
Vol. 7, No. 2, February 1968 METAL COMPLEXES OF THIOCARBOHYDRAZIDE 277 

2 0 

I11 Iv 

V 

the complexes (triene)Mo(CO), (triene = 1,3,5-cyclo- 
octatriene or cyclooctatetraene) to react with carbon 
monoxide for a few minutes a t  atmospheric pressure 
to give the tetracarbonyls (triene)Mo(C0)4, where only 
two of the three double bonds of the triene (those in 
relative 1,5 positions) remain complexed with the metal 
atom. 

A minor product of the reaction between cyclo- 
heptatrienetricarbonylmolybdenum and CsHsPCsHb is 
the red sublimable solid, C,HsMo(CO)z(CsHsPCeH6) 
(V) ,  obtained in quantities too small for detailed study. 

Formation of this complex represents the first example 
of a reaction of cycloheptatrienetricarbonylmolyb- 
denum with a ligand where the cycloheptatriene ligand 
is not removed. The relatively low yield of C7HsMo- 
(CO)e(C&&PCeH5) indicates the low tendency for this 
type of reaction to occur. 

This work provides a clear demonstration of the much 
lower tendency for carbon-carbon double bonds rela- 
tive to a tricovalent phosphorus atom to bond to a 
transition metal. Certainly if the double bonds in 9- 
phenyl-9-phosphabicyclo [4.2.1 Inonatriene (11) pos- 
sessed appreciable tendency to  bond to a metal atom, 
chelate complexes of I1 involving both metal-phos- 
phorus and metal-olefin bonds should be observed. 
The fact that only one derivative (i.e., cis-(C*Hs- 
PC~HF,)~MO(CO)~ (111)) Rith a metal-olefin bond could 
be prepared and that the metal-olefin bond in this 
derivative is readily cleaved by carbon monoxide to 
form C ~ ~ - ( C ~ H ~ P C ~ H ~ ) ~ M O ( C O ) ~  (IV) demonstrates the 
lower tendency for metal atoms to bond to olefins than 
to tricovalent phosphorus atoms. Further work is in 
progress with vastly different types of unsaturated 
phosphines in attempts to explore the relative stabili- 
ties of metal-olefin and metal-phosphorus bonds in 
other types of systems. 
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The ligand thiocarbohydrazide is shown to form a series of complexes with Zn(II), Cd(II) ,  Hg(II) ,  Fe(II), Co(II), 
Ni(II), Cu(II) ,  and Pd(I1). A comparison of their infrared and electronic absorption spectra with the spectra of thiosemi- 
carbazide complexes of known structure suggests that  bonding occurs through the thioketo group. Visible reflectance spec- 
t ra  and magnetic moments of the complexes of the first-row transition metal ions and the Mossbauer spectrum of the Fe(I1) 
complex further suggest that  they all have strongly distorted octahedral environments. 

Introduction 
A number of ligands with dual sites available for co- 

ordination to metal ions have been studied. Of par- 
ticular interest are thioamide and thiohydrazide deriva- 
tives which have both sulfur and nitrogen atoms as 
potential donors. Two ligands of this type are thio- 
urea (I) and thiosemicarbazide (Htscaz) (XI). 

Thiourea acts as a monodentate ligand coordinating 
to metal ions using only the thioketo g r o ~ p , ~ - ~  whereas 
(1) Department of Chemistry, The University, Reading, England. 
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thiosemicarbazide behaves as both a bi- and a mono- 
dentate ligand. 

X-Ray crystallographic measurements have shown 
that Ni(Htscaz)&Od .3H205 involves coordination by 
the thioketo group and the NHs group of the hydrazine 

( 5 )  R. Gr@nbaek and S. E. Rasmussen, Acta Chem. Scaxd., 16, 2325 
(1962). 
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residue and that the red-brown complex, Ni(tscaz)2,6 is 
bonded through the thioenolic sulfur atom and the 
hydrazinic nitrogen (V, R = H). The thiosemicar- 
bazide complexes of Zn(II),' Co(III), Cu(II), Pd(II) ,  
and Pt(II)8-10 involve structures similar to that of the 
former Ni(I1) complex, while crystallographic measure- 
ments have shown" that in Ag(Htscaz)Cl the ligand is 
monodentate, coordinating only through the sulfur 
atom (VIII, R = H). 

Metal complexes of the next higher homolog in the 
series, thiocarbohydrazide (Htcaz) (111), have been 
prepared and studied in order to learn whether co- 
ordination to metal ions still occurs through the sulfur 
atom or whether advantage is taken of the available 
nitrogen donors to form a coordination sheath con- 
sisting of only nitrogen atoms. 

The formation of colors and precipitates by thio- 
carbohydrazide with some metal ions in aqueous solu- 
tion has been reported by Duval and LocI2 and Buu- 
Hoi', LOC, and Xuong.13 

Carbohydrazide (Hcaz), the oxygen analog of thio- 
carbohydrazide, was studied in acid solution and 
shown to form complexes with Zn(II), Cd(II), Cu(II), 
and Ni(II),I4 all of which were considered to be co- 
ordinated by two nitrogen atoms of each ligand mole- 
cule. 

