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Abstract: The synthesis and spectroscopic properties of trans-[RuL4(CtCAr)2] (L4 ) two 1,2-bis-
(dimethylphosphino)ethane, (dmpe)2; 1,5,9,13-tetramethyl-1,5,9,13-tetraazacyclohexadecane, 16-TMC; 1,-
12-dimethyl-3,4:9,10-dibenzo-1,12-diaza-5,8-dioxacyclopentadecane, N2O2) are described. Investigations
into the effects of varying the [RuL4] core, acetylide ligands, and acetylide chain length for the
[-CtC(C6H4CtC)n-1Ph] and [-CtC(C6H4)n-1Ph] (n ) 1-3) series upon the electronic and electrochemical
characteristics of trans-[RuL4(CtCAr)2]0/+ are presented. DFT and TD-DFT calculations have been
performed on trans-[Ru(L′)4(CtCAr)2]0/+ (L′ ) PH3 and NH3) to examine the metal-acetylide π-interaction
and the nature of the associated electronic transition(s). It was observed that (1) the relationship between
the transition energy and 1/n for trans-[Ru(dmpe)2{CtC(C6H4CtC)n-1Ph}2] (n ) 1-3) is linear, and (2)
the sum of the dπ(RuII) f π*(CtCAr) MLCT energy for trans-[Ru(16-TMC or N2O2)(CtCAr)2] and the π-
(CtCAr) f dπ(RuIII) LMCT energy for trans-[Ru(16-TMC or N2O2)(CtCAr)2]+ corresponds to the intraligand
ππ* absorption energy for trans-[Ru(16-TMC or N2O2)(CtCAr)2]. The crystal structure of trans-[Ru(dmpe)2-
{CtC(C6H4CtC)2Ph}2] shows that the two edges of the molecule are separated by 41.7 Å. The
electrochemical and spectroscopic properties of these complexes can be systematically tuned by modifying
L4 and Ar to give E1/2 values for oxidation of trans-[RuL4(CtCAr)2] that span over 870 mV and λmax values
of trans-[RuL4(CtCAr)2] that range from 19 230 to 31 750 cm-1. The overall experimental findings suggest
that the π-back-bonding interaction in trans-[RuL4(CtCAr)2] is weak and the [RuL4] moiety in these molecules
may be considered to be playing a “dopant” role in a linear rigid π-conjugated rod.

Introduction

Carbon-richπ-conjugated organic materials such as aryl-
acetylenes1 and poly(arylene-ethynylene)s2 possess intriguing
nonlinear optical properties and can potentially be employed
as polymeric conductors and liquid crystals. These functionalities
can be attributed to theπ-bonding interaction between the
organic moieties, which allows charge delocalization and hence
electronic communication along the linearπ-conjugated mo-
lecular structure. One possible strategy for altering and ma-
nipulating the electronic properties of these materials is by

incorporating transition metal ion(s) into theπ system of the
carbon chain, because the electrochemical and spectroscopic
characteristics would be an intricate function of the interplay
between the metal ion, auxiliary ligands, andπ-conjugated
groups.3 If the dπ(metal) and pπ(π-conjugated carbon chain)
π-interaction is not strong, the dπ(M) level can be localized and
isolated from theπ-system of the carbon chain. Under such
circumstances, it may be reasonable to view the dπ(M) orbital
as a “doped” level in theπ-conjugated system, and this would
allow the possibility of modifying the properties of the complex
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by simply controlling the dπ(M) energy level. In the literature,
there have been extensive synthetic studies, structural determi-
nations, and theoretical calculations on transition metal acetylide
complexes,3-5 and materials applications have also been de-
veloped in a number of instances.6-9

Understanding how metal ions perturb the properties of poly-
(arylene-ethynylene)s at the molecular level is important for
future optoelectronic applications. Hopkins and co-workers have
demonstrated that investigations into the nature of metal-
acetylide π-interactions through electronic spectroscopy can
yield insightful results.10 In this regard, it would be beneficial
to probe the electronic transitions associated with MCtCR
moieties and consequently examine the nature and extent of
charge transfer (metal-to-ligand or ligand-to-metal) to provide
information on the metal-acetylide bonding interaction(s) in

both the ground and the excited states. However, the omnipres-
ence of unsaturated organic auxiliary ligands in most reported
MCtCR complexes has hindered spectral assignment and
interpretation of spectroscopic data.

Literature reports on the spectroscopic properties ofσ-acetyl-
ide metal complexes bearing oligomeric arylacetylide ligands
of different chain lengths have appeared.11-14 Rogers et al. have
described the photophysical properties oftrans-[Pt(PBu3)2{Ct
C(C6H4CtC)n-1Ph}2] (n ) 1-3),11 and the nonlinear optical
behavior oftrans-[ClM(dppe)2{CtC(C6H4CtC)n-1Ph}2] (M )
Ru and Os,n ) 1 and 2, dppe) 1,2-bis(diphenylphosphino)-
ethane) was reported by the Humphrey group.5g,12Che and co-
workers have investigated the excited-state properties of
Cy3PAuCtC(C6H4CtC)n-1Ph, Cy3PAuCtC(C6H4CtC)nAu-
PCy3

13 (n ) 1-4), and [(tpy)(bpy)RuCtC(C6H4CtC)n-1Ph]+

(n ) 1-3, tpy) 2,2′:6′,2′′-terpyridine, bpy) 2,2′-bipyridine).14

We envision that [RuCtCR] complexes supported by optically
transparent auxiliary ligands (Lm) would be an interesting class
of compounds for examining metal-to-acetylide and acetylide-
to-metal charge-transfer transitions. In a recent related study,
we have scrutinized the metal-cumulene bonding interaction
in trans-[Cl(16-TMC)RudCdCHR]+, trans-[Cl(16-TMC or
(dppm)2)RudCdCdCAr2]+, andtrans-[Cl(dppm)2OsdCdCd
CAr2]+ (dppm) bis(diphenylphosphino)methane) using various
spectroscopic methods.15

As an extension of our investigations to elucidate the nature
of ruthenium-carbon multiple bonding interactions, we now
present three series oftrans-[Ru(CtCAr)2] complexes supported
by the optically transparent (λ > 300 nm) 16-TMC, N2O2, and
dmpe ligands. The effects of changing (1) the [RuL4] core, (2)
acetylide ligands, and (3) acetylide chain length for the
[-CtC(C6H4CtC)n-1Ph] and [-CtC(C6H4)n-1Ph] series (n )
1-3), upon the electronic properties oftrans-[RuL4(CtCAr)2],
have been examined. The phosphine-ligated iron and platinum
congeners have also been prepared for spectroscopic and
electrochemical comparisons. Based on our results and observa-
tions, it is appropriate to regard the function of the [RuL4] unit
in these molecules as a “dopant” for the linearπ-conjugated
system.

Experimental Section

For details on general procedures, supplementary characterization
data, and the methods and instrumentations for electrochemistry,
spectroelectrochemistry, theoretical calculations, resonance Raman
spectroscopy, and X-ray crystallography, please see the Supporting
Information.

Synthesis.trans-[M(dmpe)2(CtCAr) 2], M ) Ru, Ar ) Ph (1),
C6H4CtCPh (2), C6H4CtCC6H4CtCPh (3), C6H4Ph (4), C6H4N-
Me2-4 (5), C6H4CtCC6H4NMe2-4 (6), 2-thienyl (9), C6H4-(1,3,4-
oxadiazole)-Ph (10); M ) Fe, Ar ) Ph (20). A mixture of trans-
[M(dmpe)2Cl2] (0.2 mmol), HCtCAr/(CH3)3SiCtCAr (1.0 mmol) and
sodium metal (0.10 g, 4.35 mmol) in methanol (30 mL) in the presence
of zinc amalgam was refluxed for 12 h. The resultant solid was
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collected, washed with MeOH and Et2O, and recrystallized from CH2-
Cl2/Et2O (yield: 50-70%). Complex3: orange solid, yield 0.10 g,
50%. Anal. Calcd for C60H58P4Ru: C, 71.77; H, 5.82. Found: C, 71.62;
H, 5.80.1H NMR (500 MHz, CD2Cl2): δ 1.56 (br, s, 24H, CH3), 1.70
(br, s, 8H, CH2), 6.97 (d,3JHH ) 8.3 Hz, 4H, aryl H), 7.22 (d,3JHH )
8.3 Hz, 4H, aryl H), 7.34-7.37 (m, 6H, aryl H), 7.44-7.48 (m, 8H,
aryl H), 7.51-7.53 (m, 4H, aryl H).13C{1H} NMR (126 MHz, CD2-
Cl2): δ 15.6, 30.2 (dmpe); 88.9, 89.1, 90.8, 92.7 (CtC); 110.4, 116.0
(RuCtC); 122.5, 123.1, 123.9, 128.5, 128.6, 130.1, 131.2, 131.3, 131.5,
131.6, 131.7, 131.8 (aryl C).31P{1H} NMR (202 MHz, CD2Cl2): δ
41.2 (s). IR (cm-1): νCtC ) 2041. FAB-MS: m/z 1003 [M+]. See
Supporting Information for other complexes.

