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| ABSTRACT

Macrocyclic ligands containing nitrogen and sulphur donor atoms, as
well as with pyridine or thiophene pendant arms were synthesized. The Co(Ii),
Ni(II), Cu(IT} and Pd(II) complexes have been characterized by crystallography,
UV/Vis, NMR or ESR spectroscopy and the redox chemistry have been studied
by cyclic voltanimetry (CV).

| The Pd(IT) complex of [14];meNS3 (1,4,7-trithia-11-azacyclotetradecane),
is square-planar whereas the structures of Pd(IT) macrocyclic complexes with
pyridine or thiophere pendent arms may be described as pseudo five-
coordinate. There is considerable interaction between the apical sulphur donor
atom and the palladiiim metal centre.

In solution, the Pd(II) complex of py[14]aneNS, (N-(2'-pyridylmethyl)-

' 1,4,7-trithia-11-azacyclotetradecane) exhibits fluxional behavior. There is an
exchange process involving the metal-coordinated and -uncoordinated thioether
atoms. By analyzing the NMR spectra obtained at different temperatures,
the mechanism for the fluxional process is proposed.

The cyclic voltammograms of the Pd(IT) macrocyclic complexes showed
irreversible reduction to Pd(I) and no oxidation to Pd(J1I) could be‘ detectid in
the pa‘tential range studied. In the case of the Pd(II) coraplex with thiophene
péndent arms, a quasi-reversible reduction to PA(I) was observed. This unique

behavior is rationalized as due to the proximity of a thiophene moiety in the




it
apical position which inhibits dinierization to the Pd(I) generated, due to steric
reasons. |
The Ni(II) compiex of py[14]aneS, is peudo-octahedral whereas tite Co(Il)
complex exists as two linkage isomers. In the nitrate salt,
[Co(py[14]aneN{33)(N03),,(CHSCN)]; the cobalt centre is octahedral, being
coordinated to only the nitrogen donors from the ligand and the remaining
coordination sites are occupied by acetonitrile and oxygen atoms from two
nitrate groups. Ir . perchlorate salt, [Co(py[14]aneNS,)](ClO,),, solution
studies (ESR and CV) suggest that the cobalt(II) ion is being coordinated by
the nitrogen and sulphur donor atoms from f;he ligand.
The Cu(Il) complexes of these mixed donor ligands have also been
studied and their spectroscopic (UV/Vis and ESR) characteristics and
Cu({II)/Cu(I) reduction potential were compared to the type I Blue copper

protein.
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CHAPTER 1

INTRODUCTION




= 0
1.1 Historical Development of Coordination Chemistry

Coordination chemistry is the study of the manner in which the
reactivity of a metal ion is modified by the ligand environment surrounding it.
Traditionally, coordination complegxes have been regarded as a separate clasg
of molecular compounds*. They consist of a central metal ion surrounded by
inorganic or organic moieties called ligands, The ligands may be a set of small
independe‘nt atoms, e.g., F, CI' or an elaborate arrazngement of atoms
connecting those few that are bonded directly to the central atom, e.g.,
ethylenediaminetetraacetate (EDTA*). However, cach donor must have at
least one pair of elactrons tha¢ can interact with the cenitral metal ion.

The first recorded observation of a coordination compound was reported
by Tassaert iz 1798. He observed the formation of (Co(NH,);]** in solution
when he attempted to precipi.:ite cobalt hydroxide by the addition of ammonia
to a solution of cobalt salt®?. The discovery of other metal ammines® soon

followed, e.g., Zeise's salt, K[PtCl,C,H,] and Magnus salt, [Pt(NH,),1*[PtCl 1.

 However, it was Jgrgensen ‘(1837-1914) who started the extensive studies of

coordination compounds formed by cobalt, chromium, rhodium and platinum?®,

'The true nature of the bonding in these complexes was first explained
oy Wern"er’é coordination theory® in 1893. He proposed tha{ besgides the usual
primary valence, atoms might exhibit a secondary combining tendency called
coordination. Therefore an atom is surrounded by a constant number of atoms

or groups. In the case of CoCl;.6NH,, neutral ammonia molecules are bound
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directly to the metal so that the correct formulation should be [Co(NH,)]<L,.

He further explained the presence of structural isomers observed by assuning
that the ligands occupied different positions that describe the corners ui an
octahedron or a square plane. For instance, two different isomers are found
for [R4(NH,),Cl,] and [Pd(NH,),Cl,] and therefore the coriplexes must be
square planar and not tetrahedral.

In 1927, Werner'’s coordination theory was recast, in electronic terms by
Lewis and Sidgwick®. They p:uposed that a chemical bond required the
sharing of an electron pair. This led to the idea of dative covalent bond in
which a molecule with an electron pair (Lewis base) van donat/ these electrons
to a metai ion or other electron acceptor (Lewis acid). This was followed by
Pauling’s valence bond theory’ which suggested the hybridization of s, p and
d orbitals of the metal ion that led to the formation of octahedral, square
pyramidal, irigonal bipyramid or square planar gecometry in metal compiexes.
He also viewed each ligand as a two-electron donor with a sigma bond to the
metal ion’.

In the 1930s, the crystal field theory was prcposed by Bethe® an@\lﬁn
Vleck® to explain the electronic spectra and magnetic properties of sample
transition metal compounds in the solid state. This ttieory tl!'_e“ﬁ%é "‘ti‘,he‘ ﬁéands
around the metal ion in a complex as a set of point negative charges which
ihtemct repulsively with electrons on the metal ion, resultil!lg in ‘the loss of

degeneracy of the orbitals on the metal ionis. Any specific bonding interactions
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Figure 1  Splitting of d orbitals in an octahedral Ii gand field. (a) Free ion,
(b) Hypothetical ion in a spherically symmetric field, (¢) Hypothetical ion in
an octahedral field. (Adapted from ref. 10a).
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between the ligand and metal orbitals are neglected. TFor inscance, in an
octahedral complex, electrons in the d,2 and d,2 2 are repelled more strongly
by the ligands than those in the 4, d,,, d,, orbitals and the energy difference
between these two sets of orbitals are denoted by A, (Figure 1).

Later, a more comprehensive approach to the bonding in transition
metal complexes, now called ligand field theory', slowly emerged. This
theory treats the metal-ligand ¢ bond as being formed by the combination of
metal d 2, d,2..2, 8, p,, py or p, orbitals (which have lobes lying along the metal-
ligand bond direction) and the o orbitals of the ligands. For ccmplexes with
ligands that do not have © bonding, six electron pairs from the ligand orbitals
are filled into these orbitals (a,,, t,,, e,) and electrons of the metal ions are
then placed in the t,, and e * orbitals as shown in Figure 2. Here, the energy
difference between e, * and t,, orbitals arises from the strength of the metal-
ligand bond and not by electrostatic effects as in crystal field theory.

For complexes having ligands with = orbitals, #.g., CI', CN" and pyridine,
the metal t,, orbitals (i.e,, d,, d,, and d,.z) interact with the = orbitals to form
a new set of molecular orbitals (also with t,, symmetry) in the complex. In the
case of ligands with empty n orbitals of higher energy than the metal t,,
orbitals, e.g., in ligands such as phbsphine, the newly formed t,, orbitals in the
complex are stabilized relative to the original non-bonding t,, orbitals in a
complex that does not have any © bonding (Figure 3). As a result, A, increases.

However, when the metal t,, orbitals interact with filled n orbitals of lower
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Figure 3 The effect of n bonding between vacant ligand orbitals and filled
metal d orbitals on the MO of a meta: complex . (a) Iilled metal d orbitals,
(b) MO of the complex, (¢) vacant ligand orbitals.
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Figure 4 The Effect of = boridmg on the MO of a metal complex,
(a) Vacant or partially filled metal d orbitals, (b) MO of the u‘)mplex,
(¢) Filled ligand orbitals.
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energy than that of the metal t,, orbitals, e.g., in ligands such as CO, the

interaction destabilizes the metal t, srbitals and A, decreases (Figure 4).

Although this theory is still far from perfect in describing the true
nature of bonding in transition metal complexes, it combines the ideas of
molecular orbital theory developc;d by Mulliken!’ and crystal field theory
developed by Bethe® and is now “widely used in the interpretation of the
electronic spectra of transition metal complexes'”,

In the past few decades, the rapid development of various spectroscopic
methods such as NMRY, ESR", Missbauer spectroscopy' (which provide
specific information about the electronic environment at the nucleus of an
atom) and éohnputerized X-ray diffraction methods' for detailed structural
analysis have un:doubtedly contributed towards a better understanding of the
nature of bonding in coordination compounds.

1.2 Stabhility of Complex Ions in Aqueous Solution' °

When dissolved in water, metal ions generally exist as aqua complexes,
[M(HBO),‘ ™, with water molecules directly bonded to the metal ion. Therefore
the process of complex formation in aqueous solution involves the displacement
of water molecules by another set of ligands. The degree of complexation
observed when the system has reached equilibrium is governed by the
di[fei:ence&x in the strength of the metal ion-ligand interactions and metal ion-

solvent (usually water) interactions.




(%

For a solution containing aqueous metal ions M and unidentate
ligands L, the system at equilibrium may be described by the stepwise
formation constant K; or the overall formation constant , as shown by the

following sets of equations.

Stepwise
M+L = = ML K= fgty
| . . . ML,
ML+L = ML K, = “‘E'Mﬁ]m .
- _ ML
ML, +L = ML, K, =~
Overall
M+L = ML B, = %
M+2L 3 > ML, By = -—%%f'?
M+nl < ~ ML, B, =.~%ﬁ

The number n represents the maximum coordination number or the metal ion
for the ligand L. The overall formation constant f, is related to the stepwise
ones by the expression:

Bn = K1K2K3 ..... Kn;
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A lig:md for which K, is large is one that binds more tightly than water.

For the same ligand, the value of K, decreases as n increases. This is due to
the following reasons: (i) statistical factors related to the number of ligands
(ccordinafed water molecules versus coordinated ligands) available for
replacement as n increases; (ii) inc'z;,ease in steric hindrance as the number of
ligands increases if they are bulkier than water molecules; (iii) coulombic
factors if the ligands are charged. However, in some cases, when there is a
major change in the structure and bonding at the metal center as more ligands
are added, the stepwise formation constant may ’change abruptly. As an
example, the tris(bipyridine) complex of Fe(II) is far more stable than the bis
corplex. This is attributed to a change from a weak field t,'e,” to a strong
field t,° conﬁgurati@h.

The magnitude of the stability constant K, depends on the nature of the
metal ions and the ligands. The Hard and Soft Acid Base (HSAB) principle!’
has bcen widely used to provide a rough guideline for rationalizing the
stabilities of complexes in aqueous suvlution. According to this principle, hard
acids and bases are ions that have high charge densities and are bind together
primarily by ionic bonds. Early transition metal ions of high oxidation states
(e.g., Sc*, Cr*", Fe™), are "hard" and bind strongly to F and OH". The trend
in stability constants for these ions foliows the hardness of the donor atoms:

F>Cl>Br>T 0>S8S N>P>As
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On the other hand, soft acids bind bases by covalent bonds which are
- strongest when the atoms are similar in size and electronegativity. Late
transition metal ions with low oxidation numbers (e.g., Pd**, Pt** Ag*, Hg*") are
soft and form n bonds by donation to suitable ligands such as CO and
phosphines. The stability constan‘ts for these ions foilows an opposite trend
compared to those of the hard ions:
I'>Br>Cl'>F S>0 As>P>N

For the first row divalent transition metal ions (i.e., from V** to Zn*"),
however, the variation in the stability conz ants depends on crystal ficld
stabilization energies and can be summarized by the "Irving-Williams series":'®
Mn? (d°) < Fe?* (d°) < Co* (d") < Ni** (d®) < Cu®** (d") > Zn** (d")
The fact that the stability constants of Cu(II) complexes are greater than those
of Ni(IT) despite thg presence of an electron in the antibonding e, orbital in
Cu(Il) is due toan additional stabilization from Jahn-Teller distortion.
1.3 Chelate Effect

In general, for a metal ion M™, the stability constant K, for the
formation of a polydentate complex containing chelate rings (e.g., [M(en),]",
where en is ethylene diamine) is greater than the overall stability constant 8,
for the corresponding monodentate ligand complex (e.g., [M(NH,) 1""). Such an
increase in stability of a complex containing five or six 'memben?a& éhelaté.rings
compared to their nonchelated analogs is called the chelate éffect. For

example'®,
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[Cu(H,0)]* + en = s [Cu(H,G),(en)]* + 2 H,0

log B, = 10.6, AH® = -54 kJmol", AS® = + 23 JK'mol"!

[Cu(H,0)s]* + 2 NH, - [Cu(H,0),(NH,),]* +2 H,0
log B, = 7.7, AH® = -46 kJmol’, AS° = -8.4 JK''mol"
For the above system in equilibriux;x, the overall stability constant p, is related
to the free energy change AG® by the following expression:
AG’, =-RT In B,
AG® = AH’ - TAS®
The chelate effect arises mainly from the favourable entropic
contribution. Whereas there is no net change in the number of independent
molecules in solution with monodentaie ligands, there is an increase in the
chelation reaction. Only one molecule of ethylenediamine is required to
displace two water molecules and there is a net gain of one unbound water
molecule. Alternatively, the chelate effect can be viewed as an increase in
translational entropy. "Th_is ‘had led to several simple semi-quantitative
approach tg thék‘\chelafe effect whllch has been discussed elsewhere'®.
1.4 Macrocyclic Ligands
A macrocyclic ligand is usually defined® as a polydentate liéaﬁd which
contains three or more donor atoms in a cyclic array consisting of at least nine
atoms (including the heteroatoms). This class of ligand cox;iplexes has long
been recognized in several biological systems. For example, the im;)ortance of

the porphyrin ring 1 complexed to iron in heme to the transport of oxygen
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in mammalian and other respiratory systems' and the partially reduced
porphyrin 2 (namely, a chlorin derivative) coordinated to magnesium in
chlorophyll' to the mechanism of photosynthesis.

The realization that synthetic macrocyclic compounds may provide
attractive model systems for man}lr metalloproteins has provided an impetus
for further research in this area. Prior to 1960, metal complexes of the highly
conjugated phthalocyanines 3 were the only well-established class of synthetic
macrocycleséo. This is in part due to the strong resemblance between
phthalocyanines and its derivatives to the naturally occurring porphyrin
systems and also to their commercial importance as pigments and dyestuff.

In 1967, Pederson?' synthesized a series of cyclic polyethers (now
commonly known as crown ethers) with different ring sizes and substituent
groups (e.g., 4 and 5) having the ability to coordinate alkali metal and alkaline
earth ions strongly in non-aqueous solutions. This discovery broadened the
field of macrocyclic chemistry to include metal ions not previously studied.
Shortly afterwards, Lehn :und coworkers®? reported the synthesis of the first
macropolycyclic ligand 6 (now known as cryptand) which can accommodate a
metal ion of suitable size and to form an inclusion complex. Since then, a large
number of synthetic macrocycles with N, S, P and Se as donor atoms have been
synthesized?. This undoubtedly has increased the interest in all aspects of the

chemistry of macrocyclic systems.
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1.6 Special Properties of Macrocyclic Complexes

Perhaps the most important factor that has escalated the interest in
macrocyclic complexes for the last three decades is the realization of the
unusual properties these ligands impose on their metal complexes when
compared to their open chain anal;>gues.

(a) Enhanced thermodynamic stability

Macrocyclic ligands form metal complexes of considerably greater

thermodynamic stability and they are much more inert with respect to ligand

dissociation. This permits the study of reactivities of many metal ions in
strongly acidic or alkaline media. The "Macrocyclic Effect” is a term coined by
Cabbiness and Margerum® to describe the additional stability of complexes
containing macrocyclic ligands when compared to those formed with open chain
ligands of similar structure. The thermodynamic parameters for the
complexation reactions of 2,3,2-tet (1,4,8,11-tetraazaundecane) and cyclam
(1,4,8,11-tetraazatetradecane) and those of 18-crown-6 and pentaglyme in 100%
methanol® are shown in Tablesl and 2, respectively. These results suggest
that the macroéyélic effect arises mainly from a more favourable enthalpic
contribution from the macrocyclic complexes.

The microscopic nature of macrocyclic effect, however, is still a topic of
current discussion'®. From the Born-Haber cycle shown in Figure 5 for both
the forﬁtéti;ole of the macrocyclic complex and its open chain analog, some of

the factors that may be important are: (i) less ligand desolvation enthalpies
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Table 1
Thermodynamic parameters for the complexation of 2,3,2-tet and cyclam'®
—\2-0-
H\ﬂ/“ H '/jw/H
2 —
M+ E N Nj ENN)N\N]
H2 Hp Ha  Hyp
2,3,2-et
24
H_ M Norl
N N EN\ ]
M2+ N N] > N
7/ N
K (N H L H
cyclam
Cu(Il) Ni(ID) Zn(1T)
log K, cyclam 26.5 194 15.5
2,3,2-tet 23.2 15.9 12.6
AH cyclam -32.4 -24.1 -14.8
2,3,2-tet -27.7 -18.6 -11.9
AS cyclam 13 8 21
2,3,2-tet 13 10 18
7
Table 2

Thermodynamic parameters for the complexation of 18-crown-6 and
pentaglyme (CH,(OCH,CH,),0CH,) in 100% methanol**

=

Na* | i K" Ba*
logK,  18-crown-6 4.36 ’I 606 7.04
pentaglyme 144 2.1 2.3
AH 18-crown-6 -8.4 -13.4 -10.4
pentaglyme -4,0 -8.7 -5.69
AS 18-crown-6 -8 -17 -3
pentaglyme 7 -20 -8




16

M"’; (9) + L (9) » ML (g™
l AHgyty,
AHvap. L (s) AHgopy,
AHdesolv.
AH : y
MM (solv)  + L (solv) complex ML (solv)

Figure 5§ Born-Haber cycle for complex formation.

for macrocyclic ligands than the open chain analogues®?"; (ii) less geometrical
chang‘é, on coordination for macrocyclic ligand than the open chain analogues
and therefore there is a less loss of internal entropy®; (iii) greater basicity of
the donor atoms of the macrocyclic ligands®.

The macrocyclic effect involving complexes of thioether donor atoms has
also been studied. For these systems in general, a significantly smaller
macrocyclic effect is observed compared to their amine analogs. For example,
the stability constant of the Cu(II) complex of [14]aneS, is only a hundred

times more stable in water than its open chain analog® (Figure 6). This is
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Figure 6 A comparison of the stability constants of the Cu(II) complexes
of [14]aneS, and its open chain analog in water at 25 °C.
because the free ligand adopts a conformation in which the lone pairs of the
S atoms are directed out of the ring?®. Consequently, more reorganization
energy is required prior to the complexation reaction.
(b)  Enhanced kinetic lstability
Busch and coworkers® attributed the enhanced stabilities of
macrocyclic complexes to their kinetic inertness towards ligand dissociation.
Relative to the corresponding open chain complexes, macrocyclic complexes are
"inert towards demetallation even in strong acidic media. This can be
illustrated by the following example,
H*/H,0

Ni(2,3,2-tet)** = w  [Ni(H,0)J* + 2,3,2-tet(H"),
HY/H,0

Ni(cyclam)®* < No Reaction

The dissociation of [Ni(2,3,2-tet)]** in 0.5 M acid®® has a rate constant of

0.38 s whereas that of [Ni(cyclam)]** has a half-life of over 30 years®™.
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One hypothesis®® for the enhanced kinetic stability is that straight

chain ligand can undergo successive Syl replacement steps of the nitrogen
donors by solvent molecules starting at one end of the ligand. In acidic media,
the dissociated groups are quic?kly protonated and not available for
complexation afterwards. On the other hand, a cyclic ligand has no terminal
for the dissociation to begin. It may require unfavourable rearrangement such
as folding within the coordination sphere before dissociation can occur.
(c)  Stabilization of less common oxidation states

Macrocyclic ligands have the ability to stabilize u’n'usuavl oxidation states
of metal ions. In early studies, Cook and Curtis® rt:portedvthe oreparation
of the first authentic Ni(III) complex by the addition of nitric acid to a Ni(Il)
complex of a cyclic tetramine (eq. 1). Soon afterwards, Olson ard
Vasilevskis™ reported the electrochemical generation of Ni(III) and Cu(I1I)

complexes of these cyclic tetramines.

R‘—-]2+ R-—-|-0

R ‘ R
K] e [T ] W

W’ AN Wl x I\
H/k\/kRH R | HH

R

R=CHy; X=NOjy
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In 1974, Busch and coworkers® published an extensive study of the

electrochemical behavior of twenty-seven low spin Ni(II) complexes of tetraaza

~ macrocycles. Their study suggested that the overall redox properties of a given

system depends on the ring size, the charge on the ligand, the nature of ligand
substituents and the extent of unsaturation in the ligand framework.
However, it appears that the ligand cyclam most favours the oxidation of Ni(II)
to Ni(III)*’, This has been attributed to the extremely large in-plane ligand
field imposed by cyclam on the metal ion. Consequently, the energy level of
the d,,., orbital is raised and the removal of an electron from this orbital is
easier,

Other examples of macrocyclic complexes with uncommon oxidation
states are: (i) the disproportion of Ag(I) cyclam to produce a silver‘mirror and
a stable Ag(II) complex of the ligand™; (ii) the stabilization of monomeric
Pd(III) by 1,4,7-triazacyclononane® (7) and 1,4,7-trithiacyclononane® (8);
(iii) the stabilization of Pd(I) by 1,4,8,11-tetramethyl-1,4,8,11-tetra-
azacyclotetradecane’ (9) and 7,16-dimethyl-1,4,10,13-tetrathia-7,16-
diazacyclooctadecane*! (10).

In summary, the abiiity of macrocyclic ligands in stabilizing unusual
oxidation states of metal ions may be attributed to the structural constraint
the ligand framework imposed on the metal ions which results in their
immobilization”. Therefore oxidation states that have been rare may be more

accessible,
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1.6 General Synthetic Methods For Macrocyclic Ligands

In general, macrocyclic ligands can be prepared®** by a template
reaction around a metal ion or direct synthesis.
(a) Template syntheses

The template synthesis with a suitable metal ion usually gives a
reasonable yield of the required product (Table 3). However, the removal of
the coordinated metal ion from the macrocycle usually requires vigorous
conditions such as refluxing the macrocyclic complex in strong acidic medium
(e.g., H,S0,) or in the presence of a strengly competing ligand (e.g., %, N’ or
EDTA?*) for several days. In the case of kinetically inert complexes such as
Cr(III) and Co(Ill), a reduction may be required to reduce the metal ion into
a more labile state before any demetallation reaction can take place.

Historically, the first synthetic macrocyclic complex, an Fe(IT) cbmplex
of phthalocyanine, was obtained as a side product during the preparatisn of
phthalimide by the reaction of phthalic anhydride and ammonia in an iron

vessel*’, This was followed by Curtis* who isolated a pair of isomeric Ni(II)




Table 3

21

A comparison of the synthesis ¢f cyclam by different methods.

template synthesis*""
\ (\' Nz " 1. HyO
R 2
E ] o O 2. Hp/Raney N
Ho Hz 3.CN

high dilution*™"

\l/\/H

KOH/EtOH
[: j Br Br high dilution
Hy Hp

Richman/Atkins synthesis™

\K\

[: :] 1. NaH/DMF
NH HN O s OTs 2H2804

Yield

H\l/\/H
:] 65%
H/\»H

N

|_—_N, N 5%
N N

H/V\H

SV,
EN Nj 70%
H (M
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macrocyclic complexes by the reaction between tris-ethylenediaminenickel(I1)

perchlorate and acetone (eq. 2),

CHg

o=< W/H W

H.
Oy N. N N N/
(2K !
Ni(en)s(ClO4)g ————+ EN:N(N] (ClO4)2 + [: prqy( j (ClO4)2  (2)
| H

Q3 IS

Two possible roles for the metal ion in a template synthesis have been
suggested®®. According to the kinetic coordination template hypothesis, the
coordination sphere of the metal ion may serve as a template to hold reactive
groups in proper position so that the formation of cyclic preduct is facilitated.
According to the thermodynamic (or equilibrium) coordination template effect,
the metal ion promotes the formation of macrocycle by removing the cyclic
product from an equilibrium mixture of reactants and products via the
formation of metal complexes. The metal ion may also stabilize a ligand
structure which might otherwise be unstable in the pure organic chemical
system at equiiibrium by the formation of macrocyclic complex. As examples,
Schiff base ligand such as bisacetyl bis(methylimine) 11 and the tetraaza
macrocycle discovered by Curtis cannot be isolated as a pure compound

~withiout the metal ion.




HaC :

N N
H3C/ \CH3

11
A typical template reaction which involves the fomaﬁon of a macrocyclic
ligand that completely enclo-seé a planar metal ion can be represented in
eq. 3*2. Jtis clear thac in order to ¢ onduct template reactions of this kind, the

original ligand must be tetradentate and chelates in a planar or other suitable

C> >———»(><>

fashion and the end groups (Y) must undergo an addition reaction with the

| ring-forming groups. In practice, nucleophilic reactions between the ligating

atoms of the coordinated tetradentate ligand and the ring formmg groups have
been widely utilized. The commonly used reactions are those mvolvmg

coordmate mercaptide ions and alkyl halides and also the Schiff base

condensation between coordmated ammines and aldehydes (or ketones).

Examples which may be cited include the reaction ’(‘)f the complexed
meréaptoimine 12 and a,0-dibromo-o-xylene***® which results in the
formation of a macrocycle with both nitrogen and sulphur as donor atoms as

shown in eq. 4 , the condensation of 2,3,2-tet and gloxal in the presence of -
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Ni(ID*" (Table 3) and the self-condensation of o-aminobenzaldehyde in the

presence of metal ions* as shown in eq. 5.

Br
" ———N‘ S Br ) =N i S
N j@ I N S)@ (4)
—N ] Br A \ |
R _/ |
12 Be

(@ "’I 2+
r\i‘Ni_‘N C (5)
N‘ ‘!.IN

In principle, an encapsulation reaction in which a metal ion is wrapped

‘ :NHZ Ni(ll) -
O

]

by a poly-inacrocyclic ligand is also feasible by the use of template process.
Perhaps the most elegant species obtained so far is Co(IIl) sepulchrates 13
prepared by Sargeson and coworkers®. Another remarkable example of a

new family of macrocyclic ligands made accessible by tempiate reactions is the

A7
(L
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catenanes synthesized by Sauvage and coworkers™ in which two macrocyclic
rings are isolated as an interlocking ligand system by the use of Cu(I) during

the synthesis (Scheme 1).

Scheme 1

Finally, tllle‘ability of a particular {on to act as a template is affected by

the compatibility between the size of the metal i'onffand' the macrO‘cycli'g gavity
B | e 4 T

formed in the product. For example, the condensation of 2,6-diacetylpyridine

with bis(3-aminopropane)amine® in the presence of small ions sucl'i: éé Co(ID),

Ni(II) and Cu(Il) results in the formation of a 14-membered macrocyclic
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complex 14. On the contrary, when larger Ag(I) ion is used, a 28-membered

macrocyclic complex 15 is isolated.

HaC A3y f CHy
Z | ’ \N N
N N :IN N\
N
( JI\ 7 HyC N CHa
H
14 15

(b) direct syntheses
The direct synthesis of macrocyclic ligands usually gives variable yields
due to a lack of stereochemicél control during the cyclization process.

However, this method provides the advantage that the macrocyclic ligand can

be isolated, purified and characterized before the synthesis of the complex. In

additicn, any changes in the macrocyclic ligand upon édﬁlplexati(m can also be
detected by comparing the physical prope\ryties of the free l’1gdnd

The direct synthesis of a nl‘acx"ocycl‘ib hgand usually requires the use of
the t\;ré:;'eagents consisting of the required fragment of the target in equimolar
concentrations. ThlSlS fo ensure the occurrence of a 1:1 condensation.
Moreover, a high ‘dil‘jution conditiéhﬁé (final 'cbﬁcentration of reagents ca.
0.001 M) is necessary to enhance the prospect of an intramolecular reaction in

which a "half-condensed" moiety reacts with itself in a "head-to-tail” fashion
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Scheme 2
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instead of an intermolecular reaction with another fragment to give oligomers
(Scheme 2).

In practice, during the preparation of the macrocycle, two p;'écisiOﬁ""
dropping funnels are used to dispense measured amounts of reagents into the
solvent at a very slow rate (ca. 5 mL/hr). This establishes a low and statidnary
concentration of the reactants and steers the cyclization x"‘ébal\cti‘on in s_gch a way
that ideally the same amount of startin'é”r‘naterial is ﬂowmg into tﬁé Hlj'eaction
flask per unit time as the amount reacted and therefore optimizing the

formation of the target macrocycle®®, Such reactions normaliy require several
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Scheme 3
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days to complete but for some systems, there is a dramatic improvement in
product yield. For example, the yield of [14]aneS, is improved from 7% % to
55 % when the reaction is performed under high dilution conditions™
(Scheme 3).

In the mid-1970’s, an alternative general synthesis of polyaza
macrocycles was reported by Richman and Atkins™. This procedure makes
use of pre-tosylated reactants to achieve cyclization in high yields (usually
better than 50 %, see Table 3) without the use of high dilution conditions. The
bulky tosyl groups decrease the number of conformational degress of freedom
(e.g. bond rotation) in the reactants and intermediates so that cyclization

instead of polymerization is favored.
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Another significant improvement in the cyclization reaction includes the
use of cesium salts introduced by Kellogg and coworkers®. For example, in
the synthesis of [14]Jane S,, the use of a suspension of Cs,CO; in N,N-
dimethylformaide (DMF) has increased the product yield to 62%" (eq. 6).
The cesium ion promotes the cyclization by forming weak ion pairs with the
thiolate ion RS, which would make them extremely nucleophilic and under
dilution conditions, this would favor intramolecular Sy2 reactions of the "half-

condensed" halo-thiolate intermediate.

/————\ Br Br

[
S SH U S S
<:S SH  CsoCO3/DMF > CS S:> (6)
A

1.7 Objectives of the research

Macrocyclic ligands containing sulphur and nitrogen donor.atoms have - -

been studied in this project. The structures of these ﬁgénds are shown in
Figure 7. At the beginning of this work, there were relatively few ‘stud‘"ies. of
metal complexes containing both of these donor atoms m bihe literature®,

This is in part due to the synthetic demand in the preparation of the ligand.

Our interest in these systems arises from the presence of similar coordination
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Figure 7 The structures of macrocyclic ligands studied in this project.

environment around metal centres in copper proteins®™ and the possibility
that these systemié ﬁlay combine the coinplex properties of aza and thia
macrocycles to stabilize high and low oxidation states of a metal centre.

" A number of pendant arm ligands with pyridine and thiophene moieties,
L, - L have also been included in this study. These ligands not only increase
the number of possible coordination sites, but also may act as powerful binding

sites for soft and heavy transition metal ions,
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In the following chapter, the crystal structure and sclution studies of
Pd(1II) complex of L, will be discussed. The solid state structures and solution
studies of Pd(II) complexes of L, - L, will be presented in Chapter 3, with
special emphasis on the fluxional behavior of the Pd(II) complex of L, studied
by variable tempe;at}lre NMR speétroscopy. This is followed by the study of
the solution behavior and crystal structures of Co(II), Ni(II) and Cu(II)
complexes of L, - L. The solid state structures and solution chemistry of a
Pd(II) macrocyclic complex with thiophene pendant arm (L) will be discussed
in Chapter 5. Finally, the experimental details for the syntheses of these

ligands and their metal complexes will be presented in Chapter 7.




CHAPTER 2

SYNTHESIS, STRUCTURE-AND SOLUTION STUDIES OF THE
PD(I1) COMPLEX OF 1-THIA-4,7-BIS(2-PYRIDYLMETHYL)-
DIAZACYCLONONANE

32
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2.1 Introduction
The element palladium has an electronic configuration of [Kr]4d', Due
to the high third ionization potential, the chemistry'®® of this metal is
dominated by the +(II) oxidation state, which has an electronic configuration
of d®. Second and third row transition metal ions (e.g., Pd(II) and Pt(Ii))
exhibit a larger crystal field stabilization energy than the first row elements™.
In the case of a d® ion, this stabilization energy outweighs the pairing energy
and the two electrons in the e, orbitals pair up and occupy the d,, orbital,
leaving the d,;.,, orbital empty (Figure 8). This causes a distortion away from

an octahedral geometry towards square-planar, where a net stabilization of the

d,, orbital is obtained from A, .

dy2 -y2,
eg =gk Asq. pl
Aoct — dyy
—f—dz2
= dyz, dyz

Octahdedral
Square Planar

Figure 8 Energy level diagram for octahedral and square planar
complexes of a d° ion.
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In +(I) and +(III) oxidation states, the formation of binuclear

compounds™® with a M-M bond, e.g., [(CHPd(PPh,CH,PPh,)],, is observed,
while mononuclear compounds® are very rare. The (0) oxidation state is
represented by organometallic complexes'® and metal clusters involving
tertiary phosphines and/or carbonyi species', e.g., PA(PPh,);, Pd,,(CO),,(PEL,),0.

Macrocyclic ligands have the ability to impart thermodynamic and
kinetic stability to a variety of unusual oxidation states of metal ions®. This
is exemplified by the ligand cyclam and the smaller macrocyclic compounds
1,4,7-triazacyclononane ([9laneN,, 7)%; 1,4,7-trithiacyclononane
([9]aneS,, 8)*, 1-thia-4,7-diazacyclononane ([9]aneN,S, 16)* and 7-aza-1,4-
dithiacyclonane ([9]aneNS,, 17)®*. The solution chemistry of these ligands
involving Ni(III)* and Pd(ITI)*®* have been studied extensively. As a part of
a continuing investigation of the chemistry of macrocyclic complexes of
palladium, a macrocyclic ligand (L,) with two pyridine pendant arms attached
to the nitrogen atoms of [9]aneN,S, has been synthes;~ed. The nine-membered
macrocyclic rings do not have a hole size large enough to accommodate a
transition metal ion. They usually coordinate facially in octahedral complexes,
although other geometry have been obtained®. In this investigation, the
intention was that the combination of this mode of coordination of a nine-
membered macrocycle, together with two strongly binding pyridine iﬁoieties in

L, would favor penta-coordination. This in turn may lead to the stabilization
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of the less accessible oxidation states and the formation of dimeric species upon

oxidation to Pd(III) or reduction to Pd(I).

e/ \ H /__\S i

2.2 Synthesis

The synthetic route leading to the ligand (L,,) and its Pd(II) complex is
outlined in Scheme 4. The dihydrobromide salt of 1-thia-4,7-diazacyclononane
([9]aneSN,.2HBr) was prepared according to a literature method®. The
pyridine moiety was introduced by reacting [9]JaneSN, with two equivalents of
2-(chloromethyl)pyridine hydrochloride in the presence of a base in absolute
ethanol, The ligand was isolated as a pale yellow oil in 60% yield.

