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Geometrical structures of [Pd(L)Cl.] with oxathia macrocycles have been calculated using ab initio second-
order Moller-Plesset (MP2) and Density Functional Theory (DFT) methods with triple zeta plus polarization
(TZP) basis set level. In optimized Pd(L)Cl- complexes. Pd(II) locates at the center surrounded by a square
planar array of two sulfurs on an oxathia macrocycle and two chlorides. The endo-Pd(11) complexes with an
axial (Pd---O) interaction are more stable than the exo-Pd(Il) complexes without the interaction. Inn the endo-
Pdiilj complexes, the atomic charge of the oxygen atom moves to Pd(ll) via the axial (Pd -+-O) interaction and
then, the charge transfer from Pdill) to the S-atoms occurs stepwise via m-acceptors of the empty d-orbitals.
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Introduction

Using homoletic and heteroletic macrocyelic ligands
confaining electronegative atoms. the wnusual geometrical
structures. oxidation states. and ion-selective characteristics
of transition metal(I) macrocyclic complexes [M(L)Cl:]
have been extensively investigated by the experimental and
theoretical researches."~’ The bindings between the transition
metals and macrocyclic ligands are formed by the coordination
of the N- and O-atoms (hard o-donor property) and the S-
atom (soft o-donor and 7-acceptor properties) on the ligand.
In the experimental results of Schréder's group.'” the crystal
structures of the Pd(I) complexes have a square-planar
PJ(II) center bound to the N-, O-, and S-atom donors. In
endo-Pd(I) complexes. an apically long-range (Pd---L)
interaction of (Rpy-L) = 2.952~3.033 A between Pd(Il) and
the apical L-atom is formed.'~ The geometrical structures of
the metal-macrocvcle complexes are a distorted octahedral
geometry about the centrosymmetric Pd(I[) complexes with
the four equatorial thia donors and the two apically
coordinated donors. The distances of the apical (Pd---L)
interaction are longer than the values of a Pd-S (Pd-N and
Pd-0) bond observed normally. In the complex oxidation
from M(II) to M(II). the structural changes [elongation of
(Pd-'S)] of the thioether macrocyvclic complexes are
occurred from the 7-acceptor property using empty d-orbitals
on the S-atom.- In the complex oxidation. the metal complexes
are electronically controlled by the metal-donor atom
interactions rather than by any conformational and
configurational constraints of the macrocyclic ligands.*
Meanwhile. in cis-dichloro Pd(I) complexes.”™” the Pd-S
distances of the two equatorial thia donors are shorter than
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those of Pd(II) complexes coordinated with four equatorial
thia donors. The decrease of the Pd-S distances have been
suggested that 7-back donation from the Pd(Il) ion to the S
atoms may be occurring with z-donation from X (CI". Br")
to Pd(I).

The structural characterizations of the Pd(II) complexes
are analyzed using crystallographic and NMR spectroscopic
experiments. ™ By the additional donor sites within the
macrocyclic ligands. the square planar structure of the Pd
complexes gives a kind of five coordinate complex. The
distance (2.92 A) of the axial (Pd-'-S) interaction between
Pd(Il) and the apical sulfur atom is in excess of the normal
bonding range for Pd-S distance (2.30-2.30 A). The longer
distance is evidence for a g<lonor (O-atom) - cation [M(11)]
interaction. As a result. the structures of the Pd(Il) complexes
have a five-coordinate. distorted square pyvramidal geometry.
While. without the presence of an axial (Pd---L) interaction,
the macrocyclic ligands in [Pd(L)Cl:] of the solid state are
coordinated in a fashion similar to a square pyramidal
geometry. The central Pd(II) atom is not co-planar with the
donor set. Two of the donor atom set lies above the mean
plane and two atoms below.

