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Electronic structure of transition-metal tetracoordinated complexes
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Enrico Ciliberto**, Santo Di Bella, Antonino Gulino and Ignazio L. Fragala
Dipartimento di Scienze Chimiche, Universita di Catania, viale A. Doria 8, 95125 Catania (Italy)

(Received May 3, 1990; revised July 2, 1990)

Abstract

Structural and bonding properties of the Ni and Pd complexes of the title Schiff base have been
studied with the aid of both the pseudopotential ab initio method, in partial geometry optimizations,
for investigation of ground-state electronic structure and for evaluation of ionization energies, and of
He I/He II photoelectron spectroscopy. Theoretical results have provided an accurate description of
metal-ligand bonding. It appears dominated by o interactions involving the upper lying MOs mainly
N,, lone pair in character and, though to a different extent, valence metal subshells. Despite the
different functionalities existing in the ligand chromophore, comparable bonding properties, and hence
similar Pd-N distances, have been found for the four nitrogen donor atoms. A theoretical explanation
of this behaviour is provided. Low ionization energy structures of photoelectron spectra have been

assigned in accordance with ASCF calculations.

Introduction

Chemical and structural peculiarities of transition-
metal complexes with Schiff base ligands have been
extensively studied [1-5]. In particular N-alkylami-
nebis(1H-pyrrol-2-ylmethylene) and related ligands
(Scheme 1) form a vast class of complexes [6~10]
which are neutral, monomeric, rather volatile and,
depending on the nature of the N-alkyl substituents,
may be planar or tetrahedral [2, 11-13]. Despite the
breadth of studies on Schiff base transition-metal
complexes [1-5], only a limited number of theoretical
investigations devoted to the understanding of their
electronic structure has been reported as yet [14-16].

Scheme 1.

*For Part 3 see ref. 19.
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As a part of an extensive study on the electronic
structure of metal d® square-planar complexes
[17-19], in this paper we report on the N,N’'-1,3-
propaneaminebis(1H-pyrrol-2-ylmethylene) (H,L) li-
gand and on its planar Pd(II) and Ni(I) complexes
(Scheme 2). The present study represents a case
investigation of tetradentate Schiff base complexes
with a N, coordinating framework having two different
donor functionalities and combines an experimental
photoelectron (PE) spectroscopy approach using vari-
able (He I and He II) photon sources with pseu-
dopotential ab initio calculations for ground-state
electronic properties, partial geometry optimization
and ASCF evaluation of ionization energies (/ESs).
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The calculations were performed on the model mol-
ecules N-methylaminebis(1H-pyrrol-2-ylmethylene)
(HL") (Fig. 1) and Pd(L’), (Fig. 2). The models
adopted represent the best combination for both
accurate studies of metal-ligand interactions and
simplification of computational efforts [16].

(b) CH;

Fig. 1. Optimized geometries of the model HL': (a) 4-
31G standard basis sets; (b) ECP calculations.

X

Fig. 2. Optimized geometrical parameters of the model
Pd(L’), complex.

Experimental

The preparative routes to the H,L ligand and to
its M(L) complexes (M = Ni, Pd) have already been
reported [7]. Prior to the PE measurements, all the
compounds were purified by sublimation in vacuo.
The complexes gave satisfactory mass spectrometric
analyses [10].

PE spectra were recorded with the aid of a photo-
electron spectrometer interfaced to an IBM PC AT
computer as described elsewhere [17, 18]. Procedures
used to ‘lock’ the energy scale to defined internal
references have also been described previously [17,
18]. Spectral resolution measured on the Ar* ?Ps,
peak was always better than 0.030 eV.

Computational details

ab initio Effective core potentials (ECPs) gradient
calculations were used for geometry optimizations.
The relativistic ECPs and bases of Hay and Wadt
[20] were used for Pd. The ECPs and sp bases of
Stevens et al. [21] were adopted for C and N atoms
and Dunning’s basis set [22] for H atoms. Valence
Gaussian basis sets were always contracted in a
double-zeta quality. Ionization energies and other
molecular properties were evaluated through pseu-
dopotential [23, 24] restricted Hartree~Fock ab initio
calculations [17, 18] on optimized geometries using
literature parameters [25, 26]. Contracted valence
basis sets of double-zeta quality were used as de-
scribed elsewhere [17, 18]. Calculations were per-
formed by using the HONDO [27] and PSHONDO
[28] codes implemented on an IBM 9370 computer.

