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Abstract

The chemistry of coordinatively unsaturated organoruthenium complexes is reviewed in this article. In particular, the subject is focused
on neutral and cationic organoruthenium amidinates, which formally have 16 valence electrons and show signs of coordinative unsaturation.
The ruthenium amidinatesn?-CsMes)Ru(m-amidinate) {), and their isoelectronic analoguesy§tarene)Rufj-amidinate)t (2), are syn-
thesized and characterized; a possible stabilizing factor of the unsaturated metal center is weak coordimagiectadns in the amidinates
ligands. Reactions of various two-electron donor ligands Witr 2 reveal the strongr-donor property ofl and Lewis acid nature dZ.

One or two-electron redox processeslah the reactions with organic halides are studied by isolation of the corresponding Ru(lll) and
Ru(IV) products; the results lead to their catalysis for the Tsuji—Trost reaction and the intramolecular Kharasch reaction. The treatment
of 2 with trimethylsilyldiazomethane results in the formation of cationic amidinato-carbene complexes, which involve unusual reversible
metal-to-carbon silyl group migration.

© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Coordinatively unsaturated organometallic complexes as

key intermediates in the catalytic cycle have received much
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metal-catalyzed reactions are generally difficult, due to low the coordinatively unsaturated Ru(ll) complexes and their
concentration and high reactivity of the metal component, reactivity towards various substrafds-6,25—47] Although
the coordinatively unsaturated nature of isolable metal com- these compounds are generally sensitive to air and mois-
plexes having fewer than 18 electrons has been investi-ture, careful manipulation allowed us to learn a number of
gated through studies of their molecular structures, solution interesting aspects regarding the stabilizing factors of these
dynamics, and reactions of various organic substrigks unsaturated compounds: (1) blocking of the metal center
Transition metals at the middle of the periodic table are gen- by sterically hindered ligands, (2¥-stabilization of the
erally faithful to the 18 electron rule, so that the synthesis and adjacent functional group, and (3) the straniglonor. The
characterization of ruthenium complexes with 16 or fewer Tilley’s complex, §°-CsMes)RuCI(PPrs), where the bulky
valence electrons have been actively researffhed7]. P'Pr; group sterically protects the reactive metal center,
An excellent review by Poli in 1996 has provided impor- is one of the first example of a 16 genuine valence elec-
tant insights of organometallic compounds that are stable tron half-sandwich Ru(ll) complejd] and the chemistry
with less than 18 valence electrof8. Although the sub- of its analogues has been actively investigated since then
ject of Poli’'s paper is a systematic review of theoretical and [5,6,25-31] Extensive studies onmP-CsMes)RuX(PRs)
experimental results of “open-shell organometallics”, stud- where X = CI, Br, I, OR, OSiR, NHR, SR, and @R
ies on 14- and 16-electron ruthenium compounds, many of by Caulton and coworkers showed the importance of
which are diamagnetic and easily characterized by spectro-“w-stabilization” by the ligand X[25-28] whereas the
scopic tools, aid in understanding structures and reactivity ruthenium thiolates and amides reported by Mashima and
of coordinatively unsaturated transition metal complexes. coworkers [34-37] and Burrell and Steedmaf#5] are
For instance, recent topics derived from these studies arealso stabilized by the SR and NHR ligands. Diaminocar-
consideration of spin states in the coordinatively unsatu- bene complexes were investigated by Nolan and coworkers
rated iron complexes in comparison with the ruthenium [32,33] The two legged piano-stool ruthenium complexes
homologues; recent progress is reviewed by Sapunov et al.having phosphingt0,41]or chelate diamine ligand42—44]
[47] and Sitzmanr{48]. A series of coordinatively unsat- were recently reported by Kirchner and Valerga; the factors
urated ruthenium(0]8-14] and ruthenium(ll) complexes of stabilization are discussed in termsoflonor character
[15-28] were systematically synthesized and characterized and through-space coupling concépi]. A unique ligand,
by Caulton and coworkers, who proposed the importance {PrNo,PPhNHPr (N-TAP), which behaves both as and
of w-donor ligands for the effective stabilization of 14- mw-donor to the ruthenium center, is repor{d8].
and 16-electron ruthenium complexes. Coordination of Many of these coordinatively unsaturated Ru(ll) com-
two-electron donor ligands including molecular, Nind plexes facilely react with a variety of two-electron donor
activation of B and H-SiR by Caulton’s ruthenium com-  ligands such as CO, phosphines, olefins, and acetylenes,
pounds were also investigated in relation to their potential and are even reactive towards molecular hydrogen, result-
involvement in homogeneous catalysis. Typical ruthenium ing in either its coordination or oxidative addition to the
catalysts having 16 valence electrons are the Grubbs'’s carmetal center. Such high reactivity has provided a clue to
benes, RUG(=CHR)(PRs)2, which are actually involved in  the mechanism of catalytic reactions. One of the clearest
the catalytic cycle of olefin methathe$#9-55] examples for the involvement of coordinatively unsatu-
When the subject is more focused on the half-sandwich rated Ru(ll) complexes in homogeneous catalysis was re-