Experimental Section 
Preparations.-The colors and precipitates reported by LOC 

and his co-workers were formed only in the presence of hydrazine- 
dithiocarbazic acid, the precursor of thiocarbohydrazide, which 
suggests that  they are salts of this acid and not derivatives of 
thiocarbohydrazide. 

Thiocarb0hydrazide.-Carbon disulfide (15 ml) was added 
dropwise, with stirring, over a period of 1 hr to a warm (-50") 
solution of hydrazine hydrate (50 ml) and mater (180 ml). The 
mixture was then refluxed a t  90" for 1 hr further and cooled; 
the colorless crystals which separated out were recrystallized from 
water. 

Anal. Calcd for CH6S4S: C,  11.3; H ,  5.7; S, 52.8; S, 30.2. 
Found: C, 11.6; H,  6.0; N, 51.7; S, 30.5. 

(b)  Bis(thiocarbohydrazide)zinc(II) Chloride.-A warm solu- 
tion of zinc chloride in dimethylformamide-water (5: 1) mas added 
to  a warm solution of thiocarbohydrazide in dimethylformamide 
in an approximately 1 : 2 mole ratio. Colorless crystals separated 
out from the solution on standing for 1 hr. These were filtered 
and washed with 0.1 X hydrochloric acid and then dried in  vaczto 
over PzOa. 

Anal. Calcd for C2Hl&&ZnC12: C,  6.9; H ,  3.5; Zn,  18.8; 
C1,20.3. Found: C, 7.2; H ,  3.7; Zn, 18.9; Cl, 20.6. 

( c )  Bis(thiocarbohydrazide)cadmium(II) Chloride.-Color- 
less crystals were obtained by a similar method to that givcn 
above. 

Anal.  Calcd for C2H1&&CdC11: C, 6.1; H ,  3.1; S, 28.3; 

(a)  

(6) L. Cavalca, M .  Nardelli, and G. Fava, Acta Cuyst., 15,  1139 (1982). 
( 7 )  L. Cavalca, M. Nardelli, and G. Brianchi, ibid., 13, 688 (11r60). 
(8) K. A. Jensen and E. Rancke-Madsen, 2. Atmug. Allgem. Chem. ,  219, 243 

(1934). 
(9) M. K. Akhmedli and 4 .  >,I, Sadykova, Russ. J. Inorp. C h i n . ,  7 ,  260 

(1962). 
(10) Id. J. Campbell and R. Grzeskowiak, J .  Chem. Soc., 892 (1867). 
(11) M. Xardelli, G. F. Gasparri, G. G. Battistini, and A.  Musatti, Chem. 

(12) C. Duval and T. B. LOC, Compt. Rend., 240, 1097 (1955). 
(13) Ng. Ph. Buu-Hol, T. B. LOC, and L-g. D. Xuong, Bzrll. Soc. Chiin. 

(14) E. Campi, G. Ostacoli, A.  S'anni, and  E. Casnrnti, IZic .  S c i .  Rend., 

Commnn., 187 (1965). 

France, 694  (1955). 

A6, 341 (1984). 

Cd, 28.4; C1, 17.9. Found: C, 6.4; H, 3.4; N, 28.0; Cd, 28.4; 
C1, 17.8. 

(d) Bis(thiocarbohydrazide)mercury(II) Chloride.-Soh- 
tions of mercuric chloride and thiocarbohydrazide in dimethyl- 
formamide were mixed in a n  approximately 1 :2  mole ratio. 
A dense white precipitate separated immediately. hfter stand- 
ing for 30 min the compound was filtered, washed with a littlc 
0.1 J f  hydrochloric acid, and then dried in vacuo over PPO:. 
It is important not to heat the mixed solutions as a black decorn- 
position product is formed. 

A n d .  Calcd for C2WlaX8SsHgClp: C, 5.0; H,  2.5; S, 23.1. 
Found: C, 5.2; H,2.7;  S ,22 .3 .  

(e)  Bis(isothiocyanate)bis(thiocarbohydrazide)iron(II).-h 
solution of potassium thiocyanate (2.0 g) in water (10 ml) was 
added slowly with stirring to a hot solution (-70") of FeS04. 
7Hn0 (2.8 g)  and thiocarbohydrazide (2.0 g) in water (100 ml). 
The pale green crystals which separated were filtered, washrd 
with hot water, and then dried in  'o'aczto over P203 for 2 hr. 

Anal. Calcd for C ~ H I & I ~ S ~ F ~ :  C, 12.5; H, 3.2; Fe, 14.5. 
Found: C,  12.5; H ,  3.3; Fe, 14.9. 

( f )  Dichlorobis(thiocarbohydrazide)cobalt(II).-Two isomers 
of this compound were isolated. A violet compound was pre- 
pared by adding a hot solution of CoC1>.6Hz0 (2.4 g) ,  dissolved 
in the minimum volume of water, to a hot solution of thiocarbo- 
hydrazide (2.0 g)  in water (20 ml) containing 1 ml of 2 ilf hydro- 
chloric acid. Violet crystals separated out immediately, and 
after decanting the solution, these were washed with several por- 
tions of ethanol and then collected and dried in  i 'acuo over PzOfi. 

