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ABSTRACT
This thesis describes studies of thiophenophane ligands and their coordination
chemistry. In Chapter 1, aspects of macrocyclic thioether chemistry have been briefly
reviewed. In Chapter 2, synthesis and characterization of eight thiophenophane

ligands are described. The molecular structures of 2,5,8-trithia[9](2,5)thiophenophane,

2,5,8,11-tetrathia[12](2,5)thi and  2,59,13-tetrathia[13)(2,

phane have been determined by X-ray methods. The effect of the rigid thiophene
subunit with its two attached methylenes on the solid state conformations of the three
macrocycles is discussed. In chapter 3, synthesis and properties of 15 copper(I) and

(I1) complexes of thiophenophane ligands and the open-chain ligand, 2,5-bis(2-

P are described. The of seven
of these compounds are presented and spectral details are interpreted in the light of
these structures. The redox properties of the complexes have been examined by cyclic
voltammetry and the effect of solvent on their electrochemistry is discussed. In the

first part of Chapter 4, synthesis and properties of palladium(II) and platinum(II)

p of open-chain and yclic thioether ligands are presented. The molec-
ular structure of [PdBr,yL1] (L1=2,5,8-trithia[9](2,5)thiophenophane) has been deter-
mined. Variable temperature 1H nmr spectra show that the open-chain dithioether
complexes undergo rapid conformational exchange at room temperature but are
configurationally rigid while the macrocyclic thioether complexes, [MX,'L1] (M=Pt,
X=Cl; M=Pd, X=Cl, Br, I, SCN), undergo very limited conformational and no

confi i ‘hange up to their

Chemical exchange

of acidic ligand gens and a metal-ligand dissociative equilibrium were detected

when M=Pd and X=SCN. In the second part of Chapter 4, preparations of seven 7-

allylpalladium complexes of open-chain dithioether and yclic thiop




ligands are described. The molecular structure of [l’d(C3H5)-L1]+ reveals an asym-
metric -allyl group and a rare, unusually short apical Pd-S(thiophene) bond (2.786(4)
A). Variable temperature 1H nmr spectra of these complexes show that open-chain

dithioether complexes undergo rapid inversion at coordinated sulfurs while the com-

plex, [Pd(C3H)-L1)CF;S0s, undergoes a 1.4 ic shift on the

of the at room and a dissociative inversion at thioether sul-

furs at elevated temperatures. In Chapter 5, synthesis and properties of thirteen
silver(I) complexes are presented. The molecular structure of [Agz(LZ)Z](C104)2.
which contains a centrosymmetric dinuclear cation with a slightly distorted trigonal
bypyramidal coordination geometry about each silver atom has been determined. The
chemical and photochemical stabilities of these complexes are discussed with tespect

tothe structure of [Agy(12),J(CI0),2* .
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CUAPTER 1

MACROCYCLIC THIOETHER CHEMISTRY

Abstract:

The synthesis and y of have been
briefly reviewed. The structural aspects of these macrocyclic thioether ligands are dis-

cussed in relation to many unusual properties of their transition metal complexes.



1L Introduction

Compounds composed of sequential -(YCH,CH,)- groups have been known for
many years. It was not until 1967, however, that crown ether chemistry was really born
when Pederson (1) first reported the synthesis and unique cation complexing proper-
ties of a number of macrocyclic compounds similar to I Due to his pioneering
discovery and contribution to this area of study he shared the Nobel Prize in chemistry
in 1987 with Cram and Lehn. Since that time, a number of macrocyclic compounds
with a variety of donor atoms have been prepared and investigated for their cation
complexing properties (2-5). A number of excellent review articles have been pub-

lished which deal with their synthesis (6-7), thermodynamics and kinetics (8), and their

applications in organic synthesis, analytical istry and biomimeti ing of

metal ions in living systems (9-10).
o
©:0 o]
0 OD
o
[

of one or more thioether linkages

(11), including crown thioethers, cryptates (12-13) and cyclophanes (14) have been
studied because of their selectivity for heavy metal cations in agreement with the
theory of hard and soft acids and bases. They have also been studied because of the
occurrence of sifide linkages in some natural macrocyclic compounds (15). In 1978,
the coordination of copper to thioether in methionyl residues in plastocyanin (16) and

azurin (17) was discovered, which has spurred the development of thioether



coordination chemistry.

The synthesis of macrocyclic thioethers (11a, 18-19), including those with pyri-
dine, furan and thiophene heterocyclic subunits (11c, 19) and their coordination chem-
istry (1lc, 18-19) have been reported. However, the design of these macrocycles

remains an essentially empirical exercise. In this chapter, synthetic and structural

aspects of ic thioether compounds will be p and discussed in the

light of the X-ray crystal of some les. Also, the ination chem-
istry of these macrocyclic thioether ligands will be discussed to provide some back-
ground for detailed study in the area of thioether chemistry.

1.2. General Synthetic Methods for Macrocyclic Thioether Ligands

12.1. High Dilution Method

Macrocyclic compounds contain 12 or more atoms in their ring (11a). Macrocy-
clic chemistry began in 1926 when the perfume component muscone was isolated and
shown to have a large ring structure (20). One of the most prevalent synthetic
methods for macrocyclic thioethers is the reaction of aw-dichlorides with ayw-
dimercaptans under high dilution conditions in basic media (Scheme 1-1). The ring

closure is based on Sp2 e-mercaptide displacement of an w-halide function. The o-

mercapto-w-halo-polythi i i are available by in situ generation

from the treatment of eyu-dihaloalkanes with active metal sulfides (21), or precon-

densed a,u-p iop i ptides (22).

Unlike the strong template effect and corresponding high yields of macrocyclic
polyoxaethers offered by oxygen coordination of alkali metal ions during cyclization of
polyoxa units (1, 23), poor coordination by sulfur to active metal ions renders analo-

gous template effects for it i less Thus, the com-




ition between cyclization and linear p ization is more statisti defined
by entropy, especially under conditions of high reagent concentrations. Under high
dilution itions, however, cyclization is favored kineti
Scheme 1-1
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Method A is suitable for the preparation of tetra- and pentamethylene-bridged
macrocyclic tetrathia and hexathia ethers but not for the large ethylene or
trimethylene-bridged rings (24) since the internal strain is at a minimum for 6-, 14-
and greater than 17-membered polymethylene rings (25). With inclusion of two to four
sulfur atoms, internal crowding would minimize ring strain in the 9- through 13-

membered ring systems (26). The entropy constraints to cyclization appear to con-

verge with the kinetics of linear pols at polythi of
greater than 24 ring atoms (24).
Conformati flexible ! ining a number of sulfide linkages are

generally formed only in low yields since entropy constraints to cyclization favor linear
polymerization. However, when a “rigid aromatic group” such as ortho-disubstituted
phenyl (27) is made part of the macrocycle, cyclization proceeds in excellent yields
under high dilution conditions. This is caused probably by the combination of high

dilution

which favor cyclization kineti and rigidity of the aromatic
group, which disfavors the linear polymerization.
1.2.2. Template Method

One of the i ing methods for p ion of organic ring is

metal template synthesis. This method has been reviewed by both Busch (28) and
Black (29). Metal template reactions have been defined as those ligand reactions
which are dependent on or can be enhanced in yield by particular geometrical orienta-
tions imposed by metal coordination. An early example of template synthesis involved

of 11 from the cor ling square planar Ni(II) complex and

,a”-dibromo-o-xylene (30) as shown in Scheme 1-2,
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Scheme 1-2
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Likewise, Schrauzer and coworkers (31) have prepared a 14-membered macrocy-
clic thioether compound IV by refluxing the complex III with a,a”-dibromo-o-xylene

as shown in Scheme 1-3, The crystalline nickel(IT) complex decomposes on dissolution

in methanol to refease compound IV.

Scheme 1-3
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Butter and Kellogg (32) have prepared a series of macrocyclic thioethers in very
high yield using cesium as a template. They found that macrocycle formation often
proceeds in remarkably good yield when cesium carbonate is present in DMF. Thiols
were found to be deprotonated readily by CSZCOJ and CsHCO, in DMF to form
cesium thiolates , which are reasonably soluble in DMF. In most cases conditions of
moderate dilution were also achieved by adding the thiol and bromide reactants simul-
taneously to the DMF solution.

In recent years, organometallic centers such as [Mo(CO)B] (33) have been used
as the template for the preparation of macrocyclic thioether ligands. The ligand
[9]aneS3 (1,4,7-trithiacyclononane) was prepared using [Mo(CO);] as the template in
yields of 60%, which is much higher than that achieved under high dilution conditions
(34). Since one of the complexes (V) formed early in the process is regenerated in the

third step (Scheme 1-4), the synthesis can, in principle, be performed catalytically.

Scheme 1-4
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These catalytic reactions are sensitively influenced by the properties of the metal
template centers. For example, Sellmann and Frank (35a) have found that [FeCO]
centers are exceptionally suitable for the preparation of dibenzo[18]aneS6, as shown in
Scheme 1-5, while complex [Ru(Bzo-[9]aneS3)(CO)Br,] was isolated when the
[Ru(CO)] fragment was used for alkylation of dpttd (dpttd=22"-
[thiobis( jo)]bis(thi (35b) as shown in Scheme 1-6. This may be

explained by the fact that the [Ru(CO)] fragment is more electron-rich than the
[Fe(CO)] fragment and its CO ligand is kinetically inert in contrast to that of
[F&(dpttd)(CO)]. However, it remains unclear whether the reaction occurs by an elec-

trophilic mechanism or by a radical one.

Scheme 1.5
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In conclusion, thioether chemistry has received much recent interest. Although

some new synthetic methods have been developed, the yield of thioether compounds,

peci ptic ic thioether remains a major obstacle. It
seems likely that the introduction of rigid aromatic group(s) into the macrocyclic ring
will increase the yield of the macrocycle but at the same time the metal cation com-
plexing properties are expected to be changed also as the flexibility of the macrocycle
changes. ’
13. P

P of Thioether Ligands

Although recent examinations of macrocyclic thioether ligands and their metal
complexes have extended the scope of macrocyclic chemistry, the design of these
ligands remains largely an empirical exercise and the significance of ligand conforma-
tion for coordinating behaviour has not been widely recognized. For example, it has

been shown that reaction of [14]aneS4 with Cu?* and NiZ*

gives mononuclear com-
plex cations [Cu({14]aneS4)[>* (36) and [Ni([14]aneS4)2* (37) while reaction with
NbClg and HgCLy gives [(NbClg),[14JaneS4] (38) and [(HgCLy), 14]aneS4] (39),
respectively. Earlier structural work (40-41) has also shown that macrocyclic thioether
ligands, including mixed oxygen-sulfur crown ethers, adopt “exodentate conforma-

tions” in which the sulfur donor atoms always point out of the ring. On the basis of
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these results, it is reasonable to ask why these macrocyclic thioethers adopt “exoden-
tate conformations” in contrast to the “endodentate conformations” of other crowns
with oxygen or nitrogen donor atoms and how the conformation of a macrocycle
affects its coordinating properties. To answer these questions, structural and confor-
matio.al studies have been carried out on [14JaneS4 by Glick (42), [9]aneS3 by Glass
(43), and [12]aneS3, [12]aneS4, [1S]aneS5 and [18]aneS6 by Cooper (44-45). Studies
on mixed oxygen- sulfur crown ethers have also been reported (40-41).

Scheme 1.7

\

€
‘I; ToP
\C' (i
c.
2
c *
¢
END
c
c c
\c / ot
e c—E SIDE

Cauche and anti placement in C-C-E-C Units (E=o0, s)



=11-

The most important conformational parameters for crown type ligands are tor-
sion angles at C-S and C-C bonds. In a molecular fragment C-C-E-C, the torsion
angles of = 60°at E-C bonds are classified as gauche and these of + 180° as anti
(Scheme 1-7). The torsion angles of macrocyclic thioethers display a clear pattern: all
C-S bonds in even-membered rings are surrounded by gauche placements in
[12]ane$3, [12]aneS4, [14]aneS4, [18]aneS6 (45) and other mixed oxygen-sulfur crown
ethers (40-41). Although odd-membered rings often show anomalous torsion angles
because of ring strain (46), [9]aneS3 shows six gauche placements (six of the six C-S
bonds) (43) and [15]aneS5 shows seven gauche placements (seven of the ten C-S
bonds) (45). Thus, macrocyclic thioethers display a strong preference for gauche
placements at the C-S bonds. There is also a clear preference for anti placements
about the C-C postion of each C-C-E-C unit. This behaviour contrasts with that of
crown ethers (47-48). Exceptions occur when ring strain becomes significant as in the

cases of [15]aneS5 (odd ring) and thi which will be dis-

cussed in detail in the next chapter.

The marked difference between crown ethers and macrocyclic thioethers has

been ined in terms of i lar i ions in gauche C-C-E-C and E-C-

C-E (E=0,S) fragments (45) as shown in Scheme 1-8.

Mark and Flory (49) pointed out that gauche placement at a CHZ-CHZ-O-CH2
fragment results in repulsion between the terminal hydrogen atoms since the separa-
tion (1.8 A) of both H atoms is shorter than the sum of their van der Waals' radii (2.4
A) (50). In the Cl-!z-Cl-lz-S-CH2 fragment, however, the greater length of C-S bonds
places the terminal H atoms relatively far apart and gauche placement at C-S bonds
suffers little or no repulsion (45). From this point of view, intramolecular interactions

in CH,-CH,-E-CH, disfavor gauche pl: at C-O but not C-S bonds
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For the interactions between heteroatoms in a E-CH,-CH,-E fragment, studies
(51-52) have shown that dipersion forces between E atoms (E=N, O, F) stabilize
gauche placement at E-CH,-CH,-E bonds (attractive gauche effect) while the greater
electron-electron repulsion (due to the larger size) between sulfur atoms destabilizes
gauche placement at S-CH,-CH,-S bonds (repulsive gauche effect). Therefore,
intramolecular interactions at O-CHZ-CHZ-O bonds favor gauche placements but
those at S-CH,-CH,-S bonds do not.

To achieve a cyclic structure some bonds must assume gauche placement at C-E
or C-C linkages (45). Since intramolecular interaction: in crown ethers favor gauche
placement at O-CH,-CH,-O bonds but disfavor them at CH,-CH,-O-CH, bonds
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and in macrocyclic thioethers the opposite is true, the tendency for gauche placement
should follow the order C-S> C-C> C-O (45). This order has been established experi-
mentally.

On the basis of Dale’s observation that even-membered rings with 10-18
members generally adopt quadrangular conformations (square or rectangular) with
sides composed of all-anti runs and each corner formed from two successive gauche
bonds of the same sign (e.g. g*g*) (46), Cooper (45) has been able to predict the
conformation of a macrocycle and to decide whether the heteroatoms will be in the
sides (E=0) or the corners (E=S) of the quadrangle. Cooper’s model emphasizes
the consequences of torsion strain and non-bonded interactions but neglects dipolar
contribution as well as bond length and bond angle deformations. His simplification
applies only to ethylene-bridged systems and to molecules of high symmetry. For
propylene-bridged and small ring systems, exceptions do occur. For example, in

[12]aneS3, four of the six C-S bonds and four of the six C-C bonds assume gauche

p The ion of [12]aneS3 that of cyclodod and
[12]aneS4 but with only one sulfur donor atom in the corner and the other two sulfur
atoms in the sides of the square (44). In [9]aneS3, all six C-S bonds and three C-C
bonds are in gauche placements probably due to the small ring size (43).

As noted by Cooper (45), the two types of intramolecular interactions at C-E and
C-C bonds reinforce each other to influence conformation. As a result, macrocyclic
thioethers display a strong affinity for “exodentate conformation” and crown ethers
for “endodentate conformation”. With this in mind, one may ask how these conforma-
tions can influence tlie coordinating properties to transition metals and the structures

of their metal complexes.
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Unlike other macrocyclic thioether ligands, [9]aneS3 adopts an “endodentate
conformation” because of torsional strain in the small ring. It is this special gecmetric
placement of three sulfur donor atoms that makes it especially suitable to form
sandwich type complexes and to stabilize some uncommon oxidation states of transi-

tion metals with or i of this type

of complex are [M([9]anes3),]™* (M= Fe(IIl)/Fe(ll) (54-55), Co(Il)/Co(II) (54,
56-58) , Ni(II) (57), Cu(ll) (57), Zn(II) (59), CA(II) (59), Ru(IT) (60-62), Rh(Il) (63-
64), PA(II1)/Pd(11) (65-66), Ag(l) (67), Pt(IT) (68), Au(Ill) (69)ani. Hg(Il) (59),
(Mn(CO)3~[Q]aneSB]a(PFé)zBr-ZZ120 (70), [Mu(C0)3'[9]ane53] (71), and
[Fe(C5H5)~[9]aneS:!]+ (72). When ligands such as CI” attached to a metal center are
not readily replaced by [9]aneS3 it acts as a monodentate ligand with “exo-

coordination” as in the case of [Au([9]aneS3)Cl] (73). Also, special geometric require-

ments may force [9]aneS3 to be an ligand as in [Au([9] ol + (69).
The ligand [12]JaneS2 is also an exception. Although the conformation of
[12]aneS3 is similar to that of [12]aneS4, only one sulfur donor atom is placed in a
corner and the other two are in the sides of a square. Reaction of [12]aneS3 with
copper(Il) chioride affords [Cu([lZ]ﬂneSS)zClZ]. in which only one sulfur donor atom
coordinates strongly to the copper atom (44). It is interesting that the conformation of

the ligand remains upon ination. The i sug-

gests that the conformation of the free ligand may largely reflect an intrinsic energy

rather than crystal-packing forces (44). In [Ru([lz]a.nes3)2](BF4)2, how-

ever, both ligands assume an endodentate conformation with three sulfur donor atoms
occupying trigonal faces of the octahedral coordination sphere of Ru(II) (61-62) in the
absence of coordinating anions. Upon coordination, part of the [12]aneS3 ring retains

its conformation and the remainder of the ring suffers considerable conformational
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change. Since conformational change requires energy, the stability of a [12]aneS3
complex is expected to be lower than that of a [9]aneS3 complex. This is supported by

observations that [Fe([’ 12]ane53)2]2+ decomposes instantly on contact with water, but
[Fe([ojamsa)zlz* resists attack by this solvent (62).
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In [12]aneS4 and [14]aneS4, all four of the sulfur donor atoms point out of the
ring By ing the ions of the free ligands (VIII and X)
and those found in their metal complexes (IX and XI), it can be seen that both confor-

mations (exo/endo) are related by a “pseudo-rotation” process (42), in which each
anti is rotated into a gauche interaction and each gauche interaction is rotated into an
anti interaction. The process is kinetically controlled but the energy differences
between two conformations are relatively small. Coordination to a metal ion requires
changes from exo to endo conformations. From a kinetic standpoint, steric hindrance
arising from conformational effects in the exo conformers should be minimal with
respect to first-bond formation. Second-bond formation, however, requires a major
conformational reorganization. This step is expected to be a rate-determining one for
chelate formation. Kinetic studies (74-75) on copper(II) complexes of macrocyclic
thioethers support second-bond formation as the rate-determining step.

X S
X
. c.\]\}js !
S et AT ST \ .S
S Y &R
/
) S

X



.,

‘When the size of a metal ion is such that it fits into the cavity of the macrocycle,
the metal ion occupies the cavity of the macrocyclic ring (XII), and the endodentate
conformation is stabilized by donation of lone-pair electron density of the sulfur
atoms. This conformation has been found in [Ni([l-t]aneS‘t)]2+ (37),
[Cu([14]aneS¢)]2+, [Pd([l4]ancS4)]2+ (76) and ll‘ans-[RhCIz(lllfo]aneS-i)]l’F6 .

When a metal ion is simply too large to fit into the cavity, either folding to an

(XI) or ination may occur. Examples
of this kind are [Rh([14]ane$4)Cl,]-2H,0 (78) and [Ir([14]aneS4)CL,}(BPhy) (79). A
third possibility (XIV) is for the metal to coordinate to a planar endodentate ligand,
but for it to reside out of the plane of the ring as in [I-lg([14]an<:S4)Cl]+ (39),
[0.\([12]an=S4)(l~l.20)]2+ ind l(,\:([13]a11<-.54)(H20)]2+ (80). When the ligands coor-
dinated to the metal are not readily replaced by the macrocycle, exodentate coordina-
tion is expected to occur as in [(HgCl,),{14JaneS4] (39), [(NbCls), [14]anes4] (38),
[Rh,Cl(CsHy), {14]aneS4] (76) and [Al(CHs)3[12]aneS4] (81-82).
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Ligand [15]aneSS (XV) adopts an irregular shape with all sulfur atoms exoden-
tate (45). Unlike b lic thi only seven of the ten C-S

bonds assume gauche placements and four of five C-C bonds assume anti placements.
Upon coordination to Cu(Il) as in [01([15]ane55)]2+ (83), part of the conformation
of [15JaneSs is retained and the remainder of the molecule suffers a major conforma-
tional change with all gauche placements at C-C bonds and anti placements at C-S
bonds (XVI).

In [18]aneS6, four of its six sulfur atoms are exodentate and the otk.r two are
endodentate. The four exodentate atoms occupy the corners of a rectangle while the
other two reside in the sides. These sides buckle to yield gauche placements at the C-S
bonds (45). In spite of the endodentate orientation of the two sulfur atoms, all 12 C-S
bonds are gauche. When coordinated to metal ions, [18]aneS6 is found to be cen-
trosymmetric and each triad of adjacent sulfur atoms coordinates to a trigonal face of
the inati or distorted (84). This conforma-

tion maximizes the number of gauche placements at C-S bonds and minimizes the
energy for ional changes upon ination. The fact that all 12 C-S bonds

remain gauche suggests that it requires little energy for conformational changes to
occur. In this conformation, the metal center is wrapped by [18]aneS6 and the positive
charge of the metal ion is dipped into a negatively charged sphere of sulfur donor
atoms. In this regard, [18]aneS6 may stabilize unusual oxidation states of some transi-
tion metals as does [9]aneS3.

In i i are characteristic of macrocyclic

thioethers and have profound impact on the coordinating behaviour of the ligands and

on the of their metal The ion of a macro-

cyclic thioether ligand arises from the reil of i lar i ions at
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C-C-S-C and §-C-C-S bonds and is largely dependent on the number of atoms in the
ring, the flexibility of the hydrocarbon chain as well as ring strain. Coordination to
metal ions as a chelating ligand requires conformational changes. Macrocyclic
thioether ligands, forming the most stable metal complexes are expected to be those
which require least conformational change. This is supported by the fact that [9]aneS3
and [18]aneS6 form very stable complexes with many transition metals.

14. Coordination Chemistry of Thioether Ligands

D p of the inati istry of thi has been stil at
least in part by the discovery of thioether coordination to copper in the blue copper

proteins (16, 17). Metal ligation through thi has been i to

not only to anomalously high redox potentials of these proteins but also to their excep-
tionally rapid electron transfer reactions. As a result, the recent literature on copper
complexes has focussed on thioether ligands, including homoleptic macrocyclic
thioethers (80, 83-86), open-chain polythioethers (87) and chelating ligands with built-
in thioether and imidazole or pyridine functions (88-91). In addition to reactions
involving copper, those with other metals suggest that thioether coordination chemis-
try is potentially similar to that of phosphines (92, 93) and in some respects is now in a

stage of

P to that of phosphines thirty years ago. The intent of
the present discussion is to provide an overview of the coordination chemistry of

thioether ligands under the following headings:

1L Spectral and jcal Properties of Copper Complexes of

Thioether Ligands

2. Stabilization of Low Oxidation States of Metal Ions
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3. Stabilization of Unusual Oxidation States of Metal lons

4. Non-rigidity of Coordinated Thioether Ligands

5. Conclusions
1.4.1. Structural, Spectral and Electrochemical Properties of Copper Complexes of
Thioether Ligands
1.4.1.1. Structural Properties of Some Copper Complexes

Some structural data for selected “type 1" copper model compounds are given in
Table 1-1. In order to decide whether a Cu-S bond is “normal” in length, it should be
compared with 234 A, which is the sum of Pauling’s covalent radii (94) for Cu(II) and
thioether sulfur,

The structures of copper(1l) of a series of

ligands show regularities in their coordination geometries as a function of the ring size

(80, 85, 86, 88). For a T hioether ligand to Cu(ll)

coplanar with four sulfur donor atoms, it must have a cavity of 4.61 x 4.61 A. When
the ring contains 14 or more atoms as in [14]aneS4 and [16]aneS4, the sulfur donor
atoms form a square planar arrangement around a copper center with perchlorate
oxygens at axial positions to complete the overall tetragonally distorted geometry. For
those with less than 14 atoms such as [12]ane$4 and [13]aneS4, the cavity of the
macrocycle is too small to accommodate the Cu(II) cation. Thus, the copper atom is
forced to sit above the plane defined by the four sulfur atoms with water oxygen coor-
dinated axially to produce a five-coordinated square pyramidal complex. The stronger

Cu-0 i ion in the fi i is to account for the

preference for the more basic water oxygen over perchlorate oxygen in these com-

plexes (80).
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It is worth noting that despite the slight change in geometry and substitution of a
coordinated water for perchlorate anion, the sum of the four Cu-S and one Cu-O bond
lengths in these complexes is virtually constant. This observation is in agreement with
conclusions drawn by Gazo, Bersuker and coworkers (95) that the sum of all coordi-
nate bond lengths was constant for any series of Cu(II) complexes having the same set
of donor atoms regardless of the ligand in which the donor atoms were incorporated
e.g. oxygen in Hy0, OH’, NOS', Cloy, etc.).

Table 1-1:  Selected structural data for “type 1” copper models.

complex Bond Distance  Cu-S-C I Cu-X reference
(A)  angle (deg) (A)

[Cuf(Flanes3), 12+ Cus(l) 24193) 1029 1468  (57)

[Cu({12]anes4)(H,0)* Cus() 2341) 986 114  (30)

[Cu((13Janest)(H,0) 2+ CuS(l) 2334(4) 10125 1147 (8089)

[Cu({14]anes4)(CIO,),] CuS(1) 2308(1) 10220 14514 (3689)

Cul 1€84)(CIO, 1) 23314(13) 1071 14402 (89)
[Cu([15]ane$4)(ClO),] 2; 2337 17; (

[Cu([15]aness)>* o gg) ggw(g 1007 1167 (86)
[Cu([18Janes6)2* Cu-S(I; 233(1) 10225 1470 (8
Cu-S(2) 2402(1)
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CuS(3) 2635(1)
[Cu(Et,-222-54)(H,0)(CI0 )]+ QSR 22 0 em @0

i e

Cu-S(4) 2338(3)

Cu-0(1) 2296(7)

o © Qw0(2) 2812(8)
[Cu(9laneS3),), Cus(l) 2342(3) 10484 9267  (85)
[Cu([14]anes4)] "* Cu-S(1) 2260(4) 9267 (809)
[()1([15]311555)]+ Cu-§(1) 2.338(5) 99.3 9.143  (86)

[Cu([18]anes6)]* Cu-S(1) 2245(2) 10135 9216 (87)

[Cu(Py,-323-52)(CO ) * S 23142) 10120 10912 (104)

[Cu(Py,323-52)* Cu- Lugg; 10125 8774 (104)

Furthermore, the bond angles abont sulfur in these complexes are approximately
tetrahedral, consistent with the presence of a lone pair of electrons in an orbital that
can be roughly described as sp*. Most Cu-S-C angles lie below rather than above the
tetrahedral angle. This can be attributed either to the larger steric effect of a lone pair
or to a less than complete involvement of the s orbital in any orbital hybridization (94).

In contrast with that of Cu(II) complexes, the overall geometry of Cu(I) com-
plexes of macrocyclic thioether ligands is distorted tetrahedral. In the Cu(II) com-
plexes of [9]aneS3, two [9]aneS3 s coordinate to a copper atom in a slightly distorted
octahedral geometry (57). In the Cu(I) complex (85), however, two of the original
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Cu-S bonds of one of the two [9]aneS3 ligands in the Cu(II) complex are broken while
the ligand re-orientates to give a distorted tetrahedral coordination. In the complex of
[14]aneS4, one of the original Cu-S bonds and two Cu-O bonds are broken and the
fourth coordination site is then occupied by the free thioether sulfur atom of an adja-
cent Cu(I)-L complex. The result is a continuous coordination polymer in which each
copper atom is bonG:d to three sulfur atoms of one ligand and one sulfur of a second
ligand. The sulfur atom from the second ligand is exodentate. This arrangement max-
imizes the gauche placements at C-S bonds and accounts for the fact that [14]aneS4

forms a polymeric [01([14]ane54)]nn+

instead of a monomeric [Q.([141an=s4)|*
(80, 89). In the case of (QA(EIZ-2.3,Z-S4)]+. the structural study reveals a polymeric
chain in which each copper atom is coordinated to two sulfurs each from two different
ligands. The polymeric structure is believed to be fortuitous and it is expected that the
complex exists as a tetrahedrally coordinated monomer in aqueous solution (89).

‘The structure of [(.\1([15]ane55)]+ (86) was found to be monomeric in the solid
state with only four Cu-S bonds. Due to the restrictions imposed by the ethylene
bridges, the ination sphere is i distorted with three
smaller than “normal” S-Cu-S angles formed by the pairs of sulfur atoms which are
separated by only one ethylene bridge and a large S-Cu-S angle formed by the two sul-
furs on either side of the uncoordinated sulfur atom. This is also observed in
[Cu({18]anes6)) * (87).

Examination of the copper-sulfur bond distances in Table 1-1 shows that Cu(I)-S
bonds are typically shorter than the sum of the covalent radii (2.39 A) (94), suggesting
some 7-character in Cu(I)-S bonds. A molecular orbital study suggests a higher
affinity of thioether sulfur for softer Cu(I) than Cu(II) (97).



1.4.1.2. Electronic Spectra

One of the most striking features of blue copper proteins is their intense absorp-
tion at about 600 nm (e= 3000 to 5000 cm’M1). Solutions of the Cu(ll)-
polythioethers are intensely colored as a result of strong absorption bands at about 600
and 400 nm (98), the former of which is considerably more intense. Ancillary crystallo-
graphic structural studies (36) and single crystal spectra indicate that the characteristic
absorption at about 600 nm results from a thioether sulfur to copper charge transfer
band which is not dependent on the coordination geometry. From analysis of Raman
spectra (99), these 3vo bands have been attributed to S(r)—Cu(II) and S(o)—Cu(Il)
charge transfers, respectively. These bands are of great interest since the intense visi-
ble absorption exhibited by the blue copper proteins is attributed to a similar S—Cu
charge transfer band.

1.4.1.3. Electrochemical Properties

Another characteristic feature of the blue copper proteins is the markedly posi-

tive potentials (+0.2 to +0.8 V vs NHE at pH=7) for the Cu(II)/Cu(I) couple.

Ligands which sterically and i ili Cu(ll) and/or
enhance the stabilization of Cu(I) can produce more positive values of the formal
Cu(II)/Cu(T) redox potential. Since these proteins have a distorted tetrahedral coordi-
nation sphere, some workers have proposed that potentials of these systems are
directly related to the copper coordination geometry distortion (100, 101).

of the redox p ies (Table 1-2) (96, 102) of a series of Cu(Il)

P and inothi has shown that (i) the large positive

Cu(IT)/Cu(T) redox potentials do not appear to depend primarily on the coordination
sphere’s di ion; (i) ination to either ide sulfur or thioether sulfur
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produces a similar influence on Cu(II)/Cu(T) redox potentials and (iii) decreasing the
number of available sulfur donor atoms is accompanied by a dramatic decrease in
potential. Based on these observations, it has been suggested that the presence of r-
acceptor atoms is more essential to the high redox potentials of blue copper proteins
than is the tetrahedral geometry imposed by the protein superstructure (85). This con-
clusion appears to be corroborated by the study on Cu(II) complexes of tetradentate
bis-(pyridyl)-dithioether ligands (103). Structures of Cu(iI) and Cu(T) complexes of
1,8-di-2-pyridyl-3,6-dithiooctane (pdto) show that favorable geometries are found for
both oxidation states of copper and the Cu(II)/Cu(I) potential of this system exceeds
that found for most of the blue copper proteins even though the coordination donor

set is nearly identical with that found at “type 1” copper centers (104).

Studies (105) on I, spectral and ical properties of copper
complexes of a series of tripodal ligands have shown that chelate ring size has little
influence on the coordination geometry of Cu(l), but has profound consequences for
the structure of Cu(Il) analogs, with smaller rings favoring trigonal bipyramidal
geometry and larger ones favoring square pyramidal geometry. It has been concluded
that electron transfer is slower for square pyramidal species where basal ligand dis-
placement is involved than for the trigonal bipyramidal species where a more labile

axial site is involved (105).
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Table 1-2:  Electrochemical properties of copper(II) complexes of polythioether
ligands,

Ligand Eypp(mV)? Eyjp (mV) AEp (mV)° reference
polythioethers

[12]aneS3 733(H,0) 789(80% methanol) 60(H,0) (96)
[12]aneS4 641(H,0) 723(80% methanol) 76(H,0) (96)
[13]aneS4 595(H20) 674(80% methanol) 63(H,0) (96)
[14]aneS4 600(H,0)° 689(80% methanol) 85(H,0) (96)
[15]aneS4 727(]-!20) 785(80% methanol) CS(H,0) (96)
[16]aneS4 T11(H,0) 798(80% methanol) 70(H,0) (96)
[15]aneSS 752(H,0) 855(80% methanol) 72(H,0) (96)
[18]aneS6 T20(CH;NO,) 60(CH;NO,) (87
[20]aneS6 T18(H, O)c 805(80% me\hanol) T0(H,0) (96)
Me,-2,3,2-54 SXS(HZO) 892(80% methanol) 74(H,0) (96)
Et,-23,2-54 892(80% methanol) (96)
polythiolatothioether

2,32-54(TTU) 842(80% methanol) (96)
bispyridyldithioethers

Py2-2.2.2-52 596(H,0) 709(CH,CN) 99(CH,CN) (96,103)
Py,23,2-S2 643(H,0) 749(CH3CN) 110(CH,CN) (96,103)
Pyy32,3-S2 571(H,0) 844(CH;CN) 120(CH,CN) (103,104)
Pyy33,3-52 8%4(CH;CN) 120(CH,CN) (103)
polyaminothioethers

[14]aneS3N 399(H,0)° 83(H,0,pH=78)  (9)
[14]aneS2N2 T6(HL,0) 181(H,0,pH=75)  (96)
[14]aneSNNS 155(H,0) 153(H,0, pH=738)  (96)
[14]aneSN3 255(H,0) 98(H,0, pH=80)  (96)
2,22-NSSN 291(H)0) 96(H,0, pH=80) (%)
2,32-NSSN 312(80% methanol) (96)
2,2,2-N4(trien) -280(80% methanol) (96)

2 e E, ,, values are based on the lower potential oxidation peak for all systems
where twih Peaks were observed.

b AEp represents the potential difference of the cathodic and anodic peaks (theoreti-
cal value is AEp= 57 mV for one-electron reversible systems).

