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ABSTRACT: A new series of polymers containing nickel bis(dithiolene) linkages along the
nolymer main chain have been prepared. A variety of flexible linkages have been utilized to
separate the nickel bis(dithiolene) complexes and include -O-, -S-, -Cti»-. -(CHni10-, -(CHo2o-
and -(OCH> CH2): O-. The polvmers with short flexible linkages in this series are highly solubie
in both aqueous and organic solvents in the reduced (dianionic) form and are slightly soluble in the
oxidized or neutral form. Increasing the tength of the organic flexible linkage in the polymer main
chain Increases the soiublilly 0! the poiyacers in the oxidized torm. Three ditterent oxidaton states
of the nickel complex are observed electrochemically with the [NiL22-], = [NiLal"), and
[NiLal1n = [NiL~0], redox processes. UV-Vis-NIR spectra show features commonly associated
with nickel bis(dithiolene) complexes. The position of the near-IR peak of the metal complex is

significantly affected by solvent polarity with a maximum shift of 94 nm observed when changing

from a non-polar (toluene) 1o a highly polar (DMSO) medium.
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INTRODUCTION

A variety of metal complex polyvmers. incorporating square-planar MSs mietal centers into
conjugated ligands. have been prepared with the goal of preparing materials with elevated electrical
conductivity, along with novel magnetic and optical propenies. These include polyimeral
tetrathiooxalaies),’ ™ polv(metal ethylenetetrathiolates),* ¢ poly(metal tetrathiosquarates).”
polvimetal tetrathiafulvalenetetrathiolates), ™ poly(metal mrmhian:\pmhalcnes),lo and polv(metal
benzenctetrathiolates).!! These materials tend 1o be insoluble and infusible powders which
precipiate during complexation polymerization of transition metal ions with highly reactive thiolate
ligands. In addition, they have a very Iow crystallinity, tend 10 be paramagnetic, and are strong
absorbers of infrared radiation making structural characterization by x-rav diffraction, NMR
spectroscopy and IR spectroscopy difficult, if not impossible. During svnthesis some of these
systems possess solubility, which can be attributed to the high charge density along the polymer
backbone, but precipitation to amorphous powders prohibits resolubilization. When these planar
conjugated ligands are complexed in a square planar coordination with t:nsition metal ions [e.g.
Ni(I), Pd (II) or Pt (II)} the molecular structure is quite rigid and "ribbon-like”. In fact, for the
specific case of poly(metal tetrathiooxalates), which can have conductivities as high as 10+ Q-1
cmrl, we find low degrees of polymerization and stacked/sheet like model structures.’

In order to circumvent the low solubility of these fully conjugated polymers, we have been
incorporating square planar metal complexes, specifically metal bis(dithiolenes). into the main
chain of polymers that contain flexible units. Our initial work in this {ield was recently
communicated by reporting the synthesis of polv([1,1-oxybis[4-(1,2-dithiolatoethenyl)-
benzene]]nickel (I1)] (PBOSD-Ni).’? This polymer, as illustrated in Structure 1 where R=0 and

insert structure 1
M=Ni, is highly soluble in a variety of solvents in the as prepared, reduced, form with two
negative charges associated with each nickel bis(dithiolene) unit. In this form the polvmer can be

redissolved repeatedly. The oxidized and neutral form of the polymer, with a zero net charge on
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cach metal bis(dithiolene), is only sparingly soluble (105 M) in DMF and completely insoluble in
most other solvents.

Here we report on the synthesis and characterization of a series of polvmers having the
general form of Structure T via transition metal complexation pelyvmerizaion. In this instance we
vary the flexible inkage (R) to include -O-, =S+, -CHa-, -«(CH2) -, -(CH2)22- and
-(OCH»CH2):0-. Both the nature of the flexible Jinkage and the oxidation state of the metal

complex are found 10 impact both the solubility and optoclectronic properties of the p~lymers.

RESULTS AND DISCUSSION
Ligand Syntheses. The synthesis of a series of bis(aryl dithiocarbonates) was carried out
as outlined in Scheme I with p-phenyldithiocarbonate moieties separated by a variety of flexible
insert scheme I
linkages. The -O-, -S- and -CHo»- linkages were introduced by beginning with diphenyl ether (2a)
diphenyl sulfide (2b) and diphenyl methane (2d) respec.ively. The -(Cli2)10-, -(CH2)22- and
oligomeric ether chain -(OCH2CH3)3:0- linkages were introduced by preparation of 2¢, 2¢ and 2f
as outlined in Scheme 1I. Compound 2¢ was prepared using a conventional Williamson
insert scheme II
etherification from phenol and 1,2-bis(2-chloroethoxy)ethane. Compound 2e was prepared via a
Friedel-Crafts acylation of benzene with sebacoyl chloride, followed by a Wolff-Kishner
reduction. The svnthesis of 2f was also carned out in two steps. The first reaction was effected
by iniually reacting benzyl magnesium chloride with 1,10-dibromodecane n the presence of a
catalytic amount of lithium tetrachlorocupratca,13 which proved to be a convenient route to preparing
mono bromo-terminated alkanes. Wurtz coupling of 7 give the required product 2f separanng two
phenylenes with 22 methylene carbons.
The bis(dithiocarbonates) were then prepared using a modification of methods developed
for the synthesis of substituted styr_vldithiocarbonates.]4'15 Starting with 2, Friedel-Crafts

acylation with chloroacetyl chioride in the presence of AlCl3 led to 3. Bromoacetyl bromide and




