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both a tetrahedral Re;(CO);; molecule and a square-
planar Re,(CO)¢*~ anion, each nietal atom would at-
tain the appropriate noble gas configuration. It might
be possible, therefore, for the known Re;(CO)12~ ion to
undergo both a two-electron oxidation (to the tetra-
hedral neutral species) and a two-electron reduction (to
the square-planar tetraanion). Experiments involving
these and related reactions are presently in progress in
the laboratories of Professor H. D. Kaesz.

The Tetra-n-butylammonium Cation

The over-all configuration of the tetra-n-butyl-
ammonium cation is shown in Figure 1. Three of the
n-butyl limbs take up a frans conformation, while the
fourth limb has a gauche conformation in which the
terminal two carbon atoms may reasonably be assumed
to be disordered. A survey of the thermal parameters
of the carbon atoms within the tetra-n-butylammonium
ion shows evidence of large amplitudes of thermal mo-
tion. [Mean isotropic thermal parameters are 7.0 A2
for a-carbon atoms, 9.1 A2 for B-carbons, 9.0 Az for ~-
carbons (neglecting Cis), and 12.8 A2 for é-carbons
(neglecting Cy).]

Inorganic Chemaistry

It should be emphasized that disorder of the terminal
-CHy;~CH; group of a single #n-butyl group has pre-
viously been reported for [(n-CiHg)sN[Fey(S:Co-
(CN)2)a],#* and disorder of a single terminal methyl
group probably occurs in [(7n-C.Hg)sN ][Cu(S,Cs-
(CN)y)1.4*  Similarly, although the (#-CHg) N+ ion
in [(n-CHg)aN1/Co(S;Co(CN)g)s 14 is ordered, even
here three of the n-butyl chains adopt the trans confor-
mation while the fourth takes up a gauche conformation.

These observations should result in some hesitation
in using tetra-n-butylammonium salts in future crys-
tallographic investigations.
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The molecular and crystal structure of (—)-tetracarbonyl(fumaric acid)iron ((—)-Fe(CO);(CHCOOH),) has been deter-
mined by X-ray diffraction methods. The unit cell of P2,2,2 symmetry (@ = 6.10 (2)A, b = 13.37 (4)A, ¢ = 19.20 (6) A)
contains six molecules of the Fe(CO)y(CHCOOH), formula. The measured and calculated densities are, respectively, 1.77
and 1.80gem™3, A total of 610 nonzero intensities were collected photographically by Weissenberg equiinclination methods.
The structure was determined by the Patterson method and refined by the least-squares method to a conventional R factor
of 11.69,. A trigonal-bipyramidal coordination of the ligands around the central iron atom has been found. Two sig-
nificantly different conformations are observed of the same molecule since only one of the three crystallographically inde-
pendent molecules shows the C==C group of the coordinated fumaric acid lying on the equatorial plane. For two mole-
cules, on the contrary, a significant deviation from the planarity is observed. The absolute configuration has been deter-
mined utilizing the anomalous diffraction of the Cu K« radiation by the iron atom. According to the rule used by Cahn,
Ingold, and Prelog the absolute configuration is R,R. Two different patterns of hydrogen bonding have been observed.

Each molecule of type A is hydrogen bonded to four others of the same type.

Molecules of type B and C, on the other

hand, are hydrogen bonded according to the sequence. ..B~C-B-C. ...

Introduction

Recent studies on olefin and tramsition metal com-
plexes carried out in our laboratory have shown that
when an olefinic compound without asymmetric substi-
tuents and with no symmetry plane normal to the plane
of the double bond is = bonded to a coordinative center,
pairs of enantiomorphic molecules are obtained.!=3
The structures of some of these complexes containing
Pt or Fe as the coordination center are under study in
our laboratory. In this paper we report the results of
a three-dimensional X-ray study on the (—)-Fe(CO).-
{CHCOOH), complex.

Experimental Section

A sample of racemic tetracarbonyl{fumaric acid)iron, Fe(CO),
(CHCOOH ), was prepared following the method described by
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Weiss, et al.? The resolution of the two enantiomers was ob-
tained by crystallization of the corresponding brucine salts.

The optical activity of the (—) form was: [a]%*®D —578° (in
acetone). Crystals suitable for X-ray study were obtained by
slow evaporation of a solution of the compound in aqueous
hydrochloric acid.

