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Abstract

Abstract

La versatilidad que ofrece el ligando oxamato funcionalizado con
distintos sustituyentes en forma aniénica, ha permitido desarrollar una
quimica de coordinacién muy extensa y variada. Sus inicios datan de los
afios ochenta, a cargo del Profesor O. Kahn y colaboradores, con una
atencion particular en estudios de propiedades magnéticas y estructuras
cristalinas. La continuacién y profundizacién de dicha quimica, desde la
perspectiva del magnetismo molecular, es una linea de trabajo que nuestro
grupo de investigacion viene desarrollando en el ICMol durante las tltimas
dos décadas. Su mayor interés radica en la obtencién de oxamato complejos
multifuncionales.

En esa Tesis Doctoral, hemos tratado de extender el uso de los
complejos con ligandos oxamato substituidos hacia nuevos campos tales
como la quimica supramolecular (ingenieria molecular y cristalina) y la
catalisis organica. Para ello, hemos elegido el paladio(Il) como centro
metalico diamagnético universalmente conocido por su aplicabilidad en
procesos cataliticos.

Los resultados obtenidos en esta Tesis se han agrupado en cuatro
capitulos:

(i) Un primer capitulo que se centra en la preparacion,
caracterizacion estructural y un estudio preliminar de las propiedades
cataliticas (reaccion de Suzuki: formacién de enlaces carbono-carbono) de
complejos paladio(Il)-oxamato con cationes alcalinos. Se completa este
capitulo con el estudio de la influencia del sustituyente halogenado del
ligando oxamato en el empaquetamiento cristalino de las entidades
mononucleares bis(oxamato)palladato(II).

(i) Un segundo capitulo en el cual se han sintetizado y
caracterizado mediante difraccién de Rayos X sobre monocristal un total de
quince oxamatocomplejos de palladio(II), los cuales se han utilizado para el
estudio catalitico de reacciones de Heck y Suzuki (formacién de enlaces
carbono-carbono), usando mayoritariamente medios de reaccion
alternativos como sales i6nicas (ionic liquids) con objeto de lograr una
quimica mas sostenible con el medio ambiente.



Abstract

(iif) Un tercer capitulo donde se ha conseguido -capturar
cristalograficamente, por primera vez en quimica de coordinacion, el catién
[Pd(H204)]*2 de dos maneras distintas: como contra-cation del complejo
aniénico palladio(Il)-oxamato y como especie activa en la hidrdlisis
catalitica del acetonitrilo a acetamida.

(iv) Un cuarto y ultimo capitulo en el cual se han preparado y
caracterizado estructuralmente complejos dinucleares de palladio(Il)-
oxamato con ligandos bis-oxamato disefiados a la carta en donde la
distancia intramolecular palladio-palladio se controla con los espaciadores
orgédnicos entre los dos fragmentos oxamato; esta estrategia nos ha
permitido estudiar las reacciones cataliticas de Heck y Suzuki, su
reactividad fotoquimica y aspectos relacionados con su posible toxicidad.

ii
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Glossary

Glossary

List of abbreviations in this Thesis:

The numbering of the complexes is as follows: only digits in bold style to
denote single crystals and the a label them indicates powder samples.

Hopma
H,-ppba
Ho-dpvba
H»>-dpazba
H>-dpeba
Ho-tpeba
Me-

i-Pr-
OMe-

F-

Cl-

Br-

Ph-

DMF
MeOH
MeCN
Et:N

OAc

dba

bzac

OEt
(C:0)7
n-BusN*
n-BusNOH
n-BusNBr
n-BusNCl
AsPhyCl
PPh4Cl
AsPhyt
As(OH)3
BMIMBr
BIMIMPFg
Cat.
Reflec.
Indep.

N-phenyloxamic acid
N,N'-1,4-phenylenebis(oxamic acid)
N,N'-4,4'-diphenylethenebis(oxamic acid)
N,N'-4,4'-diphenyldiazenebis(oxamic acid)
N,N'-4,4'-diphenylethynebis(oxamic acid)
N,N'-1,4-di(4-phenylethynyl)phenylenebis(oxamic acid)
Methyl

Isopropyl

Methoxy

Fluoro

Chloro

Bromo

Phenyl

Dimethylformamide

Methanol

Acetonitrile

Triethylamine

Acetate

dibenzylideneacetone

benzoylacetonate

ethoxide

Oxalate

Tetra-n-buthylamonium cation
Tetra-n-buthylamonium hydroxile
Tetra-n-buthylamonium bromide
Tetra-n-buthylamonium chloride
Tetraphenylarsonium chloride
Tetraphenylphosphonium chloride
Tetraphenylarsonium cation

Arsenous acid
1-Butyl-3-methylimidazolium bromide
1-butyl-3-methylimidazolium hexafluorophosphate
Catalyst

Reflections

Independent



Glossary

Diff.
GC
PFTBA
NMR

TON
TOF

ICso

Diffractions

Gas chromatography

Perfluorotributylamine (GC internal standard)
Nuclear magnetic resonance

. yield (%)
molgryl halide X 100

Turn over number TON =
molcqt,

TON
time (h)

Concentration required to inhibit 50% of cellular
growth.

Turn over frequency  TOF =

vi
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Oxamate ligand: a suitable choice

I.1.  Coordination chemistry overview

Since the foundation of coordination chemistry by Werner in 1893! a
remarkable effort has been devoted to the study of coordination complexes,
including discrete species and coordination polymers (CPs), their
functional properties and fascinating structures being two main points for
this interest.2® The development of materials science and crystal
engineering has enhanced the use of the concepts of chemistry to achieve
functional materials such as catalysts, magnetic objects, non-linear optical
materials and porous frameworks.10-18 Therefore, it is not unexpected that
inorganic chemists have been betrothed to the research of coordination
complexes for magnetic, catalytic, photochemical and medical applications,
for instance.19-3

This outline is intended to provide an overview from the chemistry of
coordination complexes to metal-organic frameworks, focusing on
supramolecular chemistry and together with the relevance of complexes as
building blocks. In this respect, the choice of suitable ligands to develop
this chemistry is a key point.

Coordination complexes play an important role in the design and
synthesis of molecules that are able to assemble into large, well-defined
supermolecules joined by non-covalent intermolecular interactions, a topic
which remains one of the foremost challenges in supramolecular
chemistry .40

The spectacular development of supramolecular coordination chemistry
(termed metallosupramolecular chemistry) in the late 1980s and 1990s has
set up the guiding principles for the self-assembly of well-defined
multimetallic coordination architectures of increasing structural complexity
that are based on metal-ligands interactions.#1-4> Discrete zero-dimensional
(OD) entities*-4 as well as one- (1D), two- (2D), or three-dimensional (3D)
coordination polymers (CPs),1550-52 are included in this category (Figure 1).

At the beginning of this new century, the introduction of functionality
into these metallosupramolecular compounds has become one of the aims
of a large number of research groups working in metallosupramolecular
chemistry.53-5
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! METALLO-
Electroactive . SUPRAMOLECULAR
Materials § CHEMISTRY

N
Y

Figure 1. Relationships between metallosupramolecular chemistry and other
research fields.

The unique properties exhibited by these hybrid inorganic-organic
systems are not the sum of those from the cooperative interactions between
the metal ions through the organic bridging ligands. The study of the
supramolecular structure-function correlations will then orientate the
rational design and synthesis of self-assembled supramolecular functional
materials. They display interesting physicochemical properties that could
be exploited in supramolecular recognition, catalysis,>-5> supramolecular
photo-, electro-, and magnetochemistry®¢-5 (Figure 1).

In the search for molecular and metallosupramolecular materials, a
“bottom-up” metallosupramolecular approach appears as an advantageous
alternative to the classical “top-down” one toward functional magnetic,
catalytic or photo-active materials. The coordination chemistry-based on
the rational design and synthesis of chemical compounds with previously
fixed specific properties such as magnetism,>-¢> molecular recognition,*066
biological activity,1767 chemical sensing,® chirality,®-7! ion conductivity or
transport,”2 conductivity,”> catalysis,’#7> etc. are research fields of
remarkable interest.
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1.2.  Metallosupramolecular approach

In this respect our research group focus on the design and preparation
of mono- and dinuclear complexes as Lewis bases. Two possible synthetic
routes have been proposed:

(i) the use of a discrete and stable entity that can be connected through
linkers in a prefixed manner (node-and-spacer strategy, Scheme 1)7677 or

(ii) the use of such a unit as ligand towards either a fully solvated metal
ion or a preformed complex whose coordination sphere is unsaturated
(complex-as-ligand strategy, Scheme 2).33

It deserves to be pointed out that these strategies are among the most
established routes towards the achievement of multifunctional molecule-
based materials. Two latest review articles have been devoted to the first
one,”87 which was inspired by the seminal studies of Robson during the
nineties.898! As far as the second one is concerned, the richness and variety
of polymetallic assemblies obtained through the use of cyanidometallates2-
85, and bis(oxalato)-3 and tris(oxalato)chromate(III)8-9¢ units as building
blocks illustrate their potential in designing well-defined polymetallic
species (see for instance Scheme 2).

i 1 1
L - l
- 1
L - L =
T 1
1 1 1
] 1
= = = =
1 1
cis-donor trans-donor 90° acceptor 180° acceptor

Scheme 1. Topological representation of the node-and-spacer strategy.
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The oxalate ligand can lead to different structures by using the strategies
explained above. However, aiming at creating new structures that enrich
the coordination chemistry, the oxalate as ligand has been thoroughly used
over the years, as it would be summarized by Julve and Verdaguer in an
up-coming oxalate review.%

qQ bl
O\ _0 O\ 0=

Oj_ Fr =0 N /Cr -0
d o0 F) o o | ¢ ‘,&o
o O'—/M\-—N (\N -2 04\']« OH, o
Y Ny, | Oz °©
lex Lineal trinuclear complex
2+
OH,
Hz0,, | WOH:
M,
H:0" | YoH,
OH,

V-shaped trinclear complex 1D

Scheme 2. Synthetic route with the complex-as-ligand strategy focusing on

the complex [Cr(NAN)(C204)2]- as ligand.

In the light of the rich chemistry of oxalate, the coordination
possibilities for related ligands have focused the attention of different
research groups.

(i) Firstly, because if one has in mind that this thesis consist of
finding new coordination complexes with remarkable properties by their
own and as future candidates for the complex-as-ligand strategies, the use
of an overworked ligand versus the palladium(ll) metal ion lacks of
originality see examples on literature about oxalate-palladium(Il)
complexes?-103,

(if) Secondly, keeping in mind that this Thesis has been carried out
in a research group that focuses on the magnetic properties in coordination
chemistry, the oxalate has some limitations over other ligands such as the
functionalized oxamidate and oxamate ones.
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1.3. Oxalate wversus Oxamide in Molecular
Magnetism

It is well-known that multiatom bridges can propagate magnetic
exchange interactions between paramagnetic metal ions.® The dependence
of the magnetic exchange on the nature of the bridging species and/or
stereochemical factors has been thoroughly investigated in the 80’s,104105
focusing mainly on copper(ll) complexes the aim being understanding of
the magnitude of superexchange interactions.>.104

Envisaging stronger magnetic interactions between metal centers, the
oxamidate bridge is a better candidate than the oxalate bridge because of
the lower electronegativity of the nitrogen atoms respect to the oxygen
ones.106-109 For that reason, magnetic studies on oxamidate-containing
complexes were undertaken. Bidentate and bis-bidentate coordination
modes of oxamidate occurs in its metal complexes, yielding either mono-
110111 or polynuclear’06107109112113 compounds, as for the parent oxalate
ligand.

Compared to the oxalate ligand, the complexes with oxamidate exhibit a
greater stability caused by the strong electron-donating capability of its
deprotonated amidate-nitrogen-atoms.’* However, some problems of
oxamide in its use as ligand are its insolubility in common solvents and the
hydrolytic reaction which it undergoes under deprotonation, yielding
oxalatel0-110 (Scheme 3a). These problems are overcome by using N,N’-
bis(coordinating group substituted) oxamides (Scheme 3b).

OXAMIDATE ANION

d) (yj/r\H 2-
e No
[® NH, -NH;

N~ OXALATE ANION
AND / OR
OXALATOCOMPLEXES
S S
H,N 0

OXAMIDE NCu** y
' OH" -NHs

H H %
N N
()j: N/ j//o
Al
()/ ﬁ/ \N \()
H

b)
X HNIO

(0) NH X

X = NRy, py, OH, COO, SOy

Scheme 3. a) Hydrolytic reaction of oxamidate. b) Oxamide functionalization.
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A great variety of substituted oxamides is available via simple synthetic
routes which allow modifying charge, polarity, coordination capability and
solubility due to the X group (Scheme 3b). An example of the diversity of
species which can be designed and prepared by reaction of copper(Il) and
oxamidate ligand is shown in Scheme 4.

0, : 0 5
i I I
NHQ

() ‘0

Cu?, M
%) O [(CoL)MP*

2 2
L T @© |1cuL)
HEN\C N ,0‘(‘/ H:N‘C'NI()‘J‘/
i u i
7 "0%~N" 'NH, HN' NTTOO N T2+
NH,
Cu-NH2
[CuL)* [(CuL)MJ** g
(b) ) Hm 0 ?J?)/
~ 2N, =
[CuL) %uu S I piig
HN N“T07 | Yo
12+ N\ O%N
N T
HN_ '.\ 0 5 0 H, *Cu
) I(, . OI C“ NH,
'\) [(CuL);MJ?*
|(CuL)zM|2‘

Scheme 4. Oxamidate-containing copper(Il) complexes as building blocks.

Both oxalate and oxamidate ligands have played an important role in
the rational design of heterotrinuclear complexes and molecule-based
magnets as illustrated by the great number of reports which have been
devoted to these systems.59.60,104115116

l.4. Oxamate ligand in crystal and magnetic
engineering

The parent oxamate ligand raised up in 1987 when Kahn and coworkers
pointed out that it was possible to have a state of high-spin multiplicity in
ABA trinuclear species with local spins 254 > Sp + %2 without imposing
ferromagnetic interactions between the nearest neighbor magnetic
centers.’> Complexes with oxamate ligand appeared to be appropriate as
bridging units for the design of this kind of magnetic systems.
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As for the parent oxalate and oxamidate ligands, the oxamate dianion
can adopt bidentate and bis-bidentate coordination modes in its metal
complexes, to yield either mono-# or polynuclear'” compounds (Scheme 5).

"

R _|(m~n—2)
0] NH
D I - I I
o™ OH / /
M=MorM#M

Scheme 5. Simplified route for the coordination of the oxamate ligand, where
Mr+ and M'm* are metal ions.

The strong electron-donating capability of its deprotonated amide-
nitrogen atom together with the good donor properties of the carboxylate-
oxygen atom account for the greater stability of its metal complexes
compared to the one with oxalate. Another issue to be considered is the
asymmetric donor set of the oxamate, a feature that makes easier the
preparation of heterometallic species.

The first bis-oxamato complex was synthesized by Nonoyama’s group in
1976,118 and as commented above, their development was carried out by
Kahn and coworkers in the late 1980s,%0115 and continued by Journaux’s and
Lloret’s research groups in the late 1990s.8114119

Our research group has taken advantage of the remarkable ability of
oxamate dianion to mediate magnetic interactions between the
paramagnetic metal ions bridged by them!2 to get deeper insights on the
rational approach to molecule based magnets'?-127 and the concept of
irregular spin statel?-130 as well as to extend the spin polarization
mechanism to coordination compounds?3!.

Over the years, the N-substituted oxamate ligands have proved to be an
excellent tool to prepare mono- and dinuclear complexes (Figure 2),
because of the high stability of their complexes with transition metal ions
such as copper(Il) ions in aqueous solution.!* The knowledge of the species
formed in this medium has allowed the rational preparation of a great
variety of homo- and heterometallic species.8117
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QN—MI?;JSC-)O- QQQ | ng\,ﬂ (%;/O\
=T e R WU

[M(pma),J* [M(pma),]* [Mx(mpba)}* [Mx(mpba)s)®
M=Cu" M = Ni", Co" M=Cu" M = Ni", Co"

%OI

Figure 2. Self-assembling metallosupramolecular oxamato complexes with
late 3d divalent metal ions of different preferred coordination geometries: (a)
double and triple, trans and cis mononuclear complexes, (b) double- and
triple-stranded dinuclear metallacyclic complexes.

In this pioneering work, aliphatic or aromatic group-substituted
bis(oxamato)-¢0115 and related bis(oxamidato)copper(Il) complexess 114119
were used as ligands, being referred to as metal-organic ligands (MOLs).

08 04 0 0.4 08
noH (T)

Figure 3. The first mononuclear manganese(Ill) complex exhibiting a slow
relaxation of the magnetization (that is, a species with a single slow-relaxing,
highly anisotropic Mnl'ion), as confirmed by very low-temperature micro-
SQUID magnetization and high-field EPR spectroscopic measurements.?

More recent efforts with specifically substituted oxamate ligands have
been directed towards the achievement of Molecule-based Multifunctional
Magnetic Materials (MMMMs),132  illustrative examples being the
preparation and characterization of Single Ion Magnets (SIMs) (Figure
3),213 Single Molecule Magnets (SMMs),134135 and Chiral Single Chain
Magnets (CSCMs).136:137
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0.005

Q o] Q o|*
)( w Z )__(Oﬁl
d N N / 0.004 4
\./ X Y \@. 4 NBuN e
7N\ 3=\ § o]
) N—Q—N [¢] e

<o Wz ? ( = 0.002
o (o] oF
(nBuyN),[CusLs] - XH,0 - YCH;OH 0.001 4
fa(L=ppba, x=0,and y=2)
2a (L=Meoppba, x =3, and y = 0) 0
3a (L =Me,ppba, x =5, and y = 0) 0

T(K)

Figure 4. Dicopper(Il) metallacyclophanes with electroswitchable
polymethyl-substituted para-phenylene spacers and their
antiferromagnetically coupled Cull; pairs.138

Recent achievements deserve to be pointed out such as electroswitchable
magnetic systems (Figure 4),1% porous/luminescent magnets,'® magnetic
sensors of small guest molecules,’8140 pH-controlled switches for the
reversible formation of emulsions,’4! and chiral three-dimensional metal-
organic polymers (CMOPs),®2 and single crystal to single crystal
transmetallation (Figure 5),4 demonstrating the potentiality of the
substituted oxamate-containing systems in the design of multifunctional
materials.

..:::-lluﬁ* S

""i"'&:]!-."_.

Figure 5. Anionic 3D MWCulls networks using the oxamate ligand 2,4,6-
Mespma (L) a) Mglh{Mglly[Cully(L)2]s}-45 H.O and b)
COzII{COII4[CuIIQ(L)2]3}'56 HzO or NizII{NiII4[Cu112(L)2]3}' 54 Hzo. 143
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Lately, our research group has prepared new dinucleating ligands
possessing two oxamate donor groups separated by more or less rigid,
extended m-conjugated aromatic spacers that are able to self-assemble with
Cu(Il) ions to form double-stranded dicopper(Il) metallacyclic complexes of
the cyclophane type. These compounds possess electro- and photoactive
chemical properties and then, they are of potential interest in molecular
spintronics and quantum computing, as illustrated in Scheme 6.144145

T <

. X X Y

0 0 Q o_—| O
o?_fN— R —NH O /

- J

Scheme 6. Oxamate-based metal(Il) metallacyclophanes with extended m-conjugated
aromatic spacers.144
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1.5. Oxamate-containing palladium(II)
complexes

Aiming at increasing the functionality of the oxamate-containing
complexes, we focused on the diamagnetic square planar palladium(ll) as
metal center. The importance of using palladium to carry out a new
oxamate coordination chemistry is based on the large number of well-
known catalyzed-organic reactions accomplished by this element.146-149
Among others, the versatile palladium center enables carbonylation,
hydrogentation,’ hydrogenolysis,’> formation of carbon-carbon,!52-157
carbon-hydrogen,'® carbon-oxygen,158-160 carbon-nitrogen'?3” and carbon-
sulfurlel162 bond reactions.

There is a large variety of available commercial palladium(II)/(0)
complexes used in organic and catalysis chemistry. Some of them are:

(i) [PACl] which is very stable but its solubility in water or organic
solvents is very low;14”

(ii) the compounds of general formula M[PdCliy] (M = Li, Na and K)
which are very soluble in water but sparingly soluble in alcohols or other
organic solvents;147

(iii) [Pd3(OAc)s] which is stable in the solid state and soluble in organic
solvents but it is sparingly soluble in water;4”

(iv) [Pd3(OAc)s] combined with P(n-But)s which is a very active catalyst
but it must be used immediately because it undergoes a fast oxidation to
phosphine oxide together with a phosphine-free Pd(0) species;!4”

(v) [Pd(PPhs)4] which is light-sensitive and unstable in the open air;!4”

(vi) [Pd(dba)] which is an active catalyst but nanoparticles of
palladium(0) are formed sometimes during the synthesis of the
compound.163
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In the light of these features and having in mind the need of
implementing an ecologically benign chemistry, new palladium complexes
with the following requirements are needed:

(a) soluble in water and other alcoholic solvents,
(b) light-insensitive and stable in the open air,
(c) easily accessible, handling and structurally versatile.

(d) environmentally friendly avoiding for example the use of phosphine
ligands,

In the present PhD Thesis work, we have discovered that the oxamate-
containing palladium(II) complexes fulfill all these requirements.

The first structure of this type of complexes was published in 1999 by
Colacio et. al.1* and during the materialization of this Thesis, additional
structures have been reported by Pereira et. al.165-167 These last works have
shown that oxamate-containing palladium(Il) complexes exhibit cytotoxic
activity against leukemia cells,®® and also act as suitable diamagnetic
spacers (Scheme 7) in heterobimetallic magnetic one-dimensional
compounds.165167

Ar Ar | Ar Ar

M/"j: SO D D
N / \ o PN NEN oo

| AN T

| |
M M M M M M M M M M

(0] (ii) (iii) (iv) ) (vi)

M I'.'I
Ar

)

M>0\IN\Fd ° N\P I Pd M M \

NN R NN \ A
fr'./ \M/ /\/

(vii) (viii) (ix) (x)

Scheme 7. Possible coordination modes of the monooxamatepalladate(Il) unit.

14



Oxamate ligand: a suitable choice

The main achievements of this Thesis on the oxamate-containing
palladium(II) complexes are summarized hereunder:

(i) crystallographic studies on the structural topology of
bis(oxamate)palladate(Il) complexes of formula My[PdL;] (L = oxamate
ligand and M = alkaline element),'¢® and the investigation of hydrogen
bonding and supramolecular halogen-halogen interactions in halogen
derivatives of bis(oxamate)palladate(II) complexes,

(if) studies of the catalytic activity of bis(oxamate)palladate(II)
complexes of formula (1-BusN)2[PdL,], in the carbon-carbon cross-coupling
reactions (Heck and Suzuki reactions) using alternative greener solvents
such as ionic liquids, 16

(iif) combined crystal structure determination and catalytic activity
studies (Suzuki reaction!70 and nitrile hydration) of
bis(oxamate)palladate(Il) complexes of formula [Pd(H204)][PdL],

(iv) synthesis, structural characterization of dinuclear oxamate-
containing palladium(Il) metallacyclophanes of formula (1-BusN)2[Pd>Ls]
and their catalytic (Heck and Suzuki reactions in ionic liquids), cytotoxicity
(on leukemia cells) and photochemical (preliminary investigation)
activities.

15
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II.1. Aim

In the last decade, oxamate ligands have been used in coordination
chemistry in the search for magnetic,'-22 photo switching,? catalytic
properties (first-row transition metal ions)?-2 and gas absorption®.
However, the oxamate-containing palladium(Il) complexes are really scarce
in the literature’*% (only a few examples in the last years) and their
catalytic properties were not investigated. 37-3

Having in mind the possible catalytic activity of these complexes, four
novel compounds with the same ligand (2,6-Mex>-pma) and different
counter-ions [Na(I) (1 and 1’), K(I) (2), Rb(I) (3) and Cs(I) (4)] were prepared
and their crystal structures determined by X-ray diffraction. Their catalytic
activity for carbon-carbon coupling Susuki type reaction was investigated,
moderate to high yields being obtained.

1 {[Na(H:20)]2trans-[Pd(2,6-Mezpma)2] }

1 {[Na(H20)]2cis-[Pd(2,6-Mezpma)2] } »

2 {[Ks(H20)3]cis-[Pd(2,6-Mezpma)z]2}

3 {[Rbs(H20)3]cis-[Pd(2,6-Mezpma)a]2}n

4 {[Css(H20)7]trans-[Pd(2,6-Mezpma)z]2cis-[Pd(2,6-Mezpma)z] } - 3nH20

The present chapter focuses on their preparation, structural
characterization and study of their catalytic properties concerning the
carbon-carbon coupling Suzuki type in homogeneous catalysis (DMF as
solvent). The possible influence of the alkaline counter-ion on this process
is also analyzed. It deserves to be noted that the occurrence of cis- and
trans- isomers when using monosubstituted oxamate ligands in the
corresponding palladium(Il) complexes (see Scheme 1) has been
materialized in these series of compounds.

e- “2-
Ar Ar Ar

| | |
OI N \Pd /OIO OI N \Pd / N (o]
o) 0/ \N o} (o} 0/ \0 o}
|

Ar

Scheme 1. (Left) trans- and (right) cis-isomers (Ar stands for aryl).
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II.2.  Synthesis and characterization

The general synthetic method for the preparation of the proligand EtH-
2,6-Me>-pma follows the reported one in previous works?s (see Appendix A
for further information).

Synthesis of the complexes:

A general synthetic method for the bis(2,6-
dimetilphenyloxamato)palladate(Il) complexes 1/1” and 2-4 is as follows: an
aqueous solution (5mL) of MOH (3 mmol) [M = Na (1/1"), K (2), Rb (3) and
Cs (4)] was poured into an aqueous suspension (5mL) of the N-2,6-
dimetilphenyloxamate proligand (0.6 mmol) in a one-neck round flask
under continuous stirring at 60 °C. Then, an aqueous solution (5mL) of
K>[PdCls] (0.30 mmol) was added dropwise to the resulting solution under
continuous stirring and the reaction mixture was heated at 60 °C for 10
hours. The corresponding resulting red-yellowish solutions were filtered to
remove any residual solid and they were allowed to slowly evaporate at
room temperature.

Following this procedure, large, good-quality crystals of 1 (yellow
prisms) were grown after one month, together with a few crystals of 1’
(light orange microcrystals). X-ray quality crystals of 2-4 as red-yellowish
prisms appeared within 2-4 weeks. X-ray powder diffraction profiles for 1,
1" and 2-4 could be found in Appendix A.40

Characterization of the complexes

{[Na(H:0)]2trans-[Pd(2,6-Mezpma)2]}. (1). Yield: 83%. IR (KBr/cm-1): 3399
(O-H), 2944, 2916, 2850, (C-H), 1675, 1641, 1604, 1582 (C=0). Anal. Calcd for
Ca0H22N20OsNaxPd (1): C, 42.08; H, 3.89; N, 4.91. Found: C, 41.95; H, 4.10; N,
5.01%.

{[Nas(H20)]2cis-[Pd(2,6-Mezpma)]}» (1). Its formula was determined by
X-ray diffraction on single crystals.
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{[Ki(H20)3]cis-[Pd(2,6-Mezpma)z]2}. (2). Yield: 91%. IR (KBr/cm?): 3422
(O-H), 2946, 2918, 2851 (C-H), 1676, 1646, 1605, 1583 (C=0). Anal. Calcd for
Cu0H12N1O15K4Pds (2): C, 40.44; H, 3.56; N, 4.72. Found: C, 40.70; H, 3.88; N,
4.63%.

{[Rbs(H20)s]cis-[Pd(2,6-Mezpma)2]2}. (3). Yield: 77%. IR (KBr/cm?): 3398
(O-H), 2958, 2939, 2915, 2850 (C-H), 1677, 1642, 1605, 1583 (C=0). Anal.
Calcd for CyoHaN4O15Pd2Rby (3): C, 34.98; H, 3.08; N, 4.08. Found: C, 35.01;
H, 3.20; N, 4.12%.

{[Css(H20)7]trans-[Pd(2,6-Mezpma)z]aocis- [Pd(2,6-Mezpma)]}. - 3nH20 (4).
Yield: 75%. IR (KBr/cm?): 3422 (O-H), 2951, 2940, 2917, 2850 (C-H), 1670,
1638, 1602, 1580 (C=0). Anal. Calcd for CsoH74NeO2CssPds (4): C, 29.49; H,
3.05; N, 3.44. Found: C, 28.95; H, 3.17; N, 3.50%.
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I1.3. Results and discussion

Synthesis and IR Spectroscopy. The syntheses of the complexes 1/1’
and 2-4 were carried out by reacting K>[PdCls] with the oxamate dianion
2,6-Mezpma? which was generated in situ by the treatment of its monoester
derivative with the appropriate alkaline hydroxide MOH [M = Na (1/1), K
(2), Rb (3) and Cs(4)] in water. After gentle heating to favor the substitution
of the chloride ligands by the chelating oxamate group, the resulting clear
solution was allowed to concentrate by slow evaporation at room
temperature. Crystals of 1/1’, 2-4 were grown from the mother liquor
within a few weeks. Their infrared spectra as KBr pellets show the
characteristic bands of the oxamate ligand at 1670, 1640, 1600 and 1580 cm-!
(see Appendix A for the graphical information).The shift of the C=O
stretching towards lower wavenumbers in the spectra of 1/1" and 2-4
compared to the starting oxamate proligand (1727 and 1676 cm?) supports
the coordination of the oxamate to the metal ions (see Appendix), as
confirmed by single-crystal X-ray analysis (see below).

An appealing solvatochromism of the aqueous solutions of 1/1” and 2-4
from a yellow to reddish colour corresponding to a bathochromic shift was
observed when comparing them with that containing the sodium(I) as
counterion (Figure 1). This positive solvatochromism observed along the
series Na, K, Rb and Cs can be attributed to the external increasing
solvation of the intimate ion pair [M(I), bis(oxamato)palladate(Il)] in water.
Bathochromic shifts in intimate ion pair maxima is a phenomenon that was
already studied and found to be noticeable when the solvent polarity is
increased, especially with strong complexing agents such as macrocyclic
polyethers.4142 In our case, the resulting positive solvatochromism of the
ion pair appears to affect noticeably the coordination sphere of the
bis(oxamato)palladate(Il) units leading to a colour change from yellow to
red of the aqueous solutions of 1/1” and 2-4.

Figure 1. Bathochromic effect of the alkaline metal ion [M = Na(I), K(I), Rb(I) and Cs(I)
(from left to right)] in the aqueous solutions of the [Pd(2,6-Me>pma)>]2 complex.
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Description of the structures. Single-crystal X-ray diffraction analyses
of 1/1” and 2-4 confirmed that all compounds are made up of monomeric
bis(oxamato)palladate(II) units, a variable amount of water molecules, and
the alkaline countercation of choice, i. e. Na* (1), K* (2), Rb* (3) or Cs* (4).
Both the trans and cis isomers of the [Pd!(2,6-Me>pma):]> complex anion
(see Scheme I) were isolated in the solid state: the trans isomer as sodium
salt (1), while the cis- form either as sodium (1”), potassium (2) or rubidium
(3) salts (2 and 3 are isostructural compounds). Curiously, the two isomers
co-crystallize in the cesium(I) derivative (4).

The coordination modes adopted by the 2,6-Me;pma ligand in 1/1’
and 2-4 is shown in Scheme 2. The structures of the complexes are
described in detail hereunder.

M M M
Ar | Ar

| L
M/%[\MM N, S
AN AN /

0 N

¥ ¥
N\ OIN\P(‘

‘\ / \\ A N
l |

Ly
M<;K;hm j:/ N > :<ji/
/\/ /\/

vii viii X

Scheme 2. Coordination modes adopted by the 2,6-Me;pma ligand in 1 (i), 1" (ii-iv) 2/3
(ii, v, vi) and 4 (i, vii-x) [Ar and M represent the 2,6-dimethylphenyl fragment and the
univalent alkaline cation, respectively].
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Tablel. Summary of the crystal data for {[Na(H,O)]otrans-[Pd"(2,6-Mespma)a]}y (1), {[Nas(H20)2]cis-[Pd"(2,6-Mespma)olo}x (17), {[Ka(H20)s]cis-

[Pd"(2,6-Mespma)ala} s (2), {[Rbs(H20)s]cis-[Pd"(2,6-Mespma)a]a} (3) and  {[Css(H20)7]trans-[Pd"(2,6-Mespma)s]acis-[Pd"(2,6-
Mezpma)z]},-3nH2O (4)

1 [ 2 3 4
Formula Ca0H2N20gNazPd  CgoHaoNaNayO14Pd,  CaoHazN4O1sKsPdz  CaoHsaN4O1sRb4Pd2  CooH7aN6O26CssPds
M, 570.78 1105.52 1187.98 1373.46 244391
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Orthorhombic
Space group 12/a Cc Cc Cc Pbca
alA 12.889(2) 16.4083(6) 16.317(2) 16.4305(10)A 24.874(5)
b/A 14.4316(18) 22.4457(12) 25.271(2) 25.1810(19)A 24.355(5)
c/A 13.6143(19) 13.4740(4) 13.9855(14) 14.1936(7) A 26.539(5)
Bl° 105.888(10) 124.4800(10) 124.893(6) 124.878(2) (90)
VIA® 2435.7(6) 4090.6(3) 4730.1(8) 4817.6(5) 16078(6)
z 4 4 4 4 8
D./g cm* 1.556 1.795 1.668 1.894 2.019
TIK 100(2) 100(2) 100(2) 296(2) 296(2)
u(Mo-Ke)/mm™ 0.843 0.998 1.182 4,830 3.420
F(000) 1152 2224 2392 2680 9344
Refl.collected 25193 23741 51992 76964 358776
Refl.indep. (Rin) 2298 (0.0252) 7475 (0.0397) 10332 (0.0280) 10045 (0.0203) 17069 (0.0690)
Refl.obs. [I > 20(1)] 2208 7363 10191 9771 11235
Goodness-of-fit on F2 1.332 1.080 1.045 1.063 1.075
Rl > 20(1)] 0.0164 0.0286 0.0199 0.0629 0.0681
R* (all) 0.0189 0.0294 0.0203 0.0648 0.1011
WR2"[I > 25(1)] 0.0537 0.0747 0.0489 0.1926 0.2282
WR," (all) 0.0697 0.0812 0.0492 0.1975 0.2592
Abs. struct. parameter - 0.00(3) -0.011(12) 0.139(9) -
Apmaxmin! € A7 1.027, -0.588 1.277,-0.928 3.227, -3.259 3.025, -4.547

R,y = X(|Fol Fd JZIFol. "WR, = { S [W(F2-FRREW(F21Y2 and w = L/[c3(F,2) + (MP)? + nP] with P = (F¢2 + 2F:)/3, m = 0.0383 (1),0.0427 (L°), 0.0235 (2), 0.1687 (3), 0.1674
(4), and n = 1.7111 (1),13.4385 (1°), 5.9743 (2), 8.7604 (3), 29.3263 (4).
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{[Na(H.O)].trans-[Pd"(2,6-Me,pma),]}, (1). This compound
crystallizes in the monoclinic space group I12/a with half a molecule in the
asymmetric unit, the second half being generated by the crystallographic
inversion centre. Its structure consists of trans-[Pd(2,6-Me;pma),]* anions
and monohydrated sodium(I) cations linked together by means of single
carboxylate- and amidate-oxygen atoms (Figure 2). Selected bond lengths
and angles for 1 are listed in Table 2.

Figure 2. A perspective view of the tmns—[PdH(Mezpma)z]z'anionic entity in 1 with
its vicinal sodium(I) cation surrounding and showing the atom numbering. Thermal
ellipsoids are drawn at the 30% probability level [Symmetry codes: (a) = 0.5-x, 0.5-y,
0.5-z; (b) =1-x, 1-y, 1-z; (c) = 0.5-x, y, 1-z; (d) = 0.5+x, 1-y, z; (e) = -0.5+x, 1-y, z].
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Each palladium(II) ion is four-coordinate with two amidate-nitrogen
and two carboxylate-oxygen atoms from the two trans oxamate ligands
building as slightly distorted NOO'N' square-planar surrounding. The
reduced bite angle of the chelating oxamate [82.25(5)°] accounts for the
deviations from the ideal geometry. In fact, the Pd(II) ion and the atoms
building its surrounding lie exactly on a plane for symmetry reasons.
The Pd-N and Pd-O bond lengths are 2.020(1) and 2.009(1) A,
respectively. The plane at the Pd(Il) ion and the mean plane of the
oxamate group are almost coplanar [the dihedral angle between these
two planes (¢) is 3.65(8)°]. Focusing on the phenyloxamate ligand, the
dihedral angle between the 2,6- substituted phenyl ring and the mean
plane of the oxamate group (¢) is 75.79(4)°.

Table 2. Selected bond lengths (A) and angles (°) for 1*

Pd(1)-O(1) 2.009(1) Pd(1)-N(1) 2.020(1)
N(1)-Pd(1)-O(1) 82.25(5) N(1)-Pd(1)-O(1a) 97.75(5)
Na(1)-O(2) 2.335(1) Na(1)-O(2b) 2.312(1)
Na(1)-O(3) 2.461(1) Na(1)-O(3c) 2.296(1)
Na(1)-O(1w) 2.339(2)
O(1w)-Na(1)-O(2)  151.45(6) 0(2)-Na(1)-O(3c) 110.55(5)
O(1w)-Na(1)-O(3)  126.00(5) 0(3)-Na(1)-O(2b) 146.64(5)
O(1w)-Na(1)-O(2b)  85.09(5) 0(3)-Na(1)-O(3c) 75.64(6)
O(1w)-Na(1)-O(3c)  97.02(5) O(2b)-Na(1)-O(3c)  116.18(5)
0(2)-Na(1)-O(3) 70.30(4) Na(1)-O(2)-Na(1b)  103.63(5)
G 1)-O(3)-Na(lc)  86.75(5)

(
O(2)-Na(1)-O(2b) 76.37(5) Na(
)

‘Symmetry code: (a) = 0.5-x, 0.5-y, 0.5-z; (b) = 1-x, 1-y, 1-z; (c) = 0.5-x, y, 1-z.

The coordination mode of the oxamate ligand in 1 is shown in
Scheme 2i and in Figure 3a. It adopts a bis-bidentate coordination mode
connecting the Pd(1) and Na(1) atoms [through N(1) and O(1) towards the
Pd(II) ion and across O(2) and O(3) towards the Na(I) cation]. The outer
oxamate-oxygens [O(2) and O(3)] further link another sodium(l) cation
each one [Na(1b) and Na(lc)]. Thus, each oxamate ligand interacts with
three different sodium centers simultaneously (Figure 3a), while each
sodium(I) cation is linked to four carboxylate oxygen atoms from three
different oxamate ligands, for symmetry reasons.
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Chapter 1 - Structural versatility of bis(oxamato)palladate(II) complexes (Part I)

As evidenced in Figure 3b, the sodium(]) ions in 1 are overall five-
coordinate with a distorted square-pyramidal geometry. The Na-O
distances span in the range 2.296(2)-2.461(1) A. The sodium atom is shifted
by 0.285(1) A from the equatorial plane [(O)2)O(2b)O(3)O(1w) set of atoms]
towards the apical position which is occupied by a carboxylate oxygen
atom [O3c¢)].
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Figure 3. (a) Surrounding of the oxamate ligand in 1. (b) View of the coordination
geometry around Na(1) in 1 [the basal plane of the square pyramid is defined by O(2),
0O(@3), O@2b) and O(1w)]. (c) A view of the alternating flat [Na(1)Na(1b)O(2)O(2b)] and
bent [Na(1)Na(1c)O(3)O(3c)] di-p-Ooxamate disodium units in the [Na»O:], chains running
along the crystallographic c axis in 1. Color codes: Pd, yellow; Na, pink; C, grey; N, blue;
O, red. The symmetry codes are specified in Table 2.
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Figure 4. A fragment of the crystal packing in 1 showing the chain arrangement of the
monohydrated sodium cations running along the crystallographic ¢ axis together with their
neighboring bis(oxamato)palladate(Il) complexes [the 2,6-dimethylphenyl rings on the
ligands are omitted for clarity]: (a) side view; (b) view down to the ¢ axis. The whole sodium
environment of each oxamate ligand is shown in (b). Color codes: Pd, yellow; Na, pink; C,
grey; N, blue; O, red. The symmetry codes are as indicated in Figure 2.

Focusing on the sodium-oxamate interactions, {NaxO.}, chains
running along the crystallographic ¢ axis can be identified (Figures 3c and
4a), where flat and bent di-p-Ooxamate disodium units sharing a vertex
alternate regularly with Na--Na separations of 3.653(1) and 3.269(1) A,
respectively (Figure 3c). The bis(oxamato)palladate(II) units anchored to
the arry of the sodium atoms point approximately in the directions of the

diagonals of the crystallographic ab plane (Figure 4b).
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The dihedral angles between the Pd(II) mean plane of a Pd(II)
complex and its two adjacent symmetry analogues is regularly either 180°
[Pd(1) and Pd(1b) in Figure 4a] or ca. 60° [Pd(1) and Pd(1c) in Figure 4a].
This means that the trend of sodium(I) and palladium(II) cations along the
crystallographic c axis is of the type ABCDABCD type (Figure 4a).

Given its centrosymmetric nature, each bis(oxamato)palladate(II)
entity in 1 is involved in the formation of two different [Na>O,], chains (see
Figure 4b) which are set at a distance equal to the Na(1)'--Na(la) separation
[11.392(2) A; symmetry code: (a) = 0.5-x, 0.5-y, 0.5-z] (see Figure 2). This
leads to a mixed Pd(II)-Na(I) three-dimensional (3D) network shown in
Figure 5.
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Figure 5. Perspective view of the crystal packing of 1 along the crystallographic c axis.
Color codes: Pd, yellow; Na, pink; C, grey; N, blue; O, red.

{[Nas(H,O)].cis-[Pd"(2,6-Me;pma).] } . (1'). Compound 1’ crystallizes
in the monoclinic space group Cc, with two bis(oxamate)palladate(II) units
in the asymmetric unit, along with four, partially hydrated sodium(l)
cations. Unlike 1, its structure comprises cis-[Pd(2,6-Me;pma)>]* anions (see

Figure 6). Selected bond lengths and angles for this species are given in
Table 3.
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Chapter 1 - Structural versatility of bis(oxamato)palladate(II) complexes (Part I)

Each Pd(II) ion in 1’ is four-coordinate with two amidate nitrogen
and two carboxylate-oxygen atoms from the two cis-oxamate ligands
building a slightly distorted square-planar [NON’O’] surrounding. The Pd-
N and Pd-O bond lengths (see Table 3) compare well with those found in 1
and similar species, including compounds 2-4 presented herein (vide infra).
The square plane at the Pd(Il) and the mean plane of the chelating oxamate
groups in the two crystallographically independent cis-[Pd(2,6-Mez>pma)z]>
units of 1” form dihedral angles (¢) in the ranges 5.8(2)-6.6(2)° at Pd(1) and
1.7(3)-3.4(3)° at Pd(2).

