
ABSTRACT 

VANCE, CHARLES TIMOTHY. Syntheses and Coordination Chemistry of New 

Organosulfur Ligands Containing the Tetrathioethylene Unit. (Under 

the di rect i on of Robert D. Bereman.) 

This research has centered on the design, syntheses, chemical 

reactivity and physical and structural studies of a new class of tran

sition element complexes of novel organosulfur ligands which allow for 

a unique extension and redirection of the studies of low dimensional 

conducting materials. These new organosulfur ligands, each of which 

contains the tetrathioethylene unit, are shown below. 

CH3SXS· 

CH3S S-

MTDT2-

Selected transition metal complexes of each new ligand have been 

prepaored.. E1 ectrochemi ca 1 studi es of these comp1 exes were carri ed out 

to supply information on the electronic structures of these complexes, 

to determine the accessibility of oxidized ligands as well as the 

stability of the products, and to provide an alternative route to 

charge transfer complexes of these inorganic coordination compounds. 

Electron spin resonance, nuclear magnetic resonance, optical spectros-



copy, molecular orbital calculations and single crystal x-ray diffrac

tion structural studies have been utilized to characterize the elec

tronic distribution and ground state configurations of all products. 

These studies have shown that the transition element complexes 

of DDDT2- and MTDT2- are structurally and electronically similar to 

other metal dithiolene complexes. That is, the Ni(III) and Cu(III) 

complexes are essentially planar with D2h symmetry, and they all have 

highly delocalized 1T MO's as the HOMO. 

It was found that the nickel(III) complex of DDDT2- has many of 

the same physical characteristics which allows bis(ethylenedithiolo)

tetrathiafulualenium rhenate (BEDT-TTF)2Re04 to be superconducting. 

Both molecules are planar and are approximately the same size, both 

have two dimensional layered type structures with close sulfur-sulfur 

contacts, and both have unpaired electrons, (BEDT-TTF)2Re04 being a 

partially oxidized radical cation, and Ni(DDDT)2- being a fully oxi

di zed radi ca 1 ani on. 
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CHAPTER ONE: INTRODUCTION 

INTRODUCTION 

Over the past fifteen years a great deal of interest has cen

tered on the conductivity properties of purely organic compounds. 

While the vast majority of known organic materials are electrical 

insulators, the possibility that organic solids might exhibit high 

electrical conductivity, comparable to metals, was suggested at least 

fifty years ago. l ,2 Since the early 1970's a substantial number of 

organic compounds have, in fact, been synthesized which are electri

cal conductors. These conducting organic compounds have come to be 

known as "organic metals" or "synmetals", and there are currently a 

number of research centers studying their design, syntheses, and 

physical properties, as well as their potential technological appli

cations. 

The organic metals which have been particularly interesting to 

this work are charge-transfer complexes. A charge-transfer" complex 

is typically formed by the partial transfer of an electron from a 

donor to an acceptor molecule forming an ionic crystal in which 

either the cations, anions, or both, are chemical groups. Perhaps 

the most famous of these charge transfer complexes, depicted in 

Figure 1.1, is tetrathiafulvalene-tetracyanoquinodimethane (TTF

TCNQ).3 In TTF-TCNQ and in most charge transfer complexes, the donor 

and acceptor molecules form segregated stacks with close contacts 

which allows for interaction of their w clouds.4-6 



15+ 

NC\--F\-tCN 

NCf\d'CN 

TTF-TCNQ 

Figure 1.1. Charge transfer complex of TTF-TCNQ. 

15-

Donor molecules based on TTF have now long been the staple of 

solid state chemists interested in organic metals.7-9 Many of the 

first conducting organic solids were combinations of TTF and its 

derivatives with TCNQ and its derivatives.4,lO More recently, work 

has concentrated on the syntheses of the tetraseleno11 and tetra

te11uro12 analogues of TTF and their derivatives as well-as the 

identification of new acceptors.13 

Another separate but related area of conducting materials has 

involved linear chained inorganic complexes. The substances have 

been based primarily on Pt, Ir, and Hg chains. The prototype mate

ria 1 s contai neither tetracyanopl ati nate (e.g. K2Pt(CN )4BrO.3 

2 

3H20 (KCP)) 14,15 J bi s(oxa1 ato)plati nate, 16 hal ocarbony1 i ri date square 

planar units17 or covalent chains of Hg atoms (e.g. Hg2•82ASF6).18 

As shown in Figure 1.2 these planar complexes exhibit dz2 orbital 
• 0 

overlaps and contain metal-metal separations of less than 3A. 

One final aspect in the field of conducting materials which has 

recently been considered is the incorporation of inorganic materials 



3 

as donors with TCNQ or as acceptors with TTF.19 Though the rationale 

of this approach is valid, the lack of any real successes to date 

likely results from the inability to identify new materials which 

might react with TTF or TCNQ and still maintain the prerequisites for 

conductivity. It is this latter concept which has become one of the 

goals of this thesis. A scheme has been designed which combines the 

properties of the IITTF typell organic metals and those of the linear 

chained coordination complexes. 

Figure 1.2. Diagram of overlapping dz2 orbitals of platinum 

which result in metal chain formation. 
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BACKGROUND 

A) ORGANIC SYSTEMS 

The interest which has been generated in the chemistry of 

organic charge transfer compounds in recent years is primarily a 

result of the demonstration that TTF-TNCQ exhibits metallic behavior 
• (increasing conductivity with decreasing temeprature) between room 

temperature and 56 K.20 ,21 The origin of this metallic state in TTF

TCNQ comes from the presence of a segregated stacked crystal 

structure in which incomplete charge transfer has occurred (Figure 

1.3).4-6,22 

Cs) <:~ 

Zs~:>+ 

C>=<:> 

NC >=< _>=< CN 
NC CN 

NC - __ =:,-_/. CN 
NC~ ~CN 

NC~ >=<CN 
NC ~...-::;;:-=- - . CN 

Figure 1.3. Schematic representation of partially oxidized and 

reduced stacks of TTF and TCNQ. 

It has been proposed that these stacks must be uniform and the inter

molecular distance between molecules in the stacks must be small 

enough to allow overlap of w-mo1ecular orbitals to form an energy 

band. The overlap in these complexes is greatest in the stacking 

direction due to the directionality of the w-mo1ecular orbitals. 



While overlap in the direction perpendicular to the st~cks is typi

cally very small, interactions'between stacks have been shown to be 

critical in determining the number and temperatures at which phase 

transitions in these compounds occur, and investigations into this 

area have been undertaken.23 ,24 
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While the charge transfer complex TTF-TCNQ has been studied in 

the greatest detail, TTF has been coupled with a variety of acceptor 

molecules as well. For example, halogens,25 2,3-dichloro-5,6-

dicyano-p-benzoquinone,26 and tetracyanomuconitrile,27 just to name a 

few, have all been employed. Yet, none of these complexes have 

conductivity equal to that of TTF-TCNQ. Attempts to increase the 

conductivity of these compounds has been of primary concern in recent 

years. Studies which have attempted to correlate how modifications 

of the electronic properties of the molecular constituents effect the 

metallic state in TTF-TCNQ 7,28 are clouded by steric or structural 

changes in the solid which often lead to different crystal packings. 

Electronic effects include those involving changes in the w-molecular 

orbitals making up the respective donor and acceptor bands such as 

those where heteroatom substitution leads to an expansion or contrac

tion of the conduction band. Changes such as this not only perturb 

the intrastack overlap, but also have an influence on interactions 

between stacks. Steric effects control the molecular packing of the 

constituent molecules which may lead to closer inter or intra stack 

contacts and hence overlap of orbitals in the complex. Therefore, 

both steric and electronic effects must be considered in any 



attempted modification of the basic TTF-TCNQ framework to enhance 

conductivity in these compounds. 

The most common method of exploring changes due to electronic 

effects while holding steric effects relatively constant is through 

heteroatom substitution of the sulfurs in TTF. In this lightt work 

has concentrated on the syntheses of the tetraseleno- and tetra

telluro analogues of TTF and their derivatives. For example 

A: Xl-4 = Se 

B: Xl_4 = Te 

C: Xl 3 = St X2t4 = Se t . 
0: Xl 4 = S, X2t3 = Se , 
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At tetraselenofulvalene, (TSeF);ll B, tetratellurofulvalene t-

(TTeF);12 C and 0, cis/trans-diselenodithiafulvalene, (OSeOTF)29 have 

all been prepared. The charge transfer complexes of TSeF, TTF t and 

OSeOTF with TCNQ are all isostructural with small perturbations in 

the unit cell parameters as a result of incorporation of the larger 

se 1 eni urn atoms30 (Table 1.1). 

Those data in Table 1.1 clearly illustrate that substitution of 

selenium for sulfur can lead to a number of important changes in the 

solid-state properties in these compounds. For example, not only is 

the conductivity in TSeF higher than TTF but also the metallic phase 



is stabilized to a lower temperature. The explanation for these 

changes appears to be in the greater radial orbital extent of se

lenium as compared to sulfur, leading to more extensive band forma

tion.30 

Table 1.1. Characteristics of the TCNQ salts of TTF, TSeF, 

and DSeDTF. * 

Property TTF-TCNQ TSeF-TCNQ 

Unit cell 
parameters 

° a(A) 12.298 12.514 

° b(A) 3.819 3.876 

° c(A) 18.468 18.511 

6(°) 104.5 104.2 

Conduct i vity+ 

aRT (ohm-em)-l 500 800 

Tp (K) 58 40 

Tc (K) 53 28 

* Data taken from Annals N.Y. Acad. Sci. 1978, 313,345. 

+ Four probe single crystal dc measurements. 

Tp = temperature of peak conductivity. 

Tc = phase transition temperature. 

DSeDTF-TCNQ 

12.405 

3.842 

18.486 

104.3 

550 

64 

44 

7 



8 

In order to study the role steric effects play in solid-state 

properties of these charge transfer complexes, alkyl group substi

tuents have been added. Alkyl groups provide a logical choice since, 

as bonded groups they should not significantly perturb the w-orbital 

framework in these compounds. Their main role should be to increase 

the distance between the donor and acceptor stacks. One probe which 

has been used as a measure of the magnitude of the interaction be

tween donor and acceptor stacks is the electron spin resonance (esr) 

spectrum linewidth in these systems. It has been shown that after 

accounting for the larger spin-orbit coupling constant in selenium 

the EPR linewidth varies as a function of alloy composition in mixed 

TTF-TSeF complexes (Figure 1.4). An increase in the linewidth was 

taken as an enhanced donor-acceptor stack interaction.3l 

The study of these alkylated derivatives has led to some rather 

interesting and unusual results. As can be seen from the data in 

Tab 1 e 1.2, alkyl subst i tut ion 1 eads to rather ambi guous beha.vi or. 

While some of the alkylated derivatives follow the trend of narrower 

line width with increasing interstack separation, this is not the 

case with HMTSeF-TCNQ (HMTSeF = hexamethylenetetraselenofulvalene) 

where the opposite is found. As it turns out HMTSeF-TCNQ adopts a 

crystal structure in which the donor and acceptor stacks are in very 

close proximity, allowing for strong oyerlap and hence a very broad 

EPR 1 inewidth.32 
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Figure 1.4. Plot of esr single crystal 1inewidth as a function of 

Table 1.2. Data on alkyl derivatives of TSeF-TCNQ. *-

Compound ESR linewidth (G) Se---N 0 

Distance (A) 

TSeF-TCNQ 500 3.17 

TMTSeF-TCNQ 120 3.36 

HMTSeF-TCNQ )2000 3.10 

* Data taken from Annals N.Y. Acad. Sci. 1978, 313, 351. 
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It should be clear from these studies that attempts to correlate 

modifications in steric and electronic changes in charge-transfer 

salts with their resulting solid-state properties is a difficult task 

indeed, and that many interrelated parameters may be involved with 

each modification. 

While the charge transfer complexes based on the TTF-TCNQ frame

work have provided a great deal of interest over the past fifteen 

years, the real momentum for study in the area of organic conductors 

was the recent discovery of the first superconducting organic com

p1ex.33 Superconductivity, i.e. the ability of a material to carry 

electricity with zero resistance, was first observed by Kamer1ingh 

annes in 1911. The potential technological applications of the 

phenomenon are limitless. For example, one can envision extremely 

high field electromagnets, high efficiency electric motors, supercom

puters with very short signal paths, and perhaps even superconducting 

power 1 i nes. 

Superconductivity in an organic material was first observed in 

the selenium based compound bis-tetramethy1 tetrase1enafu1va1enium 

hexaf1uorophosphate (TMTSeF)2PF6 in 1979.33 



11 

In order to stabilize the superconductivity and supress the metal

insulator transition (M-I) which occurred at 12K a pressure of 12 

Kbar was required. A number of (TMTSeF)2X derivatives have now been 

shown to be superconducting under applied pressure (X = a monovalent 

anion such as TaF6-, SbF6-, PF6-, AsF6-' FS03-, and Re04-). The 

only unique case is (TMTSeF)2C104 which is superconducting at ambient 

pressure (Tc = 1.lK).34 This general class of compounds have become 

known as "Bechgaard Salts" due to K. Bechgaard1s pioneering work in 

this field. 

The essential structural features of all the isomorphous 

(TMTSeF)2X salts is the zig-zag stacking arrangement of TMTSeF mol

ecules in sheets separated by anions, with intra- and inter- stack 

contacts of selenium atoms34,35 (Figure 1.5). 

Even mor~ recently, further excitement was created with the 

discovery of the first sulfur based organic superconductor, bis(eth

ylenedithiolo)tetrathiafulvalenium rhenate (BEDT-TTF)2Re04.36 

This finding was truly remarkable since sulfur itself is an electri

cal insulator, and it illustrates how an insulating element, when in 

the appropriate organic matrix, can produce an unusual material. 
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* :: -& • . ~ : to &.iPC 
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Figure 1.5. (a) X-ray crystal structure of (TMTSeF)2PF6. (b) The 

Se-Se "sheet network" found in all (TMTSeF)2X compounds. 

Th~ conducting pathways in the TMTSeF and BEDT-TTF compounds are 

both believed to involve a complex three-dimensional network of Se-Se 

(in TMTSeF)37 or S-S (in BEDT-TTF)38 interactions. A difference in 

these systems appears to be that the s-5 interactions within sheets 

may be so strong that the stacks seen in (TMTSeF)2X do not form.39 

The result is that BEDT-TTF may have only 2-dimensional sheet-like 

interactions. 
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The characterization of these materials is a significant advance 

made possible only by the extensive work on TTF-TCNQ and its ana

logues during the 1970's. 

B) INORGANIC SYSTEMS 

The great majority of the extensive experimental and theoretical 

studies of one-dimensional inorganic conducting materials over the 

past fifteen years have concentrated on the metal-chain systems 

containing platinum.40 Indeed, the current knowledge about these 

systems has come from the ,exhaustive studies of K2Pt(CN)4XO.3 3H20 (X 

= Cl, Br)' (KCP),14,15 and many comparisons have been made between 

these materials and the purely organic materials.41 ,42 The co~mon 

features of all of these complexes are an infinite stack of planar 

molecules aligned with colinear metal atoms that have a short sepa

ration (less than the van der Waal radius). This allows strong 

interactions within the chain which results in band formation. For 

metallic conduction these bands must be partially occupied with 

electrons (filled bands result in semiconducting and insulating pro

perties). Thus, a chain of metal atoms with overlapping dz2 orbitals 

may form an electron energy band. This band will result in metallic 

conductivity only if it is partially occupied. Oftentimes this 

results from an oxidation of the comprex (i.e. K2Pt(CN)4XO.33H20) 

and this must occur specifically from the dz2 band and not from one 

of the other d orbitals. Thus if one wishes to predict where this 
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partial oxidation will occur, an accurate knowledge of the electronic 

energy levels is required. 

Structure and conductivity data for some representative platinum 

complexes are shown in Table 1.3. 

Table 1.3. Structural and conductivity data of some representative 

platinum comp1exes* 

Complex 
0 

Pt-Pt(A) Color Conductivity (cm- 1n- l ) 

Pt 2.775 metallic 9.4 x 104 

K2Pt(CN)4{H2O)3 3.50 white 5 x 10-7 

K2Pt(CN)4C1 O.3(H2O)3 2.87 bronze 2 x 102 

K2Pt(CN)4BrO.3(H2O)3 2.88 bronze 300 

* Data taken from Prog. Inorg. Chern. 1976, 20, 46. 

C) METAL COMPLEXES OF TTF AND TCNQ 

Over the past few years there has been some interest in incor-

porating inorganic materials with both TTF and TCNQ. While most of 

this wQrk has centered on meta110-tetrathiafu1va1enes, some has 

appeared with TCNQ. For example, Shchego10v and co-wotkers43 first 

reported a 1:1 and a 1:2 complex between bis-(benzene) chromium and 

TCNQ. Sied1e and co-workers44,45 have made the largest contribution 

to this area however. They have reported V(TCNQ)2' 

Cr(TCNQ)2(CN3CN)2' Mo{TCNQ)(CO)2' W(TCNQ)(CH 3CN)2' Co(TCNQ){CH3CN)2' 
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and Ni(TCNQ)2. While all of these complexes have interesting proper

ties and contain TCNQ, none of them are conducting. 