Ligand L, was characterized by 'H and ®C NMR, as well as mass
spectroscopy (MS). The "C NMF of L, exhibits nine lines which corresponds
to the nine inequivalent carbon atoms in the molecule (Figure 9). The 'H NMR
is consistent with the 1°C NMR, exhibiting two singlets (5 2.65 and 3.83) from
the NCH,CH,N protons and the benzylic protons adjacent to the pyridine

moiety, respectively. Two multiplets at § 2.95 and 3.05 correspond to the
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Scheme 4
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protons in the NCH, and SCH, fragments, respectively. Pyridine proton

resonances ar< observed in the region of 6 7.12 - 8.48.
If exposed to in air and in the presence of light, L, turned progressively

darker in color. The degradation product was not characterized but to avoid

‘the loss of ligand the metal coinplexes of L, were prepared immediateiy after

ligand isolation. The palladium(II) complex was prepared by the reaction of
equimolar quantities of the ligand with [Pd(CH,CN),J(BF,), in dry CH;CN
under an atmosphere of nitrogen. X-ray quality crystals were obtained by slow
diffusion of diethyl ether into an acetonitrile solution of [Pd(L,)1**.

2.3 Crystal Structvre

The Pd(II) compiex of le has been characterized by crystallography and
the molecul,ér' é%m’cture is shown in Figure 10, along with the atomic labelling
scheme. The brystallographic parameters are given in Table 4. The fractional
atomic coordinates, interatomic distances and bond angles are shown in Tables
5-17.

The PA(1I) center is"‘in a distorted square-pyrari:idal environment. Tthis
coordinated by nitrogen atoms from the two tertiary amines an- two pyridine |
moieties, with an average bond distance of 2.04 A. The five-membered chelate
rings in the equatorial plane adopt an envelope conformation. The chelate bite
angle N(1)-Pd(1)-N(2) is 87° whlch is comparable to the value of 86° observed

in the palladium(II) complex of trien (triethylenetetraamine)® (Figure 11).
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‘ i

Figure 10 ORTEP diagram of [PA(L,)J(BF,), Selected bond distances in A:
Pd..S(1) = 2.915(3), Pd-N(1) = 2.044(6), Pd-N(2) = 2.028(6), Pd-N(3)
= 2.041(6), Pd-N(4) = 2.041(8).




Table 4

Experimental crystallographic data for [Pd(L,)I(BF,),
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Formula:

F.W..

Crystal colour:
Crystal system:
Space group:

Cell dimensions:

Vcell :
Z:

Temperature:
Crystal dimensions:
Dcnlod.:

mcu.s.:, .
Radiation:
Transmission range:
Mgcasurement: |

No. of reflections collected:
No. of reflections I > no(I):

No. of parameters:
Residual electron density:

Maximum final shift/error:

Refinement method:

R:
R,:

PdC,,H, N,SB,F,
608.5

reddish brown
monoclinic

" P2/n (No. 14)

a=102334)A o=90

b=11484(6) A B =94.03(4)°

c=199136)A y=90°
2334 A?
4 molecules/cell

20 °C

0.61 x 0.64 x 0.24 mm®
1.731 g/em®

1.721 g/em®

Mo, K, 0.71069 A
8.64 cm!

0.7 - 0.88

260(0-55°)

5356

3790 (n = 2)

367

0.2 e/A?

0.005

SHELX least squares

0.0706
0.0759
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Estimated standard deviations are given in parentheses,
Coordinates x 10" where n = 5,5,4,4,4,4 for Pd,S,N,C,B/F.
Temperature parameters x 10" where n = 4,4,3,3,3,3 for Pd,S,N,C,B,F.
U,, = the equivalent isotropic temperature parameter.
U,, = $EZU;a'a’(aa) T = exp-(8n°U,,sin’0/A%)

Table 6
Fractional atomic coordinates and temperature parameters for [Pd(L,)I(BF,),

Atom x/a y/b z/c Ueq
Pd(1) 9182( 5)  24179(4) 43892(3) 440( 2)
S(1) 4950(31)  49140(25) 42078(14) 935(11)
N1 2840( 5)  2927(6) 4469 4)  56(2)
N©2) | 999( 6) 2554(5)  3376(3)  54( 2)
N3 -841(5) | 1646(5) ~ 4118(3)  53(2)
N@4) | 1203(7)  2216(5)  5413(3)  52(2)
cay 3091(9)  4196(9)  4501(8)  122( 6)
C(2) - 2195(14)  5057(11)  4529( 9) 155( 8)
C(3) 534( 9) 4747(7)  3314(5)  69(3)
C4) 182( 9) 3537(7) 2068(4)  63(3)
C(5) 2424(9) ' 2661(9)  3213(5)  176(3)
C(6) 3321(8)  2370(8)  3845(5)  74( 3)
C(7) 3449(8) 2308(9) 5056(5)  81(4)
C(8) 369( 8) 1422(7)  3120(4)  66(3)
C@11) 2508(9)  23231(7) , 5614(5)  66( 3)
C(12) 2898(12) 2364(9) | 6304(6)  87( 4)
C(13) 1985(13) | 2260(9) | 6766(6)  89(4)
C(14) 722(11) 2139(19))  6545(5)  78( 4)
C(15) 353( 9) 2139(7)  5865(4)  64( 3)
C(21) -828(7)  1251(6)  3473(4)  53(2)
C(22) -1977C9)  714( 8) 3156(5)  74( 3)
C(23) -3069(9)  572(8) 3511(6)  76( 4)
C(24) -3039( 8) 976( 4186(5)  70( 3)
C(25) -1930( 7). 515( 8)* 4449(4)  61(3)
B(1) 6260( 9) 4329(10) 3560(5)  64( 3)
B(2) 1735(10)  3967(12) 1238(6)  74(4)
FQ1) 6127(6)  3905(7)  4180(3)  119( 3)
F(2) | 7404( 6) | 4668(8)  3418( 4) 147( 4)
F(@3) 5809(16) 3536(13) 3153(5)  265(9)
F(4) 5398(9)  5112(11) 3425(8)  244( 8)
F(5) 1646(14) 4578(9) ' 1825(5)  213(7)
F(6) 2722(7)  4484(8)  961(5)  153(4)
F(7) 730( 9) 4251(11) ' 884( 8) 242( 8)
F(8) 1803(16)  2869(9)  1334(10)  284(11)
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Table 6
Interatomic Distances (A) for [Pd(L,)1(BF,),

Atoms Distance Atoms Distance
S(1)-Pd(1) 2915 (3)| | C(5)-C(6) 1.538 (14)
N(1)-Pd(1) 2.044 ( 6) C(11)-C(7) 1.519 (14) |
N(2)-Pd(1) 2.028 (6) - C(21)-C(8) 1.467 (11) -
N(3)-Pd(1) 2.041 (6) C(11)-C(12) 1.402 (14)
N(4)-Pd(1) 2.041 ( 6) 0(12§-C‘(13) 1.361 (17)
C(2)-S(1) 1.815 (13) C(13)-C(14) 1.341 (15)
C(3)-S(1) 1.791 (10) C(14)-C(15). 1.377 (12)
C(1)-N(1) 1.480 (12) C(22)-C(21) | 1431 (11)
C(6)\N(1) 1.507 (11) C(22)-C(23) 1.373 (14)
C(7)-N(1) 1.466 (12) C(23)-C(24) 1.420 (14)
C(4)-N(2) 1.506 (10) C(24)-C(25) 1.362 (11)
C(5)-N(2) 1.520 (11) F(1)-B(1) 1.341 (11)
C(8)-N(2) 1.521 (10) F(2)-B(1) 1.282 (11)
C(21)-N(3) 1.361 (10) F(3)-B(1) 1.281 (13)
C(25)-N(3) 1.342 (10) F(4)-B(1) 1.274 (13)
C(11)-N(4) 1.370 (10) F(5)-B(2) 1.369 (14)|
C(15)-N(4) 1.297 (11) F(6)-B(2) 1.324 (13)
C(2)-C(1) 1.351 (16) F(7)-B(2) 1.245 (14)
C(3)-C(4) 1.506 (12) F(8)-B(2) 1.276 (15)

Estimated standard deviations are given in parentheses.




Table 7
Bond Angles (deg) for [Pd(L,)I(BF,),

Atoms Angles Atoms Angle
NQ)-Pd(1)-S(1)  82.1(2) C(1)-C(2)S(1)  123.7(9)
N(@2)-Pd1)-S(1)  79.5(2) C(4)-C(3)-S(1)  113.5( 6)
N(2)-Pd(1)-N(1)  87.0( 3) C(3)-C(4}N@)  116.7(17)
N@)-Pd(1)-S(1) | 105.9(2) CE-CEINE)  109.3(7)
N(3)-Pd(1)-N(1)  165.3( 3) C(5)-C(6)-N(1)  111.7(7)
N(3)-Pd(1)-N(2) ~ 82.5( 3) C(11)-C(7)-N(1)  108.8( 6)
N(4)-PA(1)-S(1)  104.1( 2) C(21}-C(8)-N(2)  107.5( 6)
N(4)-Pd(1)-N(1)  83.6( 3) C(M-C(11)-N(4)  116.2( 8)
N(4)-Pd(1-N(2)  169.3( 3) C(12)-C(11)-N(4)  119.3(10)
N(4)-Pd(1}-N(3)  105.8( 3) C(12)-C(11)-C(7)  124.4( 9)
C(2)-S(1)-Pd(1)  85.1( 4) C(13)-C(12)-C(11) 119.8(10)
C(3)}-S(1)-Pd(1)  90.2( 3) C(14)-C(13)-C(12) 118.7(10)
C(@3)-S(1)-C2) 105.6(7) C(15)-C(14)-C(13) 120.6(10)
C(-N)-Pd(1) ' 116.6(5) C(14)-C(15)-N(4)  122.1( 9)
C(6)}-N(1)-Pd(1)  100.6( 5) C(8)-C(2D-N(3)  118.1(7)
C(6}-N(1)-C(1)  112.8( 8) C(22)-C(21)-N(3) 119.7( 7)
C(7-N(1)-Pd(1)  105.8(5) C(22)-C(21)-C(8) 122.2( 8)
C(H-NQ)-C1)  112.3(9) C(23)-C(22)-C(21) 119.7( 9)
C(7}N(1)-C(6)  107.8(7) C(24)-C(23)-C(22) 119.0( 8)
C(5)-N(2)-Pd(1)  109.1( 5) C(24)-C(25)-N(3) 124.0( 8)
C(5}N(2)-C(4)  111.4(6) F(2)-B(1)-F(1)  117.8(9)
C(8)}-N(2)-Pd(1) . 102.7(5) F(3)-B(1)F(1)  105.5(10)
C(8)}-N(2)-C(4)  107.1( 6) F3)-B()-F@)  111.7(11)
C(®)-N@2)-C(5)  112.7(6) F(4)-B(1)F(1)  109.6(10)
C(21)-N@)-Pd(1)| 108.9(5) | F(4)}-B(1)-F(2)  111.5(10)
C(25)-N(3)-Pd(1)| 131.7(6) | FA)-B(LFGE)  99.0(12)
C(25)-N(3)-C(21), 119.35 7 F(6)-B(2)-F(5)  103.0(10)
C(11)-NW)-Pd(1)| 110.2(6) F(7)-B(2)}-F(5)  104.2(12)
C(15)}-N(4)}-Pd(1) 130.0( 6) F(7)-B(2)-F(6.  105.7(13)
C(15)-N(4)-C(11)  119.4( 7) F(8)-B(2)-F(5)  112.6(14)
C(2)-C(1)-N(1)  127.3(9) F(8)-B(2)}-F(6)  118.0(12)
F8)-B(2)-F(7)  112.1(13)

Estimated standard deviations are given in parentheses.




Table 8

Mean plane for [Pd(L,)}(BF,),
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The equation of the plane containing the four nitrogens is:
0.3821X - 0.9207Y - 0.0792Z + 2.9751 = 0

Atoms X Y Z P

N(1) 2.8212 ' 3.3610 8.8763 0.0490
N(2) 0.5497 2.9332 6.7066 -0.0469
N(@3) -1.4366 1.8897 8.1805 0.0381
N(4) 0.4737 1.8897 8.1805 0.0381
Pd(1) 0.3254 2.7767 8.7186 -0.1479
S(1) -0.0823 5.6432 8.3583 -2.9144
C(4) -0.2427 4.0615 6.094 -1.3400
C(5) -2,0312 3.0557 6.3824 0.4323

where P is the perpendicular distance between the atom and the mean

plane, given in A.
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However, the chelate bite angles N(2)-Pd(1)-N(3)pyr and N(1)-Pd(1)-N(4)pyr are

significantly smaller (82.5 and 83.6°). This is a consequence of the partial
double bond character of the C-N bonds of the pyridine moieties which have an
average bond distance of 1.36 A, closing the bite distanée between the atoms
N(1) and N(4) to 2.73 A and that of N(2) and N(3) to 2.68 A (Figure 10).

The bond distance between palladium and sulphur atom in the apical
position is 2.92 A, which is consistent with that of [Pd([9]aneS,),)(PF,),
reported in the literature®®., However, this bond distance is less than the sum
of the van der Waals’ radii (3.40 A) of palladium and sulphur®’. Since the
geometry of the [9]aneN,S moiety does not restrict the axial ligand to be
coordinated to the metal centre, as has been shown by the crystal structure of
[Pd{[9]aneN,),]** (Figure 12)*® in which the apical nitrogen atoms oriented
away from the axial coordination sites of the palladium, this suggests the
existence of significant interaction between Pd and S atoms in [Pd(L,)]*. A
close examination also indicates that the apical sulphur atom is tilted away by
18° (Fhgure 13) from the perpendicular ﬁosition directly above the palladium
center. This suggests that for the [9]JaneN,S moiety, there is considerable
strain involved in reaching over fully to cap the palladium ion in the axial
site.

The mean plane calculation of the molecular structure of [Pd(L,)]*

(Table 8) indicates that the palladium centre is 0.15 A above the basal plane
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Figure 11 Comparison of the in-plane geometry of [Pd(L,)]* with
structurally analogous species.
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Figure 12 ORTEP diagram of [Pd([9]aneN,),]** (from ref, 68).

&Pd'\‘ /

N@ — N@pyr

L ——=N(4)pyr

Figure 13 A diagram showing the deviation from perpendicularity of apical

sulphur atom in [Pd(L,))*.
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defined by the four coordinating nitrogen atoms. In addition, the bite distance

between N(3) and N(4) is 3.27 A (Figure 10), which is larger than the average
distance spanned between the nitrogen atoms in five membered chelate rings
(2.85 A) of similar geometry as observed in the metal complexes of daptacn
(18)®, These observations can be; explained partially by the fact that the
cavity defined by the ethylene linkage and the pyridine moieties in the basal
plane does not provide the "best fit" for a Pd(II) ion. However, in [Pd(trien)]*,
the palladium ion is only 0.06 A above the plane defined by the four nitrogen
atoms‘"f" despite the "hole" size of trien being similar to L,. This provides
further evidence that in [Pd(L,)]*, there is significant interaction between the
sulphur atom in the axial position and the palladium ion, pulling the latter
above the pailadium ion further out cf the equatorial plane.

Hoffman et al™ have calculated the optimal L, . -M-L,,., angle 0 for
ML, systems adopting a square-pyramidal geometry. For d° ions, the optimal
0 is 164". The basal angles for N(3)-Pd(1)-N(1) and N(2)-Pd(1)}-N(4) in
[Pd(L,))* are 165°‘and 169° which are consistent with the theoretical value for

a d® ion.
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The existence of five-coordinate complexes of palladium(II) is well-
documented’, especially those containing phosphorus, sulphur and selenium
as ligands. Several palladium complexes containing 2,2"-bipyridine and o-
phenanthroline (phen) ligands have also been reported”. However, very: ‘ew
examples of five-coordinate Pd(iI) complexes with macrocyclic ligands
structurally similar to L, have been reported in the literature™, In the
crystal structure of the five coordinate py,[9]aneN, (1,4,7-tris(2-pyridylmethyl)-

1,4,7-triazacyclononane) complex of Pd(II)"*, the average in-plane bond

)
N/———_\N
I v
H\ /g
19

distances of Pd-N(amine) and Pd-N(pyridine) are 2.03 and 2.04 A, respectively,
which are comparable to those observed in [Pd(L,)]**. However, the bond
distance of Pd-N(amine) in the apical position is 2.58 A which is shorter than
the Pd-S bond distance observed in [Pd(L,)]**. This results from the increased
covalent radius of sulphur relative to that of nitrogen.

| A structurally-related ligand, bicycloSN, (19) has been prepared™ and
the crystal structure of its Pd(II) complex™ (Figure 14) demonstrates that the |

palladium ion is also in a square-pyramidal environment. The average in
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palladium ion is also in a square-pyramidal environment. The average in
plane Pd-N bond distance is 2.07 A, which is longer than those observed in
[PA(L,)]*. The bond distance of Pd-S in the axial site is 2.88 A and the
palladium centre is 0.148 A above the basal plane defined by the four
coordination nitrogen atoms. These structural data are comparable to those
observed in [Pd(L,)}**. The only exception is the apical sulphur atom which is
only tilted away by 13° from the perpendicular position directly above the

metal centre in [Pd(bicycloSN,)I* compared to an angle of 18° in [Pd(L,)]*.

Fiﬂll‘e 14 ORTEP diagram of [Pd(bicycloSN,)]**. Selected boid distances
in A: Pd...S(1) = 2.875(3), Pd-N(1) = 2.068(9), Pd-N(2) = 2.088(8), Pd-N(3) =
2.063(8), Pd-N(4) = 2.064(8).




24 Solution Studies
(a) NMR spectroscopy

‘H and "*C NMR spectra of [Pd(L,))** at room temperature in CD,CN
were shown in Figure 15 and Figure 16, respectively, both of which suggest
that the solution structure of [Pd(i,l)]'“ is the time average of the solid state
structure (Figure 10). The *C NMR spectrum shows nine lines and they are
attributed to the nine distinct carbon atoms in the couplex. A detailed
assignment of each of these carbon resonances was aided by the "“C-'H
correlated spectrum (Iigure 17). The resonance at 32.8 ppm corresponds to
carbons attached to the sulphur atom and the signals at 62.0 and 63.0 ppm
correspond to carbons attached to the nitrogen atoms in the [9]aneN,S moiety.
The resonance at 69.6 ppm is attributed to the carbon atom next to the
pyridine moiety and the resonances from 118.4 to 163.1 ppm are attributed to
aromatic carbons in pyridine. The peak at 163.1 ppm is not correlated to any
protons and is attributed to the o-position of the pyridine.

The analysis of the 'H NMR is more complicated. This is in part due to
the strong coupling between methylene protons adjacent to nitrogen and
sulphur atoms in the cyclononane moiety. The aliphatic region of the spectrum
can be divided into three subspectra: an AB pattern at 6 4.30 and 5.48 due to
methyiene protons next to the pyridine moiety; an AA’BB’ pattern at & 3.55

and 3.97 due to protons in the chelating ethylene-diamino portion in the
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Figure 15 'H NMR spectrum of [Pd(L,)(BF,), in CD,CN at ambient
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Figure 16 ®C NMR spectrura of [Pd(L,)}(BF,), in CD,CN at ambient
temperature. (* denotes solvent peak)
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Figure 17 'H-"C correlated NMR spectrum of [Pd(L,)J(BF,), in CD,CN.
(* denotes solvent peak)




Table 9
'H NMR Parameters for [Pd(L,)}(BF,), in CD,CN.
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a. AA’BB’ Subispectrum: Chelating diamino portion

3, = 6, = 3.97 ppm Hy Ha

d, = &, = 3.55 ppm N Ha N Hy
= 6.58 Hz Pd< : <

= duy = -14.64 Hz N~ N He

ab’ = Ju'b t— 7,20 HZ ) Hh

thr = 5.35 HZ

o L!:f-‘

b. ABCC’ Subspectrum: Chelating thia-amino portion

- 3, = 2.81 ppm He
8,, = 3.00 ppm Ha
3, = 8, = 3.03 ppm Ho 4 o
J, =-10.34 Hz —"e
d,. = 0.727 Hz
J = 5.64 Hz
Jus = 6.56 Hz Pj N
J = -15.17 Hz
c. ABCDX Subspectrum: Chelating pyridylmethyl pcrtion
9, = 8,49 ppm
3, = 7.63 ppm
o, = 8.14 ppm
O, = 7.69 ppm
o, = 5.48 ppm
8 , = 4.30 ppm
do = 5.89 Hz
J.. =104 Hz
Jud = 0.00 Hz
du = 0.80 Hz
Jy. = 8.03Hz
dyy = 0.12 Hz
Jix = 0.00 Hz
Ja =798 Hz
ch = 0.00 HZ

de‘ = 0.00 HZ




lSimulated Spectra Experimental Spectra

(a) Chelating diamuno portion (3.5 - 4.1 ppm)

40 Yoae 3.6
- ‘

(b) Chelating thia-amino portion ( 2.7 - 3.2 ppm)

W wy

Ve ’e e

(c) Chelating pyridmethyl portion ( 7.6 - 8.2 ppm)

¥ T Y
Y\ J 3 " i

Figure 18 Simulated and Experimental 'H NMR spectra of [Pd(L,)]*" in
CD,CN.
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equatorial plane and an ABCC’ pattern at 8 2.81 - 3.03 due to methylene

protons adjacent to sulphur and nitrogen near the apical region of the cation
complex. The simulated spectroscopic parameters are summarized in Table 9
and Figure 18.

The Karplus equation’ has been utilized in the structural analysis of
organic molecules by providing a relationship between torsional angles and
observed coupling constants. In the present case, the application of this
equation provides a basis for determining the geometry in the chelate rings in

solution. In the AABB’ subspectrum which is generated by the ethylene

protons of the NCH,CH,N portion of the ligand (Figure 18), the structure has

an envelope shape (Figure 10). It is interesting to note that the coupling
constants J,, and J,, are of the same magnitude (Table 9). This is due to rapid
interconversion between two envelope conformations in the five membered
chelate ring in solution. As a result, the solution structure of the chelating
NCH,CH,N portion of the cation complex is the time average of the two
conformers shown in Table 9. If the conformation in the five-membered
chelate ring were locked in any one envelope conformation, J, (or J,,,) would
be greater than J,, (or J,,). In addition, it would be expected to have a value
close to 14 Hz since H, (or H,) and H, (or H,)) are essentially 180° apart. The
other coupling constants J,, and Jy,, within the AA’'BB’ pattern are typical of
two CH bonds with a dihedral angle of = 60°.
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For the thicamino portion of the molecule, the coupling constant
observed for J,_ has a value of 0.73 Hz (Table 9), indicating that the dihedral
angle between CH, and CH, bonds is essentially 90°. In addition, the five-
membered chelate ring is not as flexible as that of the diamino portion of the
complex in the equatorial position. This may be a consequence of the
interaction between the sulphur atom and palladium as determined by the
crystal structure, which results in a degree of rigidity in the thioamino portion
of the complex.

The AB pattern due to pyridyl-methylene protens is complicated by the
existence of long range coupling between the proton H, at the equatorial plane
with those in the pyridine moiety. Such coupling causes the second doublet at
d 5.48 within the AB pattern to be splitted into a doublet of a doublet, which
was not resolved in the observed spectrum. As a result, the peak height of the
doublet at & 5.48 is only half of that observed at & 4.25 (Figure 15). The
pyridine portion of the spectrum at 8 7.63 to 8.49 was analyzed as an ABCDX
pattern, X being the methylene proton which shows a long range coupling with
the pyridine moiety. The corresponding coupling constants are tabulated in
Table 9 and their values are typical of benzenoid aromatic compounds™.

(b) UV/Vis spectroscopy

The electronic spectral data for [Pd(L,)}(BF,), and other analogous Pd(II)

complexes are summarized in Table 10. The UV/Vis spectrum of [Pd(L,))**

exhibits two absorption bands at 264 nm (e = 6220 M"cm™) and 301 pmi (¢ =
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Table 10
Electronic spectral data for [Pd(L,)I(BF,), and analogous species

Complex solvent color A /NN ref.
(80 Mlcm™)

[Pd(L,)1** CH,CN orange- 264 (6220) present
brown 301 (3510) work
{Pd(py,[9]aneN,)I**  CH,CN red 453 (76) 74
[(Pd(trien)}** H,0 296 (1000) 65
[Pd(bicyloSNF* CH,CN yellow 290 76
[Pd([9]aneS,),)** CH,CN blue 296 (15000) 66
615 (55)

3510 M'em™). There are no distinctive absorption bands above 350 nm even
when a concentrated (0.01 M) solution of [Pd(L,)J** in acetonitrile was
recorded. It is possible that the high ligand-field effects of pyridines and
amines combine to move the low energy d-d transition under the charge
transfer absorption bands. However, it is interesting to note that t%he
absorption maximum near 301 nm is also observed in analogous Pd(II)
complexes such as [Pd(trien)]** and [Pd(bicycloSN,)]** (Table 10). It is possible
that this absorption is a ligand to metal transfer band which arises from the

amine nitrogen to the palladium metal centre.




(¢)  Electrochemistry

The electrochemical data for the [Pd(L,))** ion and related palladium
complexes are summarized in Table 11. The cyclic voltammograms (CV) of
[PA(L)]* in CH,CN containing 0.1 M Bu,NPF; as supporting electrolyte
exhibited an irreversible reduction wave at -1.25 V vs Fe¢/Fe* when scanned
from the potential range of 0.0 to -2.0 V (Figure 19). This reduction potential
is comparabie with the value of -1.3 V observed in [Pd(bicycloSN,))**. This
reduction wave remained irreversible even when the scan rate was increased
from 100 to 1000 mVs", indicating that the Pd(I) species generated is unstable
in the time scale of the CV experiment. The inability of L, to stabilize Pd(I)
despite the presence of soft S atoms and pyridine moie:ies in its ligand
framework (which can act as n acceptors and therefore stabilizing low
oxidation states) may be due to the fact that the cavity defined by the ligand
is too small to fit the larger Pd(I) ion. No dr-pn’ backbonding which will
delocalize some of the excess electron density at the palladium centre upon
reduction can take place. As a result, the transient [Pd(L,)]* formed which is
substitution labile undergoes further reaction (possibly disproportionation to
Pd(II) and Pd(0), followed by demetallation) rapidly and cannot be detected on
the reverse scan in the CV experiment.

It is interesting to note that no oxidation wave was observed in the
[Pd(L,)]** in the range of potential (0.0 - 2.0 V) investigated. On the other

hand, a reversible metal-based oxidation wave was observed at 0.8 V vs Fe/F¢*
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Table 11
Redox potentials of Pd(II) complexes
Complex E Ref.
(vs Fe/Fet), V

Padl to Pa():

[Pd(L,))* -1.25° present

work
[Pd(bicycloSN,)1* -1.30° 76

Pd(II) to PA(III):

[Pd(L,)1?* not observed present
work
[Pd(bicy103N4)]2+ E% = 0.80 76
(AE, = 120 mV)
[Pd([9laneS,)}* E, = 0.60 66
(AE, = 84 mV)

* irreversible reduction
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for [Pd(bicycloSN,)]** and another related thia complex of Pd(II) (Table 11).

Such an oxidative inactivity of the [Pd(L))* may again arise from the
stereochemical inflexibility of L, upon coordination to Pd(II), A distorted
octahedral stereochemistry, which is the preferred coordination for a d” ion™

can be achieved by ligands such as bicylcoSN, and [9]aneS; but not by L, due

to structural constraint in the ligand framework.
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Figure 19 Cyclic voltammogram of [Pd(L,)I(BF,), in CH,CN containing
0.1 M By, NPF,. F¢/Fc* occurs at 0.096 V.,
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2.5 Conclusions

In summary, the palladium(II) complex of L, was synthesized and its
solid state structure characterized by X-ray crystallogiaphy. This ‘complex
cation has a distorted square-pyramidal structure both in solution and in the
solid state as confirmed by 'H and »C NMR in CD,CN. The CV study of this
cation in acetonitrile under argon atmosphere indicated that it did not form
stable moncmeric [Pd(L,)]* upon reduction despite the presence of soft S and
pyridine N atoms in the ligand framework. In addition, no oxidat;ion to a
PA(III) species was detected in the CV study in the range of potential (0-2.0 V
vs Ag/AgNQ,) investigated. Such redox behavior was rationalized as due to the
structural constraints imposed by the ligand framework, which is unable to
sustain a tetragonally-distorted octahedral environment preferred by a d’
Fd(III) or a d° Pd(I) ion. As a continuing attempt to isolate stable monomeric
Pd(I) and Pd(IIl) species, several 14-membered tetradentate macrocyclic
ligands containing nitrogen and sulphur donor atoms with pyridine pendant
arms (L, - Ly) have been synthesized. The chemistry of their palladium(II)

complexes in solution will be discussed in the next chapter.




CHAPTER 3

SYNTHESES AND SOLUTION STUDIES OF PALLADIUM(II)
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MACROCYCLIC COMPLEXES WITH NITROGEN AND SULPHUR

MIXED DONOR LIGANDS
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3.1 Introducticn

Historically®, the most commonly studied macrocyclic ligands are
tetradentate with four nitrogen donor atoms. A typical example is the ligand
1,4,8,11~tetraazacyclotétradecane, commonly known as cyclam. Complexes of
this ligan? reported in the literature® generally have central metal ions from
the latter half of the first transition metal series.

X-ray diffraction studies®® show that most of these complexes have
square-planar geometry int which the ligand cyclam encircles the met:al ion in
the equatorial plane. Five or six-coordinated species are formed in the
presence of coordinating solvent molecules or counterions which show axial
coordination (Figure 20). However, when the metal ion is too large to fit into
the available macrocyclic cavity, the ligand may fold and coordinate to two
axial sites and two equatorial sites of an octahedron. This mode of
coordination is usually referred as "cis" (Figure 20).

In the "trans" coordination, the most favourable conformation for cyclam
is the trans-IIT* (Figure 21). In such a configuration, it is possible for both of
the five-membered chelate rings to adopt the optimum gauche conformation
and the six-membered chelate rings to adopt the chair conformation. In the
“cis" or folded coordination, however, the most favourable conformation for
cyclam is the cis-V in which the NH groups along the N-M-N fold-line are on
the same side of the molecular plane and the other trans pair of NH groups on

the opposite side of the molecular plane®.




64

Figure 20 Cis and trans coordination of cyclam. to a metal ion
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Figure 21 Conﬁgurations of coordinated cyc‘lam,
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In general, aza macrocycles are more selective towards hard ions, they
tend to stabilize the high oxidation states of the first row transition metai
iong®* % In solution, the ligand cyclam forms metal complexes which exhibit
a high degree of kinetic and thermodynamic stability, even with metal ions
which give labile complexes, e.g. Ni(IID)™, thus permitting these metal
complexes to be studied under common experimental conditions.

The cocrdination chemistry of the thia analogue of cyclam (.e.,
[14]aneS,), however, has been studied extensively only recently®’. Solid state
studies® showed that the free ligand, [14]aneS,, crystallized in three
conformations, o, B, #nd B,. These isomorphs exhibit exo conformaiions with
th‘e lone pairs of electrons of the sulphur atoms pointing out of the macrocyclic

ring (Figure 22). As a result, tetrathia macrocycles have a tendency to bind

Figure 22 The structure of the o-isomer of [14]aneS, (from ref. 82)
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to metal ions in an exo manner, causing bridging between two melal
fragments, e.g., [NbCl;],[14]1aneS,* (Figure 23). Complexation in an endo
fashion in which the metal ion is complexed within the macrocyclic cavity, e.g.,
in [Ni([14]aneS,)]** as shown in Figure 23, requifas reorganization of ligand.

The chemistry of thioether ligands has been reviewed recently®*®!, In
general, these ligands can serve as n-donors via donation of the second lone
pair in sulphur to the metal and also as n-acceptors using the empty d orbitals
on sulphur. The n-acceptor ability of the sulphur atoms can be demonstrated
by their ability to stabilize the lower oxidation states of a given metal ion, e.g.
in the Rh(I) complex®, [Rh{14]aneS,)]*.

In contrast to the N, and S, donor sets, there have been relatively few
studies on macrocyclic ligands involving sulphur and nitrogen mixed donor
sets®’. Black and coworkers®® synthesized [18]aneN,S, and the Co(iI) and

Ni(IT) complexes. Lehn and coworkers™ have prepat ed [12]aneN,S, and

[NbCls]o[14]aneS4 [Ni(14)aneS4J#*

Figure 23 Examples of exodenate and endodentate coordination of
[14]aneSS, to transition metal ions.
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studied the Cu(Il) complex. Rorabacher et al®®*® have prepared a series of 14-
membered macrocyclic ligands containing N,S,, donor sets (where x =1, 2, 3)
with alternating ethylene and propylene bridging groups. They have also
studied the protonation constants, stability constants and kinetics of complex
formation for these ligands with Cu(II) ion in aqueous medium®. The growing
interest in the coordination chemistry of these systems arises from the
potential similarity of coordination environment around metal centres in
copper proteins®, In addition, the pessibility exists that these systems may
combine the hard and soft donor properties of aza and thia macrocycles and
therefore stabilize both high and low oxidation states of a giver. mctal centre.

This chapter describes the syntheses of a series of 14-membered
macrocyclic ligands, L, - L;, with special emphasis on the crystal structures
and solution studies of Pd(II) complexes of L,. The characterization and
solution studies of the Co(II), Ni(II) and Cu(II) complexes of L; will be

discussed in Chapier 4.
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3.2 Syntheses

The synthetic route leading to ligands L, and L, are summarized in
Schemes 5 and 6, respectively, with experimental details being provided in
Chapter 7. TFor both ligands, the first step (from 20 to 21, or from
diethanolamine to 23) involves the protection of the amino functional group by
the formation of a sulphonamide. This is necessary as the secondary amino
fur:ctional groups are nucleophilic and interfere with the <yclization reaction
in the following step. The protection of the amine was achieved in good yields
by the reaction with three equivalences of p-toluene sulphonyl chloride in
dichloromethane. This process not only masks the nuclecphilic property of the
amino group but‘ also converts the hydroxy into a better leaving group. The
tosylates formed (21 and 23) were characterized by NMR, MS and melting
point determination.

The tosylated amines (21 and 23) can be used directly for the cyclization
(Scheme 5) or converted to dibromides (Scheme 6) via nucleophilic substitution

of tosyl oxy groups by NaBr in N,N-dimethylformamide (DMF). Both the tosy)




Scheme 5
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oxy group and bromide can serve as the leaving groups in the formation of C-S
bonds in the cyclization.

