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A series of conjugated bimetallic complexes and their polymeric

analogues containing alkyne-functionalized a-coupled oligothio-

phenes have been synthesized and characterized. The introduction

of transition metal centers, with their large variety of ligand environ-

ments and oxidation states, can impart interesting physical, opto-

electronic and structural properties on these oligothiophene

systems. It was demonstrated that p-conjugation of organometallic

alkynyl units into the oligothiophene chain offers intriguing models

that possess unique features that are not accessible in the classical

organic counterparts. The photophysical, electrochemical and struc-

tural properties of these classes of metallaynes have been extensively

investigated in terms of the type of metal centers and the number of

oligothienyl rings within the bridging ligand. The experimental

results have also been correlated to the theoretical data obtained

by molecular orbital calculations using density functional theory.
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1. INTRODUCTION

The preparation and physical studies of metal-based conjugated organic

materials and polymers have been the subject of significant research

interest in the past few decades because of their possible applications

in the materials industry.[1] The driving force for this work lies in the

possibility of coupling the chemical, optical and electronic properties

of metal complexes to those of the organic backbone, thus accessing

novel materials with new properties. Among the vast majority of organic

backbones used, conjugated thiophene derivatives have been extensively

explored due to their chemical stability and synthetic accessibility

(Figure 1).[2] It has been well documented that a-coupled oligothio-

phenes are attracting considerable attention in the rapidly expanding

field of electronic and optoelectronic devices such as field-effect transis-

tors (FETs)[3] and light-emitting diodes (LEDs),[4] and as the fluorescent

biomarkers in biological research.[5] Polythiophene and its derivatives

work very well in some of the above applications and remain one of

the most versatile conjugated polymer systems. Moreover, highly orga-

nized molecular assemblies based on the thiophene oligomers have

also been widely studied.[6] Although the �C�CC6H4C�C� unit has

been extensively used as the p-spacer in organic and homo- and hetero-

metallic oligomers and polymers,[7] increasing attention is currently

being paid to materials based on oligothiophenes and polythiophenes

because of their remarkable electronic and optoelectronic proper-

ties.[3,4,8] The ease of modification and knowledge in the structure-

property relationship of polythiophenes continues to make the synthesis

of oligo- and polythiophenes a critical subject in the development of new

Figure 1. Structures of oligothiophene and bithiazole.
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functional materials.[3,4,8] With these concepts in mind, my research

group is actively involved in developing versatile synthetic routes to a

new range of alkyne-functionalized a-coupled thiophene oligomers at

their end positions, which can then provide direct access to various

metallated materials bearing these p-conjugated systems. The introduc-

tion of transition metal centers, with their large variety of ligand environ-

ments and oxidation states, can lead to interesting physical properties on

the oligothiophene systems. Especially, p-conjugation of organometallic

moieties into the oligothiophene chain should provide interesting models

that possess unique properties which are not observed in the organic

counterparts.[9] In this review, such oligothiophene-derived metallayne

systems are surveyed and the roles of metals on their photophysical

and structural properties are discussed. In several occasions, the bithia-

zole unit was also employed and the results were compared to those for

the corresponding bithiophene counterparts (Figure 1). It is known that

poly(thiophene-2,5-diyl) and its derivatives are composed of ‘‘electron-

excessive’’ heterocyclic units (p-doping) whereas polymers such as

poly(pyridine-2,5-diyl) contain ‘‘electron-withdrawing’’ imine nitrogen

(n-doping).[10] It is conceived that incorporation of a thiazole ring, a

hybrid of the thiophene and pyridine groups, in the main chain of the

organometallic systems is attractive as a new approach for the control

of energy gap.

2. SYNTHESIS OF DIETHYNYL-BASED OLIGOTHIOPHENES

AND BITHIAZOLES

The TMS-functionalized oligothiophene precursors Ia–Ic were prepared

by a PdII=CuI-catalyzed cross-coupling reaction of the corresponding

dibromides with trimethylsilylacetylene (Scheme 1).[11] These ligands

are all stable in air and toward light. 4,40-Di(tert-butyl)-2,20-bithiazole

was synthesized by the reaction of 1-bromopinacolone and dithioox-

amide in refluxing ethanol.[12,13] Starting with 2-bromo-40-methoxyaceto-

phenone, 4,40-di(p-methoxyphenylene)-2,20-bithiazole can similarly be

made.[13] The dibromobithiazoles can then be obtained by direct bromi-

nation with Br2, which can then furnish the TMS-protected compounds

Id and Ie as yellow solids. Conversion of Ia–Ie into IIa–IIe was

accomplished by the desilylation of Ia–Ie with K2CO3 in MeOH. While

the terminal acetylenes IIa–IIc are not stable in solution or on exposure

to light for long periods and give insoluble brown precipitates on
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standing, the ligands IId and IIe are solids of high air stability. 5-(Tri-

methylsilylethynyl)-2,20-bithiophene was prepared from 5-bromo-2,20-

bithiophene and this ligand can be proto-desilylated to give IIIb using

methanolic KOH.[14]

3. PLATINUM(II) ACETYLIDES

The platinum(II) model compounds 1a–1d and polymers 2a–2d were pre-

pared by the dehydrohalogenation reactions (Scheme 2).[11,12,15,16] Treat-

ment of IIa–IId with two molar equivalents of trans-[PtPh(Cl)(PEt3)2] in

CH2Cl2=
iPr2NH, in the presence of CuI, produced 1a–1d, after TLC

purification on silica. Likewise, the CuI-catalyzed reaction between

trans-[Pt(PBu3)2Cl2] and IIa–IId, in a 1:1 molar ratio, in iPr2NH, readily

provided soluble polymers 2a–2d. Purification of 2a–2d was accom-

plished by alumina column chromatography using CH2Cl2 as eluent

and they were each isolated in high purity after repeated precipitation

from a toluene=MeOH mixture. The molecular weights of the polymers

were determined by GPC in THF. The weight-average molecular weight

(MW) value ranges from 47500 to 219940 and indicate a high degree

of polymerization. The thermal properties of the polymers were also

studied by TGA and DSC (Table 1).

Scheme 1. Synthesis of diethynyl-based oligothiophenes and bithiazoles. (i) Pd(OAc)2,

PPh3, CuI, iPr2NH; (ii) K2CO3, MeOH; (iii) KOH, MeOH.
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Compounds 1a–1d and 2a–2d have been fully characterized by

elemental analyses, mass spectrometry, IR and NMR spectroscopies.

