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A. INTRODUCTION

Transition metal complexes with a multidentate chelating ligand can
exhibit “special” physical, chemical or structural properties such as (1)
unusual conformation, (2) extremely high thermodynamic stability, and (3)
virtual kinetic inertness. A premeditative design by N.J. Rose of a poten-
tially heptadentate ligand suggested that the geometric specificity of the
pystren ligand (Fig. 1) with its threefold symmetry and unique placement of
its seventh donor atom would result in transition metal complexes exhibiting
mono-capped trigonal antiprismatic coordination polyhedra. This paper
describes some chemical and physical properties of this potentially hepta-
dentate py,tren ligand coordinated to 3d°!" transition metal ions M = Mn? ",
Fe?*, Co®", Ni**, Cu?’ and Zn’' to give a series of [M(pyitren)]*” BF;
and PF," salts. All compounds are high-spin at room temperature except for
[Fe(pystren)}(BEF,),, which is low-spin. In addition, [Cu(py - tren)]>", the
hydrolysis product of [Cu(py,tren)]**, is described. Related compounds such
as [M(6Me - pystren)]*” with M = Fe?" and Ni?', where the 6Me - py,tren
ligand has a methyl group substituted for a hydrogen atom in position 6 of
one, two, or all three of the pyridine rings in pystren, were subsequently
shown by L.J. Wilson et al., to display a range of high /tow spin equilibrium
effects in the methyl-substituted iron(Il) compounds. The study of an
extensive series of complexes with the same or related ligands, allows a
detailed assessment of the influence of ligand structure in determining the
metal ion coordination polyhedron, and permits trends to be understood in
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Fig. 1. Preparation of the ligands and representation of the coordination polyhedron for

complexes of py;tren and 6Me-py;tren.

terms of changes in metal ion size or electronic configuration.

The py,tren ligand is the condensation product of tren, N(CH,CH,NH,),,
and 2-pyridinecarboxaldehyde to form three a-diimine linkages held to-
gether through the bridging tertiary amine atom, N(7). There was great
interest as to (1) how much character of tren, a well-characterized tetraden-
tate tripod-like ligand [1], would be present in the [M(pystren)]** complexes;
(2) how would the unique tertiary amine N(7) behave toward a metal center,
and (3) how would the N(7) bridgehead structure perturb the binding of the

three strong-field a-diimine linkages.
Representative examples of a-diimine ligands are shown below.
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Numerous tris(a-diimine) complexes are known {4-7]. The conformations
adopted by three independent a-diimine ligands about a transition metal ion
span a range of idealized geometries [§-11].

The py,tren Schiff base has its three a-diimine chelates tied together
through the unique bridging tertiary nitrogen atom, N(7). Inspection of
space-filling molecular models suggested that the most likely mode of
chelation would have the three imine, the three pyridine and the unique
tertiary nitrogen donor atoms arranged at or near the apices of a capped
trigonal antiprism, whose idealized structure is shown in Fig. 1. Since this
arrangement forces the tertiary amine N(7) atom into a capping position
with its lone pair of electrons directed toward the metal ion, an intriguing
question concerns the nature of the metal-N(7) interaction. Is it bonding,
non-bonding or anti-bonding?

Since 1966, when the present work was begun, structures of other com-
plexes containing a single ligand with three a-diimine linkages have been
reported, but none of these have a potential seventh donor atom. Hlustrative
sketches of these ligands are shown below in contrast to pystren.

H = H — H —
J W, \C‘O
3
NTCHCHy—N N { CHz-CHCHa=N N - \N /
R

3

pyztren (R=H) 3 3

6Me-pystren (R = CHjz) pyztame pystach

X-ray structures of [M(pystame)]** with M(II) = Mn, Fe, Co, Ni and Zn
(12,13] and [M(pystach)]** with M(II) = Co, Ni and Zn [12b,14-16] have
revealed coordination polyhedra that are between trigonal antiprismatic
(TAP) and trigonal prismatic (TP).

Three related ligands, (pyrol),tren, (sal);tren and (sal);tach, are known
and are illustrated below.

H}_@ H H

\
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)
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[17] [18] [19]

These ligands do not consist of three a-diimine chelates. In the last two not
all donor atoms are nitrogen and an additional carbon atom is present in
each chelate ring. These ligands with formally-charged oxygen or nitrogen
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atoms form neutral complexes with trivalent metal ions. The six reported
structures of complexes with the (pyrol),tren, (sal);tren and (sal)tach ligands
all have coordination polyhedra close to TAP. The five structures with a tren
bridgehead in the ligand all have long, non-bonding M—N(7) distances.

Also not directly comparable to the pytren ligand, but nonetheless
interesting, are the tris( a-diimine) linkages with two bridgeheads (or two
bridging groups), which are shown below.

7\ a
FB+-0—N N Z Fato—N  “n—oi-sF N —N// \\N— \n
P K “m” 3>)
3 3 N : N
PccBF - (Dmg}3(BF),2~ Goedken Clathrate
[20,21] [22,23] [24]

The conformations of these complexes must be influenced by the balance
between a number of factors including (a) the electronic configuration and
“size” of the metal ion, (b) the geometric and electronic properties of the
ligand, and (c) the repulsions between atoms in different ligand arms. The
tendency of the pytren, pytame and pytach ligands to approach TP
coordination geometry has been suggested to be a direct consequence of the
nature of the bridgehead or bridging group [10,12b,13,25]. However, recent
calculations [26] applying the Kepert ligand repulsion model [9] to the
conformations of all reported pytren, pytame, pystach, (pyrol),tren,
(sal)stren, and (sal)jtach complexes seem to suggest that the relative twist
from TAP to TP conformation can be predicted based on minimization of
coulombic repulsion between ligating atoms. The calculation requires two
types of distances (the metal to ligating-atom distances and the bite dis-
tances) to be specified and fixed. Factors (a) and (b) determine the metal ion
to ligand donor-atom distances and the ligand bite distances. Once these are
specified, then factor (c) determines the relative twist from TAP to TP
conformation. To gain further insight into the nature of the metal to
ligating-atom interactions, especially the intriguing M—N(7) interaction, we
performed and report in this paper some extended Hiickel molecular orbital
calculations on the pystren complexes.

Individual papers cited above describe the geometric and other features of
their compounds. In addition, there are some more general reviews and
comparisons of complexes within and between the various series of com-
plexes described above [10,12b,13,25]. Also, Hoffmann et al. have done a
systematic molecular orbital analysis of geometric alternatives in six- and
seven-coordinate molecules {27,28]. Finally, there are reviews of six-coordi-
nation [29] and seven-coordination [30,31], with particular emphasis on the
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stereochemical effect of introducing various ligands into the coordination
polyhedron.

Part of this work has already been published. The chemistry of the
[Ni(py,tren)]** complex [32], a brief description of the structure of
[Fe(py,tren)}(BF,), [33], a mention of the hydrolysis of [Cu(pystren)]” " to
give [Cu(py - tren)]*" [34], and a comprehensive series of papers particularly
describing spin-equilibrium effects observed for iron(Il) complexes with
(py;tren) and methyl-substituted ligands [35-39) have appeared. The X-ray
structures of [Fe(6Me - pystren)|(PEF,), at 295 and 100 K have also been
determined [35,40]. Some of the salient features of the [M(pystren)]? ~ series
are now described in textbooks [41,42] where particular attention is given to
the relationship between the M- N bond distances and the electronic config-
uration of the metal ion. However, these textbook discussions presume only
ligand field theory and regular octahedral coordination, which are insuffi-
cient for the description of some of the most interesting features, including
the determination of the correct ground state electron configurations of the
[M(pystren)]** complexes.

B. RESULTS AND DISCUSSION
(i) Description of the [M(py,tren)]” " complexes

(a)} Conformation of the [M(py,tren)]-" coordination polvhedra

The crystal structures of the BF, salts of [M(py,tren)]® ~, where M(I1) =
Mn, Fe, Co, Ni(BF, and PF, salts), Cu and Zn, reveal that the potentially
heptadentate pystren ligand coordinates to the metal through the three imine
and the three pyridine nitrogen atoms. Distances from the metal to the
seventh potentially ligating atom, the tertiary amine N(7), are long (greater
than 2.79 /3&). The direct interaction between N(7) and the metal ion is small
compared to the interactions of the other six nitrogen atoms. Interesting
features of this M-N(7) interaction will be discussed later in Section
B(ii)(b). In general, the coordination polyhedra of the [M(py;tren)}*” com-
plexes are best described as trigonal antiprisms (TAP) that are considerably
distorted toward trigonal prisms (TP).

A geometrical model [43] useful in describing the structures of
[M(pystren)]** complexes is illustrated in Figs. 2, 3 and 4. The model
assumes the imine nitrogen atoms, N(1), to be located at the vertices of
equilateral triangle A and the pyridine nitrogen atoms, N(2). to be located at
the vertices of equilateral triangle C. The model allows a description of the
distortions and interconnections of the idealized coordination geometries
found in six-coordinate complexes, namely octahedral or trigonal antipris-
matic (TAP) geometry and trigonal prismatic (TP) geometry. Triangles A
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Ci

Fig. 2. Coordination polyhedron model and atom numbering scheme. Particular atoms, for
example C(J1), are designated in terms of J (the arm number) and I (the atom number),
except for the tertiary amine which is designated N(7). When a general type of atom is
referred to, only the single digit () is used. For example, N(21) refers to the amine nitrogen
in arm two, whereas N(1) refers to amine atoms in general. General pyridine atoms are thus
N(2). The numbering scheme for general hydrogen atoms 1s given in Fig. 9. The coordination
polyhedron is given by dashed lines (----- - ) showing the top triangle, A, defined by the
positions of the imine nitrogen atome N(1), and the bottom triangle, C, defined by the
positions of the pyridine nitrogen atoms N(2). The twist angle, ¢, is the projected angle
between triangles A and C (i.e. angle N(1)-N(7)-N(2) in projection).

and C have side lengths designated as @ and c, respectively. The ratio a/c is
a measure of the size difference between the two triangles. Figure 2 shows a
view of the model with triangle A over triangle C, and illustrates how the
ligand fits the model. The “bridging” tertiary amine atom, N(7), i1s above
triangle A. The metal ion, M, is located directly below N(7) and between
triangles A and C, such that the M—N(7) line is the C;axis of the model.
When the metal atom is not located midway between the two triangles but is
displaced toward triangle A the magnitude of the displacement is given as
dM. The twist angle, ¢, is a projected angle between triangles A and C [44].
The conformation described by this model is trigonal prismatic when
¢ =0° and trigonal antiprismatic when ¢ = 60°. The (regular) octahedral
conformation has ¢ = 60° and a = b = c, where b is defined as the chelate
“bite” distance. There are other parameters defined and illustrated in Figs. 3
and 4 that are useful in describing the coordination polyhedra. One parame-
ter is the height-to-bite ratio, h/b, which is 1.0 for a trigonal prism and
0.816 for an octahedron. Another parameter is the polar angle of the ligating
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Fig. 3. Coordination polyhedron model. Triangie A and C have side lengths of ¢, and ¢,
(i =1, 2, or 3 respectively). The metal ion, M, lies between the two triangles. The displace-
ment of the metal ion from the midpoint between the two triangles in the direction of triangle
A is given by § M. The distance between centroids of triangles A and C, measured along the
M-N(7) axis, is the height, 2. The non-bonding distance between chelating imine N(1) and
pyridine N(2) atoms in the same ligand arm is the bite distance, h.

nitrogen atoms, §. The angle # has a value of 54.7° in an octahedron.
Another parameter is the rotation angle a which describes the orientation of
the planar chelate rings with respect to the C, axes of the model. The value
of « i1s calculated as the angle between the threefold axis and the plane of
the M-N--C-C-N chelate ring (ignoring the inherent lack of twofold
symmetry within the chelate ring). The angle a is 0° for TP and 35.3° for
TAP. This latter value for a i1s obtained when the three chelate planes are
mutually orthogonal, as in an idealized octahedral conformation. The

Fig. 4. Coordination polyhedron model. The polar angle © is defined as the angle between
the M—N(7) line and the M~N(JT) line. The polar coordinate r is the M-N(JJ) distance.
The rotation angle « is defined as the angle between the planar M-(a-diimine) chelate ring
and the M-N(7) or (; axis of the model.
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parameters ¢ and # describe a coordination polyhedron of L M points,
whereas a describes how three rigid bidentate donor groups within a flexible
multidentate ligand define the coordination polyhedron.

