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Abstract: Mononuclear, dinuclear, and polymeric Ru(ll) complexes formed from terthienylalkylphosphino
redox-switchable hemilabile ligands demonstrate that this class of ligand provides electrochemical control
over the electronic properties, coordination environments, and reactivities of bound transition metals. Specifically,
[CPRUCO?-3'-(2-diphenylphosphinoethyl)-5;5dimethyl-2,2:5',2"-terthiophene)][B(GHz-3,5-(CR)2)4] (44Q)

exhibits a 3 orders of magnitude increase in binding affinity for acetonitrile upon terthienyl-based oxidation.
FT-IR spectroelectrochemical experiments 4mindicate that terthienyl-based oxidation removes electron
density from the metal center, equivalent to approximately 11% of the electronic change that occurs upon
direct oxidation of Ru(ll) to Ru(lll) in analogous complexes. The spectroelectrochemical respondas of
were compared to those of dimeric and polymeric analoguds.ofhe spectroelectrochemistry of the dimer

is consistent with two sequential, one-electron ligand-based oxidations, compared to onlfiaria tontrast,

the polymer exhibits spectroelectrochemical behavior similar to théd.afhe polymer spectroelectrochemistry
shows changes in the metal center electronic properties between two different states, reflective of two discrete
oxidation states of the polymeric ligand backbone. We propose that the polymer backbone does not allow one
to vary the electronic properties of the metal center through a continuous range of oxidation states due to
charge localization within the metalated films. In an effort to explore the molecular uptake and release properties
of 4aand its polymer analogue as a function of ligand oxidation state, the oxidation-state-dependent coordination
chemistries offa and4a’ with a variety of substrates were examined.

Introduction reactivity?=* Previously, Wolf and Wrighton prepared poly-
R I . [5,5-(2-thienyl)-2,2-bithiazole] and subsequently functionalized
Redox-active ligands are beginning to be used extensively - - 4 s
. L . . the backbone of this conducting polymer with cationic Re
to control ligand binding properties and transition metal
carbonyl fragment$. Although only modest metal-centered

reactivity! Thus far, studies pertaining to such ligands have . S .
. changes were noted upon polymer ligand-based oxidation, this
focused almost exclusively upon metallocene-based structures

. o . . novel material provided important initial insight into the use of
susceptible to one-electron oxidation/reduction reactions (e.qg., . . - . -
i = ’conducting polymer films as substitutionally inert modalities
ferrocene and cobaltocene). However, redox-active ligands with

. . o . for electrochemically modulating the electronic nature of the
multiple accessible oxidation states could provide greater control e .
. o . bound Re centers. One limitation of the aforementioned system
and tailorability over the metal centers to which they are bound.

Our research group and others have pursued a decade-lon is that the organic polymgr was functipnalized with the metal
goal of preparing conducting polymemetal complexes in an SFragments aﬁer polymgr|;at|on, leading tq a heterogeneous
effort to evaluate their potential as high-surface-area eIectrode-StrUCture which was difficult to characten_ze. Furthermore’.
immobilized materials with redox properties that aII(;w one to a}lthOUQh several v_vell-_charactenzed conducting polymer/transi-
. W i . tion metal coordination complex precursors and polymers
electrochemically “tune ,orvary through a continuum of redox formed from them have been synthesized, there is no informa-
states, the electron density at bound transition metal cefiters. tion regarding the utility of these polymers for electrochemically

It has been hypothesized that such an approach could lead to . . : o
. . ; . o controlling the electronic properties and reactivity of the bound
materials with electrochemically variable transition metal

metal center8-°
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By extending the concept of redox-switchable hemilabile
ligands (RHLs}3191% to conducting polymers, we have
designed ligands in which a polymer backbone can be used to
electrochemically modulate the electronic properties and coor-
dination spheres of bound transition metals. With RHLs, one
functional group on a bidentate ligand binds strongly to a chosen
transition metal, and another functional group binds weakly,
Scheme 1. The weakly bonding group also is in direct electronic
communication with a pendant redox-active group. Upon
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polymerization functionalization of resultant polymers with the

oxidation and subsequent reduction of the pendant redox group,metal centers of interest, which inherently leads to questions

the strength of the interaction between the weakly bonding group
and the metal center can be reversibly controlled. Significantly,
the decrease in RHL binding constant for the metal center upon
ligand-centered oxidation effectively increases the complex’s
binding affinity for substrates (L) in solution, Scheme 1. RHLs
thereby provide an electrochemical means of controlling both
the electronic and steric environments of metal centers. For this
reason, it is thought that such complexes could be useful for
electrochemically controllable catalytic or small-molecule uptake
and release reactions (i.e., molecular separatibifs).

Herein, we report the synthesis, characterization, and reactiv-
ity of mononuclear, dinuclear, and polynuclear Ru(ll) complexes
formed from terthienyl-based RHLs. The design of these ligands
takes into account several key considerations. First, such ligand
are hemilabile when bound to Ru(ll) via a substitutionally inert
phosphine group and a relatively substitutionally labile thienyl
moiety1718Second, the lower oxidation/reduction potentials for
the ligand- compared to the metal-based redox reactions enabl
one to address ligand-based redox properties separate fro
metal-centered ones. Third, methyl-capped ligands allow for the
controlled electrochemical study of mononuclear RHhetal
complexes, whereas hydrogen atoms in the ternuifadsitions
allow for the oxidative polymerization of the transition metal
complexes formed from these ligants3? The direct polym-
erization of the metal-containing monomer avoids the post-
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rrk’,Z”-terthiophene) Za), Scheme 2. CompleRa was fully

regarding the degree and nature of functionalization.

Results

Synthesis and Characterization of Terthienyl-Based
Ligands, 1a and 1b.A methyl-capped terthienylalkylphosphine
ligand, 3-(2-diphenylphosphinoethyl)-5,5&dimethyl-2,2:5",2"'-
terthiophenea), was synthesizédin order to prepare metal
ligand complexes suitable for solution electrochemical and
spectroelectrochemical studies. Polymerizable ligameétal
complexes can be prepared from a hydrogen-atom-terminated
analogue ofla, 3-(2-diphenylphosphinoethyl)-2;8',2"-ter-
thiophene 1b), which was synthesized by methods analogous
to those used for the preparation bd.** These ligands were
ully characterized, and all data are consistent with their
proposed structural formulations.

Synthesis and Characterization of a Ru(ll)-Terthienyl
omplex, 2a.Ligand 1a was complexed to Ru(ll) to form
pRuCOCI(3-(2-diphenylphosphinoethyl)-5,5dimethyl-2,2:

characterized in solution and in the solid state, and the solution
spectroscopic data for this complex are consistent with its solid-
state structure, which was determined by a single-crystal X-ray
diffraction study (see Supporting Information). Moreover, the
data are similar to those reported for isoelectronic, non-thienyl-
group-containing complexé3.For example, the FT-IR CO
stretching frequency at 1955 cifor 2ain CH,Cl, compares

(21) Engelmann, G.; Ssser, R.; Kossmehl, G.; Jugelt, W.; Welzel,
H.-P.J. Chem. Soc., Perkin Trans.1®96 2015-2019.

(22) Tanaka, K.; Matsuura, Y.; Oshima, Y.; Yamabe, T.; Hott&y$ith.
Met. 1994 66, 295-298.

(23) Hill, M. G.; Penneau, J.-F.; Zinger, B.; Mann, K. R.; Miller, L. L.
Chem. Mater1992 4, 1106-1113.

(24) Kirste, B.; Tian, P.; Kossmehl, G.; Engelmann, G.; JugeltMagn.
Reson. Cheml995 33, 70-76.

(25) Zotti, G.; Schiavon, G.; Berlin, A.; Pagani, Ghem. Mater1993
5, 430-436.

(26) Diers, J. R.; DeArmond, M. K.; Guay, J.; Diaz, A.; Wu, R.; Schumm,
J. S.; Tour, J. MChem. Mater1994 6, 327—332.

(27) Guay, J.; Kasai, P.; Diaz, A.; Wu, R.; Tour, J. M.; Dao, L Gthem.
Mater. 1992 4, 1097-1105.

(28) Zotti, G.; Schiavon, G.; Berlin, A.; Pagani, Ghem. Mater1993
5, 620-624.

(29) Bauerle, P.; Segelbacher, U.; Maier, A.; Mehring, MAm. Chem.
S0c.1993 115 1021710223.

(30) Baserle, P.Adv. Mater. 1992 4, 102—107.

(31) Blackmore, T.; Bruce, M. |.; Stone, F. G. A. Chem. Soc. (A)
1971, 2376-2382.



Terthienyls as Redox-Switchable Hemilabile Ligands J. Am. Chem. Soc., Vol. 123, No. 1123081

well with thevco band at 1958 cmt reported for CpRu(PRJr shifted downfield compared to the analogous resonancesafor

(CO)(CI¥tin CS,. The UV—vis spectrum oRa exhibits ag—s* (60 6.72, 6.68, respectively). These changes strongly indicate

transition withAmax at 353 nm é = 3.6 x 10* L-mol~t-cm™), that the shifted resonances are associated with the Ru-bound

which is very similar to ther—s* transition for ligandla (358 thienyl ring, and therefore, we assign the resonancés7ab9

nm, e = 3.8 x 10* L-mol~1-cm™1). The Ey;> value associated and 6.72 to H-3 and 6.95 and 6.68 to H-4 inta and 53,

with ligand-centered radical cation formation 2a (510 mV respectively. These data are consistent with the single-crystal

vs FcH/FcH) is near the potential associated with oxidation X-ray diffraction study of4a,14in which the terminal ring closest

and reduction of 5,5dimethylterthiophene (vide infra). to the methylene substituent is the metal-bound moiety (see
Synthesis and Characterization of Complexes with a  Supporting Information). If the thienyl ring were bound through

Ru(ll) —Terthienyl Interaction, 3a and 4a. Complex 2a one of the double bonds, the proton resonances associated with

can be converted to a cationic complex in which one thienyl the coordinated carbon atoms would be expected to shift much
moiety is bound to the Ru(ll) center, [CPRuG®G-(2-diphenyl- farther upfield tod 3.0-3.5, as in complexes with?-thiophené®

phosphinoethyl)-5;5dimethyl-2,2:5',2"-terthiophene)][BH (3a), or n?-ethylene {2, vide infra) moieties.
by stirring 2a in methylene chloride with AgBF at room Variable-temperaturé!P{'H} NMR spectroscopy studies
temperature for 1 h, Scheme 2. Chloride abstraction R2aro provide further evidence for thg! binding of the S atom in

form 3a is accompanied by a change in the CO stretching the solution structure ofa. These studies show that at room
frequency from 1955 to 1993 crh This change is a conse- temperature, the phosphorus resonancetéo(o 33.1) is due
guence of decreased back-bonding between the CO ligand ando the signal averaging of two different resonances and,
the metal center in the cationic compl@xas compared to that  therefore, two different forms of the complex which undergo
in 2a. Complex3a was isolated and characterized in solution, fast interconversion at room temperature on the NMR time scale.
and all solution spectroscopic data are consistent with its A 3*P{1H} NMR spectrum oftaat—77 °C shows two unequally
proposed structural formulation. populated resonanced 47.0, 29.4; ratio 1:21) that have been
Complex3a, dissolved in methylene chloride, exhibits long- assigned to two different diastereomers which interconvert by
term stability (over three months) at room temperature, as Pyramidal inversion at the bound sulfur. This type of process
evidenced by!H NMR, 3P{!H} NMR, and FT-IR spec- has been observed with analogous thiophene complexes of Fe
troscopies. However, ligand-centered oxidatiorBafeffected and Ru”1836:37The coalescence temperature for this process
in a spectroelectrochemical cell by setting the working electrode Was not determined due to the low signal intensity of the
potential to 800 mV vs an Ag wire in 0.1 M-BusNPFs in downfield resonance but was determined for the analogous
CH.Cl,) results in immediate decomposition 84 The nature ~ process imb (vide infra).
of this decomposition is unclear, but the decomposition does Synthesis and Characterization of a Polymerizable Ru(lly-
not occur in a solution o8a and 0.1 Mn-BusNPF; in CH,Cl> Terthienyl Complex, 2b. A Ru(ll) complex of 1b, CpRu-
in the absence of applied potential. The decomposition product COCI(3-(2-diphenylphosphinoethyl)-2;2',2"-terthiophene)Zb),
exhibits an FT-IRvco band at 1955 cmt, and although the ~ was prepared via a method analogous to the one used for
decomposition product was not fully characterized, the fre- preparing2a, Scheme 2. CompleRb was characterized in
guency of thisvco band indicates the formation of a neutral solution, and the solution spectroscopic data for this complex

