
Vul. 6 ,  Nu. 3, Murch 1967 ~~U~~-~IC€iLOROTET~AKIS(ET€IYLENETHIOUREA)NICKEL(II) 605 

I I1 

I11 

All three resonance forms are consistent with the 
diamagnetism of the compound. Forms I and I1 show 
clearly the half-bridge nature of the bonding between 
Ti  and Al. Form I involves some Lewis basicity of 
the Ti  atoms toward the A1 atoms. This was suggested 

in the earlier study of this compound.3 Recently, 
other examples of Lewis basicity of metals have been 
reported. 

The Crystal Structure 
Figure 3 shows the content of the unit cell projected 

on the bc plane. Ethyl groups and cyclopentadienyl 
rings clustered about axes parallel to the a axis and con- 
taining centers of symmetry exhibit the closest packing 
distances. Minimum carbon-carbon distances of 3.52 
A between centrosymmetrically related methyl groups 
and of 3.48 A for similarly related cyclopentadienyl 
rings are observed. No H-H contact distances less 
than 2.24 A have been calculated with the hydrogen 
atoms in the positions listed in Table 11. 
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trans-Dichlorotetrakis(ethylenethiourea)nickel(II), Ni/SC(NHCH&] 4 c 1 2 ,  is polymorphous, crystallizing in the triclinic 
system with one molecule in the unit cell (space group P i )  and in the monoclinic system with four molecules in the unit cell 
(space group C2/c). Both structures have the same NiS4 skeleton, including two unequal independent Ni-S bonds, but 
differ in the orientation and length of the Ni-C1 bonds and also in the orientation of the ethylenethiourea ligands. There is 
no clear evidence for intermolecular or intramolecular hydrogen bonding in these crystals. 

Introduction 
The structure of dichlorotetrakis(ethy1enethiourea)- 

nickel(I1) [ N i ( e t ~ ) ~ C l ~ ]  was first investigated by Nar- 
delli, Chierici, and Braibanti. Weissenberg photo- 
graphs were obtained by rotating small yellow crystals 
about the z axis. Crystallographic data were reported 
as u = 8.42, b = 8.44, c = 8.82 A ;  a = 107.0°, /3 = 
117.5", y = 90.2"; I' = 524A3; 2 = 1; D, = 1.67; 
Do = 1.70. A qualitative comparison of hkO Weissen- 
berg photographs4 from this crystal and from the 
corresponding thiourea complex,s [Ni(tu)4Clz], led 
these authors to deduce that there must be marked 
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structural analogies between the compounds. In 
particular they concluded that the coordination of the 
four sulfur atoms of the ethylenethiourea molecules 
around the nickel atom must take place in one plane, 
chlorine atoms completing an octahedron in truns 
positions. This conclusion has, essentially, been con- 
firmed by the present work. 

Both yellow and orange crystalline forms of 1Ni- 
(etu)4Clz] were subsequently studied by Holt and Car- 
1in.O The yellow form was assumed to be identical 
with the compound reported by Nardelli, et al., and 
their conclusion that this was a trans complex was ac- 
cepted. Indeed this conclusion was further supported 
by an examination of reflectance spectra. The split- 
ting of spectral bands of the yellow compound was ob- 
served to be twice that of the orange compound, and 
it had been shown theoretically and experimentally 

( 6 )  S. L. Holt, Jr., and R. L. Carlin, J. A m .  Chem. Soc., 86, 3017 (1964) 
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that  such an effect would be produced if the compounds 
were trans and cis isomers, respectively. This paper 
describes complete X-ray structure analyses which 
have shown both crystalline forms to  contain trans iso- 
mers only, thus contradicting the earlier conclusion. 

Experimental Details and Crystallographic Data 
Preparations of both crystalline forms of dichlorotetrakis- 

(ethylenethiourea)nickel(II), Ki[SC(NHCH2)2I4Cl2, have been 
detailed by Holt and Carlin.6 The calculated formula weight is 
538.3 and the linear absorpton coefficient, for Cu Ka radiation 
of wavelength 1.5418 A, is 70.1 cm-l. Unit cell dimensions were 
obtained from single crystal Weissenberg and precession photo- 
graphs taken a t  room temperature (20’) with this radiation. 
Maximum experimental errors in these quantities are indicated. 

Orange Crystals.-These crystals were triclinic, space group P i  
determined by structure analysis, Q = 8.46 zt 0.03, b = 8.41 =I= 

y = 90.5 k 0.2’, V = 524 A3; D, = 1.7 g cmP3 (by flotation); 
2 = 1; Do = 1.70 g cm-3 F(000) = 278. These figures agree, 
within probable experimental error, with those given by Nardelli 
and co-workerss for what they described as yellow crystals. 