€ Second oxidation peak appeared at higher potential at very fast sweep rates.
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Kinetic studies have revealed an apparent K, value (self-exchange rate con-
stant) of 3 x 10* M 15 for the copper(IT)-[15]aneS5 system. This represents the larg-
est self-exchange rate constant reported for any low molecular weight copper system
(83). Since the copper center is encased by the hydrophobic ligand in both oxidation
states, it is likely that the rapid electron transfer exhibited by this system is a conse-

quence of the h

phobi i ing the copper center while the
donor set in the inner-coordination sphere contributes primarily to the high redox
potential. This model accounts for the behaviour of the blue copper proteins because
the copper center is encased by a hydrophobic environment in these proteins. In this

regard, efficient inorganic copper redox catalysts may be developed by encapsulating a

copper ion in a large i yclic or acyclic multi ligand with sub-
stituents blocking the approach of solvent to any unoccupied sites on the metal center.

1.42. Stabilization of Low Oxidation States of Metal Ions

As discussed above, high redox p ials are ch: istic of copper

of macrocyclic thioether ligands. These highly positive potentials are suggested to arise
from stabilization of Cu(l) by thioethers, which, like p

phines (85, 86), exhibit 7-
acidity. Stabilization of low oxidation states of other transition metals by macrocyclic
thioethers has also been reported and will be the focus of the following discussion.

As noted before, [9]aneS3 adopts a conformation with all three sulfur atoms

(43). In this ion, it can be a tridentate ligand without any con-

formational change. Owing to this geometric placement of the three sulfur atoms
‘many of its metal complexes are found to be of a sandwich type with six donor atoms

in a octahedral arrangement.

Reaction of FeCly4H,0 with two equivalents of [9]aneS3 in the presence of
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NaC104 produces [Fe([9]ane53)2](Clo4)2, The [Fe({?]aneS})z]“ species was found
to be diamagnetic in d-DMSO solution (S4). The electronic spectrum of this complex
displays two d-d absorption maxima typical of low spin Fe(II) in an octahedral coordi-
nation sphere. Compared with [Fc([9]aneN3)2|2+ (106), [9]aneS3 produces a much

stronger ligand field than does [9]aneN3. A structural study has revealed a nearly per-

fect hedral i with two tril ligands facially coordinating to the
metal center. The S-Fe-S angles average 90° and the average Fe-S bond distance is
2250A A cyclic voltammogram of [Fe([9]anes3)2]2+ in acetonitrile shows a reversi-
ble one-electron transfer process at E, n= +0982 Vs Fet [Fe(Fc=ferrocene). The
ratio i, /i, of unity and AEp of 90 mV are nearly independent of the scan rate. Since
[9]aneS3 also displays a quasi-reversible one electron transfer process at a formal
potential of 0.97 V vs Fct /Fe, it is difficult to tell whether this is due to oxidation of
the metal center or the free ligand in the absence of further detailed evidence.

In 1 M sulfuric acid, [Fe([D]aneS3)2]2+ can be oxidized by PbO, at ambient
temperature  (55). Addition of NaPF6 to the green solution affords
[Fe([9]ane$3),](PF)3. This species was found to be unstable even under a dry argon
atmosphere and it is a very strong one-electron oxidant, capable of oxidizing chloride
to chlorine and H,0, to oxygen in aqueous solution (S5). A cyclic voltammogram of
this complex in acetonitrile at a Pt-button working electrode (0.1 M n-Bu4NPF6) was
found to be identical with that of the corresponding Fe(IT) complex under the same
conditions (54). Thus, the oxidation at E, /2=0.982V vs Fc+/Fc is due to a one-
electron transfer from Fe(Il) to Fe(Il). The highly positive potential of this
Fe(III)/Fe(Il) couple indicates a pronounced stabilization of the Fe(II) species by two
[9]aneS3 ligands.
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It is of interest to note that [Fe([9]aneS3),](PF ), displays an effective magnetic
moment of 2.09 BM at 110K and 2.46 BM at 293K. These values are very similar to
those of Ky{Fe(CN)g] (107) and indicate a genuine low spin Fe(Ill) center in a
pseudo-octahedral ligand field of six thioether sulfur atoms. This shows that macrocy-
clic thioether ligands may form complexes with transition metals in high oxidation
states, although the low oxidation states are clearly stabilized by thioether m-acidity
(55).

In aqueous solution, oxidation of [Fe([9]ane53)z]2+ by NE.ZSZOB produces an
orange  diamagnetic  material that  contains [Fc([?]ane53)2]2+ and
[l-‘e([‘)]ameSZ&)([9]aneSB}(O))]2+ in equimolar amounts. From the mother liquor,
[Fe([9)aneS3)([9]aneS3(0)))(CIO,),2NaClO, HyO was isolated (55). A structural

study reveals a ich type coordination of [9]aneS3 and [9]aneS3(0), which occupy

the two faces of the octahedron (55).

Reaction of [Fe(C5Hg)I(CO),] with one molar equivalent of [9]aneS3 in
refluxing CH3CN under N2 affords the complex cation [Fe(CSHS)([9]aneS3)] * Ithas
been fully characterized by nmr and fast atom bombardment mass spectroscopic
methods (72). The single crystal X-ray structure confirms the facial coordination of
[9]aneS3 and cyclopentadienyl ligands to Fe(II). The average Fe-S bond length is
22077(19) A, which is comparable to those found in []-'e([9]am=.53)2]2+ and in
[Fe([9]ane$3)([9]an953(0))]2+. Cyclic voltammetry of [Fe(CsHj)([9]aneS3)JPF¢
shows a reversible one-electron Fe(Ill)/Fe(Il) couple at E1 2= +044 V vs Fc¥ /Fe
with AEp of 63 mV in CH,CN at a platinum electrode. The redox potential for this
process is intermediate between that of [Fe([9]anes3)z]z+ (54, 55) and ferrocene
itself, indicating the destabilization of the Fe(III) by [9]aneS3 relative to a cyclopenta-
dienyl ligand (72).
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Cobalt complexes of thioethers have also been reported (54, 56-58). It is of
interest to note that attempts to prepare low spin Co(Il) complexes of acyclic

have been i (108, 109) while hexakis(thioether)

coordination to Co(ll) results in formation of rare low-spin octahedral cobalt(II) com-
plexes (54, 56-58), indicating a stronger ligand field effect from [9]aneS3 than that
from its nitrogen-containing analog [9]aneN3 and open chain tetrathioethers. The
low-spin character of [Co([g]aneSB)z]z* is consistent with a d-d transition at 478 nm
(=90 M'1~cm'1) and with esr data (56, 110). The solution esr spectrum consists of
the expected eight lines for cobalt (I=7/2). The line width is 202 G and g,, =2.067,

a 1 ion of the dination sphere due to the Jahn-Teller

effect. The I ion has been established by X-ray methods (57).

Cyclic voltammetry of [Co([9]aneS3)2](BF4)2 in CH3CN at a platinum-flag

working el de yields three diffusic lectron steps with waves at
+0.573, -0.292 and -0.998 V vs NHE (56). It has been proposed that the three waves
correspond to Co(IlI)/Co(lI), Co(Il)/Co(I) and Co(I)/Co(0). The Co(I)/Co(0)
reduction step is irreversible and release of the free ligand has been detected as a
result (56). In aqueous 01 M NaCl, however, cyclic voltammograms of
[Co([9]anc53)z]3 2 display only two quasi-reversible one-electron uan;ler steps at for-
mal potentials of +042 and -0.48 V vs NHE at a gold working electrode. The former
is assigned to Co(Ill)/Co(ll) whereas the latter corresponds to the couple
Co(II)/Co(I) (58). By comparing the redox potentials of the couples
[Co(Slanes3),I> +/2* and [Co([91aneN3),I**/2+ (58),it s clear that the thioether

ligand [9]aneS3 strongly stabilizes low oxidation state Co(II), whereas its saturated

8¢ ining analog [9]aneN3 stabilizes the high oxidation state Co(III).
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Oxidation of [Co([9]aneS3),** by the strong oxidant Na,S,0q affords
[Co([9]anes3)2]3+ in aqueous solution (58), from which [Co([9]ane$3),}(CIO,) was
isolated upon addition of NaClO, In contrast with [Co([9]aneN3),I**,
[Co([9]me83)2]3+ ‘was shown to be diamagnetic, indicating an increased ligand field
strength of [9]aneS3 relative to [9]aneN3. An X-ray structural study (58) has revealed
that Co(III) is in a nearly regular octahedral environment of six sulfur atoms. The
average Co-S bond distance is 2.253 A, which is comparable to that found in low spin
[Fe([9]aneSS)2]2+ ( average Fe-S distance 2.246(1) A) (58).

The first Ni(IT) complex of [18]aneS6 with a 1:1 ligand:metal ratio (as indicated
by elemental analysis) was reported by Black and McLean (22a, 111). Examination of
[Ni([18]aneS6)](picrate), by diffraction methods (112, 113) shows a unique octahedral
geometry with the macrocyclic thioether wrapped around the metal center. The Ni-S
bond lengths (ranging from 2.376(1) to 2.397(1) A) are much shorter than the typical
values of 2.44(5) A found for other Ni(II)-thioether complexes of open chain ligands
(94, 114). This suggests that [18]aneS6 compresses the Ni coordination spherz by con-
straining the donor atoms to be close to the metal center.

A very similar structure was reported for [Co([18]aneS6)](picrate), (115). How-
ever, the Co(II)-S6 coordination sphere suffers a remarkable tetragonal distortion
from dral mi due to itsd” configurati ic and esr data of

the complex demonstrate that it is low spin and d? is the ground state for the metal
ion in agreement with the axial elongation as found in the crystal structure.

Cyclic voltammetry of [Co([l&]aneSﬁ)]z* in nitromethane shows a one-electron
oxidation wave at +0.844 V vs NHE with AEp=77 mV (115). Controlled potential
coulometry establishes this to be a one-electron process from Co(II) to Co(IlI). In
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addition, the complex also exhibits an irreversible reduction at -0.16 V vs NHE
corresponding to the Co(II)/Co(I) couple. Compared with [Co([9]anes3)2]2*, it is
apparent that a change in ligand from [18]aneS6 to [9]aneS3 decreases the stabiliza-

tion of Co(1l) over Co(III) (decreased E. ,,) and at the same time permits facile for-

1/2:
mation of the corresponding Co(I) complex. It has been suggested that the small cav-
ity of [18]aneS6 for Co(I) is responsible for the irreversibility of the second reduction
process, whereas in [Co([9]aneS3)2]2+ two tridentate ligands can be further apart.
Very similar electrochemical behavior has also been reported for a low spin Co(II)
complex of 1,1,1-tris(2-methylthioethylthiomethyl)ethane (116).

In contrast with [18]aneS6 in [Ni[18]an356)12+, [24]aneS6 was found to have a
cavity large enough to accommodate Ni(II) without any significant compression of its
Ni-S bond (113, 117). These results suggest that the cavity size of [24]aneS6 is just suit-
able for a first row transition metal ion (117). Larger metal ions, in particular those in
low oxidation states and those from the second and third row, will require macrocyclic
thioether ligands with a larger cavity size to accomplish octahedral coordination.

Recently coordination chemistry of thioether ligands has been extended to
second- and third-row transition metals. The macrocyclic thioether coordination
chemistry of molybdenum is dominated by the zero oxidation state. Complexes with
monodentate ligands are either fairly unstable, [MD(C0)3L_!] (L=SM52, tetrahy-
drothiophene, SEKZ) (118-119), or very unstable, [Mo(CO)SL] (L=SBu2, tetrahy-
drothiophene) (120-121). However, [Mo(CO)S-(9]aneSS] was reported to be fairly
stable and it showed nc sign of decomposition when exposed to the air for several days
(71). The complex [Mo(CO)4{9]anes3] is readily prepared in high yield either from
the template reaction (Scheme 1-4) (33) or from the reaction of

[Mo(CO)3(CH4CN)y] with an equil of [9]aneS3 in itrile (71). An X-ray
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crystal structure of [Mo(C0)3'[9]aneSS] has revealed a pseudo-octahedral symmetry
at the metal center with Mo-C=0 fragments that are linear and with angles between
carbony! groups of 90°. It is interesting to note that the Mo-C distances are approxi-
mately 0.1 A shorter than those found in [Mo(CO)G] (122), and the CO stretching fre-
quencies are reduced by ~ 200 cm L. These results suggest that [9]aneS3 is an
ineffective 7-acid in comparison with carbonyl groups (33).

Yoshida and coworkers (123) reported the first example of a Mo(0) dicarbonyl
complex, trans-[Mo(CO)Z(M=8[16]aneSA)]. which is stable at room temperature. A
structural study revealed an octahedral geometry with all four thioether sulfur atoms
coplanar and two carbonyl groups in the axial positions. The Mo-S distances (average
2.436(2) A) are considerably shorter than those found in [Mo(CO)3-[9]ane53] (aver-

age 2.520(6) A), presumably due to the absence of the stronger trans effect of car-

bonyl groups at trans positions.
R R
S S
R
R R
Q
R R
XVII R=H

XVII R=Me
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Mo(II) forms a variety of complexes with thioether ligands (93). A dimeric com-
plex [Mo(SH)([lG]aneS4)]22+ has been reported (124). Two Mo(II) centers are
shown to be bridged by [16]aneS4 (XVII) and each Mo(II) center contains an unusual
terminal SH group. In ethanol the dimeric complex converts to the monomeric
[Mo()(SH)([16]:meS4)|+ (125).

A paramagnetic Mo(IT) dibromo complex trans-[Mo(Mes[lélaneS«t)BrZ] has
also been prepared by Yoshida and coworkers (123). It was obtained from the reaction
of [MoBrz(CO) 4]2 with two molar equivalents of Mes[lﬁ]anes-t (XVIII) in toluene
under reflux. A similar reaction of [MoClz(CO)4lz with Mes[16]ancs4 did not yield
the corresponding Mo(Il) dichloro complex; instead fac-[MoCl3(Mes[16]aneS4)] was
isolated as paramagnetic orange crystals. Alternatively, fac-[MoCly(Meg[16]ane$4)]
was obtained in high yield (71%) by treating [MoCl,(CH,CN),] with Meg[16]aneS4
in CH,Cl, at room temperature. Reduction of fac-[MoCl3(Me8[16]nncS4)] with Zn
powder in CH,Cl, gives trans-[MoCl,(Megl[16JaneS4)] as paramagnetic yellow crys-
tals.  Cyclic voltammetry of trans-[MoBr,(Meg[16]aneS4)] and trans-
[MoCIz(Mes[lé]aneS«t)] in CH3CN (0.1 M n-Bu,NBF,) at a scan rate of 100 mV/s
shows two essentially reversible redox couples due to Mo(III)/Mo(II) (l':‘1 =t 121V
vs SCE, AEp=120 mV, i, /i, =1.00 for trans-[MoBr,(Meg[16]aneS4)] ; E, p=t 119V
vs SCE, AEp=80 mV, i,/i.=122 for trans-[MoCIz(Mes[ls]aneM)]) and
Mo(M)/Mo(l) (E,,=-0.15 V vs SCE, AEp=100 mV, i/i;=092 for trans-
[MoBry(Meg(16]anes4)}; E, /2=~0.2/8 V vs SCE, AEp=75 mV, i, /i, =1.08 for trans-
[MoClz(Mes[lﬁ]aneS«t)]). The high redox potential for Mo(III)/Mo(II) results prob-
ably from stabilization of Mo(lI) relative to Mo(III) by =-acidity of thioether sulfur

atoms.
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Reaction of rhodium(III) triflate with 2 molar equivalents of [9]aneS3 in
methanol affords a homoleptic thioether complex [Rh([9]nne$3)2]3+ with slightly dis-
torted octahedral geometry (63-64). Cyclic voltammetry in nitromethane on a glassy

carbon el de shows two quasi: 1 p at -0.309 and
-0.720 V vs SCE (AEp=71 and 98 mV, respectively, at a scan rate of 50 mV/s).
Preparative electrolysis at -0.5 V vs SCE gives the corresponding Rh(IT) complex. Esr
studies (64) show that the Rh(II) complex may have an octahedral geometry with axial
elongation due to Jahn-Teller distortion of ad” system.

The exceptional stability of [Rh([g]ane53)2]2+ with respect to disproportionation
Kip =10"7) demonstrates again that thioether ligands tend to stabilize low oxida-
tion states of transition metals by virtue of their x-acidity while the six-coordinate
environment imposed by the rigid ion of [9]aneS3 ilizes Rh(I), which
usually adopts square planar coordination geometry.

‘The complex mn([9]ms3)2](CF3503)2 has also been obtained from the reac-
tion of Ru(CF3503)2 with two equivalents of [9]aneS3 in methanol. X-ray diffraction
methods (60-62) reveal an almost perfect l g Cyclic y in
nitromethane on a glassy carbon electrode shows an oxidation wave at E,

2= +18V
vs NHE. The high redox potential indicates that [9]aneS3 interacts much more
strongly with Ru(IT) than with Ru(III). In comparison with amines and H,0, [9]aneS3
imposes a much stronger ligand field and nephelauxetic effect (62). Ligand [12]aneS3
is also shown to coordinate to Ru(II) in a very similar way to that of [9JaneS3 (62).
‘The resulting trigonal flattening in [Rn([lZImeSJ)z]z* reflects the large effective size

of [12]aneS3 relative to that of [9]aneS3.
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1.4.3. Stabilization of Unusual Oxidation States of Metal Ions

As noted previ [9]aneS3 is especially suitable for pying one or two faces

in an octahedral complex. In this regard, metal ions with a strong preference for
octahedral coordination are expected to be stabilized by [9]aneS3 and other related
macrocyclic thioether ligands such as [12]aneS3, [18]aneS6, [20]aneS6 and [24]aneS6.

Reaction of [9]aneS3 with PdBr2 gives a monomeric complex [PdBrz-[9]aneS3]
(65), in which the Pd atom is surrounded by a distorted square pyramidal array of two
Br and three sulfur atoms. The apical Pd-S distance is significantly longer than those
at equatorial positions. In the absence of strongly coordinating anion ligands, however,
(Pd((Q]ancSS)Z](PFG)z-HZO was isolated (65). An X-ray structural study reveals that
the Pd atom is located in a distorted octahedral environment with four short equa-
torial Pd-S bonds and two weak Pd-S interactions in the two axial positions. Since
Pd(IT) prefers a square planar coordination, the above observation suggests that the
weak Pd-S interactions may be derived from constraints imposed by [9]aneS3 ligands
and these interactions may facilitate formation of higher oxidation state Pd(III), which
prefers octahedral coordination.

Cyclic voltammetry of [Pd([9}aneSJ)2]z+ in CHyCN at 20C (01 M n-
Bu,NPF) shows a reversible redox wave at E; /Z=+0.65 Vs Fet, /Fe with AEp of
84 mV (66). The complex [Pd([9]ane53)2]2+ can be oxidized chemically (70%
HCIO,) and electrochemically. Controlled potential oxidation of [Pd([Q]aneS3)2]2+
at +0.70 V at a platinum gauze in CHSCN affords an orange solution (Amax =476 nm,
€=5350 M'Lcm'l). the esr spectrum of which as a frozen glass at 77K shows an aniso-
tropic signal with g|| =2.008, g | =2.048, g,, =2.032. Electronic and esr spectral data

are consistent with the formation of an oxidized paramagnetic Pd(Ill) complex. The
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single crystal X-ray diffraction study of [Pd([ ‘/PI04)3- HClO44H20 shows
that the Pd atom is bonded to six sulfur atoms in a tetragonally elongated octahedral
geometry as expected for ad” Pd(III) (66). In contrast with the corresponding Pd(II)
complex, the axial thioether sulfur atoms are brought in towards the metal center.
Therefore, the Pd(IIT) oxidation state is stabilized by an octaheral coordination sphere
of sulfur donor atoms.

Reaction of PtCIz with two equivalents of [9]aneS3 affords [Pt([Q]aneSS)zl(PFs) )
in the presence of Nl-l‘;l’l-‘6 (68, 76). A structural study shows that the central Pt atom

is coordinated by four sulfur donor atoms from two [9]aneS3 molecules in a square

plane. An square i ination sphere is achieved using the third
sulfur atom from one of the two ligand molecules giving a Pt-S (apical) distance of
290 A. Unlike its Pd(II) analog, [Pd([9]ane53)2]2+, the final ligand sulfur atom does
not interact with Pt (Pt-S=4.11 A). Cyclic voltammetry of [Pt([9]aneS3),](PFy), in

CHSCN shows a quasi-reversible one-electron redox wave with E, ,=+0.39 V vs

/
Fc* /Fc and AEp=145 mV. Controlled potential electrolysis of [l’t([9]ane53)2]2+
(nax =432 1, £=95 M Lem’) at +0.5 V under N, in CH,CN affords a stable oxi-
dized product [1>c([9]ane$3)2]3+ (max=401 nm, £=3500 M cm™1). The esr spec-
trum (77K, CH3CN) shows an anisotropic signal withg | =2.044, g|) =1.978 with cou-
pling to 195 Pt (33.8%), 4 =30 G, 4|, =85 G (lG=10'4 T). These results suggest
that it may have a similar coordination geometry to that of [Pd([9]ane83)2]3+. It has
been proposed that the ability of [9]aneS3 to adjust its mode of coordination is respon-
sible for the high stability of Pt(III) (68, 76).

Reaction of PdCl2 or PtCLZ with [18]aneS6 gives a 1:1 product [M([ls]aneSé)]z+
(M=Pd and Pt) (76, 126). Structural studies of these complexes confirm the square
planar coordination of four thioether sulfur donors to the metal ions (Pd-5=2.309 A



.38-

and Pt-$=2296 A) with two remaining sulfur atoms of [18]aneS6 essentially non-
bonded (Pd-S=3.273 A, Pt-S=3.380 A). In contrast with [M([sqanes3)2]2+ (M=Pd
and Pt), complexes [M([lS]aneSﬁ]z+ show no oxidative processes by electrochemical
methods (76). It has been suggested that the inability of [18]aneS6 to complete
octahedral coordination to Pd(II) and Pt(II) centers may contribute to the electro-
chemical inactivity of these complexes (76). From the crystal structure of
[M([lB]aneSé)]2+ , it appears that the cavity of [18]aneS6 is too small to fully encapsu-
late the large Pd(IT) and Pt(IT) ions octahedrally, From this point of view, Pt(III) and
Pd(IIT) may be stabilized by more flexible macrocyclic thioethers with larger ring cavi-
ties or by replacement of two nonbonded thioether sulfurs with smaller nitrogen
donors. This his been shown to be true by Blake and coworkers (127) from studies of

N,S, macrocycles (XIX and XX).

XX R=H
XIX R=Me

Structural studies (127) have shown that [Pd(Mez[IS]aneNZSd)]z"' has a square
planar coordination sphere of four thioether sulfur donor atoms (average Pd-
$=2.3308 A). Two nitrogen atoms are oriented away and do not interact with Pd(Il)

(Pd-N=3.744(7) and 3.760(6) A). In [Pd([18]aneN254)]2*. however, the Pd atom is
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coordinated to an N,S, donor set in a square planar configuration (average Pd-
$=2.334(3) A; average Pd-N=2.095(7) A). The two remaining thioether sulfur atoms
interact weakly in axial positions of Pd(IT) ( average Pd-S=2.977(4) A). The overall
geometry is distorted octahedral with one of four thioether sulfur atoms and two nitro-
gen atoms binding meridionally to the Pd atom in [Pd({18JaneN254)}2* while the
coordination geometry at Pd in [l’d([l&]anesﬂz+ is square planar with two non-
bonded sulfur atoms. By comparison with [Pd(Mez[ls)aneNzy)]z", it is clear that
the steric effect of two methyl groups on the N-donors prevents coordination of

Me,[18]aneN254. The stereochemical differences are expected to be reflected by elec-

properties of these

Cyclic voltammetry of [Pd(Mez[IS]aneNZSt)]z+ in CH;CN at Pt electrodes
shows a reversible one-electron reduction at -0.74 V vs Fe* /Fe with AEp=T2mVata
scan rate of 100 mV/s. The esr spectrum (77K, CH3CN glass) is shown to be anisotro-
pic (g 2.115, g | 2049) with coupling to 1%5Pd (1=5/2,229%) and 4 || 48 G and 4 |
34 G, which is consistent with the presence of a mononuclear d® Pd(I) species (127).
ptic thioether [Pd([ 2+ and
[Pd([9]a.nes'i)2]2* show urreversible reductions at Ep=-0.75 V and -0.875 V vs

However, the related

Fet /Fc, respectively, in CHSCN at 293K. These differences are suggested to be
caused by the larger ring cavity and flexibility of Me)[18]aneN254 than that of
[18]aneS6 (27). Furthermore, [Pd([lslaneNZ%)]z*' shows a chemically reversible oxi-

dation wave at E, ,=+0.57 V vs Fe' /Fc with AEp=195 mV at a scan rate of 150

/2
mV/s. A totally irreversible reduction is also observed at Ep=-1.03 V at 293K. The esr
spectrum of the oxidized product suggests the formation of a monomeric d” Pd(IIT)
species. Based on these results, it appears that the high oxidation state of Pd(III) can

be stabilized by 4+2 coordination of a macrocyclic thioether ligand in a distorted
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octahedral geometry while stabilization of low oxidation state Pd(I) can be achieved

by inatis ic ligands with #-acidity and a larger ring cav-
ity.

In general, silver(I) shows a for linear ination and, occa-
sionally, dral fi ination. Higher ination numbers may be achieved

by constraints imposed by macrocyclic ligands (128, 129). These complexes usually

exhibit irregular ies and ination numbers due to poor “fit”
between the ligand and the metal center. However, reaction of silver triflate with two
equivalents of [9]aneS3 gives [Ag([9]aneS3),]CF;SO5, in which the Ag atom is
sandwiched by six sulfur donor atoms with Ag-S distances ranging from 2.696(2) to
2.753(3) A (130). The coordination sphere around Ag deviates from octahedral
geometry by virtue of a severe trigonal elongation. The distorted octahedral geometry
of [Ag([9]ane53)2|+ suggests that the corresponding Ag(II) complex may be stabil-
ized by six-coordinate geometry imposed by rigid [9]aneS3. Cyclic voltammetry of
[Ag([Q]aneSB)Z]+ in nitromethane (0.1 M El4N'BF4) at a platinum wire working elec-
trode shows a quasi-reversible oxidation wave at E, 2= +130 V vs NHE with
AEp=106 mV at a scan rate of 500 mV/s (130). On electrolysis at +1.5 V vs NHE, the
colorless solution becomes deep blue. Esr spectral data are consistent with the pres-
ence of paramagnetic [Ag([D]aneS“i)z]z*. The low oxidation potential (1.30 V vs
NHE, cf E°=1.98 V vs NHE (130, 131) for the Ag(II)/Ag(I) couple) has been sug-
gested to be a consequence of the enhancement of the “electron richness” of the
metal ion by virtue of the high coordination number (130).

Reaction of AgNO with one molar equivalent of [18]aneS6 affords a colorless
product [Ag((18]aneS6)]PF, which is shown by X-ray methods (132) to have a dis-
torted octahedral geometry around Ag(I) with four equatorial Ag-S bonds (average
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Ag-5=2.7813(10) A) and two short apical Ag-S bonds (average Ag-S=2.6665(12) A).
Usually [M([ 28 show a hedral coor-
dination sphere, but [Ag([18] * has a d

stereochemistry. The ability of [18]aneS6 to encapsulate Ag*, which is much larger
than first row transition metal ions, suggests that the cavity of macrocyclic thioether
ligands can be flexible depending upon the size of the metal ion and the strength of the
interaction between the metal center and donor atoms. Cyclic voltammetry of
[Ag({lS]aneSﬁ)]+ in CH3CN 01 M n-Bu4PF6) at a platinum working electrode
shows an essentially irreversible oxidation wave. Addition of concentrated HZSO4
(98%) solution to [Ag([l&]aness)l* at 298K affords a blue solution (Apa =564 nm,
€=5000 M"Lem™ 1). The esr spectrum of the frozen glass at 77K shows a paramagnetic
Ag(Il) species. In comparison with [Ag([«)]anesa)z]z*, [Ag([18]aneS6)] * is less
stable and the blue solution decays to colorless quickly (130) while [Ag([9)ane53)2]2+
is stable at room temperature for several days.

Like Ag(I), 4'° Au(l) has a particularly strong preference for linear two-
coordination. However, studies (69) show that [Au([9]aneS3),]PFg has a structure

that is a ination of linear and hedral ination at Au(I) with two short

Au-S bonds (Au-S=2.302(6) and 2350(7) A) and two long Au-S bonds (Au-
$=2.733(8) and 2825(8) A). This contrasts with that of [Ag([9]aneS3),)¥, in which
Ag(l) is bonded by six sulfur atoms in a slightly distorted octahedral geometry. The
complex [Au([9]ane53)2]* can be readily oxidized chemically or aerially to give a
Au(II) species as evidenced by the esr spectrum of the oxidized product (69). Further
oxidation of the Au(Il) species affords a Au(Ill) analog [Au([9]aneS3)2]3+
(Amax =460, 340, 254 nm), in which the Au atom is coordinated by six sulfur donor

atoms in a distorted octahedral geometry with four equatorial Au-S bonds (average
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Au-5=2351(4) A) and two weak apical interactions (average Au-S=2.926(4) A). It is

proposed that the facile interconversion of Au>+/2*+/*+

species in the presence of
[9]aneS3 is caused by the ability of [9]aneS3 to adjust its coordination modes as a for-
mal 2-, 4-, or 6-electron donor (69).

The coordinating properties of [9]aneS3 and related macrocyclic thioethers with
d"® metal ions such as Zn(II), Cd(IT) and Hg(IT) have also been investigated (59). It is
very interesting that cyclic voltammetry of [Hg([9]aneS3)2]2+ in CH;CN (0.1 M n-

Bu4NP6) at Pt el des shows a i ion at El =-0.15Vvs

/2
Fc* /Fe with AEp=80 mV at a scan rate of 90 mV/s (59). The low redox potential for
P

the Hg(II)/Hg(I) couple (in aqueous solution E°=0.911 V vs NHE for Hg(II)/Hg(I))
suggests that Hg(1I) is strongly stabilized by hexathia coordination by virtue of stereo-
chemical constraints imposed by [9]aneS3 rather than by r-acidity. On the other hand,
the strong preference of Hg(I) for the formation of ng2+ species may also contri-
bute to the instability of Hg(I) in CHJCN.

1.4.4. Non-rigidity of Coordinated Dithioether Ligands

The i i at i sulfur atoms has been conclusively
established by X-ray methods (93). Rapid inversion at coordinated thioether sulfur is

very common and the ics of metal ) of sulfur ining ligands

have been reviewed extensively by Abel and coworkers (133). The intent of the follow-
ing discussion is to examine the dynamic non-rigidity of open-chain dithioether and
macrocyclic thioether ligands in palladium(II) and plati )/(IV)
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1.4.4.1. Inversion at Coordinated Thioether Sulfur

The majority of inversion studies of transition metal complexes have involved
palladium(II) and platinum(II)/(IV) complexes of thioether ligands. The ability of
nmr methods to differentiate between the syn and anti isomers of Pd(II) and Pt(il)

chelate

and their i ions at high has

numerous studies (133, 134-138) of inversion at coordinated thioether sulfur atoms.

CHy _ CHy
3 ,cnz cng\ P o2 M2 /
\PQ/ (:Ha \Pt/

ol cl cf ]
syn anti
(or meso) (or d,1)

XX XXII

The temperature-dependent g nmr spectra of [P!CIZ(MeSCHZCHZSMe)]
(139) show that at low temperature there are two isomers (XXI and XXII) in the solu-

tion, which at high as evi by the of two

sets of resonance signals originating from the methyl groups. The palladium(II) com-

plex the plati 1I) analog, but occurs at a much lower tem-
perature. The coalescence of methyl hydrogen signals is suggested to be caused by

inversion at coordinated sulfur atoms (140). Since the calculated activation energy for
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the rapid inversion at sulfur atoms is S Kcal/mol for [PtCLy(MeSCH,CH,SMe)] (139)
and 18 Kcal/mol for [P(C‘lz((PbCHz)ZS)zl (140), it was proposed that the mechanism
for the inversion process may involve a simultaneous bond-making by the S lone-pair
as the original coordinate bond breaks (139-140) (Scheme 1-9). Thus inversion
proceeds through a planar ition state stabiliz by back-bonding from
the metal to sulfur. However, this hardly explains the fact that inversion occurs in
complexes of dimethyl sulfide with BH; (141) and BCl; (142).

Scheme 1-9

R2 ;: R!

Q

- N
o s\\gz‘_' P’sz‘nl ~> Pt—
R!

For bi ithi l (139), a skew conf ion is expected for
the ethylene bridge. The relative positioning of the alkyl groups outside the bridge may
be either both up with respect to the plane of the chelate ring or one may be up and

one down (XXI and XXII). This will produce a meso- and d,l-enantiomeric pair of iso-
mers, respectively. By analysis of the temperature-dependent 14 nmr spectra of
[PdX,(BzSCH,CH,SBz)] (X=Cl and Br) (143) using computer simulation of the

spectra for complex spin systems under exchang itions, it has been

that inversion at coordinated sulfur atoms is responsible for the coalescence of the
ethylene hydrogen signals as well as for other spectral changes that occur as the
sample’s temperature is raised.
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1.442. Fluxionality of Cyclic Thioether Ligands

In a metal complex of mono- and/or bidentate thioether ligands, pyramidal inver-
sion of coordinated sulfur atoms occurs at high temperatures as indicated by the
coalescence of hydrogen resonances of the ligand. Such intramolecular movements in
many cases are the prelude to additional stereochemical non-rigidity in metal com-
plexes (133). In a metal complex of a macrocyclic thioether ligand, inversion of coordi-
nated sulfur atoms is largely restricted due to the relative rigidity of the coordinated
macrocycle and ligand pivoting may occur instead. This involves considerable reorgan-

ization of M-S bonding and leads to metallotropic shifts.

;\ 57\a
u(co;,

XXII (R=H,M=Crand W)
XXIV (R=Me, M=Cr and W)

An early example of this kind of fluxional behavior was reported by Schenck and
Schmidt (144) in Group VI metal pentacarbonyl complexes of $-2,4,6,-trimethyl-
1,35-trithian, [M(CO)5(SCHMeSCHMeSCHMe)] (M=Cr and W). The bandshape
changes of the 1H nmr spectra of XXIV (R=Me, M=Cr and W), between -10 and
30C implied an equilibration of the three methyl groups. The coalescence of methyl

resonances was suggested to be a of an i lecul ion of
the M(CO)5 moiety over all three sulfur donor atoms via 1,3-metallotropic shifts
(144). Analogous motion was, however, not observed in the unsubstituted ring com-
plexes (XXIIT) (R=H, M=Cr and W), the spectra at 30C being consistent with coor-

dination of the heterocyclic ligand via a single sulfur atom.
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Complexes of Pt(IV) with other cyclic polythioether ligands such as 1,3,5-trithian
(145) and 1,3,5,7-tetrathian (146) have also been investigated by 'H nmr methods and
1,3- and 1,5-metallotropic shifts were observed. Although 1,3- and 1,5-shifts are well
documented (133), only one example of a 1,4-shift has been reported (147-148), which
involves a platinum(IV) complex of [12]aneS4.

