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The crystal structure of bis(cyclopentamethylenedithio-
carbamato)Fe'dicarbonyl, (Cpdtc),Fe(CO),, has been
determined from three-dimensional x-ray data collect-
ed by Weissenberg techniques. The compound cry-
stallizes in the space group Du—~Pbca of the orthor-
hombic system with eight molecules in a cell of di-
mensions a=9.67(2), b=11.65(2), and c¢=33.74(8)
A; V=3802.2 A’. The observed and calculated den-
sities are 1.52(2) and 1.51 gm/cm™3. The molecules
contain six-fold coordinated Fe' in which the carbo-
nyl groups are cis to each other and the polyhedron
around the central atom is an octahedron distorted by
the limited ligand «bite». The two dithiocarbamate
ligands consists of nearly planar S,CNC, fragments
which make an angle of 88.8° to each other while the
piperidine rings are in the chair conformation and con-
tain normal C—N and C-C bonds. The Fe-S bonds
occur in pairs (av. Fe—S lengths being 2.338(6) and
2.306(5) A, respectively and the longer pair is associa-
ted with sulfurs located trans to the carbonyl ligands.
The Fe—~C—O fragments are essentially linear and the
average value of the Fe—~C, C-0, and Fe—C—O para-
meters are: 1.78(3) A, 1.12(3) A, and 177(1Y, respec-
tively.

Introduction

For the sake of simplicity, we have used the follow-
ing abbreviations in naming the ligands mentioned
in this manuscript:

(Cyclopentamethylenedithiocarbamato) = Cpdtc
{N,N-dimethyldithiocarbamato) =Me.dtc
(N,N-diethyldithiocarbamato) = Et.dtc, etc...
1,2-dicyano-1,2-ethylenedithiolato=MNT
1,2-bisperfluoromethyl-1,2-ethylenedithiolato = PFD

In 1933 Cambi and Szego* reported that compounds
of the type (dtc);Fe", with dtc=any dithiocarbamate,
have abnormal magnetic moments. Ewald, et al.’®
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carried out an extensive set of measurements on tris-
dithiocarbamato Fe'™ compounds which agreed with
and enlarged the original findings of Cambi and Sze-
g0.* Since then the subject has been studied extensi-
vely by White, Martin and their associates. ® Nonethe-
less, the reason for the unusual behavior of these sub-
stances is not fully understood since some of these
species behave as simple paramagnets while others
sugegst the presence of spin states in thermal equili-
brium.>® Among the interesting structural obsetva-
tions that can be made about the tris-dithiocarbamates
of Fe'"! is the following: the bulk of the alkyl group
seems to affect the magnitude of the magnetic mo-
ment. Bulky groups such as isopropyl and cyclohexyl
produce derivatives with low magnetic moments® (2.34
and 2.62 B.M., respectively, for the di-isopropyl and
di-cyclchexyl derivatives) while small alkyl groups
produce species with high magnetic moments:® the
diethyl and piperidyl compounds have magnetic mo-
ments of 441 and 4.16 B.M. [t is natural, therefore,
to turn to structural studies to explain the differences
in the magnetic properties of the various alkyl dithio-
carbamates.

Our attempts to collect single crystal x-ray data on
crystals of several tris-dithiocarbamates of Fe™ met

Figure 1. This is a precession photograph of (Cpdtc);Fe taken
approximately 3 hours after withdrawing the crystal from the
mother liquor. The earlier alignment photographs showed
discrete spots which allowed us to determie that this sub-
stance was initially highly crystalline.

(5) A.H. Ewald, R.L. Martin, 1.G. Ross, and A.H. White, Proc.
Roy. Soc. (London) A280, 235 (1964).

(6) For the most recent paper of this series see: A.H. Ewald, R.L.
Martin, E. Sinn, and A.H. White, Inorg. Chem., 8, 1837 (1969) and
references to their previous work.
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with little success since the crystals either decompose
or undergo extensive crystalline or molecular changes
which destroy the lattices shortly after withdrawing
the samples from the mother liquor (benzene solu-
tions). Figure 1, for example, is a reproduction of
a precession photograph taken two to three hours af-
ter a crystal of (Cpdtc)sFe''! was withdrawn from
the solution from which it was grown. These chan-
ges are not due to loss of solvent of crystallization
since elemental analyses show that these substances
crystallize from benzene without solvent of crystalli-
zation. In view of the fact that the Cpdtc™ anion is
biologically interesting’ and that magnetically iron
dithiocarbamates are an important class of com-
pounds, we decided to examine the structure of the
stable (Cpdtc),Fe(CO), derivative with the hope of
shedding some light on the relationship between struc-
ture and the anomaly in the magnetic behavior of
the Fe™ derivatives.

A brief report has appeared in which Hoskins and
Kelly® presented some of the structural characteristics
of (n—but,dtc);Fe. We have included in our Discus-
sion a comparison of the structural parameters for the
Fe-S and R;N—CS; fragments found for the Fe'* (3d°)
dicarbonyl and the Fe™ (3d°) tris complex since the
differences may provide useful clues in a future under-
standing of the unusual magnetic behavior of the tris-
dithiocarbamates of Fe'™.

Experimental Section

Synthesis. (CpdtchFe(CO); was prepared as fol-
lows: A three-to-one excess of cyclopentamethylene-
thiuramdisulfide to Fe(CO)s was refluxed under a ni-
trogen atmosphere in freshly distilled tetrahydrofuran.
The reaction proceeds quickly to a stage where the
solution is orange and the product isolated at this
point was later found to be (Cpdtc).Fe(CO),. Ele-
mental analysis of the orange, diamond-shaped cry-
stals (m.p. 162°C, decomp) gave: C=39.00%; H=
4.64%:; N=6.44%. Calculated for CiHoN,O,FeS,:
C=3888%; H=4.66%; N=6.48%. Formation of
the tris derivative is difficult probably because of ste-
ric crowding at the two remaining bonding sites; how-
ever, on prolonged refluxing with excess thiuramdi-
sulfide the tris derivative can be obtained as a deep
green solid.

