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Abstract

It is now over 60 years since the Jahn—Teller theorem was put forward and shown to account for the distorted stereochemistry of
copper(I) complexes. Numerous accounts have been written describing the origin of the distortion. However, recent work,
involving the emerging field in structural chemistry of comparative X-ray crystallography, has shown that the vibronic coupling
mechanism can now be applied to low symmetry systems, suggesting that the original static stereochemistries are all connected and
continuously variable. This review of copper(Il) stereochemistry involving structural pathways is presented here in an attempt to
describe and rationalise these variable stereochemistries. Some recent perspectives and new interpretations linking the Jahn—Teller
effect (JTE), vibronic coupling, structure correlation analysis, structural pathways and comparative X-ray crystallography are
reported.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Sixty-six years ago in 1937, Jahn and Teller published
the first approximate formulation of the Jahn—Teller
effect (JTE) [1] and stated that the nuclear configuration
of any non-linear polyatomic system in a degenerate
electronic state is unstable with respect to nuclear
displacements, that lower the symmetry, and remove
the degeneracy. Numerous accounts have been written
on the JTE and how it plays a pivotal role in the range
of distorted stereochemistries of octahedral copper(Il)
complexes. In a recent (2001) in-depth and comprehen-
sive review [2] on modern aspects of the JTE Theory and
its applications to molecular problems, Bersuker shows
how in a more thorough approach the JTE can be
separated from the JT theorem. Bersuker states that the
JT theorem refers to the adiabatic potential energy
system (APES), which, although not seen directly, can
give an indirect qualitative measure of many observable
effects. The JT theorem states that if the APES of a
polyatomic system has two or more branches that
intersect in one point (the degeneracy point Qp), then
at least one of them has no extremum at this point. Two
types of cases are exceptions: (a) linear molecules (linear
configurations at Qp); and (b) twofold spin (Kramers)
electronic degeneracy. An appropriate proof of the
theorem is described in the review and references
therein.

Overall, the JTE itself continues to be an area of
prolific research in coordination chemistry and recently
has been shown to play an important role in high-T7,
cuprate superconductors [3] and in colossal magnetore-
sistance [4], involving a massive increase in the size of
magnetoresistance seen in devices such as magnetic tape
and disk readers, linked to the Jahn-Teller active
manganese(Il) centre. In the case of the cuprate super-
conductors, a number of models have been proposed
describing the role of JT-active centres in such systems
[5-7].

2. Types of Jahn—Teller (JT) systems

2.1. The classic E ® e vibronic coupling JT problem
(copper(II) complex without strain)

Quality theoretical descriptions of JT systems [2,8,9]
are critical in providing information not only on the
energy levels but also on the vibronic states that then
can be employed in the modelling of specific systems in
order to interpret experimental data. In the specific case
of copper(Il) stereochemistry, numerous accounts have
been written describing the origin of the distortion of an
octahedral CulLg chromophore to an elongated tetra-
gonal or rhombic octahedral stereochemistry (EO).

Normal modes of vibration

Fig. 1. The forms of distortion of an octahedral CuLg chromophore.

Several detailed reviews can be found in the literature
[10-16] by Bersuker, Hathaway, Falvello, Hitchman,
Simmons and other authors describing the JT effects in
solid-state coordination chemistry. However, the cubic
JT system that has warranted the most attention to date
is the E ®e JT system [9]. The form of the distortion can
be any of the non-totally symmetric normal modes of
vibration of the CuLg chromophore. In the O, point
group, the direct product e, ® e, reduces to a;, @ ar, @
eg. However, ay, is totally symmetric, a,, is not present,
and e, represented by the components, Q, and Q, (Fig.
1), is the only active JT mode [13,17]. The distortion
then originates in the doubly degenerate 2Eg ground
state of the d® configuration, 15,¢5, by coupling of the
electronic energy with the e, modes of vibration of the
regular octahedral CulLg chromophore, involving the Q,
and Qy modes of Fig. 1 to remove the degeneracy. The
energy surface arising from this coupling, derived from a

3

Fig. 2. Mexican Hat Model for the linear E ® ¢ problem. This is the
APES for a twofold degenerate E term which interacts linearly with
the twofold degenerate E-type vibrations, shown by the Qy and Q,
coordinates. There is a conical intersection at Qy = Q, =0. The JT
stabilisation energy is given by Ejr and the radius of the trough is given
by po. (Reprinted with permission from Ref. [17]. Copyright 1996 John
Wiley & Sons, Inc.)
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perturbation theory, taken to second order, has been
described in detail in the literature and this model is
termed the ‘Mexican Hat’ model (Fig. 2) [2,17,18].
Bersuker has reviewed comprehensively [2] this most
classic and simplest of JT problems and has described
how the linear and quadratic coupling terms of the
vibronic interaction, W, expressed by the equation:

W(r, Q) =V(r, Q= V(r, 0)
= (0000,

1
+5 > ., @V]00,005),0,05+ -

given by independent constants, imply that the quad-
ratic coupling is not minor when compared to the linear
coupling. If the quadratic coupling is large, the APES
changes and its associated properties. Bersuker also has
referred in his review how the general consensus from
theoretical work in this area that the ground vibronic
state has the same degeneracy and symmetry E as the
initial electronic state (at the point of degeneracy)
should in fact be reversed. In a related paper [17],
Bersuker has shown by direct numerical calculations
that, if g, the quadratic coupling is sufficiently large, the
first excited non-degenerate vibronic energy level 4,
intersects with the lower, ground level, E, and remains
the ground state for bigger g values. The net effect then
is that if g is large enough, the three conical intersections
move towards the central conical intersection, generat-
ing a substitute route for tunnelling between near-
neighbour minima. Such a route encompasses all four
conical intersections as opposed to that for values of
small g, which only encompass the one central conical
intersection.

An understanding of this classic E®e JTE is
important as it can be used to validate concepts before
applying it globally to more complex systems. This £ ®
e vibronic coupling can be applied to copper(I) systems
where there are six chemically equivalent ligand atoms,
with cubic or trigonal crystallographic site symmetries.

2.2. The dynamic JTE

In general, the hopping of a distortion from one
orientation to another is termed the dynamic JTE
[13,16,19]. In the ‘Mexican Hat’ model, if the barrier
height between minima is less than k7', all three minima
will be populated equally [13]. The complex in question
[20—22] will then show trigonal or octahedral symmetry,
as a result of a dynamic interconversion of the three
equivalent elongated tetragonal distortions of the nu-
clear framework. In the dynamic JT process, the
following interchanges can be involved:

i) A three-dimensional dynamic interchange between
three mutually perpendicular directions of the

distortion to yield a pseudo octahedral stereochem-
istry;

il) A two-dimensional dynamic interchange to yield a
pseudo compressed octahedral stereochemistry or;

iii) A more limited one-dimensional distortion, which
only displays limited variability with temperature,
termed fluxional behaviour, and which ultimately
yields a static elongated or rhombic octahedral
stereochemistry.

In all three situations, the strict operation of the JTE
only applies to regular CuLs chromophores with six
equivalent ligands, and examples of such complexes are
surprisingly limited, considering the breadth of com-
plexes of known crystal structure known to 2003 in
copper(Il) stereochemistry. Fig. 3 summarises the
stereochemistries of the copper(Il) ion, their approx-
imate point group symmetries and their occurrence in
1970. Table 1 gives examples of complexes of different
stereochemistries of the copper(Il) ion. One of the
recently reported complexes in the literature [24] char-
acterised by single crystal X-ray crystallography exhibit-
ing the dynamic JTE was [Cu(OH,)¢][BrOs] (35), even
though O—Cu-0 bond angles of 90° and six equivalent
Cu-0 bond lengths of 2.079(4) A were observed. X-ray
crystallography (which takes an average of the entire
crystal) showed clearly the operation of the dynamic
JTE through analysis of the anisotropic displacement
parameters in the crystal structure, which were indica-
tive of the displacement generated by the disorder [16].
Another interesting example of the dynamic JTE in
copper(Il) stereochemistry is observed in [Cu(tach),]* "
(36), where tach = cis,cis-1,3,5-triaminocyclohexane
[25]. Greater than 120 K, EPR reveals the dynamic
JTE in operation, with the complex oscillating between
two of the three potential tetragonal elongations. Such a
process, termed the planar dynamic JTE [26], has been
reviewed at length in the comprehensive JT perspective
by Falvello, who describes how structural techniques
such as X-ray crystallography and EPR can still be used
as probes for this effect, when analysed in a careful
manner. Both [Cu(OH,)¢][BrOs] (35), symmetry O,, and
[Cu(tach),]*" (36), can be described as high symmetry
systems exhibiting the dynamic JTE. Other examples of
such high symmetry (O,, or D3) systems in this dynamic
JTE category are the [Cu(NO,)¢]*~ (6), and [Cu(en);]* "
(13), systems [12]. In the origin of the vibronic coupling
associated with the dynamic JTE (a;, and +b,) for an
octahedral CuL¢ chromophore, if @, is only in opera-
tion, the high symmetry Oy, lowers to Dy, (zBlg ground
state) involving an elongated distortion (+ coupling),
and also to Di, (4, ¢ ground state) involving a
compressed tetragonal distortion (— coupling). A linear
combination of the a;, and b, modes can generate the
elongated rhombic octahedral stereochemistry (except at
0 =60, 120, 240, 270°). An example of a complex in the
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Fig. 3. A summary of the stereochemistries of the copper(II) ion, their approximate point group symmetries, their occurrence (1970): —, short bond
length (1.9-2.1 A); —, intermediate bond length (2.1-2.4 A); — — —, long bond length (2.4-3.0 A). (Reprinted with permission from Ref. [23].

