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The crystal structure of tetrakis(thioacetamide)nickel-
(II) bromide has been determined from three dimen-
sional counter data at ambient room temperature.
With . = 0.71068A the cell constants are: a =
15.530£0.004A, b = 14.989£0.004A, ¢ = 9.310%
0.002A, vy =1189x0.1°, D.=D,, = 182 g cm™}
B2/b, Z = 4. Solution of the structure was achieved
by standard heavy atom techniques and refinement by
full matrix least squares with anisotropic temperature
factors resulted in a final R of 0.068. The structure
is composed of Ni(SCNH,CH#+ molecular ions and
bromide ions. The Ni atom is on a crystallographic
center of symmetry requiring the Ni and its four
sulfur neighbors to lie in the same plane. The bro-
mide ions are essentially in axial positions with long
Ni—Br distances of 3.599+0.004A. The two crystal-
lographically independent Ni—S distances are 2.216
and 2.222 both +0.009A, while the S—Ni—S angle
is 87.3+0.4°. From the Ni—S—C angles of 112(17
Av. it is clear that the sulfur atom uses an sp’ lone
pair of electrons to form the metal-sulfur sigma bond.
The geometry of the complex is such that the Ni,
Br and thioacetamide groups related by a center of
symmetry are almost coplanar, i.e., when the molecule
Ni(SCNH,CH;).Br; is viewed down the Ni—Br axis.
all atoms lie in one of two planes related by a 90°
rotation about this axis. This orientation arises from
a combination of hydrogen bonding and electronic
effects.

Introduction

Thiourea, [SC(NH));=tu], is a ligaid molecule
ideally suited to the role of a probe of the interaction
of empty w ligand orbitals with appropriate metal
orbitals. This ligand is planar, including hydrogen,
when it is complexed with a metal ion as well as
when it exists as an isolated molecule. In addition,
the geometry of the ligand clearly specifies the direc-
tion of the donor orbitals. The sp? sulfur non-bon-
ding electron pairs are in the molecular plane with
the maximum electron density making an angle of
somewhat less than 120° with the S—C bond while
the = orbitals are obviously normal to the molecular
plane. The nitrogen lone-pair electrons are deloca-
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lized over the entire molecule. The precise orientation
of this ligand molecule relative to a metal ion or a
metal ion and its nearest neighbors can be readily
found by single crystal X-ray structure studies. From
studies of metal complexes of this ligand, we have
shown that thiourea can behave as a w-donor in Cutu;-
Cl,z Agtl.lzCI,3 Cl.l4tl.lq(NC)3)4,4 Cotug(NO3);, Cotuy(NO3), .
H:0,’ Custus(BFs); ¢ and as a sulfur sp? electron donor
in PdtuCl,” PttuCl? CotwCl;® and NitueBr..!°
Others have also shown this molecule to be a sulfur
sp* electron donor in NitwCl," NitwS,0; 2 and Zn-
tuz(CH:CO),.* From a careful examination of the
twist (M—S—C; S—C—N-—N dihedral angles) and
the tilt (in appropriate cases MSs;; M—S—C dihedral
angles) angles in the transition metal complexes of
thiourea, we have concluded that rather than the
lowest empty molecular orbital of thiourea behaving
as an electron acceptor, the empty sulfur d orbitals
orthogonal to the ligand w orbitals are the & acceptors
from the ligand. The energy levels of thiourea are:
a;, —2.238; b;, —1.508; a,", —0.8183; and a,”, +1.038.
With the six = electrons, two from each nitrogen and
one from carbon and sulfur, these are filled
through a,’.

