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互換性や機能性、使い

やすさの向上 

1. Cross-Dimerization of Alkenes: One of the major focuses in our lab 
is the selective cross-dimerization of substituted alkenes by zero-valent 
ruthenium complex.  We have developed the first enantioselecive 
cross-dimerization between substituted alkenes, that goes through an 
oxidative coupling mechanism. (Org. Lett., 2013, 15, 2486) 

 

1. Cross-Dimerization of Alkenes: One of the major focuses in our lab is 
the selective cross-dimerization of substituted alkenes by zero-valent 
ruthenium complex.  We have developed the first enantioselecive cross-
dimerization between substituted alkenes, that goes through an 
oxidative coupling mechanism. (Org. Lett., 2013, 15, 2486) 

 

2. Bond Activation by Internal Electrophilic Substitution Mechanism: 
Interal Electrophilic Substitution (IES) mechanism, which is also named as 
Concerted Metallation Deprotonation (CMD) or Ambiphilic Metal-Ligand 
Activation (AMLA), is one of the current topics in bond activation 
processes.  However, the understanding in the molecular level and the 
application is still limited.  We have shown multiple C-H bond activation 
processes of alkyl group in the ortho position of the aryloxo group.  
(Organometallics, 2014, 33, 1235) 

 

 



 

 

 
3 

Research Interests: 
 

3. Successive C-O/C-H Bond Activation of Esters: The C-H bond 
activation by the Internal Electrophilic Substitution (IES) mechanism 
normally starts from the oxidative addition of organic halide to the low 
valent metal compound followed by the anion exchange between the 
resulting halido and carboxylato (or carbonato) to give 
(carboxylate)(organo)metal species.  If we can make this species directly 
from esters by the C-O bond activation, this process must be very 
attractive from the atom and step economy point of view.  We have 
succeeded direct formation of fluorene by the C-O/C-H bond activation 
process by a Pd catalyst.  (Organometallics, 2014, 33, 1921) 

 

4. Highly Active Catalyst for Hydrometallation:  We recently found 
the mono-phosphine Pd(0) compounds to be a highly active 
hydrometallation catalyst under mild conditions.  Hydrometallations, 
particularly those using main group elements, are highly attractive for 
the synthetic point of view.   
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ABSTRACT: Despite its industrial importance, very limited mechanistic
information on the dehydrogenative coupling of dimethyl phthalate has been
reported. Herein we report the detailed mechanism for dehydrogenative
coupling of dimethyl phthalate catalyzed by [Pd(OAc)2]/[Cu(OAc)2]/1,10-
phenanthroline·H2O (phen·H2O). The solution-phase analysis of the
catalytic system by XANES shows the active species to be Pd(II), and
EXAFS supports the formation of an (acetato)(dimethyl phthalyl)(phen)-
palladium(II) complex from [Pd(OAc)2]. A formation pathway of
tetramethyl 3,3′,4,4′-biphenyltetracarboxylate via disproportionation of
independently prepared [Pd(OAc){C6H3(CO2Me)2-3,4}(phen)] is observed
with regeneration of [Pd(OAc)2(phen)].

KEYWORDS: dehydrogenative coupling, dimethyl phthalate, mechanism, Pd catalysis, XAFS

■ INTRODUCTION
Transition-metal-mediated formations of biaryls are powerful
and indispensable approaches to produce electronic materials,
liquid crystals, and pharmaceutical molecules. The synthetic
methods of biaryls involve Ullmann coupling, cross-coupling,
and direct arylation. They are reliable, but require the
preparation of a halogenated compound and/or arylmetal
compound in advance. The other problem is emission of wastes
from the reaction. The dehydrogenative coupling of arenes is
the most straightforward coupling between arenes, which is
generally catalyzed by a Pd complex with a Cu cocatalyst in the
presence of oxygen. This is a halogen-free process, and one can
directly use aromatic compounds as reactants with high atom
economy. However, the efficiency of the catalysis is still limited.
The first catalytic dehydrogenative coupling was reported by

Itatani and Yoshimoto for the coupling of toluene catalyzed by
[Pd(OAc)2] (1a).1 They also reported dehydrogenative cou-
pling of dimethyl phthalate (3) to give tetramethyl 3,3′,4,4′-
biphenyltetracarboxylate (4) along with small amounts of the
regioisomer tetramethyl 2,3,3′,4′-biphenyltetracarboxylate (5),
catalyzed by 1a/[Cu(OAc)2·H2O] (2a·H2O)/1,10-phenanthro-
line·H2O (phen·H2O) (eq 1).2 Such a Wacker-type catalyst
system works only under sufficiently dilute conditions, and
this reaction requires harsh conditions. The total product yield
is mostly less than 10%. Nevertheless, this process is operated
in industrial plants for the production of precursors for
polyimides.