Yellow Crystals.-These crystals were monoclinic, space group 
C2/c determined by structure analysis, a = 17.57 i 0.07, b = 
8.35 =t 0.03,  c = 16.74 f 0.07A; p = 119.5 f 0.2”; V = 2128 
ha; D, = 1.7 g ~ m - ~  (by flotation); 2 = 4; D, = 1.68 g cm+; 
F(000) = 1112. Thus the yellow crystals described as trans- 
[Ni(et~)~Clz]  by Holt and Carlin were not the same yellow crys- 
tals also described as tvans-[X(etu)4Clz] by ru’ardelli, et al.; 
because the subtle difference in color between the orange and 
yellow crystalline forms has led to  confusion in the early work, 
they are henceforth distinguished as triclinic and monoclinic [Xi- 
(etu)4Cla], respectively. 
In both cases three-dimensional data were collected and 

mcchanically integrated using a Wonius Weissenberg camera and 
Cu K o ~  radiation at room temperature. For the triclinic crystal 
the h01, hkO, h k l ,  hk2, hk3, and hk4 reciprocal lattice layers were 
recorded. In the nlonoclinic case only the h01, k l l ,  h21, h31, and 
1241 layers were obtained by this method. The plateaus of all 
integrated spots, and adjacent background areas, were meas- 
ured using a single-beam photometer and a galvanometer cali- 
brated to read intensities directly. Small crystals (maximum 
dimensions 50.05 mm) were used and no absorption corrections 
applied. Structure factor magnitudes were derived from the 
relative intensities after the usual application of Lorentz-polariza- 
tion corrections. 

0.03, c = 8.81 rt 0.03 A; 01 = 107.0 i 0.4”, p = 117.5 i 0.4”, 

Structure Determinations 
Space Groups.-For each crystal there existed two 

possible space groups; in the triclinic case P1 or Pi ,  
and in the monoclinic case Cc or C2/c, the latter de- 
duced from systematic absences among the X-ray spec- 
tra. In both cases the centrosymmetric alternatives 
required the heavy nickel atoms to be on special posi- 
tions. Regardless of space group or isomeric form, 
the electron density distributions about the nickel 
atom would have been nearly centrosymmetric for the 
other heavy atoms (chlorine and sulfur). Conditions 
mere hence not favorable for making conclusive dis- 
tinctions between possible space groups by statistical 
methods. Until the contrary was proved, each struc- 
ture was assumed to be noncentrosymnietric. 

Computing.-Most of the calculations outlined in 
this paper were carried out on the Brown University 
IBM 7070 and System/360 Model 50 computers using 
programs written by the authors or modified by them 
to suit these facilities. 

Three-dimensional least-squares refinements using 
the full-matrix program ORFLS~ were also run on an 
IBM 7094 computer. With this program, refinements 
were carried out on I F ] ,  the quantity 2w(F0 - SqF)z 
being minimized. Discrepancy indices were calculated 
as R = ZIFo - S , F / / Z F o  and R‘ = [2-z(F0 - S,F)2/ 
~ W F ~ ~ ] ” ~ .  The scale factors S,, used with each sepa- 
rately recorded Weissenberg layer, were allowed to vary 
but did not differ from each other by more than 10%. 
Values for R and R‘ quoted in this paper are, there- 
fore, close to those which would be obtained using the 
more conventional definitions in which S, = 1 and both 
sets of structure factors are on absolute scales. Struc- 
ture factor tables in this paper are on absolute scales 
and were obtained by multiplying F values from ORFLS 

by S,-l. 
In  all these refinements use was made of the weight- 

ing scheme introduced by Hughesx in which w a I// FoI 
for I F o I  > 41 F m i n ~  and w ‘/161 F m i n l  for 1 Fo/ < 41 F m i n l .  

Scattering factorsg for Xiz*, C1-, S, N, and C, used in 
structure factor calculations, had real dispersion cor- 
rections applied for the heavy atoms only. 

Interatomic distances and bond angles were calcu- 
lated from atomic parameters using the program 
ORFFE. lo Standard deviations in these functions 
include errors in the atomic parameters supplied to 
ORFFE in the form of the variance-covariance matrix 
obtained from the inverse matrix during the final cycle 
of least-squares refinement. Standard deviations in 
cell parameters, estimated as one-third of the maxi- 
mum experimental errors quoted above, have also been 
included in these calculations. 

