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  Halloysite‐nanotube‐supported	Mo	salen	(HNTs‐Mo‐SL)	catalysts	were	successfully	prepared	using	
a	facile	chemical	surface	modification	and	self‐assembly	method.	The	morphologies,	sizes,	structure,	
and	dispersion	of	the	as‐prepared	catalysts	were	investigated	by	transmission	electron	microscopy,	
X‐ray	diffraction,	and	Fourier‐transform	infrared,	inductively	coupled	plasma,	and	X‐ray	photoelec‐
tron	spectroscopy,	which	confirmed	the	existence	of	the	Mo	salen	structure	and	successful	synthesis	
of	the	HNTs‐Mo‐SL	catalyst.	The	immobilized	catalyst	was	found	to	be	highly	reactive	in	the	epoxi‐
dation	of	a	wide	range	of	alkenes,	 including	 linear,	cyclic,	and	aromatic	alkenes.	The	 immobilized	
catalyst	exhibited	a	higher	catalytic	activity	for	alkene	epoxidation	than	homogeneous	Mo.	In	con‐
trast	experiments,	it	was	determined	that	the	salen	structure	played	an	important	role	in	immobi‐
lizing	MoO(O2)2(DMF)2	and	 improving	the	conversion	and	efficiency	of	alkene	epoxidation,	which	
could	not	be	obtained	using	other	ligands,	such	as	the	N	atom	as	a	single	ligand.	Furthermore,	the	
bonding	between	Mo	and	the	salen	ligands	and	the	possible	mechanism	of	alkene	epoxidation	cata‐
lyzed	by	the	catalyst	were	determined.	The	catalyst	could	be	reused	several	times	without	signifi‐
cant	loss	of	catalytic	activity.	Given	that	halloysite	nanotubes	are	cheap	and	easy	to	obtain,	this	cat‐
alyst	offers	a	novel	alternative	for	the	rational	design	of	catalysts	with	desired	features.	
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1.	 	 Introduction	

The	epoxidation	of	alkenes	is	one	of	the	most	widely	studied	
reactions	in	organic	chemistry.	The	resultant	epoxides	are	im‐
portant	 intermediates	 in	 organic	 synthesis	 and	 essential	 pre‐
cursors	in	the	synthesis	of	various	important	substances,	such	
as	 plasticizers,	 perfumes,	 and	 epoxy	 resins.	 Catalyzing	 these	
epoxidation	 reactions	 by	 transition	 metal	 complexes	 has	 at‐
tracted	 much	 attention	 [1–5].	 A	 number	 of	 soluble	 Mo	 com‐
plexes	with	different	 ligands	have	been	 synthesized	and	used	
as	 homogeneous	 catalysts	 for	 the	 epoxidation	 of	 various	 al‐
kenes	 [6,7].	 However,	 homogeneous	 catalysts	 have	 some	 in‐
dustrial	problems,	 such	as	deposition	on	 the	reactor	wall	 and	

difficulty	 in	 separation	and	 recovery	of	 the	 catalysts	 from	 the	
reaction	products.	One	way	 to	overcome	these	problems	 is	 to	
immobilize	homogeneous	catalysts	on	solid	supports.	

