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Abstract: Soluble  oligo-(1,1’-ferrocenylene-2,5-dihexylphenyl-
ene) and oligo-(1,1’-ferrocenylene-2,5-didodecyl oxylphenylene)
were prepared by the Suzuki coupling of the ferrocene diboronic
acid and the 1,4-phenylene diiodide. Direct reaction of lithium 1,4-
bis(tetramethyl cyclopentadienide)benzene or lithium 2,5-bis(tet-
ramethyl cyclopentadienide)thiophene with Fe(ll) halides afforded
insoluble ferrocenylenearylene oligomers, and with W(CQO); fol-
lowed by Mel gave amodel dimer whose crystal structure was de-
termined. The magnetic properties of the ferrocene oligomers
exhibit anomal ous behavior that is explained in terms of the proper-
ties of the individual ferrocene groups, rather than to cooperative
behavior.

Key words. organometallic polymers, ferrocene, magnetism,
structure, charge transfer

Introduction

Conjugated organometallic polymers (COP) have re-
ceived much attention for their electroactive and magnetic
propertiesfor usein applications, e.g., NLO,* electrochro-
mic thin films,2 macrocyclic precursors,® molecular mag-
nets,*® electrochemical sensors,” and photoconductors.®
The combination of the electroactivity of transition metals
with the electronic properties of conjugated polymers is
an attractive strategy for enhancing the physical and elec-
tronic properties of the resultant hybrid polymers.® Elec-
tronic delocalization aong the polymeric chain may be
influenced by the nature of the bridging ligands and may
be used to enhance the communication between metal
centers, thus allowing the magnetic and spectroscopic
properties to be fine tuned for specific applications.

Polyferrocenes have been synthesized via a number of
routes, including: ring opening polymerization,'®!! atom
abstraction polymerization,*? Heck coupling,*® polycon-
densation of bis(fulvalene) dianions with ferrous halide,**
transition-metal catalyzed coupling of dihaloarenes and
diethynylferrocenes,® acyclic diene metathesis,'' and
Knoevenagel condensation.’® Here, we report two routes:
Suzuki coupling of ferrocene diboronic acid and di-
iodoarenes, and direct condensation of arylenebis(cyclo-
pentadienide)s and Fe(l1) halides.
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Suzuki Coupling Route to Oligo(ferrocenylene-
arylene)s

Oligo[1,1’-ferrocenylene-1,4-(2,5-dihexyl phenylene)]
(FHP) and oligo(1,1’-ferrocenylene-1,4-(2,5-didodecyl-
oxyphenylene) (FOP) were prepared by the palladium-
catalyzed coupling of 1,1’-ferrocene diboronic acid and
1,4-dialkyl(oxy)-2,5-diiodobenzene in DME/3 M
NaOH(aq) solvent system (Scheme 1). The palladium cat-
alyst was 1,1’-bis(diphenylphosphino)ferrocenedichloro-
palladium(I1) dichloromethane adduct (dppf).” FHP and
FOP were isolated in 70% and 89% yields, respectively.
The physical appearance of the oligomers is striking as
FHP isdark, while FOP is yellow.

R
@—B(OH};l R
s
{d>>—B(OH), R |
n

R = Hexyl, FHP
R = dodecyloxy, FOP

Scheme 1

End group analysis, with the assumption of only Cp end
groups, of FHP's terminal Cp resonances vs. internal Cp
resonances by *H NMR was carried out for the material
isolated by the precipitation procedure described in the
experimental section. The ratio of the integrated areas
gave a number average degree of polymerization (DP) of
12 repeat units. However, gel permeation chromatogra-
phy (GPC) of FHP and FOP indicated a DP of only 5 re-
peat units as determined from M,,. Microanalysis of the
oligomers eliminated the discrepancy between *H NMR
and GPC data. The analyses of FHP and FOP were consis-
tent with one iodophenyl end group per chain. Hence, *H
NMR end group analysis assuming only Cp end groups
would estimate a DP twice as large as actually present.

The low molecular weights of the oligomers are attributed
to the decomposition of ferrocene diboronic to ferrocene
boronic acid under basic conditions. The rate of base in-
duced cleavage of B—C bond is slow, but the rate of palla-
dium-catalyzed carbon—carbon bond formation is only
dlightly greater under polymerization conditions. Al-
though we have not actually tried, the degree of polymer-
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ization might beimproved if the functional groupsof 1,1’
ferrocene diboronic acid and diiodobenzenes were ex-
changed and the diboronic acid converted to its ethylene
or propylene ester. Placement of the borate ester on the
arene would impart solubility in organic solvents and pre-
clude the need for aqueous base, thus decreasing or elim-
inating the borate ester decomposition.

