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about 15 hr. The addition of 5.0 ml. of pentane to the reaction
mixture completed the precipitation of the product. The
nearly colorless solid was separated by centrifuging and dried
in vacuo. The compound was purified by dissolving it in 50
ml. of boiling chloroform, filtering, and concentrating to about
30 ml. and then adding 100 ml. of ether. The compound soon
crystallized. Another crystallization by the same procedure
gave 0.5 g. of very pale yellow needles with the properties given
in Table I.

Methylrhodium Chloroiodocarbonylbis(tri-z-butylphosphine).
—A solution of 3.0 g. of RhCI(CO)[P(n-CHg)]e in 3.0 ml. of
methyl iodide under nitrogen in a capped tube was allowed to
react for 15 hr. at room temperature. The excess methyl
iodide was evaporated in vacuo and the residue was recrystallized
first from pentane containing a little ether with cooling to
—80°, then from hexane with cooling to 0°. There was obtained
2.43 g. of pale yellow prisms. Another crystallization from
pentane with cooling to —80° gave the samples whose properties
are reported in Table I.

Acetylrhodium  Chloroiodocarbonylbis(tri-z-butylphosphine).
—A solution of 1.0 g. of CH;RhCII(CO)[P(n-CiHy)s]» in 10 ml. of
purified tetrahydrofuran was stirred magnetically in a 30° bath
under 1 atm. of carbon monoxide until gas absorption stopped.
A total of 45.0 ml. of gas was absorbed in about 48 hr. and the
reaction stopped. The solvent was then removed iz vacuo at 30°
and the dark residue was extracted with warm methanol. The
methanol solution was decanted from a dark oil which separated
first. On cooling, orange crystals separated from the methanol
solution. Another crystallization from methanol and one from
pentane gave about 0.2 g. of material with the properties listed
in Table I. Tlie reaction was also carried out under 30 p.s.i.
of CO and in methylene chloride, instead of in tetrahydrofuran,
but the gas volume change could not be accurately measured
because of the high vapor pressure of the methylene chloride at
30°,
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Rhodium Trichlorocarbonylbis(triethylphosphine).—A solu-
tion of 1.0 g. of RhCI(CO)[P(C:H;);)2 in 5.0 ml. of carbon tetra-
chloride was allowed to react at room temperature for 15 hr. in a
capped tube under niiro_gen. The infrared spectrum showed
that the starting compound had completely reacted by then.
Evaporation of the unreacted carbon tetrachloride at room
temperature left a partially crystalline residue. Addition of
pentane caused complete crystallization of the residue. Then
crystallization from ether with cooling to —80° gave 0.2 g. of
bright yellow prisms with the properties indicated in Table I.

Methyl trichloroacetate reacted with RhCI(CO)[P(C:Hj)sl»
in a completely analogous way to give the same product. The
fate of the methyl trichloroacetate or of the carbon tetrachloride
in the above reaction was not determined.

Rhodium Chlorodibromocarbonylbis(tri-z-butylphosphine ).—
In a capped tube under nitrogen, 0.5 g. of RhCI(CO)[P(%-
C¢Hy)s]2 was dissolved in 2.0 ml. of methylene chloride. A solu-
tion of 2.0 g. of bromine in 2 ml. of methylene chloride was in-
jected. After reacting for 1 hr., the solvent was evaporated and
pentane and a little ether were added to dissolve the product.
On cooling to —80°, the product crystallized. Recrystalliza-
tion, three times from methanol, yielded 0.3 g. of orange prisms.
The properties are given in Table I.

Rhodium Chlorodiiodocarbonylbis(tri-z-butylphosphine).—A
solution of 0.5 g. of RhCI(CO)[P(n-CiHy )]z in 2 ml. of ether was
treated with a solution of 0.3 g. of iodine in 2 ml. of ether under
nitrogen. After standing overnight, the solvent was removed
in vacuo and the product was recrystallized three times from an
ether-pentane solution with cooling to —80°. There was ob-
tained 0.48 g. of red-brown crystals with the properties shown in
Table I.

Infrared Spectra.—All infrared spectra were taken on a Perkin-
Elmer Model 237B Grating Infracord. Each spectrum was
calibrated with a polystyrene film and the readings reported
should therefore be accurate to 5.0 cm. 1.
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A new series of six-coordinate complexes of the general type [MS;C¢R4]? with R = CF; (M = Cr,Mo, W, z =
0, —1, —2)and R=CN(M = Cr, V,z = —2; M = Cr; z2 = —3) has been prepared. These complexes
are similar to related bis complexes! ~* in that they contain metals stabilized in several different oxidation states
and complexes of given R and M can be interconverted by simple oxidation-reduction reactions. The syntheses
of all compounds are described in detail, and chemical stabilities are discussed in terms of polarographic half-
wave potentials. The results of magnetic susceptibility, electron spin resonance, and infrared studies are
discussed. Electron spin resonance results show the presence of a strong trigonal component in the octahedral
ligand field in complexes with a doublet ground state, and are not in agreement with the conventional do! or

Synthetic and Electron Spin Resonance Studies of Six-Coordinate Complexes Related

(a;*)! ground state.

Introduction

In a continuing series of investigations being carried
out in these laboratories, the synthesis and characteri-
zation of a large number of four-coordinate complexes
of the transition elements in which the metal is co-
ordinated only by sulfur have been achieved.!'™*
These complexes are of the general formulation [MS,-
CsR.])* in which the metal is coordinated by the biden-
tate czs-1,2-disubstituted ethylene-1,2-dithiolato group
RQC?SQ, in which R = CFs, CN, CeHs. One of the

(1) A. Davison, N. Edelstein, R. H. Holm, and A. H. Maki, J. Am. Chem.
Soc., 88, 2029 (1963).

(2) A. Davison, N. Edelstein, R. H. Holm, and A. H. Maki, Inorg. Chem.,
2, 1227 (1963).

(3) A. Davison, N. Edelstein, R. H. Holm, and A. H. Maki, J. Am. Chem.
Soc., 85, 3049 (1963).