Copyright 1970 Elsevier.)

low symmetry dynamic JTE category (D4, and D,
symmetries) is [NHy4],[Cu(OH,)g][SOy4)> (21) [27]. Over-
all, interest in the dynamic JTE continues to flourish in
the literature, with this phenomenon thought to be
involved in not only the behaviour of high-temperature
superconductors [28] but also Bacci has reported from
EPR studies that the spectra of specific copper blue
proteins vary with temperature, linked to a dynamic JT
vibronic coupling effect [29]. In a more recent publica-
tion, Beddard et al. have described the temperature
dependence of the bond lengths of [Cu(L),][BF4], (L =
2,6-dipyrazol-1-ylpyridine) (37), using a model of dy-
namic JT vibronic coupling [19].

2.3. The Pseudo Jahn—Teller effect (PJTE)

In practice, the bulk of six-coordinate copper(Il)
complexes involve non-equivalent ligands, usually with

ligands of two or three different types, Cul,L; or
CuL,L;L;. As such systems involve a symmetry lower
than Oy, the JT theory does not strictly apply and it is
necessary to involve the PJTE, with symmetry mixing of
a non-degenerate ground state with a non-degenerate
excited state, via spin-orbit coupling [30—-32]. This
process, termed vibronic coupling, using the vibrational
modes of lower symmetry, generates a range of distorted
stereochemistries. As the vast majority of copper(1l)
complexes are of lower symmetry than Oy, the PITE is a
more appropriate starting point with which to discuss
the distorted stereochemistries of the copper(Il) ion. In
the four coordinate regular tetrahedral stereochemistry
the original JT theorem would be appropriate with an
orbitally triply degenerate ground state, °T,, but is
redundant, as there are no known copper(Il) complexes
with a regular tetrahedral stereochemistry. All involve a
compressed tetrahedral (CT) stereochemistry, with D,
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Table 1

Examples of complexes of the different stereochemistries of the copper(Il) ion and their idealised molecular symmetries

CN  Stereochemistry Example of complex Point group MS Reference
2 Linear CuCly, Cy, 1 [50]
4 Square and rhombic coplanar Ca[CuSi;0,0] Dy, 9 [60]
4 CT Csy[CuCly] Dyy 10 [61]
5 TBP [Co(NH3)g][CuCls] Dy, 2 [51]
5 Distorted square pyramidal [Cu(dien)(bipyam)]Cl, - 2H,O Gy, 3 [52]
5 Square pyramidal K[Cu(NHj3)s][PFg]; Cap 4 [53]
6 Compressed rhombic octahedral B-[Cu(NH3),Br;] Dy, 5b [54]
6 Compressed tetragonal octahedral Cs,Pb[Cu(NO»)¢] Dy, 6 [26]
6 Octahedral K5Pb[Cu(NO»)6) 0, 7 [57]
6 Elongated tetragonal octahedral K,Ca[Cu(NO;)g] Dy, 8 [59]
6 Elongated rhombic octahedral Ba,[Cu(OH,),(0,CH)4J[HCO,], - 2H,0 D>, 31 [56]
6 CDO [Cu(phen),(O,CCH;)|[BF,] - 2H,O G 11 [33]
6 Asymmetric CDO (4414 1%) [Cu(bipy),(ONO)][BF4] C 12 [63]
6 Trigonal octahedral [Cu(en);][SO4] Dy 13 [57]
7 Seven coordinate (3+2+2%) [Cu(py)3(0,NO),] Cy, 14 [64]
8 Eight coordinate (4 +4%*) Ca[Cu(O,CCHj;)4] - 6H,O Sy 15 [65]

CN = coordination number; MS = molecular structure.

symmetry or lower and the PJTE is more appropriate.
In the five coordinate Culs chromophore, few regular
trigonal bipyramidal (RTBP) and regular square bipyr-
amidal (RSBP) complexes are known, as the vast
majority of five coordinate complexes involve distorted
stereochemistries, generally through the presence of
non-equivalent ligands. In any case, as all five coordi-
nate copper(Il) complexes involve a non-degenerate
ground state, even here the PJTE is applicable and a
vibronic coupling model is more relevant. Consequently,
the original JT theorem really is only applicable to less
than 5% of copper(Il) complexes and the remaining
complexes (more than 95%) are best described in terms
of the PJTE or a vibronic coupling model.

In another comprehensive review [13] in 1993 on the
X-ray crystallographic evidence of the role of vibronic
coupling in PJT copper(Il) complexes, Simmons sum-
marised the various situations of the vibronic effects as
follows (Figs. 4 and 5):

1) A copper(Il) complex without strain (already dis-
cussed). Here, the Jahn-Teller E ®e vibronic
coupling applies to copper(Il) complexes with
equivalent ligands in D3 or O, symmetry (warped
Mexican Hat model).

i) A copper(Il) complex with tetragonal strain. 1f a
trigonal Jahn—Teller [Cu(chelate);]* * system of D
symmetry (e.g. the chelate complex involving three
bidentate nitrogencous ligands), has one of the N—
N ligands replaced by another chelate group (e.g.
0-0), the point group lowers to C,, the electronic
degeneracy lifts, with the 2E term splitting into the
24 ground state and the *B excited state, and the e
vibration splits into an ¢ and a b mode (Fig. 4). A
Jahn—Teller complex with symmetry less than O, or
Ds, as rationalised by Simmons, subject to tetra-

iii)

gonal strain, is then termed a PJT complex. In this
situation, the complex involves the PITE with (4 &
B)® (a @b) vibronic coupling. If the barrier height
is less than the thermal energy, k7, the two 90°
misaligned chromophores become thermally acces-
sible, generating the pseudo compressed octahedral
stereochemistry.

A copper(Il) complex with both tetragonal and
orthorhombic strain. In general, crystal packing
forces alone contribute to orthorhombic strain in
either JT or PJT complexes. If however, one of the
O ligands is replaced by O’, as shown in Fig. 4,
orthorhombic strain occurs. If a PJT complex has
both tetragonal and orthorhombic strain, (4 @
A)®(a @a) vibronic coupling is in operation. If
then AE is sufficiently small, the observed complex
will be temperature dependent. An example of such
a PJT complex is the complex [Cu(bipy),(O-
NO)J[NO3] (33) [33-35]. The crystal structure of
[Cu(bipy)>(ONO)][NOs3] (33), has been solved at a
range of temperatures at 296, 165, 100 and 20 K,
respectively. The room temperature (r.t.) crystal
structure showed a cis-distorted octahedral (CDO)
complex, with copper—oxygen bond distances at
2.230(5) and 2.320(5) A (Cu—Opean = 2.275(5) A),
and a back angle o3 [88] (Fig. 7), of 102.8(1)°. With
AO =0.090(5) A at 296 K, this suggested a fluxional
or temperature variable stereochemistry. The 20 K
low temperature structure however involved an
asymmetric nitrite, with copper—oxygen bonds at
2.051(2) and 2.536(2) A (Cu—Oppean =2.294(2) A,
AO =0.485(2) A), with a3 = 100.68(7)°.

