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ABSTRACT 

Reactions of some diketones with thiosemicarbazide have been studied under various 
conditions. Monothiosemicarbazones, dithiosemicarbazones, and cyclization products call 
be obtained. I t  was found that  dithiosemicarbazones form 1:l complexes with Cu(I1) but  
failed to react with Cu(1). Dithiosen~icarbazones in which the Nxhydrogen atom has been 
replaced by Me do not form complexes, conlirining our views about the  irnporta~lce of this 
hydrogen atom in the thione ++ thiol tautomerism necessary for complex formation. 4,4- 
D~methyldithiosemicarbazones behave like the   in substituted parent coinpounds in forming 
1:l complexes with Cu(I1). Infrared spectra provide evidence for the structure of a cyclizatioil 
product, 5,6-diphenyl-3-thio-l,2,4-triazine, which had been erroneously described by various 
authors as  the thiol tautomer, 5,6-diphenyl-3-n1ercapto-1,2,4-triazinc. 

In previous publications (1, 2), the reactions of thiosemicarbazones (tscs) with Cu(1) 
and Cu(I1) ions were reported. A polymeric structure was suggested for the insoluble 
1:l coluplexes obtained froin these reactions (2), and the antifungal activity of both free 
tscs and their copper coinplexes \iras also reported (3). The  present worl; describes the 
reactio~ls of mono- and di-tscs with a number of metals. I t  was found tha t  monotscs which 
form colllplexes readily with copper in allialine or neutral solution fail to react similarly 
with the follo\\ring nletals: &(I), EIg(II), Ni(II),  Mn(II) ,  %n(II),  Sn(II),  Co(II),  Fe(II),  
and Fe(II1). Guha-Sircar ct al. (4) obtainecl solid precipitates fro111 tscs and several of 
these metals a t  pI-I from 3 to 7, and suggested that  this 1-eaction could be used for the 
quantitative deterinination of cations. 111 the present ~ o l - l i ,  precipitates were ol~tained 
with the catio~is mentio~led above but no definite products were isolated. The  high lnetal 
content (approx. 5070) indicated that  these solid matel-ials wei-e inostly inorganic, con- 
sisting probably of the metal sulphides. 

The  fact that tscs for111 definite complexes i~rith copper only, coupled with our previous 
finding tha t  antifungal activity is usually limited to  the free tscs, the complexes being 
inactive (3), is believed to be quite significant in the study of the mechanisnl of antifungal 
action of these compounds. The role and the nature of the metal in biological processes 
involving metal-binding substailces is of great importance (5) and \\70rli is currently 
being carried out along this line and \\?ill be reported elsewhere. 

A number of ditl~iosemicarbazo~~es (clitscs) were prepared froill dicarbonyl compou~lds 
in order to  examine their reaction with metals and eventually to  study their antifullgal 
properties. The  reaction of dicarbonyl compounds with thiosemicarbazide is not simple 
and ll~istures of products are usually obtained. The  separation of these nlixtures is com- 
plicated by the low solubility of the various components and the discrepancies encountered 
in the literature co~lcerning their melting points. 

Clyosal (I)  (R = R' = I-I) and diacetvl (I) (R = R' = CI-Is) gave readily the ditscs 
(III) ,  but benzil (I) (R = R' = CsI-IS) afforded a mixture of monotscs (]I), clitscs (III) ,  
and the cyclization product 5,(i-diphenyl-3-thio-1,2,4-triazine (IV) (R = R' = C6H5). 
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R-C=O R - C = S  
I H,NNHCSNH? 
I __f 

I I 
CH? + mono- or di-tsc 

H?NiXHCSKH? R-C=O 
I 

R'-C=O 

(1) 

In the case of 1,3-diphenyl-1,3-propanedione (V) (R = R' = CGM5), the monotsc and a 
cyclization product, 3,s-diphenyl pyrazole (VI) (R = R' = CGI-Is), were obtained, while 
many attempts to isolate the ditsc were u~lsuccessful. Pyrazoles are ~ ~ s u a l l y  obtained from 
reaction of 1,s-dicarbonyl compounds with hydrazine or semicarbazides ( G ) ,  so it is not 
surprising that thiosemicarbazide should give rise to similar compou~lds. 1-Phenyl- 
1,3-butanedio~le (V) (R = CH3, R' = CGEIS) gave the expected ditsc plus ail unidentified 
product, C?oHlJV5S. 2,s-I-Iexanedione, 2,3-heptanedione, and 2,3-octanedione gave the 
espected ditscs and no other tractable products. We failed to isolate the mono- or di-tsc 
from acetyl acetone, and part of the diketone n1~1st have been broken down since acetyl 
thiosemicarbazide was identified from the reaction mixture. 

The preparation of Cu(I1) and Ni(I1) complexes with a few ditscs (diacetyl, 2,3-  
pentanedione, 2,3-hexanedione, 1-phenyl-l,2-propanedione ditscs) has been previous1~- 
described (7-9). Later, Gdrski et al. (10) obtained metal co~llplexes with the ditsc of 
the diethyl ester of 2,s-dioxobutane-l,4-dicarboxylic acid, but did not isolate the conl- 
pounds. We found that ditscs examined in this work formed 1 : l  co~nplexes readily with 
Cu(II)* but no definite products were obtained using Cu(1) in ammoniacal solutioll, or 
with Fe(II),  Fe(III) ,  Zn(II),  Sn(II) ,  Co(II),  Hg(II) ,  or Ag(1) in neutral or a1l;aline solu- 
tion. 

Substituted ditscs were prepared from 2-methyl and 4,4-dimethyl thiosemicarbazide 
with glyoxal, and their reaction with copper ivas studied. The 2-methyl derivative did 
not form a complex, confirming our previous findings (2) that the NL-hydrogen aton1 is a 
requirement of the tautorneric equilibrium illustrated below, which is necessary for the 
formation of complexes. 

R-C = N 
I > 1 >YH ([V) 

R1-C=N-C=S 

R-C = SKHCSNH, + 

* 2 , 5 - H e s u ~ ~ e d i o n e  u7zd 2,d-heplnnedione dilscs g n w  solid precipilnles w i th  CufII) bz~ l  n o  defiwile p~odricls 
cozrld be identified. 

