50 STRUCTURE DETERMINATION FROM POWDER DATA

Table 2. Information on the powder data set and
refinement

For all single-crystal techniques all 527 structure factors were
used.

Measurement parameters

Radiation Cu Ka,, A = 1.5405 A

Observation range 6.0=<20<920"
Step width 0.01°
Measurement time per step 3s
Repetition factor 20
Total measurement time 6 days
No. of expected lines 527
resolved 321
overlapping 206
overlapping groups 95

Rietveld results
No. of parameters 79

Unweighted R value 18.15
Weighted R value 15.11
Rerge 9.88

single-crystal work (R = 0.012; Bram, Bruderl, Burz-
laff, Karayannis, Lange & Spengler, 1994) is in good
agreement with the assumed conformation of the
molecule, so these data are used as a reference. A
comparison of the different results shows that the
deviations from the correct model after refinement
are of the same order as those deviations occurring
directly after the structure determination. The aver-
age and maximal deviations (¢f. Table 1, last line)
give a weak indication that the application of single-

Acta Cryst. (1994). BS50, 50-59

crystal refinement techniques after an adequate
profile-fitting procedure might lead to better results.
It is supposed that the main reason for the poor
behaviour is systematic errors in the intensity meas-
urement process and that must be investigated more
carefully. On the other hand the example shows that
the powder data technique can be successfully
applied to crystal structure determination even in the
case of a medium-sized organometallic compound.

The authors would like to thank the Interna-
tionales Biiro des Forschungszentrums Jiilich and the
GSRT in Athens for support.
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Abstract

Coordination geometries of transition-metal com-
plexes with Co, Ni, Cu, Pt, Pd and Rh have been
analyzed by means of symmetry-deformation coordi-
nates. These allow classification of the crystallo-
graphically observed coordination geometries with
respect to reference structures of higher symmetry.
Four-coordinate transition-metal complexes exhibit
geometries which range from tetrahedral to square-
planar. Whereas Co, Ni and Cu are found in tetra-

* Author for correspondence.

©1994 International Union of Crystallography
Printed in Great Britain - all rights reserved

hedral, planar and various intermediate geometries,
Pt, Pd and Rh mainly adopt planar coordination.
Deformations retaining planarity show distortions
from square to rectangular geometry. Complexes
formed with monodentate ligands are less distorted
than those containing chelate ligands. A preference
for planar coordination is observed in chelated Co,
Ni and Cu complexes. The data distribution
indicates two alternative interconversion pathways,
for the reversible transformation of a tetrahedral into
a square-planar arrangement, accorcing to angular
compression- and twist-type deformations.
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Introduction

Symmetry coordinates are a valuable tool to describe
molecular distortions, especially of fragments in
molecular structures, relative to a reference structure
of higher symmetry (Murray-Rust, Biirgi & Dunitz,
1979). They are symmetry-adapted linear combina-
tions of internal coordinates (bond lengths and
angles) that transform as irreducible representations
of the symmetry group of the reference structure.
Planoid and other distortions of quarternary carbon
in strained spiro compounds have been classified in
terms of symmetry coordinates of the regular tetra-
hedron (Luef, Keese & Biirgi, 1987; Luef & Keese,
1992).

Four-coordinated transition-metal complexes are
known to occur in geometries that range from tetra-
hedral to square planar (Beattie, 1988). In solution,
square-planar nickel complexes show dynamic
ligand-exchange processes that are assumed to
proceed through tetrahedral intermediates (Hayter &
Humiec, 1965; Gerdau & Kramolowsky, 1982;
Fackler & Masters, 1980; Boere, Montgomery,
Payne & Willis, 1985). Energy barriers (4G) in the
region of 35-45kJ mol™' have been attributed to
this process by La Mar & Sherman (1969). In the
solid state, Ni—phosphine complexes occur, side-by-
side, in both geometries (Kilbourn & Powell, 1970;
refcode: DBBZPN, Fig. 1). In the crystal structure of
bis(isopropylammonium) tetrachlorocopper(Il), the
metal ion is found with two different coordination
geometries, a square-planar and a tetrahedrally dis-
torted configuration (Anderson & Willett, 1974; ref-
code: IPRACU). Structural interconversions between
geometric isomers of the type described are also
observed in the solid state at high pressure (Ferraro
& Long, 1975).

In the present paper we analyze, by means of
symmetry deformation coordinates, the geometry
about Ni, Co, Cu, Rh, Pd and Pt atoms in crystal
structures of their tetracoordinated metal-organic
complexes. Some conclusions about possible inter-
conversion pathways are drawn.

Fig. 1. Square-planar and tetrahedral coordination geometries of
Ni are found side-by-side in the same crystal of dibromo-
bis(benzyldiphenylphosphine)nickel [refcode: DBBZPN,
drawing performed with the program XP (Sheldrick, 1988)].