ruthenium complexes, studies on the compounds shown inported by Noyori and coworkers in 1997; the 16-electron
Fig. 1reveal detailed factors for the effective stabilization of complex, §°-p-cymene)Ru(NHCHPhCHPhNTS), and its
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Fig. 1. Representative examples of coordinatively unsaturated half-sandwich ruthenium complexes.
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analogues are good catalysts for asymmetric hydrogen In this paper, we wish to review our recent results of
transfer reactions between alcohols and ket¢&8s39] organoruthenium amidinate complexes which formally
All of these results on the reactive 16-electron Ru(ll) have 16 valence electrons and show a coordinatively un-
complexes suggest that novel coordinatively unsaturatedsaturated nature. As described above, the amidinate lig-
half-sandwich Ru(ll) compounds, which are isolable yet and actually realized %(°-CsMes)RuL” as the isolable
highly reactive, can be synthesized by the judicious choice compounds, §°-CsMes)Rum-amidinate) {) [65]. We
of the auxiliary ligands with appropriate steric bulkiness and successfully prepared their isoelectronic complexes,
good - and/orm-donor properties. Furthermore, Noyori's  [(n®-arene)Rug-amidinate)} (2) [66]. These complexes
results showing that the coordinatively unsaturated Ru(ll) have characteristic features in spectroscopy and crystal-
species is actually involved in the catalytic cycle clearly lography, exhibiting high reactivity towards a variety of
demonstrate that studies on reactivity of such unsaturatedtwo-electron donor ligand$5,66], organic halide§67—69}
complexes is a good entry to the development of catalytic diazoalkaneg70], or metal fragment$71,72] Studies on
reactions by appropriate planning of the catalytic cycle, in the crystal structures revealed the possible stabilizing factor
which the coordinatively unsaturated species are involved. of the amidinate ligands to be coordinationefelectrons
In this context, we have been interested in the preparationof the amidinate ligand to the ruthenium center; this is sup-
of ruthenium complexesyP-CsHs)RuL, where L are four ~ ported by DFT calculations of the model compoufiéi3].
electron donor ligands to Ru These compounds have 16 The reactions of the ruthenium amidinates contribute to un-
valence electrons, and are isoelectronic wifh-CsHs)>Mo, derstanding of ther-basic and Lewis acidic nature éfand
the fascinating reaction chemistry of which was exten- 2, respectively, opening up synthetic methods for a series
sively studied by Otsuka and cowork{s6], and Green of new mononuclear and dinuclear ruthenium amidinates,
and coworkerd57] in the early 1970s. Our early studies and providing a clue to catalysis by these complexes.
aimed at synthesizingnP-CsHs)Ru(?>-allyl) as one of the
(m°-CsHs)RuL provided us with an opportunity to become
familiar with the chemistry of new Ru(lV) complexes, 2. Resultsand discussion
(m°-CsHs)RuXo(n3-allyl) and theirn®-CsMes-homologues
[58-62} however, the attempted reduction of these 2.1. Neutral 16-electron organoruthenium amidinates
Ru(IV)-allyl complexes did not give any isolable com-
pounds which can be assigned ag-CsHs)Rum3-allyl). A versatile synthetic route to transition metal amidi-
In our further investigation seeking for the other four elec- nates is the treatment of lithium amidinates with transition
tron donor ligands to RU which can effectively stabilize  metal halides as described above. In our synthetic plan-
the coordinatively unsaturated Ru(ll) center, we were in- ning of (n°-CsMes)Ru(m-amidinate) as one of the possi-
terested in the use of heteroallyl ligands, in particular, the ble 16-electron complexes CpRuL, we were interested in
amidinates, [RRC(R)NR]~. Transition metal amidinates  [(m>-CsMes)RuCl]; or [(n°-CsMes)Ru(OMe)} as the pre-
are a well investigated class of compounds as seen in thecursor[65]. These complexes were reported by Fagan et al.
reviews by Kilner and coworkel63], and Edelmanrj64] [74] and Koelle and coworkerfr5,76] as useful precur-
in 1994. Almost all of the mono- or dinuclear transition sors for a variety of ruthenium(ll) complexes. In fact, the
metal amidinates include thg? or po, m'; m!-bonding treatment of [(®-CsMes)Ru(OMe)p with a stoichiomet-
mode, in which two nitrogen atoms are bonded to the ric amount of lithium amidinate resulted in formation of
mono- or bimetallic center. Access to the amidinate com- the correspondingrf-CsMes)Ru(m-amidinate) complexes,
plexes is in many cases easily accomplished by treatmentla and 1b, as air- and moisture sensitive but thermally
of a Li or Ag salt of a amidinate with a transition metal stable solids with intense violet colorS¢heme L Since
halide precursor. Although a number of early transition the amidinate ligands, [RN=C(R2)NR1]~, generally be-
metal amidinates have been synthesized, there are relativelyhave as a four electron donor to Ruthe resulting new
few complexes of late transition metals in the literature ruthenium amidinatesla and 1b, must have 16 valence
[63,64] In particular, the number of ruthenium amidi- electrons.
nates was surprisingly low when we started this project

(Fig. 2.
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Fig. 2. Possible coordination modes of the amidinate ligands (M: transition
metal). Scheme 1. Preparation of typical neutral ruthenium amidinate complexes.
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Fig. 3. Possible structures ofi{-CsMes)Ru(m-acac) and «(°-CsMes)Ru(m-amidinate).