trans-[RuL 4(CtCAr) 2], L 4 ) 16-TMC, Ar ) Ph (11), C6H4Ct
CPh(12),C6H4Ph(13),2-fluorene(14),C6H4C6H4Ph(15),C6H4NMe2-4
(16), C6H4-(1,3,4-oxadiazole)-Ph (17), C6H4-(1,3,4-oxadiazole)-
C6H4F-4 (18); L4 ) N2O2, Ar ) Ph (19).The procedure for1-6 was
adopted, buttrans-[Ru(16-TMC)Cl2]Cl andtrans-[Ru(N2O2)Cl2]Cl were
used instead oftrans-[Ru(dmpe)2Cl2]. Complexes containing 16-TMC
ligand were recrystallized from toluene, while19 was recrystallized
from C6H6/pentane. Complex17: deep red solid, yield 0.13 g, 74%.
Anal. Calcd for C48H54N8O2Ru: C, 65.73; H, 6.21; N, 12.78. Found:
C, 65.69; H, 6.16; N, 12.68.1H NMR (400 MHz, C6D6): δ 0.75-1.70
(m, 16H, CH2), 2.06, 2.11, 2.20, 2.30, 2.36, 2.44 (singlets, 12H, NCH3),
3.43-4.34 (m, 8H, CH2), 7.03-7.05 (m, 6H, aryl H), 7.77 (d, 4H,
3JHH ) 8.4 Hz, aryl H), 7.98-8.00 (m, 4H, aryl H), 8.29 (d, 4H,3JHH

) 8.4 Hz, aryl H). IR (cm-1): νCtC ) 1988. FAB-MS: m/z 875 [M+].
See Supporting Information for other complexes.

Computational Methodology. Density functional theory (DFT)
calculations were performed ontrans-[(PH3)4Ru{CtC(C6H4CtC)n-1-
Ph}2] (1′, n ) 1; 2′, n ) 2; 3′, n ) 3), trans-[(PH3)4Ru{CtC(C6H4-
CtC)n-1C6H4NMe2-4}2] (5′,n)1;6′,n)2),trans-[(PH3)4Ru(CtCC6H4-
NO2-4)2] (7′), trans-[(NH3)4Ru{CtC(C6H4CtC)n-1Ph}2] (11′, n ) 1;
12′, n ) 2), trans-[(PH3)2Pt(CtCPh)2] (21′), trans-[(PH3)4Ru(CtC-
Ph)2]+ (1′+), andtrans-[(NH3)4Ru(CtCPh)2]+ (11′+), which were used
as models for the dmpe- and (16-TMC)-ligated complexes studied in
this work. Their electronic ground states were optimized (withC2ν

symmetry imposed) using the density functional PBE1PBE,16a which
is a hybrid of the Perdew, Burke, and Ernzerhof exchange and
correlation functional16b and 25% HF exchange. The Stuttgart small
core relativistic effective core potentials were employed for Ru and Pt
atoms with their accompanying basis sets.17 For all other atoms, the
6-31G* basis set was employed.18 Their vertical transition energies were
computed in CH2Cl2 at their respective gas-phase optimized ground-
state geometries using the time-dependent-DFT (TD-DFT) method
employing the same density functional and basis sets in the geometry
optimizations. The conductor polarizable continuum model (CPCM)19

was used to account for solvent effects upon the electronic transition.
The nature of the Ru-C bonds were examined using natural bond
orbital (NBO)20 and fragment molecular orbital (FMO) calculations,
and charge decomposition analysis (CDA).21 All DFT, TD-DFT, and
NBO calculations were performed using the Gaussian 03 program
package22 while FMO and CDA were performed with AOMix and
AOMix-CDA programs,23 respectively.

Results

Synthesis and Characterization. In this work, the bis-
(diphosphine) complexes were synthesized by adopting the
method developed fortrans-[Ru(16-TMC)(CtCAr)2] (11-18)
andtrans-[Ru(N2O2)(CtCPh)2] (19): the precursortrans-[ML 4-
Cl2]Cl was treated with excess HCtCAr or (CH3)3SiCtCAr
in the presence of NaOMe and zinc amalgam in refluxing
methanol (Scheme 1).24 In the absence of NaOMe and/or zinc
amalgam, no reaction was observed upon refluxing for extended
periods (over 24 h). Attempts to synthesizetrans-[Ru(16-TMC)-
{CtC(C6H4CtC)2Ph}2] by adopting the method for11-19
afforded a deep purple solid. FAB-MS analysis of the resultant
red Et2O extract indicated a mixture of HCtC(C6H4CtC)2Ph
and trans-[ClRu(16-TMC){CtC(C6H4CtC)2Ph}] (FAB-MS:
m/z ) 302 and 721, respectively). Attempts to preparetrans-
[Ru(dmpe)2{CtC(C6H4CtC)n-1C6H4NO2-4}2] (7, n ) 1; 8, n
) 2) by reacting [Ru(dmpe)2H2] with HCtC(C6H4CtC)n-1C6H4-
NO2-4 gave a mixture of the mono-acetylidetrans-[ClRu-
(dmpe)2{CtC(C6H4CtC)n-1C6H4NO2-4}] and bis-acetylide (7
and8) complexes in ca. 1:1 ratio. Hence, the absorption spectra
of 7 and8 are discussed for comparison purposes only. Reports
on the coordination chemistry of the [-CtCC6H4-(1,3,4-
oxadiazole)-C6H4X-4] ligand, which appears in10, 17, and18,
are sparse in the literature, even though 2,5-diaryl-substituted
1,3,4-oxadiazoles are an established class of electron-transport
materials for organic light-emitting-diode (OLED) applications.25

Crystal Structures. The molecular structures of3-5 have
been determined, and the perspective view of3 is shown in
Figure 1. Crystal data and relevant bond lengths and angles are
listed in the Supporting Information. To the best of our
knowledge, no crystal structure of a metal complex containing
[CtC-(1,4-C6H4-CtC)nPh] forn g 2 has been reported. The
Ru-C1 [2.059(2)-2.075(3) Å] and C1-C2 distances [1.178-
(4)-1.187(5) Å] in 3-5 are typical for Ru(II) acetylide
complexes [Ru-CR ) 1.91-2.12 Å, CR-Câ ) 1.13-1.22 Å].3

In 3, the angles within the Ru-CtC-C and C-CtC-C units
(172.0(5)-179.0(6)°) are close to linearity. The three phenyl
rings are not coplanar, with torsional angles of 33.9° and 47.6°.
The separations between the two extremes of the molecules are
41.7 Å for 3, 23.6 Å for 4, and 19.2 Å for5. Examination of
the crystal lattices for3-5 revealed no intermolecularπ-π
interactions between the conjugated carbon chains.

Electrochemistry. The electrochemical data (obtained in
CH2Cl2 with 0.1 M [Bu4N]PF6 as supporting electrolyte and
referenced against the Cp2Fe+/0 couple) are listed in Table 1;
selected cyclic voltammograms are depicted in Figure 2.
Complexes1-4 display a reversible oxidation couple atE1/2 )
-0.21 to-0.13 V, with an irreversible oxidation wave atEpa

) 0.60-0.62 V. Only subtle changes in theE1/2 value (for1-3,
e80 mV) for the first oxidation couple are detected as the length
of the [-CtC(C6H4CtC)n-1Ph] or [-CtC(C6H4)n-1Ph] chain
increases. Complex5 shows three reversible couples withE1/2

at-0.49,-0.02, and 0.34 V, but the extended analogue complex
6 only shows a reversible couple at-0.22 V; adsorption was

(16) (a) Adamo, C.; Barone, V.J. Chem. Phys.1999, 110, 6158-6170. (b)
Perdew, J. P.; Burke, K.; Ernzerhof, M.Phys. ReV. Lett.1996, 77, 3865-
3868.

(17) Andrae, D.; Haeussermann, U.; Dolg, M.; Stoll, H.; Preuss, H.Theor. Chim.
Acta 1990, 77, 123-141.

(18) (a) Hariharan, P. C.; Pople, J. A.Theor. Chim. Acta1973, 28, 213-222.
(b) Francl, M. M.; Petro, W. J.; Hehre, W. J.; Binkley, J. S.; Gordon, M.
S.; Defree, D. J.; Pople, J. A.J. Chem. Phys.1982, 77, 3654-3665.