Although the unusunal coordination structures. relative
stabilities. and oxidation states of the complexes have already
been studied by many groups. further investigations seem to
be worth carrving out on the base of following points. 1)
According to exo- or endo-type in the same complex. the
relative stabilities are different from each other Which
conformers are more stable isomer? ii) In Pd(II) macrocyclic
complexes. PA(IT) locates at the center surrounded by two
sulfurs on bidentate macrocyclic ligand and two chlorides.
How are the geometrical structures of the Pd(Il) complexes
coordinated to the central Pd(IT) cation? iii) The axial (Pd---O)
interactions in endo-Pd([9]aneS-O)Cl- and endo-Pd(0-5-0)-
Cla exist. Are the atomic charges in the complexes varied by
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the (Pd -+~ O) interaction? iv) In (he PA(ID) complexes, is the
binding energy as low as 2-5 kcal‘mol?

Computational Mcthods

The equilibrium geometrical structures of 1-oxa-4.7-
dithhacyclononanc (|9]aneS;0)), 6-oxa-3,9-dithiabicyclo-
[9.4.0]pentadeca-1( 11),12.14-triene (0-5:0), Pd(|9]aneS:0)CL,
and Pd(o-S,0)Cl, were optimized with (he sccond-order
Moller-Plesset (MP2) level using the Gaussian 98.% To
confirm the existence of the stable structures, the harmonic
vibrational [requencics ol the specics have been analyzed at
the Hartree-Fock (H-TF) level.

The geometrical structures of the macrocyclic ligands and
Pd(1T) complexes were optimized with the density functional
scheme™ using (he Gaussian 98 packages. The following
Gaussian-type basis sets were used; (63321/531/41) for
transition Pd metal with the uncontracted auxiliary basis sets
ol (10/5/5). (6321/521/1) for Cl with the uncontracted
auxiliary basis sets of (974/4). The geometrical optimizations
were sclf-consistently performed within the local spin
density(1.SD) approximation. Afier that, nonlocal corree-
tions proposed by Becke™ and Perdew™ for the exchange
and correlation interactions have been applicd, which can
improve the energics ol 1.SD approximation to the similar
level as the MP2 method.

The basis scts chosen were the double z¢ta basis on Pd
(3s3p4di3s2p2d) ™ The triple-zcta GTO basis sels™ lor
chloride (3s. 3p) were augmented with single 4d polarization
function for Cl. Effective Core Potential (ECPY* including
relativistiic contributions arc used to represent 28 innermost
(up to 3d) clectrons of the Pd atom (lanl2d~) and siandard 6-
31+G" basis sets are used for other atoms except donor atom
as C, 0. and S where 6-31+G ™ basis sets are used.

Results and Discussion

Geometrical  structures of  1-oxa-4,7-dithiacyclononanc
(19]aneS20), 6-oxa-3.9-dithiabicyclo[9.4.0]pentadeca-
1(11),12, 14-triene  (6-S:0), Pd(|9]ane$S;0)Cl, and Pd-
(0-S20)C1z arc optimized al the DFT level and the most
stable isomers of the exo- and endo-types are represented in
Figure 1. The geometrical structures of o-S:0 and endo-
Pd(0-S:0)Cla have Ci-symmetry, while, the structures of the
other ligands and Pd-complexes have Ci-symmetry. According
to arrangement of the oxygen and sulfur atoms on the oxathia
macrocyclic ligand, the structures of the ligands arc divided
as two groups by exo- and endo-onented conformers. In exo-
oriented conformer, an oxygen atom on the ligands is
dirccting (owards (he opposile direction against (wo sulfur
atoms, while, in endo-oriented conformer, the oxygen atom
is directing towards the same direction. The geometrical
structure ol [9JancS20 is formed by a 9-membered cyclic
chain consisting of three ethylene units, two sulfur atoms,
and an oxygen atom. The structure of exo-[9JaneS>O can be
a bidentatc macrocyclic ligand by (wo sulflur atoms.

