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Synthesis and cytotoxicity of analogues of the marine secondary 
metabolite, 2-deoxylapachol
Suthananda N. Sunasseea, Albert W.W. van Wyka, Omolaja Osoniyib, Denver T. Hendricksb 
and Michael T. Davies-Colemana*

aDepartment of Chemistry, Rhodes University, Grahamstown, 6140, South Africa
bDivision of Medical Biochemistry, University of Cape Town, Rondebosch, South Africa

The	syntheses	of	four	2-substituted	1,4	naphthoquinones,	related	to	the	marine	natural	product	2-deoxylapachol,	
are	reported.	All	four	synthetic	compounds	were	cytotoxic	to	WHCO1	oesophageal	cancer	cells.

Keywords: 2-deoxylapachol,	1,4-naphthoquinones,	oesophageal	cancer

Lapachol	 (1),	 originally	 isolated	 from	 the	 heartwood	 of	 the	
Brazilian	 tree	 Tabebuia avellanedae	 commonly	 known	
as	 “pau	 d’arco”,	 has	 been	 used	 clinically	 in	 Brazil	 for	 the	
treatment	 of	 adenocarcinoma	 and	 squamous	 carcinomas.1	
Squamous	cell	oesophageal	cancer	(SCOC)	is	common	in	the	
poor	 rural	 and	 peri-urban	 populations	 of	 South	Africa,	with	
studies	in	Soweto,	near	Johannesburg,	revealing	that	residents	
there have a five-fold higher risk of developing this particular 
cancer	 than	 the	 world	 average.2	 The	 limitations	 of	 current	
chemotherapeutic	 interventions	against	SCOC	e.g. cisplatin3	
coupled	with	 the	prevalence	of	 this	disease	 in	South	Africa,	
has	prompted	us	to	search	for	new	potential	anti-oesophageal	
cancer	 agents	 amongst	 the	 secondary	 metabolites	 produced	
by	marine	organisms4	and	to	investigate,	where	possible,	the	
cytotoxicity	of	synthetic	analogues	related	to	selected	marine	
natural	products.

The	 marine	 secondary	 metabolite	 2-deoxylapachol	
(2),	 isolated	 from	 extracts	 of	 a	 New	 Zealand	 brown	 alga	
Landsburgia quercifolia, was	 also	 reported	 to	 be	 cytotoxic	
to	 cancer	 cells	 (IC50	 of	 2.7	 mM	 against	 P338	 leukaemia	
cells).5	To	the	best	of	our	knowledge	2	has	not	been	screened	

against	 SCOC.	Accordingly,	 we	 report	 here	 the	 cytotoxicity	
of	 this	 compound	 and	 four	 synthetic	 analogues	 (3–6) to	 the	
oesophageal	 cancer	 cell	 line	 WHCO1.	 The	 synthesis	 of	
3–6 forms	 part	 of	 an	 ongoing	 structure	 activity	 relationship	
(SAR) study in which we have investigated first, the effect 
on	 the	 cytotoxic	 properties	 of	 lapachol	 type	 compounds	
when	 the	 hydroxyl	 substituent	 at	 C-2	 in	 1 is	 effectively	
relocated to	the	benzylic	position	of	the	side	chain	in	2 to	give		
the	 2-deoxylapachol	 analogue,	 2-(1-hydroxy-3-methyl-2-
butenyl)-1,4-naphthoquinone	 (3).	 The	 effect	 on	 cytotoxicity 
of	further	elaboration	of	the	hydroxylated	side-chain	in	3 was	
also	investigated	by	either	shortening	the	side-chain	e.g.	2-(1-
hydroxyethyl)-1,4-naphthoquinone	 (4)	 and	 2-(1-hydroxy-2-
propenyl)-1,4-naphthoquinone	(5)	or	extending	the	side-chain	
by	 the	 addition	of	 a	 phenyl	 substituent	e.g.	 2-(1-hydroxy-1-
phenylmethyl)-1,4-naphthoquinone	(6).

Our	synthetic	approach	to	3-6	is	summarised	in	Scheme	1.	
Reductive	methylation	of	1,4	naphthoquinone	(7)	yielded	1,4-
dimethoxynaphthalene	 (8)6	which was	 subjected	 to	 standard	
Vilsmeier	 Haack	 formylation	 to	 afford	 1,4-dimethoxy-2-
naphthalenecarbaldehyde (9). The Grignard	 addition	 of	

*	Correspondent.	E-mail:	M.Davies-Coleman@ru.ac.za

O

O

7

i, ii iii

OMe

OMe

R2

R1

iv

O

O

R2

R1

OMe

OMe

H

O

9

OMe

OMe

8    R = H
14  R = Br

v

10   R1 = OH, R2 = CH=C(CH3)2
11   R1 = OH, R  = CH3
12   R1 = OH, R  = CH=CH2
13   R1 = OH, R  = Ph
15   R1 = H, R2 = CH=C(CH3)2

1  R1 = H, R2 = CH=C(CH3)2, R3 = OH
2  R1 = R3 = H, R2 = CH=C(CH3)2
3  R1 = OH, R2 = CH=C(CH3)2, R3 = H
4   R1 = OH, R2 = CH3, R3 = H
5   R1 = OH, R2 = CH=CH2
6   R1 = OH, R2 = Ph

R3

R

vi

8
8a

4a

1'
2

 , R3 = H
 , R3 = H

2 
2
2

Scheme 1	 i,	Na2S2O4,	TEAB,	THF,	RT;	ii,	KOH,	Me2SO4,	RT,	overnight	(81%);	iii,	POCl3,	DMF,	CHCl3,	reflux,	96	h	(91%);		
iv,	R	–	MgBr,	THF,	–10°C	–	RT,	overnight	(83–100%);	v,	CAN	(2–3	equiv.),	H2O,	MeCN	(77–94%);	vi,	Mg,	I2,	THF,	reflux,	1	h,		

then	BrCH2CH=C(CH3)2,	Li2CuCl4,	THF,	–10°C	–	RT,	overnight	(67%).
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isobutenylmagnesium	 bromide	 (prepared	 in situ)7	 to	 9	 gave	
10.	 Compounds	 11–13 were	 accessed	 in	 similar	 fashion	
by	 the	 addition	 of	 methyl,	 vinyl	 and	 phenylmagnesium	
bromides	respectively	to	9.	Cerium	ammonium	nitrate	(CAN)	
demethylation	 of	 10–13	 proceeded	 smoothly	 to	 yield	 the	
corresponding	naphthoquinones	3–6.	Interestingly,	4 has	been	
synthesised previously in five steps from 7 via a	 circuitous 
Fries rearrangement8	 and	 more	 directly	 by	 the	 addition	 of	
acetaldehyde	to	the	Grignard	reagent	prepared	from	2-bromo-
1,4-dimethoxynaphthalene	 (14)	 and	 magnesium.9	 Although	
6 has	 also	 been	 used	 as	 a	 precursor	 in	 the	 synthesis	 of		
2-benzyl-1,4-naphthoquinones	no	details	of	 this	compound’s	
preparation	 were	 provided.10	 Compounds	 3 and	 5 have	 not	
been	synthesised	before.

In	order	 to	compare	the	cytotoxicity	of	3–6	with	 that	of	2	
it was deemed necessary to prepare sufficient 2	for	screening	
against	 the	 WHCO1	 cell	 line.	 Two	 methods	 exist	 for	 the	
preparation	of	this	compound	i.e.	either via	radical	prenylation	
of	 7 with	 4-methyl-3-pentenoic	 acid11-13	 or	 by	 the	 addition	
of prenyltriflurosilane to 7 in	the	presence	of	the	Lewis	acid	
FeCl3.6H2O.13,14	 We	 were,	 however,	 able	 to	 prepare	 2	 by	
the	addition	of	excess	Grignard	reagent	prepared	from	14 to		
1-bromo-3-methyl-2-butene	 in	 THF/Li2CuCl4	 to	 afford	 1,4-
dimethoxy-2-(3-methyl-2-butenyl)-naphthalene	 (15) which	
on	CAN	deprotection	in	the	usual	manner,	gave	2.

Compounds	3–6 exhibited	good	activity	(IC50	5.1,	6.4,	4.1	
and	 1.5	 mM	 respectively)	 against	 the	 WHCO1	 oesophageal	
cancer	 cell	 line	 when	 compared	 to	 the	 cytotoxicity	 of		
2-deoxylapachol	 (IC50	 14.8	 mM)	 and	 the	 commonly	 used	
SCOC	 chemotherapeutic	 agent	 cisplatin	 (IC50	 13	 mM)15	
against	 the	 same	 cell	 line.	 Interestingly,	 the	 dimethyl	 ethers	
10–15 were	not	cytotoxic	to	WHCO1	cells.	A	recent	study	of	
the	cellular	mechanism	of	the	anti-oesophageal	cancer	activity	
of	series	of	prenylated	toluquinones	(originally	isolated	from	
the	 endemic	 South	African	 opisthobranch	 mollusc	 Leminda 
millecra)	has	revealed	that	these	compounds	mediate	cell	death	
by	triggering	the	production	of	reactive	oxygen	species	(ROS)	
leading	to	the	activation	of	signaling	pathways	(cJun	and	p38)	
which	 ultimately	 induces	 apoptosis.16	 The	 possibility	 that	
compounds	2–6 may	initiate	apoptosis	in	oesophageal	cancer	
cells	by	a	similar	mechanism	is	currently	under	investigation.

Experimental
General procedure
1H	and	13C	NMR	spectra	were	recorded	on	either	a	Bruker	400	MHz	
or	600	MHz	Avance	NMR	spectrometer	in	CDCl3	and	were	referenced	
to	 residual	 protonated	 solvent	 at	 d	 7.25	 and	 77.0	 respectively.	
HRFABMS	data	were	acquired	on	a	Micromass	70-70E	spectrometer	
and	 the	 LREI	 mass	 spectra	 (70	 eV)	 were	 obtained	 on	 a	 Finnegan-
Matt	GCQ	mass	spectrometer.	Melting	points	were	determined	using	
a	Reichert	hot-stage	microscope	and	are	uncorrected.	Normal	phase	
semi-preparative	HPLC	separations	were	performed	on	a	Whatman	
Magnum 9 Partisil 10 column with an eluent flow rate of 4 ml min-1		
and	 eluting	 fractions	 detected	 using	 a	 Waters	 R401	 differential	
refractometer.

Grignard synthesis of 2-deoxylapachol 2: A	few	drops	of	a	solution	
of	2-bromo-1,4-dimethoxynaphthalene	(14)17	(0.250	g,	0.94	mmol)	in	
dry	THF	(1	ml)	was	added	to	a	suspension	of	Mg	turnings	(0.036	g,		
1.4	 mmol)	 and	 iodine	 in	 dry	THF	 (2	 ml).	The	 mixture	 was	 gently	
warmed to initiate reflux, upon which the rest of the solution of 14	
was added very slowly over 5 min. The resulting mixture was refluxed 	
(1	 h)	 before	 being	 cooled	 to	 –10°C.	 The	 supernatant	 containing	
excess	1,4-dimethoxynaphthalenylmagnesium	bromide	(ca 8	equiv.)	
was	 transferred	 via cannula	 to	 a	 solution	 of	 1-bromo-3-methyl-2-
butene	(0.017	g,	0.12	mmol),	Li2CuCl4	(1	ml,	0.1	mmol)	and	dry	THF		
(2	ml)	at	–10°C.	The	reaction	mixture	was	slowly	warmed	to	RT	and	
left	to	stir	overnight,	quenched	with	water	(5	ml)	and	extracted	with	
CH2Cl2	(3 ¥ 3	ml).	The	combined	organic	phases	were	washed	with	
10%	HCl	(5	ml),	H2O	(5	ml)	and	sat.	brine	(5	ml),	dried	over	MgSO4	
and	 concentrated	 in vacuo	 to	 yield	 a	 dark	 brown	 oil	 (0.20	 g).	 NP	
HPLC	of	the	oil	in	96:4	hexane/EtOAc	yielded	15 as	a	dark	yellow	
oil	(0.020	g,	0.08	mmol,	67%),	1H	and	13C	NMR	data	consistent	with	

published	 values;5	 HRFABMS	 m/z:	 calcd	 for	 C17H21O2	 [M	 +	 H]+	

257.1542;	found	257.1541.
Oxidative demethylation of 15:	A	 solution	 of	 cerium	 ammonium	

nitrate	 (CAN)	 (0.065	 g,	 0.12	 mmol)	 in	 water	 (0.1	 ml)	 was	 added	
dropwise	to	a	solution	of	15	(0.015	g,	0.06	mmol)	in	MeCN	(1.5	ml)	
at	0°C.	The	mixture	was	stirred	(15	mins)	at	0°C,	diluted	with	water	
(2	 ml)	 and	 extracted	 with	 ether	 (3 ¥ 2	 ml).	The	 combined	 organic	
extracts	were	washed	with	water	(5	ml),	sat.	brine	(5	ml),	dried	over	
MgSO4	and	the	solvent	evaporated	in vacuo	to	give	2	as	a	brown	oil	
(0.0125	g,	0.06	mmol,	92%).	1H	and	13C	NMR	data	consistent	with	
published	 values;5	 HRFABMS	 m/z:	 calcd	 for	 C15H15O2	 [M	 +	 H]+		

227.1072;	found	227.1072.
Reductive methylation of 1,4-naphthoquinone 7:6	 Tetraethyl-

ammonium	bromide	 (TEAB,	0.5	g)	was	 added	 to	 a	 solution	of	 the	
quinone	 7	 (2.0	 g,	 12.6	 mmol)	 in	 THF	 (30	 ml)	 and	 water	 (12	 ml).	
Aqueous	 sodium	 dithionite	 (13.16	 g,	 75.6	 mmol)	 was	 added	 and	
the	 mixture	 stirred	 at	 RT	 for	 20	 min.	An	 aqueous	 KOH	 (16.32	 g,		
291	 mmol)	 solution	 was	 added	 to	 the	 reaction	 mixture	 and,	 after		
5	 min,	 dimethyl	 sulfate	 (36.70	 g,	 291	 mmol)	 was	 added	 dropwise.		
The	 solution	 was	 allowed	 to	 stir	 (16	 h)	 before	 the	 reaction	 was	
quenched	with	water	(30	ml)	and	extracted	with	CH2Cl2	(3 ¥ 20	ml).		
The	 combined	 organic	 fractions	 were	 washed	 with	 water		
(20	ml)	and	sat.	brine	(10	ml),	dried	over	MgSO4	and	concentrated	
in vacuo	to	give	a	reddish	oil	(2.63	g).	Flash	chromatography	of	the	
crude	product	in	pure	hexane	afforded	8	(1.91	g,	10.1	mmol,	81%)	as	
a	white	crystalline	 solid,	m.p.	87–88°C,	 lit.17	84–86°C;	 1H	and	 13C	
NMR	data	consistent	with	published	values.17

Vilsmeier-Haack formylation of 8:18	 A	 solution	 of	 8	 (0.50	 g,		
2.7	 mmol)	 in	 chloroform	 (10	 ml)	 was	 added	 to	 a	 mixture	 of	
phosphoryl	chloride	(4.72	g,	31	mmol)	and	N,N-dimethylformamide	
(2.25 g, 31 mmol). The resulting solution was refluxed (96 h) before 
the	 reaction	 was	 carefully	 quenched	 with	 cold	 water.	 The	 reaction	
mixture	 was	 extracted	 with	 CH2Cl2	 (3 ¥ 10	 ml)	 and	 the	 combined	
organic	 fractions	 washed	 with	 water	 (1 ¥ 10	 ml)	 and	 sat.	 brine		
(1 ¥ 10	 ml),	 dried	 over	 Na2SO4	 and	 concentrated	 under	 reduced	
pressure	to	give	a	reddish	brown	solid	(0.66	g).	Recrystallisation	from	
hexane	afforded	9	(0.53	g,	91%)	as	a	yellow	solid,	m.p.	122–123°C,	
lit.19	119.5–120°C;	1H	NMR	data	consistent	with	published	values;19	

dC	(100	MHz,	CDCl3)	189.6	(s),	157.0	(s),	152.3	(s),	130.3	(s),	128.9	
(d),	128.5	(s),	127.3	(d),	124.7	(s),	123.0	(d),	122.9	(d),	98.3	(d),	65.8	
(q),	55.8	(q).

Preparation of 2-(1-hydroxy-3-methyl-2-butenyl)-1,4-dimethoxy-
naphthalene 10:	A	solution	of	isobutenylmagnesium	bromide	(1.5	g,	
11.1	mmol)	was	prepared	in situ	as	described	previously,7	and	added	
dropwise	via	cannula	 to	a	stirred	solution	of	9 (0.255	g,	1.2	mmol)	
in	dry	THF	(10	ml)	at	–10°C.	The	 resulting	solution	was	stirred	 (2	
h)	 at	 –10°C	 and	 then	 gradually	 warmed	 to	 RT.	 The	 mixture	 was	
stirred	further	(1	h)	before	being	quenched	with	sat.	NH4Cl	(10	ml)	
and	extracted	with	Et2O	(3 ¥ 5	ml).	The	combined	organic	extracts	
were	 washed	 with	 water	 (2 ¥ 10	 ml)	 and	 sat.	 brine	 (1 ¥ 10	 ml),	
dried	over	MgSO4	and	concentrated	under	vacuum	to	yield	a	brown	
oil	 (0.407	 g).	 NP	 HPLC	 (6:4	 hexane/EtOAc)	 of	 the	 crude	 product	
afforded	 10	 (0.202	 g,	 0.74	 mmol,	 62%)	 as	 a	 pale	 yellow	 oil,	 nmax	
cm-1	3407,	1371,	1092,	846,	770; dH	(600	MHz,	CDCl3)	8.21	(1H,	d,		
J	=	8.5	Hz),	8.01	(1H,	d,	J	=	8.5	Hz),	7.52	(1H,	t,	J	=	7.5	Hz),	7.45	
(1H,	t,	J	=	7.5	Hz),	6.92	(1H,	s),	6.02	(1H,	d,	J	=	8.9	Hz),	5.53	(1H,	
d,	 J	 =	 8.9	 Hz),	 4.0	 (3H,	 s,	 OMe),	 3.9	 (3H,	 s,	 OMe),	 1.88	 (3H,	 s),	
1.76	 (3H,	 s).	dC	 (150	MHz,	CDCl3)	152.3	 (s),	 145.8	 (s),	 135.9	 (s),	
131.8	(s),	128.3	(s),	127.0	(s),	126.6	(d),	126.1	(d),	125.3	(d),	122.4	
(d),	121.9	(d),	101.6	(d),	65.6	(d),	62.5	(q),	55.7	(q),	25.9	(q),	18.4	
(q);	HRFABMS	m/z:	calcd	for	C17H21O3	[M	+	H]+	273.1491;	found	
273.1490.

Oxidative demethylation of 10:	Compound	10 (0.065	g,	0.24	mmol)	
was	 demethylated	 with	 CAN	 (0.262	 g,	 0.48	 mmol),	 vide supra,	 to	
give	a	dark	brown	oil	 (0.056	g).	NP	HPLC	(1:1	hexane/EtOAc)	of	
this	oil	afforded	3 as	a	dark	yellow	oil (0.013	g,	0.05	mmol,	23%),	
nmax	cm-1 3416,	1662,	843,	775;	dH	(600	MHz,	CDCl3)	8.06	(2H,	m),	
7.73	 (2H,	m),	 6.99	 (1H,	 s),	 5.57	 (1H,	 d,	J	 =	 8.6	Hz),	 5.25	 (1H,	 d,		
J	=	8.6	Hz),	1.83	(3H,	s),	1.76	(3H,	s);	dC	(150	MHz,	CDCl3)	185.6	
(s),	 185.5	 (s),	 150.9	 (s),	 138.7	 (s),	 134.0	 (d),	 133.8	 (d),	 133.2	 (d),	
132.3	(s),	132.0	(s),	126.5	(d),	126.2	(d),	123.8	(d),	66.5	(d),	25.9	(q),	
18.6	(q);	calcd	for	C15H14O3	[M]+	242.1196;	found	242.1196.

General procedure A
Preparation of compounds 11–13
The	respective	Grignard	reagents	(3	equiv.)	were	added	to	a	stirred	
solution	of	9 (0.10	g,	0.46	mmol)	in	dry	THF	(3	ml)	at	–10°C.	The	
resulting	 solution	 was	 stirred	 (1	 h)	 at	 –10°C	 and	 then	 gradually	
allowed	to	reach	RT.	The	mixture	was	stirred	for	a	further	16	h	at	RT	
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before	being	quenched	with	 sat.	NH4Cl	 (10	ml)	and	extracted	with	
CHCl3	(3 ¥ 3	ml).	The	combined	organic	extracts	were	washed	with	
water	 (2 ¥ 5	ml)	and	sat.	brine	 (1 ¥ 5	ml),	dried	over	Na2SO4	and	
concentrated	 under	 vacuum.	 NP	 HPLC	 (1:1	 hexane/EtOAc)	 of	 the	
crude	 products	 afforded	 the	 respective	 1,4-dimethoxy-2-hydroxy-
naphthalene	products	(11–13).

2-(1-hydroxyethyl)-1,4-dimethoxynaphthalene	11:8	 (0.107	g,	0.46	mmol,		
100%)	white	crystalline	solid,	m.p.	104–105°C;	lit.20	101–103°C;	nmax	
cm-1 3401,	1598,	770;	dH	(400	MHz,	CDCl3)	8.21	(1H,	d,	J	=	8.5	Hz),		
8.0	(1H,	d,	J	=	8.5	Hz),	7.52	(1H,	t,	J	=	7.5	Hz),	7.46	(1H,	m),	6.90	
(1H,	 s),	 5.46	 (1H,	q,	J	=	6.4	Hz),	 3.98	 (3H,	 s,	OMe),	 3.90	 (3H,	 s,	
OMe),	 1.56	 (3H,	 d,	 J	 =	 6.4	 Hz).	 dC	 (100	 MHz,	 CDCl3)	 152.4	 (s),	
145.5	(s),	133.1	(s),	128.3	(s),	126.6	(d),	126.1	(s),	125.4	(d),	122.4	
(d),	121.8	(d),	101.0	(d),	64.7	(d),	62.7	(q),	55.6	(q),	24.3	(q);	calcd	
for	C14H17O3	[M	+	H]+	233.1178;	found	233.1177.

2-(1-hydroxy-2-propenyl)-1,4-dimethoxynaphthalene 12:	(0.092	g,		
0.38	 mmol,	 83%);	 Pale	 yellow	 oil;	 nmax	 cm-1 3397,	 1370,	 770;		
dH	(400	MHz,	CDCl3)	8.21	(1H,	d,	J	=	8.3	Hz),	8.02	(1H,	d,	J	=	8.3	Hz),		
7.53	 (1H,	m),	7.47	 (1H,	m),	6.78	 (1H,	 s),	6.15	 (1H,	ddd,	J	=	17.6,	
10.4,	5.2	Hz),	5.77	(1H,	br	d,	J =	4.9	Hz),	5.41	(1H,	d,	J	=	17.1	Hz),	
5.23	 (1H,	d,	J	=	10.5	Hz),	 3.96	 (3H,	 s,	OMe),	3.90	 (3H,	 s,	OMe);		
dC	(100	MHz,	CDCl3)	152.3	(s),	146.4	(s),	140.0	(d),	130.1	(s),	128.4	
(s),	 126.7	 (d),	 126.3	 (s),	 125.6	 (d),	 122.4	 (d),	 122.0	 (d),	 114.9	 (t),	
101.8	(d),	69.7	(d),	62.9	(q),	55.6	(q);	calcd	for	C15H17O3	[M	+	H]+	

245.1178;	found	245.1177.
2-(1-hydroxy-1-phenylmethyl)-1,4-dimethoxynaphthalene 13:	 (0.125	 g,		

0.43	mmol,	93%)	white	crystalline	solid;	m.p.	123–125°C;	nmax	cm-1 
3407,	1370,	770,	702;	dH	(600	MHz,	CDCl3)	8.22	(1H,	d,	J	=	8.4	Hz),	
8.02	(1H,	d,	J	=	8.4	Hz),	7.52	(2H,	t,	J	=	7.6	Hz),	7.47	(2H,	m),	7.45	
(2H,	d,	J	=	8.1	Hz),	7.32	(2H,	t,	J	=	7.6	Hz),	7.24	(1H,	t,	J	=	7.3	Hz),	
6.80	 (1H,	 s),	 6.36	 (1H,	 s),	 3.92	 (3H,	 s,	 OMe),	 3.80	 (3H,	 s,	 OMe);		
dC	(150	MHz,	CDCl3)	152.2	(s),	146.5	(s),	143.7	(s),	131.4	(s),	128.3	
(d),	127.3	 (d),	126.7	 (d),	126.4	 (d),	126.3	 (s),	125.6	 (d),	122.5	 (d),	
122.0	(d),	102.4	(d),	71.0	(d),	62.6	(q),	55.6	(q);	calcd	for	C19H19O3	
[M	+	H]+	295.1134;	found	245.1133.

General procedure B
CAN demethylation of compounds 10–13
Separate	 solutions	 of	 compounds	 11–13	 in	 acetonitrile	 and	 water	
were	 oxidised	 with	 a	 solution	 of	 CAN	 (2–3	 equiv.)	 in	 water,	 as	
previously	 described	 for	 the	 preparation	 of	 2, and purified by 	
NP	 HPLC	 (1	:	1	 hexane/EtOAc)	 to	 yield	 the	 respective	 2-hydroxy-
1,4-naphthoquinone	products	4–6.

2-(1-hydroxyethyl)-1,4-naphthoquinone 4:8 (0.035	 g,	 0.17	 mmol,	
77%)	yellow	powder;	86–87°C;	lit.20	87-88°C;	nmax	cm-1 3430,	1662,	
720;	dH	 (400	MHz,	CDCl3)	8.02	 (2H,	m),	7.70	 (2H,	m),	6.99	 (1H,	
s),	5.00	(1H,	q,	J	=	6.4	Hz),	1.48	(3H,	d,	J	=	6.43	Hz).	dC	(100	MHz,	
CDCl3)	185.4	(s),	185.3	(s),	153.0	(s),	134.0	(d),	133.8	(d),	132.7	(d),	
132.1	(s),	131.8	(s),	126.4	(d),	126.1	(d),	65.0	(d),	22.6	(q);	calcd	for	
C12H11O3	[M	+	H]+	203.0708;	found	203.0709.

2-(1-hydroxy-allyl)-1,4-naphthoquinone 5: (0.031	 g,	 0.14	 mmol,	
70%)	 brown	 oil;	 nmax	 cm-1 3419,	 1662,	 1594,	 754;	 dH	 (600	 MHz,	
CDCl3)	 8.05	 (2H,	 m),	 7.72	 (2H,	 m),	 7.0	 (1H,	 s),	 6.00	 (1H,	 ddd,		
J	=	16.7,	10.4,	5.8	Hz),	5.46	 (1H,	d, J	=	17.2	Hz),	5.36	 (1H,	br	d,		
J =	4.2	Hz),	5.27	(1H,	d,	J	=	10.4	Hz);	dC	(150	MHz,	CDCl3)	185.2	
(s),	 185.1	 (s),	 150.0	 (s),	 137.0	 (d),	 134.0	 (d),	 133.8	 (d),	 133.6	 (d),	
132.1	(s),	131.8	(s),	126.4	(d),	126.2	(d),	117.3	(t),	69.8	(d);	calcd	for	
C13H11O3	[M	+	H]+	215.0708;	found	215.0709.

2-(1-hydroxy-1-phenylmethyl)-1,4-naphthoquinone 6:	 (0.041	 g,	
0.16	 mmol,	 94%)	 brown	 oil,	 nmax	 cm-1 3427,	 1662,	 726,	 700;	 dH		
(600	MHz,	CDCl3)	8.00	(1H,	d,	J	=	7.4	Hz),	7.96	(1H,	d,	J	=	7.4	Hz),	
7.67	(2H,	m),	7.42	(2H,	d,	J	=	7.5	Hz),	7.31	(2H,	t,	J	=	7.5	Hz),	7.24	
(1H,	m),	7.05	(1H,	s),	5.90	(1H,	s);	dC	(150	MHz,	CDCl3)	185.3	(s),	
184.9	(s),	151.0	(s),	140.3	(s),	134.0	(d),	133.8	(d),	133.5	(d),	132.1	
(s),	 131.9	 (s),	 128.7	 (d),	 128.7	 (d),	 128.4	 (d),	 126.9	 (d),	 126.9	 (d),	
126.5	(d),	126.1	(d),	70.8	(d).

Cell culture
Cells	were	routinely	maintained	at	37°C	and	5%	CO2.	WHCO1	cells	
were	maintained	in	DMEM,	supplemented	with	10%	fetal	calf	serum,	
100	U/ml	penicillin	and	100	µg/ml	streptomycin.

MTT assay
IC50	determinations	were	carried	out	using	the	MTT	kit	from	Roche	
(Cat #1465007), according to manufacturer’s instructions. Briefly, 
1500	cells	were	seeded	per	well	in	96	well	plates.	Cells	were	incubated	
(24	 h),	 after	 which	 aqueous	 DMSO	 solutions	 of	 each	 compound		
(10 µl, with a constant final concentration of DMSO = 0.1%) were 
plated	at	various	concentrations.	After	48	h	incubation,	observations	
were	 made,	 and	 MTT	 (10	 µl)	 solution	 added	 to	 each	 well.	After	 a	
further	4	h	incubation,	solubilisation	solution	(100	µl)	was	added	to	
each	well,	and	plates	were	incubated	overnight.	Plates	were	read	at	
595	nm	on	an	Anthos	microplate	reader.
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Ring contraction of N-acetyl-2-aryl-1,2,3,4-tetrahydro-4-quinolones  
with [hydroxy(tosyloxy)iodo]benzene to trans methyl  
N-acetyl-2-aryl-2,3-dihydroindol-3-carboxylates
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The	 ring	 contraction	 of	 N-acetyl-2-aryl-1,2,3,4-tetrahydro-4-quinolones	 with	 [hydroxy(tosyloxy)iodo]benzene	 to	
trans	methyl	N-acetyl-2-aryl-2,3-dihydroindol-3-carboxylates	in	trimethylorthoformate	in	good	yield	is	described.

Keywords: [hydroxy(tosyloxy)iodo]benzene,	4-quinolones,	2,3-dihydroindoles

Hypervalent	iodine	reagents	have	been	widely	used	in	organic	
synthesis	 over	 the	 past	 few	 years.1	 These	 reagents	 have	
been	 found	 to	 be	 excellent	 substitutes	 for	 metal-containing	
oxidising	 agents,	 such	 as	 lead(IV),	 thallium(III)	 and	
mercury(II)	 salts.	 Oxidation	 of	 quinolones	 with	 hypervalent	
iodine	reagents,	particularly	iodobenzene	diacetate	(IBD)	and	
[(hydroxytosyloxy)iodo]	 benzene	 (HTIB)	 have	 been	 shown	
to	 afford	 different	 products	 depending	 upon	 the	 reaction	
conditions2,3	(Scheme	1).

Oxidation	 of	 2-aryl-1,2,3,4-tetrahydro-4-quinolones	 (1) 
with	 IBD	 under	 basic	 conditions	 in	 methanol	 gave	 2-aryl-
4-quinolones	 (2)	 via	 dehydrogenation2	 whilst	 treatment	 of	
compound	 1	 with	 HTIB	 under	 acidic	 conditions	 in	 trialkyl	
orthoformate	 resulted	 in	 the	 naturally	 occurring	 4-alkoxy-
2-arylquinoline	 (3)	 alkaloids.3	 These	 compounds	 have	 also	
been	 obtained	 by	 oxidation	 with	 iodine-methanol.4	 Further,	
oxidation	 of	 2-methyl-4-quinolones	 using	 HTIB	 afforded	 2-
methyl-3-iodo-4-phenoxyquinolines	with	the	intermediacy	of	
isolable α-phenyliodonio tosylates and novel monocarbonyl 
iodonium	 ylides.5	 In	 continuation	 of	 our	 earlier	 work	 on	
oxidation	of	quinolones	by	hypervalent	iodine,2,5	the	oxidative	
ring	 contraction	 of	 N-acetyl-2-aryl-1,2,3,4-tetrahydro-4-
quinolones	to	trans	methyl	N-acetyl-2-aryl-2,3-dihydroindol-
3-carboxylates	in	trimethylorthoformate	(TMOF)	using	HTIB	
is	described.

The	 2,3-dihydroindole	 ring	 is	 present	 in	 many	 naturally	
occurring	 compounds	 including	 biologically	 active	
alkaloids.6,7	 2,3-Dihydroindoles	 have	 also	 been	 found	 to	
behave	 as	 selective	 monoamine	 oxidase	 inhibitors8	 and	
as	 non-peptide	 angiotensin	 II	 receptor	 antagonists.9	 2,3-
Dihydroindoles	 are	 also	 potential	 intermediates	 for	 the	
synthesis	of	other	indoles.10

Results and discussion
The	 reaction	 of	 N-acetyl-2-aryl-1,2,3,4-tetrahydro-4-
quinolones	 (4)	 with	 HTIB	 was	 examined	 in	 trimethyl	
orthoformate	(TMOF)	in	the	presence	of	a	few	drops	of	either	
HClO4	 or	 H2SO4	 at	 room	 temperature.	 The	 stereoselective	
ring-contracted products which were formed were identified as 
trans	methyl	N-acetyl-2-aryl-2,3-dihydroindol-3-carboxylates	
(5).	A	 side	 product,	 methyl	 p-toluenesulfonate	 (6),	 was	 also	
isolated	 (Scheme	 2)	 in	 small	 quantity.	 The	 structures	 of	
5a–e	and	611 were	established	by	physical	and	spectroscopic	
techniques	(IR,	1H	and	13C	NMR).	The	characteristic	feature	
in	the	1H	NMR	spectrum	of	compounds	5a–e was	the	doublet	
(or	 broad	 singlet)	 of	 C3–H	 at	 d	 3.79–3.97	 (J = 1.8	 Hz,	
broad	 singlet	 of	 C2–H	 at	 d 5.73–5.99 and downfield signal 
of	 C7–H	 at	 d	 8.24–8.43	 (probably	 due	 to	 its	 deshieding	 by		
N-acetyl	group).	The	 trans	stereochemistry	of	dihydroindole	
ring	 in	 5a–e was	 established	 by	 comparing	 the	 coupling	
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constant	between	C2–H	and	C3–H	with	that	of	reported	cis	and	
trans	 2,3-dihydroindoles.12	 The	 coupling	 constant	 between	
C2–H	and	C3–H	of	cis 2,3-dihydroindoles	where	nitrogen	 is	
protected	with	nitrosyl	or	arylsulfonyl	is	8–9	Hz,	whereas	that	
of	trans	isomer	is	<	4	Hz.	The	less	coupling	constant	(1.8	Hz)	
in	 5a–e	 is	 perhaps	 due	 to	 p–p	 interaction	 between	 N-acetyl	
and	C2-aryl groups, thus significantly altering the C2–H/C3–H	
dihedral	angle.13

The	 probable	 mechanism	 involves	 the	 ketalisation	 of	 4 
with	TMOF	in	presence	of	either	HClO4	or	H2SO4	to	afford	
intermediate	 enol	 ether	 7.	 The	 electrophilic	 attack	 of	 HTIB	
on	the	double	bond	of	enol	ether	7	furnished	the	iodine	(III)	
complex,	 8.	 Reductive	 elimination	 of	 iodobenzene	 from 8		
with	 simultaneous	 migration	 of	 aryl	 residue	 from	 C4	 to	
C3	 position	 gave	 intermediate	 carbocation	 9	 which	 on	
hydrolysis	 afforded	 the	 ring	 contracted	 product	 5	 alongwith	
6.	 The	 migration	 of	 aryl	 residue	 is	 preferred	 over	 C2	 aryl	
ring	probably	because	of	greater	 stability	of	 the	carbocation	
formed.	 Compound	 5 was	 formed	 by	 ring	 contraction	 of	
compound	4 under	the reaction	conditions	while	side	product	
6 was	formed	probably	due	to	condensation	of	methanol	and	
p-toluenesulfonic	acid	formed	in situ.

The	 present	 approach	 for	 the	 synthesis	 of	 trans	 methyl		
N-acetyl-2-aryl-2,3-dihydroindol-3-carboxylates	is	simple.	This	
method	avoids	the	use	of	toxic	thallium	salts	for	a	similar	type	
of	reaction	of	N-acetyl-2-aryl-1,2,3,4-tetrahydro-4-quinolones	
(4)	 that	 results	 in	 a	 mixture	 of	 trans	 methyl	 N-acetyl-2-
aryl-2,3-dihydroindol-3-carboxylates	 (5)	 and	 4-methoxy-2-
arylquinolines.14	It	should	be	noted	that	compound	4a	has	also	
been	reported	to	produce	3-phenylquinoline	using	HTIB	under	
microwave	irradiation	instead	of	a	ring	contracted	product.15

Experimental
FTIR spectra were obtained in KBr/neat film on Perkin Elmer 
Spectrum	 RX1	 instruments	 and	 are	 reported	 in	 cm-1.	 1H	 and	 13C	
NMR	 spectra	 were	 recorded	 on	 Bruker	 Avance	 II	 400	 MHz	 and		
100	 MHz	 NMR	 Spectrometer,	 respectively	 in	 CDCl3;	 shifts	 are	
expressed	 as	 ppm	 with	 respect	 to	 TMS.	 Elemental	 analysis	 was	
carried	 out	 on	 Perkin	 Elmer	 2400	 instrument.	 2-Aminochalcone,	
2-aryl-1,2,3,4-tetrahydro-4-quinolones,	 N-acetyl-2-aryl-1,2,3,4-
tetrahydro-4-quinolones	were	synthesised	using	known	methods.14,16

 General procedure
To	a	 solution	of	N-acetyl-2-aryl-1,2,3,4-tetrahydro-4-quinolones	 (4,		
2	mmol)	in	freshly	distilled	trimethylorthoformate	(15	ml),	was	added	
1–2	 drops	 of	 either	 HClO4	 (70%)	 or	 conc.	 H2SO4	 and	 stirred	 for	

15–30	min.	at	room	temperature	(30°C).	HTIB	(753	mg,	2.2	mmol)		
was	 added	 in	 small	 amounts	 and	 the	 resulting	 solution	was	 further	
stirred	 for	 1	 h.	After	 completion	 of	 the	 reaction,	 as	 monitored	 by	
TLC,	 the	 reaction	 mixture	 was	 extracted	 with	 dichloromethane		
(3	x	15	ml),	washed	with	saturated	aq.	sodium	bicarbonate	solution	
followed	by	water.	The	combined	extract	was	dried	over	anhydrous	
Na2SO4.	Removal	of	excess	of	solvent	afforded	gummy	mass	which	
was	chromatographed	over	a	neutral	alumina	column	using	hexane:	
ethyl	acetate	(9:1)	as	eluent	to	afford	5a–e	and 6.

Compound 5a (Ar	=	Ph): Oil,14	yield	68%.	IR:	2953	(C–H),	1738	
(C=O),	1652	(C=O),	1494,	1385,	1280,	1265,	1029,	756	cm-1.	NMR:		
dH	2.05	(s,	3H,	COCH3),	3.76	(s,	3H,	COOCH3),	3.97	(d,	1H,	J	=	1.8	Hz,		
C3–H),	 5.85	 (brs,	 1H,	C2–H),	 7.06–7.10	 (m,	1H,	C5–H),	 7.17–7.19	
(m,	 2H,	 C4–H	 and	 C6–H),	 7.25–7.37	 (m,	 5H,	 C6H5),	 8.34	 (1H,	 d,		
J	=	7.88	Hz,	C7–H);	dC	24.1,	52.8,	55.7,	65.6,	117.2,	124.1,	125.0,	
125.8,	126.0,	128.2,	129.3,	129.4,	141.3,	142.9,	169.5,	171.1.

Compound 5b (Ar	=C6H5Br-p):	Oil,	yield	73%.	IR:	2923	(C–H),	
1736	(C=O),	1661	(C=O),	1504,	1392,	1277,	1026,	759	cm-1.	NMR:	
dH	2.03	(s,	3H,	COCH3),	3.70	(s,	3H,	COOCH3),	3.85	(brs,	1H,	C3–
H),	5.74	(brs,	1H,	C2–H),	7.00–7.04	(m,	3H,	C4–H,	C5–H	and	C6–H),	
7.28	(d,	2H,	J	=	7.70	Hz,	C2'	–H	and	C6'	–H),	7.37	(d,	2H,	J	=	7.70	Hz,	
C3'	–H	and	C5'	–H),	8.24	(d,	1H,	J	=	7.60	Hz,	C7–H);	dC	24.2,	53.0,	
55.6,	 65.0,	 117.3,	 122.2,	 124.4,	 125.7,	 125.9,	 126.9,	 129.5,	 132.5,	
140.4,	142.8,	169.3,	171.0.	Anal.	Calcd.	for	C18H16BrNO3:	C,	57.8;	
H,	4.3;	N,	3.7.	Found:	C,	57.9;	H,	4.21;	N,	3.6.

Compound 5c (Ar	 =C6H5OMe-p):	 Oil,14	 yield	 65%.	 IR:	 2970	
(C–H),	 1735	 (C=O),	 1650	 (C=O),	 1501,	 1369,	 1095,	 1122,	 1033,	
753	 cm-1.	 NMR:	 dH	 2.37	 (s,	 3H,	 COCH3),	 3.66	 (s,	 6H,	 COOCH3	
and	OCH3),	3.79	(brs,	1H,	C3–H),	5.73	(brs,	1H,	C2–H),	6.88	(d,	2H,		
J	=	7.80	Hz,	C3'	–H	and	C5'	–H)	7.01–7.10	(m,	3H,	C4–H,	C5–H,	and	
C6–H),	 7.49	 (d,	 2H,	 J	 =	 7.80	 Hz,	 C2'			–H	 and	 C6'	–H),	 8.29	 (1H,	 d,		
J	=	8.28	Hz,	C7–H).

Compound 5d (Ar	=C6H5NO2-p):	Oil,	yield	71%.	IR:	2950	(C–H),	
1739	(C=O),	1660	(C=O),	1597,	1538,	1480,	1390,	1210,	867,	760	
cm-1.	NMR:	dH	(CDCl3)	2.04	(s,	3H,	COCH3),	3.82	(s,	3H,	COOCH3),	
3.95	 (brs,	 1H,	 C3–H),	 5.99	 (brs,	 1H,	 C2–H),	 7.11	 (m,	 1H,	 C5–H),	
7.36–7.41	 (m,	 4H,	 C4–H,	 C6–H,	 C3'	–H	 and	 C5'	–H),	 8.19	 (d,	 2H,		
J	 =	 7.84	Hz,	 C2'	–H	and	C6'	–H),	 8.32	 (d,	 1H,	J	 =	 7.16	Hz,	C7–H);		
dC	 24.1,	 53.1,	 55.3,	 64.9,	 117.3,	 124.6,	 125.2,	 126.0,	 126.2,	 129.7,	
132.5,	142.5,	147.7,	148.3,	168.9,	170.0.	Anal.	Calcd.	for	C18H16N2O5:	
C,	63.52;	H,	4.7;	N,	8.2.	Found:	C,	63.7;	H,	4.65;	N,	8.1.

Compound 5e (Ar	=C6H5Cl-p):	White	solid,	m.p.	52–53°C	(lit.,14	
m.p.	 52–53°C),	 yield	 72%.	 IR:	 2950	 (C–H),	 1735	 (C=O),	 1651	
(C=O),	1492,	1387,	1280,	1260,	1032,	760,	557	cm-1.	NMR:	dH	2.05	
(s,	 3H,	 COCH3),	 3.76	 (s,	 3H,	 COOCH3),	 3.97	 (d,	 1H,	 J	 =	 1.8	 Hz,	
C3–H),	5.81	 (brs,	1H,	C2–H),	7.05–7.11	 (m,	3H,	C2'	–H,	C6'	–H	and	
C5–H),	7.26–7.41	(m,	4H,	C3'	–H,	C5'	–H,	C4–H	and	C6–H),	8.43	(1H,	
d,	J	=	8.10	Hz,	C7–H).

Compound 6:	 Oil	 (lit.,11	 m.p.	 25–28°C),	 IR:2921	 (C–H),	 1529,	
1369,	1195,	1038,	771,	680,	563	cm-1.	NMR:	dH	2.45	(s,	3H,	CH3),	
3.72	(s,	3H,	OCH3),	7.35	(dd,	2H,	J	=	8.44	and	0.40	Hz,	C3–H	and	
C5–H),	7.77	(dd,	2H,	J	=	8.44	and	1.70	Hz,	C2–H	and	C6–H);	dC	21.6,	
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56.2,	128.0,	129.8,	132.0,	144.9.	Anal.	Calcd.	for	C8H10O3S:	C,	51.6;	
H,	5.41.	Found:	C,	51.7;	H,	5.3.
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Synthesis of N-urethane protected β-amino alcohols employing  
N-(protected-α-aminoacyl)benzotriazoles
Vommina V. Sureshbabu*, N.S. Sudarshan, L. Muralidhar and N. Narendra
Peptide Research Laboratory, Department of Studies in Chemistry, Central College Campus, Bangalore University,  
Dr. B. R. Ambedkar Veedhi, Bangalore 560 001, India

A simple and racemisation-free synthesis of N-urethane protected a-amino/peptidyl alcohols by the reduction of the 
corresponding easily accessible N-acylbenzotriazoles is described. The method is practical, straightforward, fast and 
efficient for the synthesis of amino/peptidyl alcohols. All the alcohols made were isolated in high yields and purity.
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N-Protected amino alcohols and peptidyl alcohols are 
important synthetic intermediates,1 especially useful in the 
synthesis of amino/peptidyl aldehydes which have diverse 
synthetic as well as biological applications.2,3 Several peptides 
including enkephalins have been shown to exhibit better 
biological activity upon reduction of the terminal carboxylic 
group into the corresponding alcohol.4 The N-protected 
amino alcohols are also used in the synthesis of peptides 
possessing reduced peptide bonds5 and in the preparation of 
stereochemically defined methylene-oxydipeptides.6 They are 
also key intermediates in the synthesis of vicinal diamines, 
ureidopeptides,7 oxazolidinones, peptidosulfinamides, and 
peptidosulfonamides.8 Moreover, oligopeptidyl carbamates9 
as well as peptidyl carbonates are assembled starting from  
β-aminoalcohol building blocks.

The aminoalcohols are widely prepared by borane-
mediated reduction of N-protected amino acids.3 They are also 
synthesised by the reduction of the corresponding alkyl esters 
or active esters10 with NaBH4. Kokotos11a and Rodriguez 
et al.11b have reported the chemoselective reduction of 
mixed carboxylic anhydrides generated by the reaction of 
N-protected amino acid with ethyl chloroformate or isobutyl 
chloroformate in presence of a base. Similarly, urethane-
protected N-carboxyanhydrides (UNCAs)12 and various acid 
fluorides13 are also reduced into alcohols using NaBH4. On 
the other hand, there are several reports describing the use 
of reducing agents such as LiAlH4,14 DIBAL,15 etc., for such 
reductions.

Katritzky et al. have accomplished pioneering work on the 
synthesis of stable N-acylbenzotriazoles and they demonstrated 
their wide range of applications in organic synthesis.16 In 
peptide chemistry, N-acylbenzotriazole derivatives of amino 
acids have been used to acylate unprotected amino acids 
under aqueous reaction conditions to obtain peptide acids,17 
prepare N-protected α-amino acid azides,18 hydroxamic acids 
and peptide heterocycles such as oxadiazoles.19 The utility of 
N-acylbenzotriazoles as activated precursors for the synthesis 
of aminoalcohols is to the best of our knowledge yet to be 
demonstrated.

The present work describes the simple and selective 
reduction of N-t-butoxycarbonyl (Boc)/benzyloxycarbonyl 
(Z)/9-fluorenylmethoxycarbonyl (Fmoc)/1,1-dioxobenzo-
thiophen-2-ylmethyloxycarbonyl (Bsmoc) amino acid-derived 

acylbenzotriazoles using NaBH4 to form the corresponding 
alcohols. During peptide synthesis, the amino group is usually 
protected with any one of the urethane type groups, Boc, 
Z, Fmoc and Bsmoc which differ from one another in their 
deprotection conditions. Boc and Z groups are deprotected 
using acidolysis whereas Fmoc and Bsmoc groups are 
deprotected using an organic base. We herein describe a 
general route for the reduction of α-amino acids carrying with 
all four commonly employed amine protecting groups.

Results and discussion
N-Protected amino acylbenzotriazoles are accessible in 
excellent yields by reacting the corresponding amino acid or 
peptide acid with a solution of benzotriazole pretreated with 
SOCl2.17 In a typical procedure, the N-acylbenzotriazoles 
were treated with NaBH4 in MeOH at room temperature to 
accomplish their conversion to the corresponding alcohol.  
The reduction was found to be very fast, being complete 
within 2 min. In many cases, the product separated out as a 
solid after the reaction. Consequently, the reaction mixture 
was diluted with water and the products were filtered and 
isolated. A regular aqueous workup method was also followed 
to isolate the products which could not be precipitated out 
from the reaction mixture (Scheme 1).

All the protected amino alcohols were obtained in excellent 
yield (95–99%). In the case of bifunctional amino acids the 
side chain protecting group such as tertiary butyl ester of Asp/
Glu, a benzyl ether linkage on Ser/Thr remained unaffected 
during reduction. In order to demonstrate the versatility of 
this protocol, a series of Fmoc, Boc, Z and Bsmoc protected 
amino acids were converted into the corresponding alcohols 
(Table 1).

The protocol was then extended to the synthesis of  
N-protected peptide alcohols. The peptide acids were 
synthesised by coupling with O,N-bis-trimethylsilyl amino 
acid with mixed anhydride of N-protected amino acid.20 They 
were then converted into the corresponding acylbenzotriazole 
derivatives and further reduced to the corresponding alcohols 
using NaBH4 following the same procedure (Scheme 2).

The reaction was also tested for racemisation by recording 
the 1H NMR spectra of compounds 4 and 5 (Table 1) 
synthesised via the present protocol. Compound 4 contained 
a doublet at δ 1.163, 1.180 while its epimer 5 showed the 
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Scheme 1 Synthesis of N-protected b-aminoalcohols from N-(Pg-a-aminoacyl)benzotriazoles.
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peaks	 at δ 1.179, 1.196. The equimolar mixture of 4	 and	5, 
intentionally	mixed,	had	two	doublets	at	 the	different	values		
δ 1.161, 1.174, 1.181, 1.194. This clearly demonstrated that 	
the method described to make β-amino alcohols is 
racemisation-free.

In conclusion, we have developed an efficient method for 
the	 conversion	 of	 N-urethane	 protected	 amino	 acids/peptide	
acids into the corresponding β-amino alcohols using N-
acylbenzotriazoles.	The	reduction	is	rapid,	high	yielding	and	
proceeds	 with	 no	 side	 reactions	 or	 racemisation.	 Common	
side	chain	protecting	groups	 remain	unaffected.	The	present	
method	is	advantageous	as	it	utilises	acylbenzotriazoles	which	
are	easy	to	make	and	stable	to	store	as	C-activated	precursors.	
Further,	since	the	benzotriazoles	of	all	common	N-protecting	
groups	can	be	prepared	as	shelf	stable	solids	in	good	yield,	the	
current	method	becomes	a	general	protocol	 for	 reduction	of	
N-urethane	protected	amino	acids	and	peptide	acids.

Experimental
Melting	points	were	determined	by	the	capillary	method.	IR	spectra	
were	recorded	on	a	Nicolet	model	impact	400D	FT-IR	spectrometer	
(KBr pellets). Specific rotations were recorded on a Rudolf Research 
Autopol	 IV	 automatic	 polarimeter.	 NMR	 spectra	 were	 measured	
on	 a	 Bruker	 AMX	 400	 MHz	 spectrometer.	 ES-MS	 spectra	 were	
obtained	from	an	ES-MS	(HP	1100	series,	MSD	single	quadrupole)	
instrument.	 Elemental	 analyses	 were	 recorded	 using	 Perkin	 Elmer	
Analyser	and	the	samples	were	dried	under	vacuum	before	analysis.	
The	TLC	analysis	was	carried	out	on	precoated	silica	gel	plates	using	
the	solvent	system	ethyl	acetate:	hexane	(35:	65	v/v).	All	the	solvents	
were	freshly	distilled	prior	to	use.

General procedure for the preparation of N-Fmoc/Boc/Z/Bsmoc-β-
amino alcohols
To	the	N-(Fmoc/Boc/Z/Bsmoc-α-aminoacyl)benzotriazole (10 mmol) 
in	methanol	was	added	6.0	mmol	(0.22	g)	of	NaBH4	and	the	mixture	
was	stirred	at	room	temperature	for	2–5	min.	Upon	completion	of	the	
reaction,	 as	 evident	by	TLC,	 the	 reaction	mixture	was	diluted	with	
excess	of	water.	On	precipitation	of	 the	product,	which	 is	common	
with Fmoc-protected alcohols, the product was filtered, washed with 
10%	 citric	 acid,	 water	 and	 dried.	 In	 other	 cases,	 the	 product	 was	
extracted	into	ethyl	acetate.	The	organic	layer	was	washed	with	10%	
citric	acid	followed	by	water	and	brine,	dried	over	anhydrous	sodium	
sulfate,	and	evaporated	in vacuo	to	obtain	the	compound	as	a	white	
solid.	The	melting	points	of	the	products	are	listed	in	Table	1.