I 
I<'-C = NSHCSNM? (111) 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
N

IV
E

R
SI

T
Y

 O
F 

W
A

IK
A

T
O

 L
IB

R
A

R
Y

 o
n 

07
/0

7/
14

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 



GINGRAS ET AL.: THIOSEMICARBAZONES 1055 

On the other hand, both glyoxal and diacetyl di(4,4-dimethy1)tscs readily formed 1:I 
copper complexes, as did the unsubstituted ditscs. Considering that ditscs contain two 
thiosemicarbazide residues, the 1 :1 complexes described here may be regarded as 2:1 
with respect to the thiosemicarbazide-copper ratio, for the important species here is the 
thioseinicarbazide residue, =N-NI-I-CS-NH?, which aloile is responsible for complex 
formation. On this basis, ditsc-copper complexes are quite different from monotsc-copper 
complexes, in which the ratio of thioseillicarbazide to copper is unity. The structure of 
ditsc-copper complexes is probably best represented by the conventional formula (VII), 
previously suggested by Bahr (7). 

The compounds discussed in this work are listed in Table I together with their infrared 
spectra. Only two regions of the spectrum are of particular interest, the 3500-3000 cm-1 

TABLE I 
Compounds and their infrared spectra in two regions 

Conipounds 3500-3000 cm-1 1700-1500 cm-I 

Glyoxal ditsc 
Glyoxal di(2-methyl)tsc 
Glyoxal di(4,4-dimelhy1)tsc 
Glyoxal ditsc-Cu(I1) 
Glyoxal di(4,4-dimethy1)tsc-Cu(I1) 
Diacetyl dilsc 

Diacetyl di(4,4-dimetl1yl)tsc 
Diacetyl ditsc-Cu(I1) 
Diacetyl di(4,4-dimet11yl)tsc-Cu(I1) 
2,s-Ilesanedione clitsc 
2,s-Heptaneclionc ditsc 
2,3-Octanedione ditsc 
2,3-Octanedione ditsc-Cu(1 I ) 
1-Plienyl-1,s-buta~iedione ditsc 
1 ,S-Diphenyl-l,3-propanedione 

monolsr 
3,s-Diphenyl pyrazole 
Benzil monotsc 
Bcnzil ditsr 
5,G-Dipheny!-3-thio- 

1,2,4-triazlnc ( I iBr)  
(Soln.) 

5-6-Dipheny!-3-0xy- 
1,2,-k-triaz111e ( IiBr) 

(Soln.) 

1650 w, 1605 s 
1685 w, 1675 m 
1575 ni, 1550 ni 
1655 m, 1630 m. 1570 m 
1625 \v, 1570 \v 
1695 w, l G O O  w 

1600 s 
1690 w, l G O O  s 
1615 m ,  1585 111, 1530 111 

1585 s, 1540 w 

1GSO-1G5O b. 1600 m, 
1555 ni, l5G5 s 

1700-1650 b, 1590 s, 1565 s 

3400 111. 3060 \T 1625 \v, l G O O  m 

KOTE: S, strong; in, medium; \v. \ver'k; b, broad. Unless other\\-Ise ilored, the speztra \\'ere rate:? irom KBr !)ellet:. 
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(N-H stretching) and the 1700-1500 cm-l (double-bond region). The spectra of ditscs 
resemble those of monotscs discussed earlier (2). Due to the overlapping of the bands 
in the N-H region, it has not been possible to ascribe the various absorptions to definite 
vibrations. I t  can be seen that the copper con~plexes have one more band in the double- 
bond region than the original coinpouilds and this is in agreement with the suggested 
formula for the complexes. 

As can be seen froin the table, the spectrum of beilzil monotsc shows a broad NH 
absorption a t  3120-3150-1 and the band a t  1555 cm-l is a little low for the free carbonyl 
group. Considering the spectrum of benzil ditsc, which has no carbonyl, the bands in 
the double-bond region due to C=N are a t  lG6O and l G O O  cm-l. The lack of a carboilyl 
absorption in the case of benzil monotsc can be explained by a conjugate chelatioll 
between the carbonyl and the NI-I group of the thiosemicarbazide residue: 

This phenomenon has been observed before with dicarboilyl compounds (11) and the 
preseilce of the broad NI-I band, due to the hydrogen bridge, lends support to this theory. 
This agrees with the findings of Sadler (12) that in a-diketone monotscs, strong intra- 
lnolecular NI-I. . . . . .O=C bonds predominate. 

The spectrunl of 5,G-diphenyl-3-thio-1,2,$-triazine (IVa) is particularly interesting in 
that it shows one sharp NH band a t  3120 cm-I (ICBr), 3380 cm-I (chlorofornl solution), 
and no SI-I band could be observed in either media. This triaziile has been described 
before (8, 13, 14) and its structure was assumed to be (IVb) and not (IVa). On the basis 

of its infrared spectrum, structure (IVa) is to be preferred and the tautomer (IVb) prob- 
ably does not exist in the solid state nor in solution in chlorofori~~. This is in agreement 
with siluilar findings that open-chain tscs exist only in the thiono form in the solid state 
(Is) ,  and 3-mercapto-5-oxo-1,2,4-triazines were recently shown to exist in the lceto and 
thiono forms in neutral solution (16). I-Iowever, there is little doubt that in the presence 
of a base, the thione thiol tautoillerisnl takes place since both tscs and thiotriazine 
dissolve in alliali, and the S-Kc's salt of acetone tsc has already been described (17). As a 
comparison, the analogous 3-oxy-1,2,4-triazine (VIII) was prepared and its infrared 

(VIII) R = I3 
( I S )  R = CH, 
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GINGRAS ET XL.: THIOSEMICXRBAZONES 1057 

spectrum talcen both in the solid state and in chloroform solution. The same behavior 
was found in this case and no OH bands were detected. The weak peak a t  3450 cm-l 
(KBr) and 3350 cm-I (chloroforn~) is due to N-1-1 stretching. Furthermore, there is no 
doubt about the strong carbonyl absorption a t  1685 cm-I, both in KBr and chloroform. 

Chemical evidence also supports the ketonic structure of the oxytriazine, since all 
attempts to inethylate the 0 atom failed, the product being the N-CH3 derivative (IX) 
(18). 

