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Enhancement of Catalytic Activity in Epoxide Hydration by
Increasing the Concentration of Cobalt(lll)/Salen in Porous

Polymer Catalysts

Zhifeng Dai,”’ Qi Sun,™® Fang Chen,” Shuxiang Pan,” Liang Wang,” Xiangju Meng,*"

Jixue Li,” and Feng-Shou Xiao*®

The rational design of catalytic materials from the reaction
characteristics is expected to be a useful strategy to create
highly efficient catalysts. Herein, according to a well-estab-
lished reaction pathway of epoxide hydration catalyzed a dual-
molecular system of Co**/salen in which a high concentration
of active sites is favorable to enhance the activity, we provide
an alternative way to prepare a highly efficient heterogeneous
catalyst with a high concentration of Co®*/salen from the poly-
merization of vinyl-functionalized salen monomers followed by

Introduction

The design of catalytic materials from reaction characteristics is
of great help for the preparation of efficient catalysts."” The
cooperative activation of reagents by two or more catalytically
active sites is recognized to be a common feature in organic
transformations.®¥ Typically, epoxide hydration catalyzed by
Co*/salen complex involves the dual activation of the epoxide
and water, respectively, and a high concentration of Co**/salen
is favorable for the enhancement of activities.""'® Notably,
soluble Co*/salen complexes are dispersed homogeneously in
the catalytic system, and the concentration of Co**/salen spe-
cies is low. In contrast, insoluble Co®*/salen catalysts are ex-
pected to provide a promising platform to create a confined
space in which the active species could be enriched.'”" For
example, Cui et al”® and Yang et al.?*?* designed Co*'/salen
species in metal-organic frameworks (MOFs) and ordered mes-
oporous silica materials rationally, respectively. These insoluble
catalysts have high concentrations of Co**/salen species in the
confined space and show superior catalytic performances in
the hydration of epoxides. Despite this encouraging progress,
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the loading of Co*" species (Co®"/POL-salen). Co*'/POL-salen
has a hierarchical porosity and an extraordinary hydrothermal
stability. Importantly, catalytic tests in epoxide hydration dem-
onstrate that Co**/POL-salen affords excellent high activities,
which are even better than those of the homogeneous version.
This phenomenon is related to the very high concentration of
Co®'/salen in the catalyst. In addition, this catalyst can be recy-
cled readily because of its excellent hydrothermal stability.

the relatively low hydrothermal stability of MOFs***” and or-
dered mesoporous silica materials®®?? still represents a limita-
tion for long-term practical applications, in particular to the
presence of water as a reactant. Therefore, it is strongly desira-
ble to search for hydrothermally stable heterogeneous cata-
lysts with a high Co®"/salen concentration.

Porous organic polymers (POPs) are an emerging class of
porous materials that have attracted much attention because
of their excellent hydrothermal and chemical stability, designa-
ble pore walls, and high surface areas.*** If the POPs are con-
structed by salen-functionalized ligand themselves, the resul-
tant materials should have an extremely high concentration of
salen moieties.*’~% After the introduction of Co* species,
a very high density of Co®*/salen species could be obtained in
the sample.

In this contribution, to demonstrate the “proof-of-concept”,
a hierarchically porous salen-functionalized polymer (POL-
salen) was fabricated successfully from the polymerization of
vinyl-functionalized salen monomers. POL-salen has an extraor-
dinary hydrothermal stability, hierarchical porosity, large sur-
face areas, flexible frameworks, and a high concentration of
salen species (1.56 mmolg™"). After metalation with Co species,
the obtained Co**/POL-salen heterogeneous catalyst exhibits
high activities in the hydration of epoxides to monoalkylene
glycols under mild reaction conditions and outperforms the
homogeneous counterpart. The superior catalytic performance
of the catalyst is strongly related to the high concentration of
Co**/salen in the confined pores of the Co®*/POL-salen cata-
lyst, which promotes the cooperative activation of water and
epoxide.
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Results and Discussion

Synthesis and characterization of Co**/POL-salen

POL-salen was synthesized from the polymerization of vinyl-
functionalized salen monomer (Scheme 1, Scheme S1) in the
presence of 1-methyl-2-pyrrolidinone (NMP) solvent at 100°C
for 24 h. After washing with CH,Cl, and drying at 50 °C under
vacuum, a yellow solid (POL-salen) in a higher than 99.0%
yield was obtained.