The compound which is most nearly octahedral is [Fe(pystren)](BE,)..
which has ¢ =54° a/c=1.001, [N(1)] = 59.05°, #[N(2)]=57.78° and
a = 36.7°, followed closely by [Ni(pystren)](PF,),. All other compounds
show larger deviations from the ideal values for an octahedron. The com-
pound that is the most distorted from octahedral conformation (in terms of
the weighted mean values) is [Mn(pytren)}(BEF,),. followed closely by
[Zn(py,tren))(BF,),. Since the bite distance, b, is so much smaller than either
a or ¢ in all compounds, the trigonal antiprism (i.e.. a compressed oc-
tahedron) is better than the octahedron (where a=5b=¢) as a reference
polyhedron to describe the coordination polyhedra.

(b) Deviations from the symmetry of a trigonal antiprism

A summary of the weighted mean values that describe the coordination
polyhedron of all [M(py,tren)]*" salts is given in Table 1. There are several
types of distortions observed from the D; symmetry of an ideal trigonal
antiprism (TAP) attainable for the pytren ligand in which the inherent
difference between amine and pyridine nitrogen atoms, as well as the
bridgehead, are ignored. A trigonal distortion (i.e. toward a TP coordination
polyhedron) is revealed by the twist angle, ¢, which ranges from 54 to 43°,
less in all cases than the ideal value of ¢ = 60° for TAP coordination
polyhedron. A second distortion from ideal TAP is that the size of triangle
A is larger than triangle C (a/c¢ > 1). This limits the highest molecular
symmetry to C, (whether or not the imine N(1) and pyridine N(2) nitrogen
atoms are considered equivalent). A third distortion is that all metal ions are
displaced toward the imine nitrogen triangle A. Thus, the mean M-N(1)
distances are always smaller than M-N(2) distances, and the weighted mean
polar angle of the imine nitrogen atoms, ®[N(1)], is always larger than that
for the pyridine nitrogen atoms, G[N(2)].

In actuality the [M(pystren)]*" cations in the crystal do not even possess
C; symmetry because the three arms of the py,tren ligand are not equivalent.
The values given in Table 1 are, for the most part, weighted mean values.
The three twist angles, ¢(J) (where J =1, 2, or 3), that make up the mean ¢
are not all equal, the triangles A and C are not equilateral, the individual
O[N(/1)] and O[N(J2)] values are not all equal, and finally, the individual
M-N(J1) and M-N(J2) distances are not all equal. A discussion of these
individual parameters is given in a later section. A pictorial view of the
deviations from C, symmetry for representative [M(pystren)]?* cations is
presented in Fig. 5, where each cation is projected onto the plane defined by
its imine nitrogen triangle A.
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2+
(Mn (py3tren) ] [Fe (py3tren) 1 2+ {Cu (py3tren) ] 2+

Fig. 5. Projections of representative [M(py;tren)]?* cations (M(II) = Mn, Fe, and Cu) on to
the plane defined by the imine nitrogen triangle A. This view reveals deviations from the near
threefold molecular symmetry axis M—-N(7). [Fe(py,tren)]>* has the most nearly octahedral
coordination polyhedron, while [Mn(py,tren)]®* is the most distorted from an octahedral
coordination polyhedron. All other cations in the series except copper(Il) exhibit intermediate
structures between the iron(II) and manganese(Il) extremes. Note particularly that in
[Cu(py;tren)]®*, which displays a Jahn-Teller distortion, there is a unique shift of the
M-N(7) vector (represented by the displacement of the two central circles representing the
Cu and N(7) atoms) away from the threefold molecular symmetry axis. Operations associated
with space groups C2/c— C5, and P2,/c— C;, generate an equal number of cations with
the py;tren ligand attached as either a left- or right-handed screw.

(ii) Trends within the coordination polyhedra

The relative distortion from TAP coordination and the variation in the
metal-nitrogen distances from metal to metal can be explained in terms of
two main factors: the nuclear charge of the metal ion, and the 34 electron
configuration of the metal. These factors have been discussed by other
authors [41,45,46]. Essentially, as the atomic number increases for atoms
within a d shell there is a general increase in the effective nuclear charge
and a general decrease of the metal ion radius which results in shorter
metal-ligand distances.

The 3d electronic configuration of the metal is very important because
changes in electronic configuration or spin state have been shown to affect
metal-ligand distances to a greater extent than changes in the electrostatic
charge of the metal 1on [46]. To explore how these factors affect not only the
metal-nitrogen distances but also some conformational trends in the
[M(py,tren)}?* series, we have carried out some extended Hiuckel molecular
orbital (EHMO) calculations {47].

(a) MO model for the [ML]** complexes
Only those aspects of the calculation which are relevant to the evaluation
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of geometrical trends within the [M(pystren)]?" series of molecules are
discussed. Our simplified model uses three independent symmetric a-diim-
ine bidentate ligands, shown as 1, in place of the more realistic pyridine-2-
carboxaldimino chelate, shown as 2. The bridgehead part of the py,tren
ligand is not included in the tris( a-diimine)metal(ll) model, but perturba-
tions by a flexible amine atom (N(7)) located along the molecular threefold
axis will be considered at a later stage.

I
H N
7 it
|
N P Xy
| I
H/C%N W NP Ny
I |
H H
1 2

The above simplification does not dramatically alter the bonding capabili-
ties of the chelate to the metal atom. These are mainly provided by the
symmetric (S) and antisymmetric (A) combinations of lone pairs at the
nitrogen atoms, shown as 3, and, to a lesser extent, by empty 7 orbitals of
the conjugated system, shown as 4. The corresponding = MO, shown as 5,
calculated for the more realistic molecule 2 is not intrinsically different from
4, although its energy is higher (ca. 0.5 eV) and the p_ orbital is more
developed at the imine than at the pyridine nitrogen.

H (19°)
Q| | I
H\‘C/ D H\C/QN% H\@/
(13 %)
H/C\ S H/l é
ON \ND H/ ~
l S o
S A H

H

(The percent contribution of the nitrogen p_ to the MOs in question are
reported in parentheses above in 5.)
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An EHMO calculation, performed by using the quasi-experimental trigo-
nal antiprismatic structural parameters (TAP) for a tris(a-diimine)iron(II)
model [48], produces the order, shown as 6, for the frontier MOs.

3¢ ——  “metal-like” orbitals

Czlf ~ “ligand-like” orbitals

clzf "7 “metal-like” orbitals
6

The order of metal d orbitals in Scheme 6 is similar to that found in
complexes with pseudo-octahedral structure, namely a set of three lower
levels, a,, and the doubly degenerate le (these are equivalent to the 7, set
in O, ), and a higher destabilized degenerate 3e level (the equivalent of e, in
0, ). Although a, is calculated to lie below le, the presence of a ¢ lone pair
on the bridgehead amine N(7) may invert this order by pushing the a; (i.e.
d .. orbital) level up in energy.

What is peculiar to this tris(a-diimine)metal(1I) system is that between
the well-separated two groups of metal levels there are three combinations of
the individual a-diimine ligand 7 orbitals, individually shown as 4. The
combination ligand orbitals are close in energy and are labeled by symmetry
as a, and 2e, and are shown below in 7 and 8, respectively. The presence of
these ligand orbitals at energies comparable to that of metal d levels [49]
very likely is an electronic cause of deformations from TAP coordination. In
particular, the observed deformations are consistent with the avoidance of
transfer of metal electrons to ligand orbitals [50].

Additional information about deformations from ideal TAP coordination
can be obtained from studying a possible pathway for the interconversion of
the coordination polyhedron of our tris(a-diimine)metal(II) model from a
trigonal antiprism (TAP) to a trigonal prism (TP). Previous theoretical
studies performed for hexacoordinated complexes used models with six
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Fig. 6. Trigonal antiprismatic (TAP) to trigonal prismatic (TP) interconversion pathway.

(a) Evolution of the frontier orbitals in the model compound, tris( a-diimine) metal(II) for the
TAP-TP interconversion governed by the parameter « defined in Fig. 4. The levels are
labeled according to Dy and Dy, symmetry at the TAP and TP ends, respectively, in this
Figure. Note that the TAP end level 2e is “ligand-like” but at the TP end this level is
“metal-like”. The atomic parameters of cobalt were used to construct the diagram.

(b) Total energy variation along the same pathway for a low-spin d° clectron configuration.
(c) Variation of the fraction of electrons occupying the ligand # orbitals, shown as in 4, as a

calculated using iron(Il) parameters,

independent ligands [25,27], where the interconversion TAP to TP could be
easilly governed by the twist angle, ¢, defined i Fig. 2. However, the
nitrogen donor atoms in [M(py,tren)]* " are not isolated points but belong to
three planar, conjugated (rigid) «a-diimine ligands. In order to account for
the bonding capabilities (especially those of the = type) of the a-diimine
chelates, we regulate our description of the TAP to TP interconversion by
the parameter o (defined in Fig. 4 and described in Section (i)(a). which
allows simultaneous rotations of the chelate planes about the twofold axes of
the D, model compound.

Figure 6(a) shows a typical Walsh-type diagram for the evolution of the
frontier MOs between TP and TAP coordination. If the presence of the
ligand a, and 2e levels is for the moment disregarded, the Figure shows the
features pointed out by others who studied the TAP-TP interconversion of
six-coordinate complexes [25,27]. Thus the level 3e stabilizes toward TP
because the o* interaction of metal and ligand orbitals becomes less
directional. Also, in the interconversion direction toward TP, a combination
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of nitrogen lone pairs having e symmetry destabilizes the metal le level.
Actually, le destabilizes in spite of the increasing # bonding interaction in
which 8 represents the antibonding counterpart. As shown in Fig. 6(c), the
metal to ligand 7 back-donation is maximized at TP at least for low spin d°
species. Further discussion of « interactions appears in Sections B(iii)(b),
B(1v)(b) and B(iv)(e).

Figure 6(b) indicates that the tris(«-diimine)iron(1l) model has a mini-
mum total energy toward TAP. This is mainly a consequence of the
stabilization of the level 1le which carries a total of four electrons.

The most interesting information which can be derived from the Walsh
diagram given in Fig. 6(a) is that, on approaching TP, a switch (technically
an “avoided crossing”) occurs in the order of ligand and metal higher levels.
Note that level 2e is “ligand-like” at the TAP end, and “metal-like” at the
TP end of Fig. 6(a), respectively. Away from TAP, the typical three below
two split of metal orbitals is attainable with no intermediate ligand levels.
The precise point at which the inverted level order occurs is strongly
parameter dependent [51]. The diagram of Fig. 6(a) provides valuable
qualitative, but not quantitative, information.

In summary, the presence of the ligand # orbitals at an energy compara-
ble with that of the M-N o¢* levels may impose some geometrical con-
straints in the different complexes, such as a deformation toward TP
coordination geometry to maintain metal orbital levels below ligand orbital
levels [51]). However, the energy of two of the three lower metal 4 orbitals
minimizes at TAP, and thus in general this coordination polyhedron is
favored [52]. Our MO investigation has been limited to a highly symmetrical
(D, symmetry) TAP-TP interconversion pathway, whereas the actual
[ML]?* complexes often have only C, symmetry. Nevertheless, we are
confident that the arguments still apply and that they help rationalize most
of the major trends found within this series of compounds.

(b) Variation in the metal—nitrogen distances

The metal-nitrogen distances in [M(py,tren)]** are plotted vs. the atomic
number of the metal in Fig. 7. A well known pattern is apparent and it 1s
related to the splitting of the metal d orbitals into three non-bonding and
two metal-ligand antibonding levels, typical for six-coordinate complexes,
and to the different electron configurations of the metal atoms. Ignoring
overlap of orbitals and all #-bonding effects (the Crystal Field model), this
pattern is described in the older literature as due to a Crystal Field
Stabilization Energy (CFSE). What is emphasized in Fig. 7 is that the metal
nitrogen distances are an almost exactly linear function of the atomic
number for a given electron population of the 3e or a, orbitals. The dashed
lines (- - - - - - ) show that for a constant number of electrons in the upper 3e

+
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Fig. 7. Effect of orbital occupancy on metal-nitrogen distances. Upper part of diagram gives
the M—-N(7) non-bonding distances (shown as W). The lone pair of the tertiary amine atom is
directed at the @, orbital on the metal ion. The lower part of the diagram gives the M-N(1)
and M-N(2) weighted mean bond distances. The imine and pyridine mitrogen atoms are
directed at the 3e orbitals on the metal ion. The values (shown as a) for 1mune nitrogen
atoms, N(1), are slightly shorter and thus are located just below the values (shown as O) for
pyridine nitrogen atoms, N(2). Dashed lines (- - - - - - ) represent & constant number. while the
dotted line (- -- - - - ) represents an increasing number of clectrons in a given type of orbital on
the metal ion. The orbital occupancy. (4,)"(1e)*(3¢)°, i1s given under cach metal ion as x, y,

orbitals there i1s a linear decrease in the weighted mean M-N(1) and
M-N(2) distances as the atomic number and effective nuclear charge on the
metal increases. This same relationship holds for the M-N(7) distances.
When there is a constant number of electrons in the @, orbital, the M-N(7)
distances linearly decrease as the atomic number and effective nuclear
charge on the metal i1on increases. The slopes of the dashed lines are not
exactly the same, and there is a slightly greater effect on the distances in the
order: M-N(7) > M-N(2) > M-N(1). The dotted line (------ y in Fig. 7
shows that for an increasing number of electrons in the metal 3e orbitals
that project in an antibonding fashion toward the imine and pyridine
nitrogen lone pairs there is a linear increase in the M-N(1) and M-N(2)
bond distances. There is a similar but much more dramatic increase in the
M-N(7) distances when another electron is added to the a, orbital (substan-
tially the metal 4 . orbital) which is directed toward the bridging amine
nitrogen lone pair.