CpRu(CO)(PR)X adduct. are consistent with its proposed formulation and are similar to
To obtain an electrochemically stable version 3d an those reported foBa (see Supporting Information).

alternative high-oxidation-potential, weakly coordinating coun- ~ Synthesis and Characterization of Polymerizable Com-

terion was sought. Thereforda was prepared fron8a via plexes with Ru(ll)—Terthienyl Interactions, 3b and 4b.

counterion metathesis with Na[B(3,5-(§#CsH3)4]32 (NaBAry). Chloride abstraction fron2b with AgBF, yields 3b, which

Complex4awas fully characterized in solution and in the solid has been isolated and characterized in solution, Scheme 2.
state by a single-crystal X-ray diffraction study (see Supporting Counterion metathesis @b with LiB(CeFs)aEtO yields4b,
Information), and all data are consistent with its proposed a cationic complex with one thienyl group bound to the metal
structural formulation. For example, the FT-IRo stretching center. Complexb was fully characterized in solution and in
frequency ofda at 1996 cm! is identical to the frequency the solid state, and its solution spectroscopic data are consistent
reported for an isoelectronic and isostructural complex, [Cp- With its proposed structural formulation. The BVis spectrum
(CO)(PPB)Ru(2,5-Methiophene)|BE.1" In the UV—vis spec- of 4b exhibits az—as* transition with aimax at 340 nm and a
trum of 4a, the 7—x* transition has almax at 352 nm with a  shoulder at 420 nme(= 1.9 x 10* L-mol~t-cm™). TheAnaxis
shoulder at 420 nme(= 2.7 x 10* L-mol~1-cm1). Although at a slightly higher energy than the analogous transitiod#or

this shoulder is not present #a, the lnmax values for2a and4a This difference is due to the greater electron-donating properties
are very similar, suggesting that the extent of conjugation does of the methyl groups ida as compared to the hydrogen atoms
not change significantly upon oligothienyl binding to the metal in 4b. The shoulders observed in the spectraatind4b are
center. Additionally, théH NMR spectrum of4a exhibits the not observed in the spectra &@a and 2b. Although the
expected five thienyl resonances, with one set of ring resonancesassignment of these shoulders has not been established conclu-
shifted downfield when compared with analogous resonancessively, they are present only for those complexes in which the
for the complex formed when GIN displaces the thienyl  terthienyl moiety is bound directly to the metal, and similar
group from the Ru center ofa (5a, vide infra). Specifically, - - - —

one doublet ab 7.09, which can be assigned to either H-3 or 53,205, R: Carpita, A.; Clofalo, M.; Lippolis, fetrahedror.991

H-3" on the basis of a characteristic terthienyl coupling constant '(34) Mac Eachern, A.; Soucy, C.; Leitch, L. C.; Arnason, J. T.: Morand,

(Js—4 = 3.6 Hz), and one doublet of doublets@a6.95 in4a, P. Tetrahedron198§ 44, 2403-2412.
(35) Cordone, R.; Harman, W. D.; Taube, H.Am. Chem. So0d.989

which can be assigned to either H-4 or H-dn the basis of 11
. - - 33.34 1, 5969-5970. _
coupling constantsJ¢-4 = 3.6 Hz, Js-ve = 1.6 Hz)?*3* are (36) Draganjac, M.; Ruffing, C. J.; Rauchfuss, T. Brganometallics
1985 4, 1909-1911.
(32) Brookhart, M.; Grant, B.; Volpe, A. FOrganometallics1992 11, (37) Goodrich, J. D.; Nickias, P. N.; Selegue, Jlriarg. Chem.1987,

3920-3922. 26, 3424-3426.
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Figure 1. Variable-temperaturéP{H} NMR spectra oftb in CD,Cl,. = 2uA T
The asterisk indicates residua in solution. g o
3 L
shoulders have been noted in the spectra of polyalkylthiophenes ¢
to which [CpFe(COyj " fragments are bound to the S atoffis. g
Complex4b was synthesized with a perfluorinated aryl borate g
counterion rather than the [B(3,5-(€)FCsHs3)4] counterion used 3
for 4a, because the perfluorinated aryl borate yields higher 08 04 0 o4 08 12
quality polymers than does the counteriondia (vide infra). potential, V vs FcH/FcH™

In the variable-temperaturéP{*H} NMR spectroscopy  gjgyre 3. Cyclic voltammogram ofta in CH,Cl2/0.1 M n-BuNPF;
studies ofib in CD,Cl, a single resonance at0.2 is observed  ysing an Au working electrode, Pt mesh counter electrode, and Ag
at room temperature, whereas af77 °C resonances are wire quasi-reference electrode at a scan rate of 200 mVi/s.
observed ad 45.2 and 28.8 with a signal intensity ratio of 28:1,
respectively, Figure 1. Similar to the assignment4ay these rings have an antiparallel arrangement, and the-&wbond
resonances were assigned to two different diastereomers whichength is 2.397(3) A, similar to the RtS bond length irda
interconvert by pyramidal inversion at the bound sulfur. The (2.3903(9) A). The Ru-bound S atom has a pyramidal geometry,
two different free energies of activationG*), calculate@® for which is apparent from the RtS—midpoint (the midpoint of
the interconversion of the two unequally populated diastereomersthe vector between the carbon atomgo the bound sulfur)
at coalescence (206 K) in GDI,, are 34.9 and 40.6 kJ/mol.  angle, which is 1273 and a calculation of the sum of the angles
By comparison, pyramidal sulfur inversions of substituted formed by the S atom and its substituents (3281018 Just as
thiophenes bound in ayt fashion to R&"1836and Fé” centers  |ow-temperaturé'P{H} NMR spectroscopy studies suggest that
have been reported withG* values ranging from 39 to 43 kJ/  4aand4b have different preferred diasteromeric configurations
mol. The intensities and chemical shifts of the peaks in the in solution, the absolute diastereomeric configuratiodin
variable-temperatur@P{1H} NMR spectra o#taand4b suggest the solid state is RiSs/RURSR,*?in contrast to that ofla (RurSy/
that the preferred diastereomeric configuratiordioin solution RusSg).14
is opposite to the one preferred By The inter-ring dihedral torsion angles4i and other pertinent

Solid-State Structure of 4b. Crystals of4b suitable for crystallographic data are summarized in Table 14lnthe S
single-crystal X-ray diffraction studies were grown by slow atom displacement is greatest for ring 1 and progressively
diffusion of pentane into a methylene chloride solutiordbf diminishes for rings 2 and 3. I8a, the rings are generally
Figure 2 (see Supporting Information). Despite several attemptscomparable in planarity to those 4@ and4b, as evidenced by
to recrystallizedb, the best crystals obtained were very weak S atom displacements and mean deviations of the thienyl atoms
and diffusely diffracting lo = 3.32). Nevertheless, a single- from the planes they comprise. #b, the S-C bonds in the
crystal X-ray diffraction study o#b (BAr,' counterion) provides  ring which is bound to Ru are longer than the S bonds in
connectivity data. It shows that the metal center has a tetrahedrala, and the average €S bond length for each ring idb
coordination environment and that theligand binds through decreases as the rings move farther away from the Ru atom. In
the phosphino moiety and the terminal thienyl ring closest to contrast to this trend in €S bond lengths, the €S—C bond
the methylene substituent (ring 1) iff fashion. The thienyl angles are not affected by binding of the S atom to Ru, similar
to the trend observed fata (see Supporting Information).

(38) Shaver, A.; Butler, I. S.; Gao, J. Brganometallics1989 8, 2079~
2080. (40) Ligand priority order: Ru (6Hs > thiophene> phosphine> CO);

(39) Sandstim, J. Dynamic NMR SpectroscopyAcademic Press: S (Ru, C-thiophene, €CHjs, lone pair). See: Stanley, K.; Baird, M. G.
London, 1982. Am. Chem. Sod 975 97, 6598.
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Table 1. (a) Crystallographic Data and (b) Crystal Structure Torsion Angles (deg) and Ring Planarity for Oligottireril) Complexes2a,
4a, 4b, and 6’2H20’l/QCH2C|2

(a) Crystallographic Data

2a 4a 4b 62H20-1/20H20I2
formula Q4H300RUC|$P C66H4zBF240PRUS C64H3gBF24OPRUS C64H5002RL}2C|285P2‘2H20‘1/2CH2C|2
FW 718.29 1546.03 1517.98 1462.95
crystal system triclinic triclinic triclinic triclinic
space group P-1 (No. 2) P-1 P-1 P-1 (No. 2)
color, habit yellow, plate yellow, block yellow, plate yellow, columnar
a A 9.932(2) 13.6821(3) 12.2724(2) 11.2287(6)
b, A 13.266(3) 15.4088(2) 13.6667(2) 16.1477(9)
c, A 13.482(3) 17.4920(3) 21.3680(3) 18.7005(10)
o, deg 68.788(4) 103.8463(2) 84.7148(7) 77.5596(10)
f, deg 72.794(4) 94.7346(7) 81.0736(9) 79.9085(10)
y, deg 72.088(4) 110.1334(8) 86.8583(5) 86.6928(10)
v, A3 1541.3(6) 3306.33(12) 3522.48(10) 3259.2(3)
dimensions, mm 0.25% 0.25x 0.05 0.30x 0.30x 0.20 0.30x 0.30x 0.25 0.59x 0.11x 0.04
temp, K 153(1) 198(2) 198(2) 153(1)
4 2 2 2 2
R(F)? R1=0.048 R1=0.0514 R1=0.1097 R1=0.072
WR2°=0.118 wR2¢ = 0.1166 WR2¢ = 0.2666 WR2°=0.172
(1> 3o(N] (1> 20(1)] (1> 20(1)] [I > 3o(l)]
GOF onF? 1.48 1.009 1.384 3.25
(b) Crystal Structure Torsion Angles and Ring
complex ring numbér ring planarity® A deviation of S from plane, & ring connectivity torsion angle, deg
2a 1 0.0041 0.0168 12 19.80
2 0.0055 0.0182 23 2.56
3 0.0091 0.0114 43 17.25
4a 1 0.0158 0.0687 12 21.09
2 0.0044 0.0059 23 32.47
3 0.0058 0.0252 43 50.62
4b 1 0.0114 0.0496 12 10.09
2 0.0085 0.0317 23 25.28
3 0.0121 0.0193 13 19.03
6 1 0.0125 g 1-2 14.34
2 0.0080 0.0320 23 14.10
3 0.0065 0.0256 34 13.75
4 0.0079 0.0191 45 30.47
5 0.0059 0.0143 56 23.47
6 0.0161 g 1-6 20.45

aR1L = Y ||Fo| — |Fe|l/Y|Fol; WR2 = [T (W(Fo? — FAAITW(FA)I)]Y2 bw = 1/(0%F?). cw = 1/[6¥(F?) + (aP)? + bP], P = [2F2 + Max(F.2,0))/
3.9The ring number ir2a, 4a, and4b is defined such that ring one is the terminal ring closest to the methylene substituent, and the numbering
of the remaining rings is consecutive. F@rthe ring number corresponds to the number of the sulfur atdfean deviation of the atoms from the
plane defined by the five thienyl atoms of each rihBeviation of the S atom from the plane defined by the four thienyl carbons in each ring.
9Rings are disordered.

