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Complexes of Palladium(~~) and  platinum(^^) with Phenoxathiin and Thian- 
t h rene 

By Whei-Lu Kwik and Sau-Fun Tan,' Chemistry Department, University of Singapore, Singapore 10 

Phenoxathiin interacts not only with Pdn but also with PtT1. Thianthrene undergoes closely parallel interactions 
with these metal ions. For each metal-ligand pair, l : l  and 1: 2 complexes, [MCI,L] and [ML,]CI, have been 
identified by the method of continuous variation. The 1:2 complexes have, in addition, been characterized by 
microanalysis, i.r. and electronic spectra, and conductivity measurements. These complexes are believed to have 
approximate square-planar structures in which the heterocyclic compounds act as bidentate ligands. In nitro- 
benzene solutions, it appears that, in the 1: 2 complexes, one or both of the chloride ions may be weakly bonded 
to PdI1 or Ptn. 

PHENOXATHIIS (Ia; X = S, Y = 0) has been used as a Schroeder also suggested that the metal ion is bonded 
reagent for calorimetric detection and determination of only through the S atom of the ligand, compounds (I) are 
palladium(~r) ion by Konig and Crowell and by Ziegler 
and S~hroeder .~  A solid complex of empirical formula 
[Pd(C12H,0S)2C12] was also isolated. Platinum(11) was 
one of the metal ions that were reported to be unreactive 

@D 
towards this reagent. 

Phenoxathiin is a member of a series of heterocyclic (11 

Of genera' (I), where X and are potential bidentate ligands with the possibility of both 
heteroatoms Or groups such as O, S e ~  T e ~  N H j  heteroatoms bonding to the metal ion. To facilitate this, 

*lthough Konig and Crowell proposed strut- they should preferably assume a molecular structure 
ture (I1) for the P ~ ~ ~ ~ ~ ~ ~ ~ ( ~ ~ )  c o m ~ l e x ~  and Ziegler and which is folded along the X Y  axis so that the hetero- 

l 0. Konig and W. R. Crowell, Mikrochem. Mikvochim. Acta, have approximate tetrahedral configurations and 1943, 33, 298. 
2 M. Ziegler and H. Schroeder, 2. Naturforsch., 1967, B22.567. the lone pairs are in more favourable positions for bond- 
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ing with the metal ions. At least one member of the 
series, phenothiazine (Ic; X = S, Y = NH), has been 
shown by X-ray structure studies to possess such a 
folded c~nfiguration.~ 

r l 

We have now reinvestigated the interactions of phen- 
oxathiin (Ia) with PdI1 and PtlI and found that, contrary 
to earlier findings, both metal ions react to form not only 
the 1 : 2 complexes but also 1 : 1 complexes. Moreover, 
a parallel study has been made of the interactions of these 
metal ions with thianthrene (Ib; X = Y = S), the 
chelating properties of which have until now not been 
investigated. If only the sulphur atom in phenoxathiin 
is bonded to the metal ion, then thianthrene with two 

extraction with chlorofom, were allowed to stand for 
periods of time, which varied with the concentrations of 
the reactants, solid complexes gradually precipitated. 
The solid complexes were only sparingly soluble in 
ethanol, but were more readily soluble in chloroform. In 
each case, the visible spectrum of the solid complex in 
chloroform was different from that of the corresponding 
chloroform extract of the reaction mixture before pre- 
cipitation, indicating that each metal-ligand pair prob- 
ably formed two different complexes. This was verified 
by the results of stoicheiometry determinations. 

The stoicheiometries of the complexes were determined 
by a modified Job's method of continuous variation. 
1; each case, the ethanol-soluble complex had a metal : 
ligand ratio of 1 : 1 both in ethanol solution and in the 
chloroform extract, whereas this ratio for the solid com- 
plex was 1 : 2. The 1 : 1 complexes could not be isolated 
since evaporation of the chloroform extracts produced 
essentially the 1 : 2 solid complexes. This could be due 
to further interaction of the 1 : 1 complex, in each case, 
with ligand that had also been extracted into the chloro- 
form solution. The stoicheiometrv of the solid com~lexes 
was further confirmed by microanalysis. 

