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  Catalysts	 containing	metal	 nanotubes	were	 prepared	 by	 the	 adsorption	 of	 platinum	metal	 nano‐
tubes	onto	 functionalized	 and	modified	 silica	 surfaces	 (MCM‐41	 and	 fumed	 silica).	 (3‐	Chloropro‐
pyl)trimethoxysilane	 and	 cinchonidine	were	 used	 for	 functionalization	 and	modification,	 respec‐
tively.	Potassium	chloroplatinate	was	used	as	 the	metal	precursor	 to	 impregnate	platinum	metal	
nanotubes	on	the	pretreated	 functionalized	and	modified	silica	 surfaces.	The	solid	catalysts	were	
characterized	by	ESEM,	TEM,	EDAX,	and	XPS.	The	MCM‐41	supported	platinum	nanotube	catalyst	
showed	>98%	to	~100%	enantioselectivity	towards	the	hydrogenation	of	a	range	of	pharmaceuti‐
cally	important	chemicals	such	as	methyl	pyruvate,	ethyl	pyruvate,	and	acetophenone	with	nearly	
full	conversion.	
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1.	 	 Introduction	

In	recent	years,	material	chemistry	has	 flourished	in	all	di‐
rections	 from	 the	 macro‐	 to	 nano‐world	 based	 on	 nanotech‐
nology,	and	it	is	expected	to	be	more	prominent	in	the	coming	
future.	 Since	 the	 discovery	 of	 graphite	 nanotubes,	 many	 one	
dimensional	nanotube	materials	have	attracted	attention	in	the	
last	 few	decades	 [1].	These	nanotube	materials	have	 inherent	
excellent	 chemical	 and	 physical	 properties,	 which	 can	 be	 uti‐
lized	in	chemical	engineering	and	catalysis	[2–15].	Efforts	have	
been	 extended	 towards	 the	 synthesis	 and	 characterization	 of	
carbon‐free	nanotubes	on	a	solid	support	because	of	their	wide	
applications	 ranging	 from	 industry	 to	 biology	 [16–24].	 Ele‐
mental	metal	and	metal	oxides	have	been	used	in	the	synthesis	
of	nanotubes	and	nanofibers	as	they	can	exert	very	interesting	
physicochemical	and	catalytic	properties	[25–28].	

Silica	 is	 an	 interesting	 and	much	 studied	 catalyst	 support.	
The	reason	behind	 the	enormous	popularity	of	 the	 silica	 sup‐

port	 is	 that	 it	can	be	modified	effectively	 to	produce	supports	
with	 varying	 physicochemical	 properties.	 During	 the	 last	 two	
decades,	many	silica	supported	catalytic	systems	using	cobalt,	
ruthenium,	 rhodium,	 molybdenum,	 platinum,	 palladium,	 etc.,	
metal	precursors	have	been	developed	and	studied	[29–35].	In	
view	of	 the	 success	with	 these	kinds	of	materials	 in	 catalysis,	
supported	metal	 catalysts	 are	 a	 hot	 topic	 to	 the	modern	 day	
catalyst	researchers.	

The	report	here	 is	directed	 towards	 the	synthetic	method‐
ology	 of	 platinum	 nanotubes	 on	 functionalized	 and	 modified	
silica	supports,	characterization	of	the	synthesized	materials	by	
various	electron	microscopic	methods	and	their	use	as	enanti‐
oselective	hydrogenation	catalysts	 for	 important	ketonic	 func‐
tionalities	 to	 their	corresponding	alcohol	products.	This	study	
investigated	 the	 effect	 of	 platinum	 nanotubes	 on	 the	 enanti‐
oselective	 hydrogenation	 of	methyl	 pyruvate	 (MPV)	 and	 ace‐
tophenone	 (ACP)	 when	 it	 was	 placed	 on	 a	 chirally	 modified	
silica	 support.	 The	most	 interesting	 and	 striking	 fact	 to	 come	
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out	from	this	study	was	that	the	platinum	nanotube	on	a	func‐
tionalized	 and	 modified	 MCM‐41	 support	 (1)	 gave	 excellent	
enantioselectivity	 and	 conversion,	 which	 were	 higher	 than	
obtained	with	 its	 fumed	 silica	 analog	 (2)	 (Scheme	1).	 Experi‐
mental	 results	 from	 the	hydrogenation	 reaction	 revealed	 that	
with	 (2),	 moderate	 enantioselectivity	 (~50%)	 was	 obtained	
although	the	conversion	was	as	high	as	that	of	(1)	for	both	sub‐
strates.	 In	 some	 typical	 hydrogenation	 experiments	 with	 (1),	
enantioselectivities	as	high	as	99.5%	(MPV),	97.8%	(ethyl	py‐
ruvale;	EPV)	and	>98%	(ACP)	were	obtained.	These	results	are	
superior	 to	 previously	 reported	 results	with	 a	 similar	 kind	of	
silica	 supported	 transition	 metal	 containing	 heterogeneous	
catalysts	[36–44].	

