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Abstract 
The kinetic regularities were investigated and the mechanism of the 
combined reaction of liquid-phase hydroxybromination of methylcyclopen-
tene isomers with a mixture of H2O2 + HBr was proposed. It was found that 
the interaction of hydrogen peroxide and hydrobromic acid in the first stage 
of the reaction, results in the formation of an unstable complex with an 
electrophilic oxygen atom. The attack of the substrate molecule by this 
complex promotes the formation of an oxirane intermediate, the opening of 
which leads to the corresponding isomers of hydroxybromomethylcyclo-
pentane. An increase in the stirring rate of the reaction mass from 100 to 700 
rpm, removes the influence of all diffusion inhibitions, and as a result, the 
transition of the active oxybromide complex from the aqueous to the organic 
phase and the attackof the multiple bond of the substrate by it facilitated. 
This has a positive effect on the selectivity and yield of the target reaction 
products. The attachment of the fragment with electrophilic oxygen and the 
anion to the double bond of the substrate is controlled by the position of the 
methyl group and the structural-conformational orientation of the attacking 
particles. The obtained kinetic model of inductive hydroxybromination of 
methylcyclopentene isomers with a mixture of hydrogen peroxide and 
hydrobromic acid can be used for mathematical modelling and optimization 
of the process, as well as in studying the kinetic regularities of other multi-
route oxidative processes. The synthesized isomers of bromomethylcyclo-
pentanol can be used as intermediates for the preparation of epoxides and 
aminoalcohols of the corresponding structure 

Keywords: methylcyclopentene isomers, hydrogen peroxide, hydrobromic acid, 
bromomethylcyclopentanols, kinetic regularities, kinetic model, stepwise scheme 

The functionalization of unsaturated hydrocarbons, especially cycloolefins, by introducing 
various heteroatoms into their composition remains relevant in modern petrochemical and 
organic synthesis. The functional compounds synthesized in this case, in particular, epoxides, 
diols, amino alcohols and their derivatives, are of independent importance or are valuable 
intermediates in the production of pharmaceuticals, biologically active preparations, aromatic 
compounds, etc. Recently, more and more attention has been paid to the oxidative transformation 
of unsaturated hydrocarbons with the participation of hydrogen peroxide and various compounds 
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of molybdenum, tungsten under conditions of phase transfer catalysis. The disadvantages of this 
method are the difficulty of isolating the catalysts and the used phase transfer agents. 

We have previously reported on the hydroxyhalogenation of mono- and bicyclic 
unsaturated hydrocarbons under the conditions of combined reactions involving a mixture of 
H2O2 + HX (X = Cl, Br) [5,6]. In this case, the synthesized hydroxyhalides were further used by 
us to obtain the corresponding N-substituted amino alcohols [7-11]. 

The aim of this work is to study the kinetic regularities of the combined reaction of 
hydroxybromination of individual methylcyclopentene isomers (1- and 3-MCPE) and to develop 
a kinetic model of a multi-route process. 

Experimental Part 
Individual 1- and 3-MCPE were obtained according to the well-known method [12] by 

isomerization of cyclohexene in a flow-through system over γ-Al2O3 at 320-370 °C and by clear 
distillation of the reaction product. Physico-chemical behaviour of each isomer correspond to the 
literature data. 

Hydroxybromination of methylcyclopentene isomers was carried out in a thermostated 
glass reactor with a volume of 50 ml according to a previously developed technique. 0.15-0.20 
mol of 6-8% HBr solution and 0.1 mol of cycloolefin in toluene solution were charged into the 
reactor at a temperature of 20-30 ° C. With fast stirring (450-650 rpm) 0.2-0.25 mol of a 26-30% 
aqueous solution of H2O2 was added into the reactor (feed rate 10 ml / h). 

The progress of the reaction was monitored by the method of calibration curves using GLC 
analysis. 

Efficient separation of reaction products was achieved on a Tsvet-100 chromatograph with 
a thermal conductivity detector, carrier gas-helium, a 1000 x 2mm column with an apiezon-L 
stationary phase deposited on Chromaton N-AW-HMDS (15 wt%). IR spectra were recorded on 
an Alpha FT-IR spectrometer in the range of 400-4000 cm

-1
.  

Results and Discussions 
The reaction products are mainly the corresponding hydroxybromides, oxiranes and vicinal 

diols. In some experiments, methylcyclopentene dibromides were also identified.The low content 
of these compounds in the composition of the reaction products did not allow a clear quantitative 
determination of them; therefore, these reaction products were not taken into account when 
calculating the kinetic constants for individual routes. 