(4) A. Davison, N. Edelstein, R. H. Holm, and A. H. Maki, Inorg. Chem.,
3, 814 (1964).

Probable electronic structures of these complexes are discussed.

most significant results of these investigations is the
discovery that these planar complexes undergo re-
versible and unusually facile electron-transfer reac-
tions which have permitted the synthesis of a wide
variety of complexes with total charge z = 0, —1, —2.
These complexes have been investigated by several
physical methods including electron spin resonance and
the probable electronic structures of several complexes
withz = —1, —2 have been discussed.2—*

The existence of electron-transfer reactions in the
four-coordinate series of complexes suggested that a
similar set of reactions might exist among six-coordi-
nate tris complexes of the type [MSiCsRs]". The
recent synthesis of [MoSsCs(CF;)s] by King?® is espe-
cially pertinent in view of the early isolation in the

(5) R. B. King, ibid., 3, 641 (1963).



2800

present study of salts of the anion [CrSsCs(CN)e]—.
If the chelate ring substituents are excluded, it is
apparent that these two complexes differ by three
valence electrons. The ready isolation and consider-
able stability of both complexes raised the possibility
that the complexes [MS;Cq(CF;)s] might be reducible,
and the complexes [MS;Cs(CN)s]~% oxidizable, in a
series of one-electron-transfer reactions. This pos-
sibility has been investigated in the present work and
the following complexes synthesized: R = CF;, M =
Cr, Mo, W, 2 = 0, —1, —=2; R = CN, M = C(Cr,
g= —2, —3, M=V, z= —2 Herein we report the
syntheses of these compounds together with the results
of electron spin resonance, magnetic susceptibility, and
infrared spectral studies. ’

Experimental

Preparation of Compounds.—Disodium cis-1,2-dicyanoethyl-
ene-1,2-dithiolate, Na$Co( CN),;, was prepared by the method
of Bidhr and Schleitzer.® Bis(trifluoromethyl)-1,2-dithietene
was obtained by the gas-phase reaction of sulfur and hexafluoro-
butyne-27 and the fraction boiling between 96 and 98° was used
in the following preparations. The compound was freshly
distilled before use. Tris(cis-1,2-ditrifluoromethylethylene-1,2-
dithiolato)molybdenum, [MoS¢Cs(CF3)s], was prepared in 609
yield using a modification of the procedure outlined by King.®

All melting points are uncorrected.

[CrS¢Cs(CF;)e] . —Cr(CO)s (2.20 g.) and (CF;).C.S, (6.78 g.)
were refluxed in ethylcycloliexane (100 ml.) under a nitrogen
atinosphere. During the first 30 min. there was rapid evolution
of carbon monoxide and the solution became intense red-purple.
After 4.5 hr. the mixture was allowed to cool slowly to ~50°;
at this point evolution of gas had almost ceased and further re-
fluxing caused marked decomposition of the product. The
brownish purple solution was filtered through a sintered glass
fuuinel and the product washed with cold 25-ml. portions of #n-
pentane until the washings were pale pink. The lustrous black
crystals (5 g., 689 ), which have a golden green sheen, were found
to be pure enough for the subsequent preparations. The product
is very sparingly soluble without reduction in dry z-pentane and
CH,Cl, giving a red-purple solution. An analytical sample was
obtained by Soxhlet extraction using z-pentane as solvent, m.p.
210-215° (sealed tube) with decomposition. The reaction when
carried out in methyleyclohexane for 70 hr. afforded a 559
yield. 4nal. Caled.: C, 19.73; H, 0.00; S, 26.34; F, 46.81.
Found: C, 19.53; H,0.07; S,25.98; F, 46.44.

[WSsCe(CF;)s) .—This complex was obtained by a procedure
similar to that for the preparation of [CrS¢Cs(CF3)s]. However,
niuclt longer reaction times were required.  In ethyleyclohexane
a reflux time of 72 lir. afforded a 36 yield; in n-octane a re-
flux time of 3 weeks was necessary to produce the same yield.
The product consists of lustrous black crystals having a pro-
nounced golden green slieenn.  No definite melting point (sealed
tube) was observed and sublimation begins at ~235°. The
compound is sparingly soluble without reduction in dry nonpolar
solvents giving purple-red solutions. Anal. Caled.: C, 16.71;
H, 0.00; S8, 22.31; F, 39.66. Found: C, 16.56; H, 0.06;
S,22.99; F, 40.06.

[(CeH;)4A8]2[M0S¢Ces(CF5)sj.—A suspension of 3.87 g. of
[M0SsCe( CF3)¢) in 100 ml. of ethanol was treated with 10 ml.
of lydrazine—ethanol (109 v./v.). There was imniediate
evolution of nitrogen and the solution became intensly blue.
The product precipitated immediatelv upon the addition of
tetraplienylarsonium cliloride (4.25 g. in 30 ml. of ethanol) as
small bright blue needles. Tliese were collected and washed
with two 10-ml. portions of cold ethanol. Recrystallization
from acetone-isobutyl alcohol followed by washing with isobutyl
alcoltol and n-pentane and drying in air gave 6.55 g. (857%) of
dark Dlue needles, m.p. >250°. Anal. Caled.: C, 46.77; H,
2.62; S, 12.49: F, 22.20. Found: C, 46.56; H, 2.62; S,
12.28; F,22.15.

