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Abstract
This thesis describes the synthesis of 1H-pyridin-(2E)-ylidenes (PYE) ligands, their

coordination chemistry with late transition metals and the application of their metal
complexes in selected catalytic reactions and anticancer activity.

The preparation of mono- and bidentate PYE ligands was achieved from reactions
between pyridinium salts and primary amines in the presence of a base. A variety of PYE
ligands including chiral and bulky examples were fully characterised by a number of
techniques, including single crystal X-ray diffraction.

A range of transition metal precursors were tested with PYE ligands and the
resulting metal complexes including Rh(I), Pd(II), Ni(Il) and Ru(II) were characterised by
methods including single-crystal X-ray diffraction and NMR spectroscopy to examine
metal-ligand bonding and ligand dynamics. Data comparison of the solid-state structures,
NMR spectroscopy and DFT calculations with respect to neutral ligands, protonated salts
and metal complexes indicates that charge redistribution occurs within the PYE
heterocyclic ring to give a contribution from a pyridinium-amido-type resonance structure.
Strong donor character of PYE ligands was supported by IR spectroscopy and
supplemented by DFT calculations.

Selective cyclopalladation, directed by various ligand structural motifs was studied
and steric effects were found to be dominant. A series of cationic derivatives were prepared
from coordination of small molecules, e.g. CO, NH3 and pyridine and it was found that
steric hindrance from the PYE N-methyl group prevents side-on coordination of ligands
such as alkenes and alkynes.

Application of PYE ligands in the Suzuki-Miyaura cross-coupling and
enantioselective addition of diethylzinc to aldehydes was carried out. A reasonable yield
(88%) was obtained for the coupling of 4-bromotoluene with phenylboronic acid using one
chelating PYE derivative. Enantioselectivities of up to 21% ee for the ethyl addition of
benzaldehyde were also obtained.

The biological activity of two types of Ru(Il) complexes derived from alkyl and aryl
linked di-PYE ligands and a cationic palladacycle 31 were tested against three cancer cell

lines. Complexes 31 and 40 showed promising cytotoxicity results compared with cis-platin.



Overall it has been found that PYE ligands are amongst the strongest donors and
that the lack of rotation about the formally exocyclic imine bond locates the N-methyl
group in the vicinity of the metal. Whilst this allows the steric environment to be controlled,
there other consequences such as cyclometallation and a weakening of the M-PYE bond

due to steric pressure.
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1.0 Introduction

1.1 ‘Neutral amido’ ligands

During the last fifty years the development of organometallic chemistry and
homogeneous catalysis, particularly involving the transition metals, has been progressively
established and attracted much attention. Consequently, the formation, stability and
reactivity of transition metal complexes with a variety of different ligands have been
extensively investigated. The discovery of efficient and selective catalytic systems is one of
the most important applications in this area. Numerous ligands have been designed and
widely investigated for their electronic properties, coordination chemistry and chemical
applications. As one of the most ubiquitous classes of ligands, nitrogen donors have been of
great interest as their transition metal complexes exhibit many of the most interesting
stoichiometric and useful catalytic transformations across synthetic and biological

chemistry."

Recently, much attention has been devoted to coordinatively and electronically
unsaturated transition metal complexes due to the involvement of many of them in catalytic
cycles. To stabilise these relatively reactive species, ligands with strong donating ability are
useful, such as amido donors (RR’N") (Figure 1-1). As both o-donor and nt-donor ligands,3
the hard donor features of amido donors adequately match the electronic demands of high-
oxidation-state early-transition-metal complexes and interesting reactivity of the resulting
complexes has been observed. Similarly, amido donors should be potentially capable of
promoting oxidative addition reactions with the late transition metals by favourably
boosting electron density of the metal centre. However, for low-valent soft metals, amido
complexes are generally too reactive due to the excessively hard donor features of amido
ligands and the strongly m-antibonding interactions between the occupied metal d orbitals
and the nitrogen-based lone pair.* > Also, neutral ligands are preferentially utilised over
anionic ones to support active species in catalysis mediated by late transition metals. In
comparison with amido donor, common neutral nitrogen ligands like amine (NRR’R’’) or
imine (RNCR’R’’) (Figure 1-1) are pure o-donor ligands which are unable to promote

oxidative addition reactions.
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Figure 1-1. Generic structures of metal complexes with amido, neutral amido, amine and imine ligands.

Notably, a compromise nitrogen-donor ligand with amido-donor-like properties but
a net neutral charge could potentially address the challenges stated above. Toward this end,
the ligand needs to be capable of redistributing electronic charge through m bonding to
enhance the electronic density of the coordinated nitrogen atom within the ligand
framework (Figure 1-1) and a = interaction between the nitrogen atom and a moiety which
can stabilise a positive charge is required. Based on these requirements, a series of
compounds containing a conjugated imine moiety meet the required criteria including
amidines and guanidines, imidazolin-2-imines and isopropyl(1-methyl-1H-pyridin-4-
ylidene)amine. Their possible charge redistribution resonance structures (B) resembling a

conjugated zwitterionic form (Figure 1-2) could increase m-donation of the ligand to the

R @R
. R-ﬁNO

metal centre.

AY

N—M M
/ /

R R

(A) (B)

Figure 1-2. Possible resonance structures of ‘neutral amido’ ligands on coordination to a metal fragment.

A different but related type of nitrogen ligand called a-diimines will also be
discussed in this chapter. Unlike those ‘neutral amido’ ligands above, a-diimines act as
amido-like ligands via oxidation of metal centres. The strong m-acidic property is
fundamentally different from the electronic properties of the other ligands here. However,
in order to give a fuller context to ‘neutral amido’ type ligands and their applications, a-
diimines are included in this Chapter. In the following sections, we will introduce their

coordination chemistry, electronic properties and catalytic applications.
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1.2 ¢-Diimine ligands

Molecules containing the 1,4-diaza-1,3-butadiene skeleton fall into the o-diimine
category, including polypyridyl (bpy, phen, etc), pyridine-2-carbaldehyde (R-PyCa) and
1,4-diaza-butadiene (DAB-R) (Figure 1-3). In the past decades, o-diimines have been
widely investigated in organometallic chemistry due to their interesting structural and
electronic properties and well-known ability to stabilise organometallic complexes.
Furthermore, as non-innocent ligands,6’ 7 their metal complexes can have an ambiguous
oxidation state and be redox active (vide infra), which is favourably applied in catalytic

transformations associated with redox process.

Q@ / ) Q—\\NR R*N//—\\N*R
< N; EN >

bpy phen R-PyCa DAB-R

Figure 1-3. Generic structures of a-diimine examples.

Although a-diimines cover a variety of compounds, DAB-R with a flexible
framework is the most popular. Commonly in the literature, DAB-R ligands are referred to
as o-diimines.® Herein, the focus will be on the coordination chemistry and catalytic
application of DAB-R ligands as a representive of a-diimines. The bonding of their metal

complexes also will be discussed.

1.2.1 Synthesis of 1,4-Diaza-1,3-butadiene (DAB-R) ligands

DAB-R ligands have been known for a long time.” '° The synthesis of DAB-R
ligands is derived from a condensation reaction between one equivalent of a diketone with
two equivalents of alkyl or aryl amine in the presence of a Lewis or BrOnsted acid as a
catalyst (Scheme 1-1). The backbone and the aryl substituent can be modified to give
different steric and electronic effects at the metal center. The reports of metal complexes
with DAB-R ligands date back to 1953 when Krumholz'' described the synthesis of some
ferrous complexes. Since then numerous examples of metal complexes incorporating DAB-
R ligands have been synthesised and the bonding studied by spectroscopic and theoretical

methods.'?
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Scheme 1-1. Synthetic route for DAB-R ligands.

Compared with the flexible skeleton of the common DAB-R ligands, relatively rigid
derivatives are expected to give some different chemical behaviour. Elsevier er al.’
reported the synthesis and full characterization of the rigid nitrogen ligands
bis(aryl)acenaphthenequinonediimine (Ar-BIAN) by condensation of the rigid

acenaphthenquinone with a primary amine (Scheme 1-2).

O.O + NHxR — OO

O 0] R—N N-R
Scheme 1-2. Synthetic route to Ar-BIAN, a rigid DAB-R derivative.

1.2.2 Electronic properties and bonding of DAB-R metal complexes

Along with spectroscopic techniques and improving theoretical calculations, the
electronic properties of DAB-R ligands have been widely and intensively studied in detail.
Several model systems of metal complexes containing a-diimines have been established to

understand the electronic structure and relevant reactivity of organometallic compounds.”"
16

For example, homoleptic complexes of substituted DAB-R ligands with late
transition metals [M(DAB-R);] are well known. In 1966, Balch and Holm'” first
synthesized the extremely oxygen-sensitive complex [Ni{Ph-DAB(Me)},] and proposed
the electronic structure as a Ni' centre with two radical monoanionic (DAB-R)'~ ligands
(Scheme 1-3). At that stage, the electron transfer behaviour was not fully understood.
However, since spectroscopic oxidation state of the non-innocent ligand can be elegantly
determined using a high-quality single-crystal X-ray analysis and theoretical calculation
can give a comprehensive understanding of electronic structures of metal complexes,
nowadays, it is clearly established that the (DAB-R)’ ligand possessing a low-lying

antibonding ©* orbital is able to accept one or two electrons giving an open-shell
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monoanion (DAB-R)I_ or closed-shell dianion (DAB-R)Z_, respectively.14 In other words,
owing to its non-innocent nature DAB-R can form complexes with different ligand and

metal oxidation states.

Ph Ph
N\ N
67 /Ni\ *>
NN
Ph  Ph
R R R
RN R' N R' N
\r +e \KF +e ‘
P © N © =
R' \'?' R' N R' N
R R R

Scheme 1-3. Example of [Ni{Ph-DAB(Me)},] and DAB-R ligands in different oxidation states.

Another well-established model is tetracarbonyl-diimine complexes [M(CO)(a-
diimine)] (M = Cr, Mo and W), which are found to be electrochemically reduced in several
successive steps and oxidized in a single one-electron step.15 For the reduction, the
observation is in agreement with the [M(DAB-R),] system, showing o-diimines can
accommodate electrons to maintain the oxidation state of the metal. Upon oxidation, the
charge redistribution occurs via m-backdonation from CO and, to a lesser extent, the
diimine ligands to the metal. Therefore DAB-R ligands can be considered as highly =-

acidic and/or weakly m-donor ligands.

1.2.3 Coordination of DAB-R ligands

Molecules containing the 1,4-diaza-1,3-butadiene skeleton have attracted much
attention because of both their versatile coordination behaviour and the interesting
properties of the resulting metal complexes. DAB-R compounds are particularly interesting
since they have a flexible N=C-C=N skeleton, and they appear to have unusual electron
donor and acceptor properties and can potentially act in a variety of coordination modes.
The latter bonding modes involve not only the lone pairs of the N atoms but also the n-C=N
bonds.'® Various coordination modes between metals and DAB-R ligands have been

studied revealing the fascinating and versatile coordination behaviour of this class of ligand.



DAB-R has the unusual property that it enables the metal centre to adjust its electron
density by modifying ligand coordination, and formally donating either 2, 4, 6 or 8

electrons (Figure 1-4).18
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Figure 1-4. Examples of metal complexes with DAB-R ligands, illustrating the various coordination

possibilities.

1.2.4 Application of DAB-R ligands

Besides coordination chemistry, complexes of DAB-R ligands have also exhibited a
range of stoichiometric and catalytic reactivity. Platinum complexes with DAB-R ligands
have been utilized in stoichiometric methane and arene C-H activation (Scheme 1-4).
Importantly, it has been pointed out that the nitrogen-based ligands stabilize complexes

with higher oxidation state to a greater extent than do phosphine ligands.19

‘Ar A‘r
/N‘r,//Pt \\OH2 CGHG N \\OH2 MeCN I + \NCMe
7 en, CF:CDZOD @ b
AI’ 25°C,2-3 h
Ar = 3,5'(CF3)206H3 + CH4

Scheme 1-4. Stoichiometric arene C-H activation at cationic platinum complexes with DAB-R ligands.



In 1995, Brookhart and his group reported a new Pd(II)- and Ni(II)-based catalytic
system for polymerisation of ethylene and a-olefins affording high molecular weight
polymer and high catalytic activity.20 Since then, a number of particular complexes of
palladium and nickel bearing a-diimine ligands have been synthesised and investigated for
the polymerization of ethylene, a-olefins, cyclic olefins and the copolymerization of

21,22 Furthermore, Brookhart and

nonpolar olefins with a variety of functionalized olefins.
coworkers proposed that the incorporation of sterically bulky axial substituents in the a-
diimine ligand is essential in the generation of high molecular weight polymer because the

bulky axial substituents dramatically retard the rates of chain transfer.” >

Elsevier and co-workers* reported a series of palladium complexes with rigid
bidentate nitrogen ligands Ar-BIAN which were shown to be efficient catalysts for the
selective homogeneous hydrogenation of alkynes to alkenes (Scheme 1-5). The effect of the
N-substituents of BIAN on the selectivity was briefly addressed. The selectivity
significantly decreases when the electron-donor character of the N-substituents are reduced

or the N-substituents become more sterically demanding.
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Scheme 1-5. Proposed catalytic cycle for hydrogenation of alkynes.

Nozaki and co-workers® in 2006 reported the preparation of the first example of a
stable boryl anion stabilized by o-diimine ligands (Figure 1-5). Furthermore, it was
successfully demonstrated that the compound behaves as an efficient base and nucleophile

in its reactions with a range of electrophiles.

— —\
Ar/N\B/N\Ar > Ar/N\(Ba/N\Ar
| |

Li Li®

Figure 1-5. First example of a stable boryl anion with a-diimines ligand.

1.3 Amidine and guanidine ligands

As two closely related classes of N-donor ligands, neutral amidines and guanidines
(Figure 1-6) are formed from a central sp>-hybridized carbon atom to which an imine and
one or two amine groups are bonded. Structurally, by modifying the substituents on the

nitrogen atoms, a variety of amidine and guanidine derivatives with different steric and



electronic properties can be obtained. This modularity provides great benefit to the
investigation of their coordination chemistry and catalytic application. Furthermore, owing
to the contribution of possible resonance structures, the presence of the lone-pairs of formal
amine nitrogens in the “CN, or CN3” framework potentially affects the electron donation

ability of the imine nitrogen to a metal.*®

For nearly three decades of development, neutral
amidines and guanidines have been gradually studied in coordination chemistry. As ligands
these simple organic molecules coordinate metals from across the periodic table, resulting
in the discovery of their various coordination modes.”’ Herein, and particularly relevant to
the topic of this thesis, the coordination chemistry of amidines and guanidines with

transition metals will be emphasised.

Amidine Guanidine

R R’

N R! N

74 MY

R N—<
\ o / 5
N-R R2 N-R

/ /

R3 R*

Figure 1-6. Generic structures of neutral amidines and guanidines.

1.3.1 Amidines

Due to developments in synthetic methodology, libraries of amidine ligand systems
with a wide variety of substituents, such as silyl,28 fluorinated aryl29 and extremely bulky
groups can be prepared.”” *° Also, chirality has been successfully introduced into some
Systems.31 Several examples of amidines with different functional groups are shown in
Figure 1-7. For non-symmetrical amidines, different isomers are afforded depending on the
positions of the N-substituents. In addition, the presence of secondary amino groups can
lead to the generation of different tautomers (Figure 1-8). Boeré and co-workers®> *°
conducted a study of bulky amidines showing the existence of different isomers and
tautomers associated with the steric and electronic properties of the carbon substituents.

However, a correlation between isomerisation and tautomerisation and steric and electronic

tuning is unclear.
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Figure 1-8. Isomeric and tautomeric forms for tri-substituted amidines.

Amidines generally act as two-electron donors via the more basic and less sterically
crowded imino lone-pair. Compared with their anionic form amidinates, neutral amidines
have drawn limited attention.’® Nevertheless, amidines have exhibited the capacity for
stabilising various transition metals from early metals in high oxidation state to late metals

in lower oxidation state. A variety of coordination geometries have been obtained,

35-
1’ 5-37 38 5 137

including tetrahedra square planar,’ and

139

trigonal-planar, square-pyramida

octahedral™ (Figure 1-9). As mentioned above, due to the interest of coordination of

amidinates, secondary amino groups are always present in the neutral amidines for
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conversion to the anionic form via deprotonation. The presence of the NH groups makes

intra- and intermolecular hydrogen bonds quite common within metal complexes of

amidines.
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Figure 1-9. Examples of metal complexes with amidine ligands.

To distinguish the coordination mode of the ligand, IR spectroscopy is commonly
utilised to investigate the coordination compounds of amidines. A diagnostic shift to lower
wavenumbers occurs for the v(C=N) band when bonding to a metal occurs through the
Nimine atom.”” * Also, in the BC NMR spectra, the chemical shift of the central carbon in
the ‘CN,’ framework appears significantly downfield compared to other resonances when
coordination occurs.”” For assessing the extent of delocalisation of metal complexes within
the ‘CN,’ component, the Acy parameter is considered which measures the difference
between the formally C-N and the C=N bond length. For example, Boeré and co-workers®”
prepared a pentacarbonyl molybdenum complex with an amidine ligand
Mo(CO)s(MeC{DipN}{NHDip}) shown in Figure 1-10. Evidently, the character of the
C(1)-N(1) and C(1)-N(2) bonds are retained as single and double bonds respectively.
However, comparing the Acn value of the Mo complex and a related derivative 4-
MePhC{DipN}{NHDip} (comparison with ligand itself is prevented due to the bond length

distortion caused by intermolecular hydrogen-bonding), shows a decreasing trend of the
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Acn value in metal complexes,3 7 indicating possible electronic contribution of the amine

nitrogen via resonance upon coordination (vide supra).

Figure 1-10. Molecular structure of Mo(CO)s(MeC{DipN}{NHDip}).

Metal complexes incorporating amidines have been investigated in catalytic
applications. Eberhardt and co-workers*! prepared a series of N-acylamidines with different
substituents to study the influence of the reactivity of these ligands in Pd-catalysed Suzuki-
Miyaura reactions. Palladium complexes with N-acylamidine ligands in a 1:2 ratio were
characterised by X-ray diffraction, showing a trans arrangement of amidines about the
square-planar metal. High turnover number and yield were obtained using these complexes
as precatalysts in the reaction between aryl bromide and phenylboronic acid. However, very

low yield was achieved when aryl chlorides were employed.

1.3.2 Guanidines

As a product of protein metabolism found in urine, guanidines and their derivatives
have generated widespread interest due to their biological activity,** high proton affinity®
and coordination chemistry with a wide range of metal ions.””* The corresponding anionic
and cationic forms, known as guanidinate and guanidinium respectively (Figure 1-11),

represent another two types of popular compounds in a range of research areas. For
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example, cationic guanidinium salts have been extensively utilised in noncovalent binding
and molecular recognition to understand biological processes.*” In coordination chemistry,
anionic guanidinates show electronic flexibility and compatibility with transition metals in

1 44
a range of oxidation states.

Guanidine Guanidinate Guanidinium
RS RS RS
\ \ \
RU N, RN, R' N,-H
N N—(© Ni—@
RZ NgR° R N R2 NgR°
R* R* R*

Figure 1-11. Generic representations for guanidines, guanidinates and guanidinium salts.

1.3.2.1 Electron delocalisation property through guanidine framework

In contrast to amidines, guanidines are expected to have an enhanced basicity and
nuleophlicity due to the presence of the second amino nitrogen atom. The ‘CN3’ framework
is capable of distributing positive charge throughout the molecule when the imine nitrogen

is protonated (Figure 1-12).*° Based on this concept, a series of guanidine compounds with

superbasicity were discovered, and experimentally and theoretically studied in detail.*"*8
R4\IN _R® R ,‘\l R® R ,‘\l R® R‘K%/ R®
R1 //71\\ /R?) — R1 /R?) P, R1 /RS P R1 /R?)
NN NG NN NN
R? R H R H R H

Figure 1-12. Delocalization of the positive charge over all N-atoms in the guanidine unit upon protonation.

Similarly, due to the ability of stabilising positive charge of the ‘CN3’ framework,
coordination to metal centres could result in electron delocalisation throughout coordinated
guanidine ligands to some extent and consequently enhance nuleophilicity of coordinated
nitrogen atoms (Figure 1-13). From a simple orbital description, this is determined by the
extent of overlap between the nitrogen lone-pairs and the empty p-orbital of the spz-carbon

within the ‘CNy’ framework.*®
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Figure 1-13. Possible resonance structures of the guanidine motif on coordination to a metal fragment.

Delocalisation is generally reflected by perturbation of spectroscopic and X-ray
diffraction data (vide supra). For instance, Pohl et al.*° compared the '"H NMR data of the
neutral chelating bis-guanidine ligand 1,3-bis(N,N,N’,N’-tetramethylguanidino)propane
(btmgp), its diprotonated salt and metal complexes, showing the signals of the metal
complexes lie between neutral ligand and protonated salt (Figure 1-14). Also, comparison
between the uncomplexed state, its metal complexes and diprotonated salt in terms of the
C=Nimine and C-Nymine bond lengths in the solid state indicates remaining double-bond
character for the C=Njnmis. of the metal complexes and a greater m delocalisation for the
protonated salt. Presumably, the restricted delocalisation within the ‘CN3’ framework of the
metal complexes is due to the steric demands of the NMe, fragments, which prevent a
better overlap between the nitrogen lone-pair and the empty p-orbital of the sp*-carbon.*’
Furthermore, the N;pnine—M bond order for Fe! and Cu" was concluded to be evidently larger
than that for lower oxidation state Cu' complex, indicating the ability of guanidines to

stabilise high metal oxidation states.™
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Figure 1-14. 1,3-bis(N,N,N’,N’-tetramethylguanidino)propane (btmgp), its protonated salt and metal

complexes.

To reduce rotational freedom about the C-Nynine bonds, a bicyclic guanidine system
was introduced into coordination chemistry by Coles and co-workers.”’® The nitrogen
substituents are formally constrained into the ring system to generate a rigid framework.
Consequently, an enhanced delocalisation within the ‘CN3’ framework is expected. Coles

and co-workers prepared bis-(H-hpp) copper complexes and their molecular structures were
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determined using X-ray crystallography (Figure 1-15). Inspection of the Acy parameter of
those complexes shows a better delocalisation of m-electron density within the constrained

‘CN3’ framework as expected.

Figure 1-15. Molecular structure of [(H-hpp),CuCl].

1.3.2.2 Coordiantion of guanidines and their application

Although neutral guanidines have received relatively less attention in studies of
coordination chemistry compared with anionic guanidinates in the past decades, recent
studies based on neutral guanidine functionality have developed the field rapidly.

Monodentate,** **>° polydentate with organic bridges>” **°*°® and bicyclic*”*’ guanidine
systems have been introduced into coordination chemistry and some resulting complexes

have exhibited interesting reactivity.58

Along with the need for better control over metal mediated catalytic transformations,
the synthetic routes to guanidines have been further developed to yield many new
derivatives with a variety of substituents,” including silyl,”" extremely bulky,’* °' chiral®
and mixed donor groups.63’ % However, here the synthetic methodology of guanidines will
not be described in detail. Herein, only complexes containing guanidine moieties directly
bound to transition metals are considered, and the coordination chemistry and relevant

applications will be described.
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1.3.2.2.1 Monodentate guanidines

In guanidine complexes, coordination occurs almost exclusively through the
donation of the lone-pair electrons of the Nipyine atom to an appropriate acceptor orbital of
the metal complex fragment. Such ligands have been successfully used in the stabilisation
of different coordination geometries, including linear,” trigonal-planar,53 tetrahedral,”

66-67 and octahedral®® species (Figure 1-16). The first report of transition metal

square planar
complexes incorporating guanidines was published by Drago and co-workers in 1965.%*
Complexes of Co(Il), Cu(Il), Zn(Il), Pd(II), Ni(Il) and Cr(Ill) were prepared with the
tetracoordinate cobalt, copper, and zinc perchlorate complexes characterised by

spectroscopy, magnetic measurements and X-ray powder diffraction. However, until the

1990s, further development of coordination chemistry was
lacking.
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Figure 1-16. Examples of metal complexes incorporating monodentate guanidine ligands.

Recently, due to their versatile coordination chemistry, guanidines are emerging as a
potentially useful class of ligand in some catalytic transformations, in particular cross-

coupling and polymerisation reactions.

Li er al.®" reported a highly efficient Pd(OAc),/guanidine aqueous system for the

Suzuki cross-coupling reaction. A wide range of aryl halides, including aryl iodides, aryl
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bromides, and even activated aryl chlorides, could couple with arylboronic acids smoothly
at room temperature under aerial conditions by using a water-soluble catalyst
Pd(OAc),/[BUNC(NMe),] (Scheme 1-6) which was determined by X-ray diffraction
showing a trans arrangement of guanidines about the square-planar metal. It is worth noting
that the results of the coupling reations between benzene chloride and phenylboronic acid
to evaluate of the steric bulk effect of the ligands are questionable as homocoupling

reaction can give the same product.
Bu.

Pd(OAc),

K,COs, RT,
X EtOH/H,O

Scheme 1-6. Suzuki-Miyaura cross-coupling reaction catalysed by Pd(OAc),/guanidine system.

Bunge et al.” studied the reactivity between 1,1,3,3-tetramethylguanidine and
diethyl zinc and prepared a series of zinc alkoxide and aryloxide complexes in the presence
of the alcohol. Ring-opening polymerisation tests of the resultant complexes showed an
alkoxide-bridged zinc aryloxide dimer stabilised by guanidines (Figure 1-17) which exists

as a monomer in solution and is an active catalyst.
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Figure 1-17. Alkoxide-bridged zinc aryloxide dimer stabilised by 1,1,3,3-tetramethylguanidine.

A chiral zinc complex containing a guanidine fragment prepared by Kohn and co-
workers®® was tested in an asymmetric nitroaldol reaction between 2-methylpropanal and
nitromethane (Scheme 1-7). Though high yields were obtained in selected cases, the ee

values were quite poor and further work is apparently onging.
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Scheme 1-7. Asymmetric nitroaldol reaction mediated by chiral guanidine complexes.

1.3.2.2.2 Polydentate guanidines with organic bridges

The coordination chemistry of bis-, tris-, and oligoguanidines has become of interest
partially because of the marked tendency of biguanides to stabilize unusually high
oxidation states of metals, such as Ag"" and Ni'"" complexes (Figure 1-18).7"™ Also, their
control of donor strength and steric demand by variation of the substituents at the guanidine
function has potentially played an important role in coordination chemistry and catalytic

application.

+
N %NHQT& RH el ©
—N_ N= N, Cl N
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—N N— N
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Figure 1-18. Examples of metal complexes with high oxidation states incorporating biguandines.

The first complexes of chelating bis(guanidine)s were reported by Kuhn” and
Sundermeyer.’® Since then, a variety of polyguanidine derivatives with organic bridges
have been prepared. Not only can the linking unit be modified, but also the position of the
linking unit can be chosen either through the Njpyine atoms or the Nymine atoms. The former
class is quite common and has been successfully exploited in coordination chemistry (Top,
Figure 1-19), whereas the later one has only recently been described (Bottom, Figure 1-

19).7
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Figure 1-19. Generic structure of two different classed of linked bis- and tris-guanidines.

Similar to monodentate guanidines, polyguanidines have exhibited the ability to
stabilise a range of transition metals”” with a variety of coordination geometries including

trigonal-planar,” tetrahedral,”’ square-planar’™ ™

and trigonal-bipyramidal.56 Considering
the structural tuning and strong c-donating properties, polyguanidines have been recently
investigated as mimics for biological processes. Sundermeyer and co-workers prepared the
cationic Cu complex [(tmg)strenCu]Cl”’ and found the tendency of the complex to bind O,
at low temperature in an end-on fashion.® Subsequently, it has been shown that this Cu"

superoxo complex is capable of C-H activation (Scheme 1-8).*!

Scheme 1-8. C-H activation mediated by a copper superoxo complex.
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Applying the same ligand (tmg)stren to stablise high-valent oxoferryl complexes,
Que and co-workers® reported the synthesis in a high yield of the first long lifetime S=2
oxoiron(IV) complex [FeW(O)(tmg)3tren]2Jr that was fully characterized by spectroscopy.
The oxidation reactivity of the oxoiron(IV) complex with selected substrates was observed
to be attenuated compared with that of the S=1 oxoiron(IV) complex [FeIV(O)(N4Py)]2+
(N4Py=bis(2-pyridylmethyl)bis(2-pyridyl)methylamine) probably due to the protection of
the high-spin oxoiron(IV) moiety afforded by the sterically bulky (tmg)stren ligand (Figure
1-20).

[Fe'V(0)(tmg)stren]®* [Fe'V(0)(N4Py)?

Figure 1-20. Examples of high-valent oxoferryl complexes.

Very recently, Stack and co-workers®™ compared three bis(u-oxo)dicopper(III)
complexes incorporating bis-guanidine, guanidine-amine hybrid and bis-amine ligands
(Scheme 1-9) in a phenolate hydroxylation reaction and found only the complex with the
hybrid ligand shows the desired activity. Comparison showed the most congested complex
is the bis-guanidine and the most oxidative complex the bis-amine, thus the complex with
the hybrid ligand contains less steric demanding amine moiety and stronger o-donating
guanidine moiety and has reasonable core accessibility in oxidation and electron donation
to attenuate the one-electron outer-sphere oxidizing strength. In contrast the bis-amine
ligand yields exclusively the C-C radical coupled bis-phenol product with both phenols and

phenolates, a reactivity observed for most bis(u-oxo)dicopper' complexes.
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Scheme 1-9. Reactivity comparison between bis-guanidine, guanidine-amine hybrid and bis-amine ligands on

phenolate hydroxylation reaction.

1.3.2.2.3 Bicyclic guanidines

As mentioned above, in order to reduce the flexibility of amine groups to construct a
better delocalisation through the ‘CN3’ framework of guanidines, a bicyclic guanidine
system was introduced to coordination chemistry (Figure 1-21). Constraining the
substituents of the amine nitrogen atoms into the ring system generates a favourable
alignment for the lone-pairs of the atoms to be included in the delocalisation scheme. In
addition, within the rigid framework of the ring system, the rotation about the C-N bonds is
reduced and possible isomerisation is prevented about the C=N double bond. A

comprehensive review published by Coles® very recently gives full introduction of the
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recent developments of this bicyclic system, where nomenclatures and synthesis of bicyclic

guanidnes are given in detail, and will therefore not be presented here.

TN
m3(RC) | (CRa)ns
“N SN {m,n}-bicyclic guanidine

R (where m>n)

Figure 1-21. Generic structure of bicyclic guanidines.

So far, coordination chemistry of neutral bicyclic guanidines has been almost
exclusively developed using the parent {6,6} derivative, H-hpp. It is partially because the

presence of the five-membered ring in other bicyclic examples® ™

prevents the tertiary
amine nitrogen from achieving a planar configuration, reducing the extent of delocalisation
of the ‘CN3’ framework. However, the consequence of delocalisation attenuation has yet

been explored, so some different chemical behaviour may be expected.

Similar to acyclic guanidines, coordination of bicyclic examples to metals

exclusively occurs through the Niyine lone-pair, supporting a range of different coordination

51, 52 53, 85 1 86-89 90
b

geometries including linear, trigonal-planar, tetrahedra square-planar™ and
octahedral.” " ** For the ligands with NH groups, intramolecular hydrogen bonding to
additional ligands may occur in some cases to favourably stabilise the metal complexes
(Figure 1-22). Cotton and co-workers®® in 1999 reported the first metal complexes
incorporating neutral bicyclic guanidines. Tetrahedral iron(I) and cobalt(Il) complexes
were readily prepared from reactions between metal dichlorides and the H-hpp ligand.
Since then, the H-hpp ligand has been widely studied in coordination chemistry.
Furthermore, Coles and co-workers introduced a series of Nmine-linked bis- and tris-
guanidine containing H-hpp as the guanidine functionality. For bis-guanidine examples,
CH; and SiMe, linking unit are accessible to date, and SiMe and SiPh for tris-guanidine
ones (Figure 1-22). However, coordination complexes of the later examples have not been
accessible, possibly a consequence of cleavage of the N-Si linkage. Several examples

containing bicyclic guanidines are shown in Figure 1-22.
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Figure 1-22. Examples of metal complexes incorporating mono- and bis-(bicyclic guanidine), and tris-

(bicyclic guanidine) compounds.

1.4 Imidazolin-2-imine ligands

1.4.1 Imidazolin-2-imine ligands — carbene analogues

Since the first successful isolation of stable carbenes in 1991,93

N-heterocyclic
carbenes of the imidazolin-2-ylidene type (Scheme 1-10) have successfully been
investigated and emerged in a range of diverse research areas such as homogeneous
catalysis,”* materials science” and medicinal chemistry.”® The stability of these carbenes
can be attributed to the capability of the imidazolium ring to effectively stabilize a positive

charge (Scheme 1-10) leading to strongly basic and highly nucleophilic ligands.

R2 R2 R2
1 @ I 1 / 1 I
NN Base, i N TN
N ‘Ao { Ao
)\N}H o ~HX | N,C. \%,C.@
R N X R N R N
R R R

Scheme 1-10. Generation of stable N-heterocyclic carbenes and their aromatic resonance structures.

Owing to their highly nucleophilic character, not only can N-heterocyclic carbenes
behave as ancillary ligands to stablise transition metal complexes, but also they react with
electrophilic centres (E = CR,, NR, O, etc) of most main group elements to form stable
adducts (Scheme 1-11).”” The resulting compounds A with doubly bound substituents at the

2-position were considered to have a similarly enhanced basicity and nuleophilicity to
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carbenes due to a strong contribution from the ylidic mesomeric structure B. On the basis of
this concept, the performance of transition metal catalysts incorporating type A ligands can

be potentially enhanced, in particular, the oxidative addition step due to strong donation.

R2 R2 R2

1 / 1 / /
| )i+ E — | >—E ~— )’\@'E

1N 1 N 1N

TR TR TR

(A) (B)

Scheme 1-11. Formation of imidazole-based ligands and their mesomeric structures.

Another concept that intrigued chemists to investigate these carbene analogue

ligands is called the pseudo-isolobal phenomenon,gg’ %

that is, pairs of compounds of both
ligand types with the same metal atom show analogies in structure and bonding modes. For
example, due to the capability to act as 2o, 4n-electron donors, phosphraneimides (R3PN")
can be regarded as monodentate analogues to cyclopentadienides (CsRs’). Such ideas were
successfully transplanted by Stephan et al. into olefin polymerisation catalysts design. A
series of titanium complexes incorporating phosphinimides ligands that sterically and

100-103

electronically mimic metallocenes to some extent have shown high activity. Inspired

by this work, imidazolin-2-iminato (E = N°) ligands were considered to be in a pseudo-

isolobal relationship with phosphraneimides ligands (R3PN"). Kuhn and co-workers first

prepared imidazolin-2-iminato transition metal Complexesm’ 105

106

with the use of the ligand
precursor 2-imino-1,3-dimethylimidazoline. ™ A few years later, Tamm and co-workers
modified the preparation route of imidazolin-2-iminato titanium complexes by using the
precursor 2-(trimethylsilylimino)imidazolines (Scheme 1-12) and the resulting complexes
show moderate to high activities in olefin polymerisation.'”’'” Furthermore, tungsten
alkylidyne complexes of the type [RC=W(ImN)(OR’),] bearing imidazolin-2-imides have

exhibited efficiently catalytic ability in alkyne metathesis at room temperature.110
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Scheme 1-12. Synthesis of titanium complexes incorporating imidazolin-2-iminato ligands.

The related neutral ligands imidazolin-2-imines were extensively studied shortly
afterwards with the additional feature of forming polydentate ligands.m'114 Similarly,
imilazolin-2-imine ligands are characterized by a strong donating ability due to a
considerable transfer of negative charge to the exocyclic nitrogen at the 2-position of the N-
heterocycle, resulting from the contribution of the mesomeric form B (Scheme 1-13). This

behaviour is considered to become even more pronounced upon metal complexation.'"!

o /Rz R\z » o Bz R\z .
N NN NN NS

T =T e Al

R N N~ g R N © N R
R2 R? R2 R®

(A) (B)

Scheme 1-13. Two limiting mesomeric structures of poly(imidazolin-2-imine) ligands.

1.4.2 Synthesis and theoretical investigation of imidazolin-2-imines

The first poly(imidazolin-2-imine) ligand was synthesised by Kuhn ef al. in 1998
from reaction between the ligand precursor 2-imino-1,3-dimethylimidazoline and 1,2-
ethyleneditosylate in the presence of a base.”” However, the modularity of this type of

ligand was restricted by a multistep synthetic route to the ligand precursor.'®

In 2007, Tamm et al. reported a modified synthesis protocol via silylation of free

26,114 r.: .
" This novel method allows convenient access to

carbenes, desilylation and detosylation.
the desired compounds with various substituents in high yield. The coordination modes and
steric and electronic environment can be adjusted through modification of R', R* and R’

groups (Scheme 1-14). It is noteworthy that the primary imine compounds attained from
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desilylation can be utilised as a building block to prepare bifunctional ligands (Scheme 1-

14).115

1 R? 1 R? 1 R?
RN N R\_N  siMe R\_N  H
. NsSiMe _SiMeg .
IN>. 3 3, IN> N MeOH J\N>7N
1 1 1
TR TR TR

CISiMegRj/ \T“(OTS)z
2

2 2
3
Ty T = T
RN v RN N g
R? R? R

(2] 2

Scheme 1-14. A novel synthetic route to multidentate imidazolin-2-imine ligands by Tamm and co-workers.

To aid the understanding of imidazolin-2-imine ligands with respect to their
electronic properties, systematic DFT calculations were conducted by Tamm et al. on 2-
imino-1,3-dimethylimidazoline (X = CH), 2-imino-1,3-dimethylimidazolidine (X = CH,)
and tetramethylguanidine (X = CHs) as shown in Figure 1-23.%° Initially, the proton
affinities (PAs) of all three compounds were measured as the basicity can reflect their
reactivity towards transition metals to some extent. However, no significant differences
were obtained for three compounds regarding the computed values of the proton affinities.
Nevertheless, NBO (natural bond orbital) and NRT (natural resonance theory) calculations
were applied on three compounds to investigate the nuleophilicity differences. Clearly, as
shown in Figure 1-22, 2-iminoimidazoline ligands (-0.822) exhibit higher Lewis basicity
compared with the other two types of ligands (-0.781 and -0.755) according to NBO
calculation. The results from NRT calculation reveal that relative contributions of the
mesomeric structures B account for the enhanced nucleophilicity. Due to a stronger
capability of the imidazole ring to stabilise positive charge, 2-iminoimidazolines (20.6%)

exhibit a greater contribution from the zwitterionic structure B.
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Figure 1-23. Relative contributions from the ylidic mesomeric structures B and NBO charges of the exocyclic

nitrogen atom for 2-iminoimidazoline, 2-iminoimidazolidine and guanidine model systems.

1.4.3 Transition metal complexes incorporating imidazolin-2-imines

The first transition metal complex containing imidazolin-2-imine was reported by
Kuhn and co-workers in 1998 from reaction between 1,2-bis(1’,3’-dimethylimidazolin-2’-
iminato)ethane and PdCl,(PhCN), (Figure 1-24).75 After that, several late transition metal
complexes incorporating bifunctional ligands containing imidazolin-2-imine (Figure 1-24)
were also prepared by Kuhn et al.,'"'® however, there was no further report of their reactivity

or catalytic application.

/ OM T+ BF;

[%N Nz(j [%N P [%Nﬁ//m [>N Ove
Voo S N o @ @7

Figure 1-24. Examples of metal complexes of 2-iminoimidazolines.

\

Later, along with the discovery of a new synthetic route (vide supra), Tamm and co-
workers carried out a series of investigations of transition metal complexes incorporating
imidazolin-2-imines with respect to their coordination chemistry, reactivity and catalytic

application.26’ 111-115, 117-120

For the transition metal complexes of imidazolin-2-imines, more imidazolium-amide

character needs to be considered, which is generally reflected by a pronounced elongation
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of the C-Nimine bond and a more obtuse N-C-N (imidazole ring) angle of metal complexes

compared with those of neutral ligands (vide infra).

1.4.3.1 Copper complexes

Initially, copper complexes incorporating ethylene- or pyridine-bridged
bis(imidazolin-2-imine) ligands were investigated due to their potential oxygen activation
and polymerisation activity. The copper(I) complexes of the 2,6-bis(imidazolin-2-
imino)pyridine pincer ligand (TL™") are highly reactive and exhibit a pronounced tendency
to form stable, square-planar copper(Il) complexes, allowing effective aerobic CO, fixation,
C-Cl bond activation and Cu(l) disproportionation (Scheme 1-15).""* Those activities were
considerably attributed to the strong electron-donating property of the TL™" ligand. For
example, the C-Cl bond activation was observed generally for the copper(I) complexes with
electron-rich N-donors. The mechanism of that transformation was believed to involve a
copper(III) intermediate generated from oxidative addition of halide substrates.'*' Ligand
effects on the redox reactivity of copper(I) complexes are very important, and ligands with
stronger electron-donating properties, such as imidaozlin-2-imines, are more likely to

support the intermediate with a high oxidation state.
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Scheme 1-15. Reactivity of copper complexes of 2,6-bis(imidazolin-2-imino)pyridine pincer ligand.
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Furthermore, a low coordinated copper(I) complex incorporating the ethylene-

bridged bis(imidazolin-2-imine) ligand (BL’Pr

) was prepared to study oxygen activation
where N-functionalised ligands have been extensively utilised. Due to the enhanced
electron-donating ability of imidazolin-2-imines, a thermally sensitive bis(u-
oxo)dicopper(IIL,IIT) intermediate was detected by UV-vis spectroscopy at low temperature
(Scheme 1-16).""! The powerful electron donating capability of this type of ligand was also
supported by very low oxidation potentials and these copper(I) imine complexes exhibit

promising catalytic activity in atom transfer radical polymerisations (ATRP) due to their

c e 11
ease of oxidation.

0 N Tz 2x
Cu(CH3CN)4IX 0,, -80°C
i =N N ( CUCHENE fouELyx =2 \c( ~eu’ :)
N 0
X = PFg or SbFg

BLIPr

Scheme 1-16. Oxygen activation by copper(I) diimine complexes.

1.4.3.2 Molybdenum and ruthenium half-sandwich complexes

Half sandwich d° complexes are ubiquitous in organometallic chemistry, and
typically adhere to the 18e rule. However, there is a growing interest in relatively stable 16-
electron complexes, so-called coordinatively unsaturated complexes.122 Since such
unsaturated complexes are considered intermediates in homogeneous transition metal-
catalysed reactions, it is highly desirable to understand in more detail the parameters that
are related to stability, reactivity and structure. In general, n-donor ligands are more capable
of stabilising this coordinative unsaturation even without the use of noncoordinating

counteranions like [B{ 3,5—C6H3(CF3)2}4]'.113

Not surprisingly, the strong electron donating property of imidazolin-2-imines
favours the stabilisation of half-sandwich 16-electron ruthenium complexes of the type
[(’-CsMes)Ru(BLTY, [(n°-CsHe)Ru(BL)** and [(n°-C1oH14)Ru(BL)]** (Figure 1-25).'"*
120 The coordination of m-basic ligands, such as chloride, is resisted in the above systems,

whereas m-acid ligands such as CO or isocyanides show high reactivity towards these
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coordinatively  unsaturated complexes. Moreover, 16-electron half sandwich
cycloheptatrienyl-molybdenum complexes which are analogous to 16-electron

cyclopentadienyl-ruthenium complexes were first prepared (Figure 1-25),'"?

although the
similarity between the isoelectronic and isolobal fragments [(°-CsRs)Ru] and [(n’-
C;H7)Mo] has been well recognised for quite a while.'* Both molybdenum and ruthenium
complexes were tested in the transfer hydrogenation of acetophenone and several

ruthenium complexes show reasonable activity.

<, T
IH Hj IH Hi

Figure 1-25. Examples of 16-electron half-sandwich complexes incorporating imidazolin-2-imines.

1.4.3.3 Other metal complexes and their application

Analogous to “constrained-geometry” ansa-cyclopentadienyl-amido ligands (Figure
1-26) which have been studied as homogeneous model systems for industrially applied
heterogeneous catalysis,124 cyclopentadienyl-imidazolin-2-imine ligands were prepared by
tethering an imidazolin-2-imine unit to a cyclopentadienyl ring via a Me,Si group. Rare

earth metal (Sc, Y and Lu) complexes118

and chromium Complexes115 containing
cyclopentadienyl-imidazolin-2-imine ligands were isolated and short metal-nitrogen bonds
were observed due to the strong electron-donating ability of the imidazolin-2-imine moiety
(Figure 1-26). Preliminary catalytic activity studies on both systems showed that chromium
complexes can be used as precatalysts for ethylene polymerization at room temperature and
rare earth metal complexes are active catalysts for the hydroamination/cyclization of
aminoalkenes and aminoalkynes. However, the decreasing performance of the chromium

catalysts along with the increasing reaction time suggests the imine donor suffers faster

degradation than the amine or N-heterocyclic analogues.
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Figure 1-26. Examples of half-sandwich complexes of cyclopentadienyl-amido (left) and cyclopentadienyl-

‘Bu

imidazolin-2-imino (right) ligands.

Inspired by the promising observation from zinc guanidine complexes in the ring-
opening polymerisation of lactides, zinc complexes of ethylene-bridged bis(imidazolin-2-
imine) ligands were also prepared, and experimentally and theoretically studied in the
lactide polymerisation compared with a related guanidine system (Figure 1-27).""” The
results showed the activity of the imidazolin-2-imine system is slightly higher than that of
the guanidine system, which is consistent with a slightly enhanced Lewis acidity of the zinc

atoms coordinated with imidazolin-2-imine compared with guanidine in NBO charge

calculations.
NN NN
| =N N i [FN\ /N%] X = Cl or OAc
N Zn N N Zn N
\ 4= / \ 4= /
X X X X

Figure 1-27. Zinc complexes of bis(guanidine) and bis(imidazolin-2-imine) ligands.

1.5 Isopropyl(1-methyl-1H-pyridin-4-ylidene)amine

Toward the end of the work described in this thesis, Johnson and co-workers'?

reported a structurally similar compound to our ligand system 1H-pyridin-(2E)-ylidenes
(PYE) ligands, isopropyl(1-methyl-1H-pyridin-4-ylidene)amine (Scheme 1-17). Owing to a
contribution of the zwitterionic amide resonance structure to the metal-ligand bond, the
neutral nitrogen ligand exhibits a strong donating ability. This compound can be used in the
selective nickel-mediated C-F activation of aryl fluorides, which was attributed to the
strong o-donating nitrogen ligand with the ability to selectively facilitate a difficult
126

oxidative addition, as observed similarly for N-heterocyclic-carbene (NHC) ligands.

Compared with the reactivity of phosphine and NHC systems with polyfluorobenzenes,
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isopropyl(1-methyl-1H-pyridin-4-ylidene)amine with Ni(0) shows a higher selectivity
towards C-F bond activation of polyfluorobenzenes and it was the first time that
tetrafluorobenzenes can be selectively activated. Collectively, the perceived interesting
features and related published work suggested investigation of PYE type ligands was

warranted, which has been partially justified by the report by Johnson.
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Scheme 1-17. Selective C-F activation mediated by Ni(0) with a nitrogen ligand isopropyl(1-methyl-1H-

pyridin-4-ylidene)amine.

1.6 Aims of the project

The aims of this research project are to synthesise chelating nitrogen ligands
containing 1H-pyridin-(2E)-ylidene (PYE) moieties including achiral and chiral examples
(Figure 1-28). These compounds will be complexed to a variety of transition metals to
study their coordination chemistry including potential coordination modes and geometries.
Electronic properties and bonding character of the resulting metal complexes will be
investigated to understand the possible ‘neutral amido’ character of PYE type ligands. In
select cases, some complexes will be tested for potential applications including catalysis

and biological activity.

Figure 1-28. Generic structure of PYE ligands studied in this thesis.
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2.0 Synthesis of 1H-pyridin-(2E)-ylidenes (PYE) ligands

2.1 Introduction

During past decades, transition metal complexes have contributed enormously to a
wide range of chemical and biological areas. A variety of ancillary ligands have been
developed, with a wide range of stereoelectronic properties for use in catalysis, therapeutic
and diagnostic medicine, biomimetics and molecular devices. Of the large array of different
ligands coordinating to a metal centre the vast majority are drawn from a few p-block
elements including C, N, O, S and P, with arguably nitrogen donor ligands having the
greatest diversity across synthetic and biological chemistry. However, there is still a
constant demand for new ligand systems to overcome identified challenges and develop

new chemical processes.

Inspired by the versatile coordination behaviour and interesting properties of
nitrogen ligands, in particular robust catalytic activity'® and extensive biological
properties,” we decided to exploit new potential nitrogen donor ligands. A potentially
interesting class of molecules that we identified are based on the 1H-pyridin-(2E)-ylidene
(PYE) motif (Scheme 2-1). We perceived there to be several interesting features with
respect to steric and electronic influence as follows:

(1) a library of structural analogues can be easily accessible based on the PYE
motif;

(i) a well-defined steric environment with respect to the metal centre can be
achieved by introducing variable steric bulk at the R' and R’ groups and because rotation is
restricted about the double bond of the imine moiety;

(iii) strong donation due to a contribution of the pyridinium—amido resonance (B)

structure to the metal-ligand bond.
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Scheme 2-1. Possible resonance structures of the 1H-pyridin-(2E)-ylidene motif on coordination to a metal

fragment.

Before the commencement of this research, PYE-type compounds had been known
for over 80 years.® Since then, their organic and biological chemistry’ "’ and spectroscopy'®”
> have been studied, whereas there was only one report describing the coordination

chemistry of a single PYE derivative.®

Although limited, there are several reported different methods for the preparation of
1H-pyridin-(2E)-ylidenes (PYEs). The first example of a PYE motif was reported by
Tschitschibabin ef al.® in 1921, using methylation of 2-aminopyridine with methyl iodide to
yield N-methyl-2-pyridoneimide (Eqn 1, Scheme 2-2). This N-alkylation of 2-
aminopyridine method was proved later to be unselective.” After a few decades, a
cyclotrimerisation methodology was discovered by Hong et al® using two equivalents of an
acetylene and one equivalent of a carbodiimide (Eqn 2, Scheme 2-2). Although this

B , .
10-13. 16 9hd occurs under mild conditions

methodology was developed by several groups
with a good chemo- and regioselectivity, substrate scope and unconventional reactors
limited its general synthetic application. In 1986, Buurman et al.** reported a new method
derived from imination of N-methylpyridinium salts in the presence of liquid ammonia and
potassium permanganate (Eqn 3, Scheme 2-2), but the yield was poor. In 2003, the first and
also the only chelating PYE ligand before we started this research was reported from

reaction between pyridone and o-phenylene diamine by Gaur at el (Eqn 4, Scheme 2-2),

although no characterising data was presented and our attempts to repeat this reaction failed.
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Unfortunately, all of these routes are generally incompatible with the synthesis of

compounds containing multiple PYE motifs selectively and therefore in high yield.

NH, N SNH Eqn 1
R R’
1 — 2 2 1 2 2
2R——R R ~R R ~R
+ | + | Eqn 2
Ph—N=C=N—Ph R™ “N”NPh R™ “N”NPh
Ph Ph

N
N
O s (L
- "\” NH3 N~ SNH Eqn 3

[i HoN NH — —
2 2 QN NO Eqn4
[‘\j 0 \ N N Y,
\ /

Scheme 2-2. Various routes to PYE motif.

An alternative route which derives from the imination of 2-chloro pyridinium salts
in the presence of a base was reported by Tanaka er al.” in 1976 (Scheme 2-3). It was
found that the 2-chloro pyridinium ion is sufficiently activated to undergo nucleophilic
aromatic substitution by an addition-elimination mechanism due to the presence of the
quaternary nitrogen atom in the aromatic ring.”® Compared with other routes shown in
Scheme 2-2, we thought this method to PYE ligands should give easy access to target
compounds in good yield. Furthermore, the synthetic method can be modular and generate
various members of a ligand family using the same reaction by varying the combination of

starting materials including multiple stereocentres using a variety of different chiral

@ @\
— RNH
2 N \N/R

— N+ I
M6803 ‘ C ‘

amines. '

Scheme 2-3. Imination of 2-chloro pyridinium salt.
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2.2 Synthesis and characterisation of mono- and bidentate 1H-pyridin-(2E)-ylidenes
(PYE) ligands

A modified procedure from the route described in Scheme 2-3 was found to be
straightforward and to generally give good yield. Reaction between 2-chloro pyridinium
salts and primary amines in the presence of a base in acetonitrile at 80 °C gave access to a
range of substitution patterns. In this chapter, we will discuss mono- and bidentate types of

PYE ligands.

2.2.1 Monodentate PYE ligands

Applying the modified procedure to the synthesis of monodentate PYE ligands, a
variety of substituent groups can be incorporated into the PYE motif as shown in Scheme
2-4. 2-Chloro-1-methyl pyridinium iodide was selected as a starting material because it is
commercially available and inexpensive. Compounds 1-5 were isolated in high yield (75-
93 %) as a hygroscopic, yellow oil for 1-2, a yellow solid for 3-4 and a dark brown solid for
5 respectively. Compounds 1-2 are soluble in most organic solvents. 3-5 are quite soluble
in chlorinated solvents, alcoholic solvents, THF and acetonitrile but poor in ether and
aromatic solvents.

h — R
N* Cl NV

I ‘ KzCO3 or Et3N

MeCN, 80 °C \
R = tBu (1)
R=iPr (2)

R = (R)-CH(Ph)CH,OH (3)
R = Naphthyl (4)
R = Quinolinyl (5)

Scheme 2-4. Synthetic route to monodentate PYE ligands.

Compounds 1-5 were characterised by NMR spectroscopy, mass spectrometry and
elemental analysis and all the data is consistent with the proposed formulations. The 'H and
Bc assignments are based on NoeSY, 'H-'H COSY and C HSQC experiments. The 'H
NMR spectra of 1-5 all showed a set of distinctive signals derived from the PYE moiety

and other signals from the R groups (Scheme 2-4). Taking compound 2 as a representative
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example and using the numbering scheme shown in Figure 2-1, the '"H NMR spectra of 2 in
CDCl; shows a set of signals for the PYE moiety at 03.23 (NCH3), 5.45 (H4), 6.31 (Hz),
6.75 (H*) and 6.87 ppm (H’), and the *C NMR shows §39.0 (NCH3), 99.5 (C), 112.1 (C?),
134.0 (C?), 139.0 (C%), 151.8 (C") ppm respectively. The 'H and *C NMR chemical shifts
of PYE moiety of compounds 1-5 are given in Table 2-1.

)
@ @ \@
wl @)
\ /AN
5)
N
& 2 {4 & |® T
T | L g

Figure 2-1. "H NMR spectrum of 2 in CDCl; and the numbering scheme of 2.

Table 2-1 The 'H and *C NMR chemical shifts (ppm) of PYE moiety of 1-5.

H\; 02/H2
H4—c4/ \/C1N1

5 2
NCH; | H* | H | H' | F |NCH;| (' c’ c’ c' c
1] 327 |642|6.73 548697 | 39.6 | 1504 | 115.6 | 133.1 | 99.0 | 139.8
2] 323 [631]675(545]6.87| 39.0 | 151.8 | 112.1 | 134.0 | 99.5 | 139.0
3] 349 [6.14]6.79[5.66|7.05| 39.7 | 1552 | 113.6 | 135.3 | 101.6 | 138.9
4] 3.68 [620]6.79[576|7.12| 402 [ 153.0 | 114.3 | 135.7 [ 103.4 | 138.8
5] 378 |6.20]6.87 (594|726 41.1 |153.4 | 115.1 | 136.3 | 105.5 | 139.2
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2.2.2 Bidentate PYE ligands

Considering that bidentate nitrogen ligands have been applied extensively, in
particular to homogeneous catalysis,"* we decided to develop bidentate PYE ligands
(Scheme 2-5) from 2-chloro-1-methyl pyridinium iodide (I). Another pyridinium salt, 2-
chloro-1-benzyl pyridinium bromide (II) was prepared by a one-step reaction between
benzyl bromide and 2-chloro pyridine.27 A variety of chiral and achiral diamines were
selected, thus enabling the modification on the backbone of PYE ligands to tune the steric

and electronic effect at the metal centre, which will be discussed further in Chapter 3.
2

RS 2
E\/L Rl e N *N/R\N* B
\ /

« N*ClK,CO; or NER, N N
R MeCN, 80 °C ‘R R
1
R = Me, X = I (I

1 2
R' = Bn, X = Br (Il) R’ = Me, R” = CoH, (6)

R' = Me, R? = (R, R)-c-CgH1o (7)
T BnBr R' = Bn, R? = C,H, (8)
X R'=Me, R = CaMey (9)
[PACI R' = Me, R? = (S, S)-CH(Ph)C(H)Ph (10)

R' = Bn, R? = (S, S)-CH(Ph)C(H)Ph (11)
R' = Me, R? = CgHq4 (12)

R' = Me, R? = CqH,Me,(13)

R' = Me, R? = C3Hg (14)

Scheme 2-5. Synthetic route to bidentate PYE ligands.

Initially, potassium carbonate, which can be removed easily after a reaction by
filtration, was used as the base for synthesis of compounds 1-3, 6-8, and 12-13. However,
attempts to synthesise ligand 9 were problematic suffering from long reaction times and
low yields and significant by-product formation, including (a) and cyclisation by-product
(b) as shown in Scheme 2-6. Potentially, problems occurred because the solubility of
potassium carbonate in organic solvents is poor leading to slow deprotonation, therefore
triethyl amine was used because it can be easily removed under reduced pressure and is
miscible with acetonitrile. Comparatively, a shorter reaction time, good yield and easy
work-up (recrystallization) were possible. This method was utilized for ligands 4-5, 9-11
and 14 where good yields are obtained in 66 — 92 %. Apart from 6 which shows poor

solubility in all organic solvents, all the other compounds 7-14 are quite soluble in
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chlorinated, alcoholic solvents, THF and acetonitrile, but poor in hydrocarbon, aromatic

solvents and water.
S —
LA M . @:N NH, (a)
N" Cl  H,N  NH, N
| \

Scheme 2-6. Products resulting from synthesis of ligand 9 using potassium carbonate as base determined by

'H NMR spectroscopy.

All the compounds were characterised by elemental analysis, mass spectrometry and
'H and °C NMR spectroscopy and in select cases single crystal X-ray diffraction. The 'H
and "°C assignments are based on NoeSY, 'H-'"H COSY and *C HSQC experiments. A set
of symmetrical signals were shown in NMR spectra indicating C, symmetry of bidentate
PYE ligands. Taking compound 8 as a representative example and using the numbering
scheme shown in Figure 2-2, "H NMR spectroscopy shows distinctive signals for the PYE
moiety at 5.46 (H4), 6.45 (Hz), 6.70 (H3), and 6.80 (HS) ppm and corresponding BC NMR
signals at 101.1 (C*), 113.6 (C?), 134.3 (C?), 137.9 (C°) and 153.3 (C") ppm respectively.
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Figure 2-2. '"H NMR spectrum of compound 8 in CDCl; and numbering scheme for compound 8.

Single crystals of 7 suitable for X-ray diffraction were grown from acetone and
diethyl ether. The molecular structure is shown in Figure 2-3 and selected bond lengths and
angles are given in Table 2-2. The asymmetric unit contains one half of 7 with coincident
crystallographic and molecular C, axes. Examination of C-C and C-N bond lengths and
comparison with the single crystal X-ray structure of 2-amino pyridine®™ *° gives some
information regarding the electron distribution of the PYE ligand system (Figure 2-3 and
Table 2-2). In 2-aminopyridine, the bond lengths inside and outside the the ring suggest an
aromatic structure where all the C-N bonds are ca. 1.345 A (Figure 2-4), which is a typical
C(sp>)-N bond.”® In contrast, a localised multiple bond structure shown in Scheme 2-5 is a
good representation for 7 (and for all PYE compounds), where for example C(1)-C(2) and
C(2)-C(3) are 1.4496(16) and 1.3527(16) A respectively and the exo-imine bond C(1)-N(1)
= 1.2960(15) A. The atoms about the C(1)-N(1) bond are also essentially planar with planes
defined by C(2)-C(1)-N(2) and C(7)-N(1)-C(1) only ca. 6.5 % from coplanarity. The lone

pairs of electrons on atoms N(1) and N(1’) are pointing in opposite directions.
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Figure 2-3. Molecular structure of compound 7. Ellipsoids are shown at 50 % probability. Hydrogen atoms

have been removed for clarity.

Table 2-2. Selected bond lengths (A) and angles (°) for compound 7.

bond lengths (A) bond angles (°)
C(1) = N(1) | 1.2960(15) C(1)-=N(1)-C(7) 119.29(9)
C(1)-C(2) | 1.4496(16) C(2)-C(1)-N@) 113.83(10)
C(2)-C@3) | 1.3527(16) C(1)-N(2)-C(5) 122.70(10)
C(1)=N(2) | 1.4078(14) | C2)-C(1)=N(1)-C(7) | 6.60(18)
1.380(3) 1.364(2)

1.367(3) 1.405(2)
1.351(2)
134020 N 1.345(2) NH2

Figure 2-4. Bond lengths (A) in 2-aminopyridine.

Single crystals of 12 suitable for X-ray diffraction were also grown from acetone
and diethyl ether. The molecular structure is shown in Figure 2-5 and selected bond lengths
and angles are given in Table 2-3. In the solid state the compound does not exhibit C,
symmetry. For example, the planes defined by C(2)-C(1)-N(2) and C(8)-C(7)-N(1) give ca.
88.08 ° from coplanarity, whereas the planes defined by C(14)-C(13)-N(4) and C(8)-C(7)-
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N(1) give a significant different angle ca. 60.35 °. Furthermore, the bond lengths of the aryl
ring reflect electrons that are delocalised, whereas the PYE moieties exhibit bond lengths
indicative of a localised system. There is no structural evidence for conjugation between the
PYE and phenyl groups. Comparison of bond lengths between 7 and 12 within the PYE

ring and exo imine does not show any significant differences.

c(16)

c(17)

Figure 2-5. Molecular structure of compound 12. Ellipsoids are shown at 50 % probability. Hydrogen atoms

have been removed for clarity.

Table 2-3. Selected bond lengths (A) and angles (°) for compound 12.

bond lengths (A) bond angles (°)
C(1) = N(1) | 1.2960(17) C(1) = N(1)-C(7) 118.25(11)
C(H-C(2) | 1.4371(18) C(2)-C(1) = N(1) 128.11(12)
C(2)-C@3) | 1.3547(19) C(1) -N(@2)-C(5) 122.32(12)
C(1)=N(2) | 1.4012(16) | N(1) - C(7) —=C(8) - C(9) | 175.68(12)
C(13) =N(3) | 1.2997(17) | C(1) = N(1) = C(7) = C(8) | 87.13(15)
C(7)—=N(1) | 1.4161(16)

Importantly, compounds 1-14 all show single E-isomer conformation and there is
no evidence for rotation or significant libration about the exocyclic C-N bond in any of the
compounds at the temperatures studied. It appears the observed E-isomer is
thermodynamically dominant, presumably for steric reasons. To study the steric tolerance
and whether the Z-isomer exists, an analogue 15 with more bulky isoquinolin group and

biphenyl ethylene backbone was prepared using similar condition as for 1-14 (Scheme 2-7).
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The ESI mass spectrum of 15 recorded in positive-ion mode contains a strong peak at m/z
495.2 due to the [M+H]" ion. The '"H NMR spectrum of 15 shows a single set of
symmetrical signals indicating formation of only one isomer. There is no correlation
between either isoquinolin or N-methyl and phenyl protons in NoeSY experiment. At this
stage, it is not clear if 15 is the E or Z isomer. This work was conducted at the end of
project and due to lack of time, further investigation will be carried out in the group at a

later stage.

Scheme 2-7. Synthetic route to bulky isoquinolin analogue 15.

As one of aims of this project, in order to understand electronic and structural
features of PYE containing complexes and identify potential decomposition products, the
protonation of PYE compounds was examined. Addition of 2 equivalents of acid gave
similar behaviour and spectroscopic data but to date only single crystals of protonated 6
have been obtained as compound 16. Addition of two equivalents of HBF,.Et,O to 6 gave
16 (Scheme 2-8) that could be recrystallised as the bromide salt from methanol as

colourless crystals. The molecular structure is shown in Figure 2-6 and selected bond

(i

\ N*  H H Rl* /

— /\ —\_ HBFy, 25 °C BF‘{\ # / BFy
o o 4,

\ N N / E—— I

\ /
R o
B, (B)

/B,

lengths and angles are given in Table 2-4.

(16)

Scheme 2-8. Synthesis of protonated ligand 16 and possible representations A and B.
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One half of the molecular formula is contained in the asymmetric unit with a
methanol molecule of crystallisation for each PYE moiety. Comparison of bond lengths
between 7 and 16 within the PYE ring and exo imine show that the significant differences
are a lengthening of C(1)-N(1) (0.04 A) and shortening of C(1)-N(2) (0.03 A) with little
change in the remaining C-C and C-N bonds. The bond lengths C(1)-N(1) = 1.334(4) and
C(1)-N(2) = 1.374(4) A of 16, and planarity of the atoms about the C(1)-N(2) bond, suggest
that representation B in Scheme 2-8 is perhaps a more accurate description of the bonding

than A, which is occasionally presented for these molecules.”’

Figure 2-6. Molecular structure of compound 16. Ellipsoids are shown at 50 % probability. Hydrogen atoms

except H(1) and H(1’) been removed for clarity.

Table 2-4. Selected bond lengths (A) and angles (°) for compound 16.

bond lengths (A) bond angles (°)
C(1)-=N(1) | 1.3344) C(1) =N(1)-C(7) 124.2(3)
C(1)-C(2) | 1.4134) C(2) - C(1) = N(1) 123.9(3)
C2)-C@3) | 1.366(5) C(1) =N(2)-C(5) 121.6(3)
C(1)-N(@2)| 1.3744) | CQ)-C()-NM-CT) | 2.8(5)

Furthermore, the exocyclic C=N bond is very resistant to hydrolysis. Taking
compound 6 as an example, no decomposition was observed after 6 was refluxing in D,O
as determined by using 'H NMR spectroscopy. In addition, there is no occurrence of acid-
catalysed E/Z isomerisation for the protonated form of PYE ligands, which is a well-known

o 32
process for imine type compounds.

51



2.3 UV-vis and IR spectroscopic studies of bidentate PYE ligands

As mentioned in section 2.1, PYE type compounds have been studied by UV-vis
and IR spectroscopy for many decades, however, previous literature only describes simple
monodentate PYE molecules designated as 1-MIP or 1-MPI (1-methyl-2(1H)-pyridinimine)
and 2-MIP (1,2-dimethylpyridinimine) as shown in Figure 2-7."%2! There are no
descriptions and discussion on the spectroscopic studies of bidentate PYE compounds. In
the following, we will report the spectroscopic studies of bidentate PYE compounds,
including ultraviolet-visible absorption and infra-red spectroscopy, and compare those with

previously reported data.

L. O
l‘\l NH "\1/\\N/

Figure 2-7. The molecular structures of 1-MIP and 2-MIP.

2.3.1 UV-vis absorption studies

Owing to solubility issues and no additional chromophores apart from the PYE
moiety, we took compound 7 as a representative example. The UV-vis absorption spectrum
of 7 in acetonitrile (Figure 2-8) shows the first prominent absorption centred at about 314
nm extending to approximately 440 nm and a second, stronger absorption with a maximum
at about 240 nm. The structure at wavelengths less than 220 nm is due to instrumental
artifacts. Beer’s law plots were generated at a wavelength of 240 and 314 nm, and the
results are shown in Figure 2-9. Compound 7 was found to have a molar absorption
coefficient of € = 17551 (166) M cm™ at 240 nm and 9756 (143) M cm™ at 314 nm. The
spectrum of 2-MIP recorded in water shows a short-wavelength and a long-wavelength

band maximum at approximately the same wavelength, 235 and 312 nm respectively, as for

7.

In contrast, the UV-vis absorption spectrum of protonated form 16 in actonitrile
(Figure 2-10) is similar to the corresponding spectrum of 7 except that the long-wavelength

absorption band exhibits a slight blue-shift to approximately 310 nm. The short-wavelength
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band is at approximately the same, 240 nm, as in 7. This observation is consistent with
what Traore et al.*' found for 1-MIP and 2-MIP that there are no virtually distinguishable
absorption spectra between the neutral and protonated form. A molar absorption
coefficient of € = 20371 (19) M cm™ at 240 nm and 13299 (66) M"' cm™ at 310 nm
(Figure 2-11) for 16 is significantly higher than 7, suggesting that electron redistribution

occurs on protonation.
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Figure 2-8. UV-vis spectrum of 7 in acetonitrile.
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Figure 2-9. Beer’s law plots for 7 in acetonitrile at 240 nm (left) and 314 nm (right).
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Figure 2-10. UV-vis spectrum of 16 in acetonitrile.
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Figure 2-11. Beer’s law plots for 16 in acetonitrile at 240 nm (left) and 310 nm (right).

2.3.2 Infra-red studies

Inuzuka and co-workers'® reported that three prominent strong bands corresponding
to C=C group and C=N groups of the PYE moiety are characteristic of the IR spectra of
PYE type compounds. For 1-MIP (Figure 2-7), three strong bands at 1647, 1572 and 1533
cm™ in CCly and 1644, 1563 and 1529 cm™ in the neat liquid respectively were observed in
the IR spectra. Taking compound 7 and protonated ligand 16 as examples (Figure 2-12), we
found three similar strong bands as 1-MIP at 1638, 1575 and 1539 cm’! for 7, and four
strong bands at 1642, 1592, 1555 and 1535 cm’ for 16 in KBr.
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Figure 2-12. IR spectra of compound 7 (above) and protonated ligand 16 (below).

In comparison with three band attributed to the stretching vibrations of the C=N and
C=C bonds of 7, the appearance of one more band in the IR spectrum of 16 indicates a

significant delocalisation change within the heterocycle ring and exocyclic C=N bond.
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2.4 Reactivity tests of PYE ligands

Considering the potential future study of PYE compounds and complexes, some
reactivity has been explored to determine the stability and possible decomposition routes.
Firstly, the reactivity of compound 7 toward the Grignard reagent MeMgBr was tested at 60
°C. According to "H NMR spectroscopy, the tolerance of ligand 7 toward Grignard reagents
is high and nearly quantitative starting material was recovered without any products of

nucleophilic addition (Scheme 2-9).