) Na4

Figure 6. Perspective view of the two crystallographically independent cis-[Pd!(2,6-
Mezpma),]? units in 1/, showing the atom numbering. The sodium and water contents of the
asymmetric unit are also included. Thermal ellipsoids are drawn at the 30% probability
level.
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Intramolecular face-to-face stacking interactions are clearly
established between the phenyl rings on each chelating ligands of the cis-
[Pd(2,6-Mezpma)2]> unit, the centroid-centroid distance and off-set angle
having approximate values of 3.7-3.9 A and 20-21° respectively. The
observed twist angle at Pd(1) and Pd(2) is equal to 5.6(3) and 2.5(4)°,
respectively.

Table 3. Selected bond lengths (A) and angles (°) for 1*.

Pd(1)-O(11) 2.023(4) Pd(2)-O(21) 2.015(4)
Pd(1)-N(11) 2.029(5) Pd(2)-N(21) 2.019(5)
Pd(1)-O(1) 2.031(4) Pd(2)-0(31) 2.015(4)
Pd(1)-N(1) 2.039(5) Pd(2)-N(31) 2.033(5)
O(1)-Pd(1)-N(1) 81.3(2) 0(21)-Pd(2)-N(21) 81.9(2)
O(11)-Pd(1)-N(1) 170.2(2) 0(31)-Pd(2)-N(21) 169.6(2)
N(11)-Pd(1)-N(1) 108.0(2) N(21)-Pd(2)-N(31) 108.5(2)
N(11)-Pd(1)-O(1) 170.2(2) 0(21)-Pd(2)-N(31) 169.5(2)
O(11)-Pd(1)-0(1) 89.8(2) 0(21)-Pd(2)-0(31) 87.8(2)
O(11)-Pd(1)-N(11) 81.2(2) O(13)-Pd(2)-N(13) 81.9(2)
Na(1)-O(3) 2.517(5) Na(3)-O(1w) 2.474(5)
Na(1)-0(2) 2.393(5) Na(3)-O(2wa) 2.480(5)
Na(1)-O(33) 2.273(5) Na(3)-0(32) 2.303(5)
Na(1)-O(11a) 2.373(5) Na(3)-0(2a) 2.473(5)
Na(1)-O(2w) 2.420(5) Na(3)-O(12b) 2.327(5)
Na(3)-0(22c) 2.337(5)
Na(2)-O(1w) 2.420(5) Na(4)-0(22) 2.569(5)
Na(2)-O(1a) 2.406(5) Na(4)-0(23) 2.334(5)
Na(2)-O(2a) 2.99(5) Na(4)-0(13d) 2.309(4)
Na(2)-0(3) 2.302(5) Na(4)-O(12d) 2.680(5)
Na(2)-0(32) 2.323(5) Na(4)-O(31e) 2.408(5)
Na(2)-0(33) 2.711(5) Na(4)-O(21e) 2.618(5)
Na(1)-0(3)-Na(2) 85.8(2) Na(2)-O(1w)-Na(3)  85.7(2)
Na(1)-0(33)-Na(2) 82.0(2) Na(2)-O(2a)-Na(3) 75.9(1)
Na(1)-0(2)-Na(3f) 86.4(2) Na(2)-0(32)-Na(3) 92.0(2)
Na(1)-0(2w)-Na(3f)  85.6(2) Na(3)-O(12b)-Na(4g)  106.0(2)
Na(1)-O(2)-Na(2f) 161.6(2) Na(3)-O(22c)-Na(4c)  120.1(2)

*Symmetry codes: (a) x+1/2, -y+1/2, z+1/2; (b) x+1, y, z+1; (c) x,-y+1,
z+1/2; (d) x+1, y, z; (e) x, -y+1, z-1/2; (f) x-1/2, -y+1/2, z-1/2; (g) x, y, z+1.
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Focusing on the four non-equivalent phenyloxamate ligands (L1-L4
in Figure 7), their 2,6-substituted phenyl rings and the mean plane of the
oxamate groups form dihedral angles (¢) in the ranges 73.64(2)-79.85(2)°.
They adopt overall three different coordination modes as shown in Figure
7. In particular, L2 and L3 interact with three sodium(I) cations each on
(coordination mode indicated as iv in Scheme II), while L1 and L4 have
four cations in their proximity (coordination modes iii and ii in Scheme II).
The values of the Na-Ooxamate distances cover the range 2.273(5)-2.909(5) A.

a . b

Figure 7. Views of the four crystallographically independent oxamate ligands (L1-L4) in 1/,
showing their coordination modes. O(2), O(3), O(12), O(22), O(32) and O(33) are the
brigding oxygen atoms. Color codes: Pd, yellow; Na, pink; C, grey; N, blue; o, red.

The surrounding of the four crystallographically-independent
sodium(I) cations in 1" is shown in Figure 8. Na(1) is five-coordinate in a
distorted trigonal bipyramidal environment which is built up by four
carboxylate-oxygen atoms from three different oxamate ligands plus a
water molecule. The other three cations are all six-coordinate, their
geometry being either distorted octahedral [Na(3)] or closer to a distorted
rectangular prism [Na(2), Na(4)].

There are two crystallographically independent water molecules per
each four alkaline(I) cations and they act as bridges with Na-O. distances
in the range 2420(5)-2.480(5) A. Significant cation-cation separation
through their respective bridges are 3.85(3) [Na(l)--‘Na(2), O3/033],
5.234(3) [Na(1)--Na(2f), O2] 3.331(3) [Na(1)--Na(3f), O2/02w], 3.327(3)
[Na(2) --'Na(3), O1lw/02/032], 4.253(3) [Na(3) --'Na(4c), O22c] and 4.006(3)
A [Na(3) -- Na(4g), O12b].
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Figure 8. View of the surrounding of the four crystallographically independent sodium(I)
cations in 1’ [Symmetry codes: (h) = x, y, z-1; (a)-(g) are those given in Table 3].

As far as the 3D framework of 1" is concerned (Figure 9), it is very
similar to that of the potassium (2) and rubidium (3) derivatives described
in detail below. Peculiar cation-rm interactions observed in 2-3 are not
observed in 1’; however, this has no substantial influence on the overall
crystal packing of the three samples.
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Figure 9. Perspective view of the crystal packing of 1” along the crystallographic a
axis.

{[Ks(H20)3]cis-[Pd(2,6-Mezpma)z]2}. (2) and {[Rbs(H20)s]cis-
[Pd(2,6-Mezpma)z]2} 4 (3). Compounds 2 and 3 are isostructural and they
crystallize in the monoclinic space group Cc with two entire molecules in
the asymmetric unit. Their structures consist of cis-[Pd(2,6-Me;pma)]*-
anions and hydrated K(I) (2) or Rb(I) (3) cations linked together by means
of oxamate-oxygen atoms and water molecules leading to intricated Pd(II)-
KI) (2) or Pd(II)-RbdI) (3) 3D networks. A view of the two
crystallographically independent bis(oxamato)palladate(Il) units in 2 and 3
is given in Figures 10 and 11 respectively, whereas main bond lengths and
angles are listed in Table 4 (2) and 5 (3).
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022

021

Figure 10. Perspective view of the two crystallographically independent cis-[Pd!(2,6-
Me;pma),]? units in 2 showing the atom numbering. The potassium(I) cations and the
water molecules of the asymmetric unit are also included. Thermal ellipsoids are drawn
at the 30% probability level.

As in the previous structures, each Pd(Il) ion in 2 and 3 is four-
coordinate with two amidate nitrogen and two carboxylate-oxygen atoms
from the two cis-oxamate ligands building a slightly distorted square-
planar [NON'O'] surrounding. The reduced bite of the chelating oxamate
[81.23(8)-81.49(8)° (2), 81.1(3)-81.6(3)° (3)] mostly accounts for the
deviations from the ideal geometry. All Pd(Il) ions belong practically to
their square planes, being displaced by only 0.008(1)-0.011(1) A (2) and
0.003(4)-0.007(4) A (3).

The square plane at the Pd(II) and the mean plane of the chelating
oxamate groups in the two crystallographically independent cis-[Pd!(2,6-
Mespma)z]? units of 2 and 3 are not as close to coplanarity as observed in 1
[the values of the dihedral angle between these two planes (¢) being in the
ranges 6.6(1)-11.4(1)° (2) and 5.9(4)-10.2(4)° (3)].
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Intramolecular face-to-face stacking interactions are clearly
established between the phenyl rings on each chelating ligand of the cis-
[Pd1(2,6-Mezpma).]> unit. The steric hindrance between the methyl
substituents at each ring precludes the ideal 100% overlap in both 2 and 3,
the centroid-centroid distance and off-set angle having approximate values
of 3.7-3.9 A and 23-27°, respectively. Steric effects are also likely responsible
for the non-zero twist angle observed in this class of compounds with cis
stereochemistry [2.4(2) (2)/2.4(6)° (3) at Pd(1) and 5.5(2) (2)/4.0(6)° (3) at
Pd(2)].

033

Figure 11. Perspective view of the two crystallographically independent cis-[Pd!(2,6-
Mezpma)»]? units in 3 showing the atom numbering. The rubidium(I) cations and water
molecules of the asymmetric unit are also included. Thermal ellipsoids are drawn at the
30% probability level.
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Table 4. Selected bond lengths (A) and angles (°) for 2°

Pd(1)-N(1) 2.031(2) Pd(2)-N(21) 2.040(2)
Pd(1)-O(1) 2.034(2) Pd(2)-O(21) 2.039(2)
Pd(1)-N(11) 2.037(2) Pd(2)-N(31) 2.035(2)
Pd(1)-O(11) 2.040(2) Pd(2)-O(31) 2.023(2)

N(1)-Pd(1)-O(1)  81.49(8) N(21)-Pd(2)-O(21)  81.23(8)
N(1)-Pd(1)-O(11) 171.71(8)  N(21)-Pd(2)-O(31) 170.20(8)
N(1)-Pd(1)-N(11)  106.95(8)  N(21)-Pd(2)-N(31) 107.74(8)
O(1)-Pd(1)-N(11)  171.32(9)  O(21)-Pd(2)-N(31) 170.27(8)
O(1)-Pd(1)-O(11)  90.29(7) 0(21)-Pd(2)-O(31)  89.59(7)
1

O(11)-Pd(1)-N(11) 81.31(8) O(31)-Pd(2)-N(31) 81.67(8)
K(1)-O(1w) 2.867(3) K(3)-O(2w) 2.807(2)
K(M-O(2a) 3.044(3) K(3-O(3w) 2.785(2)
K(1)-O(3b) 2.836(2) K(3)-O(13) 2.680(2)
K(1)-0(22c) 2.858(2) K(3)-O(23) 2.676(2)
K(1)-O(32d) 2.842(2)

K(2)-O(1w) 2.993(3) K(4)-O(3w) 2.782(2)
K(2)-O(2w) 2.891(2) K(4)-O(22) 2.835(2)
K(2)-O(12) 2.811(2) K(4)-O(23) 2.723(2)
K(2)-O(13) 2.788(2) K(4)-0(2g) 2.774(2)
K(2)-O(1a) 2.749(2) K(4)-O(3g) 2.762(2)
K(2)-O(11a) 2.867(2) K(4)-O(21h) 2.817(2)
K(2)-O(33f) 2.680(2) K(4)-O(31h) 2.759(2)
K(1)-O(2a)-K(4e)  99.30(8) K()-O(13)-K(3)  105.43(6)
K(1)-O@3b)-K(4c)  99.32(6) K(2)-O@w)-K(3)  99.57(6)
K(1)-O(22c)-K(4c)  97.12(6) K@3)-O(23)-K(4)  102.85(6)

K(1)-O(1w)-K(2) 130.3(1) K(3)-O(3w)-K(4) 98.60(6)
‘Symmetry codes: (a) = x-1/2, -y+1/2, z-1/2; (b) = x-1/2, y-1/2,
z; () = x+1/2, y-1/2, z+1; (d) = x+1/2, -y+1/2, z+3/2; (e) =
x+1/2, -y+1/2, z+1/2; (f) = x, y, z+1; (g) = x-1, y, z-1; (h) = x, -
y+1, z+1/2.

Concerning the four non-equivalent phenyloxamate ligands (L1-L4
in Figure 12), their 2,6-substituted phenyl rings are basically orthogonal to
the mean plane of the oxamate groups with values of the dihedral angle (¢)
in the ranges 81.26(8)-89.32(8)° (2) and 84.3(3)-89.00(3)° (3). They adopt
overall three different coordination modes (Figure 12 and ii, v and vi in
Scheme II).
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The two outer oxygen atoms O(2) and O(3) for L1 and O(22) and
O(23) for L3 exhibit a bis-monodentate bridging mode, as observed for the
oxamate ligand in 1. However, L1 and L3 here are further connected to
another alkaline cation [K(I) (2) or Rb(I) (3)] via the Pd-bound carboxylate-
oxygen atom [O(1) for L1 and O(21) for L3], giving rise to the coordination
environment noted ii in Scheme II.

Table 5. Selected bond lengths (A) and angles (°) for 3

Pd(1)-N(1) 2.012(8) Pd(2) N(21) 2.030(7)
Pd(1)-0(1) 20207)  Pd(2)-O(21) 2.034(6)
Pd(1)-N(11) 202007)  Pd(2)-N(31) 2.015(6)
Pd(1)-O(11) 2.035(6)  Pd(2)-O(31) 1.995(6)
N(1)-Pd(1)-O(1) 81.6(3) N(@21)-Pd(2)-021)  81.1(2)
N(1)-Pd(1)-O(11)  17143)  N@Q1)-Pd(2)-0(31)  170.4(3)
N(1)-Pd(1)-N(11)  10723)  N@1)-Pd2)-N(31)  108.2(3)
O(1)-Pd(1)-N(11)  1711@3)  O@1)-Pd(2-N(31)  1704(2)
O(1)-Pd(1)-0(11)  89.9(3) O(21)-Pd(2-0(31)  89.8(2)
O(11)-Pd(1)-N(11) ~ 814(3) O(31)-Pd(2-N@31)  811(3)
Rb(1)-O(1w) 2.954(12)  Rb(3)-O2w) 2.926(7)
Rb(1)-O(2a) 3071(8)  Rb(3)-O(3w) 2.874(9)
Rb(1)-O(3b) 2957(7)  Rb(3)-O(13) 2.767(6)
Rb(1)-0(22¢) 2978(7)  Rb(3)-O(23) 2.769(6)
Rb(1)-O(32d) 3.027(8)
Rb(2)-O(1w) 2.889(14)  Rb(4)-O(3w) 2.875(10)
Rb(2)-O(2w) 2941(9)  Rb(4)-0(22) 2.883(6)
Rb(2)-O(12) 2.850(6)  Rb(4)-O(23) 2.752(7)
Rb(2)-O(13) 2.844(7)  Rb(4)-O(g) 2.822(7)
Rb(2)-O(la) 2.789(7)  Rb(4)-O(3g) 2.784(7)
Rb(2)-O(11a) 2940(6)  Rb(4)-O(21h) 2.851(6)
Rb(2)-O(33f) 2.784(7)  Rb(4)-O(31h) 2.778(6)
Rb(1)-O(2a)-Rb(4e) 1025(2)  Rb(2)-O(13)-Rb@3)  103.0(2)
Rb(1)-O(3b)-Rb(4c)  99.6(2) Rb(2)-0(2w)-Rb(3)  96.9(2)
Rb(1)-O(22c)-Rb(4c) 96.9(2) Rb(3)-O(23)-Rb(4)  102.1(2)
Rb(1)-O(1w)-Rb(2) 122.7(5)  Rb(3)-O(3w)-Rb(4)  96.6(3)

‘Symmetry codes: (a) = x-1/2, -y+1/2, z-1/2; (b) = x-1/2, y-1/2, z; (c)
=x+1/2, y-1/2, z+1; (d) = x+1/2, -y+1/2, z43/2; (e) = x+1/2, -y+1/2,
z+1/2; (f) = x, y, z+1; (g) = x-1,y, z-1; (h) = x, -y+1, z+1/2.
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Figure 12. Views of the four crystallographically independent oxamate ligands L1-L4 in
2 (the same applies to 3), together with their potassium linking. O(2), O(3), O(13), O(22)
and O(23) are the bridging oxygen atoms. Color codes: Pd, yellow; K, violet; C, grey; N,
blue; O, red.

In the case of L2, the two outer oxygen atoms are either bridging or
monodentate whereas they are both just monodentate in L4. Again the
involvement of the Pd-bound carboxylate-oxygen atom [O(11) for L2 and
O(31) for L4] is observed in a close contact with another potassium(I) (2) or
rubidium(I) (3) cation, giving rise to an overall coordination environment
indicated in Scheme 1II as ii for L2 and iv for L4. As a consequence, each
oxamate ligand in 2 and 3 interacts simultaneously with either three or four
different alkaline cations, with K-Ooxamate (2) and Rb-Ooxamate (3) distances
varying in the ranges 2.723(2)-3.044(3) and 2.767(6)-3.071(8) A, respectively.

Four crystallographically-independent alkaline cations are present
in 2 and 3 and they are connected to each other through single-carboxylate
and/or single-water molecules as bridges (Figures 10 and 11). The
surrounding of the potassium(I) cations in 2 is shown in Figure 13
[identical surrounding for the rubidium(I) cations in 3]. Each univalent
cation is bound to a variable amount of carboxylate-oxygen atoms as well
as water molecules. In addition, K(1) and K(3) in 2 [Rb(1) and Rb(3) in 3]
are involved respectively in one or two cation-11 type interactions® with the
phenyl ring of vicinal dimethylphenyloxamate ligands.
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Figure 13. View of the surrounding of the four crystallographically-independent
potassium(I) cations in 2. For the sake of clarity, only the phenyl ring of the
corresponding dimethylphenyloxamateligand is shown where cation-n interactions
occur. Hydrogen bonds [O(1w) - O(12) and O(3w) - O(2w)] and cation-11 interactions are
depicted as dashed lines [Symmetry codes: (i) = x-1/2, y+1/2, z-1; (a)-(h) are those
shown in Table 4].

Four carboxylate-oxygen atoms from four different oxamate
ligands, a water molecule and the ring-centroid of a phenyl ring belonging
to a symmetry equivalent of L1 build a distorted octahedral geometry
around K(1) in 2 [Rb(1) in 3], while two carboxylate-oxygen atoms from
two different oxamate ligands, two water molecules and the ring-centroid
of the phenyl ring belonging to L2 and L3 form a rather distorted
octahedron around K(3) in 2 [Rb(3) (3)] (Figure 13). The cation-ring centroid
distances observed in 2 are 3.5 [K(1)--L(1b)] and 3.2 A [K(3)--L2 and
K(3)--13] [3.5 (Rb(1)-L1b), 3.3 (Rb(3)--12) and 3.2 A (Rb(3)--13) in 3].
The values of the L2--K(3)--L3 and L2:-Rb(3)--L3 centroid-cation-
centroid angle in 2 and 3 are ca. 128 and 130°, respectively.

The remaining univalent cations [K(2) and K(4) (2) or Rb(2) and
Rb(4) (3)] are seven-coordinate, the surrounding being defined by either
five carboxylate-oxygen atoms from three different oxamate ligands plus
two water molecules [at K(2) (2) and Rb(2) (3)] or six carboxylate-oxygen
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atoms from three different oxamate ligands plus one water molecules [at
K(4) (2) and Rb(4) (3)] (see Figure 13).

Dealing with the water molecules, three of them every four alkaline
cations are crystallographically independent and they all act as bridges.
The K-Ow (2) and Rb-Oy, (3) distances cover the ranges 2.782(2)-2.993(3) A
and 2.87(1)-3.36(1) A, respectively. The longest bonds are those established
with the O(1w) atom which only connects two cations [K(1) and K(2) (2)
and Rb(1) and Rb(2) (3)], without the support of an additional Ocarboxylate
bridge as for the K(2)/K(3) and K(3)/K(4) pairs [Rb(2)/Rb(3) and
Rb(3)/Rb(4) (3] (see Figures 10 and 11).

The cation-cation separation through the single aqua bridge [O(1w)]
and the double aqua/oxo(carboxylate) bridges [O(2w)/O(13) and
OBw)/O(23)] are 5.317(1) [K(1) - K(2)], 4.351(1) [K(2) -- K(3)] and 4.221(1) A
[K3) - K4)] (2) and 5.127(2) [Rb(1) - Rb(2)], 4.390(2) [Rb(2) - Rb(3)] and

4.292(2) A [Rb(3) -- Rb(4)] (3).

Figure 14. View of a fragment of the {K(1)K(2)K(3)K(4)}, chain in 2. The methyl groups
on the phenyl ring of the oxamate ligands are omitted for clarity. Cation-mt type
interactions are depicted as dashed lines; hydrogen bonds are not indicated. The same
motif is found in the structure of 3. Symmetry codes are those given in Table 4 and
Figure 12.
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The tetrameric assembly of potassium(l) (2) or rubidium(l) (3)
cations in the asymmetric unit is not isolated but rather involved in the
formation of linear {KiOi}: (2) [{RbsO:}n (3)] chains where adjacent
tetramers follow one another by means of a di-p-oxo(carboxylate) bridge,
according to the sequence-K(1)K(2)K(3)K(4)-K(1')K(2")K(3")K(4')--(2)
[-Rb(1)Rb(2)Rb(3)Rb(4)-Rb(1')Rb(2")Rb(3')Rb(4")-(3)]. A view of a fragment
of such chains for 2 is shown in Figure 14. The K(1)--K(4c) separation
through the di-p-oxo(carboxylate) bridge O(3b)/O(22c) is 4.268(1) A ()
[Rb(1) -- Rb(4c) = 4.386(2) A (3)] [symmetry code: (b) = x-1/2, y-1/2, z; (c) =
x+1/2,y-1/2, z+1].

{K1K2K3K4} chains

{K1K4'} chain

Figure 15. Schematic view of the two different one-dimensional assemblies of
potassium(I) ions in 2 and their relative propagation. Note the {K(1)K(4)'}, chain
growing along the crystallographic c axis and the anchored {K(1)K(2)K(3)K(4)}. chains
growing along two different and orthogonal directions. An identical arrangement is
found in 3.
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As shown in Figure 13, the alkaline cation K(1) in 2 [Rb(1) (3)] is indeed
connected to another symmetry-equivalent of the K(4) atom [Rb(4) (3)] via a
single oxo(carboxylate) bridge O(2a), the K(1)--K(4e) separation being
4.438(1) A [Rb(1)--Rb(de) = 4.599(2) A(3)] [symmetry code: (e) = x+1/2, -
y+1/2, z+1/2]. As a consequence, chains formed only by the K(1) and K(4)
type of atoms in 2 [or Rb(1) and Rb(4) (3)] can also be defined, and these
run along the crystallographic c axis. Moreover, the {K(1)K(2)K(3)K(4)}. (2)
[{Rb(1)Rb(2)Rb(3)Rb(4)}. (3)] chains described above,which are anchored to
the latter but spaced apart by a K-O-K (2) or Rb-O-Rb (3) fragments [K(1)-
O(2a)-K(4e) (2) and Rb(1)-O(2a)-Rb(4e) (3)] propagate into two non-
equivalent and basically orthogonal vectors identified as the
crystallographic [Y2 72 1] and [V2 -%2 1] directions (Figure 15).

Figure 16. Perspective view of the crystal packing of 2 along the crystallographic a axis.
The packing of 3 is identical.
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From the connection between the two described types of chains
growing overall in three different directions, a {K-O} or {Rb-O} 3D
assembly and consequently, a rather intricate mixed Pd(II)/K(I) or
Pd(ITI)/Rb(I) 3D network arises in 2 and 3, respectively (Figure 16). A very
similar 3D network is found in 1” (Figure 9).

{[Css(H20)7]trans-[Pd(2,6-Mezpma)z]2cis-[Pd(2,6-Mezpma):] } . - 3nH,O
(4). Compound 4 crystallizes in the orthorhombic space group Pbca. One
cis-[Pd(2,6-Mezpma).]* and a trans-[Pd(2,6-Mespma)z]?entry, plus two half
motifs of the latter type are found in the asymmetric unit, together with six
interconnected hydrated cesium(I) cations and additional uncoordinated
water molecules. Once again, complex anions and cations are linked
together mostly by means of outer oxamate-oxygen atoms, acting as
bridges. A  view of the crystallographically independent
bis(oxamato)palladated(Il) units in 4 is given in Figure 17. Main bond
lengths and angles for 4 are listed in Table 6.

Figure 17. Molecular structure of the two non-centrosymmetric [Pd(1) (cis) and Pd(2)
(trans)] and two centrosymmetric [Pd(3)(trans) and Pd(4)(trans)] crystallographically
independent [Pd!(2,6-Me;pma)z]> units in 4 showing the atom numbering. Thermal
ellipsoids are drawn at the 30% probability level. The six cesium(l) cations in the
asymmetric unit are also shown. Hydrogen atoms on the 2,6-Me;pma? ligands and the
water molecules [except O(1w)] are omitted for clarity.
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Each Pd(II) ion in 4 is four-coordinate with two amidate- nitrogen
and two carboxylate-oxygen atoms from two oxamate ligands building
slightly distorted square-planar surroundings in cis- [NON'O'] [at Pd(1)]
and trans- [NOO'N'] arrangements [at Pd(2), Pd(3) and Pd(4)]. The reduced
bite of the chelating oxamate [81.3(3)-82.7(3)°] mostly accounts for the
deviations from the ideal geometry in 4, as in 1, 2-3. Pd(1) (cis complex) is
displaced from its square plane by 0.032(4) A whereas the other three
palladium centres belong practically to their square planes, either by
symmetry reasons [Pd(3) and Pd(4)] or not [Pd(2)]. The Pd-N and Pd-O
bond lengths are in the expected range (see Table 6). The values of the
dihedral angle ¢ between the square plane at each Pd(Il) and the mean
plane of the chelating oxamate groups are 5.5(4) and 7.9(3)° [Pd(1)], 2.77(3)
and 3.42(4)° [Pd(2)], 1.18(4)° [Pd(3)] and 2.1(4)° [Pd(4)]. The values of the
twist angle for the two non-centrosymmetric molecules in the asymmetric
unit are 4.9(4)° and 0.76(2)° at Pd(1) and Pd(2) respectively, clearly
reflecting the influence of steric hindrance on this particular molecular
feature. The values of the centroid-centroid distance and off-set angle
concerning the m-mr type interactions between the phenyl rings on each
chelating oxamate at Pd(4) are ca. 3.6 A and 17°, respectively.

Focusing on the phenyloxamate ligands (L1-L6 in Figure 18), their
2,6-substituted phenyl rings are basically orthogonal to the mean plane of

the oxamate groups with values of the dihedral angle (¢) in the range
80.7(3)-89.4(3)° confirming the already observed trend. The six non-
equivalent ligands adopt five different coordination modes.

Table 6. Selected bond lengths (A) and angles (°) for 4

Pd(1)-N(1) 1.987(7) Pd(2)-N(21) 2.008(7)
Pd(1)-0(1) 2.003(7) Pd(2)-0(21) 1.997(6)
Pd(1)-N(11) 2.025(7) Pd(2)-N(31) 2.008(7)
Pd(1)-O(11) 2.020(7) Pd(2)-0(31) 1.988(5)
Pd(3)-N(41) 2.016(7) Pd(4)-N(51) 2.013(7)
Pd(3)-O(41) 2.015(6) Pd(4)-0(51) 2.005(6)
N(1)-Pd(1)-O(1) 82.1(3) O(1)-Pd(1)-O(11) 90.2(3)

N(1)-Pd(1)-O(11) 171.03) O(1)-Pd(1)-N(11) 171.5(3)
N(D-Pd(1D-N(11) 106.4(3) OMN-PA(1\-N(11) 81.3(3)

N(21)-Pd(2)-O(21) 82.7(3) 0(21)-Pd(2)-O(31) 179.2(3)
N(21)-Pd(2)-O(31) 97.93) O(21)-Pd(2)-N(31) 97.5(3)
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Table 6 contn.
N(21)-Pd(2)-N(31)

N(41)-Pd(3)-O(41)
N(41)-Pd(3)-O(41a)
N(41)-Pd(3)-N(41a)
N(51)-Pd(4)-O(51)

N(51)-Pd(4)-O(51b)
N(51)-Pd(4)-N(51b)

Cs(1)-O(1w)
Cs(1)-O(2w)
Cs(M-Of6we)
Cs(1)-O(3)
Cs(1)-0(32)
Cs(1)-O(42c¢)
Cs(2)-O(1w)
Cs(2)-O(3w)
Cs(2)-O(3)
Cs(2)-O(31)
Cs(2)-0(32)
Cs(2)-O(12d)
Cs(2)-O(13d)
Cs(3)-O(2w)
Cs(3)-O(3w)
Cs(3)-0(2)
Cs(3)-O(3)
Cs(3)-0(53)
Cs(3)-O(22¢)
Cs(1)-O(3)-Cs(2)
Cs(1)-O(32)-Cs(2)
Cs(1)-O(1w)-Cs(2)
Cs(1)-O(3)-Cs(3)
Cs(1)-O(2w)-Cs(3)
Cs(1)-O(6wc)-Cs(5¢)
Cs(1)-O(42c)-Cs(5¢)
Cs(1)-O(32)-Cs(6c)
Cs(1)-O(6wc)-Cs(6¢)
Cs(1)-O(1w)-Cs(6¢)
Cs(2)-O(3)-Cs(3)

179.4(3)

81.4(3)
98.6(3)
180.0(3)

81.5(3)
98.5(3)
180.0(4)

2.62(2)

3.07(1)
3.03(1)
2.97(1)

3.10(1)
2.99(1)
3.25(2)
3.25(1)
3.02(1)
3.07(1)
3.33(1)
2.94(1)
3.41(1)
3.28(2)
3.18(1)
3.17(1)

3.22(1)
3.33(1)
3.06(1)

O(31)-Pd(2)-N(31)

O(41)-Pd(3)-O(41a)
O(41)-Pd(3)-N(41a)
O(41a)-Pd(3)-N(41a)
O(51)-Pd(4)-O(51b)
O(51)-Pd(4)-N(51b)
O(51b)-Pd(4)-N(51b)

Cs(4)-O(3w)

Cs(4)-O(4w)
Cs(4)-O(5w)
Cs(4)-O(43)

Cs(4)-O(12d)
Cs(4)-O(22e)
Cs(5)-O(6w)
Cs(5)-O(42)
Cs(5)-O(43)
Cs(5)-0(52)
Cs(5)-O(53)
Cs(5)-O(21e)
Cs(5)-O(22e)
Cs(6)-O(6w)
Cs(6)-O(7w)
Cs(6)-O(1wf)
Cs(6)-O(52)
Cs(6)-0(53)
Cs(6)-O(32f)
Cs(6)-O(33f)
Cs(6)-O(13g)
Cs(2)-O(13d)-Cs(6¢)
Cs(2)-O(32)-Cs(6¢)
Cs(2)-O(1w)-Cs(6¢)
Cs(3)-O(22e)-Cs(4)
Cs(3)-O(3w)-Cs(4)
Cs(3)-O(22e)-Cs(5)
Cs(3)-O(53)-Cs(5)
Cs(3)-O(53)-Cs(6)
Cs(4)-O(22c)-Cs(5)
Cs(4)-O(43)-Cs(5)
Cs(5)-0(52)-Cs(6)

81.9(3)

179.997(1)
98.6(3)
81.4(3)

180.0(4)
98.5(3)
81.5(3)

3.09(1)

3.59(1)
3.19(2)
3.00(1)

2.96(1)
3.10(1)
3.147(7)
3.417(7)
3.237(7)
3.266(7)
3.194(7)
3.081(6)
®)

)
90. 8( )
108.7(2)
104.0(2)
118.2(2)
96.5(2)
99.3(2)
88.5(2)
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Table 6 contn.

Cs(2)-O(3w)-Cs(3) 92.7(3) Cs(5)-O(53)-Cs(6) 825(2)
Cs(2)-O(12d)-Cs(4) 108.4(2) Cs(5)-O(6w)-Cs(6) 87.9(2)
Cs(2)-O(3w)-Cs(4) 98.0(3)

‘Symmetry codes: (a) = -x, 1-y, 1-z; (b) = 1-x, 1-y, 1-z; (c) = 0.5-x, -0.5+y, +z; (d) = -
0.5+x, +y, 0.5-z; (e) = +x, 0.5-y, 0.5+z; (f) = 0.5-x, 0.5+y, +z; (g) = 1-x, 0.5+y, 0.5-z.

L2 and L5 connect three cesium(I) ions according to the same mode
observed in 1 [noted i in Scheme 2]; similarly, L1, L3, L4 and L6 connect
three different cesium(l) ions each as well, but in the four novel fashions
noted vii, viii, ix and x in Scheme II, respectively

A Pd-bound carboxylate-oxygen atom [O(21) and O(31)] is involved
in the coordination with a cesium(I) cation only in the case of L3 and L4,
indicating that the oxamate outer-oxygen atoms are basically responsible
for the anion-cation connections in 4. Nine of them act as bridges toward
either two [O(12), O(13), O(42), O(43) and O(52)] or three [O(3), O(22),
0O@B2), and O(53)] alkaline cations, adopting thus either bis- or tri-
monodentate bridging modes, respectively. The remaining oxamate
oxygens involved in the coordination with the univalent cations [O(2),
0O(21), O(31) and O(33)] are all just monodentate (see Figure 18).

The surrounding of the six crystallographically-independent
cesium(I) ions in 4 is shown in Figure 19. They are bound to either six
[Cs(1), Cs(3) and Cs(4)], seven [Cs(2) and Cs(5)] or eight [Cs(6)] atoms from
oxamate ligands and water molecules, the values of the Cs-Ooxamate and Cs-
O. distances varying in the ranges 2.94(1)-3.59(1) and 2.62(2)-3.66(2) A,
respectively (see Table 6). Moreover, each cesium(I) cation interacts with a
directly connected or anyhow vicinal bis(oxamato)palladate(Il) units
through single cation-r contacts, with a cation-to-ring centroid distance of
about 3.4 A in each case. This is especially interesting since cation-r
interactions in the presence of cesium(I) ions are not as well documented in
the literature as those involving e.g. litium(I), sodium(I), potassium(I) or
rubidium(I) ions.4344

57



Chapter 1 - Structural versatility of bis(oxamato)palladate(II) complexes (Part I)

Figure 18. Views of the six crystallographically-independent oxamate ligands (L1-L6) in
4, together with their cesium(I) linking. O(3), O(12), O(13), O(22), O(32), O(42), O(43),
O(52) and O(53) are the bridging oxygen atoms. Color codes: Pd, yellow; Cs, green; C,
grey; N, blue; O, red.

Taking into account the latter interaction and also the weakest Cs-O
bonds [3.41(1), 3.59(1), 3.417(7), 3.59(1), 3.50(1) and 3.66(1) A for Cs(2)-
O(13d), Cs(4)-O(4w), Cs(5)-O(42), Cs(6)-O(53), Cs(6)-O(33f) and Cs(6)-
O(1wf), respectively; symmetry code: (d) = -0.5+x, +y, 0.5-z; (f) = 0.5-x,
0.5+y, +z], three of the six univalent cations [Cs(1), Cs(3) and Cs(4)] are
seven-coordinate, their distorted surrounding being defined by either three
carboxylate-oxygen atoms from three different oxamate ligands plus three
water molecules and a phenyl ring centroid [at Cs(1) and Cs(4)] or four
carboxylate-oxygen atoms from three different oxamate ligands plus two
water molecules and a phenyl ring centroid [at Cs(3)].
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Figure 19. View of the surroundings of the six crystallographically-independent
cesium(]) cations in 4. For the sake of clarity, only the phenyl ring of the corresponding
dimethylphenyloxamate ligand is shown where the cation-i1 type interactions occur
(dashed lines) [symmetry codes (a)-(g) are those reported in Table 6].

Similarly, Cs(2) and Cs(5) are eight-coordinate in a rather distorted
geometry built up by either five carboxylate-oxygen atoms from three
different oxamate ligands plus two water molecules and a phenyl ring
centroid [at Cs(2)], or six carboxylate-oxygen atoms from three different
oxamate ligands and just one water molecule plus a phenyl ring centroid
[at Cs(5)]. Finally, the Cs(6) ion is nine-coordinate and its fairly distorted
coordination surrounding is defined by five carboxylate-oxygen atoms
from three different oxamate ligands plus three water molecules and a
phenyl ring centroid (see Figure 19).

Seven water molecules found in the asymmetric unit of 4 are
coordinated to cesium(I) cations and they act either as bridges [O(1w),
O(2w) and O(Bw) and O(6w)] or as terminal ligands [O(4w), O(5w) and
O(7w)]. O(1w), O(Bw) and O(bw) connect three cations each one, while
O(2w) adopts a more common bis-monodentate bridging mode (see Figure
19).
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Figure 20. A fragment of the crystal packing in 4 showing the chain arrangement of the
cesium(l) cations running along the crystallographic b axis together with their
neighbouring bis(oxamato)palladate(Il) complexes (the 2,6-dimethylphenyl rings on the
ligands and the water molecules are omitted for clarity): (a) side view; (b) view down to
the crystallographic b axis; the inset on the right highlights the regular disposition of just
Pd(1)-, Pd(2)- or alternate Pd(3)/Pd(4)-bearing complexes along precise directions. Color
codes: Pd, yellow; Cs, green; C, grey; N, blue; O, red. [Symmetry codes: (a) = 0.5-x, -0.5+y,
+z; (b) =-0.5+x, +y, 0.5-z; (c) = +x, -0.5-y, 0.5+z; (d) = 0.5-x, 0.5+y, +z; (e) = 1-x, 0.5+y, 0.5-z].
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Pillared 1D arrays of cesium(I) ions and oxygen atoms running
along the crystallographic b axis arise in 4 from a combination of the Cs-
Ooxamate and Cs-Oy connections (Figure 20a). Similarly to what is observed
in 1, these are well separated from each other by means of the complex
anions, which act as spacers (Figures 20a and 21), revealing that the
intricated 3D array of alkaline cations-oxygen atoms observed in 2 and 3
remains a peculiarity only of that network topology. The metal-metal
distances between directly interconnected cesium(I) ions within the
{Cs6Oy}n motif along the crystallographic b axis in 4 are in the range
4.128(1)-5.937(1) A [Cs(1)--Cs(2) = 4.128(1), Cs(1)--1 ( ) = 4.721(2),
Cs(1) --Cs(5c) = 4.669(1), Cs(1)--Cs(6c) = 4.467(1), Cs(2) --Cs(3) = 4.647(1),
Cs(2)-'Cs(4) = 4.784(1), Cs(2) - Cs(6c) = 5.522(1), Cs(3) - s( ) = 4.465(1),
Cs(3) - Cs(5¢) = 5.142(1), Cs(3) - Cs(6c) = 5.937(1), Cs(4) - Cs(5) = 4.757(1)
and Cs(5) -+ Cs(6) = 4.481(1) A; symmetry code: (c) = 0.5-x, -0.5+y, +z] (see
Figure 19).
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Figure 21. View of a fragment of the crystal packing of 4 along the crystallographic b axis
and of its schematic representation after Figure 20b. The H-atoms of the ligands and
water molecules are omitted for clarity. Color code: Pd, yellow; Cs, green; C, grey; N,
blue; O, red.
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The bis(oxamato)palladate(Il) complexes anchored to the one-
dimensional array of hydrated cesium(I) cations are regularly disposed
along six hexagonal directions with the peculiar alternation scheme
indicated in Figure 20b. As shown in Figure 21, this motif expands in the
three-dimensional space defining trigonal hydrophobic and hexagonal
hydrophilic cavities in the direction of the crystallographic b axis, the latter
ones hosting the pillars of cesium(I) cations
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I1.4.  Catalytic properties

The four compounds {[Na(H:xO)].trans-[Pd"(2,6-Mezxpma)z]}. (1),
{[Ks(H20)3]cis-[PA1(2,6-Mezpma)2]2}x (2), {[Rbs(H20)3]cis-[Pd!(2,6-
Mespma)z]2}n (3) and  {[Cse(H20)7]trans-[Pdl(2,6-Mexpma)s]acis-[PdY(2,6-
Mezpma)s] }.'3nH2O (4) are found to catalyse the arylation of phenylboronic
acid with aryl halides referred to as Suzuki reaction in dimethylformamide
(DMF) as solvent and in the presence of triethylamine (EtsN) as a base at
150 °C without further promoting salt additive as performed for other
palladium species that catalyze carbon-carbon cross-coupling reactions (see
further information about the procedure in Appendix A).45-4 The formation
of the biaryl coupling product, under homogenous catalytic conditions, is
predominant (yields up to 99%, TON up to 99).

Table 7. Suzuki reaction of aryl halides and phenyl boronic acid in DMF«

HO

(/}x + ‘B@ 1 mol% Pd, Et;N —
P ‘
R HO

DMF, 5-30 min, 150 °C  R%_%

X=1,Br

. Time Yield . TOF4
Entry Aryl halide Compound (min) (%) TON (h)

1 I@ 1 5 99 99 1188
2 I‘@ 2 5 95 95 1140
3 I@ 3 5 88 88 1056
4 I‘@ 4 5 94 94 1128
5 I‘Q [Pd3(OAc)e]
6 I@ [PACI2(PPhs):]
7 Br —@ 1 15 35 35 140
8 Br @ 2 15 35 35 140
9 Br —@ 3 15 37 37 148
10 Br @ 4 15 40 40 160
11 Br —@ [Pd3(OAc)e] 20 17 17 51

&)

25 25 300

]

22 22 264
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Table 7 contn.

12 Br—@ [PACL(PPhs)] 20 29 29 87
13 Br—@o\ 1 30 53 53 106
14 Br Oo\ 2 30 60 60 120
15 BrOo\ 3 30 70 70 140
16 Br@o\ 4 30 70 70 140
17 BrOo\ [Pds(OAc)] 30 45 5 90
18 Br—@o\ [PACL(PPhs)s] 30 45 33 66
19 Br@F 1 15 44 4 176
20 BrOF 2 15 43 V)
21 Br@F 3 15 40 0 160
2 Br—QF 4 15 53 5 212
23 Br@F [Pds(OAc)] 20 23 B 6
24 Br@F [PACL(PPhs)] 20 34 34 102

“Reactions were performed using 0.5 mmol aryl halide, 0.75 mmol phenyl boronic acid, 1 mmol% Pd, 1.5
mmol EtsN in DMF at 150 °C. bYields were determined by GC using perfluorotributylamine (PFTBA) as
the internal standard. <TON = Turnerover number. 4TOF = Turnover frecuency.

Well known commercially available precatalysts, namely dichloro
bis(triphenylphosphine)palladium(Il) [PdCl(PPhs)] and the trinuclear
palladium(Il) acetate [Pds(OAc)s] were used for comparative properties.
They promote the cross-coupling iodobenzene with phenylboronic acid
with low yields of 22 and 25% respectively (Table 6, entry 5-6), during the
same time recorded for the catalytic performance of compounds 1 and 2-4.
It deserves to be noted that the trinuclear [Pds(OAc)s] complex was also
relatively less active than 1 and 2-4 in the cross-coupling of bromobenzene
with phenylboronic acid (17% yield entry 11) with the clear formation of
insoluble palladium black during and after the completion of the catalytic
reactions, as visually observed.
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Interestingly, 1 and 2-4 proved to be efficient (pre)catalysts under
the described homogeneous conditions without clear formation of inactive
palladium black#-% throughout the catalytic reaction (Figure 21). This
observation points out the fact that the coupling reaction does not occur on
the surface of inactive palladium black as found for many commercially
available and phosphine-containing palladium catalysts generated in
sity.5455

Figure 21. Samples of the Suzuki coupling reaction of iodobenzene and phenylbornic acid
in DMF at 150 °C after 5 min, catalyzed by 2 (left) and by [Pd3(OAc)e] (right).