Table 1. Number of tetracoordinated metal fragments

considered in each analysis, listed separately for all

data (M4 _all), structures with ligands bound through

acyclic (M4 acyc) or cyclic bonds (M4 cyc) and

bound through ligand atoms all of the same atom-type
(M4 _4same)

Column 1: number of refcodes; column 2: number of independent
fragments; columns 3-8: percentage of fragments that fall into
areas 1-6 as defined in Fig. 6. Since these areas overlap, the total
percentage may exceed 100%.

No. of No. of Area (in percentage)

refcodes fragments | 2 3 4 5 6
Co4_all 279 326 52.1 169 138 43 6.1 03
Co4 acyc 173 183 787 22 22 27 27 0.0
Cod_cyc 97 118 5.1 46.6 39.0 42 93 34
Co4 4same 147 171 51.5 18.1 181 35 94 06
Ni4_all 780 786 64 60.1 515 48 1.1 1.1
Ni4 acyc 118 124 21.8 58.1 49.2 73 16 00
Ni4_cyc 563 569 1.2 633 592 3.0 07 1.6
Ni4_4same 425 430 37 619 642 33 09 19
Cu4_all 1474 1927 150 322 259 148 48 1.2
Cud_acyc 300 338 207 438 393 275 1.2 0.0
Cu4_cyc 838 1144 31 362 339 92 45 42
Cud 4same 587 712 6.5 404 386 19.1 39 49
Pd4 all 874 1066 03 626 360 08 00 0.1
Pd4_acyc 209 222 1.4 910 635 00 00 0.0
Pd4 cyc 320 409 00 425 423 05 00 02
Pd4 _same 153 176 0.6 665 619 06 00 06
Pt4 all 1176 1401 0.5 642 389 17 0.1 03
Pt4_acyc 479 515 0.6 883 586 14 00 00
Pt4 cyc 220 263 04 376 555 08 04 00
Pt4_same 228 261 1.1 743 720 19 04 00
Rh4 all 227 312 1.6 663 263 64 03 03
Rh4_acyc 92 100 50 79.0 440 80 00 00
Rh4_cyc 29 42 0.0 333 119 119 0.0 24
Rh4_same 16 19 0.0 579 368 105 0.0 0.0

Data retrieval

Metal-organic complexes with central Ni, Co, Cu,
Rh, Pd or Pt atoms were retrieved from the
Cambridge Structural Data Base (CSD, update
version July 1991; Allen er al., 1979; Allen, Kennard
& Taylor, 1983). In a QUEST search (Cambridge
Crystallographic Data Center, Evaluation Program
Suite), the coordination number at the metal was
required to be exactly four. For each entry, internal
coordinates about the metal center were calculated
(GSTAT). In cases where a central atom occurred
with two different coordination numbers in the same
crystal structure, the entry was rejected from the data
set. Any selection in terms of atom types (ligands
bound to the metal) was achieved by the retrieval of
appropriate subsets using the atom specification
command in GSTAT. The final number of fragments
used for further analysis is given in Table 1. Ref-
codes of the structures considered (ten pages) have
been deposited as supplementary material.*

* Lists of refcodes and literature citations have been deposited
with the British Library Document Supply Centre as Supple-
mentary Publication No. SUP 71498 (16 pp.). Copies may be
obtained through The Technical Editor, International Union of
Crystallography, 5 Abbey Square, Chester CH1 2HU, England.
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Data evaluation

For a given distorted tetracoordinated fragment
there are 24 different ways in which to assign four
labels to the ligand atoms in the inner coordination
sphere. Starting with the initial labeling taken from
the output of the GSTAT program, all possible
permutations were calculated. On the basis of these
labelings, deformations present in these four-
coordinated complexes have been expressed in terms
of symmetry displacement coordinates. Taking a
tetrahedron as the reference polyhedron, nine such
coordinates can be defined; they are given in Table 2
(Luef et al., 1987). Among these S, and S, refer to
distortions of bond distances, the remaining coordi-
nates describe angular deformations. The two coor-
dinates S,, and S,, are of particular interest since
they describe deformations leading from tetrahedral
to planar MX, fragments. They span a two-
dimensional subspace with 3m symmetry, hence there
are six special positions for S,, and S,, (Auf der
Heyde, Buda & Mislow, 1991; Buda, Auf der Heyde
& Mislow, 1992). The orthogonal S,, and S,, axes
are repeated by the threefold symmetry and each of
the three alternative S,, axes coincides with a mirror
line. For data analysis, each entry in the data set has
to be projected into the same asymmetric unit of the
S54/S2, subspace. This projection is achieved by
selecting that pair of S,,/S,, for which S,,> 0, S5, >
0 and (3)'%S,,<S,,. The selected deformation
vector (S,,,5,5) can still result from four different
labeling schemes. To distinguish between these, a
geometric condition for S, S., Si was chosen,
such that the sum of these components is a maxi-
mum. Deformation coordinates that are based on
bond distances (S), Si, Si, Sio) require reference
values (standard bond length) to be subtracted from
each observed bond length, in order to describe the
observed variations for all atom types on a common
base. However, this problem can be avoided if only
those complexes are considered in the analysis of S,
S5 S36, S, for which all four metal-to-ligand bonds
involve atoms of the same type.