Anal. Calcd for CpHl2S8S2CoCl2: C, 7.0; H ,  3.5; Co, 17.2. 
Found: C,7.1; H,3.7;  Co, 16.7. 

A brown isomer was prepared using the same rcagents as above 
but in the absence of 2 X hydrochloric acid. The crystals which 
separated out were similarly treated. 

Anal. Calcd for CLH12SbSzCoC12: C,  7.0; H, 3.5; Co, 17.2; 
C1, 20.7. Found: C, 6.9; H ,  3.7; Co, 17.2; C1,20.8. 

(g) Tris(thiocarbohydrazide)nickel(II) Chloride.-Thiocarbo- 
hydrazide (3.5 g)  wasadded to a solution of XiC12.6Hz0 (2.4 g )  in 
water (50 ml). A few drops of 2 111 hydrochloric acid were added 
and the mixture was shaken for 1 hr. The resulting blue solution 
was filtered and allowed to stand in a desiccator over coiiceu- 
trated sulfuric acid. Blue crystals of the tris hydrate were 
formed over a period of approximately 10 days. The anhydrous 
complex was obtained by heating the hydrate a t  110" for 24 hr. 

Anal. Calcd for CSHIqK&SiCI2: C,  8.0; H, 4.1; X, 37.5; 
Xi, 13.1; C1, 15.8. Found: C,8.0; H ,  4.3; N, 37.2; Ni, 12.8; 
C1, 16.0. 

(h) Tris(thiocarbohydrazide)copper(II) Chloride.--.% solution 
of CuClz.2H20 (1.7 g )  in 2 M hydrochloric acid (5 ml) was added 
to thiocarbohydrazide (3.5 g) in 2 Af hydrochloric acid (25 ml). 
The green precipitate which separated immediately was filtered, 
washed thoroughly with hot 0.1 hf hydrochloric acid, and then 
dried in DQCUO over P20j. 

Anal. Calcd for C3Hl8Nl2S3CuCl2: C, 8.0; H ,  4.0; Cu, 14.0; 
C1, 15.7. Found: C, 8.0; H,3.9; Cu, 14.0; C1,lj.S. 

(i) Bis(thiocarbohydrazide)palladium(II) Chloride.--A solu- 
tion of PdCL (0.45 g) in 2 -If hydrochloric acid was added t o  a 
solution of thiocarbohydrazide (0.58 g)  in 2 111 hydrochloric acid 
(20 ml). -A yellow precipitate separated from the solution. 
This was filtered, washed with 0.1 M hydrochloric acid, and thcn 
dried in eacun over P20j. 

Anal. Calcd for CaHl2S&PdCl2: C, 6.2; H ,  3.1; Pd, 27.3. 
Found: C,6.5;  H ,  3.0; Pd, 27.0. 

Spectroscopic Measurements.-Electronic spectra were ob- 
tained with a Unicam SP 700 recording spectrophotoirieter. 
Reflectance measurements were made using h l g C 0 ~  as reference. 
Infrared spectra were obtained using a Perkin-Elmer Model 221 
spectrophotometer. 

Magnetic Measurements.-These were made by the Gouy 
method using Si(en)&Oslj and HgCo(NCS)4I6 as the calibrants. 

(15) N. F. Curtis,J. Chew Soc.,  3147 (1961). 
(16) B. pi. Figgis and R. S. Syholm, ibid. ,  4190 (195s). 
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TABLE I 
SYMMETRY COORDINATES FOR THIOCARBOHYDRAZIDE 

Sym- 
metry Description of 
species Symmetry coordinates mode 

A1 Si = 1 / 2 / 2 ( 6 ~ i  + 6ri’) CN str 
SZ = 1 /2 /2 ( s r z  + 6r2’) N N  str 
S3 = 1/2/2(6r3 + 6Y8’) NH str 
Sq = 1/2(6?‘4 f 6Y4’  + 67’s f 67’s’) n’H2 str  
S5 = 1/2(6r4 + 6r4’ - 6vs - 6 ~ 5 ’ )  KHZ str 
Sg = 6R CS str 
SI = 1/2//B(26a, - 6ffz - 6 c Y 2 ’ )  NCN bend 
Ss = 1/2//12(2Sgl + 26/31‘ - spz - CNN bend 

6P2‘ - 6P3  - 8/33’) 

S9 = 1/2(682 + 6/32‘ - 6/33 - 6 / 3 3 / )  

Sla = 1/2/12(26y2 + 2 6 ~ ~ ‘  - 6yl - 
6Yl’  - 6 7 3  - 6 7 3 ’ )  

SI1 = 1/2(631 + 6Yl’  - 6 %  - 6 7 3 ’ )  

S I 3  = 1/2/2(6rz - 6%’) 
sI4 = 1/2/2(6ra - 6r3’) 
S I 6  = 1/2(674 - 6rd’ + 6r.5 - 676’) 

Sip, = 1/2(6~4 - 6r4‘ - Srs + 6 ~ s ’ )  
S1i = 1/2/2(6ff* - 6az’) 
S18 = 1/2/2(26p1 - 26p1’ - 8/32 + 862’ - 
SI9 = 1/2(6/32 - 8/32‘ - 8P3 + 6Pn’) 
Szo = l / f l2(28yz - 2 6 ~ ~ ‘  - 6yl + 

