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More than 30 years ago, Cambi and his coworkers
reported! that tris(V,/V-diorganodithiocarbamato)iron-
(III) complexes exhibited solid and solution magnetic
moments which were intermediate between the two
values normally observed for iron(III) complexes (high
spin, u >~ 5.9 BM; low spin, u &~ 2.0 BM). Cambi
suggested an equilibrium between two ‘‘magnetically
isomeric” forms of the compound to account for the
anomalous behavior. Subsequent workers have indi-
cated that the apparent spin state is sensitive to tem-
perature, pressure, and the nature of the nitrogen sub-
stituent in the dithiocarbamate ligand. These prop-
erties have been interpreted as those of a system in
which the 8A; and 2T, states (assuming octahedral sym-
metry) are in thermal equilibrium.?2~* Such a system
is in spin-crossover equilibrium. Octahedral spin-
crossover systems have recently been reviewed by
Martin and White.?

Ewald, Martin, Sinn, and White? have proposed that
the principal trend influencing the magnetic behavior
of these complexes is an increasing R-N-R bond angle
resulting from steric interactions between the nitrogen
substituents.

This study, however, indicates that the primary func-
tion of the substituent, R, is as an electron-releasing
group. Steric interactions appear to be relatively un-
important, except when a secondary carbon is the sub-
stituent. Further, in contrast to Ewald, et al.,® it is
maintained that limiting form I (vide infra) is the struc-
ture having the stronger ligand field and is of greater
importance when magnetic moments are low.

Experimental Section

The tris(N,N-diorganodithiocarbamato)iron(II1) complexes
were prepared by published methods.*

The solution magnetic moments were determined at room
temperature in chloroform and, in a few cases, benzene, by the
Gouy method.? For most of the compounds the measurements
were performed at two or more concentrations and, for many, at
two fleld strengths (~8000 and ~5500 G). A ground-joint
stoppered Pyrex Gouy tube of the compensating type® was used.

Constitutive and diamagnetic corrections® were applied to the
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measured susceptibilities. The reported corrected magnetic
morments, wers, were obtained from

peit = 2.83Vxu'T

where xy’ is the corrected molar susceptibility, 7 is the absolute
temperature, and the constant 2.83 was calculated from recent
accepted values of the component constants.’

The error in the magnetic moment data is estimated on the
basis of reproducibility with different samples to be no greater
than #=0.1 BM.

Amine basicities not available from the literature were mea-
sured by pH determination in aqueous solution or in water—
alcohol solutions. Amines were fractionally distilled, and the
middle fraction was taken. pK’s measured in various percentages
of alcohol were extrapolated to aqueous media.! The error in
pK, measurements done by us is estimated to average =+0.2
pK., unit,

All compounds were subjected to elemental analysis, and, with
the exception of the tetrahydroisoquinolinyl and isoamylphenyl
derivatives, the results were quite satisfactory. Since the
preparation of the foregoing compounds was straightforward and
their behavior typical, it is assumed that instability was re-
sponsible for the failure of repeated attempts to obtain an ac-
ceptable analysis.

Analyses were performed by Galbraith Laboratories, Spang
Microanalytical Laboratory, and Crobaugh Laboratories.

Results and Discussion

The solution magnetic moments of 37 tris-(N,N-di-
substituted-dithiocarbamato)iron(II11) compounds and
the aqueous pK, of the parent secondary amines are
given in Table I. Figure 1 demonstrates, with notable
exceptions, an approximately linear relationship be-
tween we and pK, for these compounds.

The dependence of the solution magnetic moment on
the pK, of the parent amine may be explained in terms

of the structures
/ \c—n A / \
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In limiting form I, a sulfur electron pair is delocalized
within the metal-chelate ring. The multiple character
in the iron-sulfur bond is due to interaction of partially
filled d orbitals of iron(III) with empty ligand = orbit-
als, arising from the d orbitals of the sulfur atoms. In
limiting form IT, the nitrogen lone pair has been donated
to the C-N bond, placing a formal positive charge on
the nitrogen atom and resulting in a net shift of electron
density toward the sulfur atoms. It has been suggested
by Cotton and McCleverty® that as the sulfur atoms
accept electron density from the nitrogen, they are less
able to do so from the iron. This diminished covalency
would result in a lengthened metal-sulfur bond and a
smaller A (ligand field splitting parameter) and would
favor the high-spin state. The reduction in ligand
field strength attendant to increasing metal-ligand
bond length has been demonstrated for a series of nickel
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TABLE I