Crystal Data. Precession, oscillation and Weissen-
berg photographs showed the compound to crystallize
in the orthorhombic system with a cell of dimensions
a=9.67(2), b=11.65(2), and ¢=33.74(8) A; V=
3803 A3 A density of 1.51 gm/cm™*, calculated for
eight molecules in the unit cell, is satisfactory agree-
ment with that of 1.52 gm/cm~ measured by flota-
tion in aqueous ZnCl; solution. The systematic ex-
tinctions observed in photographs of the h0#, h1Z, hk0
and hkl zones are OkZ, k=<2n; h0¢, £s<2n and hkO,
hs2n, which uniquely define the space group as
Pbca. Thus, no crystallographic symmetry conditions
are impossed on the molecules.

h (7) J.A. Cohen, O. Vos, and D.W. von Bekkum, « Advances in Ra-
diobiology », Ed. by G.C. Hevesy, Oliver and Boyd, Edinburgh, 1957
pp. 134-144.

(8) B.F. Hoskins and B.P. Kelly, Chem. Commun., 1517 (1968).
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The crystal chosen for intersity measurements was
a diamond-shaped plate bound by the (110), (110),
(110), (110), (001) and (001) faces and having
dimensions of 0.10, 0.11 and 0.04 mm along the
[110], [110] and [001] directions, respectively. The
crystal was mounted with the spindie axis along the
b direction and a complete set of equi-inclination data
was recorded with an Enraf-Nonius integrating Weis-
senberg camera. X-rays were generated with a Picker
809 unit using a high intensity Cu target tube whose
beam was filtered with Ni foil. Intensities were col-
lected at room temperature using an oscillating range
of 206°. The levels h0¢ to h9¢, 0k#¢ and 1k were
recorded and read out to 8<60°. Since Fe com-
pounds fluoresce when exposed to Cu radiation, we
placed a thin sheet of brass (0.05 mm thick) in front
of the film package. In this mannes fairly uniform,
clean backgrounds were obtained for all five layers
of film exposed. The intensities of the reflections
were estimated visually using a calibrated film strip
whose spot shapes and sizes were the same as those
in the integrated films. Of the 2460 independent re-
flections allowed in the angular range of 8<60°, 983
were recorded as being significantly above back-
ground. These data were corrected for Lorentz and
polarization effects and also for absorption (using
Prewitt’s program®). The data were brought to a
common scale using program INTERSCALE" and a
Wilson plot'' was calculated in order to place the
values of the F.”’s on an absolute scale and to estimate
the overall effect of thermal moticn. The atomic
scattering factors used'® included corrections for the
anomalous dispersion'® of iron and sulfur.

Solution and Refinement of the Structure. The
approximate positions of the iron and the four sulfur
atoms were determined from a sharpened, origin-re-
moved, three-dimensional Patterson synthesis. Ten of
the light atoms were located at chemically sensible
positions in a Fourier map which was calculated using
all the observed data and phased by the iron and four
sulphur atoms. A second Fourier synthesis using the
Fe, 48 and the 10 light atoms revealed the positions
of the 8 remaining non-hydrogen atoms. Two cycles
of refinement in which the positional and isotropic
thermal parameters of all the non-hydrogen atoms
were varied gave an R(F?) value of 0.26. The Fe
and 4S atoms were further refined using anisotropic
thermal motion while the lighter atoms were con-
strained to isotropic motion, resulting in a reduction
of the conventional residual of R(F)=0.128. A dif-
ference Fourier synthesis computed at this stage re-
vealed a number of peaks whose heights were appro-
ximately 0.60 e/(A), or about 40% of the height of
the peaks for a carbon atom. Since the peaks in the
difference map were at chemically reasonable posi-

(9) The absorption coefficient, as estimated from the sum of the
atomic contributions (see ref. 12¢) is 104.8 cm-!. A local CDC 6600
version of Prewitt’s ABN absorption program was used to carry out the
correction. Transmission coefficients ranged from 0.61 to 0.75.

(10) INTERSCALE is our yersion of the program initially written
?y (’VSV.Cv Hamilton, J.S. Rollett and R.A. Sparks, Acta Cryst.,, 18, 129
1965).

(11) X-DATA is our program to calculate scale factors and overall
temperature factors using the procedure of A.J.C. Wilson, Nature, 150,
151 (1942).

(12) « International Tables for X-Ray Crystallography », Kynoch Press,
Birmingham, England, 1968. (a) Vol. Ill, pp. 202-212; (b' Vol. 11,
pp. 215; (c) Vol. 11I, p. 162-169.



Table I.

Atoms were labelled as shown in Fig. 2.

they are attached. Standard deviations, in parentheses, occur in the last significant figure for each parameter.
atoms were assigned arbitrary, isotropic, thermal parameters of 5.0 A%
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Hydrogen atom labels correspond to those of the carbon atoms to which
All hydrogen