The structure of 3,s-diphenyl pyrazole (VI) (R = R' = C&5) is confirmed by its 
infrared spectrum, which is of requisite character, the lack of NH bands being its most 
significant feature. 

EXPERIMENTAL 
The diltetones and thiosemicarbazide were reagent grade material. Glyoxal xvas a 30% aqueous 

solution. 2-Methyl and 4,4-dimethyl thiosemicarbazides were prepared in this laboratory as previously 
described (19, 20). All melting points were talten on a Fisher-John apparatus and are corrected. 

Glyoxal dilsc 
Glyoxal (30% aq. soln.) (20 g, 0.1 mole) was dissolved in ethyl alcohol (250 ml) and the solution heated 

on a steam bath. T o  this was added a solution of thiosemicarbazide (18.2 g, 0.2 mole) in water (600 rill) 
containing acetic acid (40 1111). A solid precipitated out and heating was continued for 15 minutes. The mix- 
ture was cooled and the solid was collected by filtration and washed with hot alcohol and hot acetone; 
m.p. > 300" C deconlp.; lit. n1.p. > 300" C ( I ) ,  17.2 g, 84.670. 

Glyoxal Di(2-n2elhyl)lsc 
Glyoxal (30% aq. soln.) (20 g, 0.1 mole) was added dropwise to a solution of 2-methyl thiosemicarbazide 

(4.75 g, 0.045 mole) in water (150 ml), and the mixture heated a t  50' C for 10 minutes. A yellow solid 
precipitated out which, after cooling of the mixture, was separated by filtration, washed, and dried; n1.p. 
276" C, 1.83 g, 35%. Calc. for CGI-I~~NGS?:  C, 31.00; H, 5.17; N ,  36.2; S, 27.670. Found: C, 31.20; H, 5.11; 
N, 36.00; S, 27.676. 

Glyoral Di(4,4-di~1~ellzyl)lsc 
Glyoxal di(4,4-dimethyl)tsc was prepared similarly using glyoxal (11.83 g, 0.025 mole) in alcohol (100 ml) 

and 4,4-dimethyl thiosemicarbazicle (5.95 g, 0.05 mole) in water (100 ml) containing acetic acid (10 ml). A 
yellow precipitate was collected and washed with boiling alcohol; n1.p. 203" C, 5.05 g, 77Y0. Calc. for 
CsHlGN6S2: C, 36.9; H ,  6.16; X, 32.3; S ,  24.6%. 1;ound: C, 36.83; H, 6.13; N, 32.45; S, 25.0%. 

Glyoxal dilsc- CZL(II) 
T o  a gently refluxing solution of glyoxal ditsc (2 g, 0.01 mole) in N,N-dimethylformamide (100 ml) was 

added dropwise, with stirring, a hot solution of cupric acetate (2 g, 0.01 mole) in 40 ml of aqueous alcohol 
(50%). Heating was continued for 15 minutes and the black precipitate was collected; m.p. 236" C, 1.9 g, 
71.470. Calc. for C.,HGNGS?.CLI: C, 18.07; 11, 2.26; N, 31.62; S, 24.1; Cu, 23.96Y0. Found: C, 18.77; H, 2.87; 
N, 30.90; S, 24.3; Cu, 23.9Gyc. 

Glyoral Di(4,4-din7ellzyl)lsc-Cz~(II) 
Cupric acetate (3.4 g, 0.017 mole) in alcohol (100 ml) was added to a hot solution of glyoxal di(4,4- 

dimet11yl)tsc (4 g, 0.017 mole) in dimethyl sulphoxide (450 ml), and heating on the steam bath was con- 
tinued for 15 minutes. The resulting purple solution was allowed to cool, and after addition of water, the  
crystals that  formed were collected, washed with water and hydrochloric acid (3%), and recrystallized from 
alcohol. The 1:1 copper complex had m.p. 244" C, 3.86 g, 70y0. Calc. for CsHlJYsS2.Cu: C, 29.78; H ,  4.65; 
iX, 26.05; S ,  19.84; Cu, 19.7%. Found: C,  30.12; I-I, 4.36; N ,  26.10; S ,  19.78; Cu, 19.97i. 

Diacelyl dilsc 
This was prepared by adding a warm solution of thiosemicarbazide (3.6 g, 0.04 mole) in water (120 ml) 

containi~lg 6 ml of acetic acid to a warm solution of diacetyl (1.72 g, 0.02 mole) in ethyl alcohol (200 ml). 
The yellow precipitate obtained was collected and washed with boiling alcohol and acetone; 1n.p. 272" C, 
lit. m.p. 255" C ('J), 4.5 g, 97%. Calc. for CGHI~NGS?:  C,  31.05; H ,  5.18; N, 36.2; S, 27.6%. Found: C, 31.50; 
H, 5.35; N, 36.05; S ,  27.24%. 

Diacelyl Di(4,4-dinzel1zyl)lsc 
This was prepared as above using diacetyl (1.72 g, 0.02 mole) in ethyl alcohol (100 ml) and 4,4-dimethyl 

thiosemicarbazide in  water (100 ml) and acetic acid (8 ml). The compound obtained had m.p. 198" C, 
1.9 g, 32.9y0. Calc. for CloH20N6S?: C, 41.7; H, 6.95; N, 29.2; S, 22.2y0. Found: C, 42.3; H ,  7.5; N,  28.8; 
S, 22.15%. 
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Diacetyl d i lsc-Cu(I1)  
To a hot solution of diacetyl ditsc (2.4 g, 0.01 mole) in dimethylforn~amide (240 ml) was added copper 

acetate (2 g, 0.01 mole) in water (50 ml), and the mixture was heated and stirred for an additional 15 
minutes. A dark colored precipitate was formed which, after cooling of the mixture, was collected and 
washed with hydrochloric acid (30jo), water, hot alcohol, and acetone; m.p. 267" C decornp., 2.09 g, 71%. 
Calc. for c6HloNGsz.C~: C, 24.55; H, 3.41; N, 28.63; S, 21.8; Cu, 21.6%. Found: C, 24.04; H,  3.59; N, 
28.7; S, 21.8; Cu, 21.2%. 

