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Abstract

Reactivity of neutral platinum and palladium (I1) complexes with a CNC
cyclometallated ligand, [Pt(CNC)(PPhs)], [Pd(CNC)(PPh3s)] or [Pt(CNC)(dmso)], has
been studied towards several electrophilic species: acidic metallic centers, species
containing acidic hydrogens and CHs".

When the electrophile used is an acidic metallic species, M” (M’ = Ag(I), Au(l)),
bimetallic clusters with M-M” donor-acceptor bonds of different nuclearities are obtained.
In these complexes, the acidic center M’ also establishes an interaction with a Cipso Of the
CNC ligand, which is detected not only in the solid state but also in solution. Structural
and computational studies carried out on these polymetallic species suggest that they can
be regarded as arrested intermediates of a transmetallation process, in which the process
cannot proceed completely due to the pincer nature of the CNC ligand.

When the platinum and palladium (11) compounds are reacted with a protic acid
the breakage of a M-Cipso bond and formation of a C-H bond is produced. Depending on
the anion of the acid and the ligand present in solution either cationic or neutral M(II)
species are obtained. If the reaction of the appropiate starting substrate is carried out with
organic ligands with acidic hydrogens and donor atoms, the same result is observed with

the coordination of the ligand in a bidentate or bridge fashion.

Finally, if the Pt(I1) species [Pt(CNC)(PPhs)] is reacted towards Mel via oxidative
addition and followed by a reductive elimination, methylation of the Cipso 0f the CNC
ligand can be achieved. This process can be repeated twice rendering as a global result
two methylations of the Cipso 0f the CNC ligand.

All the complexes of this thesis have been fully characterized and studied by
several techniques as IR, multinuclear NMR, MS, X-Ray diffraction and DFT

computational studies.






Resumen

La reactividad de los complejos neutros de platino y paladio (1) con un ligando
ciclometalado CNC, [Pt(CNC)(PPhs)], [Pd(CNC)(PPhs3)] o [Pt(CNC)(dmso)], ha sido
estudiada frente a varias especies electrofilas: centros metélicos &cidos, especies con

hidrégenos acidos y CHs*.

Cuando el electrofilo utilizado es un metal &cido, M’ (M’ = Ag(I), Au(l)), se
obtienen clusteres bimetalicos con enlaces dador-aceptor M-M’ de diferente nuclearidad.
En estos complejos, el centro metalico acido M’ también establece una interaccion con
un Cipso del ligando CNC, detectada tanto en estado solido como en disolucion. Estudios
estructurales y computacionales llevados a cabo en estas especies polimetalicas sugieren
que pueden ser consideradas como intermedios congelados de un proceso de
transmetalacion, en el que éste no puede completarse debido a la naturaleza pincer del
ligando CNC.

Cuando se hacen reaccionar los complejos de platino y paladio (I1) con un acido
prético, se produce la ruptura de un enlace M-Cipso Yy la formacion de un enlace C-H.
Dependiendo del anién del acido y del ligando presente en disolucion se obtienen
complejos M(II) catidnicos o neutros. Si la reaccion con el sustrato de partida adecuado
se lleva a cabo frente a ligandos organicos con hidrégenos acidos y 4&tomos dadores, se
observa el mismo resultado y la coordinacion del ligando de forma bidentada o puente.

Por altimo, si se hace reaccionar la especie de Pt(ll) [Pt(CNC)(PPhs)] con Mel
mediante un proceso de adicion oxidante seguida de una eliminacion reductora, se puede
conseguir la metilacion de un Cipso del ligando CNC. Este proceso se puede repetir para

producir, como resultado global, dos metilaciones de los Cipso del ligando CNC.

Todos los complejos recogidos en esta tesis han sido completamente
caracterizados y estudiados por diversas técnicas como IR, RMN multinuclear,

espectrometria de masas, difraccion de rayos X y estudios computacionales DFT.
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Introduction

The study of heteropolynuclear complexes with metal-metal interactions between
closed or pseudo-closed shell transition metals (d®, d*°, d'%?) constitutes a very well-
studied field of knowledge in inorganic chemistry.!* The interest on this kind of
compounds resides in several possible applications due to their luminescent properties or

their potential use in crystal engineering.>”

Remarkably, this interest has grown lately because species containing these
interactions may play an important role in cooperative catalysis, which in the last decade
has emerged as a strategy affording novel and more efficient transformations.®*° Thus,
polymetallic complexes have attracted attention because it has been recognized that these
species may play a crucial role in bimetallic catalysis processes, especially in C-C or C-
X coupling reactions.'® In many of the catalytic reactions involving bimetallic systems,
the metallic couples consist of a potential donor metallic center as Pd(I1) or Pt(Il) and an
acceptor center such as Cu(l), Ag(l) or Au(1).812 In fact, these are some of the most
typical metallic centers that have a tendency to establish intermetallic donor-acceptor
interactions, as they are acids and bases of Lewis. These metallic systems typically
operate via combined cycles that connect through a necessary intersecting step: the
transmetallation step (see TS, Scheme 1.1).

R—X 04
M"]—X
1'z M']—Y
M
[M]=e.g Pd [M']= e.g Cu(l)
RE Mi—y
[ I ] M'1—X
R—Y R

OA = Oxidative addition
TS = Transmetallation
RE = Reductive elimination

Scheme 1.1. General mechanistic scheme for a bimetallic catalysis process.
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Indeed, in some widely studied catalytic couplings, a transmetallation process in
which the metallic centers are able to exchange their ligands is needed to obtain the seek
cross-coupling product. A very well-known example is the classic Sonogashira reaction
(see Scheme 1.2), which allows the coupling of terminal acetylenes with aryl or vinyl
halides, and where Pd(I1) and M’(1) (M’ = Cu, Ag, Au) species are used as catalysts.?12°

L [Pd] cat., [Cu] cat.

—X + H———R? > ———R?
base, RT

= aryl
R? = aryl or vinyl
X =1, Br, Cl or TfO

Scheme 1.2. General scheme for the Sonogashira reaction.

Thus, the understanding of every aspect of the transmetallation step can be of
crucial importance for the design of efficient catalytic systems. In the literature, several
studies point to the formation of donor-acceptor M-M’ interactions as a key feature of the
transmetallation process. For example, Chen and coworkers have reported and
investigated several heterobimetallic complexes related with this topic (see Scheme 1.3
for some examples).?6-32 This group identified complexes with Pt-M’ bonds (M’ = Cu,
Au) which have been detected in the gas phase or in solution as intermediates in
transmetallation reactions involving methyl groups.?® On the other hand, the same group
described that the formation of species with Pd-M’ bonds (M’ = Cu, Ag, Au) plays an
important role in the decrease of the energetic barrier on the transmetallation step in

Sonogashira reactions.?®3°

—’+ —’+

‘ ‘ [IPr]
/ \ \ Cu
CH /, \CH3 /
///,,, \\\\\ 3 Ii 1y,,, 1 W\ “"'\Pd n\\‘
/ \ \CH = ' N =
CH3 3
y RN
R = Me, Ph, Cy, 'Bu R = Me, Ph, Bu

Scheme 1.3. Examples of complexes with M-M’ bonds reported by Chen et al.

+
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Furthermore, Lledo6s, Khusnutdinova and coworkers found that subtle changes in
Pd-Cu distances in heterobimetallic complexes with polydentate ligands affected to the
efficiency of Sonogashira processes; complexes with shorter intermetallic bond distances

showed to increase its reactivity towards a terminal alkyne.®

Takita, Uchiyama and coworkers took advantage of the lowered activation energy
on transmetallation processes for cross coupling reactions with Pd and Cu systems
involving highly sterically hindered structures, due to the existence of Pd-Cu intermetallic

interactions.3*

Besides, Espinet and coworkers studied the importance of Pd-Au interactions in
processes of aryl transmetallation with Pd and Au systems (see Scheme 1.4 for some
examples of intermediates), in which the formation of these intermetallic interactions

seemed to be crucial to stabilize the reaction intermediates.3*3¢

TsMeg, AsMe;
Ph—Pd:-——} Ph——Pd_-%
\\ | \\ \
| \Au I' ,\‘Au
Ph / -7 \
Me;As @ AsMe;

Scheme 1.4. Some proposed intermediates for an aryl transmetallation process by

Espinet et al.

Similar results were observed by Zhang and coworkers in the cross coupling
reaction of iodobenzene facilitated by Pd-Au species,®’ and by Hashmi and coworkers in
several Pd-Au transmetallation scenarios, in which a transition state with short Pd-Au

contacts was favored.38

In the literature, the synthesis and characterization of complexes bearing Pt-M
donor-acceptor bonds has been extensively studied, being M’ an acidic metal as Ag(l),%*-
SOTI(1), %8557 Au(l),475784 Cu(1),275 Pb(11),>>58:67 Cd(11)>%8 or Hg(11).%°"t Accordingly,
square planar Pt(11) d® complexes have been widely regarded as proper starting materials
to render heteropolymetallic clusters with interesting structural features and varied
nuclearities, as dinuclear,*143475%88 trinuclear,3®4144447 tetranuclear clusters®%42:46:48.72.73

or even infinite chains,*3:48:54.56,57
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Thus, for these Pt(I1)-M’ compounds, Ag(l) has been typically the most studied
acidic metal followed by TI(I) and to a much lesser extent Au(l). Besides, the same can
be applied to Pd(I1)-M’ complexes, but examples of bimetallic complexes with this kind

of bonds are much more scarce than their platinum analogues. 607476

To understand the nature of this interaction it is necessary to consider the different
energies of the d orbitals in square planar Pt(I1) and Pd(11) d® complexes (see Scheme 1.5).
The splitting of the d orbitals of the metal due to the ligand field is strong enough to

consider the metallic center as a closed shell species.

} e

‘ A
///’: .\\\\\
# ( M \

%ﬂ“r ﬂ‘%%%

Scheme 1.5. Schematic d-orbital diagram for Pt(I1) and Pd(ll) square planar d®

species.

On the other hand, the existence of a filled dz? orbital oriented on the z-axis
direction of the square planar environment of the Pt(Il) or the Pd(Il) metal, allows the

metallic center to act as a Lewis base towards acidic metallic species M’.

The nature of the Pt(I1)-M” and Pd(IT)-M” donor-acceptor bonds can be described
therefore as dative bonds in which an electron rich metallic species, that is, a base of
Lewis donates its electron density to an acidic metallic center, which acts as a Lewis acid.
As a whole, this bond is participated by the dz? orbital of the Pt or Pd center and an empty
s-orbital of the acidic metal.*”5%7% Concerning the strength of these interactions, they are
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considered to be weaker than ionic or covalent bonds, but stronger than other weaker
interactions as Van der Waals forces.*

The molecular orbital diagram of these complexes shows that the higher in energy
the dz? orbital of the Pt(l1) or Pd(Il) centers, the stronger the M-M’ interaction. Thus, the
presence of strong field ligands in the metal coordination sphere causes an increase in the
energy of the dz? orbital of the Pt(Il) or Pd(ll) centers and favor the intermetallic
interaction. It is very common to observe intermetallic interactions in cyclometallated
complexes with n-conjugated ligands; this sort of ligands exert a strong field effect
because they act as o-donors and n-acceptors. Chelate ligands C*N, CNN, CNC and NCN
are a representative example of this kind of n-conjugated ligands, not only because they
are widely used to obtain heterobimetallic complexes but also due to the fact that they

can be used for luminescent and biological applications.>4466.77-%0

Due to the participation of the dz? orbital of the platinum center in the M-M’ bond,
there are several examples in the literature of Pt(ll) derivatives (see Figure 1.1 for some
examples) in which the Pt-M’ lines are almost perpendicular to the best square planar

environment of the platinum center.%-92

Figure 1.1. Pentafluorophenyl platinum(1l) complexes with Pt-Ag bonds.

This structural feature changes when there is a cyclometallated ligand coordinated
to the metallic center. For example, cyclometallated C*N or CNC ligands in the
coordination sphere of the Pt(I1) or Pd(11) center (see Figure 1.2 for some examples), cause

the M-M’ line to lean towards the ligand carbon bonded to the metal, due to the existence
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of n'-M’-C short interactions in the solid state. These n!-M’-C interactions have been
observed in silver,*+4748 gold,*">" copper?’3%3 and zinc3! heterobimetallic complexes.
Interestingly, for the widely studied Pt-TI derivatives this interaction is not

observed,48:53:56.76

Figure 1.2. Examples of benzoquinolate platinum-silver complexes with n'-M’-C

interactions.

The use of a CNC ligand, such as 2,6-di(phen-2-ide)-pyridine, has also been lately
studied in the synthesis of heteropolymetallic complexes.*”48535% Again, short n-M’-C
interactions are observed in the solid state for silver and gold derivatives (see Figure 1.3

for some examples).

Figure 1.3. Examples of M-M’ complexes with CNC ligands showing n!-M’-C

interactions.
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The presence of the n'-M’-C interaction is also observed for some complexes in
solution, where these interactions form and break giving rise to a dynamic intramolecular

process.*"

The existence of these remarkable n!-M’-C interactions and the previous work in
the literature about intermetallic interactions taking place in bimetallic catalysis
processes, allow to think that this kind of complexes could be regarded as a frozen
snapshot of a transmetallation reaction. In these compounds, the exchange process of a
phenyl group between the two different metals has been arrested at different stages, and
due to the pincer nature of the tridentate CNC ligand it cannot be completed. Depending
on the metallic systems used, this degree of transfer (see Scheme 1.6) from one metal to

the other is different.
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Scheme 1.6. Transmetallation process in a heterobimetallic system, showing five

different degrees of transfer of a phenyl group.

The chemistry described so far evidences the role of the basic metal (mainly Pt
but also Pd) in these complexes as a Lewis base which is able to form adducts with acidic
metals that behave as Lewis acids, through dative metal-metal bonds. As described above,
this is a key event in some reactions since these M-M’ species can be the initiators of a
subsequent process in which transmetallation, that is, ligand exchange between metals,
takes place. This exchange involves the cleavage and formation of new bonds, a feature
that is paramount in chemistry. Along these lines, the basic properties of these CNC
square planar M (M = Pt or Pd) complexes can also be activated towards other
electrophiles that behave as Lewis acids, other than metals (E). Thus, the formation of
adducts M-E may be the starting point for reactions in which E is transferred to ligands

(see Scheme 1.7, stages A to C), in a similar way to the acidic metals described above,
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again involving the breaking and formation of chemical bonds. Two such possible

electrophilic species would be the proton and R* groups, such as the methyl group.

/ \

L Illl,, “\\\L —_— L l““’ I:‘\\\‘!— L l“'“ “‘\\L
A B c
0 L ’Il,,, ‘\‘\\ L’\
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H e @
L, | ‘\\\\L L n,,, /‘\\\\.‘
- L= L, b
L L L'/' ’w Me
= PA(l), Pd(ll) Q/
M* = Ag(l), Au(l)

Scheme 1.7. Different possible stages of an electrophile (E) transfer to a ligand by

interaction with a basic metallic center (upper row) and examples (lower row).

Furthermore, an analogy of the reactivity of basic Pt(I1) and Pd(Il) complexes
towards the acidic Au center and such electrophilic species can be made by means of the
isolobality concept, because it is established in the literature that the proton and the methyl
group are isolobal with [Au]* and [Au-L]* fragments.®3-%

The concept of isolobality was first proposed by Hoffmann in 1982,%" defining
that two fragments are isolobal when their “number, symmetry properties, approximate
energy and shape of the frontier orbitals and the number of electrons in them are similar”.
This analogy helped to analyze the structure and bonding situation of more complex
compounds by the study of less complicated molecules. It was not, until 1984, that Stone
related this concept with gold species being isolobal with the proton and the methyl

group.®

Thus, reactivity of d® complexes towards electrophiles is well-known.%*1% For
example, it has been proposed that d® square planar metallic complexes can react with
acids through several possible mechanisms, one of which is the oxidative addition of the
acid forming M(IV) intermediates that evolve to the final product by a reductive

elimination process.!

10
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In addition, there are examples in the literature of Pt(1l) metallic centers acting as
hydrogen-bonding acceptors.'%21% For example, hydroxyl groups supported by a ligand
have a tendency to form that kind of interactions!®1%” (see Scheme 1.8 for some
examples), disposing the hydroxyl group perpendicular to the square planar metallic
environment. This suggests an important participation of the filled dz? orbital of the

metallic center, giving rise to an interaction between a base and an acid of Lewis.

-0 H-O H-O
I:|CF3 y CeFs5 y— | CeFs )—
:/ —_— W/ N C——— | —N
——Pt—N CoF—Pt—
P \ / T/ "/ &/ \ 7
CeFs N

F5;C

=H, Me
CAN = Benzoquinolate

Scheme 1.8. Examples of Pt(I1) complexes with hydrogen bonds.

There are some examples in the bibliography about the reactivity of
cyclometallated square planar complexes towards acids. For example, Bochmann and
coworkers have reported several results on the use of acids on Au(lll) (which is
isoelectronic with Pt(I1)) square planar complexes with a tridentate CNC ligand,%-119 to
render for example Au-C reversible protonation processes (see Scheme 1.9 for an

example).

= Cl, CGF5

Scheme 1.9. Example of reversible protonation processes on Au(lll) derivatives
with a CNC ligand.

11
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In these cases, the idea of having first a Au(V)-H species by oxidative addition of
a proton to the Au(lll) center was ruled out, revealing by computational means that the

protonation of the Au-C bond was direct.1°

On the other hand, reactivity of basic metallic centers as Pt(ll) towards a source
of electrophilic methyl groups as Mel has been widely studied and constitutes a classical
example of an oxidative addition, which proceeds via an Sn2 mechanism (see Scheme
1.10).111-130 First, the basic metallic center attacks the methyl fragment of the Mel
molecule, forming a [M-CHs]* intermediate. In the case of Pt(ll) complexes, the
nucleophilic attack is produced by the 5dz? orbital of the Pt center on the 6* LUMO of
the carbon atom of Mel. This is followed by a coordination of the resulting iodine ligand

to the metallic center, resulting in octahedral Pt(1\VV) complexes.

/A
/VH3c—|
@ CH; |° CH,
L// \\L

L, | oL L, | L
—_— .

N |

Scheme 1.10. General mechanism for oxidative addition processes in square

planar Pt(I1) complexes.

The generated Pt(IVV) complexes bear a final disposition of the entering ligands in
trans, although it is known that trans Pt(IV) complexes containing CNC or C”N
cyclometallated ligands and a phosphane undergo isomerization, being the cis isomer the
thermodynamically stable species.!*>121.122125130 |y gych cases, it seems that the rate of
this isomerization process is related with the bulkiness of the phosphane ligand, being

faster for the bulkier ones.4130

12
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As a summary of the contents of this thesis, in the first chapter the synthesis,
characterization, structural and computational studies of several examples of
heteropolymetallic species with Pt-M’ and Pd-M’ bonds are widely discussed and related
with the possibility of regarding them as intermediates for bimetallic catalysis. The degree
of transfer of the R group is sensitive to the pair of metals existing in the bimetallic

complex.

In the second chapter, the study of the reactivity of basic cyclometallated Pt(lI)
and Pd(11) substrates is studied towards different protic acids and organic ligands bearing
a group with an acidic hydrogen.

In the last chapter the functionalization of a CNC ligand of a basic Pt(l1) substrate
with methyl groups in ortho positions is achieved via consecutive oxidative addition and

reductive elimination processes.

In the included USB memory, different Supporting Information materials are
given for the three chapters containing all the characterization (NMR, IR, MS),
computational and crystallographic details for all the complexes discussed. In addition,
relevant references for each chapter are given at the end of the Introduction and each

different chapter.

13
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Chapter 1

This chapter focuses on the synthesis, characterization, computational and
structural studies of several trinuclear and dinuclear bimetallic clusters with M-M’ bonds
with formula [(CNC)(PPhs)MM?’(PPh3)](ClOa4) and [{M(CNC)(PPhs)}2M’](ClOa4) (being
M = Pt(Il), Pd(Il) and M’ = Ag(I), Au(l); CNC = 2,6-di(phen-2-ide)-pyridine) which

could be regarded as possible models for a transmetallation reaction.

As indicated in the introduction, in bimetallic catalysis processes there is
necessary step in which the two catalytic cycles of the metals intersect; the
transmetallation process.* In this step, the two metallic centers exchange their ligands in
order to render the seek product. In the literature it has been discussed whether in this
process both metals need to establish an intermetallic interaction in order to proceed, and
for some examples the existence of an intermetallic bond has been proved to stabilize the
intermediates of the transmetallation process.>*° Accordingly, several clusters with M-

M’ bonds have been proposed as intermediates for a transmetallation reaction.®"911-17

Thus, the obtention of complexes with donor-acceptor bonds involving d8-d*°
metals has been studied in this chapter. The initial proposal for this line of work of this
thesis is the study of reactivity of starting materials [Pt(CNC)(PPhs)] (1) and
[PA(CNC)(PPhs)] (2) as suitable candidates for the formation of donor-acceptor bonds
with Ag(l) and Au(l). The creation of short interactions between the acidic metal and the
Cipso Of the CNC cyclometallated ligand allow them, therefore, to be regarded as a frozen
snapshot of a phenyl ring transfer between the metals, which cannot be completed because
of the pincer nature of the CNC ligand. In addition, it is possible to modulate the degree

of transfer of this organic group depending on the pair of metals involved.

While syntheses and characterization of the complexes discussed in this chapter
are explained with detail in Sections 1.1 and 1.2, the computational and structural studies
that allow them to be considered as arrested intermediates of a transmetallation process

are discussed in Section 1.3.
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Thus, the first task was the preparation of the starting materials [Pt(CNC)(PPhs)]
(1) and [PA(CNC)(PPh3)] (2). However, while 1 was prepared according to the
literature,® the absence of a facile method for the synthesis of palladium CNC starting
substrates forced to explore a new route for the obtaining of the palladium starting
material 2. Thus, a suspension of complex [Pd(CNC-H)CI(PPhs)] (3) was reacted with
excess of the base KHMDS (potassium bis(trimethylsilyl)amide) in THF under argon.
After work-up a yellow solid identified as [Pd(CNC)(PPhs)] (2) was obtained with 59%
yield. The structure of 2 was determined by single crystal X-Ray diffraction (see Figure
1.1 for a view of the structure of 2 and Table 1.1 for a selection of distances and angles).
This structure confirmed the cyclometallation of the two aromatic rings, showing the
expected square planar Pd(Il) complex where the CNC ligand was coordinated in a

tridentate fashion.

Figure 1.1. Molecular structure of complex [Pd(CNC)(PPhs)] (2).

Table 1.1. Selected bond lengths (A) and angles (°) for 2.
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1.1. Preparation and characterization of heterobimetallic platinum-gold and
palladium-gold complexes [(CNC)(PPh3)MAu(PPh3)](CIOs) (M = Pt (4), Pd (5)) and
[{M(CNC)(PPh3)}.Au](ClO4) (M =Pt (6), Pd (7))

Reactivity of platinum and palladium cyclometallated starting materials
[Pt(CNC)(PPhs)] (1) and [Pd(CNC)(PPh3)] (2) towards gold substrates [AuCI(PPhs)] and
[AuClI(tht)] (tht = tetrahydrothiophene, SCsHs) was studied in order to achieve the
synthesis of clusters with Pt-Au and Pd-Au bonds. Given the different nature of the
ligands bonded to these two Au complexes, the stoichiometry of the reaction is
determined by the gold precursors used.'”-?° Thus, reactions with equimolar amounts of
starting material with [AuCI(PPhs)] result in dinuclear clusters, while ratios 2:1 of basic

metallic substrate with [AuClI(tht)] afford trinuclear clusters.

When equimolar quantities of [AuCI(PPhs)] were reacted towards complexes
[Pt(CNC)(PPh3)] (1) or [Pd(CNC)(PPh3)] (2), the products obtained were identified as
dinuclear bimetallic clusters with M-Au bonds (see Scheme 1.1). To carry out these
reactions, the gold complex [AuCI(PPhs)] was dissolved in THF and AgClO4 was added
at low temperatures (see Experimental section for details) under argon. Then, a white
solid appeared, namely AgCl, giving rise in solution to the gold (I) species
[Au(thf)(PPhs)]*. After 60 minutes of reaction, AgCl was removed and [Pt(CNC)(PPhs)]
(1) or [Pd(CNC)(PPh3)] (2) were added. After some time, removal of the solvent allowed
to obtain the expected complexes [(CNC)(PPhs)PtAu(PPh3)](ClIOs) (4) and
[(CNC)(PPh3s)PdAu(PPh3)](ClO4) (5) as yellow solids.

AN ]t (closy
| [AuCI(PPhs)], A(l
"|‘ AgCIO, /\
S - Can,\ o
= Pt (1), Pd (2) = Pt (4), Pd (5)
Scheme 1.1. Synthesis of complexes with formula

[(CNC)(PPhs)MAU(PPh3)](CIOu).

On the other hand, the obtaining of trinuclear complexes with formula
[{M(CNC)(PPh3)}2Au](ClO4) was also investigated. For these syntheses, [AuCl(tht)]

was chosen as a source of “naked” Au(I). The same reaction procedure was followed in
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order to prepare complexes with formula [{M(CNC)(PPh3)}2Au](CIO4) (M = Pt (6), Pd
(7)) with slight variations (see Experimental section). Thus, equimolar amounts of
[AuClI(tht)] and AgClO4 were dissolved in THF at low temperature under argon and kept
protected from light. Then, AgCI precipitated and species [Au(thf)(tht)]* formed in
solution. Ligand tht is known to behave usually as a labile ligand that can be displaced
easily by other species.!”?-2® Then, two equivalents of complex [M(CNC)(PPhs)] (M =
Pt (1), Pd (2)) were added. The resulting solutions were kept at low temperature and after

some time they were concentrated, and the resulting solids filtrated.

These syntheses afforded different results. While in the case of the platinum
reaction (see Scheme 1.2) the seek trinuclear [{Pt(CNC)(PPhs)}2Au](ClOa4) (6) was the
only complex obtained, in the case of the palladium solid, 7*, this was identified as a

mixture of complexes.

[AuCI(tht)], v Y,
O O AgClo4 \/
- Au
2 \
Ca, \
AgCI tht AW
N( \CB

(1) (6)
Scheme 1.2. Synthesis of complex [{Pt(CNC)(PPhz)}2Au](ClOa) (6).

Several attempts to prepare complex [{Pd(CNC)(PPh3)}2Au](CIOs4) (7) as a pure
solid varying the reaction conditions, namely temperature and reaction times, always
resulted in a mixture of three different species in different proportions (NMR). These
species were the dinuclear [(CNC)(PPhs)PdAu(PPhs)](CIO4) (5), the expected
[{Pd(CNC)(PPh3)}2Au](ClO4) (7) and other unknown product that was not unequivocally
identified and tentatively assigned to a dinuclear complex with formula
“[(CNC)(tht)PdAu(PPh3)](ClO4)” (see Scheme 1.3).
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ot Teor ]
N <, oN (ClO4) | (ClOy) |
l [AuCl(tht)], v ' N > Au Au
N AgCIO, \ /C e A
2 l Au + 1, \ o + C/,/"\\ ‘\\\\\tht
7\
N W
N
) ) (5)

Scheme 1.3. Reaction of complex [Pd(CNC)(PPhs)] (2) with [AuClI(tht)] and
AgCIOa.

It is noteworthy that when solutions containing the proposed
[(CNC)(tht)PdAu(PPh3)](ClO4) dinuclear complex were kept for a day at room
temperature, its aromatic signals in the *H NMR spectrum disappeared and a blue colour
and black particles appeared in the NMR tube. This information indicated that the stability
of this dinuclear complex was very low at room temperature. However, a small batch of
yellow crystals of complex [{Pd(CNC)(PPhs)}2Au](ClO4) (7) could be obtained and used

for its characterization through NMR and X-Ray diffraction studies (see below).

Solids corresponding to complexes [(CNC)(PPh3)PtAu(PPh3)](ClOs) (4),
[(CNC)(PPh3)PdAu(PPh3)](CIO4)  (5), [{Pt(CNC)(PPhs)}.Au](ClO4) (6) and
[{Pd(CNC)(PPh3)}2Au](ClO4) (7) were characterized using the habitual techniques as
can be seen in the Supporting Information. IR spectra of complexes 4, 5 and 6 (see Figures
S1.18, S1.24 and S1.33, Supporting Information) showed the typical signals of the CNC,

PPhs ligands and ClO4", being in agreement with the proposed formula for these clusters.

X-Ray diffraction studies could be performed on crystals of 4, 5, 6 and 7
confirming the expected nuclearities. Figures 1.2 and 1.3 display the structures of the
cations of these complexes and relevant distances and angles for these complexes are
listed in Table 1.2.
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Figure 1.2. Molecular structures of the cations of complexes
[(CNC)(PPh3)PtAu(PPhs)](CIOa) (4) (a) and [(CNC)(PPhz)PdAu(PPh3)](CIOa) (5) (b).

Figure 1.3. Molecular structures of the cations of complexes
[{Pt(CNC)(PPh3)}2Au](CIO4) (6) (a) and [{Pd(CNC)(PPhs)}2Au](ClOa) (7) (b).
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Table 1.2. Selected bond lengths (A) and angles (°) for 4,5, 6 and 7. See

Schemes 1.1-1.2 for the definition of Ca and Cs.

M=Pt(4) | M=Pd(5) | M=Pt(6) | M="Pd (7)

2.7297(2) | 2.7366(4)
M-Au | 2.7222(2) | 2.7422(3)

2.7426(2) | 2.7491(4)

2.212(3) | 2.498(5)
M-Ca | 2.158(3) | 2.393(3)

2.244(3) | 2.419(5)

2.051(3) | 2.020(5)
M-Cs | 2.063(3) | 2.031(3)

2.045(3) | 2.029(5)

2.174(3) | 2.098(5)
Au-Ca | 2225(3) | 2.119(3)

2.157(3) | 2.108(5)

157.99(13) | 157.3(2)
Ca-M-Cs | 156.30(14) | 157.68(12)

157.71(12) | 157.9(2)

50.90(8) | 46.98(11)
Ca-M-Au | 52.71(9) | 48.16(7)

50.04(8) | 47.61(12)

The crystal structures show in all four cases short Pt-Au and Pd-Au interactions,

varying from 2.7222(2) to 2.7491(4) A. In the case of the palladium clusters, these are
remarkable values, since the number of Pd(I1)-Au complexes structurally characterized
is very small and always with bridging ligands between the metals and longer
intermetallic distances.?®20242° The only shorter Pd—Au distance reported (2.6174(9) A)
belongs to an electron deficient polynuclear complex.?

Dinuclear clusters consisted of one platinum or palladium subunit bonded to a
[Au(PPhs)]* fragment, while trinuclear complexes revealed a gold center sandwiched by
two [M(CNC)(PPh3)] (M = Pt or Pd) moieties.

More importantly, M-Au lines are not perpendicular with respect to the square
planar environment of the Pt or Pd centers. Instead, in all cases the gold center leans
towards a Cipso (Ca, See Schemes 1.1 and 1.2) of the CNC cyclometallated ligand, giving
short Au-Ca interactions. Similar interactions between the acidic metal and a

37



Chapter 1

cyclometalated carbon have been reported for other M-M’ complexes.®121827-30 These
distances between Au and Caare sensitive to the basic metal existing in the cluster. In the
case of palladium, shorter distances than for the platinum clusters are found, exhibiting
the trinuclear complex 7, the shortest ones (2.098(5) and 2.108(5) A). This Au-C
interaction causes an elongation of the Pt and Pd-Ca distances, corresponding the longest
ones again to the trinuclear [{Pd(CNC)(PPhs)}2Au](ClO4) (7). In fact, the Au-Ca
distances for the palladium-gold complexes 5 and 7 are comparable to those reported for
gold (1) aryl compounds in which an ordinary ¢ Au—C(aryl) bond is present.31-3

It is noteworthy that the phenylene ring interacting with the gold center displayed
a remarkable deviation with respect to the best Pt(ll) or Pd(ll) square planar
environments. This distortion was found out very significant in the palladium clusters,
especially in [{Pd(CNC)(PPh3)}2Au](CIO4) (7). An overlay of the two trinuclear

structures can be seen in Figure 1.4, where this effect can be noticed.

Figure 1.4. Overlay of the structures of [{Pt(CNC)(PPhs)}2Au](CIO4) (6) and
[{Pd(CNC)(PPhs)}2Au](ClOa4) (7).

To sum up, all that structural information suggested that there was an important
interaction between metallic fragments on these Pt/Pd-Au complexes. These “[(CNC)M]-

Au” interactions were noticed to be stronger when the basic metal is palladium, giving
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rise to a tighter bonding situation. This statement was later confirmed through NMR

studies and DFT calculations.

Heterobimetallic gold complexes [(CNC)(PPhsz)PtAu(PPhs)](ClOs) (4),
[(CNC)(PPh3)PdAu(PPh3)](CIO4) (5), [{Pt(CNC)(PPhs)}2Au](ClOs) (6) and a small
batch of crystals of [{Pd(CNC)(PPh3)}.Au](ClO4) (7) were also characterised through
multinuclear and variable temperature (VT) NMR studies. Thus, *H NMR spectrum of
complex [(CNC)(PPhs)PtAu(PPh3)](ClO4) (4) in CD2Cl2 (see Figure 1.5) shows at 273K
a pattern of signals that indicates that both halves of the CNC ligand are equivalent for
the NMR timescale, displaying for example only one signal at around 6 ppm for the H2

protons of this cyclometallated ligand (see the numbering of the protons in Chart 1.1).

Chart 1.1. Numbering of the positions of the CNC ligand.

This observation is not compatible with the X-Ray structure described above, in
which the two phenylene rings of the CNC ligand are different. Interestingly, by lowering
the temperature, H2 signal suffers coalescence between 213 and 183K. At 173K the 'H
NMR spectrum of [(CNC)(PPhs)PtAu(PPhs3)](ClO4) (4) gives a more complex pattern of
signals than at room temperature (see Figure 1.5). This spectrum reveals for example two
signals with integration of 1 at 6.4 and 5.1 ppm corresponding to different signals of H2.
This observation is in agreement with the presence in solution of a CNC ligand bearing

two inequivalent halves at the NMR timescale.
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Figure 15. VT H NMR spectra (CD2Cl2) of complex
[(CNC)(PPh3)PtAu(PPh3)](ClO4) (4) (red asterisks, H2 signals).

With this information and the one gathered from X-Ray diffraction studies, it can
be stated that there is an intramolecular dynamic process, that can be named as a
“metronome-like” movement,’®1” which operates in solution at room temperature. By
lowering the temperature this movement is slowed down and therefore, the symmetry of
the CNC ligand is broken during the NMR timescale. This process consists of the
movement of the “[Au(PPhs)]*” fragment along the C-M-C axis of the basic platinum or
palladium subunit, with formation and breakage of interactions between the gold center
and the Cipso Of a phenylene ring of the CNC ligand (see Scheme 1.4 for a general
graphical depiction of this process).
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=Pt or Pd, M' = Ag or Au, P’ = PPh;, L = PPh; or [VI(CNC)(PPhj;)]

Scheme 1.4. Proposed “metronome-like” dynamic process for heterobimetallic

complexes of this chapter.

31p{IH} NMR spectrum of platinum complex [(CNC)(PPhs)PtAu(PPh3z)](ClO4)
(4) at RT (see Figure 1.6) displays two signals, one singlet with platinum satellites (2Jpau)-
pt = 254 Hz) at 34.6 ppm corresponding to the phosphane ligand attached to the gold
center and another singlet with platinum satellites (}Jp-pt = 3680 Hz) at 22.5 ppm which
is assigned to the phosphane ligand coordinated to the platinum center. At 173K, 3P{*H}
NMR spectrum of 4 displays the same signals than at RT. These spectra indicate that the

Pt-Au bond remains in solution.

