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Abstract: The synthesis and spectroscopic properties of trans-[CI(16-TMC)Ru=C=CHR]PFs (16-TMC =
1,5,9,13-tetramethyl-1,5,9,13-tetraazacyclohexadecane, R = C¢HsX-4, X = H (1), CI (2), Me (3), OMe (4);
R = CHPh; (5)), trans-[CI(16-TMC)Ru=C=C=C(CsH4X-4),]PFs (X = H (6), CI (7), Me (8), OMe (9)), and
trans-[Cl(dppm),M=C=C=C(CsH4X-4)2]PFs (M = Ru, X = H (10), Cl (11), Me (12); M = Os, X = H (13),
Cl (14), Me (15)) are described. The crystal structures of 1, 5, 6, and 8 show that the Ru—C, and C,—Cg
distances of the allenylidene complexes fall between those of the vinylidene and acetylide relatives. Two
reversible redox couples are observed by cyclic voltammetry for 6—9, with Ey;» values ranging from —1.19
to —1.42 and 0.49 to 0.70 V vs Cp,Fe*®, and they are both 0.2—0.3 and 0.1—0.2 V more reducing than
those for 10—12 and 13—15, respectively. The UV—vis spectra of the vinylidene complexes 1—4 are
dominated by intense high-energy bands at Amax < 310 NnM (emax = 10* dm® mol~* cm™1), while weak
absorptions at Amax = 400 NM (emax < 102 dm® mol~ cm™) are tentatively assigned to d—d transitions. The
resonance Raman spectrum of 5 contains a nominal vc—c stretch mode of the vinylidene ligand at 1629
cm~1. The electronic absorption spectra of the allenylidene complexes 6—9 exhibit an intense absorption
at Amax = 479—513 nM (emax = (2—3) x 10* dm® mol~* cm™). Similar electronic absorption bands have
been found for 10—12, but the lowest energy dipole-allowed transition is blue-shifted by 1530—1830 cm™*
for the Os analogues 13—15. Ab initio calculations have been performed on the ground state of trans-[CI-
(NH3)4Ru=C=C=CPh,]* at the MP2 level, and imply that the HOMO is not localized purely on the metal
center or allenylidene ligand. The absorption band of 6 at Amax = 479 nm has been probed by resonance
Raman spectroscopy. Simulations of the absorption band and the resonance Raman intensities show that
the nominal vc—c—c stretch mode accounts for ca. 50% of the total vibrational reorganization energy, indicating
that this absorption band is strongly coupled to the allenylidene moiety. The excited-state reorganization
of the allenylidene ligand is accompanied by rearrangement of the Ru=C and Ru—N (of 16-TMC) fragments,
which supports the existence of bonding interaction between the metal and C=C=C unit in the electronic
excited state.

Introduction s-bonding/back-bonding interaction. Extensive synthetic inves-
The chemistry of metallacumulenes #C).CR; is of con- tigations and numerous X-ray structural determinations, theoreti-

siderable interest from several perspectivéisthe context of ~ @l calculations, and vibrational mode studies have been
materials sciencez-conjugated linear<C), moieties funda- ~ undertaken for metallacumulengsThe majority of these
mentally allow communication between metal centers and complexes are supported by phosphine and/or cyclopentadienyl
remote functional groups, and potential applications as nonlinearligands, while P,G-and N-chelating groups have also been
optical materials and molecular wires have been advocated. described.

Metallacumulenes also represent an interesting class of metal

carbon multiple-bonded compounds for the study of the bonding (2) (a) Hurst, S. K; Cifuentes, M. P.; Morrall, J. P. L.; Lucas, N. T.; Whittall,
. . . icularl ith d to th I.R.; Humphrey, M. G.; Asselberghs,ll.; Persoons, A.; Samoc, M.; Luther-
interaction in MEC).CR;, particularly with regard to the Davies, B.; Willis, A. C.Organometallic2001, 20, 4664-4675. (b) Uno,

oxidation state assignment of the metal ion and the degree of M Dixneuf, P. H.Angew. Chem,, Int. Ed. Engl998 37, 1714-1717.
(c) Lang, H.Angew. Chem., Int. Ed. Endl994 33, 547-550. Examples

of other metal analogues and acetylide relatives: (d) McDonagh, A. M.;

TIn memory of Dr. Vincent M. Miskowski. i, Humphrey, M. G.; Samoc, M.; Luther-Davies, B.; Houbrechts, S.; Wada,
* For correspondence regarding Raman spectroscopy: phillips@hku.hk. T.; Sasabe, H.; Persoons, A. Am. Chem. Sod.999 121, 1405-1406.
(1) (a) Bruce, M. I.Chem. Re. 1998 98, 2797-2858. (b) Bruce, M. IChem. (e) Bartik, T.; Weng, W.; Ramsden, J. A.; Szafert, S.; Falloon, S. B.; Arif,
Rev. 1991 91, 197-257. A. M,; Gladysz, J. AJ. Am. Chem. S0d.998 120, 11071-11081.
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Due to their conjugated nature, the bonding of metallacu- ruthenium-porphyrin catalyst8 Ruthenium-allenylidene com-
mulenes may be represented by mesomeric structures, such aglexes have also recently been employed as catalysts for ring-
M~—C=C-C'R,; <= M=C=C=CR,, for allenylidene com- closing olefin metathesis and propargylation of aromatic
plexes® To facilitate the development of these materials, compounds? Nevertheless, despite their demonstrated capabili-
particularly for optoelectronic applications, it is important to ties and versatility, investigations regarding the spectroscopic
understand the excited states arising from the electronic transi-nature of Re=C moieties remain sparse in the literature. We
tions associated with M{C),CR, moieties. Techniques such recently initiated research activities for organoruthenium com-
as UV—vis and resonance Raman spectroscopy can be employeglexes containing the macrocyclic tertiary amine 1,5,9,13-

to investigate the properties of such excited states, and theytetramethyl-1,5,9,13-tetraazacyclohexadecane (16-TTEY his
can also provide information regarding the interaction between ligand is optically transparent in the UWis spectral region
the metal and cumulene ligand in both the ground and excited and is ideally suited to allow examination of the electronic
states. However, there have been few spectroscopic studies ofransitions associated with the ReC),.CR, fragment. Further-
metallacumulenes, and the ubiquitous incorporation of unsatur-more, 16-TMC is a pure-donor and does not compete with

ated organic ancillary ligands in M{C).CR, complexes has
hampered spectral assignment and interpretation.

We are interested in rutheniuncarbon multiple-bonded

the &C),CR; ligand forzz-bonding (either direct g-p, (filled)

or m-back-bonding) interactions. This and closely related
macrocyclic ligands have been widely used to stabilize metal

complexes, which have been established as novel and divers@xygen and-nitrogen multiple-bonded systerf.

catalysts for important organic transformatidriSor example,
the Grubbs alkylidene complexes RyECHR)(PR). and

Previous reports have shown that stable oxoruthenium(lV)
and -(VI) complexes of 16-TMC can be obtained at relatively

more recent congeners containing N-heterocyclic carbenelow reduction potentiglé?.ln this account, we prepared a series
ligands are highly active and functional-group-tolerant catalysts of aryl-substituted vinylidene and allenylideneruthenium

for olefin metathesis reactiodsRuthenium-carbene species

complexes supported by 16-TMC. Rational methodologies

have been proposed as active intermediates for carbene insertoward the targeted organometallic species have been devised,

tions into CG=C and C-H bonds, as highlighted by reports on

(3) For examples, see: (a) llg, K.; Werner, €hem. Eur. J2002 8, 2812
2820. (b) Rigaut, S.; Monnier, F.; Mousset, F.; Touchard, D.; Dixneuf, P.
H. OrganometallicR002 21, 2654-2661. (c) Bustelo, E.; Jihmez-Tenorio,
M.; Mereiter, K.; Puerta, M. C.; Valerga, R®rganometallics2002 21,
1903-1911. (d) Cadierno, V.; Conejero, S.; Gamasa, M. P.; Gimeno, J.;
Rodrguez, M. A.Organometallic2002 21, 203-209. (e) Cadierno, V.;
Gamasa, M. P.; Gimeno, J.; GoteaBernardo, C.; Rez-Carrép, E.;
Garca-Granda, SOrganometallics2001, 20, 5177-5188. (f) Gonzkez-
Herrero, P.; Weberrdfer, B.; llg, K.; Wolf, J.; Werner, HOrganometallics
2001, 20, 3672-3685. (g) Moigno, D.; Kiefer, W.; Callejas-Gaspar, B.;
Gil-Rubio, J.; Werner, HNew J. Chem2001, 25, 1389-1397. (h) Bruce,
M. I.; Low, P. J.; Costuas, K.; Halet, J.-F.; Best, S. P.; Heath, Gl. Am.
Chem. Soc200Q 122 1949-1962. (i) Re, N.; Sgamellotti, A.; Floriani,
C. Organometallic00Q 19, 1115-1122. (j) Moigno, D.; Kiefer, W.; Gil-
Rubio, J.; Werner, HJ. Organomet. Chen200Q 612, 125-132. (k)
Touchard, D.; Haquette, P.; Daridor, A.; Romero, A.; Dixneuf, P. H.
Organometallics1998 17, 3844-3852. (I) Colbert, M. C. B.; Lewis, J.;
Long, N. J.; Raithby, P. R.; Younus, M.; White, A. J. P.; Williams, D. J.;
Payne, N. N.; Yellowlees, L.; Beljonne, D.; Chawdhury, N.; Friend, R. H.
Organometallics1998 17, 3034-3043. (m) Touchard, D.; Dixneuf, P. H.
Coord. Chem. Re 1998 178-180, 409-429. (n) Olivan, M.; Eisenstein,
O.; Caulton, K. GOrganometallicsl997, 16, 2227-2229. (o) Werner, H.
Chem. Communl997, 903-910.

(4) (a) Martn, M.; Gevert, O.; Werner, Hl. Chem. SagDalton Trans 1996
2275-2283. (b) Braun, T.; Steinert, P.; Werner, H.Organomet. Chem.
1995 488 169-176.

(5) (@) Riba, E.; Hummel, A.; Mereiter, K.; Schmid, R.; Kirchner, K.
Organometallics2002 21, 4955-4959. (b) Tenorio, M. A. J.; Tenorio,
M. J.; Puerta, M. C.; Valerga, ®rganometallic200Q 19, 1333-1342.
(c) Cadierno, V.; Gamasa, M. P.; Gimeno, J.; Iglesias, L.; Ga@Branda,
S.Inorg. Chem1999 38, 2874-2879. (d) Yang, S.-M.; Chan, M. C. W.;
Cheung, K.-K.; Che, C.-M.; Peng, S.-Mrganometallicsl997, 16, 2819
2826. (e) Slugovc, C.; Mereiter, K.; Zobetz, E.; Schmid, R.; Kirchner, K.
Organometallics1996 15, 5275-5277.