The dithiol 25 required for the cyclization was obtained in good yield (ca.
85%) by refluxing an ethanolic solution of 21 and thiourea for ’12 hours,
followed by the base hydrolysis of the isothiuronium salt, as summarized in

Scheme 7. The cyclization reaction leading to tosylated macrocycles 22 and 26
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(Scherne 5 and 6) is achieved by the reaction of the corresponding dithiol and

dibromide or ditosylate in eguimolar concentration under medium dilution

conditions (final concentration of reagents ca. 0.01 M) using Cs,CO, as the base

in dry DMF.

The detosylation of 22 and 26 was complicated by the presence of

thioether functional groups. The thioether linkages were prone to cleavage

when acidic procedures sufficient to remave tosyl groups were used (H,S0, at

105 °C for 2 days™ or 30% HBr/acetic acid®” heated at refluxed for 2 days).
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Scheme 7
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To avoid this problem, a reductive detosylation involving LiAlH, was
employed®. Tigands L, and L, were obtained in satisfactory yields (ca. 70%).
The pyridine moiety was ir‘roduced into L, and L, by the reaction of
chloromethylpyridine as shown in Schemes 5 and eq. 7, respectively.
Palladium(IT) complexes of L, and L; were prepared by the reaction of
equimolar quantities of the ligand with [Pd(CH,CN),}(BF,), or [Pd(PhCN),ICl,
in dry CH,CN under an atmosphere of nitrogen. The platinum(I) complex
[Pt(L,)CIJ* was prepared by the reaction of [Pt(PhCN ),Cl,] with the ﬁ'ee ligand

in dry acetosnitrile.
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3.3 Crystal Structures
(a) Crystal structure of [Pd(L,)]J(C)(PF})

The palladium(IT) complex of YL, has been char‘acterized by
crystallography and the molecular structure is shown in Figure 24, along with
the atomic labelling scheme. The crystallographic parameters are listed in
Table 12. The fractional atomic coordinates, interatomic distances and bond
angles are shown in Tables 13 - 15. Asillustrated in Figure 24, the palladium
atom is in a square-planar environment. Tt is coordinated to three sulphur
atoms and one nitrogen atom from the ligand.

The average Pd-S bond distance is 2.29 A, which is similar to those
observed in [Pt(14)aneS,]* (mean Pt-S = 2.28 A)* and [Pd(14)aneS,)* (mean
Pd-S = 2.27 A)*', For S(2) which is trans to N(1), the Pd-S(2) bond distance is
0.04 A shorter than the other two Pd-S bond distances. This is because the
trans-influence of a sulphur ligand is greater than that of a nitrogen ligand'.
The two anions Cl' and P¥, are beyond the bonding distance to palladium

(Pd...Cl = 3.396 A and Pd...F' = 4.040 A),




73
The five-membered ring chelate bite angles of S(1)-Pd-S(2) and S(2)-Pd-

S(3) are 88.6° and 87.1°, respectively. These values are typical of five-
membered chelate rings with gauche conformations®""%, The six-membered
chelate ring defined by the atoms Pd, N(1), C(8), C(9), C(10) and S(1) adopts
a chair conformation with the bite angle of N(1)-Pd-S(1) being 90.4°. The other
six-membered chelate ring defined by atoms Pd, S(3), C(5), C(6),C(7) and N(1)
adopts a twist-boat conformation with the chelate bite angle N(1)-Pd-S(3) being
93.4°. The bond angles of N(1)-Pd-S(2) and S(1)-Pd-S(3) are 173.6° and 173.2°,
respectively. These values are close to the ideal value (180°) for squa..e-planar
geometry.

The mean plane calculation for the nitrogen and sulphur donor atoms
in the molecular structure of [Pd(L,)]?* indicates that all three sulphur atoms
of the ligand framework lie on the same plane whereas the nitrogen atom is
0.04 A below the plane (Table 16). The palladium atom, on the other hand, is
0.106 A above the "plane” defined by the nitrogen and three sulphur atoms.
It is interesting to note that when coordinated to palladium, the ligand L,
adopted a "puckered crown" shape similar to the Trans-I geometry observed
with transition metal complexes of cyclam (Figure 21). The lone pairs on
sulphur atoms and the hydrogen on the nitrogen atom in [Pd(L;)]** are
oriented above the ligand-metal plane. This configuration puts carbon bridges
below the hitrogen and sulphur donor plane. A similar configuration is also

adopted by [14]aneS, when coordinated to Rh(I)*, PA(ID* and PtID*. This
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Figure 24 ORTEP diagram of [Pd(L,)]*". Selected bond distances in A:
Pd-N(1) = 2.088(4), Pd-S(1) = 2.302(1), Pd-S(2) = 2.269(1), Pd-S(8) = 2,309(1).

Figure 25 Unit cell diagram of [Pd(Ly)1""
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Table 12

Experimental Crystallographic Data for [Pd(L,)}(C1)(PF,)

Formula:

FW.

Crystal colsur:
Crystal system:
Space Group:

Cell dimensions:

Vear:
zZ:

Temperature:
Crystal dimensions:
Doy

.
meis,*

Radiation:

o
transmission range:
Measurement:

No. of reflections collected:
No. of reflecticns I = no(I):

No. of parameters:
No. of standards:
Residual electron density:

Maximum final shift/error:

Refinement method:

R:

R,

PdC, H,NS,CIPF,
537.3

~ yellow

tx;iclinic
Pl (No. 2)

II

a=101272)A o =87.99 ()
b=125684)A B =95.55(2)
¢ =7.141(2) A v = 91.02 (2)
904.0 A®

2 molec./cell

20 °C

0.2 x 0.7 x 0.25 mm®
1.974 g/em®

1.959 g/cm®

Mo, K, 0.71069 A
15.14 cm!

0.805 - 1.00
20(0-50°)

3079

2806 (n = 4)

208

0100, 007, 700

0.16 e/Aa

0.030

SHELX least squares

0.0422
0.0486




- Table 13
Fractional atomic coordinates and temperature parameters for

76

[PA(L,)I(CI)PF,)

Atom x/a y/b z/c U,
Pd(1) 22313( 3)  25294( 3) 27459(5) 270(2)
CK1) 26357(15) 42146(12) 73560(19) 430( 5)
S(1) 5400(13)  36453(11) 16040(18) 340( 4)
S(2) 7401(15)  15534(11) 42823(24) 437( 5)
S(3) 38451(15) 14309(12) 42195(24) 451(5)
P(1) 7675( 2) 1020( 1)  -842( 2) 43( 1)
F(1) 7691( 7) 1085( 4) 1349( 6)  94( 2)-
F(2) 7617( 7) 975( 5) -3042(7)  106( 3)
F(3) 7329( 7) 2241( 4) -1023(9)  110( 8)
F4) 6161( 6) 755( 5) -1008(10)  115( 3)
F(5) 7938( 8) -186( 4) -655( 9) 123( 3)
F(6) 9159( 5) 1357( 7) -638(10) 134( 3)
N(1) 3615( 4) 3550( 4) 1601( 6)  34( 1)
C(1) -778( 6) 3223(5)  3058(9)  43(2)
C©Q) -248( 6) 2668( 5) 4903( 3) 45( 2)
C(3) 1828( 9) 1332( 8) 6532(11)  85( 4)
C(4) 3044( 8) 867( 8) 6207(13)  82( 3)
C(5) 4921( 6) 2489( 5) 5203(9)  45(2)
C(6e) 5690( 6) 2084( 5)  2621(10)  50( 2)
C(7) 4955( 6) 3114( 5) 1666( 9)  48( 2)
C(8) 3649( 6)  4643( 4) 2486( 8)  39(2)
C9) 2394( 6) 5272( 4) 1888( 8) 41( 2)
C(10) 1140( 6) 4876( 4)  2714(8)  37( 9

¥stimated standard deviations are given in parentheses.
Coordinates x 10" wheren =5,5,54,444 for Pd, Cl, S, P, ¥, N, C.

Temperature parameters x 10" where n = 4,4,4,3,3,3,3 for Pd, CL, S, P,

F, N, C.

U,, = the equivalent isotropic temperature parameter,
ch = %ZiEjUijafaj‘(ai.aj)

T = exp-(8n*U,, sin®6/A%)

180




Table 14
Interatomic Distances in A for [PA(L)XCI)PF,)

77

Atoms Distance Atoms Distance
N(1)-Pd(1) 2.088( 4) S(2)-C(3) 1.873( 8)
S(1)-Pd(1) 2.302( 1) S(3)-C(4) 1.819( 8)
S(2)-Pd(1) 2.269( 1) S(3)-C(5) 1.821( 6)
S(3)-Pd(1) 2.309( 1) C(1)-C(2) 1.524( 8)
N(1)-C(7) 1.468( 7) C(3)-C(4) 1.415(12)
N(1)-C(8) 1.531( 7) C(5)-C(6) 1.540( 9)
S(1)-C(1) 1.829( 6) C(6)-C(7) 1.523( 9)
S(1)-C(10) 1.830( 5) C(8)-C(9) 1.527( 8)
S(2)-C(2) 1.827( 6) C(9)-C(10) 1.520( 8)

Estimated standard deviations are given in parentheses.

Table 15
Bond Angles in degrees for Pd(L,)}(C1)(PF,)

Atoms Angle Atoms Angle
N(1)-Pd(1)-S(1) 90.4 (1) C(5)-S(3)-C(4) 104.8 (4)
N(1)-Pd(1)-S(2) 173.2 (1) C(7)-N(1)-Pd(1) 114.3 (4)
N(1)-Pd(1)-S(3) 93.2 (1) C(8)-N(1)-Pd(1) 1113 (3)
S{2)-Pd(1)-S(1) 88.6 (1) C(8)-N(1)-C(7) 1109 (4)
S(3)-Pd(1)-S(1) 173.6 (1) C)-C(-s(1) 1127 (4)
S(3)-Pd(1)-S(2) 8.1 (1) C(4)-C(3)-S(2) 1114 (6)
C(D)-S(1)-Pd&(1) 101.6 (2) C(3)-C(4)-S(3) 115.8 (5)
C(10)-8(1)-Pd(1) 99.4 (2) C(6)-C(5)-5(3) 108.3 (4)
C(10)-8(1)-C(1) 101.8 (3) C(N-C(6)-C(5) 117.7 (5)
C(2)-S(2)-Pd(1) 96.9 (2) C(6)-C(7)-N(1) 115.5 (5)
C(3)-S(2)-Pd(1) 96.7 (3) C(9)-C(8)-N(1) 112.1 (4)
C(3)-S(2)-C(2) 100.6 (4) C(10)-C(9)-C(8) 116.1 (5)
C@)-5(3)-Pd(1) 102.5 (3) C(9)-C(10)-S(1) 110.0 (4)
£(5)-S(3)-Pd(1) 96.3 (2)

Estimated standard deviations are given in parentheses.
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Table 16
Mean plane for [Pd(L,)I(CD(PF,)

The equation of the plane containing the three sulphurs and one
nitrogen is;
-0.0375X - 0.5938Y - 0.8037Z + 3.6755 =0

Atoms X Y Z P
S(1) 0.3545 4.6189 1.1394 0.0036
S(2) 0.4190 20540  3.0419 -0.0048
S(3) 3.5705 1.8986 2.9973 0.0051
N(1) 3.4712 4.4985 1.1376 -0,0404
Pd(1) 2.0134 3.2439 1.9506  0.1060
CI(1) 2.0669 54713 52254  -3.8508
C(1) -1.0709 4.1234 2.1723  -0.4788
C(2) -0.6496 3.4692 34831  -1.1597
C(3) 1.3700 1.8293 46397  -1.1912
C(4) 2.6341 1.2376 4.4093  -0.7021

where P is the perpendicular distance between the atom and the mean
plane, given in A.
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i,canformation has been associated with the increase in nucleophilicity in the
[Rh({14]aneS,)]* cation complex®. However, in the unit cell packing diagiam
(Figure 25) of [Pd‘(Lz)]“, the open coordination face of the complex is not |
associated with another molecule to form lbose dimers as have beer: previously
observed®® in [Rh([14]aneS,)]* and [Pt{[14]aneS,)]*".

(b}  Cryatnl structures of [Pd(L,)CIXPF,) and [Pt(L4)Cl](BF4)

Both of the palladium(II) and platinum(II) complexes of L, havé been
characterized by crystallography. The molecular Structures, along with the
atomic labelling schemes are shown in Figures 26 and 27, respectively. The
crystallographic parameters are listed in Table 17. The fractional atomic
coordinates, interatomic distances and bond angles of [Pd(L,)C1]* are shown in
Tables 18 - 20, whereas those of [Pt(L,)CI]* are shown ixi Tabies 22 - 24.

As shown in Figure 26, the ligand 1, adopts a "folded" conformation
when coordinated to palladium, similar to the ¢i5-V geometry observed in
transition metal complexes of cyclam (Figure 21). Thié is in contrast to tl‘le
"trans" conformation adopted by L, in [Pd(L,)]**, which is similar to the trans-I
geometry observed in metal complexes of cyclam (Figure 21).

In the crystal structure of the [Pd(L,)CI}* ion, the palladium centre is in
a square planar environment. It is coordinated to two nitrogen atoms: one of
them is a tertiary amino nitrogen from the macrocycle and ﬁhe other one is an
arcmatic amino nitrogen from the pyridine moiety, one chloride atom _from the

counterion and one thioether sulphur atom from the ligand. There are two
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Figure 26 ORTEP diagram of [Pd(L,)OI]". Selected bond distances in A:
Pd-Cl, 2.287(3); Pd-S(1), 2.281(3); Pd-N(1)pyr, 2.035(8); Pd-N(2), 2.093(8);
Pd...S(3), 4.77 A.

Figure 27 ORTEP diagram of [Pt(L,,)Cl]*. Selected bond _di'stances in A
Pt-Cl = 2,298(2), P£-S(1) = 2.258(2), Pt-N(1) = 2.033(7), Pt-N(2) = 2.093(7).
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thioether sulphur atoms in the ligand which are not coordinated,

The Pd-N(1l)pyr bond distanee is 2.04 A, which is comparable to
[Pdpy,[9]aneN;1** (2.03 A4, The bond length of Pd-N(2) is 2.09 A, which is
comparable to [Pd(bicylcoSN,)]** (2.07 Ay and [Pd(cyclam)** (2.05 A, The
bond length of Pd-S(1) is 2.28 A, which is typical of palladium(II) thioether
complexes®,

The five-membered chelate ring adopts an envelope conformation and
the chelate bite angle N(1)pyr-Pd-N(2) is 81.8°, which is siaaller than the angle
N-Pd-N,, observed in [Pd(cyclam)]* (83°)®, This is a consequence of the partial
double bond character of the C-N bond of the pyridine moiety which decrease
the bite distance betweenn N(1)pyr and N(2) in [Pd(L,)CI]*, The six-membered
chelate ring adopts a boat conformation and the chelaﬁe bite angle N(2)-Pd-
S(1) is 98.7°. The other bond angles in the square plane are: S(1)-Pd-Cl =
85.5°, N(D)pyr-Pd-Cl = 93.9°. These are close to the ideal value of 90° for
square planar geometry since there is no constraint imposed by the chloride
ligand. The sulphur atom in the apical position, S(8), ig pointed towards the
palladiva ion, with a bond angle C(8)-5(3)-C(7) equals to 100.1° and the
interatomic distance Pd-S(3) being 3.30 A. The other non-coordinated sulphur
atom S(2) is oriented such that the bond angle of C(5)-S(2)-C(6) is 105.7°,
indicating that the non-bonding electron pairs on the sulphur atom are

directed out of the ring.
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The mean plane calculations in Table 21 shows that the donor atoms Cl,
S(1), N(1) and N(2) are in the same plane, with the palladium centre being
10,009 A below the plane. The fact that L, did not use all its donor atoms to
coordinate to palladium to form a five-coordinate complex may due to the
presgence of chleride which forms stronger bonds than thiother sulphur atoms
| f;d PA(II); or the non-bonding electron pair in the nitrogen atom of the pyridine
is already set up for complexation even in the free ligand and little or no
| reorganization energy is required.

In view of the fact that chloride ions form strong bonds with Pd(II) and
Pt(I1), the Pt(II) cdmplex was prepared by the reaction of AgBF, with
Pt(PhCN),Cl, in CH,Cl/CH,CN, followed by the addition of L,. By doing so,
the chloride ions coordinated in Pt(?hCN)2C12 would be removed through the
formation of the highly insoluble AgCl and therefore it may be possible to force
Pt(II) to covrdinate to all of the donor atoms in L,, Unfortunately, not all of
‘the chloride ions Were precipitated as AgCl. Fair amount of Pt(PhCN),Cl, were
stiil present when the free ligand L, was added in the complexation reaction.
As a result, the more insoluble [Pt(L,)ClI(BF,) crystals were isolated when
acetonitrile was used as a solvent instead of the anticipated [Pt(L,)I(BF,), .

In a broad sense, the structure of [Pt(L,)CI]* is isostructural to its
palladium analogue (Figure 27). The platinum metal is in a square plaiar

environment. It is coordinated to two nitrogen atoms, one chloride atom from
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the counterion and thioether atom from the ligand. Once again, there are two
thioether sulphur atoms in the ligand which are not coordmated

The Pt-N(1)pyr and Pt-N(2) bond distances are 2,04 A and 2 OS)A
respectively.  The latter is longer than those observed in [PH(NH,)*
(2.06 A and [Pt(en),)** (£.04 A% The bond distance between Pt-Cl ig
2.30 A and that of Pt-S(1) is 2.26 A, which is comparable to [Pt[14]aneS,]*
(2.28 A)®.  Due to the partial double bond character of the C-N bond in the
pyridine moiety, the bite distar ,etween N(1)pyr and N(2) is decreased. As
a consequence, the five-membered chelate bite angle, N(L)pyr-Pt-N(2), is only
81.9°. 'The six-membered chelate ring adopts a boat conformation and the
chelate bite angle N(2)-Pt-S(1)is 98.5°. The other bond angles in the square

plane are: S(1)-Pt-Cl = 85.6°, Ni1)pyr-Pt-Cl = 94.0°, N(1)pyr-Pd-S(1) = 178.6°,

M(2)-Pd-Cl = 175.7°.

A close examination indicates that four donor atoms Cl, S¢1), N(1)pyr
and N(2) are not strictly coplanar (Table 25). In addition, the conformation of
the ligand L, in the [Pt(L,)Cl] ion is slightly different from its palladium
analogue. In this case, the sulphur atoms S(2) and S(3) are oriented such that
the bond angles C(5)-S(2)-C(6) and C(7)-S(3)-C(8) are 100.6° and 102.1°,
respectively, indicating that the non-bonding electron pairé in both of $(2) and
8(3) are »ointing out of the ring (exodentate). These results from the
moleculer structures suggest that both Pd(II) and Pt(IT) prefer to coordirzate__

to the nitrogen atoms from the macrocycle and the pyridine pendant arm.
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Perhape the five-membered chelate ring formed by such ccordination is very

favourable thermodynamically and structurally.




Table 17 -
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Experim2ntal crystallographic data for [Pd(L,)CI)(PF,) and [Pt(L,)CI(BF,)

Formula;

F.W.:

Crystal colour:
Crystal system:
Space group:

Cell dimensions:

vccll:

Temperature:
Crystal dimensions:
Degyat-

nlﬂﬂ.l::
Radiation:
p: [3 y
Transmission range:
Measurement:

No, of reflections collected:
No. of reflestions I = no(l);

Nu. of parameters:
No. of standards:
Residual electron density;

Maximum final shift/error:

Refinement method:

R:
R,

PACIPF,C,H, NS,
29,39

yellow
orthorhombic
P2,2,2,(No. 19)

a = 13.305(3) A
b = 12,413(4) A
¢ = 14,060(3) A
o =90

B = 90°

y=90"
2322.1 A*

4 molecules/cell

20°C

0.195 x 0.170 x 0.604 mm®

1,800

1,767

Mo, K, 0.71069 A
12.61 em!

0.777 - 0.817
20(0 - 50°)

2333

2075 (n = 2)

271

0010, 0100, 1000
0,2 ¢/A?

0.01

least squares

0.0538
0.0529

PtClBFQle'IQGNQSa
659.9

clear(wiiite)
triclinic

PI(No. 2)

a = 8,940(3)

b = 14.478(6)

e = §,110(5)

o = 94,59(6)

B = 102.85(4)

¥ = 94,83(5)
1139.6 A’

2 olaecules/cell

20°C

0.49 x 0:20 x 0,29 mm?*
1,923

1,917 .
Mo, K, 0.71069 A
68.74 em’!

0.151 - 0.292
20(25 - 50)

4013

3661 (n = 6)

253

005, 070, 300

0.2 e/A*

0.004

least squares

0.0507
0.0517




Table 18
Yractional atomic coordinates and temperature parameters for

[PA(L)CII(PF,)
Atom x/a y/b z/c U,
Pd 75391( 6) © -486( 6) 84102( 5) 290( 2)
Cl 86400(23) -10773(25) 92679(22) 468(10)
S(1) 96448 (21) 7411(24) 77808(21) 38109
S(2) 96448(26) 8137921 57892(24) 54%(11)
S(3) 72210(23) -15259(%4) 52913(22) 465(10)
N(1) 6301( 6) <773(7) 8969( 6) 32(3)
N(2) 6445( 6) 8177 7663( 6) 31(3)
P 76779(29) 47254(26) 34584(30) 591(12) -
(1) 7622(16) 5132(12) 2459(10) 211(10)
I'(2) 6798(9) 3878(11) 3289(11) 138( 6)
F(3) 7806(11) 4268(10) 4458( 8) 137( 6)
F(4) 8533(12) 5552(13) 3609(15) 198(10)
F(5) 8407(10) 3879(10) 3069(10) 135( 6)
F(6) 6955(11) 5627(10) 3844(11) 157(7)
C(1) 6660( 9) 2000( 9) 7498( 9) 44( 4)
C(2) 7610( 9) 2193( 3) 6850( 8) 44( 4)
(X(8) 8613(11) 2097( 9) 7364(10) 51(4)
C(4) 9148( 9) 47( 9) 8650( 8) 46( 4)
(5) 9474(12) -1097(12) 6873( 9) 64( 5)
C(6) 87306(10) -2965(11) 5849(12) 67(5)
cn 7643(11) -2661(11) 6004(13) 82( 6)
C(8) £8950( 9) -1378(10) 5744( 7) 43( 4)
0(9) 5923( 9) -899(10) 6769( 8) 45( 4)
C(10) 6187(9) 283( 8) 6737(7) 37( 3)
C(11) 5559( 8) 819( 9} 8329( 8) 42( 4)
C21) 5435( 8) <245( 8) 8860( 7) 36(3)
C(22) 4509( 9) -626(11) 9183( 9) 52( 4)
C(23) 4472( 9) -1608(10) 9638( 8) 5i( 4)
C(24) 5377(11) -2194( 9) 9743( 9) 54( 4)
C(25) - 6276( 9 -1769( 9) 94056( T) 39(4)

Estimated standard deviations are given in parentheses.
Coordinates x 10" wheare n = 5,5,5,4,4,4,4 for Pd,CL,SN,P,F,C
- Temperature parameters x 10" where n = 4,4,4,3,3,3,3 for Pd,C1,8,N,P,F,C.
U,, = the equivalent isotropic temperature parameter.
th- = ‘/.!Elzi!Jua[.ﬂj.(ﬂ;:aj)
T = exp-(8n®U,,,sin®0/A%)




Table 19

Interatomic Distances (A) for [Pd(L,)CIXPF,)
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Atoins Distance Atoms Distance
Cl-Pd 2.287( 3) F(2)-P 1.561(11)
S(1)-Pd 2.281( 8) F(3)-F 1.525(11)
N(1)-Pd 2.035( 8) F(4)-P 1.546(13)
1(2)-Pd 2.093( 8) 1'(5)-P 1.531(11)
C(3)-5(1) 1.833(12) F(6)-P 1.572(11)
C(4)-S(1) 1.829(11) C(2)-C(1) 1.576(17)
C(5)-3(2) 1.809(13) C(3)-C(2) 1.523(18)
C(6)-S(2) 1.834(14) C(5)-C(4) 1,618(16)
£(N)-S(8) 1.820(14) (7)-C(6) 1,504(19)
C(8)-S(3) 1.817(12) C(9)-C(8) 1.558(15)
C(21)-N(1) 1.334(13) C(10)-C(9) 1.509(15)
C(25) N(1) 1.381(14) C(21)-C(11) 1.526(15)
C(1)-N(2) 1.514(14) C(22)-C(21) 1.396(15)
C(10)-N(2) 1.501(13) C(23)-C(22) 1.377(17)
C(11)-N(2) 1.506(13) C(24)-C(23) 1.413(18)
F(1)-P 1.508(13) C(25)-C(24) 1.391(16)

Estimated standard deviations are given in paventheses.
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Table 26
Bond Angles (deg) for [PA(L,)CI}(PF,)
Atoms Angle Atoms Angle .
S(1)-Pd-Cl 85.5(1) . F(5)-P-F(1) 89.1( 8)
N(1)-Pd-Cl 93.9( 3) F(5)-P-F(2) 87.7(7)
N(1)-Pd-S(1) 179.2( 3) F(5)-P-F(3) 90.1(7)
N(2)-Pd-Cl 175.7( 3) F(5)-P-F(4) 92.2( 8)
N(2)-Pd-S(1) 98.7( 2) 7(6)-P-F(1) 90.0( 8)
Ni.2)-Fd-N(1) 81.8( 3) F(6)-P-F(2) 94.1( 8)
C(3)-S(1)-Pd 109.1( 5) F(6)-P-F(3) 90.9( 7)
C(4)-S(1)-Pd 105.1( 4) F(6)-P-F(4) 86.0( 8)
C(4)-S(1)-C(3) 101.1( 6) F(6)-P-F(5) 178.0( 8)
C(6)-S(2)-C(5) 105.7( 7) C(2)-C(1)-N(2) 112.8( 9)
C(8)-8(3)-C(7) 100.1( 6) C(3)-C(2)-C(1) 114.6( 9)
C(21)-N(1)-Pd 116.0( 7) C(2)-C(3)-S(1) 115.5( 8)
C(256)-W(1)-PA 125.9( 7) C(5)-C(4)-8(1) 107.8( 8)
C(25)-N{1)-C(21) 118.0( 9) C(4)-C(5)-S(2) 110.7( 9)
C(1)-N(2)-Pd 116.3( 7) - C(7)-C(6)-5(2) 117.1(10)
C(10)-N(2)-Pd 111.6( 6) C(6)-C(7)-S(3) 114.4(11)
C(10)-N(2)-C(1)  109.8( 8) C(9)-C(8)-S(3) 112.6( 8)
C(11)-N(2)-Pd 103.5( 6) C(10)-C(9)-C(8) 109.8(10)
C(11)}-N(2)-C(1)  104.0( 8) C(9)-C(10)-N(2)  117.2( 9)
C(11)-N(2)-C(10)  111.2( 8) C(21)-C(11)-N(2) 112.8( 8)
F(2)-P-F(1) 88.9(10) C(11)-C(21)-N(1) 112.8(9)
F(3)-P-F(1) 177.3(10) C(22)-C(21)-N(1) 124.0(10)
T(3)-P-F(2) 88.5( 8) C(22)-C(21)-C(11) 123.2(10)
. F4)-P-FQ1) 90.4(10) C(23)-C(22)-C(21) 118.8(12)
- F(4)-P-F(2) 179.3(11) C(24)-C(23)-C(22) 118.3(11)
I'(4)-P-F(3) 92.2(10) C(25)-C(24)-C(23) 120.1(10)

C(24)-C(26)-N(1)  120.8(10}

Estimated standard deviations are given in parentheses.




Table 21

Mean plane for [Pd(L,)CI{(PFy)
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The equation of the plane containing Cl, S and two nitrogens is;
0.0167X - 0.6811Y - 0.7320Z + 8.4352 = 0

Ators X Y Z F
cl 114955 ' -1.3372 13.0307 0.0001
5(1) 11.8911 0.9199 10.9398 -0.0001
N 8.3832 -0.9596 12.6101 -0.0013
N(2) 8.5749 1.0148 10.7739 0.0012
5(2) 12.8324 10.1016 8.1396 -4.1895
3(3) 9.6075 -1.8941 7.4396 4.4423
Pd 10.0308 -0.0605 11.8247 -0.0114
C(11) 7.3959 1.0164 11711 -0.7056
C(21) 7.2315 -0.3044 12.4576 -0.8552

where P is the perpendic:ilar distance between the atom and the mean
plane, given in A.




Table 22
Fractional atomic coordinates and temperature pararneters for
[Pt(L,)CII(BF,)

Atom x/a y/b zlc U,
Pt(1) 32058( 3) 20029(2) 28194(3) 393(1)
Cl(1) 27442(31) 4510(17)  31283(33) 637(9)
S(1) 7228(26)  18657(20) 14713C) 547( 8)
S(2) 16195(34) 7540(24)  -28792(33) 699(10)
S(3) 63887(31) 22011(27) -17098(34) 765(12)
N(1) 5447( 8) 2109( 5, 3983( 8) 42( 2)
N(2) 3778( 8; 3419( 5) 2658( 8) 43( 2)
C(1) 2518(1%)  4047( 7) 2768(12)  59(4)
C(2) 1024(12)  3817( &) 1491(15)  72(4)
C(3) ~19(13) 3029(10)  1645(13)  70( 4)
C@4) 765(11) 1768( 7) -543(10) 55( 3)
C(5) 1432(13)  8G1( 8) -938(13) 66( 4)
C(6) 13244(13)  1587(11)  -2754(13)  75(5)
C(7) 4763(12)  1310( 9) -1913(14)  72( 4)
C(8) 5785(13)  3174( 8) -675(12) 61( 4)
C(9) 5484(10)  2962( 6) 844(10) 47( 3)
C(10) 4310(10) 3599( 6) 1252(10) 46( 3)
C{11) 5056(11)  3725( 6) 4018(10)  52( 3)
C(21) 6140(10)  42975( 6) 4359( 9) 42( 3)
C(22) 7691(11)  3169( 7) 5000(10)  52( 3)
C(23) 8568(11)  242i(8)  5256(11)  58(3)
C(24) 7897(11) 1538( 8) 4890(11) 58( 3)
C(25) 6316(11)  1384( 6) 4243(11)  53( 3)
B(1) 1972(14)  4407( 8) 7275(14)  59( 4)
F(1) 1463(14)  3628( 7) 7780(11)  130( 5)
F(2) 3314(14)  4284( 8) 6830(13)  136( 6)
F(3) 2397(16)  5027(10)  8537(18)  193( 8)
F4) 1030(19) 4707(15) 6171(19) 250(12)

Estimated standard deviations are given in parentheses.
Coordinates x 10" where n = 5,5,5,4,4,4,4 for Pt,C1,S,N,C,B,F.

Temperature parameters x 10°

Pt,CLS,N,C,B,F.
U,, = the equivalent isotropic temperature parameter.

U,

where n

= 44,4,333,3 for

o =Y 55U a’a’(a.9) T = exp-(8n°U,, sin’9/A%)
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Table 23

Interatomic Distances (&) for [PH(L,)CIXBF,)
Atomy Distance Atoms Distance
CI(1)-Pt(1) 2.298( 2) C(2)-C(1) 1.565(163
S(1)-Pt(1) 2.268( 2) C(3)-C(2) 1.444(18)
N(1)-Pt(1) 2.035(7) - C(6)-C(4) 1.638(14)
N(2)-Pt(1) 2.093( 7) C(7)-C(6) 1.506(16)
C(3)-S(1) 1.868(13) C(9)-C(8) 1.5615(13)
C(4)-S(1) 1.835( 9) C(10)-C(9) 1.5638(11)
C(5)-S(2) 1.806(12) C(21)-C(11) 1,5620(12)
C(6)-S(2) 1.783(13) C(22)-C(21) 1.874(13)
C(7)-S(3) 1.824(13) C(23)-C(22) 1.392(15)
C(83-S(3) 1.817(11) C(24)-C(23) 1.348(15)
C(21)-N(1) 1.333(11) C(25)-C(24) 1.396(14)
C(25)-N(1) 1.861(.1) F(1)-B(1) 1.22%(14)
C{1)-IN(2) 1.520(11) F(2)-B(1) 1.368(16)
C(10)-N(2) 1.494(11) F(3)-B(1) 1.362(17)
C(11)-N(2) 1.494(11) F(4)-B(1)

1.290(16)

Estimated standard deviations are given in parentheses,
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Estimated standard deviations are given in parertheses.

Table 24 :
Bond Angles for [Pt(L,)CII(BF,)
Atoms Angle Atoms Angle
S(1)-Pt(1)-Cl(z)  85.6( 1) C(2)-C(3)-S(1) 115.5( 7)
N(1)-Pt(1)-Cl(1)  94.0( 2) C(5)-C(4)-S(1) 109.1( 7)
N(1)-Pt(1)-S(1) 178.6( 2) C(4)-C(5)-S(2) 111.6( 8)
N(2)-Pt(1)-Ci(1)  175.8( 2) C(7)-C(6)-S(2) 114.9(11)
N(2)-Pt(1)-S(1)  98.5( 2) C(6)-C(7)-S(3) 114.1(10)
N(2)-Pt(1)-N(1)  81.9( 3) C(9)-C(8)-S(3) 114.1( 8)
C(3)-S(1)-Pt(1) 108.0( 4) C(10)-C(9)-C(8) 109.0( 7)
C(4)-S(1)-Pt(1) 107.4( 3) C(9:-C(10)-N(2) 115.7(7)
C(4)-S(1)-C(3) 99.8( 5) C(21)-C(11)-N(2) 111.4(7)
C(6)-S(2)-C(5) 100.6( 5) C(11)-C(21)-N(1) 113.8(7)
C(8)-S(3)-C(7) 102.1( 5) C(22)-C(21)-N(1) 122.9( 8)
C(21)-N(1)-Pt(1) 115.5( 6) C(22)-C(21)-C(11) 123.3( 8)
C(25)-N(1)-Pt(1) 125.6( 6) C(23)-C(22)-C(21) 118.0( 9)
C(25)-N(1)-C(21) 118.5( 7) - C(24)-C(23)-C(22) 120.4(9)
C(1)-N(2)-Pt(1) 115.6( 6) C(25)-C(24)-C(23) 119.0( 9)
C(10)-N(2)-Pt(1) 113.4( 5) C(24)-C(25)-N(1) 121.2{9)
C(10)-N(2)-C(1) 107.3(7) F(2)-B(1)-F(1) 109.8(12)
C(11)-N(2)-Pt(1)  104.7( 5) F(3)-B(1)-F(1) 104.0(12)
C(11)-N(2)-C(1)  105.6( 7) F(3)-B(1)-F(2) .  104.9(11)
C(17)-N(2)-C(10) 109.8(7) F(4)-B(1)-F(1) 116.0(13)
C(2)-C(1)-N(2) 114.5( 8) F(4)-B(1)-F(2) 107.9(14)
- C(3)-C(2)-C(1) 116.5(11) F(4)-B(1)-F(3) 113.6(16)
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Table 25
Mean plane for [Pt(L/CII(BF,)

Yt

The eQuation of the plane containing Cl; S and two nitrogen atoms is:
0.5190X - 0.1670Y - 0.8383Z + 1.4583 = 0

Atoms X Y y/ P
CI(1) 17645 ' 0.3682 2.7641 -0.0033
S(1) 0.1207 2.5588 1.2998 0.0053
N(1) 3.8056 2.6824 3.5195 0.0448
N(2) 2.4225 4.6920 2.3486 -0.0266
S(2) 1.9391 1.3476 -2.5431 4.3710
S(3) 5.7896 3.3298 -1.5108 5.1843
Pd 2.0506 2.6350 2.4912 -0.0057
C(11) 3.2516 5.0116 3.5501 -0.6669
C(21) 4.2431 3.8984  3.8515 -0.2191

4

“where P is the perpendicular distance between the atom and the mean
plane, given in A. - ,
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(¢)  Crystal structure of [Pd(L,)}BF,),

In order to obtain a Pd(II) complex without a coordinated anion,
[Pd(C'H,CN),I(BF,), was used as a starting material to react with the free
' ligami "L‘, y'elding the cation complex [Pd(L,)]**. The molecular structure of
this cation, g}ong with the atomic l;abelling scheme is shown in Figure 28. The
crystallographic parameters are listed in ‘Table 26. The fractional atomic
coordinates, interatomic distances and bond angles are shown in Tables 27-29.