Meanwhile, the structure of endo-[9]aneS-0 can be a kind of
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(ridentate macrocyclic ligand. That is, the two sulfur atoms
having both soft a-donor and #-acceptor properties can be
coordinated to the central Pd(1T) cation at the square planar
geomelry and on¢ oxygen atom as a hard o-donor property
can be simultaneously coordinated to Pd(1I) via an apically
long-range interaction. To reduce (he flexibility and (he
steric hindrance of (he macrocyclic frame, o-S:0 as a
macrocyclic ligand is chosen. The geometrical structure of
0-5:0 is a bridged structure in which the macrocyclic frame
of [9]ancS:0O is bonded by a cyclophane group. The
structure of o-S20 is more rigid and symmetric than that of
[9]ancS20. Oxathia macrocyelic ligands can serve as o-
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Figure 1. Optimized geometncal structures of 1-oxa-4,7-dithia-
cyclononane (|9]aneS:0), 6-oxa-3.9-dithiabicyclof9.4.0]pentadeca-
1(11),12,14-triene  (-8;0), and palladium(ll) wransition metal
complexes {Pd(]9]aneS:0)ClL: and Pd{e-$:0)Cly) at the DFT6-
311G level. 1, 2(3), and 4 denote O, S, and Pd(LD), respectively.,
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donors v/« donation of the available lone pair electrons and
as m-acceptors using empty d-orbitals of the sulfur atom.

In optumized Pd(L)Cl» complexes. the geometrical struc-
tures are more svmmetric and compacted than those of the
corresponding macrocvelic ligands. Pd(ID) locates at the
center surrounded by square planar geometry of two sulfurs
and two chlorides. The macrocvelic higands are located at the
side plane of the square planar geometry. When the exo- or
endo-macrocyelic ligand (L) coordinates to Pd(Il). the
geometrical conformers of the [Pd(L)Cl-] complexes can be
existed two corresponding conformations of exo- or endo-
tvpe. In the exo-Pd(II) complexes. an oxygen atom on the
macrocycle 1s directing towards the outer side of the central
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Pd(I) metal. While. the oxygen atom in the endo-Pd{l)
complexes 1s directing toward the mner side.

In endo-Pd([9]aneS-0)Cl: and endo-Pd(0-S-O)Cl», the
axial (Pd ---O) interaction between the central Pd(II) cation
and an oxygen atom on the macrocyelic ligands is formed.
The oxygen atom of the endo-Pd(L)Cl> complex plays a role
of the third electron donor group to the central Pd(Il) metal.
As a result. the structures of Pd([9]aneS-QO)Cl- and Pd-
(0-S-O)Cl» show that the more stable conformer is endo-
dentate fashion. The oxygen atom in the endo-dentate
complexes lies above the endo-Pd(L)Cl: coordination plane
by the (Pd---O) distance of 2.944~2.974 A. According to a
long range (Pd ---O) mteraction, the structures of endo-type

Table 1. Relative potential energies (eV) between two conformers, optimized geometrical parameters (A), and atomic charges (au) of stable
exo- and endo-conformers of the Pd({IT) complexes and the oxathia macrocvclic ligands obtained at the MP2 and DFT methods

RE? Reac® Rpas” Rpao” Rrs2° R Pd# S S o CY
exo-[9]aneS,0
MP2 0.0 3544 3230 0.102 0.104 -(0.682
DFT 0.0 3.623 3.284 0.031 0.041 -0.676
endo-[9aneS:0
MP2 0.19 3.538 3,143 0.130 0.134 -(1.669
DFT 0.15 3.602 3.113 0.070 0.082 -(1.661
exo-{0-3-0)
MP2 0.0 3987 3.098 0.136 0.136 -0.670
DFT 0.0 4013 3.191 0.021 0.021] -0.678
endo~{0-3-0)
MP2 0.17 3.878 2.992 0.162 0.162 -(1.639
DFT 0.14 3.961 3.086 0.024 0.024 -(1.633
exo-Pd([9]aneS.03Cl.
MP2 0.29 2.330 2.382 3.388 3.367 3.189 1.370 -0.354 -(1.568 -(1.636 -0.377
DFT (.20 2.349 2375 3.383 3.361 3.185 1.366 -0.593 -(.5397 -(.684 -0.381
exptlf 2.313 3379
endo-Pd([9]aneS:0)C1,
MP2 0.0 2.348 2.381 2.982 3358 3.194 1.246 -0.614 -0.616 -0.549 -(0.390
DFT 0.0 2.347 2.367 2974 3358 3.191 1.238 -0.643 -0.645 -0.558 -(0.394
exptl/ 2,332 2.268 2.968
exptl” 2332 2932
exo-Pd(0-S;0)C1:
MP2 0.25 2.344 2.368 3.377 3824 3.057 1.391 -0.545 -0.549 -0.657 -(0.395
DFT 022 2.342 2.346 3.367 3824 3.055 1.374 -(0.581 -0.586 -0.694 -(.402
exptl” 2331
exptl’ 2311
exptl’ 2.316 2311 3.64
endo-Pd(0-S:0)Cl-
MP2 0.0 2.342 2.360 2.958 3810 4,141 12534 -0.619 -(.619 -(0.331 -0.402
DFT 0.0 2.340 2.342 2.944 3.810 3.138 1.243 -0.638 -(1.638 -(1.333 -0.419
exptl? 2.330 2317