The lowest n antibonding level of the ligand could
be made more accessible by substitution of groups
for H on the ligand or going to other variations of
thiourea, e.g., thioacetamide (tac) with = levels and
energies: a, —1.9683; a’, —0.91(3 and a”+0.863. These
levels would then be filled through a’ with the two
electrons from nitrogen and one each from carbon
and sulfur. In addition, this ligand retains the above
mentioned convenient probe features of thiourea.
With these principles in mind we decided to examine
the crystal structures of some transition metal thio-
acetamide complexes.
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The preparation of M(tac)Cl; (M = Fe, Co, Zn
and Cd), M(tac)Cl; (M = Ni and Cd) has been re-
ported by Nardelli, et al.** Truter and Rutherford"”
published the results of the crystal structure analysis
of Cu(tac),Cl. Flint and Goodgame®™ reported on
the electronic and vibrational spectra for M(tac).X.
(M = Fe, Co, Zn or Cd, X = CIl, Br or 1) and M(tac).-
X2 (M = Ni, Pd, Pt or Cd and X = Cl, Br, NO*-
and ClO,7). These latter authors reported Ni(tac)Br,
as a blue-purple diamagnetic, presumably square pla-
nar, complex with a diffuse reflectance absorption
maximum at 16,850 cm™'. In attempting a preparat-
jion of Ni(tac)sBr, by methods similar to those of Flint
and Goodgame, we found that three different com-
plexes could be isolated: (1) A green, presumably
octahedral Ni(tac)sBr,, probably structurally similar
to the Ni(tu)sBr, for which the crystal structure has
been reported; (2) a blue Ni(tac):Br, which is no
doubt the complex reported by Flint and Goodgame:
and (3) a red complex, Ni(tac):Br.. We report the
preparation and crystal structure of the red Ni(tac):Br;
complex in this paper.

Experimental Section

Crystals of the red Ni(tac):Br. were prepared by
grinding together 0.01 mole anhydrous NiBr, and
0.04 mole thioacetamide [SC(NH;)CH;] until a green
color appeared. Five drops of H,O were added and
grinding continued until the color changed to red.
The red product was extracted with wet acetone to
give a green solution. Diethyl ether was added and
yellow crystals were formed in approximately 30
min. These crystals were removed and the green
solution was allowed to stand for approximately four
hours, after which dark red crystals of Ni(tac)Br;
which looked blue in mass were formed and removed.
The crystals were found to be unstable in air and
were placed in thin walled glass capillaries for diffrac-
tion studies.

Preliminary Weissenberg data showed the mono-
clinic red crystals to have systematic extinctions: for
hké, h4¢ = 2n+41 and for hkO, k = 2n--1, indi-
cating space group B2/b or Bb.” A crystal 0.1 mm
X 0.1 mm XO0.5mm was pldaced in a thin-walled glass
capillary and mounted about the unique axis (c, the
needle axis) on a Picker automated diffractometer and
aligned by variations of well known methods.® The
cell constants for the B centered cell, obtained from
a least-squares refinement” of the y, ® and 26 angles
of 14 accurately centered general reflections with
MoKe radiation (A = 0.71068A) at room tempera-
ture, were found to be: a = 15.530(4)A, b =
14.989(4)A, ¢=9.310(2)A, and v=118.9(1)° (here
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and elsewhere in this paper, the estimated standard
deviation of the last significant digit is in parentheses).
The calculated density with four molecules of Ni-
(tac)sBr: per cell is 1.82 g ecm™ in good agreement
with the observed value of 1.93(2) g cm~® measured
by flotation in a bromoform-benzene mixture. With
Zr-filtered MoKe radiation 1863 independent hk# pie-
ces of intensity data were measured.

