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ABSTRACT

A series of thiophene-containing thioethers (L1 = 1, 6-bis(2-thienyl)-2,5-dithiahexane;
L2 = 1, 9-bis(2-thienyl)-2,58-trithianonanc; L3 = 1, 9-bis(2-thienyl)-2,8-dithia-5-

oxononane; Ld = 1, 7-bis(2-thicnyl)-2,6-dithiahcptane) were prepared. Preparation

of copper(I1), copper(1), molybd and ( lexes with these lig-
ands and L5 (L5= 2,5,7,10-tetrathia[12](2,5) thiophenophanc) are described. The

complexes were studied by nmr, sr, ir, electronic spectroscopy and by magnetic,
X-ray structural and electrochemical methods. The structure and properties of the
copper complexes were studied in both the solid state and in solution and the struc-

tures were lated with the ic cl istics. IL has been shown that

the of the copper-thioetl ! change when they dissolve and

the extent of the change depends on the solvent and the solution concentrations.

Variable temperature nmr studies have been used to examine the stercochemically
non-rigid processes of molybdenum and tungsten carbonyl complexes of several of
the ligands. At room temperature, all are undergoing rapid inversion of configu-
ration at their metal-bound sulfurs by a solvent-independent process. No evidence

of any 1,4-heteroatom fluxional processes was found at room temperature, but at

elevated temp an  acyclic 1,4-h binding site flux-
ionality in Mo(C0),-L2 has been observed. The molecular structures of CuCly-2L1,
CuCl,-L3, CuBr-L3, and W(CO),:L5 have been determined by X-ray methods.
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Chapter 1

INTRODUCTION AND
SYNTHESIS OF LIGANDS

1.1 Introduction

‘This thesis explores certain aspects of thioether coordination chemistry of molyb-
denum, tungsten and copper.

Man's knowledge of the coordination chemistry of copper has benefited from
extensive studies of copper proteins and their synthetic models. In this thesis, the

effect of structure on the properties of copper complexes of sulfur donor ligands in the

solid state and in solution are ined with particular emphasis on
characteristics and redox properties as revealed by electrochemistry. There is an
extensive literature on some of these properties although few comparisons between
solid state and solution properties are available.

Molybdenum and tungsten have long been considered as efficient elements to

catalyse hydrodesulfurization, the detailed hanism of which is still, however,

unknown. The study of low valent molybdenum and tungsten thioether compounds

may help to illustrate the mechanism of hydrodesulfurization. In this thesis, studies



of the structure and propertics of molybdenum and tungsten carhonyl thioether
complexes and in particular the dynamic structures of these compounds studied by
variable temperature nmr methods are reported.

A selective review of the pertinent literature follows.

1.2 Structure of Copper Thioether Complexes

Thioether coordination chemistry has heen stimulated in reccnt years by the desire
to develop simple low molecular weight models of the active sites in some enzymes
which have been shown Lo contain metal atoms surrounded by one or more thiocther

. or id

sulfurs. In particular, high resolution x-ray structures of plastocyanin
and azurin are available [1, 2] which show the coordination sphere abont copper(Il)
to consist of two aromatic nitrogen atoms, a thioether and a mercaptide sulfur in
a distorted tetrahedral array and in the case of azurin, a distant oxygen donor as
well.

Development of simple thioether coordination chemistry has benefited greatly
from the availability of x-ray crystal structure analysis. In the case of copper com-
plexes where redox is possible it is especially interesting to know the structure of
both Cu(IT) and Cu(I) complexes which have similar inner coordination spheres. In
this section, we will discuss the structural properties of thioether-Cu complexes and
whenever possible, we will compare the structures of both Cu(I) and Cu(ll) com-
plexes of the same ligand. Some relevant structural parameters of selected examples
are listed in Table 1.1

As may be seen from Table 1.1, the structures of Cu(11) thioether complexes are

variable. The copper(Il) species are, however, frequently found to have structures



Table 1.1: Selected Structure Data for Cu-Thioether Complexes

Compound Geom. Cus (A) Rel.
TCu([9JancS3): On 2.41_9(3).2.42'6+(3 2.45003) B
[Cua([9)aneS3)s]** Te | 2281(1),2.302(2),2.325(2),2.323(1)
2.244(1), 2.336(1),2.302(1),2.329(1) | [4]
[Cu([12]ancS4)(H:O)P* | Ca | 2.34(1), 2.30(1), 2.37(1),2.32(2) ]
[Cu([13]aneS4)(H,0)** | Cqp | 2.334(4), 2.333(4),2.310(5),2.330(5) | [5]
Cu([14]ancS4)*+ Da | 2.308(1),2.207(1) [5,6,7)
[Cu([14]ancS4)]*). Te 2.260(4),2.338(4),2.327(4),2.342(3) | [6, 8]
[Cu([15]aneS3)]** Cu | 2331(2),2.315(2),2.289(2), 2.338(2)
2.308(2) 1ol
{Cu([15]aneS8)}* T, | 2.338(5)2.243(5),2.317(5) 9]
[Cu([18]aneSE)]*+ Du | 2:323(1),2.402(1),2.635(1) 1]
[Cu({18]aneS6)]* T, | 2253(2),2.358(2),2.360(2) [10]

based on some form of distortion from octahedral symmetry as expected on the
basis of the Jahn-Teller Theorem. For example, [Cu([9]aneS3)]** , has a tetragonal
clongation Lo Lwo of its six donor sites while [Cu([15]aneS5)]?* is square pyramidal.
The complex [Cu([14]aneS4)]?* has a planar arrangement for its four donors. On the
other hand, the copper(I) complexes have structures that are, in general, tetrahedral
or distorted tetrahedral. Much effort has been applied to obtain structures of both
Cu(11) and Cu(1) complexes with the same thioether ligand, although for a variety of
reasons this is not usually easy. There are, however, now several pairs of examples
available, such as for example the case of [l4]aneS4. In its Cu(Il) complex four
sulfurs are in a plane and all are coordinaled to one copper [7], but for its Cu(I)
complex, the geometry is tetrahedral with three sulfurs coming from one ligand and
a fourth sulfur from another ligand to give a polymer [6, 8).