Atom X/A Y/B C/Z B11 B22 B33 B12 B13 B23
FE .1607( 3) .0385( 2) 3779(1) 105( 4) 66( 2) 8(0) 7( 2) 1( D o(1)
S1 .1389( 6) —.1222( 4) .3384(1) 161(10) 41( 4) (1 6( 4) —1( 4) oD
S2 1502( 5) .1080( 3) 3130(1) 99( 8) 32( 4) 7(0) 0 4) 3(1 o)
S3 —.0796( 5) .0556( 4) .3835(1) 54( 7) 59( 4) 9(1) —24( 4) 1( 2) ()
S4 1232( 5) .2165( 4) .4060(1) 59( 7) 58( 4) 8(0) —11( 4) o( 2) —4(1)
Ol .1671(16) —.0753(13) 4533(4) 149(23) 130(15) 7(1) 29(16) 3( 5) 3(4)
02 4598(17) .0624(16) .3762(6) 58(23) 162(19) 25(3) 4(19) 3( 8) 0(6)
N1 .0860(18) —.0649(13) .2639(3) 147(26) 86(13) 3(1) —46(16) 1( 5) —4(3)
N2 —.1478(19) .2552(12) 4161(4) 217(32) 22(11) 9(2) 39(16) —4( 6) —3(3)
C1 .1636(24) —.0332(23) 4224(7) 128(35) 171(27) 8(2) 91(26) —21( 9) —24(7)
C2 .3492(25) .0515(25) .3769(7) 38(29) 205(34) 11(3) —20(30) —I1( 9) 0(8)
C3 .1204(16) —.0337(14) .2986(6) 26(25) 70(14) 12(2) —7(14) —11( 9) —11(8)
C4 .0701(25) —.1851(13) .2508(6) 195(45) 45(19) 10(4) 45(26) —10(10) —4(6)
C5 .1681(20) —.2216(15) .2222(6) 48(32) 77(22) 13(3) 3(20) —1(9) —12(7)
C6 .1604(23) —.1404(20) .1858(7) 86(40) 116(27) 13(3) —9(27) 16( 9) —20(8)
C7 1797(27) —.0167(17) 1990(7) 171(50) 52(21) 11(3) —42(24) 5(10) —10(6)
C8 .0779(19) 0162(15) .2296(6) 37(30) 84(20) 10(3) —16(20) 6( 8) —3(6)
C9 —.0472(25) .1829(14) .4040(5) 205(46) 29(18) 5(2) —22(25) —6( 9) —12(5)
C10 —.1169(20) .3633(15) 4382(6) 82(36) 63(19) 11(3) —49(20) —4( 8) —7(6)
C11 —.1758(24) .3615(20) .4787(6) 124(46) 84(22) 12(3) 9(24) 3(10) 10(7)
C12 —.3221(29) .3326(23) 4791(6) 285(70) 190(39) 8(3) —168(46) 18(12) —23(9)
Ci13 —.3579(24) .2222(16) 4559(5) 112(42) 107(25) 9(3) —26(26) —1( 9) —1(6)
Cil4 —.2991(23) .2290(14) 4143(6) 28(35) 88(21) 12(3) 19(21) —5( 7) —7(7N

H4-1 0747 —.2367 2738

H4-2 —.0239 —.1918 2377

H5-1 2610 —.2172 .2355

H5-2 .1467 —.3030 2158

Hé-1 0639 —.1466 1730

H6-2 2299 —.1600 .1656

H7-1 2740 —.0077 2101

H7-2 1678 .0364 1757

H8-1 .0999 .0966 2385

H8-2 —.0165 .0149 2177

H10-1 —.0114 3729 4394

H10-2 —.1537 4311 4228

H11-1 —.1247 .3001 4943

H11-2 —.1631 4364 4915

H12-1 —.3493 3211 5076

H12-2 —.3731 3978 4677

H13-1 —.3159 1541 4697

H13-2 —.4596 2130 4545

H14-1 —.3118 1537 .4005

H14-2 —.3482 2905 .3990

tions for hydrogen atoms of the methylene groups, we
decided to compute the idealized positions of the
twenty hydrogens on the assumption that C-H=0.97
A. One cycle of refinement which included these
fixed hydrogen atom contributions with B(H)=5.0 A?
gave a discrepancy index of R(F}=0.108. Subsequent
refinement was carried out, with hydrogens at recal-
culated idealized positions following each cycle re-
sulting in convergence with values of the unweighted
andand weighted R factors of 0.093 and 0.113, re-
spectively, and a goodness of fit of 0.995. These
three quantities are defined as follows:

Unweighted R=2 || |Fo]—|F.| || /Z{F.|
Weighted R:ng(l\Fo|— F. )’/ZFOZ{”‘
Goodness of fit =[Zw(|Fs|—|F.])/(NO-NV)]?

where w=0(F,)"? and NO and NV are the number of
observations and the number of variables, respecti-
vely. During the refinement the quantity minimized
was Zw(| F, | — | F.|)? and the weighting scheme, de-
rived from an analysis of variance® was:

For F. <100, o(F)=1.0
For F,>10.0, o(F,)=1.0+0.095 F,

The positional and thermal parameters thus obtained
are listed in Table I. Table II gives a comparison of
the observed and calculated structure amplitudes.

Description of the Structure. The structure of the
(Cpdtc),Fe(CO), molecule is depicted in Figure 2,
which is a stereo pair. The molecules are monomeric
and the configuration of the 4S and two carbonyl car-
bons around the Fe is that of an distorted octahedron,
whose principal source of distortion is the limited
bite of the dithiocarbamate ligands. The degree of
distortion can be estimated from the fact that within
the four-membered CS:Fe ring the S—Fe—S angle is
only about 75°. The two carbonyl groups ocupy cis
positions, making the sulfur ligands equivalent in pairs
(experimentally we find that the two sulfur atoms
trans to the carbonyl groups have longer Fe—S langths,

(13) The analsis of variance was carried out using our program
HANOVA, available on request.
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Table Il. Observed structure factors, their estimated standard deviations and structure factors calculated using the refined struc-
tural parameters listed in Table 1. The form of the anisotropic ellipsoid is exp [—(Bih’+ Buk®+ Baul’+ 2B.-hk+28,;h1+2B,:kD].

All value reported are x 10.

