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Substituted dithiophosphinate complexes of the general formula M [SzPXz] have been prepared and characterized for the 
substituents X = CFa, CHs, and C& (M = Fea+, Cos+, Mnz+, Fez+, Co2+, ZnZC, Cd2+, Hg2+), X = OC2H6 and F (M = 
Cog+, CoZ+, Znzf), and X = F (M = Hgzf) where n is the valence of the metal ion in all cases. The trivalent complexes 
are monomeric and six-coordinated (Da) whereas the divalent complexes are both monomeric and polymeric depending 
on the substituent X and the physical state of the complex. All divalent complexes appear to possess pseudotetrahedral 
coordination of the metal by four sulfur atoms. The results of thermogravimetric and mass spectral studies are presented 
and discussed. Temperature-dependent magnetic susceptibility studies reveal Curie-Weiss behavior for all paramagnetic 
complexes. Visible and ultra- 
violet spectral studies, interpreted on a ligand field model, permit the ordering of the ligands into the spectrochemical series 
according to X: F - OCzH5 > CH3 - COH6 - CFs. Metal-sulfur infrared frequencies of the M a +  complexes follow the 
same trend with X but the MZf  complexes do not. Oxygen for sulfur substitution occurs in many cases during preparation 
but is not in general stoichiometric. In one case a stoichiometric complex CoSaOP2(CHa)4 was isolated and characterized. 

The Fe(I1) complexes are high spin with moments typical of tetrahedral coordination. 

Introduction 
Recent review ar t ic le~l -~  have summarized the 

established chemistry of dithio acid systems, including 
the dithiophosphinates with which we are concerned. 
A wide variety of coordination geometries is displayed 
by the 1,l-dithio acids, which is, in general, quite dif- 
ferent from that of their oxygen  analog^.^ In  a con- 
tinuation of our investigations of the chemistry of the 
metal dithiophosphinates M [S2PX2]n5-8 we have stud- 
ied the complexes where n = 3, M = Fe or Co; and 
n = 2, M = Mn, Fe, Co, Zn, Cd, or Hg with X = CH3, 
C6Hs, or CF3 for all M, OCZH~ and F for M = Co(II), 
Co(III), and Zn(II), as well as Hg[SzPF2]2. Most of 
the fluoro-substituted complexes were first reported 
elsewhere9 while this work was in progress and many of 
the alkoxy complexes have been known for some 
time.1°-12 Recently many of the alkyl-substituted 
dithiophosphinates (R2PS2-, where R is C2Hs and 
higher homologs in most cases but a few R = CHI 
complexes have been made) 13114 and phenyl-substituted 
d i t h i o p h o ~ p h i n a t e s ~ ~ ~ ~ ~  of the metals in the group con- 
sidered here have been reported. A recent brief report 
of R(F)PS2- (R = CH3, C2Hs) complexes of some of the 
present metals has also appeared.'? We now report 
our investigations of thermochemical, magnetic, and 
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spectroscopic properties of these dithiophosphinates 
basing our analysis on the available structural data. 
The metal M(I1) complexes are of special interest be- 
cause the complexes are undoubtedly tetrahedral and 
analogous to the first substantiatedl8 tetrahedral 
FeI1S4 system formed by [ (CH&P(S) ]2N-. 

Experimental Section 
Air-sensitive X = F and CF3 compounds were handled in a 

conventional vacuum system lubricated with Apiezon N stop- 
cock grease. Very volatile, air-sensitive compounds were pre- 
pared in the grease-free apparatus described elsewhere .* Trans- 
fers of air-sensitive compounds were carried out in nitrogen-filled 
drybags. Syntheses of HS2P(CF3)2,l9 HSZPFZ," NaS2P(CH3)2.2- 
Hz0,5 and N H ~ S Z P ( C ~ H ~ ) Z ~  have been described elsewhere. 

Infrared spectra were obtained on Perkin-Elmer 421 or 457 
and Beckman IR-11 instruments. Electronic spectra were 
measured with a Cary 14 spectrometer equipped with the Cary 
141 1 diffuse-reflectance attachment operated in type I1 mode. 
Where possible the spectra were resolved as previously described .5 

Magnetic susceptibilities were obtained by the Faraday method 
over the temperature range 90-300°K using a cryostat of our own 
construction. The magnetic field was calibrated with HgCo- 
[NCSIa prepared as described.21 Mass spectra were obtained 
with an AEI MS-9 mass spectrometer operating a t  70 eV with 
samples introduced by means of the direct-probe sample-insertion 
device. X-Ray powder photographs were taken with a Philips 
Debye-Scherrer powder camera, Type PW 1024. Thermo- 
gravimetric analyses were carried out under vacuum using the 
Du Pont Model 950 thermogravimetric analyzer as a module at- 
tachment to the Du Pont 900 differential thermal analyzer. 
Chlorocarbon solvents were dried and deoxygenated by vacuum 
distillation from PdOlo. Analytical data are presented in Table 
I. 
Syntheses. A. Salts. (i) NH&P(QCZH~)Z was prepared 

by bubbling ammonia gas into an ethanolic solution of HSzP(0- 
CSH6)Z obtained by dissolving P4SlO in ethanol. The product was 
precipitated as white lustrous flakes on addition of ether to  the 
hot solution and was washed with ether. 

(ii) NaSzP(OCz&)z was prepared by addition of NaOCH3 
to an ethanolic solution of the acid obtained as in part (i). After 
filtration and evaporation to near dryness on a rotary evaporator, 

(18) (a) A. Davidson and E.  S. Switkes, Inovg. Chem., 10, 837 (1971); 
(b) M. R. Churchill and J. Wormald, ibid. ,  10, 1778 (1971). 

(19) A. A. Pinkerton and R. G. Cavell, J. Amer. Chem. Soc., 98, 2384 
(1971). 

(20) T. L. Charlton and R.  G. Cavell, Inovg. Chem., 8, 281 (1969); R.  W. 
Mitchell, M. Lustig, F.  A. Hartman, J. K. Ruff, and J. A. Merritt, J .  Amer. 
Chem. Soc., 90, 8329 (1968); H. W. Roesky and E. L. Muetterties, Inorg. 
Chem., 9, 831 (1970). 

(21) B. N. FiEgis and R. S. Nyholm, J .  Chem. Soc., 4190 (1968). 



1760 Inorganic Chemistry, Vol. 11, No. 8, 1972 CAVELL, DAY, BYERS, AND WATKINS 

M 
Mn(I1) 

Fe(I1) 

Fe(II1) 
Co(I1) 

Zn(I1) 

Mn(I1) 
Fe(I1) 
Fe(II1) 
Co(I1) 
c o  (111) 
Zn(I1) 
Cd(I1) 
Hg(I1) 

TABLE I 
ANALYTICAL DATA FOR M(&PX2)* COMPOUNDS~ 

M C H 
17.84 (18.00) ' 15.96 (15.74) 4.14 (3.96) 
9 .73(9.92)  51.98(52.08) 3.54 (3.64) 

17.85 (18.24) 15.54(15.69) 3 .81 (3.95) 
10.65(10.07) 51.86(51.99) 3 .87(3 .64)  

53.65 (53.79) 3.98 (3.76) 
15.68(15.53) 4.12 (3.91) 
51.86 (51.70) 3.83 (3.62) 
20.86(22.38) 4.63(4.70) 
16.34 (16.39) 4 .13 (4.13) 
16.61 (16.59) 4 .13(4.18)  
53.74(53.59) 3 .87(3.75)  
23.30 (23.45) 5 .00(4.92)  
15.47(15.22) 3 .92(3.83)  
50.99(51.11) 3.71 (3.58) 
20.99 (22.05) 4 .65(4.63)  
13.36(13.24) 3 .56(3.34)  
47.16 (47.18) 3.40 (3.30) 
10.73 (10.65) 2.84 (2.68) 
41.32 (41.23) 2.82 (2.88) 
22.76 (23.07) 4.50 (4.84) 

6.84 (6.89)* 22.56 (23.64) 6.94 (6.94) 

7-- %--- 

-X = CFs - 
26.4 (26.5) 520.7535 (520.7547) 
26.8 (26.4) 521.7500 (521.7515) 

754.6628 (754.6598) 
26.4 (26.3) 524.7526 (524.7498) 

757.6613 (757.6581) 
26.3 (26.3) 529.7460 (529.7467) 

579.7175 (579.7202) 
667.7886 (667.7872) 

% CFsO m/e 

- --_--_ - 
P S 

20.48 (20.29) 42.22 (42.01) 
11.07 (11.19) 22.90 (23.17) 
19.78 (20.23) 42.23 (41.89) 
10.74 (11.17) 23.86 (23.13) 
11.68 (11.56) 23.67 (23.93) 

28.00 (29.98) 

21.06 (21.39) 

28.59 (29.43) 

33.08 (31.55) 
X = F  

m/e 
320.7672 (320,7675) 
321.7659(321.7648) 

324.7620 (324.7626) 
457.6765 (457.6773) 
329.7580 (329.8585) 

467.8002 (467.8002) 
.Z Entries are observed values followed by theoretical values in parentheses. Piitrogen analysis. e Calculated from HCF3 evolved 

on basic hydrolysis of compound, assuming 1 mol of HCF, evolved/mol of P present.1g 

ether was added and the white product was washed well with 
ether and dried a t  70" in an oven. 

