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bstract

In this review, we present our recent studies on the synthesis, structures, spectroscopic and electrochemical properties, and reactivities of
uthenium/osmium–carbon multiple bonded complexes. The first part of the review deals with the chemistry of ruthenium/osmium porphyrin

arbene complexes and related metal carbene complexes (including iron porphyrin carbene complexes and ruthenium carbene complexes supported
y salens or polypyridines). The second part describes the chemistry of ruthenium vinylidene and allenylidene complexes supported by macrocyclic
ertiary amine ligands Me3tacn (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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. Introduction

The study of metal–carbon multiple bonded complexes
f transition metals, continues to be an active area of research,
s indicated by recent publication of a large number of review
rticles in this area [3] and a special issue of Coordination
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ig. 1. Metal-carbon multiple bonded complexes described in this review
M = Ru, Os; in some case R = R′).

hemistry Reviews on vinylidene, allenylidene, and metal-
acumulene complexes (vol. 248, issues 15–16, 2004). Our
nterest in metal–carbon multiple bonded complexes is largely
ocused on carbene, vinylidene and allenylidene complexes of
uthenium and osmium (Fig. 1). Such complexes are involved
n a variety of important organic transformations catalyzed
y ruthenium and osmium complexes. For instance, it is
idely known that Grubb’s ruthenium carbene complexes

(L)2Cl2Ru CHR] or [(L)(L′)Cl2Ru CHR] (L = tertiary
hosphine, L′ = N-heterocyclic carbene) are highly active and
elective catalysts for alkene metathesis reactions [4]. Ruthe-
ium and osmium porphyrin carbene complexes are proposed
o be the active intermediates in various C–C bond formation
eactions and C–H insertion reactions promoted by ruthenium
r osmium porphyrin catalysts [5,6]. Ruthenium vinylidene and
lkenylidene complexes serve as catalyst precursors for alkene
etathesis reactions and are the key intermediates in catalytic

onversion of alkynes, including dimerization of terminal
lkyne, cycloaromatization of conjugated enediynes and addi-
ion of oxygen, nitrogen and carbon nucleophiles to alkynes
3g,3q,3t]. Moreover, there have been exciting developments
n metallacumulenes M( C)nCR2 as novel non-linear optical
aterials and molecular wires in the past decade [3m,7].
Up to now, many ruthenium and osmium carbene, vinylidene

nd allenylidene complexes have been reported in the litera-
ure, the majority of which (excluding those bearing porphyrin

acrocycles) are supported by carbonyl, phosphine or cyclopen-
adienyl ligands [1–3], some are supported by N-chelating
igands such as hydridotris(pyrazol-1-yl)borate and its deriva-
ives [8a,8b]. Examples of ruthenium and osmium carbene,
inylidene and allenylidene complexes containing macro-
yclic non-porphyrin ligands are sparse. Notable examples are
uthenium carbene complexes supported by dibenzotetramethyl-
etraaza[14]annulene [8c] and ruthenium vinylidene complexes
upported by a porphyrinogen ligand [8d].
Our group mainly employed the macrocyclic ligands such
s porphyrins (Por, Fig. 2), Me3tacn and 16-TMC (Fig. 3) to
upport ruthenium– and osmium–carbon multiple bonds. Inves-
igation on the chemistry of ruthenium and osmium porphyrin

Fig. 2. Porphyrin abbreviations.
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Fig. 3. Macrocyclic polyamine ligands.

arbene complexes would help understanding of the carbenoid
ransfer reactions catalyzed by ruthenium and osmium por-
hyrins [5,6]. The macrocyclic tertiary amine ligands Me3tacn
nd 16-TMC are optically transparent in the UV–vis spectral
egion and are electrochemically silent, making these ligands
ell suitable for examination of electronic transitions associ-

ted with the Ru( C)nCR2 moieties. In addition, Me3tacn and
6-TMC ligands are �-donors and do not complicate the �-
onding interactions between the metal ion and the ( C)nCR2
igands.

This review describes our recent works on the synthesis,
tructures, spectroscopic and electrochemical properties, and
eactivities of ruthenium/osmium–carbon multiple bonded com-
lexes. The description is divided into two parts. The first
art mainly deals with the chemistry of ruthenium/osmium
arbene complexes of porphyrin ligands, together with iron por-
hyrin carbene complexes and ruthenium carbene complexes
ontaining salen (tetradentate N2O2 Schiff-base dianions) or
olypyridine ligands; the second part presents the chemistry
f ruthenium vinylidene and allenylidene complexes supported
y the macrocyclic tertiary amine ligands Me3tacn and 16-
MC. We do not include here the ruthenium/osmium porphyrin
arbene complexes reported before 2002 (unless they are
eeded for comparison); these complexes and their relevance to
etal-mediated cyclopropanation of alkenes are the main topic

iscussed in our previous review [9].

. Ruthenium and osmium carbene complexes
upported by porphyrin ligands

.1. Synthesis

Ruthenium and osmium porphyrin carbene complexes have
een known for decades since the pioneering works of Coll-
an and co-workers [10] and Woo and Smith [11]. These
etal complexes can be prepared by several methods, includ-

ng the following: (1) reaction of [(TTP)M]2 (M = Ru or Os)
ith diazoalkanes or diazoesters, (2) treatment of monomeric

(TMP)Ru] with diazo compounds, (3) reaction of zero-
alent ruthenium porphyrin dianion K2[(TTP)Ru] with germinal
ihalides Cl2CHR (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 N2CRR′

nder an inert atmosphere, we [12,13] prepared a wide variety
f ruthenium porphyrin carbene complexes [(Por)Ru = CRR′]
1–6) and [(L)(Por)Ru = CRR′] (7–10) (Fig. 4), the latter are
ormed upon recrystallization of the former from solutions
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stabilizing the bis-carbene species. By employing electron-rich
porphyrin ligand OEP, Miyamoto and co-workers [17] recently
obtained [{(OEP)Os CPh2}2(�-O)] (a congener of 12a–e) from
Fig. 4. Synthesis of ruthenium po

hat contain molecules L such as MeOH, EtSH, Et2S, 1-
ethylimidazole (MeIm) or pyridine (py). The formation of

(Por)Ru = CRR′] from [(Por)Ru(CO)] and N2CRR′ generally
equires slow addition of the diazo compounds by syringe pump,
o minimize the N2CRR′ decomposition reactions catalyzed by
he ruthenium porphyrin complexes.

Simonneaux and co-workers observed that reaction
f [(Por)Ru(CO)] with diisopropyldiazomethyl phospho-
ate N2CHP(O)(OiPr)2 gives [(Por)Ru CHP(O)(OiPr)2]
Por = TPP, TMP, F20-TPP) [14], which are the first
haracterized examples of a phosphonate carbene complex.

Woo and co-workers obtained osmium porphyrin carbene
omplexes [(TTP)Os CHR] (R = Mes, CO2CH2CH2CH3, 4-
eC6H4, 4-EtC6H4), [(TTP)Os CMePh] and [(TTP)Os
(CO2Et){C(O)CH2CH2CH CH2}] by treating [Os(TTP)]2
ith N2CHR (R = Mes, CO2CH2CH2CH3, 4-MeC6H4, 4-
tC6H4), N2CMePh and N2C(CO2Et){C(O)CH2CH2CH
H2}, respectively, under nitrogen [5i].
According to a procedure similar to that for the prepara-
ion of [(MeIm)(F20-TPP)Ru CPh2] (7d), we prepared osmium
orphyrin carbene complex [(MeIm)(F20-TPP)Os CPh2] (11a)
tarting from the reaction of [(F20-TPP)Os(CO)] with N2CPh2

F
[

in carbene complexes 1–10 [12].

nder an inert atmosphere [12]. Under aerobic conditions
(Por)Os(CO)] (Por = TPP, TTP, 4-F-TPP, 4-Cl-TPP, 4-Br-TPP)
eact with excess N2CPh2 at room temperature to give oxo-
ridged osmium carbene complexes [{(Por)Os CPh2}2(�-O)]
12a–e, Fig. 5) [15], in contrast to the formation of bis-carbene
omplexes [(F20-TPP)Os( CPh2)2] from [(Por)Os(CO)] and
xcess N2CPh2 under similar conditions [16]. Probably, the
lectron-deficient nature of F20-TPP plays a significant role in
ig. 5. Synthesis of oxo-bridged osmium porphyrin carbene complexes 12a–e
15].
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388–406 (Ru) and 398–418 nm (Os). The � bands of 1–12 appear
at λmax 519–538 nm.

We examined the effects of carbene substituents, porphyrin
substituents, and trans ligands on the spectroscopic properties of
Scheme 1. Structure formulae of 13a–c and 14.

he reaction of [(OEP)Os(CO)] with 1 equiv. of N2CPh2 in air.
e found that the �-oxo bridge in 12 can be cleaved by treating

hese complexes with pyridine. For example, reaction of 12b
ith pyridine affords [(py)(TTP)Os CPh2] (11b) [15].
In view of the periodic relationship of ruthenium and

smium with iron, it would be of interest to compare
he carbene complexes of these three transition metals. We
eported that treatment of [Fe(F20-TPP)] with diazo compounds

2CPh2, N2C(Ph)CO2Et and N2C(Ph)CO2CH2CH CH2 leads
o the isolation of iron porphyrin carbene complexes
(F20-TPP)Fe CPh2] (13a), [(F20-TPP)Fe C(Ph)CO2Et] (13b)
nd [(F20-TPP)Fe C(Ph)CO2CH2CH CH2] (13c), respec-
ively [18]. Complex 13a readily binds MeIm to give

six-coordinate complex [(MeIm)(F20-TPP)Fe CPh2] (14)
Scheme 1). These are the rare examples of isolable
ron porphyrins bearing nonheteroatom-stabilized carbenes or
alkoxycarbonyl)carbenes, despite the report of many iron por-
hyrin carbene complexes (particularly those containing halo
arbenes CX2, CXX′ and CRX) since the pioneering work by
ansuy and co-workers [19]. Woo and co-workers observed the

ormation of [(TPP)Fe CHR] (R = 2,4,6-Me3C6H2 or SiMe3) in
he reaction of [Fe(TPP)] with diazo compounds; the Fe CHR
omplexes are characterized by 1H NMR spectroscopy and have
ot been isolated in pure form [20], probably due to their insta-
ility.

Diazo compounds are also a good carbene source for the
reparation of ruthenium carbene complexes supported by salen
igands. Slow addition of N2CR2 (R = Ph, 4-MeOC6H4) to

series of chiral [Ru(salen)(PPh3)2] complexes affords chi-
al ruthenium carbene complexes [(salen)Ru CR2] (R = Ph or
-MeOC6H4, respectively) [21], which, like [(salen)Ru(CO)],
ave a low solubility in common organic solvents such as MeOH,
HCl3 and CH2Cl2. In the presence of MeIm or py, the solu-
ility of [(salen)Ru CR2] in CH2Cl2 is dramatically enhanced,
esulting in the formation of six-coordinate carbene complexes
(L)(salen)Ru CR2] (L = MeIm, py) (15a–e) [21] (Scheme 2).

Ruthenium carbene complexes of polypyridines can
e prepared from the reaction of coordinated acetylide
roups with alcohols. Treatment of [Ru(tpy)(bpy)(C CR1)]+

tpy = 2,2′:6′,2′′-terpyridine, bpy = 2,2′-bipyridine; R1 = 4-

eOC6H4 or tBu) with R2OH (R2 = Me, Et) under

cidic conditions (by addition of CF3COOH or HCl)
ives [(tpy)(bpy)Ru C(OR2)CH2R1](ClO4)2 (16a–c) [22]
Scheme 3).
Scheme 2. Structure formulae of 15a–e.