Electrochemistry of 4a and 5a.The cyclic voltammetry of n-BusNBF,!° and for 3,4-dibutyl-5,5'-diphenylterthiophene in
4ain CH,Cl»/0.1 M n-BusNPFs exhibits a chemically reversible, =~ CH,Cly/n-BusNPFR;.20
one-electron, terthienyl-based oxidation/reduction wavg at Upon chloride abstraction fror@a to yield 4a, the Ey, for
= 735 mV, Figure 3, and an irreversible oxidation at 1180 mV the terthienyl-based radical cation formation increases by 225
(not shown). All electrochemical data are internally referenced mV due to a combination of effects, including the binding of
and reported versus FcH/FtHinless noted otherwise, FcH the oligothienyl backbone to a cationic metal and any changes
(7°-CsHg)Fe@®-CsHs). The first wave is attributed to ligand-  in the electronic nature of the thienyl rings due to mesallfur
centered oxidation/reduction df and reversible formation of  binding (vide infra). Concomitantly, the metal oxidation po-
the radial catiorda’™. The one-electron nature of this process tential increases as expected for a cationic complex and is
was confirmed by variable scan rate cyclic voltammetry and outside the potential window of the solvent/supporting electro-
variable spin rate rotating disk electrode experiméfhtEhe lyte solution, Table 2.
second oxidation is assigned to terthienyl-centered dication When CHCN is added to a CCl, solution of 4a, the
formation. These assignments were made on the basis of acomplex is converted to [Cp(GEN)RuUCO(3-(2-diphenylphos-
comparison of the cyclic voltammetry data #e to the cyclic phinoethyl)-5,8-dimethyl-2,2:5',2"-terthiophene)][B(GHs-3,5-
voltammograms of model compountf° For example, [Cp- (CFRs)2)4] (58), a CHCN adduct formed via displacement of
(CO)(P(CHCH3)Ph)RU(CHCN)]BF4,** a model complex for then!-terthienyl moiety from the Ru center by GEN. A cyclic
the metal center ida, is oxidized irreversibly at 1335 mV in  voltammogram oba exhibits two waves. The lower potential
CH:CN/CH.CI, (1:1). Additionally, 5,5-dimethylterthiophené wave is assigned to reversible radical cation formatem &
a model compound for the terthienyl-centered electrochemistry 535 mV), and the higher potential wave is assigned to
of 4a, exhibits two reversible oxidation/reduction waves with irreversible dication formationH,, = 960 mV), Table 2. The
Ei values of 520 and 1020 mV, respectively, in £H/0.1 first wave for5a has anE;/; value that is 200 mV lower than
M n-BusNPFs. These values are consistent with those reported the first Ey/, for 4a, and this difference allows one to estimate
by Mann and co-workers for this same compound in;CN/ the quantitative increase in the Ru(ll) binding constan)(for
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Table 2. Cyclic Voltammetry and UV—Vis Spectroscopyof Oligothienyl-Ru(ll) Complexes

Ei2 (radical cation)/mV vs E1z (Ru(li/1))/mV vs Ei/ (dication)/mV vs UV —vis mr—m*
complex FcH/FcH™ (Epa— Epo) FcH/FcH™ (Epa— Epo) FcH/FcH" (Epa — Epo) transitionAma/nm
2a 510 (70) 680 (70) 945 (70) 353
4a 735 (100) c 1180 Epd) 352, 420 (sh)
5a 535 (70) c 960 Epd) 351
2b ~735 Epa)® d d 344
4b ~765 Epa)™® c d 340, 420 (sh)
5b ~685 Epa)™® c d 341
6 365 (70) 645(120) 645 (120) 430
7 520 (60) c 820 (60) 456
8 415 (60) c 605 (60) 430
poly-4b typical Ez, = 540 m\®

a1n 0.1 M n-BusNPF; in CH,Cl, and referenced vs internal FcH/Ftinless noted otherwisln CH,Cl,. ¢ Outside of solvent window! Cyclic
voltammogram response convoluted by simultaneous polymerizé&tiord.1 M LiB(CsFs)4*E,O in CH,Cl,. f Waves overlap.

CH3CN upon terthienyl-based oxidation. From the Nernst poly-4b

equation,AE;, = (RTINF) IN(Kow/Kreg),** or Kox/Kred = 2.4 x 010 — . 002 1998 cm”

10B. Alternatively, this ratio may be viewed as a measure of 2017.., ,2\011 cm

the decrease in binding constant of the terthienyl RHL for Ru(ll) R A 0.01

that accompanies ligand-based oxidation. 7
FT-IR Spectroelectrochemistry of 4a.Spectroelectrochemi-

cal FT-IR experiments ofain CH,Cl,/0.1 M NaBAr,' provide

insight into the influence of terthienyl-based oxidation on the

electronic properties of the bound Ru(ll) center. The of a A

metal carbonyl complex can be an excellent spectroscopic

indicator of the amount of electron density at a metal center; as

0.05 0.00

-\2008 205020001950
_ v/ cm®

0.05

the electron-richness of a metal center decreases, CO stretching ™ (d) weeeee poly-4b ;I 1994

frequencies typically increasé By setting the potential of the (€) —- typical L

working electrode in a spectroelectrochemical cell to 600 mV difference spectrum %7 1992 cm™”

vs an Ag wire (approximately 800 mV vs FcH/FtHexternal -0.10 - after reduction 1995

reference), ligand-based oxidation 4 can be effected. This 20'50 20'00 19’50

oxidation results in formation ofa’” with a concomitant shift o

in the CO stretching frequency to a higher wavenumber than v/em

for 4a. This change can be visualized through difference spectra Figure 4. FT-IR spectroelectrochemical experiments: (a) 0.008d\1
obtained by subtracting the initial spectrum 4d from the 0.03 M NaBAr, CH.Cl,, Pt mesh counter, Ag wire quasi-reference,

spectra acquired at 600 mV vs an Ag wire as a function of time. ar_1d Au mini_grid working electrodes. Poter)tial held at 600 mV vs Ag
The difference spectrum obtained in this way 4arhas a band \é"t'rsvrroer gorﬂmégbES?A;)(S'?;igﬁgéoitﬂ r'}‘q'ﬁ?&';*‘)\;‘\; ('it;ﬁ]’g Ce"l'égi’o de
with a positive peak at 2011 crhand a negative peak at 1992 ' ! '

) . ; o (b) Potential held at 700 mV vs FcH/F¢Hor 2 min. (c) Potential
cm~t. The absolute intensity values of the positive peak at 2011 o4 at 1100 mV vs EcH/EcHfor 2 min. (d) Polydb, 0.04 M LiB-

cm™* and the negative peak at 1992 chincrease with time  (Cgr.),-ELO, CH,C,, Pt mesh counter, Ag/AgCl reference electrode,
and correspond to a buildup 4&" and a loss ofla, respectively, derivatized Au working electrode. Potential held at 800 mV vs FcH/
Figure 4a. Reduction ofa" for 15 min at 0 mV reverses the  FcHt for 2 min. (e) Typical difference spectrum after reduction of the
process and results in a flat line in the difference spectrum, ligand in experiments-ad.

indicating complete chemical reversibility, Figure 4e.

To determine how spectroelectrochemical difference bands
relate to actual FT-IR bands of new products, model difference
spectra were simulated from an authentic spectrudaoFirst,
the x-axis of the spectrum ofa was systematically altered to
generate model spectra witho values ranging from 1995 to
2025 cnt. Second, the difference spectra between these model
spectra and the original spectrum 44 were obtained. These
simulations show that if the separation between the peak
frequencies of the spectra 4& and a new product is less than
20 cntl, the peak frequencies in the experimental difference
spectra will not accurately represent the values of the actual

vco bands. (The full width at half-maximum for the spectrum : .
of 4a is 19.3 cnt?). Additional simulations show that the electron from the Ru center in terms of electronic change at
' ' the metal center.

peak frequencies in the experimental difference spectra should Synthesis and Characterization of 44 and 5a*. In addition

be independent of the extent of product formation. From to the electrochemical and spectroelectrochemical formation of
comparison of the difference spectra obtained experimentally 4a* and 5at, these complexes can be prepared by bulk

(41) Miller, S. R.; Gustowski, D. A.; Chen, Z.-H.; Gokel, G. W.;  electrochemical oxidation afa and5a, respectively, in a two-

Echegoyen, L.; Kaifer, A. EAnal. Chem1988 60, 2021-2024. _ i
(42) Collman, J. .- Hegedus, L. S.- Norton, J. R.: Finke, FP@ciples compartment cell. The deep-blue paramagnetic complexes have

and Applications of Organotransition Metal Chemistiniversity Science been CharaCt.erized by FT-IR, U\Wis, and EPR Spe.CtVOSCODies
Books: Mill Valley, CA, 1987. (see Supporting Information). Fda", thevco band in the FT-

and by these simulations, it is estimated that the actual band
of 4a" is 2006-2011 cn1?, or 10-15 cnt? higher than the
vco of 4a

The magnitude of the change igo observed upon ligand-
based oxidation irda is substantial, considering that direct
spectroelectrochemical oxidation of the Ru(ll) center in iso-
electronic Cp(CO)(P(CKCHs)Ph)RUCI results in a 90 cmi
shift in vco (vco: [Ru(ll)] = 1955 cnt?; [Ru(lll)] = 2045
cm1).1% This change invco recorded upon metal-centered
oxidation suggests that terthienyl-centered oxidation4a
corresponds to the removal of approximately-17% of an
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IR spectrum is at 2006 cm, consistent with the range of values
determined by simulation of the difference spectra resulting from
spectroelectrochemical oxidation4d. In contrast, fosa, the Figure 5. ORTEP diagram 06-2H,0-%/,CH.Cl, (hydrogen atoms are
vco band in the FT-IR spectrum remains unchanged from that omitted for clarity). Thermal ellipsoids are drawn at 30% probability.
of 5a, as expected due to the lack of direct communication

between the terthienyl moiety and the metal center in these g (365 mV) is much lower than the one-electron oxidation/
complexes. After oxidation ofa and5a, the solution U\*-vis reduction of2a, Table 2. This decrease i, is due to an
spectra of the resulting materials typically exhibit broad bands increase in conjugation which results from the increased number
with Amax values of 656 and 685 nm, respectively, Tabl& 2.  of thienyl rings in6 compared t®a. Dication formation for6

These spectra differ significantly from the reported t¥is also occurs at a lower potential than f2a and overlaps the
spectrum of the radical cation of 58imethylterthiophenetfax metal-centered redox process6ofE1/2,apparen= 645 mV, two-

= 572 and 880 nm in C4CN/0.1 M n-BusNBF,),** and itsz electron process).

dimer @max = 466, 708, and 868 nnif. The widths of the Solid-State Structure of 62H,0-Y,CH,Cl,. A crystal of
transitions for4a* and 5a" could be due, in part, to the  6-2H,0-%,CH,Cl, suitable for a single-crystal X-ray diffraction
m-dimerization of4a” and5a’. study was grown by slow diffusion of pentane into a solution

