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complexes. There seems to be angular strain in the cage caps,
whereas the en fragments exhibit angles close to the tetrahedral
value. This is consistent with the ease of deprotonation and the
observed specificity of amine dehydrogenation in Ru(sar)®*.
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The molecular structures of [Cu(S;CNMe,),] and [Zn(S;CNMe,),] have been studied by gas-phase electron diffraction. Both
compounds are monomeric in the gas phase with the metal atoms being bound to two chelating [S,CNMe,] groups (r,(Cu-S)
=2.284 (9) A; r(Zn-S) = 2.348 (8) A). The major difference between the two structures is in the geometry of the MS, fragments,
that of the copper compounds being pseudo square planar (D,;,) while that of the zinc compound is pseudotetrahedral (D,,). The
reason for the difference is attributed to the availability in the copper(II) compound of crystal field stabilization energy that is
greater than the repulsive energy of the steric interactions imposed by the metal adopting a coordination sphere of D, symmetry.
Selected bond lengths and angles in the [S;,CNMe,] groups are as foliows (the data for the copper compound are quoted first
with those for the zinc species being in brackets): r,(C—S) = 1.716 (10) A [1.727 (10) A]; r,(C=N) = 1.334 (18) A [1.351
(17) AJ; r(C—N) = 1.476 (18) A [1.479 (17) A); £,S—M—S(chelate angle) = 78.78 (69)° [79.68 (59)°); £,C=N—C = 124.9

(1.3)° [122.5 (1.2)°).

Introduction

The geometry of the coordination sphere exhibited by a metal
in one of its complexes can often be predicted from a consideration
of simple crystal field theory, a knowledge of the d” configuration
of the metal, and the nature of the ligands in the compound. For
example nickel(II), which is d®, is expected to form square-planar
complexes with ligands high in the spectrochemical series and
tetrahedral ones with ligands low in the series. Thus, [NiCly]*
was predicted to be tetrahedral and [Ni(CN),]% square planar.
Confirmation of the predictions was achieved through single-crystal
X-ray diffraction studies. However, in the solid state, packing
forces may influence the coordination geometry exhibited by a
metal ion; thus, the agreement between prediction and the results
of single-crystal X-ray diffraction studies may be fortuitous. In
the gas phase packing forces are eliminated; thus, the comparison
between prediction and the structural results from gas-phase
electron diffraction studies provide a valid test for predictions.
However, while there have been numerous studies of coordination
compounds by single-crystal X-ray diffraction, only a small
number have been examined by gas-phase electron diffraction and
those that have been studied possess either oxygen or nitrogen in
the coordination sphere. Crystal effects are important. For
example, with the ligand [MeCOCHCOMe]", which is low in the
spectrochemical series, nickel(IT) forms [Ni(MeCOCHCOMe),],
which is trimeric in the solid state with all three metal atoms being
six-coordinate,? while in the gas phase it is monomeric with the
metal having a planar (pseudo square planar) coordination sphere
of four oxygen atoms.?

In view of the paucity of electron diffraction data for coordi-
nation compounds and yet the usefulness of such data that do exist,
we decided to attempt to extend the range of compounds that have
been studied in the gas phase to some simple compounds having
sulfur ligands. We now report a study of the structures of bis-
(dimethyldithiocarbamato)copper(II), [Cu(S;CNMe,);], and
bis(dimethyldithiocarbamato)zinc(II), [Zn(S,CNMe,),;]. The
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existence of reports of single-crystal X-ray studies on both com-
pounds** influenced the choice of compounds for investigation.

Experimental Section and Analysis of the Structure

Preparation of Bis(dimethyldithiocarbamato)zinc(II), (Zn-
(S,CNMe,);], and Bis(dimethyldithiocarbamato)copper(II), [Cu-
(S,CNMe,),). Zinc(II) chloride or copper(II) chloride (0.01 mol) was
dissolved in the minimum quantity of ethanol. To this was added a
saturated ethanolic solution of sodium dimethyldithiocarbamate (0.02
mol). Immediate precipitation took place, and the compounds were
isolated by filtration and washed with ethanol. The samples had metal,
carbon, hydrogen, and nitrogen analyses in accord with the formulation
[M(S,CNMe,),] (M = Cu, Zn).