The reaction of hydroxybromination of MCPE isomers proceeded in a heterophase system. 
At the initial stage of the reaction, H2O2 at a temperature of 20-40 °C in the aqueous phase 
interacted directly with hydrobromic acid and polarized to form an active intermediate (Аi) 
containing electrophilic oxygen according to scheme (1). 

 
Scheme 1 
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Isomers of MCPE practically do not dissolve in the aqueous phase, the addition of the 

formed active intermediate to the double bond of the substrate occurs in the section between the 

aqueous and organic phases at a very low rate. An increase in the mixing rate of the reaction 

mixture (Fig. 1) removes the influence of all diffusion factors. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

With strong stirring (450-650 rpm), the intermediate formed in the aqueous phase easily 

passes into the organic phase and the conversion of the cycloolefin increases significantly. 

Stirring the mixture in the range of 700-800 rpm does not affect the MCPE conversion, which 

indicates the absence of diffusion inhibition under the above conditions. Subsequently, kinetic 

studies were carried out at a stirring speed of the reaction mixture of 650-700 rpm. 

The attachment of the fragment with electrophilic oxygen and the anion to the double 

bond of the substrate is carried out according to the scheme (2) and is controlled by the position 

of the methyl group and the structural-conformational orientation of the attacking particles [1]. 

 

Scheme 2 
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Fig. 1. The dependence of the conversion of 1-methylcyclopentene on the stirring rate 

            reaction mixture at 50 ° C (molar ratio  1-MCPE: H2O2: HBr = 1: 1.5: 1.2) 
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The ratio of isomers A and B in the case of hydroxybromination of 1-MCPE changes as 
80-85: 20-15, and in the case of 3-MCPE, this ratio does not differ significantly (A: B = 55-58: 
45: 42). Since the formation of an intermediate with electrophilic oxygen according to scheme 
(1) is a reversible process, and its attachment to a multiple bond of the substrate is irreversible, a 
stable concentration of the intermediate in the system is achieved with a small excess of 
hydrogen peroxide to HBr (1.5-2: 1). 

The kinetic regularities of the reaction were studied using 1-MCPE as an example with a 
change in the initial concentrations of cycloolefin, hydrogen peroxide and hydrobromic acid. At 
a constant concentration of the remaining components, the accumulation of 
methylcyclopentanehydroxybromide increases linearly. The speed of hydroxybromination of 1-
MCPE (r MCPE) is determined by the formula. 

r MCPE= 
     

       
 

 
=

     
       

 
 

To determine the formal orders of the reaction due to the starting compounds, special 
experiments were carried out in a wide range of their variation (Tab. 1). 

Table 1. Observed rate of conversion of the starting components and accumulation of key 
substances in the reaction of hydroxybromination with 1-MCPE with hydrobromic 
acid and hydrogen peroxide at different temperatures 

С°.mol/ l 

 , hour 
i .mol/l hour  

1-MCPE 
(C1) 

H2O2 

(C2) 
HBr 
(C3) 

1-MCPE 

-1 

H2O2 

-2 

HBr 

-3 

HBM 

4 

EMCP 

5 

MCPD 

6 

Temperature –30°С 

1.0 1.0 1.0 1.5 0.3 0.387 0.347 0.28 - 0.02 

1.0 1.0 1.2 2.0 0.29 0.325 0.32 0.265 - 0.02 

1.0 1.0 1.5 2.5 0.272 0.312 0.348 0.248 - 0.02 

1.0 1.0 1.5 3.0 0.237 0.28 0.293 0.217 - 0.02 

Temperature –40°С 

1.0 1.5 1.0 2.0 0.315 0.40 0.335 0.29 - 0.02 

1.0 1.8 1.2 3.0 0.25 0.267 0.283 0.23 - 0.017 

1.0 2.0 1.4 4.0 0.20 0.275 0.275 0.18 0.0075 0.0125 

1.0 2.2 1.4 5.0 0.164 0.11 0.23 0.148 0.007 0.01 

Temperature –50°С 

1.0 2.0 1.2 4.0 0.195 0.447 0.225 0.175 – 0.0125 

1.0 2.0 1.2 5.0 0.176 0.364 0.190 0.152 0.006 0.012 

1.0 2.0 1.2 6.0 0.15 0.308 0.170 0.132 0.0058 0.01 

1.0 2.0 1.2 7.0 0.134 0.269 0.15 0.116 0.006 0.009 

Temperature –50°С 

1.0 1.5 1.0 2.0 0.34 0.545 0.325 0.31 – 0.02 

1.0 1.8 1.0 2.0 0.365 0.74 0.335 0.335 – 0.025 

1.0 1.8 1.4 4.0 0.20 0.405 0.275 0.178 0.0075 0.0125 

1.0 2.2 1.4 5.0 0.176 0.258 0.23 0.154 0.005 0.01 
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Graphical dependences of the reaction rate on the concentration of hydrocarbon, hydrogen 

peroxide and hydrobromic acid are plotted, the nature of which shows that the found formal 

orders with respect to reagents are close to unity. Therefore, the formal reaction rate is 

determined by the formula: 