The structures of 1a, 1b and 1d were ascertained by X-ray crystallo-

graphy.[11,12] In each case, the crystal structure consists of discrete

dimeric molecules in which the platinum atoms are surrounded by four

ligands in a square planar geometry with the two phosphines in a trans

disposition. For 1b and 1d, there are two independent half molecules

each possessing crystallographic Ci symmetry (Figures 2 and 3). The

Scheme 2. Synthesis of compounds 1a–1d and 2a–2d. (i) trans-[Pt(PEt3)2PhCl], iPr2NH,

CuI; (ii) trans-[Pt(PBu3)2Cl2], iPr2NH, CuI.

Table 1. Structural and thermal properties of the polymers

Polymer Yield=% Ma
w Ma

n Tdecomp=
�C Tg=

�C

2a 87 219940 b b b

2b 65 181900 56180 278 � 8 275

2c 61 82860 64560 290 � 15 281

2d 60 47500 40390 321 � 8 215

aGPC against polystyrene calibration.
bNot reported.
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metal-to-phosphorus bond lengths lie in the range of 2.274(5)–2.303(5)

(1a), 2.291(6)–2.316(6) A (1b) and 2.295(3)–2.297(3) A (1d). The two

five-membered rings in 1b and 1d display a trans arrangement in order to

minimize the steric repulsions between the lone pairs on both sulfur atoms.

The mean Pt�C(alkyne) bond length is 2.03(2) Å (1a), 2.01(2) (1b) and

2.001(9) Å (1d), while the average acetylide C�C bond length is 1.20(3)

(1a), 1.25(3) (1b) and 1.22(1) Å (1d).

The electronic absorption spectra of IIa–IIc show strong, relatively

low-energy p–p� transitions (Table 2). An increase of the number of

thienyl units, m, in the molecule shifts the position of these bands toward

longer wavelengths. Presumably, a higher degree of conjugation with

the additional thienyl units reduces the energy gap between the highest

occupied and lowest unoccupied molecular orbitals (HOMO and

LUMO). This is consistent with the p–p� transition observed for the

parent oligothiophenes, which vary from 231 nm for thiophene to

350 nm for terthiophene.[17] For IIa–IIc, the lowest energy transition

Figure 2. Molecular structure of 1b.

Figure 3. Molecular structure of 1d.
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red-shifts steadily from 305 to 393 nm. As far as the absorption data of

the Pt(II) complexes are concerned, the following trends are observed

(Table 3): (i) The energy of the optical gap of the polymers decreases

with an increase in the value of m. We attribute this to an increased delo-

calization of p-electrons along the polymer chain. As the m value

increases, the overall effect on the band gap decreases, and there would

probably be little benefit in increasing the number of thiophene units

above three. (ii) Attaching a Pt fragment at each end of the ligands lowers

the energies of the transition. In the same way, the transition energies of

the polymers are lowered compared to the corresponding monomers, in

line with p-conjugation of the ligands into and through the metal center.

Figure 4 depicts the room temperature photoluminescence (PL)

spectra for polymers 2a–2c. The emission features are shifted to lower

energy with the increasing length of the thiophene segment, reminiscent

Table 2. Absorption and emission data for the diethynyl ligand precursors

Ligand Absorption kmax=nm ðe=104 M�1 cm�1Þa Emission kem=nmðUÞa

IIa 293 (0.06), 305sh (0.06) 359 (0.019)

IIb 344sh (0.2), 355 (2.2) 392sh, 411 (0.058)

IIc 393 (2.4) 444, 467sh (0.086)

IId 372 (2.5) 414sh, 431 (0.066)

IIe 290 (5.5), 399 (1.6) 465 (0.024)

IIIb 333 (2.2) 392b

aIn CH2Cl2.
bU was not reported. sh ¼ shoulder.

Table 3. Absorption data and optical gaps for platinum(II) complexes and polymers

Compound kmax in CH2Cl2=nm kmax in CH2Cl2=eV Optical gap=eVa

1a 378 3.28 b

1b 406 3.05 b

1c 433 2.86 b

1d 432, 454sh 2.73, 2.87 2.55

2a 416 2.98 2.80

2b 458 2.71 2.55

2c 470 2.64 2.40

2d 439sh, 464 2.67, 2.82 2.35

aEstimated from the absorption edge.
bNot reported.
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of the absorption spectra. We attribute the peaks at 2.85, 2.44, 2.28 eV

for 2a–2c, respectively, to emission from the singlet excited state

(fluorescence), due to the small Stokes shift between absorption and

emission features. We note that the singlet S0–S1 transition involves

the mixed ligand–metal orbitals, dominated either by the intraligand

HOMO–LUMO p–p� transition or charge-transfer type transition. The

broad feature between 1.6 and 2.2 eV in the PL spectrum of 2a arises

from a triplet state emission (phosphorescence) due to strong spin-orbit

coupling induced by the heavy metal centers that allows for an efficient

intersystem crossing (ISC). We identify the emission peak at 2.05 eV in

2a as a triplet emission for the following reasons: First, this emission

is strongly temperature dependent in contrast to the singlet emission

(Figure 5). From 180 K to 16 K, the singlet emission peak increases by

a factor of 2.4, while the lower-lying emission increases by a factor of

19.4. This increase of emission intensity indicates a long-lived excited

state that is quenched by thermally activated diffusion to dissociation

sites. Second, for similar systems such as trans-[�Pt(PBu3)2�C�
C�p�C6H4�C�C�]n, we also found a higher-lying singlet emission

(at 3.2 eV) and a lower-lying, clearly identified triplet emission (at

2.4 eV).[18] The latter is also increased by a factor of about 20 when going

from 180 K to 20 K and was found to have a lifetime of 30 ms at 10 K.[19]

Figure 4. Photoluminescence spectra of 2a–2c.
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For 2b, there is a weak triplet emission shoulder centered at about

1.67 eV. There is no room temperature triplet emission for 2c over the

measured range (1.2–3.0 eV). At 18 K, triplet emissive peaks become

more apparent at 2.05, 1.67 and 1.53 eV for 2a–2c, respectively, and they

all energetically lie at 0.80–0.88 eV below the singlet emission (Figure 6).