In the molecular structure of [Pd{L,)J** (Figure 28), the palladiﬁm centre
isina sqti'dre planar environment. It is coordinated to two nitrogen atoms and
two thioether sulphur atoms. The ligand L, adopts a "folded" conformation,
similar to the cis-V geometry observed in transition metal complexes of cyclam
(Figure 21). Such a ligand conformation ’has‘ also been observed previously in
the cation complex (Pd(L,)CI}* and the platinum analogue (Figures 26 and 27).

The five membered chelate rings in [Pd(L,)]ﬁ* adopt an envelope
conformation with bite angles N(1)pyr-Pd-N(2) = 81.7° and S(1)-Pd-S(2) = 86.8"
The six membered chelate ring adopts a chair conformation with a bite angle
N(2)-Pd-S(1) being 94.2°. The Pd-N(1)pyr distaﬂcé%is 2.08 A, iﬂhich is longer
than those observed in the chloro complex [Pd(LQCi]“ (Pd-N(pyr) = 2.03 A). On
the other hand, the Vb“(')‘nd distance of Pd-N(2) is 2.07 A, which is slichtly
shorter than those in [Pd(L,)C1]* (Pd-N = 2.09 A). For S(1) which is trans to
- the nitrogen atom N(1) of the pyridine ring, the Pd-S(1) distance is 2.26 A,

which is 0.05 A shorter than Pd-S(2). This is attributed to the trans-influence
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of a sulphur ligand being stronger than an amine nitrogen, which in turn is
stronger than nitrogen from the pyridine moiety. The non-coordinated S(3)
atom is pointing towards the palladium ion,‘with Pd-S(3) interatomi¢ distance
being 3.12 A.

The donor atoms S(1), S(2), .N(l)‘ and N(2) do n¢;£ lie in the same plane
(Table 30). However, the palladium centre, S(1) and S(2) are almost coplanar,
A comparison with the structure of [Pd(L,)CI]* indicates that in the absence of
a chloride anion, the sulphur atom S(2) in L, is forced to coordinate to the
palladium metal centre. This in effect has shortened the Pd...S(3) distance by
0.2 A and increased the angle between C{(8)-S(3)-C(7) from  100.1° in’
[Pd(L,)CI]* to a value of 105.3° in [Pd(L,)]**. A comparisca of the ébordination
geometry for the three complexes, [Pd(L,)Cl}*, [Pt(L,)CI]* and {Pd(L/))* is

summarized in Figure 29.
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Figure 28 ORTEP diagram of [Pd{L,,)]”*. Selected bond distances in A:
Pd-N(1)pyr, 2.078(8); Pd-N(2), 2.067(8); Pd-S(1), 2.260(3); Pd-S(2), 2.308(3);
Pd...S(3), 3.12 A
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PN =203 A
© PA-N(2) = 2.09 A

Cr—Cs Pd-$(1) = 2.28 A
/08\ Sa/ \S Pd-Ct =2204A
c 2 N{1)-Pd-Cl = 93.9°
§ Cs N(2)-Pd-S(1) = 98,7°
O | N(1)-PA-N(2) = 81.8°
N1 et ..\\“ Cl. c S(l)—Pd-C«i = 85,6°
/' PO g 5, — 4 C(6)-S(2)C(5) = 105.7°
. “ C(10)-N(2)-P& = 111.6"
e c C(10)-N(2)-C(11) = 111.2°
\:1 ~, C(4)-S(1)-Pd = 105.1°

Sg—, Pt-N(1) = 2,03 A
| "S~c—s Pt-N(2) = 2,09 A
/ca 6/ 2 Pt.b(l)-227£x
' ‘ Pt-Cl =230
Cq Cs , N(1)-Pt-Cl = 94,0°
O \ \ N(1)-Pt-N(2) = 81.9°
 Cyo JCl .Cy N(2)-Pt-S(1) = 98.5°
N‘““““"/ uummpt"“““ S / S(].)‘PL'CI = 85,6‘
N ~ 1 C(10)-N(2)-Pt = 113.4°
el | C(10-N(2)-0(11) = 109.8°
Noy” ¢ C(4)-8(1)-Pt = 107.4°

C(6)-5(2)-C(5) = 110.6*

e Pd-N(1) = 2.08 A
Co—S3 Ce PA-N(2) = 2.07 A

\ Pd-S(1) = 2.26 A
O Co §—Cs Pd-S(2) = 2.31 A
Ny 7., S8 \c4 ggl)-pd-m) = 817"
C 10 ity Pd__ 1)-Pd-S(2) = 97.9°
\_ 877 N(2)-Pd-5(1) = 94.2°
i N2 \ S(1)-Pd-S(2) = 86.8"
\ Cr——c,4 C(10)-N(2)-Pd = 108.5'
¢ C(10)-N(2)-C(11) = 109.7°
C(4)-8(1)-Pd = 101.4°
C(6)-S(2)-Pd = 105.8"
C(5)-8(2)-Pd = 103.6°

Figure 29 Comparison of coordination geometry for [PA(L,)CI}, [Pt(LQCl]"
and [Pd(L ). -
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Table 26

Experimental crystallographic data for [PA(L)IBF,),

Formula:

F.W.:

Crystal color:
Crystal system:
Space group:

Cell dimensions:

Vea:

Temperature:

Crystal dimensions:

Dculd:

Radiation;

n:

Transmission range:
Measurement;:

No. of reflections collected:
No. of reflection I 2 no(I):
No. of parameters;

No. of standards:

Residual electron density:
Maximum final shift/error:
Refinement method:

R:
R.:

PdB,F,C,H,N,S,.H,0
640.6

orange-yellow
inonocliniz

- I2/a (No. 15)

a= 19045( 8)
b = 16.952( 4)
¢ = 16,635( 6)
4926.3 A®

8 molecules/cell

o = 90°
B =113.47 (3)
v = 90°

20 °C

0.152 x 0.368 x 0.501 mm?
1.727

1.723 .

Mo, K, 0.71069 A

10.85 cm™!

(1.680 - 0.856

26(0 - 45°)

3214

2106 (n = 6)

298

080, 0086, 600

0.20 e/A®

0.05

least squares SHELX76

0.0532
0.056
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Table 27

Fracticnal atomic coordinates and temperature parameters for [Pd(L)(BF,),
Atoms x/a y/b zlc U,
Pd(1) -2776(5) 32853(5) 19608(5)  440(3)
S(1) -67(19)  45570(18) 23767(22) 658(14)
Si(2) 7741(16) 3312/(18) 16007(20) 606(13)
S(@3) 8354(20) 22629(1S) 35004(22) 795(16)
N(1) -682(5) 2175(5) 1462(5) 43(3)
N(2) -1169(5) 3214(5) 2369(6) 56(4)
C(1) -1547(7) 3992(7) 245%(9) 80(7)
C(2) -1608(8) 4567(7) 1751(10) 80(7)
C(@3) -916(8) 5105(8) 1972(12) 96(8)
C(4) 361(8) 4912(8) 1579(11) 95(8)
C(5) 1029(7) 4373(7) 1671(11) 95(8)
C(6) 1577(6) 2926(8) 2664(9) 75(8)
C(n 1481(7) 3028(7) 3422(10) 81(6)
C(8) 51009) - 2613(3) 4333(9) a4(n
C®) -181(9) 3186(8) 3965(8) 85(7)
C(10) -883(7) 2789(7) 3249(8) 71(6)
C(11) -1781(7) 2720(7) 1680(9) 72(6)
C(21) -1385(6) 2054(7) 1441(7) 52(5)
C(22) -1765(7) 1335(7) 1131(7) 64(5)
C(23) -1401(8) 762(7; 824(8) 71(6)
C(24) -669(7) 906(6) - 849(7) 62(5)
C(25) -327(6) 1622(6) 1177(7) 51(4)
B®1) 1666(10) 685(10) 1139(1%) 73(8)
B(2) €303(9) 3806(10) 516(10) 71(7)
FQ). 996(5) 308(6) 848(7) 139(6)
F(2) 2222(6) 220(7) 1471(9) 170(7)
F(3) 1662(8) 1248(8) 1609(12)  250(12)
F(4) 1771(9) 956(8) 445(10) 216(11)
F(5) 6452(7) 4484(6) 196(7) 150(7)
F(8) 6567(6) 3198(6) 223(6) 151(6)
k7 5514(5) 3783(6) 244(6) 124(5)
F(8) 6611(4) 3819(4) 1415(5) 89(4)
0(1) 2297(8) 3664(8) 488(12) 212(12)

Estimated standard deviations are given in parentheses,

Coordinates x 10" where n = 5,5,4,4,4,4,4 for Pd,S,N,C,B,F,0.
Temperature parameters x 10" where n = 4,4,3,3,3,3,3 for Pd,S,N,C,B,F,0.
U,, = the equivalent isotropic temperature parameter.
ch = ‘/3 z,):jUUa;'aj‘(at.aj)

T = exp-(8n°U,,,sin*0/A%
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Estimated standard deviations are given in parentheses.

Table 28
Interatomic Distances (A) for [PA(L,)).3F,),
Atoms Distance Atoms Distance
' S(l)éPd(l) 2.260(3) C(5)-C(4) 1,524(18)
S()-Pd(1) 2.308(3) C(7)-C(6) 1.519(20)
N(1)-Pd(1) 2.078(8) C(9)-C(8) 1.552(19)
N(2)-Pd(L) 2.067(8) C(10)-C(9) 1.546(17)
C(3)-S(1) 1.840(14) C(21)-C(11) 1.498(i5)
C(4)-8(1) 1.831(14) C(22)-C(21) 1.405(15)
C{5)-S(2) 1.853(12) C(23)-C(22) 1.402(17)
C(6)-S(2) 1.840(12) C(24)-C(23) 1.399(16)
C(7)-S(2) 1.828(13) C(25)-C(24) 1.384(14)
C(8)-S(3) 1.827(16) F(Z-B(1) 1.3324{16)
C(21)-N(1) 1.341(13) F(2)-B(1) 1.256(17)
C(25)-N(1) 1.346(12) F(3)-B(1) 1,247(19)
C(1)-N(2) 1.539(13) F(4)-B(1) 1.315(19)
C(10)-N(2) 1.5256(14) F(5)-B(2) 1.343(1&\
C(11)-N(2) 1.520(14) F(6)-B(2) 1.342(17)
C(2)-C(1) 1.496(18) F'(7)-B(2) 1.387(17)
C(3)-C(2) 1.523(18) F(8)-B(2) 1.371(16)
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Table 29
Bend Angles (deg) for [PA(L)I(BY,),

Atoms Angle Atoms Angle
S(2)-Pd(1)>-S(1)  86.8(1) C(4)-C(5)-S(2) 112.8(9)
N(1)-PA(1)-S(1)  171.7(2) C{7)-C(6)-S(2) 114,1(9)
N(1)-Pd(1)-S(2)  97.9(2) C{63-C(7)-S(3) 108.8{9)
N(2)-PA(1)-S(1)  94.2(3) C(9)-C(8)-8(3) 113.2(9)
N(2)-Pd(1)-S(2)  175.6(3) C(10)-C(9)-C(8)  111.7(11)
N(2)-Pd(1)-N(1)  81.7(3) C(9)-C(10)-N(2)  113.7(10)
C(3)-5(1)-Pd(1) 107.6(5) C(21)-C(11)-M(2) 107.4(9)
C(4)-S(1)-Pd(1) 101.4(5) C(11)-C(21)-N(1)  118.8(9)
C(4)-5(1)-C(3) 98.3(7) C(22)-C(21)-I8(1)  120.3(10)
C(5)-8(2)-Pd(1) 103.6(5) C(22)-C(21)-C(11) 120.7(10)
C(6)-S(2)-Pd(1) 105.8(5) C(23)-C(22)-C(21) 118.5(11)
C(6)-S(2)-C(5) 100,6(6) C(24)-C(23)-C(22) 120.0(11)
C(8)-8(3)-C(7) 105.3(7) C(25)-C(24)-C{(23) 118.0(11)
C(21)-N(1)-Pd(1)  110.9(7) C(24)-C(25)-N(1) 121.8(10)
C(25)-N(1)-Pd(1) 127.8(T) F(2)-B(1)-F(1) 112.0(14)
C(25)-N{1)-C(21)  121.4(9) F(3)-B(1)-F(1) 110.0(16)
C(W\N(2)-Pd(1) 117.3(7) '(3)-B(1)-1'(2) 114.2(17)
C(10)-N(2)-Pd(1)  108.5(7) F(4)-B(1)-F(1) 108.5(15)
C(10)-N(2)-C(1)  108.3(9) F(4)-B(1)-F(2) 102.7(16)
C(11)-N(2)-Pd(1) 105.6(7) F(4)-B(1)-F(3) 109.2(16)
C(11)-N(2)-C(1)  107.2(9) F(6)-B(2)-I'(5) 110.5(15)
C(11)-N(2)-C(10) 109.7(9) F(7)-B(2)-F(5) 105.5(13)
C(2)-C(1)-N(2) 112.1(10) F(7)-B(2)-F'(6) 112.3(13)
C(3)-C(2)-C(1) 114.3(12) - F(8)-B(2)-F(5) 110.6(12)
C(2)-C(8)-S(1) 112.6(9) I'(8)-B(2)-F(6) 110.8(13)
C(5)-C(4)-S(1) 105.9(10) F(8)-B()-F(T) 107.0(13)

Estimated standard deviations are given in parentheses.




Table 30

Mean plane for [Pd(L))(BF,),

102

The equation of the plane containing the palladium(II) ion, two

nitrogens and two sulphurs is:

-0,2365X + 0.3122Y + -0.9196Z + 0.5688 = 0

Atoms X Y Z P
Pd(1) -1.8278 5.5622 2.9919 -0.0023
S(1) -1.5874 7.7250 3.6265 0.0338
S(2) 0.4138 5.6155 2.4425 -0.0192
N(@1) -2.2680 3.6867 2.2302 0.1530
N(2) -3.7948. 5.4484 3.6145 -0.2065
S(3) -0.7281 3.8361 5.3412 -3.0036

where P is the perpendicular distance between the atom and the mean
plane, given in A.
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3.4 NMR Studies

(@)  [PA(L)I*

Both of the free ligand L, and the cation complex [Pd(L,)]** were
characterized by C NMR and the assignment of the observed peaks are
presented in Figure 30. In the "C NMR spectrum of [Pd(L,)]* in CD,CN at
room temperature, there are five "C resonances corresponding to five
distinctive carbon atoms in the complex. This indicates that in solution, there
is rapid tumbling of [Pd(L,)]** and the NMR spectrum is a time average
spectrum in which only five components similar to the crystal structure
(Figure 24) are cbserved.

When complexed to palladium, several con.figd.rations can be adoptled by
the ligand L, (Figure 31). These arise from the relative orientation of thke NH
proton and the sulphur lone pairs with respect to the ring plane. The
interconversion between different configurations is possible via an inversion
at the sulphur atom. The energy barrier for such a pyramidal inversion ig
significantly reduced to about 20 - 100 kJ mole?! when sulphur atoms (or other
Group VIB atoms) are coordinated to transition metals with d orbitals
available for n-backbonding®, This can be demonstrated by the variable
temperature (VT) NMR study of [PtCl,(MeSCH,CH,SMe)}*, which weie able
to detect the varying rate of inversion of the coordinated sulphur atoms.

VT NMR study has been alse conducted for [Pd(L,)]** in the temperature

range of (-40) °C - (+75) °C. However, no temperature dependence was
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Figure 30 The ‘qssignment of the observed peaks in the *C NMR spectra
of L, and [Pd(L,)J*,

near W3
GG

+\___._/‘

Figure 31 Possible relative orientation of NH proton and the sulphur lone
pairs with respect to the ring plane in L, when acting as a tetradentate
ligand (+: up; -: down), :
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detecte] from the series of "H NMR spectra recorded, This may suggest that

pyramidal inversion at the sulphur atoms in the coordinated L, is not
occurring in the temperature range studied. Only one isomer which has
sulphur lone pairs and NH proton pointing abova the metal-ligand plane (same
as the solid state structure) is present in solution. Alternatively, the
equilibration is occurring rapidly and the other isomer (+,-~,-) generated, which:
has sulphur lone pairs and NH proton pcinting below the metal-ligand plane,
is indistinguishable by 'H NMR from the initial isomer (+,+,++). Such an
equilibration is unlikely because a series of sulphur inversions and
deprotonation-inversion-reprotonation at nitrogen ére required to generate the

(yy-,-) isomer from the (+,+,4+,+) isomer (Scheme 8).

Scheme 8
=
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</s\/\ Mfsb ?4\% s
\/ H
bk N
M=Pd PR
' )
0 ‘n’
[ H\N H\N
s ,Mq/‘\ . A\s
4+~ 100 strained ‘ +7 too strained
() \ // (Iv)
: ‘ ;
\N
CN\ R
\ M
2>
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(b)  [PA(L)CII(FFy)

Ligand L, has been characterized by 'H and C NMR in CDCl, and the

‘assignment of the peaks in the *C NMR spectrum was aided by a 'H-3C

correiated spectrum. As shown in Figure 32, there is a one to one correlation

between the peaks observed in the *C and '"H NMR. The “C resonances at

© §121.84 - 148.80 correlates to the pezks at 8 7.09 - 8.44 in '"H NMR, which are

due to the aromatic carbons in the pyfidine ring. The C peak at § 61.71 is
tied to the peak at 8 3.64 in the 'H NMR and is attributed to the "benzylic"
cai'bon. The signals at § 30.81 and 31.20 are related to the 'H peak at & 2.70,
which aﬁse from the carbons in the SCH,CH, portion of the free ligand.
Finally, the ™ pcak responsible for the CH,N fragment of the ligand is
observed at 8 52.81, which is ‘tie?;;‘t to the 'H signal at § 2.50.

On complexation with Pd(PLCN),Cl,, at room temperature in CD,CN
and D,0, all 'H and C resonances are somewhat displaced and very broad

compared to those of the free l»igand‘ This suggests the possibility of fluxional

: rearrangement in the [Pd(L,)C1]* cation. An excl.ange proceés which involves

the commutation of the metal-coordinated and -uncoordinated sulphur atoms

of the ligand takes place in solution.
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To study the fluxional process involved, variable temperature (VT) 'H
NMR of [Pd(L,)CI1]* were recorded in CD,CN at a temperature range of -40 °C
to +70 °C (Figures 33 - 36). At temperatures of -20 °C and -40 °C, the *C NMR
spectra obtained (Figure 37) were consistent with the solid state structure
(Figure 26). Five carbon resonances were observed in the arorriatic region
corresponding to the carbons in the pyridine moiety. In the aliphatic region,
eleven resonances were observed corresponding to the eleven distinct carbon
centres in the macrocycle when coordinated.

The 'H NMR spectra recorded at -20 °C and -40 °C (Figure 33) exhibit
~avery complicated splitting pattern in the aliphatic region of 2 - 3.5 ppm but
are consistent, with the ®C NMR spectra and the solid state structvre. In
particular, the singlet at 3.64 ppm which is observed in the free ligand
(Figure 32) due to "benzylic" hydrogens are split into an AB quartet in the
palladium complex. This indicates the loss of rotational freedom at the
"benzylic" C-N bond upon coordination to palladium.

In an attempt to assign some of the peaks in the aliphatic region of the
'H NMR at -20 °C and -40 °C, two-dimensional NMR spectra such as 'H-*C
correlation and '"H COSY were recorded (Figures 38 and 39). From the 'H-°C
correlated spectrum (Figure 38), it can be seen that the *C peaks at § 62.28
and 61.46, which arise from carbons in the CH,N portion of the cation complex,
are tied to the peaks at § 3.22, 2.88. 3.60 and 2.26 in the l H NMR. The 'H

COSY spectrum also shows correlation between multiplets at & 1.25 and 2.55,
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Figure 33 360 MHz '"H NMR spectra of [Pd(L,)C1}* in CD,CN at -40 °C and
-20 °C.
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0°C

Figure 34 360 MHz '"H NMR spectra of [Pd(L,)Cl}* in CD,CN at 0 °C and
25 °C.
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40 °C

Figure 35 360 MHz 'H NMR spectra of [Pd(L,)CI]" in CD,CN at 40 °C and
50 “C.




112

60 °C
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®
140

Cie
180

Figure 37 "C NMR spectrum of [Pd(I,)CI]* in CD,CN at -40 °C (* denotes
peaks from the solvent).




114

e T 3 3 7 IR S .
—} P
AE e -0
e ottt
———— ] - 3 @
-—-——-—" ! I
‘], B - 8
p L 1}
b 4
£ }
) -8
| L
-i )
i s
i r-
{ [
p
] o
1
3 |-
1 I
3
1‘ "
£ .5
f 3
5
1
4 &
B . '
t = ®
y 4 :‘ﬂ
R
}L
) R
1}
E T cy 00 0o |

Figure 38 "“C-'H correlated spectrum of the aliphatic region of [Pd(L)CI]*
in CD,CN at -40 °C.




115

L ¢

H 4
' a
,
(219 [5 “feﬁ
' i ﬁ: -%’: "
. ;ﬁ‘. "“""Q
W %
o s 4
2‘. ¢ ‘Oﬂl'
i ‘ﬂ“
¥ N ro2 ]
L
& M Eem
&
H4 -+
1 H4
pou 05 00 0 T 23 s 14 re

R

e

i s

e

Firrure 39 'H COSY of the aliphatic region oflPd(L,CII' in CD,CN at

-20 °C.




116

Table 31
Tentative assignment of some of the chemical shifts in the aliphatic
region of the NMR spectra of [Pd(L,)CI]* at - 40 °C

L C;\
C
Ly sy /SZ
C{O Ce

] Cl \

Ca
“C NMR, 6in ppm | 'H NMR, § in ppm Assignment
72.55 | 4.18(d), 4.74(d) C, H, H,
62.28 3.22(m), 2.88(m) C, H, H,
61.46 3.60(t), 2.260n) Cpy, Hyy, Hy,
36.81 3.40(td), 2.7(m) C, H, H,
30.94 3.10(m), 2.85(m) C,, H,, H,
29.14 2.75(m) C,, H,, H,,

62,65 and 2.45 and they are tentatively assigned as methylene protons in the

CH,-CH,-CH, fragment. The remaining peaks are methylene protons attached
to thiocethers. The assignment of some of the peaks in the aliphatic region of
the 'H and **C NMR spectra of [Pd(L,)CI]* at -40° are presented in Table 31.

For temperatures above 0 °C, a striking feature of the 'H NMR spectra
recorded (Figures 34 - 36) is that the signal for the "benzylic" protons (an AB

quartet at temperature below 0 “”C) started to broaden as the temperature
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increased and collapsed into a broad singlet at 70 °C. In addition, 'H

resonances in the region of 2 - 4 ppm also become increasingly broad as the
temperature is increased. The pyridine portion of the complex, however,
remained unchanged in the temperature range of (-40)°C - (+70)°C. These
observations su ‘gest that there is a fluxional process that shifts the site of
ligand-metal attachment from S1 to S3 with the Pd-N(pyr) bond remained
intact. This process interchanges the equatorial and axial hydrogens in the
pyridyl methyl segment of the complex. It also renders equivalent hydrogens
on C2 and C11, C3 and C10, C4 and C9, C5 and C8, C6 and C7. As a result,
only five broad singlets were observed in the aliphatic region of the '"H NMR
spectrum at 70 °C.

The fluxional process observed in the [Pd(L,)CI]* complex can be
rationalized by either a two-site exchange in which the palladium ion "hops"
from S1 to S3 directly (Scheme 9); or a three-site exchange with the palladium
centre moving from S1 to S2 and then from S2 to S3 (Scheme 10). In both
mechanisms, the exchange of ligand to metal attachment from the sulphur
atom S1 to S3 is accompanied by the exchange of equatorial and axial
hydrogens in the "benzylic" position. The rate constant for the fluxional
process can be obtained from the computer simulation of the "benzylic" protons
in the variable temperature "H NMR spectra and the activation barrier for the

exchange can be estimated afterwards,
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Scheme 9

T'wo-site exchange mechanism:
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Scheme 10

Three-site exchange mechanism:
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Fluxional processes involving heteroatoms are well-documented in the
literature®, especialiy those involving a 1,3 or 1,5 metallotropic shift. As
examples, the stereo-nonrigidity observed in group V metal pentacarbonyl
complexes of B-2,4,6-trimethyl-1,3,5-trithiacyclohexane 27 and bimetailic
complexes of [(PtCIMe,),L], 28, wh'ere L is 1,3,5,7-tetrathiacyclooctane, have
beer{ reported to proceed via a 1,3 and 1,5 sh‘ift,‘ respectively. Fluxional
pr.ocesses’involving 1,4-metallotropic shift in a transition metal complex of a
macrocyclic thioether ligand are not veéry common. Only two examplés, the
palladium(II) complex of a thiophene m*s.-crocycle% 29, and the trimethyl
platinum(IV) complex of «[12]aneS496 30, have been reported recently.
Unfortunately, the present VT' 'H NMR data did not distinguish whether the
fluxional process occurred via a two-site or three-site exchange pathway. A
more extensively study, for instance, by substituting the chloride ion in
[Pd(L,)CI]* with an NMR active iiucleus such as F* and the analysis of the V.T.

"F NMR of [Pd(L,)F]* may shed some light to the exact raechanistic pathway

_ involved. Alternatively, the study of V.T. **Pt NMR of the strﬁcturally similar

| complex, [Pt(L,)CI]* may a)so provide additional information.

(cO)sM "~
lt/ —h
R:‘H,‘Me \\'C|/ \\Me
M=Cr,W Me
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[Pd(n?-allyl)(29)]* | 3¢

(c)  [PA(L)IBF,),

'H NMR spectra of [Pd(L,)I(BF,), in CD,CN were recorded in the
temperature range of (-40) °C to (+60) °C (Figures 40 - 43). A striking feature
of the "H NMR spectrum of [Pd(L,)}** at -40 °C is that 'H resonances from the
pyridine moiety may be divided into two groups, which may indicate the
presence of two isomers (A and B) in solution.

A COSY spectrum (Figure 44) at -45 °(! indicates that 'H resonances at
6 8.85, 7.88, 748 and 7.38, which are sharp and show distinctive
superhyperfine splittings, belong to a pyridine moiety in a rigid environment
(Isomer A). On the other hand, 'H resonances at & 8.28, 8.15, 7.75 and 7.58,
which do not show superhyperfine splitting, belong to a pyridine moiety which
is in a less rigid eavironment (Isomer B). It should be interesting to note that
the splitting pattern of the pyridine protons from isomer B also resembles
those observed in the 'H NMR spectrum of the free ligand L, (Figure 32). As
the temperature increases to 40 °C or higher, 'H resonances from the pyridire
moiety in both isomers broaden and coalescence occurs at temperature above

60 °C.
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Figure 40 360 MHz 'H NMR spectra of [Pd(L,)]* in CD,ON at -40 C and
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0°C

Figure 41 360 MHz 'H N
10 °C

MR spectra of [PA(L,)]** in CD,CN at 0 'C and




25 °C
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Figure 42 360 MHz 'H NMR spectra of [Pd(L,)])* in CD,CN at 25 °C and

40 °C




50 °C

~

Figure 43 360 MHz 'H NMR spectra of [Pd(L,)]* in OD,CN at 50 ‘C and
60 °C
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Another interesting feature of the NMR spectra is the 'H resonances due

to "benzylic" protons. They appear as sharp AB quartet at 8 4.25 and 4.8 at
-40 °C. However, these signals broaden at temperature above -20 °C and
collapse to a broad singlet at 10 °C. These observations indicate that several
exchange processes are present when [Pd(L,)]* was dissolved in CD,CN. One
of these processes interchanges the "benzylic" protons in the axial and
equatorial positions. This feature has a lower activation energy than the other
process which changes the pyridine moiety from one chemical environment to
the other.

A mechanistic pathway which may rationalize some of the temperature
dependent NMR behavior of [Pd(L,)]** in CD,CN is summarized in Scheme 11.
It is proposed that when dissolved in CD,CN, [Pd(L,)]* exists in two isomers.
In isomer A, the complex has a structure similar to that observed in the
crystélline state (Figure 28), The palladium ion is in a square-planar
environment, it is coordinated to the nitrogen atoms from the pyridine and the
macrocycle and also two thioether atoms. In isomer B, the palladium centre
is coordinated to one nitrogen atorn and three thioether atoms from the ligand
in a square-planar environment (similar to the cation complex [Pd(L,)]** as
observed previously in Figure 24), with the nitrogen atom in the pyridine
moiety uncoordinated but in close proximity. When digsolved in CD,CN, one
of the exchange processes involves the commutation between the metal

coordinated S, and the non-coordinated S, atoms. This process oceurs via a




1" Al
metallotropic shift with the S,-Pd-N(2) axis acting as the pivot and has a

relatively low activation barrier (ca, = 12.3 kcal/mol). At the temperature
range of (-20) °C to (+25) °C, this exchange process is dominant in solution.
The other process which involves the interchange of the two pyridine
environments in isomers A and B, has a higher activation barrier
(= 18 kcal/mole) and can be detected by NMR at temperature above 50 °C.

Scheme 11

S4,S3 exchenge \

S‘/—» —_—
N7 [
Moo % 123 kealimol )P O
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Figure 45 ™C NMR spectra of [Pd(L,)T** in CD,CN at -40 °C and -20 'C
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25 °C
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Figure 47 °C NMR spectra of [Pd(L,)]*" in CD,CN at 25 °C and 40 °C
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Figure 48 °C NMR spectra of [Pd(L,)]* in CD,CN at 50 "C and 60 ‘C
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The mechahism suggested in Scheme 11 is also supported by changes
observed in the '*C NMR spectra of [PA(L]** at different temperatures
(Figures 45 - 48). At -40 °C, the ®*C NMR spectrum shows ten aromatic signals
and sixteen aliphatic signals from isomers A and B in solution. With the aid
of the l"C‘-i’H‘correlaﬁ;&d spectrum recorded &/ -40 °C (IFigure 49), we tentatively
assigned the C ~ssonances at & 159.5, 150.6, 138.9, 124.9 and 125.3
correspond to the pyridine moiety in the isomer A of [Pd(L,)]**. The other set
of ¥C resonances at § 153.8, 150.4, 142.2, 124.6 and 126.6 correspond to isomer
B of [Pd(L.,)]“. The C resonance at § 68.7 and 65.7 correspond to the
"benzylic” carbon in isomer A and B, respectively. The peaks at § 58.1, 42.7,
39.3, 31.1 and 22.3, which rémained sharp and unchanged between
teraperatures -40° to 40 C 2e a‘ésigned to. aliphafic carbons from isomer B.
The remaining "“C resonarces correspond to the aliphatic carbons in the
isomez' A. At temperatures between -20 °C and 25 °C, when the commutation
between metal-coordinated and uncoordinated thioether atoms in isomer A is
~ the major exchange process in solution, the '*C resonances at 8 28.¢ and 29.8;
':32,,.4, 25.1 and 36.7; 62.2 and 57.8 show broadening. They collapse to three
sihglets at 6 28.5, 34.7 and 61.0, respectively, at 25 ‘C. No change was
observed in the aromatic carbbns at these temperature ranges. This supports
the proposal in Scheme 11 that the commutation of coordinated and
uncoordinated thioether atoms in [Pd(L,)]* occurs without the cleavage of the

- Pd-N(pyr) bond. Attemperatures above 40 °C, when the exchange between the
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two isomers of [Pd(L,)]** start to occur, both aliphatic and aromatic carbon
signals start to broaden. This indicates that this process involves the
rearrangement of all carbon atom; in the ligand framework as suggésted by
the mechanism shown in Scheme 11.

3.5 UV/Vis Spectroscopy

The UV/Vis spectral data of the palladium complexes of L, and L,, are
summarized in Table 32. For these complexes, no distinctive absorption bands
were observed above 350 nm even when a more concentrated solution of the
complex in acetonitrile was prepared. However, it is interesting to note that
for [Pd(L,)C1]* and [Pd(L,)]**, the addition of a pyridine pendant arm in the
ligand does not shift the UV/Vis absorption bands significantly from those
observed in the parent complex, [Pd(L,)]**.

For squaré planar palladium complexes, the d-d transitions, ligand to
metal charge transfer (LMCT) and metal to ligand charge transfer (MLCT)
bands all overlap in the same region’” and therefore no specific ‘assi.gnmen.ts
have been made. However, a comparison with other similar complexes*!,
[Pd(10)]* and [Pd(31)]** (Table 32) indicates that absorptions around & = 320 -
370 nm are a common feature of palladium complexes with mixed sulphwur and

nitrogen donor systems.
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Table 32
UV/Vis Spectral Data for Pd(II) complexes.