Secondly, a series of hydrogenation tests were conducted with compound 7 and 9
catalysed by 10 % Pd/C or RhCl;.xH,0. Compound 7 was examined using 10 % Pd/C in
ethanol at 25 °C (Scheme 2-9). After stirring overnight under 1 atm Hj, no change occurred
as judged by 'H NMR spectroscopy and compound 7 was recovered essentially
quantitatively. Furthermore, increasing the pressure of H, to 10 bar, an ethanolic solution of
compound 9 was stirred for 2 h at room temperature with 10 % Pd/C or RhCl;.xH,0. A
mixture of starting material and hydrogenated products was detected by 'H NMR
spectroscopy for both conditions. Increasing the pressure of H, to 50 bar gave a single
hydrogenated product a determined by 'H and '>C NMR spectroscopy, and mass
spectrometry where a single mass peak 307.2 corresponding to cation [a+H]" was observed.
The failure to hydrogenate the exocyclic C=N double bonds is probably due to the steric

hindrance of the tetramethyl ethylene group and the heterocyclic rings.
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\ / or RhCl3.xH,0 G,\P <NO
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Scheme 2-9. Stability test of compound 7 and 9.

2.5 NBO calculations for neutral and protonated PYE ligands

To aid the understanding of the electronic properties of PYE ligands, NBO

calculation has been conducted by Dr. John Slattery.

3_ A2
o \//— T \// ZC C\1 1
— C C'—N
\ N N 2N \ /
N\ N\ C5-N?
C

Figure 2-13. PYE compound 1 and its protonated form.

NBO calculations were performed at the PBEIPBE/TZVP level using
GAUSSIANO3. For 1 the NBO results are based on the imine resonance form with
substantial delocalisation of the N(2) lone pair into the C(1)-N(1) and C(4)-C(5) ® BD*
orbitals (with the formation of N(2)-C(1) and N(2)-C(5) & interactions). The magnitude of
these can be gauged from the resulting occupation of the N(2) lone pair (1.555 €°) and the
stabilisation energy of these interactions (176 and 213 kJ mol™ respectively). In addition,
the C(4)-C(5), C(2)-C(3) and C(1)-N(1) © bonding orbitals are also delocalised around the

aromatic system, but to a lesser extent. The C(1)-N(1) ® bonding orbital has an occupation
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of 1.950 e suggesting a large degree of double bond character. In contrast, the NBO results
for protonated form of 1 (Figure 2-13) are based on the aminopyridinium resonance form
with delocalisation of the N(1) lone pair into the C(1)-N(2) ® BD* orbital (the N(1) lone
pair occupation is 1.656 ¢ and stabilisation energy for this interaction is 397 kJ mol™) to
give a system with significant C(1)-N(1) double bond character. In addition to this, the 7
system around the ring is significantly delocalised. These results suggest, along with the
structural evidence, that protonation leads to a considerably more amidopyridinium-like

structure, but that the C(1)-N(1) bond retains significant double bond character.

2.6 Conclusions and the future work

A modified procedure of the synthesis of PYE ligands was found and a series of
monodentate PYE ligands 1-5 and bidentate PYE ligands 6-14 including achiral and chiral
examples were synthesised and fully characterised. The method has shown good functional
group tolerance including alcohol (3) and bulky (15) groups. According to the comparison
of X-ray structures between PYE compounds and 2-aminopyridine, the electronic structure
of PYE may more strongly resemble a conjugated polyene as shown in Scheme 2-5 than the
delocalised aromatic structure of pyridine. In contrast, the protonated ligand shows that the
heterocycle moiety exhibits increased pyridinium character, although there is always
significant double-bond character in the exocyclic C-N bond. UV-vis absorption spectra of
7 show a m* electronic transition and the slight bathochromic shifts in absorption relative
to 2-MIP could be due to the donation of electron density to the n-bonding system by the
cyclohexyl ring. Moreover, the resistance to hydrolysis and hydrogenation under mild
conditions will benefit the catalytic reactions tested in the future. Finally, the modularity of
PYE ligands will allow us to investigate the coordination chemistry and reactivity of

transition metal complexes with respect to steric and electronic properties.
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3.0 Transition metal complexes with PYE ligands and their

catalytic applications

3.1 Introduction

PYE derivatives have been known for a long time, however there is very little
chemistry describing their coordination chemistry and application. As proposed in Section
2.1, one important feature resulting from metal coordination of PYE ligands is strong
donation due to a contribution of the pyridinium—amido resonance structure to the metal—
ligand bond. The resulting strong donation could potentially facilitate oxidative addition
reactions making PYE ligands useful ancillary ligands in catalysis. Furthermore, the
modular synthetic route to PYE ligands allows installation of various substituents including
bulky and stereogenic groups. Study of the steric effects on the reactivity of PYE metal

complexes could be very interesting.

Herein, coordination chemistry of PYE ligands with a range of transition metals will
be described and the characterising data of the resulting metal complexes, including
spectroscopy and X-ray diffraction will be carefully interpreted to understand the
stereoelectronic properties of PYE ligands. The reactivity of the complexes with a series of

substrates will be studied and some select catalytic reactions will be described.

3.2 Rhodium complexes with monodentate PYE ligands

The measurement of the carbonyl IR stretching frequencies of dicarbonyl rhodium
complexes (L)Rh(CO),Cl has been commonly used to determine the donating properties of
a two electron neutral ligand, L. The corresponding data of various selected ligands

including nitrogen, phosphine, and carbene types are illustrated in Table 3-1.
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Table 3-1. IR carbonyl frequencies (cm'l) of cis-[(L)Rh(CO),CI] complexes.

ligands v(CO) I | v(CO) II | average
pyridine ' 2089 | 2015 2052
PPh; 2087 2009 2048
PMe,Ph * 2089 | 2002 | 2046
1, 3-dimethyl imidazol-2-ylidene * 2076 2006 2041
1, 3-dimesitylimidazolidin-2-ylidene * 2081 1996 2039
isopropyl-(1-methyl- 1H-pyridin-4-ylidene)-amine > | 2077 1998 2038
(tert-butyl)-(diisopropylamino)carbene ° 2070 1989 2030

In order to have a knowledge of the donating ability of PYE ligands, a
(L)Rh(CO),Cl1 type complex was isolated from reaction between ligand 1 and [RhC1(CO),],
in toluene giving the complex [(M*N"®")Rh(CO),Cl] 17 (Scheme 3-1) as an air sensitive
white solid in 95 % yield. For complex 17, IR spectroscopy in toluene shows two CO peaks
at 2071 and 1992 cm™, and in a KBr matrix 2071 and 1989 cm™ (average 2030 cm™). By
this measure, 1 is a significantly stronger donor than most of the selected ligands shown in
Table 3-1. Remarkably, the average v(CO) value of 17 is similar to acyclic carbene (tert-
butyl)-(diisopropylamino)carbene which is one of the most strongly donating carbenes
currently known, indicating that using the (L)Rh(CO),Cl probe, 1 is a strongly donating
ligand. An analogous complex of isopropyl-(l-methyl-1H-pyridin-4-ylidene)-amine5 gave

stretching frequencies at 2077 and 1998 cm™ indicating 1 may be a marginally better donor.

With respect to the donating properties of PYE containing ligands, comparison of
the IR data of 17 with literature data would suggest that these compounds are strong donor
ligands. However, some caution should be applied when interpreting data of this type in

which multiple n-acceptor ligands are present and steric factors may be important.

. Bu' Cl
p— /Bu \ R
{ o= [Rh(CO),Cll SN Rh—e0
NV /—0C
\ N—
1 17

Scheme 3-1. Synthesis of rhodium complex 17.
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Comparison of 'H and C NMR spectroscopy between 17 and ligand 1 (Table 3-2)
in CD3C¢Ds shows downfield chemical shifts for all signals, with the most significant
changes in the "H NMR for H* (5.15 to 5.63 ppm) and H? (6.35 to 6.81 ppm). In addition
to two signals at 182.0 (IJRh_C = 78 Hz) and 183.8 (IJRh_C = 66 Hz) ppm assigned to the
carbon monoxide ligands, the most significant changes in the '*C NMR spectrum are for C'
(149.6 to 164.5 ppm), C* (115.0 to 122.4 ppm), and C* (98.1 to 108.0 ppm). Unfortunately

poor solubility of protonated ligand 16 in toluene prevented comparison of 1 and 17.

Table 3-2. 'H and *C NMR chemical shifts (ppm) of 1 and 17 in CD;C¢Ds.

1635|645 |5.15]6.26 | 149.6 | 115.0 | 132.7 | 98.1 | 139.4
17 | 6.81 | 6.58 | 5.63 | 6.40 | 164.5 | 122.4 | 134.6 | 108.0 | 140.2
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To provide some further insight into the metal-PYE bond, a theoretical analysis was
conducted by Dr. John Slattery to place PYE ligands in the context of other donors.” Two
models Ni(CO);L and IrCp(CO)L (L = neutral two electron ligands) have been used to
evaluate the donor properties of the selected ligands by correlating the calculated v(CO)
with the calculated CO bond length {d(CO)} in complexes. Herein, a better correlation
result from calculated IrCp(CO)L complexes compared with Ni(CO);L is shown in Figure
3-1. Ligands lying to the left hand side of Figures 3-1, with lower frequency v(CO) bands
can be considered to be strong net donors and those lying to the right hand side weak
donors with significant acceptor character. An expected ranking of donor strength for
known ligands is shown within a class e.g. PMes; > PH; > PF;. IrCp(CO)L model shows
pure c-donor ligands such as NMes as being very strong donors. The PYE ligand 1 is found
in the region of very strong N-donor ligands and on this scale is ranked as a stronger donor
than for example, the NHCs included in the study. In fact, the complex IrCp(CO)(1) is
found to have the second lowest v(CO) of all the ligands studied, which supports the

experimental IR data for analogous RhCI(CO),L complexes.
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Figure 3-1. A plot of v(CO) (cm'l) vs. d(CO) (A) for the [rCp(CO)L complexes studied.
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3.3 Nickel complexes with PYE ligands
3.3.1 Introduction

Nickel chemistry of nitrogen donor ligands has been extensively investigated with
respect to catalytic applications in the last few decades. In particular, remarkable success
has been obtained for polymerisation®® and C-C cross-coupling.'®'? In 1995 Brookhart and
co-workers reported nickel and palladium complexes with o-diimine ligands can catalyse
olefin polymerization.'® This system was unique from other late metal catalysts due to the
ability of producing high molar mass materials, rather than oligomers, from both ethylene
and higher a-olefins. Since then, much effort has been done on modification of a-diimine

and design of new nitrogen ligands to explore potential various polymer features.®

Due to the versatility of cross-coupling to build new carbon-carbon bonds in organic
molecules, metal-catalysed cross-coupling has been of special interest for decades.
Numerous instances of transition metal complexes catalysing C-C cross coupling of both
Cyp2 and Cgp3 centres have been investigated. However, for alkyl-alkyl cross-coupling
reactions, side reactions led by B-hydride elimination and/or dimerization of radicals from
reduction of alkyl halides are the main obstacles to expand the scope of implementation of
this methodology, which requires the exploration of new ligands and conditions. In recent
years, nickel complexes incorporating nitrogen ligands have exhibited interesting reactivity
in this area. In 2004, Vicic and co-workers demonstrated that Ni(I) species with a
terpyridine ligand can be catalytically active in the cross-coupling of unactivated alkyl
halides.'* In 2005, Fu er al. reported the first examples of asymmetric Negishi cross-
couplings of alkyl halides using C,-symmetric pybox ligands.'” More recently, Hu ar el.
reported that a new pincer-type amido bis(amine) ligand M°NN,) coordinated to a Ni(Il)
centre can be applicable in selective C-C bond formation resulting from multi C-CI bonds

activation.'> Some examples of nitrogen ligands are summarised in Figure 3-2.
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Figure 3-2. Examples of nitrogen donor ligands utilized in polymerisation and cross-coupling.

Due to the high activity of a-diimine and pybox ligand nickel (II) complexes in
polymerisation and cross coupling respectively, we decided to synthesise nickel complexes

of ligands 7-9 and 12, and investigate the potential electronic properties of PYE ligands.

3.3.2 Synthesis and properties of nickel(II) complexes with PYE ligands

Reaction between the precursor NiBry(DME) and ligands 7-9 and 12 in
dichloromethane at room temperature gave the complexes [NiClz(MeNC6HIONMe)] (18),
[NiICL(*"N 2NN (19), [NiICL(MNCMOP2NMe)] (20) and [NiICL(VNMNY9)] (21) as
paramagnetic dark green (18-19) or dark red (20-21) solids respectively (Scheme 3-2).
Mass spectrometry, elemental analysis and in select cases single crystal x-ray diffraction
are consistent with the proposed formulations. Complexes 18-21 are very soluble in CHCls,
CH,Cl, and MeCN but poorly soluble in other common organic solvents. Complexes 18-21
are quite moisture and air sensitive, being stable as solids for hours and decomposing
within minutes in solution in air. The decomposed products are the corresponding

protonated ligands and what is presumed to be nickel(Il) hydroxide.
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Scheme 3-2. Synthesis of nickel(Il) complexes of PYE ligands.

Single crystals of 18 suitable for X-ray diffraction were grown from acetonitrile and
diethyl ether at -40 °C. The molecular structure is shown in Figure 3-3 and selected bond

lengths and angles are given in Table 3-3.

Figure 3-3. Molecular structure of complex 18. Ellipsoids are shown at 50 % probability. Hydrogen atoms

have been omitted for clarity.

Table 3-3. Selected bond lengths and angles for complex 18.

bond lengths (A) bond angles (°)
Ni(1) - Br(1) | 2.4106(4) N(1) - Ni(1) - N(3) 86.85(7)
Ni(1) -Br(2) | 2.3934(3) Br(1) —Ni(1) - Br(2) 107.433(12)
N(1) - Ni(1) | 1.9931(16) C2)-C(1)-N(1)-C() 13.1(3)
N(@3) —Ni(1) | 1.9990(16) | C(14) — C(13) - N(3) — C(12) 11.8(3)

The complex 18 exhibits pseudo C, symmetry. The geometry at the nickel atom is
close to tetrahedral, where the angle between the planes defined by N(1)-Ni(1)-N(2) and
Br(1)-Ni(1)-Br(2) is ca. 74.05 °. Compared with 7 and 18, the nitrogen atoms N(1) and
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N(3) show distinct pyramidal geometry, where the sum of the angles about atoms N(1) and
N(3) are ca. 342.6 and 343.68 ° respectively. The ligand bite angle N(1)-Ni(1)-N(3) =
86.85(7)° is approximately four to seven degrees greater than the structurally related 2, 2’-

bipyridine and a-diimine bidentate nitrogen ligands.'® "’

Single crystals of 21 suitable for X-ray diffraction were grown from
dichloromethane and diethyl ether at -40 °C. There are two molecules with a slight
difference in bond lengths and angles in the asymmetric unit. Both molecules are
symmetrical about the Br-Ni-Br plane. The molecular structure is shown in Figure 3-4 and

selected bond lengths and angles are given in Table 3-4.

Figure 3-4. Molecular structure of complex 21. Ellipsoids are shown at 50 % probability. Hydrogen atoms

have been omitted for clarity.

Table 3-4. Selected bond lengths (A) and angles (°) for complex 21.
21(A)

bond lengths (A) bond angles (°)
Ni(1) = Br(1) | 2.3988(9) N(1) — Ni(1) - N(1) 84.49(18)
Ni(1) -Br(2) | 2.3853(8) Br(1) — Ni(1) — Br(2) 107.10(3)
N(1) — Ni(1) 1.998(3) | C2)-C(1)-N()-C(7) | 22.4(5)
21(B)

bond lengths (A) bond angles (°)
Ni(2) - Br(3) | 2.3989(9) N(3) —Ni(2) - N(3) 84.63(18)
Ni(2) - Br(4) | 2.3894(8) Br(3) — Ni(2) — Br(4) 105.09(3)
N@3)-Ni(2) | 2.0053) |C2)-C)-N()-C(7 | 24.6(5

68



The complex 21 exhibits pseudo Cs symmetry with a mirror plane through the plane
defined by Br-Ni-Br. Similarly, the geometry at the nickel atom is close to tetrahedral,
where the angle between the planes defined by N(1)-Ni(1)-N(2) and Br(1)-Ni(1)-Br(2) is
ca. 90°. The two N-methyl groups are pointing in the same direction. In comparison with 18,
the bite angle N-Ni-N in 21 is slightly smaller which is attributed to the rigid aryl backbone,
however the N-Ni bond lengths are quite similar. The slightly difference of Ni-Br bond
lengths within the individual molecule is partly accounted for by different packing effects
at individual bromine atoms as a result of the absence of crystallographic symmetry for the
molecules.'® The Ni-N and Ni-Br bond lengths of both 18 and 21 are in the typical range

for bidentate nitrogen ligands."’

Comparison of bond lengths (Table 3-5) within the PYE moieties between 7, 16, 18
and 21 shows the structure of PYE moieties of 18 and 21 are close to the protonated salt 16.
Therefore the structure drawn in Scheme 3-2 is a more accurate representation of the

bonding, where electron density in the PYE moiety tends to be localised.

Table 3-5. Comparison of bond lengths (10\) between 7, 16, 18 and 21.

[MeNC6H10NMe] [MeN(H)(CH2)2N(H)Me] [NiBr2(MeNC6HIONMe)] [NiBrz(MeNC6H4NMe)]

%) (16) 18) 1)
1.357(5)

C)=N() | 1.2960(15) 1.334(4) 1.332(3)
1.347(5)
1.427(5)

C)-CQ) | 1.4496(16) 1.413(4) 1.424(3)
1.421(5)
C2)-C@3) | 1.3527(16) 1.366(5) 1.360(3) 1337(6)
N ' ' ' 1.382(6)
1.355(5)

C()-NQ) | 1.4078(14) 1.374(4) 1.388(3)
1.378(5)

Magnetic moments were determined at room temperature in CD,Cl, using the Evans
method.” The values for complexes 18-21 are 3.01(0.19), 3.18(0.12), 2.58(0.07) and
2.70(0.10) pp respectively, which is slightly different from the spin-only value of 2.83 g

for high spin tetrahedral d* complexes.
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As mentioned in section 3.2.1, remarkable success has been exhibited in
polymerisation and cross-coupling catalysed by nickel complexes with nitrogen ligands. So
some initial test of catalytic activity was inspired to explore the potential reactivity, if
possible, with nickel complex with PYE ligands. Polymerisation tests were carried using
samples of complex 18-20 in the group of Prof. P. T. Gomes, Institute Superior Tecnico,
Lisbon, Portugal. Unfortunately, the complexes did not show polymerisation activity.
Furthermore, Suzuki cross-coupling between bromobenzene and phenylboronic acid was
attempted with complex 18 under standard reaction conditions, however no cross-coupling

product was obtained (vide infra).

3.4 Palladium (IT) complexes of PYE ligands
3.4.1 Introduction

During the last few decades, palladium complexes incorporated with nitrogen donor
ligands have attracted much attention from academia and industry as they show a variety of

2022 and biological activity.23’ * Due to the

interesting features, in particular catalytic
stability and versatility of nitrogen ligands, a number of palladium complexes with various
nitrogen ligands have been synthesised and investigated in a variety of catalytic reactions
including cross-coupling,25 oxidation,”® hydroamination27 and asymmetric varients. Along
with the continuous development, those original “small scale” methods in laboratory have
been practically utilized in fine chemical and pharmaceutical industry on a larger scale.”®
Similarly, Pd complexes with nitrogen ligands have shown great potential for biological

activity, especially as antitumor agents due to the similarity between the coordination

chemistry of palladium(II) and platinum(II).
In order to understand the influence of the steric and electronic effect of PYE

ligands on the reactivity of metal complexes and further investigation of catalytic

applications, we decided to synthesise palladium complexes with PYE ligands.
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3.4.2 Attempts to prepare palladium complexes with mono-PYE ligands

The first attempts to synthesise palladium complexes incorporating PYE ligands was
commenced using monodentate PYE ligands 1 and 2 with the precursor PACl,(CH3;CN)y,
which contains two acetonitrile ligands which are very labile. According to the literature,
complexes of the type Pd(L)(MeCN)Cl, (where L = nitrogen ligands) have not been
isolated, whereas cis-Pt(Py)(MeCN)Cl, is stable.”’ This difference between two metals
from the same group could be derived from the variation of the dissociation energy due to
stronger Pt-L bonds. Unsurprisingly, complexes of the type Pd(L),Cl, (where L = nitrogen

ligands) such as trans-Pd(Py),Cl, have been recognised for very long time.*

Reactions between PYE ligands and PdCl,(CH3CN), in 1:1 and 2:1 ratio were
carried out at room temperature in acetonitrile, where the reaction colour became red
instantaneously (Scheme 3-3). However, in both cases (1:1 and 2:1 ratio), '"H NMR
spectrum shows an extra broad peak around 8 ppm indicating formation of a protonated
ligand species after reaction. The chemical shifts derived from the ligand are close to those
of the protonated form generated from addition of 1 eq. of HBF4(Et,O) into a solution of
ligand. Refluxing the reaction mixture made no change. The steric interference of N-methyl
groups of PYE ligands is probably responsible for the failure to coordinate resulting in a

relatively weak Pd-N bond (vide infra).
R

—N PdCl,(CH5CN)
N 2 3 2
<;;} CH4CN No complex
\

R = Bu (1), Pr (2)

Scheme 3-3. Attempt to synthesis of palladium complexes.

Considering the instability resulted from rapid dissociation observed above,
compound 4 with a naphthyl group was introduced to act as a bidentate ligand via
orthopalladation to stablise Pd(II). An analogous ligand was used by Dupont et al. to

synthesise a dimeric palladacycle complex as shown in Figure 3-5.
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Figure 3-5. Palladacycle with N,N-dimethyl-1-naphthylamine ligand.

However, reaction between compound 4 and PdCl,(CH3CN); in the presence of
potassium carbonate as base on refluxing gave no complex as judged by 'H NMR
spectroscopy and shows a series of complicated broad signals, indicating possible

decomposition or intermolecular metallation has occurred.

o PdCI;(CH3CN),

N KoCOg / CHaCN
\

No complex

4

Scheme 3-4. Attempt to synthesis of palladium complex with compound 4.

3.4.3 Preparation of palladium(II) dihalide complexes using chelating PYE ligands

As palladium complexes incorporating bidentate nitrogen donor ligands have been
utilized in a variety of catalytic transformations, we decided to study the reactivity of
bidentate PYE ligands with palladium precursors. Again, Pd(CH3CN),Cl, was first chosen
as the palladium precursor. Initial tests were carried out in a Youngs-type NMR tube where
free ligand (compound 6 was unsuccessful to test due to poor solubility in organic solvent),
Pd(CH3CN),Cl, and acetonitrile-d; were added. After shaking the tube for a few minutes,
all the starting materials were dissolved in the solvent giving a deep green (12) or a deep
red (7-11) coloured solution. The 'H NMR spectra show chemical shifts significantly
downfield from free ligands, indicating complexation has occurred. However, the "H NMR
spectra of compound 7-11 with Pd(CH3CN),Cl, show beside the expected signals, which
can be attributed to a C, symmetric palladium complex, several other signals reflective of
extra species. Alternative reaction temperatures and solvents did not give a pure material.

This chemistry will be discussed in Chapter 4.
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3.4.3.1 Synthesis of [PdCL(MN“™NMe)] (22)

Reaction between compound 12 and Pd(CH;CN),Cl, in acetonitrile at room
temperature (Scheme 3-5) gave the complex [PACL(M*N“*NM¢)] 22 as a dark green solid.
Complex 22 is air and moisture stable, and moderately soluble in chlorinated solvents,
acetone, acetonitrile and ethyl acetate. 'H and BC NMR spectroscopy, mass spectrometry

and elemental analysis are consistent with the proposed formulation.

; Z Pd[(CH3CN),Cl,] ; 2
MeCN /r.t.

Scheme 3-5. Synthesis of palladium complex 22.

Single crystals of 22 suitable for X-ray diffraction were grown from acetone and
pentane at room temperature. There are two molecules with trans and cis conformation in
the asymmetric unit. The trans-isomer shows C, symmetry with one half of the molecule in
the asymmetric unit. Unlike the trans-isomer, the cis-isomer shows Cg symmetry with a
slight difference between both halves of the molecule. The molecular structures are shown

in Figure 3-6 and selected bond lengths and angles are given in Table 3-6.

CRY oy

C(19)’

QNO) ¢19) C(20)
— c(21)

Pd(2) C(;t) N(5)
C(23) cC(22)

Figure 3-6. Molecular structure of complex 22 (cis-isomer left and trans-isomer right). Ellipsoids are shown

at 50 % probability. Hydrogen atoms have been omitted for clarity.
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Table 3-6. Selected bond lengths and angles for complex 22.

Cis-isomer
bond lengths (A) bond angles (°)
C(1) - N(?2) 1.364(3) N(2) —Pd(1) - N(3) 80.23(9)
C(13)-N@) | 1.357(3) CI(1) - Pd(1) - C1(2) 89.09(2)
Pd(1)-N(2) | 2.037(2) C(2)-C(1)-N@2)-C(7) 42.9(4)
Pd(1)-N@3) | 2.041(2) | C(16)-C(15)-N@3)-C(14) | 4544
Pd(1) - CI(1) | 2.3319(7)
Pd(1) - Cl1(2) | 2.3260(7)
Trans-isomer
bond lengths (A) bond angles (°)
C(19) —-N(6) | 1.366(3) N(6) — Pd(2) — N(6) 82.47(12)
Pd(2) - N(6) | 2.038(2) CI(3) - Pd(2) - CI(3) 90.83(3)
Pd(2) - CI(3) | 2.3185(6) | C(20) - C(19) —N(6)-C(25) | 50.94)

Compared with the structure of free ligand 12, the PYE moieties of 22 show a
relatively delocalised structure, arguably greater than the protonated salt 16 probably due to
the existence of the aryl backbone. The rigid backbone gives rise to a larger torsion angle
ca. 42.9°and 45.4 ° for cis-isomer and ca. 50.9 ° for trans-isomer, where ca. 0.33 °is found
for free ligand 12. In comparison with structurally related 2,2’-bipyridine,'® the Pd-N bond
lengths in 22 are close to that in an analogous 2,2’-bipyridine complex (2.03 A), whereas
the Pd-Cl bond lengths in cis-isomer of 22 are longer than that in 2,2’-bipyridine (2.277 and
2317 A) possibly indicating a higher trans effect for the PYE ligand.

In solution, a single set of signals for 22 was observed in the 'H and "*C NMR
spectra, for example, where a singlet signal was observed for the CH3 group at 4.24 ppm. In
comparison to 12, the signals attributable to the PYE moiety are downfield but upfield for
the aryl linker (Figure 3-7). Although there were no indications of dynamic behavior
through line-broadening or resolution of signals even at temperatures down to -60 °C
(CDyClp), a flipping motion of the PYE rings is very likely according to the conformers

observed in the structure of 22.
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Figure 3-7. Comparison of '"H NMR spectra of 12 (top) and 22 (bottom) in CDCl;.
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3.4.3.2 Synthesis and dynamic study of [PdCL,(*"N“H22NEM)| (23)

An alternative precursor PA(COD)Cl, was chosen. After screening this precursor
with ligands (7-11), complex [PdClz(BnN(CHmNB ™M] 23 derived from 8 was obtained in
toluene at 70 °C and stirring for 2 hours (Scheme 3-6). Other ligands 7 and 9-11 did not
allow the preparation of pure complexes analogous to 23, due to formation of other species.

This will be discussed in Chapter 4.

i Qo
\_y / PA[(COD)CI,] \_y AN %

N _ cr
é é Toluene, 70°C é

Scheme 3-6. Preparation of palladium complex 23.

Single crystals of 23 were grown from acetonitrile at -40 °C. The molecular structure
is shown in Figure 3-8 and selected bond lengths and angles are given in Table 3-7. There
are two molecules with only a slight difference in bond lengths and angles in the
asymmetric unit. The geometry at the palladium atom is close to square planar with a ligand
bite angle N(1)-Pd(1)-N(3) = 79.18(9)° and Pd-N bond lengths identical at 2.041(2) A.
However, the Pd-CI bond lengths differ where Pd(1)-Cl(1) = 2.2944(7) and Pd(1)-CI(2) =
2.3347(7) A respectively, which is induced by the asymmetry observed in the ligand.
Orientation of the benzyl substituents to minimise non-covalent interactions also results in
a short Pd(1)-H(20a) distance of ca. 2.38 A. The complex exhibits pseudo-Cs symmetry and
bond lengths within the PYE ring moieties are similar to 18, and between free ligand 7 and

protonated salt 16.
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Figure 3-8. Molecular structure of complex 23. Ellipsoids are shown at 50 % probability. Hydrogen atoms
except for H(6a), H(6b), H(20a) and H(20b) have been omitted for clarity.

Table 3-7. Selected bond lengths and angles for complex 23.

Bond lengths (A) Bond Angles (°)
Pd(1) - CI(1) | 2.2944(7) N(1) - Pd(1) - N(3) 79.18(9)
Pd(1) - Cl1(2) | 2.3347(7) CI(1) = Pd(1) - C1(2) 91.12(3)

N(1)-Pd(1) | 2.041(2) C(2)-C(1) - N(1) -C(13) 15.0(4)
N@3)-Pd(1) | 2.041(2) | C(16)-C(15)-N@3)-C(14) | 21.0(4)

In the solid state the two benzyl groups of complex 23 are on the same side of the
palladium square plane giving approximate C, symmetry, however 'H NMR spectroscopy
gave signals consistent with C,v symmetry or exchanging C, or Cyisomers (Figure 3-9) as
singlet signals at 3.67 and 6.49 ppm were observed for the linker CH, and benzyl CH,
groups respectively at 300 K in CD,Cl,. Variable temperature NMR down to 163 K (Figure
3-10) shows some significant changes to both the linker and benzyl CH, groups, which
resolve into pairs of signals at 163 K. It can be interpreted as a flipping motion of the PYE
moieties above and below the palladium square plane through a C,, intermediate arising
from a complex with C; or C, symmetry. Coalescence was observed at 213 K giving an
activation free energy (AGi) =379 (x0.2) kJ mol”. Non-covalent interactions between
benzyl groups and chlorine atoms could be additional contributions to the motion activation

energies.
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Figure 3-9. Proposed isomer exchanging of 23 through a C,, intermediate.
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Figure 3-10. Variable temperature '"H NMR spectra of palladium complex 23 in CD,Cl,. (CH,-linker (*) and
benzylic signals (#)).

3.4.3.3 [PACI(NCCH;)(MeNQin)[*CI (24)
3.4.3.3.1 Synthesis of [PACI(NCCH;)(M*N"")*CI" (24)

Considering the poor selectivity of reaction between 4 and Pd[(CH3;CN),Cly],
analogue S5 with a quinolinyl substituent was prepared with two nitrogen atoms to
coordinate to a metal centre. This unsymmetrical hybrid ligand potentially could give
different reactivity from the C, symmetrical PYE ligands. Unlike the PYE moiety that was
proved to be a strong 6-donor, the conjugation system of the quinolinyl ring is able to act as
an electronic “buffer” to probably favour the stabilisation of the resulting complex.
Interestingly, reaction between 5 and Pd[(CH3CN),Cl,] in acetonitrile at room temperature
yielded a cationic complex 24 (Scheme 3-7). The proposed formulation is confirmed by 'H

and °C NMR spectroscopy, mass spectrometry and elemental analysis. The solubility of 24
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is moderate in chlorinated solvents and good in DMSO, but quite poor in other common

organic solvents.

]l
C\ Q \> Pd(CH3CN),Cly — >/:\< \>
;N N= MeCN N NT
\_ Ny
\ N CI” "NCMe
5 24

Scheme 3-7. Synthesis of complex 24.

In comparison with neutral ligand 5 and the protonated form L(H") (comparison
with L(H"), was prevented due to poor solubility), the 'H NMR spectrum of 24 shows
significant downfield signals in both PYE and quinolinyl moieties indicating both nitrogen
atoms are coordinated. The '"H NMR chemical shifts of the selected resonances are shown
in Table 3-8. The intergration of the coordinated acetonitrile signal is less than 3H in the
spectrum probably due to a rapid exchange with solvents.”’ Similarly, the downfield shift
and the disappearance of the acetonitrile signal were exhibited in the Be spectrum as well.
The ESI mass spectrum of 24 recorded in positive-ion mode contains a strong peak at m/z

417 due to the [M-CI]" ion.

Table 3-8. Comparison of "H NMR chemical shifts (ppm) of 5, the protonated form and 24.

L (5 | L(HY)* | [PALCI(NCCH3)]*CI (24)"
NCH; | 3.78 | 4.25 4.34
H, | 620 | 6.67 6.83
H; | 6.87 | 7.50 8.05
H, | 594 | 6.76 7.34
Hs | 726 | 7.9 8.14
“in CDCl3, ° in CD,Cl.

Previously, several hybrid ligands were reported to yield palladium complexes with
a core structure [PAL(MeCN)CI]" including the pyrazole derivative 4-(2-hydroxybenzoyl)-
2-(pyridin-2-yl)-1H-pyrazol-3-ol (A),32 the  Schiff base N-(benzoyl)-N’-(2,4-
dimethoxybenzylidene)hydrazine (B)3 3 and the iminocarbene [3-methyl-1-{2-(2,6-
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diisopropylphenylimino)-propyl }imidazolium] chloride (% (Figure 3-11). For complex A,
the Cl-atom occupies the trans site with respect to the N-atom of pyrazol ring which has a
lower trans directing ability than the pyridine N-atom, evidenced by X-ray structure data of
platinum dihalide complexes incorporating the same ligand.* For complex B, the Cl ligand
is trans to the aryl C-atom, although generally a o-bonded carbon has a higher trans

. .. . 34, 35
influence than an imine or amine N-atom.”

However, Crociani et al. reported that for
C,N chelating ligands, the trans site of halide is switchable depending on the nature of the
ligands.®" In the case of complex C, a possible exchange of the chloride and acetonitrile

ligands was observed.

MeO OMe
\ tpE -~ T PE
_ o PFg PFg
I Y 3 i o
N / cl Me™ j\ Me~
P — _—
X \ Cl-Pd-N" "Me MeCN-Pd-N" "Me
Cl MeCN Ar Cl Ar
A B (o3 c2

Figure 3-11. Examples of palladium complexes structurally analogous to 24.

Due to the lack of an X-ray crystal structure, the conformation of 24 was unable to
be confirmed. However, taking all the description above into account, due to the stronger
donating ability of the PYE moiety than that of the quinolinyl N-atom (see Chapter 2), we
presumed the acetonitrile ligand is more likely trans to the N-atom of the PYE moiety as

drawn in Scheme 3-7.

3.4.3.3.2 Reactivity studies of [PACI(NCCH;)(M*N"")1*CI' (24)

A project aim was to examine the reactivity of transition metal PYE complexes and
investigate the influence of steric factors and the strong donating ability of PYE ligands.
One area of initial interest was C-H bond activation, an important research area with
application to functionalisation of fine and bulk chemicals.*® Mechanistically, Bercaw et al.
proposed five different classes for C-H bond activation, on the basis of reaction
stoichiometries, including oxidative addition, o-bond metathesis, electrophilic substitution,

1,2-addition, and metalloradical activation.’” The oxidative addition mechanism usually
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operates for reactions at electron-rich, low-oxidation-state complexes, which involves two
steps, the association of the hydrocarbon at the metal and the oxidative cleavage of the C-H
bond of the coordinated hydrocarbon. To make the first step happen, a coordination site is
required by displacing the coordinated ligand with hydrocarbon via an associative or

dissociative step.

A common method for introducing a ‘vacant’ coordination site to increase reactivity
for C-H bond activation, is halide abstraction in the presence of a noncoordinating anion by
using compounds such as Na[B{3,5-(CF3),CsH;}4] (NaBArF4). The poor coordinating
ability of the [BArF4]' anion decreases the anion interference during reaction and also
improves the solubility of charged products. Reaction between 24 and 2 eq. NaBAr', in
benzene-ds at 80 °C (Scheme 3-8) initially showed a significant colour change from red to
green after very short heating, followed by a yellow coloured solution on continuous
heating. The '"H NMR spectrum of the reaction mixture after one day shows the complete
consumption of 24 and the presence of several new species. A single set of coordinated
acetonitrile and ligand signals indicates the reaction proceeded selectively via ligand
metathesis from chloride to a new ligand. Prolonging the heating gave no further formation
of new species but a disappearance of the ligand N-methyl signal. Furthermore, free 1,3-
bis(trifluoromethyl)benzene was characterised in the '"H NMR spectrum. In addition, the

F NMR spectrum shows several signals close to each other at ca. -62 ppm.
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Scheme 3-8. Proposed mechanism for reaction between 24, NaBAr", and C¢Ds.

Taking all the above observations into account, B-C bond cleavage of BArF4 anion
and H/D exchange of N-methyl group are proposed to take place in the reaction above
(Scheme 3-8). The observation of B-C bond cleavage is very rare and only two cases have
been reported for Pt and Rh complexes respectively’™ * (Scheme 3-9). Herein, the B-C
cleavage of BAr"4 anion occurred as a result of an electrophilic attack of an unsaturated
Pd(II) cationic center (C) to generate an intermediate D. A cyclometallation reaction was
followed to yield the free aryl compound B and a palladacycle intermediate E which
contains a reactive Pd-C bond. Then CsDs was activated to generate a more stable phenyl
complex A. The disappearance of N-methyl signal indicates step E to A is reversible under

heating.
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Scheme 3-9. Reactions involving with B-C bond cleavage of BAr", anion.

3.4.3.4 Synthesis and reactivity of [Pd(CHz),(M*N2""%)] (25)

Inspired by the discovery of the unique reaction in Scheme 3-8, a dimethyl
palladium complex 25 was synthesised to gain insight into the C-H bond activation
mediated by PYE ligands. Complex 25 was obtained as an orange solid from reaction
between 5 and [PdMe,(pyd)],, a common dimethyl precursor,40 in benzene at room
temperature, followed by recrystallisation in hexane at -40 °C (Scheme 3-10). The data of
'H and ">C NMR spectroscopy, mass spectrometry and elemental analysis is consistent with
the proposed formulation. As expected, the solubility of 25 is very good in most common
organic solvents. The 'H NMR spectrum of 25 shows chemical shifts downfield in
comparison to the free ligand and significant separation of two methyl ligand signals at
0.21 and 1.31 ppm recorded in C¢Ds, and -0.66 and 0.19 ppm in CD3;CN respectively.
Similarly, the *C NMR spectrum displays two methyl signals at -10.1 and -3.5 ppm
recorded in CgDg. This separation reflects the significant difference of the frans influence of
PYE (corresponding to higher field PdMe signal) and quinolinyl moieties. The chemical
shifts of the methyl ligand (PdMe) in 'H and C NMR spectroscopy are comparable with
that of bipyridyl analogue (1.11 ppm for 'H and -6.6 ppm for Boy.#
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Q} PdMe2 pyd)] : >
G Benzene Q

5 25
Scheme 3-10. Synthesis of dimethyl palladium complex 25.

To initiate C-H bond activation, 1 eq. HBF4(Et,O) was added into the C¢Dg solution
of 25 instantaneously leading to the formation of methane gas and an insoluble yellow
precipitate which was separately characterised to be a monocationic palladium complex A
(Scheme 3-11) by 'H NMR spectroscopy recorded in CD,Cl,. The resulting complex A in
C¢Ds was heated at 80 °C. However, the poor solubility of A prevented the proceeding of
the activation of benzene in benzene. So a combination solvent of CD3;CN and C¢Dg (3:1)
was filled into the tube after the removal of C¢Dg. After heating for three days, "H NMR
spectroscopy shows the formation of methane gas and a new species, and also a slow
consumption of C¢Ds. The reaction was extremely slow, even after heating for 24 days, the
reaction was still not complete. Although the formation of methane and the consumption of
CsDs were observed, no significant reduction of the N-methyl signal due to H/D exchange
was observed (Scheme 3-11). Unlike the reaction in Scheme 3-9, a different reaction
pathway that is not through a cyclometallated intermediate but involving the Pd-Me bond
could be possible due to substrates and solvent variation. The new species B could be the
product of aromatic C-H activation. However, at this stage, no conclusion can be drawn.

This work was conducted at the end of project and due to lack of time, further investigation

+ —
: BF4 \ j\ BF,
_HBF4(E,0) _ Q NN

C6D6 O| CD3CN / C6DG \ L/ \SO|
80°C

was not carried out.
=D
N /Pd\
N Me Me

25 A B

Scheme 3-11. Attempted C-H activation of benzene mediated by 25.
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3.5 Attempts to synthesis of other transition metal complexes with PYE ligands
3.5.1 Gold

Recently, gold chemistry has become fashionable as the so-called “gold rush” in
organometallic chemistry, has progressed, with the development of efficient and selective
Au-catalysed transformations.*” The vast majority of Au-catalysed reactions involve
substrates containing unsaturated carbon-carbon bonds as nucleophiles which can be
activated by gold. Gold has been regarded as an exceedingly mild, relatively carbophilic
Lewis acid similar to a ‘soft proton’.42’ * To date, phosphine and NHC carbene ligands
have been extensively investigated and utilised in Au-catalysed homogeneous catalysis, but
there is little known about nitrogen ligands in this area. Before we look into the potential of
PYE ligands as ancillary ligands in Au-catalysed catalysis, a knowledge of the coordination

chemistry of gold with PYE ligands needs to be obtained.

The most common oxidation states of gold catalysts are Au(I) and Au(IIl). For Au(l),
there are not too many examples of gold complexes incorporating spz-nitrogen ligands. For
example, AuCI(Py) as shown in Figure 3-12 was synthesised by Ray ez al. in 1930.** The
precursor, AuCI(SMe»), is commonly used to yield linear Au(I) complexes. For Au(Ill), it
has been concluded that nitrogen ligands can greatly improve the stability of Au(III)
catalysts.”” Compared with Au(I), Au(Ill) complexes with mono-,** bi-dentate nitrogen
ligands*® and N,O chelating ligands*’ (Figure 3-12) are more common in catalysis and

show excellent activity.

\\\Ni
Rep-ai—c B

Cl
Figure 3-12. Examples of gold(I) and gold(IIT) complexes with N-donor or N,O-donor ligands.

Initially, we attempted to synthesis the gold complexes with PYE ligands from the
reaction between compound 1 and AuCI(SMe,) in acetonitrile at room temperature

(Scheme 3-12, eqn 1). "H NMR spectroscopy shows a series of broad signals which are not
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consistent with the expected complex. After refluxing for 72 hours, free SMe, signal was
observed but the rest of the signals were still complicated. Furthermore, due to the interest
of asymmetric catalysis, the chiral compound 3 was introduced and mixed with KAuCly in
MeOH in the presence of LiOH as base at room temperature (Scheme 3-12, eqn 2). Again,
a series of broad signals were observed in the '"H NMR spectrum. Similarly, reaction
between bidentate ligand 12 and KAuCly in acetonitrle followed by halide abstraction with

AgBF, did not give any products that could be isolated (Scheme 3-12, eqn 3).

— Bu — ,1Bu
QN + AUCI(SMey) ——— QNAU (1)
Nl

\
1
o Ph/c
o | / = /\
N N\ CI”ocl
3

v 0
T\ O + KAuCl,/AgBF, ——>X— Q O

N N 4 4 N. N 3)
Q N7 \\ ciad=cl N/

\ /
12

Scheme 3-12. Attempts to synthesis of gold complexes with PYE ligands.

3.5.2 Platinum

As shown in sections 3.3 and 3.4, the coordination chemistry of nickel and
palladium with PYE ligands occurs readily. As platinum is in the same group as nickel and
palladium, platinum was obviously considered to be the next target to investigate. There is
no doubt that platinum complexes with nitrogen ligands have played a very important role
in a wide range of chemistry. A number of platinum complexes with various type of
nitrogen ligands have been designed and applied extensively in catalytic transformations*
and medicinal chemistry.49 A few examples of platinum dichloride complexes
incorporating sp*-nitrogen ligands (bipyridyl,™® phenanthroline® and 1,4-diaza-1,3-

butadiene®) are shown in Figure 3-13.
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% D dab

Figure 3-13. Examples of platinum complexes incorporating nitrogen ligands.

We chose two common platinum precursors PtCl,(PhCN), and PtCl,(COD) to
attempt to synthesise the platinum complexes with PYE ligands. Ligand 7 and 12 were
chosen due to their previous success in nickel and palladium chemistry. All the reactions
for both ligands were carried out in acetonitrile or THF by heating for 40 hours (Scheme 3-
13). For reaction between 7 and both platinum precursors, 'H NMR spectroscopy shows
complicated broad signals, indicating possibly intra- and intermolecular metallation has
occurred. Increasing or decreasing reaction time made no difference. Similar results were
obtained for reaction between 12 and PtCl,(PhCN),. A clean NMR spectrum was achieved
from reaction between 12 and PtCl,(COD), however the chemical shifts due to the ligand
are close to those of the protonated form of 12 and there are no signals of coordinated or

free cyclooctadiene. Mass spectrometry did not show any peaks expected of Pt-PYE

complexes.
Q PtCl2(PhCN), Q
- < - or —X TN /T
W) ol T (N0
Q / 16(COD) A PN /
\ / Nocl”oel /
7
Q PtCly(PhCN), > /
= = Y NN =
e < O )
/ PtCl,(COD
\ N N /) »(COD) \ N \/Pt\/ N V,
\ / Nocl”oel /
12

Scheme 3-13. Attempts to synthesis of platinum complexes with PYE ligands.

Although the failure of preparing Au and Pt complexes with PYE ligands is quite
disappointing, some lessons have been learned to allow us to understand more about PYE

ligands. First, the electronegativity of nitrogen probably makes PYE ligands too hard for
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some ‘softer’ late transition metals. Second, the broad signals observed in the 'H NMR
spectra of the attempted reactions indicate additional reactions could be occurring and

preventing the isolation of the expected complexes.

3.6 Palladium-catalysed Suzuki-Miyaura cross-coupling reactions
3.6.1 Introduction

Along with the rapid development of medicine, polymeric materials and fine
chemicals, the requirement of compounds containing biaryl and substituted aromatic
structures is vigorously growing. In that context, modern transition-metal catalysed cross-
coupling reactions have been extensively investigated and utilised to construct the carbon-
carbon bonds including Kumada, Negishi, Stille, Sonogashira, Heck, Hiyama and Suzuki
type cross-coupling reactions. Among these methodologies, Suzuki-Miyaura cross-coupling
(SMC) reaction™*>® has risen in popularity and become one of the most powerful tools in
synthetic chemistry due to several advantages over others, e.g. mild reaction conditions,
high tolerance towards functional groups, the commercial availability and stability of its

reagents, and the ease of handling and separation of by-products from reaction mixtures.”’

The SMC reaction was first established in 1979 by Suzuki, Miyaura and co-
workers.”® Alkenylboranes were found to be coupled with alkenyl halides or alkynyl
halides in the presence of a catalytic amount of tetrakis(triphenyphosphine)palladium and
bases with high regio- and stereospecificity in good yields (Scheme 3-14). A few years later,
Suzuki et al. reported the palladium-catalyzed coupling of phenylboronic acid with

haloarenes resulting in the corresponding biaryls in excellent yields.59 Since then, a variety

57, 60, 61 1 10, 62-64
b

of transition metals, such as palladium, nicke iron® and copper,66 have been
used to mediate the SMC reaction. Herein, owing to our own interest of palladium and
nickel chemistry, we only take palladium- or nickel-catalysed SMC reaction into account

and introduce their advanced development.

Briz—R' R—:iz R'
R—BY, + or _Pd(PPhg)
Base
Br——=— R R—= R

Scheme 3-14. First example of Suzuki-Miyaura cross-coupling.

&9



3.6.1.1 Advanced development of Pd- and Ni-catalysed SMC reaction

In the last three decades, with the wide expansion of the substrates scope and the
deep investigation of the reaction mechanism, a number of different catalytic systems have
been discovered. However, aryl chlorides with lower cost and wider diversity were rarely
utilised due to the lower reactivity relative to other halides caused by higher bond
dissociation energies (95 for Cl; 80 for Br; 65 kcal/mol for I).67 Of those various systems,
three ligand families reported by Buchwald (dialkylbiaryl phosphine),57 Fu (tri-tert-
butylphosphine and tricyclohexylphosphine)® and the Nolan group ([(NHC)Pd(allyl)C1])®!
have shown active catalytic behaviour towards aryl chlorides including electronically
deactivated, heterocyclic and hindered compounds under mild conditions (Scheme 3-15).
The steric bulk and rich electronic donating ability of these ligands contribute to stabilizing
active species under the reaction conditions and facilitating the oxidative addition step of

aryl chlorides.®®

NHC
2 P R"), \4/ Q y ap
R R - Cl
4 > P H
) SRR
b
Scheme 3-15. Examples of active ligand families in SMC reaction.

As in other coupling reactions, the mechanism of SMC reaction involves three key
steps, including the oxidative addition of an aryl halide to the Pd(0) complex,
transmetallation with a boronic acid and reductive elimination to give the corresponding
biaryl product and regenerate the Pd(0) species.”® Each step has been investigated in
mechanistic detail.®*”' As shown in Figure 3-14, the role of the base has been proposed
differently into two paths. In path A, a more reactive boronate species generated from the
interaction of the base with the boronic acid subsequently interacts with the Pd centre and
transmetallation in an intramolecular fashion.”! Alternatively, the halide is replaced by the
base in the coordination sphere of the palladium complex to generate a new species that
transmetallates with boronic acid intramolecularly (path B).”” The truly catalytically active

palladium species is still unclear. Although considering the existing evidence, added donor
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ligands such as phosphines, phosphites, NHCs and others can be a component of truly
active, soluble palladium complexes (L;Pd species) in SMC reaction, the possibility of

Pd(0) nanoparticles liberated from precatalysts is not excluded.®®

ArlA2 \ L,Pd® Ar'-X LnPd® A2
Reductive Oxidative Oxidative Reductive
elimination addition addition elimination
/Ar1 L -Pd /Ar1 /Ar1
L,-Pd n” L,-Pd
DA A X B Nar2
, RO ’
Transmetallation Ar Intramolecular
L,-Pd / Transmetallation
X “OoR! L,
X-B(OR), Ar?B(OR) via Ar1-Pd¢‘OB1
+ Base AZ\-B(OR),

Figure 3-14. General catalytic cycle for Suzuki-Miyaura cross-coupling reaction.”’

Recently, the development of SMC reaction has been emphasised on the utility of
secondary alkyl halides™ and alkylboronic acid derivatives,”* and the investigation of
asymmetric SMC reaction.” Alkyl halides, in particular those containing B-hydrogen atoms
that easily undergo B-hydride elimination pathway, were previously considered to be an
unsuitable class for coupling reactions, not only because the stronger C(sp3)-X bonds
compared with the C(spz)-X bonds make the oxidative addition step more difficult, but also
the lack of = electrons to interact with the empty metal d orbitals leads to the instability of
reaction intermediates. In comparison with primary alkyl halides that have been exploited
in a wide range,76 secondary alkyl halides with more steric hindrance are still a challenge
for organometallic chemists. Nevertheless, recent studies have taken this area a step
forward using palladium’’ and nickel complexes,'® ®® however, the substrates scope and

the yield remain the challenging task.

Alkyl boron derivatives are another challenging class of coupling partner due to
their lower reactivity, and usually give lower yield than arylboronic acids. Since the
groundbreaking work using PdCI,(dppf) and TI,COj;to couple alkylboronic esters and aryl

halides was reported by Miyaura, Suzuki and co-workers in 1989,”® the development of this
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area has been widely expanded to alkylation of aryl, alkenyl halides or triflates and alkyl
halides with alkyl boron derivatives. Although there have been developments, some
limitations like harsh conditions, long reaction time, low turnover number and limited

substrates scope still require more effort into this area.

As discussed above, secondary alkyl halides are a very challenging class for SMC
reaction, however potential installation of a new stereogenic centres makes those very
attractive for asymmetric SMC reaction. The first and also only highly enantioselective
SMC reaction of alkyl electrophiles coupled with primary alkyl boranes was reported by Fu
and co-workers using nickel precursor and several chiral diaryl-substituted diamines
(Scheme 3-16).** This work opened the door to the development of general methods for
asymmetric coupling of non-activated secondary alkyl halides. In addition, asymmetric
SMC reaction also looks insight into the synthesis of axially chiral biaryls that are
ubiquitous structural motifs in biologically active natural products or ligands for

. T
homogeneous catalysis.”’

]
R akyl Ni(cod R alkyi
D iR T e

Br \ ( Rzalkyl

Me—NH HN—Me 62- 86%
40 - 94% ee

Scheme 3-16. First asymmetric SMC reaction of racemic non-activated secondary alkyl halides. (BBN = 9-

borabicyclo[3.3.1]nonane; cod = 1,5-cyclooctadiene)

3.6.1.2 Nitrogen donor ligands in SMC reaction

Although phosphine and N-heterocyclic carbenes are normally utilised in SMC
reaction as discussed in section 3.6.1.1, these catalysts are often sensitive to air and/or
moisture and therefore require air-free handling. A recent report from Hong er al.*® has
shown that the SMC reaction employing diimine as the ligand is more favourable than
those with diamine or diphosphine. Having been developed for many decades, a number of
various nitrogen donor ligands were designed to catalyse the coupling of aryl halides with
aryl boronic acids, however, aryl chlorides are still a challenge for N-donor ligands. In

Figure 3-15, several examples of N-donor ligands are shown including o-diimine,” simple
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amine,”' guanidine,82 heterocyclic imine® and rigid diamine.** In 2001, Nolan et al.
reported diazabutadiene (o-diimine) can be used to mediate the SMC reaction at 80 °C.
High yields were obtained for aryl bromides and activated aryl chlorides but very poor for
deactivated aryl chlorides. Similarly, Boykin et al. demonstrated that electron rich amine
Cy,NH can be an effective ligand for Pd-catalysed SMC reaction. Reactions can be
conducted at room temperature for those electron-deficient aryl bromides, whereas high
temperature is required for electron-rich ones. Recently, the reaction condition has been
improved from high temperature, air-free condition to room temperature, aerobic condition
using new catalytic systems including guanidine and benzimidazolium-pyrazole type
ligands, but the yield of those coupling reactions is not ideal. Interestingly, Siiss-Fink ez al.
designed a new type of trans geometrical complexes with a rigid diamine backbone that
shows at temperatures above 60 °C the catalytic performance is increased in the SMC

reaction of sterically hindered and deactivated bromides.

B ~
"N
/7 \\ \
R—N N—R Q \N/\N/

a-Diimine Cy,NH Guanidine
Pr\ R
SR
R NHR RHN
Benzimidazolium-Pyrazole Rigid secondary amine

Figure 3-15. Examples of N-donor ligands utilised in SMC reaction.

3.6.2 Application of PYE ligands in the SMC reaction

As we discussed in Chapter 2, PYE ligands have a very strong donating ability that
can facilitate the oxidative addition step of the SMC reaction. Furthermore, the modularity
of PYE ligands allows us to tune the steric and electronic properties to investigate the

influence of those on the SMC reaction.
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Initially, we commenced the test with the coupling of 4-bromotoluene and
phenylboronic acid in the presence of 3 mol % Pd precursor, 3 mol % ligand, and Cs,COs3
in dioxane, at 80 °C. Effect investigation of palladium precursors and ligands led to the
observation which Pd(OAc); is a better precursor than others (Table 3-9, entries 2-4) and
aryl linked ligand 12 shows a more efficiently catalytic activity (88 %) than alkyl linked
ligands 7 and 8, and electron-rich derivative 13 (Table 3-9, entries 5-7). The poor activity
given by alkyl linked ligands 7 and 8 is opposite to the higher activity obtained from
electron-rich alkyl-diazabutadiene ligands reported by Nolan and co-workers.” This
unusual behaviour was probably attributed to the interruption by cyclometallation for alkyl

linked PYE ligands which will be discussed in Chapter 4.

Table 3-9. Influence of PYE ligands and palladium precursors on the SMC reaction.

Me

B(OH),
N 3 mol% Pd salt/Ligand
Cs,CO3 (2 equiv.)

dioxane, 80°C, 3hr
Br

Me

entry ligand precursor yield (%)*
1 No ligand Pd(OAc), 32
2 12 Pd(OAc), 88
3 12 PdCl,(CH;CN), 78
4 12 Pd,(dba); 54
5 7 Pd(OAc), 32
6 8 Pd(OAc), 30
7 13 Pd(OAc), 72
*Isolated yields.

Moreover, the substrates scope was investigated including activated, deactivated
and steric hindered bromides, and aryl chlorides using 12 as ancillary ligand in the Pd-
catalysed SMC reaction. Surprisingly, the coupling of activated bromides (Table 3-10,
entry 3) gave a lower yield (only 42 %) than that of 4-bromotoluene. Probably, the meta-

substituted groups caused a steric problem, similar to the ortho-substituted substrate that
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only gave a trace of product (Table 3-10, entry 2). For deactivated bromides, reaction
proceeded slowly to give the corresponding product in a very low yield (34 %) (Table 3-10,
entry 4). Unfortunately, this Pd(OAc),/PYE(12) catalytic system was unable to activate aryl
chlorides (Table 3-10, entry 5).

Table 3-10. Pd(OAc),/PYE(12)-catalysed SMC reaction of aryl halides with phenylboronic acid.

Y,

Y, B(OH),
. 3% Pd(OAG), / 12

Cs,CO;5 (2 equiv.)

! dioxane, 80°C, 3hr O

entry aryl halide yield (%)*

1 Me@Br 88

2 —QBr Trace

FaC
3 er 42
FaC
4 HoN Br 34

5 MeUO‘CI Trace

*Isolated yields.

Although Pd-catalysed SMC reaction has achieved great success, palladium still is a
quite expensive metal that consequently limits the expansion of this methodology in
industry. Less expensive metals like nickel, iron and manganese have drawn much attention

64, 65, 85

in this area. For those reasons, we decided to test PYE ligands in Ni, Fe or Mn-

catalysed SMC reaction. However, all the reactions conducted with iron or manganese salts,
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and ligand 1, 5 or 12 only gave homocoupled product biphenyl instead of cross-coupled
product 4-methylbiphenyl (Table 3-11, entries 1-6). Attempts to utilise nickel complex 18

was unsuccessful (Table 3-11, entry 7).

Table 3-11. SMC reaction of aryl halides with phenylboronic acid using Fe, Mn and Ni systems.
Me

B(OH),
N i 3 mol% Catalyst

Me

K>CO3 (2 equiv.)

A dioxane, 100°C, 45hr O
;

entry catalyst yield”

1 1 FeCl, Homocoupling
2 1 MnCl, Homocoupling
3 5 FeCl, Homocoupling
4 5 MnCl, Homocoupling
5 12 FeCl, Homocoupling
6 12 MnCl, Homocoupling
7 18 No reaction

* Determined by '"H NMR.

As shown above, for SMC reaction, PYE ligands seem not to exhibit as high
catalytic activity as expected. Two possible reasons are proposed for the observed activity
of PYE ligands. First, the steric hindrance caused by N-substituent hampers the oxidative
addition step in the catalytic cycle, which is proved by the low yields obtained for bulky
substrates (Table 3-10, entries 2 and 3). Second, PYE ligands were observed to be
incapable of stabilising Pd(0) (vide supra). This observation indicates the potential

deactivation of catalytic species within the catalytic cycle (Figure 3-13).
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3.7 Enantioselective addition of diethylzinc to aldehydes
3.7.1 Introduction

Enantiomerically enriched organic products are of great importance to organic
synthesis and the pharmaceutical industry. To obtain the products, much effort has been
given into designing or modifying resolved chiral ligands that play an essential role in
asymmetric catalysis, however to date there are no definitive rules for designing chiral

22, 86

ligands and complicated synthetic work is required in many cases. Alternatively,

promising approaches have been established including: 1) chiral poisoning,87’ 8

and 1ii)
chiral® and achiral activation® (Figure 3-16). Those two methods require the addition of
additives to deactivate or activate one enantiomer of a racemic catalyst, or activate an
enantiopure catalyst. The advantage of the activation strategy over deactivation is that the
activated catalyst can produce a greater enantiomeric excess in the products than can the

enantiomerically pure catalyst on its own.”!

R-Cat*] } { R-Cat'} " De’|
] r

£ 2

+ ’ De*|—> Deactivated Substrate
S-Cat*l hiral deactivatort | S-Gat” k g%dgg;

R-Cat*] R-Cat'}'[Act] _Substrate,  progce

} + | Act* —>{ Activated et (act? e€)
_IS_Cat Chiral or achiral —IS_Cat ’—MI

activator

Figure 3-16. Concept of asymmetric activation.

By using the asymmetric activation method that was introduced by Mikami and co-
workers, the efficiency and enantioselectivity of several asymmetric catalytic reactions
have been enhanced including the carbonyl-ene reaction,”’ hydrogenation reaction,’” Diels-

Alder reaction” and addition of alkyl groups to aldehydes.”” **

For example, Mikami et
al.>* screened a series of catalytic systems of chiral catalyst obtained from ligand exchange
with chiral ligands (Ll*, Lz*, etc.) in parallel combination with chiral activator (Al*, A2*,
etc.) through high-throughput screening method for alkyl addition of aldehydes (Scheme 3-
17, eqn 1). They proposed that the zinc alkoxide aggregates from complexation of chiral

diol ligands with diethyl zinc, which can be activated by chiral nitrogen activators to form a
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monomeric zinc catalyst for the enantioselective alkyl transfer. The combination of L’* and
A”* gave the best results in 100% yield and 97% ee which are massively higher than that of
using L’* alone (Scheme 3-17, eqn 2).

L1* A1* ML1*A1* ML2*A1* ° ° °
ML + L2* + A2* ML1*A2* ML2*A2*
° [ ] [ ]
° ° ®
. hd ¢
RsoN
)k
OH ) :
EtoZn O\ RoN \ \\\‘N " Et,Zn / R'CHO OH
* > * /Zn . * /Zn\ J * ,);\/
OH o A o N R
n
R2
L* ZnL* ZnL*A*

! l Ph Ph. Ph
OH

and =N N=
Ph

L5* A9*
Scheme 3-17. Method of asymmetric alkyl addition to aldehydes by Mikami.

Later, Walsh ez al.” established the achiral activation process for alkyl addition to
aldehydes using achiral and meso activator to activate an enantiopure catalyst and the
resulting catalyst exhibits enhanced efficiency and enantioselectivity. The existence of
four-coordinate (Ph,-BINOLate)Zn(diimine) and (Ph,-BINOLate)Zn(diamine) complexes

were evidenced by X-ray crystal structures.

3.7.2 Enantioselective addition of diethylzinc to aldehydes with PYE ligands

Inspired by the work of Mikami and Walsh, we decided to screen our bidentate
chiral and achiral PYE ligands in combination with chiral BINOL and diethyl zinc for alkyl
addition to aldehydes. First, we established the control experiment of (S)-BINOL and PYE
ligands by running reactions separately in dichloromethane at room temperature for 14

hours. Unsurprisingly, low enantioselective excess of the products in those reactions is
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obtained but in high yields (Table 3-12, entries 1-3). Combination of chiral ligands 7 or 11
with (S)-BINOL resulted in decline of ee value compared with using BINOL itself giving
only 19% and 5% respectively (entries 4 and 7). Decreasing the reaction temperature to 0
°C gave only slight improvement (entry 5). Similarly, the utilisation of achiral ligands 8 and

12 showed no asymmetric amplification at all (entries 8 and 9).”

Table 3-12. Results of screening chiral and achiral bidentate PYE ligands with BINOL.

O OH
10 mol% Catalyst
H "Et,Zn (2 eq.)
DCM, r.t., 14 hr
entry ligand chiral diol  conversion (%) ee (%) (config.)b
1 (S)-BINOL 100 49 (S)
2 < \:N EN N/A 90 12 (R)
\ N/ /
\ /
3 O N @ N/A 95 15 (R)
Qﬁ bm)
4 (S)-BINOL 100 19 (S)
5 @) (S)-BINOL 36 21 (R)°
6 @) (R)-BINOL 100 11 (S)°
7 =\ ;ﬂ\ e (S)-BINOL 100 5(S)
\ / (10)
p— - /—\ o p—
8 i i (S)-BINOL 100 3 (R)
)]
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</\ /}

9 @N N=( /> (S)-BINOL 100 12 (R)

N N
\ / (12)

“ Based on the consumed aldehydes. ” Determined by HPLC on a OD column.

“Run at 0 °C for 4 hr.

A monomeric tetrahedral zinc that can coordinate the aldehyde to give a 5-
coordinate zinc centre was proposed generally for this type of reaction. By modelling the
tetrahedral zinc complex, we found the combination of 7 with (S)-BINOL is likely to be
more sterically encumbered than with (R)-BINOL (Figure 3-17). To detect the effect of this
steric difference, a parallel reaction was run with a combination of 7 with (R)-BINOL
(entry 6). Interestingly, significantly higher ligand acceleration was obtained with a 100%
yield, however, a lower ee (11%) was quite disappointing. This interesting observation
indicates that with less steric alkyl addition to aldehyde was significantly accelerated but

the enantioselectivity was not improved.

(S)-BINOL / (R,R)-7 (R)-BINOL / (R,R)-7
Figure 3-17. Molecular models of (BINOLate)Zn(PYE-7).

3.8 Theoretical comparison of donor properties between PYE and NHC

Evidently, the reactivity of the palladium complexes of PYE in Suzuki-Miyaura
reaction is not as expected. In order to gain some greater insight into the comparative
bonding of NHC and PYE palladium complexes, DFT calculations were performed by Dr.
John Slattery.
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Figure 3-18. Model complexes of chelating di-NHC and di-PYE ligands.

DFT calculations have been performed on the complexes shown in Figure 3-18 to
compare the bonding of NHC and PYE ligands coordinated to palladium. Analysis of the
average partial charges of the Pd and C atoms in the NHC complex and Pd and N atoms in
the PYE complex shows, as expected based on the electronegativities of the elements, a
much greater polarization of the Pd-N bond (av. &aree = 0.53 PABOON, 0.74 NBO) in the
PYE complex than the Pd-C bond (av. &naree = 0.30 PABOON, 0.36 NBO) in the NHC

complex.

Analysis of the molecular orbitals (PBEO/def2-TZVPP level) for the two complexes
also highlights differences in bonding between the PYE ligands and NHCs. The M-N o-
bonding orbitals of the PYE complex lie at significantly higher energy (-8.0 and -8.1 eV)
than the M-C o-bonding orbitals of the NHC complex (-10.9 and -11.0 eV) suggesting an
increased stability of the NHC o-bond towards electrophiles. In addition, the LUMO of the
PYE complex lies at lower energy (-1.7 eV) than that of the NHC complex (-0.4 eV)
suggesting a greater stability towards nucleophilic attack. The extent of M-L back bonding
in these complexes can be estimated by analysis of the Pd “lone pair” orbitals in the NBO
calculations, which hold the 8 d-electrons in this model. In the PYE complex, the average
occupation of these Pd orbitals is 1.984 electrons and does not vary a great deal between
the four orbitals (although one is a little lower than average at 1.977 electrons). In contrast,
in the NHC complex one of the Pd lone pairs has a much lower occupation of 1.920
electrons. This is involved in back donation to the carbene and suggests that there is some
T-back donation in this complex, whereas little T-back donation is suggested in the PYE
system as would be expected. Essentially, the greater spread of orbital energies for the Pd-
NHC complex in comparison to the Pd-PYE is indicative of greater metal-ligand orbital

interaction and stronger bonding.
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3.9 Conclusions and future work

A variety of transition metal complexes (Rh, Ni, Pd) incorporating PYE ligands
have been synthesised and fully characterised. According to the comparison of X-ray
structures, the electronic distribution across the PYE moiety of metal complexes with PYE
ligands is close to that of the protonated salt. The CO stretching frequencies of
[(MeNtBu)Rh(CO)zCl] 16 indicate that PYE ligands are strong donor ligands with no
significant m-backdonation, which is also inferred from the geometry of the nickel(II)

complexes 18-21.

The line-broadening and coalescence observed in variable temperature NMR of 23
evidently reveals the fluxionality of the complexes, also evidenced by the observation of
trans and cis isomers in the solid state of 22. However, there was no evidence for rotation

about the imine bond.

A unique B-C bond cleavage of BAr'y anion by complex 24 was found probably
through an electrophilic attack of an unsaturated Pd(II) cationic centre. The H/D exchange
of the N-methyl group implies possible existence of a reactive cyclometallated intermediate.
This observation would allow us to look into the activation of other types of inert bonds
(e.g. N-H) with 24 or related complexes in future. To achieve a clear clue of C-H bond
activation mediated by PYE ligands, dimethyl palladium complex 25 was prepared. Direct
evidence such as methane formation and H/D exchange in benzene was observed,
nevertheless, absence of H/D exchange of N-methyl group indicates a different reaction

pathway and future investigation is required.

A series of Pd-catalysed Suzuki cross-coupling reactions with PYE ligands were
carried out. A reasonable yield (88%) was obtained for the coupling of 4-bromotoluene
with phenylboronic acid using 12, however, this 12/Pd(OAc), system was unsuccessfully
employed in the deactivated and steric bulky aryl bromides, and aryl chlorides. This could
be partly attributable to the steric effect of the N-substituent. Also, DFT calculation shows
Pd-PYE bonding is characterized by a high-lying Pd-PYE bond and significantly more

ionic character because of the greater electronegativity difference between palladium and
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nitrogen. The lack of acidity also accentuates the polarization of the Pd-N bond.
Consequently, the Pd-PYE bond is susceptible to electrophilic and nucleophilic attack

resulting in PYE ligand loss or substitution during a catalytic cycle.

Asymmetric alkyl addition to aldehydes with a combination of chiral binol and
bidentate chiral or achiral PYE ligands did not give high enantioselective excess. Opposite
results from two parallel reactions indicate that strict steric control is very crucial for this

type of reaction.

Collectively, the results suggest that the N-substituent may be weakening
coordination of PYE ligands to some metals or that the N-substituent is exhibiting reaction
chemistry. It is surprising that PYE complexes of gold and especially platinum cannot be
isolated or even observed spectroscopically, whereas nickel and palladium are easily
prepared and stable. The initial aim of controlling the space at the metal, via restricted

rotation about the imine bond, may in fact be detrimental to strong metal-ligand bonding.
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4.0 Palladacycles and their derivatives

4.1 Introduction

As one of the most popular classes of organopalladium derivatives, palladacycles
have been extensively developed in the past few decades.' Advantages like facile synthesis,
easy handling and the possibility of modulating the electronic and steric properties make
palladacycles useful in organic synthesis, organometallic catalysis, new molecular materials
and medicinal applications.'™ Palladacycles or cyclopalladated compounds are defined as
palladium complexes containing at least one metal-carbon bond intramolecularly stabilised
by at least one donor atom (N, P, As, O, Se or S). The first palladacycle example was
reported by Cope et al. in the 1960s using azobenzene derivatives to yield chloride-bridged

palladacycle dimers (Scheme 4-1).’

LioPdCl, Q

Cl
‘ Y
N\\ MeOH, r.t. N\\ /Pd/
N N 2

Ph Ph

Scheme 4-1. Cyclopalladation of azobenzene.

