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Abstract

The epoxidation ofcis,trans,trans-1,5,9-cyclododecatriene totrans-1,2-epoxy-cis,trans-5,9-cyclododecadiene with the use of commercial
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olution of tert-butyl hydroperoxide in various organic solvents:tert-butyl peroxide, isooctane, decane, and nonane was investigate
rocess was investigated in different experimental conditions. The best results were achieved with the application oftert-butyl hydroperoxide

n isooctane. A significant influence of the nature of the solvent on the results oftrans-1,2-epoxy-cis,trans-5,9-cyclododecadiene synthe
as found.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The epoxides are an interesting class of chemical inter-
ediates used in the laboratory and industrial synthesis of
wide spectrum of chemical compounds such as epoxide

esins, paints, adhesives, diluents, and the surface active
gents, moreover, for a series bioactive substances[1–3].
pecifically, the 1-epoxides are particularly important in a

arge-tonnage chemical production, whereas more substi-
uted epoxides are usefulness in the synthesis of structurally
ore complex fine chemicals.
A universal method of epoxide production relies on the

ehydrochlorinations of chlorohydrines by aqueous solu-
ion of alkalies[2,3]. In this method an equimolar quan-
ity of waste aqueous solution of alkali metal chlorides is
ormed. Besides, considerable amounts of waste organic
hloroderivatives which are the products of chlorine addition

∗ Corresponding author. Tel.: +4891 449 48 91; fax: +4891 449 43 65.
E-mail address:grzegorz.lewandowski@ps.pl (G. Lewandowski).

to the double bond and the etherification of chlorohydrine
produced.

A more beneficial method is obviously a direct epox
tion of olefins. With regard to a need of effective “atom ec
omy”, which is included in the Principles of Green Chemi
[3,4], a procedure of olefin epoxidation must be highly e
cient and highly selective without any by-products. Bot
the laboratory and industrial epoxidations, varies oxidan
currently used, however their application is often limited
to the formation of difficult to dispose waste and a com
and expensive synthesis. The nature of the catalyst also
an important role. A commercial success of catalytic e
idation of propylene by means oftert-butyl or ethylbenzen
hydroperoxide with the application of a relatively inexp
sive and readily available, molybdenum catalysts make
the investigations of the epoxidation of other olefins by
hydroperoxides are still ongoing[4,5].

This paper presents the experimental results of
preliminary studies on the epoxidation ofcis,trans,trans-
1,5,9-cyclododecatriene (CDT) bytert-butyl hydroperoxide
304-3894/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2004.12.032
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Scheme 1.

(TBHP) to trans-1,2-epoxy-cis,trans-5,9-cyclododecadiene
(ECDD). This compound having the active epoxide group
and two double bonds carbon–carbon is a valuable interme-
diate used in the synthesis of the polymeric components of
paint and adhesives. The recent reports of the UBE and De-
gusa firms belonging besides Atofina and Ems-Grivory to the
leading manufactures of Nylon 12[6,7] (UBE—9000 t/y[8],
Degusa—12000 t/y[9] demonstrate that ECDD can be uti-
lized as a semiproduct in the synthesis of 1,12-dodecanedioic
acid (DDDA) and laurolactam[10–13].

DDDA finds the application as a raw material for the man-
ufacture of polyesters and polyamides and a substitute of
sebacic acid (1,10-decanedioic acid) in the preparation of
plasticizers and high performance lubricating oils and lu-
bricants. Whereas laurolactam is used for the manufacture
of polyamide 12 (Nylon 12, Vestamid, Daiamid, Grilamid)
which is characterized with a large hydrophobicity and flex-
ibility in comparison with polyamide 6 or 6,6. These fea-
tures cause that the products from polyamide 12 are a good
dielectrics and demonstrate the stability dimensions in the
environment with variable humidity.

DDDA and laurolactam are most often manufactured on
a commercial scale by the Huels method (Scheme 1) [14].

In the first stage CDT is hydrogenated to cyclododecane
(CDA) on the commercial catalyst Ni/Cr. The oxidation
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Scheme 2.

magnesium iodide. To convert the CDON to laurolactam,
an oximation and Beckmann rearrangement are used, as de-
scribed in the Huels method[20].