The presence of Et;N as base was found to be crucial in the fast
promotion of the catalytic reaction. Its replacement by another base such as
K>COs does not help in promoting the studied catalytic reactions. Attempts
to perform the arylation of aryl halides at temperatures lower than 150 °C
resulted in significant reduction of the corresponding yields. It appears that
under such conditions [Etz:N as a base and at 150 °C], the formation of the
active catalytic palladium species from complexes 1 and 2-4 is quite
favored.
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The formation of the unsymmetrical coupling product was
predominant with or without the formation of the homocoupling
product. The only detected side product arises from deboronation
reaction of phenylboronic acid.

The presence of alkaline cations in 1 and 2-4 appears to be of
beneficial effect on the thermal stability of the formed palladium
catalytic species, which highly influences the carbon-carbon cross-
coupling reaction at higher temperatures and so the achievement of
higher catalytic activities.> Their immobilization on adequate supports
could lead to their recovery and reuse for further catalytic cycles and
would allow to compare them with other recyclable polymeric
heterogeneous palladium(II) precatalysts, mainly those featuring metal-
organic framework structures (MOFs).57-59,

Regarding the catalytic palladium speces involved in the catalytic cross-
coupling reaction between aryl halides and phenylboronic acid, it appears
that the formation of individual palladium nanoparticles takes place being

7 The
use of these well-defined palladium(II) precatalysts in very low amount (1
mol% Pd atom) is very interesting. Whether the assembly of
bis(oxamato)palladate(ll) species is kept or lost in solution during the
catalytic process and the employment of very low loading Pd(II)
precatalyst (1 mol%) together with the immobilization of complexes 1 and
2-4 on silica-support for optical monitoring (based on color changes) are
issues still under investigation by us.

stabilized by the alkaline cations present in the catalytic medium.”
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IL.5. Conclusions

A new generation of stable functional palladium(Il)-oxamate complexes
has been presented herein which are active for carbon-carbon cross-
coupling reaction as Suzuki.

These complexes, that can be synthesized in a straightforward manner
have as added values the facts of being environmentally friendly and
containing highly versatile and very cheap ligands. These have been
isolated in the solid state as the alkaline salts {[Na(H20)].trans-[Pd!(2,6-
Mexpma)o]}, (1),  {[Nas(HoO)lacis-[Pd(2,6-Mespma)z]}, (17 traces),
{[K4(H20)3]cis-[Pd1(2,6-Mezpma)a]2}n (), {[Rbs(H20)3]cis-[Pd!(2,6-
Mezxpma)alo}, (3) and  {[Css(H20)7]trans-[Pd!(2,6-Mezpma)a]acis-[Pd(2,6-
Mespma)a]},-3nH2O (4) by using either sodium(I), potassium(I), rubidium(I)
or cesium(I) as assembling cations.

« /’/L i -
\\\ 0, 14 0 o (;
K 7 y N o
Q\j__z il 7 oj/io/ F'd\r«Io -;\;5«‘/; i
X Ar

\\) Ar Ar R \

' O—A( d sl KR o, !4 !4 o 3 \ /\/9\ % <
PEX T YO ™ IS
’ (o) O/ \0 o v — \Lﬁ( -
\

Scheme 3. Trans-cis isomerism in the bis(oxamato)palladate(Il) complexes with alkaline
counterions.

A trans-cis isomerism was observed within the series (see
Scheme 3), with sodium(I) ions affording prevalently the trans isomer,
potassium(l) or rubidium(l) ions preferentially precipitating the cis
isomer while the cesium(I) ions promote the co-crystallization of both
stereoisomers. Various attempts to isolate the trans isomer with K(I) or
Rb(I) cations failed, whereas the cis isomer could be noted (although in
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traces) in the presence of Na(l) cations. The cation-7 interactions#142
stabilizing the peculiar crystal packing observed in the potassium (2) or
rubidium (3) salts may be involved in the stereoisomer discrimination
at the solid state level. Note that such interactions are not present in the
cis form with sodium cations (1”), somehow supporting this hypothesis.
At the moment, we do not have means to hypothesize whether or not
potassium(I) and rubidium(I) cations could even exert a templating
effect toward the formation of the cis over the trans stereoisomer in this
type of complexes, perhaps through their capability of establishing
peculiar cation-r interactions with the chosen ligands. In any case,
considering the isolation of both the trans and cis isomers in the solid
state when employing Na(I) as counter ion, as well as co-crystallization
of the two isomers in the presence of the cesium(I) ion, the concomitant
existence of both isomers in solution cannot be ruled out, whatever the
precipitating cation. Concerning cation-7 type interactions, they occur
in the solid state of 4 as well, although devoid of the sandwich-like
typology observed in 2 and 3. It deserves to be noted that the ratio
between the cis and trans stereoisomers in 4 is 1:2. This feature
highlights the possibility of a true relationship between cation-it
interactions and stereochemistry in such [PdL,] systems with
symmetrically substituted phenyloxamate ligands. In any case, as far as
we know, complexes 1" and 2-4 reported herein are unique examples of
the cis stereochemistry in oxamate-based mononuclear compounds,
regardless of the coordinating metal ion.

As far as the catalytic activity is concerned, it seems to be
significantly influenced by neither a change in the alkaline counter
cation nor the stereochemistry. The catalytic activity is moderate to high
with the advantages that very small amounts of palladium precatalyst
(1 mol% Pd atom) are employed and non-catalytic palladium black
occurs neither throughout the reaction nor after its completion. The
presence of alkaline cations appears to prevent the catalyst deactivation
and it allows maintaining high activities in many instances.
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Part 11

Halogen derivatives of bis-(NN-
substituted oxamato)palladate(II)
complexes: structural and
supramolecular features
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I.6. Halogen bonding as supramolecular tool
in crystal engineering

Among the different areas of chemical sciences, the synthesis of tailor-
made mononuclear complexes to be employed as building ligands in the
so-called metal-as-ligand strategy has experienced a fast growth during the
last decades. Two main reasons accounts for this exponential increasing
interest:

(i) the large variety of supramolecular motifs that can be achieved
contributing to the development of the crystal engineering

(ii) and the possibility to build molecular architectures with desired
properties based on the great versatility of this strategy.6-72

A careful selection of ligands, metal centers, spacers and reaction
conditions are required in order to allow the preparative chemist to gain
some control over the topology of the resulting frameworks.6768
Furthermore, since the crystal packing may be defined based on the
investigation of the concerted effects of the weak intermolecular
interactions on the overall crystal structure, a careful inspection of the
expected assembling interactions, depending on the metal-ligand features
could be used as design elements in crystal engineering.61.73-76

Since the late 1990s, it was evident that other than hydrogen bonds,
supramolecular halogen atom interactions could be used as robust design
elements in crystal engineering.”8-8¢ The halogen bond is an attractive
interaction in which an electrophilic halogen atom approaches a negatively
polarized species.

As it is shown in Scheme 4, such contacts are classified into two groups,
symmetrical (type I) and bent (type II), which are both influenced by
geometric and chemical considerations.®> These interactions include
halogen --halogen (X:-X) and halogen ‘-heteroatom interactions (X--B).
Many X--X and almost all X--B contacts can be classified as halogen
bonds.
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In terms of crystal design, halogen bonds offer a unique opportunity in
the strength, atom size and interaction gradation; this may be used in the
design and structural modularity in which an entire crystal structure is
defined as a combination of modules formed on the basis of the
intermediate strength of a halogen bond.8¢

Type I Type Il

—X —— XX

L/ “‘ ’
Y ’,_1
‘ l ] +

X—— .

o) = oo o~ 180°
ay ~ 90°

Scheme 4. Type I and Type II X - X contacts (X = halogen atom).””

These intermolecular X---X contacts can be also highly relevant in
magnetic studies. In this respect, a good number of magneto-structural
studies on mononuclear [ReXs]> complexes have shown the occurrence of
significant through space magnetic interactions between the paramagnetic
Re(IV) ions which are mediated by Re-X:-X-Re contacts (Chart 1), the
halogen-halogen separation being strongly dependent on the nature of the
countercation used.8”

(a) (c)

TT%

Chart 1. A projection view along the crystallographic a (a), b (b) and c axes (c)
of the arrangements of the [ReCls(DMF)]- anions in B. The shortest interionic
Cl---Cl contacts between the [ReCls(DMF)]- units are indicated by means of
broken lines. The cations have been omitted for clarity.8”
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I.7.  Aim

The evidence of supramolecular halogen bonds has played an
important role in crystal engineering and it has become a useful tool in the
control of molecule assembling.

In order to check the possibilities offered by this supramolecular
halogen --- halogen interaction in our tailor-made bis(oxamato)palladate(II)
complexes, a series of new N-4-phenyloxamate ligands (X = F, Cl and Br)
have been prepared and used to prepare the corresponding
bis(oxamato)palladate(Il) complexes. Their preparation, crystal growing,
structural determination and deep analysis of their crystal packing are
described in this Part II.
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II.8.  Synthesis and characterization

The general synthetic method for the preparation of proligands as ethyl
esters (EtH-4-F-pma, EtH-4-Cl-pma, EtH-4-Br-pma) was carried out by
following a previously reported procedure’> (see Appendix A).

Synthesis of complexes

A general synthetic method for the  bis(N-substituted
oxamate)palladate(Il) complexes 5-7 is as follows: a methanolic solution of
n-BuuNOH (1.0 M, 1.5 ml, 1.2 mmol) was added directly to a one-neck
round flask suspension of the corresponding N-substituted oxamate
proligand (0.6 mmol) in 10mLof acetonitrile at 60 °C. Then, an aqueous
solution of K>[PdCly] (100 mg, 0.3 mmol) was added dropwise to the
resulting solution and the reaction mixture was heated at 60 °C for 10
hours. The resulting mixture was filtered and the acetonitrile was removed
under vacuum. Dichloromethane (5mL) was added to extract the complex
from the aqueous solution. The solution was stirred for 30 min and the
organic layer was separated from the aqueous one. The solvent was
removed under vacuum to afford a pale yellow solid, which was washed
and dried with n-hexane for 24 hours under stirring, collected by filtration
and dried under vacuum (5a-7a).

The recrystallization in water at room temperature afforded X-ray
quality yellow prisms of 5-7 after 2-3 weeks.

Characterization of complexes

(n-BusN)2[Pd(4-Fpma)2] (5). Yield: 92%. IR(KBr/cm-): 3423 (O-H),
2961, 2933, 2875 (C-H), 1671, 1655, 1619, 1586 (C=0). 'H NMR (CDCl) §
(ppm): 0.90 - 0.94 (t, 33H, n-BusN*), 1.24 - 1.46 (m, 45H, n-BusN¥), 2.93 -
2.99 (t, 22H, n-BusN*), 6.63 - 6.66 (d, 4H, Hary), 7.27 - 7.30 (d, 4H, Hary).
Anal. Calcd for CysHgoF2N4OsPd (954 g/mol) (5): C 60.46, H 8.46, N 5.88.
Found: C 61.24, H 9.66, N 5.96 %.
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(n-BusN)2[Pd(4-Fpma)z] (5a). Yield: 54%. IR(KBr/cm-): 3423 (O-H),
2961, 2933, 2875 (C-H), 1671, 1655, 1619, 1586 (C=0). TH NMR (CDCl) §
(ppm): 0.90 - 0.94 (t, 33H, n-BusN*), 1.24 - 1.46 (m, 45H, n-BusN+), 2.93 -
2.99 (t, 22H, n-BusN¥), 6.63 - 6.66 (d, 4H, Hary), 7.27 - 7.30 (d, 4H, Hary).
Anal. Caled for CysHgoF2N4OsPd (5a): C 60.46, H 8.46, N 5.88. Found: C
61.24, H 9.66, N 5.96 %.

(n-BusN)z[Pd(4-Clpma)z] - 4H2O (6). Yield: 71%. IR(KBr/cm-1): 3423
(O-H), 2961, 2930, 2874 (C-H), 1671, 1655, 1619, 1582 (C=0). 1H NMR
(CDCL3) & (ppm): 0.91-0.96 (t, 78H, n-BusN*), 1.28 - 1.40 (m, 53H, n-BusN*),
1.46 - 1.56 (m, 52H, n-BusN"), 3.08 - 3.14 (t, 51H, n-BusN"), 7.02 - 7.05 (d,
4H, Haryl), 733 - 7.36 (d, 4H, Haryl). Anal. calcd for C48H88C12N4010Pd
(105852 g mol) (6): C 54.46, H 838, N 5.29. Found: C 54.32, H 8.27, N
5.21%.

(n-BuiN)2[Pd(4-Clpma)z] (6a). Yield: 51%. IR(KBr/cm-): 3423 (O-H),
2961, 2930, 2874 (C-H), 1671, 1655, 1619, 1582 (C=0). 'H NMR (CDCls) §
(ppm): 0.91-0.96 (t, 78H, n-BusN*), 1.28 - 1.40 (m, 53H, n-BusN*), 1.46 - 1.56
(m, 52H, n-BusN+), 3.08 - 3.14 (t, 51H, n-BusN*), 7.02 - 7.05 (d, 4H, Hary),
7.33 - 7.36 (d, 4H, Hary1). Anal. Caled for CssHsoClN4OsPd (6a): C 58.44, H
8.17, N 5.68. Found: C 58.82, H 9.09, N 5.70 %.

(n-BusN)2[Pd(4-Brpma),] - 4H,O (7). Yield: 97%. IR(KBr/cm-1): 3422
(O-H), 2961, 2933, 2874 (C-H), 1671, 1648, 1606, 1577 (C=0): 'H NMR
(CDCL) 6 (ppm): 0.90 - 0.95 (t, 38H), 1.26 - 1.38 (m, 26H, n-BusN*), 1.41 -
1.52 (m, 25H, n-BusN¥), 3.01 - 3.07 (t, 24H, n-BusN*), 6.75 - 6.81 (t, 4H, Hary1),
7.31 - 7.36 (m, 4H, Hary1). Anal. caled for CysHssBroN4O1oPd (1147.44 g mol?)
(7): €50.24, H7.73, N 4.88. Found: C 50.11, H7.65, N 4.79%.

(n-BusN)2[Pd(4-Brpma)z] (7a). Yield: 47%. IR(KBr/cm): 3422 (O-H),
2961, 2933, 2874 (C-H), 1671, 1648, 1606, 1577 (C=0). 'H NMR (CDCl;) §
(ppm): 0.90 - 0.95 (t, 38H), 1.26 - 1.38 (m, 26H, n-BusN*), 1.41 - 1.52 (m,
25H, n-BusN¥), 3.01 - 3.07 (t, 24H, n-BusN*), 6.75 - 6.81 (t, 4H, Hary1), 7.31 -
7.36 (m, 4H, Hary1). Anal. Caled for CysHsoBroNiOePd (7a): C 53.61, H 7.50, N
5.21. Found: C 54.43, H 8.66, N 5.39 %.

Further information about the characterization is given in Appendix A.
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I1.9. Results and discussion

X-ray structural determination. Single crystal X-ray diffraction data for
5-7 were collected at 296 K on a Bruker-Nonius X8-APEXII CCD area
detector system using graphite-monochromated Mo-Ka radiation (A =
0.71073 A), and processed through the SAINT reduction and SADABS
absorption software. All the structures were solved by direct methods and
subsequently completed by Fourier recycling using the SHELXTL-2013
software packages, then refined by the full-matrix least-squares
refinements based on F2 with all observed reflections. All structures,
especially in 6, show large thermal motion on chains of n-
tetrabutylammonium as often found in other complexes containing this
cation. All non-hydrogen atoms were refined anisotropically, except C38
and C48 in 6. The hydrogen atoms on the phenyl-substituted oxamate
ligand and on the tetra-n-butylammonium cations were included at
geometrically calculated positions and refined using a riding model.The
hydrogen atoms on water molecules in 6 and 7 were neither found nor
calculated.

Crystal data and refinements conditions for 5-7 are summarized in
Table 8, whereas selected bond lengths and angles and hydrogen bonds are
listed from Tables 9 to 13, respectively.
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Table 8. Crystal Data and Data Collection Parameters for 5-7

5 6 7
Formula C48H80N406F2Pd C48H83N4010C12Pd C43H33N4O10Br2Pd
Mr 953.56 1058.52 1147 .44
Crystal Monoclinic Triclinic Monoclinic
Space P21/, P-1 P2,
a/ A 9.6448(7) 12.5224(9) 14.827(4)
b/ A 16.3141(12) 15.6996(11) 14.635(4)
c/A 16.9067(13) 17.1433(13) 15.017(4)
a/® 90 65.551(3) 90
B/° 92.808(3) 69.815(4) 114.983(9)
v/° 90 82.697(4) 90
v/ A3 2657.0(3) 2830.8(4) 2953.8(13)
Z 2 2 2
D./gem?3 1.192 1.242 1.290
T/K 293(2) 293(2) 293
B/ mm 0.402 0.475 1.718
F(000) 1016 11128 1200
Reflections 34933 54404 27339
collected
Independent 5622 11951 5573
reflections [R(int) = 0.0507] [R(int) = 0.0600] [R(int) = 0.0615]
Data/restraints/
parameters 5622/190 /281 11951/0/597 5573/242/309
Goodness-of-fit 4 9, 1.000 1.045
on F2
Final R indices R;1=0.0294, Ry =0.0583, Ry =0.0433,
[ >20(])] wRy = 0.0855 wR> =0.1630 wR, =0.1189
R indices (all R;1=0.0422, R1=0.0840, Ry =0.0554,
data) wR> =0.1008 wR; = 0.1878 wR, =0.1276

Largest diff. peak
and hole / e A

0.390 and -0.570

0.947 and -0.438

0.867 and -0.927

Ri = X(FoH Fd)/3IFo|. wR2 = {[w(F-F2)?/ Elw(F2)2] 31/

Table 9. Selected bond lengths (A) and angles (deg) for 5*

Pd(1)-O(1) 1.9989(14) Pd(1)-N(1) 2.0411(16)
O(1)-Pd(1)-O(1a) 180.0 O(la)-Pd(1)-N(1) 98.33(6)
O(1)-Pd(1)-N(1) 81.67(6)

*Symmetry transformations used to generate equivalent atoms:
(@) = -x+1, -y+1, -z.
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Table 10. Selected bond lengths (A) and angles (deg) for 6*

Pd(1)-O(1) 2.008(3) O(4)-Pd(2) 2.007(3)
Pd(1)-N(1) 2.013(3) N(2)-Pd(2) 2.013(3)
O(1a)-Pd(1)-O(1) 180.0 O(4b)-Pd(2)-N(2) 98.40(14)
O(1)-Pd(1)-N(1a) 98.97(12) O(4)-Pd(2)-N(2) 81.60(14)
O(1)-Pd(1)-N(1) 81.03(12) O(4)-Pd(2)-N(2b) 98.39(14)
N(1a)-Pd(1)-N(1) 180.0 N(2)-Pd(2)-N(2b) 180.0(2)
O(4b)-Pd(2)-O(4) 180.0

*Symmetry transformations used to generate equivalent atoms:

(@) = -x+2, -y, -z+1. (b) = -x+2, -y, -z+2.

Table 11. Selected bond lengths (A) and angles (deg) for 7*

Pd(1)-O(1) 2.008(2)  Pd(1)-N(1) 2.021(2)
O(1a)-Pd(1)-O(1) 90.30(12)  O(1)-Pd(1)-N(1) 81.52(10)
O(1a)-Pd(1)-N(1) 171.3009)  N(1)-Pd(1)-N(la) 106.80(14)

*Symmetry transformations used to generate equivalent atoms:

(@) =-x+1,y, -z+1/2.

Table 12. Hydrogen bonds (A) for 6*

O(1IW) -~ O(3) 2.853(4) O(2W) --O(2) 2.915(4)
O(1W) - O(3c) 2.900(4) O2W) - O(3W) 2.782(4)
O(1W) -+ O2W) 2.660(4) O(3W) -~ OBWd) 2.817(4)

*Symmetry transformations used to generate equivalent atoms: (c) = 1-x, -y, 1-

z; (d) =1-x, 1-y, 1-z.
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Table 13. Hydrogen bonds (A) for 7*

O(IW) -O(2) 2.840(4) O(IW) -~ O2W) 2.859(4)
O(1W) - O(1Wb) 2.893(4) O@2W) -+ O(3) 2.817(4)
O(2W) -+ O(2Wb) 2.840(4)

*Symmetry transformations used to generate equivalent atoms: (b) = -x, y, -
z+1/2.

Description of the structures. Compounds 5 and 7 crystallize in the
monoclinic space groups P2:1/c and P2/c, respectively, with half a molecule
in the asymmetric unit, the second half being generated by the
crystallographic inversion centre, while 6 crystallizes in the triclinic P-1
space group with two half a molecule in the asymmetric unit. Each
structure consists of [Pd(4-Xpma)>]* anions and n-BusN* counterions (5-7)
plus crystallization water molecules (6-7) (see Figures 22 - 24). The complex
anions in 5 are grouped into pairs through weak F--O type interactions
(Figure 25), these units being well separated from each other by the bulky
organic cations (Figure 26). On the contrary, the bis(oxamate)palladate(II)
species in 6 are assembled into a pretty supramolecular three-dimensional
structure by means of an extended network of hydrogen bonds and
chloro--chloro interactions (Figures 27-30). The complex anions in the case
of 7, are interconnected through hydrogen bonds involving four membered
rings of water molecules leading to supramolecular anionic chains which
grow along the crystallographic a axis (Figures 31 - 33).

0\/ - é/( b}
“ ‘ / o
/j/g P H

(a)

Figure 22. Top (a) and side (b) views of the anionic trans-[Pd(4-Fpma)z]>
complex in 5 [symmetry code: (a) = -x+1, -y+1, -z].
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The structures of 5 and 6 have in common the presence of the trans-
[Pd(4-Xpma)2]> anions [X = F (5) or Cl (6)] where the palladium(II) ion is
four-coordinate with two amidate-nitrogen [N1 and Nla]and two
carboxylate-oxygen atoms [O1 and Ola] building a slightly distorted
square-planar surrounding. The reduced bite angle of the chelating
oxamate [81.67(6)° (5) and 81.0(1)° (6)] accounts for the deviations from the
ideal geometry.

The Pd(Il) ion and the atoms building its surrounding lie exactly on a
plane for symmetry reasons. The Pd-N/Pd-O bond Ilengths are
2.041(2)/1.999(2) (5) and 2.013(3)/2.008(2) A (6), values which compare
well with those found in other oxamato-containing palladium(II)

Complexe5.35,36,40,88—90
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Figure 23. Perspective views of the two crystallographically independent
anionic frans-[Pd(4-Clpma),]* complexes in 6 [symmetry codes: (a) = -x+2,-y,-
z+1; (b) = -x+2,-y,-z+2].

The plane at the Pd(I) ion and the mean plane of the oxamate group
are almost coplanar [the values of the dihedral angle between these two
planes (¢) are 4.70(4)° (5) and 4.0(2)° and 0.5 (2)° (6) for Pd1l and Pd2,
respectively]. Focusing on the phenyloxamate ligand, the dihedral angle
between the 4-substituted phenyl ring and the mean plane of the oxamate
group are 36.71(3) (5) and 62.3(3)° and 46.9(2) (6a), values which are not so
close to orthogonality as those observed in {[Na(HxO)].trans-[Pd(2,6-
Meopma)z]}n [@ = 75.79(4)],40 but the compare well the ones found in (n-
BwiN)otrans-[Pd(2-Mepma),] - 4H>O and (n-BusN)otfrans-[Pd(4-Mepma)z] -
4H>0 [ = 51.1(1) and 52.2(1)°, respectively].8
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The [Pd(4-Brpma)]> mononuclear units in the structure of 7 exhibit a cis
conformation. However; the Pd(Il) environment is practically that of 5 and
6 being four-coordinate with two amidate nitrogen and two carboxylate-
oxygen atoms from the two cis-oxamate ligands and building a slightly
distorted square-planar [NON'O'] surrounding.Again, the reduced bite of
the chelating oxamate [81.5(1)°] accounts for the deviations from the ideal
geometry. The Pd(II) ion lies practically in the NON’O’ square plane.

The Pd-N and Pd-O bond lengths [2.021(2)/2.008(2) Al compare well
with those found in 5 and 6 and in the already mentioned literature
SpecieS.35,36,40,88—90

The square plane at the Pd(II) and the mean plane of the chelating
oxamate group in the cis-[Pd!(4-Brpma);]> units are very close to
coplanarity as observed in 5 and 6 [the value of the dihedral angle between
these two planes (¢) is 0.4(1)° the one between the 4-substituted phenyl
ring and the mean plane of the oxamate group is 57.00(2)°]. Intramolecular
face-to-face stacking interactions are clearly established in 7 between the
phenyl rings on each chelating ligand of the cis-[Pd"(4-Brpma).]* unit. The
steric hindrance between the Br substituents at each ring induces an
evident nonparallel arrangement, and in fact the two 4-substituted phenyl
ring forming a dihedral angle of 14.2(1)°.

Figure 24. Top (a) and side (b) views of the anionic complex cis-[Pd(4-
Brpma),]% in 7 [symmetry code: (a) = -x+1,y, -z+1/2].

A detailed description of the different crystal packing of 5-7 is given in
the following section.
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Chapter 1 - Structural versatility of bis(oxamato)palladate(Il) complexes (Part II)

Crystal packing of (n-BusN):trans-[Pd(4-F-pma);] (5). No insights of
halogen bonding in the crystal packing of 5 are present, in agreement with
the report from previous work.85 The bis(oxamato)palladium(Il) units are
well separated from each other due to the presence of bulky (n-BusN)*
cations and only a very weak F--O interaction (of 4.19 A) related to the
shortest Pd(1) -- Pd(1b) separation of 9.645(3) A [symmetry code: (b) = -x, y,
z | (Figures 25 and 26a) occurs in 5. Furthermore, very weak F.-H-C
interactions involving (n-BusN)* cations are present [shortest F---H-C and
F...C separations of 3.381(2) and 2.468(2) A, respectively] (Figure 26b).

Figure 25. A view illustrating the shortest contacts between trans-[Pd(4-
Fpma);]> anionic moieties in 5. Pdl--Pdlb separation of 9.645(3) A
[symmetry code: (b) = -x,y, z ].
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Figure 26. A fragment of the crystal packing in 5 showing a) showing only the
anionic complexes and b) their distribution among the organic cations. The
organic counterions have been depicted as yellow sticks. Hydrogen atoms

have been omitted for clarity.

Crystal packing of (n-BusN)strans-[Pd(4-Cl-pma);]-

(6).

Compound 6 shows a fascinating crystal packing due to the cooperation of
weak halogen --halogen interactions involving also the co-crystallized
water molecules, the whole leading to an intriguing net. One of the two
independent complex anions [Pd1] is engaged in such H-bond interactions
between the terminal oxygen atoms of the ligand and the lattice water
molecules [Ooxamate:*Ow distances varying in the range 2.847(3)-2.908(3) A,

see Table Ss5] (Figure 27).
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Further strong H-bonds between water molecules [Oy--Ow distances in
the range 2.664(1)-2.801(1) A] and weak Cl--O, interactions [Cl---O,
distance 3.92 A] give rise to a 2D motif developing in the crystallographic ab
plane, yielding a noteworthy intercalation of water chains, trapped in well-
defined water ribbons (Figure 27).

The supramolecular three-dimensional packing is reached by means of
weak Cl---Cl interactions [Cl1---CI2 separation of 4.30 A] involving the
previously described layers and more isolated trans-[Pd(4-Clpma)]*
moieties. These interactions are most likely responsible of the grasping of

the two crystallographically-independent complex anions in 6 (Figures 28-
29).

g - : "; : « K ( :' . : \{L’J( .
W \L/S—ﬁ( 4 Pdic M/f v, -
Wa W \[Iyz:ﬁ'" \J\Jy,z:?* ‘\L/ryz:ﬁ""

Figure 27. View along the crystallographic ¢ axis of the trans-[Pd(4-Clpma)z]>
moieties in 6 showing intercalated water chains in a pretty sheet arrangement
by mean of H-bonds and Cl--Ow type interactions. Pd(1)--Pd(lc) and
Pd(1)--Pd(1d) distances equal to 12.522(1) and 15.700(1) A, respectively
[symmetry code: (c) = 2-x, y, z; (d) = x, 2-y, z].
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In fact, one of the two independent complex anions [Pd2] is involved in
H-bond interactions only with one of the terminal oxygen atoms of the
ligand and a water lattice molecule [Ooxamater~Ow distances 2.785(3) A]
(Figure 28). As shown in Figure 29, the packing consists of sheets with
water ribbons [Pd1] staggered by other independent halogen bonded
anions [Pd2]. The remaining voids are filled by bulky organic
countercations (Figure 30).

Figure 28. Details of weak Cl---Cl interactions linking the two independent trans-
[Pd(4-Clpma),]* moieties in 6.
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T

Figure 29. A view along the crystallographic b axis of the crystal packing of 6
showing isolated [Pd2] units interconnecting the H-bonded layers of [Pd1]
units through weak CI --Cl interactions. The Pd1--Pd2 distance is 8.572(1) A.

Figure 30. A view of a fragment of the crystal packing of 6 showing anionic
layers and isolated trans-[Pd(4-Clpma);]> moieties, separated by the bulky n-
BusN* cations. The organic counterions have been depicted as yellow sticks.
Hydrogen atoms have been omitted for clarity.
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Crystal packing of (n-BuiN)zcis-[Pd(4-Br-pma);] - 4HO (a).
Compound 7 it is the only one containing complex anions in a cis
conformation, namely the cis-[Pd!(4-Brpma)z]> units. As expected for such
a conformation, intramolecular face-to-face stacking interactions are clearly
established between the phenyl rings on each chelating ligand of the cis-
[PdY(4-Br-pma)z]> unit (Figure 24). The value of the centroid-centroid
distance (1) between the two facing benzene rings is 3.401(1) A, while the
value of the off-set angle (¢) between the centroid-centroid vector and the
normal to the plane of the benzene rings is 19.9(1)°. Steric effects are also
likely responsible for the non-zero twist angle [t = 4.2(2)°] observed in 7
and related compounds with cis stereochemistry.? Halogen interactions
between Br atoms of neighboring oxamate ligands are the driving force
toward the cis-isomers [Br---Br distances 4.28 A] (Figure 24). These forces
together with H-bonds, involving both the terminal oxygen atoms of the
ligand and the lattice water molecules [Ooxamates*Ow and Ow--Oyw distances
of 2.817(3)-2.840(3) and 2.860(3)-2.892(3) A, respectively; see Tables S6] give
rise to a 1D supramolecular motif (Figures 31 and 32) developing along the
crystallographic a axis. The shortest Pd---Pd separation is 8.489(1) A and it
corresponds to an interchain distance. This value is much shorter than the
shortest intrachain separation [ca. 14.827(1) A] through the network of H-
bonded water molecules (Figure 32).

b) -~ % - (%
..

Figure 31. Top (a) and side (b) views along the crystallographic ¢ axis of the
supramolecular chain in 7 formed through H-bonds between the cis-[Pd(4-
Brpma),]” unit and the crystallization water molecules.
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] I 11
[ )

Figure 32. A view along the crystallographic ¢ axis of a fragment of the
supramolecular anionic chains in 7. Pd1"Pdib and Pdi"Pdic distances are equal
to 8.489(1) and 14.827(1) A, respectively [symmetry codes: (b) = 1-x, y, 0.5-z; (c)
= -1+X, Y, Z].

Adjacent 1D supramolecular motifs are disposed into a zig-zag

arrangement leaving pseudo-hydrophobic voids which are filled by the
bulky n-BusN* cations (Figure 33).

It has been found that both the trans and cis isomers of the [PdY(4-

Brpma):]? complex anion can be isolated in the solid state. On the contrary,
we have no evidence of the cis isomer formation when 4-Fpma#* and 4-
Clpma* ligands were used as ligands. This result induces us to suggest the
better flexibility of bromo atoms to form halogen bonds as the factor
responsible for the improved structural stability of a cis isomer in 7.
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/ /f/ vV

Figure 33. View of a fragment of the crystal packing in 7 along the
crystallographic b (a) and a (b) axess. The whole organic counterions have
been depicted in yellow. Hydrogen atoms have been omitted for clarity.
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I1.10. Conclusions

In summary, concerted supramolecular motifs in new fluoro-, chloro-
and bromo-derivatives of the mononuclear bis(oxamato)palladate(II)
complexes have been investigated. The different nature and size of the
halogen atoms show a clear putative role in the supramolecular assemblies
of the similar anionic complexes. These intriguing different assemblies
described are undoubtedly driven by simply van der Waals and ionic
forces, (5), or combined H-bonds, halogen-halogen (6-7) and/or mn—n
interactions (7) merely depending on the substitution on the ligand used.

R A2
| \ ? y 8\ 2 (2@ {
I [ A L & @ ") @ g )

&

Scheme 5. Supramolecular motifs of fluoro-, chloro- and bromo-derivatives of

the mononuclear bis(oxamato)palladate(Il) complexes.

This study is a rare report on structural modularity of the
supramolecular assemblies in complexes as ligands for which a modulation of
supramolecular features can be achieved with a judicious choice of slightly
modified ligands. The supramolecular halogen-halogen interactions are not
only useful in the field of crystal engineering where insights in the
prediction of the crystal structures are gained but also in the design of new
functional molecule-based materials exhibiting interesting physical-
chemical properties as observed in the hexahalorhenate(IV) salts.8”
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III.1. Carbon-carbon cross-coupling reactions

The field of the cross-coupling chemistry where the substitution of an
aryl, vinyl and alkyl halide/pseudohalide by a nucleophile takes place in
the presence of a transition metal catalyst has been subject of thorough
investigation since the early 1970’s.1-12 These impressive worldwide
research efforts were rewarded with the award of the 2010 Nobel Prize in
chemistry to Richard Heck, Ei-ichi Negishi and Akira Suzuki.’*-15 One of
the main reasons to pursue with this chemistry is its great impact on the
chemical industry as well as on the ligand design, this last point revealing
of outmost relevance to other research fields (supramolecular chemistry,
molecular magnetism, bioinorganic chemistry, materials science, etc.).10.16-26

R = Aryl, Alkenyl, Alky § R = Alkyl

[orl".ﬂx} R-m
Type A

[M-R | i {m-X)

(or M-E

Chart I. Postulated catalytic cycles for cross-coupling reactions. Ligands are
omitted.?”

A good number of palladium-based systems with excellent catalytic
performances in carbon-carbon cross-coupling reactions have been
developed during the last five decades, their efficiency being largely
checked. Without being exhaustive, representative examples are those with
phosphine ligands,?$-31 palladacycle catalysts,?2-35 N-heterocyclic carbene-
containing catalysts (NHCs),%-4 nanoparticles#-4 and immobilized
catalysts#>-48 in both homogenous and heterogenous phases. It deserves to
be noted that in most cases, the activity of homogeneous phase catalysts
was found to be richer than the one for the heterogenous analogues.4-5
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Nowadays, the search for new procedures concerning ecologically
benign carbon-carbon cross-coupling is still a command and the conditions
to be fulfilled thinking at them are the following;:

(i) low amounts of catalyst,

(if) high activity and selectivity,

(iif)  mild reaction conditions in environmentally benign solvents

that save energy costs

(iv)  and efficient recycling and reuse of the catalyst with regular

yields over a large number of runs.

Keeping this in mind, part of our current research work has focused
onto the design and wuse of simple, cheap, and recyclable active
palladium(II)-based catalysts together with environment-friendly green
solvents. In this context, we bet on ionic liquids as alternative green
solvents,56-65 in particular the tetra-n-butylbromide (n-BusNBr) which was
widely used by other research teams.t70 By performing cross-coupling
Heck reaction in an alternative green catalysis without harmful ecological
chemicals (phosphine ligands for instance) or well by using ligands easier
to handle than the carbene ones, our proposal to employ low-cost versatile
N,O ligands,”t72 should be advantageous as environmentally friendly
organic reaction methodology and also as a suitable strategy for recycling
catalysts.047374, Noteworthy, chelating ligands containing oxygen or
nitrogen as donor atoms have been shown to stabilize palladium
complexes.”s-77
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1.2,  Aim

After demonstrating  in the previous Chapter that
bis(oxamato)palladate(II) complexes are active catalysts for carbon-carbon
cross-coupling reactions, it became important to check if these kind of
complexes are active not only for Suzuki type reactions (Chapter 1) but also
for the Heck ones.

Therefore having in mind the idea of checking and increasing carbon-
carbon cross-coupling catalytic activities, a different group of oxamate
ligands with electronic and steric effects have been prepared and
characterized.

Proligand X Y V4 W
EtHpma
7 EtH-2-Mepma Me
EtH-4-Mepma Me
Y EtH-4-Fpma F
EtH-4-Clpma cl
EtH-4-Brpma Br
EtH-4-OMepma OMe
W X EtH-4-i-Prpma Iso
@) NH EtH-2,3-Mespma  Me Me
EtH-2,4-Me;pma  Me Me
EtH-2,5-Mezpma Me
EtH-2,6-Me,pma Me Me
O O/\\ EtH-3,4-Mezgma Me Me
EtH-3,5-Mezpma Me
EtH-2,4,6-Mespma Me Me Me
EtH-2,4,6-Phspma  Ph Ph Ph

Scheme 1. Proligands from aniline derivatives. Hydrogen atoms are omitted
for the sake of clarity.

The present Chapter focuses on the investigation of the catalytic activity
of the palladium(ll) complexes with oxamate ligands derived from the
proligands of Scheme 1. The Heck and Suzuki coupling reactions both in
DMF (homogeneous phase) and ionic liquids (n-BusBr) are investigated.
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II1.3.  Synthesis and characterization

The preparation of the proligands shown in Scheme 1 has been carried
out by following previously reported procedures?s. For further information
see Appendix B.

Synthesis of the complexes:

The synthesis of the bis(oxamato)palladate(Il) complexes, listed
hereunder, was followed as described in Chapter 1 (Part II) but using the
corresponding proligand.

List of the novel bis(oxamato)palladate(II) complexes:

8a

9a
10a
11a

n-BusN)2[Pd(pma);]
n-BusN)2[Pd(2-Mepma),]
n-BusN)2[Pd(4-Mepma),]
n-BusN)2[Pd(4-OMepma)a]
12a n-BusN)2[Pd (4-i-Prpma):]
13a n-BusN)2[Pd(2,3-Mexpma),]

( )2[Pd(
( )2[Pd(2
( )2[Pd(
( )2[Pd(
( )2[Pd(
( )2[Pd(
14a (n-BusN)2[Pd(2,4-Meo>pma)»
( )2[Pd(
( )2[Pd(
( )2[Pd(
( )2[Pd(
( )2[Pd(
( )2[Pd(

Z

16a n-BusN)2[Pd(2,6-Mezpma);]
17a
18a
19a
20a

)
)]
15a n-BusN)2[Pd(2,5-Mexpma);]
)
)

n-BusN)2[Pd(3,4-Mexpma);]
n-BusN)2[Pd(3,5-Mezpma),]
n-BusN)2[Pd(2,4,6-Mespma),]
n-BusN)2[Pd(2,4,6-Phspma);]

X-ray quality crystals (yellow prisms) were grown by recrystallization
of the solid sample by two different methods: (i) in a water/acetonitrile
mixture (2:1, v/v) for 11, 16 and 19, or (ii) by slow vapour diffusion of ether
into an acetonitrile solution of the palladium(Il) for 97%, 107 and 20. X-ray
suitable crystals were grown within 2-4 weeks (i) and overnight (ii).
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Characterization of complexes:

(n-BusN)z[Pd(pma)2] (8a). Yield: 80%. IR(KBr/cm-): 3412 (O-H), 2999,
2961, 2933, 2875 (C-H), 1670, 1653, 1615, 1585 (C=0). 'H NMR (DMSO-ds) §
(ppm): 0.90-0.94 (t, 24H), 1.29-1.33 (m, 16H, n-BusN¥), 1.52-1.56 (m, 16H, n-
BwN¥), 3,12-3,13 (m, 16H, n-BuN*), 6,89-6,91 (m, 2H, Hary), 7,49-7,57 (m,
8H, Hamy1). Anal. Calcd. for CisHgsN4OsPd (8a): C 60.45 H 9.09 N 5.88.
Found: C 61.26 H 10.04 N 5.51 %.

(n-BusN)z[Pd(2-Mepma):] (9a). Yield: 86%. IR(KBr/cm-1): 3423 (O-H), 2961,
2930, 2874 (C-H), 1669, 1647, 1618, 1590 (C=0). TH NMR (CDCls) 6§ (ppm):
1.00-1.02 (t, 24H), 1.40-1.42 (m, 16H, n-BusN*), 1.51-1.59 (m, 16H, n-BusN*),
217 (s, 6H, CHz), 3,18-3,24 (m, 16H, n-BusN*), 7.16-7.19 (m, 8H, Hary). Anal.
Calcd. for CsoHssN4O10Pd (9a): C 63.50, H 9.17, N 5.92. Found: C 62.98, H
9.96, N 5.44 %.

(n-BusN)z[Pd(4-Mepma)2] (10a). Yield: 95%. IR(KBr/cm-): 3422 (O-H),
2961, 2930, 2874 (C-H), 1658, 1617, 1588, 1540 (C=0). 1H NMR (CDCls) §
(ppm): 0.92-0.95 (t, 24H), 1.33-1.36 (m, 16H, n-BusN*¥), 1.48-1.52 (m, 16H, n-
BwN~), 1.89 (s, 6H, CHs), 3,07-3,13 (m, 16H, n-BusN¥), 6,32-6,35 (d, 2H,
Haryi), 6,43-6,46 (d, 2H, Hary), 6,87-6.90 (d, 2H, Hary), 7.00-7.02 (d, 2H, Hary).
Anal. Caled. for Cs0HssN1O10Pd (10a): C 63.50, H 9.17, N 5.92. Found C 62.55
H10.31 N 6.35 %.

(n-BusN)2[Pd(4-OMepma)z] (11a). Yield: 50%. IR(KBr/cm-1): 3422 (O-H),
2960, 2930, 2874 (C-H), 1667, 1647, 1610 (C=0). 'H NMR (CDCl) 6 (ppm):
0.97 - 1.02 (t, 52H, n-BusN*), 1.35 - 1.47 (m, 35H, n-BusN*), 1.50- 1.60 (m,
34H, n-BusN*), 3.11 - 3.17 (t, 34H, n-BusN*+), 3.73 (s, 6H, OCHs), 6.71 - 6.74
(d, 4H, Hawi), 7.37 - 7.40 (d, 4H, Hay1). Anal. Caled. for (11a): C 61.43, H
8.87, N 5.73. Found: C 62.23, H 9.93, N 5.80 %.

