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A continuous symmetry study of the structures of transition metal six-vertex polyhedra is presented,
considering both molecular models and experimental structural data. The concept of symmetry map is
introduced, consisting of a scatterplot of the symmetry measures relative to two alternative ideal polyhedra. In
the case of hexacoordinated complexes, we take as reference shapes the octahedron and the equilateral trigonal
prism and study different distortions from these two extremes, including the Bailar twist that interconverts one
into another. Such a symmetry map allows us to establish trends in the structural chemistry of the coordination
sphere of hexacoordinated transition metal atoms, including the effects of several factors, such as the electron
configuration or the presence of bidentate, terdentate or encapsulating ligands. Also introduced is the concept
of a symmetry constant, which identifies a distortive route that preserves the minimum distance to two reference
symmetries. A wide variety of model distortions are analyzed, and the models are tested against experimental

structural data of a wide variety of six-coordinated complexes.

One of the most useful and widespread idealizations of mole-
cular structures consists in associating the position of a set of
atoms with the vertices of a reference polyhedron. An accurate
description of the structure of a molecule, though, often
requires the use of qualifiers such as slightly distorted or
severely distorted relative to the reference polyhedron. We also
often describe a structure as intermediate between two alterna-
tive polyhedra. To quantify the degree of distortion of a parti-
cular molecular structure from an ideal polyhedron one can use
symmetry measures as defined, for instance, by Avnir and co-
workers.! This symmetry measure determines the distance of
a structure from the perfect symmetry of a given point group
or from a reference shape. In the chemistry of transition metal
compounds, the most ubiquitous polyhedron is probably the
octahedron, whose vertices describe the positions of the donor
atoms in a hexacoordinated complex MLg, as well as the envir-
onment of transition metal atoms in a wide variety of extended
solids. The same polyhedron can be used to define the position
of six metal atoms in MgL,, clusters with metal-metal bonds, or
in hexanuclear supramolecular assemblies in which the metal
atoms are farther apart and held together by bridging ligands.
We restrict the present study to molecular MLg groups but the
general approach described below is applicable to other specific
families of six-vertex polyhedral structures.

An alternative coordination polyhedron, the trigonal prism,
is not unusual and can be found in solids with the MoS,- or

t Electronic supplementary information (ESI) available: tables
of CSD refcodes, structural parameters and symmetry measures for
the studied compounds. See http://www.rsc.org/suppdata/nj/b2/
b202096n/
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WC-type structures, in several tris(dithiolene) complexes,
hexamethyl compounds, some complexes with encapsulating
ligands or in porphyrin and phthalocyanine complexes of early
transition metals. According to theoretical studies carried out
by several authors on methyl>* and hydrido® homoleptic
complexes, hexacoordinated d® and d' complexes should be
trigonal prismatic rather than octahedral, with an additional
distortion to Cs, due to a second order Jahn-Teller effect.
Besides the fundamental interest in the structural choice
between octahedron and trigonal prism, boosted in recent
years by the theoretical prediction and experimental report
of trigonal prismatic hexa(methyl) complexes,> *®!° the inter-
conversion of the two polyhedra has been proposed to be
operative in the trigonal twist described early on by Bailar'!
as a pathway for the racemization reaction of tris(chelate)
complexes.

The general problem we face is to decide («) which is the
polyhedron or polygon that best describes the geometry of
the set of atoms under consideration, (b) how far is the real
structure from such an ideal geometry and (¢) how to recognize
automatically if the six-coordinated compound under investi-
gation is best represented by other less common polyhedra,
such as the pentagonal pyramid or the hexagon. The continu-
ous symmetry measures approach allows one to answer the
second question once a reference geometry has been selected.
But so far the selection of a reference shape is made based
mostly on visual inspection of a structure, on the knowledge
of structures of related compounds, or on the comparison of
the bonding parameters (bond distances, bond angles and tor-
sion angles) with those of the reference shape. The number and
nature of parameters that must be analyzed to discriminate
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between two alternative structures depends on the specific
shapes considered and increases with the number of vertices.'?
Therefore, it is not easy to establish an algorithm that allows
one to decide, based on a small number of bonding parameters
that are common to all of the polyhedra considered, whether a
set of, say, six ligands is best described as an octahedron, a
trigonal prism, a hexagon, a pentagonal pyramid or some
other shape. In this paper we will show how the analysis of just
two symmetry measures for six-vertex polyhedra provides indi-
cations of the most likely shapes and how in some instances it
provides a unique identification of the closest polyhedron.

The polyhedral-symmetry measurement
methodology

In the past several years we have developed a general metho-
dology for measuring, on a quantitative scale, the degree of
symmetry (and chirality) content in a given (distorted)
structure.”"'> Many novel correlations between symmetry or
chirality and molecular properties have been consequently
revealed.'*?° The measure, which seeks the minimal distance
to the desired perfect symmetry, has been backed both by a
general algorithm and by several specific algorithms and
computational tools tailored for specific needs, including a
computer code suitable for the family of the regular and
semiregular polyhedra. Such a tool allows not only the
determination of the distance of a molecular structure to a
given ideal polyhedron—the original task for which it was
developed—but it also allows the quantitative evaluation of
the contents of any given shape, symmetric or not, in any
structure.

According to the continuous symmetry measures (CSM)
methodology, given a structure composed of N vertices whose
coordinates are given by the vectors O, (k =1,2 ... N), one
searches for a perfectly G-symmetric object (G being a specific
symmetry group) with coordinates P, (k =1, 2 ... N). One
then calculates the distances between the vertices of the two
objects and repeats the search until a set of P, coordinates is
found that minimizes the distances, according to eqn. (1)
(where Q is the coordinate vector of the center of mass of
the investigated structure and the denominator is a size nor-
malization factor):

S 10 — Pk\
SV 10— O

The resulting value of S(G) is the G symmetry measure of the
investigated structure (Qy) and in the process one obtains also
the closest structure with perfect G symmetry (Py).

The symmetry measures defined in eqn. (1) must lie within
the range 100 > S > 0. If a structure has the desired G-sym-
metry, S(G) = 0 and the symmetry measure increases as it
departs from G-symmetry, reaching a maximum value (not
necessarily 100).2° All S(G) values, regardless of G, are on
the same scale, a property that allows one to compare, for
example, the degree of octahedricity and Ds,-ness of various
distorted octahedral complexes. A set of programs has been
developed in recent years to calculate continuous symmetry
measures from atomic coordinates.

The present methodology offers two different options: to
determine the symmetry content by searching for the nearest
specific structure that belongs to the desired symmetry group
(CSM), or to determine a shape or form content, that is the,
distance to a pre-determined ideal structure (abbreviated
CFM for continuous form measure). The idea of a polyhedral
shape measure was earlier proposed by Dollase.?! The ideal

S(G) = min (1)

1 Readers interested in testing and using our programs are encouraged
to contact us at david@chem.ch.huji.ac.il.

structure need not be symmetric at all and, from that point
of view, eqn. (1) is a general shape measure. Both applications
are of use and will be demonstrated below. In the case of the
octahedron, form and symmetry measures coincide, since any
octahedron has O, symmetry. In the case of the trigonal
prism, however, there are infinite choices of polyhedra with
D5, symmetry, depending on the choice of edges of the rec-
tangular faces. We choose as the ideal polyhedron a trigonal
prism with all its 9 edges of the same length, thus having two
equilateral triangles and three squares as faces. This is not
only the common geometric definition of a semiregular poly-
hedron,? but it is justified as the ideal trigonal prism from the
chemical point of view since in the crystal structures of the
different families of hexacoordinated compounds analyzed in
this work, the vertical and horizontal edges (v and /4 in
Fig. 1, respectively) of the coordination polyhedron are found
to be roughly equal (e.g., 0.97 < /v < 1.10 for hexamethyl
complexes). In this case we determine not S(D3;) but S(ideal
trigonal prism), or S(itp). Of course, the symmetry of the
nearest structure that is an equilateral trigonal prism is Ds,
as well, and in general S(D;;,) < S(itp). Strictly speaking,
S(0,) is a symmetry measure whereas S(itp) is a form mea-
sure, but we will refer to both within this paper as symmetry
measures for simplicity.
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Fig. 1 Schematic description of the Bailar trigonal twist for the inter-
conversion between the octahedron and the trigonal prism in MLg
complexes (above) and of changes in the bond angles along the distor-
tion pathway (below).
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Symmetry maps: molecular models of
hexacoordinated polyhedra

We start our quantitative symmetry analysis of the structures
of hexacoordinate transition metal compounds by studying
the Bailar twist that interconverts the octahedron and the tri-
gonal prism. Such a pathway connects two symmetry groups
(0y, and Ds;) that do not have a group-subgroup relationship,
passing through intermediate geometries belonging to the com-
mon subgroup D;. We have previously explored the group-
subgroup relationship for the case of the tetragonal distortion
of the octahedron typically associated with a Jahn-Teller
effect®® and will discuss here the different behavior of the sym-
metry and shape measures in the two cases. These ideas will be
extended to map the geometries of a variety of hexacoordi-
nated complexes that include distortions of the two ideal poly-
hedra, and show that each distortion is represented by a
specific line in the two-dimensional space defined by the two
symmetry measures S(O,) and S(itp), a symmetry map for
hexacoordination. Structures that present two or more simul-
taneous distortions may appear out of the studied tracks of
the symmetry map, and we have analyzed the combined effect
of the Bailar and Jahn-Teller distortions, both for a molecular
model and for experimental structures, as well as the presence
of these two distortions combined with trigonal distortions
favored by facial tridentate ligands.