Triclinic [Ni(et~)~Cl~].-Projectioiis of the sharpeiietl 
Patterson function on (010) and (001) were constructed 
from 153 h0Z reflections and 159 hkO reflections, respec- 
tively. Coordinates were derived for the heavy chlo- 
rine and sulfur atoms. Though indistinguishable, 
these primary ligands were clearly in distorted octa- 
hedral coordination about the nickel atom. Then 116 
h0Z reflections and 100 hk0 reflections (;.e., all the non- 
zero data) were used in two separate refinements of the 
heavy atom parameters. Initially all atoms were as- 
signed isotropic temperature factors similar to those 
obtained by Lopez-Castro and Truterll for [Ni(tu)4Cl~], 
and all ligands were designated as sulfur atoms. The 
resulting conventional R factors (observed reflections 
only) were 0.30 and 0.29 for the two sets of data. It 
was not possible to locate the light nitrogen and car- 
bon atoms of the ethylenethiourea rings from difference 
Fourier projections. 

Using the heavy atom parameters produced by the 
projection refinements, structure factor calculations 
for 822 measured hkl reflections gave an R factor of 0.33. 

(7) W. R. Busing, K. 0. Martin,  and H. A. Levy, “ORFLB.  a Fortran 
Crystallographic Least Squares Program,” Oak Ridge National Laboratory, 
Oak Ridge, Tenn., 1962. 

(8) E. W. Hughes, J. Am. Chem. Soc., 63, 1737 (1941). 
(9) “International Tables for X-ray Crystallography,” Val. 111, The 

Kynoch Press, Birmingham, 1962, pp 202-205, 214. 
(10) W. R. Busing, K. 0. Martin, and H. A. Levy, “ORPFE, a Fortran 

Crystallographic Function and Error Program,” Oak Ridge Natioual Labo- 
ratory, Oak Ridge, Tenn., 1061. 
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TABLE I 
STRUCTURAL PARAMETERS FOR TRICLINIC [Ni(etu)4C1z1 WITH STANDARD DEVIATIONS~ 

Atom X Y z 611 P 2 2  Baa Pia Pia B?a 

Ni(1) 0 . 5  0.6 0 . 5  0.0088 (04) 0.0075 (03) 0.0109 (08) 0.0028 (03) 0.0055 (04) 0.0033 (04) 
S(2) 0.5762 (03) 0,5291 (03) 0.8121 (04) 0.0116 (04) 0.0116 (04) 0,0125 (08) 0.0045 (03) 0,0058 (04) 0,0040 (05) 
S(3) 0.3584 (03) 0,1981 (03) 0,3774 (04) 0.0133 (04) 0.0079 (03) 0.0155 (08) 0.0020 (03) 0,0087 (04) 0.0040 (04) 
Cl(4) 0,7730 (03) 0.4010 (03) 0.5013 (04) 0,0104 (04) 0,0104 (04) 0.0159 (08) 0,0045 (03) 0.0083 (04) 0,0067 (04) 

B, A2 

C(21) 0.7111 (12) 0.3952 (12) 0.8999 (16) 2.29 (20) 
N(22) 0.8160(12) 0.3176(12) 0.8364(14) 3 .85(24)  
C(23) 0.9280(13) 0.2232(13) 0.9543(16) 3.09(24) 
C(24) 0.8485 (14) 0.2365 (15) 0.0856 (18) 3 .96  (30) 
N(25) 0.7316(12) 0.3595(12) 0.0427(15) 3.66(24) 
C(31) 0.2896 (11) 0,1678 (11) 0,5188 (14) 2.02 (19) 
N(32) 0.1744 (10) 0.2491 (10) 0.5622 (13) 2.76 (20) 
C(33) 0.1501 (14) 0.1980 (14) 0.6951 (18) 3.60 (26) 
C(34) 0.2625(14) 0.0543(14) 0.7221(17) 3.69(28) 
N(35) 0.3314 (12) 0.0481 (12) 0,5932 (15) 4.20 (26) 

a The p values are the coefficients in the anisotropic temperature factor expression exp’, -(pllhZ + p2&2 + p3&’ + 2pnhk + 2pIaal + 
The B values are the parameters in the isotropic temperature factor exp[ -B(sin C)2/X2] for the light atoms; they were not 2Pz3kl)}. 

varied during the final two cycles of refinement 

In the ensuing, inevitably centrosymmetric, three- 
dimensional difference maps, several of the highest 
peaks were in chemically sensible positions compatible 
with the established geometry of ethylenethiourea 
rings.’2 Two such rings were used, without their 
centrosymmetric equivalents, in a new structure factor 
calculation. This noncentric trial structure gave an R 
factor of 0.28 and the resulting difference maps clearly 
showed the other two ethylenethiourea rings in posi- 
tions related to the first two by a center of symmetry 
a t  the nickel atom. One further structure factor cal- 
culation, using this centrosymmetric trial structure 
with chlorine and sulfur atoms now distinguished, gave 
an R factor of 0.14. 

