“’ . . Journal of Materials Science and Chemical Engineering, 2020, 8, 39-51
@Y’ Scientific https:// . /i \/
‘ ‘ Research ps://www.scirp.org/journal/msce

94% Publishing ISSN Online: 2327-6053
() ISSN Print: 2327-6045

Effects of the Catalytic System
MoO:z(acac)z-TBHP in Polyisoprene
Epoxidation Using Experimental Design

José R. Gregorio, Elisa Barbosa-Coutinho, Annelise E. Gerbase, Marcia Pires Fortes Ferreira,
Marly A. M. Jacobi

Instituto de Quimica, Universidade Federal do Rio Grande do Sul, Porto Alegre, RS, Brazil
Email: jrg@ufrgs.br

How to cite this paper: Gregério, JR,  Abstract
Barbosa-Coutinho, E., Gerbase, A.E., Ferreira,
M.PE. and Jacobi, M.AM. (2020) Effects of ~ The epoxidation of polydienes yields materials with improved properties,

the Catalytic System MoO,(acac),-TBHP in  which can be tuned by the control of the epoxidation degree. In this work, we
Polyisoprene Epoxidation Using Experi-  rotalce 4 known process, the epoxidation of polyisoprene, by a different ap-
mental Design. Journal of Materials Science

and Chemical Engineering, 8, 39-51 proach, in which the quantification of parameters influencing the epoxida-

https://doi.org/10.4236/msce.2020.83003 tion, such as temperature, oxidant and catalyst concentration, and reaction

time degree is evaluated. We measured the influence of each parameter, al-
Received: January 22, 2020

Accepted: March 3, 2020 . . . . .
Published: March 6. 2020 choose which conditions are best suitable for reaching his goal.

lowing anyone who aims a polymer with a certain degree of epoxidation to

Copyright © 2020 by author(s) and Keywords
Scientific Research Publishing Inc. L . . .
This work is licensed under the Creative Epoxidation, Molybdenum, Polyisoprene, Experimental Design
Commons Attribution International
License (CC BY 4.0).

http://creativecommons.org/licenses/by/4.0/

1. Introduction

Polymers like polybutadiene, polyisoprene and SBR present some disadvantages

on their application due to their high permeability to gases and their low resis-
tance to oil exposure. In order to circumvent these disadvantages, chemical mod-
ifications on their polymeric structure have been proposed, such as the intro-
duction of different functional groups [1] [2]. The introduction of epoxy groups
on the polymeric chain is one of the best ways to modify polydienes, generating
materials with reduced unsaturation levels, with properties like lower air per-
meability, higher oil, solvents and shearing resistances and better compatibility
with other polymers such as PVC. This allows their application on the manufac-
ture of tires, adhesives with high melting point and surface coatings [3].

Varying the epoxidation degree, it is possible to obtain rubbers with different
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properties. The epoxidation degree must lie between 25% and 50%, as higher
epoxidation degrees tend to elevate polymers glass transition temperature (Tg)
and make them insoluble, due to the increase in chain polarity [4].

The epoxidation of unsaturated polymers is a very well-known reaction and
peracids are commonly employed as oxygen sources [5]. Other usual oxygen
donors are hydrogen peroxide [6] and fert-butylhydroperoxyde (TBHP) [7] [8]
[9], which can react in the presence of metallic catalysts [10]. Besides costs and
manageability, the two major factors that influence the choice of the oxidant are
the nature of the by-product formed and its oxygen content. Obviously, envi-
ronmental issues are important, which results in the necessity of reusing the
formed by-products. In case of TBHP, the only by-product is terc-butanol, which
can be recycled by reacting with hydrogen peroxide [11] [12]. Classic methods
using peracids present problems related to the quantity of oxidant employed and
handling complexities, such as the amount of residues inherently produced and
their treatment, and corrosion issues due to reagent acidity.

The principal role of metallic catalysts is to withdraw electrons from the oxi-
dant, yielding a species that is more likely to be attacked by nucleophiles as ole-
fins. Due to this role as Lewis acid, normally metals with high oxidation states
are used. This Lewis character is also influenced by ligands around the metal.
However, the role of ligands can only be observed in initial states of the reaction
due to the rapid destruction of them in the oxidative medium. Catalysts with li-
gands strongly bonded to the metal center normally present low activity, proba-
bly due to unfavorable formation of a complex between the metallic precursor
and the oxidant [13].