Much more work has appeared on the incorporation of TTF and its 

derivatives into inorganic systems. This is not surprising since 

tetrathioethylenes have long been known to react with most metals by 

electron transfer.46 It is because of this that many feel the tetra

thioethylene framework will be the key to the design of new donors. 

There are four major classifications of metal-TTF compounds: 

(1) salts; (2) crystal complexes; (3) charge transfer complexes; and 

(4) metal-sulfur bonded systems. Salts are formed by complete elec-

tron transfer from the thiocarbon and are therefore ionic in nature. 

There may be some cation-anion interactions in addition to electro-

statics but these are typically weak. Complexes such as these are 

usually insulators. Crystal complexes are those in which TTF has 

simply cocrystallized with a metal complex. In these compounds there 

is very little electron transfer. These materials are also u~ua11y 

insulators. The 1:1 complexes of TTF and platinum and palladium 

acety1acetonate47 are both examples of crystal complexes. Charge

transfer complexes of TTF and metal systems are those in which there 

is partial electron transfer to or from TTF. The first example of 

this was TTF Ni(mnt)248 formed by the reaction of TTF2+ with nickel 

maleonitriledithiolate2-. The solution,esr spectrum of this complex 

showed signals due to both TTF+ and Ni(mnt)2. However, the same 

degree of charge transfer may not occur in the solid state. The room 

temperature conductivity in this complex (oRT = 5x10-4cm- ln- l ) is 
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about 105 lower than that of Na(Ni(mnt)2) indicating the significant 

role TTF plays in the conductivity of this complex. More recently 

Interrante reported the reaction of TTF with neutral metal dithio-

1enes to yield charge transfer complexes.49 ,50 A final example of 

this type of complex is (TTF)(HgC13) formed by the reaction of TTF 

with H9C1 2•5l In general these compounds are semi-conductors, how

ever, in favorable cases, higher conductivity may be seen.52 Metal 

complexes of TTF in which there is evidence for a metal-sulfur bond 

are not very common. Complexes of the type (TTF)2MX2 (M = Pt, Pd; X 

= Cl, Br) are the best known examples. It is believed that these 

complexes contain stacks of TTF with trans MX2 units between the 

stacks, yielding octahedral coordination with four equitoria1 sulfurs 

and the halogens axia1.53 There are as yet no structural studies of 

these compounds to confirm this geometry. 

D) 1,2 DITHIOLENES AND METAL COMPLEXES 

Over the past twenty-five years there has been a tremendous 

upsurge in the study of transition metal complexes which contain 

sulfur ligands. Unsaturated sulfur donors have been particularly 

well characterized. These ligands first came into prominence in the 

mid 1930's when they were utilized as analytical reagents,54,55 

however, it was not until 195756 that any really serious efforts were 

made to characterize any metal complexes of these unsaturated 1,2 

dithio1s. Today these ligands and metal complexes are among the most 
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thoroughly studied of all compounds and virtually every known physical 

technique has been used to characterize their molecular and electron

ic structures. 

The abundance of interest in these compounds has resulted in a 

number of detailed reviews. Discussions by livingstone,57 Harris and 

livingstone,58 and Jorgensen59 cover sulfur ligands in general. Re

views by Gray,60 McCleverty,61 Schrauzer,62 Hoyer,63 and Burns and 

McAuliffe64 have considered the chemistry of 1,2 dithio1ene complexes 

in depth, and a review of Eisenberg65 has dealt with the structural 

systematics of 1,1 and 1,2 dithiolates. 

One of the main reasons for the great interest in metal-sulfur 

complexes has been the discovery of unusual complexes formed from 1,2 

dithiolenes. These ligands form five membered chelate rings when 

coordinated to metals. As shown in figure 1.6 there are two major 

categories of 1,2 dithio1ene ligands: {A} the substituted and unsub

stituted ethane-1,2-dithiolates and {B} the substituted and unsubsti

tuted benzene-l,2-dithio1ates. 

The interest in complexes of these ligands is in large part due 

to three factors: {l} the difficulty of assigning formal oxidation 

states to the transition metal, {2} the discovery of a rare struc

tural form, the trigonal prism, in tris complexes, and {3} more 

recently, the potential electrical conductivity in linear chained or 

donor-acceptor complexes of these ligands. 
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x 
Y s -

Z s -

R=H,CF 3,C.N,alkyl,aryl X=Y=Z=H,F,CI,CF 3 

Figure 1.6. The two major categories of 1,2 dithio1ene ligands. 

The difficulty of assigning formal oxidation states to metal in 

planar complexes of 1,2 dithio1enes using traditional valence rules 

can be illustrated by the three limiting resonance structures of a 

neutral MS4C4R4 complex shown in figure 1.7. 

B C 

Figure 1.7. Limiting resonance structures for a typical 

bis-dithiolene metal complex. 



19 

Structure A in which the metal is in the zero-valent state is not 

likely to be stable since zero-valent metal complexes are not usually 

planar. Structure B is normally found in dianionic complexes such as 

M(S4C4R4)2-. In neutral complexes the correct structure is now 

believed to be the intermediate state (C) with a de10ca1ized ground 

state. 

Perhaps the best known 1,2 dithio1ene ligand is cis-1,2-

dicyanoethy1ene-1,2-dithio1ate (also known as ma1eonitri1e dithio

late, mnt2-). This dianion was first synthesized when dithiocyano

formate was dimerized in water over 24 hours66 or in ref1uxing ch1o

roform66 ,67 over 8 hours. The latter method has proved more advanta

geous in that better yields are obtained and no further purification 

is required. 

The next most thoroughly studied dithio1ene is bis-perf1uoro

methy1dithietene, S2C2(CF3)2. It was first synthesized by the direct 

reaction between hexaf1uorobut-2-yne and boiling su1fur.68 This 

compound is extremely unstable and must be stored under O°C to pre

vent polymerization. 

A more general procedure for preparing 1,2 dithio1enes is illus

trated in figure 1.8.69 It involves reacting an appropriate acy10in 

or benzoin with phosphorus pentasulfide in ref1uxing xylene or di

oxane to produce a dithiophosphoric ester. Metal complexes are then 

readily formed by subsequent addition of an aqueous or alcoholic 

solution of a metal salt and heating. This method provides a 
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Figure 1.B. A general procedure for synthesizing 1.2 dithiolenes 

developed by Schrauzer and Mayweg. 
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versatile pathway to a variety of metal dithio1enes since many 

acy10ins are readily available or can be easily synthesized. 
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A number of other synthetic procedures have to be used to make 

1,2 dithio1enes and it should be apparent that no one particular 

method can be employed in all cases. This fact is in large part 

responsible for the very small number of new 1,2 dithiolenes which 

have appeared in the literature since the mid 1960's. 

As previously mentioned, the unusual structural types exhibited 

by metal dithiolenes has resulted in a great deal of interest in the 

study of structural aspects of these complexes. A somewhat dated 

review of this area was compiled by Eisenberg65 in the early 1970's, 

and since that time a large number of x-ray structures of these 

compounds have appeared in the literature. 

Four primary structure types have been found for metal dithio

lenes (figure 1.9). Most of all the bis 1,2 dithiolene complexes of 

Ni, Pd, Cu, and Au, despite differences in space groups, exhi~it the 

same basic square planar coordination sphere and D2h molecular symme

try.65 Two exceptions to this were found in the cases of two dimeric 

metal-metal bonded complexes discovered by Browall and co-workers.70 

They fou"nd that the Pt and Pd compl exes of (S2C2H2) showed square 

planar arrangements of the four sulfurs around the metals with the 

two M(S2C2H2)2 units eclipsed with metal~metal separations of about 
o 

2.7A. 
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a 

c 

Figure 1.9. The four basic structural types observed for pure 

dithio1ene complexes: (a) the square planar geometry 

(02h symmetry); (b) the fi ve-coordi nate di mer; (c) the 

trigonal prism (03h symmetry); (d) octahedral geometry 

(03 symmetry). 

In .the cases of Co and Fe the molecular geometry has been shown 

to vary with the overall charge of the complexes and with the acidity 

of the coordinated ligands. This is illustrated by a comparison of 

[(C4H9)4N]2[co(S2C2(CN)2)2fl and C02(S2C·2(CF3)2)4J2 The first 

complex with Co formally in the +2 oxidation state is square planar. 

The latter complex with Co formally in the +4 oxidation state is a 

five coordinate dimer with the Co atoms displaced from each other 



23 

giving a square pyramidal geometry to each Co. The Co-S links from 
o 

one fragment to the other is 2.382A. This same type of behavior is 

found by changing the acidity of the ligands, even if the metals are 

in the same oxidation state. With good acid ligands dimeric struc

tures are found and with poor acids square planar monomers predomi-

nate. 

Some truly unusual structural behavior was found in the tris

dithiolene complexes. The first structural report of a six coordi

nate metal dithiolene was on Re(S2C2(C6HS)2)3.73 In this compound 

the rhenium atom is surrounded by the six sulfurs in a nearly perfect 
o 

trigonal prismatic fashion with an average Re-S distance of 2.32SA, . 
(figure 1.10). 

\ 
\ 

\ 
\ 

\ 
\ 
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This compound was the first reported example of a monomeric six

coordinate trigonal-prismatic complex. Since this first report, the 

neutral tris dithiolenes M(S2C2R2)3 (M = V, Cr, Mo, W) have all been 

found to be trigonal prismatic. Complexes of this type where the 

metal is in a lower formal state, e.g. (Ph4As)2[M(mnt)3] (M = Mo, 

W)74 have been found to have structures intermediate between tri

gonal-prismatic and octahedral geometry. These structural trends, as 

in the case of the bis complexes, appear to be associated with the 

charge on the complex and the metal d-orbital energies.75 

Another important factor in the growth of the chemistry of 1,2 

dithiolene complexes was the discovery of facile reversible electron 

transfer reactions in these compounds. One of the early landmark 

papers in this area came from Davison, Edelstein, Maki, and Holm.76 

They showed that there was only a two-electron difference between the 
. 

neutral bis-dithiolene complexes and the dianionic species (figure 

1.11). They also pointed out that it should be possible to reduce 

neutral species to dianions and vice versa, via an intermediate 

monoanionic complex. They, in fact, were the first to isolate these 

paramagnetic monoanions (NiS4)-. They also showed that these neu

tral, monoanionic, and dianionic complexes could be detected voltam

metrically. 

McCleverty, in his classic review Qf 1,2 dithiolene chemistry,61 

has attempted to standardize the El/2 values for many metal dithio

lenes to the standard acetonitrile-Saturated Calomel Electrode (SCE) 

scale. This systemization of data has contributed greatly to the 
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(A) (8) (e) 

Figure 1.11. Typical one-electron redox reactions of bis-dithiolene 

metal complexes. 

synthetic chemistry of these compounds and some generalizations about 

the behavior of metal dithiolenes have been made. These are as 

follows: 

1. Reduced species in couples less positive than O.OV are 

susceptible to air oxidation. 

2. Oxidized species in couples more positive than +0.2V are 

unstable to reduction by basic solvents such as ketones or alcohols. 

3. Oxidized species in couples between +0.2 and -0.12V can be 

reduced by stronger bases. 

4. Oxidized species in couples more negative than -.lOV can be 

easily reduced by strong reducing agents such as hydrazine or sodium 

amalgam: 

5. Reduced forms in couples less positive than +.40V can be 

oxidized by iodine. 

It must be noted that these limits are approximate and that one 

must choose with care an oxidizing or reducing agent for performing 

synthet i c redox reactions. 
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Another powerful tool in the study of metal dithio1enes has been 

infrared spectroscopy. Three characteristic absorption bands are 

usually found in the infrared spectra of bis-l,2 dithiolenes; vl' S 
// 

(C=C) at ca. 1400 cm- l , v2 (C=-=S) at ca. 1100 cm- l , and V), (R-C( ) at 
t 

ca. 860 cm-1• These frequencies tend to vary little with metals but 

do vary with the nature of substituents on the dithiolene. Some 

general observations have been made about how these frequencies 

change with changing formal oxidation states on the metal. It has 

been found that vl increases on reduction of a neutral species to a 

monoanion and that v2 decreases, although to a lesser extent. The x

ray structural data available are in agreement with these observa

tions, that is, there is a shortening of the C-S bond and a length

ening of the C-C bond in these complexes upon oxidation. Several 

complete ir studies of these complexes have been done using normal 

coordinate analysis and isotopic substitution. These have provided 

force constants as well as theoretical band assignments.77,78~79 

The ability of metals to exist in a variety of oxidation states 

in the dithio1ene complexes has prompted a great deal of study and 

controversy in their electronic structures. There have been three 

major attempts to rationalize the electronic structures of the planar 

bis-dithiolene metal complexes.80,8l,82 Two of these calculations 

afforded essentially the same ground state 2S29 for Ni(mnt)Z. This 

is the same assignment SchrauzerB0 suggested and it has been sup

ported by an esr study of the 33S hyperfine splittings in Ni(mnt)2-.83 

The unpaired electron resides in an orbital of dyz symmetry. De-
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spite some still lingering questions, figure 1.12 has been presented 

as an energy level diagram for bis-dithio1ene metal complexes. 

48 

Met al 

.ag 

Complex 

B,,,, B29 

Ligand 

Figure 1.12. Schematic molecular orbital diagram for nickel 

bis-dithio1ene complexes. 
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From this diagram, and from all of the experimental dat~ on 

these complexes, it is apparent that the neutral and monoanionic 

complexes have highly delocalized ground states (the HOMO and LUMO in 

these complexes have significant ligand character). In the case of 

Ni(C4S4H4) the LUMO has 3b2g symmetry and the dyz contribution to 

this orbital is on the order of 18% according to Schrauzer.80 

This de10calization has been supported by x-ray photoelectron 

spectroscopy.84 These experiments showed'that the charge on the 

metal in these complexes remains the same in the neutral, monoanionic, 

and dianionic states and that the additional electron density re

sides mainly on the sulfurs. 

One final area of interest in metal dithiolenes is in their 

potential electrical conductivity properties. To date very few metal 

dithiolene complexes have conductivities above 10-6 Ohm- l cm- l • The 

highest reported conductivities are in the series (per~[M(mnt)2]' 

where M = Ni, Cu, Pt, Pd, and Au, and per = perylene. In this, series 

the Ni and Cu compounds are semiconductors85 and the rest have metal

lic properties at room temperature.1gB It is believed that the 

pery1ene chains in these compounds are responsible for the metallic 

behavior" in these compounds.86 

A series of compounds was recently reported in which the bis

dithiolenes are thought to be responsibl~ for the charge transport.87 

One of these compounds is (NH4)[Ni(mnt)2]H20, which was found to 

have a uniform segregated stack arrangement with Ni-Ni separations of 

3.92K, and a room temperature conductivity of 5 x 10-2 Ohm- l cm- l•88 



A very comprehensive list of conductivity data for most M(S2C2R2)2 

complexes has recently been compi1ed.19A 
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The unique properties of metal dithio1ene complexes, especially 

the variety of oxidation states and the electron transfer reactions 

they undergo, as well as the unusual structures they exhibit has made 

these compounds of great interest to chemists, solid-state physicist, 

and materials scientists. Despite the fact that these compounds have 

been around for many years and have been studied extensively, their 

future appears bright as many unanswered questions concerning them 

still remain. 
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Electron spin resonance spectroscopy has played a major role in 

the physical characterization of transition element complexes in 

recent years. Many detailed reviews of the theoretical and experi

mental aspects of this method are avai1ab1e.1-4 The theory which is 

pertinent to the complexes studied in this work is outlined here. 

An electron has a magnetic moment associated with it given by 

the equation:5 

~e = -9BeS (erg/gauss) (1) 

where Be is the Bohr magneton (9.2731 x 10-21 erg/gauss), S is the 

spin quantum number of the electron, and g is the spectroscopic 

splitting factor or "g factor". Because of this inherent magnetic 

moment an electron will align itself with an external magnetic field 

in one of two ways: parallel to the magnetic field with energy

-1/2gBHo or antipara11e1 to the field with energy 1/2gBHo• Transi

tions between these two states may be induced by application of a 

resonance energy with a magnetic component at right angles to the 

applied field. The energy of this transition is given by the equa

tion 

(2 ) 

where h is Plank's constant, v is the frequency of the applied radia

tion, and Ho is the strength of the applied field. 
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For the free electron, which possesses only spin angular momen

tum, g is 2.0023. However, for transition metal ions, the unpaired 

electron(s) may possess orbital angular momentum in addition to spin 

angular momentum. In situations where the Russell-Saunders coupling 

scheme predominates, the spectroscopic g factor may be described by 

the equation:6 

J(J+l) + 5(5+1) - L(L+l) 
g = 1 + (3) 

2J(J+l) 

where 5 is the spin angular momentum quantum number; L is the orbital 

angular momentum quantum number, and J is the quantum number for the 

total angular momentum, the combination of spin and orbital angular 

momentum. Russell-Saunders 7 coupling dictates that the spin-spin 

interaction between unpaired spins is greater in magnitude than the 

orbital-orbital interaction which in turn is greater than the spin

orbit interaction according to the scheme: 

Es 1 > Es 1 = Es 1 
2 2 1 2 2 1 

where subscript 1 refers to electron 1 and subscript 2 to electron 2. 