In	 recent	 years,	 various	 types	 of	 supported	 catalysts	 have	
been	 reported	 in	 organic	 transformations.	 Many	 approaches	
have	 been	 used	 to	 load	Mo	 complexes	 on	 different	 supports,	
such	 as	 silica	 [8–12],	 modified	 MCM‐41	 [13–16],	 zeolites	
[17,18],	and	multi‐wall	carbon	nanotubes	(MWNTs)	[19,20],	to	
obtain	 heterogeneous	 catalysts.	 However,	 much	 cheaper	 clay	
minerals	have	not	been	reported	as	supports	for	Mo	complexes.	
Clay	minerals	 are	 attractive	 inorganic	 hosts	 for	 functional	 in‐
organic–organic	 hybrids	 because	 of	 their	 swelling	 properties	
and	charged	surfaces,	which	can	be	easily	modified.	Clays	have	
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been	 successfully	 used	 in	 different	 fields,	 even	 as	 vectors	 for	
delivery	of	DNA	to	cells	[21–23].	As	a	naturally	abundant	clay,	
halloysite	nanotubes	(HNTs,	Al2Si2O5(OH)4·2H2O)	have	a	tubu‐
lar	 structure	 similar	 to	 that	 of	 MWNTs,	 and	 they	 are	 cheap,	
non‐toxic,	and	biocompatible.	The	tubular	structure	of	HNTs	is	
composed	of	one	 silica	 sheet	with	one	alumina	 sheet	on	 each	
silicate	layer,	and	they	have	a	diameter	of	50	nm	and	a	lumen	of	
15	 nm	 [23].	 HNTs	 have	 been	 used	 in	 various	 fields,	 such	 as	
nanocontainers	 for	 active	 anticorrosion	 coatings	 [28–31]	 and	
supports	 for	 catalysts	 in	 different	 types	 of	 reactions	 [32–36],	
and	have	useful	structural	properties	[24–27].	

Herein,	we	report	the	synthesis	of	Mo	catalysts	on	modified	
HNT	supports.	To	 the	best	of	our	knowledge,	 the	synthesis	of	
Mo	salen	(Mo‐SL)	supported	on	surface‐modified	HNTs	has	not	
been	 previously	 reported.	 We	 investigated	 the	 stability	 and	
catalytic	 activity	 for	 epoxidation	 reactions	 of	 a	 variety	 of	 al‐
kenes	with	 the	 tert‐butyl	 hydroperoxide	 oxidant.	 In	 addition,	
we	investigated	the	coordination	between	Mo	and	salen	ligands	
and	 the	 possible	mechanism	 of	 alkene	 epoxidation	 using	 this	
catalyst.	

2.	 	 Experimental	

2.1.	 	 Materials	

Halloysite	was	obtained	from	Hebei,	China.	3‐	Aminopropyl‐	

trimethoxysilane	 (APTMS)	 and	 [3‐(2‐aminoethyl)	aminopro‐
pyl]trimethoxysilane	 (AAPTMS)	 were	 purchased	 from	 Alfa	
Aesar	and	used	without	 further	purification.	Molybdenum	tri‐
oxide,	N,N‐dimethylformamide	 (DMF),	 tert‐butyl	 hydroperox‐
ide	 (TBHP),	 and	 solvents	 were	 all	 analytical	 grade	 reagents	
purchased	from	Shanghai	Chemical	Reagent	Co.	Ltd.	(Shanghai,	
China)	and	used	without	further	purification.	Deionized	water	
was	used	for	all	of	the	experiments.	 	

2.2.	 	 Preparation	of	catalysts	

The	HNTs‐SL‐Mo	catalysts	were	prepared	by	a	facile	chem‐
ical	 surface	 modification	 and	 self‐assembly	 method.	 APTMS	
(0.5	mL)	 and	HNTs	 (1	 g)	were	dispersed	 in	 toluene	 (25	mL).	
The	 system	was	 vacuumized	 in	 the	 process	 of	 ultrasonic	 dis‐
persion	for	1	h.	Then,	refluxing	was	performed	at	110	°C	for	24	
h	 in	a	nitrogen	environment.	We	obtained	HNTs‐APTMS	after	
the	solid	was	filtered	out	and	dried	under	vacuum	after	wash‐
ing	with	 toluene	 several	 times.	HNTs‐APTMS	 (0.5	 g)	was	 dis‐
solved	in	tepid	ethanol	(40	mL).	Then,	while	stirring	at	40	°C,	
ethanol	 (70	 mL)	 containing	 salicylaldehyde	 (0.55	 mL)	 was	
added	in	2	h.	This	system	was	refluxed	at	80	°C	for	10	h.	After	
filtering,	 washing,	 and	 drying,	 we	 obtained	 a	 yellow	 solid,	
which	was	HNTs	supporting	salen	ligands	(HNTs‐APTMS‐SL).	A	
mixture	 of	 HNTs‐APTMS‐SL	 (300	 mg)	 and	 MoO(O2)2(DMF)2	
(30	mg)	synthesized	according	to	a	procedure	described	in	the	
literature	 [37,38]	was	 stirred	 in	 acetonitrile	 (15	mL)	 at	 room	
temperature	for	48	h.	Afterwards,	the	solid	was	filtered	out	and	
dried	under	vacuum	after	washing	with	acetonitrile.	This	gave	
the	HNTs‐APTMS‐Mo‐SL	catalyst.	 	