A pictorial representation of the two degenerate
angular deformation coordinates S,,and S,,is given
in Fig. 2. S,, describes the mutual opening and
closing of a pair of opposite angles at the metal
center (retaining a local D,; symmetry), at the
expense of the remaining four bond angles. This
coordinate has been referred to by Luef et al. (1987)
as ‘compression’. In its limit at S,,=103.9° it
describes a square-planar geometry, at S,,=0 a
tetrahedron, and for negative values, the fragment
degenerates towards a linear arrangement. The
second coordinate (‘twist’ deformation) describes a
twist of the two MX, fragments (retaining D, sym-
metry). Along this coordinate, 6,, and 65, remain

Table 2. Symmetry-deformation coordinates for tetra-
hedral symmetry

Si=(rtrtrtr)?2 '
Ss, = 1/(12)' :(28|: T 0= 0= 00— 6t 264)

S = 112613 = 815 — 62+ 6:4)

Sw=(rtra—ri— )2

Sw=(n—rtr=r)2

Su=(n—rn—ritr)2

Sas =612~ 6:)/(2)'*
San= (013 — 02)/(2)"?
Su = (61— 6:2)(2)"?
Ss=(012+ 013+ 010+ 033+ 020+ 050 — 66,)/(6) :

s e Jow Fos oo Bs UL RS

constant while two opposing angles open up and two
others close by an equivalent amount. In its limits,
the geometry becomes rectangular planar (Luef et
al., 1987). If all angles adopt identical values (109.5°,
S5, = S5 = 0), the fragment is a tetrahedron.

In Fig. 3, the S,./S,, subspace is shown. The
asymmetric unit, chosen by the condition mentioned
above, is indicated by a solid line. Its boundaries are
the positive S,,, the negative S%, axes and the
borderline at S,, = 103.9°, parallel to S,,. Structures
that show ‘pure’ compression congregate along one
of the three S, S, S%, axes. Starting with a
tetrahedral geometry (0/0°), three different square-
planar coordinations (103.9/0°, —52/90°,
—52/-90°) can be achieved by moving the ligand
atoms parallel to one of the coordinate axes (Fig. 2,
left) into the plane spanned by the other two axes
(for S,,: projection along the z axis so that 1-2 and
3-4 are located trans to each other in the xy plane;
for S3,: projection along the y axis resulting in 1-3
and 24 being trans; for S%, along the x axis with 1-4
and 2-3 trans). Linear arrangements (103.9/180°,
103.9/—180°, —207.8/0°) are adopted moving along
the S, axes in deformation space towards negative
values until all atoms coincide with one of the coor-
dinate axes (e.g. S, z axis). Structures correspond-
ing to the twist deformation aggregate along one of
the S,, axes, depending whether the x, y, or z axis

2-axis z-axis
1 \ 2 1 2
¢ y /'y

Fig. 2. Pictorial representation of the bond-angle distortions cor-
responding to deformations of the compression (S,,. left) and
twist-type (S, right).
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coincides with the direction along which the mutual
twist occurs (S5, Sas. S%, axes, Fig. 2, right). Any
distortion corresponding to data points located per-
pendicular to one of the S, axes at its upper bound-
ary (e.g. 103.9/0°) describes the distortion of a
square-planar into a rectangular-planar and finally
into a linear fragment without changing planarity.

It is likely that in some of the structures con-
sidered in the analysis, the central metal atom coin-
cides with a crystallographic symmetry element. In
these cases, symmetry constrains the relationships
among the bond angles around the central atom. The
corresponding structural entries will coincide with
special positions in deformation space. Accordingly,
an increased population in particular areas is to be
expected (e.g. position 0/0° in S,,/S,,-scatterplot for
complexes with constrained tetrahedral symmetry).
A detailed analysis of these symmetry-constrained
structures would require a careful checking of the
atomic coordinates with respect to the space group
used for refinement. Considering the size of the data
sets evaluated in the present study, such a detailed
analysis has not been attempted.