The morphology of the POL-salen was examined by SEM
and TEM (Figure TA and B). POL-salen displays rather rough
surfaces and appears as aggregates of much smaller particles
on the order of tens of nanometers in size. The powder X-ray
diffraction (PXRD) pattern (Figure S1) shows a very broad peak
at 26 =10-30°, which indicates the amorphous nature of POL-

porogenic
solvents,

Scheme 1. Synthesis of POL-salen polymer from the vinyl-functionalized
salen monomer.
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salen. The *C magic-angle spinning (MAS) NMR spectrum of
POL-salen (Figure 1C) shows a peak at 0 =40.3 ppm assigned
to the polymerized vinyl groups in addition to the peaks attrib-
uted to the characteristic structure of the salen ligand (Fig-
ure 52).*7 These results suggest that the structure of the salen
ligand is well maintained during the polymerization process.
N, sorption isotherms of POL-salen collected at —196°C show
a steep step at P/P,<0.01 and a hysteresis loop at 0.1 <P/P,<
0.98 with a sharp N, uptake at a high relative pressure (Fig-
ure 1D), which suggests the coexistence of micro-, meso-, and
macroporsity in the framework."*? Correspondingly, pore
sizes of the sample are mainly distributed at 0.65-1.5, 2.7-50,
and over 50 nm (Figure S3), as calculated by the nonlocal den-
sity functional theory method (NLDFT). The BET surface area
and total pore volume of POL-salen are estimated at
540 m?’g~' and 0.74 cm*®g™", respectively. The hieratical porosi-
ty is expected to improve the efficiency of transport processes
as well as the accessibility of active sites.”*™"

The introduction of Co®* species into POL-salen was per-
formed by the treatment of POL-salen with Co(OAc),-4H,0 in
a mixed solvent of CH,Cl, and MeOH under a N, atmosphere
to obtain Co?*/POL-salen that was followed by the oxidation
of the metaled POL-salen in open air in the presence of acetic
acid to obtain Co**/POL-salen. The Co species only exist as mo-
lecular species coordinated to salen and do not form aggre-
gates or nanoparticles because of the presence of a large
amount of acetic acid and air, which is also supported by TEM
(Figure S5). In addition, compared with POL-salen, Co”*/POL-
salen shows a new peak at approximately =430 nm in the
UV/Vis spectrum, which can be assigned to d-n* of the Co*'/
salen complex. After oxidation, the resultant sample gives
peaks at A=411 and 692 nm, which are characteristic of Co>*/
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Figure 1. A) SEM image, B) TEM image, C) *C MAS NMR spectrum, and D) N, sorption isotherms of POL-salen.
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salen species (Figure $6).°* Similar changes were also observed
in homogeneous Co*'/salen, developed by Jacobsen et al.
(Scheme S2, Figure S7).”" These results confirm that the Co
species in POL-salen is in the 3+ oxidation state. In addition,
the color of POL-salen changed from yellow to dark red after
the introduction of Co®* species and then became dark brown
after oxidation. These color changes are associated with the
characteristic colors of Co*"/salen and Co*/salen species in
good agreement with those reported previously.”® These re-
sults demonstrate that Co>* species are coordinated success-
fully with salen ligands in POL-salen. Inductively coupled
plasma optical emission spectroscopy (ICP-OES) revealed a Co
loading of 68.4mgg~" (1.16 mmolg™'), which suggests that
~88% of the salen ligands in POL-salen were coordinated with
Co species. Notably, the Co®*/POL-salen catalyst still possesses
a BET surface area of 512 m”’g™~" and a total pore volume of
0.58 cm®*g~' (Figure 2A). Excitingly, even after hydrothermal
treatment for 48 h at 100°C, Co**/POL-salen maintained its sur-
face area (519 m’g~'; Figure 2B, Figure S8). However, the
uptake at a high relative pressure is reduced, which might be
related to the partial aggregation of the polymer. ICP analysis
of the sample shows that the Co species in the catalyst are
stable during the hydrothermal treatment because Co species
are undetectable (< 10 ppb) in the filtrate. This catalyst feature
is very helpful for their long-term application in the hydration
of epoxides.
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Figure 2. N, sorption isotherms of Co**/POL-salen a) before and b) after
treatment in boiling water for 48 h.

