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Abstract

In this review, we present our recent studies on the synthesis, structures, spectroscopic and electrochemical properties, and reactivities of
ruthenium/osmium—carbon multiple bonded complexes. The first part of the review deals with the chemistry of ruthenium/osmium porphyrin
carbene complexes and related metal carbene complexes (including iron porphyrin carbene complexes and ruthenium carbene complexes supported
by salens or polypyridines). The second part describes the chemistry of ruthenium vinylidene and allenylidene complexes supported by macrocyclic
tertiary amine ligands Mestacn (1,4,7-trimethyl-1,4,7-triazacyclononane) and 16-TMC (1,5,9,13-tetramethyl-1,5,9,13-tetraaza-cyclohexadecane).
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The study of metal-carbon multiple bonded complexes

[1,2], such as carbene, vinylidene and allenylidene complexes

of transition metals, continues to be an active area of research,
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Fig. 1. Metal-carbon multiple bonded complexes described in this review
(M =Ru, Os; in some case R=R’).

Chemistry Reviews on vinylidene, allenylidene, and metal-
lacumulene complexes (vol. 248, issues 15-16, 2004). Our
interest in metal-carbon multiple bonded complexes is largely
focused on carbene, vinylidene and allenylidene complexes of
ruthenium and osmium (Fig. 1). Such complexes are involved
in a variety of important organic transformations catalyzed
by ruthenium and osmium complexes. For instance, it is
widely known that Grubb’s ruthenium carbene complexes
[(L)2CI,Ru=CHR] or [(L)L)Cl,Ru=CHR] (L =tertiary
phosphine, L' = N-heterocyclic carbene) are highly active and
selective catalysts for alkene metathesis reactions [4]. Ruthe-
nium and osmium porphyrin carbene complexes are proposed
to be the active intermediates in various C—C bond formation
reactions and C—H insertion reactions promoted by ruthenium
or osmium porphyrin catalysts [5,6]. Ruthenium vinylidene and
alkenylidene complexes serve as catalyst precursors for alkene
metathesis reactions and are the key intermediates in catalytic
conversion of alkynes, including dimerization of terminal
alkyne, cycloaromatization of conjugated enediynes and addi-
tion of oxygen, nitrogen and carbon nucleophiles to alkynes
[3g,39,3t]. Moreover, there have been exciting developments
in metallacumulenes M(=C),,CR; as novel non-linear optical
materials and molecular wires in the past decade [3m,7].

Up to now, many ruthenium and osmium carbene, vinylidene
and allenylidene complexes have been reported in the litera-
ture, the majority of which (excluding those bearing porphyrin
macrocycles) are supported by carbonyl, phosphine or cyclopen-
tadienyl ligands [1-3], some are supported by N-chelating
ligands such as hydridotris(pyrazol-1-yl)borate and its deriva-
tives [8a,8b]. Examples of ruthenium and osmium carbene,
vinylidene and allenylidene complexes containing macro-
cyclic non-porphyrin ligands are sparse. Notable examples are
ruthenium carbene complexes supported by dibenzotetramethyl-
tetraaza[ 14]annulene [8c] and ruthenium vinylidene complexes
supported by a porphyrinogen ligand [8d].

Our group mainly employed the macrocyclic ligands such
as porphyrins (Por, Fig. 2), Mestacn and 16-TMC (Fig. 3) to
support ruthenium— and osmium—carbon multiple bonds. Inves-
tigation on the chemistry of ruthenium and osmium porphyrin
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R R TPP H Ph
TP H  4-MeCgHq4
T™P H  24,6-Me;CgHs
R? R2 4-X-TPP H  4-XCgHa
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; 3,45-MeO-TPP  H  3,4,5-(Me0)sCeHs
R’ R Fag-TPP H CqFs
SRR OEP Et H
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Fig. 2. Porphyrin abbreviations.
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Fig. 3. Macrocyclic polyamine ligands.

carbene complexes would help understanding of the carbenoid
transfer reactions catalyzed by ruthenium and osmium por-
phyrins [5,6]. The macrocyclic tertiary amine ligands Mestacn
and 16-TMC are optically transparent in the UV—-vis spectral
region and are electrochemically silent, making these ligands
well suitable for examination of electronic transitions associ-
ated with the Ru(=C),,CR, moieties. In addition, Mestacn and
16-TMC ligands are o-donors and do not complicate the -
bonding interactions between the metal ion and the (=C),,CR»
ligands.

This review describes our recent works on the synthesis,
structures, spectroscopic and electrochemical properties, and
reactivities of ruthenium/osmium—carbon multiple bonded com-
plexes. The description is divided into two parts. The first
part mainly deals with the chemistry of ruthenium/osmium
carbene complexes of porphyrin ligands, together with iron por-
phyrin carbene complexes and ruthenium carbene complexes
containing salen (tetradentate N,O» Schiff-base dianions) or
polypyridine ligands; the second part presents the chemistry
of ruthenium vinylidene and allenylidene complexes supported
by the macrocyclic tertiary amine ligands Mestacn and 16-
TMC. We do not include here the ruthenium/osmium porphyrin
carbene complexes reported before 2002 (unless they are
needed for comparison); these complexes and their relevance to
metal-mediated cyclopropanation of alkenes are the main topic
discussed in our previous review [9].

2. Ruthenium and osmium carbene complexes
supported by porphyrin ligands

2.1. Synthesis

Ruthenium and osmium porphyrin carbene complexes have
been known for decades since the pioneering works of Coll-
man and co-workers [10] and Woo and Smith [11]. These
metal complexes can be prepared by several methods, includ-
ing the following: (1) reaction of [(TTP)M], (M=Ru or Os)
with diazoalkanes or diazoesters, (2) treatment of monomeric
[(TMP)Ru] with diazo compounds, (3) reaction of zero-
valent ruthenium porphyrin dianion K, [(TTP)Ru] with germinal
dihalides Cl,CHR (R=CH3 or SiMe3) and (4) treatment of
[(Por)M(CO)] (M =Ru or Os) with diazo compounds [9].

By treating [(Por)Ru(CO)] with diazo compounds N,CRR’
under an inert atmosphere, we [12,13] prepared a wide variety
of ruthenium porphyrin carbene complexes [(Por)Ru=CRR’]
(1-6) and [(L)(Por)Ru=CRR’] (7-10) (Fig. 4), the latter are
formed upon recrystallization of the former from solutions
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Fig. 4. Synthesis of ruthenium porphyrin carbene complexes 1-10 [12].

that contain molecules L such as MeOH, EtSH, Et;S, 1-
methylimidazole (Melm) or pyridine (py). The formation of
[(Por)Ru=CRR’'] from [(Por)Ru(CO)] and N,CRR’ generally
requires slow addition of the diazo compounds by syringe pump,
to minimize the NoCRR’ decomposition reactions catalyzed by
the ruthenium porphyrin complexes.

Simonneaux and co-workers observed that reaction
of [(Por)Ru(CO)] with diisopropyldiazomethyl phospho-
nate N>CHP(O)(O'Pr), gives [(Por)Ru=CHP(O)(O'Pr);]
(Por=TPP, TMP, F,o-TPP) [14], which are the first
characterized examples of a phosphonate carbene complex.

Woo and co-workers obtained osmium porphyrin carbene
complexes [(TTP)Os=CHR] (R =Mes, CO,CH,CH,CH3, 4-
MeC¢Hy, 4-EtCgHs), [(TTP)Os=CMePh] and [(TTP)Os=
C(CO,Et){C(O)CH,CH,CH=CH>}] by treating [Os(TTP)]»
with NoCHR (R=Mes, CO,CH;CH,CH3, 4-MeCeHy, 4-
EtCgHs), NoCMePh and N,C(CO,Et){C(O)CH,CH,CH=
CH,}, respectively, under nitrogen [5i].

According to a procedure similar to that for the prepara-
tion of [(Melm)(Fyo-TPP)Ru=CPh;] (7d), we prepared osmium
porphyrin carbene complex [(Melm)(F,o-TPP)Os=CPh;] (11a)
starting from the reaction of [(F2o-TPP)Os(CO)] with N, CPh;

under an inert atmosphere [12]. Under aerobic conditions
[(Por)Os(CO)] (Por = TPP, TTP, 4-F-TPP, 4-CI-TPP, 4-Br-TPP)
react with excess NoCPhy at room temperature to give oxo-
bridged osmium carbene complexes [{(Por)Os=CPh; },(p.-O)]
(12a—e, Fig. 5) [15], in contrast to the formation of bis-carbene
complexes [(F29-TPP)Os(=CPh;),] from [(Por)Os(CO)] and
excess NoCPhy under similar conditions [16]. Probably, the
electron-deficient nature of F»o-TPP plays a significant role in
stabilizing the bis-carbene species. By employing electron-rich
porphyrin ligand OEP, Miyamoto and co-workers [17] recently
obtained [{(OEP)Os=CPhy; },(j.-O)] (a congener of 12a—e) from

Ph. .-Ph
c 12 Por

co N,CPhs, air
- PO 12c 4-F-TPP
CeHg or CH,Cl, 12d 4-CL-TPP
12e 4-Br-TPP

s

C
Ph” " ™pPh

Fig. 5. Synthesis of oxo-bridged osmium porphyrin carbene complexes 12a—e
[15].



2148 C.-M. Che et al. / Coordination Chemistry Reviews 251 (2007) 2145-2166

Ry R Ph . _Ph
- @
Por=F20-TPP
13 R R Melm
13a Ph Ph
13b Ph CO,Et 14

13¢ Ph CO,CH,CH=CH,

Scheme 1. Structure formulae of 13a—c and 14.

the reaction of [(OEP)Os(CO)] with 1 equiv. of NoCPh; in air.
We found that the p.-oxo bridge in 12 can be cleaved by treating
these complexes with pyridine. For example, reaction of 12b
with pyridine affords [(py)(TTP)Os=CPh;] (11b) [15].

In view of the periodic relationship of ruthenium and
osmium with iron, it would be of interest to compare
the carbene complexes of these three transition metals. We
reported that treatment of [Fe(F,o-TPP)] with diazo compounds
N> CPh;, N>, C(Ph)CO;Et and N, C(Ph)CO,CH,;CH=CHj, leads
to the isolation of iron porphyrin carbene complexes
[(F20-TPP)Fe=CPh;] (13a), [(F20-TPP)Fe=C(Ph)CO,Et] (13b)
and [(F20-TPP)Fe=C(Ph)CO,CH,CH=CH;] (13c), respec-
tively [18]. Complex 13a readily binds Melm to give
a six-coordinate complex [(Melm)(F»o-TPP)Fe=CPh,] (14)
(Scheme 1). These are the rare examples of isolable
iron porphyrins bearing nonheteroatom-stabilized carbenes or
(alkoxycarbonyl)carbenes, despite the report of many iron por-
phyrin carbene complexes (particularly those containing halo
carbenes CX,, CXX’ and CRX) since the pioneering work by
Mansuy and co-workers [19]. Woo and co-workers observed the
formation of [(TPP)Fe=CHR] (R =2,4,6-Me3CgH; or SiMe3) in
the reaction of [Fe(TPP)] with diazo compounds; the Fe=CHR
complexes are characterized by 'H NMR spectroscopy and have
not been isolated in pure form [20], probably due to their insta-
bility.

Diazo compounds are also a good carbene source for the
preparation of ruthenium carbene complexes supported by salen
ligands. Slow addition of N,CR; (R=Ph, 4-MeOCgHy4) to
a series of chiral [Ru(salen)(PPh3z),] complexes affords chi-
ral ruthenium carbene complexes [(salen)Ru=CR;] (R =Ph or
4-MeOCgHy, respectively) [21], which, like [(salen)Ru(CO)],
have alow solubility in common organic solvents such as MeOH,
CHCI; and CH,Cl,. In the presence of Melm or py, the solu-
bility of [(salen)Ru=CR;] in CH;Cl; is dramatically enhanced,
resulting in the formation of six-coordinate carbene complexes
[(L)(salen)Ru=CR;] (L. = Melm, py) (15a—e) [21] (Scheme 2).

