so the reaction is a biphasic system that occurs on the
interphase of water and reactant. With increases in the volume
of water, the interface area will increase so that the reactant can
be well dispersed and form an emulsion, which may explain the
conversion increase with increasing water content. This could
be demonstrated by varying the agitation speed (see Fig. S2.
ESI†), the reaction rate increased with enhancing the stirring
speed initially, suggesting the reaction is not homogeneous but
heterogeneous (biphasic). Under the reaction stirring speed of
1200 r min-1 the diffusion effect could be ignored.

Table 4 shows the conversion and product selectivities of
citronellal cyclization in the presence of 1 MPa CO2. The results

Table 4 Conversion and product selectivities of cyclization of citronel-
lal at 120 ◦C

Selectivity (%)

Entry t/min Conversion (%) 2 3 4

1 15 14 32 56 12
2 30 42 22 73 5
3 45 57 19 74 7
4 60 66 19 74 7
5 90 81 18 73 9
6 120 84 19 73 8

Reaction conditions: (±)-citronellal: 1 mmol, water: 10 ml, CO2: 1 MPa.

presented that with increasing of conversion, the selectivity to
isopulegols decreased but the selectivity to p-menthane-3,8-
diols increased initially (entries 1 and 2), and then both of
the selectivities kept a constant with a further increasing of
the conversion (entry 3–6). It indicates that the reaction from
isopulegols to p-menthane-3,8-diols is a reversible reaction, this
will be discussed later in detail.

As shown in Scheme 1 the cyclization of citronellal to
p-menthane-3,8-diols mainly contain two reaction steps, namely
isomerization of citronellal at first to isopulegols, and then
isopulegols hydration to p-menthane-3,8-diols. In the cyclization
of citronellal in the CO2–H2O system without addition of any
acid catalyst citronellal could be converted near completely
under the reaction conditions used, but an intermediate of
isopulegols was produced around a constant content after
reaction for 45 min, and it did not decrease with extension of the
reaction time. So that the second step of isopulegols hydration
to p-menthane-3,8-diols is supposed as a reversible reaction,
and the equilibrium constant and the maximum (equilibrium)
yield of p-menthane-3,8-diols were estimated under the different
reaction conditions. Fig. 1 shows the molar fraction versus
reaction time profiles. According to the data in Fig. 1 the reaction
rate constant k1 was calculated followed pseudo-first order
kinetics, with the initial linearity for the expression k1= 1/t ¥
ln(1/(1-xt)) (xt : citronellal conversion at t). Fig. 2 shows that
the first step followed exactly first order kinetics and the reaction
rate constant k1 were calculated and listed in Table 5. The higher
reaction rates were obtained at higher reaction temperatures
(entries 1 and 4) and higher CO2 pressures (entries 2 and 3)
in the CO2–H2O system without addition of any acid catalyst.
However, for the isomerization of citronellal to isopulegols at a
similar pH value the reaction rate in the presence of 1 MPa CO2

was lower than that in the addition of sulfuric acid as catalyst
(entries 4 and 5).

For second step of isopulegols hydration to p-menthane-3,8-
diols, a reversible reaction performed in a constant volume batch
reactor, the following kinetic equations were applied to calculate
the equilibrium constant K:

K = K2/K3 = Y 3/Y 2 (1)

where K, k2, k3, Y 2 and Y 3 represent the equilibrium constant,
forward and reverse rate constants of isopulegols hydration to
p-menthane-3,8-diols, the yield of isopulegols and p-menthane-
3,8-diols, respectively.

Noting that:

1 - Y 1 - 2Y 4 = Y 2 + Y 3 (2)

Table 5 Kinetic parameters estimated for citronellal cyclization at different reaction conditions

Entry Citronellal/mmol CO2/MPa pH value H2O/ml T/oC k1 ¥ 102/h-1a K Y 3, EQ (%)

1 1 1 3.64–4.00 10 120 118.7 ± 4.7 3.96 69
2 2 1 3.64b 10 60 8.0 ± 0.3 7.32 81
3 2 7 3.24b 10 60 10.3 ± 0.4 7.29 81
4 1 1 3.64b 10 60 14.5 ± 0.6 7.28 81
5c 1 — 3.20 10 60 62.1 ± 4.6 7.34 81

a The observed rate constants k1 were determined according Fig. 2. b Ref. 3. c Sulfuric acid was used as catalyst.
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Fig. 1 Molar fraction versus time profiles on cyclization of citronellal. Reaction conditions: (A) (±)-citronellal: 1 mmol, water: 10 ml, CO2: 1 MPa,
T : 120 ◦C. (B) (±)-citronellal: 2 mmol, water: 10 ml, CO2: 1 MPa, T: 60 ◦C. (C) (±)-citronellal: 2 mmol, water: 10 ml, CO2: 7 MPa, T: 60 ◦C.
(D) (±)-citronellal: 1 mmol, water: 10 ml, CO2: 1 MPa, T : 60 ◦C. (E) (±)-citronellal: 1 mmol, water: 10 ml, T : 60 ◦C, In the case of sulfuric acid was
used as catalyst, the pH value of the solution was 3.20.