The Reading Apparatus. Electron diffraction data were obtained by
using the apparatus built at the Univeristy of Reading. Full details of
the apparatus have been given elsewhere.

The experimental conditions used to obtain data for [Zn(S;CNMe,),]
and [Cu(S,CMe;]] are as follows. Three plates were examined at both
long and short camera distances for both compounds, the camera dis-
tances being 494.51 and 244.33 mm. The electron wavelength was
0.061 54 A. The nozzie temperatures were 275 °C for the copper species
and 260 °C for the zinc compound. Unfortunately the s range of the
usable data was restricted to 3.75-12.00 and 9.00-25.00 A™! for the long
and short camera distances, respectively. This cutoff for usuable data,
12.00 and 25.00 A™! for the long and short camera distances, respectively,
we believe is caused by sample being deposited upon the plate when high
nozzle temperatures are used. This effect has been noted previously.®

The experimental data were processed as previously described’!! with
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Table I. Final Structural Parameters for [Cu(S;CNMe,),] and [Zn(S,CNMe,),)?
[Cu(S,CNMe,),) [Zn(S,CNMe;),]
param Ty Ireﬁned Icalc Ty Ireﬁned Icalc
Independent Parameters
r(M-S) 2.284 (9) 0.092 (9) 0.080 2,348 (8) 0.077 (11) 0.083
r(C-S) 1.716 (10) 0.024 (25) 0.047 1.727 (10) 0.0496 0.049
r(C-N,,) 1.405 (18) 0.080 (44) 0.046 1.415 (17) 0.014 (60) 0.046
Ar(C-N)¢ 0.142 0.128
r(C-H) 1.108 (61) 0.100 (59) 0.079 1.102 (43) 0.070 (49) 0.079
£5,-M-§; 78.78 (69) 79.68 (59)
(N-C-H 99.2 (6.4) 106.9 (7.9)
£C¢Ng—Cy 124.9 (1.3) 122.5 (1.2)
: 0.04 90.04
Selected Dependent Parameters

£S,-M-§, 180.0 (3) 126.1 (4)
r(Sy+Ss)¢ 2.904 (22) 0.079 (14) 0.064 3.007 (13) 0.070 (15) 0.063
r(SySg)¢ 3.539 (16) 0.154 (14) 0.140 4.184 (13) 0.132 (15) 0.126
r(Sy+S4)° 4.575 (13) 0.126 (14) 0.114 4,181 (13) 0.128 (15) 0.127
r(Cs~NgY 1.334 (18) 0.080 (44) 0.046 1.351 (17) 0.035 (60) 0.046
r(C,—-NgY 1.476 (18) 0.087 (44) 0.053 1.479 (17) 0.023 (60) 0.053
r(M-Cy) 2.690 (21) 0.129 (35) 0.078 2.644 (22) 0.105 (135) 0.081

¢ Distances (ry) and amplitudes (/) in angstroms, and angles (£,) in degrees. Uncertainties, shown in parentheses, are 2¢ and include estimates of

systematic errors and correlation in the experimental data. ®Kept fixed at calculated value. °Kept constant in the final refinement. These values
were fixed, as from early refinements it was revealed that deviations from 0.0° for M = Cu and 90° for M = Zn were not statistically significant.
¢ Amplitudes for these distances refined as a group. /Amplitudes for these distances refined as a group.

