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Abstract: The origin of unique catalytic activity of a thiolate-bridged diruthenium complex in nucleophilic
substitution reactions of propargylic alcohols, which features a diruthenium—allenylidene complex as a
key intermediate, was studied with the aid of density functional calculations (B3LYP). Comparison of mono-
and diruthenium systems has shown that the rigid but reasonably flexible Ru—Ru core structure plays a
critical role in the catalyst turnover step (i.e., dissociative ligand exchange of the product 7-complex with
the starting propargyl alcohol that goes through a coordinatively unsaturated Ru complex). In the diruthenium
system, the energy loss due to coordinative unsaturation can be compensated by reinforcement of the
Ru—Ru bond, while such an effect is unavailable in the monoruthenium counterpart. Weaker back-donation
ability of the diruthenium complex is also advantageous for dissociation of the z-complex. Thus, ligand
exchange takes place smoothly in the diruthenium system to regenerate the reactive species, while the
monoruthenium reaction stops at a dead-end Ru product z-complex. The present studies have also shown
the important role of protic molecules (e.g., MeOH) that mediate smooth proton transfer in the propargyl
alcohol—allenylidene transformation.

Introduction bridged diruthenium complexes, [Cp*RU@#SR)b (Cp* = 1°-
CsMes; R = Me, n-Pr, i-Pr) and [Cp*RuCl{>-SMe)RuCp*-
(OHL)]OTf (OTf = OSO.LCFs), designed by Nishibayashi et al.,
are notable in this respetiThey were designed to act as a
multimetallic catalyst, have been shown to maintain the mul-
imetallic structure in catalysis, and carefully compared with
he monometallic catalysts. One out of the two ruthenium atoms
s considered to offer an active site to effect catalytic substitution
reactions of a propargylic alcohol with a variety of heteroatom-
and carbon-centered nucleophiles (eq 1), which cannot be
catalyzed by common monoruthenium complexes.

Homogeneous catalysis by polynuclear transition metal
complexes offers opportunities for chemists to ponder new
mechanistic and synthetic possibilities that would be available
only through cooperation of multiple transition metal atoms.
In addition, it may serve as a bridge between homogeneous an
heterogeneous catalysis, the mechanism of the latter not belnq
well understood in most casésn the multimetallic catalysis,
there are a priori a number of modes conceivable for interaction
between the catalyst and the substrates. Multiple metals may
interact simultaneously with a single substrate or multiple
substrated,or a single metal may interact with the substrate(s)

while the other metals may remain just as spectators or as (RYI-R"]
indispensablt_a participapts in Fhe cgtalysis_. Thoggh numerous | __ (R + NuH o X W <F* T HO ()
reports describe catalysis starting with multimetallic complexes, OH
they seldom guarantee that the multimetallic integrity of the
starting complex is maintained throughout the catalytic cycle )% &\
or that the multimetallic catalyst is superior to the corresponding RWP-RUA 8 ,[Rua]
monometallic catalysts. A series of structurally rigid thiolate- a o ox =X
(x CI H20)

T The University of Tokyo.
# Kyoto University.
(1) For example:Catalysis by Di- and Polynuclear Metal Cluster Complexes (4) (a) Nishibayashi, Y.; Wakiji, I.; Hidai, MJ. Am. Chem. So00Q 122,

Adams, R. D., Cotton, F. A, Eds.; Wiley-VCH: New York, 1998. 11019-11020. (b) Nishibayashi, Y.; Wakiji, I.; Ishii, Y.; Uemura, S.; Hidai,
(2) For examples of theoretical studies on heterogeneous catalyses, see: (a) M. J. Am. Chem. Soc200], 123 3393-3394. (c) Nishibayashi, Y
Michaelides, A.; Hu, PJ. Am. Chem. So200Q 122 9866-9867. (b) Yoshikawa, M.; Inada, Y.; Hidai, M.; Uemura, $.Am. Chem. So2002
Liu, Z. P.; Hu, P.; Alavi, A.J. Am. Chem. So@002 124, 14770-14779. 124, 11846-11847. (d) Inada, Y.; Nishibayashi, Y.; Hidai, M.; Uemura,
(c) Liu, Z. P.; Hu, PJ. Am. Chem. So2003 125, 1958-1967. S.J. Am. Chem. So2002 124, 15172-15173. (e) Nishibayashi, Y.; Inada,
(3) For example (a) Broussard, M. E.; Juma, B.; Train, S. G.; Peng, W.-J.; Y.; Hidai, M.; Uemura, SJ. Am. Chem. SoQ003 125 6060-6061. (f)
Laneman, S. A,; Stanley, G. (SmenceLQQa 260, 1784—1788 St0|ch|0- Nishibayashi, Y.; Inada, Y.; Yoshikawa, M.; Hidai, M.; Uemura/ABigew.
metric reaction: (b) Takemori, T.; Inagaki, A.; Suzuki, 5.Am. Chem. Chem., Int. Ed2003 42, 1495-1498. (g) Nishibayashi, Y.; Onodera, G.;
So0c.2001, 123 1762-1763. Inada, Y.; Hidai, M.; Uemura, SOrganometallics2003 22, 873-876.