I n  three cycles of three-dimensional least-squares re- 
finement varying 6 scale factors, 39 positional param- 
eters, and 14 isotropic temperature parameters, values 
for the factors R and R‘, defined above, dropped to 
0.086 and O.llS, respectively. Two further cycles of 
refinement varying the same scale factors and positional 
parameters as before but anisotropic temperature factors 
for the heavy atoms only gave final values for R and R’ 
of 0.066 and 0.093, respectively. This represented no 
improvement over the penultimate structure factor 
calculation and the small shifts in all variable parameters 
confirmed that the refinement had converged. Maxi- 
mum shifts as fractions of their estimated standard 
deviations in the final cycle of refinement were 0.16 
for scale factors, 0.20 for positional parameters, and 
0.68 for temperature factors. The final parameters 
are listed in Table I together with their estimated stand- 
ard deviations. 

In  three-dimensional difference Fourier maps, calcu- 
lated after the final structure factor calculation, the 
deviation in electron density, ~ ( p )  = ( l / V )  [Z(AF)2]1’z, 
was 0.12 e/A3. Several maxima in electron density 
were greater than 3uj the largest value being 0.58 e/A3. 
From interatomic distance calculations, five of these 
maxima could have represented hydrogen atoms but the 

(12) P. J. Wheatley, Acta Cryst., 6, 369 (1953). 

others definitely could not. No attempt was made to 
refine these possible hydrogen atom positions or to  
include them in further structure analysis in any way. 

Monoclinic [Ni(etu)&12].--Sections of a sharpened 
three-dimensional Patterson function over the asym- 
metric unit of space group C2,” were constructed 
from 513 hkl reflections. One of four equivalent 
nickel atoms in the unit cell was obviously on a center of 
symmetry a t  the origin if the correct space group was 
C2/c, or very close to the origin on a 2-fold rotation 
axis if the space group was Cc. Consideration of the 
shortest interatomic vectors established the orienta- 
tion of the heavy ligand atoms in distorted octahedral 
configuration around this atom. A trial structure 
based on the noncentric space group led to a conven- 
tional R factor of 0.33 for 376 measured hkl reflections. 
Each light atom was independently resolved in subse- 
quent difference Fourier syntheses. As in the triclinic 
case it was apparent, within experimental error, that 
the nickel atom was a t  the center of symmetry of a 
trans molecule. Structure factor calculations in space 
group C2/c with chlorine and sulfur atoms distin- 
guished gave an R factor of 0.13. 

In three cycles of three-dimensional least-squares re- 
finement varying 5 scale factors, 39 positional parame- 
ters, and 14 isotropic temperature parameters, values 
for the factors R and R’ were reduced to 0.095 and 0.110, 
respectively. Isotropic temperature factors n-ere then 
converted to anisotropic form but refinement ceased 
when some temperature factor coefficients Tvere no 
longer positive-definite. The correlation matrix 
showed serious interactions between &, &, p23 and the 
scale factors for each Weissenberg reciprocal lattice 
layer of constant k .  This was understandable since 
these layers were only recorded up to k = 4 and no cor- 
relation data had been measured. Accordingly these 
anisotropic temperature coefficients were fixed a t  their 
equivalent isotropic values. Two cycles of anisotropic 
refinement then reduced values of R and R‘ to 0.088 
and 0.104, respectively. By the same criteria as had 
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TABLE I1 
STRUCTURAL PARAMETERS FOR MOSOCLINIC [Si(  etu)aCla] WITH STASDARD DEVIATIOSSn 

Atom X Y 2 Pll P?Z Pas & a  @ I 3  I723 

Iii(1) 0 .5  0 . 5  0 . 5  0.0023(03) 0.0057 0.0015(03) 0. 0.00lO(OZ) 0. 
S(2) 0.5403(04) 0.5894(09) 0.6574(04) 0.0032(03) 0.0081 0.0020(04) 0. 0.0013(03) 0. 
S(3) 0.5165(04) 0.2173(09) 0.5430(04) 0.0037(04) 0.0092 0.0033(04) 0 .  0.0023(03) 0 .  
Cl(4) 0.6473(03) 0.4507(08) 0.5168(03) 0.0024(03) 0.0065 0.0013(03) 0. 0.0008(03)  0 .  