This scheme is accurate for the first transition series and is even a 

good approximation for the second and third transition series. 

For a transition metal in a crystal field, the equation relating 

to g factor and the strength of the magnetic field become more com

plicated. The spectroscopic g factor is influenced by several fac-
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tors. The first is the asymmetry imposed by the ligand field. The 

reduction of symmetry by the ligand field to give systems with orbi

tally non degenerate ground states may quench the orbital angular 

momentum. The Lande g factor, then, no longer provides an accurate 

description of the system. Orbital angular momentum may be reintro

duced, however, through the mechanism of spin-orbit coupling of the 

ground state to excited states of different symmetries.2,3,5 

For the free electron, the electronic Zeeman interaction could 

be represented by the spin Hamiltonian: 5 

H = BH.g.S (4 ) 

with the eigenfunctions, the spin functions a and B. The g factor 

may be written as a scalar quantity since it is isotropic and equal 

to 2.0023. For transition metal complexes which possess orbital 

angular momentum through the mechanism of spin-orbit coupling, the a 

and B spin states are no longer eigenfunctions of the Hamiltonian. 

In this case, the Hamiltonian for the system may be represented by an 

effective Hamiltonian:8 

" 
Heffective = BH • .!I..S (5 ) 

where S is the effective spin of the system and g is a tensor quanti

ty. The eigenfunctions are now modified to include spin-orbit cou

pling with excited states using first order perturbation theory. The 

.!I.-tensor may be anisotropic in this instance. The effective spin 

Hamiltonian for a frozen solution, polycrystalline or single crystal 



38 

sample reflects the anisotropy imposed by the field. For a system of 

rhombic symmetry the spin portion of the Hamiltonian becomes9 

(6 ) 

where gx' gy' and gz are the components of the g-tensor; ae is the 

Bohr magneton; Hx' Hy' and Hz are the components of the magnetic 

field along the x, y, and z directions and SX' Sy' and Sz are the 

components of the electron spin operator along the x, y, and z magne

tic field axes, respectively. 

A detailed discussion of the effect of spin-orbit coupling on 

the g-tensor is given in the book by Carrington and McLachlan as well 

as in many review articles on electron spin resonance spectroscopy.1-4 

For metal-ligand systems which possess orbital angular momentum 

either because of orbital degeneracy of the ground state or through 

spin-orbit coupling, the orbital angular momentum may be reduced by 

expansion of the transition metal orbitals as a result of cova~ency 

in the system. In some cases, this may be treated empirically by 

multiplication of the spin-orbit coupling term, L.S, and the one 

electron spin orbit coupling parameter, S, by a constant, k, the 

orbita 1 reduct i on factor.1 

All these factors change the form of the Hamiltonian and thereby 

influence the value of g measured in the ~SR experiment. For this 

reason, electron spin resonance is a powerful tool by which the 

inorganic chemist may study bonding in paramagnetic transition metal 

complexes. 
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The peculiarities of the spin Hamiltonian and effective g-tensor 

components for the d7 low spin system will be discussed in detail in 

the following section. 

Transition Metal Complexes of Low Spin d7 Electronic Configuration 

For a d7 system of axial symmetry the ground state may be of S = 

3/2 or S = 1/2 spin state. We will be concerned in this section with 

the discussion of low spin d7 systems. 

In D4h symmetry the ordering of the d levels in the transition 

metal complex is as depicted in Figure 2.1. Dependent upon whether 

there is interaction with solvent molecules in solution or inter

molecular interactions in the solid state, the d~ orbital may be of 

greater or less energy than the dx2_y2. orbital. In D2h symmetry the 

unpaired electron in a d7 system may reside in a dx2_y2, dyz ' or dz2 

orbital depending on the magnitude of the rhombic distortion. 

There are several ways of determining the symmetry of the orbi

tal containing the unpaired electron. The most rigorous approach 

would be to operate on a wave function which is a construction of a 

linear combination of metal and ligand orbitals with the Hamiltonian: 

-+- -+- -+- -+-
H = SOS.g.H + I.A.S (7) 

While this approach has been employed for square planar copper(II) 

systems, a similar approach for d7 systems becomes prohibitively 

complicated. Instead, Maki, et !l.,lO have used a basis 'set of d 

atomic orbitals and applied the spin-orbit Hamiltonian, t lk.sk' as a 
k 

first order perturbation on the spin Hamiltonian in Equation (7). 



dxy 

----d X2 • y2 

----dZ2 

dxz 
--====dyz 

D4h 

~--- dxy 

dxz 

D2h 

Figure 2.1. Ordering of energy levels for a complex of D4h or D2h 

symmetry. 
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.Depending on the ground state configuration chosen, various sets 

of equat ions re 1 ate the g and A va 1 ues to P and K. (P = gegn BeBN < 

r-3 > K is the Fermi contact term.) For example, given the {dXy )2 

dx2_y2 ground state (using hole formalism), appliation of the spin

orbit coupling Hamiltonian yields the wave functions: 

and 

with Na = 1, the following equations in g and A are obtained 

and 

gxx = 2 - 2al 

gyy = 2 - 2a2 

gzz = 2 - 8a3 

Axx = P[-2a l - K + 2/7 + 3/7a2] 

Ayy = P[-2a2 - K + 2/7 + 3/7a1] 

Azz = P[8a3 - K - 4/7 - 3/7{a1+a2)]. 

(8 ) 

(9 ) 

(10 ) 

(11 ) 

The coefficients a1' a2' and a3 are related to the energy difference 

between the ground state orbital and an excited state. For instance, 

al = ~/~EdYZ-dx2_y2. ~ is the spin-orbit coupling parameter and 



~EdYZ-dX2_y2 is the energy difference between the dx2_y2 and dyz 

orbitals. 
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A typical approach is to solve the equations in g for a1' a2 and 

a3. The values of these constants are inserted into two of the 

equations in A to give reasonable values of P and K. The third 

equation in A is then used as a test to compare Aca1cu1ated versus 

Aobserved. The ground state which gives the best fit is taken to be 

the correct one. In some instances, more than one ground state may 

give an adequate fit. In those cases, it is necessary to make a 

comparison of the calculated and observed optical spectra in order to 

decide upon a ground state configuration. 
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CHAPTER THREE: SYNTHESIS AND CHARACTERIZATION OF THE NICKEL COMPLEX 

OF 5,6-DIHYDRO-l,4-DITHIIN-2,3-DITHIOLATE (DDDT). 

I NTRODUCTI ON 

Over the past ten years the organic chemistry of sulfur has 

been highly influenced by the unique physical properties of tetra

thiafulvalene (TTF).1-4 The early proposal by Wud1 5 and others that 

the TTF framework might yield the prerequisite properties necessary 

to yi e 1 d an "organi c meta 1" coupled with the recent fi ndi ngs that 

TiF 

bis(tetramethy1tetrase1enafu1valenium) perchlorate was a superconduc

tor at 1 K6 have further increased the interest in this area. OAt the 

same time, there has been a great deal of interest in inorganic 

complex based conducting species. Examples such as the partially 

oxidized ~etracyanoplatinates have prompted many laboratories to 

explore new complexes in this area.7 A scheme has been designed to 

combine the properties of the "TTF type" organosu1fur molecules and 

the inorganic systems which have been re~ent1y studied. Since it is 

apparently the tetrathioethy1ene unit of TTF which is fundamentally 

important to that class of molecule, a synthetic program to investi-



gate inorganic complexes of new ligands containing this subunit was 

undertaken. 
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The synthesis of the dianion 5,6-dihydro-l,4-dithiin-2,3-

dithiolate (OOOT) is reported here. This dianion also represents an 

DOOT 

unsaturated dithiolene, an area which has produced a great deal of 

interest in its own right.8- 10 The "Ni(III)" complex of this new 

ligand is reported along with a structural and magnetic study. 

EXPERIMENTAL SECTION 

Reagents 

2,5,7,9-Tetrathiabicyclo[4.3.0]non-l(6)-en-8-on (TTBEO) was pre

pared by literature methodsll and characterized by NMR and MP. 

Tetraethylammonium hexafluorophosphate was prepared from the corre

sponding chloride by metathesis with KPF6 and recrystallized twice 

from water, once from methanol and dried in vacuo at 140°C. Tetra

ethylammonium bromide was purchased from Fisher Scientific and re

crystallized from ethanol and dried in vacuo at 140°C prior to use. 

Nickel(II) chloride hexahydrate was purchased from Matheson, Coleman, 

and Bell and was used without further purification. Ar was purchased 

from Air Products Inc. All solvents were dried by standard tech

niques prior to use. THF was dried over Na/Benzophenone and was 



distilled prior to use. 61Ni was obtained from Oak Ridge National 

Laboratories. 

Procedures 

All reactions were carried out under Ar using standard Schlenk 

techniques unless otherwise stated. Analyses were performed by 

Atlantic Micro1abs, Atlanta, Georgia. 
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Syntheses. K2(C4H4S4). TTBEO(5g, 2.4 x 10-2 moles) was added 

to 200 m1 of THF containing 9.6 x 10-2 moles of potassium ethoxide. 

A yellow-orange precipitate formed immediately; the mixture was stir

red overnight after which 100 ml of hexane was added and the precipi

tate collected, dried, and stored in a Sch1enk tube until further 

use. Because of the extreme air sensitivity, an elemental analysis 

of K2DDDT was not obtained. Yield 90%; H-NMR (D6-DMSO) = 3.31 (s)-S

CH2-CH2-S-; 13C-NMR (D6-DMSO) = 116.1 (c=c), =34.7 (-S-CH2-); IR 

(nujo1) 1665(m), 1582(w), 1510(w), 1290(s), 1135(s), 1065(m), 995(s), 

925(s), 870(m), 810(s), 730(s). The dianion is, however, fairly 

stable in alcohol solutions, and further reactions were carried out 

in methanol without the use of an Ar atmosphere. 

N(C2H5)4Ni(C4H4S4)2. A solution of 0.46g (1.9 x 10-3 moles) of 

NiC12.6H20 in 50 m1 of methanol was added dropwise to 1.0g (3.8 x 10-3 

moles) of K2DDDT in 100 m1 of methanol. The solution color changed 

from amber to dark green as the reaction proceeded. The solution was 

stirred for 1 hour after which 1 equivalent of tetraethylammonium 

bromide was added, and a dark green precipitate formed. The green 
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solid was then collected by filtering and recrystallized from aceto

nitrile, yielding 0.5g (50%) of pure product as dark green crystal

line plates (mp. 175-6). IR(KBr) 1475(m), 1415(m), 1350(s), 1290(s), 

1170(s), 1130(m), 1045(m), 1008(m), 920(m), 885(m), 855{s), 775(m), 

475{s),410(s). Anal. Ca1cd. for NiC16H28NS8: C, 34.97; H, 5.14; N, 

2.55; S, 45.56. Found: C, 35.01; H, 5.12; N, 2.57; S, 46.77. 

Physical Measurements 

The electrochemical instrumentation used and the procedures 

followed by obtain the voltammetric data have been described in 

detail e1sewhere.12 ESR spectra were recorded on a Varian E-3 spec

trometer either at room temperature (single crystal) or at lOOK. IR 

spectra were recorded on a Perkin Elmer 521 spectrophotometer over 

the range 4000-3000 cm-1• Data were obtained either from KBr pellets 

or nujo1 mull s. 

Magnetic Measurements. Magnetic susceptibility data were col

lected using a Princeton Applied Research Model 155 vibrating sample 

magnetometer (VSM) which was operated from zero field to 15 KOe using 

procedures described earlier.13 The VSM was calibrated with 

H9CO(NCS)4,14 and powdered samples of the ca1ibrants and compound 

used in this study were contained in precision milled Lucite sample 

holders. Approximately 150 mg of each were used. Diamagnetic cor

rections for the constituent atoms were made by using Pasca1's con

stants, and corrections for temperature independent paramagnetism 

were estimated from tabulated data.15- 17 
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Single-Crystal X-ray Analysis. A representative crystal was 
o 

surveyed and a 1-A data set (maximum sin QfA = 0.5) was collected on 

a syntex P1 diffractometer. The diffractometer was equipped with a 
o 

graphite monochromator and copper radiation (A = 1.5418 A). All 

diffractometer data were collected at room temperature. Atomic scat

tering factors for carbon, nitrogen, and sulfur were taken from the 

International Tables for X-Ray Crystal10graphy;18 hydrogen from 

Steward, Davidson, and Simpson;19 and nickel from Cromer and Mann.20 

Routine crystallographic calculations were facilitated by the CRYM 

computer 1ibrary.21 Pertinent crystal, data collection, and refine

ment parameters are summarized in Table 3.1. Absorption corrections 

were made by the method of Gaussian quadrature.22 A trial structure 

was obtained by the heavy atom method. The Ni and S atoms were 

located using the Mu1tan program.23 The nickel atoms occupied 

special positions. Mu1tan was unable to conveniently locate any 

additional atoms. The remaining non-hydrogen atoms were located by 

conventional Fourier techniques to give a trial structure. This 

trial structure refined routinely. Hydrogen positions were calcu

lated wherever possible. The methyl hydrogens were located by dif

ference Fourier techniques. The hydrogen parameters were added to 

the structure factor calculations but wre not refined. The final 

cycles of least squares refinement contained the scale factor, secon

dary extinction coefficient, coordinates, and anisotro~ic temperature 

factors in a single matrix. The shifts calculated in the final cycle 

were all less than 0.0 of their corresponding standard deviation. 



Table 3.1. Single X-ray Crystallographic Analysis 

A. Crystal Parameters 

formula 

crystallization medium 

crystal size, rrm 

cell dimensions 

space group 

molecules/unit cell 

density obsd, g/cm3 

density ca1cd, g/cm3 

linear absorption coefficient, cm-1 

lJtmin 

lJtmax 

B. Refinement Parameters 

number of reflections 

nonzero reflections (1 > 1.0 a) 

R-index = tIIFol-IFcll/tIFol 

WR = t(w2IFOBSI2_IFCALCI2)2/tw2IFOBSI4 

GOF = [tw(Fo2_Fc2)2/(m-s)]1/2 

scale factor 

secondary extinction coefficient 

NiC16H28NS8 (549.63) 

acetonitrile 

o • 06 x O. 26 x 0.27 
o 

a = 22.297(4lA 
b = 8.152(l)Ao 
c = 17.103(3)A 
a = 90.0 0 
B = 129.31(1)0 
y=90.0° 0 

V = 2405.2(6)A3 

C2/c 

4 

1.52 

1.518 

73.2 

0.44 

2.78 

1237 

1168 

0.051 

0.0107 

2.74 

0.930(4) 

1.8(1) x 10-6 
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The full matrix routine minimized, tW(F02_Fc2)2 where w = 1/a2(F02) 

based on a 2(I) = S + a 2{B1 + B2) + (ds)2. The final R-index was 

0.051. A final difference Fourier revealed no missing or misplaced 

electron density. 
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The refined structure was plotted using the ORTEP computer 

program of Johnson.24 Hydrogen coordinates, anisotropic temperature 

factors, and calculated and observed structure factors are listed in 

the Appendi x. 

A stereoview with labeling of atoms within [(C2H5)4N] 

[Ni(DDDT)2] is shown in Figure 3.1. Interatomic distances and their 

standard deviations and bond angles and esd1s are given in Table 3.2. 

A stereoview molecular packing (with counterions removed for clarity) 

is shown in Figure 3.2 and a list of intermolecular contacts is shown 

in Table 3.3. A comparison of the structural features of Ni(DDDT)2-

to other selected manoanionic nickel dithio1enes is shown in Table 

3.4. Non-hydrogen coordi nates are shown in Table 3.5. 
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Figure 3.1. Stereo ORTEP diagram of the molecular structure of 

N(C2H5)4Ni(C4H4S4)2· 



Table 3.2. Bond Distances ° (A) and Angles (0). 