Backgrounds were measured by stationary counting
for 40 seconds at =0.75° 20 from 20 of the peak maxi-
ma and the peaks were scanned for 90 seconds (1.5°
20) by the usual 6—26 scan. The source to crystal
distance was 18 c¢cm while the crystal to counter di-
stance was 26 cm. The take-off angle was 3.7° and
the counter aperture was 6 mm by 8 mm high. A
random sampling of 18 symmetry related reflections
gave agreement to within three standard deviations
of the counting statistics (see below) and only two
crystallographically independent (hk#, hk#) octants
were measured. The linear absorption coeflicient ()
for MoKea radiation was calculated to be 61.2 cm~.
No corrections were made for absorption because the
crystal slowly decomposed and this effect, in addition
to the capillary effect, outweighed simple absorption
effects. The width of an average peak at half peak
height was ~0.3° 20 at the above take-off angle.
This is only to indicate that the peak was completely
covered in this angular range. The counting rate
never exceeded 5000 counts per second and no atte-
nuators were used. A standard reflection was mea-
sured after every tenth reflection to monitor the sta-
bility of operation and any crystal decomposition that
might occur. Once data collection was in progress,
it was noticed that the crystal was indeed decomposing.
However, the standard peak dropped linearly with
time (over a period of two weeks) until at the end
of the sixth layer (¢ = 6), it had disappeared into
the base line. The crystal alignment was checked
several times during the period of data collection,
and it remained centered. Hence, the decrease in
intensity of the standard peak is due to crystal decom-
position and not crystal misalignment. If o[ I(Scan)]=
[I(scan)+(1.125)(B;+B;)]* where [(scan) is the
number of counts over the scan range, B, and B, the
background counts, and 1.125 a constant used to scale
the total background time to the total scan time,
then the standard reflection never varied more than
o from the straight line plotted for its downward
trend. The integrated intensity was calculated as
I(net)=I(scan)—1.125(B;+B;) and was considered
above background when I(net) was greater than
2.0[(1.125Y%(By+B;)]*. I(net) was then scaled by
I./1, where 1, is the initial integrated intensity of the
standard peak and I, the integrated intensity of the
standard peak taken immediately previous to the gene-
ral peak. By this criteria 427 non-zero kh# reflections
were retained. Lorentz polarization corrections were
made and the intensities reduced to structure factors.

Structure determination

In space group B2/b there are two possibilities for
placing four Ni(tac)sBr; entities in the cell. 1) The
Ni atom may be placed on one of the four four-fold
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First column is h foliowed by F(obs) and

Observed and Calculated Structure Factors for Ni(thioacetamide),Mr..

F(calc = 10F(calc) absolute.
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F(calc).
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0(3)
1(4)

1732)
0,1/2,0;

Angle(degrees)
60(1)
79(2)

175(2)

-2 of Sly-Schoemaker-van den

symmetry [(0,0,0;

of

Ni—S(1)-C(1)
Ni—S(2)—C(2)
S(1)—C(1)—-C(3)
S(1)—C(1)}-N(1)
S(2)—C(2)—-C4)
S(2)—C(2)—N(2)

* Atoms on adjacent molecules.

Plane 2
In space group Bb, four molecules may

be placed in general positions in which case no re-

a modification of ERFR

3.599(4)
3.30(2)
centers

of
1/2,0,1/2;1/2,1/2,1/2), (0,0,1/2; 0,1/2,1/2; 1/2,0,0;

(22) Patterson and Electron Density Calculations done on IBM 7040

An unsharpened three-dimensional Patterson func-
with ERFR-3,

1/2; 1/2,0),(1/4,0,1/4; 3/4,1/2,1/4; 3/4,0,3/4; 1/4,
tion was computed? and was readily interpreted in

1/2,3/4),(1/4,1/2,1/4; 3/4,0,1/4; 3/4,1/2,3/4;, 1/4,
metry. 2) The Ni atom may be placed on the four-fold

set of the two-fold axis (0,1/4,z; 0,3/4,z; 1/2,1/4,1/2
+z; 1/2,3/4,1/2—z) requiring the molecule to have C,
strictions are imposed on the molecular symmetry.

0,3/4)] requiring the molecule to have a center of sym-

Dihedral Angles Between Various Planes.

Plane 1
Hende by D. R. Harris.