B. Complexes.-The preparation of the air-stable X = 
CH3 and C&h compounds involved mixing of concentrated 
aqueous solutions of the metal and ligand salts, the resultant 
precipitates being filtered off and washed with ethanol or 2- 
propanol and then ether. Final purification (if necessary) was 
achieved by fractional sublimation under vacuum. 

Fe[SzP(CH3)z]z and Fe[S~P(CsHj)~]~.-Gaseous SO2 was 
bubbled into a hot solution of 5 mmol of FeS04.7HzO in 50 ml of 
water for 15 min to reduce any Fe(II1) present. The solution 
was then reduced to half-volume by boiling to remove excess 
SOz and subsequently mixed (in a nitrogen atmosphere) with 25 
ml of a freshly boiled methanolic solution of the respective ligand 
salt. On standing and cooling, the X = C6Hj complex crystal- 
lized out of solution as tiny pale yellow clusters of crystals. The 
mustard yellow X = CHI compound could only be precipitated 
by reduction of the solution volume to 5 ml by removal of solvent 
under reduced pressure. Both complexes were washed with cold, 
oxygen-free water and dried under vacuum (yields were 30- 
507,). When dry, the X = CH3 compound proved remarkably 
resistant to aerial oxidation (even for several days) in contrast 
with the X = C.& complex which rapidly turned green and then 
black. Solutions of either complex were particularly susceptible 
to oxidation which, with their limited solubility, precluded re- 
crystallization from solvents and the obtaining of reliable solu- 
tion spectra. Green (oxidized) solutions of the methyl complex 
were unstable, depositing a tan material while fading. 

(ii) Fe[SZP(C6H&] 3 was prepared by mixing concentrated 
aqueous solutions of FeC13.6HzO and NH&P(C&~)Z. The re- 
sultant (deep green) precipitate was washed with water 
and 2-propanol and then dried under vacuum. 

(iii) CO[SZP(CH~)Z]~  and CO[SZP(CGH~)Z] 316 were prepared by 
mixing concentrated aqueous solutions of Na3Co(N0& and the 
respective ligand salt. The brown products were extracted 
into dichloromethane from which they were precipitated by 
evaporation of the solvent, washed quickly with cold 2-propanol, 
and dried. 

CoOSSPz(CHa)4.-Attempted preparations of the green 
complex Co[SzP(CHa)z] 2 in alcohol, acetone, or acetonitrile pro- 

(i) 

(iv) 

duced precipitates of varying shades of blue. A crystalline, blue 
material was prepared by mixing hot 25-ml ethanolic solutions 
containing 5 mmol of cobalt halide hexahydrate and 10 mmol of 
N ~ S Z P ( C H ~ ) Z . ~ H Z O ,  respectively. Halide contamination in the 
crystals was minimized (<3%) by use of cobalt bromide. Carbon 
and sulfur analyses on the blue crystals gave a C/S mole ratio of 
1.36 (theoretical ratio for CoOS3Pz(CH3)4 is 1.33). The halide 
salt contamination was effectively removed by subjecting the blue 
crystalline product to Soxhlet extraction into CzH,OH, CHIOH, 
CHzClz, or CHC13. The infrared spectrum and C/S mole ratio 
was not affected by this treatment. Recrystallization could not 
be effected from these solvents because of the low solubility of the 
complex. The infrared spectrum of the complex showed peaks a t  
1422 (w), 1415 (w), 1399 (w), 1298 (w), 1285 (m), 1100 (w, sh), 
1058 (s), 947 (m), 934 (m, sh), 901 (s), 861 (m, sh), 855 (m), 849 
(w, sh), 745 (w), 716 (s), 593 (m, sh), 578 (s), 550 (m), 488 
(m), 428 (m), 363 (m), 326 (m), 315 (m, sh), 253 (w), 215 (w, sh), 
and 205 (m) cm-'. Preparations involving strictly anhydrous 
salts and solvents yielded only the green complex C O [ S Z P ( C H ~ ) ~ ] ~ .  

(v) CO[SZP(OCIHG)Z]Z was prepared as lustrous, flat, blue 
needles by consecutively adding the ligand salt to a concentrated, 
freshly boiled aqueous solution of CoClz .6Hz0, extracting the 
complex into freshly boiled CHzClz, and rapidly removing the 
solvent under vacuum. Surface Co(II1) compounds and water- 
soluble species were readily removed by successively washing with 
acetone, water, acetone again, and finally ether. No halide 
was detected in the solid products. 

CO[SZP(OCZH,)Z]~ was prepared by adding CoC12.6HzO 
to an ethanolic solution of the acid and allowing aerial oxidation 
of Co(I1) to occur. The brown product obtained by concentra- 
tion of the solution was recrystallized from dichloromethane-2- 
propanol (1 1 by volume). 

Zn[SZP(OC~H5)~] 2.-Concentrated aqueous solutions of 
ZnClz and either NHaSzP(0CzHj)z or SaSzP(OCzHa)2 were mixed 
and subsequently extracted with CHzClz. The product was ob- 
tained as large white flakes by concentration of the CHzClz solu- 
tion and was recrystallized twice from benzene. 

M [ S2PF.J ,.-These complexes were prepared essentially 
as describedg working on a 0.1-g scale without solvents and purifi- 
cation was effected by fractional sublimation. In several cases 

(vi) 

(vii) 

(viii) 
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partial reduction of the acid to  SPFaH and H2S was detected. 
C O [ S ~ P F ~ ] ~  was prepared by introducing oxygen gas at -500 
Torr pressure to a mixture of HSZPFZ and Co[SzPFz] z or a mixture 
of Co metal and HS~PFZ.  The apparatus described elsewhere* 
proved convenient for preparation and purification. 

M[S2P(CF3)2ln.-The n = 2 complexes with M = Mn, 
Fe, Co, Zn, Cd, and Hg were prepared by the direct reaction of 
excess HSZP(CF,)~ with the metal in a sublimer fitted with a cold 
water cooled finger. After completion of the reaction, volatile 
components (excess HSZP(CF~)Z, (CFa)zPSH, HIS, Hz) were re- 
moved and the solid products sublimed under vacuum by heating 
to 70'. Final purification was by fractional sublimation. All 
the products were moisture sensitive. The Co(II1) and Fe(II1) 
complexes were prepared similarly to  the F analog as well as by 
reaction of the M(I1) complex with [SzP(CF3)2] z.19 Parameters 
obtained from the lQF nmr spectra (chemical shifts vs .  CFCls) 
for the Zn-group metals are as follows: Z~[SZP(CF~)Z]Z ,  I$ 70.1 
ppm, JPF = 108 Hz; Cd[SzP(CFa)z]z, + 69.5 ppm, JPF = 109 Hz; 
Hg[SzP(CFs)z]z, I$ 69.7 ppm, JPF = 107.5 Hz. 

Reaction between cobalt metal and an approximately 1 : l  
molar mixture of (CFa)zP(S)SH and (CFa)zP(S)OH gave a blue 
solid of low vapor pressure (20-200'). No green volatile Co- 
[S2P(CFa)z] 2 was observed to sublime from the blue material. 
The principal mass spectral peaks were found a t  m/e 1077, 1009, 
860, 844, 769, 668, 662, 584, 525, 509, 464, 414, 399, 292, 76, 
69, and 63, the presence of peaks a t  m/e greater than 524 in- 
dicating a polymeric structure. The infrared spectrum is quite 
distinct from that of CO[SZP(CF~)Z]Z but the stoichiometry is un- 
known. 

CO[SZP(CF~)Z]Z is readily soluble in CHd& CCL, and CEHE 
but reacts with methanol to give a white precipitate and with 
acetonitrile to  give a yellow solution from which unidentified 
yellow-green crystals were obtained. 

(x) Fe [SZP(CF~)Z] 2 .  CHaNHCH0.-No immediate reaction 
was observed between a molar excess of HSzP(CFa)z and Fe- 
C12 .xHzO; however, a yellow solution slowly formed after addi- 
tion of acetonitrile. After removal of the volatile components, a 
yellow solid was sublimed (70' in vacuo) onto a water-cooled 
finger, leaving a black, intractable residue. The yellow mate- 
rial appeared to  be stable in air. The mass spectrum showed a 
parent ion which was mass measured at m/e 580.7899 (calcd 
for F~[SZP(CF~)Z]Z.CZH~NO+,  m/e 580.7885). The major frag- 
ment appeared a t  m/e 522 which corresponds to  F ~ [ S ~ P ( C F ~ ) Z ] Z + .  
The infrared spectrum contained bands attributable to acetamide. 

Thermogravimetric Analyses.-All the M [SZPXZ] 2 complexes 
sublime under vacuum with the exception of the X = OCzH5 
complexes where decomposition occurs. The thermogram of 
CoOSaPz(CH8)c showed a single structureless weight break a t  182' 
leaving a black residue of COO [(weight of residue)/(weight of 
sample): found, 0.129, 0.124; calcd for Co0/2CoOSsPz(CHa)~, 
0.1281 . 

Of the M(II1) complexes, CO[SZP(OCZH~)Z]~, CO[SZPFZ]S, and 
Co[SzP(CFa)2]3 sublime under vacuum at 154, 50, and 80°, 
respectively, without decomposition while Co[SzP(CHa)z] 3, 

co[s~P(CeH&]s, and F ~ [ S Z P ( C ~ H ~ ) Z ]  a under vacuum produced 
thermograms showing two distinct weight breaks, leaving no 
residue but depositing the corresponding M(I1) complex and a 
white material in cooler parts of the apparatus. The first weight 
break is presumed to  be due to loss of the corresponding "dilig- 
and" LZ (where LZ = [SZPXZIZ) and the thermograms were 
analyzed accordingly: Co[SzP(CH&] 3,  dec pt 130", calcd for 
'/aLz/CoLz, 0.406 (found, 0.407); CO[SZP(C&)Z] 3, dec p t  238', 
calcd for ~/zLz/COLZ, 0.309 (found, 0.311); F ~ [ S Z P ( C B H ~ ) Z ] ~ ,  
dec pt  208", calcd for '/zLz/FeLz, 0.312 (found, 0.310). 