Distances 

Ni 1 - 51 2.146 ( 2) 
Nil - 52 2. 149 ( 2) 

51 - C1 1.745 ( 8) 
52 - C2 1.725 ( 6) 
53 - C1 1.766( 6) 
53 - C3 1 .805 ( 9) 
54 - C2 1.769( 8) 
54 - C4 1 .791 ( 6) 
C1 - C2 1.339 (11 ) 
C3 - C4 1 .509 (13) 
N1 - C5 1.512( 9) 
N1 - C7 1.521( 8) 
C5 - C6 1.504 (12) 
C7 - C8 1.513(10) 

Angles 

52 - Nil - 51 91.2(1) 
C1 - $1 - Nil 104.6(2) 
C2 - 52 - Ni 1 104.4(3) 
C3 - 53 - C1 101.8(3) 
C4 - $4 - C2 102.2(4) 
S3 - C1 - 51 112.4(4) 
C2 - C1 - Sl 119.1(4) 
C2 - C1 - 53 128.5(5) 
S4 - C2 - $2 112.5(4) 
C1 - C2 - S2 120.7(5) 
C1 - C2 - 54 126.8(5) 
C4 - C3 - 53 112.3(5) 
C3 - C4 - 54 113.2(5) 
C7 - N1 - C5 111.4(4) 
C5* - N1 - C5 105.6(4) 
C7* - N1 - C5 111.8(4) 
C7* - N1 - C7 105.0(4) 

* Atom generated by symmetry operation: 
x, y, z + 1/2 
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Figure 3.2. Stereo packing diagram for N(C2H5)4Ni(C4H4S4)2 with 

tetraethylammonium ions removed. 

o 
Table 3.3. Closest s-s contacts in (A) 

I nter1 ayer Intra 1 ayer 

S3B-S3D 4.49 ( 1) S4B-S3C 3. 98( 1) 

S2C-S3D 4.99 (1) S3A-S4D 3.98(1) 

S3B-S4C 5.38( 1) S4B-S4C 4.25(1) 

Symmetry Operations 

A -x + 1, -y + 1, -z + 

B -x + 1, y, -z + 1/2 

C x + 1/2, y + 1/2, z 

° x + 1/2, -y + 1 1/2, z + 1/2 
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3 4 [NiL2]n- Distances Table .. 

c-c 

53 

M-S 
S-S 

(intra) 
S-S 

(inter) S-C (Che1atering) 

2.148(2) 3.068(3) 3.004(3) 1.735(8) 1.339(11) [et] 

·a) this work 

2.156(3) 3.137 * 

2.216(6) 3.1935* 

2.129(6) 

2.147(4) 3.095(3) 

S-M-S(intra-ring) 

91.2(1) 

93.2(1 ) 

92.2 * 

92.15 * 

92.4(1) 

2.962* 1.72(1) 1.39(1) [ b] 

3.085* 1.75* 1.39* [c] 

2.965(8) 1.711(8) 1. 327(8) [d J 

2.967(3) 1.714(4) 1. 356(7) [ e ] 

M-S-C S-C-C 

104.5(2) 119.9(5) 

102.1(4) 121.4(8) 

103.5* 120.5* 

104.9(2) 120.2(4) 

103 .• 3(3) 120.6(5) 

b) Lindquist, 0.; Andersen, L.; Sieler, J.; Steirnecke, G.; and Hoyer, E. 
A~ta Chern. S~and. A36 1982, 10, 855. 

c) Lindquist, 0.; Sj61in, L.; Sieler, J.; Steimecke, G.; and Hoyer, E. 
A~ta Cham. S~and. A33 1979, 6, 445. 

d) Brown, R. K.; Bergendahl, T. J.; l~ood, J. S.; and \~aters, J. H. 
Inorg. Chern. Acta 1983, 68, 79. 

e) see reference 8, P9. 77-78. 
* Stanaard deviations not reported 
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Table 3.5. Coordinates (X 104) and Their Standard Deviations. 

xla ylb zlc 

Nil 5000(0) 5000(0) 5000(0) 
Sl 4545 (1) 5137 (2) 3459 (1) 
S2 3961 P ~ 6073~2) 4611 (1) 
S3 3142 1 6254 2) 1509 (1) 
S4 2468 ( 1) 7239(2) 2823( 1) 
C1 3626(3) 6001 (7 ~ 2811 ~4 ~ 
C2 3376(3) 6381 (7 3323 4 
C3 2348(4l 758Tl 1124 ~5 ~ C4 1925p 6977 8 1491 5 
N1 o 0 5453 8) 2500 (0) 
C5 168(4) 4332 8) 1955(5) 
C6 364 (4) 5158 (9) 1357~5~ 
C7 680(3) 6588(7) 3228 4 
C8 1434(4) 5768(9) 4075 (5) 

RESULTS AND DISCUSSION 

The synthesis of a new 1,2-dithio1ene, dipotassium, 5,6-dihydro-

1,4-dithiin-2,3-dithio1ate, which contains the tetrathioethy1ene unit 

has been achieved. This yellow salt as a solid is extremely air 

sensitive, even though we have found it to be stable for short pe-

riods of time in solution exposed to air. The formally nicke1(III) 

complex of this ligand was prepared in methanol solution, and iso

lated as the tetraethylammonium salt. If care is taken to exclude 

oxygen, the nicke1(II) complex can easily be prepared. As might be 

expected this brown nickel(II) complex is rapidly oxidized in solu

tion to the green nickel(III) species by exposure to 02. 

Ni(DDDT)2- displays a very rich ir spectrum with all five char

acteristic absorptions of monoanionic nickel dithio1enes present:25 



\)1' "C=-==..cn at 1415 cm- 1; 

\)2, "C ==- S II at 1170 cm-1; 

..{-S 
C I II at 855 cm- 1 ; I: 
C 

\)4 and VS' "Ni-S" at 410 and 475 cm-1, respectively. 

As expected, a cyclic vo1tammogram of Ni(OOOT)2- revealed two 
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we 11 defi ned revers i b 1 e waves (Fi gure 3.3). The fi rst is at +0.014 V 

vs. Ag/AgC1 and represents the neutral to monoanion reduction and the 

second, at -0.81 V, represents the monoanion to dianion reduction. A 

summary of cyclic voltammetric data for selected nickel dithiolenes 

is shown in Table 3.6. 

Based on a single crystal esr study of Ni(mnt)2-,26 the princi

pal 9 values have been assigned. The lowest 9 value, near 2, was 

shown to be gz which led to an assignment of a 2B29 ((Xy)2(yZ) 1-) 

ground state. Since there is a rather large intermolecular distance 
o 

between the Ni(III) atoms (8.152(1) A) in this structure, we aligned 

a pure single crystal in an esr cavity to see if it was possible to 

determine the assignment of the three g values observed in a frozen 

glass. Even though a slight line broadening was observed, the gz was 

also clearly the lowest 9 value. 

In order to obtain more information from spin Hamiltonian para

meters we synthesized the 61Ni derivative of Ni(OOOT)2-. A frozen 

glass esr of the 61 Ni enriched complex showed a rhombic g tensor with 
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Table 3.6. Cyclic vo1tammetry parameters for selected [NiL2Jn

Oithio1ene Compounds 

Ligand h. 

S 

a [S-

S-

NC· S-

NCXS-

n: -1 :::::=-2 

E1/2(V) 

-0.81 

-0.19 

-0.07 

+0.259 

n: 0 ~-1 

E1/2(V) 

+.014 

+1.05 

(A) This work (OMF, vs. Ag/AgC1, 100 my/sec). 

(A) 

(B) 

(C) 

(0 ) 
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(B) Steimecke, G.; Sieler, H. J.; Kirmse, R.; Hoyer, E. Phosphorus 
Sulfur 1979, 1,49. (CH 3CN, vs. SCE) (O~ -1 not reported). 

(C) Steimecke, G.; Sieler, H. J.; Kirmse, R.; Oietzsch, W.; Hoyer, 
E. Phosphorus and Sulfur 1982,.ll., 237. (CH 3CN, vs. SCE) 
(0 ;::=- -1 not reported). 

(D) See ref. 8, pg. 84-86. (OMF, vs. Ag/AgC1). 



58 

,/ 
gx = 2.119, gy = 2.057, and gz = 2.022. IAI values in Gauss are as 

follows: Ax = 114.21, Ay = 12.41, Az <1.21, isotropic values are 

<g>o = 2.057 and <A)o = 14.51. 

ESR spectra for Ni(DDDT)2- and 61 Ni(DDDT)2- are shown in Figures 

3.4-3.7. 

Magnetic susceptibility and magnetization measurements were made 

on several samples of the compound. All measurements were in good 

agreement. Magnetic moments and magnetic susceptibility data are 

displayed in Figure 3.8 and there are three interesting features in 

the data. First, the high temperature magnetic moment is 1.9 S.M. as 

expected for a doublet state arising from nicke1(III). Next, there 

is a decrease in the magnetic moment with temperature indicative of 

anti ferromagnetic intermolecular interactions. At approximately 15K, 

there is an abrupt change in the magnetic susceptibility, and below 

this temperature the magnetic susceptibility becomes markedly depen

dent on the applied magnetic field. The abrupt change in magnetic 

susceptibility and the field dependence of the data below the tem-

perature suggest long-range magnetic ordering. 

Inspection of the stereoview (Figure 3.2) of molecular packing 

reveals a" layered structure. As shown in Table 3.3, there are short 

intermolecular contacts and these apparently must transmit super

exchange interactions within the plane. 

In view of the structural results, the theory developed by 

Lines 27 for the quadratic layer anti ferromagnet was adopted for the 



Figure 3.4. 
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Frozen glass esr spectrum of Ni(DDDT)2-. 
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Figure 3.5. Single crystal esr spectrum of Ni(OOOT)2-' (A) Z 

axis II to 1-\, (B) z axis 45° to H, (C) z axis 1 

to H. 
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figure 3.6. so1ution esr spectrum of 61"; 

enriched "it0001 )2-' 
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Figure 3.7. Frozen glass esr spectrum of 61 Ni 

enriched Ni(DDDT)2-. 
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Figure 3.8. Magnetic susceptibility and magnetic moment of 

[(C2HS)4N][Ni (DDDT)2] co 11 ected at 10 kOe. The data 

were dependent on the applied magnetic field below lS 

kOe. The solid line through the data was calculated 

with quadratic layer theory as described in the text. 

description of the magnetic susceptibility data above 20 K. Using 

the Hamiltonian in which the summation runs over pairs of nearest 

(1) 
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neighbors spins i and i, Lines has shown that the reduced magnetic 

susceptibility for the quadratic layer is given by 

XoJ = (1/39)[1 - L 1=1 Bi/9 i ] (2 ) 
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where Xo = Xm/Ng2~B' 9 = kT/JS(S+l), and coefficients Bi are availa

ble for i i 10. Here, to adhere with current convention, -J desig

nates an anti ferromagnetic interaction. Since interp1anar interac-

tions were evident from the abrupt change in magnetic susceptibility 

near 15 K, a molecular field term was added to equation (3) yielding 

for the magnetic susceptibility. 

(3 ) 

Equation (3) was fit to the magnetic susceptibility data with 

the use of Simplex nonlinear fitting routine. The function that was 

minimized in curve fitting was 

The solid lines in Figure 3.8 were generated with.the best-fit param

eters J = -8.5 cm- l , JI = -3.4 cm- l (assuming, based on the structur

al data, that z = 4), and g = 2.27. 

The structural results show that the gross geometry of 

[(C2H5)4N][Ni(DDDT)2] is similar to that of other monoanionic nickel 

dithio1enes. That is, the local NiS4 symmetry is D2h' the average 

Ni-S bond distance of 2.148(2) A, the C-C chelate ring distance of 
o 

1.339(11) A, and all other bond distances and angles are fairly 
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typical (Table 3.2). There are, however, several structural features 

to note. The Ni atom sits on an inversion center, therefore, the 

NiS4 core is planar. As it turns out the entire anion unit is planar 

with the exception of the outer ethylene units. Unlike Ni(mnt)2-

there is no stacking of molecules in the solid state (the nearest Ni-
o 

Ni distance is 8.152 A) even though the layered structure is present. 

The existance of this layered structure and close S-S contacts «4 A) 
has profound affects on the magnetic properties of this compound. 

Finally, it can be seen that the C2-S2 and Cl-Sl distances are 

shorter than the C2-S4 and Cl-S3 distances, respectively. This is 

not surprising since resonance structures with the ligand in the 

radical form allow for a partia1 Cl-S l and C2-S2 double bond. 

By analogy with the results of Maki et al.26 on the 61Ni en

riched Ni(mnt)2- it is predicted that Ni(DDDT)2- has a 2B29 ground 

state com~osed of metal dyz orbital contribution and out of plane 

sulfur 2pz orbitals. We confirmed this using equations 4-9 from 

Maki's treatment for a dyz ground which related g and A values to the 

bonding parameters P and K through configurational excitation ener

gies Ci. 

4) gxx = 2 - 6Cl = 2C3 

5) gyy = 2 - 2C4 
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6) gzz = 2 - 2C2 

7} Axx = P[-6Cl-2C3-K-4/7-3/7(C2+C4)] 

8) Ayy = P[-2C4-K+2/7+3/7(C1+C2-C3)] 

9) Azz = P[-2C2-K+2/7+3/7(C3-C1-C4)] 

g gN6 6N 
Here P is defined as gegN6e6N < r-3 > and K as (-2/3)X e e /P 

hca 3 
0 

the Fermi contact term, A values are in cm-1, and C1-C4 are equal to 

the effective spin-orbit coupling constant divided by the energy 

difference between the ground state and the appropriate excited 

state. 

Using this treatment for various ground state possibilities, we 

found the dYZ1dXYO most reasonable. Using the reduction of P from 

its free ion value as measure of covalency, we calculated the ratio 

P/Po' a measure of the metal spin density. A summary of these data 

is shown in Table 3.7. The value of P/P o for Ni(DDDT)2- of .2l is 

very similar to those of other monoanionic nickel dithio1enes. That 

is they all have highly de1oca1ized ground states. 

The high temperature magnetic moment of 1.9 B.M. confirms the 

assignment of the formal oxidation state +111 to nickel in 

[(C2HS)4N][Ni(S4C4H4)2] as implied by the chemical formula. There is 

marked decrease in magnetic moment at low temperatures as a result of 

intermolecular magnetic interactions. These interactions are trans

mitted by a superexchange network provided by short sulfur-sulfur 



Table 3.7. ESR results for nickel dithiolenes. 

* * * + At :f A~ 91 . 92 93 Al A3 P/Po K 2 1S0 

Ni(DDDT)2- 2.119 2.057 2.022 (-)14.2 (+)2.4 <2 (-)4.5 .21 .25 

Ni(mnt)2 - 2.160 2.042 1.988 (-)15.0 (+)2.9 <2 (-)4.6 .24 .21 

Ni (dmit)2- 2.105 2.041 2.001 (+)13.0 (-)5.3 4.5 .22 . 13 

a) Th i s work. 

b) Data taken from Maki and co-workers (Maki, A. H.; Edelstein, N.; Davison, A.; Holm, R. H. 
J. Am. Chern. Soc. 1964, 86, 4580. 

c) Data taken from Kirmse and co-workers (Kirmse, R.; Stach, J.; Dietsch, W.; Steimecke, G.; 
Hoyer, E. Inor9. Chern. 1980, ~, 2679. 

* 
:j: 

Standard deviations of 9 values is 0.001. 

Standard deviations of A values is 0.5. 

a) 

b) 

c) 

0'\ 
........ 
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contacts of 3.98 A in the layer structure and lead to a two-

dimensional magnetic system. 

The magnetic data may be described by Lines's theory for a two

dimensional magnetic system [Equation (3)] modified with a mean-field 

correction to account for interplanar interactions. The g value is 

expected to be greater than the free-electron g value since the 

electronic configuration has a greater than half-filled shell. There 

is a significant deviation of the g value deduced from the magnetic 

measurements and that obtained from the esr studies at room tempera

ture. It is a conjecture that the difference arises from intermo

lecular interactions which become increasingly important in deter

mining the bulk magnetic properties at lower temperatures. 

There are no precedents to guide the interpretation of the 

exchange coupling constant of -8.5 cm- l (antiferromagnetic interac

tion), but the value for this constant deduced from Equation (3) 

permits a reasonable description of the data as shown by the best-fit 

line in Figure 3.8.' The transition to the ordered state occurs at a 

rather high temperature especially when viewed in sight of the inter-
o 

layer nickel-nickel separation of 8.152 A. The author considers the 
o 

shortest "inter1ayer separation of 4.5 A (see Table 3.3), to be large, 

and conclude that the magnetic data suggest that there is significant 

de 1 oca 1 i zati on of electron densi ty onto the" 1 i gand. Thi s del oca 1 i za

tion decreases the electronic <rij> and leads to an enhancement of 

magnetic interactions. The chemical consequences of the electronic 

delocalization is discussed elsewhere in this chapter. 
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CONCLUSIONS 

K2DDDT represents only the second ligand system to date con

taining the tetrathioethy1ene unit. A comparison of the spin 

Hamiltonian parameters of Ni(DDDT)2- and Ni(dmit)2- 28 (Table 3.7) 

which also contains the tetrathioethy1ene unit, reveals that both 

complexes have the same type of highly de10calized n MO as the HOMO. 

The molecular structures of the compounds are also very similar. One 

interesting difference between the two is their redox behavior. 

Ni(dmit)2- is much more easily reduced to the dianion than is 

Ni(DDDT)2-. A simple explanation for this lies in the greater elec

tron accepting ability of the thioketone function in dmit2- as com

pared to the ethylene unit in DDDT2-. 