Among the most used metals in the epoxidation of olefins, that can be either
functionalized or not, are Ti, Zr, V, Mo and W [7] [14]-[23]. Molybdenum has a
special catalytic importance, since its complexes are found in higher oxidation
states, which facilitates the formation of catalytic species [16] [17] [18] [19] [24].
The chemistry of hexavalent molybdenum is dominated by oxo ligands. The
high oxidation state of molybdenum requires the presence of electron-donor li-
gands in order to stabilize the complexes by increasing the electron density on
the metal. In some cases, TBHP is a better oxidant than H,0, due to its superior
solubility in non-polar solvents [7] [8] [15] [16] [19] [23], besides its higher
reactivity with molybdenum complexes. One of the most employed molybde-
num precursors in the epoxidation of olefins is bis(acetylacetonate) dioxomo-
lybdenum (VI) [MoO,(acac),] [19], which has a better activity when TBHP is
used as oxygen source.

Polyisoprene is obtained from the polymerization of isoprene, which leads to
several isomeric structures, shown in Figure 1. The relative proportion of each
isomer can be determined by "H-NMR [25].

The isomers have different applications. Cis-1,4-polyisoprene is used in the
fabrication of tires and other rubbery materials. Due to its structural similarity
with natural rubber, synthetic cis-polyisoprene and natural rubber have similar
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Figure 1. Isoprene monomer and the different forms of polymerized isoprene.

applications [26]. Trans-1,4-polyisoprene is a crystalline thermoplastic resistant
to abrasion and attrition, and due to its excellent mechanical properties, it can be
used in orthopedic appliances, insulation, coating and as golf balls cover [27].

In this work, we have quantified the effect of the catalytic system
[bis(acetylacetonato)dioxomolybdenum(VI)]- tert-butylhydroperoxide
[MoO,(acac),-TBHP] in polyisoprene epoxidation using a two level fractional
factorial experimental design which minimizes experimental efforts while max-
imizing the amount of information obtained from the experimental system [28].
The experimental variables were catalyst and TBHP concentration, reaction tem-
perature and time. The experimental design allows us to precisely quantify the
influence of the experimental variables over the product final properties, in or-
der to select conditions in which can be achieved higher selectivities with minor

production costs.

2. Experimental
2.1. Equipments

'H and “C NMR analyses were performed at ambient temperature on a Varian
VNMRS 300 MHz spectrometer, in CDCl, and using TMS as internal reference.
IR spectra were obtained in a Bruker Alpha-P FTIR/ATR equipment with 32
scans. Samples were dissolved in CHCI,; and a film was obtained by evaporation

of the solvent on a KBr cell.

2.2. Reagents

TBHP 70% (Merck) was extracted from the aqueous solution with toluene and
its concentration was measured as described below. Commercial polyisoprene
(M, = 441,000 D, M,, = 704,000 D) was purified as described below prior to
epoxidation reactions. All other chemicals were commercial grade and used as

received.

2.3. Catalyst Preparation

The catalytic precursor MoO,(acac), was synthetized according to the classical
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method [29]: ten grams of the corresponding oxide were refluxed with 50 mL of
2,4-pentanodione for 18 h. The mixture was filtered, and the solution was added
to 150 mL of petroleum ether, which was chilled for 1 h in an ice bath. An
orange-yellow powder was formed, which was filtered and washed several times
with petroleum ether. For catalytic reactions, the appropriate amount of catalyst

was dissolved in toluene, under argon.

2.4. Purification of Polyisoprene

Commercial polyisoprene, 20 g, was dissolved in 200 mL of THF, under stirring.
The solution was filtrated to eliminate some unsolved microgels that could be
present. The solution was then added dropwise to 2 L of 95% ethanol, inducing
the precipitation of the polymer. The polymer was pressed and dried in a va-
cuum oven until constant weight. It was then characterized by 'H and "C NMR
and IR. The spectra were in accordance with the literature [16] [17] [18]. 'H
NMR showed that the polyisoprene had the following composition: 10% 3.4;
20% 1.4 transand 70% 1,4 cis.

2.5. Extraction of the Oxidant

TBHP was supplied in aqueous solution. In order to use it in toluene solutions, it
must be previously extracted. In an extraction funnel, 50 mL of commercial
aqueous solution of TBHP 70% and 85 mL of toluene were vigorously shaken.
The bottom aqueous phase was discarded, and the upper organic phase stored in
a closed flask. Its concentration was measured by "H NMR after the determina-
tion of the density of the solution, by the following method. The TBHP/toluene
(mole/mole) ratio, R, can be obtained by '"H NMR by normalizing the area of
their methyl peaks, Equation (1), where A is the area of the peaks and n the
number of moles.
Ararp.
R=—9 _ lrewe (1)

M Niotuene
3

The density of the solution, its mass divided by its volume, can be calculated
in terms of molar masses, Equation (2), where p is the density of the solution,
M the molar mass and V'the solution volume.