(ix) 

Results and Discussion 
The series of dithiophosphinates M[S2PX2In (n = 3, 

M = Fe, Co;n = 2, M = Mn, Fe, Co, Zn, Cd, Hg) can 
be prepared by the metathetical reaetion 

MC1, + n(Na, NH~)&PXZ ----t 

M[SZPXZI, + n(Na, N H X 1  (1)  

(where X = CH31 or C6H515,16 for all metals and X = 
OC2H5 for M = Co(II), Co(III), and Zn(I1)) or by the 
oxidation-reduction reaction 

M + 2HSzPXz M[SzPXzlz f Hz (2 ) 

Inorganic Chemistry, VoZ. 11, No. 8, 1972 1761 

(where X = F, CFI;  n = 2).  The M(II1) complexes 
Fe [SzP(CFa)z]a, Co [SzP(CF3)2]3, and Co [S~PFZ]~ were 
prepared from the acids and the metals in a manner 
analogous to eq 2, but allowing the reaction to  occur in 
the presence of molecular oxygen, since the acids ap- 
pear to be capable of oxidizing the present series of 
metals only to the divalent state. 

Although dialkyldithiophosphinate complexes are 
generally readily soluble in organic solvents,' the M (11)) 
X = CH3, CaH5 complexes proved too insoluble in all 
common organic solvents for molecular weight deter- 
minations. The polymeric nature suggested by this 
limited solubility has now been established for the green 
complex C O [ S ~ P ( C H ~ ) ~ ] ~ . ~ ~  The superimposability of the 
X-ray powder patterns of the remaining M(II), X = 
CH3 compounds of the first-row transition metals sug- 
gests that these complexes are isomorphous. A more 
detailed single-crystal X-ray structural analysis of the 
blue compound C O O S ~ P Z ( C H ~ ) ~  obtained while at- 
tempting to prepare the cobalt(I1) dithiophosphinate 
complex in ethanol according to eq 1 (vide infra) showed 
that i t  is also isostructural with the green Co(I1) com- 
plex with the lack of systematic intensity differences 
between the two complexes suggesting that one oxygen 
atom replaces one sulfur in the Cos4 unit in a random 
fashion to form the blue complex.23 

The structure of Co[S2P(CH3)2]2 consists of infinite 
independent chains of Co atoms linked by alternating 
pairs of ligand bridges and arranged along a twofold 
screw axis as shown in Figure 1.22 This structure is 

U 

Figure 1.-The chain structure of Co [S~P(CH~)Z]Z .  

similar to that observed for RzPO2- c o m p l e x e ~ ~ ~ , ~ ~  but 
is in notable contrast with thereportedzB structure of Zn- 
[S~P(CZH&]Z (and the apparently isomorphous com- 
plex Co [SZP(C~H,)~]~)  which consists of two crystallo- 
graphically nonequivalent discrete dimeric units (I) in 

(22) M. J. Bennett and R. H. Sumner, unpublished results. 
(23) M. J. Bennett and R. M. Tuggle, personal communication. 
(24) M. Calligaris, A. Ciana, S. Meriani, G. Nardin, L. Randaccio, and 

(25 )  B. P. Block, PYOC. Symp. C o o v d .  Chem., 241 (1969). 
(26 )  M. Calligaris, G. Nardin, and A. Ripamonti, J .  Chem. Soc. A ,  714 

(1970). 

A. Ripamonti, J .  Chem. SOC. A ,  3386 (1970). 
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/‘R 
I 

which each metal is chelated by one dithiophosphinate 
ligand and bound to the other member of the dimer by 
two ligand bridges. The bridged portion of the dimer 
may be compared with one link of the infinite chain 
found in Co[S2P(CH3)2]2. The X = OCH(CH3)z com- 
plexes of Zn(I1) and Cd(I1) also contain the dimers illus- 
trated in I.27 A different type of linkage arrangement 
is found in Zn [S2P(OCzH5)2]228 and Hg[SZP(OCH- 
(CH3)2)2]229 where each metal atom is tetracoordinated 
by sulfur atoms from one chelating ligand and two 
branching bridging ligand groups with the result that 
infinite zigzag chains are formed as represented by 11. 

‘S 

II 

Thus three different polymeric structures are presently 
known for the metal(I1) dithiophosphinate complex 
system. The relative importance of the electronic 
properties of the metal and the influence of the elec- 
tronic and steric effects of the substituents governing 
the adoption of a specific structure are not yet clear be- 
cause of the limited range of structural examples avail- 
able. In the case of CH3- and C2H6-substituted Co(I1) 
complexes the electronic effects of the substituents must 
be rather similar suggesting that the difference in 
structures is due to the bulk of the alkyl substituent. 

Powder patterns of the Co(I11) and V(III),fi X = 
CH3 complexes are nearly superimposable with that of 
Cr [S2P(CH3)2j3 which is known to have D3 molecular 
point group symmetry in the crystal.522 The ready 
solubility of all of the M(II1) complexes in halocarbon 
solvents and the absence of mass spectral fragments of 
mass greater than the molecular parent ion suggests 
that the Fe(II1) and Co(II1) complexes are monomeric 
in solution, as are the Cr(III)5 and V(III)fi complexes. 
It is also likely that all have the same structure. The 
mass spectral evidence must be assessed with caution 
since C O [ S ~ P ( C H ~ ) ~ ] ~ ,  which is known to be polymeric 
in the solid state,Z2 gives a mass spectrum indicative of 
the presence of monomeric units only. 

CAVELL, DAY, BYERS, AND WATKINS 

Reactions Involving Oxygen for Sulfur Substitu- 
tion.-Preparations of M(II), X = CH3 complexes 
(M = Mn, Fe, Co, Zn, Cd, Hg) in aqueous solutions or 
from the hydrated salts in polar organic solvents ac- 
cording to eq 1 yielded products which generally showed 
a broad infrared absorption of variable intensity in the 
region 1020-1080 cm-l and a sharp absorption of lesser 
intensity a t  550-520 cm-1 in addition to the spectrum 
of the authentic dithiophosphinate compound. The 
first band can be assigned to a P-0 stretching mode30 
and the second to a displaced P-S stretching mode31j32 
resulting from a sulfur atom replacement by oxygen. 
Fractional sublimation of the crude products left a 
residue of the metal oxide with M[S2P(CH3),], and 
[SP(CH3)2]20 as the only volatile components. Thus 
oxygen for sulfur substitution in these systems appears 
to be a general phenomenon ; however, reproducible 
and stoichiometric substitution of one oxygen for a 
sulfur was found only in the case of C O S ~ O P ~ ( C H ~ ) ~  pre- 
pared from hydrated Co(I1) and dimethyldithiophos- 
phinate salts in absolute ethanol. In other reactions 
the degree of sulfur replacement varied with the amount 
of water in the organic solvent. Curiously, however, 
mixing aqueous 0.1 M Co(I1) solutions with 0.2 M 
aqueous solutions of the ligand salt yielded only the 
green dithiophosphinate complex with no substitution 
of S by 0. Mechanical mixing of the hydrated salts in 
a mortar yielded the same product. 

The structure of CoS30Pz(CH3)4 which appears to be 
identical with that of C O [ S ~ P ( C H ~ ) ~ ] ~ ~ ~  with one sulfur 
atom replaced by an oxygen in each COS( unit con- 
trasts with those of the zinc(I1) and cadmium(I1) 
monothiophosphinates which consist of alternate triply 
bridged, dinuclear units (i ‘beads”) joined by single 
bridging ligands as depicted in III.24 The two metal 

X’=‘X 
111 

atoms in a “bead” are not equivalent: one is coor- 
dinated by one oxygen atom and three sulfur atoms and 
the other by three oxygen atoms and one sulfur atom.24 
All of the oxygen-containing complexes of cobalt(I1) are 
blue, even Co[SzP(OC2H5)2]2. It seems that oxygen 
atoms impart a blue color to the complexes of Co(I1) 
even in the third coordination sphere. In cases where 
the substituents do not contain oxygen, however, the 
appearance of a blue complex in cobalt dithiophos- 
phinate systems is an indication that oxygen substi- 
tution has occurred. 

Differential thermal analysis of CoS30P2(CH3)4 
shows that the decomposition of the complex obeys the 
equation 
~ C O O S ~ P Z ( C H ~ ) ~  + 

A ( l 8 2 ” )  
Co[SzP(CH~)z]z + [SP(CHs)z]zO T COO (3)  

(27) S. L. Lawton and G. T. Kokotailo, Inovg. Chem., 8, 2410 (1969). 
(28) T. Ito,  T. Igarashi, and H. Hagihara, Acta Cuystallogv., Sect. B, 26, 

(29) S. L. Lawton, Inovg. C h e m . ,  10, 328 (1971). 
2303 (1969). 

(30) G. E. Coates and D. S. Golightly. J. C h e m .  Soc., 2523 (1962). 
(31) J. R. Durig, D. W. Wertz, B.  R. Mitchell, F. Block, and J. &I. 