671’ - 6 7 3  + 6 7 3 9  
S*1 = 1/2(6-11 - 6Yl ’  - 6 7 3  + b 3 ’ )  

n’H wag 
N H ~ b e n d  

NHz rock 
Bi Si2 = 1/2/2(671 - a?‘]’) CN str  

N N  str 
NH str 
NH2 str 
NH1 str 
NCS bend 
CNN bend 

NH wag 
NHz bend 

KHZ rock 

6/33 + 6P3’) 

Diamagnetic corrections were made from Pascal’s constants as 
listed by Figgis and Lewis.I7 

Results and Discussion 
Infrared Spectra.-The infrared spectra of the metal 

thiocarbohydrazide complexes were interpreted by first 
carrying out a normal coordinate analysis of the free 
ligand. 

The thiocarbohydrazide molecule was treated as 
though i t  has Czv symmetry thus enabling the prob- 
lem to be reduced to one of solving for the 21 in-plane 
normal coordinates. 

A Urey-Bradley force field was employed, the in- 
dividual constants being transferred from studies of 
the normal coordinates of various thioamides18 and 
hydrazine.lg The G matrix was set up by assuming the 
following bond lengths: r(CS), 1.71 A ;  r(CN), 1.33 A ;  
r (NN),  1.43 8; r(NH), 1.00 8. All valenceangleswere 
assumed to be 120”. 

A summary of the results of this analysis based on 
the symmetry coordinates shown in Table I is given in 

TABLE I1 

ENERGY DISTRIBUTION FOR THIOCARBOHYDRAZIDE 
FUNDAMENTAL FREQUENCIES AND POTENTIAL 

Symmetry ,-----Cm-l-- 
species Obsd Calcd Potential energy distribution,& % 

3300 3326 Ss(1OO) 
3270 3294 Ss(100) 
3205 3220 Sq(lO0) 
1622 1654 Sio(100) 
1530 1539 S~(85), S1(20), S2(6) 
1287 1243 S1(53), So(32), Si(16), Ss(11) 
1142 1154 Sii(l00) 
1080 1063 S2(78), Sp,(lO), Si(14) 
930 865 Se,(49), Ss(241, Si(15) 
469 464 &(70), S G ( ~ ) ,  Si(6) 
326 337 Ss(74), Si(8), S,(7), Szi6) 

Ai 

BI 3300 3324 Siq(101) 
3270 3294 Sig(l0l) 
3205 3220 Sis(99) 
1642 1658 Szo(97) 
1495 1497 S12(58), Si9(50), S13(11) 
1453 1448 S1g(51), S12(38) 
1142 1154 Szi(l01) 
. . .  1049 Sis(84), Sii(11) 

536 S1s(75), S17(22) 588 
. . .  178 S1d69), S d Z 2 )  

4 The PED among the diagonal force constants only is given 
and thcn only when the contribution is greater than 5%. 

By using the above assignments and by observing 
the changes in the infrared spectrum of thiosemi- 
carbazide when metal complexes of known structure 
are formed i t  was possible to interpret the analogous 
changes in the infrared spectrum of thiocarbohydrazide 
on complex formation. 

Lists of certain bands observed in the infrared spec- 
tra of thiocarbohydrazide and the metal complexes are 
given in Table 111. Similar bands observed in the 
infrared spectra of thiosemicarbazide, Ni(Htscaz)3Clz, 
Ni(tscaz)z, and Ag(Htscaz)Cl are included in Table IV. 

A qualitative interpretation of the infrared spectrum 
of thiosemicarbazide has been publishedz0 and is in 
reasonable agreement with our assignments. 

The similarity among the infrared spectra of Zn- 
(Htcaz)zClz, Cd(Htcaz)zCL, Hg(Htcaz)zClz, and both 
isomers of [Co(Htcaz)~Cl~] and Ni(Htcaz)&lz would 
suggest that they have similar structures. Of the pos- 
sible structures illustrated below, X-ray crystallo- 
graphic studies have shown the existence of IV,6J V,6 and 
VIII” (R = H). 

V VI VI1 

Table I1 in the form of a potential energy distribution of 
each normal mode among these symmetry coordinates. 

In  the infrared spectrum of Ni(Htscaz)3Cl~, which is 
considered to have structure IV (R = H),8p21 bands 

(17) B. N. Figgis and J. Lewis in  “h4odern Coordination Chemistry,” 
Lewis and R. G. Wilkins, Ed., Interscience Publishers, Inc., New York, 
,Y., 1960, p 415. 
(18) I. Suzuki, Bull. Chenz. SOC. J a p a n ,  86, 1286, 1449, 1456 (1962). 