— IN'TBHP M TBHP + ntoluene M toluene (2)
Vv

P

Replacing Equation (1) into Equation (2), the solution density can be obtained
as function of the molar ratio, Equation (3).

M Nygyp M n RMTBHP + Mtoluene
Nrgrp Mrgpe + R toluene ~~ 151P R

p= y = v 3)

Therefore, the number of mols of TBHP in one mL of solution, can be calcu-
lated by Equation (4).
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___Rp ) (4)

n =
BHP RF 1 r 1
BHP toluene

2.6. Catalytic Reactions

Blank tests, either in the absence of catalyst or TBHP were performed, and sam-
ples showed no modification on both 'H NMR and IR spectra. The catalytic
reactions were performed starting from a stock solution of polyisoprene 5%
(w/V) in toluene, using samples of 20 mL, under argon. Since after the polymeriza-
tion reaction one double bond from each isoprene monomer remains, the starting
number of double bonds was always 1 g/68 g-mol™" (=0.0147 mol). To polymer so-
lutions, the necessary amount of catalyst in toluene was added. In an ice bath,
TPHP was slowly added and the system was heated in a thermostatic bath, pre-
viously regulated to the reaction temperature. The reactions were conducted for
predetermined times under argon and magnetic stirring and then quenched with
Na,SO;. The products were then precipitated in ethanol containing 2,6-di-tert-
butyl-4-methylphenol (BHT). After pressing and drying in a vacuum oven until
constant weight, the samples were characterized by 'H and "C NMR and IR.

2.7.1H NMR Determination of Epoxidation Degree

The amount of epoxide was calculated using 'H NMR, from the ratio of the areas
(A) of the hydrogens from oxirane rings (at 2.7 ppm) and the starting area of
double bonds (at 4.7 and 5.2 ppm), as already described [30], using Equation (5).

A2.7ppm

A4.7ppm
2

Epoxide (mol%) = x100. (5)

A2A7ppm + + A‘S.prm

2.8. Experimental Design

To investigate the influence of the reaction conditions on the degree of epoxida-
tion, it was used fractional factorial experimental design with two levels for each
experimental variable. The experimental variables were catalyst ([Mo]) and oxi-
dizing agent ([TBHP]) concentrations, calculated over molar concentration of
polymer double bonds, reaction temperature and time. Since there were four
experimental variables to investigate, a full two levels factorial experimental de-
sign would require a total of sixteen experiments. To minimize experimental
cost, we use a half factorial design of eight experiments.

The experimental conditions have been chosen from a previous work in which
VO(acac), was employed as the catalyst [9] The best reaction conditions with
that catalyst were obtained using 150% of TBHP, 1% of VO(acac), and toluene
as solvent, under reflux and magnetic stirring for one hour. However, using
these conditions with MoO,(acac),, high degree of epoxidation was obtained,
and undesirable polymer reticulation occurred, making it unfeasible to quantify
and characterize the products. Other preliminary tests were done in milder con-
ditions, which proved to be more suitable for this catalytic system. The higher

and lower values of the experimental variables are shown in Table 1.
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Table 1. Reaction variables maximum and minimum values.

Variables Maximum (+1) Minimum (-1)
[Mo] (mol%)* 0.5 0.1
[TBHP] (mol%)* 70 50
Temperature (°C) 80 60
Reaction Time (h) 5 1

*Molar proportion to double bonds present in polymer.

The experimental variables, z, were normalized within the [-1, +1] interval
according to Equation (6), where z; denotes the actual variable values, the sub-
scripts max and min stand for the maximum and minimum values used in the
experimental design and xi is the normalized variable value. This normalization
is useful when comparing variables with different sizes, such as catalyst concen-
tration, that varies from 0.1 to 0.5 mol%, and temperature, that varies from 60°C
to 80°C, all variables would be in the [-1, +1] range [28]. The experimental ma-

trix of the half factorial experimental design is presented in Table 2.