Figure 1.6. S%P{*H} NMR spectrum (CD2Clz, 293K) of complex
[(CNC)(PPhs3)PtAu(PPhs)](CIO4) (4).

Furthermore, the recorded ®Pt{*H} NMR spectrum of platinum complex
[(CNC)(PPh3)PtAu(PPh3)](CIO4) (4) (see Figure 1.7) presents a doublet of doublets
centered at -4017 ppm (Npep = 3680 Hz, 2Jpepaw) = 254 Hz), which also confirms the
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existence of the intermetallic interaction in solution at 293K. It is noteworthy that this
signal is displaced downfield with respect to the starting material [Pt(CNC)(PPhs)] (1)
around 200 ppm. This finding could be related with the electron-withdrawing capacity of

the acidic gold center, which has been also observed for other acidic metals.1617:3034

293 K L

wwwwwmw W’“‘\MJWM

I -3§10 I -3é30 I -3é50 I -3!;70 I -3é90 I -4610 I -4CII30 | -4650 I -4670 I -4690 I -4i10 I -4]I.30
[ppm]
Figure 1.7. '%Pt{!H} NMR spectrum (CD2Cl2, 293K) of complex
[(CNC)(PPhs)PtAu(PPhs)](CIO4) (4).

On  the other  hand, 4 NMR  spectrum of  complex
[(CNC)(PPh3)PdAu(PPh3)](ClO4) (5) in CD2Cl2 exhibits a more complex pattern of
signals than that of 4 at room temperature, revealing for example two signals with
integration of 1 (one of them around 5.3 ppm) for the H2 of the cyclometallated ligand
(see Figure 1.8). Thus, in this case both halves of the CNC ligand are already inequivalent
at room temperature. As expected, lowering the temperature of solutions of complex
[(CNC)(PPhs)PdAu(PPh3)](ClO4) (5) does not cause the apparition of new signals. The
most remarkable observation is the displacement of one of the H2 signals from 5.4 ppm
to 4.9 ppm (Figure 1.8, red asterisks). This could be related to the more rigid disposition
of this Pd-Au cluster at low temperature, being the Au-Cipso interactions tighter than at

RT, consequently causing a shielding of one H2 signal.

The analysis of the behaviour of this mixture at higher temperatures as 313K was
also tried, to study whether the halves CNC ligand became equivalent, but nothing

significant was observed.
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Figure 18. VT 'H NMR spectra (CD2Cl2) of complex
[(CNC)(PPh3)PdAu(PPh3)](ClO4) (5) (red asterisks, inequivalent H2 signal).

After observing the peculiar behaviour of 5 at room temperature, it can be
concluded that the intramolecular “metronome-like” process previously observed for
[(CNC)(PPh3)PtAu(PPh3)](ClO4) (4) at room temperature seems to be already slowed
down for 5 at that temperature, exhibiting an inequivalent CNC tridentate ligand.

The S1p{iHY NMR spectrum of palladium complex
[(CNC)(PPh3)PdAu(PPh3)](ClOa4) (5) at RT (see Figure 1.9) also shows two singlets at
41.9 and 40.3 ppm, the former corresponding to the [Au(PPhs)]* fragment and the latter
to the PPhs bonded to the palladium center.
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Figure 1.9. 3P{!H} NMR spectrum (CD2Cl2, 293K) of complex
[(CNC)(PPhs)PdAu(PPh3)](CIOx) (5).

The behavior in solution of trinuclear complex [{Pt(CNC)(PPhs)}.Au](ClO4) (6)
is very similar to that of dinuclear platinum-gold complex 4. Aromatic signals in the *H
NMR spectrum of 6 evidence that both halves of the CNC ligand are also equivalent at
room temperature within the NMR timescale. When lowering the temperature to 193K
new aromatic signals appear, according to the asymmetry of the CNC ligand (see Figure
1.10). Again, two characteristic signals for the different H2 signals appear at 6.3 and 5.4

ppm, with integration of 1.

293K

193K

L

T L B B e e MM e T
79 78 77 76 75 74 73 72 71 70 69 68 67 66 65 64 63 62 6.1 60 59 58 57 56 55 54 53
[ppm]

Figure 1.10. *H NMR spectrum (CD2Clz, 293K, top; 193K, bottom) of complex
[{Pt(CNC)(PPhs)}2Au](CIO4) (6).
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This information points out that the “metronome-like” movement operates at room
temperature, but at low temperature this intramolecular process slows, as observed
previously for [(CNC)(PPhs)PtAu(PPh3)](CIO4) (4).

On the other hand, 3P{*H} NMR spectrum of cluster
[{Pt(CNC)(PPhs)}2Au](CIOa) (6) is very simple, only one singlet from the phosphane
attached to the basic metallic center is observed at 20.9 ppm with platinum satellites (*Jp-

pt = 3794 Hz) (see Figure S1.36, Supporting Information).

In addition to this, the **Pt{*H} NMR spectrum of 6 at 293K (see Figure 1.11)
displays a doublet at -4006 ppm (*Jrtp = 3813 Hz). This signal displaces downfield with
respect to the starting material [Pt(CNC)(PPhs)] (1) as happens in the case of
[(CNC)(PPhs)PtAu(PPhs)](ClOa4) (4). This deshielding of the signal suggests again the
persistence of the Pt-Au interaction in solution.

298 K ) |

-3700 -3750 -3800 -3850 -390? i3950 -4000 -4050 -4100 -4150
ppm

Figure 1.11. '%pt{*H} NMR spectrum (CD2Clz, RT) of complex
[{Pt(CNC)(PPh3)}2Au](CIOg4) (6).

The analogous trinuclear [{Pd(CNC)(PPh3)}2Au](CIO4) (7) shows the same
behaviour in *H NMR as the one observed for [(CNC)(PPhs)PdAu(PPhs)](ClOs) (5) at
room temperature (see Figure 1.12). The *H NMR spectrum of cluster 7 evidences that
both halves of the CNC ligand exhibit a complex distribution of signals in agreement with
the inequivalence of the phenylene rings of the CNC tridentate ligand. Lowering the
temperature for a solution of 7 does not give much information; only the displacement of

one H2 signal upfield is again observed (see Figure 1.12).
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Figure 1.12. VT M NMR spectra (CD2:Cl2) of complex
[{PA(CNC)(PPh3)}2Au](CIO4) (7) (red asterisk, inequivalent H2 signal).

Again, this information indicates that the “metronome” process is already slowed
down at room temperature for the NMR timescale, as happened for the previously

described dinuclear Pd-Au cluster 5.

On the other hand, 3*P{*H} NMR spectrum of 7 is very simple, showing only one
singlet from the phosphane attached to the palladium center at 40.2 ppm (see Figure
S1.41, Supporting Information).

This different behaviour in solution between the Pt-Au and the Pd-Au clusters
indicates that the metronome movement is operating faster at RT in the platinum
compounds during the NMR timescale. When lowering the temperature for these
complexes, this intramolecular process slows down, evidencing inequivalent phenylene
rings in the CNC ligands. It is quite remarkable that this process is already slowed down
at RT for the palladium-gold complexes, indicating that a stronger interaction between
the metallic fragments might be existing in these heterobimetallic compounds. This

proposal was later studied and confirmed through DFT calculations.
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1.2. Preparation and characterization of heterobimetallic platinum-silver and
palladium-silver complexes [{M(CNC)(PPh3)}.Ag](ClOs) (M = Pt (8), Pd (9)) and
[(CNC)(PPh3)MAg(PPh3)](ClO4) (M = Pt (10), Pd (11))

As it is already mentioned in the introduction, Ag(l) is one of the most common
acidic centers used to form complexes containing intermetallic bonds of donor-acceptor
type. Thus, after having investigated the reactivity of cyclometallated complexes
[Pt(CNC)(PPhs)] (1) and [Pd(CNC)(PPh3)] (2) towards gold (I) substrates, this study was
extended to Ag(l), which could establish interactions with the platinum or palladium
centers giving rise to new complexes with M-Ag bonds. The Ag(l) sources used were
AgClO4 and [Ag(OCIOs)(PPhs)], two species used frequently in this role. In the former,
the silver center is “naked”, while the latter has previously proven to be a suitable
compound to obtain dinuclear complexes,'’?830% as in this linear silver complex, Ag is
coordinated to a bulky ligand and has one free-coordination site available to establish

bonds with a basic metallic center.

Therefore, when 2 equivalents of starting materials [Pt(CNC)(PPhs)] (1) or
[PA(CNC)(PPh3)] (2) were reacted with 1 equivalent of AgCIlO4 at room temperature
protected from light, the expected trinuclear clusters with formula
[{M(CNC)(PPh3)}2Ag](ClO4) (M =Pt (8), Pd (9)) were rendered (see Scheme 1.5). When
those reactions were carried out with equimolar amounts of the platinum or palladium
substrate and the silver salt, a mixture of [{M(CNC)(PPh3)}2Ag](ClO4) and unreacted
AgClO4 was obtained.

B/,
X BN >
l >
N AgCIO, Ve
l CA//,“\\ o
N/ \CB
=Pt (1), Pd (2) = Pt (8), Pd (9)

Scheme 1.5. General synthesis of [{M(CNC)(PPhs)}2Ag](ClO4) complexes.

On the other hand, the addition of equimolar amounts of silver complex
[Ag(OCIOs)(PPh3)] to solutions of cyclometallated neutral Pt(I1) and Pd(I1) substrates
[Pt(CNC)(PPhs)] (1) or [Pd(CNC)(PPh3)] (2) in dichloromethane at low temperatures,
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gave rise after short reactions times (see Experimental section for details) to the formation
of yellow solids (platinum-silver 10* and palladium-silver 11*), which were identified

by NMR as mixtures of several complexes.

From the platinum starting material, species [(CNC)(PPhs)PtAg(PPh3)](ClO4)
(10) and equimolar amounts of trinuclear  platinum-silver  complex
[{Pt(CNC)(PPh3)}2Ag](ClOs) (8) and silver complex [Ag(PPhs)2](ClO4) (AgP2)%¢ were
detected (NMR) (see Scheme 1.6).

/'\—l" .
C//,, N (ClO)

N _| * (CIOy) >
| / v \ _‘(+CIO4)'

s4be
Ag(OCIO3) K Ag
9( 3)( c,,,’ ‘ \\\\ 05 ‘ + 05 Ag
l < c///, \ \\\\ |
N W
\\/
1 (10) (8) AgP2

Scheme 1.6. Reaction of [Pt(CNC)(PPhs)] (1) with [Ag(OCIOz)(PPhs)].

On the other hand the reaction of the palladium starting substrate
[PA(CNC)(PPhs)] (2) afforded an even more varied mixture of metallic complexes
consisting of the expected dinuclear [(CNC)(PPhs)PdAg(PPh3)](ClOa4) (11), the trinuclear
complex [{Pd(CNC)(PPhs)}2Ag](ClOs) (9), mononuclear silver complexes with Ag-PPhs
bonds®® and the starting material [Pd(CNC)(PPhs)] (2) (see Scheme 1.7).

ey
Cy, N (ClOy)

| K / \
DD o o i
l raose ) c//lz,‘\\ _\\\\ * CZ/ “\ KN *+ "Ag
N W v
N N
(2) (1) 9

Scheme 1.7. Reaction of [PA(CNC)(PPhs)] (2) with [Ag(OCIOs)(PPhs)].

All the resulting solids from this section were characterized through elemental
analysis, IR, MS, multinuclear NMR spectroscopy (*H, 3P{*H}, BC{*H}, ¥Pt{ H},
platinum complexes) and X-Ray diffraction studies when possible (see Supporting

Information).
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1.2.1. Characterization of trinuclear complexes [{M(CNC)(PPh3)}2Ag](ClO4) (M
=Pt (8), Pd (9))

For the trinuclears [{Pt(CNC)(PPhs)}2Ag](ClOa) (8) and
[{Pd(CNC)(PPh3)}2Ag](ClO4) (9) X-Ray diffraction studies were possible. Structures of
the cations of both complexes and relevant distances and angles are shown in Figure 1.13

and Table 1.3 respectively.

Figure 1.13. Molecular structures of the cations of complexes
[{Pt(CNC)(PPh3)}2Ag](ClO4) (8) (a) and [{Pd(CNC)(PPhs)}2Ag](ClOa) (9) (b).

Table 1.3. Selected bond lengths (A) and angles (°) for 8 and 9. See Scheme 1.5
for the definition of Ca and Cs.

8(M=Pt) | 9(M=Pd)

2.8549(3) 2.8597(2)

M-Ag
2.9078(3) 2.9419(2)
2.128(3 2.143(2
Ve ©) @
2.125(3) 2.164(2)
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2.055(3) 2.072(2)
M-Cs

2.056(3) 2.071(2)
Ag-Ca 2.277(3) 2.239(2)

2.258(3) 2.212(2)

Ca-Ag-Ca | 173.96(12) | 168.32(9)

M-Ag-M 126.83(1) | 132.774(8)

These structures correspond to trinuclear clusters in which the acidic metallic Ag
center is sandwiched (in an analogous way than in the gold clusters) by two square planar
platinum or palladium CNC subunits. Dihedral angles between the square planar platinum

and palladium environments show that those were almost parallel.

In these silver complexes the M-Ag and n-Ag-Cipso (CNC) interactions are also
observed. Due to the latter, the M-Ag lines are not perpendicular to the best square planar
environment of Pt and Pd, as occurred in the M-Au clusters. These interactions are not as
short as the ones detected for the trinuclear gold complexes [{Pt(CNC)(PPhs)}2Au](CIO4)
(6) and [{Pd(CNC)(PPh3)}2Au](CIO4) (7), in agreement with the known high
carbophilicity of gold.”3 In addition to this, the deviation observed for the phenyl ring
of the CNC ligand interacting with the silver center is not as pronounced and distances

M-Ca are not as long as the ones identified for the gold complexes.

Finally, it is remarkable to indicate, that there are not many examples of Pd-Ag
bonds as complex [{Pd(CNC)(PPhs)}2Ag](CI04) (9) reported in the literature.3-43

Solutions  of  complexes  [{Pt(CNC)(PPh3)}.Ag](ClOs)  (8) and
[{Pd(CNC)(PPh3)}2Ag](ClOa4) (9) were also investigated through *H NMR spectroscopy.
Both complexes (see Figure 1.14) show at RT similar groups of signals, whose pattern
and integration indicates that both halves of the CNC ligand are equivalent at the NMR
timescale, and, therefore are not consistent with the structural information obtained

through X-Ray diffraction.
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ppm

Figure 1.14. 'H NMR spectra (CD2Clz, 293K) of complexes
[{Pt(CNC)(PPhs)}2Ag](ClO4) (8) (top) and [{Pd(CNC)(PPhs)}2Ag](ClO4) (9) (bottom).

VT 'H NMR experiments were also performed on these two systems observing
different behaviors in solution for the platinum and palladium species. At 173K no new
signals in the platinum silver trinuclear 8 are observed and the existing ones are not well
resolved. On the contrary, the spectrum recorded at this temperature for 9 shows a much

richer pattern (see Figure 1.15).

|

[

T T T T T T T T
6.2 6.0 5.8 56 5.4 5.2 5.0 48

T T T r T T T r
8.2 8.0 78 7.6 74 7.2 7.0 6.8 6.6 6.4
[ppm]

Figure 115 'H NMR spectra (CD2Cl;, 173K) of complexes
[{Pt(CNC)(PPh3)}2Ag](ClO4) (8) (top) and [{Pd(CNC)(PPhs)}2Ag](ClOa) (9) (bottom).
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A VT NMR row of experiments for [{Pd(CNC)(PPhs)}2Ag](ClOa) (9) (see Figure
1.16 for a selection of temperatures) reveals that between 233K and 193K the coalescence

of some signals occurs.

293K

‘AA/LL A
H\ * 273K

*

* 193K

Mm

*
k ﬂ * 173K

T T T T T T T T T T
6.1 5.9 5.7 5.5 5.3 5.1 4.9 4.7

7.9 7.7 7.5 7.3 7.1 6.9 6.7 6.5 6.3
[ppm]

Figure 1.16. VT M NMR spectra (CD:Cl2) of complex
[{Pd(CNC)(PPh3)}2Ag](ClO4) (9) (red asterisks, H2 signals).

Those observations seem to point out that for both trinuclear complexes
[{Pt(CNC)(PPhs)}2Ag](ClOa) (8) and [{Pd(CNC)(PPh3)}2Ag](ClO4) (9), an analogous
“metronome-like” dynamic process, as the one explained for the gold clusters, might be
operating in solution. It is noteworthy, that in the case of 8 no inequivalency of the CNC
ligand is detected even at 173K, which means that this process is still functioning in

solution at a considerable speed for the NMR timescale.

On the other hand, a slowdown of this process is detected at that temperature for
palladium complex 9. The different behaviour of 9 at 173K is also reflected in the
apparition of additional signals which could be attributed to two different unsymmetrical
CNC ligands, with different integration and values of displacement. A possible
explanation of this observation could be the presence of two conformers which
differentiates in the relative disposition of the two “Pd(CNC)(PPhs3)” fragments. The
transformation barrier between the geometry of these two conformers have been
investigated by means of theoretical calculations (see Section 1.3) and its interconversion
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found to be energetically very favorable at higher temperatures but might be stopped at
this lower temperature (173K) allowing the two different conformers to be detectable by
NMR.

This difference in the behavior of complexes [{Pt(CNC)(PPhs)}2Ag](ClO4) (8)
and [{Pd(CNC)(PPhs)}2Ag](ClO4) (9) in solution suggests that for the dynamic process,
the barrier of energy might be higher for the palladium-silver cluster 9, as the slowdown
of the “metronome-like” movement of the platinum-silver complex 10 is not possible
even at 173K.

3IpfIH} NMR spectra of [{Pt(CNC)(PPh3)}2Ag](ClOs) (8) and
[{Pd(CNC)(PPh3)}2Ag](ClO4) (9) at RT are not very informative, showing both only a
singlet, with platinum satellites in the case of 8. More interestingly at 193K the 3!P{*H}
NMR spectrum of 9 (see Figure 1.17) reveals two singlets at 43.4 and 44.5 ppm of
different intensities, which agrees with the existence of two conformers of 9 detected in

the *H NMR spectrum at low temperature.

TV

56 54 52 50 48 46 44 42 40 38 36 34 32 30 28 26
Tppm1

Figure 1.17. 3P{*H} NMR spectrum (CD2Cl2, 193K) of complex
[{PA(CNC)(PPh3)}2Ag](ClOa4) (9).

For the platinum complex 8, additional **Pt{*H} NMR experiments could be
carried out (see Figure 1.18). At 193K only one signal centered at 4144 ppm appears,
indicating the equivalence of the two Pt atoms. This signal is a doublet of doublets
because of the coupling of Pt with P (1Jp.p = 3670 Hz) and Ag (1Jrt-ag = 530 Hz). This Pt-
Ag coupling implies that the Pt-Ag interaction persists in solution at this temperature. It

is also remarkable that the signal shifts downfield according to the starting material;

53



Chapter 1

around 200 ppm. This finding could be related with the electron-withdrawing capacity of

the acidic silver center,17:30.34:44

3970 -3090 -4010 -4030 -4050 -4070 -4090 -4110 -4130 4150 -4170 -4190 -4210 -4230 4250 4270 -4290
[ppm]
Figure 1.18. '®Pt{*H} NMR spectrum (CD2Cl2, 193K) of complex
[{Pt(CNC)(PPh3)}2Ag](CIOg4) (8).

1.2.2. Characterization of mixtures 10* and 11*

Attempts to obtain crystals suitable for X-Ray diffraction studies of
[(CNC)(PPhs)PtAg(PPh3)](ClO4) (10) and [(CNC)(PPh3s)PdAg(PPhs)](ClO4) (11) were
unsuccessful and led to the formation of mixtures of crystals. For the platinum-silver
mixture 10*, some well-formed orange crystals were obtained this way and identified as
the trinuclear [{Pt(CNC)(PPh3)}2Ag](CIO4) (8). In addition to this, there was a second
batch formed by poor quality, yellow crystals which were not suitable for X-Ray
diffraction studies but behaved in solution as 10* and a finally a third group of colorless
specimens which corresponded to the silver species [Ag(PPhs)2](ClO4) (see Supporting
Information). In the case of the palladium-silver mixture 11*, only crystals corresponding
to the trinuclear [{Pd(CNC)(PPhs)}2Ag](ClOs) (9) could be identified. As it was
impossible to prepare single crystals of both complexes with formula
“[(CNC)(PPh3s)MAg(PPh3)](ClO4)”, DFT calculations were performed to model their

structures (see Section 1.3).

Characterization of platinum-silver 10* and palladium-silver 11* mixtures was
challenging due to their rich behaviour in solution. In this way, VT NMR studies in
CD2Cl2 on these mixtures allowed to identify all species involved.

At room temperature *H NMR spectrum of platinum mixture 10* reflects broad
signals which do not give much information. However, by lowering the temperature to
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253K, a well-defined *H NMR spectrum is obtained (see Figure 1.19). It shows three sets
of signals corresponding to [(CNC)(PPhz)PtAg(PPh3)](ClO4) (10), the previously studied
[{Pt(CNC)(PPh3)}2Ag](ClO4) (8) and [Ag(PPhs)2](ClOa4) (AgP2).

In the 313-253K temperature range, a dynamic process with a coalescence
temperature of 293K is observed (see Figure 1.19). There is, therefore, coalescence of
signals corresponding to 10, 8 and AgP2 highlighted by three sets of signals in the 5.6-
6.6 ppm range at 253K, which at 313K become one broad signal at 5.9 ppm. Below 253K
resonances due to [(CNC)(PPhs)PtAg(PPhs)](ClOa4) (10) and
[{Pt(CNC)(PPhs)}2Ag](ClOa) (8) can be individually observed.

o ma )

|
203K |

M
AN
e |
—y J
° °
[ Ty
" |
D G -5
AL - 213K IL
- 193K )
[
S~ 173K L

81 BO 79 78 7 B 75 Y4 V3 72 71 M0 8d 68 B7 B4 BS5 B4 B3 62 61 B0 50 58 57 58 55 54 53 52

Figure 1.19. VT *H NMR spectra (CD2Cl2) of mixture 10* (at 253 and 233K: red
dot, H2 signal of 10; blue dots, signals of 8).

$1P{'H} NMR experiments performed on mixture 10* are more informative and
reveal the rich behaviour of this preparation in solution. Thus, the spectrum at room
temperature displays a singlet at 24.1 ppm with platinum satellites (*Jp-pt = 3662 Hz)
corresponding to a PPhs ligand bonded to a platinum center, and a doublet of broad peaks
at 15.1 ppm assigned to the phosphane coordinated to the silver (*Jr.ag = 672 Hz). These
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signals become sharper by lowering the temperature, appearing the signal due to the
“Ag(PPhs)” fragment better resolved at 163K (see Figure 1.20). Then, two doublets
(coupling due to the two active isotopes of Ag; 1°”Ag, 51.8% abundance and 1®°Ag, 48.2%
abundance) centered at 15.5 ppm can be observed with 1Jr-ag coupling constants of 730
and 623 Hz. It is noteworthy to indicate that platinum satellites appear on these two
signals (2Jr(ag-pt = 122 Hz). Finally this spectrum depicts a low-intensity doublet of
doublets, not detected at room temperature, with a typical pattern for an “Ag-PPhs”
system, which is assigned to [Ag(PPh3)2](ClOs) (AgP2) complex. A singlet
corresponding to trinuclear [{Pt(CNC)(PPhs)}2Ag](ClOa4) (8) is difficult to distinguish,
as its chemical shift is similar to that of [(CNC)(PPhs)PtAg(PPh3)](ClO4) (10), but at

some temperatures a small shoulder on the “Pt-PPhs” signal of 8 can be seen.

. e

34 33 32 31 30 29 28 27 26 25 24 23 2 21 20 19 18 17 16 15 14 13 12 11 10 9 8 7

(ppm)

Figure 1.20. 3P{*H} NMR spectrum (CD2Clz, 163K) of mixture 10*.

195pt{*H} NMR studies of solutions of 10* also give very valuable data. At 193K
a resolved signal centered at -4171 ppm appears (see Figure 1.21), being attributed to the
dinuclear platinum-silver complex. Coupling of the platinum center with the silver and
both P atoms of the phosphane ligands (*Jpt.r = 3561 Hz, 1Jpt.ag = 438 Hz, 2Jptpag) = 115
Hz) causes a complex pattern that can be seen in Figure 1.21.
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3070 -3000 -4010 -4030 -4050 -4070 -4000 -4110 -4130 -4150 -4170 -4190 -4210 -4230 -4250 -4270 -4290
[Ppm]

Figure 1.21. *Pt{*H} NMR spectrum (CD2Cl2, 193K) of mixture 10*.

Along with this signal, a doublet of doublets with a much lower intensity is
observed and assigned to trinuclear silver complex [{Pt(CNC)(PPh3)}2Ag](ClO4) (8),
described in the previous section. At 293K the signal of the dinuclear
[(CNC)(PPh3)PtAg(PPh3)](ClO4) (10) complex appears as a broad doublet and the

intensity of the signal of 8 increases (see Figure 1.22).

-SQIBO I -4600 | -4620 I -4640 -4660 I -4630 I -4100 I -41|20 I -4‘i40 -41|6IJ | -41IBO I -4200 | -42|20
[ppm]

Figure 1.22. Pt{*H} NMR spectrum (CD2Cl2, 293K) of mixture 10*.

All these 3'P{*H} and *Pt{*H} NMR observations for the mixture 10* point out
that at room temperature a dynamic process is taking place, in which the three species
[(CNC)(PPhs)PtAg(PPh3)](ClO4) (10), [{Pt(CNC)(PPh3)}2Ag](ClO4) (8) and AgP2 are
involved. Moreover, when low temperature experiments are performed on this mixture,
Pt-Ag couplings are detected, indicating that Pt-Ag interactions still exist for 10 in
solution. Therefore, rearrangement equilibria between [(CNC)(PPhs)PtAg(PPh3)](ClO4)
(10), [{Pt(CNC)(PPh3)}2Ag](ClO4) (8) and [Ag(PPhs)2](ClO4) (AgP2), in which Pt-Ag

and Ag-P bonds would be breaking, could be operating in solution.

1H NMR spectrum of palladium mixture 11* reflects also similar broad signals at
room temperature. By lowering the temperature, the recording of a better resolved

spectrum is not possible, but instead new signals appear, showing for example the
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coalescence of a H2 signal around 5.8 ppm (red asterisk in Figure 1.23) at 213K, which
splits at 173K into two new H2 signals at 5.9 and 5.2 ppm. One additional signal around
4.9 ppm is attributed to the trinuclear complex [{Pd(CNC)(PPhs)}2Ag](ClOa) (9) present

in solution.

* 293K

273K

JL 233K
' * _J 213K
r *
| * 193K
173K
* 3

*

8.‘0 ‘ TI.B I 7:6 I 7.4 I 7:2 I 7:0 I 6‘.8 ‘ 6‘.6 6.4 6.‘2 ‘ 6.‘0 I 5:3 I 5:6 5:4 I 5:2 I 5.‘0 ‘ 4‘.8
[ppm]

Figure 1.23. VT 'H NMR spectra (CD2Cl2) of mixture 11* (red asterisks, H2

signals).

VT 3P{*H} NMR experiments of 11* give very valuable information (see Figure
1.24). 3P{*H} NMR spectrum of palladium-silver mixture 11* at 293K, shows a sharp
singlet at around 44 ppm. By lowering the temperature to 173K all the species involved
in solution can be identified. A singlet is detected at 44.5 ppm corresponding to the
starting palladium substrate [Pd(CNC)(PPhs)] (2), a singlet over 43.5 ppm which can be
assigned to the phosphorus atom coordinated to the palladium center on the dinuclear
complex [(CNC)(PPh3)PdAg(PPhs)](ClOa4) (11), a sharp singlet at 40.6 ppm assigned to
the previously characterized trinuclear complex [{Pd(CNC)(PPhs)}2Ag](ClO4) (9), a
doublet of doublets centered at 18.7 ppm which corresponds to the “Ag(PPhs)” fragment
of 11 ({Jp-ag = 678 Hz and *Jr-ag = 585 Hz) and two sets of signals with a typical pattern
for P coupled with Ag centered at 10.7 and 6.0 ppm (1Jp-ag = 346 Hz and 1Jp.ag = 327 Hz

respectively) possibly due to mononuclear silver species with Ag-PPhs bonds.*
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Figure 1.24. VT 3'P{*H} NMR spectra (CD2Cl2) of mixture 11* (173K: green
dot, signal of 2; blue dots, signals of 11; red dot, signal of 9; red asterisks, signals of “Ag-

PPhs” species).

Therefore, the behaviour of palladium-silver mixture 11* in solution is even richer
than that of platinum-silver 10*, with signals corresponding to the starting substrate
[PA(CNC)(PPhs)] (2) being also identified. This suggests that complex 11 could revert to

+99

the starting material by releasing the “[Ag(PPhs)]™” moiety. Therefore, two additional
signals with Ag-P coupling pattern are observed and tentatively assigned to “Ag(PPhs)”

species.
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1.3. DFT calculations and structural analysis: degree of transmetallation on
the M-M’ complexes

All the heteropolymetallic complexes described in this chapter formed by group
10 and 11 metals can be regarded as frozen snapshots of a transmetallation process, in
which the acidic metallic center establishes an interaction with the Cipso (CNC). Due to
the pincer nature of the CNC ligand this process cannot occur completely, giving rise to
complexes that can be studied as models for arrested intermediates of transmetallation
reactions. Intermetallic interactions and differences on the degree of the transmetallation
(see Scheme 1.8) on these complexes were studied widely through DFT calculations (see

Computational details, Supporting Information).

i v

Scheme 1.8. Transmetallation process in a M-M’ heterobimetallic system,

showing five different degrees of transfer (A to E).

Thus, the optimized structures of complexes [(CNC)(PPhs)MAu(PPh3)](ClOs) (M
= Pt (4-DFT), Pd (5-DFT)), [{M(CNC)(PPh3s)}2Au](ClO4) (M = Pt (6-DFT), Pd (7-
DFT)) and [{M(CNC)(PPh3)}2Ag](ClO4) (M = Pt (8-DFT), Pd (9-DFT)) are in good
agreement with the experimental X-Ray ones (see Tables S1.3 and S1.4, Supporting
Information). Structures of dinuclear silver complexes [(CNC)(PPhs)PtAg(PPhs)]CIO4
(10-DFT) and [(CNC)(PPh3)PdAg(PPh3)]CIO4 (11-DFT) were also modelled but the
absence of X-Ray structures for them does not allow this comparison (see Figure 1.25 for

a view of these structures and Table 1.4 for a selection of distances).
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a) b)

Figure 1.25. DFT optimized structures of 10-DFT (a) and 11-DFT (b).

Table 1.4. Selected bond lengths (A) and angles (°) for 10-DFT and 11-DFT.

10(M=Pt) |11 (M = Pd)
M-Ag 2.798 2.753
M-Ca 2.075 2.067
M-Cs 2.177 2.206
Ag-Ca 2.246 2.216
M-Ag-P(Ag) 125.41 126.33
Ca-Ag-P(AQ) 171.32 172.94

Thus, comparison of the palladium complexes with the analogous platinum ones
is of interest, observing more prominent deformations of the M-CNC moiety when the
basic metallic center is palladium in almost all the cases; this deformation is very similar
for the trinuclear M-Ag complexes 8-DFT and 9-DFT. The overlays of the DFT

optimized structures of palladium complexes 5, 7, 9 and 11 with their corresponding
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platinum counterparts allow to identify these deformations on the planarity of the CNC
ligand (see Figures 1.26 and 1.27).

Ag
Pt b
Pd Pt
a) b)

Figure 1.26. Overlay of the structures 5-DFT (Pd-Au) and its Pt homologue 4-
DFT (Pt-Au) (a) and 11-DFT (Pd-Ag) and its Pt homologue 10-DFT (Pt-Ag) (b).

Figure 1.27. Overlay of the structures 7-DFT (Pd-Au-Pd) and its Pt homologue
6-DFT (Pt-Au-Pt) (a) and 9-DFT (Pd-Ag-Pd) and its Pt homologue 8-DFT (Pt-Ag-Pt).

On the other hand, the overlay of the optimized structures of each Pt-M’ and Pd-
M’ pair shows that the systems with gold experience more marked deformations than the

silver analogs (see Figures 1.28 and 1.29).
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a) b)

Figure 1.28. Overlay of the structures 4-DFT (Pt-Au) and 10-DFT (Pt-Ag) (a)
and structures 6-DFT (Pt-Au-Pt) and 8-DFT (Pt-Ag-Pt).

Figure 1.29. Overlay of the structures 5-DFT (Pd-Au) and 11-DFT (Pd-Ag) (a)
and structures 7-DFT (Pd-Au-Pd) and 9-DFT (Pd-Ag-Pd) (b).

With all this structural information, additional geometrical analysis focusing on
the M---R---M’ unit affords deeper insight. The intermetallic transfer process can be
analyzed by establishing and comparing several geometrical descriptors (see Table S1.5,
Supporting Information). Two of these informative parameters are the M-Cipso-Cpara (01)
and M’-Cipso-Cpara (012) angles (see Scheme 1.9 and Table 1.5). The value of these angles
gives an idea of the distortion of the interacting phenylene plane with respect to the rest

of the CNC ligand and the square plane environment of the basic metal.
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Scheme 1.9. Graphical depiction of a1 and a2 descriptors.

Table 1.5. M-Cipso-Cpara (0t1) and M’-Cipso-Cpara (0i2) angles (°) of the compounds
of this chapter. Data collected from X-Ray diffraction (cursive) and DFT calculations.

Pt systems Pd systems
Angle M’
PtM° Pt,M° PdM’ Pd.M’
160.5(2) | 152.9(2) | 140.7(2) | 133.2(4)
Au
M-Cipso-Cpara 152.8 156.6 138.3 134.7
(01) - 162.1(2) - 161.6(2)
Ag
163.0 164.0 157.7 160.9
120.1(2) | 128.2(2) | 143.1(2) | 152.7(4)
Au
M?-Cigso-Coara 1285 123.3 147.0 152.4
(02) - 108.5(2) - 111.5(2)
Ag
115.7 111.9 123.2 118.6

It is remarkable to indicate that the M-Cipso-Cpara angles of the starting materials
[Pt(CNC)(PPhs)] (1) and [Pd(CNC)(PPh3)] (2), in which no R transfer has started yet, are
not of 180° (they are 168.1(2) and 167.4(1)° respectively), which is caused by the pincer
nature of the CNC cyclometallated ligand. On the other hand, a situation in which the
transfer to a M’ center is completed would give M’-Cipso-Cpara angles of 180°. These two

values define the boundaries of the R transfer process.

In the complexes of this chapter, gold systems give rise to the highest degree of
transfer (yellow marks, Figure 1.30) compared the silver ones (red marks, Figure 1.30).
Thus, M-Cipso-Cpara angles in the PdAu and Pd2Au clusters are 138.3 and 134.7°
respectively (152.8 and 156.6° in their PtAu and Pt2Au counterparts). In addition to this,
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palladium complexes (dot marks, Figure 1.30) display higher degrees of transfer than the
platinum analogs (square marks, Figure 1.30), giving values of M-Cipso-Cpara angles of
157.7 and 160.9° respectively (163.0 and 164.0° in the Pt analogs).