[(CeH, 11A8):[WSeCe( CF3)5] .—A preparation exactly tlie same
as that for the analogous molybdenumn complex gave the product

{(6) G. Bihr and G. Schleitzer, Ber,, 90, 438 {1937).
(7 C. G. Krespan. J. Am. Chem. Soc., 83, 3434 (1961).
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as shiny red-purple needles in 75, vield, m.p. >250°. Anal.
Caled.: C, 44.24; H, 2.48; S, 11.81; F, 20.99. Found: C,

44.27; H, 2.60; S, 12.04; F, 20.73. The molybdenum and
tungsten salts are readily soluble in acetone, DMF, and dicliloro-
methane, giving intense blue and reddish purple solutious, re-
spectively,

[(CsH5)4AS]g[CrSsCs(CF3)s] .—The reduction of [CTSGCG(CF3>5]
was performed in exactly the same manner as in the preparation
of the molybdenum and tungsten dianious. In this case the
product is readily soluble in ethanol, and was isolated by drop-
wise addition of water to tlie dark green alcohol solution until
incipient crystallization occurred. The mixture was tlien cooled
in ice and agitated to precipitate the product as an olive-green
solid. The product was isolated, washed with 1:1 aqueous
ethanol, and twice recrystallized from acetone—isobutyl alcoliol to
give shiny black needles in 41¢, yield, m.p. 193-194° dec.
Anal. Caled.: C, 48.13; H, 2.69; S, 12.85; F,22.84. Found:
C, 48.10; H,2.67; S, 12.87; F,22.91.

[(CeH:)4A8] [CrSsCe(CF;3)) .—A miixture of 0.75 g. of [CrSs-
Ce(CF3)s) and 1.45 g. of [(CsH;)4As):[CrSsCe(CFy)e) in 100 ml.
of dichloromethane (dried over molecular sieves) was refluxed
for 3 hr. with the exclusion of atmospleric moisture. The dark
green solution was filtered from a small amount of unreacted
[CrSsCs( CF3)) (~10-20 mg.) and coucentrated to 30 ml. on a
vacuum line. Slow addition of 100 ml. of z-pentane (dried
over molecular sieves) caused the product to crystallize. Filtra-
tion followed by washing with two 20-ml. portions of dry #u-
pentane and dryiug in a desiccator over phosphorus pentoxide
gave 1.95 g. (909;) of shiny black crystals, m.p. 127.5-129°.
Anal. Caled.: C,38.82; H, 1.81; §,17.27; F,30.70. Found:
C,38.64; H,1.74; S,17.43; F, 30.49.

The analogous molybdenum and tungsten complexes were
prepared by an exactly similar procedure.

[(CeH:)As]) [M0OSCs(CF;)s] —The product was obtained in

0167 vield as dark blue crystals, m.p. 189-192.5°, Anal.
Caled.: C, 37.35; H, 1.74; S, 16.62; F, 29.54. Found: C,

37.27; H,1.76; S, 16.40; F,29.24.

[(CeH;).As] [WSeCe(CF3)s) .—The product was obtained in
949, vield as very dark blue (almost black) crystals, m.p. 177.5-
181°. Anal. Caled.: C, 34.71; H, 1.62; S, 15.44; F, 27.45.
Found: C,34.93; H, 1.71; S, 15.14; F,27.75.

The complexes [(CeH;s)iAs) [MSCs(CF3)e] (M = Cr, Mo, W)
are sparingly soluble (~107% M) without decomposition in dry
benzene and carbon tetrachloride, and are readily soluble in
dry dichloromethane. Treatment with basic solvents such as
acetone, DMF, and water causes slow reduction to the dianion.
For optimum yields in the above preparations all solvents must
be carefully dried.

[(CsH3)4A8]3[CrSeCe(CN )s] .—CrCl;-6H,O (2.67 g.) was dis-
solved in 60 ml. of distilled water and this solution was added to
a solution of 5.70 g. of Na:S,C2( CN )z in 150 ml. of distilled water.
The resultant solution was heated 15 min. on a steamn bath
during which time an intense brown color developed. Addition
of 12.7 g. of tetraphenylarsonium chloride in 100 ml. of 957%
ethanol produced immediate separation of a brown oily solid
which ‘rapidly solidified. The crude product was dissolved in
the minimum volume of hot DMF and crystallization was ef-
fected by adding water dropwise to the hot solution. Tlhe
product crystallized as small light brown needles which were
collected and recrystallized by the same procedure to give 11.30
g. (709%) of product, m.p. 239-244° dec. Anal. Caled.:
C, 62.18; H, 3.73; N, 5.18; S, 11.86. Found: C, 62.28;
H,3.68; N,5.27; S,11.82.

[(CeH;)sA8)o[CrSeCo( CN )s] . —[( CeHs)aAs]3[CrSsCo( CN)gl (5.41
g.) and [MoSCe(CF;)] (2.60 g.) were refluxed together in 600 ml.
of dry dichloromethane for 5 hr. The volume was reduced by
distillation of 400 nl. of solvent; then 600 ml. of dry benzene
was added slowly. Tle product which crystallized on standing
was collected, washed with benzene until the wasliings were
colorless, washed with 25 ml. of n-pentane, and air-dried to give
3.65 g. (89%) of shiny black crystals, m.p. 225-230° dec.
Anal. Caled.: C, 58.15; H, 3.25; N, 6.78; S, 15.53. Found:
C,57.52; H,3.33; N,6.58; S,15.40.

[(CeH5):AS8)2[VSsCe( CN )] .—Anhydrous vanadium trichloride
(1.90 g.) was added to a suspension of 7.0 g. of Na;$,Cy(CN); inn
150 ml. of dry freshly distilled tetrahydrofuran. On shaking
for 20 mnin. the suspended solids dissolved to give a dark green
solution. The solution was filtered and added to a solution of
15.0 g. of tetraphenylarsonium chloride in 150 ml. of ethanol.
The solid whicl immediately precipitated was collected, washed
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with ethanol, and then treated with 500 ml. of acetone. To
the clear dark green acetone filtrate water was added slowly
until incipient crystallization. The shiny black crystals isolated
were washed with absolute ethanol and air-dried to yield 8.3

g. (859;). Amnal. Caled.: C, 58.20; H, 3.26; N, 6.79; S,
15.54. Found: C, 58.32; H,3.41; N,6.75; S, 15.67.

Physical Measurements.—Measurements of magnetic su-
sceptibilities, electron spin resonance, conductivities, infrared
and electronic spectra, and polarographic half-wave potentials
were all made as previously described.?