Diacctyl Di(4,4-din7ethyl)lsccCzl(II) 
A solution of cupric acetate (1.04 g, 0.005 mole) in alcohol (100 ml) was added dropwise to a reflusing 

solution of diacetyl di(4,4-di~~~ethyl)tsc (1.5 g, 0.005 mole) in chloroform (150 ml)  and heating was con- 
tinued for 15 minutes, during which time a solid precipitated out. After cooling of the mixture, the pre- 
cipitate was collected, washed, and crystallized from acetone; n1.p. 300" C, 0.32 g, 17.4y0. Calc. for 
CIoH19NaS2.C~: C, 34.25; H,  5.43; N, 23.05; S, 18.25; CU,  18.12%. Found: C, 35.17; H, 5.25; N, 24.2; 
S, 18.6; Cu, 17.93%. 

2,5-Hexa?~edione dilsc 
This was prepared by adding a warm solution of thiosemicarbazide (3.6 g, 0.04 mole) in water (120 ml) 

containing acetic acid (1G ml) to a solution of 2,5-hexanedione (2.28 g. 0.02 mole) in alcohol (200 ml). The 
whitc precipitate obtained had m.p. 2'72" C, 4.5 g, 8G.5y0. Calc. for CsHIGNGSz: C, 36.95; H, 6.15; N, 32.3; 
S, 24.6%. Found: C, 37.13; H, G.54; N, 32.0; S, 24.5%. 

2,3-Heptanedione dilsc 
This was obtained as above using 2,3-heptanedione (12.8 g, 0.1 ~nole) ill alcohol (200 rnl) and thioselni- 

carbazide (18.2 g, 0.2 mole) in water (600 ml) containing acetic acid (40 1n1). The product, after recrystalliza- 
tion from aqueous ethyl cellosolve, had m.p. 218" C; lit. m.p. 222" C (9), 10.5 g, 40%. 

2 , s -Oc taned io?~~  dilsc 
This was made by the usual method starting with 2,3-octanedione (4.26 g, 0.03 mole) in alcohol (200 ~ n l )  

and thiosemicarbazide (5.47 g, 0.06 mole) in water (200 n ~ l )  and acetic acid (10 ml). The product, 4.75 g, 
55y0, had m.p. 230' C. Calc. for CloHzaNcS2: C, 41.7; H,  6.94; N, 29.15; S ,  22.20%. Found: C, 41.93; H, 
7.28; N, 28.6; S, 22.10%. 

2,s-Octanedione ditsc-Czl(I1) 
Copper acetate (2 g, 0.01 mole) in water (80 rill) was added dropwise to a reflusing solution of 2,3-octane- 

dione ditsc (2.88 g, 0 01 mole) in S , S - d i ~ ~ ~ e t h y l f o r ~ ~ i a n ~ i d e  (100 nil). The mixture was stirred and heating 
\vas continued for 15 minutes, during which time a brown precipitate \\.as formed. This was collected, 
washed with \vatcr, and recrystallizecl from alcohol; m.p. 225" C, 0.65 g, 18.G%. Calc. for CloMlsNGSs.Cu: 
C, 34.38; I-I, 5.16; S, 24.01; S, 18.3; CLI, 1S.17~0.  Found: C, 31.81; H,  5.75; N, "3.95; S, 17.02; Cu, Ii.!)L-/o. 

I-Plzenyl-1,3-01rla?1edioilc dilsc 
The usual procedure of adding an aclueous solution of thiosemicarbazide to the diketone in alcohol 

afforded only an unidentified product of m.p. 10G0 C:  C?OHI~N;S. The rcquired ditsc was obtained by using 
the following method: 

Thiose~liicarbazicle (1.9 g, 0.02 mole) in boilil~g alcohol (150 ml) was adcled to the previously lllolten 
l-phenyl-1,3-butancdione (1.62 g, 0.01 ~nole). The resulting solution was reflusetl for 30 minutes and 
aliowecl to cool. The ditsc crystallized out and, after recrystallization from n-liesane, had 111.p. 131° C, 
0.39 g, 12.G94. Calc. for CI~HIGXGS:: C,  46.7; H,  5.2; N, 27.28; S, 20.78%. Found: C, 46.85; H, 5.23; N ,  
37.20; S, 20.40%. 

Reaclio?~ of l ,Y-Dipl~enyl- l ,3-propn~ze~Z~io~tc  7uilh Tltioserr~icarbazide 
r\ solution of thiosemicarbazide (1.8 g, 0.02 mole) in water (60 1111) and acetic acid (S 1111) was aclcled to 

the diketone (4.49 g, 0.02 mole) in alcohol (110 ml), and tlie resulting misture \vas lieatetl for 15 ln i l l~~tes  
on thc steam bath and allowed to cool. 3,5-Diplienyl pyrazole crystallized out, and after liltration, it was 
recrystallized fro111 belizene-hesane; 111.p. 197' C, 1.55 g, 35.47;; lit. m.p. 197-200" C (21). Calc. for 
C1:,HlrNr: C, 81.8; H, 5.45; N ,  12.7'7;. Found: C, 82.0; I-I, 5.45; N, 12.55'j.i. 

'The mother liquor, after addition of water, yiclded the monotsc (0.85 g, 14.3%), which, after recrystalliza- 
tion frotn benzene-liesane, and from alcohol, had 1n.p. 128' C. Calc. for ClsHI3NaOS: C, 64.6; 13, 5.05; 
S,  14.13; S, 10.7S70. P o ~ ~ i c l :  C, 64.57; H,  5.38; N, 14.78; S ,  10.583;. 

Rerrction of Uenzi l  will2 TItioseti?icai.bazide 
*\s tlic colivelltiol~al  neth hod of condcnsation gave mixtures of proclucts, the following moclihccl procedure 

was used : 
Benzil (2.1 g, 0.01 11101~) ancl thiosemicarbazide (1.8 g, 0.0'2 mole) \verc clissol\-ecl in N,N-dimethyl- 

formamide, and concentratecl hyclrocl~loric acicl ( :3  1111) was adcletl. After being licated 011 tlie steam bath for 
4 hours, the solution \\,as allowed to evaporate slo\vly until benzil ditsc had prccipitatecl out. The product 
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was collected and washed with water followed by hot alcohol. I t  had 1n.p. 217" C, 1.15 g, 42.4%. Calc. for 
C16H16N6S2: C, 53.9; H, 4.49; N, 23.6; S, 17.99%. Found: C, 52.98; H, 4.58; N, 23.4; S, 17.40%. 
5,6-Diphenyl-3-thio-1,2,4-triazine was obtained in a 677, yield by a method described previously (22). 