(6) (a) Tamm, M.; Jentzsch, T.; Werncke, @rganometallics1997, 16, 1418
1424, (b) Bruce, M. |.; Hinterding, P.; Low, P. J.; Skelton, B. W.; White,
A. H. Chem. Commun1996 1009-1010. (c) Touchard, D.; Pirio, N.;
Toupet, L.; Fettouhi, M.; Ouahab, L.; Dixneuf, P. BrganometallicsL995
14, 5263-5272.

(7) (a) Trost, B. M.; Toste, F. D.; Pinkerton, A. Ehem. Re. 2001 101,
2067-2096. (b) Naota, T.; Takaya, H.; Murahashi, SChem. Re. 1998
98, 2599-2660. (c) Doyle, M. P.; Forbes, D. @hem. Re. 1998 98,
911-935. (d) Bruneau, C.; Dixneuf, P. lAcc. Chem. Re4999 32, 311—
323.

(8) (a) Sanford, M. S.; Ulman, M.; Grubbs, R. Bl. Am. Chem. SoQ001,
123 749-750. (b) Weskamp, T.; Kohl, F. J.; Hieringer, W.; Gleich, D.;
Herrmann, W. AAngew. Chem., Int. Ed. Endl999 38, 2416-2419. (c)
Huang, J.; Stevens, E. D.; Nolan, S. P.; Petersen, J. Am. Chem. Soc.
1999 121, 2674-2678. (d) Scholl, M.; Ding, S.; Lee, C. W.; Grubbs, R.
H. Org. Lett.1999 1, 953-956. (e) Weskamp, T.; Schattenmann, W. C.;
Spiegler, M.; Herrmann, W. AAngew. Chem., Int. Ed. Engl99§ 37,
2490-2493. (f) Schwab, P.; Grubbs, R. H.; Ziller, J. \&.. Am. Chem.
Soc.1996 118 100-110. (g) Nguyen, S. T.; Grubbs, R. H.; Ziller, J. W.
J. Am. Chem. S0d.993 115 9858-9859.
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and a hydrogen-atom addition reaction by the allenylidene
complexes is also described. To provide a comparative study
on the ligand effect upon the spectroscopic and electrochemical
properties of the [ReegC=C=CR;] moiety, (dppm)-ligated
ruthenium and osmium congeners have also been prepared and
investigated. Theoretical calculations on the ground state of the
model complex [CI(NH),Ru=C=C=CPh]" have been per-
formed. Resonance Raman spectroscopy has been utilized to
probe the electronic transitions associated with the vinylidene
and allenylidene complexes in order to gain insight into the
nature of the R#EC),CR, bonding interaction.

Experimental Section

General ProceduresAll reactions were performed under a nitrogen

atmosphere using standard Schlenk techniques unless otherwise stated.

All reagents were used as received, and solvents were purified by

(9) (a) Li, Y.; Huang, J.-S.; Zhou, Z.-Y.; Che, C.-M.; You, X.-Z.Am. Chem.
S0c.2002 124, 13185-13193. (b) Miller, J. A.; Jin, W.; Nguyen, S. T.
Angew. Chem., Int. E@002, 41, 2953-2956. (c) Munslow, I. J.; Gillespie,
K. M.; Deeth, R. J.; Scott, Chem. Commur2001, 1638-1639. (d) Che,
C.-M.; Huang, J.-S.; Lee, F.-W.; Li, Y.; Lai, T.-S.; Kwong, H.-L.; Teng,
P.-F.; Lee, W.-S.; Lo, W.-C.; Peng, S.-M.; Zhou, Z.-(.Am. Chem. Soc.
2001, 123 4119-4129. (e) Li, Y.; Huang, J.-S.; Zhou, Z.-Y.; Che, C.-M.
J. Am. Chem. So@001, 123 4843-4844. (f) Hamaker, C. G.; Mirafzal,
G. A,; Woo, L. K. Organometallic2001, 20, 5171-5176. (g) Galardon,
E.; Maux, P. L.; Simonneaux, Getrahedror200Q 56, 615-621. (h) Wolf,

J. R.; Hamaker, C. G.; Djukic, J.-P.; Kodadek, T.; Woo, LIJKAm. Chem.
So0c.1995 117, 9194-9199. (i) Smith, D. A.; Reynolds, D. N.; Woo, L.
K. J. Am. Chem. S0d.993 115 2511-2513.

(10) (a) Nishibayashi, Y.; Inada, Y.; Hidai, M.; Uemura,J5Am. Chem. Soc.
2002 124, 7900-7901. (b) Nishibayashi, Y.; Yoshikawa, M.; Inada, Y.;
Hidai, M.; Uemura, SJ. Am. Chem. So@002 124, 11846-11847. (c)
Sameril, D.; Oliver-Bourbigou, H.; Bruneau, C.; Dixneuf, P. Bhem.
Commun2002 146-147. (d) Fustner, A.; Liebl, M.; Lehmann, C. W.;
Picquet, M.; Kunz, R.; Bruneau, C.; Touchard, D.; Dixneuf, PQHem.
Eur. J 200Q 6, 1847-1857.

(11) (a) Choi, M.-Y.; Chan, M. C. W.; Peng, S.-M.; Cheung, K.-K.; Che, C.-
M. Chem. Commur200Q 1259-1260. (b) Choi, M.-Y.; Chan, M. C. W.;
Zhang, S.; Cheung, K.-K.; Che, C.-M.; Wong, K.-®@rganometallics.999
18, 2074-2080. (c) Yang, S.-M.; Chan, M. C. W.; Peng, S.-M.; Che, C.-
M. Organometallics1998 17, 151-155. (d) Yang, S.-M.; Cheng, W.-C.;
Peng, S.-M.; Cheung, K.-K.; Che, C.-Nl.Chem. Soc., Dalton Tran995
2955-2959.

(12) (a) Chan, P.-M.; Yu, W.-Y.; Che, C.-M.; Cheung, K.-K. Chem. Soc.,
Dalton Trans.1998 3183-3190. (b) Che, C.-M.; Lai, T.-F.; Wong, K.-Y.
Inorg. Chem 1987, 26, 2289-2299. (c) Che, C.-M.; Wong, K.-Y.; Poon,
C.-K. Inorg. Chem.1986 25, 1809-1813.

(13) Che, C.-M.; Yam, V. W.-WAdv. Inorg. Chem1992 39, 233-325.
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standard methods. Zinc amalgam was prepared by adding zinc turningsolvent bands, the Rayleigh line, and the quartz cell background signal
(0.3 g) to a methanolic solution (10 mL) of mercury acetate (0.1 g), from the resonance Raman spectrum.

followed by washing with methanol. [Ru(16-TMCYJTI,*2¢ RuCh(= Computational Methodology. The ab initio calculations were
CHPh)(PCy)2,8" RuChL(=C=CHPh)(PCy)),,** trans[Cl(dppm)Ru= performed on the model complex [CI(NJARu=C=C=CPh] " (with
C=C=C(GsHsX-4);]PFs (X = H, CIl, Me (10-12),'® and cis- C: symmetry), which was used as a computational model for [CI(16-

[Os(dppm)Cl;]*¢ were prepared according to published procedures. TMC)Ru=C=C=CAr,]" (6—9). The geometry of the complex was
1H, 18C{'H}, DEPT-135, and*P{'H} NMR spectra were recorded  optimized at second-order MgltePlesset (MP2) level. The large orbital
on Bruker 400 DPX, 500 DRX, and 600 DRX FT-NMR spectrometers. basis sets with relativistic effective core potential CRENBL ECP
Peak positions were calibrated with solvent residue peaks as internalproposed by Christiansen et'@were employed, i.e., H (4s), C, N, CI
standard foH and'3C{H} spectra, while thé'P NMR spectra were (ECP, 4s, 4p), and Ru (ECP, 5s, 5p, 4d), and the number of valence
referenced to external 85%PiQs. In the'H and™*C{'H} NMR spectra, electrons involved for Ru, C, N, and Cl were 16, 4, 5, and 7,
multiple resonances corresponding to different conformations of 16- respectively. Therefore, the calculations employed 448 basis functions
TMC were observed. This is because the 16-TMC ligand, like its and 124 electrons. The natural charges were calculated using natural
congeners 14- and 15-TMC, can exhibit several possible conformations population analysi&? The calculations were accomplished using the
upon coordination to the metal cen&f7(the crystal structures in this Gaussian 98 prograthon a PC, natural population analysis was
work also show that some (G} groups are disordered, and the methyl  performed using NBO version 32distributed in Gaussian 98, and
groups attached to N atoms are often disordered and occupy at leasthe molecular graphics are presented using MOLEKEL versio®4.3.
two positions). Variable-temperatutél and 3C{*H} NMR spectra Synthesis. [CI(16-TMC)Ru=C=CH(C¢H4X-4)]PFs (1—4). Excess
(=75 and 35°C) for complex7 have been recorded, and the minimal HC=CGCs;HsX-4 (1 mmol) was added to a mixture containing [Ru(16-
differences observed suggest that the conformations are not inter-TMC)CI;]CI (0.10 g, 0.20 mmol) and zinc amalgam in methanol (30
changeable in this temperature range. In ¥@&{'H} and (to some mL). After refluxing for 2 h, the resultant green solution was filtered
extent)'H NMR spectra, all positions of the 16-TMC ligand have been and added to a saturated methanolic solution of,/fi to afford a
assigned and the peak(s) listed for each position correspond to signal-green crystalline solid. This solid was recrystallized by slow diffusion
(s) of greater intensity (see Supporting Information for spectr@) of of Et,O into a CHCI, solution to give bright green crystals. Complex
Fast atom bombardment (FAB) mass spectra were obtained on al (X = H): yield 0.09 g, 67%. Anal. Calcd for 4H4,N,RuCIPF: C,
Finnigan MAT 95 mass spectrometer with a 3-nitrobenzyl alcohol 43.15; H, 6.34; N, 8.39. Found: C, 42.99; H, 6.36; N, 828NMR
matrix. Infrared spectra were recorded as KBr plates on a Bio-Rad FT- (500 MHz, (CD»),CO): 6 1.50-1.58, 1.86-2.26 (m, 16H, CH), 2.47,
IR spectrometer. UV vis spectra were recorded on a Perkin-Elmer 2.70, 2.73 (singlets, 12H, NG} 3.29-4.13 (m, 8H, CH), 4.83, 4.89
Lambda 19 spectrophotometer. Elemental analyses were performed by(2 x s, 1H,=CH), 7.16-7.55 (m, 5H, GHs). C{*H} NMR (126
the Institute of Chemistry, Chinese Academy of Sciences, Beijing. MHz, (CDs),CO): 6 20.9, 21.0 (NCHCH,); 45.0, 48.1, 50.5, 51.3,
Cyclic voltammetry was performed with a Princeton Applied 55.2 (NCH); 57.8, 58.1, 61.1, 62.4, 65.7, 66.1, 67.2, 68.6 (NCH
Research Model 273A potentiostat. A conventional two-compartment 111.1, 111.4 (¢); 126.5, 126.6, 128.5, 128.6, 129.2 (aryl C); 127.4,
electrochemical cell was used. The glassy-carbon electrode was polished27.7 (Gpso); 349.4, 351.5 (§). IR (cm™): ve—c = 1593, 1607 yp_¢
with 0.05um alumina on a microcloth, sonicated for 5 min in deionized = 834. FAB-MS: m/z523 [M*]. See Supporting Information f@—4.
water, and rinsed with acetonitrile before use. An Ag/AgN@.1 M [CI(16-TMC)Ru=C=CHCHPh;]PFs (5). The procedure fol—4
in CHsCN) electrode was used as reference electrode. All solutions was adopted, but 1,1-diphenyl-2-propyn-1-ol was used instead of the
were degassed with argon before experimehig values are the acetylene substrate. Addition of a saturated methanolic solution gf NH
average of the cathodic and anodic peak potentials for the oxidative PFs afforded a pale red crystalline solid, which was recrystallized from
and reductive waves. TH&, value of the ferrocenium/ferrocene couple  CHxCI/EtO to give bright red crystals. Yield 0.11 g, 73%. Anal. Calcd
(CpFet’®) measured in the same solution was used as an internal for Ca1HagN4RUCIPFR: C, 49.11; H, 6.38; N, 7.39. Found: C, 48.99;
reference, and all reporte#l, values are referenced to the £p° H, 6.41; N, 7.44H NMR (500 MHz, (C}),CO): 6 1.46-1.52, 1.86-
couple.
Resonance Raman Spectroscophe resonance Raman apparatus (1) §8) PeChy 5 [ PSRt Fe b 6100 RCTRIG P 200, 1
and methods have previously been described in détaiid a summary Ermler, W. C.J. Chem. Phys1987 87, 2812-2824. Basis sets were
is given here. The first anti-Stokes Raman-shifted line of the second obtained from the Extensible Computational Chemistry Environment Basis
harmonic of an Nd:YAG laser provided the excitation frequency for ,\Sﬂitle'gﬁgb?c?én\égrs(':%%S&i%/g%':aiﬁit?f‘g?lﬁgﬂmi”:taf";g'db“,\tﬂecﬂegzlatrhe
the resonance Raman experiment. The laser beam was loosely focused  Sciences Laboratory which is part of the Pacific Northwest Laboratory,