bromoacetvl chloride were also used as acvianng reagents, but significuntly lower viclds of p.oduct
were obtained. In the case of 2¢ as starting material, the polvglveol ether chain could potential'
complex with the AICiz. and we found that an extra amount of AICIz and more vigorous conditions
o refluxing were required to force the reaction to completion. Compound 2 was subsequently
reacted with the powassium salt of O-ethyl xanthic acid in acetone 1o give 4. The potassium
chloride that precipitated from the reaction mixture facilituted driving the reaction to high vield.
The {inal step involves a cyclization reaction of the xanthate ester, 4, with HBr in acetic acid to
give the desired dithiocarbonates 5. Both 30% HBr in acetic acid and 48% HBr in water were
used, with the acetic acid HBr solution giving better results. In the case of Sc, the polvether
tended to cleave with HBr. Milder reaction conditions were employed in this case but lower vields
of product were obtained.
The structures of all bis(dithiocarbonates) Sa-f were confirmed by IR, 1l NMR, 13C

NMR and elemental analysis. All of the IR spectra of § exhibit a band at about 1635 cm! for he
C=0 stretch confirming formation of the dithiocarbonate. Common features in the 'H NMR
spectra are one singiet at 3=6.8 ppm corresponding 1o the olefinic proton and an AAXX' and
AALB system 1n the aromatic range corresponding to the 1,4-substituted benzene ring.
Compound 3b exhibits only one singlet for all the aromatic protons. Common features in the 13C
NMR spectra are 2 peak at 192 ppm assigned 1o the carbonyl and six peaks in the aromatic and
olefinic range.

Tetraitliolate formarion. The preparation of polvmeric metal bis(dithiolenes) via transidon

metal complexation polymerizaton first requires the formation of a highly reactive tetra-anionic
insert scheme III

. . . . 2
licand as shown in Scheme III. As described previously,'*

we have determined the experimental
conditions necessary for complete cleavage of the bis(dithiocarbonates) to the tetrathioiates by
svnthesizing the tetramethylated species (8). In fact, we have obtained § in quantitative vields as

descnibed in the Experimental Section. This is important in that incomplete conversion may limit

molecular weight or possibly lead to monodentate as opposed to bidentate chelating ligands. Up to




four monodentate igands could potentally react with each ransition metal ton leading to a highly
crosslinked. and completely insoluble structure.

These problems were observed for the case of tetrathiapentalencedione (9. which serves ag
a precursor to ethvlenetetrathiolate (10) as outlined in Scheme TV, One study " described the “half-

insert scheme IV
opening” versus "full-opening” of the tewrathiapentalencdione. Gel formition has also been
observed in the synthesis of metal complex polymers of ethoxide treated 9 with elemental analysis
indicating that stoichiometric formation of 10 did not occur.'®

All results point 1o the fact that the tetraanionic ligands are extremely sensitive 1o oxidation.
Even when small amounts of oxygen are present during ethoxide cleavage reactions insoluble
polymeric product forms, most likely through the formation of bisulfides. For this reason, all
thiolate ligand formation and metal complex polymerizations were carried out in degassed ethanol
and using scrupulously deoxygenated nitrogen.

Metal Complexation Polymerizations. Polymerization reactions were carried out at 60°C by
conversion of 5 1o teirathiolate, followed by reacdon with a stoichiometric amount of NiBry
overnight as shown in Scheme V. In the cases of 5a, 5b and 5d, in which sho.t spacers

insert Scheme V
(-O-, -S- or -CH»-) were present in the ligands, a homogeneous dark brown solution of polymer
was obtained. On the other hand when S¢, Se and 5f was used, a small amount of dark brown
solid precipitated out of solution and thus the longer spacers reduced the solubility of these
polymers in ethanol. All of the reaction solutions were found to exhibit a typical nickel
bis(dithiolene) compiex UV-Vis-NIR spectra [max (¢thanol) 213, 270, 310, 490, 930 nm)!7"1?
which indicates that the polymers formed contain the desired nickel bis(dithiolene) units. We term
these the reduced form of the polvmers since each nickel bis(dithiolene) site is dianionic and can be
represented as [NilL2-],,. For the polyvmer from 5a, the reduced form of the polymer is also

soluble in water, acetonitrile, acetone, and DMF.
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The reduced form of all polvmers have proven to be air unstiable and were oxidized by
cither air or jodine to vield black solid powders (oxidized formi which are insoluble in most
solvents. The oxidized form of ull of the polvmers do shighty dissoive in DME 1o form brown
selutions. but 1Hd-f (contining non-polar inkages) have a lower solubihiny in DL than Tla-c
(conaining polar linkages) and cannot completely dissolve. Polymer e, containing the
polyelveol chain. exhibits a better solubility in DMF than all of the other polymers invesugated and
is also slightly soluble in THF. The alkane linkages in the polymer chains of 11¢ and 11f reduce
their solubilities in DMF but increase their solubilities in toluene, xyvlene, and THE. When
dissolved in these solvents, green colored solutions are obtained. Thus, as expected. the nature of
the flexible linkage plavs an important role in controlling the solubility of these polymers with non-
polar linkages improving solubility in non-polar solvents and polar linkages improving solubility in
polar solvents. Polvmers 1le and 11f were fractionated by extrection with hot THF, showing
about 20% of polvmer to be soluble while the other 80% remained insoluble. A GPC analysis on
these THF solutions shows a series of separated peaks corresponding to different chain length
ongomers. Compaitson of these UFC retenuon wines for that found for monomenc model
compounds prepared in our laborarnry suggest the soluble fraction to contain up to about
hexamers. We expect the 80% remaining insoluble fraction to have a higher degree of
polymenzation. Elemental analvses of ali poiymers (11a-f) were found 1o differ scomewhat from
that calculated for a neutral polvmeric repeat unit (see Experimental Section). This 1s not suprising
considering end-group contributions in these oligomers and the possibiltiy of incomnplete oxidation
of each metal center,