Ni—Br

Br—N(1)

Br—N(2) 3.30(3)
Br—N(1)* 3.44(3)
Br—N(2)* 3.39(3)
S(1)»—Ni—S(2)
S(1)—Ni—S(2)
Ni—=S(1)-C(1)
Ni~S(1)—C(1)
Ni—S(2)—C(2)
Ni—S(2)—C(2)
sets

symmetry.

0.0000(—*)
—0.3156(04)
—0.0316(13)

0.0649(10)

0.0764(36)

0.0497(37)

0.1643(32)

0.2400(40)

0.3031(49)

0.3349(37)

[exp—(h?B,
Bz

0(05)

7(04)

—55(10)

11(09)

3.9(14)

5.8(16)

5.5(12)

(3)

BI!
—2(05)
—2(04)

—33(10)
13(10)

-2 8 6 219

[Flcarc) |
Bl2
22(4)
46(3)
25(6)
27(6)
C(2)
C(4)
N(2)

0.0000(—*)
—(0.1563(03)
—0.0154(07)
—0.1631(07)

0.0667(23)

0.0659(23)

0.1284(18)
—0.1716(28)
—0.2789(30)
—0.0947(23)

Atom
1 | March, 1971

<

MIN
112 3 24
BJ!
68(12)
79(07)
201(22)
79(19)

2.0xF

2.7(10)
3.2(12)
3.3(09)

B
* Indicates a fixed parameter.

-1 603 387
42(4)
68(3)
56(7)
39(6)

0.0000(—*)
—0.0954(03)
—0.1482(07)
-0.0757(08)
—0.1710(22)
—-0.2687(22)
—0.1082(17)
—0.0754(27)
—0.1356(29)

Atom Positional and Thermal Parameters.
—0.0349(21)

Bll
44(4)
74(3)
47(6)
82(8)

Isotropic Temperature Factors for Carbon and Nitrogen.

Anisotropic Temperature Factors of the Form:
+ kB + B + 2hk By + 20 8B+ 2k €610 ] . 10°.
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Table Il.
Atom
Ni

Br
S(1)
S(2)
C(1)
C(3)
N(1)
C(2)
C4)
N(2)
Atom
Ni

Br
S(1)
S(2)
Atom
C(1)
C(3)
N(1)



terms of a Ni atom at the origin and bromine and
sulfur atoms in general positions of B2/b. The space
group was then assumed to be B2/b and the structure
was solved and refined on this basis. A structure
factor calculation was made at this point which yielded
an R (see below) of 0.21 after two cycles of least-
squares varying only the scale factor and atomic coor-
dinates. We assumed the model to be correct and
computed a three-dimensional electron density map
based on the phase angles from the output parameters
from the least-squares. All of the remaining atoms
were located from this calculation and subsequent
full matrix® least-squares refinement with scattering
factors from a standard source®? including real and
imaginary dispersion corrections for Ni, Br and S
atoms,® converged with isotropic temperature factors
to an R of 0.09 after three cycles. By allowing the
Ni, Br and two S atoms to vary anisotropically, the
structure converged after three cycles to a final con-
ventional R of 0.068, weighted R of 0.083 and stan-
dard error of 2,60.7 Unit weights were used through-
out the refinement. The listing of observed and cal-
culated structure factors is found in Table I. Ta-
ble II contains the final atomic coordinates and ther-
mal parameters. Interatomic distances, angles, di-
hedral angles, errors® and appropriate least-squares
planes® are enumerated in Table 11T and IV.

Table IV. Equations of least square planes of the type *
Ax+By+Cz—D=0.

Plane No. 1 2 3 4

A 0.0874 0.9956 0.1119 0.9966
B 0.7036 —0.0913 0.7744 —-0.0621
C —0.7052 —0.0226 —0.6227 —0.0536
D 0.1336 —0.1996 0.1033 —-0.0525

Deviation of atoms from least square planes (A).