The	complete	synthesis	process	of	 the	catalyst	 is	shown	in	

Fig.	 1.	 We	 used	 AAPTMS	 instead	 of	 APTMS	 using	 the	 same	
method	to	obtain	another	catalyst,	HNTs‐AAPTMS‐Mo‐SL	(Fig.	
2(a)).	The	catalyst	without	 the	salen	structure	(HNTs‐APTMS‐	

Mo,	Fig.	2(b))	was	also	prepared.	 	

2.3.	 	 Characterization	of	catalysts	

The	 size	 and	morphology	 of	 the	HNTs	was	 observed	 by	 a	
Tecnai	 G2	 F30	 transmission	 electron	microscope	 (TEM).	 The	
samples	were	obtained	by	placing	a	drop	of	a	colloidal	solution	
onto	a	copper	grid	and	evaporating	the	solvent	 in	air	at	room	
temperature.	 X‐ray	 powder	 diffraction	 (XRD)	 patterns	 were	
obtained	with	 a	 Shimadzu	XRD‐6000	diffractometer	 using	 Cu	
Kα	radiation	at	40	kV.	Elemental	analysis	(EA)	was	carried	out	
to	analyze	the	elemental	composition	of	the	catalysts	using	an	
elemental	 analyzer	 (Vario	 EL,	 Elementar	 Analysensysteme	
GmbH,	 Hanau,	 Germany).	 Fourier‐transform	 infrared	 (FT‐IR)	
spectra	were	 recorded	on	 an	 Impact	 400	FT‐IR	 spectrometer	
(Nicolet,	Waltham,	MA,	USA),	and	the	samples	were	measured	
with	KBr	pellets.	X‐ray	photoelectron	 spectra	 (XPS)	were	rec‐
orded	on	a	PHI‐5702	photoelectron	spectrometer,	and	the	C	1s	
line	at	284.8	eV	was	used	as	the	binding	energy	reference.	The	
Mo	 content	 was	 measured	 with	 an	 inductively	 coupled	 plas‐
ma‐atomic	emission	spectrometer	(ICP‐AES).	

2.4.	 	 Catalytic	epoxidation	of	alkenes	by	TBHP	

The	epoxidation	of	alkenes	was	carried	out	using	TBHP	as	
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Fig.	 1.	 Synthesis	 process	 and	 structure	 of	 the	 HNTs-APTMS-Mo-SL	
catalyst.	

Fig.	2.	Structure	of	HNTs‐AAPTMS‐Mo‐SL	(a)	and	HNTs‐APTMS‐Mo	(b).
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an	 oxidizing	 agent.	 In	 a	 25‐mL	 round	 bottom	 flask	 equipped	
with	 a	 magnetic	 stirrer	 bar,	 a	 mixture	 of	 alkene	 (2.5	mmol),	
TBHP	(5	mmol),	catalyst	(1	mol%	Mo),	and	solvent	(8	mL)	was	
prepared	and	refluxed	under	stirring	at	different	temperatures.	
After	 filtering	off	 the	catalyst,	 the	 filtrate	was	dehydrated	and	
analyzed	by	a	gas	chromatograph–mass	spectrometer	(GC‐MS,	
Agilent	7820A/5977E).	