Since that breakthrough, a number of various palladacycles have been synthesised
and characterised to allow chemists to investigate their synthesis, structural features,
reactivity and applications. A primary classification divides palladacycles into two types:
anionic four-electron donor (CY) or six-electron donor (YCY) as shown in Figure 4-1. The
former type can be sub-categorised into neutral, cationic or anionic types depending on the
nature of the X ligands. Metallated aromatic sp” carbon is more common than sp” or vinylic
sp® carbon. The metallated ring of CY-type palladacycles has been found to vary from 3 to
11 members,6'll however, five- or six-membered rings are the most common structure. The
latter type (YCY), so-called pincer type, contains symmetrical and unsymmetrical sub-

catagories generally with five- or six-membered rings.
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Figure 4-1. Two primary types of palladacycles.

Interesting stoichiometric or catalytic functionalisation of Pd-C bonds with a variety
of small molecules including CO, isocyanides, allenes, alkenes and alkynes has been
investigated in the past few decades. The insertion of those molecules into Pd-C bonds,
followed by depalladation, subsequently yields various organic molecules with complicated
heterocyclic rings which are really difficult to synthesis directly using conventional
methods (vide infra). Furthermore, palladacycles as catalyst precursors in a range of
catalytic reactions was initiated by the discovery of a cyclometallated triphenyl phosphite
catalysed hydrogenation of C=C bonds in the 1980’s.'* Since then, palladacycles have
occupied a central position in catalysis especially in cross-coupling® and oxidation

. 14,15
reactions.

4.2 Synthesis of palladacycles with PYE ligands

As stated in section 3.4.3, extra species were observed in the 'H NMR spectrum in
the initial reactions between compounds 7-11 and [Pd(CH3CN),Cl,] or [Pd(COD)Cl,]. For
example, the addition of acetonitrle-d; into a NMR tube containing [Pd(CH3CN),Cl,] and
compound 7 gave a deep red solution. After heating the tube, the colour of the solution
became yellow and palladium black formed in the tube. '"H NMR spectroscopy shows that
the target complex was being consumed along with formation of an unknown species. A
pair of roofed doublets indicative of two diastereotopic protons was observed at 4.14 and
4.34 ppm, and also a distinctive broad peak at 8.53 ppm appeared. To aid the interpretation
of the latter peak, a control experiment by addition of one equivalent of HBF,Et,O into the
solution of 7 was carried out. The "H NMR spectrum shows a broad signal at & 8.83 ppm
corresponding to a proton coordinated to chelating nitrogen atoms. Considering the data as
a whole, a base-driven cyclometallation reaction was suspected. A plausible explanation is

shown in Scheme 4-2. As the coordination of the imine to the Pd centre is comparatively
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fast in relation to the cyclometallation reaction,'® reaction between alkyl linked PYE ligand
and [Pd(CH3CN),Cl,] gives a dichloride palladium intermediate complex17 which cannot be
isolated, and intramolecular C-H activation occurs to give a cyclopalladated complex.
Evolved HCI is trapped by ligand present in solution either in excess or from

decomposition of a complex formed in situ.

@ O PO, | (T ()

R1 CI CI R1

|
Crseto - Qoo

R1 CI

(7 - 10)

Scheme 4-2. Proposed synthetic route of cyclometallated palladium complexes.

4.2.1 Monocyclopalladated complexes (26)-(29)

As one of the most common preparation methods for palladacycles including
oxidative addition, transmetalation and nucleophilic addition onto an unsaturated bond, C-
H activation is perhaps the most simple and direct method for the construction of
palladacycles. Goel er al.'® reported an example of palladacycle preparation using
tetrachloropalladated salt with a base to drive the formation of the desired product (Scheme
4-3).

=
Li,PdCl, L

pel
NEts [ pd
N 2

Me2

NMe2

Scheme 4-3. Preparation of palladacycle via C-H activation method.

To increase the yield of cyclopalladated complexes the Brgnsted base potassium

17,19

carbonate was added to the reaction as a proton scavenger to prevent the formation of
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ligand salt. Using this methodology cyclometallated [PdCI(;*-CH,N“H''NMe)] 26,
[PACI(*-CHPhN 22NN 27, [PACI(p°-CH,NCMOP2NMe)] 28 and  [PACI(; -
CH2N<CHPh)2NMe)] 29 could be prepared (Scheme 4-4). In addition, complex 27 also can be
prepared from reaction between dichloride palladium complex 23 and potassium carbonate.
'H and "*C NMR spectroscopy, mass spectrometry, elemental analysis and in selected cases
X-ray crystallography are consistent with the proposed formulations. Complexes 26-29 are
very soluble in chlorinated solvents, and exhibit a range of solubility in THF and
acetonitrile, but are very poorly soluble in aromatic solvents and hydrocarbons. Complexes

26-29 are also air and water stable as solids and in solution at 25 °C for days.

R1 cr

< =N O [PA(CHaCN)2Cl]
N KaCOs
(7 - 10) N Pd

R1 cl’
Ph

R' = Me, R? = (R, R)-c-CgH1 (26)

R' = Bn, R? = CoH, (27)

R' = Me, R? = C,Me, (28)

R' = Me, R? = (S, S)-CH(Ph)C(H)Ph (29)

Scheme 4-4. Synthesis of monocyclopalladated complexes 26-29.

The unsymmetrical structure of 26-29 is confirmed by all the spectroscopies
showing differentiated signals from noncyclo- or cyclopalladated PYE heterocycle rings.
For example, distinctive signals are observed in the "H NMR spectrum of 26 (Figure 4-2),
where a pair of doublet signals at 4.42 and 4.66 ppm are assigned to the diastereotopic
NCH, group in addition to the downfield shift of the eight signals for the PYE ring

hydrogen atoms compared to the neutral ligand.
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Selected 'H and “C NMR data of 26-29 are listed in Table 4-1. The
noncyclometallated ring in both 'H and ?C NMR chemical shifts are generally downfield
of the cyclometallated ring. It is probably due to diminished delocalisation of the N(2) lone
pair into the heterocycle ring resulting from cyclopalladation. This can be indirectly proved
by elongation of the (;C(6)-N(2) bond compared with the corresponding
noncyclopalladated bond length (vide infra). Comparison of 'H and '*C NMR spectroscopy
between palladium dichloride 23 and cyclopalladated 27 in CDCl; shows upfield chemical
shifts for most signals, with the most significant changes in the '"H NMR for PhCH,
(converted to PhCH in 27) (6.49 to 6.06 ppm), H (6.95 to 6.39 and 6.52 ppm) and H (6.31
to 5.87 and 5.95 ppm). The most significant change in the >°C NMR spectrum is for PhCH,
(converted to PhCH in 27) (57.9 to 66.9 ppm).

L L T T A L R S B L L S B e e e B LA A R
7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 2.5 2.0 15 1.0 0.5

Figure 4-2. '"H NMR spectrum of complex 26 in CD,Cl,.
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Table 4-1. Selected 'H and >C NMR chemical shifts (ppm) of 26-29 in CD,Cl, and CDCl;.

/CS - Ci R c-metC2 _c-metC3

C4 /C1_N3/ \N1-c—met/C1 c—m\etC4

=P

c? e
26° 27" 28" 29°
PACH, or PACHPh | 4.22,4.66 | 6.06 | 4.38,4.64 | 4.71
H 6.65 6.52| 683 [585
H 724 |70 7.10 [6.75
H' 6.07 5.95 6.03 5.85
H 736  [7.03] 729 [7.08
cmedd” 642 [639| 655 |585
cmed” 6.95 7.03 6.97 6.75
emedd 587 |587| 587 [585
cmedd 6.95 6.88 6.97 6.90
cmetC° 462 | 669 493 [49.0
“Recorded in CD,Cl,, ” in CDCls.

For 26 and 29 that were synthesised from enantiopure ligands, there is no change in
ligand stereochemistry. For 27 that was generated from prochiral ligand, the
cyclopalladated benzylic carbon becomes a new stereocentre. Two resulting enantiomers
give the same NMR spectroscopic feature. The '"H NMR spectra of 26-29 are consistent
with a rigid structure and thermal stability, and there is no evidence to suggest rotation
about the imine PYE bond or a second cyclometallation of the remaining NCH3 or PhCH,
group. Furthermore, heating 26 to 80 °C in the presence of K,COjs or other bases including
NaH and Et;N also did not induce further cyclometallation, and this topic will be expanded

upon in section 4.2.3.

Single crystals of 26 and 28 were grown from THF and hexane, and molecular
structures are shown in Figures 4-3 and 4-4, and selected bond lengths and angles are given

in Tables 4-2 and 4-3. The geometry is maintained at both palladium atoms as pseudo
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square planar. There is no significant distortion in the bond lengths and angles of the PYE
moieties of 26 and 28 caused by cyclopalladation in comparison to 23. In contrast, due to
the presence of different backbones, the difference between 26 and 28 with respect to bond
lengths and angles can be examined in the solid state. For example, the bond lengths of
C(6)-Pd(1) and N(3)-Pd(1) for 26 are both longer than those for 28 by ca. 0.012 and 0.08 A
respectively. The torsion angle C(2)-C(1)-N(1)-C(7) for 26 is greater than that for 28 by ca.
6.1 °. Conversely, the noncyclopalladated side torsion angle C(14)-C(13)-N(3)-C(12) for 26
is significantly smaller than C(14)-C(13)-N(3)-C(10) for 28 by ca. 9.6 °. The nitrogen
atoms N(1) of 26 and 28 both exhibit planar geometry, whereas the nitrogen atoms N(3)
both show distinct pyramidal geometry, where the sum of the angles about the atoms N(3)
for 26 and 28 are ca. 333.48 and 351.26 ° respectively. Collectively, due to more flexibility
of backbone of 28 compared with 26, two PYE moieties of 28 can rotate more easily to fit

for cyclopalladation, whereas such rotation for 26 is limited to some extent.

In comparison with C(18)-N(4) bond, cyclopalladation causes significant elongation
of the corresponding C(6)-N(2) bond for both 26 and 28 by ca. 0.018 and 0.024 A
respectively. In the solid state, the closest distance between the Pd centre and a proton on
the non-cyclopalladated N-methyl group is ca. 2.79 A for 26 and 2.68 A for 28 potentially

explaining why a second cyclopalladation does not occur.
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Figure 4-3. Molecular structure of complex 26. Ellipsoids are shown at 50 % probability. Hydrogen atoms

have been omitted for clarity.

Table 4-2. Selected bond lengths and angles for complex 26.

Bond lengths (A) Bond Angles (°)
Pd(1) - CI(1) | 2.3457(12) N(1) — Pd(1) = N(3) 80.60(14)
N()-Pd(l) | 1.972(3) N(1) — Pd(1) — C(6) 81.92(17)
N(3) — Pd(1) 2.236(4) C(6) - Pd(1) - CI(1) 91.79(13)
C(6) — Pd(1) 1.990(4) N(3) — Pd(1) — CI(1) 105.69(10)

C(H-N(1) | 1318(5) C(1) = N(1) = C(7) 124.4(4)
C()-C2) 1.439(5) C(13) - N(3)-C(12) 115.5(3)
C2)-C@3) 1.352(6) N(2) - C(6) — Pd(1) 107.7(3)

C(6) —N(2) 1.491(6) C(2)-C(1)-N)-C(7) 6.3(7)
C(13) - N(@3) 1.323(5) | C(14)-C(13) -N(@3)-C(12) 14.2(6)
C(13)-C(14) | 1.439(6)
C(14)-C15) | 1.350(5)
C(18) - N@4) 1.473(6)
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Figure 4-4. Molecular structure of complex 28. Ellipsoids are shown at 50 % probability. Hydrogen atoms

have been omitted for clarity.

Table 4-3. Selected bond lengths and angles for complex 28.

Bond lengths (A) Bond Angles (°)
Pd(1) - CI(1) | 2.3550(4) N(1) — Pd(1) = N(3) 80.45(6)
N(1) - Pd(1) | 1.9714(14) N(1) - Pd(1) — C(6) 83.45(7)
N(@3)-Pd(1) | 2.1560(14) C(6) —Pd(1) - CI(1) 91.07(5)
C(6) —Pd(1) | 1.9781(17) N(3) — Pd(1) — CI(1) 105.04(4)

C(1) = N(1) 1.325(2) C(1)-N)-C(T) 126.10(15)
C()-C2) 1.435(3) C(13) = N(3) - C(10) 121.52(14)
C2)-C@3) 1.364(3) N(2) - C(6) — Pd(1) 107.29(11)

C(6)-N(@2) | 1487(2) | C(@2)-C(1)-N(1)-C(7) 0.2(3)
C(13)—N@3) | 1.319(2) | C(14)-C(13)-N@3)-C(10) | 23.8(3)
C(13)-C(14) | 1.439(2)
C(14)-C(15) | 1.357(3)
C(18) —N@4) | 1.463(2)

In comparison with analogous five-membered palladacycles with C(sp®)-Pd bond
(2,2’ -bipyridine,”® endo-cyclopalladated oxazoline*' and exo-cyclopalladated oxazoline™)
shown in Figure 4-5, the Pd-C bond lengths for complex 26 and 28, 1.99 and 1.9781 A
respectively, are shorter and fall in the shorter end of narrow range reported for related

palladacycles with C(sp®)-Pd (1.97-2.05 A).*

117



T BF,
vj,@h Me /\\N)f

PhCN—Pd
PhoP’ PPhs

Pd-C = 2.003 2.051 2.038
Figure 4-5. Examples of five-membered palladacycles with C(sp*)-Pd bond and their correspongding Pd-C
bond lengths (A).

4.2.2 Dicyclopalladated complex (30)

The discovery of monocyclopalladated complexes derived from PYE ligands led us
to be curious about the possibility of cyclopalladation of the second remaining N-methyl
group. Although the attempts to reach that goal by using C2 linked PYE ligands failed,
compound 14 with a C3 backbone was considered to be more suitable for fulfilling the goal
due to a more flexible molecular structure to shorten the distance between the Pd centre and

the second NCH3; group.

Initially, reaction between ligand 14 with excess potassium carbonate as base under
similar reaction conditions as used for cyclopalladated complexes 26-29 did not give any
desired product. However, by decreasing the reaction temperature to room temperature, a
dicyclopalladated complex 30 was isolated as a creamy yellow solid in 36% yield (Scheme
4-5). Complex 30 is soluble in most common organic solvents, and air and moisture stable

as a solid at 25 °C for days.

N\ PdCly(CH3CN), =_/ \_ /=
NN AN
KoCOs / CHsCN N Pd N

~_ >~

Scheme 4-5. Synthesis of complex 30.

Complex 30 was characterised by 'H and '’C NMR, mass spectrometry and
elemental analysis. The dicyclopalladated structure was confirmed by symmetrical signals

and intensity change of NCHj; groups to four protons in the 'H NMR spectrum. In
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comparison with 14, the '"H NMR spectrum of 30 exhibited significant changes of chemical
shifts and multiplicity of backbone signals. For example, the signals due to the protons of
PYE moieties moved downfield from 5.57 (H"), 6.44 (H), 6.84 (H’), 6.96 (H’) for free
ligand 14 to 5.83 (H"), 6.40 (H%), 7.00 (H’), 7.22 (H’). Similarly, downfield tendency is
generally observed comparing the '>C NMR spectra of 14 and 30, with the most significant
changes for PdC (39.4 to 46.4 ppm) and C' (153.7 to 160.2 ppm). The 'H and *C NMR
chemical shift of PACH, for 30 (4.20 for 'H and 46 4 for " C) are comparable to those for
26 (4.22 and 4.66 for "H and 46.2 for 13C). The FD mass spectrum of 29 recorded in

positive-ion mode contains a strong peak at m/z 360 due to the [M]" ion.

4.2.3 Comparison and discussion of noncyclo- and cyclopalladated behaviour

The selective cyclopalladation apparently directed by various backbones spurred us
to investigate the influence of steric and electronic aspects (Figure 4-6). Since the discovery
of cyclopalladated complex 26, many attempts to cyclopalladate 22 as a structural analogue
of 26 were conducted using different bases like NaH, K,COj3 and Et3;N to drive the reaction.
However, no desired product has been successfully isolated and complex 22 appears

thermally stable to at least 80 °C in acetonitrile.

) D Qi

22 26 30

Figure 4-6. Selective cyclopalladation directed by various backbones.

Examining the structures of the free ligands 7 and 12 which are incorporated into
the resulting complexes 26 and 22 respectively, they are clearly similar except for the
hybridisation of the carbon atoms in the backbone ring which induces some extra flexibility
in 7 and a greater NCCN torsion angle. The X-ray crystal structure of 22 shows the closest
distance between the Pd atom and proton of N-methyl groups is ca. 2.89 A, which is close
to that (2.79 A) between the Pd atom and the nonpalladated N-methyl group in complex 26.

The C-H activation could therefore be prevented by such long distance if there is no

119



significant libration motion of PYE rings in the solution state. However, the presence of
trans and cis isomers of 22 in the solid state structure and only one set of NMR signals
indicates the existence of a low energy C,, transition state resulted from motion of two
PYE rings (Figure 4-7) as observed in 22 (Section 3.4.3.2). A conformer approaching the
C,, transition state would increase the Pd-H interaction potentially promoting

cyclopalladation. Why then does cyclopalladation not occur?

_ §9 _ _ $9
=N_ N~ =N N=
Q Pd JN—/> VN pd W=
\ o o < - ol

: o’ ¢l /
_ N9 N o™ _ $9
=N_ N= =N N=/
Q Pd Q <\—NL Pd ﬂ
\ o a7 - o ¢l ¢

Figure 4-7. Plausible isomerisation of 22.

From a steric point of view, due to more rigidity as a result of replacement of
cyclohexyl (26) to aryl backbone (22), metallacyclic ring strain increases and any structural
twist becomes difficult. Consequently, PYE moiety bending to reach close to the Pd centre
is likely to have a high activation energy. Also, in order for cyclopalladation, the
noncyclopalladated PYE moiety needs compromisingly to twist about the C=N bond (see

X-ray structures of 26 and 28). However, the rigidity of aryl backbone severely hampers

@%@NQ

\CI\I/

that (Figure 4-8).

K

Figure 4-8. Plausible explanation of cyclopalladation steric prevention for 22.
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Before considering the electronic influence, the mechanism of C-H activation for
Pd" complexes should be mentioned. Generally, electrophilic substitutions are operative for
pd" complexes, while oxidative additions are preferred for pe" complexes (Scheme 4-6).23
Several examples have shown regioselective intramolecular cyclopalladation of arenes can

be predicted on the basis of the electronic properties of the arene substituents.**?’

Oxidative addition:

M—X /X
c — M\fH
Hy—H CHs
Electrophilic substitution:
M* M
— | + H
CHz—H CHs

Scheme 4-6. Oxidative addition and electrophilic substitution mechanism for C-H activation.

If the cyclopalladation reactions of PYE complexes undergo the electrophilic
substitution pathway, then cyclopalladation of complex 22 should be more likely to occur
owing to more electrophilicity of the Pd centre derived from the aryl backbone. However,
the experimental data shows contrary results, where complex 26 with more electron
donating substituents underwent cyclopalladation. Whereas, taking oxidative addition
pathway into account, the experimental data is more properly explained from an electronic
standpoint because complex 26 will be more electron rich. It is noteworthy that some
hydride complexes of Pd" have been postulated as intermediates in some processes.” For
example, Larock er al.’' proposed that an organopalladium(IV) hydride intermediate was

involve in a novel consecutive vinylic to aryl to allylic Pd migration reaction.

The formation of dicyclopalladated complex 30 was considered to be favoured from
both steric and electronic standpoints, but more crucial are the steric features. Elongation of
the backbone gives more flexibility to the second PYE ring after the completion of the first

cyclopalladation.

Collectively, for the selective cyclopalladation of PYE ligands directed by various

backbones, we think the influence of both steric and electronic effect should be taken into
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account. However, increased flexibility from backbones enhances the feasibility of
cyclopalladation, so the steric effect is more dominant. Furthermore, the presence of the
phenyl group for 27 results in more steric hindrance of C-H bond on N-CH,Ph group in
comparison with 26, 28-30 containing N-methyl substituents. Those changes hamper the
process of cyclopalladation to some extent, which explains why only palladium dichloride

23 can be isolated for bidentate PYE ligands (Section 3.4.3.2).

Structural comparison between complexes 22, 24 and 26 shows steric aspect
dominantly accounts for the formation of the reactive cyclometallated intermediate E and
the resulting H/D exchange via the C-H activation of C¢Ds on the N-methyl group of the
quinolinyl ligand proposed in Section 3.4.3.3.2. By building up a ball-stick model with a
chemistry model kit, a closer distance between the Pd atom and the N-methyl group in
complex 24 is observed in comparison with complex 22, indicating less constraint resulted
from the quinolinyl backbone than the aryl one. In contrast, the planar aromatic ring in 24 is
less flexible than the sp’-carbon ring in 26, which allows the formation of the stable
monocyclometallated complex 26. As the distance between the Pd atom and the N-methyl
in 24 displays between those of 22 and 26 (cyclometallated side), the weakly

cyclometallated intermediate E can be accessible to favour the C-H activation process.

Collectively, this selective cyclometallation influenced by various backbones could

be useful for reactivity tuning via controlling steric environment of metal centres.

A theoretical calculation work is under way to attempt to find out the main factor in

this selective cyclopalladation.

4.3 Synthesis and reactivity of cationic derivatives

Considering further study and potential catalytic applications, we decided to
investigate the reactivity of cyclometallated palladium complexes with a range of
molecules including small gas molecules, alkenes and alkynes. Initially CH;CN was chosen
to replace the chloride ligand because CH3CN is a labile ligand and can potentially provide

a vacant site for facile addition of other substrates.
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4.3.1 [Pd(MeCN)(>-CH,NH1'NMe)] [BAT,] (31)

Reaction between 26 and Na[B{3,5-(CF;),C¢H,}4] (Na[BArF4]) in a combination
solvent of acetonitrile and dichloromethane gave the acetonitrile coordinated cationic
derivative [Pd(MeCN)(;13-CH2NC 6HlONMe)][BArF‘;] 31 as a yellow solid, as shown in
Scheme 4-7.

- QNO oo
:N = —
N pd N/ CHCNICH,CL Ly pd N7 CF3

N ClIT TS \

Scheme 4-7. Preparation of complex 31.

Complex 31 is very soluble in chlorinated solvents and acetonitrile, but displays a
range of solubility in aromatic solvents and THF. 'H and '*C NMR spectroscopy, mass
spectrometry, and elemental analysis are consistent with the proposed formulation. An ion
peak (20%) of m/z 442.1 mass units in the mass spectrum corresponds to the [M-BArF4]+
ion. A distinctive singlet signal for CH;CN at 1.77 ppm and two signals for [BAr",]” anion
at 7.45 and 7.62 ppm were observed in the "H NMR spectrum (Figure 4-9). In comparison
to 26, a general downfield trend in chemical shift is shown in both the 'H and °C NMR
spectra of 31. The chemical shift of PACH, in >C NMR for 31 changes to 48.0 ppm
compared to 26 (46.2 ppm).
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Figure 4-9. '"H NMR spectrum of 31 in CDCl,.

4.3.2 Reactivity of cationic derivatives

The reactivity of palladium cationic derivatives with a range of molecules was
investigated using 31 as a starting material. As shown in Scheme 4-8, carbon monoxide,
ammonia and pyridine can coordinate to the palladium atom by replacing the acetonitrile
molecule, giving [Pd(CO)(i’]3-CH2NC GHIOAM 9][BArs] 32 as a light green solid,
[PA(NH3)(i7*-CHNHIONM BALF,] 33 as a  yellow solid and [Pd(CeHsN)(p'-
CH,N“H'ONMe)|[ BATr 4] 34 as a yellow solid respectively.
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Scheme 4-8. Synthesis of 32, 33 and 34.

All the characterising data are consistent with the proposed formulations. For
example, a distinctive signal corresponding to CO at 177.5 ppm was observed in the °C
NMR spectrum of 32. Infra-red spectroscopy shows a sharp peak at 2103 cm™ attributable
to the CO vibration as shown in Figure 4-10. It is worth pointing out that this value (2103
cm™) is significant lower than the CO vibration observed for similar types of palladium
complex like [(NN)PdCOMe] used in CO-alkene copolymerisa‘tion,32 indicating PYE
ligands are relatively strong donating ligands. A broad peak at 1.18 ppm due to coordinated
NH; was obtained in the "H NMR spectrum of 33. Infra-red spectroscopy of 33-NH3 shows
a peak at 3380 cm’! attributable to the NH; vibration, which was confirmed by the infra-red

spectrum of the isotopomer 33-NDs with a new peak at 2490 cm™. Comparison of both

spectra is shown in Figure 4-11.
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Figure 4-10. Infra-red spectrum of 32.
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Figure 4-11. Comparison of infra-red spectra of 33-NHj (red colour) and 33-NDj; (blue colour).
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Diagnostic signals in 'H and PC NMR spectroscopy for identifying PYE
monopalladacycles are derived from comparing PACH, data for 26 and 31-34 as shown in
Table 4-4. Various coordination ligands cis to PACH, do not result in significant changes
with respect to chemical shifts of the PACH, moiety. The pyridine coordinated complex 34
gives the largest difference of two doublets attributed to the two diastereotopic protons of

the PACH, group.

Table 4-4. "H and °C NMR chemical shifts (ppm) comparison of PdCH, for 26 and 31-34.

26 31 32 33 34
PACH, | 4.42,4.66 | 4.22,4.55 | 4.36,4.75 | 4.10, 4.59 | 4.09, 4.62
PdCH, 46.2 48.0 50.4 46.5 50.6

The stoichiometric insertion of carbon monoxide into the Pd-C bond has been
extensively observed and investigated for palladacycles. The mechanism generally involves
coordination of CO to palladium trans to the donor group, insertion in the Pd-C bond, and
depalladation (in some cases). Although we successfully isolated terminally bound
carbonyl complex 32, subsequent CO insertion does not occur. Dupont et al® reported a
series of reactions between carbon monoxide and naphthyl analogues (Scheme 4-9).
Similarly, a terminally bound carbonyl complex was obtained for the nitrogen-bound
palladacycle, whereas the enlarged palladacycle was isolated in the case of the sulphur
analogue. It was concluded that CO insertion into the sulphur-containing palladacycle is
more facile than that for the corresponding amine congeners. In the case of 32, the
constraint of the palladacycle ring was possibly responsible for the prevention of CO
insertion, which is supported by a molecular model built from a molecular model kit.

v v e

O \Pd& _CO @P(CI -, i | \Pd‘/z\

J T e ’
N

Y = NMe, or SMe isolated with Y = NMe,

Scheme 4-9. CO insertion in sulphur- and nitrogen-derived palladacycles.
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Scheme 4-10. Attempted N-H activation reaction of 33-NDs.

In order to seek potential N-H bond activation, isotopomer 33-ND3 was refluxed in
toluene-dg for days (Scheme 4-10). However, no H/D exchange between the
cyclopalladated or noncyclopalladated NCH, and NCHj;, and NDs was observed by 'H
NMR spectroscopy. Other molecules such as O,, ethylene, cyclopentene, styrene and 1-
hexyne were also investigated with 31. Addition of those molecules into solution of 31 did
not give new coordinated complexes. Even chloride abstraction of 26 in the presence of
cyclopentene without any other coordinating substrates did not give an alkene product.
Such a selectivity of coordinating ligand in the PYE monopalladacycle is probably due to
the steric hindrance of the N-methyl group which allows end-on ligand coordination but
prevents coordination of ligands with significant ‘lateral’ bulk. A spacefilling structure of
26 (Figure 4-12) clearly shows that the N-methyl group occupies some axial space of the

potential coordination site for side-on ligands.

Figure 4-12. Spacefill structure of 26. Chlorine atom has been omitted for clarity.

128



Furthermore, in the presence of alcohol, 31 decomposed giving palladium black and
a stoichiometric amount of aldehyde as observed by 'H NMR spectroscopy, indicating

Pd(II) was reduced to Pd(0) through an unstable hydride intermediate.*

4.3.3 {[Pd(5*-CH,N“M°NM) 1, C1}(BF,) (35)

In the 1980s, the study of stable bimetallic species with an unsupported single
halide atom bridge became of growing interest as halide-bridged bimetallic intermediates
are proposed in many redox or electron ligand transfer reactions of d® metal-halide
complexes. Their structure and chemical behaviour were investigated in order to gain more
information about the mechanism of halide-bridge cleavage reactions and halogen transfer
processes > The first example of dinuclear Pd(II) complexes with a single unsupported
halide bridge was reported by Grove er al. using a pincer NCN ligand.*® Since then, a
number of monobridged bimetallic Pd(II) or Pt(Il) complexes were isolated and studied in

terms of their structure and reactivity (Figure 4-13).3%:3743

+

NM M N
PPh,  PhyF 2 V2 R R J
—Pd—Cl—Pd Pd—C N Pd__ _Pd__N
cr oy
bph, th\) i Q L /
NMe2 MGZN NR RNJ

Figure 4-13. Examples of bimetallic complexes with an unsupported single halide bridge.

Reaction between 26 and 0.5 eq. AgBF, was carried out in dichloromethane at room
temperature. As expected, a chlorine bridged dimer complex 35 was isolated as a yellow
solid (Scheme 4-11). Unlike the example of NHC analogue obtained from addition of
excess TI salt,*” the bridging chloride atom was unable to remain stable on addition of
excess silver salt which leads to the decomposition of 35. No stable product such as a
palladium agostic complex with vacant site was observed (Scheme 4-11). Complex 35 was

thermodynamically stable in dichloromethane solution and on refluxing.
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Scheme 4-11. Synthesis of dimer complex 35 and the attempt to an agostic complex.

All the characterising data are consistent with the proposed formulation. The
chemical shift difference of two doublet signals due to PACH, at 3.82 and 4.61 ppm in the
"H NMR spectrum of 35 became significantly enlarged when compared with 26 and other
derivatives, whereas the chemical shift of the PACH, signal in the BC NMR spectrum (48.2
ppm) is comparable to 26 and other derivatives. A cation peak at m/z 837.1598 was found
in a high resolution mass spectrometer due to the [M-BF,]" ion (calc. 837.1603). Single
crystals of 35 were grown from dichloromethane and diethyl ether at room temperature.
While the structure could be solved, the refinement was problematic resulting in a low
quality structure. However, the constitution of 35 is unambiguous and is shown in Figure 4-

14.
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Figure 4-14. Molecular structure of complex 35. Ellipsoids are shown at 50 % probability. Hydrogen atoms

and the BF, anion have been omitted for clarity.

4.3.4 [Pd(C¢Hs) (3> -CH,N®H1ONM9)| (36)

Due to the interest in C-H bond activation, we decided to synthesise the aryl
substituted Pd complex 36, with 26 as the precursor, to look into the potential reactivity of
this type of organometallic PYE complex. A motivation for preparing complex 36 which
was synthesised from reaction between 26 and phenyl Grignard reagent is to examine the
potential intermolecular C-H activation of arenes via elimination of benzene from 36 and
subsequent addition of an arene to an intermedaite dicyclometallated complex.
Alternatively, migration of the phenyl group to give a Pd(0) complex containing a N-benzyl

group could also occur that may oxidatively add an arene (Scheme 4-12).
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Scheme 4-12. Postulated C-H activation mediated by PYE phenyl Pd complex.

The phenyl substituted complex [Pd(C6H5)(773 -CH2NC6H10NM6)] 36 was isolated as a
yellow solid via chloride abstraction from reaction between 26 and phenyl Grignard in THF

at 0 °C as shown in Scheme 4-13.

— Q — PhMgBr — Q —
ool N \ Pn N

Scheme 4-13. Synthesis of complex 36.

The '"H NMR spectrum of 36 shows a similar resonance pattern as 26 and an
additional coordinated phenyl signals. In comparison with 26, the most significant changes
in '"H NMR spectrum of 36 are c_metH3 (6.95 to 6.55 ppm), H® (7.24 to 6.95 ppm), c_metHs
(6.95 to 6.73 ppm) and H’ (7.36 to 6.95 ppm). The 'H and '>C NMR chemical shifts of
PACH, for 36 (4.42 and 4.46 ppm for 'H and 46.2 ppm for °C) are comparable to those of
26. There is no significant change between 36 and 26 with respect to °C NMR data. A
cation peak at m/z 479.0 was found using ESI mass spectrometry and is attributable to the
[M+H]" ion. The solubility of 36 is much better than 26 in organic solvents, even in
aromatic and hydrocarbon solvents, which will give benefit to the further investigation with
respect to C-H activation. Single crystals of 36 were grown from toluene and hexane at
room temperature. The molecular structure of 36 is shown in Figure 4-15 and selected bond

lengths and angles are given in Table 4-5.
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Figure 4-15. Molecular structure of complex 36. Ellipsoids are shown at 50 % probability. Hydrogen atoms

have been omitted for clarity.

Table 4-5. Selected bond lengths and angles for complex 36.

Bond lengths (A) Bond Angles (°)
Pd(1) - N(2) | 2.0213(15) N(@2)-Pd(1) —N@3) 79.49(6)
Pd(1) - N(3) | 2.2287(16) N(2) - Pd(1) - C(6) 81.87(7)

C(6) - Pd(1) | 1.9986(19) | C(2)-C(1)-N(1) - C(7) 5.7(3)
C(19) - Pd(1) | 2.0437(18) | C(14) - C(13) - N(3) - C(12) | 15.6(3)
C()-N@2) | 1.301(2)
C(13)-N@3) | 1.325(3)

The bond lengths and angles in 36 are similar to those in 26. The metal geometry is
pseudo square planar with the sum of angles ca. 360.02 ° at the Pd atom. The phenyl plane
is not perpendicular to the Pd square plane and the angle between planes defined by C24-
C19-C20 and C6-N2-N3 is ca. 52.01 °, which possibly results from steric repulsion
between the phenyl and N-methyl group (vide supra). This distortion may also reflect why
alkene and alkyne substrates were not observed to coordinate (Section 4.3.2) and is
presumably structurally similar to the pyridine adduct 34. Due to the steric repulsion of the
N-methyl group, an ideal orbital overlap between alkene/alkyne and Pd atom can not be
estabilished. Comparing to 26, the Pd(1)-N(2) bond length for 36 is ca. 0.049 A longer
probably due to the replacement of chloride ligand to stronger trans effect phenyl ligand.
The C(19)-Pd(1) bond of 36 is ca. 0.074 A longer than the C(spz)-Pd bond in
[PACI(Ph)(2,2’-bipy)] (1.970(7) A)*.
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To study if complex 36 can activate C-H bonds, a solution of complex 36 in
C¢DsCD; was refluxed for 12 hours without observing any H/D exchange. However,
prolonging the refluxing time slowly resulted in the formation of several new species and a
significant signal change of the residual vacuum grease observed in the "H NMR spectrum.
A possible explanation for that observation is decomposition of 36 mediated by vacuum
grease. Vaccum grease involved reactions are quite rare and obvioulsy not usually targeted.
Previously, Lennartson er al.” successfully isolated a dinulear complex from reaction
between silicone grease and phenylmagnesium bromide in diethyl ether (Figure 4-16). In
any event 36 does not appear to undergo intermolecular C-H exchange under the conditions

investigated.

Figure 4-16. Product from degradation of grease by phenyl Grignard reagent.

4.4 Reactivity of palladacycles with H", H’, and H,

In order to provide some insight into potential catalytic applications of PYE ligands
and the possibility of Pd-C bond activation, the reactivity of 26 and 32 with different

hydrogen sources H", H and H, was investigated.

Addition of 2 eq. of HBF4.(Et;O) to an acetonitrile solution of 26 led to selective
protonation of two imine nitrogen atoms to give the cis-bis-acetonitrile palladium complex
[PA(MeCN),Cl(5'-CH,N®H''NMe)(H"),](BE,), 37 as shown in Scheme 4-14. 'H and "°C
NMR spectroscopy, mass spectrometry, and elemental analysis are consistent with the
proposed formulation. An unsymmetrical pattern was observed in the 'H and C NMR
spectra of 37 associated with disappearance of two doublets due to diastereotopic PACH,
protons. Instead, a singlet signal for PACH, appeared at 4.11 ppm in the '"H NMR spectrum

and 33.4 ppm in the *C NMR spectrum. Two distinctive broad signals derived from two
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protonated NH were observed at 6.51 and 7.55 ppm respectively. A general downfield shift
for 37 with respect to PYE moieties was shown in 'H and *C NMR spectroscopy in

comparison to 26, except for cmaC' (159.7 to 153.3) and C' (162.9 to 154.4) with a

Q 2BF,
— — =\t N+
Ot 3o om0

N Pd_ _N N H N

significant upfield change.

H
\ cr \/ \ C|/,,‘Pd/
N
0‘(\'39 CCHS
(26) (37)

Scheme 4-14. Synthesis of 37 via protonation to imine nitrogens.

Single crystals of 37 were grown from acetonitrile and diethyl ether at -40 °C. The
molecular structure is shown in Figure 4-17 and selected bond lengths and angles are given
in Table 4-6. The bond lengths and angels with respect to the PYE moieties are close to the
protonated salt 16. The geometry at the palladium is pseudo square planar with two cis
acetonitrile ligands. The Pd(1)-C(6) bond of 37 is 0.023 A longer than 26 and the Pd(1)-
CI(1) bond is 0.0447 A shorter. Furthermore, in comparison with structurally related
complexes, the Pd-C bond of 37 is really close to the Pd—C(sp3) bond of [PACI(CHj3)(N-N)]
(2.020(11) A; N-N: ArN=C(H)C(H)=NAr, Ar: 2,6-(iPr),C¢Hs).*°

Figure 4-17. Molecular structure of complex 37. Ellipsoids are shown at 50 % probability. Hydrogen atoms
except for H(1) and H(3b) have been omitted for clarity.
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Table 4-6. Selected bond lengths and angles for complex 37.

Bond lengths (A) Bond Angles (°)
Pd(1) - CI(1) | 2.3010(7) N(5) — Pd(1) — N(6) 90.44(9)
Pd(1) — C(6) 2.013(3) CI(1) — Pd(1) — C(6) 89.49(8)
N(5)—-Pd(1) | 2.026(2) N(2) — C(6) — Pd(1) 114.11(16)

N(6) —Pd(1) | 2.139(2) C(2)-C(1)-N(1)-C(7) 7.6(4)
C(1)-N(1) 1.337(3) | C(14)-C(13)-N(3)-C(12) 3.14)
C(13)-N@3) | 1.341(3)
C(18) —N(4) | 1.465(3)
C(6) - N(2) 1.465(3)

Prontonation and decoordination of the supporting nitrogen atoms in palladacycles
has been observed previously as one important step for transcyclopalladation. Ryabov et
al.’ reported the first transcyclopalladation reaction between dialkylbenzylamine and
phenylpyridine in acetic acid solvent in 1984 (Scheme 4-15). Transcyclopalladation
contains two steps which are (i) decoordination and protonation of the donor group to give
a monodentate C-bound complex which is highly susceptible to acidolysis; (ii)

recyclopalladation either through an inorganic intermediate or through a diorgano metal

complex.48’ 9
=
|
(L :
Pd _HOAc, / + NMe;
AcO ? ?d\
AcO—,
2

Scheme 4-15. Transcyclopalladation reaction between dialkylbenzylamine and phenylpyridine in acetic acid

solvent.
An N-protonated dechelated intermediate was isolated showing the existence of the

Pd-C bond (Figure 4-18). The formation of 37 can be attributed to strain in the 5S-membered
palladacycle and strong basicity of the PYE imine-like nitrogen.
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I‘DPh3
Pd—Cl
Cl
Et,HN'

Figure 4-18. Example of dechelated palladium complex via protonation.

Furthermore, a palladium hydride cannot be isolated from reaction between 26 and
“super hydride” NaBEt;H, which ultimately gives neutral ligand based on the '"H NMR
spectrum of the reaction mixture (Eqn 1, Scheme 4-16). Interestingly, the addition of
dihydrogen gas into a solution of 32 gave protonated product, whose 'H NMR data is
consistent with that of monoprotonated 7. This indicates that the Pd-C bond can be
hydrogenated presumably after oxidative addition or perhaps more likely addition of
dihydrogen across the Pd-C bond (Eqn 2, Scheme 4-16). Eqn 1 and 2 imply the formation

of a reactive palladium hydride intermediate.

N i NI N\ N7

Nl \ /

VL P N/ CHCh \ ¢ N NS man 2
\ O \ /
32)

Scheme 4-16. Reactivity of 26 and 32 with H and H,.

Those above observations suggest that the application of palladacycles
incorporating PYE ligands in any catalytic reactions involving a proton transfer step may
be problematic. The instability of palladacycles and their derivatives with PYE ligands in
the presence of any hydrogen atom source is accounted for the previous catalytic testing
failure including alcohol oxidation, hydrogenation, transfer hydrogenation and

hydroamination.
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4.5 Conclusions

Selective cyclopalladation influenced by various backbones (alkyl and aryl) for
PYE ligands was observed and a series of mono- and dipalladacycles were successfully
isolated in the presence of Brgnsted base. Steric and electronic effects were taken into
account for this selective cyclopalladation. However, steric effects are considered to be
more dominant. In comparison with N-Me cyclopalladation, the presence of N-Bn group
increases the energy barrier of cyclopalldation to allow the isolation of palldadium

dichloride intermediate 23.

The reactivity of palladacycles was investigated with a vatiety of substrates
including CO, NH3, alkenes, alkynes and Grignard reagents (PhMgBr). The strong donating
ability of the PYE moiety was confirmed by a lower CO stretching frequency of carbonyl
complex 32 in comparison to very similar complexes. Owing to the steric constraint of the
cyclopalladated ring, CO insertion into the Pd-C bond was prevented. Furthermore, there
was no observation of any H/D exchange in isotopomer 33-ND; and phenyl substituted
complex 36 refluxed in C¢DsCDs3 indicating the cyclopalladated Pd-C bond is relatively
strong. The remaining second N-methyl group causes a steric repulsion to selectively direct
coordination at the Pd atom. Due to this repulsion, alkenes and alkynes are unable to form

good orbital overlap with the Pd atom.

Catalytic applications including oxidation, hydrogenation, transfer hydrogenation
and hydroamination were carried out, unfortunately without any success. A systematic
study to understand the problem identified a possible reason, which is the instability of
palladacycles and their derivatives with PYE ligands in the presence of different hydrogen
atom sources. The cyclopalladated Pd-C bond was found to be cleaved by hydride
migration. The formation of the ligand-dangling complex 37 via protonation is consistent

with a previous study of transcyclopalladation.
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5.0 Anticancer activity of metal complexes with PYE ligands

5.1 Introduction

For a long time, organic compounds have dominated the medicinal therapeutic area
and transition metal ions were initially regarded as toxic “heavy metals”, making them
potentially unsuitable for anticancer research. However, since the landmark discovery of
the biological activity of cisplatin,' medicinal inorganic chemistry has attracted increasing
attention. Cisplatin has shown extensive activity against a range of cancers, in particular
testicular cancer. Once tumors are discovered early, a cure rate of nearly 100% can be
achieved.” However, the clinical use of cisplatin and its platinum-based analogues are
limited by dose-limiting side effects, which include nephrotoxicity, emetogenesis and
neurotoxicity. Also, inherent and acquired resistance of many tumour cells to platinum-
based drugs causes further problems.” To solve these problems, much effort has been put
into developing new platinum-based drugs. However, only fewer than 30 compounds out of
over 3000 synthesised and tested platinum compounds entered clinical trials and only 4
platinum-based drugs are officially registered as marketed drugs - cisplatin, carboplatin,
oxaliplatin and nedaplatin (Figure 5-1).>” Relative to the substantial and urgent demands of
patients, focusing only on platinum compounds will retard the development of anticancer

agents. New types of metal complexes, which can be clinically utilized, are definitely

required.
] Ho o
HN._ _Cl HN__ O N0 HN_ 0 /°
Pt Pt Pt b :/(
HsN Cl HsN o N 0™ H3N 0
o) Ho
Cisplatin Carboplatin Oxaliplatin Nedaplatin

Figure 5-1. Marketed platinum anticancer drugs.

Inspired by ciplatin, research interest has been expanded into a wide range of other
metal ions, eg. gold, copper, ruthenium, palladium, iron and titanium.* 7 This wide
investigation of other metal ions has not only introduced many possibilities for overcoming
the drawbacks of platinum-based drugs, but also offered other novel anticancer targets. A

variety of metal complexes and their relative biological targets are illustrated in Table 5-1
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and Figure 5-2 to exhibit recent development of medicinal organometallic chemistry.

Table 5-1. A variety of metal complexes with anticancer activity and their relative biological targets.

Compounds

Anticancer targets

Cisplatin®®

Binding to DNA and interacting with DNA to form inter-

and intra-strand cross-links.

Ru(ID-arene (RM175)

Unique binding modes to duplex DNA in a bifunctional
manner by both intercalation and direct metallation, and

different structural distortions in DNA compared to cisplatin

KP1019’° Cellular transduction pathways
NAMI-A"’ and
[Ru(Il)(arene)Cl,(PTA)] Metastasis inhibition
(RAPTA)"!

Ni(II)—salphen12 and Mn
porphrin'’

Interaction with the grooves and loops of the quadruplex to
induce a high degree of quadruplex DNA stabilisation and

telomerase inhibition

DW1"

Mimiking the protein kinase inhibitor as scaffold

Phosphole—Au(I)15

Inhibition of hTrxR (human thioredoxin reductase) and hGR

(human glutathione reductase )
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Figure 5-2. Diverse metal compounds with anticancer activity.

5.1.1 Development of ruthenium complexes as anticancer agents

KP1019

\
Cl

Phosphole-Au(l)

As seen above, ruthenium-based compounds have drawn much attention in the last

decade owing to several advantages as indicated by the following: '°

1) Stable complexes with predictable structures which can be synthesised by reliable

methods;

2) Capability of tuning ligand affinities, electron transfer and substitution rates, and
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reduction potentials;
3) An increasing knowledge of biological activity and the mechanism of ruthenium

complexes.

Early interest in investigating ruthenium complexes as anticancer agents stemmed
from the discovery of Ru(Ill) ammines [Cl(NH3)5Ru]2+ by Clarke et al. 17" almost thirty
years ago. Subsequently, a variety of neutral or cationic Ru(II)/(IlT) complexes have been
synthesised and tested for anticancer activity. It has been found that ruthenium complexes
provide novel targets of cancer treatment and consequently show positive effects against
cancers that platinum drugs can not treat as well and there can also be a lower toxicity

compared to platinum drugs.'®

There are now several promising ruthenium complexes undergoing clinical trials.
NAMI-A ([Him]trans-[RuCl4(DMSO-S)(im)], where im = imidazole) and KP1019
([Hind]trans-[RuCls(ind),], where ind = 1H-indazole) (Figure 5-2) are the first ruthenium-
based anticancer drugs transferred into clinical trials and have successfully completed
phase 1" Alessio et al.' reported that NAMI-A, a complex which failed the traditional in
vitro cytotoxicity test, surprisingly is effective against metastatic solid tumors in vivo. Proof
of its selectivity for metastatic tumor cells over primary tumor cells provides a new target
for drug therapy. As a structurally related complex, KP1019 developed by Dyson et al.''
exhibits a different mechanism of anticancer activity, which is proposed as, 1) accumulation
in transferrin receptor-(over)expressing tumor cells via the transferrin receptor; ii) reduction
to Ru(I) species; iii) interaction with DNA and iv) induction of apoptosis via the intrinsic

mitochondrial pathway.

It is believed, as anionic ruthenium(IIl) complexes, NAMI-A and KP1019 actually
play a prodrug role, whereas reduced Ru(Il) species are suggested as responsible for tumor
reduction.” Accordingly, a variety of ruthenium(II) complexes have been designed and
synthesized for anticancer investigation. Of those active ruthenium(Il) complexes,
increasing attention has been drawn to two families of ruthenium(Il)-arene complexes

developed by Sadler et al.® and Dyson et al.'' respectively. Cationic ruthenium(II)-arene
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complexes (e.g. RM175 in Figure 5-2), exhibit excellent in vitro and in vivo anticancer
activity. In contrast to other types of ruthenium complexes (absence of arene) and cisplatin,
additional interactions of this class, such as intercalative binding of arene ligand and
specific hydrogen bonding interaction of amine group result in unique binding modes to
duplex DNA. The other neutral class, RAPTA (Figure 5-2), shows pH dependent DNA
binding features and selectivity towards metastatic tumors in vivo like NAMI-A, where the
pta phosphine ligand is believed to be responsible for selectivity. Interestingly, the RAPTA
complex also failed the traditional drug screening test in vitro displaying very poor ICsg
values as did NAMI-A. Failure of both promising potential drugs in primary screening test
in vitro makes new assays urgently required to look beyond traditional in vitro cytotoxicity

tests.

5.1.2 Development of palladacycles as anticancer agents

The development of palladacycles seems not to be as rapid as that of other
organometallic complexes, especially platinum- and ruthenium-based, although some
reports have highlighted the potential anticancer properties of palladacycles.”” *' The
advantages of utilizing palladacycles as attractive targets of anticancer agents are plenty,
including ease of synthesis, stability, potential for rapid library generation for structural
activity studies and modifications of the physiochemical properties (e.g. solubility and
lipophilicity).® In 1993, Higgins III et al** synthesized and tested a selection of
palladacycles for cytotoxcity on various cell lines. Most complexes were quite cytotoxic
towards the tumor panel, having ICsy values in the 10 mg/mL range. Interestingly, the two
complexes shown in Figure 5-3 displayed a 3-5 fold differential response between the

HT1376 (invasive bladder transitional cell carcinoma cell line) and the SW6020 (colon

Ho
Py /N<
Pd\ Pd\
N Cl N Cl

MGQ Me2

carcinoma line) cell lines.

Figure 5-3. Examples of palladacycles with differential response among various cell lines.
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Subsequently, a number of various palladacycles®" **’ have attracted attention in
this area, showing cytotoxic effects against tumor cells in vitro and different binding modes
of targets from that of cis-platin described above. For example, compounds A-C with
micromolar activity against human cancer cell lines and their novel targets are illustrated in
Figure 5-4.7*3' Compound A was found to slightly increase the T, (melting temperature) of
DNA probably due to a predominantly intercalative mode of binding to DNA. Compound
B induced DNA interhelical cross-links, a type of DNA adduct that is not formed by cis-
platin, and shows the possibility of circumventing cis-platin resistance. In addition,
compound C exhibited similar anticancer activity as NAMI-A and RAPTA complexes.
Notably, these differential anticancer targets might lead to an entirely new phase of

anticancer research to provide new choices to the therapy of cis-platin-resistant tumors.

Cl Ph,P
Pd ¢ \ P MezN
i SN 2 N’P‘?i fd-Cl Fe Cl-pq_ /=

1 4 /
/ N S NMeZ@PPhZ \ Vs
NHMe
(A) Intercalative DNA lesion  (B) DNA interhelical cross-links (C) Matastatic tumors

Figure 5-4. Examples of palladacycles with potential anticancer activity and their different targets from cis-

platin.

5.2 Synthesis and characterisation of Ru(Il)-DMSO complexes with PYE ligands

As shown in section 5.1.1, ruthenium (II) or (III) complexes have exhibited very
interesting biological properties, particularly in the field of anticancer treatment. Within
those active organometallic molecules, imine or amine fragments play an important role in
regard to interaction modes with anticancer targets® and the stability and activity of the
complexes.'® Furthermore, PYE ligands have shown some interesting biological activity.**
With these in mind, we decided to synthesise a new class of ruthenium(Il) complexes with

PYE ligands and subsequently test them for anticancer activity.

Cis-RuCl,(DMSO), 1s a widely used starting material for synthesizing ruthenium
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33, 34
complexes

through substitution of the labile chloro and DMSO ligands which have
shown effective activity against solid tumor metastasis.”> Therefore we chose cis-

RuCl,(DMSO), as the precursor to start our ruthenium chemistry.

Before we began this project, we were aware of presence of a variety of neutral
ruthenium(II)-DMSO complexes with different chelating imine ligands.** Following this
precedent, a series of reaction condition tests were carried out. Solubility problems limited
the use of hydrocarbon solvents (e.g. toluene). Chlorinated solvents (e.g. dichloromethane)
were found to cause undesired side-reactions possibly due to addition of active C-CI bonds
to products and / or oxidation of Ru(Il) to Ru(Ill) by chlorinated solvents. Attempts to use
acetonitrile as the reaction solvent, either at room temperature or by refluxing, led to the
formation of protonated ligand (X), which was confirmed by a solved but unrefined X-ray
crystal structure (Figure 5-5) obtained from an acetonitrile solution. The reason for such a
transformation is at present unclear. Finally, methanol and ethanol were found to be
suitable choices. We chose to use methanol due to a relative shorter reaction time. The N-
subtituents of bidentate PYE ligands proved to be important in this type of reaction as no

isolation of metal complexes with ligand 8 containing bulky benzyl group was successful.

Figure 5-5. Molecular structure of complex X. Ellipsoids are shown at 50 % probability. Hydrogen atoms

have been omitted for clarity.
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Neutral type:

o]
(MeNBY) (1) 4+ RuCIADMSO), —MeOH/60-C.  pgycL,DMSO),MeNBY) (38)

o
[MeN(CEHANMe] (12) & RuCI,(DMSO), MeOH /60 “C RUCI,(DMSO)4[MeNCEH4IAMe; (39

Cationic type:
L, + RuCl(DMSO), -MeOH/B0°C, [RyCIDMSO)4(Ly)CI (40-42)

[

Scheme 5-1. Synthetic routes to new types of Ru(II)-DMSO complexes with PYE ligands.

As shown in Scheme 5-1, reactions between compounds 1, 7 ,9, 10 and 12 and the
starting complex cis-RuCl,(DMSO), in 1:1 mole ratio with heating at 60°C in methanol
gave products 38-42 in high yield (>90%). The solubility of all the compounds is very good
in alcoholic solvents, DMSO and water but very poor in aromatic, ether and hydrocarbon
solvents. These compounds are very hygroscopic and gradually degraded on exposure to air.
All the complexes were characterised by NMR and infra-red spectroscopies and elemental
analysis, which are consistent with the proposed formulas. Mass spectrometry is unable to
provide desired evidence, which has been encountered commonly for this type of

36-
compound.’**

Taking all the available characterising data into account, compounds 38 and 39 were
formulated as neutral of the type [RuCly(DMSO)s(L)] and [RuCly(DMSO),(L,)]

40. 41 and bidentate

respectively which are typical formulas with respect to monodentate
nitrogen ligands.”> ** ¥ ** Interestingly, reaction between cis-RuCl,(DMSO), and alkyl
linked ligands 7, 9 and 10 gave a novel formula type [RuCl(DMSO)s(L,)](Cl) (40-42)
respectively with replacement of O-bonded DMSO and one Cl ligand. The diverse
behaviour of these complexes will be discussed in the following sections. It is worth noting
that, due to the lack of X-ray crystal structure, geometries of all the compounds are not

completely clear, so the structures drawn below only represent one of possible geometrical

isomers (vide infra).
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5.2.1 [RuCl,(DMSO);(M*N'™®")] (38) and [RuCl,(DMSO),(MeNCHINMe)] (39)

As reported previously, the labile O-bonded DMSO ligand of cis-RuCl,(DMSO); is
selectively replaced by stronger oand/or = donor ligands of monodentate type to give
cis,fac-RuCl,(DMSO-8);(MN™®") derivatives (Scheme 5-2). The 'H NMR spectrum of 38
recorded in methanol-d4s, in comparison with the spectra of the precursor cis-
RuCl,(DMSO),, shows a group of signals in a range of ¢ 3.10-3.50 ppm with an intensity of
18H attributed to three S-bonded DMSO groups and signals at 6 7.00, 7.49, 8.02 and 8.16
assigned to coordinated ligand protons. The lack of a peak at  2.72 ppm for the new
complexes indicated the absence of O-bonded DMSO in the complexes, which was also
reflected in the IR spectra of 38 by the presence of strong S=O stretching bands at 1084 cm’
! for S-bonded DMSO and the absence of any strong bands in the region of 890-950 cm’™
for O-bonded DMSO.** The resonance signals at 0 46.0 and 46.3 ppm in the BC NMR
spectrum of 38 are attributed to the DMSO trans to N-ligand and chloro respectively, which
is comparable to the data reported by Taqui Khan er al.*' for pyrazole analogue (5 46.12
trans to pyrazole and 0 47.19 and 47.83 trans to chloro). Although a cis,mer isomer is not
expected from the known reactivity of cis-RuCl,(DMSQO),, the possibility of cis,mer isomer
or their mixture is not completely excluded due to the ambiguity of multiple DMSO signals

in the "H NMR spectra of 38.

-
o u O
—\E‘:f, C|> Cl N-donor —\S/f, ’l\l Cl
R o > " o
-5 e 81~
O _-Ps0 O -P0
cis-RuCl,(DMSO), cis,fac-RuCl,(dmso-S);(L)

Scheme 5-2. Reaction between cis-RuCl,(DMSO), and nitrogen ligands, where L = NH3,43 Py,40 imidazole,*

40
Me;Bzm.

For the chelating nitrogen ligands, many examples have shown that reactions
between chelating N-ligands and cis-RuCl,(DMSO)4 preferentially yield cis(Cl),cis(S)-
RuCl,(DMSO),(L,) complexes.‘m'49 However, it has been demonstrated recently that other
isomers are accessible by alternative synthesis or thermal isomerizations. Koizumi er al.>

and Schmid er al.”! reported the selective synthesis of tran(Cl),cis(S)-isomer for 1,8-
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naphthyridine (napy) and paullone type ligands respectively. Interestingly, Llobet and co-
workers>® reported reaction of equimolecular amounts of cis-RuCl,(DMSO); and the
neutral ligand (3,5-bis(2-pyridyl)pyrazole) (hbpp) in methanol at reflux for 45 min
produces the trans(Cl),cis(S)-isomer, while prolonged reflux yielded the
thermodynamically more stable cis(Cl),cis(S)-isomer completely. In some cases, reaction
between chelating ligands and cis-RuCl,(DMSO), ended up with a mixture of two isomers,
which was demonstrated by Suzuki et al.’* for bipyridine (bpy) and Cingi et al.”® for 4-
amino-5-methylthio-3-(2-pyridyl)-1,2,4-triazole.

The "H NMR spectrum of 39 shows a group of signals in the range J 3.15-3.50 ppm
with an intensity of 12H attributed to two S-bonded DMSO ligands and signals at ¢ 6.30,
6.44, 7.15, 7.28 and 7.57 assigned to the protons of the coordinated ligand. The BC NMR
spectrum also shows symmetrical signals attributed to coordinated ligand and DMSO
ligands. These symmetrical NMR patterns reflect C,, symmetry from which was inferred
the possibility of symmetrical isomer A and/or B but not unsymmetrical isomer C (Figure
5-6). IR spectra shows strong S=O stretching bands at 1093 cm™ attributed to S-bonded
DMSO and no sign of O-bonded DMSO.
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trans(Cl),cis(S)-isomer (A) cis(Cl),trans(S)-isomer (B) cis(Cl),cis(S)-isomer (C)

Figure 5-6. Possible isomers for compound 39.

5.2.2 [RuCI(DMSO);(L,)](Cl) (40-42)

Cationic [RuCI(DMSO)3(L»)](Cl) complexes with chelating nitrogen ligands are rare,
and to our knowledge only one example has been published by Nagao and co-workers® to
date. The synthetic route to that complex involved three steps: i) synthesis of

trans(Cl),cis(S)-isomer by reaction between trans-RuCl,(DMSO)s and di-2-pyridylamine
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(Hdpa); ii) thermal isomerisation of trans(Cl),cis(S)-isomer to cis(Cl),cis(S)-isomer; iii) salt
metathesis of cis(Cl),cis(S)-isomer with Ag(OTf) to give a cis(CLS),trans(O,S)-
[RICI(Hdpa)(DMSO-0)(DMSO-S),](OTf) complex as shown in Scheme 5-3.

cl Cl@ sfj sfj oTf

N \N \N
S:’R‘u:s +HFiEa, S//'R‘[j\\ ,\IH% S/"R‘[f N _Ag(S)sz S//‘+Ru\ /NH
s~ s i s USN i) CI” | INTN i) CI” | INTX
Cl c U _ o L _ o Lo

i) EtOH/H20 (1:1), 0 °C, 40 hr;
ii) EtOH/DMSO (14:1), refluxing, 5 min;
iii) DMSO, 100 °C, 5 min.

Scheme 5-3. Synthetic route to cis(CLS),trans(0,S)-[RICI(Hdpa)(DMSO-0)(DMSO-S),](OT).

Elemental analysis provides evidence for the isolation of the cationic complexes
[RuCI(DMSO)3(L,)](CI). All three samples of 40-42 gave a satisfactory fit for the proposed
formula, which is unlikely to be coincidence. The 'H NMR spectra of those compounds
show similar group signals around J 3.1-3.6 ppm due to S-bonded DMSO ligands and
corresponding coordinated N-ligand signals (Figure 5-7). Similarly, the BC NMR spectra
gave symmetrical signals for coordinated N-ligands and two separate DMSO signals
attributed to axial and equatorial positions. The whole NMR pattern indicated that 40-42
exhibit C; symmetry and S-bonded coordination mode which was also inferred from IR

spectra (vs—o= 1085 cm™, 40; 1083 cm™, 41; 1077 cm', 42).
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Figure 5-7. "H NMR spectrum of 40 in CD;0D.

In order to compare the spectroscopic data of ruthenium complexes, neutral ligands

and their protonated salts, we added one or two equivalent of HBF,4(OEt), into the methanol

solution of complexes 40-42 to observe the change of chemical shifts. Taking compound 40

as an example, chemical shifts in the 'H and *C NMR spectra of compound 40, neutral

ligand 7 and its protonated salts are compared in Table 5-2 and 5-3. 'H and 'C NMR

chemical shifts of 40 show significant difference from 7 and its single protonated salt

7(H")(BF,) but similar signals to the double protonated salt 43 and 7(H")>(BFy),.

Table 5-2. Selected '"H NMR Chemical Shifts (ppm) of 40, 7, 7(H") and 7(H"), in CD;0D.

40 7 | 7(H")(BF,) | 7(H"),(BF,), | 43 [7(H),(CI),]
Hemsy | 3274 | 3.26 3.51 3.76 3.86
H, 7.43 | 6.80 7.14 7.41 7.66
H; 7.92 | 7.06 7.57 7.97 8.03
H, 6.81 | 5.85 6.42 6.92 6.93
Hs 7.92 1 7.20 7.57 7.97 8.03
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Table 5-3. Selected *C NMR Chemical Shifts (ppm) of 40, 7, 7(H"),(CI’),in CD;0D.

40 7 | 43 [T(H"),(CI),]
Conems) | 42.8 | 40.6 43.7
C, | 15461557 154.3
C, | 11341146 114.4
C; | 142911369 142.7
Cy | 113.0]104.2 112.9
Cs |143.8 1409 144.5

5.2.3 Electrical conductivity measurement of 39 and 40

In order to obtain further comparison between neutral complex 39 and cationic
complex 40, electrical conductivity measurements were carried out. Before measuring
compounds 39 and 40, tetrabutylammonium chloride and cis-RuCl,(DMSO)s were
measured as benchmarks and the results (Table 5-4) are consistent with the previous
reports.”> >* Taqui Khan er al*' isolated several cationic ruthenium complexes and
measured their molar conductance. Complex [RuCl(PzH),(CO)(DMSO),]CI showed 88 uS
in methanolic solution which indicates a 1:1 electrolyte (1 mM).”? Similarly, as shown in
Table 5-4, we achieved 106.4 uS for compound 40 in the reasonable range of 80 - 115 uS
for a 1:1 electrolyte. While the measurement value 52.6 uS of compound 39 is somewhat
higher than expected for neutral complex possibly due to the solvation of methanol but

nonetheless much lower than 40.%°

Table 5-4. Results of electrical conductivity measurement.

Compounds Molar conductance (uS)
[RuCl(PzH),(CO)(DMSO0),]Cl1 88
(Bu),NHCI 99.2
cis-RuCl,(DMSO), 4.3
39 52.6
40 106.4
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5.2.4 Stability of ruthenium complexes in neutral and low pH water

Before we began the test of in vitro cytotoxicity, stability of the tested complexes in
water (the media to be used) was investigated. Utilizing 'H NMR spectroscopy, the stability
of the complexes was investigated by comparing the spectra over several days. It was found
that complexes can still be observed within 96 h in D,O while degradation was happening
gradually. Interestingly, addition of 1 equivalent of HBF4(Et;O) into D,O solution of
compound 39 and 40 respectively caused an downfield change of chemical shifts of 39
from ¢ 6.4 (H,), 6.5 (H4), 7.4 (H3) and 7.55 (Hs) to 0 6.7 (H>), 6.85 (Ha4), 7.7 (H3) and 7.8
(Hs) but no change for 40. The change of 39 could be derived from equilibrium between
protonation of nitrogen atoms and their coordination to the metal centre. Cingi er al.”
reported Ru(Il) complexes with 4-amin0-3-methyl-1,2,4-A2-triazoline-5-thione and 4-
amin0—3—ethy1—1,2,4—A2—triazoline—5—thione were oxidized by DMSO in acidic conditions to
Ru(Ill) complexes. Similar observation was obtained for 1,10-phenanthroline** and

N,N,N,N-tetramethylethylenediamine.”” However, we did not observe any paramagnetic

shift or line broadening for both compounds 39 and 40 over the course of the experiment.

5.2.5 Attempts to synthesis of Ru(Il)-arene complexes with PYE ligands

As discussed in section 5.1.1, Ru(Il)-arene and RAPTA types of complexes have
gained a significant progress in anticancer research. Following this work, we planned to
synthesise similar types of complexes using precursor [RuCly(n°-p-cymene)], and the
bromide analogue [RuBrz(n6-p-cymene)]2, which is a typical starting material used,”® and
the monodentate ligand 1 and bidentate ligands 7 and 12. Reactions were carried out in
chloroform, methanol and acetonitrile under heating in or without the presence of NH4PF¢.
The '"H NMR spectra showed very broad signals for 1 and 7 which also was seen in
platinum chemistry of PYE ligands. For 12, after heating for days, a distinct spectrum was
obtained, however, more than two new species appeared and p-cymene seems not to be
coordinating to the metal centre probably due to a steric problem. Owing to shortage of

time, we did not investigate further.
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5.3 Investigation of anticancer activity

In order to evaluate the efficacy of our ruthenium complexes and cyclopalladated
complexes as anticancer agents, we carried out cytotoxicity tests on a range of cell lines to
deduce the cytotoxicity values using the MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) assay.59

5.3.1 Introduction of MTT assay

The MTT assay, a standard colorimetric assay, routinely used to determine the
cytotoxicity of potential medicinal compounds. The basis of this assay is the ability of
viable cells to convert a yellow, water soluble dye (MTT) to a purple, water insoluble
crystal (formazan) (Scheme 5-4). This conversion process occurs in the mitochondria and
therefore, it only takes place in viable cells with functional mitochondria. After exposure
the purple crystals are dissolved in an organic solvent (e.g. DMSO), and the absorbance of
the resulting purple solution can be read on a spectrophotometer at 540 nm. ICs, values can
be deduced through a dose-response curve. The detail of conducting an MTT assay is
described in the experimental. In Figure 5-8, pictures are shown after plating viable cells
into a 96-well plate, after adding DMSO solution of drugs into a plate and after complete

conversion of MTT to formazan.

N /© mitochondrial
@( B N® reductase N NH
NZN N |

wé % N//N N
O / hig
Br S\ﬁ x | S/

MTT Formazan

Scheme 5-4. Conversion of MTT via mitochondrial reductase.
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(A) (B)

©

Figure 5-8. Pictures of conducting MTT assay, (A) after plating viable cells into 96-well plate; (B) after

adding DMSO solution of drugs into plate; (C) complete conversion of MTT to formazan.

5.3.2 In vitro cytotoxicity tests

We chose human colon carcinoma cell line HT-29 and DLD-1, and human breast
adenocarcinoma cell line MCF-7 to begin cytotoxicity tests with cyclopalladated complex
31 (chosen because of good solubility) and ruthenium complexes 38-42. The ICs, values for
those complexes are listed in Table 5-5. Complex 40 showed significantly lower ICsg
values than those of other tested ruthenium complexes for all three cell lines in the similar
magnitude. It is probably because the cyclohexyl ring of 40 increases the lipophicility of 40
causing favorable penetration through the cell membrane. Compared to the standard drug
cis-platin, 40 even showed higher cytotoxicity for DLD-1 and similar magnitude for HT-29,
although the values we obtained for cis-platin are relatively higher than the previous

results.® In order to confirm the real active species are related to the complex itself, cis-
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RuCl,(DMSO)4, neutral ligand 7 and protonated salt 43 were tested and showed non-
cytotoxic activity within the tested concentration. Interestingly, complex 31 exhibited
differential cytotoxicity effect against three cell lines with 64 uM for DLD-1. This unique
result may lead to further development. Active dose-response curves are shown in Figure 5-

9.

Table 5-5. ICs values (uM) on the HT-29, MCF-7 and DLD-1 cell lines after 96 hr incubation.

Compounds HT-29 MCE-7 DLD-1
cis-platin 61.5 10 ~100
31 >100 >100 64.0 £28.3
cis-RuCl,(DMSO), >100 >100 >100
7 >100 >100 >100
38 >100 >100 >100
39 >100 >100 >100
40 71.5+£9.2 | 582 +£30.6 | 86.4 +17.8
41 >100 >100 >100
42 >100 >100 >100
43 >100 >100 >100
160%
140% ’
n
120% . + 40 (DLD-1)
S 4 & v e
£ 100% ~——= : : A B 40 (HT-29)
§ o n * & ,
X 80% | u 0 40 (MCF-7)
= B 31 (DLD-1)
2 60% =
s y
3
e 40% ¢
2 X
< 20% u
o
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Figure 5-9. Cytotoxic activity of 31 on DLD-1 and 40 on various cell lines with a 4 days exposure.
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5.4 Conclusions and future work

A series of ruthenium(Il) complexes were synthesised in a straightforward method
leading to two types of complexes, neutral type 38-39 and cationic type 40-42. To the best
of our knowledge, cationic ruthenium(Il) complexes with chelating N-donor and three S-
donor DMSO ligands have been synthesised and characterised for the first time. The
contrasting speciation of the complexes formed from reaction between ligands 7 and 12 and
cis-RuCl,(DMSO);, is intriguing. One possible reason is due to a high trans effect caused
by the strong o donating ability of the PYE moiety, causing one chloride trans to
coordinated nitrogen of 7 to be eliminated. In contrast, 12 can only form a typical neutral
complex with cis-RuCl,(DMSO), because of a steric restriction caused by the aryl ring
backbone. It is necessary to keep in mind that due to lack of X-ray and MS data the
possibility of those ruthenium complexes described above being protonated form is not

completely excluded.