Synthesis and Characterization of a Neutral Dinuclear of 6in CH,Cl,. The crystal structure & -2H,0-/,CH,Cl, shows
Complex, 6.To better understand the properties of the Ru(ll)  that there are two tetrahedral metal centers bound via methylene
terthienyl complexes reported herein, dimeric analogues of thesearms to a sexithienyl backbone and that the thienyl rings have
complexes were synthesized. Compkxa dimeric analogue  an antiparallel arrangement with all linkages, Figure 5 and
of 2b, can be prepared by first oligomerizidd electrochemi- Table 1 (see Supporting Information). The terminal rings in the
cally in CH,CI,/LiB(CeFs)4'Et,O by repeatedly scanning the crystal structure of:-2H,0-1/,CH,Cl, were modeled as rota-
potential of the working electrode between 0 and 900 mV vs tionally disordered with an occupancy distribution of 50/50 and
an Ag wire in a cyclic voltammetry experiment, Scheme 3. This 35/65 parallel and antiparallel ring configurations for rings 1
oxidation yields soluble analogues 4b with n (number of and 6, respectively. The disordered sulfur and carbon atoms of
repeat units) values greater than 1. Removal of the methylenethese rings were refined with g\tied isotropic thermal parameters.
chloride from the solution of oligomers, addition of acetone and Similar disorder in terminal thienyl rings in the crystal structures
KCI (10 equiv), and stirring the resulting mixture for 1 week of substituted oligothiophenes has been reported previdfisly.
under ambient conditions yields a solution of chloride adducts The structure contains disordered@®and CHCI, molecules,
of the initial metal complexes. From these oligomé&rsan be which were refined isotropically, while the non-hydrogen atoms
isolated in 66% yield by preparative scale thin-layer chroma- in the main molecule were refined anisotropically. The crystal
tography using an alumina support and methylene chloride asstructure of6-2H,0-1/,CH,Cl, shows that the terminal rings of
the eluent. 4b, which are not bound to Ru, are covalently linked in the

Complex6 has been fully characterized in solution and in oxidative coupling reaction which forng The isolation of this
the solid state, and its solution spectroscopic data are consistengonnectivity isomer in 66% yield suggests that this connection
with its proposed structural formulation. For example, the of the thienyl rings is the preferred terthienyl linkage in the

vco band in the FT-IR spectrum & is at 1955 cm?, which electrochemical oligomerization db. This preference is most
compares well to therco band for2b. Also, the imax in the likely due to a combination of steric and electronic factors which
UV —vis spectrum of6 is at 430 nm, which compares well places the most available unpaired electron density on the
to a reportedimay for sexithiophene (432 nm in CHg° The terminal, unbound thienyl ring in the monomer upon ligand-

m—m* transition for 6 (Amax = 430 nm) is at lower energy  based oxidation. The €S bond lengths in the rings & are
than thezr—a* transition for 2b (Amax = 344 nm), as expected  not elongated as in the rings d& and 4b, evidence that this
for an oligomer with longer conjugation length. ThH&/, elongqt!on is due to .oligothienyI.Ru binding. Additionally, the
value associated with radical cation formation and reduction in planarities of the thienyl rings i6-2H,0-Y/,CH,Cl, are com-
: : _ parable to those d?a, 4a, and4b.

b(43)dAgthOélgft1é22 UV-vis Spft!_ctrumt r?’f éllo typcle_al sample 03* ?¥h|bgs § The torsion angles between adjacent, individual rings in the
a proa and al nm, sometimes tnis band Is comprised or (wo bands al i
579 nm and a broad band wilyey at approximately 654 nm. 'Solid-state structures ﬁg 4a,l 4b, and6 range from 2:58 to

(44) In our hands, the U¥vis spectrum of 5,5dimethylterthiophene 32.47 and are summarized in Table 1b. These torsion angles

inf methylecr;e chloride/0.1 M-BusNPFs has two transitions withmax values are greater than the torsion angles observed in unsubstituted
of 581 and 889 nm.

(45) Van Pham, C.; Burkhardt, A.; Shabana, R.; Cunningham, D.; Mark, (46) Herrema, J. K.; Wildeman, J.; van Bolhuis, F.; Hadziioannou, G.
H.; Zimmer, H.Phosphorus, Sulfur Silicoh989 46, 153—-168. Synth. Met1993 60, 239-248.
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oligothiophenes (69° for a-terthiophené/ less than 1 for
o-octithiophene’® and less than the esd for sexithioph&hbut

are comparable to the torsion angles observed in other previously
reported substituted oligothiophenes—(Bl° in a dialkyl-
substituted sexithiopheffeand as large as 37.4n a terminally
substituted sexithiopheff. Since2a, 4a, 4b, and6 all have
comparable torsion angles, it appears tjiathienyl binding of

the oligothienyl ligand to the metal center does not cause
increases in the torsion angles compared to “free” oligothienyl
moieties. Significantly, all of the inter-ring dihedral torsion
angles in2a, 4a, 4b, and6 are less than 40 the angle below
which ab initio calculations on polythiophene show that the ‘ . ‘ . s ‘ .
torsion does not significantly affect the electronic properties of 0.4 0 0.4 0.8 1.2

the polymert? potential, V vs FeH/FcH’

Synthesis and Characterization of a Cationic Dinuclear Figure 6. Cyclic voltammogram of7 in CH,Cl/0.1 M n-BuNPFs
Complex, 7.Whené6 is treated with LiB(GFs)4-EtO for 1 week using an Au working electrode, Pt mesh counter electrode, and Ag
in methylene chloride/ forms in quantitative yield, eq 1.  wire quasi-reference electrode at a scan rate of 100 mV/s.
Complex 7 was characterized in solution, and its solution

0.5 pA I

cathodic <+ current — anodic

complex; theEy, for dication formation in7 is also higher

@ (approximately 175 mV) than the potential observed for dication
Ru—Cl formation for6. Additionally, the metal-centered oxidation of
oé \PPh A 7is no longer accessible ilj Ql_alz; this increase in the potential
2 LiB(CeFs),'ELO for the metal-centered oxidation ¥hrelative to metal-centered
‘%W\?-@] CH,Cl, oxidation in 6 is expected due to the replacement of an
oc 6 - LiCl anionichalide ligand with a neutral thienyl moiety. Significantly,
‘R(ffhz the waves associated with oxidation of the ligand-based radical
@ Cl . ) cation to the dication are reversible in the dinuclear, sexithienyl
oc, [ @ B(CeFs) complexes 7, 8) but irreversible in the mononuclear analogues
'Ru/\S/ ! A S A \S/ (N Ru_ ) (4a, 5a) due to the increased stability of the cations on the longer
B(CBF5>4'+L© p;h co oligothiophene backbones.
7 2 By dissolving 7 in CH3CN, the bis-CHCN adduct of7,

complex 8, can be prepared in quantitative yield. This new
spectroscopic data are consistent with its proposed structuralcomplex has been characterized in solution, and its spectroscopic

formulation. The FT-IR spectrum afin CH,CI, exhibits avco data are consistent with its proposed formulation (see Experi-
band at 1996 cm¥, consistent with the data acquired . mental Section). The cyclic voltammogram 8fshows two
The UV—vis spectrum for7 shows evidence for ar—zx* reversible waves witk;, values of 415 and 605 mV, associated
transition withAmax = 456 nm in CHCI,, consistent with this  with the formation of radical cation and dication, respectively.
analogous transition for other sexithiophene derivabivesit Significantly, the E;;, value associated with radical cation

shifted to lower energy compared € Although binding of formation in8 is 105 mV lower in potential than they, for 7.

the Ru centers to the thienyl S atoms7iis expected to remove  Therefore, the binding constarK) of 7 for CHsCN increases
electron density from the sexithienyl ligand, which should raise by a factor of 60 upon one-electron, ligand-based oxidation as
the energy of ther—zr* transition, the observed shift is likely ~ calculated from the Nernst equation. This binding constant
due to the reduction in rotational ring disorder that the metal increase is smaller than the change insCN binding constant
thienyl interaction provides, as observed for other terthienyl —observed for the terthienyl compléa upon its oxidation. This

Ru(ll) complexe$. trend is expected for a single hole on an oligothiophene
Electrochemistry of 7 and 8.The cyclic voltammogram of ~ backbone-if the hole is delocalized over more thienyl rings,
7 shows two reversible oxidation/reduction waves wih, or able to move farther from the metal center, the electronic

values of 520 and 820 mV, respectively, Figure 6. The first change at the metal center will be smaller.

wave for this complex is associated with ligand-based, one- FT-IR Spectroelectrochemistry of 7.FT-IR spectroelectro-
electron oxidation to form a radical cation, and the second wave chemistry of7 was performed in CkCl,/0.04 M LiB(CsFs)4-

is attributed to dication formation by comparison with the cyclic EtO by techniques analogous to those used for the spectro-
voltammetry forda and the cyclic voltammogram reported for electrochemical experiments féa. Setting the working electrode
didodecylsexithiopheneEf = 0.34, 0.54 V vs FcH/FcH).52 potential to 700 mV vs FcH/FcH(externally referenced) and
TheEy, for radical cation formation/reduction increases by 155 subtracting the initial spectrum from the resulting spectrum
mV from 6 to 7 due to Ru bonding to the S atom in the latter yields a difference spectrum with a positive peak at 2006'%cm
(associated with an increase i upon oxidation of7) and a

(47) van Bolhuis, F.; Wynberg, H.; Havinga, E. E.; Meijer, E. W.; Staring,

E. G. J.Synth. Met1989 30, 381-389. negative peak at 1992 crh(corresponding to loss 6f upon
(48) Fichou, D.; Bachet, B.; Demanze, F.; Billy, I.; Horowitz, G.; Garnier, 0Xidation), Figure 4c. These difference peaks correspond to an
F. Adv. Mater. 1996 8, 500-504. _ . actual FT-IR band of 20062006 cn1! for 7+, as determined
Mefé?_) lg%s:%r" Qéb(_;g‘ég'.er’ F.; Deloffre, F.; Horowitz, G.; Ricard Ady. by simulation of the difference spectra as previously described.
(50) Bradas, J. L; Street, G. B.; Theans, B.; AndreJ. M.J. Chem. ~ Upon oxidation of7 at 1100 mV, which is past the second
Phys.1985 83, 1323-1329. oxidation potential of7, the difference band exhibits a positive
(51) Martinez, F.; Voelkel, R.; Naegele, D.; Naarmann,Mtl. Cryst. peak at 2011 crt (corresponding t@+* and7*) and a negative

Lig. Cryst.1989 167, 227-232. . . g
(52) Baserle, P.; Segelbacher, U.; Gaudl, K.-U.: Huttenlocher, D.; Peak at1994 cmt (corresponding to loss afupon oxidation),

Mehring, M. Angew. Chem., Int. Ed. Engl993 32, 76—78. Figure 4b. Simulation of the spectra is an insufficient method
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to assign the frequency of the actual band 761 from the

J. Am. Chem. Soc., Vol. 123, No. 1123001

for 7 days, the resulting film exhibits two FT-IR bandgy =

difference band because the difference spectrum arises from &175 cnt! andvco = 2008 cntl. These bands are consistent

multicomponent system. However, this FT-IR change upon
formation of the dication from the radical cation is consistent
with a more highly charged oligothienyl backbone which
withdraws more electron density from the bound Ru(ll) centers.
Reduction of the doubly oxidized complex at150 mV for

with those of the isonitrile adduc®) formed upon reaction of
4aand (CH)3CNC (ven = 2176 cnTl, vco = 2003 cnt?) (vide
infra). This reaction demonstrates the coordinative lability of
the polymeric thienyl ligand and provides further evidence that
the chemical nature of the film is similar to that of the monomer.

