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the MCD spectrum of Cr(dtp); at 20.38 kX which he
associates with the 2A; level. (No hint of a band at this
energy is seen in the absorption spectrum.) Within
the limits of the calculation we have made it does not
seem possible either to move the 2A; level near 20.38 kK
(without destroying the more certain parts of the fit,
i.e., the #Ty, and *Ty, manifolds) or to move the 2A,,
and *Ty, levels closer than ca. 5 kK to each other. In-
troduction of a large and (apparently) unlikely second-

R. G. CaveLL, W. ByERrs, aND E. D. Dayv

order trigonal term (v’) may suggest new assignments
not yet envisioned. More work is in progress on the
resolution of this ambiguity. We offer the assignments
and parameters of Table V as those which best fit the
data at this time.*

(45) NoTe ADDED IN ProorF.—Tomlinson has recently published ambient
temperature crystal spectra of Co(dtp): and Cr(dtp)s which are in essential
agreement with the ambient temperature results reported in this paper
[A. A, G, Tomlinson, J. Chem. Soc. 4., 1409 (1971)].
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The preparation and characterization of substituted dithiophosphinate [S;PX;~ (X = CFs, F, CH;, CeH;, and OC,Hs)]
complexes of chromium (I11) are described. The magnetic susceptibilities of the Cr(III) complexes over the range 90-303°K
follow the Curie-Weiss law with very small Weiss constants. The susceptibilities of the diamagnetic zinc complexes were
used to determine diamagnetic corrections for the ligands which for the most part agree with values calculated from Pascal’s
constants. Other properties of the Cr(III) complexes such as solubility, molecular weights, and mass spectral behavior
are consistent with their formulation as six-coordinated, monomeric chelates. The electronic spectra are analyzed in terms
of octahedral symmetry. The resultant Dg parameters of the ligands decrease in the order F ~ OC;H; > CH; ~ CF3; ~
CsH; with a distinct difference observed between the complexes with F or O bonded to phosphorus as compared to those
with P-C bonds and this difference is attributed to =-bonding effects. The complexes show relatively intense spectral
bands which can be attributed to the distortion from octahedral symmetry or the presence of substantial covalence in the
M-S bonding (B85 = 0.45) or more likely both. The infrared spectra of all of the complexes show a strong M-S stretch at

310-320 cm 1,

Introduction

Following the preparation and characterization of the
trifluoromethyl-!'? and fluorodithiophosphinic®~?% acids
X,P(S)SH it was of interest to investigate the properties
of metal dithiophosphinate complexes which are ob-
tained from the above acids and their salts. For com-
parison purposes related complexes of dimethyldithio-
phosphinie, diphenyldithiophosphinic, and bis(0,0’di-
ethyl)dithiophosphoric acids have been prepared. We
wish to report herein studies of a variety of substituted
trivalent chromium complexes® of these dithiophosphi-
nic acids. The 0,0’-dialkyl dithiophosphate complexes
Cr[(R0O)yPS:]; (particularly the ethoxy derivative) have
been known for some time”8 and now an extensive
series of alkoxy homologs has been investigated.®
While this paper was in preparation, the synthesis of
the Cr(S;PF;); complex from F,P(S)SH and chromium

(1) R. C. Dobbie, L. F. Doty, and R, G. Cavell, J. Amer. Chem. Soc., 90,
2015 (1968). -

(2) K. Gosling and A. B. Burg, tbid., 90, 2011 (1968).

(3) T.L. Charlton and R. G. Cavell, Inorg. Chem., 8, 281 (1969).

(4) R. W. Mitchell, M, Lustig, F. A. Hartman, J. K. Ruff, and J. A.
Merritt, J. Amer. Chem. Soc., 90, 6328 (1968).

(8) H. W. Roesky, F. N. Tebbe, and E. L. Muetterties, Inorg. Chem., 9,
831 (1970).

(6) Presented in part at the XIIth International Conference on Coordina-
tion Chemistry, Sydney, Australia, Aug 1969.

(7) (a) C. K. Jgrgensen, J. Iunorg. Nucl. Chem., 24, 1571 (1962); (b)
D. E. Coldberry, W. C. Fernelius, and M. Shamma, Inorg. Syn., 6, 142
(1960).

(8) J. R. Wasson, S. J. Wasson, and G. M. Woltermann, Inorg. Chem., 8,
1576 (1970).

metal was also reported;® however, spectral®? and mag-
netic properties®!® were only reported in summary.
The synthesis of the complex Cr[S;P(CsH;),]s from
chromium trichloride and the phenyl acid (CsHj).-
PS,H'1? and the synthesis and a dipole moment study
of Cr(S;P(C:H;)2]:'® have been reported. The com-
plexes of the (CyH;),PS,~ ligand have been recently re-
viewed.'* A brief report of the synthesis of Cr[S,PF-
(CoHs) |; along with a listing of the visible absorption
bands of this complex has also appeared.?