cesessveamrzmrzarnananua
YNy e e
b iviot PG $o3- i sl

L
3
[
o
3
o
2
2
.
s
.
]
.
o
2
3
.
s
.
T
I
o
1
2
3
Py

O Y T TUTPIVrUvevrY

H I
N 1]
< ) °
< 1 °
< H °
€ ) H
< 3 H
< ) M
< H °
< 3 H
< 3 H
< 3 1
< 3 H
H 1 1
H 3 \
H 3 |
H 3
H 3
H N H
H N H
H N H
H . 1 |
: N i 1
R 1 '
H N a1 1 1
H N o ) 1
H . o2 n 1
i . L Y] 1
: N 0 i
N B 3 1
F N ~e sz i
i . o 2 s 23 H
: . L s 2 2
N a s s 2 2
i . a0 5 32 2
i . It s n H
H R 220 “ % 2
¥ . 10 .. 2
H s 1 2
H s 12 2
2 s vy .12 H
2 N voa v o H
. s Vs [ 2
<2 H 1 ? oz 2
) > Vo 1 H
s s 1 e 7. H
< > 1o 7 2
Lt H 1 v 5
.y s 12 1. H
. N 1 1. H
. s IBE] 110 3
~ae s Py (83 b)
o s I 7. )
a2 . 1 20 Tis 3
.t . ' %2 T b
e . 1 Tae )
.18 . e 119 H
s > 129 120 3
. . B3 vl 3
.2 . L33 LR H
N4 N 7z 12 3
42 o 2 72 1
.2 . F 7 3
.2 . 3w 728 H
.2 . > 1 s 0 N
2 R 2 . 2 -
: n . 2 ° . .
® 21 s N
aae . 218 v .
N s 218 s 0 M
M L] 217 s 0 N
L] ' 2 2 vl “
¢ s ’ A 3 s
¢ s ' 1 ‘s H
¢ ' 12 LY H
30 ? 3 > s
HEY ’ LS 1) s
e v \ s 3 H
¢ 2z ? 1y ¢ 12 s
&2 ? e e 18 s
© 2 B 1o % s
en ‘ T 2 H
M v i 23 H
€ v BN aee H
€2 » e ' K
€2 . s N

Fos1g FC

L
¢
s 11 Yes a8 320
11 a9 a3 als

22

14
n
1
18
18

1% 225 3 23
17 sta ss 3¢
o

338
EE
2

23 04 30 187

3

1]
2
22
2

.
s
T
n
12
%3
no1es 2m 1ee
3
s
’
@

b
asssseemuiiiimBOmaR

[V
emuarwlsilonvsmnan

=T

U P A

PP e S T L T L R TR TR

1
z
1
N
.
:
]
1
2
2
2
N
.
<
1

.
.
b1
b1
s
.
+
s
s
5
By

35N3arenoltly

wwy
BB NSNS P P WU UNNNN NS0 00000000

swurof
13
2
3
H

.__
135
332
312

313
EEH

N
3
3

~EINIEFERswo
. P
¥ E

s b P PP WS NN NN MR NN N RN e e 000000 00000000

B ABREE hrP s suL ANNNN NN o= ~030033332333

wrurnT arae

332 &1 txe 746

see Table III). The Fe—-C—O fragments are linear
within the standard deviations for these quantities.
Each dithiocarbamate, excluding the outer —CHr
CH,—CHz fragments of the pentamethylene chain, is
nearly planar (see Table III) and the two planes inter-
sect at right angles (88.7°) at the iron atom. Selected
values of the dihedral angles are also listed in
Table III.

A stereoscopic view of the unit cell and its con-
tents is given in Figure 3. The longest dimensions is
¢ (=33.74 A) whose positive direction points towards

Figure 2. The Molecular Structure of Bis(cyclopentamethyle-
nedithiocarbamato)Fe" Dicarbonyl. This is a stereoscopic pair
showing the approximate two-fold axis of the molecule.

Inorganica Chimica Acta | 6:1 | March, 1972

the top of the Figure; i.e., the view is approximately
perpendicular to the (110) plane. The iron atoms are
well separated with Fe—Fe nearest-neighbor distances
of over 6 A. There are no unusually close intermole-
cular contacts, the shortest being O(2) to C(7) which
is 3.44 A. The hydrogen atoms, which were placed
at idealized positions (see the section on Refinement),
come close to the carbonyl oxygens in two instances
indicating the possible presence of weak C~H ...O
bonds. The two close contacts are between H(12-1)
and O)1) and between H(10-1) and O(2) which are
2.87 and 2.93 A in length, respectively. Such con-
tacts between C—H hydrogens and carbonyl oxvgens
have been noted by other workers in structural studies
of organic compounds.” It has also been noted by
Brennan and Bernal ' that in (Et.dtc);Co there are
short contacts between the hydrogens of the alkyl
groups and the —CS; sulfurs. However, the reader
should be reminded of the fact that there are serious
objections to classing these contacts as hydrogen
bonds."”

(Cpdtc),Fe(CO). has almost precisely a molecular
two-fold symmetry axis even though there is no crys-
tallographic requirement for this symmetry element
to be present in the molecule. The result is that
the two piperidine rings, both of which are in the

(14) D.J. Sutor, Nature, 195, 68 (1962).

(15) G. Palenik, Acta Cryst., 19, 47 (1965).

(16) T. F. Brennan and I. Bernal, J. Phys. Chem., 73, 443 (1969).

(17) J. Donohue in « Structural Chemistry and Molecular Biology »,
A. Rich and N. Davison, Eds, San Francisco, W.H. Freeman and Co.,
1968, p. 443,



Table Ill. Bond Lengths (in A) and Angles (in °) with their estimated standard deviations in parentheses.

last significant digit.
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The e.s.d. affect the

A. Bond Lengths

Fe-S(1) 2.308(5) C(4)-C(5) 1.42(3)
Fe-S(2) 2.337(6) C(5)-C(6) 1.55(3)
Fe-S(3) 2.340(6) C(6)-C(7) 1.52(3)
Fe-S(4) 2.309(5) C(7)-C(8) 1.48(3)
Fe-C(1) 1.72(3) S(1)-C(3) 1.70(2)
Fe-C(2) 1.83(2) $(2)-C(3) 1.75(2)
C(3)-N(1) 1.27(2) S(3)-C(9) 1.67(2)
N(1)-C(4) 1.48(2) S5(4)-C(9) 1.70(2)
N(1)-C(8) 1.50(2) C(1)-O() 1.15(3)
B. Angles