PJT (A®B)®b wvibronic coupling. When the
tetragonal strain is adequately big enough, the
minimum at ¢ =0° is considered to be too high in
energy value to be appreciably populated at r.t. In
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Fig. 4. Contour plots of lower energy sheets: (a) £ ® e vibronic coupling characteristic of a JT [Cu(N—N)3]2 * complex with no strain; (b) (A @ B) ®
(a ®Db) vibronic coupling characteristic of a PJT [Cu(N-N),(OXO)]"* complex with tetragonal compression; (c) (A ® A) ® (a @ a) vibronic coupling
characteristic of a PJT [Cu(N—-N),(OXO")]°* complex with tetragonal compression and orthorhombic strain (Ref. [13]. Copyright 1993. Reproduced
by permission of The Royal Society of Chemistry (RSC) and the Centre National de la Recherche Scientifique (CNRS).)

such conditions, the (4 @ B) ®b vibronic coupling
model has been suggested. The distortion has been
rationalised in terms of two thermally accessible
copper(Il) chromophores, each with their elonga-
tion axes misaligned in two mutually orthogonal
directions. Such a simple vibronic coupling model
has been employed in understanding the ESR and
X-ray crystallographic data of pure and doped
copper(Il) complexes [12,36,37].

2.4. Cooperative Jahn—Teller effect (CJTE) and the JT
switch

In theory, a JT active complex in the gaseous phase is
dynamic in nature and oscillates between a series of
degenerate shapes. The effective energy barrier that
must be traversed imposes a restriction on the popula-
tions of the actual shapes themselves. However, in the
solid-state, as discussed by Falvello [16] in his review on
JT effects, the CJITE occurs when the magnitude of the

perturbing forces, generated by the environment in the
crystal, is sufficiently strong to block the full dynamic
expression of the JTE, but not big enough to suppress
the distortion in its entirety. In this case, the single
molecular distortion observed is an artefact of the
environment in the crystal. However, the size of the
distortion largely depends on the vibronic properties of
the complex itself. In this sense, the CJTE as described
by Falvello, is basically the trapping of distinct solid-
state crystallographic manifestations of the dynamic JT
effect. In other words, if the CJTE is not operative in a
system, the JT active system in the solid-state could
adopt random distortions and could still oscillate
between the energetically degenerate shapes in the
crystal. Many authors, including Bersuker and Reinen
have reported how the CJTE can play a pivotal role in
relation to the crystal packing of copper(I) complexes
[38,39]. The CJTE can account for the highly packed
arrangements often characteristic of copper(Il) stereo-
chemistries [40,41].
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Fig. 5. Cross section through the two sheets of the (A@®B)® (a@b)
APES along Q, at Q) characteristic of (A@®@B)®(a@®b) vibronic
coupling. The two minima are separated in energy by AE if there is
orthorhombic strain, which varies for a series of cation-distortion
isomers. (Ref. [13]. Copyright 1993. Reproduced by permission of The
Royal Society of Chemistry (RSC) and the Centre National de la
Recherche Scientifique (CNRS).)

One of the most interesting examples seen in cop-
per(I) stereochemistry, that has been suggested to
involves the CJTE from the pioneering work of
Hitchman et al. involved the Tutton salt,
[NH4o[Cu(OH,)s][SO4]» (21a), and its deuterated form,
[ND4]o[Cu(OD5)g][SO4]> (21b) [42]. In the latter form,
the long axis of the CuO4 chromophore is directed to the
pair of O(8) water molecules. However, in the former,
the direction is towards the O(7) group of water
molecules. In addition, some alterations in the orienta-
tions and hydrogen-bonding networks of the ammoni-
um cation and sulfate anion were observed. When the
pressure was increased from ambient pressure to 1.5
kbar, there was a subsequent switch from the deuterated
form to the hydrogeneous form. This is one of the best
examples of a phenomenon that has been given the
generic term, the Jahn—Teller Switch [42]. Schultz et al.
have shown that if the pressure is decreased, a hysteresis
is observed [43]. Figgis has looked at the charge density
of the deuterated form [44]. In 1993, Simmons et al. did
calculations on the resulting APES using tetragonal
and orthorhombic strain parameters, estimated from
the temperature variation of the Cu—O bond lengths
[45]. Hitchman et al. in 1999, proposed a new
model to explain the behaviour of the pure
[ND4]L[Cu(OD»)¢][SO4]> (21b) [42]. The basis of this
model is that the probable energy state of each

individual complex is estimated after taking on board
all the likely orientations of its neighbours in the lattice.
The thermal behaviour is then dominated by the
cooperative interactions between the individual com-
plexes, through the hydrogen-bonding networks present.
In an extension to this work, Simmons et al. in 2000,
showed the effect of zinc substitution on the crystal
structure of [NDy4],[Cu(OD,)¢][SO4)> (21b) [46]. In the
pressure range, 0—400 bar at r.t., they reported essen-
tially no change in the unit cell parameters and g-values
in the EPR spectra. However, at 450 bar, once more a
switch was observed to the unit cell and EPR parameters
of the second form. Although they proposed no clear
mechanism, they did suggest that the replacement of
copper(Il) with zinc(IT) had an influence on the struc-
ture by its inherent effect on the packing. Unlike the
iron(IT) spin isomers previously reported by Jakobi et
al., the main differences in structure between the two
forms of ammonium copper(Il) sulfate involves the
packing of highly distorted complexes, which have
basically identically volumes [47]. In another recent
development in this area, Augustyniak-Jablokow et al.,
reported the continuous changes of the JT deformation
of the Cu(OH,)¢ complex in ferroelastic Cs,Cu(ZrFg), -
6H,O (38) [48]. They have stated that the gradual
transformation of the complex is the first observation of
the APES transformation connected with the movement
of the minimum along the ¢ coordinate for p ~ p..
They claim that this results from the competition
between the definite low symmetry deformation of the
complex existing at 7> T, and the new deformation at
T =T,, increasing with decreasing temperature.

3. The Plasticity effect

In 1970, a review [49] of the stereochemistry of the
copper(Il) ion involved a rather static picture of these
stereochemistries [26,33,34,50—-65] (Fig. 3 and Table 1).
In 1976 [66], this picture was slightly modified by the
Plasticity effect showing how the same complex in
different crystallographic modifications, had slightly
different structures. The Plasticity effect was consider-
ably extended by reference to both cation and anion
distortion isomers [26,54,55,57,67—69], in which the
structures of a given cation or anion are modified in
the presence of different anions and cations, respec-
tively. These effects were rationalised in the mid-1980’s,
in terms of the JT [38] or PJTE [35] on high symmetry
structures. In this period also [12,70—72], the approach
was extended to the tetrahedral and trigonal bipyrami-
dal (TBP) stereochemistries and in 1990 all of these
systems were developed by Hathaway and co-workers in
terms of a vibronic coupling model [73]. Taken collec-
tively, the proposed vibronic coupling model suggested
applied to basic high symmetry systems, i.e. Oy, Dy,
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based pyramidal and elongated tetragonal octahedral stereochemis-
tries. (b) The symmetric and asymmetric modes of vibration for the
[Cu(phen),Cl]" chromophore, including the relative magnitudes (L).
(Ref. [75]. Copyright 1997. Reproduced by permission of The Royal
Society of Chemistry.)

D5, and C,, generating temperature variable or flux-
ional systems.

However, the vibronic coupling mechanism can
equally be applied to low symmetry systems such as
C, and suggests that the original static stereochemistries
of Fig. 3 are all connected, (Fig. 6(a) and (b)), and
continuously variable. This has led to the graphical view
of copper(Il) structures, involving their respective struc-
tural pathways (described later in detail in this review)
[75—78], to describe such variable stereochemistries.

In general, structural evidence for the existence of
such pathways of the copper(Il) ion can be obtained
from two sources:

i) Different crystal forms of the same compound, e.g.
a-[Cu(NHj3),Br,] [67] (5a) and B-[Cu(NH3),Br,] [54]
(Sb);

ii) A series of cation or anion distortion isomers of the
same cation or anion in a varying crystal environ-
ment of the counter anion or cation, respectively,
e.g. the [Cu(bipy),CI]* cation, 18, 19, of which 18
structures are currently known [78].

The structural data may then be involved in:

1) A range of slightly different modifications of the
same basic stereochemistries e.g. the [Cu(OH,)¢]* "
cation, 20, 21, with an elongated tetragonal or
rhombic octahedral (EO) stereochemistry [79,80].

ii) A range from one stereochemistry to another e.g.
the [Cu(NH;3)4X,] [81,82] series ranging from elon-
gated tetragonal to square coplanar (SC) stereo-
chemistries, 22, 23.