.2. Spectroscopic features

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

For the ruthenium and osmium porphyrin carbene complexes
–12 [12,13,15], [(Por)Ru CHP(O)(OiPr)2] (Por = TPP, TMP,
20-TPP) [14] and [(TTP)Os CRR′] [5i], their 1H NMR spectra
how the signals of H� (the pyrrolic protons of the porphyrin lig-
nds) at δ 8.13–8.6 (Ru) and 7.44–8.40 ppm (Os); the signals of
he axial carbene groups (excluding the M CH– signals if any)
re significantly upfield from those of the corresponding diazo
ompound as a result of the porphyrin ring current effect. The

CH– signals of [(Por)Ru CHP(O)(OiPr)2] (Por = TPP, TMP,
20-TPP) are located at δ 15.2–15.8 ppm [14] whereas those
f [(TTP)Os CHR] (R = Mes, CO2CH2CH2CH3, 4-MeC6H4,
-EtC6H4) appear at δ 19.85–21.82 ppm [5i]. In the 13C
MR spectra, the M C signals appear at low fields with δ

80.49–346.69 (Ru) and 248–289.27 ppm (Os). Two Soret bands
t λmax ≈ 390 and 425 nm are observed in the UV–vis absorp-
ion spectra of diarylcarbene complexes of ruthenium, whereas
he other carbene complexes exhibit a single Soret band at λmax
Scheme 3. Structure formulae of 16a–c.
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Table 1
Selected spectroscopic data of ruthenium and osmium carbene complexes

Complex 1H NMR (δ (ppm)) 13C NMR (δ (ppm))
M C

UV–vis (λmax (nm)) (log ε) Ref.

H� M CH–

[(TPP)Ru CPh2] (1a)a 8.34 (s) 317.50 394 (5.07), 425 (4.96), 530 (4.26) [12]
[(TTP)Ru CPh2] (1b)a 8.36 (s) 316.40 396 (5.08), 424 (4.94), 532 (4.20) [12]
[(4-MeO-TPP)Ru CPh2] (1c)a 8.37 (s) 319.40 403 (5.08), 425 (4.93), 534 (4.27) [12]
[(4-F-TPP)Ru CPh2] (1d)a 8.32 (s) 318.70 395 (5.01), 425 (4.92), 531 (4.26) [12]
[(4-Cl-TPP)Ru CPh2] (1e)a 8.33 (s) 319.50 396 (5.00), 424 (4.91), 531 (4.25) [12]
[(4-Br-TPP)Ru CPh2] (1f)a 8.33 (s) 319.70 396 (5.01), 427 (4.91), 531 (4.28) [12]
[(2,6-Cl-TPP)Ru CPh2] (1g)a 8.17 (s) 327.86 390 (4.96), 430 (4.94), 533 (4.15),

560 (4.10)
[12]

[(TMP)Ru CPh2] (1h)a 8.13 (s) 318.08 395 (5.09), 430 (4.92), 534 (4.03),
562 (sh, 3.89)

[12]

[(3,4,5-MeO-TPP)Ru CPh2] (1i)a 8.45 (s) 316.30 398 (5.06), 424 (4.97), 532 (4.24) [12]
[(F20-TPP)Ru CPh2] (1j)a 8.32 (s) 328.70 385 (4.90), 425 (4.89), 526 (4.11),

550 (sh, 4.10), 613(3.13)
[13]

[(2,6-Cl-TPP)Ru C(Ph)CO2Et] (2a)a 8.27 (s) 298.50 397 (5.03), 427 (sh, 4.72), 538 (4.08),
571 (sh, 3.92)

[12]

[(TMP)Ru C(Ph)CO2Et] (2b)a 8.23 (s) 287.50 399 (5.12), 434 (sh, 4.64), 538 (4.03),
576 (sh, 3.78)

[12]

[(F20-TPP)Ru C(C6H4Me-4)2] (3a)a 8.29 (s) 333.00 385 (4.85), 426 (4.84), 525 (4.10),
550 (4.08)

[12]

[(F20-TPP)Ru C(C6H4OMe-4)2] (3b)a 8.27 (s) 324.76 386 (4.84), 424 (4.75), 526 (4.11),
547 (4.09)

[12]

[(F20-TPP)Ru C(C6H4Cl-4)2] (3c)a 8.37 (s) 322.65 386 (4.92), 424 (4.84), 527 (4.10),
552 (4.08)

[12]

[(F20-TPP)Ru C(C6H4OMe-4)CO2Me] (4a)a 8.44 (s) 298.85 390 (5.00), 415 (sh, 4.78), 529 (4.19),
550 (sh, 4.15)

[12]

[(F20-TPP)Ru C(C6H4NO2-4)CO2Me] (4b)a 8.51 (s) 299.44 395 (5.06), 426 (sh, 4.62), 533 (4.05),
562 (sh, 3.93)

[12]

[(F20-TPP)Ru C(CO2Me)2] (5)a 8.57 (s) 280.49 396 (4.98), 429 (sh, 4.48), 535 (3.97),
565 (3.82)

[12]

[(F20-
TPP)Ru C(CH CHPh)CO2CH2(CH CH)2Me]
(6)a

8.45 (s) 288.71 401 (5.10), 463 (4.17), 530 (4.15) [12]

[(MeOH)(F20-TPP)Ru CPh2] (7a)a 8.24 (s) 329.00 385 (4.84), 425 (4.83), 525 (4.06),
550 (4.04)

[12]

[(EtSH)(F20-TPP)Ru CPh2] (7b)a 8.29 (s) 330.85 385 (4.90), 425 (4.90), 525 (4.12),
550 (4.10)

[12]

[(Et2S)(F20-TPP)Ru CPh2] (7c)a 8.26 (s) 338.34 385 (4.89), 424 (4.89), 526 (4.12),
549 (4.10)

[12]

[(MeIm)(F20-TPP)Ru CPh2] (7d)a 8.13 (s) 332.13 398 (4.94), 428 (4.88), 528 (4.20),
551 (sh, 4.05)

[12]

[(py)(F20-TPP)Ru CPh2] (7e)a 8.18 (s) 346.69 390 (4.87), 425 (4.86), 527 (4.01),
550 (sh, 3.92)

[12]

[(Ph3PO)(F20-TPP)Ru CPh2] (7f)a 8.30 (s) 330.15 385 (4.92), 425 (4.92), 526 (4.13),
549 (4.12)

[12]

[(MeOH)(F20-
TPP)Ru C(Ph)CO2CH2CH CH2]
(8)a

8.53 (s) 304.34 389 (4.99), 422 (sh, 4.77), 530 (4.12),
555 (sh, 4.05)

[12]

[(MeOH)(F20-TPP)Ru C(Ph)CO2Et] (9)a 8.46 (s) 305.52 388 (4.99), 419 (sh, 4.88), 529 (4.35),
556 (sh, 4.32)

[12]

[(MeOH)(F20-TPP)Ru C(Ph)CO2Me] (10)a 8.46 (s) 304.13 390 (4.97), 420 (sh, 4.78), 530 (4.10),
553 (sh, 4.04)

[12]

[(TPP)Ru CHP(O)(OiPr)2]a 8.6 (s) 15.2 (d) 290 406 (Soret) [14]
[(TMP)Ru CHP(O)(OiPr)2]a 8.3 (s) 15.3 (d) 285 405 (Soret) [14]
[(F20-TPP)Ru CHP(O)(OiPr)2]a 8.4 (s) 15.8 (d) 400 (Soret) [14]
[(TTP)Os CH(Mes)]b 8.19 20.78 248 418 (Soret), 518, 550 [5i]
[(TTP)Os CHCO2CH2CH2CH3]b 8.36 21.82 408 (Soret) [5i]
[(TTP)Os CH(C6H4Me-4)]b 8.21 19.85 [5i]
[(TTP)Os CH(C6H4Et-4)]b 8.21 19.93 [5i]
[(TTP)Os CMePh]b 8.16 263.9 410 (Soret), 424 (sh), 516, 540 [5i]
[(TTP)Os C(CO2Et)

{C(O)CH2CH2CH CH2}]b
8.40 398 (Soret), 420 (sh), 432 (sh), 518,

572
[5i]

[(MeIm)(F20-TPP)Os CPh2] (11a)a 7.44 (s) 289.27 385 (sh, 4.65), 408 (4.86), 519 (4.13),
546 (4.12)

[12]
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Table 1 (Continued )

Complex 1H NMR (δ (ppm)) 13C NMR (δ (ppm))
M C

UV–vis (λmax (nm)) (log ε) Ref.

H� M CH–

[(py)(TTP)Os CPh2] (11b)a 7.76 (s) 279.16 398 (Soret), 429 (sh), 523, 551 [15]
[{(TPP)Os CPh2}2(�-O)] (12a)a 8.12 (s) 268.84 408 (5.10), 529 (4.20), 607 (3.95),

735 (3.95)
[15]

[{(TTP)Os CPh2}2(�-O)] (12b)a 8.08 (s) 266.20 413 (5.12), 532 (4.22), 613 (3.96),
734 (3.97)

[15]

[{(4-F-TPP)Os CPh2}2(�-O)] (12c)a 8.06 (s) 269.28 409 (5.12), 530 (4.24), 605 (sh, 3.96),
734 (3.98)

[15]

[{(4-Cl-TPP)Os CPh2}2(�-O)] (12d)a 8.06 (s) 269.94 413 (5.06), 530 (4.14), 606 (sh, 3.88),
735 (3.86)

[15]

[{(4-Br-TPP)Os CPh2}2(�-O)] (12e)a 8.05 (s) 270.06 413 (5.16), 527 (4.25), 604 (sh, 3.99),
732 (3.91)

[15]

[{(OEP)Os CPh2}2(�-O)]a 372 (5.03) [17]
[(F20-TPP)Fe CPh2] (13a)a 8.31 (s) 358.98 404 (5.07), 524 (4.00), 557 (4.14) [18]
[(F20-TPP)Fe C(Ph)CO2Et] (13b)a 8.56 (s) 327.47 402 (5.11), 521 (4.02), 555 (4.12) [18]
[(F20-TPP)Fe CPhCO2CH2CH CH2] (13c)a 8.55 (s) 325.67 402 (5.03), 521 (3.91), 555 (4.01) [18]
[(MeIm)(F20-TPP)Fe CPh2] (14)a 8.23 (s) 385.44 403 (5.24), 524 (4.20), 557 (4.29) [18]
[(H2O)(TPP)Fe CCl2]a 8.77 (s) 224.7 [19a]
[(TTP)Fe CH(C6H3Me3-2,4,6)]b 8.72 (s) 19.71 (s) [20]
[(TTP)Fe CHSiMe3]b 8.69 (s) 24.86 (s) [20]
[(MeIm)(2,4-Cl-salen)Ru CPh2] (15a)c 317.3 338 (5.71), 400 (5.76), 435 (sh, 5.68) [21]
[(MeIm)(2,4-Br-salen)Ru CPh2] (15b)c 317.0 338 (5.78), 401 (5.85), 435 (sh, 5.78) [21]
[(MeIm)(2,4-I-salen)Ru CPh2] (15c)c 316.3 345 (5.87), 405 (5.98), 437 (sh, 5.88) [21]
[(py)(2,4-Br-salen)Ru CPh2] (15d)c 337 (4.12), 400(4.18), 436 (sh, 4.09) [21]
[(MeIm)(2,4-Br-salen)Ru C(C6H4OMe-4)2]