Results and Discussion

The complexes which are the subjects of this investi-
gation are of the general type 1. All complexes syn-
thesized in this work are listed in Table I together with

results of conductivity and magnetic susceptibility
measurements. Inspection of the table reveals that
three isoelectronic series of complexes have been pre-

pared. These series are summarized as follows: series
I, (Cr, Mo, W)* (R = CFj); series 1I, (V)72 (R =
CN), (Cr, Mo, W)~ (R = CFy); series III, (Cr)—?

(R = CN), (Cr, Mo, W) 2 (R = CF;). In addition,
the existence of the following species is implied by the
polarographic half-wave potential measurements given
in Table II: (V)~ (R = CN), (Cr)~ (R = CN),
(V)= (R = CN). None of these species has been
isolated in the present investigation. As will become
apparent in the following discussion, a number of com-
plexes, especially those with R = CF;, display a range
of oxidative stability such that they can be intercon-
verted among these three series by simple oxidation-
reduction reactions.

TABLE 1

CONDUCTIVITY AND MAGNETIC SUSCEPTIBILITY DATA®

Compound Ab lOﬁxMcor peff, B.M.C
[CrSeCe(CF3)s) S Dia.d ..
[(C5H5)4AS] [CrSsCs( CF;)s]e 56 1508 1.89
[(CeHs)sAs]2[CrSsCo( CFs)s) 139 3638 2.95
[(CeHs)sAs]2[CrSeCe( CN )¢l 136 3499 2.89
[(CeH;)4As)3[CrSeCe{ CN)s) 208 6374 3.90
[MOSG s(CFs) ] N d .
[(CeHs)sAs] [MoSeCo( CF3)e]° 54 1336 1.79
[(CeHs)4As]2[M0SsCo CF3)e] 133 d
[W SsCs(CFa) ] S d ..
[(CsH3)sAs]) [WSeCe( CF3)e]° 60 1315 1.77
[(CsHs ) s])2[WSCos( CF3)s) 134 d .
[(CsH;)4As]2[VSeCo( CN)e]® 140 1398 1.82

a All data measured at ambient room temperature 23-26°.
* Cm.2 mole™® ohm~! in ~10~3% M nitromethane solutions.
¢ Calculated from the Curie law, werr = 2.84(x¥eorT)/2; all

measurements refer to solids. ¢ Accurate susceptibility not de-
termined, dianiagnetic. ¢ Susceptibilities are slightly dependent
on magnetic field strength.

The most obvious designations of the electronic
configurations for the three series of complexes, as
inferred from magnetic moments, would be d° d!, d?
for series I, I1, and III, respectively. As the following
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discussion will show, these d” and corresponding formal
oxidation state designations of the coordinated metal
are not all easily rationalized with the electron spin
resonance results. Such designations cannot be made
with certainty on the basis of existing information.

TaBLE 11

POLAROGRAPHIC HALF-WAVE POTENTIALS IN ACETONITRILE

SOLUTION

R Couple Ev/,, v.@
CN (V)3 = (V)™ 4 e~ —0.49
CN (Cr)=3=(Cr)~2 + e~ 40.16
CF; (W)2= (W)~ 4 e~ 0.32
CF; (Mo)™2= (Mo)~ + e~ 0.36
CN (V)2 = (V)™ + e~ 0.66
CN (Cr)~2 = (Cr)~ + e~ 0.76
CF, (W)= = (W)0 + e~ 0.88°
CF, (Mo)~ = (Mo)® + e~ 0.95°
CF; (Cr)==(Cr)® 4 e~ 1.14°

a Obtained using 0.05 M [(n-C;H7)sN](ClO,) as supporting
electrolyte, and a platinum electrode; all results corrected for
$R drop in polarographic cell. ? Potentials become more nega-
tive and diffusion current decreases upon successive measure-
ments in the same solution; these effects are probably caused by
electrode filming.

The physical studies reported herein deal principally
with the complexes of series II in which the metal is
subjected to an octahedral ligand field with an unusually
pronounced trigonal component. The synthetic studies
demonstrate the interrelationship of complexes of the
three series by simple oxidation-reduction reactions.
Unlike the four-coordinate complexes already studied,*—*
such interrelationships of six-coordinate complexes
by one-electron oxidation-reduction reactions have been
effected previously, most notably with hexacyanide®
and tris(dipyridyl)? species.

Synthetic Studies.—The starting point for the
synthesis of all complexes of the R = CF; series is the
reaction of bis(trifluoromethyl)-1,2-dithietene’ with
the group VI hexacarbonyls to produce [MSsCs(CFj)s]
(M = Cr, Mo, W). Ethylcyclohexane has been
found to be the most generally satisfactory solvent
for these reactions. The use of a lower boiling solvent
such as methylcyclohexane decreases the rate of re-
action considerably, especially in the tungsten re-
action, whereas the use of a higher boiling solvent
results in increased decomposition, which is most pro-
nounced in the chromium reaction. These reactions
are somewhat analogous to the reactions of the thietene
with Ni(CO), and Co.(CO)s to produce bis(thietene)
complexes.® As in these cases, the present reactions
are viewed as, in effect, oxidation-reduction reactions
in which the metal is oxidized to the IV or VI formal
oxidation state (the latter is believed to be less likely
as the following discussion demonstrates), and the
ligand reduced to the thietene radical anion or dianion.
These reactions tend to emphasize the strongly oxi-
dizing pseudo-halogenoid character of the thietene in
its reactions with carbonyls.?°

(8) For a recent review of cyanide complexes, see W. P. Griffith, Quart.
Rev. (London), 16, 188 (1962).

(9) S. Herzog, J. Inorg. Nucl. Chem., 8, 557 (19538), and subsequent
publications.