9428 m J. AM. CHEM. SOC. 2005, 127, 9428—9438 10.1021/ja050298z CCC: $30.25 © 2005 American Chemical Society



Dimetallic Effects in Propargylic Substitution Reaction

ARTICLES

Scheme 1

[Ru—-{RY"
c X
. l =
R/ [Ru}-TRu"" F‘/
Nu c 4 OH
LA
[leub]—[Fi|u"‘]+ R [Hlu"]—[Rlua]+ R
Cl,, 1 : Cl,
B' Nu ! B OH
[Ryb]—[HUaT [F{Iub]—[Ruz‘]+
& /H\( : &
Nu ; OH
. H ; H
c & | c &
[Rlub]—[Fhf’]+
cl
NuH Hgo
Dy R

A proposed mechanism for the diruthenium-catalyzed trans-
formations of propargylic alcohols is shown in Schenteltl.
must be noted first that the catalytic cycle is essentially
symmetric to the broken line in the scheme. The first half
concerns the loss of water from the propargylic alcohol to form
an allenylidene comple®, and the second half the addition of
NuH (e.g., MeOH) to regenerate the catalyst. A cationic,
coordinatively unsaturated (for Budiruthenium complex first
forms amz-complexB with the propargylic alcohol. Then 1,2-
migration of the acetylenic proton occurs to generatehy-
droxy vinylidene complexC. The complexC is spontaneously
dehydrated to give the allenylidene compl&as a key reactive
intermediaté®. In the second half, addition of a nucleophile
(alcohol, amine, thiol, etc.) to the allenylidene complzxow
gives a vinylidene compleg’, followed by proton migration
affording a productr-complexB'. Because the compl&®’ is
18-electron with respect to the Rgenter, exchange of the
product with the substrat®(— A — B) should take place in
a dissociative fashioh.Among the proposed species in the
catalytic cycle, the allenylidene compl&has been identified
as an intermediate on the basis of stoichiometric and catalytic
reactions. In this proposal, only the Ratom takes part in the

reaction’ yet the catalysis has thus far never been achieved by

any similar monometallic complexes. How then can the second
metal R activate R@, and what is unique in the catalysis by
such bimetallic complexes possessing a matatal bond in
their resting state?

Careful theoretical studies based on our knowledge on the
synergy in polymetallic catalysis'® have provided us with a

(5) Selegue, J. FOrganometallics1982 1, 217—-218.

(6) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, RPfnciples and
Applications of Organotransition Metal Chemistrgnd ed.; Wiley-
Interscience: New York, 1987.

(7) The reaction where two Ru atoms directly interact with a substrate:
Nishibayashi, Y.; Yamanashi, M.; Wakiji, I.; Hidai, MAngew. Chem.,
Int. Ed.200Q 39, 2909-2911.

(8) Nakamura, E.; Mori, SAngew. Chem., Int. EC00Q 39, 3750-3771.

(9) (a) Nakamura, E.; Yoshikai, N.; Yamanaka, 81.Am. Chem. So2002
124, 7181-7192. (b) Yoshikai, N.; Nakamura, Bdv. Synth. Catal2003
345 1159-1171.

plausible account of the cooperative role of the second metal
atom. The key finding is that the metainetal bond dissociates
and re-forms during the catalysis while the whole structure of
the catalyst is rigidly maintained by the chalcogen bridges.
Having essentially the same electron configuration as the first
metal, the second metal acts as a powerful internal ligand that
affects much the reactivity of the first metal even with very
small change of geometry. The idea of considering the second
metal as a key ligand to control the reactivity of the first reactive
metal has already proven successful for understanding the
catalytic activity of a dirhodium tetracarboxylate complex and
is probably an important general principle in the catalysis by
multimetallic complexes, clusters, and perhaps solids that
possess metaimetal bonds. As demonstrated by the effect of
MeOH molecules on the reaction pathways and energetics,
participation of hydrogen-bonded protic molecules (used as a
solvent or a nucleophile) is essential for the reaction to take a
smooth and low-energy pathway in the cataly$is

Experimental Background. Cationic metat-allenylidene
complexes often serve as an equivalent of a stabilized propar-
gylic cation that is intrinsically unstablé.There have been
reported a number of reactions, in which a monoruthenium
allenylidene complex reacts with a nucleophile that may attack
either the @ or C’ carbon center of the allenylidene ligand to
give a new carbene complex or an alkynyl complex, respec-
tively. The regioselectivity of the nucleophilic addition is
controlled by the electronic and steric properties of the metallic
fragment. Complexes having an electron-rich or a sterically
crowded metal center favor the addition to the cgntert

Despite such intriguing reactivities, it has been difficult to
build these elementary reactions into a catalytic cycle. Common
monoruthenium complexes such as [CpRuCI#PCp = 7°-
CsHs), [RuCk(dppe)] (dppe = 1,2-bis(diphenylphosphino)-
ethane), [RUG(PPh)s], and [RuChk(p-cymene)], which are
known to react with propargylic alcohols to produce the
corresponding allenylidene complexXésyre entirely ineffective
for catalytic transformation of these substrafes.few examples
of catalytic reactions that go through a metallenylidene
intermediate have been known to défte.