(n-BwN)2[Pd(4-i-Prpma);] (12a). Yield: 52%. IR(KBr/cm-1): 3422 (O-H),
2959, 2933, 2873 (C-H), 1669, 1648, 1619, 1597 (C=0). 'H NMR (CDCl;) §
(ppm): 0.97 - 1.02 (t, 52H, n-BusN*), 1.19 - 1.21 (d, 12H, CHs), 1.36 - 1.48 (m,
36H, n-BusN*), 1.52 - 1.62 (m, 34H, n-BusN*), 2.76 - 2.85 (m, 2H, CH), 3.15 -
3.21 (t, 33H, n-BusN*), 7.02 - 7.05 (d, 4H, Haryy, 7.35 - 7.38 (d, 4H, Hary).
Anal. Calcd. for CssHouuN4OsPd (12a): C 64.74, H 9.46, N 5.59. Found: C
64.52, H10.28, N 6.15 %.
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(n-BusN)2[Pd(2,3-Mezpma);] (13a). Yield: 74%. IR(KBr/cm-1): 3423 (O-H),
2962, 2930, 2874 (C-H), 1670, 1638, 1606, 1577 (C=0). TH NMR (CDCl) §
(ppm): 0.99-1.01 (t, 24H), 1.38-1.40 (m, 16H, n-BusN*), 1.52-1.55 (m, 16H, n-
BuwN¥), 2.23-2.26 (m, 12H, CHs), 3,10-3,16 (m, 16H, n-BusN*), 6.78-6.80 (m,
2H, Hary), 6.88-6.91 (m, 2H, Hary), 7.00-7.04 (m, 2H, Hary). Anal. Calcd. for
C52HooN4OePd (13a): C 64.14 H 9.32 N 5.75. Found: C 63.77 H 10.12 N 5.52
%.

(n-BwN)2[Pd(2,4-Mezpma):] (14a). Yield: 68%. IR(KBr/cm): 3448 (O-H),
2962, 2936, 2874 (C-H), 1670, 1637, 1516, 1596 (C=0). 'H NMR (CDCL) §
(ppm): 0.99-1.02 (t, 24H), 1.39-1.42 (m, 16H, n-BusN*), 1.53-1.55 (m, 16H, n-
BuN¥), 2.19 (s, 6H, CHs), 2.34 (s, 6H, CHz), 3,08-3,14 (m, 16H, n-BusN¥),
6.82-6.85 (m, 2H, Haryi), 6.95-6.98 (m, 2H, Hari), 7.01-7.03 (m, 2H, Hamy).
Anal. Calcd. for Cs2HooN4OsPd (14a): C 64.14 H 9.32 N 5.75. Found: C 64.60
H 10.05 N 5. 40 %.

(n-BusN)2[Pd(2,5-Mezpma)y] (15a). Yield: 87%. IR(KBr/cm-1): 3447 (O-H),
2961, 2926, 2874 (C-H), 1670, 1654, 1638, 1600 (C=0O). 'H NMR (CDCls) §
(ppm): 0.97-1.02 (t, 24H), 1.36-1.39 (m, 16H, n-BusN¥), 1.53-1.55 (m, 16H, n-
BuN*), 1.94 (s, 6H, CHs), 2.01 (s, 6H, CHs), 3,07-3,13 (m, 16H, n-BusN¥),
6.71-6.72 (m, 2H, Hary), 6.90-6.93 (m, 2H, Hayi), 6.98-6.99 (m, 2H, Ham).
Anal. Caled. for C52HooN1O¢Pd (15): C 64.14 H 9.32 N 5.75. Found: C 63.55 H
10.20 N 5.64 %.

(n-BusN)2[Pd(2,6-Mezpma)s] (16a).Yield: 89%. IR(KBr/cm-1): 3433 (O-H),
2961, 2936, 2873 (C-H), 1670, 1638, 1604, 1582 (C=0). 1H NMR (DMSO-ds) §
(ppm): 0.90-0.94 (t, 24H), 1.30-1.32 (m, 16H, n-BusN*), 1.55-1.58 (m, 16H, n-
BuiN¥), 2,24 (s, 12H, CHs), 3,13-3,16 (m, 16H, n-BusN*), 6,80-6,87 (m, 6H,
Hary1). Anal. Caled. for CssHauN4OsPd (16a): C 64.14 H 9.32 N 5.75. Found: C
63.45 H10.13 N 5.61 %.

(n-BwN)2[Pd(3,4-Mezpma):] (17a). Yield: 60%. IR(KBr/cm1): 3414 (O-H),
2961, 2935, 2874 (C-H), 1670, 1647, 1615, 1591 (C=0). 'H NMR (CDCl;) §
(ppm): 0.99-1.01 (t, 24H), 1.39-1.44 (m, 16H, n-BusN*), 1.48-1.54 (m, 16H, n-
BwN~), 1.85 (s, 6H, CHs), 1.95 (s, 6H, CHs), 3,09-3,14 (m, 16H, n-BusN*¥),
6,32-6,33 (d, 2H, Hary), 6,44-6.47 (d, 2H, Hary), 6.52-6.55 (q, 2H, Hary1). Anal.
Calcd. for Cs2HooN4OePd (17a): C 64.14 H 9.32 N 5.75. Found: C 63.67 H
10.01 N 5.38 %.
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(n-BusN)z[Pd(3,5-Mezpma);] (18a). Yield: 75%. IR(KBr/cm-1): 3423 (O-H),
2960, 2930, 2874 (C-H), 1673, 1647, 1617, 1581 (C=0). TH NMR (CDCl) §
(ppm): 1.00-1.02 (t, 24H), 1.39-1.42 (m, 16H, n-BusN¥), 1.51-1.54 (m, 16H, n-
BwN~), 2.29 (m, 12H, CH3), 3,07-3,13 (m, 16H, n-BusN*),6,58-6.60 (m, 2H,
Haryl), 6.99-7.01 (m, 4H, Hary). Anal. Caled. for Cs2HooNiOePd (18a): C 64.14
H 9.32 N 5.75. Found: C 64.38 H 8.98 N 6.05 %.

(n-BusN)2[Pd(2,4,6-Mespma):] (19a). Yield: 90%. IR(KBr/cm-1): 3439 (O-H),
2962, 2926, 2873 (C-H), 1670, 1627, 1595, 1560 (C=0). 'H NMR (DMSO-ds) §
(ppm): 0.91-0.96 (t, 24H), 1.27-1.34 (m, 16H, n-BusN*¥), 1.54-1.56 (m, 16H, n-
BwN~), 2,07 (s, 6H, CHs), 2,14-2.18 (d, 18H, CHs), 3,13-3,18 (m, 16H, n-
BuwiN*), 6,63-6,69 (m, 4H, Hary). Anal. Caled. for CssHoN4sOePd (19a): C
64.74 H 9.46 N 5.59. Found: C 62.28 H 9.86 N 5.30 %.

(n-BusN)2[Pd(2,4,6-Phspma),] (20a). Yield: 15%. IR(KBr/cm-1): 3422 (O-H),
3057, 3028 (C-Harm1) 2962, 2930, 2873 (n-BusN*), 1665, 1641, 1614, 1587
(C=0). Anal. Calcd. for CooH11sN4OsPd (20a): C 74.12 H 8.16 N 3.84. Found:
C74.28 H8.86 N 3.98 %.
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[I1.4. Results and discussion

Synthesis and IR Spectroscopy. The N-substituted oxamate ligands in
5-20 (Scheme 2 and 3) were easily prepared as the respective ethyl ester
proligands by the straightforward condensation of the ethyl
chlorooxoacetate with the corresponding aniline derivative in THF, in
presence of Et;N as a base at room temperature. They were isolated in very
good yiels (ca. 80-96%). Their IR spectra exhibit a typical absorption peak
at ca. 3000 - 3300 cm~! for the N-H stretching vibration and two intense
bands at ca. 1727 and 1677 cm~! which clearly correspond to the stretching
modes of the ester and amide groups, respectively. 'H and 3C NMR
spectra provide additional support for the signal of the N-H amide
hydrogen as well as those of the ethyl (CH.CHs) group of the ester. The
lack of the N-H vibration band at ca. 3240 cm~! and the occurrence of two
intense bands shifting to lower energies (ca. 1638 and 1600 cm?) in infrared
spectra of 5-20 supports the deprotonation of the amide group and the
hydrolysis of the ester group upon the coordination to the palladium(lI)
ion. The other hydrogen atoms of the oxamate ligands exhibited only slight
changes in their chemical shifts compared with those of the corresponding
free proligand. Finally, the crystal structure of 5-10, 16, 19 and 20 confirmed
these spectroscopic features.

F 2 cl 2- Br 2 -2
o N o_o
o N, O 0 o N, O o o N O 0 I “pa”
Pd I I Pd i Pd Ay o
0Ny N0 Ay o oy o N
L o L ¢ L Br - - -
(5) (6) (7) (8)

Scheme 2. Complexes 5-8 of formula [Pd(N-substituted oxamate ligand).]>
with n-BuyN* as counter ion.
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Scheme 3. Complexes 9-20 of formula [Pd(N-substituted oxamate ligand).]*
with n-BusN* as counter ion.
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X-ray structural determination for (n-BusN)2[Pd(2-Mepma).] - 4H>O (9),
(n-BusN)2[Pd(4-Mepma)] - 2H,O - MeCN (10), (n-BusN)2[Pd(4-OMepma);]
(11), (n-BusN)z[Pd(2,4,6-Mespma).] -2 MeCN (19) and (n-BusN)2[Pd(2,4,6-
Phgpma)z] - CH3CH>OCH>CH3 (20)

Single crystal of 9-11, 19 and 20 were mounted on a Bruker-Nonius X8-
APEXII CCD area detector system and the data collection was performed at
100 K (9, 10, 11 and 20) and 296 K (19) by using graphite-monochromated
Mo-Ka radiation (\ = 0.71073 A). The collected data were processed
through the the SAINT reduction and SADABS absorption software. The
structures were solved by direct methods and subsequently completed by
Fourier recycling by means of the SHELXTL-2013 software packages, then
refined by the full-matrix least-squares refinements based on F2? with all
observed reflections.

Table 1. Selected bond lengths (1&) and angles (°) for 5-7, 9-11, 19 and 20

Complex Pd-N Pd-O C(1)-0Q) C(-0B) C@1)-O(3) N(1)-Pd-O(1)

5 20411(16) 1.9984(14) 1.226(33) 1.2403) 1.2973) 81.67(6)
6 2014(4) 2011(4) 1214(7) 1.243(7)  1.292(7) 81.14(16)
7 20439(19) 2.0033(16) 1.2253)  1.240(3)  1.3023) 81.61(7)
9 20209(11) 2.0384(13) 1.2413(18) 1.2543(19) 1.309(2)  82.14(5)
10 2.0207(13) 2.0214(14) 1217(2)  1.241(2)  1.300Q2)  81.89(6)
11 20425(18) 2.0033(15) 1.227(3)  1.238(3)  1.303(3)  81.69(7)
19 1.996(13) 2.0170(19) 1.227(4)  1218(4)  1.263(4) 81.78(10)
20 2.0225(10) 2.0258(11) 1.2345(15) 1.2463(16) 1.3013(17) 81.65(4)

*Crystal structures of 5-7 were described in Chapter 1 - Part 11

The description of the structures is carried out for each by family of
compounds: firstly complexes 5-7 described in Chapter 1 - Part II, secondly
9 and 10, thirdly 11 and finally, complexes 19 and 20.

Summary of the selected bond lengths (A) and angles (°) of the

complexes are compiled in Table 1. For crystallographic tables are
grounded in Tables 2-3.
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Table 2. Crystal data and structure refinement 9-11.

Formula
Mr
Crystal
Space
a/ Z\
b/A
c/ A
a/®
ﬁ; °
Y o
v/ A3
z

D./ gecm-
T/K
p/ mm!
F(000)
Theta range for data
collection (°)

Index ranges

Reflections collected
Refinement method

Independent
reflections

Data/restraints
parameters
Goodness-of-fit on F2
Final R indices

[I>20(1)]
R indices (all data)

Largest diff. peak and

hole (e A%)

9 10 11
C27H16N303Pdo 50 C27HusN3O3Pdo 50 CasHazsN204Pd
513.87 513.87 542.01
Triclinic Triclinic Monoclinic
P(-1) P(-1) P2c
10.8293(16) 11.8546(9) 9.7934(5)
11.8316(17) 12.5442(9) 16.3308(8)
12.5466(19) 12.9348(9) 16.0994(8)
78.025(6) 104.059(3) 90
79.152(6) 115.455(3) 95.392(3)
66.646(6) 104.241(3) 90
1433.7(4) 1544.04(19) 2563.4(2)
2 2 4
1.190 1.105 1.404
100(2) 293(2) 100(2)
0.373 0.347 0.756
552 552 1140
1.67 to 35.29 1.90 to 29.04 1.780 to 26.359
-17< h<17, -14< h< 15, -11< h<12,
-11 <k <18, -17 < k<16, 20<k<20,
-18<1<19 -17< 116 -20<1<20
20008 37311 60762
Full-matrix least-squares on F?
10679 7208 [ R5(12r3’§ _
[R(int) = 0.0221] [R(int) = 0.0251] 0.0862]
10679/0/316 7208/0/310 5215/0/292
1.121 0.966 1.209
R1=0.0412, R1 =0.0334, Ry =0.0330,
wR, = 0.1280 wR, =0.1026 wR, = 0.0828
Ry =0.0438, Ry =0.0388, Rq1=0.0478,
wRy = 0.1342 wR, =0.1116 wR> = 0.0939
0.482 and -
2.423 and -0.871 0.560 and -0.504 0.481

Ri = X(Fol Fd)/2IFo]. wRa = {E[w(Fo-FA)?) / X w(Fo2)]}/2
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Table 3. Crystal data and structure refinement 19-20.

Formula
Mr
Crystal
Space
a/ A
b/A
c/A
a/®
B/°
Y/?
vV / As
Z
D./ gcm-3
T/K
p/ mm
F(000)
Theta range for data collection (°)

Index ranges
Reflections collected
Refinement method

Independent reflections

Data/restraints parameters
Goodness-of-fit on F2

Final R indices [I > 20(])]

R indices (all data)
Largest diff. peak and hole (e A-3)

1.239 and -0.731

19 20
C29H49N303Pdo 50 CozH124N4OgPd
540.91 1520.35
Triclinic Monoclinic
P(-1) P2y/c
11.769(4) 14.9124(10)
11.933(5) 14.4942(11)
12.808(5) 19.9007(16)
73.962(16) 90
78.670(16) 97.128(4)
65.665(14) 90
1568.1(11) 4268.2(6)
2 2
1.146 1.183
293(2) 100(2)
0.344 0.273
582 1628
1.662 to 31.632 1.38 to 33.91
-15< h<9, -23< h<20,
-16 <k <16, 21<k<22,
-14<1<16 -31<1<29
12639 102691
Full-matrix least-squares on F2
6564 17060
[R(int) = 0.0340] [R(int) = 0.0327]
6564/0/329 17060/0/487
1.090 1.208
Rq1=10.0495, R1=0.0422,
wRa = 0.1417 wRa = 0.1447
Rq1=0.0614, R1=0.0554,
wR>=0.1571 wRa = 0.1566

1.390 and -1.043

Ry = X(|Fol Fd)/Z|Fs|. wRa = {X[w(Fo>F2)2] / T[w(F?)?] }1/2
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Description of the structures. Compounds 9 and 10 which crystallize in
the triclinic space group P-1 show the occurrence of centrosymmetric
mononuclear [Pd(L)2]* units (Figure 1) and n-BusN* as counter cations.
Each palladium(II) ion is four-coordinate with two amidate-nitrogen and
two carboxylate-oxygen atoms from the two oxamate ligands in a trans
arrangement building a distorted square-planar surrounding. The reduced
bite of the bidentate oxamate [82.14(5)° (9) and 81.89(6)° (10)] accounts for
the deviations of the ideal value of 90° for the square planar surrounding.

Y

— I’ \ )t !
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o) l \ [ : \ K

Figure 1. Anionic complexes 9 ([Pd(2-Mepma),]%, left) and 10 ([Pd(4-
Mepma)]?, right) with n-BusN* as counter ion.

The average Pd—N/Pd—O bond lengths for 9/10 are
2.0209(11)/2.0207(13) A and 2.0384(13)/2.0214(14) A, respectively (see
Appendix B). These values agree with those found in the mononuclear
species Na[Pd(Hpba)] - 2H,O [Hspba = 1,3-propylenebis(oxamic acid)]
[1.97/2.04 A] and (PPhy[Pd(opba)] - 2HO [Hiopba = 1,2-
phenylenebis(oxamic acid)] [1.93/2.05 A].8081 The values of the dihedral
angle between the basal plane at the palladium(Il) ion and the mean plane
of the oxamate groups for 9/10 are 7.4(1)/3.9(1)°, whereas those between
the square plane and the phenyl ring are 51.1(1)/52.2(1)°.
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The values of the peripheral C(1)-O(2)/C(2)-O(3) bond distances

o o

[1.2413(18)/1.2543(19) A (9) and 1.217(2)/1.241(2) A (10)] are somewhat
shorter than the inner C(1)-O(1) bond [1.309(2) (9)/1.300(2) A (10)] in
agreement with the greater double bond character of the former carbonyl

groups.

The distances and angles of each tetrahedral n-BusN* cations in 9 and 10
are as expected. The little discrepancy in the N-C and C-C distances and in
the N-C-C and C-C-C angles arises from crystallographic disorder, which
is quite a common feature observed in most of the crystals containing this
organic cation.

Figure 2. Crystal packing of 9 (right) and 10 (left) showing the relative
positions of the anionic complexes (red) and tetra-n-butylammonium cations
(blue). The solvent molecules have been omitted for clarity).

The complex anions of 9 and 10 are well separated from each other by
the bulky n-BusN* cations in the resulting three-dimensional ionic lattices
(Figure 2) and no n—u stacking interactions are present. The values of the
shortest Pd--Pd distances are 10.829(1) (9) and 11.855(1) A (10)
[Pd(1) ---Pd(1b); (b) = -1+x, y, z]. Very weak but non-negligible C-H -- O type
interactions [C--O = 3.5-3.6 A] involving the methyl groups from the aceto-
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nitrile molecules and the n-BusN* cations with the peripheral oxygen atoms
of the oxamate groups contribute to the stabilization of the structure.
Furthermore very weak C-H--'N interactions [C--N = 3.6-3.8 A] take place
between the acetonitrile molecules and the methyl groups from the n-
BusN* cations.

Compound 11 which crystallizes in the monoclinic space group P2:1/c
shows the occurrence of centrosymmetric mononuclear [Pd(4-MeOpma)2]>
units (Figure 3, left) and n-BusN* as counter cations. Each palladium center
is four-coordinate with two amidate-nitrogen [N(1) and N(la)] and two
carboxylate-oxygen atoms [O(1) and O(la)] building a slightly distorted
square-planar surrounding. The reduced bite angle of the chelating
oxamate is 81.69(7)° accounts for the deviations from the ideal geometry; in
fact, the Pd(Il) ion and the atoms building its surrounding lie exactly on a
plane for symmetry reasons.

The Pd-N/Pd-O bond lengths in 11 are 2.0425(18)/2.0033(15) A value
which compare well with those found in the oxamato-containing
palladium(II) complexes 1, 9, 10 in previous works and literature”-2.

The values of the peripheral C(1)-O(2)/C(2)-O(3) bond distances
[1.227(3)/1.238(3) A] are somewhat shorter than the inner C(1)-O(1) bond
[1.303(3) A] in agreement with the greater double bond character of the
former carbonyl groups. The plane at the Pd(Il) ion and the mean plane of
the oxamate group are almost coplanar [the value of the dihedral angle
between these two planes (@) is 7.8(3)°, whereas the one between the square
plane at the metal center and the phenyl ring is 31.8(3)°.

The anionic entities in the crystal packing of 11 are well separated from
each other because of the presence of the bulky n-BusN* cations, the
shortest intermetallic Pd(1) -- Pd(1b) separation being 9.793 A. This value is
shorter than those in the 9 and 10. The crystal packing of 11 is shown in
Figure S1 (Appendix B).
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Figure 3. Perspective drawing of the anionic complexes 11 ([Pd(4-
MeOpma),]?, left) and 19 ([Pd(2,4,6-Mespma)y]?, right) with n-BusN* as
counter ion.

Compounds 19 and 20 crystallize in the triclinic P-1 and the monoclinic
P2;/c space groups, respectively. Their structures consist of
centrosymmetric mononuclear [Pd(L):]> units and n-BusN* as counter
cations [Figure 3, right (19) and 4 (20)]. Each palladium(Il) ion is four-
coordinate with two amidate-nitrogen and two carboxylate-oxygen atoms
from the two oxamate ligands in a trans arrangement building a distorted
square-planar surrounding. The reduced bite of the bidentate oxamate
[81.78(10)° (19) and 81.65(4)° (20)] accounts for the deviations of the ideal
value of 90° for the square planar surrounding.

The average Pd—N/Pd—O bond lengths for 19 and 20 are
1.996(3)/2.0170(19) A and 2.0225(10)/2.0258(11) A, respectively. These
values agree with those found in the mononuclear oxamato-containing
palladium(II) complexes 1, 9, 10, Na[Pd(Hpba)] - 2H,O and Kz[Pd(opba)] -
2H20, 5, 6, 7 and 11 [average Pd-N/Pd-O distances of 2.020(1)/2.009(1),
2.0209(11)/2.0384(13), 2.0207(13)/2.0214(14), 1.970/2.040,
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1.928/2.055, 2.0411(16)/1.9989(14), 2.014(4)/2.011(4), 2.0439(19)/2.0033(16)
and 2.0425(18)/2.0033(15) A, respectively]79-82,
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Figure 4. Views of the structure of the anionic entity [Pd(2,4,6-Phspma)2]?- of
20.

The values of the dihedral angle between the basal plane at the
palladium(II) ion and the mean plane of the oxamate groups for 19/20 are
(p) 1.9(1)/3.2(1)°, whereas those between the square plane and the phenyl
ring are (®) 109.5(1)/69.5(1)°. As in the previous structures, the values of
the peripheral C(1)-O(2) and C(2)-O(3) bond distances [1.227(4) and 1.218(4)

o °

A (19a) and 1.2345(15) and 1.2463(16) A (20)] are somewhat shorter than the

inner C(1)-O(1) bonds [1.263(4) (19) and 1.3013(17) A (20)] in agreement
with the greater double bond character of the former carbonyl groups.

As observed in the preceding structures, the crystal packing of 19-20
show that the anionic species are well separated from each other due to the
presence of the bulky n-BusN* organic cations, the shortest intermetallic
Pd(1) ---Pd(1b) separation being 11.769(3) (19) and 12.310(3) (20) A. These
values are the largest distances compared with those in 5-7 and 9-11.
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II1.5.  Catalytic properties

Compounds 5-19 are found to catalyze carbon-carbon cross-coupling
reactions, specifically Heck and Suzuki reactions.

Firstly, we have explored the Heck reaction type using homogeneous
catalysis (DMF) with complexes 5a-15a and 17a-19a. Secondly, we have
extended this study to the same Heck reaction type with complexes 7a to
12a but using an ionic liquid as medium. Furthermore, complexes 5a-7a
and 13a-19a were tested in homogeneous catalysis for the Suzuki reaction
type whereas 6a-12a were checked in ionic liquid media for the same
reaction.

III. 5.1. Heck reaction - Homogeneous catalysis

The Heck reaction was studied by using different aryl halides and
olefins with complexes 5a-15a and 17a-19a in DMF as solvent. Et:N is the
base which provided better results. The temperature was either 80 or 120 °C
and inert atmosphere was not needed to carry out these reactions. All
catalysts were very active under such conditions and with iodobenzene as
aryl halide (Table 4). However, electron-withdrawing and electron-
donating groups as substituents at the oxamate ligand, aimed at
influencing their activity with the less reactive aryl halides like
bromobenzene, in homogeneus catalysis (DMF) did not worked out.

Table 4. Scope of Heck reaction of aryl halide and ethyl acrylate

o_
QX . /\H/O\/ 0.5 -1 mol% cat. / 2 eq Et3N @——//—(\O
(0] DMF, A
X=1,Br
. Time Temp .. TOF
Entrya Aryl halide  Catalyst o Yield» TON
vy w9 (h-)
1 ©—| 8a 3 8 84 84 28
2 ©—| 9a 3 8 9 90 30
3 ©—| 10a 3 8 92 92 31
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Table 4 contn.

4 @—l 14a 3 80 9% 9% 32
5 @—l 15a 3 80 9 99 33
6 @—l 17a 3 80 86 8 29
7 ©—| 18a 3 80 9% 93 31
8 @—l 19a 3 80 74 74 25
9 @—l [Pds(OAc)] 3 120 8 8 30

10 @—Br 5a 3 120 - ; ;
11 @Br 6a 3 120 _ - -
12 QBr 7a 3 120 ; - ;
13 @Br 11a 3 120 10 2 -
14 @—Br 12a 3 120 - - -
15 @—Br [PACL] 3 120 - - -
16 @—Br [Pds(OAc)] 3 120 1 - -

aReaction conditions: 0.5 mmol iodobenzene, 0.75 mmol ethyl acrylate, 0.5 - 1 mmol% cat., 1
mmol EtN, 3 h, 120 °C in DMF. PDetermined by GC-MS analysis using
perfluorotributylamine (PFTBA) as internal standard.

As illustrated in Table 5, three olefins bearing electron-donating and
electron-withdrawing groups coupled with iodobenzene afforded the
olefin product in excellent yields. The complexes exhibited higher activity
with electron-withdrawing groups relative to electron-donating groups on
the olefin in the Heck reaction.
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Table 5. Scope of Heck reaction of iodobenzene with olefins.

@I AR 1 mol% cat. / 2 eq EtzN @_/'R
+
DMF, 80 °C

. Time Temp . TOF
Entry 2 Olefin Catalyst o Yield® TON

Y ¥ m) (9 (h-1)
COOEt

1 A(]}” 9a 3 80 90 9 30
CcOoo0oB

2 /ﬁg Y 9 3 80 99 99 33

3 ZCN 9a 3 80 99 99 33
COOQEt

4 /ﬁor 10a 3 80 92 9 31
COOBu

5 /\Of 10a 3 80 9% 9% 32

6 ZCN 10a 3 80 100 100 33

a Reaction conditions: 0.5 mmol iodobenzene, 0.75 mmol acrylate, 1 mmol% cat.,1 mmol
Et:N, 3 h, 80 °C in DMF. PDetermined by GC-MS analysis using PFTBA as internal standard.

Interestingly, working in the open air and as in Chapter 1, under the
described homogeneous conditions, 8a-10a and 14a-19a proved to be
efficient (pre)catalysts without clear formation of inactive palladium black
which stop the catalytic reactions#683-86 (Figure 5).

Formation of palladium black was observed for a commercial
palladium catalyst trying to carry out the Heck reaction with
bromobenzene and ethyl acrylate, using our conditions in DMF as shown
in Figure 5. However, when the reaction was performed with the oxamate-
containing palladium(Il) complexes 5a-7a and 11a-12a, no inactive
palladium(0) black occurred (Figure 6).
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Figure 5. Samples of Heck coupling reaction of iodobenzene and ethyl
acrylate in DMF at 80-120 °C after 3 hours, catalyzed by 19a (left) and
[Pd3(OACc)e] (right).

Figure 6. From left to right: [Pd3(OAc)s] and 11a after Heck reaction between
bromobenzene and ethyl acrylate in DMF at 120 °C, during 3 hours.
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III. 5.2. Heck reaction - Ionic liquid medium

Once demostrated that these kind of anionic complexes of N-
substituted oxamate are catalytically active for Heck reaction in an organic
solvent as DMF, it seemed appropriated to move towards greener solvents,
as ionic liquids for instance. These type of solvents, i.e. molten salts with
low melting points, seemed to be promising over conventional reaction
conditions, making easier the separation of the product by simple
extraction or distillation from the ionic “solvent”, a feature which allows
recycling the whole catalyst-solvent system. The family of bis(N-substituted
oxamate)palladate(Il) precatalysts 5a-7a, 11la and 12a which present
different electron and steric effects have been tested using n-BusNBr as
solvent. In this respect, it deserves to be noted that this ionic liquid has
been used as an additive for this type of reactions, its role being qualified as
essential.7087-% In our case, the catalyst and solvent recovery and recycling
is  achieved by  working with  anionic  bis(N-substituted
oxamate)palladate(Il) complexes in n-tetrabutylamonium bromide as a
green solvent.

So, having in mind the idea of recycling, high yields were obtained for
the Heck reaction between iodobenzene and ethyl acrylate or styrene using
0.5 - 1 mol% cat, without inert atmosphere and with very short reactions
times. Interestingly, small variations of the electron-withdrawing or
electron-donating groups or the steric effects of the para- substituent of the
oxamate ligand, allowed to increase the catalytic reactivity by using less
quantity of catalyst and decreasing the reaction times but without
differences between them (Table 6, see entries 8-12).

Table 6. Scope of Heck reaction of iodobenzene and olefin

R
Ql . Z°R 0.5-1mol% cat. /2 eq EtsN W
n-BuyNBr, 5 - 30 min, 120 °C

Aryl
halide

me y.old TON 1OF

Ti
Entry (min) (h-1)

Olefin Catalyst

COOEt
1

©—| 10a 30 9 99 198
oS

COOEt
5a 5 99 198 2376

o= o=
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Table 6 contn.
COOEt

3 | /j.( 6a 5 99 198 2376
4 | /ﬁo( R 5 99 198 2376
5 ! /ﬁof COOR 1a 5 99 198 2376
6 | /j.( COOR o 5 99 198 2376

10a 30 69 69 138

8 I 5a 30 99 198 396
9 I 6a 30 99 198 396
10 7a 30 99 198 396

11

3353

11a 30 99 198 396

12

12a 30 99 198 396

PYYPYYYYYY

aReaction conditions: 0.5 mmol iodobenzene, 0.75 mmol ethyl acrylate, 0.5 - 1 mmol% cat.,1
mmol EtsN, 5-30 min, 120 °C in n-BusNBr. PDetermined by GC-MS analysis using PFTBA as
internal standard.

As shown in Table S1, high efficiency in recovery and recycling (at last
8 catalytic runs) is observed by using complexes 5a-7a, 11a and 12a for a
Heck coupling of aryl iodides (0.5 mmol) and ethyl acrylate (0.75 mmol,
entries 1-5) or styrene (0.75 mmol, entries 6-10) and EtsN (1 mmol). An
homogenous yield value of 99% is achieved in each run for 5a-7a, 11a and
12a with very short reaction times (5 minutes, entries 1-5 in Table S1; TOF
ca. 2376 h'l, see Table 6). Yields about 99% are also obtained by using a less
activate olefin as stilbene although the reaction time is increased (30
minutes, entries 6-10 in Table S1; TOF ca. 396 h-, see Table 6). These short
reaction times and the green solvent used allow not only to work in mild
reaction conditions but also to save energy costs.
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When the amount of catalyst is decreased until 0.25 mol%, the
homogeneity of the yield in the iodobenzene and ethyl acrylate reaction is
lost, but in general it is improved with the successive runs attaining values
in the range 83-99% for the eight run [see Table 7 (top)]. These features
demonstrates that 5a-7a, 11a and 12a allow the recovery and recycling of
the anionic bis(N-subtituted oxamate)palladate(Il) complexes without
leaching. It deserves to be noted that reaction times of 5 min are kept with
high TOF values [ca. 4800 h-1, Table 7 (bottom)].

Table 7. (Top) Yields and (botton) TON and TOF (h-!) values of the Heck
reaction of iodobenzene and ethyl acrylate in n-BusNBr

0o—

@—I R /\rro\/ 0.25 mol% cat. / 2 eq Et;N @——MO
(6] n-BuyNBr, 120 °C

Run - Yield (%)

Entrya Catalyst
Y Y 3 4 5 6 7 8

1 5a 6 94 99 99 97 98 99 99
2 6a 63 79 94 93 94 96 97 97
3 7a 69 12 53 77 81 86 88 83
11a 67 8 94 99 96 99 97 98
5 12a 8 99 99 99 99 80 84 84
Entry/ Run - TONP / TOF (h1)
cat 1 2 3 4 5 6 7 8

1/5a  24/293  377/4525 400/4800 400/4800 388/4662 393/4719 400/4800 3944732

2/6a  253/3036 316/3789 374/4491 374/4487 378/4533 386/4732 388/4758 386/4735
3/7a  277/3323  78/576  213/2561 307/2685 322/3869 345/4136 354/4242 333/3990

4/11a  266/3193 339/4068 376/4516 400/4800 383/4598 400/4800 387/4645 391/4690
5/12a  342/4100 40074800 40074800 40074800 40074800 319/3828 336/4035 338/4053

a Reaction conditions: 0.5 mmol iodobenzene, 0.75 mmol ethyl acrylate, 0.25 mmol% cat., 1 mmol of
EtsN, 5 min, 120 °C in #-BusNBr. PDetermined by GC-MS analysis using PFTBA as internal standard.
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Table 8. Scope of Heck reaction of bromobenzene and olefins

QBr . R 0.5 -1 mol% cat. / 2 eq Et;N @_fR
n-BuyNBr, 3-12h, 120 °C

Entry hﬁg;e Olefin Catalyst T(IIIS ® Yield TON ;l;f_)lf;
1 @—Br /\O( €O 0a 12 99 99 8
2 @—Br AJ; ook 5a 3 99 198 66
3 @—Br /ﬁg CO0% 6a 3 90 180 60
4 @—Br A(])’ ook 7a 3 91 182 6l
5 @—Br /ﬁg COOR 1a 3 8 163 54
6 @—Br /ﬁg COOR 389 177 59
7 @—Br /ﬁor “OOF pacl 3 0 0 0
8 @—Br /ﬁor COF pa0m9q 3 0 0 0
9 @—Br /ﬁo( CO%F pd(dba)y] 3 74 148 37
10 @—Br /_Q 10a 12 97 97 8
11 @—Br /—Q 5a 4 92 184 46
12 @—Br /—@ 6a 4 76 152 38
13 @—Br /—@ 7a 4 77 155 39
14 @—Br /_Q 11a 4 92 184 46
15 @—Br f@ 12a 4 90 179 45

a Reaction conditions: 0.5 mmol bromobenzene, 0.75 mmol ethyl acrylate, 0.5 - 1 mmol%
cat.,, 1 mmol EtsN, 3-12 h, 120 °C in n-BusNBr. (Yield) Determined by GC-MS analysis using
PFTBA as internal standard.
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Although iodobenzene derivatives are the most common and reactive
chemicals for carbon-carbon cross-coupling reactions,!82021,2495-% good
yields were obtained by introducing bromobenzene as aryl halide (Table 8)
in n-BusNBr as ionic liquid medium.

Once more, the variation of the substituent in para- position of the
oxamate ligand greatly modifies the catalytic activity. The behavior of these
complexes (5a-7a, 11a and 12a) when working with a less reactive aryl
halide, such as bromobenzene, is shown in Tables 8 and 9. One can see
therein the increase of the reactions times from 5 min (entries 1-5 in Table 6)
to 3 hours (entries 1-5 in Table 8) when using ethyl acrylate or from 30
minutes (entries 6-10 in Table 6) to 4 hours (entries 1-5 in Table 8) by using
styrene. Moreover, complexes 5a-7a, 11a and 12a are more efficient than the
commercial catalysts [PdCl,] and [Pd3(OAC)s] and even [Pd(dba):]*2 under
our reaction conditions (entries 6-8 in Table 8). The fact that the catalytic
activity using bromobenzene (Tables 8 and 9) is somewhat lower and more
variable than using iodobenzene (Table 6) is due to their different bond
dissociation energies (81 and 65 kcal/mol for C-Br and C-I, respectively).%
The increase of the yield in the reaction of the bromobenzene could be
achieved by working at higher temperatures but we are limited to ca. 130
°C which corresponds to the temperature of decomposition of n-BusNBr.¢”
Having reached this point, one may consider if it is worth the effort,
thinking at energy costs (green chemistry), to carry out the reaction with
less expensive chemicals during 4 hours (bromobenzene and styrene;
entries 6-10 in Table 8) vs. more expensive materials during 30 minutes
(iodobenzene and styrene; entries 9-13 in Table 6).

Table 9. Heck reaction of bromobenzene and olefins after different runs

R
@Br . R 0.5 -1 mol% cat. / 2 eq Et;N @f
n-BuyNBr, 3 - 12 h, 120 °C

. . Time Runs - Yield® (%)
Entry2  Olefine  Catalyst h) 1 2 3 4 5 6 7 8
(U G 1 12 99 60 28 14 7 4 - -
COOE
2 /\g t 5a 3 9 99 92 8 84 79 78 61
COOE
3 /ﬁg t 6a 3 72 87 90 84 87 80 78 70
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Table 9 contn

4 /ﬁgCOOEt 7a 3 84 91 91 87 8 83 80 72
5 /ﬁgcooa 11a 3 18 64 80 77 82 77 76 71
6 U SO 122 3 75 8 85 84 8 82 76 69
7 /ﬁgCOOEt PaCkl 3 0 0 0 0 0 0 - -c
8 /ﬁgCOOE‘ P&0A)] 3 0 0 0 0 0 0 -c -c
9 /ﬁgCOOE‘ [Pddba)] 3 62 68 74 73 70 60 -c -
10 //—Q 7a 12 69 68 41 28 12 - - -
11 /_Q 5a 4 9 8 66 56 62 83 73 67
12 /_Q 6a 4 66 76 75 72 70 74 67 68
13 /_Q 7a 4 0 58 65 75 68 73 69 77
14 /_Q 11a 4 36 92 72 61 70 70 70 68
15 /_Q 12a 4 80 90 82 77 74 72 72 65

a Reaction conditions: 0.5 mmol bromobenzene, 0.75 mmol ethyl acrylate, 0.5 - 1 mmol%
cat.,, 1 mmol of EtsN, 3-12 h, 120 °C in n-BuyNBr. PDetermined by GC-MS analysis using
PFTBA as internal standard. < not tested.

The characteristic step to stop a carbon-carbon coupling reaction is the
formation of inactive metallic palladium,8485100 as occurs in our catalytic
conditions working with commercially available palladium catalysts such
as [PdClLy] and [Pd3(OAc)¢] (first two pictures in Figure 6). However, if the
reaction is performed with the oxamate-containing palladium(II)
complexes, the formation of the inactive palladium black does not occur
(last two pictures in Figure 6).
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Figure 6. From letf to right: [PdCly], [Pd3(OAc)s], 6a and 11a, after Heck
reaction between bromobenzene and ethyl acrylate in n-BusNBr at 120 °C and
3h.

It is important to outline that n-BusNBr provided the best results as
compared to other tested salts such as n-BusNCl theimidazolium ones
BMIMBr and BIMIMPF¢ (Table 10). Contrary to the tetrahedral shape of the
tetraalkylammonium, the imidazolium cation has a planar structure, a
feature that makes easier its aggregation with the planar complex anions.
This would decrease the anion availability for the stabilization of the
catalytically active Pd(0) species, which may be formed in the reaction
mixture either by thermal reduction of the Pd(II) precatalyst or by an excess
of the olefin itself as well as the Et:N used as base, during the catalytic
process.101102 -BuyNBr was described as an excellent reaction medium for
the stabilization of catalytically active palladium and copper species for
carbon-carbon coupling reactions via electrostatic interactions.103104

Table 10. Screening of Heck reactions in different ionic liquids

O_
QI . /\H/O\/ 1 mol% cat. / 2 eq Et3N @ﬁo
0 lonic liquid, 30 min, 120 °C
) C v . Time Temp .. . .. TOF
Entry? Ionic Liquid Catalyst (min)  (°C) Yield® TON (h1)

1 n-BusNBr 10a 30 120 99 99 198
2 n-BusNCl 10a 30 120 88 88 176
3 BMIMBr 10a 30 120 85 85 170
4 BIMIMPF; 10a 30 120 66 66 132

aReaction conditions: 0.5 mmol iodobenzene, 0.75 mmol acrylate, 1 mmol% cat.,,1 mmol
Et;N, 30 min, 120 °C in ionic liquids. PDetermined by GC-MS analysis using PFTBA as
internal standard.
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Similar results have been obtained with the use of different aryl halides
and olefins as shown in Tables 11 and S5. Very short reaction times (5
minutes) and high yields (ca. 90%) are observed when working with aryl
iodide derivatives (entries 1-5 in Table 11). An increase of the reaction times
to achieve the same good yields is required for the bromo derivatives
(entries 5 and 7 in Table 10), as observed above. Finally, it deserves to be
noted that this type of palladium(II) complexes are unable to activate less
active aryl halides such as clorobenzenes (entry 9 in Table 11) which need
higher temperatures to react (T > 120 °C),105-108 3 feature that precludes the
use of the n-BusNBr as solvent.

Table 11. Scope de Heck reaction of aryl halides and ofefins in n-BusNBr

R@x . AR 0.5-1mol% cat./ 2 eq Et;N R@fR
— n-BuyNBr, 120 °C \_7

X =1,Br

Catalyst Yield® (°
Aryl Olefin Time atalyst Yield® (%)

Entrya
Ty Halide 10a 5a 6a 7a 1la 12a

COOBu

Y

S5min 644 75 88 97 90 92

COOEt

N
P4
(@)

S5min 994 89 99 99 89 88

COOEt
5min 994 90 8 9 99 99

(€8]
T

<
(@]

COOEt

S5min 99¢ 93 93 98 99 99

5

COOEt
S5min 99¢ 93 92 99 99 99

COOEt 15

6 H,COOC 99d 99 99 95 99 99

7

min
COOEt
15h c 99 99 99 99 99

N
~o
w

ol o o od ol o ol o o

COOEt

8

m

sls

s}
=

4h c 92 94 93 91 94

COOEt

9 72h c ¢ 13 ¢ c c

a Reaction conditions: 0.5 mmol aryl halide, 0.75 mmol acrylate, 0.5 - 1 mmol% cat., 1 mmol
Et:N, 120 °C in n-BusNBr. "Determined by GC-MS analysis using PFTBA as internal
standard. <Not tested. 430 min reaction time and 1 mol% cat.
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Finally, the competing reactions between aryl halides and two different
olefins (ethyl acrylate and styrene) was investigated. These reactions were
carried out at two different times, because of the reaction with ethyl
acrylate runs faster than that with styrene (Table 12). These results clearly
show a higher activity for ethyl acrylate compared to styrene in the Heck
reaction by using oxamate-containing palladium(Il) complexes in n-
BuNBr, just the opposite trend to that reported by Bohm and Herrmann in
2001 by using a phosphapalladacycle as catalyst.10?

Table 12. Scope of olefin competition in Heck reaction of ethyl acrylate (A) and styrene (B)

S e

X=1Br

0.5mol% cat. / 2 eq Et3

n-BuyNBr, 120 °C

F Y

Entry? Aryl halide Catalyst Time (min) AP (%) B (%) K,= B/A
1 @—I 6a 6 95 5 0.05
2 @—I 11a 6 99 0 0
3 @—I 6a 30 91 9 0.10
4 @—I 11a 30 88 12 0.14
5 @—Br 6a 3 99 0 0
6 @—Br 11a 3 80 0 0
7 @—Br 6a 4 60 0 0
8 @—Br 11a 4 60 0 0

a Reaction conditions: 1 mmol iodobenzene, 5 mmol ethyl acrylate, 5 mmol styrene, 0.5
mmol% cat.,, 2 mmol Et;:N, 120 °C in n-BusNBr. PDetermined by GC-MS analysis using

PFTBA as internal standard.
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III. 5.3. Suzuki reaction - Homogeneous catalysis

The Suzuki reaction was studied with different aryl halides and
phenylboronic acid for complexes 8a-10a and 13a- 19a, using DMF as
reaction medium. The base with better results is Et:N at a temperature of 80
°C. It deserves be pointed out that no inert atmosphere is required to carry
out these reactions. All catalysts were very active under such conditions
and using iodobenzene as aryl halide, although it is important to underline
that complex 10a (which has a methyl substituent in para- position) is the
best one (89% yield, entry 3) relative to the others (Table 13).