Plane No. (I)a 1 2
S 0.008(7) —0.009(5)
c( —0.027(22) 0.030(15)
N(D 0.011(19) —0.012(12)
CI+2) 0.009(23) —0.009(17)
3 4
S(1-2) —0.115(7) 0.057(5)
C(1--2) 0.014(22) 0.042(15)
N(1-2) 0.162(19) 0.003(12)
C(hH —0.036(23) —0.056(17)
Ni 0.103(**) —0.052(**)
Br —0.100(3) 0.007(2)

* Coordinates x, y, z refer to an orthogonal coordinate system
(J. S. Rollett, Computer Methods in Crystallography, Pergamon
Press, New York, p. 22). ** Atom constrained by space
group requirements, 2 See figure for notation.

Description and Discussion

The structure of Ni(tac),Br. is made up of mole-
cular ions, Ni(tac)?*, with two essentially ionic bro-
mine atoms. The Ni atom lies on a crystallographic
center of symmetry and this demands that the Ni

(23) Least-squares refinement performed with ORFLS of W. Busing,
K. O. Martin and H. Levy (ORNL-TM-305, 1962) with local modifica-
tions including anomalous dispersion.

(24) D T. Cromer and J. T. Waber, Acta Cryst,, 18, 104 (1965).

(25) D. T. Cromer, Acta Cryst,, 18, 17 (1965).
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and four S atoms be coplanar. The two bromine
atoms occupy almost axial positions to this plane, but
at rather long distances (Figure 1) which imply only
van der Waals interactions exist between metal and
halogen.

Figure 1. A perspective view of the NI(thioacetamide),Br,
unit showing the bonded distances, the Ni-Br distance and
the most important angles.

The two crystallographically independent Ni—S di-
stances of 2.216(9)A and 2.222(9)A (not statistically
different) are significantly shorter than the 2.498(6)A
to 2.517(6)A observed in Ni(tu)Br;'° and the
2.418(1)A to 2.481(1)A observed in trans—Ni(tac)Cl, ¥
as well as the 2.43A expected from the sum of single
bond covalent radii," but are essentially the same
as the 2.200(2)A and 2.225(2)A observed in Ni(N,N’-
dimethylthiourea)Br; ¥ and the 2.198(3)A observed
in Ni[ SC;H:N(CHj3):]: ® and only slightly longer than
the 2.160(2)A and 2.171(2)A reported in Ni[SC-
(NH2)NC(NH;)S1:* On the other hand, the Ni—Br
distance of 3.599(4)A is at least 1A larger than a
normal single bond distance (sum of single bond co-
valent radii = 2.50A) and the bromines must be
viewed as essentially bromide ions. The orientation
of the thioacetamide groups as shown by the Ni—-S—C
angles of 110(1)° and 114(1)° as well as the dihedral
angles between planes defined by Ni—S—C and

(26) Anomalous dispersion corrections made to F_, as suggested by
J. A. Ibers, and W. C. Hamilton, Acta Cryst., 17, 781 (1964).

(@7 R = [Y)|F,|—|Fj|]/Z|F,[; Weighted R = [Ew(F,—F)2]"/
[EwF?]"; Standard Error = ;[}:W(FO—FC)Z]/(NO——NV)}“, where

NO = 427, NV = 58.

(28) Distances, angles, dihedral angles, rms displacements and er-
rors computed with ORFFE program of W. Busing, K. O. Martin and
H°.40Levy (ORNL-TM-306, 1964) with local modifications on the 1BM
7 .

(29) Least-squares planes calculated on IBM 1620 with program
by W. A. Spofford, IlI

(30) R. L. Girling, J. E. O'Connor, and E. L. Amma, to be published.

(31) L. Pauling, « Nature of the Chemical Bond », 3rd Ed., Cornell
University Press, Ithaca, New York, 1960, pages 246, 249.

(32) M. S. Weininger and E. L. Amma, to be published,

(33) R. L. Girling and E L. Amma, Inorg. Chem., 6, 2009 (1967).