The structures of [15]aneS5 species with both Cu(IT) and Cu(1) have also been

3



determined [9]. For Cu(11), the structure is square pyramidal with five sulfurs of the
same ligand all coordinated to one Cu with four shorter basal Cu-S distances and
one slightly longer apical Cu-S distance. For Cu(1), the structure is distorted tetra-

hedral, leaving one sulfur not id

This might be I to represent
the minimum structural change necessary upon reduction from Cu(11) to Cu(1).

In addition to changes in the coordination sphere itself, studics of free and com-
plexed ligands reveal that conformational change in the ligand upon coordination

is an important factor for those compounds [11, 12, 13, 14, 15, 16, 17, 18]. In the

case of crown cther complexes, there is little conformational change required upon

and ynamically strong ! are formed. In the case of

thioether analogs, however, the conformations before and after complexation are
quite different. Energy to accomplish the conformational change must be found
and is usually manifest as a thermodynamic penalty in Uhe stability of the comples.
Thus the mactocyclic effect which is dominant in crown ether complexes is of much

i i

for many yclic thioether I

less. Oxa- and

often choose an endodentate conformation such that their lone pairs all point into
the cavity, but the analogous thioether crowns often have exodentate conformations
[19], as for example in [12]ancS4, [14]aneS4 and [15]aneS5 in which all sulfur atoms
have their lone pairs pointed out of the ring {12). In [18JancS6, four sulfur atoms
choose exo and two choose an endo orientation. The only ligand for which all sulfur
atoms are endo, is [9]aneS3 and it shows a much greater coordination chemistry as
a result [20, 21, 22, 23, 24, 25, 26, 27, 28, 29]. The factors which determine whether

lone pairs are exo or endo are non-bonded interactions elsewhere in the ligand as

explained by Cooper [11]. One of the of the dentat



of clectron pairs is that these ligands often tend to bind to different metals forming

binuclear or polynucl ) instead of lear ones.

Thioether complexes of copper(l) usually have a Cu(1)-S bond length that is
much shorter than the sum of the Pauling covalent radii, (2.394). In some cases, it
is even comparable to that of Cu(11)-S, (2.344). This can be interpreted to mean
that 7-back donation from Cu(l) to S is important. This bond feature has been
found for other transition metal complexes by several workers and its interpretation

has been supported by spectroscopic studies [30].

1.3 Electrochemical Properties of Copper Thioether
Complexes

Copper proteins play an important role in biological clectron transfer reactions.
Much work has been done to discover the factors influencing electrochemical prop-
ertics such as hall polentials and self exchange rate constants of copper thioether
complexes which are in several respects related to the biological systems [31, 32, 33,
34, 35]. The E,/y values obtained from cyclic voltammetric measurements of these

model ds under slow scan conditi i the th d; ic for-
mal potentials of their redox pairs [36].

It has been shown that Cu-thioether complexes have high positive potentials
comparable to those of "blue” copper proteins. Rorabacher et al. {32] have stud-
ied the redox chemistry of a series of complexes with both cyclic and open chain
thiocther ligands and all show high positive potentials among which are some of the
highest values reported for the Cu(II)-Cu(I) couple (Table 1.2).

It can be concluded that the high potentials are mainly due to the Cu-S bond.



Table 1.2: Reduction Potentials for Copper(11) Complexes, [CulJ#+,
with Cyclic and Open-Chain Polythiacthers

L Eizz (V) [ Medium® [ Ref.
([lancS3); 0.61 a 0]
(12]aneS3 0.789 b 32]
[12]aneS4 0.723 b 32}
0.64 c 36)

[13]ancS4 0.674 b 32]
0.52 c 36]

[15]ancS4 0.785 b 32}
0.61 < 36)

[16JancSd 0.798 b 32]
0.69 ¢ 36)

[15]ancS5 0.855 b [32]
0.70 c 36)

[18]aneS6 0.72 a 10]
[20]ancS6 0.805 b [32]
[21]aneS6 0.852 b 32)
2,2, 2-NNNN -0.280 b 32]
2, 2, 2-NSNN 0.356 b 32]
2,2, 2-NSSN 0.361 b 32]
2, 3, 2-NSSN 0312 b 32]
Et;-2,3,2-SNNS | 0.342 b 32]
Etz-2, 3, 2-8SSS | 0.892 b 32]
Mez-2, 3, 2-SSSS | 0.892 b 32]
2, 3, 2-558 0.812 b 32]

“a: vs SCE, MeN

NIIE, 80% McO!1/20%H120; c: vs NHE, 11,0



Presumably the x-acid properties of sulfur stabilize low oxidation states of copper as

is observed among other transition metal of thioethers [30]. The general
sequence of By values for copper complexes is CuS4 > CuN2§2 > CuN4 (32, 37,
38, 39] which is consistent with the interpretation of the other data suggesting
that thioether sulfur stabilizes the Cu(I) state relative to Cu(II) more efficiently
than docs aromatic or amine nitrogen [32, 40, 41, 42]. The bond angles of copper
complexes may be altered by changing the ligand backbone and this permits fine
adjustment of potentials. The E,/; values of a series of S4 cyclic thioether copper
complexes have a range of 674-798 mV in methanol-water solution vs NHE [32].
In general, ligands which sterically or electronically destabilize tetragonal Cu(II)
and/or enhance the stabilization of Cu(I) can shift the formal Cu(11)-Cu(I) potential
Lo even more positive values [31, 43).