(10) Reactions of halogens and metal carbonyls result in oxidation of the
metal with the formation of metal halides or carbony! halides. A per-

tinent example here is the reaction of fluorine and Mo(CO)s at low tem-
perature to yield MoF; [¢f. R. D. Peacock, Proc. Chem. Soc., 59 (1957)].
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TaBLE III

ELECTRON SPIN RESONANCE RESULTS

Solution
Complex (g) (A), gauss
[CrSsCs(CFs)s] -
[M0SsCs(CF3)s] -

1.9941 = 0.0003¢
2.0097 =+ 0.0003°

16.3 = 0.5 (Cr33, I = 3/3)

12.2 &= 0.5 (Mo® %, I = 5/4)
JWSeCs(CFs)s] ~
[VSiCs(CN)s] -2

1.9910 = 0.0005*

[+
1.980 =+ 0.001® 63.3 = 0.5% (Vi1 1 = 7/y)

¢ Measured in dichloromethaie.
4 See footnote 11. ¢ Ag = [0.005 £ 0.002; see footnote 11.

Reference to the polarographic half-wave potentials
given in Table II shows that the neutral tris(thietene)
complexes, like the related bis(thietene) Ni(IV),
Co(IV), and Pt(IV) complexes, are very powerful one-
electron oxidizing agents. Comparison of these poten-
tials with those for the bis complexes* indicates that
[CrSsCs(CF3)¢] is the most powerful oxidant of all
such complexes thus far prepared. Treatment of
[MSsCs(CF;)s] with weakly basic solvents such as dry
acetone and dry tetrahydrofuran causes reduction to
[MSsCe(CF3)s]~.  This procedure is not recommended
as a preparative method for the monoanions inasmuch
as some reduction to the dianions also occurs. Treat-
ment with more strongly basic solvents such as DMF
causes complete reduction to the dianions, as does
reaction with hydrazine, which is the recommended
method of synthesis. As can be inferred from the
potential data* the dianions are stable to aerial oxida-
tion in solution. One-electron reductions of these
dianions could not be effected at potentials down to
—1.5v.

The monoanions are prepared in nearly quantitative
yield by utilizing the strong oxidizing tendency of the
neutral complexes as displayed by the following re-
actions carried out in dichloromethane solution with
M = Cr, Mo, W.

[MSsCe(CFs)s] + [MSsCs(CFs)s] =2 —> 2[MSeCs( CF3)s] =

Analytically pure salts can be directly isolated from the
reaction mixture.

In the R = CN series only chromium and vanadium
complexes were investigated. The species [CrSsCe-
(CN)s]7? is readily prepared and can be oxidized in
high yield to the corresponding dianion by treatment
with 1 equiv. of [MoSsCe(CF;)g]. Treatment of the
chromium trianion with 2 equiv. of [CrSsCs(CFj)e]
gave an impure product which could not be definitely
shown to contain [CrSsCs(CN)e]~, although the half-
wave potentials indicate that this ion should be the
thermodynamically favored product. Reaction of
VCl; and NaeS,Co(CN), in the presence of air produced
the oxidized product [VSsCe(CN)s] 2. It is clear from
the half-wave potential data that the trianion, which is
undoubtedly produced first, is readily oxidized by air.

The behavior of all tris complexes in solution with
respect to oxidative and reductive stability as inferred
from half-wave potentials is in good agreement with the
generalizations relating to stabilities previously ad-
vanced on the basis of potentials for the bis complexes.*
Again, the potential data reflect (for the chromium
complexes) the enhanced stabilization of the lower oxi-

b Measured in CHCl;—DMF (1:

Vol. 86
Glass, ~100°K.

Solvent 2y g1 [A |, gauss
CH;OH 1.995 + 0.002 1.995 = 0.002
CH;OH 2.011 &= 0.001 2.009 & 0.001 17.4 1.0 (4]

9.6 1.0 (A))
CH;OH 1.987 += 0.002 1.993 + 0.002
CHCl;~-DMF 1.974 =+ 0.003%° d.e 100 = 2 (A

45 =1 (4])
1 v./v.). ©No observable splitting from1 W88 (14.49,, I = 1/,).

dation states in complexes containing the strongly
electron-withdrawing cyano group compared to those
with R = CF;.

Electron Spin Resonance Results.—The molecular
symmetry of the tris complexes is taken to be D;,
in which case the one-electron ty,-orbitals are split
into a; + e,. The ez-orbitals are not further decom-
posed and are referred to as e,. In complexes of this
symmetry there is, strictly speaking, no distinction by
symmetry of metal-ligand ¢- and w-bonding. The
metal-ligand w-bonds and the local w-orbitals of the
chelate rings both span the representations A; 4+ A, +
E which, of necessity, also include the metal nd-,
(n + 1)s-, (n + 1)p-orbitals. The orbitals of interest
are properly designated a,*, e,*, e,* inasmuch as they
are antibonding orbitals of the general forms

Y(a*) = Cyled(ay) £ V1 — a?(s)] —
CLa(al) - CL’7r(a1)

Y(e*) = Cud(e) — Crole) — Cr'w(e)

in which the ¢- and w-orbitals are local molecular
orbitals of the chelate rings with the indicated sym-
metries. We define the energy differences e,* — a,*
and ey* — a;* as A, and A,, respectively. The d(a))
metal orbital is referred to as do.

The results of the paramagnetic resonance measure-
ments of the complexes [MSsCsRs]~ are given in terms
of the parameters of the spin Hamiltonian

s = Be [gHSsz + gL(Ssz + SyHy)] +
A8, + A (SL + S,I) (1)

for measurements on rigid glass solutions, and in terms
of

e = B(e)S-H + (A)S-1 (2)
for measurements made on fluid solutions. The

motionally averaged parameters, {(g) and (4) are
given to a good approximation by

&) = Yslg + 2g) (3)

and
<A> = 1/S(AH + ZAJ_) (4)

Implicit in the form of the spin Hamiltonian (eq. 1) is
the assumption of an axially symmetric ligand field.
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The spin Hamiltonian parameters are given in Table
II1.'' The g-values were corrected for second-order
shifts due to hyperfine interaction where present.

The most striking feature of the paramagnetic reso-
nance results is the lack of anisotropy of the g-tensor.
For each complex g = g,. We shall show that the
magnetic resonance data cast severe doubt upon the
most obvious electronic description of the series II
complexes as nd!. This configuration, specifically
de', has been found in tris(acetylacetonato)titanium-
(III),** which is the only other example of a com-
plex with trigonal symmetry having a doublet ground
state.