Evaluation of catalytic performance

The production of monoalkylene glycols from the hydration of
epoxides has received much attention because they are impor-
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tant raw materials for the manufacture of polyester resins, anti-
freezes, cosmetics, and medicines.””*®¥ Currently, the biggest
challenge encountered in industry is that a large excess of
water (10-25 moles of water per mole of alkylene oxide) is re-
quired to realize a high selectivity of monoalkylene glycol by
suppressing the side reactions of unreacted epoxides with the
formed monoalkylene glycol. As a result, a large amount of
water has to be distilled to enable the recovery of the monoal-
kylene glycols from the reaction mixture, which in turn in-
volves the consumption of a huge amount of energy. This pro-
cess is environmentally unfriendly.***¥ Co**/salen-catalyzed
epoxide hydration is considered to be a promising alternative
route toward monoalkylene glycols because it could be operat-
ed at a relatively low molar ratio of water to alkylene oxide (as
low as 2.0) and mild reaction temperatures (such as room tem-
perature). Nevertheless, for practical applications, heterogene-
ous catalysis is more attractive because of the simple and com-
plete separation of the product from the catalyst.**¥

The potential of the Co**/POL-salen catalyst for epoxide hy-
dration was evaluated using propylene oxide (PO) as a model
substrate. Hydration reactions were performed at room tem-
perature with a molar ratio of H,0/PO of 2:1 and 0.2 mol% of
catalyst based on Co species. Catalytic data for the hydration
of PO over various catalysts are presented in Table 1. Notably,

Table 1. Hydration of PO over various catalysts.”

Entry Catalyst Conversion [%)] Selectivity [%]
1 Co**/POL-salen 98.1 >99.0
20 H-ZSM-5 23 87.9
3 Amberlyst-15 5.6 753
4 H,50, 42.1 76.1
5 Co**/salen 86.2 >99.0
6" Co**/POL-salen 91.6 >99.0
71 Co**/salen 715 >99.0
84 Co**/POL-salen 89.5 >99.0
ot Co**/POL-salen 97.6 >99.0

[a] Reaction conditions: PO (0.725 g, 12.5 mmol), H,0 (0.45 g, 25 mmol),
catalyst (0.2 mol % based on Co species), S/C=500, RT, 10 h; [b] 0.1 g cat-
alyst was used, Si/Al=20; [c] catalyst (0.05 mol %), S/C=2000, 40 h; [d] re-
cycled five times of Co®*/POL-salen catalyst (0.05 mol%, S/C=2000);
[e] after treatment in boiling water for 48 h and regenerated similarly to
that in the recycling tests.

Co’*/POL-salen gives a conversion of PO as high as 98.1% with
a selectivity for 1,2-propanediol of over 99.0% (entry 1 in
Table 1). This activity and selectivity are even comparable with
those of the heterogeneous catalyst with high Co**/salen con-
centration in the mesocages of FDU-12, one of the best heter-
ogeneous catalysts for epoxide hydration.”* In contrast, con-
ventional solid acid catalysts H-ZSM-5 and Amberlyst-15 afford
very low activities (2.3 and 5.6%, entries 2 and 3 in Table 1);
the conventional liquid acid catalyst of H,SO, shows a PO con-
version of 42.1% and 1,2-propanediol selectivity of 76.1%
(entry 4 in Table 1).

In particular, the heterogeneous Co**/POL-salen catalyst is
more active than the homogeneous Co**/salen catalyst (con-
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version of 98.1 vs. 86.2%, entries 1 and 5 in Table 1). The differ-
ences in terms of the activity between Co’*/POL-salen and
Co’*/salen become greater as the catalyst amount decreases in
the catalytic system. For example, if the catalyst amount is re-
duced to 0.05 mol%, Co®>*/POL-salen still gives a PO conversion
of 91.6%, whereas the soluble Co*'/salen complex affords
a conversion of only 71.5% (Figure S9, entries6 and 7 in
Table 1).

Generally, homogeneous catalysts exhibit higher catalytic ac-
tivities than the corresponding heterogeneous catalysts be-
cause the active sites in the homogeneous catalysts are fully
accessible to the reactants. However, here the catalytic tests
show that the heterogeneous Co**/POL-salen catalyst has
a much better catalytic performance than the homogeneous
version with the same number of active sites, which should be
related directly to the unique features of Co**/POL-salen, such
as the porosity and high concentration of Co*'/salen. It has
been reported that the proposed mechanism of the Co*'/
salen-catalyzed hydration of epoxides was through a dual-mo-
lecular (Co**/salen) cooperative activation pathway (Figure 3).

(7 J

_H
(0 OH
H
°+H20®\. R » L _on
R [o}
CCD Co¥salen

Figure 3. Proposed cooperative activation reaction pathway on dual Co®*/
salen species.

