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The metal-nitrogen bond in six-coordinate complexes
[ML!CI]* (M = Co, Ni, Cu or Zn) of (pyridyloxy)cyclophos-
phazene, five-coordinate complexes [ML!Cl,] (M = Cu or Zn)
of green-[NiL!Cl,], and dimetallic complexes [L2(CuCly,),],
[L3(CuCl),]?* and [L3(CuCly),] [L! = hexakis(2-pyridyloxy)-
cyclotriphosphazene, L? = hexakis(4-methyl-2-pyridyloxy)-
cyclotriphosphazene or L? = octakis(4-methyl-2-pyridyloxy)-
cyclotetraphosphazene] of red-[NiL'Cl,], has been investi-
gated by using density functional theory (DFT) and natural
bond order (NBO) analysis. The calculations show that the

divalent metal ions bind to the phosphazene ring nitrogen by
a o-type bond and that the lengthening of the PN bonds,
which flank the metal coordination site, can be explained as
a result of electron density that is transferred from PN bond-
ing orbitals to the 4s orbital of the metal ion rather than a
decrease in the n component of the bond as suggested by
earlier models. It can be assumed that this explanation of the
bonding is valid for the wide range of metallo-phosphazene
complexes and that metal ions will bind to the PN backbone
of polyphosphazenes in a similar manner.

Introduction

Cyclophosphazene scaffolds, with their [-NPX,-], re-
peating unit, continue to provide a rich variety of
multimodal ligand systems. The skeletal ring nitrogen
atoms themselves can bind to transition metals, especially
if their basicity is enhanced by the attachment of electron-
releasing substituents, e.g. X = dimethylamino, to the skel-
etal phosphorus atoms. An alternative approach, which has
yielded a much greater array of complexes in which the skel-
etal nitrogen is coordinated, is to attach appropriate pen-
dant donor groups to the skeletal ring phosphorus atoms,
e.g. X = 3,5-dimethylpyrazolyl™ or 2-pyridyloxy.[?! Such li-
gands are designed to simultaneously chelate to transition
metal ions via both the skeletal ring nitrogen and the pen-
dant donor atom. More recently, polymeric metallo-phos-
phazene materials have been investigated because of their
potential uses such as electroconductive and electrorespons-
ive polymers, catalytic substrates, nonlinear optics materials
and anticancer agents.’] Although most of the metallo-
polyphosphazenes characterized to date involve metal ion
binding exclusively to pendant donors without involvement
of the backbone skeletal nitrogen atoms of the polymer
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chain, there is evidence that PtCl, units are doing so in
poly[bis(methylamino)phosphazene.! and NMR spectro-
scopic and molecular dynamic studies indicate that signifi-
cant lithium ion interaction with the backbone nitrogen oc-
curs in polyphosphazene solid polymer electrolytes.!

Small-molecule cyclophosphazenes play a crucial role in
the development and understanding of new polyphosphaz-
ene polymeric materials including the nature of the multiple
bonding along the PN backbone. A number of attempts
have been made to explain the multiple character of the PN
bond with models evolving from those proposed by Craig
and Paddock!® and Dewar!”! which use the 3d and 2p orbit-
als on the phosphorus and nitrogen atoms respectively to
form m-bonds to one that is predominantly ionic with a
negative hyperconjugation component being required for a
complete description (henceforth called the Chaplin
model®)). Calculations show that phosphorus 3d orbitals
do not play a significant role in phosphazene—nitrogen
bonding.