An experimental approach has previously been taken to obtain
insight into the role of the two Ru atoms in the catalytic reaction

(10) Yamanaka, M.; Nakamura, E. Am. Chem. So2001, 123 1703-1708.
(11) For studies on hydrogen-bonding network of water clusters, see: (a) Liu,
K.; Loeser, J. D.; Elrod, M. J.; Host, B. C.; Rzepiela, J. A.; Pugliano, N.;
Saykally, R. J.J. Am. Chem. Sod994 116, 3507-3512. (b) Liu, K;
Cruzan, J. D.; Saykally, R. &ciencel996 271, 929-933. (c) Dixit, S.;
Crain, J.; Poon, W. C. K.; Finney, J. L.; Soper, A. Kature 2002 416,
829-832. (d) Smith, J. D.; Cappa, C. D.; Wilson, K. R.; Messer, B. M,;
Cohen, R. C.; Saykally, R. &cience2004 306, 851—853.

For a beneficial effect of hydrogen-bonding of water on transition metal
catalysis, see: Kinoshita, H.; Shinokubo, H.; OshimaQKg. Lett.2004

6, 4085-4088.

(13) (a) Werner, HChem. Commurl.997 903-910. (b) Touchard, D.; Dixneuf,

P. H.Coord. Chem. Re 1998 178-180, 409-429. (c) Bruce, M. IChem.
Rev. 1998 98, 2797-2858. (d) Cadierno, V.; Gamasa, M. P.; Gimeno, J.
Eur. J. Inorg. Chem2001, 571-591. (e) Touchard, D.; Dixneuf, P. H.
Coord. Chem. Re 2004 248, 1585-1601. (f) Cadierno, V.; Gamasa, M.
P.; Gimeno, JCoord. Chem. Re 2004 248 1627-1657. (g) Bruce, M.

I. Coord. Chem. Re 2004 248 1603-1625.

For recent studies, see: (a) Cadierno, V.; Conejero, S.; Gamasa, M. P;
Gimeno, J.Organometallics2002 21, 3837-3840. (b) Cadierno, V.;
Gamasa, M. P.; Gimeno, J.;'lee-Carreno, E.; GaratGranda, S.J.
Organomet. Chem2003 670, 75-83. (c) Cadierno, V.; Conejero, S.;
Gamasa, M. P.; Gimeno, J. Chem. Soc., Dalton Tran2003 3060—
3066.

Recently, Gimeno et al. reported a cationic mononucle&rcBmplex that
catalyzes substitution reaction of a propargylic alcohol with an aliphatic
alcohol, while an evidence for a Ruwllenylidene intermediate is not
obtained: Cadierno, V.; Be, J.; Gara-Garrido, S. E.; Gimeno, Chem.
Commun2004 2716-2717.

(12)

(14

=

(15)
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shown in eq 1. A series of calcogenolate (S, Se, and Te)-bridgedGeometry optimization was performed with a basis set (denoted as
diruthenium complexes have been synthesized, and their struc-631LAN) consisting of the LANL2DZ basis set including a double-
tures, catalytic activities, and electrochemical properties have valence basis set with the Hay and Wadt effective core potential (ECP)
been studied’ These studies suggested the importance of elec- or RUP’ and 6-31G(d) basis set for C, H, O, P, an& She B3LYP/
tronic communication between the two metal atoms, which en- 631LAN-opt|m|zed structure of [Cp*R.uQJ‘é'SMe)]Z shqwed goqd
hances the electrophilicity of the allenylidene ligami< C’ agreement with the X-ray crystallographic d&t&Each stationary point

in sch 1 d/or facili he Ii d h fth was adequately characterized by normal coordinate analysis. The
in Scheme 1) and/or facilitates the ligand exchange of the pro- intrinsic reaction coordinate (IRC) analy%isvas carried out to confirm

duct with the substratd3( — B). The experimental observations  hat stationary points are smoothly connected to each other. However,
notwithstanding, the origin of the cooperative effect of two Ru  owing to the flatness of the potential energy surface, some of the
atoms has not been established yet at the molecular level.  stationary points could not be fully connected computationally, whereas
Models and Methods they are, by all means, chemically connected to each other. Some of
the important intermediate structures were also optimized by adding
diffuse functions (6-33+G(d) instead of 6-31G(d)) or by changing the

hybrid functional (BPW91 instead of B3LYP)These calculations gave

Chemical Models.In the present study, we employed [Cp(Cl)Ru-
(u-SMe)RuCp]" (1a) as a model of the diruthenium catalyst. While
the real catalyst bears a bulky Cp* ligand that is likely to be the origin "7~ i
of y-selective nucleophilic attack to the corresponding allenylidene similar structu'res and ene_rgetlc trend as the B3LYP/631LAN results
complex? it was replaced by a Cp ligand in the interest of computational (see _Supportlng Informat_lon). Thus_, the B3LYP/631LAN results
time (and since we can computationally preclude nucleophilic attack |nclud|pg natural population analy5|s/n_atural bond orbltal_ (NBO)
to the a-position). For comparison with the diruthenium catalysis, we 2nalysis will be presented throughout this artiti@he energetics of

also examined the reaction of [CoRU(@#* (1b), a PR version of the reaction pathways will bg discusseq on the basis of Gﬁbbs _free
which reacts stoichiometrically with propargyl alcohol to give an €Nergy calculated at 208 Kwhile electronic energy data are given in
allenylidene compleX® the Supporting Information and discussed when necessary.

