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Oligomerization of cyclohexene oxide was studied in the presence of two competitive nucleophiles (methanol and 
acetic acid). The resulting oligomers, 2-methoxyl-2'-hydroxyl-dicyclohexyl ether (II) and 2-acetoxyl-2'- 
hydroxyl-dicyclohexyl ether (IV), were isolated and spectroscopically characterized. The formulation of these 
oligomers were evaluated as a function of the reactant molar ration, pH, and temperature. The reaction rate 
constants, and Arrhenius parameters for the formation of the oligomers were determined over a pH range of 4 to 7. 
The reaction rates for the formation of the oligomers exhibited a second order dependence on the concentration of 
cyclohexene oxide, and first order dependence on the nucleophile and proton concentration, respectively. The 
major reaction pathway proposed for the formation of the cyclohexene oxide oligomers was via an activated chain 
end complex. ]he propagation of the activated chain end complex was then terminated by nucleophile attack 
(methanol or acetic acid)• © 1998 Published by Elsevier Science Ltd. All rights reserved• 

( K e y w o r d s :  cyclohexene oxide; oligomerization; eycioaliphatic epoxides) 

Introduction 

Cycloaliphatic epoxides and phenyl glycidyl ethers are 
the two major types of epoxy resins utilized in the coatings 
industry. Cycloaliphatic epoxides are characterized by 
inherently low levels of ionic impurities, low resin viscosity, 
and high reactivity especially under cationically catalysed 
conditions I. Upon crosslinking, cycloaliphatic epoxides 
display several advantages over the phenyl glycidyl 
ethers. These advantages are excellent chemical resistance, 
photostability, and electrical and mechanical properties 2. 
Because of these characteristics, cycioaliphatic epoxides 
have been extensively used as binders for cationic 
ultraviolet (u.v.) light cured overprint varnishes, inks, non- 
metal substrate (wood, paper, and plastic) coatings, and 
electrical/electronic coatings. Typically, difunctional 
cycloaliphatic epoxides such as 3,4-epoxycyclohexyl- 
methyl-3',4'-epoxycyclohexane carboxylate have been 
used to crosslink with polyols (especially e-caprolactone 
derived polyols). These reactions are generally catalysed by 
photolytically generated super acids which protonate the 
cycloaliphatic epoxide to form an activated monomer 
(AM) 3-5. 

The reaction kinetics and mechanisms of phenyl glycidyl 
ethers have been studied extensively 6'7. Typically, P7henyl 
glycidyl ethers exhibit two major modes of reactivity . The 
first is cross linking or curing reactions with reactive amine, 
hydroxyl or carboxyl groups. The second is the homo- 
polymerization of the epoxy group. The homopolymeriza- 
tion can lead either to formation of low molecular weight 
oligomers or to formation of high molecular weight 
polymers, depending on the catalyst, temperature, and 

v.8 
stoichiometry ' . The relative extent of the homopolymer- 
ization versus the crosslinking reactions strongly affect the 
network structures, morphology, and ultimately the per- 
formance of the cross linked product(s) 7. The mechanism of 
the homopolymerization of phenyl glycidyl ethers has been 
studied 9-'1, and is generally initiated by tertiary amines. 

* To  w h o m  cor respondence  shou ld  be addressed  

The initial step in the homopolymerization is the formation 
of a tertiary amine-epoxide zwitterion. The zwitterion (the 
negatively charged oxygen) then attacks another epoxy ring 
to form an oligomer via an anionic step growth mechanism. 
if there are no other competing reactions, the homopoly- 
merization of the phenyl glycidyi ethers can repeat until all 
the epoxy groups are consumed. 