Tetrahedral to square-planar deformations

In Fig. 4 (upper left), all tetracoordinate copper
complexes (any type of ligand atom) are mapped

[scattergrams were produced with the program pack-
age SYBYL (1991), Tripos Associates] into the part
of the asymmetric unit that is indicated in Fig. 3 by
the shaded area. A substantial part of this asym-
metric unit, namely the region which corresponds to
coordination geometries approaching a linear
arrangement, is structurally not accessible because of
steric repulsion of the neighboring ligands. In the
remaining part of the asymmetric unit, data are not
evenly distributed. Qualitatively, two main clusters
are observed (areas 1 and 2, as defined in Fig. 5 with
populations given in Table 1) which correspond to
geometries close to tetrahedral and square-planar
coordination. Apart from these two clusters, the data
mainly fall close to the edges of the asymmetric unit:
most of the structures align along the S,,, S5, axes,
which underlines the predominance of deformations
of the compression type (Table 1, areas 4 and 5).
Deformations of the tetrahedron towards a linear
arrangement do not exceed —45° on the S3, axis.
Deformations from a square-planar towards a
rectangular geometry, retaining planarity, are fre-
quently observed (Table 1, area 3); the maximum
observed values of S,, are listed in Table 3. These
values correspond to the mean differences in bond
angles between adjacent ligand atoms in the plane.
Interestingly, the central region of the structurally
accessible part of the asymmetric unit is less densely

Fig. 3. Schematic representation of
the S,,/S,, plane. Due to three-
fold symmetry, the S,, and S,
axes are repeated every 120°. At
their  limits,  square-planar
(103.9/0°, —52/90°, —52/—90°)
or linear arrangements (103.9/
180°, 103.9/—180°, —207.8/0°)

-~

are described, while the origin
corresponds  to  tetrahedral
coordination. Pure deformations
of the compression (S,,) or
twist-type  (S,,) occur along
either one of the S,, or S, axes.
Distortions perpendicular to one
of the S,, axes at the upper
boundary correspond to transi-
tions from square-planar geom-
etry, through rectangular and
towards linear geometry, while
retaining planarity. The asym-
metric unit is outlined by a solid
line and the subspace where
structural data are found has
been shaded.
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and rather uniformly occupied, thus no preference
for a particular geometry is indicated in this part.
Perhaps a slightly higher population in the region
(area 6) close to the borderline towards the sterically
unfavorable linear coordination geometry is evident.
Pure twist-type deformations, starting with a tetra-
hedral geometry, should aggregate along the positive
S3 axis which bisects the angle formed by the posi-
tive S, and negative S, axes (¢f. Fig. 3). However,
as apparent from the data scatter in Fig. 4, no
particular clustering of structures along this axis is
indicated. The slightly more populated region (area
6) along the borderline towards the sterically
unfavorable geometries, connecting maximally com-
pressed structures with rectangular-planar arrange-
ments, gives some evidence for the occurrence of a
twist-type deformation in four-coordination geom-
etry. Along this line (which is nearly perpendicular to
S3.) an ‘elongated’ tetrahedron is planarized accord-
ing to a twist deformation similar to that sketched in
Fig. 2.

A comparison of the S,,/S,, maps for Cu, Ni and
Co reveals similar patterns for all three metals (Fig.
4, left). Two main clusters are observed. Whereas for

SYMMETRY-DEFORMATION COORDINATES

Ni and Cu the square-planar geometry is more fre-
quently found, Co is seen to adopt mainly tetra-
hedral geometry (Table 1). For Cu, the region
between square-planar and tetrahedral geometry is
continuously populated, while for Ni and Co sub-
stantially fewer structures are found in this region
(Table 1, area 4). Deformations along the negative
S5, axis beyond a tetrahedron and towards a linear
arrangement are populated in all three cases (Table
1, area 5). The same is found for the square-planar to
rectangular-planar transition (area 3), except that Cu
shows appreciably larger deformations than the
other two metals. If the bonds formed with the metal
are classified as ‘cyclic’ (chelate ligands) or ‘acyclic’
(monodentate ligands), some differences become
apparent (Fig. 4, right and middle): (i) for all metals,
in general, the structures with monodentate ligands
show less distortions from the two higher sym-
metrical reference polyhedra; (ii) with chelate ligands
a preference for planar coordination is observed
(Table 1, areas 1 and 2); (iii) Co exhibits hardly any
square-planar coordination with acyclic bound
ligands, while equivalent Cu complexes span the
tetrahedral to square-planar spectrum along the