Complexes [PlMe3-L]+ (L=[9]aneS3, [12]aneS4 and [12]aneOS3) were obtained
from the reaction of [PtCIMe,], with an excess of appropriate macrocyclic thioether

ligands and ization from h (147-148). The 'H and

13¢ e spectra of [12]aneS4 and [12]aneOS3 complexes show that both complexes
adopt similar structures in which, however, one of the sulfur atoms in [12]aneS4 and
the oxygen atom in [12JaneOS3 remain uncoordinated. At low temperature (243K),
the 1H spectrum of [PtMe3-[12]mu84] exhibits two platinum-methyl resonances,
which collapse at higher temperatures (>333K) to give a single platinum methyl signal
(6 1.12 ppm, 3J (Pt-H) 669 Hz) while the methylene resonance simplifies to an
AA’BB’ multiplet. The coalescence of platinum methyl signals is suggested to be
caused by an intramolecular ligand rotation fluxion proceeding via a series of corre-
lated 1,4-metallotropic shifts. These studies also show that the presence of at least
one uncoordinated sulfur atom is necessary for the proposed 1,4-shift.

1.5. Conclusions
In ion, the ions of ic thioether ligands have profound
influence on their inati ies and of their metal complexes.

The ability of macrocyclic thioether ligands to adjust their coordination modes is

le for their i ilization of both low oxidation states and some

unusual high oxidation states of ition metals. Like the
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thioethers can stabilize the low oxidation states of transition metals by virtue of their
x-acidity. On the other hand, some unusual higher oxidation states of transition
metals may also be stabilized by a coordination sphere of thioether sulfurs and by

steric constraints imposed by macrocyclic thioether ligands. Application of these pro-

perties of to ics should produce a very rich chem-

istry in this area of study and will stimulate further fruitful studies of the orzanometal-

lic chemistry of these thioether
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CHAPTER 2
SYNTHESIS AND CHARACTERIZATION OF THIOPHENOPHANE LIGANDS

Abstract:

Thiophenophane ligands have been prepared from condensation of 2,5-
bis(chloromethyl)thiophene and appropriate dimercaptans under high dilution condi-
tions in basic media. The 'H and 13 nmr spectra of these ligands are described. The
molecular structures of macrocycles, 2,5,8-trithia[9](2,5)thiophenophane (L1),
2,5,8,11-tetrathia[12](2,5)thiophenophane (L2) and 2,5,9,12-tetrathia[13](2,5)thio-
phenophane (L3), have been determined by single crystal X-ray diffraction methods.
The solid state conformations of these macrocycles show a strong preference for
gauche placements in the C-S-C-C units and anti placements in the S-C-C-S units. The

unusual behavior of C-C-S-C and §-C-C-S units in the SCH,-thiophene-CH,S portion

of these three Y pared to crown thi will be discussed in terms of
rigidity of the thiophene subunit and its two attached methylenes and steric effects of

hydrogens on the hydrocarbon chain.



2.1. Introduction

As discussed in the previous chapter, exodentate conformations are characteristic
of macrocyclic thioethers in contrast with endodentate conformations of crown ethers.

The ion of a ic thioether ligand arises from the steric

and electronic effects of non-bonded atoms and is also largely dependent on the
number of atoms in the ring and presumably the flexibility of the macrocycle.
‘Thiophenophane ligands prepared in our study contain one or two thiophene

subunits in the macrocycle as shown in Scheme 2-1.

Scheme 2-1

Q/o\)Z/\j(ssCs:)
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It is of interest to study the influence of the thiophene subunit on conformations

and properties of these . Since a thi subunit is incor-
porated in the macrocycle, it is also of interest to examine the coordination of
thiophene sulfur to transition metals, which is of great importance in the study of cata-

lytic hydrodesulfurization processes. With this in mind, we have prepared a series of

ligands and i of some of these macro-

cycles to provide detailed structural data for the study of their coordination chemistry

2.2. Experimental

Reagents were obtained from the Aldrich Chemical Co. Inc. and were used
without further purification. Spectroscopic data were obtained using the following
instruments: ir, Perkin-Elmer Model 283; nmr, General Electric 300-NB; mass spec-
tra, VG-micromass 7070HS. Melting points were obtained on a Fisher-John's melting
point apparatus and are uncorrected.

}4 aration of 2,5-bis(chloromethyl)thiophene was by the reported method (1).
Purification of the crude product can be achieved by washing the brown liquid with

saturated sodium carbonate solution and then water until the washings are neutral,

drying over MgSO, and izing from p ether (60-80°C) or

by vacuum distillation. Literature methods (2-3) for 1,4,7,10-tetrathiadecane, 1,4,8,11-
and 1,5,9,13 iatridecane were used and the products were

purified by vacuum distillation.

General Methods for The P ion of Thi

Sodium metal (1.15g, 50 mmol) was dissolved in commercial absolute ethanol
(500 ml) under an atmosphere of dry nitrogen and 25.0 mmol of dimercaptan was

added cautiously. The resulting mixture was refluxed for about 15 minutes. Over 6-8
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hours, a solution of purified 2,5-bis(chloromethyl)thiophene (4.25g, 25 mmol) in dry
benzene was added dropwise with stirring to the refluxing mixture. Refluxing and stir-
ring were continued for a further 2h. Volatiles were removed on a rotary evaporator
and the residue was taken up with chloroform, washed with water several times, dried
over anhydrous CaCl, and taken to dryness. The crude product was recrystallized
twice from benzene to give the desired product. The yields range from 20% to 75%.
All thiophenophane ligands are solids and easily purified by recrystallization.

2.3, Results and Discussion

23.1. Preparative

Thiophenophane ligands were prepared from the condensation of 25-
bis(chloromethyl)thiophene with appropriate dimercaptans under high dilution condi-
tions in basic media. The general preparation for these macrocycles is shown in
Scheme 2-2.

It is interesting to note that chain length of the dimercaptan plays a very impor-
tant role in the formation of a macrocycle. When R is ethylene or propylene, only 18-
or 20-membered macrocycles were isolated with no trace of the corresponding mono-
mer. When R contains five carbon atoms, monomeric L6 was isolated as the only pro-

duct and the yield is moderately high (57%).



Scheme 2-2

Y\ K[‘\)\L I\
S S S
high dilution ! 4 7
SNa : SNa \\a/ R\S
i, x k@J

1

R= ~(CHy)5-
-(CH2)20(CHy) - i
~(€H3) 5 (CHy) 5 Re = (CHy) -
~(CH2) 5(CHy) 5 (CHy) - -(cxg)i-
~(CH),5 (CHy) 45(CHy ) -

~(CH) 3S(CHy) 35 (CHy) 3-

During attempts to prepare a 24-membered macrocycle (I, R=-

(CH,),S(CH,),), L1 (I, R=-(CH,),S(CH,),") was isolated from the reaction of

2,5-bis i and 2 sulfide in basic media under high

dilution conditions. However, the reaction of 2,5-bis(chloromethyl)thiophene with 2-
mercaptoethyl ether produces LS (I, R=-(CH2)20(CHZ)2)-) in moderately high yield
(549%) with a small amount of a 24-membered macrocycle (II, R=-(CH,),0(CH,),")
as evidenced by mass spectrometry. Therefore, ring closure to a 12-membered macro-
cycle is the preferred process under high dilution conditions but closure to a 9- or 10-
membered macrocycle is severely limited presumably due to ring strain in small ring
compounds. On the other hand, it seems that the flexibility of the hydrocarbon chain is
an important factor in the ring closure. For more flexible 2-mercaptoethyl ether, both
dimer and monomer have been detected by mass spectroscopy. For relatively rigid 2-
mercaptoethyl sulfide, monomeric L1 (I, R=-(CH,),S(CH,),-) is the only product,
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the structure of which has been confirmed by nmr and mass spectrometries (both low

and high ion) and by X-ray

For conformati flexible les with a longer hydrocarbon chain,

yields are generally low even when the reaction is carried out under high dilution con-

ditions since entropy constraints to cyclization favor linear polymerization (4-5). When

a thi subunit is introduced into the 1

proceeds in rela-
tively high yields. This is analogous to the case where ortho-substituted phenyl deriva-
tives are in the ring (4-5). Therefore, introduction of rigid aromatic groups increases
the yield of a macrocycle and at the same time will change the complexing properties
of it to transition metals.

The isolated compounds and their physical properties are given in Table 2-1. All
these thiophenophane ligands are soluble in halocarbons and benzene, but not in
ethanol. Their proposed structures are consistent with ir, nmr and mass spectroscopic
data (Table 2-2) and some have been confirmed by X-ray methods (Figures 2-1, 22
and 2-3).

Nmr spectra (Table 2-2) show aromatic hydrogen signals at 6.8+0.15 ppm; CH2
a to the thiophene ring at 3.91:0.06 ppm and ethylene hydrogen signals at 2.53+0.15
ppm. The signals of the central methylene hydrogens of a propylene bridge appear at
1.8620.06 ppm. All assignments are consistent with the 'H-1H and H-c cosy

nmr spectra of these tigands.
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Table 2-1:  Thiophenophane ligands and their physical properties.

Ligand Formula Yield m.p. High Resolution Low Regolution
(%) (C) (m™ /e) (m”/e)

L1 le'l1 454 732 151-152  261.9979(261.99776) 262(262)

12 CioHygSs 56.4 86-87  322.0096(322.00111) 322(32)
13 Cy3HySs 469  128-129  336.0179(336.01675) 336(336)
4 CysHpsSs 35 81-82  364.0487(364.04803) 364(364)
LS CyoH14083 540 101-103 246.0201(246.02060) 246(246)
L6 C1Hy653 510 93-94 244(244)
L7 C16H2056 426  126-127 403.9813(403.98882) 404(404)
8 C18H2456 496  122-123 432(432)

Table 22 The nmr data for macrocyclic thiophenophane ligands in CDCly (chem-

ical shift in ppm vs.TMS).
Lgand 5(Hppm) ) growp 5(Pc, ppm)
L1 6.92 5(2H) aromatic 140.21(2C); 128.14(2C)
3.95 s(4H) methylene 31.60(2C)
2.58 t(4H) 8.67 SCH,CH,$ 30.24(2C)
2.22 t(4H) 8.46 SCH,CH,S 31.45(2C)
12 6.85 s(2H) - aromatic 141.95(2C); 126.19(2C)
3.93 s(4H) - methylene 31.05(2C)
2.61 m(4H) SCH,CH,$ 30.94(2C)
2.59 m(4H) SCH,CH,S 31.84(2C)

2.53 s(4H) = SCH,CH,S 32.54(20)
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6.78'5(2H)
390 5(4H)
2,64 m(4H)
260 m(4H)
246 1(4H)
1.69 m(2H)
675 5(2H)
397 s(4H)
258 m(12H)
1.79 m(6H)
680 5(2H)
395 5(4H)
301 5(4H)
266 s(4H)
6.79 s(2H)
385 s(4H)
245 s(4H)
1325(2H)
094 5(4H)
6.715(4H)
409 5(8H)
2675(8H)
675 5(4H)
3.865(8H)
249 t(8H)
172 q(4H)
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aromatic
methylene
SCH,CH,S
SCH,CH,S
SC*H,CH,
GHLCH CH,
aromatic
methylene
SC'H,CH,
CH,C*H,CH,
aromatic
methylene
OC*H,CH,$
SC*H,CH,0
aromatic
methylene
SCH,CH,
SCH,C*H,
CH,C'H,CHy
aromatic
methylene
ScH,CHy
aromatic
methylene
SCH,CH

CH,C'H,CHy

14259(2C); 125.74(2C)
3127(2C)

313420)

3155(2C)

3163(20)

3201(10)

142.22(2C); 125.60(2C)
3120(2C)

31.12(2C); 30.46(2C)
2945(2C); 29.41
142.58(2C); 126.83(2C)
3201(2C)

68.56(2C)

28.58(2C)

142.85(2C); 126.75(2C)
32.05(2C)

2929(2C)

24.99(2C)

2838(2C)

142.94(4C); 125.23(4C)
31.66(4C)

3231(4C)

14192(4C); 125.68(4C)
3086(4C)

30.08(4C)

2933(2C)
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Table 2-3:  Selected bond lengths and angles in L1 (CygH  4S,).

Bond Distance (A) Bonds Angle(deg.)
S(1)-C(1) 173%(5) C(1)-5(1)-C(4) 91.7(3)
S(1)-C(4) 1.721(5) C(5)-5(2)-C(6) 101.7(3)
S(2-C(5) 1.805(8) C(7)-5(3)-C(8) 101.2(3)
S(2)-C(6) 1.816(7) C(9)-5(4)-C(10) 101.2(3)
S(3)-C(7) 1.814(6) C(9)-5(4)-C(10) 1024(3)
S(3)-C(8) 1.800(7) $(1)-C(1)-C(2) 109.8(4)
S(4)-C(9) 1.800(8) §(1)-C(1)-C(5) 120.6(5)
5(4)-C(10) 1.840(8) C(2)-C(1)-C(5) 129.5(5)
C(1)-C(2) 1.344(9) C(2)-C(3)-C(4) 111.6(5)
C(1)-C(5) 1.485(8) 5(1)-C(4)-C(3) 1116(5)
C(-C(3) 1.406(9) 5(1)-C(4)-C(10) 119.2(4)
C(3)-C(4) 1.363(8) C(3)-C(4)-C(10) 128.8(5)
C(4)-C(10) 1.505(8) $(2)-C(5)-C(1) 1153(5)
C(6)-C(7) 1.529(9) $(2)-C(6)-C(7) 1122(4)
C(8)-C(9) 153(1) S(3)-C(6)-C(7) 111.8(4)
S(1)-5(2) 3.9728) S(3)-C(8)-C(9) 114.2(5)
S(1)-5(3) 45793) S(4)-C(8)-C(9) 114.7(5)
S(1)-5(4) 3.479(5) $(4)-C(10)-C(4) 112.8(4)
S(2)-5(4) 6.662(5)
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Table 2-4:  Selected bond lengths and angles in [2 (C12H1855)‘
Bond Distance (A) Bonds Angle(deg.)
$(1)-C(1) 1.72(5) C(1)-S(1)-C(4) 92.03(22)
§(1)-C(4) 1.737(4) C(5)-5(2)-C(8) 103.4(3)
S(2)-C(5) 1.820(5) C(7)-8(3)-C(8) 107.4(3)
§(2)-C(6) 1.833(6) C(9)-S(4)-C(10) 105.3(3)
S(3)-C(7) 1.836(5) C(11)-S(5)-C(12) 98.4(3)
5@3)-C(8) 1.783(6) S(1)-C(1)-C(2) 1102(3)
S(4)-C(9) 1.859(6) S(1)-C(1)-C(12) 122.9(4)
S(4)-C(10) 1.762(8) C(2)-C(1)-C(12) 126.9(5)
S(5)-C(11) 1.815(5) C(1)-C(2)-C(3) 113.6(5)
S(5)-C(12) 1.822(5) C(2)-C(3)-C(4) 114.0(5)
C(1)-C(2) 1.345(7) §(1)-C(4)-C(3) 110.2(3)
C(1)-C(12) 1.487(6) §(1)-C(4)-C(5) 119.9(4)
C(2)-C(3) 1.409(6) C(3)-C(4)-C(5) 129.9(4)
C(3)-C(4) 1.32%(7) $(2)-C(5)-C(4) 113.1(3)
C(4)-C(5) 1.495(6) S(2)-C(6)-C(7) 112.7(4)
<(6)-C(7) 1.450(9) 5(3)-C(7)-C(6) 113.7(4)
C(8)-C(9) 1.504(8) §(3)-C(8)-C(9) 113.9(4)
C(10)-C(11) 1.531(8) S(4)-C(9)-C(8) 113.2(4)
$(4)-C(10)-C(11) 118.2(5)
S(5)-C(11)-C(10) 111.2(4)
$(5)-C(12)-C(1) 113.5(3)
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Table 2-5:  Selected bond lengths and angles in L3 (CBH-NSS).

Bond Distance (A) Bonds Angle(deg.)
S(1)-C(1) L721(4) C(1)-8(1)-C(4) 9253(19)
S(1)-C(4) L721(4) C(5)-S(2)-C(6) 101.54(23)
$(2)-C(5) 1.819(5) C(7)-8(3)-C(8) 102.30(20)
S(2)-C(6) 1.808(5) C(10)-5(4)-C(11) 103.18(21)
S(3)-C(7) 1.821(5) C(12)-5(5)-C(13) 101.48(22)
S(3)-C(8) 1.804(4) S(1)-C(1)-C(2) 1106(3)
S(4)-C(10) 1.807(4) (1)-C(1)-C(13) 121.7(3)
S(4)-C(11) 1.808(5) C(2)-C(1)-C(13) 127.6(4)
§(5)-C(12) 1.809(5) C(1)-C(2)-C(3) 113.0(4)
S(5)-C(13) 1.827(5) C(2)-C(3)-C(4) 113.6(4)
C(1)-C(2) 1.343(6) S(1)-C(4)-C(3) 1102(3)
C(1)-C(13) 1.493(5) S(1)-C(4)-C(5) 121.7(3)
C(2)-C(3) 1.424(5) C(3)-C(4)-C(5) 128.1(4)
C(3)-C(4) 1.344(6) 5(2)-C(5)-C(4) 115.1(3)
C(4)-C(5) 1.495(6) S(2)-C(6)-C(7) 1142(3)
C(6)-C(7) 1.495(7) S(3)-C(7)-C(6) 1135(3)
C(8)-C(9) 1.508(6) C(8)-C(9)-C(10) 110.6(4)
C(9)-C(10) 1.504(6) $(4)-C(10)-C(9) 117.003)
C(11)-C(12) 1504(7) S(4)-C(11)-C(12) 113.5(3)
S(5)-C(12)-C(11) 1148(3)

S(5)-C(13)-C(1) 11493)
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Table 2-6:  Selected torsion angles in L1, L2 and L3.

L1 L2 3
Bonds Angle (deg.)Bonds Angle (deg.)Bonds Angle (deg.)
C1-§1-C4-Cl0 17156 CI-S1-C4CS  179.38(6) C1-S1-C4-C3 -1.66
C4-51-C1-CS 193 C4-SI-CI-CI2  179.03(2) C4-S1-C1-C2 175
C5-52-C6-C7  -11446 C5-S2C6-C7T  65.83(3) C5-52-C6-C7 63.11
C6-82-CS-C1 4324 C6S2CS5-C4  55.92(6) C6-52-C5-C4 5162
C7-83-C8C9  -8060 C7-S3-C8-C9 73.58(3) C7-83-C8-C9 -87.14
C8§3-C7-C6  -8242 C8S3-C7-C6  6536(5) C8-53-C7-C6 8.13

C9-54-CI0-C4 5361 C9-S4CIOCIL  50.62(4) CIOS4-CIL-CI2  -8166
C10-54-C9-C8 9405 C10-54-C9-C8  63.07(4) ClI-S4-CI0-CO 8856
SI-CI-C5-S2 5690 CI1SS-CI2Cl  5642(3) CI2-S5-CI3-C1  -49.65
$2-C6-C7-S3 16765 CI2-S5-C11-C10 175.56(5) CI3-85-CI2-C11  -67.46
$3-C8-C9-S4  -17682 SI-C4-CS-S2  117.63(6) S1-C4-C5-S2 6441
S4-CI0-C4-S1  -10477 S2-C6-CT-S3  164.23(7) S2-C6-CT-S3 177.02
S3-CBCO-S4  16420(3) S}CB-CI-CI0  -16687

S4-CIO-CII-SS  52203) S4-CI0-CO-C8 16741

S5-CI2-C1S1  5085(5) S4CII-CI2S5  -17731

S5-CI3-CLS1  -65.92
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2.3.2. Structures of Thiophenophane Ligands (L1, L2 and L3)

In the last decade, a large number of macrocyclic thioether ligands have been
prepared and studied for their metal complexing properties (6-10). However, the
design and synthesis of these macrocycles remain essentially empirical exercises and

the significance of conformations of ic thi to their

behavior has not been widely recognized. Although many metal complexes of
thioether ligands have been studied by X-ray crystallography, only a few examples of
structural studies of the free ligands have been reported (11-15). As part of our
research project, our interest was focused on the solid state conformations of
thiophenophane ligands and how these conformations influence their coordinating
behavior. With this in mind, the structures of L1, L2 and L3 have been examined by
X-ray methods to provide some structural data for the detailed study of the structural
and chemical properties of their transition metal complexes.

Selected bond lengths and angles in L1, L2 and L3 are given in Tables 2-3, 2-4
and 2-5. Their ORTEP drawings are shown in Figures 2-1, 2-2 and 2-3.

Bond lengths in L1, L2 and L3 compare well to those in crown thioethers (11-15).
Carbon-sulfur bond lengths at thioether sulfurs range from 1.762(8) to 1.859(6) A and
agree with those in [12]aneS4 (14), [14]aneS4 (1), [15)aneSS (14) and [18]aneS6 (14).
The carbon-sulfur bond distances at thiophene-sulfur (Tables 2-3, 2-4 and 2-5), how-
cver, are significantly shorter than those at thioether sulfurs, indicating certain #-
bonding in the aromatic thiophene ring. Carbon-carbon bond distances in ethylene
bridges range from 1.45((9) to 1.53(1) A, which is shorter than those expected for C-C
single bonds (1.54 A). Similar results have been reported for crown thioethers (11-15).
In the thiophene ring, the C(1)-C(2) and C(3)-C(4) distances (ranging from 1.327(7)
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to 1.363(8) A) are characteristic of C=C double bonds while C(2)-C(3) bond lengths
(ranging from 1.406(9) to 1.424(5) A) are between C-C single bonds and C=C double
bonds, consistent with the typical diene structure.

of lic thi have been ibed in terms of

and endodentate orientations of the lone pairs of sulfur atoms (11-15). The sulfur
atoms pointing out of the ring are exodentate while those pointing into the ring are
endodentate. Our studies of three thiophenophane ligands show that in their solid
state conformations all thioether sulfur atoms are exodentate but the thiophene-sulfur

atoms in L1 and L2 point into the great ring.

The most important in ibing the ion of a

macrocyclic thioether ligand are torsion angles in the C-C-S-C and S-C-C-S units,
where torsion angles of +60° are classified as gauche and those of +180° as anti. The
torsion angles of the three thiophenophane ligands (Table 2-6) display a clear pattern:
In L1 and L3, both of which contain even numbers of ring atoms, every C-C-S-C unit
" at thioether sulfurs adopts gauche placement and the remaining two C-C-S-C units at
thiophene-sulfur assume an anti placement; in L2, which contains an odd number of
ring atoms, a strong preference for gauche placement at thioether sulfurs (seven out
of eight torsion angles) is observed again with the two remaining C-C-S-C units in the
thiophene ring being similar to those in L1 and L3, even though odd-membered rings
often show anomalous torsion angles due to ring strain (16). Most S-C-C-S units in the
polythioether chain of all three thiophenophane ligands, however, show a strong
affinity for anti placements. These affinities for gauche placement in the C-C-S-C unit
and anti placement in the S-C-C-S unit have also been reported recently in crown
thioethers (11-15) and contrast with those for anti placement in C-C-O-C and gauche
- placement in O-C-C-O units (17, 18).




The marked di between ic thi and crown ethers has

been explained in terms of different intramolecular interactions between non-bonded
atoms in C-C-E-C and E-C-C-E (E=O or S) units as discussed in the previous
chapter. It should be noted that the gauche placement at C-S bonds in a C-C-S-C unit
is strongly dependent on ring strain and flexibility of a macrocycle. In our thiopheno-
phane ligands, exceptions to the rules above occur due to the rigidity of the thiophene
subunit and its two attached methylenes in the 2 and 5 positions.

In L1 (Figure 2-1), all three thioether sulfur atoms are exocyclic , but the
thiophene-sulfur points into the macrocyclic ring. This is unusual since in a closely
related crown thioether [12]aneS4 (14) all four thioether sulfurs are exocyclic. Exami-
nation of conformations of both macrocycles indicates that the endo-orientation of
thiophene-sulfur is caused by the rigidity of the macrocycle and steric hindrance from
hydrogens on the hydrocarbon chain. In [12]aneS4, S2 and $4 are bridged by a flexible
CH,-CH,S-CH,-CH,) fragment and it is possible to turn the S1 axo;n to be exocyclic
by simply rotating about C-S1 and C-C single bonds. In L1, however, S2 and $4 are
bridged by a rigid thiophene ring and its two attached methylenes in the 2 and 5 posi-
tions. Rotation around C-S1 and C-C bonds is severely limited by the rigidity of the
thiophene subunit and by steric hindrance from hydrogens on C6, C7, C8 and C9.
Therefore, the C5-C1-S1-C4 and C10-C4-S1-C1 units have to assume anti placements
instead of gauche ones while $1-C1-C5-52 and $1-C4-C10-54 units assume gauche
placements instead of anti ones. The special endo-arrangement of the lone pairs of
thiophene-sulfur suggests that it should be possible for thiophene-sulfur to form a
bond to a transition metal without major conformational changes in that part of the
ligand molecule. Thiophene-sulfur ination has been ished in L1
of copper(I) (p96) and palladium(1I) (p156, p186) by X-ray methods.




Figure 2-1. ORTEP drawing of L1 (CwHl ‘54).
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Figure 2-2. ORTEP drawing of L2 (CypH gSg).
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Figure 2-3, ORTEP drawing of L3 (C,3H,S5).



L2 (Figure 2-2) is a 15 ycle. Like L1, its thi Ifur is
endocyclic due to the rigidity of the aromatic ring and steric hindrance from hydrogens
on the polythioether chain. In addition, the C12-C5 bond assumes anti placement
instead of gauche. This unusual behavior has been observed in [15]aneS5 (14) and is
caused probably by ring strain in odd-membered macrocycles.

L3 (Figure 2-3) is a 16-membered macrocycle, in which all sulfur atoms are exo-
cyclic. Compared with 1.2, a more flexible polythioether chain makes it possible for the
thiophene ring to rotate more freely around the C4-C5 and C1-C13 bonds. Therefore,
the thiophene-sulfur atom points out of the macrocyclic ring. However, rotation of a
thiophene ring can only change the torsion angles of C1-C13-S5-C12 and C4-C5-S2-
C6, and the anti placements at C-S1 bonds in the C-C-S-C units are still retained. The
conformation of L3 resembles that of [14]aneS4 as a rectangle with four thioether sul-
furs in the four corners (11), but the S2-S5 distance is slightly longer than that of S3-

S4,

2.4. Conclusions

On the basis of these results, it is concluded that exocyclic orientation of the lone
pairs of thioether sulfur is characteristic of macrocyclic thioether ligands although
exceptions do occur as a result of special conditions such as ring strain in odd-

membered rings a-.d rigidity of the Such i} iati are

expected to be reflected by the different coordinating behavior of these ligands and
properties of their ition metal ‘These will be discussed in detail in

later chapters.
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CHAPTER 3
COPPER(II) AND COPPER(I) COMPLEXES OF THIOPHENOPHANE LIGANDS

AND 2,5-BIS(2-HYDROXYETHYLTHIOMETHYL) THIPHENE
Abstract:

Synthesis and properties of 15 copper(Il) and copper(I) complexes of thiopheno-
phane ligands and of one open-chain ligand, 2,5-bis(2-hydroxyethylthiomethyl)-
thiophene, are described. The molecular structures of seven of the compounds are
presented and spectral detai!s (ir, electronic, esr) are interpreted in the light of these
structures. The redox properﬁes of the complexes have been examined by cyclic vol-
tammetry and the effect of solvent on the electrochemistry of some of these com-

plexes is discussed and related to their structural and spectroscopic details.
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3.1. Introduction

As discussed previously, thiophenophane ligands show a strong affinity for gauche
placement at C-S bonds in the C-C-S-C unit and anti placement at C-C bonds in the
S-C-C-S unit although exceptions do occur at thiophene-sulfur. This is in contrast to
crown thioethers (1-3), in which all thioether-sulfurs are exocyclic. The differences
between thiophenophane and crown thioethers are expected to be reflected in their
coordinating properties with transition metais. The endocyclic orientation of the

thiophene-sulfur may render an ity to i igat ination of thiophene-

sulfur to transition metals, which is of great importance in the study of catalytic hydro-
desulfurization processes (4).

In chapter 2, synthesis and characterization of thiophenophane ligands have been
described. We now present the preparation, structure and properties of copper(Il) and
copper(I) complexes of these ligands and of 2,5-bis(2-hydroxyethylthiomethyl)

El i ies of these are of particular interest

and will be discussed in conjunction with their X-ray crystal structures.
The ligands described in this chapter are given in Scheme 3-1.
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Scheme 3-1
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3.2, Experimental

Reagents were obtained from the Aldrich Chemical Co. or from Morton Thiokol
Alfa Products Inc. and were used without further purification except those for conduc-
tivity measurements. Infrared spectra were recorded as nujol mulls on a Perkin-Elmer
283 spectrophotometer and electronic spectra both in solution and in the solid state
were obtained using a Cary 17 UV/visible spectrophotometer. Conductivities were
measured at 25°C using a cell calibrated with standard potassium chloride solution
(0.1 M KCI). Magnetic data were obtained at room temperature by the Faraday
method using Hg[Co(NCS),] as calibrant. The susceptibility data were corrected for
diamagnetism using Pascal’s constants. A value of 60 x 106 cgs units per mole of

copper atoms was used as a correction for

(TIP) where such a term appears in the calculations (5). Esr spectra of polyerystalline
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samples and of dichloromethane solutions were recorded at room temperature and
77K on a Bruker ESP-300 X-band a1 ~95GHz. E ical meas-

urements were carried out under a dry nitrogen atmosphere at room temperature.

3

Solution concentrations were ~10"> M in complex and 0.1 M in supporting electrolyte

TEAP). Cyclic were recorded on
a BAS CV27 Voltammograph and a Houston 2000-Omnigraph X-Y recorder using a
glassy carbon working electrode, a platinum counter electrode and an aqueous
saturated calomel reference electrode. Junction potential corrections were not used.
X-ray diffraction dzia were collected using an Enraf Nonius CAD4 or Picker

Analyses were by Canadian Mi ical Service Ltd.

Melting points were measured on a Fisher-John's melting point apparatus and are

uncorrected.

Synthesis of thiophenophane ligands (Scheme 3-1) has been described in Chapier

2. The ligands have been ized by i i and some by X-ray
methods. The acyclic analog, 2,5-bis(2-hydroxyethylthiomethyl)thiophene, was
prepared by the procedure described below.

32.1.2,5-Bis(2-

Sodium metal (2.3 g, 0.1 mol) was dissolved in 300 ml of commercial absolute
ethanol under a dry nitrogen To the solution, 2 (188,

0.1 mol) was added cautiously and the mixture was heated to reflux for about 10
minutes. A solution of 2,5-bis(chloromethyl)thiophene (9.1 g, 0.05 mol) in 150 ml of
absolute ethanol was added dropwise to the refluxing solution over 2-3 hours. After
addition the reaction mixture was refluxed for another 2 hours. Volatiles were

removed on a rotary evaporator and the residue was taken up with chloroform,
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washed with water several times and dried over anhydrous CaCly. Upon filtration,
chloroform was removed to give a thick liquid, which was kept at -20°C overnight to
give white crystals. The solid was collected by filtration, washed with a small portion of
cold ethanol and then diethyl ether and dried in air. Yield 10g (76.3%). M.p.=34-36°C.
Ir: 3360 cm‘l, a strong band due to OH stretching vibration. Mass spectrum: parent
ion 264 for [C10H1602S3]+, Nmr (CDCl3. ppm from TMS int. std., assignments
from 138-11-! heteronuclear correlation and attached proton test, position

identification from the following structure):

a o
s 2l NPy

c4 [s S s ]c4‘
Ho—¢cs'

C5-0H
Le

L-¢: 1416, C1-C1; 1259, C2-C2'; 605, C5-CS*; 343, CHC4'; 307, C3-C3". 'H:

673 (s, 2H), C2-C2"; 387 (s, 4H), C3-C3'; 3.6 (quartet, Jyy py=6.12 Hz, Iy
=607 Hz, 4H), C5-C5"; 285 (1, 3Ty ;=595 Hz, 2H), OH; 260 (1, 3Jpy =619

Hz, 4H), C4-C4",



322. [CII(LI)Z]C|04 and [Cu(Ll)z]BF4

Method A. Solutions of L1 (300 mg, 1.14 mmol) in 5 ml of CH,CL, and of
Cu(C104)Z'6H20 (185 mg, 0.50 mmol) in acetonitrile/absolute ethanol (1:1, 15 ml)
were mixed. The resulting deep green solution was filtered and left to stand in a
loosely covered 100 ml beaker for a week. Pale yellow crystals that formed were col-
lected by filtration, washed with CH2C|2 and diethyl ether, and dried in air. Yield 175
mg (51%). Caution must be taken when handling perchlorate salt since those of
thioether metal complexes are potentially explosive.

Method B. Cuprous chloride (25 mg, 0.25 mmol) was dissolved in 10 ml of
acetonitrile and a solution of AgCIO; (52 mg, 0.25 mmol) in S ml of the same solvent
was added. The mixture was stirred for about 15 minutes and then filtered. To the
filtrate was added a solution of L1 (131 mg, 0.50 mmol) in 5 ml of CHZCIZ. The mixed
solutions were left to evaporate slowly until pale yellow crystals deposited. The iso-
lated product was identical to that obtained by Method A as shown by ir, m.p. and
chemical analysis. Yield 125 mg (73%).

Preparations of [C\J(LI}Z]BF4 are analogous to those for the perchlorate salt, but
the yield by Method A is low. By Method B, the yield is 68%.

32.3. [CuCly'L1], and [CuCLL3],

Solutions of C\xClz-ZHzO (42.6mg, 0.25 mmol) in 10 ml of acetonitrile and of L1
(80 mg, 0.30 mmol) in 5 ml of CHZCI2 were mixed and the deep green solution was
filtered quickly. The filtrate was left to evaporate slowly until dark green crystals
deposited. The crystals were collected by filtration, washed with acetonitrile and
CH,Cl, and dried in air. Yield 76 mg (76%).
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A similar procedure to that above was followed using OACIZZHZO (42.6 mg,
0.025 mmol) in THF (10 ml) and L3 (84 mg, 0.25 mmol) in the same solvent (5 ml) to
give greenish brown crystals. Yield 95 mg (829%). Replacement of THF by acetonitrile,
ethanol and their 1:1 mixture (v:v) afforded badly twinned greenish brown crystals that
were unsuitable for X-ray studies.
324.[Cu,Cly(L9),],

Solutions of LS5 (123 mg, 0.5mmol) in 10 ml of THF and CuCIz-2H20 (85 mg, 0.5
mmol) in 10 ml of the same solvent were mixed. The resulting reddish brown solution
was filtered and the filtrate were left to evaporate until reddish brown crystals were
deposited. The crystals were separated, washed with diethyl ether and dried in air.
Yield 127 mg (70%).