(19) A. Yamaguchi, J .  Chem. SOC. Japan, 80, 1109 (1959). 
(20) M. Mashima, Bull. Chem. SOC. Japan, 37, 974 (1964). 
(21) R. W. Asmussen, Thesis, Copenhagen, 1944. 
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TABLE I11 
~ X P K A K E D  ABSORPTIOV BANDS OF METAL THIOCARROHTDRAZIDE COMPLEXES" (CM - I )  

Assignment* 

vSH 

vhTHz 

vNHz 

01 h-H? 
ah-H2 

PITH + v C S  

vCN + PNH 

VCS + vcs 

BSHz 

YCS f aCNN -+ vCN 

Htcdz 

3300 m 

3270 s 

3205 s 

1642 s 
1622 s 

1530 s 

1495 m 

1287 s 

1142 s 

930 s 

Zn(I1) Cd(I1) 

3300 in 
3280 sh 3280 s 

3200 s 3200 s 
3255 s 3235 s 

3096 s 3110 s 
1644 s 1640 s 
1619 s 1613 s 
l 5 6 4 m  1564m 

1550 sh 1553 m 
1501 m 1501 s 

1325 m 1322 m 

1160 s IlhO s 

1130 m 1118m 

983 s 977 s 

Hg(I1) Fc(I1) 

3320 m 
3275 s 

3280 s 
3140 sh 
3180 s 3215s 

3090 s 3165 s 
1642 s 1631 sh 
1615 s 1624 s 
1564 sh 

1537 ni 
1655 m 
1501 m 1497 m 

1300 m 
1311 m 

1275 Sh 
1140 s 1152s 

1093 s 1112 IT 

971 s 935 s 

Co(I1j 

3285 s 

3238 s 
3255 s 

3190 s 
1643 s 
1615 s 

1568 s 

1504 s 

1311 m 

1156 s 

1113 m 

974 5 

Ni(1IJ 

3250 s 

3155 s 

3100 s 
1625 s 
1608 s 
1549 m 

1532 m 
1495 m 

1312 m 

1164 s 

1128 SI1 

951 s 

CU(l1j 

3250 s 

3150 s 
3210 s 

3110 sh 
1644 s 
1623 s 

1573 s 

1510 s 

1343 m 

1205 s 

1144 in 

1010 s 

I'd (1 I j 

3312 m 

3140 s 

3075 s 

2975 
1645 5 
1620 s 
1665 in 

1550 m 

1316 m 

1295 w 
1186 s 

1156 s 
1113 in 
960 3 

913 5 

a Spectra were measured as S u j o l  and hexachlorobutadiene mulls. Y ,  01, and p denote stretching, bending, and rocking or wagging 
Relative band intensities arc denoted by s, m, w, and sh, meaning strong, medium, weak, and shoulder, respec- modes, respectively. 

tively. 

TABLE IT 

THIOSEMICARBAZIDE COMPLEXES" ( c M - ~ )  
INFRARED A4BSORPTION BASDS O F  METAL 

Assignment' 

vNH 

VSH* 

YKH? 

aSH2 

oNH3 

PSH + Y C K  

vCS + PNH 

ucs + vcs 

PSH? 

ucs + vcs 

Htscaz 

3360 m 

3245 s 

3170 s 

1643 s 

1620 s 

1530 s 

1480 m 

1282 s 

1160 s 

798 s 

Ni- 
(Htscaz) sCle 

3360 m 

3260 s 

3150 s 

1621 s 

1600 s 

1548 sh 

1532 m 

1325 in 

1285 sh 
1205 s 

1117 m 

798 s 

Xi- 
(tscaz)z 

3438 s 

3175 s 
3270 s 

3112 s 
1643 s 

1630 s 
1616 s 

1590 s 

1521 s 
1320 m 

1284 sh 
1227 s 

1136 m 

678 s 

Ag- 
{HtscazJCl 

3340 m 
3310 m 

3250 s 

3165 5 

163S s 

1612 

1540 m 

1480 m 
1292 m 

1275 IV 

1149 s 

806 s 
782 s 

a See footnote a, Table 111. h See footnote b,  Table 111 

which have been assigned as vNHz and PNHz in the 
free ligand are split, giving one band with a lower and 
one with a higher frequency. Similar splitting is ob- 
served in the spectra of the metal thiocarbohydrazides 
mentioned above, from which it can be concluded that 
structures IV and VI are possible but that structure 

VI1 in which both of the NH2 groups are coordinated is 
unlikely. 

Bands a t  1530 and 1495 cm-l in thiocarbohydrazide 
are assigned as coupled modes consisting principally of 
PNH and vCN. The band of higher frequency, which is 
predominantly PKH, is split and raised in the complexes 
while the band a t  1495 cm-I is raised only slightly. 
These shifts can be explained by structure IV, whereas 
structure VI, involving a coordinated NH group, would 
require a lowering of one of the split PXH bands. 

Of the analogous bands in thiosemicarbazide, a t  
1530 and 1480 cm-l, that of higher frequency is absent 
in the infrared spectrum of Ni(tscaz)* while the low- 
frequency band is raised to 1521 cm-l with increased 
intensity, due to the large increase in the C-N bond 
order. Both changes substantiate the assignments 
made for these bands. 