(19) Barone, V.; Cossi, M.J. Phys. Chem. A1998, 102, 1995-2001.
(20) Reed, A. E.; Curtiss, L. A.; Weinhold, F.Chem. ReV. 1988, 88, 899-926.
(21) (a) Frenking, G.; Fro¨ehlich, N. Chem. ReV. 2000, 100, 717-774. (b)

Dapprich, S.; Frenking, G.J. Phys. Chem.1995, 99, 9352-9362.
(22) Frisch, M. J.; et al.Gaussian 03, revision B.05; Gaussian, Inc.: Wallingford,

CT, 2004.
(23) (a) Gorelsky, S. I.AOMix program, rev. 5.93; http://www.sg-chem.net/.

(b) Gorelsky, S. I.; Lever, A. B. P.J. Organomet. Chem.2001, 635, 187-
196.

(24) Choi, M.-Y.; Chan, M. C. W.; Zhang, S.; Cheung, K.-K.; Che, C.-M.; Wong,
K.-Y. Organometallics1999, 18, 2074-2080.

(25) Adachi, C.; Tsutsui, T.; Saito, S.Appl. Phys. Lett.1990, 56, 799-801.
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observed at applied potentials above 0.25 V, which hampered
further electrochemical studies.

Like the previously reported11,24 12-15 exhibit two quasi-
reversible couples atE1/2 ca. -0.7 and 0.7 V, while theE1/2

values for the (N2O2)-ligated complex19 are slightly shifted to
-0.56 and 0.84 V. In contrast,16shows three reversible couples
with E1/2 at-0.95,-0.02, and 0.30 V. With regards to different
[ML m] cores, the dmpe-supported iron derivative20 displays
two reversible couples atE1/2 ) -0.64 and 0.55 V (Field et
al.26 previously reportedE1/2 values of-0.61 and 0.54 V vs

Cp2Fe+/0), while the platinum complex21shows an irreversible
oxidation wave atEpa ) 0.73 V. For the same [RuL4] core, the
E1/2 values for complexes bearing [-CtCC6H4-(1,3,4-
oxadiazole)-C6H4X-4] are more anodic than those containing
[-CtC(C6H4CtC)n-1Ph] or [-CtC(C6H4)n-1Ph]. For the
trans-[ML 4(CtCPh)2] series, theE1/2 values for thetrans-[ML 4-
(CtCPh)2]+/0 couple follow the order:11 ([Ru(16-TMC)];
-0.77 V) < 20 ([Fe(dmpe)2]; -0.64 V) < 19 ([Ru(N2O2)];
-0.56 V) < 1 ([Ru(dmpe)2]; -0.21 V).

Generation of [ML 4(CtCAr) 2]+ by Spectroelectrochem-
istry. Thin-layer UV-visible spectroelectrochemistry has been
employed to acquire the absorption spectra oftrans-[Ru(dmpe)2-

(26) Field, L. D.; George, A. V.; Laschi, F.; Malouf, E. Y.; Zanello, P.J.
Organomet. Chem.1992, 435, 347-356.

Scheme 1
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{CtC(C6H4CtC)n-1Ph}2]+ (1+-3+), trans-[Ru(16-TMC)(Ct
CAr)2]+ (11+-13+, 15+, 17+, and18+), trans-[Ru(N2O2)(Ct
CPh)2]+(19+),andtrans-[Fe(dmpe)2(CtCPh)2]+(20+);representa-
tive isosbestic spectral changes are depicted in Figure 3. For
example, the lowest-energy absorption band of12 at λmax )
485 nm diminishes in intensity and is replaced by a new band
at λmax ) 786 nm. Similar spectral changes are observed for
other complexes [new absorption bands appear atλmax ) 711
(for 11+), 764 (13+), 778 (15+), 742 (17+), 743 (18+), 745 (19+),
808 nm (20+), respectively]. For1-3 (see Supporting Informa-
tion), no significant increase in absorbance atλ > 800 nm was
detected during electrochemical oxidation, while the observation

of spectroscopic features in the near-IR region (λ > 1100 nm)
was hampered by the limitation of the equipment used in this
work. However, absorption at ca. 1100 nm for electrochemically
generatedtrans-[Ru(dppe)2(CtCR)2]+ species was previously
reported.5g

Absorption Spectroscopy.The UV-vis absorption data of
1-21 in CH2Cl2 are summarized in Table 2, and representative
spectra are depicted in Figure 4. All complexes feature intense
absorption bands withεmax > 104 dm3 mol-1 cm-1. For trans-
[ML m(CtCPh)2], the transition energy for the lowest dipole-
allowed absorption band follows the order:1 (29 940 cm-1;
[ML m] ) [Ru(dmpe)2]) ≈ 21 (29 670 cm-1; [Pt(PEt3)2]) > 20
(26 810 cm-1; [Fe(dmpe)2]) ≈ 19 (26 670 cm-1; [Ru(N2O2)])
> 11 (25 190 cm-1; [Ru(16-TMC)]). For complexes with the
same [RuL4] core, the absorption band red-shifts in energy as
the conjugation length of the acetylide ligand [-CtC(C6H4Ct

Figure 1. Perspective view of3 (30% probability ellipsoids).

Table 1. Electrochemical Data for trans-[MLm(CtCAr)2], 1-6 and
9-21a

complex (MLm, Ar) E1/2/V versus Cp2Fe+/0

1 (Ru(dmpe)2, Ph) -0.21, 0.62b

2 (Ru(dmpe)2, C6H4CtCPh) -0.14, 0.61b

3 (Ru(dmpe)2, C6H4CtCC6H4CtCPh) -0.13, 0.61b

4 (Ru(dmpe)2, C6H4Ph) -0.21, 0.60b

5 (Ru(dmpe)2, C6H4NMe2-4) -0.49,-0.02, 0.34
6 (Ru(dmpe)2, C6H4CtCC6H4NMe2-4) -0.22c

9 (Ru(dmpe)2, 2-thienyl) -0.22, 0.52b

10 (Ru(dmpe)2, C6H4-(oxadiazole)-Ph) -0.08, 0.70b

11 (Ru(16-TMC), Ph) -0.77, 0.72
12 (Ru(16-TMC), C6H4CtCPh) -0.70, 0.69
13 (Ru(16-TMC), C6H4Ph) -0.73, 0.69
14 (Ru(16-TMC), 2-fluorene) -0.76, 0.58
15 (Ru(16-TMC), C6H4C6H4Ph) -0.73, 0.68
16 (Ru(16-TMC), C6H4NMe2-4) -0.95,-0.02, 0.30
17 (Ru(16-TMC), C6H4-(oxadiazole)-Ph) -0.59, 0.89b

18 (Ru(16-TMC), C6H4-(oxadiazole)-C6H4F-4) -0.60, 0.89b

19 (Ru(N2O2), Ph) -0.56, 0.84
20 (Fe(dmpe)2, Ph) -0.64, 0.55
21 (Pt(PEt3)2, Ph) 0.73b

a Supporting electrolyte: 0.1 M [nBu4N]PF6 in CH2Cl2. E1/2 ) (Epc +
Epa)/2 at 25°C for reversible couples.b Irreversible; the recorded potential
is the anodic peak potential at a scan rate of 100 mV s-1. c Adsorption
occurs when applied potential is>0.25 V.

Figure 2. Cyclic voltammograms for selected complexes.
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C)n-1Ph] or [-CtC(C6H4)n-1Ph] is increased. The span in
transition energy fromn ) 1 to 3 for thetrans-[Ru(16-TMC)-
{CtC(C6H4)n-1Ph}2] series is only 3640 cm-1, while that for
[Ru(16-TMC){CtC(C6H4CtC)n-1Ph}2] from n ) 1 to 2 is
already 4570 cm-1. The λmax value for 14 (458 nm, Ar )
2-fluorene) is slightly lower in energy than that for13 (448
nm, Ar ) C6H4Ph). For trans-[Ru(dmpe)2{CtC(C6H4Ct
C)n-1C6H4NO2-4}2], the transition energies forn ) 1 (19 760
cm-1; 7) and 2 (21 010 cm-1; 8) are similar. For the same
[RuL4] core and value ofn, the transition energy for a complex
bearing [-CtC(C6H4CtC)n-1Ph] ligand is lower than that
containing [-CtC(C6H4)n-1Ph]. In addition,λmax values for17

and18 (L4 ) 16-TMC, Ar ) C6H4-(1,3,4-oxadiazole)-C6H4X-
4) appear at lower energies than12-15 (Ar ) C6H4CtCPh,
C6H4Ph, 2-fluorene, (C6H4)2Ph).