In comparison with phenyl glycidyl ethers, very few 
kinetic and mechanistic studies have been performed on 
the reactions of cycloaliphatic epoxides toward hydroxyl 
or carboxyl functional compounds under conventional 
catalytic conditions. The reaction mechanisms of homo- 
polymerization for cycloaliphatic epoxides also have not 

• 1.';' . . - been well estabhshed '% The overall objecuve of our studies 
is to develop cycloaliphatic diepoxides as crosslinkers for 
waterborne acrylic coatings as previously reported ~2. This 
study focuses on the oligomerization of cycloaliphatic 
epoxides in a competitive reaction system using cyclo- 
hexene oxide (CE) in the presence of methanol (MeOH) and 
acetic acid (HOAc) as model compounds• 

Experimental 

Cyclohexene oxide (98%), methanol (99.9%), acetic acid 
(99.8%), triethylamine (TEA) (99.9%) and dichioroethane 
(DCE) (99.9%) were purchased from Aldrich Chemical Co. 
and were purified by distillation. Ethyl acetate (HPLC 
grade), hexanes (HPLC grade), diethyl ether (HPLC grade), 
sodium bicarbonate (GR), silica gel (Grade 922, mesh 200) 
and TLC (glass backed silica gel, 60,~) were purchased 
from Curtin Matheson Scientific (CMS) and used as 
received. 

A JEOL GSXFT 270 MHZ was used to record IH nuclear 
magnetic resonance (n.m.r.) and I-~C n.m.r, spectra for the 
products. IH n.m.r, and 13C n.m.r, spectra were obtained in 
CDC13 with chemical shifts (6) referenced to tetramethylsi- 
lane and CDCI3, respectively. A 2020 GALAXY Series 
Fourier transform infra-red (FTi.r.) Spectrometer was used 
to record the i.r. spectra by directly coating the liquid 
sample onto KBr crystals• A Hewlett Packard (HP) 588A 
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gas chromatographic (GC)-mass spectrometer was used to 
record mass spectra using 70eV electron ionization. 
Elemental analysis was performed by Galbralth Labora- 
tories, Inc. A HP 5890 Series II (GC) equipped with a FID 
Detector, HP 3396 Series II integrator, and an intermediate 
polar capillary column (DB 17, 30 M × 0.53 mm ID. J&W 
Scientific) was used to analyse and record quantitative 
results of the reactions. The separation conditions have been 
reported previously ~°. The pH values of the reaction 
solutions were measured directly using a Coming pH 
Meter 320. The temperature of the reactions was controlled 
using a constant temperature water bath MD20 LAUDA 
( _+ O.]°C). 

The preparation of oligomers, 2-methoxy-2'-hydroxy 
dicyclohexyl ether (II) and 2-acetoxy-2'-hydroxy dicyclo- 
hexyl ether (IV), and the corresponding spectroscopic data 
of the oligomers have also been reported previously 12. 
Compositions for the study of the molar ratio effect of the 
reactants on the product formation and distribution were 
varied from 1/2/2 to 6/2/2 of cyclohexene oxide/methanol/ 
acetic acid in dichloroethane. Compositions for the reaction 
pathway studies for the formation of products II and IV 
consisted of 1 M of cyclohexene oxide with different 
concentrations (0.0 M, 0.1 M, 0.2 M) of trans-2-methoxyl 
cyclohexenol and trans-2-acetoxyl cyclohexenol with or 
without addition of 0.2 M of methanol and acetic acid, 
respectively. The compositions for the pH effect on the 
formation of products II and IV consisted of 2 M, 1 M and 
1 M of cyclohexene oxide, methanol and acetic acid, 
respectively. The pH of the reaction media was varied by 
the addition of triethylamine. The reactions were performed 
at three temperatures 25°C, 35°C and 45°C to obtain the 
Arrhenius parameters l~. 

The reagents (except cyclohexene oxide) were added to 
dichloroethane in a 50 ml flask equipped with a magnetic 
stirrer and septum. The total volume of the reactions was 
10 ml. The reaction mixtures were allowed to equilibrate at 
a constant temperature (-5 min), and then cyclohexene 
oxide was transferred to the reaction flask using a syringe. 
All the reactions were performed in closed systems under 
nitrogen. At a desired time interval of the reaction, an 
aliquot of the reaction mixture was extracted and analyed by 
using GC as previously described l°'13. 

Results and discussion 

Reactions of cyclohexene oxide with methanol and acetic 
acid gave four major products: trans-2-methoxyl cyclo- 
hexanol (I), 2-methoxy-2'-hydroxy dicyclohexyl ether (II), 
trans-2acetoxyl cyclohexanol (III) and 2-acetoxy-2'- 
hydroxy dicyclohexyl ether (IV). The structural character- 
izations of these products, I, II, III and IV, have been 
discussed in our previous studies 12. The reaction for the 
formation of these products is illustrated in equation (1). 