While stressing the i of bonding in ining the half wave poten-

tials of Cu-thioether complexes, it should not be overlooked that the structure of
Cu thiocther complexes also has a large effect on the sell-exchange rate constant. In
a series of copper thioether complexes studied by Rorabacher et al., the ky; values
all have an approximate magnitude of 102 M~! s~! (range 73-470 M~'s™") despite

in jon geomelry, jals, and related jes of the Cu(I)

and Cu(l) species. The only exception is [15]aneS5 which has a value of 3 x 10*
M~" 57! [9]. Although thorough studies relating these data to solution structures
have not been conducted, comparison of [14JaneS4 and [15]aneS5 complexes shows
the importance of the structure factor in affecting the electron transfer rate. Both
Cu(ll) complexes appear to adopt relatively strain-free tetragonal geometries in

which the copper is coplanar with the four donor atoms in [Cu[14JaneS4]** 5, 7].



In [Cu[15]aneS5]**, however, the Cu is sitting above the plane of the four sulfur
atoms with the fifth sulfur occupying the apical position of a square pyramid. In
the reduced complexes, the structure of [Cull4JancS4]* was found to involve rup-
ture of one of the Cu(l)-S bonds leaving the free sulfur to form a coordinate bond
to another Cu(I) atom, thereby generating a 3-1 coordination polymer in the solid
state [6, 8]. In solution, kinetic evidence shows that the compound is not a poly-
mer [44] and the Cu(I) atom may be coordinated by three sulfur donor atoms and

one solvent molecule. This shows that the coordination donor set may be different.

in solution from that in the solid and that change of structure is required during
the electron transfer reaction. For the {I5]aneS5 complexes, the square pyramidal
Cu(Il) complex is casy Lo convert to distorted tetrahedral Cu(l) by rupturing one
Cu-S bond because the Cu(Il) is set above the plane of the four sulfur donors. 1t

is important that although there is bond rupture or formation during the electron

transfer reaction, no solvent molecule is needed to coordinate to Cu during the pro-

cess in order to complete its coordination sphere. Thus this molecule has the

fastest
clectron transfer rate among the series of copper thiocther complexes studies by
Rorabacher et al. because it needs the minimum configuration change from Cu(ll)
to Cu(1). This may be related to the high clectron transfer rates found in copper
enzymes where the copper atom at the active site is in a hydropliobic environment
and solvent cage rearrangement is not necessary.

From the above discussion, it scems that the high polentials of Cu-thioether com-
plexes are mainly due to the 7-acidity of the sulfur atoms which stabilize the Cu(I)
state and hence increase the redox potential. While it is not too difficult to devise

complexes having high potentials using thioether ligands, it scems more difficult to



control the structure of the complexes so that they need minimum adjustment while
changing from Cu(Il) to Cu(l) and vice versa. This may explain why these high
potential systems have not found wide use as catalysts.

Since the movement of electrons is much more rapid than the movement of atoms
(Franck-Condon Principle), it is presumed that atoms must rearrange to the config-
uration of the transition state prior 1o the electron-transfer step [36]. This means

that the electron transfer process will be kinetically lled by the

of complexes. The Cu(II) and Cu(I) complexes which have the most closely similar
structures will also be closest to the transition state and will be expected to have the
fastest electron transfer rates. In the absence of subsequent reactions, these electron
transfers will be reversible as expected for good catalyst systems.

These concepts have been explored by Rorabacher [36] who has proposed the
square mechanism shown in Fig. 1.1 for Cu-thicether complexes of [14]aneS4. He
found that by increasing the scan rate, a second oxidation wave becomes observable
at a2 more positive potential. This means the system is becoming more irreversible
because the configuration change of the complexes can not follow the electron trans-
fer speed. The same phenomenon can be seen at low temperature because decreased

© "L+ e=c"L (P

[ .

@ "L+ e=c"L. @)

Figure 1.1: Square Mechanism for Copper Complexes



temperature slows the rate of conformation change. In the square mechanism in

Fig.1.1, species O and R represent the stable conformers of Cu(I1)L and Cu(1)L,

respectively, while Q and P are less stable intermediate species. It is presumed that

species P rep a Cu(I)L conformer having a coordination geometry more closcly

approximating the stable conformation of Cu(I1)L. Similarly, species Q is presumed
to represent a Cu(I1)L, conformer possessing a coordination geometry more like that
of the stable conformation of Cu(I)L. Based on this square scheme, the reduction of
Cu(IN)L to Cu(T)L may take place by cither of two reversible pathways:
PathwayA : O+c=P=R
PathwayB: O0=Q+c=R
The dominant pathway for any Cu(11)L/Cu(I)L system under a specific set of con-
ditions will depend upon the applied polential sweep rate and the relative rate
constants for the interconversion of P = R and O = Q. Thus the conliguration of
complexes is important in controlling the rate of clectron transfer and hence the
reversibility of the redox system, while control of the thermodynamic parameter,
redox potential, is dominated by the donor atom’s identity.
From the concepls discussed above, it scems at least theoretically possible to
evaluate a homogeneous redox catalyst’s kinetic and thermodynamic attributes by

studying the electrochemical properties of its solution.

1.4 Esr of Cu(II)-Thioether Complexes

Since it has become widely known that the copper centers in Type I copper proteins

have a remarkly small A value [40, 45, 46, 47], much effort has been made to
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corrclate the A values with structure and properties of model complexes. From
these efforts, considerable experience with the esr behaviour of copper complexes
has been obtained and certain relationships between g, A and structure have become
apparent.

Copper(11) has 9d-clectrons, which are always so arranged as to give a total spin
S = 1/2, no matter what the ligand field is. Thus mono-nuclear Cu(II) complexes
present simple systems Lo be studied by esr. From these studies, valuable information
about. the coordination sphere of a Cu(Il) complex can bhe obtained. The useful
parameters are g, A and superhyperfine splitting values. For axial spectra, g is
usually split into two components: g, and gy. The hyperfine coupling A is also split
into two components: Ay and Ay. Usually A, is very small so that experimentally
it is often not detected or resolved and appears ouly as a broadening of the g,
signal. Usually, however, A is well resolved and can be determined accurately
by cxperiment [48, 49]. For rhombic spectra, one obtains three different g values,
£ 8 and g. although two values, g. and g,, may be very close together [48, 49].
The relative values of g and g, are important for determining the shape of the
coordination sphere. A bigger gy value indicates square pyramidal or elongated
octahedral coordination, whereas bigger g, values indicate trigonal bipyramidal or

Letragonally compressed octahedral specics [48, 49].