The Bailar twist

The most characteristic distortion of octahedral/prism systems
is the Bailar trigonal twist,'! leading from perfect Oy, to perfect
Dj), (including the itp). As shown in Fig. 1, the L-M-L bond
angles (o, 8, y and 7’) are different in the two ideal polyhedra,
and they have been smoothly varied in our model along with
the twist angle 0. The appropriate coordinate for such a distor-
tion is the dihedral twist angle 0. For twist angles of 0, 120 and
240° we have perfect trigonal prisms, whereas for angles of 60,
180 and 270° we have perfect octahedra. In general it suffices
to consider only the range between 0 and 60°. Structures with
intermediate twist angles belong to the D; symmetry point
group and are usually called trigonal metaprisms.>* In Fig. 2
we show how S(itp) and S(Oy,) vary with the twist angle along
such a pathway. It is seen that the extremes are at n-60° (n = 0,
1, 2, 3), and that even a perfect Ds;, prism is characterized
by residual octahedricity, represented by a high value of
S(0,) = 16.73. Conversely, the perfect octahedron is charac-
terized by the same value of residual content of the prism,
S(itp) = 16.73. The intermediate geometry with 0 = 30° is iso-
symmetric with respect to the octahedron and the trigonal
prism and has S(0O;,) = S(itp) = 4.42. Thus, any structure that
has S(0;) < 4.42 [or S(itp) > 4.42] is closer to the octahedron
than to the trigonal prism and can be best described as a
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Fig. 2 Minimum distance to the O, symmetry (continuous line) and
to the ideal trigonal prism (dashed line) along the Bailar path for a
model MLg complex.

998  New J. Chem., 2002, 26, 996-1009

Fig. 3 Scatterplot of the octahedral and trigonal prismatic measures
of a model MLg complex for several distortion modes: D5 Bailar twist
(Fig. 1, continuous curve); D;, trigonal antiprism (6, compressed for
o > 90°, elongated for o > 90°); C,, skew trapezoidal (9); D, cis equa-
torial bending (3); Dy, Jahn-Teller distortion (1, rightmost continuous
line); D,;, thombic (2); D3y, trigonal prisms (7, compressed for o = 90°,
elongated for « > 90°) and several pentagonal pyramids (PP) with Cs,
symmetry.

distorted octahedron. Conversely, structures with S(O;,) > 4.42
[or S(itp) < 4.42] should be termed distorted trigonal prisms.

The dependence of the octahedral symmetry measure with
the twist angle can be approximately fitted to the following
parabola for rotation angles 6 between 0 and 120° (13 points,
regression coeficient 2 = 0.999):

S(0;) = 16.98 — 0.558-0 4 4.653 x 1073.6° 2)

which reproduces the actual values to within 0.2 units.

The dependence of both S(0O,) and S(itp) on the twist angle
implies that a correlation must exist between the two sym-
metry measures. Indeed, a scatterplot of S(O;) as a function
of S(itp) for several twist angles (Fig. 3, curve in the lower left
corner) nicely shows such a correlation. The empirical cor-
relation between the two symmetry measures can be expressed
by eqn. (3) [the r.m.s. deviation of the calculated model
values from eqn. (3) is 0.08 for 28 geometries along the
Bailar path]:

V/S(0y) + /S(itp) = 4.16 (3)

The observation represented by eqn. (3) is remarkable: It tells
us that the purely Bailar-twist route is characterized by a
unique characterisitc value; we therefore term the constant
4.16 as the Bailar-twist symmetry constant. Thus, if the sum
of the square roots of the two symmetry measures differs from
4.2, this would indicate some non-Bailar behavior, and if the
deviation from that symmetry content is significant this would
indicate the coexistence of a distortion other than the Bailar
twist (our analysis of experimental data below suggests that
values higher than 4.6 are indicative of significant deviations
from the Bailar pathway). An additional observation is that
the distance between an octahedric ABg molecule and a tri-
gonal prismatic one with the same A-B distance is 4.09. The
symmetry constant is somewhat smaller than this value
because the A-B distances in the itp closest to a given octa-
hedron are slightly larger.

We note that the correlation between tetrahedricity and
square planarity for tetracoordinated molecules that was pre-
viously fitted to an exponential®® can be expressed>® in a simi-
lar way, but with a different symmetry constant:

VS(Tq) + /S(Dap) =592 4)



Comparison of the two symmetry constants tells us that the
square/tetrahedron distortion route requires larger atomic dis-
placements than the octahedral/itp Bailar path. A detailed
analysis of eqn. (4) will be reported elsewhere.

A twist of the octahedron by an angle 0 can be represented
by the atomic displacement vectors shown in Fig. 1, corre-
sponding to a normal mode 75, in the O, point group. In
the Ds;, group, the same mode belongs to the 4;” representa-
tion. Since there is no other mode of the same representation
at the two extreme symmetries, the minimum displacement
coordinates |Q; — Px| [eqn. (1)] that can restore either sym-
metric shape corresponds precisely to the 75, or 4;” modes,
which are identical except for the sign. A similar behavior
has been found in the square-planar to tetrahedral interconver-
sion pathway.? In contrast, the different numerical values that
we found for the different bond lengthening distortions of the
trigonal bipyramid'# are associated with the existence of more
than one mode of the same symmetry.

Now that we have seen that the Bailar pathway for the
octahedron-trigonal prism interconversion is represented by
a line in the two dimensional space of these two symmetry
measures, we should ask ourselves where will a molecule with
a different type of distortion from either the octahedron or the
trigonal prism appear. Since every distortion of the two ideal
polyhedra will be represented by a line in the {S(itp), S(O;)}
space, we will build a map of the different distortion modes
by plotting such pairs of values obtained along each particular
distortion mode. Let us analyze then the behavior of these two
symmetry measures for several distortions of a model hexa-
coordinated molecule.
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Fig. 4 Dependence of the S(itp) and S(O,) symmetry measures
(triangles and squares, respectively) upon distortion of the octahedron
through variation of different structural parameters: (a) the Jahn—
Teller distortion 1 (4 is the difference between axial and equatorial
bond distances), (b) the skew-trapezoidal distortion 9 (9, 1 and y varied
simultaneously), (c) the elongated (« < 90°) and compressed (o > 90°)
trigonal prisms (7) and (d) the equatorial bending distortion 3.

Jahn-Teller tetragonal distortion

This distortion (1) has been previously discussed with regard to
the octahedral symmetry measure.”> We calibrate here the
degree of tetragonal distortion by the difference between long
and short bond distances, 4, adopting a positive sign for elon-
gated octahedra (i.e., two long and four short bond distances)
and a negative sign for the opposite distortion leading to com-
pressed octahedra. The dependence of the two symmetry mea-
sures on 4 is shown in Fig. 4(a): both increase upon departure
from the octahedron. The dependence of the octahedral sym-
metry measure with the distortion parameter can be fitted
(regression coefficient 2 = 1.000 for 7 points) to the following
expression:

S(0}) =5.39-4* —0.33-| 4 | (5)

In the symmetry map (Fig. 3), the tetragonal distortion is
represented by a straight line [eqn. (6) regression coefficient
r* = 0.996 for 7 points]:

S(0y) = 1.23 S(itp) — 20.52 (6)

that is clearly differentiated from other distortions of the octa-
hedron analyzed below. We note that the same line is obtained
regardless of the metal-ligand distance chosen for the undis-
torted octahedron, indicating its generality and the global
nature of the symmetry measure (we have used 2.0 and 2.2 A
for our molecular model).