Condensation of Bis(cyclopentadienide)s Anions
with Fe(l1) Halides

The second approach to the synthesis of conjugated ferro-
cenylenearylenes involved the reactions of bis(cyclopen-
tadienide)arene anions with metal(11) halides. In order to
develop the method and establish some structural param-
eters of the materials, two model tungsten tricarbonyl
compounds were synthesized according to Scheme 2. 1,4-
Bis(tetramethylcyclopentadienyl)benzene (1) and 2,5-
bis(tetramethyl cyclopentadienyl)thiophene (2) were dil-
ithiated with two equivalents of butyl lithium in DMF.
To these respective solutions, tungsten hexacarbonyl
was added, and the mixture was heated to reflux for two
hours to afford the ditungsten dianion. The DMF was
then removed and THF was added as well as a ten-
fold excess of methyl iodide. Subsequent workup
afforded {[Me,CpW(CO);Me],CeH .} 3 and
{[Me,CpW(CO);M€],C,H,S} (4) in 60 and 30% yields
respectively. Both 3 and 4 are yellow, air stable com-
pounds.

— 2.
ﬁi @\/1 BuLi
2. W(CO), /\co ocﬂ“‘co
)6 oc co
e
R = CgHg, 3

/\CO oc” R=CyH,S, 4

Scheme 2

Crystals of 3 suitable for X-ray diffractometry were
grown by allowing a concentrated solution of hexane to
stand at room temperature for several days. The observed
space group was P-1(#2) with Z =2 (two independent
molecules per unit cell, each of which lies on an inversion
center). The metrical details of both molecules are nearly
identical, and the bond lengths and angles associated with
the CpwW(CO);Me group are not remarkable: bond
lengths, W-Me =231 A, W—CO=1.99 A, nearly linear
W-C-O (171177 deg.). Asshownin Figures 1 and 2, the
Cprings are essentially coplanar, the W-groups are anti to
each other, and the centra phenylene group is twisted by
36° (molecule 1) and 39° (molecule 2).

Figurel ORTEP drawing of 3 (molecule no. 2)

Although compounds 3 and 4 were prepared as model
compounds, these compounds could also serve as syn-
thons for organometallic polymers based on the W(CO),
group. For example, the methyl groups could be eliminat-
ed to form polymerswith direct W-W bonds,*® or the me-
thyl groups could be replaced by bridges between the
tungsten atoms, e.g., ethynylene, 1,4-diethynylphenylene,
etc.’920 A small-scaeH NMR photolysis experiment was
performed on compound 3 in deuterated benzene with the
aim of demonstating homolytic cleavage of the methyl—
tungsten bond to yield ethane and tungsten—tungsten
bonded polymer. The NMR tube containing 3 and deuter-
ated benzene was subjected to UV light for two hours.
NMR spectra were taken ca. every thirty minutes.

Figure2 ORTEP drawing of 3 with the view down the long axis of
the molecule showing tilt of the phenylene ring

The proton signals of 3 steadily decreased in intensity in
relation to that of silicone grease (internal standard),
anew signal attributed to ethane formed from the coup-
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ling of methyl radicals generated by homolysis of the
W-Me bond appeared at 0.8 ppm, and a small amount
of brown precipitate formed at the bottom of the NMR
tube. The brown precipitate may be polymeric [—
W(CO),Cp* C,H,Cp*(CO);W-] with tungsten-tungsten
single bonds along the backbone, but due to its insolubil-
ity and the small amount the precipitate was not character-
ized.

The dilithiated bis(tetramethylcyclopentendienyl)arene
monomers, 1 and 2, were allowed to react with an equimo-
lar amount of anhydrous FeCl, or anhydrous Fel, and re-
fluxed for 12 to 24 hours (Scheme 3). A red precipitate
was observed to form in the reaction mixture. At the end
of thereaction time, the mixture was poured into methanol
to complete the precipitation of the product. Oligo(octa-
methyl-1,1’-ferrocenylene-1,4-phenylene) (OFP) and oli-
go(octamethyl-1,1’-ferrocenylene-2,5-thienylene) (OFT)
were collected in 90 and 80% yields, respectively. The
oligo(octamethylferrocenylenearylene)s are brick red
powders that are insoluble in al organic solvents, asisa
related polymer, poly(octamethyl-1,1’-ferrocenylenedi-
methylsilylene).

Ar
1 BuLi
e
2 FeCl,

Ar= CGH4,0FP
Ar = C,H,S, OFT

Scheme 3

Thermogravimetric analysis (TGA, heating rate of 40 °C/
min, N, atmosphere) showed that al of the Fc-containing
oligomers are thermally stable to over 400 °C. The onset
of decomposition was determined from the temperature at
which a 5% weight loss was observed.