The compound, after recrystallization from acetone, had m.p. 220" C;  lit. n1.p. 233" C (2'2), 226" C (23). 
Calc. for CljHIlN3S: C, 67.9; H, 4.15; N, 15.84; S, 12.08%. Found: C, 67.31; H, 3.92; N, 16.12; S, 12.28%. 

A small arnount of benzil monotsc was identified as a by-product, and after recrystallization from acetone, 
had 1n.p. 190°C; lit. m.p. 188" C (23). Calc. for CljHlaN30S: C, 63.7; H, 4.6; N, 14.84; S, 11.3%. Found: 
C, 64.14; H, 5.48; N, 14.50; S, 10.93%. 

5,6-Diplzenyl-3-lltio-1 ,d,4-triasinc- Czi(II) 
A small amount (200 mg) of copper coniplex was obtained from the addition of copper acetate (10 g, 

0.05 mole) in water (200 ml) to a boiling solution of the triazine (13.8g, 0.05 mole) in a large excess of acetone 
(500 ml). The colnplex precipitated out and was separated by filtration, washed s~~ccessively with water, 
hydrochloric acid (3%), alcohol, acetone, and finally recrystallized from pyridine, m.p. 302O C. There was 
not sufficient material for further purification, but the elementary analysis is in fair agreement with the 
calculated values. Calc. for CIQH~ON~S.CU: C, 54.9; H, 3.06; N, 12.82; S, 9.77; Cu, 1'3.3870. Found: C, 
53.2; H, 3.12; N, 13.19; S, 10.02; Cu, 18.1%. 

ACKNOWLEDGMENTS 

O u r  t h a n k s  are d u e  Mr. E. C. G o o d h u e  a n d  Mr. R. I rons ide ,  both of the  Analy t ica l  

Sec t ion ,  for c a r r y i n g  o u t  the m e t a l  ana lyses  a n d  for taliil~g the in f ra red  spectra re- 
spectively. 

REFERENCES 

1. B. A. GINGKAS, R. \\I. HORNAL, and C. H. BAYLEY. Can. J .  Chem. 38, 712 (1960). 
2. B. A. G I X G R : ~ ~ ,  R. L. SOLIORJAI, and C. H. BAYLEY. Can. J .  Chem. 39, 973 (1961). 
3. B. G. BEXNS, B. A. GINGRAS, and C. H. BAYLEY. Appl. Microbial. 8,  353 (1960). 
4. S. S. GUHA-SIRCAR and S. SATPATHY. J. Indian Chem. Soc. 31, 6, 451 (1954). S. S. GUHA-SIRCAR 

and G. N. MITR..~. J .  Indian Cliem. Soc. 32, 7, 435 (1955). 
5. A. ALBEI<T. Selective tox~city. Methuen & Co. Ltd., London. 1960. 
6. E. H. RODD (Editor). Chemistry of carbo~i conipounds. Elsevier Publishing Co., Amsterdam. 1957. 

p. 246. 
7. G. BXIIR. Z. anorg. u. allgem. Chem. 268, 351 (1952). 
8. G. B ~ H R .  Z. anorg. 11. allgem. Chern. 273, 325 (1953). 
9. G. B ~ H R  and E. SC~ILEITZIZR. Z. anorg. 11. allgem. Chem. 278, 136 (1955). 

10. \+-. G ~ R S I C I ,  h1. ZOLSIEI~OWICZ, ant1 T. 121P1Ec. Cheni. Anal. (\\?arsaw), 3, 647 (1958). 
11. L. 1. BELI.,~J~Y. The i~~fra-red spectra oi complex molecules. Meth~ren & Co. Ltd., 1-ondon. 1954. p. 123. 
12. P. .\V. SADLER. J .  Chem. Soc. 957 (1'161). 
13. h1. POLOXOVSI<I and M. I'sssox. Conipt. rend. 232, 1260 (1951). 
14. h?. PESSON, G. POLMAKSS, and S. DUPIN. Compt. rend. 248, lG77 (1959). 
15. S. G. Bocoafo~ov. E. A. POSTOVSK~, and U. M. SCHEISICER. Doklady M a d .  K ~ L I I C  S.S.S.R. 91. 1111 

(1953). 
16. h l .  'I.rS~ei< and 2. URB.--SKI. J .  Org. Chem. 25, 770 (1960). 
17. I;. J .  \\'ILSON and R. BC'RXS. J .  Chem. Soc. 870 (1922). 
18. L'I. POI.ONOVSI<I, M.  PESSON, and P. R..1jzaf,1s. Bull. soc. chi~n. France, 240 (1955). 
19. A. 1-1. GREER and G. B. L. S ~ ~ I T H .  J.  Am. Chem. Soc. 72, 874 (1950). 
20. I<. 11. JENSEN. J.ipral<t. Chem. 159, 189 (1!)41 ). 
21. A. DOI~NOW and \I.. Bo~~TsCI-I. :\IIII. 602, 22 (1957). 
22. E. FISCHER. Belgian I'at. No. 503980 (December, 1951). 
23. P. \V. SADLEI<. J .  Chem. Soc. 243 (1!)01). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
N

IV
E

R
SI

T
Y

 O
F 

W
A

IK
A

T
O

 L
IB

R
A

R
Y

 o
n 

07
/0

7/
14

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 



This article has been cited by:

1. Karrera Y. Djoko, Brett M. Paterson, Paul S. Donnelly, Alastair G. McEwan. 2014. Antimicrobial effects of copper(ii)
bis(thiosemicarbazonato) complexes provide new insight into their biochemical mode of action. Metallomics 6:4, 854. [CrossRef]

2. A. Grubman, S. A. James, J. James, C. Duncan, I. Volitakis, J. L. Hickey, P. J. Crouch, P. S. Donnelly, K. M. Kanninen, J. R.
Liddell, S. L. Cotman, M. D. de Jonge, A. R. White. 2014. X-ray fluorescence imaging reveals subcellular biometal disturbances
in a childhood neurodegenerative disorder. Chemical Science . [CrossRef]