15 min shows the decrease in the absolute intensities of the FT-IR Spectroelectrochemistry of Poly-4b.Although 4a

FT-IR difference peaks associated with the oxidized products,

confirming the reversibility of these electrochemical reactions,
Figure 4e.

Synthesis and Characterization of 7 and 8. Bulk
electrochemical oxidation of and8 allows for the preparation

has only two and has only three electrochemically accessible,
stable oligothienyl oxidation states, polp-might be expected

to have many due to the terthienyl repeat unit along the polymer
backbone. Spectroelectrochemical experiments were performed
on poly-4b by oxidizing the polymer, immobilized on a gold

of 7t and 8", respectively, which have been characterized by foil working electrode, at 800 mV (external reference vs FcH/
UV —vis and EPR spectroscopies (see Supporting Information). FcH") in a three-electrode electrochemical cell, removing the
The spectra of the materials resulting from the one-electron electrode from the cell under potential control, and acquiring
oxidation of 7 and8 have bands at 762 (680 nm, sh) and 760 the specular reflectance FT-IR spectrum. Upon polyterthienyl-
nm (700 nm, sh), respectively. These spectra compare well with centered oxidation, an FT-IR difference band is observed with
the reported spectrum for oxidized didodecylsexithiophene, a positive peak at 2017 crhand a negative peak at 1995 thn
which exhibits a band at 775 nm and a shoulder at 685 nm; thewith a concomitant color change of the polymer from orange
high-energy shoulder was attributed to the formation of the to blue, Figure 4d. This oxidation process can be electrochemi-
s-dimer>2 By analogy, the shoulders observed in spectra'of  cally reversed, as evidenced by the flat difference spectrum
and8" are attributed to the diamagnetiedimer. The energies  obtained by subtracting the spectrum of pdly-after re-
of the z—x* transitions for sexithienyl complexes™ and 8" reduction at 0 mV for 2 min from polygb before oxidation,
are very similar, whereas the energies of #her* transitions Figure 4e. It is important to note that no changes in the FT-IR
for 7 and 8 differ by 26 nm. spectrum are observed until the application of this threshold
The UV-vis spectra for7, 7+, 8, and 8 compare well potential and that continued increases in the absolute values of
with the spectra of previously reported sexithienyl compounds. the positive and negative difference peaks at 2017 and 1995
For example, for unsubstituted oligothiophenes in Cfi@le cm 1, respectively, are observed as the polymer is oxidized at
m—a* transitions for quaterthiophene, pentathiophene, and potentials up to 300 mV past the threshold potential (i.e., higher
sexithiophene are at 390, 416, and 434 nm, respecti¥dlie oxidation potentials do not lead to a positive difference peak
7—a* transitions for the corresponding quaterthiophene and With a highervco).
sexithiophene radical cations are at 614 and 775 nm, respec- Independently prepared films of pe#ib have difference
tively.53 For another series of trimethylsilyl-terminated oligo- bands associated with spectroelectrochemical oxidation with
thiophenes, the quaterthienyl transition is at 394 nm, the positive difference peaks which range from 2017 to 2011%tm
pentathienyl transition is at 422 nm, and the sexithienyl transition However, all films exhibit the same qualitative behavior (i.e., a
is at 422 nm; the radical cation analogues are at 666, 743, andsingle difference band at a threshold oxidation potential). The
779 nm, respectivel§’ Significantly, the absorption bands for value of the positive difference peak largely depends on the
7t and8" are inconsistent with the reported spectra for oxidized peak frequency and width of the initial spectrum of pdly-
oligothiophenes with four rings, indicating that the binding of Simulation of the spectroelectrochemical difference spectra for
an oligothienyl ring to the Ru center does not remove that ring several independently prepared films of pdly-using their
from conjugation with the unbound rings. respective initial spectra shows that the actuaglfor each film
Synthesis and Characterization of a Polymeric Complex,  ©Of oxidized poly4b is approximately 10 cm* greater than that
Poly-4b. Poly-4b has been electrochemically deposited onto an for poly-4b, consistent with the changes observed upon oxidation
Au foil electrode by electrochemically oxidizirth in CH,Cl,/ of 4aand7.
0.1 M LiB(CgFs)4Et,0 in a cyclic voltammetry experiment. The intensity of the carbonyl band in pof\s decreases
The characteristic oxidative peak for this terthienyl compound reversibly by 36-40% upon polymer oxidation. Decreases in
is observed at 765 mV vs FcH/F¢Hexternal reference), and  metal-carbonyl and—isocyanide stretching band intensities
the reversible oxidation/reduction wave for a typical deposited accompanying metal-centered oxidation processes have been
polymer has anEj;; value of 540 mV vs FcH/FcH The noted in the literature for metatarbonyl and—isocyanide
specular reflectance FT-IR spectrum of pdlyexhibits a single complexes, respectivelf-57 This effect has been explained in
metal carbonyl band at 1998 cih(fwhm = 34 cnt1), which terms of the reduction in the metatdto ligandst* back-
is almost identical in frequency to that of the monole(1997 bonding with increases in metal oxidation. This reduction
cm™1). Since IR spectroscopy in this region probes the CO- decreases the amount of charge transferred to the CO or CN
containing Ru fragments, the similarity of theo of the polymer during the vibrational transition, thereby reducing the net dipole
to that of the monomer suggests that all of the CO-containing moment change during that transition. The decrease in carbonyl
Ru centers are electronically similar to the monomer. EDS stretching band intensity upon ligand-centered oxidation in poly-
shows, within experimental error, that the Ru:S ratio remains 4b shows that ligand-based oxidation, in addition to metal-based
constant before and after polymerization (polymer, 140.05; oxidation, can cause this effect.
cast film of 4b, 1.47 + 0.16), suggesting that no appreciable
leaching of the metal from the polymer occéfdVhen poly-
4bis immersed in a 0.04 M solution of (GHCNC in CH,Cl,

(54) Kettle, S. F. A.; Paul, I. Innfrared Intensities of Metal Carbonyl
Stretching VibrationsStone, F. G. A., West, R., Eds.; Academic Press:
New York, 1972; Vol. 10, pp 199236.

(55) Noack, K.Helv. Chim. Actal962 45, 1847-1859.

(56) Bullock, J. P.; Mann, K. Rlnorg. Chem.1989 28, 4006-4011.

(57) Brown, T. L.; Darensbourg, D. thorg. Chem1967, 6, 971-977.

(53) Caspar, J. V.; Ramamurthy, V.; Corbin, D. R.Am. Chem. Soc.
1991, 113 600-610.
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Probing the Reactivity of 4a with Small Molecules with (a) (b) (©
Various Ligating Properties. To determine the oxidation-state-
dependent reactivity oda, its reactivity patterns were studied * 253 * 2.36 * 222
by a series of NMR tube reactions, eq 2. Addition of 44 equiv
y q q - JWJM O . MWMWJW 20°C

ST'BAT, - =~ Q“ﬁ BAr,'
s g T S e J
S s Rug — LR @ SN W, -10°C

co N
) P
PPh2 s Ph,
wesreparego e \«»w -20°C

4a 5a: L = CH,CN, S = CD,Cl,
9: L = +BuNC, S = CD,Cl,
10: L = acetone-dg, neat

11: L =CO, S = acetone-dg
12: L = ethylene, S = CD,Cl, JW .. -30°C
13: L = thiophene, neat
2.792 0 Eﬁ 2.03
A 2.77
of CH3CN to 4ain CD,Cl, at room temperature results in the WJMM N MWWL -73°C
overnight formation of the C¥CN adduct5a. The metal-bound 1‘0‘ = 5 0 1'0‘ - 5 - ‘0' 1‘0' — 5‘ — ‘6

CH3CN in 5acan be removed by heatisgto 100°C in vacuo
(<50 mTorr) for 5 days. Similarly, addition of 5 equiv of (G}z ) ) .

. Figure 7. Variable-temperatureH{'H} NMR spectra of4a’ in
CNC to4ain CD:Cl, at room temperature for 12 days results CH,CI,/CD.CI; for binding studies. Sequential addition of (a) 0.5 equiv

in the_ fo_rmatior_l of th_e isocyanide qddu@., Complex9 is of CDsCN, (b) 1 equiv of CRCN, (c) 2 equiv of decamethylferrocene
substitutionally inert with respect to displacement of the bound 54 reducing agent. The asterisk indicatesClpinternal reference.

(CH3)sCNC, even when it is heated to 10C in vacuo (50

&

mTorr) for 5 days. NMR experiments. Deuterium NMR resonances are often
Acetone (100 equiv) does not react within CD,Cl, at room sharper thatH NMR resonances when the compounds being
temperature. However, #a is dissolved in neat acetom; studied are in the presence of paramagnetic spétigsce

approximately 9% of the complex is converted to the acetone- replacing hydrogen with deuterium in small molecule substrates
ds adduct (0), which was determined by integration of the two is not expected to significantly impact the steric or electronic
Cp resonances observed in fieNMR spectrum of the mixture ~ hature of the substrates, monitoring ## *H} NMR spectrum

of 4a and 10. Removing the excess acetone in vacuo and Of deuterated ligands in the presence 44" provides a
redissolving the resulting solid in GBI, results in quantitative ~ convenient way to examine the binding behavior of these ligands

re-formation of4a. to the metal center. For these VVH{H} NMR experiments,
Carbon monoxide (24 psi) does not react witliain CD,Cl, 4a’" was prepared by bulk oxidation of 15 mg 44 in a two-

at room temperature nor under refluxing conditions. In com- compartment electrochemical cell with LiB{s)s°EtO as the

parison, CO reacts slowly witida in acetoneds at room supporting electrolyte. The resultidg/electrolyte solution was

temperature or at reflux temperature to form the CO adduct of l0aded into an air-free NMR tube in 0.4 mL of GEl, with 1
4a, complex11l. Heating11 to 100°C in vacuo €50 mTorr) L of CD,Cl; as an internal standard. The{*H} NMR spectra
for 5 days does not result in its reconversiondt Ethylene  Of these solutions show only the @OI; reference at 5.32.
(2—4 psi) does not react witda in CD,Cl, under ambient After addition of 0.5 equiv of CECN to a sample oflat in
conditions, but it does react wita to form an ethylene adduct ~ CH2Clo/CD;Cl, a new resonance &t2.53 is observed, Figure
(12) upon refluxing the same sample. This reaction can be 7. Significantly, this resonance is shifted downfield relative to
reversed to re-forrda by heating a sample df2 to 100°C in the frequency observed for “free” GDN in CHCl, (6 1.93).
vacuo (<50 mTorr) for 5 days. Upon cooling of the sample te 73 °C, the CXCN resonance
Although 1 equiv of thiophene does not react with in splits into two separate resonancés2.79, 2.10; downfield
CD,Cl, or acetoneds, when4a is dissolved in 10 mL of neat ~ resonance more intense). After addition of a second half of an
thiophene for 1 day, an equilibrium is established betnéen  equivalent of CRCN to the sample at room temperature, the
and the thiophene adduct é& (13). The product distribution acetonitrile resonance moves upfield fron2.53 to 2.36. This
was characterized byH and3!P{1H} NMR spectra obtained ~ change corresponds to more “free” €IN in solution, which
after the excess thiophene was removed in vacuo at roomcauses the weighted average to shift upfield. Upon cooling of
temperature and the resulting solid was dissolved in@D the sample te-73°C, the acetonitrile resonance splits into two
These spectra show a 1.1:1 ratio4s to 13, However, after resonances at 2.77 and 2.07. In this case, the upfield peak is
the sample is allowed to sit at room temperature for 1 day, the more intense. These results are consistent with a chemical
bound thiophene is displaced from the metal coordination sphere€xchange process in which the €N is rapidly coordinating
to yield 4a and metal-free thiophene exclusively. The mode of to and dissociating from the metal center coordination sphere;
coordination for thiophene cannot be established conclusively at room temperature the reaction is fast but-at3 °C the
due to overlap of the thienyl resonances associated4sitmd exchange is slow on the NMR time scale. Significantly, after
13in theH NMR spectrum o#taand13. It is likely, however, addition of a reducing agent (decamethylferrocene, 2 equiv) to
that the coordination is through the S atom, based on the the solution at room temperature, all of the bounds;CR is
coordination mode in very similar complexéand the lack of ~ released, as evidenced by VR{'H} NMR spectroscopy. It
resonances in thtH NMR spectrum ap 3—3.5, which would should be noted that the spectra of control samples prepared
be present for a complex with thiophene bound imafashion. with 4ain place of4a” do not show significant temperature-
Probing the Reactivity of 4a*. The reactivity of paramag- ~ dependent changes.
netic4a’ with CDsCN, acetoneds, 2,5-dideuteriothiophene, and (58) Johnson, A.; Everett, G. W. Am. Chem. S0d.972 94, 1419
ethylened, was examined by variable-temperatuiie{ 1H} 1425.
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Variable-temperaturéH{ 'H} NMR experiments designed to
probe the reactivity o#la™ with acetoneds, ethylened,, and
2,5-dideuteriothiophefi@were conducted analogously to those
for CDsCN. These studies indicate théd"™ does not react with
1 equiv of ethylenad,;, acetoneds, or 2,5-dideuteriothiophene
under the conditions examined.