According to an analogy to the Wacker-type catalysis,
dehydrogenative arene coupling is generally proposed to proceed
as shown in Scheme 1. Namely, [Pd(OAc)2L] gives [Pd(OAc)-
ArL] probably by an internal electrophilic substitution (IES)3−7

or electrophilic aromatic substitution mechanism (step A). The
resulting [Pd(OAc)ArL] reacts with a second arene, as observed by
Hartwig8 and Ozawa,9 to give [PdAr2L] (step B), or [PdAr2L] is
produced by a disproportionation reaction of [Pd(OAc)ArL] (step
C), as suggested by a detailed kinetic study using o-xylene by Stahl
and co-workers.10 Then, the reductive elimination from [PdAr2L]
occurs to give the biaryl product and [PdL], which is oxidized
by 2 equiv of [Cu(OAc)2L] to regenerate [Pd(OAc)2L] (step E).

Received: March 19, 2018
Revised: May 14, 2018
Published: May 15, 2018

Research Article

pubs.acs.org/acscatalysisCite This: ACS Catal. 2018, 8, 5827−5841

© XXXX American Chemical Society 5827 DOI: 10.1021/acscatal.8b01095
ACS Catal. 2018, 8, 5827−5841

R R

+

Ru

(20 mol %) R
R

r.t.

2

R
R

H

H

H

H
HH

H H

up to 85 %



 

● Nobuyuki Komine,* Ryo Ito, Hiromi Suda, Masafumi Hirano, Sanshiro Komiya, Selective Alkene 

Insertion into Inert Hydrogen-Metal Bond Catalyzed by Mono(phosphorus ligand)palladium(0) 

Complexes, Organometallics, 36, 36, 4160-4168 (2017). 

DOI: 10.1021/acs.organomet.7b00593  

 

 

 

 

● Masafumi Hirano, Masahiro Moritake, Tasuku Murakami, Nobuyuki Komine, Ru(0)-Catalyzed 

C3-Selective Coupling Reactions of Unsaturated 5-Membered Heterocycles with Methyl 

Methacrylate and Methacryl Amide, Chemistry Letters, 46, 1522-1524 (2017). (Editor’s Choice) 

DOI: 10.1246/cl.170683  

 

 

 

 

●Sayori Kiyota, Seonyoung In, Nobuyuki Komine, and Masafumi Hirano* 

O

CONH23b
1b (5 mol%)

THF, r.t., 24 h
75%

O

O

NH2

2a 5ab

H2 (2 MPa)
Pd/C

MeOH, r.t., 3 d
82%

O

O

NH2

6ab
62% total yield

Present method

Conventional method

O

Cl EtO OEt

O O

NaOEt, EtOH
O

O
EtO

O
EtO

O

O
HO

O
HO

1. KOHaq

2. H3O+

Δ
O

O

OH SOCl2
O

O

Cl
NH3

6ab



Regioselectivity Control by Added MeCN in Ru(0)-Catalyzed Cross-Dimerization of Internal 

Alkynes with Methyl Methacrylate, Chemistry Letters, 46, 1040-1043 (2017). 

DOI: 10.1246/cl.170224  

 

 

 

 

●Sayori Kiyota, Hirofumi Soeta, Nobuyuki Komine, Sanshiro Komiya, Masafumi Hirano,* E-Selective 

Dimerization of Phenylacetylene Catalyzed by Cationic Tris(µ-hydroxo)diruthenium(II) Complex 

and the Mechanistic Insight: The Role of Two Ruthenium Centers in Catalysis, J. Mol. Catal. A. 

(Editor’s choice paper), 426, 419-428 (2017). 

DOI: 10.1016/j.molcata.2016.08.027  

 

 

 

●Masafumi Hirano* and Sanshiro Komiya, Oxidative Coupling Reactions at Ruthenium(0) and 

Their Applications to Catalytic Homo- and Cross-Dimerizations, Coord. Chem. Rev. 314, 182-200 

(2016). 

DOI: 10.1016/j.ccr.2015.07.008  

Ph
1 (2.0 mol%)

toluene
100 ˚C, 3 h2a

+ R1 R2

5

Ph
R1

Ph

6 7

R2

R2

R1

Ph
Ph

Ph

Ph
E-3a Z-3a



 

 

 

●Sayori Kiyota, Seonyoung In, Ryo Saito, Nobuyuki Komine, and Masafumi Hirano.* Ru(0)-Catalyzed 

Direct Coupling of Internal Alkynes with Conjugated Dienes: An Efficient Access to Conjugated 

Trienes, Organometallics, 35, 4033-4043 (2016). 

DOI: 10.102/acs.organomet.6b00668  

 

 

●Sayori Kiyota, Takako Kobori, Hirofumi Soeta, You-ichi Ichikawa, Nobuyuki Komine, Sanshiro 

Komiya, Masafumi Hirano,* Synthesis of and Catalytic Nitrile Hydration by a Cationic 

Tris(µ-hydroxo)diruthenium(II) Complex Having PMe3 Ligands, Polyhedron, 120, 3-10 (2016). 