The unit cell parameters were obtained from Weissenberg
photographs (Fe Ka): o = 6.10 (2) 4, b = 1337 (4) 4, ¢ =
19.20 (6) A, Z = 6, dexpu = 1.77 (2) g cm ™3, and deatea = 1.80
gcm™%, (In parentheses are reported the standard deviations in
the last digits.)

Space group P2,2,2 was uniquely determined from the analysis
of the systematic absences. Three-dimensional intensity data
were collected photographically by use of the Weissenberg
equiinclination method and Fe Ka radiation. The crystal used
for collecting most of the data (levels kk0-%£9) was a prism of
dimensions 0.15 X 0.2 X 0.5 mm, the 0.5-mm direction being
parallel to the ¢ axis. Further data (k0/~h2!) were collected
using a crystal of dimensions 0.2 X 0.2 X 0.5 mm.

The linear absorption coefficient is u = 52.7 cm ™. Assuming
for the crystal an approximately cylindrical shape, a maximum
difference of 109, in the absorption correction factor results.
The intensities of 610 observed reflectigns visually estimated
were put on a common scale according to the method of Rollet
and Sparks.’® No absorption correction was applied. The values
given by Hanson, ef al.,} for the scattering factors were used.

A correction of —1.4 e~ was applied to take into account the
real contribution of the anomalous diffraction. This value for
the correction had been found empirically satisfactory during the
refinement of the structure of the racemic form.1?

Determination and Refinement of the Structure

The presence of six molecules in a unit cell of P2,2,2
symmetry suggested that, in analogy with the struc-
ture of the racemic form of the same compound, the
molecules were situated along the twofold crystallo-
graphic axis with the iron atoms in special positions on
the symmetry axis. In fact, while the lengths of the a
and b axes of the two forms are nearly equal, that of the
¢ axis of the (—) form is three-halves that of the racemic
one. Strong analogies were found between the dis-
tributions of the intensities of the 0/ reflections for the
two forms. The structure was solved by interpreta-
tion of the three-dimensional Patterson synthesis. The
structure of the racemic form, which had been already
solved, was of great help in the interpretation of the
Patterson function of the optically active compound.
The iron atoms were easily located. The general
orientation of the three independent molecules around
the twofold axis was found jointly by the accurate
analysis of the Patterson peak distribution within 3 A
from the origin and by analysis of the packing of the re-
sulting possible models.

In particular,‘it was possible with this method to de-
fine the orientation of the apical carbonyls of the three
independent molecules and, consequently, to build up
a first consistent model of the crystal structure. An R
factor (Z|AF|/3|F,|) of 33% was the result of the first
structure factor calculation, which was considered a
sufficiently good demonstration of the over-all correct-
ness of the stiucture. The refinement was initially
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TABLE I
ATtoMic COORDINATES AND THERMAL PARAMETERS

Atom x EY z B, A
C(1a) —0.1416(61) 0.6188(26) 0.1406 (19) 4.58 (81)
C2a) 0.1116 (59) 0.5116 (33) 0.0352 (16) 4.61(79)
C(34A) 0.1633 (55) 0.6179 (23) 0.0195 (16) 3.41(73)
C(4A) 0.2131 (59) 0.5538(27) 0.1947 (18) 3.89(72)
O(1A) —0.2416(42) 0.6911 (19) 0.1417(14) 5.67(62)
0(2A) 0.0339 (41) 0.6844 (16) 0.0090 (11) 4.30(49)
0(34A) 0.3736 (39) 0.6328 (17) 0.0170(11) 4.26(51)
O(4A) 0.3406 (49) 0.5959 (21) 0.2232 (14) 6.02 (65)
Fe(A) 0.0 0.5 0.1379 (4) AN
C(1B) 0.3631 (64) 0.6227 (27) 0.4825(19) 4.79(87)
C(2B) —0.3956 (50) 0.5079 (29) 0.3790(14) 3.45(64)
C(3B) ~—0.3022(59) 0.6107(24) 0.3633 (18) 4.02(74)
C(4B) 0.7304 (55) 0.5523 (25) 0.5314 (16) 3.35(69)
O(1B) 0.2785(45) 0.6934 (19) 0.4910(14) 5.38(60)
O(2B) —0.4368(35) 0.6843 (16) 0.3630(11) 3.98 (47)
O(3B) —0.0994(39) 0.6180(17) 0.3490 (12) 4.53(52)
0(4B) 0.8579 (45) 0.5911 (18) 0.5624 (12) 4.95(58)
Fe(B) 0.5 0.5 0.4809 (4)
C(1C) —0.7538(66) 0.5681 (31) 0.8116 (20) 5.23(92)
C(20) 0.5614 (50) 0.5442(23) 0.7051 (15) 3.22(68)
C(3C) 0.4605 (60) 0.6438 (25) 0.6833 (17) 4.10(76)
Cc4C) 0.6136 (67) 0.5977 (28) 0.8592 (20) 5.22 (86)
0O(1C) 0.0868 (49) 0.6081 (22) 0.8098 (15) 6.88(73)
0(2C) 0.2652 (44) 0.6417 (22) 0.6699 (13) 5.71(64)
0(3C) 0.5991 (45) 0.7165(20) 0.6867 (13) 5.75(64)
0(4C) 0.6906 (51) 0.6631(23) 0.8887 (13) 7.13(77)
Fe(C) 0.5 0.5 0.8045 (4)