                                     (1) 

When a 4.0-8.0% aqueous solution of HBr is used, the main reaction products at 30-40 ° C 

appeared isomers of MCP hydroxybromide and the corresponding diol (C6).With an increase in 

the initial concentration of HBr from 10 to 20% and the reaction temperature in the range of 40-

60 ° C, along with the above-mentioned compounds, a significant amount (up to 20-25%) of 

MCP dibromide is also formed. Consequently, the reaction proceeds according to a multi-route 

scheme, through further conversion of the reaction products. 

To test this version, conversion curves for the 1-MCPE conversion (Fig. 2) were plotted 

in the S → K coordinates (S is the MCP hydroxybromide selectivity, K is the 1-MCPE 

conversion. 

 

 

Hydroxybromide MCP at K → 0 is not the only reaction product (found by 

electropolation of curves at different temperatures). Consequently, this reaction proceeds through 

parallel-sequential transformations of 1-MCPE and double bond addition products.  

Based on the experimental data (Tab. 1 and 2), the following set of independent routes of 

1-MCPE conversion and the accumulation of reaction products is assumed: 
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Fig. 2. Dependence of the reaction selectivity for hydroxybromomethylcyclopentane 

from conversion at different temperatures: 1. 30 ° С; 2.40 ° C; 

3.50 ° C; 4.70 ° C.temperatures: 1. 30 ° С; 2.40 ° C; 3.50 ° C; 4.70 ° C.  
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Table 2. Results of hydroxybromination of 1-methylcyclopentene depending on the 

concentrations of the starting HBr and H2O2. (molar ratio 1-MCPE: HBr: H2O2 = 1: 1.2: 

1.8. = 3 hours) 
Concentration,% 

Conversion 
1-MCPE 

Oxidate composition. mass% 

H2O2 HBr 
Return 1-

MCPE 
HBM EMCP MCPD DBMCP 

Non-resident. 
connection. 

Temperature –30°С 

20 4 18 69.0 26.9 – 4.1 – – 

20 8 27 57.0 37.4 – 5.6 – – 

20 12 32 50.4 45.4 – 4.2 – – 

25 12 39 43.0 48.8 – 3.6 3.8 0.8 

30 12 56 26.6 61.1 – 3.1 6.5 2.7 

Temperature –40°С 

25 8 31 51.4 43.6 – 3.8 1.2 – 

25 12 44 37.9 54.0 – 4.7 1.7 1.7 

25 16 48 33.5 54.9 – 4.4 5.8 1.4 

30 16 62 21.8 62.7 – 4.0 10.3 1.2 

35 16 71 15.9 70.1 0.4 4.3 7.5 1.8 

Temperature –50°С 

30 8 75 13.4 77.3 0.4 3.7 3.9 1.3 

30 10 78 11.5 75.5 0.8 4.1 7.6 0.5 

30 12 80 10.2 75.7 0.9 3.3 9.2 0.7 

30 16 86 6.9 76.5 1.2 3.0 10.7 1.7 

30 20 90 4.8 77.1 1.4 2.9 12.2 1.6 

Temperature –60°С 

30 8 79 10.9 79.1 0.4 3.6 5.6 0.4 

30 10 79 11.0 78.5 0.4 3.8 5.8 0.5 

30 12 81 9.8 76.6 0.9 3.5 8.3 0.9 

30 16 89 5.3 77.6 1.0 3.5 11.7 0.9 

30 20 93 3.3 77.1 1.2 3.1 13.7 1.6 
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Under conditions of stationarity ki<<k1, therefore, the obtained experimental data are 

processed by the following kinetic equations.  

 r1=k1[C1][C8]                        (2) 

 r2=k2[C1][C2]                        (3) 

 r3=k3[C3][C5]                        (4) 

 r4=k4[C5][H2O]                     (5) 

 r5=k5[C1 ] [C2]                      (6) 

 r6=k6[C3 ] [C6]                      (7) 

When choosing the kinetic equations, taking into account the data in tables 1 and 2, the 

following simplification was made: 

r7=r8r1          k7k80         (8) 

Since aqueous solutions of H2O2 and HBr are used in the reaction, the current water 

concentration in these equations is determined by the balance equation 

[H2O]=[H2O]0+[H2O]τ         (9) 

The rates of reactions along routes I-VI (rj) are related to the observed values of the rates 

of accumulation of individual components (ω) by the following expressions. 