2.	 	 Experimental	 	

2.1.	 	 Materials	and	methods	

All	 preparation	 and	 manipulation	 were	 performed	 using	
standard	 Schlenk	 techniques	 under	 a	moisture‐free	 argon	 at‐
mosphere.	Solvents	were	doubly	distilled	and	 then	dried	over	
sodium‐benzophenone	 (for	 toluene)	 or	 magnesium	 turn‐
ings‐iodine	(for	methanol)	and	degassed	by	dry	argon	bubbling	
through	 the	 solvent	 before	 use.	 H2PtCl6	 was	 purchased	 from	
Johnson‐Matthey	(London,	UK).	MPV,	methyl	lactate,	cinchoni‐
dine	and	colloidal	 silica	were	purchased	 from	Fluka	 (Switzer‐
land).	 ACP,	 decane,	 (3‐chloropropyl)trimethoxysilane	
(3‐CPTMS),	1‐phenylethanol	and	fumed	silica	(0.014	μm)	were	
purchased	 from	 Aldrich	 (USA).	 MCM‐41	 was	 synthesized	 ac‐
cording	to	a	literature	reported	procedure	[45].	All	the	hydro‐
genation	reactions	were	carried	out	in	four	batch	reactor	auto‐
claves	 (100	mL	 each)	 from	 Parr	 Instrument	 Company	 (USA).	
Hydrogenation	 reactions	 with	 two	 different	 substrates	 were	
monitored	 by	 gas	 chromatography	 with	 an	 FID	 detector	
(Hewlett	 Packard	 HP6890	 Series	 autosampler	 GC	 system).	
Conversion	and	enantioselectivity	were	calculated	by	separat‐
ing	the	enantiomeric	products	and	the	substrate	using	a	chiral	
capillary	column	(Cyclodex‐B;	 J&W	Scientific;	 length	60	m,	 in‐
ner	diameter	0.25	mm,	film	thickness	0.25	μm).	The	retention	
time	 for	 each	 reaction	 mixture	 component	 was	 obtained	 ini‐
tially	 from	 reference	 commercial	 samples.	 To	 get	 the	 calibra‐
tion	 curve	 for	 each	 component,	 decane	was	 used	 as	 external	
standard.	

2.2.	 	 Functionalization	and	modification	of	fumed	silica	

Fumed	silica	(1	g,	16.64	mmol)	was	dried	and	activated	un‐
der	vacuum	(1.33	Pa)	by	keeping	at	200	C	for	24	h.	The	acti‐
vated	silica	was	treated	with	3‐CPTMS	(15	mL,	82.27	mmol)	at	
190	C	in	an	oil	bath	for	another	96	h	under	argon.	The	result‐
ing	 solid	was	 filtered	 and	washed	 thoroughly	with	 dried	 and	
degassed	toluene	under	argon.	The	successful	functionalization	
of	fumed	silica	was	evident	from	its	distinct	color	change	from	
milky	white	 to	 straw	yellow.	The	 solid	 functionalized	product	
was	then	dried	under	vacuum	over	P2O5.	This	dried	functional‐
ized	product	(1	g)	was	then	suspended	in	a	dried	and	degassed	
methanol‐toluene	 (V/V	 =	 1:1)	 mixture	 solvent.	 Moisture‐free	
CD	 (1	 g,	 3.39	mmol)	was	 then	 added	 to	 the	 reaction	mixture	
and	refluxed	with	stirring	for	96	h	at	110	C.	It	was	then	filtered	
and	 washed	 thoroughly	 with	 dry	 toluene	 followed	 by	 dry	
methanol	 under	 argon.	 The	 obtained	 solid	 was	 dried	 under	
vacuum	 over	 P2O5	 and	 kept	 under	 desiccation	 in	 an	 argon	
flushed	container.	