Finally the recent discovery of the first S-based organic super

conductor,29 (BEDT-TTF)2Re04 [BEDT-TTF is bisethy1enedithio10tetra

thiafu1va1ene] has further stimulated our interest in this ligand 

system. We believe our DDDT2- compounds have many of the same physi

cal characteristics which allows (BEDT-TTF)2Re04 to be supercon

ducting. For example, both molecules are planar and are approxi

mately the same size, also both molecules have a two dimensional 

layered type structure with close sulfur-sulfur contacts. Finally, 

BEDT-TTF exists as a partially oxidized radical cation while 

Ni(DDDT)2- is a fully oxidized radical anion. Ultimately we hope to 

take advantage of these properties in our search for new highly 

conducting materials. 
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BEDT-TTF 

C;)C~Ni~:)C:) 
Ni(DDDT)2-
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CHAPTER FOUR: SYNTHESES AND CHARACTERIZATION OF NICKEL GROUP COM

PLEXES OF OOOT AND 1,2-METH~LTHIO-2,3-0ITHIOLATE (MTOT) 

I NTROOUCTI ON 

Over the past ten years the organic chemistry of sulfur has 

been highly influenced by the unique physical properties of tetra

thiafulvalene (TTF).1-4 The early proposal by Wud1 5 and others that 

the TTF framework might yield the prerequisite properties necessary 

to yi e 1 d an "organi c meta 111 coupled with the recent fi ndi ngs that 

TiF 

tetramethyltetraselenofulvalene perchlorate was a superconductor at 1 

K6 have further increased the interest in this area. At the same 

time, there has been a great deal of interest in inorganic complex 

based conducting species. Examples such as the partially oxidized 

tetracyanoplatinates have prompted many laboratories to explore new 

complexes.in this area.7 A scheme to combine the properties of the 

"TTF type" organosulfur molecules and the inorganic systems which 

have been recently studied has been designed. Since it is apparently 

the tetrathioethylene unit of TTF which is· fundamentally important to 

that class of molecule, we have undertaken a synthetic program to 

investigate inorganic complexes of new ligands containing this sub

unit. 
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The author recently reported on the synthesis of the dianion 

S,6-dihydro-l,4-ditht tn-2,3-dithtolate (DDDT)-, and deta11ed stud1es 

of the nicke18 and copperS complexes of this 1,2 dlth101ene. It was 

found that the -Nl{III) and Cu(III)- complexes of DDDT were similar 

tn .Iny respects to other monoan10nic nlckel and copper dithiolenes. 

It WIS also noted that a number of slmilarities exist between these 

M(OOOT>2- systems (M • Ni, Cu) and BEOT-TTF.lO particularly in the 

nickel case. 

BECT-rTF 

These s1milarities and the fact that {BEOT-TTF)2Re021l was the flrst 

totally sulfur based superconductor have prompted our further inves

tigat10n into the coordination chemistry of (OOOT)2-. 

We report here the syntheses of the Pt{III) and Pd{III) com

plexes of (OOOT)2- and their physical properties. We are also re

porting on the synthesis of a new 1,2 d1thfolene ligand wMch like 

(DOOT)2- contains the tetrathioethylene unit. dipotassium l.2-bis

(methylthlo)-l,2-dithiolate (MTOT). We have syntheslzed and charac

terized the Nl(III). Pt{III), and Pd{III) complexes of this ligand. 
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EXPERIMENTAl SECTION 

Relgents 

2,5,7,9-Tetrath1 ab1 cycl o[4.3.0]non-l (6 )-en-8-on(TIBEO) and 

4,5-b1s(lIethylth10)-l,3-d1th101-2-on(MTOO) were prepared by 

literlture methods and characterized by NMR and mp.12 

Bis(benzonitrile)palladium(ll)chloride, tetraethylammonium bromide, 

potassium tetrachloroplatinate, and platinum(ll)chloride were ob

tained from Aldrich Chemicals. The tetraethylammonium bromide was 

recrystallized from ethanol and dried in vacuo at 140°C prior to use. 

Tetrabutylammonium perchlorate was purchased from Fisher Scientific 

and was used without further purification. Nickel chloride hexahy-

drate was purchased from Matheson, Coleman, and Bell, In~. Ar was 

purchased from Air products, Inc •• All solvents were dried by stan

dard techniques, freshly distilled prior to use, and degassed by 

successive freeze-thaw cycles when necessary. K2000T was prepared as 

described earl1er.8 

Procedures 

All reactions were carried out under Ar USing standard Schlenk 

techniques unless otherwise stated. Analyses were performed by 

Atlantic Microlabs, Atlanta, Georgia. 

Syntheses 

K2(C4H6S4). "TOO (5g, 2.4 x 102- moles) was added to 200 ml of 

dry THF containing 9.6 x 10-2 .oles of potassium ethoxide. A yellow

orange precipitate fon.ed i.mediately; the mixture was allowed to 
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stir overnight .fter which 100 .1 of chilled hexanes were added. The 

precipitate was then collected. dried. and stored in a Schlenk tube 

until further use. Because of extreme air sensitivity. an elemental 

analysis of MToT ~as not obtained. Yield 901; lH nmr (o6-oMSO): ~ • 

2.5 (5). 0i3-S. The dianion is extremely air sensitive as a sol1d. 

however. it is relatively stable for short periods of time in solu

tion exposed to air. and further reactions were carried out without 

the use of an Ar atmosphere. 

N(C2H5)4N1(C4H6S4)2. A solution of 0.46g (1.9 x 10-3 moles) of 

NiC12.6H20 in 10 ml of H20 was added dropwise to 1.Og (3.8 x 10-3 

moles) of K2MToT in SO ml of 50/50 (v/v) ethanol/water. The solution 

immediately turned brown and was allowed to stir for 1 hour after 

which 1 equivalent of tetraethylammonium bromide in 25 ml of ethanol 

was added and a brown precipitate formed. This brown solid was then 

collected by filtering and recrystallized from acetonitrile. yielding 

0.5g (SOl) of pure product as brown crystalline plates (mp. 200 0 

dec.). Anal. Calcd. for NiC16H32NS8: C. 34.71; H, 5.83; N, 2.53; S, 

46.33. Found: C. 34.52; H. 5.73i N, 2.46i S, 46.17. IR (KBr) 

2980(5). 2995(m). 1482(5). 1430(m). 1350(5). 1310(s). 1171(s). 

1065(.). looo(m). 965(m). 875(m), 780(m). 44(m). 379(m). 

N(CzHs)4Pd(C4H6S4)2. A solution of .75g (1.92 x 10-3 moles) of 

bls(benzonitrl1e)palladium(II) chloride in SO ml of THF was added 

dropwise to l.og (3.8 x 10-3 moles) of K2MToT 1n 100 ml of THF. The 

solutlon slowly turned red-brown as the ligand reacted and it was 

.llo.ed to stir for 1 hour after which 1 equivalent of tetraethyl-
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a_lIon1 u. brotli de 1 n 25 Ill. of H20 was added. The YO 1 ume of the 

solution was reduced by half and a red-brown solid formed which was 

collected by filtering, washed with ether, dried, and recrystallized 

frail acetonitrile. Yielding 0.6g (501) of pure product as a red

brown .icrocrystall1ne sol1d (mp. 200°C dec.). Anal. Calcd. for 

PdC16H32NS8: C, 32.07. H, 5.04. N, 2.34. S, 42.80. Found: C, 

32.15. H, 5.09. N, 2.40. S, 42.71. IR (KBr) 2985(m), 2910(s), 

1479(m), 1425(5), 1300(m), 1180(m), 1170(m), 1125(m). 1000(w). 

960(m), 850(s), 780(m), 545(w), 438(w). 

N(CZH5}4Pt(C4H6S4). A slurry of .50g (1.9 x 10-3 moles) of 

platinum dichloride in 20 ml of water was added dropw1se to 1.Og (3~ 

x 10-3 moles) of K2MTDT in 50 ml of 1/2 (y/y) water/ethanol. The 

mixture was stirred for 1 hour and it slowly became homogeneous as 

the product formed. One equivalent of tetraethylammonium bromide was 

then added to precipitate the product as a red-brown solid. This 

solid was collected by filtering. washed with ethanol. dried. and 

recrystallized from acetonitr11e. Yield 0.60g (461) mp. 120°C. 

Anal. Calcd. for PtC16H32NS8: C. 27.85. H, 4.67. N. 2.03. S, 37.17. 

Found: C, 28.07; H, 4.90. N, 2.14. S, 37.50. IR (KBr) 2980(m). 

2905(11), 1455(m}, 1305(m), 1175(m), 1120(m), 995(w), 965(m), 845(s). 

780(.), 435(w), 380(w). 

N(CzH5)Pt(C4H4S4)2. A solut10n of .81g (1.9 x 10-3 moles) of 

potass1u. tetrach10roplat1nate in 10 ml of water in 50 ml of 1/2 

(v/v) water/ethanol. The solution turned brownish-green over a pe

riod of 1 hour and it was allowed to stir for an additional hour, 
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.fter which 1 equivalent of tetraethylammonium bromide in 25 ml of 

water was added to precipitate the product. This brownish-green 

solid was collected by filtering, washed with ethanol, dried, and 

recrystallized from acetonitrile. Yield 0.65g (SOl) mp 111-120 oC. 

Anal. Calcd. for PtC16H28NS8: C, 28.02, H, 4.08, N, 2.04, S. 31.40. 

Found: C. 21.95, H, 4.20, N, 2.01; S. 31.30. lR (KBr) 2915(w). 

2910(m). 1480(m). 1450(m). 1405(m). 1350(s), 1281{s), 1180(m). 

1110(m). lOOO(m). 950(w) , 920{w). 840{m). 180(m), 430{m). 37S{w). 

N(C2H5)4Pd(C4H4S4)2. A solution of 0.7Sg (1.92 x 10-3 moles) of 

bis(benzonitri1e)palladium{Il) chloride in 50 ml of THF was added 

dropwhe to 1.Og (3.8 x 10-3 moles) of K2DDDT in 100 ml of THR. As 

the reaction proceeded the solution slowly turned green. The solu

tion was stirred for 1 hour after which 1 equivalent of the tetra

ethylammonium bromide in 50 ml of water was added. The solution 

volume was then reduced by half and a green precipitate formed which 

was collected by filtering. washed with ether. dried. and recryst"al-

1ized from acetone/isopropanol to yield 0.6g (SOl) of pure product as 

a green microcrystalline solid (mp. l70-172°C). Anal. Calcd. for 

PdC16H28NSa: C. 32.19, H, 4.69, N, 2.34, S. 42.96. Found: C. 

32.24, H, 4.15, N. 2.40, S, 42.85. lR (KBr) 2980(m), 2905(m), 

1412(s), 1410(11), 1390{m), 129S(s), 12S0{s), 117S(s), 1130{s), 

1035(s), 1000(s), 980(m), 91S(m), 87S{m), 830{s). 770(m), 420{s). 

350(_). 
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Physic.' Measu~nts 

All electroche.ical ~asure.ents were performed using a BAS CVZ7. 

The electrochemical cell used for cyclic voltammetry employed a plati

num working electrode, a platinum wire as the auxilliary electrode, 

and either a SCE or a Ag/AgCl reference electrode. Measurements were 

made on solut10ns containing 10-3M metal d1th101enes with 0.1 M tetra

butyla •• oniu. perchlorate as supporting electrolyte. Nitrogen was 

passed through the solution for 15 min prior to taking the measure

ments. ESR spectra were recorded on a Varian E-3 spectrometer at room 

temperature and at 100 K. IR spectra were recorded on a Perkin Elmer 

521 spectrophotometer over the range 4000 - 300 cm-l• Data were 

obtained as KBr pellets. UV-visible.spectra were recorded on a Cary 

14 spectrophotometer. 

RESULTS AND DISCUSSION 

The synthesiS of a new l,Z dithiolene, dipotassium 1,2-

bis(methylthio-l,2-dithiolate (KZMTDT) which like KZDDDT contains the 

tetrathioethylene unit has been achieved. This yellow salt is ex

tremely air sensitive as a solid even though we have found it to be 

stable for short periods of time 1[ solution exposed to air. The 

formally nickel{III), platinum{III) and palladium{III) complexes of 

this 1 i91nd have been syntheSized and isolated as the tetraethylammo

n1u. s.lts. If care is taken to exclude 0Z"from the reaction flask 

the nickel(II), platinu_(II) and palladium{II) complexes can be pre

pared. All of these compounds are, however, rapidly oxidized by 

exposure to OZ. 
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The syntheses of the formally platinum(III) and palladium(III) 

co.plexes of (OOOT)2- hive also been achieved. As was the case with 

these complexes of (MTDT)2- the reduced species can be easily pre

pared if O2 is excluded from the reactions. These compounds are also 

rapidly oxidized upon exposure to 02. 

In the case of both MTOT2- and 000T2- different synthetic proce

dures were required to prepare the platinum and pallad1um complexes. 

The procedure used to prepare the platinum complex of both 11gands 

was very similar to that used to prepare the nickel complexes of 

these ligands. Aqueous solutions of the metal were added to water/

alcohol solutions of the ligand and the products were formed in a 

standard metathesis format and tetraethylammon1um bromide was used as 

the counter-ion to precipitate the product. When this type of reac

tion scheme was tried for palladium (using aqueous solutions of PdC12 

or KZPdCI4) only insoluble metal sulfides were obtained. We were 

able to prepare the palladium complex using THF as a solvent system 

and b1s(benzonitr11e)pallad1um(II)chlorlde as our palladium source. 

Since the 11gand was only sl1ghtly soluble in the THF and the product 

was solubla the rap1d formation of metal sulfides could be av01ded. 

The work-up procedure was not quite as easy. however. pure product was 

obtained in respectable yield. 

All of the Nt. Pd. and Pt complexes of both (OOOT)2 and (MTOT)2-

display very rich tr spectra with all the characteristic absorptions 

of monoanionic ~tal dithiolenes present:13 

1450 c.-I, v2• ·C===S· around 1170 cm-li v3' 

VI. ·C-s-C· around 
1,' -1 -R---C, " around 850 cm ; 
I, 

C 
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and v4 and VS. ·M-S· around 400 and 500 cm- l , respectively. The 1r 

spectral data for the N1, Pd, and Pt complexes of (000T)2- and 

(MTOT)2- are summarized in Table 4.1. 

Table 4.1. * IR data for N1, Pd. Pt complexes of (000T)2- and (MTOT)2-

c:x:~ N1(III) Nl( II ) Pd(III) Pt(I II) 

VJ 1415 1410 1425 1450 

'.Az 1170 1165 1180 1170 

V] 855 855 850 841 

v4 475 441 545 430 

VS 410 385 438 375 

t'e-SJ C~ Ni(III) Pd(III) Pt(I II) 
~ S S 1479 1472 1455 vl 

v2 1170 1175 1175 

v3 870 875 845 

v4 445 420 435 

v5 380 350 380 

* In units of em- 1• 

With the exception of the nickel complex of (MTOT)2-, cyclic 

volta • .agrams of all of the metal complexes of (000T)-2 and (MTOT)2-

reported here revealed two well defined reversible waves (see figures 

4.1-4.5). These data are summarized in Tables 4.2 and 4.3 along with 
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Table 4.2. Voltamnetr1c data of group VIII metal d1th1olenes couple: 

[Ml2 J1 + e- ~ [Ml2]2- (yolts). 

M Ligand E1/2 (DMF ys. Ag/AgC1) 

Hi DDDT2- -.81 

MTDT2- -.67 

dm1t2- - .19* 

~2- +.259+ 

Pd DDDT2- -.43 

MTDT2- -.45 

dmit - .09* 

~T2- + .473+ 

Pt DDDT2- -.59 

MTDT2- -.59 

chit - .27* 

MNT2- +.243+ 

* Steimecke, G.i Sieler, H. J.i Kirmse, R.i Hoyer, E. 

Phosphorus Sulfur 1979, ~ 49 (CH3CN, vs. SCE). 

+ McC1eyerty, J. A. Prog. Inorg. Chem. 1968, ~, 84-86. 
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Table 4.3. Volt .... tric data of group VIII metal d1th101enes couple: 

[Ml2 iJ + e- ~ [Ml2J (volts). 

Ligand 

Hi 

Pd 

Pt 

El/2 (DMF vs. Ag/AgCl) 

+.014 

+ .10* 

+1.049+ 

+.02 

+ .19 

+.853+ 

* (Ep) irreversible wave with scan rates of 

50-500 mv / sec • 

.. McCleverty, J. A. Prog. Inorg. Chem. 1968, 10,84-86. 

the results of studies on some other group VIII metal dithiolene 

complexes. 

A careful examination of the voltammetric data reveals some 

interesting trends. For nickel group complexes of MNT2- and dmit2-. 

we find a stability order of Pd > Hi > Pt for the dianionic species. 
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In the DOOT2- and MTDT2- cases we find a stability order of Pd ) Pt ) 

N1 for the d1an1on1c spec1es. In order to make a direct comparison 

of the relative stabilities of the neutral, monoanionic, and dian

ionic forms of all four of these ligands we can compare the voltamme

tr1c data of the nickel complex of each. We find a dianionic 

stability order of MNT2- ) dmit2- ) MTDT2- ) DDDT2-. It has been 

previously shown that trends of this type follow the electron with

drawing ability of the dithiolene ligand,14 i.e. the greater the 

electron attracting ability of the ligand the more easily the complex 

can accommodate the larger number of valence electrons. This does 

not, however. appear to be the case when comparing MTDTZ- and DDDTZ-, 

s1nce one would expect the CH3-S groups in MTDTZ- to be less electron 

w1thdrawing than the -CHZ-CHZ-S group of DDDT2-. This leads to the 

conclusion that DDDTZ- should be more stable as the dianion than 

MTOTZ- which is opposite to the experimental result. This problem 

can be resolved by comparing the HOMO of each complex. The only 

difference in the two ligands is that in MTDTZ- there is free rota

tion about the C-S-Me bond whereas in DODT2- th1s is not possible. 