Hydrogenation of ECDD[13,21], over the nickel catalyst
(Ni-Raney, Ni/Al2O3, Ni/CrO3) proceeds quantitatively giv-
ing CDOL with a small amount (10–15%) of CDON. The
hydrogenation of CDOL to CDON also proceeds over the
same catalyst. Hence, the process of CDON synthesis from
CDT can be realized in the two stages.

2. Materials and methods

2.1. Chemicals

All experiments were performed with the following
reagents: commercially available solutions of the TBHP
in the organic solvents (3 M in isooctane, 5.5 M in de-
cane, 5.5 M in nonane and 80 wt.% intert-butyl peroxide
(TBP)) were purchased from Aldrich,cis,trans,trans-1,5,9-
cyclododecatriene (CDT) 98 wt.% was obtained from Fluka;
molybdenum hexacarbonyl Mo(CO)6, pure was obtained
from Merck–Schuchardt.

2.2. Experimental apparatus and procedure
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m des
f CDA by oxygen from air in the presence of boric a
eads to cyclododecanol (CDOL) and cyclododecan
CDON). CDON after the separation from the post-reac
ixture is subjected to the condensation with hydroxylam
ydrochloride to cyclododecanone oxime which as a r
f the Beckmann rearrangement gives laurolactam.
xidation of CDOL leads to DDDA. Although, the selectiv
f CDA oxidation to useful products (CDON, CDOL)
igh (92%) only a small degree of CDA conversion
e achieved (7%). This requires a continuous recyclin

he large quantities of the CDA feedstock with a prev
eparation by the hydrolysis and the regeneration o
oric acid catalyst.

An interesting alternative to the Huels method is the r
ia the epoxidation of CDT to ECDD previously describ
y Wilke [15]. ECDD is then hydrogenated to epoxycyclo
ecane (ECDA)[16–18] (Scheme 2). The isomeryzation o
CDA [19] leads to CDON under the catalytic influence
The epoxidation of CDT with TBHP was carried out un
ressure-less conditions in the apparatus shown inFig. 1.

The three-neck flask (1) with 25 cm3 capacity, equippe
ith a reflux condenser (2), a dropping funnel (3), a t
ometer (4), and a mechanical stirrer (5) was charged
eighed amount of CDT and catalyst (Mo(CO)6). Weighed
mount of TBHP was placed in the dropping funnel. The fl
as immersed in ultrathermostat (6) with a determined
erature. After reaching a desired temperature, TBHP
dded dropwise. The rate of TBHP dropping was adjust
uch a way that the temperature variations were not too
maximum±3◦C). After completing reaction, the mixtu
as rapidly cooled to ambient temperature in order to sto

eaction. The product was analyzed, and a mass balanc
erformed. The concentration of TBHP, CDT, and ECDD

he product was determined chromatographically. The T
oncentration was additionally determined by an iodom
ethod[22]. For each experiment the following magnitu
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Fig. 1. Apparatus for epoxidation of CDT: (1) three-neck flask, 50 cm3 ca-
pacity; (2) reflux condenser; (3) dropping funnel 20 cm3 capacity; (4) ther-
mometer; (5) mechanical stirrer; (6) ultrathermostate.

were calculated: the degree of conversion of TBHP and CDT,
the selectivity of transformation to ECDD in relation to con-
sumed TBHP and CDT, the ECDD yield in relation to TBHP
and CDT introduced into reactor.

2.3. Analytical method

The chromatographic analyses were carried out on a
Trace GC 2000 apparatus (Thermo-Finigan) with a flame-
ionization detector (FID), equipped with a computer sys-
tem sample collection and data handling Chrom-Card for
Trace GC. The following conditions of determinations
were used: a capillary column of J&W Scientific firm,
30 m× 0.25 mm× 0.25�m; a detector temperature 250◦C,
a sample chamber temperature of 200◦C. The analysis
were performed using a programmed temperature gradient:
2.5 min isothermally, at temperature of 50◦C, temperature
increase to 250◦C at the rate of 20◦C/min; 2.5 min isother-
mally at temperature 250◦C. The most favourable conditions
of separation of determined compounds were achieved with a
simultaneous application of a programmed increase of carrier
gas (helium) pressure: 75 kPa (start); increase of pressure to
140 kPa at the rate of 5 kPa/min, 140 kPa isobaric for 2 min.
The flow rates of gases were the following: air 350 cm3/min,
hydrogen 35 cm3/min.
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wherefi is the correction coefficient of determined compo-
nent,Ai peak area of determined component,Aw the peak
area of standard added to a sample,mw the mass of standard
added to a sample, andmpr is the mass of analyzed sample.