Nevertheless in cytotoxicity tests, 40 showed a better activity against cancer cell
lines than other analogues, shedding light on structure/activity modification for future
studies. The interesting differential response for various cell lines observed from

palladacycle 31 suggests the effect of pH with respect to controlling and delivery of

Q :<*> 2 eq. HBF,(Et;0) <*\J<‘ 2+/>

N\ N > /*N N*\

\N e N/ CH4CN \N W N/
\ /S

anticancer agents should be studied.

N Clirpy
N Ne
O‘e\‘gj CH3
(26) (37)

Scheme 5-5. Ring open of palladacycle 26 via protonation.

As described in section 4.4, the palladacycle ring of PYE palladacycle 26 can be
opened in the presence of acid to give a new palladium species 37 (Scheme 5-5). Similarly,
primary test has shown the palladacycle ring of acetonitrile adduct 31 can be also opened

under low pH condition to provide a potentially more active species with two more binding
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sites (similar function as hydrolysis process in anticancer mechanism of cis-platin) (Scheme
5-6). Two possible advantages for anticancer application of 31 are proposed below. First, as
low extracellular pH is a unique character of the tumor microenvironment,®'  the
concentration of the more active species near tumor cells is higher than that near normal
cells. Second, unlike some really active anticancer agents which lose their activity within
the pathway to tumor cells, palladacycle 31 as a relatively stable prodrug could tolerate the
general environment, before arriving at the target and then convert to the more active

species.

( > = s~
~ — 2eq. HBF,(ELO) - 1\ /N N=
| \

(=N N= -

A more active species

Scheme 5-6. Formation of a proposed more active species from 31 under acidic condition.
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6.0 Experimental

6.1 General Procedures

Dioxygen and water sensitive reactions and manipulations were performed using
Schlenk techniques under an argon atmosphere. All solvents were distilled under
dinitrogen from a drying agent prior to use: calcium hydride (DCM and CH3CN) or sodium
benzophenone ketyl (diethyl ether, petroleum ether (40-60 °C), pentane, hexane, toluene
and THF). All reagents were used as supplied (Aldrich or Alfa Aesar) except K,COs,
which was heated to 120 °C for at least 24 h prior to use. PdCI;(NCMe),,' PdCl,(COD),”
N-benzyl-2-chloro  pyridinium bromide,3 tetramethyldiamine,4 [RhCl(CO)z]g5 and
PdMe,(pyd)® were prepared using literatures procedure. NMR spectra were recorded at
probe temperature on Joel INM-EX 270, Joel ECX 400, Bruker AMX 400 or Bruker AMX
500 spectrometers. Chemical shifts are described in parts per million downfield shift from
SiMe, and are reported consecutively as position (JH or &C), multiplicity (s = singlet, d =
doublet, t = triplet, ¢ = quartet, m = multiplet, dd = doublet of doublet, br = broad),
coupling constant (J/Hz), relative integral and assignment. 'H NMR spectra were
referenced internally to the residual protio solvent resonances of CDCl; (0 7.26), DO (0
4.79), C¢Dg (07.16), CD,Cl; (65.33), CD;:CN (J 1.94), CD;0D (03.31, 4.78), CDsCD; (0
2.09, 6.98, 7.00, 7.09), (CD3),SO (6 2.50). 13C{IH} NMR PENDANT spectra were
referenced to CDCl; (J 77.0), C¢Dg (0 128.0), CD,Cl, (6 54.0), CD;CN (0 1.3, 118.3),
CD;0D (549.2), CDsCD; (820.4, 125.5, 128.3, 129.2, 137.9), (CD;),SO (d 39.5). 'H-'H
COSY, NoeSY, and "*C HSQC experiments were performed using standard Briiker pulse
sequences. Fast Atom Bombardment (FAB+) mass spectra were recorded on a Micromass
Autospec, using 3-nitrobenzyl alcohol as the matrix. Mass spectra were recorded on a
Bruker Esquire 6000 ESI spectrometer and a Bruker microTOF instrument. Electrospray
(ES) mass spectra were recorded by using methanol or acetonitrile as the mobile phase.
Masses were analysed by Time Of Flight, (TOF). Elemental analyses were performed at the
London Metropolitan University. Melting points are uncorrected. Electrical conductivity

was recorded on a JENWAY Model 4310 Conductivity Meter.
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6.2 Compounds and complexes preparation and characterisation data

tert-Butyl-[1-methyl-1H-pyridin-(2E)-ylidene]-amine (M*N'**") (1)
N
] k
l‘\l N

To an ampoule containing 2 - chloro-1-methyl-pyridinium iodide (7.83 mmol, 2.00

CioHisN2

g), potassium carbonate (23.50 mol, 3.25 g) and acetonitrile (25 mL) was added tert-
butylamine (8.65 mmol, 1 mL) and the mixture stirred for 4 h at 80 °C. After cooling to
room temperature, the volatiles were removed under reduced pressure to give a yellow
creamy solid that was washed with toluene (25 mL) and isolated by filtration. The solid was
then dissolved in aqueous NaOH (5 M, 40 mL), extracted with toluene (3 x 20 mL) and
dried over MgSQO,. On filtration, the volatiles of the filtrate were removed under reduced
pressure to give 1 as yellow oil that can be distilled at 80 °C at 1 Torr (yield = 1.03 g, 80 %);
'H NMR (270 MHz, CDCl3) d 1.27 (s, 12H, Bu), 3.27 (s, 3H, NCHs), 5.48 (m, 1H, py-H"),
6.42 (d, *Jun = 10 Hz, 1H, py-H%), 6.73 (m, 1H, py-H>), 6.97 (d, *Ju.u = 6 Hz, 1H, py-H);
BC{'H} NMR (67.9 MHz, CDCl5) 6 30.4 (CCH3), 39.6 (NCH3), 51.4 (CCH3), 99.0 (py-CH),
115.6 (py-C?), 133.1 (py-C?), 139.8 (py-C°), 150.4 (py-C"); "H NMR (C¢Ds, 400 MHz) §
1.48 (s, 12H, /Bu), 2.92 (s, 3H, NCH3), 5.15 (m, 1H, py-H"), 6.26 (d, *Juy = 7 Hz, 1H, py-
H’), 6.35 (d, *Jyu = 10 Hz, 1H, py-H>), 6.45 (m, 1H, py-H’); "C{'H} NMR (100 MHz,
CsDs) 6 30.2 (CCH3), 39.0 (NCH3), 51.1 (CCH3), 98.1 (py-C"), 115.0 (py-C?), 132.7 (py-
%), 139.4 (py-C%), 149.6 (py-C); MS (ESI) m/z (%): 165.0 ((M+H]*, 100 %); Anal.
[found(calc.)] for CigH;¢N»: C 73.14 (73.13), H9.76 (9.82), N 16.98 (17.06).
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iso-Propyl-[1-methyl-1H-pyridin-(2E)-ylidene]-amine (**N™*") (2)
A
BN j\
l‘\l N

To an ampoule containing 2 - chloro-1-methyl-pyridinium iodide (7.83 mmol, 2.00

CoH 14N>

g), potassium carbonate (23.50 mol, 3.25 g) and acetonitrile (25 mL) was added
isopropylamine (8.65 mmol, 0.74 mL) and the mixture stirred for 4 h at 80 °C. After
cooling to room temperature, the volatiles were removed under reduced pressure to give a
yellow creamy solid that was washed with toluene (25 mL) and isolated by filtration. The
solid was then dissolved in aqueous NaOH (5 M, 40 mL), extracted with toluene (3 x 20
mL) and dried over MgSO,. On filtration, the volatiles of the filtrate were removed under
reduced pressure to give 2 as yellow oil that can be distilled at 80 °C at 1 Torr (yield = 0.88
g, 75 %); "H NMR (400 MHz, CDCL3) 6 1.05 (d, *Jun = 8 Hz, 6H, CH(CHs),), 3.23 (s, 3H,
NCH>), 3.44 (m, 1H, CH(CHa),), 5.45 (m, 1H, py-H"), 6.31 (d, *Ju.u = 10 Hz, 1H, py-H>),
6.75 (m, 1H, py-H°), 6.87 (d, *Ju.u = 6 Hz, 1H, py-H°); “C{'H} NMR (100 MHz, CDCl3) ¢
24.2 (CH(CHs),), 39.0 (NCH3), 46.8 (CH(CHa),), 99.5 (py-Ch), 112.1 (py-C?), 134.0 (py-
%), 139.0 (py-Cd), 151.8 (py-C); MS (ESI) m/z (%): 151.0 ((M+H]*, 100 %); Anal.
[found(calc.)] for CoH4N»: C 71.99 (71.96), H 9.48 (9.39), N 18.56 (18.65).
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(R)-2-(1-Methyl-1H-pyridin-(2E)-ylidene-amino]-2-phenyl-ethanol

OH C4HsN>O

(R)-(-)-Phenylglycinol (2.68 g, 19.5 mmol) was added to an ampoule charged with
2-chloro-1-methyl-pyridinium iodide (5.0 g, 19.5 mmol), potassium carbonate (8.11 g, 58.8
mmol) in acetonitrile (25 mL) and the mixture was stirred for 12 h at 80 °C. After cooling
to room temperature the volatiles were removed under reduced pressure to give a yellow
creamy solid that was extracted with toluene (3x20 mL) and the filtrate was dried over
MgSO4. The volatiles were removed under reduced pressure to give 3 as a waxy yellow
solid (yield = 3.95 g, 89 %). '"H NMR (400 MHz, CDCls) 6 3.49 (s, 3H, NCH3), 3.60 (t, *Jy
u = 8 Hz, 1H, NCH), 3.75 (m, 1H, CH,OH), 4.36 (m, 1H, CH,OH), 5.66 (m, 1H, py-H"),
6.14 (d, *Jyu = 8 Hz, 1H, py-H?), 6.79 (m, 1H, py-H°), 7.05 (d, *Juy.u = 6 Hz, 1H, py-H),
7.26 (m, 5H, PhCH); *C{'H} NMR (100 MHz, CDCl3) § 39.7 (NCH3), 62.0 (NCH), 68.8
(CH,0H), 101.6 (py-C*), 113.6 (py-C*), 126.7 (PhCH), 127.0 (PhCH), 128.2 (PhCH),
135.3 (py-C?), 138.9 (py-C°), 142.8 (PhCipso), 155.2 (py-C'); MS (ESI) m/z (%): 229.1
(IM+H]*, 100%); Anal. [found(calc.)] for C14H;6N>O: C 73.63 (73.66), H 7.12 (7.06), N
12.17 (12.27).
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1-Naphthyl-[1-methyl-1H-pyridin-(2E)-ylidene]-amine (M*N“*P") (4)

)

‘ NS

Bae
CicHisN2

1-Naphthylamine (5.60 g, 39.2 mmol) was added to an ampoule charged with 2-
chloro-1-methyl-pyridinium iodide (10.0 g, 39.2 mmol), triethylamine (11 mL, 79.1 mmol)
in acetonitrile (25 mL) and the mixture was stirred for 19 h at 80 °C. The volatiles were
removed under reduced pressure and the solid extracted with DCM (80 mL), filtered and
the filtrate added into aqueous sodium hydroxide (50 mL, 5 M). Organic phase was
extracted with DCM (50 mL x 3) and the volatiles were removed under reduced pressure to
give 4 as a yellow solid (yield = 7.3 g, 80 %). 'H NMR (400 MHz, CDCls) ¢ 3.68 (s, 3H,
NCH;), 5.76 (m, 1H, py-H"), 6.20 (d, *Jyu = 10 Hz, 1H, py-H?), 6.79 (m, 1H, py-H>), 6.93
(d, *Jun = 7 Hz, 1H, CHuapiny), 7.12 (d, *Jun = 7 Hz, 1H, py-H’), 7.35-7.51 (m, 4H,
CHuapiny)), 7.81 (d, *Juwt = 8 Hz, 1H, CHuapany)), 8.05 (d, *Jun = 8 Hz, 1H, CHyapiny); "C{'H}
NMR (100 MHz, CDCl3) J 40.2 (NCH3), 103.4 (py-C*), 114.3 (py-C?), 116.9, 121.8, 123.7,
124.7,125.7, 126.4, 127.8, 128.7, 134.7, 135.7 (py-C*), 138.8 (py-C°), 146.7, 153.0 (py-C");
MS (ESD) m/z (%): 235.0 (IM+H]", 100%); Anal. [found(calc.)] for C;¢H;4N>: C 81.97
(82.02), H 6.01 (6.02), N 11.89 (11.96).
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8-Quinolinyl-[1-methyl-1H-pyridin-(2E)-ylidene]-amine (V*N®"™") (5)

7 N\
_ —/ \
—N N=
C
\ CisHi3N3

By using an analogues procedure to 4, 8-aminoquinoline (2.0 g, 13.9 mmol) was
added to an ampoule charged with 2-chloro-1-methyl-pyridinium iodide (3.54 g, 13.9
mmol), triethylamine (3.90 mL, 27.8 mmol) in acetonitrile (25 mL) and the mixture was
stirred for 20 h at 80 °C to give 5 as a dark brown solid (yield = 3.26 g, 92 %). '"H NMR
(CDCls, 400 MHz) 0 3.78 (s, 3H, NCH3), 5.94 (m, 1H, py-H"), 6.20 (d, *Jiy.y = 9 Hz, 1H,
py-H*), 6.87 (m, 1H, py-H’), 7.26-7.32 (m, 3H, py-H  + 2CHquinoliny1), 7.41 (m, 2H,
CHguinoliny)> 8.04 (m, 1H, CHguinotiny)s 8.73 (m, 1H, CHainoiny); “C{'H} NMR (100 MHz,
CDCl3) d 41.1 (NCH3), 105.5 (py-C"), 115.1 (py-C*), 121.0, 121.6, 122.1, 127.2, 129.6,
136.3 (py-C°), 136.4, 139.2 (py-C), 142.7, 145.6, 149.0, 153.4 (py-C"); MS (ESI) m/z (%):
236.0 ((M+H]*, 100%); Anal. [found(calc.)] for C;sH3N3: C 76.59 (76.57), H 5.56 (5.57),
N 17.71 (17.86).
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N,N'-bis-[1-methyl-1H-pyridin-(2E)-ylidene]-ethane-1,2-diamine

\ / CisHisNy

To an ampoule containing anhydrous potassium carbonate (6.9 g, 0.05 mol), 2-
chloro-1-methyl pyridinium iodide (4.43 g, 0.017 mol) and acetonitrile (20 mL) was
quickly added ethylene diamine (0.55 mL, 8.25 mmol) with stirring and the mixture heated
at 80 °C with stirring for 16 hr. The volatiles were removed under reduced pressure and
toluene (60 mL) and aqueous sodium hydroxide (90 mL, 0.475 mol) were added. Filtered
and the filtrate left to stand at room temperature for 2 hr giving a yellow crystalline
precipitate. The crystals were collected and dried under reduced pressure to give 6 as
yellow microcrystals. Yield = 1.05 g, 50 %. 'H (270 MHz, CDCl3) ¢ 3.34 (s, 6H, NCH>),
3.46 (s, 4H, CH,), 5.65 (m, 2H, py-H"), 6.57 (d, *Ju.u = 9 Hz, 2H, py-H?), 6.88 (m, 2H, py-
H?), 7.03 (d, *Jun = 5 Hz, 2H, py-H’); “C{'H} (67.9 MHz, CDCl5) 39.9 (NCHj3), 48.9
(CHy), 101.6 (py-C*), 112.6 (py-C?), 135.0 (py-C?), 139.0 (py-C°), 154.0 (py-C"); MS (ESI)
m/z (%): 243.1 (IM+H]", 100 %); IR (KBr): 1641 s, 1569 s, 1535 s; Anal. [found(calc.)] for
Ci4HgNy4: C 69.39 (69.28), H 7.49 (7.36), N 23.12 (22.93).
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(1R,2R)-N,N'-bis-[1-methyl-1H-pyridin-(2E)-ylidene]-cyclohexane-1,2-diamine

\ / CigHoaNy

To an ampoule containing (1R, 2R)-cyclohexane-1,2-diammonium 2,3-dihydroxy
succinate (2 g, 7.57 mmol), anhydrous potassium carbonate (6.28 g, 0.045 mol) and
acetonitrile (30 mL), was added 2-chloro-1-methyl pyridinium iodide (4.06 g, 15.9 mmol)
and the mixture heated at 80 °C with stirring for 40 hr. After cooling to 25 °C, the mixture
was filtered and the filtrate was added aqueous sodium hydroxide (90 mL, 5 M). Organic
phase was extracted with acetonitrile (50 mL x 3) and the volatiles were removed under
reduced pressure. Recrystallize in acetone and diethyl ether at -30 °C. Crystals were
collected to give 7 as a yellow solid. Yield = 1.12 g, 50 %. Mpt. 144 - 145 °C. '"H NMR
(400 MHz, CDCl3) 6 1.29-1.49 (m, 4H, c-hex-CH,), 1.66-1.68 (m, 4H, c-hex-CH>), 3.08 (s,
6H, NCH3), 3.24 (m, 2H, c-hex-CH), 5.31 (m, 2H, py-H"), 6.58 (m, 4H, py-H* and H),
6.72 (d, *Jun = 8.0 Hz, 2H, py-H°); “C{'H} NMR (100 MHz, CDCl3) & 25.3 (c-hex-CH,),
33.8 (c-hex-CH,), 39.5 (NCHs3), 61.8 (c-hex-CH), 99.5 (py-C"), 114.1 (py-C?), 132.7 (py-
C?), 138.6 (py-CY), 152.3 (py-C"); MS(CI") m/z: 298.0 ([M+2H]*, 25 %), 297 (100,
[M+H]"); Anal. [found(calc.)] for Ci;gHa4N4: C 73.04 (72.94), H 8.19 (8.16), N 18.82
(18.90).
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N,N'-bis-[1-benzyl-1H-pyridin-(2E)-ylidene]-ethane-1,2-diamine

Sy

Y

To an ampoule containing anhydrous potassium carbonate (0.41 g, 3 mmol), N-
benzyl-2-chloro pyridinium bromide (0.3 g, 1.05 mmol) and acetonitrile (15 mL) was
added ethylene diamine (0.033 mL, 0.5 mmol) with stirring and the mixture heated at 80 °C
with stirring for 16 hr. The volatiles were removed under reduced pressure and toluene (20
mL) and aqueous sodium hydroxide (30 mL, 5 M) were added. The toluene phase was
separated and the aqueous phase was washed with toluene (2 x 10 mL). The collected
toluene extracts were concentrated to ca. 15 mL until a yellow precipitate began to form
and diethyl ether (3 mL) added and the mixture cooled at -30 °C to give a yellow crystalline
precipitate. The crystals were collected by filtration and dried under reduced pressure to
give 8 as yellow microcrystals. Yield = 0.16 g, 81 %. Mpt. 127 - 131 °C. '"H NMR (400
MHz, CDCl3) § 3.34 (s, 4H, CH,CH,), 4.98 (s, 4H, PhCH,), 5.46 (m, 2H, py-H"), 6.45 (d,
Jin = 8 Hz, 2H, py-H?), 6.70 (m, 2H, py-H°), 6.80 (d, *Jiu = 8 Hz, 2H, py-H’), 7.15-7.28
(m, 10H, C¢Hs); *C{'H} NMR (125 MHz, CDCl3) & 49.9 (CH,CH,), 52.4 (PhCH2), 101.1
(py-C"), 113.6 (py-C?), 127.5 (CeHs), 128.5 (CeHs), 128.7 (Ce¢Hs), 134.3(py-C%), 137.6
(CeHs), 137.9 (py-C°), 153.3 (py-C"); MS(TOF ES*) m/z: 396.2 ([M+2H]", 25 %), 395.1
(100, [M+H]"); Anal. [found(calc.)] for CosHpsNy: C 79.16 (79.18), H 6.64 (6.75), N 14.20
(14.14).
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2,3-bimethyl-N,N'-bis-[1-methyl-1H-pyridin-(2E)-ylidene]-butane-2,3-diamine
[MeN(CMOD2\Me] (g

\ / CisHasNy

To an ampoule containing acetonitrile (80 mL) activated 5A sieves 2 g,
tetramethyldiamine (826 mg, 7.11 mmol) and 2-chloro-1-methyl pyridinium iodide (3.814
g, 14.93 mmol), was added triethylamine (3.60 g, 35.55 mmol) and the mixture stirred at 80
°C for 12 hr. The volatiles were removed under reduced pressure and the solid extracted
with DCM (80 mL), filtered and the filtrate added into aqueous sodium hydroxide (50 mL,
5 M). Organic phase was extracted with DCM (50 mL x 3) and the volatiles were removed
under reduced pressure. Recrystallize in acetone and diethyl ether at -30 °C give 9 as
yellow microcrystals. Yield = 1.45 g, 66 %. '"H NMR (400 MHz, CDCls) § 1.23 (s, 12H,
CCHs), 3.20 (s, 6H, NCH3), 5.35 (m, 2H, py-H"), 6.42 (d, *Jun = 9 Hz, 2H, py-H>), 6.64
(m, 2H, py-H*), 6.91 (d, *Jyu = 6 Hz, 2H, py-H°); >C{'H} NMR (100 MHz, CDCl;) & 20.9
(CCH3), 42.0 (CCH3), 62.1 (NCH3), 107.4 (py-C*), 113.7 (py-C?), 139.1 (py-C?), 142.4
(py-C°), 153.0 (py-C"); MS(TOF ES*) m/z 299.2 (IM+H]*, 40 %); Anal. [found(calc.)] for
CigHaNy: C 72.47 (72.44), H 8.69 (8.78), N 18.90 (18.77).
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(1S,25)-N,N'-Bis-[1-methyl-1H-pyridin-(2E)-ylidene]-1,2-diphenyl-ethane-1,2-diamine

To an ampoule containing acetonitrile (40 mL) actiavted 5A sieves (1 g), (15,25)-
1,2-diphenylethane-1,2-diamine (500 mg, 2.36 mmol) and N-benzyl-2-chloro pyridinium
bromide (1.264 g, 4.95 mmol), was added triethylamine (1.19g, 11.80 mmol) and the
mixture stirred at 80 °C for 12 hr. The volatiles were removed under reduced pressure and
the solid extracted with DCM (50 mL), filtered and the filtrate added into aqueous sodium
hydroxide (50 mL, 5 M). The DCM phase was separated and dried over MgSOQy, filtered
and removal of the volatiles gave 10 as a yellow solid. Yield = 0.75 g, 81 %. Mpt. 99 - 100
°C. '"H NMR (270 MHz, CDCl3) 6 3.26 (s, 6H, NCH3), 4.57 (s, 2H, PhCH), 5.40 (t, *Jyupy =
5 Hz, 2H, py-H"), 6.45 (d, *Junu = 8 Hz, 2H, py-H), 6.62 (m, 2H, py-H°), 6.85 (d, Jun =5
Hz, 2H, py-H°), 6.90 - 7.10 (m, 10H, CeHs); *C{'H} NMR (100 MHz, CDCl;) & 35.1
(NCH3), 65.0 (PhCH), 95.2 (py-C"), 109.5 (py-C?), 121.3 (CsHs), 122.5 (CeHs), 124.5
(CeHs), 128.9 (py-C°), 134.4(C¢Hs), 140.0 (py-C°), 148.1 (py-C"); MS(TOF ES*) m/z 396.2
(IM+2H]", 25%), 395.2 (100, [M+H]"); Anal. [found(calc.)] for Co6HpsNy: C 79.03 (79.16),
H 6.63 (6.64), N 14.03 (14.20).
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(1S,25)-N,N'-Bis-[1-benzyl-1H-pyridin-(2E)-ylidene]-1,2-diphenyl-ethane-1,2-diamine

\ N N Y
CssH34Ny

S

To an ampoule containing acetonitrile (40 mL) actiavted 5A sieves (1 g), (1S,25)-
1,2-diphenylethane-1,2-diamine (533 mg, 2.51mmol) and N-benzyl-2-chloro pyridinium
bromide (1.5 g, 5.27 mmol), was added triethylamine (1.27 g, 12.55 mmol) and the mixture
stirred at 80 °C for 12 hr. The volatiles were removed under reduced pressure and the solid
extracted with DCM (50 mL), filtered and the filtrate added into aqueous sodium hydroxide
(50 mL, 5 M). The DCM phase was separated and dried over MgSQy, filtered and removal
of the volatiles gave 11 as a yellow solid. Yield = 0.96 g, 70%. Mpt. 46 - 49 °C. 'H NMR
(270 MHz, CDCl3) & 4.47 (s, 2H, PhCH), 4.90 (d, *Jyu = 13 Hz, 2H, PhCH>), 5.12 (d, *Jin
= 13 Hz, 2H, PhCH>), 5.40 (m, 2H, py-H"), 6.40 (d, *Jun = 8 Hz, 2H, py-H>), 6.60 (m, 2H,
py-H), 6.80-7.30 (m, 22H, C¢Hs + py-H’); *C{'H} NMR (100 MHz, CDCl;) & 52.4
(PhCH,), 69.5 (PhCH), 100.1 (py-C"), 114.3 (py-C?), 125.6 (CsHs), 126.8 (C¢Hs), 126.9
(CsHs), 127.9 (CsHs), 128.3(CsHs), 128.6(CeHs), 133.4(py-C°), 138.0(CsHs), 138.4 (CsHs),
144.1(py-C”), 151.5 (py-C"); MS(TOF ES*) m/z 548.2 ([M+2H]*, 40%), 547.2 (100,
[M+H]"); Anal. [found(calc.)] for CsgH3uN4: C 83.36 (83.48), H 6.36 (6.27), N 10.22
(10.25).
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N,N'-bis-[1-methyl-1H-pyridin-(2E)-ylidene]-phenyl-1,2-diamine

\ / CigHisNy

To an ampoule containing anhydrous potassium carbonate (10 g, 0.072 mol), 2-
chloro-1-methyl pyridinium iodide (9.45 g, 0.037 mol) and acetonitrile (40 mL) was
quickly added 1,2-phenyl diamine (2.0 g, 18.5 mmol) with stirring and the mixture heated
at 80 °C with stirring for 16 hr. Filtered and the volatiles were removed under reduced
pressure give 12 as a brown solid. Yield = 4.98 g, 93 %. %. '"H NMR (400 MHz, CDCl3) 0
3.28 (s, 6H, NCH3), 5.69 (m, 2H, py-H"), 6.20 (d, *Juyu = 9.2 Hz, 2H, py-H>), 6.88 (m, 2H,
py-H), 6.94 (m, 6H, py-H + CeH,); “C{'H} NMR (100 MHz, CDCl3) & 39.5 (NCHj3),
102.4 (py-CY, 116.2 (py-C?), 122.5 (aryl-CH), 123.6 (aryl-CH), 133.8 (py-C°), 137.8 (py-
C°), 142.0 (aryl-CN), 151.8 (py-C"); MS (TOF EI') m/z: 291 ([M+H]*, 20 %), 290 (100,
[M]%); Anal. [found(calc.)] for C;sH;sN4: C 74.50 (74.46), H 6.17 (6.25), N 19.27 (19.30).
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N,N'-bis-[1-methyl-1H-pyridin-(2E)-ylidene]-4,5-dimethyl-phenyl-1,2-diamine

\ / CooH2oNy

By using an analogous procedure to , 4,5-Dimethyl-1,2-phenylenediamine (2.0 g,
14.7 mmol) was added to an ampoule charged with 2-chloro-1-methyl-pyridinium iodide
(7.50 g, 29.4 mmol), potassium carbonate (8.0 g, 57.9 mmol) in acetonitrile (25 mL) and
the mixture was stirred for 16 h at 80 °C to give 13 as a yellow solid (yield = 4.0 g, 86 % ).
'H NMR (400 MHz, CDCl3) § 2.18 (s, 6H, CCH3), 3.31 (s, 6H, NCH3), 5.70 (m, 2H, py-
HY), 6.24 (d, *Juu = 9 Hz, 2H, py-H?), 6.73 (s, 2H, CHpy), 6.78 (m, 2H, py-H), 6.95 (d, 2H,
3Jun = 6 Hz, py-H%); C{'H} NMR (100 MHz, CDCl3) 6 19.1 (CCH3), 39.7 (NCH3),
102.6 (py-C"), 116.5 (py-C?), 125.0 (CHpy), 130.5 (CCH3), 133.9 (py-C?), 137.9 (py-C),
138.7 (aryl-CN), 151.9 (py-C'); MS (ESI) m/z (%): 319.2 (IM+H]*, 100%); Anal.
[found(calc.)] for CoH2Ny4: C 75.50 (75.44), H 6.91 (6.96), N 17.72 (17.60).
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N,N'-bis-[1-methyl-1H-pyridin-(2E)-ylidene]-propane-1,2-diamine

\ / Ci5HaoNy

1,3-Diaminopropane (1.64 mL, 19.6 mmol) was added to an ampoule charged with
2-chloro-1-methyl-pyridinium iodide (10.0 g, 39.2 mmol), triethylamine (11 mL, 78.4
mmol) in acetonitrile (25 mL) and the mixture was stirred for 18 h at 80 °C. The volatiles
were removed under reduced pressure and the solid extracted with acetonitrile (80 mL).
Sodium hydride (1 g) was gradually added into the solution with vigorous stirring. Filtered
and the volatiles were removed under reduced pressure to give 14 as a hygroscopic yellow
solid (yield = 4.1 g, 82 %). '"H NMR (400 MHz, CDCl3) ¢ 1.85 (m, 2H, CH,CH,CH,), 3.31
(t, *Jun= 7 Hz, 4H, NCH,), 3.34 (s, 6H, NCH3), 5.57 (m, 2H, py-H"), 6.44 (d, *Ju = 9 Hz,
2H, py-H%), 6.84 (m, 2H, py-H°), 6.96 (d, *Jun = 5 Hz, 2H, py-H’); C{'H} NMR (100
MHz, CDCls) d 32.9 (CH,CH,CH>), 39.4 (NCH3), 46.4 (NCH,), 100.2 (py-C"), 112.4 (py-
), 1344 (py-CY), 139.1 (py-C%), 153.7 (py-C"); MS (ESI) m/z (%): 237.1 ([M+H]*,
100%); Anal. [found(calc.)] for C;sHpoN4: C 70.27 (70.28), H 7.79 (7.86), N 21.82 (21.86).
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(1S,2S)-N,N'-Bis-[1-methyl-1H-isoquinolin-(2E)-ylidene]-1,2-diphenyl-ethane-1,2-diamine

M CHPh)2 M
[ eNisoquino( ) Nisoquino e] (15)

=N N=
N N J
A / Cs4H30Ny

To an ampoule containing acetonitrile (20 mL) actiavted 5A sieves (1 g), (15,25)-
1,2-diphenylethane-1,2-diamine (347 mg, 1.63 mmol) and N-methyl-2-chloro
isoquinolinium iodide (1.0 g, 3.27 mmol), was added triethylamine (1.14 mL, 8.18 mmol)
and the mixture stirred at 80 °C for 12 hr. The volatiles were removed under reduced
pressure and the solid extracted with DCM (50 mL), filtered and the filtrate added into
aqueous sodium hydroxide (50 mL, 5 M). The DCM phase was separated and dried over
MgSOy, filtered and removal of the volatiles gave 15 as brown oil. Yield = 647 mg, 80 %.
'"H NMR (400 MHz, CDCls) 6 3.96 (s, 6H, NCH3), 4.95 (d, *Ju.u = 10 Hz, 2H), 5.08 (d, *Ju.
u = 10 Hz, 2H), 5.60 (s, 2H, PhCH), 5.96 (d, *Jy.u = 8 Hz, 2H), 6.46 (d, *Jyu = 8 Hz, 2H),
6.49 (br, 2H), 7.10-7.50, 8.25 (m, 2H); MS (ESI) m/z (%): 495.2 ((M+H]", 100%).
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[MeN(CHZ)ZNMe] [H+]2 (1 6)

\ NN /
N H H N

BFy A\ /" BF4 C14HyByFsNy

To a chloroform solution of 6 (200 mg, 0.83 mmol), was added HBF..Et,O (267 mg,
1.66 mmol). The suspension was stirred for 1 hr at room temperature. The volatiles were
removed under reduced pressure to give 16 as a white solid. Yield = 343 mg, 99%. 'H (400
MHz, D,0) 6 3.60 (s, 4H, CH,), 4.71 (s, 6H, NCH3), 6.80 (m, 2H, py-H*), 7.07 (d, J = 9 Hz,
2H, py-H?), 7.80 (d, J = 5 Hz, 2H, py-H’), 7.81 (m, 2H, py-H°); *C{'H} (100 MHz, D,0)
41.1 (CHy), 41.7 (NCH3), 110.5 (py-C?), 113.5 (py-C"), 141.7 (py-C°), 143.6 (py-C°), 154.0
(py-C"); MS (TOF ES*) m/z (%): 331.2 (IM-BF4]*, 10%), 243.2 (100, [M-2BF,-H]"); Anal.
[found(calc.)] for Ci4H20B,FsN4: C 40.19 (40.23), H 4.79 (4.82), N 13.51 (13.41).
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[MN™®")Rh(CO),CI] (17)

(<

lcl-Rh-CcO
|
CO  CpHCIN,O,Rh

To a Schlenk tube containing a solution of 1 (0.104 mmol, 17 mg) in 2 mL of
toluene was added [Rh(CO),(u-Cl)], (0.051 mmol, 20 mg) and the solution stirred for 5
min at 25 °C. The volatiles were removed under reduced pressure to give 17 as a yellow-
white powder. Yield = 35 mg, 95 %. '"H NMR (500 MHz, C¢DsCDs3) 6 1.50 (s, 9H, tBu),
3.65 (s, 3H, NCH3), 5.63 (m, 1H, py-H"), 6.40 (d, *Juxu = 6 Hz, 1H, py-H’), 6.58 (m, 1H,
py-H>), 6.81 (d, *Jun = 9 Hz, 1H, py-H?); “C{'H} NMR (125 MHz, C¢DsCD3) 6 32.8
(CCH3), 44.4 (NCH3), 57.1 (CCH3), 108.0 (py-C%), 122.4 (py-C°), 134.6 (py-C?), 140.2
(py-C?), 164.5 (py-Ch), 182.0 (d, 'Jrnc = 78 Hz, CO), 183.8 (d, 'Jrnc = 66 Hz, CO); IR
(KBr) v(em™): 2972, 2071, 1989, 1635, 1584, 1548, 1507; IR (C¢DsCDs) v(cm™): 2071,
1992; Anal. [found(calc.)] for C;2H;6CIN,O2Rh: C 40.11 (40.19), H 4.46 (4.50), N 7.73
(7.81).
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[NiClz(MeNCGHIONMe)] (18)

A\ / C 1 8H24B I'2N4Ni

To a DCM (5 mL) solution of 7 (84.2 mg, 0.284 mmol) was added a DCM (5 mL)
solution of Ni(DME)Br; (87.5 mg, 0.284 mmol) with strring at 25 °C for 12 hr. The
volatiles were removed under reduced pressure and the green solid extracted with DCM (10
mL) to give a green filtrate. Removal of the volatiles gave a green solid that was washed
with diethyl ether (10 mL) to give 18 a dark green solid. Yield = 143 mg, 98 %. MS(TOF
ES") m/z (%): 435.0 ((M-Br+2H]", 5 %), 297.2 (100, [M-2Br-Ni+H]"); Anal. [found(calc.)]
for CigH24BraNyNi: C 41.99 (42.06), H 4.70 (4.78), N 10.88 (10.81).
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[NiClz(BnN(CHZ)ZNBn)] (19)
p— / N\ p—
Q NI, O

i Br Br i
C26H26BI'2N4Ni

To a DCM (5 mL) solution of 8 (127 mg, 0.322 mmol) was added a DCM (5 mL)
solution of Ni(DME)Br, (99.4 mg, 0.322 mmol) with stirring at 25 °C for 12 hr. The
volatiles were removed under reduced pressure and the green solid extracted with DCM (20
mL) to give a green filtrate. Removal of the volatiles gave a green solid that was washed
with diethyl ether (10 mL) to give 19 a dark green solid. Yield = 180 mg, 90 %. MS(TOF
ES") m/z (%): 613.0 (IM+3H]", 20 %) 395.0 (75, [M-2Br-Ni+H]"); Anal. [found(calc.)]
for Co6Ho6BraN4Ni: C 50.94 (51.03), H 4.28 (4.16), N 9.14 (9.16).
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[NiClz(MeN(C(Me)Z)ZNMe)] (20)
O
N B B /

To a DCM (10 mL) solution of 9 (194 mg, 0.648 mmol) was added a DCM (10 mL)
solution of Ni(DME)Br, (200 mg, 0.648 mmol) with stirring at 25 °C for 12 hr. The

C 1 3H26B 1‘2N4Ni

volatiles were removed under reduced pressure and the red solid extracted with DCM (20
mL) to give a red filtrate. Removal of the volatiles gave a red solid that was washed with
diethyl ether (10 mL) to give 20 a red solid. Yield = 220 mg, 66 %. MS(TOF FD*) m/z (%):
516.0 ([M+2H]", 25 %) 436.1 ([M-Br+H]"*, 35%), 299.2 (100, [M-2Br-Ni+H]"); Anal.
[found(calc.)] for CgHsBr,N4Ni: C 41.89 (41.82), H 5.14 (5.07), N 10.80 (10.84).
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[NiCLMeNCHINMe | (21)

N\ Br” Br / C,sH,sBr,NaNi

By using an analogous procedure to 19, DCM solution of 12 (50.0 mg, 0.172 mmol)
and Ni(DME)Br; (53.0 mg, 0.172 mmol) were added in a Schlenk tube with strring at 25 °C
for 12 hr to give 21 a dark red solid. Yield = 83 mg, 95 %. MS (ESI) m/z (%): 428.8 ([M-
Br+H]", 50%), 291 (100, [M-2Br-Ni+H]"); Anal. [found(calc.)] for C;sH;gBroN4Ni: C
42.41 (42.49), H 3.55 (3.57), N 10.97 (11.01).
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[PACL,MeNCHINMeY] (22)

N cl” ¢/ CsH,3sClLN4Pd

To a Schlenk containing Pd(CH3CN),Cl, (45 mg, 0.17 mmol) and 12 (50 mg, 0.17
mmol) was added a acetonitrile (10 mL) with stirring for 12 hr at room temperature. The
colour of solution became deep green. The volatiles were removed under reduce pressure
and the solid residue washed with diethyl ether (2 X 15 mL) to give 22 as a dark green solid.
Yield = 78 mg, 98 %. "H NMR (400 MHz, CDCl) § 4.18 (s, 6H, NCHs), 6.45 (m, 2H, aryl-
CH), 6.58 (m, 2H, aryl-CH), 6.84 (m, 2H, py-H"), 7.64 (m, 2H, py-H>), 7.83 (d, *Jyn = 5
Hz, 2H, py-H’), 7.91 (d, *Juu = 8 Hz, 2H, py-H*); “C{'H} NMR (100 MHz, CDCls) §
42.0 (NCH3), 114.6 (aryl-CH), 115.8 (py-C*), 119.6 (aryl-CH), 126.5 (py-C?), 139.9 (py-
C), 141.5 (py-C%), 147.8 (aryl-CN), 166.4 (py-C'); MS(TOF EI') m/z (%): 467.8
(IM+2H]", 40%), 394.9 (100, [M-2CI-H]"); Anal. [found(calc.)] for CisH;sCl,N4Pd: C
46.18 (46.23), H 3.81 (3.88), N 11.82 (11.98).
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[PACL(B"N(CH22B)] (23)
Cri e,
\ N

e
pd N7
i c’ cl i
C,HoCIL,N,Pd

To a Schlenk containing Pd(COD)CI, (100 mg, 0.35 mmol) and 8 (138 mg, 0.35
mmol) was added a toluene (20 mL) . Heated at 70 °C with stirring for 2 hr over which time
a red precipitate formed. The mixture was filtered and the solid residue washed with diethyl
ether (2 X 20 mL) to give 23 as a dark red solid. Yield = 190 mg, 95 %. "H NMR (400 MHz,
CDCls, 300 K) 6 3.67 (s, 4H, CH,CH>), 6.31 (m, 2H, H"), 6.49 (s, 4H, PhCH>), 6.95 (d, *Ju.
u = 8 Hz, 2H, H?), 7.00 (d, *Jun = 7 Hz, 4H, CsHs), 7.10 (m, 4H, C¢Hs), 7.16 (d, “Jun =6
Hz, 2H, CeHs), 7.24 (d, *Juu = 8 Hz, 2H, H°), 7.33 (m, 2H, H°); *C{'H} NMR (125 MHz,
CDCls, 298 K) & 53.7 (CH,CH,), 57.9 (PhCH2), 108.6 (py-C*), 116.7 (py-C?), 128.0
(CsHs), 128.1 (CeHs), 128.1 (CsHs), 136.1 (CsHs), 137.7 (py-C%), 139.9 (py-C?), 163.2 (py-
C"); MS(TOF ES+) m/z (%): 537.1 ((M-CI+2H]*, 25 %), 499.1 (100, [M-2CI-H]*); Anal.
[found(calc.)] for CosHysCl,N4Pd: C 54.61 (54.56), H 4.58 (4.48), N 9.80 (9.74).
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[PACIINCCH;3)(MeNQin 1+ CI (24)

AN
Cl" NGCCHs; C7H,sCLL,N,Pd

To a Schlenk containing PA(CH3CN),Cl; (55 mg, 0.212 mmol) and § (50 mg, 0.212
mmol) was added a acetonitrile (5 mL) with stirring for 1 hr at room temperature. A deep
red precipitate quickly formed. The volatiles were removed under reduce pressure and the
solid residue washed with diethyl ether (2 x 10 mL) to give 24 as a deep red solid. Yield =
92 mg, 96 %. "H NMR (400 MHz, (CD3),SO) d 4.19 (s, 3 H, NCH3), 6.74 (d, *Jy.u= 8 Hz,
1H, CHguino), 7.22 (d, *Jun=8 Hz, 1H, CH guino), 7.35 (t, *Jun=8 Hz, 1H, CH guino), 7.53 (m,
1H, py-H"), 7.65 (m, 1H, CHyino)» 7.98 (d, *Ju= 8 Hz, 1H, py-H°), 8.24 (m, 1H, py-H°),
8.56 (m, 1H, CHquino), 8.73 (m, 1H, py-H’), 9.00 (m, 1H, CHguino); "C{'H} NMR (100
MHz, (CD3),SO) ¢ 43.4 (NCH3), 111.2, 115.3, 120.1, 122.0, 126.7, 129.1, 130.7, 139.1,
143.9, 144.1, 144.2, 148.3, 152.7, 161.7; MS (ESI) m/z (%): 417.2 (IM-CI]*, 100%); Anal.
[found(calc.)] for C17HcC1,N4Pd: C 44.98 (45.01), H 3.49 (3.55), N 12.14 (12.35).
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[PA(CH3),(M*N?""™)] (25)

\ N
N Pd

“HsC' CHs  C,,H,oN;Pd

To a Schlenk tube containing 5 (30 mg, 0.127 mmol) and Pd(CHj3)2(pyd) (27 mg,
0.127 mmol) was added toluene (5 mL) and mixture was stirred at room temperature for 30
min before leaving the tube into a fridge at — 40 °C overnight. A red solid was formed and
filtered quickly. The residual solid was washed with cold hexane (2 x 5 mL) and removal
of volatiles under reduced pressure gave 25 as a red powder. Yield = 43 mg, 93 %. 'H
NMR (400 MHz, C¢Ds) 0 0.21 (s, 3H, PACH3), 1.31 (s, 3H, PdCH3), 3.47 (s, 3H, NCH3),
5.46 (m, 1H, py-H"), 6.36 (m, 1H, py-H’), 6.48 (m, 1H, py-H), 6.58 (m, 1H, CHgino), 6.89
(m, 2H, CHguino), 6.97 (d, *Jin= 9 Hz, 1H, CHguino), 7.05 (m, 1H, CHgino), 7.45 (m, 1H,
py-H?), 8.82 (m, 1H, CH guino); 'H NMR (400 MHz, CD;CN) 6 -0.66 (s, 3 H, PACH3), 0.19
(s, 3H, PACH3), 3.93 (s, 3H, NCH3), 6.64 (m, 1H, py-H"), 7.17 (m, 1H, CHguino), 7.23 (m,
1H, CHgino), 7.31 (m, 1H, CHgino), 7.44 (m, 1H, CHguino), 7.51 (d, *Jun = 8 Hz, 1H,
CHayuino), 7.62 (m, 1H, py-H’), 7.92 (m, 1H, py-H’), 8.25 (m, 1H, py-H>), 8.67 (m, 1H,
CHayino); "C{'H} NMR (100 MHz, C¢Dg) ¢ -10.1 (PAdCH3), -3.5 (PdCH3), 42.5 (NCH3),
1104, 112.1, 117.4, 120.4, 122.0, 127.7, 131.2, 135.8, 138.3, 140.3, 145.4, 146.1, 151.3,
161.5; MS (ESI) m/z (%): 356.9 (IM-CH3+H]", 20 %), 236 (100, [M-Pd-2CH;+H]"); Anal.
[found(calc.)] for Ci7H 9N3Pd: C 54.89 (54.92), H 5.14 (5.15), N 11.26 (11.30).

190



[PACI(5*-CH,NCH1I'NMe)] (26)

\ Cl" N gHuCINGPd

To a Schlenk containing 7 (1 g, 3.37 mmol), Pd[(CH3CN),Cl,] (875 mg, 3.37 mmol)
and potassium carbonate (1 g), was added THF (60 mL) and the mixture stirred at 66 °C for
2 days. The volatiles were removed under reduced pressure and the solid extracted with
DCM (60 mL). Filtered and removal of the volatiles gave a yellow solid that was washed
with diethyl ether (30 mL) to give 26 a yellow solid. Yield = 1.18 g, 80 %. '"H NMR 270
MHz, CD,Cl,) 6 1.04 (m, 1H, CCH,), 1.15 (m, 1H, CCH>), 1.30 (m, 2H, CCH;), 1.66 (m,
2H, CCH>), 1.91 (m, 1H, CCH,), 2.55 (m, 1H, CCHy), 3.47 (m, 2H, 1xCH), 3.78 (s, 3H,
NCH;), 4.42 (d, *Jun = 11 Hz, 1H, NCH,), 4.66 (d, “Juu = 11 Hz, 1H, NCH,), 5.87 (m, 1H,
cmed), 6.07 (m, 1H, H"), 6.42 (d, *Jun = 8 Hz, 1H, c.med”), 6.65 (d, *Jum = 8 Hz, 1H, H),
6.95 (m, 2H, cmeH> + cmedd’), 7.24 (m, 1H, H°), 7.36 (m, 1H, H°); "C{'H} NMR (100
MHz, CD,Cl,) § 25.1 (CCH»), 30.7 (CCHy), 31.2 (CCH,), 42.2 (NCH3), 46.2 (NCH,), 66.3
(chexCH), 68.9 (chexCH), 105.6 (cmeiC), 106.3 (CY), 113.3(cmeC?), 114.8 (C?), 136.1 (..
metCY), 137.1 (C?), 140.8 (c.meC?), 141.2 (C°), 159.7 (cmeiCh), 162.9 (C'); MS(TOF ES*) m/z
(%): 438.3 (IM+2H]", 10 %), 401.1 (100, [M-CI1]*); Anal. [found(calc.)] for C;sH,3CIN,Pd:
C 49.40 (49.44), H 5.26 (5.30), N 12.78 (12.81).
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[PACI(*-CHPhN P22 NP (27)

=
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Ca6HosCIN4Pd

To a Schlenk containing 23 (414 mg, 0.72 mmol) and potassium carbonate (1 g,
7.24 mmol), was added THF (30 mL) and the mixture stirred at 66 °C for 2 days. The
volatiles were removed under reduced pressure and the solid extracted with DCM (2 x 30
mL), filtered and removal of volatiles gave a yellow solid that was washed with
toluene/hexane (1:2) to give 27 a yellow solid. Yield = 287 mg, 74 %. 'H NMR (400 MHz,
CDCl3) § 3.00 (m, 1H, CH,CH,), 3.20 (m, 3H, CH,CH,), 5.52 (d, *Jyn = 16 Hz, 1H,
PhCH>), 5.87 (m, 1H, c.meH"), 5.95 (m, 2H, H* + PhCH,), 6.06 (s, 1H, PhCH) 6.39 (d, *Juu
=8 Hz, 1H, cmel?), 6.52 (d, *Juun = 8 Hz, 1H, H?), 6.88 (d, *Juu = 6 Hz, 1H, c.meH), 7.03
- 7.25 (m, 13H, C¢Hs + cmedl” + H° + H); PC{'H} NMR (100 MHz, CDCl3) & 49.2
(CH,CH,), 54.7 (CH,CH,), 57.0 (PhCH,), 66.9 (PhCH), 106.2 (c-neiC”* + C*), 111.5 (cneiCD),
115.1 (C), 124.2 (CeéHs), 125.5 (2 x CsHs), 127.3 (CsHs), 128.2 (CeHs), 128.3 (CsHs),
137.0 (cmetC), 137.2 (ipsoPh), 137.4 (C?), 139.7 (c.netC”), 140.5 (C°), 146.0 (ipsoPh), 160.0 (..
metCh), 160.7 (CY); MS(TOF ES*) m/z (%): 536.4 (IM+2H]*, 10 %), 499.1 (100, [M-CI]");
Anal. [found(calc.)] for CocHasCIN4Pd: C 58.28 (58.33), H 4.79 (4.71), N 10.37 (10.46).
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[PACI(;*-CHN CMOP2NMey] (28)
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Q:N\Pd/N:@

N O T CisHysCINGPd
To a Schlenk containing 9 (500 mg, 1.68 mmol), Pd[(CH3CN),Cl,] (435 mg, 1.68
mmol) and potassium carbonate (1 g), was added THF (50 mL) and the mixture stirred at
66 °C for 2 days. The volatiles were removed under reduced pressure and the solid
extracted with DCM (60 mL), filtered and hydrochloric acid solution (20 mL, 0.5 M) was
added. DCM phase was extracted and MgSO4 was added. Filtered and the volatiles were
removed under reduced pressure to give 28 as a yellow solid. Yield = 346 mg, 47 %. 'H
NMR (400 MHz, CDCl3) ¢ 1.18 (s, 3H, CCH3), 1.36 (s, 3H, CCH3), 1.37 (s, 3H, CCH3),
1.84 (s, 3H, CCH3), 4.03 (s, 3H, NCH3), 4.38 (d, *Jy.y = 8 Hz, 1H, CH,), 4.64 (d, *Juu =8
Hz, 1H, CH>), 5.87 (m, 1H, cme"), 6.03 (m, 1H, HY), 6.55 (d, *Jun = 12 Hz, 1H, c.mef),
6.83 (d, *Jyu = 12 Hz, 1H, H), 6.97 (m, 2H, ¢ +emeeH), 7.10 (m, 1H, H°), 7.29 (m,
1H, H%); “C{'H} NMR (100 MHz, CDCl3) & 22.0 (CCH3), 22.1 (CCH3), 22.8 (CCH3), 23.8
(CCH3), 43.7 (NCH3), 49.3 (NCH,), 69.1 (CCH3), 69.4 (CCH3), 105.0 (c-metC), 106.0 (C),
113.9 (cmetC?), 118.1 (C?), 135.5 (cmetC?), 135.7 (C2), 141.2 (cmetCY), 142.3 (C), 159.0 (..
metCh), 161.2 (CY); MS(TOF ESY) m/z (%): 439.1 (IM+H]*, 10 %), 403.1 (100, [M-CI]");
Anal. [found(calc.)] for CgHysCIN4Pd: C 49.29 (49.21), H 5.91 (5.74), N 12.78 (12.75).
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[PACI(*-CHN P2 VM| (29)

Ca6HosCIN4Pd

To a Schlenk containing 10 (200 mg, 0.51 mmol), Pd[(CH3CN),Cl,] (132 mg, 0.51
mmol) and potassium carbonate (350 mg, 2.53 mmol), was added THF (20 mL) and the
mixture stirred at 66 °C for 12 hr. The volatiles were removed under reduced pressure and
the solid extracted with DCM (30 mL). Filtered and the volatiles were removed under
reduced pressure. The solid residue was washed with diethyl ether (20 mL) to give 29 as a
yellow solid. Yield = 136 mg, 50 %. 'H NMR (400 MHz, CDCl3) 6 4.13 (s, 3H, NCHS),
4.39 (s, 1H, CHCH), 4.54(s, 1H, CHCH), 4.71 (m, 2H, CH>), 5.85 (m, 4H, cmeH' + H' + ..
metH* + H?), 6.75 (m, 2H, cmeeH” + H), 6.90 (d, *Jin = 7.2 Hz, 1H, cmeeH), 7.08 (d, *Jn =
7.2 Hz, 1H, H%), 7.20 (m, 2H, aryl-H™™), 7.27 (t, *Juu = 6 Hz, 2H, aryl-H™"), 7.35 (t, *Juu
= 6 Hz, 2H, aryl-H™"), 7.73 (d, *Ju.u = 7.2 Hz, 2H, aryl-H*"™), 8.01 (d, *Ju.u = 7.2 Hz, 1H,
aryl-H""™); *C{'H} NMR (100 MHz, CDCls) & 43.2 (NCH3), 49.0 (NCH,), 70.5 (CHCH),
77.2 (CHCH), 106.1, 106.3, 111.4, 116.3, 126.9, 127.0, 127.6, 128.2, 128.4, 136.4, 136.6,
140.0, 140.5, 142.1, 142.3, 160.0, 161.0; MS(TOF LIFDI") m/z (%): 536 (100, [M+2H]");
Anal. [found(calc.)] for CocHasCIN4Pd: C 58.25 (58.33), H 4.62 (4.71), N 10.38 (10.46).
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[Pd(y*-CH,N' “M*NCH,)] (30)

N
ST C,sH,sN,Pd

To a Schlenk containing 14 (300 mg, 1.17 mmol), Pd[(CH3CN),Cl;] (303 mg, 1.17
mmol) and potassium carbonate (356 mg, 2.56 mmol), was added acetonitrile (20 mL) and
the mixture stirred at room temperature for 3 days. The volatiles were removed under
reduced pressure and filtered with toluene (80 mL) to afford a yellow filtrate. Removed the
volatiles to give 30 as a yellow creamy solid. Yield = 150 mg, 36 %. '"H NMR (400 MHz,
CDCls) 6 2.00 (m, 2H, CH,CH,CH>»), 3.25 (m, 4H, NCH,CH), 4.20 (s, 4H, NCH,Pd), 5.83
(m, 2H, py-H"), 6.40 (d, *Jiu = 9 Hz, 2H, py-H?), 7.00 (m, 2H, py-H), 7.22 (m, 2H, py-
H’); BC{'H} NMR (100 MHz, CDCl3) ¢ 34.9 (CH,CH,CH,), 45.7 (NCH,CH,), 46.4
(NCH,Pd), 104.0 (py-C"), 110.7 (py-C?), 135.6 (py-C?), 143.3 (py-C), 160.2 (py-C'); MS
(FD) m/z (%): 360 (IM]*, 100%); Anal. [found(calc.)] for C;sH;sN4Pd: C 50.04 (49.94), H
5.15(5.03), N 15.67 (15.53).
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[PAd(MeCN)(17*-CH,N " 'NV)|[B(3,5-(CF3),CsH.}4] (31)
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To a Schlenk containing 26 (100 mg, 0.23 mmol) and Na[B(3,5-(CF3),C¢H»)4] (203
mg, 0.23 mmol), was added acetonitrile/DCM mix-solvent (1:1, 25 mL) and the mixture
stirred at 25 °C for 16hr. The volatiles were removed under reduced pressure and the solid
extracted with DCM (20 mL). Filtered and the volatiles of filtrate were removed under
reduced pressure to give 31 a yellow solid. Yield = 255 mg, 85 %. '"H NMR (400 MHz,
CDCl3) 6 1.05 (m, 1H, CCH,), 1.13 (m, 1H, CCH>), 1.29 (m, 2H, CCH>), 1.67 (m, 2H,
CCH,), 1.77(s, 3H, CH;CN), 1.91 (m, 1H, CCH>), 2.54 (m, 1H, CCH,), 3.41 (m, 2H, CH),
3.60 (s, 3H, NCH3), 4.22 (d, “Jyu = 12 Hz, 1H, NCH,), 4.55 (d, *Juu = 12 Hz, 1H, NCH)>),
6.04 (m, 1H, c.meH"), 6.13 (m, 1H, H"), 6.49 (d, *Jiu = 8 Hz, 1H, cmed?), 6.74 (d, *Jyn = 8
Hz, 1H, H%), 6.90 (d, *Juu = 6 Hz, 1H, c.medd”), 7.09 (m, 1H, c.med), 7.18 (d, 2Jyn = 6 Hz,
1H, H), 7.32 (m, 1H, H°), 7.45 (Ar'H, 4H), 7.62 (Ar'H, 8H); >*C{'H} NMR (100 MHz,
CD,Cly) & 2.0 (CH3CN), 24.7 (CCH,), 30.8 (CCH,), 41.7 (NCH3), 48.0 (NCH,), 67.2 (..
hexCH), 68.9 (cnexCH), 107.8 (cmeiCh), 1082 (CY), 1133 (cmeCD), 116.2 (C?), 1175
(Ar"CH), 125.9 (ipsoAr"CCF3), 129.4 (q, 'Jor = 273 Hz, CF3), 134.8 (Ar"CH), 137.4 (.
metCY), 138.2 (CY), 139.3 (cmeCY), 140.5 (C%), 160.4 (cmeCh), 161.6 (m, 'Jgc =51 Hz
ipsoAT CB), 163.5 (C"); MS(TOF ES*) m/z (%): 442.1 (IM-BAr"4]*, 20 %), 401.1 (100, [M-
BArf'-MeCN]+); Anal. [found(calc.)] for Cs,H3sBF,uNsPd: C 47.94 (47.82), H 2.93 (2.93),
N 5.26 (5.36).
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[Pd(CO)(>-CHN M 'NM)|[B{3,5-(CF3),CsH2}4] (32)

FsC CF3
F3C CF;

O,

@ B

\ 0CT N\ Cs1H3sBF,yN,OPd

Dichloromethane (10 mL) was added to a Schlenk containing 31 (100 mg, 0.077
mmol) and the solution degassed before addition of carbon monoxide gas (1 atm) and the
solution stirred at 25 °C for 5 min. The volatiles were removed under reduced pressure and
the solid extracted with dichloromethane (10 mL), filtered and the volatiles removed under
reduced pressure to give 32 as a dark green powder. Yield = 95 mg, 98 %. 'H NMR (400
MHz, CDCl3) 6 1.03 (m, 1H, CCH,), 1.18 (m, 1H, CCH>), 1.26 (m, 2H, CCH>), 1.68 (m,
2H, CCH,), 1.94 (m, 1H, CCH>), 2.54 (m, 1H, CCH>), 3.49 (m, 2H, CH), 3.71 (s, 3H,
NCH3), 4.36 (d, *Juu = 10 Hz, 1H, NCH,), 4.75 (d, *Juu = 10 Hz, 1H, NCH,), 6.22 (m, 1H,
emedd?), 6.40 (m, 1H, HY), 6.59 (d, *Jin = 8 Hz, 1H, c.neH?), 6.84 (d, *Jin = 8 Hz, 1H, HY),
6.99 (d, *Jyy = 6 Hz, 1H, cmed), 7.24 (m, 1H, cmed), 7.34 (d, *Jyn = 6 Hz, 1H, H), 7.44
(Ar'H, 4H), 7.46 (m, 1H, H°), 7.62 (Ar'H, 8H); *C{'H} NMR (100 MHz, CD,Cl,) § 24.4
(2 x CCHy), 30.7 (CCH,), 31.0 (CCH,), 42.0 (NCH3), 50.4 (NCH,), 67.7 (c1ex CH), 70.6 (..
bexCH), 109.9 (cmeC), 111.1 (€Y, 113.1 (emeC), 116.6 (C?), 117.5 (Ar'CH), 125.8
(ipsoAr"CCF3), 129.0 (q, 'Jor = 273 Hz, CF3), 134.7 (Ar"CH), 139.2 (c.metC’), 139.9 (CY),
140.2 (cmeCY), 140.5 (C%), 161.5 (m, 'Jp.c =51 Hz ipsoAr" CB), 162.3 (cmetC"), 165.7 (C),
177.5 (CO); IR(KBr, v cm™): 2103 (s); MS (LIFDI*) m/z (%): 429 (100, [M-BAr",]*); Anal.
[found(calc.)] for Cs;H3sBF,4N4OPd: C 47.38 (47.37), H 2.80 (2.73), N 4.25 (4.33).
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[PA(NH;)(17°-CH,N M 'NM) | [B{3,5-(CF3),CsH2}4] (33)

FsC CF3
F3C CF;

Jot s

Dichloromethane (20 mL) was added to a Schlenk containing 31 (200 mg, 0.16

CsoH3sBF,4NsPd

mmol) and the solution degassed before addition of ammonia gas (1 atm) and the solution
stirred at 25 °C for 2 hr. The volatiles were removed under reduced pressure to give 33 as a
yellow powder. Yield = 195 mg, 98 %. '"H NMR (400 MHz, CDCl3) § 1.03 (m, 1H, CCH)),
1.14 (m, 1H, CCH>), 1.18 (bs, 3H, NH3), 1.29 (m, 2H, CCH>), 1.66 (m, 2H, CCH,), 1.77 (s,
3H, CH3CN), 1.91 (m, 1H, CCH,), 2.53 (m, 1H, CCH,), 3.38 (m, 2H, CH), 3.58 (s, 3H,
NCH;), 4.10 (d, *Jun = 9 Hz, 1H, NCH,), 4.59 (d, *Jy.u = 9 Hz, 1H, NCH>), 6.00 (m, 1H, ..
metHY), 6.19 (m, 1H, H), 6.49 (d, *Jun = 8 Hz, 1H, cmeeH?), 6.76 (d, *Jun = 8 Hz, 1H, H),
6.95 (d, *Jun = 6 Hz, 1H, cmedd’), 7.08 (m, 1H, cmed), 7.29 (m, 1H, H°), 7.31 (m, 1H, H°),
7.48 (Ar'H, 4H), 7.64 (Ar"H, 8H); *C{'H} NMR (100 MHz, CD,Cl,) & 25.0 (CCH,), 25.1
(CCH,), 31.0 (CCHy), 31.2 (CCH,), 41.7 (NCH3), 46.5 (NCH,), 67.1 (cnexCH), 69.4 (.
hexCH), 107.5 (cmeCh), 108.8 (CY), 113.7 (cmetC), 116.6 (C), 117.9 (ArFCH), 126.3
(ipsoAr"CCF3), 129.2 (q, 'Jer =273 Hz, CF3), 135.1 (Ar"CH), 137.5 (c.meC”), 139.0 (CY),
140.1 (cneC), 141.3 (C%), 161.5 (m, 'J.c = 51 Hz ipsoAr CB), 162.8 (c.merC'), 163.5 (C);
MS (ESD) m/z (%): 417.9 (IM-BAr‘,]*, 20 %), 400.9 (100, [M-Barf-NH3]"); Anal.
[found(calc.)] for CsoH3sBF2,NsPd: C 46.84 (46.84), H 2.95 (2.99), N 5.50 (5.46).
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[Pd(CsHsN)(i7°-CHN M NY)|[B{3,5-(CF3),CsH.}4] (34)

FsC CF3
F3C CF;

Jot s

CssHyoBF,4NsPd

Prydine (1.21 mg, 0.015 mmol) was added to a Young-type NMR tube containing a
CD,Cl; solution of 31 (20 mg, 0.015 mmol). The volatiles were removed under reduced
pressure to give 34 as a yellow powder. Yield = 20 mg, 99 %. "H NMR (400 MHz, CD,Cl,)
8 1.05 (m, 1H, CCH>), 1.18 (m, 1H, CCH,), 1.19 (m, 1H, CCH,), 1.33 (m, 2H, CCH),),
1.68 (m, 2H, CCH,), 1.94 (m, 1H, CCH,), 2.58 (m, 1H, CCH>), 3.19 (s, 3H, NCH3), 3.43
(m, 1H, CH), 3.58 (m, 1H, CH), 4.09 (d, *Ju. = 10 Hz, 1H, NCH>), 4.62 (d, *Ju.u = 10 Hz,
1H, NCH,), 6.03 (m, 2H, e + HY), 6.56 (d, *Jiu = 9 Hz, 1H, e, 6.62 (d, *Jin =6
Hz, 1H, cmelH), 6.87 (d, *Jun = 8 Hz, 1H, H), 6.99 (d, *Jun = 6 Hz, 1H, H), 7.12 (m, 3H,
emedd” + Py), 7.39 (m, 1H, H°), 7.48 (s, 4H, Ar'H), 7.65 (s, 9H, Ar'H + Py), 8.10 (m, 2H,
Py); *C{'H} NMR (100 MHz, CD,Cl,) & 25.3 (CCH,), 25.4 (CCHy), 31.3 (CCHy), 31.6
(CCH,), 41.8 (NCH3), 50.6 (NCH2), 67.3 (chexCH), 69.6 (cnexCH), 107.6 (c.meCY), 108.4
(Ch, 114.0 (cmetC?), 117.0 (C?), 118.0 (Ar"CH), 126.1 (A1 CCF3), 126.5 (Py), 129.2 (q,
Jer =273 Hz, CF3), 135.3 (Ar"CH), 137.7 (cmeiC?), 138.6 (Py), 139.0 (C%), 140.1 (c.meiCY),
141.5 (C), 151.8 (Py), 160.9 (cmetC'), 161.5 (m, 'Jpc = 51 Hz jp0Ar CB), 163.8 (C"),
177.5 (CO); IR(KBr, v cm™): 2103 (s); MS(TOF EST*) m/z (%): 479.9 (IM-BAr'4]", 20 %),
401.0 (100, [M-BAr'-Py]*); Anal. [found(calc.)] for CssHyBF24NsPd: C 49.23 (49.15), H
3.07 (3.00), N 5.14 (5.21).
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{[Pd(1’-CHN " 'NM®) |, C1}(BF,) (35)
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AgBF, (4.5 mg, 0.023 mmol) was added to a Schlenk containing a DCM (3 mL)
solution of 26 (20 mg, 0.046 mmol). The mixture was stirred for 10 min at room
temperature. The solid was filtered off and the volatiles were removed under reduced
pressure to give 35 as a yellow solid. Yield = 15mg, 78 %. '"H NMR (400 MHz, CD,Cl,) 0
0.94 (m, 1H, CCH>), 1.15 (m, 1H, CCH>), 1.30 (m, 2H, CCH>), 1.63 (m, 2H, CCH>), 1.91
(m, 1H, CCH,), 2.53 (m, 1H, CCH>), 3.31 (m, 2H, 1xCH), 3.55 (s, 3H, NCH3), 3.82 (d,
2Jun = 9.6 Hz, 1H, NCH>), 4.61 (d, *Jun = 9.6 Hz, 1H, NCH,), 6.04 (m, 1H, c.meH), 6.19
(m, 1H, H"), 6.46 (d, *Jyy = 8 Hz, 1H, c.mel?), 6.67 (d, *Jyy = 8 Hz, 1H, H?), 6.94 (m, 1H,
cmedY), 7.08 (m, 1H, c.meH), 7.35 (m, 1H, H°), 7.42 (m, 1H, H°); *C{'H} NMR (100 MHz,
CD,Cly) & 25.2 (CCH,), 31.1 (CCH>), 31.2 (CCH,), 42.1 (NCH3), 48.2 (NCH>), 67.2 (..
hexCH), 69.3 (cnex CH), 107.1 (eneCH), 107.6 (C*), 113.5 (ccneC?), 116.2 (C?), 137.1 (ccneiCY),
137.8 (C°), 141.0 (cmetC”), 141.3 (C%), 160.6 (c.metC), 163.1 (C'); MS(TOF ESTY) m/z (%):
839.0 ((M+2H]", 15 %), 400.9 (100, [M-monomer-Cl1]"); HRMS calc. for C3sHsCINgPd,:
837.1603, found 837.1598.
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[Pd(CHs)(17’-CHN“M'NM)] (36)

\ PR CuHosN,Pd

Phenyl Grignard (0.15 mL, 1M in THF) was dropwise added to a Schlenk
containing a THF (15 mL) solution of 26 (65 mg, 0.15 mmol) at O °C. Then the Schlenk
was warmed to room temperature with stirring for 12 hr. During the process, the suspension
became a clear solution. The volatiles were removed under reduced pressure. The solid
residue extracted with toluene (45 mL) and filtered. The removal of the volatiles under
reduced pressure gave 36 as a yellow solid. Yield = 50 mg, 70 %. 'H NMR (400 MHz,
CD,Cl,) § 1.01 (m, 1H, CCH,), 1.18 (m, 1H, CCH,), 1.31 (m, 2H, CCH>), 1.63 (m, 2H,
CCH,), 1.91 (m, 1H, CCH,), 2.54 (m, 1H, CCH,), 3.37 (m, 2H, 4CH), 3.68 (s, 3H,
NCH3), 4.25 (d, 2Jun = 10 Hz, 1H, NCH>), 4.50 (d, . = 10 Hz, 1H, NCH>), 5.89 (m, 1H,
emedd?), 6.07 (m, 1H, H"), 6.40 (d, *Juu = 9 Hz, 1H, ceH?), 6.55 (m, 1H, e, 6.63 (d,
*Jin = 10Hz, 1 H, H%), 6.73 (m, 1H, cne), 6.95 (m, 2H, H® + H), 7.27 (m, 2H, Ph), 7.35
(m, 1H, Ph), 7.52 (d, *Juu = 8 Hz, 2H, Ph); '"H NMR (400 MHz, C¢Dg) 6 1.21 (m, 4H,
CCH,), 1.55 (m, 2H, CCH,), 1.96 (m, 1H, CCH,), 2.49 (m, 1H, CCH>), 3.06 (s, 3H,
NCH;), 3.49 (m, 1H, c1exCH), 3.68 (m, 1H, cexCH), 4.19 (d, *Juu = 11 Hz, 1H, NCH,),
491 (d, *Jun = 11 Hz, 1H, NCH,), 5.24 (m, 1H, c.medH"), 5.36 (m, 1H, HY), 5.97 (d, *Jyu =
6 Hz, 1H, cmeH?), 6.05 (d, *Jun = 9 Hz, 1H, H), 6.47 (m, 3H, c.med " + cmel + H'), 6.68
(m, 1H, H), 7.14 (m, 3H, Ph), 7.57 (m, 2H, Ph); *C{'H} NMR (100 MHz, CD,Cl,) & 25.5
(CCH,), 31.2 (CCH,), 31.7 (CCH,), 42.6 (NCH3), 46.6 (NCH,), 66.8 (c1exCH), 69.4 (..
hexCH), 106.1 (cometC), 106.8 (CY), 113.7(ccmetC?), 115.3 (C?), 127.6 (Ph), 127.8 (Ph), 129.3
(Ph), 136.6 (cmetC?), 137.6 (CY), 139.2 (Ph), 141.3 (cmeC), 141.7 (CY), 159.9 (cmeiCh),
163.4 (C"); MS(TOF EST") m/z (%): 479.0 (IM+H]", 100%).
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[Pd(MeCN),Cl(y"'-CH,N®H1'NMe) (H*),](BF4), (37)

BF, BF,
— s Ve
L o= =)
N H H N
A <
Pd\\NCMe

CI™ "*NCMe (,,H;B,CIFsN(Pd

HBF..Et;O (16.3 mg, 0.10 mmol) was added to a Schlenk containing a acetonitrile
(3 mL) solution of 26 (22 mg, 0.05 mmol). The mixture was stirred for 1 hr at room
temperature. The volatiles were removed under reduced pressure to give 37 as a yellow
powder. Yield = 34 mg, 98 %. 'H NMR (270 MHz, CD;CN) 6 1.56 (m, 4H, CCH,), 1.85
(m, 2H, CCH,), 2.21 (m, 2H, CCH,), 3.71 (s, 3H, NCHj3), 4.05 (m, 2H, c1xCH), 4.11 (s, 2H,
NCH,), 6.51 (br, 1H, NH), 6.80 (m, 1H, n.H"), 6.90 (m, 1H, HY), 7.25 (d, *Juyu = 8.9 Hz,
1H, meH?), 7.38 (d, *Jn = 8.9 Hz, 1H, H), 7.55 (br, 1H, NH), 7.88 (m, 4H, et + med " +
H’ + HY); "C{'H} NMR (67.9 MHz, CD;CN) § 25.3 (CCH,), 32.2 (CCH,), 32.5 (CCHy),
33.4 (NCH,), 43.6 (NCH3), 57.4 (chexCH), 58.0 (chexCH), 112.2 (c.netC"), 112.4 (CY), 114.8
(cmetC?), 115.0 (C?), 141.5 (cmetCY), 144.0 (C + cmetCY), 144.9 (C%), 153.3 (cmetC), 154.4
(C"); MS(TOF ESI") m/z (%): 438.9 (100, [M-2BF;-2CH3;CNT"); Anal. [found(calc.)] for
CxH;3B,CIFsNgPd: C 38.12 (38.02), H 4.57 (4.50), N 12.16 (12.09).
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[RuCLMN®")(dmso-S)3] (38)

C16H34C12N203RUS3

cis-[RuCl,(dmso)4] (147 mg, 0.30 mmol) and the ligand 1 (50 mg, 0.30 mmol) were
heated at 60 °C in methanol (5 mL) for 2 hr during which yellow suspension became red
solution. The volatile was removed under reduced pressure. The product was washed with
diethyl ether (3 x 10 mL) to give 38 as a red powder. Yield = 170 mg, 98 %. 'H NMR (400
MHz, CD;0D) ¢ 1.58 (s, 12H, Bu), ¢ 3.10-3.50 (group of peaks, 18H, dmso), 3.95 (s, 3H,
NCH;), 7.00 (m, 1H, py-H"), 7.49 (d, *Jyy = 9.2 Hz, 1H, py-H?), 8.02 (m, 1H, py-H°), 8.16
(m, 1H, py-H’); ®C{'H} NMR (100 MHz, CD;0D) J 29.1 (CCH3), 42.7 (NCH3), 46.0
(dmso), 46.3 (dmso), 54.9 (CCH3), 114.2 (py-C*), 114.4 (py-C?), 143.7 (py-C), 143.8 (py-
%), 153.5 (py-C"); IR (KBr, cm™), 1646 s, 1584 s, 1530 s, 1084 s, 1018 s; Anal.
[found(calc.)] for C16H34C1,N,O3RuS3: C 33.62 (33.68), H 6.07 (6.01), N 4.84 (4.91).
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[RuCL(MeN CHINME) (dmso-S),] (39)

C22H30C12N402RUSQ

cis-[RuCl,(dmso)4] (170 mg, 0.35 mmol) and the ligand 12 (102 mg, 0.35 mmol)
were heated at 60 °C in methanol (10 mL) for 4 hr during which yellow suspension became
red solution. The volatile was removed under reduced pressure. The product was washed
with diethyl ether (3 x 15 mL) to give 39 as a red powder. Yield = 203 mg, 94 %. "H NMR
(400 MHz, CD30D) ¢ 3.15-3.50 (group of peaks, 12H, dmso), 3.46 (s, 6H, NCHj3), 6.30 (m,
2H, py-H"), 6.44 (d, *Jyun = 8.8 Hz, 2H, py-H>), 7.15 (m, 4H, CsHy), 7.28 (m, 2H, py-H°),
7.57 (m, 2H, py—HS); 13C{lH} NMR (100 MHz, CD;0D) ¢ 44.8 (NCH3), dmso peaks are in
46.2-48.2 region, 109.4 (py-C4), 115.8 (py-CZ), 126.7 (aryl-CH), 126.9 (aryl-CH), 139.9
(py-C?), 140.1 (aryl-CN), 141.4 (py-C%), 154.7 (py-C"); IR (KBr, cm™), 1641 s, 1552 s,
1093 s, 1017 s; Anal. [found(calc.)] for CH30Cl,N4O>RuS,: C 42.66 (42.71), H 4.83
(4.89), N 8.87 (9.06).
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[RuCIMeNCHIOAME) (4mso-S)3]1Cl (40)
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/ O C24H42C12N4O3RUS3

cis-[RuCly(dmso)4] (163 mg, 0.34 mmol) and the ligand 7 (100 mg, 0.34 mmol)
were heated at 60 °C in methanol (5 mL) for 1 hr during which yellow suspension became
red-orange solution. The volatile was removed under reduced pressure. The product was
washed with diethyl ether (3 x 10 mL) to give 40 as a orange powder. Yield = 223 mg,
95 %. "H NMR (400 MHz, CD;0D) ¢ 1.52-1.60 (m, 2H, c-hex-CH,), 1.68-1.80 (m, 2H, c-
hex-CH), 1.86-1.92 (m, 2H, c-hex-CH,), 2.12-2.20 (m, 2H, c-hex-CH,), 3.14-3.54 (group
of peaks, 18H, dmso), 3.74 (s, 6H, NCH3), 4.08 (m, 2H, c-hex-CH), 6.81 (m, 2H, py—H4),
743 (d, *Jyn = 8.0 Hz, 2H, py-H>), 7.92 (m, 2H, py-H' and py-H’); "C{'H} NMR (100
MHz, CD;0D) 6 25.4 (c-hex-CH»), 33.0 (c-hex-CH,), 42.8 (NCHj3), 46.3 (dmso), 54.9
(dmso), 58.5 (c-hex-CH), 113.0 (py-C*), 113.4 (py-C?), 142.9 (py-C°), 143.8 (py-C°), 154.6
(py-Cl); IR (KBr, cm'l), 1643 s, 1639 s, 1569 s, 1537 s, 1085 s, 1017 s; Anal. [found(calc.)]
for C24H4,CloN4O3RuSs: C 40.95 (41.02), H 5.96 (6.02), N 7.92 (7.97).
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[RuCI(MeNCMO220Me) (41360-S)3]Cl (41)

C24H44C12N4O3RUS3

cis-[RuCly(dmso)4] (244 mg, 0.50 mmol) and the ligand 9 (150 mg, 0.50 mmol)
were heated at 60 °C in methanol (10 mL) for 18 hr during which yellow suspension
became deep red solution. The volatile was removed under reduced pressure. The product
was washed with diethyl ether (3 x 15 mL) to give 41 as a red powder. Yield = 331 mg,
94 %. "H NMR (400 MHz, CD;0D) 6 1.47 (s, 12H, CCH3), 3.12-3.52 (group of peaks, 18H
dmso), 3.63 (s, 6H, NCH3), 6.38 (t, *Juy.u = 6.4 Hz, 2H, py-H"), 7.07 (d, *Jiy.u = 8 Hz, 2H,
py-H%), 7.53 (t, *Juu = 8 Hz, 2H, py-H°), 7.76 (d, *Jun = 6.4 Hz, 2H, py-H’); C{'H}
NMR (100 MHz, CDs;0D) ¢ 21.4 (CCHs3), 42.1 (NCH3), 46.4 (dmso), 50.1 (dmso), 63.4
(CCH3), 108.3 (py-C"), 115.4 (py-C%), 140.5 (py-C’), 142.9 (py-C°), 154.5 (py-C"); IR
(KBr, cm'l), 1642 s, 1580 s, 1558 s, 1533 s, 1083 s, 1013 s; Anal. [found(calc.)] for
C24Hu4C1LN4O3RuS;3: C 40.85 (40.90), H 6.17 (6.29), N 7.85 (7.95).

