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A recyclable cobalt(i)—ammonia complex catalyst
for catalytic epoxidation of olefins with air as the
oxidantt
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[Co(NH=z)elClzs and other ammonia complexes with different external anions or metal ions were
synthesized to catalyze the epoxidation of a-pinene. The synthesized complexes were characterized
using XRD, SEM, TGA, FTIR and UV spectra. With air as the oxidant, [Co(NH3)¢lCls exhibited excellent
catalytic activity for the epoxidation of a-pinene among the prepared complexes. The conversion of
a-pinene reached 97.4%, with 98.3% selectivity of epoxide when using a small amount of cumene
hydroperoxide (CHP) as the initiator. The results revealed that a single Co(i) system can also catalyze
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the epoxidation process in the absence of Co(i), even showing better catalytic performance than single
Coli). Recycling experiments showed that there was no significant drop in activity after 10 cycles,
demonstrating that it is a stable and efficient heterogeneous catalyst for the epoxidation of a-pinene.
The excellent recycling performance may be attributed to the stability of the coordination complex
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1. Introduction

Epoxy compounds are usually produced by oxidation of
olefins," which are important synthetic intermediates® in
organic reactions, and can be used to prepare epoxy resins,
coatings,” advanced building blocks, etc. Besides, alcohols,
hydroxy ethers®® and some other chemicals which have wide
applications need epoxides as the starting material for their
synthesis. For example, o-pinene oxide, which in nature is
formed by the epoxidization of o-pinene in some plants, is an
important raw material used in the production of drugs.® Thus,
developing efficient and highly selective catalysts to catalyze the
epoxidation of olefins is a research hotspot in the field of
catalysis.”

Traditionally, the epoxidation of olefins in industrial produc-
tion requires the addition of stoichiometric organic peroxides® or
peracids® as oxidizing agents. However, using peracids as the
oxidant will produce acidic toxic wastes,'”'" which are difficult to
dispose, and organic peroxides such as tert-butyl hydroperoxide
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(TBHP) are expensive and dangerous.'” In contrast, abundant and
readily available molecular oxygen, which is also environmentally
friendly, is undoubtedly the most suitable oxidant. Previous
studies on olefin epoxidation with molecular oxygen as an
oxidant have been carried out."® Our group has recently also
made considerable progress in enhancing the reactivity of air
with a-pinene by using microwaves."*

From an economic and feasibility point of view, it is more
attractive to use cheap and readily available transition metals
instead of Ag,"> Au'® or other noble metals as the catalyst for
epoxidation reactions.>*”'® Among the transition metals,
Ti, Mo, W, V, and Re have been early and extensively
researched.'® > Recently, a series of catalysts based on Fe,*®
Co,””7%° Ni,*® and Mn®" have also been studied and developed
to catalyze the epoxidation reaction. Since the complexes of
transition metal and Schiff base have been considered as one of
the most efficient catalysts for epoxidation reaction,***
numerous studies on the complexes of different metals with
the Schiff base have been carried out.***® However, metal
complexes are applicable to homogeneous systems under nor-
mal conditions,>”*° resulting in difficulty in the separation of
catalysts from the reaction system. Comparatively, heterogeneous
catalytic systems can overcome this shortcoming, thus the trans-
form of homogeneous catalysts to heterogeneous ones has always
been a research direction for catalytic scholars. To this end,
various supported metal complexes*®>*" have been developed to
catalyze the epoxidation process. The transition metal-containing
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MOF materials can be also directly modified*> to be heteroge-
neous catalysts. However, the uneven distribution and easy
leaching of active sites lead to reduction in activity or even
deactivation, which is not suitable for continuous industrial
production.>**3

Mascharak et al. have reported that olefin epoxidation is
carried out by radicals and Co(m), which is an intermediate that
promotes the reaction in the Co(u) catalytic system.** Possibly,
Co(m) can facilitate to promote the formation of RO- radicals
during the reaction. Herein, we synthesize Co(m)-based
[Co(NH;3)6]Cl; material as a heterogeneous catalyst, which can
avoid the problem of the difficulty in separating of the catalyst
from the product.*> When introducing air as the oxidant, the
as-prepared catalyst performed excellent catalytic activity on the
epoxidation of o-pinene, giving 97.4% conversion and 98.3%
selectivity of epoxide. The recycling performance of the catalyst
is also tested, and the results show that the activity is still well
maintained after 10 recycles, with no significant decrease in
activity.