X, = 22i ;(ijxz+ Zmin) (6)

max min

The product degree of epoxidations were related to the reaction conditions
using Equation (7), where y is this physical-chemical property, x; and x; are
normalized reaction conditions, n is the number of independent variables, a, is
the independent parameter, and a,and a; are model parameters related to the li-
near and the interaction of two variables effects.

n n-1 n
y=2, +Zi:1aixi +Zi:1 Zj:nlaijxixj ™)

The estimation of parameters from Equation (7) was performed using least
squares regression, using the software Statistica 8.0 (StatSoft). Statistical Stu-
dent’s ttest was performed to evaluate parameter significance. The parameter
was removed from the Equation (7) model when its confidence was lower than
95%.

3. Results and Discussion

3.1.1H NMR Characterization

According to the literature [25], the peaks presented in Table 3 are relevant for
calculations involving the epoxidation of polyisoprene.

Since selectivity in epoxidation is favored by the electronic environment of the
double bonds [31], 1,4 double bonds are preferentially epoxidized, maintaining
the area of the 3,4 units (1’ and 2’) constant. After epoxidation, a new sign is also
observed at 1.3 ppm due to methyl groups near oxyrane rings (5”). As epoxida-
tion degrees increase, the area of peaks attributed to 1,4 double bonds (3) de-
creases, while the area of a new peak at 2.7 ppm (3”) increases proportionally.
Small peaks that could be attributed to ring opening or chain breaking, such as

alcohols, ethers or acids were observed in some cases.
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Table 2. Matrix of experimental conditions (actual and normalized values).

Reaction [TBHP]* [Mo]* Reaction

Experiment Temperature ("C) (mol%) (mol%) time (h)
z, (x1) z, (%) 23 (X3) z4 ()
1 60 (-1) 50 (~1) 0.5 (+1) 1(-1)
2 60 (-1) 50 (~1) 0.1(-1) 5(+1)
3 60 (-1) 70 (+1) 0.5 (+1) 5(+1)
4 60 (-1) 70 (+1) 0.1(-1) 1(-1)
5 80 (+1) 50 (~1) 0.5 (+1) 5(+1)
6 80 (+1) 50 (~1) 0.1(-1) 1(-1)
7 80 (+1) 70 (+1) 0.5 (+1) 1(-1)
8 80 (+1) 70 (+1) 0.1 (-1) 5(+1)

*Molar proportion to double bonds present in polymer.

Table 3. Relevant peaks for the calculation of epoxidation degree.

5 2 3 5"
m :
cis-1,4 and trans-1,4 34 epoxidized cis-1,4 and trans-1,4
Attribution Number of hydrogens J (ppm)
3 (cis-1,4 and trans-1,4) 1 5.2
I’ and 2’ (3,4) 2 47
3”: epoxidized cis-1,4 and trans-1,4 1 2.7

3.2. 13C NMR Characterization

Epoxide rings can also be observed by *C NMR. According to the literature [32],
the new peaks are attributed as shown in Table 4.
The selectivity of the reaction can again be stated as no peaks that could be at-

tributed to carbonylic or hydroxyl-bonded carbons were seen.

3.3. Infrared Characterization

The bands that could be attributed are: 830 cm™ (cis-1,4 C=C-H deformation),
1648 cm™ (C=C stretching), 1384 cm™ (CH, deformation), 1455 cm™" (CH, de-
formation) and 881 cm™ (oxyrane ring). This last one increases as epoxidation
degrees increase, as well as the band at 830 cm™ decreases. Very weak bands due
to the formation of carbonylic and hydroxyl-bonded carbons could be seen for

some reactions.

3.4. Quantitative Analysis of the Epoxidation Reaction

The results obtained in the epoxidation of polyisoprene are presented in Table 5,
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Table 4. "C NMR peaks of epoxidized polyisoprene.

Attribution J (ppm)
1”7 (methylenic carbon) 29.7
2” (quaternary carbon of epoxide ring) 60.5
3” (ternary carbon of epoxide ring) 64.5
4” (methylenic carbon) 24.7
5” (methyl group) 22.0

Table 5. Results of catalytic tests with MoO,(acac), and TBHP.

Experiment Epoxide (mol%)*
1 14+2
2 211
3 440
4 7%2
5 47+ 0
6 16+1
7 43 +2
8 54+2

*Determined by 'H NMR, Equation (5).

where the degree of epoxidation was calculated from 'H NMR analysis according
to Equation (5).