 

DOI: 10.1016/j.poly.2016.04.006  

Ru

1b

Ru

1a

Ru

1c

Ru

1d

O

Ru

1e

Ru

1f

Ru Ru

MeO
Ph

1g

Ru

1h 1i

Ru
Ph2P

1j

R1 R2 + H
R3

H

Ru

(10 mol %) R1
R3

R2

H Hr.t.



 

 

●Masafumi Hirano,* Yuki Hiroi, Tasuku Murakami, Hirofumi Ogawa, Sayori Kiyota, Nobuyuki 

Komine, and Sanshiro Komiya, Ru(0)-Catalyzed C3-Selective Cross-Dimerization of 

2,5-Dihydrofuran with Conjugated Dienes, Organometallics, 35, 1343-1346 (2016). 

DOI: 10.1021/acs.organomet.5b00987  

 

 

 

 

 

 

 

●Masafumi Hirano,* Takao Ueda, Nobuyuki Komine, Sanshiro Komiya, Saki Nakamura, Hikaru 

Deguchi, and Susumu Kawauchi,* Mechanistic Insights into Catalytic Linear Cross-Dimerization 

between Conjugated Dienes and Styrenes by a Ruthenium(0) Complex, Journal of Organometallic 

Chemistry, 797, 174-184 (2015). 

DOI: 10.1016/j.jorganchem.2015.08.022  

R2

R3

+
O

Ru

(3-10 mol%)1
O R3

R2

R1 R4

R1
R4

RT

C3-selective



 

 

 

●Nobuyuki Komine,* Ayako Kuramoto, Toshiyuki Yasuda, Tatsuya Kawabata, Masafumi Hirano, and 

Sanshiro Komiya*, Synthesis of Heterodinucelar Hydride Complexes by Oxidative Addition of a 

Transition-Metal Hydride to Pt(0) and Pd(0) Complexes, Journal of Organometallic Chemistry, 792, 

194-205 (2015). 

DOI: 10.1016/j.jorganchem.2015.04.048  

 

 

 

 

●Nobuyuki Komine,* Makoto Abe, Ryoko Suda, Masafumi Hirano , Markovnikov-Selective 

Hydrosilylation of Electron-Deficient Alkenes with Arylsilanes Catalyzed by 

Mono(phosphine)palladium(0), Organometallics, 34, 432-437 (2015).  

DOI: 10.1021/ om500927z 



 
 

 

 

●Yuki Hiroi, Nobuyuki Komine, Sanshiro Komiya, Masafumi Hirano,* , Regio- and Enantioselective 

Linear Cross-Dimerization between Conjugated Dienes and Acrylates Catalyzed by New Ru(0) 

Complexes, Organometallics, 33, 6604-6613 (2014).  

DOI: 10.1021/ om500927z 

 
 

 

●Masafumi Hirano,* Takuya Okamoto, Nobuyuki Komine, Sanshiro Komiya, Stoichiometric 

Formation of Conjugated Dienyl Ketones from 1,3-Dienes and Ketenes at a Ruthenium(0) Centre, 

New J. Chem., 38, 5052-5057 (2014).  

DOI: 10.1039/C4NJ01001A 



 
 

 

●Masafumi Hirano,* Sosuke Kawazu, Nobuyuki Komine, Direct Access to Fluorene by Successive 

C-O/C-H Bond Activations of 2-Phenylbenzyl Ester, Organometallics, 1921-1924 (2014).  

DOI: 10.1021/om500341v 

 
 

 

●Masafumi Hirano,* Yasuto Yanagisawa, Endin Mulyadi, Nobuyuki Komine, Sanshiro Komiya, 

Multiple C-H Bond Cleavage of Alkyl Group in (2,6-Dialkylphenoxo)ruthenium(II) Complex, 

Organometallics, 33, 1235-1244 (2014). 

DOI: 10.1021/om5000248 



 

 

 

●Nobuyuki Komine, Ayako Kuramoto, Kouhei Nakanishi, Masafumi Hirano, Sanshiro Komiya,* 

Alkene and Alkyne Insertion into Hydrogen-Transition Metal Bonds Catalyzed by Palladium(0) 

Complex, Topics in Catalysis, 57, 960-966 (2014). 

DOI: 10.1007/s11244-014-0258-8 

 

 

 

U
N
C
O
R
R
E
C
T
E
D
P
R
O
O
F

185 the mononuclear hydride complex to give alkyl (or alkenyl)

186 tungsten complex with the reformation of hydridopalladi-

187 um complexes. This mechanism is supported by the result

188 of the stoichiometric reaction of heterodinuclear methyl-

189 palladium–molybdenum complex with MoHCp(CO)3. The

190 reaction of methylpalladium–molybdenum complex,

191 (dppe)MePd–MoCp(CO)3 with MoHCp(CO)3 in C6D6 at

192 room temperature, smoothly gave methylmolybdenum

193 complex, MoMeCp(CO)3 (41 %) and hydridepalladium–

194 molybdenum complex, (dppe)HPd–MoCp(CO)3 (22 %)1.