UV/Vis spectra of FHP and FOP (Figure 3) exhibited
strong Band Il (d-d) absorptions at 437 nm (¢ = 2010
M-tcm™) and 458 nm (e = 2410 M~tcm™), respectively.?
We assign the peak at 346 nm (FOP) to an MLCT band
rather than to a ligand-based n—n* transition because of
its low sensitivity to the nature of the attached arene.?
FHP does not show a strong absorption at 330 nm, but a
shoulder is seen near 300 nm on the side of the intense
n—n* peak at 230 nm. Satisfactory UV-vis spectra of
OFP and OFT were not obtained due the insoluble nature
of the oligomers. Spangler has studied the electronic spec-
trum of aseries of diferrocenylpolyenes of the general for-
mula F.~CH=CH),—F., where F, = ferrocenyl group and
n = 1-6.2% He found that the molar extinction coefficients
of the n-n* absorption of the vinylene bridge increases
with greater n, as does molar extinction coeffecients of the
ferrocene d-d band, showing that the ferrocene moiety is
not an independent chromophore, and that there is signif-
icant ligand n* character inthe ‘d-d’ transition.

Synthesis of Oligoferrocenylenearylenes 1179
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Figure3 UV/Vis absorption spectraof (a) HFP and (b) FOP

The ferrocene-based oligomers may be oxidized to ferro-
cenium oligomers by a number of oxidizing agents, e.g.
trifluoroacetic acid, nitric acid, tetracyanoethylene (TC-
NE), or iodine (Scheme 4).%8 OFP and OFT may be oxi-
dized with TCNE to produce OFP-Q-100 and OFT-Q-
100, or with 1.5 moles of iodine per mole of iron to give
OFT-13-100 and OFP-13-100 (the appended letter desig-
nates the anion, and the number designates that all the Fc
centers were oxidized to Fc*). In the oxidation procedure,
the neutral oligomer was slurried with dichloromethane
and an oxidant/dichloromethane solution was added. The
mixture immediately turned dark brown or black and was
allowed to stir at room temperature for one day, during
which time the oxidized oligomer dissolved. The solution
was filtered, and the solvent removed. The residue was
washed with ether and dissolved again in dichlor-
omethane. Finally, the oxidized oligomer was precipitated
from solution by addition of hexanes.

n* (A
Ar
TCNE of e
151,
n

A=Qorly

Scheme 4

The conversion of OFT to OFT-Q-100 or OFT-13-100 is
nearly quantitative, aswas OFPto OFP-13-100, but TCNE
oxidation of OFP gave OFP-Q-100in only 30% yield. The
poor yield may be due to the insolubility of higher molec-
ular weight oligomer despite oxidation. FT-IR spectrosco-
py showed that the [TCNE]~ radical anion in the oxidized
material had reacted with the atmosphere to give theions
shown in Scheme 5. The [TCNE]~radica anionis charac-
terized by absorptions at 2144 cm* and 2183 cm . How-
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ever, these absorptions are absent in both OFP-Q-100 and
OFT-Q-100, but absorptions at 2198, 1598, and 1504 cm™
1 indicative of the presence of tricyanoethenolate and
pentacyanopropenide ions, known decomposition prod-
ucts of [TCNE]", were observed. The absorption at 2198
cm may be attributed to coincidental absorbances of tri-
cyanoethenol ate and pentacyanopropenideions, while ab-
sorptions at 1598 cm™ and 1504 cm™ are assigned to
tricyanoethenol ate and pentacyanopropenideions, respec-
tively.242

Scheme5

The UV/Vis spectra of OFP-Q-100 and OFT-Q-100 also
are consistent with the presence of the [TCNE]~ radical
anion decomposition products. Absorptionsat 397 nm and
417 nm are indicative of the presence of pentacyanopro-
penideion, and a third transition at 297 nm is assigned to
the tricyanoethenolate ion. No absorptions consi stent with
the presence of [TCNE]~ were found.?5?" Fits of carbon
and nitrogen microanalyses for OFP-Q-100 and OFT-Q-
100 indicate valuesfor Q that are consistent with a4:1 ra-
tio of tricyanoethanolate and pentacyanopropenide an-
ions. The spectra of OFP-13-100 and OFT-13-100 each
exhibited band Il absorptions at 542 nm and an MLCT
band near 360 nm (Table 1).

Tablel UV/VisDatafor Neutral and Oxidized Metallocene Mate-
rials?

Compound? Band I MLCT

FHP 437 (2010) 300 (sh, 14,000)
FOP 458 (2410) 346 (8000)
OFP-13-100 542 (2900) 361 (15,600)
OFT-13-100 542 (1700) 363 (17,800)

aThe solvent was CH,Cl, for all materials. s=shoulder. All valuesare
reported as g in Nmand € in M~ cm™.