As the atomic number increases, the increase in M-N(2) distances is
greater than the increase in M—N(1) distances partly because the ligand =
MO has a better developed p, orbital on the imine than the pyridine
nitrogen, as shown in 5. Also, as ¢ decreases (i.e. increasing distortion
toward TP coordination polyhedron) the steric crowding increases between
pyridine rings (namely, close contacts between atom H(J9) attached at
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position 6 of a given pyridine ring with an adjacent pyridine ring) [15a,15b].
This crowding forces the pyridine nitrogen donor atoms to spread apart (as
the atomic number increases the size of triangle C increases faster than the
size of triangle A), resulting in longer M-N(2) distances [12a]. Thus,
[FeL]?" and [NiL]?*, the complexes that are most nearly TAP and have the
largest values of ¢, have values for M-N(1) and M-N(2) that are nearly the
same; whereas [MnL]?* and [ZnL]?>", the complexes that are most distorted
toward a TP coordination polyhedron and that have the smallest values of
¢, have values for M—N(2) that are longer than for M—N(1).

The M-N(7) distances in the [M(py,tren)]>* series of complexes indicate
that the interaction between the metal ion and the bridging amine nitrogen
atom, N(7), is directly determined by the repulsive forces between the
electrons in the metal 4, orbital and the lone pair on N(7). The M-N(7)
distances are approximately 0.1 A larger than the value for the sum of the
van der Waals radii of nitrogen and the metals for which radii are reported
in the literature [53], except for Mn(II) and Co(II), for which there is less d
electron density projecting from the metal toward the lone pair on N(7).
Although the M-N(7) distances in the Mn(II) and Co(Il) complexes are
shorter than the sum of the van der Waals radii (the generally accepted
criterion for an attractive interaction between a metal and a ligand donor
atom), they are nevertheless very much longer than the M-N(1) and
M-N(2) bonding distances. Thus we conclude that the N(7) is weakly
bonded to Co(Il) and Mn(Il) due to having less than a 4-electron totally
repulsive interaction with the metal ion, as is the case in all the other
complexes in the [ML]?* series. The N(7) atom in the bridgehead of all
complexes in the series is forced into this type of interaction because it is
tied through the three arms of the py,tren ligand to three strong-field
a-diimine groups which bind tightly to the metal through imine and pyridine
nitrogen donor atoms. Although the bridgehead appears somewhat flexible,
the ligand restricts the movement of N(7) away from the metal [41]. The
bond angles about the bridging amine atom (C(J1)-N(7)-C(J’1l)) vary
linearly with the M—N(7) distance, from 112° (approximately sp® hybridiza-
tion as expected for an unconstrained tertiary amine nitrogen atom) in
Mn(Il) (where the repulsion is least) up to a maximum value of 120°
(approximately sp? hybridization) in the Fe(II) complex (where the repul-
sion 1s greatest), as shown below in 9.
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As the repulsion increases, the change in hybridization from sp® to sp” in
N(7) minimizes the projection of the lone pair of electrons in N(7) toward
the metal ion. The geometrical variation in the structure of the bridgehead 1s
discussed in detail in Section B(iv)(a).

(c) Effect of metal ion size on coordination polyhedron conformation

Instead of arbitrarily chosen metal ion radii, we use the size of the
coordination polyhedron, which is given by M-N,, the weighted mean of all
M-N bond distances, not including M—-N(7), as the parameter to discuss
further trends within the coordination polyhedra. The value of M—~N, for
each individual compound 1s given in Table 1. These experimentally de-
termined values are most appropriate for describing features of the
[M(py,tren)]** compounds, and are a linear function of the atomic number
and electron configuration of the particular metal atom [54].

The twist angle, ¢, 1s often used to help describe the relative position of a
compound along the TAP-TP interconversion pathway. As can be seen in
Fig. 8, the mean twist angle, ¢, is a function of the size of the coordination
polyhedron (M-N,). As the coordination polyhedron size increases. the
ligand arms twist away from a TAP toward a TP configuration, as shown by
a linear decrease in the values for ¢. Figure 8 shows that [Ni(py,tren))(PF,),
and [Co(py,tren))(BE, ), are not part of the “smooth™ trend that includes all
other BF,  salts. The difference of 1.8° in mean values of ¢ for [NiL](BE,),
and [N1L](PE,), can be attributed to differences in packing forces between
BF,” and PF, counter ions, and provides an estimate of the variation
possible in ¢ values that does not derive from properties of the metal ions.
An analysis of twist angle values from the perspective of minimizing ligand
atom-ligand atom repulsions between arms with given restrictions (e.g. bite
distances) (9] is given elsewhere [26].
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Note that the mean polar angles, 8, also reported in Table 1, show a
larger range of values for imine than pyridine nitrogen atoms (#(N(1)) = 59
to 66° while 8(N(2)) =54 to 58°) indicating that as the coordination
polyhedron size increases and the ligand arms twist away from TAP geome-
try, a different rearrangement occurs in the imine triangle A than in the
pyridine triangle C of the metal coordination sphere. It has already been
noted that within each complex the differences between M-N(1) and
M-N(2) bond distance values increase as the complexes distort toward TP
geometry. Thus, increasing M—N, increases #(N(1)) relative to 8(N(2))
while increasing triangle size ¢ (N(2)) relative to triangle size a (N(1)).

Although [Fe(py,tren)]?* is included in the “smooth” part of the plot of
M-N; vs. ¢ discussed above, it is shown elsewhere [26]} that the observed ¢
for [FeL]?* must also correlate with, in part, the chelate bite distance, b. An
explanation of why the bite distance in [Fel.]>" is shorter than the relatively
constant bite distances in all other [ML]** compounds is given in Section
B(iii)(b).

Finally, as the coordination polyhedron size increases (increasing M-N
values) there is a linear increase in M, the height (&), and triangle sizes a
and ¢, except that ¢ for [Fe(py,tren)]> may be low. As expected, the
non-chelate (inter-arm) distance (N(J1)-N(J’2)) also increases with increas-
ing M—N,.

Crystal packing forces may affect some of the parameters closely associ-
ated with ligand conformation in the coordination polyhedron. Thus, the
isomorphous set of high spin [M(L)]*" complexes with anion BF, (space
group = C2/¢, Z=8, M(II) = Mn, Co, Ni, Cu and Zn) are directly com-
parable but may differ shightly from [Ni(py,tren)}(PF;), (space group P2, /c,
Z = 4) or the low spin [Fe(py,tren)|(BF,), (space group P2,/c, Z=4) due
to different crystal packing forces arising from packing arrangements in
different space groups (C2/c¢ vs. P2,/c) or different counter ions. Never-
theless, various correlations of parameters (taken pairwise) for the BF, salts
are most often monotonic and “smooth”, but when this is not the case it 1s
generally [Fe(py,tren)]** and /or [Co(py,tren)]** that stand out. The atypi-
cal nature of [Fe(py,tren)}*>” (in the sense of trends) is primarily due to
electronic effects which result in short Fe—N(1) and Fe-N(2) bonds (see
Section B(iii)(b)). Why the [Co(pystren)]?* complex is anomalous is not so
clear (see Section B(ii1)(c)).

(iii) Special features of the [M(py,tren)]’™ compounds
P

(a) [Mn(py;tren)](BF,),
Within the [M(pystren)]?* series, the Mn(II) compound is the most

distorted from a regular octahedral coordination polyhedron. It also has the
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largest difference between mean M-N(1) and M-N(2) distances. The Mn to
N(7) distance is less than the sum of the van der Waals radii (see Section
B(i1)(b)), and [Mn(py,tren)|(BE, ), is described as more than six-coordinate.

(b) [Fe(py,tren)](BF,),

The effects of orbital occupation on M-N distances is particularly
striking in the [Fe(pystren)]?* complex, the only low spin compound in the
series. The electron configuration of Fe(Il) is («;)*(1le)* which maximizes
electron density toward the bridging amine (giving the longest M—N(7)
distance in the series) while minimizing the electron density toward the
imine and pyridine nitrogen atoms (giving the shortest M—N(1) and M-N(2)
distances in the series). The short M--N distances make the Fe(Il) complex
unique in this series due to an enhanced interaction between filled le
orbitals on the metal and empty «* orbitals on the a-diimine moiety of the
ligand. A more detailed explanation of this interaction is given in Section
B(iv)(b) which describes the a-diimine moiety.

The chelate bite distance, b, remains almost the same (2.639( R3.7)--2.684-
(R7.4) A) for all complexes except [Fe(py,tren)]” . where it is shorter at
b= 2.544( R4.3) A. The relatively constant bite distances are not surprising
in view of the limited flexibility expected in the a-diimine moiety due to sp*
hybridization of all non-hydrogen atoms. A simple electronic argument
Jjustifies the shorter bite found in the iron complex. In this almost octahedral
complex the 18 electron rule is observed in the sense that the ligands donate
six lone pairs to a low spin d® Fe(Il) ion which accepts them in empty
orbitals. Four of the metal orbitals are the high lying s and p AOs, whereas
the other two are d orbitals, canonically represented as &.: and d . :
(which have e, symmetry in the O, group) [55]. This donation from the
ligands transfers a certain amount of electron density to the metal. In all of
the other [ML]?" complexes the metal e, (3e) levels are half or totally filled
with the consequence that not only the average M—N bond order, but also
the ligand-to-metal charge transfer, is significantly reduced. We presume
that the size of the N --- N bite is regulated by the extent of the repulsion
between the lone pairs on the nitrogen atoms within each «a-diimine moiety.
As negative charge is depleted from these lone pairs, the repulsion decreases,
and the bite distance decreases, as observed for [FeL]?'. However. for the
other complexes that have electrons in the metal e, orbitals, the 6 M-N
bonding is reduced, more charge accumulates in the lone pairs of the
nitrogen atoms, and the bite distance is larger. A similar trend was also
observed in the comparison between [Fe(phen),]** and [Ni(phen),]**. even
though the bite distance in the N—-C-C-N chelate in phen has much less
flexibility for opening or closing than in pystren [56].

As already noted in the MO discussion and illustrated in Fig. 6, the 1e
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level stabilizes toward TAP coordination geometry, and a filled le level
helps make the coordination polyhedron of the iron compound the most
nearly TAP within the [M(py,tren)]?* series.

(c) [Co(py;tren)](BF,),; an anomalous Co—N(7} distance

To our knowledge [Co(py,tren)](BF,), is the only Co(II) compound that
can be considered to be heptacoordinate. However, as described in Section
B(ii)(b), we consider the metal(II)-N(7) interaction to be only weakly
bonding. The lone pair on N(7) seems to “float” on the van der Waals
surface of the metal ion, being attracted closer by the overall positive charge
on the metal ion only when there are fewer than four electrons in the region
between the metal ion and the donor atom.