Fmoc-Leu-ol (1):	NMR	(CDCl3): δH	0.93	(d,	6H,	J =	5.4	Hz),	1.33	
(m,	 2H),	 1.63	 (m,	 1H),	 2.34	 (br	 s,	 1H),	 3.55	 (br	 m,	 2H),	 3.77	 (m,	
1H),	4.19	(t,	1H,	J =	6.6	Hz),	4.41	(m,	2H),	5.08	(d,	1H,	J	=	8.8	Hz),	
7.27–7.40 (m, 4H), 7.56 (d, 2H), 7.77 (d, 2H); δC	22.0,	23.0,	24.6,	
40.3,	47.2,	51.2,	65.5,	66.4,	119.8,	124.9,	126.9,	127.6,	141.2,	143.8,	
156.7.	Anal.	Calcd	for	C21H25NO3:	C,	74.31,	H,	7.42,	N,	4.13,	Found,	
C,	74.30,	H,	7.38,	N,	4.09%.

Fmoc-Phg-Phe-ol (3): 1H	NMR	(δ,	CDCl3):	2.07	(s,	1H),	2.87	(d,	
2H,	J =	6.4	Hz),	3.60	(m,	2H),	3.96	(m,	1H),	4.16	(t,	1H,	J =	6.80	
Hz),	4.4	 (m,	3H),	5.91	 (s,	 1H),	7.10–7.40	 (m,	14H),	7.56	 (m,	2H),	
7.77	(d,	2H,	J = 7.6 Hz): δC	37.3,	47.2,	54.1,	64.0,	66.7,	68.5,	120.0,	
124.7,	125.0,	126.2,	126.5,	126.9,	127.0,	127.2,	128.2,	130.8,	132.7,	
139.1,	 141.5,	 143.9,	 156.4,	 166.7.	Anal.	 Calcd	 for	 C32H30N2O4:	 C,	
75.87,	H,	5.97,	N,	5.53,	Found,	C,	75.81,	H,	5.98,	N,	5.50%.

Boc-Ser(Bzl)-ol (8):	NMR	(CDCl3): δH	1.40	(s,	9H),	3.50–3.95	(m,	
5H), 4.48 (s, 2H), 7.35 (s, 5H); δC	28.2,	59.4,	65.4,	67.1,	73.7,	81.1,	
128.1,	128.0,	128.1,	128.3,	138.1,	156.1.	Anal.	Calcd	for	C15H23NO4:	
C,	64.03,	H,	8.24,	N,	4.98,	Found,	C,	64.00,	H,	8.30,	N,	4.94%.

Z-Phe-ol (10):	NMR	(CDCl3): δH	2.91	(d,	2H),	2.80	(br,	H),	3.55	
(m,	2H),	3.71	(br,	1H),	5.05	(s,	2H),	5.61	(s,	1H),	7.30	(s,	5H),	7.35	
(s, 5H); δC	 37.2,	 54.1,	 62.6,	 64.0,	 127.2,	 127.57,	 127.75,	 128.10,	
128.5,	136.5,	136.9,	156.6.	Anal.	Calcd	for	C17H19NO3:	C,	71.56,	H,	
6.71,	N,	4.91,	Found,	C,	71.50,	H,	6.77,	N,	4.99%.

Bsmoc-Ala-ol (14): NMR	(CDCl3): δH	1.25	 (3H,	d,	J =	7.2	Hz),	
3.32	 (1H,	m),	3.71	 (2H,	d,	J =	6.9	Hz),	5.10	 (2H,	 s),	5.54	 (1H,	 s),	
7.15	 (1H,	 s),	 7.34	 (1H,	 d,	J =	7.0	Hz),	 7.49	 (2H,	m),	 7.71	 (1H,	 d,		
J = 7.2 Hz); δC	 17.4,	 47.1,	 66.3,	 67.2,	 121.3,	 125.8,	 126.3,	 127.8,	
130.6,	134.1,	137.0,	156.9.	Anal.	Calcd	for	C13H15NO5S:	C,	52.51,	H,	
5.09,	N,	4.71,	Found,	C,	52.79,	H,	5.10,	N,	4.80%.

Bsmoc-Phe-ol (15):	NMR	(CDCl3): δH	2.93	(2H,	d,	J	=	4.9	Hz),	
3.48	(2H,	d(d)),	3.87	(1H,	m),	5.1	(2H,	s),	7.15	(1H,	s),	7.33	(1H,	d,		
J	=	6.9	Hz),	7.49	(2H,	m),	7.71	(1H,	d,	J = 7.1 Hz); δC	37.9,	47.3,	
52.7,	 66.9,	 121.3,	 125.8,	 126.3,	 127.8,	 128.5,	 128.6,	 129.8,	 130.6,	
134.1,	 137.0,	 139.6,	 140.6,	 156.9. Anal.	 Calcd	 for	 C19H19NO5S:		
C,	61.11,	H,	5.13,	N,	3.75,	Found,	C,	61.19,	H,	5.18,	N,	3.81%.
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	15	 Bsmoc-Phe-ol	 72	 gum	 –30.1	 374
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N-(Pg-a-aminopeptidyl)benzotriazoles.
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Friedel–Crafts allylation of 2-(benzyloxy)-3,4,5-trimethoxytoluene 
catalysed by a metal trifluoromethanesulfonic salt: synthesis of 
coenzyme Q10
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In	the	presence	of	a	catalytic	amount	of	scandium	triflate,	2-benzyloxy-3,4,5-trimethoxytoluene	reacted	with	allylic	
derivatives	4,	giving	the	key	intermediate	3	(R	=	benzyl)	which	was	used	for	preparing	coenzyme	Q10,	in	moderate	
to	high	yields.

Keywords: 2-(benzyloxy)-3,4,5-trimethoxytoluene, metal triflate, Friedel–Crafts allylation, coenzyme Q10

Coenzyme	Q10	(1,	also	called	ubiquinone),	was	discovered	in	
1957,1	and	shown	to	function	in	mitochondria	in	the	formation	
of ATP. It has been found to be beneficial for a variety of 
conditions,2,3	such	as	heart	disease	and	Parkinson’s	disease.

Because	 of	 those	 important	 effects,	 there	 have	 been	
extensive	synthetic	efforts	directed	at	this	natural	product.4-12		
The	key	issue	was	the	coupling	of	the	quinone	core	generally	
derived	 from	 inexpensive	 trimethoxytoluene	 and	 the	
polyprenyl	 side	 chain	 derived	 from	 expensive	 solanesol.		
An	ideal	synthesis	would	seek	to	not	only	minimise	the	extent	
to	 which	 intermediates	 based	 on	 solanesol	 are	 manipulated	
en route	 to	 Coenzyme	 Q10	 but	 also	 improve	 its	 overall	
yield.	Recently,	a	new	process	for	preparing	Q10	(Scheme	1,		
R	=	Me)	was	reported.13 Although the final step, oxidation of 
2	(R	=	Me)	with	(NH4)2Ce(NO3)6,	gave	Q10	in	low	yield,	the	
whole	process	is	an	improvement.

Scheme	1 shows	that	3	is	a	key	compound	in	the	synthesis	
of	 coenzyme	 Q-10	 (1).	 Fujita14	 reported	 a	 method	 for	 the	
preparation	 of	 3 (R	 =	 Me) via	 copper-mediated	 coupling	
of	 (E)-4-Chloro-2-methyl-1-phenylsulfonyl-2-butene with	
the	 Grignard	 reagent	 of	 2,3,4,5-tetramethoxytolyl	 bromide. 
Compared	 to	 Fujita’s	 method,	 Friedel–Crafts	 reaction	 of	 5	
(R	=	alkyl) with	4 might	be	a	simpler	and	more	economical	
way	 to	 synthesise	3 (Scheme	2),	 because	5	 (R	=	 alkyl)	 is	 a	
good	 electron-rich	 substrate	 for	 the	 Friedel–Crafts	 reaction.	
The	 Friedel–Crafts	 reaction	 was	 achieved	 by	 Min	 et al.	
recently.13	However,	 the	 low	values	of	E/Z	 isomeric ratio	of	
3 (R	 =	 Me)	 were	 not	 desirable	 (E/Z	 =	 10/1).	 Based	 on	 the	

potential	of	 its	 industrial	 application,	we	 sought	 the	optimal	
process	 for	 synthesising	 Q10.	 According	 to	 Scheme	 1	 and	
the	 literature,15,16	 in	 which	 Q0	 was	 prepared	 quantitatively	
by	oxidation	of	2-hydroxy-3,4,5-trimethoxytoluene	in	air,	we	
deduced	that	2	(R	=	H),	easily	obtained	starting	from	3	(R	=	
Bn)	via	intermediate	2	(R	=	Bn),	might	produce	Q10	in	similar	
way	to	Q0	in	good	yield	(Scheme	1).	The	search	for	a	more	
effective	method	for	preparation	of	3	(R	=	Bn)	is	necessary.

Recently, it is found that a metal triflate, as an all-purpose 
Lewis	 acid,	 was	 generally	 useful	 as	 an	 effective	 catalyst	 in	
organic	 synthesis,17	 such	as	 in	Aldol	 reaction,18,19	Mannich-
type	 reaction,20–24	 Diels–Alder	 reaction25–27	 and	 Friedel–
Crafts	 reaction.28–30	To	 the	best	of	our	knowledge,	however,	
metal triflate catalysed Friedel–Crafts allylation of 5	has	not	
been	 reported.	We	 now	 report	 our	 investigation	 using	 metal	
triflate as a catalyst (Scheme 2, R = Bn) with improved 
value	of	E/Z	 ratio.	Compound	5	 (R	=	Bn)	 and	compound	5	
(R	 =	 Me),	 both	 of	 which	 were	 derived	 from	 2-hydroxy-
3,4,5-trimethoxytoluene,	 are	 useful	 starting	 materials	 for	
synthesising	Q10.	The	former	is	better	compared	to	the	latter,	
because at the final step in synthesising Q10, 2	 (R	=	Bn)	 is	
more	 readily	 transformed	 into	 2	 (R	 =	 H)	 which	 leads	 to	 1	
quantitatively.

Results and discussion
As a Lewis acid, metal triflate can catalyse the Friedel–Crafts 
allylation	 of	 5 (R	 =	 Bn)	 with	 4 (X	 =Cl,	 Br)	 (Scheme	 2).		
The	results	are	summarised	in	Table	1.
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MeO

MeO

OR

OMe

SO2Ph

2 1

3

Br
H9

9

MeO

MeO

OR

OMe

 H
10

O

O

MeO

MeO
10

H

MeO

MeO

OR

OMe

SO2Ph

 H

6

Scheme 1	 The	synthetic	route	of	Coenzyme	Q10	(1)	from	the	compound 3.

686	 RESEARCH PAPER DECEMBER,	686–688	 JOURNAL	OF	CHEMICAL	RESEARCH	2007

 JCR_12_2007 Book.indb   686 23/1/08   09:57:19



PAPER:	07/4946

JOURNAL	OF	CHEMICAL	RESEARCH	2007	 687

The	 condition	 of	 the	 Friedel–Crafts	 allylation	 with	 0.5	
equiv of metal triflate in THF at reflux temperature for 12 h 	
(condition	 A	 in	 Table	 1)	 was	 established	 according	 to	 our	
preliminary	study.	The	reaction	also	proceeded	with	a	less	than	
stoichiometric amount of metal triflate (condition B in Table 1), 	
however,	 it	 required	 a	 longer	 reaction	 time	 and	 produced	 a	
lower	yield	of	E-3 (R	=	Bn).

From Table 1, a different effect of each metal triflate on 
the	yield	of	the	coupling	product	E-3 (R	=	Bn)	was	noticed.	
AgOTf	 was	 not	 a	 good	 catalyst	 for	 this	 coupling	 reaction.	
There	was	no	product	E-3 (R	=	Bn)	detected	 in	 the	 case	of	
AgOTf.	 Cu(OTf)2,	 Y(OTf)3,	 and	 Gd(OTf)3	 etc.	 generally	
produced	low	yields	of	the	product	E-3 (R	=	Bn).	A	good	yield	
of	 the	 E-isomer	 of	 the	 compound	 3 (R	 =	 Bn) was	 obtained	
in	 the	 case	 of	 Yb(OTf)3	 and	 Sc(OTf)3.	 Note	 that	 Sc(OTf)3	
consistently	 produced	 high	 yields	 of	 E-3 (R	 =	 Bn),	 where	
the	E/Z ratio	of	15:1	was	maintained.	The	best	 result	 (83%;		
E/Z =	15	:	1,	determined	by	external	standard	method	of	HPLC:	
column	 VP-ODS	 150	 L	 ¥ 4.6, flow rate 0.8 ml/min, eluent 

75% methanol–water solution, λ = 254 nm) was observed 
when	4 (X	=	Br) and	5 (R	=	Bn) were	coupled	using	Sc(OTf)3	
as	catalyst	under	condition	A,	and	a	pure	product	E-3 (R	=	Bn)	
can	be	readily	obtained	by	recrystallisation	from	methyl	tert-
butyl	ether.	It	was	easy	to	separate	the	E-isomer	of	3 (R	=	Bn)	
from	its	Z-isomer,	which	is	important	and	useful	for	industrial	
application.

In addition, the recovery and recycling of metal triflate 
were	also	investigated,	and	the	results	show	that	the	reaction	
proceeded	 smoothly	 with	 recovered	Yb(OTf)3	With	 the	 key	
compound	3 (R	=	Bn) to	hand,	we	attempted	the	total	synthesis	
of	coenzyme	Q10	(1)	(Scheme	3).	Q10	(1)	was	easily	prepared	
by	 similar	 methods	 to	 those	 described	 in	 the	 literatures:3,15	
(a)	 condensing	 3b with	 solanesyl	 bromide,	 (b)	 treating	 the	
resultant	product	6b with	LiHBEt3/Pd(dppp)Cl2	followed	by	
debenzylation	with	K/EtOH	and	oxidation	with	air.

Conclusion
In conclusion, an efficient and convenient procedure for 
Friedel–Crafts	 allylation	 was	 carried	 out	 using	 a	 metal		
triflate as a catalyst under mild conditions with a simple 
methodology.	 It	 offered	 an	 important	 method	 for	 Friedel–
Crafts	allylation	of	4	(R	=	Bn)	in	order	to	synthesise	compound	
3b,	 a	 key	 intermediate	 for	 preparing	 coenzyme	 Q10	 and	 an	
economical	 method	 for	 preparation	 of	 Q10	 from	 3b	 was	
achieved	(Scheme	3).

Experimental
Melting	points	are	uncorrected.	1H	NMR	spectra	were	determined	on	
a	Varian	Plus	400	instrument	using	TMS	as	an	internal	standard	and	
CDCl3	as	a	solvent.	IR	spectra	were	recorded	on	a	Perkin-Elmer	683	
instrument.	Mass	spectra	were	obtained	on	an	AEI	MS-902	instrument	
and	ESI-MS	was	obtained	with	a	Finnigan	TSQ	700	instrument.
Procedure for synthesis of 3b
A	 solution	 of	 2-(benzyloxy)-3,4,5-trimethoxytoluene	 5 (R	 =	 Bn)		
(1.0	 mmol)	 and	 (E)-4-chloro-2-methyl-1-phenylsulfonyl-2-butene	
4a	 (1.0	mmol)	and	Sc(OTf)3	 (0.50	mmol)	 in	dry	THF	(10	ml)	was	
refluxed for 12 h. The solution was concentrated under reduced 
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Scheme 2	 Preparation	of	the	compound	3 (R	=	Me,	Bn)	catalysed	by	metal	triflate.

Table 1	 Allylation	 of	 5 (R	 =	 Bn) in	 the	 presence	 of	 metal	
triflates

Entry	 Allylation	 Catalyst	 Condition	 Yield%	of		
	 	 reagent	 	(equiv)	 	 E-3	(R	=	Bn)

	 1	 4a AgOTf	(0.5)	 Aa	 NDc

	 2	 4a Cu(OTf)2	(0.5)	 Aa	 32
	 3	 4a Y(OTf)3(0.5)	 Aa	 51
	 4	 4a Gd(OTf)3(0.5)	 Aa	 54
	 5	 4a Ce(OTf)3(0.5)	 Aa	 62
	 6	 4a La(OTf)3(0.5)	 Aa	 66
	 7	 4a Yb(OTf)3(0.1)	 Bb	 40
	 8	 4a Yb(OTf)3(0.2)	 Bb	 52
	 9	 4a Yb(OTf)3(0.5)	 Aa	 78
	10	 4a Sc(OTf)3(0.5)	 Aa	 81
	11	 4b Yb(OTf)3(0.5)	 Aa	 80
	12	 4b Sc(OTf)3(0.5)	 Aa	 83
aA:	THF	at	reflux	temperature	for	12	h.	bB:	THF	at	reflux	temperature	
for	18	h.	cNot	detected.
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pressure	and	the	residue	was	extracted	twice	with	1,2-dichloroethane	
(10 ml) and filtered. The filtrate was evaporated under reduced 
pressure to give a solid. The solid residue was further purified by 
recrystallisation	from	methyl	 tert-butyl	ether	to	give	3b	(E) in	81%	
isolated	yield.

3b:	M.p.	76–78°C;	IR	(KBr,	cm-1):	2962,	2934,	2899,	1464,	1305,	
1132,	734;	 1H	NMR	(400	MHz,	CDCl3): δ 1.94 (3H, s), 1.97 (3H, 
s),	3.24	(2H,	d,	J =	6.4	Hz),	3.75	(3H,	s),	3.75	(2H,	s),	3.90	(3H,	s),	
3.92	(3H,	s),	4.91	(2H,	s),	4.91	(1H,	br),	7.20–7.28	(10H,	m);	EI-MS	
m/z	 (rel.	 intensity%):	496	 (M+,	 11),	 405	 (100),	 263	 (74),	 231	 (48),	
91	(34);	Anal.	calcd.	for	C28H32O6S,	C	67.72%,	H	6.49%,	Found	C	
67.66%,	H	6.51%.

Procedure for synthesis of 6b
To	 a	 stirred	 mixture	 of	 3b (2.0	 g,	 4.0	 mmol),	 solanesyl	 bromide	
(95%,	2.9	g,	4.0	mmol)	and	THF	(28	ml)	was	added	t-BuOK	(0.5	g,	
4.4	mmol)	at	-20°C.	The	mixture	was	stirred	at	the	same	temperature	
for 1 h to complete the reaction, and then acidified with 5% H3PO4	
to	 pH	 =	 2-3.	 The	 whole	 mixture	 was	 added	 to	 water	 (20	 ml)		
and	 methyl	 tert-butyl	 ether	 (20	 ml)	 and	 separated	 into	 two	 layers.		
The	organic	layer	was	washed	with	water	to	pH	=	7,	dried	over	MgSO4	
and	 concentrated	 under	 reduced	 pressure	 to	 give	 an	 oily	 product.		
The oily residue was further purified by column chromatography on 
silica	gel	with	petroleum	ether/ethyl	acetate	(10	:	1	v/v)	as	an	eluent	to		
give	4.0	g	of	pure 6b	(yield	90%).

6b: 1H	NMR	(400	MHz,	CDCl3) δ: 1.58 (3H, s), 1.60 (3H, s), 1.62 
(21H,	 s),	 1.70	 (3H,	 s),	 1.85	 (3H,	 s),	 1.95	 (3H,	 s),	 2.01–2.11	 (32H,	
s),	 2.59-2.58	 (1H,	m),	 2.63–2.88	 (1H,	m),	 3.17	 (1H,	m),	 3.28	 (1H,	
m),	3.50	(1H,	m),	3.70	(3H,	s),	3.92	(3H,	s),	3.94	(3H,	s),	4.92	(2H,	
s),	4.90–5.16	(10H,	m),	7.34–7.80	(10H,	m);	13C	NMR	(CDCl3,	400	
MHz) δ: 12.0, 14.0, 15.9, 16.0, 16.3, 17.6, 24.0, 25.7, 26.0, 26.5, 
26.6,	 26.6,	 26.7,	 26.7,	 39.7,	 61.0,	 61.0,	 61.1,	 61.2,	 123.7,	 124.1,	
124.2,	124.2,	124.4,	125.5,	126.5,	127.4,	127.9,	128.1,	128.4,	128.6,	
128.7,	131.2,	133.1,	134.2,	134.8,	134.9,	134.9,	134.9,	134.9,	135.0,	
135.3,	137.7,	137.8,	138.5,	144.7,	145.3,	146.7,	147.6;	ESI-MS	m/z	
(%)	1131.7	(M	+	Na+,	88),	1126.7	(M	+	NH4

+,	100);	Anal.	calcd.	for	
C73H104O6S,	C	79.01%,	H	9.45%,	Found	C	78.90%,	H	9.42%.

Preparation of Q10 (1)
To	a	mixture	of	808	mg	6b	and	Pd(dppp)Cl2	(20	mg)	in	THF	(8	ml)	
was	 added	 dropwise	 LiHBEt3	 in	THF	 (1.94	 ml	 1	 mol/l)	 at	 –30°C.	
After	stirring	for	6	h,	the	whole	reaction	mixture	was	quenched	with	
0.8	ml	water	and	concentrated	under	reduced	pressure	to	30%	of	its	
original	 volume.	 The	 concentrated	 residue	 was	 treated	 with	 water	
(8	 ml),	 extracted	 with	 petroleum	 ether	 (2	 ¥	 2.5	 ml),	 washed	 with	
water	 (2	ml),	dried	over	anhydrous	MgSO4	and	concentrated	under	
reduced	pressure	to	give	a	sticky	residue	(700	mg).	The	residue	was	
mixed	 with	 ethanol	 (2	 ml)	 and	 dry	 THF	 (25	 ml)	 and	 K	 (450	 mg)		
at	 –40	~	–20°C,	 and	 stirred	 at	 the	 same	 temperature	 for	 4	 h.	Then	
the	 reaction	 mixture	 was	 stirred	 with	 FeCl3•6H2O	 in	 air	 for	 0.5	 h.		
The	resulting	mixture	was	partitioned	with	1	mol/l	HCl	and	isopropyl	
ether.	The	organic	layer	was	washed	with	water,	dried	over	MgSO4,	
and	 concentrated	 under	 reduced	 pressure	 to	 give	 an	 orange	 solid.	
The solid residue was further purified by column chromatography 
on	silica	gel	with	hexane/isopropyl	ether	(3:1	v/v)	as	an	eluent,	and	
recrystallised	from	acetone	to	give	408	mg	of	an	orange	crystalline	
powder	1	(yield	65%).

Q10	(1)	m.p.	48–49°C	(lit.32	47°C);	1H	NMR	(400	MHz,	CDCl3):	
δ 1.59 (36H, s), 1.97–2.06 (36H, m), 3.19 (2H, d, J =	6.0	Hz),	3.99,	
6H,s	 5.11	 (10H,	 m);	 ESI-MS	 m/z	 (%)	 885.6	 (M	 +	 Na+,	 85),	 880.6		
(M	+	NH4

+,	100).
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Synthesis of pyrido[2',3':4,5]thieno[2,3-d ]pyrimidines through Friedländer 
reactions
Shawkat A. Abdel-Mohsen* and Ahmed A. Geies
Chemistry Department, Faculty of Science, Assiut University, Assiut 71516, Egypt

A	 variety	 of	 tri-,	 tetra-	 and	 penta–cyclic	 pyrido[2',3':4,5]thieno[2,3-d]pyrimidines	 have	 been	 synthesised	 from		
5-amino-6-formyl-4-methyl-2-phenylthieno[2,3-d]pyrimidine	 by	 Friedländer	 condensation	 with	 aliphatic,	 alicyclic,	
and	heterocyclic	ketones	and	other	active	methylene	compounds.

Keywords: fused	thiophenes,	pyridines,	pyrimidines,	amino-aldehydes,	Friedländer	reactions

Annelation	reactions	involving	suitable	aromatic	hydrocarbon	
compounds	 carrying	 the	 aminoaldehyde	 moiety	 provide	 a	
synthetic	entry	into	heterocyclic	systems,1	and	the	formation	of	
ring	structures	from	substituted	heterocyclic	aminoaldehydes	
is	often	the	method	of	choice	for	preparation	of	polycondensed	
heterocycles.2-5

Thienopyrimidines	have	been	 the	 subject	of	 chemical	 and	
biological	 studies	 due	 to	 their	 interesting	 pharmacology,6	
including	 analgesic,7	 antipyretic,8	 herpes	 virus	 inhibitory9	
and anti-inflammatory10,11	 properties.	 In	 view	 of	 the	 above	
activities	and	in	continuation	of	our	work	in	the	synthesis	and	
reactions	of	various	fused	thiophenes,12,13	we	report	here	the	
preparation	of	some	new	fused	pyrido-thieno-pyrimidines.

Results and discussion
The	synthesis	of	the	desired	compounds	started	with	5-amino-
6-formyl-4-methyl-2-phenylthieno[2,3-d]pyrimidine	 (3),	which	
was	prepared	by	the	reaction	of	6-methyl-4-phenyl-2-thioxo-1,2-
dihydropyimidine-5-carbonitrile	 (1) with α-chloroacetaldehyde 
in	 ethanol	 containing	 sodium	 acetate	 to	 give	 the	 intermediate		
6-(formylmethylthio)	derivative	2.	Upon	treatment	with	ethanolic	
sodium	ethoxide,	compound	2	underwent	cyclisation	 to	afford	
the	 starting	 compound	 3.	 The	 heterocyclic	 aminoaldehyde	 3	
opens	a	direct	route	to	the	synthesis	of	condensed	heterocycles	
of	 the	 pyridine	 series.	 Thus,	 Friedländer	 condensation14	 of	
3	 with	 aliphatic	 cyclic	 and/or	 heterocyclic	 ketones	 in	 the	
presence	of	ethanolic	potassium	hydroxide	solution	leads	to	
the	 formation	 of	 fused	 tetrahydropyrimidothienoquinoline,	
pyrimidothienonaphthyridine,	pyranopyridothienopyrimidine	
and	 thiopyranopyridothienopyrimidine	 compounds	 4a–d,	

respectively.	The	 1H	NMR	spectra	of	 the	 isolated	 compounds	
4a–d	showed	a	characteristic	singlets	at	7.80–8.20	ppm	for	the	
H-10	hydrogen.	Furthermore,	the	IR	spectra	revealed	the	absence	
of	the	characteristic	absorption	bands	at	3450–3300	cm-1	for	the	
amino	group	which	 indicated	 the	condensation	products	 to	be	
4a–d.

Similarly,	 the	aminoaldehyde	3	was	allowed	 to	 react	with	
indane-1,3-dione	 under	 Friedländer	 condensation	 conditions	
to	give	the	indenopyridothienopyrimidine	5. The	IR	spectrum	
of	 5	 showed	 a	 strong	 absorption	 band	 at	 1700	 cm-1	 due	 to	
C=O.	 Also	 the	 1H	 NMR	 spectrum	 showed	 a	 characteristic	
singlet	at	7.95	ppm	for	the	H-11	hydrogen.	(Scheme	1).

Annelation reactions of β-diketones with 3 are	 greatly	
facilitated by the presence of a doubly activated α-methylene 
group,	 and	 gave	 different	 6,7-disubstituted	 pyrido-
thienopyrimidines	according	to	 the	direction	of	ring	closure.	
Thus,	treatment	of	3	with	ethyl	acetoacetate	and	acetylacetone	
in	ethanolic	KOH	furnished	ethyl	3,6-dimethyl-2-phenylpyrido	
[2',3':4,5]thieno[2,3-d]pyrimidine-7-carboxylate	 (6a)	 and		
7-acetyl-3,6-dimethyl-2-phenylpyrido[2',3':4,5]thieno[2,3-d]	
pyrimidine	 (6b).	 With	 ethyl	 benzoylacetate,	 compound	 3	
underwent	 another	 route	 for	 ring	 closure,	 giving	 7-benzoyl-
4-methyl-2-phenylpyrido[2',3':4,5]thieno[2,3-d]pyrimidine-
6(5H)-one	(6c).	The	structure	of	compound	6c was confirmed 
by	 IR	 which	 gave	 characteristic	 absorption	 bands	 at	 1700,	
1650	 cm-1	 for	 2	 CO	 groups	 and	 the	 1H	 NMR	 revealed	 the	
absence	of	absorptions	for	the	ester	group.

In	 the	 case	 of	 bifunctional	 compounds	 (X-CH2-Y;	 X,	 Y	
=	 cyano,	 alkoxycarbonyl,	 carbamoyl	 and	 thiocarbamoyl	
groups),	the	amino	group	in	3	attacked	the	more	electrophilic	
group	to	form	functionalised	pyridothienopyrimidines.	Thus,	

*	Correspondent.	E-mail:	shawk662001@yahoo.com
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the	 reaction	 of	 3	 with	 malononitrile	 and	 cyanoacetamide	 in	
ethanol	 containing	 a	 few	 drops	 of	 piperidine	 took	 place	 via	
intramolecular	 addition	 of	 the	 amino	 group	 in	 compound	
3	 to	 the	 cyano	 function	 to	 form	 the	 cyclised	 products	 6,7-
substituted	 pyridothienopyrimidines	 7a,b.	 Unexpectedly,	
with	 cyanothioacetamide	 3	 afforded	 7-cyano-4-methyl-2-	
phenylpyrido[2',3':4,5]thieno[2,3-d]pyrimidine-6(5H)-thione	
(8),	formed	by	the	loss	of	an	ammonia	molecule.	(Scheme	2)

The	structures	of	compounds	7a,b	and	8 were	consistent	with	
their	elemental	analyses	and	spectral	data.	Thus	the	IR	spectrum	
of	7a	 (R1	=	NH2,	R2	=	CN)	reveals	characteristic	absorption	
bands	at	3450,	3350	cm-1	for	the	NH2	and	at	2230	cm-1	for	the	
cyano	group.	Its	1H	NMR	spectrum	presents	a	characteristic	
singlet	at	6.8	for	NH2	and	at	8.30	ppm	corresponding	to	H-8	
hydrogen.	The	structure	of	8 was confirmed by IR spectrum 
which	 revealed	 the	 absence	 of	 characteristic	 absorption	
bands	 for	 the	 NH2	 and	 showed	 a	 band	 at	 2230	 cm-1	 due	 to	
CN.	The	reaction	of	3	with	ethyl	cyanoacetate	under	the	same	
conditions	 afforded	 a	 mixture	 of	 ethyl	 6-amino-4-methyl-2-
phenylpyrido[2',3':4,5]thieno[2,3-d]pyrimidine-7-carboxylate	
(9)	 and	 7-cyano-6-hydroxy-4-methyl-2-phenylpyrido[2',3':
4,5]thieno[2,3-d]pyrimidine	 (10)	 which	 could	 be	 separated	
through	 fractional	 crystallisation	 using	 acetic	 acid	 as	 a	
solvent.

The	 pyridothienopyrimidine	 derivative	 7a	 was	 used	 as	
precursor	 for	 the	 synthesis	 of	 new	 pyrimidopyridothieno-
pyrimidines	 11, 12 and 14	 based	 on	 the	 high	 reactivity	 of	
the β-enaminonitrile moiety. Thus, condensation of 7a with	
carbon disulfide in pyridine afforded the corresponding 	
4-methyl-2-phenylpyrimido[5",4":5',6']pyrido[2',3':4,5]thieno
[2,3-d]pyrimidine-6,8(7H,9H)-dithione (11), which	was	easily	
S-methylated	 by	 methyl	 iodide	 to	 give	 the	 corresponding	
7,9-bismethylthio	 derivative	 12.	 Furthermore,	 treatment	 of	
7a with triethylorthoformate in refluxing acetic anhydride 
afforded	 the	 intermediate	 ethoxymethyleneamino	 derivative	
13.	 Hydrazinolysis	 of	 13	 in	 ethanol	 yielded	 the	 8-amino-9-

iminopyrimidopyridothienopyrimidine	derivative	14 in	 good	
yield. (Scheme	2).	The	structure	of	14 was	established	on	the	
basis	of	 IR,	which	 showed	 the	absence	of	CN	absorption	at	
2220	cm-1,	while	its	1H	NMR	spectrum	showed	signals	due	to	
the	pyrimidine	CH	at	8.65	ppm.

Experimental
All	 melting	 points	 were	 determined	 on	 a	 Gallenkamp	 apparatus.	
IR	 spectra	 were	 recorded	 on	 a	 Pye-Unicam	 spectrophotometer	
using	 the	KBr	wafer	 technique.	 1H	NMR	spectra	were	obtained	on	
a	 Bruker	 250	 MHz	 NMR	 spectrometer.	 It	 should	 be	 noted	 that,	 to	
enhance the solubility of a number of samples to a level sufficient 	
to	provide	an	adequate	spectrum,	several	drops	of	TFA-d1	were	added	
to	 the	 CDCl3	 or	 DMSO-d6	 indicated	 as	 the	 solvent.	This	 probably	
gave	rise	to	the	anomalous	deshielding	of	some	of	the	methyl	signals	
which	are	reported	here.	MS	were	registered	on	a	Jeol	JMS-600	mass	
spectrometer.	 Elemental	 analyses	 were	 determined	 using	 a	 Perkin-
Elmer	240C	microanalyser.

6-Methyl-4-phenyl-2-thioxo-1,2-dihydropyrimidine-5-carbonitrile	
(1): This	 compound	 was	 synthesised	 according	 to	 a	 literature	
procedure;	m.p.	228–230°C	(lit.15	m.p.	228–232°C).

5-Cyano-6-(formylmethylthio)-4-methyl-2-phenylpyrimidine (2):	
A	mixture	of	 the	nitrile	1	 (2.27	g,	0.01	mol),	 fused	 sodium	acetate		
(2 g) and α-chloroacetaldehyde (0.86 g, 0.01 mol) in ethanol (30 ml) 
was heated under reflux for 30 min, cool and then poured into water. 
The solid product obtained was filtered off and crystallised from 
ethanol	 to	give	white	crystals	(2.30	g,	84%) of 2,	m.p.	155–156°C.	
IR: νmax	 2220	 (CN),	 1710	 cm-1	 (C=O).	 NMR	 (CDCl3): δH	 2.80	 (s,	
3H,	CH3),	4.30	 (s,	 2H,	CH2),	7.40–7.80	 (m,	5H,	ArH),	9.60(s,	1H,	
CHO).	Anal.	calcd.	for	C14H11N3OS	(269.32):	C,	62.44;	H,	4.12;	N,	
15.6;	S,	11.9.	Found:	C,	62.55;	H,	4.08;	N,	15.71;	S,	11.77%.

5-Amino-4-methyl-2-phenylthieno[2,3-d]pyrimidine-6-
carbaldehyde (3):	 To	 compound	 2	 (2.7	 g,	 0.001	 mol)	 in	 absolute	
ethanol	(30	ml)	was	added	a	few	drops	of	sodium	ethoxide	solution,	
and	the	mixture	was	stirred	at	room	temperature	for	30	min.	The	solid	
product	was	collected	and	recrystallised	from	ethanol to	give yellow	
crystals	 of	 3 (1.90 g 71%), m.p. 200–201°C. IR: νmax	 3450,	 3300	
(NH2),	1630	cm-1	 (C=O).	NMR	(DMSO-d6): δH	2.90	(s,	3H,	CH3),	
7.20	 (s,	 2H,	 NH2),	 7.40–7.80	 (m,	 5H,	ArH),	 10.20	 (s,	 1H,	 CHO).	
MS:	m/z	(%)	269	(100)	[M+].	Anal.	calcd.	for	C14H11N3OS	(269.32):	
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C,	62.44;	H,	4.12;	N,	15.60;	S,	11.90.	Found:	C,	62.61;	H,	4.18;	N,	
15.78;	S,	12.02%.

Reaction of aminoaldehyde 3 with cyclic and heterocyclic ketones; 
formation of 4a–d,	5	and	6a–c.	General procedure
A	 mixture	 of	 3	 (1.35	 g,	 0.005	 mol),	 the	 appropriate	 ketone		
(0.0055	 mol)	 and	 a	 few	 drops	 of	 ethanolic	 KOH	 (10%)	 in	 ethanol		
(30 ml) was refluxed for 3–6 h. The solid which separated from the 
hot mixture was filtered off and recrystallised from the indicated 
solvent.

4-Methyl-2-phenyl-6,7,8,9-tetrahydropyrimido[4',5':5,4]thieno 
[3,2-b]quinoline (4a): Orange	 crystals	 (1.30	 g,	 79%)	 from	 dioxan,	
m.p. 222–223°C. IR: νmax	 2900	 (CH	 aliphatic),	 1540	 cm-1	 (C=N).	
NMR	 (DMSOd6): δH	 1.80	 (m,	 4H,	 2	 CH2),	 2.60	 (m,	 2H,	 CH2),	
2.72(m,	2H,	CH2),	2.95	(s,	3H,	CH3),	7.20–7.50	(m,	5H,	ArH),	7.80	
(s,	1H,	H-10).	Anal.	calcd.	for	C20H17N3S	(331.44):	C,	72.48;	H,	5.17;	
N,	12.68;	S,	9.67.	Found:	C,	72.37;	H,	5.26;	N,	12.80;	S,	9.75%.

4,8-Dimethyl-2-phenyl-6,7,8,9-tetrahydropyrimido[4',5':5,4] 
thieno[3,2-b][1,6]naphthyridine (4b):	 Red	 crystals	 (1.14	 g,	 66%)	
from dioxan, m.p.190–191°C. IR: νmax	2900	(CH	aliphatic),	1550	cm-1		
(C=N).	 NMR	 (CF3COOD): δH	 2.80	 (s,	 3H,	 CH3),	 2.80	 (t,	 2H,		
J =	5.2	Hz,	CH2),	3.20	(t,	2H, J	=	4.8	Hz,	CH2),	3.45	(s,	3H,	CH3),	
4.20	 (s,	 2H,	 CH2-N),	 7.20–7.60	 (m,	 5H,	ArH),	 8.20	 (s,	 1H,	 H-10).	
Anal.	calcd.	for	C20H18N4S	(346.45):	C,	69.34;	H,	5.24;	N,	16.17;	S,	
9.25.	Found:	C,	69.49;	H,	5.17;	N,	16.31;	S,	9.36%.

4-Methyl-2-phenyl-6,7,8,9-tetrahydropyrano[3'',4'':5',6']pyrido 
[2',3':4,5]thieno[2,3-d]pyrimidine (4c):	 Red	 crystals	 (1.08	 g,	 65%)	
from acetic acid, m.p. 235–236°C. IR: νmax	 2950	 (CH	 aliphatic),	
1530	 cm-1	 (C=N).	 NMR	 (CF3COOD): δH	 2.75	 (t,	 2H, J	 =	 5.6	 Hz,	
CH2),	2.95	(s,	3H,	CH3),	3.30	(t,	2H, J	=	4.8	Hz,	CH2),	4.80	(s,	2H,	
CH2-O),	7.10–7.40	(m,	5H,	ArH),	7.65	(s,	1H,	H-10).	Anal.	calcd.	for	
C19H15N3OS	(333.41):	C,	68.45;	H,	4.53;	N,	12.60;	S,	9.62.	Found:	
C,	68.61;	H,	4.48;	N,	12.71;	S,	9.53%.

4-Methyl-2-phenyl-6,7,8,9-tetrahydrothiopyrano[3'',4'':5',6']pyrido 
[2',3':4,5]thieno[2,3-d]pyrimidine (4d):	 Red	 crystals	 (1.23	 g,	 71%)	
from dioxan, m.p. 227–228°C. IR(KBr) ν = 2950 (CH aliphatic),1540 
(C=N)	cm-1.	NMR	(CF3COOD): δH	2.55	 (t,	2H, J	=	4.6	Hz,	CH2),	
2.80	(t,	2H, J	=	5.2	Hz,	CH2),	2.90	(s,	3H,	CH3),	3.80	(s,	2H,	CH2-
S),	 7.10–7.45	 (m,	 5H,	 ArH),	 7.61(s,	 1H,	 H-10).	 Anal.	 calcd.	 for	
C19H15N3S2	(349.47):	C,	65.30;	H,	4.33;	N,	12.02;	S,	18.35.	Found:	
C, 65.43;	H,	4.29;	N,	12.20;	S,	18.48%.

4-Methyl-2-phenyl-10H-indeno[2'',3'':5',6']pyrido[2',3':4,5]thieno 
[2,3-d]pyrimidin-10-one	 (5):	 Yellow	 crystals	 (1.28	 g,	 68%)	 from	
acetic acid, m.p. 301–302°C. IR: νmax	2950	(CH	aliphatic),	1720	cm-1	
(C=O).	NMR	(DMSO-d6): δH	2.85	(s,	3H,	CH3),	6.90–7.70	(m,	9H,	
ArH),	7.95	(s,	1H,	H-11).	Anal.	calcd.	for	C23H13N3OS	(379.44):	C,	
72.81;	H,	3.45;	N,	11.07;	S,	8.45.	Found:	C,	73.01;	H,	3.47;	N,	10.92;	
S,	8.36%.

Ethyl-3,6-dimethyl-2-phenylpyrido[2',3':4,5]thieno[2,3-d]pyrimidine- 
7-carboxylate	 (6a):	 Orange	 crystals	 (1.47	 g,	 81%)	 from	 dioxan,		
m.p. 180–181°C. IR: νmax	 2950	 (CH	 aliphatic),	 1720	 cm-1	 (C=O).	
NMR	 (DMSO-d6): δH	 1.50	 (t,	 3H, J	 =	 7.2	 Hz,	 CH3),	 3.20	 (s,	 3H,	
CH3),	3.70	(s,	3H,	CH3),	4.60	(q,	2H, J	=	6.8	Hz,	CH2),	7.50–7.90	(m,	
5H,	ArH),	9.20	(s,	1H,	H-8).	Anal.	calcd.	for	C20H17N3O2S	(363.43):	
C,	66.10;	H,	4.71;	N,	11.56;	S,	8.80.	Found:	C,	66.26;	H,	4.63;	N,	
11.65;	S,	8.68%.

7-Acetyl-3,6-dimethyl-2-phenylpyrido[2',3':4,5]thieno[2,3-d] 
pyrimidine	 (6b):	 Orange	 crystals	 (1.20	 g,	 72%)	 from	 ethanol,	
m.p. 212–213°C. IR: νmax	 2900	 (CH	 aliphatic),	 1720	 cm-1	 (C=O).		
1H	NMR	(CDCl3): δH	2.45	(s,	3H,	COCH3),	2.90	(s,	3H,	CH3),	3.30	
(s,	3H,	CH3),	7.40–7.60	(m,	5H,	ArH),	8.20	(s,	1H,	H-8).	Anal.	calcd.	
for	 C19H15N3OS	 (333.41):	 C,	 68.45;	 H,	 4.53;	 N,	 12.60;	 S,	 9.62.	
Found:	C,	68.58;	H,	4.47;	N,	12.71;	S,	9.56%.

7-Benzoyl-4-methyl-2-phenylpyrido[2',3':4,5]thieno[2,3-d] 
pyrimidine-6(5H)-one (6c):	 Orange	 crystals	 (1.63	 g,	 77%)	 from	
acetic acid, m.p. 205–206°C. IR: νmax	 3320	 (NH),	 2950	 (CH	
aliphatic),	 1700	 (C=O),	 1650	 cm-1	 (C=O).	 1H	 NMR	 (CF3COOD):		
δH	3.25	(s,	3H,	CH3),	7.40–8.50	(m,	10H,	ArH),	9.60	(s,	1H,	H-8).	
MS:	m/z	(%)	397	(100)	[M+].	Anal.	calcd.	for	C23H15N3O2S	(397.45):	
C,	69.51;	H,	3.80;	N,	10.57;	S,	8.07.	Found:	C,	69.42;	H,	3.73;	N,	
10.63;	S,	7.89%.

Reaction of 3 with activated nitriles; preparation of compounds 7a–d:  
General procedure
A	 solution	 containing	 3	 (1.35	 g,	 0.005	 mol),	 the	 appropriate	
carbonitrile	 (0.065	 mol)	 and	 a	 few	 drops	 of	 piperidine	 in	 ethanol	
(20 ml) was refluxed for 3 h. A solid which separated from the hot 
mixture was filtered off, washed with ethanol and recrystallised.

6-Amino-7-cyano-4-methyl-2-phenylpyrido[2',3':4,5]thieno[2,3-d] 

pyrimidine (7a):	From	malononitrile,	yellow	crystals	 (0.99	g,	62%)	
from dioxan, m.p. 285–286°C. IR: νmax	 3450,	 3350	 (NH2),	 2220	
cm-1	 (CN).	 NMR	 (DMSO-d6): δH	 3.40	 (s,	 3H,	 CH3),	 6.8	 (s,	 2H,	
NH2),	 7.30–7.70	 (m,	 5H,	ArH),	 8.30	 (s,	 1H,	 H-8).	Anal.	 calcd.	 for	
C17H11N5S	(317.37):	C,	64.34;	H,	3.49;	N,	22.07;	S,	10.10.	Found:	C,	
64.41;	H,	3.42;	N,	22.18;	S,	9.97%.

6-Amino-4-methyl-2-phenylpyrido[2',3'-4,5]thieno[2,3-d] 
pyrimidine-7-carboxamide (7b):	From	cyanoacetamide,	orange	plates	
(1.37 g, 82%) from acetic acid, m.p. 243–244°C. IR: νmax	 3500,	
3450,	3300	 (NH2),	1640	cm-1	 (CO).	NMR	(DMSO-d6): δH	3.18	 (s,	
3H,	CH3),	5.60	(s,	2H,	NH2),	6.80	(s,	2H,	NH2),	7.40–7.50	(m,	5H,	
ArH),	7.85	 (s,	1H,	H-8).	Anal.	calcd.	 for	C17H13N5OS	(335.38):	C,	
60.88;	H,	3.91;	N,	20.88;	S,	9.56.	Found:	C,	60.69;	H,	3.88;	N,	20.97;	
S,	9.64%.

7-Cyano-4-methyl-2-phenylpyrido[2',3'-4,5]thieno[2,3-d] 
pyrimidine-6(5H)-thione	(8):	From	cyanothioacetamide,	red	crystals	
(1.15 g, 60%) from acetic acid, m.p. 175–176°C. IR: νmax	3200	(NH),	
2230	cm-1	(CN).	NMR	(DMSO-d6): δH	2.95	(s,	3H,	CH3),	7.30–7.60	
(m,	5H,	ArH),	8.20	(s,	1H,	H-8),	9.25	(s,	1H,	NH).	Anal.	calcd.	for	
C17H10N4S2	(334.41):	C,	61.06;	H,	3.01;	N,	16.75;	S,	19.17.	Found:	
C,	61.15;	H,	2.97;	N,	16.65;	S,	19.12%.

Reaction of 3 with ethyl cyanoacetate. Preparation and separation of 
compounds 9	and 10
A	mixture	of	3	 (1.16	g,	4	mmol),	ethyl	cyanoacetate	 (4	mmol)	and	
a few drops of piperidine in ethanol (20 ml) was refluxed for 3 h. 	
A precipitate was collected by filtration. First examination (IR spectra 
and	 TLC)	 showed	 the	 product	 to	 contain	 two	 compounds.	 This	
mixture was heated in acetic acid and filtered while hot. The solid 
compound	was	collected,	washed	with	ethanol	and	rerystallised	from	
DMF	which	was	shown	to	be	compound	10. After cooling, the filtrate 
gave	further	solid	material	which	was	assigned	as	compound	9.

Ethyl 6-amino-4-methyl-2-phenylpyrido[2',3':4,5]thieno[2,3-d] 
pyrimidine-7-carboxylate	 (9):	 Orange	 crystals	 0.65	 g	 (45%)	 from	
acetic acid, m.p. 260–261°C. IR: νmax	3450,	3300	(NH2),	1700	cm-1	
(CO).	NMR	(DMSO-d6): δH	1.30	(t,	3H, J =	7.0	Hz,	CH3),	2.85	(s,	
3H,	CH3),	4.30	(q,	2H, J =	6.8	Hz,	CH2),	6.75	(s,	2H,	NH2),	7.40–
7.50	(m,	5H,	ArH),	8.00	(s,	1H,	H-8).	Anal.	calcd.	for	C19H16N4O2S	
(364.42):	C,	62.62;	H,	4.43;	N,	15.37;	S,	8.80.	Found:	C, 62.71;	H,	
4.40;	N,	15.41;	S,	8.74%.

7-Cyano-4-methyl-2-phenylpyrido[2',3':4,5]thieno[2,3-d] 
pyrimidine-6(5H)-one (10): Yellow	crystals	(0.27	g	22%)	from	DMF,	
m.p. 280–281°C. IR: νmax	3250	(NH),	2220	(CN),	1650	cm-1	(C=O).	
NMR	(CF3COOD): δH	3.30	(s,	3H,	CH3),	7.25–7.55	(m,	5H,	ArH),	
8.30	 (s,	 1H,	 H-8).	 MS:	 m/z	 (%)	 318	 (100)	 [M+].	 Anal.	 calcd.	 for	
C17H10N4OS	(318.35):	C,	64.14;	H,	3.17;	N,	17.60;	S,	10.07.	Found:	
C,	64.23;	H,	3.09;	N,	17.71;	S,	10.16%.

4-Methyl-2-phenylpyrimido[5'',4'':5',6']pyrido[2',3':4,5]thieno[2,3-d] 
pyrimidine-7,9(6H,8H)-dithione	 (11):	 To	 a	 solution	 of	 7a (0.32	 g,	
0.001 mol) in pyridine (20 ml), carbon disulfide (5 ml) was added. 
The mixture was refluxed for 24 h. The solid product formed was 
filtered off, washed several times with ethanol and crystallised from 
DMF to afford orange crystals (0.35 g (88%), m.p. >300°C. IR: νmax	
3340,	 3300	 cm-1	 (2NH).	 NMR	 (DMSO-d6): δH	 2.95	 (s,	 3H,	 CH3),	
7.30–7.60	 (m,	 5H,	 ArH),	 7.70	 (s,	 1H,	 H-10),	 9.30	 (s,	 1H,	 NH),	
10.25	 (s,	 1H,	 NH).	 MS:	 m/z	 (%)	 393	 (100)	 [M+].	Anal.	 calcd.	 for	
C18H11N5S3	(393.50):	C,	54.94;	H,	2.82;	N,	17.80;	S,	24.44.	Found:	
C,	55.09;	H,	2.79;	N,	17.73;	S,	24.35%.

4-Methyl-7,9-bis(methylthio)-2-phenylpyrimido[5'',4'':5',6']pyrido
[2',3':4,5]thieno[2,3-d]pyrimidine	 (12): A	mixture	of	compound	11	
(0.39	g,	0.003	mol),	methyl	iodide	(1.40	g,	0.01	mol)	and	anhydrous	
potassium carbonate (0.5 g) in acetone (30 ml) was refluxed 3 h, then 
allowed	to	cool,	and	poured	into	cold	water.	The	solid	product	was	
collected,	 washed	 thoroughly	 with	 water,	 dried	 and	 recrystallised	
from	ethanol	 to	give	yellow	crystals,	m.p.	270–271°C, yield	0.88	g	
(70%). IR: νmax	2980	cm-1	(CH-aliphatic).	NMR	(DMSO-d6): δH	2.78	
(s,	6H,	2CH3),	3.10	(s,	3H,	CH3),	7.30–7.60	(m,	5H,	ArH),	7.90	(s,	
1H,	H-10).	Anal.	calcd.	for	C20H15N5S3	(421.55):	C,	56.98;	H,	3.59;	
N,	16.61;	S,	22.82.	Found:	C,	56.89;	H,	3.62;	N,	16.49;	S,	22.89%.

7-Cyano-6-(ethoxymethyleneamino)-4-methyl-2-phenylpyrido 
[2',3'-4,5]thieno[2,3-d]pyrimidine	 (13):	A	mixture	of	o-aminonitrile	
7a (0.95	 g,	 0.003	 mol),	 triethylorthoformate	 (5	 ml)	 and	 acetic	
anhydride (5 ml) was refluxed for 6 h. The solvent was removed 
under	 reduced	 pressure	 and	 the	 resulting	 solid	 was	 recrystallised	
from	 dioxan	 to	 give	 white	 plates	 (0.89	 g,	 79%),	 m.p.	 195–196°C.	
IR: νmax	 2980	 (CH-aliphatic),	 2220	 cm-1	 (CN).	 NMR	 (DMSO-d6):		
δH	1.25	(t,	3H	J =	6.8	Hz,	CH3),	3.55	(s,	3H,	CH3),	4.20	(q,	2H,	J =	7.2	Hz,		
CH2),	7.30–7.60	(m,	5H,	ArH),	8.25	(s,	1H,	H-8),	8.75	(s,	1H,	N=CH).	
Anal.	calcd.	for	C20H15N5OS	(373.43):	C,	64.33;	H,	4.05;	N,	18.75;	
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S,	8.59.	Found:	C,	64.40;	H,	3.98;	N,	18.67;	S,	8.61%.
8-Amino-9-imino-4-methyl-2-phenylpyrimido[5'',4'':5',6']pyrido 

[2',3':4,5]thieno[2,3-d]pyrimidine	(14):	To	a	well	stirred	cold	solution	
of	12 (0.75	g,	0.002	mol)	in	ethanol	(10	ml),	99%	hydrazine	hydrate	
(3	 ml)	 was	 added	 over	 2	 h,	 then	 the	 mixture	 was	 stirred	 at	 room	
temperature	 for	 6	 h	 and	 left	 overnight.	 The	 solid	 that	 precipitated	
was filtered off and recrystallised from acetic acid to give yellow 
crystals (0.55 g, 77%), m.p. 305–306°C. IR: νmax	3350,	3200	 (NH,	
NH2),	2980	cm-1	(CH-aliphatic).	NMR	(DMSO-d6): δH	3.10	(s,	3H,	
CH3),	7.45–7.70	(m,	5H,	ArH),	8.00	(s,	1H,	H-7	pyrimidine),	8.78	(s,	
1H,	H-10),	9.35	(m,	3H,	NHNH2).	MS:	m/z	(%)	359	(74)	[M+].	Anal.	
calcd.	for	C18H13N7S	(359.41):	C,	60.15;	H,	3.65;	N,	27.28;	S,	8.92.	
Found:	C,	60.22;	H,	3.70;	N,	27.34;	S,	8.90%.
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MWI-promoted preparation of 4h-thiopyran derivatives through one-pot 
multi-component reactions
Xuesen Fan*, Xia Wang, Xinying Zhang, Xiaoyan Li and Guirong Qu
School of Chemical and Environmental Sciences, Henan Key Laboratory for Environmental Pollution Control, Henan Normal 
University, Xinxiang, Henan 453007, P.R. China

One-pot	reaction	of	aromatic	aldehydes,	cyanothioacetamide	and	malononitrile	under	microwave	irradiation	proved	
to	 be	 an	 efficient	 way	 for	 the	 synthesis	 of	 2,6-diamino-4-aryl-4H-thiopyran-3,5-dicarbonitriles	 without	 any	 added	
catalyst.