(15e)c
317.3 349 (4.22), 417 (4.22), 451 (sh, 4.18) [21]

[(tpy)(bpy)Ru C(OMe)CH2(C6H4OMe-
4)](ClO4)2

(16a)d

317.7 230 (4.47), 285 (4.63), 310 (4.53), 335
(sh, 4.21), 415 (3.94), 515 (sh, 3.22)

[22]

[(tpy)(bpy)Ru C(OMe)CH2
tBu](ClO4)2

(16b)d
328.9 242 (4.56), 285 (4.80), 312 (sh, 4.68),

334 (sh, 4.46), 408 (4.13), 503 (sh,
3.55)

[22]

The spectroscopic data of related iron porphyrin carbene complexes are included for comparison.
a In CDCl3 (NMR) or CH2Cl2 (UV–vis).
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c In C6D5N (NMR) or DMSO (UV–vis).
d In CD2Cl2 (NMR) or CH2Cl2 (UV–vis).

uthenium carbene complexes [12]. For [(F20-TPP)Ru CRR′]
1j, 3a–c, 4a, b, 5 and 6), the H� chemical shifts decrease along
he CRR′ order:

(CO2Me)2 > C(C6H4NO2-4)CO2Me

> C(CH CHPh)CO2CH2(CH CH)2Me,

(C6H4OMe-4)CO2Me > C(C6H4Cl-4)2 > CPh2

> C(C6H4Me-4)2, C(C6H4OMe-4)2

ndicating a decrease in H� chemical shift with decreasing
lectron-withdrawing strength of the carbene groups. The M C
hemical shifts of [(Por)Ru CPh2] (1a–j) in the 13C NMR spec-
ra follow a porphyrin ligand order:

20-TPP > 2, 6-Cl-TPP > 4-Br-TPP, 4-Cl-TPP, 4-MeO-TPP

> 4-F-TPP > TMP > TPP > TTP, 3, 4, 5-MeO-TPP
hich reveals that a more electron-withdrawing porphyrin lig-
nd generally results in larger chemical shifts of the M C
ignals. In the cases of [(F20-TPP)Ru CPh2] (1j) and [(L)(F20-
PP)Ru CPh2] (7a–e), the H� chemical shifts of the latter are

M

[
o

maller than that of the former and become smaller along the L
rder:

tSH, Et2S, MeOH > py > MeIm

This shows that coordination of L to 1j leads to an upfield
hift of the H� signal, with MeIm exhibiting the largest trans
nfluence.

A direct comparison among the spectroscopic features of
uthenium, osmium and iron carbene complexes has been made
rom [(MeIm)(F20-TPP)M CPh2] (M = Fe, 14; Ru, 7d; Os, 11a)
12], whose H� and M C chemical shifts both decrease along
he order:

e > Ru > Os

Such an order is different from the Pauling electronegativity
rend of Fe < Ru = Os. A rationalization for this phenomenon is
iven on the basis of a competition among the inductive effect,

→ Por back bonding and porphyrin ring current effect [12].
Salen-supported ruthenium carbene complexes

(L)(salen)Ru CR2] (15a–e) have Ru C chemical shifts
f δ 316.3–317.3 ppm, which are within the foregoing range
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bserved for the porphyrin-supported ruthenium carbene com-
lexes. The UV–vis absorption spectra of 15a–e show intense
ands at λmax ≈ 340 and 405 nm (log ε > 4), the former should
riginate from intraligand charge-transfer transitions of the
oordinated salen ligands. A weak low energy band appearing
t λmax ≈ 630–660 nm (log ε = 2.80–3.12 dm3 mol−1 cm−1) in
he spectra of 15b and 15d is attributed to d–d transitions [21].

Complex [(tpy)(bpy)Ru C(OMe)CH2(C6H4OMe-
)](ClO4)2 (16a) bearing polypyridine ligands has a M C
hemical shift of δ 317.7 ppm [22], very similar to those
f the ruthenium salen carbene complexes 15a–e. Chang-
ng the carbene group in 16a to C(OMe)CH2

tBu increases
he M C chemical shift to δ 328.9 ppm (16b). In the
V–vis absorption spectra of 16a and 16b, intense intrali-
and � → �* transition bands appear at λmax ≤ 350 nm
εmax ≥ 104 dm3 mol−1 cm−1); d�(RuII) → �*(polypyridine)

LCT transitions are observed as a moderately intense band at
max ≈ 410 nm (εmax = (8–10) × 103 dm3 mol−1 cm−1) [22].

Following our observation of an emissive
etal → �*(carbene) CT excited state in solution at room

emperature by using a hexanuclear platinum(II) macrocycle

ontaining chelating bis-carbene ligands [23], and the report
f rhenium(I) N-heterocyclic carbene complexes that are
missive at room temperature and 77 K [24], we found that
he polypyridine-supported ruthenium carbene complexes 16a

p
[
a
(

able 2
elected bond distances and angles of ruthenium, osmium and iron carbene complex

omplex M

(2,6-Cl-TPP)Ru CPh2] (1g) 1.85
(3,4,5-MeO-TPP)Ru CPh2] (1i) 1.86
(F20-TPP)Ru CPh2] (1j) 1.84
(F20-TPP)Ru C(C6H4OMe-4)2] (3b) 1.85
(TTP)Ru C(C6H4CF3-3)2] 1.84
(MeOH)(F20-TPP)Ru CPh2] (7a) 1.85
(MeOH)(TTP)Ru CPh2] 1.84
(EtSH)(F20-TPP)Ru CPh2] (7b) 1.85
(MeIm)(F20-TPP)Ru CPh2)] (7d) 1.87
(Ph3PO)(F20-TPP)Ru CPh2)] (7f) 1.85
(MeOH)(F20-TPP)Ru C(Ph)CO2CH2CH CH2] (8) 1.80
(MeOH)(F20-TPP)Ru C(Ph)CO2Et] (9) 1.86
(MeOH)(F20-TPP)Ru C(Ph)CO2Me)] (10) 1.85
(py)(TTP)Ru C(C6H4CF3-3)2] 1.86
(py)(TTP)Ru C(COPh)2] 1.87
(MeIm)(F20-TPP)Os CPh2] (11a) 1.90
(py)(TTP)Os CPh2] (11b) 1.90
{(TTP)Os CPh2}2(�-O)] (12b) 1.91
{(OEP)Os CPh2}2(�-O)] 1.93
(F20-TPP)Fe CPh2] (13a) 1.76
(MeIm)(F20-TPP)Fe CPh2] (14) 1.82
(H2O)(TPP)Fe CCl2] 1.83
(MeIm)(2,4-Cl-salen)Ru CPh2] (15a) 1.91
(MeIm)(2,4-Br-salen)Ru CPh2] (15b) 1.92
(MeIm)(2,4-I-salen)Ru CPh2] (15c) 1.91
(py)(2,4-Br-salen)Ru CPh2] (15d) 1.91
(MeIm)(2,4-Br-salen)Ru C(C6H4OMe-4)2] (15e) 1.91
(tpy)(bpy)Ru C(OMe)CH2(C6H4OMe-4)](ClO4)2 (16a) 1.93
(tmtaa)Fe CPh2] 1.79
(tmtaa)Ru CPh2] 1.87
Cl2(pybox)Ru C(CO2Me)2] 1.88
ry Reviews 251 (2007) 2145–2166 2151

nd 16b produce red emission with λmax 597 and 615 nm,
espectively, upon excitation at λ 415 nm in n-butyronitrile
lass at 77 K [22]. The emission bands shift to 616 and 630 nm
t 77 K and 649 and 711 nm at 298 K, respectively, when
easured in the solid state [22]. These emissions are tentatively

ttributed to d�(RuII) → �*(polypyridine) 3MLCT in nature.

.3. Structure

Since the publication of the previous review [9], about
0 additional ruthenium and osmium porphyrin car-
ene complexes have been structurally characterized
y X-ray crystal analysis, including 1g and 1i, 3b, 7a,
b, 7d and 7f, 8–10, 11a [12], 1j [13], 11b, 12b [15],
(TTP)Ru C(C6H4CF3-3)2] [25], [(MeOH)(TTP)Ru CPh2]
26], [(py)(TTP)Ru CR2] (R = C(C6H4CF3-3), C(COPh)2)
27] and [{(OEP)Os CPh2}2(�-O)] [17]. The M C bond
istances and R–C–R′ angles in these M CRR′ complexes
long with those in structurally characterized iron porphyrin
arbene complexes 13a, 14 [18] and [(H2O)(TPP)Fe CCl2]
19b], ruthenium salen carbene complexes 15a–e [21] and

olypyridine-supported ruthenium carbene complex 16a
22], are summarized in Table 2. Also included in this table
re related metal carbene complexes [(tmtaa)Fe CPh2]
H2tmtaa = tetramethyldibenzotetraazaannulene) [28],

es

C (Å) R–C–R′ (◦) Ref.

9(5) 110.6(4) [12]
6(7) 114.7(6) [12]
2(4) 113.4(3) [13]
4(4) 111.5(4) [12]
1(6) 116.1(5) [25]
3(3) 112.9(3) [12]
5(3) 112.2(3) [26]
8(5) 114.2(4) [12]
6(3) 113.1(2) [12]
3(3) 110.6(2) [12]
6(3) 108.0(3) [12]
8(3) 111.6(3) [12]
0(3) 110.6(2) [12]
8(3) 116.8(6) [27]
7(8) 112.8(2) [27]
2(3) 112.8(3) [12]
3(7) 112.4(6) [15]
0(1) 110.7(3) [15]
0(8) 114.4(7) [17]
7(3) 111.5(3) [18]
7(5) 111.0(4) [18]
(3) [19b]
3(5) 114.9(6), 116.4(5) [21]
1(12) 114(1), 116(1) [21]
9(14) 113(1), 117(1) [21]
7(4) 115.7(3) [21]
0(2) 115(2), 116(2) [21]
3(6) 117.4(5) [22]
4(3) 115.7(3) [28]
4(8) 116.4(6) [29]
0(7) [30]
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(tmtaa)Ru CPh2] [29] and [Cl2(pybox)Ru C(CO2Me)2]
pybox = 2,6-bis(4(S)-isopropyloxazolin-2-yl)pyridine) [30].

The ruthenium porphyrin carbene complexes in Table 2
ave Ru C distances of 1.806(3)–1.877(8) Å and R–C–R′
ngles of 108.0(3)–116.8(6)◦, comparable to those of previ-
usly reported analogues [9]. For the five-coordinate complexes
(Por)Ru CR2], a shorter Ru C bond generally corresponds to
more strongly electron-withdrawing carbene or porphyrin lig-
nd, which is ascribed to a stronger Ru → C �-backbonding and
decrease in the electron density of the ruthenium ion, respec-

ively (the latter increases electron donation from the carbene
igand) [12]. Conversion of [(Por)Ru CR2] to six-coordinate
omplexes [(L)(Por)Ru CR2] appreciably lengthens the Ru C
onds due to trans influence, as shown by comparing the Ru C
istances between 1j and 7, or between [(TTP)Ru C(C6H4CF3-
)2] and [(py)(TTP)Ru C(C6H4CF3-3)2]. Among the L of
eOH, EtSH, MeIm and Ph3PO, MeIm exhibits the largest trans

nfluence; the coordination of MeIm to 1j lengthens the Ru C
ond by 0.034 Å.

Six-coordinate osmium porphyrin carbene complexes 11a
nd 11b show almost identical Os C distances of 1.902(3)
nd 1.903(7) Å and R–C–R′ angles of 112.8(3)◦ and 112.4(6)◦,
espectively. The Os C bonds are considerably longer than,
here the R–C–R′ angles are comparable to, those of the ruthe-
ium analogues.