We note that compressed and elongated octahedra fall along
the same line of the symmetry map, and also that the Jahn-
Teller line of the symmetry map seems to represent the upper
limit for S(itp) at a given S(0,) value.

Combined effect of Jahn—Teller and Bailar distortions
of the octahedron

One can imagine a bond stretch Jahn-Teller distortion acting
on a twisted octahedron. Symmetry measure calculations on

New J. Chem., 2002, 26, 996-1009 999
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Fig. 5 Effect of a Jahn-Teller distortion upon the symmetry mea-
sures of an hexacoordinated model molecule with different twist angles
0 (straight lines). The bottom curve represents the Bailar twist with all
metal-ligand bond distances equal.

a model with such a combination of the two distortions show a
dependence on 4 [Fig. 5 and eqns. (7) and (8) for twist angles
of 50 and 40°, respectively] similar to that found for a Jahn-
Teller distortion from the perfect octahedron [0 = 60°, eqn.
(5)], the main difference being the independent term that corre-
sponds to the values of the pure Bailar twist (Fig. 2). The rela-
tionship between the octahedricity and the trigonal prismacity
for Jahn—Teller distortions of twisted octahedra is represented
by straight lines practically parallel to that of the tetragonal
distortion from a perfect octahedron [Fig. 4(b)] and can be
expressed by eqns. (9) and (10) for twist angles of 50 and 40°,
respectively.

0 =50°: S(0y) = 0.53 + 6.258-4% — 0.172-4 (7)
0 =40°: S(0,) =2.08 +6.118-4> — 0.167-4 (8)
0 = 50°: S(0)) = 1.07-S(itp) — 6.00 (9)
0 = 40°: S(0) = 1.14-S(itp) — 12.90 (10)

The present results indicate that the Bailar curve in the sym-
metry map of Fig. 3 represents the maximum octahedricity
[i.e., the minimum S(O)) value] for a given S(itp) or for a given
twist angle.

Rhombic distortion

A rhombic distortion can be produced by stretching two and
simultaneously shortening two other trans bond distances
while keeping all bond angles constant at 90° (2). The resulting
D5, symmetry point group is a different subgroup of O, than
that corresponding to the rectangular bipyramid produced
upon an equatorial bending distortion, since the g, symmetry
planes preserved are those containing the M—L basal bonds
in the rectangular bipyramid, but the ones bisecting those
bonds are preserved in the rhombic bipyramid. Such distortion
has an effect on the octahedral and trigonal prismatic measures
very similar to the simpler tetragonal distortion discussed
above: both symmetry measures increase upon distortion. If
we measure the degree of distortion by the difference between
the longest and shortest distances (4), the dependence of the
symmetry measures on A is quite similar to that in a tetragonal
distortion. The correlation between the two measures is practi-
cally identical (with a deviation of at most 0.04 units) to that
found for the tetragonal distortion [eqn. (6)], and the distance
to the perfect octahedron for even a large distortion
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(e.g., A = 0.8 A) is relatively small (2.60) compared to those
of the angularly distorted structures analyzed in this work.

Equatorial bending

Changes in the equatorial bond angles of the octahedron (3)
while keeping the bond distances constant result in rectangular
bipyramids with D,;, symmetry. The changes in the symmetry
measures are represented as a function of the bond angle 4
in Fig. 4(d). As could be expected, such distortion produces
an increase in S(O;) but the distance to the ideal trigonal
prism, S(itp), is little affected. The result is a line on the sym-
metry map in-between those of the elongated and compressed
trigonal prisms (labelled cis in Fig. 3). An analysis of the sum
of the square roots of the two symmetry measures indicates
that it increases linearly as the bond angle deviates from 90°,
in agreement with our above interpretation that such a para-
meter adopts the value 4.2 for structures that experience only
a Bailar twist, but larger values for structures that present
other types of distortions.

Axial bending

Tilting two axial ligands (4) distorts the octahedron to the C,,
symmetry subgroup. The tilt angle é has been varied from 0 to
30° and it is seen to affect more significantly the octahedricity
than the trigonal prismacity. The relationship between S(O,)
and S(itp) is an interesting curled line in the symmetry map
(Fig. 3, curve labeled trans). The curled line means that two
structures with different degrees of distortion from the octa-
hedron [i.e., with different S(O},) values] are isosymmetric with
respect to the ideal trigonal prism [ie., have the same S(itp)
value]. At a deviation of 40° from the axial positions, the geo-
metry of the molecule is equidistant to the octahedron and the
trigonal prism. This and other distortions have in common
that they initially deviate from the octahedron and seem to
approach the trigonal prism, but they can never reach the tri-
gonal prism upon further distortion, which is why the curves
are bent back.

Double axial bending

If two sets of trans ligands are distorted in such a way (5) that
the corresponding trans L-M-L bond angles are less than
180°, the symmetry of the molecule lowers to D,;. The degree
of distortion can be measured by the cis angles that are 90° in
the perfect octahedron and decrease as the distortion proceeds.
Such distortion is in practice found when mer-spanning triden-
tate ligands such as terpyridine are used, but also in a variety
of minerals as will be shown elsewhere.

The trigonal antiprism and the hexagon

If the six bond angles « of the octahedron (Fig. 1) are made
smaller than 90°, an elongated trigonal antiprism of D5, sym-
metry results (6). Conversely, angles larger than 90° produce a
compressed trigonal antiprism that belongs to the same sym-
metry group. Both elongation and compression of the octa-
hedron along a trigonal axis produce an increase in the
S(0y,) value [Fig. 4(c), squares]. However, S(itp) behaves in dif-
ferent ways for compression and elongation [Fig. 4(c), trian-
gles]. In the first case (o> 90°), S(itp) is practically unaffected
by small distortions, but increases with the angle if « is greater
than 105°. For an elongated trigonal antiprism, though, S(itp)
decreases and then increases upon decreasing o. When these
results are incorporated into the symmetry map (Fig. 3), two
distinct lines result: one for the elongated and one for the com-
pressed trigonal antiprism (TAP). We can conclude that S(itp)
must be larger than 14 for elongated and larger than 17 for
compressed trigonal antiprisms.



Taking the axial compression of an octahedron to the
extreme would lead to a hexagon. Therefore, the position of
the hexagon in the symmetry map is at the end of the line
corresponding to the compressed trigonal antiprism. Interest-
ingly, the hexagon is at nearly the same distance from the octa-
hedron as from the trigonal prism, as reveal the symmetry
measures calculated for a model hexacoordinated molecule:
S(0;) = 33.33 and S(itp) = 33.68, in the upper right corner
of the symmetry map (Fig. 3).

Compression and elongation of the trigonal prism

Simultaneous changes in the six bond angles o (Fig. 1) of the
trigonal prism, as in 7, retain the D5, symmetry. Angles of less
than 81.8° correspond to elongated trigonal prisms with v > 7,
and larger angles to compressed trigonal prisms with v < 4. In
both cases S(itp) increases because the reference shape (the itp)
is that with & = v. S(O;,) increases both upon elongation and
compression of the trigonal prism. Consequently, these distor-
tions appear in a specific region of the symmetry map (Fig. 3)
as two neighboring lines [that can be approximated to linear
eqns. (11) and (12) for compressed and elongated trigonal
prisms, respectively, with regression coeficients > of 0.998 in
both cases]:

S(0;) = 0.75 S(itp) + 16.40 (11)
S(0;) = 0.97 S(itp) + 16.88 (12)

The most elongated trigonal prism we have tried is one with
o = 51° (v/h = 2.00) and appears at {10.7, 27.2}. On the other
hand, the most compressed trigonal prism in Fig. 3 is a
hypothetical one in which the two triangular faces have col-
lapsed into one triangle, and its symmetry measures corre-
spond to the {42.9, 50.0} point on the symmetry map.