2. Experimental section
2.1. Materials

The main reagents including CoCl,-6H,0 (AR, Aladdin),
Co(NO3),-6H,0 (=>99%, Aladdin), Coconut shell charcoal (Hainan),
NH,Cl (>99.5%, Sinopharm), NH;-H,O (25-28%, Sinopharm),
HCI (hydrochloric acid, 36-38%, Sinopharm), THF (tetrahydro-
furan, >99.5%, Sinopharm), Ni(NO3),-6H,O (>99%, Sinopharm),
CuSO,4-5H,0 (>99%, Sinopharm), ZnCl, (>99%, Kelong), CHP
(Cumene hydroperoxide, >72%, Sinopharm), TBHP (tert-butyl
hydroperoxide, >65%, Sinopharm), H,O, (>30%, Sinopharm),
o-pinene epoxide (>95%, TGI), DMF (N,N-dimethyl formamide,
>98.5%, Sinopharm), DMA (N,N-dimethyl acetamide, >98.5%,
Sinopharm), o-pinene (>98%, Macklin), B-pinene (>98%,
Macklin), 1-dodecene (>95%, Macklin), cyclooctene (>95%,
Macklin), a-methylstyrene (>99%, Macklin) and styrene (>99%,
Sinopharm) were directly used without further purification.

2.2. Preparation of catalysts

2.2.1. Synthesis of [Co(NH;)s]Cl;. [Co(NH;)6]Cl; was pre-
pared using the method reported by Bjerrum and McReynold.*®
NH,CI (4.0 g) was dissolved in a beaker with deionized water
(8.4 g) under stirring, then CoCl,-6H,0 (6.0 g) and coconut shell
charcoal (0.4 g) were mixed into the above solution. Sub-
sequently, NH;-H,O (12.5 mL) was slowly added into the beaker
in an ice bath and then the beaker was sealed with a plastic
wrap until the temperature of the solution dropped to 0 °C. The
solution was heated and kept at 60 °C for 30 min after 5% H,0,
(13.5 mL) was injected to the solution. After cooling the
solution to 0 °C, black precipitate was obtained by filtration.
Then, the precipitate was dissolved in 60 mL of boiled water
containing concentrated HCI (1.7 mL) and filtered immediately.
Concentrated HCI (6.7 mL) was slowly added to the above filtrate
and the orange-yellow solid could be precipitated during cooling.
Then, [Co(NH;)eCl;] was collected by vacuum suction filtration.

2148 | New J. Chem., 2021, 45, 2147-2156

View Article Online

NJC

The product was directly used as a catalyst after drying at 80 °C
for 24 h.

2.2.2. Synthesis of [Co(NH;);CI|Cl,. NH,C1 (10.0 g) and
CoCl,-6H,0 (50.0 g) were dissolved using concentrated NH;-H,O
(160 mL), then 30% H,0, (40 mL) was added slowly into the
above solution under stirring (foaming phenomenon was
observed during this period). Purplish red precipitate was generated
while adding HCI (16 mL) slowly. After cooling, the precipitate
was filtered and washed with diluted hydrochloric acid and
ethanol. Purplish red [Co(NH;)sCI|Cl, was obtained after drying
at 80 °C for 24 h.

2.2.3. Synthesis of [Co(NH;)e](NO;);. The synthesis process
of [Co(NH3)6](NOj3); was similar to that of [Co(NH;3)e]Cls, except
that CoCl,-6H,0 and NH,Cl were replaced by equimolar
amounts of Co(NO3),-6H,0 and NH,NOs3.

2.2.4. Synthesis of [Co(NH;)s](Ac);. The synthesis process
of [Co(NHj3)s](Ac); was similar to that of [Co(NH3)e]Cls, except
that HAc (Acetic acid) instead of concentrated HCl was added
into the filtrate. [Co(NH;)e](Ac); was obtained after cooling and
filtering.

2.2.5. Synthesis of [Co(NH;)5CI]SO,. Concentrated H,SO,
and synthesized [Co(NH;)5Cl|Cl, were mixed in the ratio of 1: 3.
Subsequently, the solution was diluted with hot water (70 °C)
until bubble (HCI) generation ceased. Then [Co(NHj;)5Cl]SO,-
2H,0 could be obtained by cooling and filtering.