The C=S stretching vibration contributes to two 
bands in thiocarbohydrazide. Hen-ever, both con- 
tain contributions from other vibrations, in particular 
YCX. These bands, a t  1287 and 930 cm-', are raised 
in the metal complexes implying that for structure IV 
the increase in the C-ST bond order nullifies any lowering 
of vCS on coordination. The raising of these bands to 
higher frequencies could also be explained by structure 
VI. The evidence against this interpretation is that 
the comparable bands in thiosemicarbazide undergo a 
negligible shift in 1\Ti(Htscaz)3C1z. Only for the thio- 
enolic structure, as in Ni(tscaz)2, is any significant shift 
observed, the band a t  7% cm-' being lowered by -100 
cm-'. 

These results suggest that the thiocarbohydrazide 
complexes of Zn(II), Cd(II), Hg(II), Co(II), and Ni(I1) 
have structure IV (R = NH2) in which changes in the 
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Compound 

[Fe(Htcaz)z(NCS)n] 

[ Co(Htcaz)~Clz] 
(violet) 

[ Co(Htcaz)zClz] 
(brown) 

Ni(Htcaz)&lz 

--- 
13,600 
8,300 

8,300 

10,500 

10,500 

TABLE V 
ELECTRONIC ABSORPTION SPECTRA 

PTzg + 6Eg); -15,400; 18,600; 21,300; 23,200 
yIIIax, cm-l - 

(4T1, + 4T2g); -15,000 (+ 4Az,); 17,8001 (+ 4Tig(P)) 

(4T1, + ~Tz , ) ;  -15,000 (+ 4A~,); 17.900) (+ 4Tig(P)) 

PAze --f 3T2,); -12,500 (+ lEE); 16,300 (+ Tig(F)) ;  26,100 (- ' T d P ) )  

20,300j 

-23,000 

+ 3Tzg); 16,500 (+ 3T1,(F)); -26,200 (+ 3T1,(P)) 

3T2g); 16,450 (+ 'Tig(F)); -26,700 (+ 3T1,(P)) 
10,500 g16001 (3Azg - Ni(Htscaz)&lz" 

Ni(Hcaz)3Clza 

Cu (Htcaz)& 13,700; 17,200 
Pd(  Htcaz)zClz 23,000; 26,700 

9,SOOl (3Azg + 3T2,); -12,500 (+ lEg); 16,100 (+ 3T1,(F)); -27,400 (+ 3T1,(P)) 
10,200J 

a These spectra were measured in aqueous solution, the remainder all being reflectance spectra, 

C=S bond order are negligible by comparison with the 
changes in the C-N bond order. 

Large shifts to higher frequencies are observed in the 
infrared spectrum of Cu(Htcaz)3ClZ, for all bands due 
partly to vCN. Among the first-row transition metals, 
Cu(I1) displays the strongest Arhland, Chatt, and 
Davies B-type character,2z so that, of the thiocarbo- 
hydrazide complexes of these metals (providing they all 
have structure IV), C ~ ( H t c a z ) ~ C l ~  should have the 
strongest metal to sulfur bond. According to the above 
explanation this would result in a high C-N bond order, 
which is observed and which therefore favors the as- 
signment of structure I V  (R = NH,) for C u ( H t c a ~ ) ~ C l ~ .  

In Pd(Htcaz)zClz, the stretching vibrations assigned 
to the free NH2 group in the other complexes appear to 
be absent. The bands a t  I142 and 930 cm-I in the free 
ligand are split into three bands and two bands, respec- 
tively. The splitting of the latter band is similar to the 
splitting observed for the 798-cm-1 band of thio- 
semicarbazide in Ag(Htcaz)Cl. The Ag(1) complex was 
shown to contain sulfur atoms in two different environ- 
ments, coordinated to  two and three silver atoms, re- 
spectively. The sulfur atoms in Pd(Htcaz),Clz may 
likewise be involved in two different environments. 
However, this would not explain the changes in vNH2 
and PNHz, and it is necessary to invoke either struc- 
ture VI in which Pd(I1) is coordinated by four nitrogen 
donors or a polymeric structure similar to IV but with 
the free NH2 groups linking the monomer units. 

The small shifts observed for the ligand absorption 
bands in the infrared spectrum of [ F ~ ( H ~ ~ ~ Z ) ~ ( N C S ) , ]  
suggest that  thiocarbohydrazide is only weakly co- 
ordinated through the thioketo group and the hydra- 
zinic nitrogen atom. The remaining octahedral lattice 
sites are presumably filled by the thiocyanate groups 
for which two bands are observed, a t  2088 and 474 cm-1. 
The first is assigned as the C=N stretching frequency 
while the latter is assigned as the NCS deformation 
mode. It has been shownz3 that in N-thiocyanato 

(22) S. Arhland, J. Chat t ,  and N. R. Davies, Quart. Rev. (London), 12, 

(23) J. Lewis, R. S. Nyholm, and P. W. Smith, J .  Chem. Soc., 4590 (1961). 
265 (1958). 

complexes the deformation mode is similar to that for 
potassium thiocyanate, occurring a t  approximately 470 
cm-l, while in S-thiocyanato complexes i t  is lowered and 
split. The C=N stretching frequency is less char- 
acteristic; however, Mitchell and Williamsz4 have ob- 
served that the frequency is usually lower for N-thio- 
cyanato than for S-thiocyanato groups. Hence the ob- 
served bands suggest the presence of N-thiocyanato 
groups in [Fe(Htcaz) (NCS)z]. 