-45 45
: Cu
Sa Sz
0 5 0
-45 ; ~45
- Ni
Sz . S San o
; R
B . BN
S, 0.“ “"‘ ‘ * + . *
0 ﬁ";‘?&: . 0 5‘::4‘. . . oL
2a Fig. 4. Scattergrams of S,, against
-45 45 45 Sa» (shaded area in Fig. 3): top
. Co . row, Cu complexes; middle row,
. S S . . Ni complexes; bottom row, Co
S R 2 2 T, complexes; left column, all com-
. . plexes; middle column, com-
R . v plexes with monodentate ligands
e + e ueoe I , (bound through acyclic bonds);
2o . ¢ . I ) . right column, complexes with
K “»‘f ¥ . b .,j chelate ligands (bound through
gz L L. g;» . - . ,‘3 cyclic bonds; scaling of the two
0 s L u‘:} 0 AR t oL * axes is different, thus angle
0 100 0 100 0 100 between S,, and S,, = 60° in the
S Saa Sia diagram).
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Table 3. Observed upper limits of the distortions along
Sas (°) for complexes with S,, values close to 103.9°

Refcodes of the corresponding structures are given; full literature
citations have been deposited with the supplementary material.
These distortions correspond to deformations with rectangular-
planar geometry.

Metal Acyclic Refcode Cyclic Refcode
Co 2.3 CIYJEZ 16.1 GESTED
Ni 1.9 MTUNIB 17.3 BALVUF
Cu 9.1 BORHOF10 26.7 NDTCCU
Pd 14.3 CBMPDDI0 35.5 CASPUH
Pt 16.9 GESFIT 394 GIGNEP
Rh 9.7 GABKOJ 16.9 VELJIF

positive S,, axis, and Ni occurs approximately twice
as frequently with square-planar than with tetra-
hedral geometry; (iv) among the acyclically coordi-
nated tetrahedral ~ species = compression-type
deformations towards a planar geometry are more
frequently observed for Cu than for Ni and Co,
which apparently prefer deformations towards lin-
earity; (v) for Ni and Co, the observed deformations
in structures with chelate ligands correspond to geo-
metries lying along the negative S, axis (area 5), to
those lying along the square-planar to rectangular-
planar transition (area 3) and to deformations along
the borderline to the sterically inaccessible region
(area 6). Only for Cu is the central region of the
asymmetric unit appreciably occupied.

Complexes of Pt, Pd and Rh hardly show any
tetrahedral geometry (Fig. 6, Table 1, area 1). A
closer inspection of structures with geometries
approaching a tetrahedron (refcodes: CASTUL,

CPEPPT, CTAMTP, CUTHEE, DISDUE,
S
A
structurally not accessible
6
5
— 3
y
4
1— r \‘ I|| -t/:z SZa
103.9°

Fig. 5. Definition of different areas in the S,,/S,, map. Table 1
lists the percentage of the data found in these areas. Area I:
structures corresponding to tetrahedral geometry, 0° < S,, < 10°
and 0" < S,, < 10%; area 2: square-planar geometry, 93.9" < S,
< 103.9° and 0° < S, < 10°; area 3: transition from square- to
rectangular-planar, 100° < S,, < 103.9° and S, (all values); area
4: compression-type deformations between square-planar and
tetrahedral geometry, 15° < S,, <88.9° and 0° < S,, < §"; area
5: compression-type deformations of a tetrahedron towards
linearity, S,, = 10° and S, = (3)""2S,., including data up to 5~
from this line; area 6: data at the borderline towards the
sterically inaccessible region of the asymmetric unit, dava within
+5 of S,,= — 1/(3)"’S,, + 60° and S,, < 80°.

GAVFAKI10, KANWAX, KIJSIF, NTPHRH,
PPTSOX, THOSPT, TPPTCOI10, TPSOPT,
TTPPDB; full literature citations have been depos-
ited with the supplementary material) reveal formal
oxidation states different from the most frequently
occurring II (Pt, Pd) and I (Rh). For these metals,
the observed deformations are restricted to devia-
tions from square-planar coordination and they are
more pronounced for Pd and Pt. As for Co, Ni and
Cu, the absolute deformations are greater in chelate
complexes than in examples with ligands coordinated
through acyclic bonds. Interestingly, Rh shows less
pronounced rectangular planar distortions than Pd
and Pt.

Bond-angle deformations along S,,, S, S,

To project all data into one single asymmetric unit of
the S,./S,, subspace, ligand permutations have been
selected which obey the symmetry criteria (see
above). For the assignments of S,,, S,, and S, to a
particular ligand permutation, purely a geometrical
criterion has been selected. Accordingly, the symme-
try requirements of the 43m symmetrical S,,, S, Sa.
subspace (Buda et a/., 1992) are not strictly con-
sidered and the data do not necessarily fall into one
single asymmetric unit of this subspace. A scat-
tergram of S,,, S, Si for Cu, based on such
labeling, reveals a rather broad distribution; how-
ever, some clustering gives evidence for preferred
distortions. Dense data scatter occurs along each of
the three principle axes. This indicates that many of
the complexes show distortions which correspond to
deformations along one of the three coordinates:
‘pure’ Si. Sap, Si- deformations describe a simul-
taneous opening and closing of two opposing angles
that retains C,, symmetry (Fig. 7, upper row). In
addition, data distribution indicates distortions
which correspond to deformations described along
the space diagonals: these correspond to C;, symmet-
rical deformations that in the extreme cases yield
flattened or infinitely stretched trigonal pyramids. A
pictorial representation of these deformations is
given in Fig. 7. For Ni and Co similar distributions
are found but these are more sharply clustered along
the S,,, Sas, Sac axes. Color coding the data distribu-
tion in these scattergrams by the values for the
absolute length of each deformation vector S, = (53,
+ S3,)"2 reveals that structures approaching a tetra-
hedron (S, small) commonly correspond to examples
that are displaced from the origin in the S,,, S4, Ss
diagram. Thus, deformations of the S,,, Sis, Sa type
are more pronounced in tetrahedral than in square-
planar structures.