M
] - A
e —
105 120 135 150 165 180
} ! f ] i |
1 1 1 * Ul v :.‘_..| T 1
M-Cour Com (1)
ﬁW‘'Cips;g:f{:‘;paraI((}t'z) ' : . '___ ' - .7':
1 e | T ,_—| ‘-I_.-._._I_ZI
180 165 150 135 120 105

Figure 1.30. Different degrees of transfer achieved in the M-M’-P and M-M’-M
systems of this chapter (square = Pt; dot = Pd; red = Ag, yellow = Au; Stars: reference
compounds for both boundaries of the transmetallation process). Descriptors used: M-

Cipso-Cpara and M’-Cipso-Cpara angles (°) obtained from DFT calculations.

Besides, another pair of very informative descriptors can also be represented to
study the progression of the frustrated transmetallation process, which are distances M-
Ca and M’-Ca (see Scheme 1.10).

M =Pt, Pd; M' = Ag, Au

\ O = , [IM(CNC)(PPhs)]

Scheme 1.10. Graphical depiction for the established descriptors of complexes of

this chapter.
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Graphical depiction of that pair of descriptors generates one plot (see Figure 1.31)
which pointing in the same direction of the observations on the previously discussed
descriptors a1 and a2, indicate higher transmetallation degrees for the palladium gold

complexes.

Thus, larger M-Ca distances are always paired with shorter M’-Ca distances, and
vice versa. The shorter M’-Ca (and thus the longer M-Ca) the higher degree of transfer,

as is observed for the Pd-Au complexes.
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Figure 1.31. Plot of the M-Ca distances vs. M’-Ca distances showing a linear

correlation of both.

Further understanding of this process can be gained by means of DFT calculations.
Energy Decomposition Analysis (EDA) allows to compute the interaction energy (Eint)
of the M donor and M’ acceptor fragments (see Scheme 1.11), corresponding to the [M-
(M’-PPh3)]" and [M-(M’-M)]" adducts (M = Pd, Pt; M’ = Ag, Au; see Table 1.6). Trends
observed for these data agree with the structural observations described before. Firstly,
the M-Au interactions are found to be stronger than the M-Ag, which can be related with
the observed lability of the silver systems through NMR studies; secondly, the Pd- M’
interactions are more important than the Pt-M’ ones (with one exception; the M2Ag

trinuclear complexes). Finally, stronger interactions take place in the trinuclear than in
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the dinuclear adducts, possibly due to the better donor ability of the triphenylphosphane
ligand of the acidic metal, compared to that of the “[M(CNC)(PPh3)]" moiety.

fragment [M']

fragment [M]

M-M*
Scheme 1.11. Definition of the fragments of heteropolynuclear complexes of this

chapter for EDA studies.

Table 1.6. Total interaction energies (AEint), electrostatic (AEee), exchange-
repulsion (AEexrep), polarization (AEpor), correlation (AEcorr) and dispersion (AEdisp)
energies (DFT/BP86-D3 level, gas phase) in kcal/mol of the heteropolynuclear
complexes of this chapter (AEint = AEele + AEexrep + AEpol + AEcorr + AEdisp).

V= bt 4-DFT | 10-DFT | 8-DFT 6-DFT
Pt-Au Pt-Ag Pt-Ag-Pt Pt-Au-Pt
AEin -92.6 -80.6 -88.0 -98.9
AEese 21.0 15.9 45.7 445
AEexep -35.6 -21.3 -17.6 -28.5
AEqo 0.0 0.0 0.0 0.0
AEcorr -415 -38.9 -54.7 -55.3
AEgisy -36.5 -36.3 -61.4 -59.6
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e 5-DFT 11-DFT 9-DFT 7-DFT
Pd-Au Pd-Ag Pd-Ag-Pd Pd-Au-Pd

AEint -108.0 -83.2 -85.6 -112.6
AEee 12,5 10.3 38.3 345
AEexrep -394 -19.0 -14.1 -36.5
AEpo 0.0 0.0 0.0 0.0
AEcorr -43.7 -38.7 -51.5 -54.5
AEqisp -37.4 -35.8 -58.3 -56.2

Furthermore, Natural Bond Orbital (NBO) analysis of the complexes of this

chapter shows illuminating trends in agreement with those observed before. Wiberg Bond

Indices (WBI) point in coherent directions with respect to the different interactions

observed in these clusters. See Tables 1.7 and 1.8 for the WBI found for the relevant

bonds of the eight bimetallic clusters.

Values due to the M-M’ bond are found larger for the M-Au complexes, indicating

therefore stronger bonds. Secondly, WBI of the M’-Ca bonds are larger when M’ is gold

and M is palladium. Finally, computed values for the M-Ca bonds are smaller when M is

palladium and M’ is gold, meaning that this bond is weaker in these complexes. As

suggested by EDA studies and all the previous structural discussion, these values indicate

that the strongest interactions between the metallic fragments exist when M = Pd and M’

= Au.
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Table 1.7. Calculated WBI (DFT/BP86-D3 in the
heteropolynuclear platinum complexes of this chapter. Data collected from mononuclear

derivative [Pt(CNC)(PPhs)] are also included as reference.

level, gas phase)

Tl [Pt(CNC)PPhs] | 4-DFT 10-DFT 8-DFT 6-DFT

Pt-Au Pt-Ag Pt-Ag-Pt | Pt-Au-Pt

M-M’ - 0.24 0.20 0.21 0.25

M-Ca 0.66 0.46 0.55 0.55 0.46

M’-Ca = 0.31 0.21 0.19 0.33
Table 1.8. Calculated WBI (DFT/BP86-D3 level, gas phase) in the

heteropolynuclear palladium complexes of this chapter. Data collected from mononuclear
derivative [Pd(CNC)(PPh3)] are also included as reference.

e [PA(CNC)PPhs]| 5-DFT |11-DFT| 9-DFT | 7-DFT
Pd-Au Pd-Ag | Pd-Ag-Pd | Pd-Au-Pd
M-M’ - 0.24 0.19 0.19 0.25
M-Ca 0.60 0.32 0.48 0.49 0.26
M’-Ca - 0.40 0.25 0.21 0.42

The computational and structural results previously discussed encourage to focus
on the bonding situation of these systems by means of the Quantum Theory of Atoms in
Molecules (QTAIM) (DFT/BP86-D3 level, gas phase). Interestingly for the Pt-M’
complexes (see Tables S1.6 and S1.7, Supporting Information) the QTAIM method
locates bond critical points (BCP) between the Pt and the adjacent carbon atoms as well
as between the Ag or Au and the Cipso (CNC). In addition to this, bond paths between Pt
and Au centers are found for 4-DFT and 6-DFT (see Figures 1.32 and S1.75, Supporting
Information). However, no BCPs between the Pt and the Ag centers are located for 8-
DFT and 10-DFT (see Figures 1.33 and S1.76, Supporting Information). These studies
again suggest that stronger interactions between the metallic fragments exist for the Pt-
Au systems, also indicating that Pt-Ca bonds are more weakened when the acidic metallic
center is gold.

69



Chapter 1

Figure 1.32. Contour line diagrams V2p(r) for the cation of complex 4-DFT in the
Au-C—Pt plane (solid lines connecting nuclei: Bond Paths; green dots: Bond Critical

Points) (a). Detail of the complex core (b).
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Figure 1.33. Contour line diagrams V?p(r) for the cation of complex 10-DFT in
the Ag—C—Pt plane (solid lines connecting nuclei: Bond Paths; green dots: Bond Critical
Points) (a). Detail of the complex core (b).
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Same results are observed for the palladium analogues (see Tables S1.8 and S1.9,
Supporting Information). Pd-M’ bond paths are only found for the dinuclear and
trinuclear Au complexes 5-DFT and 7-DFT (see Figures 1.34 and S1.77, Supporting
Information) which again highlight stronger Pd-Au interactions compared to the Pd-Ag
ones 9-DFT and 11-DFT (see Figures 1.35 and S1.78, Supporting Information).
Moreover, the data extracted from this analysis at the Pd-Ca, Pd-Cs, Au-Ca and Ag-Ca
BCPs also support a more marked weakening of the Pd-Ca bonds upon interaction with
the Au centers.
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b)

Figure 1.34. Contour line diagrams V?2p(r) for the cation of complex 5-DFT in
the Au—C-Pd plane (solid lines connecting nuclei: Bond Paths; green dots: BCP) (a),

detail of the complex core (b).
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b)

Figure 1.35. Contour line diagrams V2p(r) for the cation of complex 11-DFT in
the Ag—C-Pd plane (solid lines connecting nuclei: Bond Paths; green dots: BCP) (a),

detail of the complex core (b).

Finally, the “metronome-like” dynamics in the Pd-M’ systems (see Schemes 1.12
and 1.13) were also carefully studied through DFT calculations, in good agreement with
the experimental behavior observed through NMR for these complexes. Thus, the
“metronome-like” process (see Figures 1.36 and 1.37) presents higher energy barriers in
the Pd-Au complexes (14.2 kcal/mol for 5 and 14.5 kcal/mol for 7) than in the Pd-Ag
ones (11.7 kcal/mol for 11 and 11.4 for 9). This could explain why only the latter reaches
fast exchange temperatures at RT and displays coalescence at around 203-213K.

L _l +  metronome-like L _I +

/ dynamics \
= M
side '-2 A
slippage pi—XCO)
S
@ EN®

Scheme 1.12. “Metronome-like” dynamics operating in the heterodinuclear
complexes 5 (Pd-Au) and 11 (Pd-Ag).
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Scheme 1.13. “Metronome-like” dynamics operating in the heterotrinuclear
complexes 7 (Pd-Au-Pd) and 9 (Pd-Ag-Pd). The double side mechanism generated two

different conformers (A and B).
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Figure 1.36. Calculated energy profile (relaxed scan, DFT/BP86-D3 level,
dichloromethane solution) for the “metronome-like” dynamics operating in 5-DFT

(orange, Pd-Au) and 11-DFT (grey, Pd-Ag).
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Figure 1.37. Calculated energy profile (relaxed scan, DFT/BP86-D3 level,
dichloromethane solution) for the “metronome-like” dynamics operating in 7-DFT

(orange, Pd-Au-Pd) and 9-DFT (grey, Pd-Ag-Pd).

Moreover, for trinuclear complexes [{Pd(CNC)(PPhs)}2Au](ClOs) (7) and
[{Pd(CNC)(PPh3)}2Ag](ClO4) (9) additional conformational isomers have been found
(see Scheme 1.13). DFT data suggests that only in the case of the silver complex this
isomer is present in enough concentration to be detected by NMR at low temperatures,
which is compatible with the two sets of signals of *H NMR and the two different signals
of 3'P{*H} NMR observed for two different conformers of [{Pd(CNC)(PPh3s)}2Ag](ClO4)
(9) at 193K.
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In this chapter, the synthesis, characterization and structural study of several Pt-
M’ and Pd-M’ complexes has been undertaken. These complexes constitute a
representative selection of donor acceptor systems with all the combinations of basic
[Pt/Pd] and [Au/Ag] fragments in dinuclear and trinuclear forms. Altogether they provide

a good amount of interconnected data from which some conclusions can be extracted.

Thus, the careful analysis of the behavior of the different heterobimetallic
complexes of this chapter in solution (“metronome-like” motion) is in good agreement
with the structural observations and computational studies on the interaction between the
metallic fragments, confirming that indeed, all the heteropolymetallic clusters of this
chapter can be regarded as arrested intermediates of a transmetallation process, which,
given the tridentate nature of the CNC ligand, cannot progress further. The 'H NMR
spectra at several temperatures suggest that the energetic barrier, related with the strength
of the M’-Cipso interactions, is maximum for the Pd-Au complexes and minimum for the

Pt-Ag complexes.

Several geometrical descriptors related with the M-R-M’ fragment have been used
to evaluate the progression of the frustrated transmetallation, in particular the deviation
of the interacting phenylene ring from the rest of the CNC plane, quantified in the Section
1.3 with o1 and a2 angles and the M-Cipso and M’-Cipso distances, which can be visually
compared in Figure 1.38.

Structural and computational studies helped to establish that Au promotes the
highest degrees of transfer from the M-CNC systems. Also, that the Pd systems are more
prone to the transfer of the R group than their Pt analogues. Thus, an order on the degree
of transfer depending on the metals involved can be proposed, which is Pd-Au > Pt-Au >
Pd-Ag > Pt-Ag.

The results of this chapter propose therefore, useful ideas that can be of interest in
the design of bimetallic systems for bimetallic catalysis, an emerging and evolving field

in chemical science.
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M = Pt, M’ = Ag (trinuclear)
M = Pt, M’ = Au (trinuclear)
M = Pd, M’ = Ag (trinuclear)
M = Pd, M’ = Au (trinuclear)
M=

Pt, M’ = Au (dinuclear)
M = Pd, M" = Au (dinuclear)
[Pd(CNC)PPh;]

[Pt(CNC)PPh,]

Figure 1.38. Overlay representation of the “P(CNC)MM" fragments in all the M-
M” (M =Pt, Pd; M’ = Ag, Au) structures of the bimetallic complexes of this chapter. For
comparative purposes the structures of 1 and 2 are also included.
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1.4. Experimental section

General Comments. Literature methods were used to prepare the starting
material [Pt(CNC)(PPhs)] (1) (CNC = 2,6-di(phen-2-ide)-pyridine).!® Elemental analyses
were carried out with a Perkin-Elmer 2400 CHNS analyzer. IR spectra were recorded on
a Perkin-Elmer Spectrum 100 FT-IR spectrometer (ATR in the range 250-4000 cm™).
Mass spectrometry was performed with the Microflex matrix-assisted laser desorption
ionization-time-of-flight (MALDI-TOF) Bruker or an Autoflex IIl MALDI-TOF Bruker
instruments. 'H, 3C{'H}, 3'P{'H} and '*>Pt{'H} NMR spectra were recorded on Bruker
ARX-300, AV-400 and AV-500 spectrometers using the standard references: SiMes, 85%
H3PO4 and Na2PtCls in D20 for references for 'H and '*C, 3'P and '°°Pt respectively. The
signal attributions and coupling constant assessment was made on the basis of a
multinuclear NMR analysis of each compound including, besides 1D spectra, 'H-'H
COSY, 'H-13C HSQC, 'H-'*C HMBC and '*C{'H} APT.

Safety Note: Perchlorate salts of metal complexes with organic ligands are
potentially explosive. Only small amounts of material should be prepared, and these

should be handled with great caution.

7
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Chart 1.2. 'H and '3C numbering scheme for the [M(CNC)] fragment.

Preparation of complex [Pd(CNC-H)(p-Cl)]2. To a solution of [PdCI2(PhCN):]
(0.400 g, 1.043 mmol) in 90 mL of MeOH, 2,6-diphenylpyridine (0.265 g, 1.147 mmol)
was added. The reaction was kept under reflux for 2 days. As a result, a green solid was
formed. The suspension was filtered, and the green product was washed with diethylether

(10 mL) and air dried (Yield: 0.382 g, 98%).

79



Chapter 1

Preparation of complex [Pd(CNC)(PPhs)] (2). To a solution of KHMDS (0.072
g, 0.362 mmol) under argon in THF (20 mL) at room temperature, [Pd(CNC-H)CI(PPh3)]
(3) (0.200 g, 0.315 mmol). After 45 minutes of stirring the mixture was evaporated to
dryness and 20 mL of CH2Clz2 were added. The solution was filtered through celite, and
the filtrate was evaporated to dryness. The yellow solid was extracted with n-hexane (10
mL), filtered, washed with MeOH (10 mL) and air dried (Yield: 0.112 g, 59%). Anal.
Found: C, 70.01; H, 4.48; N, 2.39. Anal. Calcd. for C3sH2sNPPd: C, 70.30; H, 4.38; N,
2.34. IR (ATR, cm™): 1592 (m, v(N-C)), 1565 (m, v(N-C)), 1544 (w, v(N-C)), 531 (vs,
v(P-C)), 511 (vs, v(P-C)), 503 (vs, v(P-C)). 'H NMR (400.132 MHz, CD2Cl, 293K, see
Chart 1.2 a) for the H numbering scheme): § = 7.83 (6H, m, 0-PPh3), 7.74 (1H, t, *Ju7-16
=7.9 Hz, H7), 7.47 (5H, m, HS5 and p-PPhs), 7.40 (8H, m, H6 and m-PPhs), 6.89 (2H, td,
3Ju4-m3 = >Juans = 7.5 Hz, *Jus-m2 = 1.3 Hz, H4), 6.57 (2H, td, >Jus-n2 = *Jus-ne = 7.5 Hz,
“Jus-ns= 1.3 Hz, H3), 6.16 (2H, dd, *Ju2-u3= 7.5 Hz, *Ju2-ua= 1.3 Hz, H2) ppm. *'P{'H}
NMR (161.923 MHz, CD:Clz, 293K): § = 45.2 (s) ppm. *C{'H} NMR plus HSQC and
HMBC (100.624 MHz, CD:Cl2, 293K, see Chart 1.2 a) for the C numbering scheme): &
=170.0 (d, 2Jcp=9.6 Hz, C1), 165.8 (s, C8), 151.9 (s, C9), 140.0 (s, C7), 139.4 (d, *Jc-p
=5.3 Hz, C2), 135.7 (d, >Jc-p = 13.1 Hz, 0-PPh3), 133.0 (d, 'Jcr = 46.9 Hz, g-PPh3), 130.8
(d, “Jc-p = 2.2 Hz, p-PPh3), 128.8 (d, “Jcp = 1.7 Hz, C3), 128.6 (d, *Jcp= 10.4 Hz, m-
PPhs), 124.3 (s, C4), 123.6 (s, C5), 115.5 (s, C6) ppm. MS ESI+: m/z = 598.1
[[PA(CNC)(PPh3)]+H]".

Preparation of complex [Pd(CNC-H)CI(PPhs3)] (3). To a suspension of
[Pd(CNC-H)(p-C]2 (0.200 g, 0.269 mmol) under argon in CH2Cl2 (20 mL), PPh3 (0.159
g, 0.606 mmol) was added. The reaction was carried out in reflux of CH2Cla. After 60
minutes of stirring the resulting solution was filtered through celite. The filtered solution
was concentrated ca. 2 mL, 15 mL of n-hexane were added obtaining a yellow precipitate.
That solid was extracted with diethylether (10 mL), filtered, washed with more
diethylether (5 mL) and air dried (Yield: 0.326 g, 96%). Anal. Found: C, 66.15; H, 4.62;
N, 1.92. Anal. Calcd. for C3sH27CINPPd: C, 66.26; H, 4.29; N, 2.21. IR (ATR, cm™): 1595
(w, v(N-C)), 1575 (m, v(N-C)), 1564 (m, v(N-C)), 1553 (m, v(N-C)), 529 (vs, v(P-C)),
514 (vs, v(P-C)), 498 (vs, v(P-C)), 276 (m, v(Pd-Cl)). '"H NMR (400.132 MHz, CD:Cl>,
293K, see Chart 1.2 b) for the H numbering scheme): § = 8.07 (2H, dd, *Juo-x10 = 6.9 Hz,
4 Jo-r1 = 3.0 Hz, H9), 7.96 (1H, t, *Ji7-16 = *Jur-us = 7.9 Hz, H7), 7.83 (1H, d, *Jue-17 =
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7.9 Hz, H6), 7.75 (6H, m, 0-PPhs), 7.61 (1H, d, *Jus-ua= 7.8 Hz, HS), 7.52 (1H, d, Jus-
n7="7.9 Hz, H8), 7.44 (6H, m, p-PPh3, H10 and H11), 7.36 (6H, m, m-PPhs), 6.98 (1H, t,
3Jna-n5 = >Jua-n3 = 7.8 Hz, H4), 6.54 (2H, m, H2 and H3) ppm. *'P{'H} NMR (161.923
MHz, CD2Clz, 293K): 6 =42.2 (s) ppm. *C{'H} NMR plus HSQC and HMBC (100.624
MHz, CD2Cl2, 293K, see Chart 1.2 b) for the C numbering scheme): 6 = 163.9 (s, C14),
161.6 (s, C13), 156.2 (s, C1), 147.9 (s, C15), 140.8 (s, C12), 139.5 (s, C7), 138.1 (d, *Je-
p=12.0 Hz, C2), 135.3 (d, 2Jc-p = 12.0 Hz, 0-PPhs), 131.8 (d, 'Jcp = 52.0 Hz, ¢-PPh3),
130.9 (s, p-PPhs), 129.7 (s, C11), 129.4 (s, C9), 128.3 (d, *Jc-p = 14.0 Hz, m-PPhs), 128.2
(s, C10), 128.1 (s, C3), 125.1 (s, C5), 124.6 (s, C4), 123.5 (s, C8), 117.0 (s, C6) ppm. MS
MALDI+ DCTB: m/z = 598.1 [Pd(CNC-H)(PPhs)]".

Preparation of the complex [(CNC)(PPh3)PtAu(PPh3)](CIO4) (4). To a
solution of [AuCI(PPhs)] (0.076 g, 0.150 mmol) in tetrahydrofuran (20 mL) under argon
at -40°C, AgClO4 (0.032 g, 0.150 mmol) was added. After 75 minutes of stirring in the
absence of light the suspension was filtered. To the collected solution, complex
[Pt(CNC)(PPhs)] (1) (0.100 g, 0.150 mmol) was added. After 3 hours of stirring at room
temperature, the resulting solution was evaporated to dryness. Addition of MeOH (5 mL)
caused a precipitate which was decanted, washed with diethyl ether (10 mL), and air dried
(Yield: 0.116 g, 64%). Anal. Found: C, 50.88; H, 3.21; N, 1.26. Anal. Calcd. for
Cs3Ha1AuCIN204P2Pt: C, 51.12; H, 3.32; N, 1.12. IR (ATR, cm™): 1597 (w, v(N-C)),
1562 (vw, v(N-C)), 1079 (s, v(ClOyY)), 689 (s, v(P-C)), 621 (m, v(ClOx)), 536 (vs, v(P-
C)), 513 (vs, v(P-C)), 497 (vs, v(P-C)). *H NMR (400.132 MHz, CD2Cl2, 293K): § = 7.92
(1H, t, 3Jn7-16 = 8.0 Hz, H7), 7.72 (2H, dd, 3JHs-+4a = 7.6 Hz, *Jns.h3 = 1.3 Hz, H5), 7.70-
7.67 (6H, m, 3Jto-+m = 8.3 Hz, *JHo-+p = 1.2 Hz, 0-PPha(Pt)), 7.62 (2H, d, 3JHe-H7 = 8.0
Hz, H6), 7.53-7.47 (6H, m, overlapped signals of p-PPhsz(Pt) and p-PPhs(Au)), 7.32 (6H,
td, 3JHm-Ho = 8.3 Hz, 3JHm-Hp = 2.7 Hz, m-PPhs(Au)), 7.26 (2H, ddd, 3JHa-H5 = 7.6 Hz, 3JHa-
H3 = 7.6 Hz, “Jna-H2 = 1.0 Hz, H4), 7.21 (6H, td, 3Jsm-+o = 8.3 Hz, 3JHm-Hp = 2.5 Hz, m-
PPhs(Pt)), 7.09 (6H, td, 3JHo-Hm = 8.3 Hz, *Jno-Hp = 1.2 Hz, 0-PPh3(Au)), 6.84 (2H, ddd,
3Jh3-Ha = 3Jha-H2 = 7.6 Hz, “nzvs = 1.3 Hz, H3), 6.08 (2H, dd, 3JH2-H3 = 7.6 Hz, *JHo-Ha =
1.0 Hz, 3Jm2pt = 25.9 Hz, H2) ppm. B¥C{*H} NMR plus HSQC and HMBC (100.624
MHz, CD2Cl2, 293K): § = 164.4 (s, C8), 154.2 (s, C9), 146.1 (s, YJcrt = 654 Hz, C1),
143.0 (s, C7), 142.1 (s, C2), 136.1 (d, 2Jc-p = 11.5 Hz, 3Jc-pt = 25.4 Hz, 0-PPhs(Pt)), 134.1
(d, 2Jc-p = 13.9 Hz, 0-PPh3(Au)), 132.8-132.4 (d, *Jcp = 2.1 Hz, d, “Jc-p = 1.6 Hz, p-
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PPhs(Au) and p-PPhs(Pt)), 130.5 (s, 3Jc-rt = 33.2 Hz, C3), 129.9 (d, overlapped signals of
m-PPhs(Au) and C5), 129.3 (d, 3Jcr = 11.1 Hz, m-PPhs(Pt)), 125.9 (s, *Jc-rt = 22.9 Hz,
C4), 117.6 (d, “cpy = 3.1 Hz, C6) ppm. 3'P{*H} NMR (161.923 MHz, CD2Cl2): & =
34.6 (s, 2pau-rt = 254 Hz) (293K), 22.5 (s, -t = 3680 Hz) (293K); 35.8 (5, 2Jp(au)-pt =
242 Hz) (193K), 22.1 (s, Jp-rt = 3660 Hz) (193K) ppm. 1*°Pt{’H} NMR (85.679 MHz,
CD2Cl2): & = -4017 (dd, Jptr = 3680 Hz, 2Jpi-p(av) = 254 Hz) (293K), -4060 (dd, *Jpt.p =
3660 Hz, 2Jperay = 242 Hz) (193K) ppm. MS MALDI+ DCTB: m/z = 1145.1
[(CNC)(PPhs)PtAu(PPhs)]".

Preparation of complex [(CNC)(PPh3z)PdAu(PPh3)](ClOs4) (5). To a solution of
[AuCI(PPh3)] (0.059 g, 0.119 mmol) in 30 mL of THF at -60°C, AgCIO4 (0.025 g, 0.119
mmol) was added. The reaction was kept under argon and protected from the light for 70
minutes. Then, the resulting solution was filtered through celite and [Pd(CNC)(PPhs)] (2)
(0.065 g, 0.108 mmol) was added. The mixture was kept at room temperature and stirred
for 30 minutes. After that, the solution was evaporated to dryness and the resulting yellow
solid was extracted with n-hexane. The solid was filtered and air dried. (Yield: 0.113 g,
90%). Anal. Found: C, 54.67; H, 3.71; N, 1.37. Anal. Calcd. for CssHa1AuCINO4P2Pd:
C, 55.03; H, 3.57; N, 1.21. IR (ATR, cm™): 1596 (m, v(N-C)), 1575 (m, v(N-C)), 1566
(w, v(N-C)), 1087 (s, v(ClO4)), 621 (m, v(ClO4)), 530 (vs, v(P-C)), 510 (s, v(P-C)). H
NMR (400.132 MHz, CD2Cl2, 293K, inequivalent H2-H6 protons could not be
identified): 5 =8.01 (1H, t, 3Jn7-He = 3Jn7-He= = 8.0 Hz, H7), 7.76 (3H, m, H6/H6*, H5/H5*
and H2/H2*), 7.62 (7H, m, 0-PPhz and H6/H6%*), 7.48 (7H, m, p-PPhs and H4/H4%*), 7.28
(12H, m, 0-PPhs and m-PPhs), 7.17 (7H, m, m-PPhs and H3/H3*), 7.02 (1H, t, 3Jus-h2 =
3JHs-Ha = 6.8 Hz, H3/H3*), 6.61 (1H, t, *JHa-H3 = Jna-Hs = 6.8 Hz, H4/H4*), 6.41 (1H, d,
3Jus-He = 6.0 Hz, H5/H5%), 5.47 (1H, d, 3JH2-H3 = 6.9 Hz, H2/H2*) ppm. *'P{*H} NMR
(161.923 MHz, CD2Cl2, 293K): § = 41.9 (s, P(Au)), 40.3 (s, P(Pd)) ppm. BC{*H} NMR
plus HSQC and HMBC (100.624 MHz, CD2Clz, 293K, inequivalent C1-C9 carbons could
not be identified): & = 164.6 (s, C8/C8%*), 163.6 (s, C8/C8*), 157.8 (s, C9/C9*), 155.9 (s,
C9/C9%), 148.5 (s, C2/C2*), 141.8 (s, C7), 139.2 (s, C5/C5*), 135.8 (d, ZJc-p= 12.9 Hz,
0-PPhs), 134.2 (d, 2Jcp = 13.5 Hz, 0-PPha), 133.2 (s, C4/C4*), 132.5 (d, *Jc-p = 2.6 Hz,
p-PPh3), 132.1 (d, *Jcp= 2.6 Hz, p-PPha), 131.0 (d, *Jcr = 51.8 Hz, g-PPh3), 129.7 (d,
3)c.p = 11.5 Hz, m-PPhs), 129.1 (d, Jc» =10.9 Hz, m-PPhs), 129.0 (m, overlapped with
m-PPhs, g-PPhs), 128.3 (s, C4/C4*), 126.6 (s, C2/C2* and C5/C5%*), 125.4 (s, C3/C3*),
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1189 (s, C6/C6*), 117.9 (s, C6/C6*) ppm. MS MALDI+ DCTB: m/z = 1056.1
[(CNC)(PPh3)PdAu(PPh3)]".

Preparation of the complex [{Pt(CNC)(PPh3)}>Au](CIO4) (6). To a solution of
[AuCI(tht)] (0.052 g, 0.162 mmol) in THF (20 mL) at 0°C and under argon, tht (15 pl,
0.162 mmol) and AgClO4 (0.033 g, 0.162 mmol) were added. After 60 minutes of stirring
in absence of light, the complex [Pt(CNC)(PPhs)] (1) (0.212 g, 0.308 mmol) was added
to the solution. After 2 hours of stirring, the resulting solution was concentrated to ca. 5
mL and kept to -30°C to give an orange precipitate that was filtered off, washed with
diethyl ether (10 mL) and finally air dried (Yield: 0.153 g, 60%). Anal. Found: C, 49.94;
H, 3.05; N, 1.80. Anal. Calcd. for C7o0Hs2AuCIN204P2Pt2: C, 50.35; H, 3.14; N, 1.68. IR
(ATR, cm™): 1597 (w, v(N-C)), 1576 (vw, v(N-C)), 1563 (vw, v(N-C)), 1544 (vw, v(N-
Q)), 1092 (s, v(ClO4Y)), 692 (s, v(P-C)), 620 (m, v(ClO4)), 540 (vs, v(P-C)), 513 (s, v(P-
Q)), 507 (s, v(P-C)). *H NMR (500.130 MHz, CD2Clz, 293K): & = 7.58 (2H, t, 3Jr7-H6 =
7.9 Hz, H7), 7.50 (6H, t, 3JHp-tm = 7.1 Hz, p-PPhs), 7.34 (12H, t, 3JHm-+o = 7.0 Hz, m-
PPhs), 7.33-7.27 (20H, m, overlapped signals of H5 and H6 and 0-PPhs), 6.98 (4H, t, 3JHa-
Hs = 3JHa-H3 = 7.4 Hz, H4), 6.64 (4H, t, 3Jnz-H4a = 3Jnz-H2 = 7.4 Hz, H3), 5.98 (4H, broad
singlet signal, H2) ppm. 2C{*H} NMR plus HSQC and HMBC (100.624 MHz, CD2Clz,
293K): 6 = 165.3 (s, C8), 154.2 (s, C9), 146.1 (s, C1), 142.7 (s, C2), 141.9 (s, C7), 135.6
(d, 3Jcp = 11.4 Hz, m-PPhs), 131.8 (d, *Jc-r = 2.4 Hz, p-PPh3), 129.0 (d, 3Jc-pt = 25.9 Hz,
2)cp = 11.0 Hz, overlapped signals of 0-PPhsz and C3 and C4), 125.6 (s, C5), 116.8 (d,
4Jc-p = 3.2 Hz, C6) ppm. 3P{*H} NMR (202.461 MHz, CD2Cl2, 203K): § = 20.8 (s, 1Jp-
pt = 3794 Hz) ppm. *°Pt{*H} NMR (85.679 MHz, CDCl2): § = -4006 (d, *Jrer = 3813
Hz) (293K), -4018 (d, YJpp = 3773 Hz) (193K) ppm. MS MALDI+ DCTB: m/z = 1569
[{Pt(CNC)(PPhs)}Aul", 1307 [(CNC)(PPhs)PtAuPt(CNC)], 1145
[(CNC)(PPhs)PtAu(PPhs)]*, 893 [(CNC)(PPhs)PtAu]", 687 [[(CNC)Pt(PPhs)]+H]".

Preparation of mixture 7*. Complex [{Pd(CNC)(PPhs)}2Au](ClO4) (7) could
not be synthesized as a pure solid. [AuCl(tht)] (0.0177 g, 0.055 mmol) was dissolved in
20 mL of THF at -70°C and AgClO4 (0.0114 g, 0.055 mmol) was added. The reaction
was kept under argon and protected from the light for 30 minutes. Then, [Pd(CNC)(PPhs)]
(2) (0.065 g, 0.108 mmol) was added. The mixture was kept 2 hours until it reached -
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15°C. After that, 60 mL of cold n-hexane were added, and the resulting yellow solid was
filtered under argon. This solid was then dissolved under argon in CH2Clz2, n-hexane was
added, and this mixture was kept away from light and at -30°C for several days. A small
batch of crystals of 7 were identified and analyzed through X-Ray diffraction, MS and
VT NMR experiments. *H NMR (300.131 MHz, CD2Clz, 293K, inequivalent H2-H6
protons could not be identified): § = 7.61 (2H, t, *Jn7-Hs = 8.2 Hz, H7), 7.39 (36H, m, o-
PPhs, m-PPhs, p-PPhs, H2/H2*, H5/H5*, H6/H6%*), 7.09 (6H, m, H6/H6*, H4/H4* and
H3/H3*), 6.83 (2H, td, 3JH3-H2 = 3Jn3-va = 7.5 Hz, “Jna-Hs = 1.1 Hz, H3/H3*), 6.48 (2H, td,
3Jha-nz = 3Jnams = 7.5 Hz, “Jnarz = 1.3 Hz, H4/H4*), 6.16 (2H, d, 3JHs+a = 6.6 Hz,
H5/H5%), 5.60 (2H, d, 3JH2-+3 = 7.5 Hz, H2/H2*) ppm. 3P NMR (121.498 MHz, CD:Cl>,
293K): 40.3 (s) ppm. MS MALDI+ DCTB: m/z = 1392.9 [{(CNC)(PPhs)Pd}.Au]".