Keywords: microwave	heating,	thioamides,	malononitrile,	4H-thiopyrans,	multi-component	reactions

Recently	thiopyran	derivatives	have	gained	increasing	attention	
due	 to	 their	 importance	 as	key	units	 in	medicinal	 chemistry	
and	 as	 versatile	 building	 blocks	 in	 organic	 synthesis,1	 for	
example,	 thiopyrans	 have	 been	 used	 in	 the	 construction	 of	
analogues	of	natural	products,	such	as	tetrahydrodicranenone	
B,2	 serricornin,3	 thromoboxanes,4	 and	 cyclopentanoids.5		
In	 view	 of	 these	 points,	 a	 great	 deal	 of	 effort	 has	 been	
devoted to developing new and efficient synthetic routes to 
thiopyrans.6	However,	many	of	these	reported	procedures	are	
not	fully	satisfactory	with	regard	to	 the	cost	of	 the	reagents,	
using	 of	 strong	 basic	 catalyst,	 low	 isolated	 yield,	 or	 long	
reaction	times.	Therefore,	development	of	novel	methods	for	
the	preparation	of	the	above	mentioned	compounds	continues	
to be an interesting field of research in both synthetic and 
medicinal	chemistry.

Multi-component	reactions	(MCRs)	have	recently	emerged	
as	 valuable	 tools	 in	 the	 preparation	 of	 structurally	 diverse	
chemical	 libraries	 of	 drug-like	 heterocyclic	 compounds.7		
In	line	with	the	increasing	interest	in	the	preparation	of	large	
heterocyclic	compound	libraries,	the	development	of	new	and	
synthetically	 valuable	 multi-component	 reactions	 remains	 a	
challenge	 for	 both	 academic	 and	 industrial	 research	 teams.8	
Furthermore,	 the	 utility	 of	 microwave	 energy	 in	 synthetic	
organic	 chemistry	 has	 been	 increasingly	 recognised	 in	
recent	 years	 since	 microwave	 irradiation	 (MWI)	 promoted	
reactions	 possess	 advantages	 such	 as	 an	 environmentally	
friendly	 nature,	 improved	 selectivity,	 enhanced	 reaction	
rate	 and	 cleaner	 products.	 Therefore,	 MWI-mediated	
multi-component	 reactions	 have	 constituted	 an	 especially	
attractive synthetic strategy for rapid and efficient library 
generation.9	In	 the	past	 few	years	we	have	been	involved	in	
a program aimed at developing efficient and green synthetic 
methods	 for	 the	 preparation	 of	 several	 classes	 of	 important	
heterocyclic	compounds	from	inexpensive	starting	materials.	
During	 this	 phase	 of	 our	 research,	 we	 recently	 reported	 an	
efficient preparative procedure for benzopyran derivatives 
from	 chalcones	 and	 1,3-cyclohexanedione	 in	 the	 presence	
of	 InCl3.4H2O	 under	 MWI.10	 We	 have	 also	 reported	 a	
multi-component	 reaction	 of	 aldehydes,	 malononitrile	 and	
1,3-diones	 to	 give	 pyran	 derivatives	 in	 ionic	 liquid	 medium	
without	any	added	catalysts.11	In	continuation	of	our	research	
interests in this field, we report here results of our investigation 

that	 enable	 the	 preparation	 of	 thiopyrans	 (4)	 from	 aromatic	
aldehyde	 (1),	 malononitrile	 (2)	 and	 cyanothioacetamide	 (3)	
under	MWI	without	any	added	catalyst	(Scheme	1).

Results and discussion
Initially,	the	reaction	of	benzaldehyde	(1a),	malononitrile	(2)	
and	cyanothioacetamide	(3)	was	examined.

A	mixture	of	1a (0.5	mmol),	2	(0.5	mmol)	and	3	(0.5	mmol)		
in	 5	 ml	 ethanol	 was	 put	 into	 a	 commercially	 available	
single-mode	 microwave	 synthesis	 apparatus	 equipped	 with	
a	 high	 sensitivity	 IR	 sensor	 for	 temperature	 control	 and	
measurement	 and	 irradiated	 at	 250	 W	 (internal	 temperature	
80°C).	TLC	analysis	showed	that	the	reaction	thus	mediated	
under	MWI	came	to	a	conclusion	in	15	min.	The	solid	formed	
was	collected	by	suction.	Spectra	data	of	IR,	1H	NMR	and	13C	
NMR	together	with	MS	results	indicated	that	the	product	was	
4a	in	a	yield	of	85%.

With	the	above	result	in	hand,	we	then	began	the	search	for	
the	 scope	of	 the	 aldehyde	 substrate	 (Scheme	1).	The	 results	
shown	 in	Table	 1	 indicated	 that	 aromatic	 aldehydes	 bearing	
either	 electron-donating	 or	 electron-withdrawing	 functional	
groups such as nitro, chloro, fluoro, bromo, hydroxyl or 
methoxy	 groups	 were	 able	 to	 take	 part	 in	 the	 reactions	
forming	 compounds	 4.	 At	 the	 same	 time,	 the	 electronic	
property	and	the	position	of	the	substituents	on	the	aromatic	
ring	of	the	aldehydes	have	obvious	effects	on	the	outcome	of	
the	 condensation	 process.	 In	 general,	 shorter	 reaction	 times	
were	needed	and	higher	yields	were	obtained	with	substrates	
bearing	 electron-withdrawing	 groups	 on	 the	 para-	 or	 meta-
position	 of	 the	 aromatic	 rings	 (Table	 1,	 entries	 2,	 4,	 7	 and	
9).	 On	 the	 other	 hand,	 while	 substrates	 bearing	 electron-
donating	 groups	 or	 groups	 on	 the	 ortho-position	 can	 afford	
the	corresponding	products	with	good	yields,	a	longer	reaction	
period	was	necessary	to	complete	the	reaction	(Table	1,	entries	
3,	6,	8	and	10)	and	the	yields	are	somewhat	lower.	Aliphatic	
aldehydes	 including	 valeraldehyde	 and	 hexanal	 were	 also	
tried	as	substrates.	However,	 the	reactions	were	complicated	
and gave unidentified mixtures of products.

Although	 there	 are	 several	 reports	 of	 the	 preparation	 of	
this	 kind	 of	 compound,	 they	 are	 usually	 via	 the	 reaction	 of	
arylidenemalononitrile	 with	 2-cyanothioacetamide	 in	 the	
presence	 of	 N-methylmorpholine	 or	 other	 basic	 promoters	
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with	 reaction	 times	 of	 several	 hours.	 It	 is	 to	 say	 that	 not	
only	 are	 tedious	 preparative	 procedures	 unavoidable	 in	 that	
arylidenemalononitriles	need	to	be	prepared	in	advance	from	
aldehydes	 and	 malononitrile,	 but	 also	 undesired	 products	
may	be	formed	since	the	strongly	basic	conditions	employed	
may	 be	 incompatible	 with	 functionalities	 embedded	 in	 the	
substrates.	 In	 contrast,	 with	 our	 method,	 thiopyrans	 were	
prepared	 from	 commercially	 available	 materials	 and	 the	
preparative	 procedure	 is	 usually	 complete	 in	 5–18	 minutes	
without	any	added	catalysts.

In conclusion, we have developed an efficient MWI-
promoted	 one-pot	 preparation	 of	 thiopyrans	 from	 aromatic	
aldehydes,	 malononitrile	 and	 cyanothioacetamide.	 The	
method has the advantages of high efficiency and preparative 
simplicity. Further efforts to find more applications of MWI-
mediated	multicomponent	reactions	are	currently	in	progress	
in	our	laboratory.

Experimental
Melting points were measured by a Kofler micro-melting point 
apparatus.	 Infrared	 spectra	 were	 recorded	 on	 a	 Bruker	 Vector	 22	
spectrometer	 in	KBr	discs.	 1H	NMR	spectra	were	determined	on	a	
Bruker	 AC	 400	 spectrometer	 as	 DMSO-d6	 or	 CD3OD	 solutions.	
Chemical shifts are reported in ppm downfield from the internal 
standard	tetramethylsilane.	Mass	spectra	were	obtained	in	ESI	mode	
using	a	Bruker	Esquire	3000	mass	spectrometer.	Elemental	analyses	
were	performed	on	an	EA-1110	instrument.

The	 microwave	 irradiations	 were	 performed	 in	 a	 commercially	
available	 single-mode	 microwave	 synthesis	 apparatus	 equipped	
with	 a	 high	 sensitivity	 infrared	 sensor	 for	 temperature	 control	 and	
measurement	 (MAS-I,	Sineo	Microwave	Chemical	Technology	Co.	
Ltd.,	Shanghai,	P.R.	China).

Preparation of thiopyran derivatives 4:	general procedure
The	aromatic	aldehyde	(1,	1	mmol),	malononitrile	(2,	0.066	g,	1	mmol)	
cyanothioacetamide	 (3,	 0.10	 g,	 1	 mmol)	 and	 ethanol	 (5	 ml)	 were	
mixed in a flask and irradiated at 250 W (internal temperature 80°C) 
for a sufficient time as required to complete the reaction (monitored 
by	TLC).	Upon	completion,	the	reaction	mixture	was	allowed	to	cool	
to room temperature and the solid product was collected by filtration 
and	washed	with	95%	ethanol	to	give	the	desired	products	4 (Table	1).		
All	 the	 new	 products	 were	 fully	 characterised	 by	 IR,	 1H	 and	 13C	
NMR,	MS	and	elemental	analysis.

2,6-Diamino-4-phenyl-4H-thiopyran-3,5-dicarbonitrile (4a): IR:	
νmax	3450,	3320,	2210	cm-1. NMR	(DMSO-d6): δH	4.22	(s,	1H,	CH),	
6.89	(br	s,	4H,	2	NH2),	7.19–7.24	(m,	3H,	ArH),	7.30–7.33	(m,	2H,	
ArH); δC	151.3,	143.55,	128.8,	127.2,	126.7,	118.9,	72.1,	43.4.	MS 
(ESI): m/z 277	[M	+	Na]+.

2,6-Diamino-4-(4-nitrophenyl)-4H-thiopyran-3,5-dicarbonitrile 
(4b): IR: νmax	3410,	3315,	2220	cm-1. NMR	(CD3OD): δH	4.47	 (s,	
1H,	CH),	7.53	 (d,	2H,	J = 8.0	Hz,	ArH),	8.20	 (d,	2H,	J = 8.0	Hz,		
ArH); δC	 152.1,	 149.5,	 146.8,	 127.3,	 123.2,	 117.5,	 71.65,	 43.2.		
MS (ESI): m/z	322	[M	+	Na]+.

2,6-Diamino-4-(2-nitrophenyl)-4H-thiopyran-3,5-dicarbonitrile 
(4c): IR: νmax	 3400,	 3320,	 2210	 cm-1.	 NMR	 (DMSO-d6): δH	 4.97	
(s,	1H,	CH),	7.04	(br	s,	4H,	2	NH2),	7.48–7.55	(m,	2H,	ArH),	7.69–
7.73	(t,	1H,	ArH,	J = 7.6	Hz),	7.84–7.86	(d,	1H,	ArH,	J = 8.0	Hz);		
δC	151.7,	148.3,	137.6,	133.85,	130.0,	128.8,	124.4,	118.1,	70.7,	37.9.	

MS (ESI): m/z	322	[M	+	Na]+.	Anal.	Calcd	for	C13H9N5O2S:	C	52.17,	
H	3.03,	N	23.40;	found:	C	52.20,	H	3.18,	N	23.29%.

2,6-Diamino-4-(3-nitrophenyl)-4H-thiopyran-3,5-dicarbonitrile 
(4d): IR: νmax	 3440,	 3325,	 2200	 cm-1. NMR	 (DMSO-d6): δH	 4.55	
(s,1H,CH),	7.06	(br	s,	4H,	2	NH2),	7.65–7.70	(m,	2H,	ArH),	8.04	(s,	
1H, ArH), 8.10–8.13 (m, 2H, ArH); δC	152.05,	148.1,	145.8,	133.6,	
130.5,	122.3,	121.1,	118.6,	71.05,	42.5.	MS (ESI): m/z	322	[M	+	Na]	+.		
Anal.	 Calcd	 for	 C13H9N5O2S:	 C	 52.17,	 H	 3.03,	 N	 23.40;	 found:	 C	
52.20,	H	3.22,	N	23.50%.

2,6-Diamino-4-(4-chlorophenyl)-4H-thiopyran-3,5-dicarbonitrile	
(4e): IR: νmax	3460,	3320,	2200	cm-1. NMR	(DMSO-d6): δH	4.28	(s,	
1H,	 CH),	 6.93	 (br	 s,	 4H,	 2	 NH2),	 7.21	 (d,	 2H,	 J = 8.4	 Hz,	ArH),	
7.38	(d,	2H,	J = 8.4 Hz, ArH); δC	151.4,	142.5,	131.8,	128.75,	128.6,	
118.7,	71.7,	42.7.	MS (ESI): m/z	311	[M	+	Na]+.

2,6-Diamino-4-(2-chlorophenyl)-4H-thiopyran-3,5-dicarbonitrile 
(4f): IR: νmax	3480,	3320,	2200	cm-1. NMR	(DMSO-d6): δH	4.76	(s,	
1H,	CH),	6.95	(br	s,	4H,	2	NH2), 7.23–7.41 (m, 4H, ArH); δC	151.4,	
140.9,	 131.65,	 129.8,	 129.7,	 129.1,	 128.0,	 118.3,	 71.0,	 42.65.	 MS 
(ESI): m/z	 311	 [M	 +	 Na]+.	Anal.	 Calcd	 for	 C13H9ClN4S:	 C	 54.07,		
H	3.14,	N	19.40;	found:	C	54.15,	H	3.25,	N	19.48%.

2,6-Diamino-4-(4-bromophenyl)-4H-thiopyran-3,5-dicarbonitrile 
(4g): IR: νmax	3460,	3330,	2210	cm-1. NMR	(DMSO-d6) δ: 4.26 (s, 
1H,	CH),	6.49	(br	s,	4H,	2	NH2),	7.15	(d,	2H,	J	=	8.0	Hz,	ArH),	7.52	
(d,	2H,	J	=	8.0	Hz,	ArH),	13C	NMR	(DMSO-d6) δ 151.4, 142.9, 131.7, 
129.0,	120.3,	118.7,	71.6,	42.7.	MS (ESI): m/z	355,	357	[M	+	Na]+.

2,6-Diamino-4-(2-bromophenyl)-4H-thiopyran-3,5-dicarbonitrile	
(4h): IR: νmax	 3450,	 3330,	 2220	 cm-1. NMR	 (DMSO-d6): δH	 4.78	
(s,	1H,	CH),	6.94	(br	s,	4H,	2	NH2),	7.15–7.19	(m,	1H,	ArH),	7.34–
7.37 (m, 2H, ArH), 7.55–7.59 (m,1H, ArH); δC	151.0,	142.9,	132.8,	
129.95,	129.4,	128.7,	118.2,	71.2,	42.4.	MS (ESI): m/z	355,	357	[M	+	
Na]+.	Anal.	Calcd	for	C13H9BrN4S:	C	46.86,	H	2.72,	N	16.81;	found:	
C	46.98,	H	2.65,	N	16.88%.

2,6-Diamino-4-(4-fluorophenyl)-4H-thiopyran-3,5-dicarbonitrile	
(4i): IR: νmax	3450,	3325,	2200	cm-1. NMR	(DMSO-d6): δH	4.27	(s,	
1H,	CH),	6.91	(br	s,	4H,	2	NH2), 7.12–7.24 (m, 4H, ArH); δC	151.3,	
139.55,	128.7,	128.6,	118.75,115.6,	115.4,	72.0,	42.4.	MS (ESI): m/z	
295	[M	+	Na]+.

2,6-Diamino-4-(2-fluorophenyl)-4H-thiopyran-3,5-dicarbonitrile 
(4j): IR: νmax	3440,	3325,	2200	cm-1. NMR	(DMSO-d6): δH	4.52	(s,	
1H,	CH),	6.95	(br	s,	4H,	2	NH2), 7.14–7.32 (m, 4H, ArH); δC	160.8,	
158.4,	152.0,	129.7,	129.6,	129.4,	129.3,	129.0,	129.0,	124.8,	118.45,	
115.85,	115.6,	70.7,	37.3.	MS (ESI): m/z 295	[M	+	Na]+.

2,6-Diamino-4-(4-hydroxy-3-methoxyphenyl)-4H-thiopyran-3,5-
dicarbonitrile	(4k): IR: νmax	3450,	3310,	2200	cm-1. NMR	(DMSO-
d6): δH	3.70	(s,	3H,	OCH3),	4.10	(s,	1H,	CH),	6.58	(d,	1H,	J = 8.0	Hz,		
ArH),	 6.68–6.74	 (m,	 2H,	 ArH),	 6.80	 (br	 s,	 4H,	 2	 NH2),	 8.91	 (s,	
1H, OH); δC	150.8,	147.6,	145.9,	134.5,	119.1,	118.9,	115.6,	111.2,	
72.8,	 55.7,	 43.1.	 MS (ESI): m/z	 323	 [M	 +	 Na]+.	 Anal.	 Calcd	 for	
C14H12N4O2S:	 C	 55.99,	 H	 4.03,	 N	 18.65;	 found:	 C	 56.10,	 H	 4.05,		
N	18.78%.
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Phosphotungstic acid catalysed synthesis of β-enamino compounds 
under solvent-free conditions
Geng-Chen Li*
School of Material Science and Engineering, Shijiazhuang Railway Institute, Shijiazhuang 050043, China

A	convenient	eco-friendly	procedure	has	been	developed	for	the	synthesis	of	b-enaminones	and	b-enamino	esters	
by	reacting	1,3-dicarbonyl	compounds	with	amines	in	the	presence	of	catalytic	amounts	of	phosphotungstic	acid	
(H3PW12O40,	1	mol%).	The	reaction	proceeds	smoothly	at	room	temperature	under	solvent-free	conditions	and	gives	
the	corresponding	b-enamino	compounds	in	high	to	excellent	yields.

Keyword: 1,3-dicarbonyl	compounds,	amines,	enaminones,	enamino	esters,	phosphotungstic	acid,	solvent-free	conditions

Recently,	 the	 use	 of	 solid	 acids	 as	 heterogeneous	 catalysts	
has	 attracted	 much	 attention	 and	 has	 become	 an	 area	 of	
active	 studyin	 chemistry.1,2	As	 part	 of	 these	 studies,	 the	 use	
of	heteropoly	acids	 (HPAs)	which	are	 strong	acids,	harmless		
to	 the	 environment	 and	 highly	 stable	 toward	 humidity	 and		
have flexibility in modifying the acid strength has found 
attention.3-7 HPAs are green and are efficient bifunctional 
catalysts. Their acidity is significantly higher than that of 
traditional	 mineral	 acids	 and	 inorganic	 acids.	 Furthermore,	
HPAs	 are	 capable	 of	 protonating	 and	 activating	 some	
substrate.8	 In	 particular,	 the	 Keggin-type	 HPAs	 such	 as	
H3PW12O40	 (PW),	 H3PMo12O40	 (PMo)	 or	 H4SiW12O40	
(SiW) are the most efficient catalysts for a variety of catalytic 
processes	 for	 industrial	 application.9	 PW	 is	 considered	 to	
be	 the	 strongest	 heteropoly	 acid	 in	 the	 Keggin	 series.	 It	 has	
been reported to be an efficient catalyst for many important 
organic	 transformations,	 including	 the	 intramolecular	
rearrangement	 of	 benzyl	 phenyl	 ether	 to	 2-benzyl	 phenol,9	
the	Beckmann	rearrangement,10	the	Fries	rearrangement,11	the	
synthesis	 of	 1,1-diacetates,12	 b-acetamido	 ketones,13	 diaryl	
sulfoxides,14	 diisobornyl	 ether,15	 1,3-dioxolane	 derivatives,16	
5-alkoxycarbonyl-4-aryl-3,4-dihydropyrimidin-2-ones,17	
quinaldines	and	lepidines,18	the	diacetal	of	pentaerythritol,19	3,	
4-dihydropyrimidin-2(1H)-ones20	and	a-amino	phosphonates.21	
It	also	catalyses	the	N-t-butoxycarbonylation	of	amines,22	the	
chemoselective	oxathioacetalisation	of	carbonyl	compounds,23	
trimethylcyanosilylation	reactions	of	aldehydes	and	ketones,24	
and	the	Michael	addition	reaction	of	thiols	to	a,b-unsaturated	
ketones.25

b-Enamino	 compounds	 have	 been	 extensively	 used	 as	
intermediates	 in	 organic	 synthesis.26-29	 In	 particular,	 they	
have	 been	 utilised	 as	 synthons	 for	 the	 synthesis	 of	 various	
biologically	 active	 heterocyclic	 compounds	 having	 anti-
inflammatory, antitumor, antibacterial, and anticonvulsant 
activities30-31	 and	 as	 intermediates	 for	 the	 preparation	 of		
b-enaminoacids,	g-enaminoaclohols,	and	b-enamino	esters.32	
Due	 to	 its	 wide	 range	 of	 utility	 in	 the	 pharmaceutical	
industry, the enamination of β-dicarbonyl compounds with 
various	 amines	 has	 become	 an	 important	 transformation	
and	 consequently	 several	 methods	 have	 been	 developed	 for	
the	 synthesis	 of	 these	 compounds.	 Among	 them,	 the	 most	
simple	 and	 straightforward	 conventional	 method	 is	 the	
azeotropic removal of water by refluxing an amine and 1,3-
dicarbonyl	 compounds	 in	 an	 aromatic	 solvent.33	 Several	
improved	procedures	have	been	subsequently	reported	using	
catalyst	 systems,	 including	 the	 use	 of	 protic	 acids,34	 Lewis	
acids	 such	 as	 Zn(ClO4)2·6H2O,35	 CeCl3·7H2O,36	 NaAuCl4,37	
Bi(OTf)3,38	 InBr3,32	 CoCl2·6H2O,39	CAN,40-41	Yb(OTf)3,42,43	

	SnCl4·5H2O,44	ZrCl4,45	ZrOCl2·8H2O,46	Zn(Ac)2·2H2O47	and	
Sc(OTf)3,48	I2,49	and	solid	acids	such	as	montmorillonite	K10,50	
silica	 chloride,51	 silica	 gel,52	 natural	 clays,53	 and	 sulfated	

zirconia.54	Recently,	 [EtNH3]NO3,55	 and	HClO4·SiO2
56	have	

also	been	used	to	promote	this	transformation.	However,	some	
of	 these	 methodologies	 have	 not	 been	 entirely	 satisfactory,	
with	 disadvantages	 such	 as	 low	 yields,	 prolonged	 reaction	
time,	 harsh	 reaction	 conditions,	 use	 of	 harmful	 organic	
solvents,	and	a	requirement	of	an	excess	of	the	catalysts	and	of	
special apparatus. Thus, the development an efficient, practical 
and	 environmentally	 benign	 synthetic	 method	 to	 overcome	
the	 limitations	 is	 still	 an	 important	 experimental	 challenge.	
Herein,	we	wish	to	report	a	novel	and	high	yielding	solvent-
free	 method	 for	 the	 preparation	 of	 b-enamino	 compounds	
using	a	catalytic	amount	of	phosphotungstic	acid	(Scheme	1).

We	 initially	 studied	 the	 reaction	 of	 aniline	 and	 ethyl	
acetoacetate	 as	 a	 benchmark	 reaction	 in	 the	 presence	 of	
1	 mol%	 of	 PW	 at	 room	 temperature	 under	 solvent-free	
conditions.	 To	 our	 delight,	 the	 reaction	 occurred	 to	 afford	
ethyl	 3-(phenylamino)but-2-enoate	 (3f)	 in	 95%	 yield	 when	
the	reaction	mixture	was	allowed	to	stir	for	45	min	(Table	1,	
entry	 f).	Further	 studies	 established	 that	 1	mol%	of	 catalyst	
was	 necessary	 to	 promote	 this	 reaction.	 In	 the	 absence	 of	
catalyst,	 the	 model	 reaction	 was	 run	 and	 only	 30%	 of	 the	
product	could	be	obtained	even	with	stirring	for	24	h	(Table	1,		
entry	 g).	 An	 increase	 in	 the	 amount	 of	 PW	 to	 more	 than	
1	 mol%	 showed	 no	 substantial	 improvement	 in	 the	 yield,	
whereas	 the	yield	was	 reduced	by	decreasing	 the	amount	of	
PW	to	0.1	mol%.	Reactions	 in	solvents	 such	as	acetonitrile,	
tetrahydrofuran,	ethanol,	dichloromethane,	ethyl	acetoacetate	
and	 dimethylformamide	 gave	 lower	 yields	 of	 the	 desired	
product	even	at	prolonged	reaction	times.	So,	we	choose	the	
reaction	to	be	proceeded	under	solvent-free	conditions.

Having	established	the	optimised	experimental	conditions,	
the	 scope	 of	 the	 reaction	 was	 then	 explored	 and	 several	
representative	 results	 are	 summarised	 in	Table	 1.	As	 shown	
in Table 1, the present methodology worked efficiently with 
a	wide	variety	of	substrates.	In	general,	primary	and	benzylic	
amines	 reacted	 with	 a	 broad	 range	 of	 structurally	 diverse	
1,3-dicarbonyl compounds to afford the corresponding 	
b-enaminones	 or	 b-enamino	 esters	 in	 high	 yields	 in	 short	
times.	However,	anilines	with	an	electron-withdrawing	group	
(1l	and 1y)	retarded	the	progress	of	reaction	and	afforded	low	
yields	of	 the	products.	 It	was	also	found	that	 the	substituted	
groups	 (1h	 and	 1w)	 on	 the	 ortho	 position	 in	 the	 aniline	
influenced the reaction rates. Moreover, the optically active 
(R)-(	+	)-a-methyl	benzyl	amine	(1d)	was	converted	into	the	
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corresponding	b-enaminoester	(3d)	without	any	racemisation	
or inversion confirmed by measuring 3d’s	 optical	 rotation.	
When	 1,3-diaminopropane	 (1t)	 was	 used,	 two	 equivalents	
of	acetylacetone	were	used	and	the	product	was	formed	with	
two	 enaminone	 groups	 (3t).	 It	 should	 be	 pointed	 out	 that	
when	 1,3-diketones	 with	 two	 different	 substituents,	 such	 as	
1-benzoylacetone,	 reacted	 with	 amines	 the	 regioselective	
amination	of	 the	 aliphatic	 carbonyl	group	 (2z	 and	2aa)	was	
observed.	 From	 linear	 1,3-diketones	 and	 1,3-ketoesters	
we	 always	 obtained	 the	 corresponding	 b-enaminones	 and		
b-enamino	 esters	 having	 a	 (Z)-configuration of the carbon-
carbon	 double	 bond	 due	 to	 the	 formation	 of	 intramolecular	
hydrogen	bonding	between	oxygen	atom	of	carbonyl	and	NH	
reside,	as	determined	by	1H	NMR	analysis	(dH	>	8.2	for	NH)	
and	comparison	with	the	chemical	shifts	of	vinylic	protons	of	
similar	Z-enaminones.32

Recycling	 of	 the	 catalyst	 was	 also	 investigated.	 After	
completion of the benchmark reaction, the catalyst was filtered 
off,	washed	with	diethyl	ether	and	activated	at	100°C	for	2	h	
and	reused	in	another	reaction	with	the	same	substrates.	There	
was no significant change in the activity after two cycles (95, 
93	and	90%	of	product	after	three	runs).

In	 order	 to	 show	 the	 merit	 of	 phosphotungstic	 acid	 in	
comparison	 with	 other	 recently	 reported	 catalysts	 for	 the	
synthesis	of	3f as	a	model	reaction,	we	have	tabulated	some	of	
results	in	Table	2.	It	is	clear	from	Table	2,	that	phosphotungstic	
acid is an equally efficient but a much cheaper and reusable 
catalyst.

In	 summary,	 an	 environmentally	 friendly	 procedure	
for	 the	 synthesis	 of	 b-enaminones	 and	 b-enamino	 esters	
through	 phosphotungstic	 acid–catalysed	 condensation	 of	
1,3-dicarbonyl	 compounds	 and	 amines	 has	 been	 developed.		
This	 method	 has	 several	 unique	 merits,	 such	 as	 simple	
experimental	 procedure,	 solvent-free	 conditions,	 short	
reaction	 times,	 high	 yields	 of	 products	 and	 chemo-	 and	
stereoselectivities.	 In	 addition,	 the	 catalyst	 can	 be	 easily	
recovered	 and	 reused,	 providing	 thereby	 eco-friendly	 and	
economic	 advantages	 over	 previously	 reported	 protocols	

and	rendering	this	methodology	highly	suitable	for	industrial	
applications.

Experimental
IR	 spectra	 were	 obtained	 as	 KBr	 pellets	 for	 samples	 solid	 and	 as	
thin films for liquid samples with a Thermo Nicolet FT-IR200 
spectrometer.	 NMR	 spectra	 were	 recorded	 on	 a	 Bruker	 AV	 300	
spectrometer	 in	 CDCl3	 using	 TMS	 as	 an	 internal	 standard.	 The	
melting	points	are	uncorrected	and	were	recorded	on	a	WRR	melting	
point	instrument.	Elemental	analyses	were	performed	on	a	PE	2400	
CHNS/O	Analyser.

General procedure for the synthesis of b-enaminones or  
b-enamino esters:	A	mixture	of	ethyl	acetoacetate	(1.30	g,	10	mmol)	
with	aniline	(0.93	g,	10	mmol),	and	H3PW12O40	(0.29	g,	0.1	mol)	was	
stirred	at	 room	temperature.	The	progress	of	 reaction	was	 followed	
by	 TLC.	 After	 completion	 of	 reaction,	 as	 indicated	 by	 TLC,	 the	
reaction	 mixture	 was	 extracted	 with	 diethyl	 ether	 (3	 ×	 10	 ml)	 and	
the catalyst was filtered off. The combined ether extract was treated 
with	saturated	sodium	bicarbonate	and	dried	over	anhydrous	Na2SO4,	
concentrated	 under	 reduced	 pressure	 and	 the	 resulting	 product	 was	
purified by silica gel column chromatography (20% ethyl acetate in 
n-hexane	as	eluent)	to	afford	pure	ethyl	3-phenylamino-but-2-enoate	
(1.95 g, 95%). The filtered catalyst was repeatedly washed with 
diethyl	ether	and	reused.

Selective	spectroscopic	and	analytical	data	for	AA'XX'	systems	in	
1H	NMR	J*	=	J23	+	J25.

Methyl (R)-3-(1-phenyl-ethylamino)but-2-enoate	(3d):39	A	colourless		
liquid,	 [a]D

20:	 –540	 (c	 1.15,	 EtOH);	 IR	 (neat):	 3280,	 2973,	 2929,	
1653,	1608,	1494,	1446,	1378,	1266,	1054,	764,	700	cm-1.	1H	NMR	
(CDCl3,	300	MHz)	d	ppm:	1.52	(d,	J	=	6.6	Hz,	3H),	1.78	(s,	3H),	3.67	
(s,	3H),	4.49	(s,	1H),	4.65	(q,	J	=	6.6	Hz,	1H),	7.20–7.38	(m,	5H),	
9.00	(br	s,	NH).	13C	NMR	(CDCl3,	75	MHz) d	ppm:	19.7,	25.0,	50.0,	
52.9,	82.9,	125.5,	127.2,	128.8,	150.0,	161.6,	180.0.	Anal.	Calcd.	for	
C13H17NO2:	C,	71.21;	H,	7.81;	N,	6.39.	Found:	C,	71.5;	H,	7.8;	N,	6.5.

Ethyl 3-(4-isopropylphenylamino)but-2-enoate (3k):	A	yellow	oil;	
IR	 (neat):	 3262,	 2962,	 2932,	 1655,	 1620,	 1519,	 1362,	 1332,	 1278,	
1162,	1058,	758,	668	cm-1.	1H	NMR	(CDCl3,	300	MHz) d	ppm:	1.28	
(t,	J =	7.2	Hz,	3H),	1.39	(d,	J	=	7.2	Hz,	6H),	1.98	(s,	3H),	2.94	(m,	
1H)	4.22	(q,	J	=	7.2	Hz,	2H),	5.12	(s,	1H),	7.02	(m,	J*	=	8.4	Hz,	2H),	
7.18	 (m,	J*	=	8.4	Hz,	2H),	10.28	(brs,	NH).	 13C	NMR	(CDCl3,	75	
MHz)	d	ppm:	14.5,	20.0,	23.8,	33.5,	58.5,	85.5,	124.4,	126.8,	137.0,	
145.6,	159.0,	170.0.	Anal.	Calcd	for	C15H21NO2:	C,	72.84;	H,	8.56;	
N,	5.66.	Found:	C,	72.7;	H,	8.45;	N,	5.75.

Table 1	 Synthesis	of	b-enaminones	and	b-enamino	esters	catalysed	by	phosphotungstic	acid

Entry	 R1	 R2	 R3	 R4	 Time/min	 Yield/%a	 Ref.

a	 CH3(CH2)3	 OMe	 H	 Me	 15	 93	 39
b	 C6H11	 OEt	 H	 Me	 15	 92	 39
c	 H2C=CHCH2	 OMe	 H	 Me	 15	 91	 39
d	 (R)-PhCH(CH3)	 OMe	 H	 Me	 15	 90	 39
e	 PhCH2	 OEt	 H	 Me	 18	 92	 19
f	 Ph	 OEt	 H	 Me	 45	 95	 39
g	 Ph	 OEt	 H	 Me	 24	h	 30b	 39
h	 2-Me–C6H4	 OMe	 H	 Me	 60	 94	 54
i	 4-Me–C6H4 OEt	 H	 Me	 40	 93	 40
j	 4-OEt–C6H4 OEt	 H	 Me	 40	 93	 39
k	 4-iPr–C6H4	 OEt	 H	 Me	 40	 91	
l	 4-Br–C6H4	 OEt	 H	 Me	 360	 72	 45
m	 PhCH2	 OCH2CH2	 Me	 30	 90	 54
n	 Ph	 OCH2CH2	 Me	 75	 91	 54
o	 4-OMe–C6H4	 OCH2CH2	 Me	 60	 92	 39
p	 Ph	 OEt	 (CH2)3	 90	 93	 39
q	 4-OMe–C6H4	 OEt	 (CH2)3	 90	 92	 54
r	 CH3(CH2)3	 Me	 H	 Me	 15	 94	 54
s	 H2C=CHCH2	 Me	 H	 Me	 15	 93	 39
t	 H2NCH2CH2CH2	 Me	 H	 Me	 15	 95c	 39
u	 PhCH2CH2	 Me	 H	 Me	 15	 92	 39
v	 Ph	 Me	 H	 Me	 15	 95	 54
w	 2-Me–C6H4	 Me	 H	 Me	 20	 92	 54
x	 4-Me–C6H4 Me	 H	 Me	 12	 95	 54
y	 2-Br–C6H4	 Me	 H	 Me	 480	 80	 54
z	 Ph	 Ph	 H	 Me	 120	 78	 54
aa	 4-OEt–C6H4	 Ph	 H	 Me	 120	 82	
aYield	refer	to	isolated	products,	products	were	characterised	by	IR,	1H	NMR	and	elemental	analysis.
bNo	catalyst.
cTwo	equivalents	of	acetylacetone	were	used.
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Ethyl 3-(4-bromophenylamino)-but-2-enoate	(3l):45	A	pale	yellow	
solid;	m.p.	52–53°C.	IR	(KBr)	3276,	2978,	1648,	1610,	1580,	1480,	
1385,	1261,	1169,	854,	790	cm-1.	1H	NMR	(CDCl3,	300	MHz)	d	ppm:	
1.28	(t,	J	=	7.2	Hz,	3H),	2.00	(s,	3H),	4.16	(q,	J	=	7.2	Hz,	2H),	4.72	(s,	
1H),	6.96	(m,	J*	=	8.4	Hz,	2H),	7.45	(m,	J*	=	8.4	Hz,	2H),	10.40	(br	
s,	NH).	13C	NMR	(CDCl3,	75	MHz)	d	ppm:	14.6,	20.3,	59.0,	118.0,	
125.8,	132.3,	138.6,	162.4,	170.5.	Anal.	Calcd	for	C12H14BrNO2:	C,	
50.72;	H,	4.97;	N,	4.93;	Found:	C,	50.85;	H,	4.8;	N,	5.1.

3-(4-Ethoxyphenylamino)-1-phenylbut-2-en-1-one (3aa):	A	yellow	
solid,	m.p.	85–86°C;	IR	(KBr)	3415,	2980,	1600,	1505,	1475,	1433,	
1372,	1322,	820,	745	cm-1.	1H	NMR	(CDCl3,	300	MHz)	d	ppm:	1.44	
(t,	J	=	6.9	Hz,	3H),	2.08	(s,	3H),	4.05	(q,	J	=	6.9	Hz,	2H),	5.88	(s,	
1H),	6.80	(m,	J*	=	8.7	Hz,	2H),	7.10	(m,	J*	=	8.7	Hz,	2H),	7.43–7.93	
(m,	5H),	13.00	(br	s,	NH).	13C	NMR	(CDCl3,	75	MHz)	d	ppm:	14.9,	
20.3,	 63.8,	 93.5,	 114.9,	 126.6,	 127.2,	 128.2,	 130.8,	 131.5,	 140.0,	
157.2,	163.2,	188.5.	Anal.	Calcd.	for	C18H19NO2:	C,	76.84;	H,	6.81;	
N,	4.98.	Found:	C,	76.95;	H,	6.8;	N,	4.8.
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Table 2	 Synthesis	of	ethyl	3-(phenylamino)but-2-enoate	(3f)	in	the	presence	of	different	catalysts

Catalyst/solvent	 Catalyst	load		 Time		 Yield/%	 Ref.

InBr3/solvent-free	 1	mol%	 10	min	 94	 32
Zn(ClO4)2·6H2O/CH2Cl2	 5	mol%	 4	h	 95	 35
CeCl3·7H2O/solvent-free	 10	mol%	 35	min	 76	 36
Bi(OTf)3/H2O	 5	mol%	 1	h	 64	 38
CoCl2·6H2O/solvent-free	 5	mol%	 15	min	 95	 39
CAN/solvent-free	 1	mol%	 60	min	 92	 40
Yb(OTf)3/solvent-free	 2	mol%	 60	min	 95	 43
ZrCl4/solvent-free	 1	mol%	 40	 95	 45
ZrOCl2·8H2O/solvent-free	 2	mol%	 50	min	 93	 46
Zn(OAc)2·2H2O/CH2Cl2	 5	mol%	 2	days	 86	 47
Sc(OTf)3/solvent-free	 5	mol%	 60	min	 95	 48
I2/solvent-free	 20	mol%	 3	min	 79	 49
Silica	gel/solvent-free	 10	mg	 35	h	 95	 52
Phosphotungstic	acid/solvent-free	 1	mol%	 45	min	 95	 This	work
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2-Acetyl-2,3,4,9-tetrahydro-1h-carbazol-1-one in the synthesis of 
heteroannulated carbazoles
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The	 reaction	 of	 2,3,4,9-tetrahydro-1H-carbazol-1-ones	 with	 ethyl	 acetate	 yielded	 2-acetyl-1-hydroxycarbazole	 and		
2-acetyl-2,3,4,9-tetrahydro-1H-carbazol-1-one.	These	were	used	to	prepare	isoxazolo-	and	pyrazolo-fused	carbazoles.	
Mechanisms	for	the	formation	of	the	end	products	are	proposed.

Keywords: fused	carbazoles,	isoxazoles,	pyrazoles,	indazoles

Carbazoles	 are	 structural	 subunits	 found	 in	 numerous	
naturally	occurring	compounds	as	well	as	synthetic	materials,	
and	 many	 of	 them	 display	 high	 pharmacological	 activity.1	
For	 example,	 ellipticine	 and	 its	 analogs	 in	 particular	 have	
been	 found	 to	possess	promising	antitumor2-8	and	anti-HIV9	
activities,	which	prompted	numerous	studies	into	the	structure-
activity	 relationships	 of	 heteroannulated	 carbazoles.	 Efforts	
have also been invested in developing efficient synthetic 
avenues	 to	 heteroannulated	 carbazoles	 and	 their	 structurally	
modified derivatives, and these are well documented.3,10		
As	 synthetic	 materials,	 many	 carbazoles	 exhibit	 photo-
reactive,	 photoconductive	 and	 light	 emitting	 properties.11,12	
Carbazole	 has	 also	 been	 recognised	 as	 a	 useful	 scaffold	
in	 anion	 binding	 studies.13	 Consequently	 the	 syntheses	 of	
carbazoles	and	 their	characterisation	have	been	a	vigorously	
active	area	of	study.

In	our	present	work,	we	planned	to	prepare	functionalised	
carbazoles	from	2,3,4,9-tetrahydro-1H-carbazol-1-ones	and	to	
elucidate	the	structures	of	the	newly	prepared	fused	systems.

Results and discussion
When	 8-methyl-2,3,4,9-tetrahydro-1H-carbazol-1-one	 (1a)	
reacted	with	ethyl	acetate	in	the	presence	of	sodium	hydride	
and	 a	 catalytic	 amount	 of	 potassium	 hydride	 as	 co-reactant,	
a	 brown	 semisolid	 mass	 was	 formed	 which	 on	 separation	
by	 column	 chromatography	 on	 silica	 gel	 using	 petroleum	
ether/ethyl	 acetate	 as	 eluant	 afforded	 three	 products.		
The first, obtained from the petroleum ether fraction, was 
simply	 ethyl	 acetoacetate.	 The	 second	 fraction,	 a	 yellow	
powder	 (yield	10%),	eluted	by	petroleum	ether/ethyl	acetate	
(98	:	2),	 melted	 at	 180–182°C,	 and	 proved	 to	 be	 the	 known	
2-acetyl-1-hydroxy-8-methylcarbazole	 (2a)	 (mixed	 m.p.,	
superimposable	IR	spectra).14

The	 third	product,	which	was	 the	major	component	 (yield	
75%),	 was	 obtained	 from	 the	 petroleum	 ether/ethyl	 acetate	
(95	:	5)	 fraction	as	a	yellow	powder,	m.p.	129–131°C.	 Its	 IR	
spectrum	 showed	 NH	 stretching	 at	 3308	 cm-1	 and	 carbonyl	
bands	 appeared	 at	 1710	 and	 1637	 cm-1.	 The	 1H	 NMR	

spectrum exhibited a singlet at δ 15.48 for the enolic OH at 
C1, a one proton broad singlet at δ 8.78 for N9-H, a three 
proton multiplet between δ 7.29 and 7.04 for C5, C6 and C7 
aromatic	protons.	The	aliphatic	protons	appeared	as	one	proton	
multiplet between δ 3.74 and 3.67 for C2, two multiplets each 
for two protons centred at δ 3.00 and 2.65 for C4-H2	and	C3-
H2 respectively, two three-proton singlets at δ 2.49 and 2.35 
were	 assigned	 to	 C8-CH3	 and	 C2-COCH3	 respectively.	The	
mass	 spectrum	 exhibited	 the	 molecular	 ion	 peak	 at	m/z	 241	
(43%).	The	elemental	analysis	agreed	well	with	the	proposed	
molecular	formula	C15H15NO2.	All	the	spectral	and	analytical	
results	 were	 consistent	 with	 the	 product	 being	 2-acetyl-8-
methyl-2,3,4,9-tetrahydro-1H-carbazol-1-one	 (3a),	 with	 the	
1-OH	enol	form	a	minor	tautomeric	component.	The	reaction	
was	performed	with	other	carbazole	derivatives	1b–e	in	order	
to	 realise	 the	 respective	 2-acetyl-1-hydroxycarbazoles	 2b–e 
and	 2-acetyl-2,3,4,9-tetrahydro-1H-carbazol-1-ones	 3b–e 
(Scheme	1).

It	should	be	noted	that	the	use	of	potassium	hydride	as	co-
reactant	proved	necessary	 for	 the	 formation	of	 the	products.	
The	same	reaction	without	the	addition	of	potassium	hydride	
or	using	other	bases	like	NaOMe,	NaOEt,	alc.KOH,	pyridine-
KOH	did	not	yield	the	desired	products	2	and	3.	The	2-acetyl-
2,3,4,9-tetrahydro-1H-carbazol-1-one	(3)	enolised	and	this	on	
further	aerial	oxidation	produced	the	fully	aromatised	2-acetyl-
1-hydroxy	 carbazole	 (2).	To	 avoid	 the	 concurrent	 formation	
of ethyl acetoacetate, we first carried out the reaction of 
2,3,4,9-tetrahydro-1H-carbazol-1-one	 (1)	 with	 ethyl	 acetate	
in	equimolar	ratio.	However,	the	reaction	was	incomplete	and	
ethyl	acetoacetate	was	still	obtained.	Therefore	we	employed	
an	excess	of	ethyl	acetate	in	the	reaction.

In	 order	 to	 achieve	 the	 synthesis	 of	 heteroannulated	
carbazoles,	 we	 treated	 the	 2-acetyl-2,3,4,9-tetrahydro-1H-
carbazol-1-ones	 (3)	 with	 hydroxylamine	 hydrochloride,	
hydrazine	hydrate	and	semicarbazide	hydrochloride.

The	 reaction	 of	 2-acetyl-8-methyl-2,3,4,9-tetrahydro-1H-
carbazol-1-one	 (3a)	 with	 hydroxylamine	 hydrochloride	 in	
glacial	acetic	acid	yielded	colourless	needles	which	melted	at	
198–200°C.	 Its	 IR	 spectrum	 showed	 NH	 stretching	 at	 3372	
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cm-1.	The	1H	NMR	spectrum	in	CDCl3	exhibited	a	one	proton	
broad singlet at δ 8.63 due to N10-H, a two proton multiplet 
between δ 8.03 and 7.89 was due to C5- and C6- protons, a 
one	proton	doublet	 (J = 8.20 Hz) at δ 7.45–7.41 was due to 
C4-H, a two proton multiplet at δ 7.34–7.20 for C7- and C8-
H. Two three-proron singlets at δ 2.68 and δ 2.66 were due to 
C3-and	C9-CH3	respectively.	The	absence	of	aliphatic	protons	
for	C3-	and	C4-H2	indicated	that	the	resulted	product	was	fully	
aromatised.	The	13C	NMR	spectrum	also	showed	the	presence	
of	15	nonequivalent	carbons,	and	the	elemental	analysis	was	
in	 agreement	 with	 the	 molecular	 formula	 C15H12N2O.	 The	
mass	spectrum	showed	the	molecular	ion	peak	at	m/z	236.

Since	 the	 starting	 material	 3a	 contained	 two	 keto	 groups	
and	the	reaction	had	taken	place	at	these	sites,	the	spectral	and	
analytical	results	suggested	the	structure	of	the	product	to	be	
either	 3,9-dimethyl-10H-isoxazolo[5,4-a]carbazole	 (4a)	 or	
3,9-dimethyl-10H-isoxazolo[3,4-a]carbazole	(4a').

N
O NH

CH3 4a

H3C

N
N OH

CH3 4a'

H3C

A	 distinction	 between	 these	 structures	 was	 achieved	 as	
follows:

(i)	 Support	 for	 structure	 4a	 was	 obtained	 from	 MM2	
energy	calculations.	The	steric	energy	was	calculated	for	both		
structures,	and	that	for	4a	was	found	to	be	24.9145	kcal/mol		
whereas	 for	 4a'	 it	 was	 found	 to	 be	 25.1349	 kcal/mol.		
The	lower	energy	structure	4a	was	preferred	over	the	higher	
energy	structure	4a'.

(ii)	X-ray	crystallographic	studies15 confirmed the structure 
to	be	4a.	The	bond	lengths	of	C3a–C10b	(1.364	Å)	and	C3–
C3a	 (1.420	Å)	 suggested	 that	 an	 aromatic	double	bond	was	
at	 C3a–C10b	 (for	 a	 pure	 double	 bond	 1.34	 Å	 is	 expected)	
and	 this	 strongly	 supported	 the	 structure	 of	 the	 product	 as	
3,9-dimethyl-10H-isoxazolo[5,4-a]carbazole	(4a).	The	X-ray	
crystal	structure	is	shown	in	Fig.	1.

From	all	 the	above	 facts,	we	assigned	 the	structure	of	 the	
product	as	3,9-dimethyl-10H-isoxazolo[5,4-a]carbazole	(4a).	
This	reaction	was	generalised	for	other	carbazole	derivatives	
(1b–e)	to	form	the	respective	3-methyl-10H-isoxazolo[5,4-a]
carbazoles	(4b–e)	(Scheme	2).

The	 reaction	 of	 2-acetyl-8-methyl-2,3,4,9-tetrahydro-1H-
carbazol-1-one	(3a)	with	hydrazine	hydrate	in	glacial	acetic	acid	
yielded	a	mixture	of	two	products.	The	products	were	separated	
by	 column	 chromatography	 over	 silica	 gel	 using	 petroleum	
ether/ethyl	 acetate	 as	 eluant.	 The	 major	 product	 (yield	 75%)	
obtained	from	the	petroleum	ether/ethyl	acetate	(98	:	2)	fraction	
melted	at	142–144°C;	Its	IR	spectrum	exhibited	NH	stretching	
at	 3275	 cm-1.	 The	 C=N	 stretching	 appeared	 at	 1630	 cm-1.		
Its	 1H	NMR	spectrum	in	CDCl3	exhibited	 two	broad	singlets	
at δ 12.00 and 11.12 for N1-H and N10-H; four doublets in the 
aromatic	 region	 for	C6,	C5,	C4	and	C8-H	 respectively	and	a	
further one-proton multiplet at δ 7.07–7.01 for C7–H, and two 
singlets at δ 2.55 and 2.49 for C9–CH3	and	C3–CH3	respectively.		
The	molecular	ion	peak	appeared	at	m/z	235.

Similar	 to	 the	previous	case,	 this	product	was	also	a	 fully	
aromatised	compound.	Conclusive	evidence	 for	 structure	5a	
was	obtained	from	an	X-ray	crystallographic	study	(Fig.	2).16	
The product was thus identified as 1,10-dihydro-3,9-dimethyl
pyrazolo[3,4-a]carbazole	(5a).

Fig. 1	 Crystal	 structure	 of	 3,9-dimethyl-10H-isoxazolo[5,4-a]	
carbazole	(4a).
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Fig. 2	 Crystal	structure	of	1,10-dihydro-3,9-dimethylpyrazolo
[3,4-a]carbazole	(5a).
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The	minor	product	(yield	15%)	obtained	from	the	petroleum	
ether/ethyl	 acetate	 (95.5)	 fraction	 melted	 at	 168–170°C.		
Its	IR	spectrum	showed	the	absence	of	a	free	carbonyl	group,	
clearly	indicating	a	cyclised	product.	The	1H	NMR	spectrum	
in	CDCl3	 showed	 two	broad	 singlets	 each	 for	one	proton	at		
δ 12.05 and 11.13 for N1- and N10-protons respectively, 	
a one proton doublet at δ 7.90–7.82 for C6-H and a multiplet 
at δ 7.19–7.01 for two protons corresponding to C7 and 
C8–H in the aromatic region. Two more multiplets at δ 3.00–
2.89	 and	 2.82–2.70	 each	 for	 two	 protons	 were	 assigned	 to	
methylene	protons	at	C5	and	C4	respectively,	and	two	three-
proton singlets at δ 2.57 and 2.23 corresponding to C9–CH3	
and	 C3–CH3	 groups	 respectively.	 The	 elemental	 analysis	
showed	 the	 molecular	 formula	 as	 C15H15N3.	 The	 mass	
spectrum	showed	the	molecular	ion	peak	at	m/z	237.	All	the	
spectral	and	analytical	results	thus	supported	the	structure	as		
1,4,5,10-tetrahydro-3,9-dimethylpyrazolo[3,4-a]carbazole	
(6a)	(Scheme	2).