We observe two key points here: (i) The intensity of this triplet emission

decreases rapidly with increasing number of thiophene units. Two fac-

tors can account for this observation. First, the higher m value in the

ligand reduces the influence of the heavy metal center which is mainly

responsible for ISC. Next, in oligothiophene systems themselves, ISC

is reduced with increasing value of m, as the energy of the singlet excited

state drops below the corresponding resonance state for ISC in those

systems.[20] (ii) The energy of the triplet emission shifts (Figure 6) when

adding more thiophene rings in the ligand (from 2.05 eV to 1.53 eV for

2a–2c, DE ¼ 0:52 eV). This indicates that the triplet excited state should

be extended over several thiophene rings (i.e three or more) in the pre-

sent systems where we increase the conjugation length within the ligand.

This is in contrast to the similar position (DE � 0:03 eV) of the triplet

emission in polymers and corresponding monomers of trans-

[�Pt(PBu3)2�C�C�R�C�C�]n (R ¼ C6H4, C5H3N).[16b] This shift

of triplet emission energy observed in 2a–2c also agrees with the

Figure 5. Temperature dependence of the photoluminescence of 2a.
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calculations by Beljonne et al. on the evolution of the triplet excitation

energy in purely organic oligothiophene systems.[20,21]

The photocurrent action spectra of 2a–2c were also studied and

Figure 7 shows the photocurrent quantum yields as a function of the

photon energy in short-circuit mode for illumination through the ITO

or gold electrode for 2a–2c. The photocurrent spectra of the Au=2a=Al,

ITO=2b=Al and ITO=2c=Al photocells show two peaks, one at the onset

of absorption [2.92 (2a), 2.64 (2b) and 2.43 eV (2c)] and one at higher

photon energies [3.81 (2a), 3.56 (2b) and 3.38 eV (2c)]. This

is consistent with the UV photocurrent spectra reported for poly-

(p-phenylenevinylene)[22] and for Pt(II) polyyne containing a thieno-

pyrazine ring.[23] We tentatively interpret the second photocurrent peaks

as caused by absorption into the higher-lying absorption bands. The pos-

ition of the first photocurrent peak at the onset of absorption is deter-

mined by factors such as the internal filter effect[24] and increased

charge separation at low energy sites.[25] Polymers 2a–2c show a short-

circuit quantum efficiency of about 0.04% at the first photocurrent peak,

which is a common value for single-layer devices. There is no great dif-

ference in quantum efficiency with variation of the thiophene content in

Figure 6. Evolution of the S1 � S0 and T1 � S0 excitation energies, and the singlet–triplet

energy gaps DES1�T1
with the inverse number of thiophene rings (1=n) in the bridging ligand.
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the polymer. The quantum efficiency of the second peak is different for

2a, 2b and 2c and is very sensitive to air exposure. The overall photocur-

rent increases when exposed to air and is reduced after annealing under

vacuum. The current-voltage characteristics taken under illumination at

intensities of 90, 185 and 440 mW=cm2 at the first peak in the spectral

response give open-circuit voltages of 0.50, 0.75 and 0.47 and fill-factors

of 0.32, 0.35 and 0.30 for 2a–2c, respectively. These are typical values for

single-layer polymeric photocells.

The spectrum of 1d is dominated by the p�p� bands of the bridging

ligand, and coordination of Pt(II) groups to the termini lowers the tran-

sition energy. The spectral features of polymer 2d resemble those of the

model compound 1d but their transition energies are reduced. In each

case, the absorption peaks show a significant red-shift compared to their

bithienyl counterparts due to the presence of the electron-withdrawing

imine nitrogen atoms. As compared to poly(alkylbithiazole)s,[10] the

absorption maxima also shift to longer wavelengths upon incorporation

of heavy Pt(II) groups in the polymer backbone. We also note the optical

gap order as 2:78 ðIIdÞ > 2:55 ð1dÞ > 2:35 eV ð2dÞ, and the bandgap of

2d is smaller than that in 2b by 0.2 eV. Thin films of 1d and 2d show the

Figure 7. Photocurrent spectra of the photocells Au=2a=Al, ITO=2b=Al and ITO=2c=Al.

Absorption spectra (� � �) are also shown for comparison.
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PL bands at 537 (1d) and 539 nm (2d) at room temperature. Like 2a–2c,

we attribute this peak to emission from singlet excited state (S1 ! So)

due to the small energy shift (ca: 0:35 eV) between the strongest bands

in the absorption and emission spectra. This assignment is also consist-

ent with the observed temperature dependence of the emission features

for 2d (Figure 8). From 290 K to 10 K, the singlet emission peak only

increases by a factor of 3.2, suggesting a rather short-lived excited state.

For 2d, another electronic transition at 562 nm at 10 K emerges from the

evolution of the vibronic sidepeaks with temperature. This peak shifts

slightly to lower energy with decreasing temperature in contrast to the

other peaks. Similar to trans-[�Pt(PBu3)2-C�C-p-C6H4-C�C�]n, this

emission feature was attributed to the phosphorescence signal by

interchain interaction.[26] As the temperature increases, the vibronic

substructure located at about 487 nm gradually disappears, analogous

to that observed in 2b.[16a]

4. GOLD(I) ACETYLIDES

There has been much interest in gold(I) r-acetylide complexes and

related polymers, which is not only due to their remarkable luminescent

properties,[27] but also to the possibility that they may exhibit novel

electrical conducting and nonlinear optical behavior.[28] The initial

Figure 8. Absorption and variable temperature emission spectra of 2d.
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studies that confirmed that gold(I) r-acetylides represented a new class

of luminophores were carried out on [Au2(m-dppe)(C�CPh)2].[29] An

X-ray crystal structure of this complex suggested an intermolecular

Au � � �Au interaction of 3.152(2) Å that holds two complexes together

in a transoid configuration to form a dimer. It was clearly shown that

the presence of the Au � � �Au interaction is key to the luminescent

properties of the compound. Since then, a plethora of studies have been

undertaken. These alkynylgold(I) phosphine complexes exhibit rich

luminescent behavior with long-lived excited states. The origin of the

emission is strongly dependent on the nature of the phosphine ligands

and the acetylide units. From the reported solid-state structures of

gold(I) r-acetylides, a study of the L�Au�C�CR (L ¼ phosphine,

R ¼ aryl group) fragments shows that Au�L, Au�C and C�C bond

lengths vary in a narrow range irrespective of the changes in L and R.