For [c di 1 Cu(Il) 1 two extreme , square planar
and tetrahedral, may be considered. In practice, there are many intermediate struc-

tures possible between square planar and tetrahedral and the dihedral angle w be-

tween the two i ing planes of a hedron is useful in describing the struc-

ture. When w = 0° the structure is planar and when w = 90°, it is tetrahedral.

1



It has been found that in fluid esr spectra, go and Ay change systematically as a
function of w. As w increases, both g and g increase and both A and Ay decrease
[31, 50]. This has been claimed to be the main factor leading to the small values of
Ay in blue copper proteins.

For the donor atom N which has a nuclear spin | = 1, one can sometimes observe

superhyperfine splitting of various features of the esr spectrum. This is helpful for
determining whether thiocther ligands have dissociated and the complex has been
solvated by nitrogen-containing solvents.

The relationship between Ay and gy has been known for some Lime by esr spec-
troscopists [51]. Plots of Ay vs gy for copper complexes with O4, Nd, N252 or 54
donor sets show clearly the relationship between Ay and gy that as g j increases, Ay
decreases [40, 51].

Another important effect on g values is from the nature of the donor atoms.
The following general gy order has been found: 04 > N202 > N4 > N252 > §d.
In other words, sulfur coordinated Cu(Il) complexes usually have small g values,
For example, g can change from ca. 2.08 to ca. 2.27 as sulfurs arc replaced by
oxygens in tetragonal situations [31]. This can be interpreled as evidence of -
acidic properties of thioether sulfur donors. By accepting electron density from the
metal jon, thioethers reduce the effective spin-orbit coupling constant and hence the
deviation of g from values found with oxygen or nitrogen donor ligands. These effects
are illustrated in Table 1.3 for Cu(II) complexes from three different tridentate (N3,
N20 and S3) donor sets [52].

Similar results have also been reported for Cu(I1)([18]ancS6)(picratc); which has

g = 2.07 and Ao = 0.0064cm™" in nitrometharic. In nitromethanc-tolucne glass it

12



Table 1.3: Bsr Data for Some Cu(1l) Complexes

Complex g | 8 AP X107 [ALXI0T] Auo | Gino
(em=) | (em™) | (em-Y)
TCu{I)(TACN)][Cu()(CNYs] | 2.22 | 205 | -177 E7) 75 a0l
[Cu(l)(ODACN).JBr, | 228 [ 2.06| -182 .25
[Cu(11)([9]anc$3)a(CLO): | 211 | 2.02| -153 20 62 | 206

Table 1.4: Esr and ENDOR Parumeters

Complex ‘medium gy [ Ay x 107(cm™) [VA x10%(cm™T)
Tu(pdto) McOH | 2.177 60 2
Cu(clea); | H,0/McOH | 2.198 179 10
Cu(mipa), | H;0/MeOH | 2.226 183 10
Cu(pen)z H,0 2.131 189 9.7
Cu(cyset), H,0 2.135 189 9.3
Cu(aent), H,0 2.129 192 9.0
Cu(mtmpy) H,0 2.192 159 11
Cu(sacen) | Ni(sacen) |2.108 185 13
Cu(sacen) | Zn(sacen) | 2.126 165 12

behaves as an essentially axial complex but with a small rhombic component (g, =

2.028, g,

35, and g. = 2.037, with Ay = 0.0153 cm™!, A, = 0.0019 cm~"), For
[Cull]ancS4]*, g = 2.028, g, = 2.037, with A = 719165 cm™" and A, = 0.0036
cm™" [53, 54).

Some other g and A values from the literature ate listed in Table 1.4 [55]. The

unique bromo- and thioether bridged tetranuclear mixed valence Cu(I)/Cu(II) com-

pound with the N, S-donor ligand 4-((ethylthi hyl)-5-methyl-imidazole, gives a
nearly isotropic signal at g, = 2.079. Iu contrast, and as expected for one unpaired

clectron residing on the Cu(Il) atom, the glass spectrum at 77 K reveals a well-
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resolved axial structure (gy >g.) with the hyperfine parallel components centered
at g = 2.342 and with Ay = 133 G (56].

It should be noted that because of the small deviation of gy for Cu(l1) thioether
complexes from g, the rules relating g and structure for N and O donor sets must
be applied with caution to thioether donor complexes. For example, observation

of a g value < 2.03 has been taken previously to indicate compressed tetragonal or

trigonal bipyramidal stereochemistry at the Cu(11) jon (i.c. a d.s ground state) [18],
but copper(Il)-thioether complexes in general violate this generalization {10]. For

example, [Cu[18]aneS6]*+ has one g value lower than 2.03 but its structure is not

I but rather clongated, as shown by X-ray diffraction [10].

1.5 Dynamic Structure of Thioether Complexes

Abel et al. reported the first stercochemically non-rigid sulphur complex in 1966 [57].
It is found that by coordination to transition metals, the pyramidal inversion barrier
of sulphur is decreased very much, so that the rate of inversion is within the time scale
of nmr. This has resulted in the discovery that pyramidal inversion of coordinated
sulfur is widespread and more recently the discovery of binding site fluxionality in
sulfur complexes of transition metals. Several reviews are now available [58, 59]. In

the following section we will discuss the general features of inversion and fluxional

r in thioether
1.5.1 Pyramidal Inversion of Sulphur

Pyramidal inversion refers to the inversion of ion of an atom

bonded to three substi ina idal geometry and ing one lone pair

14



of electrons. Nitrogen, phosphorus and coordinated thioether sulfur are atoms that

exhibit this phenomenon. Inversion was first confirmed for nitrogen atoms [60, 61].

For sulphur, this inversion has a high activation energy barrier and there are only a
) few reports of pyramidal inversion by organic sulphur compounds [62, 63].