(32) D. M. Adams and J. B. Cornell, J. Chewz. SOL. A ,  1299 (1968). 
Greene, J .  P h y s .  Chem., 11, 3815 (1967). 
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Source temp, 
"C 

TABLE I1 
MASS SPECTRAL DATA FOR THE TRIS COMPLEXES h'f [&Pxz] 3" 

of the solvent. 

Feb 

306 (100) 
291 (19) 

242 (5) 
227 (4) 

166 (5) 
151 (11) 

119 (28) 

117 (21) 

250 (207) 
218 (33) 

150 

c o  

309 (100) 
294 (16) 
249 (11) 

155 (16) 
245 (16) 
230 (13) 

185 (79) 

169 (20) 
154 (11) 

122 (13) 

59 (149) 
250 (450) 
218 (285) 

125 

Fe 

554 (100) 
477 ( 0 )  

369 (0) 

337 (1) 
183 (8) 

490 (1) 

305 (17) 
228 (2) 
151 (3) 

350 (1) 
273 (1) 
119 (1) 
88 (0 )  

241 (1) 
133 (2) 
56 (1) 

466 (1) 
245 

c o  

557 (100) 
480 (0) 
249 (1) 
372 (0) 

340 (1) 

493 (1) 
416 ( 0 )  
262 (13) 
185 (15) 
308 (18) 

154 (3) 

353 (18) 

122 (3) 

244 (3) 
136 (2) 
59 (2) 

466 (0) 
310 

a The data are presented as an array of m/e values for unipositive metal-containing ions followed by the relative intensities of the 
corresponding peaks scaled such that the intensity of the ion MS4PzXi+ is set a t  100. Only peaks for which there is no fragmentation 
of the X groups are included (the omitted peaks are a significant fraction of the total metal atom containing ionization only where 
X = OCzH6, where the stepwise loss of CZH4 units dominates the spectrum34). Only peaks for which the relative intensity of a t  least 
one entry in a row is greater than 10 are included. Data obtained from the residue of a green dichloromethane solution after removal 

Extraction of the Co&OP2(CH3)4 complex into polar 
solvents gave the expected blue solutions whereas ex- 
traction into nonpolar solvents gave green solutions. 
The spectrum of the green CH2Cl2 solution obtained by 
extraction of C O S ~ O P ~ ( C H ~ ) ~  (Figure 5(B)) is not how- 
ever identical with that of Co[S2P(CH&]2 which is 
also green in CH2C12 (see Figure 5) nor is i t  the same a$ 
that of the blue extract (Figure 5(A)). The nature of 
the solution species obtained in these extractions is not 
yet clear; however i t  seems reasonable to attribute the 
blue solutions to the dissolved form of CoS30PZ(CH3)4. 
The green extract may be a structural isomer of the 
blue complex, but i t  is more likely a mixture of the blue 
complex and Co[SzP(CH3)2]2 probably formed by a de- 
composition similar to eq 3,  with the green color the re- 
sult of a preferential, but not exclusive, dissolution of 
the more soluble dithiophosphinate. On reaction with 
water, the green Co [SZPF2]2 complex was reportedg to 
give a blue sublimable solid which dissociated during 
attempted isolation. Both the blue F-9 and the blue 
polymeric CF3-substituted complexes obtained from Co 
metal and a mixture of (CF3)zPSaH and (CF&PSOH 
undoubtedly contain oxygen coordinated to Co, but the 
extent of substitution is unknown. 

With the exception of the acetamide adduct Fe- 
[S2P(CF&I2.CH3NHCHO and Fe[S2P(CH3)2]2, the 
yellow Fe(I1) complexes were all exceedingly suscep- 
tible to attack by molecular oxygen. The identityof the 
air oxidation products have not been established in all 
cases; however, the likely products are the Fe(II1) com- 

X = OCzHt 
c o  

614 (0) 

429 (100) 
384 (5) 
249 (4) 
308 (5) 

276 (4) 
186 (14) 

185 (7) 
224 (14) 

154 (6) 

59 (2) 
370 (12) 

150 

X - F  
c o  

458 (26) 
426 (19) 
325 (100) 
306 (10) 
249 (7) 
256 (352) 
187 (11) 
224 (26) 
186 (4) 
155 (22) 

192 (303) 
173 (2) 
154 (3) 
123 (78) 

160 (29) 

91 (57) 
128 (10) 
78 (16) 
59 (47) 

266 (41) 

60 

Fe 
755 (12) 

522 (100) 
453 (2) 
246 (1) 
353 (6) 
184 (1) 

183 (4) 
152 (3) 

331 (1) 

251 (0) 
182 (0) 
289 (18) 

151 (10) 
220 (1) 

120 (7) 

119 (14) 
88 (5) 

125 (1) 
56 (6) 

466 (6) 
434 (0) 

80 

c o  

758 (1) 

525 (100) 
456 (2) 
249 (10) 
356 (22) 
187 (1) 

186 (6) 
155 (2) 
461 (0) 

185 (1) 
292 (45) 
223 (1) 
154 (11) 
123 (8) 
329 ( 0 )  

122 (8) 
91 (3) 

59 (3) 
128 (1) 

466 (21) 

100 

plexes since both the iron (111) bis(trifluoromethy1) - 
dithiophosphinate and diflu~rodithiophosphinate~ com- 
plexes have been partially characterized in the products. 
In agreement with earlier workg these Fe(II1) com- 
plexes are difficult to obtain in the pure state and we 
have given only selected properties (ir and mass spectra) 
of the trifluoromethyl-substituted Fe(II1) complex. 

Thermal and Mass Spectral Behavior.-The green 
organic solvent solutions of Fe [S2P(CH3)2]3 formed by 
extraction of aqueous solutiohs of the metal and ligand 
salts decompose quickly a t  room temperatures and 
deposit a light tan material. The mass spectrum of this 
material is dominated by the parent molecular ions 
Fe[S2P(CH&]z and [SzP(CH3)2]2 and elemental sulfur. 
Similarly, Fe [S2P (C2H5),I3 undergoes spontaneous de- 
composition over a period of days a t  ordinary tempera- 
tures, even under vacuum.13 Hot ligroin (bp 30-60") 
solutions of this complex exposed to air precipitated 
pale yellow Fe[OzP(C2H5)2]3 and elemental sulfur.13 
Thermogravimetric analysis demonstrated that the 
complexes Co [S2P(CH3)2I3, Co [ S Z P ( C ~ H ~ ) ~ ] ~ ,  and Fe- 
[S2P(C&)2]3 decompose according to the equation 

2M [SzPXz] 3 + 2M [SzPXzlz 4- [SzPXzlz (4 1 

In contrast Co [S~P(OCZH&]~, Co [SsPF2]3, and CO- 
[S2P (CF&]z sublimed under vacuum without signifi- 
cant decomposition. The inductive effects of the sub- 
stituents are demonstrated very clearly by the reduc- 
tions of the trivalent X = CH3, C6H5 complexes (eq 4) 
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@ 

in contrast with the relative ease of the oxidative reac- 
tions 
~ C O [ & P X ~ ] Z  + [SzPXzIz ---f 2C0[SzPX218 (X = F,' CFa) ( 5 )  

The similar substituent effects of the F and OC2Hs 
groups (vide infra)j6 suggest that the complex Co- 
[S~P(OCZH&]Z would be readily oxidized in a similar 
fashion. 

The Co(III), X = CH3, C G H ~  compounds may be 
kept indefinitely under nitrogen or vacuum. This is 
in contrast with Co [SZP(CZHS)Z]~ which is reported13 to 
decompose spontaneously under the same conditions. 
Such instability has been attributed to the effect of the 
length of the alkyl chain.33 I t  is also reported13 that 
exposure of C O [ S ~ P ( C Z H ~ ) Z ] ~  to air for several weeks 
gave a mixture containing the Co(I1) complex and the 
trisulfane (C~H:)ZP(S)-S~-P(S) (CzH6)z. 

In contrast to the thermal behavior of the trivalent 
metal complexes (above), the divalent metal com- 
pounds all sublime, with the exception of the Co(1I) 
and Zn(II), X = OCzHj complexes. The thermal de- 
composition of Zn [SzP(OR)z]2 compounds has been ex- 
tensively studied. 34 

The mass spectra reflect the thermal behavior of 
these complexes. The thermally unstable compounds 
of Co(1II) (X = CH3, C6Hj) and Fe(II1) (X = C6&) 
gave no parent ion in the mass spectrum whereas the 
more thermally stable complexes of both metals with 
X = F, CF3, and OC~HS substituents gave weak parent 
ions. The mass spectra for the trivalent metal com- 
plexes for which a lower valent metal complex is iso- 
lable (e.g., Co'II and Fe"I) gave also a prominent peak 
for the diligand species S4P2X4 which in the case of 
X = CH3 complexes was the strongest ion in the 
spectra. All of the trivalent complexes show a very 
strong ion for MSdP2X4. The mass spectra of the tri- 
valent complexes are summarized in Table 11. 

The mass spectral behavior of the divalent metal 
complexes is given in Table 111. The parent ion is the 
strongest ion in all spectra except those of the Hg com- 
plexes. In these cases the diligand ion S4P2X4+ ap- 
pears as a strong ion and this ion is actually 
the strongest ion in the mass spectra of the Hg (X = 
CH3, C6Hj) complexes. Only the Hg complexes showed 
any significant diligand ion in all of the divalent metal 
complexes, a behavior which is reminiscent of the re- 
ducible M(II1) complexes considered above and sug- 
gests that Hg(1) complexes may be stable. The 
HgSzPXz+ ion was not unusually prominent relative to 
the other M(I1) complex spectra. The mass spectrum 
of CoS30P2(CH3)., is a composite of the spectra of Co- 
[SzP(CH&]2 and [SP(CH3),I20 reflecting the thermal 
instability of the complex (eq 3) .  