3.	 	 Results	and	discussion	

3.1.	 	 Synthesis	of	heterogeneous	HNTs‐supported	Mo	catalyst	

The	structure	and	morphologies	of	the	HNTs,	HNTs‐APTMS‐	

Mo‐SL,	HNTs‐AAPTMS‐Mo‐SL,	 and	HNTs‐	APTMS‐Mo	were	ob‐
served	 by	 TEM.	 Fig.	 3(a)	 shows	 the	 TEM	 image	 of	 naturally	
occurring	HNTs.	The	predominant	 form	was	a	hollow	 tubular	
structure	 in	 the	 submicrometer	 range.	 The	 sizes	 of	 the	 inner	
and	outer	diameters	of	the	halloysite	tubules	were	about	15–20	
and	40–50	nm,	 respectively,	 depending	on	 the	deposit	 condi‐
tions.	 Characterization	 of	 HNTs‐APTMS‐Mo‐	SL	 by	 TEM	 is	
shown	 in	 Fig.	 3(b).	 It	 shows	 that	 the	 Mo	 complex	 was	 com‐
pletely	 attached	 to	 the	modified	HNTs,	 and	 there	was	no	 iso‐
lated	Mo	 complex	 in	 the	 TEM	 image.	 Therefore,	 without	 any	
monodispersed	Mo	 complex,	 it	 can	be	 concluded	 that	 the	Mo	
complex	was	distributed	on	the	surface	of	the	surface‐modified	
HNTs.	For	comparison,	the	TEM	images	of	HNTs‐AAPTMS‐	Mo‐	

SL	 and	 HNTs‐APTMS‐Mo	 are	 shown	 in	 Figs.	 3(c)	 and	 3(d).	
HNTs‐AAPTMS‐Mo‐SL	 showed	slight	aggregation	because	of	a	
mass	of	Mo	complex	and	HNTs‐APTMS‐Mo	showed	less	aggre‐
gation	because	of	weak	coordination	between	Mo	and	single	N	
atoms.	

The	crystal	structure	and	phase	purity	of	 the	HNTs,	HNTs‐	

APTMS‐SL,	 HNTs‐APTMS‐Mo‐SL,	 and	 HNTs‐APTMS‐Mo	 were	
determined	by	XRD,	as	shown	in	Fig.	4.	The	positions	and	rela‐

tive	 intensities	 of	 all	 the	 diffraction	 peaks	 of	 HNTs	 matched	
well	with	JCPDS	29‐1487	[36,37].	The	typical	diffraction	peaks	
of	 HNTs‐APTMS‐SL	 and	 HNTs‐APTMS‐Mo‐SL	 were	 similar	 to	
those	of	the	unfunctionalized	HNTs.	However,	the	intensities	of	
the	 main	 peaks	 slightly	 decreased,	 which	 revealed	 that	 the	
crystal	 structure	 of	 the	 HNTs	 was	 well	 maintained	 after	 the	
introduction	of	organic	functional	groups.	Some	of	the	charac‐
teristic	 peaks	 decreased	 after	 immobilization	 of	
MoO(O2)2(DMF)2.	Furthermore,	another	five	peaks	over	HNTs‐	

APTMS‐SL	 and	 HNTs‐APTMS‐Mo‐SL	 (marked	 with	 asterisks)	
that	 can	 be	 attributed	 to	 the	 Mo(VI)	 species	 rather	 than	
MoO(O2)2(DMF)2.	This	is	evidence	of	the	successful	synthesis	of	
the	Mo	salen	structure.	From	the	above	results,	HNTs‐APTMS‐	

Mo‐SL	was	successfully	synthesized.	 In	addition,	 the	peaks	at‐
tributed	to	the	Mo(VI)	species	of	HNTs‐APTMS‐Mo	were	clearly	
smaller	 than	 those	 of	 HNTs‐APTMS‐Mo‐SL,	 which	 might	 be	
because	of	the	smaller	amount	of	Mo	(Table	2).	

