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Abstract

Several solid acidic catalysts have been investigated for the Prins condensa®budf/l aldehyde withert-butyl alcohol in a liquid-phase
reaction. The results demonstrate that acidic molecular sieves are effective catalysts for the condensation reaction, and HZSM-5 molecular
sieves possessed strong enough acidity and proper channel systems exhibit high catalytic performance. Solvent polarity and solvent—active
site interaction would significantly affect the aldehyde conversion and the 2,5-dimethyl-2,4-hexadiene selectiidtybihg aldehyde to
tert-BuOH ratio, catalyst amount, solvent amount, reaction temperature, reaction time, Si/Al ratio of HZSM-5 molecular sieves, catalytic
performance of different solid acids, and side-reactions in the system are studied. Up tois@t#yl aldehyde conversion is obtained
with a 57.8% 2,5-dimethyl-2,4-hexadiene yield over HZSM-5 with Si/Al of 39 after 8 h at €C6@Which provides a useful and economical
potential industrial application way on a large scale to manufacture 2,5-dimethyl-2,4-hexadiene.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Like most of the Prins reactions, this reaction is also cat-
alyzed by liquid acids in homogeneous medi{Bh with
The Prins condensation of olefins with aldehydes is con- relative low OCD vyield (less than 40%) and large number
sidered to be an important organic reaction, since it allows of by-products formation. Furthermore, this method would
one to obtain various unsaturated alcohols, glycols, acetals,also cause corrosion and separation problems. In order to
and other valuable compounds. This reaction is typically convert the homogeneous catalytic processes into hetero-
catalyzed by strong mineral acids such g8y in homo- geneous ones, niobic acid was used to catalyze the con-
geneous catalysifl], but in some cases, such as the syn- densation of isobutylene with IBA in a vapor phd3e9],
thesis of isoprene, an increasing interest in heterogeneousn which the catalytic performance of niobic acid could be
catalysis must be notg@-4]. closely related to its acidic properties. However, as reported
2,5-Dimethyl-2,4-hexadiene (octadiene, OCD) is a signif- by lizuka and co-workergl0,11], niobic acid would change
icant intermediaté5] in the synthesis of esters of chrysan- its acidic properties, such as acid strength, number of acid
themic acids, which are pyrethroid insecticides widely used sites and kind of acid types (Lewis or Bronsted acid) by
in agriculture and domestic hygiene with less toxicity and calcination, which could not be recovered by rehydration
more efficiency. The Prins condensation of isobutylene treatment. This means that niobic acid catalyst would lose its
(or/andtert-butyl alcohol) withiso-butyl aldehyde (IBA)isa  activity during reaction and could not be regenerated easily.
valuable and economical way of synthesis O@leme 1 In the present work, solid acidic catalysts were tested in
a liquid-phase condensation reaction. In addition, instead of
isobutylenetert-butyl alcohol (TBOH) was used as reagent.
* Corresponding author. Tek:86 411 4685510; fax-86 411 4691570, It was proved that HZSM-5 molecular sieves exhibit high
E-mail addressliuzm@dicp.ac.cn (Z. Liu). activity and selectivity toward the OCD formation.
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Table 1
Cat. — The results of Prins condensation of IBA with TBOH over various solid
CHO =+ OH — > = 20 acidic catalysts in a liquid-phade

iso-butyl aldehyde fert-butyl alcohol 2,5-dimethyl-2,4-hexadiene Catalyst Si/Al (mol) Conversion of Yield of
IBA (%) OCD (%)

Scheme 1. Synthesis of 2,5-dimethyl-2,4-hexadiene by condensation of | a4 46.2 80.4 4.4
iso-butyl aldehyde withtert-butyl alcohol. HY 3.0 38.3 0.4
HNbO3 - 64.2 0.3
. HZSM-5 25.0 70.1 3.1
2. Experimental HM 75 28.8 3.1
Nb,Osg - 49.0 0.4
2.1. Catalysts and materials ZrO-SQy?~ - 93.6 35

. @Reaction conditions: catalyst 4g, IBA 5ml, TBOH 20ml, ethanol
The HY, H-mordenite (HM) and H-beta molecu- (solvent) 30 ml, temperature 20G, time 8 h.