2.3. Characterization of the complex materials

X-ray diffraction (XRD) patterns of catalysts were collected
using a Bruker D8A25 diffractometer with Cu Ko as the radia-
tion (4 = 1.54184 A). The test conditions were a scanning range
from 20 = 5 to 80°, a speed of 10° min~" and operated at 40 kV
and 40 mA. Scanning electron microscope (SEM) images was
taken using a JEOL JSM-6510 A to investigate the surface
morphology and size of the catalyst. The IR spectra of samples
in the range of 400-4000 cm ' were recorded using a OPUS
Fourier Transform Infrared Spectrophotometer. The UV-Vis
spectra of materials were detected using a Shimadzu UV-2550
spectrometer with a scanning range from 800 to 200 cm™ .
X-ray photoelectron spectra (XPS) of the sample were recorded
using a Thermo Fisher Scientific ESCALAB 250Xi spectrometer
under 0.5E, of energy resolution. Additionally, thermogravi-
metric study (TGA) of the catalysts was conducted using a
METTLER-TOLEDO TGA2 instrument, with N, at a flow rate
of 40 mL min~" as the shielding gas and testing from 30 to
1000 °C at a heating rate of 10 °C min~". The results of the NH,
temperature-programmed desorption (NH;-TPD) analysis of the
material were recorded using an automatic gas sorption analyzer
(TP-5076).

2.4. Epoxidation reactions of a-pinene

Typically, the reaction process comprised the following steps:
5 mg of catalyst, 10 g of DMF, 3 mmol of a-pinene and 0.3 mmol
of CHP were added into a two-necked glass reactor. Then, the
reactor was placed in a water bath at 90 °C with a cryogenic-
liquid condenser. The flow rate of air was 40 mL min~". After
reacting for 5 h under stirring, the product was separated by
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centrifugation. Subsequently, the filtrate was collected and
analyzed using a gas chromatography (GC) instrument that
was equipped with a capillary column (Rtx-5, 30 m x 0.25 mm x
0.25 um) and an FID detector, in which chlorobenzene was used
as the internal standard to analyze different components.

3. Result and discussion

3.1. Structural descriptions

The XRD patterns of the synthesized [Co(NH;)s|Cl; are shown
in Fig. 1. The diffraction peaks of the material were exactly
consistent with the simulated peaks, showing obvious crystal
peaks at 26 = 15.0°,15.5°, 16.8°, 17.8°, 24.3°, 24.9°, 25.6°, 34.0°
and 36.2°, which indicated that [Co(NH3)s]Cl; had been success-
fully synthesized. Fig. S1 (ESIf) compares the differences in the
XRD patterns between [Co(NH3)|Cl; and other synthesized
cobalt compounds ([Co(NH;)sCI|Cl, and [Co(NH;)sCl|SO,), in
which the different characteristic diffraction peaks indicated
that these synthesized catalysts exhibited an entirely different
crystal structure. Moreover, it could be observed that the inten-
sity of the diffraction peaks of [Co(NH;)s]Cl; was obviously
higher than that of the [Co(NH;)s]** complexes, which might
endow it with considerable catalytic performance.

Fig. 2 shows the infrared spectra of the [Co(NH;)]|Cls
material. It could be seen from the figure that there are four
main characteristic absorption peaks, including (1) the strong
absorption peak at 820 cm ™" belonging to the Co-N rocking
vibration, (2) the sharp absorption peak at 1320 cm™*, which is
assigned to the symmetrical bending vibration of the N-H
bond, (3) the weak broad peak at 1580 cm ™', which is attributed
to N-H unsymmetrical bending vibration, and (4) the absorption
peak at 3120 cm™* corresponding to the symmetrical stretching
vibration of the N-H bond. All of them are in agreement with

S
N Synthesized
Py
7
c
LY
k=
H| Simulation
||| '||||| | L] ||||I|Il Litl
10 20 30 40 50

20 (degree)

Fig. 1 The XRD patterns of [Co(NH3)¢]Cls synthesized and the simulated one.
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Fig. 2 The IR spectra of [Co(NH3)g|Cls.

those reported in the literature.””*® The IR spectra of different
cobalt-ammonia complexes are shown in Fig. S2 (ESIT).
[Co(NH;)5CI|ClL,, [Co(NHj3)e|(Ac); and [Co(NHj)e]Cl; exhibited
similar spectra, with characteristic absorption peaks appearing
at about 820, 1320, 1580 and 3120 cm™*, consistent with those
reported in the literature.”® However, the IR spectra of
[Co(NH3)5Cl]SO, and [Co(NH;)s](NOj3); were obviously different
from those of others. The absorption peaks at 610 and 1090 cm ™" in
the spectra of [Co(NH;)sCI]SO, were typical absorption of SO,>".
The absorption peaks at 1320 cm ™" of [Co(NH3)](NO;); seemed
wider and stronger than those of other complexes, which could
be ascribed to the overlap interference between stretching
vibration of NO;~ and symmetrical bending vibration of the
N-H bond.