It	should	be	noted	that,	on	keeping	this	tetrahydro	compound	
for	 a	 week	 in	 the	 open	 air,	 it	 was	 slowly	 oxidised	 to	 5a.		
The	 generality	 was	 tested	 with	 other	 carbazole	 derivatives,	
1b–e.	(Scheme	2)

Our	earlier	work	on	methyl	2-(1-oxo-2,3,4,9-tetrahydro-1H-
carbazol-2-yl)oxoacetate19	with	semicarbazide	hydrochloride	
prompted	us	to	apply	similar	reaction	conditions	to	2-acetyl-
8-methyl-2,3,4,9-tetrahydro-1H-carbazol-1-one	 (3a).	 This	
reaction	resulted	in	the	exclusive	formation	of	1,10-dihydro-
3,9-dimethylpyrazolo[3,4-a]carbazole	(5a)	as	product,	which	

was	one	of	the	products	of	the	reaction	of	3a	with	hydrazine	
hydrate.	The	 tetrahydro	product,	6a,	was	not	 realised	 in	 this	
case.	Also	 we	 did	 not	 observe	 other	 possible	 products	 such	
as	 4,6,7,12-tetrahydro-5,9-dimethyl[1,2,4]triazepino[5,6-a]	
carbazol-2(1H)-one	(7)	and/or	4,5-dihydro-3,7-dimethylpyrazolo	
[3,4-a]carbazole-1(10H)-carboxamide	 (8).	 The	 product	 5a	
was confirmed by mixed m..p., superimposable IR, 1H	NMR	
and	 mass	 spectra.	 The	 generality	 was	 tested	 with	 the	 other		
2-acetyltetrahydrocarbazolone	derivatives	3b–e	(Scheme	3).

A	mechanistic	 rationalisation	 for	 the	 formation	 of	 5	 from	
the	 reaction	 of	 3	 with	 hydrazine	 hydrate	 as	 well	 as	 with	
semicarbazide	 hydrochloride	 is	 given	 in	 Scheme	 4	 (for	
simplicity, exemplified in the e	 series).	 The	 initial	 event	 is	
formation	of	 the	protonated	intermediate	I in	presence	of	an	
acid	 catalyst.The	 nucleophile,	 NH2NHR	 (R	 =	 H,	 CONH2),	
can	 then	 add	 to	 the	 carbon	 of	 the	 hydroxycarbenium	
(oxonium)	ion	I	to	give	the	tetrahedral	intermediate	II,	which	
loses	a	water	molecule	and	a	proton	to	give	the	intermediate	
III.	This	 intermediate	 thus	 formed	 can,	 in	 principle,	 cyclise	
by	 the	 intramolecular	 nucleophilic	 attack	 of	 the	 amino	
group of the hydrazine part to give a five-membered 1,3-
pyrazoline	 zwitterion	derivative	 IV.	 If	R	=	H,	 then	 the	1,3-
pyrazoline	 derivative	 formed	 on	 prototropic	 shift	 and	 water	
elimination	 to	 give	 the	 dihydro	 product	 (6).	 Otherwise,	 if		
R	=	CONH2	then	the	zwitterion	IV	on	losing	the	elements	of	
CO2	and	NH3	gives	the	dihydro	product,	6.	Finally	6	on	aerial	
oxidation	produced	the	fully	aromatised	product	5	as	shown	in		
Scheme	4.
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Our	 results	 show	 that	 an	 important	 precursor,	 2-acetyl-
2,3,4,9-tetrahydro-1H-carbazol-1-one,	 for	 the	 construction	
of	 some	 heteroannulated	 carbazoles	 can	 conveniently	 be	
prepared.	 It	 was	 successfully	 utilised	 for	 the	 syntheses	 of	
heteroannulated	 carbazoles	 like	 1,10-dihydro-3-methyl-
pyrazolo[3,4-a]carbazoles	 and	 3-methyl-10H-isoxazolo[5,4-
a]carbazoles.

Experimental
Melting	 points	 were	 determined	 using	 a	 Mettler	 FP	 51	 apparatus	
(Mettler	 Instruments,	 Switzerland).	 IR	 spectra	 were	 recorded	 in	
KBr	 on	 a	 Shimadzu	 FTIR-8201PC	 spectrophotometer	 (Shimadzu,	
Japan).	1H	NMR	spectra	were	recorded	in	CDCl3	on	a	Varian	AMX	
400	 FT-NMR	 (Varian,	 Australia)	 using	 TMS	 as	 internal	 standard.	
Mass	spectra	were	recorded	on	a	Jeol	JMS-D-300	mass	spectrometer		
(70	eV)	 (Jeol,	 Japan).	Micro	analyses	were	done	on	a	Vario	EL	III	
Model	CHNS	analyser	(Vario,	Germany).	The	purity	of	the	products	
was	 tested	 by	TLC	 using	 glass	 plates	 coated	 with	 silica	 gel	 G	 (Hi	
Media	 Laboratories,	 India)	 and	 petroleum	 ether:	 ethyl	 acetate	 (90:	
10)	 as	 the	 developing	 solvents.	 Ethyl	 acetate	 and	 sodium	 hydride	
(60%	suspension	in	mineral	oil)	were	obtained	from	LOBA	Chemie	
Pvt.	Ltd.,	India,	and	potassium	hydride	(30%	suspension	in	mineral	
oil)	from	Aldrich.

Reaction of 2,3,4,9-tetrahydro-1H-carbazol-1-ones (1a-e) with ethyl 
acetate: General procedure
2,3,4,9-Tetrahydro-1H-carbazol-1-one	 1	 (8	 mmol)	 was	 added	 to	
sodium	hydride	(2.4	g)	suspended	in	benzene	(20	ml)	in	a	two	necked	
round-bottomed flask fitted with reflux condenser and calcium 
chloride	guard	tube,	and	heated	on	a	water	bath	for	5	minutes.	Then	
potassium	 hydride	 was	 added	 carefully	 (Caution:	 dry	 potassium	
hydride is highly pyrophoric). It was heated to reflux for 2 minutes. 	
To	 this	 ethyl	 acetate	 was	 added	 dropwise	 from	 a	 dropping	 funnel.		
After the addition was complete reflux was continued for 2 h. 	
The	 solution	 became	 red.	After	 cooling	 in	 an	 ice	 bath	 the	 solution	
was	 cautiously	 neutralised	 with	 acetic	 acid.	 Some	 further	 acetic	
acid	 was	 added	 and	 then	 the	 whole	 was	 poured	 into	 ice	 water	 and	
extracted	 using	 ethyl	 acetate.	 The	 extract	 was	 washed	 thoroughly	
with	 water	 and	 brine,	 then	 dried	 (Na2SO4).	 Filtration	 and	 solvent	
removal	 in vacuo left a crude mass which was purified by column 
chromatography	 over	 silica	 gel	 using	 petroleum	 ether/ethyl	 acetate	
mixtures	 (100	:	0;	 98	:	2	 and	 95	:	5)	 as	 eluant.	 The	 petroleum	 ether	
fraction	 yielded	 ethyl	 acetoacetate.	 The	 petroleum	 ether/ethyl	
acetate	 (98	:	2)	 fraction	 yielded	 2-acetyl-1-hydroxycarbazole	 (2).	
The	 petroleum	 ether/ethyl	 acetate	 (95	:	5)	 fraction	 yielded	 2-acetyl-
2,3,4,9-tetrahydro-1H-carbazol-1-one	(3).

2-Acetyl-8-methylcarbazol-1-ol	 (2a):	 Yellow	 crystalline	 powder	
(10%,	EtOH),	m.p.	177–178°C.

2-Acetyl-8-methyl-2,3,4,9-tetrahydro-1H-carbazol-1-one	 (3a):	
Yellow powder (56%); m.p. 129–131°C. IR: νmax	3308,	2926,	1710,	
1637,	1542	cm-1. NMR: δH	15.48	(s,	C1	enolic	OH),	8.78	(br	s,	1H,	
N9-H),	7.29–7.04	(m,	3H,	C5,	C6,	C7-H),	3.74–3.67	(m,	1H,	C2-H),	
3.06–2.93	(m,	2H,	C4-H2),	2.70–2.59	(m,	2H,	C3-H2),	2.49	(s,	3H,	
C8-CH3),	 2.35	 (s,	 3H,	 C2-COCH3); δC	 200.2	 (C2-COCH3),	 190.5	
(C1),	 134.3,	 133.6,	 129.4,	 128.4,	 126.4,	 119.7,	 118.6,	 112.3	 (eight	
aromatic	C),	56.7	(C2),	28.5	(C2-COCH3),	25.7	(C8-CH3),	24.8	(C3),	
22.6	 (C4).	 MS:	 m/z	 (%)	 241	 (43).	Anal.	 Calcd.	 for	 C15H15NO2:	 C,	
74.67;	H,	6.27;	N,	5.81;	Found:	C,	74.79;	H,	6.18;	N,	5.84%.

2-Acetyl-7-methylcarbazol-1-ol	 (2b):	 Yellow	 powder	 (12%,	
EtOH),	m.p.	146–148°C.

2-Acetyl-7-methyl-2,3,4,9-tetrahydro-1H-carbazol-1-one	 (3b):	
Yellow powder (50%), m.p. 137–139°C. IR: νmax	3270,	2929,	1718,	
1650,	1592	cm-1. NMR: δH	15.50	(s,	C1-enolic	OH),	8.70	(br	s,	1H,	
N9-H);	7.30–7.14	(m,	3H,	C5,	C6,	C8-H);	3.71–3.64	(m,	1H,	C2-H),	
3.30–3.13	(m,	2H,	C4-H2),	3.06–2.94	(m,	2H,	C3-H2),	2.65	(s,	3H,	
C7-CH3),	 2.34	 (s,	 3H,	 C2-COCH3); δC	 202.3	 (C2-COCH3),	 194.7	
(C1),	 138.4,	 134.2,	 130.1,	 128.9,	 127.6,	 120.1,	 118.1,	 111.4	 (eight	
aromatic	C),	60.1	(C2),	29.3	(C2-COCH3),	27.5	(C7-CH3),	24.1	(C3),	
20.7	 (C4).	 MS:	 m/z	 (%)	 241	 (34).	Anal.	 Calcd.	 for	 C15H15NO2:	 C,	
74.67;	H,	6.27;	N,	5.81;	Found:	C,	74.37;	H,	6.20;	N,	5.81%.

2-Acetyl-6-methylcarbazol-1-ol (2c):	 Pale	 yellow	 powder	 (10%,	
EtOH),	m.p.	170–172°C.

2-Acetyl-6-methyl-2,3,4,9-tetrahydro-1H-carbazol-1-one	 (3c):	
Yellow powder (54%), m.p. 125–127°C. IR: νmax,	KBr,	3278,	2926,	
1716,	1640,	1582	cm-1. NMR: δH	15.48	(s,	C1-enolic	OH),	8.92	(br	
s,	1H,	N9-H),	7.48–7.15	(m,	3	H,	C5,	C7,	C8-H);	3.73–3.66	(m,	1H,	
C2-H),	3.08–2.94	(m,	2H,	C4-H2),	2.86–2.78	(m,	2H,	C3-H2),	2.45	(s,	

3H,	C6-CH3),	2.15	(s,	3H,	C2-COCH3); δC	203.0	(C2-COCH3),	189.9	
(C1),	 138.6,	 135.0,	 129.7,	 128.9,	 127.3,	 119.8,	 117.2,	 109.5	 (eight	
aromatic	C),	62.3	(C2),	29.3	(C2-COCH3),	28.4	(C6-CH3),	25.3	(C3),	
19.7	 (C4).	 MS:	 m/z	 (%)	 241	 (38).	Anal.	 Calcd.	 for	 C15H15NO2:	 C,	
74.67;	H,	6.27;	N,	5.81;	Found:	C,	74.29;	H,	6.18;	N,	5.87%.

2-Acetyl-6-chlorocarbazol-1-ol	(2d):	Yellow	powder	(15%,	EtOH),	
m.p. 204–206°C. IR: νmax	 3403,	 3259,	 2924,	 1693	 cm-1. NMR: δH	
13.08	(s,	1H,	C1-OH),	8.43	(br	s,	1H,	N9-H),	7.96–7.91	(d,	1H,	C4-
H,	J =	8.00	Hz),	7.58–7.48	(m,	2H,	C7,	C8-H),	7.30	(s,	1H,	C5-H),	
7.12–7.08	(d,	1H,	C3-H,	J =	8.20	Hz),	2.54	(s,	3H,	C2-COCH3).	MS:	
m/z	(%)	259	(16).	Anal.	Calcd.	for	C14H10ClNO2:	C,	64.75;	H,	3.88;	
N,	5.39;	Found:	C,	64.50;	H,	3.92;	N,	5.44%.

2-Acetyl-6-chloro-2,3,4,9-tetrahydro-1H-carbazol-1-one	 (3d):	
Yellow powder (48%), m.p. 141–143°C. IR: νmax	3308,	2926,	1710,	
1637,	1542	cm-1. NMR: δH	15.43	(s,	C1-enolic	OH),	9.16	(br	s,	1H,	
N9-H),	7.40–7.23	 (m,	3	H,	C5,	C6,	C7-H),	3.76–3.70	 (m,	1H,	C2-
H),	3.00–2.90	 (m,	2H,	C4-H2),	 2.84–2.77	 (m,	2H,	C3-H2),	 2.18	 (s,	
3H,	C2-COCH3). δC	199.8	 (C2-COCH3),	192.0	 (C1),	139.4,	134.6,	
129.8,	 127.6,	 126.4,	 120.8,	 118.9,	 112.3	 (eight	 aromatic	 C),	 64.3	
(C2),	29.7	(C2-COCH3),	26.1	(C3),	20.0	(C4).	MS:	m/z	(%)	261	(24).	
Anal.	Calcd.	for	C14H12ClNO2:	C,	64.25;	H,	4.62;	N,	5.35;	Found:	C,	
64.48;	H,	4.57;	N,	5.30%.

2-Acetylcarbazol-1-ol	(2e):	Pale	yellow	crystalline	powder	(20%;	
EtOH),	m.p.	180–182°C.

2-Acetyl-2,3,4,9-tetrahydro-1H-carbazol-1-one	 (3e):	 Yellow	
powder (54%), m.p. 125–127°C. IR: νmax	 3270,	 2920,	 1709,	 1643,	
1578	cm-1. NMR: δH	15.49	(s,	C1-enolic	OH),	8.78	(br	s,	1H,	N9-H),	
7.44–7.11	 (m,	 4H,	 C5,	 C6,	 C7,	 C8-H),	 3.05–2.94	 (m,	 2H,	 C4-H2),	
2.86–2.78	(m,	2H,	C3-H2),	2.36	(s,	3H,	C2-COCH3); δC	200.1	(C2-
COCH3),	191.7	(C1),	140.4,	136.7,	130.2,	124.7,	124.2,	120.6,	118.2,	
112.9	 (eight	 aromatic	 C),	 64.4	 (C2),	 28.9	 (C2-COCH3),	 24.3	 (C3),	
22.7	 (C4).	 MS:	 m/z	 (%)	 227	 (33).	Anal.	 Calcd.	 for	 C14H13NO2:	 C,	
73.99;	H,	5.77;	N,	6.16;	Found:	C,	74.09;	H,	5.81;	N,	6.14%.

Preparation of 3-methyl-10H-isoxazolo[5,4-a]carbazoles	 (4a–e):	
General procedure
To	 the	 appropriate	 2-acetyl-2,3,4,9-tetrahydro-1H-carbazol-1-one	
(3,	1	mmol)	in	glacial	acetic	acid	(15	ml)	was	added	hydroxylamine	
hydrochloride (10 mmol) and the solution was refluxed on an oil bath 
for	4	h.	The	 reaction	was	monitored	by	TLC.	After	 the	completion	
of	 the	 reaction	 it	was	poured	onto	crushed	 ice.	The	precipitate	was	
filtered off, washed with water and dried. It was purified by column 
chromatography	over	silica	gel	using	petroleum	ether:	ethyl	acetate	
(85	:	15)	as	eluant.

3,9-Dimethyl-10H-isoxazolo[5,4-a]carbazole	 (4a):	 Colourless	
needles (60%), m.p. 198–200°C. IR: νmax	 3372,	 2920,	 1657,	 1565,	
1445,	1386	cm-1. NMR: δH	8.63	(br	s,	1H,	N10-H),	8.03–7.89	(m,	2H,	
C5,	C6-H),	7.45–7.41	(d,	1H,	C4-H,	J =	8.20	Hz),	7.34–7.20	(m,	2H,	
C7,	C8-H),	2.68	(s,	3H,	C3-CH3),	2.66	(s,	3	H,	C9-CH3); δC	156.3,	
149.3,	134.7,	132.3,	128.3,	126.4,	124.3,	120.1,	118.7,	115.7,	112.3,	
108.3,	 104.3	 (13	 aromatic	 C),	 21.4	 (C9-CH3),	 19.6	 (C3-CH3)	 MS:	
m/z	(%)	236	(28).	Anal.	Calcd.	for	C15H12N2O:	C,	76.25;	H,	5.12;	N,	
11.86;	Found:	C,	76.20;	H,	5.15;	N,	11.87%.

3,8-Dimethyl-10H-isoxazolo[5,4-a]carbazole	 (4b):	 White	
amorphous powder (52%), m.p. 210–212°C. IR: νmax,	 KBr,	 3384,	
2919,	 1651,	 1570,	 1453	 cm-1. NMR: δH	 8.60	 (br	 s,	 1H,	 N10-H),	
8.03–7.90	 (m,	 2H,	 C5,	 C9-H),	 7.45–7.35	 (m,	 3H,	 C4,	 C6,	 C7-H),	
2.68	(s,	3H,	C3-CH3),	2.57	(s,	3	H,	C8-CH3); δC	157.6,	117.1,	135.6,	
133.4,	127.9,	127.1,	125.1,	119.6,	116.8,	116.1,	115.2,	110.3,	109.1		
(13	aromatic	C),	20.7	 (C8-CH3),	20.1	 (C3-CH3).	MS:	m/z	 (%)	236	
(22).	 Anal.	 Calcd.	 for	 C15H12N2O:	 C,	 76.25;	 H,	 5.12;	 N,	 11.86;	
Found:	C,	75.98;	H,	5.07;	N,	11.89%.

3,7-Dimethyl-10H-isoxazolo[5,4-a]carbazole	 (4c):	 Colourless	
needles (65%), m.p. 225–227°C. IR: νmax	 3409,	 2921,	 1649,	 1580,	
1455	 cm-1. NMR: δH	 8.61	 (br	 s,	 1H,	 N10-H),	 7.98	 (s,	 1H,	 C6-H),	
7.97–7.92	 (d,	 1H,	 C5-H,	 J =	 8.00	 Hz),	 7.50–7.46	 (d,	 1H,	 C9-H,		
J =	8.26	Hz),	7.41–7.37	(d,	1H,	C8-H,	J =	8.26	Hz),	7.35–7.31	(d,	
1H,	C4-H,	J =	8.00	Hz),	2.67	(s,	3H,	C3-CH3),	2.56	(s,	3	H,	C7-CH3);	
δC	 152.4,	 146.7,	 135.3,	 133.8,	 129.1,	 124.1,	 122.1,	 121.0,	 114.8,	
111.7,	110.3,	107.9,	108.7	(13	aromatic	C),	24.0	(C6-CH3),	22.5	(C3-
CH3).	MS:	m/z	(%)	236	(30).	Anal.	Calcd.	for	C15H12N2O:	C,	76.25;	
H,	5.12;	N,	11.86;	Found:	C,	76.67;	H,	5.10;	N,	11.81%.

7-Chloro-3-methyl-10H-isoxazolo[5,4-a]carbazole	 (4d):	 White	
powder (58%), m.p. 187–189°C. IR: νmax	 3427,	 2925,	 1652,	 1580,	
1460,	 1435	 cm-1. NMR: δH	 8.73	 (br	 s,	 1H,	 N10-H),	 8.10	 (s,1H,		
C6-H),	7.97–7.93	(d,	1H,	C5-H,	J =	8.00	Hz),	7.55–7.42	(m,	3H,	C4,	
C7,	C8-H),	 (s,	 3H,	C3-CH3); δC	154.9,	 146.1,	 132.8,	 130.3,	 129.0,	
127.4,	126.9,	122.6,	114.7,	111.7,	110.0,	108.7,	107.1	(13	aromatic	C),	
21.7	(C3-CH3).	MS:	m/z	(%)	256	(28).	Anal.	Calcd.	for	C14H9N2ClO:	
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C,	65.51;	H,	3.53;	N,	10.91;	Found:	C,	65.60;	H,	3.47;	N,	10.85%.
3-Methyl-10H-isoxazolo[5,4-a]carbazole (4e):	 White	 amorphous	

powder (65%), m.p. 198–200°C. IR: νmax	 3376,	 2923,	 1642,	 1575,	
1440	cm-1. NMR: δH	8.70	(br	s,	1H,	N10-H),	8.18–8.13	(d,	1H,	C6-
H,	J =	7.84	Hz),	8.04–7.99	(d,	1H,	C5-H,	J =	8.24	Hz),	7.62–7.58	(d,	
1H,	C9-H,	J =	8.08	Hz),	7.54–7.49	(m,1H,	C8-H),	7.44–7.41	(d,	1H,	
C4-H,	J =	8.24	Hz),	7.36–7.32	(m,1H,	C7-H),	2.68	(s,	3H,	C3-CH3);	
δC	 157.2,	 145.1,	 135.0,	 134.6,	 130.3,	 127.4,	 121.6,	 120.4,	 117.9,	
110.6,	 108.3,	 106.0,	 105.1	 (13	 aromatic	 C),	 21.4	 (C3-CH3).	 MS:		
m/z	(%)	222	(18).	Anal.	Calcd.	for	C14H10N2O:	C,	75.66;	H,	4.54;	N,	
12.60;	Found:	C,	75.76;	H,	4.49;	N,	12.64%.

Reaction of 2-acetyl-2,3,4,9-tetrahydro-1H-carbazol-1-ones	 (3a-e)	
with hydrazine hydrate: General procedure
To	 the	 appropriate	 2-acetyl-2,3,4,9-tetrahydro-1H-carbazol-1-one		
(3,	 1	 mmol)	 in	 glacial	 acetic	 acid	 (15	 ml)	 was	 added	 hydrazine	
hydrate (2 mmol) and the whole was refluxed on an oil bath for 1 h. 
The	reaction	was	monitored	by	TLC.	After	completion	of	the	reaction	
the	 mixture	 was	 poured	 onto	 crushed	 ice.	 The	 precipitate	 was	
collected, washed with water, and dried. It was purified by column 
chromatography	 over	 silica	 gel	 using	 petroleum	 ether/ethyl	 acetate	
(successively	98	:	2	and	85	:	15)	as	eluant.	The	former	fraction	yielded	
the	 respective	 1,10-dihydro-3-methylpyrazolo[3,4-a]carbazole	 (5),	
the	 latter	 the	 respective	 3-methyl-1,4,5,10-tetrahydropyrazolo[3,4-
a]carbazole	(6).

1,10-Dihydro-3,9-dimethylpyrazolo[3,4-a]carbazole	 (5a):	 White	
powder (75%), m.p. 142–144°C. IR: νmax	 3275,	 2934,	 1630,	 1574,	
1458	cm-1. NMR: δH	12.00	 (br	 s,	H,	N1-H),	11.12	 (br	 s,	1H,	N10-
H),	7.89–7.83	(d,	1H,	C6-H,	J =	8.84	Hz),	7.73–7.66	(d,	1H,	C5-H,		
J =	8.48	Hz),	7.36–7.29	(d,	1H,	C4-H,	J =	8.48	Hz),	7.14–7.08	(d,	1H,	
C8-H,	J =	7.00	Hz),	7.07–7.01	(m,	1H,	C7-H),	2.55	(s,	3H,	C9-CH3),	
2.49	 (s,	 3H,	C3-CH3); δC	142.1,	 139.4,	 132.3,	 129.9,	 128.7,	 127.6,	
122.3,	120.1,	118.9,	117.8,	116.3,	111.3,	107.5	(13	aromatic	C),	20.7	
(C9-CH3),	 18.6	 (C3-CH3).	MS:	m/z	 (%)	235	 (42).	Anal.	Calcd.	 for	
C15H13N3:	C,	76.57;	H,	5.57;	N,	17.86;	Found:	C,	76.60;	H,	5.51;	N,	
17.82%.

3,9-Dimethyl-1,4,5,10-tetrahydropyrazolo[3,4-a]carbazole	 (6a):	
White powder (15%), m.p. 168–170°C. IR: νmax	3253,	2923,	1624,	
1576,	1446	cm-1. NMR: δH	12.05	(br	s,	1H,	N1-H),11.13	(br	s,	1H,	
N10-H),	7.90–7.82	 (d,	1H,	C6-H,	J =	8.00	Hz),	7.19–7.01	 (m,	2H,	
C7,	 C8-H),	 3.00–2.89	 (m,	 2H,	 C5-H2),	 2.82–2.70	 (m,	 2H,	 C4-H2),	
2.57	(s,	3H,	C9-CH3),	2.23	(s,	3H,	C3-CH3); δC	142.8,	138.1,	130.7,	
128.9,	124.1,	120.1,	119.0,	118.1,	114.3,	111.9,	108.4	 (11	aromatic	
C),	 28.7	 (C9-CH3),	 24.4	 (C5),	 21.8	 (C4),	 20.7	 (C3-CH3).	 MS:	 m/z	
(%)	237	(40).	Anal.	Calcd.	for	C15H15N3:	C,	75.92;	H,	6.37;	N,	17.71;	
Found:	C,	76.03;	H,	6.32;	N,17.76%.

1,10-Dihydro-3,8-dimethylpyrazolo[3,4-a]carbazole	 (5b):	 Pale	
yellow powder (80%), m.p. 164–166°C. IR: νmax	3274,	2923,	1628,	
1574,	1440	cm-1. NMR: δH	12.43	(br	s,	1H,	N1-H),	11.17	(br	s,	1H,	
N10-H),	 8.01–7.96	 (d,	 1H,	 C5-H,	 J =	 7.92	 Hz),	 7.77–7.72	 (d,	 1H,	
C6-H,	 J =	 8.46	 Hz),	 7.45	 (s,	 1H,	 C9-H),	 7.40–7.35	 (d,	 1H,	 C7-H,		
J =	8.46	Hz),	7.05–7.00	(d,	1H,	C4-H,	J =	7.92	Hz),	2.37	(s,	3H,	C8-
CH3),	 2.20	 (s,	 3H,	 C3-CH3); δC	 144.3,	 138.5,	 136.1,	 130.9,	 129.0,	
128.1,	124.4,	122.1,	120.9,	114.3,	112.3,	108.4,	107.0	 (13	aromatic	
C),	 24.7	 (C8-CH3),	 22.6	 (C3-CH3).	 MS:	 m/z	 (%)	 235	 (32).	 Anal.	
Calcd.	for	C15H13N3:	C,	76.57;	H,	5.57;	N,	17.86;	Found:	C,	76.67;	
H,	5.63;	N,	17.71%.

3,8-Dimethyl-1,4,5,10-tetrahydropyrazolo[3,4-a]carbazole	 (6b):	
Pale yellow powder (10%), m.p. 150–152°C. IR: νmax	 3250,	 2919,	
1630,	1576,	1440	cm-1. NMR: δH	12.43	(br	s,	1H,	N1-H),	11.29	(br	s,		
1H,	 N10-H),	 7.40	 (s,	 1H,	 C9-H),	 7.04–6.95	 (m,	 2H,	 C6,	 C7-H),		
2.61–2.51	 (m,	 4H,	 C4-H2,	 C5-H2),	 2.40	 (s,	 3H,	 C8-CH3),	 2.20		
(s,	3H,	C3-CH3); δC	146.4,	140.7,	135.1,	129.9,	122.8,	120.4,	118.0,	
116.1,	113.3,	112.5,	106.9	(11	aromatic	C),	28.0	(C8-CH3),	25.7	(C5),	
22.6	 (C4),	19.7	 (C3-CH3).	MS:	m/z	 (%)	237	 (28).	Anal.	Calcd.	 for	
C15H15N3:	C,	75.92;	H,	6.37;	N,	17.71;	Found:	C,	75.99;	H,	6.31;	N,	
17.65%.

1,10-Dihydro-3,7-dimethylpyrazolo[3,4-a]carbazole	(5c):	Needles	
(65%), m.p. 157–159°C. IR: νmax	3354,	2947,	1630,	1564,	1449	cm-1.		
NMR: δH	 12.47	 (br	 s,	 1H,	 N1-H),	 11.04	 (br	 s,	 1H,	 N10-H),	 7.91	
(s,	 1H,	 C6-H),	 7.81–7.71	 (d,	 1H,	 C5-H,	 J =	 8.24	 Hz),	 7.61–7.51	
(d,	1H,	C4-H,	J =	8.24	Hz),	7.43–7.34	(d,	1H,	C9-H,	J =	8.00	Hz),	
7.24–7.15	 (d,	1H,	C8-H,	J =	8.00	Hz),	2.57	 (s,	3H,	C7-CH3),	2.49	
(s,	3H,	C3-CH3); δC	145.1,	138.6,	136.8,	131.5,	130.4,	127.6,	123.9,	
120.4,	118.9,	116.9,	110.3,	108.4,	105.6	(thirteen	aromatic	C),	26.7	
(C7-CH3),	 21.6	 (C3-CH3).	MS:	m/z	 (%)	235	 (52).	Anal.	Calcd.	 for

C15H13N3:	C,	76.57;	H,	5.57;	N,	17.86;	Found:	C,	76.59;	H,	5.60;	N,	
17.9%.

3,7-Dimethyl-1,4,5,10-tetrahydropyrazolo[3,4-a]carbazole	 (6c):	
White powder (15%), m.p. 187–189°C. IR: νmax	3253,	2923,	1628,	
1574,	1445	cm-1. NMR: δH	12.49	(br	s,	1H,	N1-H),11.07	(br	s,	1H,	
N10-H),	7.92	(s,	1H,	C6-H),	7.50–7.38	(d,	1	H,	C9-H,	J =	8.48	Hz),	
7.50–7.38	 (d,	 1H,	 C8-H,	 J =	 8.48	 Hz),	 2.79–2.61	 (m,	 2H,	 C5-H2),	
2.60–2.51	 (m,	2H,	C4-H2),	2.45	 (s,	3H,	C7-CH3),	2.05	 (s,	3H,	C3-
CH3); δC	148.1,	144.0,	135.1,	132.6,	123.1,	122.8,	118.6,	118.1,	112.5,	
109.4,	105.7	(11	aromatic	C),	26.7	(C7-CH3),	22.4	(C5),	20.9	(C4),	
19.4	(C3-CH3).	MS:	m/z	(%)	237	(28).	Anal.	Calcd.	for	C15H15N3:	C,	
75.92;	H,	6.37;	N,	17.71;	Found:	C,	75.67;	H,	6.29;	N,	17.68%.

7-Chloro-1,10-dihydro-3-methylpyrazolo[3,4-a]carbazole (5d):	
White powder (70%), m.p. 167–169°C. IR: νmax	3234,	2920,	1618,	
1572,	 1440	 cm-1. NMR: δH,	 12.34	 (br	 s,	 1H,	 N1-H),	 11.56	 (br	 s,	
1H,	 N10-H),	 7.84–7.80	 (d,	 1H,	 C5-H,	 J =	 8.54	 Hz),	 7.68–7.64	 (d,	
1H,	C4-H,	J =	8.54	Hz),	7.49–7.48	(d,	1H,	C6-H,	Jmeta =	1.90	Hz),	
7.32–7.28	 (d,	 1H,	 C9-H,	 J =	 8.52	 Hz),	 7.03–6.98	 (dd,	 1H,	 C8-H,	
Jortho	=	8.52,	Jmeta	=	1.90	Hz),	2.20	(s,	3H,	C3-CH3); δC	143.9,	140.4,	
138.2,	137.1,	128.4,	126.6,	123.7,	120.1,	118.9,	114.4,	112.6,	110.1,	
109.1	(13	aromatic	C),	23.7	(C3-CH3).	MS:	m/z	(%)	255	(26).	Anal.	
Calcd.	for	C14H10ClN3:	C,	65.76;	H,	3.94;	N,	16.43;	Found:	C,	65.89;		
H,	3.90;	N,	16.40%.

7-Chloro-3-methyl-1,4,5,10-tetrahydropyrazolo[3,4-a]carbazole	
(6d): White powder (12%), m.p. 172–174°C. IR: νmax	 KBr,	 3218,	
2923,	 1627,	 1579,	 1440	 cm-1. NMR: δH	 12.32	 (br	 s,	 1H,	 N1-H),	
11.57	(br	s,	1H,	N10-H),	7.47	(s,	1H,	C6-H),	7.32–7.25	(d,	1H,	C9-H,		
J =	8.48	Hz),	7.03–6.96	(d,	1H,	C8-H,	J =	8.48	Hz),	2.90–2.83	(m,	
2H,	 C5-H2),	 2.73–2.67	 (m,	 2H,	 C4-H2),	 2.19	 (s,	 3H,	 C3-CH3); δC,	
146.0,	141.9,	134.7,	130.9,	128.1,	120.6,	118.0,	115.1,	114.1,	112.9,	
109.4	 (11	 aromatic	 C),	 26.4	 (C5),	 22.3	 (C4),	 21.0	 (C3-CH3).	 MS:		
m/z	(%)	237	(28).	Anal.	Calcd.	for	C14H12ClN3:	C,	65.25;	H,	4.69;	N,	
16.30;	Found:	C,	65.05;	H,	4.73;	N,	16.39%.

1,10-Dihydro-3-methylpyrazolo[3,4-a]carbazole	 (5e):	 White	
powder (68%), m.p. 150–152°C. IR: νmax	 3216,	 2923,	 1627,	 1580,	
1444	 cm-1. NMR: δH	 12.45	 (br	 s,	 1H,	 N1-H),	 11.32	 (br	 s,	 1H,	
N10-H),	8.14–8.08	(d,	1H,	C5-H,	J =	7.92	Hz),	7.81–7.77(d,	1H,	C9-
H,	J	=	8.52	Hz),	7.67–7.62	(d,	1H	C6-H,	J =	7.96	Hz),	7.32–7.28	(d,	
1H,	C4-H,	J =	7.92	Hz),	7.05–6.93	(m,	2H,	C7,	C8-H),	2.20	(s,	3H,	
C3-CH3); δC	148.0,	144.2,	132.1,	131.9,	127.4,	127.3,	124.4,	124.1,	
120.1,	 118.9,	 112.3,	 110.4,	 109.4	 (13	 aromatic	 C),	 21.8	 (C3-CH3).	
MS:	m/z	(%)	221	(46).	Anal.	Calcd.	for	C14H11N3:	C,	76.00;	H,	5.01;	
N,	18.99;	Found:	C,	75.89;	H,	5.01;	N,	19.03%.

3-Methyl-1,4,5,10-tetrahydropyrazolo[3,4-a]carbazole	 (6e):	
White powder (15%), m.p. 190–192°C. IR: νmax	3218,	2923,	1627,	
1579,	1440	cm-1. NMR: δH	12.23	(br	s,	1H,	N1-H),	11.33	(br	s,	1H,	
N10-H),	 7.45–7.40	 (d,	 1H,	 C9-H,	 J =	 7.60	 Hz),	 7.32–7.26	 (d,	 1H,	
C6-H,	J =	7.88	Hz),	7.04–6.93	(m,	2H,	C7,	C8-H),	2.92–2.84	(m,	2H,	
C5-H2),	2.73–2.67	(m,	2H,	C4-H2),	2.19	(s,	3H,	C3-CH3); δC	148.9,	
144.3,	132.4,	129.9,	122.7,	120.1,	119.3,	118.0,	116.1,	111.9,	109.4	
(11	aromatic	C),	26.4	(C5),	24.3	(C4),	22.0	(C3-CH3).	MS:	m/z	(%)	
223	 (35).	Anal.	 Calcd.	 for	 C14H13N3:	 C,	 75.31;	 H,	 5.87;	 N,	 18.82;	
Found:	C,	75.51;	H,	5.86;	N,	18.88%.

Reaction of 2-acetyl-2,3,4,9-tetrahydro-1H-carbazol-1-ones (3a-e)	
with semicarbazide hydrochloride: General procedure
To	 the	 appropriate	 2-acetyl-2,3,4,9-tetrahydro-1H-carbazol-1-one	
(3,	1	mmol)	in	glacial	acetic	acid	(15	ml)	was	added	semicarbazide	
hydrochloride (2 mmol) and the solution was refluxed on an oil bath 
for	1	h.	The	 reaction	was	monitored	by	TLC.	After	 the	completion	
of	 the	 reaction	 it	was	poured	onto	crushed	 ice.	The	precipitate	was	
filtered off, washed with water and dried. It was purified by column 
chromatography	 over	 silica	 gel	 using	 petroleum	 ether/ethyl	 acetate	
(98	:	2	 to	 get	 the	 respective	 1,10-dihydro-3-methylpyrazolo[3,4-a]	
carbazole	(5).

1,10-Dihydro-3,9-dimethylpyrazolo[3,4-a]carbazole	 (5a):	 White	
powder	(80%).

1,10-Dihydro-3,8-dimethylpyrazolo[3,4-a]carbazole	 (5b):	 Pale	
yellow	powder	(75%).

1,10-Dihydro-3,7-dimethylpyrazolo[3,4-a]carbazole	(5c):	Needles	
(78%).

7-Chloro-1,10-dihydro-3-methylpyrazolo[3,4-a]carbazole (5d):	
White	powder	(65%).

1,10-Dihydro-3-methylpyrazolo[3,4-a]carbazole	 (5e):	 White	
powder	(75%).
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Synthesis and characterisation of the lithium, sodium and potassium 
americium(β) complexes of hexaoxoperiodate: MI

2[Am(OH)2H2IO6].xH2O
Xinhua Qi, Xueqing Jia, Ying Yang*, YaPing Gao and Li-e Niu
College of Chemistry and Chemical Engineering, Lanzhou University, Lanzhou 730000, P.R. China

Novel	 complexes	 of	 trivalent	 Americium	 with	 hexaoxoperiodate	 have	 been	 prepared	 for	 the	 first	 time	 from	 an	
aqueous	caustic	solution.	Chemical	analysis	indicated	that	the	composition	of	the	complexes	is	MI

2[Am(OH)2H2IO6].
xH2O	(MI	=	alkali	metal:	x	=	4,	MI	=	Na,	K;	X	=	11,	MI	=	Li)	and	all	the	complexes	have	been	characterised	by	X-ray	
powder	diffraction,	UV-Visible,	IR,	and	Raman	spectroscopic	studies,	and	by	thermal	analysis.

Keywords: alkali	metal,	americium,	hexaoxoperiodate	complexes,	synthesis

In	 alkaline	 solution,	 the	 hexaoxoperiodate	 ion	 (HnIO6
n-5)	 is	

a	 potential	 polydentate	 ligand	 with	 oxygen	 as	 donor	 atoms,	
and	can	be	used	 in	 stabilising	 rather	unusual	high	oxidation	
states,	 such	 as	 Ag3+	 and	 Ni4+.1,2 Recent work in this field 
has	 revealed	 that	 tetravalent	 lanthanide	 complexes	 of	
hexaoxoperiodate	can	be	synthesised	from	solution.3,4	A	study	
has	 been	 undertaken	 to	 synthesise	 actinide	 compounds	 of	
hexaoxoperiodate,	in	which	the	less	common	oxidation	states	
of	 actinides	 might	 be	 generated	 and	 stabilised.5	 Up	 to	 now,	
however,	hexaoxoperiodate	complexes	of	americium	have	not	
been	reported.

As	a	part	of	our	continuing	investigation	into	the	preparation	
of	unusual	oxidation	state	lanthanide	and	actinide	compounds	
in	aqueous	medium,	we	report	here	 the	preparation	of	novel	
Am3+	 complexes	 with	 hexaoxoperiodate	 for	 comparative	
purposes,	 as	 well	 as	 their	 characterisation	 by	 means	 of	
chemical	analysis,	X-ray	powder	diffraction,	IR	and	Raman,	
UV-visible	spectra	and	thermal	analysis.

Results and discussion
Chemical analysis of complexes
Am3+	 contents	 were	 determined	 by	 EDTA	 titration	 with	
xylenol	 orange	 as	 indicator.	 The	 hexaoxoperiodate	 contents	
were	 determined	 by	 iodometric	 titration	 whereby	 a	 known	
amount	of	the	complex	was	dissolved	in	2	mol/l	H2SO4	with	
an	 excess	 of	 solid	 KI,	 then	 the	 liberated	 iodine	 was	 titrated	
against	 a	 standard	 sodium	 thiosulfate	 solution	 in	 0.2	 mol/l	
acid	medium	at	 room	temperature,	using	starch	as	 indicator.	
It	 was	 found	 that	 each	 mole	 of	 the	 americium(III)	 complex	
required	 8	 mol	 of	 sodium	 thiosulfate,	 which	 corresponds	 to	
the	reaction	as	follows:

[Am(OH)2H2IO6]2-	+	7	I-	+	12	H+	=	Am3+	+	4I2	+	8H2O

The	data	of	chemical	analysis	are	listed	in	Table	1.

UV__visible spectra
After	 dissolving	 a	 small	 amount	 of	 a	 fresh	 sample	 in		
0.5	 mol/l	 KOH,	 the	 UV__visible	 spectra	 of	 the	 complexes	
were	recorded	from	200	to	700	nm.	The	absorption	bands	for	
americium	 complexes	 of	 Li+,	 Na+,	 K+	 are	 almost	 the	 same.	
There	is	an	absorption	band	in	the	visible	region	at	ca	503nm	
(middle) arising from the f →f transfer of Am3+;	6,7	and	a	very	
strong	band	in	the	UV	region	at	233	nm,	due	to	the	A1

1→T1
2 

transfer	 of	 the	 IO6	 octahedron.8	Compared	 with	 free	 IO6,	 the	
absorption	involves	a	bathochromic	shift	from	220	to	233nm,	
which	is	attributed	to	the	coordination	function	of	IO6	to	Am3+.

Vibrational spectra
As	described	previously,	 the	americium(III)	complexes	were	
prepared	 from	 an	 aqueous	 caustic	 solution,	 which	 does	 not	
provide	 crystals	 suitable	 for	 X-ray	 study.	 Hence,	 a	 detailed	
spectroscopic	 study	 by	 IR	 and	 Raman	 was	 performed	 to	
ascertain	structure.	Table	2	shows	the	selected	IR	bands	of	the	
complexes	(KBr	discs),	from	which	we	can	see	that	a	strong	
and	broad	band	observed	in	the	range	of	3630–2920	cm-1	can	
be	assigned	to	the	OH	stretching	vibration.	Broadening	of	the	
band	is	likely	caused	by	hydrogen	bonding	of	the	type	…OH…
O.	 The	 peak	 at	 1655–1633	 cm-1	 is	 ascribed	 to	 the	 bending	
vibration	 of	 H2O	 and	 a	 large	 number	 of	 absorptions	 are	
observed	at	1390–1349	cm-1	as	a	result	of	I–OH	deformation.9	
The	peaks	due	to	Am(III)-OH	deformation	in	the	complexes	
are	weaker,	appearing	at	1108–1055	cm-1.	In	the	lower	wave	
number region, the spectra are very complicated. νI-O	ranges	
from	 674	 to	 714	 cm-1, and νAm-O,	 appears	 at	 412	 cm-1.10		
The	 alkali	 metal–oxygen	 band	 may	 also	 be	 present	 in	 the	
lower wave number region but it is difficult to assign.

There	 is	a	notable	 feature	 in	 IR	spectra	of	 the	complexes,	
that is, δI-O-H	(assigned	at	ca	1365	cm-1)	has	been	observed	in	
all	of	these	complexes,	and	the	large	number	of	peaks	assigned	
to δIOH

	and δIOI	reveals	that	the	arrangement	of	the	six	oxygen	

*	Correspondent.	E-mail:	yangying@lzu.edu.cn

Table 1 The	results	of	chemical	analysis

Complexes	 Am3+%	 IO6
5-%	 M%

	 Found	 Calc.	 Found	 Calc.	 Found	 Calc.

Li2[Am(OH)2H2IO6].11H2O	 33.8	 33.9	 31.65	 31.3	 2.0	 1.9
Na2[Am(OH)2H2IO6].4H2O	 39.3	 39.0	 36.2	 36.1	 8.0	 7.4
K2[Am(OH)2H2IO6].4H2O	 37.1	 37.1	 34.3	 34.3	 12.1	 12.0

Table 2	 Selected	IR	bands	in	cm	–1	of	the	alkali	americium(III)	complexes	with	hexaoxidoiodate

Complexes	 nH2O	 dH2O	 dI-OH	 nI-O	 nAm-O

Li2[Am(OH)2H2IO6].11H2O	 3332	s.b	 1652	s	 1365,vs	 674.2vs	 412	m
Na2[Am(OH)2H2IO6].4H2O	 3300	s.b	 1640	s	 1368,vs	 706.4vs	 412	m
K2[Am(OH)2H2IO6].4H2O	 3300	s.b	 1633	s	 1366,vs	 714.1vs	 412	m
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atoms	around	iodine	may	not	be	symmetrical.	This	indicates	
that	 the	 hexaoxoperiodate	 ligand	 exists	 in	 these	 complexes	
predominantly	 in	 the	 form	 of	 H2IO6

3-
.
11	 This	 is	 consistent	

with	the	acid	dissociation	constant	of	H5IO6:	Ka1	=	2.1	×	10-4,		
Ka2	 =	 4.9	 ×	 10-9,	 Ka3 =	 2.5	 ×	 10-12,	 which	 means	 that	 in	
alkaline	solution,	only	 three	hydrogens	can	be	dissociated.12		
The expected absorption bands of νAm-OH	have	been	observed	
also,	 which	 indicates	 that	 the	 americium(III)	 complexes	
involve	hydroxyl	groups	as	ligands	in	the	inner-sphere.	This	is	
very	common	in	lanthanide	and	actinide	compounds.13

The	 same	 conclusion	 can	 be	 obtained	 from	 the	 Raman	
spectra	also.	Figure	1	shows	the	comparative	Raman	spectra	
of	K2[Am(OH)2H2IO6].4H2O	and	K3H2IO6,	by	which	we	can	
see that δI-O-H	appears	at	1209–1295	cm-1	 for	 the	 free	anion	
H2IO6

3-,	and	at	1354–1376	cm-1	for	the	coordinated	ion	in	the	
americium(III)	 complex.	The	 shift	 is	 due	 to	 the	 coordinated	
function	of	IO6	to	Am3+.	The	very	strong	band	at	1056	cm-1		

is	 the	 Am(III)-OH	 stretching	 vibration,	 which	 is	 relatively	
weaker	in	the	IR	spectrum.10,14

Thermal analysis
The	simultaneous	TG-DTA	curves	of	americium(III)	complexes	
were carried out using α-Al2O3	as	reference	material.	Samples	
of	about	10	mg	were	placed	in	a	platinum	crucible	and	heated	
at	 the	rate	of	10°C/min	from	room	temperature	up	 to	700°C	
at	 ambient	 pressure.	 In	 order	 to	 simplify	 the	 decomposition	
procedure,	the	operation	was	handled	in	a	high	purity	nitrogen	
atmosphere (flow rate 60 ml min-1).	 The	 determination	
indicates	 that	 the	decomposition	patterns	of	 the	 sodium	and	
potassium	 compounds	 are	 very	 similar	 and	 quite	 different	
from	that	of	the	lithium	compound	due	to	the	highly	hydrated	
tendency and the flexibility of the lithium compound at high 
temperature.	 Both	 of	 the	 sodium	 and	 potassium	 compounds	
lose	 weight	 at	 160–250°C,	 arising	 from	 loss	 of	 water,	 the	
relatively	 higher	 temperature	 indicates	 that	 the	 H2O	 is	
coordinated	 to	 the	central	americium(III).	Chemical	analysis	
of	 the	 residual	 gave	 the	 formula	 MI

2[Am(OH)2H2IO6].		
The	 second	 step,	 over	 463–533°C,	 is	 the	 decomposition	
procedure	of	the	hexaoxoperiodate	complex	of	americium(III)	
to	form	alkali	oxide,	iodide,	and	americium	dioxide	(the	colour	
of	the	residual	is	dark	brown,	consistent	with	that	of	tetravalent	
americium	oxide15).	The	determined	weight	 loss	 in	 this	 step	
for	the	lithium,	sodium	and	potassium	compounds	are	13.0%,	
15.0%	and	14.1%;	and	the	calculated	value	are	12.9%,	14.9%	
and	 14.15%	 respectively.	 Based	 on	 the	 results,	 the	 stepwise	
thermal	 decomposition	 procedure	 of	 these	 complexes	 could	
be	considered	to	involve	the	following	steps:

(1)	 M2[Am(OH)2H2IO6].11H2O→ M2[Am(OH)2H2IO6].4H2O	
+	7H2O(only	for	lithium)

(2)	 M2[Am(OH)2H2IO6].4H2O→M2[Am(OH)2H2IO6]	+	4H2O
(3)	 M2[Am(OH)2H2IO6] →MI + 1/2M2O	+	AmO2	+	2H2O	+	

7/4O2

Table	3	shows	the	data	of	thermal	analysis	for	the	americium	
complexes.

According	 to	 the	 results	 discussed	 above,	 we	 deduce	 that	
the	 hexaoxoperiodate	 in	 an	 americium	 complex	 exist	 as	 the	
H2IO6

3-	ion,	with	two	hydroxyl	ions	coordinated	to	americium	

Experimental
Am(NO3)3.6H2O	 (A.R,	 Amersham	 Radiochemical	 centre	 product),	
and	KIO4	(A.R.)	were	directly	used	for	preparing	the	hexaoxoperiodate	
complexes.	Other	chemicals	used	were	of	A.R.	grade.	Lithium,	sodium	
and	 potassium	 were	 determined	 with	 a	 Hitachi	 180-80	 polarised	
Zeeman	 atomic	 absorption	 spectrophotometer,	 X-ray	 powder	
diffraction	patterns	were	taken	on	a	XD-3A	diffractometer,	electronic	
spectra	were	recorded	on	a	Shimadzu	UV-240	spectrometer,	vibration	
spectra	were	recorded	on	a	Nicolet	FTIR	170SX	spectrophotometer	
and	a	SPEX	1403	laser	Raman	spectrometer	respectively,	and	thermal	
analysis	were	carried	out	on	PCT-2	thermal	balance.

Preparation of Am(b) hexaoxoperiodate complexing solution
KIO4	(0.5	g,	0.002	mol)	and	KOH	(0.6	g)	were	weighed	and	dissolved	
in	distilled	water	 (20	ml).	The	mixture	was	 stirred	 for	5	h	at	 room	
temperature	 while	 Am3+	 nitrate	 solution	 (20	 ml,	 0.01	 mol/l)	 was	
added	dropwise	to	it.	The	complexing	solution	of	Am3+ was filtered 
through	a	sintered	crucible	to	remove	the	americium	hydroxide	and	
a pink filtrate was obtained, which was confirmed to contain the 
[Am(OH)2H2IO6]2-	 complexing	 anion,	 because	 the	 ratio	 of	 IO6

5-/
Am3+	in	the	alkaline	solution	was	determined	to	be	nearly	1	:	1.

Preparation of the complexes M2
I[Am(OH)2H2IO6].XH2O (MI = Li, 

Na, K)
An	excess	of	saturated	lithium,	sodium	or	potassium	nitrate	solution	
was	added	 to	 the	Am3+	complexing	solution,	 respectively.	The	pale	
pink	 precipitate	 of	 the	 hexaoxoperiodate	 complexes	 of	 americium	
was	 obtained.	 The	 complexes	 were	 isolated	 from	 the	 solution	 by	
centrifugation,	 then	 washed	 with	 0.1	 mol/l	 KOH	 solution	 several	
times to remove the coprecipitated alkali periodates and finally 
washed	 with	 distilled	 water	 to	 remove	 alkali	 and	 other	 impurities.		
After	 that,	 the	 complexes	 were	 dried	 in	 a	 vacuum	 desiccator.		
The	 freshly	 prepared	 complexes	 can	 be	 slightly	 dissolved	 in	 KOH	
solution,	 and	 the	 solubility	 of	 the	 americium(III)	 complexes	 of	
hexaoxoperiodate	 was	 found	 to	 be	 in	 the	 order	 K+	 >Na+	 >Li+.	
Attempts	 to	 grow	 a	 crystal	 of	 the	 americium(III)	 complexes	 from	

Table 3 Thermal	analysis	data	for	the	complexes

Complexes	 Thermal	decomposition	range/°C	 Peaks	temp.	of

	 (a)	 (b)	 (c)	 Endo	in	DTA/°C

Li2[Am(OH)2H2IO6].11H2O	 50–108	 125–168	 422–464	 85,139,443
Na2[Am(OH)2H2IO6].4H2O	 	 156–224	 471–524	 171,496
K2[Am(OH)2H2IO6].4H2O	 	 163–228	 496–533	 187,518

Am
H2O

H2O

H2O
H2O

OH OH

OHOH

O

O

O

O

I

2-

Fig.1	 Comparative	 Raman	 K2[Am(OH)2H2IO6].4H2O(b)	 and	
K3H2IO6(a).

in	 the	 inner-sphere.	An	 outline	 structure	 for	 the	 americium	
complex	anion	of	hexaoxoperiodate	is	proposed	as	follows:
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caustic	solution	were	unsuccessful,	and	the	X-ray	diffraction	pattern	
showed	that	all	of	the	americium(III)	complexes	of	hexaoxoperiodate	
are	amorphous.
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A three-component reaction between trialkyl phosphites or 
triphenylphosphine, dimethyl acetylenedicarboxylate and  
N-aryl-3-hydroxynaphthalene–2-carboxamide
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Department of Chemistry, Islamic Azad University, Yazd Branch, P.O. Box 89195-155, Yazd, Iran

A	 three-component	 reaction	 between	 dimethyl	 acetylenedicarboxylate	 (DMAD)	 and	 trialkyl	 phosphites	 in	 the	
presence	 of	 N-aryl-3-hydroxynaphthalene-2-carboxamide	 leads	 to	 dialkyl	 2-(dimethoxyphosphoryl)-3-[2-hydroxy-
3-(arylcarbamyl)naphthalen-1-yl]	 succinate	 in	 excellent	 yields.	 A	 similar	 reaction	 with	 triphenylphosphine,		
instead	of	phosphites,	produces	dimethyl	2-[2-hydroxy-3-(arylcarbamoyl)naphthalen-1-yl]maleates.	In	the	absence	
of	triphenylphosphine	or	phosphite,	DMAD	adds	to	N-aryl-3-hydroxynaphthalene-2-carboxamide	to	produce	alkyl	
2-(alkoxycarbonylmethyl)-4-oxo-3-aryl-3,4-dihydro-2H-naphtho[2,3-e][1,3]oxazine-2-carboxylates	in	good	yields.