The M-N(7) distance in the Co(II) compound is anomalous. The interac-
tion between Co(lI) and N(7), although much smaller than the interaction
between Co and the strong-field a-diimine nitrogen atoms, raises the energy
level of the a, orbital and may, in the case of Co(1Il), interchange the a4, and
le energy levels. The actual point symmetry of [CoL]?* is C,, in which the
degeneracy of the e levels is removed. But since mean values for parameters
in each arm are used in this discussion (increasing the symmetry to C;) the
higher symmetry C, model is still appropriate. The two possible ground
state electron configurations for high-spin d’ Co(Il) in C, symmetry (but
with levels labeled as in the MO discussion) are shown in 10.
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Note that a small, perhaps not observable, Jahn-Teller effect is predicted
for the configuration on the left. Also, the energetics associated with
spin—orbit coupling for this configuration are larger than those expected to
result from a Jahn-Teller effect [57]. A ground state with the configuration
given on the right is more reasonable, on the basis of the Co-N(7) distance
which is much shorter than expected for two electrons in a,. However, the
Co—-N(7) distance is not as short as would be predicted from Fig. 7 for only
one electron in the a, orbital, but lies between values expected for one or
two electrons in the @, orbital. A comparable Co—N distance has been
observed in an analogous d’ Co(Il) six-coordinate, distorted octahedral
complex, [Co(terpy), (ClO,), - 0.5 H,O, which is described as 70% high-spin
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TABLE 2

Solid state magnetic data for the [M(pystren)}(X), (A), [M(6 Me py;tren)}(X), (B). [M(py-
tren){(X), (C) salts

M X" Temperature xmlcorr) x 10 ° Eerf
(K) (c.g.5) (BM)

(A) Mn PF, 296 14,578 588

BF, 296 14,441 5.85

I 297 14,329 5.84

Fe PE, 297 119 0.53

BF, 298 151 0.60

i 298 132 0.56

Co PF, 296 8,319 4.44

BEF, 296 8,558 4.50

1 296 8391 4.46

Ni PE, 300 3,872 3.05

BE, 301 3,880 3.06

1 301 3816 3.03

Cu PF, 297 1,423 1.84

BF, 297 1.439 1.85

1 297 1,438 1.85

(B) Fe PF, 2975 11,937 5.33

Ni PF, 300 3,779 3.01

O Cu BF, 300 1,424 1.85
* Corrected molar susceptibility. Diamagnetic corrections: [M(pyytren)}(X),: —297x10°°

cgs. (PE), —243x10°° cgs. (BF, ), —271x10 ° c.gs.(1); [M(6Me-pyitren)(PF, ) :
—341X10 ¢ c.g.s.; [Cu(py- tren)(BF,),: —205x10 ®c.gs.

and 30% low-spin Co(II) [58]. The average Co-N bond distance is 2.10 A in
[Co(terpy),]°” (compare with 2.149( R56) A in [Co(py,tren)](BE,),). No
disorder within the cation was detected in the X-ray crystal structure
analysis of [Co(terpy), (ClO,), - 0.5 H,O [59] or [Co(py,tren)|(BF,),, which
18 similar to that reported in other room temperature crystal structure
analyses of complexes displaying a high /low-spin equilibrium phenomenon
[60,61]. However, an analysis of difference vibrational parameters,
AU(M-N), following the method of Chandrasekhar and Biirgi [62] reveals
no evidence for either a Jahn-Teller distortion or high /low-spin equilibrium
in [Co(py,tren)(BE,),.

Magnetic susceptibility data for [CoL|(BF,),, [CoL}(PF,), and [CoL]l,,
where L = py,tren, are given in Table 2. Magnetic susceptibility values for
d’ Co(Il) high-spin octahedral complexes lie in the range p g, = 4.8 to 5.2
BM at room temperature [63], whereas the [CoL]*" values are lower. For
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[CoL)(BF,), the magnetic susceptibility dependence upon temperature is
linear in the region from 32 K (p = 4.40 BM) to 296 K (u = 4.45 BM),
again indicating no high /low-spin equilibrium.

Finally, it is interesting to compare [Co(pystren)]’” with two cobalt
complexes that have no spin-equilibrium properties but have a non-bonded
interaction between Co and a bridging tertiary amine atom that is exactly
similar to our Co—N(7) interaction, where N(7) is located directly above the
a, metal orbital that projects along the molecular three-fold axis. The two
tetrahedral cobalt complexes have the flexible tripodal ligand np,, tris-(2-di-
phenylphosphinoethyl)amine, which maintains C,, symmetry with the bridg-
ing amine atom located directly above the 4. orbital of the cobalt atom (see
11).

In [(np;)CoBr]™ the d7 Co(1I) metal ion has one electron in the metal d.:
orbital projecting toward the bridging amine nitrogen atom in np,; and the
Co-N non-bonding distance is 2.73(1) A [64]. In [(np;)CoBr] the d® Co(I)
has two electrons in the d,. orbital and the Co-N non-bonding distance
increases to 3.34(1) A, exactly as expected for an increase of one electron in
an orbital that projects from cobalt toward the bridging amine nitrogen
atom [65]. These two values for the distances, 2.73(1) and 3.34(1) A, when
plotted in Fig. 7, fall where expected for one electron, (a;)!, or two
electrons, (a,)?, for a non-bonding Co-N(7) distance. This is remarkable
and seems to indicate that the direct repulsive interaction between electrons
in metal orbitals projecting toward donor atoms dominates the determina-
tion of non-bonding distances, making less influential other factors that
differ in the comparison between these np, and pystren complexes, such as
six-coordinate octahedral vs. four-coordinate tetrahedral coordination poly-
hedra, or Co(I) vs. Co(II) formal oxidation states.
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(d) [Ni(py,tren)](BF,), and [Ni(pytren)](PF, ),
Two structures, each with a different anion (BF, or PF ). were de-

termined with the [Ni(py,tren)]®” cation in order to assess crystal packing
forces (vida infra). The coordination polyhedra of both [NiL]}(BF,), and
[NIiL}PF,), follow closely after iron in approaching a TAP conformation.
The nickel compounds have the smallest differences between mean M-N(1)
and M-N(2) bonds (about the same as that found in the iron compound)
but there is a more pronounced twisting of the coordination polyhedron
toward a TP conformation in nickel (¢ =49.1 and 50.9° in the BF, and
PF,  salts, respectively) than in the iron compound (¢ = 54.0°) due to the
larger ionic radius of high spin NiyIl) compared to low spin Fe(Il) (see
Section B(ir)(c) and ref. 51).

(e} Jahn—Teller distortion in [Cu(py,tren)](BF,),

The Cu(Il} compound is unique in the series in that it shows considerable
distortion from C, symmetry. The distortion from C; symmetry is clearly
visible in Fig. 5, where the central double circles representing the N(7) and
M atoms (which usually lie on a pseudo three-fold symmetry axis) are
shifted relative to those in all the other complexes.

The individual values used to calculate the weighted mean parameters
given in Table 1 for [Cu(pystren)]*” are sometimes as much as 100 standard
deviations different from each other. The distortion is dramatically reflected
in the individual metal-nitrogen bond distances (Table 3). The ranges
shown in Table 3 are highly significant compared with the corresponding
ranges exhibited by the other complexes. The latter ranges are ~ 3 sigma for
M-N(1) distances and ~ 36 sigma for M—N(2) distances. Thus, a large part
of the magnitude of the distortion in {Cu(py;tren)|(BF, ), clearly arises from
an electronic effect of the Jahn-Teller type, as expected for a d°
hexacoordinate complex, and not from packing effects. An estimation of the
amplitude of the Jahn-Teller distortion can be obtained from the dif-
ferences, AU(M-N), in atomic mean-square displacements /(M) and U(N)
along M-N bonds [66a]. The Jahn-Teller radius calculated [66b] for the

TABLE 3

Cu-N(1J) bond distance (A) Weighted mean Range
Cu-N(11) 2.089 (3)

Cu-~N(21) 2.184 (3) 2.102( R58) ~ 65 sigma

Cu-N(31) 2.047 (2)

Cu-N(12) 2.305 (3)
Cu-N(22) 2.052 (2) 2.143(R93) ~ 100 sigma
Cu-N(32) 2.160(2)
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copper compound is 0.197 A, which is smaller than values found in com-
pounds displaying only a static Jahn—Teller distortion. Even the short Cu~-N
bonds have an appreciable value for A(Cu-N), which indicates the presence
of a dynamic as well as a static Jahn-Teller distortion in [Cu(py,tren)]*~.

The gross character of the distortion is best described as orthorhombic
1.e., the imine nitrogen with the shortest Cu—N distance 1s “rrans™ to the
pyridine nitrogen atom with the shortest Cu-N distance. Similarly, the
imine and pyridine nitrogen atoms with the longest Cu-N distances are
mutually “frans . Other Cu(1I) complexes with similar tris( a-diimine) ligands
such as bipy and phen also show a Jahn-Teller effect [67]. In both
[Cu(bipy),]** and [Cu(phen),]*" elongated tetragonal CuN, chromophores
with approximate C, symmetry are observed [68]. The nature of the
Jahn- Teller distortion in [Cu(pystren)]** is different from the very similar
[Cu(bipy);]** and [Cu(phen);]?* complexes. The structure of the pystren
ligand affects the nature of the Jahn—Teller distortion. The site symmetry of
[Cu(pystren)]?* is reduced to C,, with a ligand conformation similar, but
much exaggerated in the magnitude of the distortion, to that found for the
other [M(py,tren)]?* cations which have pseudo-C, site symmetry (see
Section B(iv)e)).

Despite the variation between individual Cu—N bond distances and the
resultant distortions found in [Cu(pystren)]?*, the weighted mean parame-
ters for this complex fit smoothly, and are used without further qualifica-
tion, in the description of the overall trends within the series of [M(py,tren)]**
complexes.

(f) [Cu(py - tren)]* ™, the hydrolysis product of [Cu(py;tren)]®*

The [Cu(py,tren)]?* complex is unstable with respect to hydrolysis com-
pared with the other [M(pystren)]?” complexes. It is conceivable that the
ready reactivity of the copper complex is in part a consequence of the one
particularly long bond (Cu-N(12) = 2.305(3) A) in [Cu(pystren)]?*. The
product of the hydrolysis of [Cu(py,tren)]?" corresponds to the parent
chelate with two of the three possible 2-pyridinecarboxyldehyde fragments
removed, giving the new species, [Cu(py - tren)]*™.

H\ —_
ot Hp0 = M ,CHz CHZ N N
[Cu(pysfren)] + 2H20 m’;"‘ 2 \ r\{ C\\O + |Cu

N
\(CH.‘,—CHZ—NHZ}
2

[Cu(py—tren)]z*

The crystal structure of the hydrolysis product, [Cu(py - tren)|(BE,),,



114

shows that the Cu(Il) ion coordinates to the five nitrogen atoms of the
py - tren ligand resulting in a distorted trigonal bipyramidal coordination
polyhedron. This is in agreement with the known disposition of copper to
form five-coordinate complexes and the shape is similar to that found in
[M(tren)(NCS)]* (M(II) = Cu and Zn) [69-71] and [M(Mg,tren)X]" (M(II)
= Mn, Fe, Co, Ni, Cu and Zn; Me,tren = N(CH,CH,N(CH;),),) [72-74]
where a tren moiety is functioning as a tripodal ligand with the unique
tertiary nitrogen atom occupying the axial site and the remaining nitrogen
atoms the three equatorial sites. In [Cu(py - tren)]* ", all five coordination
sites are occupied by the donor atoms of the pentadentate py - tren higand.
The crystal structure analysis of the hydrolysis product suffers from anion
disorder and a space group ambiguity, and will not be further discussed.
Structural parameters and atomic coordinates are given in Section C(in).

(8) [Zn(py,tren)](BF,),
The 3e level is filled in the d'° Zn(II) ion. As shown in Fig. 6(a), the 3e

level stabilizes toward TP coordination conformation. Thus it is not surpris-
ing to find that the zinc and manganese compounds, both of which have a
large fraction of their “d” electron density in the 3e level, are the most
distorted toward TP coordination conformation within the [M(py,tren)]**
series.

(iv) Structure of the py.tren ligand

For convenience, the py,tren ligand will be discussed in terms of (a) the
tren bridgehead, (b) the a-ditmine moiety, and (c) the pyridine ring. The
overall conformation of the ligand will then be described.

Weighted mean values for some distances and angles within the py;tren
ligand are given in Figs. 9 and 10, respectively. For those distances and
angles that are statistically of the same population throughout the
[M(py,tren)]*" series, an estimated standard deviation (e.s.d.) serves as a
measure of the range of values. For those parameters which are not
statistically of the same population, a normalized range of the individual
values used in calculating the mean i1s given. The use of a normalized range
value is indicated by the letter R in the parentheses following the mean
value. A summary of weighted mean values for the various types of
carbon-hydrogen bond angles and distances has also been made [75].