Table 13. Catalytic Suzuki reactions of iodobenzene with phenylboronic acid

1 mol% cat. / 2 eq Et3N
DMF, 4 h, 80 °C

ime . TOF
Entry2 Catalyst (h) Yield® TON (h)
1 8a 4 75 75 19
2 9a 4 52 52 13
3 10a 4 91 91 23
4 13a 4 15 15 4
5 14a 4 40 40 10
6 15a 4 37 37 9
7 16a 4 57 57 14
8 17a 4 51 51 13
9 18a 4 41 41 10
10 19a 4 70 70 18

a Reaction conditions: 1 mmol iodobenzene, 0.75 mmol phenylboronic acid, 1 mmol% cat., 2
mmol Et;N, 4 h at 80 °C in DMF. PDetermined by GC-MS analysis using PFTBA as internal
standard.

As specified above, complex 10a (substituent in para- position) afforded
the highest catalytic activity, meanwhile complexes with substituent in orto-
position (9a, Table 13, entry 2), meta- position or a combination of both
positions (13a, Table 13, entry 4) yielded the lowest results, even lower than
the complex without any substituent (8a, Table 13 entry 1). These results
exhibit the opposite trend to that reported by Bedford and Cazin in 2003 by
using ortho-metallated catalysts with alkylphosphine ligands in
homogeneous catalysis (toluene or dioxane as solvents).110
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In order to assess the scope of these kind of reactions, in the presence of
oxamate-containing palladium(II) complexes, different halides bearing
electron-donating and electron-withdrawing groups were coupled with
phenylboronic acid, affording the biphenylic product in high yields (Table
14).

Table 14. Scope of Suzuki reaction of aryl halide derivates with phenylboronic acid

1 mol% cat. / 2 eq EtzN
R I+ (HO),B R
DMF, 4 h, 80 °C

Entry Aryl halide Catalyst Time Temp Yield TON ;I;IC_)II;

1 H3COOC©—-I 10a 4h 80°C 98 98 25
2 /o—@—l 10a 4h 80°C 60 60 15
3 HC -—@—I 10a  4h 80°C 56 56 14

aReaction conditions: 1 mmol aryl halide, 0.75 mmol phenylboronic acid, 1 mmol% cat., 2
mmol EtsN, 4 h at 80 °C in DMF. PDetermined by GC-MS analysis using PFTBA as internal
standard.

Good results were obtained working in the open air and when the
reaction was performed with bis(oxamate)palladate(Il) complexes in
contrast to what occurs with commercial catalyst such as [Pds(OAc)e]
where formation of inactive palladium black occurs (Figure 7).

Figure 7: From letf to right: [Pd3(OAc)s] and 10a, after Suzuki reaction
between iodobenzene and phenylboronic acid at 80 °C in DMF during 4 h.
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I1I. 5.4. Suzuki reaction - Ionic liquid medium

Given that these kind of anionic complexes of N-substituted oxamate
are also catalytically active for the Suzuki reaction in an organic solvent
such as DMF, we tried to use greener media such as ionic liquids.
Complexes 5a-7a and 9a-12a were tested for Suzuki carbon-carbon cross-
coupling reaction in this type of media.

High to moderate yields were obtained for the Suzuki reaction between
iodobenzene and phenylboronic acid using 2.5 - 5 mol% cat. in the open
air. Interestingly, small changes of electron-withdrawing or electron-
donating groups or increasing the steric effects of the para- substituent of
the oxamate ligand did not increase significantly the catalytic role but even
weakened it (Table 15).

Table 15. Scope of Suzuki reaction of aryl halide derivates with phenylboronic acid

2.5-5mol% cat. / 2 eq Et3N
n-BuyNBr, 120 °C

~—

X=1,Br
Entrya Aryl halide  Catalyst Time "l;tzr(rjl)p Yield> TON "(1;1(311)3

1 @—I 9a 2h 120 78 16 8
2 @—I 10a 2h 120 20 4 2
3 @—I 5a 45min 120 89 36 48
4 @—I 6a 45min 120 39 16 21
5 @—I 7a 45min 120 41 16 21
6 @—I 11a 45min 120 32 13 16
7 @—I 12a 45min 120 30 12 16

9a 2h 120 65 13 7

Qo
sy}
=
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Table 15 contn.
9 @—Br 5a 1h 120 27 10 10
10 @—Br 6a 1h 120 30 12 12
11 @—Br 7a 1h 120 42 17 17
12 @—Br 11a 1h 120 34 14 14
13 @—Br 12a 1h 120 35 14 14
14 @—Br [Pd(dba)) 2h 120 60 12 6
15 @—Br [Pds(OAc)] 2h 120 65 13 6

a Reaction conditions: 1 mmol aryl halide, 0.75 mmol phenylboronic acid, 2.5-5 mmol% cat.,
2 mmol EtsN, 120 °C in n-BusNBr. PDetermined by GC-MS analysis using PFTBA as internal
standard.

Interestingly, working in the ionic liquid n-BusNBr as solvent (Table 15,
entries 1 and 2 with yields of 78 and 20%, respectively), we observe an
opposite trend to working in homogeneous DMF medium (Table 13, entries
2 and 3 with yields of 52 and 91%, respectively). These features show that
the methyl substituent in para- position (10a) does not favour the catalytic
activity in the Suzuki reaction when carried out in ionic liquids.

Our results in n-BusNBr as solvent show a similar trend to that reported
by Bedford and Cazin in 200310 who working with ortho-palladated amine
and imine complexes, pointed out that the ortho-metalated ligands play a
sacrificial role in the activation of the catalysts as in our complex 9a.

Additionally to the reactions mentioned above, the reactions of various
aryl halides derivatives with phenylboronic acid were investigated (Table
16) and we found that those with electron-withdrawing groups are more
efficient.

130



Chapter 2 - Study of the influence of the substituents and solvents on the catalytic
properties of bis(oxamato)palladate(Il) complexes

Table 16. Scope of Suzuki reaction of aryl halide derivates with phenylboronic acid

Rz 5 mol% cat. / 2 eq Et;N R =
— n-BuyNBr, 120 °C

X=1,Br

. Time Temp .. TOF
Entry Aryl halide Catalyst (min) (°C) Yield TON (h)

1 9a 120 120 99 20 10

2 H3c©—| 9a 120 120 99 20 10
0]
)\_©7| 9a 120 120 47 10 5
-
/

9a 120 120 78 16 8

5 Hscooo@l 9a 120 120 99 20 10
6 OBr 9a 120 120 60 12 6

aReaction conditions: 1 mmol aryl halide, 0.75 mmol phenylboronic acid, 5 mmol% cat., 2
mmol Et;N, 120 °C in n-BusNBr. PDetermined by GC-MS analysis using PFTBA as internal
standard.

As ocurred in the Heck reaction, it is important to point out that n-
BwNBr provided the best results compared to n-BusNCl and the
imidazolium salts BMIMBr and BIMIMPFs (Table 17).

Table 17. Screening of Suzuki reactions in different ionic liquids

1 mol% cat. / 2 eq Et3N
lonic Liquids, 120 °C

Entry Ionic Liquid Catalyst ;l;::::; T(eorél)p Yield TON ;I;IC_)lI;
1 n-BusNBr 6a 120 120 78 16 8
2 n-BusNCl 6a 120 120 46 9 5
3 BMIMBr 6a 120 120 23 5 3
4 BIMIMPF; 6a 120 120 33 7 4

a Reaction conditions: 0.5 mmol iodobenzene, 0.75 mmol phenylboronic acid, 5 mmol% cat.,1
mmol Et;N, 120 min, 120 °C in ionic liquids. PDetermined by GC-MS analysis using PFTBA
as internal standard
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I11.6. Conclusions

A series of new functional palladium(Il)-oxamate complexes with well-
defined structures were synthesized and characterized exhibiting superior
catalytic activity on carbon-carbon cross-coupling reactions over
commercially available palladium(0) or palladium(II) catalysts.

The main advantages of our bis(oxamato)palladate(Il) complexes as
catalyst in Heck and Suzuki cross-coupling reactions are underlined
hereunder: (i) they are environment friendly chemicals (in contrast to
phosphines); (ii) in contrast to most of carbenes, their preparation is easier
and cheaper; (iii) they are highly robust in carbon-carbon cross-coupling
reactions (even working without an inert atmosphere like N, or Ar which is
commonly used in these kind of reactions)>7? specifically for Heck and
Suzuki type reactions, this property being at the origin of the non
formation of inactive palladium species; (iv) they are very soluble in water
without decomposition and neither dissociation nor formation of black
palladium species being observed during several months.

Figure 8. Stability of the palladium(II) oxamate-containing complexes
after 90 days in water.

From a general point of view, the change of their electronic or steric
effects modifies the catalytic activity in two different ways: a) the amount
of catalyst which is required to carry out the reaction with high yields (for
DMF medium from TON ca. 15 to TON ca. 99); b) the required time
reactions (for DMF medium from TOF ca. 4 to TOF ca. 33 h?).
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Dealing with the Heck carbon-carbon cross-coupling reactions with n-
BusNBr as ionic liquid medium, two features deserve to be outlined: i) the
increase of the steric effects in para- position (5-7, 11 and 12) of the ligand
increase noteworthy their catalytic behavior permitting to use 0.5-0.25
mol% cat. (from TON ca. 69 to TON ca. 400); ii) the reaction times decreases
from 30 min to 5 min and less reactive aryl halides is used (from TOF ca.
138 to TOF ca. 4800 h-1).

Furthermore, the competition reactions showed that only the higher
activated alkenes have the capability to govern the reaction (Table 10) and
therefore, one product is favored when we use oxamate-containing
palladium(II) catalysts.

In general, the almost entire series of the obtained catalysts (5-19)
appears to be more efficient for the Heck reaction than for the Suzuki one.
Moreover, it appears that changes of the steric effects in para- position of
the oxamate ligand downward also the catalytic activity in the Suzuki
reaction, the electronic and steric effect in orfo- position being more
important.

To address upcoming environmental concerns, n-BusNBr serve as an
alternative greener medium to perform the Heck and Suzuki reactions at
least for bis(oxamato)palladate(Il) complexes. In addition, ionic liquids
enable an easy work-up procedure and allow carrying out various
consecutive runs without any loss of catalyst in the unloading and recharge
of products and starting chemicals. Also, they increase the catalytic
behavior of these anionic palladium(Il) oxamate-containing complexes with
n-BusN* as counter anion in comparison to carry out these reactions in
homogeneous catalysis with DMF as medium.

To sum up, the novel palladium(ll)-oxamate complexes in combination
with ionic liquids, open a new pathway for the Heck and Suzuki reactions
under greener conditions without reduction of the catalytic activity.
Furthermore, one may consider if it is worth the effort, thinking at energy
costs (green chemistry), to carry out the reaction with less expensive
chemicals during long reactions times at high temperatures (bromobenzene
and chlorobenzene) vs. more expensive materials during short times at
mild temperatures (iodobenzene).
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IV.1.  Aquapalladium(Il) complexes

The aquapalladium(Il) species is assumed to be a key intermediate in
many palladium(Il)-catalyzed organic reactions which are carried out in
aqueous solution.! However, the formation of such species is problematic
by the low affinity of a soft acid [Pd(II)] versus a hard base (H2O) [see
Scheme 1].2

[LPA(s0IVI]Y ========m==mmana- -
') H
solv E CMX : - solv
! '
[LPd-X]+MY 4 Ha00 ~ ———= [L Pd(OH;)]Y + M:w
—
: A
1]
: \-i)(‘l ;
Y H,0 :
[LPd-Y] ========sssccnccaman -

Scheme 1. Different routes to formation of aqua palladium(II) complexes.

Despite the importance in catalysis/organic,® bio,# and inorganic5
chemistry, aquapalladium(II) complexes have been underestimated over
the years. This underestimation contrast with the fact that many
aquapalladium(Il) complexes of formula [Pd(L)(H2O)n<s]™ have been
isolated and characterized (more than one hundred) being summarized in a
review by Vicente and Arcas.!

In this respect, although the [Pd(H20)4]?* has been extendedly studied
in solution by Elding et. al,6-10 it has been neither isolated nor its crystal
structure elucidated by X-ray diffraction. By the way, this species has been
poorly named in inorganic chemistry!12 or outlined as “oxygen-containing
solvents such as water, alcohol or ethers are such poor donors that few
complexes with palladium(II) have been isolated”.13 All the efforts devoted
to isolate and structurally characterized the elusive and reactive
[Pd(H20)4]** species would be welcome given its relevance in different
research fields of both inorganic and organic chemistry.
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IV.2.  Aim

Serendipity, that is making desirable discoveries by accident is at the
origin of most of the results grouped in this chapter. These results turned
around the palladium(Il) complexes with the oxamato proligand EtH-2,6-
Mez-pma (see Scheme 2). With the same synthetic method but changing the
solvent we could prepare wittingly complexes like the novel compound
{[(Pd(H20)4][Pd(2,6-Mez-pma)-] - 2H>O} (21).

1"

O\Q\‘\’AC'“

HsC CHs M
0. r\,a\)b.“

(o]
(o) I f ) T /I
n-Bu,
Tl AN N Ka[PdCly] 2 o0
CHa :

HsC

(16)

MOH

(1,1,2,3and 4)
M = Na*, K*, Rb* and Cs*

H,O/CH,CN

2

_|
HsC ; CH;
(o) N 0. o
2+ N/
o LT
o el N [e]
HsC CHs
(21)

Scheme 2. Preparative route of the palladium(II) complexes with the EtH-2,6-
Me>-pma proligand.

The preparation of complex 21 and (n-BusN):[Pd(2,6-Me;pma)s]
2CHCI; (16), their structural characterization as well as the investigation
of their catalytic activity (in particular the role of the elusive [Pd(H20)4]*
species) constitute the aims of this Part I of Chapter II.
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IV.3.  Synthesis and characterization

The preparative route for the EtH-2,6-Me>-pma proligand follows that
described in previous works!. For further information see Appendix A,
section A2. The synthetic method for the complex (n-BusN):[Pd(2,6-
Mespma)] (16a) was given in Chapter 1 - part II. X-ray suitable crystals of
this compound as a chloroform solvate were grown by recrystallization of
16a in CHCL; .

Synthesis of the complex [Pd(H20)4][Pd(2,6-Mez-pma)] - 2H,O (21)

Compound 21 was synthesized following a similar procedure to that
described in Chapter 1 - Part I. An aqueous solution of KOH (15 mL, 1.2
mmol) was poured into a one-neck flask containing a suspension of EtH-
2,6-Mez>-pma (1.2 mmol) in 10 mL of CH3CN. Then, an aqueous solution of
Ko[PdCly] (0.2g, 0.6 mmol) was added dropwise under continuous stirring
and the mixture was heated at 60 °C overnight. The resulting yellow
solution afforded yellow parallelepipeds upon very slow evaporation at
room temperature within 2-3 days. Yield: 88%. IR (KBr/cm?): 3423 3327,
3246, 3155 (O-H), 2911 (C-H), 1670, 1638, 1630, 1577 (C=0O). Anal. Calcd for
C20H30N2012Pd2 (21): C, 34.16,'H, 4.30; N, 3.98. Found: C, 34.01; H, 4.22; N,
4.05%.
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IV.4. Results and discussion

Synthesis and IR Spectroscopy: The most interesting issue of this
Chapter is how the reaction of K>[PdCls] (1 equivalent) with the EtH-2,6-
Me>-pma proligand (2 equivalent) and MOH (M = Li, Na, K, Cs or Rb) in a
mixture of water/acetonitrile (1:1 v/v) at 60 °C overnight led to the
formation of the complex [Pd(H20)4][Pd(2,6-Me>-pma)>] 2H>O (21). The
crystals of 21 were grown from the mother liquor within a couple of days at
room temperature. It deserves to be noted that the same reaction in water
as solvent afforded complexes 1, 1’, 2-4 after several weeks.

The high-frequency region of the IR spectrum of 21 exhibits a strong
band at 3422 cm! due to the O-H stretching together with the characteristic
C-H vibrations (2961, 2933 and 2873 cm) of the phenyl ring of the N-2,6-
dimethylphenyloxamate ligand. Additionally, two strong absorption peaks
appear at 1616 and 1641 cm (C=0 vibrations) support the coordination of
the 2,6-Mex-pma dianion to palladium(Il). Identical peaks concerning the
aromatic C-H and C=O stretching vibrations are observed in the IR
spectrum of (n-BusN)2[Pd(2,6-Mezpma),] -2CHCl; (16) supporting also the
occurrence of coordinated 2,6-Mez;pma in such compound.

X-ray structural determination: Single crystal X-ray diffraction data for
21 and 16 were collected at 296 K on a Bruker-Nonius X8-APEXII CCD area
detector system using graphite-monochromated Mo-Ka radiation (A =
0.71073 A), and processed through the SAINT?5 reduction and SADABS!
absorption software. Due to the poor crystal quality, a low Omax of
diffraction was achieved for 16, even if all possible steps were undertaken
to ensure that the experiment was able to extract the best diffracting power
from the sample. However, since the solution and refinement parameters
for 16 are reasonable, we are confident about the consistency of the crystal
structure found. The structures of 16 and 21 were solved by direct methods
and subsequently completed by Fourier recycling using the SHELXTL-
2013"7 software packages, then refined by the full-matrix least-squares
refinements based on F2 with all observed reflections. All non-hydrogen
atoms were refined anisotropically in the case of 21 while they were refined
isotropically for 16 in order to reduce the number of parameters.

The hydrogen atoms from the 2,6-dimethylphenyl substituent on the
oxamate ligand (21 and 16) and those from the tetra-n-butylammonium
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cations and chloroform lattice molecules (16) were included at
geometrically calculated positions and refined using a riding model. The
hydrogen atoms of the water molecules in 21 were located on the AF map
and refined with restraints on O-H distances and H-O-H angles. The high
residual maxima and minima in the final Fourier-difference maps in 21
(3137 and -2.201 e As3, respectively) were near the Pd(2) atoms. Crystal
data and refinements conditions and selected bond lengths and angles for
16 and 21 are grouped in Tables 1, 2 and 3, respectively, whereas the
hydrogen bonds for 21 are given in Table 4.

Table 1. Crystal data and structure refinement 16 and 21.

16 21
Formula C54H92 C16N406Pd C20H30N2012Pd2
Mr / g mol-! 1212.42 703.26
Crystal system Monoclinic Monoclinic
Space group P21/n C2/c
a/A 11.940(4) 22.620(2)
b/A 18.197(7) 7.7498(7)
c/A 14.892(5) 15.5036(15)
a/°® 90 90
B/° 92.922(10) 108.005(7)
Y/ 90 90
v/ A3 3231(2) 2584.7(4)
V4 2 4
D./gcm? 1.246 1.807
T/K 296(2) 296(2)
p/ mm? 0.580 1.454
F(000) 1268 1408
Theta range for data collection =~ 2.134 t0 12.995°  1.893 to 27.000°
Reflections collected 10301 21312
Refinement method Full-matrix least-squares on F?

. 846 2820

Independent reflections [R(int) = 0.0633]  [R(int) = 0.0252]
Data / restraints / parameters 846/0/136 2820/9/185
Goodness-of-fit on F2 1.185 1.108
Final R indices R; =0.0799 Ry =0.0449
[1>20(I)] wRa =0.2094 wRa =0.0929
Rindices (ol dat) WRan02128 =097

Largest diff. peak / hole, eA3 0434 /-0312  3.137/ -2.201
“Ri=Y(|Fo| = |Fe)/¥ | Fol . 'wRa = [Sw(Fe  F2R/ Sw(F2R]V2 ¢ § = [Sw(| Fo| = [Fe| 2/ (No - Np)JV/2

147



Chapter 3 - From serendipity to rational design (part I)

Table 1. Selected bond lengths (A) and angles (deg) for 16*

Pd(1)-N(1) 2.020(3)
Pd(1)-O(1) 1.97(2)
N(la)-Pd(1)-N(1)  180.0
N(1)-Pd(1)-O(la)  99.36(11)
N(1)-Pd(1)-O(1) 80.9(9)
O(la)-Pd(1)-0(1)  180.0

*Symmetry transformations used to generate equivalent atoms:
(@) = -x, -y, -z.

Table 2. Selected bond lengths (A) and angles (deg) for 21*

Pd(1)-N(1) 20232)  Pd(2)-O(1W) 2.051(5)
Pd(1)-O(1) 2.04(2) Pd(2)-O(2W) 2.040(5)
N(1a) -Pd(1)-N(1) 180.0 O(1W)-Pd(2)-0QW)  177.3(2)
N(1)-Pd(1)-O(la) 98.46(10)  O(IW)-Pd(2)-O(1Wa) 88.6(3)
N(1)-Pd(1)-O(1)  81.54(1)  O(IW)-Pd(2)-O2Wa) 91.5(3)
O(la)-Pd(1)-O(1)  180.0

*Symmetry transformations used to generate equivalent atoms:
(@) = x+1,y-1, -z+1/2

Description of the structures 16 and 21: Compounds 21 and 16
crystallize in the monoclinic space groups C2/c and P2:1/n, respectively,
with half a molecule in the asymmetric unit, the second half being
generated by the crystallographic inversion centre. Each structure consists
of trans-[Pd(2,6-Mez-pma).]? anions (16 and 21) and [Pd(H>0)4]** (21) or n-
BusN* (16) counter ions plus crystallization water (21) and chloroform (16)
molecules (Figures 1 and 2 for 21 and Figure 3 for 16).
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0(3) é) \D

Figure 1. ORTEP drawing of the structure of 21. The crystallization water
molecules are omitted for the sake of clarity.

Anions and cations in 21 are assembled by an extended network of
hydrogen bonds into a a pretty 3D supramolecular structure (Figures 2 and
4), while the bis(oxamate)palladate(II) species in 16 are well separated from
each other by the bulky n-BusN* cations (Figure 5).

Figure 2. ORTEP drawing of the structure of 21 showing the hydrogen bonds
(broken lines) involving the coordinated and lattice water molecules and the
bis(oxamato)palladate(Il) units.

The structures of 21 and 16 have in common the presence of the trans-
[Pd(2,6-Me>-pma)]* mononuclear unit where the palladium(Il) ion is four-
coordinate with two amidate-nitrogen [N(1) and N(la)]and two
carboxylate-oxygen atoms [O(1) and O(la)] building a slightly distorted
square-planar surrounding. The reduced bite angle of the chelating
oxamate [81.6(1)° (21) and 80.9(9)° (16)] accounts for the deviations from
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the ideal geometry; in fact, the Pd(Il) ion and the atoms building its
surrounding lie exactly on a plane for symmetry reasons. The Pd-N/Pd-O
bond lengths are 2.023(3)/2.04(2) (26) and 2.020(3)/1.97(2) A (16), values
which compare well with those found in the oxamato-containing
palladium(II) complexes {[Na(H:20)]2trans-[Pd(2,6-Mezpma)a] },(1-
BuwiN)2trans-[Pd(2-Mepma),] - 4H,0 [2-Mepma = N-2-
methylphenyloxamate], (1n-BusN)atrans-[Pd(4-Mepma).] - 4H>O [4-Mepma =
N-4-methylphenyloxamate], Na[Pd(Hpba)] - 2H.O [Hspba = 1,3-
propylenebis(oxamic acid)] and K;[Pd(opba)] - 2H,O [Hsopba = N,N’-1,2-
phenylenebis(oxamic acid) [average Pd-N/Pd-O distances of 2.020(1)-
2.009(1), 2.0209(11)/2.0384(13), 2.0207(13)/2.0214(14), 1.970/2.040 and
1.928/2.055 A, respectively].18-21

The plane at the Pd(Il) ion and the mean plane of the oxamate group
are almost coplanar [the values of the dihedral angle between them (¢) are
2.20(4) (21) and 1.3(4)° (16)].

Focusing on the phenyloxamate ligand, the values of dihedral angle
between the 2,6-substituted phenyl ring and the mean plane of the oxamate
group (¢) are 81.52(3) (21) and 80.0(4)° (16). They are much closer to
orthogonality —than those observed in {[Na(HxO)].trans-[Pd(2,6-
Meopma)z]}s, (n-BusN)2trans-[Pd(2-Mepma)z] - 4H2O and  (n-BusN)atrans-
[Pd(4-Mepma).] -4H>O[ [¢ = 75.79(4), 51.1(1) and 52.2(1)°, respectively].1819

Ty e
/ \\/O on%@\ ) \
= Y N ﬁdj\ﬂ /
DN o T )
\ ::) 0%) / X]
o5 %

Figure 3. Perspective view of the anionic complex of 16 showing the atom numbering
scheme.

150



Chapter 3 - From serendipity to rational design (part I)

A tetraaquapalladium(Il) cation is present in 21, this structural feature
being remisniscent of the situation found in the double salt of formula
[Pd(NHs]s[Pd(opba)] where the tetramminpalladium(II) acts as counterion
of the oxamato dianion [Pd(opba)]>.22 The palladium(Il) ion in this
tetraaqua complex is also four-coordinate in a slightly distorted
O(1Iw)O(2w)O(1wa)O(2wa) square-planar surrounding. The values of the
O(1w)-Pd(2)-O(2w), O(1w)-Pd(2)-O(1lwa) and O(1w)-Pd(2)-O(2wa) bond
angles are 177.3(2), 88.6(3) and 91.5(3)° respectively, and the average Pd-Ow
length is 2.048(5) A.

Table 4. Hydrogen bonds in 21*

D-H A d(D-H)* d(H-A)* d(DA)f <(D-H-A)&
O(iw) -H(w1) Ok 096(3)  231(4) 3. 095(6) 139(4)
O(iw) -H(w1) O  096(3)  2.24(3)  3.083(6) 146(4)
O(w) -H(w2) ~O() 099(3)  1.97(3)  2.958(7) 175(4)
O(w) -H(zw1) ~O()  095(3)  2.17(4)  3.005(6) 146(5)
O(w) -H(wa) O(a)  0.96(3)  2.02(3)  2.945(6) 163(5)

* Symmetry transformation used to generate equivalent atoms: (¢) =-x +1,y -

1,-z+1/2;,(d)=-x+1,-y+4,-z+1. #Values in A. &Values in degrees.

Focusing on the crystal packing of 21, hydrogen bond interactions
involving coordinated and crystallization water molecules give rise to
layers of hiper-hydrated Pd(2) ions extending on the crystallographic bc
plane (Figure 4). The outer oxamate oxygens [O(2) and O(3)] of the anionic
complex are anchored to these sheets through further hydrogen bonds,
leading to an overall supramolecular 3D motif (see Table 4). The values of
the shortest interionic metal-metal separations are 7.750(3) and 6.922(3) A
[Pd(1) --Pd(1e) and Pd(2) -- Pd(1e), respectively; symmetry code: (e) = x, -y
+1,z].
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) oxcie ¥ Pl

Figure 4. Views of the crystal packing of 21 along the crystallographic c axis
(@) and b axis (b).

The oxamate complex anions in the crystal packing of 16 are well
separated from each other most likely because the presence of bulky n-
BusN* cations, the shortest intermetallic Pd(1) --Pd(1b) separation being
11.94(3) A [symmetry code: (b) = -x, y, z ] (Figure 5). The chloroform
molecules crystallization molecules are pretty intercalated in the free voids
and they contribute to the stability of the structure by means of very weak
C-H--Cltype interactions.
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Figure 5. View of the crystal packing of 16 along c axis showing the aisolation
of the bis(oxmato)palladate(II) anions by the bulky n-BusN* cations.
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IV.5. Catalytic properties

The catalytic activity of 16 and 21 has been tested in the Suzuki cross
coupling of phenylboronic acid as the standard substrate and different aryl
halides as the coupling partners. The catalytic reactions were carried out
using two different palladium(Il) precatalysts and the obtained results are
listed in Table 5.

Table 5. Scope of Suzuki reaction of aryl halide derivatives with
phenylboronic acid

R 1 mol% Pd'/ 2 eq Et;N R =
T DX + (HO)B N
— DMF, 80 °C \_/

X=1,Br
Entrys Aryl halide Catalyst Time Yield*/% TON TOF/ h—!
) @7‘ 16a _ 35 35 70
21 30min 30 35¢/70d  70c/140d
16a 56 56 18
2P < > ' n 3h 55  55¢/1104 18¢/23d
0 16a 30 30 10
3 ) < > ' n 3h 28 28¢ /564 10¢/184
16a 48 48 3
4 el ) 21 18h 39 39c /784 2/4d
) 16a 60 60 3
meooe—{_p=1 oy 18h 50 50c/1004  3¢/6d
16a . 26 26 52
6 e 21 OUmin 5 23 /464 46c/924
, F@_Br 6a o . 30 30 60
21 35 35¢ /704 70¢/1404
16a 29 29 10
8 o) 21 3h 29 29¢ /584 10¢/194

a Reaction conditions: 0.5 mmol aryl halide, 0.75 mmol phenylboronic acid, 1 mmol% cat., 2
mmol EtzN at 80 °C in DMF. PDetermined by GC-MS analysis using PFTBA as internal
standard. Considering in TON by %mol of active Pd(II) (0.005 mmol). dConsidering in TON
%mol complex (0.00025 mmol).
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The comparative catalytic study of 16 and 21 with the purpose to
evaluate the catalytic influence of the [Pd(H2O)4?* counter cation was
carried out by using 1.0 equivalent of aryl halide, 1.2 equivalent
phenylboronic acid and 2.0 equivalent EtsN as reagents in DMF at 80 °C.
Moderate yields were obtained in both cases [25-60 (16) and 17-55% (21)].
Only 1 mol% of Pd was used in the two experiments. This means that

(i) in the case of 21 which is composed by the anionic
bis(oxamato)palladate(Il) and the cationic tetraaquapalladate(Il) entities 1
mol% of Pd corresponds to 0.0025 mmol of formula weight,

(if) and for 16 [mononuclear bis(oxamato)palladate(Il) complex] which
has only one palladium metal center per molecular unit, 1 mol% of Pd is
equal to 0.005 mmol of formula weight.

As the same catalytic results were obtained under this circumstances, it
is clear that the [Pd(H20)4]?* counter cation is also an active species for the
Suzuki cross coupling reaction. However, the fact that formation of inactive
palladium black occurs in the experiment using 21 as precatalyst but not in
that with 16, reveals the importance of the choice of a suitable ligand as
shell protection in order to avoid this descomposition.23-27

Finally, in order to understand the difference of the TON values in
Table 2, it is important to keep in mind the definition of the turnover
number,28

. yield (%)
molaryl halide X 100

TON =

molcqr ’

a dilemma is exposed when one divide per mol.... May one divide per mol
of complex obtaining better and higher TON results or may one divide per
mol of active Pd(II) resulting in lower TON values? *

tAuthor note: This is one of the big problems in the reports on catalytic studies with
polymeric palladium compounds, because it is unclear if the authors use the TON by mol of
palladium center or by mol of the polynuclear unit.
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IV.6. Conclusions

Compound 21 is the first structurally characterized example containing
the elusive discrete [(Pd(H2O)4]?* species 12930 and its knowledge opens a
new gate for functional palladium(Il)-oxamate complexes to be used as
precatalyst in carbon-carbon cross coupling reactions.

This type of complex that can be synthesized in a straightforward
manner has as added value not only the fact of being environmentally
friendly but also having highly versatile and very cheap ligands.
Interestingly, the wuse of different reaction media (water or
water/acetonitrile solvent mixtures) and bases for the deprotonation of the
monooxamate proligands strongly influence the formation, stability and
crystal structures of the oxamate-containing palladium(II) compounds.

Complexes 16 and 21 catalyze the Suzuki cross-coupling of aryl halides
and phenylboronic acid into asymmetric biaryl products in moderate
yields, in contrast to complexes 1-4 with alkaline counter ions which
showed moderate to high yields. On the other hand, the presence of the
tetraaquapalladium(Il) cation appears to be catalytically active [equal %mol
of active Pd(II) for the same Suzuki cross coupling reactions give practically
identical yields].

Unfortunately, the observed downward of the catalytic activity in 21
may be due to the decomposition of [(Pd(H20)4?* into inactive
palladium(0) black, a feature that shows the relevance of the coordinating
ligand or protecting shell for the formation of active and stable palladium
species during the catalytic cycle of palladium-catalyzed carbon-carbon
coupling reactions.3-3 In other catalytic reports concerning carbon-carbon
coupling reactions using ‘free-ligand palladium(ll)’, it is specified that a
protecting shell of the active palladium by polymers,35-3 additives,?*40 inert
atmosphere#! or polar co-solvents*? is required.
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Part 11
Trapping the catalyst
[Pd(H20)4]?* cation
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IV.7.  The nitrile hydration reaction

Hydration of nitriles to amides (Scheme 3) is a significant functional
group transformation which plays an important role in organic synthesis,
environment and industrial applications,%-4’ being a sustainable method
for the preparation of primary amides.#8 The hydrolysis of acetonitrile
carried out in the absence of metal ions is a very old and well known
reaction® and it has been the subject of excellent reviews in the last
years.#550 Nevertheless, this classical hydration with H>SO; and NaOH
often affords unwanted carboxylic acids as byproducts.5® Moreover,
stoichiometric amounts of salts are formed in the neutralization step with
inconvenient product contamination. These difficulties can be avoided by
using metal ions as powerful activators of the nitrile group towards the
nucleophilic attack by OH-/H>O.52

0
H,0 7
H,C—C=N ——» Hac—c<

NH,

Scheme 3. Nitrile hydration reaction.

Several catalytic systems working under neutral conditions have been
developed to overcome these problems.?-5¢ Furthermore, the reactions
involving enzyme catalysts®” and metal complexes such as of Co,5 Ni,*
Cu,% Ru,61.62 Pd, 6364 and Pt65 are also well documented as those in the lack of
metal ions.% Focusing on the Pd-catalyzed hydrolysis reaction, many aqua
complexes of formula [PdL,(H2O)m]2- (1 = charge of the L ligand) have
been synthesized and their reactions studied during the last four decades.!
In particular, the kinetically labile tetraaquapalladium(Il) species,
[Pd(H20)4]2*, is known to be an effective catalyst even with less activated
nitriles.5
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IV8. Aim

As Suzuki stated in his Nobel Prize lecture,®” some amount of luck
matters for good researches, but what can be said with certainty is that little
will come from a half-hearted effort.

This statement can be applied to the contents of the Part II of this Thesis
where our interest in the [Pd(H204)]?* led us to investigate the possibility to
materialize it in the bis(oxamato)palladate(II) complexes and to investigate
the possibility of using the aquapalladium(Il) species in the palladium(II)-
catalyzed nitrile hydration.

Our synthetic attempts in this respect constitute the main goals of this
Part II where the preparation and X-ray structure of a family of new
bis(oxamato)palladate(II) compounds are reported (19, 22-24 in Scheme 4).

Ry Ry
NH

0,
2eq. I
o o

[e] N\ 0 (o]
/ B
. kn-BuAN') Pt I 2 CH3CONH,
/,\ Dﬁ/_\ 2 o o N 0o
&8 1 eq. Ko[PdCly) > HsC CH
S ot “Og,
gv 78, e
QT g g, v
© * CH,
CHs - N (22)
Hsc@\cm X 2
O N O 0 ]
(,,_Budw) I » 2 CHyCN
2 =] C/ \N [=] H H
HaC CHs . 0. _0_ N__O
[ o + A4
| Pd(Hz0) Pas 2 CH3CONH,
[¢) N o [¢]
CHy H H

>< NHz X
[23 (X = Cl) and 24 (X = Br)]

[Pd(H,0),]*? | OH [Pd(H20),]*? 1 OH"

Scheme 4. Simplified reaction pathway with R = R" = R” = CHj3 for 19 and 22
and R=R” =H; R" =], Br for 23 and 24.
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IV.9. Synthesis and characterization

The preparation of the EtH-24,6-Mespma, EtH-4-Clpma and EtH-4-
Brpma proligands was carried out by following previously reported
procedures!4. For further information see Appendixes A and B.

In this Part II of Chapter 3, the synthesis of the oxamato complexes of
formula [(n-BusN)2[Pd(2,4,6-Mespma)z] - 2CH3CN (19), (n-BusN)2[Pd(2,4,6-
Mespma)z] - 2CH;CONH: (22), (n-BusN)4o[Pd(H20)4][Pd(4-Clpma)z]s
2CH5CONH: (23) and (n-BusN)4[Pd(H20)4][Pd(4-Brpma).]s - 2CH;CONH:
(24) has been carried out through two different synthetic routes.

Synthesis of [(n-BusN)2[Pd(2,4,6-Mespma):] - 2CH3CN (19)

A methanolic solution of #n-BusNOH (1.0 M, 1.2 mmol) was poured into
a one-neck round flask containing a suspension of the EtH-2,4,6-Mespma
proligand (0.6 mmol) in 10 mL of acetonitrile at 60 °C. Then, an aqueous
solution of K>[PdCly (100 mg, 0.3 mmol) was added dropwise to the
resulting solution and the reaction mixture was heated at 60 °C for 10 hours
under continuous stirring. The neutral solution was allowed to evaporate at
room temperature and X-ray quality yellow prisms of 19 were grown up
after three weeks. Their stoichiometry was established by X-ray diffraction
on single crystals. Yield: 92%; IR(KBr/cm?): 3437 (O-H), 2962, 2927, 2874
(C-H), 1670, 1627, 1595 (C=0).

Synthesis of (n-BusN):[Pd(2,4,6-Mespma);] - 2CH3;CONH: (22), (n-
BwiN)4[Pd(H20)4][Pd(4-Clpma):]s- 2CH3CONH; (23) and (n-
BusN)4[Pd(H20)4][Pd(4-Brpma)]s - 2CH3:CONH: (24)

A methanolic solution of n-BuuNOH (1.0 M, 2.4 mmol) was added
directly to a one-neck round flask suspension of the corresponding N-
substituted oxamate proligand (0.6 mmol) in 10 mL of acetonitrile at 60 °C.
Then, an aqueous solution of Ko[PdCls] (100 mg, 0.3 mmol) was added
dropwise to the reaction mixture and resulting basic solution was heated at
60 °C for 10 hours under continuous stirring. The solution was allowed to
evaporate at room temperature. X-ray quality yellow prisms were grown
up after two weeks (22) and a couple of days (23 and 24). Their formulas
were determined by X-ray diffraction on single crystals.
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(22). Yield: 90%; IR(KBr/cm1): 3436-3309 (O--H-N and N-H), 2965, 2936,
2873 (C-H), 1664, 1654, 1616, 1596, (C=Oamide/oxamato). (23). Yield: 95%; IR
(KBr/cm1): 3464-3148 (O-H-N, O--H-O, N-H), 2958, 2933, 2872 (C-H),
1670, 1644, 1604, 1576, 1563 (C=Oamide/oxamato)- (24). Yield: 96%; IR (KBr/cm-
1): 3464-3148 (O--H-N, O--H-O, N-H), 2958, 2933, 2872 (C-H), 1670, 1644,
1604, 1576, 1563 (C=Oamide/oxamato)-
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IV.10. Results and discussion

Synthesis and IR Spectroscopy. Compound 19 was synthesized in
neutral conditions using the stoichiometric amount of n-BusNOH required
to generate the fully deprotonated 2,4,6-Mespma? ligand in an acetonitrile
solution and adding an aqueous solution of Kz[PdClLj] in a 2:1 ligand-to-
metal molar ratio. Instead, 22, 23 and 24 were synthesized as 19 but using
the base in a two-fold excess of that required to afford the deprotonated
2,4,6-Mespma?, 4-Clpma? and 4-Brpma? ligands, respectively.

The N-substituted oxamate ligands were easily prepared as the
respective ethyl ester proligands by the straightforward condensation of
the ethyl chlorooxoacetate with the corresponding aniline derivative in
THEF, in presence of EtsN as a base at room temperature. They were isolated
in very good yields (ca. 80-96 %). Their IR spectra exhibit a typical
absorption peak at ca. 3000 - 3300 cm~! for the N-H stretching vibration
and two intense bands at ca. 1727 and 1677 cm~! which clearly correspond
to the stretching from the ester and amide groups, respectively. 1H and 3C
NMR spectra provide additional support for the signal of the N-H amide
hydrogen as well as those corresponding to the ethyl (CH>CHs) group of
the ester.

The lack of the N-H vibration band at ca. 3240 cm~! and the occurrence
of two intense bands shifting to lower energies (ca. 1638 and 1600 cm-) in
infrared spectrum of 19 supports the deprotonation of the amide group and
the hydrolysis of the ester group upon the coordination to the palladium(II)
ion. These spectroscopy features are confirmed by X-ray structure of 19.

In the case of 21, the lack of the typical sharp N-H vibration band at ca.
3240 cm~! and the occurrence of two intense bands shifting to lower
energies (ca. 1638 and 1600 cm?) in its infrared spectrum supports the
deprotonation of the amide group and the hydrolysis of the ester group
upon the coordination to the palladium(Il) ion. New N-H ---O and N-H and
C=0 vibrations appear at ca. 3400 cm? and ca. 1600 cm! respectively,
which are due to the presence of amide group. All these spectroscopy
features were confirmed by the X-ray structure of 21, the presence of non
coordinated CH;CONH: molecule accounting for the N-H and C=O
vibrations in the FT-IR spectrum.
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The lack of the typical sharp N-H vibration band at ca. 3240 cm—! and
the occurrence of two intense bands shifting to lower energies (ca. 1638 and
1600 cm?) in infrared spectra of 23 and 24 supports the deprotonation of
the amide group and the hydrolysis of the ester group upon the
coordination to the palladium(Il) ion. Moreover, new broad O:--H-N,
O--H-O and N-H vibrations appear at ca. 3400 cm! by the presence of
[Pd(H20)4]*2 and CHsCONHo,. The X-ray structures of 23 and 24 confirm
the presence of this structures.

X-ray structural determination. Single crystal X-ray diffraction data for
19 and 22-24 were collected at 296 K on a Bruker-Nonius X8-APEXII CCD
area detector system using graphite-monochromated Mo-Ka radiation (A =
0.71073 A), and processed through the SAINT?5 reduction and SADABS!
absorption software. Due to the poor crystal quality, low 6nax of diffraction
(completeness to theta 25 only 79.3 %) were achieved for 19 and 22, even if
all possible steps were undertaken to ensure that the experiment was able
to extract the best diffracting power from the samples.

Their structures were solved by direct methods and subsequently
completed by Fourier recycling using the SHELXTL-2013'7 software
packages, then refined by the full-matrix least-squares refinements based
on F2 with all observed reflections. All non-hydrogen atoms were refined
anisotropically. The hydrogen atoms on the phenyl-substituted oxamate
ligand and on the tetra-n-butylammonium cations and acetonitrile (19) and
acetamide (22, 23 and 24) lattice molecules were included at geometrically
calculated positions and refined using a riding model. The hydrogen atoms
of the water molecules in 23 and 24 were neither found nor calculated.