,o, 

I I I  Eli IV 

The reactions also gave rise to the corresponding tertiary 
ether product (2'-methoxy-2"-hydroxy tricyclohexyi-l,2- 
diether) and tertiary ester product (2'-acetoxy-2"-hydroxy 
tricyclohexyl-l,2-diether). However, the yields of these 
tertiary products were very low (0.2 0.5%, based on the GC 
analysis). Therefore, these tertiary products were not 
pursued in this investigation. 

a, C > +  
" OH 

(AM) 

C 6.+ Cz  uo. 
I, III II, IV 

c) OH + - 

(ACE) 

d) + Nu " 

II, IV 

Nu = CH3OH , OAc" 
Scheme 1 Possible reaction pathways for the formation of secondary 
Products II and IV 

There were two possible competitive reaction pathways 
for the formation of the secondary products (II, IV) as 
shown in Scheme 17,14. The first steps of the reaction 
pathways were the protonation of cyclohexene oxide, which 
has been addressed in detail previously ~2. One of the 
reaction pathways may occur via nucleophilic attack on the 
protonated cyclohexene oxide or the 'activated monomer' 
(AM) complex 5 by the primary products I or III (see 
1 lb). The other reaction pathway is the cyclohexene oxide 

attacking the AM, producing an extended cyclohexyl chain 
with an activated chain end (ACE) as shown in Scheme lc 5. 
The ACE of the extended cyclohexyl chain subsequently 
can be either terminated by methanol or acetic acid (see 
1 ld) or chain extended by addition of another cyclohexene 

oxide ring. The relative reactions of the ACE with the three 
nucleophiles are dependent on the relative nucleophilicity 
and the stoichiometry. For example, excess of cyclohexene 
oxide promotes oligomerization, whereas excess of the 
stronger nucleophiles effectively suppress the formation of 
oligomers. 

In order to elucidate the most likely reaction pathway for 
the formation of the oligomers (the secondary products II, 
IV), cyclohexene oxide was allowed to react with different 
concentrations of each of the primary products I and III, 
respectively. Figure 1 shows the formation of product II as 
a function of [I]. An increase in the concentration of I in 
0.2 M increments resulted in a slight increase in the 
concentration of I I  ( - 1 0  -3 M) .  In contrast, the addition of 
methanol (0.2 M) greatly enhanced the formation of II. 
Thus, the reaction pathway via the attack on cyclohexene 
oxide by primary product I did not substantially contribute 
to the formation of II (see Scheme lb). The major reaction 
pathway for the formation of II was the oligomerization of 
cyclohexene oxide which was terminated by the attack of 
the nucleophile methanol (See Scheme lc and d). 

Figure 2 shows the variation of product concentration of 
IV as a function of [III]. Similar to II, the addition of 
primary product III to the reaction mixture did not appear to 
significantly increase the formation of IV. A two-fold 
increase in the concentration of III (0.2 M) resulted in a 
minimal increase in the concentration of IV. From this 
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F igure  l Formation of  II as a function of  trans-2-methoxyl cyclohexanol  
(I): ( , ) ,  addition of 0.2 M methanol; (11), addition of 0.4 M product I; (A), 
addition of  0.2 M Product I 
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F igure  2 Formation of  IV as a function of  trans-2-acetoxyl cyclohexanol  
(III): (U), addition ofO.4 M product III; ( ' ) ,  addition ofO.2 M product III; 
(A), without wddition 

result, it can be surmised that the reaction pathway did not 
proceed through attack by primary product III, as shown in 
1 lb. This can be attributed to the steric hindrance of the 

regenerated hydroxyl groups on the cyclohexyl ring 
(secondary alcohols) 15. Thus, the major reaction pathway 
for both II and IV proceeds via the oligomerization of 
cyclohexene oxide and subsequent termination by a 
nucleophile (methanol, or acetate anion). 