Experimental Part

Volatile air-sensitive compounds, particularly derivatives of
the fluoro and trifluoromethyl acids, were handled in a conven-
tional vacuum system, greased with Apiezon N stopcock grease.
Other systems could be handled in air or in dryboxes with typical
bench-top techniques. Syntheses of (CF;).PS;H!? and F,P-
S:H?®~?% have been described elsewhere.?®

Infrared spectra were obtained on Perkin-Elmer 421 and
Beckman IR-11 instruments. Ultraviolet and visible spectra
were measured with a Cary 14 spectrometer; diffuse reflectance

(9) F. N. Tebbe and E. L. Muetterties, ¢bid., 9, 629 (1970).

(10) C. K. Jdrgensen, Inorg. Chim. Acla Rev., 3, 65 (1968).

(11) P. Cancellieri, E. Cervone, C. Furlani, and G. Sartori, Z. Phys.
Chem. (Frankfurt am Main), 62, 35 (1968).

(12) R. N, Mukherjee, A. Y. Sonsale, and J. Gupta, Indian J. Chem., 4,
500 (1966).

(13) W. Kuchen, A. Judat, and J. Metten, Chem. Ber., 98, 3931 (1965).

(14) W. Kuchen and H, Hertel, Angew. Chem., Int. Ed. Engl., 8, 89
(1969).

(15) H.W.Roesky, ibid., 7, 815 (1968).

(16) The more convenient synthesis of (CF3):PS:H which we now use was
described by A, A, Pinkerton and R. G. Cavell, J. Amer. Chem. Soc., 98,
2384 (1971).
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TaBLE 1
ANALYTICAL DATA
Mol wt
% C % H: % N % S Found Found
Caled Found Caled Found Caled Found Caled Found Caled  (soln)® (mass spec)

NaS,P(CHjs).- 2H,0 13.04 12.76 5.43 5.48 e L
NaS;P(CHj), 16.21 16.03 4.05 4.48 ce e 43.20 42.40
NHS:P(CeHs)s 53.91 53.99 5.28 5.29 5.25 5.12 e
NaS,P(OCyHj;), 23.07 22.76 4.84 4.50 s . cee
Cr[S:P(CH;).)3 16.86 16.76 4.24 4.44 e e 428 415 428
Cr[S:P(CeHs)e)s 54.05 53.56 3.78 3.89 24 .05 25.156 799 729 799
Cr[S:P(OC,H; )]s 23.72 23.64 4.98 5.35 Ce. . 607 584 607
Cr[S;P(CF;))s . L . . 25.61 26.85 751 e 751
Zn[(Ce¢H;)PS:): 51.11 50,99 3.58 3.71
Zn[(CHj;).PS;], 15.22 15.47 3.83 3.91

@ Determined in CH;Br; by osmometry.

spectra were obtained with the Cary 1411 diffuse reflectance
attachment operating in type II mode. Magnetic susceptibili-
ties were measured by the Faraday technique over a range of
temperatures using a cryostat of our own construction. The
magnetic field was calibrated with HgCo(SCN), prepared as
described.’” Mass spectra were obtained by means of the direct-
probe sample insertion system of the AET MS9 mass spectrom-
eter operating at 70 eV.

Preparation and Dehydration of NaS;P(CH;),-2H,;0.—The
method employed is a variation of the synthesis of ethyl- and
propyl-substituted acid salts reported elsewhere.® Approxi-
mately equimolar quantities of tetramethyldiphosphine disul-
fide,!® sodium sulfide (Na,S-9H:0), and sulfur were mixed in a
three-neck flask equipped with an Njinlet, a stirrer, and a reflux
condenser. Dioxane was added (plus 1 ml of water per 100 ml of
dioxane) and the mixture was refluxed for 18-24 hr. The resul-
tant solution and slurry were filtered hot. Cooling the clear
filtrate yielded crude crystals and recrystallization from wet
dioxane (or, better, acetonitrile) gave crystals of NaS,P(CHjs).-
2H,0 with a melting range of 150-159°. Dehydration in vacuum
gave the anhydrous salt NaS;P(CH;): (mp 210-220°). The
weight loss was 0.266 g (9.22 mmol) from 0.830 g of hydrated
salt (4.48 mmol) thus confirming the formula NaS,P(CH;);-2H0.
Yields were generally good (>909) in all steps unless water is
omitted. Analytical results are given in Table I. The an-
hydrous salt product showed infrared absorptions (Nujol mull)
at 1295 (sh), 1290 (s), 1175 (w), 1085 (m), 1070 (m), 955 (sh),
950 (s), 940 (sh), 920 (s), 860 (m), 740 (m, sh), 726 (m), 680
(br), 627 (w, sh), 600 (s), 545 (w, br), 520 (w, br), 497 (m), 385
(sh), 870 (s), 281 (s), 238 (m), and 215 (w) ecm~'. No OH bands
in the 3600-cm ™! region were observed in the anhydrous salt.