Keywords: dimethyl	acetylenedicarboxylate,	thialkyl	phosphites;	N-aryl-3-hydroxynaphthalene-2-carboxamide,	stereoselective	
synthesis,	triphenylphosphine
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The	 nucleophilic	 addition	 of	 trialkyl	 phosphites	 to	 electron-
deficient triple bonds leads to a highly reactive zwitterionic 
intermediate,	which	may	be	 trapped	by	various	 electrophiles.	
There	 have	 been	 many	 studies	 on	 the	 reactions	 between	
trivalent	 phosphorus	 nucleophiles	 and	 unsaturated	 carbonyl	
compounds	 in	 the	 presence	 of	 a	 proton	 source	 such	 as	 an	
alcohol.1	 The	 reaction	 of	 trimethyl	 phosphite	 with	 dimethyl	
acetylenedicarboxylate	 (DMAD)	 in	 the	 presence	 of	 alcohols	
is	 reported	 to	 produce	 phosphite	 ylide	 derivatives	 which	 are	
stable	 at	 low	 temperatures,	 but	 converted	 to	 phosphonate	
derivatives	 by	 warming	 or	 by	 treatment	 with	 water.2		
The	reaction	of	trimethyl	phosphite	with	DMAD	in	the	presence	
of	 2-naphthol	 has	 been	 reported	 to	 afford	 stable	 dimethyl	
oxa-2,5-phosphaphenanthrene	 derivatives	 in	 good	 yields.3	
In	 continuation	 of	 our	 previous	 work	 on	 three-component	
reactions	between	trivalent	phosphorus	nucleophiles,	acetylenic	
esters	and	organic	acidic	compounds,4-8	we	report	herein	 the	
results	of	our	study	on	the	reaction	between	acetylenic	esters	
and	trialkyl	phosphites	or	triphenylphosphine	in	the	presence	
of	N-aryl-3-hydroxynaphthalene-2-carboxamides.

Reaction	of	DMAD	with	 trimethyl	 (or	 triethyl	or	 tributyl)	
phosphite	 in	 the	 presence	 of	 N-phenyl	 (or	 2-methylphenyl)	
(3-hydroxynaphthalene-2-carboxamide	 leads	 to	 dialkyl	 2-
(dimethoxyphosphoryl)-3-[2-hydroxy-3-(arylcarbamyl)	
naphthalen-1-yl]	succinates	in	excellent	yields	(Scheme	1).

The	 1H	 NMR	 spectrum	 of	 4a	 exhibits	 two	 sharp	 lines	
at	 d =	 3.61	 and	 3.93	 ppm	 for	 the	 protons	 of	 two	 methoxy	
groups.	 Two	 methoxy	 groups	 of	 phosphoryl	 moiety	 are	
diastereotopic	 and	 appear	 as	 two	 doublets	 at	 3.37	 and	
3.45	ppm	(3JHP	=	11HZ).	The	 1H	NMR	spectrum	of	4a	 also	
exhibits	 signals	 for	 vicinal	 methine	 protons	 at	 d	 =	 4.23		
and	 5.49	 ppm	 as	 two	 sets	 of	 doublet	 of	 doublets,	 with		
2JHP	 =	 21	 HZ,	 3JHP	 =	 6	 HZ	 and	 3JHH	 =	 11	 HZ.	 The	 vicinal	
proton–proton	 coupling	 constants	 can	 be	 obtained	 from	 the	
Karplus	equation.9,10	Typically,	Jgauche	varies	between	1.5	and		
5	 HZ	 and Janti	 between	 10	 and	 14	 HZ.	 Observation	 of		
3JHH	 =	 11	 HZ	 for	 vicinal	 protons	 in	 compound	 4a	 indicates	
an	 anti	 arrangement	 for	 these	 centres.	 Since	 compound	 4a	
possesses	 two	 stereogenic	 centres,	 two	 diastereomers	 with		
anti	 HCCH	 arrangements	 are	 possible	 (Scheme	 2).	 The	
three-bond	 carbon–phosphorus	 coupling,	 3JCP,	 depends	 on	
configuration, as expected, transoid couplings being larger 
than	cisoid	ones.11	The	observation	 for	 3JCP	of	19	HZ	 for	 the	
ester	carbonyl	carbon,	is	in	agreement	with	the	(2R, 3S)-4a	and	
its	 mirror	 image	 (2S, 3R)-4a	 geometries.	 The	 NMR	 spectra	
of	 compounds	 4b–f	 also	 show	 only	 (2R, 3R)	 isomer	 and	 its	
enantiomer.

It	 is	 reasonable	 to	 assume	 that	 compounds	 4	 result	 from	
the	 initial	 addition	 of	 trimethyl	 phosphite	 to	 DMAD	 and	
subsequent	 protonation	 of	 the	 1:1	 adduct	 by	 N-aryl-3-
hydroxynaphthalene–2-carboxamide 3 (Scheme	 3).	 Then,	
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the	 positively	 charged	 ion	 5	 is	 attacked	 by	 the	 anion	 6	 to	
form	 ylide	 7	 that	 then	 tautomerises	 and	 is	 hydrolysed	 to		
phosphonate	4.

The	reaction	of	acetylenic	ester	9	with	triphenylphosphine	(8)	
in	the	presence	of	N-aryl	3-hydroxynaphthalene-2-carboxamide	
3	 leads	 to	 dialkyl	 2-[2-hydroxy-3-(arylcarbamoyl)naphthalen-
1-yl]but-2-enedioate	10 in	excellent	yields	(Scheme	4).

The	1H	NMR	spectrum	of	10a	exhibits	three	sharp	lines	at	
d =	3.74,	3.83	and	6.44	ppm	for	the	protons	of	two	methoxy	
groups and olefinic proton, respectively. Two single signals 
are	 observed	 at	 10.17	 and	 12.33	 ppm	 that	 disappeared	
after	 addition	 of	 a	 few	 drops	 of	 D2O	 to	 d6-DMSO	 solution	
of	 compound	 10a.	These	 signals	 are	 related	 to	 OH	 and	 NH	
protons.	 Aromatic	 protons	 resonate	 between	 7.21	 and	 8.75	
ppm	 as	 multiplets.	 The	 chemical	 shift	 of	 6.44	 ppm	 of	 the	
olefinic proton in the 1H	NMR	spectrum	of	compound	10a	is	
consistent	with	the	E-geometry	of	the	carbon–carbon	double	
bond.13	13C	NMR	spectra	of	compound	10a	shows	21	distinct	
signals,	which	is	consistent	with	the	proposed	structure.

It	 is	 reasonable	 to	 assume	 that	 compound	 10	 results	 from	
the	 initial	 addition	of	 triphenylphosphine	2	 to	 acetylenic	 ester	
9	 and	 subsequent	 protonation	 of	 the	 1:1	 adduct	 by	 N-aryl-3-
hydroxynaphthalene–2-carboxamide 3 (Scheme	 5).	 Then,	 the	
positively	charged	ion	11	is	attacked	by	the	anion	6	to	form	ylide	
12	that	loses	triphenylphosphine	to	produce	compound	10.

When	 acetylenic	 ester	 9	 was	 treated	 with	 N-aryl	 3-
hydroxynaphthalene-2-carboxamide	 3 in	 the	 absence	 of	
triphenylphospline	 the	 addition	 product alkyl	 2-(alkoxy-
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carbonylmethyl)-4-oxo-3-aryl-3,4-dihydro-2H-naphtho[2,3-
e][1,3]oxazine-2-carboxylate	 14	 was	 obtained	 in	 good	 yield	
(Scheme	6).

The	1H	NMR	spectrum	of	14a	exhibits	two	sharp	lines	at	d 
=	3.74	and	3.83	ppm	for	the	protons	of	two	methoxy	groups.	
The	methylene	protons	resonate	at	3.28	ppm	as	an	AB-quartet	
(d1	=	3.24,	d2	=	3.32,	2JHH	=	16	Hz).	Aromatic	protons	resonate	
between	7.21	and	8.75	ppm	as	multiplets.	The	IR	spectrum	of	
compound	14a	does	not	show	the	stretching	absorption	bonds	
related	to	OH	or	NH	bonds.

Compound	14	 is	probably	produced	by	 the	addition	of	N-
aryl	 3-hydroxynaphthalene-2-carboxamide	 3 to	 ecetylenic	
ester	9	as	shown	in	Scheme	7.

In	summary	functionalised	phosphonates	may	be	prepared	
by	 a	 simple,	 one-pot,	 three-component	 reaction	 between	
DMAD,	 aryl	 3-hydroxynaphthalene–2-carboxamides,	 and	
trialkyl	phosphites.	The	addition	reaction	between	acetylenic	
esters	 and	 N-aryl-3-hydroxynaphthalene-2-carboxamides	
catalysed	 by	 triphenylphosphine	 produces	 dialkyl	 2-[2-
hydroxy-3-(arylcarbamoyl)naphthalen-1-yl]-but-2-enedioates	
in	good	yields.	In	the	absence	of	triphenylphosphine	N-aryl-3-
hydroxynaphthalene-2-carboxamides	add	to	acetylenic	esters	
to	 produce	 alkyl	 2-(alkoxycarbonylmethyl)-4-oxo-3-aryl-
3,4-dihydro-2H-naphtho[2,3-e][1,3]oxazine-2-carboxylates	
in	excellent	yields.	The	present	method	carries	the	advantage	
that	 the	 reaction	 is	 performed	 under	 neutral	 conditions	 and	
starting	 materials	 can	 be	 mixed	 without	 any	 activation	 or	
modification.

Experimental
Melting	 points	 were	 determined	 with	 an	 electrothermal	 9100	
apparatus.	Elemental	analyses	were	performed	using	a	Heraeus	CHN-
O-Rapid	 analyser.	 Mass	 spectra	 were	 recorded	 on	 a	 FINNIGAN-
MAT	8430	mass	spectrometer	operating	at	an	ionisation	potential	of	
70	eV.	IR	spectra	were	recorded	on	a	Shimadzu	IR-470	spectrometer.	
1H,	 13C,	 and	 31P	 NMR	 spectra	 were	 recorded	 on	 Bruker	 DRX-500	

Avance	spectrometer	at	solutions	in	d6-DMSO	using	TMS	as	internal	
standard	or	85%	H3PO4	as	external	standard.	The	chemicals	used	in	
this work purchased from fluka (Buchs, Switzerland) and were used 
without further purification.

Dimethyl 2-(dimethoxyphosphoryl)-3-[2-hydroxy-3-(phenylcarbamoyl) 
naphthalen-1-yl]succinate (4a)
General procedure for preparation of compounds 4a–f
To	 a	 magnetically	 stirred	 solution	 of	 0.53	 g	 N-phenyl-3-
hydroxynaphthalene–2-carboxamide	 3	 (2	 mmol)	 and	 0.28	 g	
DMAD	(2	mmol)	 in	10,ml	 acetone	was	added	a	mixture	of	0.25	g	
trimethyl	phosphite	1	(2	mmol)	in	2	ml	acetone	at	room	temperature.		
The	reaction	mixture	was	then	allowed	to	stir	for	24	h.	The	solvent	
was	evaporated	at	reduced	pressure.	The	residue	was	precipitated	in	
a solution of diethyl ether–hexane. The solid was filtered and washed 
with	diethyl	ether	to	give	the	pure	product.

White powder, yield 0.96 g (93%), m.p. 177–180°C, IR (KBr) (νmax	
cm-1):	 3245	 OH	 and	 NH),	 1727	 (C=O,	 ester),	 1642	 (C=O,	 amide).	
Analyses:	Calcd.	for	C25H26NO9P:	C,	58.25;	H,	5.08;	N,	2.72%.	Found:	
C,	58.34;	H,	4.93;	N,2.80.	MS	(m/z,%):	515	(5).	1H	NMR	(500	MHz,		
d6-DMSO):	 d	 3.37	 and	 3.45	 (6	 H,	 2d,	 3JHP	 =	 11	 Hz,	 2	 POCH3),	
3.61	 and	 3.93	 (6	 H,	 2	 s,	 2	 OCH3),	 4.70	 (1	 H,	 dd,	 2JHP	 =	 21	 Hz,		
3JHH	=	11	HZ,	CH),	5.33	(1	H,	dd,	3JHP	=	6	Hz,	3JHH	=	11	HZ,	CH),	
7.16–8.15	(10	H,	m,	aromatic),).	9.09	and	12.66	(2	H,	2	s,	NH	and	OH).	
13C	NMR	(125.8	MHz,	d6-DMSO–Me4Si):	d	41.95	(d,	2Jcp	=	2	HZ,		
P–C–C),	43.95	(d,	1Jcp	=	131	HZ,	P-C),	53.17	and	53.28	(2	OCH3),	
66.32	and	66.58	(2	d,	2Jcp	=	7	HZ,	2	POCH3),	116.21,	116.77,	123.04,	
123.83,	125.86,	127.40,	129.16,	130.26,	135.76	and	156.55	(naphthol	
moiety),	 121.89,	 122.81,	 129.30,	 137.34	 (phenyl	 moiety),	 169.00	
(C=O),	170.43	(d,	2JCP	=	6	HZ,	C=O),	173.49	(d,	3JCP	=	21	HZ,	C=O).	
31P	NMR	(202.5	MHz,	d6-DMSO):	d 19.94.

Dimethyl 2-(diethoxyphosphoryl)-3-[2-hydroxy-3-(phenylcarbamoyl) 
naphthalen-1-yl]succinate (4b):	White	powder,	yield	0.97	g	(89%),	
m.p. 185–188°C, IR (KBr) (νmax	 cm-1):	 3255(OH),1729	 (C=O,	
ester),1643	 (C=O,	 amide).	 Analyses:	 Calcd.	 for	 C27H30NO9P:	
C,	 59.67;	 H,	 5.56;	 N,	 2.58%.	 Found:	 C,	 59.72;	 H,	 5.48;	 N,	 2.60.		
MS	(m/z,%):	543	(11).	1H	NMR	(500	MHz,	d6-DMSO):	d	0.87	and	
0.93	 (6	 H,	 t,	 2	 CH3),	 3.71–3.76(4	 H,	 m,	 2	 POCH2),	 3.50	 and	 3.82	
(6	H,	2	s,	2	OCH3),	4.54	(1	H,	dd,	2JHP	=	21	Hz,	3JHH	=	11	HZ,	CH),	
5.21	(1	H,	dd,	3JHP	=	6	Hz,	3JHH	=	11	HZ,	CH),	7.13–8.57	(10	H,	m,	
aromatic),	9.91	and	12.43	(2	H,	2	s,	NH	and	OH).	13C	NMR	(125.8	
MHz,	d6-DMSO-Me4Si):	d	16.08	and	16.22	(2	CH3),	41.93	(d,	2Jcp	
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=	2	HZ,	P–C–C),	43.78	(d,	1Jcp	=	131	HZ,	P-C),	53.28	and	53.60	(2	
OCH3),	61.73	and	62.38	(2	d,	2Jcp	=	7	HZ,	2	POCH2),	116.27,	117.77,	
123.33,	123.80,	125.52,	127.46,	129.43,	130.76,	136.06	and	156.09	
(naphthol	moiety),	121.80,	122.77,	129.54,	137.31	(phenyl	moiety),	
169.27(C=O),	170.16(d,	2JCP	=	6	HZ,	C=O),	173.03	(d,	3JCP	=	21	HZ,	
C=O).	31P	NMR	(202.5	MHz,	d6-DMSO):	d 19.80.

Dimethyl 2-(dibutoxyphosphoryl)-3-[2-hydroxy-3-(phenylcarbamoyl) 
naphthalen-1-yl]succinate (4c):	 White	 powder,	 yield	 1.12	 g	 (91%),	
m.p. 190–193°C, IR (KBr) (νmax	cm-1):	3250	(OH),1724	(C=O,	ester),	
1641	 (C=O,	 amide).	Analyses:	 Calcd.	 for	 C31H38NO9P:	 C,	 62.10;	 H,	
6.39;	N,	2.34%.	Found:	C,	62.18;	H,	6.30;	N,	2.42.	MS	(m/z,%):	599	
(7).	 1H	 NMR	 (500	 MHz,	 d6-DMSO):	 d	 0.83	 (6	 H,	 t,	 2	 CH3),	 0.93		
(4	 H,	 sextet,	 2	 CH2),	 1.32(4	 H,	 quintet,	 2	 CH2), 3.71–3.86	 (4	 H,	 m,		
2	POCH2),	3.60	and	3.92	(6	H,	2	s,	2	OCH3),	4.72	(1	H,	dd,	2JHP	=	21	Hz,		
3JHH	=	 11	 HZ,	 CH),	 5.34	 (1	 H,	 dd,	 3JHP	=	 6	 Hz,	 3JHH	=	 11	 HZ,	 CH),	
7.12–8.56	 (10	 H,	 m,	 aromatic),	 9.06	 and	 12.64	 (2	 H,	 2	 s,	 NH	 and	
OH).	 13C	 NMR	 (125.8	 MHz,	 d6-DMSO-Me4Si):	 d	 13.94	 and	 14.02		
(2	CH3),	18.87	and	18.96	(2CH2),	32.32	and	32.64	(2	d,	3JCP	=	7	Hz,	
2	CH2),	42.12	(d,	2Jcp	=	2	HZ,	P–C–C),	44.82	(d,	1Jcp	=	131	HZ,	P-C),	
53.11	and	53.38	(2	OCH3),	66.53	and	66.91	(2	d,	2Jcp	=	7	HZ,	2	POCH2),	
116.22,	117.01,	123.27,	123.71,	125.78,	127.47,	129.04,	130.17,	135.86	
and	 156.61	 (naphthol	 moiety),	 121.50,	 122.82,	 129.29	 and	 137.39	
(phenyl	moiety),	169.01	(C=O),	170.16(d,	2JCP	=	6	HZ,	C=O),	172.92	(d,	
3JCP	=	21	HZ,	C=O).	31P	NMR	(202.5	MHz,	d6-DMSO):	d 21.65.

Dimethyl 2-(dimethoxyphosphoryl)-3-[2-hydroxy-3-(2-methylphenyl- 
carbamoyl)naphthalen-1-yl]succinate (4d):	 White	 powder,	 yield		
1.03 g (95%), m.p. 194–197°C, IR (KBr) (νmax	 cm-1):	 3200(OH),	
1729(C=O,	 ester),	 1641(C=O,	 amide).	 Analyses:	 Calcd.	 for	
C26H28NO9P:	C,	58.98;	H,	5.33;	N,	2.65%.	Found:	C,	59.45;	H,	5.22;	
N,	2.73.	MS	(m/z,%):	529	(6).	1H	NMR	(500	MHz,	d6-DMSO):	d	2.34	
(3	H,	s,	CH3), 3.13	and	3.43	(6	H,	2d,	3JHP	=	11	Hz,	2	POCH3),	3.60	
and	3.90	(6	H,	2	s,	2	OCH3),	4.62	(1	H,	dd,	2JHP	=	21	Hz,	3JHH	=	11	HZ,		
CH),	 5.32	 (1	 H,	 dd,	 3JHP	 =	 6	 Hz,	 3JHH	 =	 11	 HZ,	 CH),	 7.17–8.21		
(9	H,	m,	aromatic),	8.90	and	12.61	(2	H,	2	s,	NH	and	OH).	13C	NMR	
(125.8	MHz,	d6-DMSO–Me4Si):	d	18.46	(CH3),	41.95	(d,	2Jcp	=	2	HZ,	
P–C–C),	43.95	(d,	1Jcp	=	131	HZ,	P–C),	53.17	and	53.28	(2	OCH3),	
66.32	and	66.58	(2	d,	2Jcp	=	7	HZ,	2	POCH3),	116.13,	117.14,	123.20,	
124.08,	126.49,	127.47,	129.00,	130.36,	135.06	and	156.49	(naphthol	
moiety),	127.34,	127.43,	129.21,	131.10,	133.31	and	135.89	(phenyl	
moiety),	169.23	(C=O),	170.30	(d,	2JCP	=	6	HZ,	C=O),	173.31	(d,	3JCP	
=	21	HZ,	C=O).	31P	NMR	(202.5	MHz,	d6-DMSO):	d 20.71.

Dimethyl 2-(diethoxyphosphoryl)-3-[2-hydroxy-3-(2-methylphenyl-
carbamoyl)naphthalen-1-yl]succinate (4e):	 White	 powder,		
yield 1.05 g (93%), m.p. 175–178°C, IR (KBr) (νmax	 cm-1):	 3195	
(OH),	 1725	 (C=O,	 ester),1642	 (C=O,	 amide).	Analyses:	 Calcd.	 for	
C28H32NO9P:	C,	60.32;	H,	5.79;	N,	2.51%.	Found:	C,	60.48;	H,	5.70;	
N,	 2.55.	 MS	 (m/z,%):	 557	 (9).	 1H	 NMR	 (500	 MHz,	 d6-DMSO):		
d	0.96	and	1.11	(6	H,	t,	2	CH3),	2.36	(3	H,	s,	CH3), 3.72–3.82	(4	H,	m,		
2	POCH2),	3.61	and	3.91	(6	H,	2	s,	2	OCH3),	4.62	(1	H,	dd,	2JHP	=	21	Hz,		
3JHH	=	11	HZ,	CH),	5.34	(1	H,	dd,	3JHP	=	6	Hz,	3JHH	=	11	HZ,	CH),	
7.15–8.72	 (9	 H,	 m,	 aromatic),	 8.95	 and	 12.50	 (2	 H,	 2	 s,	 NH	 and	
OH).	 13C	NMR	(125.8	MHz,	d6-DMSO-Me4Si):	d	16.34	and	16.48		
(2	CH3),	18.43	(CH3),	42.09	(d,	2Jcp	=	2	HZ,	P-C-C),	44.23	(d,	1Jcp	=	131	HZ,		
P-C),	53.14	and	53.43	 (2	OCH3),	62.66	and	62.88	 (2	d,	 2Jcp	=	7	HZ,	
2	POCH2),	116.29,	117.53,	123.69,	124.12,	126.10,	127.45,	129.70,	
130.87,	135.01	and	156.40	(naphthol	moiety),	127.17,	127.37,	130.13,	
131.15,	133.62	and	136.08	(phenyl	moiety),	169.12	(C=O),	170.49(d,	
2JCP	=	6	HZ,	C=O),	173.17	(d,	3JCP	=	21	HZ,	C=O).	31P	NMR	(202.5	
MHz,	d6-DMSO):	d 20.31.

Dimethyl 2-(dibutoxyphosphoryl)-3-[2-hydroxy-3-(2-methylphenyl-
carbamoyl)naphthalen-1-yl]succinate (4f):	 White	 powder,		
yield 1.10 g (90%), m.p. 181–184°C, IR (KBr) (νmax	 cm-1):	 3150	
(OH),	1727	(C=O,	ester),	1640	(C=O,	amide).	Analyses:	Calcd.	for	
C32H40NO9P:	C,	62.63;	H,	6.57;	N,	2.28%.	Found:	C,	62.70;	H,	6.47;	
N,	2.30.	MS	(m/z,%):	613	(8).	1H	NMR	(500	MHz,	d6-DMSO):	d	0.82	
(6	H,	t,	2	CH3),	0.91	(4	H,	sextet,	2	CH2),	1.29	(4	H,	quintet,	2	CH2),	
2.35	(3	H,	s,	CH3), 3.70–3.78	(4	H,	m,	2	POCH2),	3.60	and	3.89	(6	H,		
2	s,	2	OCH3),	4.63	(1	H,	dd,	2JHP	=	21	Hz,	3JHH	=	11	HZ,	CH),	5.34		
(1	 H,	 dd,	 3JHP	 =	 6	 Hz,	 3JHH	 =	 11	 HZ,	 CH),	 7.13–8.76	 (9	 H,	 m,	
aromatic),	8.80	and	12.47	(2	H,	2	s,	NH	and	OH).	13C	NMR	(125.8	
MHz,	d6-DMSO-Me4Si):	d	 13.96	 and	14.00	 (2	CH3),	 18.46	 (CH3),	
18.85	and	18.93	(2CH2),	32.66	and	32.58	(2	d,	3JCP	=	7	Hz,	2	CH2),	
42.11	(d,	2Jcp	=	2	HZ,	P–C–C),	44.63	(d,	1Jcp	=	131	HZ,	P–C),	53.09	
and	53.42	(2	OCH3),	66.32	and	66.57	(2	d,	2Jcp	=	7	HZ,	2	POCH2),	
116.24,	 117.50,	 123.61,	 124.08,	 126.14,	 127.47,	 129.66,	 130.83,	
135.06	 and	 156.43	 (naphthol	 moiety),	 127.15,	 127.38,	 130.13,	
131.13,	134.01	and	136.05	(phenyl	moiety),	169.10	(C=O),	170.45(d,	
2JCP	=	6	HZ,	C=O),	173.46	(d,	3JCP	=	21	HZ,	C=O).	31P	NMR	(202.5	
MHz,	d6-DMSO):	d 21.37

General procedure for preparation of compounds 10a–d
Dimethyl 2-[2-hydroxy-3-(phenylcarbamoyl)naphthalen-1-yl]-but-
2-enedioate (10a): To	 a	 magnetically	 stirred	 solution	 of	 0.53	 g	 of	
phenyl	(3-hydroxynaphthalene)–2-carboxamide	(2	mmol)	and	0.28	g	
of	DMAD	(2	mmol)	in	10	ml	acetone	was	added	a	mixture	of	0.53	g	
triphenylphosphine	 (2	mmol)	 in	2	ml	acetone	at	 room	 temperature.	
The	reaction	mixture	was	then	allowed	to	stir	for	24	h.	The	solvent	
was	evaporated	at	reduced	pressure.	The	residue	was	precipitated	in	
a solution of diethyl ether-hexane. The solid was filtered and washed 
with	diethyl	ether	to	give	the	pure	product.

Yellow powder, yield 92%, m.p. 179–181°C, IR (KBr) (νmax	cm-1):	
3305	OH),	1722	(C=O,	ester),	1692	(C=O,	amide).	MS	(m/z,%):	405	
(7).	1H	NMR	(500	MHz,	d,	CDCl3):	3.74	and	3.83	(6	H,	2	s,	2	OCH3),	
6.44	(1	H,	s,	CH),	7.21–8.75	(10	H,	m,	aromatic),).	10.17	and	12.33	
(2	 H,	 2	 s,	NH	 and	 OH).	 13C	 NMR	 (125.8	 MHz,	 d,	 CDCl3):	 51.78	
and	52.06	(2	OCH3),	130.17	(C),	139.20	(C),	117.21,	118.01,	124.46,	
125.44,	127.24,	129.87,	129.95,	130.46,	135.40	and	155.09	(naphthol	
moiety),	 122.00,	 123.91,	 129.21,	 138.09	 (phenyl	 moiety),	 165.77	
(C=O),	167.12	(C=O),	169.08	(C=O).	Anal.	Calcd.	 for	C23H19NO6:	
C,	68.14;	H,	4.72;	N,	3.46%.	Found:	C,	68.5;	H,	4.45;	N,3.65%.

Diethyl 2-[2-hydroxy-3-(phenylcarbamoyl)naphthalen-1-yl]-but-
2-enedioate (10b):	 Yellow	 powder,	 yield	 90%,	 m.p.	 168–170°C,		
IR (KBr) (νmax	 cm-1):	 3390(OH),	 1704	 (C=O,	 ester),	 1683	 (C=O,	
amide).	MS	(m/z,%):	433	(10).	1H	NMR	(500	MHz,,d,	CDCl3):	1.24	
and	 1.35	 (6	 H,	 2t,	 2	 CH3),	 4.18	 and	 4.31(4	 H,	 2q,	 2	 OCH2),	 6.42		
(1	H,	s,	CH),	7.21–8.57	(10	H,	m,	aromatic),	10.17	and	12.31	(2	H,		
2	s,	NH	and	OH).	13C	NMR	(125.8	MHz,	d,	CDCl3):	13.71	and	13.94	
(2	CH3),	61.02	and	61.26	(2	OCH2),	130.20	(C),	139.28	(C),	117.24,	
118.26,	124.42,	125.42,	127.24,	129.78,	129.93,	130.39,	135.46	and	
155.09	 (naphthol	 moiety),	 121.98,	 124.00,	 129.20,	 138.12	 (phenyl	
moiety),	 165.34(C=O),	 166.64(C=O),	 169.24	 (C=O).	 Anal.	 Calcd.	
for	 C25H23NO6:	 C,	 69.27;	 H,	 5.35;	 N,	 3.23%.	 Found:	 C,	 69.40;	 H,	
5.25;	N,	3.3%.

Dimethyl 2-[2-hydroxy-3-(2-methylphenylcarbamoyl)naphthalen-1-
yl]-but-2-enedioate	(10c):	Yellow	powder,	yield	90%,	m.p.	163–165°C,	
IR (KBr) (νmax	 cm-1):	 3375	 (OH),	 1713	 (C=O,	 ester),	 1642	 (C=O,	
amide).	 MS	 (m/z,%):	 419	 (9).	 1H	 NMR	 (500	 MHz,	 d,	 CDCl3):	 2.94		
(3	H,	s,	CH3), 3.51	and	3.73	(6	H,	2	s,	2	OCH3),	6.45	(1	H,	s,	CH),	
7.26–8.87	 (9	 H,	 m,	 aromatic),	 10.11	 and	 12.41	 (2	 H,	 2	 s,	 NH	 and	
OH).	13C	NMR	(125.8	MHz,	d,	CDCl3):	17.81(CH3),	51.45	and	52.59		
(2	 OCH3),	 129.90	 (C),	 138.85	 (C),	 116.69,	 117.26,	 123.61,	 123.99,	
126.66,	127.26,	128.90,	130.94,	135.39	and	154.52	 (naphthol	moiety),	
127.05,	 127.17,	 129.04,	 131.40,	 133.03	 and	 135.40	 (phenyl	 moiety),	
164.66	(C=O),	166.73(C=O),	169.52	(C=O).	Anal.	Calcd.	for	C24H21NO6:	
C,	68.73;	H,	5.05;	N,	3.34%.	Found:	C,	68.9;	H,	4.95;	N,	3.4%.

Diethyl 2-[2-hydroxy-3-(2-methylphenylcarbamoyl)naphthalen-
1-yl]-but-2-enedioate (10d):	Yellow	 powder,	 yield	 89%,	 m.p.	 154–	
156°C, IR (KBr) (νmax	cm-1):	3320(OH),	1719(C=O,	ester),	1648(C=O,	
amide).	MS	(m/z,%):	447	(6).	1H	NMR	(500	MHz,	d,	CDCl3):	0.99	
and	1.28	 (6	H,	2t,	2	CH3),	2.50	 (3	H,	 s,	CH3),	4.38	and	4.50	 (4	H,		
2q,	2	OCH2),	6.30	(1	H,	s,	CH),	7.17–8.52	(9	H,	m,	aromatic),	9.03	
and	11.80	(2	H,	2	s,	NH	and	OH).	13C	NMR	(125.8	MHz,	d,	CDCl3):	
14.09	and	14.46	 (2	CH3),	18.43	 (CH3),	61.13	and	62.80	 (2	OCH2),	
131.04	 (C),	 140.42	 (C),	 117.02,	 117.83,	 122.86,	 124.28,	 125.25,	
127.30,	129.54,	131.63,	135.60	and	154.00	(naphthol	moiety),	126.37,	
127.09,	129.69,	132.17,	134.84	and	138.11	(phenyl	moiety),	165.13	
(C=O),	166.68	(C=O),	168.66	(C=O).	Anal.	Calcd.	for	C26H25NO6:	C,	
69.79;	H,	5.63;	N,	3.13%.	Found:	C,	69.9;	H,	5.5;	N,3.2%.

General procedure for preparation of compounds 14a–d
Dimethyl 2-(methoxycarbonylmethyl)-4-oxo-3-phenyl-3,4-dihydro-
2H-naphtho[2,3-e][1,3]oxazine-2-carboxylate (14a):	 A	 mixture	 of	
0.53	g	of	N-phenyl-3-hydroxynaphthalene)–2-carboxamide	(2	mmol)		
and	 0.28	 g	 of	 DMAD	 (2	 mmol)	 in	 10	 ml	 acetone	 was	 stirred	 at	
room	temperature	for	24	h.	The	solvent	was	removed	under	reduced	
pressure and the residue was purified by silica gel (Merck silica gel 
60,	 230–400	 mesh)	 column	 chromatography	 using	 hexane-ethyl	
acetate	as	eluent.	The	solvent	was	removed	under	reduced	pressure	
to	afford	the	product.

Yellow powder, yield 92%, m.p. 161–163°C, IR (KBr) (νmax	cm-1):	
3458	(OH),	1744	(C=O,	ester),1673	(C=O,	amide).	MS	(m/z,%):	405	(8).		
1H	NMR	(500	MHz,,d,	CDCl3):	3.28	(2	H,	AB	quartet,	2JHH	=	16	HZ,		
CH2),	 3.42	 and	 3.72	 (6	 H,	 2	 s,	 2	 OCH3),	 7.46–8.59	 (11	 H,	 m,	
aromatic).	13C	NMR	(125.8	MHz,	d,	CDCl3):	42.84	(CH2),	52.37	and	
53.92	(2	OCH3),	91.57	(C),	112.70,	118.48,	129.24,	129.47,	129.70,	
129.98,	130.02,	131.24,	136.84	and	151.31(naphthol	moiety),	125.69,	
127.40,	 130.85,	 137.14	 (phenyl	 moiety),	 162.44	 (C=O),	 167.87	
(C=O),	 168.83	 (C=O).	 Anal.	 Calcd.	 for	 C23H19NO6:	 C,	 68.14;	 H,	
4.72;	N,	3.46%.	Found:	C,	68.3;	H,	4.70;	N,	3.5%.
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Diethyl 2-(methoxycarbonylmethyl)-4-oxo-3-phenyl-3,4-dihydro-
2H-naphtho[2,3-e][1,3]oxazine-2-carboxylate (14b):	Yellow	powder,	
yield 87%, m.p. 126–128°C, IR (KBr) (νmax	cm-1):	3465	(OH),	1727	
(C=O,	 ester),1673	 (C=O,	 amide).	 MS	 (m/z,%):	 433	 (9).	 1H	 NMR	
(500	MHz,	d,	CDCl3):	1.05	and	1.11	(6	H,	2t,	2	CH3),	3.27	(2	H,	AB	
quartet,	2JHH	=	16	HZ,	CH2),	3.78–4.18	(4	H,	m,	2	OCH2),	7.47–8.53	
(11	H,	m,	 aromatic).	 13C	NMR	(125.8	MHz,	d,	CDCl3):	13.62	and	
13.67	 (2CH3),	 42.38	 (CH2),	 60.93	 and	62.75	 (2	OCH2),	 91.78	 (C),	
112.56,	 119.21,	 129.05,	 129.23,	 129.78,	 129.92,	 130.12,	 131.43,	
137.13	and	151.65(naphthol	moiety),	125.71,	127.36,	131.64,	137.42	
(phenyl	moiety),	161.86	(C=O),	166.97	(C=O),	168.05	(C=O).	Anal.	
Calcd.	for	C25H23NO6:	C,	69.27;	H,	5.35;	N,	3.23%.	Found:	C,	69.4;	
H,	5.24;	N,	3.3%.

Dimethyl 2-(methoxycarbonylmethyl)-4-oxo-3-o-tolyl -3,4-dihydro-
2H-naphtho[2,3-e][1,3]oxazine-2-carboxylate (14c):	Yellow	powder,	
yield 93%, m.p. 158–160°C, IR (KBr) (νmax	cm-1):	3470	(OH),	1730	
(C=O,	 ester),	 1675(C=O,	 amide).	 MS	 (m/z,%):	 419	 (9).	 1H	 NMR	
(500	MHz,	d,	CDCl3):	2.84	(3	H,	s,	CH3),	3.30	(2	H,	AB	quartet,	2JHH	
=	16	HZ,	CH2),	3.36	and	3.71	(6	H,	2	s,	2	OCH3),	7.46–8.55	(10	H,	
m,	aromatic).	13C	NMR	(125.8	MHz,	d,	CDCl3):	17.90	(CH3),	42.40	
(CH2),	60.95	and	62.77	(2	OCH3),	91.80	(C),	112.74,	119.21,	125.72,	
126.81,	129.06,	129.95,	130.18,	131.36,	137.13	and	151.65(naphthol	
moiety),	127.37,	129.25,	131.12,	131.66,	136.41	and	138.21	(phenyl	
moiety),	161.61	(C=O),	168.06	(C=O),	169.04	(C=O).	Anal.	Calcd.	
for	C24H21NO6:	C,	68.73;	H,	5.05;	N,	3.34%.	Found:	C,	68.8;	H,	4.9;	
N,	3.4%.

Diethyl 2-(methoxycarbonylmethyl)-4-oxo-3-o-tolyl-3,4-dihydro-
2H-naphtho[2,3-e][1,3]oxazine-2-carboxylate (14d):	 Yellow	
powder, yield 90%, m.p. 125–127°C, IR (KBr) (νmax	 cm-1):	 3430	
(OH),	1745	(C=O,	ester),	1681	(C=O,	amide).	MS	(m/z,%):	447	(6).	
1H	NMR	(500	MHz,,d,	CDCl3):	1.14	and	1.16	(6	H,	2t,	2	CH3),	2.34	
(3	H,	s,	CH3),	3.10	(2	H,	AB	quartet,	2JHH	=	16	HZ,	CH2),	3.76–4.25	

(4	H,	m,	2	OCH2),	7.29–8.62	(10	H,	m,	aromatic).	13C	NMR	(125.8	
MHz,	d,	CDCl3):	14.26	and	14.30	(2CH3),	18.69	(CH3),	42.30	(CH2),	
61.60	 and	 63.21	 (2	 OCH2),	 91.81	 (C),	 112.76,	 118.90,	 125.65,	
127.41,	129.58,	129.94,	130.02,	131.29,	137.16	and	151.88(naphthol	
moiety),	127.21,	129.22,	130.83,	131.41,	136.16	and	138.04	(phenyl	
moiety),	161.92	(C=O),	167.35	(C=O),	168.50	(C=O).	Anal.	Calcd.	
for	C26H25NO6:	C,	69.79;	H,	5.63;	N,	3.13%.	Found:	C,	69.9;	H,	5.6;	
N,	3.2%.
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Synthesis and characterisation of modified germanium (IV) isopropoxide 
with internally functionalised oximes: soft transformation of some of 
these to pure nano-sized germania
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Reactions	of	 [Ge(OPri)4]	with	 internally	 functionalised	oximes	 in	1:1	and	1:2	molar	 ratios	 in	 refluxing	anhydrous	
benzene	yielded	complexes	of	the	type	[Ge(OPri)4-n{ONC(CH3)C4H3O-2}n]	(1, 2);	[Ge(OPri)4-n{ONC(CH3)C4H3S-2}n]	(3, 4);		
[Ge(OPri)4-n{ONC(CH3)C5H4N-2}n]	 (5, 6);	 [Ge(OPri)4-n{ONC(H)C4H3O-2}n]	 (7, 8);	 [Ge(OPri)4-n{ONC(H)C4H3S-2}n]	 (9, 10);		
[Ge(OPri)4-n{ONC(H)C5H4N-2}n]	(11, 12) (where	n	=	1	or	2),	All	the	above	monomeric	complexes	are	soluble	in	organic	
solvents	 and	 have	 been	 characterised	 by	 elemental	 analyses	 and	 spectroscopy.	 Thermal	 and	 hydrolytic	 studies	
of	complexes 2, 4 and 8	suggest	them	to	be	potential	molecular	precursors	for	the	synthesis	of	pure	GeO2	at	low	
temperatures	by	the	sol-gel	technique.	Powder	X-ray	diffraction,	IR	spectral	studies	as	well	as	SEM	images	of	the	
GeO2	indicate	formation	of	pure	nano-crystalline	hexagonal	(a-quartz)	germania	at	550°C.

Keywords: nano-sized	germania,	germanium(IV)	isopropoxide

Interest	 in	 the	 development	 of	 a	 sol-gel	 method	 for	
the	 preparation	 of	 germania-based	 glasses	 is	 growing	
continuously.1-3	Germania	(GeO2)	is	a	promising	material	for	
optical	devices	 such	as	optical	wave	guides4,5	 for	 integrated	
optical	 systems	 and	 for	 nano-connections	 in	 future	 opto-
electronic	communications.6-1°

One	 of	 the	 advantages	 of	 the	 sol-gel	 process	 using	 metal	
alkoxides	is	that	the	required	temperature	can	be	kept	quite	low	
to	 allow	 deposition	 of	 oxides	 on	 thermo-sensitive	 substrates	
such	 as	 organic	 substrates.11	 Recently,	 a	 few	 experimental	
data on the mechanisms of chemical modifications, hydrolysis 
and	 polycondensation	 of	 alkoxides	 have	 been	 reported.	 It	 has	
been	shown	that	the	low	reactivity	of	Si(OR)4	[or	Ge(OR)4]	is	
improved	either	by	basic	catalysis	exploiting	an	SN2	mechanism,	
or	 by	 acidic	 catalysis	 facilitating	 a	 proton-assisted	 SN1	
mechanism, as well as by modification with chelating ligands.12

The	alkoxy	and	glyoxy	derivatives	of	tetravalent	germanium	
have	received	less	attention	as	compared	to	other	tetravalent	
elements	(Si,	Sn,	Ti	and	Zr).13-15	Alkoxy	derivatives	of	Ge(IV)	
generally	prefer	a	tetracoordinated	structure	even	with	alkoxy	
alkanols.16	Penta-	and	hexacoordinated-derivatives	of	Ge(IV)	
with	 complex	 organic	 moieties	 have	 also	 been	 cited	 in	 the	
literature.17-19	 The	 synthesis	 and	 characterisation	 of	 Ge(IV)	
diolates	 of	 the	 type	 [Ge	 (OPri)4-2n	 (O-G-O)n]	 (n	 =	 1,2)	 and	
the	 crystal	 structure	 of	 a	 unique	 diolato-bridged	 compound	
[Ge2(O2C2H4)4],	in	which	the	geometry	around	the	germanium	
atom	is	distorted	trigonal	bipyramidal,	have	been	reported.20

The	preparation	and	the	morphology	of	germanium	oxide6,21		

nanofibres from isopropanol solutions of Ge(OPri)4	 in	

presence	of	a	few	drops	of	propionic	acid	and	deionised	water	
have	been	reported.	Low-temperature	transformation	of	some	
tin(IV)	 complexes	 to	 yield	 pure	 SnO2	 microcrystals	 using	 a	
sol-gel	technique	has	also	been	achieved.22,23

In	this	article,	we	report	the	synthesis	and	characterisation	
of modified germanium(IV) isopropoxides with weakly acidic 
organic	 ligands	 such	 as	 internally	 functionalised	 oximes.	
Results	 of	 the	hydrolysis-condensation	 reactions	of	 some	of	
these	derivatives	are	also	reported.

Results and discussion
Compounds	of	the	type	[Ge{ONC(R)Ar}n	(OPri)4-n}]	have	been	
prepared	by	the	reactions	of	germanium	tetraisopropoxide	and	
internally	functionalised	oximes	in	1	:	1	and	1	:	2	molar	ratios	in	
refluxing anhydrous benzene, as shown in equation (1).

[Ge(OPri)4]	+	n	HONC(R)Ar	Æ		
	 [Ge{	ONC(R)Ar}n	(OPri)4-n]	+	n	PriOH	 (1)

(where	R	=	Me,	H;	Ar	=	2-C4H3O,	2-C4H3S	or	2-C5H4N	and	
n	=	1	or	2)

All	 these	 reactions	 are	 quantitative	 and	 the	 liberated	
isopropanol	was	removed	as	a	benzene-isopropanol	azeotrope	
in	 ~5	 h.	 Completion	 of	 these	 reactions	 was	 checked	 by	
estimating	 (oxidimetrically)	 the	 liberated	 isopropanol	 in	 the	
azeotrope.	 All	 the	 complexes	 are	 coloured	 liquids,	 semi-
solids	or	solids	and	are	soluble	in	organic	solvents.	Elemental	
analyses	 corresponded	 to	 the	 expected	 formula	 (Table	 3).	

Table 1	 IR	spectral	data	(cm-1)	of	germanium(IV)	complexes	with	internally	functionalised	oximes

Compound	 Isopropoxy	moiety	n	(C–O)	 n	(Ge–	+	–O)		 n	(C=N)

[Ge(OPri)3{ONC(Me)C4H3O-2}]	(1)	 1010	m	 875	m		 1430	m
[Ge(OPri)2{ONC(Me)C4H3O-2}2]	(2)	 1015	m	 877	s	 1475	m
[Ge(OPri)3{ONC(Me)C4H3S-2}	]	(3)	 1020	m	 865	s	 1480	s
[Ge(OPri)2{ONC(Me)C4H3S-2}2] (4)	 1025	m	 872	s	 1482	m
[Ge(OPri)3{ONC(Me)C5H4N-2}]	(5)	 1018	m	 869	s	 1483	s
[Ge(OPri)2{ONC(Me)C5H4N-2}2]	(6)	 1015	m	 883	m	 1477	m
[Ge(OPri)3{ONC(H)C4H3-O-2}] (7)	 1006	m		 878	m	 1483	m
[Ge(OPri)2{ONC(H)C4H3-O-2}2]	(8)	 1009	m	 874	m	 1472	m
[Ge(OPri)3{ONC(H)C4H3-S-2}]	(9)	 1014	m	 888	m	 1478	s
[Ge(OPri)2{ONC(H)C4H3-S-2}2]	(10)	 1028	m	 873	m	 1480	m
[Ge(OPri)3{ONC(H)C5H4-N-2}]	(11)	 1021	m	 869	m	 1486	m
[Ge(OPri)2{ONC(H)C5H4-N-2}2](12)	 1026	m	 870	s	 1492	m

*	Correspondent.	E-mail:	rkbohra@satyam.net.in

JOURNAL	OF	CHEMICAL	RESEARCH	2007 DECEMBER,	713–716	 RESEARCH PAPER	 713

 JCR_12_2007 Book.indb   713 23/1/08   09:57:53



PAPER:	07/4777

714	 JOURNAL	OF	CHEMICAL	RESEARCH	2007

Molecular	 weight	 measurements	 indicate	 the	 monomeric	
nature of these complexes in refluxing benzene. The FAB 
mass	 spectra	 of	 two	 of	 the	 compounds,	 (8)	 and	 (12),	 also	
supports	the	monomeric	nature	of	these	derivatives.

IR spectra
IR	spectra	of	these	compounds	were	interpreted	by	comparing	
their	 spectra	 with	 those	 of	 the	 free	 ligands	 and	 related	
derivatives.	A	 medium	 intensity	 band	 at	 3100–3300	 cm-1	 in	
the free ligands due to ν(OH) is absent in the IR spectra of 
all	these	complexes,	indicating	deprotonation	of	the	internally	
functionalised	 oximes	 and	 the	 formation	 of	 a	 metal–ligand	
bond	 through	 the	oxygen	atom.	This	 is	 further	supported	by	
the	appearance	of	a	new	broad	band	due	to	both	GeOPri	and	
Ge-oxime	bonds24	in	the	region	865–888	cm-1.	In	the	case	of	
pure	Ge(OPri)4, ν (Ge-O) appears at 855 cm-1.	The	isopropoxy	
ν (C-O) has been observed in the region 1006–1028 cm-1	in	
all	 the	 complexes.	Appearance	 of	 a	 medium	 to	 strong	 band	
in	 the	 region	 1430–1492	 cm-1 due to ν(C=N), suggests the 
monodentate	behaviour	of	the	oxime	moiety	(Table	1).

1H NMR spectra
In	the	1H	NMR	spectra	of	all	these	compounds,	the	hydroxyl	
proton	resonances	of	the	free	ligands	(8.6–10.1	ppm,	br.)	are	
absent,	 indicating	 deprotonation	 of	 the	 –OH	 group	 of	 the	
oxime	moiety	and	formation	of	a	Ge–O	bond.	No	appreciable	
shift	was	observed	in	the	positions	of	heterocyclic	ring	protons	
in	 the	 ligand	moiety,	which	were	observed	at	 their	expected	
positions,	 ruling	 out	 the	 possibility	 of	 coordination	 through	
the	 hetero-atom	 of	 the	 oxime	 moiety.	 The	 methyl	 group	 of	
the	isopropoxy	moiety25	in	all	these	complexes	appears	in	the	
range δ 1.11–1.31 ppm as doublets and the CH proton appears 
in the range δ 3.8–4.6 ppm as multiplets.

13C{1H} NMR spectra
In	the	13C	NMR	and	1H NMR	spectra	of	all	these	complexes	
a	slight	shift	(0.1–1.1	ppm)	in	the	C=N	signal	was	observed	
as	compared	to	its	position	in	the	corresponding	free	oxime,	
indicating	the	formation	of	the	Ge–O	bond.	The	carbon	signals	
due	 to	 the	 heterocyclic	 ring	 of	 the	 functionalised	 oximes	
are	 observed	 at	 their	 expected	 positions	 indicating	 that	 the	

Table 2	 NMR	data	in	CDCl3	for	[Ge(OPri)4-n{ONC(R)Ar}n]	complexes

Compound	 1H	NMR	d	ppm	 13C{1H}	NMR	d	ppm

[Ge(OPri)3{ONC(Me)C4H3O-2}]	(1) 1.28	(d,	6.0	Hz,	isopropoxy-CH3);	4.49	(m,		
-OCH);	2.24	(s,	oxime-CH3);	6.43	(m,	H-4);		
6.68	(d,	15.4	Hz,	H-3);	7.47	(d,	5.9	Hz,	H-5).

25.4	(isopropoxy-CH3);	68.2	&	67.8	(-OCH);	
11.0	(oxime-CH3);	109.5	(C-4);	111.2	(C-3);	
143.4	(C-5);	147.3	(C-2);	150.1	(C=N).	

[Ge(OPri)2{ONC(Me)C4H3O-2}2]	(2) 1.31(d,	6.0	Hz,	isopropoxy-CH3);	4.55	(m,		
-OCH);	2.24	(s,	oxime-CH3);	6.42	(m,	H-4);		
6.69	(d,	3.3	Hz,	H-3);	7.45	(br.,	H-5).	

25.6(isopropoxy-CH3);	68.4	&	69.2	(-OCH);	
11.2	(oxime-CH3);	109.6	(C-4);	111.3(C-3),	
143.5	(C-5);	145.7	(C-2);	150.0	(C=N).

[Ge(OPri)3{ONC(Me)C4H3S-2}]	(3) 1.29	(d,	6.0	Hz,	isopropoxy-CH3);	4.43	(m,		
-OCH);	2.32	(s,	oxime-CH3);	7.01	(m,	H-4);		
7.25	(m,	H-3);	7.27	(m,	H-5).	

26.5	(isopropoxy-CH3);	67.3	&	63.1	(-OCH);	
12.2	(oxime-CH3);	126.1	(C-4);	126.8	(C-3);	
127.5	(C-5);	140.2	(C-2);	151.4	(C=N).	

[Ge(OPri)2{ONC(Me)C4H3S-2}2]	(4) 1.31(d,	6.0	Hz,	isopropoxy-CH3);	4.59	(m,	
-OCH);	2.30	(s,	oxime-CH3),	7.0	(m,	H-4);	
7.27(m,	H-3	&	H-5).	

25.4	(isopropoxy-CH3);	67.4	&	69.1	(-OCH);	
12.0	(oxime-CH3);	126.1	(C-4);	126.7	(C-3);	
127.1	(C-5);	140.0	(C-2);	151.2	(C=N).

[Ge(OPri)3{ONC(Me)C5H4N-2}]	(5) 1.28	(m,	isopropoxy-CH3);	4.32	(m,	-OCH);	
2.42	(s,	oxime-CH3);	7.27(d,	d,	5.7	Hz-d,	4.9	
Hz-d,	H-4);	7.68	(td,	7.8	Hz-t,	1.8	Hz-d,	H-5);	
7.93	(d,	8.0	Hz,	H-3);	8.61(d,	4.9	Hz,	H-6).	

25.3	(isopropoxy-CH3);	68.3	&	67.4	(-OCH);	
10.5	(oxime-CH3);	120.9	(C-5);	123.6	(C-3);	
136.2	(C-4);	148.7	(C-6);	154.1	(C-2);	156.1	
(C=N).	

[Ge(OPri)2{ONC(Me)C5H4N-2}2]	(6) 1.29	(d,	6.0	Hz,	isopropoxy-CH3);	4.45	
(m,	-OCH);	2.44(s,	oxime-CH3);	7.27	(m,	H-4);	
7.67	(m,	H-5);	7.94	(d,	8.1	Hz,	H-3);	8.60		
(d,	4.4	Hz,	H-6).

25.7	(isopropoxy-CH3);	67.4	&	68.3	(-OCH);	
10.6	(oxime-CH3);	120.6	(C-5);	123.0	(C-3);	
136.0	(C-4);	148.8	(C-6);	154.2	(C-2);	155.8	
(C=N).

[Ge(OPri)3{ONC(H)C4H3-O-2}]	(7) 1.23	(d,	6.0	Hz,	isopropoxy-CH3);	4.0	(m,	
-OCH);	6.50(m,	H-4);	7.29	(d,	2.7	Hz,	H-3);	
7.47(m,	H-5);	7.62	(s,	CH-aldoxime).