3. Results and discussion

The investigation of CDT epoxidation with the use of
commercially available solutions of TBHP were carried out
at temperature of 70, 90 and 110◦C, at the molar ratio of
CDT to TBHP of 3:1, catalyst concentration (Mo(CO)6 of
0.5 mmol/dm3 for 120 min.

During the epoxidation with a TBHP solution in TBP
(Table 1) with an increase of the temperature from 70 to
90◦C causes an increase in the ECDD yield both in relation
to introduced CDT as well as TBHP, respectively, from 7.1
to 23.8 mol% and from 24.2 to 73.8 mol%. A further increase
of temperature to 110◦C does not cause a significant change
of ECDD yield. An increase in the conversion degree of both
CDT and TBHP is accompanied by a non-effective decom-
position of TBHP totert-butyl alcohol (TBA) and oxygen
and probably by the oligomerization or polymerization of
CDT. This is confirmed by a significant decrease of the se-
lectivity of transformation to ECDD both in relation to con-
s 5.2
t
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The assignment of peaks of particular components
onfirmed by comparison with standard compounds.

The quantative determinations of the post-reaction
ures were performed by an internal standard method u
odecane. A percentage content of determined comp
as calculated from equation:

masi = fi

Ai

Aw

mw

mpr
× 100
umed CDT (from 94.1 to 69.6 mol%) and TBHP (from 8
o 77.4 mol%) at a change of temperature from 90 to 110◦C.

Due to the possibility of an explosive decomposition
BP, especially during the separation of ECCD by a dist

ion method its decomposition is necessary. The decom
ion of TBP is associated with the use of chemical reduc
gents. For this reason a TBHP solution in TBP is only u
n a small scale epoxidation process.

A similar tendency of the variations of the magnitu
escribing the CDT epoxidation is observed during the
lication of TBHP solution in isooctane (Table 2). However

he process proceeds considerably intensive.
At a lowest studied temperature 70◦C the ECDD yield

oth in relation to TBHP and CDT introduced is about th
old higher than in the TBP medium. The higher value
eactants conversions, selectivities, and as a result the
ere also achieved at higher temperatures. The proces

able 1
esults of CDT epoxidation by 3 M solution of TBHP in TBP

Temperature (◦C)

70 90 110

Molar ratio CDT/TBHP (mol/mol) 3:1 3:1 3:1
Catalyst Mo(CO)6 concentration (mmol/dm3) 0.5 0.5 0.5
Reaction time (h) 2 2 2
TBHP conversion (mol%) 37.2 86.7 96.3
ECDD selectivity/TBHP (mol%) 64.9 85.2 77.4
ECDD yield/TBHP (mol%) 24.1 73.9 74.5
CDT conversion (mol%) 23.5 25.3 34.6
ECDD selectivity/CDT (mol%) 30.4 94.1 69.6
ECDD yield/CDT (mol%) 7.1 23.8 24.1
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Table 2
Results of CDT epoxidation by 3 M solution of TBHP in isooctane

Temperature (◦C)

70 90 110

Molar ratio CDT/TBHP (mol/mol) 3:1 3:1 3:1
Catalyst Mo(CO)6 concentration (mmol/dm3) 0.5 0.5 0.5
Reaction time (h) 2 2 2
TBHP conversion (mol%) 95.7 99.8 99.8
ECDD selectivity/TBHP (mol%) 87.0 95.5 92.5
ECDD yield/TBHP (mol%) 83.3 95.3 93.3
CDT conversion (mol%) 44.8 31.1 30.8
ECDD selectivity/CDT (mol%) 50.7 99.6 99.1
ECDD yield/CDT (mol%) 22.7 31.0 30.5

ceeds the most effectively in the direction of ECDD at a tem-
perature range of 90–110◦C.

The conversions of CDT and TBHP amount on an average
31.0 and 99.8 mol%, respectively. The selectivity of transfor-
mation to ECDD in relation to CDT in practice amounts to
100 mol%, and in relation to TBHP about 95 mol%. This in-
dicates that the by-products associated with consumed CDT
are not formed in the process. The only by-product is TBA.
It is formed first of all as a co-product of the epoxidation
reaction by means of TBHP. TBA is also formed in a minor
amount as a result of thermal and catalytic decomposition of
TBHP.