B, A2 

C(21) 0.6396(12) 0.5293(26) 0.7375(13) 0.82(53) 
Ii(22) 0.7044(10) 0.4746(22) 0.7267(11) 2 .07(46)  
C(23) 0.7880 (14) 0.4385 (31) 0.8126 (15) 2 .65  ( 5 7 )  
C(24) 0,7679 (14) 0,5098 (29) 0,8902 (14) 2 .50 (57) 
S(25)  0 .6724(12)  0.5634(28) 0 8289(12) 3 .36(51)  
C(31) 0.4567 (13) 0.1443 (34) 0.5915 (13) 1.69 (57) 
K(32) 0.4026 (11) 0.2392 (25) 0.6085 (12) 2.36 (49) 
C(33) 0.3647 (15) 0.1356 (32) 0.6587 (16) 3.11 (61) 
C(34) 0,3894 (15) 0,9652 (39) 0.6430 (16) 3.86 (62) 
S ( 3 5 )  0.4595(12) 0.9976(30) 0.6179(12) 3 .08(50)  

a The p values are the coefficients in the anisotropic temperature factor expression exp{ -(/3111z2 + &k2 + &12 + 2P12hk f 2,5Qzl + 
The B values are the parameters in the isotropic temOerature factor exp[ -B(sin @ ) 2 / A 2 ]  for the light atoms; they were not 2,&&/)). 

varied during the final two cycles of refinement. 

been applied in the triclinic case, this refinement was 
considered to have converged. Maximum shifts as 
fractions of their estimated standard deviations in the 
final cycles of refinement were 0 07 for scale factors, 
0.07 for positional parameters, and 2.07 for the isotropic 
temperature factor of the light carbon atom (34) I Final 
parameters are listed in Table I1 together with their 
estimated standard deviations. 

Futile attempts to locate hydrogen atoms, similar to 
those described for the triclinic structure, were made 
using final three-dimensional difference Fourier maps 
in which the standard deviation in electron density was 
0.18 e/X3 and the highest peak 0.67 e/93. 

Observed structure factors and those calculated from 
the final parameters are compared in Tables I11 and 
I V  for triclinic and monoclinic [P’;i(etu)iC1z], respec- 
tively. The inaccurate and unmeasured reflections 
listed in Table IV were obscured to varying degrees by 
the beam stop; they nere not used in the refinement. 

Description and Discussion of the Structures 
In  both crystalline forms of [Ni(etu)*Clz] the nickel 

atoms lie on crystallographic centers of symmetry, so 
the individual molecules are necessarily trans complexes 
n-ith three crystallographically independent ligands. 
One molecule from each structure is shown in Figure 1 
projected normally onto the plane of its sulfur atoms. 
In both cases the light atoms attached to sulfur atom 
S(2) have been designated (2l) ,  (22), . . . (25), and 
similarly for those attached to S(3). (This numbering 
does not necessarily imply structural similarity between 
like-numbered atoms.) The structures are shown also 
in Figure 2 in the form of stereoscopic pairs, viewed 
approximately a t  right angles to the view of Figure 1. 
Table V presents the more important interatomic dis- 
tances and bond angles in the two structures, with esti- 
mated standard deviations in the least significant 
figures given in parentheses ; the standard deviations 
include contributions from the errors in cell dimen- 
sions. Superscript primes have been used to dis- 
tinguish equivalent atoms related by the center of 

symmetry a t  the nickel atom. The shortest inter- 
molecular contacts are listed in Table V and shown in 
Figure 2. There are no other atoms within 3.5 A of 
the atoms in the central molecules in Figure 2. 

The primary ligand atoms are arranged in approxi- 
mate octahedral geometry about the nickel atom in 
both crystalline forms of [ N i ( e t ~ ) ~ C l ~ ] ,  but significant 
distortions from the ideal structure are evident. In  
each form there are two significantly different (differ- 
ence greater than 3u) Ni-S bond lengths, one about 
2.45 A and the other about 2.49 A. The Ni-C1 
bond also differs significantly in the two forms. The 
bond angles about the nickel atom deviate from right 
angles by significant amounts, and in ’the same general 
way in both forms, ;.e., all three bond angles involving 
Ni, C1, S(2 ’ ) ,  and S(3) are acute in the triclinic form, 
all those involving Ni, C1, S ( 3 ) ,  and S(2’) are acute in 
the monoclinic form. Qualitatively, these features 
demonstrate differences in the ligand fields a t  the 
central nickel atom of these complexes, as well as dis- 
tortions from an octahedral field which must account 
for their different reflectance spectra.B Although the 
polymorphism found for [ i X i ( e t ~ ) ~ C l ~ ]  is probably un- 
usual for this type of compound, i t  is suggested that 
recent interpretations of ultraviolet-visible spectral3 
as indicating the presence of cis-trans isomers or trans- 
tetragonal structures for octahedral nickel(I1) com- 
plexes should be accepted with caution. trans- [Ni- 
( e t ~ ) ~ C l z ]  does not approach tetragonal symmetry in 
either crystalline form. 