lar sieves were obtained from Fushun Petrochemical
Corp. PetroChina. Zre-SQy2~, SAPO-5 and HZSM-5
with varying Si/Al ratios were synthesized in our laboratory
by the reported method42—-14] Nb,Os was used without
further pre-treatment. HNbfOwas prepared by calcination
59 Nb;Os with .209 KOH in air at 600C for 1h, then the . Table 1 shows the results of Prins condensation of
sample was dissolved in water and pretreated by add'nngA with TBOH over various solid acidic catalysts in a

?r:tnc acid until FI)Ft': LL Tfr}? (;I_eposn \év%s_sgpir?tggf from liquid-phase reaction. The results clearly demonstrate that
6?? af?ueoushs.o u "?tr;] y tl r? 'ofr.]’ a? reda or all the catalysts investigated are effective for the condensa-
arter washing with water for fivé imes. tion reaction, although the OCD yields are very low over

The C;angs't'o?ls of molecular sieves catalygts We;i,?e'some of them. The catalysts possessed higher acidity, such
termined by X-ray fluorescence spectroscopy using a Philips _ H-beta, HZSM-5, HM, and Z#3SQy2~ perform higher

Mag|>(<1631 appgrlié;tuAska( -[r)a/ly powsr_dﬁfractlon paFternc;s wlfre activity for the OCD formation. This indicates that strong
recorded on a max-rb instrument using Cu enough acidity is needed for the liquid-phase Prins reac-

radiation with a nickel filter to ensure that the molecular Considering the mono-channel system of HM and the

Sleves S"?‘mp'es were in high crystalhmty. unsteadiness of ZE>-SQy?~ catalyst, we pay our attention
Analytical gradetert-butyl alcohol, iso-butyl aldehyde, to H-beta and HZSM-5 zeolites

methanol, ethanol, tetrahydrofuran (THF), cyclohexane, and
1,4-dioxane were used without further purification.

3. Results and discussion

3.1. Catalysts selection

3.2. Effect of solvent polarity on the condensation reaction
2.2. Catalytic runs The solvent effect of condensation reaction over H-beta
and HZSM-5 is shown ifable 2 The results clearly demon-
strate that different kind of solvents influence the condensa-
tion reaction differently. Decreasing polarity of the solvent

Typical condensation reactions were carried out in an au-
toclave (200 ml) equipped with a temperature controller. For
each test, IBA, TBOH and fresh catalysts were loaded in
the autoclave containing proper amount of solvent. The au-
toclave was sealed, flushed with for several times to re-  Table 2
place the air. The standard temperature was set according tpolvent effect of condensation of IBA with TBOH over H-beta and

the reaction experiments. For all runs, the pressure was aufzsM-s
togenous. Detailed reaction conditions are shown in tablesSolvent Catalyst Conversion of  Yield of
or figures. IBA (%) OCD (%)
H20 H-beta 99.7 135
. . e H,0 HZSM-5 91.0 17.9
2.3. Product analysis and identification Hio + 1.4-dioxané H-beta 925 9.2
H20 + 1,4-dioxané HZSM-5 86.2 20.8
After reaction, the autoclave was cooled to room tempera- Ethanol H-beta 80.4 4.4
ture, and liquid products were analysed on a Varian CP-3800 Ethanol HZSM-5 70.1 31
gas chromatograph equipped with an SE-30 capillary col- 1.4-Dioxane H-beta 736 9.8
umn (50 m) and an FID detector. Toluene was used as inter-2:+->1oxane HH_kZ):t':'S 559 ; 265 25
nal standard to evaluate the amount of OCD and IBA in the ¢ HZSM-5  59.0 135
liquid. GC-MS,*H NMR and3C NMR techniques were  Cyclohexane H-beta 62.1 5.3
used to identify products. Cyclohexane HZSM-5 54.8 6.1

The conversion was calculated on the basis of the amount ageaction conditions are the sameTiable 1
of IBA converted. PH,0 15ml and 1,4-dioxane 15 ml were mixed as solvent.
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causes a dramatic decrease of the IBA conversion over both ' ' ' ' ' ' ' '
of the catalysts. The conversion reached almost 100% over 1
H-beta zeolite when the most polar solventdHwas used. 80
This may be attributed to the favoured formation of polar
intermediate in polar solvents. According to the mechanism
of Prins reactiorf15], the cation (RC (H)OH) obtained by
the attack of an electrophile (H to the oxygen atom of
IBA forms firstly in the system, and then the cation attacks
the double bond of isobutylene. We understand that polar 5§ 40+
cation is more stable and easy of formation in polar solvents,
which would improve the IBA conversion.