The application of this epoxidizing agent (TBHP solution
in isooctane) creates the possibilities of achievement of al-
most 100% conversion of TBHP at temperature of 90◦C. This
fact significantly simplifies the separation of ECDD without
the necessity to decompose TBHP. The process is also a rela-
tively safe (without the application of additional protections).

The epoxidation of CDT by 3 M solutions of TBHP in
decane (Table 3) and in nonane (Table 4) proceed less effec-
tively. In both cases the highest conversions of raw materi-
als occur at temperature of 110◦C and they are shaping on
a level of 66 mol% in the case of TBHP and 22 mol% for
CDT. At temperatures below 110◦C they are achieve respec-
tively lower values, with the maintenance of similarities in
b cess
i trans-
f ch
t ences

T
R

Table 4
Results of CDT epoxidation by 5.5 M solution of TBHP in nonane

Temperature (◦C)

70 90 110

Molar ratio CDT/TBHP (mol/mol) 3:1 3:1 3:1
Catalyst Mo(CO)6 concentration (mmol/dm3) 0.5 0.5 0.5
Reaction time (h) 2 2 2
TBHP conversion (mol%) 16.9 35.7 68.3
ECDD selectivity/TBHP (mol%) 25.4 42.4 70.4
ECDD yield/TBHP (mol%) 4.3 15.1 48.1
CDT conversion (mol%) 16.3 17.5 22.6
ECDD selectivity/CDT (mol%) 11.7 31.4 71.4
ECDD yield/CDT (mol%) 1.9 5.5 16.1

in the selectivities related respectively to TBHP and CDT are
small.

The studies demonstrate a considerable influence of the
solvent on the CDT epoxidation (Figs. 2 and 3). At each
temperature the highest degree of TBHP conversion and se-
lectivities of transformations to ECDD in relation to TBHP
were achieved in isooctane. Considerable poorer results were
obtained in the case of application of decane and nonane.

Above a temperature of 90◦C the differences in the
courses of the process decrease in the group of solvents: de-
cane and nonane and isooctane and TBP. The degrees of con-
versions and the selectivities of transformation achieve the
similar values. At the temperature of 110◦C in the presence

F n the
T

Fig. 3. The influence of temperature and the nature of the solvent on the
selectivity of transformation to ECDD in relation to TBHP.
oth solvents. The similarities in the courses of the pro
n nonane and decane also concern the selectivities of
ormation to ECDD in relation to TBHP and CDT. At ea
emperature in the presence of these solvents, the differ

able 3
esults of CDT epoxidation by 5.5 M solution of TBHP in decane

Temperature (◦C)

70 90 110

Molar ratio CDT/TBHP (mol/mol) 3:1 3:1 3:1
Catalyst Mo(CO)6 concentration (mmol/dm3) 0.5 0.5 0.5
Reaction time (h) 2 2 2
TBHP conversion (mol%) 31.7 44.4 64.4
ECDD selectivity/TBHP (mol%) 18.1 39.1 58.0
ECDD yield/TBHP (mol%) 5.7 17.4 37.3
CDT conversion (mol%) 12.2 17.7 20.4
ECDD selectivity/CDT (mol%) 14.9 32.6 61.8
ECDD yield/CDT (mol%) 1.8 5.8 12.6
ig. 2. The influence of temperature and the nature of the solvent o
BHP conversion.



G. Lewandowski et al. / Journal of Hazardous Materials A120 (2005) 45–50 49

of TBP a significant increase of the degree of TBHP conver-
sion takes place to a level comparable to that for isooctane.
However, the selectivity of transformation both in relation to
TBHP and CDT decreases simultaneously.

All the mechanisms of the epoxidation by hydroperox-
ides[23,24] in the presence of homogeneous molybdenum
catalyst assume the formation of complexes of molybde-
num with different ligands. The original and those occur-
ring during the reaction as well as the nature of the origi-
nal catalyst were decisive as far as the course of the process
is concern. Molybdenum hexacarbonyl Mo(CO)6 is in this
situation a particular catalyst in which the CO groups can
be exchanged by the molecules of hydroperoxide, alcohol
or other ligand. However, none of the mechanisms of the
epoxidation in the presence of Mo(CO)6 take into consider-
ation the influence of the solvent. Whereas the elaborations
[25] allowing the possibility of the formation of triple com-
plex: Mo(CO)6−(n+1)/olefinn/ROOH, wheren= 1, 2 or a dou-
ble complex: Mo(CO)6/ROOH, Mo(CO)6/olefine are known
[26,27].