26.0	(isopropoxy-CH3);	67.6	&	62.5(-OCH);	
111.7	(C-4);	112.2	(C-3);	143.9	(C-5);	(C-2)		
not	obsd;	157.9	(C=N).	

[Ge(OPri)2{ONC(H)C4H3-O-2}2]	(8) 1.22(d,	6.0	Hz,	isopropoxy-CH3);	4.0		
(m,	-OCH);	6.54	(m,	H-4);	7.30	(m,	H-3);	7.45		
(m,	H-5);	7.90	(s,	CH-aldoxime).

24.6	(isopropoxy-CH3);	62.6	(-OCH);	111.0		
(C-4);	112.0	(C-3);	144.2	(C-5);	143.6	(C-2);	
(C=N)	not	obsd.

[Ge(OPri)3{ONC(H)C4H3-S-2}]	(9) 1.20(d,	6.0	Hz,	isopropoxy-CH3);	4.4	(m,		
-OCH);	7.12	(m,	H-4);	7.41(m,	H-3);	7.58		
(d,	5.13	Hz,	H-5);	8.2	(s,	CH-aldoxime).

25.2	(isopropoxy-CH3);	62.5	(-OCH);	125.9		
(C-4);	130.4	(C-3);	130.5	(C-5);	139.9	(C-2);	
150.1	(C=N).	

[Ge(OPri)2{ONC(H)C4H3-S-2}2]	(10) 1.11(d,	6.0	Hz,	isopropoxy-CH3);	3.8		
(m,	-OCH);	7.14	(m,	H-4);	7.43(m,	H-3);	7.58	
(m,	H-5);	8.3	(s,	CH-aldoxime).	

25.2	(isopropoxy-CH3);	64.2	(-OCH);	126.1		
(C-4);	131.3	(C-3);	131.2	(C-5);	138.3(C-2);		
C=N	not	obsd.	

[Ge(OPri)3{ONC(H)C5H4-N-2}]	(11) 1.23	(m,	isopropoxy-CH3);	4.03	(m,	-OCH);	
7.26(m,	H-4),	7.69	(m,	H-5);	7.80	(m,	H-3),		
8.6	(m,	H-6),	8.30	(s,	CH-aldoxime).

25.2	(isopropoxy-CH3);	67.3	&	68.2	(-OCH);	
120.8	(C-5);	123.8	(C-3);	136.1	(C-4);	148.7		
(C-6);	151.0	(C-2);	153.0	(C=N).

[Ge(OPri)2{ONC(H)C5H4-N-2}2]	(12) 1.30	(d,	6.0	Hz,	isopropoxy-CH3);	4.42	(m,	
-OCH);	7.29	(m,	H-4);	7.69	(m,	H-5);	7.91	(m,	
H-3);	8.39	(s,	CH-aldoxime);	8.61	(d,	4.8	Hz,	
H-6).

25.6(isopropoxy-CH3);	68.4	(-OCH);	120.8		
(C-5);	123.5	(C-3);	136.5	(C-4);	149.6	(C-6);	
151.1	(C-2);	152.4	(C=N).	
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heteroatom	(O,	N	or	S)	of	the	ring	does	not	take	part	in	bond	
formation	 with	 the	 central	 germanium	 atom.	 A	 comparison	
of	the	13C	NMR	spectra	of	1	:	1	complexes	with	those	of	1	:	2	
complexes does not indicate any significant change in the 
chemical	shift	values.

FAB mass spectra
The	 FAB	 mass	 spectra	 of	 two	 representative	 compounds,	
[Ge(OPri)2{ONC(H)C4H3O-2}2]	 (8)	 and	 [Ge(OPri)2{ONC	
(H)C5H4N-2}2]	 (12)	 have	 been	 recorded	 and	 the	 molecular	
ion	patterns	are	in	accord	with	monomeric	complexes.

Thermal studies
A	thermogravimetric	analysis	was	also	carried	out	on	complex	
8	 with	 the	 heating	 rate	 25–650/10°C.	There	 are	 two	 weight	
loss	stages	for	this	sample	(one	is	below	325°C	and	the	other	
is from 325 to 610°C). The first weight reduction (64.1%) 
appears	 to	 be	 due	 to	 the	 combustion	 of	 the	 organic	 part	
(C16H11O2N2)	 followed	 by	 another	 weight	 reduction	 (8.5%)	
and	formation	of	a	residue.

Hydrolytic studies
Hydrolysis	 of	 three	 of	 the	 representative	 compounds	
[Ge(OPri)2{ONC(Me)C4H3O-2}2] (2), [Ge(OPri)2{ONC(Me)	

C4H3S-2}2]	(4)	 and	 [Ge{OCH(CH3)2}2{ONC(H)C4H3O-2}2]	
(8) provide	pure	GeO2	under	mild	chemical	conditions	using	
a	sol-gel	technique.	The	general	reaction	may	be	illustrated	as	
shown	below:

Stirring 1	h
Dried	at	
110°C Sintered

Complex +	PriOH	
(used	as	
supplied)

æÆ sol Æ gel æÆ xerogel æÆ 
(>600°C)

GeO2	
Pure	nano-
crystalline

XRD
Powder	X-ray	diffraction	patterns	of	xerogel	(GeO2)	obtained	
from	the	hydrolysis	of 8	and	annealed	at	300°C	for	two	hours,	
show	 that	 crystallisation	 started	 at	 this	 temperature	 and	 is	
completed	 at	 higher	 sintering	 temperature	 (550°C	 for	 3	 h).		
The	 XRD	 pattern	 of	 GeO2	 obtained	 from	 other	 starting	
precursors	 (2, 4)	 and	 sintered	 at	 550°C	 also	 suggest	 the	
formation of a hexagonal (α-quartz) phase.7a,b	The	positions	
of	 the	 XRD	 peaks	 are	 in	 good	 agreement	 with	 those	 of	 the	
hexagonal	 GeO2	 obtained	 by	 conventional	 method6a	 (675–
1050°C)	 or	 by	 the	 sol-gel	 method21(500–1000°C)	 using	
Ge(OPri)4. The oxime-modified germanium isopropoxide 
yields	pure	GeO2	at	low-temperature.

Table 3	 Synthetic	and	analytical	data	of	Ge(IV)	complexes	with	internally	functionalised	oximes

S.No. Reactants	(g) Molar	
ratio

Yield/% Physical	
state	
(colour)

M.p.	./b.p.°C/mm Analysis	found%	(Cal.)

a.	Ge(OPri)4
b.	HONC(R)Ar

Ge OPri N PriOH	(g.)

	 1. a.	2.13
b.		R	=	Me;	Ar	=	C4H3O-2	(0.86)

1:1 97.7 Liquid	
(brown)

Disproportionate 19.1		
(19.4)

47.3		
(47.4)

3.7		
(3.7)

0.41		
(0.41)

	 2. a.	1.15
b.		R	=	Me;	Ar	=	C4H3O-2	(0.93)

1:2 97.8 Viscous – 16.1		
(16.5)

26.5		
(26.9)

6.3		
(6.4)

0.42		
(0.44)

	 3. a.	(2.15)
b.	R	=	Me;	Ar	=	C4H3S-2	(0.98)

1:1 98.9 Liquid – 18.4		
(18.6)

45.3		
(45.4)

3.5		
(3.6)

0.41		
(0.41)

	 4. a.	1.86
b.	R	=	Me;	Ar	=	C4H3S-2	(0.1.70)

1:2 98.5 Viscous	
(yellow)

– 15.39	
(15.4)

24.7		
(25.6)

5.7		
(5.9)

0.71		
(0.72)

	 5. a.	2.11	
b.	R	=	Me;	Ar	=	C5H4N-2	(0.93)

1:1 96 Semi		
solid		
(pink)

– 18.5		
(18.8)

46.0		
(46.0)

7.2		
(7.3)

0.41		
(0.41)

	 6. a.	1.70
b.	R	=	Me;	Ar	=	C5H4N-2	(1.50)

1:2 98 Solid		
(canary	
yellow)

165 15.5		
(15.7)

25.5		
(25.6)

12.1		
(12.1)

0.65		
(0.66)

	 7. a.	2.47
b.	R	=	H;	Ar	=	C4H3O-2	(0.89)

1:1 97.1 Semi		
solid	
(brown)

– 19.9		
(20.1)

49.2		
(49.2)

3.8		
(3.9)

0.48	
(0.48)

	 8. a.	1.36
b.	R	=	H;	Ar	=	C4H3O-2	(0.98)

1:2 96.2 Solid	
(brown)

210	Dec. 17.2		
(17.6)

28.5		
(28.7)

6.5		
(6.8)

0.53		
(0.53)

	 9. a.	2.17
b.	R	=	H;	Ar	=	C4H3S-2	(0.89)

1:1 99.5 Semi		
solid

– 19.1		
(19.3)

47.0		
(47.1)

3.7		
(3.7)

0.42		
(0.42)

	10. a.	2.32
b.	R	=	H;	Ar	=	C4H3S-2	(1.91)

1:2 97.1 Solid 180	Dec. 16.0		
(16.3)

26.4		
(26.6)

6.2		
(6.3)

0.90		
(0.90)

	11. a.	1.61
b.	R	=	H;	Ar	=	C5H4N-2	(0.63)

1:1 96.9 Semi		
solid		
(dirty	
yellow)

– 19.0		
(19.5)

47.4		
(47.7)

7.5		
(7.5)

0.31		
(0.31)

	12. a.	2.23
b.	R	=	H;	Ar	=	C5H4N-2	(1.76)

1:2 99.3 Solid		
(light	
brown)

130 16.6		
(16.7)

26.8		
(27.2)

12.8		
(12.9)

0.86		
(0.86)
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SEM
Scanning	electron	micrograph	images	of	GeO2	obtained	from	
the	hydrolysis	of	the	above	complexes	and	sintered	at	different	
temperatures	 indicate	occurrence	of	crystallisation	and	good	
morphology	at	550°C.

IR spectra
IR	spectra	of	xerogel	obtained	from	the	hydrolysis	of	2, 4	and	
8, and sintered at 550°C show the presence of ν(Ge–O) band in 
the	region	860–950	cm-1	and	absence	of	any	hydrocarbonated	
vibrations, confirming the formation of pure GeO2.26a,b

Experimental
All	 the	 experimental	 manipulations	 were	 carried	 out	 under	 strictly	
inert	 conditions	 in	 an	 anhydrous	 atmosphere.	 The	 solvents	 and	
reagents were purified by conventional techniques. Hazardous 
benzene was handled with all the necessary precautions.	Germanium	
tetraisopropoxide27	 and	 oximes28	 were synthesised and purified 
according	to	the	literature	methods.	Germanium29	and	isopropanol30	
were	estimated	as	reported	earlier.	Microanalyses	were	carried	out	on	
a	Perkin	Elmer-C,	H,	N	&	S	II	series	analyser.	The	IR	spectra	were	
recorded	as	nujol	mulls	on	a	Nicolet	magna-550	spectrometer	in	the	
range	 4000–400	 cm-1.	 1H	 and	 13C	 NMR	 spectra	 were	 recorded	 on	
a	 JEOL	FX	90	Q	spectrometer	using	TMS	as	an	 internal	 reference	
in	CDCl3	and	CHCl3,	respectively.	FAB	mass	spectra	were	recorded	
on	 a	 JEOL	 SX	 102/DA-6000	 mass	 spectrometer/data	 system	 using	
argon/xenon	 (6KV,	 10MA)	 as	 the	 FAB	 gas,	 m-nitrobenzyl	 alcohol	
was	 used	 as	 the	 matrix.	 Powder	 X-ray	 diffraction	 patterns	 were	
obtained	 on	 a	 Philips-1840	 diffractometer	 (Fe57; at λ 1.937 Ǻ). 
Thermogravimetric	 analysis	 was	 performed	 on	 Mettler	Toledo	 Star	
SW	701	with	the	heating	rate	25	–	650/10°C.	SEM	images	were	taken	
on	 a	Philips	XL30	 scanning	 electron	microscope	with	 the	powders	
spread	on	a	conducting	carbon	tape.	The	secondary	electron	imaging	
and	 backscattered	 electron	 imaging	 for	 samples	 (2,	 4	 and	 8)	 were	
done at 25 KV gun voltage, at a spot size 5.0 and magnifications of 
1000x,	2000x	and	4000x.

Preparation of [Ge(OPr i)2{ONC(Me)C5H4N-2}2}]: A	 benzene	
solution	 (~	25	ml)	 of	Ge(OPri)4	 (1.70	g;	 5.5	m	mol)	was	 added	 to	
a	 benzene	 solution	 (~15	 ml)	 of	 [HONC(Me)C5H4N-2]	 (1.50	 g;		
11.0 m mol). The contents were refluxed for ~ 4 h and the progress of 
the	reaction	was	monitored	by	the	determination	of	the	isopropanol,	
liberated	 azeotropically	 with	 benzene,	 by	 the	 oxidimetric	 method.	
A	 light	 yellow,	 clear	 solution	 was	 obtained.	After	 stripping	 off	 the	
solvent	 under	 reduced	 pressure,	 a	 yellow	 solid	 was	 obtained	 in	
quantitative	yield	(98%	yield).

Preparation of [Ge(OPr i)3{ONC(Me)C5H4N-2}]: Typically,	2-acetyl		
pyridyloxime	(0.93	g;	6.8	m	mol)	was	added	 to	a	benzene	solution	
(~30	ml)	of	Ge(OPri)4	(2.1	g;	6.8	m	mol)	and	the	reaction	mixture	was	
refluxed on a fractionating column for ~4 h. The isopropanol in the 
reaction	was	collected	azeotropically	with	benzene.	The	progress	as	
well	as	the	completion	of	the	reaction	was	checked	by	the	estimation	
of	 the	 liberated	 isopropanol	 in	 the	azeotrope.	A	pink,	clear	solution	
was	 obtained.	After	 stripping	 off	 the	 excess	 solvent	 under	 reduced	
pressure,	a	pink	semi	solid	was	obtained	in	quantitative	yield	(96%	
yield).

Hydrolysis of complexes  [Ge(OPri)2{ONC(Me)C4H3O-2}2]	
(2),  [Ge(OPri)2{ONC(Me)C4H3S-2}2	 ](4) and  [Ge{OCH(CH3)2}2
{ONC(H)C4H3O-2}2	 ]	 (8):	 Compound	 8 (~2.6	 g)	 was	 dissolved	 in	
isopropanol	 (~30	 ml;	 used	 as	 supplied,	 E.	 Merck).	 and	 stirred	 for	
24	 h.	 Gelation	 occurred	 after	 1	 h.	 The	 whole	 mixture	 was	 dried	
in	 an	 oven	 (at	 110°C)	 for	 4	 h.	 A	 creamish	 powder	 (xerogel)	 was	
obtained.	This	was	washed	several	times	with	n-hexane	and	acetone	
(1:1)	 and	 sintered	 at	 300°C	 for	 2	h	 to	give	 a	white	powder,	which	
was	characterised	as	pure	GeO2	obtained	 from	8	 [C,	0.02;	H,	0.07;	
N,	0%].	This	sample	was	again	sintered	at	550°C	for	3	h	 to	ensure	
the	 retention	 of	 hexagonal	 phase	 at	 higher	 temperatures.	The	 other	
complexes	(2, 4)	were	also	hydrolysed	using	the	similar	procedure.

All	 other	 complexes	 were	 prepared	 by	 a	 similar	 route	 and	 the	
details	are	summarised	in	Table	3.

Conclusion
On	the	basis	of	the	molecular	weight	determination,	IR,	NMR	
(1H	and	13C{1H})	and	FAB	mass	spectral	studies,	a	tetrahedral	

geometry	 around	 germanium	 atom	 has	 been	 proposed	 in	
solution	 for	 the	 above	 germanium	 (IV)	 compounds	 derived	
from	 internally	 functionallized	oximes.	Complete	hydrolysis	
of	some	of	the	derivatives	in	isopropanol,	followed	by	sintering	
at 550°C afforded pure nano-crystalline hexagonal (α-quartz) 
GeO2	as reflected by their powder X-ray diffraction pattern, 
IR	and	SEM	studies.	It	may	be	inferred	from	the	above	results	
that	 the	 Ge(IV)	 complexes	 with	 internally	 functionalised	
oximes	are	potential	precursors	for	material	synthesis	by	sol-
gel	technology	at	low	temperature.

Mass	spectral	fragmentation	patterns	and	detailed	XRD	and	
SEM	data	may	be	obtained	on	application	to	the	authors.
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Zirconium tetrachloride catalysed synthesis of symmetric and 
unsymmetric ethers from secondary benzylic alcohols†
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Secondary	 benzylic	 alcohols	 are	 coupled	 in	 the	 presence	 of	 zirconium	 tetrachloride	 to	 afford	 the	 corresponding	
symmetrical	ethers	in	good	yields.	Unsymmetric	ethers	are	obtained	with	good	selectivity	by	condensation	of	two	
different	secondary	benzylic	alcohols	under	the	action	of	the	same	catalyst.

Keywords: symmetric	ethers,	unsymmetric	ethers,	ZrCl4,	secondary	benzylic	alcohol

Etherification by direct coupling of alcohols is a useful 
method	in	organic	synthesis.1	The	reaction	is	generally	carried	
out	by	using	a	small	amount	of	an	inorganic	or	organic	acid.	
The	Williamson	ether	synthesis,2	one	of	the	most	commonly	
used	methods,	requires	the	conversion	of	alcohols	to	halides	
or	 tosylates.	 Various	 Lewis	 acids	 such	 as	 FeCl3,3	 BiBr3,4	
ZnCl2,

6	GaCl3,6	methylrhenium	trioxide7	and	rare	earth	metal	
triflates8 can also catalyse the etherification. However, many 
of	 these	 methods	 suffer	 from	 drawbacks	 such	 as	 the	 use	 of	
expensive	reagent	or	stiochiometric	amount	of	catalyst,	harsh	
reaction	 conditions,	 longer	 reaction	 times,	 high	 temperature	
and	low	yields.

In	continuation	of	our	synthetic	work,9	we	have	discovered	
a	 suitable	 method	 for	 the	 direct	 preparation	 of	 symmetric	
and	unsymmetric	ethers	by	using	a	catalytic	amount	of	ZrCl4	
under reflux. Various secondary benzylic alcohols having 
electron-donating	 groups	 underwent	 the	 reaction	 smoothly	
to	 furnish	 the	 ethers	 in	 good	 yields	 (Scheme	 1)	 while	 the	
substrates	 having	 electron	 withdrawing	 groups	 afforded	 the	
products	with	lower	yields.

The	 reaction	 was	 complete	 within	 1–3	 h	 (Table	 1).	
Unsymmetrical	ethers	were	also	formed	with	good	selectivity	
by	coupling	of	two	different	benzylic	alcohols	in	the	presence	
of	 the	 catalyst	 (Table	 2).	 However,	 in	 the	 case	 of	 cyclic	
benzylic alcohols, olefins are produced in high yields at room 
temperature	(Scheme	2,	Table	3).	The	structures	of	the	products	
were	determined	from	their	spectral	(1H	NMR	and	MS)	data.

Recently,	 ZrCl4	 has	 been	 used	 in	 various	 chemical	
transformations	 as	 it	 possesses	 an	 interesting	 reactivity,	
is	 less	 costly	 and	 is	 less	 toxic	 than	 some	 alternatives.10		
The	reagent	has	been	employed	in	the	synthesis	of	nitriles,11	
oxidation	 of	 alcohols,12	 selective	 tosylation	 of	 alcohols,13	
tetrahydropyranylation	 and	 detetrahydropyranylation	 of	
alcohols	and	phenols.14	Here	we	describe	the	catalytic	activity	
of	ZrCl4 in the etherification of secondary benzylic alcohols.

We have developed a mild and efficient method for direct 
preparation	 of	 symmetrical	 and	 unsymmetrical	 ethers	 using	
catalytic	 amount	 of	 zirconium	 tetrachloride.	 The	 major	
advantages	 of	 this	 protocol	 include	 short	 reaction	 times,	
availability	of	 the	 catalyst,	 high	yields,	good	 selectivity	 and	
simple	experimental	procedure.

Experimental
The	spectra	were	determined	with	the	following	instruments:	Melting	
points	were	measured	on	a	Büchi	510	instrument	and	are	uncorrected.	
IR,	Perkin	Elmer	spectrophotometer;	NMR,	Varian	Gemini	200	MHz	
and	MS:	Micromass	VG	7070	H	(70	eV),	Column	chromatography	
was	performed	over	silica	gel	(BDH,	100–200	mesh)	and	TLC	with	
silica	gel	GF254.

General procedure for the synthesis of symmetric and unsummetric 
ethers
To	 a	 mixture	 of	 a	 secondary	 benzylic	 alcohol	 (1	 mmol)	 (or	 two	
different	secondary	benzylic	alcohols	[0.5	mmol	each])	in	acetonitrile	
(5	 ml),	 ZrCl4	 (0.2	 mmol)	 was	 added.	 The	 mixture	 was	 stirred	 at	
reflux and the reaction was monitored by TLC. After completion, 

*	Correspondent.	E-mail:	biswanathdas@yahoo.com
†	Part	155	in	the	series,	“Studies	on	novel	synthetic	methodologies”.
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the	mixture	was	diluted	with	EtOAc	(10	ml)	and	washed	with	brine		
(20	ml)	and	water	(2 ¥ 10	ml).	The	organic	layer	was	separated,	dried	
over	Na2SO4	and	concentrated	under	vacuum.	The	crude	product	was	
purified by column chromatography (silica gel, hexane: EtOAc) to 
afford	the	pure	ether.

The	spectral	data	of	some	of	the	representative	ethers	(Table	1–3)	
are	given	below.

(1): Colourless	 liquid	 IR	 (KBr): 2926,	 1602,	 1258,	 1046	 cm-1;		

1H	NMR	(CDCl3,	200	MHz):	7.27–7.10	(m,	2H),	6.82–6.65	(m,	6H),	
4.46	(q,	J	=	6.7	Hz,	1H),	4.18	(q,	J	=	6.7	Hz,	1H),	3.82	(s,	3H),	3.71	
(s,	3H),	1.44	(d,	J	=	6.7	Hz,	3H),	1.34	(d,	J	=	6.7	Hz,	3H);	FABMS:	
m/z	 309	 [M	 +	 Na]+;	Anal.	 Calc.	 for	 C18H22O3:	 C,	 75.5;	 H,	 7.7%.	
Found:	C,	75.5;	H,	7.5%.

(2):	 Colourless	 liquid	 IR	 (KBr):	 3021,	 1486,	 1350,	 1086	 cm-1;		
1H	NMR	(CDCl3,	200	MHz):	7.15–699	(m,	8H),	4.41	(q,	J	=	6.5	Hz,	
1H),	 4.13	 (q,	 J	 =	 6.5	 Hz,	 1H),	 2.23	 (s,	 3H),	 2.16	 (s,	 3H),	 1.35	 (d,		

Table 1	 Formation	of	symmetric	ethers	from	sec-benzylic	alcohols	catalysed	by	ZrCl4a	

Entry	 Substrate	 Product	 Time/h	 Isolated	 M.	p./°C		
	 	 	 	 	yield/%	 (reported)lit

1	 	 	 1	 85	 Liquid

2	 	 	 1.5	 80	 Liquid

3	 	 	 1.5	 85	 Liquid

4	 	 	 2	 86	 Liquid	(liquid)6

5	 	 	 3	 55	 146–148

6	 	 	 2	 78	 92–94

7	 	 	 1	 95	 90–92	(89–91)6

aAll	the	products	were	characterised	from	spectral	(1H	NMR	and	MS)	data.
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Table 2	 Formation	of	unsymmetric	ethers	by	coupling	of	different	alcohols	catalysed	by	ZrCl4a

Entry	 Alcohol	A	 Alcohol	B	 Product	 Time/h	 Isolated	 M.	p./°C	
	 	 	 	 	 yield/%b	 	(reported)lit

8	 	  	 1.5	 74b	 Liquid

9		 	 	 	 2	 72b	 117–119

10	 	 	 	 2.5	 70b	 Liquid

11	 	 	 	 2	 75b	 Liquid

12	 	 	 	 3	 76	 Liquid

13	 	 	 	 3	 64	 Liquid	(liquid)6

aAll	the	products	were	characterised	from	spectral	(1H	NMR	and	MS)	data.
bSymmetric	bis	(diphenyl)methyl	ether	was	formed	in	small	quantity	(7–10%)	as	determined	by	1H	NMR	spectrum	of	the	crude	product.
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J	=	6.4	Hz,	3H),	1.32	(d,	J	=	6.4	Hz,	3H);	FABMS:	m/z	277	[M	+	
Na]+;	Anal.	 Calc.	 for	 C18H22O:	 C,	 85.0;	 H,	 8.7%.	 Found:	 C,	 85.1;		
H,	8.6%.

Compound	 (3):	 Colourless	 liquid	 IR	 (KBr):	 3061,	 1496,	 1450,	
1090	cm-1;	1H	NMR	(CDCl3,	200	MHz):	7.35–7.12	(m,	8H),	4.40	(q,		
J	=	6.5	Hz,	1H),	4.12	(q,	J	=	6.5	Hz,	1H),	1.40	(d,	J	=	6.8	Hz,	3H),	
1.32	(d,	J	=	6.8	Hz,	3H);	FABMS:	m/z	317,	319,	321	[M	+	Na]+;	Anal.	
Calc.	for	C16H16Cl2O:	C,	64.9;	H,	5.4%.	Found:	C,	64.8;	H,	5.3%.

(5):	White	 solid;	m.	p.	 146-148°C;	 IR	 (KBr):	 2925,	 2854,	 1522,	
1347,	1236,	1066	cm-1;	1H	NMR	(CDCl3,	200	MHz):	8.21	(m,	4H),	
7.55	(d,	J	=	8.0	Hz,	2H),	7.41	(d,	J	=	8.2	Hz,	2H),	5.86	(q,	J	=	6.5	Hz,		
1H),	 4.25	 (q,	 J	 =	 6.5	 Hz,	 1H),	 1.58	 (d,	 J	 =	 6.4	 Hz,	 3H),	 1.42	 (d,		
J	 =	 6.4	 Hz,	 3H);	 FABMS:	 m/z	 339	 [M	 +	 Na]+;	 Anal.	 Calc.	 for	
C16H16N2O5:	C,	60.7;	H,	5.1;	N,	8.86%.	Found:	C,	60.8;	H,	5.1;	N,	
8.8%.

(6):	White	solid;	m.p.	92–94	°C;	IR	(KBr);	3246,	1630,	1520,	1086	
cm-1;	 1H	 NMR	 (CDCl3,	 200	 MHz):	 7.21–7.12	 (m,	 2H),	 6.65–6.75		
(m,	6H),	4.46	(q,	J	=	6.5	Hz,	1H),	4.12	(q,	J	=	6.5	Hz,	1H),	1.43	(d,		
J	 =	 6.5	 Hz,	 3H)	 1.32	 (d,	 J	 =	 6.5	 Hz,	 3H);	 FABMS:	 m/z	 281		
[M	+	Na]+;	Anal.	Calc.	 for	C16H18O3:	C,	74.4;	H,	7.0%.	Found:	C,	
74.3;	H,	6.8%.

(8).	Colourless	liquid;	IR	(KBr);	3028,	1600,	1492,	1450,	1086	cm-1;		
1H	NMR	(CDCl3,	200	MHz):	7.38–7.12	(m,	14H),	5.15	(s,	1H),	4.39	
(q,	J	=	6.0	Hz,	1H),	1.45	(d,	J	=	6.0	Hz,	3H);	FABMS:	m/z	345,	347	
[M	+	Na]+;	Anal.	Calc.	for	C21H19ClO:	C,	78.0;	H,	5.9%.	Found:	C,	
77.7;	H,	5.9%.

(9): Light	yellow	solid;	m.p.	117–119°C;	 IR	 (KBr);	2923,	2852,	
1514,	 1343,	 1091	 cm-1;	 1H	 NMR	 (CDCl3,	 200	 MHz):	 8.20	 (d,		
J	=	8.0	Hz,	2H),	7.48	(d,	J	=	8.0	Hz,	2H),	7.34–7.12	(m,	10H),	5.17	
(s,	1H),	4.51	(q,	J	=	6.3	Hz,	1H),	1.50	(d,	J	=	6.3,	Hz	3H);	FABMS:	
m/z	356	[M	+	Na]+;	Anal.	Calc.	for	C21H19O3N:	C,	75.67;	H,	5.70;	N,	
4.20%.	Found:	C,	75.54;	H,	5.66;	N,	4.10%.

(10): Colourless	 liquid;	 IR	 (KBr);	 2932,	 1532,	 1436,	 1085	 cm-1;		
1H	NMR	(CDCl3,	200	MHz):	7.31–7.06	(m,	14H),	5.16	(s,	1H),	4.30	
(q,	J	=	6.5,	Hz	1H),	2.35	(s,	3H),	1.45	(d,	J	=	6.5	Hz,	3H);	FABMS:	
m/z	 325	 [M	+	Na]+;	Anal.	Calc.	 for	C22H22O:	C,	87.41;	H,	7.28%.	
Found:	C,	87.58;	H,	7.36%.

(11):	Colourless	 liquid;	 IR	 (KBr);	3028,	1601,	1489,	1258,	1086	
cm-1;	 1H	 NMR	 (CDCl3,	 200	 MHz):	 7.40–7.15	 (m,	 12H),	 6.80	 (d,		
J	=	8.2	Hz,	2H),	5.2	(s,	1H),	4.40	(q,	J	=	6.4	Hz,	1H),	3.72	(s,	3H),	
1.45	(d,	J	=	6.8	Hz,	3H);	FABMS:	m/z	341	[M	+	Na]+;	Anal.	Calc.	for	
C22H22O2:	C,	83.01;	H,	6.91%.	Found:	C,	83.24;	H,	6.98%.

(12):	Colourless	 liquid;	 IR	(KBr);	2974,	2866,	1453,	1493,	1096	
cm-1;	1H	NMR	(CDCl3,	200	MHz):	7.35–7.14	(m,	10H),	5.38	(s,	1H),	
3.45	(q,	J	=	7.2	Hz,	2H),	1,25	(t,	J	=	7.2	Hz,	3H);	FABMS:	m/z	235	
[M	+	Na]+;	Anal.	Calc.	for	C15H15O:	C,	85.30;	H,	7.10%.	Found:	C,	
85.22;	H,	7.24%.

(14):	Colourless	liquid;	IR	(KBr);	3032,	2996,	1480,	1453,	1245,	
cm-1;	1H	NMR	(CDCl3,	200	MHz):	6.90	(d,	J	=	8.0,	1H),	6.66–6.57	
(m,	 2H),	 6.35	 (d,	 J	 =	 9.0,	 1H),	 5.85	 (m,	 1H),	 3.75	 (s,	 3H),	 2.76		
(t,	J	 =	 7.0,	 2H),	 2.31–2.20	 (m,	 2H);	FABMS:	m/z	 183	 [M	+	Na]+;	
Anal.	Calc.	 for	C11H12O:	C,	82.50;	H,	7.50%.	Found:	C,	82.46;	H,	
7.61%.
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Entry		 Substrate	 Product	 Time/min	 Isolated		 M.	p.	(°C)	
	 	 	 	 yield/%b	 	(reported)lit

14	 	 	 45	 92(5)	 Liquid

15	 	 	 45	 90(6)	 Liquid	(liquid)8

16	 	 	 70	 73(10)	 Liquid	(liquid)8

17	 	 	 40	 89	 80–82	(79–81)8

aAll	the	products	were	characterised	from	spectral	(1H	NMR	and	MS)	data.
bYield	reported	in	parentheses	is	for	corresponding	symmetrical	ether.
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A	new	and	efficient	synthesis	of	a	series	of	1,3,5-triarylbenzenes	was	accomplished	 in	good	yields	via	 the	 triple	
condensation	of	aryl	methyl	ketones	promoted	by	thionyl	chloride	in	anhydrous	ethanol.	The	method	is	simple	and	
convenient.

Keywords: 1,3,5-triarylbenzene,	thionyl	chloride,	aryl	methyl	ketone

The	 properties	 of	 molecules	 or	 molecular	 complexes	 with	
a	high	degree	of	symmetry	are	of	 interest	 in	a	 large	number	
of	 research	 areas.1	 1,3,5-Triarylbenzenes	 are	 important	 C3-
symmetrical	aromatic	compounds	and	can	be	converted	into	a	
series	of	 triphenylbenzene-cored	dendrimers,2,3	a	conducting	
polymer	 and	 polymers	 for	 nonlinear	 optical	 applications.4		
A	 simple	 method	 yielding	 these	 compounds	 involves	 the	
triple	 condensation	 of	 aryl	 methyl	 ketones	 (1),	 as	 shown	 in		
Scheme	 1.	 The	 reported	 methods	 of	 inducing	 condensation	
involve	mainly	one	of	 the	following	catalysts:	strong	acids,5	
aniline	 and	 aniline	 hydrochloride,6	 or	 Lewis	 acids,	 such	
as	 lanthanide	 chlorides,7	 tetrachlorosilane,8	 aluminium	
chloride,9	 tin	 tetrachloride10	 and	 so	 on.	 These	 methods	 are	
both	 inconvenient	 and	unsuitable	 for	 synthesis	because	 they	
are very difficult to manipulate,	need	elevated	temperatures	or	
take	a	long	time.

We therefore sought a more efficient and general method to 
convert	(1)	into	(2)	and	now	report	that	the	triple	condensation	
of	 aryl	 methyl	 ketones	 promoted	 by	 thionyl	 chloride	 in	
anhydrous ethanol at reflux temperature for no more than one 
hour	afforded	good	yields	of	1,3,5-triarylbenzenes.

Results and discussion
For	 the	 investigation	 of	 reaction	 conditions	 for	 the	 triple	
condensation	of	aryl	methyl	ketones	(1)	using	thionyl	chloride	
as	 catalyst	 in	 anhydrous	 ethanol,	 we	 chose	 the	 synthesis	 of	
1,3,5-triphenylbenzene	 (2a)	 as	 a	 model	 reaction.	 In	 the	
experiments, we first investigated the effect of molar ratios of 
acetophenone,	anhydrous	ethanol	and	catalyst	on	the	yields	at	
reflux temperature for 60 min, and found that we could obtain 
the	 best	 yields	 under	 the	 conditions	 of	 n(1a):n(ethanol):
n(SOCl2)	=	3:15:5.	The	results	are	shown	in	Table	1.

We also surveyed the effect of reflux time on the yields with 
the	 best	 molar	 ratio	 of	 reaction	 reagents	 and	 found	 that	 we	
could obtain the best yields at reflux temperature for 60 min. 
The	results	are	given	in	Table	2.

The	 reaction	 mechanism	 involves	 the	 triple	 condensation	
of aryl methyl ketones: firstly, the intermediate chalcones 
were	synthesised	by	 the	double	condensation	of	aryl	methyl	
ketones,	 and	 then	 1,3,5-triarylbenzenes	 were	 synthesised	

by	 the	condensation	of	 the	 intermediate	 chalcones	with	 aryl	
methyl	 ketones	 in	 moderate	 to	 good	 yields	 regardless	 of	
whether	ketones	contained	electron-withdrawing	or	electron-
donating	 groups.	 The	 results	 are	 summarised	 in	 Table	 3.	
However,	 1,3,5-trinitrophenylbenzene	 (2i)	 was	 not	 obtained	
because	 the	 chalcone	 formed	 from	4-nitroacetophenone	was	
insoluble	 in	 anhydrous	 ethanol,	 and	 on	 precipitating	 from	
the	 reaction	 mixture,	 stopped	 the	 condensation	 before	 the	
1,3,5-trinitrophenylbenzenes	 (2i)	 was	 formed.9	 On	 the	 other	
hand,	the	triple	condensation	of	aryl	methyl	ketones	needs	a	
reaction	time	of	more	than	10	days	and	gives	moderate	yields	
(50–60%)	only	using	hydrogen	chloride	as	catalyst.9	It	may	be	
concluded	that	the	triple	condensation	using	thionyl	chloride	
as	 catalyst	 is	 not	 catalysed	 by	 hydrogen	 chloride,	 but	 that	
hydrogen	chloride	produced	from	thionyl	chloride	can	speed	
up	 the	 reaction.	 Further	 studies	 on	 the	 reaction	 mechanism		
are	in	progress.

Experimental
All	melting	points	were	determined	on	an	XT-4A	apparatus	and	are	
uncorrected.	 TLC	 was	 performed	 using	 precoated	 silica	 gel	 GF254	
(0.25	mm)	and	column	chromatography	was	performed	using	silica	
gel	(200-300	meshs).	1H	and	13C	NMR	spectra	were	measured	on	a	
Bruker	Advance	 300	 spectrometer	 using	TMS	 as	 internal	 standard.		
J-values	are	given	 in	Hz.For	AA'XX'	 systems	 in	 1H	J*	=	J23	+	J25		
The	 IR	 spectra	 were	 taken	 on	 a	 Bruker	 Vector	 55	 spectrometer.	
Elemental	 analyses	 were	 carried	 out	 with	 an	 EA	 1112	 elemental	
analyser.	All	the	reagents	used	were	AR	grade.

Synthesis of 1,3,5-trialkylbenzenes 2a–h:	general procedure
Thionyl	chloride	(1.82	ml,	25	mmol)	was	added	slowly	by	a	syringe	
to	a	stirred	solution	of	(1)	(15	mmol)	in	anhydrous	ethanol	(4.4	ml,	

*	Correspondent.	E-mail:	anjiangzhang@gmail.com

Table 1 Effect	of	molar	ratio	of	reaction	reagents	to	catalyst	on	the	yields

n(1a):n(ethanol):n(SOCl2)	 3:4:4	 3:10:4	 3:14:4	 3:15:4	 3:15:5	 3:15:6
Yield/%	 37	 58	 64	 72	 85	 79

Table 2	 Effect	of	reflux	time	on	the	yields

Time/min	 10	 30	 45	 60	 90	 120
Yield/%	 55	 61	 79	 85	 81	 75

SOCl2

Ethanol
3 RCOCH3

Ar

ArAr

1                    2

Scheme 1 Ar	=	(a)	C6H5;	(b)	4-MeC6H4;	(c)	4-MeOC6H4;		
(d)	4-ClC6H4;	(e)	3-	ClC6H4;	(f)	4-BrC6H4;	(g)	3-BrC6H4;		

(h)	4-CF3C6H4;	(i)	4-NO2C6H4.
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75 mmol). The mixture was stirred for 1 h at reflux temperature and 
then	neutralised	with	a	saturated	sodium	carbonate	solution.	The	solid	
obtained on cooling was filtered, washed with cold water, ether and 
ethanol,	and	dried	under	reduced	pressure	to	give	the	title	compound	
(2a–h).

1,3,5-Triphenylbenzene	 (2a):	 Light	 yellowish	 solid.	 M.p.	 171–	
172°C	 (lit.10	 172°C).	 1H	 NMR	 (300	 MHz,	 CDCl3,	 25°C,	 TMS)  
d:	7.78	(s,	3H),	7.67–7.71	(m,	6H),	7.44–7.50	(m,	6H),	7.35–7.41	(m,	
3H).	 13C	NMR	(75	MHz,	CDCl3)	d:	142.4	 (3C),	141.2	 (3C),	128.8	
(6C), 127.5 (6C), 127.4 (3C), 125.2 (3C). IR (KBr) ν: 3032, 1595, 
1570,	1491,	1460,	1380,	750	cm-1.	Anal.	Calcd.	for	C24H18	(306.4):	
C,	94.08;	H,	5.92.	Found:	C,	94.12;	H,	5.89%.

1,3,5-Tri(4-methylphenyl)benzene	 (2b):	 Light	 yellowish	 solid.		
M.p.	 179–180°C	 (lit.9	 178°C).	 1H	 NMR	 (300	 MHz,	 CDCl3,	 25°C,	
TMS) d:	7.73	 (s,	3H),	7.57–7.61	 (m,	6H),	7.25–7.29	 (m,	6H),	2.42	
(s,	9H).	13C	NMR	(75	MHz,	CDCl3)	d:	142.2	(3C),	138.4	(3C),	137.2	
(3C), 129.5 (6C), 127.2 (6C), 124.6 (3C), 21.1 (3C). IR (KBr) ν: 3036, 
2916,	2862,	1596,	1514,	1466,	1392,	870,	750	cm-1.	Anal.	Calcd.	for	
C27H24	(348.5):	C,	93.06;	H,	6.09.	Found:	C,	94.1;	H,	6.2%.

1,3,5-Tri(4-methoxyphenyl)benzene	 (2c):	 Light	 yellowish	 solid.	
M.p.	143°C	(lit.10	143°C).	1H	NMR	(300	MHz,	CDCl3,	25°C,	TMS) d:	
7.62–7.67	(m,	9H),	7.02	(m,	J* =	8.7	Hz,	6H),	3.88	(s,	9H).	13C	NMR	
(75	MHz,	CDCl3)	d:	160.9	(3C),	137.6	(3C),	128.9	(3C),	128.4	(6C),	
125.2 (3C), 114.6 (6C), 56.0 (3C). IR (KBr) ν: 3035, 2923, 2872, 
1596,	1572,	1516,	1465,	1240,	1180,	860,	760	cm-1.	Anal.	Calcd.for	
C27H24O3	(396.5):	C,	81.79;	H,	6.10.	Found:	C,	81.8;	H,	6.2%.

1,3,5-Tri(4-chlorophenyl)benzene	 (2d):	 Light	 yellowish	 solid.	
M.p.	246°C	(lit.10	246°C).	1H	NMR	(300	MHz,	CDCl3,	25°C,	TMS) 
d:	 7.70	 (s,	 3H),	 7.60	 (m,	 J* =	8.4	Hz,	 6H),	 7.46	 (m,	 J* =	8.4	Hz,	
6H).	 13C	NMR	(75	MHz,	CDCl3)	d:	141.8	 (3C),	139.2	 (3C),	134.0	
(3C), 129.6 (6C), 128.5 (6C), 125.0 (3C). IR (KBr) ν: 3033, 1600, 
1570,	1510,	1464,	870,	756	cm-1.	Anal.	Calcd.	for	C24H15Cl3	(409.7):		
C,	70.35;	H,	3.69.	Found:	C,	70.3;	H,	3.7%.

1,3,5-Tri(3-chlorophenyl)benzene	 (2e):	 Light	 yellowish	 solid.		
M.p.	 170–171°C	 (lit.9	 171°C).	 1H	 NMR	 (300	 MHz,	 CDCl3,	 25°C,	

TMS) d:	7.73	(s,	3H),	7.57–7.63	(m,	3H),	7.38–7.43	(m,	3H),	7.28–
7.32	(m,	6H).	13C	NMR	(75	MHz,	CDCl3)	d:	142.4	(3C),	139.5	(3C),	
136.4	 (3C),	 130.6	 (3C),	 130.2	 (3C),	 128.6	 (3C),	 125.8	 (3C),	 125.2	
(3C). IR (KBr) ν: 3032, 1598, 1564, 1510, 1480, 880, 750 cm-1.	Anal.	
Calcd.	for	C24H15Cl3	(409.7):	C,	70.35;	H,	3.69.	Found:	C,	70.4;	H,	
3.75%.

1,3,5-Tri(4-bromophenyl)benzene	(2f):	Light	yellowish	solid.	M.p.	
262–263°C	(lit.10	263°C).	1H	NMR	(300	MHz,	CDCl3,	25°C,	TMS) 
d:	7.66	(s,	3H),	7.49	(m,	J* =	8.4	Hz,	6H),	7.37	(m,	J* =	8.4	Hz,	6H).	
13C	NMR	(75	MHz,	CDCl3)	d:	137.6	(3C),	135.6	(3C),	132.3	(6C),	
128.3 (6C), 125.2 (3C), 124.1 (3C). IR (KBr) ν: 3030, 1592, 1560, 
1510,	 1470,	 860,	 755	 cm-1.	Anal.	 Calcd.	 for	 C24H15Br3	 (543.1):	 C,	
53.08;	H,	2.78.	Found:	C,	53.1;	H,	2.9%.

1,3,5-Tri(3-bromophenyl benzene	(2g):	Light	yellowish	solid.	M.p.	
167–168°C.	1H	NMR	(300	MHz,	CDCl3,	25°C,	TMS) d:	7.73	(s,	3H),	
7.63–7.67	(m,	3H),	7.37–7.43	(m,	6H),	7.25–7.28	(m,	3H).	13C	NMR	
(75	MHz,	CDCl3)	d:	137.6	(3C),	135.6	(3C),	132.3	(3C),	130.1	(3C),	
128.3 (3C), 127.6 (3C), 125.2 (3C), 124.1 (3C). IR (KBr) ν: 3033, 
1589,	1561,	1506,	1465,	880,	750	cm-1.	Anal.	Calcd.	for	C24H15Br3	
(543.1):	C,	53.08;	H,	2.78.	Found:	C,	53.3;	H,	2.8%.

1,3,5-Tri(4-trifluoromethylphenyl)benzene	 (2h):	 Light	 yellowish	
solid.	 M.p.	 158–159°C.	 1H	 NMR	 (300	 MHz,	 CDCl3,	 25°C,	 TMS)  
d:	7.75–7.83	(m,	15H).	13C	NMR	(75	MHz,	CDCl3)	d:	143.9	(3C),	
141.4	(3C),	129.8	(q,	J	=	32.6	Hz,	3C),	127.6	(6C),	126.0	(6C),	125.9	
(3C), 124.3 (q, J = 270.6 Hz, 3C). IR (KBr) ν: 3035, 1590, 1566, 
1512,	 1460,	 872,	 760	 cm-1.	 Anal.	 Calcd.	 for	 C27H15F9	 (510.4):	 C,	
63.54;	H,	2.96.	Found:	C,	63.6;	H,	2.9%.
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Table 3 Yields	of	1,	3,	5-triarylbenzenes	from	ketones

Entry	 Product	 Mp/°C	 Yield/%a

1	 2a 172	 85
2	 2b 179–180	 84
3	 2c 143	 78
4	 2d 246	 82
5	 2e 170–171	 76
6	 2f 262–263	 81
7	 2g 167–168	 75
8	 2h 158–159	 69
9	 2i	 153	 Trace
aIsolated	yields.
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A first homogeneous gold(III)-catalysed epoxidation of aromatic alkenes
Xiao-Qiang Li, Chen Li, Fan-Bo Song and Chi Zhang*
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The	first	example	of	a	homogeneous	gold(III)-catalysed	epoxidation	of	aromatic	alkenes	at	room	temperature	using	
sodium	chlorite	as	the	stoichiometric	oxidant	in	a	homogeneous	trisolvent	system	of	2-methoxyethanol/acetonitrile/
water	(volume	ratio:	1/3/1)	is	reported.	A	radical-trapping	experiment	suggested	that	the	reaction	might	proceed	via	
a	radical	pathway.

Key words:	alkenes,	epoxidations,	homogeneous	catalysis,	gold,	sodium	chlorite

Homogeneous	cationic	gold-catalysed	organic	transformations	
have	 been	 a	 focus	 of	 attention	 in	 recent	 years	 due	 to	 their	
novelty and high efficiency.1	 In	 most	 cases,	 cationic	 gold	
acts	 as	 a	 soft	 Lewis	 acid	 to	 activate	 alkynes	 and	 allenes	
towards	 either	 carbon-carbon	 bond	 or	 carbon-heteroatom	
bond	 formation.	 Owing	 to	 the	 lower	 electron	 density	 in	
a	 carbon–carbon	 double	 bond,1b	 reports	 concerning	 the	
activation	 of	 alkenes	 have	 been	 limited	 and	 only	 appeared	
quite	 recently	 with	 the	 nucleophilic	 addition	 of	 phenols,2,3	
active	 methylene	 compounds,4	 and	 alcohols5	 to	 unactivated	
alkenes.	 Homogeneous	 gold-catalysed	 oxidation	 reactions	
have	 attracted	 interest	 as	 well,1a	 including	 oxidation	 of	
sulfides to sulfoxides,6	 alcohols	 to	 carbonyl	 compounds,7	
methane	 to	methanol,8	alkanes	 to	alkyl	hydroperoxides9	and	
the	 Baeyer–Villiger	 oxidation	 of	 ketones.10	 Moreover,	 the	
homogeneous	 gold-catalysed	 oxidation	 of	 alkenes	 such	 as	
the	nitrene	transfer	reaction11	and	the	oxidative	cleavage	of	a	
C–C	double	bond12	have	also	been	studied.	To	the	best	of	our	
knowledge,	the	homogeneous	epoxidation	of	alkenes	using	a	
simple	gold	salt	as	a	catalyst,13	has	not	been	reported.	Hence,	
we report the first example of a homogeneous gold(III)-
catalysed	epoxidation	of	aromatic	alkenes	with	sodium	chlorite	
(NaClO2)	as	the	stoichiometric	oxidant	in	a	trisolvent	system	
of	CH3OCH2CH2OH/CH3CN/H2O	at	room	temperature.

Initially,	 the	 epoxidation	 reaction	 of	 trans-stilbene	 was	
tested	 using	 gold	 trichloride	 as	 a	 catalyst	 and	 sodium	
chlorite14	 as	 an	 oxidant	 in	 CH3CN/H2O	 (4/1,	 v/v).	 This	
reaction	provided	 trans-stilbene	oxide	 in	42%	yield	at	 room	
temperature	 (Table	 1,	 entry	 1).15	 However,	 the	 background	
reaction	(without	AuCl3)	also	gave	the	trans-stilbene	oxide	in	
35%	yield.	In	order	to	increase	the	catalytic	activity	of	AuCl3,	
various	types	of	ligands	including	N,N-bidentate	ligands	such	
as	 neocuprione;	 N,O-mixed	 tetracoordinating	 ligands	 such	
as	 N,N'-bis(salicylidene)-1,2-phenylenediamine	 and	 the	 O, 
O-bidentate	ligand,	acetylacetone	(acac)	were	tried.	Of	these,	
only	acac	was	successful	(Table	1,	entry	2	vs	entry	1).16	With	
this	 in	 mind,	 six	 oxygen-containing	 organic	 solvents	 were	
screened	as	 a	 third	 solvent	 along	with	CH3CN/H2O	without	
the	use	of	any	ligands	(entries	3-8).	It	was	observed	that	the	
use	 of	 CH3OCH2CH2OH/CH3CN/H2O	 (volume	 ratio:	 1/3/1)	
as	 the	 solvent	 system	 gave	 the	 best	 result,	 with	 conversion	
of	 trans-stilbene	being	91%	 and	 the	 isolated	yield	 of	 trans-
stilbene	oxide	being	81%	(entry	4).	Noticeably,	there	was	no	
background	epoxidation	reaction	in	this	trisolvent	system.	This	
was	 distinct	 from	 the	 CH3CN/H2O	 bisolvent	 system	 where	
background	reaction	occurred	to	a	great	extent.	The	catalytic	
activity	of	gold	trichloride	in	the	epoxidation	of	trans-stilbene	
in	 this	 trisolvent	 system	 was	 evident.	 1,2-Dimethoxyethane,	
ethanol	 and	 i-propanol	 were	 inferior	 solvent	 components	 to		
2-methoxyethanol	(entries	3,	6	and	7).	Though	the	same	yield	
of	trans-stilbene	oxide	was	obtained	in	a	trisolvent	of	t-BuOH/
CH3CN/H2O	 as	 that	 in	 CH3OCH2CH2OH/CH3CN/H2O	
(entry	4	vs.	8),	only	14%	epoxide	yield	was	produced	for	the	

epoxidation	of	trans-4-chlorostilbene	in	t-BuOH/CH3CN/H2O.	
Consequently,	 the	 trisolvent	 of	 CH3OCH2CH2OH/CH3CN/
H2O	was	the	choice	of	solvent	for	further	optimisation.

Other	gold(I)	and	gold(III)	complexes	were	screened	with		
results	 summarised	 in	 Table	 2.	 Chloro(triphenylphosphine)	
gold(I)17	has	no	catalytic	activity	since	more	than	95%	of	the	
starting	material	was	recovered,	and	its	catalytic	activity	did	not	
improve	on	the	addition	of	AgOTf	(Table	2,	entries	1	and	2).		
Dichloro(pyridine-2-carboxylato)gold(III)18	 showed	 equal	
catalytic	activity	to	AuCl3	when	trans-stilbene	was	used	as	the	
substrate	 (entries	3	and	4).	However,	 in	 the	case	of	 trans-4-
chlorostilbene,	AuCl3	 was	 more	 reactive	 since	 yields	 of	 the	
corresponding	 epoxide	 using	 AuCl3	 and	 dichloro(pyridine-
2-carboxylato)gold(III)	 were	 87%	 and	 76%,	 respectively.	
Therefore,	 the	 optimal	 reaction	 system	 was	 composed	 of		
5	 mol%	 AuCl3,	 3	 equivalents	 of	 sodium	 chlorite,	 and	 a	
trisolvent	CH3OCH2CH2OH/CH3CN/H2O	(1/3/1,	volume	ratio)		

Table 1	 Optimisation	of	reaction	componentsa

Entry	 Ligand	or	the		 Yield/%b	 Conversion	
	 third	solvent	 	 /%

1	 None	 42	 47
2	 acacc	 66	 84
3	 DMEd	 59	 66
4	 CH3OCH2CH2OHe	 81	 91
5	 HOCH2CH2OHe	 –	 no	reaction
6	 EtOHe	 34	 43
7	 i-PrOHe	 51	 61
8	 t-BuOHe	 81	 86
aUnless	 otherwise	 indicated,	 the	 reaction	 was	 conducted	
with	 1	 mmol	 of	 trans-stilbene,	 5	 mol%	 of	 AuCl3,	 3	 mmol	 of	
NaClO2	 in	 the	 bisolvent	 of	 CH3CN	 (12	 ml)	 and	 H2O	 (3	 ml)	 at	
room	temperature	 for	24	hours.	 bIsolated	yields.	 c20	mol%	of	
acac	was	added	into	the	reaction	system	illustrated	in	note a.		
d3	ml	of	DME	was	added	into	the	reaction	system	illustrated	in	
note a,	correspondingly,	volume	of	CH3CN	was	reduced	to	9	ml	
from	12	ml	and	volume	of	H2O	kept	unchanged.	No	ligand	was	
used.	eAll	other	parameters	were	 identical	 to	 those	of	entry	3	
except	that	3	ml	of	alcohol	was	employed	instead	of	DME.