One explanation for the low solubilities of these polymers in the oxidized state is the strong
potential for metal-meral and metal-sulfur interactions between molecules. In order to reduce the
regularity of the =pacer in the ligand along the polvmer chain. mixed ligand polymers were
prepared using equal amount of 5¢ and 5f in the polymerization process. Unfortunately, the

resulting polymers had no significant improvement in solubility.
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All of the polvmers in the oxidized form have two intense iR bands ar 1367 = 3 el and
1190 = 2 em!. These absorbances are atuributed 1o the nicke! bisidithioleney compiey and are

]

combination bands. A aushtative assignment for the 1367 ! pear ic o vibraton predominantiy

. RIS N S S
nertt ted T8 sreich,

fromy the perterbed C=C ostretch, and the 1190 emed peakc it e
These IR results further conimm the formation of mckel bisfditmolenesy uniis in the polvmer chig
and retenuon of the nickel complex in the oxidized (neutral) form.

Optical Properties. All of the polymer solutiens show a near IR abserbance peak maximum

LR

at ca. 900 nm which is assigned 1o the 2by, € 3bag transitor “=" Thisis shown in Figure 1 for
polvmer 11e where the near-IR absorpuion 1s separated from the higher energy absorpuions by a
relatively broad window from 600-750 nm. Numerous applications exist for materials which can
selectively filter/absorb near-IR while being relatively transparent in the visible rcgion.:3 These
include filters of TR sensitve materials, heat cut-off, materials and as matenials addressable by
semiconductor (e.¢. GaAs based) laser diodes.** The ability to directly cast films of polvmers
containing these near-IR absorbers mayv ulumately lead to films significantly more homogeneous
than dve impregnated thcmuoplzmics.:‘
The position of the near-IR peaks are affected by solvent polarity. For example, Table I
insert Table I
shows the near-IR results for the polvmer having the nickel bis(dithiolene) complex separated by
10 methviene units. Increasing solvent polanty shifts this absorption significantly further into the
near-JR with a maximum shift of 94 nim observed when the solvent is changed from toluene to
dimethyl sulfoxide. Simultaneously, a color change is observed as the toluene solutions are green
and the HMPA, DMF and DMSO solutions are brown. Normally, the color of the complex
solution indicates the oxidation state of the nickel bis(dithiolene) complex. Neutral forms are
usually green in color while anionic forms are red-brown. Previous studies have shown that the
neutral form of the nickel complex can be reacted with a number of nitrogen bases (e.g., pyridine,

20

or hydrazine) forming salts of the nickel complex ions.”” A study on a monomeric model

compound shows that the oxidized form dissolved in DMF was green in color initially. but
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changed 1o brown infess than a hour. Atthe same tume @ shiftof the NIR peak trom 855 nm 1o
O03 iy was also observed. Tnthie case of DME the presence ol traces of dimethag aoniinge G

deersdadon product may account fora partial reduction of the compiey and the observed

wtsignificant spectral changes are abserved i the night polar v

s ctros copas it e ;
pon-reducing, sovents HMPA and DMSO verifies that the solvatovhironae behavior is due o
sohvent poiry

Ficcrrachenival Properties. These polvmeric nickel bis{dithiolenc) compleves ali exhibit
two soparate redox processes as shownan Scheme VI As prepared. cach metal complex is
drenronic and stablean nonoxwdizing solvents. A cvehie voltammogram of polyvmer Tie is shown
i Fioure 2o exempity the elecrochemical behavior of these polvmers. At potentials equal to and

cathodic of 1.0V the polvmer complex remains in the diznonic state. Scanning anodically the

povmer exhibits two redox processes at Eyp =-0.71 Vand at Ep2 = +0.19 V. These two
processes are reversibie as evident by the 60 m\ and 75 mV peak to peak separation seen for each
process respectiveiv. Referring to Scheme VI these redox processes can be assigned to the
reversibie oxidation of the dianion o the monodnton and finally to the neuviral state. Dunng boih o:
these processes the polymer remains in solution. This is shown in Figure 3 @s the scan rate (U)
dependence of the pear current (ip). Diffusion controlied processes tvpically exinbit an ip that
lincarly dependent on /2 while surface confined species exhibit iy, dependent on v, The observed
inear dependence of ip on L= for both processes and both anodic and cathodic current between
40m\V ST and 200 mV ST shows tha the polymer does not deposit on the electrode surface at
potentials cathodic of 0.5 V. The patiern of this redox behavior i1s consistent with non-polyiaeric
nickel bis(dithiolene) complexes investigated prwxouclx > illustrating that, though the metal
complexes are contained in the polvmer backbone in our case. the metal centers approach the
electrode surfuce close enough for electron transfer.