scattering factors taken from Ref 12 and 13. Figure 1 contains repre-
sentations of the molecules together with the atom-numbering scheme
that was used. In choices of the models for the two compounds a number
of assumptions were made, namely (1) the Me groups have C,, symmetry
with the axis coincident with the adjacent N-C bond, (2) within a
S,CNMe; group the S,CNC, fragment is planar and has C,, symmetry,
(3) the CuS, fragment has D,, symmetry while the symmetry of the ZnS,
moiety is Dy, and (4) for a given molecule all M-S bonds are equivalent.
Thus, the model was defined by five bonding distances (r(C-H), r-
(C¢Ny), r(Ci~Ny), r(C¢=S,), and r(M=S) (M = Cu, Zn)) three valence
angles (£8;-M-S,;, /N-C-H, and 2C¢Ng-C,y), and the interplanar
angle &, (the angle between the S,-M~S; and S;-M~S; planes). From
the results of early refinements it became clear that 7(C¢—Ng) and r-
(C,0~Njy) were highly correlated. Accordingly the average of the two
values and the difference between them were refined. When the “best”
values was obtained for the difference, it was fixed in the final least-
squares refinement while the remaining parameters were refined. The
resulting data are given in Table I.

Root-mean-square vibrational amplitudes (/), perpendicular amplitude
corrections (k), and centrifugal distortion constants (6r) were calculated
by using the earlier force field published for bis(dimethyldithio-
carbamato)nickel(11).'4

A model was tested in which the methyl groups were allowed to rotate.
The resulting refinements showed no improvement over those in which
the methyl groups were held in either a fixed eclipsed or a staggered
position. For the copper compound a mode] was tested that allowed for
the CNC, fragment of a S,CNMe, group to come out of the appropriate
CuS, plane by the angle ¥,. The model was designed so that the two
S,CNMe, groups would be allowed to undergo a symmetrical deviation,
giving rise to a “stepped” molecule. Such “stepped” species have been
postulated to be formed by [Cu(MeCOCHCOMe),}.1* However, in-
clusion of this extra variable did not improve the fit between theoretical
and experimental data, so the extra variable was discounted.

Refinements of the structure were carried out by the least-squares
procedure! by adjusting one theoretical curve to fit the two average
experimental intensity curves (one from each of the two nozzle-to-plate
distances) with use of a unit weight matrix. The average curves and the
final theoretical curve, together with the difference curves, are depicted
in parts a and b of Figure 2 for the copper and zinc compounds, re-
spectively. The correlation matrices are shown in parts a and b of Table
I for the copper and zinc compounds, respectively. The radial distri-
bution (RD) curves (see Figure 3) were calculated in the usual manner
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Figure 1. Molecules (a) [Cu(S,CNMe,),] and (b) [Zn(S,CNMe,),]
with the atom-numbering schemes. The atom numbering is as follows:
1=Cu(a),Zn(b);2-5=S;6,7,10-13=C; 8,9 =N,

by Fourier transformation of the s{/,(s)] values after multiplication by
(ZmZs/fwfs) exp(—0.00255s%) (M = Cu, Zn).

Results and Discussion

The results of our structural investigation of [Cu(S,CNMe,),]
and Zn(S,CNMe,),] by gas-phase electron diffraction reveal the
influence of the d” configuration and the associated crystal field
stabilization energy (CFSE) of the copper center upon the ster-
eochemistry of the coordination sphere of the metal center. The
two molecules are depicted in parts a and b of Figure 1 for
[Cu(S,CNMe,),] and [Zn(S,CNMe,),], respectively, from which
it is apparent that in the zinc compound the ZnS, fragment has
D,, symmetry with the ZnS,S; plane being at right angles to the
ZnS,S; plane. In contrast, the CuS, fragment in the copper
compound is planar, having D, symmetry. The major difference
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Figure 2. Intensity curves s[/j(s)] for (a) [Cu(S;CNMe,),] and (b)
[Zn(S;CNMe;),]. Experimental curves (E1 and E2) are averages of all
plates for the two camera distances. The theoretical curves (T) were
calculated from the structural parameters shown in Table I. The dif-
ference curves (D1 and D2) result from subtracting the relevant part of
the theoretical curve from the experimental curves.

