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a b s t r a c t

The direct epoxidation of propylene by O2 is a significant and challenging topic. The key factor for this ho-

mogeneous aerobic epoxidation is the activation of molecular oxygen under mild conditions. In this work,

the aerobic epoxidation of propylene catalyzed by manganese porphyrins was achieved in the presence

of isoprene. Isoprene contains an allyl methyl group, and the α-H can be easily removed to achieve the

activation of molecular oxygen. The conversion of propylene was 38% and the selectivity toward propy-

lene oxide (PO) was up to 87%. The role of isoprene was demonstrated, and a plausible mechanism was

proposed. The protocol reported herein is expected to provide a strategy for the simultaneous preparation

of propylene oxide and isoprene monoxide.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

As a bulk chemical, propylene oxide (PO) is mainly used as a

raw material in the production of polyether polyols and propy-

lene glycol, which are widely used in pharmaceuticals, food, tex-

tiles, and other industries [1–3]. Currently, global annual PO pro-

duction is more than 10 million tons, and demand is increasing

annually. At present, the main industrial production methods of

PO are chlorohydrin and peroxidation processes, which suffer from

problems such as environmental impact, high cost, and security

[4]. Thus, the development of efficient strategies to achieve the di-

rect epoxidation of propylene by molecular oxygen with excellent

selectivity is highly desirable [5–7].

Industrially, silver has been successfully used in the epoxidation

of ethylene with high selectivity (>90%). However, Ag-based cata-

lysts are not suitable for propylene epoxidation because they result

in the oxidation of allylic C–H bonds before C=C bonds [8]. Numer-

ous attempts have been made to modify Ag-based catalysts to im-

prove selectivity for PO, but their efficiencies are not high enough

for industrial-scale applications [9–11]. Other gas-phase catalytic

systems using Au [12–14], Mo [15–17], Cu [18–20], and the per-

ovskite LaCoO3 as the catalyst [21] have been developed for the

direct epoxidation of propylene. However, due to the thermody-
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namic limitations of the propylene molecule, the PO selectivity of

these systems is still unsatisfactory under high-temperature condi-

tions.

The epoxidation of propylene in homogeneous catalytic sys-

tems is an alternative strategy for improving selectivity of PO un-

der mild conditions [22–24]. Metalloporphyrins are widely used

as catalyst in the oxidation of hydrocarbons or oxygen electro-

catalysis [25–32]. However, there are few existing examples of

the direct metalloporphyrin-catalyzed epoxidation of propylene in

homogeneous systems. A manganese porphyrin-mediated liquid-

phase epoxidation of propylene with molecular oxygen and ben-

zaldehyde as the co-substrate was developed by our group [33].

In addition, iron porphyrins have shown excellent PO selectivity in

direct propylene epoxidation by using acrolein as a co-substrate at

a 1:1 nacrolein/npropylene molar ratio [34]. More recently, we devel-

oped a direct propylene epoxidation protocol by using ruthenium

porphyrin and cerium(IV) sulfate as cocatalysts, achieving a PO se-

lectivity of 82.3% [35].

Isoprene is a bulk chemical mainly used as a raw material in

the petrochemical industry to synthesize rubber and butyl rubber

monomer [36]. Isoprene is a conjugated diene with an allyl methyl

group [37]. The α-H of this group can easily be removed to gener-

ate an active radical and achieve the activation of molecular oxy-

gen [38–40]. In addition, the products obtained from isoprene ox-

idation are high value-added chemicals. Therefore, using isoprene
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Table 1

Epoxidation of propylene catalyzed by metalloporphyrins with isoprene.a

Entry Catalyst Conv.

(%)

Selectivity (%)

PO AL Others

1 None 7 70 4 26

2 Co(OAc)2 18 45 27 28

3 MnCl2 23 49 25 26

4 CoTPP 26 66 9 25

5 RuTPP 23 82 7 11

6 FeTPPCl 20 75 11 14

7 MnTPPCl 29 80 13 14

8 Mn(p–

OCH3)TPPCl

38 87 5 8

9b Mn(p–

OCH3)TPPCl

34 85 7 8

10c Mn(p–

OCH3)TPPCl

39 86 9 5

a Propylene (20mmol), isoprene (8mmol), ethyl acetate (25mL), catalyst dosage

(0.01 mol%), oxygen pressure (1.5MPa), 110 °C, 6 h.
b Catalyst dosage (1×10−3 mol%).
c Catalyst dosage (0.1 mol%).

as a co-substrate to active molecular oxygen is expected to real-

ize the direct and simultaneous epoxidation of propylene and iso-

prene.