This rotation disrupts some of the ant1-bond1ng character of the HOMO 

tn MTOT2- and hence lowers its energy, mak1ng 1t easier to be re

duced. 

As is the case w1th other monoan10nic "nickel dithiolenes both 

Nt(ODOT>2- and Ni(MTDT)2- show intense absorptions in the low energy 

visible and near infrared regions. A comparison of the optical data 

of the ltOnoanionic nickel complexes of DOOTZ- and MTOT2- is shown in 



Table 4.4 with suggested ass1gn.ents based on earlier work by 

Schrauzer and Mayweg.1 5 

Table 4.4. Electronic spectra of N1(DDDT)2- and N1(MTDT)2-

Maxima (£) Suggested 
err 1 Assignment 

"t(DDDT )2- (DMF) 7,955(4490) • +. 

9,009 (4910) • + • 

16,447( 932) • + M 

25,640 (2895) M +. 

N1(MTDT)2- (DMF) 9,346 (7620) 11' + 11' 

15,625 ( 909) • + M 

17,857(1091) ~s + M 

25 ,906 (2600 ) 
• + M 

31,747 (22,727) 11' +. 

90 

The frozen glass esr spectrum of N1(MTDT)2- like that of 

N1(DDDT}z- shows a rhombic g tensor with slightly smaller g values. 

We have not as yet prepared the 61Ni enriched complex of MTDT2- so we 

cannot compare the magnitudes of the hyperf1ne coupling constants. 

We expect them to be comparable to those found in N1(DDDT)2- however. 

The solution esr spectra of both Pd(MTDT>2- and Pd(DDDT)2- clear

ly show four of the six lines expected for the interaction of an 

unpaired electron with a palladium-lOS nucleus (1 z 5/2, 22S natural 
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abundance). The two central lines are hidden beneath the more intense 

I • 0 line. The frozen' glass spectra of the Pd complexes of both 

MTDT2- and 000T2- revealed a rhombic 9 tensor with only slight devia

tions frOll axial symmetry (gy-gx • .004 and .007). The interpretation 

of the frozen glass spectrum of Pd(000T)2- was straightforward, how

ever, this was not true for the frozen glass spectrum of Pd(MTOT)2-

since we were unable to obtain a quality glass spectrum in this latter 

case. 

The solution esr spectra of both Pt(MTOT)2- and Pt(000T)2- show 

the two lines expected for the interaction of the unpaired electron 

with single platinum-195 nucleus (I • 1/2, 33.81 natural abundance) 

and also the strong central I • 0 line. The frozen glass spectra of 

both Pt(MTOT)2- and Pt(000T)2- show a rhombic 9 tensor with greater 

deviations from axial symmetry than either the Ni or Pd complexes. 

The interpretations of both frozen spectra were straightforward. 

The esr resul ts for the N1, Pd, and Pt complexes of 000T2- and 

MTOT2- as well as dm1t2- and mnt2- are given in Table 4.5. In a 

previOUS chapters we showed that Ni(000T)2- has the same 2829 ground 

state as Ni(mnt)2- and Nl(dm1t)2-' which is composed of metal dyz and 

out of plane sulfur 2pz orbitals. In this chapter we have examined 

the Pd and Pt complexes of 000T2- and MTOT2- to determine if they have 

the sa-e 2Bzg ground state as those of dmit2- and mnt2-. We acco~ 

plished this using Maki's equations16 as before8 for a dyZ ground 

state which relate 9 and A values to the bonding parameters P and K 

through configurational excitation energies C1• USing this treatment 



Table 4.5. ESR results for Ni, Pd, and Pt dithiolenes * 
+ + + + * * * * Compound giso gxx gyy gzz A. A Ayy Azz P/Po K 

1S0 xx 

Ni(DDDT)2- 2.057 2.119 2.057 2.022 - 4.5 - 14.2 2.4 <.2 .21 .25 A 

Ni (MTDT)2 - 2.051 2.093 2.051 2.014 B 

Ni(dmit)2 - 2.049 2.105 2.041 2.001 4.07 13 -5.3 4.5 .22 . 13 C 

Ni(mnt)2 - 2.063 2. 160 2.042 1.988 - 4.6 -15 2.9 <2 .24 .21 D 

Pd(DDDT)2 - 2.038 2.056 2.063 1.992 6.3 9.0 6.7 4. 1 .24 .92 B 

Pd(MTDT)2 - 2.038 2.053 2.057 1.989 6.4 9.5 5.4 5.0 .22 1 . 132 B 

Pd(dmit)2- 2.019 2.044 2.045 1.967 6.7 5.4 10.0 4.8 .25 1.00 C 

Pd(mnt)2- 2.024 2.070 2.044 1.956 8.2 9.0 6.3 5.5 . 19 1. 33 D 

Pt( DDDT)2 - 2.059 2.174 2.084 1.900 82.7 29.5 98.4 89.2 B 

Pt(MTDT)2- 2.057 2.179 2.086 1.903 81. 6 30.5 99.9 74.6 B 

Pt(dmit)2 - 2.033 2.073 2.168 1.858 -67.0 -99.2 -21.8 -78.1 C 

Pt(mnt)2- 2.042 2.065 2.245 1.827 78.0 -125.5 0.0 -99.1 C 

A. See Chapter III, page 67. 
B. This work. 
C. Data taken from Kirmse and co-workers, Inorg. Chem. 1980, 19, 2679. 
D. Data taken from Maki and co-workers, J. Am. Chem. Soc. 1964, 86, 4580, and Schlupp, R. L. 

Ph.D. Thesis, Univ. of Californi& at Riverside, 1973. -

* Solution spectra for compounds studied in this work were obtained in DMF, frozen glasses in 
\.0 
N 

50/50 DMF/CH2C12' 
* A value in units of cm- 1 x 10-4. 
+ Standard deviations of 9 values is 0.001. 
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for various ground state possibilities, we fou"nd the dYZ1dxy most 

reasonable for the Pd complexes of DDDT2-, MTDT2-," and dmit2-. This 

is in agreement with the results Maki obtained for Pd(mnt)2-.17 Using 

the reduction of P from its free ion value (27.5 x 10-4 cm- 1) as a 

measure of covalency, we calculated the ratio P/Po' a measure of the 

metal spin density. A summary is shown in Table 4.5. The P/Po values 

for all four of these palladium complexes are between .19 and .24 

indicating a highly de10ca1ized ground state orbital in each case. 

Unfortunately since no Po value is available for p1atinum(III) 

we were unable to use this procedure to evaluate the ground states 

for the platinum complexes. Kirmse, however, has shown byexamina

tion of the 33S superhyperfine sp1ittings in Pt(mnt)2- that it has a 

2B29 ground state orbital which is extensively de10ca1ized over the 

1igands.18 Based on the similarity of the esr parameters of 

Pt(DDDT)2-. Pt(MTDT)2-, and Pt(dmit)2- with Pt(mnt)~- we feel it is 

reasonable to conclude that these complexes also have a highly de10ca-

1ized 2S29 ground state. The solution and frozen glass esr spectra 

for the complexes studies here are shown in Figures 4.6-4.14. 

CONCLUSIONS 

K2DDDT and K2MTDT are two of only three ligands to date which 

contain the tetrathioethy1ene unit, the othe~ being K2dmit. We have 

shown previously that Ni(DDDT)2- and Ni{dmit)2- had many similar 

structural and electronic properties. In this work we have again 

found similarities in the Pt and Pd complexes of these two ligands as 
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Figure 4.11. Solution esr spectrum of Pd(DDDT)2-. 
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well as with those of MTOT2-. As shown by comparing the spin 

Hamiltonian parameters of all of the compounds of OOOT2-, MTOT2-, and 

dmit2- we see that both the platinum and palladium complexes of all 

three ligands have the same type of highly de1oca1ized n MO as the 

HOMO. As was the case of the nickel complexes of OOOT2- and dmit2-

the platinum and palladium complexes show some differences in their 

redox behavior. All of the complexes of dmit2- are more easily re

duced to the dianions than are those of either OOOT2- or MTOT2-. The 

greater electron accepting ability of the thioketone function in 

dmit 2- as compared to the ethylene unit and methyl groups in OOOT2-

and MTOT2-, respectively, is largely responsible for this difference. 

As we have mentioned in the past, the discovery of superconduc

tivity in (BEOT-TTF)2Re04 has been a driving force in our continued 

interest in metal complexes of DOOT2- and MTOT2-. This work is a 

continuation of our efforts to locate new highly conducting materials. 
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CHAPTER FIVE: SYNTHESES AND STRUCTURAL STUDIES OF TWO ALKYL 

AMMONIUM SALTS OF Cu(DDDT)2-. 

INTRODUCTION 

Over the past ten years the organic chemistry of sulfur has 

been highly influenced by the unique physical properties of tetra

thiafulvalene (TTF).1-4 The early proposal by Wud1 5 and thers that 

the TTF framework might yield the prerequisite properties necessary 

to yield an "organic metal" coupled with the recent findings that 

m 
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bis(tetramethyltetraselenafulvalenium) perchlorate was a superconduc

tor at 1 K6 have further increased the interest in this area. At the 

same time, there has been a great deal of interest in inorganic com

plex based conducting species. Examples such as the partially oxi

dized tetracyanoplatinates have prompted many laboratories to explore 

new complexe.s in this area} A scheme to combine the properties of 

the "TTF type" organosulfur molecules and the inorganic systems which 

have been recently studied has been designed. Since it is apparently 

the tetrathioethylene unit of TTF which is fundamentally important to 

that class of molecule, a synthetic program to investigate inorganic 

complexes of new ligands containing this subunit was undertaken. 
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The author recently reported the synthesis of the dianion 5,6-

dihydro-1,4-dithiin-2,3-dithio1ate (OOOT)=, and a detailed study of 

the nickel complex of this 1,2-dithio1ene.8 It was found that the 

IINi(III)1I complex of OOOT was similar in many respects to other mono

anionic nickel dithio1enes. A number of similarities between 

Ni (OOOT)- and BEOT -TTF9 were a1 so noted. 

C;)(~IH::::)C:) 
Ni(DDOT)2-

BECT-ITF 

. 
These similarities and the fact that (BEOT-TTF)2Re0410 was the first 

tota 11 y sulfur based superconductor prompted further invest i gat i on of 

the coordination chemistry of (OOOT)2-. 

The author reports here the syntheses of the Cull and Cu III 

complexes of (OOOT)2- and their physical properties as well as the 

structures of the tetrabuty1ammoni um and tri methyl ammon; um salts of 

Cu(OOOT)2-· 
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EXPERIMENTAL SECTION 

Reagents 

2,5,7,9-Tet rath i abi cyc 1 0[4.3.0]non- 1 (6 )-en-8-on(TTBEO) was pre

pared by literature methods ll and characterized by NMR and MP. Te

trabutylammonium perchlorate and cupric chloride were purchased from 

Fisher Scientific and were used without further purification. Tetra

butylammonium iodide, tetramethylammonium bromide, and tetraethyl

ammonium bromide were·purchased from Aldrich Chemicals and dried in 

vacuo prior to use. Ar was purchased from Air Products, Inc. All 

solvents were dried by standard techniques and freshly distilled 

prior to use. Water and ethanol were thoroughly degassed by succes-

sive freeze-thaw cycles when oxygen-free solvents were required. 

K2DDDT was prepared as described earlier.8 

Procedures 

All reactions were carried out under Ar using standard Schlenk 

techniques unless otherwise stated. Analyses were performed by 

Atlantic Microlabs, Atlanta, Georgia. 

Synthesis 

N(C4H9)4CU(C4H4S4)2. A solution of 0.33g (2 x 10-3 moles) of 

CuC12.2H20 in 25 ml of H20 was added dropwi se to 1 g (3.9 x 10-3 

moles) of K2 DDDT in 50 ml of basic 1:1 ethanol/H20. The solution 

color immediately turned purple and was allowed to stir for 1 hour 

after which 1 equivalent of tetrabutylammonium iodide in 25 ml of 

ethanol was added, and a dark blue-black precipitate formed. The 
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solid was collected by filtering recrystallize"d from acetone/

isopropanol, yielding .33g (25%) of pure product as dark purple-black 

crystalline plates (mp. 169-171°C). Anal. ca1cd. for CuC24H44NS8: 

C, 43.24; H, 6.65; N, 2.10; S, 38.47. Found: C, 43.27; H, 6.70; N, 

2.08; S, 38.30. IR(KBr) 1472(S), 1411(M), 1385(S), 1288(S), 1169(M), 

1125(M), 1035(M), 970(W), 918(S), 879(M), 850(W), 735(M), 411(S), 

370(S). 

[N(C2H5)4]2[Cu(C4H4S4)2]. The procedure followed was identical 

to that above except degassed solvents were used, the reaction was 

carried out under Ar, and tetraethylammonium bromide was used to 

precipitate the product. Due to the extreme ease of oxidation of the 

product it was not recrystallized. The compound was isolated as a 

blue-black powder in 25% yield. Anal. Ca1cd. for CuC24H48N2S8: C, 

42.13; H, 7.01; N, 4.09; S, 37.48. Found: C, 42.25; H, 7.11; N, 

4.16; S, 37.60. IR(KBr) 1485(5), 1450(S), 1390(S), 1275(M), 1180(M), 

1170(S), 1120(W), 1021(M), 1000(S), 911 (M), 871(W), 830(M), 780(S)", 

405(M), 320(M). 

[N(CH3)3H][Cu(C4H4S4)]. The procedure followed was identical to 

that of the tetrabuty1ammonium complex except 1 equivalent of tetra

methylammonium bromide in 25 m1. of H20 was added to precipitate the 

complex. Apparently the tetramethylammonium salt was contaminated 

with trimethylamine or trimethy1ammonium bromide since the complex we 

isolated had trimethy1ammonium as the counter-ion. (mp. 150-152°C). 

Anal. Ca1cd. for CuC11H18NS8: C, 27.30; H, 3.75; N, 2.89. Found: 

C, 27.50; H, 3.81; N, 2.80. 
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Physical Measurements 

All electrochemical measurements were performed using a BAS 

CV27. The electrochemical cell used for cyclic voltammetry employed 

a platinum working electrode, a platinum wire as the auxillary elec

trode, and a Ag/AgCl reference electrode. Measurements were made on 

solutions containing 10-3 M Cu(DDDT)2- with use of .1 M tetrabuyl

ammonium perchlorate as supporting electrolyte. Nitrogen was passed 

for 15 min. prior to taking the measurements. ESR spectra were 

recorded on a Varian E-3 spectrometer at room temperature and at 100 

K. IR spectra were recorded on a Perkin Elmer 521 spectrophotometer 

over the range 4000 - 300 cm-1• Data were obtained either from KBr 

pellets or nujol mulls. 

Single-Crystal X-ray Analysis [Cu(S4C4H4)2J[N(C4Hg)4J. Purple 

rod-shaped crystals, later ground to a sphere, suitable for x-ray 

analysis were grown by the slow evaporation of a 5/1 acetone/-

isopropanol solution. The crystal survey, unit cell dimension deter

mination, and data collection were accomplished on a Syntex Pl dif-

° fractometer with the use of copper radiation (A = 1.5418 A) at room 

temperature. The diffractometer was equipped with a graphite 

incident-beam monochromator mounted in the perpendicular mode. Final 

unit cell dimensions were obtained by a least-squares fit of 15 high

angle reflections (29 > 40°). Systematic absences indicated that the 

crystal belonged to the monoclinic space group P21/C (hOt, t = 2n+l; 

OkO, k = 2n+l). A one Angstrom intensity data set was collected 

(maximum sin 9/A = 0.5). One check reflection was monitored every 30 
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reflections and revealed no unexpected variatfon in intensity. De

tails of the crystal survey and data collection parameters are summa

rized in Table 5.1. 

The diffractometer output and all subsequent crystallographic 

calculations were processed using subprograms of the CRYM crystallo

graphic computer system.12 The data processing included corrections 

for background, lorentz, and background effects. Polarization due to 

the monochromator was corrected for by a method suggested by 

Azaroff.13 Diffraction data were corrected for absorption by spheri

cal absorption correction.14 Processing also included the calcula

tion of F2 and its standard deviation for each reflection. The 

standard deviations were assigned on the basis of the equation: 

where S is the number of counts collected during the scan, B1 and B2 

are the background counts, d is an empirical constant set at 0.02,. 

and a is the scan time to total background time ratio. 