(a) The tren bridgehead

The M-N(7) distance is directly determined by the size of the metal ion
and the orbital population of the metal g, orbital, as previously discussed in
Section B(i1)}(b). The tren ligand appears to be flexible in accommodating
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Fig. 9. Weighted mean values for bond distances (;\) within the pyytren ligand. The numbers
within the parentheses represent estimated standard deviations (e.s.d.) in the least significant
figure, for those means with R < 5.9; the cut off value signifying the values averaged are from
the same population at a 99.5% confidence level for a sample size of 21. (R is defined in
footnote a of Table 1.) For R > 5.9 the es.d. is undefined since the individual values are
significantly different at the 99.5% confidence level. (a) The N(7)-C(1) distance varies as a
function of the metal-nitrogen repulsion within the constraints of the bridgehead geometry,
see text, (b) Upper values do not include [FeL}(BE,), values in the calculation of the mean,
Weighted mean values for [FeL)(BF,), are given as the lower figure. (¢) These values seem to
show a variation due to effects from packing or from the metal to pyridine—nitrogen binding,
see text. (d) Weighted mean values involving hydrogen atoms are determined from a sample
size of 18 (99.5% confidence level obtained when R < 5.8). The hydrogen atoms in [NiL}(PF,),
are in calculated positions and were not refined.

increases in M—N(7) distances through rearrangements of the bridgehead
conformation about N(7) from tetrahedral to planar, as can be seen in the
values given in Table 4. There is a linear relationship between the M-N(7)
distance and the ligand conformation about N(7), except in [CoL}(BE,),
where the bridgehead structure is more tetrahedral than expected due to a
short Co—N(7) interaction, and in [NiL}(PF;), which has a different anion
and consequently different packing forces than the other compounds in the
[ML])?* series. Also, as the N(7) goes from an approximately sp°
(Mn-N(7)-C(1) = 112.6(2)°) to a sp* (Fe-N(7)-C(1) =120.0(3)°) hy-
bridized state the N(7)-C(1) bond distance decreases by 0.031 A in a linear
relationship.
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Fig. 10. Weighted mean bond angles (degrees) within the py,tren ligand. See caption of Fig. 9
for explanations of range values (R). (a) These values vary with changes in the bridgehead
geometry, see text. (b) See note (b) Fig. 9. (¢) See note {¢) Fig. 9. (d) See note (d) Fig. 9. (e)
Weighted mean values involving atoms H(1) through H(4) are as follows:

H(1)-C(1)~H(2), 106.9( R7.3)(c.d);

H(3)-C(2)-H(4), 109.2(6); N(7)-C(1)~H(1), 111.3(4);

N(7)-C(1)-H(2), 109.1(4); H(1)-C(1)-C(2), 109.4(4);

H(2)-C(1)-C(2), 108.7(4); C(1)-C(2)~H(3), 112.1(4);

C(H-C(2)-H(4), 110.4(4); H(3)-C(2)-N(1), 106.5(4):

H(4)-C(2)-N(1), 109.6(4).

TABLE 4
Weighted mean values describing the py,tren bridgehead geometry
C(1H)-N(7) M-N(7) N(H-C(1) C(H-C(2) N(7)
(1) ~-C(1) ~-C(2) ~N(I) ~-C(D)
MnL(BE,), 112.6 (2) 106.2 (1) 110.5(2) 107.3(2y 1.467 (3)
FeL(BF,), 120.0 (3) 90.0 (2) 116.1 (3 111.2 (2) 1.436 (4)
CcL(BF,), 1142 (R4.8) * 104.2 (R5.6) 110.1 (2) 107.8 (2) 1.457 (3)
NiL(BE,), 117.5(3) 99.2 (2) 111.4 (3) 109.7 (3) 1.435 (5)
NiL(PF;), 118.2 (2) 97.8 (1) 112.1 () 109.8 (2) 1.449 (4
Cul.(BF,), 116.5 (R4.7) 101.1 (R23) 110.9 (2) 109.5 (2) 1.441 (3)
ZnlL(BE,), 115.3 (2) 102.7 (1) 110.6 (2) 108.7 (2) 1.448 (3)

* See footnote * in Table 1 for explanation of R values. The 99.5% confidence level that the
three measurements averaged are of the same population is given by R < 44,
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Within the ethylene diamine part of the tren moiety (N(7)-C(1)-C(2)-
N(1)), the arms have the “gauche” configuration, as in similar complexes
containing a R tren ligand [76]). However, only the [M(pystren)]?” com-
plexes reveal extensive changes in bridgehead geometry, from tetrahedral to
trigonal planar, about the bridging tertiary amine (N(7)) atom.

(b) The a-diimine moiety

For iron, a-diimine molecules are strong-field ligands. From spectro-
scopic evidence it 1s shown that in some cases these molecules are able to
activate d,—p, interactions with the metals to which they are coordinated
[78]. This is also a well known feature of other conjugated m-chelate ligands.
Some of us have recently discussed this feature in related ligands such as
N, N’-ethylenebis(thioacetylacetoneiminato), sacacen [79], and in the tetra-
imine macrocyclic ligand, TIM [80,81], which contains a-diimine moieties.

It is apparent that the possibility of #-bonding interactions with the metal
also improves the o-bonding capabilities of the ligand. In other words, as the
metal-atom to donor-atom distance becomes smaller, a strong field character
of the ligand develops due to synergistic o- and 7-bonding effects.

In the present series of compounds the bond distances within the a-diim-
ine moiety of the pytren ligand are practically constant except for
[FeL](BF,), which shows “special character”. Figure 9 shows that for
[FeL](BF,), there is a statistically significant lengthening (by ~ 4 e.s.d.) of
the C(3)-N(1) and C(4)-N(2) multiple bond lengths, concomitant with a
statistically significant shortening (by ~ 5 e.s.d.) of the C(3)-C(4) bond
length. Using the bond length to bond order relationship given by Bayer and
Hafelinger [82] for C=N bonds, we estimate the C(3)=N(1) #-bond order to
be ~ 0.74 in [FeL|(BF,), and 0.86 in the other [ML]?* complexes. A similar
analysis using Pauling’s relationship between bond length and bond order
[83] indicates that the magnitudes of the decrements in the pyridine ring
C(4)-N(2) =-bond order and the increase in C(3)-C(4) #-bond order are
also small (ca. 0.1). It should be noted that the mean value of the C(3)-C(4)
bond length [1.459(1) A] in the [ML]?* complexes (excluding Fe(II)) is
already shorter than that expected for a sp’-sp> C-C single bond. Electron
diffraction studies report sp”’—sp® bond lengths of 1.489(8) in bipheny! [84]
and 1.515(15) A in hexaphenylbenzene [85]. The latter values presumably
correspond to a sp*—sp? C—C interaction free of m-electron delocalization
effects since the phenyl rings in these latter compounds are non-planar
(dihedral angles between rings are 41.6 and 90°, respectively).

If the crystallographic data themselves suggest a “special character” to
the iron complex, much more dramatic evidence is provided by vibrational
spectroscopy. In Fig. 11 the IR bands associated with the a-diimine chromo-
phore of the Fe(II) complex ((C) in Figure 11) show that this compound is
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Fig. 11. Infrared spectra in the 17001550 cm ' region for the [ML]"* complexes. Infrared
spectra (higher energy to the left) for (A) [Ni{py;trem)(PE,), as a nwol mull; (B) [Ni(6
Me:pystren)|(PF,), as a nujol mull; (C) [Fe(pystren)}(PF,), as a nujol mull; (D) [Fe(6
Me-pytren)(PE, )}, as a nuol mull; (E) [Zn(pystren)}(BF;)- as a nuol mull: (F)
[Zn(py;trem)(BF,), in d;-acetonitrile solution; (G) [Cu(py;tren))(BF,), as a nujol mull, and
(H) {Cu(pystren)(BE,), in d;-acetonitrile solution. In all cases (except for (C)), the highest

energy envelope (to the left) is assigned to C=N stretching modes and the two lower cnergy
envelopes to pyridine vibration modes,

unique within the series. In the spectra for all of the complexes the highest
energy envelope is clearly identifiable and assignable to a C=N stretching
mode. Similarly the two lower energy envelopes are assigned to pyridine
vibration modes [32]. Clearly the situation is different for iron: the intensi-
ties of the envelopes are reduced and assignments are speculative. The
tendency for the C-—-N stretching band to have a low intensity for low-spin
Fe(Il) «-diimine complexes has been previously observed [86]. This confirms
the “special character” of the Fe(Il) complex but Raman spectra are
required for unambiguous assignment of the C-N stretching vibration. For
the Fe(Il) complex this vibration occurs at 1616 cm ! whereas all the other
complexes exhibit C~N bands in the 16501670 cm ! range [86]. Thus, the
proposal that the C-N bond order is smallest for the Fe(II) complex is
supported by the Raman spectra.

We now refer back to the MO picture in Section B(ii)(a) to understand
more about ML w-interactions, clearly evident in [FeL]*", and to rational-
ize the different behavior of the other complexes. It was mentioned that each
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a-diimine chelate has #-acceptor bonding capabilities due to the presence of
an empty 7* orbital (as shown in either diagram 4 or diagram 5) at low
energy. It was also pointed out that, of their symmetry combinations, only
the one having e character matches with metal 4 orbitals to give rise to
bonding and antibonding M-L 7 MOs. The antibonding level (2¢ in
diagram 6) is not populated in the iron complex. This empty orbital
accounts for any M-L a-backdonation which occurs. The overall effect
cannot be expected to be large since each Fe—N bond can have at most only
2/6(=1/3) double bond character. Recall that the a-diimine #-acceptor
orbital is shared by the two nitrogen atoms and that one of the three # MOs
of the ligand (a,) is not involved by symmetry) in any interaction with the
metal. Finally, the perturbation theory arguments which are based on
overlap and the energy gap, are not optimal for a strong w-interaction.
Nonetheless, the 7 back-donation occurs for low spin Fe(II). It was shown
in Fig. 6(c) that, although not as large as at TP, the electron density accepted
by the ligand #* orbital is not null at TAP. In addition, the experimental
crystallographic evidence of the lengthening of C=N and of the shortening
of C-C bonds 1s in agreement with the nature of the accepting ligand
m-orbital, as the latter has both C-N #* antibonding and C-C # bonding
character.

We have previously argued that in all of the py,tren complexes where two
or more electrons occupy the higher energy MOs (above a, and le), the
distortions from TAP avoid an electron occupancy of the ligand-metal «*
levels (namely 2e in 6, but a, as well). It can also be argued that in the
other complexes of the series a vacancy in these levels can activate M-L
m-backdonation effects similar to those observed in the iron compound. The
point to be made is that the presence of electrons in the M—L o* orbitals
induces a dramatic elongation of all the M-N bonds. Even though still
allowed by symmetry, the M—-L « interaction is greatly reduced because the
poorer ¢ interaction also limits the possibility of good M-L d_-p_ overlap.

(c) Trends within the pyridine rings

A comparison of the pyridine rings in the [ML]?>* complexes with 32
similar pyridine rings in other metal complexes reveals that they have
remarkably similar features, differing mainly in parameters associated with
the pyridine nitrogen atoms due to the variety of different attached metal
ions [87a). The pyridine rings in the [ML]?** series of complexes differ from
the general pattern only in having mean bond lengths for C(6)-C(7) and
C(7)—C(8) which are slightly shorter (by 0.013 and 0.016 A, respectively).

However, within the overall pattern noted above there exist significant
systematic trends in the [ML]?" series [87b]. We conclude that differences in
the local environment about each arm of the isomorphous compounds are
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more important in causing variations in distance and angle values than are
differences resulting from changes in metal ions.

The pyridine rings are not exactly planar but deviate from planarity by
small significant amounts. There is a slight boat shape to the pyridine ring.
Each hydrogen atom deviates from the plane in a direction opposite to that
of the carbon atom to which it is attached.

Atoms C(3), N(1) and M are also displaced (up to a maximum of 0.2 ;‘\)
from the pyridine ring least-squares plane. These atoms are most nearly
co-planar in the [FeL]*" complex, consistent with this complex having the
greatest m-clectron delocalization in the ligand. These atoms are the farthest
from the pyridine ring least-squares plane in the [CoL]* " complex [88]. The
[CoL)** complex is also unique in that N(7) has the shortest mean distance
(1.320( R95) A) from the pyridine ring least-squares plane, shorter than in
[MnL]**, which has the shortest M—N(7) distance. This has the effect of
forcing the Co(Il) ion farthest (0.150( R110) A) from the pyridine ring
least-squares plane, in the direction opposite to the displacement of N(7).
All metal ion displacements are dependent upon the size of the coordination
polyhedron, M—N,. As M-N, increases, the metal ion displacement from
the pyridine plane increases. The metal ion displacement in [CoL)(BE,), is
larger than expected with respect to M-N,.