The geometry of the model HL' subunit was fully
optimized using both 4-31G standard basis sets and
ECP calculations. Optimizations were always said to
be convergent when the maximum gradient was less
than 1%10~3 Hartree/a.u.

Both methods point to quite similar geometrical
parameters (Fig. 1) thus indicating the validity of
the ECP method for geometry optimizations. In
particular the structure of the HL' molecule shows
a planar geometry (C, symmetry) with a more stable
s-trans conformation (4.95 Kcal/mol) than the s-cis
conformer. This data agrees well with previous NMR
studies on heterocyclic azomethines [29].

The structure of Pd(L) is not known, therefore
the geometry of the model Pd(L’), complex (Fig.
2) was optimized. All parameters were optimized
except those of the pyrrole rings. They were taken
from the optimized parameter of the HL' model.
A planar starting geometry (C;, symmetry) was as-
sumed as found in the X-ray structure of the [N,N'-
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Fig. 3. He I PE spectrum of H,L.
ethylenebis(pyrrol-2-ylmethyleneaminato)]Ni  com-

plex [12].

Results and discussion

Qualitatively, the H,L ligand can be described as
formed by two non-interacting HL' subunits whose
electronic valence structures might be discussed in
the simpler terms of perturbations due to N-meth-
ylenemethylamine (CH;~N=CH-—) a-substituent
upon the topmost molecular orbitals (MOs) of a
simple pyrrole ring [30]. Therefore the topmost MOs
of H,L must consist of twinned orbitals representing
the three = systems of the pyrrole ring, the imine
in-the-plane nitrogen lone pair (n;) and, finally, the
7 MO associated to the C=N bond.

Eigenvalues and population analysis of uppermost
MOs of HL' are reported in Table 1. MO composition
data agrees well with the proposed qualitative de-
scription and, in particular, the almost pure pyrrole
character of 4a” (m;) and 5a” (=) MOs appears
indicative of the anticipated minor = interactions
between the pyrrole ring and the imine a-substituent.

The low IE region (<11 eV) of the PE spectrum
of H,L is shown in Fig. 3. It consists of three well
resolved bands (a—) whose relative intensity ratios
are roughly 1:2:1. The assignment (Table 1) can be
safely based on perturbative and ASCF IE data since
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theoretical values fit experimental IEs and intensity
data well. Furthermore the proposed assignment
agrees well with IE literature data of pyrrole [30]
and of N-benzylidenemethylamine [31], and, worthy
of note, the absence of any evident splitting (within
the present experimental resolution) associated to
bands a, b and c is evidence of the expected lack
of significant interactions between the two HL' units.

M(L) complexes (M = Ni, Pd) possess planar struc-
tures and constrained cis configurations due to an
N,N’-alkyl bridging group [2, 12]. The results of
ground-state calculations for the model Pd(L’), are
reported in Table 2. They may be better considered
in comparison to those for the (L‘),>~ cluster dianion
(Table 3) which, in turn, are close counterparts of
valence MOs of H'L (Table 1) once the new 16a,
and 16b,, almost pure in-the-plane pyrrole Ny, lone
pairs (n,) are taken into account as an effect of the
deprotonation process. Worthy of note too is the
minor admixture of n, and n; lone pair MOs (Table
3).