The molecular shape seems mostly governed by the aryl group(s) in

the acetylide ligand. However, the complementary intermolecular forces

of Au � � �Au interactions, hydrogen bonding, p�p stacking and other

non-covalent interactions combine to produce novel dimers, oligomers,

chains and 2-D networks. In many cases, it is the combination of these

interactions that determines the solid state luminescent properties of

these materials. Following the studies on optoelectronically active plati-

num polyyne complexes and polymers, we further our investigations on a

series of gold(I) complexes with the acetylide-functionalized thiophenes.

A series of stable mono- and digold alkynyl complexes were synthesized

from the reaction of the freshly prepared alkyne IIa–IIc and IIIb with a

stoichiometric quantity of the gold(I) phosphine chloride in CH2Cl2 at

room temperature in the presence of NaOMe in MeOH (Scheme 3).[14]

Scheme 3. Synthesis of some gold (I) alkynyl complexes with oligothienyl units.
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They were characterized by spectroscopic and crystallographic methods.

Crystal structure analyses show that for the digold system with one thio-

phene group 4a (Figure 9), a loose polymeric structure is formed through

aurophilic Au � � �Au interactions (3.2915(10) and 3.2347(9) Å). The asym-

metric unit in 4a contains two molecular units, and the Au � � �Au interactive

{(Ph3P)AuC�C�} vector is anti-parallel with a torsion angle (�C�C�
Au � � �Au�C�C�) of 172.2�. However, for the mono-gold complex 3b,

intermolecular Au � � �S and p � � � p interactions are dominant, and for 4b,

4c and 5b, neither Au � � �Au or Au � � �S intermolecular interactions

are observed. Figures 10 and 11 depict perspective views of 4b and 4c,

respectively. It seems that as the linker group between the gold centers in

acetylene-functionalized complexes becomes longer, the possibility of

oligomer or polymer formation through non-covalent intermolecular

Figure 9. Packing diagram of 4a, showing the intermolecular Au � � �Au interactions.

Figure 10. Molecular structure of 4b.
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interactions significantly decreases. Thus, the formation of polymeric gold

acetylide systems through Au � � �Au interactions is highly dependent on

the length and steric properties of the acetylene-functionalized spacer

group, and is seemingly restricted to complexes with only one ring between

the two acetylenic units in the digold systems. By comparison, the related

platinum complexes 2a–2c do not display any significant intermolecular

interactions, regardless of the value of m. This probably reflects the increase

in steric shielding around the core of the molecule caused by the presence of

two bulky phosphine ligands around each square planar Pt(II) center.

In general, these gold(I) complexes absorb strongly in the range

290–450 nm (Table 4), and the peak shape of the complex is similar to

that of its parent acetylide ligand, but the peak maxima are shifted to

longer wavelengths. The strong dependence of the absorption spectra

on the nature of the acetylide ligands suggests that the transitions are

p�p� ligand centered and the insensitivity of the low energy absorption

bands toward the anxiliary ligands on the gold center (cf. 4b vs. 5b)

precludes an Au(I)-centered origin for these transitions. However, the

red-shift of the spectra in the complexes indicates p-interaction of the

Table 4. Absorption and emission data for gold(I) alkynyl complexes

Compound

Absorption kmax=nm

ðe=104M�1cm�1)

Emission kem=nm

(relative intensitya)

3b 354 (3.2), 380sh (1.7) 393 (0.88), 411 (1)

4a 339 (6.0), 361 (6.9) 374 (0.86), 390 (1)

4b 373sh (4.8), 391 (5.4), 415sh (3.6) 432 (1), 455 (0.98), 495sh (0.34)

4c 401sh (5.5), 421 (6.0), 451sh (3.5) 472 (1), 499 (0.80), 545sh (0.26)

5b 370sh (4.2), 390 (5.0), 414sh (3.3) 430 (1), 453 (0.95), 495sh (0.33)

aIntensity of the strongest peak is assigned as unity.

Figure 11. Molecular structure of 4c.
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gold centers with the acetylide bridges. Therefore, the spectra are likely

to be dominated by ligand p�p� transitions, but mixed with a small con-

tribution from r(Au�C) in the HOMO and some Au 6pp in the

LUMO.[30] Although the possibility of a MLCT origin for these absorp-

tions cannot be ruled out totally, it must be of minor importance, since

the absorption and emission spectra for 4a in the less polar solvent, tolu-

ene (kabs342, 366 nm; kem378, 394 nm) showed insignificant differences

from those in CH2Cl2. However, it should be noted that the spectra were

measured in solution where AuðIÞ � � �AuðIÞ interactions are likely to be

less significant, particularly for 4a.

The increase in kmax (Dkmax: 21 nm for 3b vs. IIIb) upon introducing

one [Au(PPh3)]þ unit onto a mono-acetylene ligand, is about half the

value after the introduction of two Au(PPh3) units onto the correspond-

ing diacetylene ligand (Dkmax: 36 nm for 4b vs. IIb). Similarly, the change

in the absorbance maxima is also about half the value. As the number of

bridging aromatic rings increases, there is a sequential increase in the

absorption maxima; however, the value of the red-shift associated with

the coordination of the gold(I) fragment decreases, i.e. in going from

4a to 4b to 4c. This is consistent with the gold-centered orbitals contribu-

ting less to the HOMO and LUMO levels as the number of rings

increases, and hence p-conjugation increases.