“Relative potential energies between evo- and endo-conformers. ®Average distances between Pd(II) and the chloride atom in [Pd(L)Cls]. “‘Average
distances between Pd(I1) and the sulfur atom. “Distances between Pd(1I) and the oxygen atom. ‘Distances between two sulfur atoms. ‘Average distances
between the sulfur and oxveen atoms, 2Atonnie charges of Pd(ID). “Average atomic charges of the sulfur atom. 'Atomic charges of the oxvgen atom.
JAverage atomic charges of the chloride atom. *Ref. 17. ‘Ref. 12, "Ref. 1. "Ref. 6. “Ref. 5. "Ref. 15 and 16. “Ret. 13.
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complexes are more synmumetric than those of exo-type
complexes. In exo-Pd([9]aneS-O)Cls and exo-Pd(0-S20)Cla
complexes. the bidentate macrocyclic ligands complexed by
PA(ID) also locate at the axial plane and an oxygen atom is
situated along the outer side to the central Pd(II) cation.
Pd(ID) also locates at the center surrounded bv a square
planar array of two sulfur and two chlorides. The oxvgen
atom of the exo-dentate conformer also lies above the exo-
Pd(L)Cl» coordination plane by Rpy..c of 3.367~3.383 A.
This distance is longer than the sum of the van der Waals
radin of the atoms concerned. Our optimized structures of
Pd(L)Cl- are similar to the various experimental result.’"

By the cryvstallographic results, various structural characteri-
zations of the Pd(II) complexes are analvzed by McAulev
group.>!” In endo-Pd(L)Cl- with an axial (Pd‘:*S) inter-
action, the distances of the axial interaction are in excess of
the normal bonding range of the Rpy.s distance (2.30~2.30
A). Although the axial (Pd---S) interaction is formed in the
Pd(II) complexes, the square planar structures of the Pd(II)
complexes are distorted in the sohd state. The distortion of
the Pd(II) coordination geometry indicates a stacking of the
cations within the crystalline lattice. Meanwhile, in exo-
Pd(L)Cl» without the interaction. the macrocyclic ligands of
the [Pd(L)Cl»] complexes are coordinated to be an unusual
square pyramidal geometry. The Pd(II) atom 1s not co-planar
with the donor set but lies above the plane at a perpendicular
distance of 0.11 A. And two of the donor atom set lies above
the mean plane and the other two atoms below. The observed
results are a measure of the lability of the Pd(II) ion and the
flexibility of the pendant-arm macrocyclic ligands.