Cyclic voltammetry of the oligomerswith 0.1 M Bu,NPFg4
electrolyte in methylene chloride indicated the presence
of moderate electronic communication between ferrocene
moieties by exhibiting two reversible waves of equal in-
tensity. These waves have been attributed to the oxidation
of alternate metal centers along the oligomer backbone at
the first wave (E = *E,,) followed by oxidation of the re-
maining metal centers at the higher potential (E = 2E,,,).%®

A more sophisticated approach attributes the presence of
two peaks to the ‘ density of redox states' as a function of
potential 2> The latter approach is much more useful in
explaining the comproportionation-disproportionation be-
havior of partially oxidized polymer chains.* The separa-
tion of the two waves, AE, provides a measure of the
electronic interaction between the iron centers in the oli-
gomer backbone, and may be expressed as a compropor-
tionation constant (K.) according to the Equation, where
AEisinmV and T = 298 K .3

K¢ = exp(FAE/RT) = exp(AE/25.69)

Equation

Table 2 collects the observed oxidation potentials, AE,
and the calculated values of Kc. FHP has a AE = 160 mV
and for FOP the valueis 210 mV. The Kc's calculated for
FHP and FOP are 500 and 3550, respectively. The corre-
sponding values of Kc for OFP and OFT were obtained
from solutions of the soluble, oxidized materials, OFP-Q-
100 and OFT-Q-100 and are 160 and 5400. When the met-
al—metal distances (ca. 9 A in trans configuration, or 8.3
A in twisted cis configuration) are taken into account,
these comproportionation constants are rather large, espe-
cially when compared to compounds, e.g., diferrocenyl
acetylene, K, = 160, whose one-electron oxidized species
is classified as a class |1 type of mixed vaence complex
(class || materials have values, 0 <K ¢ <10°; class |11 have
Kc >10° and exhibit complete electron delocalization be-
wteen metal centers).®

Table2 Cyclic Voltammetry Datafor Metallocene Compounds®

Oligomer E,P 2E,,P AE (V)  Kcd

FOP -0.17 0.04 0.21 3550
FHP -0.01 0.15 0.16 500
OFP-Q-100 -0.37 -0.24 0.13 160
OFT-Q-100 -0.43 -0.15 0.28 5400

aElectrolyte: 0.1 M in Bu,N*PFg, scan rate, 200 mV/s, T = 23 °C.
b1, ., 2Ey = potentials for 1st and 2nd CV waves, volts vs. the Fc/
Fc* couple set at E=0.00 V. To convert to NHE, add 0.40 V .3
CAE= 2E1/2 — 1E1/2.

4K, = exp(FAE/RT) = exp(AE/25.69).

M agnetic Behavior

The magnetic susceptibility of the TCNE and iodine oxi-
dized oligomers has been investigated. The powdered
sampleswerefirst cooled in azero field, and the magnetic
susceptibility measured in afield of 0.1 T from 5K to 300
K in a SQUID magnetometer. The susceptibility data ob-
tained for OFT-Q-100 are well represented by Curie—
Weiss behavior, y = C/(T-0©) where C = Npg?/3K = pgl
8. The fully oxidized phenylene oligomers, OFP-Q-100
and OFP-13-100, aswell as OFT-13-100 exhihited plots of
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xtvs. T that showed a negative curvature over the entire
temperature range, as shown in Figure 4 (and implicitly
shown in Figure 5). Thistype of behavior, aswell as other
anomalies that have been observed previoudly for fer-
rocene polymers and oligomers, has been ascribed to the
effects of alarge antiferromagnetic coupling, or even to
ferromagnetic interactions.® Southard and Curtis argued
that this odd magnetic behavior is most likely associated
with the complex magnetic behavior of the %E,; ground
state of the Fc* ion itself.*° Hendrickson et al. showed ear-
lier that low symmetry distortions that lift the degeneracy
of the ?E,, ground state of ferrocenium cation give rise to
atemperature dependent magnetic moment: p = bT+(, as
shown at the high temperature limit in Figure 5.% Substi-
tution of this expression for pg into the Curie-Weiss
equation and subsequent least-sgquares fitting to the data
gives the solid lines shown in Figures 4. The best-fit pa-
rameters, b {, and © are collected in Table 3.

600

500

400

200

100

0 100 200 300 400

Temperature K

Figure4 ytvs T (K)for (@ OFT-Q and (b) OFT-I

Thus, the effective magnetic moment, p4;, of the ferroce-
nium ion with a distorted °E,, state split by adistortion, &,
would be expected to be temperature dependent. Howev-
er, ng Of many ferrocenium salts is temperature indepen-
dent. The lack of temperature dependence of p; has been
attributed to one of two possible effects by Hendrickson et
a.: 1) thermal population of alow-lying electronic state,
such as the %A, state, corresponding to the d° configura-
tion, a,4,€,4,, Or 2) atemperature dependent, low symme-
try distortion.® Either effect may lead to cancellation of
the pg temperature dependence. The T vs. T curves of
all fully oxidized phenylene oligomers and OFT-13-100
were found to be temperature dependent, hence either the
thermal population of the 2A;, was negligible or the low
symmetry distortions are constant over the entire temper-
ature range studied.

1.1

0.9
0.8
£0.7
0.6
0.5
0.4 i

0.3 | | |
0 100 200 300 400
T(K)

Figure5 »TvsT for (a) OFP-1 and (b) OFP-Q

Table3 Magnetic Properties of Oxidized Fc-Ologomers

Compound et 0 (K) 10%0° e
OFP-Q-100 3.05 2.0 211 2.42
OFP-13-100 297 2.1 2.79 213
OFT-Q-100 2.29 -14.5 - -
OFT-13-100 3.32 -8.8 2.89 2.45

2 Diamagnetic corrections used: OFP-Q-100 —280 x 106 emu/mol;
OFP-13-100-378 10°%; OFT-Q-100 —363 10 emu/mol; OFP-13-100
—357 x 10° emu/mol.

bpu =0T +¢.