In this case, the high concentration of Co®*/salen is favorable
for the cooperative activation of dual Co®*/salen groups. For
the Co®*/POL-salen catalyst, densely populated Co**/salen spe-
cies benefit their synergistic cooperation in catalysis. As
a result, the rate of the formation of product is improved sig-
nificantly. In comparison, the Co® species in the homogeneous
catalytic system is highly separated, and the interaction be-
tween the water and epoxide activated by the Co*'/salen spe-
cies is relatively difficult. Notably, if the ratio of substrate to
catalyst (S/C) is increased, the concentration of active sites in
the homogeneous Co*"/salen system is further diluted, in con-
trast, for Co>*/POL-salen, the Co>* species only confined in the
catalyst and the local density of Co®* species in the catalyst re-
mains almost the same regardless of the change in the S/C
ratio. Consequently, the heterogeneous catalyst shows a much
higher activity than the homogeneous counterpart, especially
at a high S/C ratio.

To further access the importance of the local concentration
of active species in the Co®*/POL-salen catalyst, we have syn-
thesized a series of catalysts with an adjustable concentration
of Co**/salen species by the copolymerization of vinyl-func-
tionalized salen monomers with divinybenzene (DVB) at vari-
ous mass ratios (PDVB-x-salen, x is the mass fraction of salen in
the polymer). After the metalation of PDVB-x-salen polymers
with Co®* species, the resultant catalysts were tested in the hy-
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dration of PO, and the catalytic activities demonstrated that
the PO conversion increases almost linearly with the mass frac-
tion of salen ligand in the polymer catalysts (Figure 4). As the
textural parameters, such as surface area, are very similar and
active sites are the same in these catalysts (Figure S10,
Table S2), the major difference in them is the continuity of the
active sites in the polymer catalysts with various amounts of
DVB molecules. Presumably, the continuity of the active sites
might affect their local concentration. Therefore, it is reasona-
ble to propose that a high local concentration of the active
sites in the Co*'/POL-salen catalyst is indeed an important
factor to maximize the cooperative activation of water and ep-
oxide species over Co**/salen species, which is further support-
ed by the kinetic tests (Figure S11) and is consistent previous
studies.® ¥
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Figure 4. Influence of the mass fraction of salen in the polymer (Co**/PDVB-
x-salen, x=1 stands for Co**/POL-salen) on the catalytic performance (the
selectivity of the reaction is high than 99.0%). Reaction conditions: PO

(25 mmol), H,0 (50 mmol), RT, substrate to catalyst ratio of 2000, 40 h.

The stability of the catalytic system is of great importance
for practical applications. To evaluate the recyclability, Co®*/
POL-salen was recovered after each reaction by simple centri-
fugation and regenerated under aerobic and acidic conditions.
The catalytic activity and selectivity were well maintained to
give a PO conversion of 89.5% (fresh catalyst affords a conver-
sion of 91.6%) with a selectivity of 1,2-propanediol above
99.0% after five cycles (Table S3), which demonstrates the ex-
cellent recyclability of the Co**/POL-salen catalyst. In addition,
after hydrothermal treatment in boiling water for 48 h, the
sample still shows a high conversion (97.6%) and excellent se-
lectivity (>99%, entry 9 in Table 1). These results indicate the
excellent hydrothermal stability of the catalyst, which is very
helpful for its industrial application.

Similarly, epichlorohydrin, 1,2-epoxyhexane, and 1,2-epoxy-
ethylbenzene were employed as the substrate for epoxide hy-
dration over Co**/POL-salen. Interestingly, the heterogeneous
Co®/POL-salen catalyst still exhibits a much higher activity
than the homogeneous Co*'/salen catalyst (Figure 5, Table S4).
These results confirm the high efficiency of the Co**/POL-salen
catalyst for epoxide hydration.
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Figure 5. Catalytic performance of Co®*/POL-salen (orange) and homogene-
ous Co®*/salen (green) for the hydration of various epoxides. Reaction condi-
tions: epoxide (12.5 mmol), H,0 (25 mmol), 40 °C for A) epichlorohydrin, S/
C=500, 8 h, B) 1,2-epoxyhexane, S/C=500, 16 h, and C) 1,2-epoxyethyl-
benzene, S/C=250, 60 h.