In almost all kinds of solvent, the OCD vyield over 20
HZSM-5 zeolite is higher than that over H-beta catalyst.
These results indicate that HZSM-5 performance higher : : :
selectivity than H-beta for the OCD formation. 0 1 2 3 4

Catalyst weight (g)

%)

o2}
o
1

® [BA Conversion
A OCD Yield

and yield (mol

Convers

3.3. Influence of IBA/TBOH ratio Fig. 2. Conversion of IBA and yield of OCD as a function of catalyst

weight. Reaction conditions: TBOH 20ml, IBA 5ml, 1,4-dioxane 20 ml,

As HZSM-5 zeolites show high activity and selectivity omperature 20ec, time 10h.

for the OCD formation, the effect of initial ratios between

reagents were investigated by using HZSM-5 (Si#AR5)

sample. The reaction results are showiFig. 1 IBA conversion increases with catalyst weight, and reaches
Increasing the amount of TBOH would increase both the nearly 90% at catalyst/IBA ratio of 3/5 (g/ml). The OCD

IBA conversion and the OCD yield. The maximum OCD yield increases also with catalyst weight, and reaches at

yield is obtained at IBA/TBOH ratie= 1/4 (vol. ratio). Fur- 26% at the highest IBA conversion. Further increasing the

ther increasing the amount of TBOH almost hardly affects @mount of catalysts affects hardly the conversion and the

the IBA conversion, but decreases the formation of OCD. We Yield.

believe that this is because most of the strong acid sites par-

ticipate in the polymerization of isobutene when too much 3.5. Effect of reagents concentration

TBOH is added, which will not only affect the adsorption

of IBA, but also decrease the number of effective acid sites

The changes of IBA conversion and OCD yield with sol-
for the Prins reaction.

vent amount are shown iRig. 3.

Increasing solvent amount causes a linear decrease of IBA
conversion. This may be attributed to the decreasing of the
reaction rate for diminishing the reactants concentration in
the liquid-phase. The maximum OCD yield is obtained when

3.4. Effect of catalyst weight

Data inFig. 2 show the effect of catalyst weight on the
condensation of IBA with TBOH over HZSM-5 (25). The
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Fig. 1. Effect of IBA/TBOH on the formation of OCD over HZSM-5
(Si/Al = 25). Reaction conditions: catalyst 3g, IBA 5ml, 1,4-dioxane
15ml, temperature 200, time 10h.

Fig. 3. IBA conversion and OCD vyield as a function of solvent amount.
Reaction conditions: catalyst 3g, TBOH 20ml, IBA 5ml, temperature
200°C, time 10h.
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proper amount solvent (solvent/IBA= 5/1 vol. ratio) is 80 ' ' ' ' ' ' ' '
added.

3.6. Influence of reaction temperature ® IBAConversion

A OCD Yield

o2}
o
1

Fig. 4 shows the effect of reaction temperature on the
condensation of IBA with TBOH over HZSM-5 zeolite.
Increasing the reaction temperature causes a dramatic in-
crease of IBA conversion and OCD yield. A maximum
OCD vyield is obtained at 16@C and a maximum IBA
conversion at about 180-22G. These may be attributed
to the competition between the condensation reaction and
the side-reactions, such as decomposition and dispropor-
tionation of IBA. We understand that both the condensation 0
reaction and the side-reactions could be improved by in-
creasing the temperature, which results in the enhancing of
IBA conversion and OCD yield. When the reaction temper- Eig. 5. Conyersion o_f_IBA and yield of OCD as a function of reaction
ature reaches at 16C, the condensation reaction conquers “mea_ Reaction C?”d't('jonsz HZSM-5 (30) 39, IBA 5ml, TBOH 20mI,
the other reactions, and the highest OCD yield is obtained. 1.4-dixoane 25ml, and temperature 16D
Further increasing the temperature would enhance the
side-reactions more than the Prins reaction, which results inclave was heated to the desired temperature (reactiontime
the increasing of the IBA conversion but decreasing OCD 0). This may be accounted for the fact that part of IBA
selectivity. When the temperature is over 28) most ofthe ~ vaporizes to the gas-phase under the reaction temperature,
strong acid sites participate in the side-reactions (including Which would result in the decreasing of IBA concentration
decomposition and disproportionation of IBA and polymer- in the liquid-phase. At the initial period, the IBA conver-
ization of isobutylene), and causes the deactivation of the sion and the OCD yield increase linearly with reaction time.
acidic catalysts, which would result in the decreasing of IBA The maximum OCD yield is obtained at about 8 h, which is