All of these continuously variable stereochemistries can
be characterised by X-ray crystallography and can be
qualitatively understood broadly terms of JT phenom-
ena and vibronic coupling.

However, when a sufficiently large data set is available
[73,75-78], as in the 18 structures of the [Cu(bipy),Cl] ™
cation [78] (Table 2), scatter plot analysis may be used to
probe for correlations in the CuNyX chromophore
structures. In 1999 [78], scatter plot analysis was used
to advocate the existence of correlations between the in-
plane modes of vibration of the CulN,Cl chromophore.
In general, the data points of the scatter plots are not
random but suggest parallel trend lines. To account for
the occurrence of linear plots, progressions of the

‘ndivi : : str bend Str
individual modes of vibrations, vy, Vo', Vi, and

vgg‘g, are required and as in C; symmetry all four modes
transform as A, and a linear progression and combina-
tion of all four modes is required to account for the
directions of the trends. This suggests that the scatter
plots themselves represent a cross section of the vibronic
potential energy surface (PES), with the minimum of the
surface located at the data points and each characterised

by a crystal structure determination.
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Fig. 7 (Continued)

4. Summary of the simple systems available

In each of the following groups extensive series of
copper(Il) complexes of known crystal structure are
involved. A selection of some of the structures of the
individual complexes are shown in Fig. 7.

Category I Type: [Cu(NH;3)4X5], [81,82] 22, 23 and
[Cu(en)>X5], [83,84] 24, 25 complexes.

The stereochemistries of these complexes range from
elongated tetragonal or rhombic octahedral, (EO), to
square (SC) or rhombic coplanar. All involve static
stereochemistries, which are not complicated by flux-
ional behaviour.

Category 11 Type: M,[Cu(OH,)s]X, complexes, [79]
[80] 20, 21.

The stereochemistries of these complexes range from
elongated tetragonal or rhombic octahedral and some of
the complexes are complicated by fluxional behaviour
and do not involve a genuine static behaviour.

Category 11 Type: M,M'[Cu(NO,)¢] complexes,
[26,55,57,59,69] 6, 7, 17.

The stereochemistry of these systems vary from
regular octahedral to elongated tetragonal or rhombic
octahedral. The high symmetry systems are complicated
by fluxional behaviour, with the cubic octahedral
complexes providing some excellent examples of the
operation of the dynamic JTE [16].

Category IV Type: M,[CuCly] complexes, [61] 10.

The stereochemistry of these complexes vary from
compressed tetrahedral (CT), to square and rhombic
coplanar. They display no evidence of fluxional beha-
viour.
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Category V Type: [Cu(chelate),X]Y complexes.

The stereochemistry of these five coordinate com-
plexes vary from RTBP, e.g. [CuCls]>~, D5, symmetry
[51], to distorted square (DSBP) or rhombic base
pyramidal, e.g. [Cu(bipy),Cl]Y, C; symmetry [78].
Fluxional behaviour has been suggested in the high
symmetry [CuCls]® ~ anion, but all the complexes of the
corresponding [Cu(bipy),CI]Y series are static [78,85],
even near the RTBP stereochemistry, possibly attributed
to the energy involved in moving the heavy chloride
ligand.

Category VI Type: [Cu(chelate),(OXO)]Y complexes.

The stereochemistry of the CuN4O, chromophore in
these CDOs, vary from the highest symmetry of C,, as
seen in [Cu(phen),(O,CCH3)|[BF,] - 2H,O [33,34] (11),
to the absence of symmetry, Cj, as seen in [Cu(bipy),(O-
NO)][BF,4] [86] (12), in the [Cu(bipy),(ONO)][Y] series
[63] with a very asymmetrically bonded (ONO) ™~ anion
(Table 3). The latter complex is best described as a five
coordinate square bipyramidal (SBP) stereochemistry
with off z-axis coordination generating a 4+1+1*
structure. The C, and near C, complexes are subject
to fluxional behaviour, probably due to the lightness of
the ONO™ anion and the small distance that it has to
move [63,86—88]. The extreme 441+ 1* structures are
non-fluxional. As the presence of fluxional behaviour
invalidates the structure as a genuine static stereochem-

istry of the copper(Il) cation, these are referred to as
pseudo stereochemistries.

5. Overview of the principle of structure correlation
analysis in chemistry

The relationship between chemistry and structure
determination is well documented in the literature
[74,93,94]. Rapid progress is being made in developing
new tools to understand structure. The use of X-rays,
electron microscopes and nuclear reactors are among
the many physical and chemical techniques available to
researchers working in the area of structural science.
One of the most important tools in this domain, involves
computational studies where structures can be calcu-
lated and visualized in three-dimensions. In 1997,
Hoffmann [94] stated that ‘there is no more basic
enterprise in chemistry than the determination of the
geometrical structure of a molecule. Such a determina-
tion when it is well done, ends speculation and provides
us with the starting point for the understanding of every
physical, chemical and biological properties of the
molecule.” As advances in X-ray crystallography con-
tinue to thrive at an incredible rate, databases of
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thousands of isolated crystal structures has led to a new
emerging field in chemistry, involving structure systema-
tics, called comparative X-ray crystallography [75-—
78,93]. Using the biological analogy of the infamous
ant colony, it is clear that if the nature and fabric of the
ant colony itself is to be explored, one, single ant of the
colony should not be examined in isolation, but rather
the entire colony must be considered.

At the core of this new field of chemistry is the idea of
structure correlation analysis [95,96]. As Biirgi (1998)
commented in his paper [93] on the relationship between
the chemical properties, structure and X-ray crystal-
lography, by having the capacity to visualize the actual
architecture of matter at the atomic level can lead to a
more in-depth understanding of the chemical phenom-
ena involved. If a structural database of a series of
closely related molecules or fragments is available, it is
nowadays possible to infer details of geometrical varia-
tions occurring along certain defined reaction pathways.
The structure correlation hypothesis [96,97] states that
the geometric changes a given molecular fragment
undergoes along a specific reaction coordinate, are
mirrored by the gradual distortion or static deformation
manifested by that fragment collectively over a large
variety of crystalline environments. In this vein, struc-
ture correlation analysis can potentially extract not only
just core structural information but also can be used as a
structural probe within this body of information and
can even help us to visualize the actual modes of
vibration in operation [75-78], which cannot be derived
from an isolated crystal structure determination, as in
the analogy of the ant colony in biology. Collectively,

structure correlation analysis, chemical structure mod-
eling and quantum chemistry can open a door into the
molecular design of materials with specific properties
and characteristics, and can act as a probe for studying
complex geometrical systems. It is this combination of
tools that the true secrets and the intrinsic beauty of
structure can be revealed and forms one of the most
powerful bridges linking coordination chemistry, mate-
rials science and crystal engineering in science. Structure
correlation analysis can involve the mapping of a
reaction pathway, during the course of a chemical
reaction, the correlation between structure and catalytic
behaviour, structure and magnetic properties, structure
and the rate of a chemical reaction, structure and
energetics and structure and electronic properties [93].

Structure correlation involves two distinct areas:
structure—property correlations and structure—structure
correlations, which is the correlation of interatomic
bond lengths and angles. The basis of the structure
correlation hypothesis is that an individual crystal
structure (in a series of closely related molecular
fragments) represents a point in a regional cluster of
low potential energy, along a pathway of minimum
energy, PES. As a crystal structure represents a stable
atomic arrangement, its point on the Born-Oppenheimer
PES will have a tendency to cluster around local
potential minima, which can be a point in a valley or
a well [96]. Consequently, the individual crystal struc-
ture points in the series represent a ‘snapshot’ taken
along the reaction pathway, and when viewed coopera-
tively in sequence represents a cinematic picture of the
path of the reaction.
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Table 2
Selected bond lengths and angles for the [Cu(bipy),CI][Y] series of cation distortion isomers