Resonance Raman Spectroscopy.Figure 5 shows the
resonance Raman spectrum of11 obtained with 416.0 nm
excitation (a similar spectrum was also obtained with 368.9 nm
excitation; see Supporting Information). There are 6 fundamental
vibrational modes and 13 combination bands and overtones in
the spectra. The 2036 and 1588 cm-1 Raman bands are assigned
as nominalνC≡C andνCdC stretch modes. The resonance Raman
intensities and absorption band of11 (λmax ) 397 nm) were
simulated to obtain semiquantitative information about the
structural changes in the excited state relative to the ground
state.27 We note that the simulations of the resonance Raman
and absorption spectra assume that the excited-state frequencies
are unchanged from those of the ground state and that this
approximation may affect the calculated reorganization energies.
Through the simulation (see Supporting Information), it was
found that the nominalνC≡C andνCdC stretch modes account
for approximately 14% and 45% of the total vibrational
reorganization energy, respectively. Moreover, the reorganiza-

(27) Methodology: (a) Leung, K. H.; Phillips, D. L.; Mao, Z.; Che, C.-M.;
Miskowski, V. M.; Chan, C.-K.Inorg. Chem.2002, 41, 2054-2059. (b)
Leung, K. H.; Phillips, D. L.; Tse, M.-C.; Che, C.-M.; Miskowski, V. M.
J. Am. Chem. Soc.1999, 121, 4799-4803.

Figure 3. UV-vis absorption spectra of12 and20 in CH2Cl2 at 298 K
during electrochemical oxidation (at-0.3 V vs Cp2Fe+/0, 2-min traces).
For comparison, the inserted red line shows the spectrum oftrans-[Ru(16-
TMC)(CtCPh)2]+ (11+) obtained by electrochemical oxidation.

Table 2. UV-Visible Absorption Data for trans-[MLm(CtCAr)2],
1-21, in CH2Cl2 at 298 K

complex (MLm, Ar) λmax, nm (εmax/dm3 mol-1 cm-1)

1 (Ru(dmpe)2, Ph) 288 (sh, 13 600), 334 (40 610)
2 (Ru(dmpe)2, C6H4CtCPh) 292 (21 990), 339 (sh, 16 430), 397 (43 970)
3 (Ru(dmpe)2, C6H4Ct

CC6H4CtCPh)
323 (54 710), 365 (sh, 21 830), 430 (45 420)

4 (Ru(dmpe)2, C6H4Ph) 270 (18 810), 374 (41 080)
5 (Ru(dmpe)2, C6H4NMe2-4) 262 (sh, 13 700), 315 (39 660)
6 (Ru(dmpe)2, C6H4Ct

CC6H4NMe2-4)
329 (21 400), 376 (sh, 37 930), 398 (46 380)

7 (Ru(dmpe)2, C6H4NO2-4) 287, 331 (sh), 506
8 (Ru(dmpe)2, C6H4Ct

CC6H4NO2-4)
275, 364, 476

9 (Ru(dmpe)2, 2-thienyl) 260 (sh, 12 970), 350 (39 840)
10 (Ru(dmpe)2, C6H4-

(oxadiazole)-Ph)
265 (sh, 24 000), 301 (38 390), 424 (68 320)

11 (Ru(16-TMC), Ph) 250 (21 970), 328 (sh, 6370), 397 (30 200)
12 (Ru(16-TMC), C6H4CtCPh) 304 (63 850), 485 (69 540)
13 (Ru(16-TMC), C6H4Ph) 284 (29 820), 448 (30 170)
14 (Ru(16-TMC), 2-fluorene) 286 (sh, 37 040), 305 (41 910), 458 (47 620)
15 (Ru(16-TMC), C6H4C6H4Ph) 302 (48 970), 464 (27 060)
16 (Ru(16-TMC), C6H4NMe2-4) 269 (27 100), 388 (33 000)
17 (Ru(16-TMC), C6H4-

(oxadiazole)-Ph)
313 (51 140), 518 (56 280)

18 (Ru(16-TMC), C6H4-
(oxadiazole)-C6H4F-4)

313 (52 170), 520 (57 640)

19 (Ru(N2O2), Ph) 247 (24 540), 375 (31 300)
20 (Fe(dmpe)2, Ph) 259 (33 910), 373 (38 630)
21 (Pt(PEt3)2, Ph) 265 (38 300), 289 (32 100),

330 (sh, 43 600), 337 (44 900)

Figure 4. Selected UV-visible absorption spectra oftrans-[Ru(dmpe)2-
(CtCAr)2] and trans-[Ru(16-TMC)(CtCAr)2] in CH2Cl2 at 298 K.

Figure 5. Resonance Raman spectrum oftrans-[Ru(16-TMC)(CtCPh)2]
(11) obtained with 416.0 nm excitation wavelength in CH2Cl2 (solvent
subtraction marked by *).
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tion of the CtCPh ligand in the excited state is accompanied
by reorganization of the Ru-C and Ru-N fragments (Franck-
Condon active modes below 1200 cm-1).

DFT Calculations. Calculations have been performed on the
model complexes1′-3′, 5′-7′, 11′, 12′, and21′, whereby the
16-TMC and (dmpe)2 ligands were replaced by (NH3)4 and
(PH3)4, respectively, to increase computational efficiency. A
summary of the calculation results is provided here (see
Supporting Information for a detailed account). Fortrans-
[(PH3)4Ru{CtC(C6H4CtC)n-1Ph}2] (1′-3′), the chief contri-
bution to the HOMOs (MO97, MO149, and MO201 for1′-3′,
respectively) originates from the CtCAr fragments (% of Ct
CAr in HOMO > 60%). Fortrans-[(NH3)4Ru{CtC(C6H4Ct
C)n-1Ph}2] (11′ and12′), the HOMOs are dominated by dxz(Ru)
(% of dxz in HOMO > 60%). Natural bond orbital (NBO)
analyses show that intrans-[M(L ′)m(CtCAr)2], the populations
of the dxz(M) and dyz(M) orbitals of trans-[M(L ′)m(CtCAr)2]
are smaller than those in the bare [M(L′)m]2+ core, while the
populations of the px and py orbitals of CR(acetylide) are
increased as compared to the free [-CtCAr]. In the charge
decomposition analysis (CDA) calculations, the M-CtCAr
bonding interaction can be discussed within the framework of
the Dewar-Chatt-Duncanson donor-acceptor model as the
residual terms (∆) are essentially zero. The ratio of the values
for [M2+ f -CtCAr] back-donation (b) and [-CtCAr f M2+]
donation (d), b/d, are 0.048-0.050 fortrans-[Ru(L′)4(CtCAr)2]
(L′4 ) (NH3)4 and (PH3)4).

The electronic transition(s) for these model complexes in CH2-
Cl2 solvent at 298 K have been investigated using the TD-DFT
method. Comparison of the calculated vertical transition energies
for the model complexes and the experimental data for the
corresponding complexes are summarized in Table 3. The
lowest-energy dipole-allowed electronic transitions oftrans-
[M(L ′)m(CtCAr)2] (1′-3′, 7′, 11′, 12′, and21′) are assigned
to 1A1 f 1A1 transitions, which mainly arise from electronic
excitation from the HOMO (b1) to the first unoccupied b1 MO.
For each of the model complexes1′-3′, 7′, 11′, and12′, the
metal parentage in the excited b1 MO is smaller than that in
the HOMO. Furthermore, the electronic transitions for the
oxidized species1′+ and11′+ have also been calculated. The
lowest-energy absorption band of1′+ at λmax ) 8550 cm-1

originates from the transition involvingâ-HOMO (MO96â, 8%
Ru, 69% CtCAr) f â-LUMO (MO97â, 41% Ru, 56% Ct

CAr), and that of 11′+ at λmax ) 14910 cm-1 is mainly
associated with theâ-HOMO-1 (MO79â, 2% Ru, 91% Ct
CAr) f â-LUMO (MO81â, 64% Ru, 34% CtCAr) transition.