Possible formation of 16 valence electron ruthenium com- lar interest in this structure is the short distance between
plexes was discussed by Koelle et al. in their studies onthe ruthenium atom and the central carbon of the amidi-

(m>-CsMes)Ru(m-acac) and related compounds; however,

detailed studies revealed thaf¢CsMes)Ru(m-acac) was a
dimer in the solid states shown kig. 3 (structure B)[75].

nate ligand, which leads to a “folded structure” as illus-
trated in D in Fig. 3 The folded structure providetH
NMR spectra in which peaks due to the two methyl groups

Dynamic behavior in NMR spectroscopy, which may sug- in the isopropyl moiety inla or those derived from five
gest the existence of a monomeric 16-electron species A inprotons in the phenyl group ibb appeared independently.

the solution could not exclude the possibility of C being
effectively stabilized by the solvent. Similarly, the ruthe-
nium amidinates have three possible structurgsBA and

C’ as shown in the figure. NMR spectroscopy of the ruthe-

nium amidinatela bearing isopropyl substituents is a good
method to differentiate the pseudo,/&ymmetric A from
B’ or C' with the G symmetry, in which only a singléH

However, such signals suggesting-§ymmetric structures
were not observed in variable temperattie NMR of ei-
therla or 1b. A reasonable interpretation of these spectro-
scopic and crystallographic results is that the most stable
geometry of the ruthenium amidinate is the folded struc-
ture D but that this species is converted to other forms,
A’ and E, with a low energy barrier, so that we can only

resonance doublet due to methyl groups in the isopropyl detect average signals close td ik NMR spectroscopy

moiety appeared even below80°C in a non-coordinating
solvent, cyclohexane:d. This ruled out the possibility of
dimer B and solvent stabilized specie$ i@ the solution,

(Fig. 9. In fact, DFT calculations of the model compound,
(m°-CsHs)Ru(m-HN=C(H)NH), showed that the optimized
structure has a “folded structure” close to the one observed

which would provide two independent doublets due to the in crystallography, inversion of the metal center occurs be-

magnetically inequivalent methyl groups.
The X-ray structure determination db revealed that

tween two folded structures through thg,&ymmetric tran-
sition states with a few kcal/mol of activation energy, and

the ruthenium amidinate existed as a monomer as shown inthe energy barrier of the geometrical change frohtdF
Fig. 4, no coordinating solvent was observed. However, its is also smal[73].

molecular structure is £symmetric as shown. Of particu-

Fig. 4. The ORTEP drawings db; front view (left) and side view (right).

The folded structure observed in the crystallographic
structure oflb is unusual in the transition metal amidinates
[63,64] The amidinate ligand in almost all of the transition
metal amidinates in the literature is bonded to the metal
center through two nitrogen—-metal bonds, and the metal
center; two nitrogen atoms, and the central carbon of the
amidinate ligand are in a plane. There is only one example
in the literature which has the folded structure, and this is
titanium amidinate reported by Sita and cowork§rg].
These authors concluded, however, that this unusually short
Ti—C bond was ascribable to crystal packing. Although the
effect of the crystal packing should also not be excluded
in our ruthenium amidinates, we believe that the origin of
the folded structure in these amidinates, which provides
the short distance between the ruthenium atom and the
central carbon of the amidinate ligand, could be derived
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Fig. 5. Dynamic behavior of the ruthenium amidinates.
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from coordination of them-electrons in the amidinate lig- 2.2. Cationic 16-electron organoruthenium amidinates

and to the ruthenium center; the DFT calculation supported

this. In contrast to the Mtitanium complex reported by The above results confirmed that the amidinate ligands ef-
Sita and coworker§7 7], the metal center in the ruthenium fectively stabilize the coordinatively unsaturated ruthenium
amidinates has d-electrons which were able to interact with species, with the weak coordination ability of theelec-
both =- and w*-orbitals in the amidinate ligand. The pos- trons in the amidinate ligand being a possible stabilizing
sible r-coordination of the amidinate ligand may resemble factor. This observation prompted us to synthesize cationic
the “m-stabilized coordinative unsaturation” as proposed ruthenium amidinates,§6-arene)Rug-amidinate)f, as the

by Caulton and coworkers, who reported many examples isoelectronic compounds ofn?-CsMes)Rum-amidinate)

of the w-stabilized coordinatively unsaturated ruthenium [66]. The cationic ruthenium amidinates were synthesized
alkoxides and amidefg]. There is a brief mention in their by exchange of the halogen atom f{arene)RuXg-ami-
articles suggesting that theelectrons in the acetylide were dinate) with weakly coordinating anions as shown in
able to stabilize the unsaturated metal center, which may Scheme 2Thus, severah{®-arene)RuXg-amidinate) com-