Preparation of the complex [{Pt(CNC)(PPhz)}>Ag](CIO4) (8). To a solution of
[Pt(CNC)(PPhs)] (1) (0.100 g, 0.146 mmol) in CH2Cl2 (20 mL) at room temperature,
AgClO4 (0.015 g, 0.146 mmol) was added. After 120 minutes of stirring in absence of
light the solution was evaporated to dryness. 'PrOH (3 mL) was added to the orange solid
and the resulting suspension was filtered off, washed with n-hexane (10 mL) and air dried
(Yield: 0.090 g, 78%). Anal. Found: C, 52.79; H, 3.24; N, 1.44. Anal. Calcd. for
CroHs2AgCIN204P2Pt2: C, 53.19; H, 3.32; N, 1.77. IR (ATR, cm™): 1598 (m, v(N-C)),
1564 (w, v(N-C)), 1547 (w, v(N-C)), 1090 (m, v(Cl0x")), 693 (s, v(P-C)), 622 (m, v(ClO+
)), 539 (vs, v(P-C)), 513 (m, v(P-C)), 501 (m, v(P-C)). *H NMR (500.130 MHz, CD2Cl>,
293K): & = 7.64 (2H, t, 3Jn7-He = 7.9 Hz, H7), 7.51-7.43 (18H, m, overlapped signals of
m-PPhs and p-PPhs), 7.39 (4H, d, 3Jus-Ha = 7.6 Hz, H5), 7.29 (4H, d, 3Jne+7 = 7.9 Hz,
H6), 7.23 (12H, m, 0-PPh3), 6.97 (4H, t, 3Jna-Hs = 3Jna-r3 = 7.6 Hz, H4), 6.51 (4H, t, 3Jns-
H4 = 3Jn3-H2 = 7.6 Hz, H3), 5.83 (4H, d, 3Jn2H3 = 7.6 Hz, H2) ppm. B3C{*H} NMR plus
HSQC and HMBC (100.624 MHz, CD2Clz2, 293K): 6 = 165.5 (s, C8), 152.8 (s, C9), 149.6
(s, C1), 142.2 (s, C7), 139.7 (s, C2), 135.5 (d, 2Jc-p = 11.4 Hz, 3Jc-pt= 34.5 Hz, 0-PPh3),
132.1 (s, p-PPhs), 130.5 (s, C3), 129.2 (d, 3Jc-p = 10.9 Hz, m-PPhs), 127.5 (s, C4), 125.6
(s, C5), 116.7 (s, C6) ppm. 3P{*H} NMR (202.461 MHz, CD2Cl2): § = 24.1 (s, 1Jp-pt=
3670 Hz) (293K), 23.6 (s, 1Jp-pt= 3617 Hz) (193K) ppm. *°Pt{*H} NMR (85.679 MHz,
CD2Cl2): 8 =-4102 (dd, 1Jpt.p = 3711 Hz, 1Jpt-Ag= 513 Hz) (293K), -4144 (dd, 1Jptr = 3631
Hz, ptag = 530 Hz) (193K) ppm. MS MALDI+ DIT: m/z = 1479
[{Pt(CNC)(PPhs)}2Ag]"*, 793 [(CNC)(PPhs)PtAg]", 687 [Pt(CNC)(PPh3)]+H]".
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Preparation of the complex [{Pd(CNC)(PPh3)}2Ag](ClO4) (9). To a solution of
[PA(CNC)(PPh3)] (2) (0.040 g, 0.067 mmol) in 15 mL of acetone at room temperature,
AgClO4(0.007 g, 0.034 mmol) was added and the reaction was stirred and protected from
light for 30 minutes. The yellow solution was then evaporated to ca. 1 mL and 15 mL of
n-hexane were added. As a result, a yellow precipitate was obtained. The solid was
filtered, washed with more n-hexane (5 mL) and air dried (Yield: 0.032 g, 72%). Anal.
Found: C, 59.56; H, 3.60; N, 1.92. Anal. Calcd. for C70Hs2AgCIN204P2Pd2: C, 59.91; H,
3.74; N, 2.00. IR (ATR, cm™): 1593 (m, v(N-C)), 1565 (m, v(N-C)), 1091 (s, v(CIOx)),
622 (m, v(ClO4)), 531 (vs, v(P-C)), 511 (s, v(P-C)). 'H NMR (400.132 MHz, CD2Cl>,
293K): 8 = 7.63 (2H, t, *Jur-ne = 7.9 Hz, H7), 7.51 (6H, t, *Jup-Ho = 7.1 Hz, p-PPh3), 7.42
(4H, d, *Jus-ua = 7.5 Hz, H5), 7.34 (28H, m, H6, 0-PPh3 and m-PPh3), 6.97 (4H, t, > Jxa-u3
= 3Jua-n5 = 7.5 Hz, H4), 6.57 (4H, t, *Ju3-m2 = *Jus-sa = 7.5 Hz, H3), 5.87 (4H, br. s, H2)
ppm. *'P{'"H} NMR (202.461 MHz, CD2Cl2): § = 42.5 (s) (293K) ppm; 43.4 (s), 40.5 (s)
(193K) ppm. PC{'H} NMR plus HSQC and HMBC (100.624 MHz, CD>Clz, 293K): & =
164.4 (s, C8), 153.6 (s, C9), 141.0 (s, C2, C7), 135.3 (d, Jc-p= 12.4 Hz, 0-PPh3), 131.7
(d, *Jc-p= 2.4 Hz, p-PPh3), 131.3 (d, 'Jc-p=49.8 Hz, ¢-PPh3), 129.2 (d, *Jcr=10.8 Hz, m-
PPh3), 128.4 (s, C4 and C3), 125.4 (s, C5), 117.0 (s, C6) ppm. MS MALDI+ DCTB: m/z
=1303.4 [{Pd(CNC)(PPh3)}2Ag]", 598.1 [[Pd(CNC)(PPh3)]+H]".

Preparation of mixture 10*. To a solution of [Pt(CNC)(PPhs)] (1) (0.150 g,
0.219 mmol) in CH2Cl2 (20 mL) under argon at -70°C, [Ag(OCIOs)(PPhs)] (0.102 g,
0.219 mmol) was added. After 30 minutes of stirring in the absence of light the solution
was evaporated dryness. n-hexane (10 mL) was added to the orange solid and the resulting
suspension was filtered off and air dried (Yield: 0.207 g, 82%). Anal. Found: C, 55.02;
H, 3.96; N, 1.31. Anal. Calcd. for CssHa1AgCINO4P2Pt: C, 55.06; H, 3.57; N, 1.21. IR
(ATR, cm™): 1598 (m, v(N-C)), 1564 (w, v(N-C)), 1547 (w, v(N-C)), 1088 (s, v(ClOxs)),
690 (vs, v(P-C)), 620 (s, v(ClOxY)), 539 (vs, v(P-C)), 514 (vs, v(P-C)), 499 (vs, v(P-C)).
'H NMR (500.130 MHz, CD2Cl2, 243K): § = 7.87 (1H, t, 3Jn7-16 = 8.0 Hz, H7), 7.72 (6H,
m, 3JHo-Hm = 7.8 HZ, 3Jro+p = 1.0 Hz, 0-PPh3), 7.64 (2H, d, 3Jus-+a = 7.6 Hz, H5), 7.56
(2H, d, 3Jne-H7 = 8.0 Hz, H6), 7.54-7.40 (6H, m, PPhs), 7.31 (6H, t, *JHp-Hm = 7.2 Hz, p-
PPh3), 7.22 (6H, m, PPhs), 7.18 (2H, t, 3Jra-+i5 = 3Jna-+3 = 7.6 Hz, H4), 6.91 (6H, m, PPhs),
6.81 (2H, t, 3Jna-Ha = 7.6 Hz, 3Jnz-+2 = 7.6 Hz, H3), 6.04 (2H, d, 3Jn2-H3 = 7.6 Hz, H2)
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ppm. P{*H} NMR (202.461 MHz, CD2Cl2): & = 24.1 (s, XJp-pt= 3662 Hz) (293K), 15.1
(d,Y3p-ag = 672 Hz) (293K); 23.6 (5, 2Jp-pt= 3548 Hz) (183K), 15.3 (dd, Xp-ag = 717 Hz,
LIp.ag = 624 Hz, 2pag)-pt= 122 Hz) (183K) ppm. Pt{*H} NMR (85.679 MHz, CDCls,
193K): & = -4171 (ddd, 2Jper = 3561 Hz, Lprag = 438 Hz, 2Jrerag) = 115 Hz) ppm. MS
MALDI+ DCTB: m/z = 1055.0 [(CNC)(PPhs)PtAg(PPhs)]*, 793.0 [(CNC)(PPhs)PtAg]",
687.0 [[Pt(CNC)(PPhs)]+H]", 389.0 [Ag(PPhs)]".

Preparation of mixture 11*. To a solution of [Pd(CNC)(PPhs3)] (2) (0.036 g,
0.060 mmol) in 15 mL of CH2Clz at -70°C, [Ag(OCIOs)(PPhs)] (0.028 g, 0.060 mmol)
was added and the reaction was stirred and protected from light for 5 minutes. Then, the
mixture was evaporated to dryness and the resulting yellow solid was extracted with n-
hexane (10 mL). The solid was filtered and air dried. (Yield: 0.039 g, 61%). Anal. Found:
C, 59.42; H, 3.98; N, 1.44. Anal. Calcd. for CssH4a1AgCINO4P2Pd: C, 59.63; H, 3.87; N,
1.31. IR (ATR, cm™): 1594 (m, v(N-C)), 1565 (m, v(N-C)), 1548 (w, v(N-C)), 1090 (s,
v(ClOx)), 621 (M, v(ClO4Y)), 532 (vs, v(P-C)), 511 (s, v(P-C)). Low resolution signals of
'H NMR (400.130 MHz, CD2Clz, 293K) for this solid did not allow to assign signals of
complex 11 unequivocally. *P{*H} NMR (202.461 MHz, CD2Cl>, 173K): 44.5 (s), 43.5
(s), 40.6 (s), 18.7 (d, 1Jp-ag = 678 Hz, LJp.ag = 585 Hz), 10.7 (d, *Jp-ag = 346 Hz), 6.0 (d,
LJp.ag = 327 Hz) ppm. MS MALDI+ DCTB: m/z = 966.1 [(CNC)(PPhs)PdAg(PPhs)]*,
598.1 [[PA(CNC)(PPh3)]+H]".
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Starting materials [Pt(CNC)(PPhs)] (1) and [Pd(CNC)(PPh3)] (2) can be regarded
as Lewis bases that can be reacted towards other electrophiles (E) that act as Lewis acids,
other than metals. As indicated in the introduction, the formation of M-E adducts can be
the starting point for a transference process of the E group to ligands, with creation and
breakage of bonds. One of such potential electrophiles suitable for study are hydrogen
atoms with acidic characteristics. It is known that such kind of hydrogen atoms have an
isolobal relationship with fragments “Au* and Au(PPhs)*”,** which is of interest given
that both precursors 1 and 2 have shown to react with these gold fragments as described

in Chapter 1.

Thus, in this chapter the reactivity of platinum and palladium starting materials
[Pt(CNC)(PPh3)] (1), [Pt(CNC)(dmso)] (12)° (dmso = dimethylsulfoxide) and
[PA(CNC)(PPh3)] (2) is investigated towards acidic substrates, namely, strong acids with
coordinating or low-coordinating anions (hydrochloric, perchloric, tetrafluoroboric or
trifluoromethanesulfonic acid) and organic ligands with acidic hydrogens. DFT
calculations have been also performed to establish a possible mechanism for some of

these reactions.

While the results corresponding to the reactions of with protic acids are discussed
in Section 2.1, the reactivity of starting substrates towards organic ligands with acidic

hydrogens is analyzed in Section 2.2.

2.1. Reactivity of platinum (I1) and palladium (I1) cyclometallated substrates

towards protic acids

The reactions of [Pt(CNC)(PPhs)] (1) and [Pd(CNC)(PPhs)] (2) towards strong
protic acids always lead to the cleavage of a Pt-C or Pd-C bond corresponding to one of
the phenylene rings of the CNC ligand and the formation of a new C-H bond. The formed
coordinative vacant in the metal can be occupied by the anion of the acid, if this has
coordinating capabilities (HCI), or by other neutral dative molecules present in the
reaction medium in the case of low-coordinating anions (HCIO4, HTfO and HBF4-OEty).
Thus, the Pt(11) and Pd(Il) complexes resulting from these reactions are expected to be

neutral or cationic depending on the acid used.
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2.1.1. Reactions with HCI: formation of neutral species

Starting materials 1 and 2 were reacted with a slight excess of a solution of HCI
in MeOH at room temperature. After the acid was added an instantaneous colour change
from dark intense to light yellow occurred. Then, these solutions were evaporated to
dryness and the resulting solids were characterized through IR and MS, being identified
as complexes [M(CNC-H)CI(PPhs)]. While the reaction of [Pt(CNC)(PPhs)] (1) with
HCI, complex [Pt(CNC-H)CI(PPhs)] (13) was afforded, the reaction of [Pd(CNC)(PPhs)]
(2) gave rise to the previously synthesized complex [Pd(CNC-H)CI(PPhs)] (3) (see
Scheme 2.1).
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OO e OFT R
~
| |

Scheme 2.1. Synthesis of complexes 3 and 13.

The reaction of the similar platinum (I1) complex [Pt(CNC)(dmso)] (12) was also
performed with HCI, in order to investigate what would happen when a labile ligand was
present in the platinum environment. In this case the reaction proceeded as for the

previous preparations affording complex [Pt(CNC-H)CIl(dmso)] (14) (see Scheme 2.2).

B [
ganoE NG &N
| |
(12) (14)

Scheme 2.2. Synthesis of 14.
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X-Ray diffraction studies were carried out for these three chloro complexes,
[Pt(CNC-H)CI(PPh3)] (13), [PA(CNC-H)CI(PPh3)] (3) and [Pt(CNC-H)CI(dmso)] (14)
confirming that the protonation process had taken place. Figure 2.1 displays structures

for 3, 13 and 14 and Table 2.1 indicates selected distances and angles.

Figure 2.1. Molecular structures of complexes [Pt(CNC-H)CI(PPhs)] (13) (a),
[Pd(CNC-H)CI(PPh3)] (3) (b) and [Pt(CNC-H)Cl(dmso)] (14) (c).
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Table 2.1. Selection of bond lengths (A) and angles (°) for 3, 13 and 14.

13(M=Pt) | 3(M=Pd) | 14(M=Pt)
M-Cl 2.3640(7) 2.4182(5) 2.4177(8)
M-N 2.117(2) 2.103(2) 2.080(3)
M-C7 2.004(3) 2.001(2) 2.005(3)
M-P 2.2306(7) 2.2497(5) -
Pt-S - - 2.2142(8)
C7-M-N | 80.77(10) 80.99(7) 80.07(12)
C7-M-Cl | 165.66(8) 153.80(6) 166.33(10)

Structures of complexes 13, 3 and 14 can be described as mononuclear metallic
complexes where the CNC-H ligand is coordinated in a bidentate way. The phenyl ring
resulting from the protonation reaction, is not coplanar with respect to the platinum or
palladium planes, no doubt due to steric factors. These rings show torsion angles with
respect to the pyridine ring of 44.1 (13), 49.8 (3) and 36.4° (14). Furthermore, the
coordination environment of the metallic centers is completed by a chloro ligand, which,
possibly due to steric factors is not coplanar with the square planar M(I1) environment
(C7-M-ClI angles of ca. 166 ° for the platinum complexes 13 and 14 and around 154° for
complex 3). This ligand remains in the three cases trans to the cyclometallated carbon
atom of the bidentate C”N ligand, as reported for several similar complexes in the
literature.5*°> The fourth coordination position is completed by the triphenylphosphane
ligand in 13 and 3 and by a S-coordinated dmso ligand in trans to the N of the pyridine
ligand in 14.

This trans-(N,P) disposition of [Pt(CNC-H)CI(PPhs)] (13) and [Pd(CNC-
H)CI(PPhs)] (3) found for more complexes of this chapter, was examined through DFT
calculations (see Computational details, Supporting Information), showing that these
isomers are slightly more stable that the respective trans-(N,CI) (around 5.8 and 3.9
kcal/mol respectively). This could be due to steric factors related with the bulkiness of
the phosphane ligand, since this ligand in the trans-(N,Cl) isomer would be very close to

the phenyl group of the CNC-H ligand. Furthermore, it should be noted that to render the
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trans-(N,Cl) complexes, an isomerization process would be required after the protonation

and creation of the vacant coordination site.

In the case of complex [Pt(CNC-H)CI(dmso)] (14), only the trans-(N,S) isomer
was observed. There are several examples of similar Pt(l1l) complexes in the literature
with this disposition of ligands.’®*® DFT calculations indicated that the trans-(N,S)

isomer was 4.2 kcal/mol more stable than the not detected trans-(N,CI) isomer.

The 'H NMR spectra of complexes 3, 13 and 14 are in agreement with their X-
Ray structures. Thus, the signal patterns are more complex than the ones observed for the
starting materials 1, 2 and 12. This is consistent with a lower degree of symmetry of the
ligand CNC-H with respect to the CNC of the starting materials. Besides, the signal
corresponding to a new hydrogen incorporated to the ligand is apparent (see Chart 2.1 for
the numbering of the CNC-H ligand and Figures 2.2 and 2.3 for *H NMR spectra of
[Pt(CNC-H)CI(PPhs)] (13) and [Pd(CNC-H)CI(PPhs)] (3)).

7
-

5 ldae 13 9
4/ \15/ \N/ \12/ \10
]I
\2/\ \10/

Chart 2.1. Numbering scheme of positions for bidentate C*N complexes.

The new phenyl ring shows three different signals, corresponding to H9
(characteristic signal at around 8.0 ppm), H10 and H11 with a relative integration of 2, 2
and 1 respectively. Furthermore, due to the now asymmetric ligand, H6 and H8 become

inequivalent and show two different doublet signals at around 7.9 and 7.6 ppm.
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Figure 2.2. 'H NMR spectra (CD2Clz, RT) of [Pt(CNC)(PPhs)] (1) (top) and
[Pt(CNC-H)CI(PPh3)] (13) (bottom: red asterisks, H9, H6 and H8 signals).
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Figure 2.3. *H NMR spectra (CD2Cl2, RT) of [Pd(CNC)(PPh3)] (2) (top) and
[PA(CNC-H)CI(PPh3)] (3) (bottom: red asterisks, H9, H6 and H8 signals).
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The 3P{*H} NMR of [Pt(CNC-H)CI(PPhs)] (13) (see Figure S2.4, Supporting
Information) shows a singlet signal corresponding to the phosphane ligand at 20.7 ppm
with platinum satellites (}Jp-pt = 4525 Hz). This resonance value represents an upfield
displacement of around 5 ppm with respect of the starting material. This upfield shift had

also been previously observed for the Pd complex 3.

On the other hand, the *H NMR spectrum of complex [Pt(CNC-H)CI(dmso)] (14)
reveals a more complex pattern of signals compared to that of starting substrate
[Pt(CNC)(dmso)] (12) and a singlet with platinum satellites at 3.4 ppm (3Jvert = 25.0
Hz), corresponding to the methyl groups of the dmso ligand (see Figure 2.4). This signal

shifted 0.2 ppm upfield with respect to the analogous one in the starting material.

T T T T T T T T T T T T T
8.4 83 8.2 8.1 8.0 79 7.8 7.6 7.5 7.4 7.3 7.2 7.1 7.0 6.9

7.7
[ppm]

Figure 2.4. *H NMR spectrum (CD2Clz, RT) of complex [Pt(CNC-H)Cl(dmso)]
(14).

In order to gain more knowledge on these reactions, DFT calculations were carried
out to model one possible mechanism for the reaction of [Pt(CNC)(PPhs)] (1) and
[PA(CNC)(PPh3)] (2) with HCI in dichloromethane solution (see Scheme 2.3, top).

This way, the first modelled step was a transition state in which the proton is
interacting with the metallic center and the Cipso (CNC). Then, the protonation process
takes place, with the release of a phenyl group giving rise to a coordinative vacant.

Finally, the chlorine ligand coordinates, rendering the final product.

Interestingly, the energy profile of the mentioned mechanism showed that these
processes are completely barrierless energetically, which is in agreement with the rapidity

of the experimental reactions.
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Another possible mechanism for this protonation reaction was studied for the
formation of platinum complex 13 (see Scheme 2.3, bottom). It was computed for the
formation of an octahedral Pt(1\V) complex via oxidative addition of HCI, and subsequent
reductive elimination of the hydrogen atom with the Cipso (CNC) to render 13.

Analogously, it was also found energetically very favorable.

t -
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= Pt (1), Pd (2); L = PPh,
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C///m “\\\\ ///h \\\\\ <c////, /f\,\\“\ ///’l, \\‘\\\
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\_/ ~—cCH
= PPh,

Scheme 2.3. Possible mechanisms modeled for the reaction with HCI.
2.1.2. Reactions with HCIO4, HTfO and HBF4-OEt.: formation of cationic species

With the intention to explore what kind of intermediates could intervene in the
formation of these cyclometallated C/~N complexes, reactivity of complex
[Pt(CNC)(PPhs)] (1) with an acid with a low-coordinating anion, HBF4-OEt2, was
investigated through NMR. Thus, to a solution of 0.007 g of complex [Pt(CNC)(PPhs)]
(1) in dry CD2Cl2, 6 puL of HBF4-OEt2 were added, and its *H NMR spectrum recorded
immediately. However, only the spectrum attributable to the protonation of one of the
phenylene rings of 1 is observed (see Figure 2.5), indicating that this process is very fast
and no intermediate could be detected in this experiment. Furthermore, only signals of

Et20 assigned to the HBF4-OEt2 reagent are observed.
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Figure 2.5. 'H NMR spectrum (CD2Clz, RT) of the reaction of 1 with HBF4-OEtz.

When two drops of acetonitrile are added to the same NMR tube, the formation of
the later studied cationic complex [Pt(CNC-H)(MeCN)(PPhs)]* (15) is identified (see

Section 2.1.3 for a complete characterization of this complex).

All this behavior is consistent with the formation of a coordinative vacant due to
the breaking of a Pt-C bond during the protonation of one of the rings in 1. This free
coordination site could be occupied either by diethylether or other molecules as water
present in the solvent. The complex formed is not isolable and can only be observed in
solution. Furthermore, only the addition of a better ligand as acetonitrile (which
coordinates instantly), can result in the obtention of an isolable complex. Because of the
rapidity of these reactions with acids, the detection of any intermediate was not possible.
As indicated before, DFT calculations for the possible mechanism of this process indicate

that it is barrierless.

In view of this result, the reactions of [M(CNC)(PPh3)] (M = Pt (1), Pd (2)) with
HCIO4 or HTfO were performed in the presence of a ligand that could stabilize the free
coordination site resulting from the protonation processes. Depending on the solvent used
in the reaction or the additional ligand added to the mixture, the preparation of several
cationic complexes with N, O and S-donor ligands was achieved. These complexes were
characterized by IR, MS, multinuclear NMR and X-Ray diffraction studies.
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2.1.3. Reactions in presence of acetonitrile

First, reaction of starting materials [Pt(CNC)(PPhs)] (1) and [Pd(CNC)(PPhs)] (2)
with a methanolic solution of HCIO4 using MeCN as solvent (see Experimental section
for details), gave rise to, as expected, protonation of a M-Cipso (CNC) bond and the
formation of bidentate cyclometallated complexes with formula [M(CNC-
H)(MeCN)(PPh3)](ClO4) (M = Pt (15), Pd (16)) (see Scheme 2.4). IR spectra of these
compounds (see Figures S2.16 and S2.24, Supporting Information) exhibited two small

bands at around 2300 and 2290 cm™, that indicated the presence of acetonitrile.

+
| N oy
N
HCIO, (MeOH) O | ‘
- M
CH;CN \ \NCCH3
M = Pt (1), Pd (2) M = Pt (15), Pd (16)

Scheme 2.4. Synthesis of complexes 15 and 16.

Good quality crystals of these complexes were grown in order to determine the
structures of 15 and 16. Figure 2.6 presents a view of both structures and Table 2.2 a

selection of distances and angles.

a) b)

Figure 2.6. Molecular structures of cations of [Pt(CNC-H)(MeCN)(PPh3)](ClO4)
(15) (a) and [Pd(CNC-H)(MeCN)(PPh3)](ClO4) (16) (b).

104



Table 2.2. Selection of bond lengths (A) and angles (°) for 15 and 16.

15(M=Pt) | 16 (M = Pd)
M-N1 2.113(3) 2.1193(11)
M-N2 2.083(3) 2.1152(11)
M-C7 2.010(4) 2.0036(13)
M-P 2.2446(10) 2.2736(4)
N2-C18 1.127(5) 1.1392(18)
C18-C19 1.454(6) 1.4593(19)
C7-M-N2 167.37(14) 165.63(5)
M-N2-C18 171.6(3) 172.19(11)

Chapter 2

The structures of cations [Pt(CNC-H)(MeCN)(PPh3)]* and [Pd(CNC-
H)(MeCN)(PPhs3)]* can be described as mononuclear square planar complexes, with a
bidentate ligand CN occupying two coordination positions. Both structures are very
similar regarding distances and angles. The N atom and the P atom of the phosphane
ligand are located mutually trans. Also, the linear acetonitrile ligand is not coplanar with
the metallic platinum or palladium plane, showing for 15 and 16 angles C7-M-N2 of
167.37(14) and 165.63(5) °.

The formation only of these trans-(N,P) complexes can be related again with the
steric requirements of the phosphane. Similar reported complexes in the literature also
display this disposition of ligands.'®'” Again, DFT calculations performed on these two
systems show that their corresponding trans-(N,N) isomers would be around 9 kcal/mol

higher in energy.

These complexes were also characterized by NMR experiments, confirming the
protonation of one of the cyclometallated carbon atoms and the coordination of one
molecule of acetonitrile to the metallic center. Thus, *H NMR spectra of complexes
[Pt(CNC-H)(MeCN)(PPh3)](ClO4) (15) and [Pd(CNC-H)(MeCN)(PPh3)](CIO4) (16)
display one multiplet around 7.9 ppm characteristic of the H9 of the phenyl ring (see
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Chart 2.1) and one singlet around 1.1 ppm, identified as the methyl group of the
acetonitrile coordinated molecule (see Figure 2.7).
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Figure 2.7. 'H NMR spectra (CD2Cl;, RT) of complexes [Pt(CNC-
H)(MeCN)(PPh3)](ClOsy (15) (top) and [Pd(CNC-H)(MeCN)(PPhs)](CIO4) (16)
(bottom).

The 3'P{*H} NMR spectra of these complexes (see Figures S2.19 and S2.27,
Supporting Information) are also consistent with the protonation process. Spectrum of 15
shows one singlet at 20.9 ppm with platinum satellites (*Jr-pt = 4297 Hz), while 16
displays one singlet at 43.3 ppm. These signals are displaced upfield 4 and 2 ppm with
respect to those of [Pt(CNC)(PPhs)] (1) and [Pd(CNC)(PPhs)] (2), respectively. The value
of the Pt-P coupling in [Pt(CNC-H)(MeCN)(PPh3)](ClOa4) (15) is again around 300 Hz
larger with respect to the one observed for the starting material, as it was already observed
for complex [Pt(CNC-H)CI(PPhs)] (13).

2.1.4. Reactions in presence of water

After having studied what happened to complexes [M(CNC)(PPhs)] (M = Pt (1),
Pd (2)) when the solvent used was acetonitrile, the use of a low-coordinative solvent as

CH2Cl: in the presence of water was investigated. Thus, when a solution of HCIO4 in
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MeOH was added to solutions of 1 and 2 in CH2Cl2 with 0.05 mL of water, after short
times of reaction (see Experimental section for details), the formation of aquo compounds
with formula [M(CNC-H)(H20)(PPh3)](ClO4) (M = Pt (17), Pd (18)) as isolable solids
after workup took place (see Scheme 2.5). IR spectra of these solids (see Figures S2.32
and S2.36, Supporting Information) show a broad signal around 3100 cm™ typical for -
OH groups.

N HCIO, (MeOH) |
“L - L
| CH,Cl, H,0 \ O-H
H
PPh; PPh,
M = Pt (1), Pd (2) M =Pt (17), Pd (18)

Scheme 2.5. Synthesis of complexes 17 and 18.

X-Ray diffraction studies were carried out on monocrystals of 17 and 18 (see
Figure 2.8 for a view of both structures and Table 2.3 for some relevant distances and

angles).

Figure 2.8. Molecular structures of the cations of [Pt(CNC-
H)(H20)(PPh3)](ClOa4) (17) (a) and [Pd(CNC-H)(H20)(PPh3)](ClO4) (18) (b).
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Table 2.3. Selection of bond lengths (A) and angles (°) for 17 and 18.

17 (M=Pt) | 18 (M = Pd)

M-N 2.0975(18) | 2.1008(11)

M-C7 1.991(2) 1.9894(13)

M-O 2.1870(18) | 2.2011(11)

M-P 2.2358(6) 2.2629(4)

C7-M-O | 162.58(9) 160.26(5)

C7-M-N 81.19(8) 81.52(5)

Thus, these structures depict mononuclear platinum and palladium compounds,
exhibiting again a distorted square planar environment. Both structures show a bidentate
C~N ligand with triphenylphosphane and an aquo ligands occupying the other two
coordination positions, being the phosphane ligand trans to the N atom of the pyridine
ring. This ligand environment has also been reported for several aquo complexes.*®° The
metal environment depicts a noticeable distorsion from planarity, with values of around
160 °. DFT calculations indicate that these trans-(N,P) complexes are around 15 kcal/mol
more stable than their trans-(N,O) possible isomers, being in agreement with lesser steric

repulsions.

The H NMR spectra of [Pt(CNC-H)(H20)(PPh3)](ClO4) (17) and [Pd(CNC-
H)(H20)(PPh3)](ClO4) (18) are in agreement with the structures (see Figure 2.9).
Therefore, characteristic signal of H9 (see Chart 2.1) of 17 and 18 at around 7.9 ppm can
be observed. Also, the existence of a singlet with integration of 2 at 1.8 and 1.6 ppm for
17 and 18 respectively, indicates the existence of a coordinated water molecule to the

metallic center.
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Figure 2.9. 'H NMR spectra (CD2Cl;, RT) of complexes [Pt(CNC-
H)(H20)(PPh3)](ClOa4) (17) (top) and [Pd(CNC-H)(H20)(PPh3)](ClOa4) (18) (bottom).

The 3P{*H} NMR spectra of 17 and 18 show singlet signals, with platinum
satellites in the case of 17 (*Jr.pt = 4405 Hz) (see Figures S2.34 and S2.39, Supporting
Information). These signals again show upfield displacements with respect to the initial
complexes 1 and 2 (around 2 and 5 ppm respectively). Again, Pt-P coupling in the signal
of 17 is found around 300 Hz larger than the one in the starting substrate [Pt(CNC)(PPh3)]
(D).

It is noteworthy that [Pt(CNC-H)(H20)(PPh3)](ClO4) (17) is not stable for long
times in solution, decomposing in complex mixtures that prevent the recording of its *C

NMR spectrum.
2.1.5. Reactions in presence of tetrahydrothiophene

Following the study of the synthesis of protonated complexes with different
ligands, the reactions of the starting materials [Pt(CNC)(PPhs)] (1) and [Pd(CNC)(PPhs)]
(2) with acids in the presence of a widely used S-donor ligand, such as

tetrahydrothiophene (tht) were performed (see Scheme 2.6).
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- M

CH,Cl, l \D

M = Pt (1), Pd (2) M = Pt (19), Pd (20)
X~ = ClO,” (19), TfO" (20)

Scheme 2.6. Synthesis of complexes 19 and 20.

Thus, the reaction of 1 with HCIO4 in CH2Cl2 in presence of an excess of tht gave
rise to the complex formula [Pt(CNC-H)(tht)(PPh3)](CIO4) (19). On the other hand, in the
case of the palladium complex 2, HTfO was chosen as a source of protons because the
reaction with HCIO4 led to the formation of non-viable oily residues. However, the use
of HTfO led to the formation of the sought after complex [Pd(CNC-H)(tht)(PPhs)](TfO)
(20) efficiently.

While the growing of suitable single crystals for X-Ray studies was successful for
the Pt complex 19, all the attempts for 20 were fruitless. Thus, the crystal structure of 19

is displayed in Figure 2.10 and a selection of distances and angles is listed in Table 2.4.

Figure 2.10. Molecular structure of the cation of [Pt(CNC-H)(tht)(PPh3)](ClO4)
(19).
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Table 2.4. Selection of bond lengths (A) and angles (°) for 19.

PN | 2.110(2) | Pt-S | 2.4221(7)
Pt-C7 | 2.020(3) | C7-Pt-N | 80.12(10)
Pt-P | 2.2380(7) | C7-Pt-S | 161.95(8)

Chapter 2

As expected, the structure of 19 corresponds to a square planar Pt(l1l) complex
with a bidentate ligand C"N, resulting from the protonation of one of the phenylene rings.
The coordinative vacant is occupied by the S atom of the incoming tht ligand. As in all
the similar complexes described so far, the N and P atoms are located mutually trans, in
agreement with some examples reported in the literature.??2 Also, the square planar
environment of the metal atoms is somewhat distorted from the ideal geometry, with C7-
Pt-N and C7-Pt-S angles of 80.12(10) and 161.95(8)°, respectively. This deviation from
planarity could be due to the steric repulsions of the phenyl group and the tht ligand. This
trans-(N,P) isomer is found to be 11 kcal/mol more stable than the trans-(N,S) isomer by
DFT calculations, which is again in agreement with the existence of lesser steric

repulsions in the trans-(N,P) isomer.

The 'H NMR spectra of complexes [Pt(CNC-H)(tht)(PPh3)](CIO4) (19) and
[PA(CNC-H)(tht)(PPh3)](TfO) (20)
cyclometallated carbon of the CNC tridentate ligand (see Figure 2.11). Also, the

confirm the protonation of an aromatic
coordination of the tht ligand can be confirmed by the existence of two broad singlets
with integration of 4 (2.1 and 1.6 ppm for 19; 2.5 and 1.8 ppm for 20), corresponding to
the Ho and HP of the tht ligand. Despite lowering the temperature of the sample, better
resolved signals of tht could not be observed in NMR, and the broadness of the signals

prevent the detection of any Pt-H coupling for 19.
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Figure 2.11. 'H NMR spectra (CD2Clz, RT) of complexes [Pt(CNC-
H)(tht)(PPh3)](C104) (19) (top) and [Pd(CNC-H)(tht)(PPha)](TfO) (20) (bottom).

The 3P{*H} NMR spectra of 19 and 20 show singlet signals with platinum
satellites for 19 (*1Jr-pt= 4353 Hz) (see Figures S2.47 and S2.55, Supporting Information).
As in previous cases, they appear upfield when compared to those of the starting
substrates 1 and 2. Also, Pt-P coupling is found to be around 300 Hz larger than in the
starting substrate [Pt(CNC)(PPhs)] (1).

In this case, the Pd complex 20 is not very stable in solution and evolves to

complex mixtures, and therefore, its 3C NMR spectrum could not be recorded.

2.2. Reactivity of platinum (11) and palladium (Il) cyclometallated substrates

towards organic ligands with acidic hydrogens

After having examined the behavior of complexes [Pt(CNC)(PPhs)] (1) and
[PA(CNC)(PPh3)] (2) in the presence of protic acids, the investigation of the reactivity of
platinum substrate [Pt(CNC)(dmso)] (12) towards some organic ligands with acidic
hydrogens and donor atoms was carried out. Complex 12 was chosen for this task since
dmso is known to be a labile ligand whose substitution with other molecules with donor

atoms seems to be facile.?®?* The application of this strategy to similar Pd substrates is
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considerably handicapped by the lack to a synthetic route to the analogous starting
complex “[Pd(CNC)(dmso)]”. For this reason, [Pd(CNC)(PPhs)] (2) was used as starting

material when possible.

Thus, some appropriate ligands with -SH, -OH or -COOH functional groups and
N- or P- donor atoms were selected (see Scheme 2.7), such as pyridine-2-thiol (a), 8-
hydroxiquinoline (b), 2-pyridinecarboxylic acid (), (2-
hydroxyphenyl)diphenylphosphane (d) and 2-(diphenylphosphino)benzoic acid (e).

L0 80
L0 Q. @ ﬁjm

Scheme 2.7. Ligands with donor atoms and acidic hydrogens.

(a) (b)

2.2.1. Reaction with a ligand with -SH group

The use of pyridine-2-thiolate (S-2Py) as a N”S bidentate ligand is widely
reported in the literature.?*?° Thiol group of pyridine-2-thiol can be easily deprotonated
in basic media to form in situ a thiolate that can bond to a metallic center. These acidic
properties make this ligand a suitable candidate to be confronted with a basic platinum
substrate. Besides, the nitrogen atom of the pyridine moiety enables this ligand to behave
as a bidentate ligand, and therefore, it can act as a bridge between metallic centers,
forming dinuclear complexes.?®2830-3 Given that, the displacement of the dmso ligand in
complex [Pt(CNC)(dmso)] (12) by pyridine-2-thiol can be attained either through its N-

or S- donor atoms to the metallic center, via deprotonation of the thiol group.