As observed over 30 years ago by Paddock,”! when a
cyclophosphazene ring nitrogen is protonated or coordi-
nated to a metal ion, the flanking PN bond lengths were
always longer than the other ring PN bonds or the PN
bonds in the uncoordinated ligand (Figure 1). In addition,
the lengthening appeared to be independent of the substitu-
ents on the phosphorus atoms. Paddock assumed that the
PN bond lengthening was a result of the nitrogen 2p orbital
becoming orientated to permit bonding to the metal,
thereby preventing © bonding with the phosphorus 3d or-
bital. Although the Paddock and Dewar models have been
superseded by ab initio investigations such as those of
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Chaplin et al. for uncoordinated cyclophosphazenes, there
has not been an attempt to determine the nature of the
phosphazene-nitrogen metal bonding using the most recent
bonding model or to explain the lengthening of the flanking
PN bonds on metal coordination. Hence in this study we
report the results of an investigation using Density Func-
tional Theory (DFT) calculations to probe the interaction
between a cyclophosphazene and a divalent transition-
metal ion using the three related ligands — hexakis(2-pyr-
idyloxy)cyclotriphosphazene (L'),['% hexakis(4-methyl-2-
pyridyloxy)cyclotriphosphazene (L?),”" and octakis(4-
methyl-2-pyridyloxy)cyclotetraphosphazene (L)' (see
Figure 2). These ligands were chosen as they are able to
coordinate to a variety of first row transition metals with a
range of known geometries.”! Moreover, the presence of the
flexible phenoxy hinge linking the pyridyloxy pendant arms
to the phosphazene ring allows the formation of six-mem-
bered chelate rings without significantly distorting the plan-
arity of the P;Njs ring.
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Figure 1. Behaviour of the phosphazene when a metal ion coordi-
nates: (i) the metal coordinates to the ring nitrogen, (ii) the flanking
PN bonds lengthen, (iii) the lengthening is independent of the sub-
stituent on the phosphorus atoms.
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Two publications have previously explored the interac-
tion of transition-metal ions with cyclophosphazenes. Re-
cently we reported DFT calculations on the dimetallic com-
plexes, [L*(CuCl,),] and [L3}(CuCl),]**, and identified “elec-
tron-density-bridge” molecular orbitals which involved Cu
3d orbitals overlapping with the non-bonding, N-based mo-
lecular orbitals on the phosphazene rings as the pathway
for the weak antiferromagnetic coupling observed between
the copper(Il) centres.”’! Gall and Brezal'?! carried out
QTAIM (quantum theory of atoms-in-molecule) topologi-
cal electron density analyses of complexes of L' with Ni!!
and Zn'" and concluded that the metal-nitrogen bonds in
the phosphazene ring were stronger and more polar than
the bonds to the pendant pyridine nitrogen donors. In ad-
dition they noted that for the red-[NiL!Cl,] five-coordinate
complex the values for the bond ellipticities!!? are signifi-
cantly different from zero at the M—N and M—Cl bond criti-
cal points, indicative of m contributions to these bonds.

Computational Methodology

All of the optimizations and frequency calculations were
carried out using the Gaussian03!!'3 and GaussView!'* suite
of programs. The DFT calculations were carried out at the
B3LYP level with a 6-31G(d) basis set. In order to deter-
mine the validity of the DFT models, a comparison was
made between the bond lengths from the X-ray structures
of known or closely related complexes®>2¢2 and the calcu-
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Figure 2. The pyridyloxy-substituted cyclophosphazene transition metal complexes used in the DFT calculations. In-plane and out-of-
plane refers to the position of the metal ion relative to the plane of the phosphazene ring.
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lated bond lengths. The results displayed the typical over-
estimation associated with DFT calculations!'*! although
the differences were less than 2% for all bonds (see Table
S1, Supporting Information). A comparison was also made
between the measured and calculated infrared spectra. Al-
though very similar, there were differences between the sim-
ulated and measured spectra, most likely due to solid state
effects (see Table S2, Supporting Information). The spin
multiplicities for the complexes were confirmed by measur-
ing the magnetic susceptibilities and the comparison of sim-
ulated UV/Vis spectra (see Table S3, Supporting Infor-
mation).

To examine the effect of coordination of the phosphaz-
ene ring nitrogen on the metal 3d orbitals, calculations were
also carried out on complexes in which the cyclophosphaz-
ene ligand was replaced by one which had 2-hydroxypyr-
idine held in the same orientation about the metal ion as
the phosphazene-pyridyloxy pendant arms (see Figure 3 be-
low).
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Figure 3. (a) [CoL!CI]* — the parent complex with the complete
phosphazene bound to the metal ion. (b) [Co(HOPy),CI]* — the
complex without the phosphazene bound.

Results and Discussion

The Classification of the Phosphazene Nitrogen Metal
Bond

The first question to answer is does the phosphazene ring
nitrogen bind to the metal via a simple o-type bond or does
the bond contain a m-component? A qualitative molecular
orbital model for octahedral complexes of the first row
transition metals, indicates that for simple o-donor ligands,
the energy of the “e,” (3d,> ,» and 3d..) orbitals will be
significantly altered, but for n-donors or acceptors, it is the
energy of the “t,” (3d,,, 3d,. and 3d,.) orbitals that will
change.l' To identify which 3d orbitals are most affected
by phosphazene binding, partial molecular orbital diagrams
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for the complexes based on 3d orbitals were generated and
compared with those which did not have the phosphazene
attached (see Figure 3).