SoLuTioN MAGNETIC MOMENTS AND pKs OF PARENT
SeEcoNDARY AMINE OF TRIS(N,N-DIALKYLDITHIOCARBAMATE )IRON(IIT) CompLEXES, Fe(S;CNR;);

NOTES
Compound neit,%? BM pK,°

Tris(N,N-di-sec-butyldithio-

carbamato)iron (III) 2.2 10.91¢
Tris(N,N-diisopropyldithio-

carbamato)iron (I11I) 2.41 11,057
Tris(N,N-dicyclohexyldithio-

carbamato)iron (III) 2.55¢ 11.25¢
Tris(N,N-diphenyldithiocar-

bamato)iron(III) 2.9 0.79%
Tris(N,N-dicyclopentyldithio-

carbamato)iron(II1I) 2.97 10.93¢
Tris(2,6-dimethylpiperidyl-N-

carbodithioato)iron (I11I) 3.10 10.99¢
Tris(N-ethyl-N-1l-naphthyl-

dithiocarbamato)iron(III) 3.38 4.24%
Tris(N-ethyl-N-phenyldi-

thiocarbamato)iron (III) 3.45 5.117
Tris(N-methyl-N-phenyldi-

thiocarbamato)iron (III) 3.47 4,857
Tris(N-methyl-N-p-tolyl-

dithiocarbamato)iron (I1I) 3.52 5,33%
Tris(N-isopentyl-N-phenyldi-

thiocarbamato)iron(III) 3.58 5.0°
Tris(N,N-dibenzyldithio-

carbamato)iron(III) 3.60 8.529
Tris(N-isopropyl-N-phenyl-

dithiocarbamato)iron(I1I) 3.64 5.771
Tris(N-ethyl-N-p-tolyldi-

thiocarbamato)iron (11I) 3.65 5.67"
Tris(2-methylpiperidyl-N-

carbodithioato)iron(III} 3.73 10.99¢
Tris(N-propyl-N-phenyldi-

thiocarbamato)iron(III) 3.75 5.02¢
Tris(N,N-diisobutyldi-

thiocarbamato)iron (III) 3.77 (3.31)¢ 10, 50/
Tris(morpholinyl-N-carbo-

dithioato)iron(III) 4.02 8.49¢9

Tris(1,2,3,4-tetrahydroisoquino-
linyl-N-carbodithioato)iron- )
(III) 4,05 9,49"

@ Chloroform solution.

& All literature values are either in chloroform or benzene.
is no significant difference in magnetic moments measured in these two solvents.

able, the most recent determination is reported. ¢ Reference 3. ¢ Reference 4.