Equivalent scattergrams of S,,, S4,, S4. were pro-
duced for Pt, Pd and Rh. Clustering occurs along the
Sacs Sap, Ss axes indicating preferred deformations
according to one of these coordinates. Since most of
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the structures in these data sets approach a planar
geometry, the observed distortions correspond to
bond-angle deformations similar to those sketched in
Fig. 7, i.e. all ligand atoms in the diagrams fall close
to the paper plane. As a consequence of the prefer-
ence for planarity, deformations that correspond to
areas close to the space diagonals in the S,,, Sup, Ss
space are less pronounced than for Cu, Ni, and Co.

Bond-distance deformations

To elucidate possible correlations between bond-
angle and bond-distance deformations, subsets of
structures composed of four ligand atoms of the
same type were retrieved. For all six metals, these
subsets gave S.,/S,, scatterplots that are similar to
those obtained from all the data. Thus, non-
symmetrical atom-type substitution does not appear
to significantly influence coordination geometry.

A principle component analysis has been per-
formed on these subsets for all symmetry-
deformation coordinates. In all cases, the largest
component can only explain about 20% of the total
variance. No significant reduction in dimensionality

SYMMETRY-DEFORMATION COORDINATES

is indicated. Apart from those correlations involving
bond-angle deformations that have already been dis-
cussed, only a slight inverse dependence of S,,on S,
seems to be present. Mapping S,,, Si,. S, reveals
that most structures cluster along the three-
coordinate axes. Color coding this distribution with
the ‘breathing’ coordinate S, reveals no clear-cut
correlation, except perhaps a slight trend for struc-
tures to simultaneously show small S, and S;,, S,
Ss. values.

Conclusions and possible interconversion pathways

Symmetry coordinates allow a classification of dis-
tortions in tetracoordinated metal complexes with
respect to the higher symmetrical references, e.g. the
tetrahedral and square-planar geometry.

Not surprisingly, Pt, Pd and Rh complexes occur
mainly with planar coordination. Structures that
show a strong deviation from planarity are generally
associated with oxidation states that are different
from the most frequently occurring states II (Pt, Pd)
and I (Rh). For the first-row transition-metal com-
plexes considered, various coordination geometries

-45 45 45
Pt ., ‘e .,
Sz s L Sy S . o
. ¥ 3 3 :
R KX
¢ t.‘azz? ™ '}:;?
. A:,P»' :.9':3
: Y R i
. “‘4 ?“3 . ‘:“gt
. 4o e, ¢‘ . . . ¥, \ . 4 t
o =" . .
0 * 0 bt 0 43
0 s,, 100 0 s, 100 0 Sy 100
=45 45 45
Pd N ..
S;b SZb Szb
‘:ﬁf
0 (’) oL 0
0 100 0
SZa
=45 =45 45 . .
Rh Fig. 6. Scattergrams of S, against
¢ . S2, (shaded area in Fig. 3): top
S . S Sz R row, Pt complexes; middle row,
Pd complexes; bottom row, Rh
¢ . complexes; left column, all
. . A s complexes; middle  column,
A fou, complexes with monodentate
R f R . X R ligands; right column, com-
© g . B RN plexes with chelate ligands (scal-
ol: . . s ol 0L RS- - 0 .. H ix}]lg ofhthe twlo ;xes is different,
thus the angle between S,, and
0 Sy 100 0 Saa 100 0 S 100 S,s # 60° in the diagram).
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are found. No correlation of the formal oxidation
state with the coordination geometry was attempted.
However, for Ni and Cu, the transition from square-
planar to tetrahedral coordination occurs within the
same formal oxidation state and produces changes in
the electronic configuration (cf. absorption spectra),
i.e. a dia- to paramagnetic transition for Ni (see
Introduction). The weak inverse correlation of S,,
with S, may be coupled to this electronic change.