The structure determination of [(MeIm)(F20-TPP)M CPh2]
M = Fe, 14; Ru, 7d; Os, 11a) (Fig. 6) allows a direct com-
arison of the structural features among iron, ruthenium and
smium porphyrin carbene complexes [12]. The M C distances
n [(MeIm)(F20-TPP)M CPh2] (Fe, 1.827(5) Å; Ru, 1.876(3) Å;
s, 1.902(3) Å) follow the order of

e < Ru < Os

This order of M C distances is opposite to the order of the
� and M C chemical shifts found for the same complexes

see above). Other notable differences in the structures of the
ron, ruthenium, and osmium carbene complexes are the substan-
ial distortion of the porphyrin ring in the iron complex 14 and
he considerably bent M-MeIm moieties in the ruthenium and
smium complexes 7d and 11a [12]. In addition, the lengthening
f Fe C distance by 0.06 Å on going from [(F20-TPP)Fe CPh2]
13a) to [(MeIm)(F20-TPP)Fe CPh2] (14) [18] reflects a larger
rans influence of MeIm in iron carbene complex compared to
hat in the ruthenium counterpart.

Interestingly, in the crystal structure of [(F20-
PP)Ru C(C6H4OMe-4)2] (3b) [12], the carbene complex
xists as a one-dimensional coordination polymer (Fig. 7)
herein each of the bis(p-methoxyphenyl)carbene ligand links

wo ruthenium atoms through the carbene carbon atom and one
f the two methoxy oxygen atoms. Such a bridging carbene
igand has not been observed in the crystal structures of other
etalloporphyrin carbene complexes.
For the oxo-bridged osmium porphyrin carbene complex 12b
Fig. 8), its Os C distance is 1.910(1) Å, similar to those in
1a and 11b. The two TTP rings in the dinuclear oxo-bridged
omplex adopt an orientation in between the fully staggered
nd eclipsed conformations. Replacing the TTP ligand with a

a
c
1
a

ig. 6. Structures of [(MeIm)(F20-TPP)M CPh2] (M = Fe, 14; Ru, 7d; Os, 11a)
12].

ore electron-rich OEP ligand increases the Os C distance to
.930(8) Å [17]. Both 12b and [{(OEP)Os CPh2}2(�-O)] have
linear axial C Os–O–Os C moiety with an Os–O–Os angle
f ∼179◦, coupled with nearly coplanar axial Ph–C–Ph carbene
lanes with small dihedral angles of ∼4.5◦ for 12b and 10.1◦
or [{(OEP)Os CPh2}2(�-O)]. These structural features sug-
est the presence of delocalized C–Os–O–Os–C and Os–O–Os
-bonding in the molecules [15], which may be a cause for the
iamagnetism of [{(Por)Os CPh2}2(�-O)].

Ruthenium salen carbene complexes 15a–e have been char-

cterized by X-ray crystal analysis [21]. These ruthenium
arbene complexes show markedly long Ru C distances of
.910(2)–1.921(12) Å compared to the ruthenium porphyrin
nalogues, with the R–C–R′ angles being 113(1)–117(1)◦. The
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ig. 7. Structure of [(F20-TPP)Ru C(C6H4OMe-4)2] (3b) [12] showing a one-
imensional polymer chain.

tructures of 15b, 15d and 15e are depicted in Fig. 9. Note that
5e contains the same carbene ligand as 3b; however, unlike the
atter, the former does not exist as a one-dimensional coordi-
ation polymer in the solid state, apparently due to the lack of
acant 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) Å and an R–C–R′
ngle of 117.4(5)◦; the Ru C distance is even longer than those
n the ruthenium salen carbene complexes.

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

u C bonds.

Fig. 8. Structure of [{(TTP)Os CPh2}2(�-O)] (12b) [15].

F
[
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w
p
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b
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ig. 9. Structures of [(L)(2,4-Br-salen)Ru CPh2] (L = MeIm, 15b; py, 15d) and
(MeIm)(2,4-Br-salen)Ru C(C6H4OMe-4)2] (15e) [21].

.4. Electrochemistry

The first electrochemical studies on ruthenium and osmium
orphyrin carbene complexes appeared in 2004 [12], in which
e extensively examined the redox behavior of 19 ruthenium
orphyrin carbene complexes 1c–j, 2a, 2b, 3a, 3c, 4a, 4b, 7b–d,
and 10, together with osmium porphyrin carbene complex 11a,
y cyclic voltammetry. The redox behavior of iron porphyrin car-
ene complexes 13a and 14 was also examined for comparison.

isted in Table 3 are the half-wave potentials (versus Cp2Fe+/0)
bserved for these metalloporphyrin carbene complexes. Fig. 11
hows the cyclic voltammograms of 1c, 1f, 7d and 11a.
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ig. 10. Structure of [(tpy)(bpy)Ru C(OMe)CH2(C6H4OMe-4)](ClO4)2 (16a)
ith omission of the counter-anions [22].

The carbene complexes supported by F20-TPP and 2,6-Cl-
PP ligands almost all show one reversible oxidation couple

El/2 0.13–0.77 V). [(MeIm)(F20-TPP)Os CPh2] (11a) and the
arbene complexes containing the other porphyrin ligands

xhibit two reversible oxidation couples (E1/2 0.06–0.32 and
.81–1.07 V), except for [(4-MeO-TPP)Ru CPh2] (1c), which
hows three reversible oxidation couples (E1/2 0.20, 0.80 and

able 3
alf-wave potentials (V vs. Cp2Fe+/0) of iron, ruthenium and osmium porphyrin

arbene complexes [12]

omplex EO1 EO2 ER1

(4-MeO-TPP)Ru CPh2] (1c) 0.20 0.80a

(4-F-TPP)Ru CPh2] (1d) 0.26 0.94
(4-Cl-TPP)Ru CPh2] (1e) 0.32 0.96 −1.88b

(4-Br-TPP)Ru CPh2] (1f) 0.30 0.96 −1.89b

(2,6-Cl-TPP)Ru CPh2] (1g) 0.32 −1.88b

(TMP)Ru CPh2] (1h) 0.19 0.98
(3,4,5-MeO-TPP)Ru CPh2] (1i) 0.25 0.81
(F20-TPP)Ru CPh2] (1j) 0.46 −1.53
(2,6-Cl-TPP)Ru C(Ph)CO2Et] (2a) 0.42 −1.73
(TMP)Ru C(Ph)CO2Et] (2b) 0.32 0.92
(F20-TPP)Ru C(C6H4Me-4)2] (3a) 0.44 −1.55
(F20-TPP)Ru C(C6H4Cl-4)2] (3c) 0.57 −1.50
(F20-TPP)Ru C(C6H4OMe-4)CO2Me]

(4a)
0.50 −1.51

(F20-TPP)Ru C(C6H4NO2-4)CO2Me]
(4b)

0.77 −1.25

(EtSH)(F20-TPP)Ru CPh2] (7b) 0.52 −1.53
(Et2S)(F20-TPP)Ru CPh2] (7c) 0.52 −1.53
(MeIm)(F20-TPP)Ru CPh2] (7d) 0.33 −1.63
(MeOH)(F20-TPP)Ru C(Ph)CO2CH2

CH CH2] (8)
0.63 −1.46

(MeOH)(F20-TPP)Ru C(Ph)CO2Me] (10) 0.65 −1.47
(MeIm)(F20-TPP)Os CPh2] (11a) 0.06 1.07 −1.71
(F20-TPP)Fe CPh2] (13a) 0.35 −1.52
(MeIm)(F20-TPP)Fe CPh2] (14) 0.13 −1.67

a EO3 = 1.03 V.
b Ep,c.

Fig. 11. Cyclic voltammograms of [(Por)Ru CPh2] (Por = 4-MeO-TPP, 1c;4-
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r-TPP, 1f) and [(MeIm)(F20-TPP)M CPh2] (M = Ru, 7d; Os, 11a) [12] in
H2Cl2 with 0.1 M nBu4NPF6 as supporting electrolyte. Conditions: working
lectrode, glassy carbon; scan rate, 100 mV s−1.

.03 V). For nearly all the carbene complexes supported by
20-TPP ligand, a reversible reduction couple is observed (E1/2
1.25 to −1.73 V). The reduction couples for the carbene com-

lexes bearing other porphyrin ligands are not clearly observable
though partially observed in some cases), probably due to over-
ap with the reduction of the solvent.

Spectroelectrochemistry of 1d, 1h and 2a, 2b in CH2Cl2 [12]
eveals collapse of the two Soret bands (λmax ≈ 395 and 430 nm)
f the diphenylcarbene complex 1d or 1h into a single band
λmax ≈ 410 nm) and a red shift (λmax from ∼398 to ∼410 nm)
f the single Soret band of the phenyl(ethoxycarbonyl)carbene
omplex 2a or 2b upon electrolysis at a potential in between the
1/2 of the corresponding first and second oxidation couples.
his indicates a smaller effect of carbene substituents on the
lectronic spectra of the oxidized ruthenium porphyrin carbene

pecies. As the UV–vis absorption spectra recorded at different
ime intervals showed no prominent bands in the 600–800 nm
egion, the porphyrin ring should not be oxidized in the course
f the electrolysis.



emistry Reviews 251 (2007) 2145–2166 2155

o
4
d
a
o
u
p
p

c
s
c
s
i
o
d

R

w
s
p
−

i
t
i
w
t
o
r
b
1

c
c
(
v
E
o
s

T
O
p

C

[

[

[

[
[

Fig. 12. Cyclic voltammogram of [(tpy)(bpy)Ru C(OMe)CH2(C6H4OMe-
4
[
(

p
o
o

2

i
c
t
r
o
(
C
t
a

C.-M. Che et al. / Coordination Ch

On the basis of the spectroelectrochemical studies, the first
xidation of ruthenium porphyrin carbene complexes (except
b with an E1/2 value comparable to that for porphyrin ring oxi-
ation) is attributed to a metal-centered process [12]. A similar
ssignment can be made to the first oxidation of the iron and
smium analogues 11a, 13a and 14 in view of their E1/2 val-
es. Other redox couples of the ruthenium, osmium and iron
orphyrin carbene complexes are assigned to originate from
orphyrin-centered processes.

The E1/2 value for the first oxidation of ruthenium porphyrin
arbene complexes decreases with increasing electron-donating
trength of the carbene, porphyrin, or trans ligands. This is
onsistent with the effects of carbene substituents, porphyrin
ubstituents, or trans ligands on the H� and/or M C chem-
cal shifts of these complexes [12]. For the first oxidation
f [(MeIm)(F20-TPP)M CPh2] (7d, 11a, 14), the E1/2 value
ecreases along the order

u > Fe > Os

hich is different from the order of their H� and M C chemical
hifts but similar to the order of E1/2 values observed for bis-
yridine metalloporphyrins [(OEP)M(py)2] (E1/2 = −0.15 (Fe),
0.02 (Ru), −0.37 V (Os)) [31].
Ruthenium salen carbene complexes 15a–e exhibit a series of

rreversible or quasi-reversible oxidation waves, whose poten-
ials are listed in Table 4 [21]. The first oxidation wave is
rreversible and occurs at a potential of Ep,a −0.04 to 0.15 V,
hich is assigned to the metal-centered process. These poten-

ials are less anodic than those for the metal-centered oxidation
f ruthenium porphyrin carbene complexes, indicating that the
uthenium atoms in the salen complexes 15a–e are easier to
e oxidized. The quasi-reversible waves (E1/2 0.86–1.28 V) of
5a–e could originate from ligand-centered oxidations.