In contrast, the relatively low inversion energy of sulphur when it is coordinated
to Pd(IT) and P4(11) was first observed by Abel et al, which triggered many studies
on the stereodynamic structure of sulphur atoms.

The big difference in activation energy for sulfur inversion between organic com-
pounds and their metal complexes is due to there being different mechanisms in-
volved [58]. It has been suggested that for inversion to occur in organic compounds, a
substituent on sulfur must become detached and subsequently recombined as shown

in Fig. 1.2. Examples may be found among the high energy inversions of sulfoxides

R, @ Y )};/Z
M. = M = N
X/'\liﬂ\z Y/ s

Figure 1.2: Dissociation-R bination Mechanism for Inversion Process

(62, 63]. For metal complexes of thioethers, due to the strong bond between metal

and sulfur, the process in Fig. 1.3 is suggested to involve a planar transition state,

which can be ilized by i (p-d) back-donation. The AG?* values for
inversion of sulfur coordinated to transition metals, as obtained by nmr band fitting

programs ate in the range of 40 - 70 kJ mol"! [58, 59]. Platinum and palladium

are the most i ively studied but i lybd: and tung-

sten complexes have also been examined and the latter tend to show lower activation
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Figure 1.3: A Planar Intermediate Mechanism for Inversion Process

energy barriers to inversion than do the later transition metals.
The nmr method has employed the chiral properties of a sulfur when coordinated
to a metal. Thus, the geminal hydrogens on a carbon atom a to the coordinated

thioether sulfur are di ic and anisoch AL low the

nmr of two such hydrogens is an AB quartet which becomes an A; singlet as the
temperature is raised and inversion at the coordinated sulfur becomes rapid.

Some general conclusions obtained from these nmr studies are:

o Cis complexes of metal dihalides have considerably higher inversion energics

than their trans isomers

© The inversion barrier is in the order Te > Se > § and it scems that differ-
ences between tellurium and selenium are less than those between selenium
and sulfur. For example, the following compounds begin rapid inversion at
temperatures as shown [64, 65]:
trans-[PtI;(SEt2)s] 275 K
trans-[Ptly(SeEtz),] 363 K

trans-[Ptly(TeEts))) 378 K

In Table 15 are listed some relevant thermodynamic parameters [58, 59].
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Table 1.5: Effect of Chelate Ring Size upon Sulfur and Selenium Inversion Energies

Compound Tnversion En
AG*(kJ mol~?)
PiBrMes(MeS(CH;);5Me)) 628
P1BrMes(MeS(CHz);SMe)] 56.6
PtBrMes(MeSe(CH,);SMe)] 724
PtBrMes(MeSe(CHz)sSMe)] 64.0
PLCly(MeS(CHy),SMe)] 814
PLCly(MeS(CHa)sSMe)] 65.6

o Inversions of sulfur and selenium invariably have lower energies at palladium

than at platinum.

® The effect of chelate ring size on both sulfur and selenium inversion has been
studied in the series of complexes trans-[MXa(E(CR2)a)a] (M = Pd(1I), Pe(1I),
X=Cl, Br, I ; R = H and/or Me; E = S, Se; n = 2 — 5) [59].
A steady increase in inversion barrier with decreasing ring size was noted, and
the three-membered ring ligand did not undergo inversion before decomposi-

tion.

o A trans influence for lowering the inversion energy is obvious. For dialkyl
sulfide at platinum(I1) it was determined to be Cl < Br < I < R,S < Ph, and

it is likely to be essentially inductive in nature.

TFinally, it should be noted that beczuse ring conformational change may in-
volve similar energies to those required for inversion, and because such changes may
produce the same nmr spectral changes, the simple spin system analysis in early

papers on these topics have often confused the two processes. For example, on
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studying the temperature dependence of 'H nmr spectra of metal complexes of 1,2-
bis(alkylchalcogeno)ethanes, some authors attributed spectral changes to inversion
of configuration at the ligand atoms [66, 67], while others suggested that it arose

from conf

I changes in the fi bered chelate ring [68]. By the aid
of computer synthesised spectra, however, it has been shown that configurational

inversion at ligand donor atoms and not ional reversal of five bered

chelate rings is usually responsible for changes of nmr spectra with temperature [69].
1.5.2 Fluxionality

Fluxional movement of ligand atoms on metals is a widespread phenomenon. How-
ever, this mainly involves metal-carbon bonds associated particularly with carbony!
and polyenyl ligands. It was nol until 1975, that observation of fluxional metal-
chalcogen bonds was reported. At that time, Schenk obscrved a single methyl
group signal from [M(CO)s(SCHMeSCHMeSC HMe)] (M = Cr and W) [70] which
means that the three sulphurs in the ligand share the metal via 1,3-shifts. Analo-
gous motion was, however, not observed on the unsubstituted ring complexes at the

same The methyl substi i d steric factors which favour

an axial attachment of M(CO)s, thereby easing the shift of the M(CO)s fragment
between adjacent sulfurs. In these complexes of §-2-4-G-Lrimethyl-1,3,5-Lrithianc,
the metal carbonyl unit is in a fixed axial position so that the axial lone pairs of
the uncoordinated sulfur atoms are at a constant distance from it and dirccted in

such a way as to greatly facilitate a 1,3-shift via an casily accessible seven coordi-

nate i diate. In the bsti trithian ! rapid ring reversal and
sulfur p; idal inversion i fc of similar ground state energy




Table 1.6: Activation Energies for 1,3-Metal Shifts in the Complexes M(CO)s-L

C d AG' (kJ mole 1) | Ref.
[Cr(CO)s(SCHMcSCHMeSCHMe)] | 65.80 76]
(W(CO)s(SCHMeSCHMeSCHMe) 68.47 76)
Cr(CO)s(SCH3C M:3C Ha)] 75.80 77)
W(CO)s(SCTH2SCH2SC H,)) 78.33 77]
Cr(CO)s(SCTH5C H:3C H25CH,)) 80.62 59]
W(CO)s(SCTH:SCH,SCH,5CH,)] 83.50 59}
[W(CO)s(MeSCH,SMe)] 8.3 78]
W(CO)s(MeSeCHzSeMe)] 85.8 78]
Cr(CO)s(McSCH;SeMe)]* 84.5 78]

“(Se-Cr bonded)

thus disturbing the ideal relative positioning of the M(CO)s groups and the sulfur
lone pairs. This considerable increase in ligand flexibility reduces the probability of
a 1,3-shift occuring [71, 72, 73].