The interconversion of a square-planar into an
isomeric square-planar arrangement (e.g. Fig. 3,
labeled arrangement at 103.9/0° into that at
—52/90°) via a tetrahedral intermediate, exchanging
ligands on different sites (e.g. ‘trans’ or ‘cis’ with
respect to each other), may occur without bond
rupture or bond reformation. Following ‘pure’
compression-type deformations, e.g. along S, and

4, such an exchange can be accomplished, summar-
ized in Fig. 8. Alternatively, ‘pure’ twist-type defor-
mations (e.g. along S%, and S5,) also allow a similar
interconversion of two isometric square-planar
arrangements (Fig. 9) via a tetrahedron. Since for
both rearrangements two pairs of initially neigh-
boring ligands remain in a short spatial relationship,
complexes either formed with mono- or bidentate
ligands should be capable of proceeding along these
alternative pathways.

Structure correlation, established by Biirgi &
Dunitz (1983), has been used to map reaction and
interconversion pathways (Biirgi, 1973; Biirgj,
Dunitz & Shefter, 1973; Bye, Schweizer & Dunitz,
1982; Dunitz, 1979; Britton & Dunitz, 1981;
Kaftory, Nugiel, Biali & Rappoport, 1989;
Norskov-Lauritzen & Biirgi, 1985; Chandrasekar &
Biirgi, 1983; Auf der Heyde & Biirgi, 1989; Klebe
1985, 1987, 1990). The method is an attempt to
derive detailed structural information about a par-

3, 2 $4,=(0,,-0;0N2
Sap=(013-O)N2
S4c=(@14-Op)N2

&

3 i,

S4=S42+S4p+S4c (8420, S4p>0, S4:>0)

%,
%,
"":

S4=S4a+S4b+S4c (S4a>0, 5490, S4c<0)

P—— <

Fig. 7. Pictorial representation of the bond-angle distortions
corresponding to deformations along the S, Sa» Sa
coordinates.

ticular transformation (here square-planar to tetra-
hedral coordination) from a set of closely related
structural fragments coming from different crystal
structures (here four-coordinated metal complexes).
It is assumed that the perturbations which deform
the fragment under consideration (here the coordina-
tion polyhedron) are comparable with the forces
which act upon a molecule along a structural trans-
formation. The sample points of such a structure
correlation tend to congregate in the low-lying
regions of the potential-energy surface which under-
lies the pathway of the idealized fragment.
Following these ideas, two pathways can be extra-
polated from the more densely populated areas of
the data distribution in Fig. 4. Data along the S,,
axis map a pure compression pathway, intercon-
verting tetrahedral into square planar and sub-
sequently into an isometric tetrahedral arrangement.
This path is especially indicated in the case of Cu
complexes formed with monodentate ligands. A
selected sample of structures which reflect snapshots
along this pathway are shown in Fig. 10, the corre-
sponding values for S,, and S,, are given in Table 4.
Taking Cu, Ni and Co complexes formed with
chelate ligands as references, some evidence is
indicated for an alternative pathway involving twist-
type deformations. Starting with a tetrahedral
arrangement, the independent bond angles between

4 3
g b3 o4 ) 34 13 L
O==Q=—0 :
ud\g>o = v l\% Q\V% ) )
2 2 2 2 Y
{ 3
4 34 34 3, 34
I
1 1
2 2 4 A 2
Fig. 8. Different steps along a possible isomerization pathway (cf.
labeling) between square-planar arrangements via a tetrahedral

intermediate. The angular changes follow ‘pure’ compression
deformations (S5,).

3 3 3 3 3
L3 éﬁ % % | I
4 24 4 a
2 s 4 4
2 2 Y
3
( . 34 4__o34___ 3, 3
1
2 1
21 2 1 2 1 2
Fig. 9. Different steps along a possible isomerization pathway
between square-planar arrangements via a tetrahedral inter-

mediate. The angular changes follow ‘pure’ twist deformations
(S2s).
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the two ligand pairs along the C, symmetry axis are
compressed to an extremum of about 78°. Beyond
this ‘elongated’ arrangement, a twist deformation
takes place along the borderline towards the

cI
BAZTOL BEGZES  FUTRER
u—
B
A i cl Br g G
N c o/ c
Cl BrBr BBr Y, 4(_:,_ ou
r
c N Cl y CETIUG
Cl Br Br
cMIMCU 5 CEJLAE ETBRCU10 FUTTET _
N

Fig. 10. Compilation of several structures (indicated by their
refcodes) which resemble consecutive steps along a compres-
sion pathway from square-planar to tetrahedral geometry
[BAZTOL - BEGZES - FUTRER -CMIMCU — CEJLAE —
ETBRCU10— FUTTET —CETJUG: full literature citation has
been deposited with the supplementary material; drawings were
produced with the program SHADEMOL (Hahn & Wipke,
1988)].