Preparation of (CgH;)PS;"NH,*.—Crude commercial?® di-
phenyldithiophosphinic acid was dissolved in benzene and filtered
to remove insoluble materials. Anhydrous gaseous ammonia
was then bubbled into the solution whereupon immediate pre-
cipitation of the ammonium salt occurred. The product was
filtered and used without further recrystallization since the crude
product gave good analyses. The salt showed infrared absorp-
tions (Nujol mull) at 3200 (s, br), 1390 (s), 1280 (m), 1179 (w),
1100 (s), 1070 (w), 1028 (m), 1000 (m), 925 (w), 705 (s), 693 (s),
645 (s, br), 614 (), 562 (s), 525 (w), 493 (m), 483 (m), 448 (m),
245 (w), and 220 (vw) cm ™1,

Preparation of (C.H;0),PS;Na.—Anhydrous Na,CO; was
added to a hot ethanolic solution of commercial® bis(ethoxy)-
dithiophosphinic acid as described elsewhere.’”® After evolution
of CO, had ceased, the solution was filtered, concentrated, and
cooled to precipitate the desired salt which was recovered by
filtration and washed with ether. The infrared spectrum from
1200 to 400 cm™! (Nujol mull) shows bands at 1165 (w), 1100
(m), 1030 (s), 950 (m), 910 (s), 780 (m), 725 (s), 680 (s), and 560
(w) cm™1,

Synthesis of Chromium Complexes. (A) In Solution.—
Approximately 2 g of CrCl36H,0 in ethanol was added to a
solution of 3 g of M*S,PR,~ (R = CH;, CsHj;) also in ethanol

(17) B. N. Figgis and R. S, Nyholm, J. Chem. Soc., 4190 (1958).

(18) W. Kuchen, W. Strolenberg, and J. Metten, Chem. Ber., 96, 1733
(1963).

(19) H. Niebergall and B. Langfeld, sbid., 98, 64 (1962); H. Reinhard,
D. Bianchi, and D. Molle, $b4d., 90, 1657 (1957).

(20) Obtained from Columbia Organic Chemicals Co.

(mixed hot). On cooling, deep blue crystals of Cr(S;PR,); pre-
cipitated. The product was recrystallized from a 2:1 mixture of
chloroform—ethanol or 3:1 benzene—ethanol. The Cr[S,P-
(OC:Hs).]s complex was prepared as described elsewhere.”®

(B) From Anhydrous Acids.—The complexes Cr(S;PX,); (X
= F, CF;) were prepared by adding excess acid to anhydrous
chromium trichloride or to chromium metal under vacuum.
The acid was allowed to react in a sealed container until visual
observation indicated extensive reaction had occurred. Removal
of the volatile acid and HCl under vacuum left volatile Cr(S,-
PX.)s (X = CF;, F?) complexes which were purified by sub-
limation. The CF; complex sublimed at 55° and melted at
137-138°. The Cr[S;P(CF;)]s complex was analyzed by
alkaline hydrolysis in 109, NaOH solution which liberates one
CF; group (as CF;H) from each (CF;),PS;~ ligand.}? Anal.
Caled for Cr[S:P(CF3)]s: CFs, 27.6. Found: CF; (as CF:H),
27.2, 27.0.

Synthesis of Zinc Complexes.—Zinc complexes were prepared
as above either from zinc chloride and the salt of the ligand in
aqueous solution or from the reaction of zinc metal with the
F:PS:H? or (CF;),PS:H acids. Alkaline hydrolysis of the Zn-
[S:P(CF3)2]2 complex yielded 26.459, CF; (as CF;H) (caled
26.459%,), assuming, as above, that one CF; is liberated (as CF;H)
from each S, P(CF;3).~ ligand. The mass spectrum showed a
molecular ion at m/e 530 (caled for ZnSP:CiFi2: m/e 530).