The	FT‐IR	spectra	of	the	samples	are	shown	in	Fig.	5.	Two	
characteristic	bands	of	HNTs	at	3696	and	3621	cm−1	were	pre‐
sent,	which	 are	 due	 to	 the	 stretching	 vibration	 of	 O–H	 in	 the	
inner‐surface	hydroxyl	groups	of	Al–O–H.	The	absorption	peak	
at	910	 cm−1	was	 ascribed	 to	 the	deformation	 vibration	of	 the	
above	 hydroxyl	 groups.	 Interlayer	 or	 adsorbed	water	 is	 indi‐
cated	by	 the	 stretching	vibration	at	3450	cm−1	and	 the	corre‐
sponding	deformation	vibration	at	1637	cm−1	[36,37].	Most	of	
the	absorption	peaks	of	the	catalysts	did	not	change	after	modi‐
fication,	 except	 for	 a	 decrease	 in	 the	 intensity	 of	 the	 OH	
stretching	 band.	 It	was	 found	 that	 the	 basic	 structures	 of	 the	
HNTs	and	the	functionalized	HNTs	were	the	same	after	modifi‐
cation	 and	 grafting	 between	 these	 groups	 and	 APTMS	 (or	
AAPTMS).	 The	 relatively	 high	 intensity	 of	 the	 band	 at	 2933	
cm−1	is	characteristic	of	–CH2	stretching	vibrations,	which	also	
indicated	that	APTMS	(or	AAPTMS)	successfully	bonded	to	the	
HNTs.	Over	HNTs‐APTMS‐	SL,	the	bands	at	1660	and	1251	cm−1	
were	 induced	 by	 C=N	 and	 C–O	 stretching	 vibrations,	 which	
verified	the	successful	synthesis	of	the	salen	ligand.	It	is	worth	
noting	that	the	C=N	and	C–O	stretching	vibrations	in	the	spec‐
tra	 of	 HNTs‐APTMS‐Mo‐SL	 and	 HNTs‐AAPTMS‐Mo‐SL	 were	
similar	 to	 those	of	HNTs‐APTMS‐	SL,	 indicating	a	 strong	 inter‐
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Fig.	 3.	 TEM	 images	 of	 HNTs	 (a),	 HNTs‐APTMS‐Mo‐SL	 (b),	 HNTs‐
AAPTMS‐Mo‐SL	(c),	and	HNTs‐APTMS‐Mo	(d).	
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Fig.	4.	XRD	patterns	of	HNTs	(1),	HNTs‐APTMS‐SL	(2),	HNTs‐	APTMS‐
SL‐Mo	(3),	and	HNTs‐APTMS‐Mo	(4).	
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action	between	Mo	and	 the	ON	bidentate	salen	 ligand.	There‐
fore,	 FT‐IR	 reasults	 confirmed	 the	 existence	 of	 the	 Mo	 salen	
structure	by	the	post‐treatment	process.	

In	 addition	 to	 XRD	 and	 FT‐IR	 analysis,	 the	 XPS	 technique	
proved	 to	 be	 extremely	 useful	 to	 confirm	 the	 presence	 of	
APTMS	and	Mo,	because	 they	are	sensitive	 to	 the	surface	and	
provide	information	not	only	about	the	electronic	state	of	Mo,	
but	also	about	the	other	atoms.	As	shown	in	Fig.	6,	the	peaks	of	
Si	 2p,	 C	 1s,	 N	 1s,	 and	 O	 1s	 appeared	 at	 standard	 positions.	
Moreover,	the	XPS	analysis	of	Mo(VI)	is	shown	in	Fig.	6(a)	and	
(b).	As	expected,	the	peaks	at	237	and	403	eV	can	be	attributed	
to	Mo	3d	and	Mo	3p,	which	confirmed	the	existence	of	Mo(VI)	
with	the	same	valence	state	as	Mo	in	MoO(O2)2(DMF)2	[38].	The	
XPS	 reasults	 provided	 evidence	 of	 the	 successful	 synthesis	 of	
the	HNT‐supported	Mo	catalyst.	

In	addition,	EA	was	used	to	verify	the	presence	of	C,	N,	and	
H.	As	shown	in	Table	1,	after	the	first	step,	APTMS	and	APPTMS	
were	successfully	attached	to	the	HNTs	because	of	the	presence	
of	 the	 corresponding	 percentages	 of	 C,	 N,	 and	 H.	 Salicylalde‐
hyde	 then	 reacted	 with	 the	 terminal	 amino	 group	 of	 HNTs‐	

APTMS	or	HNTs‐APPTMS	to	form	the	salen	structure.	The	cor‐
responding	 percentages	 of	 C,	 N,	 and	 H	 were	 detected	 in	 ac‐
cordance	with	HNTs‐APTMS‐SL	or	HNTs‐APPTMS‐SL.	