The degree of epoxidation was related to the reaction conditions according to
Equation (7), whose parameters are presented in Table 6. Since it was done a
half factorial experimental design, only two independent interaction effects be-
tween two variables (a;) would be quantifiable. Furthermore, these two effects
could be confused with interaction effect between other two variables. However,
with the experimental data available none of the interaction effects were statisti-
cally significant, leaving a better model with solely the linear effects (a;). All li-
near effects were statistically significant, indicating that all reaction conditions
variables influence the degree of epoxidation.

It can be observed that the empirical model of Equation (7), Table 6 gives a
good adjustment of the epoxidation degree as function of reaction conditions.
As shown in Figure 2, the experimental data as function of the calculated values
are very close to and well distributed around the line y = x.

The parameter a, (Equation (7), Table 6) gives the average value of the
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Figure 2. Experimental and calculated (Equation (7)) epoxidation degree.

Table 6. Equation (7) parameters relating epoxidation degree and reaction conditions.

Parameter Value Standart Error
a 30.7500 1.493
a, 9.2500 1.493
a, 6.2500 1.493
a3 6.2500 1.493
a, 10.7500 1.493

epoxidation degree, while the a,, a,, a; and a, are the linear effects of the temper-
ature, oxidant (TBHP) concentration, catalyst (Mo) concentration and reaction
time, respectively. These parameters are all significant, meaning that all variables
influence the epoxidation degree. The positive values of the parameters indicate
that and when one of these variables increases the degree of epoxidation will in-
crease. The parameter value quantifies the growth of the epoxidation degree
value with the increment of the dimensionless reaction variable. The parameters
a, and a; present the same value, indicating that the oxidant and the catalyst
concentration have the same influence over the epoxidation degree. However, it
is noteworthy that the parameters were obtained from the normalized reaction
variables; therefore, in the regular scale, increasing catalyst concentration in 0.2
mol% gives the same effect as increasing the oxidant concentration in 10 mol%.
The effect of the reaction variables over the degree of epoxidation can be better
observed in Figure 3. More specifically, the results indicate that, when the reac-
tion temperature increases 10°C, the epoxidation degree will raise 9.25%, while
the degree of epoxidation will increase 6.25% if either the oxidant concentration
varies 10 mol% or the catalyst concentration varies 0.2 mol%. For the reaction
time, an increase in 2 h will generate an increment of 10.75% in the epoxidation

degree.
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Figure 3. Epoxidation degree as function of the catalyst concentration varying tempera-
ture and oxidant concentration at (a) 1 hour reaction and (b) 5 hours reaction.

4. Conclusions

The use of the catalytic system MoO,(acac),-TBHP for the epoxidation of polyi-
soprene was studied. The system was active and selective under the conditions
employed. By Infrared analysis, it was possible to observe a very small amount of
hydroxy-bonded and carbonylic carbons, which were not detected by 'H and “C
NMR, and so were assumed as being minor products.

Through a half factorial experimental design, it was possible to identify the in-
fluence of the reaction variables, temperature, oxidant (TBHP) concentration,
catalyst (Mo) concentration and reaction time, on the epoxidation degree. The
variables linear effects were all positive, indicating that if they are increased the
epoxidation degree will also be increased. Therefore, if it is necessary to obtain
an elevated epoxidation degree of polyisoprene, it would be better to use the
higher level of the reaction variables, taking into account the experimental feasi-
bility, due to low solubility of the epoxidized polymer when it reaches a degree of
epoxidation close to 50%.

Acknowledgements

This study was financed in part by the Coordenagio de Aperfeicoamento de
Pessoal de Nivel Superior—Brasil (CAPES)—Finance Code 001. The authors al-
so thank PRONEX/CNPq/FAPERGS 10/0050-6 and CNPq 310967/2009-0) as
well as FAPERGS, PROPESQ/UFRGS and FUGAPESQ (2019/230864) for finan-
cial support and fellowships.

Conflicts of Interest
The authors declare no conflicts of interest regarding the publication of this pa-

per.

References

[1] Zentel, R. (1992) Synthesis and Properties of Functionalized Polymers. Polymer, 33,
4040-4046. https://doi.org/10.1016/0032-3861(92)90602-S

[2] Kobayashi, S. (2017) Green Polymer Chemistry: New Methods of Polymer Synthesis
Using Renewable Starting Materials. Structural Chemistry, 28, 461-474.
https://doi.org/10.1007/s11224-016-0861-3

DOI: 10.4236/msce.2020.83003

48 Journal of Materials Science and Chemical Engineering


https://doi.org/10.4236/msce.2020.83003
https://doi.org/10.1016/0032-3861(92)90602-S
https://doi.org/10.1007/s11224-016-0861-3

J. R. Gregorio et al.

(10]

(11]

(14]

(15]

(16]

Roy, S., Gupta, B.R. and De, S.K. (1993) Epoxidized Rubbers. In: Cheremisinoff,
N.P. and Cheremisinoff, P.N., Eds., Elastomer Technology Handbook, CRC Press,
Inc., Boca Raton, 635-659.