Thus, the reaction of [Pt(CNC)(PPhs)] (1) with an equimolar amount of pyridine-
2-thiol was carried out in CH2Cl2 under argon for 1 hour (see Scheme 2.8), yielding an
orange solid, whose IR and MS spectra (see Figures S2.58 and S2.61, Supporting
Information) were consistent with the formula [Pt(CNC-H)(S-2Py)]2 (21).
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Scheme 2.8. Synthesis of complex 21.

Figure 2.12. Molecular structure of complex [Pt(CNC-H)(u-S-2Py)]2 (21).

Table 2.5. Selection of bond lengths (A) and angles (°) for 21.
Pt2-N4 2.160(4)

PtI-N1 | 2.082(4)

Pt2-N2 | 2.086(4) | Ptl-Pt2 |3.0149(3)

Pt1-C7 | 1.998(5) | N1-Pt1-C7
1.977(5) | N2-Pt2-C24 | 80.3(2)
177.9(2)

80.5(2)

Pt2-C24
Pt1-S2 | 2.2799(14) | C7-Pt1-N3
2.2801(14) | C24-Pt2-N4 | 176.1(2)

Pt2-S1
Pt1-N3 | 2.162(4)

The X-Ray diffraction structure of 21 (see Figure 2.12 and Table 2.5) reveals that

it is a dinuclear complex, where two “[Pt(CNC-H)]” subunits are symmetrically bridged
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with two pyridine-2-thiolate ligands through their N and S atoms. These subunits bear
phenyl rings resulting of the protonation of a Cipso 0f the CNC ligand previously
coordinated in a tridentate fashion. Thus, the square planar environment of the platinum
centers is completed with a nitrogen or sulfur atom of different thiolate ligands. In both
subunits S atoms are located trans to the N atoms of the C*N ligands and the N atoms of
the pyridine-2-thiolate ligands are situated trans to the C7 atoms of the C”*N ligands. This

disposition of ligands has been previously observed for other platinum (11) dinuclear

complexes in the literature, 30333

In principle, apart from the one observed in the X-Ray structure (symmetrical
trans-(N,S)), two other possible isomers could be envisaged (see Scheme 2.9). Another
symmetrical one with a trans-(N,N) disposition in both metallic units (21B), and an

unsymmetrical one with a trans-(N,N) disposition for one Pt and a trans-(N,S) for the

other (21C).

Yo /\gf\ S~ C/\ﬂf\ /\g K gf\

NN

(21A) (21B) (21C)
trans-(N,S) trans-(N,N) trans-(N,N);trans-(N,S)

Scheme 2.9. Possible isomers of complex 21.

DFT calculations indicate that the symmetrical 21A according to the X-Ray
structure is 7 kcal/mol more stable than the unsymmetrical 21C and 15 kcal/mol more

stable than the symmetrical 21B.

The *H NMR spectrum of the solid (see Figure 2.13) displays a complex pattern
of signals whose integration indicates that a hydrogen is incorporated to a phenylene ring
of the CNC ligand of complex [Pt(CNC)(dmso)] (12), showing the characteristic signal
of H9 at 8.3 ppm. The absence of a signal with platinum satellites corresponding to the
methyl groups of a dmso molecule at around 3.6 ppm points out that substitution of this
ligand has taken place. Less intense signals due to the possible existence of other possible

isomers are also observed. Those signals increase their intensities when the same NMR
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sample tube is measured 24 hours later. A possible explanation for this observation would
be that the signals obtained in a freshly prepared sample of the solid correspond to a
kinetic isomer which would evolve after some time to a thermodynamic one, causing the
signals observed after 24 hours and which, most likely, gives rise to the observed X-Ray

crystal structure.

Furthermore, it seems that this complex is quite unstable for longer times, since
more new signals appear giving a very complex *H NMR pattern. Indeed, it has been
reported that similar platinum (1) dinuclear complexes with SN ligands can be oxidized
in haloforms and in presence of light.%

Solution of 21,
one day after

NN

T T T T T T T T T T T T T
6.7 6.5 6.3 6.1 5.9 57 5.5

———T T T T
8.5 8.3 8.1 7.9 7.7 7.5 7.3 7.1 6.9
[ppm]

Figure 2.13. 'H NMR spectra (CD2Clz, RT) of complex [Pt(CNC-H)(S-2Py)]2
(21) (top: red and blue circles, two different sets of signals).
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2.2.2. Reactions with ligands with -OH groups

Following this line of work, some P- (phosphane) or N- (pyridine) donor ligands,
with an -OH group in a suitable position, were used. These ligands are a priori good
candidates to substitute the dmso ligand of complex [Pt(CNC)(dmso)] (12) and possibly
form chelate rings which could stabilize the resulting compounds. Thus, 8-
hydroxyquinoline (8-hgH) (Scheme 2.7, b) and (2-hydroxyphenyl)diphenylphosphane
(Scheme 2.7, d) were studied as acidic substrates bearing a -OH group which could react

with the platinum substrate 12.

Reaction of 12 with 8-hydroxyquinoline was more problematic than expected.
Displacement of S-donor dmso ligand by pyridines bearing -OH or -COOH groups (see
below) was difficult, being necessary to keep the reaction solutions during several hours
under reflux. Hence, [Pt(CNC)(dmso)] (12) was reacted with 8-hydroxyquinoline in
reflux of acetone for 21 hours. Shorter times of reaction resulted in high proportions of
unreacted starting product 12. After work up an orange solid with formula [Pt(CNC-H)(8-
hqg)] (22) was obtained (see Scheme 2.10).

X HO X
| N |
N
00— L
, acetone, A | \N z
o \
(12) (22)

Scheme 2.10. Synthesis of complex 22.

X-Ray diffraction confirmed the formula of complex [Pt(CNC-H)(8-hq)] (22) (see
Figure 2.14 for a view of the complex and Table 2.6 for a selection of distances).
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Figure 2.14. Molecular structure of complex [Pt(CNC-H)(8-hq)] (22).

Table 2.6. Selection of bond lengths (A) and angles (°) for 22.

Pt-N1 | 2.040(3) | PtN2 | 2.142(3)

Pt-C7 | 1.969(4) | C7-Pt-N2 | 164.43(14)

Pt-O | 2.015(3) | O-Pt-N1 |170.31(12)

The structure confirms the expected formula. This complex results from the
protonation of a phenyl ring of complex 12 and the substitution of the dmso ligand by a
8-hq deprotonated ligand, giving rise to a five membered chelate ring. The structure
shows a trans-(N,O) disposition (isomer 22A). A trans-(N,N) configuration (isomer 22B)

(see Scheme 2.11) could also be possible.

_ ]
A
L T
Pt
\N/ ‘
(0]
(22A) (22B)
trans-(N,0O) trans-(N,N)

Scheme 2.11. Possible isomers of 22.
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In this case, steric factors should not play a key factor on the formation of the
complex, as the 8-hq ligand is relatively plane. From the *H NMR spectrum (see below),
a remarkable quantity of the other possible isomer is detected. As a matter of fact, DFT
calculations revealed that both isomers 22A and 22B are very similar in energy (22A, 2.0
kcal/mol more stable). In the literature, there are some examples for similar Pt(Il)
complexes with C”N ligands in which the trans-(N,N) configuration is preferred.3-40
Consequently, the *H NMR spectrum of this complex (see Figure 2.15) shows a very
complicated pattern that suggests that the two isomers are present in proportions 3 to 1.
The absence of the dmso signal of 12 and the apparition of one doublet with platinum
satellites at 9.1 ppm (3Jn-rt = 47.7 Hz) assigned to the 8-hq ligand, confirms that the
reaction had taken place. When an NMR sample of complex 22 dissolved in acetonitrile
was heated at 65°C for three days, no different integration or intensity of signals was
observed. In this case, it was not possible with the NMR information to assign

unequivocally each set of signals to each isomer.

Indeed, one should expect that the formation of the trans-(N,N) isomer 22B should
be the favored one, as the substitution of the dmso molecule by the N atom of the pyridine
ligand trans to the N of the CNC ligand must take place at first, and after that, the
deprotonation and coordination of the O center in the coordinative vacant. The trans-
(N,O) isomer 22A might then be formed by isomerization of complex 22B. In this case,

even more difficult mechanisms could be proposed for the formation of 22A and 22B.
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Figure 2.15. 'H NMR spectrum (CD2Cl2, RT) of complex [Pt(CNC-H)(8-hq)]

(22) (red and blue circles, signals of the two different isomers).

On the other hand, the reaction of [Pt(CNC)(dmso)] (12) towards a phosphane
with an -OH group, (2-hydroxyphenyl)diphenylphosphane, was carried out. In a first
approach, the P atom of that ligand might be more appropriate to displace the dmso ligand
of the platinum center. Thus, reaction of 12 with (2-hydroxyphenyl)diphenylphosphane
in CH2Cl2 for 2 hours at room temperature gave rise to a complex with formula [Pt(CNC-
H){PPh2(CsHs-0-O)] (23) (see Scheme 2.12).

N Do, B
ARG ML MNGARN
l

CH,Cl, ~

(12) (23)
Scheme 2.12. Synthesis of complex 23.

On the other hand, reaction of [Pd(CNC)(PPhs)] (2) with (2-
hydroxyphenyl)diphenylphosphane did not give a clean product, since the substitution of
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the PPhs ligand in the Pd precursor was not as favorable as the displacement of the dmso
molecule in the Pt starting material and mixtures of complexes were observed. In order
to obtain this product as a pure solid and to compare it with its platinum analogue 23, its
preparation was tried following another procedure. Thus, reaction of [Pd(CNC-H)(u-Cl)]2
with (2-hydroxyphenyl)diphenylphosphane in the presence of KOH, gave rise to
[PA(CNC-H){PPh2(CsHs-0-0)}] (24) as a pure solid.

Crystals of [Pt(CNC-H){PPh2(CsH4-0-0)}] (23) and [Pd(CNC-H){PPh2(CsHas-0-
O)}] (24) could be grown and their structures determined by X-Ray diffraction studies.
A view of their structures is presented in Figure 2.16, while in Table 2.7 some relevant

distances and angles are listed.

Figure 2.16. Molecular structures of complexes [Pt(CNC-H){PPh2(CsH4-0-O)}]
(23) (a) and [Pd(CNC-H){PPh2(CsH4-0-0O)}] (24) (b).
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Table 2.7. Selection of bond lengths (A) and angles (°) for 23 and 24.

23(M=Pt) | 24 (M = Pd)

M-N 2.132(2) 2.1497(14)
M-C7 1.993(2) 1.9981(17)
M-P 2.2044(6) 2.2250(4)

M-O 2.1011(18) | 2.0964(12)

C7-M-N 81.29(9) 81.76(6)
C7-M-O | 173.58(8) 173.61(6)
P-M-O 83.43(5) 83.45(3)

Structures of [Pt(CNC-H){PPh2(CsH4-0-O)}] (23) and [Pd(CNC-H){PPh2(CsHa4-
0-0)}] (24) are very similar, and can be described as mononuclear Pt(ll) and Pd(lI)
complexes, where the phosphane ligand with an oxygen donor atom occupies two
coordination sites, forming a chelate ring of five members. A bidentate C*N ligand
completes the coordination environment of the metallic centers. The distances and angles

found for this kind of complexes are in agreement with those reported in the literature.*"
45

Thus, the P atom is trans to the N and the O trans to the Cipso 0f the C*N ligand.
This disposition can be explained in terms of steric hindrance, this way the two phenylic
rings of the phosphane are away from the phenyl group of the C*N ligand. Also, DFT
calculations reveal that the trans-(N,O) possible isomers for 23 and 24 were higher in

energy (7.9 and 10.0 kcal/mol respectively).

H NMR spectrum of compound [Pt(CNC-H){PPh2(CsHs-0-O)}] (23) indicates
that the structure in solution is consistent with the X-Ray one (see Figure 2.17). In this

case only one product is detected, implying that one isomer has formed.
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Figure 2.17. 'H NMR spectrum (CD2Clz, RT) of complex [Pt(CNC-
H){PPh2(CsHs-0-0)}] (23).

$1P{*H} NMR experiments confirm the coordination of the new phosphane ligand.
Thus, a singlet at 20.2 ppm with platinum satellites (}Jp-pt = 4435 Hz) is observed for 23
(see Figure S2.72, Supporting Information).

On the other hand, *H NMR spectrum of complex [Pd(CNC-H){PPhz(CsHa-0-
0O)}] (24) (see Figure 2.18) shows a similar pattern than the one from 23. In addition, the
3IP{*H} NMR spectrum displays one singlet at 40.0 ppm (see Figure S2.80, Supporting

Information).

L

T T T T T T T T T T T T T T T T T T T T T T T T T
81 80 79 78 77 76 75 74 73 72 71 70 69 [ﬁ.B ]6.7 66 65 64 63 62 61 6.0 59 58 57 56 55 5
ppm

Figure 2.18. 'H NMR spectrum (CD2Cl;, RT) of complex [Pd(CNC-
H){PPh2(CsHs-0-0)}] (24).
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Low temperature NMR experiments were performed to gain insight on the
formation of 23. Thus, equimolar amounts of complex [Pt(CNC)(dmso)] (12) and (2-
hydroxyphenyl)diphenylphosphane were dissolved in CD2Cl: at low temperature and its
NMR spectra immediately recorded at 223K. From the first moment, signals
corresponding to free dmso at 2.5 ppm and the final product [Pt(CNC-H){PPh2(CsHas-0-
0)}] (23) were detected, but also several unidentified species. Then, a row of *H and
31P{'H} NMR experiments were recorded at different temperatures (see Figures 2.19 and
2.20). At 243K, the existence in the *H NMR spectrum of a remarkably deshielded singlet
around 11.5 ppm (see red circle, Figure 2.19), a doublet with platinum satellites at around
8.6 ppm (Jn-+ = 3.9 Hz, Jnrt= 25.3 Hz; see red circle, Figure 2.19), and a *'P{*H} NMR
singlet with platinum satellites at 10 ppm (}Jrt.r = 3663 Hz; see red circles, Figure 2.20)
were clearly detected. After 130 minutes and rising the temperature to 293K species

involved fully transformed to complex 23.

293K, 130 mins

263K, 90 mins

243K, 60 mins

223K, 25 mins

[ ]
A A

T T T T T T T T T T T T T T T
12.2 11.6 11.0 10.4 98 9.4 9.0 8.6 8.2 7.8 7.4 7.0 6.6 6.2 5.8
Tppm1

Figure 2.19. Selected *H VT NMR spectra (CD2Cl2) of reaction of complex
[Pt(CNC)(dmso)] (12) and (2-hydroxyphenyl)diphenylphosphane (red dots, discussed

signals corresponding to an intermediate).
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Figure 2.20. Selected *'P{*H} VT NMR spectra (CD2Cl>) of reaction of complex
[Pt(CNC)(dmso)] (12) and (2-hydroxyphenyl)diphenylphosphane (blue circles, signals of

23; red circles, signal of other Pt-P species).

From these observations what could be inferred is, that in the first part of reaction
the displacement of the dmso ligand of complex [Pt(CNC)(dmso)] (12) must take place,
as from the beginning of the experiment signals due to free dmso were observed. On the
other hand complex 12 reacts quite fast, since an appreciable amount of final product
[Pt(CNC-H){PPh2(CsH4-0-O)}] (23) was observed at first and no dmso coordinated to
platinum was detected throughout the experiment. During this process a significant
amount of another species with a phosphane coordinated to the platinum center formed.
Furthermore, the chemical shift of the very deshielded singlet on *H NMR spectroscopy
can be related with the kind of signals that are observed in other type of cyclometallated
complexes with -OH groups establishing hydrogen bonds with the metallic center.*647 It
is noteworthy that the signal of the hydroxyl group of the free phosphane ligand appears
at 6.2 ppm in 'H NMR (CD2Cl2). The existence of that deshielded signal could be
therefore in agreement with the existence of an intermediate as the one proposed for the
DFT calculations (see INT2, Scheme 2.13).

To complete this study, a plausible mechanism for the formation of [Pt(CNC-

H){PPh2(CsH40)] (23) in dichloromethane solution was carried out by computational
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means (see in Scheme 2.13 the calculated energy profile). As shown in Scheme 2.13 the
process is thermodynamically very favorable. This finding is in agreement with the
experimental observations, as the reaction proceeds fast at room temperature. The first
step for this reaction is the barrierless exchange of the dmso ligand by the phosphane in
the inner-sphere coordination of Pt(Il). The first computed intermediate (see INT1,
Scheme 2.13) has a geometry in which the hydroxyl group of the phosphane ligand is

away from the metallic center.

Then, the phenyl group with the -OH group can rotate to establish a O-H---Pt
interaction (see INT2, Scheme 2.13), which produces a stabilization of the complex. This
can be compatible with the possibility to observe this intermediate through NMR. The
existence of this intermediate can be possible given that there are similar square planar
platinum (I1) complexes in the literature which showed a remarkable interaction of the
hydroxyl group of a 8-hydroxiquinoline ligand with the metallic center.*647

After ligand substitution, proton transfer from the hydroxyl group to the Cipso
(CNC) takes place (see TS, Scheme 2.13. 426i cm™®; -OH bond stretching). Finally,
complex 23 is formed through the dechelation of one of the arms of the tridentate ligand.
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Scheme 2.13. Energy profile (DFT/BP86-D3 level, dichloromethane solution) for the reaction of 12 with (2-hydroxyphenyl)diphenylphosphane.
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2.2.3. Reactions with ligands with -COOH groups

The extension of the study of reactivity of starting complexes [Pt(CNC)(dmso)]
(12) and [Pd(CNC)(PPhs)] (2) with ligands bearing a -COOH group was also
investigated. Ligands chosen for this matter were 2-pyridinecarboxylic acid and 2-

(diphenylphosphino)benzoic acid.

Therefore, the behavior of mononuclear platinum complex [Pt(CNC)(dmso)] (12)
towards 2-pyridinecarboxylic acid was studied. As previously observed, pyridine ligands
did not seem to displace easily the dimethylsulfoxide ligand. Thus, reaction of 12 with 2-
pyridinecarboxylic acid in acetone (see Scheme 2.14), required longer reaction times and
heating to proceed (see details in Experimental section). The resulting yellow solid was
identified as a mixture of two possible isomers in similar proportions being in agreement
with a formula [Pt(CNC-H)(NCsH4-0-COO0)] (25).

x
| 2
' .
O | O N~ > COOH
, acetone, A
(12) (25A) (25B)

Scheme 2.14. Synthesis of isomers of 25; A (trans-(N,O)) and B (trans-(N,N)).

The structure of both isomers could be determined by X-Ray diffraction from
different crystal batches of 25 with slightly different habit (Figure 2.21 depicts the

structure of both isomers and Table 2.8 shows several relevant distances and angles).
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b)

Figure 2.21. Molecular structures of isomers 25A (a) and 25B (b).

Table 2.8. Selection of bond lengths (A) and angles (°) for 25A and 25B.

25A 258
Pt-N1 | 2.039(4) | 2.0414(15)
Pt-C7 | 1.979(5) | 1.9787(17)
Pt-N2 | 2.148(4) | 2.0188(14)
Pt-O1 | 2.026(3) | 2.1236(12)

C7-Pt-N1 | 80.70(19) | 80.57(7)

C7-Pt-N2 | 165.40(18) | 100.31(7)

C7-Pt-O1 | 92.62(18) | 178.85(6)

O1-Pt-N2 | 78.94(14) | 78.79(5)

Structures of 25A and 25B can be described as Pt(l1l) square planar complexes

with a CAN ligand occupying two sites of the coordination sphere and a 2-

pyridinecarboxylate coordinated through its N and O atoms. The two isomers are different

in the way this anionic ligand coordinates to the metallic center, giving rise to two

possibilities; namely isomers trans-(N,O) and trans-(N,N). Furthermore, DFT

calculations reveal that both isomers are very near in energy, which could explain the

similar proportions of these species obtained experimentally. The square planar
environment of 25A is distorted, exhibiting an C7-Pt-N2 angle of 165.40(18)°. In the case
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of 25B, the analogous angle of C7-Pt-O1 is 178.85(6)°, meaning that in that isomer the 2-
pyridinecarboxylate ligand is almost coplanar with the Pt(I1) plane. It seems that there is
more steric hindrance in 25A than in 25B, since the pyridinic ring is closer to the phenyl
group in that complex. Interestingly, in the obtention of other similar platinum (1)

picolinate complexes with C~N ligands, only the trans-(N,N) isomer was reported.*8-5!

Varying the reaction conditions did not affect to the proportions of these two
species. Furthermore, once formed they seemed not to interconvert one on the other. *H
NMR shows then aromatic signals corresponding to these two species, as depicted in
Figure 2.22.

It was possible to separate a small batch of crystals composed mostly by isomer
25A. The *H NMR of this batch allowed to identify and assign to each isomer one of the

two different sets of aromatic signals (see Figure 2.22).

b

T T T T T T T T T T T T
7.8 7.6 7.4 7.2 7.0 6.8 6.6 6.4

T T T
9.6 9.4 9.2 9.0 8.8 8.6 8.4 8.2 8.0
[ppm]

Figure 2.22. Comparison of *H NMR spectra (CD2Cl2, RT) of the raw solid 25
(top) and an enriched solution of 25A (bottom) from the selected crystalline batch (red

circles, signals of 25B; blue squares, signals of 25A).

DFT calculations were performed to establish a possible mechanism for the
formation of isomers 25A and 25B in acetone solution (see Energy profile in Scheme

2.15). Thus, the first step is the barrierless substitution of the coordinated dmso molecule
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of 12 (see INT1, Scheme 2.15) with the pyridine pointing the carboxylic group towards
the metallic center. In this case, it was not possible to calculate a minimum with the
carboxylic group of the pyridine not pointing to the platinum, due to the proximity of this

group to the metallic center.

This substitution of ligands is not as energetically favorable as the one observed
for the phosphane substitution, which agrees with the more energic reaction conditions
used experimentally. Then, the proton transfer takes place, giving a transition state (see
TS1, Scheme 2.15. 947i cm™; OH stretching). As a result of this process, an intermediate
with the pyridine-2-carboxylate ligand trans-(N,N) (INT2, Scheme 2.15) is formed. This
intermediate can evolve to isomer 25B via coordination of the carboxylate group trans to
the Cipso. INT2 can isomerize to the coordinated trans-(N,O) pyridine-2-carboxylate
(INT3, Scheme 2.15) via a transition state with the geometry represented in Scheme 2.15
(TS2. 106i cm™*; N-Pt-O stretching). Finally, this intermediate can give rise to the isomer

25A, upon coordination of the pyridine group trans to the Cipso.
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On the other hand, the reaction times of [Pt(CNC)(dmso)] (12) and
[PA(CNC)(PPhs)] (2) with 2-(diphenylphosphino)benzoic acid were short and no heating
was necessary. Thus, dissolving [Pt(CNC)(dmso)] (12) or [Pd(CNC)(PPhs)] (2) with 2-
(diphenylphosphino)benzoic acid in CH2Cl2 for 20 minutes gave rise to yellow solids that
after work-up were identified as species with formula [M(CNC-H){PPh2(CsHs-0-COO)}]
(M = Pt (26), Pd (27)) (see Scheme 2.16). It is remarkable that, while in the previous
study the triphenylphosphane ligand of complex [Pd(CNC)(PPhz)] (2) could not be easily
displaced with a phosphane with a -OH group, in this case reaction proceeded fast and

yielded a pure solid.

M = Pt; L = dmso (12) M = Pt (26), Pd (27)
M = Pd; L = PPh; (2)

Scheme 2.16. Synthesis of complexes 26 and 27.

X-Ray diffraction studies could be carried out on well-formed crystals of 26 and
27. See Figure 2.23 and Table 2.9 for a view of the structures and a selection of distances

and angles respectively.

Figure 2.23. Molecular structures of complexes 26 (a) and 27 (b).

133



Table 2.9. Selection of bond lengths (A) and angles (°) for 26 and 27.

26 (M=Pt) | 27 (M = Pd)

M-N 2.101(3) 2.1147(15)

M-C7 1.990(3) 1.9968(19)

M-01 2.103(2) 2.0998(12)
M-P 2.2067(8) 2.2244(5)
C7-M-O1 | 162.41(11) | 161.44(7)
C7-M-N | 81.07(12) 81.65(7)

Chapter 2

Structures of 26 and 27 correspond to mononuclear Pt(I1) and Pd(11) complexes in
which a phosphane with a carboxylate group acts as a bidentate ligand, forming a six-
membered ring. Their coordination spheres are completed by a bidentate C*N ligand,
exhibiting its N atom trans to the P and its cyclometallated C atom trans to an O atom.
Furthermore, possible trans-(N,O) isomers of 26 and 27 were studied through DFT
calculations, indicating that they are higher in energy (6.1 and 8.2 kcal/mol, respectively),
due to the existence of higher steric hindrance. Both structures show similar bond
distances and angles, regardless of the metallic center. Angles C7-M-O1 of around 160°
indicate that the chelate ring is not coplanar with the metallic square plane. This deviation
from planarity can be caused by the phenyl group nearby. As expected, the phenyl ring is
not coplanar with the metallic plane, showing a torsion angle with the pyridinic plane of

around 40°.

'H NMR spectrum of 26 and 27 confirms the breakage of a M-Cipso (CNC) bond
and the substitution of the dmso and triphenylphosphane respectively by the phosphane
ligand and the incorporation of a proton to a phenylene ring of the CNC ligand (see
Figures 2.24 and 2.25).
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Figure 2.24. 'H NMR spectrum (CD2Clz, RT) of complex [Pt(CNC-
H){PPh2(CsHs-0-COO)}] (26).
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Figure 2.25. 'H NMR spectrum (CD2Cl;, RT) of complex [Pd(CNC-
H){PPh2(CsHs-0-COO)}] (27).
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3p{*H} NMR also indicated the expected substitution of ligands, showing for
[Pt(CNC-H){PPh2(CsH4-0-CO0O)}] (26) and [Pd(CNC-H){PPh2(CsH4-0-COO)}] (27)
one singlet with platinum satellites at 11.1 ppm (*Jp-pt= 4388 Hz) and one singlet at 36.0
ppm respectively (see Figures S2.95 and S2.103, Supporting Information).

It is known that the 3'P{*H} NMR signal shift depends on the number of members
of the ring in chelated phosphanes. Thus, five-membered rings show more deshielded
signals than those with six members.> In fact, it is observed that 3!P{*H} NMR signals
of 26 and 27 shifted upfield around 9 and 4 ppms compared to those of [Pt(CNC-
H){PPh2(CsHs-0-0)}] (20.2 ppm) (23) and [Pd(CNC-H){PPh2(CsHs-0-0)}] (40.0 ppm)
(24).
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As general conclusions for this chapter, it has been confirmed that starting
complexes [Pt(CNC)(PPh3)] (1), [Pt(CNC)(dmso)] (12) and [Pd(CNC)(PPhs)] (2) act as
Lewis acids towards the proton. Depending on the source of protons, different scenarios

can be considered.

Protic acids cause, the breakage of a M-Cipso bond, formation of a C-H bond and
coordination of a ligand in the resulting free coordination site. The ligand completing the

vacant can be the anion of the acid, a molecule of solvent or an added ligand additionally.

In the case of reacting starting substrates 12 or 2 with an organic ligand (P-donor
or N-donor) with acidic hydrogens (with -SH, -OH or -COOH groups) the same
protonation process occurs and also the coordination of the ligand in a bidentate way
giving rise to a chelate ring, with one exception; pyridine-2-thiol gives rise to a dinuclear
complex with bridging ligands. Remarkably, the substitution of ligands is more favored
in the case of using P-donor ligands compared to N-donor ligands, needing for the latter
more energic reaction conditions and longer times to proceed. This was supported by DFT
calculations, which also established a possible mechanism for two examples of these
reactions. In these mechanisms the possibility of having intermediates with O-H---Pt
interactions were considered, which is related with the study by NMR at low temperature

of the reaction of 12 with (2-hydroxyphenyl)diphenylphosphane.

Furthermore, the use of bidentate ligands in the protonation reactions can give rise
to isomers. This is not observed for the P-donor ligand reactions, due to the high sterical
requirements of the phosphane ligands, which causes only the formation of the trans-

(N,P) isomer.
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2.3. Experimental section

General Comments. Literature methods were used to prepare the starting
materials [Pt(CNC)(PPhs)] (1) and [Pt(CNC)(dmso)] (12).>° Elemental analyses were
carried out with a Perkin-Elmer 2400 CHNS analyzer. IR spectra were recorded on a
Perkin-Elmer Spectrum 100 FT-IR spectrometer (ATR in the range 250-4000 cm't). Mass
spectrometry was performed with the Microflex matrix-assisted laser desorption
ionization-time-of-flight (MALDI-TOF) Bruker or an Autoflex I11 MALDI-TOF Bruker
instruments. *H, ¥ C{*H} and *'P{*H} NMR spectra were recorded on Bruker AV-300,
ARX-300, AV-400 and AV-500 spectrometers using the standard references: SiMes, 85%
HsPO4 and CFCls for references for *H, 3C, 3P and !°F respectively. The signal
attributions and coupling constant assessment was made on the basis of a multinuclear
NMR analysis of each compound including, besides 1D spectra, H-'H COSY, H-13C
HSQC, H-*C HMBC and BC{‘H} APT.
PN
P

Z N7 N7 N, AN

Chart 2.2. *H and *C numbering scheme.

Preparation of the complex [Pt(CNC-H)CI(PPhs)] (13). To a solution of
[Pt(CNC)(PPhs)] (1) (0.060 g, 0.087 mmol) in 25 mL of CH2Cl2 at room temperature,
0.960 mL of a solution of HCI (0.040 M in MeOH, 0.096 mmol) were added. The bright-
yellow solution was immediately evaporated to dryness and the resulting yellow solid
was extracted with 10 mL of diethylether, filtered and air-dried (0.040 g, 63%). Anal.
Found: C, 57.78; H, 4.00; N, 1.76. Anal. Calcd. for C3ssH27CINPPt: C, 58.14; H, 3.76; N,
1.94. IR (ATR, cm™): 1598 (w, v(N-C)), 1579 (w, v(N-C)), 1562 (w, v(N-C)), 1551 (m,
v(N-C)), 540 (vs, v(P-C)), 516 (s, v(P-C)), 502 (s, v(P-C)), 281 (m, v(Pt-Cl)). 'H NMR
(400.132 MHz, CD2Clz2, 293K, see Chart 2.2 for the H numbering scheme): 6 = 8.06 (2H,
m, H9), 7.98 (1H, t, 3Ju7-H6 = 3Jn7-ve = 8.0 Hz, H7), 7.86 (1H, d, 3Jxe-H7 = 8.0 Hz, H6),
7.75 (6H, m, 0-PPhs), 7.60 (1H, d, 3Jus-na = 8.0 Hz, H5), 7.57 (1H, d, 3Jns-n7 = 8.0 Hz,
H8), 7.43 (6H, m, p-PPhs, H10 and H11), 7.36 (6H, m, m-PPhs), 6.98 (1H, dd, 3Jna-s =
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8.0 Hz, 3JHa-v3= 7.5 Hz, H4), 6.68 (1H, dd, 3JH2-H3= 8.0 Hz, *Jn2-p = 3.2 Hz, 3JH2-p= 52.6
Hz, H2), 6.52 (1H, dd, 3Jna-H2 = 8.0 Hz, 3Jna-Ha = 7.5 Hz, H3) ppm. *P{*H} NMR
(161.923 MHz, CD2Clz, 293K): & = 20.7 (s, *Jp-pt = 4525 Hz) ppm. BC{*H} NMR plus
HSQC and HMBC (100.624 MHz, CD2Cl2, 293K see Chart 2.2 for the C numbering
scheme): & = 165.3 (d, “Jc-p = 3.5 Hz, C14), 162.1 (s, C13), 146.7 (s, C15), 143.1 (d, 2Jc-
p=5.8 Hz, C1), 141.0 (s, C12), 139.5 (s, C7), 137.1 (d, 3Jcp= 6.1 Hz, C2), 135.3 (d, 2Jc-
p = 11.1 Hz, 0-PPhs), 130.9 (d, NJc-p = 62.2 Hz, g-PPhs), 130.9 (d, ®Jcr = 4.1 Hz, C10),
130.1 (s, C9), 129.4 (s, C11), 128.7 (d, “Jc-r = 3.3 Hz, C3), 128.2 (d, 3Jc.p = 10.9 Hz, m-
PPhs), 127.9 (s, p-PPhs), 124.8 (s, C5), 124.1 (d, “Jcp = 4.0 Hz, C8), 123.4 (s, C4), 116.7
(d, 2Jcp = 2.3 Hz, C6) ppm. MS MALDI+ DCTB: m/z = 723.2 [[Pt(CNC-
H)CI(PPhs)]+H]", 687.2 [Pt(CNC-H)(PPh3)]".