TAELE 1 

Electronic ab3orptions (cm-') and molar absorption coefiiciellts a for the 1 : 1 and the 1 : 2 complexes, [MCl,L] and [ML,]Cl, 
Ligand l : 1 Complex 

In aqueous ethanol 
or ethanol In chloroform 1 : 2 Complex in chloroform 

, 7 7  , -7 

Phenoxathiin M = Pd P t  Pd P t  Pd P t  
22 700 6 21 900 23 000 22 200 21 980 (3 350) 20 000 (1 940) 

33 900 (3 630) 34 980 (17 500) 34 500 (4 630) 
40 800 (13 600) 40 440 (37 960) 40 700 (20 600) 

Thianthrene M = Pd P t  Pd P t  Pd P t  
23 800 "2 800 24 000 23 000 23 000 (1 340) 22 000 (1 000) 

34 500 (5 720) 34 130 (5 000) 34 500 (12 000) 
38 820 (57 200) 38 800 (60 600) 38 800 (60 500) 
40 820 (38 140) 41 000 (33 700) 40 600 (46 400) 

4 In parentheses. b Absorption coefficients of these species could not be evaluated as their corresponding concentrations were not 
accurately known. 

such atoms sliould be capable of bonding with these Probable structures for the 1 : 1 and 1 : 2 complexes 
metal ions at both ends and, consequently, the complexes respectively are (111) and (IV), in which the metal ions 
formed by these two ligands would be expected to have assume approximate square-planar configurations. 
divergent characters. On the contrary, the closely 
similar properties of the two series of complexes, as re- 
ported below, suggest a similar mode of bonding between 
these ligands and the two metal ions. 

RESULTS Stoicheiometry ASD DISCUSSION and Proposed Strzlctures.--When ethan- [&\/C] \ Y P\ c[ [&>"<y%r 
olic solutions of phenoxathiin or thianthrene were mixed 
with solutions of palladium(11) chloride in dilute hydro- 

(m1 IIYI 

chloric acid, or of hexachloroplatinic(~v) acid in ethanol, Electro?zic Spectra.-The electronic spectra of the 1 : 1 
intense colourations developed instantaneously, indicat- complexes were recorded only in the visible region as 
ing complex formation. The complexes were readily their solutions, either in ethanol or in chloroform, also 
extractable with chloroform. For each metal-ligand contained excesses of ligands which absorbed strongly in 
pair, the visible spectra of the aqueous ethanolic or the U.V. regions. The electronic spectra of the 1 : 2 com- 
ethanolic solution and of the chloroform extract were plexes, however, were recorded in both the visible and the 
similar. However, when the reaction mixtures, without U.V. regions. While the absorptions in the latter region 

3 J. D. Bell, J .  F. Blount, 0. V. Briscue, and H. C. Freeman, 4 S. Chaberak and A. E. Martell, ' Organic Sequestering 
Chem. Comtn., 1968, 1656. Agents,' John Wiley, 1959, p. 78. 
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are largely those due to the ligands L(x)-tL(x*), the 
bands in the former region were of much too high in- 
tensity for assignment to d-d transitions. These visible 
bands could conceivably be due to M+L(x*) transitions, 
and probably mask the d-d bands. I t  is interesting to 
note that these bands for the complexes of PdI1 are of 
higher energy than those for the corresponding platinum- 
(11) complexes. A similar trend was observed for the 
maleonitriledithiol and quinoxaline-2,3-dithiol com- 
plexes of these two metal ions. Moreover, the increase 
in frequencies in going from phenoxathiin to thianthrene 
was observed for both metal ions. Such an increase 
would not be expected if only unidentate co-ordination 
through sulphur occurs in these complexes. Thus the 
observed trend appears to support our postulation that in 
these complexes both phenoxathiin and thianthrene 
function as bidentate ligands. 

Infrared Spectra of the 1 : 2 Complexes.-The i.r. 
spectra of the palladium(11) and platinum(11) complexes 
of each ligand are strikingly similar. When these spectra 
in the region 400--4000 cm-l are compared with those of 
the ligands (Table 2), it is evident that both the C-0-C 

Infrared absorptions (cm-') of the  1 : 2 complexes, 
[JIL,]Cl, 

L = Phenoxathiin &I = Pcl M = Pt Assignments 
1 290w 1310s 1 310s 
1 205-1 225m,b 1 225,s 
1 085m 1 065, 1065m 

875m,b 880s 
8G5m 

720w 705m 
685m 688w 688w 

472s 476s 31-0 * 
446s 454m M-0 
420w 420w M-S 
400w 400w M-S 
328m 350m M-S 
310, 300m 328m &I-0, &l-S 

L = Thianthrene 
877w 870m.b 868m.b I 

s = strong, m = medium, w = weak, v = very, and b = 
broad. 