(d) Hydrogen atoms: bond lengths and angles, contact distances

Hydrogen atom positions and isotropic thermal parameters, B, have been
refined for all [ML]?* complexes except [NiL](PF,),. Weighted mean values
for individual bond distances and angles involving hydrogen atoms are given
in Figs. 9 and 10, respectively.

An examination of intramolecular contact distances reveals some interest-
ing features about the py,tren ligand. Atom H(9) projects toward a pyridine
ring of a neighboring arm. As the coordination polyhedron size, M-N,
decreases the ligand wraps about the metal in a tighter fashion. This causes
H(9) to move closer to the metal, with the shortest contact distance being
3.00(3) A for H(9)-Fe, and at the same time brings the H(9) atom closer to
the N(2) atom in this neighboring pyridine ring, with the shortest distance
being 2.52(3) A for H(29)-N(19) in [FeL)BF,),. The latter distance is
significantly shorter than the value of 2.7 A estimated as the sum of the van
der Waals radii for these atoms [89]. These contact distances are given in
Table 5 where it can be seen that there are considerable variations in values
for contact distances within different arms of the ligand. In particular. in
arm 2 all [ML]*" cations have H(29) in close contact with a neighboring
BF,” anion except for [FeL]*" where the H(29) atom has been pulled in
toward the central metal ion. Also, only arm 3 of the [ML]*" complexes has
a relatively short contact between H(39) and a neighboring pyridine ring
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TABLE 5

Selected intramolecular contact distances (A)

MnL- Fel- Col- NilL- CulL- ZnlL-
(BF,), (BE), (BF), (BF,), (BF,), (BF,),
H(J9)-M arm1l 3.39(3) 3.07(3) 3293 325 344(2) 3.36(3)

arm?2  329(3) 300(3) 316(2) 311(3) 3.06(2) 3.22(3)
arm3  335(2) 304(3) 328(2) 320(4) 3.25() 3.30(3)

H(J9)-N(J'2)* arml 270(3) 255(3) 266(3) 271(4) 291(3) 269(3)
arm?2  2.80(3) 252(3) 267(3) 272(4) 272(2) 274(3)
arm3  261(3) 257(3) 2.58(3) 266(4) 267(2 2.66(3)

H(39)-C(28) 279(3) 3.02(3) 282(3) 290(4) 284(2) 2.85(3)
H(J4)-H(J5) * 217() 226(3) 215(2) 216(3) 223(2) 217(2)

aJ'=J—1, except J'=3 for J=1. ® Weighted mean value with pooled e.s.d. of the mean
given in parentheses.

carbon atom C(28). As the M-N, size decreases the H(39) atom shifts its
position away from C(28) toward N(22). The increase in H(39)-C(28)
contact distances from 2.79(3) A in [MnL}(BE,), (comparable to the van der
Waals sum of the radii) to 3.02(3) Ain [FeL](BF,), is linear with decreasing
M-N;,. Also, it was the step-wise substitution of a methyl group for H(9)
atoms in the arms of the pystren ligand that allowed the “fine tuning” of
ligand-packing effects where the steric interaction of the methyl group forces
Fe—N bond distances to increase, which changes the metal orbital energy
levels sufficiently to give rise to a range of observed magnetic behavior (true
spin equilibrium) in the [Fe(6Me - py, py;_trem)]** (where n=1, 2 or 3)
complexes [35-38].

The remaining intramolecular contact distances given in Table 5 show
that there is a close contact between H(4) and H(5). The ligand shows a
range of torsional angles about the C(2)-N(1) bond as the ligand twists to
relieve strain or to accommodate a preferred conformation (Fig. 12). The
twists are presumably constrained by the close H(4)-H(S) contacts, but
there is no correlation between the torsional angles about the C(2)-N(1)
bonds and the H(4)-H(5) contact distances.

Our hope to elucidate the packing forces arising from the interaction of
[ML]?* cations and BF,” and PF, anions was frustrated due to anion
disorder in crystals of all compounds. Some of the anion disorder models are
described in detail [90-93]. Hydrogen atoms H(14, 15, 16, 17, 18, 25, 29, 31,
35, 36, 37 and 38) tend to have close contacts with the anions. Reference to
Figs. 9 and 10 shows that the individual values for bond lengths and angles
involving hydrogen atoms vary, and it is presumed that this variation is due
to packing forces.
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(e) Overall conformation of the py tren ligand

The py,tren ligand appears to be very flexible in the tren bridgehead
moiety containing the tertiary bridging amine atom and the ethylene diam-
mine arms. This flexible bridgehead is connected to the rest of the arm that
contains the strongly-ligating nitrogen atoms in the a-diimine moiety. The
a-diimine moiety is relatively rigid and co-planar with the pyridine ring due
to m-electron delocalization. As the coordination polyhedron size (M—N,)
decreases the ligand wraps itself more tightly about smaller metal 1ons to
approach the trigonal antiprismatic (TAP) coordination geometry predicted
to be most stable. The ligand twists about the C(2)-N(1) bond of each arm
to allow optimal metal-to-a-ditmine bonding, as can be seen in Fig. 12.

The values for the torsional angles correlate smoothly with the M—N,
size; as the coordination polyhedron size decreases the torsional angles
about C(2)-N(1) increase. The 18° range of values for the C(2)-N(1)
torsional angle is large, and the only restriction to twisting about this bond
is minimal, due to close contacts that can occur between H(4) on C(2) and
H(5) on C(3), as discussed in Section B(iv)(d). The 3° range of torsional
angle values about C(1)-C(2) is typical for an ethylenediamine moiety. The
ranges of values about N(1)-C(3) and C(3)-C(4) are small, as expected for
an a-diimine moiety with delocalized m-electron density. Bond angles about
C(1), C(2) and N(1) also vary as a function of the metal ion size, as shown
by the large R values in Fig. 9 and as previously discussed in Section
B(iv)(a), providing further flexibility to the “tren” part of the ligand.

The general nature of the deviation from 3-fold symmetry can be de-
scribed for the isomorphous [MLYBF,), compounds (M = Mn. Co. Ni, Cu

TORSIONAL ANGLES

cll)
N 531 — 56.3°
N(7) ci2)
/ 60.3— 78.8°
N(i)\ o] 4.8
PRGN 4 — 4.8°
e cl3)
.
m2* i 0.3— 7.4°

Fig. 12. Range of mean torsional angles within the py;tren ligand. The torsional angle about
C(1)-C(2) is defined as the dihedral angle between the plane defined by N(7)-C(1)-C(2) and
the plane defined by C(1)-C(2)-N(1). An analogous definition holds for all the other
torsional angles.
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and Zn) as a spreading apart of ligand arms 1 and 2 accompanied by other
small motions. It was pointed out in Section B(iv) (c¢) that there are
differences in the local environment about each arm, and that these confor-
mational distortions persist in the [ML]?" series regardless of metal ion
type. A close inspection of selected parameters (given in Table 6) describing
the metal-to-a-diimine interaction as a function of arm (rather than a
function of metal or metal ion size) is interesting. To eliminate uncertainty
due to variable packing forces between anions and cations, we discuss only
the isomorphous series of compounds, specifically excluding [CuL)(BF,),
because of its unique distortion due to Jahn-Teller effects. Thus, in the
[ML)(BF,), salts (where M(II) = Mn, Co, Ni and Zn), arm 1 is unique by
always having the shortest M—N(1) and the longest N(1)=C(3) bond dis-
tances; this peculiarity is an indication of a modest metal-ligand 7-bonding
enhancement through the imine nitrogen donor atom. However, arm 1 also
always has the longest (not shortest) M—N(2) bond distance. It is arm 2 that
always has the shortest M-N(2) and longest N(2)-C(4) bond distances,
again indicating a modest metal-ligand #-bonding, but this time to the
pyridine nitrogen donor atom. There are only four exceptions (two excep-
tions that differ by less than 0.001 A and one each that differ by 0.001 A
and 0.002 A, respectively) to these trends among 60 values. Arm 3 tends to
have intermediate values for M—N bond distances. The two M-N bonds
that have been shortened lie in the plane of the chelate ring of arm 3. The
longest M—~N bonds tend to be in positions above and below this plane. The
three chelate rings seem to be related by a “pseudo” two-fold axis, as shown
below in 12.

N{21
!
N(32) —N(22)
arm 3 //>M \ CL Co
N (31— N(it1)

N{12)
12

Arm 1, which always has the one shortest distance (M-N(1)), also always
has the largest displacement of the metal ion from its a-diimine least squares
plane (N(1)=C(3)-C(4) =N(2)), as shown by values of §M(diimine) in Table
6. The values of M(diimine) in arm 1 range from —0.171 to —0.259 A,
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TABLE 6

Arm-by-arm analysis of packing and #-bonding effects within the isomorphous [ML}(BF, )
compounds °

arm Mn Co Ni Zn

(J)
M (diimine) ® 1 —0.259 —-0.186 —0.171 —-0.219

2 —0.159 ~0.177 -~ (1.156 —-0.167

3 —-0.054 —0.022 —0.023 —0.006
SN(diimine) © 1 —-0.002 /0.002 —0.001 /0.001 —0.008 ,/0.007 - (.005/0.005
N(JL)/N(J2) 2 -0.015/0.014 —0.020,/0.018 —0.013,/0.012 —-0.014,/0.012

3 0.010/-0.009 0.013/-0.012 0.007/-0.006 0.008/-0.007
M-N(J/1) 1 2.200 (2) 2.091 (3) 2.077 (4) 2.118 (3)

2 2.200 (2) 2.096 (3) 2.092 (4) 2132 (2)

3 2204 (2) 2.091 (2) 2.091 (4y 2134 ()
M-N(J2) 1 2.348 (2) 2.227(3) 2113 (4) 2.260 (3)

2 2279 (2) 2.157 (2) 2.078 (4) 2.182()

3 2.342 (2) 2.219(2) 2,112 (4) 2.256 ()
N(J1H)=C(J3) 1 1.271 (5) 1.273 (5) 1.273 (%) 1.262 (5)

2 1.260 (5) 1.265 (5) 1.264 (7} 1.263 (4

3 1.260 (4) 1.261 (4) 1.270 (H 1.260 (4)
C(J3)-CiJd 1 1.457 (6) 1.453 (6) 1.465 (9) 1.451 (6)

2 1.459 (5) 1.454 (6) 1.450 (7) 1.466 (5)

3 1.468 (4) 1.452 (4) 1.459 (6) 1.465 (4)
N(J/2)=C(J4) 1 1.348 (4) 1.347 (4) 1.342 (7) 1.344 (4)

2 1.349 (4) 1.354 (5) 1.353 (7) 1.342 (4)

3 1.344 (4) 1.345 (4) 1.348 (6) 1.346 (&)
N(JDH-NJ2) 1 2.679 2.657 2.657 2.694

2 2.658 2.647 2.647 2.671

3 2,677 2.658 2.658 2.687

*All distances are given in AP dM(diimine) is the distance of the metal ion from the
«a-diimine least squares plane defined by atoms N(1)-C(3)-C(4)-N(2). “ §N(diimine) is the
distance of the nitrogen atom from this same plane. A displacement from the least-squares
plane in the direction toward atom N(7) is defined as positive.

where a displacement in the direction toward N(7) is taken as positive. The
displacements are smaller in arm 2, and very much smaller in arm 3, where
8M(diimine) ranges from —0.006 to —0.054 A, indicating that the chelate
ring in arm 3 in almost planar. The metal-ligand 7-bonding interaction
should be greater for N-imine than N-pyridine (see molecular fragment 5 in
Section B(ii)(a), which shows that N(1) has a better developed w-bonding
capacity than N(2)). Consistent with this is the fact that the C(3)-C(4)
bonding distance is usually shorter (again indicating metal-ligand #-elec-
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tron delocalization) in arm 1 where the largest 7 interaction occurs. Notice
that the chelate bite distance, b, is usually longest in arm 1, and usually
smallest in arm 2.

The pattern of distortions due to packing forces within the isomorphous
series can be summarized as consisting of one nearly planar chelate ring with
approximately equal M—N bond distances, and two chelate rings each with a
displaced metal ion and one short and one long M-N bond distance,
producing a coordination polyhedron with approximate two-fold symmetry.
This pattern seems to persist in [FeL]?", not a member of the isomorphous
series. [FeL]?>" is the most symmetric (coordination polyhedron closest to
trigonal antiprismatic, and smallest distortions of the ligand conformation)
complex in the [ML]?* series and has very strong metal-ligand 7-bonding
interactions with six nitrogen donor atoms. Finally, arm-by-arm distortions
are present, but the pattern is different, in [NiL](PF),.