onto the sample using130° backscattering geometry, and reflective P.O. Box 999, Richland, WA 99352 and funded by the U.S. Department

. . . . of Energy. The Pacific Northwest Laboratory is a multiprogram laboratory
optics were used to collect the Raman-scattered light and image it operated by Battelle Memorial Institute for the U.S. Department of Energy
through a depolarizer and entrance slit of a 0.5 m spectrograph equipped ~ under contract DE-AC06-76RLO 1830. Contact David Feller or Karen

with a 1200 groove/mm ruled grating blazed at 250 nm. The light was (g %',:)hgceré%rd}\.fcl’;fwgﬁrs{g';cf(rm;tg?'wanhold F.Chem. Phys1985 83

dispersed onto a liquid nitrogen cooled CCD detector. Accumulations 735-746. (b) Reed, A. E.; Weinhold, B. Chem. Phys1983 78, 4066

i i 4073.

of about 1 min were acquired from the CCD, and about 30 of these (21) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
scans were added to afford the resonance Raman spectrum. Known " A Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
acetonitrile solvent bands were used to calibrate the Raman shifts of E- 5-:3urantMJ-CC-;FD?<DDHgL _? MI”‘aTY é- M.; De/nleclzs, A. a-; éudln,_
: . N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,

the resonance Raman spectrum. Appropr_lately scaled solyent and quartz R.: Mennucci. B.. Pomelli. C.: Adamo. C.. Clifford. S.. Ochterski, J.:

cell background spectra (accumulated simultaneously with the sample Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
i Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,

spectra on a different part of the CCD) were subtracted to remove the 3V Baboul A Ge. Stefanov. B.B.: Litt G.- Liashenko. A Piskorz. P

Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,

(14) Katayama, H.; Ozawa, Prganometallics1998 17, 5190-5196. M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M;
(15) Touchard, D.; Pirio, N.; Dixneuf, P. Drganometallics1995 14, 4920- Gill, P. M. W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.;
4928. Head-Gordon, M.; Replogle, E. S.; Pople, J. Baussian 98Revision
(16) Sullivan, B. P.; Meyer, T. dJnorg. Chem.1982 21, 1037-1040. A.7); Gaussian, Inc.: Pittsburgh, PA, 1998.
(17) (a) Che, C.-M.; Cheng, W.-K; Lai, T.-F.; Poon, C.-K.; Mak, T. C. W.  (22) Glendening, E. D.; Reed, A. E.; Carpenter, J. E.; WeinholdNBO 3.1
Inorg. Chem.1987, 26, 1678-1683. (b) Che, C.-M.; Wong, K.-Y.; Mak, Board of Regents of the University of Wisconsin System on behalf of the
T. C. W. Chem. Commur1985 988-990. (c) Mak, T. C. W.; Che, C.- Theoretical Chemistry Institute, 199@€003.
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2.28 (m, 16H, CH), 2.42, 2.58, 2.61 (singlets, 12H, NG}13.18— Scheme 1

4.06 (m, 8H, CH), 4.68, 4.74 (2x d, 1H,3Jyy = 10.5 Hz,=CH,), + X

6.01, 6.03 (2x d, 1H,3J4y = 10.5 Hz, CHP), 7.23-7.60 (m, 10H, m —| \O\ H —| +

CoHs). 2C{H} NMR (126 MHz, (CD),CO): 6 20.9, 21.6 (NCHCH,); ""e\N cl N/""e c”

42.1, 42.4 (CHPJ); 44.8, 48.0, 50.4, 50.8, 54.8 (NG}457.5, 57.9, s Ve m Ve

61.0, 62.4, 65.7, 66.0, 67.1, 69.4 (NQH112.1, 112.4 (§); 126.8, P, |“\ N N

128.0, 128.9 (aryl C); 145.9, 146.0i&); 347.4, 350.5 (©). IR (cnmY): AN NH4PFg "'IIRJ\““ PFg

Vo—c = 1631,vp_¢ = 839. FAB-MS: m/z 613 [M]. Me Me —— 7S
[CI(16-TMC)RU=C=C=C(CsHX-4),]PFs (6-9). A methanolic MeOH 2RI

solution (30 mL) of [Ru(16-TMC)GICI (0.10 g, 0.20 mmol) was * ZniHg ¢ v ©

refluxed in the presence of zinc amalgam for 10 min. This was filtered X= H 1

to give a green solution, and excessHCC(GH4X-4),0H (0.40 mol) XAQ%H Cl 2

was then added. After refluxing for 2 h, the resultant deep red solution Me 3

was filtered and added to a saturated methanolic solution ofPRH OMe 4

to afford a red crystalline solid. The crude red solid was dissolved in

a minimum amount of CkClz, and slow diffusion of BO into this of the associated C atom. FICH,Cl,, two formula units were located

solution afforded deep red crystals. CompbefX = H): yield 0.11 g, in the asymmetric unit. Disorder is observed in the (Hnits of the

73%. Anal. Calcd for GHaeNJRUCIPR: C, 49.24; H, 6.13; N, 7.41.  16-TMC ligands, and some restraints had been applied. In the final

Found: C, 49.29; H, 6.20; N, 7.6%4 NMR (500 MHz, (C»),CO): stage of least-squares refinement, the disordered atoms and C(50) of

01.38-1.48, 1.672.28 (m, 16H, CH)), 2.36, 2.39, 2.52 (singlets, 12H,  the solvent molecule were refined isotropically. FBCH,Cl,, one
NCHjz), 3.05-4.04 (m, 8H, CH), 7.35-7.48 (m, 4H, H), 7.85-7.91 crystallographic asymmetric unit consists of one formula unit. The CH
(m, 2H, Hy), 8.07-8.11 (m, 4H, H,). 3C{*H} NMR (126 MHz, (CD}).- and two CH groups bound to N(3) in the 16-TMC ligand, plus the
CO): 6 20.9, 21.6 (NCHCH,); 44.6, 48.1, 50.6, 50.7, 54.4 (NG} PFs~ unit, are disordered. Fd@, one crystallographic asymmetric unit
57.6,57.8,58.0,61.3,61.7,65.9, 66.2, 67.0, 69.9 (BCR7.1, 129.7, consists of one formula unit. Disorder was found concerning groups
130.0 (aryl C); 150.1, 150.7 (& 150.9, 151.0 (so); 248.7, 250.7 bound to N(3) and N(4), which were refined isotropically. Boone

(Cp); 302.9, 308.6 (Q). IR (cm™Y): ve—c—c = 1884,vp_r = 841. FAB- crystallographic asymmetric unit consists of one-half of one formula
MS: m/z 611 [M*]. See Supporting Information fof—9. unit. The (CH)s groups of the 16-TMC ligand are disordered, and
[Cl(dppm) 20s=C=C=C(CsH4X-4);]PFs (13—15). To a CHCl, restraints have been applied.

solution (30 mL) of HGECC(GH4X-4),0OH (0.50 mol) and NaRF0.1
g, 0.60 mmol) was addets-[Os(dppm)Cl;] (0.15 g, 0.27 mmol). After
stirring for 3 h atroom temperature, the color of the solution turned Synthesis and CharacterizationIn the literature, extensive
deep violet then deep orange-red. The reaction mixture was stirred for g dies on the preparation of vinylideneand allenylidene

an additional 12 h and filtered. All volatile components were removed ruthenium complexes [formulated as Ru(ll)] supported by
under vacuum. The resultant red solid was washed wif® E2 x 15 phosphine and arene ligands have appearedthe present

mL) and recrystallized by slow diffusion of £ into a CHClI, solution ) . LR S
to g;)|ive brigh?red CrySta)lls Compledd (X :EL), yieId%Zég 7506 work, we synthesized ruthenium derivatives containing the

Anal. Calcd for GsHeOSCIRFs: C, 58.72: H, 4.09. Found: C,58.81: macrocyclic amine ligand 16-TMC. Unlike other literature