in nonbonded distances between the zinc and copper compounds
becomes apparent by comparing the nonbonded S-S distances
(see Table I), of which there are three types in each molecule.
As the Z/S~M-S angles are equivalent in both structures, the
difference in r(S;-S;) values is purely dependent upon the dif-
ference in #(M-S) (M = Cu, 2.284 (9) A; M = Zn, 2.348 (8)
A), which in turn is within experimental error equal to the dif-
ference between the single-bond covalent radii for the two metals
(0.08 A). More revealing is an examination of r(Sy+Ss) (M =
Cu, 3.539 (16) A; M = Zn, 4.184 (13) A, where the former
distance is shorter than twice the van der Waals radius for sulfur
(3.70 A). The remaining S-S distance (#(Sy~S,)) is greater than
twice the van der Waals radius for sulfur in both compounds (M
= Cu, 4.575 (13) A; M = Zn, 4.181 (13) A). Thus, to attain
a planar CuS, fragment the steric repulsion arising from the
generation of two S-S distances of 3.539 (16) A has to be ov-
ercome. One source of the necessary energy open to the copper(II)
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Figure 3. Radial distribution curves (a) for [Cu(S;CNMe;,),] and (b)
[Zn(S,CNMe,),] showing experimental, theoretical, and differences
curves. The curves were calculated from the curves in Figure 2 after
multiplying by (ZuZs/fufx) €xp(-0.00255s%) (M = Cu, N) and using
theoretical data for the unobserved area s < 3.75 A~!, For such com-
plicated molecules most of the peaks in the radial distribution curves are
formed by contributions from one or more interactions. The positions
of the major peaks are as follows: (a) a = C6-N8 and C10-N8, b =
C6-82, ¢ = Cu-S2,d = S2.-.-N8 and Cu-C6, ¢ = S2-+83 and C10--S2,
f = 83..84, g = Cu--N9, h = S3--85, i = Cu--C10; (b) a = C6-N8 and
C10-N8, b = C6-S2, ¢ = Zn-S2, d = S2-~N8 and Zn--C6, ¢ = S2--S3
and C10--82, f = Zn.~N9, g = §3...85, h = Zn---C10.

compound but not the zinc(II) is of course crystal field stabilization
energy (CFSE). The CuS, group could be expected to adopt either
an approximately square planar or tetrahedral geometry. From
simple crystal field theory the CFSE values (in terms of Dg(oct))
for the two stereochemistries are —12.28 Dg(oct) and —1.78Dg(oct)
for square-planar and tetrahedral geometries, respectively.!” A
value for Dg(oct) for Cu(Il) in the pseudooctahedral dithio-
carbamates is difficult to obtain because of the occurrence of
charge-transfer bands in close proximity to the d—d bands.
However, a value of 1800 cm™ has been assigned to Dg(oct) for
the square-planar nickel compound [Ni(S,CNMe,),].’* With
use of the Ni(II) values for Dg(oct) the difference in CFSE
between square planar and tetrahedral can be calculated, and it
is approximately 225 kJ mol™! in favor of the square-planar

(17) Dunn, T. M.; McClure, D. S.; Pearson, R. G. Some Aspects of Crystal
Field Theory; Harper and Row: New York, 1965.
(18) Fackler, J. P., Jr.; Coucouvanis, D, J. Am. Chem. Soc. 1966, 88, 3913.
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Table II. Correlation Matrices (X100) for the Parameters in [Cu(S,CNMe,),] and [Zn(S,CNMe;),]
(a) [Cu(S;CNMe,),]

param o5’ r n 3 74 s g 4 Iy ly lg Iy liy b In Ls
r(Cu-S) 0.0021 100 10 =7 -16 ~14 29 6 -2 6 34 37 55 -62 -17 10
r(C-S) 0.0025 100 -6 -16 62 58 5 33 60 12 7 33 -29 -33 0
r(C-N) 0.0044 100 26 53 -18 -24 -1 1 5 -2 20 -17 =29 13
r(C-H) 0.0152 100 31 -52 -6 -9 -6 9 -11 -12 10 -1 5
£S5-Cu-8* 023 100 31 21 19 40 19 11 40 =23 =25 13
/(N-C-H 2.15 100 9 14 29 48 41 46 -32 -21 13
£C-N-C? 0.42 100 -2 3 12 17 -3 22 23 5
I(C-H) 0.015 100 56 -13 -6 4 -4 -9 -2
I(C-N) 0.011 100 -10 -2 17 -18 -20 =5
(C-S) 0.006 100 68 62 -41 -7 37
I(Cu-S) 0.003 100 60 -46 -14 43
I(N-:S) 0.008 100 -80 =26 29
[(Cu-C)  0.035 100 50 23
I(SwS) 0.005 100 -19
[(Cu«N) 0.014 100