195 Thus, increase of metal-hydride significantly increases the

196 reaction rate, but the addition of ethyl acrylate showed no

197 apparent increase of the reaction rate. Added triphenyl-

198 phosphine probably inhibits coordination of ethyl acrylate

199 or hydride complex to palladium center. Since all these

200 reaction processes are reversible, organomolybdenum (–

201 tungsten, or –manganese) complex is considered to be

202 thermodynamically more stable than the corresponding

203 hydride analogue.

204 3 Conclusion

205 Selective alkenes and alkynes insertion into Mo–H, W–H,

206 or Mn–H bond catalyzed by palladium(0) complexes were

207 investigated. Insertion of alkenes such as ethyl acrylate and

208 acrylonitrile into hydrogen–metal bond smoothly gave

209 corresponding Markovnikov-selective alkyl complexes.

210 The selectivity results from the selective migration of the

211 hydride ligand in dinuclear hydridepalladium complex into

212 terminal carbon of ethyl acrylate and acrylonitrile to give

213 Markovnikov-selective alkylpalladium intermediate. The

214 kinetic study and stoichiometric reaction show the impor-

215 tant role of mononuclear hydride complex in reductive

216elimination form alkylpalladium intermediate. Although it

217is still not clear how MHCp(CO)3 enhances the reductive

218elimination process at present, some interaction between

219the dinuclear alkylpalladium species and MHCp(CO)3
220would oxidize the Pd center to promote reductive elimi-

221nation. The insertion of alkyne into Mo–H or W–H bond

222also catalyzed by palladium(0) complex. The present

223results may provide a new route for alkene and alkyne

224insertion into stable transition metal hydrides.

2254 Experimental

2264.1 General

227All manipulations were carried out under a dry nitrogen or

228argon atmosphere using standard Schlenk techniques. NMR

229solvent (C6D6) was commercially obtained and dried with

230sodiumwire.NMRspectrawere recorded on a JEOLLA-300

231spectrometer (300.4 MHz for 1H). Chemical shifts were

232reported in ppm downfield from TMS for 1H. MoHCp(CO)3
233[17], WHCp(CO)3 [18], MH(CO)5 [19], WDCp(CO)3 [20],

234Pd(PPh3)4 [21] and Mo[CH(CO2Et)Me]Cp(CO)3 [11] were

235prepared by the literature methods withminormodifications.

236All other chemicals were obtained from commercial sources

237and used directly without further purification.

2384.2 Alkene and Alkyne Insertion into Hydrogen-

239Transition Metal Bonds Catalyzed by

240Tetrakis(triphenylphosphine)palladium Complex

241As a typical procedure, reaction of molybdenum hydride

242with t ethyl acrylate is given. Molybdenum hydride, Mo-

243HCp(CO)3 and Ph3CH as an internal standard were placed in

244an NMR tube. After addition of C6D6 and ethyl acrylate into

245this NMR tube, 5 mol% of Pd(PPh3)4 was added into the

246mixture ([CH2 = CHCO2Et]initial = [MoHCp(CO)3]initial =

2470.0375 M). The reaction was monitored by 1H NMR, and
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Scheme 2 .

1FL01 1 Probably, the reduction of electron density in the palladium center
1FL02 of methylpalladium–molybdenum complexes by the coordination of
1FL03 acidic metal-hydride results in acceleration of reductive elimination
1FL04 of methylmolybdenum complex.
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The molecular structure of 2da, which is shown in Fig. 3, is
very similar to that reported for complex 2aa.6 The C(1)–C(3)
Z3-allylic fragment, which has methyl groups at the 2- and
3-positions, has the supine-configuration, while the C(6)–C(8)
Z3-allylic fragment is prone. The C(4)–C(5) separation of
1.520(6) Å shows that these atoms are connected by a single
bond resulting from the coupling of the two diene units.

The 1H NMR spectrum of 2da in benzene-d6 contains a pair
of 3H singlets at d 1.74 and 1.82 due to the inequivalent methyl
groups on C(2) and C(3). A characteristic 1H triplet of doublets
at d 3.74 (J = 10.2, 7.0 Hz) can be assigned to the central methine
proton on C(7) in the prone Z3-allylic moiety, which is coupled to
two anti-protons and one syn-proton. This coupling pattern
establishes that the carbon chain attached to C(6) is in the syn-
position, hence the stereochemistry of 2da in solution must be
the same as that determined in the solid state (see above).

Similar treatment of 1d with isoprene produced a complex
mixture but (E)-1,3-pentadiene behaved similarly to 1,3-butadiene,
giving the complex supine,syn-prone-2dc (Scheme 3) as a light
brown solid in 83% yield. A characteristic feature of the 1H NMR
spectrum of 2dc is the 1H-resonance at d 3.47 due to 7-CH (the
central proton of the prone-allylic group), which appears as a
triplet (J = 9.9 Hz) arising from two coincidentally equal anti-
coupling constants. This observation establishes that the 9-CH3

methyl group must be in the syn-position.
The corresponding reaction of 1d with (Z)-1,3-pentadiene

gave a mixture of supine,anti-prone-2dc and supine,syn-prone-2dc,
in yields of 21% and 8% respectively. The 1H NMR spectrum
of the predominant coupled product showed a 1H-doublet
of doublets at d 3.65 due to the central allylic proton 7-CH

( J = 10.5, 7.8 Hz), the coupling constants being typical of anti-
and syn-disposed allylic protons, respectively. Thus the methyl
group at 9-CH3 is in the anti-position. The small amount of
supine,syn-prone-2dc presumably arises from Z to E-isomerisa-
tion of the coordinated 1,3-pentadiene, as discussed in ref. 6.