(34) H. Liith, E. A. Hall, W. A. Spofford, IIl, and E. 1. Amma,
Chem. Comm., 520 (1969).
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S—C—N (twist) of 0(3)° and 1(4)° (Table III) indicate
that the sulfur is using an sp? lone pair of electrons
in bonding to the nickel. The thioacetamide groups
are also rotated about the Ni—S bond and tilted out
of the square plane by 60(1)° and 79(2)° for the S(1)
and S(2) thioacetamide groups, respectively (see
Ni—S—C dihedral angles, Table II1).

In each thioacetamide group the nitrogen is closest
to the bromine with a N—Br distance of 3.30(3)A for
both N(1) and N(2). The least-squares planes (Ta-
ble 1V) indicate that the entire S(2) thioacetamide
group is approximately coplanar with the Ni, Br and
S(2) atoms. In addition, Table IV shows that the
S(1) thioacetamide group is close to being coplanar
with the Ni, Br and S(1) atoms but not as good a
fit as the S(2):.thicacetamide group with the Ni, Br
and S(2) plane. These facts might indicate that
N—H - - Br hydrogen bonding is the factor that de-
determines the orientation of the thioacetamide groups.
However, it is germane that the C—N ---Br angle is
136°(2) for N(1) and N(2). Further, if idealized pro-
ton pcsitions are placed upon the nitrogen the
N—H - -- Br angles would be 151° and 157° for N(1)
and N(2), respectively. Therefore, the amide pro-
tons are not in the best locations for hydrogen bon-
ding to the bromide ions. In addition, it is interesting
to note that in trans—Ni(tac),Cl, there are no intra-
molecular hydrogen bonds (the hydrogens were locat-
ed), but there still exists a large tilting about the Ni—S
bond of from 56.2(3)° to 65.7(3)° and intermolecular
hydrogen bonds are formed. Moreover, the dihedral
angles between planes defined by Ni—S—C, S—C—C-N
vary from 4.6(5)° to 8.5(5)° for trans—Ni(tac),Cl, and
the analogous angle observed in Ni(tac)Br: indicate
that the bonding in thioacetamide complexes is diffe-
rent from thiourea complexes in which these angles

usually vary from 14-35°.783%

(35) M. Nardelli, G. F. Gasparri, G. G. Battistini, and P. Domiano,
Acta Cryst., 20, 349 (1965)
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As indicated earlier in the introduction, there is a
significant difference in the & orbital energies between
thiourea and thioacetamide. Particularly germane is
the fact that the lowest empty orbital of thiourea is
at +1.03B (a,”) and the lowest empty orbital of thio-
acetamide is +0.868.* We have interpreted the
twist angles (dihedral angles between M-S—C and
S—C—N planes) for transition metal-thiourea com-
plexes as arising from the fact that it is energetically
more expensive to transfer electrons from filled me-
tal d orbitals into a,” than to twist the thiourea mole-
cule such that the empty sulfur d orbitals that are
orthogonal to the = system can act as electron accep-
tors. However, with the lower energy thicacetamide
n antibonding available at 0.868 it seems that now
Ni® finds it profitable to delocalize the b (dx) other-
wise non-bonding electrons. This is our explanation
for the orientation of the thioacetamide ligands in
Ni! complexes.

The thioacetamide groups in Ni(tac)Br; are all
essentially planar within experimental error (Table
IV) and their bond distances and angles do not differ
significantly from free thioacetamide. All of the er-
rors are quite large, but in view of the fact that the
crystal was decomposing during data collection, they
seem quite reasonable.

We were never able to obtain a macroscopic sam-
ple of red tetrakis (thioacetamide)Ni(Il)bromide com-
pletely free of black nickel sulfide. The samples
always indicated a small variable residual parama-
gnetism due to this decomposition product, Presu-
mably the pure red material is diamagnetic.
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(36) Huckel g calculations performed with program due to B. M.

Gimarc, University of South Carolina, Columbia, S. C.
(37) M. R. Truter, . Chem. Soc., 997 (1960).