’
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[RuCl(MeNCHP2AMe) (411150-S)5]CI (42)

@ 1 o

N
N/h,' ‘ “\\\S<

7 Ru
=~ N~ S

<7700 C3H44CLN,O5RuS;

cis-[RuCly(dmso)4] (120 mg, 0.25 mmol) and the ligand 10 (98 mg, 0.25 mmol)
were heated at 60 °C in methanol (5 mL) for 2 hr during which yellow suspension became
red-orange solution. The volatile was removed under reduced pressure. The product was
washed with diethyl ether (3 x 10 mL) to give 42 as a red powder. Yield = 190 mg, 95 %.
'"H NMR (400 MHz, CD30D) ¢ 3.15-3.50 (group of peaks, 18H, dmso), 3.91 (s, 6H, NCHj3),
4.93 (s, 2H, PhCH), 6.37 (t, *Juu = 8 Hz, 2H, py-H"), 6.45 (d, *Jun = 8 Hz, 2H, py-H>),
7.24 (m, 2H, C4Hs), 7.32 (m, 6H, py-H° and CeHs), 7.49 (d, *Jun = 4 Hz, 4H, CeHs), 7.77
(d, *Juu = 6 Hz, 2H, py-H’); "C{'H} NMR (100 MHz, CD;0D) 6 41.7 (NCH3), 46.2
(dmso), 46.5 (dmso), 66.0 (PhCH), 110.0 (py-C*), 113.7 (py-C?), 128.3 (CsHs), 128.8
(CeHs), 129.7 (CeHs), 141.4 (py-C°), 142.1 (py-C°), 142.2 (C¢Hs), 154.9 (py-C"); IR (KBr,
cm'l), 1642 s, 1588 s, 1560 s, 1538 s, 1077 s, 1015 s; Anal. [found(calc.)] for
C3HuClLN4O3RuS;: C 47.95 (47.99), H 5.53 (5.54), N 6.93 (7.00).
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[MeNCGHIONMe] [H+]2 (43)
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To a water suspension of 7 (200 mg, 0.68 mmol), was added HCI (1.40 mmol). The
suspension was stirred for 1 hr at room temperature. The volatiles were removed under
reduced pressure to give 43 as a brown-orange solid. Yield = 250 mg, 99%. "H NMR (400
MHz, CD3;0D) ¢ 1.57 (m, 2H, c-hex-CH,), 1.89 (m, 4H, c-hex-CH>), 2.19 (m, 2H, c-hex-
CH,), 3.86 (s, 6H, NCHj), 4.32 (m, 2H, c-hex-CH), 6.93 (m, 2H, py-H"), 7.66 (d, *Juu =
8.0 Hz, 2H, py-H%), 8.03 (m, 4H, py-H° and H’); C{'H} NMR (100 MHz, CD;0D) & 25.4
(c-hex-CH,), 32.8 (c-hex-CH,), 43.7 (NCH3), 57.8 (c-hex-CH), 112.9 (py-C*), 114.4 (py-
C?), 142.7 (py-C%), 144.5 (py-C°), 154.3 (py-C"); MS(CI*) m/z 298.0 ([M-2CI]*, 20 %), 297
(100, [M-2C1+H)]").
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6.3 Suzuki-Miyaura cross-coupling catalysed by a Pd/PYE-ligand system

All aryl halides and phenylboric acid (Aldrich or Alfa Aesar) were used as received.
1,4-Dioxane (anhydrous, Aldrich) was distilled under nitrogen from sodium benzophenone
ketyl. Cesium carbonate (Aldrich) were stored in desiccators. Palladium acetate was
purchased from Precious Metals. Flash chromatography was performed on silica gel 60 A

(230-400 mesh) (Aldrich).

Under an atmosphere of argon 1,4-dioxane (3 mL), aryl halide (1 mmol), Cs,COj3
(2.0 mmol) and arylboronic acid (1.5 mmol) were added in turn to a carousel tube charged
with Pd(OAc); (0.03 mmol), PYE ligand (0.03 mmol), and a magnetic stirring bar. Stirred
at 80 °C for three hours. The mixture was then allowed to cool at room temperature. The
mixture was purified either directly by flash chromatography, or filtered through a pad of
celite, concentrated, and then purified by flash chromatography (ethyl acetate/hexane, 5: 95

per volume).
The identity of every product was confirmed by comparison with literature

spectroscopic data: 4-methylbiphenyl,” 2,4,6-trimethylbiphenyl,® 3,5-bis(trifluoromethyl)-
biphenyl® and 4-Aminobiphenyl.'?

209



6.4 Enantioselective addition of diethylzinc to aldehyde

Under argon to a predried vial were added PYE ligand (0.1 mmol), BINOL (0.1
mmol), CH,Cl, (1 mL), and diethylzinc (2 mL of 1 M solution in hexane, 2 mmol) at room
temperature. The vial was cooled to 0 °C, and then benzaldehyde (106 mg, 1 mmol) was
introduced dropwise by a syringe. After stirring at 0 °C, water (2 mL) was added to quench
the reaction. The aqueous layer was extracted with diethyl ether, and the combined organic
phase was washed with brine and then dried over anhydrous MgSO,. After removal of the
solvent, the residue was analysed by '"H NMR spectroscopy to determine the benzaldehyde
conversion. The enantioselective excess (ee %) was determine by HPLC on Daicel OD
column: hexane/2-propanol (99/1); flow rate 0.8 mL min'l; UV detection at A = 254 nm;
retention time = 22.9 min (R), 26.0 (S).
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6.5 Cell culture and MTT assay

MCEF-7 (human breast adenocarcinoma cell line), HT-29 (human colon carcinoma
cell line) and DLD-1 (human colon carcinoma cell line) were cultured at 37°C under
humidified 95% air / 5% CO, in RPMI-1640 medium (Sigma) supplemented with 10%
Fetal Bovine Serum (FBS, Sigma), 2 mM L-Glutamine (Sigma) and 0.11 mg/mL Sodium
Pyruvate (Sigma). Cells from a confluent monolayer were removed from flasks by a 0.25%

Trypsin-EDTA solution (Sigma).

The assay was carried out in 96 well plates with an average of 2 x 10* cells per mL
with 100 YL in each well. Treatment solution of all testing compounds with ten different
concentrations (0.2-100 yuM) was prepared with culture medium. DMSO as co-solvent in
solution of all compounds was limited to less than 1%. After an incubation of 96 hr, a 20uL
aqua solution of MTT (5 mg mL™) was added to each well of the plate. The plate was
further incubated for 4 hr at 37°C during which time purple formazan crystals formed at the
bottom of the wells. The solution of each well was carefully removed leaving the formazan
crystals which were dissolved in DMSO (150 pL). The absorbance of each well was
measured at 540 nm using a microplate reader (Multiskan Ex, Thermo Electron
Corporation). The 1Csy was determined by plotting the percentage of cell viability vs. drug
concentration (logarithmic scale) and finding the concentration at which 50% of the cells

were viable relative to the control.
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Appendix 1

Single crystal X-ray structure data for [M*N“*"1'NM¢] (7)

Table 1. Crystal data and structure refinement for 7.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

zZ

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 30.05°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [[>2sigma(])]
R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

7
C18 H24 N4

296.41

110(2) K

0.71073 A

Tetragonal

P4(3)2(1)2

a=9.8908(4) A a=90°.
b =9.8908(4) A b=90°.
c=16.2853(8) A g =90°.
1593.16(12) A3

4

1.236 Mg/m3

0.075 mm"!

640

0.27 x 0.20 x 0.17 mm?

2.41 to 30.05°.

-13<=h<=13, -13<=k<=13, -22<=1<=22
21224

2316 [R(int) = 0.0355]

99.9 %

Semi-empirical from equivalents

0.990 and 0.807

Full-matrix least-squares on F?
2316/0/ 101

1.134

R1 =0.0386, wR2 = 0.0900
R1=0.0397, wR2 = 0.0905

-12)

0.246 and -0.193 ¢.A-3
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Table 2. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (Azx 103) for 7. U(eq)

is defined as one third of the trace of the orthogonalized UY tensor.

X y z Uleq)
C(1) 330(1) 8648(1) 590(1) 17(1)
C(2) 713(1) 7889(1) -135(1) 21(1)
C@3) 195(1) 6656(1) -307(1) 24(1)
C4) -768(1) 6055(1) 223(1) 28(1)
C(5) -1128(1) 6739(1) 907(1) 25(1)
C(6) -1012(1) 8643(1) 1858(1) 27(1)
C(7) 1547(1) 10655(1) 285(1) 17(1)
C(8) 2461(1) 11564(1) 807(1) 20(1)
C©) 3350(1) 12478(1) 282(1) 20(1)
N(1) 712(1) 9839(1) 827(1) 19(1)
N(2) -592(1) 7966(1) 1102(1) 20(1)

Table 3. Bond lengths [A] and angles [°] for 7.

C(5)-C4) 1.3509(17) C(8)-H(8b) 0.9900
C(5)-N(2) 1.3628(14) C(8)-H(8a) 0.9900
C(5)-H(5) 0.9500 C(9)-CO#1 1.528(2)
C(4)-C(3) 1.4162(17) C(9)-H(9a) 0.9900
C(4)-H4) 0.9500 C(9)-H(9b) 0.9900
C(3)-C(2) 1.3527(16) C(6)-N(2) 1.4611(16)
C(3)-H(3) 0.9500 C(6)-H(6a) 0.9800
C(2)-C(1) 1.4496(16) C(6)-H(6c) 0.9800
C(2)-H(2) 0.9500 C(6)-H(6b) 0.9800
C(1)-N(1) 1.2960(15)

C(1)-N(2) 1.4078(14) C(4)-C(5)-N(2) 122.44(11)
C(7)-N(1) 1.4542(14) C(4)-C(5)-H(5) 118.8
C(7)-C(8) 1.5330(15) N(2)-C(5)-H(5) 118.8
C(T)-C(T)#1 1.554(2) C(5)-C(4)-C(3) 118.01(11)
C(7)-H(7) 1.0000 C(5)-C(4)-H#4) 121.0
C(8)-C(9) 1.5230(16) C(3)-C(4)-H#4) 121.0
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C(2)-C(3)-C(4) 120.46(11) H(8b)-C(8)-H(8a) 107.9

C(2)-C(3)-H(3) 119.8 C(8)-C(9)-C(9)#1 110.29(8)
C(4)-C(3)-H(3) 119.8 C(8)-C(9)-H(9a) 109.6
C(3)-C(2)-C(1) 122.48(11) C(9)#1-C(9)-H(9a) 109.6
C(3)-C(2)-H(2) 118.8 C(8)-C(9)-H(9b) 109.6
C(1)-C(2)-H(2) 118.8 C(9)#1-C(9)-H(9b) 109.6
N(1)-C(1)-N(2) 116.59(10) H(92)-C(9)-H(9b) 108.1
N(1)-C(1)-C(2) 129.59(10) N(2)-C(6)-H(6a) 109.5
N(2)-C(1)-C(2) 113.83(10) N(2)-C(6)-H(6c) 109.5
N(1)-C(7)-C(8) 108.86(9) H(6a)-C(6)-H(6¢) 109.5
N(1)-C(7)-C(7)#1 110.79(8) N(2)-C(6)-H(6b) 109.5
C(8)-C(7)-C(7)#1 109.45(7) H(6a)-C(6)-H(6b) 109.5
N(1)-C(7)-H(7) 109.2 H(6¢)-C(6)-H(6b) 109.5
C(8)-C(7)-H(7) 109.2 C(5)-N(2)-C(1) 122.70(10)
C(T#1-C(7)-H(7) 109.2 C(5)-N(2)-C(6) 119.62(10)
C(9)-C(8)-C(7) 112.13(9) C(1)-N(2)-C(6) 117.64(9)
C(9)-C(8)-H(8b) 109.2 C(1)-N(1)-C(7) 119.29(9)
C(7)-C(8)-H(8b) 109.2

C(9)-C(8)-H(8a) 109.2 Symmetry transformations used to generate
C(7)-C(8)-H(8a) 109.2 equivalent atoms: #1 y-1,x+1,-z

Table 4. Anisotropic displacement parameters (A2x 103) for 7. The anisotropic displacement factor exponent

takes the form: -2p?[ h? a*2U! + ... + 2 hk a* b* U'?]

yt U2 U3» U2 U3 U2
C(1) 16(1) 18(1) 18(1) 2(1) 0o(1) I(1)
C(2) 20(1) 20(1) 23(1) 0o(1) 2(1) 0o(1)
C@3) 28(1) 20(1) 24(1) -4(1) I(1) o(1)
C4) 32(1) 20(1) 31(1) -3(1) I(1) -9(1)
C(5) 26(1) 20(1) 28(1) 3D 4(1) -6(1)
C(6) 36(1) 22(1) 23(1) -1(1) 10(1) -5(1)
C(7) 17(1) 15(1) 17(1) -1(1) 0o(1) -2(1)
C(8) 22(1) 19(1) 19(1) 2(1) -4(1) -3(1)
C©) 17(1) 19(1) 23(1) 0o(1) -3(1) -4(1)
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N(1) 20(1) 17(1) 19(1) I(1) I(1) -2(1)
N(2) 22(1) 17(1) 21(1) 0o(1) 3D -2(1)

Table 5. Hydrogen coordinates (x 10%) and isotropic displacement parameters (A2x 10 3) for 7.

X y z Uleq)
H(?2) 1352 8273 -503 25
H@3) 479 6189 =787 29
H4) -1150 5196 101 33
H(5) -1779 6349 1265 29
H(6a) -1737 8122 2119 40
H(6¢) -1340 9553 1729 40
H(6b) -240 8706 2233 40
H(7) 2121 10047 -60 20
H(8b) 1892 12130 1171 24
H(8a) 3043 10992 1159 24
H(9a) 3971 11918 -52 23
H(9b) 3902 13066 642 23
Table 6. Torsion angles [°] for 7.
N(2)-C(5)-C(4)-C(3) -0.5(2) N(1)-C(1)-N(2)-C(5) 176.61(11)
C(5)-C(4)-C(3)-C(2) -1.2(2) C(2)-C(1)-N(2)-C(5) -3.43(16)
C(4)-C(3)-C(2)-C(1) 0.53(19) N(1)-C(1)-N(2)-C(6) -1.32(15)
C(3)-C(2)-C(1)-N(1) -178.35(12) C(2)-C(1)-N(2)-C(6) 178.65(11)
C(3)-C(2)-C(1)-N(2) 1.70(16) N(2)-C(1)-N(1)-C(7) -173.45(10)
N(1)-C(7)-C(8)-C(9) -178.74(9) C(2)-C(1)-N(1)-C(7) 6.60(18)
C(T#1-C(7)-C(8)-C(9) -57.51(13) C(8)-C(7)-N(1)-C(1) -149.62(10)
C(7)-C(8)-C(9)-C(9)#1 57.51(14) C(T#1-C(7)-N(1)-C(1) 89.98(13)
C(4)-C(5)-N(2)-C(1) 2.99(19)
C(4)-C(5)-N(2)-C(6) -179.12(13) Symmetry transformations used to generate

equivalent atoms: #1 y-1,x+1,-z

216



Single crystal X-ray structure data for [V*N“*HNM¢] (12)

Table 1. Crystal data and structure refinement for 12.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

V4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 28.34°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [[>2sigma(])]
R indices (all data)

Largest diff. peak and hole

12

C18 HI8 N4

290.36

1102) K

0.71073 A

Orthorhombic

Pbca

a=28.7699(7) A a= 90°.
b=12.4164(10) A b= 90°.
c=27.659(2) A g =90°.
3011.8(4) A3

8

1.281 Mg/m3

0.079 mm"!

1232

0.12 x 0.12 x 0.08 mm3

2.75 to 28.34°.

-11<=h<=11, -16<=k<=16, -36<=1<=36
28903

3754 [R(int) = 0.0603]

99.8 %

Semi-empirical from equivalents

0.998 and 0.862

Full-matrix least-squares on F?
3754/0/201

1.025

R1=0.0421, wR2 = 0.0886
R1=0.0721, wR2 = 0.1000

0.178 and -0.198 ¢.A"3
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Table 2. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (Azx 103) for 12. U(eq)

is defined as one third of the trace of the orthogonalized UY tensor.

X y z Uleq)
C(1) 13769(2) 4060(1) 3974(1) 28(1)
C(2) 14603(2) 4818(1) 4202(1) 33(1)
C@3) 13842(2) 5748(1) 4381(1) 33(1)
C4) 12319(2) 5866(1) 4318(1) 26(1)
C(5) 11413(1) 5061(1) 4079(1) 20(1)
C(6) 9100(1) 5961(1) 4168(1) 21(1)
C(7) 8532(2) 5984(1) 4640(1) 26(1)
C(8) 7607(2) 6816(1) 4801(1) 29(1)
C©) 7214(2) 7644(1) 4489(1) 25(1)
C(10) 7757(1) 7628(1) 4018(1) 23(1)
C(11) 8695(1) 6800(1) 3848(1) 20(1)
C(12) 8909(1) 6149(1) 3061(1) 23(1)
C(13) 7918(2) 5237(1) 3134(1) 26(1)
C(14) 7546(2) 4561(1) 2770(1) 38(1)
C(15) 8119(2) 4738(2) 2299(1) 46(1)
C(16) 9064(2) 5574(1) 2225(1) 40(1)
C(7 11350(2) 3299(1) 3684(1) 29(1)
C(18) 10532(2) 7142(1) 2497(1) 37(1)
N(1) 12222(1) 4158(1) 3916(1) 23(1)
N(2) 9955(1) 5065(1) 4003(1) 23(1)
NQ@3) 9285(1) 6886(1) 3373(1) 23(1)
N4) 9485(1) 6258(1) 2591(1) 28(1)

Table 3. Bond lengths [A] and angles [°] for 12.

C(1)-C(2) 1.347(2) C(3)-C4) 1.3547(19)
C(1)-N(1) 1.3716(17) C(3)-H(3) 0.9500
C(1)-H(1) 0.9500 C(4)-C(5) 1.4371(18)
C(2)-C(3) 1.423(2) C(4)-H4) 0.9500
C(2)-H(2) 0.9500 C(5)-N(2) 1.2960(17)
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C(5)-N(1)
C(6)-C(7)
C(6)-C(11)
C(6)-N(2)
C(7)-C(8)
C(7T)-H(7)
C(8)-C(9)
C(8)-H(8)
C(9)-C(10)
C(9)-H(©9)
C(10)-C(11)
C(10)-H(10)
C(11)-N(3)
C(12)-N(3)
C(12)-N(4)
C(12)-C(13)
C(13)-C(14)
C(13)-H(13)
C(14)-C(15)
C(14)-H(14)
C(15)-C(16)
C(15)-H(15)
C(16)-N(4)
C(16)-H(16)
C(17)-N(1)
C(17)-H(17A)
C(17)-H(17B)
C(17)-H(17C)
C(18)-N(4)
C(18)-H(18A)
C(18)-H(18B)
C(18)-H(18C)

C(2)-C(1)-N(1)
C(2)-C(1)-H(1)
N(1)-C(1)-H(1)

1.4012(16)
1.3973(18)
1.4109(18)
1.4161(16)
1.3880(19)
0.9500
1.3848(19)
0.9500
1.3874(18)
0.9500
1.3981(17)
0.9500
1.4186(16)
1.2997(17)
1.4015(16)
1.4414(19)
1.3494(19)
0.9500
1.413(2)
0.9500
1.344(2)
0.9500
1.372(2)
0.9500
1.4609(17)
0.9800
0.9800
0.9800
1.4542(19)
0.9800
0.9800
0.9800

121.97(13)
119.0
119.0
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C(1)-C(2)-C(3)
C(1)-C(2)-H(2)
C(3)-C(2)-H(2)
C(4)-C3)-C2)
C(4)-C(3)-H(3)
C(2)-C(3)-H(3)
C(3)-C4)-C(5)
C(3)-C(4)-H(4)
C(5)-C(4)-H(4)
N(2)-C(5)-N(1)
N(2)-C(5)-C(4)
N()-C(5)-C(4)
C(7)-C(6)-C(11)
C(7)-C(6)-N(2)
C(11)-C(6)-N(2)
C(8)-C(7)-C(6)
C(8)-C(7)-H(7)
C(6)-C(7)-H(7)
C(9)-C(8)-C(7)
C(9)-C(8)-H(8)
C(7)-C(8)-H(8)
C(8)-C(9)-C(10)
C(8)-C(9)-H(9)
C(10)-C(9)-H(9)
C(9)-C(10)-C(11)
C(9)-C(10)-H(10)
C(11)-C(10)-H(10)
C(10)-C(11)-C(6)
C(10)-C(11)-N(3)
C(6)-C(11)-N(3)
N(3)-C(12)-N(4)
N(3)-C(12)-C(13)
N(4)-C(12)-C(13)
C(14)-C(13)-C(12)
C(14)-C(13)-H(13)
C(12)-C(13)-H(13)

118.32(13)
120.8
120.8
120.36(14)
119.8
119.8
121.94(13)
119.0
119.0
116.82(12)
128.11(12)
115.07(11)
118.65(12)
120.30(12)
120.83(11)
121.64(12)
119.2
119.2
119.81(12)
120.1
120.1
119.30(12)
120.3
120.3
121.83(12)
119.1
119.1
118.76(12)
118.08(11)
122.99(11)
117.11(12)
127.85(12)
115.01(12)
122.03(14)
119.0
119.0



C(13)-C(14)-C(15) 120.28(16) N(4)-C(18)-H(18B) 109.5

C(13)-C(14)-H(14) 119.9 H(18A)-C(18)-H(18B) 109.5
C(15)-C(14)-H(14) 119.9 N(4)-C(18)-H(18C) 109.5
C(16)-C(15)-C(14) 118.63(15) H(18A)-C(18)-H(18C) 109.5
C(16)-C(15)-H(15) 120.7 H(18B)-C(18)-H(18C) 109.5
C(14)-C(15)-H(15) 120.7 C(1)-N(1)-C(5) 122.32(12)
C(15)-C(16)-N(4) 122.18(15) C(1)-N(1)-C(17) 120.29(11)
C(15)-C(16)-H(16) 118.9 C(5)-N(1)-C(17) 117.39(11)
N(4)-C(16)-H(16) 118.9 C(5)-N(2)-C(6) 118.25(11)
N(1)-C(17)-H(17A) 109.5 C(12)-N(3)-C(11) 118.00(11)
N(1)-C(17)-H(17B) 109.5 C(16)-N(4)-C(12) 121.79(13)
H(17A)-C(17)-H(17B) 109.5 C(16)-N(4)-C(18) 120.38(12)
N(1)-C(17)-H(17C) 109.5 C(12)-N(4)-C(18) 117.82(12)
H(17A)-C(17)-H(17C) 109.5

H(17B)-C(17)-H(17C) 109.5 Symmetry transformations used to generate
N(4)-C(18)-H(18A) 109.5 equivalent atoms:

Table 4. Anisotropic displacement parameters (A2 x 10%) 12. The anisotropic displacement factor exponent

takes the form: -2p?[ h? a*2U! + ... + 2 hk a* b* U'?]

yt U2 U3 U2 U3 U2
C(1) 25(1) 32(1) 29(1) (1) 5(1) 9(1)
C(2) 20(1) 43(1) 37(1) 5() I(1) 4(1)
C@3) 27(1) 36(1) 35(1) 0o(1) -2(1) -6(1)
C4) 26(1) 25(1) 27(1) I(1) 0o(1) 0o(1)
C(5) 23(1) 21(1) 17(1) 4(1) 2(1) 3D
C(6) 17(1) 21(1) 25(1) -3(1) -3(1) 0o(1)
C(7) 28(1) 30(1) 22(1) 2(1) -3(1) 4(1)
C(8) 29(1) 36(1) 21(1) -3(1) I(1) 3(D)
C©) 23(1) 25(1) 28(1) -6(1) 0o(1) 3(D)
C(10) 22(1) 18(1) 28(1) 0oc1) -1(1) -1(1)
C(11) 18(1) 20(1) 23(1) -2(1) 0o(1) -4(1)
C(12) 22(1) 25(1) 21(1) 2(1) 0oc1) &(1)
C(13) 23(1) 28(1) 27(1) -2(1) -5(1) 2(1)
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C(14) 30(1) 39(1) 44(1) -15(1) -9(1) 0o(1)

C(15) 41(1) 61(1) 37(1) -23(1) -10(1) (1)
C(16) 41(1) 58(1) 21(1) -1(1) -3(1) 21(1)
C(17 32(1) 21(1) 34(1) -2(1) 4(1) I(1)
C(18) 43(1) 34(1) 35(1) 10(1) 18(1) 13(1)
N(1) 23(1) 22(1) 24(1) 3(h) 2(1) 3(h)
N(2) 23(1) 21(1) 24(1) -1(1) -1(1) 3(h)
NQ@3) 26(1) 20(1) 24(1) I(1) 4(1) I(1)
N4) 31(1) 33(1) 22(1) 2(1) 3() 11(1)

Table 5. Hydrogen coordinates (x 10%) and isotropic displacement parameters (A2x 103) for 12.

X y z Uleq)
H(1) 14268 3440 3850 34
HQ2) 15672 4733 4241 40
H@3) 14404 6290 4545 39
H4) 11836 6500 4434 31
H() 8785 5416 4855 32
H(8) 7245 6819 5125 34
H©O) 6579 8215 4597 30
H(10) 7484 8197 3805 28
H(13) 7514 5108 3447 31
H(14) 6897 3964 2831 45
H(15) 7842 4275 2040 55
H(16) 9452 5695 1909 48
H(17A) 12050 2740 3568 43
H(17B) 10778 3595 3411 43
H(17C) 10639 2985 3918 43
H(18A) 10848 7124 2157 56
H(18B) 11431 7069 2705 56
H(18C) 10023 7828 2565 56
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Table 6. Torsion angles [°] for 12.

N(1)-C(1)-C(2)-C(3)
C(1)-C(2)-C(3)-C(4)
C(2)-C(3)-C(4)-C(5)
C(3)-C(4)-C(5)-N(©2)
C(3)-C(4)-C(5)-N(1)
C(11)-C(6)-C(7)-C(8)
N(2)-C(6)-C(7)-C(8)
C(6)-C(7)-C(8)-C(9)
C(7)-C(8)-C(9)-C(10)
C(8)-C(9)-C(10)-C(11)
C(9)-C(10)-C(11)-C(6)
C(9)-C(10)-C(11)-N(3)
C(7)-C(6)-C(11)-C(10)
N(2)-C(6)-C(11)-C(10)
C(7)-C(6)-C(11)-N(3)
N(2)-C(6)-C(11)-N(3)
N(3)-C(12)-C(13)-C(14)
N(4)-C(12)-C(13)-C(14)
C(12)-C(13)-C(14)-C(15)
C(13)-C(14)-C(15)-C(16)
C(14)-C(15)-C(16)-N(4)
C(2)-C(1)-N(1)-C(5)

-0.7(2)
-0.7(2)
1.2(2)
178.69(13)
-0.35(18)
-1.1(2)

-175.68(12)

0.8(2)
-0.2(2)
-0.05(19)
-0.27(18)

-175.68(12)

0.81(18)
175.39(11)
175.98(12)

-9.44(18)
175.97(14)

-1.76(19)

-0.6(2)
1.5(2)
-0.1(2)
1.6(2)
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C(2)-C(1)-N(1)-C(17)
N(2)-C(5)-N(1)-C(1)
C(4)-C(5)-N(1)-C(1)
N(2)-C(5)-N(1)-C(17)
C(4)-C(5)-N(1)-C(17)
N(1)-C(5)-N(2)-C(6)
C(4)-C(5)-N(2)-C(6)
C(7)-C(6)-N(2)-C(5)
C(11)-C(6)-N(2)-C(5)
N(4)-C(12)-N(3)-C(11)
C(13)-C(12)-N(3)-C(11)
C(10)-C(11)-N(3)-C(12)
C(6)-C(11)-N(3)-C(12)
C(15)-C(16)-N(4)-C(12)
C(15)-C(16)-N(4)-C(18)
N(3)-C(12)-N(4)-C(16)
C(13)-C(12)-N(4)-C(16)
N(3)-C(12)-N(4)-C(18)
C(13)-C(12)-N(4)-C(18)

-177.61(13)
179.83(11)
-1.01(17)
-0.98(16)
178.18(11)
179.36(11)
0.33(19)
-87.13(15)
98.38(14)
179.05(11)
1.37(19)
-118.44(13)
66.35(16)
-2.4(2)
178.91(14)
-174.76(12)
3.22(18)
3.95(17)
-178.07(11)

Symmetry transformations

equivalent atoms:

used to generate



Single crystal X-ray structure data for [M*N““>’NM¢|[H*], (16)

Table 1. Crystal data and structure refinement for 16.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 28.33°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(])]
R indices (all data)

Largest diff. peak and hole

16

C16 H28 Br2 N4 O2

468.24

383(2) K

0.71073 A

Monoclinic

P2(1)/n

a=4.854309) A a= 90°.
b =10.9428(19) A b=90.032(4)°.
c=18.632(3) A g =90°.
989.7(3) A3

2

1.571 Mg/m3

4.111 mm!

476

0.31 x 0.06 x 0.03 mm?

1.09 to 28.33°.

-5<=h<=6, -14<=k<=14, -24<=1<=18
7132

2463 [R(int) = 0.0374]

99.4 %

Semi-empirical from equivalents

0.880 and 0.568

Full-matrix least-squares on F2

2463 /1/138

0.997

R1=0.0321, wR2 = 0.0688

R1 =0.0398, wR2 = 0.0709

0.574 and -0.448 e.A3
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Table 2. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (Az x 103) for 16. U(eq)

is defined as one third of the trace of the orthogonalized UY tensor.

X y z U(eq)
Br(1) 772(1) 8525(1) 8508(1) 23(1)
C(1) 6820(7) 1481(3) 8884(2) 18(1)
C(2) 8246(7) 2249(3) 9368(2) 21(1)
C3) 10108(7) 3079(3) 9115(2) 23(1)
C4) 10663(9) 3159(3) 8373(2) 23(1)
C(5) 9298(9) 2418(3) 7927(1) 21(1)
C(6) 6067(8) 770(3) 7651(2) 24(1)
C(7) 4071(8) 465(3) 9820(1) 20(1)
N(1) 4882(5) 685(3) 9082(1) 19(1)
NQ) 7427(6) 1592(2) 8167(1) 18(1)
C(8A) 5580(20) 5983(18) 9197(7) 29(3)
O(1A) 3493(15) 5824(5) 8693(4) 40(2)
C(8B) 5250(30) 5830(40) 9095(18) 73(12)
O(1B) 2390(20) 5861(8) 9158(7) 41(4)

Table 3. Bond lengths [A] and angles [°] for 16.

C(1)-N(1) 1.334(4) C(7)-H(7a) 0.9700
C(1)-N(2) 1.374(4) C(7)-H(7b) 0.9700
C(1)-C(2) 1.413(4) C(6)-N(2) 1.473(4)
C(2)-C(3) 1.366(5) C(6)-H(6a) 0.9600
C(2)-H(2) 0.9300 C(6)-H(6b) 0.9600
C(3)-C4) 1.412(4) C(6)-H(6c) 0.9600
C(3)-H(3) 0.9300 N(1)-H(2) 0.90(4)
C(4)-C(5) 1.337(5) C(8A)-O(1A) 1.393(10)
C(4)-H4) 0.9300 C(8A)-H(8A1) 0.9600
C(5)-N(2) 1.358(4) C(8A)-H(8A2) 0.9600
C(5)-H(5) 0.9300 C(8A)-H(8A3) 0.9600
C(7)-N(1) 1.451(4) O(1A)-H(1A) 0.8200
C(T)-C(T)#1 1.515(6) C(8B)-O(1B) 1.393(11)
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C(8B)-H(8B1) 0.9600 C(T)#1-C(7)-H(7b) 109.3

C(8B)-H(8B2) 0.9600 H(7a)-C(7)-H(7b) 108.0
C(8B)-H(8B3) 0.9600 N(2)-C(6)-H(6a) 109.5
O(1B)-H(1B) 0.8200 N(2)-C(6)-H(6b) 109.5
H(6a)-C(6)-H(6b) 109.5
N(1)-C(1)-N(2) 118.6(3) N(2)-C(6)-H(6c) 109.5
N(1)-C(1)-C(2) 123.9(3) H(6a)-C(6)-H(6¢) 109.5
N(2)-C(1)-C(2) 117.5(3) H(6b)-C(6)-H(6c) 109.5
C(3)-C(2)-C(1) 120.0(3) C(5)-N(2)-C(1) 121.6(3)
C(3)-C(2)-H(2) 120.0 C(5)-N(2)-C(6) 119.4(3)
C(1)-C(2)-H(2) 120.0 C(1)-N(2)-C(6) 119.0(3)
C(2)-C(3)-C4) 120.4(3) C(1)-N(1)-C(7) 124.2(3)
C(2)-C(3)-H(3) 119.8 C(1)-N(1)-H(2) 126(2)
C(4)-C(3)-H(3) 119.8 C(7)-N(1)-H(2) 109(2)
C(5)-C(4)-C(3) 118.5(3) O(1B)-C(8B)-H(8B1) 109.5
C(5)-C(4)-H(4) 120.8 O(1B)-C(8B)-H(8B2) 109.5
C(3)-C(4)-H(4) 120.8 H(8B1)-C(8B)-H(8B2) 109.5
C(4)-C(5)-N(2) 122.0(3) O(1B)-C(8B)-H(8B3) 109.5
C(4)-C(5)-H(5) 119.0 H(8B1)-C(8B)-H(8B3) 109.5
N(2)-C(5)-H(5) 119.0 H(8B2)-C(8B)-H(8B3) 109.5
N(1)-C(7)-C(7)#1 111.6(3) C(8B)-O(1B)-H(1B) 109.5
N(1)-C(7)-H(7a) 109.3
C(7#1-C(7)-H(7a) 109.3 Symmetry transformations used to generate
N(1)-C(7)-H(7b) 109.3 equivalent atoms: #1 -x+1,-y,-z+2

Table 4. Anisotropic displacement parameters (A2x 103) for 16. The anisotropic displacement factor exponent

takes the form: -2p?[ h? a*2U! + ... + 2 hk a* b* U'?]

Ul 1 U22 U33 U23 U13 U12
Br(1) 22(1) 22(1) 27(1) 3(1) -1(1) 2(1)
c(1) 19(2) 17(2) 18(1) 2(1) 2(1) 3(1)
C2) 28(2) 20(2) 16(1) -1(1) (1) 2(1)
C@3) 27(2) 18(2) 25(2) 2(1) “7(1) 2(1)
C(4) 24(2) 20(1) 26(2) 8(1) 3(2) 0(2)
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C(5)
C(6)
C(7)
N(1)
N(2)
C(8A)
O(1A)
C(8B)
O(1B)

27(2)
35(2)
23(2)
23(2)
24(1)
37(5)
42(3)

70(20)

33(5)

19(1)
23(2)
20(1)
19(1)
17(1)
30(6)
24(3)

35(13)

27(5)

16(1)
13(1)
17(1)
15(1)
14(1)
19(3)
55(5)

110(30)

62(8)

36(17)
10(4)

6(1)
I(1)
I(1)
0o(1)
2(1)
5(4)
9(2)

12)
-4(1)
3(1)
o)
-3(1)
2(5)

-15(3)

36(19)

-10(5)

1(2)
-10(2)
-2(2)
-2(1)
2(1)
18(5)
0(2)
10(13)
-8(4)

Table 5. Hydrogen coordinates (x 10%) and isotropic displacement parameters (A2x 10 3) for 16.

X y z Uleq)
H(Q2) 7916 2189 9858 26
H@3) 11016 3595 9434 28
H4) 11948 3715 8199 28
H(5) 9640 2471 7436 25
H(6a) 6606 987 7172 35
H(6b) 4105 845 7698 35
H(6c) 6603 -59 7748 35
H(7a) 2186 172 9831 24
H(7b) 4145 1227 10086 24
H(1) 4020(80) 140(30) 8793(17) 21(9)
H(8AI) 6581 6719 9091 43
H(8A2) 6814 5298 9180 43
H(8A3) 4792 6043 9668 43
H(1A) 2812 6490 8594 61
H(8B1) 5866 6559 8853 109
H(8B2) 5790 5127 8825 109
H(8B3) 6063 5799 9564 109
H(1B) 1792 6478 8963 61
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Table 6. Torsion angles [°] for 16.

N(D-C(1)-C(2)-C(3) -176.9(3)
N(2)-C(1)-C(2)-C(3) 1.2(5)
C(1)-C(2)-C(3)-C(4) -1.3(5)
C(2)-C(3)-C(4)-C(5) 0.9(5)
C(3)-C(4)-C(5)-N(2) -0.6(5)
C(4)-C(5)-N(2)-C(1) 0.6(5)
C(4)-C(5)-N(2)-C(6) -177.7(3)
N(D-C(1)-N(2)-C(5) 177.3(3)
C(2)-C(1)-N(2)-C(5) -0.9(5)
N(1)-C(1)-N(2)-C(6) -4.4(5)
C(2)-C(1)-N(2)-C(6) 177.4(3)
N(2)-C(1)-N(1)-C(7) 179.1(3)
C(2)-C(1)-N(1)-C(7) -2.8(5)
C(N#1-C(T)-N(1)-C(1) -85.1(4)

Symmetry transformations used to generate equivalent atoms:

#1 -x+1,-y,-z+2

Table 7. Hydrogen bonds for 16 [A and °].

D-H..A d(D-H) d(H..A) d(D..A) <(DHA)
N(1)-H(1)..Br(1)#2 0.904) 2.43(4) 3.273(3) 155(3)
O(1A)-H(1A)...Br(1) 0.82 2.44 3.255(6) 170.8
O(1B)-H(1B)...Br(1) 0.82 245 3.253(8) 168.4

Symmetry transformations used to generate equivalent atoms:

#1 -x+1,-y,-z+2 #2x,y-1,2
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Single crystal X-ray structure data for [NiCL(MN®1'NM¢)] (18)

Table 1. Crystal data and structure refinement for 18.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

V4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 28.29°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [[>2sigma(])]
R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

18

C20 H27 Br2 N5 Ni

556.00

1102) K

0.71073 A

Orthorhombic

P2(1)2(1)2(1)

a=9.8785(6) A a= 90°.
b=11.1592(6) A b= 90°.
¢ =20.9780(12) A g =90°.
2312.5(2) A3

4

1.597 Mg/m3

4.310 mm!

1120

0.25x 0.15 x 0.15 mm?

1.94 to 28.29°.

-13<=h<=13, -14<=k<=14, -27<=1<=27
31966

5742 [R(int) = 0.0367]

100.0 %

Semi-empirical from equivalents

0.520 and 0.385

Full-matrix least-squares on F?
5742/0/256

0.967

R1=0.0212, wR2 = 0.0442

R1 = 0.0246, wR2 = 0.0447

0.000(5)

0.549 and -0.214 ¢.A3
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Table 2. Atomic coordinates (x 10*) and equivalent isotropic displacement parameters (Az x 10%)for 18. U(eq)

is defined as one third of the trace of the orthogonalized UY tensor.

X y z Uleq)
Br(1) 277(1) -2224(1) 8950(1) 24(1)
Br(2) -1387(1) 888(1) 8717(1) 28(1)
C(1) 802(2) -1182(2) 10460(1) 18(1)
C(2) 1673(2) -2069(2) 10723(1) 21(1)
C@3) 1194(2) -3020(2) 11061(1) 26(1)
C4) -202(2) -3141(2) 11171(1) 29(1)
C(5) -1032(2) -2295(2) 10927(1) 27(1)
C(6) -1538(2) -463(2) 10356(1) 31(1)
C(7) 2633(2) 18(2) 10090(1) 18(1)
C(8) 3167(2) 454(2) 10736(1) 24(1)
C©) 4692(2) 652(2) 10701(1) 31(1)
C(10) 5075(2) 1511(2) 10162(1) 27(1)
C(11) 4437(2) 1134(2) 9533(1) 21(1)
C(12) 2898(2) 997(2) 9600(1) 18(1)
C(13) 2223(2) 1526(2) 8543(1) 21(1)
C(14) 2619(2) 2747(2) 8620(1) 25(1)
C(15) 2493(2) 3560(2) 8142(1) 33(1)
C(16) 1980(3) 3207(2) 7546(1) 37(1)
C(7) 1671(2) 2038(2) 7464(1) 32(1)
C(18) 1580(2) -48(2) TT74(1) 30(1)
C(19) 5410(3) 1288(2) 7629(1) 42(1)
C(20) 6066(3) 2411(2) 7786(1) 40(1)
N(1) 1166(2) -249(2) 10103(1) 17(1)
N(2) -563(2) -1343(2) 10588(1) 22(1)
NQ@3) 2210(2) 689(2) 8998(1) 19(1)
N4) 1820(2) 1208(2) 7933(1) 24(1)
N(5) 4914(3) 412(2) 7510(2) 70(1)
Ni(1) 468(1) -128(1) 9213(1) 19(1)
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o

Table 3. Bond lengths [A] and angles [°] for 18.

Br(1)-Ni(1) 2.4106(4) C(6)-H(6b) 0.9800
Br(2)-Ni(1) 2.3934(3) C(6)-H(6c) 0.9800
C(7)-N(1) 1.480(2) C(13)-N(3) 1.335(3)
C(7)-C(12) 1.522(3) C(13)-N4) 1.386(3)
C(7)-C(8) 1.534(3) C(13)-C(14) 1.426(3)
C(7)-H(7) 1.0000 C(14)-C(15) 1.359(3)
C(8)-C(9) 1.524(3) C(14)-H(14) 0.9500
C(8)-H(8a) 0.9900 C(15)-C(16) 1.404(4)
C(8)-H(8b) 0.9900 C(15)-H(15) 0.9500
C(9)-C(10) 1.529(3) C(16)-C(17) 1.351(4)
C(9)-H(9a) 0.9900 C(16)-H(16) 0.9500
C(9)-H(9b) 0.9900 C(17)-N4) 1.360(3)
C(10)-C(11) 1.521(3) C(17)-H(17) 0.9500
C(10)-H(10b) 0.9900 C(18)-N4) 1.461(3)
C(10)-H(10a) 0.9900 C(18)-H(18A) 0.9800
C(11)-C(12) 1.534(3) C(18)-H(18B) 0.9800
C(11)-H(11b) 0.9900 C(18)-H(18C) 0.9800
C(11)-H(11a) 0.9900 N(1)-Ni(1) 1.9931(16)
C(12)-N(3) 1.476(2) N(3)-Ni(1) 1.9990(16)
C(12)-H(12) 1.0000 C(19)-N(5) 1.122(3)
C(1)-N(1) 1.332(3) C(19)-C(20) 1.448(4)
C(1)-N(2) 1.388(3) C(20)-H(20A) 0.9800
C(1)-C(2) 1.424(3) C(20)-H(20B) 0.9800
C(5)-C4) 1.350(3) C(20)-H(20C) 0.9800
C(5)-N(2) 1.360(3)

C(5)-H(5) 0.9500 N(1)-C(7)-C(12) 108.96(16)
C(4)-C(3) 1.406(3) N(1)-C(7)-C(8) 112.68(16)
C(4)-H4) 0.9500 C(12)-C(7)-C(8) 108.02(17)
C(3)-C(2) 1.360(3) N(1)-C(7)-H(7) 109.0
C(3)-H(3) 0.9500 C(12)-C(7)-H(7) 109.0
C(2)-H(2) 0.9500 C(8)-C(7)-H(7) 109.0
C(6)-N(2) 1.458(3) C(9)-C(8)-C(7) 110.06(18)
C(6)-H(6a) 0.9800 C(9)-C(8)-H(8a) 109.6
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C(7)-C(8)-H(8a)
C(9)-C(8)-H(8b)
C(7)-C(8)-H(8b)
H(8a)-C(8)-H(8b)
C(8)-C(9)-C(10)
C(8)-C(9)-H(9a)
C(10)-C(9)-H(%a)
C(8)-C(9)-H(9b)
C(10)-C(9)-H(9b)
H(92)-C(9)-H(9b)
C(11)-C(10)-C(9)
C(11)-C(10)-H(10b)
C(9)-C(10)-H(10b)
C(11)-C(10)-H(10a)
C(9)-C(10)-H(10a)
H(10b)-C(10)-H(10a)
C(10)-C(11)-C(12)
C(10)-C(11)-H(11b)
C(12)-C(11)-H(11b)
C(10)-C(11)-H(11a)
C(12)-C(11)-H(11a)
H(11b)-C(11)-H(11a)
N(3)-C(12)-C(7)
N(3)-C(12)-C(11)
C(7)-C(12)-C(11)
N(3)-C(12)-H(12)
C(7)-C(12)-H(12)
C(11)-C(12)-H(12)
N(1)-C(1)-N(2)
N(D)-C(1)-C(2)
N(2)-C(1)-C(2)
C(4)-C(5)-N(2)
C(4)-C(5)-HG)
N(2)-C(5)-H(5)
C(5)-C4)-C3)
C(5)-C(4)-H(4)

109.6
109.6
109.6
108.2
111.77(19)
109.3
109.3
109.3
109.3
107.9
111.38(18)
109.4
109.4
109.4
109.4
108.0
110.99(18)
109.4
109.4
109.4
109.4
108.0
109.38(16)
113.64(17)
107.68(17)
108.7
108.7
108.7
118.20(18)
126.86(18)
114.93(19)
122.5(2)
118.7
118.7
117.8(2)
121.1

231

C(3)-C(4)-H(4)
C(2)-C(3)-C(4)
C(2)-C(3)-H(3)
C(4)-C(3)-HB3)
C(3)-C(2)-C(1)
C(3)-C(2)-H(2)
C(1)-C(2)-H(2)
N(2)-C(6)-H(6a)
N(2)-C(6)-H(6b)
H(6a)-C(6)-H(6b)
N(2)-C(6)-H(6c)
H(6a)-C(6)-H(6c)
H(6b)-C(6)-H(6¢)
N(3)-C(13)-N(4)
N(3)-C(13)-C(14)
N(4)-C(13)-C(14)
C(15)-C(14)-C(13)
C(15)-C(14)-H(14)
C(13)-C(14)-H(14)
C(14)-C(15)-C(16)
C(14)-C(15)-H(15)
C(16)-C(15)-H(15)
C(17)-C(16)-C(15)
C(17)-C(16)-H(16)
C(15)-C(16)-H(16)
C(16)-C(17)-N(4)
C(16)-C(17)-H(17)
N#)-C(17)-H(17)
N(4)-C(18)-H(18A)
N(4)-C(18)-H(18B)
H(18A)-C(18)-H(18B)
N(4)-C(18)-H(18C)
H(18A)-C(18)-H(18C)
H(18B)-C(18)-H(18C)
C(1)-N(1)-C(7)
C(1)-N(1)-Ni(1)

121.1
120.1(2)
119.9
119.9
122.36(19)
118.8
118.8
109.5
109.5
109.5
109.5
109.5
109.5
118.53(19)
126.2(2)
115.32(19)
122.0(2)
119.0
119.0
120.2(2)
119.9
119.9
117.8(2)
121.1
121.1
122.7(2)
118.7
118.7
109.5
109.5
109.5
109.5
109.5
109.5
115.53(16)
119.12(13)



C(7)-N(1)-Ni(1)
C(13)-N(3)-C(12)
C(13)-N(3)-Ni(1)
C(12)-N(3)-Ni(1)
C(5)-N(2)-C(1)
C(5)-N(2)-C(6)
C(1)-N(2)-C(6)
C(17)-N(4)-C(13)
C(17)-N(4)-C(18)
C(13)-N(4)-C(18)
N(1)-Ni(1)-N(3)
N(1)-Ni(1)-Br(2)
N(3)-Ni(1)-Br(2)

107.96(12)
116.41(17)
119.27(13)
108.00(12)
122.26(19)
118.43(18)
119.31(18)
121.7(2)
117.99(19)
120.28(18)
86.85(7)
134.74(5)
110.17(5)

N(1)-Ni(1)-Br(1)
N(3)-Ni(1)-Br(1)
Br(2)-Ni(1)-Br(1)
N(5)-C(19)-C(20)
C(19)-C(20)-H(20A)
C(19)-C(20)-H(20B)
H(20A)-C(20)-H(20B)
C(19)-C(20)-H(20C)
H(20A)-C(20)-H(20C)
H(20B)-C(20)-H(20C)

100.14(5)
117.27(5)
107.433(12)
179.2(3)
109.5

109.5

109.5

109.5

109.5

109.5

Symmetry transformations used to generate

equivalent

atoms:

Table 4. Anisotropic displacement parameters (A2x 103) for 18. The anisotropic displacement factor exponent

takes the form: -2p?[ h? a*2U!! + ...

+2hka*b*U?]

yt U2 U3 U2 U3 U2
Br(1) 20(1) 23(1) 30(1) -4(1) -4(1) -1(1)
Br(2) 22(1) 26(1) 35(1) 0o(1) -11(1) 5(1)
C(1) 16(1) 22(1) 18(1) -6(1) -3(1) -1(1)
C(2) 18(1) 24(1) 21(1) -1(1) -3(1) -2(1)
C@3) 31(1) 22(1) 24(1) -1(1) -4(1) -1(1)
C4) 36(1) 25(1) 25(1) -2(1) 6(1) -10(1)
C(5) 23(1) 33(1) 25(1) -8(1) (1) -11(1)
C(6) 18(1) 39(1) 35(1) 0oc1) 2(1) (1)
C(7) 15(1) 17(1) 22(1) 0o(1) -2(1) o(1)
C(8) 27(1) 25(1) 21(1) I(1) -6(1) -5(1)
C©) 25(1) 35(1) 31(1) 5() -14(1) -10(1)
C(10) 18(1) 27(1) 35(1) oc1) -4(1) -1(1)
C(11) 16(1) 22(1) 26(1) -1(1) 0o(1) -2(1)
C(12) 17(1) 16(1) 21(1) -2(1) -2(1) 0o(1)
C(13) 16(1) 26(1) 20(1) oc1) 2(1) 5(1)
C(14) 23(1) 27(1) 25(1) 4(1) 5() 4(1)
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C(15) 32(1) 29(1) 37(1) 9(1) 14(1) 9(1)

C(16) 36(1) 45(2) 30(1) 18(1) 10(1) 17(1)
C(17 27(1) 48(2) 22(1) 8(1) 2(1) 12(1)
C(18) 30(1) 39(1) 22(1) -3(1) -4(1) I(1)
C(19) 31(1) 33(1) 61(2) (1) 12(1) (1)
C(20) 41(2) 34(1) 47(2) 9(1) -7(1) 2(1)
N(1) 13(1) 19(1) 19(1) -1(1) -3(1) I(1)
N(2) 16(1) 28(1) 22(1) -4(1) 2(1) -1(1)
NQ@3) 17(1) 22(1) 19(1) 2(1) -1(1) -1(1)
N4) 21(1) 32(1) 19(1) 3() I(1) 5(1)
N(5) 42(2) 39(2) 130(3) -6(2) 18(2) -3(1)
Ni(1) 15(1) 21(1) 21(1) 0o(1) -5(1) 0oc1)

Table 5. Hydrogen coordinates (x 10%) and isotropic displacement parameters (A2x 10 3) for 18.

X y z Uleq)
H(Q2) 2622 -1995 10662 25
H@3) 1805 -3604 11222 31
H4) -551 -3795 11410 34
H(5) -1979 -2369 10995 33
H(6a) -1744 -627 9907 46
H(6b) -1153 343 10396 46
H(6c) -2370 -515 10608 46
H() 3137 =721 9963 21
H(8a) 2713 1213 10854 29
H(8b) 2961 -149 11069 29
H(©a) 5149 -128 10631 37
H(9b) 5016 982 11111 37
H(10b) 4768 2330 10272 32
H(10a) 6072 1529 10115 32
H(11b) 4834 362 9394 26
H(11a) 4640 1742 9203 26
H(12) 2516 1767 9764 21
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H(14)
H(15)
H(16)
H(17)
H(18A)
H(18B)
H(18C)
H(20A)
H(20B)
H(20C)

2981
2753
1856
1335

649
2213
1716
6182
5506
6954

2999
4370
3771
1785
-264
-555
-167
2467
3079
2445

9018
8210
7212
7061
7887
8011
7315
8249
7638
7579

30
39
44
39
45
45
45
60
60
60

Table 6. Torsion angles [°] for 18.

N(1)-C(7)-C(8)-C(9)
C(12)-C(7)-C(8)-C(9)
C(7)-C(8)-C(9)-C(10)
C(8)-C(9)-C(10)-C(11)
C(9)-C(10)-C(11)-C(12)
N(1)-C(7)-C(12)-N(3)
C(8)-C(7)-C(12)-N(3)
N(1)-C(7)-C(12)-C(11)
C(8)-C(7)-C(12)-C(11)
C(10)-C(11)-C(12)-N(3)
C(10)-C(11)-C(12)-C(7)
N(2)-C(5)-C(4)-C(3)
C(5)-C(4)-C(3)-C(2)
C(4)-C(3)-C(2)-C(1)
N(1)-C(1)-C(2)-C(3)
N(2)-C(1)-C(2)-C(3)
N(3)-C(13)-C(14)-C(15)
N(4)-C(13)-C(14)-C(15)
C(13)-C(14)-C(15)-C(16)
C(14)-C(15)-C(16)-C(17)
C(15)-C(16)-C(17)-N(4)
N(2)-C(1)-N(1)-C(7)

177.13(17)
-62.5(2)
55.4(3)
-51.2(3)
54.5(2)
-48.5(2)

-171.26(16)
-172.48(16)
64.8(2)

177.16(17)
-61.5(2)
-0.6(3)

0.7(3)
-1.3(3)
-177.1(2)
1.7(3)
-174.5(2)
5.6(3)
-1.0(3)
-2.3(4)
0.8(4)
168.09(18)
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C(2)-C(1)-N(1)-C(7)
N(2)-C(1)-N(1)-Ni(1)
C(2)-C(1)-N(1)-Ni(1)
C(12)-C(7)-N(1)-C(1)
C(8)-C(7)-N(1)-C(1)
C(12)-C(7)-N(1)-Ni(1)
C(8)-C(7)-N(1)-Ni(1)
N(4)-C(13)-N(3)-C(12)
C(14)-C(13)-N(3)-C(12)
N(4)-C(13)-N(3)-Ni(1)
C(14)-C(13)-N(3)-Ni(1)
C(7)-C(12)-N(3)-C(13)
C(11)-C(12)-N(3)-C(13)
C(7)-C(12)-N(3)-Ni(1)
C(11)-C(12)-N(3)-Ni(1)
C(H-C(5)-N(2)-C(1)
C(4)-C(5)-N(2)-C(6)
N(1)-C(1)-N(2)-C(5)
C(2)-C(1)-N(2)-C(5)
N(1)-C(1)-N(2)-C(6)
C(2)-C(1)-N(2)-C(6)
C(16)-C(17)-N(4)-C(13)

-13.1(3)
-60.8(2)
118.0(2)
172.94(17)
-67.2(2)
36.75(18)
156.62(14)
168.12(17)
-11.8(3)
-59.5(2)
120.5(2)
172.81(17)
-66.8(2)
35.48(18)
155.84(14)
1.1(3)
-178.7(2)
177.35(18)
-1.6(3)
-2.93)
178.20(18)
4.1(3)



C(16)-C(17)-N(4)-C(18)
N(3)-C(13)-N(4)-C(17)
C(14)-C(13)-N(4)-C(17)
N(3)-C(13)-N(4)-C(18)
C(14)-C(13)-N(4)-C(18)
C(1)-N(1)-Ni(1)-N(3)
C(7)-N(1)-Ni(1)-N(3)
C(1)-N(1)-Ni(1)-Br(2)
C(7)-N(1)-Ni(1)-Br(2)
C(1)-N(1)-Ni(1)-Br(1)

-174.2(2)
172.93(19)
-71.1(3)
-8.8(3)
171.17(19)

-148.31(15)

-13.96(13)
96.11(15)

-129.54(11)

-31.17(15)
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C(7)-N(1)-Ni(1)-Br(1)

C(13)-N(3)-Ni(1)-N(1)
C(12)-N(3)-Ni(1)-N(1)
C(13)-N(3)-Ni(1)-Br(2)
C(12)-N(3)-Ni(1)-Br(2)
C(13)-N(3)-Ni(1)-Br(1)
C(12)-N(3)-Ni(1)-Br(1)

103.19(12)
-148.12(16)
-12.21(13)
-11.16(16)
124.74(11)
112.10(14)
-112.00(12)

Symmetry transformations used to generate

equivalent atoms:



Single crystal X-ray structure data for [NiCL(™N“¥NM)] (21)

Table 1. Crystal data and structure refinement for 21.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 30.02°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(])]
R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

21

C19 H20 Br2 CI2 N4 Ni

593.82

1102) K

0.71073 A

Orthorhombic

Pmc2(1)

a=12.6621(6) A a= 90°.
b=8.0532(4) A b=90°.
c=21.8322(10) A g =90°.
2226.24(18) A3

4

1.772 Mg/m3

4.714 mm’!

1176

0.21 x 0.20 x 0.02 mm?

1.61 to 30.02°.

-17<=h<=17, -11<=k<=11, -30<=1<=30
24637

6682 [R(int) = 0.0390]

99.7 %

Semi-empirical from equivalents

0.910 and 0.436

Full-matrix least-squares on F2
6682/1/292

1.087

R1=0.0319, wR2 = 0.0782
R1=0.0361, wR2 = 0.0796

0.000(13)

0.927 and -0.431 e.A3
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Table 2. Atomic coordinates (x 10*) and equivalent isotropic displacement parameters (Az x 10%)for 21. U(eq)

is defined as one third of the trace of the orthogonalized UY tensor.

X y z Uleq)
Br(1) 5000 4360(1) 7096(1) 21(1)
Br(2) 5000 8267(1) 8111(1) 23(1)
C(1) 6893(3) 3213(5) 8307(2) 18(1)
C(2) 7081(3) 1467(5) 8290(2) 21(1)
C@3) 7859(3) 840(6) 7947(2) 27(1)
C4) 8540(4) 1868(5) 7607(2) 26(1)
C(5) 8383(3) 3521(5) 7644(2) 25(1)
C(6) 7495(3) 6000(5) 8021(2) 24(1)
C(7) 5554(3) 3055(4) 9063(2) 16(1)
C(8) 6101(3) 2294(5) 9547(2) 21(1)
C©) 5546(3) 1485(5) 10011(2) 24(1)
N(1) 6061(2) 3942(4) 8592(1) 17(1)
N(2) 7582(2) 4180(4) 7993(2) 19(1)
Ni(1) 5000 5306(1) 8138(1) 16(1)
Br(3) 10000 2252(1) 2177(1) 22(1)
Br(4) 10000 6140(1) 1190(1) 21(1)
C(10) 8106(3) 1118(5) 946(2) 19(1)
C(11) 7933(3) -623(5) 978(2) 23(1)
C(12) 7124(3) -1265(6) 1332(2) 29(1)
C(13) 6450(4) -187(6) 1656(2) 30(1)
C(14) 6598(3) 1473(6) 1598(2) 28(1)
C(15) 7448(3) 3920(5) 1178(3) 31(1)
C(16) 9443(3) 949(4) 191(2) 19(1)
C(7) 8905(3) 173(5) -288(2) 24(1)
C(18) 9447(4) -609(5) -758(2) 24(1)
NQ@3) 8934(3) 1842(4) 665(2) 19(1)
N4) 7391(2) 2121(4) 1245(2) 22(1)
Ni(2) 10000 3177(1) 1133(1) 18(1)
C(19) 5473(9) 7037(13) 9750(5) 42(2)
Cl(1) 4953(16) 6698(4) 10493(1) 55(1)
Cl(2) 6859(2) 7052(4) 9718(1) 56(1)
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C(20) 9695(8) 5094(16) 9564(5) 47(3)
Cl1(3) 10120(15) 4693(5) 8844(1) 87(3)
Cl(4) 8307(2) 5295(4) 9596(1) 55(1)

o

Table 3. Bond lengths [A] and angles [°] for 21.