S(1)-Fe-5(2) 74.7(2) C(3)-N(1)-C(8) 123(2)
S(3)-Fe-S(4) 74.6(2) N(1)-C(4)-C(5) 115(2)
S(1)-Fe-S5(3) 91.5(2) C(4)-C(5)-C(6) 109(2)
S(2)-Fe-S(4) 93.9(2) C(5)-C(6)-C(7) 110(2)
S(1)-Fe-S(4) 162.1(3) C(6)-C(7)-C(8) 112(2)
S(2)-Fe-S(3) 90.2(2) C(7)-C(8)-N(1) 110(2)
S(2)-Fc-S(4) 93.9(2) C(4)-N(1)-C(8) 111(1)
S(1)-Fe-C(1) 96.4(8) S(1)-Fe-C(2) 98.5(9)
Fe-S(1)-C(3) 88.5(7) S(2)-Fe-C(1) 171.1(8)
Fe-S(2)-C(3) 86.6(7) S(2)-Fe-C(2) 89.9(8)
S(1)-C(3)-5(2) 110(1) S(3)-Fe-C(1) 89.2(9)
S(1)-C(3)-N(1) 126(2) S(3)-Fe-C(2) 169.7(10)
S(2)-C(3)-N(1) 125(2) S(4)-Fe-C(1) 94.6(8)
C(3)-N(1)-C(4) 125(2) S(4)-Fe-C(2) 95.1(10)

C. Least-Squares Planes and Deviations of Selected Atoms from These Planes

(1) Plane through Fe, St1, S2, C3, N1, C4 and C8
0.9913x—.0777y—0.1060z=0.1750

Fe —0.020 S2 0.046
S1 0.058 C3 0.055

(2) Plane through Fe, S3, S4, C9, N2, C10 and C14
—0.0434x+0.4146y—0.9089z=—11.4668

Fe —0.004 S4 0.011
S3 0.006 C9 —0.021

(3) Plane through Fe, S2, S3, C1, C2, O1, O2

—0.087x—0.9352y—0.3565z =—5.1012
Fe 0.003 S3 —0.047
S2 0.038 C1 0.233

(4) Plane through Fe, S1, S2, S4, C1, O1, C3, N1
0.9984x +0.0455y—0.0331z=1.0560

Fe 0.096 S2 0.101
S1 —0.156 S4 —0.205
Cl1 0.047

(5) Plane trough Fe, S1, S3, S4, C2, 02, C9, N2
—0.0391x 4+ 0.493y—0.869z=-—10.8421

Fe —0.079 S3 —0.056
S1 0.163 54 0.135
C2 0.046

D. Angles Between Normals to Planes A and B

Plane A Plane B
1 2
1 3
1 5
2 3
2 4
3 4
3 5
4 5

C(2)-0(2)
C(2)-N(9)
N(2)-C(10)
N(2)-C(14)
C(10)-C(11)
C(11)-C(12)
C(12)-C(13)
C(13)-C(14)

C(1)-Fe-C(2)
Fe-S(3)-C(9)
Fe-S(4)-C(9)

S(3)-C(9)-S(4)
S(3)-C(9)-N(2)
S(4)-C(9)-N(2)
C(9)-N2)-C(1D)
C(9)-N(2)-C(14)
N(2)-C(10)-C(11),
C(10)-C(11)-C(12)
C(11D)-C(12)-C(13)
C(12)-C(13)-C(14)
C(13)-C(14)-N(2)
C(10)-N(2)-C(14)

N1
C4
C8

N2
C10
Cl4

C2
O1
02

o1
C3
N2

02
C9
N2

Angle (®)

88.79
88.65
89.14
93.32
89.68
96.75
98.36
89.31

1.08(2)
1.35(3)
1.49(2)
1.50(2)
1.48(3)
1.46(3)
1.54(3)
1.52(3)

92.2(12)

85.6(9)

85.9(7)
114(1)
123(2)
123(1)
122(2)
124(1)
112(2)
113(2)
114(2)
110(1)
109(1)
113(1)

—0.235
—0.220
—0.269

~—0.006
—0.163
—0.018

—0.277
0.318
—0.497

0.026
~0.243
~—0.554

—0.011
0.062
0.168
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chair conformation (see Figure 2), are correctly orient-
ed for the molecule to have point symmetry 2(C2).
However, if one of them were to be rotated by 180°
about the vector defined by one of the dithiocarba-
mate nitrogens and the iron atom, (without changing
the chair conformation of the piperidine rings), a new
isomer would result. These two conformational iso-
mers have been labelled A and B in Figure 4. It is
clear that electronically there should be a negligible,
if any, energy difference between these two confor-
mational isomers. Therefore, it is interesting that in
the crystals studied here only one (that with the 2-
fld axis) is present. A difference electron density map
computed at the end of the refinement shows peaks
which are randomly distributed and with intensities
no higher than those expected from noise (i.e., they
are lower than the H peaks discussed in the section on
Refinement).

Figure 3. The Molecular Packing of Bis(cyclopentamethylene-
dithiocarbamato)Fe" Dicarbonyl. A stereo view of the unit
cell and its contents. The longest dimension, ¢, coincides
with the z-axis and has its positive direction towards the top
(binding) of the page. The view is approximately perpen-
dicular to the (110) plane.

ISOMER (o)

Figure 4. The two structural isomers which may exist in a
bis-(cyclopentamethylenedithiccarbamato)Fe(CO),. Note that
in both isomers the two piperidine rings remain in the chair
conformation.
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Discussion

Of the many structural studies of metal dithiocar-
bamates only four reports !¢ deal with metal tris-
dithiocarbamates. Of these, only one substance has
been studied and reported in full detail, (Et.dtc)s-
Co.'*®  QOther reports*'® on metal tris-dithiocarbama-
tes have, so far, been restricted to limited descriptions
of the structural details based on partially refined sets
of data. For convenience, we have summarized in
Table IV structural data on metal dithiocarbamates
which are pertinent to our Discussion. In (Cpdtc)-
Fe(CO); the mean Fe—C and C— distances of 1.78(3)
and 1.12(3) A compare well with those reported for
(OC)sFe(CsHy)Fe(CO):® (1.76 and 1.15 A), [(CeHs)-
CSFe(CO)]2* (1.77 and 1.16 A), and Fe(CO) (1.79
and 1.12 A). The deviation from linearity in the
two Fe—C—-O fragments is not statistically significant
and the mean value (177°) is very nearly that found
for this type of metal carbonyl (see for example,
[C:H:SFe—(CO);1,”® with a mean Fe—C—O angle of
173+4°).