Metastable ion patterns are similar for all divalent 
metal complexes, except those of Hg, according to the 
nature of X. The X = CH3 complexes are character- 
ized by loss of a CH3 group while the X = C6H: com- 
plexes show loss of SCsHb and S fragments. The X = 
F complexes similarly lose F and S. The X = OCzHj 
complexes show a successive loss of CzH4 from each 
OCzHj substituent yielding X = OH substituted com- 
plex ions.34 The X = CF3 complexes also suffer substit- 
uent fragmentation showing the chara~teristic~j loss of 

(33 )  A. H. Enald and E Sinn, dust  J Chcm , 21, 927 (1967) 
(34) J. J Dickert and C N Rowe, J Ovg Chem , 32, 647 (1967). 
(35) R G Cavell and R. C Dobbie, Inorg Chem , 7, 101 (1968) 
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TABLE IV 
MAGNETIC DATA FOR M [&PXe] ,, COMPLEXES" 

-TIP X 106,  Cgsu- 
Data  Spectral 

Metal X lreffr BM e, OK A B fitting analysis 

5 .86(6.06)  
5.92 (5.89) 
6.03 (5.93) 
5.86 (5.88) 
5.91 (5.98) 
5 .01 (5.11) 
5 .40(5.51)  
5.74 (5.52) 
5.17(5.44) 
4.38 
4.21 
5.49 
4.43 
4.35 
4.11 
4.21 

-8 
-21 
- 38 
-5 

0 
-8 

-31 
- 45 
- 10 
-11 
-9 - 224 
- 17 - 22 
-8 

1 

- 14) 
- 20) 
- 35) 
-6) 
-2) 
- 12) 
-35) 
-37) 
-20) 

0.2332 (0.2175) 
0.2281 (0.2302) 
0.2200 (0.2274) 
0.2332 (0.2314) 
0.2288 (0.2236) 
0.3181 (0.3063) 
0.2744 (0.2634) 
0.2428 (0.2628) 
0.2997 (0.2698) 
0.4177 
0.4511 
0.2651 
0.4068 
0.4218 
0.4743 
0.4515 

1.82 (3.14) 

8 .36 (7.85) 
1.17 (1.32) 
0.09 (0.55) 
2.66 (3.62) 
8 .50(9.28)  

11.0 (9.78) 
3 .04(5.36)  
4.68 
4.22 

7.10 
9.41 
3.64 

4.73(4.57)  

59.3 

-0.38 

73 7 
- 95e 

-317" 
88 

2 52 
294 ~ 1 7 4 ~  
334 ~ 1 7 4 ~  

- 678" 130b 
874 >174b 
527 443" 
380 443b 

- 367" 422" 
874 4150 
734 43W 

1140 513O 
501 428d 

Magnetic susceptibilities fitted to the Curie-Weiss equation X M  = (Nbz/3k)[fieffz/(T - e)] + xnldiamag + TIP in the form l / x p r  = 
A T  + B where XnICor = X M  - x ~ d i a m a g  + TIP and NP2pefP/3k is the Curie constant. Values in parentheses were derived without a 
temperature-independent paramagnetic (TIP) correction. TIP = 4N/P/lODp. T I P  = 8Np2/10Dq. d E. N. Figgis, "Introduc- 
tion to Ligand Fields," Interscience, New York, N. Y., 1966. e These negative T I P  corrections arise from a slight reverse curvature 
of the l / x  vs. T plot and are probably an artifact of the data reduction procedure. The physical significance of the negative numbers 
is not clear and the values should not be regarded as true TIP contributions. 

CF2 to form F-substituted complex ions. The Hg(I1) 
complexes show metastable peaks corresponding to the 
loss of the diligand species (S4P2X4) and the formation of 
Hg+ ions. Hg2+ ions are also observed in the spectra 
of Hg complexes. Many of the trivalent complexes 
showmetastable ions due to the decomposition of the 
divalent derivatives. 

Magnetic Results.-All the Co(II1) complexes pre- 
pared were diamagnetic as were the Zn(II), Cd(II), 
and Hg(I1) compounds. The magnetic susceptibilities 
of the remaining paramagnetic species were expressed 
by the Curie-Weiss equation (TIP = temperature- 
independent paramagnetism) 

XM = - + XMdiamag + TIP T - 0  

Application of the "empirical" TIP correctionaa derived 
by the fitting process improves the straightness of plots 
of ~ / x M ~ ~ ~  vs.  T to standard deviations of 1 /x~* '  to 
less than 0.3y0 from the least-squares line. However, 
the significance of this parameter is not well understood. 
Allowing for a TIP correction also compensates for 
possible errors in diamagnetic terms. The diamag- 
netic corrections for the ligand groups were made as 
previously de~cr ibed .~  The paramagnetic susceptibility 
parameters are collected in Table IV. 

Manganese Complexes.-Mn [S2PF2]2g is the only 
dithio acid complex of Mn(I1) for which magnetic data 
have been published, since the data on Mn[S2CN- 
( C ~ H ~ ) Z ] Z  have not yet been reported.3' Our solid-state 
powder results agree well with the solution moment of 
5.9 BM (at 30") found for Mn[S2PFz]29 and compare 
favorably with the values r e p ~ r t e d ~ ~ l ~ ~  for tetrahedral 
Mn(I1) complex salts a t  20". In  the solid state the 
complexes are probably polymeric and the high Weiss 

(36) R. J. H. Clark, R. S. Nyholm, and F. B. Taylor, J. Chem. SOC. A ,  
1802 (1967). 

(37) J. P. Fackler, Jr., and D. G. Holah, Inorg. Nuc2. Chem. Letf., 2, 251 
(1966). 

(38) N. S. Gill and R. S. Nyholm, J .  Chem. SOC., 3997 (1959). 
(39) (a) D. Forster and D. M. L. Goodgame, ibid., 268 (1965), (b) D. 

Forster and D. M. L. Goodgame, %bid., 454 (1965). 

constants can be rationalized on the basis of this struc- 
tural difference which provides a ready mechanism for 
the interaction of the magnetic centers. 
Iron Complexes.-The complex Fe  [SZP(C6H&]3, like 

the Mn(I1) compounds, is a d5 spin-free system within 
the temperature range studied. The magnetic sus- 
ceptibility of Fe  [ S Z P ( O C ~ H & ] ~ ~ ~  yields a magnetic 
moment of 5.91 BM. However, the value of 6.23 BM 
(0 = -11") reportedla for Fe[S*P(C2H&]3 is unex- 
pectedly large. The high-spin behavior of the iron(II1) 
dithiophosphinates is in marked contrast with the low- 
spin behavior of Fe(II1) complexes of nearly all other 
dithio a ~ i d s ~ - ~  and clearly places these compounds on 
the high-spin side of the ground state "crossover" 
possible in this system. 2 i 3  

In  the powdered solid state, the Fe[SzPXz]z com- 
plexes have magnetic moments slightly higher than the 
value of 5.2 BM a t  30" founds for Fe[SzPF2]2 in solution 
(the only magnetic data previously reported for an 
iron(I1) 1,l-dithio acid complex). All values are 
within the range of values for tetra- 
hedral complexes of Fe(I1). Since the Fe(I1) com- 
plexes are expected to be isostructural with the Mn(I1) 
and Co(I1) analogs, rationalization of the large Weiss 
constants found should be the same for each system. 
The explanation for the observed magnetic moments 
being higher than the spin-only value is still un- 
settledSa6 TIP values estimated from the expression 
4N/32/10Dq41 are included in Table IV. 

Cobalt Complexes.-A variable-temperature mag- 
netic in~est igat ionl~ of solid Co [S2P(CzH&]2 gave a 
moment of 4.83 f 0.05 BM (e = -49') (4.46 BM a t  
295'K calculated from the simple Curie equation). 
Since there is no mentionla of a TIP correction, i t  can 
be inferred that  none was made and that the large 8 
value is probably the result of attempting to fit points 
forming a curved line to the Curie-Weiss equation. 
High magnetic moments were foundg for Co[S2PF2]2 in 
heptane, 1,2-dichloroethane and similar solutions both 
(40) C. D. Burbridge and D. M. L Goodgame, J. Chem. So<. A ,  1074 

(1968). 
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Assignments 

4Ti(F) + 4A2, y2 

4 T ~ ( P )  - 4 A ~ ,  ~3 

lODq, cm-l 
B',  cm-1 
Pss 

Assignments 

'Ti, +- 'Aig, VI 

lTzg + 'Aig, v2 

lODq, cm-' 
B', cm-' 
P a s  

TABLE V 
ELECTRONIC SPECTRA OF COBALT( 11) AND COBALT(III) DITHIOPHOSPHINATES~ 

Co [SZPXZ] 2 Complexes 
lo%, cm-1 -- 

CHa CeH5 

5 . 9  (-2) sh 
6 . 8  (-0.4) sh 
7.93 (5.2) 7.93 (6.3) 

13.8 (3) sh 13.8 (3) sh 
14.87 (8.85) 14.85 (9.7)  
16.0 (-3) sh 15.6 (-2) sh 
17.1 (9) sh 16.9 (-5) sh 

21.7 (5) sh 21.7 (10) sh 

5 .8  (-2) sh 
6 . 8  (-0.4) sh 

? ? 