In the casce of polvmer 11a further anadic scanning bevond +0.2 V significantly distorts

the symmetry of the [NiLa!'] &= [NiLaU] process by increasing the current during reduction of the
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seutral form. 'S This was especially evident for the polvmer containing oniv an oxveen fiexible
hnhage as 1t is preapiatng onto the electrode surface in the neutral form,

Flecrrica Properiies. Anemipis were made to prepare free stnding films by castng from
DME solutons, The muterialswere quite brivtke, erecking castly. Eiccirical conductivities were
subsequendy measured on pressed pellets. As expected for a polymer meta complex systen with
@ low extent of conjugation. the conductivities are quite low. Tor example, polvmer 1Ta exhibin o
room temperature conductivity of 10-¢ Q1 el It has been found that most metal bistdithiolenes,
have conductivities lower than 105 Q-1 em? independent of the identity of the ceniral metal atom
and oxidation state. " Recentiy Underhill et al have reported on certain maleoniyile salis that can
be mewallic.” " The ability of these complexes 1o stack, form direct mewl-metal bonds and atain
the proper partial oxidation state are all required for high conductivity.

Disorder present in the polvimers discussed here prevents significant inter-chain stacking.
In fict an x-ray powder spectrum of polymer 11a showed only an amorphous halo centered at
about 19 degrees. In addition, the flexible spacers inhibit any conjugation along a singie chain and

facile charge mansport is prohibited. Thus, the Jow observed conductivities are as expected.

Conclusions

A series of polymers, containing nickel bis(dithiolene) complexes in the main chain. have
been prepared via metal complexation polvmerizations with flexible linkages between the
complexes ranging from one atom (-O-, -S-) up to 22 atoms [-(CH2)22-). The polymers are highly
soluble in a number of solvents in the as-made reduced (dianionic) form. While oxidation of the
metal centers to the essentially neutral form is found to decrease the overall solubility, polyvmers
containing lony flexible linkages are more solubie than those containing short linkages. The
electrochemical and spectral properties of the polymers are consistent with 4 stable main-chain
nickel bis(dithiolene) structure where the metal complex can attain -2, -1 and neutral oxidation

states. Due 1o the nature of these metal complexation reactions, especially problems encountered in




obtaining stoichiometric balance of functional groups during polymerization. the n.cterials are most

likely oligomeric.

Experimental Section

General. All water and air sensitive liquids were transferred ¢ cr with cannulie or with
svringes. Alr and moisture sensitive reactions were carried out with tne use of standard inert
atmosphere techniques. All meliing points are uncorrected. Infrared spectra were recorded on a
Digilab FFTS-40 FT-IR spectrophotometcr. Low-field (60 MHz) proton NMR spectra were run on
a Varian EM 360 spectromeier. Hich-field (200 MHz and 300 MHz) 'H and 13C NMR spectra
were recorded on a Nicolet NT-20X) spectrometer or an IBM-Bruker spectrometer in chloroform-d
solutions. Chemicul shifts are reported referenced to tetramethylsilane or chloroform-d (77.0 ppm
for 1*C). HPLC was performed with a Waters 440 HPLC system. UV-Vis-NIR spectra were run
on a Varian 2300 spectrophotometer. Powder X-ray diffraction was carried out on a Phillips APD-
3600 diffractometer using Cu Ko radiation and a 26 scanning mode. GPC was performed on a
Waters 840 GPC systems. Electrochemical measurem.nts were obtained using an EG&G
Princeton Applied Research Model 273 Potennostat/Galvanostat. Elemental analyses for carbon
and hydrogen were carried out on a Perkin-Elmer 2400 CHN Analvzer.

Materials. Ethanol was distilled from magnesium and degassed by three freeze-pump-thaw
cycles. THF was distilled from potassium benzophenone. All other solvents were distilled from
calcium hydnde prior to use. Nitrogen was purified using an Alfa De-Ox deoxvgenation catalyst
rain.

All analogous compounds were prepared ir: a similar manner so only the a series are
described in detail. For those compounds prepared using a differeni procedure details are
included.

Triethyiene glvco! diphenyl ether (2¢). A mixture of phenol (66.9 g. 0.711 mol), KOH
(43.9 g, 0.782 mol) and butanol (300 ml) was stirred and heated to refiux. A solution of 1.2-

bis(2-chloroethoxyjethane (69.2 g, 0.370 mol) in butanol (30 ml) was added dropwise to the




mixture over a period of 2h. The resulung mixtare was heated to reflux for 10 h. Concentrated
HC was added to acidify the mixture. After reacuion. distillation wi - used to remove some of the
butanol (ca. 120 mh, and water (200 mly was added to the mixwre. The resuliing mi<wre was
extracted with ether (3 x 150 miy, the ether solutions combined, washed with water (3 X 100 mi),
dried (magnesium sulfate), concentrated, recrvstallized (hexane), and dricd 1o give 68.3 ¢ (63.6%)
of 2¢: mp 37-40 °C: TH NMR (60 MH2) 6 3.72 (s, 4 H), 3.8-4.0 (m, 4 11): 4.0-3.2 (m, 4H). 6.8-
7.4 (m. 10 H).

1,10-Diphenyi-1,10-decanedione (6). Compound 6 was prepared3() by reacting. sebacoy]
chloride (47.8 ¢, 0.20 mol, 92% pure) with excess benzene (265 ¢. 3.4 mol) as both reagent and
solvent and AlCl5 (60 g, 0.45 mol) as catalyst. 45.2 g (76.1%) of 6 was isolated. 'H NMR (60
MHz) & 1.4-1.8 (m, 12 H), 2.86 (¢, 4 H, J=6.5 Hz), 7.0-7.4 (m. 6 H), 7.6-7.9 (m, 4 H).