Obviously, steric factors are important in shift processes. Because open chain
sulphur ligands will be conformationally more [ree than cyclic ligands, a higher
energy is expected for their Auxional shifts. As ligand ring size increases, flexibility
of the ligand increases, the encrgy of the shift increases and eventually approaches
that of open chain ligands. Data for 1,3-shifts on different ligands are listed in Table
1.6.

A change from 1,3-fluxionality to 1,2-fluxionality decreases the distance of metal
shift and decreases the energy barrier to the process as can be seen from data in
Table 1.7. Logically, one might expect higher energy to be required for a 1,4 shift
or alternatively that some assistance such as a pivot point would be necessary. It is

therefore not surprising to find that there are in fact only three reports of 1,4 shifts
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Table 1.7: Activation Energies for 1, 2 and 1, 3-Metal Shifts
in the Complexes M(CO)sL

Compound AGT/kJ mole™ T Ref.
[Cr(CO)5(McsSiCHZSSCIT;SiMey)] 704 70)
[Cr(CO)s(MeaSiCHaSeScClizSiMes)] 79]
[Mo(CO)s(MesSiCHZSSCH,SiMey)] 79]
[Mo(CO)5(MesSiCHaSeSeCH;SiMes)] 79]
[W(CO)s(MesSiCH,SSCH,SiMe3)] 79]
[W(CO)s(MesSiCH;SeSeCH,SiMes)] 9]
[W(CO)s(MeSCH:SMe)] 78]
(W(CO)s(MeSeCHySeMe)] 78]
[Cr(CO)s(McSCHaSeMe)] (Se-Cr bonded) 78]

and all involve cyclic systems [74, 58, 75]. Until this work, there were no reports of

1,4-shifts involving open chain thioether ligands.
1.6 Synthesis of Ligands
1.6.1 Preparation and Characterization

A series of new thiophene-containing thiocther ligands (Fig. 1.4) has been prepared
by salt elimination reactions of a-chl i with sodium di

in ethanol as shown in Fig. 1.5. They are all thick liquids at room temperature
although L2 can be solidified below 10°C. They all dissolve well in dichloromethane,
chloroform, benzene, or diethyl ether, but not in methanol. The ligand L5 (Fig.
3.9) has been reported previously [85).

These ligands were characterized by clemental analyses, mass spectra, 'H and
BC nmr. Low resolution mass spectra have been obtained for all these ligands

and while L1 gives a molecular ion peak, L2, L3 and L4 do not. A satisfactory
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Figure 1.4: Thioether Ligands
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Figure 1.5: Preparation of Thioether Ligands

high resolution mass measurement was obtained for the molecular jon of L1 (The
required value is 285.9978 and the found value is 285.9982). Some characterization
data are in Tables 1.8 and 1.9 and a representative 'H nmr spectrum (L3) is shown

in Figure 1.6.
1.6.2 Experimental

All commercially available starting materials were obtained from the Aldrich Chemi-

cal Co. Inc. and were used without further purification. P: ion of 2-chl h
thiophene was carried out according to the reported method [80]. Spectroscopic data
were obtained by using the following instruments: Ir, Mattson Polaris FT or Perkin-

Elmer Model 283; Nmr, General Electric 300-NB; Mass spectra, V. G. Micromass

7070HS. Analyses were perfc d by Canadian Mi ical Service, Ltd. Melt-
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Figure L6: 'H Nmr of L3




Table 1.8: Analytical Data for Ligands

C%) | A% | S
(Cale) | (Calc) | (Calc)

) sz | 51 | 4621
(1855) | (5.20) | (46.21)
5070 | 550
(50.91) | (5.45)

ing points were determined on a Fisher-John’s melting point apparatus and are
uncorrected.
General Method for the Preparation of Ligands Sodium (I.15 g, 50.0

mmol) was dissolved in commercial absolute ethanol (150 mL) under a nitrogen

and the

(25.0 mmol) in cthanol (50 ml.) was
added dropwise. The resulting mixture was refluxed under nitrogen for about 20
minutes. To the solution, 2-chloromethy! thiophene (6.63 g, 50.0 mmol) in ethanol
(50 mL) was added dropwise with stirring. Refluxing was continued for another
hour during which time a white precipitate appeared. Walter (100 mL) was added.
‘The mixture was extracted with chloroform (3 x 200 mL). The extracts were dried
over anhydrous calcium chloride. Volatiles were removed in vacuo and the resulting

oil was dissolved in a mini amount of dichl h filtered and methanol

added until cloudiness appeared. Alter cooling Lo -5°C, formation of a colorless oil
occurred and in one case (L2) a white solid formed (m.p.: 10°C). The yields are in

the range of 70 - 90 %.
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Table 1.9: Nmr Data® and Assignments for Ligands

Compound H 5C
& SJun(Hz) [ Jun(Hz) & Assi
L1 714 (m) 1547 T
6.85 (m) 125.8,126.3 23
1413 4
3.84 (s) 307 5
2.60 (s) 30.2 6
2 721 (m) 1249 1
6.91 (m) 125.9,126.5 23
1414 4
3.93 (s) 312 5
2.63 (s) 304 6
315 7
3 T8 (dd) | 51 15 1248 T
6.90 (m) 126.1,126.5 23
141.8 4
3.96 (d) 0.5 308 5
355(t) | 6.56 703 7
265(t) | 656 307 6
T4 7.13 (q) 417 2.15 1245 1
6.87 (m) 125.7,126.3 2,3
1416 4
3.84 (s) 301 5
251 (1) | 747 299 6
1.76 (p) 7.17 28.1 7

=d'-Chloroform as solvent

*in ppm from TMS; s = singlet, d = doublet, t = triplet, dd = doublet of doublet, p = 5 lines,
m = multiplet.