Cross-dimerisation products are also formed in the reactions
of the 2,5-dimethyl-1,3-hexadiene complex 1e with 1,3-butadiene
and (E)-1,3-pentadiene, which give complexes supine,prone-2ea
and syn-prone-2ec, in yields of 96% and 51%, respectively
(Scheme 4).

Surprisingly, in these cases, the entering 1,3-diene adds
predominantly at the 4-position of the coordinated diene,
i.e., at the sterically more hindered carbon atom bearing an
isopropyl group. A 1H–1H COSY experiment on 2ea shows
a clear correlation between the 1H resonances at d 1.39
(d, J = 2.7 Hz) and d 0.88 (br.s), assignable to anti-1-CH2 and
syn-1-CH2, respectively. A characteristic 1H doublet at d 4.61,
assignable to syn-3-CH, has a large coupling constant ( J =
9.2 Hz), probably due to the axial vicinal coupling, which
couples to a highly shielded 1H multiplet (d 0.72) having
further spin correlations among the isopropyl moiety and
diastereotopic methylene protons at the 5-position. This is
consistent with the assignment of the 1H multiplet at d 0.72
to the methine proton at the 4-position, and the marked
shielding suggests that the proton is located in the endo-
position. This stereochemistry reflects the E-geometry of the
original 2,5-dimethyl-1,3-hexadiene fragment in 1e and the
approach of 1,3-butadiene from the metal-side, indicating
that the 1,3-butadiene is coordinated before the C–C bond
is formed. Moreover, a characteristic 1H triplet of doublets
at d 3.75 (td, J = 10.5, 6.9 Hz), assignable to 7-CH, shows the

Scheme 3 Cross-dimerisation between coordinated 2,3-dimethyl-1,3-buta-
diene and 1,3-dienes.

Fig. 3 Molecular structure of supine,prone-[Ru(Z3:Z3-2,3-dimethylocta-2,6-
diene-1,8-diyl)(Z4-1,5-COD)] (supine,prone-2da). All hydrogen atoms are omitted
for clarity. Ellipsoids represent 50% probability.
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(2) was prepared in 82% yield from the mononuclear Pt species 1
(Scheme 2). The isolation of single crystals of 2 allowed us to
deduce a bridging geometry as shown in Fig.1. In the generation of 2
from 1, the neopentyl group is considered tomigrate from platinum
to the manganese atom upon generation of the PteMn bond, most
likely due to steric congestion at Pt caused between the proximal
Ph groups of the dppe ligand and the bulky neopentyl group itself.
Along with electronic factors associated with the neopentyl group
being strongly electron-donating, facile CO insertion can generate a
less bulky acyl group eC(O)Np, which can subsequently migrate
back to Pt and coordinate to Mn via the carbonyl oxygen atom to
occupy its vacant site, inherently locking it into close proximity.
Such a unique and facile insertion process, including organic
group transfer along PteM bonds, has been proposed by us previ-
ously [21].

The acyl group on platinum forms a bridge between the two
metals, locking them into close proximity (PteMn ¼ 2.607(1) !A),
especially when compared to non-bridged cases such as in [(dppe)
MePteMn(CO)5] (2.795(2) !A) [20]. The oxygen atom from the acyl
group is firmly bound to Mn, forming a planar four-membered
metallacycle (MneO(1) ¼ 2.070(6) !A), since the sum of the in-
ternal angles about PteC(36)eO(1)eC(1) is 360". Spectroscopi-
cally, the resonance representing the phosphorus trans to the
manganese atom exhibits much weaker coupling to 195Pt (1JPe
Pt ¼ 2230 Hz) compared to the aforementioned methyl and ethyl
systems (1JPePt ¼ 3267 Hz) [20], which suggests that the trans
influence of the manganese group is clearly weakened by this
“locked” geometry.

As shown in Scheme 3, the bridged species 2 reacts with trans-
and cis-2,3-dimethylthiirane at 50 "C in a different way than the
terminal methyl and ethyl variants, releasing trans- and cis-2-
butene in 90% and 89% yield, respectively. This direct desulfuriza-
tion of thiiranes does not display any appreciable solvent effect,
advancing at identical rates in both benzene and acetone.
Furthermore, when desulfurizationwas attemptedwith a variety of
other thiiranes, namely 2-methylthiirane, thiirane, 7-thiabicyclo
[4.1.0]heptane, and 2,2-dimethylthiirane, the rate of conversion
did not change significantly, evenwhen much more bulky thiiranes
were used (see Supplementary data). The resulting organometallic

species was found to be the thiocarboxylato species 3, as confirmed
by X-ray structure analysis as shown in Fig. 2.