OCzHa' 

6 . 2  (2 .4) j  sh 
-7 (-0.1) ? 

8.27 (3.2)  
9 . 3  (-0.1) sh 

13.6 (-0.1) sh 
15.11 (-9) 

-16.0 (-0.2) sh 
17.0 (3.7)  sh 

20.7 (-0.1) sh 

F 

6 . 0  (3) 
-7 (-0.1) sh 

8.41 (2.7) 
9 . 3  (-0.1) sh 

14.9 ( ~ 1 . 5 )  ? 
15.31 (5.5) 
16.0 (6) sh 
17.2 (3) sh 

-18.6 (-1) ? 
20.8 (-0.1) sh 

? 

CF3 
5 . 8  (3) sh 
6 . 7  (0.1) ? 
8.01 (4.0)  

14.2 (1.2)  i 
14.99 (9.5) 
15.8 (8) sh 
16.9 (3) sh 
18.0 (2) sh 

? 

CoOSaPz (CH3) 4 

5.84 (5.3) sh 
6.81 (1.2)  sh 
7.74 (9.8) 

12.74 (1.3) sh 
13.67 (12) sh 
14.80 (6.4)  sh 
16.07 (37) 
17.8 (13) sh 
22.0 (-2) ? 

27.5 (130) 26.6 (190) 26.2 (160) 26.15 (150) 27.5 (81) 27.5 (110) 
28.9 (-10) sh 28.9 (160) ? 27.7 (40) sh 27.7 (-80) sh 29.5 (40) sh 29.0 (40) sh 
30.2 (130) i ? 29.5 (-50) ? -29.0 (-50) ? 30.5 (-10) sh 30.8 (40) i 
34.01 (1210) 33.85 (2430) 31.85 (480) 32.15 (730) -32.8 (-40) sh 34.3 (1530) 

36.1 ( ? ) b  sh 36.3 (730) 38.7 (700) 34.7 (800) 
36.3 ( ? ) b  sh 38.1 (150) sh 

Ligand Field ParametersC 
4715 4716 4944 5032 4765 4076d 
577 575 570 575 580 706d 

0.59 0.59 0.59 0.59 0.60 0 .  73d 

Co [S2PX2] 3 Complexes 
r --7 loa,, cm-1 - 

X 7 

CHa CBHS OCzHs' F CF3 

12.76 (53.7) 12.68 (35.8)a 13.56 (45.3) 13.58 (30.7) 12.59 (32.8) 
17.66 (-20) i 17.56 (? )g  i 18.47 (20) sh 
21.8 (1120) sh 21.6 (884) sh 24.2 (958) sh 24.6 (790) 22.0 (820) sh 

27.9 (3800) 27.2 (3530) sh 29.77 (3930) 30.69 (3750) 27.7 (3110) 

18.49 (120) sh 17.45 (-30)i 

24.8 (30) i 

-30 (?) i 
33.8 (?) i 

41.0 36.8 (?)  sh 

Ligand Field ParametersC 
13,370 13,280 14,220 14,240 13,190 

356 355 353 353 353 
0.33 0.33 0.33 0 . 3 3  0.33 

a Spectra obtained from CHzClZ solutions. Positions of band maxima (in units of lo3 cm-l) are followed by the oscillator strengths 
f x 104 (wheref = 4.60 x 10-9e,,,~v1/,) in parentheses. Resolution was achieved by bi-Gaussian analysis ( L e . ,  allowing for asym- 
metric band shapes). Abbreviation code: sh, peak observed as a shoulder; i, peak detected by an inflection point; ?, neither shoulder 
nor inflection observed but peak required to account for total observed intensity. Calculated using 
equations in ref 43. f The energy 
position quoted for this band in ref 11 does not agree with our value; however, the wavelength quoted is in reasonable agreement 
with our value. 

Phenyl group transitions. 
d Calculated using the centers of gravity of the uz and v3 multiplets. e In agreement with ref 11. 

In reasonable agreement with ref 16. 

by the Gouy method (5.1 BM) and by the Evans nmr 
method (5.9-6.2 BM) ; however, our solid-state mea- 
surements give a magnetic moment in the expected 
range for tetrahedral Co(I1) complexes leaving the 
anomaly unexplained. It is interesting however that 
the solution resultsg are more typical of octahedral than 
tetrahedral cobalt41~42 suggesting that the complexes 
have achieved increased coordination in solution, per- 
haps through association or solvent coordination. 

The apparently anomalous values presented here for 
Co [ S ~ P ( O C ~ H ~ ) Z ] ~  may be somewhat suspect in view of 
the unreliable analytical results obtained for this com- 
pound although the electronic spectrum in solution is in 
good agreement with published data.39 With this ex- 
ception (which does appear to be genuine) the magnetic 
susceptibility results are in reasonable agreement with 

(41) B. N. Figgis, "Introduction to  Ligand Fields," Interscience, New 

(42) F. A. Cotton, D. M. L. Goodgame, M. Goodgame, and A. Sacco, 
York, N. Y . ,  1966. 

J .  Ameu. Chem. Soc., 83, 4157 (1961), and references therein. 

those found for other tetrahedral Co(I1) complexes.42 
As in the Fe(I1) d6 cases, all magnetic moments are 
higher than expected for a spin-only system but no 
completely satisfactory explanation is yet available. 36 

The magnitudes of the Weiss constants can be ac- 
counted for by arguments similar to those presented for 
the Mn(I1) system. The empirical TIP values are to 
be compared with those derived from the solution 
spectra as 8N/?2/10Dq41 in Table IV. 

I t  is noted here that our analysis of the temperature- 
dependent magnetic behavior of HgCo (NCS)4 yielded 
values slightly different (Table IV) from the 4.32 BM 
(e = -4') TIP = 428 X cgsu) reported pre- 
vi0usly,~2 although the agreement is good in the neigh- 
borhood of room temperature if no T I P  correction is 
made. 

Electronic Spectra. Manganese(I1) Complexes.- 
Limited solubility of the X = CH3, C6H5 complexes in 
noncoordinating solvents and the general instability of 
these complexes in solution precluded the obtaining of 
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X = CHs 
M = Co 

1423 w, sh 
1414 w 
1405 w, sh 
1397 m 
1392 w, sh 
1285 w, sh 
1275 w 

954 s, sh 
950 s 
940 s 
900 s 
897 s, sh 

855 m 
848 w, sh 

742 m 
719 s 

592 w, sh 
580 s 

280 m 
267 w, sh 

TABLE VI 
INFRARED SPECTRA OF PSEUDOOCTAHEDRAL M [S2PXgJ 8 COMPLEXES~ 

-X = CEHS- 

Fe 
1434 s 

1304 w 

1184 w 
1156 w 

1105 s 
1097 s 
1066 w 

1025 w 
997 w 

844 w 

750 m, sh 
741 m 
711 m, sh 
704 s 
685 s 
670 w, sh 
639 m 
609 m 

569 s 

488 m 
480 m, sh 
476 w, sh 
450 w 
357 w 

264 m 

c o  
1434 s 

1304 w 

1181 w 
1156 w 
1128 w 
1100 s, sh 
1097 s 
1066 w 
1036 w 

1025 w 
997 w 

745 m, sh 
742 m 

707 s 
691 m, sh 
687 m 
640 w 
607 w 
602 w 
573 s 
560 m, sh 
489 m 
480 m, sh 

348 w 

302 w 
242 w 

X = OCzHs 
M = Co 

1276 w 

1162 w, sh 
1158 w 

1101 w 

1058 m, sh 
1032 m, sh 
1007 s 

960 s 

812 s 
795 s, sh 

646 w, sh 
629 m 
618 s 

555 w, sh 
641 m 

396 w 
347 w 

307 m 

P-X CFs--- 
X = F  --M---- Assign- 

M = Co Fe c o  ments 

8CH8 

1295 w 1291 w 

1210 m, sh 1208 s 
1200 s 
1164 s 1163 s 
1135 m, sh 1150 s, sh 

880 s, br 

821 m, br 
806 m 

753 w 

712 s 720 m 720 w 

695 m, sh 
684 m 661 m 

564 m 
534 m 533 m 

U P - 0  

UP-F 

U P - 8  

470 m 472 m 

372 m 
320 w 

403 m 

309 w 297 w V M - 8  

Spectra in the range 1450-250 cm-l were obtained from Nujol mulls. Positions of band maxima in em-’. Abbreviations: u ,  
stretching mode; 6, deformation mode; s, strong; m, medium; w, weak; sh, shoulder; br, broad. 

reliable solution spectra. The reflectance spectra were 
also characteristically weak and poorly resolved. Con- 
sequently no discussion of the spectra is undertaken 
here a t  this time. 
Iron Complexes.-The spectrum of Fe [SzP(CsH& 13 

(Figure 2 )  consists of an ascending sequence of 
shoulders. Some resolution was achieved by Gaussian 
analysis resulting in broad bands ( A v I , ~  = 1100-3500 
cm-l) but not the series of narrow bands expected for a 
d5 system. Due to inherent difficulties in the treat- 
ment of Fe(II1) spectra43 no analysis is attempted 
here. 