Anisotropic Thermal Parameters of the Iron Atoms
Atom Bu Bz Bis Bay Bz Bas

Fe(A) 4.34(37)  1.06(37) 2.71(29) 4.71(38)
Fe(B) 3.31(43) —1.08(35) 2.04 (28) 5.44 (43)
Fe(C) 3.93(37) —0.74 (42) 3.50 (33) 5.46 (42)

Figure 1.—Molecular model of (— )-Fe(CO),(CHCOOH)..

carried out for the centrosymmetric (100) projection by
successive Fourier and difference Fourier synthesis
calculations. The coordinates obtained in this way
(the x coordinate was determined from stereochemical
considerations) were used as a starting point for the
final three-dimensional refinement. This was carried
out by the block-diagonal-matrix least-squares method.
The minimized function was R, = Zw(AF)?%/
EWVF(,[Z. Thermal parameters were allowed to vary
isotropically at the first stages up to a conventional R
factor of 159;. The refinement was than continued
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TaABLE II

COMPARISON BETWEEN OBSERVED AND
CALCULATED STRUCTURE FACTORS (F(000) = 828)
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MOLECULAR PARAMETERS
e Molecule————rm————ms
Atoms A B C

Distance, A
.82 (4)
.09 (3)
.84 (4)
.14 (4)
.11 (53)
.40 (5)
.49 (5)
.21 (4)
.30 (4)

Fe-C(1)
Fe-C(2)
Fe-C(4)
C(1)-0(1)
C(4)-0(4)
C(2)-C(2)’
C@2)-C(3)
C(3)-0(2)
C(3)-0(3)

(84 (4)
.06 (3)
.85 (3) 81 (4)
.09 (5) 11(3)

1.80 (4)
2
1
1
.11 (4) 1.14 (5)
1
1
1
1

.03 (3)

.30 (4) .40(4)
.52 (5) .53 (5)
.28 (5) .22 (5)
.27 (4) .29 (4)

O 0 S S Ry MG P N R Y
[ i S —o S T N T

Angle, Deg
176.2(3.2) 172.
171.2(3.2) 173.
C(1)-Fe-C(1)’ 176.7(1.7) 178,
Cd)-Fe-C(4)’ 107.5(1.8) 116.
C(1)-Fe C(4) 88.7(1.6) 90.
C(1)-Fe-C(2) 96.8 (1.7) 96.
C(1)-Fe-C(2)’ 86.4(1.7) &5.
C(4)-Fe-C(2) 107.4 (1.5) 104.
C(2)-Fe-C(2)’ 39.0(1.4) 36.
Fe-C(2)-C(3) 109.3(3.1) 110.6(3.0) 115.9(3.3)
C(2)-C(2)-C(3) 114.8(3.5) 121.2(3.5) 121.4(2.7)
C(2)-C(3)-0(2) 126.8(3.1) 117.1(2.9) 115.6(3.0)
C(2)-C(3)-0(3) 111.3(2.8) 118.5(2.8) 112.3(3.0)
0(2)-C(3)-0(3) 121.8(2.9) 124.3(2.9) 131.9(3.4)
C(3)-C(2)-C(2), 154.2(2.6) 153.1(2.7) 142.5(2.9)

C(2)-C(2)-C@3)

O(1)-C(1)-Fe
O(4)-C(4)-Fe

1(3.4) 173
7(3.0) 174.3(3.5)
1(1.8) 171.3(1.8)
6(1.7) 109.2(1.8)
0(1.5) 85.5(1.8)
3(1.5) 04.7(1.5)
5(1.5) 03.4(1.5)
1(1.3) 105.3(1.5)
5(1.2) 40.3(1.2)