Conclusions

The reaction of arene bis(cyclopentadienide) anions with
metal salts has been shown to be an effective route to con-
jugated polymeric and oligomeric metallocenes. Less
symmetric substitution patterns and/or longer alkyl side-
chain substituents lead to more soluble materials that can
be more readily characterized and fabricated into useful
shapes, e.g., thin films.*

Drying of solvents, descriptions of general experimental tech-
niques, and intrumentation has been described previously.®* There-
agents, 1,4-bis(tetramethylcyclopentadienyl)benzene,® 2,3,4,5-
tetramethylcyclopent-2-enone® and ferrocene diboronic acid®®
were prepared by published procedures. All other reagents were
purchased from Aldrich Chemical Company, Lancaster, Janssen, or
Strem Chemical, Inc. Elemental analyses were done by the Mi-
croanalysis Laboratory, Department of Chemistry, The University
of Michigan, or Galbraith Laboratories, Knoxville, TN.

FHP
Ferrocene diboronic acid (1.00 g, 3.65 mmoal), 2,5-dihexyl-1,4-di-
iodobenzene (1.82 g, 3.65 mmol) and [1,1"-bis(diphenylphosphi-
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no)ferrocnene]palladium(ll)  chloride-dichloromethane  adduct
(0.200 g, 0.26 mmol) were placed in aflask containing DME (30
mL) and 3 M ag NaOH (6 mL) under N,. The mixture was refluxed
for 5 d. The resulting solution was precipitated into MeOH, filtered,
dissolved in a minimum amount of CH,Cl,, and chromatagraphed
through silicagel with hexane as eluent with increasing proportions
of CH,CI, followed by Et,O. Two bands were collected from the
CH,Cl, and Et,0 washes respectively. Removal of solvent from the
CH,Cl, fraction gave a dark oil (800 mg, 50%).

IH NMR (300 MHz, 25 °C, C¢D): 5 = 7.83 (br s, 2 H), 4.56 (br m,
4H), 4.27 (br m, 4 H), 4.10 (s, 1 H), 2.88 (br t, 4 H), 1.67 (br m, 4
H), 1.28 (br s, 12 H), 0.88 (br t, 6 H).

Anal. Calcdfor [CygHgF€],: C, 78.48; H, 8.47; Fe, 13.03. Found: C,
75.34; H, 8.09; Fe, 12.77.

Solvent removal from the Et,O fraction gave ablack solid (300 mg,
20%).

Thermogravimetric analysis: 5% weight loss at 411 °C; 29% char
yield at 900 °C.

Gel Permeation Chromatography (THF, polystyrene standard, 1
mL/min, UV detection): M,=2700; M, =5600; PDI =21,
DP=13.

UV/Vis (CHCly): Ay (2) = 282 (14,130), 430 nm (2,000).

IH NMR (300 MHz, 25 °C, C¢D): 5 = 7.83 (br s, 2 H), 4.56 (br m,
4 H), 4.27 (br m, 4 H), 4.10 (s, 1 H), 2.88 (br t, 4 H), 1.67 (br m, 4
H), 1.28 (br s, 12 H), 0.88 (br t, 6 H).

Anal. Calcd for [CygHggFe],: C, 78.48; H, 8.47; Fe 13.03. Found: C,
73.96; H, 7.92; Fe, 11.28.

1,4-Didodecyloxy-2,5-diiodobenzene

Silver trifluoroacetate (2.7 g, 12.2 mmol), I, (3.1 g, 12.2 mmol), and
1,4-didodecyloxybenzene (2.5 g, 6.05 mmol) were placed in aflask
containing CH,CIl, (100 mL). The mixture was allowed to stir for 1
h, during which time large amounts of Agl precipitated. The Agl
was removed by filtration, and the organic layer was washed with
10% aq NaHSO; (2 x 100 mL) and dried (MgSO,). Filtration, sol-
vent removal, and crystallization from EtOH (2 x 100 mL) gave 2.8
g (70%) of irregular pink crystals.

1H NMR (300 MHz, 25 °C, C¢Dg): & = 7.08 (s, 2 H), 3.33 (t, 4 H),
1.55 (, 4 H), 1.32 (br m, 36 H), 0.92 (t, 6 H).

Anal. Calcd for CyyHs,l,0,: C, 51.58; H, 7.50. Found: C, 52.01 ; H,
7.67.