* D. AI. Adams, ' Metal-Ligand and Related Vibrations,' 
Edward hrnold, London, 1967. 

and C-S-C bands have changed in vibration frequencies 
and/or intensities. hloreover, in the far-i.r. region 2 0 0 -  
600 cm-l, new bands due to M-0 and M-S vibrations 
were clearly detectable in the spectra of all four com- 
plexes. These findings further support the postulation 
that the metal ion is bonded to both heteroatoms in each 
case. 

Magnetic-szbsceptibility and Conductivity Measurentents 
on the 1 : 2 Complexes.-Using the Gouy method, all four 

S. K. H. Chaston and S. E. Livingston, Austral. J .  Chem., 
1967, 20, 1079. 

solid complexes were found to be diamagnetic. Con- 
ductivities were measured in nitrobenzene solutions; 
whereas the palladium(11) complexes conduct weakly, the 
complexes of PtI1 are practically non-conducting. The 
molar conductivities of the complexes of PdI1 (Table 3) 

Molar conductivities in  nitrobenzene a t  25 "C 
Complex 1\!S cm2 mol-1 

are comparable to that of the 1 : 1 electrolyte [Pd(pdma),- 
Cl]C1,7 but not to that of the 1 : 2 electrolyte [Pd(pdma),]- 
[ClO,], [pdma = o-phenylenebis(dimethy1arsine)l . 7  

Thus, it appears that, in nitrobenzene, the palladium(11) 
complexes of phenoxathiin and thianthrene behave like 
five-co-ordinate species in which a chloride ion bonds 
weakly to  the metal ion along the axial direction. That 
the platinum(11) analogues behave as non-electrolytes 
probably results from the greater tendency for axial 
bonding of PtI1 than of PdlI. This difference could be 
due to the larger spatial extension of the 5d orbitals of 
PtlI than the 4d orbitals of PdlI, which more readily 
facilitates d,-d, interactions of the former than of the 
latter metal ion. 

However, it should be noted that such Pd-C1 or Pt-C1 
bonds, if they exist in the complexes in the solid state, 
must be weak so that the metal ions remain essentially 
square planar as demonstrated by the magnetic measure- 
ments. I t  is also likely that changes in geometry of the 
metal ions may occur in going from the solid state to 
solution as in equations (1) and (2). The observed low 

values for the molar conductivities of these complexes are 
in accord with other literature data.8 

EXPERIMENTAL 

Physical Medsuveme?zts.-Infrarecl spectra were recorded 
on a Perkin-Elmer model 337 spectrophotometer wllich was 
calibrated with polystyrene film. The ICBr pellet technique 
was employed throughout. Electronic spectra were re- 
corded for ca. lW3 mol ~ l n l - ~  solutions in clistilled chloroforin 
using a Hitachi 124 spectromcter. Conductivities were 
cleternlined a t  a constant temperature of 25 'C, using a 
Mullard conductivity bridge. bIagnetic susceptibilities 
were measured on  3 Gouy balance calibrated with Hg- 
[CO (&-CS),]. 

Deternzznntior~ of Stoicheio~netry by Job's Method of Con- 
tinuous Variation.-(a) Etka+zol-solzrble complexes. h series 
of ten solutions were prepared by  n~ixlng calculated volumes 
of a 0.0025 mol dm-3 solutio~l of palladiun1(11) chloride in 
0.1 m01 dm-3 HCl or H,PtCl, in ethanol and of the  solvent, 
such t h a t  the volunle of each of these mixtures was 10 c1n3 

C. K. Jnrgensen, Inovg. Chim. Actn REV., 1968, 2. 65. 
' C. M. Iiarris and R. S. Nyholm, J. Chem. Soc., 1956, 4375, 
8 A.  D. Westland, J. Chem. Soc., 1965, 3060. 
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and that  they contained different mole fractions of the 
reactants while their total concentrations remained constant. 
Xo precipitation occurred for a t  least the first hour. Fifteen 
minutes after mixing, the absorbances of each mixture were 
measured a t  its v,,, and a t  two other frequencies. Plots of 
each series of absorbances against mole fraction were ap- 
proximately symmetrical and showed maxima a t  the mole 
ratio of 1 : 1. A typical plot is shown in Figure l .  The 

FIGURE 1 Continuous-variation study of the reaction between 
PdCI, and thianthrene to give the 1.1 complex. The absor- 
bance was corrected for any excess of PdCI, 

experiment was repeated, but in this case each mixture was 
extracted with chloroform (10 cm3) 15 min after mixing. 
The absorbanccs of these chloroform extracts were recorded 
and plotted against mole fractions as before. Maximum 
absorbance again occurred a t  a mole ratio of 1 : 1. 