ap () oz (°) a3 (°) Cu-ClI (A)
[OH]™ - 6H,0, 19 118.7(3) 118.7(4) 122.6(4) 2.374(5)
[PF¢]~ - H,0, 39 115.7(2) 120.5(2) 123.8(2) 2.344(2)
Cl™ - 6H,0, 40 118.7(3) 118.6(3) 122.8(4) 2.361(4)
['/,OH-'/,Cl]", 32 119.0(6) 120.2(6) 120.7(7) 2.354(8)
[(CH;3),CsH3SO3] ™ - H,0, 41 118.6(1) 121.6(1) 119.8(1) 2.337(1)
[NO;]™ - 3H,0, 42 127.8(2) 123.4(2) 108.8(2) 2.308(3)
1/,IS50¢] ~ - 6H,0, 43 130.7(1) 122.0(2) 107.3(2) 2.292(4)
[CuCly] ™ - CsOgH., 44 131.7(1) 121.1(1) 107.1(1) 2.294(1)
[CuCl,], 45 1334 111.1 115.5 2.356
[BE,]~, 46 134.8(3) 127.6(3) 97.6(3) 2.285(3)
[CF3SOs] ™ - H,0, 47 133.1(1) 119.9(1) 106.9(1) 2.259(1)
[MoS,Cu,Cl3], 48 134.0(2) 119.8(2) 106.2(2) 2.273(3)
[ClO4] ", 18 137.1(1) 126.4(2) 96.5(2) 2.263(3)
[WS,4CuyCls] —, 49 136.2(2) 121.1(2) 102.6(3) 2.275(3)
[CF5(CF,);S05] ~, 50 136.8(2) 119.2(2) 104.02) 2.284(2)
[(NC)sC,]—, 51 138.5(2) 114.2(2) 107.3(3) 2.277(3)
[(CN)4(quin)] ~, 53 135.6 116.0 108.4 2.301
[CF3SOs3]™ - H,0, 54 140.4(1) 119.1(1) 100.6(1) 2.246(2)

Cu-N(1) (A) Cu-N(Q2) (A) Cu-N@3) (A) Cu-N@4) (A)
[OH]™ - 6H,0, 19 1.983(11) 2.080(12) 1.994(11) 2.088(13)
[PF¢] ™ - H,O, 39 1.996(6) 2.105(6) 2.005(6) 2.108(6)
Cl~ - 6H,0, 40 1.989(10) 2.077(21) 1.970(10) 2.087(10)
[/,OH-1/,Cl~, 32 1.982(19) 2.077(21) 2.018(19) 2.078(21)
[(CH;3),CsH3SO3] ™ - H,0, 41 1.982(3) 2.093(2) 1.988(3) 2.101(2)
[NO;]~ - 3H,0, 42 1.989(6) 2.089(6) 1.989(6) 2.112(5)
1/,IS506] ~ - 6H,0, 43 1.992(6) 2.092(6) 1.988(6) 2.106(5)
[CuCly]~ - CsOgH., 44 1.991(3) 2.071(3) 1.988(3) 2.104(3)
[CuCl,]—, 45 1.985 2.063 1.995 2.086
[BE,]~, 46 2.006(7) 2.079(8) 1.983(7) 2.142(8)
[CF3SOs] ™ - H,0, 47 1.986(5) 2.091(4) 1.973(4) 2.128(3)
[M0S,Cu,Cls], 48 1.981(8) 2.076(8) 1.978(8) 2.124(8)
[ClO4]—, 18 1.993(4) 2.076(3) 1.991(4) 2.136(5)
[WS,4Cu,Cls] ~, 49 1.979(8) 2.071(8) 1.973(8) 2.139(8)
[CF3(CF,)3S05] ~, 50 1.993(6) 2.061(6) 1.969(6) 2.140(6)
[(NC)sCs]~, 51 1.969(8) 2.062(9) 1.998(8) 2.118(8)
[(CN)4(quin)] —, 53 1.990 2.066 1.904 2.126
[CF3SOs3] ™ - H,0, 54 1.981(4) 2.083(4) 1.995(4) 2.140(4)

5.1. Examples

Structure correlation analysis has been employed in
several studies in chemistry. Perhaps one of the best
known studies was by Biirgi in 1973 [98], on the reaction
pathway of the ligand exchange reaction XCdS;+Y —
X.--CdS;3---Y > X+4+S3CdY from X-ray data of five
coordinate cadmium complexes. The correlations that
transpired described the structural pathway of the
reaction. As the reaction progressed, the tetrahedral
XCdS; species has a potential fifth Y ligand on the face
of the tetrahedron, frans to ligand X. Biirgi reported
that the CdS; pyramid was found to flatten as Y
approached it and X shifted away from the cadmium
centre. The cadmium lied in the same plane as the three
sulfurs once Ax and Ay are equivalent. It was found that
the closer Y was to the cadmium, the further X drifted

away, eventually forming the S;CdY complex, with
inversion of the CdS; pyramid, similar to the sequence
of structural changes thought to occur during a bimo-

Table 3
Selected bond lengths and angles for the [Cu(bipy),(ONO)][Y] series of
cation distortion isomers

[Cu(bipy)>(ONO)][Y] series [13,35,87,92]
a3 (%) Cu-0(1) (A) Cu-0(2) (A) AO (A)

[PF¢]~, 55 115.5(1)  2.178(5) 2.429(5) 0.251(5)
-, 56 105.2(3)  2.203(8) 2.266(7) 0.063(8)
[NOs]~ (296 K), 33 102.8(1)  2.230(5) 2.320(4) 0.090(5)
[NOs]~ (20 K), 57 100.68(7) 2.051(2) 2.536(2) 0.485(2)
[BF,] ", 58 98.5(2)  2.117(6) 2.463(6) 0.346(6)
[ClO.] ™, 60 97.9(3)  2.087(9) 2.492(9) 0.405(9)
[HSO,]~, 59 9724 2.026 2.569 0.549
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lecular nucleophilic displacement SN2 reaction in or-
ganic chemistry. In this analysis, in order to describe the
continuous transition from tetrahedral to TBP stereo-
chemistry, one additional structural parameter was
considered to generate a three-dimensional parameter
space. This was chosen to be the (XA/S), which
displayed a continuous change from >90° to <90°
with the cleavage of the X—Cd bond and the formation
of the Cd-Y bond. It was found theoretically that
quantum chemistry yielded similar results.

Another example of an early study [99] involved some
crystal structures of SbCl;, where the coordination
number of the antimony was found to be six, by the
addition of three additional chlorides, generating a
distorted octahedron. It was shown that the scatter
plot of the short Sb—Cl bond trans to the longer
Sb---Cl” distances displayed a hyperbolic form, also
found for 75 [99].

Structure correlation analysis as a structural tool has
also been used extensively in organic chemistry. One
such example [100] is the nucleophilic addition of an
amine to the carbonyl group:

0 NR
Il 2
RN+ RCR ——=  R—C_
O
R

It was found that the planar carbonyl adopted a
pyramidal geometry on approach of the amine at
approximately the angle of a tetrahedron. The CO
bond length increased until an intermediate four-co-
ordinate tetrahedron was formed. Scatter plot analysis,
involving plots of A versus d(N---C=0), A versus
d(H---C=0) and projection of the RCOR’(NR3) group
onto the N---C=0 plane, were considered as a series of
snapshots along the continuous reaction path of the
nucleophilic addition reaction. The pathway has been
shown to be in agreement with the accepted mechanism
for the reaction.

Other examples of structure correlation analyses can
be found in recent reviews (and references therein) by
Biirgi (1998) [93] and Auf der Heyde (1994) [96],
including correlation studies on linear and bent OXO-
bridged transition metal dimers, both homo- and
heteronuclear species; coordination polymers (for use
in magnetic materials); metal cluster rearrangements
(AuyRu; fragments); examples from catalysis (Cp,ZrL3)
(stereospecific polymerizations of a-olefins with a route
to synthesizing and characterizing edge-bridged tetra-
hedral in order to probing their potential catalytic
behaviour) etc.

Probably, one of the best examples of structure
correlation analysis however, which is now cited in
most modern inorganic chemistry textbooks involves the

Berry Twist mechanism, which has led to the explana-
tion of the equivalence of the five fluorine atoms in the
NMR signal of PF5 [101]. PF5 adopts a TBP geometry
and even at low temperature, only one type of fluorine
nucleus is observed in the NMR spectrum. This has been
rationalized by a Berry Twist mechanism in which there
is a rapid intramolecular exchange between the equator-
ial and axial fluorines. In the Berry Twist mechanism,
the PFs molecules change from the TBP stereochemistry
of D3, symmetry to the square-based pyramidal stereo-
chemistry of C4, symmetry as a transition state and
back to Dj;, symmetry. The resultant NMR spectrum
features a single peak, as opposed to two different
signals, corresponding to the sets of equatorial and axial
fluorines as predicted. In a review by Holmes in 1980
[101], structure correlation was carried out on variations
in bond angle with data from structures from a large
data set of five-coordinate phosphorus containing
compounds. Evidence of the Berry Twist mechanism
has also been proven from quantum mechanics and
empirical force-field calculations. Alvarez and Llunell in
2000, have extended the Berry Twist mechanism to a
more detailed structure correlation, generating several
different distortion modes for a TBP AXs fragment [58].