Complex Anion  Solvent A, [nm](,,, Reference
in M'em?)
Pd(L,)* cr H,0 257(12,000);  present
326(4,600) work
(Pd(,)CIT* Ccr H,0O 253(15,700);  present
340(2360) work
Pd(L)* BF, CH,CN 254(17,800);  present
345(2820) work
[Pd(10))* PF, CH,CN 232(15,070) 41
298(14,460)
373(2175)
[PA(31)]2 PF, CH,CN  233(10,850) 41
266(10,000)
332(4250)
514(124)
H 2+
—~ AP
<\S S-een. | _.-'S
CHy —N \Pd/s /N>—CH3 AR S L
</s/ \s\> |
\_J A
H

(PA(10)1** [Pd(31)]*
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3.6 Electrochemistry

The redox chemistry of the Pd(II) complexes of L, and L, were studied
by cyclic voltammetry and the results are summarized in Table 33. . In most
cases, two irreversible reduction waves were observed (Figures 50 - 52). They
are tentatively assigned as the re;luction from Pd(II) to Pd(I); and Pd(I) to
Pd(0).

For the complexes [Pd(L,)]*, the reduction of PA(II) to Pd(I) occurred at
a similar potential as [Pd(L,))* (-0.96 V vs -0.90 V). However, for the complex
[(Pd(L/CI}J*, such a reduction occurred at -1.2 V vs Fe/Fe*. This may suggest
that the reduction of Pd(II) to Pd(I) is more difficult in the chloro complex.

The stabilization of monomeric Pd(I) has been reported**! in the square
planar N, donor complex [Pd(9))* and also N,S, donor complex [Pd(10))**. The
inability of ligands L, and L, to stabilize Pd(I) despite the presence of soft S
atoms and a pyridine moiety in the ligand framework may due to the cavity of
the ligand is not big enough to fit the larger Pd(I) ion. Alternatively, it may
be attributed to the ligand L, being coordinated to palladium in a folded
fashion and the macrocyclic effect is very small compared to ligands such as
cyclam which coordinated to a metal centre by wrapping afound the cation in

a square plane.




Table 33

Reduction potentials of Pd(II) complexes in acetonitrile.
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Complex Scan Rate E,, vs Fc¢'/Fe (V) Ref.
(mV/s)

PA(L,)* 100 -0.90 (PA(I) - Pd(I)) present

-1.45 (Pd(I) - Pd(0)) work
PdL)C1Y 100 -1.2 present

-1.6 work
Pd(L,)* 50 -0.96

-1.62 present

work

(Pd(10)1* 100 B, =-0.74 41
[Pd(9)]%* 100 E, =-1.53 40

, "—l 2+

CHy K\| ,CH,
‘—>N\ /N—/———
Pd

[PA(9)]*
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Figure 50 CV of [Pd(L,)]** in CH,CN containing 0.1 M Bu,NPF,. Fc/Fc'
occurs at 0.12 V.,
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Figure 51 CV of [Pd(L,)CI] in CH,CN containing 0.1 M Bu,NPF,. Fe/iic"
occurs at 0.09 V.
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9.001-8

"1 ‘ OOHS ) i { 1 Il 1 1 { 1 N 3
2.0 E vs Ag/AgNO, 2.09E-01

Figure 52 CV of [Pd(L,)J** in CH,CN containing 0.1 M Bu,NPF,. F¢/Fc¢*
occurs at 0.095 V.

3.7 Conclusion

In summary, the palladium(II) complexes of L, and L, were synthesized
and their solid state structure characterized by X-ray crystallography. The
complex [Pd(L;)]** has a square planar geometry both in the solid state and in
solution, as confirmed by *C NMR in CD,CN at room temperature. No
temperature dependent NMR behavior was detected. Electrochemical
reduction of this complex cation results in two irreversible reduction wzaave!s at -

0.90 and -1.45 V vs F¢/Fe*. In the complexes [Pd(L,)CI]* and [Pd(L,)]*, the

ligand was coordinated to the palladium in a folded fashion. The geometry
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around the palladium atom is square planar. It is coordinated to two nitrogen
atoms (one of which is from the pyridine moiety) and either two thioether
sulphur atoms or one thioether atom and one chloride ion in the case of the
chloro complex. In solution, both [Pd(L,)}** and [Pd(L,)C1]* exhibited fluxional
behavior due to the commutation of the metal coordinated and uncoordinated
sulphur atoms of the ligand. By studying the NMR spectra of these two
complexes at different temperatures, the mechanisms of the exchange
processes involved were evaluated. The electrochemical reduction of [Pd(L,))**
and its chloro complex also gave two irreversible reduction waves. The
inability of ligands L, and L, to stabilize monomeric Pd(I) species was
rationalized as due to either the cavity of the ligands being insufficiently large
enough to accommodate a Pd(I) ion, or due to the folded conformation of the

ligand when coordinated to palladium which reduced the macrocyclic effect.
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CHAPTER 4

SYNTHESES AND SOLUTION STUDIES OF TRANSITION METAL
COMPLEXES OF NITROGEN AND SULPHUR MIXED DONOR
MACROCYCLES WITH PYRIDINE PENDANT ARMS
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4,1 Introduction

As an ongoing study of nitrogen and sulphur mixed donor macrocycles
with pyridinre pendant arms, this chapter presents the syntheses, crystal
structures and solution studies of the Co(II), Ni(II) and Cu(II) complexes of
ligands L, and L;. Our interest in 'these ligand systems arises partly from the
recognition of similar coordination environment around metal centres in

methanogenic bacterial enzymes® and in copper proteins®®,

)

N
G

4.2 Synthesis

The synthetic route leading to various transition meta‘l complexes of L,
is outlined in Scheme 12 and to the Cu(Il) complex of Ly is presented in eq. 8.
The ligands were prepared according to the steps shown in Schemes 5 and 6
and also eq. 7 of chapter 3. In general, the nickel(II) and copper(II) complexes
were prepared by the reaction of equimolar quantities of the ligand with

[Ni(H,0),1(CIO,), or [Cu(H,0),)(C10,), in dry CH,CN under an atmosphere
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Scheme 12
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of nitrogen. X-ray quality crystals were obtained by slow diffusion of diethyl
ether into the acetonitrile solution of the complexes.

In the case of the cobalt(II) complex of L,, two compounds were isolated.
When the complex was prepared via the reaction of [Co(H,0),J(NO,), and L,
in dry acetonitrile, compound A was obtained. Its structure which has been
determined by X-ray crystallography, will be discussed in section 4.3. In
contrasi, when the cobalt complex of L, was prepared by the reaction of
[Co(H,0)61(ClO)), in dry nitromethane, a different speicies (Compound B) was
produced. Both of these compounds are stable in air and when dissolved in
acetonitrile or nitromethane, yield different spectroscopic characteristics and
electrochemical behavior. These aspects will be discussed in sections 4.4 and

4.6 of this chapter.
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4.3 Crystal Structures

(a)  Crystal structure of [Ni(L,)CH,CN)I(C1O,),

The nickel(IT) complex of L, has been characterized by crystallbgraphy.
The molecular structure is shown in Figure 53, together with the atomic
labelling scheme. Crystallographic parameters are listed in Table 34. The
fractional atomic coordinates, interatomic distances and bond angles are given
in Tables 35 - 37.

As illustrated in Figure 53, the nickel centre is located in a pseudo-
octahedral environment. Itis coordinated to three types of nitrogen atoms (one
from the macrocycle, one from the pyridine ring and one from the solvent
acetonitrile) and the three thioether sulphur atoms. Three different Ni-N bond
lengths are observed, with the Ni-N(1)pyr being the shortest and has a value
0of2.04 A. This distanceis slightly shorter than the ideal strain-free Ni-N bond
length (2.10 A)**, However, this is close to the values found for related high
spin mixed donor macrocyclic complexes reported in the literature® %7, For
example, in the complexes [Ni(bicycloSN,)(ClO,)]** and [Ni(32)]*, the mean
Ni-N bond distance is 2.06 A™ and 2.08 A%", respectively.

Three distinct Ni-S bond distances, ranging from 2.37 - 2.48 A, are
observed in the cation complex [Ni(L,)CH,CN]*. For the sulphur atom S(1)
which is trans to the pyridine nitrogen N(1), the Ni-S bond is the shortest and
has a distance of 2,37 A. This is attributed to the trans influence of a sulphur

atom being stronger than the nitrogen atom from pyridine. For the sulphur
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atom S(3) which is trans to the nitrogen N(3) from acetonitrile, the bond length

of Ni-S is 2.40 A. This value is comparable to other mixed donor macrocyclic
complexes such aé [Ni(32)]** (mean Ni-S = 241 AY" | [Ni([9]JaneSN,),]*
(2.42 A)* and Ni([9]aneNS,),}** (2.41 A)**. The longest Ni-S bond distance is
observed for the sulphur atom S(25 trans to the tertiary amine, with a value
of 2.48 A. Earlier studies based on the Pd-S bond distances obtained from the
crystal structures of {Yd(L,)]?* (Figure 24) and [Pd(L,))** (Figure 28, have
established that the trans influence of a thioether sulphur atom is greater than
a nitrogen atom from a tertiary amine, which in turn is greater than the
nitrogen from pyridine. The very long Ni-S(2) bond distance observed in the
present case is a consequence of a tetragonal elongation along the N(2)-Ni-S(2)
axis. The d® Ni(II) ion has an electronic configuration of tg‘,"eg2 in an octahedral
field and in the presence of high crystal field, spin pairing of the two electrons
in the e, orbital occurs. The complex is then subjected to Jahn-Teller
distortion and an elongation along the z-axis (the N(2)-Ni-S(2) axis in the
present complex) is observed, which will lower the energy of the d,? orbital.
A close examination at the structure of [Ni(L,Y CH,CN)]* indicates that
the ligand also adopts a "folded" conformation similar to the palladium and
platinum analogues. The mean plane calculation (Table 38) indicates the S(1)
atom is 0.1710 A apove the plane defined by the atoms S(2), N(1) and N(2).

The nickel atom is also 0.0426 A above this plane.
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Figure 53 ORTEP 'diagram of [Ni(L,J(CH,CN)]**. Selected interatomic
distances in A; Ni-S(1) = 2.37 1£3); Ni-S(2) = 2.481(2); Ni-S(3) = 2.398(3);
Ni-N(1) = 2.037(7); Ni-N(2) = 2.133(7); Ni-N(3) = 2.085(8).

%\\T—\N//HH (N:T’j"?@
@N/ !\N& 2 L\S) ,

[Ni(bicycloSN,)XCIO,)1* [Ni(32)]*
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A nickel(II) complex of ¢cyclam with pyridine pendant érm, [Ni(33)* has

been prepared by Kiraura and coworkers'®. In such a system, the ligand
cyclam adopts a trans-I configuration with pyridyl coordination in ‘the axial
position w1th Ni-N(pyr) bond distance being 2.124 A. However, in the presént:
complex cation [Ni(L,)(CH,CN)*, the ligand L, adepts a folded arrangement
with pyridyl ccordination in the equatorial position. Such a different
coordination gecmietry can be rationalized by the constraint imposed by the
ligand framework in the former case. In ligand 33, the pyridine moiety is
linkéd directly to the carbon framework of cyclam whereas in L, the pyi'idiné
ring is linked to the macrocycle via a "benzylic" carbon on the tertiary ami‘ne.
As a consequence, the five-membered chelate ring formed by the nitrogen
atoms from the pyridine and the tertiary amine in 33 is not very flexible and

will be too sirain to coordinate to a metal ion in an equatorial position.

-
N

N\
,§'<—>
A"

[Ni(83)1%
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Table 34

Experimental crystallographic data for [Ni(L,).CH,CN](ClO,),

Formula:

F.W.

Crystal colour:
Crystal system:
Space group:

Cell dimensions:

lel :
Z-

Temperature:
Crystal dimensions:
D

mcn‘s.: .
Radiation:
p: . [
transmission range:
Measurement:

No. of reflections coliected:
No. of reflections n > no(I):

No. of parameters:
Residual electron density:

Maximum final shift/error:

Refinement method:

R:
R,

NiC,,H3,N,S;04Cl,
682.3

royal purple
monoclinic

" P2,/n (No. 14)

a = 12.152(5) A
b = 14.445(2) A
¢ =17.194(5) A
2839.1 A®

4 molecules/cell

o =90°
B = 109.84(3)°
Y=90°

20 °C

0.64 x 0.20 x 0.25 mm®
1.596 g/cm®

1.595 g/cm®

Mo, K, 0.71069 A
11.07 em?

0.598 -- 0.664
20(0-45°)

3828

343

0.2 /A’

0.03

SHELX least squares

0.078
0.086
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Table 35 ‘
Fractional atomic coordinates and temperature parameters for
[Ni(L,).CH,CN}(Cl1O,),
Atom x/a y/b z/c U
Ni(1) 12268(8) " 4160(7) 31720(6) 500(4)
Cl(1) -4408(22) 46178(19) 26411(16) 737(11)
Cl(2) 12942(29) 19799(25) -2860(21) 955(14)
S(1) 18578(22) 19506(16) 30700(16) 684(10)
S(2) 33084(18) 1232(17) 39966(15) 641(10)
S5(3) 10590(22) 5905(20) 45142(16) 783(12)
o) 473(10) 4449(9) 2340(10) 197(9)
0(2) -614(15) 3841(7) 3052(9) 203(10)
0(3) -202(24) 5281(8) 3173(9) 307(17)
04) -1287(12) 4920(20) 2020(11) 329(16)
0(5) 1031(22) 2699(13) 83(10) - 315(15)
0(6) 1875(17) 1484(10) 383(10) 234(11)
o 1980(17) 2371(28) -597(12) 441(25)
0(8) 418(11) 1668(10) -903(10) 208(9)
N 536(5) -871(5) 3160(4) 56(3)
N() -549(7) 763(6) 2500(6) 84(4)
N(3) 1606(6) -12(5) 2132(5) 63(3)
C(1) -631(12) 1257(12) 1631(8) 126(7)
C(2) -103(11) 2127(10) 1663(8) 102(6)
C(3) 1165(11) 2274(7) 2000(7) 88(5)
C(4) 3342(10) 1664(10) 3055(10) 113(5)
C(5) 4016(10) 1144(8) 3754(9) 101(6)
C(6) 3376(9) 373(8) 5059(6) 86(5)
C(D 2487(10) - 1083(9) 5091(7) 97(5)
C(8) -22(15) 1534(12) 4399(9) 152(9)
C(9) -1136(11) 1116(16) 3649(12) 172(11)
C(10) -1153(12) 1408(13) 2801(14) 185(11)
C(11) -1143(8) 95(7) | 2195(7) 79(4)
C(21) -614(7) -905(7) 2724(6) 65(4)
C(22) -1225(9) -1736(8) 2694(8) 85(5)
C(23) -667(11) -2504(9) 3111(9) 103(7)
C(24) 513(10) -2459(7) 3538(7) 82(5)
C(25) 1081(8) -1633(7) 3576(6) 60(4)
C(@3y1) 1808(8) 5299(6) 1585(6) 61(4)
C(32) 2042(10) -669(7) 858(6) 84(5)
N@4) 6539(19) 1460(16) 317(15) 196(13)
C(41) 5644(29) 1173(28) 118(15) 243(22)
C(42) 4417(26) 736(45) -168(24) 440(48)

Estimated standard deviations are given in parentheses. Coordinates x 10" where n = §,6,54,4,4 for
Ni,C1,5,0,N,C. Temperatire parameters x 10% whiere n = 3,3,3,3,2,3 for Ni,C1,8,0,N,C,

U,, = the equivalent isotropic temperature parameter, U, = BEEU a'aj'(a,a)).

Primed values indicate that Uy, is given, T = exp{8n2U;,sin%0N?)
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Table 36
Interatomic Distances (A) for [Ni(L,).CH,CNI(C10,),
Atoms Distance Atoms Distance
S(1)-Ni(1) 2.371(3) C(21)-N(1) 1.344(10)
S(2)-Ni(1) 2.481(2) C(25)-N(1) 1.357(11)
S(3)-Ni(1) 2.398(3) C(1)-N(2) 1.629(17)
N(1)-Ni(1) 2.037(7) C(10)-N(2) 1.390(16)
N(2)-Ni(1) 2.133(7) C(11)-N(2) 1.441(13)
N(3)-Ni(1) 2.085(8) C(31)-N(3) 1.129(10)
0(1)-Ci(1) 1.397(10) C(2)-C(1) 1.403(19)
0(2)-Cl(1) 1.380(11) C(3)-C(2) 1.466(16)
0(3)-CI(1) 1.288(11) C(5)-C(4) 1.419(16)
0(4)-Cl(1) 1.282(14) C(7)-C(6) 1.505(15)
0(5)-Cl(2) 1.312(17) C(9)-C(8) 1.635(25)
0(6)-C1(2) 1.335(13) C(10)-C(9) 1.512(26)
O(7)-CI(2) 1.265(20) C(21)-C(11) 1.488(14)
0(8)-Cl(2) 1.302(12) C(22)-C(21) 1.403(13)
C(3)-S(1) 1.806(11) C(23)-C(22) 1.369(17)
C(4)-S(1) 1.859(12) C(24)-C(23) 1.372(15)
C(5)-S(2) 1.825(11) C(25)-C(24) 1.368(13)
C(6)-S(2) 1.836(10) C(32)-C(31) 1.474(14)
C(7)-S(2) 1.825(11) C(41)-N4) 1.105(28)
C(8)-S(3) 1.856(12) C(42)-C(41) 1.537(40)

Estimated standard deviations are given in parentheses.
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Bond Angles (deg) for [Ni(L,).CH,CNI(CI10,),

Atoms Angle Atoms Angle

S(2)-Ni(1)-S(1) 84.8(1) C(7)-S(3)-Ni(1) 100.9(4)
S(8)-Ni(1)-S(1) 96.2(1) C(8)-S(38)-Ni(1) 105,2(4)
S(3)-Ni(1)-S(2) 82.6(1) C(8)-S(3)-C(7) 106.2(7)
N(1)-Ni(1)-8(1) 174.2(2) C(21)-N(1)-Ni()  112.,7(6)
N(1)-Ni(1)-S(2) 100.8(2) C(25)-N(1)-Ni(1)  127.5(6)
N(1)-Ni(1)-S(3) 86.3(2) C(25)-N(1)-C(21) 119.6(8)
N(2)-Ni(1)-S(1) 91.9(2) C(1)-N(2)-Ni(1) 109.6(7)
N(2)-Ni(1)-S(2) 176.0(2) C(10)-N(2)-Ni(1)  121.4(9)
N(2)-Ni(1)-S(3) 95.5(3) C(10)-N(2)-C(1)  99.8(13)
N(2)-Ni(1)-N(1)  82.6(3) C(11)-N(2)-Ni(1)  106.6(6)
N(3)-Ni(1)-S(1) 92.4(2) C(11)-N2)-C(1)  100.1(10)
N(3)-Ni(1)-S(2) 87.7(2) C(11)-N(2)-C(10) 116.7(10)
N(3)-Ni(1)-S(3) 166.4(2) C(31)-N(3)-Ni(1) 175, 7(7)
N(3)-Ni(1)-N(1)  86.0(3) C(2)-C(1)-N(2) 118.2(12)
N(3)-Ni(1)-N(2)  94.7(3) C(3)-C(2)-C(1) 123.5(11)
0(2)-CI(1)-0(1) 109.0(8) C(2)-C(8)-S(1) 115.4(3)
O(3)-C1(1)-0(1) 112.2(14) C(5)-C(4)-5(1) 113.0(9)
0(3)-C1(1)-0(2) 106.2(8) C(4)-C(5)-S(2) 116.1(8)
04)-CI(1)-0(1) 105.3(10) C(7)-C(6)-S(2) 112.3(7)
0(4)-Cl(1)-0(2) 119.0(14) C(6)-C(7)-S(3) 106.0(8)
0(4)-ClI(1)-0(3) 105.2(16) C(9)-C(8)-S(3) 100.4(10)
0(6)-Cl1(2)-0(5) 98.8(10) C(10)-C(9)-C(8) 113.2(13)
O(7)-C1(2)-0(5) 98.8(19) C(9)-C(10)-N(2)  109.6(17)
0(8)-Cl1(2)-0(6) 111.8(15) C(21)-C(11)-N(2) 113.2(8)
0O(8)-Cl(2)-0(5) 113.7(11) C(11)-C(21)-N(1) 117.7(8)
0(8)-CI(2)-0(6) 124.3(11) C(22)-C(21)-N(1) 119.3(9)
0(8)-C1(2)-0(7) 106.5(11) C(22)-C(21)-C(11) 122.4(9)
C(3)-S(1)-Ni(1) 105.5(4) C(23)-C(22)-C(21) 120.8(9)
C(4)-S(1)-Ni(1) 97.6(4) C(24)-C(23)-C(22) 118.9(10)
C(4)-S(1)-C(3) 99.3(6) C(25)-C(24)-C(23) 119.0(10)
C(5)-S(2)-Ni(1) 101.5(4) C(24)-C(25)-N(1) 122.3(9)
C(6)-S(2)-Ni(1) 103.2(3) C(32)-C(31)-N(3) 178.,6(10)
C(6)-S(2)-C(5) 101.8(6) C(42)-C(41)-N(4) 177.1(45)

Estimated standard deviations are given in parentheses.
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Mean plane for [Ni(L,)(CH,CN)CIO,),
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The ¢quation of the plane containing sulphur and nitrogen atoms is: .

0.4931X - 0.1891Y - 0.8492Z + 4.6904 = 0

Atoms X Y Z P
S(2) 1.6881 0.1780 6,4639 0.000
N(1) -1.1929 -1.2579 5.1108 0.000
N(2) -2.1260 1.1016 4.0437 0.000
Ni(1) -0.3602 0.6009 5.1302 0.0426
S(1) 0,4661 2.8176 4.9652 0.1710
5(3) -1.3474 0.8530 7.3010 -2.3352
N(3) 0.7071 3.4488 2.1136

-0.0173

where P is the perpendicular distance hetween the atom and the mean plane, given

in A
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(b)  Crystal structure of [Co(LL)(NO,),.CH,CN] (Compound A)

The complex [Co(L)(CH,CN)XNO;),] has been characterized by
crystallography. The molecular structure and atomic labelling scheme is
shown in Figure 54. The crystallographic parameters, fractional atomic
coordinates, interatomic distances and bond angles are listed in Tables 39 - 42,

As shown in Figure 54, the cobalt ion is in an octahedral environment.
It is coordinated to three nitrogen atoms, one from the macrocycle, one from
the pyridyl ring and cne from the solvent acetonitrile. The remaining
coordination sites are occupied by a monodentate and bidentate nitrate ion,
NO,. These two modes of coordination of the nitrate ions have also beer
established by IR spectroscopy. The IR spectrum of [Co(L,)(NO,),(CH,CN)]
(KBr disc) shows NO stretches at 1360 and 1461 cm™ which correspond to a
monodentate nitrate ion'®". In addition, NO stretches at 1285 and 1021 c¢m™
were also observed, consistent with a bidentate nitrate.

In contrast to the structure of the nickel(II) complex of L, discussed in
the previous section, none of the thioether sulphur atoms in the macrocycle L,
is coordinated to the metal ir Compound A. The ligand adopts a conformation
gimilar to that observed in the free ligand [14]aneS, (Figure 22)*, suggesting
the lone pairs of electrons in the non-coordinating thioether atoms are directed
out of the ring. |

A detailed examination at the structure of [Co(L,)(CH,CN)XNO,),]

indicates that the coordination geometry at the cobalt centre is best described
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Figure 54 ORTEP diagram of [Co(Ly)(NOyCH,CN)]. _ Interatomic
distances in A: Co-O(1) = 2.245(15); Co-O(2) = 2.362(15); Co-0(4) = 2.217(22);
Co-N(1) = 2.145(13); Co-N(2) = 2.354(13); Co-N(5) = 2.159(16).
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as a distorted octahedron. The Co(II) centre, being a d” ion, has one unpaired

electron in the e, orbital in an octahedral field and is subjected to Jahn-Teller
distortion. In the present complex, a tetragonal compression along the
N(1)-Co-N(5) axis is observed. The mean Co-N bond distance in the axial
position of [Co(L,)(CH,CN)(NO,),] is 2.15 A, which is about 0.2 A shorter than
that in the equatorial plane (Co-N(2) = 2.35 A). The Co-N(1)pyr bond distance
is the shortest of the three Co-N bonds. This is due to the steric strain
imposed by the five membered chelate ring formed by the pyridyl nitrogen and
the nitrogen in the macrocycle. Such strain is also manifested in the five
membered chelate bite angle N(1)pyr-Co-N(2), which is only 76.6°, which is
significantly smaller than that observed in the complexes [Ni(L,)(CH,CN)J*
(N(1)pyr-Ni-N(2): 82.6°) and [Pd(L,)** (N(1)pyr-Pd-N(2): 81.7°), when the
nitrogen atoms from the pyridyl ring and the macrocycle are coordinated to the
metal centre in the equatorial plane.

~ The Co-O bond distances in the bidentate chelating nitrate ion are not
identical, with Co-O(1) being 2.24 A and Co-O(2) being 2.36 A. The bite angle
of the four-membered chelate O(1)-Co-O(2) is 54.4° and the bond angle of
N(2)-Co-O(4) is 85.1°. The former value reflects the small spatial distribution
of the oxygens in bidentate nitrate and the latter is smaller than the ideal

value of 90° between two donors in the equatorial plane of a normal

octahedron.
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For some thioether macrocycles, e.g., [12]aneS, and [14]aneS,, the
conformation of the free ligand is such that the lone pairs of the sulphur atoms
are directed out of the ring®*'°?, In these cases, complexation of mucal ions
occurs in an exo manner. It is not unusual that such thia macrocycles act only
as mono-, bi- or tridentate ligands', and leave some of the thiocether sulphur
atoms uncoordinated. For example, in the complexes [Al(CH,),[12]aneS,]'*** and
[ReBr(CO,)[14]aneS,1?, the thia macrocycles act as a mono- or bidentate
ligands, respectively. The complex [Co(L,)(CH,CN)NO,),] is unique in the
sense that the metal centre prefers tc bind to a bidentate and monodentate
nitrate and the solvent molecule acetdnitrile, rather than the thioether sulphur
atoms in the macrocycle. This result is very interesting and the icn may be

viewed as a precursor to the formation of the macrocyclic complex of [Co(L)1**.

‘ Hj /r_—\

A/ C (\““
| “titgy Ha ’
S /[ RO

[Al(CH,),[12]aneS,] [ReBr(CO),[12]aneS,]
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Table 39

Experimental crystallographic data for [Co(L,).(NG,),.CH,CN]

Formula:

F.W.:

Crystal color:
Crystal system:
Space group:

Cell dimensions:
Vea:
Z:

Temperature:
Crystal dimensions:
D g

Dmea.s.: .

Radiation:

p: . &
Transmission range:
Measurement:

No. of reflections collected:
No. of reflections I > no(I):

No. of parameters:
No. of standards:
Residual electron density:

Maximum final shift/error:

Refinement method:

R:
R,:

CoSy06NCyoH,,
607.6

burgundy red
triclinic

" P1 (No. 2)

a=28419(1)

b = 13.165( 2)
C = 14.524( 2)
1411.06 A®

2 molecules/cell

o = 109.38(1)°
B = 101.37(1)
y = 108.27(1)"

20 °C

0.4 x 0.2 x 0.05 mm”
1.430

1.435

Cu, 1.542 A

65.5 cm’™

N/A

26(0 - 110°)

3225

1950 (n = 6)

320

008, 500, 050

0.20 e/A®

0.01

least squares SHELX76

0.1148
0.1129
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Table 40
Fractional atomic coordinates and temperature parameters for
[Co(L,).(NO,),.CH,CN]
Atom x/a y/b z/c U,
Co(1) 14263(38) = 28927(24) 30612(21) 448( 16)
S(1) 80707(69) 54959(44) 24097(40) 619(29)
S(2) 76285(72) 85062(47) 18524(44) 708(32)
S(3) 20802(66) 66016(40) 3462(36) 533(26)
o) 3836(18) 3061(11) 4103(10) 69(8)
0(2) 1563(23) 2254(12) 4319(11) 78(9)
0(3) 4053(22) 2387(14) 5267(11) 94(10)
O4) -1094(26) 2695(17) 2141(20) 158(18)
o) -1592(39) 1610(29) 2721(25) 227(30)
06) -3594(30) 1686(22) 1624(22) 223(21)
N(1) 1540(17) 1380(10) 2020(10) 41(7)
N(2) 2550(17) 3545(10) 1998(10) 31N
N(3) 3142(29) 2566(14) 4596(14) 66(11)
N@4) -2195(36) 1959(19) 2145(19) 90(14)
N(b) 1601(23) 4537(13) 4065(11) 66(10)
C(31) 1728(26) 5483(17) 4463(14) 53(11)
C(32) 1936(26) 6658(15) 4950(16) 68(12)
C() 4387(22) 3773(13) 2250(12) 42(9)
C(2) 5409(23) 4869(14) 3213(13) 48(9)
C(3) 7353(21) 5111(15) 3391(12) 47(10)
CA) 7815(23) 6871(16) 2657(14) 61(11)
C(b) 8143(24) 7239(16) 1802(14) 62(11)
C(6) 5313(23) . 8082(16) 1607(14) 59(11)
C7 4341(24) 7062(18) 541(15) 67(11)
c(8) 1828(23) 5990(14) 1287(13) 48(19)
C(9) 2443(25) 4977(14) 1149(13) 50(10)
C(10) 1900(20) 4492(12) 1934(12) 34(8)
C(11) 1769(21) 2518(12) 1007(12) 40(8)
C(21) 1858(20) 1477(13) 1179(12) 36(8)
C(22) 2261(23) 617(14) 476(14) 52(10)
C(23) 2268(25) -358(16) 627(15) 60(11)
C(24) 1951(26) -403(15) 1553(16) 67(12)
N(6) 7507(49) 1238(30) 6282(23) 169(25)
C(33) 7614(53) 748(31) 5530(39) 157(33)
C(34) 7239(73) 147(35) 4356(29) 261(39)
C(25) 1585(20) 457(15) 2217(12) 42(5Y

Estimated standard deviations are given in parentheses. Coordinates x 10" where n

= 5,5,4,4,4 for Co,3,0,N,C ‘ ;
Temperature parameters x 10" where n = 3,3,3,2,2 for Co,S,0,N,C.

U,, = the equivalent isotropic temperature parameter. U, = %LLUa'a’(a.a).

Primed values indicate that U,, is given. T = exp-(8n?U,,sin’0/A%)
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Table 41
Interatomic Distances (A) for [Co(L,YINO,),.CH,CN]
Atoms Distance Atoms Distance
0(1)-Co(1) 2.245(15) C(25)-N(1) 1.355(19)
0(2)-Co(1) 2.362(15) C(1)-N(2) 1.451(20)
0(4)-Co(1) 2,217(22) C(10)-N(2) 1.496(18)
N(1)-Co(1) 2,145(13) C(11)-N(2) 1.563(20)
N(2)-Co(1) 2.354(13) C(31)-N(5) 1.161(20)
N(5)-Co(1) 2.159(16) C(32)-C(31) 1.429(24)
C(3)-S(1) 1.918(18) C(2)-C(1) 1.596(22)
C(4)-S(1) 1.794(20) C(3)-C(2) 1.543(22)
C(5)-S(2) 1.799(20) C(5)-C(4) 1.608(24)
C(6)-S(2) 1.823(18) C(7)-C(6) 1.642(26)
C(1)-S(3) 1.789(19) C(9)-C(8) 1.505(21)
C(8)-5(3) 1.910(16) C(10)-C(9) 1.644(22)
N(3)-0(1) 1.298(21) C(21)-C(11) 1.496(21)
N(3)-0(2) 1.236(20) C(22)-C(21) 1.446(22)
N(3)-0(3) 1.287(21) C(23)-C(22) 1.378(23)
N(4)-0(4) 1.180(26) C(24)-C(23) 1.531(28)
N(4)-0(5) 1.212(29) C(25)-C(24) 1.397(24)
N(4)-0(6) 1.140(26) C(33)-N(6) 1.164(46)
C(21)-N(1) 1.422(20) C(34)-C(33) 1.659(53)

BEstimated standard deviations are given in parentheses.
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Table 42
Bond Angles (deg) for [Co(L,)NO,),.CH,CN]

Atoms Angle Atoms Angle .
0(2)-Co(1)-0(1)  54.5(5) C(11)-N(2)-C(10) 108.5(13)
0(4)-Co(1)-0(1)  174.0(8) 0(2)-N(3)-0(1) 112.9(20)
0(4)-Co(1)-0(2)  119.8(8) 0(3)-N(3)-0(1) 121.6(21)
N(1)-Co(1)-0(1)  91.6(5) 0(3)-N(3)-0(2) 125.5(21)
N(1)-Co(1)-0(2)  96.4(5) 0(5)-N(4)-0(4) 108.2(30)
N(1)-Co(1)-0(4)  90.9(7) 0(6)-N(4)-0(4) 118.9(33)
N(2)-Co(1)-O(1)  100.8(5) 0(6)-N4)-0(5) 132.9(36)
N(2)-Co(1)-0(2)  154.5(6) C(31)-N(5)-Co(1) 167.0(15)
N(2)-Co(1)-0O(4)  85.1(7) C(32)-C(31)-N(5) 178.2(21)
N(2)-Co(1)-N(1)  76.6(5) C(2)-C(1)-N(2) 113.3(14)
N(5)-Co(1)-0(1)  86.0(5) C(3)-C(2)-C(1) 110.4(14)
N(5)-Co(1)-0(2) 88.3(5) C(2)-C(3)-S(1) 111.1(12)
N(5)-Co(1)-O(4)  92.2(7) C(5)-C(4)-S(1) 107.7(13)
N(5)-Co(1)-N(1)  172.2(6) C(4)-C(5)-S(2) 113.1(14)
N(5)-Ce(1)-N(2)  96.5(5) C(7)-C(6)-S(2) 111.5(13)
C(4)-S(1)-C(3) 102.0(8) C(6)-C(7)-S(3) 110.6(13)
C(6)-S(2)-C(5) 104.1(9) C(9)-C(8)-S(3) 112.8(12)
C(8)-S(3)-C(7) 103.8(9) C(10)-C(9)-C(8) 105.0(13)
N(3)-0(1)-Co(1)  98.2(13) C(9)-C(10)-N(2)  114.5(12)
N(3)-0(2)-Co(1)  94.4(13) C(21)-C(11)-N(2) 107.1(13)
N@4)-0(4)-Co(1)  111.7(21) C(11)-C(21)-N(1) 118.7(14)
C(21)-N(1)-Co(1) 115.6(10) C(22)-C(21)-N(1) 123.3(15)
C(25)-N(1)-Co(1) 121.7(12) C(22)-C(21)-C(11) 118.0(16)
C(25)-N(1)-C(21) 121.8(14) C(23)-C(22)-C(21) 117.2(19)
C(1)-N(2)-Co(1)  110.2.10) C(24)-C(23)-C(22) 117.0(17)
C(10)-N(2)-Co(1) 108.3(9) C(25)-C(24)-C(23) 123.6(17)
C(10)-N(2)-C(1)  117.4(12) C(34)-C(33)-N(6) 162.6(51)
C(11)-N(2)-Co(1) 105.0(9) C(24)-C(25)-N(1) 116.9(17)
C(11)-N(2)-C(1) 103.7(12)

Estimated standard deviations are given in parentheses.
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(¢)  Crystal structures of Lg and [Cu(LgI(ClO)),

Both the free ligand Lg and its Cu(II) complex have been characterized
by crystallography.- The mol,eculaf structures, along with the atomic-labelling
schemes are shown in Figures 55 and 56, respectively and crystallographic
parameters are listed in Table .43. The fractional atomic coordinates,
interatomic distances and bond angles of L are shown in Tables 44 - 46, and
those of [Cu(L‘,‘)](ClO,,)2 are presented in Tables 47 - 49.