1,10-Dipheryiaecane (2e). The standard Huang-Minlon modification of the Wolfi-
Kishner reduction was followed. KOH (50 g, 0.77 mol) was dissolved by warming in diethylene
glycol (300 ml) in a 500 ml flask. Compound 6 (45 g. 0.139 mol) and 85% hvdrazine hvdrate (40
ml) were added 10 this 2t 100 °C and refluxed for 1 h. 60 ml of an H»O/diethylene glycol mixture
was distilled away until the temperature rose to 205 °C foliowed by refluxing for 3h. After cooling
to room temperature, 50 ml of H>oO was added, the reaction extracted with ether and the extract
dned with MgSOy. The ether was removed and the product isclated by vacuum distilladon. 23 g
(56%) of 2¢ was 1solated: bp 140 °C/3 mm; 'H NMR (60 MHz) 8 1.2-1.7 (m, 16 H), 2.5 (1, 4 H,
J=6.5 Hz), 7.0 (s, 10 H).

1-Bromo-11-pihenylundecane (7). Into a 250 ml flask, was added magnesium turnings
(5.0 g, 0.21 mole) and THF (40 ml). 1,2-Dibromoethane (4.0 g) was added through a dropping
funnel. After the vigorous reaction ceased, more THF (80 m}) was added into the flask.
Subsequently, a solution of benzylchloride (12.6 g, 0.10 mole) in THF (20 ml) was added during
30 min. The mixture was allowed to stand for 2 h. Into 500 ml flask, 1,10-dibromodecane (30 .
0.10 mole), THF (300 ml) and 0.1 M L12CuCls solution (10 ml) were mixed and cooled with ice.

The Grignard reagent solution was quickly transferred to a dropping funnel and added to the
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mixture over a period of 2 h and surred overnight. Methano! (10 mb was added. the solvent was
removed. and chloroform (250 mi) was added to dissolve the residue. The solution was washed
wih warer and doed with magnesium sulfate. After removal of the solvent, the residuc was

distilled under reduced provsure to give 151 ¢ (482% 1 0of 7:bp 135 “C/imny TH NMR (60 Mz

y

2

O 1.2-7.0 em IS TDHL 2000t 2 Ho J=7 Hz), 3.30 (L 2 1L J=6.5 H2), 7.15 (s, S 1.

P.22-Diphenyidocosane (2f). Sodium sand was made by heating sodium (3.54 ¢, 154
mmoic) n dry xyviene until molten, followed by shaking as the xylene cooled. Compound 7 (23.8
g. 77 mmiole) wits added in small portions to the reaction which was controlied by shaking and
heating at short intervals. After all of the bromide (7) had been introduced, the mixture was let
stand for 3 h. The excess sodium was destroyed by careful addition of ethanol, then water. The
mixture was extracted with chloroform (3 x 50 ml). The chloroform solution was washed with
water, dried, concentrited and recrystallized (ethanol) to give 7.12 g (40.2%) of 2f: mp 58-59.5
*C, IR (KBr) 2916, 2846, 1469, cm-!; TH NMR (60 MHz) 8 1.1-1.7 (m, 40 H), 2.5 (1, 4 H,

J=7 Hz). 7.1 (s, 10H).

Bis(4-(chloroacervi)phenyl] oxide (3a). The following is a modification of a published
procedure.}* Finely ground AlCl5 (50.0 g, 0.375 mol) was mixed with dichloromethane (50 ml)
in a 230 ml flask and cooled to -10 °C. Chloroacetyl chloride (37.3 g. 0.33 mol) was =.dded to the
mixture as 1t was kept cool. Diphenyl ether (25.5 ¢. 0.15 mol) was dissolved in dichloromethane
(10 ml) and charged to a dropping funnel. The diphenyl ether solution was added slov ly dropwise
to the mixture over 2 h while stirring and keeping the temperature below 0 °C. At the end of the
addition, the mixture was left to warm to room temperature and stir overnight. The red colored
solution was poured into a large quantity of ice (about 300 g). The organic layer was separated
and the aqueous laver extracted with dichloromethane (50 ml) and the dichloromethane portions
washed with water until neutral. The organic phase was then dried (magnesium sulfate),
concentrated, recrystallized (ethanol), and dried to give 33.8 g (69.7%) of 3a: mp 108-110 °C;

'H NMR (60 MHz) 8 4.68 (s, 4 H), 7.0-7.3 (m, 4 H). 7.9-8.2 (m. 4 H).




Bis[4-(chloraacerhpheny!] sulfide (3b). A similar procedure desceribed for the synthesis
3a was used except phenyi sulfide and chloroacetyl chloride were dissolved in dichloromethane
and added 1o the AICHz mixture. Phenvl sulfide (16.7 g, 0.090 mol). chlororacety! chloride
(0.6 g. 0.271 mol and AICI; (36.1 g, 0.271 mol) were used. The crude product (19 ¢, 627
was decolored by activated charcoal and recrystallized (acetone/ethanol) 1o give 10.9 ¢ (35.7%) of
3b: mp 101.5-103 °C: 11 NMR (60 MHz) 8 4.67 (s, 4 H), 7.4-7.6 (m, 4 H). 7.9-8.1 (m. 4 H).

Bis[4-(chloroacerylyphenyl] tricthylene glvcol ether (3¢). AlClz (90.0 g, 0.675 mol) was
mixed with dichloromethane (50 ml) and cooled to -10 °C. Chloroacetyl chloride (37.3 g, 0.33
mol) was added to the mixture and cooled to -10 °C. 2¢ (45.4 g, 0.15 mol) was dissolved in
dichloromethane (30 ml) and slowly drop added to the mixture over 2 h. At the end of the
addition, the mixture was heated to reflux and stirred overnight. The resulting mixture was
worked up as described before. The crude product was recrvstallized (THF), and dried 1o give
42.6 g (62.4%) of 3¢: mp 8§89-91°C; IR (KBr) 1689, 1600, 1261, 1219, 1184, cm-l; ITH NMR (60
MHz) § 3.75
(s, 4 H), 3.8-4.0 (m, 4 H): 4.1-4.3 (m, 4 H), 4.63 (s, 4 H), 6.8-7.1 (m, 4 H), 7.8-8.1 (m, 4 H).