Population analysis of Pd(L'), (Table 2) shows
that metal 4d, 5s and 5p orbitals are strongly admixed
with a large part of ligand valence MOs. In particular,
those of 7 symmetry (d,,, ,,) appear strongly admixed
with the 3b; and 3a, (m, C=N in character) ligand
MOs to form the 3b,4b, and 3a,~4a, MOs re-
spectively. By contrast the 5b,, 5a, (m3) and the 6b,,
6a, () MOs maintain in the complex their original
pyrrole character because they are only slightly per-
turbed by the bonded metal atom. Moreover o
interactions due to filled 4d;. ,2» metal orbitals in-
volve, to various extent, almost all ligand MOs of
suitable symmetry. As a matter of fact, the major
metal-ligand bonding interaction involves the virtual
Pd 4d,, and 5p, , and the ligand 15b, (n;), and 16b,,
16a, (n,) MOs respectively. Thus, the formation of
15b, and of 16b,, 17a, MOs is the major source of
energetic stabilization of Pd(L). Furthermore, it is
worthy of note that, at variance to that found in
(L');*7, the n, and n; lone pair MOs strongly admix
together and with deeper o MOs through the metal

TABLE 1. PSHONDO eigenvalues, computed IEs and population analysis of the model HL' and PE data of H,L

MO Eigenvalue IE (eV) Population® (%) Character
Y ASCF PT® Exp.* N; N, G G CH;, H
5a” 7.94 7.49 7.60 7.90 (a) 13 1 84 2 ™y
Eo B T BV
3a” 11.96 11.29 10.48 (c) 30 4 36 14 16 w3

i and p subscripta refer to imine and pyrrole atoms, respectively.

refer to spectral features in Fig. 3.

"PT = perturbative treatment (see ref. 17). °Labels
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TABLE 3. PSHONDO eigenvalues and population analysis of outermost MOs of the ligand dianion (L’),*~

MO Eigenvalue Population® (%) Character
(eV)
Ni Np Ci C-p CH3 H
Sa, 0.75 16 2 81 1 T
5b, 0.61 15 2 81 2 e
4a, 0.01 36 64 ks
4b, —0.20 35 65 ™
16b, -1.01 3 74 20 3 n,
15b, -231 70 3 4 2 11 10 n
16a, —-2.41 8 66 20 6 n,
15a, —3.39 62 8 4 6 12 8 n;
3a, ~3.70 30 3 32 26 9 ™
3b, -3.99 33 4 31 26 6 2
®i and p subscripta refer to imine and pyrrole atoms, respectively.
Hell
Hell
1 1 1 1 1 1 1
7 9 1" 13 15 17 eV
L ] 1 1 f 1 a
9 1 13 15 eV
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Fig. 4. He I and He II PE spectra of Pd(L).

Sp, and 4d,, intermediacy (Tables 2, 3) thus resulting
in similar Pd-N, and Pd-N; total overlap population
values (Table 2) and rather small differences (0.055
A) in optimized Pd-N, and Pd-N; distances (Fig.
2). Overall, this data agrees well with other exper-
imental evidence: structural data of the related N.N'-
ethyleneamine Ni complex [12], XPS data of the
same complex showing that both N, and N; atoms
have similar electronic environments [32] and, finally,
with the average M-N distances found in X-ray
structures of several Pd square-planar complexes
containing five-membered chelating rings [2].

Fig. 5. He I and He II PE spectra of Ni(L).

The PE spectrum of Pd(L) is shown in Fig. 4. It
is shaped differently to that of H,L. Seven well-
resolved structures (a—g) can be detected in the
region up to 10 ¢V. Significant variations of relative
intensities are observed upon switching to He II
excitation. In particular the intensities of band d,
and, though moderately, that of the e—g envelope,
increase relative to bands a— (Fig. 4). The assignment
of these low IE features can be readily made on
the basis of computed IE values (Table 4).