Results and Discussion

General and Magnetic Properties.—All five Cr(I1T)
complexes are dark blue solids. Both the fluoro and
trifluoromethyl derivatives readily sublime under
vacuum at moderate to low temperatures. All of the
complexes are readily soluble in nonpolar solvents sug-
gesting, with the volatility, that the complexes have
monomeric structures which are confirmed by the solu-
tion molecular weights (Table I) and the X-ray struc-
tural determination?! discussed below. All of the com-
plexes show a parent ion in the mass spectrometer cor-
responding to the monomeric Cr(S;PX,)s formula. No
ions of mass greater than that of the parent were ob-
served. The molar paramagnetic susceptibilities of the
complexes and derived parameters are given in Table
IT (corrected only for the diamagnetic contribution
(Table I1I)). It should be noted that the ligand dia-
magnetic susceptibilities agree quite well with the val-
ues derived solely from Pascal's constants,?? with the
exceptions of complexes with X = OC,H; and CHs.
The reasons for this disparity are unknown. The mag-
netically dilute character of these Cr(III) complexes is
not surprising in view of their monomeric structures.
It was found that a small negative curvature in the
plots of /x vs. T could be removed by a temperature-

(21) M. J. Bennett and R. H. Sumner, unpublished results.
(22) P. W. Selwood, ‘‘Magneto-chemistry,” Interscience, New York,
N.Y., 1956,
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TAsBLE 11
MAGNETIC SUSCEPTIBILITIES OF Cr[S:PXs]; COMPLEXES
CHs CsH: OC:Hs F CFs
Temp, 108xp0°T, Temp, 103521%°T, Temp, 103y 0T, Temp, 108x 0% Temp, 108y 0%,
°K cgsu °K cgsu °K cgsu °K cgsu °K cgsu
303.2 6.29 303.2 6.34 303.3 6.162 303.3 6.35 303.3 6.28
293.3 6.50 293.3 6.53 293.3 6.36 293.3 6.56 293.3 6.50
283.2 6.73 283.3 6.77 283.3 6.59 283.3 6.78 283.3 6.66
273.3 6.96 273.3 6.99 273.3 6.82 273.3 7.02 263.3 7.19¢
263.3 7.22 263.2 7.24 263.2 7.09 263.2 7.28 253.1 7.44
253.0 7.50 253.0 7.53 253.0 7.37 253.0 7.57 243.2 7.75
243.1 7.79 242.0 7.87 243.1 7.67 243.1 7.86 233.1 8.07
233.0 8.124 233.0 8.17 233.0 7.99 233.0 8.20 223.2 843
223.2 8.46 223.2 8.53 223.2 8.36 223.2 8.65 213.3 8.83
213.4 8.85 213.4 8.92 213.3 8.75 213.3 8.94 203.4 9.22
203.5 9.27 203.4 9.36 203.4 9.18 203.4 9.37 193.2 9.67
193.2 9,740 193.2 9.85 193.2 9.67 193.1 9.85 183.2 10.17
183.3 10.27 183.2 10.35 183.2 10.20 183.2 10.38 173.2 10.78
173.2 10.852 173.2 10.95 173.2 10.78 173.2 10.95 163.1 11.42
162.8 11.53 163.1 11.62 163.1 11.45 163.1 11.61 153.4 12.14
153.5 12,242 153.4 12.36 153.4 12.18 143.2 13.20 143.2 12.95
143.2 13.09 143.2 13.19 143.1 13.06° 133.3 14.18 133.3 13.90
133.4 14.03 133.4 14.18 133.3 14.03 123.3 15.32 123 .4 15.06
123.4 15.17 123.3 15.31 123.3 15.19 113.8 16.58 113.6 16.31
113.7 16.40 113.6 16.60 113.6 16.48 103.4 18.22 104.7 17.52
103.3 18.01 103.3 18.22 103.3 18.13 87.7 21.45 92.9 19.64
95.9 19.35 92.9 20.232 96.0 19.49
TIP? X 10¢, cgsu
Empirical 211 158 33 227 223
Calcd® 153 153 145 145 153
Aed 0.518 (0.542) 0.517 (0.535) 0.537 (0.541) 0.515 (0.539) 0.519 (0.543)
Be.d 2.34 (0.18) 1.60 (0.09) —0.29 (—0.63) 1.90 (—0.16) 2.99 (0.80)
0,°K -5 (0) -3 () 0.5 (1) —4 (0) -6 (—1)
Metr, BM 3.93 (3.84) 3.93 (3.87) 3.86 (3.85) 3.94 (3.85) 3.93 (3.84)

e These values represent averages of several measurements at the same temperature.

contribution (TIP).
xu®" = C/(T — o).

TIP correction is used. ¢ See text.