steric interactions of substituents (steric interactions contribute
to increased twisting of the rings and therefore decreased
conjugation), and inductive electronic effects of the substituents.
The spectra of complexés and8, in which the oligothienyl
backbones are not coordinated to the metal centers, provide a
comparison for the spectroscopy of the metal-bound oligothienyl
complexesdaand?, respectively. Thé max values forda and

53, and7+ and8™, are very similar to each other, respectively,
We have developed a new redox-switchable hemilabile ligand suggesting that metal center binding does not significantly alter

Discussion

(RHL), 1b, which allows for the preparation of an isolable,
mononuclear Ru(ll) complex4p) which can be oligomerized
to yield dimers, oligomers, and surface-immobilized conducting
polymer/metal hybrid materials. Also, model complés, a
nonpolymerizable analogue @b, has been studied electro-

the extent of ring conjugation for these complexes. Thus, the
combination of electrochemistry and UWis spectroscopy for
these complexes suggests that metal center binding of the
oligothienyl ligands primarily increases the ligand-based oxida-
tion potentials due to the electronic influence of the positively

chemically in solution under controlled conditions. These charged metal centers.

monomeric, oligomeric, and polymeric complexes have been  The spectroelectrochemistry @f compared to that ofta
used to evaluate the influence that redox-active thienyl-basedshows that by increasing the length of the oligothienyl unit,
ligands can have on the electronic and coordination environ- additional ligand-centered oxidations become electrochemically
ments of bound transition metal centers. ' accessible. Complex provides an example of how sequential
An important question to address is that of why the ligand- qxidations can result in successive increases in CO stretching
centered oxidation/reduction potentials increase for these ohgo-frequency and, therefore, electronic changes at the metal center.
thienyl complexes upon oligothienyl coordination to the RU Note that for the dimer7), two, one-electron oxidation processes
centers (Table 2): is the increase due to inductive effects are required to effect a change in electronic character at the Ru
associated with the cationic Ru centers or due to distortion of canter comparable to the change observed for a single, one-

the metal-coordinated thienyl moieties, which results in de-
creased conjugation of the oligothienyl units that comprise the

electron oxidation of the monometd). Additionally, the fact
that the CO stretching frequency @f is lower than that of

backbones of these ligands? Graf and Mann addressed thig;g+ implies that the charge does not remain unsymmetrically

question for [CpRuj fragments bound in am® manner to

localized in7*, which could result in one metal center feeling

oligothiophene backbones and concluded that the bonding of,¢ doping level equivalent to that #&" and one metal center

the [CpRut fragment to the oligothiophene effectively removes
the metal-bound ring fromxr conjugation with the remaining
unbound thiophene rind8.This article addresses this question
for oligothiophenes bound in an! fashion to Ru(ll) metal
centers.

If bonding between the metals and the oligothienyl groups
in 4aand7 removes the bound rings from conjugation with the
other thienyl rings, then the oxidation potentials4zf and 7
should be effectively those of bithienyl and quaterthienyl

compounds, respectively. In several reported series of homolo-

gous oligothiophenes, the difference between bi- and terthienyl
oxidation ranges from 150 to 250 mV, and the difference
between quater- and sexithienyl oxidation ranges from 80 to
110 mV27:2951Thus, the differences iit;, values observed
for 4aand5a (200 mV) and for7 and8 (105 mV) are consistent
with removal of bound rings from conjugation upon terthienyl
coordination to the Ru center. However, others have conclude
that binding positive Ru centers in af fashion to phenyl

groups of phenyl-terminated terthiophenes increases the ter-

thienyl oxidation potential by 150 mV per metal center, mainly
due to the effects of the positive Ru cerfiérThus, the
magnitudes of the changes in potential betwBaand4a and
between7 and 8 also are consistent with inductive and
electrostatic effects of the Ru cations. Therefore, cyclic voltam-
metry, alone, does not provide conclusive evidence regarding
the reason for the ligand-centered oxidation/reduction potential
increases upon oligothienymetal binding.

The energies of the—x* transitions in the UV~vis spectra
of 4a, 5a, 7, 8, and their oxidized forms, which are known to
depend on the extent of ring conjugation in oligothioph&ré>5!
also can be used to address this question. Several factor
influence the energy of oligothienyd—s* transitions, including
chain length (increased length leads to increased conjugation)

(59) Delabouglise, D.; Garreau, R.; Lemaire, M.; RoncaliNéw J.

Chem.1988 12, 155-161.
(60) Graf, D. D.; Mann, K. RInorg. Chem.1997, 36, 150-157.

remaining unaffected (and thus silent by difference spectros-
copy). This observation indicates that the charge is delocalized
over multiple rings ir7*. However, it is not known from these
experiments whether the extent of delocalization of the hole is
over three rings in the monomer and six rings in the dimer, or
over two rings in the monomer and the four central rings in the
dimer. Either explanation is consistent with the observed results
for the spectroelectrochemical oxidation4# and7.

Poly-4b provides additional insight into the degree of
localization in these materials. In the FT-IR spectroelectro-
chemistry of poly4b, a single quantized change in the, band
is observed upon oxidation of the polymer backbone. Although
several groups, including ours, have suggested that metal-
conducting polymer complexes might give access to systems
with tunable electrochemical properties based on extent of

doxidation?*4 for this system, we do not observe gradual shifts

in CO stretching frequency to higher energy as pélyis
oxidized to higher potentials. These results are consistent with
a model in which the charged Ru fragment causes the electron
holes produced during oxidation of the polymer backbone to
remain localized on the uncomplexed thienyl rings, at least on
the time scale of the FT-IR experiment. The polymer consists
of monomer units connected in ring-ting 1, ring 1-ring 3,

and ring 3-ring 3 (as in7) manners (Figure 8); each connection
provides for slightly different physical properties. However, the
average effect in the polymer film is such that localization
essentially transforms what ordinarily might be considered a
delocalized conducting polymer into a string of monomers,
giving rise to a single change in the spectroelectrochemical

Jesponse at the potential capable of causing oxidation of these

units. Consistent with this modéf} has a lower energy FT-IR

band thandat because irv* the electron hole is delocalized

over the four internal rings not bound to Ru.

This article also addresses the design of polymeric RHL
complexes for controlled small-molecule uptake and release.
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based oxidation ofa to 4a’, this change will not always
translate into an observable change in the lability of the small
molecule with respect to the metal center. Thus, in the design
of RHL—metal complexes for molecular uptake and release,
the target substrate should be selected and the complex
specifically designed to (1) maximize the RHL effect and (2)
ensure that the oxidation-induced changes in the m&BgiL
binding interaction yield changes in the binding properties of
the metal center for the small molecule of interest.

Conclusions

Polymerizable, terthienyl-based RHLs, their corresponding
Ru(ll) complexes, and polymers formed from these complexes
have been designed, synthesized, and characterized. These
complexes provide a model for understanding the factors that
affect hole delocalization within metal-bound oligothienyl units.
Moreover, the systematic study reported herein provides an
Figure 8. Three possible monomer linkages within pdly: (a) ring important lesson regarding the design of tunable ligands that
3-ring 3, (b) ring -ring 3, and (c) ring *ring 1. can be used to electrochemically modulate bound metal center
properties. Specifically, efforts directed at preparing conducting
polymer—metal hybrid materials for tunable redox control over
bound transition metal properties must balance (1) the need for
metal centers with high oxidation potentials and (2) the
hobservation that cationic repulsion between the bound metal
centers and the oxidized conducting polymer can effectively
éocalize holes within the conducting polymer backbone and limit
the tunability of metalated conducting polymer materials.

To successfully realize redox-controlled molecular uptake and
release utilizing RHL-controlled metal center coordination sites,
several requirements (ideally) must be achieved: (1) target
substrates should not react with the RHinetal complex in its
reduced state, (2) target substrates should react (quickly) wit
the oxidized form of the RHEmetal complex to yield a metal
substrate adduct, and (3) target substrates should dissociat
(quickly) from the metal center coordination sphere upon . .
reduction of the RHE-metal complex, Scheme 1. Additionally, Notably, the results suggest that if one wants a truly delocalized
system where the incremental removal of charge from the

all complexes generated in this cycle must be chemically stable ducti | Its i . tal ch in th
with respect to each other, the solvent, and the target substrate®onaucting polymer resufls in an incremental change in the

For example, complexes of terthienyl-based redox-active IigandseleCtron'C properties of the bound met_al centers, one Sho!“d
cannot be used with nucleophilic solvents or target substrates,re,c}lu.Ce the ratio OT metal centers to oligothienyl repeat units
including water, alcohols, and amines due to the ability of these within the polymeric structure.

nucleophiles to react with the oxidized form of the terthienyl . .

ligand. These requirements necessitate a careful balance betweeﬁxpenmental Section

the thermodynamic and kinetic factors which influence the  General. All reactions were carried out under a dry nitrogen

oxidation-state-dependent binding properties of Rtitetal atmosphere using standard Schlenk techniques or in an inert-atmosphere
complexes when designing complexes for molecular uptake andglovebox unless otherwise noted. Acetonitrile, dichloromethane, and
release of target substrates. pentane were dried over calcium hydride. Tetrahydrofuran (THF)

and diethyl ether were dried over sodium/benzophenone. Acetone

: : HPLC grade) was purchased from Acros Organics and used as
uptake and release properties of these complexes. A COrm:)ansoéeceived. All solvents were distilled under nitrogen and saturated with