Br(1)-Ni(1) 2.3988(9) C(10)-N4) 1.378(5)
Br(2)-Ni(1) 2.3853(8) C(10)-C(11) 1.421(5)
C(1)-N(2) 1.355(5) C(11)-C(12) 1.382(6)
C(1)-N(1) 1.357(5) C(11)-H(11) 0.9500
C(1)-C(2) 1.427(5) C(12)-C(13) 1.408(7)
C(2)-C(3) 1.337(6) C(12)-H(12) 0.9500
C(2)-H(2) 0.9500 C(13)-C(14) 1.356(7)
C(3)-C4) 1.407(6) C(13)-H(13) 0.9500
C(3)-H(3) 0.9500 C(14)-N4) 1.370(5)
C(4)-C(5) 1.349(6) C(14)-H(14) 0.9500
C(4)-H4) 0.9500 C(15)-N4) 1.458(5)
C(5)-N(2) 1.375(5) C(15)-H(15A) 0.9800
C(5)-H(5) 0.9500 C(15)-H(15B) 0.9800
C(6)-N(2) 1.470(5) C(15)-H(15C) 0.9800
C(6)-H(6A) 0.9800 C(16)-C(17) 1.396(5)
C(6)-H(6B) 0.9800 C(16)-C(16)#2 1.411(8)
C(6)-H(6C) 0.9800 C(16)-N(3) 1.415(5)
C(T)-C(T)#1 1.402(7) C(17)-C(18) 1.385(6)
C(7)-C(8) 1.404(5) C(17)-H(17) 0.9500
C(7)-N(1) 1.407(5) C(18)-C(18)#2 1.401(9)
C(8)-C(9) 1.395(6) C(18)-H(18) 0.9500
C(8)-H(8) 0.9500 N(3)-Ni(2) 2.005(3)
C(9)-CO)#1 1.382(9) Ni(2)-N(3)#2 2.005(3)
C(9)-H(©9) 0.9500 C(19)-Cl1(2) 1.756(12)
N(1)-Ni(1) 1.998(3) C(19)-CI(1) 1.773(13)
Ni(1)-N(1)#1 1.998(3) C(19)-H(19A) 0.9900
Br(3)-Ni(2) 2.3989(9) C(19)-H(19B) 0.9900
Br(4)-Ni(2) 2.3894(8) C(20)-CI1(3) 1.691(13)
C(10)-N(3) 1.347(5) C(20)-Cl1(4) 1.767(10)
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C(20)-H(20A)
C(20)-H(20B)

N(2)-C(1)-N(1)
N(2)-C(1)-C(2)
N(D)-C(1)-C(2)
C(3)-C(2)-C(1)
C(3)-C(2)-H(2)
C(1)-C(2)-H(2)
C(2)-C3)-C4)
C(2)-C(3)-H(3)
C(4)-C3)-HB)
C(5)-C4)-C3)
C(5)-C(4)-H(4)
C(3)-C(4)-H(4)
C(4)-C(5)-N(2)
C(4)-C(5)-H(5)
N(2)-C(5)-H(5)
N(2)-C(6)-H(6A)
N(2)-C(6)-H(6B)
H(6A)-C(6)-H(6B)
N(2)-C(6)-H(6C)
H(6A)-C(6)-H(6C)
H(6B)-C(6)-H(6C)
C(7)#1-C(7)-C(8)
C(7)#1-C(7)-N(1)
C(8)-C(7)-N(1)
C(9)-C(8)-C(7)
C(9)-C(8)-H(8)
C(7)-C(8)-H(8)
C(9)#1-C(9)-C(8)
C(9)#1-C(9)-H(9)
C(8)-C(9)-H(9)
C(1)-N(1)-C(7)
C(1)-N(1)-Ni(1)
C(7)-N(1)-Ni(1)

0.9900
0.9900

118.9(3)
116.5(3)
124.6(3)
120.7(4)
119.7
119.7
121.6(4)
119.2
119.2
117.3(4)
121.3
121.3
121.5(4)
119.2
119.2
109.5
109.5
109.5
109.5
109.5
109.5
119.6(2)
117.15(19)
123.1(3)
120.1(4)
119.9
119.9
120.3(2)
119.9
119.9
118.0(3)
122.2(2)
109.5(2)
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C(1)-N(2)-C(5)
C(1)-N(2)-C(6)
C(5)-N(2)-C(6)
N(1#1-Ni(1)-N(1)
N(1)#1-Ni(1)-Br(2)
N(1)-Ni(1)-Br(2)
N(1)#1-Ni(1)-Br(1)
N(1)-Ni(1)-Br(1)
Br(2)-Ni(1)-Br(1)
N(3)-C(10)-N(4)
N(3)-C(10)-C(11)
N#4)-C(10)-C(11)
C(12)-C(11)-C(10)
C(12)-C(11)-H(11)
C(10)-C(11)-H(11)
C(11)-C(12)-C(13)
C(11)-C(12)-H(12)
C(13)-C(12)-H(12)
C(14)-C(13)-C(12)
C(14)-C(13)-H(13)
C(12)-C(13)-H(13)
C(13)-C(14)-N(4)
C(13)-C(14)-H(14)
N(4)-C(14)-H(14)
N(4)-C(15)-H(15A)
N(4)-C(15)-H(15B)
H(15A)-C(15)-H(15B)
N(4)-C(15)-H(15C)
H(15A)-C(15)-H(15C)
H(15B)-C(15)-H(15C)
C(17)-C(16)-C(16)#2
C(17)-C(16)-N(3)
C(16)#2-C(16)-N(3)
C(18)-C(17)-C(16)
C(18)-C(17)-H(17)
C(16)-C(17)-H(17)

122.2(3)
120.2(3)
117.6(3)
84.49(18)
124.19(9)
124.19(9)
107.18(10)
107.18(10)
107.10(3)
118.2(3)
124.7(3)
117.0(3)
120.7(4)
119.6
119.6
119.9(4)
120.0
120.0
118.5(4)
120.7
120.7
121.9(4)
119.0
119.0
109.5
109.5
109.5
109.5
109.5
109.5
119.2(2)
123.6(3)
117.1(2)
121.2(4)
119.4
119.4



C(17)-C(18)-C(18)#2 119.7(2) Cl(2)-C(19)-H(19A) 108.7

C(17)-C(18)-H(18) 120.2 CI(1)-C(19)-H(19A) 108.7
C(18)#2-C(18)-H(18) 120.2 C1(2)-C(19)-H(19B) 108.7
C(10)-N(3)-C(16) 117.8(3) CI(1)-C(19)-H(19B) 108.7
C(10)-N(3)-Ni(2) 121.6(3) H(19A)-C(19)-H(19B) 107.6
C(16)-N(3)-Ni(2) 109.8(2) CI(3)-C(20)-Cl(4) 111.8(9)
C(14)-N(4)-C(10) 121.7(3) ClI(3)-C(20)-H(20A) 109.3
C(14)-N(4)-C(15) 118.1(3) Cl(4)-C(20)-H(20A) 109.3
C(10)-N(4)-C(15) 120.2(3) CI(3)-C(20)-H(20B) 109.3
N(3)#2-Ni(2)-N(3) 84.63(18) Cl(4)-C(20)-H(20B) 109.3
N(3)#2-Ni(2)-Br(4) 124.20(9) H(20A)-C(20)-H(20B) 107.9
N(3)-Ni(2)-Br(4) 124.20(9)

N(3)#2-Ni(2)-Br(3) 108.52(10) Symmetry transformations used to generate
N(3)-Ni(2)-Br(3) 108.52(10) equivalent atoms:

Br(4)-Ni(2)-Br(3) 105.09(3) #1 -x+1,y,z #2 -Xx+2,y,z
Cl1(2)-C(19)-C1(1) 114.1(9)

Table 4. Anisotropic displacement parameters (A2 x 103) for 21. The anisotropic displacement factor exponent

takes the form: -2p?[ h? a*2U! + ... + 2 hk a* b* U'?]

yt U2 U3 U2 U3 U2
Br(1) 23(1) 21(1) 19(1) -1(1) 0 0
Br(2) 22(1) 15(1) 32(1) I(1) 0 0
C(1) 16(2) 20(2) 17(2) I(1) -2(1) 3D
C(2) 22(2) 20(2) 22(2) 1(2) -3(2) -1(2)
C@3) 29(2) 23(2) 28(2) -5(2) -6(2) 1(2)
C4) 20(2) 33(2) 26(2) -5(2) 0(2) 2(2)
C(5) 19(2) 31(2) 25(2) 1(2) 1(2) 1(2)
C(6) 20(2) 19(2) 34(2) 6(2) 4(2) -1(2)
C(7) 19(2) 14(1) 14(2) 2(1) -1(1) I(1)
C(8) 19(2) 20(2) 23(2) 2(2) -6(1) -1(2)
C©) 30(2) 25(2) 18(2) 1(2) -4(2) 1(2)
N(1) 16(1) 17(1) 20(2) 2(1) 0o(1) -1(1)
N(2) 18(1) 19(1) 20(2) 4(1) I(1) -3(1)
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Ni(1) 16(1) 15(1) 18(1) 3D 0 0

Br(3) 21(1) 21(1) 24(1) 2(1) 0 0
Br(4) 22(1) 16(1) 27(1) -2(1) 0 0
C(10) 14(2) 23(2) 19(2) -2(1) -3(1) 4(1)
C(11) 21(2) 21(2) 26(2) 2(2) 0(2) 3(2)
C(12) 22(2) 31(2) 33(2) 712) -1(2) -3(2)
C(13) 18(2) 42(3) 31(2) 712) -2(2) -6(2)
C(14) 16(2) 41(2) 26(2) -6(2) 2(2) -2(2)
C(15) 20(2) 21(2) 51(3) -13(2) 4(2) 0(2)
C(16) 19(2) 15(2) 21(2) I(1) -1(1) 4(1)
C(7 21(2) 26(2) 26(2) -2(2) -5(2) 1(2)
C(18) 30(2) 26(2) 17(2) -5(2) -5(2) -2(2)
NQ@3) 14(1) 19(1) 24(2) -5(1) -2(1) I(1)
N4) 14(1) 24(2) 26(2) -3(1) 0o(1) -1(1)
Ni(2) 17(1) 16(1) 20(1) -4(1) 0 0
C(19) 67(7) 32(5) 28(5) -3(4) 7(4) -8(4)
Cl(1) 55(3) 74(2) 34(1) 5(1) 13(4) 14(5)
Cl(2) 57(2) 69(2) 41(1) -17(1) 9(1) -27(2)
C(20) 52(7) 46(5) 41(5) 9(4) -1(4) 1(5)
Cl(3) 106(8) 114(3) 43(1) -29(2) 30(4) -25(5)
Cl(4) 51(2) 75(2) 39(1) 16(1) -5(1) -23(2)

Table 5. Hydrogen coordinates (x 10%) and isotropic displacement parameters (A2x 103) for 21.

X y z Uleq)
HQ2) 6648 743 8524 25
H@3) 7955 -330 7932 32
H4) 9089 1416 7362 32
H(5) 8837 4248 7424 30
H(6A) 6927 6371 7749 36
H(6B) 8164 6500 7891 36
H(6C) 7337 6340 8442 36
H(8) 6851 2330 9558 25
H©) 5920 932 10328 29
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H(11)
H(12)
H(13)
H(14)
H(15A)
H(15B)
H(15C)
H(17)
H(18)
H(19A)
H(19B)
H(20A)
H(20B)

8379
7023
5904
6138
7985
6760
7637
8155
9070
5207
5206
10026
9920

-1355
-2432

-614
2209
4362
4409
4198

181

-1142

6157
8114
6134
4183

755
1355
1910
1809
1457
1277

755
-292

-1078
9473
9595
9711
9838

27
34
36
33
46
46
46
29
29
51
51
56
56

Table 6. Torsion angles [°] for 21.

N(2)-C(1)-C(2)-C(3)
N(D-C(1)-C(2)-C(3)
C(1)-C(2)-C(3)-C(4)
C(2)-C(3)-C(4)-C(5)
C(3)-C(4)-C(5)-N(©2)
C(T)#1-C(7)-C(8)-C(9)
N(1)-C(7)-C(8)-C(9)
C(7)-C(8)-C(9)-C(9)#1
N(2)-C(1)-N(1)-C(7)
C(2)-C(1)-N(1)-C(7)
N(2)-C(1)-N(1)-Ni(1)
C(2)-C(1)-N(1)-Ni(1)
C(T)#1-C(7)-N(1)-C(1)
C(8)-C(7)-N(1)-C(1)
C(T)#1-C(7)-N(1)-Ni(1)
C(8)-C(7)-N(1)-Ni(1)
N(1)-C(1)-N(2)-C(5)
C(2)-C(1)-N(2)-C(5)
N(1)-C(1)-N(2)-C(6)

-4.1(6)
173.1(4)
2.0(6)
0.5(6)
-0.8(6)
2.6(5)
177.6(4)
-2.6(5)
-160.4(3)
22.4(5)
58.2(4)
-119.0(3)
-135.7(3)
49.2(5)
10.3(2)
-164.8(3)
-173.5(4)
3.9(5)
7.0(5)
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C(2)-C(1)-N(2)-C(6)
C(H-C(5)-N(2)-C(1)
C(4)-C(5)-N(2)-C(6)
C(1)-N(1)-Ni(1)-N(1)#1
C(7)-N(1)-Ni(1)-N(1)#1
C(1)-N(1)-Ni(1)-Br(2)
C(7)-N(1)-Ni(1)-Br(2)
C(1)-N(1)-Ni(1)-Br(1)
C(7)-N(1)-Ni(1)-Br(1)
N(3)-C(10)-C(11)-C(12)
N(#4)-C(10)-C(11)-C(12)
C(10)-C(11)-C(12)-C(13)
C(11)-C(12)-C(13)-C(14)
C(12)-C(13)-C(14)-N(4)

C(16)#2-C(16)-C(17)-C(18)

N(3)-C(16)-C(17)-C(18)

C(16)-C(17)-C(18)-C(18)#2

N(4)-C(10)-N(3)-C(16)
C(11)-C(10)-N(3)-C(16)

-175.6(3)
-1.5(6)
178.0(4)
131.9(2)
-12.4(3)
-100.0(3)
115.7(2)
25.6(3)
-118.7(2)
173.0(4)
-4.4(6)
1.0(6)
1.8(7)
-1.2(6)
0.7(5)
176.5(4)
-0.7(5)
-158.1(3)
24.6(5)



N(4)-C(10)-N(3)-Ni(2)
C(11)-C(10)-N(3)-Ni(2)
C(17)-C(16)-N(3)-C(10)
C(16)#2-C(16)-N(3)-C(10)
C(17)-C(16)-N(3)-Ni(2)
C(16)#2-C(16)-N(3)-Ni(2)
C(13)-C(14)-N(4)-C(10)
C(13)-C(14)-N(4)-C(15)
N(3)-C(10)-N(4)-C(14)
C(11)-C(10)-N(4)-C(14)
N(3)-C(10)-N(4)-C(15)

61.1(4)
-116.2(4)
48.2(5)
-136.0(3)
-166.7(3)
9.1(3)
-2.3(6)
176.1(4)
-172.5(4)
5.0(5)
9.1(5)
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C(11)-C(10)-N(4)-C(15) -173.4(4)
C(10)-N(3)-Ni(2)-N(3)#2 132.5(2)
C(16)-N(3)-Ni(2)-N(3)#2 -11.0(3)

C(10)-N(3)-Ni(2)-Br(4) -99.3(3)
C(16)-N(3)-Ni(2)-Br(4) 117.2(2)
C(10)-N(3)-Ni(2)-Br(3) 24.7(3)

C(16)-N(3)-Ni(2)-Br(3) -118.8(2)

Symmetry transformations used to generate

equivalent atoms:

#1 -x+1,y,z #2

-X+2,y,Z



Single crystal X-ray structure data for [PdCL (M N *MNM9)] (22)

Table 1. Crystal data and structure refinement for 22.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

V4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 30.00°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [[>2sigma(])]
R indices (all data)

Largest diff. peak and hole

22

C60 H66 C16 N12 O2 Pd3

1519.15

1102) K

0.71073 A

Monoclinic

C2/c

a=33.3939(12) A o=90°.
b=10.4769(4) A B=119.4090(10)°.
c=20.9116(8) A ¥=90°.
6373.4(4) A3

4

1.583 Mg/m3

1.141 mm!

3064

0.16 x 0.10 x 0.02 mm?

1.97 to 30.00°.

-46<=h<=46, -14<=k<=14, -28<=1<=29
35291

9214 [R(int) = 0.0468]

99.1 %

Semi-empirical from equivalents
0.9775 and 0.8385

Full-matrix least-squares on F?

9214 /12/390

1.063

R1 =0.0388, wR2 = 0.0737

R1 =0.0547, wR2 = 0.0796

0.920 and -0.532 e.A"3
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Table 2. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (Azx 103) for 22. U(eq)

is defined as one third of the trace of the orthogonalized UY tensor.

X y z Uleq)
C(1) 2036(1) 5222(2) 1695(2) 20(1)
C(2) 1981(1) 4466(3) 1099(2) 24(1)
C@3) 2352(1) 4056(3) 1048(2) 26(1)
C4) 2795(1) 4364(3) 1602(2) 28(1)
C(5) 2846(1) 5068(3) 2183(2) 26(1)
C(6) 2556(1) 6206(3) 2891(2) 24(1)
C(7) 1295(1) 4992(3) 1579(1) 21(1)
C(8) 1305(1) 3666(3) 1647(2) 25(1)
C©) 914(1) 2996(3) 1529(2) 27(1)
C(10) 514(1) 3653(3) 1362(2) 27(1)
C(11) 500(1) 4975(3) 1311(2) 23(1)
C(12) 887(1) 5663(2) 1409(1) 20(1)
C(13) 550(1) 7755(2) 1186(1) 20(1)
C(14) 146(1) 7601(3) 508(2) 23(1)
C(15) -203(1) 8481(3) 270(2) 27(1)
C(16) -162(1) 9530(3) 708(2) 25(1)
C(7 225(1) 9652(3) 1376(2) 23(1)
C(18) 975(1) 8940(3) 2341(2) 24(1)
N(1) 2476(1) 5472(2) 2236(1) 20(1)
N(2) 1685(1) 5749(2) 1763(1) 21(1)
NQ@3) 930(1) 7005(2) 1449(1) 20(1)
N4) 568(1) 8778(2) 1609(1) 21(1)
Cl(1) 2176(1) 8087(1) 1394(1) 22(1)
Cl(2) 1229(1) 9622(1) 993(1) 22(1)
Pd(1) 1513(1) 7601(1) 1453(1) 17(1)
C(19) 880(1) 4114(2) 3489(1) 21(1)
C(20) 1176(1) 4473(3) 3224(2) 29(1)
C21) 1639(1) 4223(3) 3615(2) 38(1)
C(22) 1820(1) 3627(3) 4296(2) 39(1)
C(23) 1536(1) 3328(3) 4565(2) 33(1)
C(24) 789(1) 3326(3) 4517(2) 30(1)
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C(25) 227(1) 5422(2) 2801(1) 20(1)

C(26) 443(1) 6579(3) 3089(2) 26(1)

C(27) 222(1) 7727(3) 2795(2) 32(1)

N(5) 1077(1) 3591(2) 4177(1) 23(1)

N(6) 412(1) 4229(2) 3114(1) 19(1)

Pd(2) 0 2766(1) 2500 16(1)

CI1(3) 539(1) 1212(1) 3172(1) 23(1)

C(28) 3695(1) 3092(4) 218(2) S51(1)

C(29) 3336(1) 3575(3) 396(2) 41(1)

C(30) 3270(2) 4977(4) 347(12) 58(1)

o(1) 3221(3) 2717(11) 661(8) 62(3)

O(1A) 3068(3) 2922(8) 506(6) 42(2)

Table 3. Bond lengths [A] and angles [°] for 22.

C(1)-N(2) 1.364(3) C(9)-C(10) 1.386(4)
C(1)-N(1) 1.369(3) C(9)-H©9) 0.9500
C(1)-C(2) 1.410(4) C(10)-C(11) 1.388(4)
C(2)-C(3) 1.364(4) C(10)-H(10) 0.9500
C(2)-H(2) 0.9500 C(11)-C(12) 1.403(4)
C(3)-C4) 1.399(4) C(11)-H(11) 0.9500
C(3)-H(3) 0.9500 C(12)-N(3) 1.412(3)
C4)-C(5) 1.359(4) C(13)-N(3) 1.357(3)
C4)-H4) 0.9500 C(13)-N(4) 1.372(3)
C(5)-N(1) 1.361(3) C(13)-C(14) 1.407(4)
C(5)-H(5) 0.9500 C(14)-C(15) 1.373(4)
C(6)-N(1) 1.474(3) C(14)-H(14) 0.9500
C(6)-H(6A) 0.9800 C(15)-C(16) 1.393(4)
C(6)-H(6B) 0.9800 C(15)-H(15) 0.9500
C(6)-H(6C) 0.9800 C(16)-C(17) 1.366(4)
C(7)-C(8) 1.395(4) C(16)-H(16) 0.9500
C(7)-N(2) 1.409(3) C(17)-N(4) 1.357(3)
C(7)-C(12) 1.415(4) C(17)-H(17) 0.9500
C(8)-C(9) 1.394(4) C(18)-N(4) 1.474(3)
C(8)-H(8) 0.9500 C(18)-H(18A) 0.9800
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C(18)-H(18B)
C(18)-H(18C)
N(2)-Pd(1)
N(3)-Pd(1)
CI(1)-Pd(1)
C1(2)-Pd(1)
C(19)-N(6)
C(19)-N(5)
C(19)-C(20)
C(20)-C(21)
C(20)-H(20)
C(21)-C(22)
C(21)-H(21)
C(22)-C(23)
C(22)-H(22)
C(23)-N(5)
C(23)-H(23)
C(24)-N(5)
C(24)-H(24A)
C(24)-H(24B)
C(24)-H(24C)
C(25)-C(26)
C(25)-N(6)
C(25)-C(25)#1
C(26)-C(27)
C(26)-H(26)
C(27)-C2T#1
C(27)-H(27)
N(6)-Pd(2)
Pd(2)-N(6)#1
Pd(2)-CI(3)
Pd(2)-CI(3)#1
C(28)-C(29)
C(28)-H(28A)
C(28)-H(28B)
C(28)-H(28C)

0.9800
0.9800
2.037(2)
2.041(2)
2.3319(7)
2.3260(7)
1.366(3)
1.370(3)
1.403(4)
1.371(4)
0.9500
1.392(5)
0.9500
1.357(5)
0.9500
1.365(4)
0.9500
1.475(4)
0.9800
0.9800
0.9800
1.388(4)
1.405(3)
1.416(5)
1.387(4)
0.9500
1.388(6)
0.9500
2.038(2)
2.038(2)
2.3185(6)
2.3186(6)
1.506(5)
0.9800
0.9800
0.9800
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C(29)-0(1)
C(29)-0O(1A)
C(29)-C(30)
C(30)-H(30A)
C(30)-H(30B)
C(30)-H(30C)

N(2)-C(1)-N(1)
N(2)-C(1)-C(2)
N(D)-C(1)-C(2)
C(3)-C(2)-C(1)
C(3)-C(2)-H(2)
C(1)-C(2)-H(2)
C(2)-C(3)-C(4)
C(2)-C(3)-H(3)
C(4)-C3)-HB)
C(5)-C4)-C3)
C(5)-C(4)-H(4)
C(3)-C(4)-H(4)
C(4)-C(5)-N(1)
C(4)-C(5)-HG)
N(1)-C(5)-H(5)
N(1)-C(6)-H(6A)
N(1)-C(6)-H(6B)
H(6A)-C(6)-H(6B)
N(1)-C(6)-H(6C)
H(6A)-C(6)-H(6C)
H(6B)-C(6)-H(6C)
C(8)-C(7)-N(2)
C(8)-C(7)-C(12)
N(2)-C(7)-C(12)
C(9)-C(8)-C(7)
C(9)-C(8)-H(8)
C(7)-C(8)-H(8)
C(10)-C(9)-C(8)
C(10)-C(9)-H(9)

1.213(13)
1.235(11)
1.481(5)
0.9800
0.9800
0.9800

117.6(2)
124.9(2)
117.4(2)
121.2(3)
119.4
119.4
119.6(3)
120.2
120.2
118.8(3)
120.6
120.6
121.6(3)
119.2
119.2
109.5
109.5
109.5
109.5
109.5
109.5
124.1(2)
119.5(2)
115.9(2)
120.7(3)
119.6
119.6
119.8(3)
120.1



C(8)-C(9)-H(9)
C(9)-C(10)-C(11)
C(9)-C(10)-H(10)
C(11)-C(10)-H(10)
C(10)-C(11)-C(12)
C(10)-C(11)-H(11)
C(12)-C(11)-H(11)
C(11)-C(12)-N(3)
C(11)-C(12)-C(7)
N(3)-C(12)-C(7)
N(3)-C(13)-N(4)
N(3)-C(13)-C(14)
N(4)-C(13)-C(14)
C(15)-C(14)-C(13)
C(15)-C(14)-H(14)
C(13)-C(14)-H(14)
C(14)-C(15)-C(16)
C(14)-C(15)-H(15)
C(16)-C(15)-H(15)
C(17)-C(16)-C(15)
C(17)-C(16)-H(16)
C(15)-C(16)-H(16)
N(4)-C(17)-C(16)
N#)-C(17)-H(17)
C(16)-C(17)-H(17)
N(4)-C(18)-H(18A)
N(4)-C(18)-H(18B)
H(18A)-C(18)-H(18B)
N(4)-C(18)-H(18C)
H(18A)-C(18)-H(18C)
H(18B)-C(18)-H(18C)
C(5)-N(1)-C(1)
C(5)-N(1)-C(6)
C(1)-N(1)-C(6)
C(1)-N(2)-C(7)
C(1)-N(2)-Pd(1)

120.1
120.5(3)
119.8
119.8
120.5(3)
119.8
119.8
125.4(2)
119.0(2)
115.0(2)
117.0(2)
125.9(2)
117.1(2)
120.8(3)
119.6
119.6
119.9(3)
120.0
120.0
118.9(3)
120.5
120.5
120.9(3)
119.6
119.6
109.5
109.5
109.5
109.5
109.5
109.5
121.4(2)
118.6(2)
120.0(2)
118.1(2)
118.40(17)
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C(7)-N(2)-Pd(1)
C(13)-N(3)-C(12)
C(13)-N(3)-Pd(1)
C(12)-N(3)-Pd(1)
C(17)-N(4)-C(13)
C(17)-N(4)-C(18)
C(13)-N(4)-C(18)
N(2)-Pd(1)-N(3)
N(2)-Pd(1)-C1(2)
N(3)-Pd(1)-C1(2)
N(2)-Pd(1)-CI(1)
N(3)-Pd(1)-CI(1)
Cl1(2)-Pd(1)-Cl(1)
N(6)-C(19)-N(5)
N(6)-C(19)-C(20)
N(5)-C(19)-C(20)
C(21)-C(20)-C(19)
C(21)-C(20)-H(20)
C(19)-C(20)-H(20)
C(20)-C(21)-C(22)
C(20)-C(21)-H(21)
C(22)-C(21)-H(21)
C(23)-C(22)-C(21)
C(23)-C(22)-H(22)
C(21)-C(22)-H(22)
C(22)-C(23)-N(5)
C(22)-C(23)-H(23)
N(5)-C(23)-H(23)
N(5)-C(24)-H(24A)
N(5)-C(24)-H(24B)
H(24A)-C(24)-H(24B)
N(5)-C(24)-H(24C)
H(24A)-C(24)-H(24C)
H(24B)-C(24)-H(24C)
C(26)-C(25)-N(6)
C(26)-C(25)-C(25)#1

111.71(17)
120.3(2)
121.54(18)
111.92(16)
122.2(2)
118.7(2)
119.1(2)
80.23(9)
173.07(7)
94.73(6)
95.57(6)
174.15(6)
89.09(2)
117.6(2)
125.4(2)
117.0(3)
121.3(3)
119.3
119.3
119.5(3)
120.2
120.2
119.1(3)
120.5
120.5
121.2(3)
119.4
119.4
109.5
109.5
109.5
109.5
109.5
109.5
124.0(2)
119.16(17)



N(6)-C(25)-C(25)#1 116.59(14) H(28A)-C(28)-H(28B) 109.5

C(27)-C(26)-C(25) 121.0(3) C(29)-C(28)-H(28C) 109.5
C(27)-C(26)-H(26) 119.5 H(28A)-C(28)-H(28C) 109.5
C(25)-C(26)-H(26) 119.5 H(28B)-C(28)-H(28C) 109.5
C(26)-C(27)-C(27)#1 119.87(18) O(1)-C(29)-0(1A) 23.6(7)
C(26)-C(27)-H(27) 120.1 O(1)-C(29)-C(30) 134.1(6)
CQT)#1-C(27)-H(27) 120.1 O(1A)-C(29)-C(30) 117.6(5)
C(23)-N(5)-C(19) 121.7(3) O(1)-C(29)-C(28) 109.4(5)
C(23)-N(5)-C(24) 118.9(2) O(1A)-C(29)-C(28) 126.7(5)
C(19)-N(5)-C(24) 119.5(2) C(30)-C(29)-C(28) 115.3(3)
C(19)-N(6)-C(25) 117.6(2) C(29)-C(30)-H(30A) 109.5
C(19)-N(6)-Pd(2) 121.53(17) C(29)-C(30)-H(30B) 109.5
C(25)-N(6)-Pd(2) 111.68(16) H(30A)-C(30)-H(30B) 109.5
N(6)-Pd(2)-N(6)#1 82.47(12) C(29)-C(30)-H(30C) 109.5
N(6)-Pd(2)-CI(3) 93.64(6) H(30A)-C(30)-H(30C) 109.5
N(6)#1-Pd(2)-C1(3) 172.86(7) H(30B)-C(30)-H(30C) 109.5
N(6)-Pd(2)-C1(3)#1 172.86(7)

N(6)#1-Pd(2)-Cl(3)#1 93.64(6) Symmetry transformations used to generate
C1(3)-Pd(2)-C1(3)#1 90.83(3) equivalent atoms:

C(29)-C(28)-H(28A) 109.5 #1 -x,y,-z+1/2

C(29)-C(28)-H(28B) 109.5

Table 4. Anisotropic displacement parameters (A2x 103) for 22. The anisotropic displacement factor exponent

takes the form: -2m?[ h? a*2U! + .. + 2 hk a* b* Ul2]

gt U2 Us U2 U3 U2
C(1) 19(1) 17(1) 22(1) 3D 10(1) 2(1)
C(2) 22(1) 23(1) 22(1) 0o(1) 9(1) 0o(1)
C@3) 30(2) 26(1) 24(2) -1(1) 14(1) 4(1)
C4) 22(1) 35(2) 27(2) 3D 12(1) 10(1)
C(5) 16(1) 31(2) 27(2) 5() &(1) (1)
C(6) 22(1) 26(1) 21(1) -2(1) &(1) 2(1)
C(7) 19(1) 22(1) 20(1) -1(1) 10(1) -2(1)
C(8) 26(1) 21(1) 29(2) -2(1) 14(1) 0o(1)
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C©) 32(2) 22(1) 29(2) -3(1) 16(1) -5(1)

C(10) 27(2) 30(2) 25(1) -2(1) 13(1) -10(1)
C(11) 19(1) 28(1) 20(1) -1(1) 9(1) -2(1)
C(12) 22(1) 21(1) 18(1) -3(1) 11(1) -2(1)
C(13) 16(1) 23(1) 20(1) -1(1) 9(1) -1(1)
C(14) 18(1) 29(1) 19(1) -3(1) &(1) I(1)
C(15) 15(1) 38(2) 22(1) oc1) 6(1) I(1)
C(16) 19(1) 28(1) 27(2) 2(1) 11(1) 5(1)
C(7 20(1) 23(1) 29(2) 0o(1) 14(1) 3()
C(18) 17(1) 32(2) 21(1) -5(1) (1) -1(1)
N(1) 18(1) 21(1) 18(1) 0o(1) (1) 3D
N(2) 18(1) 17(1) 28(1) -1(1) 11(1) I(1)
NQ@3) 14(1) 21(1) 23(1) -1(1) &(1) I(1)
N4) 15(1) 25(1) 21(1) -1(1) 9(1) 2(1)
Cl(1) 17(1) 22(1) 26(1) 2(1) 10(1) I(1)
Cl(2) 19(1) 22(1) 24(1) 4(1) 8(1) 4(1)
Pd(1) 13(1) 17(1) 17(1) -1(1) 6(1) I(1)
C(19) 27(1) 16(1) 17(1) -2(1) &(1) -4(1)
C(20) 31(2) 30(2) 23(2) 2(1) 12(1) -5(1)
C21) 28(2) 46(2) 39(2) 1(2) 16(2) -1(1)
C(22) 21(2) 46(2) 38(2) 0(2) 5(1) -2(1)
C(23) 31(2) 32(2) 23(2) 3D 2(1) I(1)
C(24) 36(2) 33(2) 20(1) 2(1) 14(1) -1(1)
C(25) 29(1) 15(1) 21(1) -1(1) 17(1) -1(1)
C(26) 32(2) 19(1) 32(2) -5(1) 19(1) -5(1)
C(27) 45(2) 13(1) 49(2) -4(1) 33(2) -5(1)
N(5) 26(1) 22(1) 18(1) 0o(1) 8(1) -2(1)
N(6) 21(1) 16(1) 17(1) -1(1) (1) -3(1)
Pd(2) 18(1) 12(1) 18(1) 0 9(1) 0

Cl1(3) 23(1) 15(1) 27(1) I(1) 10(1) 3(h)
C(28) 46(2) 57(2) 48(2) 15(2) 22(2) 4(2)
C(29) 60(2) 38(2) 28(2) -4(1) 24(2) -9(2)
C(30) 73(3) 55(3) 53(3) 9(2) 35(2) 2(2)
o(1) 63(6) 55(5) 98(7) 37(4) 63(6) 24(4)
O(1A) 51(5) 28(4) 70(6) -15(4) 48(5) -12(4)
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Table 5. Hydrogen coordinates (x 10%) and isotropic displacement parameters (A2x 103) for 22.

X y z U(eq)
H(2) 1681 4239 727 28
H@3) 2309 3563 637 32
H4) 3057 4086 1573 34
H(5) 3146 5284 2560 31
H(6A) 2865 6020 3295 36
H(6B) 2327 5965 3032 36
H(6C) 2530 7120 2778 36
H(8) 1581 3215 1774 30
H(9) 921 2091 1564 33
H(10) 248 3196 1282 33
H(11) 227 5418 1208 28
H(14) 113 6878 212 27
H(15) -472 8376 -193 32
H(16) -400 10149 545 30
H(17) 254 10358 1681 28
H(18A) 1237 9214 2287 36
H(18B) 1047 8127 2607 36
H(18C) 910 9588 2616 36
H(20) 1054 4898 2764 34
H(21) 1834 4456 3423 46
H(22) 2138 3431 4568 47
H(23) 1659 2930 5032 40
H(24A) 597 4071 4460 44
H(24B) 987 3144 5041 44
H(24C) 592 2586 4277 44
H(26) 747 6585 3493 31
H(27) 375 8511 2997 38
H(28A) 3732 2168 302 77
H(28B) 3988 3519 533 77
H(28C) 3598 3273 -298 77
H(30A) 3006 5192 412 88
H(30B) 3212 5274 -135 88
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H@30C)

3547

5390

733

88

Table 6. Torsion angles [°] for 22.

N(2)-C(1)-C(2)-C(3)
N(-C(1)-C(2)-C(3)
C(1)-C(2)-CB3)-C4)
C(2)-C3)-C(4)-C(5)
C(3)-C(4)-C(5)-N(1)
N(2)-C(7)-C(8)-C(9)
C(12)-C(7)-C(8)-C(9)
C(7)-C(8)-C(9)-C(10)
C(8)-C(9)-C(10)-C(11)
C(9)-C(10)-C(11)-C(12)
C(10)-C(11)-C(12)-N(3)
C(10)-C(11)-C(12)-C(7)
C(8)-C(7)-C(12)-C(11)
N(2)-C(7)-C(12)-C(11)
C(8)-C(7)-C(12)-N(3)
N(2)-C(7)-C(12)-N(3)
N(3)-C(13)-C(14)-C(15)
N(4)-C(13)-C(14)-C(15)
C(13)-C(14)-C(15)-C(16)
C(14)-C(15)-C(16)-C(17)
C(15)-C(16)-C(17)-N(4)
C(4)-C(5)-N(1)-C(1)
C(4)-C(5)-N(1)-C(6)
N(2)-C(1)-N(1)-C(5)
C(2)-C(1)-N(1)-C(5)
N(2)-C(1)-N(1)-C(6)
C(2)-C(1)-N(1)-C(6)
N(1)-C(1)-N(2)-C(7)
C(2)-C(1)-N(2)-C(7)
N(1)-C(1)-N(2)-Pd(1)
C(2)-C(1)-N(2)-Pd(1)

175.0(3)
-3.2(4)
1.4(4)
0.1(4)
0.2(4)
173.0(3)
1.7(4)
-1.7(4)
0.04)
1.6(4)

-172.6(3)

-1.5(4)
-0.1(4)

-172.1(2)

171.8(2)
-0.1(3)

-174.5(3)

3.6(4)
-1.44)
-0.8(4)
0.7(4)
-2.2(4)
178.5(3)

-174.8(2)

3.6(4)
4.5(4)

-177.1(2)
-138.8(2)

42.9(4)
81.3(3)
-97.0(3)
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C(8)-C(7)-N(2)-C(1)
C(12)-C(7)-N(2)-C(1)
C(8)-C(7)-N(2)-Pd(1)
C(12)-C(7)-N(2)-Pd(1)
N(4)-C(13)-N(3)-C(12)
C(14)-C(13)-N(3)-C(12)
N(4)-C(13)-N(3)-Pd(1)
C(14)-C(13)-N(3)-Pd(1)
C(11)-C(12)-N(3)-C(13)
C(7)-C(12)-N(3)-C(13)
C(11)-C(12)-N(3)-Pd(1)
C(7)-C(12)-N(3)-Pd(1)
C(16)-C(17)-N(4)-C(13)
C(16)-C(17)-N(4)-C(18)
N(3)-C(13)-N(4)-C(17)
C(14)-C(13)-N(4)-C(17)
N(3)-C(13)-N(4)-C(18)
C(14)-C(13)-N(4)-C(18)
C(1)-N(2)-Pd(1)-N(3)
C(7)-N(2)-Pd(1)-N(3)
C(1)-N(2)-Pd(1)-CI(1)
C(7)-N(2)-Pd(1)-CI(1)
C(13)-N(3)-Pd(1)-N(2)
C(12)-N(3)-Pd(1)-N(2)
C(13)-N(3)-Pd(1)-Cl(2)
C(12)-N(3)-Pd(1)-Cl(2)
N(6)-C(19)-C(20)-C(21)
N(5)-C(19)-C(20)-C(21)
C(19)-C(20)-C(21)-C(22)
C(20)-C(21)-C(22)-C(23)
C(21)-C(22)-C(23)-N(5)

29.7(4)
-158.8(2)
172.12)
-16.3(3)
136.5(2)
-45.4(4)
-73.4(3)
104.7(3)
-19.4(4)
169.3(2)
-172.1(2)
16.5(3)
1.6(4)
-178.7(3)
174.5(2)
3.7(4)
-5.1(4)
176.6(2)
161.7(2)
19.42(18)
-14.2(2)
-156.45(17)
-172.0(2)
-19.58(18)
32(2)
155.63(17)
-174.4(3)
477(4)
-1.4(5)
-1.4(5)
0.7(5)



N(6)-C(25)-C(26)-C(27)
C(25)#1-C(25)-C(26)-C(27)
C(25)-C(26)-C(27)-C(2T7)#1
C(22)-C(23)-N(5)-C(19)
C(22)-C(23)-N(5)-C(24)
N(6)-C(19)-N(5)-C(23)
C(20)-C(19)-N(5)-C(23)
N(6)-C(19)-N(5)-C(24)
C(20)-C(19)-N(5)-C(24)
N(5)-C(19)-N(6)-C(25)
C(20)-C(19)-N(6)-C(25)
N(5)-C(19)-N(6)-Pd(2)

-173.7(3)

-0.1(5)
0.1(5)
2.9(5)

-175.9(3)

173.8(3)
-5.5(4)
-7.4(4)
173.3(3)
129.9(2)
-50.9(4)
-85.9(3)
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C(20)-C(19)-N(6)-Pd(2)
C(26)-C(25)-N(6)-C(19)
C(25)#1-C(25)-N(6)-C(19)
C(26)-C(25)-N(6)-Pd(2)
C(25)#1-C(25)-N(6)-Pd(2)
C(19)-N(6)-Pd(2)-N(6)#1
C(25)-N(6)-Pd(2)-N(6)#1

93.3(3)

-30.1(4)
156.2(3)
-177.5(2)

8.7(4)
-149.0(2)
-2.99(12)

Symmetry transformations
equivalent atoms:

#1 -x,y,-z+1/2

used to generate



Single crystal X-ray structure data for [PdCL(®*"N“H22N5M)| (23)

Table 1. Crystal data and structure refinement for 23.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

V4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 28.28°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [[>2sigma(])]
R indices (all data)

Largest diff. peak and hole

23

C57 H59.50 Cl4 N10.50 Pd2

1246.25

1102) K
0.71073 A
Triclinic

P-1
a=11.0952(6) A
b=15.1574(8) A
¢ =17.8340(9) A

o= 98.7810(10)°.
B=94.8310(10)°.
Y =110.6650(10)°.

2742.3(3) A3

2

1.509 Mg/m3

0.899 mm'!

1270

0.18 x 0.16 x 0.05 mm?

1.17 to 28.28°.

-14<=h<=14, -18<=k<=20, -23<=1<=23
20439

13033 [R(int) = 0.0237]

95.7 %

Semi-empirical from equivalents
0.960 and 0.806

Full-matrix least-squares on F?
13033 /6 /680

1.043

R1=10.0352, wR2 = 0.0806
R1=0.0453, wR2 = 0.0891
0.782 and -0.448 e.A3
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Table 2. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (Az x 103) for 23. U(eq)

is defined as one third of the trace of the orthogonalized UY tensor.

X y z Uleq)
C(1) 8710(3) 1235(2) 1087(2) 22(1)
C(2) 9097(3) 487(2) 758(2) 26(1)
C@3) 10198(3) 383(2) 1077(2) 30(1)
C4) 10967(3) 1026(2) 1730(2) 30(1)
C(5) 10609(3) 1753(2) 2036(2) 26(1)
C(6) 9349(3) 2771(2) 2031(2) 23(1)
C(7) 10161(3) 3570(2) 1669(2) 24(1)
C(8) 9871(4) 3565(3) 894(2) 37(1)
C©) 10635(5) 4294(3) 567(2) 53(1)
C(10) 11682(5) 5038(3) 1002(3) 58(1)
C(11) 12000(4) 5051(3) 1777(2) 48(1)
C(12) 11245(3) 4315(2) 2109(2) 31(1)
C(13) 6988(3) 887(2) 48(2) 22(1)
C(14) 6024(3) 1330(2) -189(2) 24(1)
C(15) 4508(3) 1934(2) 374(2) 21(1)
C(16) 3718(3) 1764(3) -349(2) 33(1)
C(7 2676(3) 2040(3) -415(2) 37(1)
C(18) 2363(3) 2525(2) 229(2) 32(1)
C(19) 3157(3) 2737(2) 904(2) 26(1)
C(20) 5134(3) 2943(2) 1707(2) 22(1)
C21) 5974(3) 3971(2) 1694(2) 23(1)
C(22) 7153(3) 4169(2) 1402(2) 31(1)
C(23) 7938(3) 5107(3) 1399(2) 39(1)
C(24) 7569(4) 5858(2) 1677(2) 39(1)
C(25) 6406(3) 5671(2) 1967(2) 32(1)
C(26) 5613(3) 4731(2) 1976(2) 24(1)
Cl(1) 6929(1) 548(1) 2333(1) 29(1)
Cl(2) 4037(1) 616(1) 1813(1) 21(1)
N(1) 7639(2) 1387(2) 826(1) 21(1)
N(2) 9529(2) 1864(2) 1720(1) 20(1)
NQ@3) 5448(2) 1605(2) 482(1) 20(1)
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N4)
Pd(1)
(1)
Cc2)
Cc3)
Cc4)
C(5)
C(6)
C(7)
C(8)
()
C(10%)
C(11)
C(12)
C(13Y)
C(14Y)
C(15Y)
C(16Y)
c(17)
C(18)
C(19Y)
C(20")
c@1)
C(22)
C(23Y)
C24)
C(25Y)
C(26%)
(1)
cl(2)
N(1Y)
N2
NG3Y)
N4
pd(1”)
C(27)

4218(2)
6065(1)
5491(2)
6875(2)
7732(3)
7279(3)
5976(3)
3750(2)
3573(2)
3319(3)
3122(3)
3166(3)
3428(3)
3636(3)
5051(2)
4021(2)
1723(2)
1766(3)

695(3)
-496(3)
-526(3)

439(3)
1503(3)
1647(3)

895(3)

-16(3)
-175(3)

592(3)
3393(1)

934(1)
4622(2)
5097(2)
2731(2)

549(2)
2878(1)
5905(4)

2483(2)
1128(1)
3145(2)
3605(2)
3352(2)
2615(2)
2124(2)
1621(2)
905(2)
1121(2)
465(2)
-428(3)
-659(2)
12(2)
4073(2)
4467(2)
3837(2)
4701(2)
4772(2)
3980(2)
3159(2)
2102(2)
1948(2)
1412(3)
439(3)
15(2)
557(2)
1528(2)
3430(1)
3590(1)
3439(2)
2351(2)
3708(2)
3076(2)
3448(1)
2265(3)
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980(1)
1395(1)
4633(1)
4871(2)
4467(2)
3811(2)
3625(2)
3887(2)
4413(2)
5154(2)
5633(2)
5366(2)
4638(2)
4155(2)
5708(2)
5910(1)
5905(1)
6374(2)
6651(2)
6488(2)
6058(2)
5412(2)
6676(2)
7214(2)
7091(2)
6436(2)
5899(2)
6017(2)
3235(1)
4081(1)
4940(1)
4036(1)
5617(1)
5777(1)
4475(1)
7182(2)

20(1)
16(1)
15(1)
20(1)
21(1)
22(1)
20(1)
18(1)
21(1)
24(1)
34(1)
40(1)
40(1)
30(1)
19(1)
16(1)
16(1)
20(1)
26(1)
27(1)
22(1)
19(1)
29(1)
36(1)
39(1)
36(1)
26(1)
21(1)
18(1)
24(1)
15(1)
16(1)
16(1)
17(1)
13(1)
42(1)



C(28) 5305(5) 1796(4) 7770(3) 74(1)

N(5) 6423(4) 2619(3) 6722(2) 62(1)

C(29) 9147(4) 1920(3) 8387(2) 52(1)

C(30) 8472(4) 1481(3) 7625(2) 49(1)

N(6) 9683(5) 2233(4) 8984(3) 98(2)

C@31) 4756(7) 5811(6) 416(5) 46(2)

C(32) 4850(20) 4930(20) 30(17) 47(4)

N(7) 4461(7) 6394(6) 718(5) 62(2)

Table 3. Bond lengths [A] and angles [°] for 23.

C(13)-N(1) 1.465(3) C(8)-C(9) 1.378(5)
C(13)-C(14) 1.514(4) C(8)-H(8) 0.9500
C(13)-H(13a) 0.9900 C(9)-C(10) 1.370(6)
C(13)-H(13b) 0.9900 C(9)-H©9) 0.9500
C(14)-N(3) 1.476(3) C(10)-C(11) 1.393(6)
C(14)-H(14b) 0.9900 C(10)-H(10) 0.9500
C(14)-H(14a) 0.9900 C(11)-C(12) 1.387(5)
C(1)-N(1) 1.348(3) C(11)-H(11) 0.9500
C(1)-N(2) 1.377(4) C(12)-H(12) 0.9500
C(1)-C(2) 1.414(4) C(15)-N(3) 1.318(3)
C(2)-C(3) 1.373(4) C(15)-N(4) 1.392(3)
C(2)-H(2) 0.9500 C(15)-C(16) 1.430(4)
C(3)-C4) 1.390(5) C(16)-C(17) 1.363(4)
C(3)-H(3) 0.9500 C(16)-H(16) 0.9500
C4)-C(5) 1.354(4) C(17)-C(18) 1.403(5)
C4)-H4) 0.9500 C(17)-H(17) 0.9500
C(5)-N(2) 1.355(3) C(18)-C(19) 1.354(4)
C(5)-H(5) 0.9500 C(18)-H(18) 0.9500
C(6)-N(2) 1.489(3) C(19)-N(4) 1.364(3)
C(6)-C(7) 1.505(4) C(19)-H(19) 0.9500
C(6)-H(6b) 0.9900 C(20)-N(4) 1.484(3)
C(6)-H(6a) 0.9900 C(20)-C(21) 1.511(4)
C(7)-C(8) 1.390(4) C(20)-H(20b) 0.9900
C(7)-C(12) 1.396(4) C(20)-H(20a) 0.9900
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C(21)-C(26)
C(21)-C(22)
C(26)-C(25)
C(26)-H(26)
C(25)-C(24)
C(25)-H(25)
C(24)-C(23)
C(24)-H(24)
C(23)-C(22)
C(23)-H(23)
C(22)-H(22)
CI(1)-Pd(1)
C1(2)-Pd(1)
N(1)-Pd(1)
N(3)-Pd(1)
C(13%)-N(17)
C(13)-C(14%)
C(13%)-H(13a)
C(13%)-H(13b)
C(147)-N(3)
C(147)-H(14b)
C(147)-H(14a)
C(1")-N(1%)
C(1")-N(2%)
C(1")-C(2")
C(27)-C(3")
C(2")-H(2")
C(3)-C4)
C(3")-H(3")
C(4)-C(5°)
C(4)-H4)
C(57)-N(2°)
C(57)-H(5")
C(67)-N(2°)
C(6")-C(T")
C(67)-H(6"a)

1.387(4)
1.398(4)
1.389(4)
0.9500
1.384(5)
0.9500
1.378(5)
0.9500
1.382(5)
0.9500
0.9500
2.2944(7)
2.3347(7)
2.041(2)
2.041(2)
1.480(3)
1.509(3)
0.9900
0.9900
1.474(3)
0.9900
0.9900
1.321(3)
1.391(3)
1.439(3)
1.363(4)
0.9500
1.405(4)
0.9500
1.356(4)
0.9500
1.373(3)
0.9500
1.485(3)
1.512(4)
0.9900
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C(67)-H(6’b)
C(T)-C(8%)
C(T)-C(12%)
C(8)-C(9)
C(8)-H(8")
C(9")-C(10%)
C(9")-H(®")
C(10)-C(117)
C(107)-H(10%)
C(11)-C(12%)
C(117)-H(117)
C(12%)-H(12%)
C(157)-N(3%)
C(157)-N#4)
C(157)-C(16%)
C(16)-C(T)
C(167)-H(16%)
C(17)-C(18%)
C(T7)-H(1T")
C(18)-C(19")
C(18%)-H(18")
C(197)-N#4)
C(197)-H(19%)
C(207)-N#4)
C(207)-C(26%)
C(207)-H(20a)
C(207)-H(20b)
C(267)-C(25%)
C(26)-C(21")
C(257)-C(24")
C(257)-H(25%)
C(24")-C(23)
C(247)-H(24")
C(23")-C(22Y)
C(23%)-H(23%)
C(22)-C21M)

0.9900
1.389(4)
1.389(4)
1.380(4)
0.9500
1.384(5)
0.9500
1.375(6)
0.9500
1.402(5)
0.9500
0.9500
1.332(3)
1.374(3)
1.425(4)
1.357(4)
0.9500
1.407(4)
0.9500
1.346(4)
0.9500
1.370(3)
0.9500
1.479(3)
1.519(4)
0.9900
0.9900
1.388(4)
1.388(4)
1.393(4)
0.9500
1.383(5)
0.9500
1.385(5)
0.9500
1.382(4)



C(22%)-H(22%)
CQ21")-H2T1)
cl(1)-pd(1%)
cl(2)-pd(1")
N(1%)-pd(1%)
N(@G3)-pd(1%)
C(31)-N(7)
C(31)-C(32)
C(32)-H(32a)
C(32)-H(32b)
C(32)-H(32c)
C(29)-N(6)
C(29)-C(30)
C(30)-H(30c)
C(30)-H(30a)
C(30)-H(30b)
C(27)-N(5)
C(27)-C(28)
C(28)-H(28b)
C(28)-H(28a)
C(28)-H(28c)

N(1)-C(13)-C(14)
N(1)-C(13)-H(13a)
C(14)-C(13)-H(13a)
N(1)-C(13)-H(13b)
C(14)-C(13)-H(13b)
H(13a)-C(13)-H(13b)
N(3)-C(14)-C(13)
N(3)-C(14)-H(14b)
C(13)-C(14)-H(14b)
N(3)-C(14)-H(14a)
C(13)-C(14)-H(14a)
H(14b)-C(14)-H(14a)
N(1)-C(1)-N(2)
N(1)-C(1)-C(2)

0.9500
0.9500
2.3284(6)
2.3057(7)
2.045(2)
2.046(2)
1.127(11)
1.44(3)
0.9800
0.9800
0.9800
1.119(5)
1.433(5)
0.9800
0.9800
0.9800
1.134(5)
1.435(6)
0.9800
0.9800
0.9800

107.8(2)
110.2
110.2
110.2
110.2
108.5
109.8(2)
109.7
109.7
109.7
109.7
108.2
118.5(2)
125.7(3)
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N(2)-C(1)-C(2)
C(3)-C(2)-C(1)
C(3)-C(2)-H(2)
C(1)-C(2)-H(2)
C(2)-C(3)-C(4)
C(2)-C(3)-H(3)
C(4)-C3)-HB)
C(5)-C4)-C3)
C(5)-C(4)-H(4)
C(3)-C(4)-H(4)
C(4)-C(5)-N(2)
C(4)-C(5)-HG)
N(2)-C(5)-H(5)
N(2)-C(6)-C(7)
N(2)-C(6)-H(6b)
C(7)-C(6)-H(6b)
N(2)-C(6)-H(6a)
C(7)-C(6)-H(6a)
H(6b)-C(6)-H(6a)
C(8)-C(7)-C(12)
C(8)-C(7)-C(6)
C(12)-C(7)-C(6)
C(9)-C(8)-C(7)
C(9)-C(8)-H(8)
C(7)-C(8)-H(8)
C(10)-C(9)-C(8)
C(10)-C(9)-H(9)
C(8)-C(9)-H(9)
C(9)-C(10)-C(11)
C(9)-C(10)-H(10)
C(11)-C(10)-H(10)
C(12)-C(11)-C(10)
C(12)-C(11)-H(11)
C(10)-C(11)-H(11)
C(11)-C(12)-C(7)
C(11)-C(12)-H(12)

115.8(2)
121.2(3)
119.4
119.4
120.3(3)
119.9
119.9
118.5(3)
120.7
120.8
121.5(3)
119.2
119.2
109.7(2)
109.7
109.7
109.7
109.7
108.2
119.3(3)
121.0(3)
119.8(3)
120.3(4)
119.8
119.8
120.5(4)
119.7
119.7
120.1(4)
119.9
119.9
119.7(4)
120.1
120.1
120.0(3)
120.0



C(7)-C(12)-H(12)
N(3)-C(15)-N(4)
N(3)-C(15)-C(16)
N(4)-C(15)-C(16)
C(17)-C(16)-C(15)
C(17)-C(16)-H(16)
C(15)-C(16)-H(16)
C(16)-C(17)-C(18)
C(16)-C(17)-H(17)
C(18)-C(17)-H(17)
C(19)-C(18)-C(17)
C(19)-C(18)-H(18)
C(17)-C(18)-H(18)
C(18)-C(19)-N(4)
C(18)-C(19)-H(19)
N(4)-C(19)-H(19)
N(4)-C(20)-C(21)
N(4)-C(20)-H(20b)
C(21)-C(20)-H(20b)
N(4)-C(20)-H(20a)
C(21)-C(20)-H(20a)

H(20b)-C(20)-H(20a)

C(26)-C(21)-C(22)
C(26)-C(21)-C(20)
C(22)-C(21)-C(20)
C(21)-C(26)-C(25)
C(21)-C(26)-H(26)
C(25)-C(26)-H(26)
C(24)-C(25)-C(26)
C(24)-C(25)-H(25)
C(26)-C(25)-H(25)
C(23)-C(24)-C(25)
C(23)-C(24)-H(24)
C(25)-C(24)-H(24)
C(24)-C(23)-C(22)
C(24)-C(23)-H(23)

120.0
120.7(2)
124.1(3)
115.1(2)
121.7(3)
119.1
119.1
120.6(3)
119.7
119.7
117.6(3)
121.2
121.2
122.7(3)
118.6
118.6
111.2(2)
109.4
109.4
109.4
109.4
108.0
118.7(3)
121.4(3)
119.8(3)
120.6(3)
119.7
119.7
120.1(3)
120.0
120.0
119.7(3)
120.2
120.2
120.6(3)
119.7
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C(22)-C(23)-H(23)
C(23)-C(22)-C(21)
C(23)-C(22)-H(22)
C(21)-C(22)-H(22)
C(1)-N(1)-C(13)
C(1)-N(1)-Pd(1)
C(13)-N(1)-Pd(1)
C(15)-N(3)-C(14)
C(15)-N(3)-Pd(1)
C(14)-N(3)-Pd(1)
C(5)-N(2)-C(1)
C(5)-N(2)-C(6)
C(1)-N(2)-C(6)
C(19)-N(4)-C(15)
C(19)-N(4)-C(20)
C(15)-N(4)-C(20)
N(3)-Pd(1)-N(1)
N(3)-Pd(1)-CI(1)
N(1)-Pd(1)-CI(1)
N(3)-Pd(1)-C1(2)
N(1)-Pd(1)-C1(2)
CI(1)-Pd(1)-C1(2)
N(1")-C(13%)-C(14")
N(17)-C(13%)-H(13a)

C(147)-C(137)-H(13a)
N(17)-C(13%)-H(13b)

C(147)-C(137)-H(13b)
H(13a)-C(13%)-H(13b)

N(3")-C(14")-C(13")

N(3")-C(147)-H(14b)
C(13%)-C(14°)-H(14b)

N(3%)-C(147)-H(14a)

C(13%)-C(14°)-H(14a)
H(14b)-C(14")-H(14a)

N(1™)-C(17)-N(2%)
N(1")-C(17)-C(2%)

119.7
120.3(3)
119.9
119.9
117.1(2)
122.00(18)
100.09(16)
118.4(2)
131.04(18)
109.25(17)
122.6(2)
116.5(2)
120.5(2)
121.7(2)
115.5(2)
122.2(2)
79.18(9)
173.14(6)
94.44(7)
94.70(7)
168.35(7)
91.12(3)
109.6(2)
109.8
109.8
109.8
109.8
108.2
108.4(2)
110.0
110.0
110.0
110.0
108.4
120.5(2)
124.1(2)



N(2°)-C(17)-C(2%)
C(3")-C(2")-C(1%)
C(37)-C(2)-H(2")
C(1")-C(2")-H(2")
C(27)-C(3")-C4")
C(27)-C(3")-H(3")
C(4)-C(3°)-H(3")
C(5)-C(4)-C(3")
C(5)-C(4')-H(4")
C(3)-C(4')-H(4")
C(4)-C(57)-N(2)
C(4)-C(5)-H(S)
N(2)-C(57)-H(5")
N(2)-C(67)-C(T")
N(2°)-C(67)-H(6"a)
C(7")-C(67)-H(6 a)
N(2°)-C(67)-H(6b)
C(7")-C(6")-H(6"b)
H(6a)-C(6)-H(6'b)
C(8)-C(7)-C(12)
C(8")-C(7")-C(6")
C(12%)-C(T")-C(6)
C(9")-C(8")-C(T")
C(97)-C(8")-H(8")
C(T")-C(8")-H(8")
C(8)-C(97)-C(10%)
C(8)-C(9)-H(9)
C(10)-C(9")-H(9")
C(11")-C(107)-C(9")
C(11")-C(107)-H(10%)
C(97)-C(10°)-H(10%)
C(10)-C(117)-C(12%)
C(10)-C(11")-H(11)
C(12)-C(11")-H(117)
C(T)-C(12°)-C(11")
C(7)-C(12°)-H(12)

115.4(2)
121.4(3)
119.3
119.3
120.5(3)
119.7
119.7
118.1(2)
120.9
120.9
122.2(2)
118.9
118.9
111.5(2)
109.3
109.3
109.3
109.3
108.0
119.0(3)
120.6(2)
120.4(3)
121.2(3)
119.4
119.4
119.3(3)
120.3
120.3
120.7(3)
119.6
119.6
119.8(3)
120.1
120.1
120.0(3)
120.0
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C(11")-C(12%)-H(12%)
N(@3*)-C(157)-N4")
N(3")-C(157)-C(16%)
N@#)-C(157)-C(16%)
C(17)-C(167)-C(15%)
C(17)-C(167)-H(16%)
C(157)-C(167)-H(16%)
C(167)-C(17")-C(18")
C(16)-C(17)-H(T)
C(18")-C(17)-H(T)
C(19)-C(18")-C(17")
C(197)-C(18*)-H(18")
C(17)-C(18%)-H(18")
C(18")-C(197)-N4")
C(18")-C(19%)-H(19)
N4 )-C(197)-H(19%)
N(4")-C(207)-C(26)
N(4")-C(207)-H(20a)
C(267)-C(207)-H(20a)
N(4")-C(207)-H(20b)
C(267)-C(20)-H(20b)
H(20a)-C(20")-H(20b)
C(257)-C(267)-C(21")
C(257)-C(267)-C(207)
C(21")-C(267)-C(207)
C(267)-C(257)-C(24")
C(267)-C(257)-H(25)
C(247)-C(257)-H(257)
C(237)-C(247)-C(25%)
C(23")-C(24°)-H(24")
C(257)-C(24°)-H(24")
C(247)-C(23")-C(22")
C(247)-C(237)-H(23")
C(227)-C(237)-H(23")
C(21")-C(227)-C(23%)
C(21")-C(227)-H(22)

120.0
118.8(2)
125.2(2)
115.9(2)
121.6(3)
119.2
119.2
120.4(3)
119.8
119.8
117.8(3)
121.1
121.1
122.4(3)
118.8
118.8
110.5(2)
109.5
109.5
109.5
109.5
108.1
119.3(3)
119.2(3)
121.5(2)
119.9(3)
120.1
120.1
120.4(3)
119.8
119.8
119.6(3)
120.2
120.2
120.0(3)
120.0



C(23")-C(227)-H(22%) 120.0 N(3*)-pd(17)-cl(17) 168.92(6)

C(227)-C(21")-C(26") 120.8(3) cl(2*)-pd(17)-cl(1) 90.47(2)
C(227)-C(21")-H(21") 119.6 N(7)-C(31)-C(32) 167.6(12)
C(267)-C(21")-H(21") 119.6 N(6)-C(29)-C(30) 177.5(6)
C(1")-N(1")-C(13%) 117.0(2) C(29)-C(30)-H(30c) 109.5
C(1")-N(1")-pd(1°) 131.82(17) C(29)-C(30)-H(30a) 109.5
C(13°)-N(1")-pd(1) 109.61(15) H(30c)-C(30)-H(30a) 109.5
C(157)-N(3")-C(14%) 116.4(2) C(29)-C(30)-H(30b) 109.5
C(157)-N(3*)-pd(1) 125.38(17) H(30c)-C(30)-H(30b) 109.5
C(14°)-N(3*)-pd(1) 99.98(15) H(30a)-C(30)-H(30b) 109.5
C(5°)-N(2")-C(1") 121.6(2) N(5)-C(27)-C(28) 176.8(5)
C(5°)-N(2")-C(6") 115.9(2) C(27)-C(28)-H(28b) 109.5
C(1")-N(2%)-C(6") 121.8(2) C(27)-C(28)-H(28a) 109.5
C(19°)-N@#4")-C(15%) 121.8(2) H(28b)-C(28)-H(28a) 109.5
C(197)-N4)-C(20%) 116.9(2) C(27)-C(28)-H(28¢) 109.5
C(157)-N4)-C(20%) 120.9(2) H(28b)-C(28)-H(28¢) 109.5
N(1")-pd(17)-N(3") 79.93(8) H(28a)-C(28)-H(28c) 109.5
N(1")-pd(17)-cl(2%) 173.13(6)

N(3%)-pd(17)-cl(27) 94.21(6) Symmetry transformations used to generate
N(17)-pd(17)-cl(17) 94.69(6) equivalent atoms:

Table 4. Anisotropic displacement parameters (A2x 103) for 23. The anisotropic displacement factor exponent

takes the form: -2m?[ h? a*2U! + .. + 2 hk a* b* Ul2]

gt U2 U3» U2 U3 U2
C(1) 20(1) 30(2) 17(1) 4(1) 6(1) 11(1)
C(2) 27(2) 31(2) 24(1) 3D 10(1) 14(1)
C@3) 31(2) 36(2) 35(2) 15(1) 17(1) 21(1)
C4) 19(1) 40(2) 39(2) 22(2) 10(1) 15(1)
C(5) 18(1) 33(2) 27(2) 15(1) 2(1) 6(1)
C(6) 25(1) 27(2) 16(1) 0o(1) 2(1) 11(1)
C(7) 32(2) 27(2) 23(1) &(1) 10(1) 21(1)
C(8) 60(2) 41(2) 26(2) 11(1) 13(2) 33(2)
C©) 98(3) 52(2) 40(2) 26(2) 35(2) 52(3)
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C(10)
C(11)
C(12)
C(13)
C(14)
C(15)
C(16)
C(7
C(18)
C(19)
C(20)
C21)
C(22)
C(23)
C(24)
C(25)
C(26)
Cl(1)
Cl(2)
N(1)
N(2)
NQ@3)
N(4)
Pd(1)
C(1)
C(2Y)
C(3)
Cé4)
C(5Y)
C(6")
C(T)
C(8)
C(9)
C(10%)
c(r)
C(12%)

92(3)
54(2)
35(2)
21(1)
24(1)
26(1)
35(2)
37(2)
26(2)
23(1)
29(2)
30(2)
34(2)
38(2)
48(2)
46(2)
32(2)
34(1)
20(1)
18(1)
18(1)
22(1)
20(1)
18(1)
14(1)
15(1)
16(1)
21(1)
24(1)
15(1)
11(1)
17(1)
21(2)
19(2)
18(2)
15(1)

38(2)
30(2)
29(2)
33(2)
36(2)
23(1)
51(2)
53(2)
36(2)
21(1)
22(1)
23(1)
32(2)
44(2)
29(2)
23(2)
25(2)
41(1)
24(1)
32(1)
24(1)
27(1)
19(1)
21(1)
16(1)
23(1)
24(1)
25(1)
20(1)
17(1)
17(1)
23(1)
38(2)
35(2)
16(2)
21(2)

71(3)
67(3)
37(2)
14(1)
14(1)
18(1)
20(1)
31(2)
46(2)
39(2)
19(1)
16(1)
28(2)
32(2)
30(2)
24(2)
16(1)
25(1)
20(1)
14(1)
21(1)
12(1)
23(1)
13(1)
14(1)
21(1)
27(2)
26(1)
19(1)
18(1)
31(2)
30(2)
40(2)
64(2)
84(3)
48(2)

34(2)
16(2)
11(1)
-1(1)
2(1)
(1)
8(1)
17(2)
17(2)
10(1)
5(1)
4(1)
(1)
10(2)
11(1)
2(1)
2(1)
13(1)
2(1)
-1(1)
6(1)
4(1)
6(1)
I(1)
(1)
4(1)
11(1)
11(1)
5(1)
0o(1)
3D
10(1)
19(2)
29(2)
10(2)
-1(1)

54(3)
28(2)
14(1)
3D
4(1)
5(1)
3D
2(1)
&(1)
11(1)
&(1)
5(1)
13(1)
12(2)
-2(2)
-3(1)
2(1)
(1)
5(1)
I(1)
3D
2(1)
6(1)
2(1)
I(1)
I(1)
3()
11(1)
(1)
0o(1)
-1(1)
3D
2(1)
-4(2)
-6(2)
-1(1)

36(2)
17(2)
17(1)
13(1)
14(1)
12(1)
25(2)
25(2)
20(1)
10(1)
14(1)
11(1)
10(1)
7(2)
22)
13(1)
12(1)
26(1)
8(1)
13(1)
9(1)
13(1)
10(1)
11(1)
6(1)
6(1)
9(1)
13(1)
12(1)
4(1)
2(1)
3(1)
2(1)
4(1)
5(1)
5(1)



C(13Y)
C(14Y)
C(15Y)
C(16%)
Cc(17)
C(18)
C(19Y)
C(20")
Cc@1)
C(22)
C(23Y)
C(24)
C(25Y)
C(26%)
(1)
cl(2)
N(1Y)
N2
NG3Y)
N@4)
pd(1%)
C27)
C(28)
N(5)
C(29)
C(30)
N(6)
C(31)
C(32)
N(7)

16(1)
16(1)
18(1)
22(1)
31(2)
23(1)
16(1)
18(1)
26(2)
29(2)
27(2)
25(2)
18(1)
18(1)
16(1)
17(1)
14(1)
14(1)
15(1)
18(1)
11(1)
39(2)
65(3)
53(2)
34(2)
38(2)
78(3)
36(4)
50(9)
47(4)

23(1)
17(1)
18(1)
19(1)
26(2)
35(2)
29(2)
17(1)
27(2)
47(2)
49(2)
26(2)
24(2)
21(1)
23(1)
41(1)
16(1)
16(1)
17(1)
19(1)
16(1)
36(2)
89(4)
62(2)
71(3)
68(3)
119(4)
42(4)
53(7)
47(4)

16(1)
13(1)
14(1)
20(1)
25(1)
29(2)
24(1)
19(1)
29(2)
34(2)
57(2)
65(2)
38(2)
27(1)
14(1)
18(1)
14(1)
18(1)
13(1)
16(1)
12(1)
48(2)
80(4)
70(3)
41(2)
42(2)
55(3)
48(5)
33(5)
92(6)

0o(1)
0o(1)
(1)
5(1)
4(1)
9(1)
11(1)
3D
10(1)
20(2)
38(2)
27(2)
(1)
9(1)
3D
8(1)
0o(1)
3D
2(1)
6(1)
2(1)
11(2)
35(3)
33(2)
19(2)
16(2)
3(3)
28(4)
26(4)
26(4)

1(1)
2(1)
2(1)
5(1)
8(1)
12(1)
6(1)
0(1)
-1(1)
3(1)
14(2)
14(2)
6(1)
7(1)
4(1)
4(1)
0(1)
3(1)
2(1)
4(1)
2(1)
52)
31(3)
8(2)
6(2)
6(2)
-5(2)
-8(3)
6(6)
17(4)

8(1)
3(1)
7(1)
8(1)
16(1)
15(1)
8(1)
5(1)
5(1)
13(2)
19(2)
10(1)
8(1)
8(1)
6(1)
16(1)
5(1)
6(1)
4(1)
8(1)
5(1)
8(2)
293)
13(2)
5(2)
19(2)
-4(3)
-5(3)
4(6)
113)
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Table 5. Hydrogen coordinates (x 10%) and isotropic displacement parameters (A2x 103) for 23.

X y z U(eq)
H(2) 8586 48 308 31
H@3) 10434 -130 851 36
H4) 11727 957 1956 36
H(5) 11126 2196 2483 31
H(6b) 9614 2940 2595 27
H(6a) 8419 2680 1922 27
H(8) 9142 3056 589 45
H(9) 10434 4281 36 63
H(10) 12191 5545 774 70
H(11) 12732 5563 2076 57
H(12) 11465 4318 2636 37
H(13a) 6529 193 38 27
H(13b) 7635 957 -311 27
H(14b) 6471 1905 -404 29
H(14a) 5327 862 -592 29
H(16) 3925 1451 =795 39
H(17) 2157 1902 -901 44
H(18) 1620 2699 192 39
H(19) 2968 3076 1343 31
H(20b) 5697 2574 1786 26
H(20a) 4633 2933 2142 26
H(22) 7415 3657 1206 38
H(23) 8740 5236 1203 47
H(24) 8111 6501 1669 46
H(25) 6149 6186 2161 38
H(26) 4816 4607 2177 29
H(2") 7199 4095 5320 24
H(3") 8642 3676 4630 25
H4") 7869 2466 3506 26
H(5Y) 5660 1605 3197 24
H(6 a) 3556 1276 3347 21
H(6°b) 3127 1948 3964 21
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H(8) 3280 1732 5334 29

H(©) 2958 625 6140 41
H(10%) 3013 -887 5690 47
H(11Y) 3468 -1271 4463 48
H(12Y) 3820 -144 3652 36
H(13a) 5881 4610 5708 23
H(13b) 5201 3705 6096 23
H(14b) 4113 4667 6473 20
H(14a) 4118 5035 5675 20
H(16%) 2565 5240 6497 24
HA7) 749 5359 6957 31
H(18) -1254 4023 6675 32
H(19Y) -1322 2618 5944 27
H(20a) 1120 2151 5078 23
H(20b) -421 1765 5087 23
H2T1Y) 2032 2612 6759 34
H(22") 2263 1710 7667 43
H(23") 1003 66 7455 47
H(24%) -536 -651 6352 44
H(25%) -808 263 5452 32
H(28b) 5764 1391 7925 112
H(28a) 4391 1395 7572 112
H(28c) 5350 2281 8214 112
H(30c) 9038 1257 7319 74
H(30a) 8235 1952 7390 74
H(30b) 7681 934 7646 74
H(32a) 4097 4383 97 71
H(32b) 5653 4881 247 71
H(32c) 4850 4942 -519 71

Table 6. Torsion angles [°] for 23.