Three reversible/quasi-reversible couples appear in the
yclic voltammograms of polypyridine-supported ruthenium
arbene complexes 16a (E1/2 = −2.03, −1.57, 0.99 V) and 16b
E1/2 = −2.04, −1.50, 1.00 V) [22], as shown from the cyclic

oltammogram of 16a in Fig. 12. The oxidation couple with
1/2 ≈ 1.0 V is attributed to the metal-centered process, which
ccurs at a markedly more anodic potential than the corre-
ponding oxidation of ruthenium porphyrin carbene complexes,

able 4
xidation potentials (V vs. Cp2Fe+/0) of ruthenium carbene complexes sup-
orted by salen ligands [21]

omplex Oxidation potential

(MeIm)(2,4-Cl-salen)Ru CPh2] (15a) 0.08a, 0.24a, 0.36a, 0.77a,
0.86b, 1.02b

(MeIm)(2,4-Br-salen)Ru CPh2] (15b) 0.04a, 0.25a, 0.36a, 0.86b,
1.05b, 1.25b

(MeIm)(2,4-I-salen)Ru CPh2] (15c) 0.06a, 0.25a, 0.34a, 0.77a,
0.98b, 1.28b

(py)(2,4-Br-salen)Ru CPh2] (15d) 0.15a, 0.40a, 0.63a, 0.89b

(MeIm)(2,4-Br-salen)Ru C(C6H4OMe-4)2]
(15e)

−0.04a, 0.11a, 0.23a,
0.71a, 0.88b, 1.14b

a Irreversible, Ep,a.
b Quasi-reversible, E1/2.

[
w
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)](ClO4)2 (16a) in CH2Cl2 with 0.1 M nBu4NPF6 as supporting electrolyte
22]. Conditions: working electrode, glassy carbon; scan rate, 50 mV s−1

Fc+/Fc = ferrocenium/ferrocene).

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

.5. Reactivity

In the previous review [9], we have described the follow-
ng reactivities of ruthenium and osmium porphyrin carbene
omplexes: (i) reaction of [(OEP)Ru CHCO2Et] with PPh3
o give [Ru(OEP)PPh3] and diethyl maleate and fumarate as
eported by Collman and co-workers [32], (ii) formation of
smium ylide complexes from the reaction of [(TTP)Os CHR]
R = CO2Et, SiMe3) with para-substituted pyridines 4-X-
5H4N, and reaction of [(TTP)Os CHCO2Et] with alkenes

o afford cyclopropanation products, as reported by Woo
nd co-workers [5a,33], (iii) cyclopropanation of styrene by
(TPP)Ru C(CO2Et)2] as reported by Simonneaux and co-
orkers [34] and (iv) reaction of [(F20-TPP)Os( CPh2)2] with

lkenes and allylic C–H bonds to form cyclopropanation and
–H insertion products, respectively, as reported by our group

16].
Woo and co-workers subsequently reported that the coor-

inated carbene ligand in [(TTP)Os C(CO2Et){C(O)CH2-
H2CH CH2}] undergoes intramolecular cyclopropanation to
ive ethyl 2-oxo[3.1.0]bicyclohexanecarboxylic acid ester upon
eating in toluene at 110 ◦C [5i]. Under a CO atmosphere, the
ntramolecular cyclopropanation occurs rapidly at 10 ◦C (reac-
ion 1 in Fig. 13).

We examined the reaction of oxo-bridged osmium por-
hyrin carbene complexes 12a–e with styrene at 80 ◦C and
bserved no cyclopropanation product even after 30 h [15].

owever, 12b can catalyze the intermolecular cyclopropanation
f styrene with N2CHCO2Et and intramolecular cyclopropana-
ion of cis-pent-2-enyl diazoacetate to afford the corresponding
yclopropanes in 99% (trans/cis 9.4:1) and 78% yields, respec-



2156 C.-M. Che et al. / Coordination Chemistry Reviews 251 (2007) 2145–2166

F 20-T

t
i
t
p
a

i
[
b
r
c
e
w
T
1
[
w
t

o
c
(
d
i
C
v
f
e
c
N

t

T
S

C

1
1

1

1
1
1
1

ig. 13. Reactivity of [(TTP)Os C(CO2Et){C(O)CH2CH2CH CH2}] [5i], [(F

ively. Moreover, this complex is an active catalyst for the C–H
nsertion reaction between cyclohexene and N2CHCO2Et, with
he product obtained in 43% yield. The reaction of 12b with
yridine produces [(py)(TTP)Os CPh2] (11b), as described
bove.

Iron porphyrin carbene complex [(F20-TPP)Fe CPh2] (13a)
s unreactive toward stoichiometric cyclopropanation of styrene
18], like previously reported [(Por*)Ru CPh2] [35], although
oth complexes can catalyze intermolecular cyclopropanation
eaction between styrenes and N2CHCO2Et, and 13a can
atalyze the intramolecular cyclopropanation of allylic diazoac-
tates. Interestingly, we found that, upon the reaction of MeIm
ith 13a, the resultant six-coordinate complex [(MeIm)(F20-
PP)Fe CPh2] (14) reacts with styrene at 80 ◦C to afford

,1,2-triphenylcyclopropane in 53% yield (reaction 2 in Fig. 13)
18]. This could result from the trans effect of MeIm, which
eakens the Fe C bond as evident from the longer Fe C dis-

ance in 14 than in 13a.

c
l
p
t

able 5
toichiometric C–H insertion reaction of [(F20-TPP)Fe C(Ph)CO2Et] (13b) and [(M

omplex Alkene T (◦C)

3b 80
4 80

3b 65

3b 80
3b 60
3b 25
4 80

a 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.
PP)Fe C(Ph)CO2Et] (13b) and [(MeIm)(F20-TPP)Fe CPh2] (14) [18].

Replacing a phenyl group in the diphenylcarbene ligand
f 13a with a CO2Et group also activates the coordinated
arbene ligand. When we treated [(F20-TPP)Fe C(Ph)CO2Et]
13b) with excess styrene in benzene at 60 ◦C for 15 h, 1,2-
iphenylcyclopropanecarboxylic acid ethyl ester was obtained
n 82% yield (trans/cis 2.0:1) (reaction 3 in Fig. 13) [18].
ompetitive cyclopropanation experiment (p-XC6H4CH CH2
ersus styrene) reveals the product ratios of 2.6, 1.6, 1.2 and 0.69
or X = MeO, Me, Cl and CF3, respectively, which lead to a lin-
ar Hammett plot with a small negative ρ value of −0.41 ± 0.05
omparable to that of the cyclopropanation of styrenes with
2CHCO2Et catalyzed by [(TTP)Fe] (ρ = −0.68 ± 0.07) [36].
The cyclopropane formation from styrenes and 13b or 14 is

he first alkene cyclopropanation by an isolated iron porphyrin

arbene complex without the aid of photolysis. Previously, Sus-
ick and co-workers reported alkene cyclopropanation by iron
orphyrin halocarbene complexes upon photolytic cleavage of
he iron–carbene bonds [37]. Woo and co-workers reported the

eIm)(F20-TPP)Fe CPh2] (14) with alkenes and tetrahydrofuran [18]

Time (h) Product Yield (%)

24 64a

36 24

24 88b

15 83
24 67
48 15
20 59



emist

f
c
[

d
u
i
m
o
a

n
c
T
c
r

3
s

3

s
[
i

w

i
[
[
4
p
N
(
i
[

H
n
(
t
z
[
s
w
d
T
d
(
2
H

C.-M. Che et al. / Coordination Ch

ormation of cyclopropanes from alkenes and spectroscopically
haracterized [(TTP)Fe CHR] (R = 2,4,6-Me3C6H2 or SiMe3)
20].

Complexes 13b and 14 can react with cyclohexene, tetrahy-
rofuran and cumene, affording the C–H insertion products in
p to 64%, 88%, and 83% yield, respectively (Table 5). This
s the first intermolecular carbene transfer from an isolated

ono-carbene metal complex into saturated C–H bonds after
ur previous report of a bis-carbene osmium porphyrin that has
similar reactivity [16].

It is somewhat unexpected that the salen-supported ruthe-
ium carbene complexes 15a–e are unreactive toward alkene
yclopropanation [21], despite their fairly long Ru C distances.
reatment of the polypyridine-supported ruthenium carbene
omplex 16b with styrene at room temperature for 48 h also
esults in no appreciable reaction [22].

. Ruthenium vinylidene and allenylidene complexes
upported by macrocyclic amine ligands

.1. Synthesis

Fourteen ruthenium vinylidene and allenylidene complexes
upported by Me3tacn or 16-TMC ligands have been prepared

38–40]. The synthetic routes to these complexes are depicted
n Figs. 14–16.

Treatment of [(O2CCF3)(Me3tacn)RuII(PMe3)2]PF6
ith 1 equiv. of HC CR (R = Ph, 4-MeC6H4)

(

w
c

Fig. 14. Synthesis of ruthenium vinylidene complexes 17–19 [38,39]
ry Reviews 251 (2007) 2145–2166 2157

n refluxing 1,2-dichloroethane affords
(PMe3)(O2CCF3)(Me3tacn)Ru C CHR]PF6 (17a, b)
38]. Reaction of [(16-TMC)RuIIICl2]Cl with HC C(C6H4X-
) (X = H, Cl, Me, OMe) in refluxing methanol in the
resence of zinc amalgam, followed by addition of
H4PF6, gives [Cl(16-TMC)Ru C CH(C6H4X-4)]PF6

18a–d) [39]. A similar reaction for HC CCPh2OH,
nstead of HC C(C6H4X-4), results in the formation of
Cl(16-TMC)Ru C CH(CHPh2)]PF6(19) [39] (Fig. 14).

The reaction between [(16-TMC)RuIIICl2]Cl and
C CCPh2OH was initially intended as a route to ruthe-
ium allenylidene complex [Cl(16-TMC)Ru C C CPh2)]PF6
20a) [39]. Possibly, the presence of zinc amalgam throughout
he reaction prevents the formation of 20a. Indeed, when
inc amalgam is removed by filtration after reacting with
(16-TMC)RuIIICl2]Cl in refluxing methanol to give the corre-
ponding Ru(II) complex and the filtrate is subsequently treated
ith HC CCPh2OH under refluxing conditions, the allenyli-
ene complex 20a is obtained upon addition of NH4PF6.
his method has been employed to prepare the allenyli-
ene complexes [Cl(16-TMC)Ru C C C(C6H4X-4)2]PF6
20b–d) [39] and [Cl(16-TMC)Ru C C C(py-
)2]PF6 (21) [40] by replacing HC CCPh2OH with
C CC(C6H4X-4)2OH and HC CC(2-py)2OH, respectively
Fig. 15).
Interestingly, 21 can function as a “molecular clip”,

hich binds Zn(II) and Ru(II) ions to afford dinu-
lear complexes [Cl(16-TMC)Ru C C C(2-py)2ZnCl2]PF6

(the PF6
− counter-anions in these complexes are not shown).
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Fig. 15. Synthesis of ruthenium allenylidene complexes 20 and 21

22) and [Cl(16-TMC)Ru C C C(2-py)2Ru(acac)2]PF6 (23,
cac = acetylacetonate) upon treatment with ZnCl2 and cis-
Ru(acac)2(MeCN)2], respectively [40] (Fig. 16).

