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The crystal and molecular structure of hexakis-(2-methylimidazole)cadmium(II) tetrafluoroborate,
Cd(2MIz)s(BF.),, has been determined by single-crystal X-ray diffraction techniques. The compound
crystallizes in the trigonal system, space group R3m, with a=9-479 (8) A, a=87-71 (5° and Z=1.
Data to (sin 8)/A=0-81 A~! (Mo K« radiation) were collected with a three-circle diffractometer, and
the structure was solved and refined by the conventional heavy-atom technique and the least-squares
method. The final least-squares cycle gave a conventional R index of 0-041 (R,r=0-033) based on
876 reflexions. The compound consists of discrete Cd(2MIz)2* (symmetry D;;) and BF; (symmetry
Cy,) ions, separated by normal van der Waals distances. The cadmium(II) ion is coordinated octa-
hedrally to the six imine nitrogen atoms of the ligands, with Cd-N=2-413 (3) A. The octahedron is
slightly compressed in the direction of the trigonal axis.

Introduction

Previous investigations on the nature of the complex
formation of 2-methylimidazole (2MIz) have shown
that compounds having the formula M(2MIz),X,, with
X=ClO;, BF; and NOj, are invariably formed for
M=DMn, Fe, Co, Ni Cu and Zn (Goodgame, Good-
game & Rayner Canham, 1969; Reedijk, 1972). This
stoichiometry differs from that of complexes with the
ligands imidazole and N-methylimidazole, for which
compounds of type M(L),X,, with octahedral cations,
are found (Goodgame et al., 1969; Reedijk, 1969a, b).

The origin of the different stoichiometry for com-
pounds with 2MIz ligands has been tentatively attrib-
uted to the steric hindrance of the methyl group next
to the donor site of the ligand.

With Cd(BF,), and Cd(Cl0,),, however, we observed
(Reedijk, 1972) that apart from compounds of type
Cd(2M1z),X,, compounds having the formula
Cd(2M1Iz)¢X, could also be isolated.

Notwithstanding the steric requirements of the
ligand, which did not seem to allow an octahedral ar-
rangement of 2MIz ligands around a Cd(II) ion, lig-
and-field and e.p.r. spectra of the Mn, Ni and Cu(II)
doped compounds showed a rather regular octahedral
environment for the metal ions in this lattice (Reedijk,
1972).

In order to determine the exact coordination and
geometry of the ligands around the cadmium ion, we
decided to carry out an X-ray structural analysis of
Cd(2MIz)((BFE,),.

* Part XIX. Reedijk (1973). Submitted to Rev. Trav. Chim.
§ Present address: Department of Chemistry, Technolo-
gical University, Julianalaan 136, Delft, The Netherlands.

Experimental

Crystals of Cd(2MIz)4(BF,), were grown, as described
previously (Reedijk, 1972), as colourless rhombohe-
drons {100} from alcoholic solutions of Cd(H,0)¢(BF,),
and an excess of 2Mlz.

Crystal symmetry and approximate cell parameters
were determined from zero and upper level Weissen-
berg photographs. The condition I(hk!)=1I{(kh!) lim-
ited the possible space groups to R32, R3m and R3m;
the choice of space group R3m was confirmed by sub-
sequent refinement. The precise unit-cell parameters
were determined on a single-crystal diffractometer at
20°C. Some relevant data are listed in Table 1.

Table 1. Crystal data for Cd(2MIzy(BF,),

CdB,F;N,,Cy,H;s M.W.779
Space group R3m
Lattice constant a= 9479 (8) A
Rhombohedral angle a=87-71 (5)°
Cell volume V=849 A3
Radiation Mo Ka=0-71069 A
Calculated density for Z=1 1-51 gem™3
Observed density (flotation) 150 (2) gem 3
Linear absorption coefficient p=727cm™?
Number of measured reflexions 4400
Number of independent reflexions 1044
Number of observed independent

reflexions 876

A crystal with dimensions 0-5X0-5x0-5 mm was
mounted on an Enraf-Nonius three-circle single-crys-
tal diffractometer, with the plane (100) perpendicular
to the ¢ axis. Intensities were recorded by the 6-20
scan method for all reflexions between 3 and 35°.
Mo Ka radiation, monochromated by graphite, was
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used for measuring the intensities. Background inten-
sities were determined at 6+ 34, where 4=1:2+0-9
tan 6. The mean counting time was 33 sec for each
background and 66 sec for the scan. By this method
the total number of reflexions measured was 4400
which were reduced (by averaging equivalent reflexions)
to a unique set of 1044, 876 reflexions had intensities
greater than twice the standard deviation (o), these
o’s being calculated from counting statistics of the
measurements.