6. Structural pathways of the copper(Il) ion

The concept of applying structure correlation meth-
ods to JT active complexes of copper(Il) is consistent
with what is reported in the literature about the JTE in
copper(Il) compounds [75-78]. This is essentially a
dynamic phenomenon, and when studied in the crystal-
line state gives rise to a series of structures displaying the
variability of molecular shape along what is termed
structural pathways. These pathways are basically a set
of thermally accessible molecular shapes through which
a JT system can course, when present in a suitably
permissive crystalline environment. They constitute
furthermore, a subset of all of the possible shapes
through which such a molecule would course in the
gas phase. In this sense, the continuously variable
stereochemistries of the copper(Il) ion, (Fig. 3), are
connected by the appropriate modes of vibration of the
local molecular chromophore, (Fig. 6). These generate
the four structural pathways of Fig. 8.

6.1. Five coordinate systems

The five coordinate Structural Pathway, involving the
RTBP stereochemistry, D3, symmetry, is limited to the
[CuXs]®~ anions, distorting to the RSBP stereochem-
istry, C,, symmetry. The five coordinate Structural
Pathway is most often discussed in terms of the more
informative [Cu(chelate),X]Y series of complexes (Fig.
8(c) and Fig. 9(a)). The highest symmetry of the CulN,4Cl
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permission of The Royal Society of Chemistry.)

chromophore is then C, restricted to the horizontal axis
through the RTBP stereochemistry in the +A and —A

: : str . bend THe
route directions, by the v, and vy¥ modes of vibra-

tion, structures I-V (Fig. 9(a)). The + A route distortion
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is referred to as the Forward normal distortion and the
— A route is referred to as the Reverse distortion. Above
and below this horizontal axis, the C, is lowered to C;
symmetry by the +B and —B route distortions,
generated by the vii =—and v modes of vibration,
respectively.

The A and B routes, according to the general
schematic diagram in Fig. 9(a) can be summarised as
follows for clarity:

+ A route: the back-angle, o3 (e.g. the N(2)-Cu-
N(4) bond angle), increases from 120° up to a maximum
value of 160°, the C, axis of symmetry is retained and
the Cu—X bond length elongates from ca. 2.3 to 2.5 A.
The overall route takes the RTBP stereochemistry
through the square based distorted trigonal bipyramidal
(SBPDTBP) and trigonal bipyramidal distorted square
based pyramidal (TBPDSBP) stereochemistries.

— A route: the back-angle, o3 (e.g. the N(2)-Cu—N(4)
or O(2)-Cu—0O(4) bond angles), decreases from 120°
down to as far as 80°, the C, axis of symmetry is
retained and the Cu—X bond length decreases from ca.
2.3t020A.

+ B route: o (the N(2)-Cu—X bond angle), increases
from 120° up to a maximum value of 135°, the C, axis of
symmetry is destroyed and the Cu—N(4) bond length
elongates from ca. 2.10 to 2.15 A.

— B route: oy (the N(2)-Cu—X bond angle), decreases
from 120° down to a minimum of 105°, the C, axis of
symmetry is destroyed and the Cu—N(2) bond length
elongates from ca. 2.10 to 2.15 A. The +B and —B
routes are themselves related by a C,. It should be
remarked however that the «; bond angle, does not vary
in the + or —B routes but maintains its parent 120°
value.

In these four +A and 4B route distortions, the
SBDTBP stereochemistry is first generated within the «;
range of 120—140°. Beyond this range, the stereoche-
mistries are best described as SBP, or TBPDSBP. In the
special case of the —A route distortion, with a3 = 100—
120°, the stereochemistries have been referred to as a
Reverse trigonal bipyramid (RevIBP), while in the
range of a3 =80-100°, the term See-Saw stereochem-
istry has been introduced.

In the full range of o3=80-160°, a C, axis of
symmetry is generally maintained by the symmetric
modes of vibration, vy, and ¢, However, there is
no reason why the asymmetric modes of vibration, vig
and v, should not couple as they are all of 4,
symmetry in the C; point group. Thus, in the [Cu(bi-
py)CllY series [78] the —A+B route distortion is
appropriate, with no pure —A route distortion and o3
in the range 98-100°. Interestingly, some of the
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Fig. 9. (a) The structural pathways of the RTBP CulN4X chromophore, involving the +A, +B and +A +B route distortions. The bond distances
have been approximated to the nearest 0.05 A and the bond distances to the nearest 5°. (Ref. [75]. Copyright 1997. Reproduced by permission of The
Royal Society of Chemistry.); (b) The structural pathways of the cis-distorted (CDO) CuN4O, chromophore, involving the +A, +B and +A+B

route distortions.

[Cu(bipy)>CI]Y complexes (Table 2) do have a near
RTBP stereochemistry that might suggest possible
fluxional behaviour. However, recent low temperature
crystal structure determination work by the current
authors [85] confirmed the absence of any temperature
variability.

Described in this way the Structural Pathway for the
five coordinate stereochemistry of the copper(Il) cation

contains a great deal of information, expressed in a
graphical form, on how this stercochemistry is con-
nected to the four in-plane modes of vibration of the
CuN,Cl chromophore. It emphasises the continuous
transition from one structure to the next, with the
directions of distortion determined by the modes of
vibration, but with the observed structures determined
by lattice packing factors.
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6.2. Six coordinate systems

A comparable Structural Pathway may be drawn for
the six coordinate cis-octahedral CulN4X, chromophore,
(CDO), but in practice this chromophore does not exist!
It does occur in the CDO chromophore in the [Cu(che-
late),(OXO)]Y series of complexes [13], where the
(OX0O)™ anion is potentially a bidentate oxoanion
(Fig. 9(b)). In order to retain similarity with Fig. 9(a),
the +A + B route notation is retained in Fig. 9(b). In the
CuN40O, chromophore the highest symmetry of C, is
retained along the central horizontal axis and controlled
by the +A route distortion, Forward normal and

reverse, as before, of the regular cis-distorted octahedral
stereochemistry (RCDO). As the latter stereochemistry
has not been characterised crystallographically to date,
the dimensions of the central RCDO are only suggested
values. The pure +A route distortions, viir, and vind,
are characterised by an increase in the value of o3 from
ca. 120 to 140° and an increase in the Cu—O distances
from 2.3 to 2.5 A, at the extreme of which the
stereochemistry is best referred to as a bicapped
CulN4O, chromophore intermediate between five and
six coordination. This extreme stereochemistry with C,
symmetry, has not been characterised either so far, but

does occur coupled with the +B route distortion, vyy |
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Chemistry.); (b) Plot of a3 (v2) vs. o; (v2™) for the [Cu(bipy),CI][Y] series. (Ref. [78]. Copyright 1999. Reproduced by permission of The Royal
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Society of Chemistry.); (c) Plot of a3 (0") vs. Cu—CI(X) (*" ) for the [Cu(phen),X][Y] series of complexes. (Ref. [75]. Copyright 1997. Reproduced
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by permission of The Royal Society of Chemistry.); (d) Plot of Cu—Cl (v:;n) vs. Cu—N(4) (vj‘;ym) for the [Cu(bipy),Cl][Y] series of complexes. (Ref.