Results and Discussion

@ “s"e / @ N Reaction Pathways of Ru-Allenylidene Complex Forma-
,R“?RL” HaP* P tion. (a) Without MeOH Molecules. We first examined the
o Me HsP reaction pathway for the Reallenylidene complex formation
1a 1b without any additional MeOH molecules (Scheme 2 and Figure

The catalytic cycle being quasi-symmetric (Scheme 1), we mainly . '.:IrSt’ complexatllon of coordinatively unsaturated pomplex
focus on the reaction between these model catalysts and propargyll with the C_.C triple bond of propargyl alcohol gives a
alcohol leading to Rerallenylidene complexes (eq 2). Since the second 77-COMplex2 with energy changes of 2.2 and—14.6 kcal/mol
half is a “mirror image” of the former, the former reaction must consist for the di- and mono-Ru systems, respectively. Relocation of
of fast equilibrium through smooth and low-energy potential surface. the metal atom ireb takes place via T8b (AG* = +10.7
To mimic the reaction conditions for MeOH substition where MeOH  kcal/mol) to afford an unstable-€H o-complex4b (less stable
is used as a solvent, we employed zero to two MeOH molecules that than 2b by +10.1 kcal/mol). For the di-Ru compleXa, cor-
are hydrogen-bonded to each other as well as to the propargyl alcohol.responding TS and-complex could not be located. As has been

The results will be described with an increasing number of the MeOH \yell-documented for transition metal-mediated vinylidene for-
molecules. Throughout this article, the symbol [Ru] will be commonly 012030 sypsequent 1,2-migration of the acetylenic proton
employed to indicate either the monoruthenium fragment [CpRy)¢PH (TS 5) gives a vinylidene comple®. Net activation barriers

or the diruthenium fragment [[Cp(Cl)Ruf-SMe)RuCp]. For discus- .

sions on the di-Ru reaction, the symbols fRand [RW] will be used for this procgss aré-12.3 (from1a) and+16.3 kcal/mol (from
to identify the “active site” Ru center and the “spectator’ Ru center, 2P) for th? d'fRu and mono-Ru systems, respe.ctlvely.. The
respectively. hydroxy vinylidene comple® needs to undergo high activation

energy dehydration via a four-centered TSAG" = +39.8

Rt [Ru]+ H and+43.5 kcal/mol for di- and mono-Ru) to give an allenylidene
+ — s @ (20) Wadt, W. R.; Hay, P. 1I. Chem. Phys1985 82, 299-310.
T on Hz0~-(MeOH), B O roial Theory Wiey & Sons.” New Yor 1686 and rererences cited
(MeOH),.E, [Ru]* =1aor1b,n=0-2 (22) t(gﬁl,’ejr}P.; Masui, D.; Ishii, Y.; Hidai, MChem. Lett1998 1003-1004.

(23) Errors of calculated bond lengths such as-Ru, Ru-Cl, Ru—S, and Ru-
ithi 0,
Computational Methods. All calculations were performed with the (o4, c(:ap) a,:rﬁk\{jvi"thEASC/g‘_ Chem. Resl981 14, 363-368. (b) Gonzalez, C.:
Gaussian 98 and Gaussian 03 packadg&be density functional theory Scmege:, H. BJ. Cr?em' I;hyleSQ 90, 2154-2161. (c) Gonzalez, C.;
; ; ; Schlegel, H. BJ. Phys. Chem199Q 94, 5523-5527.
(DFT) method was employed using the B3LYP hybrid functioial. (25) (a) Becke, A. DPhys, Re. A 1988 38, 3098-3100. (b) Perdew, J. P.;
Burke, K.; Wang, Y.Phys. Re. B. 1996 54, 16533-16539.

(16) (a) Trost, B. M.; Flygare, J. Al. Am. Chem. S0d.992 114, 5476-5477. (26) Reed, A. E.; Weinstock, R. B.; Weinhold, . Chem. Phys1985 83,
(b) Maddock, S. M.; Finn, M. GAngew. Chem., Int. E@001, 40, 2138- 735-746.NBQ, version 3.1 in the Gaussian 98 package implemented by
2141. (c) Yeh, K.-L.; Liu, B.; Lo, H.-L.; Huang, H.-L.; Liu, R.-S. Am. Glendening, E. D.; Reed, A. E.; Carpenter, J. E.; Weinhold, F. University
Chem. Soc2002 124, 6510-6511. (d) Datta, S.; Chang, C.-L.; Yeh, K.- of Wisconsin: Madison, WI, 1990.
L.; Liu, R.-S.J. Am. Chem. So@003 125 9294-9295. (27) Gibbs free energy here stands . + ZPE + Ei, + Ejot + Egans+ RT

(17) (a) Nishibayashi, Y.; Imajima, H.; Onodera, G.; Hidai, M.; Uemura, S. — TS(Eeies €lectronic energy, ZPE: zero-point eneryy,: vibrational
Organometallics2004 23, 26—-30. (b) Nishibayashi, Y.; Imajima, H.; energy, Er. rotational energyEqans translational energyS sum of
Onodera, G.; Inada, Y.; Hidai, M.; Uemura, Srganometallic2004 23, vibrational, rotational and translational entropy). The temperatlyef
5100-5103. 298 K was employed for the calculation.