With this strategy in mind, a protocol on the direct epoxida-

tion of propylene catalyzed by metalloporphyrins in the presence

of isoprene has been developed and is reported in this work. The

influence of various reaction parameters such as the catalyst, sol-

vent, reaction temperature, and oxygen pressure on the activity

and selectivity toward PO was evaluated. A high-valence Mn-oxo

species was confirmed by mass spectroscopy and operando UV–vis

spectroscopy. The role of isoprene was demonstrated, and a plau-

sible mechanism was proposed. This proposed protocol provides a

possible approach for simultaneously manufacturing propylene ox-

ide and isoprene monoxide in the petrochemical industry.

In a blank experiment, only 7% of the propylene was converted

to corresponding products in the presence of isoprene (Table 1,

entry 1). When the reaction was mediated by metal salts like

Co(OAc)2 or MnCl2, the yields of PO were unsatisfactory (Table 1,

entries 2–3). Compared with the blank experiment and metal salts,

the addition of the metalloporphyrin catalyst (0.01 mol%, based

on propylene) resulted in an increased the propylene conversion

and PO selectivity (Table 1, entries 4–8). Because cobalt, ruthe-

nium, iron, and manganese porphyrins (the structures as shown in

Fig. S1 in Supporting information) have been reported as effective

homogeneous catalysts for epoxidation with molecular oxygen, the

catalytic performance of these catalysts was examined. Manganese

porphyrins were preferred for propylene epoxidation in the pres-

ence of isoprene. The superior performance of the Mn complexes

can be ascribed to their efficient charge transfer properties. This

results in a superior oxygen rebound, leading to enhanced activ-

ity and PO selectivity. Compared with MnTPPCl, Mn(p–OCH3)TPPCl

exhibited better catalytic performance and PO selectivity (Table 1,

entries 7 and 8). This can be attributed to the ligand T(p–OCH3)PP

efficiently increasing the charge density around the central metal

manganese [41–43].

Subsequently, it was determined that the conversion of propy-

lene increased as the catalyst dose increased (Table 1, entries 9 and

10). However, no significant difference in efficiency was observed

when the amount of catalyst was higher than 0.1 mol% (based

on propylene). It could be attributed to the self-polymerization of

metalloporphyrins catalyst [44]. It was also determined that the

selectivity of PO was not significantly affected by the amount of

catalyst.

Fig. 1. Propylene epoxidation at different molar ratios of isoprene/propylene. Propy-

lene (20mmol), ethyl acetate (25mL), Mn(p–OCH3)TPPCl (0.01 mol%), oxygen pres-

sure (1.5MPa), 110 °C, 6 h.

The presence of isoprene allows oxygen to be activated via the

active allyl radical generated from the abstraction of α-hydrogen.

Therefore, the effect of isoprene concentration on propylene epox-

idation was examined (Fig. 1). In a control experiment with-

out isoprene, the conversion of propylene was nearly 5%. This

is indicative that isoprene is crucial for oxygen activation in the

epoxidation mechanism. A higher isoprene/propylene molar ra-

tio improved propylene conversion, which increased to 38% at

nisoprene/npropylene =0.4. However, when the amount of isoprene

was increased beyond this, no significant efficiency improvements

were observed. The increase in isoprene concentration had little

effect on the selectivity of the main oxidized products. In our

previous work with benzaldehyde as co-substrate, the amount of

38% conversion of propylene and 80% PO selectivity was obtained

at nbenzaldehyde/npropylene =1/1 [33]. In contrast, the amount of co-

substrate in this catalytic protocol was reduced significantly.

As a co-substrate, the oxidation of isoprene was also inves-

tigated. The only oxidized product was isoprene monoxide (2-

methyl-2-vinyloxirane). With an increase in isoprene concentra-

tion, the conversion of isoprene gradually decreased. This indicates

that autooxidation did not occur in this catalytic system. This was

further confirmed by the consumption of isoprene during propy-

lene epoxidation. When the molar ratio of isoprene/propylene was

0.4 (the conversion of propylene was 38%), the consumption of iso-

prene was almost the same as that of propylene. Even when the

isoprene/propylene molar ratio was increased to 1:1, the consump-

tion of isoprene did not significantly change. Therefore, it can be

concluded that polymerization of isoprene does not easily occur

under the reaction conditions. This conclusion was confirmed by

GPC (gel permeation chromatography) characterization of the reac-

tion solution.