For the free ligand L;, the interatomic distances between the nitrogen
and sulphur donor atoms inside the cavity of the macrocycle are: N(1)...5(1) =
5.011 A, S(1)..N(2) = 4.511 A, N(1)..S(2) = 4.099 A, N(2)..5(2) = 4.737 A,
N(1)..N(2) = 5.762 A and S(1)..S(2) = 5.905 A. The average of the C-S bona
distance is 1.833 A, which is similar to that observed in [14]aneS,*?. The
geometry of the ligand in the solid state suggests that the lone pairs of
electrons on the sulphur ator:s are exocyclic and the non-bonding electron
pairs on all the nitrogen atoms are oriented in different directions such that
no two sites may bond to the same metal simultaneously without any
conformational changes of the ligand.

In the complex [Cu(L;)]*, the copper ion is in a distorted square-
pyramidal environment (Figure 56). It is coordinated by three nitrogen atoms
and two thioether sulphur atoms. There is one nitrogen atom in the
macrocycle which is not coordinated. The Cu-N bond distances range from 2.00

to 2.14 A. The apical Cu-S(1) bond distance is 2.51 A, which is very close to




f'igure 56 ORTEP diagram of [Cu(Ly)I(Cl0,),. Selected Interatomic
distances in A: Cu-S(1) = 2.511(4); Cu-S(2) = 2.339(4); Cu-N(1) = 2.135(11);
Cu-N(3) = 2.066(11); Cu-N(4) = 2.000(11).
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the value in [Cu(bicycloSN,)I** (2.55 A)*. The basal Cu-S(2) bond distance is

2.34 A, which is comparable to that observed in [Cu[14]aneS,]** (mean Cu-S =
2.30 A)%, A comparison with the interatomic bond distances in L, indicates
that there is no major change in bond lengths within the macrocycle upon
coordination to copper. |

From the mean plane calculation (Table 50), the copsor ion is 0.258 A
above the plane defined by the basal atoms N(1), N(3) and N{4). In addition,
S(2} is 0.9059 A below this plane. A conseguence of the non-planarity between
the copper ion and the nitrogen and sulphur donor atoms is that the bond
angle S(1)-Cu-S(2) is 130.5°. The copper centre is also 0.326 A above the plane
defined by the pyridyl ring, N(3), C(21), C(22), C(23), C(24) and C(25).

The bond angles in the equatorial plane are: N(4)pyr-Cu-S(2) = 90.2°,
N4)pyr-Cu-N(2) =91.7°, S(2)-Cu-N{1)pyr = 86.8°, N(1)-Cu-N(3)pyr = 81.7°. The
first two values arz close to the ideal value of 90° as expected between two
donors in the equatorial plane of a sqliare pyramidal structure. The last two
values, however, are smaller than the exbected value. This probably arises
from the strain imposed by the ligand.

Model systems for type I Blue copper protein have appeared in the

58,104

literature For example, Rorabacher and coworkers®®'% have prepared

several copper(I)/(I) complexes with polyamino- and polypyridylthioether
ligands with NS, , and N,S;, as donor sets. They have studied the structural

effects of these ligands on the copper(I)/(I) potentials and elpctron~tran8fer
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86,106 6

kinetics Recent X-ray diffraction studies'® on plastocyanin (which is
an one electron transfer protein containing one type I copper(Il) site) indicates
that copper is in a pseudo-tetrahedral environment. It is coordinated to two
imidazole nitrogen from histidine residues, one thioether sulphur atom from
a methionine residue and one thioiate sulphur from a cysteine residue. The
mean Cu-N(imidazole) bond distance is 2.07 A, which is very close o the
average Cu-N(pyr) bond distance (2.04 A) observed in [Cu(Lg)l*. 'The
Cu-S(cyst) bond distance is 2.13 A and the bond length of Cu-S(methionine) is
2.90 A. Both of these values are different from the Cu-S bond distances
observed in [Cu(Lg)]* (Cu-S(basal): 2.34 A; Cu-S(apical): 2.51 A). Aithough the
coordination geometry around the Cu(ll) centre in the complex [Cu(Ly]* is a
distorted square pyramid and is quite different from the distorted tetrahedral
arrangement observed in the active site of the Blue copper protein, it may still

be treated as a simple structural model which mimics the primary coordination

spheére of the active site of type I copper protein.
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Experimental crystallographic data for Ly and [Cu(L4))(C1O,),

Formula:

F.W.:

Crystal coleur;
Crystal system:
Space group:

Cell dimensions:

Vuzll:
Z:

Temperature:
Crystal dimensions:
Dcnld.:

mll.l.: '
Radiation:
p _
Transmission range:
Measurement:

No. of reflections collected:

No. of reflections I 2 no(l);
No. of parameters:

No. of standards:
Residual electron density:

Maximum final shift/error:

Refinement method:

R:
R,:

CpHy, NS,
416,64

clear vhite
monaoclinie
P2, (No, 4)

a = 10.593(4) A
b =17.195(9) A
¢ = 6.401(2) A
o=90"

B = 97.72(4)"

¥y =90

1155.29 A?

2 molecules/cell

20 °C

1.051 x .098 x .427 mm*®
1.198

1.208

Mo, 0.71069 A
2.44 cm!
0.893 - 0.927
2000 - 50°)
2134

1464 (n. = 6)
252

0080, 003, 300
0.16 /A3

0.1

least squares

0.0851
0.0847

CyH;;,N,S,CuCl,0,
679.1 )
emerald green
monoclinic

P2/c (No. 14)

o= 15,632(1)
b = 9.753(3)

¢ = 18,713(2)

a =90’

p = 96.21(1)
y=90

2836.2 A’

4 molecules/cell

20°C

.105 x .136 x 546 mm”
1.590

1.6815

Cu, 1,542 A
445 cm™
N/A

20(0 - 120)
3774

2197 (n = 6)
352

706, 820, 065
0.3 e/A?

0.01

least squares

0.0938
0.0936
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Table 44
Fractional atomic coordinate and temperature parameters for L,

Atom x/a y/b z/c U

eq
S(1) -39522(32) 15710(1) 34057(53) 669(12)
S(2) -40124(31) ° 42674(28) -8931(53) 630(11)
N(1) -5494(8) 2072(6) -669(14) 49(3)
N(2) -991(8) 3065(7) 4732(14) 51(3)
N(3) -8648(9) 1302(7) -1969(14) 59(4)
N(4) 2290(9) 4149(7) 5987(14) 56(4)
C(1) -4899(11) 1319(8) -732(18) 57(4)
C(2) -3626(12) 1243(7) 822(18) 56(4)
C(3) -2371(8) 1389(7) 4906(15) 42(3)
C4) -1458(11) 2077(8) 4453(21) 64(5)
C(5) -1808(10) 2862(7) 5447(20) 54(4)
C(6) -1584(11) 4257(9) 4806(18) 57(4)
o()) -2782(10) 4372(8) 3283(17) 49(4)
(8) -2553(8) 4085(7) 906(15) 46(4)
Ci9) -5023(11) 3472(7) -301(19) 53(4)
C(10) -4696(11) 2713(7) -1384(18) 53(4)
Cc@1) -6785(10) 2080(9) -1914(18) 58(4)
C(12) 294(10) 3457(8) 5914(17) 60(4)
C(21) -7720(9) 1635(8) -742(16) 50(4)
C(22) -5 77(11) 935(9) -1107(19) 63(5)
C(23) -9556(12) 892(10) 1085(23) 73(5)
C(24) -8544(11) 1236(¢¢° 2374(19) 65(5)
C(25) -7637(12) 1604{10) 1429(18) 70(5)
C(31) 1295(10) 3850(7) 4803(17) 47(4)
C(32) 1153(12) 5859(10) 2603(19) 66(5)
C(33) 2143(11) 4189(10) 1644(17) 64(5)
C(34) 3189(11) 4508(7) 2857(19) 56(4)
C(35) 3169(11) 4461(7) 5012(20) 56(4)

Estimated standard deviations are given in parentheses. Coordinates x 10" where n
= 5,4,4 for S,N,C

Temperature parameters x 10" where n = 3,2,2 for S,N,C.

U, = the equivalent isotropic temperature parameter. U, = %ELEUga'a'(a.a).
Primied values indicate that Uy, is given. T = exp<81?U,, sin®6/A%)
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Table 45
Interatomic Distances (A) for Lg
Atoms Distance Atoms Distance
C(2)-5(1) 1.824(12) C(4)-C(3) 1.580(16)
C(3)-8(1) 1.842(9) C(5)-C(4) 1.558(18)
C(8)-5(2) 1.827(9) C(N)-C(6) 1.506(15)
C(9)-S(2) 1.808(12) C(8)-C(7) 1.649(14)
C(1)-N(1) 1.444(15) C(10)-C(9) 1.539(17)
C(10)-N(1) 1.497(14) C(21)-C(11) 1.526(16)
C(i1)-N(1) 1.487(13) C(31)-CQ12) 1.513(15)
C(5)-N(2) 1.463(15) C(25)-C(21) 1.381(15)
C(6)-N(2) 1.503(16) C(23)-C(22) 1.403(17)
C(12)-N(2) 1.466(13) C(24)-C(23) 1.394(18)
C(21)-N(3) 1.306(13) C(25)-C(24) 1.361(17)
C(22)-N(3) 1.348(14) C(32)-C(31) 1.396(15)
C(31)-N4) 1.317(13) C(33)-C(32) 1.404(17)
C(35)-N(4) 1.304(14) C(34)-C(33) 1.379(16)
C(2)-C(1) 1.570(16) C(35)-C(34) 1.385(17)

Estimated standard deviations are given in parentheses.




170

Table 46
Bond Angles (deg) for Ly

Atoms Angle Atoms Angle
C(3)-S(1)-C(2) 98.6(5) C(9)-C(10)-N(1)  108.4(9)
C(9)-S(2)-C(8) 102.3(5) C(21)-C(11)-N(1) 110.0(9)
C(10)-N(1)-C(1) - 112.,7(8) C(31)-C(12)-N(2) 114.4(9)
C(11)-N(1)-C(1)  111.5(9) C(11)-C(21)-N(3) 114.2(9)
C(11)-N(1)-C(19) 110.2(9) C(25)-C(21)-N(3)  122.0(23)
C(6)-N(2)-C(5) 111.4(8) C(25)-C(21)-C(11) 123.7(10)
C(12)-N(2)-C(5)  112.3(9) C(23)-C(22)-N(3) 121.3(11)
C(12)-N(2)-C(6)  110.8(9) C(24)-C(23)-C(22) 118.5(12)
C(22)-N(3)-C(21) 119.4(10) C(25)-C(24)-C(23) 117.9(11)
C(35)-N(4)-C(31) 116.9(10) C(24)-C(25)-C(21) 120.7(12)
C(2)-C(1)-N(1) 113.4(9) C(12)-C(31)-N(4) 117.4(9)
C(1)-C(2)-S(1) 107.3(8) C(32)-C(31)-N(4) 123.0(11)
C(4)-C(3)-S(1) 108.2(7) C(32)-C(31)-C(12) 119.5(10)
C(5)-C(4)-C(3) 112.9(9) C(33)-C(32)-C(31) 117.4(11)
C(4)-C(5)-N(2) 107.6(9) C(34)-C(33)-C(32) 120.4(10)
C(7)-C(6)-N(2) 114.7(10) C(35)-C(34)-C(33) 114.8(1v)
C(8)-C(7)-C(6) 110.0(8) C(34)-C(35)-N(4) 127.5(10)
C(7)-C(8)-S(2) 108.3(7)

C(10)-C(9)-S(2) 111.9(8)

Estimated standard deviations are given in parentheses.
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Table 47
Fractional atomic coordinate and temperature parameters for
[Cu(@-)XCIO,),
Atom x/a y/b zle U,
Cu(1) 26768(12)  2105(19) 3926(10) 372(7)
CI(1) 43081(31) 42395(41) 17260(22) 610(16)
Cl(2) 7342(37) 12052(54) 35282(27) 778(21)
S(1) 11308(25) -3786(44) 1265(22) 560(15)
S(2) 39153(27) -11469(45) 4470(22) 594(16)
0oQ1) 4433(8) 4663(12) 1029(6) 78(5)
0(2) 4118(10) 2838(12) 1765(7) 100(6)
0(3) 5024(15) 4508(23) 2178(9) 222(13)
0w4) 3615(14) 4920(18) 1919(13) 203(13)
O(5) 364(13) 741(21) 4092(9) 192(11)
0(6) 579(16) 501(22) 2918(8) 202(12)
o) 1615(19) 906(31) 3624(15) 240(18)
08 876(16) 2551(19) 3527(10) 189(13)
N(1) 2459(8) -669(12) 1402(6) 54(5)
N(2) 2537(8) -1300(11) -1059(7) 50(5)
N(3) 2169(7) 1919(12) 845(6) 41(4)
N({4) 3103(7) 1336(11) -389(6) 8(4)
C) 1595(11) -1325(20) 1393(11) 80(8)
C(2) 870(11) -613(21) 940(9) 80(8)
C(3) 881(13) «2117(19) -370(12) 91(9)
C(4) 941(11) -2049(19) -1173(11) 74(8)
C(5) 1874(11) -2332(16) -1366(11) 75(8)
C(6) 3407(10) -1787(1'7) =1156(9) 61(7)
(6l4)) 3719(13) -2987(17) -661(10) 81(8)
C(8) 3480(13) -2818(16) 110(11) 85(9)
C(9) 4055(10) -1392(22) 1413(9) 78(8)
C(10) 3140(11) -1732(17) 1657(10) TU7)
C(11) 2572(11) 569(16) 1899(7) 58(6)
C(12) 2344(9) 41(14) -1414(7) 45(5)
C(21) 2135(9) 1801(15) 1547(8) 46(6)
C(22) 1787(9) 2972(16) 480(8) 49(6)
C(23) 1326(11) 3972(16) 830(10) 62(7)
C(24) 1293(10) 3839(18) 1567(10) 62(7)
C(25) 1684(10) 2777017) 1929(8) 52(6)
C(31) 2952(8) 1155(13) -1114(7) 35(5)
C(32) 3355(9) 1994(15) -1583(8) 50(6)
- C(33) 3888(10) 3046(17) -1314(10) B7(7)
C(34) 4050(9) 3240(15) 583(10) 52(6)
C(35) 3622(9) 2366(13) «127(8) 41(5)

Estimated standard deviations are given in parentheses, Coordinates x 10" where n = 5,5,5,4,4,4 for
Cu,CL,S,0,N,C. Temperature parameters x 10" where n = 8,8,3,5,2,% for Cu,CI,8,0,N,C,
U,, = the equivalent isotropic temperature parameter, U, = %E,Z,U,,u,‘nj(u,.a,% Primed values tr” . abe that
U, 18 given, T = exp-(8n2U,,, 5in*6/%)
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Table 48
Interatomic Distances (A) for [Cu(Ly)](C1O,),

Atoms Distance Atoms Distance
S(1)-Cu(1) 2.511(4) C(12)-N(2) 1.483(17)
S(2)-Cu(1) 2.330(4) C(21)-N(3) 1.326(17)
N(1-Cu(1) 2,135(11) C(22)-N(3) 1.337(17)
N(3)-Cu(1) 2.066(11) C(31)»-N@4) 1.364(16)
N(4)-Cu(1) 2.000(11) C(35)-N(4) 1.349(16)
O(1)-Ci(1) 1.402(11) C(2)-C(1) 1.509(23)
0(2)-CI(1) 1.401(12) C(4)-C(3) 1.518(26)
0(3)-CI(1) 1.354(15) C(5)-C(4) 1.564(23)
0@4)-Cl(1) 1.352(14) C(7)-C(6) 1.562(22)
0(5)-C1(2) 1.337(14) C(8)-C(7) 1.538(26)
0(6)-CL(2) 1.332(16) C(10)-C(9) 1.582(23)
Oo(7)-C1(2) 1.400(27) C(21)-C(11) 1.499(20)
0(8)-C1(2) 1.330(17) C(31)-C(12) 1.511(18)
C(2)-S(1) 1.839(17) C(25)-C(21) 1.422(19)
C(3)-S(1) 1.865(18) C(23)-C(22) 1.415(20)
C(8)-5(2) 1.850(18) C(24)-C(23) 1.393(22)
C(9)-S(2) 1.814(17) C(25)-C(24) 1.347(21)
C(1)-N(1) 1.493(20) C(32)-C(31) 1.397(18)
C(10)-N(1) 1.5626(18) - C(33)-C(32) 1.382(21)
C(11)-N(1) 1.522(19) C(34)-C(33) 1.377(22)
C(5)-N(2) 1.512(19) C(35)-C(34) 1.423(20)
C(6)-N(2) 1.460(18)

Estimated standard deviations are given in parentheses,
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Table 49

Bond Angles (deg) for [Cu(Ly)I(C10,),
Atoms Angle Atoms Angle_
S(2)-Cu(1)-S(1) 130.5(2) C(12)-N(2)-C(5) 108.6(12)
N(1)-Cu(1)-S(1) 85,3(4) C(12)-N(2)-C(6) 115.1(12)
N(1)-Cu(1)-S(2) 86.8(4) C{21)-N(3)-Cu(l) 113.2(9)
N(3)-Cu(1)-S(1) 84.3(3) C(22)-N(3)-Cu(l1) 125.5(10)
N(3)-Cu(1)-S(2) 142.3(3) C(22)-N(3)-C(21) 120.6(13)
N(3)-Cu(1)-N(1) 81.7(5) C(31)-N(4)-Cu(1) 128.4(9)
N(4)-Cu(1)-S(1) 107.8(3) C(35)-N(4)-Cu(1) 112.2(9)
N(4)-Cu(1)-S(2) 90.2(3) C(35)-N(4)-C(31) 119.3(12)
N(4)-Cu(1)-N(1) 164.8(5) C(2)-C(1)-N(1) 115.6(14)
N(4)-Cu(1)-N(3) 91.7(4) C(1)-C(2)-5(1) 111.0(13)
0(2)-CI(1)-0(1) 112.0(8) C(4)-C(3)-S(1) 107.9(13)
0(3)-CI(1)-0(1) 109.6(10) C(5)-C(4)-C(3) 112.3(17)
0(3)-CI(1)-0(2) 109.2(11) C(4)-C(5)-N(2) 114,4(13)
0(4)-Cl(1)-0(1) 107.4(10) C(7)-C(6)-N(2) 113.3(14)
0(4)-Cl(1)-0(2) 106.8(11) C(8)-C(7)-C(6) 112.5(13)
0(4)-Cl(1)-0(3) 111.8(17) C(7)-C(8)-S(2) 107.2(13)
0(6)-CI(1)-0(8) 116.6(10) C(10)-C(9)-S(2) 107.4(11)
0(7)-Cl(2)-0(5) 109.4(16) C(9)-C(10)-N(1) 112.9(13)
O(7)-C1(2)-0(6) 95.1(17) C(21)-C(11)-N(1) 110.5(11)
0(8)-C1(2)-0(5) 114,9(11) C(31)-C(12)-N(2) 112.3(11)
0(8)-C1(2)-0(6) 121.5(12) C(11)-C(21)-N(3) 116.1(13)
0(8)-Ci(2)-0(7) 92.6(15) C(25)-C(21)-N(3) 121.0(14)
C(2)-S(1)-Cu(1) 93.8(6) C(25)-C(21)-C(11) 122.9(14)
C(3)-8(1)-Cu(1) 118.2(7) C(23)-C(22)-N(3) 121.0(14)
C(3)-S(1)-C(2) 101.0(10) C(24)-C(23)-C(22) 118.0(15)
C(8)-S(2)-Cu(1) 102.2(6) C(25)-C(24)-C(23) 120.4(16)
C(9)-S(2)-Cu(1) 97.3(5) C(24)-C(25)-C{21) 119,0(15)
C(9)-8(2)-C(8) 102.9(10) C(12)-C(31)-N(4) 119.7(12)
C(1)-N(1)-Cu(1) 113.2(10) C(32)-C(31)-N(4) 120,56(13)
C(10)-N(1)-Cu(1) 112.1(10) C(32)-C(31)-C(12) 119.8(13)
C(10)-N(1)-C(1) 108.2(12) C(33)-C(32)-C(31) 120.1(15)
C(11)-N(1)-Cu(1) 101.7(8) C(34)-C(33)-C(32) 120.1(156)
C(11)-N(1)-C(1) 113.1(13) C(35)-C(34)-C(33) 117,7(15)
C(11)-N(1)-C(10) 108.5(12) C(34)-C(35)-N(4) 122.1(14)
C(6)-N(2)-C(5) 111.0(12)

Estimated standard deviations are given in parentheses.
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Table 50
Mean plane for [Cu(Ly)1(ClO,),

(a) The equation of the plane containing the atoms in the first pyridine moiety is:
-0,8219X - 0,5421Y - 0.1749Z + 3,9389 = 0 i

Atoms X Y Y/ P
N(3) 3.2203 18720 1.5720 0.0024
C(21) 3.0241 1.7561 2.8781 -0.0020
C(22) 2.6962 2.8983 0.8933 -0.0045
C(23) 1.9045 3.8740 1.5435 0.0036
C(24) 1,7038 3.7443 2.9159 -0.0011
C(25) 2.2422 2,7083 3.5880 0.0004
Cu(1) 4.1049 0.2053 0.7304 0.3259

b) The equation of the plane containig atoms N(1), N(3) and N(4) is:
-0.79656X - 0.3180Y - 0.5143%Z + 3,9687 = 0

Atoms X Y Z P
N(Q1) 3.56594 -0.6521 2.6076 0.0000
N(@3) 3.2203 1.8720 1.5720 0.0000
N(4) 4.9295 1.3033 -0,7233 0.0C00
Cu(1) 4,1049 0.2053 0.7304 0.2583
S(2) 6,0299 -1.1186 0.8316 -0.9059

where P is the perpendicular distance between the atom and the mean plane, given
in
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The ESR spectral data for various Cu(Il) and Co(II) complexes studied

in this work are listed in Table 51. For the complexes [Cu(L;))*" and [Cu(¥L,)]*,

the ESR spectra (Figurer 57 and 58) show characteristics of a d” ion in a

tetragonal elongated environment™, with g, > g,. Four hyperfine lines are also

observed in the g, region, with the coupling constants ranging from 115 -

125 G. The coupling observed is due to the interaction of the unpaired electron

with the nuclear spin of the copper nucleus (***Cu, I = 2/2).

Table 51
ESR data for the Cu(II) complexes of L, - Ly and the Co(II) complex of L,
at 77 K
Complex g, (A4, in Gauss) g
[Cu(Ly)l? 2.467 (115) 2,121
[Cu(L,)P* 2.167 (125) 1.983
[Cu(L,)1* 2.070"
[Cu(Ly)I* 2.100" -
[Co(L)(NO,),(CH,CN)] ESR silent -
[Co(L)(CIO)I* 2.020 (75) 2.290

* g, value is given,
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g =2.467; A, =115G; g, = 2,121

e

Figure 57 ESR spectrum of [Cu(L,)]** CH,CN at 77K,

g = 2.167; A, = 125 G; g, = 1.983
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The g, value of [Cu(l,)]* is greater than [Cu(cyclam)]** (g, = 2.194, A,

= 206 G)'"", [Cuw/[14]aneS,)]** (g, = 2.10; A, = 165 G) and also other Cu(Il)
N,S, complexes prepared by Kaden et al’™, The g, value for [Cu(L,)]*, on the
other hand, is very similar to a structurally related Cu(II) complex, [Cu(34)]*
(g, = 2.162, A, = 161 G)’™. However, the coupling constants A, in these
Cu(II) complexes are greater than those observed in type T Blue Copper protein

(85 - 90 G)%,

i
vk

’.-——.S\C /N g = 2.162
u
<__ / N A, =161 G
yd T___J '
[(Cu(34)*

Ifsotro;bic ESR spectra were obtained for the copper(II) complexes with
pyridine pendant arms, [Cu(L,)J** and [Cu(Ly]* (Figures 59 and 60) even at
77K. Such ESR spectra are very different irom that of a typical Cu(II)
complex. The isotropic ESR signal spans a range of 500 G and no hyperfine
coubling witix the copper nucleus was observed. It is unlikely that the

unpaired electron is organic-based, due to the broadness of the observed ESR
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Figure 59 ESR spectrum of [Cu(L,))” in CH,CN at 77K,

Figure 60 ESR spectrum of [Cu(L,)”’ in CH,ON at 77 K.
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signal and the lack of hyperfine couplings to the nitrogen atoms in the pyridine

moiety and also the tertiary amine, A possible explanation for the abnormal
ESR spectra observed is that the five coordinate geometry in [Cu(Lgl** is
flexible. In view of the crystal structure of [Cu(Lg)]** shown in Figure 56, the
possibility exists that there is an exchange between the Cu-coordinated
nitrogen atom from the pyridine and the uncoordinated nitrogen atom from the
tertiary amine even at 77 K. Although the crystal structure of [Cu(IL,)]** is not
available currently, a five coordinate geometry is anticipated and certain
fluxional processes may be present.

For the Co(II) complexes of L, only Compound B, [Co(L)(C10))]*, is ESR
active, The ESR spectrum #t 77K (Figure 61) exhibits characteristics of a low
spin d’ ion in a distorted octahedral environment™, with g, = 2.020 and g, =
2.290. This is consistent with a Co(II) ion being coordinated to the nitrogen
and sulphur donor atoms from the ligand L, and perchlorate ion in a
tetragonal elongated geometry. Since no hyperfine coupling from the nitrogen
atnms was observed in the ESR spectrum of [Co(L,)C10,))*, the tertiary amine
and pyridine moiety from the ligand are most likely to be coordinated in the
equatorial plane of the distorted octahedron. The eight hyperfine lines
- observed in the g, region arises from the interaction: of the unpaired electron

with the Co nucleus (*Co, I = 7/2).
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For Compound A, [Co(L}NO,),(CH,CN)}, no ESR signal was detected,

Instead, a paramagnetic 'H NMR spectrum spanning from -30 to +- 50 ppm was
obtained, which arises from the presence of an unpaired electron in the d’
Co(II) ion, This is consistent with the persistence of the crystaliine structure
(Figure 54) in solution although the paramagnetic spectrum shown in Figure

62 is not amenable to further analysis.

100 G
g = 2.020; A, = 75 G; g, = 2.290 PR

. “
uj.“.‘r'r'rr‘nA;A.(AAAu‘AAIAAA.A:.A]AIA4“11“\1111111“|lu.“||“llllll“‘rlAlu

Figure 61 ESR spectrum of [Co(L,)I** in CH,CN at 77 K.




181

*
IK‘A‘AIAAIALLAAIAAAA‘AAIALAAAALA[AAAALAAAAK‘Il AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
+ g 0

at room temperature,

Figure 62 250 Mz 'H NMR spectrum of [Co(Y.,)(NO,),(CH,CN)] in CD,CN
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4.5 UV/Vis Spectroscepy

The UV/Vis spectal data for various Ni(II), Cu(Il) and Co(II) compiexes
studied in this work are presented in Table 52, The absorption: spectra of all
the Ni(II) complexes are typical of octahedral geometry', indicating that solvent
molecules are coordinated in the axial positions. The three absorption bands
observed in the visible region are assigned"'™ ¢o the following d-d transitions:
*Agg = "Ty, (820 - 900 nm); *A,, — *T'(F) (556 - 578 nm); "A,, — T\ (P) (373
nm). The molar extinction coefficients € for these complexes are very similar

to the analogous Ni(II) complex 34 reported in the literature® Their values

ranges from 20 - 40 M"em™, which are in the low end for octahedral complexes

(1 -100) of the first transition series'?,

The Cu(Il) complexes are greer in acetonitrile and their UV/Vis spectra
show absorptions bands around 324 - 380 nm and 704 - 760 nm. These are
assigned as the S — Cu* ligand to metal charge transfer (LMCT) and d-d
transitions, respectively, after comparing with similar Cu(IDN,S, complexes
reported by Kaden and coworkers™,

The absorption spectra of Type I copper proteins®™ are characterized by
an intensive absorption band around 600 nm with molar extinction coefficient
in the range of 3000 - 5000 M '¢m!, In the active site, the copper(II) ion is in
a pseudo-tetrahedral environment, with two imidazole nitrogen from histidine
residues and one thioether sulphur from a methionine residue and one vhiolate

sulphur from a cysteine as ligands'®, Although the Cu(I) complexes found for
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Table 62
UV/Vis Spectra Data for Transition Metal Complexes Derived from L, -L
in acetonitrile, .

Complex | Anion Ao [nmI(E,,, in M?em™?)
[NH(L,)J PR, 282 (1700)
373 (38)
578 (23)
900 ¢(31)
[Ni(L )1 PR, 282 (4870)
556 (28)
820 (24)
[Cu(Ly)I* PF, 278 (2100)
368 (4500)
750 (430)
[Cu(L)1* clo, 380 (5610)
704 (540)
871 (570)
[Cu(Lg)1* | a0, 356 (3020)
737 (390)
[Co(L)NO,),(CH,CN)] 261 (4410)
(Compound A) 531(32)
[Co(L(CIO,)I* Clo, 500 (396)"
(Compound B) 800 (153)

* the spectrum was recorded in nitromethane.




184

this study have a similar coordination environment as the type I cdppex:
protein, no intensc absorption band around 600 nm was observed. Therefore
they can be treated as static or structural models only.

The absorption spectra of the two isomers of the Co(II) complexes of L,
show slightly different characteristics. Although both isomers have an
absorption hard around 500 nm, Compound B has a slightly farger extinction
coefficient. In addition, it has an additional absorption band at 800 nm. These
observations can be rationalized by the different coordination environment at
the cobalt centre in the two species. The ESR spectrum of Compound B at 77K
(Figure 61) is typical of a low spin d’ ion in a tetragonal elongated
environment. This is consistent with a Co(II) ion being coordinated to all of
the donor atoms in L, with weak interaction with a perchlorate ion in the axial
position. For Compound A, the macrocyclic ligand L, does not encircle the
cobalt ion as shown by the crystal structure (Figure 54), instead the metal
centre is coordinated to three oxygen atoms from two nitrate groups and three

nitrogen atoms (one from acetonitrile and two from L,).
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4,6 Electrochemistry

The redox chemistry of the Cu("I), Ni(I) and Co(IT) complexes of L, - L
wasg studied by cyclic voltammetry, The results are summarized in Table 53.
For the Cu(II) comi)lexes, the reduction to Cu(l) is reversible and the CV of
[Cu(ig))* in ZH,CN was shown i;) Figure 63 as an example. Since Cu(Il)
complexes prefer 2 tetragonal distorted geometry whereas Cu(l) complexes
prefer tetrahedral ccordination, roarrangement of the structure of the
complexes is required when Cu(Il) is reduced to Cu(I). This may account for
the value of AE being greater than the theoretical value of 59 mV for a
reversible one-electron reduction'®,

Both the cyclic voltammograms of [Ni(Lg)** and [Ni(L,)I* show
irreversible reduction waves to Ni(I) at -1.18 and -1.29 V vs Fc/Fet,
respectively, However, for the complex [Ni(L4)]**, a reversible reduction from
Ni(II) o Ni(I) is observed (Figure 64). The peak potentials were separated by
0.14 V. This may be accounted for by the occurrence of some reorganization
since Ni(i) which is a d° ion, is subjected to Jahn-Teller distortion and a
tetragonal geometry is preferred.

For the complex [Co(i,)(Cl0,))]}" (Compound B), a quasi-reversible
oxidation to Co(Iil) was observed at F,, = .18 V vs F¢/Fc¢'. The peak to peak
separation is 0.23 V. This redox couple for Co(II) to Co(1iI) ¢ecurs at a more
positive value relative to other thioether complexes such as [Co([9]aneS,)}**

(0,02 V vs Fe/Feh)'* and [Co([1C)aneS,),1* (0.01 V vs Fe/Feh)',
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% jrreversible reduction
b jrreversible oxidation

Table 55
Electrochemical data for the Ni(IT), Cu(II) and Co(II) complexes stadied in

this work,
Complex ~ Evs FdFe' (V) AR (V)
Cu(I¥) to Cu(l): ’
[Cu(L,)* B, = -0.045 0.150
[Cu(L ) E,, = -0.024 0.077
[Cu(Lg)1* B, =-0.137 0.086
Ni(II) to Ni(I):
[Ni(L,)1** B.4=-1.18 a
[NA(L I E,, = -1.29 a
[Ni(LgI** E, =-116 0.14
Co(II) to Co(IIl):
[Co(L,)J** E, =0.18 0.23
(Compound B)
[Co(L)(NO,)(CH,CN)] E,,=-183 a
(Compound A)

E, =171 b
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For the complex [Co(L,)INO,),(CH,CN)} (Cempound A), an irreversible

reduction wave was observed at -1.83 V vs F¢/IF'c* and an irrevergible oxidation
wave was observed at 1,71V vs Fe/Fe'. These redox potentials are higher than

the Co(I1) to Co(l) and Co(Il) to Co(III) couples observed ir Co(Il) thivether
complexes'®!!° and may suggest ~t£1e reaction is ligand based.

An attempt to synthesize a trinuclear Co(II) complex was made by the
reaction of two equivalents of Compound A with an equivaient of
[Co(H,0)J(NO,), (eq. 9). A preliminary siudy of the pink crystals obtained
from this reaction by CV shows two quasi-reversible waves at 0.26 V vg Fe/Ife*
(AE = 0.22 V) and 0.80 V vs F¢/F¢' (AE = 0.15 V) in addition to an irreversible
oxidation at 1.67 V vs F¢/Fe! and an irreversible reduction at -1,98 V vs Fe/l'e
(Figure 65). The quasi-reversible waves observed may be due to the
Co(IT)/Co(l) and Co(TLY/Co(IIT) redox couple in the central [Co"Sy] of the
trinuclear Co(IT) complex. However, more extensive characterization‘of the
pink crystals is required before any definite conclusion can be made.
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Figure 65 Cyclic voltamn‘nogram of the product obtained from the reaction
of two equivalents of Compound A with an equivalent of [Co(H,0),J(NO,), in
CH,CN.