N(1)-C(13)-C(14)-N(3) -35.4(3) C(1)-C(2)-C(3)-C4) -0.9(5)
N(1)-C(1)-C(2)-C(3) -178.8(3) C(2)-C(3)-C(4)-C(5) -0.4(4)
N(2)-C(1)-C(2)-C(3) 2.6(4) C(3)-C(4)-C(5)-N(2) -0.2(4)
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N(2)-C(6)-C(7)-C(8)
N(2)-C(6)-C(7)-C(12)
C(12)-C(7)-C(8)-C(9)
C(6)-C(7)-C(8)-C(9)
C(7)-C(8)-C(9)-C(10)
C(8)-C(9)-C(10)-C(11)
C(9)-C(10)-C(11)-C(12)
C(10)-C(11)-C(12)-C(7)
C(8)-C(7)-C(12)-C(11)
C(6)-C(7)-C(12)-C(11)
N(3)-C(15)-C(16)-C(17)
N(4)-C(15)-C(16)-C(17)
C(15)-C(16)-C(17)-C(18)
C(16)-C(17)-C(18)-C(19)
C(17)-C(18)-C(19)-N(4)
N(4)-C(20)-C(21)-C(26)
N(4)-C(20)-C(21)-C(22)
C(22)-C(21)-C(26)-C(25)
C(20)-C(21)-C(26)-C(25)
C(21)-C(26)-C(25)-C(24)
C(26)-C(25)-C(24)-C(23)
C(25)-C(24)-C(23)-C(22)
C(24)-C(23)-C(22)-C(21)
C(26)-C(21)-C(22)-C(23)
C(20)-C(21)-C(22)-C(23)
N(2)-C(1)-N(1)-C(13)
C(2)-C(1)-N(1)-C(13)
N(2)-C(1)-N(1)-Pd(1)
C(2)-C(1)-N(1)-Pd(1)
C(14)-C(13)-N(1)-C(1)
C(14)-C(13)-N(1)-Pd(1)
N(4)-C(15)-N(3)-C(14)
C(16)-C(15)-N(3)-C(14)
N(4)-C(15)-N(3)-Pd(1)
C(16)-C(15)-N(3)-Pd(1)
C(13)-C(14)-N(3)-C(15)

67.7(3)

-110.5(3)

-0.8(5)

-179.0(3)

-0.6(5)
1.4(6)
-0.8(6)
-0.7(5)
1.5(4)
179.7(3)
173.4(3)
-6.4(5)
1.6(5)
2.3(5)
-1.2(5)
92.3(3)
-88.6(3)
0.14)
179.2(3)
-0.1(4)
-0.2(5)
0.5(5)
-0.5(5)
0.2(5)

-179.0(3)

163.6(2)
-15.0(4)
-73.0(3)
108.5(3)

-167.2(3)

58.7(2)

-159.2(3)

21.04)
35.3(4)

-144.5(3)
-174.7(3)
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C(13)-C(14)-N(3)-Pd(1)
C(H-C(5)-N(2)-C(1)
C(4)-C(5)-N(2)-C(6)
N(1)-C(1)-N(2)-C(5)
C(2)-C(1)-N(2)-C(5)
N(1)-C(1)-N(2)-C(6)
C(2)-C(1)-N(2)-C(6)
C(7)-C(6)-N(2)-C(5)
C(7)-C(6)-N(2)-C(1)
C(18)-C(19)-N(4)-C(15)
C(18)-C(19)-N(4)-C(20)
N(3)-C(15)-N(4)-C(19)
C(16)-C(15)-N(4)-C(19)
N(3)-C(15)-N(4)-C(20)
C(16)-C(15)-N(4)-C(20)
C(21)-C(20)-N(4)-C(19)
C(21)-C(20)-N(4)-C(15)
C(15)-N(3)-Pd(1)-N(1)
C(14)-N(3)-Pd(1)-N(1)
C(15)-N(3)-Pd(1)-Cl(2)
C(14)-N(3)-Pd(1)-Cl(2)
C(1)-N(1)-Pd(1)-N(3)
C(13)-N(1)-Pd(1)-N(3)
C(1)-N(1)-Pd(1)-CI(1)
C(13)-N(1)-Pd(1)-Cl(1)
C(1)-N(1)-Pd(1)-C1(2)
C(13)-N(1)-Pd(1)-Cl(2)

N(17)-C(13%)-C(14°)-N(3")

N(17)-C(17)-C(2")-C(3")
N(2)-C(1")-C(2")-C(3")
C(1")-C(2)-C(3)-C(4)
C(2)-C(3)-C4)-C(5Y)
C(3)-C(4')-C(5)-N2)
N(2%)-C(6)-C(7)-C(8")
N(2°)-C(67)-C(7)-C(12%)
C(12%)-C(7")-C(8)-C(9")

-6.2(3)
2.04)
-170.7(3)
178.1(3)
-3.1(4)
-9.4(4)
169.3(2)
81.3(3)
-91.6(3)
-4.04)
167.5(3)
-172.3(3)
7.5(4)
16.7(4)
-163.4(3)
-77.1(3)
94.4(3)
-162.1(3)
31.42(18)
28.0(3)

-138.57(17)

179.9(2)
-49.08(17)
2.7(2)
128.35(16)
-121.03)
10.0(5)
37.3(3)
-171.03)
8.5(4)
-1.4(4)
-4.5(4)
2.9(4)
82.4(3)
-98.9(3)
-0.3(4)



C(67)-C(T")-C(8)-C(9")
C(7)-C(8")-C(9)-C(10%)
C(8)-C(9)-C(107)-C(11%)
C(97)-C(10")-C(117)-C(12%)
C(8")-C(7")-C(127)-C(11%)
C(67)-C(7")-C(127)-C(11%)
C(107)-C(11")-C(12)-C(T")
N(3")-C(15%)-C(167)-C(17")
N@#)-C(15%)-C(167)-C(17")
C(157)-C(167)-C(17°)-C(18)
C(167)-C(17")-C(18")-C(19%)
C(17)-C(187)-C(19°)-N4")
N(4")-C(207)-C(267)-C(25%)
N(4")-C(207)-C(267)-C(21")
C(21")-C(267)-C(257)-C(24")
C(207)-C(267)-C(257)-C(24")
C(267)-C(257)-C(24")-C(23%)
C(257)-C(247)-C(23%)-C(22%)
C(247)-C(237)-C(22")-C(21")
C(237)-C(227)-C(217)-C(26)
C(257)-C(267)-C(217)-C(22%)
C(207)-C(267)-C(217)-C(22%)
N(2)-C(17)-N(17)-C(13%)
C(27)-C(1")-N(1")-C(13%)
N(2%)-C(17)-N(1")-pd(1")
C(2)-C(I")-N(17)-pd(1)
C(147)-C(137)-N(1)-C(1")
C(147)-C(137)-N(1")-pd(1™)
N@4)-C(157)-N(3")-C(14")
C(167)-C(157)-N(37)-C(14")
N(@4)-C(157)-N(3*)-pd(1™)
C(167)-C(157)-N(3*)-pd(1™)

178.3(2)
-0.7(4)
1.3(5)
-0.9(5)
0.8(4)

-177.9(3)

-0.2(4)

-179.4(3)

-2.6(4)
0.9(4)
0.54)
-0.2(4)
141.6(2)
-39.9(3)
-0.7(4)
177.9(3)
0.6(5)
0.3(5)
-1.1(5)
1.1(5)
-0.2(4)

-178.7(3)

161.4(2)
-19.1(4)
-34.7(4)
144.8(2)
170.6(2)
3.4(3)

-166.8(2)

9.9(4)
67.1(3)

-116.2(3)
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C(13%)-C(14°)-N(3)-C(15%)
C(13%)-C(147)-N(3*)-pd(1™)
C(4)-C(57)-N(2)-C(1)
C(4)-C(57)-N(2)-C(6")
N(17)-C(17)-N(27)-C(5%)
C(27)-C(1")-N(2")-C(5%)
N(17)-C(17)-N(27)-C(6")
C(27)-C(1")-N(2")-C(6")
C(T")-C(67)-N(2°)-C(5")
C(T)-C(67)-N(2")-C(1%)
C(18")-C(197)-N(4)-C(15%)
C(187)-C(197)-N(4")-C(20")
N(3")-C(157)-N@4")-C(19)
C(167)-C(157)-N(4")-C(19°)
N(3")-C(157)-N(4")-C(20%)
C(167)-C(157)-N(4)-C(20")
C(267)-C(207)-N(4)-C(19°)
C(267)-C(207)-N(4)-C(15%)
C(1")-N(17)-pd(1")-N(3%)
C(13%)-N(17)-pd(17)-N(3)
C(1")-N(1")-pd(17)-cl(1%)
C(13%)-N(1")-pd(17)-cI(1)
C(157)-N(3%)-pd(17)-N(1")
C(14°)-N(3")-pd(1")-N(1")
C(157)-N(3%)-pd(17)-cl(2%)
C(147)-N(3*)-pd(17)-cl(2%)
C(157)-N(3%)-pd(17)-cI(1)
C(147)-N(3*)-pd(17)-cI(1)

163.6(2)
-58.4(2)
4.8(4)
-166.0(3)
169.4(2)
-10.2(4)
-20.4(4)
160.1(2)
89.4(3)
-81.4(3)
-1.6(4)
171.2(3)
179.9(2)
2.9(4)
7.4(4)
-169.7(2)
-79.03)
93.8(3)
166.3(2)
-28.99(17)
-23.5(2)
141.24(16)
179.9(2)
47.18(15)
3.5(2)
-129.21(14)
118.2(3)
-14.5(4)

Symmetry transformations

equivalent atoms:

used to generate



Single crystal X-ray structure data for [PACI(;>-CH,N“**''NY%)] (26)

Table 1. Crystal data and structure refinement for 26.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.09°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(])]
R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

26

C18 H23 CI N4 Pd

437.25

1102) K

0.71073 A

Orthorhombic

P2(1)2(1)2(1)

a=7.3789(11) A a=90°.
b=11.5947(17) A B=90°.
¢=20.367(3) A ¥=90°.
1742.5(4) A3

4

1.667 Mg/m3

1.225 mm!

888

0.27 x 0.03 x 0.02 mm?

2.00 to 25.09°.

-8<=h<=8, -13<=k<=13, -24<=I<=24
13900

3081 [R(int) = 0.0623]

99.7 %

Semi-empirical from equivalents

0.980 and 0.854

Full-matrix least-squares on F2
3081/0/218

1.032

R1 =0.0294, wR2 = 0.0552
R1=0.0414, wR2 = 0.0582

0.00(3)

0.872 and -0.509 e.A3
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Table 2. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (Az x 103) for 26. U(eq)

is defined as one third of the trace of the orthogonalized UY tensor.

X y z Uleq)
C(1) 493(7) 8983(3) 1359(2) 15(1)
C(2) 565(6) 9918(3) 1823(2) 15(1)
C@3) -634(6) 10796(4) 1783(2) 21(1)
C4) -1936(6) 10847(4) 1275(2) 20(1)
C(5) -1995(5) 9970(3) 838(3) 17(1)
C(6) -1014(6) 8040(4) 437(2) 22(1)
C(7) 2993(6) 7788(3) 1777(2) 14(1)
C(8) 4501(7) 8696(3) 1779(2) 17(1)
C©) 5962(5) 8362(4) 2299(2) 20(1)
C(10) 6708(6) 7170(4) 2177(3) 20(1)
C(11) 5214(6) 6265(3) 2081(2) 16(1)
C(12) 3872(5) 6648(4) 1555(2) 16(1)
C(13) 3051(6) 4799(4) 1143(2) 14(1)
C(14) 4792(5) 4585(3) 849(2) 17(1)
C(15) 5199(6) 3555(3) 577(2) 22(1)
C(16) 3943(6) 2634(4) 578(2) 23(1)
C(7 2312(6) 2841(3) 860(3) 20(1)
C(18) 154(6) 3970(4) 1503(2) 19(1)
Cl(1) -942(1) 5403(1) 125(1) 19(1)
N(1) 1467(5) 8031(3) 1341(2) 14(1)
N(2) -850(4) 9049(3) 887(2) 15(1)
NQ@3) 2457(5) 5767(3) 1412(2) 14(1)
N4) 1874(5) 3862(3) 1140(2) 15(1)
Pd(1) 454(1) 6760(1) 813(1) 13(1)
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o

Table 3. Bond lengths [A] and angles [°] for 26.

C(5)-C4) 1.353(6) C(15)-C(16) 1.414(6)
C(5)-N(2) 1.365(5) C(15)-H(15) 0.9500
C(5)-H(5) 0.9500 C(16)-C(17) 1.355(6)
C(4)-C(3) 1.413(7) C(16)-H(16) 0.9500
C(4)-H4) 0.9500 C(17)-N4) 1.353(5)
C(3)-C(2) 1.352(6) C(17)-H(17) 0.9500
C(3)-H(3) 0.9500 C(6)-N(2) 1.491(6)
C(2)-C(1) 1.439(5) C(6)-Pd(1) 1.990(4)
C(2)-H(2) 0.9500 C(6)-H(6b) 0.9900
C(1)-N(1) 1.318(5) C(6)-H(6a) 0.9900
C(1)-N(2) 1.383(5) C(18)-N4) 1.473(6)
C(7)-N(1) 1.461(5) C(18)-H(18a) 0.9800
C(7)-C(8) 1.532(6) C(18)-H(18b) 0.9800
C(7)-C(12) 1.540(6) C(18)-H(18c) 0.9800
C(7)-H(7) 1.0000 CI(1)-Pd(1) 2.3457(12)
C(8)-C(9) 1.560(6) N(1)-Pd(1) 1.972(3)
C(8)-H(8b) 0.9900 N(3)-Pd(1) 2.236(4)
C(8)-H(8a) 0.9900

C(9)-C(10) 1.508(6) C(4)-C(5)-N(2) 121.4(5)
C(9)-H(9b) 0.9900 C(4)-C(5)-H(5) 119.3
C(9)-H(9a) 0.9900 N(2)-C(5)-H(5) 119.3
C(10)-C(11) 1.534(6) C(5)-C(4)-C(3) 118.2(4)
C(10)-H(10b) 0.9900 C(5)-C(4)-H#4) 120.9
C(10)-H(10a) 0.9900 C(3)-C(4)-H#4) 120.9
C(11)-C(12) 1.525(6) C(2)-C(3)-C(4) 121.4(4)
C(11)-H(11a) 0.9900 C(2)-C(3)-H(3) 119.3
C(11)-H(11b) 0.9900 C(4)-C(3)-H(3) 119.3
C(12)-N(3) 1.490(5) C(3)-C(2)-C(1) 120.2(4)
C(12)-H(12) 1.0000 C(3)-C(2)-H(2) 119.9
C(13)-N(3) 1.323(5) C(1)-C(2)-H(2) 119.9
C(13)-N(4) 1.391(5) N(1)-C(1)-N(2) 114.7(4)
C(13)-C(14) 1.439(6) N(1)-C(1)-C(2) 128.9(4)
C(14)-C(15) 1.350(5) N(2)-C(1)-C(2) 116.3(4)
C(14)-H(14) 0.9500 N(1)-C(7)-C(8) 115.4(3)
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N(1)-C(7)-C(12)
C(8)-C(7)-C(12)
N()-C(7)-H(7)
C(8)-C(7)-H(7)
C(12)-C(7)-H(7)
C(7)-C(8)-C(9)
C(7)-C(8)-H(8b)
C(9)-C(8)-H(8b)
C(7)-C(8)-H(8a)
C(9)-C(8)-H(8a)
H(8b)-C(8)-H(8a)
C(10)-C(9)-C(8)
C(10)-C(9)-H(9b)
C(8)-C(9)-H(9b)
C(10)-C(9)-H(9a)
C(8)-C(9)-H(9a)
H(9b)-C(9)-H(9a)
C(9)-C(10)-C(11)
C(9)-C(10)-H(10b)
C(11)-C(10)-H(10b)
C(9)-C(10)-H(10a)
C(11)-C(10)-H(10a)
H(10b)-C(10)-H(10a)
C(12)-C(11)-C(10)
C(12)-C(11)-H(11a)
C(10)-C(11)-H(11a)
C(12)-C(11)-H(11b)
C(10)-C(11)-H(11b)
H(11a)-C(11)-H(11b)
N(3)-C(12)-C(11)
N(3)-C(12)-C(7)
C(11)-C(12)-C(7)
N(3)-C(12)-H(12)
C(11)-C(12)-H(12)
C(7)-C(12)-H(12)
N(3)-C(13)-N(4)

108.2(3)
106.6(3)
108.9
108.9
108.9
109.4(3)
109.8
109.8
109.8
109.8
108.2
111.6(4)
109.3
109.3
109.3
109.3
108.0
112.7(4)
109.1
109.1
109.1
109.1
107.8
110.9(3)
109.5
109.5
109.5
109.5
108.0
113.2(4)
110.5(3)
108.5(3)
108.2
108.2
108.2
117.2(4)
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N(3)-C(13)-C(14)
N(4)-C(13)-C(14)
C(15)-C(14)-C(13)
C(15)-C(14)-H(14)
C(13)-C(14)-H(14)
C(14)-C(15)-C(16)
C(14)-C(15)-H(15)
C(16)-C(15)-H(15)
C(17)-C(16)-C(15)
C(17)-C(16)-H(16)
C(15)-C(16)-H(16)
N#4)-C(17)-C(16)
N@#)-C(17)-H(17)
C(16)-C(17)-H(17)
N(2)-C(6)-Pd(1)
N(2)-C(6)-H(6b)
Pd(1)-C(6)-H(6b)
N(2)-C(6)-H(6a)
Pd(1)-C(6)-H(6a)
H(6b)-C(6)-H(6a)
N(4)-C(18)-H(18a)
N(4)-C(18)-H(18b)
H(18a)-C(18)-H(18b)
N(4)-C(18)-H(18c)
H(18a)-C(18)-H(18c)
H(18b)-C(18)-H(18c)
C(5)-N(2)-C(1)
C(5)-N(2)-C(6)
C(1)-N(2)-C(6)
C(1)-N(1)-C(7)
C(1)-N(1)-Pd(1)
C(7)-N(1)-Pd(1)
C(13)-N(3)-C(12)
C(13)-N(3)-Pd(1)
C(12)-N(3)-Pd(1)
C(17)-N(4)-C(13)

127.9(4)
114.9(4)
121.5(4)
119.3
119.3
121.4(4)
119.3
119.3
116.7(4)
121.6
121.6
123.1(4)
118.5
118.5
107.7(3)
110.2
110.2
110.2
110.2
108.5
109.5
109.5
109.5
109.5
109.5
109.5
122.4(4)
121.3(4)
116.3(3)
124.4(4)
115.7(3)
118.6(3)
115.5(3)
115.5(3)
102.5(2)
122.4(4)



C(17)-N(4)-C(18)
C(13)-N(4)-C(18)
N(1)-Pd(1)-C(6)
N(1)-Pd(1)-N(3)
C(6)-Pd(1)-N(3)
N(1)-Pd(1)-CI(1)

119.4(4)
118.0(3)
81.92(17)
80.60(14)
162.52(16)
173.70(11)

C(6)-Pd(1)-CI(1) 91.79(13)
N(3)-Pd(1)-CI(1) 105.69(10)

Symmetry transformations used to generate

equivalent atoms:

Table 4. Anisotropic displacement parameters (A2x 103) for 26. The anisotropic displacement factor exponent

takes the form: -27?[ h? a*2U!! + ...

+2hka*b*U?]

gt U2 U» U2 U3 U2
C(1) 10(2) 20(2) 15(2) 5(2) 1(2) 1(2)
C(2) 13(2) 12(2) 20(2) -1(2) 1(2) -3(2)
C@3) 17(3) 18(2) 27(3) -1(2) 4(2) 0(2)
C4) 12(2) 15(2) 34(3) 3(2) -2(2) -2(2)
C(5) 9(2) 19(2) 23(2) 8(2) 0(2) 2(2)
C(6) 23(3) 23(3) 22(3) 0(2) -5(2) 0(2)
C(7) 9(2) 12(2) 20(3) 4(2) -3(2) -3(2)
C(8) 13(2) 14(2) 23(2) -2(2) -1(2) 2(2)
C©) 13(2) 22(3) 24(3) -4(2) -1(2) -5(2)
C(10) 13(2) 22(3) 25(3) 0(2) 0(2) 1(2)
C(11) 14(2) 12(2) 20(2) -1(2) -1(2) -2(2)
C(12) 15(2) 12(2) 22(2) -6(2) 1(2) 1(2)
C(13) 14(2) 15(2) 11(2) 3(2) -3(2) -2(2)
C(14) 14(2) 19(2) 17(2) 0(2) 2(2) -2(2)
C(15) 18(2) 25(3) 22(2) -1(2) 0(2) 2(2)
C(16) 27(3) 16(2) 26(3) -1(2) -4(2) 3(2)
C(17) 24(2) 9(2) 25(3) 1(2) -9(3) -2(2)
C(18) 15(3) 15(2) 25(3) 2(2) 4(2) -6(2)
Cl(1) 16(1) 20(1) 21(1) -1(1) 0o(1) -4(1)
N(1) 13(2) 13(2) 15(2) 0(2) -3(2) -1(2)
N(2) 11(2) 15(2) 19(2) 0(2) -3(2) 0o(1)
NQ@3) 14(2) 9(2) 19(2) -1(2) -3(2) -2(2)
N4) 18(2) 13(2) 15(2) -3(2) 2(2) -2(2)
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Pd(1) 11(1) 13(1) 16(1) -2(1) -1(1) -1(1)

Table 5. Hydrogen coordinates (x 10%) and isotropic displacement parameters (A2x 103) for 26.

X y z U(eq)
H(?2) 1459 9918 2159 18
H@3) -600 11392 2103 25
H4) -2749 11480 1242 24
H(5) -2851 9995 490 20
H(6b) -560 8244 -6 27
H(6a) -2298 7803 397 27
H(7) 2527 7692 2235 17
H(8b) 3986 9462 1886 20
H(8a) 5063 8742 1339 20
H(9b) 6965 8929 2284 23
H(9a) 5417 8391 2743 23
H(10b) 7477 6941 2553 24
H(10a) 7483 7188 1780 24
H(11a) 5767 5522 1951 19
H(11b) 4565 6147 2501 19
H(12) 4563 6799 1142 20
H(14) 5676 5181 847 20
H(15) 6354 3447 380 26
H(16) 4229 1906 391 28
H(17) 1434 2241 861 23
H(18a) -550 3259 1452 28
H(18b) -540 4621 1327 28
H(18c¢) 409 4101 1969 28
Table 6. Torsion angles [°] for 26.
N(2)-C(5)-C(4)-C(3) 0.9(7) C(4)-C(3)-C(2)-C(1) -2.4(7)
C(5)-C(4)-C(3)-C(2) 2.1(7) C(3)-C(2)-C(1)-N(1) -175.8(4)
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C(3)-C(2)-C(1)-N(2)
N(1)-C(7)-C(8)-C(9)
C(12)-C(7)-C(8)-C(9)
C(7)-C(8)-C(9)-C(10)
C(8)-C(9)-C(10)-C(11)
C(9)-C(10)-C(11)-C(12)
C(10)-C(11)-C(12)-N(3)
C(10)-C(11)-C(12)-C(7)
N(1)-C(7)-C(12)-N(3)
C(8)-C(7)-C(12)-N(3)
N(1)-C(7)-C(12)-C(11)
C(8)-C(7)-C(12)-C(11)
N(3)-C(13)-C(14)-C(15)
N(4)-C(13)-C(14)-C(15)
C(13)-C(14)-C(15)-C(16)
C(14)-C(15)-C(16)-C(17)
C(15)-C(16)-C(17)-N(4)
C(4)-C(5)-N(2)-C(1)
C(4)-C(5)-N(2)-C(6)
N(1)-C(1)-N(2)-C(5)
C(2)-C(1)-N(2)-C(5)
N(1)-C(1)-N(2)-C(6)
C(2)-C(1)-N(2)-C(6)
Pd(1)-C(6)-N(2)-C(5)
Pd(1)-C(6)-N(2)-C(1)
N(2)-C(1)-N(1)-C(7)
C(2)-C(1)-N(1)-C(7)
N(2)-C(1)-N(1)-Pd(1)
C(2)-C(1)-N(1)-Pd(1)
C(8)-C(7)-N(1)-C(1)
C(12)-C(7)-N(1)-C(1)
C(8)-C(7)-N(1)-Pd(1)

-0.1(6)
176.2(4)
-63.7(5)
56.2(5)

-49.8(5)
52.5(5)

176.3(4)
-60.6(5)
-44.4(5)

-169.0(3)
-169.0(3)

66.4(4)

-178.3(4)

2.0(6)
-1.2(7)
0.7(7)
-1.1(7)
-3.6(6)
175.1(4)
179.4(4)
3.1(6)
0.7(5)

-175.6(4)
-165.9(3)

12.8(4)
178.0(4)
-6.3(7)
-14.7(5)
161.0(4)
-55.5(6)

-174.7(4)

137.6(3)
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C(12)-C(7)-N(1)-Pd(1)
N(4)-C(13)-N(3)-C(12)
C(14)-C(13)-N(3)-C(12)
N(4)-C(13)-N(3)-Pd(1)
C(14)-C(13)-N(3)-Pd(1)
C(11)-C(12)-N(3)-C(13)
C(7)-C(12)-N(3)-C(13)
C(11)-C(12)-N(3)-Pd(1)
C(7)-C(12)-N(3)-Pd(1)
C(16)-C(17)-N(4)-C(13)
C(16)-C(17)-N(4)-C(18)
N(3)-C(13)-N(4)-C(17)
C(14)-C(13)-N(4)-C(17)
N(3)-C(13)-N(4)-C(18)
C(14)-C(13)-N(4)-C(18)
C(1)-N(1)-Pd(1)-C(6)
C(7)-N(1)-Pd(1)-C(6)
C(1)-N(1)-Pd(1)-N(3)
C(7)-N(1)-Pd(1)-N(3)
N(2)-C(6)-Pd(1)-N(1)
N(2)-C(6)-Pd(1)-N(3)
N(2)-C(6)-Pd(1)-CI(1)
C(13)-N(3)-Pd(1)-N(1)
C(12)-N(3)-Pd(1)-N(1)
C(13)-N(3)-Pd(1)-C(6)
C(12)-N(3)-Pd(1)-C(6)
C(13)-N(3)-Pd(1)-CI(1)
C(12)-N(3)-Pd(1)-CI(1)

18.4(4)
165.5(4)
-14.2(6)
-74.9(4)
105.3(5)
-65.8(5)
172.3(4)
167.8(3)
45.94)

2.1(7)

-172.9(4)
177.8(4)

-2.4(6)
-71.1(6)
172.77(4)
17.7(3)

-174.2(3)
-162.6(3)

5.4(3)
-15.3(3)
-16.3(7)
165.0(3)

-154.5(3)
-28.1(3)
-153.5(5)
-27.0(7)

25.1(3)

151.6(2)

Symmetry transformations

equivalent atoms:

used to generate



Single crystal X-ray structure data for [PACl(y>-CH,N CM922NMey| (28)

Table 1. Crystal data and structure refinement for 28.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

V4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 30.00°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [[>2sigma(])]
R indices (all data)

Largest diff. peak and hole

28

C20 H29.19 C1 N4 00.50 Pd

475.52

1102) K

0.71073 A
Monoclinic

C2/c
a=18.8784(9) A
b=9.0734(4) A
c=23.7087(11) A

o= 90°.
B=97.4930(10)°.
Y=190°.

4026.4(3) A3

8

1.569 Mg/m?3

1.069 mm!

1953.4

0.20 x 0.20 x 0.20 mm?

1.73 to 30.00°.

-26<=h<=25, -9<=k<=12, -33<=1<=32
15621

5785 [R(int) = 0.0233]

98.5 %

Semi-empirical from equivalents
0.810 and 0.740

Full-matrix least-squares on F?
5785/2/280

1.024

R1 =0.0260, wR2 = 0.0617

R1 =0.0326, wR2 = 0.0642
0.612 and -0.362 e.A”
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Table 2. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (Az x 103) for 28. U(eq)

is defined as one third of the trace of the orthogonalized UY tensor.

X y z Uleq)
C(1) 1927(1) 10132(2) 2087(1) 20(1)
C(2) 2557(1) 10766(3) 2398(1) 30(1)
C@3) 2620(1) 10927(3) 2974(1) 33(1)
C4) 2068(1) 10452(2) 3282(1) 28(1)
C(5) 1478(1) 9837(2) 2988(1) 22(1)
C(6) 731(1) 9083(2) 2106(1) 19(1)
C(7) 2229(1) 10242(2) 1090(1) 17(1)
C(8) 2816(1) 9067(2) 1115(1) 25(1)
C©) 2567(1) 11786(2) 1163(1) 26(1)
C(10) 1723(1) 10155(2) 498(1) 16(1)
C(11) 2190(1) 10158(2) 11(1) 21(1)
C(12) 1216(1) 11489(2) 446(1) 21(1)
C(13) 1022(1) 8108(2) 42(1) 15(1)
C(14) 783(1) 8765(2) -502(1) 19(1)
C(15) 462(1) 7967(2) -948(1) 22(1)
C(16) 354(1) 6434(2) -894(1) 23(1)
C(7 578(1) 5802(2) -385(1) 19(1)
C(18) 1185(1) 5790(2) 583(1) 18(1)
Cl(1) -236(1) 7606(1) 1105(1) 18(1)
N(1) 1768(1) 9894(2) 1534(1) 16(1)
N(2) 1407(1) 9688(2) 2412(1) 19(1)
NQ@3) 1327(1) 8742(2) 512(1) 14(1)
N4) 906(1) 6594(2) 67(1) 15(1)
Pd(1) 884(1) 8768(1) 1306(1) 13(1)
C(19) 405(2) 4883(5) 2509(2) 34(1)
C(20) 596(2) 3256(3) 2455(1) 37(1)
o(1) -68(3) 2441(4) 2348(1) 34(1)
C21) 558(10) 4460(20) 2369(7) 34(4)
C(22) 1127(8) 3398(17) 2190(7) 47(4)
02) 0 3615(16) 2500 42(4)
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Table 3. Bond lengths [A] and angles [°] for 28.

C(10)-N(3)
C(10)-C(12)
C(10)-C(11)
C(10)-C(7)
C(7)-N(1)
C(7)-C(8)
C(7)-C(9)
C(11)-H(11a)
C(11)-H(11c)
C(11)-H(11b)
C(12)-H(12a)
C(12)-H(12¢c)
C(12)-H(12b)
C(8)-H(8b)
C(8)-H(8¢)
C(8)-H(8a)
C(9)-H(%¢)
C(9)-H(%a)
C(9)-H(9b)
C(1)-N(1)
C(1)-N(2)
C(1)-C(2)
C(2)-C(3)
C(2)-H(2)
C(3)-C4)
C(B3)-HB3)
C(4)-C05)
C(4)-H4)
C)-N@)
C(5)-H(5)
C(6)-N(2)
C(6)-Pd(1)
C(6)-H(6b)
C(6)-H(6a)

1.487(2)
1.539(2)
1.541(2)
1.593(2)
1.484(2)
1.533(3)
1.540(3)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.325(2)
1.384(2)
1.435(3)
1.364(3)
0.9500
1.415(3)
0.9500
1.355(3)
0.9500
1.363(2)
0.9500
1.487(2)
1.9781(17)
0.9900
0.9900
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C(13)-N(3)
C(13)-N4)
C(13)-C(14)
C(14)-C(15)
C(14)-H(14)
C(15)-C(16)
C(15)-H(15)
C(16)-C(17)
C(16)-H(16)
C(17)-N4)
C(17)-H(17)
C(18)-N4)
C(18)-H(18A)
C(18)-H(18B)
C(18)-H(18C)
CI(1)-Pd(1)
N(3)-Pd(1)
N(1)-Pd(1)
C(19)-C(19)#1
C(19)-C(20)
C(19)-H(19A)
C(19)-H(19B)
C(20)-0O(1)#1
C(20)-0(1)
C(20)-H(20A)
C(20)-H(20B)
O(1)-O(1)#1
O(1)-C(20)#1
C(21)-0(2)
C(21)-C(22)
C(21)-H(20B)
C(21)-H(21A)
C(21)-H(21B)
C(22)-H(20B)

1.319(2)
1.393(2)
1.439(2)
1.357(3)
0.9500
1.415(3)
0.9500
1.352(3)
0.9500
1.369(2)
0.9500
1.463(2)
0.9800
0.9800
0.9800
2.3550(4)
2.1560(14)
1.9714(14)
1.524(9)
1.529(5)
0.9900
0.9900
1.373(6)
1.448(6)
0.987(5)
0.991(5)
0.735(6)
1.373(6)
1.37(2)
1.54(2)
1.47(3)
0.9900
0.9900
0.76(4)



C(22)-H(22A)
C(22)-H(22B)
C(22)-H(22C)
0(2)-C21)#1

N(3)-C(10)-C(12)
N(3)-C(10)-C(11)
C(12)-C(10)-C(11)
N(3)-C(10)-C(7)
C(12)-C(10)-C(7)
C(11)-C(10)-C(7)
N(1)-C(7)-C(8)
N(1)-C(7)-C(9)
C(8)-C(7)-C(9)
N(1)-C(7)-C(10)
C(8)-C(7)-C(10)
C(9)-C(7)-C(10)
C(10)-C(11)-H(11a)
C(10)-C(11)-H(11c)
H(11a)-C(11)-H(11c)
C(10)-C(11)-H(11b)
H(11a)-C(11)-H(11b)
H(11c)-C(11)-H(11b)
C(10)-C(12)-H(12a)
C(10)-C(12)-H(12c)
H(12a)-C(12)-H(12c)
C(10)-C(12)-H(12b)
H(12a)-C(12)-H(12b)
H(12c¢)-C(12)-H(12b)
C(7)-C(8)-H(8b)
C(7)-C(8)-H(8c)
H(8b)-C(8)-H(8c)
C(7)-C(8)-H(8a)
H(8b)-C(8)-H(8a)
H(8c)-C(8)-H(8a)
C(7)-C(9)-H(9¢)

0.9800
0.9800
0.9800
1.37(2)

111.75(15)
110.89(14)
110.38(15)
105.58(13)
109.15(14)
108.93(14)
108.17(14)
112.75(14)
109.98(16)
105.90(13)
110.33(15)
109.63(14)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
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C(7)-C(9)-H(9a)
H(9¢)-C(9)-H(%a)
C(7)-C(9)-H(9b)
H(9¢)-C(9)-H(9b)
H(92)-C(9)-H(9b)
N(1)-C(1)-N(2)
N()-C(1)-C(2)
N(2)-C(1)-C(2)
C(3)-C(2)-C(1)
C(3)-C(2)-H(2)
C(1)-C(2)-H(2)
C(2)-CB3)-C4)
C(2)-CB3)-HB)
C(4)-C3)-HB)
C(5)-C4)-C3)
C(5)-C(4)-H(4)
C(3)-C(4)-H(4)
C(4)-C(5)-N(2)
C(4)-C(5)-HG)
N(2)-C(5)-H(5)
N(2)-C(6)-Pd(1)
N(2)-C(6)-H(6b)
Pd(1)-C(6)-H(6b)
N(2)-C(6)-H(6a)
Pd(1)-C(6)-H(6a)
H(6b)-C(6)-H(6a)
N(3)-C(13)-N(4)
N(3)-C(13)-C(14)
N(4)-C(13)-C(14)
C(15)-C(14)-C(13)
C(15)-C(14)-H(14)
C(13)-C(14)-H(14)
C(14)-C(15)-C(16)
C(14)-C(15)-H(15)
C(16)-C(15)-H(15)
C(17)-C(16)-C(15)

109.5
109.5
109.5
109.5
109.5
114.69(16)
129.72(17)
115.59(16)
121.03(19)
119.5
119.5
120.7(2)
119.7
119.7
118.18(18)
120.9
120.9
121.53(18)
119.2
119.2
107.29(11)
110.3
110.3
110.3
110.3
108.5
116.56(15)
128.95(16)
114.50(15)
122.21(17)
118.9
118.9
120.53(17)
119.7
119.7
117.84(17)



C(17)-C(16)-H(16) 121.1 O(1H#1-C(20)-0(1) 30.03)

C(15)-C(16)-H(16) 121.1 O(1)#1-C(20)-C(19) 107.5(3)
C(16)-C(17)-N(4) 122.15(17) O(1)-C(20)-C(19) 107.4(3)
C(16)-C(17)-H(17) 118.9 O(1)#1-C(20)-H(20A) 85(2)
N#)-C(17)-H(17) 118.9 O(1)-C(20)-H(20A) 111(2)
N(4)-C(18)-H(18A) 109.5 C(19)-C(20)-H(20A) 115(2)
N(4)-C(18)-H(18B) 109.5 O(1)#1-C(20)-H(20B) 125(2)
H(18A)-C(18)-H(18B) 109.5 O(1)-C(20)-H(20B) 98(2)
N(4)-C(18)-H(18C) 109.5 C(19)-C(20)-H(20B) 107(2)
H(18A)-C(18)-H(18C) 109.5 H(20A)-C(20)-H(20B) 117(3)
H(18B)-C(18)-H(18C) 109.5 O(1)#1-0(1)-C(20)#1 80.7(7)
C(13)-N(3)-C(10) 121.52(14) O(1)#1-0(1)-C(20) 69.3(7)
C(13)-N(3)-Pd(1) 124.47(11) C(20)#1-0(1)-C(20) 108.4(3)
C(10)-N(3)-Pd(1) 105.28(10) 0(2)-C(21)-C(22) 107.0(15)
C(1)-N(1)-C(7) 126.10(15) 0(2)-C(21)-H(20B) 84.0(18)
C(1)-N(1)-Pd(1) 115.50(12) C(22)-C(21)-H(20B) 29.0(14)
C(7)-N(1)-Pd(1) 118.00(11) 0(2)-C(21)-H(21A) 110.3
C(5)-N(2)-C(1) 122.99(16) C(22)-C(21)-H(21A) 110.3
C(5)-N(2)-C(6) 119.40(15) H(20B)-C(21)-H(21A) 136.7
C(1)-N(2)-C(6) 117.55(14) 0(2)-C(21)-H(21B) 110.3
C(17)-N(4)-C(13) 122.76(15) C(22)-C(21)-H(21B) 110.3
C(17)-N(4)-C(18) 118.00(15) H(20B)-C(21)-H(21B) 103.5
C(13)-N(4)-C(18) 119.11(14) H(21A)-C(21)-H(21B) 108.6
N(1)-Pd(1)-C(6) 83.45(7) C(21)-C(22)-H(20B) 70(3)
N(1)-Pd(1)-N(3) 80.45(6) C(21)-C(22)-H(22A) 109.5
C(6)-Pd(1)-N(3) 163.88(7) C(21)-C(22)-H(22B) 109.5
N(1)-Pd(1)-CI(1) 173.24(4) H(22A)-C(22)-H(22B) 109.5
C(6)-Pd(1)-CI(1) 91.07(5) C(21)-C(22)-H(22C) 109.5
N(3)-Pd(1)-CI(1) 105.04(4) H(22A)-C(22)-H(22C) 109.5
C(19)#1-C(19)-C(20) 104.2(2) H(22B)-C(22)-H(22C) 109.5
C(19)#1-C(19)-H(19A) 110.9 C(21)-0(2)-C(21)#1 112(2)
C(20)-C(19)-H(19A) 110.9

C(19)#1-C(19)-H(19B) 110.9 Symmetry transformations used to generate
C(20)-C(19)-H(19B) 110.9 equivalent atoms:

H(19A)-C(19)-H(19B) 108.9 #1 -X,y,-z+1/2
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Table 4. Anisotropic displacement parameters (A2x 103) for 28. The anisotropic displacement factor exponent

takes the form: -2m?[ h? a*2U! + .. + 2 hk a* b* Ul2]

yt U2 U3» U2 U3 U2

C(1) 22(1) 19(1) 19(1) o(1) 5(1) -4(1)
C(2) 32(1) 37(1) 22(1) -3(1) 3D -15(1)
C@3) 36(1) 40(1) 23(1) -4(1) -1(1) -16(1)
C4) 42(1) 27(1) 15(1) -3(1) 2(1) -6(1)
C(5) 33(1) 20(1) 16(1) 0o(1) (1) -1(1)
C(6) 20(1) 20(1) 17(1) -2(1) 6(1) -4(1)
C(7) 17(1) 19(1) 17(1) -1(1) 6(1) -6(1)
C(8) 18(1) 31(1) 25(1) 3(h) 4(1) 3D
C©) 32(1) 25(1) 23(1) o(1) 4(1) -14(1)
C(10) 18(1) 13(1) 17(1) I(1) 6(1) -2(1)
C(11) 25(1) 21(1) 20(1) I(1) 11(1) -4(1)
C(12) 27(1) 14(1) 24(1) I(1) 5(1) 2(1)
C(13) 15(1) 14(1) 17(1) o(1) (1) o(1)
C(14) 21(1) 18(1) 19(1) 3(D) 4(1) o(1)
C(15) 19(1) 29(1) 17(1) I(1) 2(1) I(1)
C(16) 20(1) 28(1) 21(1) -5(1) 4(1) -4(1)
C(17) 18(1) 19(1) 22(1) -1(1) (1) -5(1)
C(18) 21(1) 14(1) 19(1) I(1) 4(1) 2(1)
Cl(1) 16(1) 17(1) 21(1) -2(1) 4(1) -3(1)
N(1) 17(1) 18(1) 15(1) -1(1) 5(1) -4(1)
N(2) 23(1) 18(1) 16(1) -2(1) 6(1) -3(1)
NQ@3) 16(1) 13(1) 14(1) o(1) 6(1) -1(1)
N4) 17(1) 13(1) 16(1) -1(1) 5(1) 0o(1)
Pd(1) 14(1) 13(1) 13(1) -1(1) 5(1) -1(1)
C(19) 45(2) 24(2) 33(2) -3(1) 3(2) -6(2)
C(20) 42(2) 27(2) 39(2) 2(1) -4(1) 6(1)
o(1) 49(3) 19(2) 35(3) -6(1) 2(3) 0(2)
C21) 40(10) 35(11) 21(8) -1(6) -17(7) -14(7)
C(22) 28(7) 41(8) 71(11) -33(7) -1(7) -1(6)
02) 44(9) 41(9) 37(7) 0 -13(6) 0
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Table 5. Hydrogen coordinates (x 10%) and isotropic displacement parameters (A2x 10 3) for 28.

X y z U(eq)
H(2) 2936 11077 2199 36
H(@3) 3039 11363 3170 40
H4) 2111 10561 3683 34
H(5) 1105 9502 3189 27
H(6b) 334 9785 2127 22
H(6a) 610 8140 2281 22
H(8b) 3058 8989 1506 37
H(8¢c) 3162 9345 860 37
H(8a) 2602 8114 996 37
H(9¢) 2254 12437 1348 40
H(9a) 2631 12186 789 40
H(9b) 3033 11716 1398 40
H(11a) 2386 9170 -30 32
H(l1c) 2582 10863 98 32
H(11b) 1898 10444 -344 32
H(12a) 833 11327 131 32
H(12c) 1483 12379 372 32
H(12b) 1008 11611 801 32
H(14) 853 9792 -551 23
H(15) 308 8443 -1300 26
H(16) 131 5867 -1204 27
H(17) 506 4775 -340 23
H(18A) 899 6027 887 27
H(18B) 1683 6076 700 27
H(18C) 1161 4728 507 27
H(19A) 639 5298 2872 41
H(19B) 551 5464 2190 41
H(20A) 908(14) 2850(30) 2783(9) 44
H(20B) 760(20) 3130(40) 2076(7) 44
H(21A) 760 5049 2704 41
H(21B) 393 5147 2054 41
H(22A) 1333 2821 2521 71
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H(22B)
H(22C)

1505 3965
904 2732

2043
1894

71
71

Table 6. Torsion angles [°] for 28.

N(3)-C(10)-C(7)-N(1)
C(12)-C(10)-C(7)-N(1)
C(11)-C(10)-C(7)-N(1)
N(3)-C(10)-C(7)-C(8)
C(12)-C(10)-C(7)-C(8)
C(11)-C(10)-C(7)-C(8)
N(3)-C(10)-C(7)-C(9)
C(12)-C(10)-C(7)-C(9)
C(11)-C(10)-C(7)-C(9)
N(1)-C(1)-C(2)-C(3)
N(2)-C(1)-C(2)-C(3)
C(1)-C(2)-CB3)-C4)
C(2)-CB3)-C(4)-C(5)
C(3)-C(4)-C(5)-N(2)
N(3)-C(13)-C(14)-C(15)
N(4)-C(13)-C(14)-C(15)

C(13)-C(14)-C(15)-C(16)
C(14)-C(15)-C(16)-C(17)

C(15)-C(16)-C(17)-N(4)
N(4)-C(13)-N(3)-C(10)
C(14)-C(13)-N(3)-C(10)
N(4)-C(13)-N(3)-Pd(1)
C(14)-C(13)-N(3)-Pd(1)
C(12)-C(10)-N(3)-C(13)
C(11)-C(10)-N(3)-C(13)
C(7)-C(10)-N(3)-C(13)
C(12)-C(10)-N(3)-Pd(1)
C(11)-C(10)-N(3)-Pd(1)
C(7)-C(10)-N(3)-Pd(1)
N(2)-C(1)-N(1)-C(7)

-48.35(17)
71.92(17)
-167.49(14)
68.49(17)
-171.24(15)
-50.65(18)
-170.25(14)
-49.98(19)
70.61(18)
179.7(2)
-1.0(3)
1.0(4)
-0.1(4)
-0.7(3)
-178.61(18)
1.0(3)
-0.5(3)
0.2(3)
-0.5(3)
156.54(15)
-23.8(3)
-60.71(19)
118.93(17)
81.42(19)
-42.2(2)
-160.03(15)
-67.43(15)
168.96(12)
51.12(14)
-179.13(16)

283

C(2)-C(1)-N(1)-C(7)
N(2)-C(1)-N(1)-Pd(1)
C(2)-C(1)-N(1)-Pd(1)
C(8)-C(7)-N(1)-C(1)
C(9)-C(7)-N(1)-C(1)
C(10)-C(7)-N(1)-C(1)
C(8)-C(7)-N(1)-Pd(1)
C(9)-C(7)-N(1)-Pd(1)
C(10)-C(7)-N(1)-Pd(1)
C(H-C(5)-N(2)-C(1)
C(4)-C(5)-N(2)-C(6)
N(1)-C(1)-N(2)-C(5)
C(2)-C(1)-N(2)-C(5)
N(1)-C(1)-N(2)-C(6)
C(2)-C(1)-N(2)-C(6)
Pd(1)-C(6)-N(2)-C(5)
Pd(1)-C(6)-N(2)-C(1)
C(16)-C(17)-N(4)-C(13)
C(16)-C(17)-N(4)-C(18)
N(3)-C(13)-N(4)-C(17)
C(14)-C(13)-N(4)-C(17)
N(3)-C(13)-N(4)-C(18)
C(14)-C(13)-N(4)-C(18)
C(1)-N(1)-Pd(1)-C(6)
C(7)-N(1)-Pd(1)-C(6)
C(1)-N(1)-Pd(1)-N(3)
C(7)-N(1)-Pd(1)-N(3)
N(2)-C(6)-Pd(1)-N(1)
N(2)-C(6)-Pd(1)-N(3)
N(2)-C(6)-Pd(1)-CI(1)

0.2(3)
-6.6(2)
172.75(18)
76.6(2)
-45.3(2)

-165.15(17)

-95.83(15)

142.34(13)

22.45(17)
0.6(3)

-176.58(19)

179.63(17)
0.2(3)
-3.1(2)

177.48(17)

-171.95(14)

10.7(2)
1.2(3)

-174.70(17)

178.36(15)
-1.3(2)
-5.8(2)

174.49(15)

10.23(14)

-176.57(14)
-168.94(14)

4.25(12)
-10.51(12)
-7.6(3)
173.45(11)



C(13)-N(3)-Pd(1)-N(1) -179.59(15) C(19)-C(20)-O(1)-O(1)#1 -95.0(5)

C(10)-N(3)-Pd(1)-N(1) -31.93(11) O(1)#1-C(20)-O(1)-C(20)#1 72.1(6)
C(13)-N(3)-Pd(1)-C(6) 177.5(2) C(19)-C(20)-0O(1)-C(20)#1 -23.0(3)
C(10)-N(3)-Pd(1)-C(6) -34.93) C(22)-C(21)-0(2)-C(21)#1 -176.2(14)
C(13)-N(3)-Pd(1)-CI(1) -3.61(14)

C(10)-N(3)-Pd(1)-CI(1) 144.05(9) Symmetry transformations used to generate
C(19)#1-C(19)-C(20)-O(1)#1 -25.4(5) equivalent atoms:

C(19)#1-C(19)-C(20)-O(1) 6.1(5) #1 -x,y,-z+1/2
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Single crystal X-ray structure data for {[Pd(;*-CH,N“*""'N™¢),C1}(BF) (35)

Table 1. Crystal data and structure refinement for 35.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

zZ

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.05°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [[>2sigma(])]
R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

35

C40.72 H48.96 B C11.76 F4 N8 Pd2
1012.53

1102) K

0.71073 A

Orthorhombic

P2(1)2(1)2(1)

a=9.974(2) A o= 90°.
b=18.827(4) A B=90°.
c=22.628(5) A ¥=90°.
4249.3(17) A3

4

1.583 Mg/m3

1.014 mm™!

2049

0.20 x 0.11 x 0.06 mm>

1.41 to 25.05°.

-11<=h<=11, -22<=k<=22, -26<=1<=26
44149

7521 [R(int) = 0.0789]

100.0 %

Semi-empirical from equivalents

0.941 and 0.790

Full-matrix least-squares on F?

7521 /13 /622

1.038

R1=0.0512, wR2 = 0.1105
R1=0.0741, wR2 =0.1221

-0.01(4)

1.671 and -1.530 e.A3
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Table 2. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (Az x 103) for 35. U(eq)

is defined as one third of the trace of the orthogonalized UY tensor.

X y z U(eq)
C(1) 13049(8) 10026(4) 6287(4) 38(2)
C2) 12894(10) 8917(5) 5737(4) 44(2)
C3) 12201(10) 8427(5) 5422(4) 44(2)
C4) 10833(10) 8509(4) 5341(3) 44(2)
C(5) 10178(9) 9051(3) 5602(3) 30(2)
C(6) 10844(7) 9561(4) 5957(3) 28(2)
C(7) 8912(8) 10270(4) 6106(3) 33(2)
C(8) 8730(8) 10538(4) 5470(4) 41(2)
C(9) 7216(10) 10639(5) 5342(5) 59(3)
C(10) 6561(10) 11099(5) 5790(5) 59(3)
c(1 6856(9) 10862(5) 6418(4) 51(2)
C(12) 8348(8) 10838(4) 6521(4) 36(2)
C(13) 8650(20) 11101(16) 7581(12) 44(5)
C(14) 7990(30) 11795(12) 7622(13) 56(7)
C(15) 7880(30) 12119(11) 8186(12) 74(8)
C(16) 8360(30) 11839(11) 8689(9) 64(6)
c(17) 9060(20) 11218(11) 8639(10) 61(7)
C(18) 9990(16) 10203(8) 8064(7) 29(3)
C(13A) 8140(40) 11010(30) 7610(20) 44(5)
C(14A) 7440(40) 11616(16) 7628(17) 44(9)
C(15A) 7130(50) 11908(16) 8141(14) 67(11)
C(16A) 7450(40) 11590(17) 8668(16) 72(11)
C(17A) 8300(50) 10988(19) 8648(16) 84(15)
C(18A) 9440(30) 9998(14) 8115(11) 29(3)
C(19) 9610(13) 8185(5) 6926(4) 72(3)
C(20) 8080(30) 7356(10) 6377(8) 68(7)
1) 7370(20) 6729(10) 6364(6) 56(4)
C(22) 7270(40) 6331(17) 6872(18) 79(11)
C(23) 7740(40) 6560(20) 7420(20) 53(10)
C(24) 8361(14) 7245(7) 7440(6) 21(3)
C(20A) 8750(50) 7140(20) 6385(17) 68(7)
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C(21A)
C(22A)
C(23A)
C(24A)
C(25)
C(26)
c@27)
C(28)
C(29)
C(30)
Cc@31)
C(32)
C(33)
C(34)
C(35)
C(36)
N(1)
@)
N@3)
N(4)
N(5)
N(6)
N(8)
N(9)
N(5A)
N(6A)
Pd(1)
Pd(2)
CI(1)
B(2)
F(1)
F(2)
F(3)
F(4)
C(38)
C(39)

8220(40)
7850(80)
8180(90)
8870(20)
8807(8)
7377(8)
7371(11)
8019(10)
9428(8)
9393(7)
11301(8)
10701(7)
11374(8)
12749(9)
13353(8)
13403(8)
10713(5)
8944(8)
10323(6)
8782(8)
8605(19)
9186(18)
12675(6)
12232(7)
9170(30)
8600(30)
10229(1)
10311(1)
11867(2)
8667(10)
9268(7)
9494(7)
8544(7)
7477(5)
9662(11)
9457(12)

6480(17)
6140(30)
6440(50)
7092(12)
7303(4)
7144(4)
6864(5)
7402(5)
7603(4)
7876(4)
8639(4)
9150(4)
9701(4)
9787(4)
9300(4)
8186(4)
8099(3)
7547(4)
10100(3)
10676(4)
7585(9)
10880(9)
8726(3)
9484(3)
7402(17)
10683(14)
9988(1)
8268(1)
9146(1)
1470(5)
1020(4)
2049(3)
1128(3)
1724(3)
-147(6)
-572(5)
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6281(12)
6850(40)
7350(40)
7381(11)
8503(3)
8709(4)
9336(4)
9752(4)
9547(3)
8904(3)
8961(3)
9340(3)
9569(3)
9436(3)
9090(3)
8540(4)
8692(2)
7897(3)
6258(2)
7116(3)
6899(8)
8123(8)
8865(3)
5993(3)
6890(16)
8103(12)
7226(1)
7742(1)
7464(1)
362(4)
-26(3)
448(3)
882(2)
150(2)
2867(4)
3361(5)

56(4)
79(11)
53(10)
21(3)
30(2)
40(2)
55(3)
54(3)
36(2)
26(2)
26(2)
26(2)
29(2)
38(2)
36(2)
37(2)
23(1)
45(2)
28(1)
47(2)
42(4)
35(4)
26(1)
31(2)
42(4)
37(6)
35(1)
35(1)
37(1)
41(2)
89(2)
91(2)
71(2)
68(2)
76(6)
75(5)



C(40) 8683(11) -324(6) 3828(4) 87(7)

C@41) 8114(9) 349(7) 3802(4) 57(5)

C(42) 8319(9) 774(5) 3308(5) 68(6)

C(43) 9093(11) 526(6) 2841(4) 22(4)

C(44) 9190(20) 1000(10) 2290(7) 78(6)

C(45) 8160(50) 1144(10) 2389(16) 250(50)

Cl(2) 9270(20) 453(9) 277109) 163(8)

CI1(3) 9436(8) 1888(5) 2271(4) 91(3)

Table 3. Bond lengths [A] and angles [°] for 35.

C(1)-N(©9) 1.466(10) C(9)-H(9B) 0.9900
C(1)-H(1A) 0.9800 C(10)-C(11) 1.518(13)
C(1)-H(1B) 0.9800 C(10)-H(10A) 0.9900
C(1)-H(1C) 0.9800 C(10)-H(10B) 0.9900
C(2)-C(3) 1.355(13) C(11)-C(12) 1.507(12)
C(2)-N(©9) 1.381(10) C(11)-H(11A) 0.9900
C(2)-H(2) 0.9500 C(11)-H(11B) 0.9900
C(3)-C4) 1.385(13) C(12)-N(4) 1.447(10)
C(3)-H(3) 0.9500 C(12)-H(12) 1.0000
C4)-C(5) 1.348(11) C(13)-N(4) 1.33(3)
C4)-H4) 0.9500 C(13)-N(6) 1.40(3)
C(5)-C(6) 1.418(10) C(13)-C(14) 1.47(4)
C(5)-H(5) 0.9500 C(14)-C(15) 1.42(4)
C(6)-N(3) 1.328(9) C(14)-H(14) 0.9500
C(6)-N(9) 1.395(10) C(15)-C(16) 1.34(3)
C(7)-N(3) 1.484(9) C(15)-H(15) 0.9500
C(7)-C(12) 1.529(11) C(16)-C(17) 1.36(3)
C(7)-C(8) 1.536(10) C(16)-H(16) 0.9500
C(7T)-H() 1.0000 C(17)-N(6) 1.34(3)
C(8)-C(9) 1.550(12) C(17)-H(17) 0.9500
C(8)-H(8A) 0.9900 C(18)-N(6) 1.51(2)
C(8)-H(8B) 0.9900 C(18)-Pd(1) 1.953(15)
C(9)-C(10) 1.484(14) C(13A)-C(14A) 1.34(6)
C(9)-H(9A) 0.9900 C(13A)-N(6A) 1.35(6)
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C(13A)-N4)
C(14A)-C(15A)
C(14A)-H(14A)
C(15A)-C(16A)
C(15A)-H(15A)
C(16A)-C(17A)
C(16A)-H(16A)
C(17A)-N(6A)
C(17A)-H(17A)
C(18A)-N(6A)
C(18A)-Pd(1)
C(19)-N(5)
C(19)-N(5A)
C(19)-Pd(2)
C(19)-H(19A)
C(19)-H(19B)
C(20)-N(5)
C(20)-C(21)
C(20)-H(20)
C(21)-C(22)
C(21)-H(21)
C(22)-C(23)
C(22)-H(22)
C(23)-C(24)
C(23)-H(23)
C(24)-N(2)
C(24)-N(5)
C(20A)-N(5A)
C(20A)-C(21A)
C(20A)-H(20A)
C(21A)-C(22A)
C(21A)-H(21A)
C(22A)-C(23A)
C(22A)-H(22A)
C(23A)-C(24A)
C(23A)-H(23A)

1.44(5)
1.32(5)
0.9500
1.37(4)
0.9500
1.42(4)
0.9500
1.39(5)
0.9500
1.53(4)
2.16(3)
1.51(2)
1.54(4)
1.982(9)
0.9900
0.9900
1.36(3)
1.38(3)
0.9500
1.37(4)
0.9500
1.39(6)
0.9500
1.44(5)
0.9500
1.316(14)
1.40(2)
1.31(5)
1.37(5)
0.9500
1.49(9)
0.9500
1.30(12)
0.9500
1.40(10)
0.9500
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C(24A)-N(5A)
C(24A)-N(2)
C(25)-N(2)
C(25)-C(30)
C(25)-C(26)
C(25)-H(25)
C(26)-C(27)
C(26)-H(26A)
C(26)-H(26B)
C(27)-C(28)
C(27)-H(27A)
C(27)-H(27B)
C(28)-C(29)
C(28)-H(28A)
C(28)-H(28B)
C(29)-C(30)
C(29)-H(29A)
C(29)-H(29B)
C(30)-N(1)
C(30)-H(30)
C(31)-N(1)
C(31)-N(8)
C(31)-C(32)
C(32)-C(33)
C(32)-H(32)
C(33)-C(34)
C(33)-H(33)
C(34)-C(35)
C(34)-H(34)
C(35)-N(8)
C(35)-H(35)
C(36)-N(8)
C(36)-H(36A)
C(36)-H(36B)
C(36)-H(36C)
N(1)-Pd(2)

1.29(4)
1.45(2)
1.454(9)
1.527(10)
1.530(11)
1.0000
1.514(12)
0.9900
0.9900
1.526(12)
0.9900
0.9900
1.528(12)
0.9900
0.9900
1.543(9)
0.9900
0.9900
1.462(9)
1.0000
1.323(9)
1.397(10)
1.421(10)
1.339(10)
0.9500
1.413(12)
0.9500
1.348(11)
0.9500
1.374(10)
0.9500
1.449(9)
0.9800
0.9800
0.9800
2.211(5)



N(2)-Pd(2)
N(3)-Pd(1)
N(4)-Pd(1)
Pd(1)-CI(1)
Pd(2)-CI(1)
B(2)-F(3)
B(2)-F(1)
B(2)-F(4)
B(2)-F(2)
C(38)-C(39)
C(38)-C(43)
C(38)-H(38)
C(39)-C(40)
C(39)-H(39)
C(40)-C(41)
C(40)-H(40)
C(41)-C(42)
C(41)-H(41)
C(42)-C(43)
C(42)-H(43)
C(43)-C(44)
C(44)-H(44A)
C(44)-H(44B)
C(44)-H(44C)
C(45)-CI(3)
C(45)-ClI(2)

N(9)-C(1)-H(1A)
N(9)-C(1)-H(1B)
H(1A)-C(1)-H(1B)
N(9)-C(1)-H(1C)
H(1A)-C(1)-H(1C)
H(1B)-C(1)-H(1C)
C(3)-C(2)-N(9)
C(3)-C(2)-H(2)
N(9)-C(2)-H(2)

1.955(7)
2.202(5)
1.954(7)
2.340(2)
2.352(2)
1.347(11)
1.359(12)
1.366(11)
1.382(12)
1.3900
1.3900
0.9500
1.3900
0.9500
1.3900
0.9500
1.3900
0.9500
1.3900
0.9500
1.53(2)
0.9800
0.9800
0.9800
1.91(3)
1.91(3)

109.5
109.5
109.5
109.5
109.5
109.5
120.1(9)
119.9
119.9

C(2)-C3)-C4)
C(2)-C(3)-H(3)
C(4)-C3)-HB)
C(5)-C4)-C3)
C(5)-C(4)-H(4)
C(3)-C(4)-H(4)
C(4)-C(5)-C(6)
C(4)-C(5)-H(5)
C(6)-C(5)-H(5)
N(3)-C(6)-N(9)
N(3)-C(6)-C(5)
N(9)-C(6)-C(5)
N(3)-C(7)-C(12)
N(3)-C(7)-C(8)
C(12)-C(7)-C(8)
N(3)-C(7)-H(7)
C(12)-C(7)-H(7)
C(8)-C(7)-H(7)
C(7)-C(8)-C(9)
C(7)-C(8)-H(8A)
C(9)-C(8)-H(8A)
C(7)-C(8)-H(8B)
C(9)-C(8)-H(8B)
H(8A)-C(8)-H(8B)
C(10)-C(9)-C(8)
C(10)-C(9)-H(9A)
C(8)-C(9)-H(9A)
C(10)-C(9)-H(9B)
C(8)-C(9)-H(9B)
H(9A)-C(9)-H(9B)
C(9)-C(10)-C(11)
C(9)-C(10)-H(10A)

C(11)-C(10)-H(10A)

C(9)-C(10)-H(10B)
C(11)-C(10)-H(10B)

H(10A)-C(10)-H(10B)

119.8(8)
120.1
120.1
120.2(8)
119.9
119.9
122.3(8)
118.8
118.8
116.0(7)
128.7(7)
115.3(7)
110.9(7)
113.5(6)
107.6(6)
108.2
108.2
108.2
109.3(7)
109.8
109.8
109.8
109.8
108.3
111.9(8)
109.2
109.2
109.2
109.2
107.9
112.5(8)
109.1
109.1
109.1
109.1
107.8



C(12)-C(11)-C(10)
C(12)-C(11)-H(11A)
C(10)-C(11)-H(11A)
C(12)-C(11)-H(11B)
C(10)-C(11)-H(11B)
H(11A)-C(11)-H(11B)
N#4)-C(12)-C(11)
N#4)-C(12)-C(7)
C(11)-C(12)-C(7)
N(4)-C(12)-H(12)
C(11)-C(12)-H(12)
C(7)-C(12)-H(12)
N(4)-C(13)-N(6)
N(4)-C(13)-C(14)
N(6)-C(13)-C(14)
C(15)-C(14)-C(13)
C(15)-C(14)-H(14)
C(13)-C(14)-H(14)
C(16)-C(15)-C(14)
C(16)-C(15)-H(15)
C(14)-C(15)-H(15)
C(15)-C(16)-C(17)
C(15)-C(16)-H(16)
C(17)-C(16)-H(16)
N(6)-C(17)-C(16)
N(6)-C(17)-H(17)
C(16)-C(17)-H(17)
N(6)-C(18)-Pd(1)
C(14A)-C(13A)-N(6A)
C(14A)-C(13A)-N(4)
N(6A)-C(13A)-N(4)
C(15A)-C(14A)-C(13A)
C(15A)-C(14A)-H(14A)
C(13A)-C(14A)-H(14A)
C(14A)-C(15A)-C(16A)
C(14A)-C(15A)-H(15A)

110.2(7)
109.6
109.6
109.6
109.6
108.1
116.5(7)
108.2(6)
106.8(7)
108.4
108.4
108.4
118(2)
129(2)
112(2)
118(3)
120.8
120.8
124(2)
117.8
117.8
116.8(19)
121.6
121.6
122(2)
119.1
119.1
109.0(10)
123(4)
129(4)
107(4)
120(4)
120.0
120.0
122(3)
119.1

291

C(16A)-C(15A)-H(15A)
C(15A)-C(16A)-C(17A)
C(15A)-C(16A)-H(16A)
C(17A)-C(16A)-H(16A)
N(6A)-C(17A)-C(16A)
N(6A)-C(17A)-H(17A)
C(16A)-C(17A)-H(17A)
N(6A)-C(18A)-Pd(1)
N(5)-C(19)-N(5A)
N(5)-C(19)-Pd(2)
N(5A)-C(19)-Pd(2)
N(5)-C(19)-H(19A)
N(5A)-C(19)-H(19A)
Pd(2)-C(19)-H(19A)
N(5)-C(19)-H(19B)
N(5A)-C(19)-H(19B)
Pd(2)-C(19)-H(19B)
H(19A)-C(19)-H(19B)
N(5)-C(20)-C(21)
N(5)-C(20)-H(20)
C(21)-C(20)-H(20)
C(22)-C(21)-C(20)
C(22)-C(21)-H(21)
C(20)-C(21)-H(21)
C(21)-C(22)-C(23)
C(21)-C(22)-H(22)
C(23)-C(22)-H(22)
C(22)-C(23)-C(24)
C(22)-C(23)-H(23)
C(24)-C(23)-H(23)
N(2)-C(24)-N(5)
N(2)-C(24)-C(23)
N(5)-C(24)-C(23)
N(5A)-C(20A)-C(21A)
N(5A)-C(20A)-H(20A)
C(21A)-C(20A)-H(20A)

119.1
117(3)
121.3
121.3
119(3)
120.5
120.5
100.9(16)
24.9(12)
109.3(8)
103.1(13)
109.8
132.9
109.8
109.8
90.5
109.8
108.3
119.1(17)
120.4
120.4
119(2)
120.4
120.4
123(4)
118.3
118.3
117(4)
121.5
121.5
114.3(12)
127(2)
117(2)
128(3)
116.1
116.1



C(20A)-C(21A)-C(22A)
C(20A)-C(21A)-H(21A)
C(22A)-C(21A)-H(21A)
C(23A)-C(22A)-C(21A)
C(23A)-C(22A)-H(22A)
C(21A)-C(22A)-H(22A)
C(22A)-C(23A)-C(24A)
C(22A)-C(23A)-H(23A)
C(24A)-C(23A)-H(23A)
N(5A)-C(24A)-C(23A)
N(5A)-C(24A)-N(2)
C(23A)-C(24A)-N(2)
N(2)-C(25)-C(30)
N(2)-C(25)-C(26)
C(30)-C(25)-C(26)
N(2)-C(25)-H(25)
C(30)-C(25)-H(25)
C(26)-C(25)-H(25)
C(27)-C(26)-C(25)
C(27)-C(26)-H(26A)
C(25)-C(26)-H(26A)
C(27)-C(26)-H(26B)
C(25)-C(26)-H(26B)
H(26A)-C(26)-H(26B)
C(26)-C(27)-C(28)
C(26)-C(27)-H(27A)
C(28)-C(27)-H(27A)
C(26)-C(27)-H(27B)
C(28)-C(27)-H(27B)
H(27A)-C(27)-H(27B)
C(27)-C(28)-C(29)
C(27)-C(28)-H(28A)
C(29)-C(28)-H(28A)
C(27)-C(28)-H(28B)
C(29)-C(28)-H(28B)
H(28A)-C(28)-H(28B)

110(4)
125.2
125.2
120(7)
120.2
120.2
124(8)
118.1
118.1
117(4)
114(2)
126(4)
107.5(6)
115.9(7)
108.3(6)
108.3
108.3
108.3
110.9(7)
109.5
109.5
109.5
109.5
108.0
110.2(7)
109.6
109.6
109.6
109.6
108.1
111.6(7)
109.3
109.3
109.3
109.3
108.0
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C(28)-C(29)-C(30)
C(28)-C(29)-H(29A)
C(30)-C(29)-H(29A)
C(28)-C(29)-H(29B)
C(30)-C(29)-H(29B)
H(29A)-C(29)-H(29B)
N(1)-C(30)-C(25)
N(1)-C(30)-C(29)
C(25)-C(30)-C(29)
N(1)-C(30)-H(30)
C(25)-C(30)-H(30)
C(29)-C(30)-H(30)
N(1)-C(31)-N(8)
N(1)-C(31)-C(32)
N(8)-C(31)-C(32)
C(33)-C(32)-C(31)
C(33)-C(32)-H(32)
C(31)-C(32)-H(32)
C(32)-C(33)-C(34)
C(32)-C(33)-H(33)
C(34)-C(33)-H(33)
C(35)-C(34)-C(33)
C(35)-C(34)-H(34)
C(33)-C(34)-H(34)
C(34)-C(35)-N(8)
C(34)-C(35)-H(35)
N(8)-C(35)-H(35)
N(8)-C(36)-H(36A)
N(8)-C(36)-H(36B)
H(B6A)-C(36)-H(36B)
N(8)-C(36)-H(36C)
H(B6A)-C(36)-H(36C)
H(36B)-C(36)-H(36C)
C(31)-N(1)-C(30)
C(31)-N(1)-Pd(2)
C(30)-N(1)-Pd(2)