In the liquid phase epoxidation of propylene, the solvent plays

a key role by affecting the solubility of propylene and via the sol-

vation effect. As shown in Table S1 (Supporting information), the

conversion of propylene was not significantly affected by solvent

polarity. A propylene conversion of higher than 25% was achieved

in both the polar and nonpolar solvents. Propylene has excellent

solubility in methanol. Hence, methanol was favorable for propy-

lene conversion, but not for the generation of PO (Table S1, entry 2)

in this catalytic system. In contrast, high propylene conversion and

better selectivity toward PO were obtained in ethyl acetate (Table

S1, entry 3).

Conversion and selectivity are closely related to reaction tem-

perature. As presented in Fig. S2 (Supporting information), the

conversion of propylene was significantly influenced by the reac-

tion temperature. With increasing temperature, propylene conver-

sion also increased. Furthermore, increasing the reaction tempera-

ture from 70 °C to 120 °C substantially increased the reaction rate,

with conversion significantly improving from 4% to 42%. This indi-
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Fig. 2. The reaction profiles of propylene (a) and isoprene (b) epoxidation catalyzed

by MnTPPCl. Propylene (20mmol), isoprene (8mmol), ethyl acetate (25mL), Mn(p–

OCH3)TPPCl (0.01 mol%), oxygen pressure (1.5MPa), 110 °C.

cates that higher temperatures promote the formation of free rad-

icals in the catalytic system, increasing the reaction rate. However,

the selectivity toward PO decreased under higher temperatures, es-

pecially when the reaction temperature was higher than 110 °C.
Meanwhile, the selectivity toward acetaldehyde increased at high

temperatures.

The effect of oxygen pressure on propylene epoxidation was

also examined (Fig. S3 in Supporting information). Propylene con-

version generally increased with increasing oxygen pressure, but

the rate of increase was not significant when the oxygen pressure

was higher than 1.5MPa. It was also determined that the oxygen

pressure had little influence on the selectivity of products. From

the viewpoints of mild conditions and efficiency, the oxygen pres-

sure should be kept below 2.0MPa.

A similar trend was seen for the conversion of isoprene. In-

creasing the oxygen pressure from 0.5MPa to 1.0MPa enhanced

the conversion of isoprene from 85% to 98%. No significant changes

in isoprene conversion were observed as the oxygen pressure in-

creased above 1.0MPa. The high selectivity of isoprene monoxide

did not change with increasing oxygen pressure. This indicates that

neither autooxidation nor polymerization occur under the exam-

ined conditions.

The profile of propylene epoxidation catalyzed by Mn(p–

OCH3)TPPCl in the presence of isoprene and molecular oxygen is

shown in Fig. 2a. As can be seen, there was an induction period of

nearly 2h. After this, the reaction rate rapidly accelerated, demon-

strating a typical free radical reaction profile. A similar reaction

profile was obtained for isoprene oxidation with the same 2h in-

duction period (Fig. 2b). This indicates that the initiation of free

radicals is the rate-limiting step [35].

In addition, the selectivity toward the main propylene oxida-

tion products did not significantly change during the reaction pro-

cess. This also indicates that the three main products are generated

by different parallel reaction pathways. Furthermore, as shown in

Fig. 2b, no products other than isoprene monoxide were observed

in isoprene oxidation.

As shown in Fig. 2, the epoxidation of propylene with isoprene

exhibited the features of a radical-involved reaction. To investigate

the free radical mechanism, a free radical inhibitor (2,6-di–tert-

butylphenol (BTH), 0.5mmol) was added to the solution. It was

observed that propylene epoxidation was subsequently quenched.

Furthermore, the conversion of isoprene to isoprene monoxide was

also terminated (Fig. S4 in Supporting information).

Using MnTPPCl as the catalyst, the epoxidation of propy-

lene was conducted in a stainless-steel reactor connected to an

AvaSpec-2048 spectrometer to obtain operando UV–vis spectra of

the reaction solution. The spectrophotometer was programmed to

acquire UV–vis spectra at an interval of 6min (Fig. 3).