be analogous to the-stabilization of the amidinate ligand plexes3 were prepared from the reaction ofyftarene)-

in the ruthenium amidinates. The stroagdonation of the RuX>]» with lithium amidinates. Treatment off-CgHe)-
nitrogen atom and the TSC concept proposed by Kirch- RuBr¢(PrN=C(Me)N'Pr) (3a-Br) with AgOTf (OTf: tri-

ner and coworkers in their §f-CsRs)Rum?>-TMEDA)] * fluoromethanesulfonate) gave the corresponding triflate
[42-44,471may be an alternative explanation for the sta- complex2a-OTf in good yield; however, the triflate ligand
bilizing factor in the ruthenium amidinates; however, the was relatively tightly bonded to the ruthenium center in
contribution of theo-donor ability should be small, be- 2a, as was confirmed by both NMR and crystallography.
cause conjugation of the amidinate ligand reduces the When the counter anion exchange3afwas carried out by
a-donor ability of the nitrogen atoms compared with those Na'(TFPB)~ (TFPB: [tetrakig3,5-bis(trifluoromethyl)ph-

in TMEDA. enylboratd]), the corresponding TFPB comple2a-TFPB,
1/2[(n°-CeR's)RuClyl, RY,__R' Ay &' ]
1 1 + - 1 1
. R—SH—R' Ay  [R—SD—R
R I R Na* TFPB" R R )
Li — Rz\r\fl"\x _Na WP, , BuC LY
2_ _R2 N, R*—Nx—N—-R
R NY/N R 31/ R2 Y,
R3 R R
X =Cl, Br Y = BF,, PFg, OTf, TFPB
3 2
R' R2 R® X R'" R® R® Y
3a-Cl H pr Me Cl 2a-0Tf H pr Me OTf
3b-Cl Me ‘Ppr Me ClI 2a-TFPB H pr Me TFPB
3a-Br H ‘pr Me Br 2b-PF;, Me Pr Me PFg
3b-Br Me ‘pr Me Br 2b-OTf Me pr Me OTf

2b-TFPB Me pr Me TFPB

Scheme 2. Preparation of typical cationic ruthenium amidinate complexes.
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Fig. 6. The ORTEP drawings &a-Br (left) and 2b-PFs (right).

was prepared. No interaction of the counter anion with to synthesize coordinatively unsaturated cationic ruthenium
the metal center was observed by or °F NMR spec- amidinates, [§6-arene)Rug-amidinate)f .

troscopy of2a-TFPB. Although crystallographic analysis

of 2a-TFPB was unsuccessful because of the difficulty 2.3. Reaction chemistry and catalysis

in preparing a single crystal suitable for the X-ray struc-

ture determination, analysis of an analogue2efTFPB, 2.3.1. Reactions of ruthenium amidinates with
[(m8-CsMeg)Ru(PrN=C(Me)N'Pr)]T PR~ (2b-PFs), gave two-electron donor ligands

the molecular structure shown iRig. 6 (right). In con- Reactions of 16-electron complexes with a series of two-
trast to the crystal structures d@a-Br (Fig. 6 (left)) electron donors producing stable compounds bearing 18 va-

which have a typical three-legged piano-stool geometry, lence electrons are an interesting entry to understanding the
2b-PFs has a “folded structure” similar to that seen in nature of the coordinatively unsaturated metal cd6&66]
the molecular structure otb. The folded structure has Treatment of the ruthenium amidinatéa and 2a-TFPB
resulted from the relatively short bond distance between with CO,’BuNC, PPR, pyridine, and olefins gave the corre-
the ruthenium atom and the central carbon of the amidi- sponding adductsyP-CsMes)Ru(L)(m2-amidinate) 4) [65]
nate ligand in2b-PFs [2.43(5) A], suggesting stabilization  and [(8-benzene)Ru(L){?-amidinate)} TFPB~ (5-TFPB)
of the unsaturated metal center by weak coordination of [66] instantly. The results are summarized Schemes 3
the w-electrons in the amidinate ligand to the ruthenium and 4 The neutral ruthenium amidinate easily reacted with
atom. Results of DFT calculations of a model compound, the m-acceptor ligands, COBUNC, and TCNE. Thaco
[(n8-benzene)Ru{-HN=CHNH)]*, are similar to those  absorption is one of the lowest in the analogous com-
of (m>-CsHs)Ru(m-HN=C(H)NH), suggesting the weak pounds, suggesting that th@>CsMes)Ru(n2-amidinate)
w-coordination of the amidinate ligand. fragment is a strongr-donor. In contrast to the fact that
Variable temperature NMR spectroscopy &B-Br, the reaction ofla with TCNE afforded the stable-adduct,
2a-OTf, and2a-TFPB showed the order of strength of the (n°-CsMes)Rum?-amidinate)q-TCNE), the adduct of
metal—-anion interaction. In CITl,, two doublets due to  less m-basic ethylene was detected by spectroscopy un-
two magnetically inequivalent methyl moieties of the iso- der an ethylene atmosphere, but was easily regenerated
propyl group in the amidinate ligand appeared-80°C in as la by dissociation of ethylene when the solution was
theH NMR of 2a-OTf, but they were broadened by warm- concentrated in vacuo. Reaction bd with pyridine was
ing the NMR sample. The signals coalesced-80°C, and also reversible, and did not afford the corresponding sta-
appeared as a single sharp doublet at@5This dynamic ble adduct. In sharp contrast to thedonor property of
behavior is interpreted as dissociation and re-coordinationthe neutral ruthenium amidinate, the cationic ruthenium
of the ftriflate anion including inversion of the ruthenium amidinate2a-TFPB is Lewis acidic. Thesco absorption
center, and the energy of the inversion was estimated asof the CO adduct is 2202cm, suggesting the elec-
approximately 11.4 kcal/mol. In sharp contra&t] NMR tron withdrawing nature of the ruthenium center in the
spectra of3a showed two doublets at the same temperature [(n6-benzene)Ruf?-amidinate)} fragment. Pyridine and
range in the same solvent, whereas only a single doubletethylene easily reacted witha-TFPB to give the corre-
was seen in the spectra @8&-TFPB. The results indicate  sponding stable adducts.
no cleavage of the Ru—Br bond 8& under the conditions All of these results revealed the coordinatively un-
used, whereas there was no interaction of the TFPB anionsaturated nature of the neutral and cationic ruthenium
with the metal center i2a-TFPB in solution. It is known amidinates. Of particular importance are the characteristic
that the triflate anion is not a weakly coordinating counter w-donor property of ther{>-CsMes)Ru(n-amidinate) and