3. Erin J. McAllum, Nastasia K.-H. Lim, James L. Hickey, Brett M. Paterson, Paul S. Donnelly, Qiao-Xin Li, Jeffrey R. Liddell,
Kevin J. Barnham, Anthony R. White, Peter J. Crouch. 2013. Therapeutic effects of Cu II (atsm) in the SOD1-G37R mouse
model of amyotrophic lateral sclerosis. Amyotrophic Lateral Sclerosis and Frontotemporal Degeneration 14:7-8, 586-590. [CrossRef]

4. Maxwell G. Handley, Rodolfo A. Medina, Rowena L. Paul, Philip J. Blower, Richard Southworth. 2013. Demonstration of the
retention of 64Cu-ATSM in cardiac myocytes using a novel incubation chamber for screening hypoxia-dependent radiotracers.
Nuclear Medicine Communications 34:10, 1015-1022. [CrossRef]

5. Michael A. Cater, Helen B. Pearson, Kamil Wolyniec, Paul Klaver, Maree Bilandzic, Brett M. Paterson, Ashley I. Bush, Patrick
O. Humbert, Sharon La Fontaine, Paul S. Donnelly, Ygal Haupt. 2013. Increasing Intracellular Bioavailable Copper Selectively
Targets Prostate Cancer Cells. ACS Chemical Biology 130524100639004. [CrossRef]

6. Katherine A. Price, James L. Hickey, Zhiguang Xiao, Anthony G. Wedd, Simon A. James, Jeffrey R. Liddell, Peter J. Crouch,
Anthony R. White, Paul S. Donnelly. 2012. The challenges of using a copper fluorescent sensor (CS1) to track intracellular
distributions of copper in neuronal and glial cells. Chemical Science 3:9, 2748. [CrossRef]

7. Katherine Ann Price, Peter J. Crouch, Irene Volitakis, Brett M. Paterson, SinChun Lim, Paul S. Donnelly, Anthony R. White.
2011. Mechanisms Controlling the Cellular Accumulation of Copper Bis(thiosemicarbazonato) Complexes. Inorganic Chemistry
50:19, 9594-9605. [CrossRef]

8. Laura Bica, Jodi Meyerowitz, Sarah J. Parker, Aphrodite Caragounis, Tai Du, Brett M. Paterson, Kevin J. Barnham, Peter
J. Crouch, Anthony R. White, Paul S. Donnelly. 2011. Cell cycle arrest in cultured neuroblastoma cells exposed to a
bis(thiosemicarbazonato) metal complex. BioMetals 24:1, 117-133. [CrossRef]

9. Katherine Ann Price, Peter J. Crouch, SinChun Lim, Brett M. Paterson, Jeffrey R. Liddell, Paul S. Donnelly, Anthony R. White.
2011. Subcellular localization of a fluorescent derivative of CuII(atsm) offers insight into the neuroprotective action of CuII(atsm).
Metallomics 3:12, 1280. [CrossRef]

10. Paul D. Bonnitcha, Simon R. Bayly, Mark B.M. Theobald, Helen M. Betts, Jason S. Lewis, Jonathan R. Dilworth. 2010.
Nitroimidazole conjugates of bis(thiosemicarbazonato)64Cu(II) – Potential combination agents for the PET imaging of hypoxia.
Journal of Inorganic Biochemistry 104:2, 126-135. [CrossRef]

11. SinChun Lim, Katherine A. Price, Siow-Feng Chong, Brett M. Paterson, Aphrodite Caragounis, Kevin J. Barnham, Peter
J. Crouch, Josephine M. Peach, Jonathan R. Dilworth, Anthony R. White, Paul S. Donnelly. 2010. Copper and zinc
bis(thiosemicarbazonato) complexes with a fluorescent tag: synthesis, radiolabelling with copper-64, cell uptake and fluorescence
studies. JBIC Journal of Biological Inorganic Chemistry 15:2, 225-235. [CrossRef]

12. P. J. Crouch, L. W. Hung, P. A. Adlard, M. Cortes, V. Lal, G. Filiz, K. A. Perez, M. Nurjono, A. Caragounis, T. Du, K. Laughton,
I. Volitakis, A. I. Bush, Q.-X. Li, C. L. Masters, R. Cappai, R. A. Cherny, P. S. Donnelly, A. R. White, K. J. Barnham. 2009.
Increasing Cu bioavailability inhibits A  oligomers and tau phosphorylation. Proceedings of the National Academy of Sciences 106:2,
381-386. [CrossRef]

13. Jason P. Holland, Peter J. Barnard, David Collison, Jonathan R. Dilworth, Ruth Edge, Jennifer C. Green, Eric J. L.
McInnes. 2008. Spectroelectrochemical and Computational Studies on the Mechanism of Hypoxia Selectivity of Copper
Radiopharmaceuticals. Chemistry - A European Journal 14:19, 5890-5907. [CrossRef]

14. Sukhvinder K. Chawla, Simrat Kaur, Nidhi Gupta, Geeta Hundal. 2007. Synthesis, characterisation and crystal structure of 3,5-
dimethylpyrazole-1-carbothioic acid amide. Mendeleev Communications 17:6, 335-336. [CrossRef]

15. F. Haghighi Moghadam, A. R. Jalilian, A. Nemati, M. Abedini. 2007. Preparation and biodistribution studies of [67Ga]2-
acetylpyridine 4,4-dimethyl thiosemicarbazone complex as a possible SPECT tracer for detection of malignancies. Journal of
Radioanalytical and Nuclear Chemistry 272:1, 115-121. [CrossRef]

16. A. R. Jalilian, Mahdi Sadeghi, Y. Yari Kamrani. 2006. Development of [ 103 Pd]-labeled- bis ( N 4 -methylthiosemicarbazone)
complexes as possible therapeutic agents. Radiochimica Acta 94:12, 865-869. [CrossRef]

17. Martin Christlieb, Jonathan R. Dilworth. 2006. Ligands for Molecular Imaging: The Synthesis of Bis(thiosemicarbazone)
Ligands. Chemistry - A European Journal 12:24, 6194-6206. [CrossRef]