Ruthenium carbene complexes of polypyridines can
be prepared from the reaction of coordinated acetylide
groups with alcohols. Treatment of [Ru(tpy)(bpy)(C=CR!)]*
(tpy =2,2:6/,2"-terpyridine, bpy=2,2"-bipyridine; R!'=4-
MeOCgHs or ‘Bu) with R?0OH (R?=Me, Et) under
acidic conditions (by addition of CF3;COOH or HCI)
gives [(tpy)(bpy)Ru=C(OR?)CH,R!|(ClO4), (16a—c) [22]
(Scheme 3).

R-—_R
\C/
| N
Ru\
X o | o X
L
X X
15 X R L
15a Cl Ph Melm
15b Br Ph Melm
1S5¢ 1 Ph Melm
15d Br Ph py
15¢ Br 4-MeOCgH,; Melm

Scheme 2. Structure formulae of 15a—e.

2.2. Spectroscopic features

All the ruthenium, osmium and iron carbene complexes 1-16
are diamagnetic species. Selected spectroscopic data of these
complexes are listed in Table 1.

For the ruthenium and osmium porphyrin carbene complexes
1-12 [12,13,15], [(Por)Ru=CHP(O)(O'Pr);] (Por=TPP, TMP,
Foo-TPP) [14] and [(TTP)Os=CRR'] [5i], their "H NMR spectra
show the signals of Hg (the pyrrolic protons of the porphyrin lig-
ands) at 6 8.13-8.6 (Ru) and 7.44-8.40 ppm (Os); the signals of
the axial carbene groups (excluding the M=CH- signals if any)
are significantly upfield from those of the corresponding diazo
compound as a result of the porphyrin ring current effect. The
M=CH-signals of [(Por)Ru=CHP(O)(O'Pr),] (Por = TPP, TMP,
F»0-TPP) are located at § 15.2-15.8 ppm [14] whereas those
of [(TTP)Os=CHR] (R =Mes, CO,CH,CH,CH3, 4-MeCgHa,
4-EtCgHy4) appear at § 19.85-21.82ppm [5i]. In the '3C
NMR spectra, the M=C signals appear at low fields with §
280.49-346.69 (Ru) and 248-289.27 ppm (Os). Two Soret bands
at Amax &~ 390 and 425 nm are observed in the UV—-vis absorp-
tion spectra of diarylcarbene complexes of ruthenium, whereas
the other carbene complexes exhibit a single Soret band at A pax
388—406 (Ru) and 398—418 nm (Os). The (3 bands of 1-12 appear
at Amax 519-538 nm.

We examined the effects of carbene substituents, porphyrin
substituents, and trans ligands on the spectroscopic properties of

16 R R
16a  4-MeOCzH; Me
16b 'Bu Me

16c 4-MCOC()H4 Et

Scheme 3. Structure formulae of 16a—c.
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Table 1
Selected spectroscopic data of ruthenium and osmium carbene complexes
Complex '"H NMR (8 (ppm)) 13C NMR (8 (ppm)) UV-vis (Amax (nm)) (log e) Ref.
M=C
Hg M=CH-
[(TPP)Ru=CPh;] (1a)* 8.34 (s) 317.50 394 (5.07), 425 (4.96), 530 (4.26) [12]
[(TTP)Ru=CPh;] (1b)* 8.36 (s) 316.40 396 (5.08), 424 (4.94), 532 (4.20) [12]
[(4-MeO-TPP)Ru=CPh;] (1¢)* 8.37 (s) 319.40 403 (5.08), 425 (4.93), 534 (4.27) [12]
[(4-F-TPP)Ru=CPh;] (1d)* 8.32(s) 318.70 395 (5.01), 425 (4.92), 531 (4.26) [12]
[(4-CI-TPP)Ru=CPh;] (1e)* 8.33 (s) 319.50 396 (5.00), 424 (4.91), 531 (4.25) [12]
[(4-Br-TPP)Ru=CPh,] (1f)* 8.33 (s) 319.70 396 (5.01), 427 (4.91), 531 (4.28) [12]
[(2,6-CI-TPP)Ru=CPh,] (1g)* 8.17 (s) 327.86 390 (4.96), 430 (4.94), 533 (4.15), [12]
560 (4.10)
[(TMP)Ru=CPh;] (1h)?* 8.13 (s) 318.08 395 (5.09), 430 (4.92), 534 (4.03), [12]
562 (sh, 3.89)
[(3.4,5-MeO-TPP)Ru=CPh;] (1i)* 8.45 (s) 316.30 398 (5.06), 424 (4.97), 532 (4.24) [12]
[(F20-TPP)Ru=CPh,] (1j)* 8.32(s) 328.70 385 (4.90), 425 (4.89), 526 (4.11), [13]
550 (sh, 4.10), 613(3.13)
[(2,6-C1-TPP)Ru=C(Ph)CO, Et] (2a)* 8.27 (s) 298.50 397 (5.03), 427 (sh, 4.72), 538 (4.08), [12]
571 (sh, 3.92)
[(TMP)Ru=C(Ph)CO,Et] (2b)* 8.23 (s) 287.50 399 (5.12), 434 (sh, 4.64), 538 (4.03), [12]
576 (sh, 3.78)
[(F20-TPP)Ru=C(CcHsMe-4),] (3a)* 8.29 (s) 333.00 385 (4.85), 426 (4.84), 525 (4.10), [12]
550 (4.08)
[(F20-TPP)Ru=C(CcH4OMe-4),] (3b)? 8.27 (s) 324.76 386 (4.84), 424 (4.75), 526 (4.11), [12]
547 (4.09)
[(F20-TPP)Ru=C(CcH4Cl-4),] (3¢)* 8.37 (s) 322.65 386 (4.92), 424 (4.84), 527 (4.10), [12]
552 (4.08)
[(F20-TPP)Ru=C(CcH4OMe-4)CO,Me] (4a)* 8.44 (s) 298.85 390 (5.00), 415 (sh, 4.78), 529 (4.19), [12]
550 (sh, 4.15)
[(F20-TPP)Ru=C(CsH4NO,-4)CO,Me] (4b)? 8.51 (s) 299.44 395 (5.06), 426 (sh, 4.62), 533 (4.05), [12]
562 (sh, 3.93)
[(F20-TPP)Ru=C(CO,Me),] (5)* 8.57 (s) 280.49 396 (4.98), 429 (sh, 4.48), 535 (3.97), [12]
565 (3.82)
[(Fao- 8.45 (s) 288.71 401 (5.10), 463 (4.17), 530 (4.15) [12]
TPP)Ru=C(CH=CHPh)CO,CH;,(CH=CH),Me]
(6)*
[(MeOH)(F20-TPP)Ru=CPh;] (7a)* 8.24 (s) 329.00 385 (4.84), 425 (4.83), 525 (4.06), [12]
550 (4.04)
[(EtSH)(F20-TPP)Ru=CPh;] (7b)* 8.29 (s) 330.85 385 (4.90), 425 (4.90), 525 (4.12), [12]
550 (4.10)
[(Et2S)(F20-TPP)Ru=CPh;] (7¢)* 8.26 (s) 338.34 385 (4.89), 424 (4.89), 526 (4.12), [12]
549 (4.10)
[(MelIm)(Fo-TPP)Ru=CPh;] (7d)* 8.13 (s) 332.13 398 (4.94), 428 (4.88), 528 (4.20), [12]
551 (sh, 4.05)
[(py)(F20-TPP)Ru=CPh;] (7e)* 8.18 (s) 346.69 390 (4.87), 425 (4.86), 527 (4.01), [12]
550 (sh, 3.92)
[(Ph3PO)(F20-TPP)Ru=CPh;] (7f)* 8.30 (s) 330.15 385 (4.92), 425 (4.92), 526 (4.13), [12]
549 (4.12)
[(MeOH)(Fo- 8.53 (s) 304.34 389 (4.99), 422 (sh, 4.77), 530 (4.12), [12]
TPP)Ru=C(Ph)CO,CH,CH=CH;] 555 (sh, 4.05)
®*
[(MeOH)(F2o-TPP)Ru=C(Ph)CO,Et] (9)* 8.46 (s) 305.52 388 (4.99), 419 (sh, 4.88), 529 (4.35), [12]
556 (sh, 4.32)
[(MeOH)(F29-TPP)Ru=C(Ph)CO,Me] (10)* 8.46 (s) 304.13 390 (4.97), 420 (sh, 4.78), 530 (4.10), [12]
553 (sh, 4.04)
[(TPP)Ru=CHP(O)(O'Pr),]* 8.6 (s) 15.2 (d) 290 406 (Soret) [14]
[(TMP)Ru=CHP(O)(O'Pr), ]* 8.3 (s) 15.3 (d) 285 405 (Soret) [14]
[(F20-TPP)Ru=CHP(O)(O'Pr), ]* 8.4 (s) 15.8 (d) 400 (Soret) [14]
[(TTP)Os=CH(Mes)]" 8.19 20.78 248 418 (Soret), 518, 550 [5i]
[(TTP)Os=CHCO,CH,CH,CH;]° 8.36 21.82 408 (Soret) [5i]
[(TTP)Os=CH(CsH4Me-4)]° 8.21 19.85 [5i]
[(TTP)Os=CH(CsH4Et-4)]° 8.21 19.93 [5i]
[(TTP)Os=CMePh]® 8.16 263.9 410 (Soret), 424 (sh), 516, 540 [5i]
[(TTP)Os=C(CO,Et) 8.40 398 (Soret), 420 (sh), 432 (sh), 518, [5i]
{C(0)CH,CH,CH=CH, }1° 572
[(MeIm)(Fo-TPP)Os=CPh;] (11a)? 7.44 (s) 289.27 385 (sh, 4.65), 408 (4.86), 519 (4.13), [12]

546 (4.12)
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Table 1 (Continued )