.2. Spectroscopic features
IR, 13C NMR and UV–vis absorption spectra of the Me3tacn-
r 16-TMC-supported ruthenium vinylidene and allenylidene
omplexes have been examined [38–40]. Selected spectro-
copic data are compiled in Tables 6 and 7. For comparison,

[
i
1
δ

Fig. 16. Synthesis of ruthenium allenylidene complexes 22 and 23 [40
40] (the PF6
− counter-anions in these complexes are not shown).

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

The vinylidene complexes 17–19 show ν(CC) bands
t 1585–1635 cm−1. These frequencies are consid-
rably lower than that of their dppm counterpart

Cl(dppm)2Ru C CHPh]PF6 (ν(C C) 1658 cm−1) [41],
ndicating a strong electron-donating ability of Me3tacn and
6-TMC. The Ru C� signals of 17–19 have chemical shifts of
347.4–363.7 ppm, which are substantially downfield from the

] (the PF6
− counter-anions in these complexes are not shown).
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Table 6
Selected IR and 13C NMR spectroscopic data of ruthenium vinylidene (Ru C� C�RR′) and allenylidene (Ru C� C� C�RR′) complexes supported by Me3tacn
and 16-TMC ligands as compared with those supported by dppm ligands

Complex ν(C C)/(C C C) (cm−1) 13C NMR (δ (ppm)) Ref.

C� C� C�

[(PMe3)(O2CCF3)(Me3tacn)Ru C CHPh]PF6 (17a) 1621 363.7 (d) 111.6 [38]
[(PMe3)(O2CCF3)(Me3tacn)Ru C CH(C6H4Me-4)]PF6 (17b) 1635 362.9 (d) 110.8 [38]
[Cl(16-TMC)Ru C CHPh]PF6 (18a) 1593, 1607 349.4, 351.5 111.1, 111.4 [39]
[Cl(16-TMC)Ru C CH(C6H4Cl-4)]PF6 (18b) 1585, 1609 347.4, 349.4 110.2, 110.5 [39]
[Cl(16-TMC)Ru C CH(C6H4Me-4)]PF6 (18c) 1604, 1625 350.5, 352.6 110.9, 111.2 [39]
[Cl(16-TMC)Ru C CH(C6H4OMe-4)]PF6 (18d) 1604, 1624 350.9,353.1 110.6, 110.8 [39]
[Cl(16-TMC)Ru C CH(CHPh2)]PF6 (19) 1631 347.4, 350.5 112.1, 112.4 [39]
[Cl(dppm)2Ru C CHPh]PF6 1658 336.02 110.73 [41]
[Cl(16-TMC)Ru C C CPh2]PF6 (20a) 1884 302.9, 308.6 248.7, 250.7 150.1, 150.7 [39]
[Cl(16-TMC)Ru C C C(C6H4Cl-4)2] PF6 (20b) 1880 300.6, 306.4 255.2, 257.3 149.7, 149.8 [39]
[Cl(16-TMC)Ru C C C(C6H4Me-4)2]PF6 (20c) 1885 300.0, 305.7 240.9, 242.8 150.1, 150.7 [39]
[Cl(16-TMC)Ru C C C(C6H4OMe-4)2]PF6 (20d) 1891 294.6, 300.1 229.1, 230.9 149.4, 149.7 [39]
[Cl(16-TMC)Ru C C C(2-py)2] PF6 (21) 1885 313.4, 319.2 284.8, 287.3 143.0, 143.6 [40]
[Cl(16-TMC)Ru C C C(2-py)2ZnCl2]PF6 (22) 1896 309.2, 312.7 210.0 132.2 [40]
[Cl(16-TMC)Ru C C C(2-py)2Ru(acac)2]PF6 (23) 1871 269.4, 274.8 245.6, 246.6 126.8 [40]
[Cl(dppm) Ru C C CPh ]PF 1928 306.72 (q) 208.94 (br q) 161.88 (br s) [42]
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Cl(dppm)2Ru C C C(C6H4Cl-4)2]PF6 1921
Cl(dppm)2Ru C C C(C6H4Me-4)2]PF6 1928

u C signals of the ruthenium carbene complexes supported
y salen, polypyridine and porphyrin ligands listed in Table 1
except 7e).

Compared to 17–19, the allenylidene complexes 20–22
xhibit markedly upfield Ru C� signals with δ294.6–319.2 ppm
which are comparable to those of most of the ruthenium por-
hyrin carbene complexes). The ν(C C C) bands of 20–22
ppear at 1880–1896 cm−1. A considerably lower ν(C C C)
requency of 1871 cm−1 is observed for allenylidene complex
3; this complex shows substantially upfield Ru C� signal (δ
69.4 and 274.8 ppm) from those of its analogues 20–22. Like
he case of the vinylidene complexes, all the allenylidene com-
lexes 20–23 have considerably lower ν(C C C) frequencies
han their dppm counterparts [Cl(dppm)2Ru C C CR2]PF6

−1
R = Ph, 4-ClC6H4, 4-MeC6H4) (1921–1928 cm ) [42].
The UV–vis absorption spectra of the vinyli-

ene complexes 18a–d show similar intense bands
εmax ≥ 104 dm3 mol−1 cm−1) in the high-energy region

d
λ

C
ε

able 7
V–vis spectral data of 16-TMC-supported ruthenium vinylidene and al

Cl(dppm)2Ru C C CR2]PF6

omplex λmax (nm) (ε

Cl(16-TMC)Ru C CHPh]PF6 (18a) 273 (19,700)
Cl(16-TMC)Ru C CH(C6H4Cl-4)]PF6 (18b) 277 (21,510)
Cl(16-TMC)Ru C CH(C6H4Me-4)]PF6 (18c) 273 (25,040)
Cl(16-TMC)Ru C CH(C6H4OMe-4)]PF6 (18d) 273 (28,830)
Cl(16-TMC)Ru C CH(CHPh2)]PF6 (19) 237 (22,850)
Cl(16-TMC)Ru C C CPh2]PF6 (20a) 258 (14,110)
Cl(16-TMC)Ru C C C(C6H4Cl-4)2] PF6 (20b) 292 (15,360)
Cl(16-TMC)Ru C C C(C6H4Me-4)2]PF6 (20c) 260 (14,780)
Cl(16-TMC)Ru C C C(C6H4OMe-4)2]PF6 (20d) 264 (14,540)
Cl(dppm)2Ru C C CPh2]PF6 273 (46,900)
Cl(dppm)2Ru C C C(C6H4Cl-4)2]PF6 274 (49,940)
Cl(dppm)2Ru C C C(C6H4Me-4)2]PF6 273 (48,390)
307.33 (q) 213.92 (br s) 156.63 (br s) [42]
301.0 203.0 160.8 [42]

λmax ≤ 315 nm). Appreciably different high-energy bands are
bserved for 19 wherein the Ru C C and phenyl moieties are
ndirectly connected via a saturated carbon atom (in contrast to
he direct attachment of the aryl group to the Ru C C moiety
n 18). These absorption bands are suggested to involve the
inylidene moiety [39]. For all the vinylidene complexes 18a–d
nd 19, there are weak low-energy bands appearing at λmax
64–644 nm (ε < 102 dm3 mol−1 cm−1), which can be assigned
o d–d transitions.

Allenylidene complexes 20a–d exhibit a low-energy band
t λmax 479–513 nm in their UV–vis absorption spectra. This
and is intense (εmax > 103 dm3 mol−1 cm−1) and attributed to a
etal-perturbed intraligand transition with some allenylidene-

o-metal LMCT character [39]. On going from 20a–c to their

ppm counterparts [Cl(dppm)2Ru C C CR2]PF6 [42], the
max of the low-energy band red shifts by 1060–1110 cm−1.
omplex 21 shows an intense low-energy band (λmax 468 nm,
1.9 × 104 dm3 mol−1 cm−1) slightly blue shifted from that of

lenylidene complexes in MeCN as compared with those of trans-

max (dm3 mol−1 cm−1)) Ref.

, 311 (7360), 351 (590), 464 (68), 585 (38), 644 (37) [39]
, 315 (12,790), 354 (3250), 470 (78), 578 (48), 638 (46) [39]
, 311 (10,740), 350 (900), 464 (68), 582 (33) [39]
, 310 (10,130), 365 (570), 465 (71), 585 (37) [39]
, 304 (2200), 395 (83), 466 (82), 589 (br, sh, 21) [39]
, 283 (13,160), 335 (7390), 479 (20,200) [39]
, 335 (9790), 483 (21,740) [39]
, 291 (12,830), 341 (11,510), 492 (24,430) [39]
, 279 (13,370), 382 (17,510), 513 (29,760) [39]
, 357 (9010), 506 (17,120) [42]
, 366 (12,590), 510 (19,970) [42]
, 374 (14,170), 519 (20,210) [42]
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ig. 17. UV–vis absorption spectra of [Cl(16-TMC)Ru C C C(2-
y)2]PF6 (21), [Cl(16-TMC)Ru C C C(2-py)2ZnCl2]PF6 (22) and
Cl(16-TMC)Ru C C C(2-py)2Ru(acac)2]PF6 (23) in MeCN at 298 K
instrumental artefacts are marked by *) [40].

0a, which can also be attributed to a metal-perturbed � → �*
llenylidene intraligand transition. Coordination of 21 to Zn(II)
o form 22 further blue shifts the λmax of the intense band to
57 nm (ε 2.0 × 104 dm3 mol−1 cm−1).

Strikingly, when 21 binds Ru(II) to form 23, the lowest-
nergy band in the UV–vis absorption spectrum dramatically
ed shifts by ∼11,300 cm−1, resulting in the appearance of
n intense band at λmax 989 nm (ε 2.3 × 104 dm3 mol−1 cm−1)
40] (Fig. 17). Density functional theory (DFT) calculations
n model complex [Cl(NH3)4Ru C C C(2-py)2Ru(acac)2]+

uggest that the 989 nm band of 23 should originate from Ruacac-
o-�*(Ru C C C(2-py)2Ru) charge-transfer transitions, and
hat the dramatic red shift occurs because (i) the HOMO-

of 23 is localized on Ruacac (which has a higher energy
han the �(Ru C C C(2-py)2) orbital of 21) and (ii) the
UMO of 23 features a greater delocalization between the

wo Ru(II) ions [40]. Thus, 23 serves as a unique isolable
llenylidene-bridged metal complex showing delocalization
cross the {M C C C(2-py)2M} moiety in the excited state.

Resonance Raman spectra have been measured for the vinyli-
ene complex 19 and allenylidene complex 20a [39]. In the case
f 19, the fundamental of the nominal ν(C C) stretch mode (the
argest resonance Raman progression) is located at 1629 cm−1,
hich generates an overtone at 3258 cm−1 and produces com-
ination bands with some fundamental Franck–Condon active
odes. The spectrum of 20a (Fig. 18) shows the fundamen-

al and overtone of the nominal ν(C C C) stretch mode as the
argest resonance Raman progression at 1889 and 3786 cm−1,
espectively, the former of which forms weaker combination
ands with eight other fundamental Franck–Condon active
odes. Analysis of the resonance Raman spectroscopic data,

ogether with simulation of the 479 nm band and the resonance

aman intensities of 20a, shows that the 479–513 nm charge-

ransfer bands of 20a–d originate from a transition associated
ith the Ru C C C moiety and are strongly coupled to the

llenylidene ligands [39].

a
t
o
2

ig. 18. Resonance Raman spectrum of [Cl(16-TMC)Ru C C CPh2]PF6

20a) in MeCN at 25 ◦C (excitation wavelength: 435.7 nm). The solvent and
aser subtraction artifacts are marked by * and +, respectively [39].