32.5. [(CuCLy),'L] (L=L2, L7 and L8)

P jons of these three are to that for [CuClyL3], in
THEF. Yields for the three compounds are 88%, 74% and 82%, respectively. Attenipts
1o obtain crystals for these three compounds suitable for X-ray structural studies failed
due to the formation of badly twinned crystals.

32.6. (CnClz'Lﬂ.

Solutions of QICIZZHZO (85 mg, 0.5 mmol) in 10 mi of acetonc and of L9 (160
mg, 0.6 mmol) in the same solvent (10 ml) were mixed. The resulting deep green solu-
tion was left to evaporate slowly until greenish brown crystals were deposited. The
crystals were collected by filtration, washed with acetone and dried in vacuum to
afford 145 mg (73%) of polymeric complex. The compound decomposes upon pro-

longed storage at room temperature.
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327. [(CuClyL], (L=12, L3, L7 and L8)
Cuprous chloride (25 mg, 0.25 mmol) was dissolved in 15 ml of acetonitrile and

the appropriate number of moles of ligand in 5 ml of CH,Cl, wes added. The solution

was left to evaporate until off-white crystals were deposited. The product was col-

lected by filtration, washcd with acetone and dried in vacuum. Yield 70-88%.

328. [(CuBr)yL], (L=12and L7)

A procedure similar to that above was followed using the appropriate ligand (0.3
mmol) and CuBrS(CH,), (103 mg, 0.5 mmol) instead of cuprous chloride. Two
copper(l) complexes, [(CuBr),12], and [(CuBr)2~L7]n. were isolated as white crys-
tals in 79% and 87% yields, respectively.

3.3. Results and discussion

Allisolated copper complexes and their analytical data are given in Table 3-1. In
view of their structural differences, they will be discussed separately.
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Table 3-1:  Analytical and physical data for Cu(II)/Cu(I) complexes of thiopheno-

phane ligands and 2,5-bis(2

Complex Color e H(%) M(%) CU%)  MP.(O)
[CuClyL1], dark green 3040(024) 356(3.56) 16.1(160) 18.04(17.88) 132-1354**
[Cu(L1),jciO,  pale yeliow 3480(3490)  410(4.10)  9.05(9.24) - 1701754
[Cu(L1),]BF, pale yellow 3470(35.56)  4.25(4.18) 1671704
[(CuCl),L2]  darkgreen 2456(2435) 343(3.07) 208(2L5)  23.55(23.98) 130-135d
[(Cuch, 2], off-white 21.99(2767)  357(3.48) 180-1850
((CuBr),;L2),  white 2437(2363)  309(3.00) - - 1871914
[Cuct,L3], dark green 33.05(3312)  426(4.28) - 1231254
(CuChy L3}, white 2038(29.19) 3MBE77) 240(238) 1317(1327) 225-228
{[Cu,CLes),l

(CHgO)gs},  brown 3431(3464)  412423) 158(167)  1356(1395) 139-1424
[(CuCL)L7]  darkgreen 2933(2851) 316(299) 184(189)  2129(21.06) 140-143d
[(CuCi)y L7}, ‘white 3218(3187) 344(335) 19.8(2L1) 123(11.8) 1972024
[(CuBr), L), white 28.16(27.77) 292(292) 178(184) 2389(23.11) 179-184d
[(CuCl),L8],  darkgreen 3162(079) 345(351) 17.6(181)  19.46(022) 140-1454
[(CuC),'L8) ‘white 3397(427) 381(384) 19.6(202) 1093(1124) 203207
[Cucl, L9}, brownishgreen  3027(30.09)  409(4.04) 157(159)  17.83(17.78) 113-115
* Found (calculated)

** decomposition
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3.3.1. Bis-Ligand Complexes
3.3.1.1 Preparation

The bis-ligand copper(1) complexes [Cu(L1),]CIO,, and [Cu(L1),JBF,, in which

L1 acts as a bidentate ligand, were isolated when attempts were made to prepare the

copper(Il) Both can be also obtained by reac-
tion of copper(I) perchlorate or tetrafluoroborate in acetonitrile. Products obtained by
the two different methods are shown to be identical by ir, melting point and analytical
data.

Itis interesting to note that copper(Il) undergoes reduction in the presence of L1
in CH3CN and its mixtures with CHZCIZ, CHSOH, or CZHSOHA As a result,
[Cu(Ll)2]+ was isolated instead of the corresponding copper(II) complex. The com-
plex [0I(L1)2|+ is stable under aerobic and anaerobic conditions, which confirms the
stability of [Cu(Ll)Z]* towards oxidation by atmospheric oxygen. Similar results have
been reported for Cu(ll)-[nJaneS4 (n=12,13 and 14) systems (6-7). It seems that the
copper(I) state is sufficiently stabilized by L1 so that no copper(II) compound is iso-
lated in the absence of strongly coordinating anionic ligands such as CI". The forma-
tion of a bis-ligand complex suggests that the cavity of L1 is not suitable to accommo-
date copper(1I) coplanar with all four thioether sulfur atoms.

Other macrocyclic thiophenophane ligands have also been investigated for their
complexing properties with Cu(II) in the absence of coordinating anions. In a mixture

of itrile and Cu(I1) in the presence of these

ligands as can be seen by the disappearance of the dark green color of Cu(II) from

the solution. However, from the solution, no pure compounds were isolated.



Cu-5(2) 2.359(3) $(2)-Cu-5(3) 92.84(9)
Cu-5(3) 2.307(3) S(2)-Cu-5(2") 109.19(9)
Cu-5(2') 2.392(3) S(2)-"1-5(3") 105.22(9)
Cu-n(3')  2.30L(3) S(3)-Cu-s(2") 103.76(9

S(3)-Cu-S(3') 150.3(1)

S(2")-Cu-S(3"1  22.-3(¥s

Figure 3-1. ORTEP drawing of [Cu(Ll)z] * and selected
bond lengths (A) and angles (degrees). The primes only

represent the positions of atoms in the macrocycle.
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33.1.2. Structure of [Cu(L1),] *

To explain the observations above and to study the conformational change of L1
upon coordination, the molecular structure of [Cu(L1),]ClO,, has been determined by
X-ray crystallography. The ORTEP drawing and selected bond lengths and angles are
given in Figure 3-1.

As discussed before, the free ligand (Figure 2-1) consists of a puckered
polythioether chain extending in space at about 60° to the plane defined by the
thiophene ring. The shape of the cavity of L1 is roughly triangular with an $2-84 dis-
tance of 6.662 A representing the base and an S1-S3 distance of 4.579 A representing
the height of the triangle. If we count thiophene-sulfur as a potential donor atom, the
shape of the cavity of L1 is irregular. It has been shown by Rorabacher and coworkers
(8) that macrocyclic tetrathioethers should have a cavity of 4.61 x 4.61 A, which is the
minimum that will accommodate Cu(II) coplanar with the four sulfur atoms. L1 fails
to perform as a macrocyclic ligand not because of the size of its cavity but because the
cavity is blocked by hydrogens on C6, C7, C8 and C9. The rigidity of the thiophene
ring and its substituents in the 2 and 5 positions is also responsible for the ligand’s ina-
bility to use all four sulfur atoms in one complex molecule. In the solid state of L1, all
three thioether sulfur atoms are exocyclic, but the thiophene-sulfur is endocyclic.
Therefore, it is impossible for L1 to be a polydentate ligand unless some conforma-
tional changes occur.

In (Cu(L1)2]+ (Figure 3-1), conformational change has occurred that m.ainly
involves inversion of S3 and C8 of the free ligand (Figure 2-1, p74). The copper atom
is coordinated by two pairs of thioether sulfurs, each pair lying in a separate ligand

molecule, so that coordination geometry about copper is distorted tetrahedral. When
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two coordinated sulfurs are in the same ligand molecule, the S-Cu-S angle is
compressed to ~92° as is often found in 5-membered chelate complexes (9-10). When
the sulfur atoms are in different ligand molecules, the S-Cu-S angles are close to the
tetrahedral values except for one (S3-Cu-S3°) which has opened to ~150° due to the
crowding of hydrogens on C8, C8°, C9 and C9°. The Cu-S bond lengths vary between
2301 and 2.392 A with an average length of 2.340 A. These fall in the range found for
[Cu([lS]aneSS)]+ (from 2.243 to 2.338 A with an average 2.286 A) (8) and for
[Cu(3,6-dithiooctane)] ™ (from 2.280 to 2.338 A with an average of 2.286 A) (9). Upon
coordination to copper, there are no major changes in bond lengths in L1 and the
greatest changes in bond angles are those associated with conformational change as
mentioned earlier. The failure of L1 to use all of its coordination sites can be com-
pared with that of [14JaneS4 in [Cu([14]anes4)],"* (11), in which only three sulfur
atoms are used because of the strain that would be introduced if all sulfur atoms coor-
dinated to one copper atom or in [(HgCl,),[14]aneS4] (12), in which only two sulfur
atoms are coordinated to mercury due to the presence of the coordinating anion CI".
The simultaneous use of all three thioether sulfur atoms of L1 is precluded by the exo-
cyclic orientation of their non-bonding electron pairs and by the rigidity of the C10-
thiophene-C5 portion of the ligand molecule, which locks the third thioether sulfur
into a position that is inappropriate for bond formation to the metal.

Examination of the conformation of coordinated L1 indicates that the endocyclic
orientation of the thiophene-sulfur remains although conformational changes have
occurred in other parts of the molecule. The Cu-S(thiophene) distance is 3.315 A
which is significantly longer than the sum of the van der Waals’ radii (3.20 A) (13). By
comparison with [9]aneS3 in [Cu([9]aneS3)2]+ (11) and [14]aneS4 in
[Cu([14]aneS4)]n“+ (11), it is likely that the rigidity of the thiophene subunit and its
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substituents in the 2 and 5 positions prevents L1 from occupying three basal sites of
Cu(I). Therefore, L1 coordinates to Cu(I) as a bidentate ligand instead of a tridentate
one.

3.3.1.3. Ir Spectra

The ir spectrum of [Cu(Ll)Z]ClO4 shows a very strong band at 1075 cm'1 and a
strong band at 617 cm'l, indicating an ionic perchlorate anion. In the spectrum of the
tetrafluoroborate salt, those two bands have vanished and are replaced by the charac-
teristic absorption bands of uncoordinated BF," arion at 1050 em! and 521 em’L,
Attempts to characterize the complexes by nmr methods failed due to the fact that
both complexes are insoluble in many organic solvents and are easily oxidized in DMF

and DMSO.
3.3.14. Electrochemistry

Cyclic voltammetry of [Cu(LI)z]ClO4 in DMF shows a single quasi-reversible
redox wave (Figure 3-2) assc-iated with a Cu(I)/Cu(II) process with E, /Z=150 mVvs.
SCE and AEp=170 mV at a scan rate of 50 mV/s. The potential of the
ferrocenium/ferrocene couple relative to the SCE was checked periodically under the
same conditions and was observed to be constant at 400 mV. No redox activity has

been detected for the free ligand in the range of -1.50 V to +0.80 V vs. SCE. In com-

parison with other copper with open-chain and
ligands (14), the low value of E, n suggests that stabilization of Qlkl) relative to
Cu(II) by L1 is less effective than that achieved by either open-chain or macrocyclic
tetrathioether ligands, in which all four thioether sulfur atoms bonded to the metal
center are in the same ligand molecule. It also seems that solvent plays a very impor-

tant role in the electrochemical behavior of the complex. This kind of electrochemical



solvent effect is not well recognized and will be discussed in more detail later in this
chapter.

10 080 060 040 020 00 -0.20
wvolts

Figure 3-2. Cyclic voltammogram of [Cu(Ll)Z]CIO‘ in DMF
(~103 M, 0.1 M TEAP, glassy carbon working electrode, platinum

wire counter electrode, SCE reference electrode) at a scan rate of 50 mV/s.



-95.

3.3.2. Binuclear Copper(II) Complexes of L1 and L3

As noted in the discussion above, copper(1) is stabilized sufficiently by L1 that
the corresponding copper(Il) complex can not be isolated in the absence of coordinat-
ing anions such as CI” nor can it be isolated in alcoholic or other easily oxidized sol-
vents. It is of interest therefore to examine the coordinating behavior of L1 to
copper(1l) in the presence of the coordinating anion CI”. In addition, the cavity of the
macrocycle in L3 can be increased by lengtheaing the aliphatic chain and the number
of sulfur donor atoms. The increased flexibility that results may lead to some changes
in the structural and physical properties of the copper(IT) complexes. With this in
mind, [CuClyL1], and [CuCl,'L3], have been prepared and studied by spectroscopic,
electrochemical und X-ray methods.
3.3.2.1. Prepara:ion

Complex [OICIZ~L1]2 was prepared from the reaction of L1 with copper(Il)
dichloride in an acetonitrile/dichloromethane mixture while [CuClLyL3], was isolated
from THF. Changing the solvent often produces badly twinned crystals and prolonged
storage of either complex in solution with alcoholic or other easily oxidized com-
ponents leads to the reduction of Cu(II) to Cu(I). This demonstrates again the stabili-
zation of Cu(l) relative to Cu(II) by macrocyclic soft donor ligands and the high
affinity of thioether sulfur for Cu(I).
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Cu-C1(1)  2.234(3) CL(1)-Cu-C1(2)  96.29(12)
Cu-C1(2)  2.321(3) Cl(1)-Cu-C1(2') 100.89(11)
Cu-C1(2") 2.702(3) CL(1)-Cu-S(2)  170.04(12)
Cu-S(1) 3.014(4) CL(1)=Cu=5(3) 91.25(12)
Cu-5(2) 2.349(3) C1(2)-Cu-C1(2") 93.13(10)
Cu-5(3) 2.358(3)  C1(2)-Cu-S(2) 84.29(12)
C1(2)-Cu-S(3) 172.46(12)
C1(2')-Cu-S(2)  88.99(11)
C1(2")-Cu-S(3)  85.43(10)
S(2)-Cu-s(3) 88.28(12}
Cu=-C1(2)~Cu" 86.87(10)

Figure 3-3, ORTEP drawing of [Cnclz-l.l]z and selected
bond lengths (A) and angles (degrees). The primed and unprimed
atoms are related by a symmetry center.
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3.322. Structures

‘The ORTEP drawing of [CuCl,'L1], is shown in Figure 3-3. It is clear that the
conformation of L1 in [CuClyL1], resembles that in [Cu(Ll)Z]* (Figure 3-1). The

change upon ination to copper(II) mainly involves inversion at
S3 and C8 of the free ligand and the ientation of thi lfur is

retained.
The complex [CuCly'L1], has two identical copper centers, each of which is sur-
rounded by two chlorine-bridges to the other copper atom. One of these bridge-

chlorines occupies a position on the tetragonal axis of a copper atom while the other

one is in an eq ial site. The ining three eq ial sites are taken by a termi-
nal chlorine and two adjacent thioether sulfur atoms from L1. The molecule is cen-
trosymmetric and thus the two terminal Cu-Cl bonds project on opposite sides of the
Cu,Cl, plane and the same is true for the macrocyclic ligands. All but one of the bond
angles at Cu deviate less than 10° from ideal values with the largest deviation being
10.89° at C(1)-Cu-CI(2"). Each copper atom lies 0.09 A above the least-squares plane
of the four nearest neighbours. The axial bridging Cu-Cl distance is 2.702(3) Aand
equatorial bridging Cu-Cl distanc= is 2.321(3) A while the terminal Cu-Cl bor1 length
is only 2.234(3) A. Angles at the chlorine bridgeheads are 86.87(10)° and the Cu-Cu
distance is 3464(7) A. Corresponding distances and angles in the open chain chelate
[CuCL(BBTE)], (BBTE=BuSCH,CH,SBu) (15) are 2.825(2) (axial), 2.266(2)
(equatorial) and 2.242 A (terminal) while the chlorine bridgehead angle is 94.22(5)°
and the Cu-Cu distance is 3.749(2) A.

The structure of [CuClyL1], can be compared with that of a fragment of anhy-

drous cupric chloride consisting of two copper centers and four chlorines from two
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adjacent bands in the band structure of anhydrous cupric chloride (16). In that struc-
ture, each copper atom is coordinated by four chlorines at 2.30 A in a two-dimentional

[CuClz] 5 band and by two more chlorines from adjacent bands at a distance of 2.95 A

to give a distorted ination sphere. In [CuClyL1],, the
bridge angles at Cl are close to 90° as at the inter-band bridgehead in cupric chloride
and the bridging equatorial Cu-Cl distance is within 0.02 A of the corresponding
length in cupric chloride. The terminal Cu-Cl bond length of 2.23 A is shorter than the
230 A found in cupric chloride due to the fact that the bond is terminal in
[CuClyL1], while it is bridging in cupric chloride. The axial Cu-Cl bond length of 2.70
Ain [CuCly'L1], is shorter than the 2.95 A found in cupric chloride because of the
absence of the trans-influence of a second Cl on the tetragonal axis of [CuClyL1],.
The Cu-S distances in [CuClz-Lll2 are 2.349(3) and 2.358(3) A, which fall in the
range of 2.289-2.398 A found in [Cu((1SlaneS$)2* (10). In comparison with the
corresponding copper(I) complex [Cu(Ll)Z]+ (Cu-S bond lengths in the range of
2.301-2.392 A). the similar bond lengths demonstrate the higher affinity of thioether
sulfur for low oxidation state copper. Interestingly, the thiophene-sulfur of L1 is found
to coordinate to copper(Il) on the tetragonal axis of [CuCly'L1], with a bond length of
3.014(4) A which is reasonably close to that expected (2.98 A) and significantly shorter
than 320 A, which is the sum of the van der Waals’ radii (13). Thiophene-sulfur coor-
dination is rather rare although examples with iron (17), ruthenium (18), silver (19)
and copper(l) (20) are known. To our knowledge, the present example is the first
involving copper(Il). The observed Cu-S(thiophene) distance of 3.014(4) A in
[QxC]Z-Ll}Z falls in the range 2.96-3.16 A as expected from recent studies of iron (17),
silver (19) and copper(I) (20) thiophene complexes. It should be noted that the angles
Cu-§(1)-C(1) and Cu-S(1)-C(4) are 136.8(4)° and 90.87(8)°, respectively, which
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reveals that the bonding between copper(II) and thiophene-sulfur is asymmetric and
strained. Spectroscopic evidence (vide infra) supports the conclusion that the
thiophene-sulfur in [CuClyL1], is coordinated to copper(Il). Thus, the coordination
geometry about copper centers in (CuClz-Lllz is best regarded as distorted
octahedral.

By comparing with [Cu(L1),] ¥, it seems that the cavity of L1 is large enough for
it to occupy one face of a distorted octahedron and it coordinates to copper(II) as a
tridentate ligand instead of a bidentate one. Since the thiophene subunit is incor-

porated into the 1 i Iy ination to copper(ll) may be

caused more by constraints imposed by the rigidity of the macrocyclic ring than by its
intrinsic capacity to bind copper(II). When S2 and S3 coordinate to copper(Il) at two
equatorial positions, the endodentate orientation of thiophene-sulfur makes it possible
to interact with the copper atom at its axial site without significant conformational
change in the ligand molecule. From this point of view, it can be expected that L1 will
also coordinate to other transition metals in a similar way.

In comparison with L1, the cavity of L3 is larger (4.8 x 8.0 A) with all sulfur
atoms exocyclic. Although the shape of the cavity of L3 is similar to that of [14]aneS4
(1), the rigidity of the thiophene subunit and its two substituents keeps S2 and S5 well
separated. Therefore, unlike [14]arcS4 the cavity of L3 is not suitable for chelate for-
mation at least in the solid state conformation. Furthermore, in the solid state confor-
mation, the cavity of L3 is shielded by hydrogen atoms in the aliphatic chain, which

prevents the approach of the metal ion.



Cu-C1(1)  2.265(4) C1(1)=-Cu-C1(2)  98.17(16)
Cu-C1(2)  2.277(4) C1(1)-Cu-C1(2") 101.69(15)
Cu=C1(2') 2.661(4) C1(1)~Cu-5(2)  84.50(16)
Cu-5(2) 2.355(5) C1(1)=-Cu-5(3)  153.12(17)
Cu~s(3) 2.358(4) C1(2)~Cu-C1(2') 89.06(14)

C1(2)=-Cu-s(2)  177.29(17)
C1(2)-Cu-$(3)  94.71(16)
C1(2')-Cu-5(2)  90.80(14)
C1(2')~Cu-S(3) 102.01(15)
§(2)-Cu-5(3) 82.67(15)
Cu=C1(2)-Cu’ 90.94(14)

Figure 3-4. ORTEP drawing of [CuCIz'l..‘!]2 and selected
bond lengths (A) and angles (degrees). The primed and unprimed

atoms are related by a symmetry center.
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The ORTEP drawing of [CuCI2~L3]2 and selected bond lengths and angles are
shown in Figure 3-4. The molecule is dimeric and its coordination geometry is some-
what different from that of [CuCl,L1),. Additional atoms in the macrocycle make it
possible for the thiophene-sulfur to be further away from the copper in [CuCly L3,
(3307(9) A) than in [CuClyL1], (3.014(4) A). In fact, the Cu-S (thiophene) distance
0f 3.307(9) A is too large for the two atoms to be considered bonded. The Cu-Cl bond
distance trans to thiophene-sulfur is shorter in [CuClyL3], than in [CuCXz'Lllz. The
geometry about each copper atom in [CuClz-L'i]2 is approximately square pyramidal.
The dimeric molecule is also centrosymmetric and each copper lies 0.42 A out of the
least squares plane defined by Cl1, CI2°, S2 and S3. The reduced crowding near
copper that results from the retreat of the thiophene-sulfur makes it possible for both
S3 and CI1 to swing down about 12° below the basal plane of an idealized square
pyramid. If viewed as a trigonal bipyramid, the angles at copper between axial and
equatorial positions deviate less than 10° from the ideal 90° but the angles within the
equatorial plane are the sites of distortion. They have values of 101.69(15)°,
102.01(15)° and 153.12(17)° and it is readily apparent that the first two arise from ~
12° distortion from the ideal value for a square pyramid. Apparently, the preferred
geometry about copper for this SZCI3 donor set is trigonal bipyramidal because in the
presence of thiophene-sulfur coordination and steric crowding in [CuClyL1],, the
corresponding $,Cly donor set adopts a square pyramidal geometry. As crowding
decreases in [CuClyL3], the square pyramidal structure distorts towards t igonal
bipyramidal. Thus the structure of [(,\ACI2<I.3]2 is probably better regarded as a
slightly distorted square pyramid than as a grossly distorted trigonal bipyramid.

The Cu-S(thioether) distances in [CuCLyL3], are 2.355(5) and 2358(4) A and
the Cu-Cl distances are 2.661(4) (bridging), 2.277(4) (bridging) and 2.265(4)
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(terminal). These are very similar to those found in [CuClyL1], Angles at the

chlorine bri are 90.94(14)° to 86.87(10)° in [CuCIz-Lll2 and the
Cu-Cu distance is 3.530(4) A compared to 3.464(7) A.

Despite the slight change in geometry, the sum of the two Cu-S(thioether) and
three Cu-Cl bond lengths for the three complexes listed in Table 3-2 is virtually con-
stant (the difference is less than 0.1 A) if the geometry around copper in [CuCly L1},
is regarded as a five coordinated square pyramid, This observation is in accordance
with the conclusion drawn by Gazo and coworkers (21) that the sum of all coordinate
bond lengths is a constant for any series of Cu(II) complexes having the same donor
set regardless of the nature of the ligand in which the donor atoms are incorporated
(e.g. oxygen in H,0, OH', NO5', CIOy, etc.). For [CuClyL1], and [CuCly13)., the
average of the sums of Cu-S(thioether) and Cu-Cl bond distances is 11.940 A. Accord-
ing to the general correlation above, the sum of Cu-S(thiophene) (van der Waals'
radii, 3.20 A), Cu-S(thioether) and Cu-Cl bond lengths is expected to be 15.14 A for
both complexes. For [CuCl,L1],, the observed value 14.978 A is within the range of
that expected. For [CuCly'L3],, the observed value 15.223 Ais larger than 15.14 A and

it is better to consider [C\xClZ-L‘S]z as a five- rather than six-coordinated complex.
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Table 3-22  Comparison of structural parameters for binuclear Cu(II) complexes of

thioether ligands.
Complex Bond Distance(A) E Cu-X(A)*** Further remarks Reference
[CuCly (BTTE)}, CuCI(1) ~2242(2) 12010 Cuiseither (15)
CuCl(2)  2266(2) square pyramidal
CuCl(2’)  2825(2) with a bridging Cl as
Cus(l)  2369(2) apical ligand or
Cus(@2) 23082 trigonal bipyramidal
apical Cland S
(CuCly L1, cuCi(l)  2234(3) 1194  Cuis cither square this
cuCl(2)  2321(3) (14978)  pyramidal with a weak  work
CuCl2’) 2702(3) Cu-S (thiophene)
CuS(1)  3014(4)° interaction or octahedral
Cus(2)  2349(3) vith a weak Cu-S
Cus@3)  2358(3) (thiophene) bond
{CuClyL3), CuCl(l)  2265(4) 11916 Cu-S (thiophene) this
CuCl2)  2277(4) (15223)  distance is too long work
CuCl(2’)  2661(4) to be considered a
Cus(1)  33079)°* bond, Cu is cither
Cus(2)  2355(4) distorted square pyramidal
Cus@)  2358(4) or grossly distorted

trigonal bipyramidal

* The sum of the van der Waals radi is 3204
+* Cu-S (thiophene) distance is too long to be considered as a coordinate bond.

%+ £ CuX (A): the sum of Cu-Cl and Cu-S bond lengths.
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3.3.2.3. Ir Spectra

The ir spectra of both complexes exhibited strong bands at ~ 300 and 250 cm".
which are absent from the spectra of the free ligands and the analogous copper(l)
complexes. In comparison with [QxCl3]22', which has ir active Cu-Cl stretching modes
at 236 and 193 em™! due to the double chlorine bridge and 300 and 278 em™! due to
the terminal Cu-Cl stretching vibrations (22), the higher energy, more intense bands
near 300 cm'1 in the spectra of both complexes are tentatively assigned to terminal
Cu-Cl stretching vibrations and those near 250 em™! are also assigned to Cu-Cl
stretching modes but specific assignment to a terminal or bridging Cu-Cl vibration is
more problematical and has not been attempted.

3324, ic Spectra and C

The electronic spectral data are listed in Table 3-3. Detailed assignments of those
absorption bands are mainly based on the literature data for [L\l()lz.B’l'I‘E]2 (23), in
which each copper has a distorted square pyramidal CuSZCl3 unit and two copper(Il)
centers are connected by two bridging chlorines as in [QIClz.LI]2 and [CuCIZ.Ulz.
The lowest energy band in the spectra of both complexes is basically an envelope of
unresolved d-d transitions even though #(S)—dg.y2 charge transfer may enhance the
intensity of this absorption. No further absorption bands have been detected up to
2000 nm. By comparison, changing from a distorted octahedral C1153Cl3 chromophore
in [CuCLy L1}y towards a distorted square pyramidal one in [CuCl,L3], or
[CuCL, BTTE]}, has little effect on the charge transfer bands. It does, however, shift
the maximum of the ligand field envelope to longer wavelength. The shift is probably
due to a change in the relative intensity of the unresolved d-d transition bands. The
spectrum of [CuCl,.L1], is largely unaffected by variation of solvent in contrast to the
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noticeable effect of solvent on the ligand field band of [CuCL,L3],,. These observa-

tions support the i i of thi Ifur from the
X-ray study. Thus, in [QnCI.Z,LI]Z, thiophene-sulfur occupies the axial position of the
copper atoms in both the solid state and in solution. The coordination of thiophene-
sulfur to the metal center prevents the approach of a solvent molecule in the axial
position. In [CuClzL‘i]Z. however, thiophene-sulfur is too far away to interact with the
copper atoms in either the solid state or in solution. It is not surprising therefore that
the spectra of [CuCl,.L3], are affected by changes in solvent through coordination of
a solvent molecule at the vacant octahedral site. In this regard, it may be noted that
the shift in wavelength of the ligand field band of [CuCl,.L3], parallels the change in
ligand field strength of the solvent. A strong absorption band at 260 nm due to the
thiophene portion of the organic ligand (thioether bands are expected at 194 and 215
nm) (24) obscures the highest energy Cl—d,.,» LMCT band which should appear in
the same region.

‘When the solvent is DMSO, remarkable changes occur in the ligand field transi-
tion bands for both complexes. Since DMSO is a strong ¢-donor, replacement of one
or more bridging chlorine ligands is possible. In support of this argument, conductivi-
ties of both complexes have been measured in different solvents and are given in Table
3-4. In nitromethane and acetonitrile, [01C12.L1]2 and [CuClz.L3]2 are non-
electrolytes and the binuclear structures appear to remain intact in solution. In
DMSO, however, they are shown to be 1:2 electrolytes by both molar conductivities at

103 M and by Onsager plots (plots of Ao-Ay vs.v/C) (Figure 3-5) (25).
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Table 3-3:  Electronic spectral data and assignments for Cu(II) complexes.
Complex Amax in nanometers (¢) Assignment
Solids CH,Cl,  CHNO, CH,CN  DMF DMSO
[CuClBBTEL,® 800 750(460) d-d transition
570(sh) 7(8)— dey?
8 449(2740) a(S)— dxa,yz
387 363(6380) Clordgy
240 272(3830) Cl—deyp
25 Thioether
[CuCly L1, 650 50(100)  725(170)  T3S(120)  87S(100)  N0(100)  ded tramsition
a0 652(900)  430(h)  4S0B40)  430000)  420(sh)  o(S)—
355 325(2700) 3606h) 3506 31001300) Clodey
29 275(sh) 280(sh) C—day
250(6700) 250(7000) b
[(CuC)z)z'ul 650 725(200) 850(90) 925(120) 940(100) d-d transition
a5 400(640) 456(1200)  430(400) o(s) — et
355 330(sh) 360650)  Cl—dyry
%5 250(23,800) 260(5000) b
[CuclyL3], 700 730(100)  7S0(130)  850(100)  880(%0) d-d transition
450 450(1200)  425(sh)  460(%00)  425(600) o(s) = ety
360 350(2000)  365(1400) 360(sh)  34S(sh) Cl—day
310 300(3200) Cl—dayp
250(6900) 250(7200) b
(cucL), L ™ 900(120)  920(180) d-d transition
47 425(1000)  425(600) o(s) = ety
30 350(sh)  360(sh) d—dgy
265(4700) b
[(CuCL), 18] 650 925(170)  950(200)  d-d transition
460 425(600)  345(sh)  o(s)— A2
350 3[0sh)  W(sh)  Cledag
(3500) b
[CuClLy L9, 650 875(80)  900(80)  d-d transition
450 420(600)  420(100)  o(s)— A2
350 340sh)  BOGsh)  Cledpye
315 Cl-dpy

a. BBTE = BuSCH,CH,SBu (reference 23 ); b. Cl— dy.y2 + thiophene.
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Table 3-4: Ir data for Cu(Il)
Complex y(Cu-Cl)? Solvent e Slope®
[CuClyLil, 310(5),290(sh) MeNO, 188 .
263(s) MeCN 450 -
DMsO 73 350
[(CuCL)y12] 306(5).275(s) MeNO, 150 )
248(m) DMSO 455 75
[Cucly13], 278(vs),251(sh) MeNO, 20 §
248(s) DMSO' 370 =
[(CuCly),L7] 335(m), 362(s) MeNO, 276 5
287(s),275(sh) DMSO' 520 850
[(CuCL,), L8] 330(s),260(w) MeNO. 242 5
Cl? 2 DMSOZ 485 770
[CuCly19), 302(m).292(m) MeNO, <10 2
232(m) DMSO 25 320

a: in cm'l; b: in ohm” L-cm®mol’! at a concentration of 5x 104 M; e (A, AM)/‘/E -
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< + cu(c10,),-6H,0

e [Cucly-Ll],

. ”C"Clz)z"-ll 1:4 electrolytes
i | & lCcucty),y 7]

o [(Cucly), L8]

o (cucty 191

1:2 electrolytes

JT Gnhy

Figure 3-5, Onsager plots for copper(II) complexes of thiophenophane

ligands and 2,5-bis(2-
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100 gouss

Figure 3-6. X-band esr spectrum of [Cuclz-l,l]2

(polycrystalline sample) at room temperature.
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Figure 3-7. Plots of xuT versus T for [(.‘uClz-l.l]z and [CnClz-L)]zA
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Figure 3-8. Plots of xp versus T for [CuCL,'L1],, and [CuCL,L3],,.
2 131
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Table 3-5:  Magnetic and esr data for Cu(II) complexes.

Complex g (BM) gy 3 | By

[cuctyLa), 174 2051Q045%  20472042) 20822077
2176 202 2081

[(CuCl),L2] 173 & = 2085(2086)

[CuCly13), 186 2076176 20372032  2084(2081)

{(Cu,Cly(L),IC4HONy s} 13

[(CuCly),L7) 210

[(CuCL), L8] 17 20762174 2026(2026)  207(2.076)

[CuClyL9], 1

a at77K; b inCH_‘,ClzalTlK.
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3.3.2.5. Magnetic and Esr Properties

Magnetic moments (Table 3-5) were obtained at room temperature (298K). The
values of ey are 1.74 and 1.86 BM for [CuCl,.L1], and [CuCl, L3],, respectively. Esr
spectra of polycrystalline samples of both complexes were obtained at 298K and 77K.
The spectra, an example of which is shown in Figure 3-6, are all similar both in the
solid state and in solution. Both complexes show simple axial spectra (g|; >g| ) with
no resolvable metal hyperfine coupling and no detectable half-field absorption associ-
ated with a AMs=t2 transition. These observations suggest that de.,2 is the singly
occupied orbital of Cu(Il) and are consistent with the structural conclusions that the
coordination geometry about each copper atom in [CuCL[L%]2 is slightly distorted
square pyramidal rather than severely distorted trigonal bipyramidal since a trigonal
bipyramidal complex should display a “reverse axial” spectrum (g >g|) (26-28). The
absence of metal hyperfine splitting is probably related to the distorted coordination
geometry about copper (29, 30) and to the formation of a dim eric structure (31).

Magnetic susceptibility data on powdered samples of the dinuclear complexes
[CuClyL1}, and [CuClyL3], were collected in the range 5-297K. The data were fitted

to the Friedberg izati ining a field correction (32,

33). Plots of either xT versus T (Figure 3-7) or xy versus T (Figure 3-8) clearly indi-
cate the presence of antiferromagnetic interactions that become apparent only at very
low temperatures. From curve fitting, intradimer exchange, -2J (7.4(3) cm'l‘
[CuCly L1}y 20.8(1) el [CuClyL3],), and interdimer exchange, J* (-09(1) e’
[CuC12~L1]2; -0.3(3) cm'l, [CuClLy'L3],) were obtained. Likewise, the g values were
calculated to be 2.066(9) and 2.08(1) for [C\1C12-Ll]2 and [CuCl,Z'LB]Z, respectively.
These values compare well with the average esr g values of 2.077 for [CuCly L1}, and
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2.084 for [Cuc12»m]2. Since the dimers are formed from two square pyramidal mono-
mers linked apex-to-base and apex-to-base (Figures 3-3 and 3-4) and since the par-
tially occupied orbital in each monomer lies in its basal plane, the two magnetically
active orbitals are remote from each other. Therefore, the small intramolecular cou-
pling that is observed is not unexpected.