Electronic Spectra and Magnetic Moments.-The 
absorption bands observed in the visible and near- 
infrared spectra of the metal thiocarbohydrazides 
Ni(Htscaz)3Clz and Ni(Hcaz)3Clz are given in Table V. 
Assignments have been made for the Fe(II), Co(II), 
and Ni(I1) complexes assuming octahedral symmetry 
about the metal atom. 

The double peak for [Fe(Htcaz)p(NCS),] a t  13,600 and 
S800 cm-l (see Figure 2 )  is comparable to that a t  10,400 
and 8500 cm-1 in the spectrum of Fe(H20)6z+, where 
the splitting was attributed to a Jahn-Teller distor- 
t i ~ n . ~ ~  Confirmation of a distorted octahedral en- 
vironment is obtained from the value for the room- 
temperature magnetic moment, given in Table VI. 

TABLE VI 
MAGNETIC SUSCEPTIBILITY MEASUREMENTS 

10exm, 10"dia, pef f ,  T ,  
Compound cgsu cgsu BM O K  

[Fe(Htcaz)s( NCS)z] 10,240 -197 5 .00  293 
[Co(Htcaz)zCln] (violet) 9 , 070 - 181 4 .65  290 
[Co(Htcaz)~Clz] (brown) 8,850 - 181 4 , 6 2  292 
Ni(Htcaz)aClz .3Hz0 3,787 -281 3 10 293 
Cu (Htcaz)sClz 1,650 -241 2 . 1 1  291 

The value for high-spin Fe(I1) compounds in an octa- 
hedral field should be -5.5 BM,26 but this is lowered 
by a distortion of the cubic field. 

The Mossbauer spectrum of [ F ~ ( H ~ ~ ~ Z ) ~ ( N C S ) ~ ]  was 
measured a t  room temperature. The quadrupole split- 

(24) P. C. H. Mitchell and R. J. P. Williams, ibid., 1912 (1960). 
(25) A. D. Liehr and C. J. Ballhausen, Ann. Phys.  (N. Y , ) ,  3, 304 (1958). 
(26) B. N. Figgis and J. Lewis, Puogv. Inovg. Chzm., 6, 176 (1964). 
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ting parameter, AE,, was found to have a value of 2.95 
mm sec-I, and the isomer shift, 6, a value of + 1 .OO mm 
sec-', with respect to stainless steel. It has been 
shownz7 that for high-spin Fe(I1) in an octahedral field 
AE, should be zero, but that for fields of lower sym- 
metry AE, will be nonzero. The magnitude of AE, 
is therefore a measure of the distortion from octa- 
hedral symmetry about the iron atom, so that the value 
for [Fe(Htcaz)~(NcS)~]  confirms the anisotropy shown 
by the electronic spectrum and the magnetic moment. 

The distorted octahedral environment is also ob- 
served for the Co(I1) and Ni(I1) complexes. 

The band assigned as the 4T1, 4 4T1,(P) transition in 
each of the isomeric complexes, [Co(Htcaz)&lz] (see 
Figure l ) ,  is split, although by different amounts. 
This has been explainedz8 as a tetragonal or rhombic 
distortion of the cubic field. The different splitting 
for the brown and violet isomers suggests that they may 
be trans and cis geometrical isomers, as a larger splitting 
is expected for the trans isomer. 

25 20 15 10 

em- '  x 

Figure 1.-Reflectance spectra of isomeric [Co(Htcaz)2C12] : A, 
violet isomer; B, brown isomer. 

The splitting of the first spin-allowed band (3A9, + 

3T2,) in the Ni(I1) complexes (see Figure 3) indicates a 
tetragonal distortion similar to that observed in Ni- 
( H t s ~ a z ) ~ I ~ ~ ~  and t r a n ~ - N i ( p y ) ~ C I ~ . ~ ~  A detailed study 
of trnns-Ni(NHs)4(NCS)z and tmns-Wi(NHs)4(N02)z 
showed that the tetragonal splitting of the octahedral 
levels was dependent on the relative positions of the 
axial and equatorial ligands in the spectrochemical 
series. 31 

(27) R. h.1. Golding, K. F. Mok, and J. F. Duncan, Iizovg. Chenz., 6, 774 
(1986). 

(28) C. J. Ballhausen and C. K. JZrgensen, Acla Chein. Scand., 9, 397 
(1 955). 

(29) C. K. Jflrgensen, J. I s o v g .  N u d .  Chein . ,  24, 1571 (1962). 
(30)  0. Bostrup and C. K. J#rgensen, Acta Chem. Scand., 11, 1223 (1967). 
(31) C. R .  Hare and C. J. Ballhausen, .I. f h e m .  Phys . ,  40, 792 (1064). 

' \  
' \  ' \ \, 

I , 
2 3 20 16 10 

cm-' x 
Figure 2.--Reflectance spectra of: -4, C ~ ( H t c a z ) ~ C l ~ ;  E, Pd- 

(Htcaz)nCL; C, [Fe(Htcaz)~(KCS)2]. 