“Position identification from Fig. 14,




Chapter 2

Cu(II)- AND
Cu(I)-THIOETHER
COMPLEXES

2.1 Preparation

The coordination chemistry of copper has benefited greatly from attempts to model
the active sites in "blue” copper proteins. Many model compounds containing Cu-
thioether bonds have been prepared in order to compare their properties with those
of copper proteins known to contain such bonds [1, 81, 82, 83]. In a similar ap-
proach, our thioether ligands were also reacted with copper(ll) ion and in most
cases, both Cu(lI) and Cu(l) complexes were isolated. The structures and prop-
erties of the complexes have been studied by infrared spectroscopy, conductivity,
electronic spectroscopic and magnetic methods, esr, cyclic vollammetry and X-ray
structural methods. Much atiention has becn paid to changes in structure and Lo
the effects of these changes on the properties of the complexes when in solution,
Analytical data and physical properties are given in Table 2.1.

It is worthwhile to discuss these preparations in some detail (Fig. 2.1). When
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concentrated cucl.-(t;),
acetonitrile/CH,Cly (CuCloL2),

-t
. CuCle(L1),
CuCly+L1, dilute Cu
L2 CleL2
50 - 60°C CuCls(L1),
> CuCls(L2),
Ethano!
Methanol
rt CuCle(L1),
CuCleL2
CuCl.
2 Various solvents CuClsL3
CHZCN,MeOH,
L3 different temperature

CuBry Ethanol |

(CuBreL3),
rt 5

Figure 2.1: Preparation of Cu(II)-Thioether Complexes
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Table 2.1: Physical Properties and Analytical Data for Cu-Thioether Complexes

Compound | Color | C(%) | H(%) | X(%) | M-P(°C) | ey (B-ML)
(Calc) | (Cale) | (calc) (25°C)

CuCl-(L1); | Brown | 40.69 | 410 | 1041 | 9192 ST
(40.72) | (3.99)

(CuClL2); | Brown | 34.17 | 3.62 | 16:03 | 112-113 S8
(31.94) | (3.77) | (14.75)

CuCl, L3 | Red | 36.30 | 391 | 1652 | 115-116 T8
(36.15) | (3.90) | (15.26)

copper(11) chloride reacts with L1 and L2 (ligands are as defined in charpt 1), hoth
Cu(lI) and Cu(l) complexes can be isolated depending on the conditions of the
reaction. For example, while Cu(11) complexes can be obtained in concentrated ace-

tonitrile/dichloromethanc solution at room temperature, dilute solutions give Gu(1)

at room Only Cu(l) lexes can be isolated in ethanol
or methanol when L1 and L2 are reacted with copper(1l) chloride at room temper-
ature but the Cu(II) complexes can be isolated by carrying out the reaction at high
temperature. In ethanol and methanol, with L1 and L2, Cu(ll) was reduced, most
probably by solvent, to a Cu(I)-thioether complex. Slow evaporation of the acetone
solution of the Cu(IT) complex of L2 gives twinned crystals. This means that condi-
tions such as solvent and temperature have a great effect on the course of these redox
reactions. In contrast to L1 and L2, when L3 is reacted with copper(11) chloride, only
Cu(II) complexes can be isolated in solvents such as acelonitrile/dichloromethane,
tetrahydrofuran, acetone, methanol or ethanol either at high temperature or room

temperature. Allowing these solutions to stand for a long time gives only orange

Cu(I1) but not Cu(l) ! Even att d reduction of Cu(ll) to



Cu(I) with hypophosphorous acid or reaction of L3 with CuCl, fails to give Cu(l)
complexes. As a result, the Cu(I) complex of this ligand can be obtained only from
more casily reduced CuBr; in ethanol or methanol.

By ing the jons of Cu(Il) from L1, L2 and L3, it is

inferred that the Cu(I) state is stabilized by sulfur donor atoms. On the other hand,
the Cu(11) state appears Lo be stabilized by oxygen atom coordination even if there
are some sulfur donors in the complex. It should also be noted that while the Cu(I)

state is stabilized by sulfur donor atoms, the Cu(1l) complexes arc apparently kinet-

ically preferred. Under fast reaction diti such as high ion and high
temperature, Cu(11) complexes form, which implics that the redox reaction of these
complexes is kinetically determined by a process involving chemical environment
change.

The reduction of Cu(IT) to Cu(l) is most probably by oxidation of the solvent
since the solvent plays a key role in whether Cu(II) or Cu(I) complexes are ob-
tained. The anion apparently also has a significant effect on whether Cu(II) or

Cu(l) complexes can be isolated.

2.2 Structure and Properties of Cu(II)-Thioether
Complexes in the Solid State

2.2.1 X-ray Structures

CuCl,-2L1

An ORTEP diagram of CuCl,:(L1), is given in Fig. 2.2 and Table 2.2 lists selected

interatomic distances and bond angles. Crystall hic data is in the A dix.