In metal dithiocarbamates the strongly distorted
(from 90°) S—C-S angles are part of the interesting
four membered rings formed by small chelating groups
such as xanthates and 1,1—ethylenedithiolates. Va-
lency angles (110 and 114°) about the sp? hybridized
carbon atom are not greatly different from those found
in (Et,dtc);Co'"® where these angles are 108 and 111°,
Other structural studies on the tris-dithiocarbamates®*
do not report values for these angles; however, in a
large number of bis-dithiocarbamates®** (see Table
IV) the average value for the S—C—S angle is appro-
ximately 110° irrespective of the central metal ion, its
charge, the fact that the complex is bis or fris or that
it is a monomeric or dimeric bis complex. In Table
IV we also list the value of the angle at the sulfurs,
i.e., the M—S—C angle. The average value of this
angle for our compound is 86.7(7) which is in excel-
lent agreement with the results found by a variety of
workers for many dithiocarbamates;*** however, the
amount of distortion of this angle depends on what
one considers the value for a normal sulfur angle. The
following series® of compounds serves to illustrate the
decrease in the sulfur bond angle as one passes to
smaller and smaller rings: Rhombic suifur, Sz (105°);
1,4—dithiin, CJHS: (100°); thiophene, CiH.S (91°);
and in the four-membered ring in tetramethylcyclodi-
silthiane the Si—S—Si angle is reported as 75°. Thus

(18) S. Merlino, Acta, Cryst. B24, 1445 (1968).
(19) A. Domenicano, A. Vaciago, L. Zambonelli, P.L. Loader, and

L.M. Venanzi, Chem. Commun., 476 (1966).

(19‘(5%?) B. Dickens and W.N. Lipscomb, J. Am. Chem. Soc., 83, 4862
(21) H.P. Weber and R.F. Bryan, J. Chem. Soc., (A), 182, 1967.
(22) ]. Donohue and A. Caron, Acta Cryst., 17, 663 (1964).

(23) L.F. Dahl and Chin-Hsuan Wei, Inorg. Chem., 2, 328 (1963).
(24) G. Peyronel and A. Pignedoli, Acta, Cryst., 23, 398 (1967).
(25) K.H. Frazer and M.M. Harding, Acta Cryst., 22, 75 (1967).
(26) M. Colapietro, A. Domenicano, and A. Vaciago, Chem. Com-

mun., 572 (1968).

(27) M. Bonamico, G. Dessy, A. Mugnoli, A. Vaciago, and L. Zam-

bonelli, Acta Cryst., 19, 886 (1965).

(28) M. Bonamico, G. Mazzone, A. Vaciago, and L. Zambonelli,

ibid., 19, 898 (1965).

“97(%’;)) S. Hanseby and G. Helland-Madsen, Acta Chim. Scand., 24, 2273
(30) G. Fava Gasparri, M. Nardelli, and A. Villa, Acta Cryst., 23,

384 (1967).

(31) R. Bally, ibid., 23, 295 (1967).
(32) I.L. Karle, J.A. Estlin, and K. Britts, ibid., 22, 273 (1967).
(33) M. Bonamico, G. Dessy, C. Mariani, A. Vaciago, and L. Zam-

bonelli, ibid., 19, 619 (1965).

(34) T.F. Brennan and I. Bernal, Inorg. Chem., 9, XXXX (1971).
(35) H.P. Klug, Acta Cryst., 21, 535 (1966).
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Table IV. The distances are in A and the angles in degrees; standard deviations are given in parentheses and either modify

the least significant digit(s) quoted, or are quoted as given by author (see ref. 35).

Entries not appearing in this Table are

either not relevant for the molecule in questiocn or were not supplied by the authors.

Compound s—C C=N N—C S~C—S M-S—C  C=N-C  C-N—C Ref.
(Cpdtc),Fe(CO), 1712) 13103) 1492) 112(1) 86.7(7)  124(2) 1121)  this work
(n-butydtc),Fe 1.71(2) 1.4103) — — — — —

(Etdtc):Co 17045)  1319(9)  1496(8)  109.5(4) 874(3)  120.8(8) 1182(8) 16,18
(n-prop;dtc):Ni 1708(6)  133009)  1470(7)  110.5(4) 85.0(3)  1209(7) 118.0(6) 2
(Me.dtc),Zn . C:H;N 17185)  13389)  1472(12)  1183(—)  843(—)  1217(=)  116:5(—) 25
(Etidtc),Cu 1717(8)  1333(10)  1470(5)  113.7(7) 846(5 121409 117.2(9) 27
(Etudtc),Zn 17215)  132509)  1473(7)  117.7(8) 847(6)  122.110)  116.0(10) 28
(Etidtc),Se 171(2) 135(2) 151(2) 854(5)  1216(15)  1158(15) 29
(Hdtc),Ni 1.69(3) 138(3) — 11.712)  849(7) — — 30
(Etdtc),Aso 1670(14)  1345Q21) 148315  1185(1.1)  935(7)  121(1) 116(1) 31
(Etdtc), oGy 13481 1473(8) — — 122(1) 116(1) 32
a-(Et,dtc):Ni 1.706(7)  1.330(10)  1485(15)  110.6(6) 85.1(4)  1213(10)  1169(12) 33
[(EtNCOS)Cu]e 1802(16)  1338(17)  1.462(20)  — - 119(1) 115(1) 34
(Medtc),Zn 1722(10)  1347(18)  1472(15  118.73(1.13)  87.46(66) 121.11(1.70) 116.88(1.77) 35

2 This substance is a monothiocarbamate.

a mean value of 87° is quite reasonable for the FeS,C
ring.