Fig. 3 shows the results of SEM micro-morphology analysis
of different cobalt-ammonia complexes. From the figure, it
could be seen that all the complexes exhibited micron sized
bulk morphology with an uneven grain size. [Co(NH;)s]Cl;
(a and a’) possessed a relatively smooth surface and displayed
regular columnar morphology. Another complex with regular
morphology was [Co(NH;)sCI|Cl, (d and d’). However, the
morphology of [Co(NH;)s](Ac); (b and b’), [Co(NHj3)s](NOs);
(c and ¢’), and [Co(NH;)sClI]SO, (e and e’) was amorphous and
the three samples exhibited uneven sizes from a few microns to
tens. Fig. S3 (ESIt) compares the UV-Vis spectra of the synthe-
sized [Co(NHj3)sCl|Cl,, [Co(NHj3)e](Ac)s, [Co(NH;3)6]Cl; and
[Co(NH;)6](NO3);. According to the literature,*® the characteristic
peaks at 340 and 470 nm were typical absorption peaks of a low
spin octahedral coordination compound (d°[Co(NH;)s]**), which
belong to 'A;; — Tig and 'A;; — Ty, respectively. But the
absorption peaks of [Co(NH;)sCl|Cl, were at 370 and 550 nm,
ascribed to the different coordination environment of Co(m)
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Fig. 3 SEM spectra of (a and a’) [Co(NH3)elClz, (b and b’) [Co(NH3)gl(Ac)s, (c and c’) [Co(NH3)gl(NOs)z, (d and d’) [Co(NHz)sClUCLl, and (e and €’)

[Co(NH3)5ClISO4.

between [Co(NH;)sCl]>* and [Co(NH;)s]*". The differences men-
tioned above were also the reason for the difference in color
between [Co(NH3)s]*" and [Co(NH3)sCI]** complexes.

The result of thermal stability analysis of [Co(NH;)]Cl; is
shown in Fig. 4. From the TG curve, it could be seen there was
no weight loss before 235 °C, showing that the structure of
[Co(NH;)6]Cl; was stable at this stage. However, [Co(NH;3)6]Cls
exhibited two obvious weight loss stages after 230 °C. Based on
the literature,’®"" the first stage that occurred at 230-320 °C
was ascribed to the decomposition from [Co(NH;)e]Cl; to
(NH,4),CoCl, and CoCl,, with the release of NH;, N, and HCI
(the weight loss rate was about 52%). The other weight loss
stage from 320 to 700 °C was about 22%, at which all released
species were NH; and HCI. The good stability of [Co(NH3)e]Cl3
resulted in its considerable recycling performance.

2150 | New J. Chem., 2021, 45, 2147-2156

To investigate the surface constituents and valence of cobalt
ion, XPS analysis was conducted as shown in Fig. 5. It could be
seen that, within the Co2p;/, energy level, there was only one
peak appearing at 781.6 eV, attributed to characteristic peak of
Co(m).”* This result indicated that cobalt species in the synthesized
[Co(NH;)6]Cl; all exhibited the Co(ur) coordinative state. In combi-
nation with the epoxidation reaction results, it could be known that
in the absence of Co(u), the single Co(m) system still showed
excellent catalytic activity.

The acidity of the complexes was investigated using the NH;-
TPD method (Fig. 6). The NH;-TPD profiles of [Co(NH;)s|Cl;
mainly showed two peaks at 228 and 291 °C, which corresponded
to the weak or medium strong acid site of the material. By
comparing the peak position and peak area, it was found that the
acidity of [Co(NH;)sCI|Cl, and [Co(NH;)s]Ac; was similar to that

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021


https://doi.org/10.1039/d0nj05466f

Published on 02 January 2021. Downloaded on 5/15/2021 2:16:28 PM.