Preparation of the complex [Pt(CNC-H)CIl(dmso)] (14). To a solution of
[Pt(CNC)(dmso)] (12) (0.050 g, 0.099 mmol) in 15 mL of CH2Cl2 at room temperature,
0.400 mL of a solution of HCI (0.025 M in MeOH, 0.099 mmol) were added. The bright-
yellow solution was immediately contentrated to ca. 1 mL, 20 mL of n-hexane were added
and the resulting yellow solid was filtered and air-dried (0.035 g, 65%). Anal. Found: C,
41.97; H, 3.18; N, 2.53; S, 6.43. Anal. Calcd. for C1oH1sCINOPtS: C, 42.34; H, 3.37; N,
2.60; S, 5.95. IR (ATR, cm™): 1603 (m, v(N-C)), 1579 (m, v(N-C)), 1561 (w, v(N-C)),
1552 (w, v(N-C)), 270 (s, v(Pt-Cl)). *H NMR (400.132 MHz, CD2Cl>, 293K): § = 8.25
(1H, dd, 3Jm2-H3 = 7.6 Hz, *Iro-na = 1.4 Hz, 3Jro-pe = 44.0 Hz, H2), 7.97 (1H, t, 3Jn7-re =
3Jn7.H8 = 8.0 Hz, H7), 7.95 (2H, m, H10), 7.81 (1H, dd, JHe-+7 = 8.0 Hz, *Jne-H8 = 1.3 Hz,
H6), 7.62 (1H, dd, 3Jns-+a= 7.5 Hz, *Jnsn3 = 1.5 Hz, H5), 7.48 (4H, m, H8, H9 and H11),
7.23 (1H, td, 3Jra-H3 = 3Ina-ms = 7.5 Hz, “Jna-rz2 = 1.4 Hz, H4), 7.17 (1H, td, 3JHz-Ha = 3Js-
H2 = 7.6 Hz, “Jnsms = 1.5 Hz, H3), 3.38 (6H, s, 3Jmert = 25.0 Hz, Me-(dmso)) ppm.
13C{*H} NMR plus HSQC and HMBC (100.624 MHz, CD2Clz, 293K): & = 166.2 (s,
C14), 162.6 (s, C13), 146.1 (s, C15), 141.8 (s, C1), 140.7 (s, C12), 140.2 (s, C7), 133.9
(s, C2), 130.0 (s, C10), 129.9 (s, C9 or C11), 129.4 (s, C3), 128.0 (s, C9 or C11), 125.2
(s, C4), 124.8 (s, C5), 124.0 (s, C8), 116.9 (s, C6), 46.2 (s, Jc-rt = 65.1 Hz, Me-(dmso))
ppm. MS MALDI+ DCTB: m/z = 503.1 [Pt(CNC-H)(dmso)]".
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Preparation of the complex [Pt(CNC-H)(MeCN)(PPh3)](ClO4) (15). To a
solution of [Pt(CNC)(PPh3)] (1) (0.070 g, 0.102 mmol) in 20 mL of MeCN at room
temperature, 0.640 mL of a solution of HCIO4 (0.175 M in MeOH, 0.112 mmol) were
added. The bright-yellow solution was after 10 minutes evaporated to dryness and the
resulting yellow solid was extracted with 'PrOH (10 mL), filtered, washed with n-hexane
(10 mL) and air-dried (0.060 g, 71%). Anal. Found: C, 53.07; H, 3.61; N, 3.12. Anal.
Calcd. for Cs7H30CIN204PPt: C, 53.66; H, 3.65; N, 3.38. IR (ATR, cm™): 2321 (w,
v(CN)), 2292 (w, v(CN)), 1605 (w, v(N-C)), 1584 (w, v(N-C)), 1566 (m, v(N-C)), 1556
(m, v(N-C)), 1081 (vs, v(ClO4)), 620 (s, v(ClO4)), 538 (s, v(P-C)), 515 (s, v(P-C)), 499
(s, v(P-C)). *H NMR (400.132 MHz, CD2Clz, 293K): & = 8.16 (1H, t, *Jn7-H6 = 3In7-He =
8.0 Hz, H7), 8.01 (1H, d, 3Jue-H7 = 8.4 Hz, H6), 7.95 (2H, m, H9), 7.72 (6H, m, 0-PPh3),
7.66 (2H, m, H5 and H8), 7.54 (6H, m, H10, H11 and p-PPhs), 7.46 (6H, m, m-PPhs),
7.06 (1H, td, 3JHa-ns = 3Inanz = 7.4 Hz, “Jna-n2 = 1.0 Hz, H4), 6.67 (1H, ddd, 3JH2-H3= 8.0
Hz, “Jh2-p = 3.6 Hz, 3Jh2-+s = 1.0 Hz, 3Jnz-pt = 50.4 Hz, H2), 6.55 (1H, dd, 3Jus-H2 = 8.0
Hz, *JnaHs = 1.0 Hz, H3), 1.08 (3H, s, MeCN) ppm. ¥P{*H} NMR (161.923 MHz,
CD2Clz, 293K): § = 20.9 (s, 1Jp-pt= 4297 Hz) ppm. BC{*H} NMR plus HSQC and HMBC
(100.624 MHz, CD2Clz, 293K): & = 165.2 (s, C14), 161.6 (s, C13), 147.5 (s, C15), 141.3
(s, C7), 140.3 (s, C12), 138.9 (d, 3Jc.p= 8.6 Hz, C2), 136.4 (s, C1), 135.2 (d, 2Jcp=11.5
Hz, 0-PPhs), 132.4 (d, “Jc-p = 2.6 Hz, p-PPhs), 130.9 (s, C10), 129.9 (s, C9), 129.4 (s,
C11), 129.3 (d, 3Jc-p = 11.0 Hz, m-PPhs), 128.6 (d, Jc-r = 64.0 Hz, g-PPhs), 125.7 (s,
C4), 125.5 (s, C3), 125.2 (s, C8), 124.6 (d, “Jc-p = 4.0 Hz, C5), 120.4 (s, CN-(MeCN)),
118.6 (s, C6), 2.8 (s, Me-(MeCN)) ppm. MS ESI+: m/z = 686.5 [Pt(CNC-H)(PPhs)]".

Preparation of the complex [Pd(CNC-H)(MeCN)(PPh3)](ClO4) (16). To a
solution of [Pd(CNC)(PPhs)] (2) (0.050 g, 0.084 mmol) in 15 mL of MeCN at room
temperature, 0.480 mL of a solution of HCIO4 (0.175 M in MeOH, 0.084 mmol) were
added. The bright-yellow solution was immediately evaporated to dryness, and the
resulting yellow solid was extracted with diethylether (5 mL), filtered and air-dried (0.034
g, 55%). Anal. Found: C, 59.69; H, 4.05; N, 3.77. Anal. Calcd. for C37H30CIN204PPd: C,
60.10; H, 4.09; N, 3.79. IR (ATR, cm™): 2311 (vw, v(CN)), 2286 (vw, v(CN)), 1597 (w,
v(N-C)), 1578 (w, v(N-C)), 1566 (w, v(N-C)), 1557 (m, v(N-C)), 1082 (s, v(ClO4)), 621
(s, v(Cl0a4)), 529 (vs, v(P-C)), 512 (s, v(P-C)), 495 (s, v(P-C)). *H NMR (400.132 MHz,
CD2Clz, 293K): & = 8.13 (1H, t, 3Jn7-He = 3Jn7-H8 = 7.9 Hz, H7), 7.95 (2H, m, H6 and H9),
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7.71 (6H, m, 0-PPhs), 7.66 (1H, d, 3Jus-1a = 8.0 Hz, H5), 7.62 (1H, d, 3Jns-H7 = 7.9 Hz,
H8), 7.54 (6H, m, H10, H11 and p-PPhs), 7.47 (6H, m, m-PPhs), 6.54 (2H, m, H2 and
H3), 1.12 (3H, s, MeCN) ppm. 3P{*H} NMR (161.923 MHz, CD2Clz, 293K): § = 43.3
(s) ppm. BC{*H} NMR (100.624 MHz, CD2Cl2, 293K): & = 164.5 (s, C14), 161.1 (s,
C13), 151.2 (s, C1), 148.3 (s, C15), 141.6 (s, C7), 140.6 (s, C12), 139.7 (d, 3Jc-p = 14.0
Hz, C2), 135.7 (d, 2Jcp = 11.9 Hz, 0-PPhs), 132.7 (d, “Jc.p = 2.8 Hz, p-PPhs), 131.1 (s,
C10 or C11), 130.0 (s, C10 or C11), 129.9 (d, YJcr = 52.2 Hz, g-PPhs), 129.8 (d, 3Jcr =
11.1 Hz, m-PPhs), 129.7 (s, C9), 129.5 (d, “Jcr = 6.7 Hz, C3), 126.7 (s, C4), 126.4 (s,
C5), 124.5 (d, “Jcr = 3.0 Hz, C8), 120.7 (s, CN), 118.7 (s, C6), 2.28 (s, Me) ppm. MS
MALDI+ DCTB: m/z = 598.1 [Pd(CNC-H)(PPh3)]*.

Preparation of the complex [Pt(CNC-H)(H20)(PPh3)](CIO4) (17). To a
solution of [Pt(CNC)(PPhs)] (1) (0.050 g, 0.073 mmol) in 20 mL of CH2Cl2 at room
temperature, 0.460 mL of a solution of HCIO4 (0.175 M in MeOH, 0.080 mmol) and 0.05
ml of water (2.78 mmol) were added. The bright-yellow solution was immediately
concentrated ca. 1 mL, 10 mL of diethylether were added and the resulting yellow solid
was filtered and air-dried (0.046 g, 77%). Anal. Found: C, 52.63; H, 3.75; N, 1.70. Anal.
Calcd. for CasH2sCINOsPPt: C, 52.21; H, 3.63; N, 1.74. IR (ATR, cm™): 3140 (w, br.
signal, v(0O-H)), 1604 (m, v(N-C)), 1583 (m, v(N-C)), 1564 (w, v(N-C)), 1555 (m, v(N-
C)), 1099 (vs, v(ClO4)), 618 (s, v(ClO4)), 539 (s, v(P-C)), 514 (s, v(P-C)), 500 (s, v(P-
C)). *H NMR (400.132 MHz, CD2Clz, 293K): § = 8.16 (1H, t, 3Jn7-Hs = *Jn7-H8 = 8.0 Hz,
H7), 7.95 (1H, d, 3Jne-H7 = 8.0 Hz, H6), 7.90 (2H, d, 3JHe-H10 = 7.7 Hz, H9), 7.73 (7H, m,
0-PPhz and H8), 7.61 (1H, d, 3Jns-Ha = 7.6 Hz, H5), 7.56 (3H, m, p-PPhs), 7.46 (6H, m,
m-PPhs), 7.37 (1H, t, 3JH11-+10 = 7.7 Hz, H11), 7.19 (2H, t, 3Jn10-H11 = 3IH10-He = 7.7 Hz,
H10), 7.05 (1H, td, 3Jna-H3 = 2JHa-vs = 7.6 Hz, *Jna-v2 = 1.7 Hz, H4), 6.53 (2H, m, H2 and
H3), 1.83 (2H, br. s, H20) ppm. 3!P{*H} NMR (161.923 MHz, CD2Cl2, 293K): § = 23.7
(s, Lp-pt= 4405 Hz) ppm. 3C{*H} NMR could not be recorded due to the low stability of
this complex in solution for long times. MS MALDI+ DCTB: m/z = 687.1 [Pt(CNC-
H)(PPhs)]".

Preparation of the complex [Pd(CNC-H)(H20)(PPh3)](CIO4) (18). To a
solution of [Pd(CNC)(PPh3)] (2) (0.050 g, 0.084 mmol) in 15 mL of CH2Cl2 at room
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temperature, 0.480 mL of a solution of HCIO4 (0.175 M in MeOH, 0.084 mmol) and 0.05
mL of water (2.78 mmol) were added. The bright-yellow solution was immediately
evaporated to dryness, and the resulting yellow solid was extracted with diethylether (10
mL), filtered and air-dried (0.043 g, 72%). Anal. Found: C, 58.45; H, 3.81; N, 2.05. Calcd.
for C3sH20CINOsPPd: C, 58.68; H, 4.08; N, 1.96. IR (ATR, cm™): 3290 (w, broad signal,
v(0-H)), 1597 (w, v(N-C)), 1576 (w, v(N-C)), 1565 (w, v(N-C)), 1556 (m, v(N-C)), 1098
(s, v(ClO4)), 621 (s, v(ClO4)), 529 (vs, v(P-C)), 511 (s, v(P-C)), 497 (s, v(P-C)). *H NMR
(400.132 MHz, CD2Cl2, 293K): § = 8.14 (1H, t, 3Jn7-+6 = 3Jn7-He = 7.9 Hz, H7), 7.91 (3H,
m, H6 and H9), 7.71 (7H, m, 0-PPhs and H5), 7.65 (1H, m, H8), 7.59 (3H, m, p-PPhs),
7.47 (6H, m, m-PPha), 7.29 (1H, tt, 3Jn11-H10= 7.4 Hz, *Jn11-Ho = 1.3 Hz, H11), 7.15 (2H,
m, H10 and H4), 6.63 (1H, td, 3Jn3-Ha = 3Jna-H2 = 7.5 Hz, “Jna-r2 = 1.0 Hz, H3), 6.50 (1H,
td, 3JH2-H3 = 4JHe-p = 7.6 Hz, *Jh2-1a =1.0 Hz, H2), 1.60 (2H, s, H20) ppm. 3P{*H} NMR
(161.923 MHz, CD2Clz, 293K): & = 40.6 (s) ppm. *C{*H} NMR plus HSQC and HMBC
(100.624 MHz, CDClz, 293K): & = 162.1 (s, C14), 159.4 (s, C13), 147.2 (s, C15), 146.8
(s, C1),141.9 (s, C7), 139.3 (d, 3Jc.p= 12.8 Hz, C2), 139.1 (s, C12), 135.7 (d, 2Jc-p = 12.4
Hz, 0-PPhs), 132.9 (d, *Jc-p = 2.7 Hz, p-PPhs), 132.1 (s, C10), 131.6 (s, C11), 130.6 (d,
4Jc-p=6.1Hz, C3), 130.0 (d, *Jcr = 11.2 Hz, m-PPhs), 128.9 (d, YJc-r = 51.0 Hz, g-PPhs),
127.3 (s, C4), 126.7 (s, C5), 125.9 (s, C9), 123.7 (d, *Jcr = 3.6 Hz, C8), 118.8 (d, *Jc-p =
1.8 Hz, C6) ppm. MS MALDI+ DCTB: m/z = 598.1 [Pd(CNC-H)(PPhas)]".

Preparation of the complex [Pt(CNC-H)(tht)(PPhs)](ClO.) (19). To a solution
of [Pt(CNC)(PPhs)] (1) (0.100 g, 0.145 mmol) and tetrahydrothiophene (tht, 25.5 pl,
0.290 mmol) in 25 mL of CH2Cl2, 0.830 mL of a solution of HCIO4 (0.175 M in MeOH,
0.145 mmol) were added. The bright-yellow solution was after 1 hour evaporated to
dryness, and the resulting yellow solid was extracted with diethylether (15 mL), filtered
and air-dried (0.104 g, 82%). Anal. Found: C, 53.60; H, 3.85; N, 1.72; S, 3.91. Anal.
Calcd. for CasHasCINO4PPLS: C, 53.52; H, 4.03; N, 1.60; S, 3.66. IR (ATR, cm™): 1600
(w, v(N-C)), 1574 (w, v(N-C)), 1538 (m, v(N-C)), 1282 (w, v(S-C)), 1235 (w, v(S-C)),
1084 (s, v(ClO4)), 620 (s, v(Cl04)), 537 (s, v(P-C)), 516 (s, v(P-C)), 499 (vs, v(P-C)). H
NMR (400.132 MHz, CD2Clz, 293K): & = 8.26 (1H, t, 3Jn7-H6 = 3Jn7-He = 8.0 Hz, H7), 8.21
(2H, br. s, H9), 8.09 (1H, d, 3JHe-+7 = 8.0 Hz, H6), 7.80 (2H, m, H5 and H8), 7.75 (6H, m,
0-PPhs), 7.67 (1H, t, 3JH11-H10 = 8.0 Hz, H11), 7.57 (5H, m, p-PPhszand H10), 7.47 (6H,
m, m-PPhs), 7.13 (1H, td, 3JHa-+5 = 3JHa-vz = 7.5 Hz, *Jra-n2 = 1.0 Hz, H4), 6.64 (1H, ddd,
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3Jh2-13 = 8.0 Hz, “Jhz-p = 3.6 Hz, *Jn2-na = 1.0 Hz, 3Jn2-pt = 48.4 Hz, H2), 6.56 (1H, dd,
3Jn3-H2 = 8.0 Hz, “Jna-ms = 1.0 Hz, H3), 2.15 (4H, br. s, Ho-tht), 1.59 (4H, br. s, Hp-tht)
ppm. 3P{*H} NMR (161.923 MHz, CD2Cl, 293K): § = 22.2 (s, 1Jr-pt= 4353 Hz) ppm.
BC{*H} NMR plus HSQC and HMBC (100.624 MHz, CD2Cly, 293K): & = 165.4 (s,
C14), 160.7 (s, C13), 149.8 (s, C12), 146.4 (s, C15), 145.6 (s, C1), 141.5 (s, C7), 138.3
(d, 3Jc-p = 8.2 Hz, C2), 135.2 (d, 2Jc-p = 12.3 Hz, 0-PPhs), 132.6 (d, *Jc-p = 2.6 Hz, p-
PPhs), 131.8 (s, C10), 130.5 (s, C11), 129.8 (s, C9), 129.4 (d, 3Jcr = 11.9 Hz, m-PPhg),
129.4 (d, Ycp = 61.7 Hz, g-PPhs), 129.3 (s, C3), 125.8 (s, C4), 125.6 (s, C8), 124.9 (d,
*Jcp=4.2 Hz, C5), 118.7 (d, *Jcp = 2.1 Hz, 3Jne-rt= 26.0 Hz, C6), 41.0 (s, Ha-tht), 30.2
(s, HB-tht) ppm. MS MALDI+ DCTB: m/z = 687.1 [Pt(CNC-H)(PPhs)]".

Preparation of the complex [Pd(CNC-H)(tht)(PPh3)](TfO) (20). To a solution
of [Pd(CNC)(PPhs)] (2) (0.050 g, 0.084 mmol) and tetrahydrothiophene (22.1 pl, 0.250
mmol) in 20 mL of CH2Clz, 7.53 pl (0.084 mmol) of HTfO were added. The bright-yellow
solution was immediately evaporated to dryness, the resulting solid was dissolved with
CH:Cl2 (4 mL) and the solution was evaporated again to dryness. The yellow solid formed
was extracted n-hexane (10 mL), filtered and air-dried (0.039 g, 55%). Anal. Found: C,
56.92; H, 4.19; N, 1.71; S, 7.57. Anal. Calcd. for C4oH3sFsNO3PPdS2: C, 57.45; H, 4.22;
N, 1.68; S, 7.67. IR (ATR, cm™): 1597 (w, v(N-C)), 1566 (w, v(N-C)), 1552 (m, v(N-C)),
1262 (vs, v(Tf0)), 529 (vs, v(P-C)), 514 (s, v(P-C)), 495 (s, v(P-C)). *H NMR (400.132
MHz, CD2Clz, 293K): & = 8.07 (3H, m, H10 and H7), 7.97 (1H, d, 3Jre-H7 = 8.0 Hz, H6),
7.62 (7H, m, H5 and 0-PPhs)), 7.50 (3H, t, *Jxm-Hp = 8.2 Hz, p-PPhs), 7.42 (9H, m, HS,
H9 and m-PPhs), 7.12 (1H, m, H4), 6.48 (2H, m, H2 and H3), 2.45 (4H, br. s, Ha-tht)),
1.78 (4H, br. s, HB-tht) ppm. 3'P{"H} NMR (161.923 MHz, CD2Cl>, 293K): & = 43.6 (5)
ppm. P¥F{*H} NMR (376.489 MHz, CD2Cl2, 293K): § = -78.7 (s) ppm. B¥C{*H} NMR
could not be recorded due to the low stability of this complex in solution for long times.
MS MALDI+ DCTB: m/z = 598.3 [Pd(CNC-H)(PPhs)]".
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Chart 2.3. H and *C numbering scheme.

Preparation of the complex [Pt(CNC-H)(u-S-2Py)]. (21). To a solution of
[Pt(CNC)(dmso)] (12) (0.050 g, 0.099 mmol) in 15 mL of CH2Cl2 under argon at room
temperature, pyridine-2-thiol (0.011g, 0.099 mmol) was added. After 1 hour of reaction,
the resulting orange solution was evaporated to dryness. To the obtained orange solid 5
mL of diethylether were added and the solution was again evaporated to dryness. After
three times of washing and drying the solid it was extracted and washed with cold 'PrOH
(2 mL), filtered and air-dried (0.022 g, 42%). Anal. Found: C, 48.74; H, 3.00; N, 5.22; S,
5.80. Anal. Calcd. for CaaH32N4Pt2S2: C, 49.34; H, 3.01; N, 5.23; S, 5.99. IR (ATR, cm’
1: 1603 (w, v(N-C)), 1581 (m, v(N-C)), 1566 (w, v(N-C)), 1551 (w, v(N-C)). *H NMR
(400.132 MHz, CD2Clz, 293K, see Chart 2.3 for the H numbering scheme): 6 = 8.31 (4H,
dd, 3JHe-H10 = 8.3 Hz, *Jrg-+11 = 2.0 Hz, H9), 8.03 (2H, t, 3Jn7-+6 = 2Jn7-H8 = 7.8 Hz, H7),
7.83 (2H, dd, 3Jre-H7 = 7.8 Hz, “Jne-H8 = 1.0 Hz, H6), 7.60 (2H, d, 3Jnss-+as = 7.8 Hz, H5S),
7.55 (2H, dd, 3Jng-v7 = 7.8 Hz, “JHe-Hs = 1.0 Hz, H8), 7.46 (6H, m, H2S and H10), 7.20
(4H, m, H4 and H11), 7.14 (2H, dd, 3Jnas-Hss = 7.8 Hz, *Jmas-H3s = 7.2 Hz, H4S), 7.07 (2H,
t, 3JHas-Has = 3Jnzs-Has = 7.2 Hz, H3S), 6.67 (2H, d, 3Jns-He = 8.1 Hz, H5), 6.37 (2H, t, 3Jhs-
H2=3JH3.Ha = 6.0 Hz, H3), 5.54 (2H, 3Jn2-+3= 6.0 Hz, 3J2-pt= 34.6 Hz, H2) ppm. BC{*H}
NMR could not be recorded due to the low stability of this complex in solution for long
times. MS MALDI+ DCTB: m/z = 1070.4 [[Pt(CNC-H)(u-S-2Py)]2+H]*, 960.3
[Pt(CNC-H)(u-S-2Py)(CNC-H)Pt]*, 535.2 [[Pt(CNC-H)(H2-SPy)]+H]".

Preparation of the complex [Pt(CNC-H)(8-hqg)] (22). To a solution of
[Pt(CNC)(dmso)] (12) (0.050 g, 0.099 mmol) in 15 mL of acetone, 8-hydroxyquinoline
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(0.018 g, 0.129 mmol) was added. The reaction was refluxed for 21 hours, and the
resulting orange solution was evaporated to dryness. To the resulting orange solid 5 mL
of acetone were added and the solution was again evaporated to dryness. This was
repeated with 5 mL of diethylether. After three times of washing and drying the solid with
diethylether it was extracted with 5 mL of diethylether, filtered and air-dried (0.033 g,
58%). Anal. Found: C, 54.46; H, 2.93; N, 4.91. Anal. Calcd. for C2sH1sN20Pt: C, 54.83;
H, 3.19; N, 4.92. IR (ATR, cm™): 1589 (w, v(N-C)), 1570 (m, v(N-C)), 1550 (w, v(N-
C)). Due to the existence of a mixture of two isomers trans-(N,O) (isomer 22A) and trans-
(N,N) (isomer 22B) in proportions 3:1, the two sets of signals could not be assigned
unequivocally. Signals of the more intense set are differenced with an asterisk. *H NMR
(400.132 MHz, CD2Cl2, 293K): § = 9.07 (d, 3Jn-H= 5.7 Hz, 3Jn-pt = 47.7 Hz, Har*), 8.52
(d, 3Jn-n = 8.0 Hz, Har), 8.22 (d, 3JH-+= 5.7 Hz, 3Jn-pt = 47.7 Hz, Ha™), 7.95 (M, Harand
Har*), 7.77 (dd, 3J4-+ = 8.0 Hz, Har™), 7.68-7.14 (M, Har and Ha™), 7.02 (dd, Jn-H = 8.0
Hz, “Ju-n = 1.1 Hz, Ha), 6.83 (M, Ha), 6.71 (dd, 3Ju+ = 8.3 Hz, “Ju-n = 1.1 Hz, Ha®),
6.06 (dd, 3Jr-+ = 7.6 Hz, “Jn-H = 1.1 Hz, Ha*) ppm. *C{*H} NMR plus HSQC and HMBC
(100.624 MHz, CD2Clz, 293K): 8 = 168.7 (s, Car™), 168.2 (Car™), 163.1 (s, Car™), 148.2 (5,
Car*), 147.8 (s, Car™), 146.4 (s, Car), 145.8 (s, Car™), 144.2 (s, Car), 143.4 (s, Car™), 140.5
(s, Car), 139.1 (s, Car), 138.8 (s, Car™), 138.7 (5, Car), 137.9 (s, Car), 137.3 (s, Car), 132.6
(s, Car), 132.5 (s, Car™), 131.5 (s, Car™), 130.7 (s, Car), 130.2 (s, Car), 129.8 (s, Car), 129.6
(s, Car), 129.3 (s, Car), 129.0 (s, Car), 128.7 (s, Car), 128.3 (s, Car), 127.7 (s, Car), 124.6 (5,
Car), 124.1 (s, Car), 123.7 (s, Car), 121.2 (s, Car), 120.7 (s, Car), 117.5 (s, Car), 116.7 (s,
Ca™), 114.9 (s, Car™), 114.2 (s, Car), 112.4 (s, Ca), 109.9 (s, Car™) ppm. MS MALDI+
DCTB: m/z = 569.1 [Pt(CNC-H)(8-hq)]".

145



Chapter 2

Chart 2.4. *H and 3C numbering scheme.

Preparation of the complex [Pt(CNC-H){PPh2(C¢H4-0-O)} (23). To a solution
of [Pt(CNC)(dmso)] (12) (0.070 g, 0.139 mmol) in 20 mL of CH2Cl2 at room temperature,
(2-hydroxyphenyl)diphenylphosphane (0.039 g, 0.142 mmol) under argon was added.
After 2 hours of reaction, the resulting yellow solution was concentrated to ca. 2 mL and
15 mL of n-hexane were added. The yellow solid formed was then filtered and air-dried
(0.070 g, 71%). Anal. Found: C, 60.20; H, 3.73; N, 1.64. Anal. Calcd. for CssH26NOPPt:
C, 59.83; H, 3.73; N, 1.99. IR (ATR, cm™): 1596 (w, v(N-C)), 1578 (w, v(N-C)), 1564
(s, v(N-C)), 1551 (w, v(N-C)), 532 (s, v(P-C)), 509 (s, v(P-C)), 489 (s, v(P-C)). tH NMR
(400.132 MHz, CD2Clz, 293K, see Chart 2.4 for the H numbering scheme): 6 = 7.96 (1H,
t, 3Jn7-+6 = 3Jn7-He = 7.8 Hz, H7), 7.90 (2H, dd, 3JHe-H10 = 7.8 Hz, “JHe-H11 = 1.5 Hz, HO),
7.86 (1H, d, 3Jue-+7 = 7.8 Hz, H6), 7.80 (4H, m, 0-PPhy), 7.59 (1H, dd, 3Jus-Ha = 7.6 Hz,
*Jns-v3= 1.0 Hz, H5), 7.53 (1H, d, 3Jxs-H7 = 7.6 Hz, H8), 7.44 (8H, m, H10, H11, m-PPh:
and p-PPhy), 7.15 (1H, dd, 3Jn2-H3 = 7.6 Hz, *Jn2-h4 = 1.2 Hz, 3JH2-pt = 54.0 Hz, H2), 7.02
(1H, td, 3Jra-+5 = 3Ina-nz = 7.6 Hz, *Jna-H2 = 1.2 Hz, H4), 6.90 (2H, m, Ha and Hb), 6.78
(1H, td, 3Inz-r2 = 3Jnzva = 7.6 Hz, “Jnzns = 1.0 Hz, H3), 6.26 (1H, t, 2Jnc-+d = 3JHeHb =
7.6 Hz, Hc), 5.77 (1H, m, Hd) ppm. 3P{*H} NMR (161.923 MHz, CD2Clz, 293K): § =
20.2 (s, Yp-pt = 4435 Hz) ppm. BC{*H} NMR plus HSQC and HMBC (100.624 MHz,
CD2Cl32, 293K, see Chart 2.4 for the C numbering scheme): 6 = 177.0 (s, Cf), 165.4 (s,
C14), 162.1 (s, C13), 146.9 (s, C15), 146.9 (s, C1), 139.8 (s, C12), 139.7 (s, C7), 138.9
(d, 3Jcp=5.7 Hz, C2), 134.1 (d, 2Jc-p = 11.7 Hz, 0-PPh2), 133.4 (d, 3Jcp = 1.5 Hz, Ca or
Cb), 131.9 (s, Ca or Cb), 131.3 (d, *Jc-p = 2.6 Hz, p-PPh2), 131.1 (d, YJc-» = 58.0 Hz, ¢-
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PPh2), 129.9 (s, C3), 129.8 (s, C9), 129.4 (s, C11), 129.0 (d, %Jcr = 11.1 Hz, m-PPhy),
127.7 (s, C10), 124.7 (s, C5), 124.4 (s, C8), 123.3 (s, C4), 119.5 (d, 3Jcr = 9.2 Hz, Cc),
117.1 (s, C6), 117.0 (d, Yc-p= 65.0 Hz, Ce), 114.3 (d, 2Jc-p = 9.3 Hz, Cd) ppm. MS ESI+:
m/z = 702.5 [[Pt(CNC-H){PPh2(CsH4-0-O)}]+H]".

Preparation of the complex [Pd(CNC-H){PPhy(CsHs-0-O)}] (24). To a
solution of (2-hydroxyphenyl)diphenylphosphane (0.052 g, 0.180 mmol) in 20 mL of
MeOH under argon, [Pd(CNC-H)(u-Cl)]2 (0.07 g, 0.094 mmol) and KOH (0.015 g, 0.24
mmol) were added. The reaction was kept under reflux for 15 mins. Then, the resulting
solution was evaporated to dryness. After that, 20 mL of CH2Cl. were added and the
resulting solution filtered through celite. The yellow solution obtained was then
evaporated to dryness and the yellow solid formed extracted with 15 mL of n-hexane and
air-dried (0.063 g, 55%). Anal. Found: C, 68.18; H, 4.31; N, 2.01. Anal. Calcd. for
CasH26NOPPd: C, 68.47; H, 4.27; N, 2.28. IR (ATR, cm™): 1594 (m, v(N-C)), 1575 (m,
v(N-C)), 1553 (s, v(N-C)), 1320 (s, v(C-0)), 520 (s, v(P-C)), 504 (s, v(P-C)). *H NMR
(400.132 MHz, CD2Clz, 293K): & = 7.94 (1H, t, 3Jn7-He = 2Jn7-He = 7.8 Hz, H7), 7.90 (2H,
dd, 3JHg-H10= 7.7 Hz, “Jng-+11 = 1.4 Hz, H9), 7.83 (1H, d, 3Jne-+7 = 7.8 Hz, H6), 7.77 (3H,
m, 0-PPh2), 7.61 (1H, dd, *Jus-+a= 7.8 Hz, *Jnsv3 = 1.6 Hz, H5), 7.45 (10H, m, H8, H10,
H11, p-PPh2 and m-PPh), 7.04 (2H, m, H4 and H2), 6.89 (1H, m, Hb), 6.81 (1H, m, Ha,
overlapped with H3), 6.79 (1H, td, 3Jnz-+2 = 3Jnz-Ha = 7.8 Hz, *Jns-ns = 1.6 Hz, H3), 6.21
(1H, m, Hc), 5.69 (1H, m, Hd) ppm. 3'P{*H} NMR (161.923 MHz, CD2Cl2, 293K): § =
40.0 (s) ppm. BC{*H} NMR (100.624 MHz, CD2Clz, 293K): § = 176.5 (d, 2Jcp= 17.3
Hz, Cf), 164.9 (d, 2Jc-p= 2.9 Hz, C14), 161.9 (s, C13), 155.1 (d, 2Jc-p= 1.0 Hz, C1), 148.1
(d, 3Jc,=1.5Hz, C15), 139.8 (s, C12), 139.6 (s, C7), 139.3 (d, 3Jc-p= 10.5 Hz, C2), 134.2
(d, 2Jcp = 13.5 Hz, 0-PPh2), 133.4 (d, Jcr = 2.0 Hz, Ca), 132.3 (s, Ch), 131.4 (d, Ycr=
51.9 Hz, g-PPh2), 131.2 (d, “Jc» = 2.8 Hz, p-PPhy), 129.6 (s, C9), 129.4 (s, C11), 129.2
(d, “Jcp= 4.3 Hz, C3), 129.1 (d, *Jc-p = 10.9 Hz, m-PPhz), 127.8 (s, C10), 125.1 (s, C5),
124.5 (s, C4), 123.8 (d, *Jc-» = 3.1 Hz, C8), 119.6 (d, 2Jcp= 11.4 Hz, Cd), 117.4 (d, YJc-r
= 55.7 Hz, Ce), 117.2 (s, C6), 113.4 (d, *Jc-r = 8.3 Hz, Cc) ppm. MS MALDI+ DCTB:
m/z = 613.1 [Pd(CNC-H){PPh2(CsHs-0-O)}]".
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Preparation of [Pt(CNC-H)(NCsH4-0-COQO)] (25). To a solution of
[Pt(CNC)(dmso)] (12) (0.050 g, 0.099 mmol) in 15 mL of acetone, 2-pyridinecarboxylic
acid (0.014 g, 0.114 mmol) was added. The reaction was refluxed for 16 hours, and the
resulting bright yellow solution was evaporated to dryness. To the resulting orange solid
10 mL of acetone were added and the solution was again evaporated to dryness. This was
repeated with 5 mL of diethylether. After three times of washing and drying the solid it
was extracted with 5 mL more of diethylether, filtered and air-dried (0.041 g, 75%). Anal.
Found: C, 49.99; H, 2.86; N, 4.89. Anal. Calcd. for C2sHisN202Pt: C, 49.60; H, 2.83; N,
5.00. IR (ATR, cm™): 1662 (s, v(C=0)), 1604 (m, v(N-C)), 1582 (w, v(N-C)), 1563 (m,
v(N-C)), 1552 (m, v(N-C)), 1332 (s, v(C-0O)). Due to complexity caused by the existence
of a mixture of two isomers, trans-(N,O) (isomer A) and trans-(N,N) (isomer B) in
proportions 1:1, signals could not be assigned unequivocally. *H NMR (400.132 MHz,
CD2Clz, 293K): & = 9.13 (dt, 3Jn-H = 5.7 Hz, *Jn-n= 1.0 Hz, 3Jn-pt = 48.3 Hz, Har isomer
B), 8.45 (d, 3Ju-+ = 8.0 Hz, Har isomer A), 7.96 (m, Har isomers A and B), 7.78 (m, Har
isomers A and B), 7.52 (m, Har isomers A and B), 7.41 (dd, 3Ju-+ = 8.3 Hz, “Jn-H= 1.4
Hz, isomer B), 7.25 (m, Har isomers A and B), 7.01 (m, Har isomer A) ppm. BC{*H} NMR
plus HSQC and HMBC (100.624 MHz, CD2Clz, 293K): 6 = 168.9 (s, COO), 163.5 (s,
C0O0), 154.5 (s, Car), 150.1 (s, Car), 149.2 (s, Car isomer B), 147.9 (s, Car), 139.2 (s, Car),
138.5 (s, Car), 138.3 (S, Car), 131.0 (s, Car), 130.0 (s, Car), 129.9 (s, Car isomer A), 129.2
(s, Car), 129.0 (s, Car), 128.4 (s, Car), 128.2 (S, Car), 127.6 (S, Car), 127.3 (S, Car isomer A),
127.0 (s, Car), 126.2 (S, Car), 124.7 (s, Car), 124.6 (s, Car), 124.3 (s, Car), 123.8 (s, Car
isomer B), 123.5 (s, Car), 123.4 (S, Car), 117.7 (s, Car), 116.7 (S, Car) ppm. MS MALDI+
DCTB: m/z = 547.9 [[Pt(CNC-H)(CsHsNCOO)]+H]".
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Chart 2.5. H and *C numbering scheme.