In this structure, the Pt and Mn atoms reside in extremely
strained square planar and octahedral geometries, respectively, as

Scheme 2. Synthesis of bridged species 2.

Fig. 1. Three-dimensional representation of bridged species [(dppe)Pt(m-C(O)Np-
1kC,2kO)eMn(CO)4] (2) showing the numbering scheme. Thermal ellipsoids are shown
at the 50% probability level, except for hydrogen atoms, which are placed at the
calculated positions based on the riding model. Hydrogen atoms on the dppe and
methyl groups are not shown. Only the ipso carbons of the dppe phenyl rings are
shown. Relevant parameters (distances in !A and angles in deg.): PteMn ¼ 2.607(1),
PteP(1) ¼ 2.284(2), PteP(2) ¼ 2.319(2), PteC(1) ¼ 2.022(8), MneO(1) ¼ 2.070(6),
C(1)eO(1) ¼ 1.261(9); P(1)ePteMn ¼ 169.97(5), P(2)ePteC(1) ¼ 173.9(3), PteMne
C(34) ¼ 167.3(3), O(1)eMneC(35) ¼ 176.1(3), MnePteC(1)eO(1) ¼ #0.3(5)

∆

Scheme 1. Reaction of Pt/Mn species with substituted thiirane to produce alkene with inversion of stereochemistry.

∆

∆

Scheme 3. Desulfurization of thiiranes using bridged (2) or non-bridged (4) species.
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was isolated as air-sensitive, thermally unstable brown crystals in
34% yield (Eq. (1)).

The crystalline solid could be stored under nitrogen at dry-ice
temperature for a few weeks. Although the 1H and 13C NMR
spectra were in agreement with the formulation, elemental anal-
yses were not completely satisfactory owing to the instability and
sensitivity of the solid. After many attempts, a single-crystal of 2a
suitable for X-ray analysis was finally obtained. The molecular
structure of 2a is depicted in Fig. 1 and selected bond distances and
angles are listed in Table 2.

The crystallographic analysis clearly shows a cisoid-h4-coordi-
nation of the 1,3-butadiene fragment at the Ru centre. If the mid-
points of the olefinic double bonds are regarded as coordination
sites, the molecular structure of 2a can be described as being a five-
coordinate, approximately square pyramid,with the nitrile ligand in
the axial position. It is similar to that observed in [Ru(h4-1,3,5-
C8H10)(h4-1,5-COD){P(OPh)3}] [16], [Ru(h4-C10H8)(h4-1,5-COD)(L)]
[L¼ PMe3, PEt3, P(OMe)3] [13], and numerous Fe(h4-1,3-diene)(CO)3
complexes [17,18]. The RueC distances to the 1,3-diene unit fall in
the range 2.176e2.191 Å and are similar to those observed in the
compounds cited above and in [Ru(h6-C6H6)(h4-1,3-butadiene)]
[19]. The distance C(2)eC(3) between the central atoms of the 1,3-
diene [1.421(5) Å] is the same as the terminal CeC distances
[1.419(7),1.416(5) Å] within the standard deviation, a pattern that is
generally similar to that observed in the Fe(h4-1,3-diene)(CO)3
complexes and different from the short-long-short pattern
observed in [Ru(h6-C6H6)(h4-1,3-butadiene)] [19]. The observed
pattern is consistent with the usual assumption of a minor contri-
bution to the metal-diene bond of an ene-diyl extreme (Chart 1).

In an attempt to distinguish between these extremes, Müller
et al. [19] have employed the parameter Dd, which is the difference
between the average of the outer Ru"C (Ru"C(1) and Ru"C(4)) and
inner Ru"C (Ru"C(2) and Ru"C(3)) distances, and the C(1)"
Ru"C(4) angle (a). For the diene form, Dd lies between "0.1
and þ0.1 Å, and a between 75$ and 90$. For 2a, the Dd and a values
are estimated to be þ0.009 Å and 79.33$, respectively. Therefore,
according to this analysis, the diene extreme is the main contrib-
utor to the bonding in 2a.

Similar complexes containing either acetonitrile or other nitriles
were obtained from 2,3-dimethylbutadiene (3aed), isoprene (4a,
4c), (E)- and (Z)-1,3-pentadiene (5a), (E)-2-methyl-1,3-pentadiene
[(E)-6a, 6c, 6f] and 1,3-cyclohexadiene (7c). The benzonitrile
complexes are slightly more stable than those of acetonitrile or t-
butyl cyanide.