NJC
80 4
S 52%(NH,, N, HCI)
)
<
60
Q
S -
40+ 22%(NH,, HCI)
20 4
L ) L] ] ) ] ] 1

)
100 200 300 400 500 600 700 800 900 1000
Temperature (°C)

Fig. 4 TG curves of [Co(NH3)g|Cls.
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Fig. 5 XPS spectra of [Co(NH3)g]Cls.

of [Co(NH;)]|Cl;. However, [Co(NH3)sC1]SO, possessed a stronger
acidity than [Co(NHj)s]Cl;, which showed one peak band at
433 °C (strong acid site), indicating the enhancement of acidity
by introducing SO,*>". The complexes synthesized by introducing
different acid radical ions showed different reactivity in the
subsequent epoxidation reaction.

3.2. Catalytic epoxidation of a-pinene

The results of different cobalt-ammonia complexes in catalyzing
the epoxidation process of a-pinene are shown in Fig. 7. It could
be seen that the different complexes obviously exhibited different
catalytic activity. The [Co(NH3)e|Cl; catalyst showed the best
catalytic performance with 97.4% conversion of o-pinene and
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Fig. 6 NHs3-TPD analysis results of cobalt—ammonia complexes.
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Fig. 7 The effect of different cobalt—ammonia complexes on the epoxidation
of a-pinene. Conditions: catalyst, 5 mg; a-pinene, 3 mmol; solvent, DMF 10 g;
initiator, CHP 0.3 mmol; temperature, 90 °C; flow rate of air, 40 mL min~?; and
time, 5 h.

98.3% selectivity of epoxide. When using [Co(NH;)s](Ac); as the
catalyst, the conversion was close to the result of using
[Co(NH,)6]Cl; (96.2%), while its low selectivity led to the low yield
of epoxide. [Co(NH;)s](NO;); only converted 10.8% of a-pinene.
When using [Co(NH;);CI[** class complexes with different anions,
the conversion of a-pinene exhibited a significant drop from
93.5% to 37.1% after Cl,>~ was replaced by SO,>". It could be
seen that different anions had a great effect on the activity of the
cobalt-ammonia complexes, which resulted in a significant dif-
ference in o-pinene conversion and epoxide selectivity. Among the
above catalysts, [Co(NH;3)]Cl; gave apparently higher conversion
of a-pinene and selectivity of target product than other cobalt-
ammonia complexes. The NH;-TPD analysis shown in Fig. 6 also
supported the above conclusion. Fig. 7 also shows the TON value

New J. Chem., 2021, 45, 2147-2156 | 2151


https://doi.org/10.1039/d0nj05466f

Published on 02 January 2021. Downloaded on 5/15/2021 2:16:28 PM.

Paper

of various complexes under standard conditions. Among catalysts
of different cobalt-ammonia complexes, [Co(NH;)s]Cls,
[Co(NH;)s](Ac); and [Co(NH;)sCl|Cl, exhibited a fairly high TON
value of >140 in 5 h. Other cobalt-ammonia complexes exhibited
a low TON value ([Co(NH;)s](NOs)s, 22.5 and [Co(NHj;)sCl]SO,,
82.8). Moreover, Table S1 (ESI) compares the catalytic perfor-
mance between the as-prepared [Co(NH;)]Cl; and other catalysts
reported; it could be seen that the [Co(NH;)s|Cl; catalyst in this
study gave an excellent conversion for the epoxidation of o-pinene
under mild reaction conditions. As shown in Fig. $4 (ESIt), when
[Co(NH3)6]Cl; was used as the catalyst, the conversion of a-pinene
reached 97.4%, with 98.3% selectivity of epoxide. The complexes
of [Ni(NH3),]CL, [Cu(NH;)6]SO,-H,0 and (NH,);Cl[ZnCl,] had poor
catalytic activity, and o-pinene conversion could only reach 27.9%,
19.5% and 6.4%. At the same time, the related TON value was also
in the descending order of [Co(NH3)e]Cl; (156) > [Ni(NH;)e|Cl,
(44.8) > [Cu(NH3)s]SO,-H,0 (31.3) > (NH,);Cl[ZnCly] (10.3).