Preparation of the complex [Pt(CNC-H){PPhz(CsH4-0-COO)}] (26). To a
solution of [Pt(CNC)(dmso)] (12) (0.050 g, 0.099 mmol) in 20 mL of CH2Cl2 at room
temperature, 2-(diphenylphosphino)benzoic acid (0.031 g, 0.099 mmol) was added. After
25 mins of reaction, the resulting bright yellow solution was evaporated to dryness. To
the resulting yellow solid 10 mL of CH2Cl2 were added and the solution was again
evaporated to dryness. After three times of washing and drying the solid with CH2Clz it
was extracted with 10 mL of diethylether, filtered and air-dried (0.059 g, 81%). Anal.
Found: C, 58.93; H, 3.62; N, 1.54. Anal. Calcd. for C3sH2sNO2PPt: C, 59.18; H, 3.59; N,
1.92. IR (ATR, cm™): 1623 (s, v(C=0)), 1602 (w, v(N-C)), 1580 (m, v(N-C)), 1559 (w,
v(N-C)), 541 (s, v(P-C)), 514 (s, v(P-C)). *H NMR (400.132 MHz, CD2Clz, 293K, see
Chart 2.5 for the H numbering scheme): & = 7.98 (3H, m, H7 and H9), 7.89 (1H, d, 3Js-
H7 = 7.9 Hz, H6), 7.75 (1H, m, Ha), 7.64 (1H, d, Jxs.14 = 7.6 Hz, H5), 7.56 (7H, m, o-
PPhz, p-PPhz and H8), 7.44 (5H, m, m-PPhz and Hb), 7.28 (2H, m, H11 and Hc), 7.22
(2H, t, 3Jn10-H9 = 3JH10-H11= 7.2 Hz, H10), 7.02 (1H, t, 345 = 3JHa-ns = 7.6 Hz, H4), 6.79
(1H, m, Hd), 6.61 (1H, t, 3Jr3-+2 = 3Jnz-va = 7.6 Hz, H3), 6.33 (1H, dd, 3Jr2-H3 = 7.6 Hz,
4Jh2-p= 3.0 Hz, 3JH2-pt= 55.4 Hz, H2) ppm. *P{*H} NMR (161.923 MHz, CD2Clz, 293K):
8=11.1(s, *Ir-rt= 4388 Hz) ppm. C{*H} NMR plus HSQC and HMBC (100.624 MHz,
CD2Clz2, 293K, see Chart 2.5 for the C numbering scheme): 6 = 166.6 (s, COO), 164.4 (s,
C14), 160.8 (s, C13), 146.8 (s, C15), 143.3 (s, Cf), 139.8 (s, C7), 139.3 (s, C12), 136.7
(d, 3Jcp=4.9 Hz, C2), 135.5 (d, 2Jc-p = 4.2 Hz, C1), 134.8 (d, 2Jc-p = 13.0 Hz, 0-PPhy),
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133.0 (d, *Jcp = 9.8 Hz, Ca), 132.5 (d, 2Jc.p = 5.4 Hz, Cd), 132.1 (d, “Jc» = 2.6 Hz, p-
PPh2), 130.9 (d, *Jc-p = 2.6 Hz, Cb), 129.6 (s, C11), 129.3 (d, 3Jcp = 11.2 Hz, m-PPhy),
129.2 (s, C9), 129.1 (s, C3), 128.9 (d, *Jc-r = 8.9 Hz, Cc), 128.3 (s, C10), 128.2 (d, YJcr
=61.6 Hz, g-PPh2), 126.6 (d, *Jc.r = 60.9 Hz, Ce), 124.8 (s, C5), 124.5 (d. *Jcp = 4.3 Hz,
C8), 123.8 (s, C4), 116.9 (d, *Jc-» = 2.0 Hz, C6) ppm. MS MALDI+ DCTB: m/z = 731.2
[[Pt(CNC-H)(CsH4-0-COO)]+H]".

Preparation of the complex [PA(CNC-H){PPhz(CsHs-0-COO)}] (27). To a
solution of [Pd(CNC)(PPh3)] (2) (0.041 g, 0.069 mmol) in 20 mL of CH2Cl2 under argon
at room temperature, 2-(diphenylphosphino)benzoic acid (0.023 g, 0.076 mmol) were
added and the resulting solution changed to a bright yellow color. After 20 mins of
stirring, the solution was evaporated to dryness. The yellow solid formed was then
extracted with diethylether (10 mL), filtered and air-dried (0.032 g, 72%). Anal. Found:
C, 67.08; H, 3.94; N, 1.76. Anal. Calcd. for C3sH2sNO2PPd: C, 67.35; H, 4.08; N, 2.18.
IR (ATR, cm): 1610 (s, v(C=0)), 1593 (s, v(N-C)), 1576 (m, v(N-C)), 1556 (s, v(N-
C)), 1373 (s, v(C-0)), 533 (s, v(P-C)), 513 (s, v(P-C)). *H NMR (400.132 MHz, CDClz,
293K): & = 7.90 (3H, m, H7 and H6), 7.83 (1H, d, 3Jue-+7 = 8.1 Hz, H6), 7.75 (1H, m,
Ha), 7.66 (1H, d, 3Jns-Ha = 7.7 Hz, H5), 7.54 (6H, m, 0-PPhz and p-PPhy), 7.49 (2H, m,
Hb and H8), 7.44 (4H, m, m-PPhz), 7.29 (3H, m, H11 and Hc), 7.19 (2H, t, 3JH10-He =
3JH10-H11 = 7.6 Hz, H10), 7.06 (1H, t, 3JHa-H5 = 3Jha-n3 = 7.7 Hz, H4), 6.79 (1H, m, Hd),
6.64 (1H, t, *Jna-H2=3Jn3-Ha = 7.6 Hz, H3), 6.33 (1H, d, 3JH2-H3= 7.6 Hz, H2) ppm. 31P{*H}
NMR (161.923 MHz, CD2Cl2, 293K): & = 36.0 (s) ppm. *C{*H} NMR (100.624 MHz,
CD2Clz, 293K): 6 = 167.6 (s, COO), 163.4 (s, C14), 160.8 (s, C13), 151.3 (s, C1), 147.9
(s, C15), 144.3 (s, Cf), 139.8 (s, C7), 139.3 (s, C12), 137.7 (d, 3Jc-p = 9.8 Hz, C2), 135.0
(d, 2Jcp = 12.5 Hz, 0-PPh2), 132.9 (d, 3Jc.r = 8.8 Hz, Ca), 132.5 (d, 2Jc-p = 5.8 Hz, Cd),
132.0 (d, “Jcp= 2.1 Hz, p-PPh2), 130.9 (d, “Jc-p = 2.5 Hz, Cb), 129.7 (s, C11), 129.3 (d,
3Jcp=11.2 Hz, m-PPhy), 129.0 (d, *Jc-p = 8.6 Hz, Cc), 128.9 (s, C9), 128.8 (d, *Jcp=4.9
Hz, C3), 128.6 (s, C10), 128.5 (d, overlapped, g-PPhz)), 126.6 (d, *Jcr = 56.0 Hz, Ce),
125.2 (s, C5), 124.9 (s, C4), 123.9 (s, C8), 117.1 (s, C6) ppm. MS MALDI+ DCTB: m/z
= 642.2 [[Pd(CNC-H)(CsH4-0-COO)]+H]".
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Chapter 3

Related with the protonation studies discussed in the previous chapter, the
reactivity of basic starting materials [Pt(CNC)(PPhs)] (1) and [Pd(CNC)(PPhs)] (2) have
been investigated with other electrophile as is the methyl group. In this case, the initial
idea for this line of work was to functionalize the Cipso 0f the CNC ligand with a methyl
group. This process would be analogous as the one observed in the previous chapter,
involving the breakage and formation of new bonds.

In addition to this, it is also known that the methyl group is also isolobal with the
proton and the [Au-PPhs]* fragment,>? being then possible to compare the reactivity of
basic platinum and palladium substrates towards three different electrophiles used in this

thesis.

Thus, in this third chapter the reactivity of complexes 1 and 2 towards a source of
electrophilic methyl groups as iodomethane (Mel) is described.

3.1. Reactivity of [Pt(CNC)(PPh3)] (1) and [Pd(CNC)(PPhs3)] (2) towards
sources of electrophilic methyl groups

The reaction of the starting substrate [Pt(CNC)(PPhs)] (1) with Mel has proven to
be the easiest way to achieve the oxidative addition process, resulting in the oxidation of
the Pt(I1) center to Pt(IV) via an Sn2 process.>*® A second step consisting in a reductive
elimination involving C-C coupling would produce a methylation of the ligand (see
Section 3.1.1).

In principle, other source of electrophilic methyl groups as trimethyloxonium
tetrafluoroborate, (MesO)(BF4), could be used in the same way. However, no results were

obtained in this case.

Thus, reaction of starting substrate [Pt(CNC)(PPhs)] (1) towards (MesO)(BF4) was
expected to result in the obtention of a methylated “[Pt(CNC-Me)(PPhs)]*’ complex with
a free coordination site. Several reactions were carried out under strict argon conditions,
dry solvents (CH2Cl2 and THF) and low temperatures (ranging from -40 to -20°C;
(MesO)(BF4) decomposes at room temperature), but the results were unsuccessful. In
some preparations, even the slight trace of water in the solvent used, caused the
(Me30)(BFs) to decompose forming small quantities of HBF4, which, as described in the
previous chapter, reacted with 1 protonating a phenylene ring of the CNC ligand. On the
other hand, large quantities of [Pt(CNC)(PPhs)] (1) and unreacted (MesO)(BF4) were
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found in all the preparations, indicating that the methylation process did not happen. In
the presence of a coordinative solvent as THF, it could be possible the formation of a
Pt(IV) species with the solvent occupying the resulting vacant. This complex could

evolve via reductive elimination to render a methylated Pt(l1l) complex.
3.1.1. First methylation of the CNC ligand with Mel

The preparation of the Pt(1V) complex [PtIMe(CNC)(PPhs3)] (28) was achieved
by stirring a solution of [Pt(CNC)(PPhs)] (1) in Mel during several hours protected from
light (see Experimental section for details). After workup, complex 28 was obtained as a
yellow solid with good yield (see Scheme 3.1).

Scheme 3.1. Synthesis of complex 28.

The reaction was performed in the dark because the light seems to affect the
stability of 28. That is confirmed when an NMR tube of this complex in CD2Cl: is kept
for 1 hour exposed to sunlight, and only signals of starting complex 1 and free Mel are
detected through NMR.

The structure of 28 was determined by X-Ray. See Figure 3.1 for a view of this

complex and Table 3.1 for a selection of distances and angles.

Figure 3.1. Molecular structure of complex [PtIMe(CNC)(PPhs)] (28).
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Table 3.1. Selection of bond lengths (A) and angles (°) for 28.

PN | 2.026(4) | Pt-C18 | 2.107(4)
Pt-C7 | 2.103(4) | C18-Pt-I |170.12(13)
Pt-C13 | 2.113(4) | N-Pt-C7 | 79.77(16)
Pt-P | 2.2971(11) | N-Pt-C18 | 88.49(16)
Pt-I | 2.8017(3)

The X-Ray structure determined from 28 can be described as a Pt(IV) octahedral

complex derived from the starting material 1 with the addition, in mutually trans

positions, of Me and I ligands. The Pt-Me and Pt-I lines, are almost perpendicular to the
“[Pt(CNC)(PPh3)]” plane, being therefore the structure of 28, an octahedron with little

distortions apart from those caused by the CNC ligand.

The *H NMR spectrum of a solution of [PtIMe(CNC)(PPhz)] (28) in CD2Cl: is in

agreement with the crystal structure. It shows, along the signals corresponding to the CNC

ligand in the aromatic region, a doublet at 0.6 ppm flanked by '°°Pt satellites (3JcHa-p =

3.5 Hz, ZJcHs-pt= 67.8 Hz) assigned to the methyl hydrogen atoms (see Figure 3.2).

)

P

T T T T T T
070 0.65 060 0.55 050 0.45
[ppm]

T T
7.6 7.4

7.2
Ippm]

T
7.0

T T T T T T T
6.8 6.6 6.4 6.2 6.0

Figure 3.2. 'H NMR spectrum (CD2Clz, RT) of complex [PtIMe(CNC)(PPhs)]

(28).
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The 3P{*H} NMR spectrum of this sample (see Figure S3.4, Supporting
Information) shows a lone singlet signal at 3.5 ppm with %Pt satellites and a coupling
constant 1Jp.pt of 2847 Hz, corresponding to the phosphorus atom of the phosphane ligand.
These parameters are again consistent with the presence of a Pt(IVV) center and are similar
to the ones reported for the analogous complexes [PtIMe(F-CNC-F)(PR3)]" or
[PtIMe(CNC)L]® in the literature.

Furthermore, isomerization processes seem not to take place in solution for this
complex. No signals corresponding to a cis Pt(I\V) complex are observed in the NMR
spectra of solutions of 28 kept for long time at room temperature. DFT calculations
revealed that the trans complex is very similar in energy to the cis isomer.

Despite the absence of an isomerization process, solutions of 28 protected from
light evolve to two different complexes. After 3 days, signals assigned to starting complex
1, complex 28, free Mel and eliminative reduction complex [Pt(CN-o-tol)I(PPhs)] (29)
(see below) are detected.

When a CH2Cl: solution of [PtIMe(CNC)(PPhs)] (28) was refluxed in the dark for
two days, the reductive elimination Pt(I1) complex [Pt(CN-o-tol)I(PPhs)] (29) formed as
a yellow solid with good yield (see Scheme 3.2). Thus, a reductive process with C-C
coupling took place. As a result, one of the phenylene rings of the CNC ligand was
methylated in ortho position.

(28) (29)

Scheme 3.2. Synthesis of complex 29.

From this reaction, a mixture of 29 and 28 in variable proportions were obtained,
and thus a different, easier route was used for the reductive elimination of the methyl

group (see below).

The crystal structure of 29 has been determined by X-Ray diffraction, see Figure

3.3 for a view of the structure and Table 3.2 for a selection of bond distances and angles.
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Figure 3.3. Crystal structure of complex [Pt(CN-o-tol)I(PPhs)] (29).

Table 3.2. Selection of bond lengths (A) and angles (°) for 29.

PN | 2.104(3) | PP |2.2276(10)

Pt-C7 | 2.010(4) | C7-Pt-l |150.20(11)

Pt-l | 2.6923(3) | N-Pt-C7 | 80.24(14)

The structure confirms the methylation of one of the ortho positions of one of the
phenylene rings of the CNC ligand, formally giving rise to a o-tolyl group. Its ring is no
longer coplanar with the pyridinic ring displaying a dihedral angle of 47°. The methyl
group is located away from the core of the complex in order to avoid steric repulsions.
The P atom of the phosphane ligand is located trans with respect to the N atom of the
CN-o-tol ligand, thus retaining the disposition found in the starting material
[Pt(CNC)(PPhs)] (1) and in 28. Perhaps, the most striking feature of the structure of 29 is
the remarkable small value of the C7-Pt-I angle, 150.20(11)°. The other trans angle, N—
Pt-P (169.67(9)°), is a little bit below the theoretical value of 180°. As a consequence, the
environment of the platinum center is distorted from the expected square planar
disposition towards a tetrahedral geometry. This distortion has been found in some Pt(11)
and Pd(Il) complexes bearing cyclometallated ligand and phosphines, as well as halo
ligands®"1%-26 but the distortion found in 29 is the greatest described so far with only one
exception,?! and it is most likely caused by the steric hindrance caused by the bulky
ligands around the metal center.
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The methylation of one of the phenylene rings of the CNC ligand can be confirmed
by the NMR spectra of [Pt(CN-o-tol)I(PPh3)] (29). In the *H NMR spectrum the signal
corresponding to the methyl group appears as a singlet at 2.6 ppm with no 1*Pt satellites

(see Figure 3.4).

T T T T T T T T
3.0 29 28 27 26 25 24 23 22
ppm]

8.1 8.0 7.9 7.8 7.7 7.6 7.5 7.4 7.3 7.2 71 7.0 6.9 6.8 6.7 6.6 6.5 6.4 6.3
[ppm1

Figure 3.4. 'H NMR spectrum (CD2Clz, RT) of complex [Pt(CN-o-tol)I(PPhs)]
(29).

Furthermore, the S!P{*H} NMR spectrum (see Figure S3.12, Supporting
Information) shows only a sharp signal at 19.3 ppm, with a Jp-pt of 4388 Hz, similar to

those observed for the bidentate platinum (I1) C*N complexes of the previous chapter.

On the other hand, when AgCIO4 was added to a yellow suspension of Pt(IV)
complex [PtIMe(CNC)(PPhs)] (28) in MeCN, the color of the solid progressively turned
to white due to the precipitation of Agl. From the solution resulting after removal of Agl,
it was possible to obtain a yellow solid which was identified as [Pt(CN-o-
tol)(MeCN)(PPh3)](ClO4) (30). The simple substitution of the iodine by the MeCN in the
starting material could be expected, but the resulting Pt(1V) [PtMe(CNC)(MeCN)(PPhs)]
complex was not observed. Instead, the reduction of the Pt(IV) center to Pt(ll) and
methylation of the CNC ligand was directly achieved (see Scheme 3.3). On the other
hand, it has been reported that in other similar reactions intermediate pentacoordinate
Pt(IV) or tricoordinate Pt(I1) complexes are formed,'” but such species have not been
detected in this case. This reaction was cleaner than the one for the obtaining of 29, only
rendering the product [Pt(CN-o-tol)(MeCN)(PPhs)](ClO4) (30).

164



Chapter 3

\ +
o, /S | \\Me_| (CIO4)
AN AgCI0, | Q
e pt X Pt
l \ MeCN Agl |\NCMe
|
(28) (30)

Scheme 3.3. Synthesis of complex 30.

The crystal structure of 30 has been determined by X-Ray diffraction (see Figure

3.5 for a view of its structure and Table 3.3 for a selection of distances and angles).

Figure 3.5. Molecular structure of complex [Pt(CN-o-tol)(MeCN)(PPh3)](CIO4)
(30).

Table 3.3. Selection of bond lengths (A) and angles (°) for 30.

Pt-N1 | 2.117(2) | C7-Pt-N2 | 166.69(10)

Pt-C7 | 2.006(3) | N1-Pt-C7 | 80.92(10)

Pt-N2 | 2.088(2) | NI1-Pt-P | 174.01(7)

Pt-P | 2.2452(6)

The main difference with respect to the structure of [Pt(CN-o-tol)I(PPh3)] (29) is
that the square plane around the Pt center in not so distorted. Thus, in [Pt(CN-o-
tol)(MeCN)(PPh3)](ClO4) (30) the C7—Pt-N2 angle is 166.69(10)° and the N1-Pt-P
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174.01(7)°. This might be caused by a higher steric requirement of the heavy iodine atom
in 29. Also, in 30, the o-tolyl fragment is disordered over two positions (partial occupancy
0.6/0.4) with the methyl groups pointing to opposite directions. In agreement with this,
DFT calculations on both possibilities revealed that these two possible conformations of
the methyl group were very similar in energy, being the more stable form the
conformation on Figure 3.5. This might indicate that the nearby of the metal atom is not
so crowded as in 29 and therefore, there is no clear preference of one orientation or

another.

The *H NMR spectrum of [Pt(CN-o-tol)(MeCN)(PPh3)](CIO4) (30) confirms the
methylation of one of the phenylene rings. A signal corresponding to this methyl group
appears now as a singlet at 2.6 ppm with no %pt satellites (see Figure 3.6). Besides, the

methyl fragment of the coordinated MeCN ligand caused a single signal at 1.1 ppm.

2.6 2.4 2.2 2.0 1.8 1.6 1.4 1.2
[ppm]

_

T
1.0

8.3 8.2 81 8.0 7.9 7.8 7.7 7.6 7.5 7.4 7.3 7.2 7.1 7.0 6.9 6.8 6.7 6.6 6.5 6.4
[ppm]

Figure 3.6. 'H NMR spectrum (CD2Clz, RT) of complex [Pt(CN-o-
tol)(MeCN)(PPhs)](CI04) (30).

Also, the only signal of the *!P{*H} NMR spectrum (see Figure S3.20, Supporting
Information) consists of a sharp singlet at 21.5 ppm, with a Jp.pt of 4292 Hz.

DFT studies (see Computational details, Supporting Information) were carried out

in order to establish the energy profile of the whole methylation process to give rise to
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complex [PtI(CN-o-tol)(PPhs)] (29) in dichloromethane solution (see Scheme 3.4 for the
computed energy profile). The calculated energy value found for the oxidative addition
of Mel to complex 1 to afford Pt(IVV) complex [PtIMe(CNC)(PPhs)] (28) is 8.3 kcal/mol
(see TS1, Scheme 3.4. 299i cm™; 1-Me-Pt stretching). This process is proposed to follow
a Sn2 mechanism as established in the literature.®%11418 The value of energy for this
process can be compatible with the mild conditions (RT) used in the experimental

reaction.

On the Pt(IV) complex, the reductive elimination of the methyl group with a Cipso
of the CNC cyclometallated ligand is found to be less favored energetically, needing a
global value of 22.5 kcal/mol to proceed. This is again in agreement with the experimental
conditions of this reaction, which needed heating (reflux in dichloromethane) in order to
proceed. A possible first step for this modelled process might consist on the dissociation
of an iodine ligand, which would be congruent for example, with the necessity to abstract
the iodine ligand using AgCIO4 to form complex [Pt(CN-o-tol)(MeCN)(PPhs)]CIO4 (30).
Then, on the cationic pentacoordinated Pt(IV) species (see INT1, Scheme 3.4), the
reductive elimination process can take place (see TS2, Scheme 3.4. 330i cm™; Cipso-Me-
Pt stretching). Finally, this step gives rise to final platinum (Il) species 29, after

coordination of the iodine ligand.
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These reactions were also tried on palladium substrate [Pd(CNC)(PPhs)] (2) but
the reactivity of this complex could not be controlled as in the case of its platinum
analogue. When complex 2 was dissolved in Mel and kept for one day at room
temperature in darkness only starting substrate was detected. When the reaction was kept
in reflux of Mel, complex mixtures of products were obtained (see Scheme 3.5). From
those mixtures some crystals of methylated palladium (I1) complex 31 could be grown

(Figure 3.7 for a view of the complex and Table 3.4 for a selection of distances).

This product is rendered by the oxidative addition of a Mel molecule and the
successive reductive elimination of the methyl group with the Cipso of the CNC ligand.
Unlike for the platinum analogues, it was impossible to establish a synthetic route to

obtain palladium complex 31 as a pure solid, and thus no further reactivity was studied.

+ byproducts

Scheme 3.5. Reaction of complex 2 with Mel.

Figure 3.7. Molecular structure of complex [Pd(CN-o-tol)I(PPh3)](ClO4) (31).
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Table 3.4. Selection of bond lengths (A) and angles (°) for 31.

Pd-N | 2.102(4) | Pd-P | 2.2499(13)

Pd-C7 | 2.014(5) | C7-Pd-l | 148.26(13)

Pd-1 | 2.7027(5) | N-Pd-C7 | 80.69(18)

After having prepared platinum complexes [Pt(CN-o-tol)I(PPhs)] (29) and
[Pt(CN-o-tol)(MeCN)(PPh3)](ClOa4) (30), the cyclometallation of the o-tolyl ring was
investigated. Thus, recyclometallation of the o-tolyl fragment of 29 and 30 could be
achieved by adding an aqueous solution of K2COs to a CH2Cl2 solution of these
complexes (see Scheme 3.6). These mixtures were stirred for some time, and after
workup, [Pt(CNC-Me)(PPhs)] (32) was obtained as a yellow solid. When the starting
substrate used was 30, better yields were found and much shorter reaction times were

needed (see Experimental section for details).

| N Me
K2003 O N
- L
CH,Cly/H,0 |
(32)

(30)

Scheme 3.6. Synthesis of complex 32.

Crystals of 32 were obtained in order to study them through X-Ray diffraction

(see Figure 3.8 for a view of the structure and Table 3.5 for a list of distances and angles).
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Figure 3.8. Molecular structure of complex [Pt(CNC-Me)(PPhs)] (32).

Table 3.5. Selection of bond lengths (A) and angles (°) for 32.

Pt-N | 2.026(2) | C7-Pt-N | 79.97(10)
Pt-C7 | 2.083(3) | C13-Pt-C7 | 159.28(11)
Pt-P | 2.2272(7)

Chapter 3

The crystal structure of [Pt(CNC-Me)(PPhs)] (32) confirms the recyclometallation

and the tridentate nature of the CNC-Me ligand. This is essentially planar, and coplanar

with the square plane of the metal center, with similar angles and distances to those of the
starting material [Pt(CNC)(PPhs)] ().

The 'H NMR spectrum of [Pt(CNC-Me)(PPhs)] (32) (see Figure 3.9) shows the
loss of the ortho H hydrogen with respect to the o-tolyl fragment of [Pt(CN-o-tol)I(PPhs)]
(29) and [Pt(CN-o-tol)(MeCN)(PPh3)](ClO4) (30) and the methyl hydrogen atoms appear
again as a singlet at 2.6 ppm. As both halves of the CNC-Me ligand are inequivalent, it is

remarkable the apparition of two different signals for the ortho protons of the

cyclometallated ligand, H2 and H11 (see Chart 3.1 for the numbering of the signals) at

6.3 and 6.2 ppm respectively as doublets ((Ju-+ = 7.4 Hz) with platinum satellites ((Jx-pt

= 29.0 Hz).
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Chart 3.1. Numbering of the position of atoms in the CNC-Me ligand of 32.
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Figure 3.9. 'H NMR spectrum (CD2Clz, RT) of complex [Pt(CNC-Me)(PPhs)]
(32) (red asterisks, H2 and H11 signals).

The 3P{*H} NMR spectrum of [Pt(CNC-Me)(PPhs)] (32) (see Figure S3.28,
Supporting Information) displays a singlet with platinum satellites (30.1 ppm, 1Jp-pt =
4116 Hz), similar to that observed for [Pt(CNC)(PPhs)] (1).

3.1.2. Second methylation of the CNC ligand with Mel

Complex [Pt(CNC-Me)(PPhs)] (32) is very similar to the starting material
[Pt(CNC)(PPhs)] (1) and thus the whole methylation process described so far could be
performed again using 32 as the initial point (see Scheme 3.7). In this case two
possibilities of methylation could be considered; either in the methylated or in the non-
methylated phenylene ring. Thus, the first step was again the preparation of an analogous
Pt(IV) complex via oxidative addition of Mel. However, when [Pt(CNC-Me)(PPhs)] (32)

was dissolved in Mel and stirred for 24 hours at room temperature, the resulting complex
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was not the expected Pt(IV) complex [PtIMe(CNC-Me)(PPhs)], but directly the reductive
elimination Pt(I1) complex [Pt(CN-2,6-xyl)I(PPhs)] (33). Complex 33 was the result of a
second methylation on the already methylated ring of the CNC-Me ligand of [Pt(CNC-
Me)(PPhs)] (32), and would be the analogous to [Pt(CN-o-tol)I(PPhs)] (29).

Scheme 3.7. Synthesis of complex 33.

The crystal structure of [Pt(CN-2,6-xyl)I(PPhs)] (33) was determined by X-Ray
diffraction (see Figure 3.10 for a view of the structure and Table 3.6 for a selection of
distances and angles).

Figure 3.10. Molecular structure of complex [Pt(CN-2,6-xyl)I(PPhs)] (33).
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Table 3.6. Selection of bond lengths (A) and angles (°) for 33.

Pt-N | 2.104(3) | C7-Pt-1 |150.41(13)

Pt-C7 | 2.009(4) | C7-Pt-N | 80.63(16)

Pt- | 2.6862(3) | N-Pt-P | 167.71(10)

Pt-P | 2.2235(11)

This structure confirms that the second methylation of the cyclometallated ligands
takes place on the ring already methylated, giving rise to a 2,6-xylil fragment. The
structure is very similar to the one found for [Pt(CN-o-tol)I(PPh3)] (29). The dihedral
angle between the dimethylated ring and the pyridinic ring is 58°. In this case, the
presence of two methyl groups in ortho positions causes that one of them is located away

form the core of the complex while the other points in the opposite direction.

The preference for the second methylation on the already methylated ring of
[Pt(CNC-Me)(PPhs)] (32) has been explained in terms of steric factors for a similar
process.t” Nevertheless, in the structure of 33 no dramatic structural differences related
with the two Ce rings have been found. In fact, the methyl group is disordered over the
two rings with partial occupancy 0.66/0.34 and thus a clear preference for one position or

the other is not evident.

The *H NMR spectrum of [Pt(CN-2,6-xyl)I(PPhs)] (33) (see Figure 3.11) shows
that at room temperature the two methyl groups of the 2,6-xylil fragment are equivalent,
appearing as a unique singlet at 2.5 ppm with relative integration of 6. This indicates that
in these conditions there is free rotation of the xylil fragment around the C(pyridine)-
C(xylil) bond.
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Figure 3.11. 'H NMR spectrum (CD:Clz, RT) of complex [Pt(CN-2,6-
xyl)I(PPh3)] (33).

The 3'P{*H} NMR spectrum of [Pt(CN-2,6-xy)I(PPh3)] (33) (see Figure S3.36,
Supporting Information) confirmed the +2 oxidation state for the metal center, with
typical parameters for the singlet signal corresponding to the P atom of the phosphane
ligand (18.8 ppm, 'Jp.pt = 4432 Hz).

On the other hand, when [Pt(CNC-Me)(PPhs)] (32) was kept stirring in a Mel
solution for less time, crudes of reaction obtained after removal of the solvent revealed
the existence of a mixture of the starting material [Pt(CNC-Me)(PPhs)] (32), the Pt(ll)
complex [Pt(CN-2,6-xy)I(PPh3)] (33) and another complex which was identified as the
Pt(IV) complex [PtIMe(CNC-Me)(PPhs)] (34), this latter being a minor component of the
mixture. Several *H NMR spectra registered for crude samples of the reaction of
[Pt(CNC-Me)(PPh3)] (32) with Mel to form [Pt(CN-2,6-xyl)I(PPhs3)] (33) (see Figure
3.12), reveal the existence of a low intensity doublet with platinum satellites at 0.6 ppm
(3Jchsp = 4.0 Hz, 2JcHa-rt= 68.0 Hz) very similar to that of complex [PtIMe(CNC)(PPhs)]
(28), which would correspond to a methyl group bonded to the platinum center.
Therefore, this observation would be in agreement with the existence of small quantities
of Pt(IV) species [PtIMe(CNC-Me)(PPhs)] (34). The intensity of this signal was in all
cases very low, indicating that this complex might be quite unstable in solution giving
rise quickly to complex [Pt(CN-2,6-xyl)I(PPhs)] (33).
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Figure 3.12. *H NMR spectrum (CD2Cl2, RT) of the reaction of [Pt(CNC-
Me)(PPhs)] (32) with Mel (red asterisks, signals of 34).

Unfortunately, complex 34 could not be obtained as a pure solid. Despite this,
from one of these reaction mixtures some few, low quality crystals of 34 could be grown,
to analyse them through X-Ray diffraction (see Figure 3.13 for a view of the structure of
34). Due to the low quality of the crystals, the structure only allows to establish the atom

connectivity.

Figure 3.13. Molecular structure of complex [PtIMe(CNC-Me)(PPhs)] (34).

As expected, [PtIMe(CNC-Me)(PPhs)] (34) is a Pt(IV) octahedral complex with
a trans disposition for the iodo and methyl ligands. The structural parameters are very
similar to those found in the structure of [PtIMe(CNC)(PPh3)] (28), or in other similar
complexes.'”® The platinum-methyl and iodine lines, are again almost perpendicular to
the “[Pt(CNC)(PPhs)]” plane, being therefore, the structure of 34 an octahedron with little
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distortions. The analogous cis Pt(IV) complex was also modelled through DFT

calculations and revealed that both isomers were very near in energy.

As a global result of the reactions of this chapter the introduction of two methyl
groups in the ortho positions of a phenylene ring of the CNC ligand of [Pt(CNC)(PPhs)]
(1) has been achieved, giving rise to a CN-2,6-xyl ligand.

DFT studies were also performed to build the energy profile of this second
methylation process (see Scheme 3.8 for a view of the energy profile) to give rise to
complex [Pt(CN-2,6-xyl)I(PPhs)] (33) in dichloromethane solution. The first modelled
step is again the oxidative addition of Mel to complex [Pt(CNC-Me)(PPhs)] (32) (see
TS3, Scheme 3.8. 302i cm™*; I-Me-Pt stretching), which is energetically identical to the
observed for the first methylation (see Scheme 3.4 above). Global reductive elimination
process on Pt(I1V) complex [PtIMe(CNC-Me)(PPhs3)] (34) is found to be more favored
than in the first methylation reaction (22.5 vs 19.3 kcal/mol). This slight difference might
be in agreement with the unsuccessful attempts to obtain complex [PtIMe(CNC-
Me)(PPhs)] (34) as a pure solid, and the direct formation of dimethylated Pt(ll) complex
[Pt(CN-2,6-xyl)I(PPh3)] (33). As described before, the first modelled step of this process
is the dissociation of the iodine ligand of [PtIMe(CNC-Me)(PPhs)] (34) giving rise to a
cationic five-coordinated intermediate (INT3, Scheme 3.8). Then, two possibilities can
take place (see Paths a) and b), Scheme 3.8) as in the case of complex [Pt(CNC-
Me)(PPhz)] (32) the reductive elimination could proceed with the Cipso 0of the methylated
or the non-methylated ring of the CNC-Me ligand. Therefore, both mechanisms were
investigated. Thus, the computed reductive elimination with the non-methylated ring is
less favoured than the one experimentally observed, as can be seen from the energy profile
of this process (see favoured green Path a) of Scheme 3.8). Thus, the two different
transition states TS4A and TS4B (321i and 317i cm™ respectively; Cipso-Pt-Me stretching)
and intermediates (INT4A and INT4B) for both possibilities revealed that formation of
complex 33A, which is the experimentally obtained [Pt(CN-2,6-xyl)I(PPhs)] (33), is the
preferred pathway.

Therefore, this gathered data is in agreement with the experimental observations,
where only one product, [Pt(CN-2,6-xyD)I(PPhs)] (33), can be detected, isolated and
characterized.
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Scheme 3.8. Energy profile (DFT/BP86-D3 level, dichloromethane solution) for the second methylation process.
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In order to gain insight on the different behavior of the two different Cipso Of
[Pt(CNC-Me)(PPh3s)] (32) towards the attack of a methyl group, conceptual density
functional theory (CDFT) studies were performed.?” This theory contains numerous
quantities that can be used to predict favorable reactive sites on chemical systems, and
therefore, chemical behavior. Thus, Fukui function and dual descriptor, which are
functions used to reveal reactive sites,?®?® can be computed on these different
cyclometallated carbons. As expected, these calculations revealed that these carbons are
in fact nucleophilic, but no remarkable differences between them are found giving similar
negative double descriptor values (-0.018; carbon of the non-methylated ring, -0.017;
carbon of the methylated ring). Therefore, their nucleophilic behavior towards an

electrophilic methyl group seemed to be similar.
3.1.3. Reactivity of [Pt(CNC-Me)(PPhs)] (32) towards HCI

As discussed before, two different results could occur from a methylation process
on 32, either the methylation on the non-methylated or the methylated ring. Only one
product was rendered from that reaction, that was, [Pt(CN-2,6-xyl)I(PPhs)] (33). In the
previous chapter, the behavior of [Pt(CNC)(PPhs)] (1) towards acids was extensively
studied. The similar characteristics of 1 and 32 encouraged to study also the reactivity of
32 towards HCI, to study if the electrophilic proton would distinguish between the two
nucleofilic ipso carbons of [Pt(CNC-Me)(PPhs)] (32).

Thus, the reaction of complex 32 in CH2Clz with a solution of HCI (MeOH)
rendered immediately complex [Pt(CN-o-tol)CI(PPhs)] (35) (see Scheme 3.9).

|\ Me
N
gaky
l
(32) (35)

Scheme 3.9. Synthesis of complex 35.

The X-Ray structure of 35 confirmed that the protonation had taken place in the
already methylated ring of the CNC-Me ligand. See Figure 3.14 for the structure of 35

and Table 3.7 for a selection of angles and distances.
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Figure 3.14. Molecular structure of complex [Pt(CN-o-tol)CI(PPhs)] (35).

Table 3.7. Selection of bond lengths (A) and angles (°) for [Pt(CN-o-tol)CI(PPhs)]
(35).

Pt-N | 2.155(7) Pt-P | 2.226(2)

Pt-C7 | 2.029(9) | N-Pt-C7 | 80.6(4)

Pt-Cl | 2.367(2) | CI-Pt-C7 | 175.7(3)

The structure confirms the protonation of the methylated phenylene ring of
[Pt(CNC-Me)(PPh3)] (32) giving rise to a o-tolyl group. As in complex [Pt(CN-o-
tol)I(PPh3)] (29), the methyl group is observed to be away from the platinum
environment, because of steric repulsions. Also, the isomer formed is the trans-(N,P) one,
existing a chloride ligand trans to the carbon cyclometallated atom, which completes the
coordination sphere of the platinum center. It is remarkable that, unlike in complex
[Pt(CN-o-tol)I(PPh3)] (29), [Pt(CN-o-tol)CI(PPhs)] (35) shows little distortion of the
platinum (I1) square planar environment, displaying for example an angle CI-Pt-C7 of
175.7(3).