FOP

Ferrocene diboronic acid (1.00 g, 3.65 mmoal), 1,4-didodecyloxy-
2,5-diiodobenzene (2.55 g, 3.65 mmol), and [1,1’-bis(diphe-
nylphosphino)ferrocene]dichloropalladium(l)  dichloromethane
adduct (0.20 g, 0.26 mmol) were placed into a flask containing
DME (30mL) and 3 M ag NaOH (6 mL) under N,. The mixture was
refluxed for 7 d. The black mixture was twice precipitated into
MeOH giving 2.04 g (90% yield) of yellow solid.

Thermogravimetric Analysis: 5% weight loss 428 °C; 26.7% char
yield at 900 °C.

Gel Permeation Chromatography (THF, polystyrene standard, 1
mL/min, UV): M, = 3270; M,, = 5340; PDI = 1.6; DP = 8.5.

FT-IR (KBr): 3044 (CH aromatic stretch), 2922, 2853 (CH alkyl
stretch), 1455 (C=C aromatic stretch), 1213 (CH alkyl bend), 820
cm™ (CH Cp bend).

UV/Vis (CHCI3): s (€): = 251 (9,530), 346 (8,040), 459 nm
(1,190).

'H NMR (300 MHz, 25 °C, CDCl,): § = 6.82 (br, 2 H), 4.77-4.68

(br m, 4 H), 4.26-4.13 (br m, 4 H), 3.81 (br m, 4 H), 1.82 (br m, 4
H), 1.29 (br s, 36 H), 0.89 (br s, 6 H).

Anal. Calcd for [CyHeFeO,] i C, 76.40; H, 9.62; Fe, 8.88. Found:
C, 74.90; H 9.51; Fe 8.40.

[CsMe,WMe(CO)4],CeH, (3)

1,4-Bis(tetramethyl cyclopentadienyl)benzene (200 mg, 0.63 mmol)
was placed in an 100 mL Schlenk flask. DMF (20 mL) was trans-
ferred viacannulaand 2.5 M BuLi (0.53 mL) was added dropwise.
The orange solution was stirred for 1 h before tungsten carbonyl
(475 mg, 1.35 mmol) was added. The mixture was refluxed for 2 h.
The DMF was removed, THF (20 mL) was added via cannula, and
Mel (940 mg, 7.00 mmol) was added dropwise. The black solution
was refluxed for 1 h. The solution was cooled, the THF removed,
and the residue washed with MeOH (50 mL) and hexanes (50 mL)
The tungsten dimer was collected by filtration to give alight yellow
solid (330 mg, 60%).

FT-IR (KBr): 2002 (C=0 stretch), 1898 cm* (C=0 stretch).

IH NMR (300 MHz, 25 °C, CDCl,): 6 = 7.24 (s, 4 H, CgH,), 2.04 (s,
12 H, CH,), 2.01 (s, 12 H, CH,), 0.26 (s, 6 H, WCH.,).

13C NMR (75 MHz, 25 °C, C,Dg): 3 = 219.52, 132.62, 131.77,
110.01, 103.99, 11.14, 10.09, —22.60.

MS: m/z Found 882. Calcd for C3,H3,05W,: 882.

Anal. Calcdfor Cz,H,,0W,: C, 43.55; H, 3.88. Found: C, 43.18; H,
4.04.

[CsMe, WM eg(CO),],C,H,S (4)

Prepared as above from 2,5-bis(tetramethylcyclopentadie-
nyl)thiophene (100 mg, 0.31 mmol) and 2.5 M BuLi (0.25 mL) to
give alight yellow solid (100 mg, 32%).

FT-IR (KBr): 2003 (C=0 stretch), 1903 (C=0 stretch), 1893 cm™
(C=0 dtretch).

IH NMR (300 MHz, 25 °C, C,Dy): § =6.76 (S, 2 H, C,H,S), 1.79 (s,
12 H, CH,), 146 (s, 12 H, CH,), 0.46 (s, 6 H, WCH.).

13C NMR (75 MHz, 25 °C, C¢Dg): 5 = 218.99, 137.00, 130.19,
105.04, 104.04, 11.18, 10.15, —22.62.

MS: m/z = Found: 888. Calcd for C4,H4,0sW,S: 888.

Anal. Calcd for CyH3,0sW,S: C, 40.56; H, 3.63. Found: C, 41.17;
H, 3.83.

Crystallography for [CsMe,WMe&(CO);],CeH 4 5

Crystals suitable for diffractometry were grown by allowing a con-
centrated solution in hexanes to stand at r.t. for several days. Crys-
tallographic data: Triclinic, P-1(#2), Z = 4, Unit cell dimensions,
a=9.8710(10) A, b=11.266(2) A, c¢c=13627(2) A,
a=92770(10)°, B=94.370(10°, vy =90.120(10°, Volume,
1509.2(4) A3 Density (calcd.) 1.942 glcm?® Reflections collected,
7115, Independent reflections, 5909 [R;, = 0.1101], Refinement
method, Full-matrix least-squares on F?, Goodness-of-fit on F?
0.979, Find Rindices[1>25(1)], R1 = 0.0697, wR2 = 0.1723. There
are 2 independent moleculesin the crystal lattice, each oninversion
centers.