Truncated trigonal pyramid (G;, distortion of the trigonal prism)

If the three upper o angles of a trigonal prism are decreased
from those of the ideal polyhedron while the lower ones are
increased (8), a truncated trigonal pyramid of Cs, symmetry
results. Such distortion takes us away from the trigonal prism
and from the octahedron as well, and is represented by a
straight line in the symmetry map (not shown in Fig. 3), indi-
cating that such a distortion increases equally the distance to
the octahedron and to the trigonal prism. This line is practi-
cally coincident with that of a compressed trigonal prism,
and can be represented by the least-squares equation:

S(0y) = 0.59 S(itp) + 16.74 (13)

Skew-trapezoidal bipyramid

If the axial bending discussed above is combined with a dis-
tortion of the equatorial ligands to a trapezoid (9), a skew-
trapezoidal bipyramid with C,, symmetry is formed. The
dependence of the octahedral and trigonal prismatic measures
as a function of such distortion is presented in Fig. 4(b). An
interesting situation appears at 0 =~ 16°, since the distorted
structure is isosymmetric with respect to the octahedron and
the trigonal prism.

The pentagonal pyramid

A pentagonal pyramid is characterized by Cs, symmetry, but is
not uniquely defined. With that symmetry, the axial and equa-
torial bond lengths are independent and one can conceive an
infinite number of pyramids characterized by different axial/
equatorial ratios. On the other hand, the central atom needs
not be coplanar with the five basal ligands and again different
pyramids exist for a given bond distance ratio depending on
the L,,—M-L.q bond angle. We have varied these two para-

meters for a model pentagonal pyramid ML¢ complex
(0.77 < axial/equatorial ratio < 1.46 and 90° < Ly ~M-L¢q <
120°) and the corresponding symmetry measures are plotted
on the symmetry map (Fig. 3).

Although the actual symmetry measures for a given pyramid
vary with the two structural parameters just mentioned, all the
values appear between the {16, 29} and {19, 32} points. These
are roughly represented by the following linear equation for
S(@itp) > 15:

S(0,) = S(itp) + 13.29 (14)

We have not modeled the transformations from a pentagonal
pyramid to an octahedron or a trigonal prism, but it is obvious
that any sensible pathway for those transformations should
connect these points with {16.7, 0} and {0, 16.7}, respectively.

Symmetry map and rules for shape classification

According to the analysis of the structures of model molecules,
the structure of every hexacoordinated polyhedron can be
identified by its position on the symmetry map presented in
Fig. 3, given by the pair of coordinates {S(itp), S(O;)}. From
such coordinates, a good qualitative description of the struc-
ture can be obtained in many cases.

Rule (1) Structures represented by the {16.7, 0} point on the
symmetry map correspond to perfect octahedra.

Rule (2) Structures at point {0, 16.7} on the symmetry map
correspond to ideal trigonal prisms.

Rule (3) Other values that obey eqn. (3) correspond to
metaprisms along the Bailar path that connects the octahedron
and the trigonal prism. According to the distance criterion of
eqn. (3), structures with S(O;) < 4.42 [or S(itp) > 4.42] are
closer to the octahedron than to the TP and are best described
as twisted octahedra. Conversely, structures with S(O;,) > 4.42
[or S(itp) < 4.42] are best described as twisted trigonal prisms.

Rule (4) Molecular structures with a pair of symmetry mea-
sures that do not obey the sum rule of eqn. (3) (i.e., the sum of
square roots is significantly greater than 4.2) correspond to
structures that present some distortion other than the Bailar
twist, or even the coexistence of a Bailar twist and another dis-
tortion. We have found that significant distortions give square
root sums larger than 4.6.

Rule (5) A tetragonal bipyramid characteristic of pure Jahn—
Teller distortions of the octahedron is indicated by an S(itp)
value larger than 17 and its S(O,) value should obey eqn. (5).

Rule (6) The simultaneous presence of Bailar and Jahn-
Teller distortions is characterized by a square root sum of
4.6 or higher, and the position of such a distorted structure
on the symmetry map is illustrated by eqns. 7 and 8 and Fig. 5,
depending on the angular and distance parameters 6 and 4.

Rule (7) Values close to the line represented by eqn. (11)
may correspond to compressed trigonal prisms. The elongated
trigonal prisms can be found in a nearby region of the sym-
metry map, with symmetry measures corresponding to the
approximate eqn. (12). Trigonal prisms distorted towards a
truncated trigonal pyramid (Cs, symmetry) appear in a similar
region of the symmetry map, approximated by eqn. (13).
Although the presence of a distortion of the trigonal prism that
retains the trigonal rotation and the o, reflections of the D5,
group can be easily identified by their position on the symme-
try map at values of S(itp) larger than 17 and relatively small
values of S(0,), these three types of distortions cannot be reli-
ably differentiated from each other from the numerical values
of their symmetry measures only.

Rule (8) The set of coordinates {35, 35} corresponds to a
regular hexagon. Deviations of a few units of either symmetry
measure indicate puckered rings.

Rule (9) Symmetry measures near those of the compressed
or elongated trigonal prisms, between {15, 28} and {19, 32},
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can in principle be attributed to a pentagonal pyramid. The
two types of structures can be discriminated by analyzing the
S(Cs) and S(C;3) symmetry measures.

Analysis of experimental data

A. Hexakis(monodentate) complexes

We have taken as a reference set the structures of the homo-
leptic complexes with thiolato, alkyl or aryl ligands. Other
families of homoleptic hexacoordinated complexes with mono-
dentate ligands have been analyzed, but will not be discussed
here since all structures are either practically octahedral (i.e.,
0 =~ 60°) or Jahn-Teller distorted: [MX¢]"~ (X = halide),
[M(NR,)"",  [MOR)J",  [MSCN)J",  [M(CO),
[M(CN)g]"". The analysis of the structural parameters of the
reference set of compounds allows us to draw the following
conclusions.

(1) These families present examples of a variety of structures
from octahedral to trigonal prismatic, as indicated by their
twist angles 0 (structural data and symmetry measures pro-
vided as Electronic supplementary information).

(2) The angular parameters behave as expected from the
geometric description of Fig. 1. Hence, the angles o and f
decrease upon rotation from octahedron to trigonal prism,
even if the values of f are slightly smaller (by some 3°) than
those of o when approaching the trigonal prism. The angles
y in the approximately trigonal prismatic structures have aver-
age values close to 136°.

(3) Good correlations are found between the different angu-
lar parameters (o, 5, y or 0) and the vertical normalized bite
by = v/d, where d is the average metal-to-ligand bond distance
and v is the length of the edges that join the two trigonal faces
(see Fig. 1). Note that although the term bite applies to biden-
tate ligands, we retain it here to denote the edges that would be
occupied by chelating ligands even when we are looking at
complexes with monodentate ligands. The values of d asso-
ciated with the variety of metal atoms considered are not cor-
related with these parameters. This result indicates that the
bond angles and the normalized bite are essentially governed
by the twist angle. It is interesting to note that a correlation
between the bite and twist angle was reported by Kepert?’
for tris(chelate) complexes, but has been so far attributed to
the bidentate nature of the ligands in those compounds,
whereas we find here that such a correlation exists also for
complexes with monodentate ligands and appears to be a geo-
metrical characteristic intrinsic to the Bailar route that links
the octahedron and the trigonal prism.

(4) The vertical normalized bites of hexamethyl complexes
clearly decrease from the octahedron (1.37 < b, < 1.43) to
the trigonal prism (1.23 < b, < 1.28), following the geometri-
cal expectations for the ideal trigonal twist (ideal bite angles
for the octahedron and the trigonal prism are 1.41 and 1.31,
respectively). The horizontal normalized bite (b, = h/d,
Fig. 1), in contrast, changes less along the same path (1.35
< b, < 1.46 for octahedral, 1.33 < b, < 1.36 for trigonal
prismatic structures). The latter result is probably due to the
C3, distortion of the trigonal prism commented above.

(5) These structures adapt well to our choice of the ideal tri-
gonal prism in which horizontal and vertical edges are identical
(square faces), since these two edges in a particular compound
are roughly equal (e.g., 0.97 <h/v < 1.10 for hexamethyl
compounds).

(6) All those structures that are significantly twisted from
the octahedron (0 < 40°) correspond to metal ions with d°
to d? electron configurations, whereas all complexes with d*
to d'° configurations are characterized by 6 > 40°. Among
the family of organometallic compounds, all d° and d!
complexes are approximately trigonal prismatic, except for
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Fig. 6 (a) Scatterplot of the octahedron and trigonal prism symmetry
measures of homoleptic complexes with monodentate ligands as a
function of the twist angle 6. Triangles correspond to organometallic,
squares to thiolato complexes. (b) Blow-up of the trigonal prismatic
region of the symmetry map showing the experimental data of
[MMeg] complexes that are significantly distorted from the ideal tri-
gonal prism.