Conversion and yield (mol.%)
o
°
>

N
o
1

T T T T
4 6 8 10

Time (h)

o
N

conversion. hardly affected by prolonging the reaction time, but the IBA
conversion increases with the reaction time, even though no
3.7. Effect of reaction time more OCD was formed.

To investigate the effect of reaction time on the conden- 3.8. Effect of Si/Al ratio of HZSM-5 catalysts
sation reaction, the liquid-phase samples were withdrawn
periodica”y from the autoclave and ana]ysed on a GC. The Detailed studies are thus focused on HZSM-5 molecular
results are shown iRig. 5. It is interesting to note that IBA ~ sieves with varying Si/Al ratios. The results of the conden-
decreased about 40% in the liquid-phase as soon as the autgsation reaction are shown able 3
The data inTable 3show that the Si/Al ratio of HZSM-5
catalysts affect significantly the catalytic performance, and
the highest OCD vyield (57.8%) was obtained over HZSM-5
with Si/Al = 39. For the HZSM-5 catalysts used here pos-
. sess same channel systems and approximate acidity, we de-
duce primarily that it is the aluminum concentration of the
molecular sieves that results in the differences in the cat-
alytic performance. HZSM-5 molecular sieves with lower
Si/Al could adsorb large number of polar species (such as
4 IBA and HO) in the pores of the catalysts due to its high
density of acid sites and the hydrophilicity, which would in-
fluence the adsorption of isobutylene formed by dehydration
z of TBOH as one of condensation steps. On the other hand,
: the higher Si/Al ratio of the catalyst results in a decrease in
-— . the number of acid sites of the HZSM-5, and this may cause
80 100 120 140 160 180 200 220 240 260 a decline in the reaction rate. Moreover, the adsorption and
Reaction temperature (°) conversion of large amount of IBA on weak or mild strong
Fig. 4. The effect of temperature on the condensation of IBA with TBOH a,CId sites _WOUI_d cause an mcreasmg of decomposition and
over HZSM-5 (25). Reaction conditions: catalyst 3g, IBA 5ml, TBoH disproportionation of IBA, which would decrease the se-
20ml, 1,4-dixoane 25ml. lectivity of the condensation reaction. Hence, the catalytic
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A OCD Yield 7
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Table 3

Condensation of IBA with TBOH over HZSM-5 with different Si/Al rafio

Catalyst Si/Al (mol) Surface area fg~1) IBA conversion (%) OCD selectivity (%) Yield (%)
HZSM-5 (25) 24.9 349 72.8 49.2 35.8
HZSM-5 (30) 30.0 320 74.5 62.8 46.8
HZSM-5 (39) 38.8 329 78.6 73.5 57.8
HZSM-5 (62) 61.7 333 72.1 65.9 47.5
HZSM-5 (89) 88.7 347 66.5 60.8 40.4

aReaction conditions are the sameRiy. 5, but reaction time= 8 h.