Compound uetf,®? BM pK,°

Tris(N-phenylpiperazinyl-

N-carbodithioato)iron (II1) 4.086 9.0°
Tris(N-methyl-N-benzyldi-

thiocarbamato)iron (IIT) 4,06 9.58"
Tris(piperidyl-N-carbodi-

thioato)iron (I11) 4.09° 11,123¢
Tris(N,N-di-n-propyldithio-

carbamato)iron(III) 4.14 11.007
Tris(NV,N-dimethyldithio-

carhamato)iron(I1I) 4.19 10.7327
Tris(N-ethyl-N-benzyldithio-

carbamato)iron(I1I) 4.22 9.687
Tris(N,N-di-n-heptyldithio-

carbamato)iron(I11) 4.23 (5.23)¢ 11.0¢
Tris(N-methyl-N-butyldithio-

carbamato)iron (I1I} 4.26 10.90¢
Tris(1,2,3,8-tetrahydropyridyl-

N-carbodithioato)iron (III) 4.31 10.26°
Tris(N,N-di-n-pentyldithio-

carbamato)iron (III) 4.32 (3.92)¢ 11.18*
Tris(N,N-diallyldithio-

carbamato)iron(III) 4,349 9.29/
Tris(N,N-diisopentyldithio-

carbamato)iron(III) 4.37¢ 10.92¢
Tris(N,N-diethyldithio-

carbamato)iron(IIT) 4,37 10.937
Tris(N,N-di-n-hexyldi-

thiocarbamato)iron (I1I) 4.38 11.00°
Tris(N-ethyl-N-butyldi-

thiocarbamato)iron(I1I) 4.40 11.17¢
Tris(N,N-di-n-butyldi-

thiocarbamato)iron(III) 4.53 (4.18)¢ 11.257
Tris(3-pyrrolinyl-N-carbo-

dithioato)iron (I1T) 5.41 10. 40°
Tris(pyrrolidyl-N-carbo-

dithjoato)iron (III) 5.83 11.11¢

White, e¢f al., have indicated* that there
¢ Where multiple literature values were avail-
fH. K. Hall, Jr., J. Amer. Chem. Soc., 79, 5441

(1957). ¢7J. J. Christensen, R. M. Izatt, D. P. Wrothall, and L. D. Hansen, J. Chem. Soc. 4, 1212 (1969). * Reference 5. ¢ This
work. 7 M. G. Gireault-Vexlearschi, Bull. Chim. Soc. Fr., 589 (1956). * M. A. Paul, J. Amer. Chem. Soc., 76, 3236 (1954). 'H. K.
Hall, Jr., 4bid., 79, 5444 (1957).
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Figure 1.—Dependence of solution magnetic moment (uess) on
basicity of parent secondary amine for iron(II1) dithiocarba-
mates.

complexes with dithiolate ligands and was rationalized
in terms of w-antibonding effects due to differing avail-
ability of lone pairs on the sulfur atoms (differing formal
charge).’ In a study of the electronic spectra of

(10) P. Porta, A, Sgamellotti, and N. Vinciguerra, ¢bid., T, 2625 (1968).

dithio complexes, Jorgensen evaluated the relative lig-
and field strengths of dithio ligands in similar fashion
and obtained the order dithiophosphate < dithiocar-
bamate < xanthate.!! This is also the direction of in-
creasing bond order within the metal-chelate ring,
whether viewed in terms of sulfur r-antibonding effects
or iron-sulfur = back-bonding. In any case, the con-
clusion is that an increase in the charge on the sulfur
atoms results in a lengthened metal-sulfur bond and a
consequent decrease in the ligand field strength, and
we infer, therefore, that limiting form II favors high
spin.

Delocalization of the electron pair within the metal-
chelate ring, as in limiting form I, would result in
greater metal- ligand covalency, shorter Fe-S distance,
and a larger & favoring the low-spin state.

X-Ray structural determinations,?—" nmr studies,'8
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and L. Zambonelli, ibid., 19, 898 (1965).
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and infrared spectra®®—% provide evidence of the im-
portance of limiting form II for this ligand in complex
with many metals. Trends in the C-N stretching fre-
quencies of the iron(III) dithiocarbamates are obscured
by the complexity of their infrared spectra, how-
ever.

The importance of limiting form IT will increase as the
electron-releasing ability of the —-NR, group increases,
which depends on the inductive strength of each sub-
stituent R. The aqueous pK, value, uncorrected, of
the parent secondary amine, HNR,, was taken as a
measure of this property.?! The greater the pK, of
HNR,, the more available is the nitrogen lone pair to
enter into bonding, and the more probable is the for-
mation of a carbon-nitrogen double bond (limiting
form II), favoring the high-spin state and a high mag-
netic moment. This conclusion is in agreement with
the results presented in Table I and Figure 1.

Nine of the thirty-seven dithiocarbamatoiron(IIT)
complexes do not conform to the overall trend. Of
these nine, seven (di-sec-butyl, diisopropyl, dicyclo-
hexyl, dicyclopentyl, diisobutyl, 2-methylpiperidy],
and 2,6-dimethylpiperidyl derivatives) have a common
feature: the amino groups in these complexes have
a secondary carbon, in most cases attached directly to
the nitrogen but in no case further than one carbon
atom away.