Some relevant C—S bond distances from various
dialkyldithiocarbamates are presented in Table IV
for comparison with those in the current study. The
average C—S bond length, 1.71 A, compares well
with values found for thiourea,

S S(—Y S(~)
I l l
H,N—C—-NH, 6 H.N-C=NH,"*'«H,N*’ = C~NH;

several of its derivatives, and in coordinated thiourea®
and seems to be normal for a S—(sp?) distance. This
result is fairly common for metal dithiocarbamates
(see Table IV) regardless of the metal and the number
of ligands around it. In (Cpdtc),Fe(CO); the S—C di-
stances occur in pairs with values of 1.70(2), 1.67(2),
1.75(2), and 1.70(2) A, respectively, for C(3)-S(1),
C(9)-S(3), C(3)-S(2), and C(9)-S(4). These values
are similar to those found in other dithiocarbamates
where the two C~S bonds within a dithiocarbamate
are somewhat asymmetric; for example Peyronel and
Pignedoli* found C—S distances of 1.702(8) and 1.726
(8) A in (n—prop.dtc):Ni; Frazer and Harding® found
values of 1.707(10), 1.707(10), 1.727(10) A and
1.732(10) A in (Mexdtc),Zn(pyridine). Finally, Klug®
found that in (Mexdtc):Zn the C—S distances for the
non-bridging dithiocarbamate ligands are 1.701(19)
and 1.748(19) A, while those in the bridging dithio-
carbamates are 1.699 and 1.739 A, which are in
excellent agreement with our results. Also, Klug’s
results® emphasize the fact that in most cases the
dithiocarbamate ligands have structural features
which are largely invariant to considerations such
as whether the ligand has both sulfurs attached to
the same metal or is acting as a bridge. In this re-
gard it is worthwhile considering the results of Cola-
pietro, et al.® on the structure of (Etdtc)Na.3H,0
where only one of the sulfurs of each dtc ligand is
attached to a sodium ion. In this salt the C-S di-
stances are equal within the standard deviations and
the average C—S distance is 1.720(9) A.

(36) H.W. Dias and M.R. Trutter, Acta Cryst., 17, 937 (1964).

In (Cpdtc),Fe(CO), the piperidine rings have the
chair conformation. The bond lengths are those of
normal single bonds with the average value of 1.49 A
for the (alkyl)-N distance and 1.50 A for the C-C
distance. These values are in good agreement with
those found in the piperidine ring of pseudotropine”
(1.45 and 1.52 A, respectively). There is also good
agreement between the valency angles of the piperi-
dine rings in the present study and those in pseudo-
tropine. The angles at the nitrogen are significantly
dissimilar because of the deformation due to the ethy-
lene bridge in the bicyclic compound. The average
carbon valency angle in (Cpdtc),Fe(CO); is 111(2),
which is the sp® tetrahedral angle within one stan-
dard deviation.

The average bond length of 1.32 A for C—N shows
high double bond character, as it does in all dithio-
carbamates thus far reported, except perhaps in (n—
buxdtc):Fe which Hoskins and Kelly® report to have
a C-N bond of 1.42 A. The report of Nardelli, et
al.® (see Table IV) that C=N in (H:NCS,).Ni is 1.38
(3) A is no exception since this value is only one
standard deviation away from the general result of
1.33-1.34 A found in all other studies.!'®®** Table
IV sumarizes the data available for this bond for a
wide variety of metal dithiocarbamates and it seems
clear that the result of Hoskins and Kelly implies an
unusually low degree of conjugation between the R;N—
and the —CS» fragments. In the LCAO-MO approxim-
ation the double bond order calculated from Coul-
son’s*® C—C formula as modified by Liquori and Va-
ciago® for the C—N bond is:

s S—D
1+40.6625(1—p)/p
where
B = observed C = N bond distance, 1.31 A,
S = single bond distance, 1,472 A
(Pauling®)
D =double bond distance, 1.287 A

(37) H. Schenk, C.H. McGillavry, S. Skolnik, and J. Laan, Acta
Cryst,. 23, 423 (1967).

(38) C.A. Coulson, Proc. Roy. Soc., A169, 413 (1939).

(39) A.M. Liquori and A. Vaciago, Gazz. Chim. Ital., 86, 769 (1956).
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Table V. All bond distances are in A and bond angles in degrees.

The quantities in parentheses are e.s.d. in the least

significant digit(s). Where e.s.d. are not quoted, the source reference did not provide the information.

Name of compound Av(Fe—S) Formal Charge on Fe Ref.
(Cpdtc)Fe(CO), 2.322(6) 2 this work
((n-but).dtc);Fe 2.418(6) 3 8
(CH;@CS:HCH,dCS,)Fe @ 2.32(2) 3 48
(CH;QCSJ)(CH;G’CS:)FC b 22](2) 3 48
[(SC:HS)(SzCSCsz)zFC]z“ 2.338(4) 3 52
[(SC:H;}(S:CSC:H;),Fe |¢ 2.287(1) 3 52
(Et.dtc),FeNO 2.29(1) td 41
(Me,dtc),FeNO 2.294(2) 14 42
(Et.dtc),FeCl 2.32(2) 3 43
[(MNT),Fe]," 2.23(2) 3 44
[(MNT),FeNO]* 2.27(1) 14 45
[(MNT)Fe]*~ 2.265(3) 4 46
(PFD),Fe(As®,) 2.135(3) 4 47
[(OC)FeS]. 2.228 0° 49
(OC),Fe;S; 2.231 Qe 50
CUF8153 226(6) 213 51
KFeS; 2.24(—) 3 52

aFor an FeSCS four-membered fragment of the molecule.

bFor an Fe-S-S.C-S five-membered fragment of the molecule.

¢For an Fe-S-C-S-Fe five-membered fragment of the molecule. 4 The nitrosyl ligand is assumed to be NO*; for those who prefer
NO-, the charge on Fe would be +3. ¢ As preferred by the authors.

is p = 0.76. This indicates a high contribution of the form:

=)
e S\ ~.(n/

(=)

to the structure of the ligand. By the same criterion,
the results of Hoskins and Kelly® imply that p=0.21;
i.c., practically no conjugation between the R:N— and
the —CS; fragments of the dithiocarbamates ligands.
The dithiocarbamate groups of the present study can
also be compared to similar groups contained in te-
traethylthiouramdisulfide: ¥

Et S S Et
\N (]% S—S (’:' N/
_____ N

Et/ Et

In both cases the dithiocarbamate fragments are es-
sentially planar and the C—N bond adjacent to the
S atoms is quite short, 1.32-1.33 A, while the single
N—C(alkyl) bonds are in the range-1.48 A.