OFP

1,4-Bis(tetramethyl cyclopentadienyl)benzene (500 mg, 1.57 mmol)
was placed in a 100 mL Schlenk flask. THF (30 mL) was added via
cannula and the solution was cooled to —78 °C before 2.5 M BuLi
(1.29 mL) was added dropwise. The yellow solution was alowed to
warmtor.t. and stirred for 1 h. FeCl, (200 mg, 1.57 mmol) was add-
ed, and the solution was refluxed for 3 h. A brick red precipitate
formed. The mixture was cooled to r.t., poured into MeOH (250
mL), and the precipitate collected by filtration resulting in a brick
red powder (540 mg, 90%). The material was very insoluble in all
organic solvents. The oligomer was oxidized easily by many oxidiz-
ing agents; e.g. HNO;, triflouroacetic acid, HCI, TCNE.
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Thermogravimetic analysis: 5% weight loss at 438C; 56.4% char
yield at 900C.

FT-IR (KBr): 3044 (CH aromatic stretch), 2972, 2946, 2904, 2862
(CH alkyl stretch), 1524, 1448 (C=C aromatic stretch), 1376 cm™
(CH akyl bend).

Anal. Calcd for C,HgFe: C, 77.42; H, 7.58: Fe 15.00. Found: C,
75.15; H, 7.52; Fe, 12.4 (15.00).

OFP-Q-100

OFP (100 mg, 0.268 mmol) was placed into a 100 mL Schlenk
flask, and TCNE (38 mg, 0.291 mmol) dissolved in CH,Cl, (10 mL)
was added via cannula. The durry immediately darkened to deep
green, and the mixture was allowed to stir for 18 h. The CH,Cl, was
removed, and the residue was washed with Et,O (2 x 50 mL). The
residue was redissolved in CH,Cl,, the solution wasfiltered, and the
product precipitated by addition of petroleum ether (bp 40-60 °C).
Filtration resulted in 37 mg (30%) of dark green OFP-Q-100.

FT-IR (KBr): 2199 (CN stretch), 1599 (C=C stretch), 1505 cm*
(C—C-C dtretch).

UV/Vis (CHCLY): e (£) = 261 (21,310), 298 (21,260), 326
(9,500), 397 (9,670), 417 (8,740), 463 nm (3,550).

Anal. Calcd for [(CoMegFe)CaH 4] (CsN30).83(CsNs)o.17: C, 71.09;
H, 5.66; N, 9.38. Found: C, 71.49; H, 5.71; N, 10.17.

OFP-13-100

OFP (50 mg, 0.134 mmol) was placed into an 2100 mL Schlenk flask
and |, (61 mg, 0.201 mmol) dissolved in CH,CI, (10 mL), was add-
ed via cannula. The slurry immediately darkened to deep brown,
and the mixturewas allowed to stir for 18 h. Filtration resulted in 80
mg (80% yield) of dark brown OFP-13-100.

FT-IR (KBr): 3044 (CH aromatic stretch), 2959, 2923, 2855 (CH
akyl stretch), 1471, 1456 (C=C aromatic stretch), 1376 cm* (CH
alkyl bend).

UV/Vis (CHCly): Ame (¢) = 234 (15,150), 293 (31,200), 361
(15,640), 542 nm (2,860).

Anal. Calcd for [(C,oMegFe)CeH,](15): C, 38.28; H, 3.75; I, 50.55.
Found: C, 39.63; H, 3.83; I, 50.50.

2,5-(CsMg,H),C,H,S

2,5-Dibromothiophene (4.38 g, 18.1 mmol) was placed in a250 mL
Schlenk flask under N,. Anhyd Et,O (50 mL) was added via cannu-
|3, the solution was cooled to —78 °C, and 2.5 M BuLi in hexanes (8
mL) was added dropwise. After the solution was stirred for 20 min,
a white precipitate formed. 2,3,4,5-Tetramethylcyclopent-2-enone
(2.5 g, 18 mmol) was added dropwise, causing the precipitateto re-
dissolve. The solution was heated to reflux for 1 h, and then cooled
to—78°C. More2.5M BuLi (8 mL) was added, causing awhite pre-
cipitate to form slowly. The mixture was stirred for 1 h at r.t. Addi-
tiona 2,3,4,5-tetramethylcyclopent-2-enone (5 g, 36 mmol) was
added dropwise, causing the precipitate to dissolve. The solution
was stirred for 1 h at r.t., then refluxed for 30 min. After cooling to
r.t. and quenching with sat. ag NH,Cl (2 x 100 mL), the aqueous
phase was extracted with Et,0O (2 x 30 mL), and the combined Et,O
fractions were dried (MgSO,). The solution was concentrated to
about 30 mL, and p-toluenesulfonic acid monohydrate (700 mg)
was added. After stirring for 10 min, a precipitate was observed.
The stirring was continued for 2 h, after which time sufficient Et,O
was added to dissolve al of the precipitate. The Et,O solution was
washed with H,O (3 x 100 mL) and dried (MgSO,). The Et,0 was
removed to give the yellow solid product which was recrystallized
from EtOH (1.14 g, 20%).