Complex "HNMR (8 (ppm)) 3C NMR (8 (ppm)) UV-vis (Amax (nm)) (log €) Ref.
Hg M=CH- M=c
[(py)(TTP)Os=CPh,] (11b)? 7.76 (s) 279.16 398 (Soret), 429 (sh), 523, 551 [15]
[{(TPP)Os=CPhy },(u-0)] (12a)* 8.12 (s) 268.84 408 (5.10), 529 (4.20), 607 (3.95), [15]
735 (3.95)
[{(TTP)Os=CPhj }»(-0)] (12b)? 8.08 (s) 266.20 413 (5.12), 532 (4.22), 613 (3.96), [15]
734 (3.97)
[{(4-F-TPP)Os=CPhj },(1.-0)] (12¢)* 8.06 (s) 269.28 409 (5.12), 530 (4.24), 605 (sh, 3.96), [15]
734 (3.98)
[{(4-CI-TPP)Os=CPh; }»(1-0)] (12d)* 8.06 (s) 269.94 413 (5.06), 530 (4.14), 606 (sh, 3.88), [15]
735 (3.86)
[{(4-Br-TPP)Os=CPh; }5(pn-0)] (12e)* 8.05 (s) 270.06 413 (5.16), 527 (4.25), 604 (sh, 3.99), [15]
732 (3.91)
[{(OEP)Os=CPh; },(1-0)]* 372 (5.03) [17]
[(F20-TPP)Fe=CPh,] (13a) 8.31(s) 358.98 404 (5.07), 524 (4.00), 557 (4.14) [18]
[(F20-TPP)Fe=C(Ph)CO,Et] (13b)* 8.56 (s) 327.47 402 (5.11), 521 (4.02), 555 (4.12) [18]
[(F20-TPP)Fe=CPhCO,CH,CH=CH,] (13¢)* 8.55(s) 325.67 402 (5.03), 521 (3.91), 555 (4.01) [18]
[(Melm)(F2)-TPP)Fe=CPh;] (14)* 8.23 (s) 385.44 403 (5.24), 524 (4.20), 557 (4.29) [18]
[(H,0)(TPP)Fe=CCl,]* 8.77 (s) 2247 [19a]
[(TTP)Fe=CH(CsH3Me3-2,4.6)]° 8.72 (s) 19.71 (s) [20]
[(TTP)Fe=CHSiMe3]° 8.69 (s) 24.86 (s) [20]
[(Melm)(2,4-Cl-salen)Ru=CPh, | (15a)° 317.3 338 (5.71), 400 (5.76), 435 (sh, 5.68) [21]
[(Melm)(2.4-Br-salen)Ru=CPh; ] (15b)° 317.0 338 (5.78), 401 (5.85), 435 (sh, 5.78) [21]
[(Melm)(2,4-I-salen)Ru=CPh; | (15¢)¢ 316.3 345 (5.87), 405 (5.98), 437 (sh, 5.88) [21]
[(py)(2.4-Br-salen)Ru=CPh,] (15d)° 337 (4.12), 400(4.18), 436 (sh, 4.09) [21]
[(MeIm)(2,4-Br-salen)Ru=C(CsH4OMe-4),] 3173 349 (4.22), 417 (4.22), 451 (sh, 4.18) [21]
(15e)°
[(tpy)(bpy)Ru=C(OMe)CH,(CsH4OMe- 3177 230 (4.47), 285 (4.63), 310 (4.53), 335 [22]
41(ClO4), (sh, 4.21), 415 (3.94), 515 (sh, 3.22)
(16a)
[(tpy)(bpy)Ru=C(OMe)CH,'Bu](Cl0,), 328.9 242 (4.56), 285 (4.80), 312 (sh, 4.68), [22]
(16b)* 334 (sh, 4.46), 408 (4.13), 503 (sh,
3.55)

The spectroscopic data of related iron porphyrin carbene complexes are included for comparison.

4 In CDCI3 (NMR) or CH,Cl, (UV-vis).
b In CgDg (NMR) or CgHg (UV—-vis).

¢ In C¢DsN (NMR) or DMSO (UV-vis).
4 In CD,Cl, (NMR) or CH,Cly (UV-vis).

ruthenium carbene complexes [12]. For [(F29-TPP)Ru=CRR’]
(1j, 3a—c, 4a, b, 5 and 6), the Hg chemical shifts decrease along
the CRR’ order:

C(CO,Me); > C(CgH4NO,-4)CO,Me
> C(CH=CHPh)CO,CH,(CH=CH),Me,
C(CgH4OMe-4)CO;Me > C(CeH4Cl-4), > CPh,

> C(C¢H4Me-4),, C(CsH4,OMe-4),

indicating a decrease in Hg chemical shift with decreasing
electron-withdrawing strength of the carbene groups. The M=C
chemical shifts of [(Por)Ru=CPh; ] (1a—j) in the '3C NMR spec-
tra follow a porphyrin ligand order:

Fy-TPP > 2,6-CI-TPP > 4-Br-TPP, 4-CI-TPP, 4-MeO-TPP
> 4-F-TPP > TMP > TPP > TTP, 3, 4, 5-MeO-TPP

which reveals that a more electron-withdrawing porphyrin lig-
and generally results in larger chemical shifts of the M=C
signals. In the cases of [(F»o-TPP)Ru=CPh,] (1j) and [(L)(F20-
TPP)Ru=CPh;] (7a—e), the Hg chemical shifts of the latter are

smaller than that of the former and become smaller along the L
order:

EtSH, Et;S, MeOH > py > Melm

This shows that coordination of L to 1j leads to an upfield
shift of the Hg signal, with MeIm exhibiting the largest trans
influence.

A direct comparison among the spectroscopic features of
ruthenium, osmium and iron carbene complexes has been made
from [(Melm)(F2o-TPP)M=CPh;] (M =Fe, 14; Ru, 7d; Os, 11a)
[12], whose Hg and M=C chemical shifts both decrease along
the order:

Fe > Ru > Os

Such an order is different from the Pauling electronegativity
trend of Fe <Ru=0Os. A rationalization for this phenomenon is
given on the basis of a competition among the inductive effect,
M — Por back bonding and porphyrin ring current effect [12].

Salen-supported ruthenium carbene complexes
[(L)(salen)Ru=CRj3] (15a—e) have Ru=C chemical shifts
of § 316.3-317.3 ppm, which are within the foregoing range
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observed for the porphyrin-supported ruthenium carbene com-
plexes. The UV-vis absorption spectra of 15a—e show intense
bands at Amax &~ 340 and 405 nm (log € >4), the former should
originate from intraligand charge-transfer transitions of the
coordinated salen ligands. A weak low energy band appearing
at Amax &~ 630-660nm (log £ =2.80-3.12dm> mol~! cm™!) in
the spectra of 15b and 15d is attributed to d—d transitions [21].
Complex [(tpy)(bpy) Ru=C(OMe)CH,(CcH4OMe-
4)](Cl04)2 (16a) bearing polypyridine ligands has a M=C
chemical shift of § 317.7ppm [22], very similar to those
of the ruthenium salen carbene complexes 15a—e. Chang-
ing the carbene group in 16a to C(OMe)CH,'Bu increases
the M=C chemical shift to § 328.9ppm (16b). In the
UV-vis absorption spectra of 16a and 16b, intense intrali-
gand m— w* transition bands appear at Apax <350nm
(émax > 10*dm3 mol~'em™!);  d(Ru") — w*(polypyridine)
MLCT transitions are observed as a moderately intense band at
Amax ~410nm (emax = (8-10) x 103 dm> mol~! cm~1) [22].
Following our  observation of an  emissive
metal — w*(carbene) CT excited state in solution at room
temperature by using a hexanuclear platinum(I) macrocycle
containing chelating bis-carbene ligands [23], and the report
of rhenium(I) N-heterocyclic carbene complexes that are
emissive at room temperature and 77 K [24], we found that

and 16b produce red emission with Apax 597 and 615 nm,
respectively, upon excitation at A 415nm in n-butyronitrile
glass at 77 K [22]. The emission bands shift to 616 and 630 nm
at 77K and 649 and 711 nm at 298 K, respectively, when
measured in the solid state [22]. These emissions are tentatively
attributed to d(Ru'") — m*(polypyridine) MLCT in nature.

2.3. Structure

Since the publication of the previous review [9], about
20 additional ruthenium and osmium porphyrin car-
bene complexes have been structurally characterized
by X-ray crystal analysis, including 1g and 1i, 3b, 7a,
7b, 7d and 7f, 8-10, 11a [12], 1j [13], 11b, 12b [15],
[(TTP)Ru=C(CgH4CF3-3)2] [25], [(MeOH)(TTP)Ru=CPh;]
[26], [(pyXTTP)Ru=CRz] (R=C(C¢H4CF3-3), C(COPh),)
[27] and [{(OEP)Os=CPh;},(-O)] [17]. The M=C bond
distances and R—-C-R’ angles in these M=CRR’ complexes
along with those in structurally characterized iron porphyrin
carbene complexes 13a, 14 [18] and [(H,O)(TPP)Fe=CCl;]
[19b], ruthenium salen carbene complexes 15a—e [21] and
polypyridine-supported ruthenium carbene complex 16a
[22], are summarized in Table 2. Also included in this table

are related metal carbene complexes [(tmtaa)Fe=CPh;]

the polypyridine-supported ruthenium carbene complexes 16a (Hatmtaa = tetramethyldibenzotetraazaannulene) [28],
Table 2

Selected bond distances and angles of ruthenium, osmium and iron carbene complexes

Complex M=C (A) R-C-R’ (°) Ref.
[(2,6-CI-TPP)Ru=CPh,] (1g) 1.859(5) 110.6(4) [12]
[(3,4,5-MeO-TPP)Ru=CPh;] (1i) 1.866(7) 114.7(6) [12]
[(F20-TPP)Ru=CPh;] (1j) 1.842(4) 113.4(3) [13]
[(F20-TPP)Ru=C(CgH4OMe-4),] (3b) 1.854(4) 111.5(4) [12]
[(TTP)Ru=C(CcH4CF3-3),] 1.841(6) 116.1(5) [25]
[(MeOH)(F0-TPP)Ru=CPhs] (7a) 1.853(3) 112.9(3) [12]
[(MeOH)(TTP)Ru=CPh,] 1.845(3) 112.2(3) 1261
[(EtSH)(F20-TPP)Ru=CPh,] (7b) 1.858(5) 114.2(4) [12]
[(MeIm)(F20-TPP)Ru=CPh,)] (7d) 1.876(3) 113.1(2) [12]
[(Ph3PO)(F»)-TPP)Ru=CPh,)] (7f) 1.853(3) 110.6(2) [12]
[(MeOH)(F»0-TPP)Ru=C(Ph)CO,CH,CH=CH,] (8) 1.806(3) 108.0(3) [12]
[(MeOH)(F»o-TPP)Ru=C(Ph)CO,EL] (9) 1.868(3) 111.6(3) [12]
[(MeOH)(F0-TPP)Ru=C(Ph)CO,Me)] (10) 1.850(3) 110.6(2) [12]
[(py)(TTP)Ru=C(CcH4CF3-3),] 1.868(3) 116.8(6) [27]
[(py)(TTP)Ru=C(COPh),] 1.877(8) 112.8(2) 271
[(Melm)(Fo-TPP)Os=CPh; ] (11a) 1.902(3) 112.8(3) [12]
[(py)(TTP)Os=CPh,] (11b) 1.903(7) 112.4(6) [15]
[{(TTP)Os=CPh; }»(-O)] (12b) 1.910(1) 110.7(3) [15]
[{(OEP)Os=CPh; }»(1-0)] 1.930(8) 114.4(7) [17]
[(Fp0-TPP)Fe=CPh;] (13a) 1.767(3) 111.5(3) [18]
[(MeIm)(F2o-TPP)Fe=CPh,] (14) 1.827(5) 111.0(4) [18]
[(H,O)(TPP)Fe=CCl;] 1.83(3) [19b]
[(MeIm)(2,4-Cl-salen)Ru=CPh;] (15a) 1.913(5) 114.9(6), 116.4(5) [21]
[(Melm)(2,4-Br-salen)Ru=CPh; ] (15b) 1.921(12) 114(1),116(1) [21]
[(MeIm)(2,4-I-salen)Ru=CPh,] (15¢) 1.919(14) 113(1), 117(1) [21]
[(py)(2,4-Br-salen)Ru=CPh;] (15d) 1.917(4) 115.7(3) [21]
[(MeIm)(2,4-Br-salen)Ru=C(C¢H4OMe-4),] (15€) 1.9102) 115(2), 116(2) [21]
[(tpy)(bpy)Ru=C(OMe)CH,(CcH40Me-4)](Cl04), (16a) 1.933(6) 117.4(5) [22]
[(tmtaa)Fe=CPh;] 1.794(3) 115.7(3) [28]
[(tmtaa)Ru=CPh;] 1.874(8) 116.4(6) [29]
[Cly(pybox)Ru=C(CO,Me), ] 1.880(7) [30]
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[(tmtaa)Ru=CPh;] [29] and [Cla(pybox)Ru=C(CO;Me);]
(pybox = 2,6-bis(4(S)-isopropyloxazolin-2-yl)pyridine) [30].