Similar gross distortions from octahedral symmetry, 
and unequal Ni-S bond lengths, have recently been 
reported14 for bis(thiourea)nickel(II) thiocyanate. In  
this compound the two Ni-S bonds (2.531 and 2.504 A) 
are longer than those in [Ni(etu)4Cl?] but the angle be- 
tween them is smaller (83.G0), leading to the same short- 
est S,..S contacts in all three molecules (3.39 * 0.1 A). 

(13) J. Sirola and R. Ragsdale, Ino;,g. Chem., 4, 760 (1965); N .  Curtis 
and Y. Curtis, i b i d . ,  4, 804 (1965); M. Farago and J. James, C h e m  Coi;2?it?c%., 
470 (1965). 

(14) M. Nardelli, G. Gasparri, G. Battistini, and P. Domiano. Acta C ~ y s l . ,  
20, 349 (1966). 
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TABLE 111 
OBSERVED AKD CALCULATED STRUCTURE FACTORS FOR TRICLINIC [Xi( e t ~ ) ~ C l ~ ]  

" L c 1 s  L l l L  h I C I S  C l K  Y I "BI L L L C  

OBSERVED AND CALCULATED STRUCTURE FACTORS FOR MONOCLIMC [ Xi( etU)aClp] 
k i O B I  C l L C  Y L O B I  L I L L  " L C b S  C A L L  

X. 1 

All these Ni-S bond lengths lie within the range 2 . 4  
2.8 A reported11r14 for six-coordinate nickel com- 
plexes. The different Ni-C1 bond lengths in both 
forms of [ N i ( e t ~ ) ~ C l ~ ]  also lie within the range estab- 
lished by earlier workers. In  fact Lopez-Castro and 
Truterl' found Ni-C1 bond lengths of 2.40 and 2.52 A 
within one molecule of [Ni(t~)~C12].  

The Ni-C1 and Ni-S bond lengths were also calcu- 
lated allowing for thermal motion using the methods of 

Busing and Levy.15 When the lighter atom in each 
bonded pair was assumed to ride on the heavier atom, 
bonds increased in length by amounts less than their 
estimated standard deviations in Table V. When inde- 
pendent motion was assumed, bond lengths increased 
uniformly by 0.02 A. It is, therefore, considered un- 
likely that the significant differences in bond lengths to 
nickel noted above are the results of abnormal aniso- 

(15) W. R. Busing and H. A. Levy, Acta Cuyst., 17, 142 (1964) 



610 W. T. ROBINSOX, S. L. HOLT, JR., BKD G. B. CARPENTER Inovganic Cizenzistry 

Figure 1 .-Triclinic [?;i(etu)lClz] and monoclinic [Si(ctu)aCla] 
molecules projected normally onto planes defined by their sulfur 
atoms. 

“ C m L  Y c :,:,.:a-’<-6% 9 6 
l i l l l ~ ( Y i . n l O U P I i l * , ~ * i l  ,“I <:,~,Lt?C~”,a”*!: N :.%, 

Figure 2.-Stereoscopic pairs showing one complete molecule 
from each structure together with nearest parts of neighboring 
molecules. 

tropic thermal vibrations. The adjusted bond lengths 
are not tabulated because neither model provides an 
adequate description of the thermal motion! particu- 
larly of the sulfur atoms which are strongly bonded to 
two other atoms. I t  is also difficult to assign exact 
physical significance to anisotropic temperature factors 
in least-squares refinements n-here so many scale factors 
are variable parameters. 

In each structure there are two crystallographically 
independent S-C bonds which are not significantly dif- 
ferent in length although the shorter bond is always 
adjacent to the longer Ni-S bond. No individual S-C 
bond differs significantly in length from the figure given 
by Wheatley12 for the free ligand (1.708 A). 

Chemically equivalent bonds between light atoms of 
each structure have been groupd and averaged in Table 
V. In  no case are there significant discrepancies 
within one group. For triclinic [ N i ( e t ~ ) ~ C l ~ ]  there is 
remarkably good agreement between the mean bond 
lengths and those givenI2 for the free ligand (C(1)-N, 
1.322 A ;  N-C(3,4), 1.471 A ;  C-C, 1.536 A). The gen- 
eral agreement is not so good in the monoclinic case, 
particularly for the mean N-C bond. 