IH NMR (300 MHz, 25 °C, CD,Cl,): 3 = 6.82 (s, 2 H, C,H,S), 3.07
(brm, 2H, CsMe,H), 2.14 (s, 6 H, CH,), 1.92 (s, 6 H, CH,), 1.85 (s,
6 H, CH), 1.14 (d, 6 H, CHy).

MS: m/z. Found: 324. Calcd for (CsMe,H),C,H,S: 324.

Ana. Calcd for (CsMeH),C,H,S: C, 81.42; H, 8.70. Found: C,
81.29; H, 8.73.

OFT

2,5-Bis(tetramethylcyclopentadienyl)thiophene (500 mg, 1.54
mmol) was placed in an 100 mL Schlenk flask. THF (30 mL) was
added via cannula and the solution was cooled to —78 °C before 2.5
M BuLi (1.25 mL, 3.1 mmol) was added dropwise. The yellow so-
lution was allowed towarmtorr.t. and stirred for 1 h. FeCl, (195 mg,
1.54 mmol) was added, and the solution was refluxed for 12 h. A
brick red precipitate formed. The mixture was cooled to r.t., poured
into MeOH (250 mL), and the product was collected by filtration re-
sulting in 470 mg (82% yield) of brick red powder. The materia
was very insoluble in al organic solvents. The oligomer was oxi-
dized easily by avariety of oxidizing agents; e.g. HNOj, trifluoro-
acetic acid, HCI, TCNE, benzoquinone, etc.

Thermogravimetric Analysis: 5% weight loss at 457 °C; 41.6% char
yield a 900 °C.

FT-IR (KBr): 3044 (CH aromatic stretch), 2970, 2946, 2905, 2867
(CH alkyl stretch), 1378 cm™ (CH alky! bend).

MS-FAB: m/z = Found: 702, 1080, 1458, 1838. Calcd for
[Fe(CyoMesCyH,S)(CioMesH,CHLS)]: 702 [Fey(CioMe;CuH,S),
(CyoMegH,CH,S)]:  1080;  [Fey(CigMesCyHLS);  (CioMesH,Cy
H.,S)]: 1458; [Fe,(C,,Me;C,H,9),(C oM egH,C,H,S)]: 1838.

Anal. Calcd for C,,H,gFeS: C, 69.84; H, 6.93; Fe, 14.80. Found: C,
67.40; H, 6.92; Fe, 14.10.

OFT-Q-100

OFT (50 mg, 0.132 mmol) was placed into an 100 mL Schlenk flask
and TCNE (19 mg, 0.146 mmol), dissolved CH,CI, (10 mL), was
added via cannula. The slurry immediately darkened to deep green,
and the mixture was allowed to stir for 18 h. The CH,CI, was re-
moved, the residue was washed with Et,O (2 x 50 mL) and redis-
solved in CH,CI,. The solution was filtered, and the product was
precipitated by addition of petroleum ether (bp 40-60 °C). Filtration
resulted in 47 mg (80% yield) of dark brown OFT-Q-100 being col-
lected.

FT-IR (KBr): 2198 (C=N stretch), 1598 (C=0 stretch), 1504 cm™
(C-C-C dtretch).

UV/Vis (CHCLL): Ay (€) = 233 (7,950), 300 (14,900), 397 (7,300),
417 (6,480), 463 nm (2,780).

Anal. Calcd for [(C,oMegFe)C4H,S] (CsN3O) g 51(CgNs)g 1o C, 65.22;
H, 5.24; N, 9.27. Found: C, 64.64; H, 5.24; N, 9.02.

OFT-13-100

OFT (50 mg, 0.132 mmol) was placed into an 100 mL Schlenk
flask, and I, (61 mg, 0.201 mmol), dissolved CH,Cl, (10 mL), was
added via cannula. The slurry immediately darkened to deep green,
and the mixture was allowed to stir for 18 h. The CH,CI, was re-
moved, the residue was washed with Et,O (2 x 50 mL) and redis-
solved in CH,CI,. The solution was filtered, and the product was
precipitated by addition of petroleum ether (bp 40-60 °C). Filtration
resulted in 105 mg (99% yield) of dark brown OFT-13-100.

FT-IR (KBr): 3044 (CH aromatic stretch), 2924, 2854, (CH alkyl
stretch), 1651, 1630 (C=C akene, thiophene), 1468, 1447 (C=C ar-
omatic stretch), 1378 cm™ (CH alky! bend).

UV/Vis (CHCly): Ana (€): 235 (26,570), 295 (29,850), 363
(17,770), 542 nm (1,670).

Anal. Calcd for [(C,;MegFe)(C,H,S](15): C, 34.81; H, 3.45. Found:
C, 34.49; H, 3.35.
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