Gregorio, J.R., Gerbase, A.E., Martinelli, M., Jacobi, M.A.M., de Luca Freitas, L., von
Holleben, M.L.A. and Marcico, P.D. (2000) Very Efficient Epoxidation of 1,4-Po-
lybutadiene with the Biphasic System Methyltrioxorhenium (MTO)-CH,Cl,/H,0,.
Macromolecular Rapid Communications, 21, 401-403.
https://doi.org/10.1002/(SICI)1521-3927(20000401)21:7<401::AID-MARC401>3.0.
CO;2-2

Abdullin, M.I., Basyrov, A.A., Kukovinets, O.S., Glazyrin, A.B. and Khamidullina,
G.I. (2013) Epoxidation of Syndiotatic 1,2 Polybutadiene with Peracids. Polymer
Science, Series B, 55, 349-354. https://doi.org/10.1134/51560090413060018

Jian, X. and Hay, A.S. (1991) Catalytic Epoxidation of Polyisobutilene-co-Isoprene
with Hydrogen Peroxide. Journal of Polymer Science Part A: Polymer Chemistry,
29, 547-553. https://doi.org/10.1002/pola.1991.080290411

Gahagan, M., Iragi, A., Cupertino, D.C., Mackie, RK. and Cole-Hamilton, D.].
(1989) A High Activity Molybdenum Containing Epoxidation Catalyst and Its Use
in Regioselective Epoxidation of Polybutadiene. Journal of the Chemical Society,
Chemical Communications, No. 21, 1688-1690.
https://doi.org/10.1039/c39890001688

Zhang, Y., Chen, X., Zhang, Y. and Zhang, Y. (2001) Epoxidation of Unsaturated
Rubbers with Alkyl Hydroperoxide Using Molybdenum Compounds as Catalyst in

the Reactive Processing Equipment. Macromolecular Materials and Engineering,
286, 443-448.
https://doi.org/10.1002/1439-2054(200108)286:8<443::AID-MAME443>3.0.CO;2-E

Gerbase, A.E., Gregério, J.R., Martinelli, M., von Holleben, M.L.A., Jacobi, M.A.M.,
de Luca Freitas, L., Calcagno, C..W., Mendes, AN.F. and Pires, M.L. (2000) Poly-
mers Oxidation with VO(acac), Complex. Catalysis Today, 57, 241-245.
https://doi.org/10.1016/S0920-5861(99)00332-6

von Holleben M.L.A. and Schuch, C.M. (1997) Ativagdo do Perdéxido de Hidrogénio
para a Epoxidac¢do de Olefinas Nao-Funcionalizadas. Quimica Nova, 20, 58-70.

Sheldon, R.A. (1993) Homogeneous and Heterogeneous Catalytic Oxidations with
Peroxide Reagents. In: Herrmann, W.A., Ed., Organic Peroxygen Chemistry. Topics
in Current Chemistry, Vol. 164, Springer, Berlin, Heidelberg, 21-43.
https://doi.org/10.1007/3-540-56252-4 23

Jorgensen, K.A. (1989) Transition-Metal-Catalyzed Epoxidations. Chemical Re-
views, 89, 431-458. https://doi.org/10.1021/cr00093a001

Kochi, J.K. (1978) Catalytic Reactions of Peroxides. In: Organometallic Mechanisms
and Catalysis, Chap. 4, Academic Press, New York, 50-83.
https://doi.org/10.1016/B978-0-12-418250-9.50009-7

Bonchio, M., Conte, V., Di Furia, F., Modena, G., Moro, S., Carofiglio, T., Magno, F.
and Pastore P. (1993) Correlation between One-Electron Reduction and Oxy-
gen-Oxygen Bond Strength in d° Transition Metal Peroxo Complexes. Inorganic
Chemistry, 32, 5797-5799. https://doi.org/10.1021/ic00077a024