The gold(I) complexes show emission maxima that follow the same

trend as their absorption maxima. There is little change in the emission

spectra upon variation in the excitation wavelength indicating that a

single emissive state or multiple states in equilibrium is(are) responsible

for the observed emission. The emission maxima are dependent on the

nature of the acetylide ligand and thus the lowest emissive states in the

complexes can tentatively be assigned as gold-perturbed 1ðp�p�Þ transi-

tions. The relative intensity of the higher energy peak in the emission

spectrum of 4a–4c increases in moving from the monothiophene to the

terthiophene. The average change per bond from the geometric relax-

ation upon excitation diminishes as the number of linking rings

increases, which results in the higher intensity of a transition to the lower

vibronic states, in accordance with the Franck-Condon principle.[31]

5. MERCURY(II) ACETYLIDES

Studies of weak intermolecular d10-d10 Au � � �Au bonding interactions in

gold(I) systems and how these can influence conformations, crystal
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packing and chemical transformations represent a challenging area

of research. In contrast to the extensive body of work on discrete and

polymeric alkynylgold(I) species, related studies on the isoelectronic

mercury(II) system remain relatively unexplored. To our knowledge,

studies of binuclear alkynylmercury(II) complexes are very rare. Based

on the isolobal analogy between [Au(PPh3)]þ and [HgR]þ (R ¼ Me,

Ph) fragments,[32] a comparative investigation of the alkynylmercury(II)

complexes to their gold(I) congeners will be a valuable addition to this

important area of research. We have studied a series of bis(alkynyl) mer-

cury(II) complexes with oligothiophene and bithiazole linking units.[33]

Following the classical dehydrohalogenating route, treatment of two

equivalents of MeHgCl or PhHgCl with each of IIa–IIe in an excess of

NaOMe in MeOH readily provided the dimercury(II) diacetylide com-

plexes 6a–6e and 7a–7e in very good yields (Scheme 4). The reaction is

complete after stirring at room temperature for 15 h and the products

can be precipitated from the solution mixture. All these new compounds

were isolated as air-stable yellow to orange solids in high purity and

exhibit fairly good solubility in chlorinated solvents such as CH2Cl2
and CHCl3.

For 6a and 6b, the crystal structures consist of discrete dimeric

molecules in which the mercury centers adopt a two-coordinate linear

geometry to afford the expected rod-like skeleton. Reminiscent of the

PAuC�C unit in the analogous Au(I) complexes, the isoelectronic

MeHgC�C fragment displays similar structural motifs in 6a and 6b.

The Hg�C(alkyne) bonds (2.036(13) and 2.042(13) Å 6a; 2.02(2) and

2.05(2) Å 6b) are slightly longer than the Au�C(alkyne) bonds in the iso-

structural Au(I) complexes (1.997(6) and 2.005(6) Å 4a; 2.004(4) Å 4b)

but comparable to those in other Hg(II) acetylide compounds.[33,34]

The C�C bond lengths in the ethynyl bridge are fairly typical of metal

acetylide r-bonding (1.196(18), 1.202(18) Å for 6a; 1.22(3), 1.26(3) Å

for 6b). For 6b, the two thiophene rings exhibit anti-configuration to

minimize the repulsion between the b-hydrogens on the adjacent rings.

Both structures revealed the presence of weak intermolecular non-

covalent Hg � � �Hg interactions (3.777, 3.935 Å for 6a, 3.851 Å for 6b),

which link the molecular units together to form a loose polymeric struc-

ture. For 6a, the lattice is stabilized through extensive Hg � � �Hg interac-

tive vectors in a 3-D arrangement (Figure 12) and the closest

intermolecular nonbonded Hg � � �S contact is due to the Hgð2Þ � � �Sð1Þ
interaction (4.072 Å). There are also short contacts involving the thienyl
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sulfur and methyl hydrogen atoms (2.999 and 2.952 Å). An inspection of

the crystal packing diagram of 6b (Figure 13) shows a large dihedral

angle (ca. 26.7�) between the two thiophene planes. We also observe a

short contact between Hg(1) and S(2) (3.752 Å), which is probably

caused by the donation of electron density from the sulfur lone pair to

an empty hybrid orbital on the mercury. The lattice structure is high-

lighted by the presence of weak Hg � � �Hg interactions in a 2-D network.

All the Hg(II) complexes exhibit rich absorption and luminescence

behavior as a function of the number of thiophene rings as well as the

electronic nature of the five-membered rings within the bridging ligand

(Table 5). In general, the absorption spectra of the Hg(II) complexes dis-

play intense bands in the range 297–438 nm, and the peak maxima are

Scheme 4. Synthesis of compounds 6a–6e and 7a–7e.
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shifted to longer wavelengths as compared to those of the free alkynes.

The strong dependence of the solution absorption spectra on the nature

of the central linker unit suggests the absorption peaks to arise from

ligand-localized p�p� transitions, and the apparent insensitivity of these

bands toward the hydrocarbyl group R0 on Hg (cf. 6b vs. 7b) precludes a

Hg(II)-centered origin for these transitions. However, the absorption

features show bathochromic shifts when the terminal Hg(II) units are

introduced, and such a red-shift reveals p-delocalization through the

Hg(II) centers due to metal to ligand back-donation to p�(C�CR).

Based on the observed data, the spectra are probably dominated by

Figure 12. Packing diagram of 6a, showing the intermolecular Hg � � �Hg interactions.

Figure 13. Packing diagram of 6b, showing the intermolecular Hg � � �Hg interactions.
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ligand-based p�p� transitions, but mixed with a small contribution from

the metal in the HOMO and the LUMO. This agrees well with the mol-

ecular orbital calculations on 6a and 6b. Figure 14 depicts the contour

plots of the HOMO and LUMO for 6a and 6b. The calculated HOMO�
LUMO gap follows the order 6a (4.19 eV) > 6b (3.76 eV), in line with our

experimental observations. The metal contributions based on the Mulli-

ken population analysis[35] to the HOMO and LUMO are small in both

cases (HOMO 3.0, LUMO 20.0% from each Hg for 6a; HOMO 1.5,

LUMO 7.0% from each Hg for 6b).

Figure 14. Contour plots of the HOMO and LUMO for 6a and 6b.

Table 5. Electronic absorption and emission data for the mercury(II) alkynyl complexes

Compound kmax=nm ðe=104 M�1 cm�1Þa kem=nm ðUÞa

6a 318 (2.5), 337 (2.5) 361 (0.007)

6b 348 (2.6), 368 (2.6), 384 (2.3) 409 (0.025)

6c 412 (3.0) 461, 490sh (0.067)

6d 393 (3.9), 414sh (2.5) 460, 488sh (0.050)

6e 297 (4.8), 413 (2.5), 430sh (2.3) 470 (0.016)

7a 323 (0.4), 341 (0.3) 361sh, 394 (0.006)

7b 348 (2.4), 368 (2.8), 384 (2.4) 417sh, 439 (0.020)

7c 412 (2.8) 464, 494sh (0.069)

7d 393 (4.3), 414sh (0.3) 435, 458 (0.043)

7e 299 (4.8), 414 (2.8), 438sh (0.2) 468 (0.014)

aIn CH2Cl2. sh ¼ shoulder.
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The introduction of the Hg(II) moiety is found to lower the tran-

sition energies and to increase the absorption intensity, indicating an

enhancement in the degree of p-delocalization through the mercury con-

jugated system, but the extent of the red-shift is smaller as compared to

that imparted by the ½AuPPh3�þ moiety (e.g. 293 IIa, 337 6a, 361 nm 4a).