Finally, the data set was placed on an approximately absolute 

scale by Wilson statistics.15 Atomic scattering factors for carbon, 

nitrogen, sulfur were taken from the "Inter~ationa1 Tables for X-ray 

Crystallography"; 16 for copper from Cromer and Mann,17 and for hydro

gen from Stewart, Davidson, and Simpson.18 The scattering factor for 

sulfur and copper were corrected for the real and imaginary com

ponents of anomalous dispersion. 
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Table 5.1. Single crystal x-ray crystallographic analysis. 

A. Crystal Parameters 

formula CuC24H44NS8(665.65) 

crystallization medium acetone/isopropanol 

crystal size, mm spheres, 0.075 

° cell dimensions a = 17.937(2)~ 
b = 8.806(1) 
c = 21.962(3)~ 
Ct = 90.0° 
S = 109.8(1)° 
y = 90.0° ° 
V = 3263.63(47)A3 

space group P21/c 

molecules/unit cell 4 

density obsd, g/cm3 1.34 

density cal cd. g/cm3 1.36 

linear absorptio9 
coeffient, cm- 56.3 

].1+ max 

].1+ min 

B. Refinement Parameters 

number of reflections 3354 

nonzero reflections 
( I 3.0) 2984 

R-index=L:11 Fol-IFcll/L:IFol 0.076 

WR = L:(w2IFoI2-IFcI2)2/ 
L:w21Fo14 0.018 

GOF=[L:W(Fo2-Fo2)2/(m-s)]J 3.01 

scale factor .853(3) 

secondary extinction 
coefficient .5(1)xlO-6 

CuCllH18NS8(484.3) 

acetone/isopropanol 

.07 x .09 x .27 

° a = 9.211 (2)Ao 
b = 10.114(3)A 
c = 10.956(4)~ 
Ct = 90.0° 
S = 90.0° 
y = 90.0° ° 
V = 1020.65(52)A3 

Pnnm 

2 

1. 58 

1.58 

18.7 

.548 

.131 

588 

443 

0.063 

0.008 

1.84 

.851(1) 
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The positions of the copper and the eight· sulfur atoms were 

determined by using the MULTAN program.19 The remaining non-hydrogen 

atoms were located by conventional Fourier techniques to give a trial 

structure. Hydrogen positions were calculated wherever possible. 

With the exception of the last two carbon atoms of one butyl chain in 

the counter-ion, the structure refined routinely. These two atoms 

were fit by population analysis to two different positions of almost 

equal populations. The hydrogen parameters were added to the struc

ture factor calculations but were not refined. The final cycles of 

full matrix least-squares contained the scale factor, secondary ex-

tinction coefficient, coordinates, and anisotropic temperature fac-

tors in a single matrix. The shifts calculated in the final cycle 

were all less than 0.0 of their corresponding standard deviation for 

the copper dithio1ene and less than 0.25 for the counter-ion. A 

final difference Fourier revealed no missing or misplaced electron 

density. The data fit criteria (based on non-zero reflections) were 

as follows: 

R = tIIFol-IFcll/tIFol = 0.076 

R' = tW(F02_Fc2)2/tF04 = 0.018 

GOF = [tw(F02_Fc2)2Im-sI1/2 = 3.01 

[Cu(S4C4H4)2][N(CH3)3H]. Purple rod-shaped crystals suitable 

for x-ray analysis were grown by slow evaporation of a 5/1 acetone/

isopropanol solution. Data collection and reduction were carried out 

as above with the following changes. Molybdenum radiation (A = 
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° 0.71069 A) was used. Final unit cell dimensions were obtained from a 

least squares fit of 15 high and reflections (2Q > 20°). Systematic 

absences indicated that the crystal belonged to either the orthorhom

bic space group Pnn2 or Pnnm (Ok.t, k + .t = 2n + 1; hOR., R. + h = 2n + 

1; hOO, h = 2 n + 1; Ok 0, k = 2 n + 1, 00 R., p = 2 n + 1). 

As with the tetrabutyl derivative, we encountered a disorder 

problem with the trimethylammonium complex as well. The counter-ion 

occupied two positions, one up and one down, in a 50/50 ratio. After 

accounting for this the structure refined routinely. No attempt was 

made to locate the methyl hydrogens. 

The refined structures were plotted uSing the ORTEP program of 

Johnson.20 Hydrogen coordinates, anisotropic temperature factors, as 

calculated and observed structure factors are listed in the Appendix. 

Stereoviews of Cu(S4C4H4)2N(C4H9)4 and CU(S4C4H4)2N(CH3hH with 

labeling of atoms are shown in Figures 5.1 and 5.2, respectively. 

Steroviews of molecular packing for both structures, with counter-" 

ions removed for clarity, are shown in Figures 5.3 and 5.4, and lists 

of intermolecular contacts are shown in Table 5.2. Interatomic 

distances wi~h standard deviations and bond angles with esd's are 

given in Tables 5.3 and 5.4. Due to the large thermal parameters of 

some of the carbon atoms in the butyl chain of Cu(S4C4H4)N(C4H9)4' 

isotropic temperature factors of 12.0 were used in its ORTEP plots. 

Non-hydrogen coordinates for both structures of Cu(DDDT)2- are shown 

in Tables 5.5 and 5.6. 
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Figure 5.1. Stereo ortep of [N(C4Hg)4][Cu(ODDT)2]· 

Figure 5.2. Stereo ortep of [N(CH3)3H][Cu(DDDT)2]. 
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Figure 5.3. Stereoview of molecular packing of [N(C4H9)4)][Cu(DDDT)2] 

with counter-ions removed. 
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Figure 5.4. Stereoview of molecular packing of [N( CH3)3H][Cu(DDDT)2] 

with counter-ions removed. 
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Table 5.2. Intermolecular contacts for Cu(OOOT)2- in X. 

Tetrabutylarnrnonium counter-ion Tr1methy1amrnon1um counter-ion 

Cu(A)-Cu(B) 10.91(1) Cu(A)-Cu(B) 8.75 (1) 

Cu(A)-Cu(C) 10.34(1) Cu(A)-Cu(C) 10.10(1) 

Cu(A)-Cu(O) 11.50(1) Cu(B)-Cu(O) 14.29 (1) 

53' (A)-54' (C) 5.11(1) 53(A)-53(B) 6.18 ( 1 ) 

54'(~)-S3'(C) 4.47(1) 53 (A)-53 (E) 7.15(1) 

Symmetry Operations 

A = x, y, z 

B=~,j,2 

C = X, Y + 1/2, 2 + 1/2 

o = x, 112 - y, z + 1/2 

A = x, y, Z 

B=1/2+x, 1/2-y, 1/2-.z 

C=x+1,y,z 

o = x + 1/2, y + 1/2, z + 1/2 

E = 1 12 - x, 1 12 + Y J 1 12 - z 
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TABLE 5.3 BOND DI5TANCE5 dt) " AND ANGLE5 ( 0 ) • 

DI5TANCE5 ANGLE5 

CU1 - 51 2.184( 3 ) 52 - CU1 - 51 92.6 ( 1 ) 

CU1 - 52 2. 185 ( 3 ) 51 ' - CU1 - 51 90.3( 1 ) 

CU1 - 5 1 ' 2.179( 3 ) 52' - CU1 - 51 160.0( 1 ) 

CU1 - 52' 2. 176 ( 3 ) 51 ' - CU1 - 52 162.3 ( 1 ) 

51 - C1 1.748( 9 ) 52' - CU1 - 52 90.9 ( 1 ) 

52 - C2 1.741( 9 ) 52' - CU1 - 51 ' 92. 3 ( 1 ) 

53 - C1 1. 749 ( 9 ) C1 - 51 - CU1 102.5( 3 ) 

53 - C3 1.775(15) C2 - 52 - CU1 102.0( 3 ) 

54 - C2 1.764( 9 ) C3 - 53 - C1 104 • 6 ( 5 ) 

54 - C4 1.787(13) C4 - 54 - C2 101.8( 5 ) 

51 ' - C 1 ' 1.695( 9 ) C 1 ' - 51 ' - CU1 102.3( 3 ) 

52' - C2' 1.743(10) C2' - 52' - CU1 102.2 ( 3 ) 

53' - C 1 ' 1.771(10) C3' - 53' - C 1 ' 107.0( 6 ) 

53 ' - C3' 1.691(16) C4' - 54' - C2' 102.5( 6 ) 

54 ' - C2' 1.746(10) 53 - C1 - 51 111.8( 5 ) 

54' - C4' 1.755(15) C2 - C1 - 51 120.4( 7 ) 

C1 - C2 1.342(12) C2 - C1 - 53 127 • 7 ( 7 ) 

C3 - C4 1.432(19) 54 - C2 - 52 111.9( 5 ) 

C 1 ' - C2' 1.342(12) C1 - C2 - 52 122.1( 7 ) 

C3' - C4' 1.433(22) C1 - C2 - 54 125.9( 7 ) 

C4 - C3 - 53 116.6(11) 

C3 - C4 - 54 115.4(10) 

53' - C 1 ' - 51 ' 113.1( 5 ) 

C2' - C 1 ' - 51 ' 122.9( 7 ) 

C2' - C 1 ' - 53' 124.0( 7 ) 

54' - C2' - 52' 112.2( 5 ) 

C 1 ' - C2' - 52' 120.1( 7 ) 

C 1 ' - C2' - 54' 127.7( "8 ) 

C4' - C3' - 53' 121.9(12) 

C3' - C4' - 54' 117.7(11) 
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° (0). Table 5.4. Bond distances (A) and Angl es 

Distances Angles 

Cul- Sl 2.185( 3) Cl- Sl-Cul 101.7 ( 3) 

Sl- Cl 1 .741 ( 8) C3- S3- Cl 101.1( 5) 

S3- Cl 1.772 ( 8) S3- Cl- Sl 114.0( 4) 

S3- C3 1.744 (10) Sl-Cul- Sl 91.8 ( 2) 

Cl- Cl 1.320 (13) Cl- S3- C3 122.3(12) 

C3- C3 1.346 (14) Cl- Cl- S3 124.5( 7) 

Nl-CC1 1.530(35) C1- Cl- Sl 121.5( 7) 

Nl-CC2 1 .463 (24 ) 

Table 5.5. Coordinates (x 104 ) and their standard deviations. 

xla y/b z/c 

Cul 5000 ( 0) a ( 0) 5000 ( 0) 

Sl 6510 ( 3) 608 ( 3) 6432( 2) 

S3 9037 ( 3) 2390 ( 3) 6519( 2) 

Cl 7797 ( 8) 1492 ( 8) 5603( 7) 

C3 10594 (10) 2337(15) 5614 ( 9) 

Nl 5000 ( 0) 5000 ( 0) 5000 ( 0) 

CC1 5520 (31) 6436 (35 ) 5000 ( 0) 

CC2 3899(31) 5369(24) 5901 (17 ) 
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Table 5.6. Coordinates (x 104 ) and their standard deviations. 

xla y/b z/c 

Cu1 7491~ 1~ 9432 ~ 1) 2256 ( 1) 
51 7948 1 9767 3) 1462 ( 1) 
52 8488( 2) 10637( 3) 2943 ( 1) 
53 9258 ( 2) 11375~ 4~ 1269~ 1~ 
54 9928 ( 2) 12086 4 2909 1 

51 I 6323 ( 1) 8905 ~ 3 ~ 1566 ~ 1 ~ 
52 1 7224( 2) 8332 3 3045 1 
53 1 4993 ( 2) 7037 ( 4) 1558 ( 1) 
54 1 5905( 2) 6641( 5) 3183( 2) 

C1 8799 ( 5) 10853 ( 9) 1824{ 4) 
C2 9049 ( 5) 11129 (1O) 2463{ 4) 
C3 10103 ( 8) 12433(18) 1731 { 7 ~ 
C4 10496 ( 6) 11937(15) 2382( 6 

C1 1 592l( 5) 7829 (11 ) 2016 ( 4) 
C2 1 6277 ( 5) 7610(11) 2654 ( 4) 
C3 1 4623 ( 8) 6205 (19 ) 2088 ( 7) 
C4 1 4882( 8) 6625(15) 2758( 7) 

N 7461 ( 4) 9708 ( 9) 5226 ( 3) 
C5 6769(11) 8633(25) 5008( 7) 
C6 6088 ( 7) 8309 ~ 15? 4951 ~ 5 ~ 
C7 5454 (11 ) 7295 21 4733 6 
C8 4742( 7) 7048 (16) 4667 ( 6) 
C9 7311(10) 10896(20) 4689 ( 8) 

Cl0 7687 ( 9) 12074(19) 4597(13) 
C'll 7544(12) 13361(23) 4194 ( 9) 
C12 7921(11) 14398 (20) 4050 ~ 10 
C13 7457 ~ 8) 10239 ~21 ) 5870 6 
C14 7400 10) 10122 23~ 6392( 8 
C15 7410( 8) 1063l( 14 6968( 5 
C16 6829 ( 8) 11257(17) 7139 ( 8) 
C17 8225 (11) 8954(20) 5273(10) 
C18 8693 (10) 8497 (19) 5053 ( 8) 
C19* . 9441(23) 7147 (27) 5104 (15 ) 
C20* 10080 (20) 7753(51) 5212(19) 
C21* 9345(17) 7920(34) 5091 (18) 
C22* 9702(21) 7366 (56 ) 4692 (20) 

* These carbons have populations of .5. 
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RESULTS AND DISCUSSION 

The synthesis of the formally copper(III) complex of DDDT2- has been 

achieved. This complex has been isolated as the tetrabuty1 and 

trimethyl ammonium salts. These compounds were made by addition of 

aqueous solutions of Cu(II) to basic 1/1 (ethanol/H20) solutions of 

DDDT2-. If the ligand solutions were not basic only insoluble metal 

sulfides were obtained. This is in contrast to other synthetic 

procedures we have used to prepare other metal complexes of DDDT2-. 

Even with basic ligand solutions the yields for the copper complexes 

were significantly lower than those for other complexes. 

The copper(II) complex of DDDT2- was synthesized following the 

same procedure as above except thoroughly degassed solvents were 

used. This complex is rapidly oxidized in solution to the cop

per(III) species by exposure to 02. Because of this, degassed sol

vents were necessary for the characterization of this complex by esr 

spect roscopy. 

The esr spectrum of Cu(DDDT)2= was measured in DMF at room 

temperature and in DMF/CH2C12 at lOOK. The solution spectrum is 

shown in Figure 5.5 and the frozen glass spectrum is shown in Figure 

5.6. In the solution spectrum the hyperfine lines due to 63Cu and 

65 Cu are resolved in the high field (3/2) transition. 

By analogy to Cu(mnt)2=,21 we have assigned a ground state 

2B1g[ ••• (xy)1] to the S = 1/2 Cu(DDDT)2= complex. We confirmed this 

using the equations developed by Maki 22 for a dxy ground state which 

relate g and A values to the bonding parameters P and K through con-
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Figure 5.5. Solution esr of 

Cu(DDDT)2= in DMF. 
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figurational excitation energies Ci. Using this treatment we found 

the d!y ground state most reasonable for Cu(DDDT)2=. This in agree

ment with the results Maki obtained for Cu(mnt)2=·22 

By using the reduction of P from its free ion value (Po ~ 3.5 x 

10-2 cm- l ),23 as a measure of covalency, the ratio PIPo was calcu

lated, which is a measure of the metal spin density. A summary of 

these results are shown in Table 5.7. As can be seen from the PIPo 

value of 0.40 for Cu(DDDT)2= it is apparent that there is significant 

delocalization of electron density in the ground state. This same 

highly delocalized HOMO has been found for other copper dithiolene 

complexes • . 
Cu(DDDT)2- displays a very rich ir spectrum with all of the 

characteristic absorptions of monoanionic copper dithiolenes pre

sent: 29 \11, IIC":":":'C II at 1472 cm- l ; \12' IIC":":":'S II at 1169 cm- l ; \13' 

/.S 
IIR-r('- II at 850 em- l ; and \14 and \15' IIM_SII at 411 and 370 -1 em, 

C 

respectively. 

Cu(DDDT)2- has shown some unusual and interesting redox be

havior. A great deal of data are available cQncerning the monoanion 

to dianion redox couples for copper dithiolenes.25 Little, if any 

data can be found concerning the neutral to monoanion couples for 

these compounds, however. It is this couple which has proven to be 

quite interesting in Cu(DDDT)2-. 



Table 5.7. ESR results for copper dithiolenes. 

* * * A~a) A (a) A(a) PIPo 9i50 911 91 1S0 II 1 K 

CU(DDDT)/- 2.069 2.1010 2.0416 68.6 142.3 33.4 .404 .555 b 

2- 2.044 2.082 2.024 72.9 154.5 37.9 .457 .555 Cu(mnt)2 c 

CU(dmit)/- 2.052 2.099 2.0235 67.0 156.0 35.2 .450 .527 d 

a. Hyperfine splittin9 values in units of cm- l x 10-4 with standard deviations of 0.5. 

b. Thi s work. 

c. Data taken from Maki and co-workers: Maki, A. H.; Edelstein, N.; Davison, A.; Holm, 
R. H. J. Am. Chern. Soc. 1964, 86, 4580. 

d. Data taken from Kirmse and co-workers: Kirmse, R.; Steimeke, G.; Hoyer, E. Z. Chern. 
1975, ~, 28. 