Results

H, 4.03.'H NMR (400 MHz, (CD).CO): o 5.99-6.25 (m, 4H, methods, a Ru(lll) rather than Ru(ll) precursor was used because
PCHP), 6.69-7.78 (m, 50H, aryl H)’*C{H} NMR (100 MHz, (CD),- the Ru(ll) species [Ru(16-TMC)glIcannot be isolated. The in
CO): 6 50.6 (PCHP), 128.6-133.3 (aryl C), 150.3 (o), 155.4 (G), situ reduction of [Ru(16-TMC)G]CI by zinc amalgam resulted
225.6 (@), 270.8 (G). *'P{*H} NMR (162 MHz, (CR).CO): 6 —57.7 in the generation of a Ru(ll) species, the chloride ligands of
(s), —144.1 (sept, P& *Jpr = 708 Hz). IR (cm): vo—c—c = 1924, which are more reactive to substituti®hHence, reaction of

vpr = 839. FAB-MS: mV/z 1183 [M']. See Supporting Information [Ru(16-TMC)CB]Cl and HG=CR in the presence of zinc amal-
forX14 andcls.t | _— ol data and details of dar 92T N refluxing methanol afforded the vinylideneithenium
-ray Crystallography. The crystal data and details of data - : ;
. - . ) complexesl—4 (Scheme 1) with an overall yield of around 70%
collection and refinement fol-CH,Cl;, 5-CH.Cly, 6, and 8 are (for synthesis of the related derivatie see below). Slow

summarized in Table S1 (see Supporting Information). A MAR . ; . . .
diffractometer with a 300 mm image plate detector using graphite- diffusion of EtO into a CHCI, solution under inert-atmosphere

monochromatized Mo K radiation ¢ = 0.71073 A) was employed ~ conditions yielded analytically pure crystalline solids. The
for data collection. The images were interpreted and intensities Vinylidene complexes are mildly unstable upon exposure to air
integrated using program DENZ®,and structures were solved by in both solid and solution forms; oxidative cleavage of the
direct methods employing the SIR-97 progfaimn a PC. The Ru, Cl, vinylidene ligands occurs within 10 h in solution to give a
and many non-H atoms were located according to the direct methods.carbony| complex (characterized by its_o at 1917 cm?).

The positions of the other non-hydrogen atoms were found after  N@ reaction was observed betweka5 and methanol upon
successful refinen‘gent by full—matrix least-squares using program refluxing for 48 h, although there have been reports of
SHELXL-97 on PC® Except for disordered atoms, non-hydrogen atoms vinylidene—ruthenium complexes that react with methanol to

were refined anisotropically in the final stage of least-squares refine- ~. th Ikvicarb lex®$m Thei ist ¢
ment. Unless otherwise stated, the positions of H atoms were calculateg¥!Ve Methoxyalkylicarbene complexes. eir resistance 1o

based on riding mode with thermal parameters equal to 1.2 times that@ttack by methanol is presumably a result of both steric and
electronic factors; the four NMe groups of 16-TMC may provide
(24) DENZO: In The HKL Manuat-A description of programs DENZO protection for the @ atom, while the 16-TMC ligand is a pure
XDISPLAYF and SCALEPACHKritten by Gewirth, D. with the cooperation o-donor that increases thﬂ,Lbasicity of the ruthenium ion
of the program authors Otwinowski, Z.; Minor, W.; Yale University: New . X - )
Haven, CT, 1995. making G, less susceptible to nucleophilic attack. By monitoring
(25) SIR-97: Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, G.; H H i 1
Giacovazzo, C.; Guagliardi, A.; Moliterni, A. G. G.; Polidori, G.; Spagna, the Vlny“dene prOton Slgnal of complel by H NMR
R. J. Appl. Crystallogr.1998 32, 115-119.
(26) SHELXL-97: Sheldrick, G. M. Programs for Crystal Structure Analysis (27) Poon, C.-K.; Che, C.-M.; Kan, Y.-B. Chem. Soc., Dalton Tran$98Q
(release 9%2); University of Goetingen: Germany, 1997. 128-133.
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Scheme 2
_| +
Me m,Me HC=CCPh,OH N
N, | &N NH4PFg ||
Ru
N/ ‘ \N MeOH
Zn/H:
Me/ Cl “Me g
5 (pale red)
1) MeOH Ph Ph
Zn/Mg:fitter \ﬁ/
(pale green
solution) c —| + MeOH
Zn/Hg

2) HC=CCPh,OH
NH,4PFg

(deep red)

spectroscopy, deprotonation of the vinylidene ligand was
achieved upon addition of sodium methoxide but not triethyl-
amine. This is in contrast to the reactivity of phosphine-
supported analogues suchteens[Cl(dppelRu=C=CHR]PF
andtrans[Cl(dppm)»Ru=C=CHR]PF;, which have been ob-
served to interact with triethylamine to give the corresponding
acetylide complexe®

Scheme 3

R\ /R —|+

+

PFg~
Me * 1y MeOH, Zn/Hg; Me K 6
filter N ||
B —
< '|‘ 3 2) HC=CCR,OH < >
NH,PFg

Me

R = CSH4C|-4 7
= CsH4Me-4 8
= CSH4OMe-4 9

in methanol. The resultant pale green solution was then filtered
and refluxed with 1,1-diphenyl-2-propyn-1-ol in the absence of
zinc amalgam. A deep red product was isolated and found to
exhibit an intense IR stretching band at 1884 énwhich is
comparable to reportedvc—c—c values for ruthenium
allenylidene complexel$.On the basis of FAB-MS antH and
13C NMR data, the deep red product was identified as [CI(16-
TMC)Ru=C=C=CPh]PFs (6). This synthetic route was there-
fore employed to synthesize the substituted allenylidene de-
rivatives 7—9 (Scheme 3).

Our observations suggest that the vinylidene complesas
formed via the allenylidene derivatigits deep red color was
observed en route to the generationdpfand this is strongly

The vinylidene complexes have been characterized by varioussupported by the fact thatcan be converted tupon refluxing

spectroscopic techniques. THe signals at 4.834.91 ppn?®
together with typical low-field3C NMR signals at 3474353.1
ppm, confirm the presence of the vinylidene moiety. The IR
spectra also showc—c stretching frequencies at 1593631
cmL, which are among the lowest reported for vinylidene
ruthenium derivative&® For example, the:c—c values (1593
and 1607 cm?) for trans[Cl(16-TMC)Ru=C=CHPh]PF (1)

are noticeably lower than that of 1628 ctifor trans[CI-
(dppe)Ru=C=CHPh]PF and 1658 cm! for trans[Cl-
(dppmpRU=C=CHPh]PF.28

in methanol in the presence of Zn/Hg. It is interesting to note
that the apparent hydrogen-atom addition process only occurs
at G/C, but not G/Cg, plus this reaction does not ensue for
the vinylidene complexes.

Although there have been accounts of allenylidenghen-
ium complexes which react with methanol to give unsaturated
carbene derivatives, no reaction was observed beté&e8rand
methanol upon refluxing for 48 h. In addition, compléx
remained intact after treatment with NaOMe (20 equiv) in
methanol for 48 h at room temperature. In contrast, the

Preparation of allenylidene derivatives were attempted using diphosphine analoguesans[Cl(dppm)Ru=C=C=CR,]PFs

propargylic alcohols following the synthetic strategy depicted
at the top of Scheme 2. Upon refluxing a mixture of 1,1-
diphenyl-2-propyn-1-ol and [Ru(16-TMC)&CI in the presence

of zinc amalgam in methanol, a pale red solid was isolated that

exhibits an IR band at 1631 crh Its mass spectrum revealed
a parent molecular ion peak at 613, and tHeNMR spectrum

react with NaOMe to givérans|[Cl(dppmhRu—C=C—C(OMe)-

R;] derivativest® Also, no reaction was detected between

complex6 and 100 equiv of CECOOH in CHCI, after 10 h.
Complexes6—9 display low-field3C NMR signals for G

(294.6-308.6 ppm), ¢ (229.1-257.3 ppm), and £(149.1—

150.7 ppm). Like the vinylidene complexes, the-c—c in this

contained a vinylidene proton (4.68, 4.74 ppm) that is coupled work are among the lowest reported for allenylidenathenium

to another deshielded proton (6.01, 6.03 pgps, = 10.5 Hz).
This complex was formulated as the vinylidene derivative [CI-
(16-TMC)Ru=C=CH—CHPh]PFs (5), and the molecular struc-
ture was confirmed by X-ray crystal analysis (see below).

We suspected that the presence of the zinc amalgam reagentively.

throughout the reaction caused the formation of compex

derivatives. For example, the—c—c for 6 appears at 1884 crh
while for the phosphine-supported congerteass[Cl(dppm)-
Ru=C=C=CPh]PFs (10) and trans[Cl(dppe)Ru=C=C=
CPh)PFs, vc—c—c is observed at 1928 and 1923 cthrespec-
15,30

It was found that the reaction of [Ru(16-TMCYLt with

Therefore, the synthetic methodology was modified and per- 1-phenyl-2-propyn-1-ol according to Scheme 3 did not cleanly

formed in sequence (see bottom of Scheme 2). [Ru(16-TMC)-

Cl;]Cl was first reduced to a Ru(ll) species by zinc amalgam

(28) (a) Touchard, D.; Haquette, P.; Guesmi, S.; Pichon, L. L.; Daridor, A.;
Toupet, L.; Dixneuf, P. HOrganometallics1997, 16, 3640-3648. (b)
Touchard, D.; Haquette, P.; Pirio, N.; Toupet, L.; Dixneuf, P. H.
Organometallics1993 12, 3132-3139.

(29) Two singlets are observed for the vinylidene proton intth&lMR spectra
of 1—4 due to the existence of two prevalent conformations for the 16-
TMC ligand in solution (see Experimental Section and Supporting
Information).

yield an allenylidene complex. When the reaction was carried
out in methanol, a mixture of [Cl(16-TMC)ReC=CH—-CH-
(OMe)Ph]PF (vc—c = 1608 cnTl; 1H NMR: 3.35 (OMe), 4.12,
4.17 &C=CH), 6.10, 6.13 ppm=tC=CH—CH), 3Jyy = 8.2

Hz; M* = 567) and [CI(16-TMC)R&eC=C=CHPh]PF (vc=c

= 1887 cnt!; 'H NMR: 8.35, 8.37 ppm £C=C=CH);

(30) Touchard, D.; Guesmi, S.; Bouchaib, M.; Haquette, P.; Daridor, A.; Dixneuf,
P. H. Organometallics1996 15, 2579-2581.

J. AM. CHEM. SOC. = VOL. 126, NO. 8, 2004 2505



ARTICLES Wong et al.