All data were corrected for Lorentz and polarization
effects and for absorption (de Graaff, 1973). Calculated
transmission factors were between 0-87 and 0-95. After
reduction of the intensities to F values a Wilson plot
was calculated, which yielded starting values for the
scale factor and the initial overall isotropic thermal
parameter B.

Solution and refinement of the structure

Scattering factors for neutral nitrogen and carbon were
taken from Ibers (1962). The cadmium scattering fac-
tors of Cromer & Waber (1965) were used after a cor-
rection for the real part of the anomalous dispersion,
A4f”. The scattering of boron and fluorine was accounted
for by taking the scattering factors of B* and F!/2-
(interpolated between F and F~) from the compilation
of Ibers (1962). Hydrogen scattering factors were taken
from Stewart, Davidson & Simpson. (1965).

The function minimized during the least-squares re-
finement process was >w(|F,| —|F,|)?, with the weight-
ing scheme w=1/(gF)%.

The discrepancy indices are defined as Ry=
SF = 1Fl|/IFel_and Ryp=[w(Fo| —|F.I)*/ZwlF, "2

A sharpened Patterson synthesis revealed the posi-
tions of the cadmium atom and all ring carbon and
nitrogen atoms. A difference Fourier synthesis phased
by these atoms, with Cd placed at the special position
(0,0,0) and having Rr=0-18, revealed the positions
of the boron atom (on the trigonal axis) and fluorine
atoms (one on the trigonal axis and one in each of the
three mirror planes). Three cycles of full-matrix refine-
ment of the positional and isotropic parameters of these
10 atoms reduced Ry to 0-12.

At this stage the thermal parameters of the non-
hydrogen atoms were allowed to refine anisotropically.
Three further cycles of full-matrix refinement yielded
Rr=0-055 (R,,r=0-058). A difference Fourier synthesis
at this stage showed peaks at about 1 A from the ring
atoms that could be ascribed to hydrogen atoms. The
hydrogen atoms were placed at 0-95 A from the nitro-
gen and carbon atoms and the heavy atoms were re-
fined in three further cycles, leading to convergence at
Rr=0-046 and R,,=0-047. An additional Fourier syn-
thesis indicated several orientations of the methyl group
in the ligand. Therefore in the next stage, two confor-
mations of the CH; group were considered, each with
50% probability. In addition the positional and iso-
tropic thermal parameters of hydrogen were refined
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(starting with B=4-0 A?) in four full-matrix least-
squares cycles. This led to convergence at Rp=0-041
(R,r=0-033). At this stage the parameter shifts were

Table 2. Calculated and observed structure factors
JSor Cd(2MIz)(BF,),( x 10)
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Table 3. Positional parameters of the
non-hydrogen atoms (x 10%)

x/a ylb z/c
Cd 0 0 0
B 3825 (3)* 3825 (3) 3825 (3)
F(1) 3036 (3) 3036 (3) 3036 (3)
F(2) 4640 (1) 4640 (1) 2940 (2)
NQ@3) 1659 (2) 1659 (2) 8990 (2)
N(1) 2947 (2) 2947 (2) 7543 (2)
C(2) 1958 (2) 1958 (2) 7619 (2)
C(4) 2472 (3) 2472 (3) 9712 (4)
C(5) 3292 (3) 3293 (3) 8846 (5)
C(6) 1381 (4) 1381 (4) 6391 (4)

* Estimated standard deviations (e.s.d.) in the least signifi-
cant digits are in parentheses throughout.

Table 4. Positional parameters (X 10°) and isotropic
temperature factors (A2 x 10%) for the hydrogen atoms

The first figure of the atomic numbering (in parentheses) cor-
responds to the atom to which the hydrogen is attached.

x/a yib z/e Usso
H() 333 (4) 333 (4) 713 (5) 11 (2)
H4) 267 (3) 267 (3) 87 (5) 11 (2)
H(5) 392 (4) 392 (4) 903 (5) 10 (2)
H(61)* 56 (4) 56 (4) 649 (6) 5Q)
H(62)* 77 (8)% 222 (8) 579 (8) 17 (3)
H(63)t 154 (10) 154 (10) 567 (15) 8 (4)
H(64)t 135 (15)% 26 (14) 614 (12) 15 (5)

* Hydrogens belonging to the first set of CH; groups.

+ Hydrogens belonging to the second CH; group.

1 H(61) and H(63) are in special positions; H(62) and H(64)
are in general positions.

Table 5. Anisotropic temperature factors of the
non-hydrogen atoms (A*x 10%)

The general anisotropic temperature factor has the form:
exp [— 27333 ;U hihata))].