Crystal data and refinements conditions and selected bond lengths and
angles for 19 and 22-23 are grouped in Tables 6-8, respectively; where as
the hydrogen bonds for 23 and 24 are given in Table 9. Given that
complexes 23 and 24 are isostructural, we will focus on the structure of 23
for brevity reasons, crystalloghapic tables (Tables S1-S2) and the graphic
information of 23 beeing moved to Appendix C.
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Table 6. Crystal data and structure refinement 19 and 22-24.

Formula

M / g mol-!
Crystal system
Space group
a/ A

b/ A

c/A

al®

B/°

v/ e

v/ A

zZ

Peale / g cm3
4/ mm-1
T/K

F(000)

Reflect. colled.

Indep. reflections
[R(int)]

Data / restraints /

parameters

R12 [1>20(I)]
(all data)

wR2b [1>20(I)]
(all data)

Goodness-of-fite

‘Ri=Y(|Fo| - |Fe|)/Y | Fol.wRo = [Yw(Fs? -

19 22 23 24
1081.82 1119.87 3037.82 2771.06
triclinic triclinic triclinic triclinic
P(-1) P(-1) P(-1) P(-1)
11.769(4) 11.925(5) 11.904(5) 11.8946(5)
11.933(5) 12.160(5) 16.053(5) 15.9309(6)
12.808(5) 13.231(5) 18.394(5) 18.2950(8)
73.962(16)° 70.576(5)° 90.695(5)° 90.296(2)°
78.670(16)° 74.155(5)° 96.350(5)° 96.290(2)°
65.665(14)° 63.881(5)° 90.926(5)° 90.985(2)°
1568.1(11) 1606.4(11) 3493(2) 3445.3(2)
1 1 1 1
1.146 1.158 1.444 1.336
0.344 0.340 2.288 0.696
293(2) 293(2) 293 293
582 604 1552 1444
9400 15142 95701 57484
4505 4617 13734 14083
[0.0326] [0.0300] [0.0515] [0.0452]
4505/2/ 329  4617/0/331 13734/4/714 14083/0/724
0.0456 0.0397 0.0508 0.0536
(0.0484) (0.0426) (0.0961) (0.0898)
0.1355 0.1064 0.1414 0.1574
(0.1410) (0.1130) (0.1810) (0.1913)
1.122 1.075 1.014 1.035

F2)2/Yw(FA?2]W2 ¢ S =

Dw(|Fo| - |Fe)?/ (No -

Np)]'/2.
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Table 7. Selected bond lengths (A) and angles (deg) for 19 and 22*

Pd(1)-N(1)
Pd(1)-O(1)

N(1a) -Pd(1)-N(1)

N(1)-Pd(1)-O(1a)
N(1)-Pd(1)-O(1)
O(1a)-Pd(1)-O(1)

19
1.998(3)
2.019(2)

180.0
98.30(11)
81.70(11)
180.0

22
2.037(2)
2.025(2)

180.0
98.46(10)
81.54(10)
180

*Symmetry transformations used to generate equivalent atoms:
(a) = -x+1, -y, -z.

Table 8. Selected bond lengths (A) and angles (deg) for 24*

Pd(2)-N(1) 2.004(4) Pd(1)-0(7) 2.004(4)
Pd(2)-N(2) 1.998(4) Pd(1)-N(3) 2.024(5)
Pd(2)-O(1) 2.009(4) Pd(3)-O(1W) 2.071(5)
Pd(2)-O(4) 2.007(4) Pd(3)-O(2W) 2.088(5)
N@)-Pd(2)-N(1) 176.92(18)  O(7)-Pd(1)-N(3) 81.48(19)
N(2)-Pd(2)-O(4) 81.85(17) O(7a)-Pd(1)-N(3) 98.52(19)
N(1)-Pd(2)-O(4)  97.88(16) N(3a)-Pd(1)-N(3) 180.0
N(2)-Pd(2)-O(1)  97.94(17) O(1Wb)-Pd(3)-O(1W)  180.0
N(1)-Pd(2)-O(1)  82.25(16) O(1Wb)-Pd(3)-O(2W)  92.51(19)
O(4)-Pd(2)-O(1)  17850(16)  O(IW)-Pd(3)-OQW)  87.49(19)
O(7)-Pd(1)-O(7a)  180.0 O(2W)-Pd(3)-O(2Wb)  180.0
O(7)-Pd(1)-N(3a) 98.52(19)

*Symmetry transformations used to generate equivalent atoms:
(@) = -x, -y+1, -z+3; (b) = -x, -y+2, -z+2.

Description of the structures. The structures of 19 and 22 consist of
trans-[Pd(2,4,6-Mez;pma)z]* anions, tetra-n-butylammonium cations, and
either free acetonitrile (19) or acetamide (22) co-crystallized molecules as
shown in Figures 6a and 6b, respectively [crystal packing in Figures S2 (19)
and S3 (22)].

166



Chapter 3 - From serendipity to rational design (part II)

Figure 6: Perspective views of (a) (n-BusN)2[Pd(2,4,6-Mespma)2] - 2CH3CN (19)
and (b) (n-BusN)2[Pd(2,4,6-Mespma),;] 2CH;CONH, (22) showing the
acetonitrile and acetamide molecules of crystallization. Countercations are
omitted for clarity [symmetry code: (a) = -x+1, -y, -z].

On the contrary, 23 and 24 contains not only bis(4-Brpma)palladate(II)
or bis(4-Clpma)palladate(Il) anions [Pd(1) and Pd(2)] but also
tetraaquapalladium(Il) cations [Pd(3)] plus acetamide molecules (Figures 7-
10 for 24 and Figures S3 and S6 for 23), the electroneutrality being achieved
by tetra-n-butylammonium cations.
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Figure 7. Perspective views of the (a) centro- [Pd(1)] and (b) non-
centrosymmetric [Pd(2)] oxamate units of (n-BusN)4[Pd(H20)4][Pd(4-
Brpma)s]s- 2CH;CONH: (24) [Symmetry code: (a) = -x, -y+1, -z+3].

The Pd(II) ions of the bis(oxamato)palladate(II) units in 19 and 22-24 are
all four-coordinate with two amidate-nitrogen and two carboxylate-oxygen
atoms from the two oxamate ligands in a trans square-planar arrangement,
their conformation being centrosymmetric [Pd(1) in Figures 6 (19 and 22),
7a (24) and S3a (23)] and non-centrosymmetric [Pd(2) in Figures 7b (24) and
S3b (23)]. The coexistence of the centro- and the non-centrosymmetric
bis(oxamato)palladate(II) units is quite surprising.
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Concerning the non-centrosymmetric unit in 24 and 23, the dihedral
angle between N(1)O(1)O(2)O(3) and N(2)O(4)O(5)O(6) oxamate planes in
the Pd(2) units being ca. 13.6(1)° (Figures 7b and S3b).

Noteworthy, the phenyl rings at the Pd(1) unit of 24 and 23 are parallel
(as in 19 and 22), whereas they form an angle of 58.1° at the Pd(2) unit. The
values of the dihedral angles between the square plane and the phenyl ring
are 51.3(2)-122.7° (non-centrosymmetric), 51.2(2)° (centrosymmetric) (24).
All these values are more distant from the orthogonality than those
observed in 19 and 22, probably due to steric reasons that occur in these
last cases. Besides the different oxamate ligand, the main structural
difference between 24 and 22 is due to the presence of the
tetraaquapalladium(Il) cation in 24.

Each Pd(3) atom from the [Pd(H20)4]?* is four-coordinate in a slightly
distorted O(1w)O(2w)O(1wa)O(2wa) square-planar geometry (Figure 8). In
this regard, the structure of this cation is very similar to that of its Pt(II)
analogue.®® The O(1w)-Pd(3)-O(2w) and O(1w)-Pd(3)-O(2wa) bond angles
are 87.3(2) and 92.7(2)° respectively, and the Pd-Ow lengths at 2.071(5) and
2.088(5) A are in good agreement with theoretical and experimental values
found in the literature.869-71

Table 9. Hydrogen bonds (z&) for 24*

Olw)~OB) 29194)  O@w)-0@B)  3.0644)
O(1w)--OBb) 3145(4)  O@w)--O(6a) 2:895(4)
O@1w)--O@b) 3:035(4)  O@w)--O(1Ha) 2998(4)
O(lw)--O(1H) 3023¢#)  N@aH)-0@)  29790)
O@2w)-0@Q) 3306(4)  N@aH)-0@©)  31200)

* Symmetry transformation used to generate equivalent atoms:
=-x,y+1,-z+3,(b)=-x,-y+2,-z2+2.
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a)

b)
p—ffr‘écﬁﬁﬁ—-—t t/,—»,.é‘“%——j --f,éc\ﬁ ——3
o\ . g\ . ¥ N
1%"’1 1%1

Figure 8. (a) Perspective view of the [Pd(H>O)4]?* linked by H-bonds to the
amide molecules and [Pd(oxamato)>]> species. The organic counter cations
have been omitted for clarity. Pd(3)--Pd(2) and Pd(3)--Pd(2e) distances are:
12.280(1) and 12.133(1) A, respectively. (b) View of the supramolecular chains
in 24 generated by hydrogen bonds (broken lines) involving [Pd(H20)4]?*
cations, acetamide molecules and distorted bis(oxamato)palladate(Il) units
[symmetry code: (b) = -x, -y+2, -z+2; (c) = x, 1+y, 1+z; (d) = x, y, 1+z; (e) = X,
1+y, z].

Interestingly, this [Pd(H20)4]?* cation in 24 interacts with the distorted
[Pd(4-Brpma).]* anions and with the acetamide molecules by hydrogen
bonds leading to a supramolecular chain (Figures 8b and S4).
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Figure 9. Perspective views of adjacent supramolecular chains in 24 joined by
acetamide H-bonds involving bis(oxamato)palladate(II) units. The organic
counter cations and hydrogen atoms have been omitted for clarity.

Figure 10. Perspective view (top) and view along the crystallographic a axis
(bottom) of the packing in 24, which consists of layers developing in the (1 -11)
plane, which are built by centrosymmetric bis(oxamato)palladate(II) anions as
spacers for different chains (Figure S4) connected to acetamide molecules
[Pd(3)"Pd(1) distance equal to 12.280(1) A].
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The [Pd(H2O)4]?* species in this chain is connected to four non-
centrosymmetric bis(oxamato)palladate(Il) anions [Pd(2)] by hydrogen
bonds involving its four water molecules and the O(3) and O(6) oxamate-
oxygen atoms [Pd(2)--Pd(3) distances: 6.917(1) Z\] to afford a ladder-like
supramolecular motif with two acetamide molecules hydrogen bonded to
the tetraaquapalladate(Il) unit (see Figure 9). On the whole, supramolecular
layers developing in the (1 -1 1) plane arise (see Figures 9-10 and Table 5).
Regarding  these interactions one can speculate that the
tetraaquapalladate(Il) species is likely stabilized by a process of molecular
recognition, through the anionic oxamate complex, appearing thus a suitable
choice to grasp the [Pd(H20)4]?* in this singular double salt species.

Recently, density functional type DFT calculations taking into
account the solvent effects were carried out to investigate the [Pd(H20)4]?*-
catalyzed acrylonitrile hydration affording the important chemical
acrylamide (see Scheme 5).72 As a result, it was found that the external
water attack on the bound nitrile (IIT in Scheme 5) becomes the only viable
mechanism in acidic conditions.

H 5 H\ H_ H H .
Npae /O o— \ .
Pl ) ’) pd] e % o
-~ N < > N P N - 2% —H
Sc Sc Sc Nse
H—o R
\
H
1 II 111 v
mternal attack general attack general base catalysis

Scheme 5: Alternative mechanisms for Pd-catalyzed nitrile hydration.”2

The fact that the hydration of acetonitrile occurs only in basic medium in
our system, provides experimental support to a reaction mechanism for the
nitrile hydration catalyzed by [Pd(H20)4]** via the participation of the
hydroxide ligand akin to that proposed by Tilvez et al. in 2013 on the basis
of DFT type calculations.”? The [Pd(H2O);(OH)]* and cis-
[Pd(H20)2(OH)(RCN)]* entities are the starting complexes that they
propose for this reaction pathway, the most favorable mechanism
corresponding to an intramolecular nucleophilic hydroxide attack to the
coordinated nitrile in the latter species (II in Scheme 5).
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While the hydroxide-assisted external attack by nucleophilic water
leading to acetonitrile hydration (IV in Scheme 5) cannot be fully
discarded, the presence of the stable [Pd(H>O)4]?* in the final product (24)
deserves a further comment. The aqua-Pd(Il) ion, easily prepared as
perchlorate solution,® is known to have an acidic character (experimental
value for pKa ca. 3 at 25 °C),° and its maximum stability is achieved at low
pH values.’0 In the presence of additional ligands, other factors must
concur to stabilize the [Pd(H20)4]?* species in solution with respect to
substitution of the coordinated water. Bidentate oxamate ligands do prefer
to bind in the chelating N,O mode wusually ending up in the
[Pd(oxamato).]? form. Apparently, while the basic medium is required to
promote the catalytic conversion of acetonitrile to acetamide, the
stabilization of the aqua-Pd(II) ion (and its incorporation in the final solid
product) under our experimental conditions proceeds only through the
formation of [Pd(oxamato);]> in a non-exclusive way. In turn, the
bis(oxamato)palladate(Il) species seems to be responsible for the extra
stabilization needed to keep the [Pd(H20)4]?* cation.
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IV.11. Conclusions

In the framework of our current studies with oxamato-containing metal
complexes envisaging the rational design of multifunctional materials,”>-7>
we have isolated novel palladium(Il) complexes with N-substituted
oxamate ligands and proved their activity in the sustainable carbon-carbon
coupling  reactions.1819¢°  Their easy and cheap preparation,
environmentally friendly character and cytotoxic activity against leukemia
cells22 make them very appealing systems.

Otherwise, changing the reaction conditions and working in basic
conditions in HoO-MeCN solvent mixtures (1:2 v/v) containing [PdCls]>
and N-substituted oxamic acids, we have observed the serendipitous
hydration of acetonitrile to acetamide, without over-hydrolysis of the
acetamide to acetic acid. Both the acetamide and the elusive [Pd(H2O)4]?*
species (likely the precatalyst) form part of the reaction products and they
were identified herein by single crystal X-ray diffraction.

Our results show that the hydration of the acetonitrile can be stopped at
the amide stage in the presence of oxamato complexes of Pd(II) when the
reaction medium is slightly basic (22-24) whereas such a hydration does
not occur in neutral conditions (19). As far as we are aware, the coexistence
of the elusive [Pd(H:0)i]?* entity and the free acetamide in 24 is
unprecedented and the lack of the tetraquapalladate(Il) ion in 22 is most
likely due to a different crystallization kinetics. Further studies will be
required to draw a full rational for this proposed mechanism for the Pd(II)
oxamate-catalyzed nitrile hydration.
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Chapter 4 - Dipalladium(II)-oxamate metallacyclophanes

V.1.  Searching new functionalities

Supramolecular  coordination = chemistry,  referred to as
metallosupramolecular chemistry, is an outstanding research area that
offers convenient tools to deal with the ligand design'-* of new frameworks
(Scheme 1) and the preparation of multi-functional complexes.>8 The
strategy developed by our group in this area is based on the use of
dinucleating ligands having two oxamato donor groups separated by more
or less rigid noninnocent, extended n-conjugated aromatic spacers that self-
assemble with palladium(II) ions to form double-stranded dipalladium(II)
metallacyclic complexes of the cyclophane type.

( ) OPPs

7 N\ / R OPVs

n

{% 3‘{% OAPs
N
SN — OPEs
\—/

Scheme 1. New framework ligands as spacer for dinuclear metallacyclophane
complexes: oligo(p-phenyl) (OPPs), oligo(p-phenylene vinylenes) (OPVs),
oligo(p-azophenylenes) (OAPs), oligo(p-phenylene ethynylene) (OPEs).

This kind of proligands could be used for the design and synthesis of
novel types of electro- and photoactive noninnocent aromatic bridging
ligands which constitute thus a major goal in the field of
metallosupramolecular chemistry.
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Having this idea in mind, oligo(p-phenylene vinylenes) (OPVs) and
oligo(p-azophenylenes) (OAPs) such as 4,4 -stilbene and 4,4’-azobenzene
respectively, seem excellent candidates, which possess a well-recognized
and rich photochemical reactivity that includes both uni- (trans/cis
geometric isomerization or intramolecular cyclization) and bimolecular
reactions (intermolecular cycloaddition), either in solution or in the solid
state (Scheme 2)9-11.

This means that the stable trans isomer of azobenzene can be converted
into the unstable cis isomer and wvice versa after irradiation with UV and
visible light, respectively (Scheme 2a)?2.

In contrast, the stable trans isomer of stilbene turns into the unstable cis
isomer after UV ligh irradiation, which can thermally relax to the more
stable trans isomer or eventually lead to the closed isomer after subsequent
intramolecular cyclization (Scheme 2b)?3.

a2 ¥ely'
oY% -
(c) O O

hv

Scheme 2. Photochemical reactions of azobenzene (a) and stilbene (b) and (c).

(b)

On the other hand, stilbene may undergo a [2+2] photocycloaddition
reaction through the carbon atoms of the central vinylene group to afford
the corresponding photodimer (Scheme 2c)13-16,
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Although the photodimerization of stilbene was also known since the
beginning of the last century, relatively few investigations have focused on
stilbene itsef and its derivatives, probably due to the poor efficiency of the
[2+2] photocycloaddition reaction. MacGillivray and co-workers have
recently investigated the template photodimerization of coordinating-
group substituted stilbene derivatives such as 4,4'-dipyridylethene in the
solid state.718 Such studies show that ligand coordination within a
metallacyclic entity direct the exclusive formation of the corresponding
[2+2] photocycloaddition product in a stereospecific manner and in an
almost quantitative yield.1$

Our research interest in this type of proligands also focuses on their
medical activity, specifically in citotoxicity studies to fight leukemia
cancer.’® Given that the cisplatin {cis-diamminedichloroplatinum(II), cis-
[PtCI(NHs)2]}202t was found to be one of the most powerful
chemotherapeutic agents against ovarian and testicular cancer,2 the
finding out of new noble metal-based drugs has become a subject of
outmost interest for researchers.?? In this search, platinum(ll) was the
elected metal over the years?*?” but with the discover of the first non-
platinum compound, the cis-[Ti(VI)(bzac)2(OEt)2],22 new metal-based
drugs have been investigated as alternatives.?03! Seeking out these new
choices, a good candidate to compare with platinum(Il) is palladium(II),
which has a similar coordination chemistry and a greater solubility in
water of its complexes compared to the analogous ones of platinum(II).32 It
is worth noting that the first studies of Pd(II)-based anticancer activity date
from 15 years ago.?

Apart from the metal-based drugs, special attention has been paid to
the replacement of one or both NH; ligands of cisplatin by other N-donor
ligand(s) in order to avoid toxicity and development of resistance to further
drug treatment.3® In this search, the oxamate group as ligand seems a
suitable choice with a strong electron-donating capability of its deprotonate
nitrogen-amide atom together with the good donor properties of the
carboxylate-oxygen atom which accounts for the greater stability of its
metal complexes when comparing to those with the oxalate ligands.
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V.2. Aim

In previous chapters it was shown that mononuclear bis(N-substituted
oxamate)palladate(Il) complexes are active catalysts for carbon-carbon
cross-coupling reactions with an oxamate ligand as protecting sphere.

In an attempt to get new framework systems with more than one
function, we have synthesized and characterized the N-phenyl(oxamic acid
ethyl ester) spacer ligands (Scheme 1) the corresponding oxamate-bridge
dipalladate(Il) complexes of formula (n-BusN)si[Pdx(ppba)z] (25a), (n-
BuwN)4[Pd2(dpvba);] (26a), (n-BusN)4[Pd2(dpazba)a] (27a), (n-
BusN)4[Pda(dpeba).] (28a), (n-BusN)4[Pda(tpeba)z] (29a). One could expect
that the variation of the aromatic spacer in this family of oxamate-
containing dipalladium(II) metallacyclophanes might control their overall
structure and properties.

Complex R

25a
4-

o O\ /0 0 26a <7’ ‘> -\ A
Pd_ I = =)
(o) N/ IT. [6)
R R

b Za | N
o N N \—/ ‘\-_{(’ \,.
N N =
/ Pd\
0 (0) A\ 7
o 0 28a A N= M-

29a J \ ;77

Scheme 3. Dinuclear palladium(Il) metallacyclophane complexes of general
formula [PdaLo]4.

The contents of this Chapter is as follows: (i) the preparation,
spectroscopy and structural characterization of these dinuclear complexes;
(ii) the study of their catalytic activity for Heck and Suzuki reactions under
homogeneous regime and in ionic liquid media; (iii) a preliminary study of
the coordination-driven self-assembly for the supramolecular control of
photochemical reactivity and photophysical properties;3 (iv) and finally, a
preliminary investigation of the cytotoxicity on leukemia cells.
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V.3.  Synthesis and characterization

The general synthetic method for the preparation of the aniline
derivatives and proligands (Scheme 4) follows the procedure used in
previous works335-. For further information see summary, Appendix C.

Proligands
(EtzHzppba)

[0} 0O
0] o}

b O,
N (N (o (Et:Hxdpvba)
OHO
(6] 0]
LOWN‘@*N”N@NH "\ (EtzHzdpazba)

0} 0 0} 0}

s = Vi 0 Endpeba)

O 0 (0] 0

a8 @z@ _ @ o (EuHitpeba

Scheme 4. Spacer proligands obtained from aniline derivatives.

Synthesis of complexes

The synthetic method for the dipalladium(Il) metallacyclophane

complexes (21a-25a) with n-BusN* as counter ion was detailed in Chapter 1 -
part II.

X-ray quality crystals as yellow prisms (PhsAs)sPda(ppba)2] - 23H.O
(25) and (n-BusN)4[Pdz(dpeba).] - 4CH3;OH (28) as brown needles (n-
BwN)4[Pdo(dpvba),] - 6CH;OH - CHsCHOCH2CHs (26) and as orange

needles (n-BusN)4Pda(dpazba).] - 5CH;OH (27) were grown by two
different methods:
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(i) an aqueous solution of the solid complex was added to PhsAsCl to
help the crystallization for 25, suitable crystals being formed within 4-8
weeks.

(ii) vapour diffusion of ether into a methanol or acetonitrile solution of
the solid sample was used for 26-28 and the single crystals appeared in
hours.

Characterization of complexes:

(n-BwN)4[Pd2(ppba)2] (25a). Yield: 85%. IR (KBr/cm?): 3422 (O-H), 2961,
2931, 2874 (C-H), 1670, 1641, 1605, 1578 (C=0). 'H NMR (CDCl) §(ppm):
0.98-1.02 (t, 24H, n-BusN*¥), 1.36-1.43 (q, 16H, n-BusN*), 1.53-1.56 (m, 16H, n-
BwN¥), 3.09-3.15 (m, 16H, n-BusN*), 7.20-7.25 (m, 8H, Hary). Anal. Caled.
for CssH15:NgO12Pd2 (25a): C 60.09, H 9.13, N 6.67. Found: C 58.02, H 8.59, N
6.50%.

(n-BusN)4[Pd2(dpvba)2] (26a). Yield: 78%. IR (KBr/cm): 3423 (O-H), 2962,
2936, 2875 (C-H), 1670, 1646, 1609, 1585 (C=0). TH NMR (CDCls) §(ppm):
0.97-1.01 (t, 24H, n-BusN), 1.39-1.44 (q, 16H, n-BusN), 1.50-1.57 (m, 16H, n-
BuiN), 3.13-3.19 (m, 16H, n-BusN), 6.58-6.59 (d, 4H, CH), 6.61-6.71 (m, 16H,
Haryl). Anal. Calcd. fOI' C100H164N8012Pd2 (26.‘:1): C 63.78, H 8.78, N 6.67.
Found: C 64.30, H 8.84, N 6.86%.

(n-BusN)4[Pd2(dpazba);] (27a). Yield: 84%. IR (KBr/cm?): 3422 (O-H), 2960,
2933, 2874, 2847 (C-H), 1671, 1642, 1609, 1585 (C=0). 'H NMR (CDCls)
d(ppm): 0.93-0.98 (t, 24H, n-BusN*), 1.35-1.37 (q, 16H, n-BusN*), 1.49-1.51
(m, 16H, n-BusN*), 3.06-3.12 (m, 16H, n-BusN*), 6.78-6.81 (m, 8H, Hamy),
7.13-7.16 (m, 8H, Hary1). Anal. Calcd. for CosH160N12012Pd2 (27a): C 61.18, H
8.55, N 8.91. Found: C 62.82, H 9.48, N 9.65%.
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(n-BuwN)4[Pd2(dpeba):] (28a). Yield: 91%. IR (KBr/cm?): 3423 (O-H), 2962,
2936, 2876 (C-H), 1671, 1643, 1609, 1583 (C=0). 'TH NMR (CDCls) &(ppm):
0.97-1.02 (t, 24H, n-BusN*¥), 1.40-1.43 (q, 16H, n-BusN*), 1.56-1.59 (m, 16H, n-
BusN¥), 3.15-3.21 (m, 16H, n-BusN*), 6.60-6.63 (d, 8H, Hary1), 6.82-6.85 (d, 8H,
Hary1). Anal. Calcd. fOI‘ C100H160N8012Pd2 (28a): C 63.91, H 8.58, N 5.96.
Found: C 64.07, H 9.52, N 5.85%.

(n-BusN)4[Pd2(tpeba)2] (29a). Yield: 74%. IR (KBr/cm?): 3424 (O-H), 2962,
2933, 2875 (C-H), 1676, 1655, 1634, 1583 (C=0). 'H NMR (CDCl) §(ppm):
0.96-1.02 (t, 24H, n-BusN¥), 1.40-1.77 (q, 16H, n-BusN*), 1.61-1.67 (m, 16H, n-
BuwN¥), 3.26-3.32 (m, 16H, n-BusN*), 7.44-7.48 (m, 16H, Hary), 7.65-7.69 (m,
8H, Hary1). Anal. Calcd. for CiisH16sNsO12Pd2 (29a): C 67.00, H 8.14, N 5.39.
Found: C 67.90, H 4.40, N 5.02%.
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V4. Results and discussion

Synthesis and IR Spectroscopy. The N-substituted oxamate ligands
(Scheme 4) were easily prepared as the respective ethyl ester proligands by
the straightforward condensation of the ethyl chlorooxoacetate with the
corresponding aniline derivative in THF, in presence of Et:N as a base at
room temperature. They were isolated in very good yiels (ca. 80-96 %). The
IR spectra of the proligands exhibit a typical absorption peak at ca. 3300
cm! for the N-H stretching vibration and two intense bands at ca. 1727 and
1677 cm~! which clearly correspond to the stretching from the ester and
amide groups, respectively. 'H and *C NMR spectra provide additional
support for the signal of the N-H amide hydrogen as well as those
corresponding to the ethyl group of the ester.

The lack of the signals of the N-H amide and ethyl groups together with
the occurrence of two intense bands shifting to lower energies (ca. 1638 and
1600 cm?) in infrared spectra of 25a-29a supports the deprotonation of the
amide group and the hydrolysis of the ester and suggests that these
hydrogen atoms are not present after the deprotonation and hydrolysis of
the proligands with the subsequent coordination of the amide-nitrogen and
one carboxylate-oxygen to the palladium(Il) ion. All these spectroscopic
features were supported by the determination of the X-ray structures of
complexes 25-28.

X-ray structural determination: Single crystal X-ray diffraction data for 25-
28 were collected at 100 K on a Bruker-Nonius X8-APEXII CCD area
detector system using graphite-monochromated Mo-Ka radiation (A =
0.71073 A), and processed through the SAINT reduction and SADABS
absorption software. Their structures were solved by direct methods and
subsequently completed by Fourier recycling using the SHELXTL-2013
software packages, then refined by the full-matrix least-squares
refinements based on F2 with all observed reflections. Crystal data and
refinements conditions, selected bond lengths and angles and Pd--Pd
separation for 25- 28 are grouped in Tables 1 to 5, respectively.
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Formula
Mr
Crystal
Space
a/ A
b/A
c/ A
a/®
B/°
v/°
v/ A3
z
D./ gcm-3
T/K
p/ mmd
F(000)
Theta range for
data collection

Index ranges

Reflec. collected
Ref. method
Indep. reflections
[R(int)]

Data / restraints /
parameters
Goodness-of-fite
Final R indices

[1> 20(D)]
R indices (all data)

Largest diff. peak /
hole, e A-3

Table 1. Crystal data and structure refinement for 25-28

25 26 27 28
CsoHsoN4O10As2Pd2 Ci12H204NsO2nPd2  ClooH18sN12018Pd2 CssHorN1O10Pd
1620.12 2211.63 2079.41 1068.75
Triclinic Triclinic Triclinic Triclinic
P-1 P1 P-1 P-1
13.3025(9) 12.0326(5) 11.9627(13) 10.4534(7)
18.2238(13) 14.1370(6) 14.2598(16) 14.7803(10)
18.7065(12) 20.7121(9) 20.435(2) 20.3003(13)
109.375(3) 70.239(2) 69.618(5) 102.903(2)
103.060(3) 76.719(2) 89.594(5) 102.983(2)
99.967(3) 70.278(2) 69.736(5) 105.397(2)
4012.7(5) 3094.6(2) 3039.8(6) 2809.8(3)
2 1 1 2
1.341 1.187 1.136 1.263
100(2) 100(2) 100(2) 100(2)
1.322 0.355 0.356 0.388
1652 1192 1116 1150
1.21 to 23.92° 1.05 to 21.75° 1.07 to 24.45° 12371%;2
-15< h <15, -12< h<11, -13< h <13, -13< h <13,
-20<k <20, 14 <k <14, 16 <k <16, -18<k<19,
21<1<21 21<1<21 -23<1<23 -26<1<26
72220 25272 50944 40964
Full-matrix least-squares on F2
12395 13532 9814 12043
[0.0421] [0.0420] [0.0446] [0.0251]
12395/0/972  13532/4 /1120  9814/6/636 12043 / 0/ 631
1.024 1.606 1.092 0.898
R1 =0.0777, R1 =0.0762, R1 =0.0967, R; =0.0323,
wRy = 0.1993 wR2 =0.1953 wR2 =0.2658 wR, =0.0920
R1 =0.0943, R1 =0.0929, R, =0.1074, R; =0.0391,
wR2=0.2169 wR, =0.2185 wR, = 0.2783 wR2 =0.1064
3.686/ -2.372 2.286 / -1.673 5.265 / -0.906 0.810 / -0.936

“Ri=3(|Fo| - [Fe|)/ LI Fol. wRe = [Yw(Fo? - F2)/ Yw(Fo?)]/2 < S = [Fw(| Fo| - | Fc|)?/ (No - Np)]'/2.
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Table 4. Selected bond lengths (A) and angles (deg) for 27* and 28t

27 28
Pd(1)-N(1) 2.030(6) 2.0237(19)
Pd(1)-N(2) 2.028(6) 2.0237(18)
Pd(1)-O(1) 2.010(5) 2.0064(16)
Pd(1)-O(4) 2.014(5) 2.0149(15)
N(1) -Pd(1)-0(1)  81.3(2) 81.56(7)
N(1)-Pd(1)-O(4) 171.7(2) 171.35(7)
N(2)-Pd(1)-O(1) 171.6(2) 171.46(7)
N(2)-Pd(1)-O(4) 81.4(2) 81.59(7)
N(2)-Pd(1)-N(1) 106.9(2) 106.96(7)
O(1)-Pd(1)-O(4) 90.5(2) 89.91(6)

Symmetry transformations used to generate equivalent atoms:
*@)=-x-y+1l,-z+1;,(b)=-x+1,-y,-z+1

t(a) -x, -y, -z.

Table 5. Pd - Pd separation (A) across the dinucleating oxamato for 25-28

25 26 27 28

Pd(1) - Pd(2) 8.114(4)  14.706(4)
Pd(1) - Pd(la) 14.332(3) 14.920(3)

Symmetry transformations used to generate equivalent atoms:
(@) =-x,-y+1,-z+1(27) and (a) = -x, -y, -z (28).

Description of the structures

(PhsAs)a[Pda(ppba)2] - 23H20 (25). This compound crystallizes in the
triclinic space group P-1 and its structure consists of non-centrosymmetric
binuclear [Pdx(ppba)2]* units (Figure 1) and PhsAs* counter cations. Each
palladium(Il) ion is four-coordinate with two amidate-nitrogen and two
carboxylate-oxygen atoms from the bis(oxamate) ligand building a
distorted square-planar surrounding. The reduced bite of the bidentate
oxamate {81.0(3)/81.6(3) at Pd(1) and 81.1(4)/82.0(4)° at Pd(2)} accounts for
the deviations of the ideal value of 90° for the square planar surrounding.
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Figure 1. Perspective view of the anionic complex [Pda(ppba)z]¢- of 25.

The average Pd(1)—N/Pd(2)—N and Pd(1)—O/Pd(2)—O bond lengths
for 25 are 2.029(8)/2.0275(11) and 2.035(6)/2.037(10) A, respectively. These
values agree with those found in the oxamato-containing palladium(II)
mononuclear complexes 1, 9, 10, Na[Pd(Hpba)] - 2H.O [Hspba = 1,3-
propylenebis(oxamic acid)] and K;[Pd(opba)] - 2H,O [Hsopba = N,N’-1,2-
phenylenebis(oxamic acid), 5, 6, 7, 11, 19 and 20 [average Pd-N/Pd-O
distances of 2.020(1)-2.009(1), 2.0209(11)/2.0384(13), 2.0207(13)/2.0214(14),
1.970/2.040,  1.928/2.055,  2.0411(16)/1.9989(14),  2.014(4)/2.011(4),
2.0439(19)/2.0033(16), 2.0425(18)/2.0033(15), 1.996(3)/2.0170(19) and
2.0225(10)/2.0258(11) A, respectively]40-43,

The values of the dihedral angle (¢) between the basal plane at the
palladium(II) ion and the mean plane of the oxamate groups for 25 are very
distorted 4.7(3)/5.6(3)° [Pd(1)] and 4.6(3)/2.3(3)° [Pd(2)], whereas those
between the square plane and the phenyl ring (®) are 68.6(3)/58.2(3)°
[Pd(1)] and 72.3(3)/75.9(3)° [Pd(2)], respectively. The values of the torsion
angle between the palladium equatorial planes and the mean planes of the
lateral benzene rings from the ligand are () 61.6(2)° [Pd(1)] and 62.35(2)°
[Pd(2)], respectively.4
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The values of the peripheral C(1)-O(2), C(2)-O(3), C(3)-O(5) and C(4)-
O(6) bond distances [1.226(12), 1.275(12), 1.238(12) and 1.233(12) A,
respectively] are somewhat shorter than the inner C(1)-O(1) and C(3)-O(4)
bonds [1.289(12) and 1.276(12) A] at the Pd(1) in agreement with the greater
double bond character of the former carbonyl groups. This situation is also
found at Pd(2) (the peripheral C(6)-O(8), C(5)-O(9), C(7)-O(11) and C(8)-
O(12) bond distances [1.253(19), 1.252(18), 1.261(18) and 1.250(18) A,
respectively] being somewhat shorter than the inner C(6)-O(7) and C(8)-
O(10) bonds [1.262(19) and 1.260(19) A]).

Figure 2. Crystal packing of 25 showing the relative positions of the anionic
complexes (green) and tetraphenylarsonium cations (orange). The solvent
molecules have been omitted for clarity.
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The oxamate anionic dipalladate(II) motif in the crystal packing of 25 is
separated from each other by the bulky PhsAs* cations which exhibit the
typical tetrahedral shape and their bond lengths and angles do not show
any unusual feature. AsPhs* cations are arranged into supramolecular
motifs based on multiple phenyl embraces named LIT4PE#4 with As---As
separation of 6.930 A (see Figure 3).

Figure3. Representation of two no equivalent tetraphenylarsonium cations in
LIT4PE embrace.

The ppba dinucleating oxamato allows to form a Pd(1)--Pd(2)
separation of 8.114(4) A, a value which is longer than the shorter
intermetallic distance [6.156(4)/5.667(4) A for
Pd(1) --Pd(1a)/Pd(2) -- Pd(2a)].
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(n-Bu4N)4[sz(dpvba)z] . 6CH3OH ‘ CH3CH20CH2CH3 (26) ThiS
complex crystallizes in the triclinic space group P1 showing the occurrence
of non-centrosymmetric [PdzLo]+ binuclear units (Figure 4) and n-BusN*
counter cations. Each palladium(Il) ion is four-coordinate with two
amidate-nitrogen and two carboxylate-oxygen atoms from the bis(oxamate)
ligand in a syn (trans, trans) arrangement building a distorted square-planar
surrounding. The reduced bite of the bidentate oxamate (80.3(8)/82.9(7) [at
Pd(1)] and 81.7(8)/83.2(8)° [at Pd(2)] accounts for the deviations of the ideal
value of 90° for the square planar surrounding.

0(12)

ot o5 o)
Nt )
otfo! \
g
N
/
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Figure 4. Perspective view of the anionic complex [Pd>(dpvba)z]4 of 26.

The average Pd(1)—N/Pd(2)—N and Pd(1)—O/Pd(2)—O bond lengths in
26 are 2.0135(17)/ 2.05(2) and 1.9945(18)/2.0115(16) A, respectively. These
values agree with those found in 25 and other oxamate-containing
palladium mononuclear complexes.40-43

z

The C(15)-C(16) and C(29)-C(30) bond lengths are 1.38(3) and 1.26(3) A
respectively, values which correspond well to the double character of the
carbon-carbon bond of the stilbene molecule.

The values of the dihedral angle between the basal plane at the
palladium(II) ion and the mean plane of the oxamate groups (¢) for 26 are
3.7(2)/0.2(2)° [Pd(1)] and 1.2(2)/2.7(2)° [Pd(2)].
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On the other hand the average values between the square plane and the
phenyl ring are (®) 60.4(2)° and 61.7° for Pd(1) and Pd(2) respectively,
whereas those between the torsion dihedral angle between the palladium
equatorial planes and the mean planes of the lateral benzene rings from the
ligand are (C) 61.6(2)° [Pd(1)] and 62.35(2)° [Pd(2)].4

The values of the peripheral C(5)-O(8), C(6)-O(9), C(7)-O(11) and C(8)-
O(12) bond distances [1.27(3), 1.27(3), 1.15(3) and 1.16(3) A are somewhat
shorter than the inner C(5)-O(7) and C(7)-O(10) bonds [1.34(3) and 1.28(3)
A] at Pd(2) as expected due to the greater double bond character of the
former carbonyl groups. Some of the values of the peripheral C(2)-O(2),
C(1)-O(3), C(3)-O(5) and C(4)-O(6) bond distances [1.37(3), 1.29(3), 1.26(3)
and 1.21(4) A respectively] the inner C(2)-O(1) and C(3)-O(4) bonds [1.22(4)
and 1.26(4) A] at the Pd(1) suggesting the weakening of the double bond
character of the carbonyl groups.

Figure 5. Crystal packing of 26 showing the relative positions of the anionic
complexes (green) and tetrabutylammonium cations (orange). The solvent
molecules have been omitted for clarity.
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The complex anion in the crystal packing of 26 is well separated from
each other because of the presence of the bulky n-BusN* cations.
Pd(1) ---Pd(2) separation is 14.706(4) A, a value much greater than that of
complex 25 (6.6 A), whereas the shortest intermetallic Pd(2)--Pd(1a)
separation is 10.147(3) A

(n-BusN)4[Pd2(dpazba).] - 5CH;0H (27). This compound crystallizes
in the triclinic space group P-1 and its structure is made up by
centrosymmetric dinuclear [PdsL»]* units (Figure 6) and n-BusN* counter
cations. Each palladium(Il) ion is four-coordinate with two amidate-
nitrogen and two carboxylate-oxygen atoms from the bis(oxamate) ligand
in a syn (trans, trans) arrangement building a distorted square-planar
surrounding. The reduced bite of the bidentate oxamate [81.3(2)°] accounts
for the deviations of the ideal value of 90° for the square planar
surrounding.

0(2) 0(5A) 0(BA)

O(4A)

Figure 6. Perspective view of the anionic complex [Pdz(dpazba).]+ in 27.

The average values of the Pd(1)—N and Pd(1)—O bond lengths for 27 is
2.029(6) and 2.012(5) A, respectively. These values agree with those found
in 25, 26 and other oxamato-containing palladium(Il) mononuclear
complexes0-43,
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N(3)-N(4) bond length is 1.251(10) A, a value which is as expected for a
N=N bond for a nitrogen-nitrogen double bond of the azobenzene
framework.

The values of the dihedral angle between the basal plane at the Pd(1)
ion and the mean plane of the oxamate groups for 27 are (¢) 4.0(2)/1.4(2)°.
On the other hand values between the square plane and the phenyl ring (®)
are 58.2(2)/60.7(2)° [Pd(1)] whereas those between the torsion angle
between the palladium equatorial planes and the mean planes of the lateral
benzene rings from the ligand () is 61.6(2)° Pd(1).4

The values of the peripheral C(1)-O(2), C(2)-O(3), C(3)-O(5) and C(4)-
O(6) bond distances [1.247(9), 1.226(9), 1.242(10) and 1.239(9) A are
somewhat shorter than the inner C(1)-O(1) and C(3)-O(4) bonds [1.284(9)

and 1.287(9) A] for Pd(1) in agreement with the greater double bond
character of the former carbonyl groups.
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Figure 7. Crystal packing of 27 showing the relative positions of the anionic
complexes (green) and tetrabutylammonium cations (orange). The solvent
molecules have been omitted for clarity.

The bulky n-BusN* cations in 27 ensures the isolation of the complex
anions from each other in the crystal packing.

The Pd(1) ---Pd(1a) separation is 14.332(3) A, a value close to that for 26
(14..406 1:&)] whereas the shortest intermetallic Pd(1) -- Pd(1b) separation is
8.612(3) A.
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(n-BusN)4[Pd2(dpeba);] - 4CH30H (28). This complex crystallizes in
the triclinic space group P-1 and its structure is made up by
centrosymmetric [Pd:L2]* binuclear units (Figure 4) and n-BusN* counter
cations. Each palladium(Il) ion is four-coordinate with two amidate-
nitrogen and two carboxylate-oxygen atoms from the bis(oxamate) ligand
in a syn (trans, trans) arrangement building a distorted square-planar
surrounding. The reduced bite of the bidentate oxamate [81.58(7)°] accounts
for the deviations of the ideal value of 90° for the square planar
surrounding.
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Figure 9. Perspective view of the anionic complex [Pdz(dpeba)z]* in 28.

The average values of Pd(1)—N, Pd(1)—O bond lengths for 28 are
2.0237(18) and 2.01065(15) A, respectively. These values agree with those
found in 25- 27 and other oxamato-containing palladium(ll) mononuclear
complexes0-43,

The C(9)-C(18) bond length is 1.196(3) A, a value which is as expected
for triple character of the carbon-carbon bond.#”

The values of the dihedral angle between the basal plane at the Pd(1)
ion and the mean plane of the oxamate groups (¢) for 28 are 4.5(2)/7.1(2)°.
On the other hand the average value between the square plane and the
phenyl ring (®) is 58.6(2)° whereas that between the torsion angle between
the palladium equatorial planes and the mean planes of the lateral benzene
rings from the ligand (C) is 61.6(2)°.
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The values of the peripheral C(1)-O(3), C(2)-O(2), C(10)-O(6) and C(11)-
O(5) bond distances [1.225(3), 1.242(3), 1.227(3) and 1.244(3) A, respectively]
are somewhat shorter than the inner C(1)-O(1) and C(10)-O(4) bonds
[1.284(3) and 1.292(3) A] in agreement with the greater double bond
character of the former carbonyl groups.