In (Cpdtc);,Fe(CO), the Fe—S bond lengths are:
Fe—-S(1)=2.308(5), Fe—S(4)=2.303(5), Fe-S(2)=
2.338(5), and Fe—S(3)=2.338(6) A and can be de-
scribed as occurring in pairs, with average Fe—S di-
stances of 2.306(5) and 2.338(6). Note that the dif-
ference is statistically significant since the difference.

A=0.032=n(5"+6")"x10"*

or, n=32/7.8=4, approximately. Figure 2 shows
that the longer pair of Fe—S bonds is that associated
with those sulfurs trans to the carbonyl ligands, which
suggests that the difference in bond lengths is caused
by the trans effect of the latter fragments. If the four
values for the Fe—S bonds are averaged, one obtains
an overall average (Fe—S) bond of 2.322(6) A, which
is in good agreement with a large body of data in the
literature (see Table V). For example, (Et.dtc)Fe-

(40) L. Pauling, « The Nature of the Chemical Bond », 3rd Ed.,
Cornell University Press, Ithaca, 1960, p. 260.
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(NO),"" (Mexdtc),Fe(NO)? and (Etdtc),FeCl® are pat-
ticularly appropriate examples to compare with our
results. The average value of the Fe~S bonds lengths
in these substances is 2.29(1), 2.294(2), and 2.32(2)
A, respectively. In (Et:dtc);Co'" the average Co—S
distances is 2.237(3) A, which is in excellent agree-
ment with all the above values. The results of four
studies of iron derivatives of MNT and PFD are also
available for comparison: Hamilton and Bernal* re-
ported the structure of the [(MNT),—Fe—Fe(MNT),]*-
where the four independent Fe—S bond distance ave-
rage to 2.23(2) A. Rae® reported the results of a crys-
tallographic study of the anion [(MNT).Fe(NO)]*
for w/l;ich he found an average Fe—S bond length of
227 A.

Bernal and Sequeira® found an average Fe—S distan-
ce of 2.265(3) A for the six-fold coordinated (MNT)-
Fe?~ anion which contians Fe'V. Epstein and Bernal”
found an Fe—S distance of 2.135(3) A as the average
length for the four independent bonds in (PFD);Fe-
(As®3), wich also contains Fe'V but in a square py-
ramidal arrangement. A interesting new compound,
bis(dithio-p-toluato)Fe™ thio-p-toluyldisulfide, was re-
ported by Coucouvanis and Lippard ® to have three
types of Fe—S bonds whose average length is 2.28 A,
the longest being 2.32 A. Finally, a few randomly
chosen compounds containing simple inorganic sulfur
give the following results: Wei and Dahl®* studied
[(CO)sFeS]; and (CO)sFe;S; where they found avera-

(41) M. Colapietro, N. Domenicano, L. Scaramusso, A. Vaciago and
L. Zambonelli, Chem. Commun., 583 (1967).

(42) R.P. White, J.A. McCleverty, and L.F. Dahl, to be publishcd.

(g?) B.F. Hoskins, R.L. Martin, and A.H. White, Nature, 211, 627
(1966).

(44) W.C. Hamilton and . Bernal, lnorg. Chem., 6. 2003 (1967).

(45) A.L.M. Rac, Chem. Commun., 1245 (1967).

(46) I. Bernal and A. Sequeira, to be published. See Abstracts Ame-
ricanP(,Crysta]lographic Association, Minneapolis, 1967, p. 75, Abstratc
No. .

(47) E.F. Epstein and I. Bernal, Inorg. Chem., 10, XXXX(1971).

(48) D. Coucouvanis and S. J. Lippard, J. Am. Chem. Soc., 90,
3281 (1968).

(49} C.H. Wei and L.F. Dabhli, fnorg, Chem., 4, t (1965).

(30) C.H. Wei and L.F. Dahl, ibid., 4. 495 (1965).

(51) L.V. Azaroff and M.]. Buerger, Am. Min., 40, 213 {(1955).

(52) 1.W. Boon and C.H. McGillavry, Rec. Trav. Ciumn.. Pays Bas, 61,
910 (1942),

(53) D. Coucouvanis, S.J. Lippard, and J.A. Zubieta, Inorg. Chem.,
9, 2775 (1970).



ge values of 2.228(2) and 2.231(9) A for the Fe—S
distances. The mineral cubanite, CuFe,S;, was stu-
diev by Azaroff and Buerger" who found an average
Fe—S distance of 2.26(6)A, while Boon and McGil-
lavry* reported a value of 2.24 A for the Fe—S bonds
in KFeS;. Consequently, given the broad range of com-
pounds examined, the fact that they contain different
size chelate rings, different charges of the metal and
the ligands and that some contain simple inorganic
sulfur as the Fe ligand, the abnormally large value
of the average Fe—S bond length 2.418(6)A (the lar-
gest value being 2.426(6)A) reported by Hoskins and
Kelly® is very important. It appears that the anoma-
lous magnetic moment for ( (n—but)dtc);Fe™ is as-
sociated with the following structural features which
are quite different from those of most other Fe—S com-
pounds thus far studied: (a) Fe—S distance are abnor-
mally high; (b) this is coupled with an abnormally
large value of the C = N bond, which is almost a sin-
gle bond as shown by the value of p of 0.21 (vide
supra). Thus the normal conjugation between the
dialkylamine and the —CS; fragments is practically nil
(this effect should be observable in the IR spectra of
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such substances); and (c) a distortion from the normal
trigonal antiprismatic coordination of the six sulfurs
around the Fe towards the trigonal prismatic confi-
guration of the six sulfurs around the Fe towards the
trigonal prismatic configuration?® We feel that the
study of (Cpdtc),Fe(CO), has been rewanding since it
forced us to compare the differences in structural
behavior between the magnetically anomalous tris—di-
thieocarbamates with those of better behaved species.
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