(18) (a) Frisch, M. J. et alGaussian 98revision A.9; Gaussian, Inc.: Pittsburgh, (28) A complete set of data including electronic energies and various corrections
PA, 1998. (b) Frisch, M. J. et aGaussian 03revision C.02; Gaussian, to them is given in Supporting Information.
Inc.: Wallingford, CT, 2004. Full Gaussian citations can be found in (29) (a) Bruce, M. I.Chem. Re. 1991 91, 197-257. (b) Wakatsuki, Y.J.
Supporting Information. Organomet. Chen004 689, 4092-4109.

(19) (a) Becke, A. DJ. Chem. Physl993 98, 5648-5652. (b) Lee, C.; Yang, (30) Wakatsuki, Y.; Koga, N.; Yamazaki, H.; Morokuma, K.Am. Chem. Soc.
W.; Parr, R. GPhys. Re. B 1988 37, 785-789. 1994 116, 8105-8111.
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1 2 3 4 5 6 7 8 . + H
+ : [Ru]+=c:c’H OH[" 321 [Ruj=c=c=C
HC=CCH,OH Hz0 Sy | 348
Figure 1. Free energy diagram (kcal/mol) for the reaction Jofwith H 8a (+0.3)
propargy! alcohol. Di-Ru (red) and mono-Ru reactions (black) are color- 8b (-13.9)
coded throughout this article. 7a(+32.4) +
. ' . o 7b (+21.3) Ho0
complex8. While the reaction proceeds with moderate activation

. N . a [Ru]* refers tola ([Cp(Cl)Rufz-SMelRuCp}") or 1b ([CpRuU(PH)2] ™).
energies froml to the vinylidene comple%, the dehydration Free energies (kcal/mol) are relative fof HCCCHOH] (diruthenium in
process requires unreasonably high activation energies. Thusloman and monoruthenium in italic). Energy changes are shown above
we expected that there should be solvent assistance in this step '

as discussed in the following sections.

From an energetic point of view, it must be pointed out that
The 3-D structures of the stationary points in the di-Ru and the energies of the-complex @a), vinylidene complex §a),

mono-Ru reactions are shown in Figures 2 and 3, respectively.and allenylidene complex8g) relative to that ofla are much
The RE—RLP distance is elongated significantly uparcom-

higher than those of the corresponding mono-Ru completes (
plexation (2.684— 2.855 A). While the distance changes less 6b, and8b) relative to that ofLb (Figure 1). To obtain an insight

significantly (i.e., ranges from 2.814 to 2.855 A, as the structure into the origin of the difference, complexeés and 8 were
of the complex is rigidly held by the sulfur bridge) in the fol-

lowing process, it becomes longer when the Benter donates

separated into two fragments and their deformation energies and
an electron to the substrate as in theomplex and vinylidene/

interaction energies were calculated according to Schemes 3
and 4.

allenylidene complexes (this occurs irrespective of the absence The weaker complexation energiesH) in the di-Ru system

or presence of solvent molecules). The structures around thewere found to originate from the larger deformation energy of
reactive site are not significantly different between the di- and the [Ru] fragment (DEk,) and from the smaller interaction
mono-Ru systems.

energy between the [Ru] fragment and the acetylene or

Rud-c(Cp)| ¥
2.232

front view

side view

1a

2a

— Ru-C(Cp Ru-G(Cp¥

+

2.326

front view side view

6a 8a
Structures of stationary points in the reactionlafwith propargyl alcohol. Numbers refer to distances (A).
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Ru-C(Cp) Ru-C(Cp) Ru-C(Cp) Ru-C(Cp)

2.006 2.290 —  2.261 ¢
¢ C”"'g’-. 2137 22,027 4 414

_ 2242C° - q 0% e
) u SIog1.248 Ru- é:é 1.992 2689 .223
2,26% 2.351
Ru-P . .
P\, 2.373 Ru-P Ru