As shown in Fig. 8, the effect of different reaction tempera-
ture on the epoxidation of o-pinene was explored by gradually
increasing the temperature from 60 to 95 °C. It could be easily
found that the reaction temperature played an important role
in the epoxidation process. The conversion was only 9.1% at
60 °C but reached 92.3% at 85 °C. The yield of epoxide reached
a maximum when the temperature was further increased to
90 °C, with 97.4% conversion of a-pinene and 98.3% selectivity
of epoxide. However, the selectivity of epoxide declined to
86.9% as the reaction temperature was continually increased
to 95 °C, with no significant improvement of conversion. This
may be ascribed to the transformation from o-pinene and
epoxide to by-products while increasing the temperature,
further leading to a decrease in the selectivity of the target
product.

As depicted in Fig. 9, the influence of reaction time on the
results of epoxidation was investigated with the other reaction
conditions remaining unchanged. The conversion of o-pinene

=Y

o

o
1

-100

<]
o
1

Conversion (%)
S [=2]
o o
1 A [
v T
8
Selectivity (%)

N
o
1

—i— Conversion
—¥— Epoxide selectivity B

Or———7—"7T—71T+7r1—T17 17710

55 60 65 70 75 80 85 90 95 100
Reaction temperature (°C)

Fig. 8 The effect of reaction temperature on the epoxidation of a-pinene
over [Co(NH=)gICls. Conditions: catalyst, 5 mg; a-pinene, 3 mmol; solvent,
DMF 10 g; initiator, CHP 0.3 mmol; flow rate of air, 40 mL min~%; and time, 5 h.
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Fig. 9 The effect of reaction time on the epoxidation of a-pinene over
[Co(NH3)g]Cls. Conditions: catalyst, 5 mg; a-pinene, 3 mmol; solvent, DMF
10 g; initiator, CHP 0.3 mmol; temperature, 90 °C; and flow rate of air,
40 mL min~%,

was improved apparently at the stage of increasing the reaction
time from 1 to 5 h (from 15.7% to 97.4%). However, after
extending the reaction time to 6 h, the epoxide was further
converted into by-products, resulting in a significant decrease
in the selectivity of epoxide. Moreover, it could be seen that the
conversion of a-pinene was elevated slowly at the early stage of
the reaction but increased rapidly with time being extended.
This may be attributed to the effect of the olefin cation radical
amount
process.> Less-generated radicals at the early reaction stage
resulted in a slower increase rate of conversion.

As shown in Fig. 10, various initiators have been tested to
promote the epoxidation of o-pinene over [Co(NH3)s|Cl;. When

which was generated during the epoxidation
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Fig. 10 The effect of different initiators on the epoxidation of a-pinene
over [Co(NH3)¢]Cls. Conditions: catalyst, 5 mg; a-pinene, 3 mmol; solvent, DMF
10 g; initiator, 0.3 mmol; temperature, 90 °C; flow rate of air, 40 mL min~; and
time, 5 h.
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only air was used as the oxidant without any initiators, no
acceptable conversion or epoxide yield was obtained (only
18.2% conversion of a-pinene and 61.2% selectivity of epoxide).
When H,0, was used as the initiator, the conversion of
substrate and the selectivity of target product reached 28.6%
and 87.4%, respectively. It could be observed that the selectivity
of epoxide was increased to 94.2% when H,0, was replaced by
a-epoxy pinane, whereas the conversion was still low (34.9%).
When CHP or TBHP was chosen as the single initiator, the
conversion was greatly increased to 97.4% and 96.5%, respec-
tively. Moreover, the selectivity of epoxide was improved to
98.3% by using CHP, higher than that by using TBHP (93.4%).
From the above results, it can be seen that CHP showed the best
promoting performance for the epoxidation of a-pinene.

The effect of the amount of CHP on the reaction results is
demonstrated in Fig. S5 (ESIt). It can be easily seen that the
conversion of a-pinene and the selectivity of epoxide were both
low in the absence of initiator CHP, but greatly improved (from
18.4% to 84.6% in conversion and from 60.2% to 72.1% in
selectivity, respectively) by adding a small amount of CHP
(0.06 mmol). When the amount of CHP was increased from
0.06 to 0.3 mmol gradually, both conversion and selectivity
were elevated to 97.4% and 98.3%, respectively. However, the
variation trend showed some differences when further increasing
the amount of initiator to 0.4 mmol, which manifested as a
continuous increase in conversion but decrease in selectivity of
epoxide. From the above result, it could be seen that an appro-
priate amount of CHP (0.3 mmol) facilitated to maximize the yield
of epoxide.