[M(C=CSi{'Bu}3)¢] (M = Zr, Hf), in which the bulky alkynyl
ligands are probably responsible for the adoption of an octa-
hedral geometry that has a larger bite (i.e., longer Bu---Bu
contacts). No clear geometric preference is found for thiolato
d® and d' complexes, the twist angles in this family varying
between 9 and 60°.

Having seen that the reference set of homoleptic complexes
with monodentate ligands provides a wide sample of geome-
tries between octahedral and trigonal prismatic and that other
angular parameters are correlated to the twist angle, we can
now analyze the behavior of the continuous symmetry mea-
sures relative to the two ideal polyhedra along the trigonal
twist pathway by looking at their position on the symmetry
map (Fig. 6). The experimental structures analyzed are nicely
aligned along the Bailar pathway, a fact that is numerically
reflected by their square root sums (rule 3) of less than 4.6
in most cases. The molecules that deviate significantly from
the Bailar pathway (rule 4) are those at the upper left end of
the symmetry map and correspond to the different crystallo-
graphically independent molecules of [MoMeg] and [WMeg).
The behavior of such molecules can be better seen in a blow-
up of the symmetry map [Fig. 6(b)]. Two such molecules
appear clearly along the C;, path while the others seem to
present that distortion combined with a small Bailar twist.
The existence of such distortions is corroborated by a detailed
analysis of the bond angles (differences in bond angles at the
two MMe; groups of each molecule are of about 19°). The
analogous Re compound, twisted by only one degree from
the trigonal prism but with no Cj, distortion, is slightly shifted
downward along the Bailar curve and is shown in Fig. 6(b) for
reference.

B. Trischelate complexes

To analyze the effect of the presence of chelate rings on the
choice between the octahedron and the trigonal prism, we have
analyzed the structures of a variety of [M(bidentate);] com-
plexes, where bidentate represents dithiolene, diselenolene,
dithiocarbamate, ethylenediamine, -diketonate or bipyridine
(433 crystallographically independent molecules from 325 che-
mical compounds). For other ligands (carboxylates, amidi-
nates and diarsines), a small number of structures were
found and these will not be discussed here. When studying
complexes with bidentate ligands the important edges are those
occupied by the chelating groups, hence, according to our
convention of orienting the trigonal axis vertically (Fig. 1),
we will be concerned only with the vertical normalized bite b,
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Fig. 7 Trigonal twist angle in several families of tris(bidentate) com-
plexes as a function of the normalized bite. Squares correspond to
B-diketonates, triangles to dithiolenes and diselenolenes, crosses to
dithiocarbamates, open circles to ethylenediamine and closed circles
to metal chalcogenides with MX; stoichiometry.

throughout this section and will refer to it simply as the nor-
malized bite, thus omitting the subscript.

A scatterplot of the twist angle as a function of the normal-
ized bite for all complexes studied clearly shows the coexis-
tence of two different trends (Fig. 7). Besides the simple
linear dependence between the normalized bite and the twist
angle reported by Kepert,”” one can see a group of structures
with similar normalized bites of around 1.3 but having a vari-
ety of twist angles between 0 and 45°. Hence, for the latter
compounds there is no correlation between b and 0. To better
understand the two alternative trends observed it is worth dis-
cussing separately the different families of compounds classi-
fied by ligands.

For dithiolenes, diselenolenes and B-diketonates the normal-
ized bite and the twist angle correlate approximately in the
same way as for the monodentate ligands (see previous sec-
tion). Thus, the normalized bite for octahedral complexes
(0 =~ 60°) is close to 1.4, and tends to values of around 1.3
for trigonal prismatic molecules (6 ~ 0°). There seems to be
a clear correlation between electron configuration and geome-
try in dithiolene and diselenolene complexes. Hence, all such
compounds with d° to d* electron configurations are severely
twisted toward the trigonal prism (0 < 40°), one d> compound
has 6 ~ 40° and two cases identified with a d® configuration
have 0 ~ 60°.

Among the B-diketonates, most of the complexes are
approximately octahedral, including three cases with d° or d'
configuration, although all trigonal prismatic structures corre-
spond to d” ions. It is interesting to note that the p-diketonato
complexes present twist angles larger than 60°. If we focus on
the edges occupied by bidentate ligands in molecular structures
intermediate between octahedral and trigonal prismatic (Fig.
8), we can see that three edges of the octahedron are converted
to vertical edges of the trigonal prism, whereas the other three
are converted into diagonals of the square faces. For chelating
ligands two cases can be distinguished: (i) a clockwise twist
(from 6 = 60° to 0 = 0°) leads to a trigonal prism with the
bidentate ligand occupying a vertical edge; and (if) an antic-
lockwise twist (from 0 = 60° to 0 = 120°) results in a trigonal
prism with the chelate ring occupying the diagonal of a square
face. In contrast, in complexes with all monodentate ligands,
the clockwise and anticlockwise twists are equivalent. Since
the normalized bite b, decreases from the octahedron to the
trigonal prism in the clockwise twist but increases with an
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Fig. 8 Schematic representation of the different disposition of a
bidentate ligand in a trigonal prism that is obtained by a clockwise
(above) or an anticlockwise (below) trigonal twist by an angle 0. The
two vertices occupied by the bidentate ligand are joined by a thick line
in the perspective representations, and the bidentate ligands are repre-
sented by arcs in the projections. The normalized bite (b) that corre-
sponds to the ideal polyhedron in each case is also given.

anticlockwise twist, one should expect the clockwise twist to
appear for complexes with small normalized bite, and the
anticlockwise twist for those with large normalized bites.
Among the bidentate ligands analyzed here, the dithiocarba-
mates show the smallest normalized bite (1.21 for first row
transition metals) and the pB-diketonates the largest one
(1.41), therefore explaining the anticlockwise twist observed
for the B-diketonates.

Complexes of ethylenediamine, bipyridine and dithiocarba-
mates present a linear dependence between 6 and b, but none
of these complexes is even close to the trigonal prism. In the
ethylenediamine family, the twist angles are comprised
between 38 and 57° for complexes with electron configurations
from d? to d'°. The wider range of normalized bites and twist
angles in the ethylenediamine family is associated with a large
standard deviation in the donor—-donor distances (0.10 A) that
reflects the flexibility of the N-C-C-N backbone, but also a
good correlation is found between b and the M-L distance.
In this family, the smallest b and 0 values correspond to com-
plexes of the Cd** and Mn?" ions.

The dithiocarbamate complexes present electron configura-
tions between d? and d'°, and their twist angles cluster at
around 40°. The narrower distribution of 6 and b values for
dithiocarbamates is associated to the rigidity of the CS, core,
substantiated by a small standard deviation of the S---S dis-
tance (0.05 A)

A plot of the structural data for the tris(bidentate) com-
plexes analyzed here in a symmetry map is presented in
Fig. 9, where most of these structures are seen to be aligned
along the Bailar pathway. The sum of the square roots of
the two symmetry measures provides us some insight into
the stereochemistries of these families of compounds, and its
distribution is shown in Fig. 10. There it can be seen that most
structures present values close to that expected for a pure
Bailar twist (4.1), but complexes with bipyridine or dithiocar-
bamates present a distribution centered at higher values. This
must be attributed to the significantly smaller bite angles pre-
sented by these bidentate ligands [78 (4) and 71° (4) for bipyr-
idine and dithiocarbamates, respectively], as discussed above
for the model equatorial bending distortion, and is reflected
by their deviation from the model Bailar twist in the symmetry
map (rule 4).