The ruthenium porphyrin carbene complexes in Table 2
have Ru=C distances of 1.806(3)-1.877(8) A and R-C-R’
angles of 108.0(3)-116.8(6)°, comparable to those of previ-
ously reported analogues [9]. For the five-coordinate complexes
[(Por)Ru=CR>], a shorter Ru=C bond generally corresponds to
a more strongly electron-withdrawing carbene or porphyrin lig-
and, which is ascribed to a stronger Ru — C m-backbonding and
a decrease in the electron density of the ruthenium ion, respec-
tively (the latter increases electron donation from the carbene
ligand) [12]. Conversion of [(Por)Ru=CR;] to six-coordinate
complexes [(L)(Por)Ru=CR;] appreciably lengthens the Ru=C
bonds due to trans influence, as shown by comparing the Ru=C
distances between 1j and 7, or between [(TTP)Ru=C(CcH4CF3-
3);] and [(py)(TTP)Ru=C(C¢H4CF3-3)2]. Among the L of
MeOH, EtSH, Melm and Ph3 PO, Melm exhibits the largest trans
influence; the coordination of Melm to 1j lengthens the Ru=C
bond by 0.034 A.

Six-coordinate osmium porphyrin carbene complexes 11a
and 11b show almost identical Os=C distances of 1.902(3)
and 1.903(7) A and R-C-R’ angles of 112.8(3)° and 112.4(6)°,
respectively. The Os=C bonds are considerably longer than,
where the R-C-R’ angles are comparable to, those of the ruthe-
nium analogues.

The structure determination of [(Melm)(Fpo-TPP)M=CPh;]
(M =Fe, 14; Ru, 7d; Os, 11a) (Fig. 6) allows a direct com-
parison of the structural features among iron, ruthenium and
osmium porphyrin carbene complexes [12]. The M=C distances
in [(MelIm)(F,-TPP)M=CPh;] (Fe, 1.827(5) A; Ru, 1.876(3) A;
Os, 1.902(3) A) follow the order of

Fe < Ru < Os

This order of M=C distances is opposite to the order of the
Hpg and M=C chemical shifts found for the same complexes
(see above). Other notable differences in the structures of the
iron, ruthenium, and osmium carbene complexes are the substan-
tial distortion of the porphyrin ring in the iron complex 14 and
the considerably bent M-Melm moieties in the ruthenium and
osmium complexes 7d and 11a [12]. In addition, the lengthening
of Fe=C distance by 0.06 Aon going from [(F2p-TPP)Fe=CPh;]
(13a) to [(Melm)(F2o-TPP)Fe=CPh,] (14) [18] reflects a larger
trans influence of Melm in iron carbene complex compared to
that in the ruthenium counterpart.

Interestingly, in the crystal structure of [(Fao-
TPP)Ru=C(CcH4OMe-4);] (3b) [12], the carbene complex
exists as a one-dimensional coordination polymer (Fig. 7)
wherein each of the bis(p-methoxyphenyl)carbene ligand links
two ruthenium atoms through the carbene carbon atom and one
of the two methoxy oxygen atoms. Such a bridging carbene
ligand has not been observed in the crystal structures of other
metalloporphyrin carbene complexes.

For the oxo-bridged osmium porphyrin carbene complex 12b
(Fig. 8), its Os=C distance is 1.910(1) A, similar to those in
11a and 11b. The two TTP rings in the dinuclear oxo-bridged
complex adopt an orientation in between the fully staggered
and eclipsed conformations. Replacing the TTP ligand with a

Fig. 6. Structures of [(MeIm)(F2o-TPP)M=CPh,] (M =Fe, 14; Ru, 7d; Os, 11a)
[12].

more electron-rich OEP ligand increases the Os=C distance to
1.930(8) A [17]. Both 12b and [{(OEP)Os=CPh; }»(j1-O)] have
a linear axial C=0s—0-0s=C moiety with an Os—O-Os angle
of ~179°, coupled with nearly coplanar axial Ph—C—Ph carbene
planes with small dihedral angles of ~4.5° for 12b and 10.1°
for [{(OEP)Os=CPh; }»(p-O)]. These structural features sug-
gest the presence of delocalized C—Os—0O-0s—C and Os—0-Os
w-bonding in the molecules [15], which may be a cause for the
diamagnetism of [{(Por)Os=CPh; },(-0)].

Ruthenium salen carbene complexes 15a—e have been char-
acterized by X-ray crystal analysis [21]. These ruthenium
carbene complexes show markedly long Ru=C distances of
1.910(2)-1.921(12) A compared to the ruthenium porphyrin
analogues, with the R-C-R’ angles being 113(1)-117(1)°. The
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Fig. 7. Structure of [(Fyo-TPP)Ru=C(CsH40Me-4),] (3b) [12] showing a one-
dimensional polymer chain.

structures of 15b, 15d and 15e are depicted in Fig. 9. Note that
15e contains the same carbene ligand as 3b; however, unlike the
latter, the former does not exist as a one-dimensional coordi-
nation polymer in the solid state, apparently due to the lack of
vacant coordination site for the formation of a carbene bridge.

Polypyridine-supported ruthenium carbene complex 16a
(Fig. 10) exhibits a Ru=C distance of 1.933(6) A and an R—-C-R’
angle of 117.4(5)°; the Ru=C distance is even longer than those
in the ruthenium salen carbene complexes.

From the structural data listed in Table 2, it is evident that
ruthenium carbene complexes supported by porphyrin ligands
have Ru=C distances comparable to those of the complexes sup-
ported by tmtaa or pybox ligands. Similarly, the Fe=C distances
in iron porphyrin carbene complexes are also comparable to that
of their tmtaa counterpart. However, replacing the porphyrin
ligands with salens or polypyridines significantly lengthens the
Ru=C bonds.

Fig. 8. Structure of [{(TTP)Os=CPh; }»(n.-O)] (12b) [15].

Fig. 9. Structures of [(L)(2,4-Br-salen)Ru=CPh;] (L = Melm, 15b; py, 15d) and
[(MeIm)(2,4-Br-salen)Ru=C(C¢H4OMe-4),] (15e) [21].

2.4. Electrochemistry

The first electrochemical studies on ruthenium and osmium
porphyrin carbene complexes appeared in 2004 [12], in which
we extensively examined the redox behavior of 19 ruthenium
porphyrin carbene complexes 1c—j, 2a, 2b, 3a, 3¢, 4a, 4b, 7b—d,
8 and 10, together with osmium porphyrin carbene complex 11a,
by cyclic voltammetry. The redox behavior of iron porphyrin car-
bene complexes 13a and 14 was also examined for comparison.
Listed in Table 3 are the half-wave potentials (versus CpoFe™?)
observed for these metalloporphyrin carbene complexes. Fig. 11
shows the cyclic voltammograms of 1c¢, 1f, 7d and 11a.
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Fig. 10. Structure of [(tpy)(bpy)Ru=C(OMe)CH,(CsH4OMe-4)](ClO4), (16a)
with omission of the counter-anions [22].

The carbene complexes supported by Fpo-TPP and 2,6-CI-
TPP ligands almost all show one reversible oxidation couple
(E2 0.13-0.77 V). [(Melm)(F2o-TPP)Os=CPh;] (11a) and the
carbene complexes containing the other porphyrin ligands
exhibit two reversible oxidation couples (Ej 0.06-0.32 and
0.81-1.07 V), except for [(4-MeO-TPP)Ru=CPh;] (1¢), which
shows three reversible oxidation couples (Ej 0.20, 0.80 and

Table 3
Half-wave potentials (V vs. CppFe*”*) of iron, ruthenium and osmium porphyrin
carbene complexes [12]

COl‘l’lpleX E()] E02 ERI
[(4-MeO-TPP)Ru=CPh,] (1c) 0.20 0.80°
[(4-F-TPP)Ru=CPh;] (1d) 0.26 0.94
[(4-CI-TPP)Ru=CPh;] (1€) 0.32 096  —1.88°
[(4-Br-TPP)Ru=CPh;] (1f) 0.30 0.96 —1.89°
[(2,6-C1-TPP)Ru=CPh,] (1g) 0.32 —1.88°
[(TMP)Ru=CPh;] (1h) 0.19 0.98
[(3,4,5-MeO-TPP)Ru=CPh;] (1i) 0.25 0.81
[(F20-TPP)Ru=CPh;] (1j) 0.46 —1.53
[(2,6-CI-TPP)Ru=C(Ph)CO,Et] (2a) 0.42 —1.73
[(TMP)Ru=C(Ph)CO,Et] (2b) 0.32 0.92
[(F20-TPP)Ru=C(CsHsMe-4),] (3a) 0.44 —1.55
[(F20-TPP)Ru=C(CcH4Cl-4),] (3¢) 0.57 —1.50
[(F20-TPP)Ru=C(CsH4OMe-4)CO,Me] 0.50 —1.51
(4a)
[(F20-TPP)Ru=C(CcH4NO,-4)CO,Me] 0.77 —1.25
(4b)
[(EtSH)(F20-TPP)Ru=CPh;] (7b) 0.52 —1.53
[(Et2S)(F20-TPP)Ru=CPh;] (7¢) 0.52 —1.53
[(Melm)(F2p-TPP)Ru=CPh;] (7d) 0.33 —1.63
[(MeOH)(F,0-TPP)Ru=C(Ph)CO,CH, 0.63 —1.46
CH=CH;] (8)
[(MeOH)(F,o-TPP)Ru=C(Ph)CO,Me] (10) 0.65 —147
[(MeIm)(F,o-TPP)Os—=CPh;] (11a) 0.06 1.07 —1.71
[(F2o-TPP)Fe=CPh»] (13a) 0.35 ~1.52
[(MeIm)(F»o-TPP)Fe=CPh;] (14) 0.13 —1.67
2 Eo3=1.03V.
b Epe.

[(4-Br-TPP)Ru=CPh,]

[(4-MeO-TPP)Ru=CPhj]

Current

[(Melm)(F2-TPP)RU=CPhj]

[(Melm)(F2-TPP)Os=CPhj]

-2.00 -1.00 0 1.00 2.00
Potential/ V vs. 0.1 M Ag/AgNQ,in CH,CN

Fig. 11. Cyclic voltammograms of [(Por)Ru=CPh;] (Por =4-MeO-TPP, 1c;4-
Br-TPP, 1f) and [(Melm)(Fpo-TPP)M=CPh;] (M =Ru, 7d; Os, 11a) [12] in
CH;Cl, with 0.1 M "BusNPFg as supporting electrolyte. Conditions: working
electrode, glassy carbon; scan rate, 100 mV s—L

1.03 V). For nearly all the carbene complexes supported by
F»o-TPP ligand, a reversible reduction couple is observed (E1,2
—1.25to —1.73 V). The reduction couples for the carbene com-
plexes bearing other porphyrin ligands are not clearly observable
(though partially observed in some cases), probably due to over-
lap with the reduction of the solvent.

Spectroelectrochemistry of 1d, 1h and 2a, 2b in CH,Cl, [12]
reveals collapse of the two Soret bands (Amax & 395 and 430 nm)
of the diphenylcarbene complex 1d or 1h into a single band
(Amax ~410nm) and a red shift (Apyax from ~398 to ~410 nm)
of the single Soret band of the phenyl(ethoxycarbonyl)carbene
complex 2a or 2b upon electrolysis at a potential in between the
Eqpp of the corresponding first and second oxidation couples.
This indicates a smaller effect of carbene substituents on the
electronic spectra of the oxidized ruthenium porphyrin carbene
species. As the UV—vis absorption spectra recorded at different
time intervals showed no prominent bands in the 600—-800 nm
region, the porphyrin ring should not be oxidized in the course
of the electrolysis.
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On the basis of the spectroelectrochemical studies, the first
oxidation of ruthenium porphyrin carbene complexes (except
4b with an E}/; value comparable to that for porphyrin ring oxi-
dation) is attributed to a metal-centered process [12]. A similar
assignment can be made to the first oxidation of the iron and
osmium analogues 11a, 13a and 14 in view of their Ej;y val-
ues. Other redox couples of the ruthenium, osmium and iron
porphyrin carbene complexes are assigned to originate from
porphyrin-centered processes.