* Standard deviations of 9 values are 0.001. 

....... 
N 
~ 
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As shown in Figure 5.7 the mono to dianion couple for Cu(DDDT)2-

(E l / 2 = -.49V) shows the classic one electron reversible behavior 

typical of metal dithiolenes (scans from OV to -l.OV). This wave 

shows no change in behavior with multiple scans. Repeated scans 

through the monoanion to neutral couple reveals a one electron irre

versible process (Figure 5.8, Ep = .38V, scans from OV to +l.OV). 

This alone is rather unusual, since in almost all cases reversible 

behavior is seen. 

If we monitor the cathodic current while changing the switching 

potential to more and more positive values we begin to see an unusual 

phenomenon. As the switching potential enters the range of the 

monoanion to neutral couple we observe a growth of cathodic current at 

potentials slightly more positive than the El/2 value for the mono to 

dianion couple. As this switching potential becomes more and more 

positive the growth in cathodic current becomes larger and its peak 

value moves to more negative potentials. As this is occurring the 

peak current of the monoanion to dianion wave is also increasing and 

eventually moves to more negative potentials. It is interesting to 

note that e~en as these large increases in cathodic current occur 

there is no change in the anodic current of either the dianion to 

monoanion wave or the monoanion to neutral wave. A cyclic voltammo

gram showing the effect of increasing the switching potential to more 

positive values is shown in Figure 5.9, and a summary of some elec

trochemical results for selected copper dithiolenes is given in Table 

5.8. 
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Figure 5.7. Cyclic voltammogram of Cu(DDDT)2- in DMF with O.lM TBAP supporting electrolyte 

showing the reversible manoanion to dianion couple. 

--' 
N 
0"1 



10IJA 

I I I , I • I ,I , 
1.0 0.8 0.6 0.4 0.2 0.0 

VOLTS vs. Ag/ Agel 

Figure 5.8. Cyclic voltammogram of Cu(DDDT)2- in DMF with O.lM TSAP supporting electrolyte 

showing the irreversible monoanion to neutral wave. 
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Figure 5.9. Repeated scans of Cu(DDDT)2- with switching potential starting at 

O.OV and changing 5 mV more positive after each scan. N 
co 
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Table 5.8. Electrochemical results of copper dithiolenes. 

n: 1 ~ -2 n: 0;::::-1 

Ligand El/2 (V) El/2 (V) 

CJC~ -0.49 +0.38* (A) 

5=(JC-
S S- -0.07 ( B) 

S 

0[5_- +0.09 (B) 

NC· S-

NC X5- +0.37 (C) 

* Ep 

(A) This work (DMF, vs. Ag/AgCl, 100 mV/sec). 

(B) Steimke, G.; Sieler, H. J.; Kirmse, R.; Dietzsch, W.; Hoyer, E. 
Phosphorus Sulfur 1982, 12, 237. (CH3CN, vs. SCE) (O~ -1 not 
reported) • 

(C) McCleverty, J. A. Prog. Inorg. Chern. 1970,1£,84-86. 
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At this time we do not have a complete explanation for the redox 

behavior of Cu(DDDT)2-' however we can qualitatively rationalize some 

of its behavior. It appears that oxidation to the neutral species 

causes material to plate out on the electrode surface. This material 

can be removed by large negative overpotentia1s. As more material 

plates out on the electrode (i.e. more positive switching potentials) 

greater and greater negative overpotentia1s are required to remove 

it. Since we do not see any change in the anodic current, the 

reduced material must be rapidly diffusing away from the electrode 

surface. The large overpotentia1s required to reduce the material on 

the electrode surface may be due to an IR drop caused by an insu

lating material coating the electrode surface. Further studies of 

these systems are currently being undertaken. 

Over the years there has been a great deal of interest in the 

structures of metal dithio1enes.26 Since the mid 1960's many single 

crystal x-ray diffraction studies have been carried out on these 

complexes, however only one structure of a copper(III) dithio1ene has 

been reported. The structure of the tetrabuty1ammonium salt of 

Cu(mnt)2- w~s reported in 1964 by Forrester and co-workers.27 In 

this work we are reporting the structures of the tetrabuty1 and 

trimethy1 ammonium salts of Cu(DDDT)2-. 

The gross geometry of [N(CH3)3H][CU(DDD'r)2-] is very similar to 

that of Cu(mnt)2-. That is, the local CuS4 symmetry is D2h, the C-C 

chelate bond distance of 1.34(1)A, and most of the other bond dis-

tances and angles are very similar to those of Cu(mnt)2-. The Cu-S 
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° ° distance of 2.185(3)A is considerably longer than the 2.170(3)A found 

in Cu(mnt)2- however. This difference is very difficult to explain. 

° Unlike Cu(mnt)2- which has stacks of anions with close (4.5 A) Cu-Cu 

distances, [N(CHd3)3H][Cu(DDDT)2] has a stacked structure along the b 

axis with Cu-Cu distances of 10.1 ~ with trimethylammoniums sandwiched 

in between each anion. This can be seen from Figure 5.4 which has the 

trimethylammonium (in the center of the box) removed for clarity. An 

interesting perspective of [N(CH3)3H][Cu(DDDT)2-] is shown in Figure 

5.10. 

,-,", r 
\~/'~i 
~. 

Figure 5.10. Edge on stereo ortep of [N( CH3)3H][Cu(DDDT)2]. 

Due to.crysta1 packing forces the symmetry of the CuS4 unit in 

[N(C4Hg)4][Cu(DDDT)2] is distorted from D2h symmetry by 2go. This 

twist angle can be seen in Figure 5.11. All of the other bond 

distances and angles found in [N(C4Hg)4][Cu(DDDT)2] are very close to 

those found in both Cu(mnt)2- and [N(CH3 hH][Cu(DDDT)2]. Inspecti on 

of the packing diagram of [N(C4Hg)4][Cu(DDDT)2] (Figure 5.3) reveals 
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Figure 5.11. Edge on ortep view o~ [N(C4Hg}4][Cu(DDDT}2] 

showing the 2go twist angle of each half of 

the molecule with respect to the other. 
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a layered structure parallel to the a axis. This is similar to the 

layered structure found in Ni(DDDT)2-.8 A summary of important bond 

distances in these complexes is given in Table 5.9 

Table 5.9. Selected bond distances. 

CuL2- Complexes 

L = mnt M-S 

2.170(4) 

L = BOOT 2.185 (3 ) 

(TMA) 

L = BOOT 2.185 (3 ) 

(TBA) 2.177(3) 

TMA = trimethy1ammonium. 

TBA = tetrabuty1ammonium. 

S-C 

1.72 ( 1) 

1. 736 (10) 

1 .744 ( 9) 

1.695( 9) 

1.743( 9) 

C-C 

1.32 ( 2) 

1.333 (13) 

1.342(12) 

1.343 (13) 

Our interests in the crystal structures of these two ammonium 

salts of Cu(OODT)2- stems from the importance of crystal packings in 

determining ~he electrical conductivity properties of organic metals. 

It is well established that high conductivities require close inter

molecular contacts between molecules in stacks, sheets, or three 

dimensional networks. We were curious to se'e the effect of varying 

cation size on the Cu-Cu distances, and S-S distances in these two 

compounds. In a previous paperS we observed close « 4 ~) S-S con

tacts in the tetraethylammonium salt of Ni(OOOT)2-. In this work we 
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chose one ammonium salt larger than tetraethyl and one smaller to 

crystallize Cu(DDDT)2-. As is apparent from Table 5.2 there are no 

close Cu-Cu distances in either complex. It was rather surprising to 

find that the complex with the much larger tetrabutylammonium 

counter-ion has closer S-S intermolecular distances than does the 

complex with trimethylammonium as the counter-ion. This occurs de

spite the fact that the unit cell volume is three times smaller in 

the trimethylammonium complex. The closest S-S contacts in the 

tetrabutyl complex (4.47 A) are still not as short as those observed 

in the tetraethylammonium complex of Ni(DDDT)2-. From this informa

tion it is apparent that smaller counter-ions do not guarantee closer 

intermolecular contacts. 
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CHAPTER SIX: SYNTHESIS AND COORDINATION CHEMISTRY OF DIPYRIDYLAMINE 

DITHIOCARBAMATE (DPADTC). 

I NTRODUCTI ON 

The coordination chemistry of sulfur containing ligands has 

attracted a great deal of recent attention.1-4 Our work in this area 

has concentrated on the design and syntheses of new ligands which 

promise to offer new information on fundamental questions concerning 

the properties of these systems.5-9 The interest in dithiocarbamate 

chemistry has been in the suppression of resonance form C in Scheme 

1, an electronic structure typically considered important to the 

normal coordination properties of dithiocarbamate ligands. We have 

accomplished this task by the design of the peripheral ligand struc

ture (i.e. Scheme 2). 

'N --<.S 
S 

::N --1- " + S-( ) ( > /N=< ,/ S- S s-
A B C 

Scheme 

a s 
N--1-

;::::...." S 
( 

Scheme 2 
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We have recently become interested in dipyridyl~mine as a poten

tial source for a new dithiocarbamate. This ligand would offer sev

eral interesting features: (1) resonance form C (Scheme 1) could be 

suppressed because of the electronic and steric effects of the pyri

dine rings, (2) the ligand is potentially ambidentate (NS vs. S2) in a 

similar manner to 3,5-dimethylpyrazole dithiocarbamate,lO and (3) the 

photochemical, electrochemical, and esr properties of d6 transition 

metal complexes of dipyridylamine have recently been thoroughly stu

died.ll We were also a little surprised to discover that no report of 

this ligand existed in light of the availability of the amine. We 

report here the synthesis of the potassium salt of dipyridylamine . 
dithiocarbamate (OPAOTC) and its zinc, cadmium, and copper complexes. 

As in the past, the copper(II) complex has been particularly informa

tive in determining the coordination properties of new ligands. 

EXPERIMENTAL 

Materials 

Oipyridylamine was obtained from Aldrich Chemical Company and 

was recrystallized from benzene prior to use. Carbon disulfide was 
o 

obtained from Fisher Scientific Co. and stored over 4 A molecular 

sieves prior to use. THF was dried over Na/benzophenone and was 

distilled prior to use. CuC1 2.2H20 was obtained from J. T. Baker 

Chemical Co. and was used without further purification. All other 

chemicals were purchased from Fisher Scientific and used without 
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further purification. Elemental analyses were" performed by Atlantic 

Micro1abs, Atlanta, GA. 

Preparation of Compounds 

K(DPADTC). 5g, (2.92 x 10-2 moles) of dipyridy1amine was added 

to 200 m1 of freshly di sti 11 ed THF contai ni ng 1.14g (2.92 x 10-2 

moles) of finely divided potassium under an Ar atmosphere. The 

solution color immediately turned pale yellow with the evolution of 

H2• The mixture was stirred for a 24 hour period until all of the 

potassium had dissolved, leaving a fine yellow precipitate of the 

potassium salt of dipyridylamine. The reaction mixture was then 

cooled to -78°C and 3.5 ml (5.84 x 10-2 moles) of CS2 was added 

dropwise; the mixture immediately turned orange. The reaction was 

allowed to proceed for 1 hour after which 100 m1 of chilled hexanes 

were added to insure complete precipitation of OPAOTC-K+. The pro

duct was collected on a Sch1enk frit, washed with cold ether, dried, 

and stored until needed. (Yield 90%), (mp. 130°C dec.) Anal. Ca1cd. 

for CllH8N3S2K.2H20: C, 43.54; H, 3.32; N, 13.85; S, 21.13. Found: 

C, 43.75; H, 3.90; N, 13.85; S, 21.17. lH nmr (020) = 6.8(t), 

7.55(m), 7.8(d); l3C nmr (06-0MSO) = 218.8, 159.3, 146.4, 135.0, 

125.4, 119.4. K(OPADTC) is air stable. However, it is very hydro

scopic, and all reactions to form metal complexes were carried out 

without an inert atmosphere. 

Zn(OPADTC)2. The procedure described here was used to prepare 

all metal complexes of OPADTC. A solution of 0.24g (1.75 x 10-3 

moles) of ZnC1 2 in 50 m1 of methanol was added dropwise to 1.0g (3.5 x 
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10-3 moles) of DPADTC-K+ in 100 m1 of 50/50 methanol/water. A cream 

colored precipitate formed immediately. The solid was collected, 

washed with water and dried, yielding 0.90g (90%) of Zn(DPADTC)2 as a 

cream colored powder. (mp. )200°C). Anal. Ca1cd. for 

ZnC22H16N6S4.1/2 H20: C, 46.60; H, 3.02; N, 14.82. Found: C, 46.53; 

H, 3.96; N, 15.06. 

Cd(DPAOTC)2. This complex was isolated as described above. It 

is also a cream colored powder. (mp )200°C). Anal. Ca1cd. for 

CdC22H16N6S4.3 1/2H20: C, 39.55; H, 3.46; N, 12.58. Found: C, 

39.39; H, 2.93; N, 12.54. 

Cu(DPAOTC)2. This brown powder was isolated as detailed above. 

No analyses was obtained. 

RESULTS AND DISCUSSION 

A new dithiocarbamate has been prepared. The 1H nmr of 

K(DPADTC) in 020 shows no N-H signal where it was observed for the 

free ami ne (9.9 ppm), (Figure 6.1). The l3C nmr does show the very 
....... S 

weak (N-C" (- ) characteristic carbon signal at 218 ppm indicative of 
S 

the very long relaxation time for that carbon (pulse interval 30 

sec), (Figure 6.2). Unfortunately, the ir spectrum gives little 

information on the nature of the C-N bond as has been useful in the 

past.12 The ir spectrum is simply too compiex to attempt to assign 

any peaks to that vibration. 

Both the Zn(II) and Cd(II) DPADTC complexes were prepared and 

surprisingly both complexes had very poor solubilities in the common 
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range solvent. Neither 1H or 13C nmr spectra of either complex were 

re1 iab1e. 

The Cu{II) complex was somewhat more soluble and the esr spec

trum in a frozen glass (DMF/CH 2C1 2) at 77K yields as shown in Table 

6.1 the spin Hamiltonian parameters gil = 2.327, AII= 154 G, Al = 14 

G. The observation of N superhyperfine structure in the perpendicu

lar region of the spectrum clearly indicates that the ligand i~ 

coordinated to copper via the pyridine nitrogen. A comparison of the 

gil/Ail ratio to those many data compiled by Peisach and B1umgerg13 

however, showed that the copper was in an N202 environment, not an 

N2S2 one. Since any solvent system which gave reasonable solubility 

properties also contained a possible donor atom, we prepared the 

Table 6.1. ESR data for Cu{DPADTC)2 

Solvent * Ali * A a A N a 
gil 91 1 1 

DMF/CH2C1 2 2.327 154 b b 14 

Zn matrix 2.109 150 2.046 40 

DMF /CH 2C1 2 c 2.43 125 b b 

a. Hyperfine splitting values in units of Gauss with standard 
deviation of 1 Gauss. 

b. Not reso1 ved. 

c. Spectrum obtained after 24 hrs. 

* Standard deviations of 9 values are 0.001. 
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Figure 6.1. (A) 1H nmr of KDPADTC and (B) 1H nmr of KDPADTC 

aromatic region expanded. 
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copper(II) complex in the zinc(II) matrix (50:1). Here the spin 

Hamiltonian parameters from the esr spectrum (gil = 2.109, All = 150 G, 

gl = 2.046, A 1 = 40 G) were nearly identical to those. of the cop

per(II) complex of diethyldithiocarbamate.14 

Finally, inspection of the frozen glass esr spectra of solutions 

of the copper(II) complex at various times up to 24 hrs. after pre

paration showed a growth of features of a copper 05 or 06 environment 

with a concomitant loss of the N202 features. ESR spectra of 

Cu(DPADTC)2 are shown in Figures 6.3-6.5. 

Taken together, these data indicate that DPADTC is a weakly 

coordinating N donor ligand and a very weakly coordinating S donor 

ligand. This is clear since (1) in the absence of donor solvent 

molecules, the Cu complex is in an S4 environment, (2) in the pre

sence of oxygen donor solvent molecules, the copper(II) complex is in 

an N202 one, and (3) after time, even this latter complex becomes a 

Cu05(06) system with the total loss of ligand. 

Several electronic features of the coordination chemistry of 

DPADTC are also clear. (1) There is apparently little electronic 

difference between DPADTC and diethyldithiocarbamate and (2) as a 

bidentate NS ligand, the apparent extra stability of a six membered 

chelate ring must be diminished considerably by the positive charge 

build-up on the amine nitrogen (A), (Figure 6.6). This is in con

trast to that observed for 3,5-dimethylpyrazole dithiocarbamate (B). 
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Figure 6.6. Resonance structures for the copper complexes of 

DPADTC and· 3,5 dimethylpyrazole dithiocarbamate. 
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