OT th_e cyclic voltammogram ofa o that of5a S_hOWS that the N prior to use. Deuterated solvents and ethyldpesere purchased
binding constant of the metal center for &EN increases by @ fr5m cambridge Isotope Laboratories and used without further purifica-
factor of 2 x 10° upon ligand-centered oxidation, and the tion. LiB(CeFs)s-Et,O was purchased from Boulder Scientific and used
analogous experiments fof and 8 show that the binding  as received. Silver(l) tetrafluoroboratéert-butylisonitrile, carbon
constant increases by a factor of 60. This comparison demon-monoxide, and ethylene were purchased from Aldrich Chemical Co.
strates that the thermodynamic perturbation on the oligothienyl and used as received. Thiophene ari8,NPF; were purchased from
backbone, in both cases, is significant upon ligand-based Aldrich Chemical Co. and purified as previously repoftednd by
oxidation. recrystallization three times from hot ethanol followed by heating in
2H{1H} NMR experiments were designed to assess the kinetic vacuo for 3 d_ays, respectively. Precious_met_als were purchased from
component of RHL perturbation of the metal center’'s small- D. F. Goldsmith, Evanston, IL. A gold minigrid was purchased from
oo . - N Buckbee Mears, St. Paul, MN.
molecule binding properties upon ligand-based oxidation. These

: LS . . Physical Measurements?H, 31P{1H}, *°F{H}, and*3C{H} NMR
experiments show that acetonitrile is kinetically labile with spect)r/a were recorded on a \{/ari%am éem}ini 300-1{\/|Hi FT-NMR

respect to Ru(ll) iv4a”, but not4a, on the time scale of the  gpectrometer, a Varian Unity 400-MHz FT-NMR spectrometer, or a
NMR experiment. Significantly, acetonitrile is the only one of varian Mercury 300-MHz FT-NMR.3P{1H} NMR spectra were

the substrates examined Bi#{'H} NMR studies with4a* externally referenced relative to 85%P0s, 1°F{*H} NMR spectra
which reacts with4a in a 1:1 ratio of4a to substrate in were externally referenced relative to CE@nd*H NMR spectra were
methylene chloride under ambient conditions. In contrast, referenced relative to residual solvent peaks. To achieve accurate
ethylene, thiophene, and acetone need more extreme conditiongtegrations for cyclopentadiene-containing complexes, a 40-s pulse
to force the reaction withda to occur, such as elevated delay between scacgs vlvas used to allow all protons to relax. Varl_able-
temperature, coordinating solvents, or high concentration of tjr:?tsezggra:;”% E{M:}aNthigosgiijtri &eﬁégc?;dsii;ir:,;;a;ag
target substrates. This demonstrates that, although the b|nd|_nq/arian Mercury 300-MHz FT-NMR at 300 and 121 MHz. respeétively.
constant changes of the metal center for small molecules is
expected to increase by 3 orders of magnitude upon ligand- (61) Spies, G. H.; Angelici, R. DrganometallicsL987, 6, 1897-1903.

Thermodynamic and kinetic factors govern the molecular
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Variable-temperaturéH{*H} NMR spectra were recorded on a Varian
Unity 400-MHz FT-NMR at 61 MHz. FT-IR spectra were recorded
using a Nicolet 520 FT-IR spectrometer. bVis spectra were recorded
using an HP 8452A or HP 845x spectrometer. Electrochemical

J. Am. Chem. Soc., Vol. 123, No. 1123061

well-shaped electrochemical c8IA rectangle of Au foil forms the
bottom of the electrochemical cell, and the working, reference (Ag
wire), and counter (Pt mesh) electrodes are held in solution above the
working electrode. Cycling the potential between 0 and 900 mV vs

measurements were carried out on either a PINE AFRDE4 or an Ag wire for 48 h at 50 mV/s yields the surface-immobilized polymer
AFRDES bipotentiostat/galvanostat using Au, Pt, or glassy carbon disk and a mixture of oligomers. Reduction of any oxidized specie280

electrodes with a Pt mesh counter electrode and a Ag/AgRO1 M
AgNO; in CH;CN/0.1 M n-BuNPFs;; BAS, West Lafayette, IN)

reference electrode, a Ag/AgClI reference electrode (Cypress Systems,

Lawrence, KS), or a silver wire quasi-reference electrode. All electro-
chemical data were referenced versus an internal FcH/[F¢H} =
(7°-CsHs)Fe@;®>CsHa)) redox couple unless noted otherwise. Spectro-
electrochemistry (FT-IR) was performed in a cell consisting of NaCl
plates sandwiched together with a Teflon spat&he electrodes placed

in the internal volume of the cell were a Pt mesh or Pt wire counter
electrode, a Ag wire or Ag/AgCl reference electrode, and a Au minigrid
working electrode for transmittance in situ monitoring of the oxidation

mV for several hours yields the orange polymer and oligomers in the
neutral oxidation state.

3',4""-Bis{ CpRuCOCI(2-diphenylphosphinoethyl)}-2,2:5',2":

5 2msr gt 2 sexithiophene (6).The solvent is removed
from the resulting solution after a typical preparation of pélyand

the solutions from several polymer preparations are combined. Typi-
cally, a mixture of oligomers corresponding to 125 mg of monomer
(0.09 mmol) is combined in 5 mL of acetone under ambient conditions,
100 mg (1.3 mmol) of KCl is added, and the mixture is refluxed for 3
d. Removal of solvent and column chromatography on alumina using
methylene chloride as eluent followed by preparative TLC (alumina/

products. Electron impact (El) and fast atom bombardment (FAB) mass methylene chloride) allows for the isolation of a bright yellow band.
spectra were recorded using a Fisions VG 70-250 SE mass spectrometeiRecrystallization from CECl, (3 mL)/ pentane (20 mL) yields the
Electrospray (ES) mass spectra were recorded using a Micromassdesired product in 66% vyield as orange-yellow blockd. NMR
Quatro Il electrospray triple-quadrapole mass spectrometer. EPR spectrdCD.Cl,): ¢ 7.61-7.41 (m, 20 H); 7.28 (dd, 2 HJ = 0.6, 3.0);
were measured using a modified Varian E-4 X-band spectrometer, and7.10-7.07 (m, 6 H); 7.0%+6.97 (m, 4 H); 4.83 (s, 10 H, Cp); 3.21

the field was calibrated using diphenylpicrylhydrazyl (dpph) as a

3.13 (M, 2 H, Giy); 2.99-2.91 (m, 2 H, G1y); 2.71-2.58 (m, 4 H,

standard. Elemental analyses were performed by Desert Analytics CH,). 31P{*H} NMR (CD,Clp): ¢ 45.2 (s).*C{'H} NMR (CDCl):
Laboratory, Tuscon, AZ. Energy dispersive spectroscopy (EDS) was 6 205.5 (d,Jc—p = 15.1, CO); 139.8 (s); 139.6 (s); 138.6 (s); 138.0 (s);
performed on a Hitachi scanning electron microscope equipped with 136.3 (s); 136.2 (s); 135.5 (s); 135.3 (s); 134.3 (s); 134.2 (s); 133.9

an EDS detector. Compounds—5a and 1b—4b were prepared as
previously reported?
[CPRUCO(k?-3-(2-diphenylphosphinoethyl)-5,5 -dimethyl-2,2":
5',2"'-terthiophene)|[B(CsFs)s]2 (4at). In a typical experiment,
10-20 mg of4a was dissolved in 6 mL of CKCl, with 50 mg of
LiB(CeFs)4Et,O (0.07 mmol) as electrolyte and added to one side of

a two-compartment cell which held a working electrode (Pt mesh) and

(s); 133.3(s); 131.7 (s); 131.5(s); 131.4 (s); 130.4 (s); 129.2 (s); 129.0
(s); 128.9 (s); 128.8 (s); 128.1 (s); 126.8 (s); 126.8 (s); 126.1 (S); 124.9
(s); 86.3 (s, Cp); 30.1 (dlc—p = 30.2,CH,CH,P); 24.4 (s, CHCH.P)
(phenyl and thienyl resonances not assigned). IR:GIH vco = 1955
cm L. MS (FAB") [M*]: calcd for GuuHsoCl202P,RW:Ss, Mz 1377.9;
found, m/z 1378.6. UV~Vis Amax (CH2CLL): 430 nm.

[3',4""-Bis{ CpRUCO(k?-(2-diphenylphosphinoethyl)}-2,2:5',2":

a reference electrode (Ag/AgCl). Separated from the complex solution 5",2"":5",2"":5"",2"""-sexithiophene][B(GFs)4]2 (7). Complex6 (43

by a frit was 50 mg of LiB(GFs)4°EtO dissolved in 6 mL of ChkCl;,

mg, 0.03 mmol) was dissolved in 5 mL of GEl, with LiB(CgFs)s*

and the counter electrode (Pt mesh). Electrochemical oxidation to a EtO (35 mg, 0.046 mmol) and stirred undes fdr 7 d toabstract the

potential beyond the first oxidation potential of the complex with stirring
overnight yielded the bluda’ from greerda. Conversion was complete
as monitored by UV-vis spectroscopyH NMR (CD,Cl): featureless.
SIP{1H} NMR (CD.Cly): featureless®F{*H} NMR (CD,Cl): ¢
—133.2 (s),—163.4 (s),—167.4 (s). IR (CHCly): vco ~2006 cnrt
(this frequency is a lower limit to the accurate value due to overlap of
the band with the band of any residutd). UV—Vis Amax (CH2Cly):
656 (br) nm. X-band EPR (Ci&l,, 298K): g = 2.003, width= 30 G.
[Cp(CH3CN)RuUCO(3-(2-diphenylphosphinoethyl)-5,5-dimethyl-
2,2:5',2"-terthiophene)][B(CsFs)4]2 (5a"). Complex5a (6 mg, 4 x
103 mmol) was electrochemically oxidized in a manner similar to the
formation of4a™ with 50 mg of LiB(GsFs)4*E,O (0.05 mmol) in 6 mL
of CH,Cl, on each side of the electrochemical cell. Oxidation overnight
yielded a deep blue-colored solution comprised of a mixture of the
target complex and electrolyte. Removal of solvent yielded a solid
mixture of 5a" and electrolyte. UV-Vis Amax (CH,Cl,): 685 nm (br).
X-band EPR (CHCl,, 298K): g = 2.0025+ 0.0005, width= 30 G.
Acetonitrile Adduct of 4b: [Cp(CH sCN)RuCO(3'-(2-diphenyl-
phosphinoethyl)-2,2:5",2"-terthiophene)][B(CsFs)4] (5b). This com-
plex was prepared by dissolvirtp (15 mg, 9.7x 10~ mmol) in 0.5
mL of CHsCN for 24 h under ambient conditions. Over the course of
the reaction, the orange solution became pale yellow. Th&CGHvas
removed in vacuo and the product characterized. TheGDHcan be
guantitatively removed to re-fordib by heating the sample to 10C
in vacuo for 5 dH NMR (CD,Cl,): 6 7.58-7.37 (m, 10H, Ph); 7.36
(dd, 1H,J;-5 = 1.0,J5-4 = 5.3, 8’ or 5 thienyl); 7.29 (dd, 1HJ; s =
1.0,J5-4 = 5.3, 8' or 5 thienyl); 7.20 (dd, 1HJs-5 = 1.2,J5-4 = 3.6,
3 or 3’ thienyl); 7.06 (2 overlapping dd, 2H, 4 and thienyl); 6.98
(overlapping dd and s, 2H, 4hienyl and 3 or 3); 5.03 (s, 5H, Cp);
2.78 (s (br), 4H, €1,CHy); 2.09 (s, 3H, E13CN). 3P{*H} NMR (CD,-
Clp): 0 (s) 42.1. IR (CHCL): vco= 1994 cntt. MS (ES) M*]: calcd
for CssH20NOPRuUS, m/'z 696; found,m/z 696. UV—Vis Amax (CH2Cl,):
= 341 nm.
Poly-4b.In a typical preparatiodb (30 mg, 0.02 mmol), 70 mg of
LiB(CeFs)4°EO (0.10 mmol), and 3 mL of CkCl, are added to a

chloride anion. Filtration to remove LiCl, removal of solvent in vacuo,
and recrystallization from C¥I, (5 mL)/ pentane (20 mL) yieldg

as a pure, air-stable, orange-red powder which has limited solubility
in CH,Cl,. 'H NMR (CD.Cly): 6 7.44-7.26 (m, 26 H); 7.12 (d,
2H,J=4);6.98 (d, 2 HJ = 4); 6.63 (s, 2 H); 4.90 (s, 10 H, Cp);
3.20-3.05 (m, 8 H, G1,CH,). 31P{*H} NMR (CD.Cly): o 39.9 (s).
F{1H} NMR (CD,Cly): 6 —133.6 (s);—164.0 (t,J = 20.2); -167.9

(s). IR (CHCly): veo = 1996 cntl. MS (ES) M']: calcd for
[C64H5085RU2P202][BC24F20], m'z 19869, foundm/z 1986.3. U\-vis

Amax (CH2ClR): 456 nm.