An interesting conclusion that stems from the present analy-
sis is that a trigonal prismatic structure can be achieved only if
(/) the metal has a d° to d? electron configuration and (i) the
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Fig. 9 Relationship between octahedral and trigonal prismatic sym-
metry measures for a variety of homoleptic hexacoordinate transition
metal complexes with mono- or bidentate ligands. Data are shown for
the following ligands: methyl or alkyl (open triangles), thiolates (open
squares), ethylenediamine (crosses), bipyridine (plus signs), dithiocar-
bamates (open circles), and dithiolenes (closed circles). The solid line
corresponds to the ideal path (Figs. 1 and 3).

normalized bite is smaller than 1.34. If either of the two condi-
tions is not met, a twisted octahedron is preferred, with the
twist angle determined by the normalized bite according to
the approximate expression given in eqn. (15) (regression co-
efficient % of 0.796 for 379 data sets):

0 = 88.0b — 64.9 (15)

Of the compounds analyzed here, all those with electron
configurations between d* and d'® show twist angles 6 larger
than 27°. The only three exceptions to these rules are a d'°
[Cd(acac);]” anion®® and two d° Fe(mr) complexes with cate-
cholato encapsulating ligands 11.2%°

An illustration of this principle is provided by the structures
of several early transition metal diketonates. V(1v), Ti(1v) and
Sc(1r) complexes with d° to d? configurations but with normal-
ized bites of ~1.4 are nearly octahedral,>' > whereas the d°
Y () analog®®3” with a normalized bite of 1.2 is trigonal pris-
matic. It is interesting to note that extrapolation of eqn. (15) to
0 = 0 would predict that a trigonal prismatic structure might
be reached for a normalized bite of 0.74, but the only bidentate
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Fig. 10 Distribution of the sum of the square roots of S(0) and
S(itp) for several families of tris(chelate) complexes. The value
expected for structures along the D; Bailar twist [eqn. (3)] is 4.16.
The ethylenediamine complexes, not included in the histogram, appear
concentrated at the extreme left.
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ligand that can approach such a small bite is a side-on bonded
peroxo anion (0.77 for first row, 0.75 for second and third row
transition metals); the next smallest bites are those of the
BH,;—(0.98 and 0.95) and the triazenido (0.99 and 0.96) anions.

C. Complexes with encapsulating ligands

An encapsulating ligand can be described as formed by three
bidentate ligands held together by chemical bonds. At first
sight it seems that encapsulating ligands may impose addi-
tional restrictions on the bites of the three chelate rings formed
upon coordination to a metal atom, with a corresponding
effect on the geometry choice between octahedron and trigonal
prism. To analyze the behavior of encapsulating ligands, we
have looked at the families of complexes with ligands of the
types depicted in 10 and 11. The chelating groups have the
ethylenediamine core in 10 and catecholato groups in 11 (con-
veniently deprotonated to form hexa-anions). The family of
complexes with N-donor encapsulating ligands presents a vari-
ety of structures intermediate between the octahedron and the
trigonal prism.*® A scatterplot of the two symmetry measures
in these complexes (Fig. 11) reveals Bailar deviations from
the octahedral symmetry similar to those found for trischelate
complexes with ligands such as ethylenediamine or diketonate.
Similarly, several complexes of catecholato encapsulating
ligands present varying degrees of distortion from the octahe-
dral geometry (data and references provided as Electronic sup-
plementary information). The values of the twist angle in these
compounds show a sharp drop with decreasing normalized
bite, just like the hexamethyl or tris(dithiolene) complexes
discussed above, and those with nearly trigonal prismatic
structures are d°, d', or high-spin Fe(ur) d° complexes. The
octahedral and trigonal prismatic measures for these com-
plexes nicely follow the general trend of eqn. (3) (Fig. 12).

D. Cu(u) complexes and Jahn-Teller distortion

To best appreciate the effect of the bond stretch Jahn-Teller
distortions in Cu(i) complexes, we have selected the structures
of those compounds in which the difference between the long-
est and shortest copper-ligand bond lengths (represented here-
after by A) is larger than 0.7 A, and their pair of symmetry
measures are represented in the symmetry map of Fig. 13.
There one can observe that (i) many structures fall along the
ideal Jahn-Teller path 6 discussed above for a theoretical
model (rightmost straight line): 32 out of 227 structures pre-
sent S(0O;) values that deviate less than one unit from those
expected for a pure Jahn-Teller distortion [rule 6, eqn. (6)];
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Fig. 11 Relationship between octahedral and trigonal prismatic
symmetry measures for encapsulating hexaamine (10, squares) and
tris(catecholato) (11, triangles) complexes.
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Fig. 12 Octahedral and trigonal prismatic symmetry measures for
Cu() complexes with a difference between the longest and shortest
metal-ligand bond lengths (4) larger than 0.7 A. The straight lines
represented correspond to the Cs, distortion of the trigonal prism (left)
and the Dy, bond stretch distortion of the octahedron (right). The
bottom curve corresponds to the Bailar twist with all metal-ligand
distances equal.

(if) none of the structures corresponds to the ideal Bailar path,
since in all cases the bond stretch distortion is superimposed on
the trigonal twist, as reflected in square root sums of 4.9 or
higher; (iii) the effect of the Bailar and Jahn-Teller distortions
on the symmetry measures is approximately additive, as found
above for the molecular models; (iv) the Jahn-Teller line on the
symmetry map marks the lowest S(O,) value for S(itp) > 17. It
is interesting to discover in that plot three structures of nearly
trigonal prismatic Cu(ir) complexes [S(itp) < 3]. These corre-
spond to molecules with tetradentate macrocyclic ligands that
occupy a square face of the trigonal prism, while the two
remaining coordination positions are occupied by pending
pyridyl groups.®***! Even if one of the donor atoms of the
macrocyclic ligands is at a long distance from the Cu atom,
the values of S(itp) for these complexes unequivocally corre-
spond to a slightly distorted trigonal prism.

S(0:)

S(itp)

Fig. 13 Position of the experimental structures of cis-[MoO,L,]
complexes (circles) on the symmetry map. The two continuous lines
correspond (from bottom to top) to the Bailar twist and to the axial
bending of two trans ligands (4).

E. cis-Dioxomolybdenum complexes

Molybdenum complexes with the general formula cis-
[MoO,L,] are known to present a clear deviation of the two
trans ligands L from the pseudotetragonal axis, showing
L..—Mo-L,, bond angles in the range between 138 and 170°.
These compounds appear on the symmetry map (Fig. 13)
along the line of the corresponding model distortion of the
octahedron (4), clearly separated from the Bailar route as
reflected by square root sums in excess of 4.6 (only three struc-
tures out of 483 data sets present values between 4.4 and 4.6).
The hexacoordinated Mo atoms in a compound** with nucle-
arity 14 present bond angles as low as 110° and appear in Fig.
13 at {7.2, 11.0}, well separated from the rest of the structures,
but in agreement with the expectations for the model curve.
The ideal curve of the axial distortion 4 represents a lower limit
for the position of these structures in the symmetry map
(Fig. 13). There are two clear exceptions to the general beha-
vior described by the model curve. One** corresponds to a
compound in which bidentate ligands force deviations of the
two axial donor atoms through planes that do not bisect the
two Mo-O bonds as in 4 (i.e., C, rather than C,, symmetry)
and appears at {8.7, 2.2}. The other exception,* at {15.5,
4.2}, corresponds to the structure of [MoO,Br,(bipy)], in
which only one ligand deviates significantly from the axis of
the octahedron.

F. Complexes with meridional tridentate ligands

Tridentate ligands spanning meridional positions, such as ter-
pyridine, induce a double axial distortion 5 (average axial
bond angles of 77.8°, standard deviation 2.1°). The symmetry
measures calculated from the experimental structures of
[M(terpy),] complexes are plotted in Fig. 14 together with
the ideal line discussed above. It is seen that the behavior of
all structures significantly deviate from the Bailar path (square
root sums larger than 4.8 in all cases). Most of them (solid cir-
cles in Fig. 14) are in excellent agreement with the expected
behavior for a double axial distortion. The deviation of some
of the terpyridine complexes from the theoretical curve is
due to the fact that the two M(terpy) planes form a dihedral
angle that deviates from 90° by at least 1.4° (white circles in
Fig. 14). Although it is out of the scope of this paper, it is
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Fig. 14 Scatterplot of the octahedral and trigonal prismatic measures
for a molecular model of double axial bending 5 (central solid line),
and experimental data for complexes of the type [M(terpy),] with the
two terdentate ligands practically perpendicular (dihedral angle 90.0°
+ 1.4, black circles) or slightly twisted (white circles). The curves corre-
sponding to the Bailar twist (leftmost solid line) and to the tetragonal
Jahn-Teller distortion (rightmost straight line) are also plotted for
reference.
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interesting to note here that the coordination sphere of the
metal atom in some minerals*> appears aligned along the path
expected for the double axial distortion of D,, symmetry,
much in the same way as the [M(terpy),] complexes.