2.333 2.350
1b 2b 3b 4b
_ Ru-G(Cp) _ Ru-C(Cp)
2.290
Dﬁ 1.162
1,555
0 ‘\ /

5b 6b
Figure 3. Structures of stationary points in the reactionlbfwith propargyl alcohol. Numbers refer to distances (A).
Scheme 3. Fragment Analysis of Ru/Propargyl Alcohol at the @ atom @a: +0.24,6b; +0.18;8a +0.11,8h: +0.05)
m-Complex 22 and (in the case of allenylidene complex) théHgmoiety (7a:
Rul 1 DEFRy Rul’ +0.27,7b: +0.25). (Note, however, that the geometry of the
. . a b Ru—C*—CF—Cr moiety is similar for the di-Ru and mono-Ru
pH = L * systems.) As discussed later, the stability of a coordinatively
C-C=C-H ——= [ '?’CzC‘H DEFpy +168  +4.9 unsaturated specids and the weaker back-donation in the di-
HO OH DEFgy, +9.3  +12.8 Ru system are critical factors in the dimetallic catalysis.
1 INT (b) Solvation with One MeOH Molecule.Next, the chemical
N INT 394  -461 model including one MeOH molecule was studied. A propargyl
AE H [Ru] AE 133 984 alcohol, hydrogen-bonded with one MeOH molecule, was
H-'Q'CEC*H allowed to react with the di- and mono-Ru complexes (Scheme
OH 2 5 and Figure 4). In this case;complexation { — 9), 7-bond
2 Formulas with asterisks refer to the parts taken from com@lex  to o-bond slippageq — 11), and 1,2-proton migratiorild —
Numbers (kcal/mol) are based on the electronic energies. 13) proceeded in essentially the same way as the MeOH-free
Scheme 4. Fragment Analysis of Ru—Allenylidene Complex 82 model (Scheme 2). However, the presence of a MeOH molecule
+ DEFg, N opened up a low-energy six-centered path for dehydration of
(Ru) 1 - [Rul'* a b the vinylidene complexX3 (instead of the four-centered path
+ 4 DEF + e OEF 1as o4 without methanol). The activity of protons at tieposition of
s c=c=C ke -c=c=C Ru +% o vinylidene complexes being well-documentédlL3 is easily
H H DEFgyp +0.4  +0.3 deprotonated by MeOH via T#4 (activation free energies are
l INT 14.0 and 17.5 kcal/mol for the di-Ru and mono-Ru complexes,
INT -83.5  -88.1 respectively). The resulting Rtalkynyl complexl5, with a very
AE [Ru]+=c=c=c'H AE 683 814 small barrlfr, loses its propargyl!c hydroxy group as protonated
s H by MeOH,* to afford the allenylidene complek7 (or 8).

a Formulas with asterisks refer to the parts taken from com@lex The structures of stationary points frointo 13 are very
Numbers (kcal/mol) are based on electronic energies. similar to their counterparts in the solvent-free reaction pathway
(Figures 2 and 3) and hence not shown here, but the TSs and
intermediates aftel3 are shown in Figures 5 and 6. Upon
deprotonation of th@-position of the Ru-vinylidene complex
(13 — 14 — 15), the Ru-C* bond becomes longer (di-Ru:
1.869— 1.976— 1.998 A, mono-Ru: 1.878>1.992— 2.015
A), which indicates decrease of back-donation in this progess.
To the contrary, during-dehyroxylation of the resulting Ru-
alkynyl complex {5 — 16 — 17), it becomes shorter again
(di-Ru: 1.998— 1.953— 1.914 A, mono-Ru: 2.015- 1.975
— 1.917 A), reflecting the increase of back-donation.

allenylidene ligands (INT). The former feature is due to the
much stronger R4-RuP bonding inlathan that in2a and8a
(Figure 2), which stabilizes the coordinatively unsaturateti Ru
center.

The second feature originates from the difference of the back-
donation ability of the [Ru] fragments between the di- and
mono-Ru systems. For thecomplexefaand2b, the &—CF
bond length 2a: 1.241 A, 2b: 1.248 A) and the &-C*—H
(2a0 155.8, 2b: 154.7) and &—CF—C” (2a 161.3, 2b:
154.6) bond angles indicate weaker back-donation in the di-
Ru system (Figures 2 and 3). Natural charge O,f the propargyl (31) For back-donation in metabcetylide complexes, see: (a) Lichtenberger,
alcohol Qa: +0.15,2b: +0.07) also supports this conjecture. D. L.; Renshaw, S. K.; Bullock, R. MI. Am. Chem. S04993 115 3276~
For the vinylidene and allenylidene complexés §), weaker 3285. (b) McGrady, J. E.; Lovell, T.; Stranger, R.; Humphrey, M. G.

T . - Organometallics1997, 16, 4004-4011. (c) Bruce, M. |.; Low, P. J.;
back-donation in the di-Ru system is indicated by natural charges  Costuas, K.; Halet, J. F.; Best, S. P.; Heath, G1AAm. Chem. So200Q
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Scheme 5. Reaction Pathway for Di- and Mono-Ruthenium Allenylidene Complex Formation from 1 and Propargy! Alcohol in the Presence
of One MeOH Molecule?
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Figure 4. Free energy profile (kcal/mol) for the reaction bivith propargyl alcohol in the presence of one MeOH molecule. Di-Ru (red) and mono-Ru

In Figure 4, one can see that the activation free energies forthe reactant to the transition state. For example, in the vinylidene
vinylidene formation (di-Ru:+7.8 kcal/mol {a— 12g); mono-

formation step @ — 13), the TS12 does not involve back-do-
Ru: +18.8 kcal/mol b — 12h)) and subsequent dehydration nation either to the €&-CF 7" orbital (as in9) or to the C va-
(di-Ru: +15.0 kcal/mol {3a— 16&); mono-Ru: +17.5 kcal/

cant 2p orbital (as il3). In addition, in the vinylideneallen-
mol (13b — 15b)) are lower in the di-Ru system than in the ylidene transformationl@— 8), the C* atom of the intermediary

that is, water addition to the allenylidene complex (di-Rt5.8

kcal/mol Ba— 168); mono-Ru: +8.3 kcal/mol Bb — 16b))

mono-Ru system. This is also the case for their reverse reactionsRu—alkynyl moiety in 14—16 does not accept considerable

back-donation from the Ru center, judging from much longer
and hydrogen migration of the vinylidene complex (di-Ru:

Ru—C% bond lengths iMl4—16 than in8 and 13 (and natural
+17.7 kcal/mol {3a— 12a); mono-Ru: +22.1 kcal/mol {3b
— 12h)).

population analysis; see below). Thus, only less activation ener-

gy is required to disturb the back-donation in the di-Ru system,
We consider that the lower activation barriers in the di-Ru

where the back-donation ability of the reactive site is lower.
reaction are due to the lower back-donation ability of the di-

Ru fragment (vide supra). All of the aforementioned processes
involve loss (or weakening) of back-donation on the way from

Analysis of natural charges along the reaction pathways also
supports the above discussion (Figure 7). In the mono-Ru

Organometallics2001, 20, 4502-4509.

reaction (Figure 7b), the charges of the Ru atom, the Cp, and
PHs ligands (shown by blue, pink, and green lines, respectively)

122 1949-1962. (d) Low, P. J.; Rousseau, R.; Lam, P.; Udachin, K. A.; change in a parallel way except for the firsicomplexation

Enright, G. D.; Tse, J. S.; Wayner, D. D. M.; Carty, AGkganometallics

1998 18, 3885-3897. (e) Koentjoro, O. F.; Rousseau, R.; Low, P. J.

(this is also the case for the di-Ru reaction). Thus, the total
charge of the CpRu(PHt fragment (denoted as [Ru]) serves
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ARTICLES

Ammal et al.

front view side view

16a

Figure 5. Structures of stationary points in the dehydration of di-Ru
vinylidene complexi3a Numbers refer to distances (A).

Ru-C{Cp)

— Ru-C(Cp) t . 3

2.301

15b

2.309

16b

Figure 6. Structures of stationary points in the dehydration of mono-Ru
vinylidene complexi3b. Numbers refer to distances (A).
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Figure 7. Changes of natural charges through the reactior efith
propargyl alcohol in the presence of one MeOH molecule. (a) Di-Ru system.
RU, [Ru], and [S] refer to the Ruatom, the CpR§SMe) fragment (SMe
means half of the sum of two SMe charges), and [propargyl alcehol
MeOH], respectively. [Ri—RuA] refers to{[Rug + [Ru?]}. (b) Mono-Ru
system. Ru, [Ru], and [S] refer to the Ru atom itself, the CpRy[PH
fragment, and [propargyl alcohet MeOH], respectively.

Chart 1

“, /.
RuP—Ru? RW  Rud
a 7N, T a Y\
Me / M
OH OH

centers is demonstrated clearly by the parallel change of the
charges of the [Riiand [RW] fragments (note that [Rlrefers

to CpRU(SMe)). Interestingly, the [Riifragment is less positive
than the [R#] fragment throughout the reaction pathway (except
for the initial complex1d), while the valence formalism in
Scheme 1 indicates a positive charge at thef[Rwiety. This
suggests that the RtRu moiety can be formally represented

as a good indicator of the Ru oxidation state. The positive charge by two resonance structures, as shown in Chart 1.

of [Ru] is large at ther-complex9, vinylidene complexd3,
and allenylidene comple&and becomes smaller between them,
reflecting the extent of back-donation.

Figure 7a shows how the natural charges of two Ru atoms

To obtain further information on the bonding changes along
the reaction pathways, we carried out the Wyberg bond index
(WBI) analysis (Figure 8§2 One can see that the bond indices

change in a complementary way. The interaction of two Ru (32) wiberg, K. B.Tetrahedron196§ 24, 1083-1096.
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Scheme 6. Reaction Pathway for Allenylidene Complex Formation from 1 and Propargyl Alcohol in the Presence of Two MeOH Molecules?@
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above arrows.

(a)

3.0
\ Co-CP e
2.0 \\‘\'
C'S-C“'/.r"‘.
10| g = a ,_/ Ru®-C*
Cl-0
— . A"
0 T RuRW° ~ _
1 9 12 13 14 15 16 17 8
(b)
3.0
\ /___\CQ'Cﬁ e
A" \\/
2.0 v \
CP-C! u—"
= L
1.0 Au-C
~— m-o\
0 1 1 1 1 1 1 1 1 1 1

1 9 10 11 12 13 14 15 16 17 8

Figure 8. Changes of the Wiberg bond indices through the reactich of
with propargyl alcohol in the presence of one MeOH molecule. (a) Di-Ru
system. (b) Mono-Ru system.

for the &*—C#, CF—C», and C—O bonds are parallel with the
mechanism illustrated in Scheme 5 for both the di- and mono-
Ru systems. For example, th&-6C# triple bond (WBI: 2.89)

of the propargyl alcohol weakens (WBI: 2.42 (di-Ru), 2.35
(mono-Ru)) uponz-complexation 9) and becomes a normal
double bond (WBI: 2.00) in the vinylidene complek3}. It
once again becomes stronger (WBI: 2.64 (di-Ru), 2.62 (mono-
Ru)) in the Ru-alkynyl complex {5), and finally becomes a
normal double bond (WBI: 2.14) again along with formation
of the allenylidene complexgj.