3.3.2.6. Electrochemistry

All electrochemical results (Table 3-6) were obtained in nitromethane, acetoni-
trile and DMSO solutions which were 0.1 M in supporting electrolyte (TEAP) and ~
10'3 M in metal complex. Cyclic voltammogr: .. of [CuClyL1], and [CuClLyL3], are
given in Figures 3-9 and 3-10. In acetonitrile, no redox activity has been detected for
the two free ligands in the range -1.5 V to +1.0 V vs. SCE. The wave with EI/Z.' 053
V that occurs for acetonitrile solutions of both complexes is due to a reduction of
Cu(IT) to Cu(I). Since conductivity data have shown that both complexes are non-
electrolytes in acetonitrile, [C\nCLZ-Ll]2 and [CuClzL‘i]Z may undergo two one-

electron reductions at the same potential (E1f=E2f) according to the consequence:

Ef Ef
cullon! & culleud 2 culeut
The cathodic and anodic separations for both complexes were 80 mV or more even at
slow scan rates and increased with increasing scan rate, indicating that they are not
truly reversible systems. It should be noted that 42 mV is the value of AEp predicted
for reversible sequential transfer of two electrons in which the two potentials are
identical (34). Furthermore, for a reversible process the cathodic and anodic waves
should be symmetrical and have equal heights. The unsymmetrical cathodic and
anodic waves and deviation of i/i, ratio from unity provide strong evidence for the

irreversibility of the electron transfer processes for [CuClyL1], and [CuClyL3],.
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"
oA
20
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.3

Figure 3-9. Cyclic voltammograms of [CuCl,'L1], in
acetonitrile (~10> M, 0.1 M TEAP, glassy carbon working
electrode, platinum wire counter electrode, SCE reference electrode)

at scan rates: 20, 50, 100,150 and 200 mV/s.
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Figure 3-10. Cyclic voltammograms of [Cnclz-l..l]2 in
acetonitrile (~ ll)'3 M, 0.1 M TEAP, glassy carbon working
electrode, platinum wire counter electrode, SCE reference electrode)

at scan rates: 20, 50, 100, 150 and 200 mV/s.
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Table 3-6:  Electrochemical properties of Cu(II) and Cu(l) complexes of thio-
phenophane ligands and 2,5-bis(2-hydroxyethylthiomethyl)thiophene.

Complex Solvent El n (mV) AEp (mV) Kcon

[CuCLy L1} MeNO, 520 100 -

2 MeCN’ 550 140 -

DMSO 360 140 =

[Cu(L1),]CI0, DMF 150 170 -

[(CuCl,),12] MeNO, 560 120 -
2 MeCN’ 55,535 70,90 132x108

DMSO 310 20 %

[CuCly L3}, MeCN 530 9% &

2k DMSO 310 180 i

[(CuCLy),L7] MeNO, 560 120 -
e MeCN’ 50,535 60, 110 L61x108

DMSO 300 200 =

((CuCy), L8] MeNO, 550 120 -
) MeCN’ 50,525 60, 110 109x 10

DMSO 20 20 s

(CuCLyLY MeNO, 560 100 N

n MeCN’ 520 120 &

DMSO 25 210 =
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The coulometric experiments werc carried out at a constant potential of +0.2V,,
which is more negative than copper(1I) reduction by about 0.3 V. For both complexes,
transfers of two electrons per molecule (n=1.8+0.2) are observed. The large deviation
from 2 may be caused by spontaneous reduction of the complex in acetonitrile. Green
solutions of [CuCl,-L1], and [CuCl,L3}, on constant potential electrolysis (CPE) at
+0.2 V turned colorless and lacked absorbance in the range of 950 to 450 nm, thereby
indicating the absence of any copper(ll) species.

It has been suggested that in order to observe two electron transfer in a single
step, a prerequisite would be to have two adjacent and presumably strongly magneti-
cally coupled copper(Il) centers as in the case of binuclear copper(1l) triketonate
complexes (35). In the case under investigation, however, the two copper(1I) centers in
both complexes are weakly coupled and undergo single step two-electron transfers.
Therefore, the actual electron-transfer behavior of a binuclear copper(Il) complex
does not necessarily depend on the extent of antiferromagnetic intramolecular cou-
pling between the two copper(ll) centers, and there must be some other perhaps sub-
tle factors involved.

The electrochemical behavior of molecules containing two or more chemically
equivalent and reversible redox sites have been the subject of theoretical and experi-

‘mental studies (36-40). In the case of a molecule with two redox active sites, reduction

and the conpr ionation constant, K

con &€ related in the following

way:
£ £
E E,
cullal 2 cllad <2 alo!
K
con
callall + culou! = 2cucul

£
logK o, = (EF - E;)/0.059
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On the basis of the values of the conproportionation constant, it is natural to

divide the twossite systems into three categories (40,41).

(DK,

con=4' This is the totally non-interacting case, in which the oxidation state

of one site is not affected by oxidation state changes of the other. Although the two
sites have the same microscopic redox potential, Elf and Ezf are not equal but are
separated by 35.6 mV due to statistical effects (39, 42).

f

@)K ___<4. Since Elf-Ez <35.6 mV, it would imply that the second electron is

con
easier to add than the first one and therefore the mixed-valence species cull.cul wit
be unstable with respect to disproportionation. In this situation, addition of the first
electron is often followed by some geometrical and chemical changes such as rotation
about a bond (39), bond-breaking (43, 44), protonation or solvation (47). Through one
such process the second site becomes more prone to reduction.

@)K
first (E;-E, >35.6) and the mixed-valence species, Cu'l-Cul is stable. Tris is the

con>4' In this case, the second electron is more difficult to add than the
most common case and has been observed in a number of binuclear copper(II) com-
plexes (46-50).

The fact that [CuCly-L1], and [CuC12~L3)2 are reduced through two one-
electron reductions at the same potential suggests that the mixed-valence species,
CuH-QII, is not stable and will be reduced to a Cul-CuI species as soon as it is pro-
duced. Since the two-electron transfer process is probably accompanied by a stereo-
chemical change from tetragonal copper(I) geometry to distorted tetrahedral
copper(l) geometry, the slow kinetics, as demonstrated by irreversibility in cyclic vol-

tammograms (Figures 3-9 and 3-10), could be explained in terms of ECEC or EEC

hani (with C indicating the chemical ication following the charge
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transfer E) rather than a simple EE mechanism. In the former cases, the activation
barrier to electron transfer is increased by the chemical complication, thereby slowing
down the rate of heterogeneous charge transfer and causing a marked deviation from
pure reversible character of the charge transfer.

Tt should be noted that the electron transfer process in acetonitrile is more rever-
sible for [CuClyL3], than for [CuClyL1},. This may be attributed to the smaller
activation energy barrier to electron transfer for the L3 complex than for the L1 com-
plex. Since both processes presumably lead to essentially similar tetrahedral Cu(l)
geometries, as demonstrated for a variety of thioether ligands, the energy barrier to
this state is apparently lower starting from a distorted square planar copper(Il) state
in [CuClyL3], than from a distorted octahedral one in [CuClyL1],. Thus, electron
transfer is slower for octahedral species than for the square pyramidal species where
an open axial site is involved. Similar conclusions have been drawn by Zubieta and
coworkers (51).

Solvent plays an important role in the electrochemical behavior of these com-
plexes. For both complexes, a strong o-donor solvent DMSO gives lower reversibility
(larger AEp) and reduced E, s, as shown in Figures 3-11 and 3-12. This suggests that
the copper(ll) state is stabilized by solvent ligation to the copper(Il) centers. The
degree to which stabilization occurs is determined by the extent of the saturation of
the coordination sphere and by the donating ability of the solvent. The solvent induced
changes in E;/; and AEp parallel changes in the d-d band shifts and ligand field
strength of the solvent. Working electrode and supporting electrolyte also affect the

electrochemical behavior of these complexes.
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Figure 3-11. Cyclic voltammograms of [CuCl,'L1], in DMSO
(~10 M, 0.1 M TEAP, glassy carbon working electrode,
platinum wire counter electrode, SCE reference electrode)

at scan rates: 100, 200, 300 and 400 mV/s.
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Figure 3-12. Cyclic voltammograms of [CuC12~U]1 in DMSO
(~ 10'3 M, 0.1 M TEAP, glassy carbon working electrode,
platinum wire counter electrode, SCE reference electrode)

at scan rates: 50, 100, 200 and 300 mV/s.
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33.3. Complexes [(CuCLy),"L] (L=12, L7and L8)

Complexes [(CnCIz)z'L] (L=12, L7 and L8) were prepared from the reaction of
CuCly2H,0 and the appropriate ligand in THF. Crystals obtained for these three
complexes were not suitable for X-ray studies and are only sparingly soluble in com-
mon organic solvents. This suggests that they may have polymeric structures. They are
soluble in DMF and DMSO, but they can not be recovered unchanged from these sol-
vents, which indicates that they may decompose due to the strong o-donor character of
both solvents.

The ir spectra (Table 3-4) of [(CuC12)2~L] (L=L2, L7and L8) resemble those of
[CuClyL], (L=L1 and L3). Therefore, they may have very similar chlorine-bridged
structures. The electronic spectra of [(CuCly),L2] both in the solid state and in solu-
tion are analogous to those of [OJCIZ-L] (L=L1 and L3). The lowest energy bands in
the region 650 to 900 nm are basically due to d-d transitions while the higher energy
bauds at about 450 and 350 nm are assigned to o(S) — day2 and o(Cl) - dey
charge transfer transitions, respectively. Due to the low solubility of | [(O.\Clz)z-L'll and
[(CuCLy),18], ization by : in ni is impossi-
ble. The mull spectra of [(CuCly),"L7] and [(CuCl,),L8] are similar to that of
[(CuCly),12]. In DMF and DMSO, the maxima of the d-d envelope shifts to longer

wavelength presumably due to the solvent effect as in cases of [CuCIz-L]2 (L=L1 and
L3). In both solvents, replacement of one or more chlorine ligands is possible as is

by ivif in DMSO (Table 3-4), in which complexes

[(OJCIZ)Z-L] (L=12, L7 and L8) were shown to be 1:4 electrolytes.
Magnetic moments (Table 3-5) were obtained at room temperature (298K). The
values of per are 1.73, 2.10 and 1.71 BM for [(CuClz)zL] (L=L2, L7 and L8), respec-
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tively. Esr spectra of polycrystalline samples of [(01Cl2)2~L] (L=L2 and L8) are simi-
lar to those of [CuClz-L]Z (L=L1 and L3) and show simple axial spectra (g|| >g)
with no resolvable metal hyperfine coupling. These observations suggest that dg.: is
the singly occupied orbital of Cu(Il) and the coordination geometry of each copper in
these complexes is either square pyramidal or octahearal. However, in the absence of
X-ray data any further i ion is largely sp

Cyclic voltammograms of [(CuCI2)2~L] (L=12, L7 and L8) are very similar, one
example of which is shown in Figure 3-13. In acetonitrile, two redox waves were
detected at 0.535 and 0.055 V vs. SCE. Since no X-ray data are available, two struc-
tures must be considered for this complex on the basis of synthetic and spectroscopic
evidence. These are: a symmetrical dimer species or a dinuclear species in which the

two copper centers are i i and are il of each other.

Either of these may be the repeated unit in a polymer or the complex may be
monomeric. Since no redox reactivity has been detected for the free ligand (L2) in the
range -1.5 V and +1.0 V vs. SCE, the very low half potential for the second electron
transfer suggests that the two copper centers are not independent and therefore, the
dicopper(Il) complex is reduced from Cu'-Cu'l to Cul.Cu in two distinct one-
electron charge transfers at 0.535 and 0.055 V vs. SCE. Furthermore, the large separa-
tionin E| n values for the two redox processes reveals the high stability of the mixed-
valence species with respect to conproportionation. The value of K . for
[(CuCIz)z-ll] is 1.30x 108. Similar results were obtained for [(CuCIz)Z'L] (L=L7 and
L8 in the same solvent and values of K are 1.61 x 108 and 1.09 x 108 for both com-

plexes, respectively.
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Volts

Figure 3-13. Cyclic voltammogram of [(Cnclz)z-[z] in
acetonitrile (saturated solution, 0.1 M TEAP, glassy carbon working
electrode, platinum wire counter electrode, SCE reference electrode)

at ascan rate of 50 mV/s.
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Figure 3-14. Cyclic voltammograms of [(CuClz)z-Iz] in
DMSO (-10'3 M, 0.1 M TEAP, glassy carbon working electrode,
platinum wire counter electrode, SCE reference electrode)

at scan rates: 100, 200, 300 and 400 mV/s.
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Substitution of acetonitrile by DMSO causes remarkable changes in the cyclic
voltammograms (Figure 3-14). The two redox waves at 0.535 and 0.055 V vs. SCE van-
ish and the complex [(CuCl,),L2] is reduced at a single potential (0.295 V vs SCE).
The similarity of the half potentials ("fable 3-6) in DMSO for all five complexes dis-
cussed so far is consistent with their similar electronic spectral properties in that sol-
vent (Table 3-3). It is possible that a DMSO solvated copper(II) is produced by ligand

dissociation in all five cases.

33.4. [CuyCly(LS),1

As dis d before, L1 i to Cug(Il) as a tri ligand and to Cu(l)
as a bidentate one depending on the geometrical requirement of the metal center. In
all cases, S3 is important for the formation of a five-membered chelate ring. It is
interesting to study the complexing properties of LS, in which S3 is replaced by an oxy-
gen donor atom.

Complex [C“2C13(]'5)2]n was obtained as reddish brown crystals from the reac-
tion of CuC]2-2H20 with LS in THF. These crystals are insoluble in acetone and
acetonitrile but are soluble in DMSO. The magnetic moment at room temperature is
1.39 BM, which suggests that the compound contains either both oxidation states
(Cu(Il) and Cu(l)) or a strongly antiferromagnetically coupled Cu(II) system. An X-
ray structural study (Figure 3-15) shows that the former is true and the complex is a
polymeric mixed-valence one. Characterization by methods other than X-ray

diffraction is difficult because of the low solubility of the compound.
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Figure 3-15. ORTEP drawing of polymeric [CHZCI3'(L§)2] i

and selected bond lengths (A) and angles (degrees),
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335, [(CuX)y'L], (X=Cl, L=12,13, L7 and L8; X=Br, L=L2 and L7)

Complexes [(CuCl)z-L]n (L=L2, L3, L7 and L8) were prepared from the reac-
tion of cuprous chloride in acetonitrile and the appropriate thiophenophane ligand in
dichloromethane. Complexes [(CuBr),'L], (L=L2 and L7) were prepared similarly
using L2 or L7 and CuBr-S(CHy), instead of cuprous chloride. All these compounds
are air-stable both in solution and in the solid state, suggesting that the Cu(I) state is

strongly stabilized by thiophenophane ligands. Since they all have very low solubility in

many organic solvents, by i ol pic methods is
impossible. The polymeric structures of [(CuCl)z-Lzln (Figure 3-16) and
[(CuBr),'L7),, (Figure 3-17) have been confirmed by X-ray diffraction methods.
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Figure 3-16. ORTEP (showing coordination spheres) and stick model

(showing mode of polymerization) with some bond lengths (A)

and angles (degrees) for [(CnCl)z~L2]n.



Cu-Br  2.579(3) Cu-Br-Cu' 70.48(9)
Cu-Br'  2.483(3) Br-Cu-Br’  109.52(11)
Cu-s 2.291(3) Br-Cu-§ 99.77(10)
Cu-s'  2.291(3) Br-Cu-s' 105.21(11)
Cu-Cu  2.928(5) Br'=Cu-S 99.77(10)
Br'-Cu-s'  105.21(11)
5-Cu-s' 135.51(18)

Figure 3-17. ORTEP (showing coordination spheres) and stick model
(showing mode of polymerization) with some bond lengths (A)

and angles (degrees) for [(CnBr)z-lﬂ]n.
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336 [CuCly19],

During studies of the macrocyclic thiophenophane ligands it was found advanta-
geous to examine the coordination chemistry of some related acyclic ligands. Here,

synthesis and ch ization of 2,5-bis(2- i i (L9) and

its copper(IT) complex [CuClyL9] are described.

3.3.6.1. Preparation

L9 was prepared from the reaction of 2,5-bis(chloromethyl)thiophene and 2-
mercaptoethanol in basic medium. Reaction of L9 with copper(1l) dichloride dihy-
drate in acetone produces greenish brown crystals suitable for X-ray study. These crys-
tals are insoluble in acetone, acetonitrile and methanol suggesting that the compound
is polymeric as confirmed by X-ray diffraction methods (Figure 3-18). The compound
is soluble in DMF and DMSO, but it cannot be recovered unchanged from the solu-
tion, which indicates that it may decompose in DMF and DMSO due to the strong o-

donor character of both solvents.

3.3.62. Ir spectra

The ir spectrum of [CuCL,'L9], (nujol mull) exhibits strong bands at 295-305
em! and 215-240 cm'l, which are absent from the spectrum of the free ligand. As for
[CuCI2~Ll]2 and [CuCIz'L"a]Z the higher energy bands near 300 em ! are tentatively
assigned to terminal Cu-Cl stretching vibrations. In the spectrum of the free ligand, a
strong absorption band has been observed at 3350 em™! due to a free OH stretching
vibration. Upon coordination to a copper atom, this band is shifted by 190 cm'l,
appearing at about 3160 em’ L This suggests that the oxygen atom in the OH group is
bonded to the metal, which is supported by X-ray structural data (Figure 3-18).



Cu-Cl(1)  2.261(3)  CL()-Cu-CI(DA  96.05(9)

CL(D-Cu-S(1)  91.02(20)
CoClMA 272200 ) o(l)  173.12(200
CaS(1) 233803 CL(D)-Cu-0(1')  94.33(21)
sy zosy  GDACe-S()  83.85(3)

Q') 91.27(9)
Cu-0(1)  2.045(6) 0 87.64(20)
Cu-0(1')  2.380(7)

1)
C1(1)A-Cu-0(1') 167.22(20)
S(1)-Cu-S(1')  174.38(20)
5(1)-Cu=0(1) 83.59(19)
S(1)=Cu=0(1') 103,41(18)
S(1')-Cu-0(1) 99.05(19)
S(1')-Cu-0(1')  81.90(18)
0(1)-Cu-0(1") 82.8(3)
Cu-C1(1)-CuA 164.30(12)

Figure 3-18, ORTEP (showing coordination spheres) and stick model
(showing polymerization) with some bond lengths (A)
and angles (degrees) for [CuClz'U]“.
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Volts

Figure 3-19. Cyclic voltammograms of [CuCIz'w] 5 in
nitromethane (saturated solution, 0.1 M TEAP, glassy carbon
working electrode, platinum wire counter electrode, SCE reference

electrode) at scan rates: 20, 50, 100, 200, 300 and 400 mV/s.
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33.6.3. ic Spectra and C

Due to the low solubility of [CuClz-L91n, characterization by electronic spectros-

copy in itrile and acetone is i ible. The mull spectrum, however, displays
absorption bands at 650, 450 and 350 nm. The lowest energy band in the spectrum is
basically a d-d transition while the higher energy bands at 450 and 350 nm are assigned
too(S) — de. and o(Cl) — dg.p» charge transfer transitions, respectively. In DMF
and DMSO, the maximum of the ligand field envelope shifts to longer wavelength.
This shift is probably caused by the replacement of oxygen or chlorine donor atoms by
solvent molecules. This interpretetion has been supported by conductivity results that

show [CuClz-w]“ to be a 1:2 electrolyte in DMSO (Figure 3-5).

3.3.6.4. Magnetic Properties

The room temperature magnetic moment of [CuClyL9), is 1.77 BM. This low
value of e suggests that there may be antiferromagnetic interactions between adja-
cent copper(II) centers. This is in agreement with the three dimensional structure of
the complex, in which copper centers are bridged by two chlorine atoms in one direc-
tion and SCHZ-thjophene-CHZS moieties in the other two directions (Figure 3-18).

3.3.6.5. Electrochemistry

Cyclic voltammetry of [CuClyL9], (Figure 3-19) in nitromethane (saturated
solution) shows a quasi-reversible redox process at 0.52 V vs. SCE with AEp=100 mV
at a scan rate of 50 mV/s. Since no redox activity has been detected for the free ligand
in the range -1.0 V to +1.0 V vs. SCE, the reduction is assigned to an electron transfer
process converting Cu(II) to Cu(I). The large AEp value and deviation of ic/i, ratio
from unity are consistent with the quasi-reversible character of the process above. In

comparison with acetonitrile solutions, the lower redox potential (E, ;) and increased
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irreversibility found in DMSO are probably caused by the strong solvent effect of
DMSO. Similar results have been observed for other copper(ll) complexes of

thiophenophane ligands.
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CHAPTER 4
SYNTHESIS AND CHARACTERIZATION OF PALLADIUM(II) AND PLATINUM(II)
‘COMPLEXES OF OPEN-CHAIN AND MACROCYCLIC THIOETHER LIGANDS

Abstract:

Part L F 11) and P 1I) Cc of Thioether Ligands

Complexes [MXZ-L] (M=Pt, X=Cl; M=Pd, X=Cl, Br, I, SCN; L=L1, L10-L14)
and [M(L)z])(2 (M=Pt, Pd; X=C104' or CF3503'; L=L1, L10, L12 and L14) have
been prepared for 2,5,8-trithia[9](2,5)thi (L1) and op: hain dithioeth:

ers, 1,2-bi i (L10), 1,3-bis(

p: (L11), 1,2-bis-
(benzylthiomethyl)benzene (L12), 1,2-bis(2-hydroxyethylthiomethyl)benzene (L13)
and 1,2-bis(p-chlorophenylthiomethyl)benzene (L14). The molecular structure of
[PdBr'L1] which contains a rare thiophene-sulfur-to-palladium bond, has been deter-
mined. The elecironic, low frequency ir and B3¢ nmr spectra are described. The
[Pd(L),]X; (L=L1, L10-L12, L14; X=Cl04' or CFSSOB-) complexes are 1:2 electro-
lytes. The variable temperature Y nmr spectra are discussed and it is concluded that

the open-chain dithioether complexes undergo rapid conformational exchange at room

but are confij i rigid. The confi ional stability of these com-
plexes is dependcnt on the nature of the trans ligands, X, with stabilities in the order
of CI>Br>1, and of the dithioether ligand itself. Variation of the backbone of the
ligand gives the order CH,CH, > CH,CH,CH, ~ ortho-CgHy(CH,), for
configurational stability. In contrast, the macrocyclic thioether complexes undergo
very limited conformational and no configurational exchange up to their decomposi-
tion temperatures. This is interpreted as strong evidence for non-dissociative inversion

at coordinated sulfur being the mechanism for configurational exchange that is
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observed in complexes of open-chain dithioether ligands. Chemical exchange of acidic
ligand hydrogens and a metal-ligand dissociative equilibrium were also detected when
X=SCN in [PdXyL1].

Part IL r-Allylpalladium Complexes of Thioether Ligands

Preparation of i plexes [Pd(C;Hg) LIX (L=L1, X=CF;505’;
L=L10, Li2, LM, X=PFg) and [Pdy(C3Hg)yLI(PF), (L=258,11-
tetrathia[12](2,5)thi (L2), 2,5-dithia[6,6)(2,5)thiop (L7) and
2,6-dithia[7,7)(2,5)thi (L8) are described. The structure of

[Pd(C3H5)-L1]+ reveals an asymmetric #-allyl group and a rare, unusually short api-
cal Pd-S(thiophene) bond (2.786(4) A). The [Pd(CH}LIX (X=PFg or CF,S057
L=L1, L10, L12 and L14) complexes are 1:1 electrolytes and [sz(C3H5)2~L](PF6)2
(L=L2, L7 and L8) are 1:2 electrolytes. The lH nmr spectra are discussed and it is

ded that dithi I undergo rapid inversion at coordinated sulfurs
while thi undergo a 1,4 ic shift on the
of the ycle at room and a dissociative inversion at thioether sul-
furs at elevated A solv isted o- i hs is

proposed for the syn/anti interchange of the =-allyl group.
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Part L P II) and Plati 11) Ce of Thioether Ligands

4.1.1. Introduction

In the preceding chapter, copper(II) and copper(I) complexes of thiophenophane

ligands were discussed and in this chapter a study of palladium(II) and platinum(II)

of open-chain and ic thioether ligands will be presented. The lH
nmr spectra of these complexes are of particular interest and will be discussed in the

light of X-ray crystal structures.

The ligands used in this part of this chapter are given in Scheme 4-1.

Scheme 4-1

064
(C\ljz),, s

L 12 R=CHpPh
L 13 R=CHzCHa0H
L 14 R=p-CgHaCl

L 10 n=2
LIl n=3
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4.1.2. Experimental

Reagents and instruments are the same as those described before. The nmr spec-
tra were obtained using a General Electric 300-NB spectrometer and TMS as internal
standard. Solvents for conductivity measurements were purified by standard
purification procedures (1-2). Synthesis and characterization of thiophenophane
ligands have been described in chapter 2. The open-chain dithioether ligands were

prepared by the following general procedure.

4.1.2.1. Synthesis of Dithioether Ligands

Sodium metal (2.3 g, 0.1 mol) was dissolved in 300 ml of commercial absolute
ethanol under a dry nitrogen atmosphere and 0.05 mol of dimercaptan was added cau-
tiously. The solution was heated to reflux for about 10 minutes and 0.1 mol of alkyl
halide in 150 ml of benzene was added dropwise. The mixture was refluxed for
another hour after addition and volatiles were removed on a rotary evaporator. The
residue was extracted with chloroform, washed with water and dried over anhydrous
MgS0,. Upon filtration, chloroform was removed under vacuum to give the crude
product. Recrystallization of the crude product from ethanol or acetone gave white
crystals of: (a) 1,2-bis(benzylthio)ethane (84%; m.p. 32-34°; mass spectrum, parent ion
274 [C16H 18SZ]+; nmr (CDCly, ppm from TMS int, std.),lH: 253 (s, 4H) CH,CH,,
3.52 (s, 4H) PhCHz, 723 (m, 10H) CGHS); (b) 1,2-bis(benzylthiomethyl)benzene
(86%; m.p. 56-57°; mass spectrum, parent ion 350 [CZZHZZSZ]*: nmr (CDC]_.,, TMS),
1H: 3.68 (5,4H) PhCH,, 376 (s, 4H) ortho-CH,(CH,),, 726 (5, 4H) CgH,, 738 (m,
10H) C¢Hg) and (c) 1,2-bis(p-chlorophenylthiomethyl)benzene (90%; m.p. 89-91%
mass spectrum, parent ion 390 [C,;H,(CL,S)] *;omr (CDCly, T™S) 1H: 416 (s, 4H)
ortho-CgH,(CHy),, 7.12 (s, 4H) CGHS' 717 (s, 8H) p-chloro-C¢H,). Dithioether
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ligands, 1,3-bis(benzylthio)propane and 1,2-bis(2-hydroxyethylthiomethyl)benzene,
were isolated as viscous thick liquids at room temperature. No purification was carried

out before further use.
4.1.2.2. Synthesis of Metal Complexes

4.122.1. [l’dClz'Ll!

Cis-dichlorobisbenzonitrilepalladium(II) (153 mg, 0.40 mmol) was dissolved in 15
ml of acetone and L1 (115 mg, 0.44 mmol) in 10 ml of dichloromethane was added
with stirring. An orange precipitate formed which was filtered, washed with acetone,
dichloromethane and diethyl ether and dried in air to yield 85% of product. Suitable
crystals could be obtained for X-ray crystallography by the following procedure.

A solution of L1 in 15 mi of dichloromethane was added with care to the solution

of cis-di i jtri ium(1I) (15 ml) through a dropping pipette dipping
into the bottom of a 100 ml beaker to form two layers of solvents. The beaker was left
1o stand without disturbance at room temperature. As the solvents diffused into each
other, orange crystals were deposited. The crystals were filtered off, washed with

acetone and diethyl ether and dried in air.

The corresponding [PdX2~L1] (X=Br, I, SCN) complexes were prepared by

treating a solution of cis-di i itril dium(II) (153 mg, 0.40 mmol) in
acetone (20 ml) with a solution of AgCF350; (205 mg, 0.80 mmol) in 15 miof the
same solvent. The resulting precipitate was removed and discarded and to the filtrate,
solutions of KX (0.80 mmol, X=Br, T, SCN) in 5 ml of H,0 and LI (115 mg, 0.44

mmol) in 5 ml of dichloromethane were added in that order. The resulting solution

was filtered quickly and the solvent allowed to slowly at room

P!

until crystals appeared, which were separated, washed and dried in vacuum. Yields
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range from 75% to 85%. Suitable crystals could be obtained for X-ray crystallography
ina similar way to that for [PdCL,-L1] using acetone and dichloromethane as solvents.
4.1222. [PCL'L1)

Potassium trichloro(ethylene)platinum(II) (74 mg, 0.20 mmol) was dissolved in
15 ml of acetone and the solution was filtered. L1 (65 mg, 025 mmol) in 5 ml of
dichloromethane was added giving a pale yellow precipitate. The precipitate was
filtered, washed with dichloromethane and dried in air to give 85 mg (79.6%) of
[PICLyL1].
4.1223. [PdC|2~Ll0]

Cis-di isb itril jum(1I) (153 mg, 0.40 mmol) in 20 ml of acetone

and L10 (110 mg, 04 mmol) in 10 ml of dichloromethane were mixed, yielding an
orange colored solution. Upon standing at room temperature to evaporate solvent
slowly, orange crystals formed, which were separated, washed with acetone and diethyl
ether and dried in air to give 142 mg (79%) of product.

The same general procedure was employed to prepare other dithioether
dichloride palladium(II) complexes. Dibromo- and diiodo-palladium(ll) derivatives
were prepared in a similar way in yields of 70% and 75%, respectively.

41224, [PlClz-Lm]

Potassium trichloro(ethylene)platinum(Il) (74 mg, 0.30 mmol) was dissolved in
15 ml of acetone and the solution filtered. L10 (60 mg, 022 mmol) in 5 ml of
dichloromethane was added and the resulting solution was kept standing at room tem-
perature until evaporation of solvent gave yellow crystals of product, which were col-

lected by filtration, washed with acetone and diethyl ether and dried in air to yield 86
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mg (80%) of product.

A procedure similar to that above was followed to prepare other dithioether
complexes of platinum(IT) with yields ranging from 68% to 87%.

4.122.5. [N(L)z] Xz (L=L1,L10-L12 and L14; X =CI04' or CFJSOS')

Cis-dichlorobisbenzonitrilepalladium(IX) (153 mg, 0.40 mmol) was dissolved in 20
m! of acetone and silver perchlorate or triflate (0.80 mmol) in 5 ml of acetonitrile
added. A precipitate formed immediately and after stirring at room temperature for
about 15 minutes the mixture was filtered. To the filtrate the appropriate ligand (1.00
mmol) in dichloromethane (5 ml) was added carefully and a crystalline precipitate
formed instantly or upon slow evaporation of the solvent. The crystals were collected
by filtration, washed with diethyl ether and dried in air to give 50-75% yield of pro-
ducts.

The same method but with a longer reaction time was used to prepare the
platinum (1) analog, [Pt(L1),J(CF;805),"CH,CLy, using K[P(CH,=CH,)Cl;] and
ACF,S0;

4.1.3. Results and Discussion
4,13.1. Preparative
4.13.1.1. Dihalide Complexes

Macrocyclic  and  open-chain  thicether ligands react with cis-
dichlorobisbenzonitrilepalladium(1l) in acetone or acetonitrile to give dichloro-
complexes [PdClLyL] in high yield. Complexes [PdX,-L] (X=Br, I, SCN) were
prepared in a similar way, but chloride was first removed using AgCF3SO3 and the
appropriate halide or pseudo-halide added as its potassium salt KX before addition of
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the ligand solution. Crystals suitable for X-ray diffraction study were obtained by the
solvent diffusion method using acetone and dichloromethane as the solvents.

Dichloroplatinum(ll) complexes [PtCiz-L] can be prepared from the reaction of

i i hyl i 1) (Zeise's salt) and thicether ligands in

acetone at room e, which is more ient than a reported method (3)
using K,PtCl, as the starting material. The reaction gives the product directly and no
platinum(11)-ethylene complex was isolated.

The isolated complexes are listed in Table 4-1. In general, complexes [MCIZAL]
are slightly soluble in halocarbons and rather more so in DMF and DMSO. All com-
plexes but (PdX__,~Lll] (X =Cl, Br) are non-electrolytes in nitromethane.

It is of interest to note that L14 has a strong tendency to form bis-ligand com-
plexes [Pd(le)ZIXz (X=Cl and Br) even though a 1:1 ratio of L14 to cis-
dichlorobisbenzonitrilepalladium(Il) was used. Reaction of L14 with potassium
trichloro(ethylene)platinum(Il) in acetone only produces [P1C12~L14]. This can be
explained in terms of the lability of Pd-Cl and Pt-Cl bonds and the larger trans
influence of L14 than other dithioether ligands. Because of the strong electron-
withdrawing group, 4-chloropheny, the electron dessity of the Pd-S bond is shifted
towards thioether sulfur through back-bonding and therefore the Pd-Cl bonds at the
trans positions will be weakened. In this regard, as soon as the dichloride complex is
formed, the two labile chloro-ligands will be replaced by a second L14 molecule to
form a bis-ligand complex, [Pd(Ll‘)Z]Clz, The Pt-Cl bonds are so strong relative to
Pd-Cl that only the thermodynamically stable dichloride complex [PiCLyL14) was iso-

lated even though L14 has a strong trans influence.
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Table 4-1:  Analytical and physical data for Pd(II) and Pt(II) complexes.