G. Complexes with facial tridentate ligands

Facial tridentate ligands such as those depicted in 14 and 15
provide an interesting family of bis(tridentate) complexes from
a structural viewpoint. The trigonal symmetry of these ligands,
together with bite angles smaller than 90°, favor distortions of
the octahedron to trigonal antiprisms (D;, symmetry, 6). How-
ever, one can find in these families molecules with a significant
Bailar twist and also the bond stretch distortions characteristic
of the Jahn-Teller effect in Cu(ir) complexes. Hence, the quan-
titative symmetry analysis of their structures offers an excellent
opportunity to test the ability of the CSM approach to detect
the coexistence of different distortion modes in the same mole-
cular structure.

First, we can identify those structures that show essentially a
Bailar distortion only (square root sums of less than 4.5). We
can see that none of these structures shows significant Jahn—
Teller or trigonal-antiprismatic distortions from the octa-
hedron, having o > 84° and 4 < 0.1 A, (4 is the difference
between the largest and shortest metal-ligand bond distances)
and nicely follow the curve for the ideal Bailar path [Fig. 15(a)].
As for the structures that significantly deviate from the Bailar
curve (square root sums > 4.5), we can classify them into two
broad groups. The first group comprises those structures that
show neither a Bailar twist (0 > 59°) nor a Jahn-Teller distor-
tion (4 < 0.1 A), and fall along the expected line for elongated
trigonal prisms [Fig. 15(b)]. In the second group we have a
variety of structures that present two or more of the Bailar,
Jahn-Teller and trigonal antiprismatic distortions [Fig.
15(c)]; these structures appear in the symmetry map between
the two ideal lines, that is, a Jahn-Teller and trigonal anti-
prismatically distorted structure appears between the pure
Jahn-Teller and TAP lines, whereas a structure with significant
Bailar and trigonal antiprismatic distortions appears between
the two leftmost lines shown in Fig. 15.

If we now select those structures that present twist angles
0 = 59° and no significant Jahn-Teller distortion (4 < 0.1 A),
their symmetry measures align themselves along the model
curve for the D;, (trigonal antiprism) distortion [Fig. 15(b)].

Finally, a similar plot for those structures with significant
Jahn-Teller distortions [Fig. 15(c)] shows that the symmetry
values do not fit the model curve, clearly indicating that one
or both of the two other distortions (Bailar twist and trigonal
antiprism) coexist with the Jahn-Teller bond stretch in these
compounds.

H. Hexagonal and pentagonal pyramidal complexes

Although these two structures are rare for hexacoordinated
transition metal complexes, a few examples have been structu-
rally characterized and are collected in Table 1 together with
their octahedral and trigonal prismatic measures. The struc-
tures that appear in the symmetry map in the region around
S(0;,) = S(itp) = 33 should be expected to be approximately
hexagonal, according to the above model study of a distortion
of the octahedron through a compressed trigonal antiprism
(rule 8). The hexagonal character of such structures is verified
by the small values of their Cs symmetry measures (Table 1). It
will be shown elsewhere that these complexes occupy the same
position in the symmetry map as hexagonal supramolecular
assemblies, thus showing the ability of the CSM approach to
identify shapes independently of their nature or size (the hexa-
gonal hexacoordinated complexes have edges of 2.3-2.5 A,
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Fig. 15 Scatterplot of the octahedral and trigonal prismatic measures
of tris(bidentate) complexes with ligands of types 14 (circles) and 15
(squares). The data shown correspond to complexes with square root
sums of 4.5 or less (a); with only a D;, distortion (b, characterized
by o > 87° and 0 > 59°), and with combinations of Jahn-Teller, Bailar
and bond angle distortions (« < 87°, 4 > 0.1 A or 0 < 59° (c). The
solid lines shown correspond to the model distortions (from left to
right) D5 Bailar twist (Fig. 1), D3, trigonal antiprism (6) and Dy,
Jahn-Teller (1).

whereas the hexagonal supramolecular assemblies have edges
between 2.8 and 4.7 A).

The position occupied by a few complexes in the symmetry
map, around {10, 22}, point to a pentagonal structure as
found for model pentagonal pyramids (Fig. 3, PP), since only
a severe skew trapezoidal distortion or a severely compressed
trigonal prism could be expected to give similar symmetry
measures (Figs. 3 and 4). This is nicely verified by the small
values of their Cs symmetry measures (Table 1).



Table 1 Symmetry measures for hexacoordinated complexes with hexagonal and pentagonal pyramidal structures

M Donor set Geometry S(0,) S(itp) S(C¢) S(Cs) Refcode Ref.
Ni Ps hex 32.87 33.68 0.00 23.73 VOVZOV 46
Ni Asg hex 30.88 33.71 0.07 23.69 ZUDWUQ 47
Hg N;5Cl PP 26.41 12.05 25.79 2.14 GELKIR 48
Hg N;0,1 PP 22.66 11.63 29.24 2.90 NEJXI1J 49
Ag N,O4 PP 22.66 9.03 29.65 2.23 SENJIE 50
Y N;03 PP 19.99 12.44 24.40 2.92 QABQIJ 53
Ag NOs PP 17.61 10.53 23.27 5.14 VARVIT 52
Hg N;Cl PP 21.69 9.62 25.38 3.76 SERGOL 51
I. The skew-trapezoidal bipyramid 25
A recent report of an “unusual skew-trapezoidal bipyramidal L-° -
geometry” for a hexacoordinated Re complex™* prompted us 20 CiV, < ',
to look at such distortion of the octahedron from the point . t  elongated TAP
of view of the symmetry measures. We have used a molecular - ‘\
model in which the equatorial ligands are gradually converted ,215 — N /
into a trapezoid by s1mul§aneously increasing y and decreasing (o) piano stool” ~ A%
n (9), whereas the axial ligands are bent away from the short 9 0 / ~ &
edge of the trapezoid. /

This distortion is represented in the symmetry map (Fig. 16)
by a line close to that of the biaxial distortion (Fig. 3) discussed 5 —
above. The calculated symmetry measures for the Re complex,
{1.04, 14.25}, place this structure far away from the region of 0 k
the skew-trapezoidal bipyramid model (the leftmost point on | | | |
Fig. 16). Furthermore, this point is close to the Bailar line 0 5 10 15 20 25
(square root sum 4.8) and the small value of S(itp) points to S(itp)

a distorted trigonal prismatic structure. The d? electron config-
uration of the metal ion in this complex and the small rotation
angle between the two trigonal faces (0 = 6.4°) are consistent
with the structural and symmetry patterns for most d’°-d? com-
plexes discussed above (sections A and B). In contrast, the
symmetry measures for several Sn complexes, as well as for a
couple of Hg and Cu compounds, that can be identified as
skew-trapezoidal bipyramidal (see ESI for data) are fully con-
sistent with the model curve, even if the strong bond distance
distortions found experimentally have not been taken into
account in our model.

J. Cyclotrienide complexes

The piano-stool cyclotrienide metal complexes 12 have one
small trigonal face formed by the aromatic ring and a larger
face formed by three monodentate ligands. Thus, the inequal-

25
, %
20 — e
' o®
[ J
wde o
5 %
ilar®
n 10 - Bailar ‘b
\‘ skew trapezoidal
5_
0 T I T T
0 5 10 15 20 25
S(itp)

Fig. 16 Scatterplot of the octahedral and trigonal prismatic measures
of a model hexacoordinated complex with skew-trapezoidal bipyrami-
dal distortion 9 (dashed line) and experimental data for a Re complex54
(leftmost circle) and for several Sn, Cu and Hg compounds (remaining
circles, data provided as ESI). The Bailar path is also shown for refer-
ence (solid line).

Fig. 17 Scatterplot of the octahedral and trigonal prismatic measures
of a model piano-stool molecule [M(C;Hj3)Ls] upon rotation of the
CsH; group around the trigonal axis (dashed line). The model lines
corresponding to the D Bailar twist (lower solid curve), D5, elongated
trigonal antiprisms (long dashed line), and Cj, truncated trigonal pyr-
amid (leftmost dot-dashed line) are also shown for reference. The
experimental data corresponding to [M(C3R3)L;] complexes are repre-
sented by triangles.

ity of the two trigonal faces implies C;, structures at twist
angles of 0 and 60°. The former case has been analyzed above
with a molecular model for a truncated trigonal pyramid (9).
Furthermore, since the rotation of cyclotrienide around the tri-
gonal axis is expected to be facile at room temperature it is
worth looking at the evolution of the symmetry measures
along that path. This is represented in Fig. 17, where such a
rotation corresponds to a line parallel to the Bailar twist in
the symmetry map. The experimental structures are consistent
with the idealized path, appearing at the end of the curve cor-
responding to staggered structures (i.e., pseudooctahedral).