synthesis of OCD by condensation of IBA with TBOH is action to occur as it does with H-beta and HZSM-5, shows
controlled by the competition between condensation reac-little activity under the same operation conditions. This
tion and the side-reactions, such as polymerization, decom-suggests that this reaction is not only controlled by acid
position and disproportionation, and the HZSM-5 catalyst strength of the catalysts, but also closely connected with
with an optimum Si/Al ratio that adsorbs proper amount of pore sizes and channel systems of the molecular sieves. For
isobutylene and IBA in the pores at the same time exhibits HM molecular sieve, its topological structure is composed
the highest activity and selectivity. of two pore systems: 8-ring channel a6 nmx 0.57 nm
The optimum reaction conditions for the Prins con- and 12-ring straight channel of@b nmx 0.70 nm. For this
densation of IBA with TBOH in a liquid-phase reaction reaction, the 8-ring channel is too small to allow the reac-
are HZSM-5 (Si/Al = 39) 3g, IBA 5ml, TBOH 20ml, tants to enter, so only the 12-ring channel is effective for the
1,4-dixoane 25 ml, reaction temperature 160 and time reactants diffusion, which is unfavourable compared with
8h. Up to 78.6% IBA conversion is obtained with a the diffusion over molecular sieves with multi-dimensional
57.8% OCD vyield. This is the first observation of such pore structure, such as HY, H-beta and HZSM-5. This may
a high OCD vyield by condensation of IBA with TBOH result in the low activity over HM. For HY, though the re-
over molecular sieve catalysts in a liquid-phase reaction. actants and products can diffuse easily in the 3-dimensional
Only a preliminary short note from our group has been channels, its acidity is not strong enough to catalyse
reported till date[16]. The same catalyst sample was re- the condensation reaction effectively under the testing
covered and regenerated by calcination in air for eight conditions, so it exhibits lower activity than HZSM-5.
times, and no obvious variety of activity and selectivity For its weak acidity and mono-channel system, SAPO-5
is observed. This indicates that the catalyst can be usedmolecular sieve shows little activity in the condensation

repeatedly. reaction.
The HZSM-5 catalyst shows much higher selectivity than
3.9. Effect of catalyst type HY and H-beta, though all of them possess 3-dimensional

channels. This may be attributed to the different acid
Typical reaction results for different molecular sieve strength and framework structure of different molecular
catalysts in the condensation of IBA with TBOH under sieves. In the reaction on H-beta, the selectivity is much
optimum reaction conditions are shownTiable 4 The ac- lower and the product distribution is completely different
tivities of the different molecular sieves used here decreasefrom that with the HZSM-5; that is, the major product is
in the order H-beta > HZSM-5 > HY > SAPO-5 > HM. This nhot OCD but polybutylene compounds. This may be at-
may be attributed to the acidity and the channel systemstributed to the unusual channel system of beta molecular
required for the condensation reaction. H-beta and HZSM-5 sieve. For beta zeolite, it posses relative bigger size of pore
possess much higher acid strength than HY and SAPO-50pening (066 nm x 0.67 nm < 0.56 nm x 0.56 nm) than
molecular sieve catalysts, so they exhibit high activity for ZSM-5 (053 nmx 0.56 nm <« 0.51nmx 0.55nm), which
the acid-catalyzed condensation reaction. However, HM, may be favourable to the formation of isomers. For HY, the
which should have enough acidity for the condensation re- existing of the supercages dampens the free diffusion of the

Table 4

Properties and catalytic performance of molecular sieve catalysts

Catalyst  Si/Al (mol) BET surface area fg~!) Pore size (nmJ17] Dimension IBA conversion (%) OCD selectivity (%) Yield (%)
SAPO-5 2 243 0.73x 0.73 1 30.5 1.6 0.5

HM 75 397 0.65x 0.70 1 22.1 14 0.3

HY 3.0 561 0.74x 0.74 3 57.3 23.6 135
H-beta 46.2 538 0.66 0.67; 0.56x 0.56 3 88.8 11.9 10.6
HZSM-5 38.8 329 0.51x 0.55; 0.53x 0.56 3 78.6 735 57.8

2The mole ratio of SAPO-5 is AlsoPo.44Si0.0602.
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reactants, and the relative weak acidity is disadvantageousstand that IBA is a polar molecule that could adsorb strongly
for the formation of OCD, so it exhibits lower activity and on the strong acid sites, and the strong interaction between
selectivity. We understand that HZSM-5 molecular sieves IBA and acid sites makes it difficult to release the active
possess strong enough acidity for the condensation reac-centres, which would further affect the IBA conversion over
tion, and the unusual straight channel systems make thethe strong acid sites. In the case that proper solvent presents,
reactants and products diffusing easily, so HZSM-5 shows the solvent—strong acid site interaction would decrease the
much higher activity and shape-selective effect than the adsorption of IBA, and the activated IBA could be desorbed
other molecular sieve catalysts investigated. or converted to products. However, different kind of solvents

Besides the acidity and channel system, the hydropho-has different interaction degree with the acid sites, which
bicity/hydrophilicity of the catalysts would also affect the would further affect the reaction differently.
condensation reaction. The catalyst adsorbed proper amount The solvent effect is also observed in the cases that
of hydrophilic IBA and oleophilic isobutylene would show methanol, ethanol, cyclohexane, tetrahydrofuran (THF), and
optimum catalytic performance. H»O were used as solvent. However, they do not show the

same performance as 1,4-dioxane does. This result further

indicates that the solvents in the system not only dissolve

and disperse the reactants, but also interacts with the re-
f active sites, which would further affect the condensation
reaction.