Discussion

π-Interaction in Ru -CtCAr Moiety. The metal-acetylide
π-interaction (π-bonding and/or -back-bonding) has been a
subject of considerable interest for many years, and, traditionally,
M-C bond distances andνC≡C values have been employed as
indicators.3,4h In this work, theνC≡C values for11-19 (in the
range 1986-2012 cm-1) are lower than those of1-10 (2041-
2060 cm-1). As the [Ru(16-TMC)]2+ and [Ru(N2O2)]2+ cores
should be more electron-rich than [Ru(dmpe)2]2+, this finding
indicates the presence ofπ-back-bonding in the RuII-CtCAr
moiety. Calculations on model complexes also support the
existence ofπ-back interaction (although this is observed to be
weak, as described in later sections): (1) the natural charge on
the valence dπ orbitals of Ru (dxz and dyz) decreases and the
charge on the valence pπ orbitals of CR (px and py) of the
acetylide ligand increases upon Ru-C bond formation; (2)
charge decomposition analysis (CDA) calculations suggest that
the bonding interaction of the M-CtCAr moiety can be
described by the Dewar-Chatt-Duncanson donor-acceptor
model and there exists metal-to-acetylide back-donation (b),
although the acetylide ligand is overall an electron donor (b/d
, 1 as-CtCAr is anionic). As compared to other ligands such
as-Cl and-CtN, theb/d ratios fortrans-[Ru(L′)4(CtCAr)2]
(0.048-0.050, L′4 ) (NH3)4, (PH3)4) and trans-[(PH3)2Pt(Ct
CPh)2] (0.022) lie between those oftrans-[Ru(NH3)4Cl2] (0.007)
andtrans-[Ru(NH3)4(CtN)2] (0.098). Hence, these calculations
imply that the arylacetylide ligand intrans-[Ru(L′)m(CtCAr)2]
acts as a weakerπ-acceptor than cyanide, and the metal-to-
acetylide back-donation intrans-[Ru(L′)4(CtCAr)2] is more
significant than that intrans-[(PH3)2Pt(CtCPh)2].

Because the Ru(II)-C(acetylide) interaction features both
σ-bond andπ-back-bonding character, it would be of interest
to compare the Ru-C(acetylide) distances in this work with
those of other ruthenium-carbon bonded complexes bearing
similar auxiliary ligand(s). The Ru-C distances in the ruthenium-
vinylidene and -allenylidene complexestrans-[Cl(16-TMC)Rud
CdCHAr]+ and trans-[Cl(16-TMC)RudCdCdCAr2]+ are
1.78-1.86 Å,15 which are significantly shorter than those in
trans-[(16-TMC)Ru(CtCC6H4X-4)2] (2.073-2.077 Å, X) H,

Table 3. Comparison of the Vertical Transition Energies for the Model Complexes 1′-3′, 7′, 11′, 12′, 21′, 1′+, and 11′+ with Their
Corresponding Experimental Data

TD-DFT calculations experimental data

excitation energy/cm-1 (oscillator strength) transition λmax/cm-1 (εmax)

1′ 32 810 (1.1499) MO97 (37% Ru, 61% C2R) f MO99 (13% Ru, 60% C2R) 1 29 940 (40 610)
2′ 25 640 (2.8866) MO149 (30% Ru, 69% C2R) f MO150 (5% Ru, 87% C2R)a 2 25 190 (43 970)

31 750 (0.9137) MO147 (7% Ru, 79% C2R) f MO151 (3% Ru, 97% C2R)a 34 250 (21 990)
3′ 22 780 (3.9780) MO201 (28% Ru, 71% C2R) f MO202 (2% Ru, 94% C2R)a 3 23 260 (45 430)

27 620 (1.4858) MO200 (5% Ru, 84% C2R) f MO203 (1% Ru, 99% C2R)a 30 960 (54 710)
7′ 22 710 (1.2730) MO119 (39% Ru, 59% C2R) f MO120 (3% Ru, 92% C2R) 7 19 760

11′ 24 510 (0.8753) MO81 (65% Ru, 33% C2R) f MO83 (16% Ru, 74% C2R) 11 25 190 (30 200)
41 490 (0.6776) MO78 (2% Ru, 91% C2R) f MO84 (8% Ru, 92% C2R)a 40 000 (21 970)

12′ 18 620 (2.0724) MO133 (60% Ru, 38% C2R) f MO134 (1% Ru, 96% C2R) 12 20 620 (69 540)
31 150 (1.3798) MO130 (1% Ru, 95% C2R) f MO135 (4% Ru, 95% C2R)a 32 890 (63 850)

21′ 28 570 (0.9967) MO80 (25% Pt, 75% C2R) f MO81 (20% Pt, 39% C2R) 21 29 670 (44 900)
1′+ 8550 (0.5310) MO96â (8% Ru, 69% C2R) f MO97â (41% Ru, 56% C2R) 1+ b

11′+ 14 910 (0.4673) MO79â (2% Ru, 91% C2R) f MO81â (64% Ru, 34% C2R)a 11+ 14 060

a This absorption originates from several different transitions, and only the most important contribution is shown.b Not measured due to instrumental
limitation.
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OMe, Cl).24 An additional worthwhile comparison is with Ru-
(II) Fischer-type carbene complexes, of which the Ru-C bonds
should also exhibit bothσ-bond andπ-back-bonding character.
For example, the Ru-C distance in [(tpy)(bpy)RudC(OMe)-
(CH2C6H4OMe-4)]2+ is 1.933(6) Å,14 which is slightly shorter
than those intrans-[(16-TMC)Ru(CtCAr)2]. The Ru-C dis-
tances intrans-[(16-TMC)Ru(CtCAr)2] are similar to those in
trans-[(dmpe)2Ru(CtCAr)2] (2.059-2.075 Å for3-5), despite
the large difference in theE1/2 values for the [Ru(16-TMC)]2+

and [Ru(dmpe)2]2+ cores (∆E1/2 for thetrans-[Ru(dmpe)2Cl2]+/0

and trans-[Ru(16-TMC)Cl2]+/0 couples is 520 mV). Taken
together, the structural data suggest that theπ-back-bonding in
Ru(II)-acetylide complexes described in this work is not
prominent (alternatively, the lack of correlation with the
electrochemical data may reflect the possibility that M-C
distances are not sensitive to the strength ofπ-back-bonding).
In this context, Lichtenberger and co-workers have previously
employed photoelectron spectroscopy and MO calculations to
establish that the predominant iron-acetylideπ-interaction in
CpFe(CO)2(CtCR) is the filled/filled type between occupied
acetylideπ and metal dπ orbitals and that theπ-back-bonding
is extremely weak.28

Redox Potentials for trans-[ML m(CtCAr) 2]+/0 Couple.
Because the dmpe, N2O2, and 16-TMC ligands are not redox
active from-2 to +1 V vs Cp2Fe+/0, the first electrochemical
oxidation oftrans-[ML m(CtCAr)2] is evidently metal-centered
and can be affected by Lm and Ar. We noted that the two
oxidation couples observed fortrans-[Ru(16-TMC)(CtCPh)2]
(11, E1/2 ) -0.77, 0.72 V)24 and trans-[Fe(dmpe)2(CtCPh)2]
(20, E1/2 ) -0.64, 0.55 V)26 were previously assigned to M(III/
II) and M(IV/III) couples, while a reversible Ru(III)/(II) couple
was recorded for the phosphine-supported complextrans-[Ru-
(dppe)2(CtCPh)2] (E1/2 ) 0.56 V vs Ag/AgCl; 0.00 V vs
Cp2Fe+/0).5g

(A) Effects of X upon trans-[ML 4X2]+/0 Couple. A com-
parison of theE1/2 values oftrans-[ML 4X2]+/0 couples reveals
that the acetylide complexes exhibit lowerE1/2 values as
compared to those bearing Cl- ligands. For example, theE1/2

values fortrans-[RuL4(CtCPh)2]+/0 (L4 ) (dmpe)2, N2O2, 16-
TMC) are 130, 220, and 140 mV, respectively, more cathodic
thantrans-[RuL4Cl2]+/0.29 Thetrans-[Ru(16-TMC)(CtCPh)2]+/0

couple is 870 mV more cathodic thantrans-[Ru(16-TMC)(Ct
N)2]+/0 (E1/2 ) 0.10 V). These data indicate that-CtCPh is a
superiorσ-donor as compared to Cl- and is unlikely to act as
a goodπ-acceptor.14

(B) Effects of [ML m] upon trans-[ML m(CtCAr) 2]+/0

Couple. Changing the equatorial auxiliary ligands from P-
[(dmpe)2] to N- [16-TMC] donors decreases theE1/2 value for
trans-[RuL4(CtCPh)2]+/0 by 560 mV. Interestingly, a similar
difference inE1/2 values (∆E1/2) of 520 mV between thetrans-
[Ru(dmpe)2Cl2]+/0 (-0.08 V)29c andtrans-[Ru(16-TMC)Cl2]+/0

(-0.60 V)29acouples has been reported. The∆E1/2 for thetrans-
[M(dmpe)2(CtCPh)2]+/0 couples for Ru (1) and Fe (20) is 430
mV, while a similar ∆E1/2 (460 mV) is apparent for the
correspondingtrans-[M(dmpe)2Cl2]+/0 couples. These observa-

tions illustrate the possibility of tuning the redox potential of
the [ML4(CtCAr)2]+/0 couple over a wide range through
variation of the auxiliary ligand and metal center. This contrasts
with trans-[Cl(16-TMC or (dppm)2)RudCdCdCAr2]+, in
which the electrochemical reactions are neither metal- nor
ligand-centered.15 In DFT calculations for the model complexes,
the HOMO energies increase in the order21′ (-5.71 eV)< 3′
(-5.11 eV)≈ 2′ (-5.10 eV)≈ 1′ (-5.09 eV)≈ 6′ (-4.85
eV) < 5′ (-4.49 eV)< 12′ (-4.11 eV)≈ 11′ (-3.93 eV); this
parallels the experimental trend of the oxidation potentials for
the corresponding complexes.