.3. Structure

16-TMC-supported ruthenium vinylidene complexes 18a and
9 [39] and allenylidene complexes 20a, 20c [39], 22 and 23 [40]
ave been structurally characterized. Selected bond distances
nd angles are listed in Table 8. The structures of mononuclear
omplexes 18a, 20a and dinuclear complexes 22 and 23 are
hown in Figs. 19 and 20, respectively.

The Ru C distances in the vinylidene complexes 18a and 19
re 1.780(8) and 1.802(7) Å, respectively, appreciably shorter
han those of almost all the ruthenium porphyrin carbene com-
lexes in Table 2. Both 18a and 19 have an essentially linear
u C C moiety, with respective Ru–C–C angles of 172.6(7)◦
nd 177.8(6)◦ and C C distances of 1.352(10) and 1.309(10) Å.
hese structural data show that replacing the phenyl group in the
inylidene ligand of 18a with a diphenylmethyl group slightly
engthens the Ru C bond but shortens the C C bond.

For the allenylidene complexes 20a and 20c, the Ru C C C
oieties are also linear, but their Ru C distances of 1.849(4)
nd 1.862(7) Å are considerably longer, whereas the C� C� dis-
ances of 1.262(7) and 1.24(1) Å are markedly shorter, than those
f the above two vinylidene complexes. The C� C� distances in
0a and 20c are 1.339(7) and 1.378(10) Å, respectively, longer
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Table 8
Selected bond distances and angles of ruthenium vinylidene (Ru C� C�RR′) and allenylidene (Ru C� C� C�RR′) complexes supported by 16-TMC ligand

Complex Bond distance (Å) Bond angle (◦) Ref.

M C� C� C� C� C� M–C�–C� C�–C�–C�

[Cl(16-TMC)Ru C CHPh]PF6 (18a) 1.780(8) 1.352(10) 172.6(7) [39]
[Cl(16-TMC)Ru C CH(CHPh2)]PF6 (19) 1.802(7) 1.309(10) 177.8(6) [39]
[Cl(16-TMC)Ru C C CPh2]PF6 (20a) 1.849(4) 1.262(7) 1.339(7) 177.6(4) 170.1(5) [39]
[Cl(16-TMC)Ru C C C(C6H4Me-4)2]PF6 (20c) 1.862(7) 1.24(1) 1.378(10) 180 180 [39]
[Cl(16-TMC)Ru C C C(2-py)2ZnCl2]PF6 (22) 1.835(6) 1.258(8) 1.356(8) 175.6(5) 171.7(6) [40]
[Cl(16-TMC)Ru C C C(2-py)2Ru(acac)2]PF6 (23) 1.894(6) 1.243(7) 1.380(7) 174.0(5) 175.8(6) [40]

6 (18a

t
t
d
h

Fig. 19. Structures of [Cl(16-TMC)Ru C CHPh]PF
han the C� C� distances in the same complexes. Similar struc-
ural features are observed for the Ru C C C moieties in the
inuclear allenylidene complexes 22 and 23, although the latter
as a slightly longer Ru C bond than the former.

t
b
i

Fig. 20. Structures of [Cl(16-TMC)Ru C C C(2-py)2ZnCl2]PF6 (22)
) and [Cl(16-TMC)Ru C C CPh2]PF6 (20a) [39].
The bond distances of the Ru C C/Ru C C C moieties in
he six ruthenium vinylidene/allenylidene complexes supported
y 16-TMC ligand are comparable to those in the correspond-
ng complexes supported by other ligands (Ru C 1.76–1.91 Å

and [C1(16-TMC)Ru C C C(2-py)2Ru(acac)2]PF6 (23) [40].
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Table 9
Half-wave potentials (V vs. Cp2Fe+/0) of 16-TMC-supported ruthenium vinylidene and allenylidene complexes as compared with those of
[Cl(dppm)2M C C C(C6H4X-4)2]PF6 (M = Ru, Os)

Complex E1/2 Ref.

[Cl(16-TMC)Ru C CH(CHPh2)]PF6 (19) 0.81a −2.16b [39]
[Cl(16-TMC)Ru C C CPh2]PF6 (20a) 0.64 −1.27 [39]
[Cl(16-TMC)Ru C C C(C6H4Cl-4)2] PF6 (20b) 0.70 −1.19 [39]
[Cl(16-TMC)Ru C C C(C6H4Me-4)2]PF6 (20c) 0.57 −1.32 [39]
[Cl(16-TMC)Ru C C C(C6H4OMe-4)2]PF6 (20d) 0.49 −1.42 [39]
[Cl(16-TMC)Ru C C C(2-py)2] PF6 (21) 0.73a −1.11 [40]
[Cl(16-TMC)Ru C C C(2-py)2ZnCl2]PF6 (22) 0.96a −0.73 [40]
[Cl(16-TMC)Ru C C C(2-py)2Ru(acac)2]PF6 (23)c 1.01 −1.03 [40]
[Cl(dppm)2Ru C C CPh2]PF6 1.02 −0.98 [39]
[Cl(dppm)2Ru C C C(C6H4Cl-4)2]PF6 1.06 −0.92 [39]
[Cl(dppm)2Ru C C C(C6H4Me-4)2]PF6 0.92 −1.02 [39]
[Cl(dppm)2Os C C CPh2]PF6 0.82 −1.14 [39]
[Cl(dppm)2Os C C C(C6H4Cl-4)2]PF6 0.88 −1.05 [39]
[Cl(dppm)2Os C C C(C6H4Me-4)2]PF6 0.75 −1.20 [39]

a

a
1
a
t
2
C
i
C
c

3

2
t
[
g

c
t
t
c
[
a
n
l
e
f
f

g
r
A
c
c
a

Irreversible, Ep,a.
b Irreversible; Ep,c.
c An extra reversible couple at E1/2 −0.27 V is observed.

nd C� C� 1.14–1.34 Å for vinylidene complexes; Ru C
.84–2.00 Å, C� C� 1.18–1.27 Å and C� C� l.35–1.41 Å for
llenylidene complexes) [3b]. A comparison among the struc-
ures of 18a, 20a and trans-[(16-TMC)Ru(C CPh)2] (Ru C
.077(4) Å, C� C� 1.198(6) Å) [43] reveals that the Ru C and
� C� distances of 20a both fall in between the correspond-

ng distances of the vinylidene and acetylide complexes, and the
� C� bond in the allenylidene complex has partial triple bond
haracter.

.4. Electrochemistry

Electrochemical studies have been performed on 19 [39],
0a–d [39] and 21–23 [40]. The observed E1/2 values, along with
hose for [Cl(dppm)2M C C C(C6H4X-4)2]PF6 (M = Ru, Os)
39], are listed in Table 9. Fig. 21 shows the cyclic voltammo-
rams of 20a, 21 and 23.

In the cyclic voltammograms of 20a–d, a reversible reduction
ouple at E1/2 −1.42 to −1.19 V and a reversible oxida-
ion couple at 0.49–0.70 V are observed, in contrast to the
wo irreversible waves at Ep,c −2.16 and Ep,a 0.81 V in the
ase of 19. Two reversible couples are also observed for
Cl(dppm)2Ru C C C(C6H4X-4)2]PF6, but their E1/2 values
re 270–380 mV more anodic than those of 20a–d. The ruthe-
ium allenylidene complexes supported by dppm and 16-TMC
igands both exhibit smaller E1/2 values upon increasing the
lectron-donating strength of the C6H4X-4 substituents, and
rom X = Cl to OMe, a decrease in E1/2 by ∼200 mV is noted
or 20a–d.

Changing the phenyl groups in 20a to 2-pyridyl groups to
ive 21 causes the oxidation couple to become irreversible and
enders the reversible reduction couple 310 mV more anodic.

n additional anodic shift of 380 mV of the reversible reduction

ouple occurs upon coordination of 21 to Zn(II) to give the dinu-
lear allenylidene complex 22. For the conversion of 21 into 23,
markedly smaller anodic shift of 80 mV for the reduction cou-

Fig. 21. Cyclic voltammograms of [Cl(16-TMC)Ru C C CPh2]PF6

(20a) [39], [C1(16-TMC)Ru C C C(2-py)]PF6 (21) and [Cl(16-
TMC)Ru C C C(2-py)2Ru(acac)2]PF6 (23) in CH3CN with 0.1 M
nBu4NPF6 as supporting electrode [40]. Conditions: working electrode, glassy
carbon; scan rate, 100 mV s−1 (Fc+/Fc = ferrocenium/ferrocene).
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le is observed, accompanied by a change in the oxidation wave
rom irreversible to reversible, together with the appearance of
n extra reversible couple at E1/2 −0.27 V.

The two reversible couples of 20a–d can be assigned to the
lectrochemical reactions at the Ru C C CR2 unit, rather than
t the metal or ligand center only, on the basis of the dependence
f the E1/2 values of the ruthenium allenylidene complexes on
oth the auxiliary ligand (16-TMC and dppm) and the 4-XC6H4
ubstituent, and by considering the considerably different E1/2
alues of [Cl(dppm)2M C C C(C6H4X-4)2]PF6 for M = Ru
nd Os [39]. This assignment is supported by the smaller differ-
nce (380 mV) in the E1/2 value of the oxidation couple between
0a and [Cl(dppm)2Ru C C CPh2]PF6 than that (740 mV)
n E1/2(RuIII/II) between trans-[(dppm)2RuCl2] [44] and [(16-
MC)RuCl2] [45], and the large decrease in E1/2 value from
= Ru to Os observed for the MIII/II couple of trans-[(16-

MC)MCl2] (770 mV) compared with that (200 mV) for the
xidation couple of [Cl(dppm)2M C C CPh2]+.

A similar assignment may be made for the redox waves
f 21–23, except the reversible couple of 23 at −0.27 V,
hich is assigned to the RuIII/II couple of the {Ru(acac)2}
oiety [40]. Such an E1/2(RuIII/II) value of {Ru(acac)2} moi-

ty is similar to that in cis-[Ru(acac)2(MeCN)2] (−0.28 V)
40] and cis-[Ru(acac)2(pyrazine)2] (−0.29 V) [46]. Since
or 23 the oxidation couple of the {Ru(acac)2} moiety lies

etween the reduction and oxidation couples of the {Cl(16-
MC)Ru C C C(2-py)2}+ unit, this suggests the location of

he highest filled electronic level of {Ru(acac)2} in between the
and �* levels of {Cl(16-TMC)Ru C C C(2-py)2}+ in 23.

[
r
p
[

Fig. 22. Reactivity of ruthenium vinylidene com
ry Reviews 251 (2007) 2145–2166 2163

.5. Reactivity

Although the reactions of ruthenium vinylidene or allenyli-
ene complexes with nucleophiles have been extensively studied
1–3], we observed no reaction between the ruthenium allenyli-
ene complexes 20a–d and MeOH even under refluxing
onditions for 48 h, nor were the vinylidene complexes 18a–d
nd 19 found to be reactive with refluxing MeOH [39]. Com-
lex 20a is also unreactive with NaOMe in methanol at room
emperature for 48 h. Presumably, both the steric protection pro-
ided by the four NMe groups of 16-TMC and the increase
n the �-basicity of the ruthenium ion by the pure �-donor
6-TMC render the C� atom in these Ru C� C� C�RR′
r Ru C� C�RR′ complexes less susceptible to nucleophilic
ttack.