\ 

I 

'"\ 1 
..... \ 
! ': I 

25 20 15 10 

Cm-' x 

Figure 3.--Electronic absorption spectra of: A, Ni(Htcaz)&Xz 
in H20; B, ?;i(Htcaz)3Clz (solid reflectancr); C, Ni(Htscaz)3C12 
in H20; n, Ni(Hcaz)sCl* in H20. 
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The large splittings observed for Ni(Htcaz)&, Ni- 
(Htscaz)3Clz, and Ni(Hcaz)&lz of 1000, 900, and 600 
cm-', respectively, suggest the environments 3N,3S 
and 3N,30, as an environment consisting only of nitro- 
gen atoms would be expected to show negligible split- 
ting. 

M Ni(Htcaz)3Clz was 
measured a t  25" in aqueous solution and the value of 

220 ohm-' is in agreement with i t  being a 1 : 2 elec- 
trolyte. 
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Consideration of the ways of placing dimethyl sulfoxide (DMSO) ligands around a central metal atom leads to  the con- 
clusion that the point group of an [M(DMSO)eln+ cation must be Dad or Se. The infrared spectra of several complexes with 
the formula [M(DMS0)61n+(C104jn have been studied with special emphasis on the region 600-200 cm-1. A band assigned 
to the metal-oxygen stretching vibration appears in the region 444-415 cm-l for all the M(I1) complexes studied; for Cr- 
(111) i t  appears at 529 cm-l. The frequency order found is Cr(II1) > Ni(I1) > Co(I1) > Zn(I1) > Fe(I1) > Mn(II) ,  in 
agreement with other studies. Behavior of the C-S-0 angle deformation vibrations as bonding strength is increased leads 
to the conclusion that  S6 is the actual point group of the cation. 

Introduction 
The use of dimethyl sulfoxide (DMSO) as a ligand 

in the formation of transition metal complexes was first 
reported by Cotton and co-workers.lv2 Following a 
thorough vibrational analysis of the free ligand,a they 
were able to determine whether bonding in the complex 
was through the sulfur or the oxygen in DMSO by 
noting whether V S O ,  the S-0 stretching frequency, in- 
creased or decreased on complexation. It is tempting 
to extend this method and use the magnitude of the 
shift in vso as a measure of the strength of the coordi- 
nate bond, but this approach is open to question, 
mainly because the vibration labeled vso is far from 
being a pure stretch. The analysis of Horrocks and 
Cotton3 indicates that about half of the potential 
energy of this vibration is associated with methyl rock- 
ing motions. The composition of the normal coor- 
dinate will change on complexation, effectively masking 
any trend involving metal-ligand bond strength. 
Currier and Weber4 have, in fact, examined the quasi- 
octahedral complexes of manganese(II), iron(II), co- 
balt(II), nickel(II), and zinc(I1) with DMSO, diphenyl 
sulfoxide, phenyl methyl sulfoxide, di-n-propyl sulfox- 
ide, and di-n-butyl sulfoxide and have found that little 
significance could be attached to AVSO.  

(1) F .  A. Cotton and R.  Francis. J. Am. Chem. Soc., 82, 2986 (1960). 
(3) F .  A. Cotton, R. Francis, and W. D. Horrocks, Jr., J .  Phys. Chem., 64, 

1534 (1960). 
(3) W. D. Horrocks, Jr., and F. A. Cotton, Spectrochim. Acta, 17, 134 

(1961). 
(4) W. F. Currier and J. H. Weber, Inorg. Chem., 6, 1539 (1967). 

A more reliable source of information concerning the 
strength of the coordinate bond is the set of vibrations 
which involve this bond directly, i.e., those which (in 
the first approximation) involve the motion of the 
DMSO molecule as a whole and thus have no counter- 
part in the spectrum of the free ligand. If the DMSO 
molecule is regarded as a single particle, then an octa- 
hedral DMSO complex [M(DMSO)6ln+ may be con- 
sidered as belonging to point group oh with a vibra- 
tional representation r v l b  = AI, (Raman) + E, (Raman) + Fzg (Raman) + 2F1, (ir) + Fzu (inactive).5 

With due regard for degeneracies, this r v i b  accounts 
for 15 vibrational degrees of freedom. Internal vibra- 
tions of the ligands account for 6 X 24 = 144 degrees 
of freedom. However, the [M(DMSO),]"+ complex has 
61 atoms, giving it 3(61) - 6 = 177 vibrational degrees 
of freedom; we have accounted for 159 and are still 
missing 18. These are the rotations of the free ligands, 
which are transmuted into rocking, wagging, and 
twisting modes on complexation. Twelve of these 
may be incorporated into a model of Oh symmetry by 
making it 13-atomic, rather than 7-atomic, as, for ex- 
ample, chromium hexacarbonyL6 The vibrational 
representation then becomes 2A1, + 2E, + F1, + 
2Fzp + 4F1, + 2Fzu, with Flu the only infrared-active 
species. The normal modes belonging to this repre- 

(5) G. Herzberg, "Infrared and Raman Spectra of Polyatomic Mole- 

($) N. J. Hawkins, H.  C. Mattraw, W. W. Sabol, and D. R. Carpenter, 
cules," D. Van Nostrand Co., Inc., Princeton, N. J., 1945, pp 122, 336. 

J. Chem. Phys., 23, 2422 (1955). 