2.3.	 	 Functionalization	and	modification	of	MCM‐41	

The	procedure	was	as	the	same	as	that	for	the	fumed	silica	
described	in	Section	2.1.	The	only	difference	was	that	the	func‐
tionalization	 step	was	much	 longer	 (160	 h)	 than	with	 fumed	
silica.	 	

2.4.	 	 Synthesis	of	catalysts	(1)	and	(2)	

Powdered	 functionalized	 and	 chirally	modified	 silica	 (1	 g)	
was	dispersed	in	300	g	of	double	distilled	water.	The	silica	dis‐
persed	solution	was	cooled	at	4	C	by	an	ice	bath.	Subsequently	
0.2	g	(0.5	mmol)	of	H2PtCl6	and	6	g	of	NH4OH	was	injected	into	
the	solution	with	moderate	stirring.	After	10	min,	10	mL	of	an	
ice‐cold	aqueous	solution	of	sodium	borohydride	(0.132	g,	3.5	
mmol)	was	added	to	the	silica	solution.	The	mixture	was	stirred	
gently	 for	another	2	h.	By	 this	method,	metallic	platinum	was	
reduced	 by	 sodium	 borohydride	 in	 the	 presence	 of	 aqueous	
ammonia	solution.	To	generate	smaller	metallic	platinum	par‐
ticles,	the	metal	reduction	was	conducted	at	4	C.	The	temper‐
ature	of	the	solution	was	then	increased	step	by	step	to	80	C.	
Many	metal	nano	particles	were	 formed	 in	 this	way	and	 they	
were	aggregated	together	to	form	a	platinum	nanotube	on	the	
silica	 surface	 surrounded	 by	 the	 chiral	 surface	 modifier.	 For	
both	 MCM‐41	 and	 fumed	 silica,	 the	 same	 method	 was	 em‐
ployed	as	described	above	to	get	chiral	catalysts	(1)	and	(2).	

2.5.	 	 Thermal	activation	of	catalysts	(1)	and	(2)	

Catalysts	(1)	or	(2)	was	placed	in	a	three	necked	hard	glass	
round‐bottomed	 flask	 (25	mL)	 equipped	with	 a	 Schlenk	 line.	
The	flask	with	the	solid	catalyst	was	flushed	with	argon	to	re‐
move	 any	 residual	 oxygen.	 The	 system	was	 evacuated	 (0.133	
Pa)	 and	 then	 heated	 at	 65–70	 C	 for	 4	 h	 under	 a	 continuous	
flow	of	hydrogen.	The	catalyst	was	used	in	hydrogenation	reac‐
tion	immediately	after	activation.	

Scheme	1.	 Schematic	 representation	of	 the	 silica	 supported	platinum
nanotube	containing	heterogeneous	catalysts.	
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2.6.	 	 Catalytic	experiments	with	activated	catalysts	(1)	and	(2)	

All	catalytic	reactions	were	carried	out	at	50	C	in	25	mL	of	
methanol	 solvent	 in	 a	 stainless	 steel	 autoclave	 reactor	
equipped	with	a	gas	inlet	and	outlet,	pressure	gauge,	mechani‐
cal	stirrer	and	 temperature	controller	 thermocouple.	The	sys‐
tem	was	controlled	by	computerized	software	and	an	electron‐
ic	 motherboard	 unit.	 For	 each	 reaction,	 70	 mg	 (0.1	 mmol	 of	
catalytically	active	Pt	metal)	of	solid	catalyst	and	100	mmol	of	
substrate	were	used.	The	catalytic	hydrogenation	reaction	was	
carried	out	under	5	MPa	of	hydrogen	and	the	reaction	time	was	
fixed	at	2	h.	At	the	end	of	the	catalytic	runs,	the	reaction	mix‐
ture	was	analyzed	by	GC	and	the	conversion	was	calculated	on	
the	basis	of	the	areas	of	the	starting	material	and	product	using	
calibration	curve	calculations.	