Bis[4-(chloroaceryl)phenyl] methane (3d). 3d was prepared in 70.7% vield: mp 121-
122°C; IR (KBr) 1701, 1600, 1215 cm-!;1H NMR (60 MHz) & 4.07 (s, 2 H), 4.63 (s, 4 H), 7.2-
7.4 (m, 4 H). 7.8-8.0 (m, 4 H).

1,10-Bis[4-(chiloroacervl)phenyl] decane (3¢). A 73.3% vield of 3¢ was obtained: mp 85-
86°C: IR (KBr) 2927, 2850, 1701, 1604, 1215, §17 cm};1H NMR (60 MHz) 8 1.2-1.7
(m, 16 H), 2.6 (t, 4 H, J=6.5 Hz), 4.53 (s, 4 H), 7.0-7.2 (m, 4 H), 7.6-7.8 (m, 4 H).

1,22-Bis[4-(chloroaceryl)phenyl]docosane (3f). 3f was prepared in 22.4% vield: mp 91-
93°C; IR (KBr) 2920, 2846, 1697, 1604, 1469, 1215. 1164, 995, 817. 790, 756, 721 cm'1;

TH NMR (60 MHz) § 1.1-1.7 (m. 40 H). 2.6 (. 4 H), 4.6 (s, 4 H), 7.1-7.3 (m, 4 H), 7.7-7.9
(m, 4 H).
Bis[4-(O-etivixanthateaceryl)phenyl] oxide (4a). A mixture of 3a (33.8 g, 0.105 mol)

and O-ethylxanthic acid potassium salt (33.5 g, 0.209 mol) in acetone (450 ml) was heated to
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reflux for 4h. The mixture was allowed to cool to room temperature and filtered. The precipitate
was washed with dichloromethane (S0 ml). The combined organic phase wus concentrated to give
crude 4a. The crude 4a was dissolved in dichloromethane (200 ml) and washed with water

(2 x 200 mi). The solution was dried (magnesium sulfate). concentrated 1o give 47.2 ¢ (91,47 of
Ja: TH NMR (60 Mbiz) 8 1.44 (1. 6 H, J=THz), 4.73 (s, 4 H), 4.73 (g, 4 1. J=7Hz), 7.1-7.3

(m, 4 11, 8.0-8.3 (m, 4 H).

Bis{<-(O-cthylxantheteaceryphenyl] sulfide (4b). A G7% vield of 4 was solaizd after
recrvstallization from acetone/ethanol. 'H NMR (60 MHz) 8 1.41 (1, 6 H, 1=7 H2). 4.67 (s, 4 H),
4.69 (q. 4 H, I=7Hz), 7.4-7.6 (m, 4 H), §8.0-8.2 (m, 4 H).

Bis{4-(O-ethyixanthateacervl)phenyl] triethylene glycol cther (4¢). A 88% vield of 4¢ was
isolated: IR (KBr) 1670, 1600, 1311, 1265, 1238, 1111, 1057 em'’; TH NMR (60 MIiz) 6 1.37
(t, 6 1, J=THz). 3.75 (s, 4 H), 3.8-4.0 (m, 4 H): 4.1-4.3 (m, 4 H), 4.58 (s, 4 H), 4.61 (q, 4 H,
J=THz), 6.8-7.1 (m, 4 H), 7.8-8.1 (m, 4 H).

Bis[4-(O-cthylxanthateacetvl)phenvl]) methane (4d). A 92.8% vield of 4d was isolated.
IR (KBr) 1681, 1600, 1226, 1114, 1053, 995 cm-}; TH NMR (60 MHz) & 1.37 (1, 6 H, J=7 Hz),
4.07 (s, 2 H), 4.58 (q, 4 H, J=7 Hz), 4.60 (s, 4 H), 7.2-7.4 (m, 4 H). 7.8-8.0 (m, 4 H).

1,10-Bis[4-(O-ethylxanthateacetvl)phenyl] decane (4¢). A 98.2% vield of 4e was
isolated. IR (KBr) 2916, 2830, 1693, 1604, 1219, 1057, 991, 817 cm'1; 'H NMR (60 MHz)
6 1.2-1.7 (m, 22 H), 2.6 (1, 4 H, J=6.5 Hz), 4.5 (s, 4 H), 4.5 (q, 4 H, J=7 Hz), 7.0-7.2
(m, 4 H), 7.6-7.8 (m, 4 H).

1,22-Bis[4-(O-ethylxanthateaceryl)phenyl] docosane (4f). A 99% vield of 4f was
isolated. 'H NMR (60 MHz) & 1.1-1.7 (m, 40 H), 2.6 (t, 4 H, J=7 Hz), 4.6 (s, 4 H), 4.6
(q. 4 H, J=7 Hz), 7.1-7.3 (m, 4 H), 7.8-8.0 (m, 4 H).