As shown in Fig. S6 (ESIt), the influence of different flow
rates of air on the epoxidation of a-pinene over [Co(NH;)s]Cl3
was investigated. It could be seen that only 14.7% conversion of
a-pinene was obtained with no air being introduced. Then the
conversion and selectivity of epoxide were gradually elevated
when the flow rate of air was increased from 20 to 40 mL min ™.
However, a significant drop in the selectivity of epoxide was
observed when the flow rate of air was further increased to 50
mL min~', accompanied by a slight increase in conversion.
This may be attributed to the decomposition of epoxide, caused
by excessive oxygen. Therefore, the yield of target product
reached a maximum when the flow rate of air was 40 mL min~".

Fig. 11 lists the influence of different solvents on the
epoxidation of o-pinene over [Co(NHj)e]Cl;. Obviously, the
reaction solvent significantly affected the epoxidation process.
Due to the weak ability of dissolving oxygen, non-polar toluene
gave only 7.3% conversion of a-pinene. THF seemed to be the
most unsuitable one and achieved <5% conversion of o-
pinene. When the polar solvents DMA and 1,4-dioxane were
used, though the conversion of a-pinene was higher than when
using non-polar solvents, as described above, the conversions
were only 21.5% and 19.0%. The conversion reached 97.4%
when strong polar DMF was selected as the reaction solvent.
Owing to the strong coordination with cobalt species and O,,
DMF played an important role in the epoxidation of a-pinene
with air. Previous studies had found that Co(u) could effectively
activate oxygen and form active intermediates with DMF, which
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Fig. 11 The effect of solvents on the epoxidation of a-pinene over
[Co(NH3)gICls. Conditions: catalyst, 5 mg; a-pinene, 3 mmol; solvent, 10 g;
initiator, CHP 0.3 mmol; temperature, 90 °C: flow rate of air, 40 mL min™™;
and time, 5 h.

further promoted the epoxidation reaction of a-pinene with
air.”***>*3% Co(m) in the reaction system also played an important
role in transferring oxygen.**

The schematic illustration for the epoxidation of a-pinene is
shown in Fig. S7 (ESIt). It could be observed that there was one
main product a-pinene oxide (a) and several by-products (b-d).
It is worth noting that camphorenal aldehyde (b) was the
product of further isomerization of a-pinene oxide. Table 1
lists the results of a-pinene epoxidation over [Co(NH;)s]Cls
catalyst with different amounts of substrate. As shown in Entry
1, when the amount of a-pinene was 3 mmol, 97.4% o-pinene
conversion and 98.3% epoxide selectivity were obtained. As the
substrate amount increased from 3 to 6 mmol, the conversion
and selectivity of epoxide still maintained around 80% and
>90%, respectively. However, as the amount of substrate
increased to 10 mmol, the conversion decreased rapidly to
42.3%. The reason for the drop may be the lack of active sites.
The conversion reached 98.0% when 6 mmol of substrate was
continuously reacted for 8 h. On the other hand, it can be seen

Table 1 The effect of substrate amount on the epoxidation of a-pinene

Selectivity (%)

Substrate amount  Time Conversion

Entry (mmol) h) (%) a b c/d  Others
1 3 5 97.4 98.3 0.9 0.2/0.5 0.1
2 4 5 93.0 93.9 2.0 1.4/2.1 0.6
3 5 5 91.5 92.1 2.3 1.8/3.0 0.8
4 6 5 80.0 92.8 2.4 1.2/2.9 0.7
5 6 6 90.0 88.1 4.6 2.3/4.3 0.7
6 6 7 95.8 87.6 5.9 1.9/3.4 1.2
7 6 8 98.0 86.5 8.7 1.1/2.4 1.3
8 10 5 42.3 92.5 4.3 1.2/1.5 0.5

Conditions: catalyst, [Co(NH;3)s|Cl; 5 mg; substrate, a-pinene; solvent,
DMF 10 g; initiator, CHP 0.3 mmol; temperature, 90 °C; flow rate of air,
40 mL min~%; and time, 5 h.
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Fig. 12 Results of recyclable performance of the [Co(NH3)¢lCls catalyst.

Conditions: catalyst, [Co(NH3)¢]Cls; a-pinene, 3 mmol; solvent, DMF 10 g;

initiator, CHP 0.3 mmol; temperature, 90 °C; flow rate of air, 40 mL min~%;

and time, 5 h.

from entries 4 7 that the selectivity of a-pinene oxide gradually
declined when the reaction time was extended. Moreover, the
distribution of products reflected that the proportion of cam-
phorenal aldehyde showed an obvious upward trend, which
could be attributed to the further isomerization of a-pinene
oxide as the reaction time extended.