3.2.	 	 Catalytic	epoxidation	of	alkenes	using	TBHP	as	an	oxidant	

The	catalytic	activities	of	the	three	HNT‐supported	Mo	cata‐
lysts	and	homogeneous	Mo	catalyst	were	initially	 investigated	
in	the	epoxidation	of	cyclohexene	in	the	presence	of	TBHP.	The	
catalytic	 activities	 of	 these	 four	 catalysts	 as	well	 as	 PANI	mi‐
crosphere‐Mo	 [38]	 and	MoOx/HAP‐γ‐Fe2O3	 [11]	 are	 shown	 in	
Table	2.	The	same	amount	of	Mo	was	used	in	the	contrast	tests.	
The	 turnover	 frequency	 (TOF)	 of	 HNTs‐APTMS‐Mo‐SL	 was	
quite	 good	 (23.75	 h−1),	 and	 twice	 that	 of	 MoOx/HAP‐γ‐Fe2O3	
(10.94	h−1).	However,	it	was	slightly	less	than	that	of	PANI	mi‐
crosphere‐Mo	(27.67	h−1),	which	can	be	attributed	to	the	higher	
reaction	 temperature	 (60	 °C).	Nevertheless,	 the	 conversion	of	
cyclohexene	 catalyzed	 by	 the	 HNTs‐APTMS‐Mo‐SL	 afforded	
95%,	which	is	much	higher	than	that	obtained	using	the	PANI	
microsphere‐Mo	 (83%)	 and	MoOx/HAP‐γ‐Fe2O3	(90.8%)	 cata‐
lysts	 despite	 their	 higher	 reaction	 temperatures.	 PANI	micro‐
sphere‐Mo	does	not	have	the	Mo	salen	structure	and	only	uses	
a	N	atom	as	a	single	ligand	coordinated	to	MoO(O2)(DMF)2.	The	
active	site	of	MoOx/HAP‐γ‐Fe2O3	 is	the	Mo	oxide.	Therefore,	 it	
can	 be	 assumed	 that	 the	 Mo	 salen	 structure	 is	 conducive	 to	
improving	the	conversion	and	efficiency	of	alkene	epoxidation.	
On	the	other	hand,	by	comparing	the	conversion	of	the	epoxi‐
dation	 reaction	 catalyzed	 by	 HNTs‐APTMS‐Mo‐SL	 (95%),	
HNTs‐APTMS‐Mo	 (87%)	 without	 the	 salen	 structure,	 and	
HNTs‐APPTMS‐Mo‐SL	(90%),	which	has	both	Mo	salen	and	Mo	
coordinated	 to	 one	N	 atom,	 it	 is	 suggested	 that	 the	Mo	 salen	
structure	of	the	catalysts	played	an	important	role	in	this	reac‐
tion.	MoO(O2)	connected	to	the	salen	structure	probably	had	a	
unique	mechanism	that	was	the	most	efficient	catalytic	mecha‐
nism	 for	 epoxidation	 of	 alkenes	 with	 the	 TBHP	 oxidant.	 Ac‐
cording	to	the	reported	mechanism	[39],	the	possible	epoxida‐
tion	process	catalyzed	by	the	Mo	salen	catalyst	is	illustrated	in	
Scheme	1.	Heterogeneous	MoO(O2)(DMF)2	had	a	lower	catalyt‐
ic	 activity	 (73%)	 than	 supported	Mo.	When	 the	 reaction	 time	
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Fig.	6.	XPS	spectrum	of	HNTs‐APTMS‐Mo‐SL	(a)	and	the	specific	Mo	XPS	spectra	of	HNTs‐APTMS‐Mo‐SL	(b,	c).	

Table	1	 	 	
Elemental	analysis	data	of	the	catalysts.	