1. g-Values.—The g-values for a d! configuration
subjected to a trigonally distorted octahedral ligand
field were first given by Bleaney.!* His equations
are applicable only if A, >> A, and lead to g-values
which differ significantly from 2 if | ¢!, the one-electron
spin—orbit coupling constant, and A; are of a compar-
able order of magnitude. Inasmuch as the observed
g-values (¢f. Table I1I) are all very near 2, it is expected
that ¢! << A,, and that A, and A, are of comparable
magnitude, but with &; < A,. Under these conditions
second-order perturbation theory can be applied to
calculate g,; and g,. The observed g-values indicate
that the trigonal distortion leaves a,* lower than e,*.
1t should be noted that if the e,*-orbital were lowest,
the g-values would deviate considerably from 2 and the
complex would have a very short spin-lattice relaxation
time. Under the above conditions the g-values are!®

g = 2.00 (3)
g, =200 — 2 /A — 47 /A (6)

Recently McGarvey!? has obtained equations for g,
and g, which include the effects of covalency on the
metal orbitals. For 4; >> [{: his equations reduce to
the form of eq. 5 and 6 with the exception that [ is
replaced by R, ¢|, where R, is a reduction factor whose
value depends on the extent of delocalization of the
ground and excited state wave functions over the
ligand system. Molecular orbital theory predicts
12> Rg>05.

In Table IV those values of R, are tabulated which
would be required for consistency with the observed
values or upper limits of Ag = g, — g,. Values of
|¢| were obtained from Dunn,'® and A, and A, were
somewhat arbitrarily chosen as 10,000 and 20,000
cm.~!,'7 respectively. It is apparent that the g-

(11) In the vanadium complex, Ag was estimated from the relative widths
of the solution hyperfine lines (Fig. 1) using Kivelson’s expression!? for the
M) dependence of the line width. 1In the expression

1/T2 = 7r\/3((11 + (leMy + (13;1[12)
the ratio a:/as is — (7/2)AgHo/ (A" — A 1). Here 1/T; is the peak-peak
width of the Lorentzian derivative line associated with the nuclear quantum
state M1, and Hois the magnetic field for resonance at the center of the hyper-
fine pattern. 47 and 4 | were determined from measurements in the glass
and solution. The sign of Ag is not known since the signs of 41| and A1 are
not known.

(12) D. Kivelson, J. Chem. Phys., 88, 1094 (1960).

(13) B. R. McGarvey, 1bid., 38, 388 (1963).

(14) B. Bleaney, Proc. Phys. Soc. (London), A683, 407 (1930).

(15) J. S. Griffith, ""Theory of Transition Metal lons,” Cambridge Uni-
versity Press, 1961, p. 347.

(16) T. M. Dunn, Trans. Faraday Soc., 8T, 1441 (1961).

(17) These valites aite suggested from the optical spectra if the ground
state configuration is taken as (a1”)!. The hoice of A; and A:is not critical
so long as ’if‘ << Airand A, < As, which are the conditions necessary to ex-
plain the A, values i7 the configuration is (a1¥)1.
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Fig. 1.—E.sr. spectrum of [VS:Cs(CN)s] =2 in a 50:50 (v./v.)
solution of CHCl; and DMF at room temperature.

values are in poor accord with theory if it is assumed
that the metal configuration is (a;*)!. The orbital
reduction factors are in every case unrealistically small,
and in one case R, has the wrong sign.

TABLE IV

ORBITAL REDUCTION FACTORS REQUIRED FOR CONSISTENCY
WITH g-VALUE ANISOTROPIES®

Complex Ag ¢, cm, —1P Ry
[VSsCo(CN)e] 2 |0.005| 250 0.05
[CrSsCe( CFy)e] <0.002 380 <0.013
[MoSsCs(CFy)s] = 0.002 1030 0.005
[WSeCs( CFy)e] -0.006 >2000°  (—) <0.008

e d! configuration assumed. ? Values from ref. 16. ¢ As.

sumed lower limit.

2. Anisotropic Hyperfine Interaction.—The aniso-
tropic part of the hyperfine interaction tensor, with
principal values ¢,| = 4, — (4) and ¢, = 4, —
(A4), was observed in [VSsCe(CN)e]=2 and [MoSsCs-

(CF3)s]~. Ignoring small terms, McGarvey’s eq.
11 and 123 can be reduced to
a) = 4P<1/73>av(Ra/7) (7)
a, = —2P(/r)w(R/T) (8)

in which P = 2gxB.8n and R, is an orbital reduction
factor having effectively the same theoretical limits as
Rg; gn is the nuclear g-value and By the nuclear mag-
neton. The value of (1/r%),, was calculated from the
SCF functions of Watson®® for V(IV) in the configura-
tion 3p%3d!, while this quantity was calculated for
Mo(V) in the 4p®4d* configuration from the relationship
given by Trees' between (1/r%),, and { for the free
ion. The values of (1/7%,, so obtained are 2.50 X
10% cm. =3 (V) and 3.4 X 10% c¢cm.~?® (Mo). The cal-
culated values of |a| | are 107R, gauss for V®! and 36R,
gauss for Mo% ~ Mo*. Comparison with experi-
mental values gives R,(V) = 0.34 and R.(Mo) = (.14,
both well below the theoretical lower limit for R, as-
suming the (a,*)! configuration. It is to be noted that
for a well established d! configuration in a trigonally
distorted octahedral ligand field, McGarvey!® finds
|4, > |4, | in contrast with these results where |1 | <
14|, These results cast serious doubt upon the identi-
fication of the ground state as (a,*)*.