The liquid products were analysed with GC-MS. About
50 compounds were formed in the system. They could be
divided into three groups: small molecular group, 8-carbon
atoms group, and 12-carbon atoms group. In the small
molecular group, the main products are the unreacted reac-
tants (including IBA and TBOH), isobutylene, isobutanol,
sechutyl alcohol, and isobutyric acid. In the 8-carbon atoms
group, besides the desired product OCD, there are more
than 20 kinds of octene with one or two double carbon
bonds. Small amount of 2,2,5,5-tetramethyltetrahydrofuran,

3.10. Side-reactions in the system

One of the main side-reactions is the polymerization o
isobutylene, which could be proved by detecting the dimers
formation in the liquid-phase.

IBA could be decomposed to propene, CO ang u-
der some reaction conditiorj48]. To investigate the IBA
decomposition reaction, several blank experiments were
carried. Twenty grams of IBA was added into the au-
toclave with fresh catalysts (4g), and the autoclave was
heated at 160C for 8 h. The reaction results are shown in
Table 5

From Table § no IBA conversion is observed in the case
that catalysts are absent, which indicates that IBA is sta- :
ble thermodynamically at 16@. In the cases that no sol- unsaturated octanol, amg;bbutyl secbutyl ether were also
vent was added, about 25% IBA conversion is observed overOPServed at the same time. In the 12-carbon atoms group,
both HZSM-5 and NaZSM-5 catalysts, and the main com- th€ré are more than 10 kinds of compounds formed by
ponents in the gaseous are propene, CO andrHis result addition of various octenes with IBA or TBOH.
suggests that the IBA decomposition could be catalyzed by
both strong and weak acid sites (The NHPD results show _
that the strong acid sites have dismissed from NaZSM-5 cat-4 Conclusion
alyst), and the main side-reaction is the decomposition of

IBA.

Some molecular sieves are effective catalysts to replace

In the absence of solvent, the HZSM-5 catalyst possesseostrong mineral acids for the Prins condensation of IBA

both strong acid sites and weak acid sites shows the same cat-

alytic performance as NaZSM-5 does for the decomposition
of IBA. Adding 1,4-dioxane (solvent) to the system would
significantly increase the IBA conversion (about 55.3%).

with TBOH in a liquid-phase reaction. The molecular sieve
catalysts (specially, HZSM-5) with strong enough acidity
and proper channel systems exhibit high activity and se-

lectivity. The catalytic synthesis of OCD is controlled by

the competition between the condensation reaction and
the side-reactions, and the HZSM-5 catalyst with an opti-
mum Si/Al ratio and proper hydrophobicity/hydrophilicity
adsorbed IBA and isobutylene at the same time exhibits
the highest activity and selectivity. The main side-reaction
related to IBA is the decomposition of IBA to propene,
CO and H, which could be catalyzed by both strong acid

This may be attributed to the different diffusion and adsorp-
tion of the reactants and solvents over acid sites. We under-

Table 5
Effect of different acid sites on the decomposition of IBA

Catalyst Solvent Conversion of IBA (%)

: sites and weak acid sites. The solvent—active site interac-
Eggmg gg; &’:'D'Oxan% 5253'.33 tion would significantly affect the condensation reaction.
NazZSM-5 (30§ No 25.0 Only the solvent that not only dissolves both the aqueous
No No 0 and organic phases, but also possesses proper adsorption

ability on the active sites shows optimum solvent effect. Up
to 78.6% IBA conversion is obtained with a 57.8% OCD
yield over HZSM-5 with Si/Al of 39 after 8 h at 16T,

aThirty grams of 1,4-dioxane was added.
b NazZSM-5 was prepared by ion-exchanging the HZSM-5 with 0.1 M
NaNG; at 90°C for four times, and calcined at 55C for 3 h under air.
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