Catalyst	 C	(%)	 N	(%)	 H	(%)	
HNTs‐APTMS	
HNTs‐AAPTMS	
HNTs‐APTMS‐SL	

	 	 3.62	
	 	 4.79	
	 	 9.27	

1.31	
2.76	
1.23	

0.84	
1.10	
1.02	

HNTs‐AAPTMS‐Mo‐SL	 11.3	 2.69	 1.48	
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was	 extended	 to	 12	 h,	 conversion	 slightly	 increased	 to	 76%.	
The	reaction	catalyzed	by	HNTs‐APTMS‐Mo	had	higher	conver‐
sion	 with	 lower	 temperature	 and	 shorter	 reaction	 time	 than	
that	 reported	 for	 the	 PANI	 microsphere‐Mo	 catalyst.	 Hence,	
supported	MoO(O2)(DMF)2	 is	 an	 excellent	 catalyst	 for	 alkene	
epoxidation	 reaction.	 Among	 the	 catalysts	 investigated,	 the	
HNT‐supported	Mo	catalysts	coordinated	with	ligands	showed	
the	best	catalytic	activity,	and	HNT‐supported	Mo	salen	was	the	
best	catalyst.	

Table	3	shows	the	catalytic	activity	of	HNTs‐APTMS‐Mo‐SL	
used	 for	 the	 epoxidation	 of	 a	 wide	 range	 of	 alkenes.	 It	 was	
found	that	this	catalyst	efficiently	converted	cyclic,	 linear,	and	
aromatic	 alkenes	 to	 their	 corresponding	 epoxides.	 It	 showed	
that	carbocyclic	alkenes	were	efficiently	converted	 to	 the	cor‐
responding	 epoxides	with	 high	 conversion	 and	TOF	 (Table	 3,	
entries	 1	 and	 2).	 However,	 oxidation	 of	 aromatic	 and	 linear	
alkenes	 required	 longer	 reaction	 times	 and	 higher	 reaction	
temperature	than	carbocyclic	alkenes	(entries	3–7).	

Experiments	were	conducted	to	test	the	cycle	performance	
and	 the	 stability	 of	 the	 catalyst.	 As	 shown	 in	 Fig.	 7,	 the	
HNTs‐APTMS‐Mo‐SL	 catalyst	 could	 be	 filtered	 and	 reused	 at	
least	eight	times	without	significant	 loss	of	activity	(Fig.	7(a)).	
To	investigate	the	stability	of	the	Mo	salen	structure,	the	cata‐
lytic	performance	of	the	separated	liquids	was	tested	by	adding	
fresh	 cyclohexene	 and	 TBHP	 into	 the	 filtrates	 after	 each	 run.	
Epoxidation	reactions	under	the	same	reaction	conditions	gave	
the	same	results	as	the	blank	experiment.	The	performance	of	
the	HNTs‐APTMS‐Mo	catalysts	decreased	during	the	reuse	ex‐
periments	(Fig.	7(b)).	A	total	of	0.67	mg	Mo	(27%	of	the	origi‐
nal	 Mo	 amount)	was	 detected	 by	 ICP	 in	 the	 separated	 liquid	
after	 the	 eighth	 cycle,	which	 explained	 the	 sharp	 decrease	 in	
catalytic	activity.	However,	the	separated	liquid	after	the	eighth	
cycle	catalyzed	by	HNTs‐APTMS‐Mo‐SL	contained	0.09	mg	Mo	
(3.6%	 of	 the	 original	 Mo	 amount).	 The	 experiments	 demon‐
strated	the	excellent	stability	of	the	Mo	salen	structure.	

4.	 	 Conclusions	

A	robust,	highly	effective,	and	reusable	HNTs‐Mo‐SL	catalyst	
was	 successfully	 synthesized,	 characterized,	 and	 used	 for	 the	
epoxidation	of	 cyclooctene	using	 the	TBHP	oxidant.	 This	 sup‐
ported	heterogeneous	catalyst	was	found	to	be	highly	effective	
for	the	epoxidation	of	a	wide	range	of	alkenes,	including	linear,	
cyclic,	and	aromatic	alkenes.	The	HNTs‐Mo‐SL	catalyst	exhibit‐
ed	a	higher	activity	 than	homogeneous	Mo	and	supported	Mo	
without	 the	 salen	 structure	 (HNTs‐APTMS‐Mo).	 It	 was	 found	
that	the	salen	structure	played	an	important	role	in	immobiliz‐
ing	 MoO(O2)2(DMF)2	 and	 improving	 the	 conversion	 and	 effi‐
ciency	of	 alkene	epoxidation,	which	 cannot	be	obtained	using	
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Scheme	1.	Epoxidation	process	catalyzed	by	HNTs‐APTMS‐Mo‐SL.	