3.	 	 Results	and	discussion	 	

Report	 is	 there	 for	 the	 use	 of	 trialkoxy	 chloropropylsilane	
and	amines	(like	ephedrine)	for	the	functionalization	and	chiral	
modification	 of	MCM‐41,	 respectively	 [46].	 This	material	 was	
used	as	a	chiral	catalyst	 in	the	alkylation	of	benzaldehyde	but	
only	 showed	 moderate	 enantioselectivity.	 The	 structures	 for	
catalysts	 (1)	 and	 (2)	 proposed	 are	 shown	 in	 Scheme	 1.	 Each	
step	starting	from	the	synthesis	of	the	solid	support	up	to	the	
solid	catalysts	used	after	catalysis	was	studied	by	different	in‐
strumental	 techniques.	 MCM‐41	 and	 fumed	 silica	 surface	
without	additives,	and	after	 functionalization	and	chiral	modi‐
fication	were	studied	by	powder	XRD,	BET	surface	area	poros‐
ity,	 ESEM,	 EDAX	 and	 TEM.	 In	 all	 cases,	 the	 silica	 framework	
retained	 was	 similar	 to	 the	 pure	 solid	 support.	 Most	 im‐
portantly,	 the	powder	XRD	pattern	matched	well	with	 the	 re‐
ported	 characteristic	 low	 2θ	 angle	 diffraction	 pattern	 of	
MCM‐41	[47].	The	BET	surface	area	and	porosity	measurement	
for	(1)	and	(2)	also	matched	well	with	the	previously	reported	
values	[48].	For	(1),	90%	of	the	pore	volume	was	in	the	range	
of	1	to	2	nm,	while	65%	of	the	pore	volume	for	(2)	fell	within	2	
to	8	nm.	This	suggested	a	more	regular	pore	distribution	of	(1)	
than	 (2).	 Moreover,	 the	 TEM	 analysis	 (Fig.	 1(a))	 showed	 the	
basic	 characteristics	of	MCM‐41	 fringes	visible	on	 the	surface.	
The	TEM	analysis	of	 (1)	and	(2)	 showed	the	 formation	of	 the	

platinum	metal	nanotubes	on	the	surface	of	the	solid	support.	
The	nanotubes	have	the	average	thickness	of	8	to	10	nm	(Fig.	
1(b)	 and	 (c)).	 The	 spot	 EDAX	 analysis	 of	 these	 tube	 gave	
~100%	counts	for	platinum	metal,	which	confirmed	the	purity	
of	the	metal	nanotube	formed	on	the	surface	(Fig.	1(c)).	

From	the	chemical	analysis,	 it	was	found	that	the	extent	of	
functionalization	(3.0	mmol/g,	surface	EDAX	analysis)	and	chi‐
ral	modification	(2.8	mmol/g,	from	CHNS/O	analysis)	and	plat‐
inum	 metal	 (0.48	 mmol/g,	 from	 ICP‐AES	 and	 surface	 EDAX	
analysis)	 load	were	nearly	the	same	for	both	(1)	and	(2).	The	
extent	of	functionalization	and	chiral	modification	revealed	that	
most	 of	 the	 chloropropyl	 groups	 were	 capped	 with	 a	 chiral	
modifier	like	CD.	

The	XPS	analysis	for	(1)	and	(2)	showed	the	presence	of	one	
major	species	of	platinum	(with	binding	energy	71	eV)	on	the	
surface,	which	matched	well	with	the	reported	binding	energy	
value	 for	 platinum	 crystallites	 [49].	 After	 deconvolution,	 a	
smaller	band	was	observed	in	the	XPS	spectrum	with	a	higher	
binding	 energy	 (72	 eV).	 This	 species	was	 possibly	 due	 to	 the	
formation	of	PtCl2	(Pt2+)	on	the	catalyst	surface	which	has	sur‐
face	chloride.	