Relative potential energies, geometrical parameters. and
atonuc charges of optimized macrocvelic ligands and
optimized [Pd(L)Cl-] complexes are listed i Table I. The
more stable conformers in the oxathia macrocvelic ligands
are obtained when the oxvgen atom 1s onented In exo-
dentate fashion. In each ligand, the exo-conformers are
somewhat more stable than endo-conformers and they are
consistent with experimental results in the other systems.'®
Meanwhile, in Pd(II) complexes with an axial (Pd--0O)
interaction between Pd(II) and the oxvgen atom, the
geometrical structures of the endo-Pd([9]aneS-O)Cl» and
endo-Pd(0-S:0)Cl») are more stable (= (.22 eV) than those
of the corresponding exo-types. respectively. The energy gap
between endo- and exo-Pd(e-S-0)Cl» 15 larger than that of
between endo- and exo-Pd([9]aneS:0)Cl.. Our energy
difference between endo- and exo-PA(L)Cl- calculated with
the DFT method is about 5 kcal/mol. The small energy
difference between exo- and endo coordination modes of
[9]aneS-O is investigated by the experimental result.!’” The
small energy changes in solvent incorporation or crvstal
packing forces are factors which may switch endo-dentate
and exo-dentate coordinations of the Pd(II) metal cation with
the ligands. This energy gap could be a consequence of
enhanced 7-back bonding between the sulfur atoms and the
Pd(Il) center due to increased o-donation by the apical
oxvgen atom. This #-back bonding of the Pd-S bond in the
dichloride complex could be responsible for the apical endo-
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dentate structure of Pd([9]aneS-O)Cl..

Our distance parameters are compared with the expern-
mental values."**'>1*1317 The average distances between
Pd(II) and sulfur atoms and between sulfur and oxygen atoms
are denoted as Rpa.s and Re.o, respectively. In [9]aneS-O and
0-$:Q, the distance parameters of exo-type calculated with
the DFT level are longer than the corresponding parameters
of endo-type. Rsi.s» of =3.63 A and Rs. of =3.28 A in exo-
[9]aneS-O are longer than Rsi.s: of =3.60 A and Rs.c of
=312 A in endo-[9)aneS-0. respectively. According to
extend the macrocyelic size, the geometncal parameters of
0-5:0 with cyclophane group are longer than those of
[9]aneS:0. Rsi.s2 of 401 A and Rs.o of =3.19 A in exo-
(0-8-0) are longer than Rsy.s» of = 3.96 A and Re.o of =3.09
A in endo-type. respectively. In experimental result,”” Rs.o is
similar to that of our result.

Our average Rpe.c distances (=2.345 A) in the Pd(L)Cl»
complexes are longer than those (=2.318 A) of the experi-
mental results for K-PdCl, in the solid state.!” The average
Rpa.s distances of Pd([9]aneS-0)Cl» and Pd(v-S-O)Cl. are
similar to each other. The Rpys distance (=2.342 A) of
endo-Pd(0-S-0)Cl: is slightly shorter than that (=2.346 A)
of exo-Pd(0-S-0)Cl». This length could be a consequence of
enhanced m-back bonding between the sulfur atoms and the
central Pd(Il) due to o-donor of the apically coordinated O-
atom ligand. Our calculated Rpa.s distances of Pd(¢-S-O)Cl-
are slightly longer than those of the experimental values.!”
The average Rs,.s» distances (= 3.36 A) in Pd([9]aneS-0)Cl-
is shorter than that (=3.82 A) in Pd(w-S-0)Cl>. From
Pd([9]aneS-0)Cl- to Pd(0-S:0)Cl.. Rgi.s» mcrease. The
average distances (Rgi.s2 of =3.36~3.82 A) in the complexes
are shorter than those (Rs.s: of =3.60~4.01 A) of the
corresponding free macrocycelic ligands. By the complexation
between PA(II) and the bidentate macrocyclic ligands, the
macrocvclic frame in the complexes is more ngid and
compacted than the corresponding free ligands.

Due to the exo- or endo-onentation of the oxygen atom,
the Rpg..o distances in endo-Pd(Il) complexes are quite
different from those of exo-Pd(Il) complexes. Because of an
axial (Pd---Q) interaction. the Rpy...o distance of endo-Pd(II)
complexes 1s shorter than that of exo-Pd(Il) complexes. The
Rpq--o distances in endo-Pd([9]aneS-O)Cl: and endo-Pd-
(0-8-:0)Cl- are =2.974 A and =2.944 A, respectively. The
Rpg..o distances in exo-Pd([9]aneS-0)Cl-: and exo-Pd-
(0-8-0)Cl- are =3383 A and =3.367 A, respectively. The
Rpa-.¢ distances of the endo-Pd(II) complexes are somewhat
shorter than those of exo-Pd(Il) complexes. The gap of the
Rpy.-o distances between the endo- and exo-Pd(Il) complexes
is =0.5 A, In crystal structure,!” the distance (3.38 A) between
the Pd and the O atoms in the exo-[Pd(9S-0)-]" is longer
than the sum (3.1 A) of van der Waals radii for the two
atoms,'’ but the distance (2.944 A) in the endo-Pd(0-S-0)Cl»
1s shorter than that of the van der Waals for the two atoms.