Figure 2.2: ORTEP Plot of CuCl,-2L1

Table 2.2: Selected Bond Lengths(A) and Angles(deg) of CuCl,-2L1

Bond | Distance | _Bonds | Angles(deg) | Bonds _| Angles(de
Cu-Cl | 2.272(1) | 53-Cu-52 | 86.10(5) | CFCu-S2 | _ 94.43(5)
Cu-S2 | 2.817(2) | $3-Cu-S2' | 93.90(5) | Cl-Cu-S2' |  85.57(5)
Cu-S3 | 2.368(1) | CL-Cu-S3 |  85.13(5) | CL-Cu-S3' |  94.87(5)




Table 2.3: Selected Bond Lengths(A) and Angles(deg) of CuCly-L3

Bond [ Distance(A) | _Bonds | Angle(deg) | _Bonds | Angle(deg)
Cu-CIl | 2.240(4) |CIl-Ca-Ci2| I31.9(2) | CH-Cu-O | 135.1(3)
Cu-Cl2 | 2253(4) | ClI-CuS | 96.08(8) |CI2Cu-O| 92.4(3)

Cu-0 | 230(1) | Cl2CuSl | 92.52(8) | O-Cu-S1 | 79.44(8)

CuS | 2.353(2)

The molecule of CuCl,-2L1 is centrally symmetric and has a tetragonally elon-
gated pseudo-octahedral coordination sphere with two long trans Cu-S bonds (2.817(2)
R) and two trans Cu-S (2.368(1)A) as well as two trans Cu-Cl bonds (2.272(1) A)
that are normal in length.

These Cu-S bonds may be compared to those in Cu(CHzSCH;CH;SCHa)z(BFy)z,
(2.317(2) A) [84], Cu([14]aneS4)(ClOy)s, (2.297(1) A, 2.308(1) A) [7] or the thio-
phenophane complexes (CuClz-L)z (L = CioHy4Sy or CiaHzeSs (2.349(3) - 2.358(3)
A in both) [85] and to the Cu-Cl bonds in the thiophenophane complexes (2.234(3),
2.321(3) and 2.265(4), 2.277(4) A, respectively). The long trans Cu(1I)-S bonds are
even longer than the Cu(1I)-S distance in Jahn-Teller distorted [Cu([18]aneS6)J*+
(2.635(1) A) [10], but the value 2.817(2) A is still shorter than 3.20 A, which is the

sum of the van der Waals’ radii of copper and sulfur [86].

CuCl,-L3

The ORTEP drawing of CuCl,-L3 is shown in Fig. 2.3.
Sclected intramolecular distances and angles are listed in Table 2.3. Crystallo-
graphic data are in the Appendix. The coordination sphere consists of two chlorines

and onc oxygen arranged in a triangular plane of symmetry, two sulphurs are in api-
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Figure 2.3: ORTEP Plot of CuCl,-L3

cal positions. The equatorial plane of the distorted trigonal bipyramidal CuCl,-L3
is a plane of symmetry within which one of the chlorines is displaced ~12° from its
expected position. The apex-to-apex angle is ~21° less than ideal, which may be
due to the presence of two five-membered chelate rings that span the apical sites.
In support of this, it may be noted that the Cu(II)-S distance is relatively short
for apical bonds of this type. In contrast, the Cu-O bond is somewhat longer than
expected. For example, the Cu-O bonds are shorter than 2 A in all the following

I Cu(salicylaldehydate)g(form 1), 1.86 A and 1.98 A, (form2), 1.90 A
and 1.94 A (87, 88), in Cu(4-picoline N-oxide),Cla, 1.949(6) A[89].




Table 2.4: Esr Data for Cu(11)-Thioether Complexes

¢ T [ modium | g | 82 | Apx10em-1) [ Az x 107 (cm™1)
CuCl,(L1); | powder | 2.33 | 2.08

DMF* | 240 | 2.08 128.7 9.71
CuCl; 12 | powder | 2.17 | 2.05

DMF* | 2.39 | 2.06 128.3

2.34 | 2.05 1284

CuClz 13 | powder | 2.04 | 2.17

CH,Cly® | 2.20 | 2.04 1420 18.0
“glass, 77K

2.2.2  Esr of Cr(II)-Thioether Complexes in the Solid State

Esr spectra of polycrystalline samples of CuCl;-2L1, (CuCly-L2);, and CuCl,-L3
were obtained at 298 and 77K (Fig. 2.4). Values of g and g, are given in Table
24. The spectrum of CuCl,-2L1 is that of a simple axial species ( g >gy) with
no resolved metal hyperfine coupling. It suggests that dza_, is the ground state of
Cu(11) [18, 49] and this is consistent with the structure found in the X-ray study.
The esr of (CuCly:L2), is similar to that of CuCly-2L1 with gy = 2.174 and gy =
2.075. This suggests that in the solid state (CuClz-L2); has a tetragonally elongated
or square pyramidal structure. It is of note that this spectrum is similar to those of

dinuclear CuClp of thioph 1 described previously by Lucas [85] in

which chloride behaves as a bridge between two copper centres. Unfortunately, we
cannot study the structure of this complex by x-ray methods due to the formation of

twinned crystals that are unsuitable for such a study. The structure of this complex,

however, can be deduced from ic data and will be d in the next

Section.
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Figure 2.4: Esr of Polycrystalline Samples of Cu(1I)-Thioether Complexes
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Figure 2.5: Proposed Structure for (CuCly-L2),

In contrast to CuCly-2L1, and (CuCl,-L2),, CuCl,-L3 shows a reverse axial spec-
trum (gL > gy), suggesting a d.a ground state. This coincides with the trigonal
bipyramidal structure revealed by X-ray crystallography.

The g values of CuCly-L3 ( g1 = 2.17, gy = 2.04) do not deviate very much from
the value of g, as is usual for the Cu(II)-thioether complexes [51, 53].

2.2.3 Ir and Magnetic Properties of Cu(II)-Thioether Com-

plexes in the Solid State

Far infrared spectra are sometimes helpful to detect terminal or bridging Cu-Cl
bonds. Dinuclear compounds similar to those in this study that have been described
previously show strong infrared absorptions at 300 and 250 cm™, belonging to
terminal Cu-Cl and bridging Cu-Cl-Cu vibrations [85, 90]. Although the same bands
are found in spectra of (CuCly-L2)3, the 250 cm™" band is either absent or very weak
in spectra of CuCly-2L1 and CuCl,-L3 which leads one to believe that the L2 complex
is a dimer with Cu-Cl-Cu bridges whereas the other complexes are monomers. On
the basis of esr and ir evidence, the structure of (CuCly-L2); which is proposed is
that of a dimer with two chlorine bridges as shown in Fig. 2.5.
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