Spectroscopic evidence shows that the coordinated nitriles are
very labile. The EI-mass spectra donot showmolecular ionpeaks but,
for example, a peak at m/z 291 in the spectra of the 2,3-
dimethylbutadiene complexes 3aed can be assigned to the frag-
ment [Ru(C6H10)(C8H12)]þ and there are also intense peaks arising
from the nitrile. The IR spectra show a n(CN) band at ca.
2220e2240 cm"1, close to the value for the free nitrile
(2222e2260 cm"1) [20]. The red 1,4-phthalonitrile 2,3-
dimethylbutadiene complex 3d shows only one n(CN) band at
2220 cm"1 (2234 cm"1 for free phthalonitrile), even though only one
of theCNgroups is presumed tobe coordinated.Althoughadinuclear
structure bridged by 1,4-phthalonitrile is a possible alternative, the
elemental analysis of3d clearly supports amononuclear formulation.
Coordination of a nitrile through nitrogen usually causes an observ-
ablehigh frequencyshift; a shift to lower frequencyoccurs onlywhen
the metal centre has a strong back-bonding ability [21]. We assume
that the bands due to free andcoordinatedCN in3dprobably overlap.

The 1H NMR spectra of the acyclic 1,3-diene complexes show
resonances characteristic of h4-coordination at d ca. 0.5 and 1.7 due
to the inner and outer protons of the terminal methylene groups.
They are shielded considerably relative to the corresponding
resonances of the free dienes and resemble those of other cisoid-
1,3-diene complexes of ruthenium(0), e.g., [Ru(h6-arene)(h4-1,3-
diene)] [19,22] and [Ru(L)(h4-1,3-diene)2] [L ¼ CO, PPh3, P(OMe)3]
[23e25]. The 1,5-COD olefinic protons usually appear as two well-

M M
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1

diene ene-diyl
Chart1.
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these reactions. Cinnamyl carbonate (7) was less reactive in
comparison with crotyl derivative, but exclusively gave the
branched allylation product (13) (Entry 7). Unusual effect of inter-
face area on branch/linear ratio of the products by changing stirring
speed was not observed in these reactions [2b]. On the other hand,
trisubstituted allyl carbonate such as prenyl carbonate (8) showed
no reactivity in this allylation reaction (Entry 10). Such a trend was
also observed for allylic acetates (Entry 11). These reactivity
differences are probably due to the large steric hindrance of the
trisubstituted allylic moiety, discouraging pre-requisite coordina-
tion of the C]C double bond to rhodium leading to a common
allylrhodium intermediate to which nucleophilic reaction of ace-
tylacetone takes place. Importance of prior coordination of C]C
double bond has been proposed [11]. The low reactivity of acetates
compared to that of carbonate may be attributed to the difficulty in
oxidative addition.

We also examined some other water-soluble phosphorus
ligands for comparison and the results are also shown in Table 2.
Use of DAPTA as ligands gave a similar selectivity and reactivity in
H2O/AcOEt biphasic system. Unfortunately the combinations with
other well-known water-soluble phosphine ligands such as TPPTS,
TPPMS, and tris(hydroxylmethyl)phosphine showed very low
catalytic activity.

The ratio of PTA to Rh was also important. When using 2 equivs
of PTA per mole of Rh, the yield of allylation products significantly
decreased in comparison with the result using 3 equivs of PTA
(Table 1, entry 8). On the other hand, addition of 6 equivs of PTA/Rh
completely inhibited the reaction, suggesting the prior dissociation
of PTA (Table 1, entry 9). The results suggest that active interme-
diate needs PTA as a ligand, but excess PTA compete with prior
coordination of allyl carbonate.

By analogy of previously reported branch-selective allylation,
following mechanism is proposed for this catalytic allylation
(Scheme 1) [2b]. An allylrhodium(III) species initially formed by
oxidative addition of allylic carbonate or acetate to Rh(I), followed
by nucleophilic reaction of acetylacetone to give the corresponding
allylation product. Exclusive formation of the branched product
from both 1-methylallyl and crotyl carbonates suggests the
involvement of a common allylrhodium intermediate. It is unlikely

to suppose h3-allylrhodium(III) intermediate, since less-hindered
side is generally allylated by the steric reason, though electronic
effect of substitutents and ligand effect are also important factors
[6d,12]. Initially formed h3-allylrhodium(III) probably rearranges to
the h1-allylrhodium(III) by coordination of three trimethylphos-
phine ligands, where methyl substituents in the allylmetal inter-
mediate would stay in the remote position from Rh metal center to

Table 1 (continued )

Entry Substrate Time Product (ratio) Total yield%

8b,c 7 68 13, 14
(98/2)

16

9b,d 7 393 13, 14
(98/2)

0

10 48 0

11 48
15, 16
(!)

0

a Reaction conditions: [RhCl(1,5-cod)]2 (0.025 mmol), PTA (0.15 mmol), allylic carbonate (0.50 mmol), acetylacetone (0.50 mmol), solvent ¼ water 2.0 mL, AcOEt 2.0 mL,
30 #C.

b Reactions were carried out at room temperature.
c PTA (0.10 mmol).
d PTA (0.30 mmol).