Complex Color (%) H(%) M(%) X(%) MP.(C)
{PdCLyL1] orange 2721(2731) 320(321) 229(242) 16.29(1613)  223-226d°*
[PdBryL1) red 2354270)  276(267) 19.6(20.1) 31.71(32.23)  210-213d
[PA(SCN)y'LY]  red 2971(29.70)  291(291)  22.5(21.9) 169-170d
[PdL,L1) purple  19.43(1927) 228(227) 155(17.) 37.4(40.77)  237-240d
[PrcLyL1) yellow  2300(2273) 275(267) 18.7(19.0) 235-240d
[(PdCL), L8] orange 2781(2144)  3.10(3.07) - 220-230d
[PdCl,L10] orange 4277(4252) 401(4.02) 226(236)  1S6(157) 1841854
[PdLyL10] purple  3039(3026) 287(286) 159(168) - 179-1804
[PtCL L0} yellow  3599(3554)  3.56(334) - 1293(1312)  180-180d
[PdCLyL11] orange 4383(4382) 432(433) 233(229) 1533(15.23) 22174
[PdBryL11] orange  38.22(3797)  3.78(4.36) - 216-2194
[PCLLn yellow 3639(3%80) 356(3.64) 352(353) 1296(12.79) 218.220d
[PdCl,L12) orange  49.83(50.04)  420(4.20) - 1362(1344)  203-205d
[PdBryL12] brown 4271(4282) 358(360) 16.7(173) 202-204d
[PdLyL12] purple  36.58(3715)  307(3.12) E % 166-168d
[PrcyyLiz) yellow  4243(4284)  363(3.60) - 1175(16.35)  210-213d
[PdCLL13] red 3326(33.06)  420(4.16) - 1652(1635) 203204
[PdBryLI3]H,0 orange 2699(2654) 38(371) 18.1(196) - 185-188d
[PrcyLi3] yellow  27.80(2747)  353(3.46) - 13.66(13.58)  190-195d
[Pd(L14),]CL, orange S0.18(5004) 341(336) 994(1L1) 2261(2217) 177-178d
[P(L14),]Br,  brown 4599(4578) 316(3.08) 10.5(102) 1429(1524) 176-177d
[Py L14] yellow  33.55(3396) 234(2.44) g 2828(28.66)  196-1984

* Found (calculated).

** decomposition.



-149-

4.1.3.1.2. Bis-Ligand Complexes [M(L)z] (ClO")z or [M(L)z](CF3503)2

Halide ions can be removed from cis-{Pd(PhCN),CL,] or K[Pt(CH, =CH,)Cl,]
by reaction with silver perchlorate or triflate in acetonitrile to give the solvento-
intermediates [M(CH3CN)4]2+ (M=Pd and Pt), which were reacted with two
equivalents of dithioether ligand to afford the bis-ligand complexes [M(L)Z](Cl()“)2
or [M(L)z](CF3SO3)2. Most of the bis-ligand complexes (Table 4-2) are soluble in
DMF and DMSO as well as in acetonitrile, sparingly soluble in nitromethane and
methanol and insoluble in non-polar solvents. In some cases, dichloromethane is part
of the solid state formula unit as has been confirmed by elemental analysis and q

nmr methods.

Table 4-2:  Analytical and physical data for bis-ligand complexes.

Complex Color ()" H(%) M(%)  MP.(C)
[PUL1),|(CF;80,),CH,CLy  yellow  2433(2476)  262(2.70) - 192-195d**
[PA(L1),)(CF;505), orange 29.92(3006) 337(343) 187(190)  192.195d
[PA(L1),)(CI0,4),"CH,CLy orange 27.3(2154) 327(330) 1.7(116)  18+187d
[PA(L10),](CIO,), orange 44.52A#447) 427(425) 11.8(125)  214217d
[PA(L1L),](CF;50), yellow  44.02(4399)  415(4.10) - 228-230d
[PU(L12),(CI0,),"(CH,CLy)o s yellow  S074(5094)  483(433) 9.98(10.15) 1188
[PA(L12),](CF;SO5), yellow 49.65(4995) 403(401) 9.05(963)  189-192d

[PA(L14),](CIO,),"(CH,CLY) s yellow  4335(4297) 294(2.94)  8.42(963) 2152184

* Found (calculated).

** decomposition.
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4.132. Infrared Spectra

On the basis of C,, symmetry, two vpx (Ap By) and two vy o (A, B))
infrared active vibrations are expected. The bands associated with M-S stretching
appear as weak or moderately intense cbsorptions in the range of 32020 em’! (Table
4-3) with broad ill-defined maxima that are often masked by M-Cl stretching bands
(3-4). The frequencies vary somewhat with L and X and in view of the extensive cou-
pling between Mol and vy o, which are of the same symmetry, no attempts were
made to assign these M-S vibrations. The bands due to M-X vibrations are generally
more easily assigned and fall in the established range for cis-MX, groups (5-7). The
variation in UM-X with changes in L and M is small and irregular. In comparison with
the data for corresponding tertiary phosphines, arsines and amines (7-9), it is obvious

that the trend in vy » with trans donor atoms is P>As>S$>N consistent with the

trans influ series. In the of [PA(SCN),'L1}, there is asingle
broad strong absorption at 2100 em! assigned to CN stretching and three bands at
469 (w), 455 (m) and 422 (m) em! due to SCN bending of S-bound thiocyanate (10).
In the spectra of [MC12-LlJ] (M=Pd, Pt), a strong band at 3350 cm'1 indicates that
hydroxyl oxygen is not bound to the metal center.
The mull infrared spectra of the bis-ligand complexes [M(L),}(CIO 4), exhibit
perchlorate absorption bands at 1075 em’! (v3) and 617 em’! (v4), indicating uncoor-
dinated perchlorate anions. The mull spectra of the corresponding triflate salts show

no indication of coordinated triflate anions.
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Table 4-3:  Ir and electronic spectral data for Pd(IT) and Pt(II) complexes.

Complex v (MX)* em ™! may i 0 (¢) (solution) Amag i1 0m (mull
[PClLy L] 318(v5),330(vs) 360(200)° 380325
[PdCLyL1] 324(s).342(vs) 395(900),310(sh),260(14,000)° 400325
[PdBryL1) 225(5)238(s) 415(1,600),365(sh),260(13,000)° 380325

[PdLy L1 480(2,500),260(18,000)° 490350
[P(SCN), L1 425(800),350(sh),300(16,000)° 480(sh) 435,360
[PCLyL10] 318(vs),329(vs) 360(300),315(2,000),250(30,000)°

[PdCLyL10] 300(vs),324(vs) 390(2,000),360(sh),310(sh),255(24,000)° 405,330
[Pdly'L10] 480(4,000),410(sh), 280(30,000)255(sh)° 500,415,340
[PiClyL11) 305(vs),325(vs) 365(500),315(5,000)° 370320
[PdCLL11] 300(vs),323(vs) 385(2,000),275(5h),255(30,000)° 415(sh) 360,320
[PdBryLII[C,H O 248(s) 375(600),280(sh),260(15,000)° 445350
[PICLyL12) 303(vs),321(vs) 390325
[PdClyL12) 312(v9),323(v9)349(s)  400(1,200),265(19,000)° 405325
[PdBr,L12] 240(5),245(5) 545(100),415(2,000)280(22,000)° 410355
[PdlyL12) 510(300),440(sh),350(sh),298(19,000)° 480,360
[PClyL13) 320(v5),345(s) 360(100)4 375320
[PdCLyL13) 308(vs),340(sh) 400(1,000),360(800)* 400325
[PdBry L3} H,0 218(vs),245(5) 406(1,300).355(1,200) 410325
[PCLL14) 310(vs),330(vs) 375(150) 375(sh)
[PA(L14),ICLy 300(w),332(s) 385(sh),225(12,000)° 400360
[PA(L14),]Br, 236(s),245(s) 415(1,000),250(sh),225(--)° 470(sh),375

* Nujol mull

2 N,N-Di . bl” i €4 [ .
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4,1.3.3. Electronic Spectra

The electronic spectra of all complexes both in solution and in the solid state
were characteristic of square planar o systems (Tables 4-3 and 4-4) (11). In com-
plexes [MCLZ.L], the lower energy bands with moderate intensity can be assigned to a
d-d transition. The intense absorption bands beyond 350 nm are predominantly S—M
and X—M charge transfer transitions (3). A shift of d-d band maximum in the order
of I<SCN <Br<Cl was seen and is expected from the spectrochemical effect. In com-
parison with tertiary phosphines and arsines (12, 13), dithioether ligands produce
rather weak ligand fields. In solution spectra of the bis-ligand complexes
[l’d(L)z](ClO4)2 and [Pd(L}zj(CFasos)z, the lowest energy absorption occurred
between 425 nm and 340 nm, usually as a shoulder on the more intense S—M charge

transfer bands.
4.1.3.4. Conductivities

Conductivities were measured at 25° in purified nitromethane (Table 4-4). Molar
conductivities of complexes [l’d(L)zl(CIO“)2 and [Pd(L),}(CF;803), are similar to

those of perchl salts of jum(I) and i ) of the

dithioethers PhS(CH,), SPh (n=2, 3) at a concentration of 5 x 104 (14, 15). Plots
(Figure 4-1) of Ay versus V/C for most of the perchlorate and triflate salts in
nitromethane are straight lines over the range from 1.0 x 103 01.0x 104 M (Figure
4-1) and the Onsager slopes (Figure 4-2) are appropriate for 2:1 electrolytes. Some of
the complexes gave curved plots as has been reported for the complexes of
PhS(CHz)nSPh (n=2and 3) (3, 14, 15). Conductivity curves for complexes of L10 and
L12 show a sharp increase in molar conductivity (Figure 4-1) with decreasing concen-

tration such that at very low concentration the conductivities approach the values
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characteristic of 1:3 or 1:4 electrolytes. At this time we have no logical explanation for

this reproduciable phenomenon. Further study is required.

Table 4-4:  Electronic spectral and ivity data for bis-ligand

Complex Apaxinnm (e) (solutions) A innm (mulls) Ay (slope)
[P(L1),](CF;805), 400(sh),365(1,000)350(320)* 425,340 170(400)
[PA(L1),](CIO4),"CH,CL, )6()(2.000)b 420,375 175(460)
[P4(L10),](CIO), 420(sh),365(4,000) 475(sh),325 186(-)
[PA(L11),](CF3S0), 340(10,000)° 450(sh),350 163(545)
[PA(L12),](CF;S0,), 365(1,000* 415,355 206(~)
[PA(L12),)(CIO ) (CH,CLy)y s 400(sh)265(9,000)" 425,365
[PA(L14),)(CI0 )5 (CH,CL) s 360(700)° 415,345

ay b NN . Eg dg

© ohm™ emmol" in nitromethane at a concentration of § x 10* M (slope= (Ao -Ay)/v/C).



:
2
2

- 154-

® [Pd(Ll) I\CF,SB))E
»l(cr)s-)’l:
A [PA(LLOY, (€20,
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—_—

0.0 1.0 2.0

Figure 4-1. Plots of Ay vs./C for bis-ligand complexes.
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Figure 4-2. Onsager plots for bis-ligand complexes
[Pd(L),] (CFS05), (L=L1 and L1D).



Pd-Br(1)
Pd-pr(2)
Pd-5 (1)
Pd-s (2)
Pd-s (3)

2
2
3
2

2

WALTL(L9)
.44538(20)
L1817 (15)
2277 (3)
.282 (4)

Br(1)-Pd-3r(1)
Br(1)-Pd-3(1)
Br(1)-Pd-S(2)
Br(1)-2d-5(3)
Br(2)-Pd-3(1)
Br(2)-Pd-S(2)
Br(2)-Pd-s(3)
S (1)-Pd-S(2)
S (1)-pd-s(3)
S (2)-Pd-5(3)

93.32(7)
99.8 (3)
178.95(12)
89.14(10)
83.73(%)

7.34(11)
177.41(13)
81.0 (3)
95.3 (3)
90.15(13)

Figure 4-3. ORTEP drawing of [PdBr,-L1] and selected

bond lengths (A) and angles (degrees).
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4.1.3.5. The Structure of [PdBr,L1]

As noted before, the shape of the cavity of L1 is roughly triangular with the S2-S4
distance (6.662 A) representing the base and S1-S3 distance (4.579 A) representing the
height of the triangle. Apparently, L1 has no capacity to accommodate Pd coplanar
with all four sulfur atoms because of the small cavity size and rigidity of the thiophene

subunit and its two attached

groups. Since thi lfur is endocyclic, it
is quite possible for L1 to coordinate Pd as a tridentate ligand as in [CuCLZ~L1|2.

The ORTEP drawing of [PdBr,-L1] and selected bond lengths and angles are
shown in Figure 4-3. The unit cell contains four molecules of [PdBryL1], each of
which is asymmetrical. The Pd atom is bonded by a pair of thioether sulfurs and two
bromine atoms with a cis-configuration. The Pd atom lies in the least squares plane
formed by the Br252 donor set and has §(2)-Pd-S(3) and Br(1)-Pd-Br(2) angles of
90.15(13)° and 93.38(7)°, respectively. When S2 and S3 coordinate to Pd to form a
five-membered chelate ring, the endodentate thiophene-sulfur interacts with the Pd
atom at the axial position to complete a distorted square pyramidal geometry even
though Pd(II) has a strong preference for square planar coordination. The Pd-
S(thiophene) distance is 3.1817(15) A, which is significantly shorter than the sum (3.40
A) of the van der Waals' radii (16). The angles Pd-S(1)-C(1) and Pd-S(1)-C(4) are
133.3(3)° and 87.3(3)°, suggesting the bonding between the Pd atom and thiophene-
sulfur is strained as in the case of [CuClz~L1]2. The basal Pd-S distances are 2.277(3)
and 2.282(4) A with an average of 2.280 A. The Pd-Br bond lengths are 2.4171(19) and
24458(20) A with an average of 2431 A. These results can be compared with those
found in {PdBrz-[‘?]ancSB] (17), in which Pd-Br and Pd-S distances are 2.462(1) and
2.266(2) A, respectively. Although the apical donor atoms are thiophene-sulfur in
[PdBr'L1] and thioether-sulfur in [PdBr, [9]aneS3], the sums of Pd-Br and Pd-S bond
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lengths remain constant (12.600 A for [PdBryL1] and 12.581 A for [PdBry{9]aneS3]).
This is in agreement with the behavior of copper(1I) complexes (18). Due to the low
trans influence of Br relative to thioether sulfur, the equatorial Pd-S bonds in
[PdBryL1] are 0.037 A shorter than those in [Pd([‘)]uneSS):]” (15) and 0.049 A
shorter than those in [Pd(L)]2+ (L=1,4,10,13-tetrathia-7,16-diazacyclooctadecane )
(19), whereas the Pd-Br distance is 0.011 A longer than that in [PdBr4]1' (20).

It is interesting to note that H8A lies over the center of the thiophene ring. This
hydrogen atom is therefore expected to exhibit a resonance signal that is strongly

shielded.
4.1.3.6. Nmr Spectra

Metal complexes of thioether ligands have been the subject of many publications

in the last decade and the i i about a i sulfur atom has

been established conclu " ~ly by X-ray methods (4). Rapid inversion at a coordinated
sulfur atom is very common in both mono- and bidentate complexes of palladium(il)
and platinum(IT) and has been studied extensively by nmr techniques (21-25).

The 'H nmr study (26) of [PCLy(MeSCH,CH,SMe)] shows that at low tem-

peratures two isomers exist, which interconvert at higher temperatures. The palladium

complexes show very similar behavi but the of signals
occurs at much lower temperatures.

It has been suggested that the temperature dependence of the 'H nmr spectra of
coordinated dithioethers is primarily due to non-dissociative inversion at coordinated
sulfur atoms (27). Therefore, this type of inversion mechanism should be sensitive to
the nature of the trans ligands and to that of the dithioether ligand itself. In the

present study, 14 nmr spectra of benzyl-substituted dithioether ligands PhCH,S-R-
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SCH,Ph (R=CH,-CH,, CH,-CH,-CH,, and ortho-CgH,(CH,),) have been exam-
ined to identify any effect of chelate backbone length or of sterically bulky benzyl
groups on inversion at coordinated thioether sulfur atoms. Table 4-5 lists 'H nmr
parameters for palladium(II) and platinum(1l) complexes of open chain dithioether
ligands.

At room temperature in d;-DMSO, the Iy spectrum of [PdCLyL10] shows a
typical phenyl multiplet at 7.40 ppm from internal tetramethylsilane, a pair of partially
overlapped second-order AB quartets near 4.30 ppm due to benzylic methylenes and
four distinct multiplets of equal intensity near 2.80 ppm due to CHZCHz of the five-
membered chelate ring. The integrated intensities of these three regions are in the
ratio 10:4:4 as required. The occurrence of two sets of quartets near 4.30 ppm suggests
that two isomers (Figure 4-4) are present in solution in the ratio 45%/55%. That
which is present in the smaller amount has more deshielded benzylic methylenes and
is probably the syn isomer (24). The fact that only two second-order AB quartets are
seen may be attributed to conformational averaging of the axial and equatorial
environments of the benzylic hydrogens in each isomer so that only one averaged ben-

2zyl group is detected per isomer.

G\NIG
\s/ ~, Vi Pd,
N\ \ i\

Sem Anti

Figure 4-4, Syn and anti isomers of [PdClz-Lm].
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Table 4-5: 1H nmr data for Py(II) and Pd(IT) complexes of open-chain dithioether
ligands (chemical shifts in ppm vs. TMS).

Complex Solvent  Aromatic  Benzylic Hydrogens Methylene Hydocons
Hydrogens
[PdCLL10} dgDMSO  736(mI0H)  $20(qam. Jyyy = 132H2) 260(mAHAA B )
411(qanti, Dy, = 13.0Hz)
[PdBryL10] 4gDMSO  239(m,10H)  438(qsyn yyyy=132H2) 280(mAHAA BB

415(qant. = 13.4Hg)
CDCly  7A0(mI0H)  45Hqeym iy =136H)  280mAHAA BB )
420(qanti. 2y, = 13.6H2)

[Pdl, L10} dgDMSO  234(m.10H)  4.40(s.3H) 270(m,4H)

cocly 241(m,10H)  438(s4H) 250(s.4H)
[PA(LI0LJ(CI0),  dgDMSO  745(s20H)  441(s8H) 3.16(m 8H)
[PCLy L1l dgDMSO  738(m10H)  424(s3H) 2.42(m 4H) 200(m.2H)
[PacyL1) dgDMSO  740(m,10H)  4.26(5.4H) 2.50(m.3H).2.10(m.2H)
[PA(LID,|(CFyS0,  dgDMSO  740(s20H)  425(s5H) 261(s8H),2520.314)
[PciyL2) 4gDMSO  726(mIdH)  435(qsm Ty = 1LOH)®

380(q.anti. Sy = 135H2)"

[PacLyL12) dgDMSO  752(mgH)  420(ssH)

716(mdH)  3.53(s4H)
[PALI2,(CI0),”  dgDMSO  730(m28H)  528(s2H.CH,CL).19(s3H)

CcHQ, 411(s4H)361(s.8H)

[P Lg] dgDMSO  735(sBH)  438(sH)
7.28(m,4H)

[Pd(L14),]CL, dgDMSO  736(s8H)  437(sH)
7.28(m,4H)

[P(L14),](CF;50), dgDMSO  737(s16H)  438(s8H)
7.28(m,8H)

* Free ligand signals were detected.



-161-

The 'H nmr spectrum of (PdCI2-LID] can be compared to that of [PdCl._,.BISE]
(BISE =1,2-bis(isopropylseleno)ethane) (25). The observation at room temperature
of two sets of AA’BB” multiplets, one with widely separated components (~043
ppm) and another with narrowly separated ones (~0.20 ppm), all of which are of simi-
lar intensity, is consistent with the presence of nearly equal amounts of two isomers,
both of which are undergoing reversal of their ring conformations that is rapid on the
nmr time scale. This is the same conclusion already reached by examination of the
benzylic methylene portion of the spectrum.

At more elevated tempy two sets of d-order AB quartets and a pair

of AA“BB’ resonance signals collapse to give a singlet at about 4.30 ppm and a singlet
at around 2.90 ppm due to the benzylic methylenes and ethylene hydrogens on the

chelate b pectively. The coal point for [PdCLy'L10] in dg-DMSO is

353K, at which temperature the signal is at its broadest and splitting can not yet be
observed. These observations are consistent with the onset of rapid interconversion of

two isomers by either si or ive i ions at the two coordinated

S-atoms (22, 25). The coalescence at 353K (Figure 4-5) for {PdCL,_LlO} may be com-
pared to 400K for [PUCL(BISE)] (25 and 240K for [Mo(CO),BBTE]
(BBTE=BuSCH2CH.ZSBu) (24). These are in accordance with the known trends in
kinetic barriers to inversion as one changes either the identity of the inverting atom or

the electropositive character of the metal to which the inverting atom is bound. In

l of other dithioether ligands reported by

comparison with ium(IT)
Cross (27-28), [PdCLy'L10] has a higher coalescence temperature, probably as a result
of the greater steric effect of the two bulky benzyl groups. This is consistent with a

non-dissociative mechanism of inversion at coordinated thioether S-atoms.
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N N\L 600
BV AV\L_ N

Figure 4-5, Variable temperature 14 nmr spectra of [PdCIz-LIO) in d-DMSO.
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The 'H nmr spectrum of [PICLy'L10] in dg-DMSO at room temperature s very
similar to that of [PdCIZ-Ll()]. However, its coalescence temperature is much higher
(>393K) than that of the Pd analog. Replacement of the ethylene bridge by propylene

or onho«CéH“(Clle)2 causes remarkable changes in the 'H nmr spectra of the

lladium(II) and i 1 Only a singlet appears in the benzylic
methylene region due to rapid interconversion of the two isomers by inversion at coor-
dinated thioether S-atoms. The trans halide ligands also affect the rates of inversion.
The observation that diiodide complexes have much lower coalescence temperatures

is in agreement with the established trans influence series (4, 24-25, 27).

Thus, we may conclude that at room p the Pd and Pt p of
L10 are undergoing rapid exchange of the chelate ring conformations and of the axial
and equatorial orientations of the lone pairs on the sulfurs. The complexes remain
configurationally rigid, however, until the temperature is raised several tens of degrees

when the il i at i sulfurs i t the syn and anti isomers.

Changing the backbone of the chelate ring has a profound impact on the rate of this
inversion at coordinated S-atoms. The fact that the Pd and Pt complexes of L11 and

L12 have much lower coalescence temperatures than that of [PdClyL10] demon-

d chelate ring to that of six-

strates the greater stability of the fi

or seven-membered chelate rings.

In ium(II) and i 1) of open-chain dithioether ligands,
either simultaneous or consecutive inversion occurs at high temperatures as indicated
by the coalescence of hydrogen resonance signals. In a metal complex of a macrocyclic
thioether ligand, inversion of coordinated S-atoms is expected to be restricted due to
the relative rigidity of the coordinated macrocycle, provided that a non-dissociative

mechanism operates. To explore this further, variable temperature 1H and 'H-H
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COSY nmr spectra of the complexes [MX,-L1] (M=Pd, Pt: X=Cl, Br, I, SCN) have

been examined.

Table 4-6:  'H nmr data for complexes [MX'L1] and [l’d(Ll)z](CF.,S()s)2 inde-

DMSO (chemical shifts in ppm vs. TMS).

[Pl LI [PECLLY]  [PdBeyLi]  [PALyLI  [PASCN)LI]  [PAULIKCF;SOy),  Assignment
230°  Txe® 720" Ts@®  7240° 13%0° 7 2@®  H¥HI)
6s8d® 69  6910°  69%a® 7010° 71000 HH2)
AP 4 ans@” assaf so8a® 4 7w@® HSA(HSA")
44000 4L8)°  4a2d)°  465(0)° = a8na)d 470 HSB(HSB")
.13(¢)° a0g(d)®  d15()° aHa° 416()° a2 4200° HIOA(HI0A ")
4.04(d)° 3.96(d)° 402(4)° 398(d)°  4.06(d)° 4120 41 HI10B(H10B")
3.04(m) 3.15(m) 320(m) 317(m)  339(m) 3.74(m) HTB(HTB")
-3.00(m) 3.08(m) 3.17%(m) 3.15(m) 284(m) 330(m) HSB(HSB")
289(m) 3.07(m) 3.13(m) 3.02(m) 335(m) 3.6%(m) HIA(HTA")
285(m)  27%(m)  300(m)  296(m)  358(m) 354m) HEAHEA")
28)(m)  27(m)  28Km)  290(m) 30%m) 3.08(m) HOB(HB ")
248(m) 2.45(m) 2.55(m) 253(m)  2.70(m) 282(m) H6B(H6B )
232(m) 229(m) 235(m) 229(m)  26K(m) 280(m) HIAHIA")
0.54(m) 06l(m)  067(m)  064m)  07%m) 0.78(m) HEA(HSA")

2195py satelites not detected; "Jygy = 35 Hz; Uy = 139 Hz

Jyy= 148 Hz.
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The 300 MHz 'H nmr spectra of the complexes [MX2<L1] (M=Pd, Pt; X=Cl,
Br, I, SCN) are similar (Table 4-6) and we shall therefore discuss in detail only that of
[PdBrz-LI] (Figure 4-6) for which we also nave X-ray structural data (Figure 4-3,
p157). Subsequently, we will discuss the two differences between the spectra of
[PdBrz-Ll] and [Pd(SCN)le]. the latter being the only member of the series for
which significant differences occur. Spectral assignments (Table 4-6) were carried out
on the basis of 1H-IH COSY and the expectation that as usual (29), coordination to
metal will deshield nearby hydrogens. In some cases, the two hydrogens on a single
carbon atom were distinguished by their proximity to the doughnuts of electron den-

sity above and below the thiophene ring which shields one member of the pair more

than the other or by the fact that ring gens in pseudo-axial envil are usu-
ally more shielded than those in pseudo-equatorial ones (30).

In the free ligand, the two aromatic hydrogens, H2 and H3, are equivalent and
the same is true for the hydrogens on C5 and C10. Upon coordination to a metal ion,
however, H2 and H3 become non-equivalent as a result of the asymmetric way in
which palladium is bound to the macrocycle and the resonance signal at about 7.00
ppm of the free ligand is split into two doublets near 7.20 and 7.00 ppm, respectively.

The i of these indicates the absence of a 1,4-heteroatom

fluxionality involving S2, S3 and $4, similar to that reported for the nitrogen donor
complex [Pd([9]aneN3),]2* (31). This conclusion is supported by the 1°C spectrum
(Table 4-7), which shows 9 signals assigned by 3c.1H COSY and Attached Proton
Test to all but one of the ten carbons in the molecule. The missing signal is due to C7
and is expected to be obscured by the solvent signal. Were the molecule fluxional only

five signals would be expected.



Figure 4-6. Room temperature lH nmr spectrum of [PdBrz-Ll] ind ;DMSO.
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Table 47:  3C nmr data for complexes [MX,L1] and [Pd(L1),}(CF3S05), in

dg-DMSO (Chemical shift in ppm vs. TMS).

[PCLyLY  [PACLyLY)  [PdBryLl]  [PA(SCN)yLI  [PA(L1),|(CFyS0y),  Assignment
1470 1463 1462 146.7 148.0,147.7 ci(ce)
1363 1347 1348 1351 136.2,1354 c3(C3)
1363 1347 1348 1346 134.2,1338 ci(c1’)
1254 1248 1248 125.5 1263 c2(c2)

391 b b 384 388 €1(C7)
382 39 383 316 368 C5(Cs”)
36.1 357 358 355 358 c8(C8")
354 3438 354 354 354 C6(C6”)
304 30.1 30.2 300 297296 C10(C10°)
279 216 283 215 132 9(C9”)

178 SCN

173 SCN

1220 SCN®

a: 'H decoypled; b: obscured by solvent; c: due to Pd species produced by ligand dissociation, <
[PA(SCN),I%" at 119.0 ppm ref. 29.
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Near 4.50 ppm, there are two second-order AB quartets originating from the two
pairs of hydrogens on C5 and C10. The more deshielded quartet is assigned to the pair
of hydrogens on CS and the other to the pair on C10. These assignments are based on
the observation that the HSA-HSB quartet shifts significantly (~0.4 ppm) as X in
[PdX,z-Ll) is changed and only this quartet becomes a singlet when X=SCN (vide
infra). Furthermore, the quartet assigned to H10A and H10B that lie in an environ-
ment more like the free ligand than HSA and HSB, is centered at 4.09 ppm which is
closer than the other quartet to the 3.95 ppm shift for the same hydrogens in the free’
ligand (Table 2-2, p65).

The observation of a quartet for HI0A and H10B is highly significant and is due
to their non-equivalent environments that arise from the rigidity associated with the
tridentate macrocycle. In fact, this rigidity causes non-equivalence of the members of
every pair of CH,-hydrogens in the molecule. Furthermore, this non-equivalence
proves that inversions at S2 and $3 are not occurring since such inversions plus some
rotations about C-C and C-S bonds would interchange the environments of the
members of each pair of hydrogens bound to the same carbon throughout the
molecule and result in a much less complex spectrum. For example, the quartets due
to C5 and C10 methylenes would appear as singlets.

Thus, unlike [PACLyL10], the two quartets near 4.50 ppm in the spectra of
[PdX2~L1] (X=Cl, Br and I are not due to the presence of two isomers but rather to
two different CHZ groups in the same molecule. In fact, because S2 and S3 are part of
a macrocyclic ring in which a third sulfur (S3) is also bound to the metal, the only
configuration possible for the chelate ring corresponds to the syn isomer of
[PdCL,L10). The similarity of the assignments of the syn isomer spectrum of
[PdCl,L10] and that of [PdClvall may be noted. The remainder of the spectrum of
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[PdCLy'L1] involves separate signals for the 8 hydrogens comprising the two CH,CH,
units. One of these hydrogens is in a unique environment that is evidently much more
shielded than the others since its signal is at comparatively high field (0.67 ppm). This
is designated as H8A and is the hydrogen on C8 that lies over the center of the
thiophene ring (Figure 4-3) and is therefore subjected to the shielding effect of the
induced ring current in the aromatic 7-system. Because of the rigidity of the molecule,
the configurations available to the chelate ring, PdS2CH,CH,S3, are strictly limited.
For example, the envelope conformation which requires both sulfur lone-pairs to be

axial or si

equatorial is not possible. It is this envelope
conformation that is usually the transition state between half-chair conformations and
in its absence a pseudo-librational route between the two half-chair conformations is
likely to be of significantly lower kinetic barrier and therefore to be undetectable by
nmr methods (32). In either half-chair conformation, the CHZCH2 unit will be an
ABCD spin system and the two such systems are unrelated by any symmetry element.
Therefore, two ABCD spectra would be expected if conformational exchange is slow

or one averaged ABCD spectrum if it is rapid. In view of the predicted low barrier to

conformational exchange and our earlier ion of rapid
exchange in [PdCLy'L10]}, we would anticipate just one ABCD pattern at room tem-
perature as is observed (Figure 4-6). This interpretation is supported by the absence of
change in these signals up to at least 120° by which temperature any barrier to this
conformational exchange must surely have been overcome.

The other CHZCHz unit is also an ABCD system. As a result of steric crowding,
due at least in part to the Pd-S1 bond, conformational possibilities in this region of the
molecule are also strictly limited and the spectrum observed at room temperature is

consistent with the rigid structure in Figure 4-3.



Figure 4-7. Variable temperature 14 nmr spectra of [PtCLy'L1] in d-DMSO.
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The room temperature 1H nmr spectrum (Figure 4-7) of [P1C12~Ll] is almost the
same as those of its palladium analog except for some 195p, satellite peaks in the
methylene region. Due to the complexity of the spectrum, it is, however, difficult to
determine the coupling constant 3JPt-H' At temperatures above 100°C, the samples in
d6-DMSO start to decompose and the resonance signals of the hydrogens of coordi-
nated L1 begin to collapse. When the temperature has been raised to 140°C, the com-
plex has been decomposed completely as is indicated by coalescence of signals of all
hydrogens in the molecule. Reducing the temperature does not recover the original
spectrum. The complex [PdCLy'L1], however, remains stable at 120°C. This suggests
that S-dealkylation reactions may take place in the platinum(IT) complex when it is
heated to >100°C. Such reactions are very common in Pt(Il)-thioether complexes (4,
33) and apparently occur with greater ease for Pt(II) than for Pd(1I) complexes.

The variable temperature 1H nmr spectra of complexes [PdXZ-LI] (X=Br, I) are
very similar to those of [PdClz-Ll]. As the solution is warmed , the two pairs of peaks
that comprise the HSA-HSB quartet at ~4.50 ppm move away from each other with,
however, no change in coupling. The total movement is 0.02 ppm for the more
shielded pair and 0.06 ppm for the lower field pair. There is no other change in the
entire spectrum except that [PdlL1] starts to decompose at temperatures above
100°C. This suggests that halide ligands at trans positions may affect the S-dealkylation
reaction in Pd(II)-thioether complexes.

The curious behavior of the HSA-HSB quartet with temperature is observed to a
greater or lesser extent for all members of the [MX,'L1] series. It is in fact a neigh-
bour anisotropic effect made possible by the rigid orientation of HSA and H5B with
respect the the atom X (Figure 4-8). As the temperature is raised, thermal enhance-
ment of the bending vibration of HSA-C5-HSB occurs. In this vibrational mode,
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movement of one of the hydrogens is at a nearly constant radius from X whereas the
other’s motion is along a radius from X. Therefore, the extent of deshielding by this
neighbour anisotropic contribution of X will vary with temperature for the nearer,

more deshielded hydrogen but will remain more or less constant for the more distant

or less deshielded liydrogen.

Figure 4-8. Neighbour effects at H5A and H5B from X in [PdX,'L1].
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There is a second manifestation of this neighbour effect made possible by stereo-
chemical rigidity. The quartet due to HSA and HSB moves to lower field as X changes
from Cl to Br to I but the shift is in the wrong direction for an electronegativity effect.

It can however be attri to the deshieldis i effect in which larger, more

T will i induced ci ion of its electrons more readily than CI.
The induced field which is deshielding at HSA and HSB will therefore be larger for |
than for Cl. This explanation is supported by the fact that the chemical shift difference
between H5A and HS5B is essentially the same for all X (ie. both hydrogens are
affected proportionally the same as X is varied) and J gem is the same in all cases.

The spectrum of [Pd(SCN),'L1] shows two major differences from those of all
other complexes in this series. The first difference is that free ligand is present and its
signals grow in intensity as the temperature is raised. This indicates that formation of
[P&(SCN),'L1] is an equilibrium process and that the formation is exothermic. The
second striking difference is that the HSA-HSB signal is a singlet. The only way this

can occur while maintaining all other g istinctive is by dissociative inter-
change of HSA and HSB. It is known (32) that M-SCN systems are usually bent
(~110°) and that the N atom is appreciably basic (34). The pKa’s (35) of DMSO
(35.1), PhCH3; (44.0) and PhCH,SPh (308) suggest that HSA and HSB should be
significantly acidic and may therefore interchange by a process involving intermediate
residence on the basic nitrogen of thiocyanate either in the same-or a different
molecule. This has been confirmed by a recent report (36) that complexes
[M([9]m553)2]3+ (M=Co, Rh and Ir) undergo deprotonation and ring opening in
the presence of bases such as EKBN. ‘Why the thiocyanate complex should dissociate its
ligands when none of the other complexes in this series show any sign of dissociation
until they reach their decomposition temperatures is not obvious. It may be that S-
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bonded SCN is a better m-acceptor than halide and its presence weakens the trans M-S
bond.

For [PdClz-LIO], coalescence of the room temperature spectrum to two broad
singlets occurs at 80°C (Figure 4-5) and for [PdIZ.LXO] an even lower coalescence tem-
perature has been detected because barriers to inversion at sulfur are “sually higher
for chloride than for analogous bromides and iodides (20). For [MXz-Ll] (M=Pt, Pd;
X=Cl, Br, I, SCN), no coalescence has been observed until the temperature is raised
s0 high that the complex decomposes. Clearly, the rigidity of [MX2~L1] (M=Pt, Pd;
X=Cl, Br, I, SCN) is such that non-dissociative inversions at S2 and S3 are prevented.
These results strongly support the non-dissociative mechanism proposed for inversion
at coordinated $-atoms in mono- and bidentate thioether complexes.