K. Capped trigonal prisms

We may wonder how close to the ideal polyhedron are the
capped trigonal prisms that appear in heptacoordinated com-
pounds. Two of the best examples of mono-capped trigonal
prisms, according to the criterion of Maseras and Eisenstein,>
are the [MF;]"~ anions of Zr(1v),”® Nb(v)*’ and Ta(v),’® as well
as the [Mo(CNBu)gI]" and [Mo(CNBu);** complexes.>**° If
we analyze the prismatic core, thus omitting the capping ligand
in these compounds, we find symmetry measures (Table 2)
that indicate close proximity to an ideal trigonal prism
[S(itp) < 2.5], although distorted in a non-Bailar way (square
root sums of 5.2 or higher), corresponding to the expansion
of the capped tetragonal face.

Main conclusions

The present study has focused on the shape and symmetry
measures of hexacoordinated transition metal complexes
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Table 2 Structural data and symmetry measures of the prismatic core
of heptacoordinated capped trigonal prismatic complexes

Compound S(Oy) S(itp) Sum Refcode Ref.
K,[NbF/] 16.74 1.17 5.2 57
K,[TaF/] 16.95 1.19 5.2 58

[Mo(CNBu)eI]* 1820  1.79 5.6
[Mo(CNBu),**  18.64 247 5.9
[ZrF5 1694  1.18 5.2

BUICMO 59
IBICMO 60
ENFZRBI10 56

relative to the octahedron and the trigonal prism. While the
perfect octahedron is unequivocally defined (provided size
and orientation are disregarded), an infinite number of trigonal
prisms with D3;, symmetry exists. We have adopted a definition
of an ideal trigonal prism (itp) with all its edges of the same
length, thus having two equilateral triangles and three squares
as faces. Such a definition of ideality is not only unique, but is
also representative of the experimental structural data in tran-
sition metal homoleptic complexes with thiolato, alkyl or aryl
ligands.

A symmetry map for hexacoordination can be built up by
representing a scatterplot of the octahedricity and trigonal
prismacity of model MXg cores for a variety of geometries.
The limits of the chemically meaningful values in such a sym-
metry map are provided by the Bailar twist that interconverts
the octahedron and the trigonal prism, the Jahn-Teller tetra-
gonal distortion from a perfect octahedron and axial compres-
sion of an ideal trigonal prism. The Bailar curve in the
symmetry map happens to be that of the minimum constant
distance to the two reference shapes, the octahedron and the
ideal trigonal prism. The square root sum of the two symmetry
values is a constant along the Bailar pathway, the Bailar sym-
metry constant, and is equal to 4.16. Significant deviation of
the square root sum of the symmetry measures from that
symmetry constant indicates the existence of a non-Bailar dis-
tortion. Other regions of the symmetry map are usually indica-
tive of the simultaneous existence of more than one distortion
mode. However, angular distortions of the octahedron (e.g., 3,
4 and 6) cannot be expected to give S(itp) values smaller than
about 8. Following the analysis of a variety of distortions in
model molecules, a set of rules has been deduced that give
information on the type of distortions that may be present in
a given molecular structure. A summary of the expected values
of octahedral and trigonal prismatic symmetry measures that
can be expected for different geometries of six vertex polyhedra
is presented in Table 3, together with the examples analyzed in

this paper or in forthcoming papers devoted to extended solids
and to clusters and supramolecular assemblies.

The analysis of the experimental structural data for several
families of hexacoordinated compounds with mono-, bi- and
tridentate ligands shows that most of the structures are aligned
along the Bailar path (i.e., they correspond to trigonal metapr-
isms) with small deviations (within 2 units) due to the presence
of other distortion modes. Only strong bond stretch distortions
of the Jahn-Teller type (distance differences larger than 0.7 A),
the pentagonal pyramid or the hexagon produce large devia-
tions from the pure Bailar line of the symmetry map. Those
structures that are significantly twisted from the octahedron
(8 < 40°) correspond to metal ions with d° to d* electron con-
figurations, whereas all complexes with d* to d'* configura-
tions are characterized by 0 >40°. For Cu(i) complexes,
many structures show evidence of combined Bailar twist and
JT distortion, but three structures of nearly trigonal prismatic
Cu(r) complexes [S(itp) < 3] have been detected.

For tris(chelated) complexes two different trends are found.
A group of compounds shows a simple linear dependence
between the normalized bite and the twist angle, whereas other
families of structures present normalized bites of around 1.3,
nearly independent of the twist angle. We conclude that a tri-
gonal prismatic structure exists only if the normalized bite is
1.34 or less and the electron configuration is adequate (d°,
d', or high-spin d°), although the latter requirement may be
relaxed for Werner-type complexes (especially with O-donor
ligands). Hexadentate encapsulating ligands show a behavior
similar to that found for tris(chelated) complexes with ligands
such as ethylenediamine or B-diketonates, those with nearly
trigonal prismatic structures being d°, d', or high-spin Fe(i)
d® complexes.

Less common shapes, such as the hexagon or the pentagonal
pyramid, appear in specific regions of the octahedron-itp sym-
metry map. Hence, the planar hexagon has symmetry measures
calculated for a model hexacoordinated molecule {33.7, 33.3},
while the pentagonal pyramids appear on the symmetry map
distributed in a practically linear way between the {16, 29}
and {32, 19} points. The hexagonal character of several experi-
mental structures is verified by their Cg symmetry measures.
Similarly, the pentagonal pyramidal geometry of several mole-
cules close to the {10, 22} point has been verified by their Cs
symmetry measures.

One of the interesting properties of the symmetry measures
employed is that they can be applied to diverse systems regard-
ing composition and size. Hence, we plan to carry out a study
of the application of the reported symmetry map to the

Table 3 Ranges of S(0,,) and S(itp) values for six-vertex polyhedra with different geometries, and some examples of experimental ML structures

Geometry” Subgroup S(0,) S(itp) Examples

Metaprisms [Bailar, Fig. 1, eqn. (3)] D¢ 0-17.3 0-17.3 [MMeg], [M(SR)¢], [M(bidentate);]
Compressed TAP (6, o > 90°) Dy 0-27° 16-30° Supramolecular Mg assemblies
Elongated TAP (6, o < 90°) Ds, 0-10¢ 14-18° [M(tridentate),]

Axial (4) Cy, 0-20 17-6 cis-[MoY'O,L4]

Double-axial (5) Dyy 0-18 17-11.5 [M(terpy)], anatase
Skew-trapezoidal (9) Gy 0-30¢ 12-174 trans-[Sn(bidentate)>(CH3),]
Equatorial bending (3) Dy, 0-5¢ 16-18°¢ trans-[ML;(bidentate),]
Jahn-Teller (1) [eqn. (6)] Dy, 0-8 16-23 Cu(1) complexes

Rhombic bipyramid (8) Dy, 0-5 16-18

Elongated TP (7, o < 8.18°) D5, 16.7-27 0-11 [M(Pc)L,] early transition metals
Compressed TP (7, « > 81.8°) Dy, 16.7-507 0439

Truncated trig. pyr. (9) [eqn. (13)] Cs, 16.7-35 0-35 [M(C;R3)L3]

Linear chain D, 66.7 60.4

Hexagon Dg, ~33 ~33 [Ni(Ps'Bug)]

Pentagonal pyramid Cs, 29-32 16-19 See Table 1

“ TP = trigonal prism, TAP = trigonal antiprism. ” 90 < « < 120° [Fig. 4(a)]. © 60 < & < 90° [Fig. 4(a)]. ¢ 0 < & < 35° [Fig. 4(b)].

¢ 60 < A < 90° [Fig. 4(d)].” o = 51°, f/h = 2.00. ¢ Values corresponding to two superimposed triangles.
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analysis of the structures of systems such as extended solids
and minerals, hexametallic clusters and hexanuclear supramo-
lecular assemblies of transition metals linked by bridging
ligands.
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