The more marked effect for Au(I) is consistent with the lower oxidation

state of þ1 in gold(I) complexes, which would enhance the back-

donation to p�. Increasing conjugation through more thienyl rings leads

to a decreased transition energy and an increase in the molar absorption

coefficients for 6a–6c as well as 7a–7c. Thus, a red-shift of ca. 75 nm is

observed from 6a to 6c, whereas the shift is 71 nm from 7a to 7c. How-

ever, the value of the red-shift induced by the end substitution of Hg(II)

groups decreases with increasing m. These results are also consistent

with the mercury-based orbitals contributing less to the HOMO and

LUMO levels as the number of thiophene rings increases and hence

p-conjugation increases. Replacing the bithiophene spacer in 6b by a

bithiazole moiety in 6d and 6e notably lowers the HOMO�LUMO

gap, suggestive of enhanced conjugation in the latter. The bathochromic

shift of 10–20 nm compared to their bithienyl counterparts can be

ascribed to the unique electron-withdrawing imine nitrogen atoms in

the bithiazole derivatives.[10] The absorption peak of 6e (or 7e) is also

red-shifted relative to 6d (or 7d), by virtue of the increased p-conjugation

through the p-methoxyphenyl group in the former case.

The emission maxima of 6 and 7 roughly follow the same order as the

absorption energies. The emission energy varies with the nature of R

(Figure 15) but does not change much with R0. Their similar spectral pat-

terns as their free alkynes are suggestive of the ligand-dominating emissive

state and the lowest emissive states in these complexes can tentatively be

assigned as metal-perturbed p�p� transitions. With increasing thiophene

content, the emission features are both red-shifted and the emission quan-

tum yields are increased. The orders of emission energies 6a > 6b > 6c and

7a > 7b > 7c are observed in moving from the monothiophene to the

terthiophene. We can possibly attribute the quenching in the luminescence

intensity to the heavy-atom effect which catalyzes the non-radiative deacti-

vation of the excited states of the fluorophore.[36] Due to the lack of

available low-lying metal-localized excited states, it is unlikely that energy

or electron transfer quenching mechanism operates here. The emission

spectra for the bithiazole derivatives also show a significant red-shift as

compared to their bithienyl counterparts.
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6. COBALT CARBONYL ALKYNE COMPLEXES

The synthetic approach can also be extended to the cobalt system based

on the well-known coordination of C�C triple bond toward Co2(CO)6

core in an g2-fashion.[37] The cobalt carbonyl derivatives [{Co2(CO)6}2-

(diyne)] 8b and 9b were prepared from the reactions of two molar equiva-

lents of [Co2(CO)8] with the appropriate diynes in n-hexane at 0�C

(Scheme 5).[38] They are not air-sensitive in the solid form but slowly

decompose to uncharacterized black materials in solution in several

days. The molecular structure of 9b is illustrated in Figure 16. The crys-

tal structure shows that the Co2(CO)6 units are coordinated to the C�C

bonds of IIb in an g2-mode forming distorted pseudo-Co2C2 tetrahedra.

The two thiophene rings in 9b display a trans arrangement in order to

minimize the steric repulsions between the lone pairs on both sulfur

atoms. Slight shortenings of the bonds C(14)–C(15) and C(18)–C(19)

[1.43(3) and 1.41(3) Å, respectively] are consistent with a partial p
component.

Figure 15. Emission spectra of 7a–7e in CH2Cl2 at 293 K.

Scheme 5. Synthesis of compounds 8b and 9b.
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Both complexes are electroactive as revealed by cyclic voltammetry.

The Co2(CO)6 entity bound to an alkyne was reported by Robinson et al.

to undergo an irreversible reduction at potentials in the range �0:65 to

�1:10 V vs Ag=AgCl in CH2Cl2 at room temperature.[39] We observed

this cobalt cluster based reduction at about �1:58 V vs Fc=Fcþ couple

in CH2Cl2 at room temperature for 8b. At ambient temperature, com-

pound 8b undergoes an irreversible reduction followed by an oxidation

event at 0.62 V due to ½CoðCOÞ4�
� resulting from decomposition of the

electrogenerated monoanion.[39,40] At first sight, it looks like no electro-

chemically detectable electronic communication between the Co2 cores.

In fact, it was shown that the fast chemical decomposition following the

redox process in 8b prevents proper electrochemical analysis.

Low-temperature voltammetric response of 8b at �78�C displays

two well-resolved chemically reversible one-electron couples for the

reduction wave with a splitting of 430 mV. Such an observation suggests

that, despite the two redox centers being identical, they are coupled from an

electronic perspective. These values may be compared with the smaller

splitting of 220 mV found in [{Co2(CO)6}2(PhC�C�C�CPh)][40] and this

indicates that the presence of bithienyl ring within the diyne ligand tends

to increase the electronic communication between the two Co2 moieties.

7. FERROCENYL ACETYLIDES

Research in the development of carbon-rich organometallics containing

rigid, p-conjugated chains is burgeoning and of great current interest due

to their widespread applications in the syntheses of unsaturated organic

species, organometallic polymers, and p-conjugated bi- or multimetallic

systems.[41] Molecular wires comprising mixed-valence bimetallic

fragments or remote electroactive organometallic building blocks

Figure 16. Molecular structure of 9b.
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assembled with all-carbon chains could be used in molecular electronics,

optoelectronic devices and chemical sensing appliances.[42] Two models

are commonly employed to evaluate the capability of electronic com-

munication between two terminal metal centers ‘‘M1’’ made possible

by an organic spacer ‘‘M1�spacer�M1’’, and the influence of an orga-

nometallic fragment ‘‘M2’’ in a conjugated organic chain

‘‘M1�spacer�M2�spacer�M1’’. In several cases, redox-active sites

are strongly coupled electronically through the polyynyl fragments.[43]