The structure of such a type of complexes was con-
firmed by independent spectroscopic studies for separately
obtained Mo(CO)6−nLn (L—ligands: pyridine, benzene,
toluene, phenylphosphine) and the products of their reactions
with TBHP and simple olefin[28].
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Table 5
The influence of catalyst concentration (mmol/dm3) on the results of ECDD
synthesis

Solvent

Isooctane Nonane

0.1 0.5 1.0 0.1 0.5 1.0

Temperature (◦C) 90 90 90 90 90 90
Molar ratio CDT/TBHP (mol/mol) 3:1 3:1 3:1 3:1 3:1 3:1
Reaction time (h) 2 2 2 2 2 2
T1BHP conversion (mol%) 66.0 99.8 99.8 31.0 35.7 36.5
ECDD selectivity/TBHP (mol%) 82.1 95.5 97.7 46.9 42.4 69.1
ECDD yield/TBHP (mol%) 54.2 95.3 97.5 14.6 15.1 25.2
CDT conversion (mol%) 19.9 31.1 31.2 10.7 17.5 11.3
ECDD selectivity/CDT (mol%) 91.6 99.6 100.0 45.5 31.4 74.8
ECDD yield/CDT (mol%) 18.3 31.0 31.2 4.9 5.5 8.4

level independently on the catalyst concentration. However,
an increase of catalyst concentration to 1 mmol/dm3 enhances
the selectivity of transformation to ECDD both in relation
to TBHP and CDT. Consequences of this are higher yields
ECDD.

Prolongation of the reaction time over 120 min does not
cause an increase of the process indicators in the presence
of isooctane or TBP. For TBHP in decane and nonane, a
prolongation of the reaction time causes a linear increase of
the degree of TBHP conversion.

4. Conclusions

The epoxidation of cis,trans,trans-1,5,9-cyclododec-
atriene to trans-1,2-epoxy-cis,trans-5,9-cyclododecadiene
with the use of commercial solution oftert-butyl hydroper-
oxide proceeds better using a 3 M solution of TBHP in isooc-
tane. At 90–110◦C, with a molar ratio of CDT:TBHP = 3:1,
a catalyst concentration of 0.5 mmol/dm3, and after 2 h
of the reaction time ECDD was obtained in the yield of
90–95 mol%. An increase of catalyst (Mo(CO)6) concentra-
tion to 1 mmol/dm3, as well as a prolongation of reaction
time to 3 h have not a substantial influence on the course of
the process.
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Hence, the formation of complexes by Mo(CO)6 with the
olvents (isooctane, TBP, nonane, and decane) used
ork is also probable. The observed differences in rea

ty of TBHP result most probably from a different stabil
f the catalyst–solvent complexes, as well as those wit
ontribution of olefine and TBHP. In the case of structur
xtended molecules of solvents (isooctane, TBP), these
lexes are less stable than those formed with linear hydr
ons (decane, nonane).

This reasoning finds the confirmation in the obtained
erimental results. In the medium of decane and nonane
n increase of epoxidation temperature, especially from

o 110◦C, a significant increase of the conversion and
ectivity take place. This may reveal to a gradual decom
ition of nonactive catalyst–solvent complexes and the
ation of catalytically active complexes of the type c

yst/olefin/TBHP or similar to them.
The effect of catalyst concentration (Table 5) for the solu-

ions: TBHP in isooctane and nonane was also investig
he studies were carried out at the temperature of 90◦C, at the
olar ratio of CDT:TBHP = 3:1 for the reaction time 120 m

n the environment of isooctane, an increase in catalyst
entration from 0.1 to 0.5 mmol/dm3 causes a significant i
rease of all the indicators of epoxidation. The convers
f TBHP and CDT and the selectivity of transformation
elation to TBHP and CDT achieve a maximum value
alues close to them. Therefore, a further increase of the
lyst concentration to 1 mmol/dm3 is not purposeful since
oes not influence on the result of ECDD synthesis.

In the environment of nonane such beneficial results
ot obtained. The conversions of TBHP and CDT are the s
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