47 Conclusion

The Ni(II) complex of L, had been synthesized and its solid state
structure characterized by X-ray crystallography. In this complex, the nickel
centre is in an psaudo-octahedral environment, coordinated to three nitrogen
atoms (two from the ligand and one from acetonitrile) and t;hrge thioether
sulphur atoms. The CV study of this cation in acetonitrile under an argon
atmosphere indicates that it did not form a stable [Ni(L )]* ion.

The Co(II) complex prepared from the reaction of [Co(H,0)J(NO,), with
L, in acetonitrile, Compound A, has a formula of {Co(L XCH,;CN)(NO,),]. This
species has an octahedral geometry as confirmed by X-ray crystallography.
The cobalt centre is coordinated te three oxygen atoms from a monodentate
and a bidentate nitrates and three nitrogen atoms (two from the ligand an'd
one from acetonitrile). None of tl‘ie‘ thioether sulphur atoms is coordinated to
the metal centre. This complex, [Co(L,NO,),(CH,CN)], is nir stable and ESR
silent. The CV in acetonitrile shows irreversible oxidation and reduction waves
at 1.71 V and -1.83 V vs Fc¢/Fc', respectively.

The Co(II) complex prepared from the reaction of [Co(H,0),}(Cl0,), and
L, in nitromethane, Compound B, has é formula of [Co(L4)(CIO4)](ClO4). This
compound is air stable and ESR active. The ESR spectrum at 77 K is typical
of a low spin d’ ion in a tetragonal elbngated environment, consistent with a
Co(II) ion being coordinated to two nitrogen and three sulphur atoms from the

ligand L,. The CV of this isomer in acetonitrile shows a quési-reversible
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oxidation wave at E,, = 0.18 V vs F¢/F'e*, (AE = 0.23 V). This is assignried as the

Co(IT)/Co(IIT) couple.

The crystal structure of [Cu(Lg)J(ClO,), shows the copper ion is in a

“distorted square pyramidal environment. It is coordinated to three nitrogen

and three thioether sulphur atoms from the ligand. There is one nitrogen
atom in the ligand which remained uncoordinated. The Cu(II) complexes of L,
and L; had been charactefized by UV/Vis and ESR spectroscopy. The ESR
spectra of these complexes are isotropic at 77 K and exhibit spectroscopic
features differcnt from a typical d® ion in a tetragonal elongated environmens.
The cyclic voltammograms of these complexes in acetonitrile show reversible
reduction to Cu(I), with the value of E, ranges from -0.024 to -0.137 V vs

Fe/Fe
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- SYNTHESIS AND CHARACTERIZATION OF A PD(II) COMPLEX

WITH THIOPHENE PENDANT ARMS
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5.  Introduction

The structure of thiophene as determined by microwave
speciroscopy’’ shows that there is some delocalization of the n-électrens.
The C-C bond lengths, as shown in Figure 66, are intermediate between a
normal C(sp™=C(sp?) double bond (1.34 A) and C(sp®)-C(sp®) single bond
distance ¢354 A). That is, the C=C double bonds are slightly longer and the
C-C singiu h;{inds are slightly shorter than "normal" double and single bond
lengths.

The most probsakle coordination sites in thiophene are the C(2)=C(3) and
C(4)=C(5) bonds (where the n-electron density is high) and also at the sulphur
atom. Several types of thiophene binding in transition metal complexes''®
are known and they are summarized in Figure 67. Traditionaliy'', thiophene
is considered a weak sulphur donor ligand for transition metal ions compared
to dialkyl sulphides (R,S). However, there is an increased interest in the study
of transition metal complexes of thiophene recently because
hydrodesulfurization of thiophene, which is a major industrial process, may
involve M-S(thiophene) coordination,

Several examples of transition metal thiophene complexeé in which the
M. #(thiophene) distances are within the range of the sum of the covalent radii
of divalent sulphur and the metal involved have been reported!*,
Macrocyclic thioether complexes incorporating a thiophene moiety as a part of

the ligand framework have also been documented'’®, For these transition
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Figure 66 The structure of thiophene determined from microwave
spectroscopy (from ref, 111)
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Figure 67 Known types of thiophene binding in transition metal
complexes.
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metal complexes in which there is a M-S(thiophene) interaction, the thiophene

moiety is no longer planar, puckering into an envelope conformer in order to
achieve the M-S(thiophene) coordination. This can be demonstrated by the
structure''™ of [(PPhy),13u(C;H,CH,C H,S)I*, 35. This arrangement is different

from the M-N(pyridine) coordination in transition metal pyridine complexes in

which the metal is in the plane of the pyridine ring.

The study of the transition metal complexes of macrocyclic ligand L,,
which has a pyridine moiety as the pendant arm, as discussed previously in
Chapters 3 and 4 of this thesis, indicates that in most cases the transition
metal ion prefers to coordinate to the nitrogen atoms from: the macrocycle and
the pyridine pendant arm to form a five-membered chelate‘ ring (see for
éxample, Figures 26, 28 and 53). As a result, the rest of the ligand framework
adopte a "folded" conformation. In usin’g thiophene moieties as pendant arms
in the ligand L, the coordination of thiophene as a weak sulphur donor ligand
may be achieved. Howevei;, it may not compete effectively with the N and S

donors in the macrocyclic framework in coordination to a Pd(II) ion. Hence, it
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may also lead to the stabilization of tha less accessible 6xidation states of
palladium by blocking the two axial sites available for the formation of
polymeric species upon reduction to PA(I) or oxidation to Pd(III). The synthesis
and characterization of the Pd(II) complex of L; will be presented in this
chapter; |
5;2 Synthesis

The éynthe’cic route leading to ligand La‘and its PA(II) complex is
outliried in Scheme 13. The ligand L, was prepared according to the steps
shown in Schieme 6 of chapter 3. The thiophene moiety was introducei into‘
the side arms of L by the reaction nf’ thiophere carbenyl chluride followed by
a reduction by LiAlH,, The iree ligand L; was isolated as a white solid in 30%
yield. It was characterized by 'H and '®C NMR, as well as mass speétmscopy
(MS). |

The *C NMR of L, exhibits fifteen lines which corresponds to the fifteen
inequivalent carbon atoms in the molecule (Iigure 68). The peaks at & 142.1
and 143.2 correspond to the carbons at the o-position of the two thiophene
moieties. The six lines observed at 8 124 - 127 arise from the inequivalent
aromatic carbons in thiophenes. The two singlets at & 53.4 and 53.5
correspond to "benzylic-like" carbons adjacent of the pendant arms. The carbon
resonances for the CH,-S and CH,N portions of the molecule are observed at
8 29.4, 29.5 and 51.8, 52.3, respectively, The resonance at & 27.5 corresponds
to the apical carbon from the NCH,CH,CH,S fragment.
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Scheme 13
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'H NMR of L, shows two singlets at § 3.90 and 3.70 correspanding %o

methylene protons adjacent to the thiopheng moiety. The multipleis at & #.80

and 2.50 -- 2.70 correspond to the protons in the NCH, and SCH, fragments,
Proton resonances from the thiopliene moiety are observed in the region of
3 6.90 -- 7.20.

The palladium(II) compiex was prepared by the reaction of equimolar
quantities of the ligand with [Pd(CI:I,JCN'}J(BFd)z in dry CH,CN undar an
atmosphere of nitrogen. X-ray quality crystals were obtained by evaporation
of a concentrated solution of the [Pd(Ly)1* in CH,NO,/CH,Cl,/CH,OH.

[PA(L,)I(BF,), has been characterized by elemental analyses, NMR,

“UV/Vis spectroscopy and X-ray crystallography. The C NMR of [Pd(L,))*" in

CD,CN at room temperature (Figure 69) shows eight peaks in the aromatic
region (8 128 - 135) which arise from the aromatic carbens of the two
thiophenes. The twe smaller peaks in this region (8 129.8 and 134.7) are due
to carbons at the a-position of the thiophenes. The signal at 6 23.7 is from the
apical carbon in the NCH,CH,CH,S fragmens of the complex and the peak at
3 62.2 is from carbons adjacent to the two thiophenes. The remaining
resonances observed in the aliphatic region arise from carbons in the CH,N
and CH,S fragments of the complex.

An acetonitrile solution of [Pd(Ly))* is yellow in color and shows an

absorption av 320 nm (g = 5060 L mol! em™), Na distinctive absorption bands
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Figure 69 °C NMK spectrum of [Pd(L,)]" in CD,CN at room temperature
(* denotes peaks from solvent and impurities).
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Electronic spectral data for [Pd(Ly)}(BF,), and analogous species

Complex Solvent Color A, /nm Ref.
| (Eano M)
Pd(Ly)I(BF), CH,CN yellow 320 (5060) present
work
PA(L,)I(BF,), CH,CN yellow 314 (4300) present
257 (shoulder) work
[(Pd(29)Cl,] CH,Cl, orange 395 (1000) 115
310 (shoulder)
250 (14000)
[Pd(29)Br,] CH,Cl, red 415 (800) 115
355 (shoulder)
260 (13000)
[Pd(10))(PF,), CH,CN yellow- 298(14460) 41
orange 373(2175)
[PA(31)I(PF,), CH,CN green 266(10000) 41
332(4250)
514(124)
2.
H 24
\N /S k <\ i
o NP
¢ N1 CHy —N Pd NZ—CH,4

(/2]

L——

[PA(L,)T*

[Pd(10)]*
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were observed above 350 nm even when a more concentrated solution (ca.
0,01 M) in acetonitrile was prepared. The elactronic spectral data
for[Pd(Lg)1(BF,), and other analogues Pd(II) complexes*"'!® are summarized in

Table 54.

S

N 2
pj\s

“1 ‘ /

(Pd(31)]* [PdBr,(29)]

"""""

on

5.3 Crystal Structure

The Pd(II) complex of L has been characterized by crystallography and
the molecular structure is shown in Figure 70, along with the atomic labelling
scheme. The crystallographic parameters are listed in Table 55. The
fractiqnal atomic coordinates, interatemic distances and bond angles are shown
in fables 56 - 58,

As illustrated in Figure 70, the PA(II) center is in a distorted square-
planar environment. It is coordinated to two nitrogen atoms and two sulphur
atoms from the ligand. The sulphur atom S(4) from one of the thiophene

moieties is pointed towards the Pd ion with the interatomic distance Pd...S(4)
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(a)  perspective view:

(b) side view:

Figure 70 ORJEP diagram of [Pd(L,)). Selected bond distances (A); Pd-

S(1) = 72.295(5). - 'd-3(2) = 2.300(5); Pd-N(1) = 2,068(12); Pd-N(2) = 2,075(14);

Pd...S(4) = 3.2i0.
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Table 56
Dxpenmental crystallographm data for [Pd(L‘,)]'.%iF,‘)2 CH,O0H.H,0O
Formula: PdC,,H,,N,S,0,B,F,
F.W. 756.8
Crystal colour: yellow
Crystal system: monoclinic
Space group: " P2/c (No. 14)

Cell dimensions: .
a=105232)A a=90°
b =36.080(7) A B =107.90(2)
c=83323)A  y=90

Vo : 3010 A®

Z: 4 molecules/cell

Temperature: 20 °C

Crystal dimensions: 0.70 x 0.20 x 0.20 mm®
D 1.670 g/cm

D, cuet 1.676 g/cm®

Radiation: Mo, 0. 71069 A

K 8.69 cm™

transmission range: N/A

Measurement: 20(0-45°)

No. of reflections collected: 3659
No. of reflections I = no(I): 2522 (1 = 6)

No. of parameters: 346

Residual electron density: 0.5 e/A®

Maximum final shift/error: 0.04

Refinement method: SHELX least squares
R: 0.087

R, | 0.090




Fractional atomic coordinates and temperature parameters for

Table 56

[PA(L,)I(BF,),.CH,0F.H,0
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Atom x/a y/b zlc U,
Pd(1) 30184(12) ° 11512(4) 18906(15) 394(5)
S(1) 42281(47) 14302(14) 3572(59) 546(20)
S(2) 20920(48) 8632(14) 37281(59) 541(20)
S(3) 66411(74) 5446(21) 72987(89) 1008(33)
S(4) 33242(54) 18847(15) 41574(67) 662(22)
N(L) . 4683(12) 825(4) 2935(15) 39(5)
N() 1248(14) 1413(4) “29(16) 52(6)
C@) 5408(18) 766(5) 1635(2%) 51(8)
C©) 5685(19) 1126(6) 946(24) 65(9)
C@3) 3297(22) 1289(7) -1789(23) 82(10)
C) 1810(21) 1367(7) -2 541(23) 78(10)
C(5) 1379(19) 1624(6) -1003(23) 70(9)
C(6) 107(10) 1153(6) -32(28) 73(9)
C(7) -332(19) 945(7) 1372(27) 74(10)
C(8) 641(18) 641(5) 2305(24) 59(8)
C9) 3299(20) 485(6) 4377(23) 65(9)
C(10) 4146(17) 440(5) 3%04(23) 50(7)
C(11) 5597(17) 1010(5) 4548(23) - 53(7)
C(12) 867(18) 1719(5) 1698(22) 50(7)
C(21) 6699(18) . 770(5) 5532(21) 60(8)
C(22) 8060(13) 710(4) 5260(16) 23(5)
C(23) 8842(29) 466(10) 6497(42) 122(17)
C(24) 8212(27) 363(7) 7638(36) 107(13)
2(31) 1981(18) 1986(5) 2392(22) 57(8)
C(32) 2150(23) 2343(5) 1859(26) 66(9)
C(33) 3288(28) 2520(7) 2867(32) 91(13)
C(34) 4069(21) 2300(7) 4182(29) 75(10)
B(1) 2405(24) 4829(9) 3208(37) 68(12)
B(2) 6855(26) 3199(8) 3131(42) 69(12)
F(1) 3673(15) 4789(5) 3261(21) 138(9)
F(2) 2063(15) 4604(5) 4360(18) 126(8)
F(3) 2222(26) 5175(6) 3544(40) 222(20)
F(4) 1642(15) 4758(7) 1604(19) 168(12)
F(5) 78217(23) 3128(7) 2619(29) 214(16)
F(6) 7463(21) 3203(8) 4837(29) 202(14)
F(7) 6248(30) 34717 2719(27) 238(18),
F(8) 6051(21) 2935(7) 2964(44) 267(20)
0(1) 8468(18) 1648(6) 4018(23) 117(6)
0(2) 76530(32) 2130(9) 3762(41) 229(13)
C(41) 9481(26) 1961(8) 4674(33) 103(8Y

Estimated standard deviations are given in parentheses. Coordinates x 10% where n = 5,64,4,4,4,4 for
P4,S,N,C,B,F,0. Temperature parameters x 10™ where n = 4,4,3,3,3,3,3 for Pd,S,N,C,B,F,0.
U, =%5LU 8 s (a,a), Primed vilues indicate that Uy, is given, T = exp-(8n°U,,8in’0/%)




Table 57

Interatomic Distances (A) for [Pd(L,)I(BF,),.CH,0H.H,0
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Atoms Distance Atoms Distance
S(1)-Pd(1) 2.295( 5) C(7)-C(6) 1.574(29)
S(2)-Pd(1) 2.300( 5) C(8)-C(7) 1.536(28)
N(1)-Pd(1) 2.068(12) C(10)-C(9) 1.479(26)
N(2)-Pd(1) 2.075(14) C(21)-C(11) 1.478(23)
C(2)-S(1) 1.827(19) C(31)-C(12) 1.490(25)
C(3)-S(1) 1.827(19) C(22)-C(21) 1.532(24)
C(8)-S(2) 1.807(18) C(23)-C(22) 1.413(37)
C(9)-S(2) 1.830(21) C(24)-C(23) 1.367(39)
C(21)-S(3) 1.699(21) C(32)-C(31) 1.393(26)
C(24)-S(3) 1.719(27) C(33)-C(32) 1.389(30)
C(31)-S(4) 1.737(19) C(34)-C(33) 1.397(31)
C(34)-S(4) 1.689(22) F{1)-B(1) 1.329(25)
C(1)-N(1) 1.519(20) F(2)-B(1) 1.388(27)
C(10)-N(1) 1.555(21) F(3)-B(1) 1.304(31)
C(11)-N(D) 1.543(21) F4)-B(1) 1.356(30)
C(5N(2) 1.565(23) F(5)-B(2) 1.249(26)
C(6)-N(2) 1.485(22) F(6)-B(2) 1.368(32)
C(12)-N(2) 1.574(19) F(7)-B(2) 1.184(28)
C(2)-C(1) 1.485(26) F(8)-B(2) 1.252(30)
C(4)-C(3) 1.519(27) C(41)-0(1) 1.535(29)
C(5)-C(4) 1.533(26)

Estimated standard deviations are given in parentheses.
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Table 58
Bond Angles (deg) for [Pd(Lg)1(BF,),.C.I1,0H.H,0

Atoms Angle Atoms Angle

S(2)-Pd(1)-S(1) 171.8(2) C(7)-C(6)-N(2) 115.9(16)
N(1)-Pd(1)-S(1)  86.6(4) C(8)-C(7)-C(6) 114.4(16)
N(1)-Pd(1)-S(2)  86.6(4) C(7)-C(8)-S(2) 108.3(14)
N(2)-Pd(1)-S(1)  94.0(4) C(10)-C(9)-S(2) 113.1(13)
N(2)-Pd(1)-S(2) 93.4(4) C(9)-C(10)-N(1)  109.6(15)
N(2)-Pd(1)-N(1)  171.2(5) C(21)-C(11)-N(1) 113.7(14)
C(2)-S(1)-Pd(1) 98.6(6) C(81)-C(12)-N(2) 111.7(14)
C(8)-S(1)-Pd(1) 101.6(8) C(11)-C(21)-S(3)  122.0(16)
C(3)-S(1)-C(2) 104.4(10) C(22)-C(21)-S(3)  110.2(11)
C(8)-S(2)-Pd(1) 102.0(7) C(22)-C(21)-C(11) %27.6(17)
C(9)-S(2)-Pd(1) 97.8(6) C(23)-C(22)-C(21) 110.0(17)
C(9)-S(2)-C(8) 103.5(10) C(24)-C(23)-C(22) 112.2(24)
C(24)-S(3)-C(21) 92.1(14) C(23)-C(24)-S(3) 115.5(22)
C(34)-S(4)-C(31) 94.4(11) C(12)-C(31)-S(4) 122.1(14)
C(1)-N(1)-Pd(1)  109.0(9) C(32)-C(31)-S(4) 108.3(15)
C(10)-N(1)-Pd(1) 116.0(9) C(32)-C(31)-C(12) 129.6(18)
C(10)-N(1)-C(1)  106.8(12) C(33)-C(32)-C(31) 113.8(20)
C(11)-N(1)-Pd(1) 109.9(10) C(34)-C(33)-C(32) 113.8(20)
C(11)-N(1)-C(1)  111.5(13) C(33)-C(34)-S(4) 109.6(17)
C(11)-N(1)-C(10) 113.3(12) F(2)-B(1)-F(1) 112.6(23)
C(5)-N(2)-Pd(1)  111.5(10) F(3)-B(1)-F(1) 108.1(24)
C(6)-N(2)-Pd(1)  113.2(12) F(3)-B(1)-F(2) 108.9(24)
C(6)-N(2)-C(5) 106.8(14) F(4)-B(1)-F(1) 107.2(22)
C(12)-N(2)-Pd(1) 111.0(9) F(4)-B(1)-F(2) 111.6(22)
C(12)-N(2)-C(5)  105.2(14) F(4)-B(1)-F(3) 108.2(27)
C(12)-N(2)-C(6)  108.7(14) F(6)-B(2)-F(5) 100.7(25)
C(2)-C(1)-N(1) 110.7(14) F(7)-B(2)-F(5) 119.9(31)
C(1)-C(2)-S(1) 112.5(13) F(7)-B(2)-F(6) 109.2(27)
{(4)-C(3)-S(1) 113.1(14) F(8)-B(2)-F(5) 113.8(28)
C(5)-C(4)-C(3) 115.7(16) F(8)-B(2)-F(6) 102.1(29)
C(4)-C(5)-N(2) 112.9(17) F(8)-B(2)-F(7) 109.2(28)

Estimated standard deviations are given in parentheses.
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Table 69 ,
Mean plane for [Pd(L,)I(BF,),

(a) The equation of the plane containing atoms S(1), S(2), N(1) and

N(2) is: ‘
-0.1009X - 0.7298Y - 0.6762Z + 4.3691 = 0
Atoms X S V/ P
S(1) 4.3578 5.1602 0.2832 -0,0278
S(2) 1.2467 3.1144 2.9559 -0.0283
N(1) 4.1767 2.9759 2.3270 0.2025
N(2) 1.1645 5.0974 0.4599 0.220%
Pd(1) 2.6921 4.1535 1.4990 0.0527
S(3) 5.1193 1.9649 5.7869 -1.4944
S4) 2.4334 6.8000 3.2963 -3.0678

(b)  The equation of the plane containing atoms S(1), S(2) and N(2)
is:
-0.0190X - 0.7831Y - 0.6215Z +4.2999 =0

Atoms X Y 'z P
S(1) 4.3578 5.1602 0.2832 0.000
S(2) 1.2467 3.1144 2.9559 0.000
N(2) 1.1645 5.0974 0.4599 0.000
Pd(1) 2.6921 4.1535 1.4990 0.0643
N(1) 4.1767 2.9759 2.3270 0.4438
S@3) 5.1193 1.9649 5.7869 -0.9329
S(4) 2.4332 6.8000 3.2963 -3.1204

where P is the perpendicular distance between the atom and the
mean plane, given in A.




Mean plane for [Pd(Lg))(BF,), (Continued)

Table 60
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(c)  The equation of the plane of the first thiophene moiety is;
-0.2016X - 0.7918Y - 0.5766Z + 5.8675 = 0

Atoms X Y Z P
C(21) 5.6324 2,777 4,3859 0.0041
C(22) 7.1343 2.5617 4,1705 -0.0040
C(23) 7.6410 1.6802 5.1515 0.0261
C(24) 6.6855 1.3104 6.0561 -0.0100
S(3) 5.1993 1.9649 5.7869 -0.0572

(d) The equation of the plane of the second thiophene moiety is:
0.7223X - 0.3595Y - 0.5908Z + 2.6293 = 0

Atoms X Y Z P
C(31) 1.4724 7.1651 1.8966  -0.0038
C(32) 1.7863 8.4546 1.4742 0.0089
(33) 2.7260 9.0925 2.2730 -0.0136
C(34) 3.2109 8,2098 3.3156 0.0056
S(4) 2.4334 6.800 3,2962 -0.0053

where P is the perpendicular distance between the atom and the mean

plane, given in A.
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Table 61
Pd-S bond distances in various macrocyclic thioether complexes
Complex Mean equatorial Mean apical .Ref
Pd-Sbond (A)  Pd-S bond (&)
{(Pd([9]aneS,),)** 2.206 3.125 68
(Pd([10]aneS,),)** 2.329 3.034 119
{(Pd([18]aneS,)** 2.309 3.273 120
[PdBr,(29)] 2.280 3.182 118a
[Pd(n*-ally)(29)]* 2.320 2.786 118b
[Pd(31)]** 2.334 2.977 41
[Pd(L )1 2.284 3.120 present
work
[PA(LI* 2.297 3.210 present.
work
[PA(L,)1** 2.036" 2.915 present
2.041° work
[Pd(bicycloSN,)]1* 2.071° 2.875 78

“ Mean equatorial Pd-N distance is given
b Mean equatorial Pd-N(pyr) distance is given
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being 3.210 A. This is slightly less than the sum of the van der Waals’ radii

of palladium and sulphur (3.40 A)* and may suggest a weak apical thiophene
sulphur to metal interaction. The aveiage Pd-S bond distance is 2.297 A and
that of Pd-N is 2.071 A. These values are comparable to those observed in
[PA(L,)* (mean Pd-S = 2.29 A, 'Pd-N = 2.09 A), [Pd(10))** (avg. Pd-S =
2.33 A)", [PABDT* (mean Pd-S = 2.33 A, Pd-N = 2.10 A)® and [PdBr,(29)1*
(mean Pd-S = 2.28 A)'",

Macrocyclic thicether complexes of Pd(II) which are square-planar but
show significant interaction with apical donors are well-documented. The
mean Pd-S equatorial bond distance in [Pd(Ly)J* is 2.297 A and that of the
apical Pd-S(thiophene) is 3.210 A. These values are comparable to the
[Pd([9)aneS,),]***® [Pd[10]aneS,),}*,""* and [Pd[18]aneSg*,'" (Table 61).

Both of the five-membered chelate rings in [Pd(L4)]** adopt an envelope
conformation and the chelate bite angles of N(1)-Pd-S(1) and N(1)-Pd-S(2) are
equal to 86.6°. The six-membered chelate ring defined by atoms Pd, N(2),

| C(6), C(7), C(8) and S(2) adopts a chair conformation and the chelate bite angle
N(2)-Pd-S(2) = 93.4°. The other six-membered chelate ring defined by atoms
Pd, S(1), C(@3), C(4), C(5) and N(2) adopts a twist-boat conformation. This
observed conformation may arise from the weak apical interaction between the
thiophene sulphur atom S(4) and the palladium ion, which constraints the
carbon bridges C(3) and C(4) from adopting a chair conformation. However,

in the crystal structure of the [Pd(L,)}** cation complex (Figure 24), a similar

<~
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twist-boat. conformation is also observed. Therefore, such a geometry in the
six-membered chelate ring is more likely to be caused by the spatia
arrangement of the donor atoms in the carbon bridges of these "isocyclam-type"
ligands. The chelate bite angle for'N(Z)-Pd-S(l) is equal to 94.0°. These bond
angles are comparable to those observed in [Pd(L,)]**, which has six-membered
chelate bite angles of 90.4° for the chair conformation and 93.4° for the twist-
boat conformation.

It is interesting to note that the interatrynic distances in the two
thiophene moieties of [Pd(Lg)** are not identical. The thiophene moiety which
has a sulphur atom showing a weak apical interaction: with the pulladium(1I)
ion (Figure 70), shows a greater extent of delocalization of its n-electrons. This
is illustrated by the bond distances among C(34)-C(33); C(33)-C(32) and (3%)-
C(31), which are crystallographically identical and have a value of = 1,390 A,
The bond distances among C(21)-C(22), C(22)-C(23) and C(23)-C(24) show a
greater degree of bond alternation and have bond distances range from 1.367
to 1.532 A.

The mean plane calculation in Table 59 indicates that in [Pd(L,)]*, the
four donor atoms S(1), S(2), N(1) and N(2) do not lie in the same plane. Tle
palladium ion is 0.0643 A below the plane defined by the donor atoms S(1),
S(2) and N(2). In addition, N(1) is also 0.4438 A below this plane (Table 59).
Thus the geometry of the éomplex ion [Pd(Ly))* is best described as square-

planar showing distortion towards a tetrahedron.
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Several hydrodesulfurization studies!!*''*"*® have proposed that in S-
bound thiophene transition metal complexes, there is a loss of aromaticity of
the thiophene, which causes folding of the ring and the thiophen‘é moiety
adopts an envelope conformation. The mean plane calculation in Table 60
shows that both of the thiophene moieties in [Pd(I;)]** are essentially planar
suggesting that the apical Pd-S(4)thiophene interaction is very weak.

In the complex cation [Pd(L,)]**, the ligand L; adopts a "puckered crown"
conformation (Figure 70), as previously observed in [Pd(L,)]**. The lone pairs
in the suiphur atoms are oriented above the ligand-metal plane and the rest
of the carbon backbones in the ligand framework are situated below the plane
defined by the ligating ator.s N(2), S(2) and S(1). This configuration indirectly
puts one of the pendant arm ligating groups above the palladium(II) ion. Itis
interesting to note that the proximity of such an axial donor in an "entatic
state" has a profound influence on the redox behavior of [Pd(L,)]**, which will
be discussed in the following section,

654 CV Study

The cyclic wltammogram of [Pd(Lg)])** in acetonitrile under an argon
atmosphere showed no oxidative activity up‘. to 2.0 V vs Ag/AgNO, but a
reversible reduction wave at -1.03 V vs F¢/Fc¢t was observed (Figure 71). The
peak to peak separation for the reduction was 80 mV and may suggest there
is a rearrangement in the structure of the complex upon reduction. The

reduction wave observed is assigned as the [Pd(L;)]** couple. An attempt to
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generate electrochemically the Pd(I) species and to carry out characterization
by ESR spectroscopy was unsuccessful due to the its sensitivity to air and
moisture.

Of all the palladium pendant arm macrocyclic complexes studied within
th: scope of this project, [Pd(L(_;)]Q.* is the only one that shows a reversible
PA(ID/I) couple. This behavior may arise from the ‘proximity of a thiophene
moiety in the apical position of the complex, which inhibits dimerisation of
Pd(I) generated, due to steric reasons.

Very few macrocyclic complexes showing a reversible Pd(IT)/Pd(I) couple
~at room temperature have been reported'®. These are summarized in
Table 62. The PA(IT)/Pd(I) couple occurred at a "more positive” potential in the
tetrathia complex [Pd(10)]** than the tetraaza complexes [Pd(9)]** and
[Pd(86)]**. This is attributed to the greater n-acidity of thioether donors which
can better stabilize Pd(I) than the nitrogen donors'', It is interesting to note
that for the complex [Pd(L)]**, which consist of both sulphur and two nitrogen
donors, the PA(II)/Pd(T) couple occurred at a potential intermediate between

the tetraaza and tetrathia systems.
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Table 62
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Reduction potentials of Pd(II) complexes in acetonitrile,

Complex Scan Rate B, vs Fe/et (V) Ref,
(mV/s)
[PAL)T 50 E, = -1.03 present
work
[Pd(10)1* 100 E, =-0.74 40
[Pd(9)]* 100 By, = -153 40, 41
[Pd(36)]* 100 B, =-1.27 40
4,586 Y T Y T Y T T T Y
N
o3 * \ -
‘.“ Nt T
I \'\ "'.
x ".‘\ \.u'
-\' "\\\‘
-S.NHG i i { a“:‘-ﬂ;“‘ A :. ] - :
'113“‘“ ) "30 X
E vs Ag/AgNO, o8l

Figure 71 Cyclic voltammogram of the redlict‘i‘onj of [Pd(Lﬁ)J“ in CI}I{,CJN
at a scan rate of 50 mV/s, Fe¢/Fet oceurs at 0,097 V.
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5.5 Conclusions

The structure of [Pd(Ly)J]* in the solid state as determined by X-ray
crystallography con'sists of a PddI) ion in a distorted squaré planar
environment. The palladium centre is coordinated to two nitrogen and two
sulphur atoms from the ligand. There is also a weak apical interaction
between a t.hiophene‘ gulphur atom and the palladium ion. The CV of [Pd(Lg)]*
in acetonitrile under an argon atrﬂosphere shows a reversible Pd(II)/Pd(I)
reduction at -1.03 V vs‘Fc/Fc*, with a peak to peak separation of 80 mV. This
is the only case when reversiole PA(II)/Pd(I) couple was observed among the
Pd{II) macrocyclic complexes studied. Such an unique behavior of [Pd(L,)]**
was rationalized as due to the proximity of a thiophene moiety in the apical
position, which inhibits dimerization of Pd(I) generated, due te steric reasons.
Future work in this project will involve the electrochemical generation of
»[,‘Pd(L(,)]’r and its ‘characterization by ESR and UV/Vis spectroscopy. In
addition,‘ the study of variable temperature NMR spectra of [Pd(Lg)]** is also

require to detect the presence of any fluxional behavior in solution.




CHAPTER 6

CONCLUSIONS

218




219

Several macrocyclic ligands containing nitrogen and sulphur donor

atoms as well as with pyridine or thiophene pendant arms were synthesized.

* The intention is that these ligands may combine the complex properties of aza

and thia macrocycles and will therefore stabilize high and low oxidation states
of a metal centre.

In this work, Pd(II) complexes had been studied extensively, in
particular, the Pd(II) complex of the ligand py[14]aneNS;, (N-(2-
pyridylmethyl)-1,4,7-trithia-11-azacyclotetradecane). In the crystalline state
of this complex, the metal centre is pseudo five-coordinate. There is
considerable interaction between the bonding orbital of the sulphur atom in the
apical position and the palladium metal centre. However, variable
temperature NMR studies suggest the presence of two linkage isomers and
also several exchange processes are taking place in solution. In one isomer
(Isomer A), the complex has a structure similar to that of the crystalline state,
with the Pd(IT) ion coordinated to nitrogen atoms from the pyridine moiety and
the tertiary amine and two thioether atoms from the macrocycie. There is one
thioether sulphur atom in the apical position that is not directly bonded to the
metal ion. In the other isomer (Isomer B) the Pd(II) ion is coordinated to one
nitrogen and three thioether sulphur atoms from the macrocycle, with the
pyridine moiety uncoordinated but in close proximity. At temperatures above
0°C, one of the exchange processes involves the commutation of metal-

coordinated and -uncoordinated thioether sulphur atoms in Isomer A. At
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higher temperatures (ca. >60 *C), the exchange of Isomers A and B can also be
detected in the 'H and *C NMR spectra recorded.