TaBLE III
DIAMAGNETIC SUSCEPTIBILITY OF ZINC COMPLEXES AND LIGANDS®
108(—xm), cgsu 108(~~xnm), cgsu

Ligand Znl: Ligand Ligand ZnL: Ligand
- complex (L-)t (L) complex (L-)?
S;P(CHj;),~ 127 57 S:PF,~ 145 66
S:P(CeHs )™ 316 151 S;P(CF3),~ 222 104

S;P(OC:Hs):~ 154 70
o At 25°. b Ligand susceptibilities were calculated using
xalZn?*t] = —18.56 X 1078 cgsu®® for the zinc ion.

independent paramagnetic (TIP) correction to the sus-
ceptibility. These empirical TIP values can be com-
pared with the values calculated from the expression?®
8NB%2/10Dg which are also presented at the bottom of
Table IT along with the least-squares line parameters
derived from the TIP-uncorrected and TIP-corrected
(in parentheses) data. Reasons for the difference be-
tween calculated and empirically evaluated TIP con-
tributions in the case of Cr[S:P(OC:Hjs)2]; are unknown.
It isinteresting to note that the spin-only formula peg =
glS(S + 1)]"%, where g,, = 1.9905,2% gives a value
for the magnetic moment in excellent agreement with
the TIP-corrected values for all the complexes.
Infrared Spectra.—The infrared spectra, listed in
Table 1V, show in all cases a strong band near 315
cm~! which can be assigned to the M~S stretching vi-

(23) B. N. Figgis, “Introduction to Ligand Fields,” Interscience, New
York, N. Y., 1966.

(24) S. Gregorio, J. Weber, and R. Lacroix, Helv. Phys. Acta, 38, 172
(1965).

(25) N. 8. Garif’yanov, B. M. Kozyrev, and S. A. Luchkina, Zh. Strukt.
Khim., 9,901 (1968).

(26) J. Ortelli and R. Lacroix, Helv. Phys. Acta, 41, 1345 (1968).

b Temperature-independent paramagnetic

¢ The parameters 4 and B define the straight line 1/xy®" = AT + B. The Curie-Weiss law is used in the form
¢ Parameters of linear equation after application of the TIP correction are given in parentheses.

The empirical
COHS

CH,
w |

£

J_L_.
10000 15000 20000 25000

ENERGY (CM™)
Figure 1.—Visible absorption spectra of Cr(S;PX;); complexes

in CH:Cl; solution. Absorption scales are similar for all sys-
tems but not identical.

ABSORPTION (ARBITRARY UNITS)

3
i

bration? plus other bands appropriate to the ligand

structure for which assignments are indicated in Table

IV. Attempts to obtain Raman spectra of the com-

plexes from either the crystals or CH,Cl; solutions were
(27) D. M. Adams and J. B. Cornell, J. Chem. Soc. A, 1299 (1968).
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TABLE IV
INFRARED SPECTRA OF Cr(S;PX,); CoMPLEXES®*?
— X
CHs CsHs OC2Hs CFs F Assign-
ment
280 m 194 m
288 m 240 w
308sh  287sh 286 sh
313s 305s 315vs 307 s 316s v(M-S)
317 sh 325 m
352m 358w 352 i d
: 400w 380s  358(%
405s
448 w 475s
505 s 488s
585sh 526w
590 s 570 vs 536 m 539s 559 s »(P-8)?
590 w 550 w
610s
638 sh
640s 642(s,d 618s
658 628 sh
688 s 683 s
708s 700 s, br
780 s 720 sh
740 sh 745s
785 sh
840 m 850 vw 800 sh
850 w 812s
855 sh
895s } »(P-F)
925 sh
8556 m
900s
905s 920 vw
947 s
950 s 970 s
1000 m
1030 w
1070w
1105s 1015 s
1130w 1040 sh
1160w  1060sh
1185w 1105w
1313 m 1160w
1130 sh
1150
1160}5 »(CF3)
1175
1185 sh
1222 s 1205 s
1235w 1295 w

s As Nujol mulls between 400 and 1300 cm™!.  All values are
in em~L ? Abbreviations: v, stretching; 8, deformation; s,
strong; m, medium; w, weak; v, very; d, doublet; sh, shoulder.

unsuccessful due to strong internal absorption in all
cases. This result is to be expected in view of the lack
of luminescence observed in X = CgH;, OC:H; com-
plexes.'t Exciting lines in the near-ir region might be
more useful in these systems.

Electronic Spectra.—The spectra for the five com-
plexes of the form Cr(S;PX,); (where X = CFj, F,
CH;, CsH;, OCH;) are very similar to one another
indicating that the range of ligand substitution en-
countered here has only a small effect on the MS,
chromophore. Solution spectra (in CH,Cl) illustrated
in Figures 1 and 2 are essentially identical with the dif-
fuse reflectance spectra of the solids for all of the com-
plexes indicating the absence of dramatic structural
changes upon dissolution and confirming the monomeric
chelate structures suggested by gross physical proper-
ties. The electronic spectral band positions obtained
on CH,Cl; solutions are given in Table V. The most
noticeable feature is that the bands are considerably
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CeHs
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CH,

<
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-

PRIV I DTN B
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ENERGY (CM™)