Table 2	 Screened	gold	catalystsa	

Entry	 Gold	catalyst	 Yield/%

1b	 (PPh3)AuCl	 <	5
2b,c	 (PPh3)AuCl/AgOTf	 <	5

3d	 	 80

4d	 AuCl3	 81
aReaction	conditions:	0.5	mmol	of	trans-stilbene,	0.025	mmol	
of	 gold	 catalyst,	 and	 1.5	 mmol	 of	 NaClO2	 in	 a	 trisolvent	 of	
CH3OCH2CH2OH	 (1.5	 ml),	 CH3CN	 (4.5	 ml),	 and	 H2O	 (1.5	 ml).		
b95%	of	trans-stilbene	was	recovered.	cMolar	ratio	of	(PPh3)AuCl	
to	AgOTf	was	1	:	1.	dThe	conversion	of	trans-stilbene	was	91%.
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(see	 Scheme	 1).	 Under	 the	 optimal	 conditions,	 there	 was	 no	
precipitate	 of	 metallic	 gold	 during	 the	 course	 of	 the	 reaction,	
which	 supports	 a	 homogeneous	 gold-catalysed	 epoxidation	
reaction.

Various olefins were tested using this homogeneous gold-
catalysed	 epoxidation	 reaction.	 The	 reaction	 of	 cis-stilbene	
was	 much	 slower	 than	 trans-stilbene	 as	 only	 39%	 of	 cis-
stilbene	was	 transformed	 to	give	 trans-stilbene	oxide	 as	 the	
major	epoxidation	product	(ratio	of	trans- to cis-stilbene	oxide:	
20/1) after 48 h (Table 3, entry 2). The nonstereospecificity 
of	the	epoxidation	reaction	implied	that	the	reaction	proceeds	
stepwise.	 As	 for	 mono	 para-halogen	 substituted	 trans-
stilbenes,	the	yields	of	the	corresponding	epoxides	decreased	
from	 excellent	 to	 poor	 in	 the	 order	 of	 F	 >	 Cl	 >	 Br	 (entries	
3,	4,	6).	Different	solubility	observed	in	experiments	among	
these	three	halogen-substituted	trans-stilbenes	might	account	
for	 the	 observed	 yield	 order.	 A	 trisubstituted	 aromatic	
olefin, triphenylethylene gave triphenylethylene oxide in 
62%	 yield	 (entry	 10).	 When	 trans-α-methyl stilbene and 	
1-phenylcyclohexene	 were	 tested,	 however,	 the	 oxidation	
products	 obtained	 were	 2,2-phenyl	 propanal	 and		
α-phenylcyclopentanecarboxaldehyde, which derived from the 
rearrangement	of	two	epoxides	intermediates,	trans-α-methyl 
stilbene	oxide	and	1-phenylcyclohexene	oxide	respectively.19	
A	 control	 experiment	 showed	 that	 trans-α-methyl stilbene 
oxide	readily	rearranged	to	2,2-phenylpropanal	in	quantitative	
yield	 in	 the	 presence	 of	 5	 mol%	AuCl3	 in	 dichloromethane	
at	 room	 temperature	 within	 30	 min.	 1,2-Dialkyl-substituted	
alkenes and terminal olefins were poor substrates under the 
standard	conditions.	During	the	study	of	substrate	scope,	it	was	
observed	that	metallic	gold	precipitated	after	several	minutes	
if	 the	epoxidation	reaction	proceeded	poorly,	whereas,	 if	 the	
epoxidation	reaction	went	on	well,	there	was	no	precipitated	
metallic	gold	until	the	completion	of	the	reaction.

A	preliminary	study	has	been	done	to	probe	the	mechanism	
of	the	present	AuCl3-catalysed	epoxidation	reaction.	The	fact	
that	 cis-stilbene	 yielded	 trans-stilbene	 oxide	 as	 the	 major	
epoxidation	product	implied	that	free	radical	species	might	be	
involved	in	the	reaction.	This	was	the	case	since	the	addition	of	
20	 mol%	 of	 2,2,6,6-tetramethylpiperidin-1-yloxy	 (TEMPO),	
a	 widely	 used	 radical	 scavenger,	 inhibited	 the	 epoxidation	
reaction	dramatically,	with	conversion	of	trans-stilbene	being	
only	22%	after	30	h.

In summary, the first homogeneous gold(III)-catalysed 
epoxidation of aromatic olefins has been developed. A novel 
redox	 catalytic	 reactivity	 of	 cationic	 gold(III)	 has	 been	
discovered.	Further	 studies	 to	understand	 the	mechanism	and	
develop	a	gold-catalysed	enantioselective	epoxidation	reaction	
are	underway.

Experimental
Sodium	 chlorite	 (80%	 purity)	 was	 purchased	 and	 used	 without	
further purification. CH3CN,	 H2O	 and	 CH3OCH2CH2OH	 were	
distilled before use. The known epoxide products were identified by 
comparison	 of	 their	 1H-	 and	 13C	 NMR	 spectra	 with	 those	 reported	
in	 literature.	The	1H	NMR	spectra	were	 recorded	at	400	MHz	(13C	
NMR	at	100	MHz),	using	CDCl3	as	the	solvent.

Epoxidation of trans-stilbene; typical procedure
To	 a	 stirred	 mixture	 of	 trans-stilbene	 (90	 mg,	 0.5	 mmol)	 and	
gold(III)	 chloride	 (7.6	mg,	0.025	mmol)	 in	a	homogeneous	 solvent	
of	CH3CN	(4.5	ml),	CH3OCH2CH2OH	(1.5	ml)	and	water	 (1.5	ml)	

was	added	sodium	chlorite	(170	mg,	1.5	mmol,	80%	purity)	at	room	
temperature.	 The	 reaction	 mixture	 turned	 to	 yellow	 immediately.	
After	24	h,	 the	 reaction	was	quenched	by	 the	 addition	of	 saturated	
aqueous	 Na2S2O3	 solution	 (15	 ml),	 and	 the	 mixture	 was	 extracted	
with	EtOAc	(30	ml	×	3).	The	combined	organic	layers	were	washed	
with	 water	 (10	 ml)	 and	 brine	 (10	 ml)	 once,	 dried	 over	 anhydrous	
Na2SO4, filtered, and concentrated under reduced pressure. 	
The residue was purified by flash column chromatography 	
(2%	EtOAc	 in	petroleum	ether)	 on	 silica	gel	 to	 give	 trans-stilbene	
oxide14	(159	mg,	81%)	as	a	white	solid:	m.p.	66–67°C	(lit.14	63–65°C.		
1H	NMR	(400	MHz,	CDCl3) δ 7.42–7.37 (m, 10H), 3.88 (s, 2H); 13C	
NMR	(100	MHz,	CDCl3)  δ 137.07,	128.53,	128.29,	125.47,	62.80.	
IR	(KBr)	1452,	1278,	860,	837,	745,	690	cm-1;	EI-MS	(M+):	196.

Oxidation of 1-phenylcyclohexene
1-Phenylcyclohexene	 was	 treated	 with	 the	 above	 procedure,	
except that flash column chromatography was conducted with 
1%	 EtOAc	 in	 petroleum	 ether	 on	 silica	 gel,	 giving	 50	 mg		
α-phenylcyclopentanecarboxaldehyde20	in	58%	yield	as	a	colourless	
oil.	1H	NMR	(400	MHz,	CDCl3) δ 9.30 (s, 1H), 7.28–7.16 (m, 5H), 
2.47–2.41	(m,	2H),	1.83–1.54	(m,	6H);	13C	NMR	(100	MHz,	CDCl3)	
δ 200.59, 140.20, 128.67, 127.58, 127.08, 63.61, 32.24, 24.13. 
IR(KBr)	3036,	2805,	2715,	2212,	1720	1587,	1488,	754,	659	cm-1.	
ESI-MS	(M+):	174.

trans-4-Fluorostilbene oxide	(Table	3,	entry	3)
M.p.	 75–76°C	 (lit.21	 76–77°C).	 1H	 NMR	 (400	 MHz,	 CDCl3)		
d	7.38–7.04	(m,	9H),	3.85	(d,	J	=	2.4	Hz,	1H),	3.83	(d,	J	=	2.4	Hz,	
1H);	13C	NMR	(100	MHz,	CDCl3)	d 163.72	(d,	J =	244.9	Hz),	136.82,	
132.81,	128.55,	128.37,	127.14	 (d,	J	=	8.2	Hz),	125.44,	115.55	 (d,		
J	=	21.5	Hz),	62.76,	62.18.	IR(KBr)	3062,	3033,	2987,	1602,	1509,	
1459,	1430,	1234,	1093,	829,	775,	738,	694,	563,	520	cm-1.	ESI-MS	
(M+):	214.

trans-4-Chlorostilbene oxide	(Table	3,	entry	4)
M.p.	99–100°C	(lit.21	100.4–101.5°C).	1H	NMR	(400	MHz,	CDCl3)	
d	7.35–7.26	(m,	9H),	3.85	(d,	J	=	2.4	Hz,	1H),	3.82	(d,	J	=	2.4	Hz,	
1H);	13C	NMR	(100	MHz,	CDCl3)	d 136.67,	135.69,	134.01,	128.70,	
128.55,	128.41,	126.79,	125.44,	62.82,	62.09.	 IR(KBr)	3046,	2979,	
2917,	1650,	1589,	1488,	1457,	1274,	1087,	1010,	817,	748,	696,	516	
cm-1.	ESI-MS	(M+):	230.

trans-4-Bromostilbene oxide	(Table	3,	entry	6)
M.p.	83–85°C	(lit.22	83–85°C).	1H	NMR	(400	MHz,	CDCl3)	d	7.52–
7.21	(m,	9H),	3.84	(d,	J	=	2.4	Hz,	1H),	3.82	(d,	J	=	2.4	Hz,	1H);	13C	
NMR	(100	MHz,	CDCl3)	d 136.63,	136.11,	131.63,	128.55,	128.42,	
127.09,	 125.43,	 122.12,	 62.79,	 62.13.	 IR(KBr)	 3045,	 2985,	 1671,	
1587,	1484,	1457,	1423,	1105,	1068,	1006,	815,	748,	698,	617,	514	
cm-1.	ESI-MS	(M+):	274.

trans-4-Cyanostilbene oxide	(Table	3,	entry	7)
M.p.	76–77°C	(lit.21	colourless	oil,	in	view	of	our	other	evidence	we	
believe	the	literature	description	to	be	in	error).	1H	NMR	(400	MHz,		

MeOCH2CH2OH (1.5 mL)

AuCl3  (5 mol %), NaClO2  (3eq)

CH3CN  (4.5 mL), H2O (1.5 mL)0.5 mmol
24 h, rt

Ph

Ph

Ph

PhO

81 %

Scheme 1	 Optimal	epoxidation	system	of	trans-stilbene.

Table 3	 Epoxidation	of	olefins	catalysed	by	AuCl3a

Entry	 Olefin	 Yield	 Conversion	
	 	 	 /%b	 /%

	 1	 trans-Stilbene	 81	 91
	 2	 cis-Stilbene	 35c	 39
	 3	 trans-4-Fluorostilbene	 92	 97
	 4	 trans-4-Chlorostilbene	 87	 91
	5d	 trans-4-Bhlorostilbene	 76	 85
	 6	 trans-4-Bromostilbene	 56	 58
	7e	 trans-4-Cyanostilbene	 50	 70
	 8	 trans-4-Methylstilbene	 55	 92
	 9	 trans-4,4’-Dimethylstilbene	 50	 90
10	 Triphenylethylene	 62	 84
11	 trans-a-Methylstilbene	 56f	 71
12	 1-Phenylcyclohexene	 58g	 100
13	 b-Methylstyrene	 37	 100
aUnless	 otherwise	 noted,	 reactions	 were	 conducted	 under	
the	 standard	 conditions	 shown	 in	 Scheme	 1.	 bIsolated	
yields.	 ctrans/cis-stilbene	 oxide	 =	 20	:	1,	 determined	 by		
1H	 NMR.	 d5	 mol%	 of	 dichloro(pyridine-2-carboxylato)gold(III)	
was	 used	 as	 the	 catalyst	 instead	 of	 AuCl3.	 eReaction	 time	
was	 48	 h.	 fThe	 yield	 of	 2,2-phenyl	 propanal.	 gThe	 yield	 of		
a-phenylcyclopentanecarboxaldehyde.
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CDCl3)	d	7.70–7.26	(m,	9H),	3.92	(d,	J	=	1.6	Hz,	1H),	3.83	(d,	J	=	1.6	Hz,		
1H);	13C	NMR	(100	MHz,	CDCl3)	d 142.40,	136.11,	132.33,	128.62,	
126.08,	125.46,	125.35,	118.53,	111.95,	63.16,	61.74.	IR(KBr)	3041,	
3010,	 2225,	 1602,	 1494,	 1459,	 1423,	 1280,	 1170,	 1091,	 825,	 759,	
725,	694,	611,	551	cm-1.	ESI-MS	(M+):	221.

trans-4-methylstilbene oxide (Table	3,	entry	8)	21

M.p.	 59–61°C	 (lit.21	 59–60°C).1H	 NMR	 (400	 MHz,	 CDCl3)		
d	7.38–7.18	(m,	9H),	3.85	(d,	J	=	2.4	Hz,	1H),	3.83	(d,	J	=	2.4	Hz,	
1H),	2.37	 (s,	 3H);	 13C	NMR	(100	MHz,	CDCl3)	d 138.11,	137.19,	
134.06,	129.21,	128.50,	128.20,	125.43,	62.83,	62.71,	21.19.	IR(KBr)	
3049,	2984,	1494,	1457,	1427,	1218,	1108,	1049,	817,	732,	696,	607,	
509	cm-1.	EI-MS	(M+):	210.

trans-4,4'-Dimethylstilbene oxide (Table	3,	entry	9)
M.p.	80–82°C	(lit.14	75–77°C).	1H	NMR	(400	MHz,	CDCl3)	d	7.26–
7.18	(m,	9H),	3.82	(s,	2H),	2.36	(s,	6H);	13C	NMR	(100	MHz,	CDCl3)	
d 138.01,	134.19,	129.18,	125.39,	62.74,	21.18.	IR(KBr)	3032,	2896,	
1608,	1523,	1278,	1010,	882,	839,	801	cm-1.	EI-MS	(M+):	224.

Triphenylethylene oxide (Table	3,	entry	10)
M.p.	75–76°C	(lit.14	75–77°C).	1H	NMR	(400	MHz,	CDCl3) d 7.29–
6.93	(m,	15H),	4.23	(s,	1H);	13C	NMR	(100	MHz,	CDCl3)	d	140.92,	
135.73,	 135.40,	 129.13,	 128.66,	 128.56,	 128.30,	 127.79,	 127.73,	
127.65,	127.59,	127.50,	126.70,	126.28,	68.62,	67.98.	IR	(KBr)	3027,	
1605,	1460,	1394,	1280,	756,	690	cm-1.	EI-MS	(m/z)	(M+):	272.

2,2-diphenyl propanal (Table	3,	entry	11)19a

Colourless	 oil.	 1H	 NMR	 (400	 MHz,	 CDCl3)	 d	 9.91	 (s,	 1H),	 7.35–
7.25	(m,	10H),	1.78	(s,	3H);	13C	NMR	(100	MHz,	CDCl3)	d 199.48,	
141.74,	128.68,	128.11,	127.17,	59.78,	22.53.	 IR(KBr)	3046,	2980,	
1720,	1605,	1491,	1450	860,	832,	741,	693	cm-1.	ESI-MS	(M+):	210.

trans-b-methylstyrene oxide	(Table	3,	entry	13)14

Colourless	 oil.	 1H	 NMR	 (400	 MHz,	 CDCl3)	 d	 7.36–7.25	 (m,	 5H),	
3.57	 (d,	 J	 =	 1.6	 Hz,	 1H),	 3.03	 (dq,	 J	 =	 4.8,	 1.6	 Hz,	 1H),	 1.45	 (d,		
J	 =	 4.8	 Hz,	 3H);	 13C	 NMR	 (100	 MHz,	 CDCl3)	 d 137.67,	 128.35,	
127.94,	 125.47,	 59.43,	 58.94,	 17.84.	 IR(KBr)	 3033,	 2924,	 1691,	
1447,	1246,	1067,	687	cm-1.	EI-MS:	m/z 134	(M+).
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Synthesis and characterisation of Hg (II) and Ag (I) complexes of  
4-fluorobenzoylmethylenetriphenylphosphorane and 4-chlorobenzoyl 
methylenetriphenylphosphorane, with spectroscopic studies
Kazem Karami*
Department of Chemistry Isfahan University of Technology, Isfahan, 84156/83111, Iran

4-flourobenzyloxymethylenetriphenylphosphorane	 ylide	 [Ph3PCHCOC6H4F],	 (FBPPY),	 and	 4-chlorobenzyl-
oxymethylenetriphenylphosphorane	ylide	[Ph3PCHCOC6H4Cl],(CBPPY),	have	been	synthesised.	The	reactions	of	the	
title	ylides	with	HgX2	(X	=Cl,I)	in	equimolar	ratios	using	dry	acetone	as	solvent,	have	yielded	[{HgCl2(FBPPY)}2](1),	
[{HgI2(FBPPY)}2](2),	[{HgCl2(CBPPY)}2](3)	and	[{HgI2	(CBPPY)}2](4)	respectively.	The	reactions	of	the	title	ylides	with	
AgNO3	in	molar	ratios	(2:1)	using	dry	acetone	as	solvent	have	yielded	[Ag(FBPPY)2]NO3	(5)	and	[Ag(CBPPY)2]NO3	
(6).	The	analytical	data,	IR	and	1H	and	31P	NMR	data	of	the	products	were	obtained.

Keywords: Hg(II), Ag(I), α-ketostabilised phosphorus ylide

The α-ketostabilised phosphorus ylide Ph3PCH=C(H)COR	
(R	 =	 Me,	 Ph,	 OMe)	 has	 been	 found	 to	 be	 an	 interesting	
ligand	in	organometallic	chemistry	and	a	useful	intermediate	
for	 organic	 synthesis.1-4	 In	 general,	 carbonyl-stabilised	
phosphorus	 ylides	 are	 interesting	 ligands	 because	 they	 can	
behave	as	C-	or	O-	donors	owing	to	the	delocalisation	of	the	
ylidic	 electron	 pair.5	 This	 delocalisation	 also	 makes	 these	
ylides	 weak	 nucleophiles,	 but	 this	 does	 not	 reduce	 their	
interest	as	 ligands,	and	surprisingly,	 it	was	their	weak	donor	
ability	 that	 allowed	 other	 workers	 to	 prepare	 new	 types	 of	
ylide	 complexes.5	 This	 ambidentate	 character	 facilitates	 the	
preparation	 of	 stable	 metal	 complexes	 in	 which	 the	 ylide	
could	 be	 O-	 (forms	 cisoid	 and	 transoid,	 B,	 Scheme	 1)6 or		
C-coordinated	(A, Scheme	1),7 with	both	modes	rationalised	
in	terms	of	the	resonance	forms	a–c together	with	the	isomeric	
forms	(cisoid	and	transoid,	c).

In	 the	compounds	 reported	 to	date,	 the	chemical	behaviour	
of the α-ketostabilised phosphorus ylide has been clearly 
dominated	 by	 the	 C-coordinated	 form,8-11	 and	 very	 few	
examples	of	O-coordinated	ylides	are	known.6,12-15	In	this	work,	
we	 report	 stabilised	phosphorus	ylides	 (FBPPY	and	CBPPY)	
and	metal	complexes	with	HgX	2	(X	=	Cl,	I)	and	AgNO3.

Experimental
Physical measurements and materials
Diethyl	ether	(Et2O)	was	distilled	over	sodium	benzophenone	ketyl	
just	 before	 use.	 All	 other	 solvents	 were	 reagent	 grade	 and	 used	
without further purification. Solution-state 1H	and	31P	NMR	spectra	at	
300	K	were	obtained	in	CDCl3	using	a	400	MHz	Bruker	spectrometer	
operating	 at	 400.13	 MHz	 for	 1H	 and	 161.97	 MHz	 for	 31P.	 Melting	

points	were	measured	on	a	SMPI	apparatus.	Elemental	analysis	 for	
C,	 H	 and	 N	 were	 performed	 using	 a	 PE	 2400	 series	 analyser.	 IR	
spectra	were	recorded	on	a	FT-IR	JASCO	680	spectrophotometer	and	
the	measurements	were	made	by	the	KBr	disk	method.

Mercury halides, 4-flouroacetophenone, 4-chloroacetophenone 
and	 triphenyl	 phosphine	 were	 purchased	 from	 Merck.	 The	 ylides 
were	 synthesised	 by	 the	 reaction	 of	 triphenylphosphine	 with	 a	
chloroform solution of 2-bromo-4-flouroacetophenone or 2-bromo-
4-chloroacetophenone	and	dehydrogenated	by	NaOH.16	All	solvents	
were	dried	by	the	reported	methods.17

Synthesis of FBPPY and CBPPY
To	 chloroform	 solution	 (15	 ml)	 of	 triphenylphosphine	 (1	 mmol)	
was added 2-bromo-4-flouroacetophenone or 2-bromo-4-
chloroacetophenone	(1	mmol)	and	the	resulting	mixture	was	stirred	
for 12 h. The solution was filtered off, and the precipitate washed 
with	 diethyl	 ether	 and	 air-dried.	 Further	 treatment	 with	 aqueous	
NaOH	 solution	 (0.5	 M)	 led	 to	 elimination	 of	 HBr,	 giving	 the	 free	
ligand	precursors	FBPPY	or	CBPPY.

FBPPY: M.p.	142°C,	Anal.	Calc	for	C26H20OPF:	C,	78.4;	H,	5.1	
Anal	Found:	C,	78.2;	H,	5.0%.

CBPPY: M.p.	137–138°C	Anal.	Calc	for	C26H20OPCl:	C,	75.3;	H,	
4.9	Anal	Found:	C,	75.0;	H,	4.9%

Synthesis of the complexes
[{HgCl2 (FBPPY)}2]	 (1):	 To	 a	 solution	 (5	 ml)	 of	 FBPPY	 (0.198	 g,		
0.5	mmol)	in	acetone	(5	ml)	was	added	mercury(II)	chloride	(0.134	g,	
0.5	 mmol).	The	 mixture	 was	 stirred	 for	 4	 h.	The	 white	 solid	 product	
was separated by filtration and washed with diethyl ether. Yield: 
92.0%,	 M.p.	 214°C,	 Anal.	 Calc	 for	 C52H40Cl4F2Hg2O2P2:	 C,	 46.6;	
H,	 3.0	Anal	 Found:	 C,	 46.45;	 H,	 2.95%	 1H	 NMR:	 5.51(d,	 1H,	 CH,		
2JPH	=	10.25	Hz),	7.1–8.2	(m,	19H,	Ph)	ppm	and	31P	NMR:	21.79	ppm.

[{HgI2(FBPPY)}2]	 (2):	 To	 a	 solution	 of	 FBPPY	 (0.100	 g,		
0.25	mmol)	in	acetone	(5	ml)	was	added	mercury	(II)	iodide	(0.114	g,		
0.25	 mmol).	 The	 mixture	 was	 stirred	 for	 12	 h.	 On	 concentration	
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by	 removing	 the	 solvent	by	vacuum,	 a	pale	yellow	precipitate	was	
obtained.	 The	 products	 were	 washed	 with	 benzene	 and	 dried	 in 
vacuo.	Yield:	81%,	M.p.	214°C,	Anal.	Calc	for	C52H40	F2Hg2I4O2P2:	
C,	 36.6;	 H,	 2.4	Anal	 Found:	 C,	 36.45;	 H,	 2.3%	 1H	 NMR:	 4.62(d,	
1H,	 CH,	 2JPH	 =	 5.5	 Hz),	 7.1–8	 (m,	 19H,	 Ph)	 ppm	 and	 31P	 NMR:		
20.34	ppm.

[{HgCl2(CBPPY)}2]	(3):	To	a	solution	(5	ml)	of	CBPPY	(0.207	g,		
0.5	 mmol)	 in	 acetone	 (5	 ml)	 was	 added	 mercury(II)	 chloride		
(0.134	g,	0.5	mmol).	The	mixture	was	stirred	for	4	h.	The	white	solid	
product was separated by filtration and washed with diethyl ether. 
Yield:	92.0%,	M.p.	204°C	(dec),	Anal.	Calc	for	C52H40Cl6Hg2O2P2:		
C,	45.5;	H,	2.9	Anal	Found:	C,	45.35;	H,	2.8%.

1H	 NMR:	 5.48(s	 br,	 1H,	 CH),	 7.0–8.1	 (m,	 19H,	 Ph)	 ppm	 and		
31P	NMR:	21.86	ppm.

[{HgI2(CBPPY)}2]	(4):	To	a	solution	of	CBPPY	(0.104	g,	0.25	mmol)		
in	acetone	(5	ml)	was	added	mercury	(II)	iodide	(0.114	g,	0.25	mmol).	
The	 mixture	 was	 stirred	 for	 12	 h.	 On	 concentration	 by	 removing	
the	 solvent	 by	 vacuum,	 a	 pale	 yellow	 precipitate	 was	 obtained.		
The	 products	 were	 washed	 with	 diethyl	 ether	 and	 dried	 in vacuo.	
Yield:	81%,	M.p.	219°C	(dec),	Anal.	Calc	for	C52H40Cl2	Hg2	I4O2P2:	
C,	35.9;	H,	2.3	Anal	Found:	C,	36.05;	H,	2.4%	1H	NMR:	5.49(s	br,	
1H,	CH),	7.1–8.2	(m,	19H,	Ph)	ppm	and	31P	NMR:	21.85	ppm.

[Ag(FBPPY)2]NO3	 (5):	 The	 ylide	 FBPPY	 (0.470	 g,	 1.18	 mmol)	
was	added	to	a	solution	of	AgNO3	(0.100	g,	0.59	mmol)	in	acetone	
(10	 ml).	 The	 solution	 was	 stirred,	 whilst	 protected	 from	 the	 light,	
for 1 h and then filtered through MgSO4.	 The	 volume	 of	 solvent	
was	reduced	under	vaccum	to	about	2	ml.	Diethyl	ether	(25	ml)	was	
added	 to	 precipitate	 [Ag{CH(PPh3)	 C(O)	 C6H4–F}]NO3	 (5)	 as	 a	
white	powder.	M.p.	185°C	(dec),	Anal.	Calc	for	C52H40AgF2NO5P2:	
C,	64.6;	H,	4.2	Anal	Found:	C,	64.5;	H,	4.2%	 1H	NMR:	5.06(s	br,	
1H),	7.1–8.1	(m,	19H,	Ph)	ppm	and	31P	NMR:	22.13	ppm.

[Ag(CBPPY)2]NO3	 (6)	 The	 ylide	 CBPPY	 (0.489	 g,	 1.18	 mmol)	
was	added	to	a	solution	of	AgNO3	(0.100	g,	0.59	mmol)	in	acetone		
(10	ml).	The	solution	was	stirred,	whilst	protected	from	the	light	for	
1 h and then filtered through MgSO4.	 The	 volume	 of	 solvent	 was	
reduced	 under	 vaccuum	 to	 about	 2	 ml.	 Diethyl	 ether	 (25	 ml)	 was	
added	to	precipitate	[Ag{CH(PPh3)C(O)C6H4-Cl}]NO3	(6)	as	a	white	
powder.	 M.p.	 179°C,	Anal.	 Calc	 for	 C52H40AgCl2NO5P2:	 C,	 62.5;		
H,	4.0	Anal	Found:	C,	62.5;	H,	3.9%	1H	NMR:	6.06(s	br,	1H,	CH),	
7.2–8.2	(m,	19H,	Ph)	ppm	and	31P	NMR:	21.79	ppm.

Results and discussion
Synthesis
The ligand was synthesised by treating 2-bromo-4'-flouroacetophenone 
or	 2-bromo-4'-chloroacetophenone	 with	 triphenylphosphine	 and	
removal	of	the	proton	from	the	phosphonium	salt.

Reactions	of	HgX2	(X	=	Cl,	I)	with	the	ylide	in	a	1	:	1	stoichiometry	
afforded	 the	 C-coordinated	 complexes	 (1–4),	 with	 a	 halo-bridged	
dimeric	 structure,	and	 reaction	with	AgNO3	 in	a	2	:	1	 stoichiometry	
afforded	the	C-coordinated	complexes	(5)	and	(6).

Spectroscopy
The ν(CO) values, which are sensitive to complexation, occur at 1516 
and	1521	cm-1	in	the	parent	ylides,	as	in	the	case	of	other	resonance	
stabilised	ylides.11	Coordination	of	 the	ylide	 through	carbon	causes	
an increase in ν(CO), while for O-coordination a lowering of ν(CO) 
is	 expected	 (Table	 1).	 The	 IR	 absorption	 bands	 observed	 for	 all	
complexes show an increase in ν(CO), indicative of coordination 

of the ylide through carbon. The ν(P+–C-),	which	 is	also	diagnostic	
for	 the	 coordination,	occurs	 at	 897	 cm-1	 in	Ph3P+–C-H2	 and	 at	 883	
and	 881	 cm-1	 in	 FBPPY	 and	 CBPPY	 respectively.	 In	 the	 present	
study, the ν (P+–C-)	values	 for	all	complexes	were	shifted	 to	 lower	
frequencies	 (Table	1),	 suggesting	some	removal	of	electron	density	
in	the	P–C	bond.	The	1H	NMR	data	for	the	mercury	(II)	complexes,	
along	 with	 those	 of	 the	 parent	 ylide,	 are	 listed	 in	 (Table	 2).		
The	NMR	signal	due	to	the	methine	proton,	when	recorded	in	CDCl3,	
was	broad	for	complexes	3,	4,	5	and	6.	This	indicates	that	probably	
the	 ylide	 dissociates	 in	 solution.	 Compounds	 wherein	 the	 ylide	 is		
C-coordinated	exhibit	a	2J(PH)	value	of	10	Hz	or	less.11,13

The	 31P	 NMR	 resonances	 of	 the	 complexes	 were	 observed	
to occur at a lower field with respect to the free ylide (Table 2). 	
The expected downfield shifts of 31P	and	1H	signals	for	the	PCH	group	
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Table 1	 n	(CO)	of	selected	phosphoranes	and	their	metal	complexes

Compound	 n	(CO)	 D(CO)	 n	(P–C)	 Ref.

Ph3PCHCOCH3	(APPY)	 1530	 –	 	 18
Ph3PCHCOPh	(BPPY)	 1520	 –	 878	 18
Ph3PCHCOC6H4-F(	=	FBPPY)	 1516	 –	 883	 This	work
Ph3PCHCOC6H4-Cl(	=	CBPPY)	 1521	 –	 881	 This	work

C-coordination	 	 	 	
[{HgCl2(FBPPY)}2]	(1)	 1638	 	+	122	 818	 This	work
[{HgI2(FBPPY)}2]	(2)	 1626	 	+	110	 808	 This	work
[{HgCl2(CBPPY)}2]	(3)	 1635	 	+	114	 816	 This	work
[{HgI2(CBPPY)}2]	(4)	 1622	 	+	101	 811	 This	work
[Ag(FBPPY)2]NO3	(5)	 1613	 	+	97	 880	 This	work
[Ag(CBPPY)2]NO3	(6)	 1616	 	+	95	 875	 This	work

O-coordination	 	 	 	
[Sn(CH3)3(APPY)]Cl	 1480	 –40	 	 12
[Pd{C6F5)(PPh3}2(APPY)]ClO4	 1513	 –17	 	 7d
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upon	 complexation	 were	 observed	 in	 their	 corresponding	 spectra.	
The	 appearance	 of	 single	 signals	 for	 the	 PCH	 group	 in	 both	 the		
31P	and	1H	spectra	at	ambient	temperature	indicates	the	presence	of	only	
one	molecule	for	all	 the	complexes	as	expected	for	C-coordination.		
It	must	be	noted	that	O-coordination	of	the	ylide	sometimes	leads	to	
the	 formation	of	cis-	 and	 trans-isomers	giving	 rise	 to	 two	different	
signals	 in	 the	 31P	 and	 1H	 NMR.6b,17	 1H	 and	 31P{1H}	 NMR	 data	
are	 presented	 in	 Table	 2.	 Although	 two	 diasteroisomer	 (RR/SS		
and	 RS)	 are	 possible	 for	 each	 complex	 (because	 the	 methane		
carbons	 are	 chiral)	 NMR	 spectroscopy	 does	 not	 distinguish	
them	 at	 room	 temperature.	 The	 methine	 resonances	 are	
intermediate	 between,	 and	 2J(PH)	 values	 smaller	 than,	 those	 in	
the	 free	ylides	 and	phosphonium	 salts;	 this	was	observed	 for	 other		
C-coordinated	 carbonyl-stabilised	 phosphorus	 ylide	 complexes	 and	
is	 due	 to	 the	 hybridisation	 change	 in	 the	 ylidic	 carbon	 (SP2-SP3)	
in	 the	 C-coordination	 mode.7b,15,16	 Values	 of	 2J(PH)	 much	 larger		
(ca	 20	 Hz)	 have	 been	 observed	 in	 complexes	 where	 coordination	
is	 through	 the	 oxygen	 atom.12	 Neither	 H–Ag	 and	 H–Hg	 nor		
P–Ag	 and	 P–Hg	 coupling	 was	 observed	 at	 room	 temperature	 in	
the	spectra	of	our	complexes;	 the	same	was	 the	case	for	 [Ag(C6F5)	
CH(PPh3)CO2Me].18	 It	 is	 possible	 that	 a	 fast	 equilibrium	 between	
complexes	 and	 free	 ylides	 is	 responsible	 for	 the	 failure	 observed	
either	the	NMR	couplings	or	presence	of	two	diastereoisomers
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Table 2	 1H	and	31P	NMR	data	of	FBPPY	and	its	complexes	with	mercury	(II),	Ag	(I)	and	Pd	(II)

Compound	 1H	chemical	shifts	(CH)	(d	ppm)	 2J(PH)	(Hz)	 31P	chemical	shifts	(d	ppm)

FBPPY	 4.37	(d)	 23.99	 16.8	
CBPPY	 4.4(d)	 23.87	 16.7	
[{HgCl2(FBPPY)}2]	(1)	 5.51(d)	 10.25	 21.79	
[{HgI2(FBPPY)}2]	(2)	 4.62(d)	 5.48	 20.34	
[{HgCl2(CBPPY)}2]	(3)	 5.48	(s	br)	 –	 21.86	
[{HgI2(CBPPY)}2]	(4)	 5.49	(s	br)	 –	 21.85	
[Ag(FBPPY)2]NO3	(5)	 5.06	(s	br)	 –	 22.13	
[Ag(CBPPY)2]NO3	(6)	 6.06	(s	br)	 –	 21.79
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Terminal	 arylacetylenes	 are	 an	 important	 synthetic	
intermediates1	 and	 are	 usually	 prepared	 by	 classical	
procedures	such	as	the	Vilsmeier	method,2	the	halogenation-	
dehydrohalogenation	 sequence	 of	 vinyl	 aromatics3	 and	
ketones,4 and the dehydrohalogenation of β,β-dihaloolefins.5	

However,	these	methods	involve	a	tedious	multistep	synthetic	
procedure	and	the	yields	are	poor	to	moderate.	The	palladium-	
catalysed	cross-coupling	of	terminal	alkynes	with	aryl	halides	
is	 known	 as	 the	 Sonogashira	 reaction6	 and	 has	 become	 an	
extremely	powerful	 tool	 for	 the	 formation	of	carbon–carbon	
bonds.	 This	 coupling	 reaction	 has	 been	 widely	 applied	 in	
organic	synthesis	since	a	wide	variety	of	functionality	can	be	
tolerated	on	either	partner	and	the	yields	of	coupled	products	
are	high.	Lau	et al.7	reported	that	terminal	arylacetylenes	could	
be	conveniently	synthesised	in	good	yields	by	palladium(0)-	
catalysed	Sonogashira	coupling	of	aryl	halides	with	(trimethyl-	
silyl)acetylene,	followed	by	desilylation	under	mild	conditions.	
However,	the	Sonogashira	reaction	generally	proceeds	in	the	
presence	of	a	homogeneous	palladium	catalyst,	which	makes	
the	 catalyst	 recovery	 a	 tedious	 operation	 and	 may	 result	 in	
unacceptable	 palladium	 contamination	 of	 the	 product.	 From	
the	 standpoint	of	green	chemistry,	 the	development	of	more	
environmentally	 benign	 conditions	 for	 the	 reaction,	 for	
example	the	use	of	a	heterogeneous	palladium	catalyst	would	
be	 desirable.8	So	 far,	 polymer-supported	 palladium	 catalysts	
have	 successfully	 been	 used	 for	 the	 Heck	 reaction,9	 the	
Suzuki	 reaction,10	 and	 the	Sonogashira	 reaction.11	However,	
to	 the	best	of	our	knowledge,	no	 report	 for	 the	Sonogashira	
coupling	 of	 aryl	 halides	 with	 (trimethylsilyl)acetylene	 has	
been	 reported	 using	 supported	 palladium	 catalysts.	 Recent	
developments	on	the	mesoporous	material	MCM-41	provided	
a	possible	new	candidate	for	a	solid	support	for	immobilisation	
of	 homogeneous	 catalysts.12	 MCM-41	 has	 a	 regular	 pore	
diameter	 of	 ca.5 nm and a specific surface area > 700 m2	

g-1.13	 Its	 large	 pore	 size	 allows	 passage	 of	 large	 molecules	

such	 as	 organic	 reactants	 and	 metal	 complexes	 through	 the	
pores	 to	 reach	 the	 surface	 of	 the	 channel.14	 Very	 recently,		
we have reported the synthesis of the first MCM-41-supported 
bidentate	 phosphine	 palladium(0)	 complex	 [abbreviated	 as	
MCM-41-2P-Pd(0)]	and	 found	 that	 this	complex	 is	a	highly	
active	 and	 recyclable	 catalyst	 for	 the	 heterogeneous	 Suzuki	
reaction.15	Herein	we	wish	to	report	that	a	variety	of	terminal	
arylacetylenes	could	be	conveniently	 synthesised	 in	good	 to	
high	 yields	 via	 Sonogashira	 coupling	 of	 aryl	 iodides	 with	
(trimethylsilyl)acetylene	 catalysed	 by	 MCM-41-2P-Pd(0),	
followed	by	desilylation	under	mild	conditions	(Scheme	1).

The	MCM-41-supported	bidentate	phosphine	palladium(0)	
complex	[MCM-41-2P-Pd(0)]	was	prepared	by	our	previous	
procedure.15	 The	 phosphine	 and	 palladium	 contents	 were	
1.15 and 0.52 mmol/g, respectively. The influences of bases, 
solvents	and	amounts	of	the	catalyst	on	the	catalytic	property	
of	the	MCM-41-2P-Pd(0)	complex	were	investigated	by	using	
the	 coupling	 reaction	 of	 iodobenzene	 with	 (trimethylsilyl)	
acetylene.	 The	 results	 are	 shown	 in	 Table	 1.	 It	 was	 found	
that	among	the	bases	tested,	piperidine	proved	to	be	the	most	
efficient. Among the solvents used, piperidine was also the 
best	choice.	Increasing	the	amount	of	palladium	catalyst	could	
shorten	the	reaction	time,	but	did	not	increase	the	yield	of	1-
phenyl-2-(trimethylsilyl)ethyne	(entry	12).	The	low	palladium	
concentration	usually	led	to	a	long	period	of	reaction,	which	
was	consistent	with	our	experimental	results	(entries	13,	14).	
Taken	 together,	 excellent	 results	 were	 obtained	 when	 the	
coupling	reaction	was	carried	out	with	0.5	mol%	of	MCM-41-
2P-Pd(0)	and	5	mol%	of	CuI	in	piperidine	at	room	temperature	
(entry	9).

The	results	of	MCM-41-2P-Pd(0)-catalysed	cross-coupling	
of	a	variety	of	aryl	iodides	with	(trimethylsilyl)acetylene	are	
summarised	 in	 Table	 2.	As	 shown	 in	 Table	 2,	 the	 coupling	
reaction	 of	 aryl	 iodides	 having	 electron-withdrawing	 or	
electron-	donating	substituents	with	(trimethylsilyl)acetylene	

Ar +

PPh2

PPh2

Pd
O

O
Si(CH2)3N

Ar
0.5 mol% MCM-41-2P-Pd(0)

Ar

1 2

PPh2

PPh2

Pd

OEt
O

OSiMe3
O

Si(CH2)3NMCM-41-2P-Pd(0) =

I SiMe3 SiMe3
CuI, piperidine, r.t.

K2CO3
MeOH, r.t.

Ar

3

Scheme 1
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proceeded	smoothly	at	room	temperature	in	piperidine	giving	
a	 variety	 of	 1-aryl-2-(trimethylsilyl)ethynes	 in	 excellent	
yields	 after	 2	 h	 of	 reaction	 time.	 The	 coupling	 reactions	 of	
aryl	bromides	with	(trimethylsilyl)acetylene	did	not	occur	at		
25°C	or	60°C	under	the	same	conditions.	The	cross-coupling	
reaction	 of	 4-bromoiodobenzene	 with	 (trimethylsilyl)-acety-
lene	afforded	selectively	1-(4-bromophenyl)-2-(trimethylsilyl)	
ethyne	 2b in	 97%	 yield;	 no	 1,4-bis(trimethylsilylethynyl)	
benzene	was	formed	(entry	2).	The	coupling	reaction	of	aryl	
iodides	 with	 (trimethylsilyl)acetylene	 also	 proceeded	 in	 the	
absence	 of	 copper	 iodide,	 but	 a	 longer	 reaction	 time	 (24	 h)	
was	 required	 and	 the	 yield	 was	 moderate.	 The	 Sonogashira	
coupling	 reactions	 of	 1-iodonaphthalene	 and	 heteroaryl	
iodides	such	as	2-iodothiophene	with	(trimethylsilyl)acetylene		
could	 also	 proceed	 smoothly	 under	 the	 same	 conditions	
affording	 the	 corresponding	 coupled	 products	 in	 high		

yields	 (entries	 13,	 14).	 The	 optimised	 catalyst	 system	 is	
quite	 general	 in	 application	 and	 tolerant	 of	 a	 wide	 range	 of		
functional	 groups	 such	 as	 nitro,	 cyano,	 halogen,	 methoxy,	
carbonyl,	hydroxy.	In	all	reactions,	only	0.5	mol%	of	MCM-41-
2P-Pd(0)	based	on	the	aryl	iodides	was	used,	the	molar	turnover	
numbers	 (TON)	were	 larger	 than	 those	 in	 the	corresponding		
coupling	 reaction	 catalysed	 by	 the	 homogeneous	 palladium	
catalysts.6,7

The	MCM-41-supported	bidentate	phosphine	palladium(0)	
catalyst can be easily recovered by simple filtration. We next 
examined	the	reuse	of	 the	catalyst	by	using	 the	Sonogashira	
coupling	 of	 iodobenzene	 with	 (trimethylsilyl)acetylene.		
In	general,	the	continuous	recycle	of	resin-supported	palladium	
catalysts is difficult owing to leaching of the palladium species 
from	 the	 polymer	 supports.	 However,	 when	 the	 coupling	
reaction	 of	 iodobenzene	 with	 (trimethylsilyl)acetylene	 was	

Table 1	 Sonogashira	reaction	of	iodobenzene	with	(trimethylsilyl)acetylene	in	the	presence	of	several	bases	and	solventsa

Entry	 Base	 Solvent		 MCM-41-2P-Pd(0)	(mol%)	 Time/h	 Yield	b/%

	 1	 Et3N	 Toluene 0.5	 9	 73
	 2	 Et3N	 DMF 0.5	 6	 79
	 3	 Et3N	 Dioxane 0.5	 6	 78
	 4	 Et3N	 Et3N 0.5	 3	 82
	 5	 BuNH2	 DMF 0.5	 6	 80
	 6	 BuNH2	 Dioxane 0.5	 6	 75
	 7	 BuNH2	 BuNH2 0.5	 3	 83
	 8	 Piperidine	 DMF 0.5	 5	 85
	 9	 Piperidine	 Piperidine 0.5	 2	 96
	10	 Pyrrolidine	 DMF 0.5	 5	 83
	11	 Pyrrolidine	 Pyrrolidine 0.5	 2	 92
	12	 Piperidine	 Piperidine 1.0	 1	 95
	13	 Piperidine	 Piperidine 0.1	 8	 90
	14	 Piperidine	 Piperidine	 0.05	 24	 85
aAll	 reactions	 were	 performed	 using	 1.0	 mmol	 of	 iodobenzene,	 1.5	 mmol	 of	 (trimethylsilyl)acetylene,	 0.05	 mmol	 of	 CuI	 and		
3.0	mmol	of	base	in	3	ml	of	solvent	at	room	temperature	under	Ar.	bIsolated	yield	based	on	the	iodobenzene	used.

Table 2	 Synthesis	of	1-aryl-2-(trimethylsilyl)ethynes	2a–na

Entry	 Ar-X	 Product	 Yieldb/%

	 1	 Ph-I	 2a 96
	 2	 4-BrC6H4-I	 2b 97
	 3	 4-ClC6H4-I	 2c 96
	 4	 4-MeOC6H4-I	 2d 93
	 5	 4-O2NC6H4-I	 2e 95
	 6	 4-MeC6H4-I	 2f 93
	 7	 4-HOC6H4-I	 2g 90
	 8	 4-MeCOC6H4-I	 2h 97
	 9	 4-MeOCOC6H4-I	 2i 96
	10	 3-O2NC6H4-I	 2j 98
	11	 3-MeC6H4-I	 2k 94
	12	 3-NCC6H4-I	 2l 96
	13	 1-Iodonaphthalene	 2m 92
	14	 2-Iodothiophene	 2n	 88
aAll	reactions	were	performed	using	1.0	mmol	of	aryl	iodide,	1.5	mmol	of	(trimethylsilyl)ethyne,	0.005	mmol	of	palladium	catalyst	
and	0.05	mmol	of	CuI	in	3	ml	of	piperidine	at	room	temperature	under	Ar	for	2	h.
bIsolated	yield	based	on	the	aryl	iodide	1 used.

Table 3	 Sonogashira	reaction	of	iodobenzene	with	(trimethylsilyl)acetylene	catalysed	by	recycled	catalyst

Entry	 Catalyst	cycle	 Isolated	yield/%	 TON	

1	 First	 96	 192
2	 Tenth	 93	 186
3	 	First	to	tenth	consecutive	 94	 Total	of	1880

I + SiMe3

10 mmol 15 mmol

0.05 mmol MCM-41-2P-Pd(0)
          (1st-10th use)
          0.5 mmol CuI

Piperidine,  r.t., 2 h

2a

SiMe3
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run	 even	 with	 0.5	 mol%	 of	 MCM-41-2P-Pd(0),	 the	 catalyst	
could	 be	 recycled	 10	 times	 without	 any	 loss	 of	 activity.		
The	reaction	promoted	by	the	tenth	recycled	catalyst	afforded	
2a in	93%	yield	 (Table	3,	entry	2).	The	average	yield	of	2a	
in	consecutive	reactions	promoted	by	the	1-10	times	recycled	
catalyst	 was	 94%	 (entry	 3).	 The	 result	 is	 important	 from	 a	
practical	point	of	view.

Subsequent	 treatment	of	 1-aryl-2-(trimethylsilyl)ethynes	2	
with	 anhydrous	potassium	carbonate	 in	 anhydrous	methanol	
at	 25°C	 for	 3	 h	 gave	 a	 variety	 of	 terminal	 arylacetylenes	
(Scheme	 1).	 The	 experimental	 results	 are	 summarised	 in	
Table	 4.	 From	 the	Table	 4,	 we	 can	 see	 that	 the	 desilylation	
reaction	 of	 a	 variety	 of	 1-aryl-2-(trimethylsilyl)ethynes	 2 in	
the	 presence	 of anhydrous	 potassium	 carbonate	 proceeded	
smoothly	under	mild	conditions,	affording	the	corresponding	
terminal	arylacetylenes	3	in	good	to	high	yields.

In conclusion, we have developed a novel and efficient 
route	 for	 synthesis	 of	 terminal	 arylacetylenes	 by	 the	
Sonogashira	 coupling	 of	 aryl	 iodides	 with	 (trimethylsilyl)	
acetylene	 catalysed	 by	 a	 MCM-41-supported	 bidentate	
phosphine	 palladium(0)	 catalyst,	 followed	 by	 desilylation	
under	 mild	 conditions.	 Because	 (trimethylsilyl)acetylene	
can	 be	 easily	 prepared	 in	 high	 yield	 under	 mild	 conditions	
from	 acetylene	 and	 chlorotrimethylsilane	 according	 to	 the	
procedure	 developed	 by	 Brandsma	 and	 Verkruijsse,16	 the	
present	method	has	the	advantages	of	readily	available	starting	
materials,	 straightforward	 and	 simple	 procedures,	 mild	
reaction	conditions,	high	yields,	 tolerance	for	a	wide	variety	
of	 functionality,	 and	 excellent	 reusability	 of	 the	 palladium	
catalyst.

Experimental
1H	 NMR	 spectra	 were	 recorded	 on	 a	 Bruker	AC-P400	 (400	 MHz)	
spectrometer	with	TMS	as	 an	 internal	 standard	using	CDCl3	as	 the	
solvent.	 13C	 NMR	 (100	 MHz)	 spectra	 were	 recorded	 on	 a	 Bruker	
AC-P400	 (400	 MHz)	 spectrometer	 using	 CDCl3	as	 the	 solvent.	 IR	
spectra were determined on an FTS-185 instrument as neat films. 
Mass	 spectra	 were	 obtained	 on	 a	 Finigan	 8239	 mass	 spectrometer	
(EI,	 70	 eV).	 Microanalyses	 were	 measured	 using	 a	 Yanaco	 MT-3	
CHN	microelemental	analyser.	All	reactions	were	carried	out	in	pre-
dried	glassware	 (150°C,	4	h)	and	cooled	under	a	 stream	of	dry	Ar.	
Piperidine	was	dried	by	KOH	and	distilled	prior	to	use.	For	AA'XX'	
systems	in	1H	NMR	J*	=	J23	+	J25.

General procedure for the synthesis of 1-aryl-2-(trimethylsilyl)ethynes 
2a–n
The	aryl	iodide	(1.0	mmol),	MCM-41-2P-Pd(0)	(10	mg,	0.005	mmol		
Pd),	 piperidine	 (3	 ml),	 and	 CuI	 (0.05	 mmol)	 were	 added	 to	 a	
flask under argon, and the resulting mixture was stirred at room 
temperature	for	5	min.	To	this	suspension	was	added	(trimethylsilyl)	
acetylene	(1.5	mmol),	and	 the	reaction	mixture	was	stirred	at	 room	
temperature	 for	 2	 h.	 The	 mixture	 was	 dissolved	 in	 Et2O	 (40	 ml).	

The	MCM-41-	2P-Pd(0)	catalyst	was	separated	from	the	mixture	by	
filtration, washed with distilled water (2 × 10 ml), EtOH (3 × 10 ml) 	
and	 Et2O	 (2	 ×	 10	 ml)	 and	 reused	 in	 the	 next	 run.	 The	 ethereal	
solution	was	washed	with	water	(2	×	10	ml)	and	dried	over	MgSO4.		
The solvent was removed under vacuum, and the residue was purified 
by flash chromatography on silica gel (light petroleum:ethyl acetate 
=	 2:1	 for	 2g;	 light	 petroleum	 for	 2a, 2b, 2c, 2f, 2k, 2m, 2n;	 light	
petroleum:	ethyl	acetate	=	9:1	for	2d, 2e, 2h, 2i, 2j, 2l)	 to	give	 the	
desired	product.

Compound	2a: IR (film): ν (cm-1)	3080,	2960,	2159,	1598,	1488,	
1250,	843,	690;	1H	NMR	(CDCl3): δ 7.48–7.45 (m, 2H), 7.31–7.29 
(m,	 3H),	 0.25	 (s,	 9H);	 13C	 NMR	 (CDCl3): δ 132.0, 128.5, 128.2, 
123.1,	105.1,	94.1,	0.01;	MS:	m/z 174	(M+,	19),	159	(68),	77	(57),	73	
(100);	Anal.	Calc.	for	C11H14Si:	C,	75.79;	H,	8.10.	Found:	C,	75.92;	
H,	8.2%.

Compound	2b: IR (film): ν (cm-1)	2957,	2158,	1582,	1485,	1247,	
846,	759;	1H	NMR	(CDCl3): δ 7.42 (m, J*	=	8.4	Hz,	2H),	7.32	(m,		
J*	 =	 8.4	 Hz,	 2H),	 0.24	 (s,	 9H);	 13C	 NMR	 (CDCl3): δ 133.4, 131.5, 
122.7,	122.1,	103.9,	95.6,	0.14;	MS:	m/z 254	(M+,	80Br,	2.6),	(M+,	78Br,	
2.5)	165	(51),	125	(56),	111	(77),	97	(100),	83	(80),	71	(70);	Anal.	Calc.	
for	C11H13SiBr:	C,	52.16;	H,	5.17.	Found:	C,	51.9;	H,	5.0%.