The recycling experiments of the [Co(NH;)s]CL; catalyst on the
epoxidation of o-pinene were conducted. As shown in Fig. 12, the
activity of [Co(NH;)e]Cl; (ten times) showed a slight decline during
the initial three recycles, but was basically unchanged in the
subsequent seven recycles. Negligible leaching of cobalt species from
[Co(NH;)6]Cl; was detected by analyzing the ICP results of fresh and
recycled catalysts. The XRD patterns and IR spectra of fresh and 10th
recycled catalysts are compared in Fig. S8 and S9 (ESIT). It could be
observed that the recycled catalyst had almost the same peaks as
that of the fresh one in the XRD patterns or IR spectra. The favorable
stability and recycling performance may be ascribed to the stable
coordination environment of the Co species. Moreover, we also
conducted the recycling performance of [Co(NH;)sCl|Cl,. As could
be seen from Fig. S10, though the catalytic activity of [Co(NH;)sCl|Cl,
was lower than [Co(NH;)e]Cls, its conversion reached 86.4% after
being recycled 5 times. From Fig. S11 (ESIY) it could be seen that the
XRD patterns of recycled [Co(NH;)sCl|Cl, was exactly consistent with
that of the fresh one, with only a little drop in the intensity of peaks.
The reaction mechanism of the epoxidation reaction catalyzed by
the [Co(NH;)s]Cl; catalyst is shown in Fig. S12 (ESIt). Firstly, the
active intermediates formed by DMF and O, were adsorbed by
[Co(NH;)6]CL; (Step I). Then, molecular oxygen was activated by
Co(m) to form active peroxy intermediate species (Step II). Subse-
quently, the a-pinene molecules interacted with peroxy intermediate
species and formed cyclic intermediate species (Step III), which
released epoxide molecules at last (Step IV), and then the process
restarted with Step L
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Fig. 13 The catalytic epoxidation of other bulky cycloalkenes. Conditions:

catalyst, [Co(NH3)¢lCls 5 mg; substrate, 3 mmol; solvent, DMF 10 g;

initiator, CHP 0.3 mmol; temperature, 90 °C: flow rate of air, 40 mL min~?;

and time, 5 h.

The conversion of epoxidation reaction of several cycloalkenes
under the above-stated conditions is listed in Fig. 13. It can be
seen that [Co(NH;),]Cl; performed excellent catalytic properties on
the epoxidation of some cyclic olefins. Comparatively, the conver-
sion of alkenes declined in the order of o-pinene (97.4%) >
a-methylstyrene (94.6%) > styrene (85.5%) > cyclooctene
(44.6%) > P-pinene (43.4%) > 3-cyclohexene-1-carboxaldehyde
(11.6%) > limonene (8.6%). However, the epoxide selectivity
declined in the order of limonene (100%) = 3-cyclohexene-1-
carboxaldehyde (100%) = cyclooctene (100%) > o-pinene
(98.3%) > a-methylstyrene (81%) > styrene (74.7%) > [-pinene
(55.1%). The epoxidation of linear terminal 1-heptene and
1-dodecene with air was negligible. The possible explanation for
apparently different results on epoxidizing cyclic olefin and linear
olefin was that electrophilic cycloaddition activity was weakened
by the low n-electron density of linear olefin.>®

4. Conclusions

A series of cobalt-ammonia complexes with different external
anions (Ac”, NO; ™, SO,*~, Cl") were prepared using a simple
method and applied to catalyze the epoxidation of a-pinene to
a-epoxy pinane. The experimental results showed that
[Co(NH;)6]Cl; exhibited the best catalytic activity on the epoxida-
tion of a-pinene. The cobalt-ammonia complex used, the catalyst
amount, the reaction solvents, the reaction temperature, the
reaction time and initiators exerted notable impacts on the
epoxidation reaction. The considerable reaction results demon-
strated that single Co(m) even showed better catalytic effect on
epoxidation than a single Co(u) system. The recycling experi-
ments indicated that [Co(INH;3)]Cl; was a stable and recyclable
heterogeneous catalyst, which showed no significant deactiva-
tion after 10 recycles.
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