The extreme sensitivity of the Fe(I1) complexes to 
oxidation in solution allowed us to obtain only the reflec- 
tance spectra (Figure 3). Unfortunately, the spectral 

(43) A. P. B. Lever, “Inorganic Electronic Spectroscopy,” Elsevier, 
Amsterdam, 1968. 

r -  I 

4.00 - 
? 
0 
X 
w 

2.00 - 

20.00 3000 4000 
ENERGY ( 1 0 3 ~ ~ - ’ )  

Figure 2.-The visible (left) and ultraviolet (right) spectra of 
Fe[&P(CeHa)z]s in CHzClz solution. 

range accessible with the present equipment was not 
quite sufficient to  observe the 3000-6000-~m-~ region 
expected to contain the 5T2 + 5E transition of tetra- 
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ENERGY (IO3cm-') 

Figure 3.-Diffuse-reflectance spectra of Fe[S2PX2] 2 complexes. 

I I 

EN E RGY (103 cm-1) 

Figure 4.-Visible and ultraviolet spectra of C O [ S ~ P X ~ ] ~  com- 
plexes in CH&1, solution. Arrows mark the absorption positions 
of Co(I1) species present as impurities in the Co(II1) complexes 
(see text). The relative absorption scale factors (uv/vis) ac- 
cording to X are (CH3) 33.6, (C~HS) 37.5, (OC2Hj) 101.4, (F) 
51.3, and (CF3) 62.3. 
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hedral Fe(I1) complexes. However, reduction of the 
point group symmetry from T d  (the maximum sym- 
metry is D2d) should increase the energies of all elec- 
tronic transitions39b possibly by as much as 1000-2000 
cm-l. This effect was observed (vide infra) for the 
cobalt(I1) dithiophosphinates with respect to the tetra- 
hedral halo complexes. Since there are no Fe(II1) 
bands below 12,000 cm-l, oxidation can be ruled out 
and the maximum observed a t  8050 cm-l in the spec- 
trum of Fe[SzPF2]2 can be assigned to the 5Tz + 5E 
transition with the splitting due to the reduced sym- 
metry of the complex. In  the remainder of the series, 
this band is sufficiently resolved to suggest maxima 
near 6000 cm-l which yields a tentative spectrochem- 
ical series: F > CH3 - C6H5 - CF3 for the substit- 
uents X. The band assignment results in the highest 
values for l0Dp observed for‘ tetrahedral or pseudo- 
tetrahedral Fe(I1) compounds. 

Cobalt Complexes.-It proved exceedingly difficult to 
produce Co(III), X = CH3, C6H5, and F compounds 
completely free of the Co(I1) species. The spectra 
illustrated in Figure 4 thus include arrows marking 
contributions from these impurities. 
lAlg) band, which is an easily discernible shoulder 
where X = F or OCZH~, is extracted with large uncer- 
tainty where X = CH3, C6H5, or CF3. Ligand field 
parameters were derived using J#rgensen’s equations43 
for a d6 octahedral system (including configurational 
interaction with the assumption that C = 4B). It is 
believed that neither the reduction from On to D3 point 
group symmetry nor the failure of the assumed relation- 
ship between the Racah B and C parameters should 
affect the self-consistency of the results. The band 
maxima and derived parameters are collected in Table 
V. The spectrochemical ordering of ligands according 
to X is thus F - OCzH5 > CH3 - C6H5 - CF3 for 
these pseudooctahedral Co (111) compounds. 

The reflectance spectra of the solid Co(I1) complexes 
are in general agreement with their solution spectra 
with regard to the distribution of the v2 and v3 mul- 
tiplets, although these are somewhat spread apart in the 
solid state. The solution spectra (Figure 5)) obtained 
in CHzClz are in agreement with those reported for the 
OC2Hj-’1 and C2Hs-substit~ted~~ compounds (in C C t  
solutions). The most prominent features of the visible 
and near-ir spectra of these compounds are the “spike” 
a t  -15,000 cm-l and multiplet component a t  -8000 
cm-1 which is generally more intense than its neighbors. 
In  determining a “self-consistent” set of ligand field 
parameters for comparison purposes within the set of 
Co(I1) complexes reported herein, it was decided to use 
these distinctive spectral features, disregarding the re- 
maining components in calculations. This procedure 
is considered to be possibly less arbitrary than using the 
centers of gravity of the respective multiplets as done39 
for other tetrahedral Co(1I) compounds, especially in 
view of the recent criticism44 of that method. The re- 
solved band maxima and derived ligand field pa- 
rameters are given in Table V. The spectrochemical 
ordering of the ligands according to X in this Co(I1) 
system is F - OCzH~ > CF3 - CH3 - C&. 

The spectra of blue-green solutions of Co [SzP(CH3)2]2 
in methanol (Figure 6) and ethanol are nearly super- 
imposable (even into the uv region). They are very 

The ~ 2 ( ~ T 2 ~  

(44) J Ferguson, J Chew Phys , 39, 116 (1968). 

CAVELL, DAY, BYERS, AND WATKINS 

ENERGY (io3 cm-l) 

Figure 5.--Visible and ultraviolet spectra of Co [S1PX2] 2 com- 
plexes in CII2C12 solutions. In  addition CoS30P2(CHa)a in 
CH2C12 gave spectrum (4) but in CC14 gave spectrum (B).  The 
relative absorption scale factors (uv/vis) according to  X are (-4) 

and (CF3) 13.7. 
11.6, (B) 13.8, (CHB) 19.7, (CeHn) 42.6, (OC2Hj) 16.8, (F) 17.0, 

ENERGY ( IO2 cm-’) 

Figure B.-Yisible and ultraviolet spectra of the CO[S?P(CHI)Z] 2 

and C O & O P ~ ( C H ~ ) ~  complexes in alcohol solutions Relative 
absorption scale factors (uv/vis) are 60 and 237, respectively. 
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TABLE VI11 
~ ~ ~ - ~ - 1 0 D p  CORRELATION FOR OCTAHEDRAL [M(III)] AND TETRAHEDRAL [M(II)] DITHIOPHOSPHINATES, M [SZPXZ],~" 

7 X -- 
YCHF------ -C~HJ-- c-OCzHa--- c----F--- ---CFa----. 

M cm -1 I O 8  cm-1 cm-1 lOScm-1 cm-1 lOscm-1 cm-1 lO3cm-1 cm-1 103 cm -1 

VM--8, 10Da urd- €3, lo&, PM- S, 1ODc VM- a, 1ODq, VM- a, 

V(II1) 359 m 12.97 358m 12.83 363m 13.58 360m 13.38 326m 12 81 
296 s 280 s 295 s 294 s 285 s 

Cr(II1) 313 s 13.70 305 s 13.65 315vs 14.40 316s 14.40 307s 13.70 
Mn(II)b 315 s 314 w 315 m 325 w 
Fe(1I) 314m -6 317w -6 311 w 8.05 305w 5 6  
Co(II1) 305 m 13.37 302 w 13.28 307 m 14 22 309 w 14 24 297 w 13.19 
Co(I1) 314 m 4.72 323 w 4.72 313m 4.94 311 w 5.03 311 w 4 76 

298 m 
a Infrared spectra obtained from Nujol mulls which were close to true solutions in the cases of X = F and CF,. 1ODp values were 

calculated from spectra of CHzClz solutions of the complexes. lODp values not obtained. 

similar to  the spectrum of Co[S2P(OCzH&]z in eth- 
ano1,ll thought to be of the six-coordinate solvated 
complex. The spectra where X = CH3 were obtained 
on supersaturated alcohol solutions obtained by Soxhlet 
extraction of the green solid. The solutions remained 
metastable for -30 min after which time nearly quan- 
titative precipitation of the green unsolvated complex 
occurred (suffering no significant 0 for S substitution). 

Even in the absence of comprehensive solution mo- 
lecular weight data there is some justification for pre- 
suming that the solution spectra obtained in CHzClz 
were of monomeric species. The methyl- and phenyl- 
substituted complexes were too insoluble in common 
noncoordinating organic solvents to  determine the so- 
lution molecular weight. However, the X = CzHs and 
C3H7 compounds have been found to be monomeric in 
benzene over a wide range of  concentration^.^^ The 
complex Mn [SZPFZ]~ was reported to be monomeric in a 
3.4 X M solution in 1,2-dichloroethane although 
the reactivity of the complex with air and moisture was 
the cause for considering this result with reservation. 
The complex Zn [S2P(OC~H5)2 J2 is polymeric in the 
solid state, but monomeric in chloroform solution.28 
The cobalt analog, Co [S2P(OC2H5)~]2, may behave sim- 
ilarly, although the different mass spectra of the two 
complexes suggests that the crystal structures may be 
different. The ready solubility of Co [SZP(CF&]Z sug- 
gests a low degree of association in solution. Where 
association is known to occur, a solvent dependence for 
the degree of association has been found:l CCld > 
C6H6 > CHC13, and CH2C12 would be expected to occupy 
a position in the series to the right of CHC13. Finally, 
spectra of all the Co(I1) complexes were obtained from 
-5 X l o w 3  M solutions and spectra of Co[S2P(CH&]z 
in CCl,, CHC13, and CHzClz were not significantly 
different. The general similarity of the solution spectra 
(Figure 5 )  for all X indicates that even if association 
does occur in some cases i t  does not significantly affect 
the spectrum. 