(C) Effects of Ar upon trans-[ML m(CtCAr) 2]+/0 Couple.
The effects of different conjugation lengths for the acetylide
ligands upon thetrans-[RuL4{CtC(C6H4CtC)n-1Ph}2]+/0 and
trans-[RuL4{CtC(C6H4)n-1Ph}2]+/0 couples are small, for
example,E1/2 for 1+/0 (n ) 1, E1/2 ) -0.21 V) ≈ 2+/0 (n ) 2,
-0.14 V) ≈ 3+/0 (n ) 3, -0.13 V), whileE1/2 for 11+/0 (n )
1, E1/2 ) -0.77 V) ≈ 12+/0 (n ) 2, -0.70 V). As lowering of
π*(CtCAr) level with higher n has been demonstrated by
electronic spectroscopy (see discussion below), one may expect
lower E1/2 values asn increases due to a strongerπ-back-
bonding interaction between Ru and CtCAr. However, the
experimental findings show that, for a given [RuL4] core, the
E1/2[Ru(III/II)] values for different values ofn are similar. This
suggests that theπ-interaction between Ru and CtCAr is weak
and is also consistent with the metal-centered assignment for
the trans-[RuL4(CtCAr)2]+/0 couple.We therefore propose to
regard the dπ(RuII) orbital as a “doped” leVel that exists
between theπ(CtCAr) andπ*(CtCAr) orbitals (see below).
This proposal is also supported by theνC≡C stretching frequen-
cies, which are insensitive to the lengthening effect of the
conjugated acetylide ligands.

(D) Effects of 4-Dimethylamino and Oxadiazole Substit-
uents. The cyclic voltammograms of5 and 16 feature three
reversible oxidation waves (E1/2 ) -0.49,-0.02, and 0.34 V
for 5; -0.95, -0.02, and 0.30 V for16). As 1 and 11 show
only one reversible couple in this potential region (E1/2 ) -0.21
and-0.77 V, respectively), some of the oxidation waves in5
and16 apparently involve the NMe2 moiety. The first couple
is assigned as being metal-centered in nature (∆E1/2 for 5 and
16 is 460 mV), and the second and third couples as NMe2-
centered oxidations, for which theE1/2 values are similar for
both complexes. As the two NMe2 groups are not oxidized at
the same potential, the existence of electronic communication
between the two termini oftrans-[Ru(16-TMC or (dmpe)2)-
(CtCC6H4NMe2-4)2] (N-N distance) 17.9 Å for5, from the
crystal structure) is demonstrated. Marder and co-workers have
recently described the Pt(II) bis-(triarylamine)acetylide complex
trans-[Pt(PEt3)2{CtC-1,4-C6H4-N(C6H4OMe-4)2}2],30 the elec-
trochemistry of which involves two overlapping reversible
oxidations due to the triarylamine groups, thus implying
electronic coupling through the acetylide-Pt-acetylide bridge.
Although one may not expect to detect long-range electronic
communication in5 and 16 as theπ-interaction in Ru(II)-
acetylide species is weak, theπ-interaction will be strengthened
upon oxidation to Ru(III) because for this species the delocalized
cumulene-like mesomeric form becomes more important.9

(28) (a) Lichtenberger, D. L.; Renshaw, S. K.; Bullock, R. M.J. Am. Chem.
Soc.1993, 115, 3276-3285. (b) Lichtenberger, D. L.; Renshaw, S. K.;
Wong, A.; Tagge, C. D.Organometallics1993, 12, 3522-3526.

(29) (a) Che, C.-M.; Wong, K.-Y.; Poon, C.-K.Inorg. Chem.1986, 25, 1809-
1813. (b) Che, C.-M.; Tang, W.-T.; Wong, W.-T.; Lai, T.-F.J. Am. Chem.
Soc.1989, 111, 9048-9056. (c) Champness, N. R.; Levason, W.; Pletcher,
D.; Webster, M.J. Chem. Soc., Dalton Trans.1992, 3243-3247.

(30) Jones, S. C.; Coropceanu, V.; Barlow, S.; Kinnibrugh, T.; Timofeeva, T.;
Brédas, J.-L.; Marder, S. R.J. Am. Chem. Soc.2004, 126, 11782-11783.
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We note that theE1/2 values for the metal-centered oxidation
of 5 and16 are 280 and 180 mV more cathodic than1 and11,
respectively. This may be explained by the nature of the
electron-donating NMe2 groups, which stabilize the oxidized
speciestrans-[RuL4(CtCAr)2]+ via the N lone-pairs. Although
electrochemical investigation of the more conjugated derivative
6 was hampered by an adsorption process, the fact that the
metal-centered oxidation (E1/2 ) -0.22 V) occurs at a potential
similar to 1 (E1/2 ) -0.21 V) suggests minimal electronic
communication between the two N termini.

(E) Nature of trans-[ML m(CtCAr) 2]2+/+ Couple.Regard-
ing the second oxidation couple for these complexes, such as
trans-[Ru(16-TMC)(CtCPh)2]2+/+ (E1/2 ) 0.72 V, previously
assigned as Ru(IV/III) couple24) and trans-[Fe(dmpe)2(Ct
CPh)2]2+/+ (E1/2 ) 0.55 V, previously assigned as Fe(IV/III)
couple26), theE1/2 values are similar and comparable to theEpa

of the irreversible oxidation wave oftrans-[Ru(dmpe)2(Ct
CPh)2] at Epa ) 0.62 V. The nature of these oxidations is
unlikely to be metal-centered because a substantial shift inE1/2

upon changing from Ru to Fe is expected (note that the∆E1/2

for M(III/II) couples of 1 and20 is 430 mV). Moreover, DFT
calculations on the model complextrans-[Ru(NH3)4(CtCPh)2]+

(11′+) indicate that the SOMO is [CtCPh]-dominated (71%
CtCPh, 29% Ru). Thus, we suggest that it is appropriate to
reassign thetrans-[Ru(16-TMC)(CtCPh)2]2+/+ couple as a
ligand-centered oxidation. In line with this assignment, theEpa

for 21 (trans-[Pt(PEt3)2(CtCPh)2]+/0: 0.73 V) occurs at a
potential similar to the ligand-centered oxidation of11 [DFT
calculations also show that the energy of the SOMO in11′+
(-5.98 eV) is similar to that of the HOMO in21′ (-5.71 eV)].
Furthermore, the HOMO of the model complextrans-[Pt(PH3)2-
(CtCPh)2] (21′) is also [CtCPh]-dominated (75% CtCPh,
25% Pt), and hence thetrans-[Pt(PEt3)2(CtCPh)2]+/0 oxidation
is also assigned as ligand-centered in nature.

In this work, trans-[Ru(16-TMC)(CtCPh)2] (11, E1/2 )
-0.77 V) andtrans-[Pt(PEt3)2(CtCPh)2] (21, Epa ) 0.73 V)
can be considered as two extreme cases for probing the metal-
acetylide interaction. In11, the calculated HOMO (11′, 65%
Ru) and the [MLm(CtCAr)2]+/0 couple are metal-based, while
for 21, the HOMO is ligand-based (21′, 25% Pt), and theEpa

of [ML m(CtCAr)2]+/0 arises mainly from acetylide oxidation.
For trans-[Ru(dmpe)2(CtCPh)2] (1), both the potential for the
first oxidation (E1/2 ) -0.21 V) and the ruthenium parentage
of the HOMO for 1′ are between those of11′ and 21′.
Collectively, this indicates a possible correlation betweenE1/2

of trans-[ML m(CtCAr)2]+/0 and the degree of metal character
in the HOMO of trans-[ML m(CtCAr)2].

Insight from Electronic and Resonance Raman Spectro-
scopy.Complexes1-21 exhibit intense dipole-allowed absorp-
tion bands in the UV-visible region withεmax in excess of 104

dm3 mol-1 cm-1. As the chosen auxiliary ligands (dmpe, 16-
TMC, and N2O2) are optically transparent in the UV-visible
region, the electronic transitions for1-21 are predominantly
associated with thetrans-[M(CtCAr)2] core. We are interested
in the low-energy dipole-allowed transition of these complexes
and will restrict our discussion to this absorption in the following
sections.