Mimoun, H., Seree de Roch, I. and Sajus, L. (1970) Epoxydation des Oléfines par les
Complexes Peroxydiques Covalents du Molybdeéne—V1. Tetrahedron, 26, 37-50.
https://doi.org/10.1016/0040-4020(70)85005-0

Huang, J., Yuan, L., Cai, J. and Liu, Z. (2015) MoO,(acac), Anchored on Organic
Copolymer-Inorganic Hybrid Zirconium Phosphonate-Phosphate Functionalized

DOI: 10.4236/msce.2020.83003

49 Journal of Materials Science and Chemical Engineering


https://doi.org/10.4236/msce.2020.83003
https://doi.org/10.1002/(SICI)1521-3927(20000401)21:7%3C401::AID-MARC401%3E3.0.CO;2-2
https://doi.org/10.1002/(SICI)1521-3927(20000401)21:7%3C401::AID-MARC401%3E3.0.CO;2-2
https://doi.org/10.1134/S1560090413060018
https://doi.org/10.1002/pola.1991.080290411
https://doi.org/10.1039/c39890001688
https://doi.org/10.1002/1439-2054(200108)286:8%3C443::AID-MAME443%3E3.0.CO;2-E
https://doi.org/10.1016/S0920-5861(99)00332-6
https://doi.org/10.1007/3-540-56252-4_23
https://doi.org/10.1021/cr00093a001
https://doi.org/10.1016/B978-0-12-418250-9.50009-7
https://doi.org/10.1021/ic00077a024
https://doi.org/10.1016/0040-4020(70)85005-0

J. R. Gregorio et al.

(20]

(21]

(22]

(24]

(25]

(26]

(27]

(30]

by Pyridines as Highly Efficient, Reusable Catalysts for Alkene Epoxidation. Mi-
croporous and Mesoporous Materials, 214, 121-126.
https://doi.org/10.1016/j.micromeso.2015.05.003

Maurya, M.R. and Kumar, N., (2015) Sodium Bicarbonate Assisted Oxidation, by
H,0,, of Styrene and Cyclohexene Using Polymer Grafted Dioxidomolybdenum(VT)
Complex as a Catalyst. Journal of Molecular Catalysis, 406, 204-212.
https://doi.org/10.1016/j.molcata.2015.06.002

Punniyamurthy, T., Velusamy, S. and J. Igbal (2005) Recent Advances in Transition
Metal Catalyzed Oxidation of Organic Substrates with Molecular Oxygen. Chemical
Reviews, 105, 2329-2363. https://doi.org/10.1021/cr050523v

Kithn, F.E., Santos, A.M. and Abrantes, M. (2006) Mononuclear Organomolybde-
num(VI) Dioxo Complexes: Synthesis, Reactivity, and Catalytic Applications. Chem-
ical Reviews, 106, 2455-2475. https://doi.org/10.1021/cr040703p

Prech, J., Eliasova, P., Aldhayan, D. and Kubu M. (2015) Epoxidation of Bulky Or-
ganic Molecules over Pillared Titanosilicates. Catalysis Today;, 243, 134-140.
https://doi.org/10.1016/j.cattod.2014.07.002

Zhang, S., Jiang, Y., Li, S., Xu, X. and Lin, K. (2015) Synthesis of Bimodal Meso-
porous Titanosilicate Beads and Their Application as Green Epoxidation Catalyst.
Applied Catalysis A: General, 490, 57-64.
https://doi.org/10.1016/j.apcata.2014.11.004

Zou, X.C,, Li, J., Shi, KY,, Li, G.J. and Fu, X.K. (2012) Organic-Inorganic Hybrid
Support-Zirconium Poly(Styrene-Phenylvinylphosphonate)-Phosphate: Application

for Heterogeneous Olefin Epoxidation. Chinese Journal of Inorganic Chemistry, 28,
1031-1037.

Madeira, F., Barroso, S., Namorado, S., Reis, P.M., Royo, B. and Martins, A.M.
(2012) Epoxidation of cis-Cyclooctene Using Diamine Bis(Phenolate) Vanadium,
Molybdenum and Tungsten Complexes as Catalysts. Inorganica Chimica Acta, 383,
152-156. https://doi.org/10.1016/].ica.2011.10.071

Oliveira, T.S.M., Gomes, A.C., Lopes, A.D., Lourengo, J.P., Paz, F.A.A,, Pillinger, M.
and Gongalves, LS. (2015) Dichlorodioxomolybdenum(VI) Complexes Bearing