Solutions of C O S ~ O P ~ ( C H ~ ) ~  in CHzClz and CHC1, 
were deep blue and gave superimposable spectra. The 
spectrum in CHzClz as illustrated in Figure 5 signifi- 
cantly lacks the sharp spike characteristic of the 
"tetrathio" complexes. Extraction of C O S ~ O P ~ ( C H ~ ) ~  
into cc14, 6&, or CS2 resulted in the formation of 
deep green solutions the spectra of which were inter- 
mediate between those of CHzClz or CHCl3 solution 
extracts and the spectrum of CO[SZP(CH&]Z. The 
spectrum of the oxy-thio complex in CCl4 is also shown 
in Figure 5. The total width of the v3 multiplet of the 

blue oxy-thio complex in CHzC12 (-5000 cm-l) is 
greater than the v3 multiplet (-4000 cm-l) of the green 
tetrathio compound. For lack of alternatives, the 
centers of gravity of the v2 and v3 multiplets were used 
to estimate the ligand field parameters; thus com- 
parison with the spectra of the tetrathio analog (Table 
V) is not wholly reliable. 

Infrared Spectra.-The infrared spectra of the six- 
coordinate trivalent metal ion complexes are presented 
in Table VI and may be compared with those of 
Cr(III)5 and V(III).6 The infrared spectra of the four- 
coordinate divalent metal ion complexes are presented 
in Table VII. Since the spectra (above 400 cm-l) are 
largely due to ligand vibrational modes, the general 
similarity of the spectra for a given X substituent is to  
be expected. Moreover, the general similarity of the 
spectra for a given X group but different metal ion is 
taken as evidence for similarity in structure. 

Ligand Field-Metal-Sulfur Stretching Frequency 
Correlations.-Since a monotonic relationship exists 
between the ligand field strength and the metal-sulfur 
stretching frequency of the planar nickel(I1) dithio- 
phosphinates,8 an examination of the other geometries 
was indicated. Infrared bands assigned to the M-S 
stretching modea2 and the corresponding lODq values 
for the respective complexes are collected in Table VIII. 
For the six-coordinate ( 0 3 )  complexes a reasonable cor- 
relation is again observed in spite of the different sub- 
stituent mass effects. As expected from the wide vari- 
ation of molecular structure and ligand function, no 
such unequivocal correlation is found for the pseudo- 
tetrahedral divalent metal complexes. A comparison 
of the solution infrared spectra would be preferable, but 
due to the limited solubility of the M(II) ,  X = CH3 and 
C6H5 compounds, this is not possible. Also, a t  concen- 
trations sufficient to obtain reasonable infrared spectra, 
the degree of association becomes cause for concern. 

Conclusions 
In spite of their polymeric nature, the pseudo-tetra- 

hedral M (S2PX2)2 complexes have magnetic and spec- 
tral properties surprisingly similar to those of authentic 
tetrahedrally coordinated metal ion complexes and in 
marked contrast with other dithio acid complexes. As 
the dithiophosphinate ligands are also capable of acting 
as bridging groups i t  is notable that cupric and chro- 
mous acetate type structures have not yet been ob- 
served. Unfortunately the Cu(I1) and Cr(I1) species 
are most probably inaccessible (except in solution for 
short periods of time in the former case). 
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The spectrochemical order of the ligands according to 
X is Senerally found to be F - OC2H5 > CH3 - C6H5 - 
CF,. The T interaction between the substituent lone 
pair with the phosphorus-sulfur d.lr system apparently 
dominates the inductive effect of the substituent (e.g., 
F v s .  CF,). This would be expected to produce a 
synergic effect in the reverse sense to that postulated 
for transition metal carbonyl compounds, although not 
so readily discernible in the P-S stretching frequencies. 
The nephelauxetic series of the ligands ordered ac- 
cording to X in order of B' is F - OC2Hj < CH3 - 
C6& - CF3, indicating greater electronic delocalization 
with those substituents found to produce the largest 

L. J. BOUCHER AND D. R. HERRINGTON 

phosphorus coupling constants in the epr spectra of the 
vanadyl c~mplexes.~ 
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K[ trans-[Co(acac)2(N3)2] 1 ,  [PPhd] [cis- and trans-[Co(acac)~(Ns)z] 1, cis- and trans-[Co(acac)~Nspy], and cis- [Co(acac),- 
IY3SH3] have been synthesized and characterized. The stereochemistry of the complexes was assigned with the aid of 
their proton magnetic resonance spectra. In addition, infrared and ultraviolet-visible spectra of the materials were de- 
termined and the absorption bands assigned. The complexes undergo a facile trans * cis isomerization reaction in solution 
a t  34'. 

Previous work with bis(acetylacetonato)cobalt(III) 
complexes has centered around nitro compounds of the 
type cis- and trans- [C~(acac)zNOzL]~-, where L is 
N02-,2 an amine,3 or water.2 In contrast to the inert 
diamine complexes4b5 cis- and trans- [Co ( a c a ~ ) ~ L ~ ]  +, 
the nitro derivatives are stereochemically labile.6 This 
observation has promoted the study of complexes of 
other anions. Comparisons of the reactivities for a 
series of anion complexes of the type cis- and trans- 
[Co(acac)2XL]n- will contribute toward understanding 
the mode of reaction of low ligand field complexes of 
~ o b a l t ( I I I ) . ~  We wish to report here the synthesis, 
characterization, and reactivity of the new azide com- 
plexes cis- and trans- [Co(acac)zN3LIn- where L is 
N3-, pyridine, or ammonia and n = 1 or 0. A struc- 
tural representation of the complexes is given in Figure 
1. 

Experimental Section 
Materials.-The starting material [Co(acac),] was prepared 

by the method of Ellern and Ragsdale.8 All other materials were 
reagent grade and used without further purification. 

Syntheses. K{trans-[Co(acac),(Na)~] } .-Two grams of [Co- 
(acac)~] (0.0078 mol) was dissolved in 125 ml of methanol. 
After the addition of 2.5 g of potassium azide (0.0308 mol) and 

(1) Presented in part a t  the 162nd National Meeting of the American 

(2) B. P. Cotsoradis and R. D. Archer, Inovg. Chem., 6, 800 (1967). 
(3) L. J .  Boucher and J. C. Bailar, Jr., J. Inorg.  Nucl .  Chem., 27, 1093 

(1965). 
(4) R. D. Archer and B. P. Cotsoradis, Inovg. Chem., 4, 1589 (1965). 
( 5 )  L. J. Boucher, ibid., 9, 1202 (1970). 
(6 )  L. J. Boucher and N. G. Paez, ibid., 10, 1680 (1971). 
(7) R. D. Archer, Coovd. Chem. Rev., 4, 243 (1969). 
(8) J. B. Ellern and R. 0. Ragsdale, I n o r g .  Syn., 11, 82 (1968). 

Chemical Society, Washington, D. C. ,  Sept 1971. 

2 ml of glacial acetic acid (0.0348 mol), 2 ml of 307, hydrogen 
peroxide solution (0.0176 mol) was added dropwise. The re- 
action mixture was stirred a t  25' for 2 hr, a t  which point the 
precipitated crude product was filtered and air-dried. The green- 
brown product was dissolved in -20 ml of water and 0.5 g of 
sodium azide and 2.0 g of potassium chloride (-0.4 M in i Y 3 -  

and -1.6 M in K+) were added. The solution was filtered and 
kept a t  0" for 2-3 days. The crystalline product was filtered 
and air-dried. A typical yield was 1.05 g, 35yG based on the 
original cobalt(I1) complex. Calcd for C ~ O H I ~ O ~ N ~ C O K ,  
K[Co(acac)2(S3)2]: C, 31.58; H,  3.71; N, 22.10. Found: C, 
31.47; H,  3.83; S,  21.47. 

[PPha] { trans-[Co(acac)2(N3)~] ) .-The addition of 1.2 g of 
[P(Ph)4]Br (0.0029 mol) to a solution of 1.0 g of Kitrans-[Co- 
(acac)2(K3)2]) (0.0026 mol) in a minimum of water (-20 ml) 
resulted in the immediate formation of a finely divided precipitate 
of the tetraphenylphosphonium salt of the complex. This was 
washed several times with water and air-dried. A typical yield 
was 1.25 g, 60% based on the initial weight of the potassium 
salt. Anal. Calcd for C ~ ~ H ~ ~ O ~ K ~ P C O ,  [PPhd] [Co(acac)?(iYa)~] : 
C, 59.99; H,  5.04; N, 12.35. Found: C, 59.86; H, 5.05; iY, 
12.56; mp 152'. 

[PPh4] {~is-[Co(acac)~(N~)2] ] .-One gram of [PPh4] [trans- 
[Co(acac )~ (N~)~]  ) was dissolved in a minimum of acetone (-30 
ml) and kept a t  25' for 15 min. The emerald green crystals of 
the cis isomer which formed were filtered, washed quickly with 
a small portion of acetone, and air-dried. The yield was 0.50 g, 
507, based on the original trans isomer. Anal. Calcd for C34H34- 
O4X6PCo, [PPha] [Co(acac)2(?;3)2] : C, 59.99; H, 5.04; N, 
12.35. Found: C, 59.84; H, 5.01; N, 12.28; mp 161'. 

trans-[Co(acac)2N3py] .-Two grams of [Co(acac)~] (0.0078 
mol) was dissolved in 200 ml of water. One gram of sodium azide 
(0.0156 mol) and 2 ml of pyridine (0.0248 mol) were added, 
followed by the dropmise addition of 2 ml of 307, hydrogen 
peroxide solution (0.0176 mol). The reactlon mixture was stirred 
a t  25' for 2 hr, and the precipitate which formed was filtered and 
air-dried. The crude product was purified by dissolving in a 

(9) Elemental analyses performed by Meade Microanalytical Laboratory, 
Amherst, Mass. 