Figure 4 shows a MO diagram for the octahedral, in-
plane complex, [CoL!CI]*. All complexes with this geome-
try have the metal ion coordinated to the phosphazene ring
nitrogen, a chloride ligand and four pendant pyridine do-
nors in an approximately Cy, geometry. Only the f orbitals
are depicted because, unless the complex is a diamagnetic
singlet, these show a greater change in energy than the a
orbitals. Figure 4 shows that the $3d.. orbital of the metal
ion is significantly lowered in energy when coordinated to
the phosphazene ring nitrogen. A similar effect is also seen
for the analogous nickel(I) and copper(I) complexes,
[NiL'CI]* and [CuL!CI]* (see Figure 5) but not for the dia-
magnetic zinc(I) complex, [ZnL!CI]*. For this latter com-
plex, there is little change in the order of the d orbital ener-
gies. Zinc has a full 3d electron shell and is, therefore, un-
able to accommodate extra electron density to the same ex-
tent as the other metal ions. It is noted that the shift in
energy is greatest for the cobalt(IT) and nickel(IT) complexes
(-0.10646 eV and —0.10928 eV, respectively) than for the
copper(Il) complex (-0.01551 eV). This difference is the re-
sult of the metals with the lower occupancy in the 3d shell
(i.e. cobalt and nickel) being able to access greater electron
density from the phosphazene ring nitrogen, hence resulting
in a greater perturbation of their d orbital energies. The
relative lowering in energy of the f3d.- orbitals is confirmed
by comparing the occupancy of these orbitals of the com-
plexes (Figure 6).

[CoL'ClT* [Co(HOPy),CIT*
0101 N 3dge
-0.115
% 3d2
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3dx2-y2 3dx2-y2
- Cgo -0.191 -0.162
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-0.301 [@'s] -0.314 3dyz
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-0.315 3d,y .
-0.320 V‘/L

Figure 4. Partial MO energy level diagrams for [CoL!CI]* and [Co-
(HOPy),Cl]* comparing the metal ion f3d orbitals with, and with-
out, the phosphazene bound.

Figure 6 shows that there is an increase in the $3d.. or-
bital occupancy once the metal binds to the phosphazene
ring nitrogen. This also confirms that the change in electron
density at the metal centre is inversely proportional to the
occupancy of the 3d shell, i.e. [CoL!CI]* has an occupancy
increase of 0.6479 ¢, but for [CuL!Cl]* the difference is
0.0064 e . Representations of the molecular orbitals respon-
sible for this bonding are shown below (see Figure 7).
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Figure 5. Comparison of the effect the phosphazene ring nitrogen
has on the energy of the on the f3d.. orbitals when binding to the
metal ion in the octahedral, in-plane, six-coordinate, [ML'CI]* (M
= Cu, Zn, Ni and Co) complexes.

[cuL'cn’}
[znL'cly”

NiL'Cly”

Complex

[CoL'Cl"
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Change in occupancy (e)

Figure 6. Difference in the occupancy of the f3d.. orbitals with,
and without, the phosphazene ring nitrogen bound to the metal for
the [ML!CI]* (M = Cu, Zn, Ni and Co) complexes.

(@) (b)

Figure 7. (a) Metal bonding orbital for [ML'CI]* (M = Co, Ni and
Cu). (b) Metal bonding orbital for [ZnL'CI]*.

In both cases, the phosphazene ring nitrogen—metal in-
teraction can be classified as a o-bond. The metal-based
component for the cobalt, nickel and copper complexes is
mainly of 3d.. character, with small a contribution from the
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3d,-
type yorbitals in bonding, rather than the “#,,
typical of ¢ donors as is its stabilization.[!¢]

To confirm that this was not simply the result of the ge-
ometry of the complexes, both the in-plane five-coordinate
and the out-of-plane 5- and six-coordinate species (Fig-
ure 1) were investigated. It was found that the
in-plane five-coordinate species, red-[NiL'Cl,] and
[ZnL'Cl,], also showed a stabilization of an “e,”-type or-
bital. In this case it was the 3d,-_,» metal orbital rather than
the 3d.. because the latter is involved in an axial bond with
the pyridine donors (see Table S4.1). The significant contri-
butions of both the N 2p, and 2p. orbitals seen in the red-
[NiL!Cl,] M-L bonding orbital is indicative of an ad-
ditional © contribution for the bond and is consistent with
the non-zero bond ellipticity calculated by Gall and
Breza.['Z]