Within this framework, the use of ferrocenyl electrophores and their

derivatives offers fascinating perspectives for the design and realization

of such molecular wires, due to their stability in both the neutral and oxi-

dized forms. Following our fruitful results on the platinum(II), gold(I),

mercury(II) and cobalt(0) acetylide systems, we have expanded our

work to some platinum(II) complexes of oligothiophene-functionalized

ferrocenylacetylene.[44]

Scheme 6 summarizes the reaction steps leading to the new

ferrocenyl compounds in our study. The bromo ferrocenyl derivatives

11a–11c were prepared in good yields by the Sonogashira coupling

reactions of ethynylferrocene with an excess of the corresponding

dibromothiophenes.[45] Complexes 10a–10c were also formed as minor

products in these preparations. Analogous cross-coupling reactions of

11a–11c with trimethylsilylacetylene readily afforded 12a–12c. Removal

of the Me3Si groups in 12a–12c to form 13a–13c was accomplished by

treatment with K2CO3 in MeOH, which can then be used as key

synthons to the hetero-bimetallic and trimetallic systems. The dehydro-

halogenation reactions between 13a–13c and trans-[Pt(PEt3)2PhCl]

or trans-[Pt(PBu3)2Cl2] under the CuI=iPr2NH condition provided

14a–14c and 15a–15c, respectively, as air-stable red crystalline solids

in high yields.

For the crystal structure of 10b, two halves of the molecules are

related by the center of symmetry with an iron–iron through-space

distance of ca. 17 Å (Figure 17). For 14b, the bithienyl ligand IIb links

a ferrocenyl unit at one end and a Pt(PEt3)2Ph unit at the other extreme

(Figure 18). The two PEt3 groups adopt a trans geometry at the Pt center.

All four five-membered rings within the molecule are nearly coplanar

(dihedral angles 0:1�11:4�) and the phenyl ring is inclined by ca. 52�

to the S(2) thienyl mean plane. For 15b, the crystal structure shows a

diferrocenyl end-capped molecule in which the two acetylide linkages

are bonded to the central square-planar Pt center in a trans orientation

(Figure 19). On steric grounds, the bithienyl systems exhibit a trans
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conformation for the sulfur atoms and do not deviate significantly from

planarity (mean deviation of ca. 0.019–0.035 Å). A slight lengthening

of the alkynyl bond lengths (mean distance ¼ 1:22ð2Þ Å) suggests

Scheme 6. Synthesis of some platinum (II) complexes of oligothiophene-functionalized

ferrocenylacetylene (i) Pd(OAc)2, PPh3, CuI, iPr2NH; (ii) Me3SiC�CH, Pd(OAc)2, PPh3,

CuI, iPr2NH; (iii) K2CO3, MeOH; (iv) trans-[Pt(PEt3)2PhCl], iPr2NH, CuI; (v) trans-

[Pt(PBu3)2Cl2], iPr2NH, CuI.

Figure 17. Molecular structure of 10b.
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p-conjugation along the main chain. The rigidity of the complex is con-

firmed with four C�C bonds and four thienyl rings connecting the metal-

lated groups to give an iron–iron through-space separation of ca. 32 Å.

In general, the absorption spectra of complexes 10–13 show intense,

relatively high-energy bands in the near UV and visible region, which

arise from p�p� transition of the oligothienyl fragments (Table 6). This

assignment agrees with the fact that an increase in the extent of p-conju-

gation with additional thienyl units from one to three results in batho-

chromic shift of the p�p� transition and a notable increase in the

molecular extinction coefficients. Increasing the value of m in the main

chain stabilizes the LUMO of oligothiophene linkage. The electronic

spectra of 14a–14c and 15a–15c are also dominated by the structureless

p�p� transition bands of the organic bridges. The presence of the Pt(II)

moiety is found to lower the transition energies and to increase the

absorption intensity, indicating an enhancement in the degree of p-delo-

calization through the Pt conjugated system. Again, increasing conju-

gation through more thienyl units leads to a decreased transition

energy for 14a–14c as well as 15a–15c. Thus, a red-shift of ca. 61 nm is

Figure 19. Molecular structure of 15b.

Figure 18. Molecular structure of 14b.
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observed from 14a to 14c, whereas the shift is 57 nm from 15a to 15c. We

note that kmax decreases according to the sequence 15 > 14 > 10 >

12 > 13 > 11. However, the extent of bathochromic shifts induced by

the end substitution of organometallic groups is less pronounced with

an increase in the m value. This substituent effect diminishes progress-

ively as more thienyl units are added and there would be little advantage

in increasing the number of thiophene units above 5 or 6. Such chain

length dependence of the optical properties can be rationalized

from the plot of Dk against m (Figure 20) where Dk corresponds to the

red-shift in wavelength between the organometallic end-substituted

complexes 10, 14 and 15 and the free alkynes 13. It is obvious that the

shift is the largest for 15a–15c at the same value of m.

Table 6. Electronic absorption and redox data for ferrocenyl compounds

Compound kmaxðe=103 M�1 cm�1Þa Optical gap=eVb Eox=VðDEpÞc

11a 311 (5.0), 445sh (0.3) 3.12 0.15 (119)

11b 355 (14.4), 460sh (1.2) 3.03 0.12 (119)

11c 394 (43.3) 2.74 0.11 (119), 0.82d

12a 327 (17.1), 442sh (1.0) 3.04 0.16 (160)

12b 374 (30.1) 2.90 0.11 (139)

12c 405 (39.3) 2.63 0.10 (80), 0.80d

13a 319 (7.1), 429sh (0.6) 2.99 0.16 (139)

13b 369 (29.0) 2.92 0.11 (99)

13c 404 (40.7) 2.64 0.08 (119), 0.72d

14a 368 (24.3), 421 (1.4) 2.93 0.12 (99), 0.67d

14b 405 (32.9) 2.75 0.10 (119), 0.53d

14c 429 (35.9) 2.49 0.06 (119), 0.38d, 0.70d

15a 383 (71.3) 2.90 0.07 (99), 0.65d

15b 421 (89.4) 2.57 0.04 (116), 0.51d

15c 440 (101.5) 2.44 0.02 (120), 0.35d, 0.61d

10a 340 (26.7), 445sh (3.4) 2.91 e

10b 385 (32.4) 2.72 e

10c 412 (44.7) 2.46 e

aIn CH2Cl2.
bEstimated from the absorption edge.
cAll the potential values are with reference to the external ferrocene standard.