For the Me3tacn-supported ruthenium vinylidene complexes
7a and 17b (which are stable in refluxing methanol), their
eactions with primary and secondary amines only lead to the
eprotonation of the vinylidene ligands [38], unlike the for-
ation of aminocarbene and isocyanide complexes from the

eaction of ruthenium vinylidene complexes with primary and
econdary amines reported by Bianchini and co-workers [47].
eprotonation of the C CHR ligands in 17a and 17b with
ethanolic KOH in the presence of phosphine L gives the
-acetylide complexes [(PMe3)(L)(Me3tacn)Ru–C CR]PF6
L = PMe3, P(OMe)3] [38] (reaction 4 in Fig. 22). The
esistance of 17a and 17b to nucleophilic addition is pro-
osed to result from an electronic rather than steric factor
38].

plexes supported by Me3tacn ligand [38].
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ig. 23. Proposed mechanism for the formation of [(PMe3)(Me3tacn)Ru{�3

)}]PF6 [38].

Complexes 18a–d do not undergo deprotonation of their
CHR groups upon treatment with Et3N. Such deprotonation

ccurs only when these allenylidene complexes are treated with
stronger base (e.g. NaOMe) [39].

Oxidative cleavage of the vinylidene group in 17a is observed
pon introducing dioxygen into a 1,2-dichloroethane solution
f this complex, affording a ruthenium carbonyl complex,
(PMe3)(O2CCF3)(Me3tacn)Ru(CO)]+, and benzaldehyde [38].
n solutions open to air, complexes 18a–d undergo similar oxida-
ive vinylidene cleavage to give a carbonyl complex within 10 h
39].

Alkyne-vinylidene coupling reactions take place when
he Ru C CHR complexes 17a and 17b are sequentially
reated with KOH and HC CR in refluxing methanol,
esulting in the formation of �3-butenynyl complexes
(PMe3)(Me3tacn)Ru{�3-RC3 CHR}]PF6 (R = Ph, 4-

eC6H4, respectively) [38] (reaction 5 in Fig. 22).
nterestingly, if the substituent in the alkyne is different
rom that in the vinylidene group, such as the reaction
f 17a with HC C(C6H4Me-4) in methanolic KOH,
1:1 mixture of two isomeric �3-butenynyl complexes
(PMe3)(Me3tacn)Ru{�3-(C6H4Me-4)C3 CHPh}]PF6 and
(PMe3)(Me3tacn)Ru{�3-PhC3 CH-(C6H4Me-4)}]PF6 is
ormed [38]. We proposed that this occurs by a stepwise

p
o

4Me-4)C3 CHPh}]PF6 and [(PMe3)(Me3tacn)Ru{�3-PhC3 CH(C6H4Me-

echanism shown in Fig. 23, which involves the generation of
n (�2-alkyne)(�-acetylide) intermediate and its rearrangement
o a (vinylidene)(�-acetylide) intermediate (the latter can
somerize through proton transfer) followed by 1,2-migratory
nsertion of the coordinated acetylide [38].

The alkyne–vinylidene coupling reactions of 17a and
7b are closely related to the alkynyl/alkyne coupling
eactions reported for other ruthenium complexes [48],
ost of which are proposed to involve (vinylidene)(�-

cetylide) intermediates [48b–e,48h]. The reaction of a
inylidene complex, [(PNP)Cl2Ru C CH(C6H4Me-4)]
PNP = CH3CH2CH2N(CH2CH2PPh2)2), with LiC CPh in
HF was found, by Bianchini and co-workers [49], to afford

(PNP)Ru(C CPh){�3-PhC3 CH(C6H4Me-4)} only, without
ormation of the isomer [(PNP)Ru(C CPh){�3-(C6H4Me-
)C3 CHPh}; this is different from the above reaction between
he Ru C CHPh complex 17a and HC C(C6H4Me-4) in

ethanolic KOH.

. Concluding remarks
Macrocyclic ligands including porphyrins and tertiary
olyamines are good auxiliaries for stabilizing ruthenium- and
smium–carbon multiple bonds. It is practical to use these
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itrogen-containing macrocycles to significantly regulate the
lectronic/steric properties of the ruthenium/osmium–carbon
ultiple bonds and therefore alter the structure and reactivity of

he corresponding metal–carbon multiple bonded species. The
ack of aryl groups in polyamine ligands such as 16-TMC renders
hese macrocycles “optically transparent” and “electrochemi-
ally silent”, and ideally suitable for investigating the electronic
ransitions or redox processes associated with the metal–carbon

ultiple bonds.
Diazo compounds are useful carbene source for the for-

ation of ruthenium, osmium and iron porphyrin carbene
omplexes [(Por)M CRR′], which readily bind coordinating
olecules L such as MeIm to give [(L)(Por)M CRR′]. The

solation of stable dinuclear oxo-bridged metal carbene com-
lexes [{(Por)Os CPh2}2(�-O)], along with the bis-carbene
etal complexes [(F20-TPP)Os( CPh2)2] discussed in previous

eview [9], reflects a unique property of osmium in the forma-
ion of metal-carbon multiple bonds. On the basis of extensive
pectroscopic and electrochemical studies and X-ray structural
eterminations on ruthenium porphyrin carbene complexes, it
s evident that the substituents on carbene and porphyrin lig-
nds and the ligands trans to the carbene groups all can have
considerable influence on the porphyrin-supported Ru CRR′
onds. Markedly shorter Ru C distances are observed in the
uthenium carbene complexes supported by porphyrins than by
alen and polypyridine ligands. The M C distances in ruthe-
ium, osmium and iron porphyrin carbene complexes follow
n order of Fe < Ru < Os; however, an order of Ru > Fe > Os
s seen for the E1/2 values of their metal-centered oxidations.
ike the cyclopropanation and C–H bond insertion reactivities
f ruthenium/osmium porphyrin carbene complexes reviewed
reviously [9], iron porphyrin analogues can also undergo simi-
ar reactions with alkenes or C–H bonds. What seems somewhat
nusual is the inertness of ruthenium salen carbene complexes,
hich have fairly long Ru C distances, toward these carbenoid

ransfer reactions.
Ruthenium vinylidene and allenylidene complexes supported

y Me3tacn and 16-TMC macrocycles can be prepared by using
he corresponding alkynes HC CR and HC CCR2OH as the
inylidene and allenylidene source, respectively. These ruthe-
ium vinylidene and allenylidene complexes do not undergo
ucleophilic addition with methanol, amines or NaOMe,
nlike previously reported analogous complexes supported by
ther ligands. Deprotonation of Ru C CHR groups occurs
pon attack by KOH or NaOMe. The Me3tacn-supported
u C CHR complexes can react with KOH and alkynes
C CR to afford ruthenium �3-butenynyl complexes by appar-

nt alkyne–vinylidene coupling.
Functionalization of the allenylidene ligand with 2-pyridine

roups makes its ruthenium complex supported by 16-TMC
ct as a “molecular clip”, which can bind metal ions to
orm interesting dinuclear allenylidene-bridged metal com-
lexes such as [Cl(16-TMC)Ru C C C(2-py)2Ru(acac)2]PF6,

metal 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
CR2]PF6/[Cl(16-TMC)Ru C C CR2]PF6 can be consid-
ry Reviews 251 (2007) 2145–2166 2165

red as neutral ligands, like those in other ruthenium
inylidene/allenylidene complexes reported in the literature.
owever, there are several lines of evidence in favor of the
olarized form Ruδ+[( C)nCR2]	− (n = 1, 2) for the Ru C CR2
r Ru C C CR2 moieties supported by 16-TMC [39]: (i)
s a strongly �-donating ligand, 16-TMC can better stabi-

ize M	+[( C)nCR2]	−-type species. (ii) Spectroscopic studies
ignify some extent of charge transfer from allenylidene
o metal for the low-energy electronic transition associated
ith [Cl(16-TMC)Ru C C CR2]+. (iii) Complexes [Cl(16-
MC)Ru C C CR2]PF6 (R 
= H) are inert toward nucleophilic
ttack by methoxide. (iv) The Ru atom is more positively charged
han the C C C chain according to ab initio calculation on
odel complex [Cl(NH3)4Ru C C CPh2]+ [39].

cknowledgement

This work was supported by the University Grant Council of
ong Kong SAR (Area of Excellence Scheme AoE/P-10/01),

he Hong Kong Research Grants Council (HKU 7012/05P),
nd the University of Hong Kong (Generic Drug Research
rogram).

eferences

[1] W.A. Nugent, J.M. Mayer, Metal–Ligand Multiple Bonds,
Wiley–Interscience, New York, 1988.

[2] A.F. Hill, in: E.W. Abel, F.G.A. Stone, G. Wilkinson (Eds.), Compre-
hensive Organometallic Chemistry II, vol. 7, Pergamon, Oxford, 1995,
p. 299.

[3] (a) A.B. Antonova, A.A. Inganson, Russ. Chem. Rev. (Engl. Transl.) 58
(1989) 693;
(b) M.I. Bruce, Chem. Rev. 91 (1991) 197;
(c) H. Werner, J. Organomet. Chem. 475 (1994) 45;
(d) D. Touchard, P.H. Dixneuf, Coord. Chem. Rev. 178–180 (1998) 409;
(e) M.P. Doyle, D.C. Forbes, Chem. Rev. 98 (1998) 911;
(f) M.I. Bruce, Chem. Rev. 98 (1998) 2797;
(g) C. Bruneau, P.H. Dixneuf, Acc. Chem. Res. 32 (1999) 311;
(h) M.C. Puerta, P. Valerga, Coord. Chem. Rev. 193–195 (1999) 977;
(i) D. Bourissou, O. Guerret, F.P. Gabbaı̈, G. Bertard, Chem. Rev. 100
(2000) 39;
(j) J.W. Herndon, Coord. Chem. Rev. 206/207 (2000) 237;
(k) M.A. Sierra, Chem. Rev. 100 (2000) 3591;
(l) J.P. Selegue, Coord. Chem. Rev. 248 (2004) 1543;
(m) S. Rigaut, D. Touchard, P.H. Dixneuf, Coord. Chem. Rev. 248 (2004)
1585;
(n) V. Cadierno, M.P. Gamasa, J. Gimeno, Coord. Chem. Rev. 248 (2004)
1627;
(o) D.A. Valyaev, O.V. Semeikin, N.A. Ustynyuk, Coord. Chem. Rev. 248
(2004) 1679;
(p) H. Werner, Coord. Chem. Rev. 248 (2004) 1693;
(q) H. Katayama, F. Ozawa, Coord. Chem. Rev. 248 (2004) 1703;
(r) G. Maas, Chem. Soc. Rev. 33 (2004) 183;
(s) J.W. Herndon, Coord. Chem. Rev. 250 (2006) 1889;
(t) C. Bruneau, P.H. Dixneuf, Angew Chem. Int. Ed. 45 (2006) 2176.

[4] R.H. Grubbs, Angew. Chem. Int. Ed. 45 (2006) 3760, and references
therein.

[5] (a) D.A. Smith, D.N. Reynolds, L.K. Woo, J. Am. Chem. Soc. 115 (1993)

2511;
(b) E. Galardon, P. Le Maux, G. Simonneaux, Chem. Commun. (1997) 927;
(c) M. Frauenkron, A. Berkessel, Tetrahedron Lett. 38 (1997) 7175;
(d) E. Galardon, P. Le Maux, G. Simonneaux, J. Chem. Soc., Perkin Trans.
1 (1997) 2455;



2 emist

[

[
[

[

[

[
[

[
[

[

[
[

[

[

[

[
[
[

[

[

[

[

[

[
[

[

[

[

[

[

[

[

[
[

[

[
[

[

[

(g) D.C. Liles, P.F.M. Verhoeven, J. Organomet. Chem. 522 (1996) 33;
(h) M.A.J. Ternorio, M.J. Tenorio, M.C. Puerta, P. Valerga, Organometallics
166 C.-M. Che et al. / Coordination Ch
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