The 'H nmr spectrum (Figure 4-9) of [PA(L1),](CF3S03), in ds-DMSO is
much more complicated than that of [PdBrZ-Ll] in the same solvent. There are two
doublets at 7.34 and 7.27 ppm and a pair of overlapped doublets at 7.10 ppm. The
integrated intensities in this region are in the ratio 1:1:2. Similarly, four sets of AB
quartets were observed at 4.95, 4.78, 4.12 and 4.10 ppm originating from hydrogens on
Cs, C5’, C10 and C10°, respectively (Figure 4-10), of the two coordinated macrocy-
cles. These observations indicate that in solution there are two configurational isomers
(Figure 4-10) present in almost equal amounts as evidenced by the integrated intensi-
ties in these regions. Furthermore, the high field signal at 0.78 ppm is seen again as in
the spectra of complexes [MX,L1) (M=Pt, Pd; X=Cl, Br, I, SCN). This suggests that
the coordinated macrocycles remain as rigid as those in the dihalide and di-pseudo-

halide complexes.
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Figure 4-9. Room temperature lH nmr spectrum of
[Pd(L1),](CF4S0y), in d-DMSO.
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Figure 4-10. Two main configurational isomers of [Pd(Ll)zl“.
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On the basis of these results, it is clear that inversion at coordinated S-atoms in
macrocyclic ligand complexes like (MX,[LI] (M=Pd, Pt; X=Cl, Br, I, SCN) is

sufficiently hindered that there is no coalescence of resonance signals until the com-

plex at extreme The i i stability of these com-
plexes, unlike their open-chain analogs, is not sensitive to the nature of the halide
ligands in the trans position; but the stability of the complex with respect to decompo-
sition is sensitive to these trans ligands. The behaviour of these complexes in solution
is of interest for a variety of reasons not the least of which involves their use or that of

related substances as chemotherapeutic agents.
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Part IL =-Allylpalladium Complexes of Thioether Ligands
42.1. Introduction

#-Allylpalladium compounds are important intermediates in palladium(il)
catalyzed organic reactions (1-3). Cationic complexes [Pd(C3Hs)L,] * are known for
L=PRy, AsRy; L, =bipy, n*-dienc, etc,, and the stereochemical non-rigidity of the
allyl group in these complexes has been studied by nmr methods (4-11). However,
very little information s available for those complexes, in which L is a dithioether or

macrocyclic polythioether ligand. Complexes of macrocyclic thioether ligands are also

of interest for their potential application to regio-specific control of ilic addi-
tions to x-allylpalladium systems (12-14).
4.2.1. Experimental

Reagents and instrumental techniques are as described before. Thioether ligands
used in this part are shown in Scheme 4-2.
Scheme 4-2
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Synthesis of [N(CJHS)'LIICF 3503

(l>‘d((:3l>{5)CI]2 (183 mg, 0.50 mmol) was dissolved in 15 ml of acetonitrile and
AgCF350; (257 mg, 1.00 mmol) in 5 ml of the same solvent was added. A precipitate
formed instantly. The mixture was stirred for about 10 minutes and then filtered. To
the filtrate, L1 (131 mg, 0.50 mmol) in 5 ml of dichloromethane was added. A small
amount of precipitate was filtered and the filtrate was left standing to evaporai:
slowly until yellow crystals deposited. The crystals were collected by filtration, washed
with acetone and diethylether and dried in air to give 375 mg (689%) of product.

The same procedure was employed to prepare -allylpalladium complexes of
other thioether ligands in yields ranging from 50% to 75%.
4.2.3. Results and Discussion
4.2.3.1 Preparative

Removal of chloride ligands was carried out by reaction of [Pd(C_,HS)Cl]z with
two equivalents of AgCF;S04 or AgPFy in acetonitrile to give the solvento-
intermediate [Pd((‘,’HS)(CHJCN)Z)*, which reacts with appropriate thioether
ligands to afford complexes [PA(CyHg}L]* (L=LI, L10, L12 and L14) and
{sz(csﬂs)z-L]b (L=L7, L8). All isolated compounds are air-stable, but some of
them decompose in the presence of methanol or pyridine to give palladium metal and
other organic products. In general, all complexes (in Table 4-8) are soluble in acetoni-
trile, DMF and DMSO except [sz(CsHs)z‘Lﬂ, which is insoluble in all solvents
except DMSO in which it is only slightly soluble.



-183-

Table 4-8:  Analytical and physical properties of x-allylpalladium complexes.

Complex (%) H(%) PAE)  MPCC)  Ay"Glope)

[PALY(CHQICF;80;  2992(006) 337343  187(190) 180185 88.5(20)
[PLL2(CHI(PFg),  2423@381)  315(311) 194081 183191 2050(~)
[PL,(LTCH PR,  2.10(2668)  305(306)  164(215) 195198

[P, (LH)(CHIPFg),  B60BIN 33337 165209) 1952004 1640(370)

[Pd(LlU)(CBHs)]PFs 40.53(40.27) 4.01(4.09) - 132-133d 94.5(-)
[PA(L12)(C3Hg)IPFg 4679(4668)  418423)  134(166) 2042060 835(173)
[PA(L14)(C3HgIPFg 40384037 302(3.10) 2002054 83.5(280)

2 ghmLcm®mol"), in nitromethane at a concentration of 5 x 10 M (slope = (Ao-Ant /A/C).
4.2.32. Conductivities
Conductivities were measured in nitromethane at 25°C and are given in Table 4-

8. Plots of Ay vs. v/C give straight lines uver the range of 10'3 to 10'4 M for all =-

allylpalladium complexes (Figure 4-11). Both molar conductivity and Onsager slope

(Figure 4-12) values that of open-chain dithi ligands
and L1 give 1:1 electrolytes while those of larger macrocyclic thivether ligands give 1:2

electrolytes. No deviation has been observed in the plots of Ayvsy/C. It seems that

ion-pair iation is not significant over the ion range examined. The
larger the positive charge on a complex cation, the easier ion-pair formation might be
expected to be. Thus it is not surprising that ion-pair association was observed only in

some bis-ligand complexes as discussed previously.
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Figure 4-11. Plots of Ay vs.+/C for r-allylpalladium complexes.
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Figure 4-12. Onsager plots for r-allylpalladium complexes.



Pd-s(1) 2
Pd-S(2; 2
Pd-S(3) 2.343(%)
Pd-C(11) 2.147(18)
1
2

.786(4)
.297(5)

Pd-C(12) 1.995(22)
Pd-C(13) 2.079(18)

$(1)-Pd-S(2)

S(1)-Pd-S(3)

$(2)-24-5(3)

S(1)-2d-C(11)
S(1)-pPd-C(12)
S(1)~Pd-C(13)
§(2)-Pd-C(11)
§(2)-Pd-C(13)
$(3)-pd-C(11)
§(3)-Pd-C(13)

86.0(2)
96.1(1)
90.02(14)
87.6(2)
98.6(2)
96.8(2)
99.1(7)
167.8(7)
169.4(6)
100.4(7)

C(11)-pd-C(12) 34.1(12)
C(11)-pd-C(13) 69.2(9)
C(12)-Pd-C(13) 36.1(12)

Figure 4-13, ORTEP drawing of (Pd(C,HgIL1] *
and selected bond lengths (A) and angles (degrees).
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42.3.3. The Structure of [Pd(C3Hg)'L1] CFy§04

The ORTEP drawing of [l’d(C:’HS)le]+ and selected bond lengths and angles

are shown in Figure 4-13. The unit cell contains four [Pd(C3H5)'Ul+ complex

cations, each of which is ic. The ion of the i d ligand in
solid state [l’d(CSHS)-LI]Cl:}SO3 is the same as that in [Cu(L1)2]+ (Figure 3-1),
[CuC12~L1]2 (Figure 3-3) and [PdBrz-Ll] (Figure 4-3). The macrocycle is bonded to
the metal center as a tridentate ligand with two thioether sulfurs, S2 and S3, occupying
the two equatorial sites and thiophene-sulfur (S1) interacting with the Pd atom at an
apical position. The -allyl group occupies the remaining two equatorial positions to
complete a square pyramidal geometry. The Pd atom Lies ~0.06 A above the plane
defined by a pair of thioether sulfurs, S2 and §3, and two terminal carbon atoms, C11
and C13, of the -allyl group with an S(2)-Pd-S(3) angle of 90.02(14)°, which is almost
the same as that (90.15(13)°) found in [PdBr,'L1].

Apical bonds in five- or si i ium(1l) tend to be

longer than their equatorial counterparts, For example, the axial and average equa-
torial Pd-S bond lengths in five-coordinate [PdBr,{9]anes3] (15) are 3.125(4) and
2266 A while the average axial and equatorial Pd-S bond lengths in six-coordinate
[11‘1([91;;.1553)212+ (15) are 2.98 and 2.319 A. In comparison, the apical (thiophene)
and average basal Pd-S distances in [Pd(CjHS)Ll] * are 2.786(4) and 2.322 A. Due to
the large trans influence of a r-allyl group, which is a better n-acceptor than Br, the
Pd-S bond distances are 0.042 A longer than those found in [PdBr,yL1] (average basal
Pd-S=2.280 A). As a result, the thiophene-sulfur is brought closer to the metal center.
This may account for the unusually short apical Pd-S(thiophene) bond. In fact, the

present example provides the shortest known apical Pd-§ bond in a five- or six-
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coordinate palladium(II)-thioether complex even though thiophene does not usually
form strong bonds through its sulfur atom to transition metals.

The -allyl group is asymmetrically bonc~d to the Pd atom with Pd-C11, Pd-C12
and Pd-C13 distances being 2.148(16), 2.008(21) and 2.063(19) A, respectively. This is
probably caused by steric crowding from hydrogens on the macrocycle and two termi-
nal hydrogens on C11. The asymmetry of the r-allyl group is significant in its potential

additions to the asymmetric 7-allyl

to the regi istry of phili
group. In comparison with complexes [Pd(CJHS)-l?]"' (L2=phosphin=s) (1, 4, 16),
the short Pd-C bond lengths in [l’d(C3H5)-L1]+ are consistent with the smaller trans

influence of thi fi to donors.

4.2.3.4. Nmr Study
The intramolecular motions of coordinated species leading to simplified nmr
spectra, particularly of allylic ligands have been extensively studied (4-10, 17-20). In

the present study, we have examined the variable temperature 1H nme spectra of -

p i of open-chain and macrocyclic thioether ligands in order to
characterize any motions of the #-allyl groups and the macrocyclic ligands. 14 nmr
spectral data are in Table 4-9. The assignments of the spectra were made on the basis
of 'H-1H cosy spectroscopy, Attached Proton Tests and the following two princi-
ples: (i), the central proton of an allyl group interacts with the anti oroton to exhibit a
greater coupling constant than with a syn proton (5) and (ii), the anti protons are gen-

erally at higher field than the syn protons (5).
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Table 4-9: ' nmr data for r-allylpalladium complexes (chemical shifts in ppm vs.
TMS).
Complex Solvent  x-allylgroup Thioether Ligind
[PUCHLICE;SO;  CD;NO,  SI8mIR)AG gy =T2H22H)  T0(s2H)4 (54K 306(m.2H)
3.73(0 1y = 1295Hz) 283(m2H).2S8(m.2H).205(m.2H)
CDION  SEUMIH) 836 gy =T 2Ha2H) 6975 2H)A (s IH)295(m.2H)
3638313y =130Hz2H) 265(m.2H).245(m.2H)2 8(m.211)
4eDMSO  606(mIH)ABI8 gy =69HE2H)  T01(s.2H0831a Ty = WO 1)
3720 g = 128H22H) 300(m,2H).260(m.4H) 203(m.211)
[PACHY,L2PRg; CDiCN  STAMIHIASHE ygyy =SSHaSH)  694(s2H)A35(54H)
35002 1yqyq =130H2.9H) 294(m.8H).256(s.4H)
4gDMSO  S8i(m2H)498(0 gy =6 THEAH)  700(s2H) 4 62(54H)
357833 =12 7THe AH) 292(m8H).260(s.4H)
[Pay(CyHg)y LBKPFY, CDyCN  STAmZH)4d2ss) 692sH)438(s8H)
332s4H) 2750 gy =4 THLBH)L98(m 41D
[PUCHILIOPE,  CDLCN  S48(mIH) 456 Ty =TOHZ2H)  7.40(m.10H)
3080334y = 131Hz2H) 3.99(s,4H)3.00(s.4H)
[PUCHILIZPF,  CDNO,  SemAH)A M0 Tpyy =7 H22H)  7.5AmI0H).) 38(m H)
31083 129H22H) 4.24(5.H) 4 20(s.4H)
CDON  53(mIH)I93(& Ty <P IHZH) 746 10H)735(mdH)
301034 129H22H) 4.12(54H).4.10(s.4H)
4GDMSO  546(m.1H)395(0 Tyqyy =64H22H)  T4T(mIOH)735(maH)
3116y = 12.TH22H) 430(84H) 4 22(s:4H)
CDNO,  SBU(mAMAZS gy T AHE2H)  TSUmBH).TA0mH)
3388 35yqp =13.0H22H) 418(s4H)
CDON  STUMAE)AIE Ty T H22H)  TAmBH)T10(m4H)
4eDMSO  323(d 1y = 13.0H22K) 443(s4H)
600(m,1H) 445 (broad singlet 2H)  7.5(m 8H),7.18(m4H)
365(oroad singlet.2H) 455(s4H)
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In general, the spectra of r-allylpalladium complexes are of an AM X, type at
room temperature, which is typical of a fixed symmetrically bonded -allyl group. The
general features of the new complexes with thioether ligands are in agreement with

those previously reported (21). In view of their different dvnamic behaviour, the b

nmr spectra of i of open-chain and yclic thioether
ligands will be discussed separately.

4.2.34.1. w-Allylpalladium Complexes of Open-Chain Dithioether Ligands

Figure 4-14, Structure of i of di ligands.

The 'H nmr spectra of ically bonded static p
have been interpreted in terms of AM,X, or more precisely AMM"XX" spin systems
(22). “Dynamic” complexes, on the other hand, show AX, splitting patterns and
several proposals have been made regarding the nature of the fluxional process
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responsible for the exchange of syn and anti protons (4-10, 17-20). In order to avoid
any confusion with the exchange of syn and anti isomers of the dithioether complexes,
it should be noted that the following discussion about syn/anti exchange concerns the
dynamic interconversion of syn and anti protons on the two terminal carbon atoms of
the 7-allyl group (Figure 4-14).

The 1H nmr spectra of

of three open-chain dithioeth-
ers in CD3N02 show multiplets (9 lines) at ~5.50 ppm due to the central allylic
hydrogens and two doublets near 4.20 and 3.10 ppm, originating from the syn and anti
hydrogens. Their intensity ratiois 1:2:2. This suggests a static symmetrically x-bonded
allyl group in these complexes. Unlike that of [PdCl:,_-Lll)]. the 1I"l nmr spectrum of
[l’d(C:,;Hs)-Ll()]Pl'-'6 in CD3N02 shows a singlet at about 4.00 ppm due to the ben-
zylic hydrogens and a singlet at 3.00 ppm due to hydrogens in the CHZCH2 backbone.
Apparently, both conformational changes and inversion at coordinated S-atoms have
occurred as evidenced by the coalescence ~f two AB quartets due to the benzylic
hydrogens in the syn and anti isomers of [PdCly-L10]. As a result, only an “ averaged"”
L10 was observed. The rapid inversion at coordinated S-atoms is also responsible for
the observation of only one r-allyl group. Were the inversion at sulfur slow enough,
two different diastereotopic 7-allyl groups would be expected due to the pyramidal
environment about thioether sulfur. The marked difference between the spectra of
[PdCLy'L10] and [Pd(C3H5)~L10]PF6 can be explained in terms of the much larger
trans influence of a r-allyl ligand compared to chloro-ligands since the 7-allyl group is
a better r-acceptor than chloride. Similar explanations can be applied to the com-

plexes [PA(CyH L] (L=L12, L14).
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Figure 4-15, Variable temperature 1H nmr spectra of [Pd(cslls) L14] in
[CY) CDJNOZ (90°C); (B) CDJCN (60°C); (¢) d‘-DMSO (22.7°C) and (D) dG-DMSO (60°C).
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It is of particular interest that the ' nmr spectra of the three open-chain

p one example of which is shown in Figure 4-15,
are invariant with temperature in CD_,'NO2 to about 90°C. This observation estab-
lishes that in the absence of base or coordinating solvent the -allyl group does not
undergo any motion leading to interconversion of syn and anti hydrogens on the nmr
time scale in the temperature interval studied. Therefore, the internal rotation
mechanism, which invelves rotation of the terminal CH2 group about the carbon-
carbon bond (19), is excluded for these r-allylpalladium complexes.

It should be noted that 'H nmr spectra of dithioether complexes were strongly
solvent dependent. In CDJNOZ, all three complexes show no temperature depen-
dence even at 95°C (Figure 4-15 (A)). In CD3CN, however, they start to undergo
syn/anti exchanges at temperatures above 60°C (Figure 4-15 (B)). When the strong o-
donor solvent dﬁ-DMSO is used, [Pd(C3H5)~L14]PF6 begins to undergo syn/anti
exchange processes even at room temperatre (Figure 4-15 (C)) while
[Pd(C3Hs) L12JPFg starts to undergo the same processes at temperatures over 30°C.
Upon warming, the multiplet (9 lines) at about 5,60 ppm originating from the central
allylic proton collapses to a quintet while two doublets at about 4.50 and 3.40 ppm ori-
ginating from anti and syn protons, respectively, begin to broaden and then to coliapse
t0 a broad singlet at about 3.90 ppm (Figure 4-15 (D)). This is expected to be eventu-
ally an AX, doublet at extreme temperatures if the complex does not decompose. In
addition, no concentration dependence of the rate of syn/anti exchange was detected

in CDJCN or ds-DMSO. This is significant in that it rules out any explanation of the

involving i hange of the allyl ligand as in

some platinum(Il) complexes (23-24).
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Examination of variable temperature 'H nmr spectra of dithioether complexes in
different solvents indicates that (i) the chemical shift of the central allylic proton
changes (~0.03 ppm) with temperature; (ii) the chemical shift of the terminal CH,
resonance (a broad singlet has been observed) in the AX 4 spectrum is midway
between the chemical shifts of the two doublets in the AM, X, spectrum; and (iii) the
chemical shifts of the allylic protons change irregularly with changes in polarity of the
solvent and the rate of the syn/anti exchange process increases with increasing donor
ability of the solvent. It seems difficult to explain these observations by an internal
rotation mechanism, a more plausible explanation is the solvent-assisted 7-o equili-
brium mechanism, in which a five- or six-coordinated intermediate or transition state
is formed by solvent coordination and the 7-bonded allyl group becomes momentarily
o-bonded. Rotation may then occur about the metal-carbon single bond, followed by
reformation of the r-bonded form. The whole process is shown in Scheme 4-3.

Further evidence for the mechanism above has been obtained from a variable
temperature 4 omr study of [Pd(CJHS)L] (L=L12 and L14) in the mixed solvent
CD3NO,/CsDgN (41, v:v). Both complexes start to undergo syn/anti exchange at
temperatures higher than 60° in the mixed solvent and the exchange rate depends on

the concentration of CsDgN.

42342. C of Thi Ligands

The 1H nmr spectrum of [Pd(CJHS)-Ll]CFBSOJ is more complex than those of
{MXZ'LI] (M=Pd, Pt; X=Cl, Br, I, SCN). Intramolecular motions include ligand
pivot fluxions of the macrocycle, inversion at thioether sulfurs and syn/anti inter-
conversion of the terminal hydrogens of the #-allyl group. These motions will be dis-
cussed separately. We shall discuss in detail only [Pd(C3Hs)-L1JCF3SO;, for which we
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also have X-ray structural data (Figure 4-13).

4.2.3.4.2.1. The Fluxionality of the Macrocycle

The spectrum (Figure 4-16) of [Pd(C3H5)~L1]CFSSOJ in CD3N02 at 25°C
shows a singlet at 7.04 ppm due to the aromatic hydrogens, H2 and H3, a broad singlet
at 4.23 ppm due to the hydrogens on C5 and C10, and four multiplets at 3.06, 2.83,
2.58 and 2.05 originating from hydrogens in the two CH,CH, units with the integrated
intensities of these regions being in the ratio 2:4:2:2:2:2 as required. In comparison
with the spectrum (Figure 4-7) of [PdBr,Ll] in d-DMSO, in which two doublets at
about 7.05 ppm and an AB quartet at about 4.35 ppm were observed, the presence of
a singlet at 7.04 ppm and a broad singlet at 423 ppm in the spectrum of
[Pd(CsHs)-LI]CF3$O3 (Figure 4-16) in CD_.’NO3 establishes that the macrocycle is
fluxional through a 1,4-metallotropic shift at S2, S3 and S4 when two halide or
pseudo-halide ligands (Figure 4-3) are replaced by a m-allyi group. The fluxionality of
the macrocycle is also confirmed by the observation that only five signals were
detected in the 13C nmr spectrum of [Pd(C3H5)‘L1}CF3SO3 in CD3CN. Were the
macrocycle rigid, ten signals would be expected as in the case of [PdCLyL1]. The fact
that four multiplets between 2.00 ppm and 3.00 ppm are seen whereas only two tri-
plets were detected in this region of the spectrum of the free iigand in CDCiy suggests
that although the fluxional process is taking place, inversion at all thioether-sulfurs is

not.
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Figure 4-16. 1H nmr spectra of [Pd(C3H5)~Ll] CF3503
in CD:!NO2 at 25°C and 90°C.
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As is shown in the solid state conformation (Figure 4-13), $4 in the coordinated
macrocycle is exocyclic. When a 1,4-shift takes place, rotation at C-S and C-C bonds is
required and the energy barrier to this process is low as demonstrated by the fluxional-
ity of the macrocycle even at room temperature. It is this 1,4-shift that is responsible
for the appearance of an nmr spectrum suggesting a static symmetrically bonded 7-
allyl group although it is shown to be asymmetric in the solid state of
[Pd(C3H5)~L1)CF3503A When the 1,4-shift occurs, the macrocycle is bonded to the
Pd atom in such a way that S1 and S3 remain bound to the metal while the two outer
ones (S2 and $4) take turns. As a result, H2 and H3 in the “averaged” macrocycle
become equivalent and the same is true for the two methylene groups adjacent to the
thiophene ring and for the two CH,CH,) units, from which only one ABCD splitting
pattern originates. This is confirmed also by the coalescence of the upfield signal at
~0.65 ppm due to H8A with the signal at 3.60 ppm due to H7B to give a multiplet at
2.27 ppm.

In complexes [MX,Z-LI] (M=Pd, Pt; X=Cl, Br, I, SCN), the macrocycle is
“locked” and intramolecular motions including inversion at coordinated S-atoms as
well as rotations at M-S and C-S bonds are severely limited so that it remains rigid
until decomposition occurs at high temperatures. When two halide or pseudo-halide
ligands are replaced by a r-allyl group, remarkable changes occur and the macrocycle
becomes fluxional. It seems that the fluxionality of the macrocycle is sensitive to the

nature of ligands trans to the points of 1 ‘This can be explained

in terms of =-acidity of trans ligands. When ligands at trans positions are weak -
acceptors such as Cl, Br, I, SCN, the macrocycle is strongly bonded to the metal and
there is no coalescence of resonance signals until the complex decomposes. When a

strong w-acceptor such as a r-allyl group is at the trans positions, the M-S bonds have
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been weakened and it is possible for the macrocycle to undergo a ligand pivot fluxion
provided that the macrocycle has at least one uncoordinated thioether-sulfur atom, as
in the case of [PtMey[14]aneS4]* (25-26). The trans bond weakening effects of Br
and w-allyl can be seen by comparing Pd-S bond lengths in [PdBrz~Ll] (Figure 4-3)
(the average equatorial Pd-S distance is 2.280 A) and [Pd(C3Hy)-L1JCF;S0; (Figure
4-13) (the average equatorial Pd-S distance is 2.322 A). Thus, the fluxionality of a
macrocycle is dependent on the strength of its M-S bonds and availability of uncoordi-
nated donor atoms in the complex.

Similar 'H nmr spectra have been obtained in CD3CN except that the four mul-
tiplets in the region 2.00-3.00 ppm are better resolved in CD3N02 than in CD3CN. In
d6-DMSO (Figure 4-17, p202), however, changes occur and a solvent effect is

observed again as in the case of open-chai

“The spectrum of [Pd(C3Hg)L1ICF,SOs in dg-DMSO shows an AB quartet at about
4.35 ppm due to hydrogens on CS and C10 and three multiplets at 3.00, 2.60 and 2.00
ppm due to hydrogens in the two CH,CH, units with integrated intensities for these
regions in the ratio 4:2:4:2. The presence of the AB quartet at about 435 ppm is
significant and supports our previous conclusion that inversion at all sulfurs is not
occurring and HSA and HSB or H10A and H10B remain non-equivalent when the
1,4-shift is taking place. The fact that only a broad singlet was observed in the spec-
trum of [l’d((l‘,l'ls)-Ll]CF3803 in (3031\102 and CDJCN suggests that the chemical
environments around H5A and H5B or H10A and H10B are very similar. When the
chemical shift difference of HSA and HSB or H10A and H10B is very small, it is likely
that the spectrum would appear as a broad singlet in this region. This is supported by
the observation that small peaks appear on both sides of the broad singlet at 4.35 ppm
that are the outer pair of peaks of an AB quartet where A§ is small enough that the
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two center peaks have overlapped. The chemical shift of individual H’s is well known
(9) to shift with solvent even when no metal atoms are present.

42.3.4.2.2, Inversion at Thioether-Suifurs

Upon warming the d;-DMSO solution to 70°C, the AB quartet at 4.35 ppm starts
to collapse and gives a singlet at the same position at 100°C whilst the three multiplets
at 3.00, 2.60 and 2.00 ppm originating from the two CI-&CH2 units begin to merge
into two multiplets at about 2.60 and 2.10 ppm. This is an AZBZ type spectrum as
shown in Figure 4-17. Since it is obvious that the 1,4-shift at S2, §3 and S4 does not
interchange hydrogens on the same carbon atom, the only way for the A282 spectrum
to arise is by a dissociative inversion route, in which S3 is replaced by a DMSO

molecule and the le may become ily mono- or bidentate (S1 and

S2). The inversion at S3, which involves rotation about C-S and C-C bonds, then takes
place and is followed by reformation of the five-membered chelate ring. It is this
inversion that interchanges pairs of hydrogens on each carbon atom. The fact that no

free ligand signals were detected over the temperature range studied suggests that the

le is not letely dis when inversion at S3 takes place. Further evi-

dence has been obtained by the 14 nmr study in the presence of the free ligand in
CD3N02 and d6-DMSO. In CD3N02, the intensities of the free ligand peaks do not
change with temperature so that the ligand is not involved except as an impurity in the
spectrum. In d-DMSO, however, the free ligand peaks change with the temperature
and finally merge with those of coordinated ligand. This suggests that in this solvent
the free ligand exchanges with the coordinated one, thereby interchanging pairs of

hydrogens on each carbon atom.
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Inspection of variable temperature 1H nmr spectra of the coordinated macrocy-
cle in [Pd(CsHS)'Ll]CFSSO3 in different solvents indicates that the donating ability of
the solvent is important for inversion at thioether-sulfur(s). In a weak o-donor solvent
(CD3NO2), only a 1,4-shift due to the large trans influence of the 7-allyl group is
observed at temperatures from 25°C to 95°C with no indication of any inversion at S-
atom(s). In a strong o-dornor solvent (dg-DMSO), replacement of some thioether sul-
fur atoms is possible and inversion at S-atoms occurs at high temperatures in addition
to the 1,4-shift. Therefore, the energy barrier for dissociative inversion at S-atoms is
larger than that for the pivot fluxion of the macrocycle and the dissociative inversion

at S-atoms is largely dependent on the o-donating ability of the solvent employed.

4.2.3.42.3. Syn/Anti Interconversion of 7-Allyl Group

In CDSNOZ‘ the spectrum (Figure 4-16) shows a multiplet (9 lines) at 6.09 ppm
due to the central allylic hydrogen and two doublets at 4.93 ppm (3JH_H=7.Z4 Hz)
and 3.72 ppm (3JH_H=12.95 Hz) originating from the syn and anti hydrogens, respec-
tively. These observations are consistent with a static symmetrically bonded 7-allyl
group. Although it has been shown to be somewhat asymmetric in the solid state, it
appears symmetrical in the nmr spectrum because of the 1,4 fluxional behavior of the
other ligand. Similar spectra of [Pd(C3H5)-L1]CF3$O3 were obtained in CD;CN and
dﬁ-DMSO at room temperature.

Upon warming the solution of [Pd(C3Hg)-L1]CF350, in dg-DMSO to 80%, the
multiplet (9 lines) at 6.06 ppm due to the central allylic hydrogen collapses to a quintet
while two doublets at 4.93 anJ 3.72 ppm due to syn and anti hydrogens, respectively,
begin to broaden and then to collapse to two broad singlets at the same positions at

100° (Figure 4-17). At higher temperatures, if the complex in solution remains stable
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these two broad singlets are expected to merge to a doublet midway between the two
doublets in the AMZX‘Z spectrum thereby giving an AX4 spectrum as was found in the
open-chain dithioether complexes. Thus, for o-x interconversion of -allyl group to
occur, a higher coordination number must be achieved either by addition of a base
such as pyridine or a strong o-donor solvent. The enhancement of the rate of o-r inter-
conversion is probably caused by the the solvent molecule acting in a manner analo-
gous to the entering group in a typical square planar substitution.

4.2.3.5. Electrochemistry

It has been shown that the coordinating properties of the ancillary ligands, Ly in
[Pd(CBHS)'LZ]+ (21) are very important in the stabilization of the metal-containing
reduction products. When L2= ZCH3CN and I,S-Cngz, the Pd(O)—LZ systems are
unstable and the electrochemically reduced products are Pd metal and the free ligand.
‘When l.2= 2 P(C6H“)3, formation of [Pd(P(CﬁHu)J}z] may account for the much
greater stabilizing effect of wo P(C6H11)3 ligands than that of 1‘5'C8H12 and
CH3CN. It is of interest to examine the electrochemical behaviour of [Pd(C3H5)-L]+
(L=dithioether and macrocyclic thioether ligands) because of the potential similarity
of thioether and phosphine ligands.

Table 4-10 lists the peak potentials obtained from cyclic voltammograms of these

w-allylpalladium complexes. In all cases the reduction step s i ible as

by cyclic voltammograms, one example of which is shown in Figure 4-19. No oxidation
peak could be observed even at scan rates higher than 100 mV/s. The formation of Pd
metal (black powder) has been observed by recycling the voltammograms. These
results suggest that the reduced species Pd(0)-L are not sufficiently stabilized by

thioether ligands to permit isolation. In comparison with complexes [I’I:I(Csl-is)'l.z]+
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(L= CH3CN and P(C6H")3. the resistance to reduction (Table 4-10) follows the
order: phosphine > thioether > CH3CN, which is consistent with the order of #-

acidity of the ligands.

Table 4-10: El -hemical data for =-ally

Complex Cathodic Peak (E, cp.V)-
[Pd(C;Hg) LIICF;505 -162

[PA(C3H3) L21(PFg), -138
[Pd,(C3Hy), LBI(PF), -136

[PA(C;H5) LI0JPFg -160

[PA(C;Hg) LI2JPFg -159

[Pd(C3Hy) L14JPF, - 160
[PA(CyH)(CHCN),1* 102 (ref. 21)
[PA(CHS)(P(CgHy)3),IPFg - 175 (ref. 21)

* In acetonitrile, room temperature, scan rate 50 mv/s, Glassy carbon working electrode, pla-
tinum wire counter electrode; saturated calomel reference electrode, TEAP supporting elec-
trolyte (0.1 M).

‘The cyclic vol of thioether -allylpalladi p show a broad

anodic peak at positive potentials. This may be caused by some labile organic products
which are formed from the ination of allyl and solvent (21).

In all cases the cathodic reactions involve a one-electron transfer process as
revealed by coulometric measurements of [Pd(C3H5)-L1]CF3803 in CHSCN
(n=0.95%0.10). By analogy to [Pd(C3HS)-I1]+ (L=CH,CN and P(CgH,),), the
major organic reduction product should be diene from combination of two allyl frag-
ments. Further studies of electrochemical and chemical reduction of these complexes

are required and will be one of my future research interests.
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Figure 4-19. Cyclic voltammogram of [sz(CSHS)Z'u] (Pl-‘s)2
in acetonitrile (~10'3 M, 0.1 M TEAP, glassy carbon working

wire counter el de, SCE

at a scan rate of 50 mV/s.
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42.4. Conclusion

In the present study, of open-chain and

thioether ligands were prepared and studied by X-ray and 1H nmr methods. The pres-
ence of an asymmetric -allyl group indicates that it is possible to generate different
chemical environments for the two terminal carbon atoms by introducing certain
asymmetrically bonded ancillary ligands. This is of great importance in the regio-
specific control of nucleophilic addition at terminal carbon atoms of a -allyl group.
The lH nmr measurements revealed a 1,4-metallotropic shift on the coordinated
macrocyclic thioether ligand (L1). Although 1,3- and 1,5-shifts on sulfur atoms are
well documented (28), 1,4-shifts are not. To our knowledge, only one example,
[PtMe3-([l4]ancS4)]+. has been reported (25-26), which involves Pt(IV) not Pd(II) as

in [Pd(C3Hq)-L1] *.In the presence of base or strong o-donor solvents, -
3 8

undergo i ion of syn and anti hydrogens of a 7-

allyl group through a sol isted o-m ism. Cyclic y of these

complexes shows that in acetonitrile they undergo a totally irreversible one-electron
reduction to give Pd metal and probably organic dienes from combination of two allyl

fragments.
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CHAPTER 5
SYNTHESIS, CHARACTERIZATION AND PROPERTIES
OF SILVER(I) COMPLEXES OF THIOPHENOPHANE LIGANDS
Abstract:

Silver(I) complexes [Ag(L1),]X (X=CIO4", BF," and CF350;"), [Ag(L1)NO;],
[Agy(L))]X (L=12-14 X=ClO,, BF, and CF;805), [AgLS|CF;50; and
[AgLICIO, have been prepared for thiophenophane ligands, 2,5.8-
trithia[9](2,5)thi (L1), 25811 hia[12](2,5)thiophenophane (L2),

2,5,9,12-tetrathia[13)(2,5)thiophenophane (L3), 2,6,10, 14-tetrathia[15](2,5)thiopheno-
phane (L4), S-oxa-2,8-dithia[9](2,5)thiophenophane (LS) 2,5-dithia[6,6)(2,5)thio-
phenophane (L7) and 2,6-dithia[7,7](2,5)thiophenophane (L8). The ir spectra of these
complexes and fast atom bombardment mass spectra of [Agy(12),)(CIOy), are
described. The effect of structure on the ligand’s ability to form complexes is dis-
cussed. The X-ray structure of [Ag,(L2),](CIO,), has been determined. The cen-
trosymmetric dinuclear cation has a slightly distorted trigonal bipyramidal coordina-
tion geometry about each silver. The silver atoms are linked by one bridging thioether
sulfur from each ligand while the remaining three sites on each silver are occupied by
two terminal thioether sulfurs from one ligand molecule and one from the other ligand
molecule. All these complexes are remarkably stable photochemically and chemically
but under certain specific conditions react with loss of the ligand. This stability is dis-

cussed with respect to the structure of [Agz(LZ)z]“.
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5.1 Introduction

It is well known (1) that silver(I) has a strong affinity for thioether ligands in
agreement with the theory of hard and soft acids and bases. In general, silver(I) shows

a preference for linear tv ination (1) and, i four-

coordination (1-4). However, recent studies (5-7) of silver(I) complexes of crown
thioethers indicate that higher coordination numbers may be achieved with macrocy-

clic thioether ligands such as [9]aneS3 and [18]aneS6, which coordinate to Ag(I) in a

distorted geometry. The hedral geometry and hexathia coordination
are suggested to contribute to the . ‘sual electrochemical properties of these com-
plexes (5).