Conclusions

We have demonstrated a successful rational design of a highly
efficient heterogeneous catalyst based on the reaction mecha-
nism, as exemplified by Co*'/salen-catalyzed epoxide hydra-
tion. An efficient heterogeneous catalyst that has an extremely
high concentration of Co*'/salen has been synthesized from
the polymerization of vinyl-functionalized salen ligand mono-
mer followed by the introduction of Co*" species (Co*/POL-
salen). Interestingly, in comparison with that of the homogene-
ous Co*/salen catalytic system, a significant rate acceleration
was observed for Co**/POL-salen in epoxide hydration. The
high concentration of the Co®*/salen confined in the heteroge-
neous catalyst is responsible for the extraordinary activities of
Co**/POL-salen. In addition, the excellent hydrothermal stabili-
ty of the catalyst is helpful for the long-term industrial applica-
tions in epoxide hydration. This approach to prepare porous
organic ligand materials offers a good opportunity to design
heterogeneous catalysts rationally and efficiently in the future.

Experimental Section
Chemicals and materials

Solvents were purified according to standard laboratory methods.
For example, THF was distilled over sodium/benzophenone, and
toluene was distilled over calcium hydride. Azobisisobutyronitrile
(AIBN), DVB, and ethylbenzene were obtained from Tianjin Guang-
fu Chemical Reagent. SnCl,, 4-vinylphenylboronic acid, paraformal-
dehyde, Co(OAc),-4H,0, 3-tert-butylphenol, 1,2-cyclohexanedi-
amine, and tributylamine were purchased from Aladdin Company,
Co. Ltd and were used directly without further purification.

Synthesis of POL-salen

POL-salen was synthesized by polymerization. Typically, vinyl-func-
tionalized salen monomer (0.5 g) was dissolved in NMP (5.0 mL),
and AIBN (20 mg) was added. The mixture was transferred into an
autoclave at 100°C and maintained for 24 h. After extraction with
CH,Cl,, a yellow solid with a yield higher than 99.0% was obtained.

ChemCatChem 2016, 8, 812-817 www.chemcatchem.org

816

CHEMCATCHEM
Full Papers

Synthesis of Co?*/POL-salen

Co’*/POL-salen was synthesized by the addition of a solution of
Co(OAc),4H,0 (0.22g) in MeOH (20 mL) to POL-salen (0.5 49),
which was preswelled in CH,Cl, (20 mL) with stirring under N, at
RT. After 12 h, the polymer was collected by filtration, rinsed se-
quentially with MeOH and CH,Cl,, and then dried under vacuum to
yield the product as a dark red powder.

Synthesis of Co**/POL-salen

Co®*/POL-salen (0.5 g) was added to a 9:1 PhMe/AcOH solution
(20 mL). The mixture was stirred in air at RT for 3 h. The polymer
was collected by filtration, rinsed with CH,Cl,, and dried under
vacuum to yield the product as a dark brown powder.

Procedure for the hydration of epoxides

Typically, Co**/POL-salen (10.8 mg) was added into a 10 mL glass
tube followed by the addition of PO (1.45 g, 25 mmol) and water
(0.9 g, 50 mmol). After the mixture was stirred at RT for 40 h, the
reaction was diluted with MeOH, and the catalyst was removed
from the system by centrifugation or by passing through a short
silica gel column. The solution was analyzed by GC (GC-1690
Kexiao Co., with a flame ionization detector) with a flexible quartz
capillary column coated with FFAB.

Recycling of Co**/POL-salen

After the reaction, the solid catalyst was separated by centrifuga-
tion and washed thoroughly with CH,Cl, and MeOH. The catalyst
was regenerated by treating it with AcOH/PhMe (1:9 v/v, 5.0 mL)
under air for 3 h. The catalyst was isolated, dried under vacuum,
and used in the next cycle.

Characterization methods

N, sorption isotherms at 77 K were measured by using Micromerit-
ics ASAP 2020M and Tristar systems. The samples were outgassed
for 10 h at 100°C before the measurements. ICP-OES was mea-
sured by using a PerkinElmer plasma OES8000. 'H NMR spectra
were recorded by using a Bruker Avance-400 (400 MHz) spectrome-
ter. Chemical shifts are expressed in ppm downfield from TMS at
0=0 ppm, and J values are given in Hz. *C (100.5 MHz) cross-po-
larization magic-angle spinning (CP-MAS) solid-state NMR spectra
were recorded by using a Varian infinity plus 400 spectrometer
equipped with a magic-angle spin probe in a 4 mm ZrO, rotor. UV/
Vis spectra were recorded by using a Shimadzu UV2450 spectrom-
eter. SEM was performed by using a Hitachi SU 1510. TEM was per-
formed by using a Hitachi HT-7700.
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