7(3.5

TABLE IV

BijvoeTr Pairs UTILIZED FOR THE DETERMINATION OF
THE ABSOLUTE CONFIGURATION I(A) > I(B)

A B A B A B A B
121 12T 133 133 273 273 145 145
141 14T 134 134 233 233 175 175
151 151 243 243 144 144 157 157
161 161 253 253 115 115 158 158
143 142 263 263 125 125 124 124

Inorganic Chemistry

Figure 2.—Packing model of “A” type molecules viewed along
the ¢ axis.

using anisotropic thermal parameters for the iron atoms
only. The following weighting scheme was used: w
= 1/(d + BF, + CF%) (4 = 0.11111; B = 1/(18.0F,
(min)); C = 2/(18.0F,(min)F,(inax)), where F,
(min) and F,(max) are, respectively, the minimum
the maximum values of the observed structure factors.
The final R factor is 11.69,. The data were also re-
fined using anisotropic thermal parameters for all the
atoms. Thefinal R was 9.29.

There are no relevant differences between the
two final sets of coordinates. However, not much
significance may be attached to the anisotropic thermal
parameters of carbon and oxygen atoms. We report,
therefore, the data relative to the partially anisotropic
treatment. A final difference synthesis calculated with
these data shows a few scattered peaks of a maximum
0.9 e~/A? electron density.

Determination of the Absolute Configuration

The anomalous diffraction of the iron atom with Cu
Ko radiation was utilized to determine the absolute
configuration of the molecule. The 1k/ and 2k! reflec-
tions, photographically recorded by the integrating
equiinclination Weissenberg 1nethod, were analyzed.
Significant differences in the intensities of 20 Bijvoet
pairs were found. The comparison was made visually
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Figure 3.—Complete packing model of the molecules of (— )-Fe(CO)s(CHCOOH ); viewed along the a axis.

and independently by both authors. A third analysis
was performed with a photometer connected to a graph-
ic recorder. The results obtained are in accordance
with the values calculated with the coordinates of Table
I. The value of the imaginary contribution of the iron
atom scattering factor used in the calculation is AF =
3.4.1% The coordinates of Table I correspond to the
configuration found. According to the sequence rule
used by Cahn, Ingold, and Prelog the absolute con-
figuration of the asymmetric centers of (—)-Fe(CO)4
(CHCOOH),; may be described as R, R.

Description and Discussion of the Structure

Both the molecular and the crystal structure of (—)-
Fe(CO),(CHCOOH); (see Figure 1) exhibit some in-
teresting features. The configuration of the ligands
around the iron atom is nearly trigonal bipyramidal as
in the racemic form. However, the conformations of
the three independent molecules (called A, B, C) in the
optically active crystals are slightly but significantly
different from one another. A common structural
characteristic of the molecules both in the racemic and
optically active forms is the noncoplanarity of the car-
bon atoms of the fumaric acid group. The internal

(13) C. H, Dauben and D. H. Templeton, Acta. Cryst,, 8, 841 (1855),
(14) R. S. Cahn, C. K. Ingold, and V, Prelog, Experientia, 12, 81 (1956).

rotation angles around the -CH=CH- bond are 154.2,
153.1, and 142.5°, respectively for the molecules of A,
B, and C types. The reason for the distortion seems
to be the necessity of a relaxation of the intramolecular
contact distance between the carbon atom of the car-
boxylic group and that of the apical carbonyl. This
distance which is actually 3.0 A would be about 2.7 A
if the fumaric acid group were planar. The least-
squares plane for (equally weighted) atoms C(2)C(2)'-
C(4)C(4)'~0(4)0(4)’ of each independent molecule has
been calculated. The equations are: —0.0863X -
0.1496Y = 1 (for molecule A), —0.1028X + 0.1965Y
= 1 (for molecule B), and —1.833X 4+ 0.9857Y = 1
(for molecule C). No significant deviation from the
plane is observed in molecules of the C type (maximum
deviation 0.05 A for C(2C)). This conformation closely
corresponds to that found by Luxmoore and Truter®
for tetracarbonylacrylonitrileiron and the qualitative
explanation given by those authors can be directly
transferred to our case. Significant deviations from the
least-squares plane are observed for the carbon atoms
of the -CH=CH- group of the A and B molecules.
The deviation of 0.20 A for C(2A) and C(2B) cor-