In order to account for the points below the line in
Figure 1, then, the apparent importance of limiting
form I for these compounds must be explained. One
might expect limiting form II to be preferred for those
complexes with sterically hindered —NR. groups, as
did Ewald, et al.,® since the trigonally hybridized nitro-
gen would permit lessening of these interactions. How-
ever, limiting form II requires coplanarity of the atoms
S,CNCs, and if unfavorable steric interactions between
the R groups and the sulfur atoms prevent the S,CNC,
system from approaching a planar configuration, lim-
iting form II is sterically inhibited. The contribution
of limiting form IT to the electronic structure of the lig-
and will then be considerably less than expected on the
basis of the pK, for these complexes.

Examination of molecular models indicates that for
the di-sec-butyl, diisopropyl, dicyclopentyl, dicyclo-
hexyl, and diisobutyl derivatives, the opening of the
R-N-R bond angle from the tetrahedral configuration
does reduce R-R steric repulsions, but steric interac-
tions are minimized, including those between the R
groups and the sulfur atoms, if the planes defined by
the atoms CS; and NC, are perpendicular, not coinci-
dent. Thus, limiting form II is disfavored for these
complexes, accounting for their unexpectedly low mag-
netic moments.

In order to test this interpretation, compounds were
prepared in which there was the possibility of steric
interference between R groups and the sulfur atoms
but no possibility of such interaction between the sub-

(19) J. Chatt, L. A. Duncanson, and L. M, Venanzi, Suom, Kemistilehti B,
29, 75, (1956),

(20) B.J. McCormick, Inorg. Chem., T, 1965 (1968).

(21) The aqueous pX, value is not simply a function of inductive effects
but also to a significant degree of solvation and steric effects, However, it is
assumed that inductive effects predominate, an assumption which is sup-
ported by the general additivity of substituent inductive effects in calculation
of dissociation comstants of organic acids and bases, including a variety of
amines: H. K. Hall, Jr., J. Amer, Chem. Soc., 79, 5441 (1937).
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stituents on nitrogen (2-methylpiperidyl and 2,6-di-
methylpiperidyl derivatives). Therefore, limiting form
IT could not be sterically favored and in fact is sterically
disfavored, enabling a determination of the relative
ligand field strengths of the two limiting forms. Both
exhibit anomalously low magnetic moments, confirming
that limiting form I possesses the stronger ligand field.

Further indication of the likelihood of steric inhibi-
tion of resonance form II is provided by nmr studies of
restricted rotation about the C-N bond in a series of
amides?? which found that, as one increases the size of
either the nitrogen or carbon substituents, the rate of
rotation about the C-N bond increases, indicating a
sterically forced decrease in multiple-bond character
by prevention of the required extensive coplanarity.

The two complexes which have five-member ring
amino groups (pyrrolidyl and 3-pyrrolinyl derivatives)
both possess magnetic moments which are considerably
higher than the value expected in view of their basic-
ities. This apparent preference for limiting form II
(possessing the weaker ligand field) is at first puz-
zling.

A molecular model of the ligand indicates that, in
these complexes, there is severe steric interaction be-
tween the « hydrogens and the sulfurs in a configura-
tion corresponding to limiting form I; such interaction
is absent in limiting form IT. Attempts were made to
prepare and study the magnetic properties of com-
plexes in which there are similar five-member cyclic
amino groups but in which such hydrogen-sulfur inter-
actions are absent. These included the pyrrole, indole,
carbazole, imidazole, succinimide, and indoline deriva-
tives, but, due in part to the low basicity of these
amines, only the indoline complex could be prepared,
and this complex was insufficiently soluble to obtain a
valid solution measurement. The Mossbauer isomer
shift for the indoline derivative, however, indicates it is
not high spin.?®

The relationship between the solid-phase magnetic
moments and pK, of the parent secondary amines for
the iron(III) dithiocarbamates is substantially com-
plicated by solid-state interactions and a plot of such
data gives a scatter.

The conclusion of Ewald, ef al.,% that form II would
possess a stronger ligand field, resulting in a lower com-
plex magnetic moment, is contradicted by the depen-
dence observed by the present authors, indicating that
inductive factors are the primary influence on the prop-
erties of the dithiocarbamate ligand and that limiting
form I possesses the stronger ligand field.

It is emphasized that it is principally a trend in =
bonding which is being described in this work. It is
assumed that ¢ donation is relatively unchanged in the
series of iron(IIT) dithiocarbamates, as was held by
Jergensen for a series of dithio ligands.!!
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