Distortions in the local environment about ligand arms are caused by
packing forces between cations and anions. Pseudo C, symmetry seems to
be maintained in the [ML}>* complexes, while the nature of the distortions
favors, in part, weak 7-bonding interactions.

C. EXPERIMENTAL
(i) Syntheses

The reagents used as starting materials were obtained commercially and
used without further purification. All solvents were reagent grade. Reactions
were carried out at room temperature unless otherwise specified. All prod-
ucts were dried at room temperature over P,O,, for approximately 12 h at 1
Torr. Analytical results for [M(py;tren)|(X),, [M(6Me - py,tren)}(PE),, and
[Cu(py - tren)](BEF, ), salts are reported in Table 7.

Isolation of the 2,2',2"'-triaminotriethylamine - trihydrochloride salt, tren - 3
HCI
Tren - 3 HCl was isolated and purified as previously described [32].

Preparation of the tris[4-(2-pyridyl)-3-aza-3-butenyl]aminemetal(1l1) hexa-
fluorophosphate salts, {M(py.tren)[(PF),, M(I1I) = Mn, Co, Ni and Cu

The PF, salts were prepared and purified as previously described for the
Ni(II) compound [32]. Yields for the [M(py,tren)](PFE;), salts are: Mn (1.36
g, 46%), Co (1.70 g, 57%), Ni (1.43 g, 48%), Cu (1.35 g, 45%).

Preparation of the tris[4-(2-pyridyl)-3-aza-3-butenyl]amineiron(1l) hexa-
fluorophosphate salt, [Fe(py;tren)](PF),

FeCl,-4 H,O (0.78 g, 3.9 mmol) was refluxed for 1 h in 50 ml of
methanol which contained 1.0 g of iron powder. The resulting hot methanolic
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solution was then filtered, under dry nitrogen, into 100 ml of an aqueous
solution containing tren- 3HCI (1.00 g, 3.9 mmol), NaOH (0.47 g, 11.7
mmol) and 2-pyridinecarboxaldehyde (1.25 g, 11.7 mmol). After addition of
a filtered solution of NaPF, (1.35 g, 8.0 mmol) in 20 ml of water, the deep
red solution was allowed to stand overnight at room temperature. The dark
red crystals which volunteered were collected and recrystallized from a 1: 3
(by volume) acetone—hexane solvent mixture. Yield, 1.18 g (40%).

Preparation of the tris[4-(2-pyridyl)-3-aza-3-butenyl]aminezinc(1l) hexa-
fluorophosphate salt, [Zn(py,tren)](PF;),

2-Pyridinecarboxaldehyde (1.25 g, 11.7 mmol) was added to a mixture of
tren - 3HCI (1.00 g, 3.9 mmol) and NaOH (0.47 g, 11.7 mmol) dissolved in
100 ml of methanol. After stirring for 1 h, the methanolic solution was
filtered to remove the NaCl which had formed. To the resulting clear yellow
solution, a filtered solution of anhydrous ZnCl, (0.53 g, 3.9 mmol) dissolved
in 100 ml of methanol was added with stirring. Upon addition of a filtered
solution of NaPF, (1.35 g, 8.0 mmol) in 20 ml of water, a yellow crystalline
solid deposited. This solid was recrystallized from a 1:1 (by volume)
acetone—hexane mixture. Yield, 1.51 g (51%).

Preparation of the tris[4-(2-(6-methylpyridyl)-3-aza-3-butenyl]amine-
metal(11} hexafluorophosphate salts, [M(6Me - py,tren)](PF,), M(II = Fe, Ni

Procedures identical to those given above for the preparation of the Fe
and Ni compounds of [M(py,tren)](PF,), were followed, except that 6-
methyl-2-pyridinecarboxaldehyde (1.42 g, 11.7 mmol) was substituted for
2-pyridinecarboxaldehyde. Yields for the [M(6Me - py,tren)](PF; ), salts were:
Ni (1.70 g, 54%), Fe (1.81 g, 58%).

Preparation of the tris[4-(2-pyridyl)-3-aza-3-butenyl]aminemetal(1l) iodide
salts, [M(py,tren)]1,, M(1l) = Mn, Fe, Co, Ni, Cu, Zn

A filtered solution of 50 ml of acetone containing Nal (0.33 g, 2.12 mmol)
was added to a 100 ml acetone solution containing 1.06 mmol of the
appropriate [M(py,tren))(PF), salt. Solids were immediately obtained in all
cases and crystallization was completed by cooling the solutions in an ice
bath for approximately 15 min. Yields for the [M(py;tren)]l, salts were: Mn
(0.65 g, 85%); Fe (0.59 g, 77%); Co (0.68 g, 88%); Ni (0.66 g, 87%); Cu (0.66
g, 89%); Zn (0.71 g, 91%).

Preparation of the tris[4-(2-pyridyl)-3-aza-3-butenyl]aminemetal(1l) tetra-
fluoroborate salts, [M(py;tren)](BF,),, M(11) = Mn, Fe, Co, Ni, Cu, Zn

2-Pyridinecarboxaldehyde (1.25 g, 11.7 mmol) was added to a mixture of
tren - 3HC1 (1.00 g, 3.9 mmol) and NaOH (0.47 g, 11.7 mmol) dissolved in
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100 ml of water. To this aqueous ligand solution, a filtered solution of the
appropriate MCl, - xH,O salt (3.9 mmol) dissolved in 50 ml of methanol
was added with stirring. (Note that for the Fe(Il) complex, the methanolic
FeCl, - 4H,0O solution was first treated with iron powder in the manner
described in the synthesis of the [Fe(py,tren)](PF,), salt; for the Zn(II)
complex, anhydrous ZnCl, was used as the metal ion source.} The solutions
remained clear upon the addition of a filtered solution of NaBF, (88 g, 8.0
mmol) in 50 ml of water. Well-formed crystals of the tetrafluoroborate salts
deposited as these solutions were allowed to evaporate at room temperature
to a volume of approximately 30 ml. The salts were recrystallized from
boiling methanol. Yields for the [M(py;tren)(BF,), complexes were: Mn
(0.95 g, 38%); Fe (0.83 g, 33%); Co (0.96 g, 38%); Ni (0.91 g, 36%): Cu (0.91
g, 36%): Zn (0.79 g, 31%).

Preparation of [(4-(2-pyridyl)-3-aza-3-butenyl)-bis(2-aminoethyl)]amine-
copper(ll) retrafluoroborate salt, [Cu(py - tren)](BF,),, via hvdrolysis

[Cu(py,tren)](BE,), (3.85 g, 8.15 mmol), dissolved in 150 ml of water. was
stirred vigorously with 200 ml of chloroform for approximately 5 h. The
chloroform layer was then separated from the aqueous phase and the entire
procedure was repeated three more times with fresh portions of chloroform,
during which the aqueous phase changed in color from apple-green to blue.
The resulting blue water phase was then taken to dryness under reduced
pressure at 60-65°C and the solid which remained was recrystallized from
boiling methanol. Yield, 1.70 g (61%).

(ii) Physical measurements

Infrared measurements on the solids were obtained with Beckman IR-10
and Perkin-Elmer Model 21 spectrophotometers as Nujol mulls in the range
4000 to 400 cm ' Solution IR spectra were obtained using IR-Tran
windowed cells.

Magnetic susceptibility measurements were obtained on the solids by the
Faraday technique using Hg[Co(NCS),] as the calibrant [94] and are tabu-
lated in Table 2. Values of u_; in Bohr magnetons have been calculated
using the equation p . (BM) = 2.83[ X,,(corr)T]'/? where X,,(corr) is the
corrected molar susceptibility (c.g.s.) and T the absolute temperature (K).
The molar diamagnetic corrections used in determining the X, (corr) values
have been calculated from Pascal’s constants [95]: pystren. —169 X 10" °
c.g.s. units; py - tren, —131 X 107¢ c.g.s. units; 6Me - py;tren, —213 X 10°°
c.g.s. units; PE" anion, —64 X 10 ¢ c.g.s. units; BF, anion, —37 x10°°
¢.g.s. units; I anion, —51 X 10 % ¢.g.s. units.

Conductivity measurements were obtained at 25.0°C using a Beckman
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Model RC-18A conductivity bridge supplemented with a Heathkit Model
IN-27 decade capacitor.

Microanalyses were performed by Alfred Bernhardt, Mikroanalytisches
Laboratorium, West Germany; Galbraith Laboratories, Inc., Knoxville,
Tennessee; and Chemalytics Inc., Tempe, Arizona.

(iii) X-ray experimental techniques

Procedures used for data collection and for solving the structure have
been described in detail for the complexes [MnL}(BE,), [90], [NiL)(BE,),
[91], [CuL](BE,), [92], [ZnL)}(BE,), {93], and [Cu(py - tren)}(BF,), [91] where
L = py,tren. Only the procedures used in general for all the complexes will
be described here. Information specific to each compound is given in Table
8.

The space groups were determined from preliminary Weissenberg and
precession photography. Cell parameters were determined at room tempera-
ture from a least-squares refinement of more than 20 28 values (averages of
+28 and —28) for intense high-order reflections, hand-centered on a Picker
four-circle diffractometer. For each compound a density measured by flota-
tion was compared with a calculated density, providing a check of the
molecular weight and giving the number of molecules per unit cell, Z.

Intensity data were collected at room temperature using MoK« radiation
filtered through 0.001 inch niobium foil. The #— 28 scan method was
employed using the formula of Alexander and Smith [96]:

Scan range =4 + 1.0 tan @

The value of A was determined by measuring the width of some low-order
intense reflections. Stationary background measurements were made at the
start and finish of each scan. Periodically the intensities of standard reflec-
tions were remeasured after each group of about 150 reflections, and these
values were used to calculate a scale factor for each group and also a
stability constant, k, for all of the data collection. Intensity measurements
were recorded in truncated dekacounts and the intensities and their esti-
mated standard deviations were calculated from

I t
I=S— 2tB(Bl +B,) _0_45(2 2 —1)
and
. \* ! 2
0,2=T16[S+( > )(BI+B2) +k2[s+—S(B1+Bz)] +0.25
2ty 2ty

where S = dekacounts recorded during scan times z,, B = dekacounts re-
corded during background time ¢, and k& = empirical stability constant. The
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TABLE 8

Summary of X-ray experimental data (L = py;tren)

MnL(BF,;), FeL(BF,), CoL(BF,;)»
Crystal dimensions (mm) along a 0.31
Crystal dimensions (mm) along » 0.39
Crystal dimensions (mm) along ¢ 0.28
Space group C2/e—C5° P2, /e C5,° C2/c?
Cell parameters
(with standard deviations)
a (A) 28.077 (1) 10.599 (2) 28.064 (7)
b (A_) 10.780 (1) 15.504 (3) 101665 (2)
¢ (A) 19.233 (2) 17.247 (3) 18.995 (3)
B (degrees) 101.29(1) 96.383 (9) 101.32 (2)
Volume (A%) 5709 2817 5575
V4 8 4 8
Calculated density (g cm ™ 7) 1.489 1.516 1.540
Experimental density (g cm ) 1.48 (1) 1.51 (1) 1.53 (1)
Data collection
Reflections per data group 50 140 150
Scan constant, A, degrees 16 1.0 1.0
Group scale factor variation (%) 2.7 1.1
Stability factor used 0.002 0.01 0.003
Unique reflections measured 4982 4866 6326
Type of special reflections —rd -I° —-I°
Special reflections 500 779
Type of R RwF " Rwr " RwI"®
R value 0.058 0.067 0.067
GOFJ 2,00 212
Absorption coefficient (cm ') 5.75 6.80 7.31
Max—min transmission factors 0.85-0.72 0.92-0.86 0.91 —0.83
Absorption correction no yes * yes
Anomalous dispersion correction yes ves yes

* Systematic absences, hk# for h+k odd, h0# for ¢ odd.  Systematic absences, h0¢ for ¢
odd, 0kO for k odd. © Systematic absences, 0k0 for k odd. 9 All data considered observed.
Those with net negative intensity were coded as such to be included as negative F’s in the
least-squares refinement. © Same as ¢ except that coded reflections included as negative /’s in
the least-squares refinement. ' Reflections with 7 < 2¢(/) tagged as unobserved and assigned
value of J =17+ o(I) for special treatment in least-squares refinement. & The function
minimized was w(F> — F?)? where F, is the calculated structure factor value and w is the
statistical weight defined to be (1/0,2)?. The weighted residual index, RwF?, is defined
as = [Zw(F} — F2)?2/Tw(F}?)?)' /2. P Refinement based upon minimizing [Ew([,— /.)?]

terms 0.45 and 0.25 are corrections for the truncation of the counts to
dekacounts. Lorenz and polarization factors were applied.