PAZOCU Cu
PFAZCU GEVMUP
N o NN .
N o 5 Z S N\;
o N N o /O ) s, & °
DIGXAS . 0 KIFHAT _N S PYRTCU
N
N N Q N
0

o
N N %
N O o
BUKPOM N CACRAZ

Fig. I1. Compilation of several structures (indicated by their
refcodes) which resemble consecutive steps along a pathway
which follows in the first part S,,-type deformations of a
tetrahedron towards the linear arrangement (BENDIH —
DTHCUA10—BOVHAV—GEVMUP 1), subsequently a
twist deformation (PAZOCU —PFAZCU—->GEVMUP 2—
DIGXAS - KIFHAI—PYRTCU), towards a rectangﬁlar-
planar arrangement and finally an in-plane regularization
towards a square-planar geometry (BUKPOM — CACRAZ; full
literature citation has been deposited with the supplementary
material).

SYMMETRY-DEFORMATION COORDINATES

Table 4. Refcodes, S,, and S», for several Cu com-
plexes formed with ligands which are coordinated
through acyclic bonds

The complexes can be seen as a sequence of snapshots along the
compression pathway from a square-planar towards a tetrahedral
arrangement.

Refcode Saa San
BAZTOL 103.9 0.1
BEGZES 874 0.1
FUTRER 74.2 0.0
CMIMCU 59.9 0.5
CEJLAE 479 0.0
ETBRCUI10 344 0.0
FUTTET 16.5 0.4
CETJUG 0.0 0.0

Table 5. Refcodes, S, and S,, for several Cu com-

plexes formed with chelate-type ligands which can be

seen as a sequence of snapshots along the transition

from a tetrahedral towards a rectangular-planar
arrangement

In the first part a compression pathway towards an elongated
tetrahedron is followed, which is then made planar according to a
twist-type deformation.

Refcode Ss, San
BENDIH 1.6 1.3
DTHCUA10 12.6 21.9
BOVHAV 18.8 324
GEVMUP 26.9 44.1
PAZOCU 31.0 459
PFAZCU 44.9 38.6
GEVMUP 48.1 339
DIGXAS 56.9 28.6
KIFHAI 79.8 25.5
PYRTCU 98.3 21.6
BUKPOM 103.9 20.3
CACRAZ 103.9 0.1

sterically inaccessible region (area 6) to result in a
rectangular-planar geometry which can be regu-
larized by in-plane bond-angle changes to a square-
planar arrangement. An isometric tetrahedron is
reached by proceeding along a similar pathway in
reverse. Some Cu complexes which resemble situa-
tions along this pathway are compiled in Fig. 11, the
corresponding values for S,, and S,, are given in
Table 5. The suggested pathway deviates to some
extent from a pure twist deformation (following one
of the S,, axes as indicated in Fig. 8). A compression
occurs to a sterically allowed extremum, prior to a
D, symmetrical twist deformation of two facing M X,
fragments (Fig. 2, right). Complexes composed by
two bidentate chelating groups (¢f. Fig. 11, all
examples besides BENDIH correspond to this topo-
logy) should impose structural constraints which
result in favorable distortions with S,, < 0 for tetra-
hedral and S, > O for square-planar geometry. Such
deformations reduce steric repulsion between facing
ligand atoms and allow bond angles <90° at the
metal inside the chelated rings. They minimize steric
hindrance along a twist-type interconversion corre-
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sponding to region 6 in Fig. 6. Both pathways
appear to be feasible. Supposedly, the second com-
bined compression/twist pathway is preferentially
proceeded by complexes with two chelate ligands,
whereas the previous pure compression pathway is
followed by complexes without steric constraints due
to chelation. In addition, any preference (or com-
bination of both) presumably depends on the elec-
tronic properties of the metal atom.

As already found in the study of spiro-carbon
(Luef er al., 1987), no strong correlation among
bond-length deformations seems to be present.

The authors are grateful to Thomas Auf der
Heyde (Bellville, South Africa) for his careful
reading of the manuscript and for some important
suggestions which improved this paper.
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Structure of Sodium Ammonium (+ )-Tartrate Tetrahydrate at 200, 151 and 120 K
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Abstract

The crystal structure investigation of NaNH,(+)-
C,H,04,4H,0, known also as NAT, SAT or ARS
(ammonium Rochelle salt), was carried out in order
to determine the absolute chirality and to trace
possible structural changes in the paraelectric phase
from room temperature down to the region close to
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the ferroelectric phase transition at about 110 K. The
observed relative elongation of the thermal ellipsoids
in the [100] direction and hydrogen-bonding
reorganization near the temperature 150 K support
the idea of either a long-range preparation to the
ferroelectric phase transition or an additional struc-
ture reconstruction, possibly without symmetry
changes, at about 150 K. Additionally, the structure
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