Fig. 2 Plot of ln[1/(1-xt)] against reaction time for the data in Fig. 1.

where Y 1 and Y 4 represent the residual citronellal and the yield
of p-menthane-3,8-diol citronellal acetal, respectively.

The maximum equilibrium yield of p-menthane-3,8-diols
Y 3,EQ could be calculated by combining eqn (1) and (2).

Y 3,EQ = K (1 - Y 1 - 2Y 4)/ (1 + K) (3)

In the case of citronellal being converted completely, Y 1

equals to zero, Y 4 equals to the selectivity of p-menthane-3,8-
diol citronellal acetal which was about 7% at 120 ◦C and 4%
at 60 ◦C. Then the equilibrium constant K and the maximum
equilibrium yield Y 3,EQ were calculated according to the data in
Fig. 1, the results are listed in Table 5. The equilibrium constant
K is 3.96 at a reaction temperature of 120 ◦C, but it increased
to 7.28 at 60 ◦C in the presence of 1 MPa CO2, indicating that
lower reaction temperature favored the forward reaction with
the equilibrium yields of p-menthane-3,8-diols around 81% at
60 ◦C, which is higher than the result at 120 ◦C (entries 1 and 4),
namely the forward reaction from isopulegols to p-menthane-
3,8-diols is an exothermic reaction. Moreover, the similar values
of equilibrium constant K and yield of p-menthane-3,8-diols
were obtained in the presence of sulfuric acid as a catalyst
(entries 5) or at the CO2 pressure of 1 MPa and 7 MPa at

1230 | Green Chem., 2009, 11, 1227–1231 This journal is © The Royal Society of Chemistry 2009
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60 ◦C (entries 2–4). Based on the above results, the CO2–
H2O system was efficient for catalyzing the present cyclization
of citronellal to p-menthane-3,8-diols without addition of any
additives.

Conclusions

The cyclization of citronellal to p-menthane-3,8-diols could
proceed in CO2–H2O medium successfully in the absence of
any additives. The CO2 pressure and temperature are the key
factors affecting reaction rate and selectivity. The reaction
rate in water has been enhanced largely in the presence of
CO2 for the formation of carbonic acid. Kinetic analysis
indicates the hydration of isopulegols to p-menthane-3,8-diols
is a reversible reaction. Compared to sulfuric acid catalyst, the
CO2–H2O system is an environmentally friendly and easy to
operate process for the cyclization of citronellal to p-menthane-
3,8-diols.

Acknowledgements

The authors gratefully acknowledge the financial support from
the NSFC 20573104 and the One Hundred Talent Program of
CAS.

References
1 P. G. Jessop and W. Leitner, Supercritical fluids as media for chemical

reactions, Chemical Synthesis Using Supercritical Fluids, Weinheim,
Wiley-VCH, 1999.

2 K. L. Toews, R. M. Shroll and C. M. Wai, Anal. Chem., 1995, 67,
4040–4043.

3 C. Roosen, M. Ansorge-Schumacher, T. Mang, W. Leitner and L.
Greiner, Green Chem., 2007, 9, 455–458.

4 R. R. Weikel, J. P. Hallett, C. L. Liotta and C. A. Eckert, Top. Catal.,
2006, 37, 75–80.

5 S. E. Hunter and P. E. Savage, Ind. Eng. Chem. Res., 2003, 42, 290–
294.

6 S. E. Hunter, C. E. Ehrenberger and P. E. Savage, J. Org. Chem.,
2006, 71, 6229–6239.

7 S. E. Hunter and P. E. Savage, Aiche J., 2008, 54, 516–528.
8 A. Yamaguchi, N. Hiyoshi, O. Sato, C. V. Rode and M. Shirai, Chem.

Lett., 2008, 37, 926–927.
9 A. Yamaguchi, N. Hiyoshi, O. Sato, K. K. Bando and M. Shirai,

Green Chem., 2009, 11, 48–52.
10 P. A. Aleman, C. Boix and M. Poliakoff, Green Chem., 1999, 1, 65–68.
11 C. M. Rayner, Org. Process Res. Dev., 2007, 11, 121–132.
12 T. Miyazawa and T. Funazukuri, Biotechnol. Progr., 2005, 21, 1782–

1785.
13 P. Tundo, A. Loris and M. Selva, Green Chem., 2007, 9, 777–779.
14 T. Vanek, M. Novotny, R. Podlipna, D. Saman and I. Valterova,

J. Nat. Prod., 2003, 66, 1239–1241.
15 Y. Yuasa, H. Tsuruta and Y. Yuasa, Org. Process Res. Dev., 2000, 4,

159–161.
16 R. X. Liu, F. Y. Zhao, S. Fujita and M. Arai, Appl. Catal. A: Gen.,

2007, 316, 127–133.

This journal is © The Royal Society of Chemistry 2009 Green Chem., 2009, 11, 1227–1231 | 1231

D
ow

nl
oa

de
d 

by
 C

ity
 C

ol
le

ge
 o

f 
N

ew
 Y

or
k 

on
 2

2 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 0
3 

Ju
ne

 2
00

9 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

82
32

97
K

View Online

http://dx.doi.org/10.1039/B823297K