3. Isotropic Hyperfine Interactions.—In transition
metal complexes isotropic hyperfine interaction can
arise from two mechanisms: (a) direct admixture of
the (» 4+ 1)s wave function into the nd™ configuration,

(18) R. E. Watson, Technical Report No. 12, Solid State and Molecular

Theory Group, M.1.T., Cambridge, Mass., June 15, 1959.
(19) R. E. Trees, Phys. Rer., 92, 308 (1953).
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and (b) the admixture of excited states by configura-
tion interaction leaving fractionally unpaired s-elec-
trons. The latter mechanism was suggested by
Abragam.? Both mechanisms are operative in Dj
symmetry since s- and de-orbitals both transform as
A, thus allowing direct mixing of these orbitals.
Values of (4) expected for the configurations np®-
(n 4+ 1)s! have been calculated in order to obtain an
estimate of an upper limit for the direct admixing of
the s-function with a ground state d, wave function
principally on the metal. The isotropic hyperfine
interactions were estimated from an equation of
Goudsmit,?! as modified by Trees,!® and using configura-
tion energies tabulated by Moore.??

Mechanisms (a) and (b) both contribute to (4) in-
dependently and it is difficult to assess individual
contributions from each. For V?®(d') the magnitude
expected from (b) can be taken from VO™? hydrate
which has (4) = 118 gauss.?® In this case (a) is
ruled out on symmetry grounds.?* Reference to Table
V shows that (a) would become dominant in [VS,-
Ces(CN)g] % if the admixture of 4s-orbital were as large
as 4-39,. The observed (4) = 63 gauss would be
inconsistent with anything more than about 3%, ad-
mixture of 4sinto the ground state,

TABLE V

CALCULATED ISOTROPIC HYPERFINE INTERACTION CONSTANTS
(A) POR THE CONFIGURATIONS np%(n + 1)s°

Nucleus n (4), em. 1 (A), gauss
Vil 3 0.39 4130
Crb? 3 -0.11 —-1170
Mo?% ~ Mo* 4 -0.20 —-2120

e All values obtained using g = 2.00.

4. Conclusions.—The paramagnetic resonance re-
sults are clearly inconsistent with an assumed d! metal
ion configuration in a trigonal field. The principal
discrepancies are summarized as follows: (a) g, 2
g, rather than g, < g, for each complex; (b)
4| > |4,| for [VSCs(CN)g]~? rather than the theo-
retically expected |4 | > |4, [; (c) g, =g, > 2.0023
for [MoSsCs(CF3)s]—; and (d) |a;|, the anisotropic
hyperfine splitting, is too small in [VSsCe(CN)g] ™2
and [MOSGCG(CF;;)G]_A

In order to rationalize these results the assumption
of D; symmetry is retained. It is then necessary to
assume that the odd electron resides in a molecular
orbital which is principally ligand in character. If
this is the case, the g-values would be determined to a
considerable extent by spin-orbit interactions with
ligand atoms, mainly the sulfur atoms. It is known
that sulfur-containing free radicals have g-values
considerably greater than 2.0023. Some recent values
are g; = 2,003, go = 2.035, gz = 2.053.% It is possible
that if the orbital of the odd electron were principally

(20) A Abragam, Phys. Rev., 79, 534 (1950).

(21) S. Goudsmit, ibid., 43, 636 (1933).

(22) C. E. Moore, ""Atomic Energy levels,” U. S. Bureau of Standards
Circular No. 467, 1049,

(23) R. N. Rogers and G. E. Pake, J. Chem. Phys., 83, 1107 (1960).

(24) In VO(H:0)s*? the odd electron occupies a bz-orbital in Ciy sym-
metry; for detailed discussion see C. J. Ballhausen and H. B. Gray, /norg.
Chem.. 1, 111 (1962),

(23) M. G. Hodgson, S. A. Buckler, and G. Peters, J. Am. Chem. Soc., 85,
543 (1063).
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composed of ligand orbitals, g could exceed 2.0023,
as is observed in [MoS;Ce¢(CFs)¢]~. A similar ex-
planation might also apply to the anomalously high
g-value of [Mo(CN)s]—%.2% 1In the general case the
g-values would be determined by ligand and metal
spin-orbit interactions, and the observed g-values would
depend on the relative probability densities of the
wave function on the ligands and metal. The small
but observable values of {(4) could arise from an
exchange polarization of the metal s-electrons by the
unpaired electron,? even if the latter were principally
on the ligands. A mechanism resulting in a consider-
able metal anisotropic hyperfine interaction is difficult
to justify on the basis of a ligand wave function for
the odd electron, however.

We offer the suggestion that the complexes [MS;Cs-
(CF3)¢]~ and [VS¢Cs(CN)s]~? might reasonably be
considered to have a configuration d?! rather than 13d?,
in which 1 represents a molecular orbital localized
primarily on the ligands. This type of description
would follow if the energy of the lowest principally
metal antibonding orbital (a,*) were below the highest
filled symmetry orbital of the ligand system while the
orbitals e,* and e,* were above this orbital in energy.
Extended Hiickel-type calculations?® on the isolated
ligands R,C.S;~? give the following energies (R = H)
for the w-molecular orbitals designated in D; sym-
metry: —14.72 (a, + e), —13.47 (a; + e), —11.62
(az* + e*), —6.47 e.v. (a* 4 e*). It is assumed that
the energy order is not affected by ligand-ligand inter-
action. We point out that the a,* ligand orbital cannot
mix with the metal d-orbitals, but only with the (n +
1)psorbital, which is higher in energy. The ax* may
then be essentially nonbonding and heavily ligand in
character. The point at issue is whether a;* or a,* lies
lower; our results are in agreement with the order
a,* > a;* at least for the series II complexes. If
this order holds in the other series as well, electronic
configurations consistent with the magnetic suscepti-
bility and electron spin resonance results are as follows

z=0 M = Cr, Mo, W dz (S =0}

z= -1 M = Cr, Mo, W d2r (S = 1/y)

z2=-2 M=V diar (S =1/,
M = Cr diar (S =1)
M = Mo, W duz (S =0)

If correct, these configurations reflect the inability
of the thietene ligand system to stabilize the high
formal oxidation states V and VI. In Cr, Mo,
and W compounds these valence states have been
stabilized only when relatively electronegative and
nonpolarizable donor atoms, such as oxygen, fluorine,
and chlorine, are present in the coordination sphere.
The thietene ligand system may be sufficiently polariz-
able such that it will, in effect, lose electrons to the co-
ordinated metal rather than stabilize such high valence
states. Indeed, previous infrared studies* on bis-
(thietene) complexes have revealed the tendency of
the thietene ligand to lose electron density to the
metal as the formal oxidation state of the metal is
increased.