U= U;z Uss 20U, 2U23=2U::1

Cd 361 (2) 361 (2) 29 (3) 29 (3)

B 316 (11) 316 (11) —84 (36) —84 (36)
F(1) 119 (17) 119 (17) —678 (51) —678 (51)
F(2) 761 (9) 941 (15) 106 (23) 66 (21)
N@3) 515 (9) 412 (13) —93 (26) 136 (21)
N(1) 833 (16) 547 (20) 540 (40) 343 (33)
C(2) 613 (13) 440 (17) —-21 (37) 209 (30)
C4) 681 (14) 474 (18) —517 (40) 20 (30)
C(5) 891 (20) 638 (27) —941 (53) 143 (41)
C(6) 1089 (28) 425 (22) — 500 (77) 148 (43)

* Because of the special positions of all the non-hydrogen
atoms, Uy; = U, and U,; = Uj,; in addition, for Cd, B and F(1)
on the trigonal axis: U,;= Us; and U,y = U,;.

less than one-fifth of the estimated standard deviations,
(e.s.d.) and the refinement was terminated. A final
difference Fourier synthesis was structureless, with the
highest peaks less than 0-3 e A~3. Structural param-
eters are listed in Tables 2-5.

Description of the structure

Intramolecular distances and their e.s.d.’s are listed in
Table 6, while bond angles with e.s.d.’s are given in
Table 7. The stereochemistry of one unit Cd(2MIz),—
(BF,), is depicted in Fig. 1, together with the labelling
system of the ring atoms. All ring atoms are numbered
according to the organic chemical nomenclature.

Table 7. Bond angles and their e.s.d.’s in
Cd(2MIz)4(BF,),

The primed and double primed atoms are explained in Table 6.
The e.s.d.’s include errors in the cell parameters.

N(3)-Cd—N(3") 93:2(1)° N(1)-C(2)-N(3) 107-6 (3)°
N(3)-Cd—N(3") 86:8 (1) C(2)-N(3)-C(4) 1062 (3)
N(3)-Cd—B* 5705 (8) N(3)-C(4)-C(5) 112:0(4)
Cd—N(3)-C(2) 1279 (2)  C(4)-C(5)-N(1) 1036 (5)
Cd—N(3)-C(4) 1259 (3)  C(5)-N(1)-C2) 1106 (3)
F(1)-B—F(2) 108:2 (3) N(1)-C(2)-C(6) 1233 (3)
F(2)-B—F(2") 110-8 (3)* N(3)-C(2)-C(6) 129-1 (3)

* The angle with the rhombohedral body diagonal; for
octahedral geometry it is expected to be 54-75°.

The tables and figures show that the symmetry
of the cation Cd(2MIz);* is D;,, implying that all ring
atoms of one molecule of 2MIz (with the exception of
two of the methyl hydrogens) are in one plane with the
cadmium ion. Moreover, two rings are related by the
inversion centre. The three planes containing the ring
are related by the threefold axis.

The high symmetry of the cation is surprising in view
of the asymmetry of the ligand 2MIz. This may be
accounted for by the position of the methyl group in
the imidazole ring, which prevents the rings from
being tilted from the mirror planes. As mentioned
above, the octahedral coordination of the cation with
this ligand is unexpected for steric reasons. The large
cationic radius of Cd**, however, seems to allow an
octahedral ion Cd(2MIz);* with the present geometry.
On the other hand, the Cd-N distance of 2:413 A is
quite long compared with 2:361 A in Cd (imidazole),

Table 6. Intramolecular distances in CAd(2MIz)s(BF,), and their estimated standard deviations A)

Atoms marked with a prime are related to the unprimed atoms by a rotation about the threefold axis. A double prime denotes

a rotation about a twofold axis.

E.s.d.’s include errors in the cell parameters.

Cd—N(3) 2:413 3) N(1)-C(2)
B—F(1) 1-347 (7) C(2)-N(3)
B—F(2) 1-358 (3) N(3)-C(4)
N(1)-H(1) 0-7 (1) C4)-C(5)
C(4)-H(4) 11 (1) C(5)-N(1)
C(5)-H(5) 0-9 (1) C(2)-C(6)
C(6)—H(6).v 10 (1)*

1-350 (5) N(3)---N(3") 3:507 (5)
1-341 (3) N(@3)---N@3") 3-315 (6)
1-337 (5) N(@3)---C(6") 3-385 (5)
1:352 (5) N(3)---C(2") 3-612 (5)
1-347 (7) CQ2)---C(6”) 3-584 (6)
1-444 (6) F(1)- - -F(2) 2-190 (5)

F(2)---F(2) 2:234 (3)

* The averaged C-H distance for both methyl conformations.

AC29B-6
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Fig. 1. Perspective view of Cd(2MIz)s(BF,).; hydrogen atoms
have been omitted for clarity. Non-hydrogen atoms are
drawn on a 30% probability level. The trigonal axis runs
through the atoms B-F(1)-Cd and through the B-F bond
of the opposing BF; ion.