C13

C4

C3

C22

Clé

Figure 1. Perspective view of one of the two cationsli30% probability
ellipsoids).

Scheme 4
+
R\ /R—|
i
HC=CCR,OH ﬁ PFe
) NaPFg
cis-[M(dppm)oClp] —— PhoP, I PPhy
CH,Cly "’M“\
N
PhyP PPh
2P 2
M=Ru R =CgHs 10 M=0s R =CgHs 13
=CgHsCH4 11 =CeHyCl-4 14
= CgHsMe-4 12 =CgH4Me-4 15

M = 534) was obtained. If C}Cl, was used as solvent, both
[Cl(16-TMC)Ru=C=CH—CH(OH)Ph]PE and the desired com-
plex [CI(16-TMC)Ru=C=C=CHPh]PF were isolated.
Allenylidene-rutheniunt® and —osmium complexes sup-
ported by the bidentate phosphine ligand dppm (bis(diphe-
nylphosphino)methane) were prepared according to Scheme 4.
Reaction ofcis-[M(dppm),Cl;] and propargylic alcohols in the
presence of NaRFn CH,Cl, gave trans[Cl(dppm)M=C=
C=CR,]PFs (M = Ru,10-12; M = Os,13—15). The osmium
derivatives13—15 also display low-field*C NMR signals for
Cy (266.9-271.0 ppm), ¢ (218.2-231.3 ppm), and £(150.7
156.3 ppm). It is interesting to note that the-c—c for 13—15 16-TMC plus the chloro and vinylidene or allenylidene ligands
are comparable to the ruthenium analogues. For example, thethat are trans to each other. The disorder of the 16-TMC moiety
ve=c=c for trans[Cl(dppmpM=C=C=CPh]PFs appears at in these structures demonstrate that several conformations can
1924 and 1928 cmt for M = Os (13) and Ru (0),*° exist upon coordination to the Ru centét”and those where
respectively. the four N-methyl groups adopt the ‘two up, two down’ and
Crystal Structures. The molecular structures df 5, 6, and ‘three up, one down’ configurations are prevalent. The Ru(1)
8 have been determined by X-ray crystallography. Perspective C(1)—C(2) angle for the vinylidene and allenylidene complexes
views of the complex cations df 5, and6 are shown in Figures  approach linearity. The Ru(3C(1) [1.780(8)%-1.862(7) A],
1, 2, and 3, respectively. Relevant bond lengths and angles areC(1)—C(2) [1.239(10)-1.352(10) A], and C(2}C(3) distances
listed in Table 1. In each case, the Ru atom resides in a distorted6, 1.339(7) A;8, 1.378(10) A] and C(BC(2)—C(3) angles
octahedral environment comprising the four nitrogen atoms of [6, 170.1(5}; 8, 18C°] are comparable to those for analogous

Figure 3. Perspective view of the cation 61(30% probability ellipsoids).
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Table 1. Selected Bond Length (A) and Angles (deg) T T T T T T T
1 5 6 8 B T
Ru—C(1) 1.780(8) 1.802(7) 1.849(4) 1.862(7)
C(1)-C(2) 1.352(10)  1.309(10)  1.262(7) 1.24(1) - .
C(2)-C(3) 1.474(11)  1.523(10)  1.339(7) 1.378(10)
Ru—CI(1) 2.488(2) 2.489(2) 2.478(1) 2.449(2)
Ru—C(1)-C(2) 172.6(7) 177.8(6) 177.6(4) 180 i 6 7
ClI-Ru—C(1) 178.4(2) 179.7(2) 178.0(2) 180
C(1)-C(2)-C(3) 134.2(8) 126.2(7) 170.1(5) 180 B i
mean Ru-N 2.253 2.247 2.258 2.260
c L ]
Table 2. Electrochemical Data for qt)
trans-[CI(16-TMC)Ru=C=CH—CHPh,]PFs (5), 3
trans-[Cl(16-TMC)Ru=C=C=C(CgHsX-4),]PFs (6—9), and - 13 -
trans-[Cl(dppm),M=C=C=C(CgH4X-4);]PF¢ (M = Ru, 10—12; M =
Os, 13—15)2
complex Eyp/V vs Cp,Fe”®
5 0.8P —-2.16 10 pA
6 (X =H) 0.64 -1.27 B 7
7(X=Cl) 0.70 —1.19 10
8 (X = Me) 0.57 -1.32 i 1
9 (X = OMe) 0.49 —1.42
10(X = H) 1.02 —-0.98
11(X =Cl) 1.06 —0.92 ] 1 I 1 1 ] ]
12 (X = Me) 0.92 —1.02 20 -15 -10 -05 0.0 0.5 1.0 15
13(X = H) 0.82 —1.14 ) o
14(X =ClI) 0.88 —1.05 Potential / V vs Cp,Fe
15(X = Me) 0.75 —1.20

aSupporting electrolyte: 0.1 M"BusN]PFs in CHsCN. The potential
Ei2 = (Epc + Epa)/2 at 25°C for reversible coupled.Irreversible; the
recorded potential is the anodic peak potential at a scan rate of 50V s

¢Irreversible; the recorded potential is the cathodic peak potential at a scan

rate of 50 mV si.

complexes in the literatutdvinylidene: Ru-C(1) = 1.76—
1.91 A, C(1}-C(2)=1.14-1.34 A; allenylidene: RtC(1)=
1.84-2.00 A, C(1)-C(2)=1.18-1.27 A, C(2)-C(3)= 1.35-

Figure 4. Cyclic voltammograms for [CI(16-TMC)RaC=C=CPh]PFs
(6) and [Cl(dppm)M=C=C=CPh)PFs [M = Ru (10) and Os 13)] in
CHsCN with ["BusN]PFs (0.1 M) as supporting electrolyte. Conditions:
working electrode, glassy-carbon; scan rate, 50 m¥ s

(X = Me); 0.88,—1.05 V for14 (X = Cl); 0.82,—1.14 V for
13(X = H); 0.75,—1.20 V for15 (X = Me)]. TheE;, values
for the two waves 0fl0—12 are around 276380 mV more
anodic than those of the 16-TMC analoges8. In the liter-
ature, a reduction couple was reported fans[Cl(dppe)-

1.41 A]. For5, the angles around the C(3) atom are consistent Ru=C=C=C(CsH4X-4),]PFs with a comparable trend for the
with sp?® hybridization. The molecular structures show that the shift in Ey, values [-0.97, —1.05, —1.06, and—1.24 V for
C, atoms of the vinylidene/allenylidene ligands are shielded X = CI, F, H, and OMe, respectively¥.Recently, Dixneuf and

by the NMe groups of the 16-TMC ligand. The RG,, distances

in the allenylidene complexesand8 are slightly longer than
those in1 and 5, and the G—Cs bonds for6 and 8 are
significantly shorter. The RuC, and G,—Cg bond lengths in

6 and8 are thus intermediate compared to those of vinylidene
and acetylide relatives (farans[Ru(16-TMC)(G=CPh}],11b
Ru—C, = 2.077(4) A, G—Cs = 1.198(6) A).

Electrochemistry. Cyclic voltammetry was used to examine
the electrochemistry of the vinylideprguthenium complexs
and the allenylideneruthenium 6—12) and —osmium (@3—

15) complexes. The electrochemical data are listed in Table 2,
and the cyclic voltammograms 6f 10, and13 are depicted in
Figure 4. Comple)s gives two irreversible couples at2.16

and 0.81 V vs Cgre'’®. The cyclic voltammograms of
complexes6—9 contain two reversible couples, namely, a
reduction wave aE;» = —1.42 to—1.19 V and an oxidation
wave atE;;, = 0.49 to 0.70 V. TheEy, value of each couple

co-workers reported two redox couples for [Cl(dpp)=C=
C=CPhy]PFs (Eox = 0.99 andE;eq = —1.03 V)3 which are
350 and 240 mV more anodic than the corresponding values
for 6, respectively.

Electronic Spectroscopy.The UV—vis absorption data of
complexesl—15 (in CH3CN) and RuCH (=C),HPh} (PCys).
(n =1 and 2; in CHCI,) are summarized in Table 3. The
absorption spectra &, 4, 5, and RuCK (=C),HPh} (PCys)2 (n
= 1 and 2) are depicted in Figure 5. For the vinylidene
complexes, the intense high-energy bandgn,ak < 310 nm
(émax = 10* dm® mol~t cm™1) for 1—4 are similar, but they are
distinct from that o5 where the Re=C=C and phenyl moieties
are separated by a saturated carbon atom. Nevertheless, com-
plexes1—5 all exhibit weak low-energy bands &tax = 460—
640 nm withe values below 18dm?® mol~1 cm™*. The spectrum
of RUCh(=C=CHPh)(PCy), is similar to those of the vi-
nylidene complexe&—4. It is interesting to note that the UV

decreases with an increase in the electron-donating capacity ofvis absorption spectrum of the Grubbs catalyst RuCl

the GH4X-4 substituents [0.70,-1.19 V for 7 (X = Cl); 0.64,
—1.27 V for6 (X = H); 0.57,—1.32 V for8 (X = Me); 0.49,
—1.42 V for9 (X = OMe)]. The change in thE;/, values from
X = Cl to OMe is around 200 mV for each couple. Complexes
10—12and13—15also show two reversible couples, and similar
trends inEy/; values are observed [1.060.92 V for1l (X =
Cl); 1.02,-0.98 V for 10 (X = H); 0.92, —1.02 V for 12

(=CHPh)(PCy), shows an intense absorption bandiaix =

334 nm and a weak low-energy absorptiotafx = 520 nm.
The UV—vis absorption spectra @d—15 are illustrated in

Figure 6. The absorption spectratf9 feature an intense low-

energy absorption band &tax = 479-513 nm withemax values

in excess of 1®dm® mol~! cm1, indicating a dipole-allowed

electronic transition. The absorption maximum is solvatochromic

J. AM. CHEM. SOC. = VOL. 126, NO. 8, 2004 2507



ARTICLES

Table 3. UV—Visible Absorption Data for
trans-[Cl(16-TMC)Ru=C=CHR]PFs (1—5),
trans-[Cl(16-TMC)Ru=C=C=C(CgHsX-4)2]PFs (6—9), and
trans-[Cl(dppm),M=C=C=C(CgHaX-4),]PFs (M = Ru, 10—12; M =
Os, 13—15) (in CH3CN), RuCla(=CHPh)(PCysz)., and
RUC|2(=C=CHPh)(Pcy3)2 (II'] CH2C|2)

complex
1(R=Ph)

Amaxe MM (€mar/dm® mol~=t cm~Y)

273 (19700), 311 (7360), 351 (590),
464 (68), 585 (38), 644 (37)

277 (21510), 315 (12790), 354 (3250),
470 (78), 578 (48), 638 (46)