‘\\\/'N
P

Figure 10. Crystal packing of 28 showing the relative positions of the anionic
complexes (green) and tetrabutylammonium cations (orange). The solvent
molecules have been omitted for clarity.

The bulky n-BusN* cations exhibit their expected tetrahedral square,
and ensure the isolation of the complex anions from each other in the
crystal packing.

z

The Pd(1)--Pd(la) separation is 14.920(3) A, a value which is the
longest one of the dinuclear palladium(ll) oxamate metallacyclophanes
series 25-27 [8.114(4)/ 14.706(4)/14.332(3) A respectively)], but smaller than
the shortest intermetallic Pd(1) - Pd(1b) separation [8.209(3) Al
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V.5.  Catalytic properties

The five novel dinuclear palladium(Il) metallacyclophanes (25a-29a) are
found to catalyze carbon-carbon cross-coupling reactions, specifically Heck
and Suzuki reactions.

There are two active catalytic centers, when working with dinuclear
palladium(II) metallycyclophanes and then, any calculation of %mol cat.
hereunder is done by catalytic center.

Heck Reaction - Homogeneous catalysis

The Heck reaction was studied by the use of iodo aryl and ethyl
acrylate for complexes 25a-29a (5% mol of cat. or 10% mol of Pd), using
DMEF as solvent. EtsN is the base giving the best results. The temperature
used was 80 °C. It is important to point out that no inert atmosphere is
needed to carry out these reactions and also that our catalysts are very
active under such conditions as shown in Table 1.

Dipalladium(Il) metallacyclophanes achieve high yields (Table 1, entry
1, ca. 78%) and they are better than the tested commercial complex
[Pd3(OAc)e] tested (Table 1, entry 9): the same reaction is catalyzed in 45
minutes by the precatalysts 25a-29a where 3 hour are required by
[Pd3(OAC)6].

Table 1. Scope of Heck reaction of iodobenzene and ethyl acrylate
O R

(0] 5 mol% cat. / 2 eq Et;N
B SR gL Ly S/
0 DMF

Time Temp Yield b

Entrya  Catalyst (min) (°C) TON
1 25a 45 80 78 16
2 26a 45 80 76 15
3 27a 45 80 70 14
4 28a 90 80 62 13
5 29a 45 80 77 15

9  [Pds(OAc)y] 3h 120 88 88
a Reaction conditions: 0.5 mmol iodobenzene, 0.75 mmol ethyl acrylate, 5
mmol% cat (10 mmol% Pd).1 mmol EtN, 45-90 min, 80 °C in DMF.
bDetermined by GC-MS analysis using PFTBA as internal standard.
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A comparison of the data listed in Table 1 with those obtained with
mononuclear oxamate-palladate(Il) catalyst 8a-10a and 14a-19a (Chapter 2,
Table 1, entries 1-9) shows that the yields are almost equal (Table 2, ca.
80%) although the reaction times are shorter with dinuclear oxamate-
palladate metallacyclophanes precatalysts (45 min instead of 3 hours under
the same catalytic conditions).

Once again working in the open air and in agreement with the results
detailed in Chapters 1 and 2, 25a-29a proved to be efficient (pre)catalyst,
under the described homogeneous conditions, without clear formation of
palladium black throughout the catalytic reactions (Figure 11).

» (8

Figure 11. Pictures of the starting (top) / final (bottom) samples of Heck
coupling reaction of iodobenzene and ethyl acrylate in DMF at 80 °C,
catalyzed by [Pd3(OAc)e] (left) and compound 27a (right).

Heck Reaction - Ionic liquid medium

Once these kind of anionic complexes of Pd(Il) with N-substituted
oxamate ligands have been demonstrated to be catalytically active for Heck
reaction under homogeneous fashion in an organic solvent such as
DMF,we tried with greener media as solvents, such as ionic liquids.*8-58

Anionic dipalladium(II) metallycyclophanes improve their catalytic
activity working in ionic liquids: 25a-29a achieve high yields (ca. 99% with
low amounts of catalyst (0.5% mol cat. / 1% mol Pd) in very short times (10
min, 1164 h-! TOF) as shown in Table 2.
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A comparison with the catalytic results in Chapter 2 shows that the
complexes 25a-29a (Table 2) provide better results than mononuclear
complexes with non electronic or steric effects in para- position [(10), 0.5
mol% cat. / 1 mol% of Pd), ca. 99% for 30 min], shorter reaction time and
equal amount of catalyst [Table 2, 0.5 mol% of cat. (1 mol% of Pd), entry 1
and 2, ca. 9% for 10 min]. Instead, if the catalytic results of these
complexes are compared with 5-7 and 11-12 which have an electronic and
steric effects in para- position [Chapter 2, 0.5 mol% cat., ca. 99% for 5 min],
25-29 achieve the same yields but increasing a bit the reaction times (Table
2,0.5 mol% cat. / 1 mmol% of Pd, entry 1 and 2, ca. 99% for 10 min).

Looking at the results obtained, it is impossible to state if there are some
kind of cooperation between both Pd(II) ions from the same
metallacyclophane. However, some kind of cooperation may be involved
because even with steric/geometric effects caused by these spacer ligands,
the results are as good as those from complexes 5-7 and 11-12.

Table 2. Scope of Heck reaction of iodobenzene and olefins
O p—

QI . A]/O\/ 0.5 mol% cat. / 2 eq Et;N @_ﬁo
(0] n-BuyNBr (120 °C), 10 - 20 min,

. . Time . TOF

Entry2 Aryl halide Olefin Catalyst (min) Yield TON (h)
COOEt

1 I 25a 10 97 194 1164
COOEt

2 I 26a 10 99 198 1188
COOEt

27a 10 99 198 1188

COOEt

28a 20 98 198 594

COOEt
5

29a 10 99 198 1188

PYYYY
22332

a Reaction conditions: 0.5 mmol iodobenzene, 0.75 mmol ethyl acrylate, 0.5 mmol% cat. (1
mmol% of Pd),1 mmol Et;N, 10-20 min, 120 °C in n-BusNBr. (Yield) Determined by GC-MS
analysis using perfluorotributylamine (PFTBA) as internal standard
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Formation of palladium black was observed when the Heck reactions
between iodobenzene and ethyl acrylate were carried out with commercial
palladium precatalysts such as [Pd3(OAc)e].

However, non inactive palladium black was observed if the reaction
was performed with palladium(Il) oxamate complexes (25a-29a).

The tests that we carried out with dinuclear oxamate-palladium(II)
complexes in different ionic liquid media show that n-BusNBr provides the
best results in comparison to n-BusNCl and other imidazolium salts (Tables
3, and S2).

The tetrahedral shape of the tetraalkylammonium cation, in particular
the tetra-n-butyl bromide (n-BusNBr) which was widely used by other
research teams as the ideal ionic liquid.>-63 It is due to the n-BusNBr has a
temperature of decomposition (near to 130 °C)5® more superior than n-
BuNCl, which allows working at higher temperatures (near to the C-X
activation).

Table 3. Screening of Heck reactions in different ionic liquids

o—
@" . A]/O\/ 0.5 mol% cat. / 2 eq Et3N WO
[e] lonic liquid

Entry 2= Ionic Liquid Catalyst ;1;11:;3 Fl;eorél)lj Yield® TON ;1;811;
1 n-BusNBr 28a 20 120 98 196 588
2 n-BusNCl 28a 20 80 40 80 240
3 BMIMBr 28a 20 80 7 14 42
4 BIMIMPF; 28a 20 80 7 14 42

a Reaction conditions: 0.5 mmol iodobenzene, 0.75 mmol acrylate, 0.5 mmol% cat.,1 mmol
Et:N, 20 min, 120 °C in ionic liquids. PDetermined by GC-MS analysis using
perfluorotributylamine (PFTBA) as internal standard

The fact that the imidazolium unit has a planar structure, makes easier
its aggregation with the planar complex anions. This would decrease the
anion availability for the stabilization of the catalytically active Pd(0)
species, which may be formed in the reaction mixture either by thermal
reduction of Pd(Il) precatalyst or by an excess of the olefin itself as well as
by the triethylamine employed as base, during the catalytic process.t465
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n-BuuNBr was described as an excellent reaction medium for the
stabilization of catalytically active palladium and copper species for
carbon-carbon coupling reactions via electrostatic interactions.®6:67

Suzuki Reaction - Homogeneous catalysis

The Suzuki reaction was tried by using iodobenzene and phenylboronic
acid for complexes 25a to 29a (5 mol% of cat. or 10 mol% Pd) in DMF as
solvent. The base providing better results isEtsN at 80 °C and in the open
air (Table 4).

A correspondence between the intramolecular separaction of the Pd(II)
ions and their catalytic activity can be seen through an inspection of the
data listed in Table 4. Low yields are achieved for complexes 25 (Table 4,
entry 1), 26 (Table 4, entry 2) and 27 (Table 4, entry 3) where the values of
Pd --Pd distance are shorter than those for complexes 28 (Table 4, entry 4)
and 29 (Table 4, entry 5). This could mean that each palladium(Il) may
work without any cooperation. However, this relationship is not observed
in the Heck reaction with DMF as solvent.

Table 4. Catalytic Suzuki reactions of iodobenzene with phenylboronic acid

5 mol% cat. / 2 eq Et3N
O+ w0
DMF, 80 °C

Entrya Catalyst ;l;:::; "l;eorél)p Yield®> TON F{l?l];
1 25a 145 80 47 9 4
2 26a 145 80 51 10 4
3 27a 145 80 50 10 4
4 28a 145 80 86 17 7
5 29a 145 80 74 15 6

a Reaction conditions: 1 mmol iodobenzene, 0.75 mmol phenylboronic acid, 5
mmol% cat., 2 mmol EtN, 4h at 80 °C in DMF. "Determined by GC-MS
analysis using PFTBA as internal standard.
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Suzuki Reaction - Ionic liquid medium

High vyields were obtained for the Suzuki reaction between
iodobenzene and phenylboronic acid using between 5 mol% cat. (10 mol%
Pd), in the open air (see Table 5). But in contraposition to Heck reaction,
greater amounts of catalyst were required in order to obtain ca. 99% yields
with 5 mol% cat. As occurs in the Heck reaction, the catalytic activity in the
Suzuki reaction is improved when working in molten n-BusNBr.6368-75

Table 5. Scope of Suzuki reaction of iodobenzene derivates with phenylboronic acid

5 mol% cat. / 2 eq Et3N
n-BuyNBr, 120 °C

Entry = Catalyst ;11"111111;3 Fl;eolél)r) Yield® TON ;1;1(31];
1 25a 120 120 99 20 10
2 26a 120 120 99 20 10
3 27a 120 120 99 20 10
4 28a 120 120 99 20 10
5 29a 120 120 92 19 10

a Reaction conditions: 1 mmol iodobenzene, 0.75 mmol phenylboronic acid, 5
mmol% cat., 2 mmol EtsN, 120 °C in n-BusNBr. bDetermined by GC-MS
analysis using PFTBA as internal standard.

Recovery and recycling

The stability of the catalysts 25a-29a in molten n-BusNBr driven by their
immobilization in the ionic liquid via ionic interactions suggested the
recycling procedure and indeed, the catalyst is active after at least 6 runs in
our experimental conditions [Figure 12 and Figure S1-54 (26a-29a)].
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Figure 12. Histogram of the recycling experiment for the Heck reaction of

iodoaryl and ethyl acrylate with 0.5 mmol% 25 (blue) and for the Suzuki
reaction of iodoaryl and phenylboronic with 5 mmol% 25 (red).
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V.6. Photochemical studies

Envisaging the multi-functionality as photo-chemical?¢-%¢ and photo-
switchphysical$’-8 studies in solution. Bis(oxamate) ligands with “non-
innocent” aromatic spacers such as 4,4’-stilbene (Et:Hxdpvba) and 4,4'-
azobenzene (EtH>xdpazba) were isolated and their photo-chemical activity
was investigated.

Photo-chemistry of the (#n-BuwN)sPdz(dpvba).] (26a) dinuclear
complex

The aforesaid dinuclear (n-BusN)4Pda(dpvba):] (26a) complex
containing the stilbene spacer can adopt two possible conformations in
solution, either syn (trans, trans) or anti (trans, trans) (E and F in Scheme
5). However, only the syn (trans, trans) conformation has been observed
for 26 in the solid state where as the anti (trans, trans) is the only one for
the analogous dicopper(Il) complex (Figure 13).

N
v/ N 87
Pdi ) \\_= /_ 3 ._=__// AN O O
O/C{ \O\J C{f // N Pd(2)
s

N\
9N

Figure 13. Perspective views of [Pdz(dpvba)z]* (26) (top) / [Cuz(dpvba)s]*
(botton). Single crystals of 26 were grown at low temperature and in the
darkness, whereas those of the (#n-BusN)4[Cuz(dpvba),] were grown at room
temperature and in the daylight.t

tThe structure of (n-BusN)4[Cuz(dpvba)z] complex was ceded to another PhD
Thesis of our group which is underway.
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Upon irradiation, it is expected that each conformer of 26 can
undergo an intramolecular (“pseudo-bimolecular”) [2+2]
photocycloaddition to afford the corresponding syn or anti cyclodimers (A
and B in Scheme 5) and/or geometric trans/cis photoisomerization followed
by intramolecular cyclization to afford the unstable syn (cis, cis) or anti
(cis, cis) isomers (G and H in Scheme 5) that in turn would transform into
the resulting syn or anti dihydrophenanthrene derivatives (C and D in
scheme 5)%-101, The occurrence of all these types of conformations was

investigated by us by irradiation of the products in solution using
electronic spectroscopy.
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/N
I e W S
(¢] (o]
A) syn (trans,trans) B) anti (trans,trans) n
2 -2
[¢] O
? 2 °
OVKN )‘\¢O O=|,JKN NM
o—pd’ R ¢ O>pd Pd:9
AN Pk 0~ N N, O
OﬁN N, Yo —~ & —<—> rSo
g © ONO o o o
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2 2
o] o]
o 38| | /O Ond
LN O~ % \ / NI
Pd \Pd/ /Pd\ \Pd,O
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-2 -2
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G) syn (cis,cis) 57 ; ) H) anti (cis,cis) M

Scheme 5. Possible conformations of the anionic entity [Pda(dpvba)z]* (26).
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A solution of 26a in acetonitrile [5x10-¢ M] was purged with argon
for 30 min and the electronic spectrum of the degassed solution was
measured (grey line in Figure 8). Afterwards, the sample was irradiated
with UV light (Amax = 350 nm) until no change was observed in the
electronic spectrum (blue line in Figure 14), and then it was allowed to relax
by thermal relaxation (red line in Figure 14) or by further irradiation with
visible light (Amax = 420 nm) (green line in Figure 14).

As shown in Figure 8, the irradiation at 350 nm of 26a decreases the
absorbance of the maximum at this wavelength to give a new maximum at
310 nm with a distinct shoulder at 450 nm. There is no change in the
absorbance of this "photostationary" state after thermal relaxation or
irradiation at 420 nm suggesting that the [2+2] photocycloaddition product
is formed blocking the possible relaxation to 26a.

0.5
—t=0min
1 ——t =70 min
0.44 —t =70 min
—1t =30 min
3
Q 0.3_
o
2 ]
3
Q 0.24
q: 4
0.14
0 T T T T T T T
200 250 300 350 400 450 500 550 600

2 (nm)

Figure 14. Evolution of the UV-vis spectra of 26a: grey (initial compound),
blue (excitation to 350 nm after 70 min), red (thermal relaxation after 70 min)
and green (relaxation to 420 nm after 30 min) lines.

The change of the absorbance from the initial compound by
irradiation at 350 nm and the lack of thermal relaxation are illustrated by
Figure 15 which shows the study of this phenomenon after different times.
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Figure 15. Evolution of the UV-vis spectra of 26a: grey (initial compound),
blue (after excitation to 350 nm as a function of time) and red (thermal

Absorbance

0.5
—1t=0
—t=5min
0.4 —1t =30 min
——t=60min
—t=70 min
0.3 —t =10 min
——t =60 min
TT®
0.1
0 T T T T T T T
200 250 300 350 400 450 500 550 600

2 (nm)

relaxation as a function of time).

The evolution with time of the spectra after irradiation at 350 nm is
shown in Figure 16. The presence of clear isosbestic points after 15 min of
irradiation suggests an equilibrium between only two species up to the
attainment of the photostationary state (blue lines in Figure 16).

Absorbance

Figure 16. Evolution of the UV-vis spectra of 26a: grey (initial compound) and
blue (excitation to 350 nm as a function of time). (Inset) Curves of the
normalized absorbance values at 333 and 450 nm.
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This is supported by the curves of the normalized absorbance
values at 333 and 450 nm with the irradiation time, which show a crossing
point at an ordinate value close to 0.5 (inset of Figure 16). Yet the
appearance of isosbestic points is preceded by a short induction period
during the first 10 min of irradiation. This may indicate the formation of an
intermediate in a preequilibrium process that is transformed into the final
product or, more, likely, the presence of a mixture of both syn (trans, trans)
and anti (trans, trans) isomers (E and F in scheme 5) at the initial stage. 100

Figure 17 shows the time evolution of the spectra of the irradiated
samples after thermal relaxation. Once the photostationary state is reached,
no further spectral changes were observed upon standing for 70 min at
room temperature without irradiation (solid red lines in Figure 17),
suggesting thus a very slow (if any) thermal relaxation in solution for the
two possible photocycloaddition products (A and B in Scheme 5).

0.5
1 —t=0min
1 —t=70min
0.4 ——t=1min
1 —t=2min
= 1 —t=3min
e 0.3 —tf4m!n
© 1 —t=5min
g 1 ——t =10 min
@9 il —1t =60 min
2 0:2 1 ——t=70min

0.1 ®
&

200 250 300 350 400 450 500 550 600
4 (nm)

Figure 17. Evolution of the UV-vis spectra of 26a: grey (initial compound)and
red (thermal relaxation at the quoted times).

Although the absorption maximum of complex 26a is located at 350
nm, excitation at 420 nm was also tested to check the possible wavelength
effects on the photochemical activity. The time evolution of the spectra is
qualitatively similar after 70 min of irradiation (blue line in Figure 18), but
much slower than at 350 nm.
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Besides the fact that excitation at 420 nm does not reduce the
absorbance as downward as it does at 350 nm, no thermal relaxation occur
after 50 minutes at room temperature (red line in Figure 18).

0.5
1 —t=0min
] ——t =70 min
0.4 ——t =50 min
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200 250 300 350 400 450 500 550 600
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Figure 18. Evolution of the UV-vis spectra of 26a: grey (initial compound),
blue (excitation to 420 nm after 70 min) and red (thermal relaxation after 50

min) lines.

All these tests were performed in an inert atmosphere (Ar) but the
same spectral changes are observed when the experiment is carried out in
the open air, indicating that an inert atmosphere is no required to carry out
these studies (Figure 19).

0.6
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Figure 19. Evolution of the UV-vis spectra of 26a carrying out the experiment
in the open air: grey (initial compound), blue (excitation to 350 nm after 60
min) and red (thermal relaxation after 30 min).
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Photo-chemistry of the (n-BuiN)4Pdz(dpazba).] (27a) dinuclear
complex

As for the aforementioned complex 26, the dipalladium(II) complex (n-
BusN)a[Pda(dpazba)z] could also adopt two possible conformations in
solution, either syn (trans, trans) or anti (trans, trans) (A and B in Scheme
0).

Only the syn (trans, trans) conformation has been observed for 27 in
the solid state (see structural description above).

N
X7
Y/ / \\%r@

Pd{1A)

Figure 20. Perspective view of the anionic entity of 27. Single crystals were
grown at low temperature and in darkness adopting a syn (trans, trans)
conformation (A, scheme 6).t

tThe analogous (n-BusN)4[Cuz(dpazba)z] complex was ceded to another PhD
Thesis of our group which is underway.
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Scheme 6. Possible conformation to the anionic entity [Pdx(dpazba).]* (27).
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Unlike complex 26a, only geometric trans/cis photoisomerization to
give the unstable anti (cis, cis) or syn (cis, cis) isomers (C and D in Scheme
6) is allowed for complex 27a upon irradiation, the intramolecular
(“pseudo-bimolecular”) [2+2] photocycloaddition being precluded in this
case.

A solution of 27a in acetonitrile [1x10-> M] was purged with argon
for 30 min and conveniently sealed prior to carry out the photo-
spectrochemical measurements. The electronic absorption spectrum of the
acetonitrile solution of 27a was measured both before (grey line in Figure
21) and after irradiation (blue line in Figure 21) with UV light (Amax = 350
nm. Afterwards the sample was allowed to relax thermally at room
temperature (red line in Figure 21). The reversible nature of the spectral
changes supports a reversible transformation of the syn (trans, trans)
isomer into the syn (cis, cis).12102-104
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Figure 21. Evolution of the UV-vis spectra of 27a: grey (initial compound),
blue (excitation to 350 nm after 4 min) and red (thermal relaxation after 180
min).

Figures 22 and 23 show the time evolution of the electronic spectra
of 27a upon irradiation and thermal relaxation, respectively. As shown in
Figure 22, the irradiation of 27a at 350 nm leads to an immediate decrease
of the intensity of the main peak located at 385 nm. No further spectral
changes are observed after irradiation times greater than 4 min.
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In contrast, the recovery of the original spectra by thermal
relaxation occurs rather slowly after standing at room temperature without
irradiation for up to 3 h (Figure 23).

Figure 22. Evolution of the UV-vis spectra of 27a: grey (initial compound) and
blue (excitation to 350 nm during the quoted times).

Absorbance

0.6
051
0.4-
0.3
0.2

0.1

04 T

T T T T T i
200 250 300 350 400 450 500 550 600

2 (nm)

0.6
0.5
0.4

0.3

Absorbance

0.2

0.1

0]

—t=0min
——t=4min
—t=1min
——t=5min
—1t =10 min
—1t =20 min
—1t =30 min
——1 =50 min
—1t =60 min
—1 =100 min
—1 =120 min
——1t =150 min
—1 =180 min
——t=5min

200

Figure 23. Evolution of the UV-vis spectra of 27a: grey (initial compound),
blue (excitation to 350 nm after 4 min) and red (thermal relaxation during the
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quoted times), blue dot-line (re-excitation to 350 nm after 5 min).
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These two dramatically different kinetics of light excitation/thermal
relaxations are nicely illustrated by Figure 24 (blue and red lines,
respectively). Interestingly, we have also verified that the process of light
excitation/thermal relaxation could be repeated again.

A 385 nm

— Irradiation (350 nm)
— Thermal relaxation

0.42 +—r e S e e e
0 30 60 9 120 150 180

Figure 24. Recovering the original conformation of 27a after irradiation at 350
nm (blue) and thermal relaxation (red) over the time.

On the other hand, we have also investigated the irradiation with
UV light (Amax = 350 nm) and the subsequent relaxation by irradiation with
UV light of a higher energy (Amax = 308 nm) (Figure 25). Surprisingly, the
spectrum obtained after irradiation at 308 nm exhibits a small but non-
negligible shift toward higher wavelengths of the main peak (grey and
green lines in Figure 25). Moreover, a similar bathochromic shift of the
main peak of the spectrum occurs with further excitation at 305 nm (deep
and light blue lines in Figure 25). This induces us to think that the syn (cis,
cis) isomer does not convert into the syn (trans, trans) one upon light
relaxation at 308 nm but to the anti (trans, trans) isomer which then
transforms into the anti (cis, cis) one upon further light excitation at 350
nm.

217



Chapter 4 - Dipalladium(II)-oxamate metallacyclophanes

0.6+

0.5

0.4

0.3

Absorbance

0.2

0.1

0- T T T T T T
200 250 300 350 400 450 500 550 600
2 (nm)

Figure 25. Evolution of the UV-vis spectra of 27a: grey (initial compound),
dark blue (excitation to 350 nm after 5 min), green (relaxation to 308 nm after
30 min) and light blue (re-excitation to 350 nm after 5 min.

Figure 26 shows the complex time evolution of the electronic
spectra of 27a upon two cycles of light excitation/light relaxation at 350
and 308 nm, respectively.
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Figure 26. Evolution of the UV-vis spectra of 27a: grey (initial compound),
blue (excitation to 350 nm after 5 min), green (relaxation to 308 nm during the
quoted times), blue dot-line (re-excitation to 350 nm after 5 min).
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V.7.  Cytotoxicity studies

A very preliminary cytotoxic activity against human carcinogenic cells
is provided in this last part of the Chapter which illustrate a new function of
the oxamate-containing Pd(I) complexes.

The complexes selected to check the effect in the growth of a chronic
myelogenous leukemia cell line are the proligands and the mono- and
dinuclear oxamate-containing Pd(II) complexes listed hereunder:

EtH-2-Mepma

EtH-2,6-Me;pma Proligand
Et:H>-dpazba

(n-BusN)2[Pd(2-Mepma):] (9),
(n-BusN)2[Pd(3,4-Mezpma)>] (17)

{[Na(H:0) o[Pd(2,6-Mespma)al}, (1)
{[Ks(H20)5][Pd(2,6-Mezpma)2]2}x (2)  Mononuclear
{[Rbs(H>0)3][Pd(2,6-Mezpma)s]2}s (3)

n-BusN)2[Pd(2,6-Mezpma)a] (16)

AsPhy)>[Pd(2,6-Mezpma):] (30)
n-BusN)4[Pda(ppba)2] (25)
n-BusN)4[Pdz(dpazba)] (27)

[

[

)a[Pdaf .
Dinuclear
n-BusN)4[Pda(dpeba)a] (28)
)a[Pda

(
(
(
(
(
(n-BusaN)4[Pda(tpeba)] (29)

These studies are performed in collaboration with a Brazilian Team
headed by Prof. Dr. Elene Pereira-Maia. The first experiments concerning
the solvent and the source of palladium(Il) {K;[PdCls]} showed that they do
not exhibit any cytotoxic effect at the level of concentration used. Then, the
inhibition of cell growth determined is due to the complexes under
investigation.
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The concentrations of compounds necessary to inhibit 50% of cell
growth, 1Cs, determined after three days of incubation, are grouped in
Table 6. For the sake of comparison, the values obtained with cisplatin,
AsPhyCl and As(OH)s are also shown. As;Os, which is active against acute
promyelocytic leukemia,!05-107 exists mainly as As(OH); in aqueous
solution.

While all free pro-ligands tested did not affect cellular growth up to
100 pmol L, all palladium(Il) complexes were able to inhibit tumoral cell
growth in a concentration dependent manner. These results are very
important as they evidence that Pd(II) coordination significantly improves
the cytotoxic activity, which decreases in the order 30 > 16 > 25 > 29 > 17 >
9>28>27~3~1~ 2. In order to look for a structure/activity relationship,
the influence of the counter ion was also investigated. A comparison of the
activity of compounds 1-3, in which the counter ions alkaline cations,
indicates that the nature of the counter ion does not interfere with the
cytotoxic action, e.g., the active species is the [Pd(2,6Me>pma),]> anion.
Interestingly, when the counter ion is the n-BusN*, the activity is improved.
Complexes 16, 17, and 9 having this cation are more effective. To test this
hypothesis, we have determined the ICs value of n-BusNOH and it is 63
pmol L1, whereas NaCl, KCl and RbCl are not cytotoxic at the
concentrations used in the assays. The most important result is the high
activity of compound 30, with an ICsy of 300 nM, approximately 170 times
as active as complexes 1-3, which also have the [Pd(2,6Me>pma):]> anion.
Given that AsPhsCl and PPhyCl are both are active at the same range, it
seems that the effect is not due to arsenic itself, but to an interaction of
AsPhy* or PPhyt with cellular targets, such as DNA intercalation.

The comparison between mono- and dinuclear complexes is not easy
because the quaternary amine cation has also cytotoxicity activity.108-113 The
fact that the dipalladium(Il) are significantly active is meaningful as their
mechanism of action can be different from that of the mononuclear ones.
Otherwise, a deeper inspection of these results show somehow the
importance of the intramolecular Pd(II) -- Pd(Il) distance in the cytotoxic
activity, order being 25 ~ 29 > 27 ~ 28. Anyway, a further study of these
dinuclear species with alkaline countercations would be required to get a
clearer picture of their cytotoxicity.
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Table 9 ICs™ of the selected proligands (green), mono- (blue) and dinuclear
(orange) palladium(Il) complexes, reagent precursors (entries 15-19) and

cisplatin (entry 20).

Entry Compounds ICs0 (pM £ s.d.)
1 EtH-2-Mepma >100 %0.0
2 EtH-2,6-Mezpma >100 £0.0
3 Et:H>-dpazba >100 0.0
4 9 30.00 3.0
5 17 28.08 +3.0
6 5334 +41
7 64.28 +6.5
8 5277 +4.5
9 16 1590 +21

10 30 030 +0.02
11 27 4270 %39
12 25 2140 20
13 28 408 £3.5
14 29 275 £3.0
15 n-BusNOH 63.00 +5.0
16 n-BusNCl a +

17 AsPhyCl 032 +0.02
18 PPh,Cl 018 +0.02
19 As(OH)s 3.01 +03
20 Cisplatin 110 0.2

ICsp is the concentration required to inhibit 50% of cellular growth. The
values are the mean of triplicate determinations. 2Assays in current

preparation
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V.8. Conclusions

In conclusion, novel multifunctional oxamate-containing
dipalladium(II) complexes were synthesized, consisting in dinucleating
ligands with more or less rigid noninnocent separation between the metal
ions. As for their analogous mononuclear species they exhibit several
functionalities:

(i) they are environmentally friendly chemicals (in contrasts to
phosphines),

(ii) their easy and cheap preparation (in contrast to carbenes) makes
them perfects as proligands and complexes,

(iii) they are highly robust (even working without an inert atmosphere)
in carbon-carbon cross-coupling reactions or in photo-chemical and photo-
switchphysical activities,

(iv) and they are also greatly stable in water where can remain for
months without any dissociation or formation of inactive palladium black.

In general, better results are obtained for the carbon-carbon cross-
coupling reactions by using oxamate-containing palladium(II) complexes
with n-BusN* counter ion as catalysts in the Heck reaction compared to the
Suzuki ones.

Explicitly, Heck carbon-carbon cross-coupling reactions using aryl
iodides and n-BusNBr as ionic liquid medium allow working with 0.5 mol%
of cat. [1 mol% of Pd(Il)] in good yields (ca. 99%) and TON of ca. 198
besides let to accomplish reaction times of 10 min (TOF ca. 1188 h-1).

To address upcoming environmental concerns, n-BusNBr serves as an
alternative, greener medium to perform the Heck and Suzuki reactions. The
strategy developed in this PhD Thesis in the carbon-carbon cross-coupling
reactions by using oxamate-containing palladium(II) complex demonstrates
that these complexes are active catalysts and they work very well with aryl
halides that considering energy costs, the reactions occurring at short times
and under mild temperatures.
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Focusing on  photochemical activity, the complexes (n-
BwN)4[Pda(dpvba)z] (26) and (n-BusN)4[Pdz(dpazba).] (27) seem excellent
candidates to continue with additional NMR, powder and X-ray diffaction
studies in order to characterize the possible theoretical conformations of
these kind of complexes and explain better the results of the solution
studies.

A preliminary cytotoxicity study has been undertaken in order to
establish the relevance of the oxamate-containing palladium(II) complexes
in bio- and medical chemistry. Further studies may be required in order to
understand better the value of these type of complexes. Due to the fact that
the oxamate-containing palladium(I) complexes are very stable in solution
as illustrate the parent copper(Il) complexes!4115 no dissociation would be
involved in the solution experiments. However, it deserves to point out
that the election of quaternary amines, AsPhs* and PPhs* counteractions
could mask the palladium cytotoxicity.105-107116-118
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Conclusions and new horizons

Oxamate-containing palladium(II) complexes

The work presented in this manuscript is an attempt to summarise the
efforts that involve to create a new palladium(Il)-based oxamato chemistry.

Twenty-nine novel examples of mono- and dinuclear palladium(II)
complexes have been prepared in this PhD Thesis by rational design. This
series of compounds allowed us:

(i) to illustrate the advantage of the building blocks for the bottom up
approach in metallosupramolecular chemistry;

(ii) to provide noteworthy catalysts for carbon-carbon cross-coupling
reactions with remarkable catalytic properties,

(iii) to produce complexes for molecular recognition to trap the elusive
[Pd(H20)4]** species;

(iv) to get suitable candidates to study photochemical activities

(v) and to have new water soluble anionic complexes with cytotoxicity
activity.

Our research group has been focused on oxamato-containing copper(II)
complexes as builing blocks in molecular magnetism since more than
tifteen years. The trans- conformation of the bis(oxamato)cuprate(Il) is the
only one observed in all the determinate structures. However, the use of
Pd(Il) instead of Cu(Il) has allowed us to demonstrate that a new
possibility of different conformation can be achieved opening thus a new
possibility of different MOFs structures based on the use of sterochemically
directed oxamato-containing palladium(Il) mononuclear complexes as
builing blocks.

2- T2-
Ar Ar Ar

| | |
OI N \Pd /OIO OI N \Pd / N o
o} O/ \N (e} (o} 0/ \0 o
|

Scheme 1. Trans- (left) and cis-isomers (right) of bis(oxamato)palladate(II) complexes.
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A wonderful family of coordination polymers developed by Pardo and
co-workers has been built based on the use of mononuclear oxamato-
containing copper(Il) complexes with the trans conformation. The
knowledge of the cis- one opens new possibilities in designing this type of
materials.

Concerning the bis(oxamato)palladate(Il) complexes with n-BusN* as
counter cations (Figure 1) the present study shows that they are to be
suitable catalysts for Heck carbon-carbon cross-coupling reactions by using
aryl halides as reagents and an alternative solvent (ionic liquid) such as n-
BusNBr.

The relevance of this family of oxamate complexes is that we have
demonstrated that they are catalytically active, even using more expensive
reagents (comparing aryl halides to aryl bromides and chlorides); the
energy cost is significantly reduced because our reactions require at very
short reaction times.

ot

A3 012)

0(2A)  onA)
N

Figure 1. Perspective view of an example of anionic bis(N-substituted
oxamato)palladate(II) complex.
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Our efforts have been focused on alternative solvents such as ionic
liquids, but this kind of complexes, which are extremely soluble in water,
could be excellent candidates for homogeneus catalysis in such media.
Besides, further studies will be needed to determine the stability constant
of the palladium(Il)-oxamate and try to shed some light on the possibility
of an intermediate Pd(IV) step in Heck or Suzuki cross-coupling reactions.

In addition, the chemistry of palladium(Il) catalysts is very rich and a
other catalytic reactions could be tested with them.

It deserves to point out that trapping the [Pd(H20)4]?* counter-ion has been
a hot topic over the years and it had been studied only by spectroscopy
techniques. With the help of the oxamate-containing palladium(II)
complexes, the tetraaquapalladium(Il) cation has been characterized by
single crystal X-ray diffraction for the first time in this PhD Thesis.

[Pd(H20)4]?* is present as counter-ion in the[Pd(2,6-Me;pma)?]*
complexes when the solvents of the reaction of complex formation were
changed (see Scheme 2).

7* 7
W
Q\C\'\%G %O
HyC CH, ’% i HiC CH,
o.__N  0O0__0 (808 0 oL _N o.__o
o, XY wn, THY
n-BugN* +
2 o7 o Ko[PdCly] 2 070" W0
HaC CHs HiC CHy

(1,1, 2,3and 4)
M= Na*, K*, Rb* and Cs*

H,0/CH4CN
MOH

2-

-

CH,

HaC
0. __N 0.0
2+ N/
Pd_
070" W0
HaC

CHjy

[ PA(H,0);

(21)

Scheme 2. Simplified preparative route of the complexes with 2,6-Me;pma as
ligand.
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The low solubility of the complex [Pd(H20)4][Pd(2,6-Mezpma)z] accounts
for its crystallization within a couple of days under ambient conditions.
From the point of view of Suzuki carbon-carbon cross-coupling reactions,
both palladium(Il) units are catalytic active. However, [Pd(H20)4]?* turns
into the inactive palladium black after the reaction is finished.

[Pd(H20)4]?* was also present in the structure of the complexes of
formula [Pd(H20)4][Pd(4-Xpma).] - 2CH3CONH: (X = Cl or Br) being an
intermediate species of the nitrile hydration reaction. In our case, the
hydration process is stopped at in the amide as product instead of an over-
hydrolysis leading to the corresponding carboxylate product (Scheme 3).
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Ry i Ry
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+
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Pd(H0! I Pd I - 2 CH3CONH,
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O
3
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,/0
H,C-C=N H,C-C7

23 (X=Cl)and 24 (X =B
[Pd(H;0).]"2 / OH  [Pd(H,0),]*? / OH [23¢ ) an ¢ 2

Scheme 3. Simplified reaction pathway with R = R = R = CHj for 19 and 22
and R=R=Hand R =Cl, Br for 23 and 24.

Once again, the low solubility of the complex accounts for the
crystallization in a couple of days. This phenomenon prevents that the
excess of oxamate dianion could fully give the bis(oxamato)palladate(II)
entity as occurs with (n-BusN)2[Pd(2,6-Me;pma).] - 2CH3;CONH. which
crystallizes in a couple of weeks.
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On the one hand, we have demonstrated the presence of [Pd(H>0)4]**
cation carrying out the acetonitrile hydration. The next step will be to
perform these reactions within catalytic proportions and with a large
number of nitrile reagents. Besides, may be necessary to check if this kind
of reaction may be carried out without the presence of oxamate dianions or
on the contrary, a catalytic presence of [PdCls]>/OH- may be enough to
achieve the nitrile hydration to amide without an over hydrolysis to the
corresponding carboxylic acid. On the other hand, new theoretical models
could be proposed based on the information provided by structural
knowledge of the [Pd(H20)4]?* cation.

In relation to the dipalladium(II) oxamate metallacyclophanes (Scheme
4), novel complexes based on dinucleating ligands with two oxamate donor
groups separated by more or less rigid noninnocent spacers that self-
assemble with palladium(II) ions to form double-stranded dipalladium(II)
metallacyclic complexes of the cyclophane type were prepared and
characterized. The intramolecuar Pd--Pd separation can be trowed
depending on the length and topology of the spacer.

R

IN T

j: X /

Scheme 4. Dinuclear palladium(II) metallacyclophane complexes of general
formula [Pd,Lo]%.
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Interestingly, these complexes have also proved to be good catalysts for
Heck carbon-carbon cross-coupling reactions using aryl halides as reagents
and an alternative solvent (ionic liquid) such as n-BusNBr. Besides,
preliminary studies have shown that this type of complexes are photoactive
and being diamagnetic systems, they could complete the analogous studies
for copper(ll) complexes that are subject of current work in our research
group by using the same ligands.

From discrete structures to metal-organic frameworks

Pardo and coworkers have achieved new structures of 3D oxamate-
containing MOFs by using a single crystal-to-single crystal transmetallation
approach. Similar results have been obtained by us using the same
technique were the Pd(II) ion is incorporated into the MOF (Figure 2).

If the oxamate-copper(ll) unit is transformed into the corresponding
palladium(II) unit means that the stability constant of the Pd(II)-oxamate is
greater than that with Cu(Il). So, a careful control of the transmetallation
time would allow to replace all the copper(II) ion by the palladium(II) ones.

These robust palladium(II)-MOFs based on oxamate ligands can be
viewed as suitable hosts to carry out a large number of heterogeneous
catalytic reactions such as the formation of carbon-carbon, carbon-oxygen,
carbon-nitrogen, carbon-sulfur bonds as well as hydrogenation,
hydrogenolysis, carbonylation and cycloisomerization reactions

In addition, the copper(Il) ion is not fully transmetallated from the
metal-organic framework precursor, a phenomenon that could allow us to
envisage other reactions such as the Wacker process (Scheme 4).

0
[Pd/Cu]
H,C=CH, + 120, ————> )I\H

Scheme 4. Wacker process originally described as oxidation
of ethylene to acetaldehyde by dioxygen in water.
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Conclusions and new horizons

Figure 2. Perspective view of preliminary results of anionic 3D a)
CuMn,NaxPdy and b) CoxCuxPdx networks achieved by single crystal to
single crystal transmetallation . Polyhedral colors: yellow (Pd), blue (Cu), pink
(Mn) and purple (Co). Sphere colors: green (Na) and. Yellow (Pd).
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Appendix A - Structural versatility of bis(oxamato)palladate(Il) complexes

Al. Materials and characterization.

2,6-Dimethylaniline, 4-Xaniline (X = fluoro, chloro and bromo),
Ko[PdCly], MOH (M = Na, K, Cs and Rb), n-BusNOH, ethyl chlorooxalate
and all the solvents for the syntheses were purchased from commercial
sources and used without further purification.

FT-IR spectra (KBr pellets) were performed with a Nicolet 5700 FT-IR
instrument (4000 - 450 cm). NMR spectra (*H, 13C) were recorded on an
Avance DRX 300 Bruker instrument at room temperature. All 'H and 3C
NMR spectra were measured relative to the signal for residual chloroform
(7.26 ppm) in CDCl; or deuterochloroform (77.23 ppm), respectively. The
elemental analysis (C, H and N) was carried out on a EuroEA3000 analyzer
by the Servei Central d'Instrumentacié Cientifica at the University of Jaume
I. A value of 2:1 for the M:Pd molar ratio was determined through electron
probe X-ray microanalysis by using a Philips XL-30 scanning electron
microscope (SEM) from the Central Service for Support to Experimental
Research (SCSIE) at the University of Valencia. All GC analyses were
performed on an Agilent 6890N gas chromatograph equipped with
capillary columns pertaining to the SCSIE.

A2. Synthesis of the proligands.

The ethyl ester derivative of the proligands (EtH-2,6-Me;pma, EtH-4-F-
pma, EtH-4-Cl-pma and EtH-4-Br-pma) were prepared by following a
previously reported procedure.! The corresponding aniline derivative (83
mmol) was dissolved in THF (250 mL) under nitrogen in a two round flask
equipped a condenser and the resulting solution was treated with ethyl
chlorooxoacetate (9.3 mL, 83 mmol) in presence of triethylamine (12 mL, 83
mmol) at room temperature under continuous stirring for 30 min.

The resulting solution was filtered and the solvent was removed under
vacuum to afford oily crude, which quickly becomes solid. The obtained
white solid was suspended in water and filtered off, then washed with a
small amount of diethyl ether and dried under vacuum.
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A3. Characterization of the proligands.

EtH-2,6-Me;pma. Yield: 96%. IR(KBr/cm-1): 3244 (N-H), 3027, 2977,
2923 (C-H), 1727, 1677 (C=0). 'H NMR (CDCls) § (ppm): 1.42-1.45 (t, 3H,
CHs), 2.25 (s, 6H, CH3), 4.42-4.46 (q, 2H, CHb), 7.11-7.13 (m, 3H, Hary), 8.46
(s, 1H, NH);13C NMR (CDCls) § (ppm): 14.4, 18.8, 64.0, 128.3, 128.6, 132.5,
135.4, 155., 161.3. Anal. Calcd. for CioH1sNOs: C 64.85, H 7.26, N 6.30.
Found: C 65.31, H 7.23, N 6.40%.