Figure 2.—Ultraviolet absorption spectra of Cr(S,PX;); com-
plex in CH,Cl; solution. The absorption scale pertaining to the
CeH; derivative has been multiplied by a factor of 3 to improve
clarity of presentation. The others are displayed with similar
(but not identical) absorption scales.

more intense than is usual for octahedral Cr(IIT) com-
plexes, and although this and other work’2:5-28:2% suggest
a high degree of covalency in the bonding of the biden-
tate chelate PS; unit, the enhancement of the electronic
spectral intensity of the d-d transitions must also in
part be due to the lack of a center of symmetry in the
complex.” A complete erystal and molecular structural
determination?' of the complex Cr[S;P(CHjs).]; shows
that the molecule has D; symmetry with all metal-sul-
fur bonds essentially equivalent at approximately 2.43
A and all sulfur—phosphorus distances are likewise equiv-
alent at ~2.00 A. In addition the Sg coordination en-
vironment is not a regular octahedron but representa-
tive of the D; symmetry. This structure is very similar
to that of V[S;P(OC:Hj),]s reported®-3! while this work
was in progress. The complex is therefore more prop-
erly regarded as a trigonally distorted octahedron as has
been assumed elsewhere.?*> A notable feature of the
structure® is that the MS;P ring is not planar but rather
is folded about the S-S axis by about 3-10° suggesting
that the ligand may be rather flexible. Itisappropriate
to mention here that although the crystals are dichroic™
and the single crystals which are obtained appear to be
composed of only one optical enantiomorph,?! attempts
to determine the optical activity in solution or to mea-

(28) R. G. Cavell, W. Byers, E. D. Day, and P. M. Watkins, unpublished
observations,

(29) J.R. Wasson, personal communication.

(30) C. Furlani, P. Porta, A. Sgamellotti, and A. A. G. Tomlinson, Chem.
Commun., 1046 (1969).

(31) C. Furlani, A. A. G. Tomlinson, P. Porta, and A. Sgamellotti, J.

Chem. Soc. A, 2929 (1970).
(32) C.K.Jgrgensen, Mol. Phys., B, 485 (1962).
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TABLE V
ELECTRONIC SPECTRA OF Cr[S,PX,]; CoMpPLEXES*

10 -8y (105f), em 1
X

CsHs CH;
12.5 (34)° 12.61 (48)
I {13,65 (333) 13.70 (263)
16.4 (46> 14 8 (81)
- (1810 (279) 18.3 (241)
11924 (32)¢ 19.5 (36)
I 27.04 (10,950) 27.4 (9354)
(31.90 (34,100) 31.2 (8488)°
33.75 (8169) 34.1 (32,120)
N 37.03 (46,000)
CT and intraligand 140,82 (30, 560)° 39.2 (9202)
43.5 (1846)
46.7 (255,800 46.6 (63,160)

@ Oscillator strength (f) given by f = 4.60 X 107 Pemaxv1/1, max.

indicated in the spectrum by a shoulder or pronounced inflection of the curve unless otherwise noted.
¢ Inflection noted but component not readily resolved.

analysis only. No inflections are observed.
and exact position is uncertain,

sure the circular dichroism were unsuccessful probably
because the ligand is sufficiently flexible to permit rapid
racemization upon dissolution.

On an octahedral model three spin-allowed d-d transi-
tions are expected (Figure 3) but the *Ti (P) < %A,

Mgl “A,(P)
“E(P)
AT‘SE.:; _____ ‘l‘\:z_(F)
4E'(F)
Toglf) .- £1fF)
TEw
10Dg ora

$adR) | al

O Dy

Figure 3.—Sketch of symmetries of one-electron energy levels
in O and D; Cr(I11) systems. The Oy levels are given in the
correct order for the dithiophosphinate systems but the Dj
levels are uncertain. The primes denote levels of the same sym-
metry in D; which correspond to different levels in Oy.

transition is generally submerged under charge-transfer
and intraligand transitions in the near-uv spectra,® and
this appears to be the case here also although there are
indications that y; can be detected in some cases. We
can assign with relative certainty bands I and IT to the
“Ty < *Ay, and 4T, (F) < *A,, octahedral transitions, re-
spectively. The asymmetric appearance of the bandsis
in keeping with the D; symmetry of the complexes which
will split the T states into A and E components (Figure
3) so that, instead of three, six transitions are expected.
If the actual deviation from O, symmetry is not largehow-
ever (as is suggested by the crystal structure determina-
tion) the “octahedral’” bands may simply be broadened by
the distortion and not actually separated. Infact only
in a few cases do bands I and II show any sign of split-
ting which could be ascribed to the reduction in the
microsymmetry of the complex although these bands are
relatively broad. Other possible sources of asymmetry
and/or splitting in these bands such as first-order spin-

(33) A. B. P. Lever, “Inorganic Electronic Spectroscopy,”’ Elsevier, Am-
sterdam, 1968.