273 (25040), 311 (10740), 350 (900),
464 (68), 582 (33)

273 (28830), 310 (10130), 365 (570),
465 (71), 585 (37)

2 (R = CeHaCl-4)
3 (R = C6H4Me-4)

4 (R = CgHsOMe-4)

5(R= CHPh) 237 (22850), 304 (2200), 395 (83),
466 (82), 589 (21, br, sh)

6(X =H) 258 (14110), 283 (13160), 335 (7390),
479 (20200)

7(X=Cl) 292 (15360), 335 (9790), 483 (21740)

8 (X = Me) 260 (14780), 291 (12830), 341 (11510),
492 (24430)

9 (X = OMe) 264 (14540), 279 (13370), 382 (17510),
513 (29760)

10(X = H) 273 (46900), 357 (9010), 506 (17120)

11(X = Cl) 274 (49940), 366 (12590), 510 (19970)

12(X = Me) 273 (48370), 374 (14170), 519 (20210)

13(X = H) 252 (56640), 350 (7330), 468 (22370),
525 (13350, sh)

14(X = Cl) 252 (57610), 350 (10690), 473 (25210),
527 (13690, sh)

15(X = Me) 252 (68380), 359 (15690), 474 (28400),

527 (23770, sh)
254 (14320), 334 (8060), 520 (360)
264 (36440), 306 (34100), 363 (2060),
494 (230), 594 (160)

RUChL(=CHPh)(PCy),
RUChL(=C=CHPh)(PCy)>

(e.g., for6, Amax= 479 nm in CHCN, 488 nm in CH) and
red-shifts in energy as the electron-donating ability of the
substituent at gH4X-4 increases, except for X Cl [Amax =
479 nm for6 (H), 483 nm for7 (Cl), 492 nm for8 (Me), 513
nm for 9 (X = OMe)]. This anomaly may be rationalized by
the negative inductive and positive mesomeric effects of the
chloro substituent. Likéé—8, the UV—vis absorption spectra
of 10—12 contain an intense low-energy absorption band with
emax values in excess of 2@m? mol~t cm~tin a similar spectral
region, and thémax value decreases as X changes from Me to
Cl and H @max = 519, 510, and 506 nm, respectively).
Interestingly, the absorption maxima are red-shifted by 3060
1110 cnt! compared with the 16-TMC analogués-8. The

UV —vis absorption spectra df3—15 show an intense absorp-
tion band atlmax = 468—474 nm with a prominent shoulder at
525-527 nm €max = 10° dm® mol~t cm™?), signifying dipole-
allowed electronic transition(s). The shift in the absorption
maximum also parallels the trend observed 6618 and 10—

12 [Amax = 474 nm forl5 (Me), 473 nm forl4 (Cl), 468 nm

for 13 (H)].

Resonance Raman Spectroscopykigure 7 shows the
resonance Raman spectrum 6fobtained with 435.7 nm
excitation. A similar spectrum was also obtained with 502.9
nm excitation (see Supporting Information). The largest reso-

nance Raman progression is the fundamental and overtone of

the nominalvc—c—c stretch mode at 1889 and 3786 Tin
respectively (this nominalc—c—c mode was observed at 1884
cmtin the IR spectrum). The nominakt—c—c mode at 1889
cmt also forms weaker combination bands with eight other
fundamental FranckCondon active modes. The resonance

Raman shifts and intensities for the Raman bands observed for
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the 435.7 and 502.9 nm spectra together with the absolute
Raman cross sections for the nominglc—c stretch mode are
listed in Table 4.

We simulated the 479 nm absorption band and the resonance
Raman intensities ob in order to obtain semiquantitative
information about the structural changes in the excited state
relative to the ground state. The methodology for the resonance
Raman intensity analysis is the same as that reported in a number
of our previous studie®. Table 5 presents the best-fit parameters
for the simulations and the vibrational reorganization energies
determined from the normal mode displacements. The top of
Figure 8 depicts a comparison of the calculated and experimental
absorption spectrum and its Gaussian deconvolution. The bottom
of Figure 8 represents a comparison of the computed absolute
Raman cross sections with the experimental values for the 13
combination bands and overtones as well as the 12 fundamental
vibrational modes observed in the resonance Raman spectrum
of 6. The calculated absorption spectrum in Figure 8 exhibits
good correlation with the Gaussian deconvolution of the
experimental spectrum. Similarly, the calculated absolute Raman

(31) (a) Leung, K. H.; Phillips, D. L.; Mao, Z.; Che, C.-M.; Miskowski, V. M.;
Chan, C.-K.Inorg. Chem2002 41, 2054-2059. (b) Che, C.-M.; Mao, Z.;
Miskowski, V. M.; Tse, M.-C.; Chan, C.-K.; Cheung, K.-K.; Phillips, D.
L.; Leung, K.-H.Angew. Chem., Int. ER00Q 39, 4084-4088. (c) Che,
C. M.; Tse, M.-C.; Chan, M. C. W.; Cheung, K. K.; Phillips, D. L.; Leung,
K.-H. J. Am. Chem. So@00Q 122, 2464-2468. (d) Leung, K. H.; Phillips,
D.L.; Tse, M.-C.; Che, C.-M.; Miskowski, V. MJ. Am. Chem. So4999
121, 4799-4803. (e) Kwok, W. M.; Phillips, D. L., Yeung, P. K.-Y.; Yam,
V. W.-W. J. Phys. Chem. A997, 101, 9286-9295.
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(M = Ru,10-12; M = 0Os,13—-15) in CH3CN at 25°C.
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Table 4. Resonance Raman Bands for 6 in CH3CN

Raman relative intensity®  relative intensity®
Raman band shiftsfem= at 435.7 nm at 502.9 nm
300 5 3
351 5 3
468 7 5
600 175 12
723 9 6.5
766 3 4
996 2 2
1116 17 11
1276 2 2
1484 2.6 3
ve=c 1591 7 9
VYe=c=C 1889 100 100
600+ 723 1317 1 1
600+ 1116 1719 2 1
ve=c + 600 2186 4 4
ve=c=c +468 2375 4.5 35
Yc=c=C + 600 2485 7 7
ve=c=c + 723 2615 3 3
ve=c + 1116 2729 2
VYc=c=C + 1116 3005 7 5
ve=c=c + 1484 3375 1
Vve=c=c + Vc=c 3496 4
VYc=c=C + 1116+ 600 3632 3
2 x VCc=Cc=C 3786 22
vc=c=c + vc=c + 600 4091 5
absolute Raman cross section  expt. 05807 0.69x 1077
for ve—c—c (in /A%molecule)  calcll 0.60x 107  0.65x 107

aEstimated uncertainties are about 4 @nfor the Raman shifts.
b Relative intensities are based on integrated areas of Raman bands.
Estimated uncertainties are about 5% for intensities greater than 50, 10%
for intensities between 10 and 50, and 20% for intensities below 10.
¢ Calculated using parameters from Table 5 and model described in text
and ref 31.

Table 5. Parameters for Simulations (using Exponential Damping
Function) of Resonance Raman Intensities and Absorption
Spectrum of 6 in CH3CN?

ground-state excited-state vib. reorg.
vib. freq./om—t vib. freq./om—* A energy/cm~!
300 300 0.783 92
351 351 0.719 91
468 468 0.760 135
600 600 0.932 261
723 723 0.550 109
766 766 0.364 51
996 996 0.210 22
1116 1116 0.520 151
1276 1276 0.200 26
1484 1484 0.193 28
1591 1591 0.350 97
1889 1889 1.060 1061

aTotal Ay = 2124;Eo = 19 200+ 100 cnTl; M = 1.75+ 0.10 A;n =
1.344; homogeneous broadenidg= 780 & 80 cnT! HWHM; inhomo-
geneous broadenin@ = 250 + 50 cnt! standard deviation.

cross sections show reasonable agreement with experimental
counterparts.

The resonance Raman spectrunbafas also obtained with
309.1 nm excitation (see Supporting Information). The largest
resonance Raman progression is the fundamental of the nominal
ve—c stretch mode at 1629 crh (this ve—c mode was observed
at 1631 cm? in the IR spectrum). The nominakt—c mode at
1629 cnt! generates an overtone at 3258 émand similarly
affords combination bands with some fundamental Franck
Condon active modes.

Ab Initio Calculations. The ground-state structure of the
model complexrans[CI(NH3)4sRu=C=C=CPhy]™* is depicted
in Figure 9 (top), and the optimized structural data are
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of the calculated Raman cross sections with the experimental values observed in the 435.7 and 502.9 nm resonance Ramaf Jihectal@flations
used the parameters given in Table 5 and the model described in references for the simple exponential decay dephasing description of'the solvent.

summarized in the Supporting Information. All the optimized
structural data are in satisfactory agreement with the crystal
structure of [CI(16-TMC)Re&C=C=CPh)]* (6), except that the
calculated &C=C bond angle is linear. The compositions of
the HOMO and LUMO [depicted in Figure 9 (bottom)], together
with the Mulliken and natural charges, are listed in the
Supporting Information. The major components of the frontier
molecular orbitals originate from the orbitals of Ru=C=C,
and Ph rings, while the total contribution from the orbitals of
chloride and amine ligands is less than 10%. In the HOMO,
the contributions from Ru, €C=C, and Ph rings are 23%,
22%, and 49%, respectively, while in the LUMO they are 13%,
48%, and 36%, respectively. We note that along tke0=-C
unit, the HOMO contains contribution mainly from the central
carbon atom ©(2.3% for G,, 15.4% for G, 4.2% for G) while

the LUMO is mainly composed of participation by the odd-
numbered carbon atoms,@nd C, (18.0% for G, 2.6% for

Cgp, 27.2% for G). The Mulliken net charges on Ru,,CCs,
and G are 0.55, 0.17,-0.72, and 0.04, respectively (the
corresponding natural chargésre 0.48,—0.07, —0.15, and

2510 J. AM. CHEM. SOC. = VOL. 126, NO. 8, 2004

—0.01, respectively), which signifies that (1) the metal center
is more positively charged than the<C=C unit and (2) G is
more negatively charged than, ©r C,.