Oxygen-Donor Ligands as Olefin Epoxidation Catalysts. Dalton Transactions, 44,
14139-14148. https://doi.org/10.1039/C5DT02165K

Gregorio, J.R., Gerbase, A.E., Mendes, A.N.F., Marcico, P.D. and Rigo, A. (2005)
Pre-Determination of the Epoxidation Degree of Polydienes Using Methyltrioxor-

henium-CH,Cl,/H,0, Biphasic Catalytic System. Reactive and Functional Polymers,
64 83-91. https://doi.org/10.1016/j.reactfunctpolym.2005.05.001

Mooibroek, H. and Cornish, K. (2000) Alternative Sources of Natural Rubber. Ap-
plied Microbiology and Biotechnology, 53, 355-365.
https://doi.org/10.1007/s002530051627

Song, J.S., Huang, B.C. and Yu, D.S. (2001) Progress of Synthesis and Application of
trans-1,4-Polyisoprene. Journal of Applied Polymer Science, 82, 81-89.
https://doi.org/10.1002/app.1826

Schwaab, M. and Pinto, J.C. (2011) Anélise de Dados Experimentais II: Planeja-
mento de Experimentos. E-papers Servigos Editoriais Ltd..

Fernelius, W.C., Terada, K. and Bryant, B.E. (1960) Molybdenum(VI) Dioxyacety-
lacetonate. Inorganic Syntheses, 6, 147-148.
https://doi.org/10.1002/9780470132371.ch46

Stehling, F.C. and Bartz, K.-W. (1966) Determination of Molecular Structure of Hy-

DOI: 10.4236/msce.2020.83003

50 Journal of Materials Science and Chemical Engineering


https://doi.org/10.4236/msce.2020.83003
https://doi.org/10.1016/j.micromeso.2015.05.003
https://doi.org/10.1016/j.molcata.2015.06.002
https://doi.org/10.1021/cr050523v
https://doi.org/10.1021/cr040703p
https://doi.org/10.1016/j.cattod.2014.07.002
https://doi.org/10.1016/j.apcata.2014.11.004
https://doi.org/10.1016/j.ica.2011.10.071
https://doi.org/10.1039/C5DT02165K
https://doi.org/10.1016/j.reactfunctpolym.2005.05.001
https://doi.org/10.1007/s002530051627
https://doi.org/10.1002/app.1826
https://doi.org/10.1002/9780470132371.ch46

J. R. Gregorio et al.

(31]

(32]

drocarbon Olefins by High Resolution Nuclear Magnetic Resonance. Analytical
Chemistry, 38, 1467-1479. https://doi.org/10.1021/ac60243a006

Rudler, H., Gregério, J.R., Denise, B., Brégeault, ].-M. and Deloffre A. (1998) As-
sessment of MTO as a Catalyst for the Synthesis of Acid Sensitive Epoxides. Use of
the Biphasic System H,0,/CH,Cl, with and without Bipyridine and Influence of the
Substituents on the Double Bonds. Journal of Molecular Catalysis A: Chemical, 133,
255-265. https://doi.org/10.1016/S1381-1169(97)00278-1

Bradbury, ].H. and Perera, M.C.S. (1985) Epoxidation of Natural Rubber Studied by
NMR Spectroscopy. Journal of Applied Polymer Science, 30, 3347-3364.
https://doi.org/10.1002/app.1985.070300817

DOI: 10.4236/msce.2020.83003

51 Journal of Materials Science and Chemical Engineering


https://doi.org/10.4236/msce.2020.83003
https://doi.org/10.1021/ac60243a006
https://doi.org/10.1016/S1381-1169(97)00278-1
https://doi.org/10.1002/app.1985.070300817

	Effects of the Catalytic System MoO2(acac)2-TBHP in Polyisoprene Epoxidation Using Experimental Design
	Abstract
	Keywords
	1. Introduction
	2. Experimental
	2.1. Equipments
	2.2. Reagents
	2.3. Catalyst Preparation
	2.4. Purification of Polyisoprene
	2.5. Extraction of the Oxidant
	2.6. Catalytic Reactions
	2.7. 1H NMR Determination of Epoxidation Degree
	2.8. Experimental Design

	3. Results and Discussion
	3.1. 1H NMR Characterization
	3.2. 13C NMR Characterization
	3.3. Infrared Characterization
	3.4. Quantitative Analysis of the Epoxidation Reaction

	4. Conclusions
	Acknowledgements
	Conflicts of Interest
	References