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
N

IV
E

R
SI

T
Y

 O
F 

W
A

IK
A

T
O

 L
IB

R
A

R
Y

 o
n 

07
/0

7/
14

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 

http://dx.doi.org/10.1039/c3mt00348e
http://dx.doi.org/10.1039/c4sc00316k
http://dx.doi.org/10.3109/21678421.2013.824000
http://dx.doi.org/10.1097/MNM.0b013e328363f25e
http://dx.doi.org/10.1021/cb400198p
http://dx.doi.org/10.1039/c2sc20397a
http://dx.doi.org/10.1021/ic201334q
http://dx.doi.org/10.1007/s10534-010-9380-7
http://dx.doi.org/10.1039/c1mt00092f
http://dx.doi.org/10.1016/j.jinorgbio.2009.10.009
http://dx.doi.org/10.1007/s00775-009-0587-4
http://dx.doi.org/10.1073/pnas.0809057106
http://dx.doi.org/10.1002/chem.200800539
http://dx.doi.org/10.1016/j.mencom.2007.11.012
http://dx.doi.org/10.1007/s10967-006-6771-x
http://dx.doi.org/10.1524/ract.2006.94.12.865
http://dx.doi.org/10.1002/chem.200501069


18. Toshimitsu Fukumura, Kazuhiro Okada, Hisashi Suzuki, Ryuji Nakao, Kensaku Mukai, Ferenc Szelecsényi, Zoltán Kovács,
Kazutoshi Suzuki. 2006. An improved 62Zn/62Cu generator based on a cation exchanger and its fully remote-controlled
preparation for clinical use. Nuclear Medicine and Biology 33:6, 821-827. [CrossRef]

19. A.R. Jalilian, P. Rowshanfarzad, M. Sabet, A. Shafiee. 2006. Preparation of [61Cu]-2-acetylpyridine thiosemicarbazone complex
as a possible PET tracer for malignancies. Applied Radiation and Isotopes 64:3, 337-341. [CrossRef]

20. A.R. Jalilian, P. Rowshanfarzad, M. Sabet. 2006. Preparation of [ 61 Cu]pyruvaldehyde- bis ( N 4 -methylthiosemicarbazone)
complex as a possible PET radiopharmaceutical. Radiochimica Acta 94:2_2006, 113-117. [CrossRef]

21. Paul Burgman, Joseph A. O'Donoghue, Jason S. Lewis, Michael J. Welch, John L. Humm, C. Clifton Ling. 2005. Cell line-
dependent differences in uptake and retention of the hypoxia-selective nuclear imaging agent Cu-ATSM. Nuclear Medicine and
Biology 32:6, 623-630. [CrossRef]

22. Liam Alsop, Andrew R. Cowley, Jonathan R. Dilworth, Paul S. Donnelly, Josephine M. Peach, James T. Rider. 2005.
Investigations into some aryl substituted bis(thiosemicarbazones) and their copper complexes. Inorganica Chimica Acta 358:9,
2770-2780. [CrossRef]

23. Atsushi Obata, Shingo Kasamatsu, Jason S. Lewis, Takako Furukawa, Shinji Takamatsu, Jun Toyohara, Tatsuya Asai, Michael
J. Welch, Susan G. Adams, Hideo Saji, Yoshiharu Yonekura, Yasuhisa Fujibayashi. 2005. Basic characterization of 64Cu-ATSM
as a radiotherapy agent. Nuclear Medicine and Biology 32:1, 21-28. [CrossRef]

24. Toshimitsu Fukumura, Kazuhiro Okada, Ferenc Szelecsényi, Zoltán Kovács, Kazutoshi Suzuki. 2004. Practical production of 61
Cu using natural Co target and its simple purification with a chelating resin for 61 Cu-ATSM. Radiochimica Acta 92:4-6-2004,
209-214. [CrossRef]

25. Atsushi Obata, Eiji Yoshimi, Atsuo Waki, Jason S. Lewis, Nobuyuki Oyama, Michael J. Welch, Hideo Saji, Yoshiharu Yonekura,
Yasuhisa Fujibayashi. 2001. Retention mechanism of hypoxia selective nuclear imaging/radiotherapeutic agent Cu-diacetyl-bis(N
4-methylthiosemicarbazone) (Cu-ATSM) in tumor cells. Annals of Nuclear Medicine 15:6, 499-504. [CrossRef]

26. Norio Takahashi, Yasuhisa Fujibayashi, Yoshiharu Yonekura, Michael J. Welch, Atsuo Waki, Tatsuro Tsuchida, Norihiro Sadato,
Katsuya Sugimoto, Akira Nakano, Jong-Dae Lee, Harumi Itoh. 2001. Copper-62 ATSM as a hypoxic tissue tracer in myocardial
ischemia. Annals of Nuclear Medicine 15:3, 293-296. [CrossRef]

27. Philip J Blower, Jonathan R Dilworth, Richard I Maurer, Greg D Mullen, Christopher A Reynolds, Yifan Zheng. 2001. Towards
new transition metal-based hypoxic selective agents for therapy and imaging. Journal of Inorganic Biochemistry 85:1, 15-22.
[CrossRef]

28. Norio Takahashi, Yasuhisa Fujibayashi, Yoshiharu Yonekura, Michael J. Welch, Atsuo Waki, Tatsuro Tsuchida, Norihiro Sadato,
Katsuya Sugimoto, Harumi Itoh. 2000. Evaluation of62Cu labeled diacetyl-bis(N 4-methylthiosemicarbazone) as a hypoxic tissue
tracer in patients with lung cancer. Annals of Nuclear Medicine 14:5, 323-328. [CrossRef]

29. K Horiuchi, T Tsukamoto, M Saito, M Nakayama, Y Fujibayashi, H Saji. 2000. The development of 99mTc-analog of Cu-DTS
as an agent for imaging hypoxia. Nuclear Medicine and Biology 27:4, 391-399. [CrossRef]

30. Kouichi Wada, Yasuhisa Fujibayashi, Hideyuki Taniuchi, Naoyuki Tajima, Nagara Tamaki, Junji Konishi, Akira Yokoyama. 1994.
Effects of ischemia-reperfusion injury on myocardial single pass extraction and retention of Cu-PTSM in perfused rat hearts:
Comparison with 201Tl and 14C-iodoantipyrine. Nuclear Medicine and Biology 21:4, 613-617. [CrossRef]