The E; value for the first oxidation of ruthenium porphyrin
carbene complexes decreases with increasing electron-donating
strength of the carbene, porphyrin, or trans ligands. This is
consistent with the effects of carbene substituents, porphyrin
substituents, or trans ligands on the Hg and/or M=C chem-
ical shifts of these complexes [12]. For the first oxidation
of [(Melm)(F,o-TPP)M=CPh;] (7d, 11a, 14), the Ey; value
decreases along the order

Ru > Fe > Os

which is different from the order of their Hg and M=C chemical
shifts but similar to the order of Ej/; values observed for bis-
pyridine metalloporphyrins [(OEP)M(py)2] (E12 =—0.15 (Fe),
—0.02 (Ru), —0.37V (Os)) [31].

Ruthenium salen carbene complexes 15a—e exhibit a series of
irreversible or quasi-reversible oxidation waves, whose poten-
tials are listed in Table 4 [21]. The first oxidation wave is
irreversible and occurs at a potential of E},, —0.04 to 0.15V,
which is assigned to the metal-centered process. These poten-
tials are less anodic than those for the metal-centered oxidation
of ruthenium porphyrin carbene complexes, indicating that the
ruthenium atoms in the salen complexes 15a—e are easier to
be oxidized. The quasi-reversible waves (E1 0.86-1.28 V) of
15a—e could originate from ligand-centered oxidations.

Three reversible/quasi-reversible couples appear in the
cyclic voltammograms of polypyridine-supported ruthenium
carbene complexes 16a (Ej =—2.03, —1.57, 0.99 V) and 16b
(E1p=-2.04, —1.50, 1.00 V) [22], as shown from the cyclic
voltammogram of 16a in Fig. 12. The oxidation couple with
E1p =~ 1.0V is attributed to the metal-centered process, which
occurs at a markedly more anodic potential than the corre-
sponding oxidation of ruthenium porphyrin carbene complexes,

Table 4
Oxidation potentials (V vs. CpoFe*’?) of ruthenium carbene complexes sup-
ported by salen ligands [21]

Complex Oxidation potential
[(MeIm)(2,4-Cl-salen)Ru=CPh;] (15a) 0.08?, 0.24%, 0.36%, 0.77,

0.86°, 1.02°
[(MeIm)(2,4-Br-salen)Ru=CPh;] (15b) 0.042, 0.25%, 0.36%, 0.86°,

1.05°, 1.25°
[(MeIm)(2,4-I-salen)Ru=CPh;] (15¢) 0.06%, 0.25%, 0.34%, 0.77,

0.98°, 1.28"
[(py)(2,4-Br-salen)Ru=CPh;] (15d) 0.15%, 0.40?, 0.63%, 0.89°
[(MeIm)(2,4-Br-salen)Ru=C(C¢H4OMe-4);] —0.04%,0.11%,0.232,

(15€) 0.712,0.88", 1.14°

# Trreversible, Ej 5.
b Quasi-reversible, Ej .

[(tpy)(bpy)Ru=C(OMe)CHy(CeHsOMe-4)](CIO),

Current

1 1 1 1 1 ] 1 1
25 -2.0 -15 -1.0 05 0.0 05 1.0 1.5

Potential/ V vs. Fc/Fc

Fig. 12. Cyclic voltammogram of [(tpy)(bpy)Ru=C(OMe)CH;(CsH4OMe-
4)](Cl04)2 (16a) in CH,Cl, with 0.1 M "BusNPFg as supporting electrolyte
[22]. Conditions: working electrode, glassy carbon; scan rate, S0mV s~!
(Fc*/Fc = ferrocenium/ferrocene).

probably due mainly to the dicationic nature of 16a and 16b. The
other redox couples of 16a and 16b are ascribed to the reduction
of the polypyridine ligands.

2.5. Reactivity

In the previous review [9], we have described the follow-
ing reactivities of ruthenium and osmium porphyrin carbene
complexes: (i) reaction of [(OEP)Ru=CHCO;Et] with PPh;
to give [Ru(OEP)PPh3] and diethyl maleate and fumarate as
reported by Collman and co-workers [32], (ii) formation of
osmium ylide complexes from the reaction of [(TTP)Os=CHR]
(R=COzEt, SiMes) with para-substituted pyridines 4-X-
CsHyN, and reaction of [(TTP)Os=CHCO,Et] with alkenes
to afford cyclopropanation products, as reported by Woo
and co-workers [5a,33], (iii) cyclopropanation of styrene by
[(TPP)Ru=C(CO;Et);] as reported by Simonneaux and co-
workers [34] and (iv) reaction of [(Fo-TPP)Os(=CPh;),] with
alkenes and allylic C—H bonds to form cyclopropanation and
C-H insertion products, respectively, as reported by our group
[16].

Woo and co-workers subsequently reported that the coor-
dinated carbene ligand in [(TTP)Os=C(CO,Et){C(O)CH,-
CH,CH=CHj, }] undergoes intramolecular cyclopropanation to
give ethyl 2-oxo[3.1.0]bicyclohexanecarboxylic acid ester upon
heating in toluene at 110 °C [5i]. Under a CO atmosphere, the
intramolecular cyclopropanation occurs rapidly at 10 °C (reac-
tion 1 in Fig. 13).

We examined the reaction of oxo-bridged osmium por-
phyrin carbene complexes 12a—e with styrene at 80°C and
observed no cyclopropanation product even after 30h [15].
However, 12b can catalyze the intermolecular cyclopropanation
of styrene with NoCHCO;Et and intramolecular cyclopropana-
tion of cis-pent-2-enyl diazoacetate to afford the corresponding
cyclopropanes in 99% (trans/cis 9.4:1) and 78% yields, respec-
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Fig. 13. Reactivity of [(TTP)Os=C(CO,Et){C(O)CH,CH,CH=CH, }] [5i], [(F20-TPP)Fe=C(Ph)CO;Et] (13b) and [(MeIm)(F»o-TPP)Fe=CPh;] (14) [18].

tively. Moreover, this complex is an active catalyst for the C-H
insertion reaction between cyclohexene and NoCHCO;Et, with
the product obtained in 43% yield. The reaction of 12b with
pyridine produces [(py)(TTP)Os=CPh,] (11b), as described
above.

Iron porphyrin carbene complex [(F29-TPP)Fe=CPh;] (13a)
is unreactive toward stoichiometric cyclopropanation of styrene
[18], like previously reported [(Por*)Ru=CPh,] [35], although
both complexes can catalyze intermolecular cyclopropanation
reaction between styrenes and NpCHCO,Et, and 13a can
catalyze the intramolecular cyclopropanation of allylic diazoac-
etates. Interestingly, we found that, upon the reaction of Melm
with 13a, the resultant six-coordinate complex [(Melm)(Fao-
TPP)Fe=CPh;] (14) reacts with styrene at 80°C to afford
1,1,2-triphenylcyclopropane in 53% yield (reaction 2 in Fig. 13)
[18]. This could result from the trans effect of Melm, which
weakens the Fe=C bond as evident from the longer Fe=C dis-
tance in 14 than in 13a.

Replacing a phenyl group in the diphenylcarbene ligand
of 13a with a CO,Et group also activates the coordinated
carbene ligand. When we treated [(Fao-TPP)Fe=C(Ph)CO,Et]
(13b) with excess styrene in benzene at 60°C for 15h, 1,2-
diphenylcyclopropanecarboxylic acid ethyl ester was obtained
in 82% yield (trans/cis 2.0:1) (reaction 3 in Fig. 13) [18].
Competitive cyclopropanation experiment (p-XC¢H4CH=CH,
versus styrene) reveals the product ratios of 2.6, 1.6, 1.2 and 0.69
for X=MeO, Me, CI and CF3, respectively, which lead to a lin-
ear Hammett plot with a small negative p value of —0.41 £ 0.05
comparable to that of the cyclopropanation of styrenes with
N> CHCO;Et catalyzed by [(TTP)Fe] (o =—0.68 & 0.07) [36].

The cyclopropane formation from styrenes and 13b or 14 is
the first alkene cyclopropanation by an isolated iron porphyrin
carbene complex without the aid of photolysis. Previously, Sus-
lick and co-workers reported alkene cyclopropanation by iron
porphyrin halocarbene complexes upon photolytic cleavage of
the iron—carbene bonds [37]. Woo and co-workers reported the

Table 5
Stoichiometric C—H insertion reaction of [(Fpo-TPP)Fe=C(Ph)CO,Et] (13b) and [(Melm)(F,o-TPP)Fe=CPh,] (14) with alkenes and tetrahydrofuran [18]
—H + Fe=C(Ph)R —— CH(Ph)R
13b: R = CO,Et
14:R=Ph
Complex Alkene T(O) Time (h) Product Yield (%)

13b 80
14 H 80
0

()
13b 65
13b H 80
oL
13b 25

14 80

2 o
36 CH(Ph)R 24
0
CH(Ph)CO,Et
2 1)7 (PR)CO 88P

15 CH(Ph)R 83
48 15

20 59

4 A mixture of two diastereomers in a molar ratio of 1.2:1.
b A mixture of two diastereomers in a molar ratio of 2:1.
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formation of cyclopropanes from alkenes and spectroscopically
characterized [(TTP)Fe=CHR] (R =2,4,6-Me3CgH or SiMe3s)
[20].

Complexes 13b and 14 can react with cyclohexene, tetrahy-
drofuran and cumene, affording the C—H insertion products in
up to 64%, 88%, and 83% yield, respectively (Table 5). This
is the first intermolecular carbene transfer from an isolated
mono-carbene metal complex into saturated C—H bonds after
our previous report of a bis-carbene osmium porphyrin that has
a similar reactivity [16].

It is somewhat unexpected that the salen-supported ruthe-
nium carbene complexes 15a—e are unreactive toward alkene
cyclopropanation [21], despite their fairly long Ru=C distances.
Treatment of the polypyridine-supported ruthenium carbene
complex 16b with styrene at room temperature for 48 h also
results in no appreciable reaction [22].

3. Ruthenium vinylidene and allenylidene complexes
supported by macrocyclic amine ligands

3.1. Synthesis

Fourteen ruthenium vinylidene and allenylidene complexes
supported by Mestacn or 16-TMC ligands have been prepared
[38—40]. The synthetic routes to these complexes are depicted
in Figs. 14-16.

Treatment  of
with  lequiv. of

[(0,CCF3)(Mestacn)Rul (PMes), |PFg
HC=CR (R=Ph, 4-MeCg¢H4)
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in refluxing 1,2-dichloroethane affords
[(PMe3)(0,CCF3)(Mestacn)Ru=C=CHR]PFg (17a, b)
[38]. Reaction of [(16-TMC)Ru'Cl,]Cl with HC=C(CgH4X-
4) (X=H, Cl, Me, OMe) in refluxing methanol in the
presence of zinc amalgam, followed by addition of
NH4PFg, gives  [Cl(16-TMC)Ru=C=CH(C¢H4X-4)]PF¢
(18a-d) [39]. A similar reaction for HC=CCPh,OH,
instead of HC=C(CgH4X-4), results in the formation of
[CI(16-TMC)Ru=C=CH(CHPh,)]PF¢(19) [39] (Fig. 14).