Table	2	 	 	
Epoxidation	of	cyclohexene	to	the	corresponding	epoxide	with	TBHP	using	different	catalysts.	

	
Catalyst	 Amount	(mg)	 Mo	(%)	 Time	(h)	 Conversion	(%)	 Selectivity	(%)	 TOF	a	(h−1)	
HNTs‐APTMS‐Mo‐SL	 	 61	 	 4.11	 	 4	 95	 96	 23.75	
HNTs‐AAPTMS‐Mo‐SL	 	 50	 	 4.98	 	 4	 90	 95	 22.50	
HNTs‐APTMS‐Mo	
MoO(O2)2(DMF)2	
MoO(O2)2(DMF)2	
MoO(O2)2(DMF)2	
PANI	microsphere‐Mo	b	

MoOx/HAP‐γ‐Fe2O3	c	 	

	 94	
	 	 9	
	 	 9	
	 	 9	
120	
	 25	

	 2.63	
28.90	
28.90	
28.90	
	 7.35	
20	

	 4	
	 4	
	 8	
12	
	 6	
	 8	

87	
73	
74	
76	
83	

	 	 90.8	

96	
94	
97	
95	
97	

	 	 98.7	

21.75	
18.25	
	 9.25	
	 6.33	
27.67	
10.94	

a	Turnover	frequency,	i.e.,	moles	of	cyclohexene	converted	per	mole	of	Mo	per	hour.	
b	Ref.	[38].	Reaction	conditions:	cyclohexene	(1.84	mL),	TBHP	(4.8	mL),	CHCl3	(8	mL),	60	°C.	
c	Ref.	[11].	Reaction	conditions:	cyclohexene	(5	mmol),	TBHP	(5	mmol),	CHCl3	(8	mL),	70	°C.	

Table	3	 	
Epoxidation	of	various	alkenes	with	TBHP	catalyzed	by	HNTs‐APTMS‐	
Mo‐SL.	

Entry	 Alkene	 t/h	 Solvent	 T/°C	
Con‐
version	
(%)	

Selec‐
tivity	
(%)	

TOF
(h−1)

1	
	

	 4	 CH2Cl2 	 40	 	 95	 96	 23.75

2	 	 	 4	 CH2Cl2 	 40	 >99	 98	 25.0

3	 	 	 6	 CH3CN 	 80	 	 87	 90	 14.50

4	 	 	 6	 CH3CN 	 80	 	 89	 91	 14.83

5	 	 	 6	 CH3CN 	 80	 	 83	 90	 13.83

6	 	 	 8	 CH3CN 	 80	 	 80	 93	 10.0	

7	
	

12	 toluene	 110	 	 91	 99	 7.58

Reaction	conditions:	alkene	(2.5	mmol),	TBHP	(5	mmol),	HNTs‐APTMS‐	
Mo‐SL	(60	mg),	solvent	(8	mL).	
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other	 ligands,	 such	 as	 the	N	 atom	as	 a	 single	 ligand.	 Further‐
more,	 the	 coordination	between	Mo	and	 the	 salen	 ligand	 and	
the	possible	mechanism	of	alkene	epoxidation	catalyzed	by	this	
catalyst	were	investigated.	Moreover,	the	catalyst	had	excellent	
stability	 and	 could	 be	 easily	 recycled	 in	 the	 reaction	 system.	
Given	 that	halloysite	nanotubes	are	 cheap	and	easy	 to	obtain,	
this	catalyst	offers	a	novel	alternative	for	the	rational	design	of	
catalysts	with	desired	features.	
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Halloysite‐nanotube‐supported	molybdenum	salen	 catalysts	were	 successfully	 pre‐
pared	by	facile	chemical	surface	modification,	and	they	were	stable	and	showed	ex‐
cellent	catalytic	activity	for	the	epoxidation	of	alkenes.	
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