Unweighted least-squares planes n-ere calculated for 
all of the ethylenethiourea groups and for the five- 
membered rings of carbon and nitrogen atoms included 
in these groups. In  each case some atoms of the group 
lay 0.05 to 0.1 X off the plane and applications of the x 2  

T.4BLE 1- 
INTERATOMIC DISTASCES (x) AND BOSD A!LSGLES FOR 

[Si(etu)dClJ TVITH ESTIMATED STAXDARD DEVIATIOS-s I\ THE 

L E A ~ T  SIGNIFICANT FIGURES 
Tiiclinic 

Intramolecular 
S i (  1)-C1(4) 2 457 (04) 

- S ( 3 )  2 490(06) 
-S(2) 2 451(05) 

S(2)-C(21) 1 698111) 
S ( 3  )-C(31) 1 677(12) 

1 683 (08) Mean S-C 

C(21)-5(22) 1 334 (14) 
-Ii(25) 1 313(14) 

C( 3 1 )-X( 32) 1 329 112) 
-N(35) 1 321 (15) 

Mean C(-l)-N 1 3 2 4 ( O i )  

h7(22)-C(23) 1 480 (15) 
K(25)-C(24) 1 447(15) 
K( 32)-C(33) 1 454 (151 
N( 35)-C( 34) 1 488(15) 
Mean S-C(ethy1ene) 1 467(08) 

C(23)-C(24) 
C(33)-C(34) 
Mean C-C 

S ( 2 ) .  . . S (3 )  
. ‘ . S ( 3 ’ )  

Cl(4). ’ .S(2) 
. , , S ( 3 )  
. ’ .S(2’) 
‘ ’ .S (3’ )  
’ . . 5 ( 2 2  j 
’ ‘ . S ( 3 2 ’ )  

S(2)-Ni( 1)-S(3) 
Cl(4)-Si( 1 ) -S(2)  
C1(4)-Si( l)-S( 3) 
S i (  1)-S( 2)-C( 21 ) 
S i (  1 )-S(3)-C( 31) 

S(2’)’ . ’S(25) 
S(3’j. ’ . 5 ( 3 5 )  
CI(4)’ .  ‘S (25)  
S ( 3 ) .  ’ . K(35’) 

1.565 (17) 
1.549115) 
1.557 (11) 

3.602 (06) 
3 . 3 8 3 ( 0 6 )  
3 .  i3.5 ( 0 7 )  
3.416(08)  

3.578 (06) 
3.093 (12) 
3,218 (10) 

93 . B o  (0 .3’ )  
99.1” ( 0 . 2 ” )  

3.183 (09) 

Y7.3O ( 0 . 2 0 )  
ll<i OD (0 .50 )  
1 0 7 . 1 ° ( 0 . 3 0 )  

Intermolecular 
3.421 (11) 
3.318 (11) 

Monoclinic 

2.482 (07 )  

1.669 (20)  
1,724 (23) 
1 .697(15)  

1 ,374  ( 2 3 )  

1.296 ( 2 6 )  
1 , 3 4 0  ( 1 2 )  

1.495 (25) 
l.541(28) 
1.566 (29)  
1.511 (28) 
1 .528 (14)  

1 .318  ( 2 2 )  

1,370 (25) 

1.618(30) 
1,548 (35) 
1.583 ( 2 3 )  

3.564 j i g )  
3,398 (IO) 
3.843 (08 )  
3.203 (09) 
3.163 (08) 
3 ,739 ((19) 
:3 , i49 ! 17) 
3 .171  (17)  

. . .  

3,429 120) 

test, as described by l\Theatley12 for ethylenethiourea, 
clearly demonstrated that none of the groups selected 
was statistically coplanar. Deviations from planarity 
were completely different for each ring. doubtless re- 
flecting different environments in the crystals. 

In each crystallographically independent ethylene- 
thiourea ring there are tn-o nitrogen atoms T-, hich could 
be involved in N-H..,Cl or N-H,..S hydrogen bonding. 
The six nonbonded interatomic distances to xitrogen 
in Table V are all less than the sum of the relevant van 
der m‘aals radii. All except the intramolecular C1(4).5. 
N(Z2) distance and the triclinic S,.,X distances can be 
ruled out as linear hydrogen bonds because of the chem- 
ically unlikely position in which hydrogen atoms n-ould 
be located. A glance a t  Figure 1 will sho\v that, in 
both structures, Cl(4) has adopted a position in which 
van der LVaals repulsions from N(22), and the hydrogen 
atom attached to N(22), will be minimized. It seems 
unlikely that such large distortions from octahedral 
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symmetry about the nickel atom are the result of at- 
tractive forces when explanatory repulsive forces are 
so obviously present. Repulsion explains the addi- 
tional distortion in the monoclinic structure where the 
C1(4)...N(32’) distance is also short (3.17 A).  Also it 
appears, from the similarity of their ultraviolet-visible 
spectra,6 that the two crystalline forms of [Ni(etu)4- 
Br2] are isostructural with the chlorine complexes; 
there halogen-nitrogen hydrogen bonds are less likely 
to exist. 

The short S...N distances in the triclinic structure 
connect ethylenethiourea rings in different molecules 
which, though related by centers of symmetry, are 
not coplanar, being separated normally by about 0.5 A. 
The possibility of hydrogen bonding in this case cannot 
be ruled out although it seems unlikely. 