EtH-4-F-pma. Yield: 85%. IR (KBr/cm-): 3322 (N-H), 3116, 2987, 2944,
2905 (C-H), 1732, 1687 (C=0). tH NMR (CDCls) § (ppm): 1.41-1.46 (t, 3H,
CH), 4.39 - 4.46 (q, 2H, CHb), 7.05 - 7.11 (m, 2H, Hary), 7.60 - 7.64 (m, 2H,
H.ry), 886 (s, 1H, NH); 3C NMR (CDCls) § (ppm): 14.41, 64.26, 116.28,
116.58, 121.90, 122.01, 161.35, 192.25. Anal. Caled. for CoHioFNOs: C 56.87,
H 4.77,N 6.63. Found: C 57.19, H 5.58, N 6.46%.

EtH-4-Cl-pma. Yield: 90%. IR (KBr/cm): 3334 (N-H), 3122, 2984, 2908,
(C-H), 1729, 1698 (C=0). 1H NMR (CDCly) & (ppm): 1.29 - 1.34 (t, 3H, CHa),
427 - 435 (q, 2H, CH.), 7.41 - 7.44 (d, 2H, Hury), 7.77 - 7.80 (d, 2H, Hary),
10.93 (s, 1H, NH); C NMR (CDCl;) § (ppm): 14.20, 62.85, 122.4, 128.1,
129.1, 136.8, 155.9, 160.8. Anal. Calcd. for CioH10CINO3: C 52.76, H 4.43, N
6.15. Found: C 51.26, H 5.45, N 5.62%.

EtH-4-Br-pma. Yield: 95%. IR (KBr/cm1): 3334 (N-H), 3129, 2981, 2905,
(C-H), 1729, 1705 (C=0). TH NMR (CDCl) § (ppm): 1.29 - 1.34 (t, 3H, CHs),
427 -4.34 (q, 2H, CH), 7.54 - 7.57 (m, 2H, Hary), 7.71 - 7.74 (m, 2H, Hary),
10.92 (s, 1H, NH); 3C NMR (CDCls) é (ppm): 14.2, 62.85, 116.99, 122.75,
131.99, 137.26, 155.89, 160.77. Anal. Calcd. for C10H10BrNOs: C 44.14, H 3.70,
N 5.15. Found: C 47.74, H 4.99, N 5.42%.
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A4. X-ray data collection and structure determination.

(Chapter I, Part I). Single crystal X-ray diffraction data for 1/1” and 2-4
were collected either at 100 (1, 1" and 2) or 296 K (3 and 4) on a Bruker-
Nonius X8-APEXII CCD area detector system using graphite-
monochromated Mo-Ka radiation (A = 0.71073 A), and processed through
the SAINT? reduction and SADABS? absorption software.

The structures were solved by direct methods and subsequently
completed by Fourier recycling using the SHELXTL* software packages,
then refined by the full-matrix least-squares refinements based on F2 with
all observed reflections, using established methods.5> All non-hydrogen
atoms but the oxygen belonging to the water molecule O(1w) in both 2 and
4 were refined anisotropically. The latter were found disordered over two
positions [O(1w) and O(1wA)] and refined freely within SHELXL while
constraining the sum of the occupancies to unity; the relative occupancies
of the two alternative positions reached values of 0.76:0.24 (2) and 0.57:0.43
(4) at convergence. The hydrogen atoms on the 2,6-dimethylphenyl
substituent on the oxamate ligand were included at geometrically
calculated positions and refined using a riding model. The hydrogen atoms
on the water molecules in 1 and 2 were located on the AF map and refined
with restraints, with thermal factors fixed to 1.5 times the U value of O(1w).
The hydrogen atoms on the water molecules in 1, 3 and 4 were not placed.
Similarity restraints on 1-2 and 1-3 distances* were applied in 2 and 3 to
the alkaline cations-crystallization water molecules array to help to
stabilize the refinement. The residual maxima and minima in the final
Fourier-difference maps noted in 3 as 3.227 and -3.259 e A< were near the
Pd(2) and Rb(4) atoms, respectively; the residual maxima and minima in 4,
noted as 3.025 and -4.547 e A3, were close to the Cs(3) and Cs(1) atoms,
respectively. Crystal data and refinements conditions for 1, 1’, 2, 3 and 4 are
summarized in Table 1 whereas selected bond lengths and angles are listed
in Tables 2 (1), 3 (1’), 4 (2), 5 (3) and 6 (4) (see Chapter 1). CCDC numbers
are 992677 (1), 992678 (2), 992679 (3) 992680 (4) and 1002975 (1’).
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A5. Procedure for the Suzuki cross-coupling reaction.

A test-tube with screw cap and valve was charged with a magnetic stir
bar, the pre-catalyst (complexes 1 and 2-4, 1 mol% Pd with respect to the
reaction substrate), the aryl halide (0.50 mmol), EtsN (1.00 mmol), the aryl
boronic acid (0.75 mmol) and DMF (4 mL). The mixture was heated under
continuous stirring during 5 min for the aryl iodides and 20 min for the
aryl bromides at 150 °C at the open air. The reaction was monitored using
thin liquid chromatography on silica gel. The reaction mixture was cooled,
diluted with water (3 mL) and extracted three times (3 x 5 mL) with n-
pentane. The extracts were combined and dried over magnesium sulphate.
The products were examined by GC-MS using perfluorotributylamine
(PFTBA) as internal standard.
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A6. General FT-IR and 'H NMR spectra of the proligands.

For the sake of brevity, a unique illustration of a proligand is given, in
order to show the characteristic FT-IR and 'H NMR peaks for this family of
oxamate proligands.
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Figure S2. '"H NMR spectrum for EtH-2,6-Me;pma proligand
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A7. FT-IR spectra of the complexes 1-4 (Part I).

FT-IR spectra of the bis(oxamato)palladate complexes (1-4) of general
formula [M(H2O)a]2[(Pd(2,6-Mezpma)z] (where M = alkaline element) are
given in order to show the most characteristic infrared peaks of these
complexes.
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{[Rba(H:0)s]cis-[Pd(2,6-Mespma)s]a} (3)
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A8. General FT-IR spectra of the complexes 5-7 (Part II).

For the sake of brevity a unique illustration of bis(oxamato)palladate(II)
complexes with halogen derivative proligands of general formula (n-
BuN);[Pd(4-Xpma)2] (where 4-Xpma = halogen derivative proligand) is
given hereunder in order to show the most typical FT-IR peaks of these
type of complexes.
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A9. Powder diffraction (PXRD) of the complexes 1, 1" and 2-4.

The figures hereunder show the experimental powder diffraction
measurements (the inset corresponds to the simulated patterns).
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{[K4(H20)3]cis-[Pd(2,6-Mezpma)z]2}» (2)
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Appendix B - Study of the influence of the substituents and solvents on the
catalytic properties of bis(oxamato)palladate(Il) complexes

B1. Materials and characterization.

Aniline derivates, K>[PdCly], n-BusNOH, ethyl chlorooxalate and all the
solvents for the syntheses were purchased from commercial sources and
used without further purification. The general characterization is given in
Appendix A, section Al.

B2. Synthesis of the proligands.

The synthesis of the proligands is described in Appendix A, section A2.
Following the color code for the aniline derivatives which was given in
Chapter 2 (Schemes 1 and 2), a concise synthetic pathway is shown in
Scheme S1.

7 Z
V Y 1) Ethyl chlorooxoacetate / THF V. Y
2) EN/ THF
w X r.t., 30 min w X
NH, OINH
0”0 ™

Scheme S1. Synthetic route for the proligands.
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B3. Characterization of the proligands.

The characterization of EtH-2,6-Me;pma, EtH-4-F-pma, EtH-4-Cl-pma
and EtH-4-Br-pma is provided in Appendix A, section A3.

EtHpma. Yield: 80%. IR(KBr/cm-1): 3352 (N-H), 3062, 2983, 2907 (C-H),
1727,1706 (C=0). TH NMR (DMSO-de) & (ppm): 1.42-1.46 (t, 3H, CH), 4.40-
448 (q, 2H, CHy), 7.19-7.26 (t, H, Hary), 7.30-7.38 (t, 2H, Haryl), 7.64-7.75 (d,
2H, Hary), 8.96 (s, 1H, NH); 3C NMR (CDCly) § (ppm): 14.4, 64.1, 120.2,
125.9, 129.6, 136.8, 154.3, 161.4. Anal. Calcd. for CoHNOs: C 61.85, H 6.23,
N 7.21. Found C 62.39, H 6.43, N 7.27%.

EtH-2-Mepma. Yield: 95%. IR(KBr/cm-1): 3216 (N-H), 3033, 2983, 2920
(C-H), 1735, 1699 (C=0). 'H NMR (CDCls) 6 (ppm): 1.35-1.42 (t, 3H, CHs),
2.31 (s, 6H, CHs), 4.39-4.48 (q, 2H, CH>), 7.11-7.19 (m, 1H, Hary), 7.21-7.30
(m, 2H, Hary), 7.9-8.0 (d, 1H, Hawy1), 8.83 (s, 1H, NH); 13C NMR (CDCls) &
(ppm): 14.4, 17.7, 64.1, 122.3, 127.3, 128.8, 130.8, 134.8, 154.3, 161.6. Anal.
Calcd. for C11HuNOs: C 63.45, H 6.78, N 6.73. Found: C 62.98, H 7.02, N
6.78%.

EtH-4-Mepma. Yield: 95%. IR(KBr/cm-1): 3338 (N-H), 3120, 2978, 2908
(C-H), 1732, 1705 (C=0). TH NMR (DMSO-d) & (ppm): 1.28-1.33 (t, 3H,
CHb), 2.27 (s, 3H, CHa), 4.28-4.31 (q, 2H, CH.), 7.14-7.14 (d, 2H, Hary), 7.61-
7.64 (d, 2H, Hary), 10.68 (s, 1H, NH); 13C NMR (DMSO-ds) 6 (ppm): 14.2,
20.9, 62.7,120.7, 129.5, 134.2, 135.3, 155.7, 161.1. Anal. Calcd. for C1H1:NOs:
C 63.45, H 6.78, N 6.73. Found: C 63.36, H 6.94, N 6.77%.

EtH-4-OMepma. Yield: 94%. IR(KBr/cm-1): 3352 (N-H), 3117, 2977,
2901, 2848 (C-H), 1724, 1697 (C=0). 1H NMR (CDCls) & (ppm): 1.40 - 1.45
(t, 3H, CH,), 3.81 (s, 3H, OCHs), 4.37 - 4.45 (q, 2H, CH,), 6.89 - 6.92 (m, 2H,
Hary), 7.54 - 7.59 (m, 2H, Haryl), 8.82 (s, 1H, NH); 3C NMR (CDCL) & (ppm):
14.40, 55.88, 64.03, 114.75, 121.78, 129.94, 154.05, 157.57, 161.58. Anal. Calcd.
for CnHisNOy: C 59.19, H 5.87, N 6.27. Found: C 59.83, H 6.81, N 6.13%.
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EtH-4-i-Prpma. Yield: 82%. IR(KBr/cm-1): 3303 (N-H), 3050, 2960, 2870
(C-H), 1739, 1691 (C=0). 'H NMR (CDCL) § (ppm): 1.23 - 1.25 (d, 6H,
CH), 1.41 - 1.45 (t, 3H, CHs), 2.86 - 2.95 (m, 1H, CH), 4.38 - 4.45 (q, 2H,
CH,), 7.22 - 7.26 (m, 2H, Hary), 7.53 - 7.58 (m, 2H, Hary), 8.83 (s, 1H, NH);
13C NMR (CDCls) & (ppm): 14.41, 24.34, 34.08, 64.08, 120.28, 127.54, 134.44,
146.74, 154.15, 161.54. Anal. Caled. for C13Hi;NOs: C 66.36, H 7.28, N 5.95.
Found: C 66.43, H 7.73, N 5.87%.

EtH-2,3-Me;pma. Yield: 92%. IR(KBr/cm-1): (N-H), 3040, 2985, 2920 (C-
H), 1736, 1681 (C=0). 'H NMR (CDCl;) § (ppm): 1.42-1.47 (t, 3H, CH3), 2.31
(s, 6H, CHs), 4.42-4.45 (q, 2H, CH>), 7.04-7.07 (m, 2H, Hary), 7.85-7.88 (d, 1H,
Hary1), 8.78 (s, 1TH, NH); 3C NMR (CDCl) 6 (ppm): 14.4, 17.8, 21.3, 64.1,
1222, 1279, 1289, 131.7, 1322, 136.1, 154.3, 161.6. Anal. Calcd. for
C12H16NOs: C 64.85, H'7.26, N 6.30. Found: C 65.28, H 7.12,N 6.32%.

EtH-2,4-Me;pma. Yield: 92%. IR(KBr/cm): 3220 (N-H), 3024, 2982,
2922 (C-H), 1735, 1685 (C=0). TH NMR (CDCl;) § (ppm): 1.41-1.50 (t, 3H,
CHs), 2.19-2.35 (d, 6H, CHs), 4.35-4.48 (q, 2H, CHb), 6.98-7.11 (t, 2H, Hary1),
7.90-7.81 (d, 1H, Hary), 8.79 (s, 1H, NH); 3C NMR (CDCls) § (ppm): 14.4,
17.8, 21.3, 64.0, 122.2, 127.9, 128.9, 131.7, 132.2, 136.1, 154.3, 161.6. Anal.
Calcd. for Ci2HieNOs: C 64.85, H 7.26, N 6.30. Found: C 64.95, H 7.19, N
6.37%.

EtH-2,5-Me;pma. Yield: 91%. IR(KBr/cm): 3391 (N-H), 3023, 2992,
2914 (C-H), 1738, 1680 (C=0). 'H NMR (CDCl) § (ppm): 1.37-1.43 (t, 3H,
CHs), 2.28 (s, 3H, CHs), 2.32 (s, 3H, CHa), 4.32-4.47 (q, 2H, CH>), 6.89-6.95
(d, 1H, Hary), 7.02-7.11 (d, 1H, Hary), 7.82 (s, 1H, Hary), 8.82 (s, 1H, NH); 13C
NMR (CDCls) 6 (ppm): 14.4,17.4, 21.5, 64.0, 122.7, 125.8, 127.0, 130.8, 134.5,
137.1, 154.3, 161.6. Anal. Calcd. for Ci2HieNOs: C 64.85, H 7.26, N 6.30.
Found: C 64.81, H 7.29, N 6.32%.

EtH-3,4-Me;pma. Yield: 90%. IR(KBr/cm1): 3342 (N-H), 2985, 2940,
2901 (C-H), 1714, 1697 (C=0). 'TH NMR (CDCls) § (ppm): 1.44-1.45 (t, 3H,
CHz), 2.20-2.30 (d, 6H, CHs), 4.43-4.45 (q, 2H, CH>), 7.11-7.12 (d, 1H, Hary),
7.4-7.5 (d, 2H, Hary), 8.80 (s, 1H, NH); 3C NMR (CDCl;) § (ppm):14.4, 19.7,
20.3,64.0,117.7,121.4,130.5, 134.3, 134.4, 137.9, 154.1, 161.5. Anal. Calcd. for
C12H16NOs: C 64.85, H 7.26, N 6.30. Found: C 64.90, H 7.20, N 6.38%.
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EtH-3,5-Me;pma. Yield: 91%. IR(KBr/cm-): 3349 (N-H), 3100, 2998,
2920 (C-H),1702, 1698 (C=0). 'H NMR (CDCls) § (ppm): 1.40-1.48 (t, 3H,
CH), 2.30 (s, 6H, CHs), 4.40-4.48 (g, 2H, CHa), 6.8 (s, 1H, Hary), 7.2-7.3 (d,
2H, Hary), 8.85 (s, 1H, NH); 13C NMR (CDCls) 6 (ppm): 14.4, 21.7, 64.1, 118,
127.7, 127.7, 136.6, 139.4, 154.2, 161.5. Anal. Calcd. for C1,HieNOs: C 64.85,
H 7.26, N 6.30. Found: C 64.98, H 7.22, N 6.29%.

EtH-2,4,6-Mespma. Yield: 96%. IR(KBr/cm-1): 3257 (N-H), 3019, 2977,
2919 (C-H), 1727, 1679 (C=0). 'H NMR (CDCls) § (ppm): 1.42-1.49 (t, 3H,
CHs), 2.19 (s, 6H, CHs), 2.29 (s, 3H, CHs), 4.41-4.48 (q, 2H, CH>), 6.91 (s, 2H,
Hary), 8.41 (s, 1H, NH); 3C NMR (CDCls) § (ppm): 14.4,18.7, 21.3, 64., 129.5,
129.9,135.1, 138.1, 155.2, 161.4. Anal. Calcd. for Ci13H1sNOs: C 66.08, H 7.68,
N 5.93. Found: C 65.36, H7.76, N 5.97%.

EtH-2,4,6-Phspma. Yield: 74%. IR(KBr/cm-1): 3246 (N-H), 3056, 3031,
2887 (C-H), 1753, 1735, 1694 (C=0). tH NMR (DMSO-d6) & (ppm): 1.19-1.23
(t, 3H, CHs), 4.16-4.18 (q, 2H, CHb), 7.42-7.53 (m, 7H, Hary), 7.55-7.60 (m, 5H,
Hary), 7.69 (s, 2H, Haromatic), 7.86-7.88 (q, 2H, Haromatic), 10.54 (s, 1H, NH); 13C
NMR (CDCl) § (ppm): 14.10, 62.40, 127.45, 127.79, 128.27, 129.18, 129.36,
130.47, 139.28, 139.60, 140.58, 141.84, 156.62, 160.47. Anal. Calcd. for
CasHsNOs: C 79.79, H 5.50, N 3.32. Found: C 80.01, H 6.23, N 3.47%.

B4. General procedures for carbon-carbon cross coupling reactions.

Heck cross coupling reaction (Homogeneous catalysis/DMF). A one neck
round flask was charged with the pre-catalyst 5 mol% (0.05 mmol), an
appropriate amount of aryl iodide (0.5 mmol), olefin (0.075 mmol), Et3N (1
mmol), and DMF (4 mL) and a magnetic stir bar. The mixture was heated to
80 °C with stirring during different times. The reaction was monitored
using thin liquid chromatography on silica gel. The reaction mixture was
cooled, diluted with water (5 mL) and extracted (3 mL) with n-pentane. The
n-pentane was kept for further characterizations.

Suzuki cross-coupling reaction (Homogeneous catalysis/DMF): Details in
Appendix A, section A5.
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Heck cross-coupling reaction (ionic liquid medium) A test-tube with
screw cap and valve was charged with a magnetic stir bar, the precatalyst
0.5 mol%, aryl halide (0.50 mmol), EtsN (1.00 mmol) and the olefin
(0.75 mmol), prepared in 3-4 g of n-BusNBr as ionic liquid. The mixture
was heated with stirring during different times at 120 °C. The reaction was
monitored using thin liquid chromatography on silica gel. The reaction
mixture was cooled and extracted with 5 mL of n-pentane. After the
extraction, the test-tube was charged again with the corresponding aryl
halide (0.50 mmol), EtsN (1.00 mmol) and the corresponding olefin (0.75
mmol) to start another run (a total of 3 - 8 runs).

Suzuki cross-coupling reaction (ionic liquid medium) A test-tube with
screw cap and valve was charged with a magnetic stir bar, the precatalyst
0.5 mol%, aryl halide (0.50 mmol), EtsN (1.00 mmol) and the phenylboronic
acid (0.75 mmol), prepared in 3-4 g of n-BuwNBr as ionic liquid. The
mixture was heated with stirring during different times at 120 °C. The
reaction was monitored using thin liquid chromatography on silica gel. The
reaction mixture was cooled and extracted with 5 mL of n-pentane. After
the extraction, the test-tube was charged again with the corresponding aryl
halide (0.50 mmol), EtsN (1.00 mmol) and the phenylboronic acid (0.75
mmol) to start another run (a total of 3-8 runs).

For all procedures: the yields of the reactions were determined by GC-MS
analysis using perfluorotributylamine (PFTBA) as internal standard and
the crude was characterized by 'H, 13C and DEPT NMR.
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B5. Crystal packing of 11

For the sake of brevity, a unique supplementary illustration of the
crystal packing is given for this family of bis(oxamato)palladate(II)
complexes.

Figure S1. Crystal packing of 11a showing the relative positions of the anionic
complexes (red) and tetra-n-butylammonium cations (blue). The solvent
molecules have been omitted for clarity).
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B6. Supplementary results of Heck reactions

Table S1. Heck reaction of iodobenzene and olefins after different runs.

R
Q' . 2R 0.5mol% cat. /2 eq EtN @f
n-BuyNBr, 5 - 30 min, 120 °C

Entry2  Olefine  Catalyst 2;:::; 1 2 Rgns ;Yie;db (;/0) 7 8
17U COF Ba 5 99 99 99 99 99 99 99 99
2 /\g’woa 6a 5 99 99 99 99 99 99 99 99
S ¢ COR 7 5 99 99 99 99 99 99 99 -
4 /\g’woa 11a 5 98 99 99 99 99 99 98 92
5 7 SO 12a 5 92 99 99 99 99 98 98 96
6 5a 30 99 97 99 99 99 99 99 99
7 6a 30 70 95 96 99 99 98 98 98

7a 30 99 99 99 98 90 90 97 95

11a 30 86 99 99 99 98 98 99 99

10 12a 30 88 77 99 99 99 99 99 96

322

a Reaction conditions: 0.5 mmol bromobenzene, 0.75 mmol ethyl acrylate, 0.5 mmol% cat., 1
mmol of Et3N, 5-30 min, 120 °C in n-BugNBr. PDetermined by GC-MS analysis using
perfluorotributylamine (PFTBA) as internal standard.
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Table S2. Example test of finding best reaction time conditions for
heck reaction of bromobenzene and ethyl acrylate in n-BusNBr at

150°C.
0
O 0.5mol% cat./2 eq Et;N Vi
er N /\Cﬂ; n-BuyNBr, 150 °C @ﬂo\

Entrya Catalyst "(1;:11:1:) ?({);Sld TON ;1;1011;

1 6a 10 75 150 900

2 11a 10 87 174 1044

3 6a 15 91 182 728

4 11a 15 92 184 736

5 6a 30 94 188 376

6 11a 30 93 186 372

7 6a 60 92 184 184

8 11a 60 91 182 182

9 6a 120 81 162 81

10 11a 120 88 164 82

a Reaction conditions: 0.5 mmol bromobenzene, 0.75 mmol ethyl acrylate, 0.5 mmol% cat., 1
mmol of Et3N, different times (min), 150 °C in n-BuyNBr. PDetermined by GC-MS analysis

using perfluorotributylamine (PFTBA) as internal standard.
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Table S3. Heck reaction of aryl halides and olefins in n-BusNBr.

0.5 mol% cat. / 2 eq Et;N

n-BuyNBr, 120 °C

X=1,Br,Cl

. Runs -

Entry» Catalyst Aryl iodide Olefin Tn.ne Yield® (%)
(min) 1 2 3

1 5a ) f\goo 5 0 14 65
2 5a —_H-cN /\Orro‘/ 5 71 8 89
3 5a 1—@0;3 /\Orro‘/ 5 0 70 90
4 5a .@ /\ror ~ 5 0 8 9
5 5a ) /\Orro‘/ 5 0 92 93

O
6 5a 1—@—0000H3 /\(r)r ~ 15 89 85 85
7 6a ) /\Oroo 5 19 8 88
8 6a —_H-cN /\(r)ro‘/ 5 99 53 87
9 6a 1—@0;3 /\go‘/ 5 41 47 85
10 6a .@ /\(r)r ~ 5 47 89 93
11 6a ) /\Orro‘/ 5 17 43 92
O

10 6a i—_)-coocH; /\(r)r ~ 15 99 . 98
13 7a ) /\Oroo 5 26 90 97
14 7a —_H-cN /\Orro‘/ 5 99 99 -
15 7a 1—@0;3 /\Orro‘/ 5 9 2 58
16 7a .@ /\ror ~ 5 53 96 98
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Table S3 contn

7 7a
18 7a
19 11a
20 11a
21 11a
22 11a
23 11a
24 11a
25 12a
26 12a
27 12a
28 12a
29 12a
30 12a
31 5a
32 5a
33 5a
34 6a
35 6a

I—@*O\

[ COOCH;

O

[ COOCH;

O

1—@—0000H3

Ay O
O
o

o}
Ay O
O
O
O
O
I

o}
Ay O
O
O
O
O
S

0]

4¢\W/O\//

0]

¢97(0\//

o}

af\mfo\«/

o}

4¢j(0\//

0]

5

15

15h

1.5h

4h

72h

1.5h

4h

37

83

47

51

74

99

41

99

80

37

75

69

99

99

92

*c

99

93

95

75

87

99

96

94

99

87

86

90

93

99

99

*c

*c

*c

*c

*c

99

94

90

83

94

89

99

99

92

88

99

99

99

99

*c

266



Appendix B - Study of the influence of the substituents and solvents on the
catalytic properties of bis(oxamato)palladate(Il) complexes

Table S3 contn

36 6a
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42 11a
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a Reaction conditions: 0.5 mmol aryl iodide, 0.75 mmol olefins, 0.5 mmol% cat., 1 mmol

Et;N, 120 °C

in

n-BusNBr.

bDetermined by GC-MS

perfluorotributylamine (PFTBA) as internal standard. ¢ Not tested.

analysis

using
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B7. NMR characterization of the Heck and Suzuki crudes

Recompilation of some products from Heck and Suzuki carbon-carbon
cross-coupling reactions performed in this Thesis work:

FOEEER 2
E AHESR =
|
|
| O
|
1
)
T T T T T T T T T
125 13 100 ] ™ & Ed H
;:-:-'nfzij
BEZEEBRARE 2 LEL
" rordrd i

L S

1

Z
S

T o

B

B
P

[E

P

8350 a0 75 T 630 600 5350 500 430 400 350 300 30
o 1)

Figure S2: "TH-NMR, 3C-NMR and Dept-135-NMR spectra of [(E)-2-
phenylethyl]benzene.
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Figure §3: "H-NMR, 13C-NMR and Dept-135-NMR spectra of ethyl (2E)-2-
phenylprop-2-enoate.
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Figure S4: 'TH-NMR, BC-NMR and Dept-135-NMR spectra of ethyl (2E)-3-(4-
methoxyphenyl)prop-2-enoate.
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Figure S5: TH-NMR, 3C-NMR and Dept-135-NMR spectra of ethyl (2E)-3-(4-
methylphenyl)prop-2-enoate.
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Figure S6: "TH-NMR; 13C-NMR and Dept-135-NMR spectra of ethyl (4-
acetylphenyl)prop-2-enoate.
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Figure S7: 'TH-NMR; 13C-NMR and Dept-135-NMR spectra of ethyl (2E)-3-(4-
cyanophenyl)prop-2-enoate.
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Figure S8: "TH-NMR, 3C-NMR and Dept-135-NMR spectra of methyl 4-[(1E)-3-
ethoxy-3-oxoprop-1-en-1-yl]benzoate.
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Figure S9: "TH-NMR, 13C-NMR and Dept-135-NMR spectra of biphenyl
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Figure S10: "H-NMR, 3C-NMR and Dept-135-NMR spectra of biphenyl-4-
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C1. Materials and characterization.

Aniline derivates, Ko[PdClL], KOH, n-BusNOH, ethyl chlorooxalate and
all the solvents for the syntheses were purchased from commercial sources
and used without further purification. The general characterization is given
in Appendix A, section Al.

C2. Synthesis of the proligands.
The synthesis of the proligands is described in Appendix A, section A2.

C3. Characterization of the proligands.

The characterization of EtH-2,6-Me;pma, EtH-2,4,6-Mespma, EtH-4-F-
pma, EtH-4-Cl-pma and EtH-4-Br-pma is detailed in Appendix A, section
A3.

C4. Procedure for the Suzuki cross-coupling reaction.

Suzuki cross-coupling reaction (Homogeneous  catalysis/DMEF):
Described in Appendix A, section A5. Note: The yields of the reactions
were determined by GC-MS analysis using perfluorotributylamine
(PFTBA) as internal standard and the crude was characterized by 'H, 13C
and DEPT NMR.
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C5. FT-IR spectra of the complex 21 (Part I).

[llustration of the aquapalladate(Il) and bis(oxamato)palladate complex
(21) is provided in order to show the most characteristic FT-IR peaks of
these complexes.

[PA(H;0)4][Pd(2,6-Me>-pma)s] - 2H,0 (21)

1|]]1:'FILDD KpPaIny x
ss-:«»«"\w‘ A\\

9% Transmittance

/ C-H aryl

()o xamate

C=

Wavenumbers (cm-1)

A general FT-IR spectra of bis(oxamato)palladate complexes with n-
BusN* as counter cation is given in Appendix A, section A8.
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Cé6. FT-IR spectra of the complexes 19 and 22-24 (Part II).

[lustrations of bis(oxamato)palladate complexes (19 and 22-24) are
provided in order to show the most characteristic FT-IR peaks of these
complexes.

[(n-BusN z[Pd 2,4,6-Mespma)] - 2CH3CN (19)
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(n-Bu4N)4 [Pd (HzO) 4] [Pd (4-Clpma) 2]3 . 2CH3CONH2 (23)
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C7. Crystallographic tables for complexe 23.

Table S1. Selected bond lengths (A) and angles (deg) for 23*

Pd(1)-0(7) 2.007(3) Pd(2)-0(1) 2.010(3)
Pd(1)-N(3) 2.026(4) Pd(2)-N(1) 2.013(4)
Pd(2)-O(4) 2.003(3) Pd(3)-O(1W) 2.082(4)
Pd(2)-N(2) 2.009(4) Pd(3)-O2W) 2.087(4)
O(7a)-Pd(1)-O(7) 180.0 N(2)-Pd(2)-N(1) 177.06(16)
O(7)-Pd(1)-N@3)  81.36(16) O(1)-Pd(2)-N(1) 82.29(14)
O(7)-Pd(1)-N(3a) 98.64(16) O(1W)-Pd(3)-O(1Wb)  180.0(2)
N(3)-Pd(1)-N(3a) 180.0 O(1W)-Pd(3)-O2Wb)  93.22(17)
O(4)-Pd(2)-N(2)  81.70(15) O(1Wb)-Pd(3)-O(2Wb)  86.78(17)
O@4)-Pd(2)-O(1) 17833(14)  O(IWb)-Pd(3)-OQW)  93.22(17)
N(2)-Pd(2)-O(1)  97.86(15) O(2Wb)-Pd(3)-O(2W)  180.0

O(4)-Pd(2)-N(1)  98.07(15)
*Symmetry transformations used to generate equivalent atoms:
) =-X, -y+1, -z+3; (b) = -x, -y+2, -z+2.

(@

Table S2. Hydrogen bonds lengths (A) for 23*

O(1W) --O(3) 2.899(4)  OQW)--O() 3.083(4)
O(IW)-O(5b)  3.1034)  OQW)-O(6a) 2.888(4)
O(IW)-O(6b)  3.0604) OQRW)-O(1Ha)  2.972(4)
O(IW)-O(1H)  3.0004)  N(1H)--O(@) 2.919(7)
O@2W) - 0(2) 3258(4)  N(1H)--O(9) 3.117(7)

*Symmetry transformations used to generate equivalent atoms:
(a) = -x, -y+1, -z+3; (b) = -x, -y+2, -z+2.
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C8. Crystal packing for complexes 19 and 22.

Figure S1. Crystal packing of 19 showing the relative positions of the anionic
entities, the organic cations and the acetonitrile molecules of crystallization.
The hydrogen atoms have been omitted for clarity.

Figure S2. Crystal packing of 2 showing the relative arrangements of the
anionic entities, organic cations and acetamide molecules of crystallization.
The hydrogen atoms have been omitted for clarity.
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C9. Perspective drawings of the centro- and non-centrosymmetric
bis(oxamate)palladate(II) units and different views of the crystal
packing of 23.

04

05 @

Figure S3. Perspective views of the (a) centro- [Pd(1)] and (b) non-
centrosymmetric [Pd(2)] oxamate units of 23 [Symmetry code: (a) = -x, -y+1, -
z+3].
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Figure S4. (a) Perspective view of the [Pd(H>0)4]?* unit linked by hydrogen
bonds to the acetamide molecules and [Pd(oxamato);]? species in 23. The
organic counter cations have been omitted for clarity. The values of the
Pd(3)--Pd(2) and Pd(3)-Pd(2e) distances are 6.920(1) and 6.927(1) A,
respectively. (b) View of the supramolecular chains in 23 generated by
hydrogen bonds (broken lines) involving the [Pd(H>O)4]?* cations, acetamide
molecules and distorted bis(oxamato)palladate(Il) units [Symmetry code: (c) =
x, 1+y, 1+z; (d) = 1-x, y, z].
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n/\‘

Figure S5. Perspective view of adjacent supramolecular chains in 23
connected by acetamide H-bonds involving bis(oxamato)palladate(I) units.
The organic counter cations and hydrogen atoms have been omitted for
clarity. The Pd(3)--Pd(1) distance is equal to 12.161(1) A

Figure S6. (Top) Perspective view of the packing in 23. (Bottom) View along
the crystallographic a axis of 23 showing the layers developing in the (1 -1 1)
plane, which are built by centrosymmetric bis(oxamato)palladate(Il) anions as
spacers for different chains (Figure S5) connected to acetamide molecules

o

[Pd(3)--Pd(1) 12.161(1) Al
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Appendix D - Dinuclear palladium(Il) oxamate metallacyclophanes

D1. Materials and characterization

All hemicals were purchased from commercial sources as reagents pure
for analysis and they were wused as received. The amines 1,4-
phenylenediamine, 4-4’-diaminostilbene dihydrochloride were purchased
and used as received. Otherwise, the amine precursor 4-4’-diaminobenzene
was prepared by NaBO;/H3;BOs, through diazo coupling reaction of para-
aminoacetanilide as reported in the literature! As 4-4'-
diphenylethynendiamine and 4-4triphenylethynediamine which were
prepared by the Pd/Cu catalyzed, Sonogashira-type cross-coupling
reaction of para-ethynylaniline and para-iodoaniline/1-4-diiodobenzene, as
reported in the literature.2-5

The general characterization could be found in Appendix A, section A1.
D2. Synthesis of the proligands

The synthesis of the proligands is described in Appendix A, section A2.
Scheme S1 provides an overview on their synthetic pathway.

H,N NH O HN NH O Et,H,-ppba

o]
e Ry
HaN- S »-NH; \ 2\»—;2 s )N o/ EtHydpvba
N~ = . 4 N A =
= 1) Ethyl chlorooxoacetate / THF N/
o 0
. 2) EtsN / THF LY
N NN-Y\H}—NHE N N—\\:}—NH 0-, EtpH;-dpazba
N r.t., 30 min =0 HN=(_ )N
) — op o 0
Y 7\ e — B
HoN-{ —— ,\/“NHz 0 HN ¥4 if""* i Q}V—NH o/ EtaHp-dpeba
= = A=, =/
N = Y Iy % M\ /A 5 EtHytpeba
HN-(_ = _=—<_)NH, ot =t =t Vnhos ElMztR
= = g N —

Scheme S1. Synthetic route for the proligands.
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D3. Characterization of the proligands

Et;H,-ppba. Yield: 90%. IR (KBr/cm): 3250 (N-H), 3056, 2986, 2943 (C-
H), 1733, 1682 (C=0). 'H NMR (DMSO-de) 5(ppm): 1.30-1.34 (t, 6H, CHa),
4.30-4.32 (q, 4H, CHy), 7.72 (s, 4H, Hary), 10.80 (s, 2H, NH); 3C NMR
(DMSO-ds) 6(ppm): 14.2, 62.7, 121.2, 134.4, 155.7, 161.03. Anal. Calcd. for
C1aH1sN206: C 54.54, H 5.23, N 9.09. Found: C 53.69, H 5.73, N 9.02%.

Et;H-dpvba. Yield: 94%. IR (KBr/cm): 3333 (N-H), 3110, 3031, 2991,
2943, 2904 (C-H), 1730, 1701 (C=0). 1H NMR (DMSO-de) 5(ppm): 1.30-1.35
(t, 6H, CHz), 4.30-4.33 (q, 4H, CH.), 7.18 (s, 2H, CH), 7.57-7.60 (d, 4H, Hary),
7.75-7.78 (d, 4H, Hary), 10.83 (s, 2H, NH); 13C NMR (DMSO-ds) 3(ppm): 14.2,
62,7,120.9, 127.1, 133.1, 137.1, 155.7, 160.98. Anal. Calcd. for CoHaoN2Oe: C
64.70, H 4.94, N 6.86. Found: C 64.75, H 5.03, N 6.90%.

Et;H,-dpazba. Yield: 95%. IR (KBr/cm-1): 3332 (N-H), 3140, 2993, 2901
(C-H), 1729, 1701 (C=0). 1H NMR (DMSO-ds) 8(ppm): 1.30-1.35 (t, 6H,
CHb), 4.30-4.33 (q, 4H, CH.), 7.53-7.65 (d, 4H, Hary), 7.71-7.74 (d, 4H, Hary),
10.85 (s, 2H, NH); 3C NMR (DMSO-dg) 8(ppm): 14.2, 62,7, 127.1, 134.1,
137.1, 155.8, 161.5. Anal. Calcd. for CaoHaoNiOs: C 58.25, H 4.89, N 13.59.
Found: C 58.40, H 5.01, N 13.66%.

Et;Hp-dpeba. Yield: 96%. IR (KBr/cm-): 3335 (N-H), 3113, 2984, 2905
(C-H), 1729, 1706 (C=0). 'H NMR (DMSO-ds) 8(ppm): 1.30-1.34 (t, 6H,
CH), 4.28-4.33 (q, 4H, CHy), 7.53-7.55 (m, 4H, Hary), 7.80-7.83 (m, 4H, Hary),
10.96 (s, 2H, NH); 13C NMR (DMSO-de) 8(ppm): 14.2, 62.8, 89.3, 120.7, 132.3,
138.2, 154.7, 178.7. Anal. Calcd. for CHaN2Og: C 64.70, H 4.94, N 6.86.
Found: C 64.79, H 5.02, N 6.90%.

Et:H>-tpeba. Yield: 93%. IR (KBr/cm?): 3335 (N-H), 3104, 3050, 2973,
2923 (C-H), 1725, 1700 (C=0). 'H NMR (DMSO-ds) 8(ppm): 1.30-1.34 (t, 6H,
CHs), 4.28-4.33 (q, 4H, CH>), 7.50-7.53 (m, 4H, Hary1), 7.68-7.71 (d, 4H, Hary),
7.81-7.84 (m, 4H, Hay), 10.92 (s, 2H, NH); 3C NMR (DMSO-d¢) 8(ppm):
14.2, 62.8, 89.5, 120.7, 129.3, 132.3, 138.2, 154.0, 168.7. Anal. Calcd. for
Cs3H36N206: C 71.20, H 6.52, N 5.03. Found: C 71.26, H 6.57, N 4.99%.
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D4. General procedures for carbon-carbon cross coupling reactions

The general procedures for carbon-carbon cross coupling reactions are
given in Appendixes A and B, sections A5 and B4, respectively.

D5. General procedure for photochemical studies

A acetonitrile solution (5- 10 M) of the corresponding dinuclear
palladium(II) oxamate metallacyclophane was purged with argon for 30
min and its electronic spectrums of the degassed solutions were measured
at its corresponding wavelength. Afterwards, the samples were irradiated
with different UV lights, relaxing by thermal or light relaxations and its
electronic spectrum were studied.

D6. Cells and Culture

The K562 cell line was derived from pleural effusion of a 53 year-old
female with chronic myelogenous leukemia in terminal blast crisis in the
Rio de Janeiro Cell Bank (number CR083 of the RJCB collection). The cell
line was cultured in RPMI 1640 (Sigma) medium supplemented with 10 %
fetal calf serum (CULTILAB, Sao Paulo, Brazil) at 37°C in a humidified 5 %
CO; atmosphere. Cultures were initiated at 1 x 105 cells mL! and grew
exponentially to about 8 x 105 cells mL in 3 days. The viability of the cells
was checked by Trypan Blue exclusion. The cell number was determined
by Coulter counter analysis.

D7. Drug sensitivity assay

Dose-response curves were obtained by incubating 1 x 105 cells mL for
72 h, in the absence and presence of various concentrations of each
palladium-based compound. The sensitivity to the drug was evaluated by
the compound concentration required to inhibit cell growth by 50 %, the
ICso.
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D8. Supplementary results of carbon-carbon cross coupling reactions

Table S2. Screening of Heck reaction with complexes 25 to 29 in different ionic liquids.

O oy

1 mol% Pd. /2 eq EN

lonic liquid

04

o

Entry>

Complex Temp. (°C) Ionic Liquid Yield (%)®

1

O 0 NI O G o W DN

T T T Y
O 00 3 O O b= W N = O

20

25
25
25
25
26
26
26
26
27
27
27
27
28
28
28
28
29
29
29
29

120
80
80
80

120
80
80
80

120
80
80
80

120
80
80
80

120
80
80
80

n-BusNBr
n-BusNCl
BMIM-Br
BMIM-PFg
n-BusNBr
n-BusNCl
BMIM-Br
BMIM-PFs
n-BusNBr
n-BusNCl
BMIM-Br
BMIM-PFg
n-BusNBr
n-BusNCl
BMIM-Br
BMIM-PFs
n-BusNBr
n-BusNCl
BMIM-Br
BMIM-PFs

97
26
6
99
45
1
99
42
1
98
40
7
99
30
4

aReaction conditions: 0.75 mmol ethyl acrylate, 1 mmol% Pd, 1 mmol
Et3N, in ionic liquids. P Determined by GC-MS analysis using PFTBA
as internal standard.
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D9. Histograms of recovery and recyclability for complexes 26-29
O_
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Figure S1. Histogram of recycling experiment of Heck reaction of iodoaryl
and ethyl acrylate with 0.5 mmol% of 26 (blue) and for Suzuki reaction of
iodoaryl and phenylboronic with 5 mmol% of 26 (red).
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Figure S2. Histogram of recycling experiment of Heck reaction of iodoaryl
and ethyl acrylate with 0.5 mmol% of 27 (blue) and for Suzuki reaction of
iodoaryl and phenylboronic with 5 mmol% of 27(red).
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Figure S3. Histogram of recycling experiment of Heck reaction of iodoaryl
and ethyl acrylate with 0.5 mmol% of 28 (blue) and for Suzuki reaction of
iodoaryl and phenylboronic with 5 mmol% of 28 (red).
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Figure S4. Histogram of recycling experiment of Heck reaction of iodoaryl
and ethyl acrylate with 0.5 mmol% of 29 (blue) and for Suzuki reaction of
iodoaryl and phenylboronic with 5 mmol% of 29 (red).
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D10. Study of the reaction time in 26 and 27 for the Suzuki cross
coupling reaction.

5 mol% cat. / 2 eq Et;N
O+ w0
n-BuyNBr, 120 °C

100

80 —

60 —

Yield (%)

40 -

20 —

20 30 60 90 120

Time (min)

Figure S5. Histogram of the importance of finding the ideal reaction time in a
cross coupling reaction exemplified by for the complexes 26 (left) and 27
(right).
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