[78]. Copyright 1999. Reproduced by permission of The Royal Society of Chemistry.); (¢) Plot of ay vs. a3 for the [Cu(bipy),Cl][Y] series of
complexes showing the formation of interpenetrating right-pointing arrowhead structures. (Ref. [78]. Copyright 1999. Reproduced by permission of

The Royal Society of Chemistry.)
and v involving a net +A +B route distortion, as
seen in the complexes, [Cu(phen),(O,NO)][NO;] [89]
(26), [Cu(MeTAAB)(O,NO)][NOs] - H,O [90] (27), and
[Cu(bipy)>(O>NO)][NOs] - H>,O [91] (28). The extent of
the asymmetry of the Cu—O distances can be as high as

2.3-2.8 Aie. A 0.5 A [91]. Although a pure +B route
distortion is theoretically possible for the RCDO
stereochemistry, with o3 =120°, no crystal structures
are known along this distortional route to date. A
limited number of pure —A route distorted CDO
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stereochemistries are known, involving the —v; and
bend

—Vgm modes, retaining the C; axis of symmetry with a3
in the range 98—118°, respectively. However, these are a
consequence of the PJTE, which are best referred to as
pseudo CDO stereochemistries (Table 1), and should
exhibit fluxional behaviour at sufficiently low tempera-
tures. A typical example of such a complex is
[Cu(phen),(O,CCH3)|[BF4] - 2H,O [33,34] (11). Much
more prolific are the —A + B route distortions, with o3
still in the range 98—118°, most which involve a static,
highly asymmetric distorted structure, as observed in
[Cu(bipy)>,(ONO)]|[BF,] [63] (12), AO = 0.35 A, but some
are less distorted with near C, symmetry, as seen in
[Cu(bipy)>(ONO)][NO;] [13,35,86] (33), AO =0.090(5)
A. These exhibit clear fluxional behaviour and must be
considered as non-static pseudo CDO stereochemistries.
The static asymmetric CDO stereochemistries can
involve long Cu—O bond distances greater than 2.7 A,
generating a 4+ 14 1* coordination, which places these
structures on the borderline between six and five
coordination, again emphasising the idea of a contin-
uous transition between the six coordinate RevCDO
stereochemistry and the five coordinate SBP stereo-
chemistry.

It is then significant that in the CDO Structural
Pathway of Fig. 9(b), there is no extension of the —A
route distortion of the o3 angles to lower values of 80—
98°, as seen in the [Cu(bipy),CI]Y series [78], namely,
into the see-saw range or as shown in 2000 by
Palaniandavar et al., by the crystallographically re-
ported novel structure, [Cu(dipica)(NO3),] [102] (29),
which was reported with an o3 as low as 80°, quite
unique in copper(Il) stereochemistry! Similarly, it is
surprising to date, that there is no evidence of a short
Cu-O bonded cis-octahedral CuN4O, chromophore
with Cu-O distances of 2.0 A and an o5 angle of ca.

¢ < <+—<¢

bend
Vsym

!
'

Fig. 11. Diagram illustrating how the linear and parallel pathways are
formed by a progression of the coupled v and vg’;;d modes of
vibration. (Ref. [75]. Copyright 1997. Reproduced by permission of
The Royal Society of Chemistry.)

See-saw (-A)

90°, equivalent to the five coordinate see-saw stereo-
chemistries observed for the six coordinate systems.

7. Evidence from scatter plot analysis for the continuous
structural pathways in copper(Il) stereochemistry

Crystallographic evidence for the existence of contin-
uous structural pathways in copper(Il) stereochemistries
can be obtained from series of collective scatter plots of
the copper—ligand bond distances and angles, obtained
from a series of the same complex cation or anion. These
may be from different forms of the same complex or
from cation or anion distortion isomers of the same
chromophore (e.g. the 18 cation distortion isomers of
the [Cu(bipy),CI]* cation) [78] as shown in the five
examples of the scatter plots for the [Cu(chelate),X] ™"
cation (Fig. 10(a)—(e)). Fig. 10(a), which is a plot of
versus CuN(4) for the [Cu(phen),CI|[Y] series [75],
establishes that the data points are not randomly
distributed about the RTBP and RSBP stereochemis-
tries, but show a clear trend between the two, with some
evidence for pathways parallel to the main trend line. In
Fig. 10(b), which is a plot of a3 versus o; for the
[Cu(bipy),CI]Y series of complexes, a linear combina-
tion of the modes of vibration is again suggested [78].
Likewise, the parallel pathways of Fig. 10(c), which is a
plot of a3 (5nY) versus Cu-Cl (i) for the
[Cu(phen),X][Y] series, suggest flips to parallel path-
ways implying horizontal and vertical progressions of
the separate modes of vibration (Fig. 6). In order to
explain the presence of parallel correlations in the
scatter plots, n modes of a single vibration, +v, with
n=8—10, must be involved so that the parallel dis-
placement can be seen, Fig. 11. This is then followed by
progressive coupled modes, separate but parallel to the
central correlation. The presence of both linear and
parallel correlations in the same scatter plot has its roots
in the amplification factor in the PJTE. This is one of
the most convincing sources of evidence pointing to
the presence of strutural pathways in such series of
copper(Il) complexes. In Fig. 10(d), which is a plot of
Cu—Cl (v,) versus Cu-N(4) (vyg,,) for the [Cu(bi-
py)2Cl[Y] series of complexes [78] the displacement of
the Cu—N(4) distances to lower values can again be
understood in terms of a horizontal flip through a
progression of pure nv,;  modes of vibration, giving a
false association of the Cu—N(4) distances with the
RTBP —A route distortions. A feature of Fig. 10(e),
which is a plot of a»;; versus a3 for the [Cu(bipy),CI][Y]
series is the formation of interpenetrating right-pointing
arrowhead structures, generated by the separate correla-
tions of o and o, data points against the a3 angles. This
suggests that as o3 decreases there is a limit to the spread
in Aoy, at which point the o3 angle flips to a lower
value, providing a clear graphical picture of the combi-
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Fig. 12. (a) Degree of square planarity S(Dy;,) vs. the degree of tetrahedricity S(7;) of 12,000 randomly created tetrahedral (all dots). A subgroup of
2000 random tetrahedral restricted by bond angles not smaller than 60° are shown also (black circles). Out of this cloud of possible tetracoordinated
structures, copper complexes follow only the superimposed black line. (Reprinted with permission from Ref. [103]. Copyright 2001. American
Chemical Society.); (b) Potential energy/symmetry surface of CuCli’. The spread is the black line. The global minimum is indicated by a black dot.
(Reprinted with permission from Ref. [103]. Copyright 2001. American Chemical Society.)

nation of the v52¢ and the v modes of vibration (Fig.
1),

8. Continuous symmetry analysis

As outlined in previous work, attempts to correlate
the physical properties of copper(II) complexes and their
symmetry has received much attention by several
authors in the literature [12,75-78,103,104]. One such

example of this approach for the non-regular stereo-
chemistries of the copper(Il) ion has involved T, the
tetragonality, given by the expression 7= Rg/R;, where
Rg is the mean inplane (short bond length between the
copper ligands) bond length and Ry is the mean out-of-
the-plane (long bond length) bond length. 7" however is
only applicable to the transition between the O;, and Dy,
respective symmetries, generally with four long bond
lengths and two shorter bond distances. The tetragon-
ality itself is not constant, but is continuously variable
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over certain limits. This implies that the eccentricity of
the copper(Il) ellipsoid is not fixed, so that the observed
tetragonality can be determined by a number of minor
effects, such as lattice packing forces, including van der
Waals forces, hydrogen bonding and the nature of the
non-equivalent ligands present. However, 7" must be
considered as a /local geometry measure. Another
analogous local geometry measure parameter, used by
Halvorson et al. [105] is 0, termed the flattening or trans
angle of the four coordinate tetrahedral type complexes,
which can vary from 109.5° for pure 7,; symmetry to a
maximum of 180° for SC Dy, symmetry. In using both
such parameters, a specific direction of distortion from
the ideal symmetry is assumed, meaning this approach is
essentially local. In an interesting development in this
context, a much more versatile tool, which has resulted
in some recent pioneering publications in this area by a
number of authors, is the use of CSM or continuous
symmetry measure as a global descriptor, which incor-
porates simultaneously all variations in bond angles,
bond distances, irrespective of their magnitude or
direction [58,103,104]. CSM measures in a quantitative
fashion the degree of symmetry within a given structure
and the exact details of the algorithms, mathematical
treatment and computational work underpinning this
methodology can be found in several publications and
references therein [106—108]. The CSM [103] can be
defined as the minimum distance of a given structure to
a complex having the desired symmetry, given by the
expression:

Z;j:l |Qk _ i)k|2 100
N 2
Zkzl |Qk - Q(1|

In this expression, if the distorted complex has N
vertices (involving the central metal and associated
ligands), with coordinates given by vectors Q, (k=
1,2,3,4,...,N), a search is carried out to locate the
coordinates of the vertex of the nearest perfectly
symmetry object, given by the symmetry group, G.
These coordinates can be described by the vectors P,
(k=1,2,3,4,..., N). The distance of the complex then
to the perfect polyhedron belonging to this G symmetry
group is given by the S(G) expression above. In this
equation, Q, is defined as the coordinate vector of the
centre of mass of the complex under examination.
Keinan and Anvir have explored [103] the symmetry
of tetracoordinated copper(I) complexes, including the
four coordinate [CuCly]*~ and [CuBrs*~ series using
this approach of quantitative continuous symmetry.
They found extraordinarily, in 2001, that of the vast
database of geometry allowed complexes, spanning the
S(T,) (tetrahedral) and S(Dy;,) (SC) pair values, all the
copper(Il) structures fall incredibly into a very well
defined correlation line, linking the two symmetry-
content measures. The more general S(Dy,) versus