The out-of-plane species, five-coordinate complex,
[CuL'Cl,] and six-coordinate green-[NiL!Cl,] were quite
different in geometry. The single-crystal X-ray structure of
the nickel complex*®! shows the metal centre is only 12° out
from the plane of the phosphazene ring; hence it behaves
similarly to the other six-coordinate species by bonding pre-
dominately via the 3d.. metal orbital. In contrast, for five-
coordinate [CuL'Cl,], the metal ion was 25° out of the pho-
sphazene ring plane.?" As for the other five-coordinate
complexes, the 3d,- » metal orbital makes a significant con-
tribution to the phosphazene nitrogen—metal bond but be-
cause the metal is far enough out of plane, the 3d,. orbital
also contributes (see Table S4.2).

Finally, calculations on the dimetallic complexes,
[L*(CuCl,),] and [L3(CuCl),]**, showed that “e,”-type or-
bitals were involved in bonding to the phosphazene ring
nitrogen for both species. However, in the former complex,
as for the five-coordinate [L'(CuCly),], the “#,,” orbitals
also make a contribution.

Natural bond orbital (NBO) E, values!'”! were used to
determine the origin of the electron density donated to the
metal ion. The E, values are a measure of the interaction
strength between a donor NBO and an acceptor NBO, as
defined by Equation (1).

> orbital (see Table S4.1). The involvement of the “e,”-
” orbitals, is

E, < 4LEGIT M
A=

F(i,j) are the off-diagonal Fock matrix elements, f; — f; are
the energy differences between the NBOs, which are then
weighted by ¢;, the occupancy of the donor NBO. Figure 8
shows a comparison of the only significant interaction be-
tween the metal and phosphazene ring nitrogen using E,
interaction energies.

The E, energies indicate the metal ions in the in-plane,
six-coordinate complexes, [ML!CI]* (M = Co, Ni, Cu and
Zn) interact more strongly with the phosphazene ring nitro-
gen than those in the in-plane, five-coordinate red-
[NiL'Cl,] and [ZnL'Cl,]. The out-of-plane species,
[CuL'Cl,], and the other the six-coordinate green-
[NiL!Cl,], have even weaker interactions. Dimetallic

Eur. J. Inorg. Chem. 2010, 1619-1625
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Figure 8. Phosphazene ring nitrogen-metal bond energies E.

[L*(CuCl,),] shows much weaker metal-nitrogen bonding
than its single metal ion analogue [CuL'Cl,], probably as a
result of the reduction of electron density in the phosphaz-
ene ring arising from two Cu'! ions binding. Similarly di-
metallic [L3(CuCl),]*>* shows the same trend relative to its
single copper species, [CuL'Cl,]. As expected®! the dimet-
allic complex, [L3(CuCl,),], does not show any bonding to
the phosphazene ring nitrogen (see Figure 9).

(b)

Figure 9. (a) The metal bonding orbital for [L3(CuCl),]**. (b) The
non-metal bonding orbital for [L3(CuCl,),].

The E, calculations show the phosphazene orbitals that
donate to the metal ions are essentially a lone pair from the
phosphazene ring nitrogen which consists of 33% s and
66% p character for a P3N; ring, and 23% s and 77% p
character for a P4N, ring. Using Pauling’s valence bond ter-
minology, these could be crudely called sp? orbitals (see

Py

IH 120°rTj
P?P

Figure 10. Schematic view of the phosphazene ring nitrogen bond-
ing orbital (a) P3Nj ring. (b) P4Ny ring.
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Figure 10). The P4N, donor orbital is not perfectly sp’ be-
cause when the Cu! ion coordinates the PNP bond opens
up to 128°, from about 120° seen for P;Nj; rings.