The relative product formation was affected by the 
stoichiometry of the reactants. The relative concentrations 
of products I, If, l l I  and IV, as functions of the molar ratios 
of the reactants, are summarized in Table 1. The formation 
of products II and IV significantly increased as the molar 
ratio of  cyclohexene oxide was increased. This is consistent 
with the proposed reaction pathways for the formation of II 
and IV in which the reaction rates showed a high order 
dependence on the concentration of cyclohexene oxide for 

Table  1 Relative concentration of  each of  the products in the reaction 
system at pH 2.02 after 42 h 

Molar ratio I (%) II (%) llI  (%) IV (%) 
[CE]/[MeOHI/[HOAc] 

1/2/2 60.99 3.78 3 t .42 3.8 I 
4/2/2 40.31 6.64 23.62 25.30 
6/2/2 29.21 14.44 18.64 37.71 
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F igure  3 Formation of  secondary ether products (II) as a function of  pH 
and reaction time at 35°C: (A), at pH 2.03; (11), at pH 4.55; (V), at pH 6,16; 
(O), at pH 7.35 
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Figure  4 Formation of" secondary ester products (IV) as a function of pH 
and reaction time at 35°C: (A), at pH 2.03; (11), at pH 4.55: (V), at pH 6.16; 
(O), at pH 7.35 

II and IV. In comparison with II, the greater percentage for 
the formation of IV can be attributable to the greater 
nucleophilicity of the acetate anion Ls. In addition, the 
formation of II and IV was also strongly affected by the 
acidity of the reaction media. Figures 3 and 4 show the pH 
effects on the formation of II and IV. The concentration of 
both products increased as the pH decreased from 6.16 to 
2.03. Furthermore, no appreciable amount of III and IV was 
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Table 2 Summary of Arrhenius Parameters for II and IV 

Product II IV 

kob~ (at pH 4.4-7.3) 

Ea (kJ tool -I) 

Frequency factor (13tool 3 x rain) 

2.1 _+ 0.9 X 10 7,45oc 

8.0 _+ 0.6 x 10 ~, 35°C 

1.9 -+ 0.8 × 10 -8. 25°C 

95_+9 

1.0 + 0.4 × 10 9 

8.4 _+ 1.3 × 10 -7. 45°C 

3.1 _+ 0.8 × 10 -v, 35°C 

1.1 _+ 0.5 × 10 7, 25oc 

80_+6 

1.1 _+ 0.2 × 10 7 

observed at pH higher than 6.16. These results suggest that 
the reactions for the formation of both lI and IV are acid- 
catalysed. 

It has been shown that the rate of  the formation of II and 
IV is dependent on the concentration of cyclohexene oxide, 
methanol, acetic acid, and pH 13. The corresponding reaction 
orders were determined by varying the concentration of one 
component, while keeping the concentrations of the other 
components in large excess. From the data, the reaction 
rates for the formation of II and IV were observed to be 
second order in cyclohexene oxide concentration, and first 
order in the nucleophile and acid concentration. The 
corresponding rate equations for the formation of the 
products can be expressed as follows: 

d[II] 
dt --kob~,n × [CE] 2 X [MeOH] × [H +] (2) 

d[IV] kobs IV = . × [CE] 2 × [HOAc] (3) 

The observed rate constants for the formations of the 
products were obtained from the intercepts by plotting the 
logarithm of the formation rate as a function of the 
logarithm of the acid concentration. The activation energies 
and Arrhenius frequency factors were obtained as 

1_9_ previously reported , and the results are summarized in 
Table 2. The rate constants for IV, at all the three 
temperatures, are much greater than that for II, and the 
corresponding activation energy is also lower than that for 
II (see Table 2). These results further reiterate that the 
acetate anion is a better nucleophile than methanol under 
the reaction conditions studied. 

Conclusion 

The reaction of cyclohexene oxide with methanol and 
acetic acid provided a mechanistic insight to the oligomer- 
ization of cyclohexene oxide. The formation of the oligomer 
products II and IV were strongly dependent on the 
stoichiometry of the reactants and the pH of the media. 
High relative concentrations of cyclohexene oxide and low 
pH favoured the formation of the model oligomer products. 
The major reaction pathways for the formation of these 
products were the chain extension of cyclohexene oxide 
with activated chain ends, which were subsequently 

terminated by a nucleophile (methanol or acetic acid). The 
kinetic data and the Arrhenius parameters indicate that 
acetic acid in the form of the acetate anion terminates the 
oligomerization reaction more efficiently than methanol. 
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