All calculations were carried out on either an IBM 7040-7094 direct
coupled system (for NiL(PF,),) or its successor, a CDC 6400 system (all



131

NiL(BF,), NiL(PF), CuL(BF,), ZnL(BE,), [Cu(py- tren))(BF,),
0.25 0.32 0.22 0.24
0.25 0.34 0.36
0.25 0.20 032 0.40
C2/c? P2,/c® C2/c? C2/c? P2yor P2,/n°®
28.171 (12) 14.980 (2) 28.088 (4) 28.042 (8) 7.7930 (3)
10.666 (4) 10.689 (2) 10.654 (2) 10.686 (3) 14.9100 (6)
18.802 (5) 19.938 (3) 18.959 (2) 19.082 (4) 16.7445 (10)
101.52 (3) 108.83 (1) 102.12 (1) 101.25(2) 96.391 (5)
5536 3022 5547 5608 1934
8 4 8 8 4
1.549 1.675 1.558 1.545 1.62
1.54 (1) 1.66 (1) 1.55 1) 1.57 (1) 1.59 (1)
200 170
0.95 1.6 0.9 1.0 1.3
3.8 3.4 3.9 1.0
0.005 0.01 0.007
6942 5235 6294 6338
—I¢ unobserved | - 1T 714
1537 726 598
RwI® RwF! RwI® RwF 2 RF
0.078 0.058 0.079 0.074 0.148
1.62 2.16
8.52 9.1 10.0
0.81 —0.70 0.84—0.79 0.77-0.59
yes no yes no no
yes yes yes yes no

with all reflections (+ I) considered observed. Replace the F? by I in & to get the
comparable [ functions. ! The function minimized in the least squares refinement was
[Ew(|F,|— | F.)?] with w=(1/0,)? except that any observed reflection with F. < F, was
given w=0. The function used to calculate the residual was RwF. RwF=[Lw(F,—
F.)?/YwF2}'/? and the standard deviation of an observation of unit weight is calculated by
GOF = [Ew(F, - F)*/n,— n,]"/%.1 GOF is the “goodness of fit”, the standard deviation of
an observation of unit weight: GOF = [Ew(E? — F*)?/(n, — n,)]'/* where n,= number of
observations and n, = number of variables. ¥ Using the Tompa absorption program [97}, as
modified by D. Cullen and E. Adman at the University of Washington.

other complexes). The sets of programs used were written or adapted by
J.M. Stewart; X RAY-63 [98] for the direct coupled system and X RAY-70
[99] for the CDC system. Scattering factors for non-hydrogen neutral atoms
were taken from Doyle and Turner [100] except for [CoL}(BF,), and
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[NiL](PF,), where they were taken from Cromer and Waber [101]. Hydrogen
atom scattering factors were taken from Table 2 of Stewart, Davidson and
Simpson [102]. When anomalous dispersion effects were included in the
calculation of F, the values tabulated by Templeton [103] for Af” and Af"”
were used for metal atoms, except that the values used for zinc were
calculated by Cromer [104].

For the compounds [NiL|(PE,},, [MnL](BE,),, [FeL}(BF,), and [Cu(py
- tren)|(BF, ), a three-dimensional Patterson synthesis revealed the metal
atom positions. All other non-hydrogen atoms were located from three-di-
mensional Fourier syntheses. The remaining M(1I)(pystren) tetrafluoroborate
salts had space groups and cell parameters that indicated the complexes
were isostructural with [MnL}(BF,),. In general each of these complexes was
solved by taking the atomic parameters from the previously solved com-
pound that had the most similar cell parameters and using these atomic
parameters as a starting model for the new structure. Refinement was by
full-matrix least squares. The function minimized in the least squares
program is given in Table 8 for each compound. Hydrogen atom positions
were revealed by three-dimensional difference Fourier syntheses when possi-
ble; otherwise they were put in calculated positions. The Fourier syntheses
also revealed substantial disordering of the BF,”  groups of the [ML](BF),
salts that crystallized in space groups C2/¢. This disorder phenomena has
been described 1n detail [90--93]. Essentially the electron density of the anion
region was accounted for by placing fluorine atoms at peaks of electron
density until no significant electron density remained. Least squares refine-
ment using anisotropic thermal parameters for non-hydrogen atoms and
1sotropic thermal parameters for hydrogen atoms, was continued with the
matrix divided into three blocks until the shift /error was less than 1.0 for all
parameters except those of [Cu(py - tren)}(BF,),. The intensity data col-
lected for [Cu(py - tren)](BE,), contained some reflections with an almost
completely resolved component at a slightly larger value of 24. There is also
a space group ambiguity. Reflections systematically absent in P2, /n some-
times had measurable intensity if their 26 setting angle was < 20°. The
possibility of disorder of the BF,” ions was not investigated. Nevertheless
the general features of the cation of [Cu(py - tren)|(BF,), are clear and the
inclusion of these structural results seems warranted. For all other com-
plexes in this series, the refinements converged and there was no evidence of
secondary extinction in the data of these compound. Final three-dimen-
sional difference Fourier syntheses revealed no unusual peaks. Analysis of
the R factor for various classes of reflections based upon |F,[. Miller
indices, and (sin 8)/A show no unexpected trends. Final atomic parameters
for [MnL](BF,),, [FeL)BF,),, [CoL}BF,),. [NiL](BF,),. [NiL}PF,),,
[CuL](BE,),, [ZnL}BF,), and [Cu(py - tren}|(BF,), are listed in Tables
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9-16, respectively. The anisotropic thermal parameters are of the form
exp(— $X;_,2}_, B, ;h;h ara¥), while the isotropic thermal parameters are
of the form exp(— B(sin*6)/A?). The values of the estimated standard
deviations have been corrected for the fact that not all variables were refined
simultaneously. Final values of the observed and calculated structure factors

for each compound are available [105].
(iv) Assessment of accuracy of the structures: half normal probability plots

A comparison of bond lengths of the [ML]*" salts shows large differences
in metal-nitrogen bond distances between different metals (see Table 1).
[CuL)(BF,),, in particular, shows large differences in metal-nitrogen dis-
tances between different arms. All complexes show some deviations from
3-fold symmetry in the angles  between corresponding atoms in different
arms in projection on the plane normal to the M—N(7) axis. In particular,
the isomorphous set, M(II) = Mn, Co, Ni, Cu, and Zn, show a different (and
consistent) deviation from [FeL](BF,), and [NiL}(PF;), (see Table 17).
Therefore we might expect that the bond lengths would be more nearly
identical among the set [MnL)(BF,),, [CoL|(BE,),, [NiL}(BF,),, and
[ZnL)(BE,),, with larger deviations for [FeL)(BE,),, [CuL)(BF,),, and
[NiL](PFy),.

Abrahams has pointed out the usefulness of the half normal probability
plot for comparison of independent sets of measured (or calculated) quanti-
ties [106]. For the case of two sets one calculates for each quantity, g,, (for
example a particular bond distance, d,) the difference between the two
measurements divided by the calculated standard deviation of the difference
X, =14y~ 4qpn V(oﬁ + 0}2)1/2
The x, values are then ranked according to their magnitudes and plotted
against the expected values derived from the normal distribution.

If the two sets are identical and the estimated standard deviations, o,,, are
valid estimates, the points will fall on a straight line passing through the
origin and the slope of the line will be 1. If the two sets are not identical or
if the o values have been under-estimated the line will have a slope greater
than 1. If the o values have been over-estimated the slope will be less than 1.

For the case of more than two sets, we may use
X, = 1qy—q; l/(oi:;'c + oi?;nea.n)l/z

The intra-ligand bond lengths in the [ML]?" series have been examined
by half normal probability plots. The result for all complexes analyzing all
bonds is that the slope is 1.43. This large slope suggests that either the
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TABLE 17
MnlL- CoL- Nil.- CuL- ZnL- FelL- NiL-
(BF,), (BF,), (BE,), (BF,)» (BF;), (BE;)» (PFs)
Qo(12) 129 127 127 127 128 119 119
@(23) 117 118 117 118 117 120 120
o3 114 115 116 115 115 122 121

standard deviations have been underestimated or there are significant sys-
tematic differences between the bond distances in different complexes.

Examination of the data shows that the bond distance N(7)-C{(J1) varies
systematically from complex to complex, correlated with the bond angles
M-N(7) — C(J1). Therefore this bond distance should be omitted from the
half normal probability analysis.

The half normal probability plot for all complexes and all bonds except
N(7)-C(J1) has a slope of 1.36, indicating either additional systematic
differences in bond lengths or underestimation of the standard deviations.

Further examination of the data shows that the larger differences tend to
appear for the three “different” complexes, [CulL](BF,), (which has very
large differences among the metal-nitrogen bond distances), [FeL}(BE,),
and [NiL}(PF,), (which have different crystal structures and considerably
differing deviations from 3-fold symmetry compared with the isomorphous
set). Therefore, half normal probability plots were prepared using only the
complexes [MnL)(BF,),. [CoL}(BF,),, [NiL}BF,),. and [ZnL](BF,),. With
all intraligand bonds included, the slope is 1.19. With the N(7)-C(J1) bond
excluded, the slope is 1.08.

Finally, a series of half normal probability plots were prepared comparing
various pairs of complexes, omitting the N(7)-C(J1) bonds in all cases. The
slopes for sets composed of 30 bond distances are given in Table 18.

TABLE 18
Slopes of half normal probability plots

MnL- CoL- Nil.- Znl- CuL- Fel- NiL-

(BE;), (BEy), (BF), (BF), (BF,), (BF), (PK),
MnL(BE,), - 1.07 1.00 0.92 1.65 1.66 1.52
CoL(BF,), - 0.93 1.27 1.37 1.60 1.56
NiL(BF,), - 0.89 0.99 1.20 1.20
ZnL(BE,), - 1.28 1.54 1.38
CuL(BF,), - 1.77 1.66
Fel(BE,), - 1.63

NiL(PF,), -
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In order to assess the significance of small deviations of the slopes from
1.0 as a function of sample size, we have generated 10 sets of 33 quantities,
each set consisting of a random sample from a normal distribution. These 10
sets gave half normal probability plot slopes ranging from 0.82 to 1.14. Thus
slopes in this range should not be considered significantly different from 1.0
for samples of this size. Combining these into three sets of 99 quantities each
gave slopes of 0.91, 1.06, and 1.06. Finally the entire set of 330 quantities
gave a slope of 1.01.

Consideration of all of these results suggests that the standard deviations
of the [MnL|(BF,),, [CoL}(BE,),, [NiL{BF,),, and [ZnL]}(BE,), structures
have been correctly estimated, and we shall therefore assume that those for
the other three structures are also valid. We further conclude that the
distortion of the coordination polyhedron of [CuL](BF,), and the crystal
packing effects have introduced small but significant changes in the bond
distances within the ligand.
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distances in [M(pystren)] were used in the respective calculations). However, the
energy gap between the a,, 2¢ and 3e levels decreases from ca. 3 eV toca. 1 eV in going
from iron to nickel. Also, it should be recalled that the ligand model, shown as 4.
underevaluates the energy of the ligand = set by ca. 0.5 ¢V. Finally, the energy of the 3¢
level (e, in O symmetry) is strongly dependent on the M-N distances used in the
calculations since this level has strong o* character.

For electron configurations other than low-spin d°, some electrons normally assigned to
the higher-level 3e set of the metal might be transferred to ligand orbitals. Populating
ar-orbitals of the ligand (such as those shown as 4) would induce geometrical rearrange-
ments in the ligand, such as a shortening of the C(3)-C(4) distance. As described in
Section B(iv)(b), there is some evidence for this shortening in the [M(py;tren)]®’
compounds. On the other hand, the elongation of the M-N bonds for electron counts
greater than «° suggests that the extra electrons effectively populate M—N ¢* levels.
We have already pointed out [49] the difficulties encountered in a semiempirical MO
investigation to cstablish the relative cnergy gap between the ligands and the metal
higher & level. For the same reasons we conclude that is quite hard to predict, case by
case, the precise geometry at which the metal upper levels are stabilized below the ligand
levels. It is an oversimplification to use the parameter « to regulate the pathway since
the a-diimine chelate is not symmetric. The effect of asymmetry between M-N(1) and
M-N(2) bonds was not taken into account. Finally. as the size of the metal ion
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