CFs F OC:H;
12.6 (15) 13.0 (17)° 12.95 (33)°
13.7 (265) 14.4 (367) 14.38 (404)
15.5 (15)

18.1 (229) 18.95 (340)
19.1she 18.95 (293)

27.4 (9407) 28.70 (6879)°

32.4 (28,280) 31.5 (20,780) 31.91 (16,310)

34.6 (9559)¢ 35.8 (20,430) 35.63 (26,030)

39.6 (3102) 39.7 (7900) 38.93 (14,610) ¢
42,5 (1397) 41.85 (4620)

44 .5 (69,840) 46.6 (37,800)° 46.43 (3250)

The components which are resolved by gaussian analysis are clearly

b Component resolved by gaussian
¢ Component extracted is broad

orbit coupling or the appearance of spin-forbidden
bands is less likely because of the small spin-or-
bit coupling constant in Cr(II1) complexes (~40 cm—1)8
and because the spin-forbidden bands are expected to be
sharp in Cr(III) complexes. Gaussian analysis of the
spectral bands?* shows that the asymmetric bands can
generally be satisfactorily broken down into two com-
ponents, one of which is usually much more intense than
the other.

The smaller component of the »; band could be due to
the 2E,, Ty, < *A,, spin-forbidden transitions fre-
quently observed in octahedral Cr(III) spectra;!!:?3:3
however, this does not explain the components which
can be similarly extracted from »;. Also, these spin-
forbidden transitions are expected to be weak and sharp
in contrast to the broad components which are obtained
by this procedure. A more likely alternative is to assign
the components of »1(¥Ty, < *As, in Oy) to the *A; <
*A, and ‘E < ‘A, transitions in D3, Both of these tran-
sitions are orbitally allowed and should exhibit polariza-
tions in the z and xy directions, respectively. In the
same fashion the components of »o(*T,(F) < A, in
0;) could be assigned to the *A;(F) < %A, orbitally for-
bidden transition (which should be weak if it can be
observed at all) and the ‘E(F) <« *A; allowed transi-
tion (with xy polarization) in Ds;. The structure of »;
should be similar to that of »; since the symmetry of »,
and p3(*T1,(P) < *As, in O;) transitions is the same.
More detailed understanding of the spectra will however
require single-crystal polarization and low-temperature
spectral studies. 35>

Since the distortions from the octahedral structure
are relatively small and because there is a lack of sup-
porting detailed spectral data, the spectra have been
analyzed in terms of the octahedral model and the octa-
hedral parameters Dg and B’ have been extracted in or-

(34) A program BIGAUSS has been developed to analyze spectra obtained
on a wavelength base into gaussian or bigaussian components on a linear
energy scale. Our FORTRAN program was developed from an ALGOL pro-
gram supplied by J. P. Fackler, Case Western Reserve University, We
thank Dr. Fackler for supplying this program.

(35) L. 8. Forster, Transition Metal Chem., 8, 1 (1969).

(35a) NOTE ADDED IN PROOF.—A recent single-crystal spectral study
of Cr[S:P(OC:Hs)2]3 in a matrix of In[S:P(OC:Hs):13 [A. A. G, Tomlinson,
J. Chem. Soc. A., 1409 (1971)] also suggests that the splitting in v is due to
the presence of two orbitally allowed components in Dy. The splitting in »
is however attributed, on the basis of point charge calculations, to the near
coincidence of the orbitally allowed 4E < %A, and the spin-forbidden ?E,
2A; <= 4A, transitions, with the high intensity of the latter being attributed
to the proximity of these two bands.
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der that they may be compared with those obtained
elsewhere for similar complexes.’™'! In general the er-
rors arising from this procedure will be small because it
appears that small structural distortions have their
greatest effect on the intensities of the electronic transi-
tions rather than upor the energies of the transitions.
Using the listed Dg and B’ values given in Table VI, the

TABLE VI

OCTAHEDRAL LIGAND FIELD PARAMETERS OF CHROMIUM (II1)
D1tHIOPHOSPHINATE COMPLEXES Cr[S;PXs]s

Ligand Ligand

sub- sub- ¢

stituent Dg, B/, stityent Dg, B/,

(X) cm~t cm 1 Bss (X) cm~1 cm~l B
CeHs 1365 422 0.46 F 1440 432 0.47
CH; 1370 439 0.48 OC,H; 1440 432 0.47