110.3(7)
109.6
109.6
109.6
109.6
108.1
110.6(6)
112.6(6)
109.5(6)
108.0
108.0
108.0
116.9(6)
127.7(7)
115.4(7)
123.1(7)
118.4
118.4
119.5(7)
120.2
120.2
118.6(8)
120.7
120.7
122.0(7)
119.0
119.0
109.5
109.5
109.5
109.5
109.5
109.5
117.9(6)
114.6(4)
101.4(4)



C(24)-N(2)-C(24A)
C(24)-N(2)-C(25)
C(24A)-N(2)-C(25)
C(24)-N(2)-Pd(2)
C(24A)-N(2)-Pd(2)
C(25)-N(2)-Pd(2)
C(6)-N(3)-C(7)
C(6)-N(3)-Pd(1)
C(7)-N(3)-Pd(1)
C(13)-N(4)-C(13A)
C(13)-N(4)-C(12)
C(13A)-N(4)-C(12)
C(13)-N(4)-Pd(1)
C(13A)-N(4)-Pd(1)
C(12)-N(4)-Pd(1)
C(20)-N(5)-C(24)
C(20)-N(5)-C(19)
C(24)-N(5)-C(19)
C(17)-N(6)-C(13)
C(17)-N(6)-C(18)
C(13)-N(6)-C(18)
C(35)-N(8)-C(31)
C(35)-N(8)-C(36)
C(31)-N(8)-C(36)
C(2)-N(9)-C(6)
C(2)-N(9)-C(1)
C(6)-N(9)-C(1)
C(24A)-N(5A)-C(20A)
C(24A)-N(5A)-C(19)
C(20A)-N(5A)-C(19)
C(13A)-N(6A)-C(17A)
C(13A)-N(6A)-C(18A)
C(17A)-N(6A)-C(18A)
C(18)-Pd(1)-N(4)
C(18)-Pd(1)-C(18A)
N(4)-Pd(1)-C(18A)

24.4(8)
124.3(8)
124.6(11)
117.9(7)
107.5(11)
117.0(5)
114.6(6)
117.0(4)
102.1(4)

22(2)
125.5(14)
120(2)
111.8(13)
121(2)
118.6(5)
123.1(17)
121.7(16)
114.9(13)
126(2)
121.9(18)
112.0(18)
121.1(6)
119.5(6)
119.3(6)
122.0(7)
117.6(7)
120.4(6)
120(4)
117(3)
120(3)
118(3)
126(3)
117(2)

84.0(5)

18.2(7)

80.9(7)
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C(18)-Pd(1)-N(3)
N(4)-Pd(1)-N(3)
C(18A)-Pd(1)-N(3)
C(18)-Pd(1)-CI(1)
N(4)-Pd(1)-CI(1)
C(18A)-Pd(1)-Cl(1)
N(3)-Pd(1)-CI(1)
N(2)-Pd(2)-C(19)
N(2)-Pd(2)-N(1)
C(19)-Pd(2)-N(1)
N(2)-Pd(2)-CI(1)
C(19)-Pd(2)-CI(1)
N(1)-Pd(2)-CI(1)
Pd(1)-CI(1)-Pd(2)
F(3)-B(2)-F(1)
F(3)-B(2)-F(4)
F(1)-B(2)-F(4)
F(3)-B(2)-F(2)
F(1)-B(2)-F(2)
F(4)-B(2)-F(2)
C(39)-C(38)-C(43)
C(39)-C(38)-H(38)
C(43)-C(38)-H(38)
C(38)-C(39)-C(40)
C(38)-C(39)-H(39)
C(40)-C(39)-H(39)
C(41)-C(40)-C(39)
C(41)-C(40)-H(40)
C(39)-C(40)-H(40)
C(42)-C(41)-C(40)
C(42)-C(41)-H(41)
C(40)-C(41)-H(41)
C(43)-C(42)-C(41)
C(43)-C(42)-H(43)
C(41)-C(42)-H(43)
C(42)-C(43)-C(38)

161.9(4)
80.9(2)
160.1(8)
90.1(4)
173.58(19)
92.7(7)
105.33(17)
82.3(3)
81.5(2)
163.6(3)
174.48(18)
92.3(3)
104.00(15)
94.43(8)
107.9(8)
113.3(8)
112.0(8)
108.0(8)
108.6(9)
106.9(8)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0



C(42)-C(43)-C(44) 117.1(10)
C(38)-C(43)-C(44) 122.7(10) Symmetry transformations used to generate
Cl1(3)-C(45)-Cl1(2) 100(2) equivalent atoms:

Table 4. Anisotropic displacement parameters (A2 x 103) for 35. The anisotropic displacement factor exponent

takes the form: -2m?[ h? a*2U! + .. + 2 hk a* b* Ul2]

gt U2 U» U2 U3 U2
C(1) 33(4) 28(4) 51(5) 10(4) -14) 7(4)
C(2) 47(6) 42(5) 42(5) 15(4) 16(4) 11(4)
C@3) 64(7) 33(5) 36(5) -4(4) 18(5) -6(4)
C4) 80(7) 29(4) 23(4) 1(3) 12(4) -18(4)
C(5) 39(4) 27(4) 26(3) 5(3) -3(3) -44)
C(6) 27(4) 38(5) 20(3) 7(3) 3(3) -3(3)
C(7) 27(4) 32(4) 40(5) 8(4) 03) -1(3)
C(8) 46(5) 35(5) 44(5) 16(4) -18(4) -1(4)
C(9) 54(6) 34(5) 89(8) 24(5) -35(6) -10(5)
C(10) 42(6) 40(5) 95(8) 26(5) -11(5) -3(4)
C(11) 39(5) 38(5) 77(7) 26(5) 10(5) 5(4)
C(12) 41(5) 31(5) 37(5) 7(4) 7(4) 2(4)
C(13) 38(15) 50(10) 44(7) 17(6) 33(12) 14(13)
C(14) 84(18) 14(10) 70(14) 19) 27(13) -18(9)
C(15) 102(18) 30(11) 91(18) -25(11) 33(14) -35(11)
C(16) 98(18) 47(12) 48(11) -2(9) 35(12) -6(12)
C(17) 93(17) 46(12) 44(10) -19(8) 17(11) -32(11)
C(18) 42(12) 18(8) 26(5) 8(5) 14(7) 2(6)
C(13A)  38(15) 50(10) 44(7) 17(6) 33(12) 14(13)
C(14A)  70(20) 13(17) 52(19) 12(14) -9(18) 16(14)
C(15A) 130(30) 18(16) 53(18) -24(13) -10(20) 30(18)
C(16A)  80(30) 40(19) 90(30) -8(17) 0(20) 34(18)
C(17A)  150(40) 50(20) 60(20) -30(18) -50(30) 50(20)
C(18A)  42(12) 18(8) 26(5) &(5) 14(7) 2(6)
C(19) 118(10) 51(6) 47(5) 19(4) -26(6) -46(7)
C(20) 140(20) 41(12) 27(6) 21(8) -51(12) -13(11)
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C21)
C(22)
C(23)
C(24)
C(20A)
C(21A)
C(22A)
C(23A)
C(24A)
C(25)
C(26)
C(27)
C(28)
C(29)
C(30)
C@31)
C(32)
C(33)
C(34)
C(35)
C(36)
N(1)
N(2)
NQ@3)
N(4)
N(5)
N(6)
N(8)
NQ©)
N(5A)
N(6A)
Pd(1)
Pd(2)
Cl(1)
B(2)
F(1)

88(15)
140(40)
100(30)
24(6)
140(20)
88(15)
140(40)
100(30)
24(6)
36(5)
37(5)
75(7)
78(7)
53(6)
24(4)
34(4)
29(4)
33(4)
48(5)
30(4)
29(4)
22(3)
74(5)
29(3)
82(6)
77(15)
52(11)
21(3)
37(4)
77(15)
60(20)
54(1)
54(1)
48(1)
40(6)
106(6)

55(11)
37(19)
32(17)
11(5)
41(12)
55(11)
37(19)
32(17)
11(5)
23(4)
32(4)
43(6)
43(5)
34(4)
20(4)
23(4)
30(4)
32(4)
30(5)
39(5)
38(5)
24(3)
37(4)
27(3)
34(4)
25(9)
26(9)
25(3)
29(3)
25(9)
20(14)
28(1)
28(1)
30(1)
41(6)
101(5)

26(6)
54(8)
27(12)
28(4)
27(6)
26(6)
54(8)
27(12)
28(4)
31(4)
51(5)
49(5)
42(5)
21(4)
33(4)
21(4)
20(3)
23(4)
37(4)
39(4)
46(5)
23(3)
25(4)
30(3)
24(4)
25(4)
29(7)
33(3)
27(3)
25(4)
34(12)
25(1)
23(1)
33(1)
44(6)
61(4)

4(7)

14(13)

2(10)
-2(4)

21(8)

4(7)

14(13)

2(10)
-2(4)
3(3)

-6(4)
-8(4)

-12(4)

3(3)
3(3)
203)
13)
2(3)
-2(4)
7(4)
3(4)
32)
9(3)
2(3)
5(3)
14(6)
6(6)
2(3)
203)
14(6)

-3(10)
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3(D)
6(1)
12(1)
&(5)
2(4)

-6(8)

-40(20)

-6(16)
0(5)

-51(12)

-6(8)

-40(20)

-6(16)
0(5)
-3(4)
4(4)
25(5)
25(5)
8(4)
13)
13)
203)
3(3)
-8(4)
-2(3)
7(4)
7(2)
-12(3)
3(3)
10(3)
21(9)
5(7)
3(3)
3(3)
21(9)
7(14)
-1(1)
0(1)
1(1)
1(5)
0(4)

-6(9)

-34(16)
-21(16)

7(5)

-13(11)

-6(9)

-34(16)
-21(16)

7(5)
-4(3)
-8(4)
-28(5)
-29(5)
-6(4)
4(3)
2(3)
7(3)
2(4)
-4(4)
-5(4)
10(4)
-5(3)
-23(4)
4(3)
19(4)
-3(7)
-9(6)
3(3)
2(3)
-3(7)
9(12)
(1)
-8(1)
-4(1)
2(5)
41(4)



F(2) 70(4) 53(3) 149(6) 41(4) -23(4) -15(3)

F(3) 105(5) 59(4) 48(3) 20(3) -18(3) -24(3)
F(4) 50(3) 88(4) 66(4) 28(3) 53) 14(3)
C(38) 104(14) 89(13) 34(8) -34(8) -18(9) 63(12)
C(39) 61(12) 90(13) 74(12) -25(10) 9(10) 5(10)
C(40) 55(12) 130(20) 75(13) -22(13) 14(10) -49(12)
C@41) 19(7) 101(14) 50(9) -47(10) 12(6) 6(8)
C(42) 19(8) 58(11) 126(17) -39(11) -31(9) 24(7)
C(43) 7(7) 29(8) 30(8) 3(7) -6(6) 7(6)
C(44) 140(20) 57(11) 39(8) -10(9) 13(12) -12(11)
C(45) 70(30) 340(90) 340(90) -320(80) -30(40) 20(40)
Cl(2) 164(17) 141(16) 185(17) -55(13) -87(14) -38(13)
Cl(3) 64(5) 142(8) 66(5) 5(5) -6(4) 4(5)

Table 5. Hydrogen coordinates (x 10%) and isotropic displacement parameters (A2x 10 3) for 35.

X y z U(eq)
H(1A) 12777 10498 6149 56
H(1B) 13997 9948 6192 56
H(1C) 12920 9994 6715 56
H(2) 13836 8870 5783 53
H(@3) 12652 8030 5257 53
H4) 10355 8181 5100 53
H(5) 9238 9092 5546 36
H(7) 8365 9829 6155 40
H(8A) 9115 10190 5189 50
H(8B) 9207 10995 5419 50
H(9A) 7104 10855 4946 71
H(9B) 6770 10169 5338 71
H(10A) 5579 11093 5725 70
H(10B) 6875 11594 5737 70
H(11A) 6437 11197 6700 62
H(11B) 6467 10385 6486 62
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H(12)
H(14)
H(15)
H(16)
H(17)
H(14A)
H(15A)
H(16A)
H(17A)
H(19A)
H(19B)
H(20)
H(21)
H(22)
H(23)
H(20A)
H(21A)
H(22A)
H(23A)
H(25)
H(26A)
H(26B)
HQ27A)
H(27B)
H(28A)
H(28B)
H(29A)
H(29B)
H(30)
H(32)
H(33)
H(34)
H(35)
H(36A)
H(36B)
H@36C)

8736
7639
7431
8229
9473
7160
6673
7115
8667
9174
10356
8211
6947
6862
7651
8832
8114
7360
7954
9355
6833
6967
7869
6436
8067
7455
10022
9795
8784
9779
10930
13238
14277
13139
13195
14368

11307
12022
12564
12061
11022
11835
12351
11767
10795
8636
8090
7624
6575
5876
6272
7443
6270
5706
6210
6862
7583
6788
6410
6773
7198
7835
7183
79717
8298
9099
10031
10180
9356
8201
7717
8276
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6405
7280
8211
9061
8981
7270
8145
9032
9001
6807
6649
6026
6010
6847
7762
6051
5902
6856
7705
8551
8688
8442
9354
9463
10154
9769
9573
9809
8890
9436
9819
9588
8999
8123
8704
8573

43
67
89
77
73
52
80
87

101
86
86
81
68
94
64
81
68
94
64
36
48
48
67
67
65
65
43
43
31
32
35
46
43
56
56
56



H(38) 10191 -316 2548 91

H(@39) 9846 -1032 3379 90
H(40) 8543 -615 4166 104
H(41) 7585 518 4121 68
H(43) 7931 1234 3290 81
H(44A) 8500 1372 2312 118
H(44B) 9038 711 1936 118
H(44C) 10076 1219 2272 118

Table 6. Torsion angles [°] for 35.

N(9)-C(2)-C(3)-C(4) 2.0(12) C(14A)-C(15A)-C(16A)-C(17A)
C(2)-C(3)-C(4)-C(5) -3.7(12) C(15A)-C(16A)-C(17A)-N(6A)
C(3)-C(4)-C(5)-C(6) L.1(11) N(5)-C(20)-C(21)-C(22)
C(4)-C(5)-C(6)-N(3) -177.0(7) C(20)-C(21)-C(22)-C(23)
C(4)-C(5)-C(6)-N(9) 3.1(10) C(21)-C(22)-C(23)-C(24)
N(3)-C(7)-C(8)-C(9) 175.4(7) C(22)-C(23)-C(24)-N(2)
C(12)-C(7)-C(8)-C(9) -61.5(9) C(22)-C(23)-C(24)-N(5)
C(7)-C(8)-C(9)-C(10) 53.6(10) N(5A)-C(20A)-C(21A)-C(22A)
C(8)-C(9)-C(10)-C(11) -50.7(10) C(20A)-C(21A)-C(22A)-C(23A)
C(9)-C(10)-C(11)-C(12) 56.5(10) C(21A)-C(22A)-C(23A)-C(24A)
C(10)-C(11)-C(12)-N(4) 175.2(7) C(22A)-C(23A)-C(24A)-N(5A)
C(10)-C(11)-C(12)-C(7) -63.8(9) C(22A)-C(23A)-C(24A)-N(2)
N(@3)-C(7)-C(12)-N(4) -42.3(8) N(2)-C(25)-C(26)-C(27)
C(8)-C(7)-C(12)-N4) -167.0(7) C(30)-C(25)-C(26)-C(27)
N(@3)-C(7)-C(12)-C(11) -168.4(6) C(25)-C(26)-C(27)-C(28)
C(8)-C(7)-C(12)-C(11) 66.9(8) C(26)-C(27)-C(28)-C(29)
N(4)-C(13)-C(14)-C(15) 174.6(19) C(27)-C(28)-C(29)-C(30)
N(6)-C(13)-C(14)-C(15) -5(3) N(2)-C(25)-C(30)-N(1)
C(13)-C(14)-C(15)-C(16) 1(3) C(26)-C(25)-C(30)-N(1)
C(14)-C(15)-C(16)-C(17) 3(3) N(2)-C(25)-C(30)-C(29)
C(15)-C(16)-C(17)-N(6) -4(3) C(26)-C(25)-C(30)-C(29)
N(6A)-C(13A)-C(14A)-C(15A) -2(6) C(28)-C(29)-C(30)-N(1)
N(4)-C(13A)-C(14A)-C(15A) -167(4) C(28)-C(29)-C(30)-C(25)
C(13A)-C(14A)-C(15A)-C(16A) -3(7) N(1)-C(31)-C(32)-C(33)
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97
-10(7)
-4(3)
7(4)
-1(5)
-176(2)
-8(3)
14(6)
-8(7)
2(10)
009)
161(5)
177.5(7)
-61.6(8)
58.3(10)

-55.0(11)

55.3(10)
-48.5(8)

-174.5(6)
-173.2(6)

60.9(8)
178.1(6)
-58.4(8)

-176.6(7)



N(8)-C(31)-C(32)-C(33)
C(31)-C(32)-C(33)-C(34)
C(32)-C(33)-C(34)-C(35)
C(33)-C(34)-C(35)-N(8)
N(8)-C(31)-N(1)-C(30)
C(32)-C(31)-N(1)-C(30)
N(8)-C(31)-N(1)-Pd(2)
C(32)-C(31)-N(1)-Pd(2)
C(25)-C(30)-N(1)-C(31)
C(29)-C(30)-N(1)-C(31)
C(25)-C(30)-N(1)-Pd(2)
C(29)-C(30)-N(1)-Pd(2)
N(5)-C(24)-N(2)-C(24A)
C(23)-C(24)-N(2)-C(24A)
N(5)-C(24)-N(2)-C(25)
C(23)-C(24)-N(2)-C(25)
N(5)-C(24)-N(2)-Pd(2)
C(23)-C(24)-N(2)-Pd(2)
N(5A)-C(24A)-N(2)-C(24)
C(23A)-C(24A)-N(2)-C(24)
N(5A)-C(24A)-N(2)-C(25)
C(23A)-C(24A)-N(2)-C(25)
N(5A)-C(24A)-N(2)-Pd(2)
C(23A)-C(24A)-N(2)-Pd(2)
C(30)-C(25)-N(2)-C(24)
C(26)-C(25)-N(2)-C(24)
C(30)-C(25)-N(2)-C(24A)
C(26)-C(25)-N(2)-C(24A)
C(30)-C(25)-N(2)-Pd(2)
C(26)-C(25)-N(2)-Pd(2)
N(9)-C(6)-N(3)-C(7)
C(5)-C(6)-N(3)-C(7)
N(9)-C(6)-N(3)-Pd(1)
C(5)-C(6)-N(3)-Pd(1)
C(12)-C(7)-N(3)-C(6)
C(8)-C(7)-N(3)-C(6)

3.2(10)
-0.3(11)
-1.4(11)
-0.1(12)
163.6(6)
-16.6(10)
-17.2(7)
102.7(7)
173.9(6)
-63.3(8)
47.9(6)
170.7(5)
-83(3)
85(4)
178.2(10)
-14(2)
-12.5(14)
155.1(17)
90(4)
-72(5)

-172.6(18)

26(5)
-30(2)
169(5)

-168.7(10)

-47.3(13)
161.6(13)
-77.1(15)
21.9(8)
143.3(6)
166.7(6)
-13.2(10)
-73.8(7)
106.3(7)
173.6(6)
-65.2(8)

299

C(12)-C(7)-N(3)-Pd(1)
C(8)-C(7)-N(3)-Pd(1)
N(6)-C(13)-N(4)-C(13A)
C(14)-C(13)-N(4)-C(13A)
N(6)-C(13)-N(4)-C(12)
C(14)-C(13)-N(4)-C(12)
N(6)-C(13)-N(4)-Pd(1)
C(14)-C(13)-N(4)-Pd(1)
C(14A)-C(13A)-N(4)-C(13)
N(6A)-C(13A)-N(4)-C(13)
C(14A)-C(13A)-N(4)-C(12)
N(6A)-C(13A)-N(4)-C(12)
C(14A)-C(13A)-N(4)-Pd(1)
N(6A)-C(13A)-N(4)-Pd(1)
C(11)-C(12)-N(4)-C(13)
C(7)-C(12)-N(4)-C(13)
C(11)-C(12)-N(4)-C(13A)
C(7)-C(12)-N(4)-C(13A)
C(11)-C(12)-N(4)-Pd(1)
C(7)-C(12)-N(4)-Pd(1)
C(21)-C(20)-N(5)-C(24)
C(21)-C(20)-N(5)-C(19)
N(2)-C(24)-N(5)-C(20)
C(23)-C(24)-N(5)-C(20)
N(2)-C(24)-N(5)-C(19)
C(23)-C(24)-N(5)-C(19)
N(5A)-C(19)-N(5)-C(20)
Pd(2)-C(19)-N(5)-C(20)
N(5A)-C(19)-N(5)-C(24)
Pd(2)-C(19)-N(5)-C(24)
C(16)-C(17)-N(6)-C(13)
C(16)-C(17)-N(6)-C(18)
N(4)-C(13)-N(6)-C(17)
C(14)-C(13)-N(6)-C(17)
N(4)-C(13)-N(6)-C(18)
C(14)-C(13)-N(6)-C(18)

46.1(6)
167.3(5)
100(9)
-80(8)

-176.8(11)

4(3)
-20.0(19)
160.8(16)

88(9)

-79(8)
22(5)
171(2)
159(3)

8(4)
-69.7(15)
170.0(13)

-44(2)
-164(2)
135.0(7)

14.7(9)

-5(3)
168.2(17)

-179.6(16)

12(3)
6.5(17)

-162.4(18)

-93(5)

-172.1(14)

81(4)
1.9(15)
0(3)
178.3(17)

-175.2(17)

4(3)
7(2)

-174.0(13)



Pd(1)-C(18)-N(6)-C(17)
Pd(1)-C(18)-N(6)-C(13)
C(34)-C(35)-N(8)-C(31)
C(34)-C(35)-N(8)-C(36)
N(1)-C(31)-N(8)-C(35)
C(32)-C(31)-N(8)-C(35)
N(1)-C(31)-N(8)-C(36)
C(32)-C(31)-N(8)-C(36)
C(3)-C(2)-N(9)-C(6)
C(3)-C(2)-N(9)-C(1)
N(3)-C(6)-N(9)-C(2)
C(5)-C(6)-N(9)-C(2)
N(3)-C(6)-N(9)-C(1)
C(5)-C(6)-N(9)-C(1)
C(23A)-C(24A)-N(5A)-C(20A)
N(2)-C(24A)-N(5A)-C(20A)
C(23A)-C(24A)-N(5A)-C(19)
N(2)-C(24A)-N(5A)-C(19)
C(21A)-C(20A)-N(5A)-C(24A)
C(21A)-C(20A)-N(5A)-C(19)
N(5)-C(19)-N(5A)-C(24A)
Pd(2)-C(19)-N(5A)-C(24A)
N(5)-C(19)-N(5A)-C(20A)
Pd(2)-C(19)-N(5A)-C(20A)
C(14A)-C(13A)-N(6A)-C(17A)
N(4)-C(13A)-N(6A)-C(17A)
C(14A)-C(13A)-N(6A)-C(18A)
N(4)-C(13A)-N(6A)-C(18A)
C(16A)-C(17A)-N(6A)-C(13A)
C(16A)-C(17A)-N(6A)-C(18A)
Pd(1)-C(18A)-N(6A)-C(13A)
Pd(1)-C(18A)-N(6A)-C(17A)
N(6)-C(18)-Pd(1)-N(4)
N(6)-C(18)-Pd(1)-C(18A)
N(6)-C(18)-Pd(1)-N(3)
N(6)-C(18)-Pd(1)-Cl(1)

-168.4(14)

9.8(16)
3.3(11)

-174.4(7)

175.2(6)
-4.7(10)
-7.1(10)
173.0(6)
2.4(12)

-175.1(7)

175.2(6)
-4.8(10)
-7.3(10)
172.6(6)
5(5)
-159(3)
166(4)
3(3)
-13(6)
-174(4)
-83(5)
25(3)
78(4)
-174(3)
2(5)
169(3)
-179(3)
-11(4)
5(6)
-175(3)
21(3)
-159(3)
-15.8(9)
-95(3)
18(2)
166.9(9)
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C(13)-N(4)-Pd(1)-C(18)
C(13A)-N(4)-Pd(1)-C(18)
C(12)-N(4)-Pd(1)-C(18)
C(13)-N(4)-Pd(1)-C(18A)
C(13A)-N(4)-Pd(1)-C(18A)
C(12)-N(4)-Pd(1)-C(18A)
C(13)-N(4)-Pd(1)-N(3)
C(13A)-N(4)-Pd(1)-N(3)
C(12)-N(4)-Pd(1)-N(3)
C(13)-N(4)-Pd(1)-Cl(1)
C(13A)-N(4)-Pd(1)-CI(1)
C(12)-N(4)-Pd(1)-CI(1)
N(6A)-C(18A)-Pd(1)-C(18)
N(6A)-C(18A)-Pd(1)-N(4)
N(6A)-C(18A)-Pd(1)-N(3)
N(6A)-C(18A)-Pd(1)-CI(1)
C(6)-N(3)-Pd(1)-C(18)
C(7)-N(3)-Pd(1)-C(18)
C(6)-N(3)-Pd(1)-N(4)
C(7)-N(3)-Pd(1)-N(4)
C(6)-N(3)-Pd(1)-C(18A)
C(7)-N(3)-Pd(1)-C(18A)
C(6)-N(3)-Pd(1)-CI(1)
C(7)-N(3)-Pd(1)-CI(1)
C(24)-N(2)-Pd(2)-C(19)
C(24A)-N(2)-Pd(2)-C(19)
C(25)-N(2)-Pd(2)-C(19)
C(24)-N(2)-Pd(2)-N(1)
C(24A)-N(2)-Pd(2)-N(1)
C(25)-N(2)-Pd(2)-N(1)
C(24)-N(2)-Pd(2)-CI(1)
C(24A)-N(2)-Pd(2)-CI(1)
C(25)-N(2)-Pd(2)-CI(1)
N(5)-C(19)-Pd(2)-N(2)
N(5A)-C(19)-Pd(2)-N(2)
N(5)-C(19)-Pd(2)-N(1)

20.1(11)
-2(2)
178.6(8)
38.2(12)
16(2)

-163.3(10)
-149.9(11)

-172(2)
8.6(6)
44(3)
22(3)

-157.2(17)

82(3)
-16.7(14)
-41(3)
164.0(14)
170.5(17)
-63.5(18)
-155.6(6)
-29.6(5)
-131(2)
-5(2)
22.8(6)
148.8(4)
10.9(9)
35.0(11)
-179.0(7)
-166.9(9)

-142.8(11)

3.2(6)
20(3)
44(3)

-170(2)
-6.3(9)
-31.4(14)
2(2)



N(5A)-C(19)-Pd(2)-N(1)
N(5)-C(19)-Pd(2)-Cl(1)
N(5A)-C(19)-Pd(2)-CI(1)
C(31)-N(1)-Pd(2)-N(2)
C(30)-N(1)-Pd(2)-N(2)
C(31)-N(1)-Pd(2)-C(19)
C(30)-N(1)-Pd(2)-C(19)
C(31)-N(1)-Pd(2)-Cl(1)
C(30)-N(1)-Pd(2)-CI(1)
C(18)-Pd(1)-CI(1)-Pd(2)
N(4)-Pd(1)-CI(1)-Pd(2)
C(18A)-Pd(1)-Cl(1)-Pd(2)
N(3)-Pd(1)-CI(1)-Pd(2)
N(2)-Pd(2)-CI(1)-Pd(1)

-24(2)
174.5(9)
149.4(14)
-156.2(6)
-28.0(4)

-164.0(14)

-35.9(16)
23.2(5)
151.4(4)
78.7(5)

55(2)
60.7(8)

-110.77(17)

57(3)
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C(19)-Pd(2)-CI(1)-Pd(1)
N(1)-Pd(2)-CI(1)-Pd(1)
C(43)-C(38)-C(39)-C(40)
C(38)-C(39)-C(40)-C(41)
C(39)-C(40)-C(41)-C(42)
C(40)-C(41)-C(42)-C(43)
C(41)-C(42)-C(43)-C(38)
C(41)-C(42)-C(43)-C(44)
C(39)-C(38)-C(43)-C(42)
C(39)-C(38)-C(43)-C(44)

65.6(4)
-116.40(16)
0.0
0.0
0.0
0.0
0.0
175.3(13)
0.0
-175.0(14)

Symmetry transformations

equivalent atoms:

used to generate



Single crystal X-ray structure data for [Pd(C6H5)(:13-CH2NC6H1°NM")] (36)

Table 1. Crystal data and structure refinement for 36.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

V4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 28.30°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [[>2sigma(])]
R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

36

(24 H28 N4 Pd

478.90

1102) K

0.71073 A

Orthorhombic

P2(1)2(1)2(1)

a=10.4293(7) A o= 90°.
b=11.2250(8) A B=90°.
c=18.1758(13) A ¥=90°.
2127.8(3) A3

4

1.495 Mg/m3

0.890 mm'!

984

0.29 x 0.10 x 0.05 mm?

2.13 to 28.30°.

-13<=h<=13, -14<=k<=14, -24<=1<=24
29376

5282 [R(int) = 0.0277]

100.0 %

Semi-empirical from equivalents
0.9569 and 0.7825

Full-matrix least-squares on F?
5282/0/263

1.068

R1=0.0197, wR2 = 0.0467

R1 = 0.0208, wR2 = 0.0472

-0.016(17)

0.632 and -0.208 e.A3
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Table 2. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (Az x 103) for 36. U(eq)

is defined as one third of the trace of the orthogonalized UY tensor.

X y z Uleq)
C(1) 7375(2) 4700(2) 8838(1) 19(1)
C(2) 7525(2) 3490(2) 9091(1) 24(1)
C@3) 6726(2) 2618(2) 8860(1) 29(1)
C4) 5722(2) 2874(2) 8364(1) 28(1)
C(5) 5649(2) 3989(2) 8082(1) 25(1)
C(6) 6476(2) 6058(2) 7908(1) 22(1)
C(7) 8911(2) 5713(2) 9644(1) 21(1)
C(8) 8410(2) 5239(2) 10382(1) 29(1)
C©) 9444(3) 5344(2) 10971(1) 38(1)
C(10) 9910(2) 6623(2) 11052(1) 31(1)
C(11) 10348(2) 7123(2) 10310(1) 25(1)
C(12) 9246(2) 7037(2) 9753(1) 20(1)
C(13) 9726(2) 8775(2) 9063(1) 20(1)
C(14) 9415(2) 9584(2) 9649(1) 24(1)
C(15) 9593(2) 10779(2) 9584(1) 29(1)
C(16) 10097(2) 11265(2) 8930(1) 30(1)
C(7 10440(2) 10502(2) 8386(1) 26(1)
C(18) 10791(2) 8524(2) 7867(1) 27(1)
C(19) 7665(2) 8365(2) 7574(1) 18(1)
C(20) 7642(2) 8177(2) 6816(1) 25(1)
C21) 7618(2) 9120(2) 6315(1) 30(1)
C(22) 7558(2) 10287(2) 6560(1) 32(1)
C(23) 7502(2) 10508(2) 7314(1) 28(1)
C(24) 7556(2) 9555(2) 7806(1) 23(1)
N(1) 6487(1) 4863(1) 8280(1) 20(1)
N(2) 7985(2) 5655(1) 9044(1) 19(1)
NQ@3) 9531(2) 7609(1) 9038(1) 20(1)
N4) 10301(2) 9297(1) 8450(1) 21(1)
Pd(1) 7899(1) 7034(1) 8330(1) 17(1)
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o

Table 3. Bond lengths [A] and angles [°] for 36.

C(1)-N(2) 1.301(2) C(13)-N4) 1.395(2)
C(1)-N(1) 1.386(2) C(13)-C(14) 1.437(3)
C(1)-C(2) 1.442(3) C(14)-C(15) 1.359(3)
C(2)-C(3) 1.352(3) C(14)-H(14) 0.9500
C(2)-H(2) 0.9500 C(15)-C(16) 1.410(3)
C(3)-C(4) 1.411(3) C(15)-H(15) 0.9500
C(3)-H(3) 0.9500 C(16)-C(17) 1.356(3)
C(4)-C(5) 1.354(3) C(16)-H(16) 0.9500
C(4)-H4) 0.9500 C(17)-N4) 1.365(2)
C(5)-N(1) 1.362(2) C(17)-H(17) 0.9500
C(5)-H(5) 0.9500 C(18)-N4) 1.462(3)
C(6)-N(1) 1.502(2) C(18)-H(18A) 0.9800
C(6)-Pd(1) 1.9986(19) C(18)-H(18B) 0.9800
C(6)-H(6A) 0.9900 C(18)-H(18C) 0.9800
C(6)-H(6B) 0.9900 C(19)-C(20) 1.395(3)
C(7)-N(2) 1.459(2) C(19)-C(24) 1.405(3)
C(7)-C(8) 1.535(3) C(19)-Pd(1) 2.0437(18)
C(7)-C(12) 1.539(3) C(20)-C(21) 1.397(3)
C(7)-H(7) 1.0000 C(20)-H(20) 0.9500
C(8)-C(9) 1.524(3) C(21)-C(22) 1.384(3)
C(8)-H(8A) 0.9900 C(21)-H(21) 0.9500
C(8)-H(8B) 0.9900 C(22)-C(23) 1.395(3)
C(9)-C(10) 1.523(3) C(22)-H(22) 0.9500
C(9)-H(9A) 0.9900 C(23)-C(24) 1.396(3)
C(9)-H(9B) 0.9900 C(23)-H(23) 0.9500
C(10)-C(11) 1.530(3) C(24)-H(24) 0.9500
C(10)-H(10A) 0.9900 N(2)-Pd(1) 2.0213(15)
C(10)-H(10B) 0.9900 N(3)-Pd(1) 2.2287(16)
C(11)-C(12) 1.535(2)

C(11)-H(11A) 0.9900 N(2)-C(1)-N(1) 115.30(16)
C(11)-H(11B) 0.9900 N(2)-C(1)-C(2) 129.19(17)
C(12)-N(3) 1.479(2) N(1)-C(1)-C(2) 115.47(16)
C(12)-H(12) 1.0000 C(3)-C(2)-C(1) 121.02(18)
C(13)-N(3) 1.325(3) C(3)-C(2)-H(2) 119.5
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C(1)-C(2)-H(2)
C(2)-C(3)-C(4)
C(2)-C(3)-H(3)
C(4)-C3)-HB)
C(5)-C4)-CB3)
C(5)-C(4)-H(4)
C(3)-C(4)-H(4)
C(4)-C(5)-N(I)
C(4)-C(5)-HG)
N(1)-C(5)-H(5)
N(1)-C(6)-Pd(1)
N(1)-C(6)-H(6A)
Pd(1)-C(6)-H(6A)
N(1)-C(6)-H(6B)
Pd(1)-C(6)-H(6B)
H(6A)-C(6)-H(6B)
N(2)-C(7)-C(8)
N(2)-C(7)-C(12)
C(8)-C(7)-C(12)
N(2)-C(7)-H(7)
C(8)-C(7)-H(7)
C(12)-C(7)-H(7)
C(9)-C(8)-C(7)
C(9)-C(8)-H(8A)
C(7)-C(8)-H(8A)
C(9)-C(8)-H(8B)
C(7)-C(8)-H(8B)
H(8A)-C(8)-H(8B)
C(10)-C(9)-C(8)
C(10)-C(9)-H(9A)
C(8)-C(9)-H(9A)
C(10)-C(9)-H(9B)
C(8)-C(9)-H(9B)
H(9A)-C(9)-H(9B)
C(9)-C(10)-C(11)
C(9)-C(10)-H(10A)

119.5
120.61(19)
119.7
119.7
118.06(18)
121.0
121.0
122.01(18)
119.0
119.0
108.16(12)
110.1
110.1
110.1
110.1
108.4
114.34(16)
106.82(15)
107.46(16)
109.4
109.4
109.4
110.22(18)
109.6
109.6
109.6
109.6
108.1
111.50(18)
109.3
109.3
109.3
109.3
108.0
110.81(19)
109.5
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C(11)-C(10)-H(10A)
C(9)-C(10)-H(10B)
C(11)-C(10)-H(10B)
H(10A)-C(10)-H(10B)
C(10)-C(11)-C(12)
C(10)-C(11)-H(11A)
C(12)-C(11)-H(11A)
C(10)-C(11)-H(11B)
C(12)-C(11)-H(11B)
H(11A)-C(11)-H(11B)
N(3)-C(12)-C(11)
N(3)-C(12)-C(7)
C(11)-C(12)-C(7)
N(3)-C(12)-H(12)
C(11)-C(12)-H(12)
C(7)-C(12)-H(12)
N(3)-C(13)-N(4)
N(3)-C(13)-C(14)
N(4)-C(13)-C(14)
C(15)-C(14)-C(13)
C(15)-C(14)-H(14)
C(13)-C(14)-H(14)
C(14)-C(15)-C(16)
C(14)-C(15)-H(15)
C(16)-C(15)-H(15)
C(17)-C(16)-C(15)
C(17)-C(16)-H(16)
C(15)-C(16)-H(16)
C(16)-C(17)-N(4)
C(16)-C(17)-H(17)
N#)-C(17)-H(17)
N(4)-C(18)-H(18A)
N(4)-C(18)-H(18B)
H(18A)-C(18)-H(18B)
N(4)-C(18)-H(18C)
H(18A)-C(18)-H(18C)

109.5
109.5
109.5
108.1
109.61(16)
109.7
109.7
109.7
109.7
108.2
113.73(15)
110.60(15)
108.36(17)
108.0
108.0
108.0
117.01(18)
127.94(19)
115.05(17)
122.0(2)
119.0
119.0
120.4(2)
119.8
119.8
117.94(19)
121.0
121.0
122.5(2)
118.8
118.8
109.5
109.5
109.5
109.5
109.5



H(18B)-C(18)-H(18C) 109.5 C(5)-N(1)-C(6) 121.29(16)

C(20)-C(19)-C(24) 116.03(17) C(1)-N(1)-C(6) 116.90(15)
C(20)-C(19)-Pd(1) 123.76(14) C(1)-N(2)-C(7) 125.07(16)
C(24)-C(19)-Pd(1) 120.18(14) C(1)-N(2)-Pd(1) 115.21(12)
C(19)-C(20)-C(21) 122.00(19) C(7)-N(2)-Pd(1) 118.33(12)
C(19)-C(20)-H(20) 119.0 C(13)-N(3)-C(12) 115.43(17)
C(21)-C(20)-H(20) 119.0 C(13)-N(3)-Pd(1) 115.00(13)
C(22)-C(21)-C(20) 120.53(19) C(12)-N(3)-Pd(1) 103.19(11)
C(22)-C(21)-H(21) 119.7 C(17)-N(4)-C(13) 121.98(17)
C(20)-C(21)-H(21) 119.7 C(17)-N(4)-C(18) 119.32(17)
C(21)-C(22)-C(23) 119.12(19) C(13)-N(4)-C(18) 118.69(16)
C(21)-C(22)-H(22) 120.4 C(6)-Pd(1)-N(2) 81.87(7)
C(23)-C(22)-H(22) 120.4 C(6)-Pd(1)-C(19) 93.11(8)
C(22)-C(23)-C(24) 119.5(2) N(2)-Pd(1)-C(19) 174.91(7)
C(22)-C(23)-H(23) 120.3 C(6)-Pd(1)-N(3) 161.33(7)
C(24)-C(23)-H(23) 120.3 N(2)-Pd(1)-N(3) 79.49(6)
C(23)-C(24)-C(19) 122.68(18) C(19)-Pd(1)-N(3) 105.54(7)
C(23)-C(24)-H(24) 118.7

C(19)-C(24)-H(24) 118.7 Symmetry transformations used to generate
C(5)-N(1)-C(1) 121.80(16) equivalent atoms:

Table 4. Anisotropic displacement parameters (A2x 103) for 36. The anisotropic displacement factor exponent

takes the form: -2m?[ h? a*2U! + .. + 2 hk a* b* Ul2]

gt U2 U3» U2 U3 U2
C(1) 19(1) 20(1) 19(1) -2(1) 0o(1) 2(1)
C(2) 26(1) 19(1) 26(1) 0o(1) -4(1) I(1)
C@3) 34(1) 20(1) 35(1) 0o(1) -5(1) -1(1)
C4) 30(1) 22(1) 33(1) -5(1) -6(1) -6(1)
C(5) 21(1) 27(1) 26(1) -4(1) -5(1) -2(1)
C(6) 26(1) 20(1) 21(1) -1(1) -6(1) 2(1)
C(7) 21(1) 20(1) 22(1) 3D -6(1) -2(1)
C(8) 37(1) 28(1) 21(1) 5() -6(1) -12(1)
C©) 55(2) 31(1) 27(1) 12(1) -18(1) -15(1)

306



C(10) 37(1) 32(1) 24(1) 6(1) -14(1) -9(1)

C(11) 26(1) 22(1) 27(1) 4(1) -8(1) -5(1)
C(12) 20(1) 21(1) 18(1) 3D -3(1) -3(1)
C(13) 16(1) 24(1) 20(1) 2(1) -1(1) -2(1)
C(14) 25(1) 22(1) 23(1) 0o(1) 2(1) -3(1)
C(15) 31(1) 23(1) 34(1) -4(1) 3() -2(1)
C(16) 29(1) 20(1) 42(1) 2(1) 5(1) -3(1)
C(7 24(1) 22(1) 33(1) (1) 3D -4(1)
C(18) 27(1) 29(1) 26(1) 0o(1) &(1) -2(1)
C(19) 12(1) 21(1) 22(1) I(1) -1(1) 3()
C(20) 23(1) 28(1) 24(1) I(1) 0o(1) 3(D)
C21) 32(1) 40(1) 20(1) 4(1) -1(1) 3(D)
C(22) 36(1) 30(1) 30(1) 12(1) -1(1) 0o(1)
C(23) 31(1) 21(1) 33(1) 4(1) -2(1) -1(1)
C(24) 23(1) 25(1) 21(1) 2(1) oc1) -1(1)
N(1) 21(1) 18(1) 20(1) -2(1) -2(1) 0o(1)
N(2) 22(1) 18(1) 19(1) I(1) -4(1) -3(1)
NQ@3) 20(1) 21(1) 19(1) 3D -1(1) -3(1)
N4) 19(1) 21(1) 23(1) I(1) 2(1) -3(1)
Pd(1) 19(1) 17(1) 16(1) 0o(1) -1(1) 0o(1)

Table 5. Hydrogen coordinates (x 10%) and isotropic displacement parameters (A2x 10 3) for 36.

X y z Uleq)
H(Q2) 8195 3302 9426 29
H@3) 6842 1827 9032 35
H4) 5114 2281 8231 34
H(5) 4994 4167 7736 30
H(6A) 5643 6458 7992 27
H(6B) 6598 5959 7372 27
H(7) 9702 5265 9502 25
H(8A) 7644 5700 10533 35
H(8B) 8154 4395 10327 35
HOA) 9097 5065 11448 45
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H(B)
H(10A)
H(10B)
H(11A)
H(11B)
H(12)
H(14)
H(15)
H(16)
H(17)
H(18A)
H(18B)
H(18C)
H(20)
H(21)
H(22)
H(23)
H(24)

10177
10632
9207
11096
10610
8481
9074
9376
10195
10788
10071
11334
11297
7643
7644
7554
7428
7517

4827
6650
7123
6666
7965
7443
9274
11289
12101
10817
8153
7904
8999
7383
8960
10928
11301
9717

10839
11405
11250
10129
10368
9969
10094
9982
8872
7944
7607
8083
7519
6635
5802
6219
7492
8319

45
37
37
30
30
23
28
35
36
31
41
41
41
30
36
38
34
28

Table 6. Torsion angles [°] for 36.

N(2)-C(1)-C(2)-C(3)
N(1)-C(1)-C(2)-C(3)
C(1)-C(2)-C(3)-C(4)
C(2)-C(3)-C(4)-C(5)
C(3)-C(4)-C(5)-N(1)
N(2)-C(7)-C(8)-C(9)
C(12)-C(7)-C(8)-C(9)
C(7)-C(8)-C(9)-C(10)
C(8)-C(9)-C(10)-C(11)
C(9)-C(10)-C(11)-C(12)
C(10)-C(11)-C(12)-N(3)
C(10)-C(11)-C(12)-C(7)
N(2)-C(7)-C(12)-N(3)
C(8)-C(7)-C(12)-N(3)

174.2(2)
-8.2(3)
-0.1(3)
5.3(3)
-1.93)

-179.73(18)

-61.4(2)
56.8(3)

-54.1(3)
56.9(3)

174.17(18)
-62.4(2)
-47.4(2)

-170.56(16)
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N(2)-C(7)-C(12)-C(11)
C(8)-C(7)-C(12)-C(11)
N(3)-C(13)-C(14)-C(15)
N(4)-C(13)-C(14)-C(15)
C(13)-C(14)-C(15)-C(16)
C(14)-C(15)-C(16)-C(17)
C(15)-C(16)-C(17)-N(4)
C(24)-C(19)-C(20)-C(21)
Pd(1)-C(19)-C(20)-C(21)
C(19)-C(20)-C(21)-C(22)
C(20)-C(21)-C(22)-C(23)
C(21)-C(22)-C(23)-C(24)
C(22)-C(23)-C(24)-C(19)
C(20)-C(19)-C(24)-C(23)

-172.72(15)
64.2(2)
-175.7(2)
4.2(3)
0.03)
-2.5(3)
0.6(3)
5.0(3)
-172.99(15)
-2.93)
-0.93)
2.3(3)
0.03)
-3.6(3)



Pd(1)-C(19)-C(24)-C(23)
C(4)-C(5)-N(1)-C(1)
C(4)-C(5)-N(1)-C(6)
N(2)-C(1)-N(1)-C(5)
C(2)-C(1)-N(1)-C(5)
N(2)-C(1)-N(1)-C(6)
C(2)-C(1)-N(1)-C(6)
Pd(1)-C(6)-N(1)-C(5)
Pd(1)-C(6)-N(1)-C(1)
N(1)-C(1)-N(2)-C(7)
C(2)-C(1)-N(2)-C(7)
N(1)-C(1)-N(2)-Pd(1)
C(2)-C(1)-N(2)-Pd(1)
C(8)-C(7)-N(2)-C(1)
C(12)-C(7)-N(2)-C(1)
C(8)-C(7)-N(2)-Pd(1)
C(12)-C(7)-N(2)-Pd(1)
N(4)-C(13)-N(3)-C(12)
C(14)-C(13)-N(3)-C(12)
N(4)-C(13)-N(3)-Pd(1)
C(14)-C(13)-N(3)-Pd(1)
C(11)-C(12)-N(3)-C(13)
C(7)-C(12)-N(3)-C(13)
C(11)-C(12)-N(3)-Pd(1)
C(7)-C(12)-N(3)-Pd(1)
C(16)-C(17)-N(4)-C(13)

174.51(15)
-7.0(3)
173.84(19)

-170.30(18)

11.7(3)
8.9(2)

-169.11(16)
-177.41(15)

3.43(19)
176.66(17)
-5.7(3)
-17.0(2)
160.59(17)
-54.0(3)

-172.71(18)

140.12(15)
21.39(19)
164.55(15)
-15.6(3)
-75.43(19)
104.4(2)
-63.2(2)
174.56(16)
170.46(14)
48.26(16)
3.9(3)
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C(16)-C(17)-N(4)-C(18)
N(3)-C(13)-N(4)-C(17)
C(14)-C(13)-N(4)-C(17)
N(3)-C(13)-N(4)-C(18)
C(14)-C(13)-N(4)-C(18)
N(1)-C(6)-Pd(1)-N(2)
N(1)-C(6)-Pd(1)-C(19)
N(1)-C(6)-Pd(1)-N(3)
C(1)-N(2)-Pd(1)-C(6)
C(7)-N(2)-Pd(1)-C(6)
C(1)-N(2)-Pd(1)-N(3)
C(7)-N(2)-Pd(1)-N(3)
C(20)-C(19)-Pd(1)-C(6)
C(24)-C(19)-Pd(1)-C(6)
C(20)-C(19)-Pd(1)-N(3)
C(24)-C(19)-Pd(1)-N(3)
C(13)-N(3)-Pd(1)-C(6)
C(12)-N(3)-Pd(1)-C(6)
C(13)-N(3)-Pd(1)-N(2)
C(12)-N(3)-Pd(1)-N(2)
C(13)-N(3)-Pd(1)-C(19)
C(12)-N(3)-Pd(1)-C(19)

-174.8(2)
173.79(18)
-6.1(3)
-1.5(3)
172.67(17)
-9.08(12)
171.75(13)
-5.8(3)
15.12(15)
-177.61(15)
-163.83(15)
3.44(13)
-52.55(17)
129.51(15)
126.65(15)
-51.29(16)
-157.8(2)
-31.3(3)
-154.58(15)
-28.00(12)
24.66(16)
151.23(12)

Symmetry transformations

equivalent atoms:

used to generate



Single crystal X-ray structure data for [Pd(MeCN)2Cl(l]l-CHzNCGHIONMe)(H+)2](BF4)2

37

Table 1. Crystal data and structure refinement for 37.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 28.29°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(])]
R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

37

C24 H34 B2 C1 F8 N7 Pd

736.05

110(2) K

0.71073 A

Monoclinic

P2(1)

a=10.2938(8) A a=90°.
b = 8.3076(6) A B=90.084(2)°.
c=18.1884(13) A ¥=90°.
1555.4(2) A3

2

1.572 Mg/m3

0.758 mm'!

744

0.15 x 0.10 x 0.05 mm?

1.98 to 28.29°.

-13<=h<=13, -11<=k<=11, -24<=1<=24
21379

7674 [R(int) = 0.0254]

99.7 %

Semi-empirical from equivalents

0.963 and 0.891

Full-matrix least-squares on F?

7674 /17400

1.083

R1=0.0301, wR2 =0.0710
R1=0.0319, wR2 =0.0717

-0.002(17)

0.999 and -0.828 e.A3
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Table 2. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (Az x 103) for 37. U(eq)

is defined as one third of the trace of the orthogonalized Ul tensor.

X y z Uleq)
C(1) 6897(2) 3908(3) 8952(1) 15(1)
C(2) 6282(3) 5394(3) 9110(1) 19(1)
C@3) 6991(2) 6679(4) 9349(1) 21(1)
C4) 8345(3) 6549(3) 9440(1) 22(1)
C(5) 8912(3) 5096(3) 9313(1) 20(1)
C(6) 8886(2) 2275(3) 8937(1) 18(1)
C(7) 4884(2) 2437(3) 8575(1) 14(1)
C(8) 4473(3) 754(3) 8821(2) 19(1)
C©) 3017(3) 496(3) 8693(2) 25(1)
C(10) 2656(3) 751(3) 7892(2) 24(1)
C(11) 3072(3) 2421(3) 7635(2) 21(1)
C(12) 4530(2) 2702(3) 7759(1) 17(1)
C(13) 5835(2) 4851(3) 7117(1) 18(1)
C(14) 6806(3) 3821(3) 6831(1) 21(1)
C(15) 7783(3) 4448(4) 6404(2) 25(1)
C(16) 7830(3) 6111(4) 6250(2) 26(1)
C(7 6893(3) 7065(3) 6534(1) 24(1)
C(18) 4906(3) 7558(3) 7232(2) 27(1)
C(19) 10300(3) 5269(3) 7618(1) 21(1)
C(20) 10680(3) 6920(5) 7465(2) 28(1)
C21) 10246(3) 854(4) 6248(2) 26(1)
C(22) 10994(4) 495(5) 5591(2) 42(1)
N(2) 8206(2) 3793(3) 9079(1) 16(1)
N(1) 6288(2) 2620(3) 8678(1) 16(1)
NQ@3) 4846(2) 4355(3) 7540(1) 18(1)
N4) 5906(2) 6457(2) 6958(1) 20(1)
N(5) 9978(2) 3976(3) 7739(1) 21(1)
N(6) 9695(2) 1141(3) 6769(1) 26(1)
Pd(1) 9145(1) 1783(1) 7864(1) 17(1)
Cl(1) 7913(1) -509(1) 7999(1) 24(1)
B(1) 2560(3) 6055(4) 9240(2) 24(1)
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F(1) 1472(1) 7037(2) 9266(1) 25(1)

F(2) 3086(2) 6080(2) 8525(1) 26(1)

F(3) 2194(3) 4495(3) 9403(2) 64(1)

F(4) 3484(2) 6628(5) 9712(1) 65(1)

B(2) 1968(4) 5270(5) 5581(2) 38(1)

F(5) 1654(3) 6758(5) 5357(3) 133(2)

F(6) 3043(3) 5340(4) 6026(1) 69(1)

F(7) 2217(3) 4352(4) 4967(2) 78(1)

F(8) 918(3) 4607(5) 5944(2) 82(1)

C(23) 5188(4) 2842(5) 5089(2) 40(1)

C(24) 4933(3) 1663(6) 5670(2) 35(1)

N(7) 4730(4) 771(4) 6124(2) 52(1)

Table 3. Bond lengths [A] and angles [°] for 37.

C(1)-N(1) 1.337(3) C(8)-H(8A) 0.9900
C(1)-N(2) 1.370(3) C(8)-H(8B) 0.9900
C(1)-C(2) 1.417(4) C(9)-C(10) 1.517(4)
C(2)-C(3) 1.364(4) C(9)-H(9A) 0.9900
C(2)-H(2) 0.9500 C(9)-H(9B) 0.9900
C(3)-C4) 1.408(3) C(10)-C(11) 1.525(4)
C(3)-H(3) 0.9500 C(10)-H(10A) 0.9900
C4)-C(5) 1.361(4) C(10)-H(10B) 0.9900
C4)-H4) 0.9500 C(11)-C(12) 1.536(3)
C(5)-N(2) 1.371(3) C(11)-H(11A) 0.9900
C(5)-H(5) 0.9500 C(11)-H(11B) 0.9900
C(6)-N(2) 1.465(3) C(12)-N(3) 1.467(3)
C(6)-Pd(1) 2.013(3) C(12)-H(12) 1.0000
C(6)-H(6A) 0.9900 C(13)-N(3) 1.341(3)
C(6)-H(6B) 0.9900 C(13)-N(4) 1.368(3)
C(7)-N(1) 1.466(3) C(13)-C(14) 1.416(4)
C(7)-C(8) 1.528(4) C(14)-C(15) 1.373(4)
C(7)-C(12) 1.543(3) C(14)-H(14) 0.9500
C(7T)-H(7) 1.0000 C(15)-C(16) 1.410(4)
C(8)-C(9) 1.532(4) C(15)-H(15) 0.9500
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C(16)-C(17)
C(16)-H(16)
C(17)-N4)
C(17)-H(17)
C(18)-N(4)
C(18)-H(18A)
C(18)-H(18B)
C(18)-H(18C)
C(19)-N(5)
C(19)-C(20)
C(20)-H(20A)
C(20)-H(20B)
C(20)-H(20C)
C(21)-N(6)
C(21)-C(22)
C(22)-H(22A)
C(22)-H(22B)
C(22)-H(22C)
N(1)-H(1)
N(@3)-H(3A)
N(5)-Pd(1)
N(6)-Pd(1)
Pd(1)-CI(1)
B(1)-F(4)
B(1)-F(3)
B(1)-F(1)
B(1)-F(2)
B(2)-F(5)
B(2)-F(6)
B(2)-F(7)
B(2)-F(8)
C(23)-C(24)
C(23)-H(23A)
C(23)-H(23B)
C(23)-H(23C)
C(24)-N(7)

1.352(4)
0.9500
1.372(3)
0.9500
1.465(3)
0.9800
0.9800
0.9800
1.146(4)
1.453(5)
0.9800
0.9800
0.9800
1.132(4)
1.453(4)
0.9800
0.9800
0.9800
0.90(4)
0.79(4)
2.026(2)
2.139(2)
2.3010(7)
1.366(4)
1.382(4)
1.387(3)
1.410(3)
1.341(6)
1.372(5)
1.377(5)
1.381(5)
1.464(5)
0.9800
0.9800
0.9800
1.129(5)

313

N(1)-C(1)-N(2)
N(1)-C(1)-C(2)
N(2)-C(1)-C(2)
C(3)-C(2)-C(1)
C(3)-C(2)-H(2)
C(1)-C(2)-H(2)
C(2)-C3)-C4)
C(2)-C3)-HB)
C(4)-C3)-HB)
C(5)-C4)-C3)
C(5)-C(4)-H(4)
C(3)-C(4)-H(4)
C(4)-C(5)-N(2)
C(4)-C(5)-HEG)
N(2)-C(5)-H(5)
N(2)-C(6)-Pd(1)
N(2)-C(6)-H(6A)
Pd(1)-C(6)-H(6A)
N(2)-C(6)-H(6B)
Pd(1)-C(6)-H(6B)
H(6A)-C(6)-H(6B)
N(1)-C(7)-C(8)
N(1)-C(7)-C(12)
C(8)-C(7)-C(12)
N()-C(7)-H(7)
C(8)-C(7)-H(7)
C(12)-C(7)-H(7)
C(7)-C(8)-C(9)
C(7)-C(8)-H(8A)
C(9)-C(8)-H(8A)
C(7)-C(8)-H(8B)
C(9)-C(8)-H(8B)
H(8A)-C(8)-H(8B)
C(10)-C(9)-C(8)
C(10)-C(9)-H(9A)

117.9(2)
124.3(2)
117.8(2)
120.5(2)
119.8
119.8
120.5(3)
119.8
119.8
118.2(3)
120.9
120.9
121.7(2)
119.1
119.1
114.11(16)
108.7
108.7
108.7
108.7
107.6
109.3(2)
109.9(2)
110.3(2)
109.1
109.1
109.1
110.7(2)
109.5
109.5
109.5
109.5
108.1
111.4(2)
109.4



C(8)-C(9)-H(%A)
C(10)-C(9)-H(9B)
C(8)-C(9)-H(9B)
H(A)-C(9)-H(9B)
C(9)-C(10)-C(11)
C(9)-C(10)-H(10A)
C(11)-C(10)-H(10A)
C(9)-C(10)-H(10B)
C(11)-C(10)-H(10B)
H(10A)-C(10)-H(10B)
C(10)-C(11)-C(12)
C(10)-C(11)-H(11A)
C(12)-C(11)-H(11A)
C(10)-C(11)-H(11B)
C(12)-C(11)-H(11B)
H(11A)-C(11)-H(11B)
N(3)-C(12)-C(11)
N(3)-C(12)-C(7)
C(11)-C(12)-C(7)
N(3)-C(12)-H(12)
C(11)-C(12)-H(12)
C(7)-C(12)-H(12)
N(3)-C(13)-N(4)
N(3)-C(13)-C(14)
N(4)-C(13)-C(14)
C(15)-C(14)-C(13)
C(15)-C(14)-H(14)
C(13)-C(14)-H(14)
C(14)-C(15)-C(16)
C(14)-C(15)-H(15)
C(16)-C(15)-H(15)
C(17)-C(16)-C(15)
C(17)-C(16)-H(16)
C(15)-C(16)-H(16)
C(16)-C(17)-N(4)
C(16)-C(17)-H(17)

109.4
109.4
109.4
108.0
110.7(2)
109.5
109.5
109.5
109.5
108.1
111.6(2)
109.3
109.3
109.3
109.3
108.0
108.6(2)
110.0(2)
110.4(2)
109.2
109.2
109.2
117.5(2)
124.2(3)
118.3(2)
119.7(3)
120.1
120.1
120.6(3)
119.7
119.7
118.3(3)
120.8
120.8
121.8(3)
119.1
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N#)-C(17)-H(17)
N(4)-C(18)-H(18A)
N(4)-C(18)-H(18B)
H(18A)-C(18)-H(18B)
N(4)-C(18)-H(18C)
H(18A)-C(18)-H(18C)
H(18B)-C(18)-H(18C)
N(5)-C(19)-C(20)
C(19)-C(20)-H(20A)
C(19)-C(20)-H(20B)
H(20A)-C(20)-H(20B)
C(19)-C(20)-H(20C)
H(20A)-C(20)-H(20C)
H(20B)-C(20)-H(20C)
N(6)-C(21)-C(22)
C(21)-C(22)-H(22A)
C(21)-C(22)-H(22B)
H(22A)-C(22)-H(22B)
C(21)-C(22)-H(22C)
H(22A)-C(22)-H(22C)
H(22B)-C(22)-H(22C)
C(1)-N(2)-C(5)
C(1)-N(2)-C(6)
C(5)-N(2)-C(6)
C(1)-N(1)-C(7)
C(1)-N(1)-H(1)
C(7)-N(1)-H(1)
C(13)-N(3)-C(12)
C(13)-N(3)-H(3A)
C(12)-N(3)-H(3A)
C(13)-N4)-C(17)
C(13)-N(4)-C(18)
C(17)-N(4)-C(18)
C(19)-N(5)-Pd(1)
C(21)-N(6)-Pd(1)
C(6)-Pd(1)-N(5)

119.1
109.5
109.5
109.5
109.5
109.5
109.5
178.8(3)
109.5
109.5
109.5
109.5
109.5
109.5
178.1(3)
109.5
109.5
109.5
109.5
109.5
109.5
121.2(2)
120.1(2)
118.7(2)
126.4(2)
123(2)
111(2)
127.8(2)
113(2)
119(2)
121.2(2)
119.9(2)
118.8(2)
170.8(2)
165.2(3)
89.00(10)



C(6)-Pd(1)-N(6) 171.64(10) F(5)-B(2)-F(6) 109.5(4)

N(5)-Pd(1)-N(6) 90.44(9) F(5)-B(2)-F(7) 108.0(4)
C(6)-Pd(1)-CI(1) 89.49(8) F(6)-B(2)-F(7) 110.6(3)
N(5)-Pd(1)-CI(1) 171.61(7) F(5)-B(2)-F(8) 108.9(4)
N(6)-Pd(1)-CI(1) 92.24(7) F(6)-B(2)-F(8) 111.5(3)
F(4)-B(1)-F(3) 112.5(3) F(7)-B(2)-F(8) 108.3(3)
F(4)-B(1)-F(1) 109.6(3) N(7)-C(24)-C(23) 179.0(4)
F(3)-B(1)-F(1) 108.9(3)

F(4)-B(1)-F(2) 107.9(2) Symmetry transformations used to generate
F(3)-B(1)-F(2) 108.5(3) equivalent atoms:

F(1)-B(1)-F(2) 109.5(2)

Table 4. Anisotropic displacement parameters (A2x 103) for 37. The anisotropic displacement factor exponent

takes the form: -2m?[ h? a*2U! + .. + 2 hk a* b* Ul2]

gt U2 U3 U2 U3 U2
C(1) 14(1) 21(1) 11(1) I(1) 2(1) 0o(1)
C(2) 17(1) 19(1) 21(1) -2(1) I(1) I(1)
C@3) 25(1) 17(1) 20(1) -1(1) 3(D) 2(1)
C4) 25(1) 18(2) 22(1) -3(1) 0o(1) -8(1)
C(5) 16(1) 26(1) 19(1) -1(1) I(1) -5(1)
C(6) 14(1) 22(1) 17(1) 0o(1) -1(1) 2(1)
C(7) 10(1) 16(1) 16(1) -2(1) I(1) 0o(1)
C(8) 20(1) 16(1) 22(1) 2(1) 2(1) -4(1)
C©) 19(1) 20(1) 35(2) oc1) 5(h) -5(1)
C(10) 13(1) 19(1) 41(2) -7(1) 0(1) -4(1)
C(11) 12(1) 23(1) 29(1) -4(1) -5(1) 4(1)
C(12) 16(1) 15(1) 18(1) oc1) oc1) I(1)
C(13) 17(1) 21(1) 16(1) -2(1) -3(1) 2(1)
C(14) 20(1) 22(1) 20(1) 2(1) -1(1) 3(h)
C(15) 22(1) 29(1) 24(1) -1(1) 3D 3D
C(16) 22(1) 36(1) 19(1) 2(1) 3D -5(1)
C(17) 28(1) 23(2) 22(1) 2(1) -1(1) -3(1)
C(18) 29(2) 15(1) 37(2) I(1) 11(1) 4(1)
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C(19) 16(1) 28(1) 20(1) 0o(1) I(1) I(1)

C(20) 27(1) 25(2) 33(1) 6(2) -2(1) -4(2)
C21) 32(2) 27(2) 21(1) -1(1) 2(1) 4(1)
C(22) 47(2) 52(2) 27(2) -5(2) 17(1) 4(2)
N(2) 14(1) 18(1) 14(1) -1(1) I(1) -1(1)
N(1) 13(1) 16(1) 19(1) -2(1) 2(1) 2(1)
NQ@3) 18(1) 16(1) 21(1) 0o(1) 4(1) 5(1)
N4) 22(1) 19(2) 18(1) 0o(1) 2(1) I(1)
N(5) 15(1) 26(1) 22(1) I(1) 3() 2(1)
N(6) 28(1) 26(1) 24(1) I(1) 3() 3D
Pd(1) 15(1) 19(1) 18(1) 0o(1) 2(1) 3(D)
Cl(1) 25(1) 19(1) 29(1) -3(1) 5(1) -1(1)
B(1) 21(2) 28(2) 23(2) I(1) 6(1) &(1)
F(1) 18(1) 20(1) 36(1) 0o(1) 9(1) I(1)
F(2) 26(1) 30(1) 22(1) -1(1) (1) 4(1)
F(3) 73(2) 32(1) 87(2) 31(1) 47(1) 22(1)
F(4) 29(1) 127(2) 40(1) -37(2) -13(1) 25(2)
B(2) 35(2) 35(2) 42(2) 1(2) 6(2) -1(2)
F(5) 103(2) 39(1) 258(5) 30(3) -65(3) -4(2)
F(6) 59(2) 91(2) 55(2) 4(1) -13(1) -18(2)
F(7) 57(2) 113(3) 64(2) -33(2) 4(1) 12(2)
F(8) 60(2) 122(3) 64(2) -9(2) 23(1) -31(2)
C(23) 44(2) 44(2) 30(2) 10(2) -2(1) 1(2)
C(24) 52(2) 30(2) 24(1) -6(2) -1(1) -1(2)
N(7) 97(3) 32(2) 28(2) -2(1) 6(2) -8(2)

Table 5. Hydrogen coordinates (x 10%) and isotropic displacement parameters (A2x 10 3) for 37.

X y z U(eq)
H(2) 5369 5495 9050 23
H(@3) 6568 7669 9454 25
H4) 8850 7452 9586 26
H(5) 9821 4981 9389 24
H(6A) 8387 1386 9164 21
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H(6B)
H(7)
H(8A)
H(8B)
HOA)
H(B)
H(10A)
H(10B)
H(11A)
H(11B)
H(12)
H(14)
H(15)
H(16)
H(17)
H(18A)
H(18B)
H(18C)
H(20A)
H(20B)
H(20C)
H(22A)
H(22B)
H(22C)
H(1)
H@BA)
H(23A)
H(23B)
H(23C)

9747
4422
4674
4971
2779
2519
1705
3086
2571
2871
5036
6783
8432
8503
6918
4874
4060
5115
9914

11066

11318

11709

10430

11347
6700(30)
4460(30)
4364
5628
5742

2314
3256
615

-612
1256
632
=77
3247
2540
1932
2700
3756
6548
8189
7499
7250
8660
7617
6981
7275
1267
574
-598
1690(60)
5070(40)
3300
2312
3703

9181
8881
9350
8542
8841
9003
7831
7586
7907
7105
7449
6933
6211
5955
6437
7770
7028
7081
7486
6973
7831
5546
5158
5626
8573(15)
T718(17)
4918
4678
5283

21
17
23
23
29
29
29
29
26
26
20
25
30
31
29
41
41
41
43
43
43
63
63
63
20(7)
18(8)
59
59
59

Table 6. Torsion angles [°] for 37.

N(1)-C(1)-C(2)-C(3)
N(2)-C(1)-C(2)-C(3)
C(1)-C(2)-C(3)-C(4)

-176.1(2)
2.9(4)
0.1(4)
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C(2)-C3)-CH-C(5)
C(3)-C(4)-C(5)-N(2)
N(1)-C(7)-C(8)-C(9)

-2.6(4)
2.1(4)
-177.8(2)



C(12)-C(7)-C(8)-C(9)
C(7)-C(8)-C(9)-C(10)
C(8)-C(9)-C(10)-C(11)
C(9)-C(10)-C(11)-C(12)
C(10)-C(11)-C(12)-N(3)
C(10)-C(11)-C(12)-C(7)
N(1)-C(7)-C(12)-N(3)
C(8)-C(7)-C(12)-N(3)
N(1)-C(7)-C(12)-C(11)
C(8)-C(7)-C(12)-C(11)
N(3)-C(13)-C(14)-C(15)
N(4)-C(13)-C(14)-C(15)
C(13)-C(14)-C(15)-C(16)
C(14)-C(15)-C(16)-C(17)
C(15)-C(16)-C(17)-N(4)
N(1)-C(1)-N(2)-C(5)
C(2)-C(1)-N(2)-C(5)
N(1)-C(1)-N(2)-C(6)
C(2)-C(1)-N(2)-C(6)
C(4)-C(5)-N(2)-C(1)
C(4)-C(5)-N(2)-C(6)
Pd(1)-C(6)-N(2)-C(1)

-56.9(3)
57.3(3)
-56.3(3)
55.93)

-176.8(2)

-56.1(3)
-63.3(3)
176.2(2)
176.8(2)
56.3(3)

-179.9(3)

-0.1(4)
0.2(4)
0.1(4)
-0.5(4)
175.7(2)
-3.4(3)
-2.0(3)
178.9(2)
0.9(4)
178.7(2)
73.7(2)
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Pd(1)-C(6)-N(2)-C(5)
N(2)-C(1)-N(1)-C(7)
C(2)-C(1)-N(1)-C(7)
C(8)-C(7)-N(1)-C(1)
C(12)-C(7)-N(1)-C(1)
N(4)-C(13)-N(3)-C(12)
C(14)-C(13)-N(3)-C(12)
C(11)-C(12)-N(3)-C(13)
C(7)-C(12)-N(3)-C(13)
N(3)-C(13)-N(4)-C(17)
C(14)-C(13)-N(4)-C(17)
N(3)-C(13)-N(4)-C(18)
C(14)-C(13)-N(4)-C(18)
C(16)-C(17)-N(4)-C(13)
C(16)-C(17)-N(4)-C(18)
N(2)-C(6)-Pd(1)-N(5)
N(2)-C(6)-Pd(1)-CI(1)
C(21)-N(6)-Pd(1)-N(5)
C(21)-N(6)-Pd(1)-CI(1)

-104.1(2)
173.3(2)
-7.6(4)
-137.2(2)
101.6(3)
177.2(2)
-3.1(4)
-132.9(3)
106.1(3)
179.5(2)
-0.2(4)
-1.5(4)
178.8(2)
0.54)
-178.5(3)
53.37(18)
-118.37(17)
60.7(10)
-127.3(10)

Symmetry transformations

equivalent atoms

used to generate
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