The average atomic charge of the sulfur atoms on the
macrocvclic igand have the positive values (0.02~0.08 au),
while, the average atomic charge of the oxygen atoms on the
ligand are negative values (-0.65 ~ -0.68 au). Meanwhile, in
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the Pd(II) complexes. the atomic charges of Pd(II) have the
relatively large positive values (1.24~1.37 au). while. the
atomuc charges of the chlonde, sulfur. and oxygen atoms are
negative. The atomic charges of Pd(II) in exo-Pd(II)
complexes are more positive than those of in endo-Pd(II)
complexes. The atomic charges of the Cl atoms in exo- and
endo-Pd(II) complexes are sunilar to each other. The atomic
charges of the sulfur and oxvgen atoms m endo-Pd(II)
complexes are different from those of the sulfur and oxvgen
atoms in exo-Pd(II) complexes. That is. the atomic charges
of the sulfur atoms on endo-Pd(I) complexes are more
negative than those of the sulfur atoms on exo-tvpes, while.
the atomuc charges of the oxvgen atoms on endo-Pd(II)
complexes are more positive than those of the oxvgen atoms
on exo-types. In endo-Pd(I1) complexes with an axial (Pd‘--O)
interaction, the lone pair electron of the oxvgen atom as a
hard o-donor donates to Pd(II) and the charge density
transfers from Pd(II) to the S-atoms v/a z-acceptors of the
empty d-orbitals of the sulfur atom occurs continuously. As
a result, the average atomic charges (-0.547 au) of the
oxyvgen atom on the endo-Pd(Il) complexes are less negative
than those (-0.689 au) of the oxvgen atom on the exo-types.
And the average atomic charges (-0.633 au) of the sulfur
atom on the endo-Pd(II) complexes are more negative than
those (-0.389 au) of the sulfur atom on the exo-types. The
charge variation gap of the oxvgen atom between the exo-
and endo-Pd(Il) complexes is simular to that of the sulfur
atom between the exo- and endo-tvpes. In the endo-Pd(II)
complexes. the atomic charges of the oxygen atom are less
negative than those of the oxygen atom on the comresponding
macrocyvchic ligands, while, in the exo-Pd(II) complexes. the
atomuc charges of the oxvgen atom are similar to those of the
oxygen atom on the corresponding ligands.

Conclusionally. the geometrical structures of [Pd(L)Cl.]
with bidentate macrocyvelic ligands ([9]aneS-O and 0-S:0)
are optumized to be four coordinate square planar geometry
of two sulfur atoms and two chlorides. Pd(Il) and the
macrocyclic ligands locate at the center and the side plane
about the square planar geometry, respectively. When an
oxvgen atom in the Pd(II) complexes coordinates to Pd(II).
more stable conformer (endo-dentate Pd(II) complexes) is
obtained by an axial (Pd ++-O) mteraction. The geometrical
structures of endo-Pd(II) complexes with the axial (Pd---0O)
interaction are more stable than those of the comresponding
exo-Pd(II) conformers. The atomic charges of Pd(II) on the
complexes have positive values, wlile. the atomic charges of
the chloride. sulfur. and oxygen atoms on the complexes are
negative. In the endo-Pd(II) complexes, the atomic charge of
the oxygen atom firstly transfers to Pd(II) v/ the axial (Pd---O)
interaction and the charge transfer from Pd(I) to the S-
atoms occurs continuously vig -acceptors of the empty d-
orbitals. As a result. the atomic charges of the sulfur and
oxyvgen atoms of endo-dentate complexes are more negative
and less negative than those of the sulfur and oxygen atoms
of exo-tvpes, respectively.
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