31. Yanwen Qian, James S. Fritz. 1992. New thiohydrazones for complexation and chromatographic determination of metal ions.
Journal of Chromatography A 602:1-2, 103-110. [CrossRef]

32. James R. Ames, Michael D. Ryan, Peter Kovacic. 1987. Mode of action of antiprotozoan agents. Electron transfer and oxy radicals.
Life Sciences 41:16, 1895-1902. [CrossRef]

33. Ali R. Banijamali, William O. Foye. 1986. Synthesis of 4-(2-acetoxyethoxymethyl)-6-methyl-1,2,4-triazin-3(4 H )-one 1-oxide
as thymidine analogue. Journal of Heterocyclic Chemistry 23:6, 1613-1616. [CrossRef]

34. M.F. Iskander, L. El-Sayed, M. Tawfik, M. Arafa. 1985. Reactivity of metal chelates of sulphur containing ligands towards
Lewis bases. Part III. Reaction of bis(1,2-dimethyl-and 1-phenyl-1,2-ethanediylidene)bis(S-methylhydrazinecarbodithioate)NN
′SS′(−2)dizinc(II) with pyridines. Inorganica Chimica Acta 104:2, 125-129. [CrossRef]

35. N.D. Yordanov, M.T. Batchvarova. 1984. Studies on the electronic structure and intermolecular interactions of diacetyl-, and
methylglyoxal- bis(thiosemicarbazone)copper(II) complexes. Journal of Molecular Structure 115, 63-66. [CrossRef]

36. A.G. Asuero. 1981. Schiff bases derived from biacetyl as analytical reagents: A review. Microchemical Journal 26:4, 527-556.
[CrossRef]

37. A.G. Asuero, M. Gonzalez-Balairon. 1980. Analytical applications of biacetyl bis(4-phenyl-3-thiosemicarbazone) and
bipyridylglyoxal bis(4-phenyl-3-thiosemicarbazone). Microchemical Journal 25:1, 14-45. [CrossRef]

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
N

IV
E

R
SI

T
Y

 O
F 

W
A

IK
A

T
O

 L
IB

R
A

R
Y

 o
n 

07
/0

7/
14

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 

http://dx.doi.org/10.1016/j.nucmedbio.2006.05.003
http://dx.doi.org/10.1016/j.apradiso.2005.08.002
http://dx.doi.org/10.1524/ract.2006.94.2.113
http://dx.doi.org/10.1016/j.nucmedbio.2005.05.003
http://dx.doi.org/10.1016/j.ica.2005.03.027
http://dx.doi.org/10.1016/j.nucmedbio.2004.08.012
http://dx.doi.org/10.1524/ract.92.4.209.35593
http://dx.doi.org/10.1007/BF02988502
http://dx.doi.org/10.1007/BF02987849
http://dx.doi.org/10.1016/S0162-0134(00)00228-2
http://dx.doi.org/10.1007/BF02988690
http://dx.doi.org/10.1016/S0969-8051(00)00088-3
http://dx.doi.org/10.1016/0969-8051(94)90026-4
http://dx.doi.org/10.1016/0021-9673(92)80069-7
http://dx.doi.org/10.1016/0024-3205(87)90740-5
http://dx.doi.org/10.1002/jhet.5570230601
http://dx.doi.org/10.1016/S0020-1693(00)86427-0
http://dx.doi.org/10.1016/0022-2860(84)80015-0
http://dx.doi.org/10.1016/0026-265X(81)90141-7
http://dx.doi.org/10.1016/0026-265X(80)90239-8


38. K. N. Johri, K. A. Venugopalan, B. S. Arora. 1979. Glyoxal dithiosemicarbazone as a complexing and chromogenic spray reagent
in inorganic TLC. Chromatographia 12:7, 476-478. [CrossRef]

39. Karlheinz Ballschmiter, Hilde Greber, Hans-Georg Steinhäuser. 1978. Substituenteneffekte bei ligand-
metallelektronenübergängen von Cu(II)-chelaten der α-diketo-bis-thiosemicarbazone. Journal of Inorganic and Nuclear Chemistry
40:4, 631-634. [CrossRef]

40. Michel J.M. Campbell. 1975. Transition metal complexes of thiosemicarbazide and thiosemicarbazones. Coordination Chemistry
Reviews 15:2-3, 279-319. [CrossRef]

41. M.Akhtar Malik, D.J. Phillips. 1974. Metal complexes of 2-methyl thiosemicarbazones and related ligands. Journal of Inorganic
and Nuclear Chemistry 36:10, 2229-2234. [CrossRef]

42. M. Akbar Ali, S.E. Livingstone. 1974. Metal complexes of sulphur-nitrogen chelating agents. Coordination Chemistry Reviews
13:2-3, 101-132. [CrossRef]

43. K. Ballschmiter. 1973. Chelate mit Diimin- und Thiol-Struktur: Analytische Anwendung der Di-(4-substituierten)-
thiosemicarbazone von 1,2- und 1,3-Diketonen. Fresenius' Zeitschrift f�r Analytische Chemie 263:3, 203-205. [CrossRef]

44. B.W. Budesinsky, J. Svec. 1971. Photometric determination of silver and mercury with glyoxal dithiosemicarbazone. Analytica
Chimica Acta 55:1, 115-124. [CrossRef]

45. Larry E. Warren, Maurice M. Bursey, William E. Hatfield. 1971. The mass spectra of some copper(II) complexes related to anti-
carcinogens. Organic Mass Spectrometry 5:1, 15-18. [CrossRef]

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

U
N

IV
E

R
SI

T
Y

 O
F 

W
A

IK
A

T
O

 L
IB

R
A

R
Y

 o
n 

07
/0

7/
14

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 

http://dx.doi.org/10.1007/BF02302994
http://dx.doi.org/10.1016/0022-1902(78)80378-9
http://dx.doi.org/10.1016/S0010-8545(00)80276-3
http://dx.doi.org/10.1016/0022-1902(74)80259-9
http://dx.doi.org/10.1016/S0010-8545(00)80253-2
http://dx.doi.org/10.1007/BF00428329
http://dx.doi.org/10.1016/S0003-2670(01)82747-1
http://dx.doi.org/10.1002/oms.1210050103