The Lengthening of the PN Bonds Flanking the
Coordination Site

The DFT calculations discussed above indicate that when
a metal ion binds to a cyclophosphazene via a ring nitrogen
it acts as o-donor. However, this description does not ex-
plain why the PN bonds flanking the coordination site typi-
cally lengthen when a transition metal is coordinated as
seen for example in [CuL!CI]* [flanking PN bond lengths
1.591(2)-1.601(3) A, other PN bond lengths 1.550(3)-
1.589(3) AJ2" and other complexes.!'® An analysis of the
E, values shows that for all the complexes there is an inter-
action of approximately 5-20 kJmol ! resulting from the
flanking PN bonds donating electron density into the 4s
orbitals of the coordinated metal ions (see Figure 11),
rather than the PN antibonding orbitals accepting electron
density from metal ion orbitals.

[L(CuCh,” [z
[L°(CuCl,),]

[L*(CuCl,),]

[cuL'ClL] NN
green-[NiL'C|,) ez,
[znL'Cl) 'T‘
red-[NiL'CL,] M
[znL'Cl)]
[znL'cry
NiL'er*
[cut'cry’
[CoL'Cl]

ZLLL1LI77 7717777771777 77 7777771717771 77 1771177777177 7 777777777

0 5 10 15 20
(E,) Interaction Energy (kJ mol™)

Figure 11. Comparison of the E, flanking PN bond interactions
with the 4s orbital of the metal ion for the complexes.

The dimetallic species have similar E, interaction
strengths as their single metal analogues, e.g. [L*(CuCl),]**
cf. [CuL'CI]*, which suggests that the interaction is local-
ized and depends on the ability of the metal ion to accept
the electron density. The observations that the E, interac-
tion strength is greater in the six-coordinate in-plane species
than in the five-coordinate in-plane species is consistent
with a dependence on the distance between the flanking
PN bonds and the metal ion, e.g. for [CuL!CI]* the Cu-N
distance is 1.993(3) A<l and for [CuL'Cl,] it is
2.264(2) A.2" To confirm this, the relationship of the E,
interaction strength with the calculated metal ion distance
was calculated.

Figure 12 shows that there is a linear relationship be-
tween the donor-acceptor E, interaction energy and the
metal-ring nitrogen distances as expected for a significant
involvement of the 4s orbital. The comparison between the
1623
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six-coordinate, in-plane and five-coordinate, out-of-plane
species is independent of the coordination geometry around
the metal ion.
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Figure 12. The calculated E, interaction energy vs. the metal-nitro-
gen distance. (a) [CuL'Cl,] (b) [CuL!CI]*.

Comparison of the flanking PN bond occupancy vs. the
interaction energy (Figure 13) reveals a linear relationship
for the nickel, copper and cobalt complexes [ML!CI]".
Showing that, for these complexes, the PN bond occupancy
is directly proportional to the donor-acceptor interaction
energy. Therefore, the interaction between the metal 4s or-
bital and phosphazene ring affects the bonding in the ring
itself, and in particular, in the flanking PN bonds.

The zinc complex [ZnL!CI]*, however, is an outlier,
which may be due to its full 3d orbital resulting in a higher
occupancy of the 4s orbital and hence lower transfer of
electron density from the flanking PN bond. A direct rela-
tionship between the bond lengthening and E, interaction
strength was not found, possibly due to substituent effects.

Comparison between the PN bond donor and the bond-
ing contributions for the Chaplin model® ! shows that the
electron density originates from the ionic bonding contri-
bution (see Table S6). It is primarily the reduction of this
bonding contributor that causes the lengthening of the
flanking PN bonds (Figure 14).
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Figure 13. E, Interaction energy vs. flanking PN bond occupancy.

Figure 14. Schematic view of the ionic PN bonding donating elec-
tron density to the 4s orbital of the metal ion.

Conclusions

DFT calculations carried out on complexes of the di-
valent metal ions, Co, Ni, Cu and Zn, with pyridyloxy-sub-
stituted cyclotri- and cyclotetraphosphazene ligands L!, L?
and L3, show that the phosphazene ring nitrogen acts as a
o donor. The lengthening of the PN bonds flanking the
metal coordination site can be explained as a result of elec-
tron density that is transferred from PN bonding orbitals
to the 4s orbital of the metal ion and not a decrease in the
extent of m-bonding as suggested by earlier models. The
ionic component of the PN bond is reduced upon metal
coordination, which is consistent with the Chaplin phos-
phazene bonding model.®! This model may be applied to
the wide range of metallo-phosphazene complexes and also
to the binding of metals in the backbone of polyphosphaz-
enes.

Supporting Information (see also the footnote on the first page of
this article): Material for the DFT calculations.
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