In previous chapters, it has been shown that thiophenophane ligands when com-
pared to simple crown thioethers, exhibit different conformations in the solid state and
different complexing properties towards the transition metals platinum, palladium and
copper. To extend the study of the coordination chemistry of these thiophenophane
ligands, the synthesis and properties of several silver(I) complexes, and the X-ray
structure of [Agz(l.z)z]z+ are described. The structural study of [Agz(ll)z]h.
reveals a binuclear species, the geometry about each silver of which is slightly dis-
torted trigonal bipyramidal. This stands in contrast to the structures of most silver
complexes having coordination numbers of five or six (5, 8-10), which exhibit

moderate or even severe distortions from idealized coordination geometry.

The ligands used in this chapter are given in Scheme 5-1.
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5.2. Experimental

Reagents and instruments are the same as those described in previous chapters.
FAB mass spectra were obtained using a saddle-field FAB gun on a VG-7070HS mass
spectrometer equipped with a VG2035 data system. The standard VG argon atom
source was operated at 8 KeV and the silver salt was introduced as a mull in
glycerol /para-toluensulfonic acid (approx. 3:1).

Genersal Procedure for Preparation of Silver(I) Complexes

To a solution of AgClO, (52 mg, 0.025 mmol) in 10 ml of acetonitrile an
equivalent of appropriate thiophenophane ligand in 5 ml of dichloromethane was
added. The resulting solution was filtered immediately and the filtrate was left in a
beaker to evaporate slowly giving eventually white crystals that were collected by

filtration, washed with acetonitrile and dichloromethane and dried in air. Yields range
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from 75% to 90%. Caution must be taken when handling perchlorate salts since those
of thioether metal complexes are potentially explosive.

Procedures similar to that above were followed to prepare the corresponding
tetrafluoroborate and triflate salts. Bis-ligand complexes [Ag(Ll)Z}X (X=Clo 4'. BF4'
and CF3SO3') were prepared in a similar way to that above using two equivalents of
L1. Complex [Ag(L1)NO;] was obtained from the reaction of AgNO3 with L1 even
though a metal to ligand ratio of 1:2 was used.

5.3. Results and Discussion
5.3.1. Preparation

Reactions of thiophenophane ligands with Ag(I) were carried out in acetonitrile

and di The isolated with their analytical data and melting
points are given in Table 5-1. In general, all complexes isolated are sparingly soluble
in acetone and acetonitrile, but soluble in DMF and DMSO, from which no original
complex could be isolated. Surprisingly, all silver(I) complexes of thiophenophane
ligands are light-stable in contrast to silver halides (1), which are light-sensitive.

It is of interest to note that the reaction of AgX (X=CIO,’, BF," and CF3503‘)
with L1 gives bis-ligand complexes [Ag(L1),]X (X=CIO,’, BF,” and CF,50,") while
that of AgNO; with L1 affords the complex [Ag(L1)NO;]. The striking difference can
be explained by the coordinating ability of the anion. In the presence of non-
coordinating anions such as ClO ", CF3503' and BF,", wo macrocycles coordinate to
Ag(I) presumably in a similar way to those in [01(L1)2]+ (Figure 3-1) to give a
tetrahedral geometry similar to that in [Ag(L)Z]+ (L=[HOOC(CH,) ;SCH,],, n=1-
3) (2, 10) which have two carboxylic acid moieties uncoordinated. In the presence of

the coordinating anion NO;', one of the L1°s is replaced by bidentate NO;™ to give
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[Ag(Ll)N03]. Other examples of bidentate NOJ' are known (12-13). Therefore, the
geometry of [Ag(L1)NO,] is probably distorted tetrahedral with L1 and N03' both
acting as bidentate ligands.

5.3.2. Ir Spectra

Infrared spectra of perchlorate salts (nujol mull) show characteristic absorption
bands of uncoordinated C104' at 1080 cm’! and 619 em’L. The spectra of the
corresponding tetrafluoroborate and triflate salts are similar to those of perchlorate
salts except that bands at 1080 (vs) and 619 (vs) cm'1 have been replaced by bands at
1040 (s) and 521 (w) em™! due to uncoordinated BF,” and at 1250 (s, br), 1036 (sh),
1025 (m), 830 (m), 750 (m), 720 (m), 635 (s), 570 (m) and 515 (m) em'! due to
CF:’SOS'. The ir spectrum of [Ag(L1)NO;] is different. The splitting of the 1340 em’!
free nitrate ion band and appearance of new bands (which are absent from the spec-
trum of the organic ligand) at 1420, 1320 and 1030 em’! suggest a coordinated NO;'
(14).
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Table S-1: migalmf physical ies of silver(l) of

Complex %) H(%) M(%) MP.(°C)
[Ag(L1),)CIO, 3345(3278) 391(38)  147(147)  160-163d**
[Ag(L1),JBE,, 3348(3335)  393(3%) - 155-160d
[Ag(L1),]CF550, 3244(3224)  359(361)  134(138)  174176d
[Ag(L)INO5 27.822176)  325(321)  24(224)  167-170d
[Ag,(12,)(CI0), 273127.18)  342(342)  210(204)  175-178d
[Ag,(12),)(BE)), 27.8827.79)  350(350)  213(208)  142-145d
[Ag,(12),)(CF;505), 27.34(2693) 321(3.13)  195(186)  177-182d
[Agy(13),)(CI0,), 29.17(2869)  380(371) 170-173d

[Agy(L3)(CF;805), 28512831) 341(340)  181(182)  172175d
[Agy(4)](CF;505), 3099(3090) 389(3%)  174(173)  185188d

[Ag(LS)ICF550; 26592623) 286(28)  208(214)  166-168d
[Ag(LTCIO, 31543138) 339(329)  1870(1760)  176-180d
[Ag(L8)CIO,, 34.13(3376)  387(378) 150-153d
* Found (calculated)

** decomposition
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Ag-S(2) 2 S(2)-ag-s(3) 3L.15(5)
Ag-S(3) 2 S(2 “ 69 (5)
Ag-S(4) 2. s(2 15.79(5)
Ag-S(4)' 2.9 s 2-S(3) ' 113.17(6)
Ag-S(5)' 2.563(2) S(3)-ag-s(4) $2.31(8)

£-S(4)" 162.94(5)

S(3)-ag-s(3)' 99.37(5)
S(4)-ag-s(4)' 36.355(3)
S(4)-ag-s(5) ' 124.27(6)

S(3)'-ag-S(5)" 76.35(5)
Ag=S(4) '-ag’ 93.45(3)

Figure 5-1, ORTEP drawing of (Agz(u)2]2+ cation and selected
bond lengths (A) aud angles (degrees), The pl;lmed and unprimed

atoms are related by a symmetry center..
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5.3.3. Description of the Structure of [Agz(LZ)Z]2 *

As noted before, L2 has an open cavity in the macrocycle’s center and the S-S
distances of 57 A across the cavity (Figure 2-2) seem to suggest that it is suitable to
accept one or more metal atoms. In addition, the rigidity of the thiophene subunit and
its two attached methylenes keeps S2 and S5 well separated (6.92 A) and projecting
away from the plane of the thiophene ring. These two sulfurs are thus placed appropri-
ately to coordinate to two different metal atoms except that their lone pairs are
directed towards opposite sides of the macrocycle in the solid state conformation. The
solid state conformation of L2, also, involves the familiar exocyclic arrangement of
lone pairs (15). In L2, this need not necessarily preclude complex formation since
orientation of the lone pairs with respect to each other is such that a metal atom could
perch above the cavity by bonding to only some of the sulfur atoms. Approach to 12°s
cavity in its solid state conformation is however largely blocked by H atoms of the
methylene groups. Clearly, this molecule has considerable latent potential as a ligand

but will only form in which it is bi ing or

P if conf
tional change first occurs in its flexible thioether chain. In this respect L2 is similar to
Lland L3,

The ORTEP drawing of [Agz(ll)z]2+ is given in Figure 5-1. The unit cell con-
tains two centrosymmetric molecules of [Agz(L2)2]2+. Inspection of the structure of
[Agz(u)zlz"' reveals that the dinucleating capability of the ligand has been utilized
with S2 and S5 of the ligand coordinating in the equatorial positions of two separate
silver atoms. Pairs of thioether sulfurs separated by two methylene groups are known
(16) to have a tendency to form five-membered chelate rings with S-M-S bond angles

close to 90°. Therefore, bearing in mind the total number of donors available the



-218 -

remainder of the available sulfur sites are poised for formation of trigonal-bipyramidal
coordination about each silver atom. Conformational rearrangement in the thioether
chain has occurred from CS5 to C9 inclusive so that the lone pairs on the thioether sul-
furs are oriented into the cavity towards the silver atoms. The dipositive complex
cation (Figure 5-1) which is centrosymmetric consists of two silver atoms 4.082(3) A
apart (compared to 2.88 A in metallic silver) and each is surrounded by a slightly dis-
torted trigonal bipyramidal array of thioether sulfurs from two molecules of ligand.
Neither ligands thiophene sulfur is bonded to silver. The Ag-S (thiophene) distances
are 3.7069(8) A to the nearer thiophene sulfur and 3.9384(7) A to the more distant
one which may be compared to 3.50 A which is the sum of the van der Waals” radii
(17). Sulfurs S2 and S5 which hang below their thiophene's plane, bond to equatorial
sites of separate silver atoms and one sulfur in each ligand (S4) bridges the two metals
assuming an axial position with respect to one and an equatorial with respect to the
other. The remaining two sites of a particular silver (an axial and an equatorial) are
filled by adjacent sulfurs (S2 and S3) of one ligand so that a five-membered chelate
ring with an average S-Ag-S angle of 81.15(6)° is formed, The coordination sphere of
each silver is distorted somewhat from idealized trigonal bipyramidal geometry. This
is revealed most obviously by the S3-Ag-S4~ angle between axial positions which is
162.94(5)° instead of 180°. As a result, one equatorial-to-axial angle (S2-Ag-S4°) is
also larger (115.79(6)°) than expected (90°). Each silver lies 0.62 A out of the plane
defined by three equatorial S-donors and is part of three five-membered chelate rings
with angles of 81.15(6), 82.31(5) and 76.35(5)". These represent half the axial-to-
equatorial angles about each silver. The other half involves a further taree inter-ligand
S-Ag-S angles, one of which ($4-Ag-S4°=86.55(5)°) is part of the AgZSZ bridging sys-
tem and two of which (S5 °-Ag-53=99.37(6); S2-Ag-S4°=115.79(6)°) are not part of a
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ring and so are relatively free to open as required to relieve any stereochemical strain,

‘The Ag-S lengths with an average of 2.695 Aand a range of 2.564-2.995 A are
comparable to those in other silver thioether complexes (5, 10). They show the usual
slight (~11%) lengthening of average axial over average equatorial distances but the
axial Ag-S4” length is significantly longer (0.245 A) than the other axial bond length
(Ag-S3), presumably because S4° is bridging whereas S3 is terminal and also because
it reduces interaction of a hydrogen on C9 with S1° of the other ligand. Upon coordi-
nation, L2 becomes so rigid that any further rotation of the C-C and C-S bonds has to
overcome a very high energy barrier.

From models, it can be seen that silver(I) complexes of L3 and L4 may have simi-
lar dinuclear structures to that of [Agz(ll)2]2+. This is consistent with their similar
chemical properties.

Characterizing the cation [Agz(u)2]2+ by methods other than X-ray diffraction

is difficult since most

give no indication of its

dinuclear nature. Fast atom bombardment mass spectroscopy has been applied to

latil fragile (18) and we had hoped to apply it suc-
cessfully to detect [Ag2(12)z]2+. The spectrum finally obtained, however, consisted
of two peaks of equal intensity with m/e=429 and 431 corresponding to ions contain-
ing 1mAg (51.8% rel. abundance) and 109Ag (482% rel. abundance), respectively.
The values of m/e and the relative peak intensities are consistent with [Ag(L’z)]+
from cleavage of the dinuclear cation into two monomer fragments. It is of interest to
note that no spectrum was obtained when the matrix was glycerol and only when p-

toluenesulfonic acid was added to the matrix was a spectrum of the complex silver

cation detected. It seems reasonable to speculate therefore, that the role of the acid is



to add a proton to the anion of the silver salt thereby freeing the complex cation so
that it may be accelerated from the source into the mass-analyzing sections of the
spectrometer.

Although the dimer cleaves in the mass spectrometer it is surprisingly robust
under normal conditions. For example, unlike polynitrogen ligand complexes (19-20) it

does not disproporti under any itions. Both crystalline samples and solutions

in b itrile of the p salt can be subjected to uv radiation from a 100 W

Hanovia lamp for 24 hours with no sign of darkening. Stirred aqueous suspensions of

the salt ini iosul ja or d hydrochloric acid

show no reaction after several hours and even a heated solution in benzonitrile of the
perchlorate salt and p-thiocresol shows only limited reaction after 24 hours. In con-
trast, solutions of the ion seemn highly reactive in the presence of a base such as pyri-
dine. For example, when pyridine is added to the unreactive solution of p-thiocresol
and [Ag,(12),](CI0,),, a yellow precipitate of [AgSCeH ,CH,]  is formed rapidly in
93% yield. This insoluble mercaptide was identified by elemental analysis and by its ir
spectrum which is devoid of any bands attributable to L2 but contains bands typical of
p-thiocresol.

Tt has been observed that coordinated thioethers generally stabilize low oxidation
states (2). Exceptions (5) have been attributed to special geometric considerations or,
in complexes having large coordination numbers, to high electron density on the metal
which should make oxidation easy. Foliowing this reasoning, we attempted unsuccess-
fully to oxidize the perchlorate salt by both chemical and electrochemical means. Oxi-
dation by concentrated sulfuric acid leads to decomposition of the complex and forma-
tion of a precipitate of silver sulfate. No silver(IT) species were detected in suspensions

of the silver triflate in 70% HCIO,. Use of ceric ammonium nitrate in methanol
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caused precipitation of a solid which appears to be the less soluble nitrate salt of
[AgQ(Il)2]2+ while electrochemical oxidation of an acetonitrile solution using a
saturated calomel reference electrode gave a precipitate of silver chloride. This result
stands in contrast to the inertness to chloride mentioned previously and may be a
consequence of the special steric requirements of the ligand. For example, silver(Il)
with 9 d-electrons is usually found in square planar or distorted octahedral environ-
ments. Either of these geometries would be difficult to attain from the distorted trigo-

nal bipyramidal structure of [Agz(ll)z]2+ due to the rigidity of the coordinated

hioph h ligand. Thus, pted oxidation could lead to destruction of the
dinuclear complex and release of one or more silver(l) ions that would precipitate as
AgCl. On the other hand, the silver atoms are wrapped by two hydrophobic ligand
molecules and strongly bonded by thioether sulfurs. Therefore, it is very hard for other
donors to approach the metal center and to replace the macrocycle. In this regard, it
is not surprising that the dinuclear complex is extremely stable under normal chemical
conditions. Furthermore, it appears that the special geometric requirements of 12 sta-
bilize Ag(l). Thus, unlike cyclam (19-20), which promotes disproportionation to Ag(0)
and Ag(ll) or [9]aneS3 (5), which provides a coordination sphere compatible with

both Ag(l) and Ag(ll) leading to reversible oxidation at low el ical potential
for its Ag(I) complex, the ligand L2 provides a coordination geometry particularly
favorable to Ag(I) thereby stabilizing that oxidation state.
54, Conclusions

In conclusion, the ar-acidity of thioether sulfur donors in thiophenophane ligands
stabilizes Ag(I). In contrast to simple macrocyclic thioether ligands such as [9]aneS3
(5) and [18]aneS6 (6), the failure of thiophenophane L2 to stabilize Ag(Il) is caused by
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its special geometric requirements that stabilize Ag(I). The chemical and photochemi-

cal stability of this and other thi silver(I) ! arises from the
strong bonding of thioether donors to Ag(I) and from the high rigidity of the coordi-
nated thiophenophane ligand(s).
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APPENDIX. CRYSTAL DATA

Tible 1:  Crystal data for L1 (CygH, 8,

Parameter Value
Empirical formula Cyoly
Formula weight 26327
Crystal dimensions, mm 03x03x05
Space growp Monociinic P2, /a
ad 7.9347(2)°
bA 18.7479(3)
oA 8.8596(2)
pdeg 108.446(2)
2 (moleculesfeell) 4
F(000) electrons 608.28
Volume, A® 125450
4o /e’ 1394
Linear absolute eoefTcient, mm™ 070
Radiation (MoKay), A A = 070930
28(max), deg 49
No. reflections measured 282
No. of unique reflections. 2174
No. unique reflections, /,,, > 3.00(1,,,) 1337
Last Ieast-square cyclc calculated with 28 atoms
184 parameters
1337 reflections.

Ry(sig. re) 0048
R, (sig. refl) 0.03¢°
Goodness offit (fast cycle) 2407
Ry (all refl) o080
R, (all refl) 0.036°
Maxinum shift/o 0.002
Last D-map:

deepest hole, /A 0260

highest peak, /A3 0310
Sccondary extinction coeflicient 0.581149
1 0.051029

a 15 work, cods refer 1o the last digi printed.

VR =B, IFII/BIF,|.
Ry, = BHIF, | - IF, /R0l /2 where = /6%

“ Goodnesof fit = [B((F,{ - F,|)2/(number of reflcions - number of parameters.)] /%
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Table 2: Crystal data for L2 (C;,H 85

Parameter Value
Empirical formula C oM Ss
Formula weight 32240
Crystal dimensions, mm 0.12x017x031
Space group Monodinic P2, /n
ah 10.8866(2)°
bA 9.4419(4)
oA 14.9608(2)
f,deg 97.132(1)
Z (molecules/cell) 4
F(000) electrons 68027
Volume, A3 152571
A Bl 1.404
Linear absolute cocfficent, mm" 613
Radiation (Cuka), A A = 154056
26(max), deg 139
No. reflections measured 2950
No. of unique reflections 2871
No. unique reflections, I, > 3.00(], ) 278
Last least-square cycle calculated with 35 atoms
227 parameters
2278 reflections

Ry(sig. en) 0057
R, (sig.ren) 0.045°
Goodness of fit (Jast cycle) 4349
Ry(alt ren) 0.069"
R, (all refl) 0.046°
Maxinum shift/o- 0.063
Last D-map:

deepest hole, e/A’ 0470

highest peak, e/A% 0.560
Secondary extinction coeflicient 721

@ Throughout this work, esd's are in parentheses and refer to the last digit printed.
bR.=2|IF,| - IFII/EIF,|.
e e 1/2 2
Ry, = BAIF, | - [ /SwlF /2 where w = 1/
4 Goodness of it = [DW(|F, | - |F,|)%/(number of refections - number of parameters )] /2
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Table 3: Crystal data for L3 (C1oHgSs)

Parameter Value
Empirical formula CiaHagSs
Formula weight 33660
Crystal dimensions, mm 0.13x030x035
Space group Monoclinic P2, /a
a,A 14658(1)7
bA 5.9800(3)
oA 197722)
B, dog 111.00(1)
Z (molecules/cell) 4
F(000) electrons 227
Volume, A3 161855
g 8lem® 1 1381
Lincar absolute coeflicient, mm” 636
Radiation (CuKay), A A = 1.54056
26(ma), deg 1519
No. reflections measured 3816
No. of unique reflections 3381
No. unique reflections, 1., > 300(7,,) 2845
Last least-square eycle calculated with 38atoms
244 parameters
2845 reflections

Ry (sg refl) 00s0?
R, (sig refl) 0046°
Goodness of fit (last cycle) sss?
Ryallefl) o057
R, (allrefl) 0046°
Maxinum shift/o 0269
Last D-map:

deepest hole, /A% 0500

highest peak, /A3 0430
Secondary extinction cocfficient 1025

“ Throughout this work, esd's are in parcntheses and refer to the last digit printed.
b Re=B1IF, |- FIEIF,|.
c : 2 21/2 2

Ry = DIF, |- IF ) /BWIF, 1Y wherew = 1/6°1.

9 Goodness of fit = [Ew(|F, | - |F,1)/(number of reficctions - number of paramoters)] /2.
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Table 4: Crystal data for [Cu(L1),]CIO,

Parameter Value
Empirical formula CopHyCICuO, Sy
Formula weight 68744
Crystal dimensions, mm 020x020x0.30
Space group Monoclinic P2, /¢
aA 9.4363(1)7
bA 18.2768(3)
oA 19.2157(3)
B deg 96.520(2)
Z (molecules/cell) 4
[F(000) clectrons 1059.89
Volume, A3 277195
eat Blem 5 1644
Linear absolute coefficient, mm 129
Radiation (MoKay), A A = 070930
26(max), deg 449
No. reflections measured 4151
No. of unique reflections 3589
No. unigue reflections, 1,0, > 250(1,.,) 2539
Last least-square cycle calculated with 65 atoms
411 parameters
2539 reflections

Ry (s ret) 0.056®
R, (sig refl) 0.037
Goodness of fit (last cycle) 2077
Ry (allrfl) 0.081>
R, (all refl) 0.039°
Maxinum shift/o- 0394
Last D-map:

deepest hole, e/A° 09%

highest peak, ¢/A3 0970
Secondary extinction coefficicnt 0581149
v 0051029

@ Throughout this work, esd's are in parentheses and refer to the last digit printed.

R =BIIF, |- IFII/ZIF, -

‘R = BIF, | - IF, DB F ] A where w = 1/a%.

4 Goodness of it = [Bw(|F, | - |Fc|)2/(numh=r of reflcctions - number of parameters)| /2.
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Tabie 5: Crystal data for {CuCl,'L1],

Parameter Value
Empirical formula Cy0HygClCus
Formula weight 938
Crystal dimensions, mm 0.15x020x020
Space group Orthorhombic Pbea
a,A 15383(6)%
bA = 114093)
A 17.423(4)
Z (molceules/cell) 4
F(000) electrons 160782
Volume, A3 305782
e fem® 1724
Lincar absolute coefficient, mm”! 229
Radiation (Mnl(al),l\ A = 070930
26(max), deg 500
No. reflections measured s461
No. of unique reflections 713
No. unique reflections, I, > 25011,,,) 132
Last least-square cycle calculated with 31 atoms
191 parameters
1322 reflections

Ry(sig.refl) 0057
R, (sig-refl) 0.036°
Goodness of fit (fast cycle) 2520
Ryallren) 0147
R, @l refl) 0.039°
Maxinum shit/o- 0.469
Last D-map:

deepest hole, ¢/A> 0880

highest peak, ¢/A% 0910
Secondary extinction cocfficient 0052)

 Throughout this work, esd's arc in parenthescs and refer to the last digit printed.
PR =B |IF, |- F /2 |
el o 2 2.1/2 2,

Ry, = BW(IF, | - [F /2w, 1T/ * where w = 1/6%1.

4 Goodness of fit = [DW(|F,| - |F,1)%/(umber of reflctions - number of parameters)] /2,
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Table 6: Crystal data for [CuClyL3],

Parameter Value

Empirical formula CogHggClyCu,S
Formula weight 94211

Crystal dimensions, mm 0.14x012x002
Space group Monoclinic A,/
a,A 12616(1)7

bA 10.0542(6)

oA 29.180(2)

B, deg 95.81(1)

Z (moleculescell) 4

F(000) electrons 192780
Volume, A3 368238

4 8l J 169

Linear absolute coefficicnt, mm™ 202

Radiation (MoKa;), A A = 070930
26(max), deg. 450

No. reflections measured 2797

No. of unique reflections 2433

No. unique reflections, ., > 3.06(/,.,)) 1073

Last least-square cycle calculated with 41atoms

191 parameters
1073 reflections

Ry(sg.rel) 0055
R, (sig.refl) 0.038°
Goodness of fit (last cycle) 13747
Ry(all efl) 0.145”
R, (allrenl) . 0.055°
Maxinum shift/o 0002
Last D-map:
3

deepest hole, ¢/A° 0530

highest peak, e/A’ 05%
‘Secondary extinction coefTicient 0.142)

@ Throughout this work, esd’s are in parentheses and refer to the last digit printed.
bR =BIIF|- IFI/EIF,.
CRI- F |- IF2/EwIF, )22 where w = 1/6.
' = EW(IF| - [FDT/EMIF, )Y 8
9 Goodness of it = [SW(|F,| - |F,|)%/(number of reflections - number of parameters)] /2.
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Table 7: Crystal data for [CuzCla(LS)z]n

Parameter Value
Empirical formula CyoHpsClyCuy
Formula weight 72601
Crystal dimensions, mm . 005x008x0.15
Space group Orthorhombic Phnn
aA 104108(20)"
bA 14.5204(24)
oA 20.348(5)
Z (molecules/ccll) 8
F(000) electrons 295163
Volume, A3 307599
4y Bfem’ 1.585
Linear absolute cocfficient, mm™" 42
Radiation (MoKa)), A A = 0.70930
26(max), deg 49
No. reflections measured 5031
No. of unique reflections 2083
No. unique reflections, 1,,, > 2500, ) 874
Last least-square cyele calculated with 38 atoms.
118 parameters
874 reflections

Ry (s reft) 0
R,, (sig refl) 0.075°
Goodness of ft (last cycle) oss?
Ry (at rel) 0.185
R, (all refly 0.184°
Maxinum shift/o 0273
Last D-map:

deepest hole, ¢/A> 0650

highest peak, ¢/A3 0650

“ Throughout this work, esd's arc in parcntheses and refer to the last digit printed,
b Rew S \IF ) IFII/BIF, ).
c r 2 21/2 '72
R, = DW(F, | - F 2 /EwIF, Y412 where w = 1/6%1.
4 Goodness of fit = [DW(F, | - |F,)%/(number of rflections - number of parameters)] /2
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Table 8 Crystal data for [(CuCl)L2],

Parameter Vaiue
Empirical formula ! CpH gCLCu,Sg
‘Formula weight 52039
Cystal dimensions, mm 0.15x035x035
Space group Monoclinic P2, /a
a,A 7.9687(4)*
bA 19.2312(9)
A 12.0060(6)
B, deg 97.185(4)
Z (molecules/eell) 4
F(000) electrons 104785
Volume, A3 182544
g lem® 3 1894
Lincar absolute coefficient, mm"™ k3
Radiation (MoKay), A A = 070930
26(max), deg 449
No. reflections measured 2391
No. of unique reflections 2388
No. unique reflections, 7,,,, > 250(,,) 1975
Last least-square cycle calculated with 39atoms
262 parameters
1975 reflections,

Ry(sig.refl) 0.042
R, (sig. refl) 0.049°
Goodness of fit (fast cycle) 0and
Ry(allren) 004”
R, (allre) 0.055°
Maxinum shift /o 0016
Last D-map:

decpest hole, ¢/A> 05%

highest peak, ¢/A> 1190

4 Throughout this work, esd's are in parcntheses and refer to the last digit printcd.

b Rp= B NI, 1 - IF /B IF,-

¢ 2 2
Ry, = BW(IF, | - |F,D¥/E1F D)

9 Goodness of it = [D(|F, | - |F,|)2/(number of eflcctions - number of parameters.)]'/2

172 yhere w = 1/0%1.
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Table 9:  Crystal data for [(CuBr), L7},

Parameter Value
Empirical formula CgHagBryCu S
Formula weight 67143
Crystal dimensions, mm 007x007x0.15
Space group Orthorhombic Pana
aA 817206
bA 10.7791(5)
A 12.0929(5)
Z (molecules/ecll) 2
F(000) electrons 65989
Volume, A® 113561
d,p 8fem® : 1964
Linear absolute cocflicient, mm" 59
Radiation (MoKay), A A = 070930
26(max), deg 49
No. reflections measured 1011
No. of unique reflections 799
No. unique reflections, T, . > 255(, ) 521
Last least-square cycle calculated with 8 atoms
64 parameters
521 reflections

Ry(sig.ren) 004
R, (sig.refl) 0.052°
Goodness of fit (Jast cycle) 02939
Ry(all ey 0084
R, (allrefl) 0.09%0°
Maxinum shift/o 0013
Last D-map:

deepest hole, ¢/A> 0710

highest peak, /A% 0740

“ Throughout this work, esd's are in parcntheses and refer to the last digit prinied.

PR = BIIF, |- IFI/E I

R,y = DHIF, | - [F 1 2/501F, 1Y)/ where w = 1/a%1.

4 Goodness of it = [W(IF,| - |F/1)%/(number o reflections - number of parameters,)| /2.
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Table 10:  Crystal data for [CuClyL9] )

Parameter Value
Empirical formula C1gH14CLCu0;S;
Formula weight 39685
Crystal dimensions, mm 0.10x0.10x030
Space group Orthorhombic 72,2,2,
aA 68096(4)"
bA 9.4542(5)
oA 2289%9(2)
Z (molecules/cell) 4
F(000) electrons 80391
Volume, A3 147423
dgger Blem® 1788
Linear absolute cocficient, mm! 225
Radiation (MoKay), A A = 0.70930
26(max), deg 450
No. reflections measured 17
No. of unique reflections 1703
No. unique reflections, gy > 235() 1433
Last least-square cycle calculated with 32 atoms
165 parameters
926 reflections

Ry(sig rell) 0031®
R, (sig. refl) 0034°
Goodness of ft (last cycle) 02287
Ry(alien) 0031®
R, (all refl) 0034°
Maxinum shift/o 0055
Last D-map:

deepest hole, ¢/A> 0370

‘highest peak, e/A’ 0430
Secondary extinction coeflicient 0054089
- 0027799

“ Throughout this work, esd's are in parcntheses and refer to (e last digit printed.

b

SR DU IRIEIR
Ry = DHIF, | - IF, 1 7B01F, 1]

9 Goodness of fit = [BK(|F| - F,1)%/(number of reflections - number of parameters)| /2.

172 where w = 1/6%1.
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Table 11:  Crystal data for [PdBryL1]

Parameter Value
Empirical formula CoHy BraPdS,
Formula weight 52868
Crystal dimensions, mm 0.10x0.10x020
Space group Monoclinic P2, /i
aA 8.3569(3)°
bA 16.3254(15)
A 11.1462(3)
B, deg 92.833(4)
Z (moleeules/ecll) 4
F(000) electrons 103191
Volume, A 151881
gy B0 . 2312
Linear absolute coefficient, mm” 693
Radiation (MoKa), A A = 070930
26(max), deg 499
No. reflections measured a158
No. of unique reflections 2652
No. unique reflections, £, . > 2.50(/,,,) 1446
Last least-square cycle calculated with 17 atoms
105 parameters
1446 reflections

Ry(sg refl) [
R, (sig. refl) 0.058°
Goodness of fit (last cycle) 17807
Ryallrenl) 0.120°
R, (all refl) 0.066°
Maxinum shift/c 1026
Last D-map:

deepest hole, ¢/A% 1330

highest peak, ¢/A3 1350
Secondary extinction coefTicient 0.69(7)

9 Throughout this work, esd's are in parentheses and refer to the last digit printed.
bR .= 2|IF|-IFII/EIF,|.
e 2 21/2 2
R, = [P(IF, | - |FD*/E(w|F, 1))/ “ where w = 1/0°1.
4 Goodness of fit = [BW(F, | - IF,)%/(number of reflections - number of parameters)] /2.
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Table 12:  Crystal data for [Pd(q3-C3HS)-L1][CF3503]

Parameter Value
Empirical formula C g F3
Formula weight 559,02
Crystal dimensions, mm 020x020x020
Space group Orthorhombic 12,22,
aA 87067(4)°
bA 9.1259(3)
oA 22.5540(10)
Z (molecules/eell) 4
F(000) electrons 11994
Volume, A
dggot/em’® N
Linear absolute coefficient, mm™
Radiation (MoKay), A
28(max), deg
No. reflections measured
No. of unique reflections 1815
No. unique reflections, ,, > 250(/,,,) 1341
Last least-square eyele calculated with 45 atoms
236 parameters
1341 reflections

Ry(sig refl) o
R, (sig. refl) 0.050°
Goodness of fit (last cycle) 0502
Ryl refl) 0.048”
R, (all refl) 0.050°
Maxinum shift/o 3363
Last D-map:

deepest hole, c/A> 0.8%

highest peak, /A’ 0490
Secondary extinction coefficient 0.132)

'n-mugnuul this work, esd’s are in parentheses and refer to the last digit printed.
bR =zIIF, |- IF, 72 I,
‘R = BWIF,| - IF, D /D(w[F D42 wherew = 1/4.
9 Goodness of fit = [w(|F| - |, |)%/(number of refections - number of parameters. W2



Table 13:  Crystal data for [Agy(L2),][CIO,),

Parameter Value
Bapiical foranis Coatlshg,CL08
Formula weight 059.42
Crystal dimensions, mm 020x040x0.40
‘Space group Monodiinic P2, /n
aA 972173)°
5A 198697(2)
oA 102654(4)
p,deg 100592(2)
Z (molecules/cell) 2
F(000) electrons 106394
Volume, A% 1858.93
Aoy Bfem’ 1893
Lincar absolute coeflicient, mm"! 17
Radiation (MoKa), A A = 070930
26(max), deg. 450
No. reflections measured 27
No. of unique reflections 2433
No. unique reflections, .., > 250(l,,,,) 1960
Last least-square cycle calculated with 41 stoms
281 parameters
1940 seflections

Ry(sig.refl) o3
R, (sig refl) 0030°
Goodness of fit (last cycle) 3657
Ry(allren) oost®
R, (allrefl) 0030°
Maxinum shift/o 0110
Last D-map:

decpest hole, /A 0580

highest peak, /A% 0540
Secondary extinetion coefficient 0443)

@ Tmrwpmn this work, esd's are in parentheses and refer to the last digit printed,

=ZIF,[- !FIIIEIFI

‘R - I - 17, DB, »’1”’wnmw- e,

4 Goodnessof ft = [BAIF, | - [F,1)/(number of reflections - number of parameters)| /2.
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