The reaction between [(16-TMC)RulCl,]C1 and
HC=CCPh,OH was initially intended as a route to ruthe-
nium allenylidene complex [CI(16-TMC)Ru=C=C=CPh;)]PF¢
(20a) [39]. Possibly, the presence of zinc amalgam throughout
the reaction prevents the formation of 20a. Indeed, when
zinc amalgam is removed by filtration after reacting with
[(16-TMC)Ru'"'C1,]Cl in refluxing methanol to give the corre-
sponding Ru(Il) complex and the filtrate is subsequently treated
with HC=CCPh,;OH under refluxing conditions, the allenyli-
dene complex 20a is obtained upon addition of NH4PFg.
This method has been employed to prepare the allenyli-
dene complexes [Cl(16-TMC)Ru=C=C=C(C¢H4X-4),]PFg
(20b-d) [39] and [CI(16-TMC)Ru=C=C=C(py-
2)2]PFs (21) [40] by replacing HC=CCPh,OH with
HC=CC(CgH4X-4),OH and HC=CC(2-py),OH, respectively
(Fig. 15).

Interestingly, 21 can function as a “molecular clip”,
which binds Zn(Il) and Ru(Il) ions to afford dinu-
clear complexes [Cl(16-TMC)Ru=C=C=C(2-py)2ZnCl;]PF¢

H\C/R —|+
[l
PMe
F10C00 3PM—|+ F3CCOO\ﬁ o
Me i — Me s
\N/Rl{ _Me M’ \N/FT{ _Me
tN'N CICH,CH,Cl \-NN
N N
Me Me
17 R
17a  Ph

OMe

HCEC—@X Me\N Cl

MeOH, Zn/Hg

17b  4-MeCgH,

Ph H
Ph N
P H
Ph\Cll/OH Ph \C/
+ | +
MeT Me c Me
7/ lHH \N || N/
) -
MeOH, Zn/Hg N ‘ “N
“Me me” [ O | m

19

Fig. 14. Synthesis of ruthenium vinylidene complexes 17-19 [38,39] (the PFs ™~ counter-anions in these complexes are not shown).
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Fig. 15. Synthesis of ruthenium allenylidene complexes 20 and 21 [39,40] (the PFs~ counter-anions in these complexes are not shown).

(22) and [CI(16-TMC)Ru=C=C=C(2-py)2Ru(acac),;]PFg (23,
acac =acetylacetonate) upon treatment with ZnCl, and cis-
[Ru(acac),(MeCN), ], respectively [40] (Fig. 16).

3.2. Spectroscopic features

IR, '3C NMR and UV-vis absorption spectra of the Mestacn-
or 16-TMC-supported ruthenium vinylidene and allenylidene
complexes have been examined [38—40]. Selected spectro-
scopic data are compiled in Tables 6 and 7. For comparison,

these tables also include the corresponding data of ruthe-
nium vinylidene and allenylidene complexes supported by
bis(diphenylphosphino)methane (dppm) [41,42].

The vinylidene complexes 17-19 show v(CC) bands

at  1585-1635cm~!. These frequencies are consid-
erably lower than that of their dppm counterpart
[Cl(dppm),Ru=C=CHPh]PFs (»(C=C) 1658cm™!) [41],

indicating a strong electron-donating ability of Mestacn and
16-TMC. The Ru=C,, signals of 17-19 have chemical shifts of
8 347.4-363.7 ppm, which are substantially downfield from the

¢l cl
\z/ R (acao,
n + u +
N 7N
0 <So) Qe
= N N ~. R
c c c
| 1 |
c c c
\ Me Me [ ¢ Me cis-[Ru(acac)- Me_ [ C Me
_ ZChiERO N_|| N (MeCN)s] N\RH N
e l“I\ M OH e u\
N | N e N | N
~
Me e

U

22

Fig. 16. Synthesis of ruthenium allenylidene complexes 22 and 23 [40] (the PF¢~ counter-anions in these complexes are not shown).
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Table 6
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Selected IR and 13C NMR spectroscopic data of ruthenium vinylidene (Ru=C,=CgRR’) and allenylidene (Ru=C,=Cp=C,RR’) complexes supported by Mestacn

and 16-TMC ligands as compared with those supported by dppm ligands

Complex W(C=C)/(C=C=C) (cm™') 13C NMR (8 (ppm)) Ref.
Cu CB C,y
[(PMe3)(02CCF;3)(Mejstacn)Ru=C=CHPh]PFg (17a) 1621 363.7 (d) 111.6 [38]
[(PMe3)(02CCF3)(Mestacn)Ru=C=CH(CsH4Me-4)]PF; (17b) 1635 362.9 (d) 110.8 [38]
[C1(16-TMC)Ru=C=CHPh]PFs (18a) 1593, 1607 349.4,351.5 111.1,111.4 [39]
[C1(16-TMC)Ru=C=CH(C¢H4CI-4)]PF4 (18b) 1585, 1609 347.4,349.4 110.2, 110.5 [39]
[C1(16-TMC)Ru=C=CH(C¢H4Me-4)]PF¢ (18c) 1604, 1625 350.5, 352.6 1109, 111.2 [39]
[C1(16-TMC)Ru=C=CH(C¢H4OMe-4)|PF4 (18d) 1604, 1624 350.9,353.1 110.6, 110.8 [39]
[CI(16-TMC)Ru=C=CH(CHPh,)]PFs (19) 1631 347.4,350.5 112.1, 1124 [39]
[Cl(dppm),Ru=C=CHPh]PFs 1658 336.02 110.73 [41]
[C1(16-TMC)Ru=C=C=CPh, |PF¢ (20a) 1884 302.9, 308.6 248.7,250.7 150.1, 150.7 [39]
[CI(16-TMC)Ru=C=C=C(CgH4Cl-4),] PFs (20b) 1880 300.6, 306.4 255.2,257.3 149.7,149.8 [39]
[CI(16-TMC)Ru=C=C=C(CgHsMe-4),]PFs (20c) 1885 300.0, 305.7 240.9,242.8 150.1, 150.7 [39]
[C1(16-TMC)Ru=C=C=C(CsH;OMe-4),]PF¢ (20d) 1891 294.6, 300.1 229.1,230.9 149.4, 149.7 [39]
[CI(16-TMC)Ru=C=C=C(2-py),] PF¢ (21) 1885 313.4,319.2 284.8,287.3 143.0, 143.6 [40]
[C1(16-TMC)Ru=C=C=C(2-py),ZnCl,]PFs (22) 1896 309.2, 312.7 210.0 1322 [40]
[CI(16-TMC)Ru=C=C=C(2-py),Ru(acac), |PFs (23) 1871 269.4,274.8 245.6,246.6 126.8 [40]
[Cl(dppm), Ru=C=C=CPh, |PFg 1928 306.72 (q) 208.94 (br q) 161.88 (br s) [42]
[Cl(dppm); Ru=C=C=C(CgH4Cl-4),]PFg 1921 307.33 (q) 213.92 (br's) 156.63 (brs) [42]
[Cl(dppm), Ru=C=C=C(CgHsMe-4),]PFs 1928 301.0 203.0 160.8 [42]

Ru=C signals of the ruthenium carbene complexes supported
by salen, polypyridine and porphyrin ligands listed in Table 1
(except 7e).

Compared to 17-19, the allenylidene complexes 20-22
exhibit markedly upfield Ru=C,, signals with §294.6-319.2 ppm
(which are comparable to those of most of the ruthenium por-
phyrin carbene complexes). The v(C=C=C) bands of 20-22
appear at 1880-1896cm™!. A considerably lower v(C=C=C)
frequency of 1871 cm™! is observed for allenylidene complex
23; this complex shows substantially upfield Ru=C, signal (§
269.4 and 274.8 ppm) from those of its analogues 20-22. Like
the case of the vinylidene complexes, all the allenylidene com-
plexes 20-23 have considerably lower v(C=C=C) frequencies
than their dppm counterparts [Cl(dppm),Ru=C=C=CR;]PF¢
(R =Ph, 4-CIC¢Hy, 4-MeCgHy) (1921-1928 cm™!) [42].

The UV-vis absorption spectra of the vinyli-
dene complexes 18a—d show similar intense bands
(émax = 10*dm®>mol~'cm™!) in the high-energy region

Table 7

(Amax <315nm). Appreciably different high-energy bands are
observed for 19 wherein the Ru=C=C and phenyl moieties are
indirectly connected via a saturated carbon atom (in contrast to
the direct attachment of the aryl group to the Ru=C=C moiety
in 18). These absorption bands are suggested to involve the
vinylidene moiety [39]. For all the vinylidene complexes 18a—d
and 19, there are weak low-energy bands appearing at Amax
464-644 nm (e < 10> dm> mol~! cm™!), which can be assigned
to d—d transitions.

Allenylidene complexes 20a—d exhibit a low-energy band
at Amax 479-513 nm in their UV—vis absorption spectra. This
band is intense (£max > 10% dm3 mol~! cm’l) and attributed to a
metal-perturbed intraligand transition with some allenylidene-
to-metal LMCT character [39]. On going from 20a—c to their
dppm counterparts [Cl(dppm),Ru=C=C=CR,]PFg [42], the
Amax Of the low-energy band red shifts by 1060-1110cm™".
Complex 21 shows an intense low-energy band (Apax 468 nm,
£ 1.9 x 10* dm>® mol~! cm ™) slightly blue shifted from that of

UV-vis spectral data of 16-TMC-supported ruthenium vinylidene and allenylidene complexes in MeCN as compared with those of trans-

[Cl(dppm), Ru=C=C=CR; |PF¢

Complex Amax (0M) (Emax (dm> mol~! cm™1)) Ref.
[C1(16-TMC)Ru=C=CHPh]PF¢ (18a) 273 (19,700), 311 (7360), 351 (590), 464 (68), 585 (38), 644 (37) [39]
[C1(16-TMC)Ru=C=CH(C¢H4Cl-4)]PF¢ (18b) 277 (21,510), 315 (12,790), 354 (3250), 470 (78), 578 (48), 638 (46) [39]
[C1(16-TMC)Ru=C=CH(CgH4Me-4)]PF; (18¢) 273 (25,040), 311 (10,740), 350 (900), 464 (68), 582 (33) [39]
[C1(16-TMC)Ru=C=CH(C¢H4OMe-4)]PF¢ (18d) 273 (28,830), 310 (10,130), 365 (570), 465 (71), 585 (37) [39]
[C1(16-TMC)Ru=C=CH(CHPh,)]PF¢ (19) 237 (22,850), 304 (2200), 395 (83), 466 (82), 589 (br, sh, 21) [39]
[C1(16-TMC)Ru=C=C=CPh; ]PF¢ (20a) 258 (14,110), 283 (13,160), 335 (7390), 479 (20,200) [39]
[C1(16-TMC)Ru=C=C=C(C¢H4Cl-4),] PF¢ (20b) 292 (15,360), 335 (9790), 483 (21,740) [39]
[C1(16-TMC)Ru=C=C=C(CcH4Me-4), PFg (20c) 260 (14,780), 291 (12,830), 341 (11,510), 492 (24,430) [39]
[C1(16-TMC)Ru=C=C=C(CgH40Me-4), |PF¢ (20d) 264 (14,540), 279 (13,370), 382 (17,510), 513 (29,760) [39]
[Cl(dppm), Ru=C=C=CPh, |PFs 273 (46,900), 357 (9010), 506 (17,120) [42]
[Cl(dppm), Ru=C=C=C(CcH4Cl-4),]PF¢ 274 (49,940), 366 (12,590), 510 (19,970) [42]
[Cl(dppm), Ru=C=C=C(CsH4Me-4),]PF¢ 273 (48,390), 374 (14,170), 519 (20,210) [42]
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Fig. 17. UV-vis absorption spectra of [CI(16-TMC)Ru=C=C=C(2-
py)2]PFs  (21), [Cl(16-TMC)Ru=C=C=C(2-py)ZnCl;]PFs (22) and

[C1(16-TMC)Ru=C=C=C(2-py)2Ru(acac),]JPFs (23) in MeCN at 298K
(instrumental artefacts are marked by *) [40].