Bis(4-(2-ox0-1,3-dithiolyl)phenyl] oxide (5a). A solution of 4a (22.0 g. 44.5 mmol) in
acetic acid (200 ml) was heated to reflux. A solution of 30% (by weight) HBr in acetic acid (120
inl) was added to the flask. During the additon, 5a begin to precipitate out. The mixture was

heated to reflux for 3h, allowed to cool to room temperaturc and filtered. The solid crude product

M




16

was dissolved in dichloromethane (200 ml) and washed with water unt! ncutral. The soluuon wis
then dried (magnesium sulfate), concentrated, recrystallized (dichloromethance/iacetone). and dried

to give 12.5 ¢ (69.8%) of Sa: mp 146-148°C; IR (KBr) 1635, 1496, 1253, 871, cm ' 11 NMR

157.31, 134.08, 128.31, 128.00, 119.52, 111.21. Anal. Calcd for Cys11(O384: C. 53710 H.
2.50; S, 31.86. Found: C, 53.53; H. 2.49: §, 31.22.

Bis[4-(2-ox0-1,3-dithiolyl)pheny!] sulfide (§b). The crude product was dissolved in
dichloromethane, washed with water. decolored by activated charcoal and filtered through a silica
cel column. The elute was concentrated to give 32% of Sh: mp 160-162 °C; IR (KBr) 1635,
1483, 1400, §75, 763 cm-!; 'H NMR (300 MHz) § 6.86 (s, 2 H), 7.37 (s, 8 H); 13C NMR
(75 MHz) & 191.94, 136.60, 134.00, 131.68, 131.55, 127.07, 112.22. Anal. Calcd for
CigH1002Ss: C, 51.65; H, 2.41. Found: C, 51.43; H, 2.36.

Bis[4-(2-ox0-1,3-dithiolyl)phenyl] triethyiene glyvcol ether (5¢). 4c (8.5 g, 13.5 mmol)
was dissolved in acetic acid (100 ml) and 309 HBr in acetic acid (50 ml). The mixture was heated
to reflux for 20 min and then stirred overnight at room temperature. The crude product was
purified as described - v Sb to give 0.9 g (12%) of S¢: mp 125-126°C; IR (KBr) 1627, 1504,
1257, 1134, 8§71, 821, 775 cm-!; "H NMR (300 MHz) & 3.75 (s, 4 H), 3.87 (1, £ H, J=4.5 Hz).
4.14 (1, 4 H, J=4.5 Hz), 6.66 (s. 2 H), 6.90-6.93 (m, 4 H), 7.30-7.33 (m, 4 H): 13C NMR
(75 MHz) 8 192.63. 159.30, 134.65, 127.59, 125.58, 115.21, 109.79, 70.91, 69.66, 67.60.
Anal. Caled for Co4H2206S4: C, 53.91; H, 4.15. Found: C, 53.49; H, 3.93.

Bis{4-(2-o0x0-1,5-dithiolyl)phenyl] methane (5d). An 84.5% yield of 3d was isolated
using the same procedure described for Sa: mp 155-156 °C; IR (KBr) 1633, 64, 775 cim'}; 1H
NMR (300 MHz) 6 4.01 (s, 2 H), 6.79 (s, 2 H), 7.20-7.23 (m, 4 H), 7.34-7.37 (m, 4 H); 13C
NMR (75 MHz) & 192.34, 141.68, 134.69, 130.93, 129.66, 126.58, 111.31, 41.22. Anal.

Caled for CygH120,S4: C, 56.97; H, 3.02. Found: C, 56.51; H, 2.72.
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1 10-5is{3-(2-0x0-1 3-dithiolvl)phenyl] decane (5e). An 83.4% vield of S¢ was isolated
using the same procedure described for Sa: mp 123-124°C: IR (KBr) 2024, 2850, 1627, 1504,
871 col FHONNMR (300 MHz) 8 1.28 (brs. 12 H). 1.60 (1. 4 1 J=7.5 Hz), 2.61 (1. 4 H.
=75 Moy 077 (80 200, 7.19-7.22 (m, 4 My, 7.31-7.34 (m, 4 Mo 12C NMR (75 MHz)
& 192,68, 14438, 135.08. 130.11, 129.17. 126.20, 110.71, 3502, 31.22, 2948, 29.41. 29.19.
Anal. Caled for Coxl3g0:Ss: C.63.84: H, 5.74. IF'ound: C, 63.89; . 5.53.
1.22-Bis[4-(2-0xa-1.3-dithiolyl)phenyl] docosane (5f). A 325 vield of 5f was isolated
using the same procedure de: cribed for Sa: mp 120-122°C: IR (KBr) 2920), 2846, 1631, 1504,
871 emiti P NMR (300 MHz) § 1.24-1.57 (im, 40 H), 2.61 (1, 4 H, J=7.5 Hz), 6.77 (s. 2 H).
7.19-7.22 (m, 4 H), 7.31-7.34 (m, 4 H); 13C NMR (75 MHz) & 192.64, 144.45, 135.15,
130.14, 129.19, 126.22, 110.67, 35.64, 31.23, 30.86, 29.66, 29.54, 29.43, 29.21. Anal.
Calcd for C4pHs5402S,: C, 69.12; H, 7.83. Found: C, 68.39; H, 7.35.
Bis[4-(1.2-dimethylthiolene)phenyl] oxide (8). A mixture of 3a (0.100 g, 0.248 mmol)
and sodium ethoxide (0.101 g, 1.49 mmol) in ethanol (15 m!) was heated at 60°C and stirred for
40 min. Jodomethane (0.353 g, 2.48 mmol) in ethanol (15 m!) was added 1o the mixture the
resuliing mixture cooled to room temperature, and the volatile materials removed by roto-
evaporation. The residue was extracted with chloroferm (20 m!) and filtered. The filtrate was
concentrated to give 0.101 g (100%) of 8: mp 103-105 °C; IR (KBr) 2997, 2916, 1489, 1249,
810 cmi; TH NMR (300 MHz) 8 2.07 (s. 6 H), 2.40 (s. 6 H), 6.38 (s, 2 H), 6.94-6.97 (m, 4 H),
7.39-7.42 (m, 4 H); 13C NMR (75 MHz) 6 156.42, 133.79, 131.42, 131.36, 128.64, 118.75,
17.46, 16.02. Anal. Caled for CogH22,0S4: C, 59.08; H, 5.45; S, 31.54. Found (after
recrystallization from E1pO/CsHya): C, 59.26; H, 5.63; S, 31.15.
Poly[[1,1-oxvhis(4-(],2-dithiolatoeihenvijbenzene]] nickel (1)) (11a). A mixture of Sa
(0.200 g, 0.497 mmol) and sodium ethoxide (0.203 g, 2.98 mmol) in cthanol (30 ml) was heated
at 60°C with stirring for 40 min. Nickel bromide (0.109 g, 0.497 mmol) dissolved in ethanol (30
ml) was added to the mixture via cannula. The resulting mixture was heated at 60°C overnight and