85211 rrrr                        (10) 

85212 rrrr 
                   

(11)                              

876313 2rrrrr             (12) 

76314 rrrr                        (13) 

4325 rrr 
                              

(14) 

6546 rrr 
                            

(15) 

877 rr                                     (16) 

where ɷ1-ɷ3 experimentally found rates of consumption of 1-MCPE, hydrogen peroxide and 

hydrogen bromide acid, ω1-ω2 speed of accumulation of hydroxybromomethylcyclopentane (C4), 

1-methyl-2-oxabacyclo[3.1.0]hexane (epoxyde, C5), methylcyclopentanediol (C6) and dibromo-

methylcyclopentane (C7) (Tab. 1 and 2). 

Considering the data of chromatographic analysis, the values of ω7 under the above 

conditions were equated to zero. 

To calculate the rate constants, a modified fourth-order Runge-Kutta method was used 

using the Matlab-6.5 program. The experimental values of the constants were determined 

graphically and refined by minimizing the mean square deviations between the observed and 

calculated data for equations (10-16). 

The calculated values of the rate constants for routes I-VI (Tab. 3) correspond to their 

experimentally found values. The standard deviation, calculated according to equations (10-16) 

and experimental data for routes I-VI was 8.5-13.7%, and 17.3-20.4% for the rest of the 
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routes.Other proposed models of the 1-MCPE hydroxybromination process lead to a significant 

increase in the calculation error. 

Considering to the results obtained, the process can be described by the stage scheme 

shown in Tab. 4. 

The stage responsible for the interaction of 1-MCPE with the intermediate was chosen as 

the limiting one. The rest of the stages are assumed to be fast or balanced. According to the 

Khariuti rule [10], the number of stoichiometric routes (P) corresponding to the stage scheme is 

determined by the equation: P = S-J = 8, where S is the number of the stage, J is the number of 

intermediate compounds formed with the participation of the metastable complex. Thus, there 

are no empty routes in the staged scheme (Tab. 4).  

Table 3. Calculated values of preexponential factors and activation energies for the rate 

constants of the hydroxybromination reaction of 1-methylcyclopentene                          

(along routes I-VI) 

Rate constants koi 
Ei, 

J / mol 

k1, lmol
-1
hour

-1
 

k2, lmol
-1
hour

-1
 

k3, lmol
-1
hour

-1
 

k4, lmol
-1
hour

1
 

k5,lmol
-1
hour

-1
 

k6, lmol
-1
hour

-1
 

1.5510
7 

3.010
5 

2.210
2 

1.410
4 

1.810
6 

2.210
8 

43885 

33748 

13880 

24534 

37451 

49699 

Table 4. Stage scheme of 1-methylcyclopentene hydroxybromination in the presence of              

H2O2 + HBr 

№ Routes 
Number of stages along stoichiometric routes 

I II III IV V VI VII VIII 

1 
 1 1 1 1 1 1 1 2 

 

2 

 

1 0 0 0 0 0 0 0 

3 

 

0 1 0 0 0 0 0 0 

4 

 

0 0 1 1 0 0 0 0 

5 

 

0 0 1 0 0 0 0 0 
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Cont. of Tab. 4 

6 

 

0 0 0 1 0 0 0 0 

7 

 

0 0 0 0 1 0 0 1 

8 

 

0 0 0 0 1 0 0 0 

9 

 

0 0 0 0 0 1 0 0 

10 

 

0 0 0 0 0 1 0 0 

11 

 

0 0 0 0 0 0 1 0 

12 

 

0 0 0 0 0 0 1 0 

13 

 

0 0 0 0 0 0 0 1 

14 
 0 0 1 1 1 1 1 1 

Thus, the obtained kinetic model of inductive hydroxybromination of methylcyclopentene 

isomers with a mixture of hydrogen peroxide and hydrobromic acid can be used for 

mathematical modeling and optimization of the process, as well as in studying the kinetic laws of 

other multi-route oxidative processes. 

Conclusions 
The kinetic regularities and the mechanism of liquid-phase one-stage hydroxybromination 

of methylcyclopentene isomers with hydrogen peroxide and hydrobromic acid have been 

studied. Hydroxybromination of methylcyclopentene isomers proceeds according to a complex 
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scheme, mainly with the formation of a mixture of hydroxybromomethylcyclopentene, 

epoxymethylcyclopentene, methylcyclopentanediol, and dibromomethycyclopentane. Kinetic 

equations for the accumulation of reaction products have been compiled, the values of kinetic 

parameters have been calculated, and a model has been proposed that includes the main routes of 

the reaction.According to the proposed model, the reaction proceeds according to a parallel-

sequential scheme and the primary oxidation products are methylcyclopentanehydroxybromide 

and epoxide. The ratio of these compounds depends on the temperature, the concentration of the 

starting compounds and their molar ratio. 
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