Discussion

Nature of Bonding in [Ru(=C),CR]. In this work, we
presented the crystal structures of a number of vinylideard
allenylidene-ruthenium complexes supported by the 16-TMC
ligand. The Ru-C, bonds are slightly longer and the,€Cg
distances are significantly shorter for the allenylidene complexes.
By comparison with acetylide complexes suchtas[Ru-
(16-TMC)(G=CPh)],'10 it is apparent from the RuC, and
C,—Cy distances that the bonding character of the allenylidene
fragment is intermediate between vinylidene and acetylide, i.e.,
the G,—Cs bonds oftrans[Cl(16-TMC)Ru=C=C=CR,]PFs
exhibit partial triple-bond character. In the literature, this has
been attributed to the alkynyl mesomer:"C=C=CR, <~
M"~1—-Cr=C=CR, <> M""1-C=C—C"R,. For example, Dix-
neuf and co-workers suggested that fians[(dppm}Ru-=
C=C=C(OMe)CH=CPh),](BF4)2, which features long Ru
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Figure 9. Optimized structure (top), HOMO (left), and LUMO (right) of
the model compound [CI(NpuRUu=C=C=CPh]".

Cq and G—C, but short G—Cg distances, the electron-donating
OMe group can stabilize the mesomeric forms: {RC=C=
C—OMe] < [Ru—C=C—-C"—0Me] < [Ru—C=C—-C=("0)-
Me].6¢ Similarly, Bruce et al. rationalized the deviations in bond
lengths between [RIC=C=CMe(NPh)} (PPh)2(17-CsHs)] T and
[Ru{ C=C=CPhy} (PMe)2(77-CsHs)] * by proposing that the N
lone pair electrons can stabilize the [Re#CCMe=NPh)]*
tautomer Tamm et al. reported the allenylidene complex with
a tropylium substituent, [CpRaC=C=C(cycloheptatrienyl-
idene)(PP§)]PFs, and concluded that the cycloheptatrienyl unit
can stabilize a positive charge, and thus the-ResC—CR*
mesomeric form is importafit.

We conceive that, in this study, the contribution of thes M-
C=C-C*'R; form to the Re=C=C=CR; bonding intrans-[ClI-
(16-TMC)Ru=C=C=CR,]PFs is less important than that in the

2-methylfuran gives [(Cp*)(dippe)ReC=CH—C(2-pyrrolyl)-
PhHJ" and [(Cp*)(dippe)Re=C=CH—C(5-methyl-2-furanyl)-
PhHT", respectively, only when HBFEO is present Werner
and co-workers also reported that the neutral vinylidene
complexes [GIL,Ru=C=CRH] (L = PCy, PPr3; R = Ph,
'Bu) are susceptible to electrophilic attack by te give [ChL,-
RU=C—CRH,] .3

Theoretical calculations also provide information regarding
the charge distribution along the [R€=C=CR;] unit. Es-
teruelas et al. performed EHT-MO calculations on [Ru(Cp)-
(C=C=CH,)(CO)(PH)] ", and the Mulliken atomic net charges
on the carbon atoms are0.36 (G,), —0.13 (G), and —0.05
(C,).%2 Auger et al. reported DFT calculations on the model
ruthenium cumulene complexes [CI(BERUEC)Ho] ™ (n =
1-8).3%In each case, the Mulliken net charge on the metal center
is positive while the £C), chain is negatively charged (e.g.,
for n = 3, Mulliken net charges on Ru,,£Cg, and G are
0.60, —0.28, —0.03, and 0.21, respectively). In the ab initio
calculations (at MP2 level) performed in this work on the model
complex [CI(NHs)sRu=C=C=CPh)]*, the Mulliken charges
alternate along the=€C=C moiety (for Ru, G, Cs, and G =
0.55, 0.17,—0.72, and 0.04, respectively; the corresponding
natural charge8 are 0.48,—0.07,—0.15, and—0.01, respec-
tively). This indicates that like the related calculations described
above3233the metal center is more positive than theC=C
unit. Interestingly, with respect to the ruthenitialenylidene
interaction, these results are consistent with the polarized
Mo+[(=C),CRy]°~ description. We note that theoretical calcula-
tions for the neutral rhodium vinylidene compleans[RhCI-
(=C=CH,)(PMe3),] show that the metal center is more negative
than the carbon atom in the RIC bond39 but it is clear that
Rh(l) is generally more electron-rich than ruthenium in oxida-
tion state>2. The alternation of Mulliken charges along the
C=C=C unit in [CI(NH3)4Ru=C=C=CPh]*, which is not
observed in [Ru(Cp)(EC=CH,)(CO)(PHy)]* 32and [CI(PH)s-
Ru(E=C)sH, ™38 presumably arises because of the use of
diphenyl-substituted (€C=CPh) rather than nonsubstituted
(C=C=CHy) allenylidene groups in the calculation.

In [CI(NH3)4Ru=C=C=CPhy] ", the contributions in the

phosphine/Cp-stabilized analogues described above and in theHOMO from Ru, C=C=C, and Ph rings constitutes 94% of

literature. First, 16-TMC is an effective-donor, and this would
destabilize the M''—C=C—C"R; form. This is supported by
the ve=c and vc=c=c values in this work being the lowest
reported for vinylidene- and allenylideneruthenium deriva-
tives. Second, complex&s-9 do not contain any heteroatoms

the total and the percentage contributions are 23%, 22%, and
49%, respectively. This implies the HOMO is not localized
solely on the metal center or allenylidene ligand but is
delocalized along the ReC=C=CAr, unit. This is in ac-
cordance with the electrochemical data (see below), which show

or Conjugated Systems that can stabilize a pOS|t|Ve Charge onthat the metal ion affects the electrochemical oxidation pOtentia|

the allenylidene ligand. Third6—9 are stable in refluxing
MeOH, and no reaction is observed betwé&and NaOMe;

this is in stark contrast to phosphine-supported cationic conge-

ners such a40-12, which have been reported to react with
strong nucleophiles such as methoxide to afford functionalize
alkynyl compounds$2However,6 does not react with the Lewis

acid CRCOOH, therefore, it appears that the allenylidene ligand

in trans[Cl(16-TMC)Ru=C=C=CR;]PF; is not sufficiently
electron-rich to exhibit nucleophilic character. At this juncture,

we note that accounts of the reactivity of nucleophilic alle-
nylidene ligands have appeared in the literature. Valerga and

co-workers reported that [(Cp*)(dippe)RC=C=CPh)]* reacts
with H™ to afford [(Cp*)(dippe)ReeC—CH=CPh]%", and
treatment of [(Cp*)(dippe)Re:C=C=CPhH]" with pyrrole and

of the M=C=C=CAr, unit. On the other hand, the contributions
from Ru, C=C=C, and Ph rings add up to 97% of the total for
the LUMO (percentage contributions are 13%, 48%, and 36%,
respectively), suggesting the LUMO is localized more on the

d allenylidene ligand and especially the=C=C unit.

Electrochemical Comparisons.The electrochemical behav-
ior of the allenylidene complexes reported in this work can
provide insight into the nature of #\C=C=CR, bonding.
Taking the series where R Ph 6, 10, and13) as an example,
theEy, values of6 (Ey, = —1.27, 0.64 V) and.0 (Ey, = —0.98,
1.02 V) show that changing the ligand system from N [16-TMC]

(32) Esteruelas, M. A.; Guez, A. V.; Lgpez, A. M.; Modrego, J.; Cate, E.
Organometallics1997, 16, 5826-5835.

(33) Auger, N.; Touchard, D.; Rigaut, S.; Halet, J.-F.; Saillard, JOYgano-
metallics2003 22, 1638-1644.
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to P [(dppm})] donors increases thE;, values of these two Insight from Electronic and Resonance Raman Spectros-
couples by 290 and 380 mV, respectively. Because the equatorialcopy. The vinylidene complexe$—4 show similar absorption
dppm and 16-TMC auxiliaries would influence the oxidation patterns in the UV regionifax < 310 nM,emax = 10* dm?
potential of ruthenium through-back-bonding and/as-bond- mol~1 cm™1), and these are clearly different frdBnAs the main

ing interactions, such an impact upon g, values suggests  difference betweei—4 and5 is the nature of the vinylidene
that the electrochemical reactions involve the metal ion and areligand, we suggest that these high-energy transition bands
unlikely to be localized solely on the=8C=CPh unit. In involve the vinylidene moiety. Support for this assignment is
addition, the difference between thg), values of10 (Ei» = provided by the resonance Raman spectrurb alftained with
—0.98, 1.02 V) and 3 (Ey2 = —1.14, 0.82 V) demonstrate the  309.1 nm excitation, which shows large resonance Raman
effect of the metal center. However, the electrochemical enhancement in the fundamental of the nominalc stretch
reactions do not appear to be purely metal-localized, and this mode at 1629 cmt. This indicates that the electronic transition
is indicated by the substituent effect of thgHzX-4 rings upon involves large structural distortion of the vinylidene unit.

the E12 values of the two couples; the variationsHg, values The UV—vis absorption spectra of the vinylidene complexes
of both couples are around 200 mV upon changing X from Cl 1-—5 show weak absorptions in the low-energy regidnat =

(7) to OMe @). Therefore, a reasonable proposal is that the 460-640 nm), withemax values below 1®dm? mol-* cm2.
electrochemical reactions occur at the delocalized@A=C= We propose that these absorption bands are likely to-be d
CR; unit. To obtain further information regarding the electro- transitions in nature. The alternative assignment to spin-
chemical reaction of the MC=C=CR; unit, we note the  forhidden analogues of the intense UV electronic transitions is
following: (1) the difference irEy/, value for the metal-centered  ynfavored because (1) the excessively largeT $plitting is
Ru(li/(11) couple betweerrans-[(dppmlRuCl]*/ (0.14 V}* unreasonable and (2) such spin-forbidden transitions in Ru
and [(16-TMC)RUCI*"® (—0.60 V)*¢is 740 mV, which is  complexes are expected to be substantially weaker compared
significantly greater than that between [CI(16-TMCyRO= to the visible absorption bands observed in this study. For a
C=CPh]* and [Cl(dppm)Ru=C=C=CPh]* (290 and 380  Ru(IV)—ligand multiple bond (#) formalism, there emerges an
mV for the+/0 and 2/ couples respectively), (2) the increase  ghvious assignment tag— (dy,, dy,) transitions. The theoretical

in Eq> value for the M(III)/(Il) couple oftrans{(16-TMC)- framework for interpreting such transitions and the nature of
MCI;]*% as M changes from Os to Ru is 770 mV, while the the ground states have been established for metal mono-oxo
difference inEy value for trans{(dppm:MCl,]*° and [CI- analogue$® Interestingly, the spin-allowedxd— (dy, dy,)