NMR experiments of complex [Pt(CN-o-tol)CI(PPhs)] (35) are in agreement with
the protonation of the methylated ring of [Pt(CNC-Me)(PPhs)] (32). The 'H NMR
spectrum of 35 shows a similar pattern of signals compared to that of analogous iodo
complex [Pt(CN-o-tol)I(PPh3)] (29) (see Figure 3.15).
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Figure 3.15. *H NMR spectrum (CD2Cl2, RT) of complex [Pt(CN-o-tol)CI(PPhs)]
(35).

Its 3P{*H} NMR spectrum (see Figure S3.44, Supporting Information) again
displays a singlet with platinum satellites with chemical shifts and P-Pt coupling (20.6
ppm, YJp.pt = 4548 Hz) similar to those detected for all the previously discussed CN

complexes.

DFT calculations were performed to establish the energy profile of a tentative
mechanism for this protonation process, revealing that as it was found for some
protonation reactions of the previous chapter, they were completely barrierless (see
Scheme 3.10). Due to the fact that the proton could attack in two different possible sites
of the CNC-Me cyclometallated ligand, the energy of the other possible isomer formed

results to be 4.7 kcal/mol less stable than the one obtained experimentally.
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Scheme 3.10. Possible mechanisms modeled for the reaction with HCI.

In this case, as the previous CDFT studies indicated for 32 (see previous Section),

nucleophilicity of the two different Cipso Were found similar towards the attack of a proton.
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As a summary for this chapter, platinum complex [Pt(CNC)(PPhs)] (1) has
resulted to be a proper basic substrate in the reactions with electrophilic methyl groups,
using Mel as the methylating agent. On the other hand, controlling the reactivity of the
analogous palladium complex [Pd(CNC)(PPhs)] (2) was not possible, obtaining complex

mixtures of products.

The first step on the reaction of 1 with Mel is the formation of a trans Pt(1V)
complex which after treatment, produces a Pt(Il) complex via reductive elimination of
the methyl group with the Cipso Of the CNC ligand. It is remarkable that the resulting
complex can be recyclometallated and reacted with Mel again, giving rise directly to the
methylation of the Cipso Of the already methylated ligand. In this case the oxidative
addition - reductive elimination process is direct, being impossible to isolate the

corresponding Pt(IV) complex.

This whole methylation process has been studied in depth by DFT calculations

which support the experimental observations.

Furthermore, reactivity of the recyclometallated [Pt(CNC-Me)(PPhs)] (32)
towards the proton (HCI) was studied, revealing that similarly to the second methylation
process, the reaction of the electrophilic fragment takes place with the cyclometallated
carbon of the already methylated ring. Conceptual DFT studies revealed that both carbons

are nucleophilic, but very similar.
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3.2. Experimental section

General Comments. Elemental analyses were carried out with a Perkin-Elmer
2400 CHNS analyzer. IR spectra were recorded on a Perkin-Elmer Spectrum 100 FT-IR
spectrometer (ATR in the range 250-4000 cm™). Mass spectrometry was performed with
the Microflex matrix-assisted laser desorption ionization-time-of-flight (MALDI-TOF)
Bruker or an Autoflex 11l MALDI-TOF Bruker instruments. *H, *C{*H} and 3'P{*H}
NMR spectra were recorded on Bruker AV-300, ARX-300 and AV-400 spectrometers
using the standard references: SiMes and 85% HsPOs for references for H, *C and 3P
respectively. The signal attributions and coupling constant assessment was made on the
basis of a multinuclear NMR analysis of each compound including, besides 1D spectra,
'H-1H COSY, H-13C HSQC, *H-*C HMBC and BC{H} APT.

Chart 3.2. *H and *C numbering scheme.

Preparation of the complex [PtIMe(CNC)(PPhz)] (28). [Pt(CNC)(PPhs)] (1)
(0.070 g, 0.102 mmol) was dissolved in Mel (4 mL) and the mixture was stirred in
darkness for 21 hours at room temperature. After that time the resulting yellow mixture
was evaporated to dryness. Then 5 mL of diethylether were added and evaporated to
dryness. This process was repeated three times. Then the resulting yellow solid obtained
was extracted with 5 mL of diethylether, filtered and air dried (Yield: 0.072 g, 85%).
Anal. Found: C, 51.63; H, 3.44; N, 1.69. Anal. Calcd. for CssH29INPPt: C, 52.18; H, 3.53;
N, 1.69. IR (ATR, cm™): 1598 (m, v(N-C)), 1581 (w, v(N-C)), 1567 (w, v(N-C)), 1546
(w, v(N-C)), 529 (vs, v(P-C)), 519 (s, v(P-C)), 502 (s, v(P-C)). *H NMR (400.132 MHz,
CD2Cl2, 293K, see Chart 3.2 for the H numbering scheme): 6 = 8.10 (6H, m, 0-PPhs),
7.92 (1H, t, 3Jur-ve = 7.8 Hz, H7), 7.74 (2H, dd, 3Jns-Ha = 7.9 Hz, 4Jns.n3 = 1.0 Hz, H5),
7.65 (2H, dd, 3Jne-+7 = 7.8 Hz, Jne-r = 2.6 Hz, H6), 7.49 (3H, t, *JHp-sm = 7.3 Hz, p-PPhs),
7.41 (6H, m, m-PPhs), 7.07 (4H, m, H4 and H2), 6.89 (2H, td, JH3-H2 = 3Jna-Ha = 7.4 Hz,
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*Jns+s = 1.3 Hz, H3), 0.60 (3H, d, 3Jmer = 3.5 Hz, 2Jme-rt = 67.8 Hz, Me) ppm. 3!P{*H}
NMR (161.923 MHz, CD2Clz, 293K): & = 3.52 (s, 1Jp-pt = 2847 Hz) ppm. *C{*H} NMR
plus HSQC and HMBC (100.624 MHz, CD2Clz2, 293K, see Chart 3.2 for the C numbering
scheme): & = 163.8 (s, C8), 161.3 (d, 2Jc-p = 5.3 Hz, C1), 149.3 (d, 3Jcr = 2.3 Hz, C9),
140.2 (s, C7), 137.6 (d, *Jcp= 1.3 Hz, 2Jc-pt= 30.0 Hz, C2), 136.3 (d, 2Jc-p = 9.4 Hz, %Jc.
pt=11.9 Hz, 0-PPhs), 131.6 (d, “Jc.p = 2.5 Hz, p-PPhs), 129.5 (s, 3Jc.pt = 27.6 Hz, C3),
128.3 (d, 2Jc-p = 12.2 Hz, m-PPhs), 128.1 (d, YJc-p = 60.0 Hz, g-PPhs), 126.1 (s, 3Jc-pt =
19.9 Hz, C5), 124.3 (s, C4), 117.0 (d, “Jcp = 4.2 Hz, 3Jcrt= 23.1 Hz, C6), 16.6 (d, 2Jc-p
= 2.0 Hz, YJcr = 519 Hz, Me) ppm. MS MALDI+ DCTB: m/z = 813.0
[Pt(CNC)I(PPhs)]*, 701.2 [PtMe(CNC)(PPhs)]*.

oo
T
3\2/1\| 9\10/11

Chart 3.3. H and *C numbering scheme.

Preparation of the complex [Pt(CN-o-tol)I(PPh3)] (29). The complex
[PtIMe(CNC)(PPh3)] (28) (0.070 g, 0.084 mmol) was dissolved in 15 mL of CH2Cl2 and
the resulting mixture was refluxed protected from light for 2 days. Then the resulting
solution was evaporated to dryness, and the yellow solid was extracted with 10 mL of n-
hexane, filtered and air-dried (Yield: 0.045 g, 64%). Anal. Found: C, 52.26; H, 3.44; N,
1.70. Anal. Calcd. for CasH29INPPt: C, 52.18; H, 3.53; N, 1.69. IR (ATR, cm™): 1599 (w,
v(N-C)), 1577 (w, v(N-C)), 1560 (w, v(N-C)), 1550 (w, v(N-C)), 538 (vs, v(P-C)), 517
(s, v(P-C)), 506 (s, v(P-C)). *H NMR (400.132 MHz, CD2Clz, 293K, see Chart 3.3 for the
H numbering scheme): & = 7.99 (1H, d, 3JHo-H10 = 8.0 Hz, H9), 7.94 (1H, t, 3JH7-He = 3JH7-
Hg = 7.7 Hz, H7), 7.87 (1H, d, 3JHe-H7 = 7.7 Hz, H6), 7.79 (6H, m, 0-PPhs), 7.64 (1H, dd,
3Jns.14 = 7.8 Hz, *Ins-H3 = 1.5 Hz, H5), 7.44 (1H, m, H8), 7.36 (10H, m, p-PPhs, H11 and
m-PPhs), 7.27 (2H, m, H10 and H12), 7.02 (1H, td, 3JHa-n3 = 3Jna-ns = 7.8 Hz, “Jna-H2 =
1.2 Hz, H4), 6.69 (1H, dd, 3Jn2-13= 7.7 HZ, *Jn2-Ha = 4.0 Hz, H2), 6.55 (1H, dd, *JH3-H2 =
3n3-a = 7.7 Hz, “Jnzms = 1.5 Hz, H3), 2.61 (3H, s, Me) ppm. *P{*H} NMR (161.923
MHz, CD2Clz, 293K): § = 19.3 (s, Jr-rt= 4388 Hz) ppm. BC{*H} NMR plus HSQC and
HMBC (100.624 MHz, CD2Cl2, 293K, see Chart 3.3 for the C numbering scheme): 6 =
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164.8 (s, C16), 162.6 (s, C15), 147.1 (s, C1), 145.9 (s, C17), 143.3 (s, C14 or C13), 138.1
(s, C7), 137.4 (s, C13 or C14), 135.8 (d, 3Jcp = 7.7 Hz, C2), 135.1 (d, 2Jc.p = 11.4 Hz, 0-
PPhs), 132.5 (d, “Jc-p = 57.7 Hz, g-PPhs), 131.6 (s, C9), 131.2 (s, C10 or C12), 130.7 (d,
“Jcp = 2.5 Hz, p-PPhs), 129.7 (s, C11), 128.8 (d, *Jc = 3.1 Hz, C3), 128.2 (d, 3Jc-r =
10.7 Hz, m-PPhs), 125.7 (d, “Jc-» = 3.2 Hz, C8), 125.4 (s, C10 or C12), 124.6 (s, C5),
123.6 (s, C4), 117.2 (d, *Jc-p = 2.0 Hz, C6), 22.1 (s, Me) ppm. MS MALDI+ DCTB: m/z
=701.2 [Pt(CNC-Me)(PPh3)]*.

Preparation of the complex [Pt(CN-o-tol)(MeCN)(PPh3)](ClO4) (30). To
complex [PtIMe(CNC)(PPhs)] (28) (0.060 g, 0.072 mmol), AgClO4 (0.015 g, 0.072
mmol) was added in 20 mL of MeCN. The resulting mixture was protected from light and
stirred for 90 minutes at room temperature. Then, the Agl formed was removed through
celite and the obtained pale-yellow solution was concentrated to 1 mL. After that, 15 mL
of diethylether were added to precipitate a yellow solid, which was filtered and air-dried.
(Yield: 0.042 g, 69%). Anal. Found: C, 53.62; H, 3.86; N, 3.22. Anal. Calcd. for
C3gH32CIN204PPt: C, 54.19; H, 3.83; N, 3.33. IR (ATR, cm™): 1603 (m, v(N-C)), 1583
(w, v(N-C)), 1568 (w, v(N-C)), 1557 (m, v(N-C)), 1085 (vs, v(ClO4)), 621 (s, v(ClO4)),
539 (vs, v(P-C)), 517 (s, v(P-C)), 500 (s, v(P-C)). *H NMR (400.132 MHz, CD:Clz,
293K): 6 =8.13 (1H, t, 3Jn7-16 = 3Jn7-ns = 8.0 Hz, H7), 7.99 (1H, d, 3Jne-17 = 8.0 Hz, H6),
7.68 (7H, m, 0-PPhz and H5), 7.60 (1H, dd, ®J1-H= 7.4 Hz, Jn.n = 1.8 Hz, H9 or H12),
7.54 (3H, m, p-PPhs), 7.45 (7H, m, H8 and m-PPhs), 7.35 (3H, m, H9 or H12, H10, H11),
7.04 (1H, td, 3Jna-Hz = 3JHa-ns = 7.8 Hz, “na-rz = 1.2 Hz, H4), 6.65 (1H, ddd, 3JH2-H3= 7.8
Hz, *Jn2-p = 3.8 Hz, *Jr2-+a = 1.2 Hz, 3Jn2-pt = 50.0 Hz, H2), 6.53 (1H, td, 3Jna-H2 = 3IH3-H4
=7.8 Hz, *Jna-ns= 1.4 Hz, H3), 2.59 (3H, s, Me), 1.11 (3H, s, MeCN) ppm. 3P{*H} NMR
(161.923 MHz, CD2Cl2, 293K): § = 21.5 (s, 1Jp-pt= 4292 Hz) ppm. BC{*H} NMR plus
HSQC and HMBC (100.624 MHz, CD2Clz, 293K): & = 165.4 (s, C16), 161.4 (s, C15),
147.1 (s, C17), 141.1 (s, C7), 139.8 (s, C14 or C13), 139.0 (d, 3Jcp = 7.7 Hz, C2), 137.1
(s, C13 or C14), 136.9 (s, C1), 135.3 (d, ?Jcp = 11.6 Hz, 0-PPhs), 132.4 (d, “Jcp= 2.6
Hz, p-PPhs), 131.4 (s, C9 or C12), 131.3 (s, C9 or C12), 130.7 (s, C10 or C11), 129.5 (d,
4Jcp=3.3 Hz, C3),129.3 (d, 3Jc.p = 11.6 Hz, m-PPhs), 128.6 (d, *Jc-r = 63.8 Hz, -PPhs),
126.7 (s, C10 or C11), 126.3 (d, “Jcp = 4.3 Hz, C8), 125.7 (s, C4), 125.1 (s, C5), 120.8
(s, CN), 118.3 (d, “Jc-p = 2.0 Hz, C6), 21.1 (s, Me), 2.76 (s, Me (MeCN)) ppm. MS
MALDI+ DCTB: m/z = 700.2 [[Pt(CN-o-tol)(PPh3)]-H]".
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Chart 3.4. H and *C numbering scheme.

Preparation of the complex [Pt(CNC-Me)(PPhs)] (32). This complex can be
prepared from different starting materials. Pathway 1: To a solution of [Pt(CN-o-
tol)I(PPhs)] (29) (0.040 g, 0.048 mmol) in 15 mL of CH2Cl2, K2CO3 (1M, 3 mL) was
added. The resulting mixture was stirred for two days. After that time, the organic layer
was separated from the aqueous layer, dried with MgSQOa4 and filtered through celite. The
solution was concentrated to 1 mL and 15 mL of n-hexane were then added. The yellow
solid formed was filtered and air-dried (Yield: 0.012 g, 35%). Pathway 2: To a solution
of [Pt(CN-o-tol)(MeCN)(PPhs)](ClO4) (30) (0.060 g, 0.071 mmol) in 15 mL of CH2Cl,
an aqueous solution of K2COs (1M, 5 mL) was added. The resulting mixture was stirred
for 3 hours. After that time, the organic layer was separated from the aqueous layer, dried
with MgSOa and filtered through celite. The solution was concentrated to 1 mL and 15
mL of n-hexane were added. The yellow solid formed was filtered and air-dried (Yield:
0.035 g, 70%). Anal. Found: C, 61.52; H, 3.57; N, 1.77. Anal. Calcd. for CssH2sNPPt: C,
61.71; H, 4.03; N, 2.00. IR (ATR, cm™): 1592 (w, v(N-C)), 1563 (w, v(N-C)), 1548 (w,
v(N-C)), 541 (vs, v(P-C)), 518 (s, v(P-C)), 499 (s, v(P-C)). *H NMR (400.132 MHz,
CD2Cl2, 293K, see Chart 3.4 for the H numbering scheme): 6 = 7.82 (6H, m, 0-PPhs),
7.70 (1H, t, 3In7-He = 3Jn7-ne = 7.9 Hz, H7), 7.64 (1H, d, 3Jn-H= 7.9 Hz, H6 or H8), 7.40
(11H, m, p-PPhs, m-PPhs and H6 or H8), 6.89 (1H, t, 3JH4-+s = 3Jna-va = 7.3 Hz, H4), 6.69
(1H, d, 3JHe-H10 = 7.4 Hz, H9), 6.63 (1H, t, 3Jna-H2 = 3Jna-Ha = 7.3 Hz, H3), 6.48 (1H, t,
3Jn10-H11 = 3JH10-Ho = 7.4 Hz, H10), 6.31 (1H, d, 3JH11-H10= 7.4 HZ, 3JH11-pe= 29.0 Hz, H11),
6.22 (1H, d, 3JH2-H3= 7.4 Hz, 3JH2-pt= 29.0 Hz, H2), 2.59 (3H, s, Me) ppm. 3P{*H} NMR
(161.923 MHz, CD2Cl2, 293K): & = 30.1 (s, 1Jp-pt= 4116 Hz) ppm. BC{*H} NMR plus
HSQC and HMBC (100.624 MHz, CD2Cl2, 293K, see Chart 3.4 for the C numbering
scheme): 6 = 167.4 (m, C1, C12, C15, C16), 151.3 (s, C17), 150.3 (s, C13), 140.4 (s, C7),
138.8 (s, C2), 137.4 (d, 3Jcp = 3.8 Hz, C11), 136.0 (s, C14), 135.6 (d, 2Jcp= 12.9 Hz, 0-
PPhs), 132.6 (d, Jc-p = 58.0 Hz, g-PPhs), 130.8 (d, *Jc-r = 2.8 Hz, p-PPhs), 129.8 (s, C3),
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129.1 (s, C10), 128.5 (m, m-PPhs and C9), 124.2 (s, C5), 123.8 (s, C4), 120.0 (s, C6 or
C8), 115.1 (s, C6 or C8), 24.6 (s, Me) ppm. MS MALDI+ DCTB: m/z = 701.4 [Pt(CNC-
Me)(PPh3)]".
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Chart 3.5. *H and *C numbering scheme.

Preparation of the complex [Pt(CN-2,6-xy)I(PPhz)] (33). Complex [Pt(CNC-
Me)(PPhs)] (32) (0.060 g, 0.085 mmol) was dissolved in 3 mL of Mel and stirred kept in
darkness for 24 hours. The resulting yellow mixture was then evaporated to dryness and
the yellow solid was extracted with 5 mL of diethylether, filtered and air-dried (Yield:
0.020 g, 55%). Anal. Found: C, 52.28; H, 3.56; N, 1.63. Anal. Calcd. for Cs7H3z1INPPt:
C, 52.74; H, 3.71; N, 1.66. IR (ATR, cm™%): 1600 (w, v(N-C)), 1579 (w, v(N-C)), 1567
(w, v(N-C)), 1552 (w, v(N-C)), 538 (vs, v(P-C)), 516 (s, v(P-C)), 503 (s, v(P-C)). H
NMR (400.132 MHz, CD2Cl2, 293K, see Chart 3.5 for the H numbering scheme): 6 =
7.96 (1H, t, 3Jn7-16 = 3Jn7-m8 = 8.1 Hz, H7), 7.88 (1H, d, 3Jn6-n7 = 8.1 Hz, H6), 7.76 (6H,
m, 0-PPhs), 7.64 (1H, dd, 3Jus-Ha = 7.9 Hz, *Jns-H3 = 1.2 Hz, H5), 7.39 (3H, m, p-PPhs)),
7.32 (6H, m, m-PPhs), 7.24 (2H, m, H8 and H10), 7.04 (2H, d, 3JHe-H10 = 7.7 Hz, H9),
7.03 (1H, m, H4, overlapped with H9), 6.68 (1H, dd, 3Jn2-v3 = 7.7 Hz, “Jn2-p = 4.0 Hz,
3Jh2-pt= 54.4 Hz, H2), 6.56 (1H, td, 3JH3-Ha = 2Jna-H2 = 7.7 Hz, “Jna-Hs = 1.2 Hz, H3), 2.53
(6H, s, Me) ppm. 3P{*H} NMR (161.923 MHz, CD2Clz, 293K): § = 18.8 (s, 1Jp-pt = 4432
Hz) ppm. BC{*H} NMR plus HSQC and HMBC (100.624 MHz, CDCl>, 293K, see Chart
3.5 for the C numbering scheme): 6 =162.6 (s, C13 or C14), 148.5 (s, C1), 145.9 (s, C15),
141.7 (s, C12), 138.6 (s, C7), 138.1 (s, C11), 135.7 (d, 3Jc-p = 8.5 Hz, C2), 135.1 (d, XJc-
p=10.4 Hz, 0-PPhs), 132.5 (d, }Jc-p = 62.8 Hz, g-PPhs3), 130.7 (d, *Jc-r = 2.5 Hz, p-PPha),
129.0 (s, C10), 128.9 (s, C3), 128.2 (d, *Jc-p = 11.2 Hz, m-PPhs), 128.0 (s, C9), 126.9 (d,
Jcp = 4.3 Hz, C8), 124.5 (s, C5), 123.6 (s, C4), 117.8 (d, *Jcp = 2.7 Hz, C6) , 22.7 (s,
Me) ppm. MS MALDI+ DCTB: m/z = 715.3 [Pt(CN-2,6-xyl)(PPhs)]".
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Preparation of the complex [Pt(CN-o-tol)CI(PPh3)] (35). To a solution of
complex [Pt(CNC-Me)(PPh3)] (32) (0.030 g, 0.043 mmol) in 10 mL of CH2Cl>, a solution
0.25 M of HCI in MeOH (0.190 mL, 0.047 mmol) was added. The resulting light-yellow
mixture was then concentrated to 0.5 mL and 20 mL of n-hexane were added. The yellow
solid formed was filtered and air-dried. (Yield: 0.025 g, 79%). Anal. Found: C, 58.32; H,
3.90; N, 1.96. Anal. Calcd. for C3ssH29CINPPt: C, 58.66; H, 3.97; N, 1.90. IR (ATR, cm’
1: 1596 (w, v(N-C)), 1579 (w, v(N-C)), 1563 (w, v(N-C)), 1553 (w, v(N-C)), 541 (vs,
v(P-C)), 518 (s, v(P-C)), 502 (s, v(P-C)), 296 (w, v(Pt-Cl)). *H NMR (400.132 MHz,
CD2Clz, 293K, see Chart 3.3 for the H numbering scheme): § = 7.92 (1H, t, 3Jn7-+e = 3Jrr-
he = 7.5 Hz, H7), 7.85 (1H, d, 3Jue-n7 = 7.5 Hz, H6), 7.69 (6H, m, 0-PPhs), 7.64 (1H, dd,
3JHg-H10 = 7.5 HZ, *Jne-H11 = 1.3 Hz, H9), 7.60 (1H, dd, 3Jns-H4a = 7.8 Hz, *Jns-H3 = 1.5 Hz,
H5), 7.36 (11H, m, p-PPhs, H8, H11 and m-PPhs), 7.25 (1H, t, 3JH10-+e = 3JH10-H11 = 7.5
Hz, H10), 7.21 (1H, d, 3Jn12-111 = 7.5 Hz, H12), 6.97 (1H, td, 3JHa-+3 = 3JHa-ns = 7.5 Hz,
*Jharz = 1.2 Hz, H4), 6.63 (1H, ddd, 3Jn2-H3 = 7.6 Hz, “Jnz2p = 3.5 Hz, “Jr2-va = 1.2 Hz,
3Jh2-pt = 53.0 Hz, H2), 6.50 (1H, td, 3Jr3-H2 = 3JH3-H4 = 7.6 Hz, *Ina-ns = 1.5 Hz, H3), 2.57
(3H, s, Me) ppm. 3P{*H} NMR (161.923 MHz, CD2Clz, 293K): 6 = 20.6 (s, Jp-rt= 4548
Hz) ppm. BC{*H} NMR plus HSQC and HMBC (100.624 MHz, CDCl>, 293K, see Chart
3.3 for the C numbering scheme): 6 = 162.6 (s, C16 or C15), 146.6 (s, C17), 143.5 (s,
C1), 141.2 (s, C14), 138.7 (s, C7), 137.2 (d, 3Jc2-pt= 7.6 Hz, C2), 137.0 (s, C13), 135.2
(d, 2Jc-p = 11.6 Hz, 0-PPhs), 131.6 (s, C9), 131.0 (d, YJc-r = 65.0 Hz, g-PPhs), 130.8 (d,
*Jc-p = 3.4 Hz, p-PPhs), 130.4 (s, C12), 128.9 (s, C11), 128.73 (d, “Jc-r = 3.4 Hz, C3),
128.1 (d, *Jc-p= 10.9 Hz, m-PPhs), 126.0 (d, “Jc-p= 5.9 Hz, C8), 125.1 (s, C10), 124.6 (s,
C5), 123.4 (s, C4), 116.7 (d, *Jc.p = 3.3 Hz, C6), 21.5 (s, Me) ppm. Mass spectra MALDI+
DCTB: m/z = 737.4 [Pt(CN-o-tol)CI(PPhs)]*, 701.4 [Pt(CN-o-tol)(PPhs)]".
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1. Neutral substrates [Pt(CNC)(PPhs)] (1) and [Pd(CNC)(PPhs)] (2) have proven to
be proper starting materials in the obtention of bimetallic complexes with M-M’
donor-acceptor bonds (M’= Ag(I), Au(I)). Depending on the proportion and the

acidic metal substrate used either dinuclear or trinuclear clusters are rendered.

2. In all the M-M’ clusters a short interaction between the acidic metal M’ and the
Cipso Of the CNC cyclometallated ligand is detected, not only in the solid state but
also in solution. In the latter case, M’ is able to alternate between the Cipso Of the
CNC ligand, breaking and forming M’-Cipso interactions, giving rise to an
intramolecular dynamic process; a “metronome-like” movement. This interesting

behavior in solution could be carefully studied by VT NMR experiments.

3. In the solid state, it is observed for some clusters a remarkable distortion of a
phenylene ring of the ligand interacting with the acidic metal with respect to the
square planar environment of the Pt(1l) or Pd(I1) centers. Greater deviations from
planarity are observed for the gold complexes, detecting the greatest in the Pd-Au

complexes.

4. The previous results allow to regard these bimetallic complexes as models of a
transmetallation process, representing a frozen snapshot of a frustrated phenyl
group transfer between the metals. DFT calculations have played an important
role in the further study of the bonding situation and the strength of the interaction
between the metallic fragments. Thus, with all the gathered information, a series
for the degree of transfer of the phenyl group between the metals can be
established; Pd-Au > Pt-Au > Pd-Ag > Pt-Ag.

5. Tostudy the reactivity of basic platinum and palladium substrates towards another
electrophile as the proton, starting complexes [Pt(CNC)(PPhs)] (1),
[Pt(CNC)(dmso)] (12) and [Pd(CNC)(PPhs)] (2) have been reacted toward protic
acids and organic ligands with donor atoms (N, P) and acidic hydrogens (-SH, -
OH or -COOH groups). When a protic acid is used, breakage of a M-Cipso bond,

197



Conclusions

formation of a C-H bond and coordination of a ligand in the resulting vacant is
observed. Depending on the situation, the ligand completing the free coordination
site generated can be the anion of the acid used, a molecule of solvent or an added
ligand additionally. On the other hand, if an organic ligand with acidic hydrogens
is reacted with [Pt(CNC)(dmso)] (12) or [Pd(CNC)(PPhs)] (2), not only the same
protonation process is observed but also the coordination of the ligand in a
bidentate way giving rise to a chelate ring. Exceptionally, when the ligand used is

pyridine-2-thiol a dinuclear complex with bridging ligands is rendered.

In these reactions in which there is a substitution of ligands, the process is more
favored in the case of using P-donor ligands compared to N-donor ligands,
needing for the latter more energic reaction conditions and longer times to
proceed. In addition, the use of bidentate ligands in the protonation reactions can
give rise to isomers. This is not observed for the P-donor ligands, due to their

steric requirements.

Intermediates with Pt---H-O interactions may play an important role in some of
these reactions, as detected for the reaction of [Pt(CNC)(dmso)] (12) with (2-
hydroxyphenyl)diphenylphosphane at low temperature and given some examples

in the literature of similar complexes containing these interactions.

Furthermore, reactivity of basic [Pt(CNC)(PPhs3)] (1) and [Pd(CNC)(PPhs)] (2)
substrates towards sources of electrophilic methyl groups, as Mel or (MesO)(BF4)
has been explored. In the case of palladium (I1) complex 2 not conclusive results
are obtained. Complex 1 does not react with (MesO)(BFa), but on the other hand
oxidative addition of Mel to 1 gives rise to the expected trans Pt(IVV) complex
[PtIMe(CNC)(PPhs)] (28). No isomerization trans-cis is observed for this

complex.

Reductive elimination of the methyl group of complex 28 with the Cipso Of the

CNC ligand gives rise to a C-C coupling and the methylation of the ligand. If the

Pt(IV) complex 28 is treated with a silver salt, the reductive elimination process

with precipitation of Agl takes place in milder reaction conditions. Methylated

Pt(I1) complexes [Pt(CN-o-tol)I(PPha3)] (29) and [Pt(CN-o-

tol)(MeCN)(PPh3)](ClO4) (30) can be recyclometallated in the presence of basic
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media and reacted again with Mel. In this case, the Pt(1\V) complex could not be
isolated and the reductive elimination product is directly rendered. The second

methylation process takes place in the already methylated ligand.

10. As a global result of these reactions a phenylene ring of the CNC ligand is
methylated in ortho positions.

11. Reaction of complex [Pt(CNC-Me)(PPhs)] (32) towards a source of protons as

HCI gives rise to the protonation of the already methylated ring.
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1. Los sustratos neutros [Pt(CNC)(PPhs3)] (1) y [Pd(CNC)(PPhs)] (2) han resultado
ser productos de partida adecuados en la obtencion de complejos bimetalicos con
enlaces M-M’ dador-aceptor (M’= Ag(I), Au(I)). Dependiendo de la proporcion
y el sustrato del metal acido utilizado se obtienen clusteres dinucleares o

trinucleares.

2. En todos los clusteres M-M’ se observa una interaccion corta entre el metal M’ y
el Cipso del ligando ciclometalado CNC, tanto en estado solido como en disolucion.
En este ultimo caso, M’ es capaz de interaccionar alternativamente con 1os Cipso
del ligando CNC, rompiendo y formando interacciones M’-Cipso, dando lugar a un
proceso dinamico intramolecular; un movimiento “de tipo metrénomo”. Este
interesante comportamiento en disolucion pudo ser cuidadosamente estudiado

mediante experimentos de RMN de temperatura variable.

3. En estado solido, se observa para algunos clusteres una importante distorsion del
anillo fenilénico del ligando interaccionando con el metal acido con respecto al
entorno planocuadrado de los centros de Pt(Il) y Pd(Il). Se observan mayores
desviaciones con respecto a la planaridad para los complejos de oro, siendo

detectadas las mayores en los complejos Pd-Au.

4. Los resultados anteriores permiten considerar a estos complejos bimetalicos como
modelos de un proceso de transmetalacion, representando un intermedio
congelado de una transferencia de un grupo fenilo entre metales. Los céalculos
DFT juegan un papel importante a la hora de profundizar en el estudio de la
situacion de enlace y en la fortaleza de la interaccion entre los fragmentos
metalicos de los clusteres. Por tanto, con toda la informacién obtenida se puede
establecer una progresion en el grado de transferencia del grupo fenilo entre
metales; Pd-Au > Pt-Au > Pd-Ag > Pt-Ag.

5. Para estudiar la reactividad de los complejos basicos de platino y paladio frente a
un electroéfilo como es el protdn, se hicieron reaccionar los complejos de partida
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[Pt(CNC)(PPhs)] (1), [Pt(CNC)(dmso)] (12) y [Pd(CNC)(PPhs)] (2) con é&cidos
préticos y ligandos organicos con atomos dadores (N, P) e hidrégenos acidos
(grupos -SH, -OH o -COOH). Cuando se utiliza un acido prético, se observa la
ruptura de un enlace M-Cipso, la formacion de un enlace C-H y la coordinacién de
un ligando en la vacante resultante. Dependiendo de la reaccidn, el ligando que
completa la vacante coordinativa puede ser el anién del acido utilizado, una
molécula de disolvente o un ligando afiadido adicionalmente. Por otro lado,
cuando se hace reaccionar un ligando organico con hidrégenos acidos con los
complejos [Pt(CNC)(dmso)] (12) o [PA(CNC)(PPhs)] (2), se produce tanto la
reaccion de protonacién como la coordinacion del ligando de manera bidentada,
formando un anillo quelato. Excepcionalmente, cuando el ligando utilizado es la

piridina-2-tiol, se obtiene un complejo dinuclear con ligandos puente.

En estas reacciones en las que se produce una sustitucién de ligandos, el proceso
estd mas favorecido con los ligandos P-dador que con ligandos N-dador, siendo
necesarios para el ultimo caso condiciones de reaccién mas enérgicas y tiempos
mas largos. Ademas, el uso de ligandos bidentados en las reacciones de
protonacion puede dar lugar a la formacion de isomeros. Esto no fue observado

para los ligandos P-dador debido a sus elevados requerimientos estéricos.

Intermedios con interacciones Pt---H-O podrian jugar un papel importante en
algunas de estas reacciones, como pudo ser observado en la reaccion de
[Pt(CNC)(dmso)] (12) con (2-hidroxifenil)difenilfosfano a baja temperatura y
dado que existen complejos similares en la bibliografia con este tipo de

interacciones.

. Ademas, se ha explorado la reactividad de los sustratos basicos [Pt(CNC)(PPhs)]
(1) y [Pd(CNC)(PPh3)] (2) con fuentes de grupos metilo electréfilo, como Mel o
(MesO)(BF4). En el caso del complejo de paladio (I1) 2, no se pudieron obtener
resultados concluyentes. EI complejo 1 no reacciona con (MesO)(BFa4). Por otro
lado, la adicién oxidante de Mel a 1 da lugar al complejo esperado trans de Pt(IV)
[PtIMe(CNC)(PPh3)] (28). No se observo isomerizacion trans-cis para este

complejo.
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La eliminacién reductora del grupo metilo del complejo 28 con el Cipso del ligando
CNC da lugar a un acoplamiento C-C y a la metilacion del ligando. Si se trata el
complejo 28 con una sal de plata, la eliminacion reductora con precipitacion de
Agl tiene lugar en condiciones mas suaves de reaccion. Los complejos metilados
de Pt(I1) [Pt(CN-o-tol)I(PPh3)] (29) y [Pt(CN-o-tol)(MeCN)(PPh3)](ClOs4) (30)
pueden ser ciclometalados de nuevo en presencia de medio basico y hechos
reaccionar de nuevo con Mel. En este caso, el complejo de Pt(IV) correspondiente
no pudo ser aislado, y se obtuvo directamente el producto de eliminacion

reductora. La segunda metilacién tiene lugar en el anillo previamente metilado.

Como resultado global de estas reacciones un anillo fenilénico del ligando CNC

es metilado en posiciones orto.

La reaccion del complejo [Pt(CNC-Me)(PPhs3)] (32) con una fuente de protones
como el HCI da lugar a una protonacién en el anillo ya metilado.
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