Eox ¼ ðEpc þ EpaÞ=2 for reversible oxidation, and peak potential is reported for irreversible

oxidation (in volts). DEp in mV. Scan rate ¼ 100 mV s�1.
dIrreversible wave.
eRef. 43 h.
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In each case, the cyclic voltammogram is characterized by a single

quasi-reversible oxidation wave due to the ferrocenyl electrophore that

is present (Table 6). An anodic shift of the Fc=Fcþ couple with respect

to the ferrocene standard is in line with the unsaturation of the ethynyl

bridge, which makes the removal of electron more difficult than ferro-

cene. A small negative shift of the ferrocenyl redox potential occurs upon

progressive insertion of thienyl rings because of the increased electron

density in the ferrocene vicinity induced by the electron-rich thiophene

groups. When the conjugation length is increased, oxidation is favored

by the delocalization of charge along the system, which renders the fer-

rocenyl oxidation easier. Likewise, the slight but notable cathodic shift of

the Fe(III)=Fe(II) couple for 14 and 15 can be attributed to the electron

delocalization into the Pt segment through a dp!pp interaction. Exper-

imentally, the first oxidation wave for each of 15a–15c corresponds to a

single-step two-electron oxidation involving the concomitant oxidation of

the two terminal ferrocenyl moieties. Analogous to 10b, these two ferro-

cenyl end groups only exhibit sparse electrocommunication in 15a–15c.

Similar non-interacting diferrocenyl molecules are not unprecedented

in the literature and, in fact, are quite common.[40,46]

Another redox event was also observed at higher positive potentials

in several compounds due to the oxidation of thienyl fragments. No such

anodic wave was associated with compounds 11a, 11b, 12a, 12b, 13a

Figure 20. Bathochromic shifts of the absorption maximum induced by the end ferrocenyl

substitution (~), end �Pt(PEt3)2Ph substitution (&) and end �Pt(PBu3)2� substitution

(	), relative to the number of thiophene rings, m, of the chain.
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and 13b with one or two thiophene units. However, complexes 11c, 12c

and 13c with an increased oligothienyl chain length were found to

undergo an irreversible thienyl oxidation peaking at 0.82, 0.80 and

0.72 V, respectively, which agrees with the common phenomenon that

formation of the heteroaromatic cation radicals is favored by the pres-

ence of electron-donating end groups[47] and increased conjugation

chain.[48] It is well-documented that electrooxidation of oligothiophenes

is often an irreversible process because the electrogenerated radical

cations readily undergo rapid coupling reactions leading to higher oligo-

mers or polymers. The stability of these radical cations increases when

the oligomeric chain becomes longer.[48] Insertion of Pt(II) moieties in

14 and 15 also tends to facilitate the oxidation processes of the thienyl

core. For 14a–14c or 15a–15c, each of them displays an irreversible thie-

nyl oxidation wave within 0:38�0:67 V for 14 and 0:35�0:65 V for 15,

and a second irreversible oxidation of the thiophene moiety also occurs

at 0.70 and 0.61 V for 14c and 15c, respectively (Figure 21). The waves

become more reversible at higher scan rates (>100 mV s�1). Lowering

of the redox potential of the thiophene units on increasing the chain

length can be verified for 14a–14c as well as 15a–15c, which is a manifes-

tation of a more p-delocalized system in the terthienyl congeners. As

observed for some thienylenevinylene oligomers, it is likely that the first

thienyl oxidation step is generally followed by chemical reactions or the

formation of a polymer.[49]

Figure 21. Cyclic voltammograms of 14a–14c in CH2Cl2 (scan rate ¼ 100 mV s�1).
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Figure 22. Bonding characteristics of the frontier molecular orbitals for the bithienyl-

bridged ferrocenyl complexes.
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Molecular orbital calculations at the B3LYP level of density func-

tional theory were carried out for 10b, 13b, 14b and 15b to study their

electronic structures. As illustrated in Figure 22, the HOMO�LUMO

transition is related to the p�p� excitation within the bithiophene struc-

tural unit(s) for each of them. There are two Fe’s d orbitals immediately

below the HOMO which may give rise to high-energy Fe(d)-to-ligand(p�)
charge-transfer transition. For 14b and 15b, the energy levels are compli-

cated because of the presence of Pt�L(r�) components and the Pt’s

empty p orbital in the LUMO region. So, it is likely to observe

ligand(p)-to-Pt charge transfer in the UV=VIS spectra at high energies.

The increase of p-delocalization by extending the conjugation system

or introducing the metal coordination results in a smaller HOMO�
LUMO gap. The calculated relative HOMO�LUMO gaps are consistent

with the experimental energy gap order 13b > 14b > 10b > 15b and com-

plex 15b absorbs at the longest wavelength among the homologous

bithiophene family.

8. CONCLUDING REMARKS AND FUTURE DIRECTIONS

We have demonstrated that a series of soluble oligothiophene- and

bithiazole-substituted metallaynes can be synthesized in good yields

and their spectroscopic and structural properties carefully examined.

Electronic absorption, photophysical and redox properties of these com-

pounds have been investigated in terms of the identity of metal groups,

the oligothienyl chain length and the electronic nature of the five-

membered heterocycle. Addition of metal moieties on the oligothiophene

bridges decreases the transition energy of the absorption bands, which is

consistent with the theoretical calculations. Crystallographic analyses

revealed the formation of polymeric metal acetylide systems in the solid

state through d10-d10 metal�metal and ligand�ligand interactions for

the gold(I) and the isoelectronic mercury(II) centers. Metal-based

polythiophene systems can lead the way to new unique electronic and

optical materials, and to novel nanomaterials. As well-defined functional

materials become more readily available, new structure-property rela-

tionships will continue to unfold through systematic studies of structure=

physical property correlations. This will allow chemists, physicists, mate-

rials scientists, and engineers to have a better grasp on the development

of new technologies. Accumulation of the knowledge to understand how

to gain control over the structure, properties and function in
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polythiophenes would make the synthesis of polythiophenes a critcal

subject in the development of new advanced materials. This of course

leads to the exciting prospect that the properties of metallated polythio-

phenes can be selectively engineered through synthesis and assembly.
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