(b) [Zn(5,CNMe,),)

param o5’ n £ N T4 s s 4 Iy ly lo Iy I L Iy
r(Zn-S) 0.0021 100 13 -10 -7 -31 56 -15 -9 0 =21 9 -21 ~-15 -34
r(C-S) 0.0025 100 -22 =29 44 34 -22 1 31 4 10 -1 -14 1
r(C-N) 0.0043 100 48 48 -37 =50 4 2 14 -34 22 42 -14
r(C-H) 0.0108 100 12 -33 -13 -3 -12 10 =21 9 23 -5
£8-Zn-§°¢ 0.20 100 -9 -42 2 21 15 =23 7 28 5
/N-C-H 2.63 100 0 -10 12 =51 50 -56 -59 =31
LC-N-C* 0.40 100 -3 -8 -4 9 ~10 -12 2
I(C-H) 0.012 100 12 16 -10 17 it 12
I(C-N) 0.015 100 18 6 1 -9 2
I(Zn-S) 0.004 100 -76 65 77 38
I(N-S) 0.051 100 -60 -93 ~-25
1(S8+8) 0.007 100 62 49
I(ZnC)  0.045 100 24
I(Zn~N) 0038 100

4Standard deviations taken from the least-squares refinement. Distances (r) and amplitudes (/) in angstroms and angles in degrees. ®/S-Cu-S
is S;-Cu-S,; £C-N-C is C¢-Nyg-Cyq. ©£8-Zn-S is S;—Zn-S;; £C-N-C is £CsNg—Cyo.

configuration. The importance of such a value can be judged by
considering the bond dissociation enthalpies of Br,, Cl,, and C-I,
which are 193, 242, and 238 kJ mol™}, respectively. Thus, [Cu-
(S,CNMe,),] is to be expected to adopt a D,, configuration in
the gas phase as the energy savings from CFSE is more than
enough to form two r(S,Sy) interactions of 3.539 (16) A.
As stated in the Introduction, the solid-state structures of both
[Zn(S;CNMe,),]* and [Cu(S,CNMe,),]* have been determined.
Although the coordination sphere of the zinc atoms in both the
gas phase and solid phase is pseudotetrahedral, the mode of ligand
bonding differs. In the solid state each zinc atom is bound to one
chelating (Zn-S distances 2.333 (6) and 2.429 (6) A) and two
bridging [S,CNMe,] groups (Zn-S distances 2.373 (6) and 2.312
(6) A). The formation of bridging rather than chelating
[S,CNMe,] groups reduces the strain in the ligand that arises

from the presence of Zn-S—C-S rings. In contrast in the solid
state two chelating [S,CNMe,] groups are found in the copper
compound (Cu-S distances 2.302 (2) and 2.319 (2) A). However,
in addition there is an extra type of interaction with one sulfur
atom from each [S,CNMe,] group forming a long-range inter-
action with other copper atoms on adjacent molecules (Cu-S
distance 3.159 (3) A), thus giving rise to six-coordinate copper

atoms. The Cu-S and Zn-S distances in the gas-phase deter-
minations (Cu-S, 2.284 (9) A; Zn~S, 2.348 (8) A) are in accord
with the data from the solid-state studies. Similarly all the bond
angles and distances in the chelating [S,CNMe,] groups found
in the present studies agree with those found in the solid state.
It should be noted that the data obtained in this electron diffraction
study, even for correlated distances, are of a higher accuracy than
those obtained by X-ray methods.

Conclusions

The study has further demonstrated that electron diffraction
is a good method for studying the coordination sphere of metals
in their complexes free from the influences of the crystal lattice
and, thus, the true impact of crystal field stabilization energy upon
the geometry of a metal’s coordination sphere can be demonstrated.
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