cooled to room temperature. Jodine (0.252 g. 0.994 mmol) was dissolved in ethanol (10 mi) and




added 1o the mixture. The resulting mixture was stirred for 2 h. The black polvimer was colleeted
by filtration and vashed thoroughly with water and ethanol. The product was then dried under
vacuum to give 0.170 ¢ (84.4%) of polymer TTa: IR (KBr) 1587, 1498, 1367, 1245, T18Y.
1167. 857,832,798 cm'l: UV-Vis-NIR (DMF) Ay (€) 265 (48100), 310 (547005, 490 (sh.
2500). 930 (13200) nm. Anal. Caled for (CygHgNiOSa)n: C, 47.43; H, 2.49: N1, 14.49; S,
31.65. Found: C, 47.49; 11, 2.91; Ni, 10.80; S, 33.49; 1, 2.17; Br, 0.51.

Polv[[1,]-thiobis[4-(1.2-dithiolatocthenyl)benzenc] nickel (11)] (1Th). A 79.5% yvield of
polvmer 11b was isolated: IR (KBr) 1581, 1485, 1365, 1190, 1010, 861, 8§27, 797 cmt; UV-
Vis-NIR (DMF) Apma (€ 273 (19700), 316 (25300), 350 (sh, 18500),500 (sh, 1100), 930 (5300)
nm. Anal. Caled for (CigH1oNiSs)n: C, 45.62; H, 2.39. Found: C, 37.59: H, 2.69.

Polv[[1,1-(tricthyiene glycol cther)-bis(4-(1,2-dithiolato-ethenyl)benzene] I nickel(ll)]
(11c). A mixture of 5¢ (0.200 g, 0.374 mmol) and sodium ethoxide (0.153 g, 2.24 mmol) in
ethanol (30 ml) was heated at 60°C with stirring for 1 h. Nickel bromide (0.082 g, 0.374 mmol)
dissolved in ethanol (30 ml) was added to the mixture via cannula. The resulting mixture was
heated at 60°C overnight and cooled to room temperature. The mixture was opened to air and
stirred for 2 h. The black polymer was collected by filtration and washed thoroughly with water
and ethanol, then dried under vacuum to give 0.182 g (90.5%) of polymer 11c: IR (KBr) 1397,
1508, 1364, 1256, 1191, 1143, 1112, 862, 832 cm!; UV-Vis-NIR (DMF) %,y (€) 265 (21100).
310 (16700), 500 (sh, 500), 935 (3100) nm. Anal. Caled for (CaaH22N104Ss),: C, 49.17; H,
+.13. Found: C, 43.55; H, 3.82.

Poly([1,1'-methane-bis[4-(1,2-dithiolatocthenyl)benzene]] nickel (11)] (11d). The
procedure described for the synthesis of 11a was followed. 0.180 g (89.5%) of polymer 11d
was isolated as a black powder: IR (KBr) 1599, 1369, 1191, 861, 781 cm'!; UV-Vis-NIR (DMF)
hmax 260, 310, 500, 930 nm. Anal. Calcd for (C17H 2NiS4)n: C, 50.64; H. 3.00. Found: C,
49.20; H, 3.07.

Poly[[1,]'-decane-bis[4-(1.2-dithiolatoethenvl)henzenc]] nickel (I11)] (11¢). The

procedure described for the synthesis of 11¢ was followed. 0.171 g (85.0%) of polymer 11e
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was 1solated as a black powder: IR (KBr) 2924, 2850, 1604, 1369, 1323, 1192, 864, £33, 794
em B UV-Vi-NIR (DMF) 7o 260, 310, 490, 935 nm. Anal. Caled for (CaJ1oNiS,),: C,
S8.08: H. 3710 Found: C. 54.07. H, 5.35.

Poivi[1.1-docosane-bis[<-01 2-dithiolaiocthenylbenzene] ] nickel (11)] (11f). The
procedure described for the synthesis of T1c was followed. An 81% vicld of polymer 111 was
isolated as a black powder: IR (KBr) 2920, 2850, 1681, 1604, 1369, 1192, 864, 837, 794 cm!;
UV-Vis-NIR (DMF) 7o, 260, 310, 500, 930 nm. Anal. Caled for (CagHssNiSs)y,: C, 65.41:

H, 7.80. Fourd: C, 64.77: 11, 7.63.
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Table 1. NIR Absorbance Results for Polyvmer 1le

solvent dielectne constant
toluene 2.4
THE 7.6
HMPA 30.0
DME 36.7
MSO 46.6
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