anion in organoruthenium chemistry, whereas;BPF;, the Lewis acidic nature of {f-arene)Rug-amidinate)}
SbFs, and fluorinated borates do not have strong interac- complexes. In other words, use of these characteristics
tions with transition metal speciegl2—44] Appropriate in activation of organic molecules could lead to the dis-

choice of the weakly coordinated counter anion is important covery of new aspects in reaction chemistry of ruthenium
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Scheme 3. Reactions ofi{-CsMes)Ru(m-amidinate) with various two-electron donor ligands.

amidinates, including their catalysis. In this context, we 2.3.2. One and two-electron redox pathways of
next carried out the oxidative addition reaction and for- (°-CsMes)Ru(n-amidinate) by organic substrates
mation of carbene complexes starting from the ruthenium  The neutral ruthenium amidinates show a strandonor

amidinates. property in their reactions with electron-withdrawing
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Scheme 4. Reactions ofrf-benzene)Ruf-amidinate)} with various two-electron donor ligands.
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Fig. 7. The ORTEP drawings dfa (left) and 7b (right).

ligands as described above. The existence of the electron-ricthe three legs as shown irig. 7 (left). In contrast, the

metal center in the neutral ruthenium amidinates is also in-
dicated by facile oxidation ofr>-CsMes)Ru(n-amidinate)
[67—69] The cyclic voltammogram ofla revealed one
quasi-reversible and one irreversible oxidation pega[=
—0.32, Epc = —0.46V; Epa = +0.53V versus Ag/Ag

at the scan rate of 0.1 V/s in THF], which could be assigned
as the electrochemical oxidation of Ru(ll) species to Ru(lll)
and the resulting Ru(lll) species to Ru(lV), respectively.
This indicates thatla can be oxidized by appropriate or-

Ru(IV)-n3-allyl complex 7b is diamagnetic and has a
four-legged piano-stool structure with two nitrogen atoms
of the amidinate group and two terminal carbon atoms of the
m3-allyl moiety as the four legs as shown fig. 7 (right).

Certain Ru(ll) complexes are known to be reactive with
polychloroalkanes and to result in chlorine atom abstraction
to form the corresponding Ru(lll) complex§ad]. Oxida-
tion of 1a with chloroform is one of these; however, it is
of interest that the reaction dfa with chloroform quickly

ganic oxidants. Organic halides are a good candidate forproceeds even at room temperature. Although further oxida-

the oxidant, and in fact, treatment @& with chloroform
afforded the chloro-Ru(lll) compoundia [69], whereas
reaction ofla with allyl chloride resulted in formation of
a cationic Ru(IV)n?3-allyl complex 7a [67] (Scheme &
The cationic Ru(IV)n3-allyl complexes were alternatively
prepared by treatment dfa with allylic acetates or methyl
allyl carbonates followed by counter anion exchange to
PR~, BF4—, or PyB~. We also examined the reactions of
chloroform or allylic halides with cationic ruthenium amid-
inates, 7a-TFPB, but no oxidation or oxidative addition
reaction was observed.