The	catalytic	experiments	were	carried	out	with	MPV,	EPV	
and	 ACP	 substrates.	 In	 all	 cases,	 the	 hydrogenation	 reaction	
was	almost	complete	after	2	to	3	h.	For	all	 the	substrates,	 the	
enantioselectivity	reached	the	highest	point	after	1	to	1.5	h	and	
this	 remained	 the	 same	up	 to	 complete	 conversion.	The	most	
interesting	 fact	 from	 these	 catalytic	 experiments	was	 that	 (2)	
showed	 some	 enantioselectivity	 (50%	 on	 average)	 in	 the	 hy‐
drogenation	 of	 MPV	 and	 ACP.	 There	 has	 been	 reported	 that	
with	platinum	cluster	based	catalysts,	there	was	no	observable	
enantioselectivity	 [29].	 The	 reason	 behind	 the	 higher	 enanti‐
oselectivity	 of	 (2)	 was	 because	 of	 the	 accumulation	 of	 more	
chirally	modified	 site	on	 the	 surface	with	 the	 active	platinum	
metal	nano‐tubular	catalytic	site.	This	was	also	why	(1)	showed	
much	 higher	 conversion	 and	 activity	 (TOF	 values)	with	more	
excellent	enantioselectivity	than	(2),	and	the	reported	platinum	
cluster‐based	 catalyst	 mentioned	 earlier.	 This	 revealed	 the	
importance	 of	 an	 optimized	 solid	 support	 in	 heterogeneous	
chiral	catalysis.	The	unique	pore	arrangement	on	the	mesopo‐
rous	 MCM‐41	 surface	 made	 the	 support	 more	 effective	 for	
binding	of	 the	chiral	modifier	entity	 in	 its	one	spatial	orienta‐

20 nm

(a) (c)(b) (c)

 
Fig.	1.	TEM	images	of	(a)	MCM‐41	surface	with	visible	surface	fringes,	(b)	surface	of	catalyst	(1)	containing	a	Pt	nanotube	and	(c)	surface	of	catalyst	
(2)	containing	a	Pt	nanotube.	
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tion	 than	was	 the	 case	with	 fumed	 silica	 (which	 has	 a	much	
more	 disordered	 pore	 distribution).	 Table	 1	 summarizes	 the	
observed	catalytic	results	with	MPV,	EPV	and	ACP	in	presence	
of	(1)	and	(2).	

Catalysts	 (1)	 and	 (2)	 were	 studied	 for	 their	 recyclability.	
During	 this	 study,	 each	 time	after	 the	 catalytic	hydrogenation	
reaction,	 the	 catalyst	 was	 recovered	 by	 simple	 filtration	 and	
washed	with	dry	methanol.	The	washed	and	recovered	catalyst	
was	 then	dried	overnight	under	vacuum	at	 100	 C.	The	 recy‐
cling	experiment	was	performed	under	identical	hydrogenation	
reactions	as	before.	The	results	showed	a	decrease	in	the	con‐
version	(in	the	same	reaction	time	as	the	first	cycle)	and	enan‐
tioselectivity	from	the	first	to	second	to	third	catalytic	cycle	for	
both	catalysts	(1)	and	(2)	in	the	presence	of	MPV	and	ACP	sub‐
strates.	 The	 decrease	 in	 enantioselectivity	 was	 more	 striking	
than	the	decrease	in	conversion.	The	well‐known	leaching	be‐
havior	of	these	kinds	of	catalyst	was	most	probably	the	reason	
behind	the	decreased	catalytic	activity	in	the	recycling	experi‐
ments.	The	 results	of	 the	 recycling	experiments	are	 shown	 in	
Table	2.	

4.	 	 Conclusions	 	

This	 report	 showed	that	 treating	of	 the	silica	 support	with	
alkoxy‐chlorosilane	 functionalizer	 and	 chiral	 amine	 modifier	
made	it	act	as	a	chiral	solid	support.	The	deposition	of	platinum	
metal	 on	 the	 chirally	modified	 silica	 support	 in	 the	 form	of	 a	
nanotube	morphology	produced	a	unique	chiral	heterogeneous	
catalyst.	Excellent	enantioselectivity	with	very	high	conversion	
and	catalytic	activity	was	obtained	with	(1).	A	similarly	treated	
fumed	silica	based	catalyst	(2)	showed	moderately	high	enan‐
tioselectivity	with	very	high	conversions.	Experiments	on	cata‐
lyst	recycle	(three	times)	showed	the	influence	of	leaching	as	a	

decrease	in	conversion	and	enantioselectivity	 for	catalysts	(1)	
and	(2).	
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