CF; 1370 416 0.45

band center of »3(#T1,(P) < *A,,) is to be expected near
29,000 cm™! for the X = CFs, CHs, and CeH; com-
plexes and distinctly higher (near 32,000 cm™) for
X = F and OC;H; complexes. All of the complexes
except the fluoro and ethoxy complexes exhibit
pronounced shoulders near 27,000 cm~* which can be
readily resolved from the underlying intense absorption
and it is tempting to assign this band (III) to »; in the
X = CFs;, CHjs, and CsHs complexes. The intensities
quoted are derived from an arbitrary gaussian analysis
and are undoubtedly unrealistically large; although s
might be expected to be somewhat more intense than »
or y; because of intensity borrowing.®® In the spectra of
the complexes with X = F and OC;H;s no pronounced
feature is present in the 25,000-30,000-cm~! portion
of the spectrum although in the latter case an inflection
on the side of the strong absorption can be transformed
into a gaussian component. The arbitrary nature of
this procedure however makes it more desirable to as-
summe that »; is not observed in these two complexes but
is hidden under the intense charge-transfer absorptions
in this region.

The remaining uv bands are almost certainly charge
transfer and intraligand in origin particularly in view of
the relative simplicity of the spectra of the X = F and
OC:Hj; complexes in this region and the complexity of
the spectrum of the X = CgH; complex. The low-
energy absorptions observed for the corresponding ferric
complexes® and the reducing nature of the ligands
strongly indicate the direction of charge transfer to be
from the ligand to the metal. The general similarity
of the major bands occurring in this region further con-
firms the interpretation that this region of the spectrum
of these and similar complexes originates in the MS,
chromophore.??> Only a qualitative interpretation of
this region of the spectrum can be advanced at present.

The Dg values obtained from the visible spectrum,
taking the weighted band maximum of band I as 10-
Dg,**3 can be classified into two groups; the compounds
in which carbon is directly bound to phosphorus (X =
CF;, CH;, and CeHs) have Dg =~ 1370 ecm™! while those
in which O or F is directly bonded to phosphorus (X =
F, OC.H;) have Dg some 70 cm™! higher (1440 cm™1),

(36) E. D. Day, W. Byers, P. M. Watkins, and R. G. Cavell, unpublished
results.

Inorganic Chemistry, Vol. 10, No. 12, 1971 2715

While this trend is not large, it does appear to be real as
a similar effect is observed? in the spectra of the vana-
dium(III) complexes (d?). The trend in Dg cannot be
attributed to inductive effects of the X group since the
(CF;),PS;~ complexes should then differ from the
(CH;),PS;~ complexes. Rather it is more reasonable to
propose that lone pairs on the O or F substituents when
directly bound to phosphorus are involved in = back-
donation to the “d’ orbitals of phosphorus which in-
creases the electron density on sulfur since the sulfur
lone pairs will then be less strongly pulled into the PS,
m system. This increase of electron density on sulfur
would be expected to raise both the o*(e,) and the
T*(tsg) levels with respect to the sulfur lone-pair elec-
trons. The shifts of charge-transfer bands to higher
energies in F and OC.H; complexes support this inter-
pretation. Also further support is derived from the ob-
servation that these two ligands appear to be less reduc-
ing than the other three suggesting an increased gap be-
tween sulfur and metal orbitals.

The Racah parameter, B’, was obtained by analytical
solution of the equation for the d® system which relates
B’ to », v, and 10Dgq given elsewhere.’® Weighted
band maxima obtained from the values given in Table
V were used for the calculation. The nephelauxetic
parameter, 85, was obtained by comparing the calcu-
lated B’ value with the free-ion B value®® of 918 cm™2,
The value of B’ varies with the substituent X (CH; >
F = OC.H; > C¢Hs > CF3) but since the range of val-
ues is small (439-416 cm ') and B’ may be regarded as
essentially equal within experimental error, no signifi-
cance should be ascribed to the apparent order. The
reduction of B’ from the free-ion value is however sub-
stantial (83 = 0.45-0.48) and this has been taken to in-
dicate substantial covalency in the metal-sulfur bond-
ing’™#® which is not unexpected. Other factors can,
however, create similar effects® and this conclusion is
only qualitative.

The “‘soft”’ character of the dithiophosphinate ligands
and the availability of the sulfur electrons leads to their
ability to act as reducing ligands. Itisnotable however
that no evidence for Cr(II) complexes has yet been ob-
tained in this system even in the reaction of chromium
metal with (CF;),PS;H which provides the most favor-
able case. Preliminary polarographic studies of the
Cr[S:P(OC,Hs): s complex show no evidence for any re-
duction processes at the dropping mercury electrode;
however, an oxidation step is observed. Further
studies on the chemical behavior of these complexes is
warranted as is a study of electronic spectral and mag-
netic effects of single crystals and diluted crystals in or-
der that the behavior of these interesting dithiophos-
phinate chelates can be more clearly understood.
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