The Ru(lll) amidinate6a is paramagnetic and has a
three-legged piano-stool structure with the two nitrogen
atoms of the amidinate ligand and the chlorine atom as

R.\Riisg
S Sl
I / RI 6
R N’RL‘IN R —~> . ~ |
\\17 \ | cr Y ] Y
R' R‘N,ﬁu, — R‘N/l';iu,;
1 ~Cl )th\ e }lfN\Rf‘/
n’ R R
7-Cl 7-'?FPB
/\,OAC or /\/OCOZR then Y~

Scheme 5. Oxidative addition of organic substrates to neutral ruthenium
amidinates.

tion of 6a to (n°-CsHs)RuXa(m-amidinate) can possibly be
deduced from the cyclic voltammogram I, no evidence

of the formation of Ru(lV) complexes was obtained in the
further reaction oba with chloroform. In sharp contrast, in
the reaction of allylic halides witha, the product formed

is not the Ru(lll) complex but the Ru(lV) compound.
Oxidative addition of allylic halides to Ru(ll) precursors
was first reported by us in 19858]; (1>-CsHs)Ru(L)2X

(L = CO, PPh) and {,°>-CsMes)Ru(COpX react with al-
lylic halides at high temperature to fomeutral dihalogeno
Ru(lV)-n3-allyl  complexes, 4°-CsRs)RuXz(n3-allyl)
(R = H, Me). Compared with this reaction, the formation
of 7a from 1a occurs at room temperature to gigationic
Ru(IV)-n3-allyl complexes as a single product. Allylic
substrates other than allyl halides can also be used as the
oxidant. When the reaction of allylic acetate with was
monitored at low temperature, coordination of the olefinic
part of the allylic acetate was first observed, and the result-
ing alkene complex was converted to the Ru(hrallyl
product when the solution was heated. Thus, it is likely
that the formation of the Ru(IVj-allyl product involves
displacement of the leaving group (halogen, acetate, or
carbonate) at the allylic position by Ru(ll) species in the
Ru(I1)-(n?-CH,=CHCH,0ACc) intermediate.

2.3.3. Catalytic intramolecular Kharasch reactions
involving Ru(l1) and Ru(l11) amidinates

The formation of §>-CsMes)RuClm?2-amidinate) is
accomplished by chlorine abstraction from CHGWith
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(n°-CsMes)Ru(m-amidinate). This type of oxidation reac- the presence of catalytic amounts of Ru(ll) or Ru(lll) amid-
tion is widely seen in transition metal salts and complexes inates,1a and 6a, and found that both complexes showed
[78], and its application to catalysis provided the Kha- the catalytic activity towards the cyclization of N-protected
rasch reaction; the addition of polyhaloalkanes to olefins N-allyl and N-vinyltrichloracetamides, in particular, the re-
by metal catalystd79-82] The inter- and intramolecu- action of theN-benzyl derivatives as shown 8cheme 6A
lar metal-catalyzed Kharasch reactions are not only useful striking feature of the catalysis df and6a is seen in the
for the preparation of various synthetically useful poly- preparation of a precursor of pyrolizidine alkaloid, F, which
halogenated compounds including natural product skele-was accomplished by Seijas et al. using a stoichiometric
tons[79,80] but are also applicable to polymer synthesis amount of CuCl in acetonitril§86]. A serious problem of
[81,82], and numerous studies have been undertaken. Athis cyclization is the requirement of a high reaction tempera-
typical intramolecular Kharasch reaction is the prepara- ture (160°C) and a stoichiometric amount of the copper salt.
tion of trichlorinatedy-lactams reported by our group, of We reexamined this cyclization using CuCl(bipy) as the cat-
which the possible catalytic cycle is illustratedSsheme 6 alyst, and successfully reduced the reaction temperature in
[83—-85] The most widely used catalysts in thelactam the presence of 10-30 mol% of the catalyst, but the reaction
formation is CuCl(bipy) and its analogues, which catalyzed still needed heating at 8€. Use of the ruthenium catalysts,
the cyclization of N-protected\-allyl trichloroacetamides  1a or 6a, dramatically reduced the reaction temperature,
at room temperaturg33]. and the desired bicyclic lactam was obtained in good yield
Since the redox between Cu(l) and Cu(ll) promotes the even at room temperature. The results clearly demonstrate
catalytic reaction, similar redox property between Ru(ll) and that the neutral ruthenium amidinates are good catalysts for
Ru(lll) or Ru(lll) and Ru(lV) of the amidinate complexes the intramolecular Kharasch reaction with catalytic activity
may provide catalytic activity towards the intramolecular comparable to the CuCl(bipy) catalyst in the cyclization of
Kharasch reactiofi69]. We carried out the cyclization in  simple N-benzyl,N-vinyl or N-allyl trichloroacetamides; it

Cl cl
Cl
)C\Chf cat. 1a or 6a ﬂ
(0]

0~ N Z=CHyPh, Ts N
z z

Cl
j\(:lgﬁ/ cat. 1a or 6a cl (]
0N Z =CHyPh, Ts

1 N\
o] z
cl
O\ 4 steps cat. 1a or 6a T\
N” "COH N\n/cm3 rt. N/ cI
H o S
F <
pyrrolidizine alkaloids
CCl, (
o ,:r(CHz)n
z