(1)

(2)
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2.3. Synthesis of (Cy3P)(OC)2Ru(m-CHPh)(m-Cl)Mn(CO)3(PCy3) (1)

Naþ[Mn(CO)5]- (254.4 mg, 1.167 mmol) was dissolved in THF
(8 ml). The solution was added to a THF (35 ml) solution of
RuCl2(PCy3)2(¼CHPh) (479.4mg, 0.5825mmol) at# 70 $C. Then the
mixture was stirred for 3 h at # 20 $C. All the volatile matter was
evaporated, and the resultant dark brown solid was extracted with
benzene (10 ml % 2). After removal of benzene in a vacuum, the
resultant dark reddish brown solid was recrystallized from THF/
hexane to give reddish brown crystals. Yield: 23% (133.4 mg,
0.1358 mmol). The vacuum dried crystals included a small amount
of solvents (0.15 THF and 0.12 hexane molecules/1) whose amounts
were estimated by 1H NMR. Anal. Calcd for C48H72ClMnO5P2Ru: C,
58.68; H, 7.39. Found: C, 59.00; H, 7.14. 1H NMR (C6D6, r.t.):
d 0.6e2.5 (m, 66H, PCy3), 6.88 (s, 1H, CHPh), 6.99 (t, JHH ¼ 7 Hz, 1H,
p-Ph), 7.24 (t, JHH ¼ 7 Hz, 2H,m-Ph), 7.6 (br, 2H, o-Ph). 31P{1H} NMR
(C6D6, r.t.): d 55.3 (d, JPP ¼ 3 Hz), 59.6 (brs). IR (KBr disk): 1847 (s),
1905 (s), 1939 (s), 1974 (s), 2013 (s) cm#1.

2.4. Reaction of 1 with HCl

1 (7.6 mg, 0.0077 mmol) was dissolved in C6D6 (ca. 0.6 ml) in an
NMR tube. The solution was frozen and added HCl (0.14 mmol).
After 23.5 h at 30 $C,1 disappeared in the NMR spectra. Toluenewas
detected and quantified by GC on the basis of biphenyl as an
internal standard. Yield: 91% (0.0070 mmol).

2.5. Reaction of 1 with DCl/D2O

1 (72.2 mg, 0.0735 mmol) was dissolved in C6D6 (ca. 0.6 ml) in
a Schlenk tube. DCl/D2O (37 wt%, 99 atom%D, 0.12 ml, 1.5 mmol)
was added to the solution. The reaction vessel was stirred for 47 h at
30 $C. Then MgSO4 was added to remove D2O. All the volatile
matter was transferred in another flask under vacuum. The trans-
ferred solutionwas analyzed by 1H NMR, 13C{1H} NMR, and GCeMS.

1H NMR (C6D6, r.t.): d 2.07 (quint, JDH ¼ 2 Hz, CHD2), 6.99e7.07 (m,
o-Ph and p-Ph), 7.10e7.16 (m, m-Ph). 13C{1H} NMR (C6D6, r.t.):
d 20.76 (sept, JCD ¼ 19 Hz, CD3), 20.82 (quint, JCD ¼ 19 Hz, CHD2),
125.6 (s, p-Ph), 128.5 (s,m-Ph), 129.3 (s, o-Ph), 137.7 (s, ipso-PhCD3),
137.8 (s, ipso-PhCHD2). GCeMS (m/z): 94 ([PhCHD2]þ), 95
([PhCD3]þ).

2.6. X-ray structure analyses

The crystallographic data were measured on a Rigaku AFC-7R
Mercury-II with graphite-monochromatedMo-Ka (l¼ 0.71069 Å).
A selected single crystal of 1 suitable for X-ray analysis was
mounted on the top of glass capillary by use of Paraton N oil under
argon. The reflection data were collected at 200 K under cold
nitrogen stream. The collected datawere solved by direct methods
(SIR92), and refined by a full-matrix least-square procedure using
SHELXL97 [11] on CrystalStructure ver. 3.8 package program [12].
All non-hydrogen atoms were refined with anisotropic displace-
ment parameters. All hydrogen atoms were added geometrically
and refined by using a riding model. Crystal data for 1:
C48H72ClMnO5P2Ru, FW ¼ 982.50, triclinic, P!1 (No. 2), a ¼ 13.656
(3) Å, b ¼ 14.211(3) Å, c ¼ 15.139(4) Å, a ¼ 67.082(14)$, b ¼ 72.305
(15)$, g ¼ 66.006(15)$, V ¼ 2434.9(10) Å3, Z ¼ 2, Dclcd ¼ 1.340 g/
cm3, m(Mo Ka) ¼ 0.732 cm-1, 2qmax ¼ 55.08$, number of unique
data ¼ 11075, number of refined parameters ¼ 524, R1 (wR2) ¼
0.0931 (0.3132), GOF ¼ 0.944.

3. Results and discussion

WhenRuCl2(PCy3)2(¼CHPh)was reactedwith1.5e2equivalents
of Naþ[Mn(CO)5]- in THF, heterodinuclear rutheniumemanganese
complex (Cy3P)(OC)2Ru(m-CHPh)(m-Cl)Mn(CO)3(PCy3) (1) was
obtained as reddish brown crystals in 14e25% yield after recrys-
tallization (eq (1)) [13].
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