[3', 4""-Bis{ CpRuCO(k?-(2-diphenylphosphinoethyl)}-2,2:5',2"":
5,25 25" 2" -sexithiophene][B(GFs)4)s (7). Complex7 was
oxidized using the same apparatus as for oxidatiodapfusing 7 (3
mg, 1 x 10~ mmol) with 6 mL of CHCl, and 50 mg of LiB(GFs)a
Et,O (0.07 mmol) on each side of the electrochemical cell. Overnight
oxidation yielded a color change from red to green. The solvent was
removed to yield a green solid which is a mixture7dfand electrolyte.

UV —ViS Amax (CH2Cl2): 762 nm. EPR (CkCl,, 298 K): g = 2.002.

[3', 4""-Bis{ Cp(CH3CN)RuCO(2-diphenylphosphinoethyl} -2,2:

5.,2"5" 25" 25" 2" -sexithiophene][B(GFs)4]2 (8). Complex
7 (6 mg, 2x 103 mmol) is dissolved in 1 mL of CECN and shaken
at room temperature under ambient conditions4al with a change
from a red-orange sparingly soluble complex to a bright yellow, freely
soluble complex. Removal of GEN and addition of CBCl, allows
for monitoring the*H NMR spectroscopy which shows a 100%
spectroscopic yieldH NMR (CD.Clp): ¢ 7.58-7.32 (m, 22 H); 7.09
6.94 (m, 10 H); 5.02 (s, 10 H, Cp); 2.78 (m, 8 HHECHy); 2.07 (s,
6 H, coordinated B;CN). 3P{*H} NMR (CD,Clp): 6 41.7 (s).*%F-
{*H} NMR (CD,Cly): 6 —133.4 (s);—163.9 (t,J = 19.9);—167.8 (Ss).
IR (CH2C|2) veo = 1993 cntl MS (ES) M+]: calcd for [Ces,HssNzOsz—
RWSs][BC24F20], Mz 2069.0; foundm/z 2069.2. UV-ViS Amax (CHz-
Cly): 430 nm.

(62) Sailor, M. J., Heinrich, J. L., Lauerhaas, J. M., Kamat, P. V., and
Meisel, D., Eds.; Elsevier Science: New York, 1997; Vol. 103, pp-209
235.
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[3', 4""-Bis{ Cp(CH3CN)RuCO(2-diphenylphosphinoethyl}-2,2:
5,2":5",2":5" 25 2 _sexithiophene][B(GFs)a)s (8%). Elec-
trochemical oxidation of 8 (6 mg, 2.2 10-3 mmol) in a manner similar
to that described fo#a with 50 mg of LiB(GsFs)4ELO and 6 mL of
CH,Cl, on each side of the electrochemical cell yielded a green-colored
solution of 8" and electrolyte. Removal of solvent yielded a green-
brown-colored solid mixture oB" and electrolyte. UV-ViS Amax
(CH,Cl,): 763 nm. EPR (CkLCl,, 298 K): g = 2.0025+ 0.0005.

tert-Butylisonitrile Adduct of 4a: [Cp((CH 3)sCNC)RuCO(3'-
(2-diphenylphosphinoethyl)-5,5-dimethyl-2,2:5',2"'-terthiophene)]-
[B(CeH3-3,5-(CRs)2)4] (9). This complex was prepared in quantitative
spectroscopic yield by mixinga (15 mg, 9.7x 10 mmol) and 5
equiv of (CH;)sCNC (5.5¢L) in 0.7 mL of CD,Cl, at room temperature
for 12 d. Heating the sample to 10C in vacuo 50 mTorr) for 5 d
does not result in the re-formation é&. *H NMR (CD.Cly): ¢ 7.71
(br, 8 H, Ar); 7.56 (br, 4 H, Af); 7.54-7.38 (m, 10 H, Ph); 6.96 (d,
Js—4= 3.3, 1 H, 3 or 3 thienyl); 6.83 (s, 1 H, 4thienyl); 6.72 (d Js—4
= 3.3, 1 H, 3 or 3 thienyl); 6.68 (2 overlapping dd, 2 H, 4 and 4
thienyl); 5.12 (s, 5H, Cp); 2.762.70 (m, 4 H, G&1,CH,); 2.48 (d,Jve-4
=1.2, 3H, MHa3); 2.45 (d,Ive-4 = 1.2, 3 H, GH3); 1.29 (s, 9H, CNC-
(CHa)a). *P{*H} NMR (CD,Cly): 6 42.7 (s). IR (CHCl,): vco= 2003
cmt, veny = 2176 et UV —Vis Amax (CHClp): 354 nm. MS (ES)
[M*]: calcd for GgHzgNOPRUS, m/z 766; found,m/z 766.0.

Acetoneds Adduct of 4a: [Cp(CD3C(O)CD3)RuCO(3'-(2-di-
phenylphosphinoethyl)-5,5-dimethyl-2,2':5',2"'-terthiophene)][B-
(CeH3-3,5-(CR)2)4] (10). This adduct can be generated by the addition
of 0.7 mL of acetonak to 60 mg of 4a 'H and 3'P{!H} NMR
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temperature fo3 d yielded about 9% product conversion. Heating the
sample to 50°C for 13 d yielded the desired product in 94%
spectroscopic yield*H NMR (CD.Cly): ¢ 7.73 (br, 8 H, Al); 7.56
(br, 4 H, Ar); 7.49-7.40 (m, 10 H, Ph); 6.96 (ds-4s = 3.6, 1 H, 3 or
3" thienyl); 6.81 (s, 1 H, 4thienyl); 6.73 (d,Js-s=3.6, 1 H, 3 0or 3
thienyl); 6.69 (2 overlapping dd, 2 H, 4 and thienyl); 5.36 (s, 5 H,
Cp); 2.83-2.73 (m, 4 H, G1,CHy); 2.47 (d,Jve-2 = 0.6, 3 H, CH3);
2.46 (d,JM574 = 1.2, 3 H, CH3) 31P{1H} NMR (Cchlg): 0 38.9 (S)
IR (CHCl,): vco = 2021, 2066 cmt. UV—Vis Amax (CH:Cl,): 348
nm. MS (ES) M*]: calcd for GsH3s0O.PRuS, m/z 711.0; foundm/z
711.0.

Ethylene Adduct of 4a: [Cp(C:H4)RuCO(3'-(2-diphenyl-
phosphinoethyl)-5,%'-dimethyl-2,2":5',2""-terthiophene)][B(CsH3-
3,5-(CR)2)4] (12). The addition of ethylene to an NMR tube containing
15 mg (9.7 x 10% mmol) of 4a in 0.7 mL of CD,Cl, at room
temperature fio3 d yielded a minor amount of product. Heating the
sample to 50°C for 22 d results in a final spectroscopic yield of
93%.'H NMR (CD,Clp): 6 7.73 (br, 8 H, Af); 7.56 (br, 4 H, Af);
7.50-7.20 (m, 10 H, Ph); 6.96 (dl;-s = 3.3, 1 H, 3 or 3 thienyl);
6.81 (s, 1 H, 4thienyl); 6.74 (dJs-4 = 3.5, 1 H, 3 or 3 thienyl); 6.71
(dd, Js-me = 0.9,J34 = 3.6, 1 H, 4 or 4 thienyl); 6.69 (ddJs—ve =
0.9,J3-4=3.6, 1 H, 4 or 4 thienyl); 5.21 (s, 5H, Cp); 3.153.08 (m,
4H, bound ethylene); 2.65 (s (br), 4 HHGCH,); 2.47 (s, 6 H, El3).
3lP{lH} NMR (CD.Cly): ¢ 43.1 (s). IR (CHCL,): vco= 2010 cm?;
UV —Vis Amax (CH2Cl): 348 nm. MS (ES) M*]: calcd for GeHas
OPRuSg, m'z 711.1; foundm/z 711.0.

Thiophene Adduct of 4a: [Cp(CsH4sS)RUCO(3-(2-diphenyl-

spectroscopies indicate approximately 9% conversion to the acetonephosphinoethyl)-5,5'-dimethyl-2,2":5',2"-terthiophene)][B(CeH3-

adduct. Due to the low concentration Bd relative to that of4a, the
full *H NMR spectrum cannot be reported. However, tHeNMR Cp
(6 5.33) and®'P{*H} NMR resonancesd(46.3) are distinguishable
from those of4a in acetone ¢ 5.27 and 41.5, respectively). The
assignment ofda and 10 in acetone was made by examining the
variable-temperatur@P{H} NMR spectra (see Supporting Informa-
tion). The resonance assigned4a at room temperature splits into
two separate resonanceési3.3 and 35.1) at-80 °C due to pyramidal
inversion of the bound S atom, which yields diastereomers with different
chemical shifts. In contrast, the resonance assign&@ temains sharp
and of constant intensity from room temperature-80 °C. Removal
of acetoneds in vacuo quantitatively removes the bound acetone to
re-form4a. It should be noted that the addition of acetone (100 equiv)
to a CDCl; solution of 4a does not result in the formation dfo.
Confirmation of adduct formation was obtained by mass spectrometry
of 4ain acetone. However, the mode of acetone coordination has not
been determined. MS (ESM[']: calcd for GgHzsO.PRUS, n/z 741;
found, m/z 741.

CO Adduct of 4a: [Cp(CO)RuCO(3'-(2-diphenylphosphino-
ethyl)-5,5'-dimethyl-2,2":5',2"'-terthiophene)][B(CsH3-3,5-(CFs)2)4]
(11). The addition of CO to an NMR tube containing 15 mg (%7
103 mmol) of 4ain 0.7 mL of CD,Cl, at room temperature or at 50
°C for 3 d yielded no product. Removal of the solvent, addition of
acetoneds (0.6 mL), recharging the tube with CO, and shaking at room

3,5-(CR)2)4] (13). The addition of 1 equiv of thiophene (0.7&) to

an NMR tube containing 15 mg (957 1072 mmol) of 4ain 0.7 mL of
CD.Cl, did not yield any thiophene adduct afed atroom temperature

or with mild heating. The CECI, was removed, and acetodgwas
added. Similarly, no reaction occurred affed atroom temperature
or with mild heating. Dissolvingain neat thiophene (10 mL) at room
temperature fol d leads to formation of a thiophene adduct. Removal
of excess thiophene in vacuo and dissolution of the resulting product
in CD,Cl, allows for characterization of the resulting thiophene adduct,
formed in 1:1.1 ratio tata. 'H NMR (CD.Cl): 6 4.75 (s, Cp)3'P{H}
NMR (CD.Cly): ¢ 39.4. MS (ES) M*]: calcd for GgH3zsOPRuUS, m/z
767; found,m/z 767.
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