(dppmpM=C=C=CPh]*, for M = Ru and Os, is 240 m\ transition in ¢ Ru(IV)=0 complexes occurs at a similar spectral
and 160/200 (for the-/0 and 2+-/+ couples respectively) MV,  region to the proposed -l transitions of the vinylidene
respectively. These observations are consistent with the nOtioncompIexesl—S, namely,imax 460—600 nm!2° A complication
that the redox couples for the allenyliderreithenium 6—12) for the compounds in the present study is that theadd g,
and —osmium (3-15) complexes are not purely metal- or  orhitals are not degenerate in energy; in particular, this may
ligand-centered. account for the complexity of the 600 nm absorption o2.
Compared with the diphosphine analodiXE,, = —0.98, The UV—vis absorption spectrum of the vinylidene complex
1.02 V), theEy; values of the two couples f@ (Ey, = —1.27, RUChL(=C=CHPh)(PCy), shows similar absorption patterns to
0.64 V) occur at more negative potentials, indicating the ability those ofl—4. As the PCy ligand is also optically transparent
of the stronglyo-donating 16-TMC ligand to increase electron in this region, the nature of the electronic transitionstfans-
density at the metal center. Tlg, values of the two couples  [CI(16-TMC)Ru=C=CHAr]PFs and RUC=C=CHPh)(PCy),
for the osmium derivativa3 (Ey, = —1.14, 0.82 V) also occur  gare likely to be similar. The corresponding alkylidene complex
at more negative potentials thaf, as would be expected since  RuCL(=CHPh)(PCy),, which differs by one cumulene carbon

osmium has a lower oxidation potential. unit, also displays low-energy absorption bands at similar
With regard to the assignment of the two couples, it is energies and extinction coefficients to those of R(FEEC=
interesting to compare the redox couples tdns[(TMC)- CHPh)(PCy).. From the viewpoint that the differences between
CIRuUL]™, which have been extensively studi€é&The 2+/+ the high-energy absorption spectra of R§CGFC),HPH (PCys)2
couples of trans[(16-TMC)CIRU"CI]*, trans[(14-TMC)- (n=1 and 2) are due to modification of the cumulene ligand,

CIRUV=0]", andtrans[(14-TMC)CIRU'-N=CCHg]™* occur we suggest that perturbation of the metal-centered tlansition

at 1.16, 1.10, and 0.15 V, respectively. The couplesaris| would be less dramatic, since the R@,, distance in RuG(=
(16-TMC)CIRu=C=C=CRy]>""* (6—9) in this work (0.49- CHR)(PCy); (1.838(3} and 1.851(28) A for R = CgH4Cl-4
0.70 V) exist between those of [(16-TMC)CIR®]?*** and and CH=CPh, respectively) and Rug=C=CHPh)(PCy),
[(14-TMC)CIRu-N=CCH;]>"*, implying that the ease of (1.761(2) A}* are comparable. Thus, the ruthenitmarbon
oxidation fortrans[(16-TMC)CIRu=C=C=CR,] " is between bonding interaction in R&CHR and Re=C=CHR are envis-
those of [RU—N=CCH;]" and [RUV=0]*. We suggest that  aged to be alike in these complexes. Incidentally, one would

the other reversible wave &—9 (—1.19 to—1.42 V) corre- expect such weak visible band(s) to be present in the absorption
sponds to therans[(16-TMC)CIRu=C=C=CR]*"° couple, spectra 06—9, but they are presumably obscured by the intense
which is generally more cathodic than thati@ns[(16-TMC)- electronic transition atyax = 479-513 nm.

CIRUCII*® (~0.60 V). This is in agreement with the above  The Uv-vis absorption spectra of the allenylidene
observation that [CFRu=C=C=CR;]* is more electron-rich ruthenium complexes bearing 16-TM6~9) and dppm 10—

than thetrans[CI—Ru" —CI]* moiety. 12) feature an intense low-energy absorption band.af =
(34) Champness, N. R.; Levason, W.; Pletcher, D.; Websted, l@hem. So¢. (35) Miskowski, V. M.; Gray, H. B.; Hopkins, M. DAdv. Transition Met. Coord.
Dalton Trans.1992 3243-3247. Chem.1996 1, 159-186.
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479-513 and 506-519 nm, respectively, witknax values in
excess of 18dm?® mol~! cm™. The UV-vis absorption spectra
of the allenylidene-osmium dppm complexe43—15 also
contain an intense absorption Atax = 468474 nm with a
prominent shoulder near 52%27 NM €max = 103 dm® mol—?

electronic communication between Ru and the peripheral phenyl
rings in the excited state is small.

General Remarks.Metal—carbon double-bonded complexes
are conventionally categorized as Fischer- or Schrock-type. The
Fischer carbene description involves coordination of a neutral

cm™1). It has been suggested by Tamm et al. that the electronic carbene ligand to low-valent metal ion throughandz-back-

absorption associated with [CpREC=C=C(cycloheptatrienyl-
idene)(PP§)]PFs (Amax = 496—601 nm) is due to charge-transfer
excitation represented by the resonance structures=Re=
C=CR, <> Ru—C=C—-C"R.%2In this work, we found that the
absorption maximum of trans[CI(16-TMC)Ru=C=C=
C(CsH4X-4),]PFs is sensitive to the nature of the solvent (e.g.,
Amax = 479 nm in CHCN, 488 nm in CHC for 6). The

bonding interactions. The Schrock alkylidene nomenclature
entails a polarized MC bond (Ir + 1) with electronic charge
localized on the carbon atom. Because of the strong covalent
character of a metalcarbon double bond, it is often difficult

to clearly distinguish between Fischer and Schrock=M
species. Moreover, the distinction between such bonding
descriptions becomes rather ambiguous in the case of ruthenium

absorption maximum red-shifts in energy as the electronic- vinylidene and—allenylidene derivatives. In the literatute?

donating affinity of the GH4X-4 ring system increases, which

the metal oxidation state in such compounds are generally

is consistent with charge transfer from allenylidene to ruthenium. assigned as II, which implies that the vinylidene and allenylidene
The general red shift of the absorption maximum (ca. 1100 ligands are neutral (i.e., Fischer description). However, the

cm1) from trans[Cl(16-TMC)Ru=C=C=C(CeH4sX-4),]PFs
(6—38) to trans[Cl(dppm)Ru=C=C=C(CsH4X-4),]PFs (10—

12) provides useful information for spectral assignment pur-

Grubbs catalyst Rugi=CHR)(PCy). and its congeners are
often regarded as alkylidene compleXes.

In this work, a definitive assignment of the Ru oxidation state

poses. For an electronic transition involving ligand-to-metal iy trans[CI(16-TMC)Ru=C=CHR]PF; andtrans[CI(16-TMC)-

charge transfer (LMCT), tha-back-bonding between Ru{d

Ru=C=C=CR;]PFs may be inappropriate given the strong

orbitals and the phosphine ligands would decrease the electroncoyalency of the Res=C=C=CR, bonding interaction. However,
density around Ru to give a red shift. Furthermore, this it s interesting to note that the proposedditransition for the

assignment is in accordance with the observed blue shiftin
from trans[Cl(dppmypRu=C=C=C(CsH4X-4),]PFs (10—12) to
the Os analoguesl8—15), which would be expected for an

vinylidene complexestrans[Cl(16-TMC)Ru=C=CHR]PFs
(1-5) occurs at a similar spectral region as the spin-allowed
dy — (dy, dyy) transition for ¢ Ru(IV)=0O complexes. We

LMC'I" transition upon descending 'the.periodic table. Ngverthe- suggest that the use of strongfydonating ligands such as 16-
less, it is apparent that the participation of the metal is small TMC can facilitate stabilization of species of the’N(=C),-
compared to a pure LMCT transition. For example, the energy CR;]°~ type with respect to the rutheniurcumulene interac-

difference between thénax of trans[Cl(dppm)M=C=C=
CPh]PFs for M = Ru (506 nm) and Os (468 nm) is 1605 cn
while the p,(Cl)-to-d,(M) LMCT transitions oftrans[Ru'"' (en)-
Clo]™ (Amax = 343 nm) andrans[Os" (enkCly]" (Amax = 284
nm) show an energy difference of 6056 th’2 Moreover, it

tion. Our spectroscopic results signify that the low-energy
electronic transition associated wittans[CI(L j)M=C=C=
CRy]" for 6—15 involves a degree of charge transfer from
allenylidene to metal. Complexés-9 bearing 16-TMC are inert
toward nucleophilic attack by methoxide, which implies that

is evident from the resonance Raman spectroscopic data thathe contribution of the Mr1—~C=C—C"R, form to the Re=

the transition involves substantial intraligamd— 7* character.

C=C=CR; bonding intrans[CI(16-TMC)Ru=C=C=CR,]PFs

We therefore assign the intense low-energy absorption band ofis not important. The Mulliken and natural population analyses
6—15 to a metal-perturbed intraligand transition with some in the ab initio calculations also indicate that the Ru center is

allenylidene-to-metal LMCT character.

more positively charged than the<C=C chain. Overall, since

Characterization by resonance Raman spectroscopy (Tablehe 16-TMC- and dppm-ligated allenylidene complexes are
4) showed that the 47913 nm charge-transfer bands originate spectroscopically and electrochemically alike (bearing in mind

from a transition that is associated with the =Rb—=C=C

that the inability of dppm ligands to stabilize cationic ruthenium

moiety. By simulating the 479 nm absorption band and the centers at high oxidation states is well established), it may be

resonance Raman intensitiestpft was found that the nominal

appropriate to consider the allenylidene ligand in these deriva-

ve—c—c stretch mode accounts for approximately 50% of the tives as neutral, although we favor the polarized R@C).-
total vibrational reorganization energy, which indicates that the CR;]°~ description for complexes such &s

absorption band is strongly coupled to the allenylidene ligand.

The apparent similarities between the electronic transitions

Furthermore, the reorganization of this ligand in the excited state associated with the Grubbs alkylidene complex REECHPh)-

is accompanied by partial reorganization of the=Ru and
Ru—N (of 16-TMC) fragments (FranekCondon active modes
below 1000 cm?). In other words, significant interaction exists
between the Ru center and the=C=C moiety in the excited

(PCys)2, RUCKL(=C=CHPh)(PCy),, andtrans[CI(16-TMC)-
Ru=C=CHPh]PF indicate that the R&€C),CR; interactions
in these three systems are comparable. On the basis of the
resonance Raman studies on comp@exhere is significant

state. It is noteworthy that from our results and calculations the delocalization within the linear RaC=C=C unit in the charge-

contribution from thevc—c stretch mode associated with the

transfer (presumably intraligand and allenylidene-to-Ru) excited

phenyl units to the total vibrational reorganization energy is state. Because the spectroscopic and electrochemical properties

only 97 cnt?, which is less than 10% of the nomined—c—c
contribution (1061 cmb) (Table 5). This means that the

of trans[CI(L ) M=C=C=CR;]* show close resemblance for
M = Ru and Os as well as forsL.= tetraamine and (dppm)

contribution from the phenyl groups to the reorganization energy the bonding description postulated here is expected to be
of the 479 nm electronic transition is minor and signifies that generally applicable to these allenylidene complexes.
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