Scheme 6. Catalytic intramolecular Kharasch reactions by ruthenium amidinates.
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is even better in the reaction of a certain substrate which onate anion or piperidine to form the corresponding allyl
cannot be achieved with conventional copper catalysts. Asmalonate orN-allylpiperidine. Complete regeneration of
described above, the Kharasch reaction involves the onethe Ru(ll) amidinate la, was confirmed by spectroscopic
electron redox process of the metal species in the catalyticmethods. The results clearly suggest thatcould be a

cycle. Since both the Ru(ll) and Ru(lll) amidinates exhibit
catalytic activity, two redox processes, Ru(ll)/Ru(lll) and
Ru(lll)/Ru(lV), are possibly involved in the catalytic cycle,
which makes it difficult to specify the net catalytically ac-
tive redox procesf87—89] However, the fact that the typ-
ical violet color of Ru(ll) amidinates instantly turned to
green indicates the rapid formation of Ru(lll) in the catalytic
reaction using Ru(ll); we thus believe that the redox pro-
cess betweemP-CsMes)Ru'" CI (n?-amidinate) and unsta-
ble (m°-CsMes)RUY Cla(n2-amidinate) would promote the
catalytic reaction.

2.3.4. Catalytic Tsuji—Trost reactions involving
Ru(l1) and Ru(IV) amidinates

Oxidative addition of allylic substrates to the Ru(ll)
amidinates provides the cationic Ru(IWf-allyl complexes
[67,68] described above. The chemistry qf-allyl com-

good catalyst for the Tsuji—Trost reaction, and in fact, re-
action of allyl carbonates with dimethyl methylmalonate
or piperidine was efficiently catalyzed bja as shown

in Scheme 7In the reaction with piperidine, the cationic
Ru(lV)-amidinate 6a, also showed catalytic activity. Inter-
estingly, selectivity between the two isomers of the product
is significantly different between the two catalysts in the
reaction of methyl cinnamyl carbonate with piperidine. The
reason for this selectivity is not clear at present.

2.3.5. Reactions of [(n%-arene)Ru(n-amidinate)] + with
silyldiazomethane: Unusual trimethylsilyl group migration
and catalysis [ 70]

One interesting examination to check for the reactiv-
ity of the coordinatively unsaturated complexes is the
reaction with diazo compounds, which may produce the
corresponding metal carbenf®6,97] For example, a re-

plexes has been thoroughly explored in organotransition cent report from Caulton and Kirchner described the re-

metal chemistry, particularly, with palladium compounds
[90-92] Palladium-catalyzed nucleophilic substitution of
allylic substrates has been investigated by T§2f], and
Trost and van Vrankef®1], and its ruthenium version was
reported by Mitsudo and coworkef83-95] The reaction
proceeds through the oxidative addition of allylic substrates
to the metal center followed by attack of a nucleophile to
the resultingn3-allyl intermediate to result in formation of
the organic product and regeneration of the catalytically
active metal species as shownScheme 7We found that
the cationic Ru(IV)%3-allyl complex 7a reacted with mal-

= v ~%

+ N R—N_N-R
Y

— A Nu +

R 1
Nu’; phenyl lithium, sodium dimethyl methylmalonate,
piperidine

1
A~LOCOR + NuH —2

~Nu + CO, + ROH
Nu-H; dimethyl methylmalonate, piperidine

~~_0CO,R Co,

ROH
~Nu

Scheme 7. Stoichiometric and catalytic transformation of allylic substrates
with neutral ruthenium amidinates.

action of °-CsHs)Rut(tmeda), a 16-electron complex
stabilized by strongo-donor ligand, with trimethylsilyl-
diazomethane to form the corresponding carbene complex,
(n°-CsHs)Rut {=C(H)SiMez}(tmeda) [44]. Attempted
reaction of the neutral ruthenium amidinata with
trimethylsilyldiazomethane gave no detectable carbene com-
pound. However, similar reaction of the cationic ruthenium
amidinate2 occurred smoothly at room temperature to form
novel Ru(ll) compounds having a trimethyl silyl group and
amidinato-carbene moiety bonded to the ruthenium center
[70]. A single crystal suitable for the X-ray structure deter-
mination was obtained in one of the carbene compleigs,
and its ORTEP drawing is illustrated iig. 7. The Ru—-C
(carbene) bond distance is 1.903(5) A, suggesting tieCRu
character of this moiety. A possible mechanism for the
formation of this amidinato-carbene complex is shown in
Scheme 8in which the silylcarbene intermediate is initially
formed and undergoes insertion of the carbene moiety to the
Ru-N bond in the amidinate ligand followed by regenera-
tion of the carbene group by migration of the trimethyl silyl
group from the carbon to the ruthenium atom. Although the
silylcarbene intermediate was not detected by spectroscopic
methods, supporting evidence of carbon to ruthenium silyl
group migration was available from the following experi-
ments: treatment of CO witB induced the ruthenium to
carbon silyl group migration to forr, whereas the reverse
reaction took place by photo-irradiation 6f This is the
first unequivocal experimental evidence of the reversible
carbon to metal silyl group migratiorrig. 8).