Fig. 3 shows that a characteristic inverted peak at 299nm was

observed after the addition of isoprene. As the reaction proceeded,

Fig. 3. Operando UV–vis spectra of propylene epoxidation by manganese porphyrin

with isoprene and molecular oxygen. Reaction conditions: Propylene (20mmol),

isoprene (8mmol), ethyl acetate (25mL), MnTPPCl (0.01 mol%), oxygen pressure

(1.5MPa), 110 °C, spectra measured at intervals of 6min. Insert: absorbance trend

of characteristic peaks with time.

the inverted peak at 299nm slowly declined in intensity due to

the induction period of the free radical reaction. After 90min, a

red shift of the characteristic peak from 299nm to 304nm was

observed. The intensity of the peak at 304nm then rapidly in-

creased. The peak at 304nm can be ascribed to the typical absorp-

tion of isoprene. This change in absorption suggests that the con-

jugation effect of isoprene was enhanced. Furthermore, the time

of the change in absorption coincided with the reaction profiles

(Fig. 2), reflecting the process of free radical initiation.

The absorbance peaks at 470nm and 611nm are the charac-

teristic Soret and Q band absorption of the MnTPPCl catalyst, re-

spectively [45]. At the initial stage of reaction, no changes in the

Soret and Q band absorption peaks were observed. After about

3h, the Q band at 612nm gradually decreased in intensity and

the formation of a new intermediate with an electronic absorp-

tion band at 421nm was observed. The peak at 421nm can be as-

cribed to the characteristic absorption of the Mn-oxo high-valence

species PorMnIV=O [33,46,47]. The intensity of the absorption peak

at 421nm initially increased and then stabilized, ensuring that the

catalytic cycle produced oxidized products (Fig. 3, inset). In addi-

tion, a MALDI-TOF-MS (matrix-assisted laser desorption ionization

time-of-flight mass spectrometry) spectrum of the resulting solu-

tion exhibited a prominent ion peak at an m/z of 682.430. The

corresponding mass and isotope distribution patterns can be at-

tributed to the high-valence species TPPMnIV=O (Fig. S5 in Sup-

porting information). This suggested that the new species may be

the Mn-oxo species.

Operando infrared spectroscopy was employed to monitor the

course of propylene epoxidation. First, in order to further investi-

gate the reaction process, an operando infrared spectrometer was

used to track the reaction (Fig. S6 in Supporting information). The

IR characteristic peaks of isoprene and solvent acetonitrile were

observed (Fig. S6). The change of isoprene in solution was char-

acterized by tracking the characteristic peak at 993 cm−1 [48]. For

propylene, the characteristic stretching vibration absorption of the

C=C bond at 1647 cm−1 and the allyl C–H peak at 913 cm−1 were

monitored [49].

From the operando IR spectra, it was determined that the inten-

sity of propylene peaks at 913 cm−1 and 1647 cm−1 and the iso-

prene peak at 993 cm−1 rapidly declined at the beginning of signal

recording (Fig. S7 in Supporting information). This can be ascribed

to the dissolving process of propylene and isoprene in the solvent.

Then, as the reaction proceeded, the intensity of the characteristic

peaks steadily declined. The intensity of peaks at 1740 cm−1 and
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Fig. 4. Plausible mechanism of propylene epoxidation catalyzed by manganese por-

phyrins in the presence of isoprene and molecular oxygen.

1148 cm−1 rapidly increased when the reaction time was longer

than 4h. These peaks are ascribed to the characteristic stretching

vibration of the epoxy groups of isoprene monoxide and PO. The

intensity trends of the operando IR spectra were consistent with

those of the UV–vis spectra and the reaction profiles.

Based on these experiments, a plausible mechanism for propy-

lene epoxidation catalyzed by manganese porphyrins in the pres-

ence of isoprene and molecular oxygen can be proposed, as shown

in Fig. 4. The α-hydrogen atom of isoprene′s allyl group is easily

abstracted at high temperatures to generate an allylic radical (a).

An allyl peroxyl radical (b) is rapidly formed by the combination

of one oxygen molecule with the allylic radical (a). Subsequently,

the allyl peroxyl radical (b) reacts with the manganese porphyrins,

generating isoprene monoxide and the high-valent Mn porphyrin

intermediate (c). The formation of PO can then be attributed to

oxygen rebound through the high-valent Mn species.

In summary, a protocol for the simultaneous preparation of

propylene oxide and isoprene monoxide was developed. The man-

ganese porphyrin Mn(p–OCH3)TPPCl showed high efficiency for the

direct liquid phase catalyzed epoxidation of propylene in the pres-

ence of isoprene. In this reaction system, the conversion of propy-

lene was 38% and the selectivity toward PO was 87%. Moreover, a

high-valence Mn-oxo species was confirmed by mass spectroscopy

and operando UV–vis spectroscopy. The role of isoprene was deter-

mined, and a plausible reaction mechanism was proposed.
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