(A) Effects of [ML m] Core. The nature of the transitions
depends on the [MLm] core. Taking the seriestrans-[ML m(Ct
CPh)2] as an example,λmax decreases in energy in the order1

([Ru(dmpe)2]) > 19 ([Ru(N2O2)]) ≈ 20 ([Fe(dmpe)2]) > 11
([Ru(16-TMC)]) (λmax ) 29 940, 26 670, 26 810, and 25 190
cm-1, respectively); significantly, this parallels the trend forE1/2-
[M(III/II)]. For trans-[ML m(CtCC6H4CtCPh)2], changing the
[ML m] core from [Ru(dmpe)2] (2, E1/2 ) -0.14 V) to [Ru(16-
TMC)] (12, E1/2 ) -0.70 V) results in a decrease in transition
energy of 4570 cm-1. The correlation between theE1/2[M(III/
II)] value and electronic transition energy is consistent with the
MLCT assignment. The TD-DFT calculations performed on the
model complexes reveal that the lowest-energy electronic
transition for1′ and11′ are1A1 f 1A1 in nature (excitation of
electrons from the HOMOs (b1) to the first unoccupied b1 MOs).
For1′, an electron is excited from a mainly ligand-based HOMO
(37% Ru, 61% CtCPh) to a ligand-dominated MO (13% Ru,
60% CtCPh), whereas for11′, an electron is excited from a
metal-based HOMO (65% Ru, 33% CtCPh) to a ligand-
dominated MO (16% Ru, 74% CtCPh). Thus, although the
electronic transition for1-3, 11, and12 may be described as
displaying MLCT character, the charge-transfer character as-
sociated with1-3 is relatively small as compared to11 and
12. Calculations on the Pt model complex21′ show that an
electron is excited from the [CtCAr]-localized HOMO (25%
dxz(Pt), 75% CtCAr) to the LUMO that is composed of px(Pt),
PH3, and CtCAr (20%, 41%, and 39%, respectively); thus the
transition is assigned as intraligand in nature.

(B) Effects of Conjugation Length n. The lowest-energy
transition red-shifts when the conjugation lengthn of the
acetylide ligand [-CtC(C6H4CtC)n-1Ph] or [-CtC(C6H4)n-1Ph]
increases for the same [RuL4] core. Fortrans-[Ru(dmpe)2{Ct
C(C6H4CtC)n-1Ph}2] (1-3), the transition energies fall in the
order: 1 (n ) 1, 29 940 cm-1) > 2 (n ) 2, 25 190 cm-1) > 3
(n ) 3, 23 260 cm-1). In trans-[Ru(16-TMC){CtC(C6H4)n-1-
Ph}2] (11, 13, and15), theλmax energies red-shift by 3640 cm-1

when n changes from 1 (11, 25 190 cm-1) to 3 (15, 21 550
cm-1). These red-shifted transitions are consistent with greater
conjugation across the [-CtC(C6H4CtC)n-1Ph] and [-CtC(C6-
H4)n-1Ph] chains with increasingn values, which result in lower
π* levels. Previously, Che and co-workers have examined the
relationship of the1(ππ*) absorption or3(ππ*) phosphorescent
emission energy with the acetylide/arylacetylide chain lengthn
in (Cy3P)Au(CtC)nAu(PCy3),31 (Cy3P)AuCtC(C6H4CtC)n-1Ph,
and (Cy3P)AuCtC(C6H4CtC)nAu(PCy3),13 and linear relation-
ships were obtained by plotting the absorption or emission
energy versus 1/n. In this work, a linear relationship is also
derived for the absorption energy and 1/n for trans-[Ru(dmpe)2-
{CtC(C6H4CtC)n-1Ph}2] (1-3) (Figure 6). Extrapolation of
the line ton ) ∞ affords an estimated value of∼498 nm (20 080
cm-1) for the absorption energy. In addition, we note that the
absorption energy for the calculated model seriestrans-[Ru-
(PH3)4{CtC(C6H4CtC)n-1Ph}2] for n ) ∞ is estimated to be
∼556 nm (17 990 cm-1). It is particularly interesting to compare
the limiting absorption energy (i.e., forn ) ∞) for related
acetylene and metal-acetylide moieties. For alkyl-substituted
poly(p-phenylene-ethynylene)s (PPEs), the limiting absorption
energy is around 388 nm,32 while those for (Cy3P)AuCtC(C6H4-
CtC)n-1Ph and (Cy3P)AuCtC(C6H4CtC)nAu(PCy3) are in the
399-411 nm range,13 and an energy of ca. 404 nm was derived

(31) Lu, W.; Xiang, H.-F.; Zhu, N.; Che, C.-M.Organometallics2002, 21,
2343-2346.

(32) Mangel, T.; Eberhardt, A.; Scherf, U.; Bunz, U. H. F.; Mu¨llen, K. Macromol.
Rapid Commun.1995, 16, 571-580.
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for trans-[Pt(PBu3)2{CtC(C6H4CtC)n-1Ph}2].11 These energies
are significantly higher than that fortrans-[Ru(dmpe)2{Ct
C(C6H4CtC)n-1Ph}2] (498 nm), thus signifying the involvement
of the [Ru(dmpe)2] core in the electronic transition. The data
for trans-[Ru(16-TMC){CtC(C6H4CtC)n-1Ph}2] (n ) 1, 2)
are also plotted in Figure 6. Assuming that a linear relationship
is also valid in this system, the limited value is estimated to be
623 nm.

It has been established that the relationship of the transition
energy versus 1/n is linear for intraligand transitions of
π-conjugated oligomeric organic materials.33,34 In this work, a
linear relationship has been obtained for trans-[Ru(dmpe)2{Ct
C(C6H4CtC)n-1Ph}2] (1-3), the transition of which inVolVes
some MLCT character. We have provided evidence to indicate
that theπ-interaction between Ru(II) and [CtCAr] in 1-3 is
weak. For the [Ru(CtCAr)2] moiety, the dπ(RuII) level can
therefore be regarded as being localized and isolated from the
π-system, so that the dπ(RuII) energy level is virtually constant
for all n and thus 1/n values. If theπ*(CtCAr) energy level
decreases linearly with 1/n as expected, then the MLCT
transition energy, that is,E[π*(CtCAr)] - E[dπ(RuII)], would
also vary linearly with 1/n, as observed for1-3.

(C) Effects of Ar. (1) The transition energy for14 (21 830
cm-1, Ar ) 2-fluorene) is slightly lower than that for13 (22 320
cm-1, Ar ) C6H4Ph). Because the additional-CH2- unit of
the 2-fluorene group restricts the rotation of the two phenyl rings
to afford a more coplanar configuration and hence greater
π-conjugation, the lowering of the transition energy is plausible.
(2) The transition energies for complexes bearing [-CtCC6H4-
(1,3,4-oxadiazole)-C6H4X] (17 and 18: λmax ) 19 310 and
19 230 cm-1, respectively) are lower than that with [-CtC(C6-
H4)2Ph] (15, 21 550 cm-1). This can be rationalized by the
presence of the heteroatoms (N and O), which lower theπ*
energy. (3) For the nitro derivativestrans-[Ru(dmpe)2{Ct
C(C6H4CtC)n-1C6H4NO2-4}2], the transition energy for7 (n
) 1, λmax ) 19 760 cm-1) is slightly lower than that for8 (n )

2, 21 010 cm-1).35 TD-DFT calculations suggest that the charge-
transfer character associated with7 is larger than that for1-3
due to the presence of the electron-withdrawing NO2 groups.
The increase in transition energy from7 to 8 is likely due to a
decrease in the influence of the NO2 groups when the acetylide
ligand is lengthened.