S(G) = min

S(T,) plot however, as shown in Fig. 12, consisting of
ca. 12,000 tetrahedra, using the Cambridge Crystal-
lographic Database (CSD), yielded a much broader and
dispersed pattern. As commented by the authors, it is
remarkable when examining such a strongly defined
correlation line evident in this overall cluster plot, to
observe the result of the various forces of distortion,
including JT effects, crystal packing, intramolecular
forces, protein folding etc. all funnelled to the same
coordinates of S(Dy;,)/S(T,) line, and not scattered over
the general region of possible structures in Fig. 12(a). In
order to explore further the nature of the distortion
from T, to Dy, symmetry, Keinan and Anvir examined
the three tetrahedral planarisation modes, namely the
twist, compression and spread routes of distortion of
four coordinate species and found the dominance of the
B,, or spread mode of vibration, in particular in the
[CuCL,J*~ series, although an equally good fit was
found in other series also. On calculating the PES they
found that the minimal molecular symmetry distortive
spread correlation line coincided with the sole energy
valley of the map (Fig. 12(b)).

In a related paper in the same year (2001) [104],
Keinan and Anvir also looked at correlations between
symmetry and d—d electronic transitions, ESR g, and
structural responses to variations in temperature, in
particular for four- and six coordinate copper(Il)
complexes, including the blue copper proteins (BCPs).
In the case of the temperature effects on symmetry, they
quoted two interesting examples. In the [CuClg]* ~ anion
n [3-C1C6H4NH3]8CUC110 (61), it was found that the
degree of octahedricity, S(0O,), increased with tempera-
ture over a range 156-295 K, respectively. In direct
contrast, in the CuNg chromophore in [Cu(mtz)g]* "
(62), an opposite effect was found. The complex itself
consists of two crystallographically non-equivalent mo-
lecules in the unit cell. In the first stereochemistry, A, the
CuNg chromophore, using ESR measurements, was
suggested to belong to one of the three potential energy
wells of the Mexican Hat warped energy surface as
mentioned earlier in this review. In the second case, A’,
the incorporation of all three energy wells was proposed
based on the density of scattering. As the temperature
increased, S(Oy,) was found to decrease in both sites A
and A’, respectively, but initiated at a much higher value
in the case of A (close to 0.65), indicative of an enhanced
degree of distortion, unlike A” which started at ca. 0.12.
At high temperature, 295 K, S(O;,) for A had fallen
from ca. 0.65 to 0.4, whereas for A’, the corresponding
plummet of degree of distortion, was from ca. 0.12 to
0.05. Keinan and Anvir rationalised this rather unique
phenomenon in terms of a surge in the rate of hopping
between the energy wells with increasing temperature.
At low values of temperature, the lowest energy mini-
mum is mainly the most populated one. However, at
higher values of temperature, the dynamic JTE is not in
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Fig. 13. (a) Plot of Rg vs. Ry for the [Cu(NH3),X;] series [54,67] from SC, T (= Rs/Ry) = 0.34 (SC) to elongated tetragonal tetrahedral (ETO), T =
0.88. (b) Plot of Cu—Cl vs. 6 for the [CuCl,]*~ series [61] from CT to SC. (c) Plot of Cu—Cl vs. a3 for five coordinate complexes from see-saw to
RevTBP, to TBP, to SBP. Selected examples of such complexes are: See-saw: [Cu(dipica)(NO3),] [102] (29), (2.000 A, 80°); RevTBP: [Cu(terpyBr,]
[114] (30), (2.353 A, 109°) TBP: [Cu(bipy),CI/20H - 1/2C1'? (32), (2.354 A, 120.7°); SBP: [Cu(phen)>(OH,)[NO;] [62] (34), (2.51 A, 139.6°). (d) Plot
of Cu—Oypean vs. 23 for six coordinate complexes going from RevCDO to RCDO, to bicapped square pyramidal stereochemistries.

operation and thermal population of the higher energy
minima takes place. The net effect of this process is that
the various populations begin to equalise each other,
resulting in an averaging of the various types of
distortion, into a much less distorted stereochemistry.
In the case of the [Cu(mtz)¢]*™ moiety (62), sufficient
volume is present for expansion at higher temperature
values. This is not the situation in the [CuClg]*~ anion
in [3-C1C6H4NH3]8CHCIIO (61)

In the case of five coordinate copper(Il) complexes,
Alvarez and Llunell in 2000, have also used the CSM
approach to explore the Berry and non-Berry distortions
of the RTB stereochemistry [58]. These authors have
described at length the angular distortions involving the

Berry pseudorotation pathway and the SBP stereochem-
istry and non-Berry angular distortions including the
Reverse Berry distortion and Umbrella distortions.
They found that the Berry pseudorotation pathway is
well described by both the angular parameter, 7, and S
(TBP). However, they did find that although CSM can
discriminate between different SP structures, 7, presents
the same value for any Cy, SP system. In this work, they
found that if bi- and tridentate ligands are involved, the
large gamut of complexes of the [Cu(bipy/phen),X]™
and [M(terpy)X,] series [78] are not adequate models to
describe the Berry pseudorotation pathways.

In earlier work, 1997, Bukowska-Stryzewska et al.
analysed 154 dinculear di-p-chloro, bromo and fluoro
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five coordinate (4+ 1) copper complexes using structure
correlation methods, again showing the power of
comparative X-ray crystallography in this area of
research [109]. In related developments, correlations
between energy and symmetry have been shown in the
enantiomerizations of chiral fullerenes [110] and even
more recently in the binding of HIV C, inhibitors [111],
an area of research, which has huge global ramifica-
tions, particularly in medicine.

9. Some conclusions and implications of the presence of
continuous structural pathways in copper(Il)
stereochemistry

Taken together, structural pathways suggest that the
structures of the individual copper(I) complexes are
related by the modes of vibration of the in-plane
CuN,X,, chromophore, with each structure representing
a stable structure in the vibronic potential energy well
on the PES of the respective cation, with the separate
structures determined by crystal packing factors i.e.
hydrogen bonding and van der Waal forces. As these are
relatively small, less than 10 kcals mol ', it is not
surprising that the energy barrier between the separate
wells is not of a significantly high value and accounts for
the almost continuous range in stereochemistry ob-
served for a given cation distortion isomer, as exempli-
fied in the [Cu(bipy),CI][Y] series [78].

It can now be seen that structural pathways play a
pivotal role in the interpretation of copper(Il) stereo-
chemistry (Fig. 13(a)—(d)). In the wider context of
copper(Il) stereochemistry the simple static picture is
no longer realistic, as the role of vibronic coupling is
increasingly better understood in creating continuous
structural pathways between these extreme sterecoche-
mistries. Nevertheless, it is important to remember that
the actual stereochemistry of a complex is determined by
relatively weak packing forces culminating in a number
of practical implications, some of which are obvious:

a) Recrystallisation of a given complex or cation
distortion isomer under different conditions of
temperature or pressure or from a different solvent
may result in significantly different structural re-
sults, even in the same space group [112]. Such
differences may result in the spectroscopic results
being slightly different if the complex has been
prepared under different conditions from those used
in the original preparation, even if these are
measured in the solid state. It is not advised to
compare solution spectra with that measured in the
solid state, for the same reason.

b) The use of a series of cation distortion isomers to see
how the cation environment varies with the anion
present, although rudimentary, is seen as an effec-

tive way, of varying the crystal environment of the
cation [113].

¢) The past practice of preparing a series of [Cu(li-
gand)X] type complexes, determining the structure
of one complex and assuming that the structure of
the whole series is the same, is clearly no longer
justified unless a close examination of the spectro-
scopic properties justify this assumption.

d) The extensive time spent on examining the proper-
ties of the fluxional or temperature variable proper-
ties of high symmetry copper(Il) complexes is now
seen to have been of less importance in terms of
describing the structures of static copper(I) com-
plexes. However, these fluxional systems were im-
portant in establishing the role of vibronic coupling
that can now be used to account for the continuous
variability of the copper(Il) stereochemistries that is
portrayed in the graphical picture of structural
pathways.
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