The redox behavior of the Pd(II) complex:s in acetonitrile was
investigated by cyclic voltammetry. The present study shows that these
ligands do not stabilize Pd(I) nor Pd(III) ions, The only exception being the
Pd(II) complex with thiophene pendant arms, a quasi-reversible reduction to
Pd(I) was observed. The difference in redox behavior between Pd(II) complexes
of the pyridine and thiophene pendant arm ligands was interpreted as a
consequence of the different mode of coordination of the metal centres in the
two ligands. In the case of theh\pyridine pendant arm complex, the ligand
adopts a folded conformation, only the nitrogen atoms from the pyrdine moiety
and the tertiary amines from the macrocycle are coordinated to the metal
centre. This reduces the in-plane ligand field imposed on the metal ion and
upon reduction to Pd(I), which is substitution-labile, rapidly decomposes in
solution. On the other hand, the Pd(II) ion is coordinated to two nitrogen and
two sulphur donor atoms in a square plane in the thiophene pendant arm
complex. This increases the strength of the in-plane ligand field. In addition,
there is alse one thiophene moiety in close proximity which inhibits the
dimerization or pelymerization of the Pd(I) ion upon reduction. Hen¢e a quasi-
reversible wave is observed. |

In summary, studies from this work suggest that the stabilization of a

Pd(I) ion in a tetradentate ligand may be best achieved by incorporating soft
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donor atoms, e.g. sulphur, in both the ligand framework and the pendant arms.
This is because the thioether sulphur atoms can act as n-acceptors which will
remove some electron density from the Pd(I) metal centre. In addition, the
presence of pendant groups in close promixity to the metal centre may serve
as blocking groups which hinder the rapid decomposition of monomeric Pd(I)
complexes in solution by processes such as dimerization, polymerization or

demetallation.
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7.1 Ligand Syntheses

(a) Preparation of 1-thia-4,7-bis(2-pyridylmethyl)-diazacyclononane L,

(Scheme 4, p.36)

To a round bottomed flask equipped with a magnetic stirrer, reflux
condenser and nitrogen inlet was added an ethanolic solution of the
dihydrobromide salt of [9]aneSN, (0.465 g, 1.51 mmol), triethylamine (14.3
mmol, 5.5 eqv.) and 2-(chloromethyl)pyridine hydrochloride (0.50 g, 3.05 mmol).
The reaction mixture was refluxed for 12 hours under a nitrogen atmosphere
and extracted with chloroform (3 x 100 mL). After the organic phase was
washed with water (5 x 100 mL) and dried over anhydrous Na,SO,, the solvent
was removed by rotatory evaporation. The pale yellow oil obtained contained
mainly the desired product with trace amount of unreacted 2-
(chloromethyl)pyridine hydrochloride. It was used for metal complexation
studies without further purification. Yield: 0.3 g (ca. 60 %). 'H NMR (CDCl,):
$2.65 (s, 4H, NCH,CH,N), 2.95 (m, 4H, CH,N), 3.05 (m, 4H, CH,S), 3.82 (s, 4H,
CH,-pyridine), 7.12, 7.51, 7.63, 8.48 (m, 8H, pyridine-H). *C NMR (CDCl,):
332.01 (CH,S), 56.03 (NCH,CH,N}, 58.96 (CH,N), 64.24 (CH,-pyridine), 121.82,
123.17, 136.21, 148.87, 160.0 (pyridine-C). MS (CI): 329 (M+1), 357 (M+29).
(b)  Preparation of 1,4,7-trithia-11-aza-cyclotetradecane L, (Scheme 5)

Bis(3-hydroxypropyl)amine (20). To 500 mL of ethanol contained in
a b L three-necked round bottom flask provided with a reflux condenser, a

mechanical stirrer and a dropping funnel, 117.8 g (1.57 mol) of 3-amino-1-
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propanol and 105g (0.99 mol) of Na,CO, were added. The resulting suspension

was refluxed. 94.5g (1 mol) of 3-chloro-1-propanol, dissolved in 150 mL of
ethanol was added dropwise during the course of 12 hours. Heating was
continued overnight. After cooling to room temperature, the solid material was
removed by suction filtration. The solvent was removed by rotatory
evaporation and the oily residue was distilled under reduced pressure. The
fraction passing at 110-120 ° C (ca. 0.1 torr) was collected. The yield was 30%.
'H NMR (90 MHz, CDCL,): 83.9 (s, OH, NH, 3H), 3.7 (t, 6 Hz, 4H, CH,0), 2.75
(t, 6 Hz, 4H, CH,N), 1.7 (tt, 6 Hz, 4H, CH,CH,CH,). MS (CI): 134 (M+1), 162
(M+29), 174 (M+41), 116 (M+1-18).

N-tosylbis(3-(tosyloxy)propyl)amine (21). Bis(3-hydroxypropyl)amine
(65g, 0.488 mol) was dissolved in 800 mL of distilled CH,Cl, in a 2 L three-
necked round bottom flask. The solution was cooled to -5 °C in a stream of dry
nitrogen and 218 mL of triethylamine (1.56 mol) was added. With the
temperature kept below 0 °C, solid p-toluenesulphonyl chloride (285 g, 1.49
mol) was added in portions to the above solution in the course of 24 hours.
The reaction mixture was stirred in an ice bath for 3 hours and then at
ambient temperature overnight. The white triethylamine hydrochloride formed
was filtered off and washed with CH,Cl,. The pale yellow filtrate was washed
with water (5 x 250 mL), 1 M HCI (5 x 250 mL), water (56 x 250 mL) and
saturated NaHCO, solution. The CH,Cl, layer was dried over anhydrous

MgSO,. Removal of the solvent by rotatory evaporation resulted a pale yellow
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viscous oil which was triturated to a white solid by the addition of diethyl

ether, Yield: 232 g (80 %), m.p. 68-69 °C. 'H NMR (250 MHz, CDCl,): §7.74
(d, 8 Hz, 4H, ArH), 7.58 (d, 8 Hz, 4H, ArH), 7.25 - 7.39 (m, 6H, ArH), 4.00 (t,
7 Hz, 4H, CH,0Ts), 3.05 (t, 7 Hz, 4H, CH,NTs), 2.42 (s, ArCH,, 6H), 2.40 (s,
ArCH,, 3H), 1.84 (tt, 7 Hz, 4H, CH,CH,CH,). ’C{*"H} NMR (CDCl,): 5144.9,
143.6, 1354, 132.7 (quat. ArC), 129.9, 129.8, 127.8, 127.1 (ArC), 67.62
(CH,OTs), 45.76 (CH,NTs), 28.62 (CH,CH,CH,), 21.54, 21.41 (ArCH,). MS(CI)
596 (M+1), 424 (M+1-172). An analytical sample was obtained by
recrystallizing the white solid twice with hot ethanol. Calc. for C,;H,;,NS,0,:
C, 54.44; H, 5.58; N, 2.35; S, 16.14. Found: C, 54.33; H, 5.43; N, 2.38; S, 16.53.

N-tosyl-1,4,7-trithia-11-azacyclotetradecane (22). A 5 L three-
necked round bottom flask was equipped with reflux condenser, mechanical
stirrer and an additional funnel. The entire system was kept under positive
nitrogen pressure. The flask was charged with 13 g (40 mmol) of Cs,CO, and
2.2 L of N,N-dimethylformamide (DMF). The suspension was stirred
vigorously and heated to 55-60 °C. A solution containing 23.82 (40 mmol) of
the tritosylate (21) and 5.22 mL of 2-mercaptoethyl sulfide in 300 mL DMF
was prepared. Half of this solution was placed in the additional funnel and
added to the vigorously stirred suspension of Cs,CO, in DMF over a period of
24 hours. The reaction mixture was charged with another 13.04 g (40 mmaol)
of Cs,CO; and the second half of the solution containing (21) and 2-

mercaptoethyl sulfide was added dropwise in the course of a further 24 hours.
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After the addition was completed, the reaction mixture was stirred overnight
at 55-60 °C. Upon cooling to room temperature, DMF was distilled off by
rotatory evaporation. The pale yellow solid obtained was pumped overnight
to remove trace amounts of DMF, It was then taken in 500 mL CHC], and
washed once with 200 mL of distilled water. The CHCI, layer was dried with
anhydrous MgSO,, filtered and roto-evaporated to dryness. The yellow sticky
solid was recrystallized in hot CHCl/EtOH and stored in the refrigerator at
0 °C overnight. The white sclid obtained was filtered, washed with diethyl
ether and air-dried. Yield: 10 g (62.5%), m.p. 112-118 °C. '"H NMR (250 MHz,
CDCl,): 87.64, (d, 8 Hz, 2H, ArH), 7.29 (4, 8 Hz, 2H, ArH), 3.11 (t, 7 Hz, 4H,
CH,NTs), 2.73 (s, 8H, SCH,CH,S), 2.60 (t, 7 Hz, 4H, CH,S), 2.40 (s, 3H,
ArCH,), 1.92 (tt, 7 Hz, 4H, CH,CH,CH,). “C{'H) NMR (CDCl,): 5143.5, 136.4
(quat. ArC), 129.8, 127.2 (ArC), 49.5 (CH,NTs), 31.7, 31.6 (SCH,CH,S), 30.1
(CH,S), 28.8 (CH,CH,CH,), 21.5 (ArCH,). MS (CI): 406 (M+1), 434 (M+29). An
analytical sample was obtained by recrystallizing the white solid twice in hot
CHCIy/EtOH. Calec. for C,;H,,NS,0,: C, 50.34; H, 6.71; N, 3.45. Found: C,
50.59; H, 6.70, N, 371, |
1,4, 7-trithia;11-azacyclotetradecane (L. A sample of 3.5 g (8.63
“mmol) of 22 in dry THF (20 mL) was added dropwise to a stirred suspension
of 4.6 g (0.121 mmol, 14 eqv.) of LiAlH, in 75 mL dry THF in a three-necked
round-bottomed flask équipped with reflux condenser, magnetic stirrer,

additional funnel and nitrogen inlet. The reaction mixture was stirred and
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refluxed under nitrogen atmosphere for 72 hours. After cooling to room
temperature overnight, the excess LiAlH, was destroyed by dropwise addition
of 45 mL THF/H,0 (2:1, v/v). The white solid formed was filtered and carefully
washed several times with CH,Cl,. The CH,Cl, extracts were combined.
Evaporation of the solvent afforded 1.56 g of colorless oil which was used for
metal complexation without further purification. '"H NMR (90 MHz, CDCl,):
52.60-2.75 (m, 17H, CH,N, CH,S, NH), 1.70 (tt, 4H, CH,CH,CH.). “C('H}
NMR (CDCl,): 846.7 (CH,N), 32.3, 31.8 (SCH,CH,S), 30.2 (CH,S), 28.8
(CH,CH,CH,). MS (EI): 251 (M*).
(c)  Preparation of 1,7-dithia-4,11-diazacyc16fetradecaxme L, (Scheme 6)
N-tosylbis(2-(tosyloxy)ethyl)amine (23). Diethanciamine (27.5 g,
0.262 mdl) was dissolved in 500 mL of distilled CH,Cl, in a three-necked flask.
The solution was cooled to 0 °C in a stream of dry nitrogen and 122 mL of
triethylamine (88.6 g, 0.88 mol) was added. With the temperature maintained
at 0 °C, solid p-toluenesulfonyl chloride (157 g, 0.823 mol) was added in
portions with vigorous stirring in the course of 5 hours. The reaction mixture
was stirred at ambient temperature overnight. The Et,NHCI formed was
filtered off and the resulting pale yellow filtrate was washed three times with
1 M HCI, followed by 5 x 200 mL portions of water and 5 x 200 mL portions
of saturated NaHCO, solution. The organic layer was dried over anhydrous
MgSO,. Removal of the solvent by rotatory evaporation gave the white
product. Yield: 120 g (ca. 80%), m.p. 98 °C. 'H NMR (20 MHz, CDCl,): §7.2 -
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7.9 (m, 12H, ArH), 4.14 (t, 6 Hz, 4H, CH,0OTs), 3.4 (t, 6 Hz, 4H, CH,NTs), 2.47

(two singlets, 9H, ArCH,). MS (CI): 568 (M+1), 396 (M-OTs).

N-Tosylbis(2-bromoethyl)amine (24). To a solution of43 g (0.076 mol)
of the tritosylate 23 in 250 mL of DMF was added 40 g (0.39 mol) of NaBr,
The resulting suspension was stirréd in an oil bath of 120 °C for 4 hours, After
cooling to room temperature, the reaction mixture was concentrated by
rotatory evaporation to about 50 mL. The viscous milky product mixture was
poured into a rapidly stirred 1 L of ice/water mixture where a white solid
separated out. This material was filtered, wéshed with water and air-dried.
Yield: 24 g (ca. 80 %), m.p. 56 - 58 °C. 'H NMR (90 MHz, CDCl,): §7.36 -7.75
(m, 4H, ArH), 3.5 (s, 8H, CH,NTs, CH,Br), 2.45 (s, 3H, CH,Ar), MS (E1):383,
385, 387 (M* in a ratio of 1:2:1).[, N

N-Tosylbis(3-mercaptopropyl)amine (25). To a solution of 20 g of
dibrémide 24 (0.034 mol) dissolved in 200 mL 95 % ethanol in a 500 mL round-
bottomed flask was added 5.6 g of thiourea (0.074 mol). The suspension was
refluxed for 12 hours. After cooling to room temperature, the reaction mixture
was concentrated by rotatory evaporation and pump-dried. A crystalline white
solid of isothiouronium sult was obtained. A solution of 13 g NaOH in 215 mL
water (6% NaOH) was prepared and bubbled with nitrogen for 15 minutes. To
the white isothiouronium salt was added a 6% de-aerated NaOH solution and
the reaction mixture was well stirred and refluxed in nitrogen atmosphere for

2 hours. After the mixture was cooled to room temperature and then further
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in an ice bath, 6M HCl was added dropwise until pH of the solution decreased

to 1. The milky solution obtained was saturated with NaCl and extracted with
3 x 100 mL CH,Cl,. The CH,Cl, layers were combined and dried with
anhydrous MgSO,, concentrated by rotavap and pumped. The desired product
was isolated as a colorless viscous 6i1. Yield: 90 %. 'H NMR (90 MHz, CDCl,):
87.35-7.75 (m, 4H, ArH), 3.20 (t, 4H, 6 Hz, CH,NTs), 2.6 (q, 4H, 6 Hz, CH,S),
2.40 (s, 3H, CH,Ar), 1.90 (m, 4H, CH,CH,CH,), 1.45 (t, 2H, 6 Hz, SH). MS
(CI): 318 (M+1), 348 (M+29), 360 (M+41). |
N,N-bistosyl-1,7-dithia-4,11-diazacyclotetradecane (26). To a 5L
three-necked round flask equipped with a mechanical stirrer, condenser apd
a high dilution dropping funnel was added oven-dried Cs,CO, (14.8 g, 0.0454
mol) and 1 L of freshly-opened DMF. The resulting suspension was stirred
vigorously in an nitrogen atmosphere and warmed to 50 °C. A solution
containing the dibromide (24) (4.82 g, 0.0125 mol) and dithiol 25 (4 g, 0.0125
mol) in 500 mL of DMF was prepared and bubbled in nitrogen for 20 minutes.
It was then transferred to a high dilution funnel and added to the Cs,CO,/DMF
suspension at a rate of 4 - 5 mL /hr., After the addition of all reactants, the
reaction mixture was stirred overnight. Upon cooling to room temperature,
DMF was removed by rotatory evaporation. The residual pale yellow solid in
the reaction flask was extracted with CHCl, several times. The yellow solution
obtained was rotavap to dryness and pump dried, yielding a pale brown oil

which was purified by column chromatography (silica gel, 95% CH,Cl,/5%
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EtOAc). Fractions with R; = 0.7 were collected. The desirabie product was

isolated as a white crystallin¢ solid. Yield: 30 %. *H NMR (90 MHz, CDCL,):
7.8 (m, ArH), 7.35 (m, ArH), 3.00 - 3.5 (m, CH,NTs), 2.5 - 2.9 (m, CH,8), 2.45
(s, CH,Ar), 2.00 (m, CH,CH,CH,). MS (CI); 543 (M+1), 571 (M+29).

1,7-dithia-4,11-diazacyclotetradecane (L,). A sample of 0.5 ¢
(0.92 mmol) of 26 was added slowly to a stirred suspension of 0.41 g
(10.8 mmol) of LiAlH, in 40 mL of dry THF under a nitrogen atmosphere, The
reaction mixture was stirred under reflux for 72 hours. After cooling to room
temperature, the excess LiAlH, was destroyed by dropwise additton of 30 mL
of THF/H,O (2:1 v/v). The mixture was filtered and the precipitate was
carefully washed with CH,Cl,. Evaporation of the solvent afforded 150 mg of
L, as a white crystalline waxy solid which was used for subsequent reactions
without further purification. 'H NMR (90 MHz, CDCl,): 2.6 - 2.8 (m, 16H,
CH,S, CH,N), 1.8 (m, 4, CH,CH,CH,), 1.45 (s, 2H, NH). MS (CI): 235 (M+1),
263 (M+29), 275 (M+41).
(d)  Prenaration of N-(2'-pyridylmethyl)-1.4,7-trithia-11-azacyclotetradecane

L, (Schi:me 5)

To a two-necked round bottomed flask equipped with a magnetic stirrer,
reflux condenser and nitrogen inlet was added - “olution of L, (1.12g, 4.5
mmol), triethylamine (1.2g, 11.8 mmol) aud 2-(chloroethyl)pyridine
hydrochloride (0.73 g, 4.4 mmol) in 50 mL of absolute ethanol. The solution

was heated to a gentle reflux under a nitrogen atmésphere for 12 hours. After
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cooling to room temperature, CHC], (3 x 100 mL) was added to the orange-red

reaction mixt»ire, The organic phase was washed with water (5 x 100 mL) and
dried over anhydrous Na,SO,. The solvent was removed by r;tovap and the
resultant brown residue was purified by column chromatography (silica gel,
30% EtOAc/70% CH,CL,). Fruciions with a R, value of 0.2 were collected. The
titleii,fmduét was obtained as a pale yellow solid. Yield: 500 mg, 33.3 %. 'H
NMR (360 MHz, CDCl,): 38.49, 7.62, 7.38, 7.14 (m, 4H, pyridine H’s), 3.64 (s,
9H, CH,-pyridine), 2.70 (s, 8H, SCH,CH,S), 2.50 (t, 7 Hz, 8H, CH,N, CH,S),
© L.71 (tt, 7 Hz, 4H, CH,CH,CH,). “C{'H} NMR (CDCL,): 159.75 (quat. ArC),
148.8, 136.2, 122.8, 1218 (ArC), 61.7 (CH,-pyridine), 52.8 (CH,N), 31.2, 30.8
(SCH,CH,S), 29.3 (CH,S), 27.8 (CH,CH,CH,). MS (CI): 406 (M+1), 434 (M+29).
(e) Prepas’*jati()n of MN,N'-bis(2-pyridylmethyl)-1,7-dithia-4,11-

diazacyclotetradecane Ly (Eq. 7)

To a hvo-necked round bottomed flask equipped with a magnetic stirrer,
reflux condenser and nitrogen inlet was added a solution of L, (6.1 mmol),
 triethylamine (4.5 mL, 32.3 mmol, 5 eqv.) and 2-(chlor§ethyl)pyridine
hydrochloride (2 g, 12.2 mmoi) in 50 mL of abs. ethanol. The solution was
heated to a gentle reflux under nitrogen atmosphere for 12 hours. After
cooling to room temperature, CHCI, (3 x 100 mL) was added to the orange-red
reaction mixture. The organic phase was washed with water (5 x 100 mL) and
dried over anhydrous Na,SO,. CHCl, was removed by rotovap and the brown

oil obtained was purified by column (silica gel, 60% EtOAc/40% CH,CL,).
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Fractions with a R, value of 0.2 were collected. The title product was obtained

as a pale yellow oil. Yield: 500 mg, 20 %. 'H NMR (250 MHz, CDCl,): 58.42,
7.61, 7.56, 7.38, 7.07 {ui, 8H, pyridine H’s), 3.74 (s, 2H, CH,-pyridine), 3.62 (s,
2H, CH,-pyridine), 2.60 - 2.73 (m, 8H, CH,S), 2.51 (t, 7 Hz, 8H, CH,N), 1.75 (tt,
7 Hz, 4H, CH,CH,CH,). *C{*H} NMR (CDCL): §159.9, 159.6 (quat. ArC),
148.8, 136.3, 136.1, 122.7, 122.6, 121.8, 121.7 (ArC), 61.3, 61.0 (CH,-pyridine),
52.6, 52.1 (CH,N), 29.3, 29.2 (SCH,), 27.1 (CH,CH,CH,). MS (CI): 417 (M+1),
445 (M+29).

¢9) Preparation of N,N-bis(2-thiophenemethyl)-1,7-dithia-4,11-

diazacyclotetradecane L, (Scheme 13)

(i) Formation of an amide: To a two-necked round bottomed flask
equipped with a magnetic stirrer and nitrogen inlet was added a solution of L,
(1.5g, 6.41 mmol) and triethylamine (2 mL, 14.3 mmol) in toluene. The
mixture was ‘stirred and cooled in an ice bath. 1.878 g (12.8 mmol) of 2-
thiophenecarbonyl chloride was added. After stirving in an ice bath for 2
hours, the reaction mixture was stirred overnight at ambient temperature and
the NEt,HCl which fofmed was filtered. The reaction flask was rinsed with
toluene several times. The toluene extracts were combined and washed with
100 mL H,0, saturated NaHCO, solution and again with 100 mL H,0. The
organic layer was dried by anhydrous MgSO,, rota-evaporated and pumped.
The yellow oil obtained waé purified by column (silica gel, 10 % EtOAc¢/90 %

CH,CL). Fractions with an R; value of 0.2 were collected. The aride wa’Sy
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isolated as a white solid. Yield: 1 g (34 %). '"H NMR (360 MHz, CDCl,): 7.02 -

7.64 (m, 6H, thiophene H’s), 3.65 (m, 8H, CH,-N-C=0), 2.89 (m, 4H, CH,S),
2.62 (m, 4H, CH,S), 2.03 (m, 4H, CH,CH,CH,). “C('H} NMR (CDCl,): 5164.8,
164.5 (C=0), 137.1, 136.7 (quat. ArC), 128.8, 128.7, 128.3, 126.7, 126.6 (Ar(),
48.9, 47.5 (CH,-N-C=0), 29.2 (S_(_)_Hz), 27.9 (CH,CH,CH,). MS (CI): 455 (M+1),
483 (M+29).

(ii) Re&uction of the amide: A sample of 0.5 g (10.0 mmol) of the
diamide was slowly added to a stirring suspension of 0.93 g (24.5 mmol) of
LiAlH, in 40 mL of dry THF in a two-necked round bottomed flask under
nitrogen atmosphere. The reaction mixture was stirred and refluxed for 24
hours. After cooling to room temperature, the reaction flask was cooled in an
ice bath. The excess of LiAlH, was destroyed by dropwise addition of THF/H,0
(100 mL THF/25 ml, H,0). The product mixture was acidified to pH 1 by
dropwise addition of conc. HCl. An additional 50 mL of water was then added
and the solution was stirred at room temperature for 2 hours. NaOH pellets
were added until pH of the solution was 13 and the product mixture was
extracted with CH,Cl,. The organic extract was dried by anhydrous MgSO,.
Evaporation of ‘the solvent afforded 460 mg of L, as a white solid which was
used for subsequent complexation studies without further purification. 'H
NMR (250 MHz, CDCl,): 86.9 - 7.3 (m, 6H, thiophene H’s) 3.9 (s, 2H, CH,-
thiophene), 3.7 (s, 2H, CH,-thiophene), 2.8 (m, 4H, CH,S), 2.5 - 2.7 (m, 4H,
CH,N), 1.8 (m, 4H, CH,CH,CH,). “C{'"H} NMR (CDCl,): 5143.2, 142.1 (quat.
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ArC), 126.3, 126.2, 125.6, 125.2, 124.8, 124.5 (ArC), 53.5, 53.4 (CH,-thiophene),

52.3, 51.8 (CH,N), 29.5, 29.4 (SCH,) , 27.5 (CH,CH,CH,).
7.2 Syntheses of Pd(II) complexes

[Pd(L/)IBF,); To an acetonitrile solution of L, (0.11 g, 0.335 mmol)
was added [Pd(CH,CN)J(BF,), (0.13 g, 0.293 mmol) and the orange brown
solution obtained was heated to a gentle reflux for an hour under a nitrogen
atmosphere to ensure complete complexation. After cooling to room
temperature, the solution was taken to dryness to give an orange brown solid.
Slow diffusion of diethyl ether into an acetonitrile solution of the Pd(II)
complex yielded orange brown crystals of X-ray quality. Yield: 120 mg. Anal.
Calcd for C,;H, N,SPdB,F,: C, 35.53; H, 3.98; N, 9.21. Found: C, 35.74; H,
3.91; N, 9.29.

[PA(Ly)F*. PdCl, (0.25g, 1.41 mmol) was added to 40 mL of dry CH,CN
in a round bottomed flask equipped with a nitrogen inlet and reflux condenser.
The yellow solution was stirred and warmed to 55 °C until most of the PdCl,
dissolved. The trace amount of insoluble PdCl, was filtered. The yeli(;w
Pd(CH,CN),Cl,/CH,CN solution was added dropwise to an acetonitrile solution
containing L, (0.354 g). A yellow precipitate formed instantly and the reaction
mixture was stirred at room temperaturé overnight. The yellow precipitate
was filtered, washed with anhydrous diethyl ether and air-dried. Yield: 0.34
g. The yellow Pd(L,)Cl, (100 mg) was then dissolved in absolute EtOH and

added to a saturated ethanolic solution of NH,PF,. The creamy yellow
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precipitate formed was filtered and redissolved in the minimum amount of |
CH,CN. Slow diffusion of diethyl ether into the supernatant yielded yellow
crystals suitable for X ray crystallography. Yield: 150 mg. Anal. Calcd for
C,.H;;NS,PF,CIPd.(H,0): C, 21.59; 1, 4.17; N, 2.52. Found: C, 21.65; H, 3.91;
N, 2.85. |

[Pd(L)Cl](PF,). To a two necked round bottom flask containing 10
mL solution of 0.0467 M L, in dichloromethane (0.467 mmol) was added an
acetonitrile solution of 0.142 g Pd(PhCN),Cl, (0.37 mmol) and the reaction
mixture was stirred at room temperature under nitrogen atmosphere
overnight. A creamy yellow precipitate was formed, leaving a very pale yellow
supernatant. The yellow precipitate was filtered under suction, washed with
diethyl ether and dried. The PF, salt was obtained by dissolving the yellow
solid in hot methanol and added to a saturated methanolic solution of NH PF,.
After stirring on a hot plate for 30 minutes, methanol was removed by rotavap.
The solid which remained was dissolved in acetonitrile and yellow cryétals
were obtained by slow evaporation. Yield : 180 mg (77 %). Anal. Calc. for
[Pd(C,¢H,N,S,)CII(PF,): C, 30.53; H, 4.16; N, 4.45. Found: C, 30.82; H, 4.11;
N, 4.68. IR: Pd-Cl, 340 cm™; PFy, 530, 560, 770, 830, 880 cm'™.

[(Pd(L,)I(BF,, An acetonitrile solution of L, (0.174 g, 0.51 mmol) in a
round bottomed flask was purged with nitrogen for 10 minutes. An
acetonitrile solution of [Pd(CH,CN)(BF,), (0.20 g, 0.45 mmol) was added

dropwise to the ligand solution. The reaction mixture changed to orange-




236

brown and was heated to a gentle reflux under a nitrogen atmosphere for 1%
hour to ensure complete complexation. After cooling to room temperature, the
orange brown solution was concentrated to ~ 1 mL. Slow diffusion of diethyl
ether into the acetonitrile solution of the Pd(II) complex yielded orange-browr:
crystals of X- ray quality. Yield: 200 mg. (71 %). Anal. Caled for
C,6H4N,S,PdB,F..(%2 CH,CN): C, 31.75; H, 4.31; N, 5.44. Found: C, 31.71; H,
4.29; N, 5.42.

|
[

Pd(Lg(BF), To an acetonitrile solution of L, (0.215 mmol) was added
[Pd(CH,CN),I(BF)), (0.0795 g, 0.179 mmol) and the lemon-yellow solution
obtained was heated to a gentle reflux for an hour under nitrogen atmosphere
to ensure complete complexation. After cooling to room temperature, the
solution was taken to dryness to give a yellow powder. The yellow solid was
recrystallized by dissolving in minimum amount of CH;NO,/CH,Cl/EtOH.
Slow evaporation of the solvent yielded yellow crystals of X-ray quality. Yield:
80 mg (66.6 %). Anal. Calcd for CZQIIQQN284PdB2F55(QH30H)(H,,O)(CH,.,NOQ):‘ C,
32.30; H, 4.80; N, 5.14. Found: C, 32.67; H, 4.37; N, 5.19,

7.3  Syntheses of Co(I), Ni(H) and Cu(Il) complexes

[Co(L)(CH,CN)(NO,),].xCH,CN. An acetonitrile solution of L, (0.06
g, 0.175 mmol) in a round bottomed flask was purged with nitrogen for 20
minutes. An acetonitrile solution of [Co(H,0),J(NO,), (0.0496 g, 0.17 mmol)

was added dropwise to the ligand solution. The reaction mixture changed to

pink and was stirred at room temperature under a nitrogen atmosphere
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overnight to ensure complete complexation. The pink soluion was concentrated
to ~ 1 mL on rotavap. Slow evaporation of the solvent at room temperature
yielded pink crystals of X-ray quality. Yield: 40 mg. Anal. Caled for
C,sH,N;:S,0,Co.(2CH,CN): C, 37.39; H, 5.07; N, 11.54. Found: C, 37.54; H,
4.93; N: 11.99. |

[Ni(L)(CH,CN)j(ClO),. An acetonitrile solution of L, (0.170 g, 0.496
mmol) in a round bottomed flask was purged with nitrogen for 20 minutes. An
acetonitrile solution of [Ni(H,0)](ClO,), (0.145 g, 0.396 mmol) was added
dropwise to the ligand solution. The reaction mixture changed to purple and
was stirred at room temperature under nitrogen overnight to ensure complete
complexation. The purple solution was concentrated by rotoevaporation to ~
1 mL. Slow evaporation of the solvent at room temperature yielded purple
crystals of X-ray quality. Yield: 200 mg (83 %). Anal. Caled for
C,sH,6N,S,CLO,Ni.(2CH,CN): C, 35.20; H, 4.73; N, 8.21. Found: C, 35.05; H,
4.60; N: 7.79.

[Cu(L)i(ClO,), A CH,CI, solution of L, (0.059 g, 0.172 mmol) in a
round bottomed flask was purged with nitrogen for 20 minutes. An ethanolic
solution of [Cu(H,0),)(C10,), (0.060 g, 0.16 mmol) was added dropwise to the
ligand solution. The reaction mixture changed to bluish green and was stirred
at room temperature under nitrogen overnight to ensure complete
complexation. The green precipitate formed was filtered, washed with diethyl

ether and air-dried. Yield: 55 mg (57 %). The green powder was recrystallized
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by dissolving in EtOH/CH,CN. Some microcrystalline green solid was

obtained. Anal. Caled for C,;H,N,S,0,Cl,Cu: C, 31.76; H, 4.33; N, 4.63.
Found: C, 31.86; H, 4.18; N: 4.69.

[Cu(LyJ(ClO,); A CH,CI, solution of L; (0.164 mmol) in a round
bottomed flask was purged with nitrogen for 20 minutes. An ethanolic solution
of [Cu(H,0),1(C10,), (0.058 g, 0.156 mmol) was added dropwise to the ligand
solution. The reaction mixture changed to green and was stirred at room
temperature under nitrogen overnight to ensure complete complexation. The
green precipitate formed was filtered, washed with diethyl ether and air-dried.
Yield: 66 mg (66 %). The green powder was recrystallized by dissolving in
EtOH/CH,CN. Slow evaporation of the solvent at room temperature yielded
grezn crystals of X-ray quality. Anal. Caled for C,,H,,N,S,0,Cl,Cu: C, 38.91;
H, 4.75; N, 8.25. Found: C, 38.83; H, 4.69; N: 8.19.

74 Instrumentation
(a)  Electrochemistry

Cyclic voltammograms presented in this study were recorded with a
Princeton Applied Research Model 273 Potentiostat/Galvanostat interfaced to
an IBM PC computer and an EPSON FX-80 dot matrix printer. All
measg;'ements were carried out in acetonitrile, which was dried before use by
distiliing over calcium hydride overnight under nitrogen atmosphere. A
solution of 0.1 M n-Bu,NPF; in acetonitrile was used as the supporting

electrolyte. Platinum beads were used as the working electrode and counter
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electrode, The reference electrode was Ag/AgNO, (0.01 M in CH,CN) linked

to the cell via a salt bridge containing an acetonitrile solution of n-Bu,NPF,
(0.1 M).
(b)  Crystallography

The crystal structures presénted in this thesis were solved by Ms. K
Beveridge. In general, the crystallographic data were obtained as follows.
Crystals were mounted in glass Lindemann tubes. The unit cells and space
groups were determined by using Weissenberg and precession photography,
after which the crystals were transferred to a Picker four-circle diffractometer
automated with a PDP 11/10 computer or an Enraf Nonius CAD4
diffractometer to collect the data. Intensity measurements were obtained with
Zr-filtered Mo radiation, A = 0.71069 A. Background counting was introduced
at the end of each scan. A set of three internal standard reflections preceded
each batch of 50 measurement, with no noticeable change in intensity observed
during the collection.

The solution of the phase problem was achieved with MULTAN"® and
refined by direct methods with SHELX-76'?. The atomic scattering factors
used were those included in the SHELX-76 program together with the metal
f-curve from the International Tables'?!, Completion and refinement of the
structure was carried out by using difference electron density maps and least-
squares techniques. All atoms were refined anisotropically except for hydrogen

atoms, which were observed and refined isotropicaliy when possible, otherwise,
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the H-atoms positions were calculated. In general, the refinement converged
with a maximum shift/e.s.d. of less than 0.2 on the final cycle.
(¢)  Electron Spin Resonance

ESR spectra were obtained by use of a Varian E6 ESR spectrometer
using DPPH (2,2-diphenyl-1-picryihydrazyl hydrate, a stable free radical) as
the external standard, The stimulated transition between two spin states is
achieved by keeping the energy of stimulation constant and scanning the
magnetic field. The energy source is a microwave generator which emits a
radiation of wavelength 3.2 cm. This corresponds to a frequency of 9.2 GHz
which is sent to the sample by a waveguide apparatus. The low temperature
spectra were obtained using a quartz insert dewar filled with liquid nitrogen.
(d) Nuclear Magnetic Resonance

'"H NMR spectra were recorded on a 90 MHz Perkin-Elmer R-32
instrument, high-field 'H and *C NMR spectra were obtained on either Briiker
WM 250 or AMX 360 instrument. Two-dimensional NMR spectra (e.g., 'H
COSY and 'H-°C correlated spectra) were recorded on the Briitker AMX 360
instrument by Ms. C. Greenwood. All chemical shifts are reported relative to
tetramethylsilane (TMS). Simulated 'H and *C NMR spectra were calculated
using NMRPLOT'* on an IBM PS/2 computer. The program enables the
iterations of the coupling constants once an approximate set of values was

obtained from visual line shape analysis.
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(e) Other Instrumentation

Infrared spectra were obtained as neat samples on NaCl plates or KBr
discs by using either Perkin-Elmer 283 grating spectrometer or Briiker FT IR
spectrometer, Mass spectra of all organic intermediates and the ligands were
obtained from a Finnegan GC 360 mass spectrograph by electron impact or
chemical ionization methods.

UV-visible spectra were run on a Cary 5 UV-Vis-NIR dual beam
spectrophotometer.

Elemental analyses were performed by Canadian Microanalytical

Services, Vancouver, BC, Canada.
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