20a, which can also be attributed to a metal-perturbed ™ — 7*
allenylidene intraligand transition. Coordination of 21 to Zn(II)
to form 22 further blue shifts the Ay« of the intense band to
457 nm (¢ 2.0 x 10*dm® mol~' cm™!).

Strikingly, when 21 binds Ru(Il) to form 23, the lowest-
energy band in the UV-vis absorption spectrum dramatically
red shifts by ~11,300cm™!, resulting in the appearance of
an intense band at Amax 989 nm (¢ 2.3 x 10* dm3 mol—! cm™1)
[40] (Fig. 17). Density functional theory (DFT) calculations
on model complex [CI(NH3)4Ru=C=C=C(2-py);Ru(acac),]*
suggest that the 989 nm band of 23 should originate from Rugcyc-
to-m*(Ru=C=C=C(2-py);Ru) charge-transfer transitions, and
that the dramatic red shift occurs because (i) the HOMO-
1 of 23 is localized on Rugcy (Which has a higher energy
than the w(Ru=C=C=C(2-py)2) orbital of 21) and (ii) the
LUMO of 23 features a greater delocalization between the
two Ru(Il) ions [40]. Thus, 23 serves as a unique isolable
allenylidene-bridged metal complex showing delocalization
across the {M=C=C=C(2-py),M} moiety in the excited state.

Resonance Raman spectra have been measured for the vinyli-
dene complex 19 and allenylidene complex 20a [39]. In the case
of 19, the fundamental of the nominal v(C=C) stretch mode (the
largest resonance Raman progression) is located at 1629 cm™!,
which generates an overtone at 3258 cm™! and produces com-
bination bands with some fundamental Franck—Condon active
modes. The spectrum of 20a (Fig. 18) shows the fundamen-
tal and overtone of the nominal v(C=C=C) stretch mode as the
largest resonance Raman progression at 1889 and 3786cm™!,
respectively, the former of which forms weaker combination
bands with eight other fundamental Franck—Condon active
modes. Analysis of the resonance Raman spectroscopic data,
together with simulation of the 479 nm band and the resonance
Raman intensities of 20a, shows that the 479—513 nm charge-
transfer bands of 20a—d originate from a transition associated
with the Ru=C=C=C moiety and are strongly coupled to the
allenylidene ligands [39].
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Fig. 18. Resonance Raman spectrum of [Cl(16-TMC)Ru=C=C=CPh,]PFs
(20a) in MeCN at 25°C (excitation wavelength: 435.7 nm). The solvent and
laser subtraction artifacts are marked by * and +, respectively [39].

3.3. Structure

16-TMC-supported ruthenium vinylidene complexes 18a and
19 [39] and allenylidene complexes 20a, 20c [39], 22 and 23 [40]
have been structurally characterized. Selected bond distances
and angles are listed in Table 8. The structures of mononuclear
complexes 18a, 20a and dinuclear complexes 22 and 23 are
shown in Figs. 19 and 20, respectively.

The Ru=C distances in the vinylidene complexes 18a and 19
are 1.780(8) and 1.802(7) A, respectively, appreciably shorter
than those of almost all the ruthenium porphyrin carbene com-
plexes in Table 2. Both 18a and 19 have an essentially linear
Ru=C=C moiety, with respective Ru—C—C angles of 172.6(7)°
and 177.8(6)° and C=C distances of 1.352(10) and 1.309(10) A.
These structural data show that replacing the phenyl group in the
vinylidene ligand of 18a with a diphenylmethyl group slightly
lengthens the Ru=C bond but shortens the C=C bond.

For the allenylidene complexes 20a and 20c, the Ru=C=C=C
moieties are also linear, but their Ru=C distances of 1.849(4)
and 1.862(7) A are considerably longer, whereas the Co=Cgp dis-
tances of 1.262(7) and 1.24(1) A are markedly shorter, than those
of the above two vinylidene complexes. The Cg=C, distances in
20a and 20c are 1.339(7) and 1.378(10) A, respectively, longer



C.-M. Che et al. / Coordination Chemistry Reviews 251 (2007) 2145-2166

Table 8
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Selected bond distances and angles of ruthenium vinylidene (Ru=C,=CpgRR’) and allenylidene (Ru=C,=Cg=C,RR’) complexes supported by 16-TMC ligand

Complex Bond distance (A) Bond angle (°) Ref.
M=C, Co=Cp Cp=Cy M-C,—Cg Co—Cp—Cy
[C1(16-TMC)Ru=C=CHPh]PF¢ (18a) 1.780(8) 1.352(10) 172.6(7) [39]
[Cl(16-TMC)Ru=C=CH(CHPh;)]PF¢ (19) 1.802(7) 1.309(10) 177.8(6) [39]
[Cl(16-TMC)Ru=C=C=CPh;, |PF¢ (20a) 1.849(4) 1.262(7) 1.339(7) 177.6(4) 170.1(5) [39]
[Cl(16-TMC)Ru=C=C=C(CsHsMe-4),]PFs (20c) 1.862(7) 1.24(1) 1.378(10) 180 180 [39]
[C1(16-TMC)Ru=C=C=C(2-py)»ZnCl, |PF¢ (22) 1.835(6) 1.258(8) 1.356(8) 175.6(5) 171.7(6) [40]
[C1(16-TMC)Ru=C=C=C(2-py)2Ru(acac), |PFg (23) 1.894(6) 1.243(7) 1.380(7) 174.0(5) 175.8(6) [40]

Fig. 19. Structures of [C1(16-TMC)Ru=C=CHPh]PF¢ (18a) and [Cl(16-TMC)Ru=C=C=CPh; |PF¢ (20a) [39].

than the C,=Cg distances in the same complexes. Similar struc-

tural features are observed for the Ru=C=C=C moieties in the
dinuclear allenylidene complexes 22 and 23, although the latter

has a slightly longer Ru=C bond than the former.

Fig. 20. Structures of [C1(16-TMC)Ru=C=C=C(2-py),ZnCl,]PF¢ (22) and [C1(16-TMC)Ru=C=C=C(2-py),Ru(acac), ]PF¢ (23) [40].

The bond distances of the Ru=C=C/Ru=C=C=C moieties in
the six ruthenium vinylidene/allenylidene complexes supported
by 16-TMC ligand are comparable to those in the correspond-

ing complexes supported by other ligands (Ru=C 1.76-1.91 A
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Table 9

Half-wave potentials (V vs. CpyFe*®) of 16-TMC-supported ruthenium vinylidene and allenylidene complexes as compared with those of

[Cl(dppm), M=C=C=C(CcH4X-4),]PFs (M =Ru, Os)

Complex Eip Ref.
[C1(16-TMC)Ru=C=CH(CHPh;)]PF¢ (19) 0.81% —2.16° [39]
[C1(16-TMC)Ru=C=C=CPh; |PF; (20a) 0.64 —1.27 [39]
[C1(16-TMC)Ru=C=C=C(C¢H4Cl-4),] PFs (20b) 0.70 —1.19 [39]
[C1(16-TMC)Ru=C=C=C(CgH4Me-4),]PF6 (20c) 0.57 —1.32 [39]
[C1(16-TMC)Ru=C=C=C(CcH4OMe-4), ]PF; (20d) 0.49 —1.42 [39]
[C1(16-TMC)Ru=C=C=C(2-py)2] PFg (21) 0.732 —1.11 [40]
[CI(16-TMC)Ru=C=C=C(2-py),ZnCl, ]PF¢ (22) 0.96* —-0.73 [40]
[Cl(16-TMC)Ru=C=C=C(2-py)2Ru(acac), |PF¢ (23)° 1.01 —1.03 [40]
[Cl(dppm), Ru=C=C=CPh; |PF¢ 1.02 —0.98 [39]
[Cl(dppm),Ru=C=C=C(CcH4Cl-4),]PF¢ 1.06 —-0.92 [39]
[Cl(dppm), Ru=C=C=C(CcH4Me-4),]PF¢ 0.92 —1.02 [39]
[Cl(dppm), Os=C=C=CPh;|PFq 0.82 —1.14 [39]
[Cl(dppm), Os=C=C=C(CsH4Cl-4),]PF; 0.88 —1.05 [39]
[Cl(dppm), Os=C=C=C(CsHsMe-4),]PFg 0.75 —1.20 [39]

& Trreversible, Ej 5.
b Irreversible; Ep ..
¢ An extra reversible couple at E1; —0.27 V is observed.

and C,=Cp 1.14-1.34 A for vinylidene complexes; Ru=C
1.84-2.00 A, C=Cp 1.18-1.27 A and Cg=C, 1.35-1.41 A for
allenylidene complexes) [3b]. A comparison among the struc-
tures of 18a, 20a and trans-[(16-TMC)Ru(C=CPh);] (Ru—C
2.077(4) A, Co=Cg 1.198(6) A) [43] reveals that the Ru=C and
Co=Cp distances of 20a both fall in between the correspond-
ing distances of the vinylidene and acetylide complexes, and the
Co=Cg bond in the allenylidene complex has partial triple bond
character.

3.4. Electrochemistry

Electrochemical studies have been performed on 19 [39],
20a-d [39] and 21-23 [40]. The observed E/; values, along with
those for [Cl(dppm), M=C=C=C(CgH4X-4)>]PFs (M =Ru, Os)
[39], are listed in Table 9. Fig. 21 shows the cyclic voltammo-
grams of 20a, 21 and 23.

In the cyclic voltammograms of 20a—d, a reversible reduction
couple at Ejp —1.42 to —1.19V and a reversible oxida-
tion couple at 0.49-0.70V are observed, in contrast to the
two irreversible waves at Ep. —2.16 and Ep, 0.81V in the
case of 19. Two reversible couples are also observed for
[Cl(dppm)2 Ru=C=C=C(CgH4X-4),]PF¢, but their Ej/; values
are 270-380 mV more anodic than those of 20a—d. The ruthe-
nium allenylidene complexes supported by dppm and 16-TMC
ligands both exhibit smaller E1» values upon increasing the
electron-donating strength of the CgHsX-4 substituents, and
from X=CI to OMe, a decrease in E;» by ~200mV is noted
for 20a—d.

Changing the phenyl groups in 20a to 2-pyridyl groups to
give 21 causes the oxidation couple to become irreversible and
renders the reversible reduction couple 310 mV more anodic.
An additional anodic shift of 380 mV of the reversible reduction
couple occurs upon coordination of 21 to Zn(II) to give the dinu-
clear allenylidene complex 22. For the conversion of 21 into 23,
a markedly smaller anodic shift of 80 mV for the reduction cou-

[CI(16-TMC)Ru=C=C=CPh,]PF

[CI(16-TMC)Ru=C=C=C(2-py),]PF;

Current

[CI(16-TMC)Ru=C=C=C(2-py).Ru(acac),]PFs

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
Potential/ V vs. Fc*/Fc

Fig. 21. Cyclic voltammograms of [Cl(16-TMC)Ru=C=C=CPh,]PFq
(20a) [39], [C1(16-TMC)Ru=C=C=C(2-py)]PFs (21) and [CI(16-
TMC)Ru=C=C=C(2-py)2Ru(acac);]JPFs (23) in CH3CN with 0.1M
"BugNPFjg as supporting electrode [40]. Conditions: working electrode, glassy
carbon; scan rate, 100mV s~! (Fc*/Fc = ferrocenium/ferrocene).
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ple is observed, accompanied by a change in the oxidation wave
from irreversible to reversible, together with the appearance of
an extra reversible couple at E1p —0.27 V.