(15) A. R, Luxmoore and M, R, Truter, Acle Cryst., 16, 1117 (1962).
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responds to a rotation of the -CH=CH- group around
the coordination axis of 17° for both molecules,
Relatively low energies should be involved in such
rotations since the formation of hydrogen bonds seems
to be responsible for the stable occurrence of different
conformational isomers. The crystal structure appears
also largely determined by the hydrogen bonding be-
tween carboxylic groups. Two different patterns of
hydrogen bonding are observed. For the sake of sim-
plicity one of them is shown in a separate figure (Figure
2). Each “A” molecule is bonded to four others of the
same type. Carbon atoms and oxygen atoms of neigh-
boring CHCOOH groups correlated by the screw axis
lie on a plane. All deviations from the least-squares
plane (0.0997Y + 0.5109Z = 1) are less than 0.03 A.
A complete packing model projected along the ¢ axis is
shown in Figure 3. Crystallographically independent

Inorganic Chemistry

molecules of the B and C types are hydrogen bonded.
The carbon and oxygen atoms of two CHCOOH groups
connected by hydrogen bonds are also practically
planar.
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The crystal structure of u-chloro-bis(chlorotetra(benzimidazole)nickel(II)) chloride-4-acetone has been determined by single-
crystal X-ray techniques. The crystals are monoclinic, space group P2;/c with cell dimensions ¢ = 12.551 (5), b = 16.517
(7), ¢ = 17.794 (7) A, 8 = 106.72 (5)°. The unit cell contains two cations of formula NiCly(C/HsNa)s t, two chloride ions
Cl-, and eight molecules of acetone. The observed and calculated densities are 1.35 == 0.01 and 1.354 g cm ™%, respectively.
The intensities of 2492 reflections above background were collected by counter methods and the structure has been refined
to a conventional R factor of 0.101. The cations are of the form Cl-Ni{C;HeN;)s—CIl-Ni(C;HsN;)~Cl*, with the bridging
chlorine atom on a center of symmetry. The Cl-Ni-Ci-Ni-Cl chain is closely linear (CI-Ni—Cl = 179.3 (1)°), and the two
nickel—-chlorine distances are appreciably different (Ni—Cl{terminal) = 2.425 (4) A, Ni-Cl(bridging) = 2.941 (2) &),

Introduction

During studies??® of the nickel(II) complexes with
benzimidazole (I), three compounds, colored blue,

QY

green, and olive green, of the general formula Ni-
(CHeN9)«CL((CH;)CO), were prepared.  These
three compounds had differing magnetic properties,
with magnetic moments of 3.15, 3.06, and 2.35 BM at
room temperature and Weiss constants of —8, —77, and
—400°, respectively. The green compound held to
Curie~Weiss behavior over the range 200-300°K: in
the range 100~200°K, deviation from the law is small
but on reaching 100°K, the susceptibility values show a
sudden drop and the initially crystalline solid is found

(1) Work done under the auspices of the U, S. Atomic Energy Commission,

(2) M. J. Weeks, Ph.D. Thesis, University of London, 1966.

(3) D. M. L. Goodgame, M. Goodgame, and M. J. Weeks, J, Chem. Soc.,
A, 1125 (1967).

to be reduced to an amorphous powder without loss of
acetone. In order to form a reference point for
consideration of these compounds, the crystal structure
of the green complex has been determined by three-
dimensional X-ray analysis.

Experimental Section

Crystals of the green compound, immersed in acetone, were
provided by Dr. M. J. Weeks. Preliminary photographs by the
Weissenberg technique showed a monoclinic lattice. The cell
dimensions were measured at room temperature (~23°) with a
General Electric quarter-circle goniostat (A 0.70926 A for Mo Ke).
They are a = 12.551 (6), b = 16.517 (7), ¢ = 17.794 (7) A, 8=
106.72 (5)°. The errors in the last digits (in parentheses) are
subjective estimates of the s'andard deviations. The observed
density (by flotation in a mixture of benzene and ethylene bro-
mide) is 1.35 == 0.01 g cm~3. The calculated density for two
formula units of [NizCls(C:HgNz)s} Cl-4(CH;).CO in the unit cell
is 1.354 g ecm—%, The Weissenberg photographs show that re-
flections are absent for 20/ if I = 2» 4+ 1 and for 0RO if & = 2n +
1. These rules are characteristic of space group P2;/c and this
choice is confirmed by the structure determination.

The diffraction data were obtained from a crystal of approxi-
mate dimensions 0.4 X 0.3 X 0.3 mm mounted with b parallel