Bands a, b and c, are assigned to ionizations from
the almost degenerate pair 6b,+ 6a, (), and Sa,
(m3) and 5b, (m3) MOs, respectively. The small 0.33
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TABLE 4. Experimental /Es, computed IEs* and assignments of PE Spectra of Pd(L) and Ni(L)

Band Pd(L) Ni(L)
label

IE (eV) Assignment® IE (eV) Assignment

Exp.
Exp. ASCF PT®
6.97 7.18 6a; 6a,

a 722 {7.06 7.26 6b, 707 { 6b,
b 7.89 7.69 7.88 5a, 7.60 5a,
c 8.22 8.03 8.21 5b, 7.83 18a,
d 8.70 8.10 8.30 18a, 8.09 5b,
e 9.28 10.65 4b, 8.71 { 4b,, 16b,
f 9.66 10.67 16b, 4a,
g 9.80 10.98 4a,

2Computed IEs refer to the model compound Pd(L’),.
scaled by a 0.75 factor (see ref.17). “See Table 2.

eV IE splitting of bands b and ¢ can be hardly
associated to differential Pd-N interactions involving
d,. metal- and m;-related ligand based orbitals (Table
2) whereas it likely depends upon through-space
non-bonded interactions even operating in the ligand
dianion system (Table 3). Furthermore, the consid-
erably lower IE shifts (~ 0.7 eV) of bands a— relative
to corresponding ionizations in H,L (bands a, b) are
likely to be due to some antibonding destabilization
of corresponding MOs as well as to the enhanced
negative charge on the ligand framework (0.68 e.u.)
due to the metal-to-ligand charge transfer upon the
complex formation (Table 2).

Next, band d is certainly associated to the ionization
of the 18a; MO, and, the dramatic enhancement of
its relative intensity in the He II spectrum (Fig. 4)
accords well with the dominant metal 4d character
(Table 2) [18]. Finally, bands e-g are assigned to
(4by)~", (16b,)"" and (4a,)~! ionizations. They be-
come slightly more intense in the He II spectrum
in accordance with the 18 and 34% metal 4d con-
tributions in the 4a, and 4b, MOs, respectively (Table
2).

The PE spectrum of Ni(L) (Fig. 5) presents anal-
ogies with that of the Pd complex (Fig. 4) thus
suggesting an analogous assignment (Table 4). It
consists of five well resolved bands (a—¢) up to 9
eV. In particular bands a-d find close counterparts
in the spectrum of Pd(L). The associated lower IE
shifts (Table 4) seem to be indicative of an enhanced
negative charge on the ligand framework. The e-g
envelope in the spectrum of Pd(L) now coalesce in
the single band e whose IE appears considerably
shifted to a lower value. Finally, an evident intensity
increase of band c is observed in the He II spectrum
(Fig. 5). Therefore, this band can be confidently

PPerturbative values take into account repolarization contributions

assigned to the ionization of the MO dominated by
the d,242, d: contributions (18a; MO in Pd(L'),).
Of course, this implies an inverted sequence of
ionizations corresponding to the (5b,) "' and (18a,) ™!
ionizations (Table 4) and, hence, a greater (than in
Pd(L)) energy splitting (0.49 eV) between the Sb,
and Sa, 73 MQOs. This observation might be indicative
of some preferential interaction with d,, metal orbitals
in addition to possibly enhanced through-space in-
teractions depending upon the smaller metal radius
and, therefore, upon a smaller Ni-N distances.

Conclusions

The ab initio ECP gradient method has proven
suitable for geometry optimizations of such large
complexes containing heavy atoms with relatively low
computational efforts. Furthermore ASCF and per-
turbative JEs have provided an adequate rationale
for the low IE features of the PE spectrum of Pd(L).

In accordance with the previous studies of other
square-planar complexes [17-19] the metal-ligand
bonding appears strongly dominated by o interactions
involving almost all the upper filled ligand MOs and
metal nd,, (n+1)s, and (n+1)p, orbitals. They are
responsible for an appreciable ligand-to-metal charge
transfer. Metal-ligand = interactions involve only
the m, (C=N) ligand based MOs. The #5; and m,
MOs maintain in the complex an almost pure pyrrole
character.

Theoretical results show comparable bonding prop-
erties, and hence similar Pd-N overlap populations
and Pd-N distances, of both the imine- and the
pyrrole-nitrogen donor atoms. The metal nd, and
(n+1)p, intermediacy, in fact, strongly admix the
n; and n, Ny, lone pairs. The nitrogen donor atoms,
therefore behave as a symmetric N, chromophore.
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