(NO;), (Mighell & Santoro, 1971) and to 2:30-2-35 A
in Cd(pyridine);(NO;), (Cameron, Taylor & Nuttall,
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1972), which might originate from the steric hindrance
mentioned.

The distortion of the octahedral coordination of
Cd(11) can best be described by a compression along
the threefold axis, making the angles between this axis
and the Cd-N bonds 57:05° instead of the octahedral
value of 54-75°.

Imidazole rings

Table 8 presents a comparison of the ring bond lengths
and bond angles with some literature compounds.
Comparisons with some older work are given by Antti
& Lundberg (1971) and by Mighell & Santoro (1971).
The Table shows that there is reasonable agreement
with literature values for the bond distances. That all
the ring distances are almost equal indicates the aromat-
ic character of the ligand. The bond angles in the pres-
ent compound show some minor deviations compared
with unsubstituted imidazole. The small value of the
angle around N(3), the coordinating atom, may be due
to the size of the ligand, since in this way the CH; group
is held away from the other ligands and from the metal
ion. Unfortunately Akhtar, Huy & Skapski (1972) did
not list the bond angles of 2Mlz in Co(2M1z)(NO3),.

The thermal vibrational ellipsoids of the ring atoms
have their largest movement in a direction perpendic-

Fig. 2. Perspective view of the packing in Cd(2MI2)s(BF,), as seen along the crystallographic c axis.
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Table 8. Comparison of mean bond lengths. (A) and angles (°) in some imidazole and 2-methylimidazole complexes

Iz* Cd(Iz)s(NOs), T

M—N(3) — 2:361
N(1)-C(2) 1-349 1-325
C(2)-N(3) 1-326 1-316
N(3)-C(4) 1-378 1-316
C(4)—C(5) 1-358 1-366
C(5)-N(1) 1-369 1:340
C(2)-C(6) — _

N(@3)-Cd—(111) — 563
N(1)-C(2)-N(3) 111-3 110-6
C(2)-N(3)-C(4) 105-4 106-1
N(3)-C(4)-C(5) 109-8 108-9
C(4)—C(5)-N(1) 106:3 1066
C(5)~N(1)-C(2) 107-2 107-7

Ag(Iz),NO;} Co(ZMIz)«(NO;),§  Cd(2MIz)6(BF.),
2:126 1:96-2:25 2:413
1-335 1-32 1:350
1-322 1-34 1341
1-363 1-33 1:337
1-363 1-35 1352
1-404 1:36 1:347
— 1-49 1-444
— — 57-05
110-9 — 107-6
107-1 — 106-2
109-4 — 112-0
105-5 — 103-6
107-1 — 110-6

* Martinez-Carrera (1966).

1 Mighell & Santoro (1971).

1 Antti & Lundberg (1971).

§ Akhtar, Hug & Skapski (1972).

ular to the ring plane, especially for those atoms further
removed from the Cd(II) ion.

The packing of the cations and the anions

Each Cd(2MIz)?* cation is surrounded by two BF;
anions on the trigonal axes (closest Cd-F distance =
5180 A) and six BF; anions in the neighbouring cells
(closest Cd-F distance =7-141 A).

The BF; anions are nearly tetrahedral, as can be
seen from the bond distances (Table 5) and bond angles
(Table 6). Although strictly speaking the symmetry of
the anion is Cs,, indications for such a distortion were
not found in the infrared spectra of the BF; ions
(Reedijk, 1972). In fact the distortion is too small to be
observed in vibrational spectra; it may be caused by
weak hydrogen bonding with the N-H group of the
imidazole ring. The closest N-F(2) distance of 3-130 A
may be an indication of this effect.

All other contacts between fluorine, nitrogen and
carbon atoms are normal van der Waals contacts. In
Table 9 the closest non-bonding neighbours of each
of the boundary atoms are listed. An illustration of the
packing of the cations and the anions is given in Fig. 2.

Table 9. Non-bonding contacts in

Cd(2M1z),(BF,),
E(1)---C(4) 3:286A F(1)---H4) 2.1 A
F(1)---C(6) 3-801 F(2)- - -C(6) 3-776
F(2)---N(1) 3-130 F(2): - -H() 2:6
F(2)---C(5) 3213 F(2)---H(5) 27
F(2)- - F(2) 3415 C(6): - - C(5) 3-596
C(4) - -N(3) 3-809

A C29B - 6*

All crystallographic calculations were carried ou¢
using the Leyden University IBM 360/65 computer,
with the aid of a set of computer programs written or
modified by Mrs E. W. Rutten-Keulemans and Mr
R. A. G. de Graaff.

The authors are indebted to Mr H. J. Gijzemijter for
experimental assistance, to Dr C. Romers for many
stimulating discussions and to Dr W. L. Groeneveld
for his interest in this investigation.
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