The two reversible couples of 20a—d can be assigned to the
electrochemical reactions at the Ru=C=C=CR; unit, rather than
at the metal or ligand center only, on the basis of the dependence
of the E1/; values of the ruthenium allenylidene complexes on
both the auxiliary ligand (16-TMC and dppm) and the 4-XCgH4
substituent, and by considering the considerably different Ey/
values of [Cl(dppm);M=C=C=C(C¢H4X-4),]PF¢ for M=Ru
and Os [39]. This assignment is supported by the smaller differ-
ence (380 mV) in the E/; value of the oxidation couple between
20a and [Cl(dppm),Ru=C=C=CPh;,]PF¢ than that (740 mV)
in E{»(Ru™My between trans-[(dppm)>RuCl,] [44] and [(16-
TMC)RuCl,] [45], and the large decrease in Ej/; value from
M=Ru to Os observed for the Ml couple of trans-[(16-
TMC)MCI,] (770 mV) compared with that (200mV) for the
oxidation couple of [Cl(dppm);M=C=C=CPh;]*.

A similar assignment may be made for the redox waves
of 21-23, except the reversible couple of 23 at —0.27V,
which is assigned to the Ru™T couple of the {Ru(acac),}
moiety [40]. Such an Ej(Ru™™) value of {Ru(acac),} moi-
ety is similar to that in cis-[Ru(acac);(MeCN)y] (—0.28 V)
[40] and cis-[Ru(acac),(pyrazine);] (—0.29V) [46]. Since
for 23 the oxidation couple of the {Ru(acac),} moiety lies
between the reduction and oxidation couples of the {CI(16-
TMC)Ru=C=C=C(2-py)> }* unit, this suggests the location of
the highest filled electronic level of {Ru(acac), } in between the
7 and 7* levels of {C1(16-TMC)Ru=C=C=C(2-py)2}* in 23.

H\C/R T+
Il
F,cCo0. &
v NI _—Pme;  KOH, MeoH
e\N/RL{ Me
3 L
(=
»\\Me
17a,b
H\C/R T+
Il .
F,CCO0, & (i) KOH
2 \I| _Pme, (i) HC=CR
Me L iy
\N/RL{ Me MeOH
= )
»\\Me
17a,b

3.5. Reactivity

Although the reactions of ruthenium vinylidene or allenyli-
dene complexes with nucleophiles have been extensively studied
[1-3], we observed no reaction between the ruthenium allenyli-
dene complexes 20a—d and MeOH even under refluxing
conditions for 48 h, nor were the vinylidene complexes 18a—d
and 19 found to be reactive with refluxing MeOH [39]. Com-
plex 20a is also unreactive with NaOMe in methanol at room
temperature for 48 h. Presumably, both the steric protection pro-
vided by the four NMe groups of 16-TMC and the increase
in the r-basicity of the ruthenium ion by the pure o-donor
16-TMC render the C, atom in these Ru=Ca=CB=CyRR’
or Ru=C,=CgRR’ complexes less susceptible to nucleophilic
attack.

For the Mestacn-supported ruthenium vinylidene complexes
17a and 17b (which are stable in refluxing methanol), their
reactions with primary and secondary amines only lead to the
deprotonation of the vinylidene ligands [38], unlike the for-
mation of aminocarbene and isocyanide complexes from the
reaction of ruthenium vinylidene complexes with primary and
secondary amines reported by Bianchini and co-workers [47].
Deprotonation of the C=CHR ligands in 17a and 17b with
methanolic KOH in the presence of phosphine L gives the
o-acetylide complexes [(PMe3)(L)(Mestacn)Ru—C=CR]PFg
[L=PMe3, P(OMe)3] [38] (reaction 4 in Fig. 22). The
resistance of 17a and 17b to nucleophilic addition is pro-
posed to result from an electronic rather than steric factor
[38].

(4)

L = PMes, P(OMe);

(5)

R = Ph, 4-CgH4Me

Fig. 22. Reactivity of ruthenium vinylidene complexes supported by Mestacn ligand [38].
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Fig. 23. Proposed mechanism for the formation of [(PMe3)(Me3tacn)Ru{n3—(C6H4Me—4)C3=CHPh}JPF6 and [(PMe3)(Me3tacn)Ru{n3—PhC3=CH(C6H4Me—

4)}]PFs [38].

Complexes 18a—d do not undergo deprotonation of their
C=CHR groups upon treatment with Et3N. Such deprotonation
occurs only when these allenylidene complexes are treated with
a stronger base (e.g. NaOMe) [39].

Oxidative cleavage of the vinylidene group in 17ais observed
upon introducing dioxygen into a 1,2-dichloroethane solution
of this complex, affording a ruthenium carbonyl complex,
[(PMe3)(0,CCF3)(Mestacn)Ru(CO)]*, and benzaldehyde [38].
In solutions open to air, complexes 18a—d undergo similar oxida-
tive vinylidene cleavage to give a carbonyl complex within 10h
[39].

Alkyne-vinylidene coupling reactions take place when
the Ru=C=CHR complexes 17a and 17b are sequentially
treated with KOH and HC=CR in refluxing methanol,
resulting in the formation of m>-butenynyl complexes
[(PMe3)(Mestacn)Ru{n3-RC3=CHR}|PFs ~ (R=Ph,  4-
MeC¢Hy4, respectively) [38] (reaction 5 in Fig. 22).
Interestingly, if the substituent in the alkyne is different
from that in the vinylidene group, such as the reaction
of 17a with HC=C(CcHsMe-4) in methanolic KOH,
a 1:1 mixture of two isomeric m3-butenynyl complexes
[(PMe3)(Mestacn)Ru{n>-(C¢HsMe-4)C3=CHPh}]PFs  and
[(PMe3)(Mestacn)Ru{n3-PhC3=CH-(C¢H4Me-4)}|PF¢ is
formed [38]. We proposed that this occurs by a stepwise

mechanism shown in Fig. 23, which involves the generation of
an (n2-alkyne)(o-acetylide) intermediate and its rearrangement
to a (vinylidene)(o-acetylide) intermediate (the latter can
isomerize through proton transfer) followed by 1,2-migratory
insertion of the coordinated acetylide [38].

The alkyne—vinylidene coupling reactions of 17a and
17b are closely related to the alkynyl/alkyne coupling
reactions reported for other ruthenium complexes [48],
most of which are proposed to involve (vinylidene)(o-
acetylide) intermediates [48b—e,48h]. The reaction of a
vinylidene  complex, [(PNP)Cl,Ru=C=CH(CgH4Me-4)]
(PNP=CH3CH,CH;N(CH,CH,PPhy),), with LiC=CPh in
THF was found, by Bianchini and co-workers [49], to afford
[(PNP)Ru(C=CPh){m*-PhC3=CH(CsHsMe-4)} only, without
formation of the isomer [(PNP)Ru(CECPh){*rﬁ—(C6H4Me—
4)C3=CHPh}; this is different from the above reaction between
the Ru=C=CHPh complex 17a and HC=C(C¢HsMe-4) in
methanolic KOH.

4. Concluding remarks

Macrocyclic ligands including porphyrins and tertiary
polyamines are good auxiliaries for stabilizing ruthenium- and
osmium—carbon multiple bonds. It is practical to use these



C.-M. Che et al. / Coordination Chemistry Reviews 251 (2007) 2145-2166 2165

nitrogen-containing macrocycles to significantly regulate the
electronic/steric properties of the ruthenium/osmium-—carbon
multiple bonds and therefore alter the structure and reactivity of
the corresponding metal—carbon multiple bonded species. The
lack of aryl groups in polyamine ligands such as 16-TMC renders
these macrocycles “optically transparent” and “electrochemi-
cally silent”, and ideally suitable for investigating the electronic
transitions or redox processes associated with the metal-carbon
multiple bonds.

Diazo compounds are useful carbene source for the for-
mation of ruthenium, osmium and iron porphyrin carbene
complexes [(Por)M=CRR’], which readily bind coordinating
molecules L such as Melm to give [(L)(Por)M=CRR’]. The
isolation of stable dinuclear oxo-bridged metal carbene com-
plexes [{(Por)Os=CPh;},(.-O)], along with the bis-carbene
metal complexes [(F20-TPP)Os(=CPh;),] discussed in previous
review [9], reflects a unique property of osmium in the forma-
tion of metal-carbon multiple bonds. On the basis of extensive
spectroscopic and electrochemical studies and X-ray structural
determinations on ruthenium porphyrin carbene complexes, it
is evident that the substituents on carbene and porphyrin lig-
ands and the ligands trans to the carbene groups all can have
a considerable influence on the porphyrin-supported Ru=CRR’
bonds. Markedly shorter Ru=C distances are observed in the
ruthenium carbene complexes supported by porphyrins than by
salen and polypyridine ligands. The M=C distances in ruthe-
nium, osmium and iron porphyrin carbene complexes follow
an order of Fe <Ru<Os; however, an order of Ru>Fe>Os
is seen for the Ej,» values of their metal-centered oxidations.
Like the cyclopropanation and C-H bond insertion reactivities
of ruthenium/osmium porphyrin carbene complexes reviewed
previously [9], iron porphyrin analogues can also undergo simi-
lar reactions with alkenes or C—H bonds. What seems somewhat
unusual is the inertness of ruthenium salen carbene complexes,
which have fairly long Ru=C distances, toward these carbenoid
transfer reactions.

Ruthenium vinylidene and allenylidene complexes supported
by Mestacn and 16-TMC macrocycles can be prepared by using
the corresponding alkynes HC=CR and HC=CCR;OH as the
vinylidene and allenylidene source, respectively. These ruthe-
nium vinylidene and allenylidene complexes do not undergo
nucleophilic addition with methanol, amines or NaOMe,
unlike previously reported analogous complexes supported by
other ligands. Deprotonation of Ru=C=CHR groups occurs
upon attack by KOH or NaOMe. The Mestacn-supported
Ru=C=CHR complexes can react with KOH and alkynes
HC=CR to afford ruthenium m?3-butenynyl complexes by appar-
ent alkyne—vinylidene coupling.

Functionalization of the allenylidene ligand with 2-pyridine
groups makes its ruthenium complex supported by 16-TMC
act as a “molecular clip”, which can bind metal ions to
form interesting dinuclear allenylidene-bridged metal com-
plexes such as [C1(16-TMC)Ru=C=C=C(2-py),Ru(acac), |PFg,
ametal allenylidene complex featuring delocalization across the
{M=C=C=C(2-py)2M} moiety in the excited state.

The vinylidene/allenylidene groups in [Cl(16-TMC)Ru=
C=CR,]PFg/[C1(16-TMC)Ru=C=C=CR;]PF¢ can be consid-

ered as neutral ligands, like those in other ruthenium
vinylidene/allenylidene complexes reported in the literature.
However, there are several lines of evidence in favor of the
polarized form Ru5+[(=C)nCR2]5_ (n=1,2) for the Ru=C=CR;
or Ru=C=C=CR; moieties supported by 16-TMC [39]: (i)
As a strongly o-donating ligand, 16-TMC can better stabi-
lize M8+[(=C)nCR2]5_—type species. (ii) Spectroscopic studies
signify some extent of charge transfer from allenylidene
to metal for the low-energy electronic transition associated
with [Cl(16-TMC)Ru=C=C=CR;]*. (iii) Complexes [CI(16-
TMC)Ru=C=C=CR;]PF¢ (R # H) are inert toward nucleophilic
attack by methoxide. (iv) The Ru atom is more positively charged
than the C=C=C chain according to ab initio calculation on
model complex [CI(NH3)4Ru=C=C=CPh,]* [39].
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