(D) Oxidation State of M and Acetylide-to-Ruthenium-
(III) LMCT Transitions. The absorption spectra oftrans-[Ru-
(dmpe)2(CtCAr)2]+, trans-[Ru(16-TMC)(CtCAr)2]+ andtrans-
[Fe(dmpe)2(CtCAr)2]+ were recorded in situ by electrochemical
oxidation of their corresponding M(II) precursors. Previously,
we obtained vibronically structured absorption bands fortrans-
[Ru(16-TMC)(CtCAr)2]+ with λmax ) 716-768 nm, which
were assigned asπ(CtCAr) f dπ(RuIII ) LMCT transitions.24

This assignment is now supported by TD-DFT calculations on
11′+; the lowest-energy electronic transition principally involves
the ligand-basedâ-HOMO-1 (2% Ru, 91% CtCAr) to the
Ru-basedâ-LUMO (64% Ru, 34% CtCAr). In this work,trans-
[Ru(16-TMC)(CtCC6H4CtCPh)2]+ (12+) andtrans-[Fe(dmpe)2-
(CtCPh)2]+ (20+) show an intense absorption band atλmax )
786 and 808 nm, respectively. It is significant to note that the
π(CtCAr) f dπ(RuIII ) LMCT transition only slightly red-shifts
in energy (by 1340 cm-1) as the conjugation lengthn of
[CtC(C6H4CtC)n-1Ph] increases [λmax ) 14 060 and 12 720
cm-1 for 11+ (n ) 1) and12+ (n ) 2), respectively]. This effect
is relatively small as compared to the shift in MLCT transition
(4570 cm-1) for the corresponding Ru(II) species. A reasonable
rationale for this is that theπ(CtCAr) level of trans-[Ru(16-
TMC)(CtCAr)2]+ is comparatively localized on the [Ct
CC6H4] moiety rather than delocalized along the entire CtCAr
unit. This is supported by the similarity between theE1/2 values
of trans-[Ru(16-TMC)(CtCAr)2]2+/+ for Ar ) Ph (0.72 V) and
C6H4CtCPh (0.69 V), which are assigned as [CtCAr]-centered
oxidations. Recently, Humphrey and co-workers reported an
intense NIR band fortrans-[Ru(dppe)2(CtCPh)2]+ at 8920
cm-1 (1121 nm).5g Our TD-DFT calculations also support the
occurrence of an absorption band fortrans-[Ru(PH3)4(Ct
CPh)2]+ at 1170 nm that is acetylide-to-ruthenium LMCT in
nature. We suggest that such a LMCT transition exists for the
dmpe-ligated species1+-3+ at similar energies, but we have
not located the transition due to instrumental limitations of the
spectroscopic window.

(E) Relationships between EMLCT , ELMCT , and Eππ*.
Intriguingly, we have found that the sum of the dπ(MII) f π*-
(CtCAr) MLCT energy (EMLCT) for trans-[ML 4(CtCAr)2] and
the π(CtCAr) f dπ(MIII ) LMCT energy (ELMCT) for trans-
[ML 4(CtCAr)2]+ corresponds to the high-energy electronic
absorption band fortrans-[ML 4(CtCAr)2] ([ML 4] ) [Ru(16-
TMC)], [Ru(N2O2)], and [Fe(dmpe)2]). For example,EMLCT for
11 (25 190 cm-1) + ELMCT for 11+ (14 060 cm-1) ) 39 250
cm-1 (255 nm), and the high-energy absorption for11 appears
at 250 nm;EMLCT for 12 (20 620 cm-1) + ELMCT for 12+ (12 720
cm-1) ) 33 340 cm-1 (300 nm), and the high-energy absorption
for 12 is observed at 304 nm;EMLCT for 20 (26 810 cm-1) +
ELMCT for 20+ (12 380 cm-1) ) 39 190 cm-1 (255 nm), and
the high-energy absorption for20 occurs at 259 nm. TD-DFT(33) Lewis, G. N.; Calvin, M.Chem. ReV. 1939, 25, 273-328.

(34) Recent examples: (a) Eisler, S.; Slepkov, A. D.; Elliott, E.; Luu, T.;
McDonald, R.; Hegmann, F. A.; Tykwinski, R. R.J. Am. Chem. Soc.2005,
127, 2666-2676. (b) Slepkov, A. D.; Hegmann, F. A.; Eisler, S.; Elliott,
E.; Tykwinski, R. R.J. Chem. Phys.2004, 120, 6807-6810. (c) Gibtner,
T.; Hampel, F.; Gisselbrecht, J.-P.; Hirsch, A.Chem.-Eur. J.2002, 8, 408-
432. (d) Scemama, A.; Chaquin, P.; Gazeau, M.-C.; Be´nilan, Y. Chem.
Phys. Lett.2002, 361, 520-524.

(35) The UV-vis spectra were recorded for a 1:1 mixture oftrans-[ClRu(dmpe)2-
{CtC(C6H4CtC)n-1C6H4NO2-4}] and trans-[Ru(dmpe)2{CtC(C6H4Ct
C)n-1C6H4NO2-4}2]. We have assumed that the lowest electronic transition
energy for the bis-acetylide complexes is lower than that for their
corresponding mono-acetylide derivatives.

Figure 6. Plot of the lowest transition energy against 1/n for trans-[ML m-
{CtC(C6H4CtC)n-1Ph}2] [ML m ) Ru(dmpe)2, Pt(PBu3)2,11 Ru(16-TMC)],
(PCy3)AuCtC(C6H4CtC)n-1Ph,13 and alkyl-substituted poly(p-phenylene-
ethynylene)s.32
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calculations suggest that the high-energy transition for11 and
12 is intraligandππ* in nature as anticipated. We suggest that
the relationshipEMLCT + ELMCT ) Eππ* can be expected,
provided that the energies of theπ(CtCAr), π*(CtCAr), and
dπ(M) levels in bothtrans-[ML 4(CtCAr)2] and trans-[ML 4-
(CtCAr)2]+ are similar.Because this proposal is apparently
true, the dπ(M) orbital can therefore beViewed as a localized
“doped” leVel between theπ(CtCAr) andπ*(CtCAr) leVels.
Hence, when dπ(M) is fully occupied, only MLCT andππ*
absorptions can be observed; when a vacancy is created in dπ-
(M) upon oxidation, the low-energy LMCT transition becomes
accessible.

(F) Resonance Raman Studies.By simulating the MLCT
absorption band and the resonance Raman intensities for11, it
is apparent that the nominalνCtC and νCdC stretch modes
account for approximately 60% of the total vibrational reorga-
nization energy, thus indicating that the absorption bands are
strongly coupled to the CtCPh ligand. Moreover, the reorga-
nization of the CtCPh ligand in the excited state is accompanied
by reorganization of the Ru-C and Ru-N fragments (Franck-
Condon active modes below 1200 cm-1). This is consistent with
the assignment that the absorption band is of MLCT character
and reveals the existence of interaction between the Ru core
and the CtCPh moiety in the excited state.

General Remarks

Althoughπ-back-bonding interaction for the Ru(II)-acetylide
moiety has commonly been advocated, our experimental find-
ings in this work suggest that theπ-interaction is weak: (1)
Ru-C distances fortrans-[RuL4(CtCAr)2] are similar for L4

) (dmpe)2 and 16-TMC; (2) Ru(III/II) redox potentials fortrans-
[RuL4(CtCAr)2] are not sensitive to the conjugation effect of
the acetylide ligands; (3)νCtC values for coordinated acetylide
ligands are similar for different chain lengths. Based on the
notion that the interaction between dπ(RuII) andπ/π*(CtCAr)
is weak and the orbitals are localized, the dπ(RuII) can therefore
be viewed as an isolated “doped” level that exists between the
π(CtCAr) and π*(CtCAr) levels. There are two major
consequences of this: (1) a linear relationship is obtained
between the MLCT (not intraligand) transition energy fortrans-
[Ru(dmpe)2{CtC(C6H4CtC)n-1Ph}2] and 1/n; and (2) the sum
of the dπ(MII) f π*(CtCAr) MLCT energy fortrans-[ML 4-

(CtCAr)2] and theπ(CtCAr) f dπ(MIII ) LMCT energy for
trans-[ML 4(CtCAr)2]+ corresponds to the intraligandππ*
absorption energy fortrans-[ML 4(CtCAr)2].

It is pertinent to note the significant differences between the
metal-carbon bonding interaction in ruthenium-acetylide and
-cumulene complexes. In ruthenium-cumulene complexes,15

the Ru-C π-interaction is strong and theπ-system is delocalized
throughout the [RudCdCdCAr2] moiety. In contrast, for the
ruthenium-acetylide complexes in this work, dπ(Ru) is only
weakly coupled to theπ-system of the [CtCAr] moieties. We
propose that thetrans-[ML m(CtCAr)2] class of complexes can
be regarded as a model system for metal-doped carbon-rich
π-conjugated wire materials, particularly for M) Ru. We have
demonstrated that theE1/2 values for the oxidation oftrans-
[RuL4(CtCAr)2] can be varied by over 500 mV when L4

changes from (dmpe)2 to 16-TMC, λmax of trans-[Ru(dmpe)2-
(CtCAr)2] can be adjusted by up to 6680 cm-1 when Ar
changes from Ph to [(C6H4CtC)2Ph], andλmax values for the
oxidized M(III) speciestrans-[ML 4(CtCAr)2]+ (M ) Ru and
Fe) are red-shifted by over 10 000 cm-1 as compared totrans-
[ML 4(CtCAr)2]. These observations illustrate that the electro-
chemical and spectroscopic properties oftrans-[RuL4(CtCAr)2]
can be systematically tuned by L4 and Ar, because the energy
of the dπ(MII) level is controlled by the donor strength of the
auxiliary ligand L4, while the nature of Ar can define the
energies of theπ(CtCAr) andπ*(CtCAr) levels.
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