Compound	2c: IR (film): ν (cm-1)	3030,	2959,	2159,	1590,	1488,	
1250,	844,	759,	685;	1H	NMR	(CDCl3): δ 7.38 (m, J*	=	8.4	Hz,	2H),	
7.26	(m,	J*	=	8.4	Hz,	2H),	0.24	(s,	9H);	13C	NMR	(CDCl3): δ 134.6, 
133.2,	128.6,	121.7,	103.9,	95.4,	-0.07;	MS:	m/z 210	(M+,	37Cl,	3.8),	
208(M+,	35Cl,	12)	193	(64),	73	(100);	Anal.	Calc.	for	C11H13SiCl:	C,	
63.27;	H,	6.28.	Found:	C,	63.4;	H,	6.1%.

Compound	2d: IR (film): ν (cm-1)	2960,	2156,	1606,	1508,	1249,	
834,	699;	1H	NMR	(CDCl3): δ 7.41 (m, J*	=	8.8	Hz,	2H),	6.81	(m,	
J*	 =	 8.8	 Hz,	 2H),	 3.81	 (s,	 3H),	 0.24	 (s,	 9H);	 13C	 NMR	 (CDCl3):		
δ 159.7, 133.5, 115.3, 113.8, 105.2, 92.5, 55.3, 0.08; MS: m/z 204	
(M+,	31),	189	(76),	73	(100);	Anal.	Calc.	for	C12H16SiO:	C,	70.53;	H,	
7.89.	Found:	C,	70.3;	H,	8.1%.

Compound	2e: IR (film): ν (cm-1)	2960,	2160,	1593,	1521,	1348,	
1250,	866;	1H	NMR	(CDCl3): δ 8.17 (m, J*	=	8.8	Hz,	2H),	7.60	(m,	
J*	=	8.8	Hz,	2H),	0.28	(s,	9H);	13C	NMR	(CDCl3): δ 147.2, 132.7, 
130.0,	123.5,	102.7,	100.6,	 -0.30;	MS:	m/z 219	(M+,	33),	205	(47),	
204	(100),	158	(73);	Anal.	Calc.	for	C11H13NSiO2:	C,	60.24;	H,	5.98.	
Found:	C,	60.4;	H,	6.1%.

Compound	2f: IR (film): ν (cm-1)	2959,	2158,	1612,	1507,	1251,	
871,	844,	816;	1H	NMR	(CDCl3): δ 7.35 (m, J*	=	8.0	Hz,	2H),	7.09	
(m,	J*	=	8.0	Hz,	2H),	2.34	(s,	3H),	0.24	(s,	9H);	13C	NMR	(CDCl3):		
δ 138.6, 131.9, 128.9, 120.1, 105.4, 93.2, 21.5, 0.03; MS: m/z 188	
(M+,	13),	173	(84),	69	 (66),	57	 (100);	Anal.	Calc.	 for	C12H16Si:	C,	
76.53;	H,	8.56.	Found:	C,	76.3;	H,	8.3%.

Compound	2g: IR (film): ν (cm-1)	3435,	2959,	2157,	1608,	1509,	
1252,	868,	841;	1H	NMR	(CDCl3): δ 7.35 (m, J*	=	8.4	Hz,	2H),	6.75	
(m,	J*	=	8.4	Hz,	2H),	4.92	(s,	1H),	0.23	(s,	9H);	13C	NMR	(CDCl3):	
δ 155.8, 133.7, 115.6, 115.3, 105.0, 92.5, 0.05; MS: m/z 190	 (M+,	
91),	175	(100),	136	(84),	121	(94),	93	(77),	65	(58);	Anal.	Calc.	for	
C11H14SiO:	C,	69.42;	H,	7.41.	Found:	C,	69.2;	H,	7.5%.

Compound	2h: IR (film): ν (cm-1)	2961,	2159,	1688,	1600,	1558,	
1263,	864,	843;	1H	NMR	(CDCl3): δ 7.88 (m, J*	=	8.4	Hz,	2H),	7.53	
(m,	J*	=	8.4	Hz,	2H),	2.60	(s,	3H),	0.27	(s,	9H);	13C	NMR	(CDCl3):	
δ 197.3, 136.4, 132.1, 128.1, 128.0, 104.0, 98.1, 26.6, –0.18; MS: 	
m/z 216	 (M+,	 5.2),	 149	 (40),	 111	 (45),	 97	 (64),	 71	 (77),	 57	 (100);	
Anal.	 Calc.	 for	 C13H16SiO:	 C,	 72.17;	 H,	 7.45.	 Found:	 C,	 71.9;		
H,	7.35%.

Table 4	 Synthesis	of	terminal	arylacetylenes	3a–na

Entry	 ArC∫CH	 Product	 Yieldb/%

	 1	 PhC∫CH	 3a 88
	 2	 4-BrC6H4C∫CH	 3b 90
	 3	 4-ClC6H4C∫CH	 3c 91
	 4	 4-MeOC6H4C∫CH	 3d 86
	 5	 4-O2NC6H4C∫CH	 3e 92
	 6	 4-MeC6H4C∫CH	 3f 90
	 7	 4-HOC6H4C∫CH	 3g 85
	 8	 4-MeCOC6H4C∫CH	 3h 91
	 9	 4-MeOCOC6H4C∫CH	 3i 94
	10	 3-O2NC6H4C∫CH	 3j 89
	11	 3-MeC6H4C∫CH	 3k 93
	12	 3-NCC6H4C∫CH	 3l 94
	13	 1-Ethynylnaphthalene	 3m 88
	14	 2-Ethynylthiophene	 3n 86
aAll	reactions	were	performed	using	1.0	mmol	of	2,	0.09	mmol	of	K2CO3	in	3	ml	of	MeOH	at	25°C	under	Ar	for	3	h.
bIsolated	yield	based	on	the	2 used.
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Compound	2i: IR (film): ν (cm-1)	2958,	2160,	1724,	1604,	1277,	
1109,	 860,	 844,	 770;	 1H	 NMR	 (CDCl3): δ 7.96 (m, J*	 =	 8.4	 Hz,	
2H),	7.52	(m,	J*	=	8.4	Hz,	2H),	3.91	(s,	3H),	0.26	(s,	9H);	13C	NMR	
(CDCl3): δ 166.5, 131.9, 129.7, 129.4, 127.8, 104.1, 97.7, 52.2, –0.17; 
MS:	m/z 232	(M+,	79),	218	(81),	217	(100),	201	(53),	158	(45);	Anal.	
Calc.	for	C13H16SiO2:	C,	67.19;	H,	6.94.	Found:	C,	67.35;	H,	6.9%.

Compound	2j: IR (film): ν (cm-1)	2962,	2169,	1572,	1532,	1353,	
1251,	 845;	 1H	 NMR	 (CDCl3): δ 8.31 (s, 1H), 8.17–8.14 (m, 1H), 
7.76–7.73	(m,	1H),	7.48	(t,	J	=	8.0	Hz,	1H),	0.26	(s,	9H);	13C	NMR	
(CDCl3): δ 148.0, 137.5, 129.2, 126.8, 125.0, 123.1, 102.2, 97.6, 
-0.27;	 MS:	 m/z 219	 (M+,	 11),	 204	 (100),	 183	 (57);	Anal.	 Calc.	 for	
C11H13NSiO2:	C,	60.24;	H,	5.98.	Found:	C,	59.95;	H,	5.8%.

Compound	2k: IR (film): ν (cm-1)	2960,	2151,	1602,	1579,	1483,	
1250,	843;	1H	NMR	(CDCl3): δ 7.30–7.25 (m, 2H), 7.18 (t, J	=	7.6	Hz,		
1H),	7.12	(d,	J	=	7.6	Hz,	1H),	2.31	(s,	3H),	0.24	(s,	9H);	13C	NMR	
(CDCl3): δ 137.8, 132.5, 129.3, 128.9, 128.0, 122.8, 105.2, 93.6, 21.0, 
–0.12;	MS:	m/z 188	(M+,	73),	173	(100);	Anal.	Calc.	for	C12H16Si:	C,	
76.53;	H,	8.56.	Found:	C,	76.7;	H,	8.4%.

Compound	2l: IR (film): ν (cm-1)	2957,	2236,	2151,	1594,	1571,	
1476,	1248,	846;	1H	NMR	(CDCl3): δ 7.74 (s, 1H), 7.65 (d, J	=	8.0	Hz,		
1H),	7.58	(d,	J	=	8.0	Hz,	1H),	7.42	(t,	J	=	8.0	Hz,	1H),	0.26	(s,	9H);	
13C	NMR	(CDCl3): δ 135.8, 135.2, 131.5, 129.0, 124.7, 117.9, 112.7, 
102.2,	97.3,	-0.36;	MS:	m/z 199	(M+,	31),	83	(46),	71	(63),	57	(100);	
Anal.	 Calc.	 for	 C12H13NSi:	 C,	 72.31;	 H,	 6.57.	 Found:	 C,	 72.1;	 H,	
6.3%.

Compound	2m: IR (film): ν (cm-1)	2962,	2147,	1706,	1565,	1393,	
1261,	843,	799;	1H	NMR	(CDCl3): δ 8.33 (d, J	=	8.4	Hz,	1H),	7.85–
7.81	(m,	2H),	7.71–7.69	(m,	1H),	7.58–7.51(m,	2H),	7.43–7.38	(m,	
1H),	0.34	(s,	9H);	13C	NMR	(CDCl3): δ 133.3, 133.0, 130.7, 128.9, 
128.1,	126.7,	126.3,	126.1,	125.0,	120.7,	103.0,	99.4,	0.0;	MS:	m/z 
224	(M+,	3.8),	127	(26),	91	(51),	77	(62),	64	(100);	Anal.	Calc.	for	
C15H16Si:	C,	80.29;	H,	7.19.	Found:	C,	80.0;	H,	7.35%.

Compound	2n: IR (film): ν (cm-1)	 2961,	2147,	1250,	1164,	844,	
699;	1H	NMR	(CDCl3): δ 7.26–7.22 (m, 2H), 6.95 (t, J	=	4.4	Hz,	1H),	
0.25	(s,	9H);	13C	NMR	(CDCl3): δ 132.7, 127.4, 127.0, 123.4, 98.9, 
97.7,	0.13;	MS:	m/z 180	(M+,	15),	165	(56),	73	(100);	Anal.	Calc.	for	
C9H12SSi:	C,	59.94;	H,	6.71.	Found:	C,	59.7;	H,	6.5%.

General procedure for the synthesis of terminal arylacetylenes 3a–n
A	mixture	of	1-aryl-2-(trimethylsilyl)ethyne	(1.0	mmol),	anhydrous	
potassium	 carbonate	 (0.09	 mmol)	 in	 anhydrous	 MeOH	 (3	 ml)	 was	
stirred	 at	 25°C	 under	 argon	 for	 3	 h.	 The	 solvent	 was	 evaporated	
under	 reduced	 pressure,	 and	 the	 residue	 was	 mixed	 with	 2	 ml	 of	
aqueous	 sodium	 bicarbonate	 and	 extracted	 with	 Et2O	 (3	 ×	 10	 ml).	
The	 combined	 organic	 fractions	 were	 dried	 over	 MgSO4,	 and	
concentrated. The residue was purified by flash chromatography on 
silica	gel	(light	petroleum:ethyl	acetate	=	2:1	for	3g;	light	petroleum	
for	3a, 3b, 3c, 3f, 3k, 3m, 3n;	light	petroleum:	ethyl	acetate	=	9:1	for	
3d, 3e, 3h, 3i, 3j, 3l).

Compound	3a: IR (film): ν (cm-1)	3292,	2110,	1598,	1574,	1488,	
757,	 691;	 1H	 NMR	 (CDCl3): δ 7.51–7.48 (m, 2H), 7.35–7.32 (m, 
3H),	3.08	(s,	1H);	13C	NMR	(CDCl3): δ 132.1, 128.8, 128.3, 122.1, 
83.7,	77.1.	MS:	m/z	102	(M+,	43),	77	(65),	57	(100).

Compound	3b: IR (film): ν (cm-1)	3287,	2346,	1583,	1489,	1462,	758;	
1H	NMR	(CDCl3): δ 7.46 (m, J*	=	8.8	Hz,	2H),	7.35	(m,	J*	=	8.8	Hz,		
2H),	3.12	(s,	1H).	13C	NMR	(CDCl3): δ 133.6, 131.6, 123.1, 121.1, 
82.6,	78.3.	MS:	m/z 182	(M+,	80Br,	1.9),	180	(M+,	78Br,	1.8),	156	(38),	
101	 (49),	 71	 (60),	 57	 (100).	Anal.	 Calcd	 for	 C8H5Br:	 C,	 53.05;	 H,	
2.78.	Found:	C,	52.8;	H,	2.6.

Compound	3c: IR (film): ν (cm-1)	3293,	2197,	1587,	1485,	1095,	822;	
1H	NMR	(CDCl3): δ 7.42 (m, J*	=	8.4	Hz,	2H),	7.30	(m,	J*	=	8.4	Hz,		
2H),	 3.10	 (s,	 1H);	 13C	NMR	 (CDCl3): δ 134.9, 133.4, 128.7, 120.6, 
82.5,	78.2;	MS:	m/z	138	(M+,	37Cl,	31),	136	(M+,	35Cl,100),	135	(88),	
111	(59),	69	(46).	Anal.	Calcd	for	C8H5Cl:	C,	70.33;	H,	3.69.	Found:	
C,	70.5;	H,	3.6.

Compound	3d: IR (film): ν (cm-1)	3290,	2960,	2106,	1607,	1571,	
1507,	1171,	1031,	832;	1H	NMR	(CDCl3): δ 7.42 (m, J*	=	8.8	Hz,	
2H),	6.83	(m,	J*	=	8.8	Hz,	2H),	3.80	(s,	3H),	3.00	(s,	1H);	13C	NMR	
(CDCl3): δ 160.0, 133.6, 114.2, 113.9, 83.7, 75.8, 55.3; MS: m/z	132	
(M+,	26),	123	(68),	111	(51),	109	(70),	97	(84),	95	(94),	69	(100),	57	
(88),	55	(96).	Anal.	Calcd	for	C9H8O:	C,	81.79;	H,	6.10.	Found:	C,	
81.5;	H,	6.2.

Compound	3e: IR (film): ν (cm-1)	3253,	2107,	1594,	1513,	1492,	
1344,	 855,	 752;	 1H	 NMR	 (CDCl3): δ 8.20 (m, J*	 =	 8.8	 Hz,	 2H),	
7.64	(m,	J*	=	8.8	Hz,	2H),	3.36	(s,	1H);	13C	NMR	(CDCl3): δ 146.2, 
133.0,	128.9,	123.6,	82.3,	81.6;	MS:	m/z	147	(M+,	100),	117	(86),	101	
(97),	89	(78),	75	(95).	Anal.	Calcd	for	C8H5NO2:	C,	65.31;	H,	3.43.	
Found:	C,	65.1;	H,	3.5.

Compound	3f: IR (film): ν (cm-1)	3290,	2923,	2341,	1631,	1598,	

1574,	670;	1H	NMR	(CDCl3): δ 7.38 (m, J*	=	8.0	Hz,	2H),	7.12	(m,	
J*	 =	 8.0	 Hz,	 2H),	 3.03	 (s,	 1H),	 2.35	 (s,	 3H);	 13C	 NMR	 (CDCl3):		
δ 139.0, 132.0, 129.1, 119.0, 104.2, 83.8, 21.5; MS (EI): m/z	 116	
(M+,	23),	101	(45),	97	(51),	91	(64),	71	(68),	69	(80),	57	(100).	Anal.	
Calcd	for	C9H8:	C,	93.06;	H,	6.94.	Found:	C,	92.8;	H,	6.75.

Compound	3g: IR (film): ν (cm-1)	3289,	2154,	1609,	1585,	1510,	
1261,	 1093,	 836;	 1H	NMR	 (CDCl3): δ 7.41 (m, J*	 =	8.4	Hz,	 2H),	
6.80	 (m,	 J*	 =	 8.4	 Hz,	 2H),	 4.93	 (br,	 1H),	 3.02	 (s,	 1H);	 13C	 NMR	
(CDCl3): δ 156.3, 133.8, 115.5, 114.2, 104.3, 83.7; MS: m/z	118	(M+,	
100),	 93	 (89),	 77	 (56).	Anal.	 Calcd	 for	 C8H6O:	 C,	 81.34;	 H,	 5.12.	
Found:	C,	81.6;	H,	5.35.

Compound	3h: IR (film): ν (cm-1)	3282,	2926,	2162,	1686,	1595,	
1494,	 761;	 1H	 NMR	 (CDCl3): δ 7.91 (m, J*	 =	 8.4	 Hz,	 2H),	 7.57		
(m,	J*	=	8.4	Hz,	2H),	3.25	(s,	1H),	2.61	(s,	3H);	13C	NMR	(CDCl3):		
δ 197.3, 136.8, 132.3, 128.2, 126.9, 82.8, 80.3, 26.6; MS: m/z	 144	
(M+,	86),	129	(100),	101	(91),	85	(64),	71	(75),	57	(85).	Anal.	Calcd	
for	C10H8O:	C,	83.31;	H,	5.59.	Found:	C,	83.05;	H,	5.3.

Compound	3i: IR (film): ν (cm-1)	3290,	2925,	1725,	1608,	1278,	
1109,	 696;	 1H	 NMR	 (CDCl3): δ 7.99 (m, J*	 =	 8.4	 Hz,	 2H),	 7.55		
(m,	J*	=	8.4	Hz,	2H),	3.92	(s,	3H),	3.23	(s,	1H);	13C	NMR	(CDCl3):		
δ 166.4, 132.1, 130.2, 129.5, 126.8, 82.8, 80.0, 52.3; MS: m/z	 160	
(M+,	 57),	 146	 (32),	 129	 (100),	 101	 (71),	 75	 (34).	Anal.	 Calcd	 for	
C10H8O2:	C,	74.99;	H,	5.03.	Found:	C,	74.75;	H,	4.8.

Compound	3j: IR (film): ν (cm-1)	3289,	2119,	1574,	1530,	1473,	
1352,	807,	736;	1H	NMR	(CDCl3): δ 8.34 (s, 1H), 8.22–8.19 (m, 1H), 
7.81–7.78	(m,	1H),	7.52	(t,	J	=	8.0	Hz,	1H),	3.22	(s,	1H);	13C	NMR	
(CDCl3): δ 148.1, 137.8, 129.4, 127.0, 124.0, 123.6, 81.1, 79.9; MS: 
m/z	147	(M+,	89),	123	(34),	111	(42),	101	(100),	77	(45),	75	(65),	57	
(48).	Anal.	Calcd	for	C8H5NO2:	C,	65.31;	H,	3.43.	Found:	C,	65.45;	
H,	3.5.

Compound	3k: IR (film): ν (cm-1)	3291,	2922,	2381,	1631,	1463,	
758;	1H	NMR	(CDCl3): δ 7.32–7.16 (m, 4H), 3.04 (s, 1H), 2.33 (s, 
3H);	13C	NMR	(CDCl3): δ 138.0, 132.7, 129.7, 129.2, 128.2, 121.9, 
104.2,	83.8,	21.2;	MS:	m/z	116	(M+,	19),	101	(54),	97	(61),	85	(67),	
71	(84),	57	(100).	Anal.	Calcd	for	C9H8:	C,	93.06;	H,	6.94.	Found:	C,	
93.2;	H,	7.1.

Compound 3l: IR (film): ν (cm-1)	3293,	2233,	2109,	1641,	1594,	
1573,	800;	1H	NMR	(CDCl3): δ 7.78–7.61 (m, 3H), 7.45 (t, J	=	8.0	Hz,		
1H),	3.19	(s,	1H);	13C	NMR	(CDCl3): δ 136.2, 135.5, 132.1, 129.3, 
123.8,	 117.9,	 113.0,	 81.2,	 79.8;	 MS:	 m/z	 127	 (M+,	 100),	 101	 (84),	
75	(41).	Anal.	Calcd	for	C9H5N:	C,	85.02;	H,	3.96.	Found:	C,	84.8;		
H,	3.8.

Compound	3m: IR (film): ν (cm-1)	3292,	3058,	2102,	1586,	1508,	
800,	773;	1H	NMR	(CDCl3): δ 8.37–8.35 (m, 1H), 7.85 (d, J	=	8.0	Hz,		
2H),	7.75–7.72	(m,	1H),	7.59-7.40	(m,	3H),	3.47	(s,	1H);	13C	NMR	
(CDCl3): δ 133.5, 133.1, 131.2, 129.3, 128.3, 127.0, 126.5, 126.1, 
125.1,	119.8,	81.9,	81.8;	MS:	m/z	152	(M+,	23),	127	(68),	83	(59),	69	
(64),	57	(100).	Anal.	Calcd	for	C12H8:	C,	94.70;	H,	5.30.	Found:	C,	
94.5;	H,	5.2.

Compound	3n: IR (film): ν (cm-1)	3290,	2143,	1631,	1463,	1117,	
700;	1H	NMR	(CDCl3): δ 7.34–7.27 (m, 2H), 7.01–6.98 (m, 1H), 3.33 
(s,	1H);	13C	NMR	(CDCl3): δ 133.1, 128.9, 127.2, 122.5, 81.2, 77.4; 
MS:	m/z	108	(M+,	100),	83	(48).	Anal.	Calcd	for	C6H4S:	C,	66.63;	H,	
3.73.	Found:	C,	66.4;	H,	3.7.
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	 dibenzoyl-		205,	451,	665
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Acetylenic	acids,	170
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563,	566,	574,	605,	708
 sulfides  418
	 sulfones		173
Acid	dissociation	constants,	hydrazones		44
Acoranes	(sesquiterpenes)		38
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Acrylamides,	N-benzyl-		641
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	 Zn(0)-catalysed		426
Adamantane-bornane	conjugates				148
Adenines,	9-boronobenzyl-		347
Alcohols
	 oxidation	by	PhI(OAc)2/MnTPP		252
	 secondary	benzylic		717
Aldehydes,	aromatic		308
	 aryl,	condensation	with	ketones		461
Alkaloids,	orchid		317
	 pyranoquinoline		124
Alkenes,	epoxidation		722
Alkenylation,	electrophilic		305
Alkoxides,	heterometallic		40
Alkylamines,	reactions	with	phenolics		298
Alkynes,	in	Mannich	reaction		129
	 see also	Acetylenes
Alkynoic	acids,	see	Acetylenic	acids
Alkynylation		370
Allylation		162
	 electrophilic,	of	arenes		686
Allylsilanes		464
Aluminium(III)	alkoxide	complexes		40
Americium(III)	hexaoxoperiodate	complexes		705
Amides,	calixarene-derived		557
Amides,	N-benzyl-		641
Amidoximes		515
Amidrazones		665
Aminals, α-keto-, rearrangements  195
Amines,	from	azides		284
α-Aminoacids  683
β-Aminoalcohols  313, 683
Aminoaldehydes		689
Aminoalkenylsilanes		464
Amino-dehalogenation	reactions		587
o-Aminonitriles		52,	580
Aminoalkyl	phenols		34
2-Aminophenols		205
Aniline,	dangerous	properties	of		509
Anilines,	o-carboxy-		587
	 2-nitrobenzyl-		545
	 SNAr	in	dinitrochlorobenzenes		509
Anthrone		468
Anticancer	agents		677
Antiprotozoals		16,	381
Arborestin (isoflavone)  296
Aromadendranes	(sesquiterpenoids)		310
Aromatisation,	dihydropyridines		193,	415,	619
Aryl	halides,	cyanation		484
Arylazo	compounds		44
Arylhydrazines		392
Arylhydrazones,	oxidative	cleavage		486
Atherton-Todd	reactions		146
Atropisomerism		566
4/7-Azabenzotriazoles,	1-hydroxy-		247
Azabutadienes		472
Azepines,	fused		437
Azides,	reduction		284
Azides,	vinyl		233
Azines,	cycloadditions		472
	 spectra	and	calculations		636
 α-anilino-  665
Aziridines,	N-tosyl-		82

Azo	compounds		44,	609
	 aliphatic		569
Azomethine	ylids		190

Baker-Venkataraman	synthesis		572
Barbituric	acids		594
	 H-bonding		287
Barbituric	acid,	1,3-dimethyl-		475
Barium(II)	zinc(II)	stannoxides		458
Baylis-Hillman	reactions		148
Beckmann	rearrangements		80,	497
Benzaldehydes, fluoro-  336
2-Benzazepine-1,5-diones,	fused		437
Benzene,	triaryl-		720
Benzils,	glycourils	from		525
Benzimidazoles		278,	387,	420
	 1-acyl-		14
Benzimidazoles,	fused		155,	257,	420,	519
Benzofurans,	2-acyl-		609
	 4-phenylethyl-		590
Benzofurans,	fused		24
Benzoic	acids,	2-halo-,	amination		587
Benzoins,	aza-		185
Benzophenones		14
1,4-Benzothiazines		16
Benzothiazoles		52
1-Benzothiopyrans		60
Benzotriazoles,	1-hydroxy-		247
Benzotriazole		52,	291,	683
Benzotrifluoride, 4-chloro-3,5-dinitro- 509
1,4-Benzoxazines		205
1,4-Benzoxazin-2-ols,	2,3-diphenyl-		548
3,1-Benzoxazin-4-ones		541
Benzoxazoles		420
Benzylation,	of	S	nucleophiles		115
Biaryls		617
Bibenzyls,	O-heterocyclic		590
2,2′-Biimidazoles  278
Bischromones		190
Biscoumarins		561
Bisoxazolines,	chiral		662
Bisulfate,	tetrabutylammonium		572
Bithiazolidines		302
Bi-1,2,4-triazoles		472
Borneol-adamantane	conjugates		148
Borohydride,	sodium		683
Boronic	acids		347
Brassinosteroids		268
Bromination,	of	metacyclophan-1-enes		621
1,3-Butadienes		305
t-Butyl	esters		203
Butylation,	of	silica		538

(±)-Cacalol	(sesquiterpenoid)		109
Cadmium(II)	complexes		86
Calcium	carbonate,	chelation		639
Calixarenes		557
Calixarene	analogues		68,	649
Calix[4]arenes,	tetrahomodioxa-		400
Camphorquinone	bisketals		240
Carbazoles		164,	305,	653
Carbazoles,	fused		699
Carbenoids		670
Cardanol	(phenolic)		34
Catalysis	
	 by	CuCl2		129
	 by	CuI(1,10-phenanthroline)		484
	 chiral		1,	662
	 of	enaminone	formation		696
	 	heterogeneous		728
Chalcone		660
Charge	transfer	bands		404
Charge-transfer	interaction		350
Chelates,	Mn(III)		415
Chelating	agents,	melamine	hexaacetic	acid		639
Chinese	medicine		38,	317
Chiral	auxiliaries		84,	148,	394
Chiral	catalysts		1,	662
Chiral	synthesis,	2-chromanyl	ethanediols		506

Chirality		200
	 induction		148
Chlorination		91
Chlorite,	Na,	catalysed	epoxidation	by		722
Chloroacetanilides		381
Chlorosulfonic	acid		535,	644
Chromans		76
	 chiral	synthesis		506
Chromans,	5-phenylethyl-		590
Chromatography,	chiral	HPLC		506
Chromenes,	fused		602,	673
Chromones		89
Chromone-3-carbaldehyde		190
Chromones,	fused		24
Cinnolines		432
Cinnolin-2-ones,	perhydro-		22
Citral, α-cyclocitral from  494
Claisen	reactions		699
Clemmensen reduction, modified  89
Clips,	molecular		525
Cobalt(II)	complexes		384
Cobalt(III)	complexes
	 catalysis	of	oxidation	by		521
	 of	Schiff	bases		56
Cocrystal	structure		185
Coenzyme	Q10		686
Complexes
	 Ag(I),	Hg(II),	of	phosphonium	ylids		725
	 Co(II),	Ni(II)	SCN	nicotinic	acid		384
	 Ga,	In	alkyls		221
	 La(NO3)3 with α-sulfinylamide  668
	 Ni(II),	Cu(II)	of	imidazoles		387
	 Fe(II)		138
	 Sn(IV)		236
	 V(V)-tripyrazolylboranes		100
Conduritols		626
Configuration, azines  636
	 metacyclophan-1-enes		621
Conformation,	azines		636
	 cyclophenes		141
	 homocalixarenes		400
	 macrocyclic	calixarenes		649
	 three-layer	cyclophanes		429
	 thiacalix[4]arenes		68,	557
Conjugates,	crown	ether-calixarene		68
Copper(I)	chloride,	catalysis	by		464
Copper(II)	alkoxadistannates		40
	 bisoxazoline	complexes		662
	 imidazole	complexes		387
	 dipyridine	dichloride		587
Coronarin	C	(diterpenoid)		342
Coumarins,	polarography		226
Coumarins,	4-hydroxy-		535,	561,	602,	605
	 5-phenylethyl-		590
Coumarins,	fused		673
Cross-coupling		173,	177
	 reductive		14
Crown	ethers		350
Crown	ether-calixarene	conjugates		68
Crystal	structures
	 diketohydrazones,	a	dihydrazone		432
	 [(Bu2Sn)2O-ligand]2	complex		577
	 biindane-1,3-dione		5
	 bis-chromone	diol		89
	 calixarene	imine	macrocycle		649
	 cyclic	amidines		195
	 cyclophanes,	3-layered			429
	 dichlorothieno[3,4-b]pyridinone		373
	 dihydropyrrolizinone		670
	 diorgano-tin	complexes		236
	 2,3-diphenyl-1,4-benzoxazin-2-ol		548
	 19,20-epoxycytochalasin	D		144
	 2-ethoxy-1,6-dihydropyrimidine-5-	

	 carboxylate		490
	 hexahydro[1,5]oxathiocino[2,3-b]pyrazine		22
	 iodocamphorquinone	bisketals		240
	 isobenzofuran-1-one		5
	 La(NO3)3	complex		668
	 naphth[2,1-c]azepine-1,5-dione		437
	 nicotinic	acid	Co-,	Ni-complexes		384
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Crystal	structures	(contd.)
	 oxazoline	complexes	of	Ga,	In		221
	 phthalazin-1-one		5
	 pyrazine	derivs		180
	 pyridil-type	cocrystal		185
	 thieno[3,2-b][1,4]benzothiazine	dioxide		16
	 3-tolyl-dihydroquinazolin-2-one		545
	 tricyclo[5.2.1.02,6]decanetetraol		62
	 vanadyl	pyrazabole	complexes		100
Cyanation,	of	aryl	halides		484
Cyanuric	acid,	trichloro-		29
Cyanuric	chloride		639
Cyclitols		62
Cyclization,	oxidative		200
Cycloaddition,	1,3-dipolar		19,	121,	472
	 intramolecular		190
	 styrene-quinone	methides		76
	 see also	Diels-Alder	reactions
α-Cyclocitral  494
Cyclodehydration		497
Cyclohexenones		494
Cyclopent-2-en-1-ones		461
Cyclophanes		141,	621
	 metapara-		404
	 	 three-layered		429
Cyclopropanes		112
	 gem-dimethyl-		121
Cyclopropanes,	fused		569
Cyclopropenethione,	diphenyl-		451
Cyclopropenone,	diphenyl-		439,	451
Cytochalasin	D,	19,20-epoxy-		144
Cytosine		281
Cytosine	derivatives		332
Cytotoxins		144

DABCO.2Cl2		486
Dakin-West	reactions		535
Degradation,	oxidative		323
Demethylation,	aryl	methyl	ethers		585
Dendrobium moniliforme (Orchidaceae)		317
Deoximation,	by	dichlorourea		411
Deoxybenzoins		572
2-Deoxylapachol		677
Deprotection,	oxidative,	of	alcohols		259
Diastereoselection		418,	662
	 in	cycloadditions		394
1,4-Diazabicyclo[2.2.2]octane		259
Diazabutadienes		472
1,4-Diazepan-5-ones		80
1,3-Diazepines,	fused		195
α-Diazoketones  670
Diazonium	coupling		44
2-Diazopropane		121,	569
Dibenzothiophenes		552
Dichlorodiazoniabicyclooctane	N,N′-	dichloride		259
Dicyanomethylene	compounds		629
Dicyclopentadiene		62
Diels-Alder	reactions		76
	 of	furans		117
	 hetero-		127
	 intramolecular		117
1,3-Dienes		177,	319
1,2-Diketones		71,	185
1,3-Diketones		5,	468,	475,	699
2,5-Diketopiperazines		381
Dilactams,	macrocyclic		272
Dimedone		468
1,2-Diols		152
	 by	pinacol	reduction		89
	 from	OsO4		62
1,3-Dioxins,	fused		647
Diselenides,	cleavage	by	In(0)		325
Disulfides  486
Diterpenes,	diterpenoids		342,	362
Dithiocoumarins,	polarography,	EPR		226
1,3-Dithiolanes		577
DMAD		563.	574,	602,	605
DNMR,	see NMR
Doellingeria scaber	(herb)		310

Electrochemistry
	 of	tungstomolybdosilicates		445
	 of	vanadium	complexes		407

Electronic	spectra
	 charge	transfer	bands		404
	 Cu(II),	Ni(II)	complexes		387
	 M2[Am(OH)2H2IO6		705
Emivirine	analogues		263
Enaminoesters		696
Enaminones		432,	696
Enantioselection		662
Engleromyces goetzei	(fungus)		144
Enol-enol	tautomerism		594
1,3-Enynes		173,	319
Enzyme	inhibitors,	reverse	transcriptase			263
Epichlorohydrin	oxide		325
Epoxidation		141
	 catalysis	by	Au(III)		722
Epoxides		1
	 ring-opening	by	Ph2Se2/In		325
	 steroidal		268
EPR,	thiocoumarins		226
	 vanadium(IV)	complexes		407
ESR,	see EPR
Esterification, of phosphonic acids  328
Ethers,	aryl	methyl		585
	 phenolic,	C-allylation		686
 α-phenylethyl-  717
	 trimethylsilyl		259
Ether	cleavage,	BBr3		356
Etherification, over Pt/C  528
Extrusion,	of	nitrogen		569

Ferrocenes		426
Flindersine	(alkaloid)		124
Fluorenes,	nitro-		629
Fluorescence		272
Fluorobenzaldehydes		336
Formate,	polymer-supported		284
Formation	constants,	thermodynamic		56
Friedel-Crafts	reactions		500,	686
Friedländer	reactions		689
Fulvenes		513
Furans,	Diels-Alder	reactions		117
2-Furanones		305

Gabriel	synthesis		332
Gallium	trialkyls		221
Germanium(IV)	isopropoxide		713
	 oxide,	nanocrystalline		713
Glucoheptonic	acids		244
Glycerol	sulfonates		503
N-Glycosides			281
Glycourils		525
Gold(III)	picolinate	dichloride,	catalysis	by	722
Grünwald-Winstein	equation		365
Guaianes	(sesquiterpenoids)		310

α-Haloketones  136
Hammett	equation		115
Hantzsch	dihydropyridines		193,	415,	619
Haplamine	(alkaloid)		124
Hemiacetals		548
Homophthalic	acids,	chloro-		91
Hydrazonals		432
Hydrazone	complexes	of	V(IV)		407
Hydrazones,	aryl-		515
Hydrazonoyl	halides		479
Hydroformylation		216
Hydrogen	bonding
	 and	self-assembly		287,	350
	 in	calix[4]arenes		557
 in 3-(α-hydroxyalkyl)chromones  89
	 in	phenolic	Schiff	bases		649
Hydrohalogenation		170
Hydrostannylation		173,	418
Hydroximoyl	chlorides		26
Hydroxylation,	by	OsO4		62
Hydrozirconation		319
Hypervalent	iodine		252,	617,	619,	680

Imidazoles		278,	387
Imidazoles,	fused		479,	519
Imidazole-2-thiones		479
Imidazoline-2-thiones		136
Imines,	oxidation		275
Immobilisation	of	glycourils		525

Indane-1,3-diones		5,	475
Indazoles,	fused		699
Indenes,	fused		629
Indium	trialkyls		221
Indium(0),	diselenide	cleavage	by		325
Indoles		291,	305
Indoles,	2,3-dihydro-		680
Indoles,	bis-,	in	macrocyclic	rings		598
Indoles,	fused		164
Inositols		626
Iodine(III),	in	coupling	reactions		617
Iodine,	degradation	of	PhCH2CN	by		323
Iodobenzene-I(III)
	 diacetoxy-		252,	680
	 hydroxy(tosyloxy)-		680
Iodonium	salts		617
Iodonium	salts,	vinyl	phenyl		233
Iodosobenzene	diacetate,	see Iodobenzene-I(III)
Ionic	liquids,	reactions	in		71,	170,	216,	370
Ionophores		68,	400
Iron(II)	complexes		138
Isobenzofuran-1-ones		5
Isocoumarins		91
Isocyanides		152,	392
Isocyanide,	cyclohexyl		594,	602
Isocytosine,	ribofuranose	derivs		332
Isodon serra	(Labiatae)		362
Isoflavones  24, 296
	 2-alkyl-		572
Isonicotinic	acid		384
Isothiazoles		200
Isothiocyanate,	phenyl		302
Isoxazolamines		515
Isoxazoles,	fused		653,	699
Isoxazolidines		19
Isoxazolines		19,	26,	394
Isoxazolines,	fused		552

ent-Kauranes	(diterpenoids)		362
Keggin	acids		445
Ketene	thiohemiaminals		229
Ketenimines		602
α-Ketoaminals, rearrangements  195
α-Ketoesters  653
β-Ketoesters  160
Ketones,	aryl	methyl		720
β-Ketonitriles  515
Khaplofoline	(alkaloid)		124
Kinetics
	 morpholinolysis	of	acyl	HOBt	and	HOAt		247
 S-benzylations		115
	 SNAr	in	dinitrochlorobenzenes		509
	 solvolysis	of	o-nitrobenzyl	bromide		210
	 solvolysis	of	sulfonic	anhydrides		365

Labdanes	(diterpenes)		342
Lanthanide triflates, catalysis by   686
Lanthanum(III)	nitrate,	complexation		668
Leishmania donovani	(protozoan)		381
Ligands
 2-benzenesulfinyl-N,N-dibutylacetamide		668
	 hexadentate		86
	 imidazolethiomethyl	benzimidazole		387
	 melamine	hexaacetic	acid		639
	 N-donor		138
Lipids,	glyceryl		503
Liquid-phase	synthesis,	PEG-bound		442
Liriodendritol	(inositol	dimethyl	ether)		626
Lithiation		162
Lithium	butyl,	reaction	with	SiO2		538
Lithocholate,	methyl		65

Macrocycles
	 phosphorus-containing		598
	 polyimidazole		278
	 tetrahomodioxacalixarenes		400
Macrocyclisation		272
Magnesium(II)	perchlorate		394
	 pentaisopropoxostannate		458
Magnetic	moments
	 Cu(II),	Ni(II)	complexes		387
	 vanadium(IV)	complexes		407
Maleimides		569
Malononitrile		155,	693
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Manganese(III)	chelates		415
Mannich	reactions		34,	129
Mannitol		503
(+)-Manool	(diterpenoid)		342
McMurry	reactions		141,	621
Medicines,	traditional		38
Medium	ring	compounds
	 S,P-containing		48
	 [2.5/6]metacyclophanes		621
Melamine	hexaacetic	acid		639
Melamines,	H-bonding		287
Meldrum's	acid		392
	 benzylidene-		152
2-Mercaptobenzaldehyde		60
Mercury(II)	complexes	with	phosphonium	ylids		725
Mesoporous	materials,	MCM-41		728
Metacyclophanes		404,	621
[2.3]Metacyclophan-1-enes		141
Methanol,	danger	of		509
Methylation,	of	azaheterocycles		164
Meyer-Schuster	rearrangements		497
Michael	additions		468,	660
Microwave	heating		71,	107,	133,	347,	585,	587,	

660,	693
Mitsunobu	reactions		97
Moniline	(alkaloid)		317
Montmorillonite-KF	catalysis		561
Multicomponent	reactions	(MCRs)		574,	594,	602,	

605,	644,	693
Mycobacterium tuberculosis		180
Myoinositol		626

Nafion-H resin  641
Naphthalenes,	tetrahydro-		109
Naphthalene-1,4,5,8-tetrol		647
[1,4]Naphthalenophanes		404
1,2-Naphthalimides		437
Naphthazarin,	2,3-dichloro-		647
Naphtho[2,3-e][1,3]oxazines		708
2-Naphthols		644
	 reaction	with	DMAD/Ph3P		708
1,4-Naphthoquinones		647,	677
1,6-Naphthyridines,	fused		52
Nickel(II)	complexes		384,	387
Nicotinic	acid		384
Niobium(V)	alkoxide	complexes		40
Nitrate,	ammonium		193
Nitric	oxide,	catalysed	oxidation	by		521
Nitrile	oxides		19,	26,	394
Nitriles,	aryl		484
Nitrilimines		472
Nitro	compounds,	aliphatic		660
Nitroarenes		308
o-Nitrobenzyl	compounds		210
Nitrogen-15	labelling		44
γ-Nitroketones  660
Nitrones		19,	275,	308,	451
	 enantioselective	cycloadditions		662
NMR
	 13C,	of	steroids		65
	 1H-111/113Cd	coupling		86
	 31P		94,	598
	 	 of	phosphonium	ylids	and	complexes		725
	 of	azines		636
	 capillary		296
	 dynamic		353
	 	 of	cyclophenes		141
	 	 of	phosphorus	ylids		94
Nobiline,	6-hydroxy-	(alkaloid)		317

Olefins, dihydroxylation  62
	 hydroformylation		216
Orchid	alkaloids		317
Orcinol		298
1,3,4-Oxadiazines,	fused		629
1,2,4-Oxadiazoles		515
1,3,4-Oxadiazoles		552
1,3,4-Oxadiazolines		569
1,5-Oxathiocines,	fused		22
1,3-Oxazines,	fused		673,	708
Oxaziridines		275
Oxazolidin-2-ones		74,	84
Oxazolines,	chiral		662
	 Ga	and	In	complexes		221

Oxidation
	 catalysed	by	Co,	Rh	complexes		521
	 of	alcohols	by	PhI(OAc)2/MnTPP		252
Oximes,	Beckmann	rearrangement		80
	 Ge(IV)	complexes		713
	 oxidative	cleavage		411,	486
Oxime	phosphates		146
Oxovanadium(IV)	complexes		407

[2.2]Paracyclophanes		451
Perimidines		195
Periodate,	Bu4N

+,		415
	 Li,	Na,	K	Am(III)	complexes		705
Perkin	reactions		657
Phenacylphosphonium	ylids,	complexation		725
1,10-Phenanthroline		484
Phenols		585
	 reaction	with	DMAD/Ph3P		708
Phenols,	alkyl-		34
Phenoxazinones		298
Phenylacetonitrile,	degradation			323
Phenylacetylene		437
Phenylation,	using	NaBPh4		617
Phenylethynyl	alcohols		370
Phosphates,	cyclic		48
 esterification  328
	 macrocyclic		598
Phosphinamides,	chiral		1
Phosphines,	macrocyclic		598
Phosphines,	triaryl-		94
Phosphine,	triphenyl-		60,	397,	566,	574,	605,	708
Phosphite	esters		475
	 ylids		455
Phosphites,	dialkyl		29
	 trialkyl		11,	291,	455,	574,	708
Phosphonates		11,	19,	291,	708
	 vinyl		97
Phosphonic acids, esterification  328
Phosphonites,	macrocyclic		598
Phosphonium	ylids		725
Phosphoramidates		29
Phosphoranes		353
	 stabilised		336
Phosphorodichloridate,	phenyl		48
Phosphorus	ylids		566,	574,	605
Phosphotungstic	acid,	catalysis	by		696
Photochemical	insertions		437
Photolysis
	 of	1-pyrazolines		569
	 of	spiro-pyrazolines		121
Photo-oxidation		342
Phthalazinones		5
Physalis alkekengi	(plant)		38
Pinacol	rearrangements		499
Pinacols,	from	chromone-3-carbaldehyde		89
Pipecolic	acid,	3-hydroxy-		313
Piperazine-2,5-diones		381
Piperazinones,	fused		22
Piperidines		313
Piperidin-4-ones		80
Plant	growth	regulators		268
Platinum(0)	on	carbon		528
Polarography,	of	coumarins,	thiocoumarins		226
Polymer-supported	
	 reagents		284,	619
	 synthesis		74,	84,	442
Polyoxometalates		445
Polyphosphate,	trimethylsilyl		497
Polyrotaxanes		350
Polystyrene,	as	support		84
Porphyrins
	 Fe(III),	Mn(III)		275
	 metallo-		390
	 Zn(II)		287
Proline,	pyrrolizidines	from		71
Propargylic	alcohols		370
Protecting	groups		683
Psorothamnus arborescens	(shrub)		296
Ptychodiscus brevis (dinoflagellate)  29
Pummerer	rearrangements		499
Pyrans,	fused		124,	602,	673
Pyrazinoic	acid	derivatives		180
Pyrazole-5-thiones		468
Pyrazoleborate-V(V)	complexes		100

Pyrazoles		515,	609
	 amino-		229
	 arylazo-		432
Pyrazoles,	fused		420,	569,	609,	629,	699
Pyrazolidine-3,5-diones		392
3-Pyrazolidinones		673
2-Pyrazolin-5-ones		302
Pyrazolines,	spiro-		121
Pyridils		185
Pyridines		619
Pyridine	benzoins		185
Pyridines,	1,4-dihydro-		193,	415,	619
Pyridines,	fused		52,	373,	515,	580,	689
Pyridinium	p-toluenesulfonate		585
Pyridoins		185
2-Pyridone		397
2-Pyridones,	fused		673
Pyrimidines		609
Pyrimidine-5-carboxylates,	1,6-dihydro-		490
Pyrimidines,	fused		44,	52,	133,	155,	420,	552,	

580,	609,	653,	689
Pyrimidinones		332,	439
Pyrophosphate,	trimethylsilyl		497
Pyrrole		291,	566
	 porphyrins	from		390
Pyrroles		190
	 dihydro-		451
Pyrroles,	fused		569,	580
3-Pyrrolin-2-ones		574
Pyrrolizidines		71
Pyrrolizines		670

Quinazolines		195
Quinazolines,	fused		257
Quinazoline-2,4-diones		358,	552
Quinazolinones			541
Quinazolin-2-ones,	3,4-dihydro-		545
Quinodimethanes,	tetracyano-		629
Quinolines		680
Quinolin-2-ones,	4-anilino-		605
	 4-hydroxy-		605
Quinolin-2-ones,	fused		124
Quinolin-4-ones,	dihydro-		680
Quinoline-3-carbaldehyde,	2-chloro-		390
Quinolines,	fused		373
Quinones		626,	647,	677
	 coenzyme	Q10		686
Quinone	methides		76

Radical	cyclisation		112
	 fragmentation		112
Reactions	in	water		136
Rearrangements
	 acid-catalysed		497
	 Beckmann		80,	497
	 of	biindane-1,1',3,3'-tetraones		5
	 of	camphor	structures		240
 of α-ketoaminals  195
	 Meyer-Schuster		497
	 pinacol		499
	 Pummerer		499
	 with	ring	contraction		22
	 Wagner-Meerwein		240
Reduction
	 of	aminoacids		683
	 by	formate/Zn(0)		284
	 by	TiCl4/Sm		545
	 LiAlH4,	of	pyrimidines		490
Resolution,	chromanylethanediols		506
Resorcinol		298
Resveratrol		657
Reverse	transcriptase	inhibitors		358
Rhodium(II)	acetate,	carbenoid	from		670
Rhodium(III)	complexes,	catalysis	of	oxidation		

521
Rhodium-phosphine	complex,	catalysis	by		216
Ribofuranoside	derivs		332
Ring	contraction,	rearrangement	with		22
Ritter-type	reactions		641,	644
Rosette	formation		287
Rotation,	restricted		353
Rotaxanes		350

 JCR_12_2007 Book.indb   738 23/1/08   09:58:19



JOURNAL	OF	CHEMICAL	RESEARCH	2007	 739

Salicylaldimines		415
Samarium(0)		308
Samarium(0)/TiCl4		14
Samarium(II)	iodide		203
Sarcosine		190
Schiff	bases		56,	548
Schiff	bases,	macrocyclic		649
Selectivity,	in	sulfonic	anhydride	solvolysis		365
Selenides,
	 divinyl		233
 β-hydroxy-  160
	 2-hydroxyalkyl		74
	 oxidative	elimination		97
 α-(phenylseleno)propionates  442
Selenophenes,	fused		580
Selenoxides,	elimination		160
Semicarbazones		11,	455
	 oxidative	cleavage		486
l-Serine		313
Sesquiterpenoids		38,	109,	310
Silanes,	aminoalkenyl-		464
	 vinyl-		319
Silica	gel,	reaction	with	BuLi		538
Silver(I)	complexes	with	
	 calixarene	complexation		400
	 phosphonium	ylids		725
Solvent	effects		210
Solvent-free	reactions		26,	80,	107,	129,	272,	336,	

426,	660,	696
Solvolysis
	 o-nitrobenzyl	bromide		210
	 sulfonic	anhydrides		365
Sonogashira	coupling		319,	728
Spiro	compounds		155,	468,	569,	629
Stannates,	pentaisopropoxo-		458
α-Stannylvinyl sulfones  173
Steroids		65,	268
Stigmasterol		268
Stilbenes,	polyphenolic		657
Stille	coupling		177,	418
Strigol		494
Styrene,	cycloadditions		76
Substitution,	SNAr	in	dinitrochlorobenzenes		509
Sulfenes		127
Sulfides, acetylenic  418
	 divinyl		233
	 vinyl		418
Sulfonamides		82,	148
Sulfones,	acetylenic		173
Sulfonic	anhydrides,	solvolysis		365
Sulfuryl	chloride,	chlorination	by		91
Supported	catalysts,	Pd(0)		728
Supramolecular	arrays		350

Tautomerism
	 azo-hydrazone		44,	479
	 in	barbituric	acids		594
Template	effects		400
TEMPO,	catalysis	of	oxidation	by		494
Tetracyanoethylene		207
Tetrahydropyranyl	ethers		259
Tetralins		109
tetraphenylborate,	sodium		617
1,2,4,5-Tetrazines,	fused		609
Theoretical	calculations
	 Gaussian-94/DFT,	azines		636
	 geometry	of	Cd	complex		86
	 V-pyrazabole	complexes		100
Thermolysis,	M2[Am(OH)2H2IO6]		705
Thiacalix[4]arenes		557
1,3,5-Thiadiazepines		563
1,3,4-Thiadiazines,	fused		107,	244,	479
1,3,5-Thiadiazines		207
1,2,4-Thiadiazoles,	fused		127
1,3,4-Thiadiazoles,	fused		133
1,3-Thiazepane-5,6-diones		302
1,3-Thiazines,	fused		552
Thiazol-2-imines		136
Thiazoles		609
Thiazoles,	fused		127
Thiazolidin-4-ones		541
Thiazolidines		302
Thiazolines,	fused		552
Thioamides		693
	 unsaturated		200
Thioanilides		195,	302
Thiocalix[4]arenes		68
Thiocoumarins,	polarography,	EPR		226
Thiocyanates
	 PEG-supported	synthesis		442
	 vinyl		233
Thiohemiaminals,	ketene		229
Thiohydrazonates		479
Thiolactones		373
Thiols,	oxidation		486
Thionyl	chloride	-	ethanol		461,	720
Thiophenes,	fused		16,	52,	133,	373,	609,	689
Thiophenols		1
4H-Thiopyrans		693
Thiopyrans,	fused		60
Thiosemicarbazones		629
Thiouracils		263
Thioureas		136
	 benzylation	kinetics		115
	 imidoyl-		207,	439,	563
Through-space	interaction		404
Tin(IV)	alkoxide	Cu	salts		40
	 complexes		236,	577
Titanocenes,	substituted		513
TNK-651	analogues		358

α-Tosyloxyketones  519
1,2,4-Triazepines,	fused		44	
1,2,4-Triazines,	fused		420
1,2,3-Triazolamines		515
1,2,3-Triazoles		552
1,2,3-Triazoles,	fused		515
1,2,4-Triazoles		472
1,2,4-Triazoles,	fused		107,	257,	580,	609
1,2,4-Triazole-3-thiones		244
Trichlorocyanuric	acid		29
Trifluoromethyl compounds  509
Trimethylsilyl	ethers		259
Triphosgene		545
Trityl	ethers		528
Tryptophan		415
Tungstomolybdosilicates		445

Ubiquinone		686
Ullmann	reactions		587
Ultrasound	irradiation		617,	162
Uracils		263
Urea,	N,N'-dichloro-N,N'-diaryl-		411
Urophylluma chinensis	(shrub)		24

Vanadium(IV)	oxo	complexes		407
Vanadium(V)	pyrazoleborate	complexes		100
Vanillin		390
Vibrational	spectra
	 of	azines		636
	 of	M2[Am(OH)2H2IO6]		705
Vilsmeier	reactions		164
Vinyl	compounds		233
Vinyl sulfides  418
Vinylphosphonates		19

Wagner-Meerwein	rearrangements		240
Water,	reactions	in		136,	155
Wittig	reactions		60,	336
	 intramolecular		574

Xantheines		298
XPS	spectra		445
X-ray	diffraction,	powder,	nano-GeO2		713

Ylids,	phosphorus		94,	353,	455,	566,	605	

Zerumbin	B	(diterpenoid)		342
Zinc(0),	catalysis	of	acylation	by		426
Zinc(II)	barium(II)	stannoxides		458
	 bisoxazoline	complexes		662
Zirconium(IV)
	 alkoxide	complexes		40
	 chloride		82,	717
	 complexes,	cyclic		356
Zirconocenes		319,	356
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