(26) J]. H. E. Griffiths, ], Owen, and I. W. Ward, Proc. Roy. Soc. (London),
A219, 526 (1953).

(27) ]. H. Wood and G. W. Pratt, Jr., Phys. Rev., 107, 955 (1957); V.
Heine, ibid., 107, 1002 (1957).

(28) R, Hoffmann and R. H. Holm, unpublished work; the energies of the

lowest three orbitals are not appreciably altered from the above values when
R = CFzor CN.
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Infrared Results.—Previous work* on bis(thietene)
complexes has shown that reasonable inferences con-
cerning the qualitative extent of w-bonding between
the ligand and the central metal can be drawn from
the infrared spectra. The spectral feature of interest
is the stretching frequency of the perturbed C=C
portion of the chelated thietene rings. In salts these
absorptions are readily distinguished from those of the
tetraphenylarsonium ion, from which arise the only
other bands above 1350 cm.~!. The observed fre-
quencies are given in Table VI; these are seen to be

TaBLE VI

PERTURBED C=C STRETCHING FREQUENCIES IN
TuieTeENE COMPLEXES?

Complex? Frequency, cm. 7!
[CrSsCs( CFs)s] 1446
[CI'SsCs( CFs)s - 1484
[CrSsCe( CFa)s] —2 1511
[MOSGCG(CFa)s] 1455
[MoSsCe(CF3)e] 1508
[MOSGCG( CFa)s] 2 1538
[WSsCe( CF3)e] 1474
[WSeCs( CF3)e] ~ 1520
[WSsCe( CF3)s] ~2 1541
(CF3)2C252( neat) 1621

e Spectra of fluorolube mulls. ® Measurements of salts refer

to the tetraphenylarsonium salts.

substantially reduced from the free ligand value and to
lie in the range 1440-1550 cm.—!. The variation of
the frequencies is the same as with the bis complexes,
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viz., they increase for a given metal as the charge on the
complex increases, 7.e., as the formal valence state of
the metal decreases. The explanations of these varia-
tions in the bis and tris complexes are similar, and in the
tris complexes are consistent with the electronic con-
figurations proposed above. If in proceeding from the
z = 0 toz = —2 complexes the a,*-orbital becomes
occupied, the C=C frequencies should increase since
this orbital has a node between the carbons and sulfurs
and is bonding between the two carbons. That this
simple explanation by itself is not completely satis-
factory is seen from the observed frequency increase
from (Cr)~ to (Cr)—%. However, in the dianion the
e.* orbital may be occupied, in which case bonding
between ligand w-orbitals and the metal would be de-
creased.?®
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(29) It could be reasonably argued that filling the ai* and ey* orbitals
(with nonoccupancy of a:*) could cause the observed frequency trends since
both of these orbitals are x-bonding with respect to local w-orbitals of the
rings. Here we wish simply to point out that the infrared data are consistent
with the proposed electronic configurations but are inconclusive in establish-
ing them.
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Under the influence of bases (amines, cyanide, hydroxide) pyruvate (P~) ions are shown to be dimerized
and the dimer formation constant is evaluated. As has been observed with protons, Zn(11) ions also effect the
hydration of pyruvate on association. The cause seems to lie in the cooperative operation of field and inductive
effects, the former promoting the stability of ZnP Tqi,; and the latter destablizing ZnP Txeo. Pyruvate and
glycinate ions in 1.0 M concentrations react incompletely to give a solution containing pyruvate dimer, the
cis and trans forms of the ketimine, and one other major component, probably the carbinolamine. The rate
of the cis—trans isomerization is acid catalyzed and the separate isomer peaks merge into one when glvcine (GH)

is added. The presence of Zn(II1) or Ca(Il) inhibits dimerization by complexing the reactants.
in the “‘mixed”” MPG complexes appear to be condensed as either the Schiff base or the carbinolamine.
a period of 24 hr., transamination to give alanine is negligible.

base which is slow to tautomerize.

The role that Schiff bases and their metal ion com-
plexes play in transamination reactions has stimulated
much interest in these compounds.?”7 While most
attention has been focused on the highly significant

(1) (a) Supported by Grant GP-1627 from the National Science Founda-
tion; (b) National Science Foundation Summer Scholar, 1963.

(2) A. E. Braunstein and M. G. Kritzmann, Ensymologia, 2 (1937).

(3) L. Davis, F. Roddy, and D. E. Metzler, J. Am. Chem. Soc., 88, 127
(1961).

{4) ]. B. Longenecker and E. E. Snell, ¢bid., 79, 142 (1957).

(5) D. E. Metzler, tbid., 79, 485 (1957).

(6) H. Christenson, ¢bid., 80, 2305 (1958).

(7) (a) G. L. Eichhorn and J. W. Dawes, ibid., 76, 5663 (1954); (b) L. ]J.
Nunez and G. L. Eichhorn, ¢bid., 84, 301 (1962); (c) B. Witkop and T. W.
Beiler, ibid., 76, 5589 (1954).

The ligands
Over
Alanate and glyoxalate ions react to give a Schiff

The reaction is dramatically catalyzed by Zn(1I).

pyridoxal systems, metal ions have been shown to
catalyze a slow transamination between pyruvate and
glycine® and a faster reaction in the reverse direction
between glyoxalate and alanine.®

At least one possible role of the metal ions in these
last systems is to stabilize the Schiff bases by complex-
ing since many Schiff bases, particularly those in the
aliphatic series, are extensively dissociated in aqueous
solutions. Indeed with pyruvate and glycinate mix-

(8) H. Mix, Z. physiol. Chem., 318, 1 (1959); 323, 173 (1961); 328,
106 (1961).

(9) D. E. Metzler, J. Olivard, and E. E. Snell, J. Am. Chem Soc., 76, 644
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