(b) The solid complexes. Following a similar procedure to  
(a), a serics of ten mixtures were prepared using 0.01 m01 

FIGURE 2 Coutinuous-variation study of the reaction between 
PdCl, ;lnd phenoxathiin to give the 1 : 2 complex 

dmT3 solutions of the ligand and of the metal ion. After 
standing for 1 h, precipitation was practically complete in 
all the mixtures The mixtures were then extracted with 

portions (10 cm3) of chloroform, in which the precipitate 
dissolved completely. The absorbances a t  v,, were re- 
corded and plots of absorbance against mole fraction 
showed a maximum a t  a metal to  ligand mole ratio of 1 : 2. 
A typical plot is shown in Figure 2. 

Synthesis of Complexes.-(a) Dichlorobis(phenoxathiin)- 
palladium(~r). An aqueous solution of PdCl, (0.10 g) in 
0.1 m01 dm-3 HC1 was treated with a solution of phenoxa- 
thiin (0.24 g) in ethanol. A red precipitate formed im- 
mediately. The resulting solution was stirred for ca. 15 
min, after which the precipitate (yield 100%) was filtered 
off, washed successively with 0.1 m01 dm-3 HC1 and ethanol, 
and then dried in vaczco, m.p. 255-258 'C (decomp.) 
(Found: C,49.9; H ,  2.9; Cl, 12.4; S, 11.4. C,,Hl6Cl,O,- 
PdS, requires C, 50.0; H, 2.8; Cl, 12.3; S, 11.0%). 

(b) Dichlorobis(thianth~ene)palladiunz(~~). This was pre- 
pared in a similar manner to (a), using PdC1, (0.10 g) and 
thianthrene (0.25 g). The yellow precipitate (yield 96%) 
which formed was carefully mashed wit11 0.1 m01 dm-3 HCl 
and ethanol and then dried in vacuo, m.p. 310-312 'C 
(decomp.) (Found: C, 46.9; H ,  2.8; Cl, 11.5; S, 21.3. 
C,,Hl6C1,PdS4 requires C, 47.3; H ,  2.6; Cl, 11.6; S, 21.0%). 

(c) Dichlorobis(phenoxathiin)platinum(~~). On mixing 
ethanolic solutions of H,PtCl, (0.22 g) and of phenoxathiin 
(0.24 g), a reddish orange colour developed immediately. 
After stirring the mixture magnetically for 2 h, tlle reddish 
orange precipitate (yield 60%), which formed gradually, was 
filtered off, washed repeatedly with absolute alcohol, and 
then dried in vacuo, m.p. 27-271 'C (decomp.). The 
filtrate, on standing overnight, yielded more of the same 
complex (Found: C, 43.5; H ,  2.4; Cl, 10.3; S, 9.9. 
C,,Hl,Cl,O,PtS, requires C, 43.3; H, 2.9; Cl, 10.5; S, 
9.6%). 

(d) Diclzlorobis(thianthrene)platinum(~~). A mixture of 
ethanolic solutions of H,PtCI, (0.23 g) and thianthrene 
(0.25 g) was heated gently under reflux for 6 h. The yellow 
precipitate (yield 80%). which formed gradually, was 
filtered off, washed with absolute alcohol, and dried in 
vacuo, m.p. 322-326 "C (decomp.) (Found: C, 41.3; H, 
2.6; Cl, 10.0; S, 18.4. C,,Hl6C1,PtS4 requires C, 41.4; 
H ,  2.8; Cl, 10.1; S, 18.4%). 

In the process of reacting with the ligands, platinum is 
evidently reduced from the IV to a 11 state, as shown by the 
stoicheiometry of the two platinum complexes. 

(e) Effect of hydrochloric acid. Whereas the use of dilute 
HCl was necessary to  dissolve the PdCl,, excess of it retarded 
the complex formation. This was shown by the pro- 
gressively slower development of the red colouration with 
increasing acid concentration. Moreover, although the 
solid 1 : 2 complex was formed in practically quantitative 
yields from solutions containing 0.05-0.5 m01 dm-S HCI, i t  
could not be prepared if the acid concentration exceeded 1 
m01 dm-3. 
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