Our examination to synthesize carbene complexes of
ruthenium amidinates provided the unprecedented forma-
tion of the amidinato-carbene complexes, as the first exper-
imental evidence of reversible carbon-to-metal silyl group
migration. Although the amidinato-carbene complexes are
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Scheme 8. Formation of amidinato-carbene complexes via carbene intermediates.

not the products we expected, they contain &®umoi- generated byr{®-arene)RuXxg?-amidinate) and trimethylsi-
ety in the molecule. Does the RG moiety exhibit the lyldiazomethane, which could produce ruthenium carbene
characteristic nature of ruthenium carbene complexes? Wespecies in situ. The highest activity was available when
tried to figure out the nature of the amidinato-carbene (n®-benzene)RuB#?2-‘PrN=C(Me)NiPr] (3a-Br) was used
complexes by examining their catalytic activity towards as the catalyst precursor; this gave the corresponding
ring opening methathesis polymerization (ROMP) of nor- polynorbornadiene M, = 1.3 x 10°, My/M, = 1.9)
bornene[49-51] As seen in the typical example in the within minutes at room temperature. Combination of sev-
Grubbs’s catalyst§52-55,98] carbene ruthenium com- eral arene-Ru(ll) complexes with diazoalkanes as a cat-
plexes exhibit excellent catalytic activity towards ROMP alyst for ROMP has been extensively studied by Noels
of norbornene. Attempted reaction of norbornene with a and coworkers[99,100] and the present results suggest
catalytic amount of the amidinato-carbene comple8as, that the ruthenium amidinates associated with trimethylsi-
and 8b, provided low ROMP activity. The catalytic activ- lyldiazomethane are also useful as catalysts for ROMP
ity is somewhat higher in the reactions using the catalyst [101].

Fig. 8. The ORTEP drawings & (left) and 9 (right).
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Fig. 9. Other organoruthenium amidinates for new chemistry.
3. Conclusion and further perspective amidinate) (10) [102], (n?-amidinate)Rtr(MeCN),; (11)

[103], and (%-amidinate)Rt'(MeCNy_,(L), (L =

Coordinatively unsaturated transition metal complexes are pyridines, phosphines, isonitriles12) [103] as candi-
generally unstable and difficult to be isolated and character- dates.
ized. Are the studies to synthesize these just a challenge in  The chemistry of the coordinatively unsaturated ruthe-
organometalic chemistry to treat such unstable compoundsium amidinates is now expanding to bimetallic chemistry.
The present results apparently show that this is beyond that:As reported elsewhere, the neutral ruthenium amididate
appropriate planning of the coordinatively unsaturated com- js allowed to react with [{°>-CsMes)RuX]s to form a novel
plexes, which show high reactivity towards various organic diruthenium complex, [§{°-CsMes)Ru(o-amidinate)Ru(X)
and inorganic substrates, actually leads to development of(y)3-CsMes)] (13) [71]. This complex contains a bridg-
new catalysts for organic synthesis. ing amidinate ligand located perpendicular to the Ru-Ru

The amidinate ligand usually behaves as a four-electron axis. The coordination mode is unusual in well-known
donor ligand in coordination chemistry. However, studies dinuclear transition metal amidinate chemistry: one ruthe-

on the preparation, spectroscopy, and crystallography of nijum atom is bonded to two nitrogen atoms, whereas the
neutral as well as cationic ruthenium amidinate described other ruthenium center is bound to the face of the amid-

above clearly demonstrate that interactionmglectrons inate ligand. This is clear evidence that theelectrons

on the amidinates ligand contribute to stabilizing the co- on the amidinate ligand have actually coordinated to the
ordinatively unsaturated ruthenium center. As described metal center. Of interest in this new dinuclear amidinates
in Section 1 m-stabilization of the neighboring func- s that the bridging amidinates can tightly bind the two
tional groups to mitigate the coordinatively unsaturated ruthenium centers in the reactions with several organic
nature of the ruthenium center was proposed by Caultonand inorganic substrat§#1]. In particular, treatment of3

[7], who showed that the alkoxy, amino, and acetylide with weakly coordinating counter anions resulted in coor-
ligands were effective for the neighboring group. Thus, dinatively unsaturated diruthenium amidinatigsshowing
the amidinate group in this study may add a new page high reactivity towards two-electron donor ligands and
in the chemistry of coordinatively unsaturated complexes molecular hydrogefi72]. Investigation of the reactions and
as a novel ligand which effectively stabilize the metal catalysis ofl4 and its analogues is now producing a num-
center by m-interaction. Interestingly, the interaction is ber of fruitful results; however, detailed chemistry of the

weak and easily replaced by other ligands such as CO,diruthenium amidinates is beyond the scope of this review
phosphines, and others. Such high reactivity could ex- (Fig. 9).

pose a clue to the development of catalysis of ruthenium

amidinates, and we have actually achieved efficient in-

tramolecular Kharasch reactions, the Tsuji—Trost reaction, Acknowledgements
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