In  an independent infrared investigation one of us 
(S. L. H.) has found evidence that there is less hydrogen 
bonding in monoclinic [Ni(etu)4C&], and more in tri- 
clinic [Ni(et~)~C12], than in the free ligand. Wheat- 
ley, however, considered that there was no real evi- 
dence for N-H...S hydrogen bonds in the crystalline 
free ligand because there were other nonbonded inter- 
atomic distances that were abnormally short. This 
conclusion seems valid in the present work. 

It is evident from Table V and the figures that the 
Ni-S-C bond angle is rather flexible and that an ethyl- 

enethiourea ligand can rotate easily about its s-C bond. 
Both factors help to explain why [Ni(etu)aClz] mole- 
cules can form stable crystals with similar densities 
but different molecular environments. 

Finally, i t  is to be noted that the nickel atom lies 
close (0.2 A) to the best least-squares planes through the 
individual ethylenethiourea ligands of monoclinic [Ni- 
( e t ~ ) ~ C l * ]  but 0.8 to 2.0 A away from these planes in 
triclinic [ N i ( e t ~ ) ~ C l ~ ] .  Thus the geometry around the 
sulfur atoms does not indicate any special interaction 
of d orbitals on nickel and sulfur. 

Acknowledgments.-The authors wish to thank Dr. 
R. L. Carlin for his interest in this work and also Dr. 
P. Main, of Purdue University, €or his generous help 
with the extensive least-squares refinement calcula- 
tions. A version of Figure 2 (monoclinic structure) 
a t  an early stage of refinement16 was prepared by Dr. 
C. K. Johnson. The use of his program17 and comput- 
ing facilities provided by Dr. J. Ibers a t  Northwestern 
University made it possible to present stereoscopic 
illustrations with this paper. 

(16) C. K. Johnson,“Stereoscopic Drawings of Some Crystal Structures 
Presented a t  the Joint Meeting of the American Crystallographic Associa- 
tion and the Mineralogical Society of America, June 27-July 2, 1965, Gat- 
linburg, Tenn.” 

(17) C. K. Johnson, ‘‘ORTEP, a Fortran Thermal Ellipsoid Plot Program 
for Crystal Structure Illustrations,” Oak Ridge National Laboratory, Oak 
Ridge, Tenn., 1965. 

CONTRIBUTION FROM THE DEPARTXENT OF CHEMISTRY, 
90007 UNIVERSITY OF SOUTHERN CALIFORNIA, Los ANGELES, CALIFORNIA 

The Rate  of Displacement of H,O in Co(CN),(SO,)OH,3- by CN- 
and  the Formation Quotient of CO(CN),(SO,)NH,~- f rom CO(CN)~(SO~)OH~-  and NH,l 

B P P .  H. TEWARI, RICHARD W. GAVER, H. K. WILCOX, AND W. K. WILMARTH 

Received August 23, 1966 

A kinetic study has been made of the rate of displacement of OH- in Co(CN)4(S03)0H4- by CN-. 
a t  25“, at unit ionic strength, and in the presence of a large excess of CN-. 
havior was observed and characterized by a rate constant. 

All experiments were 
In each experiment pseudo-first-order kinetic be- 

The rate data are in agreement with a rate law given by 

d In { [ C O ( C N ) ~ ( S O ~ ) O H ~ ~ - ]  + [Co(CN)4(S03)0H4-] - 1.73(CK-) 1 
d t  - 0.028 + (CN-) 1 + 776(0H-) 

and are discussed in terms of a limiting type of S N 1  mechanism. 
rium quotient for formation of C O ( C N ) ~ ( S O ~ ) N H ~ ~ -  by reaction of Co(CN)a(S03)0H4- and iYH3. 

A numerical value of 98 k 3 is reported for the equilib- 

Introduction 
This paper is the first of a series dealing with the 

ligation reactions of Co(CN)4(S03)OHa3-. In the 
present paper me report kinetic studies of the rate of 
displacement of HzO in Co(CN)4(S03)OHz3- by CN-, 
a process which occurs very rapidly by a limiting type 
of S N 1  mechanism. In  addition, a value is reported 
for the formation quotient of C O ( C N ) ~ ( S O ~ ) N H ~ ~ - ,  
produced by the reaction of Co(CN)4(S03)OH4- with 
aqueous NH3. 

The results are discussed in terms of the assumption 
that the SO3*- ligand has a remarkable trans-labilizing 
effect in Co(II1) complexes. This assumption has 
been used to explain the results of earlier preparative 
studies2’ and, more recently, kinetic studies involving 
octahedral Co(II1) complexes. 4,5 
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