The WBIs for the Ra-C* and Ru-Ru bonds are also in line

larger when the Ru and“Catoms form a formal double bond

in the vinylidene and allenylidene complexé&8 énd15). While

the change of the latter index is very subtle (3-P932, except

for 1 (0.434)), it becomes smaller in tecomplex, vinylidene
complex, and allenylidene complexes. This indicates that the
RW—RW bond becomes weaker when there is back-donation
from the R@ atom, which rationalizes the schematic representa-
tions in Chart 1.

(c) Solvation with Two MeOH Molecules.In the previous
model, one MeOH molecule plays two roles in the dehydration
steps (Scheme 5). It deprotonates/hgosition of the vinylidene
complex13as a base, and the resulting conjugate acid promotes
subsequent dehydroxylation of the alkynyl compléx In the
actual experiment performed in MeOH, however, it looks more
likely that more than one MeOH molecule is involved in these
two different reactions. Therefore, we included two MeOH
molecules in the next stage.

The two-MeOH reaction pathway and energetics are shown
in Scheme 6 and Figure 9, respectively. First, the Ru complex
1 forms az-complex (L8) with an alcohol trimer [propargyl
alcoho2MeOH)]. Through an unstable-complex20, depro-
tonation of the acetylenic hydrogen takes place viaZllSo
give a Ru-alkynyl complex22in a single stepvithout forming
a vinylidene intermediate (cf. Scheme 5). As shown in Figure
10, while one of the two MeOH molecules deprotonates the
acetylenic CG-H bond through TS21 of linear C-H—-0O
geometry, the other MeOH concurrently forms stronger hydro-
gen bonding with the propargylic hydroxy group (changes of
the distance between the propargylic oxygen and the MeOH
proton are: 1.976>1.842 A (di-Ru), 1.908~ 1.835 A (mono-
Ru)).

The activation barrier for the deprotonation step is much lower
in the di-Ru system (4.3 kcal/mol) than that in the mono-Ru
system (12.5 kcal/mol). We ascribe this again to the weaker
back-donation in the di-Ru system (vide infra). Note that these
activation barriers are much lower than those in the 1,2-proton
migration mode in the one-MeOH models (Figure 4). The
resulting Ru-alkynyl complex22 undergoes dehydroxylation

with the present mechanistic scheme. The former index becomegAG* = 6.9 kcal/mol for di-Ru, 4.5 kcal/mol for mono-Ru) to
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A . —_— On the other hand, in the case of the mono-Ru complexes
20 e L L LR - -18.3 2b, 9b, and18b, dissociation of the propargyl alcohol requires
205 free energy barriers as much as-12 kcal/mol (eq 4), which
indicates that smooth exchange of the product with the substrate
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+
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Figure 9. Free energy profile (kcal/mol) for the allenylidene complex
formation from1 and propargyl alcohol in the presence of two MeOH
molecules. Di-Ru (red) and mono-Ru reactions (black) are color-coded.

(and vice versa) on the mono-Ru center is difficult. Such a
situation does not satisfy a prerequisite for a catalytic reaction,
that is, no intermediate or TS should be too stable or too unstable

21b

Figure 10. Structures of-complex20and deprotonation T31. Numbers
refer to distances (A).

give the final product. Being similar to the one-MeOH models,
the free energy diagram shows that both forward and reverse

reactions of the di-Ru complex are more favorable than those
of the mono-Ru complex (Figure 9).

Catalyst Turnover Step. In addition to the energetic argu-
ment of the one-way process, one must also consider the catalyst
turnover step (i.e., dissociative exchange of the product with
the substrate; see Scheme 1) to assess the feasibility of th

compared with others. Thus, the mono-Ru complex has dif-
ficulty in working as a catalyst

Ru®-C(Cp) a o
Ru?-C(C @
2.286 u™-C(Cp) Z
H H P“f‘u m]
X 0.
e 2.828F & ~(MeOH), P
¥ ‘\2,820 \thr_I | — = + (4)
: 2.280 "~ 2.02 HQHP“, ' H—=—
) ) Py OH
1.454 ‘AGBBG (MeOH),
; AG=+14.6 (n=0)
+20.4 (n=1)
+20.5 (n = 2)

The easier catalyst turnover in the di-Ru system originates
from its weaker back-donation ability as well as the stability of
the coordinatively unsaturated specles which benefit from
much stronger RtRu bond (2.684 A) than other intermediates
(>2.8 A) (vide supra). In light of the resonance description of
the Ru-Ru bond in Chart 1, this concept can be illustrated as
in Scheme 7. Thus, in the ligand dissociation step, tHecRater

Scheme 7. Schematic Representation of Dissociation of C—C
Triple Bond from Diruthenium Complex

b a +
R ([T R [Ru]-[Ru"]
ClH a b

OR'
+
1 R
H—
. :
RI—RET o o
Cly—=—
OR'

gccepts electrons from the Reenter, which have been offered
catalytic process. The free energy changes for the dissociation

of the di-Rusz-complexe2a, 9a, and18aare very small (eq
3), which indicates that produesubstrate exchange (and vice

this and the flat energy diagram (Figure 9), it looks like all
intermediates in the di-Ru reaction may equilibrate with each

for the back-donation in the-complex.

Comparison of the present reaction with the previously

studied dirhodium-catalyzed €H insertion between a diazo
versa) can readily take place in the di-Ru system. Considering intriguing

compound and an alkane in terms of the bimetallic effects is

9 The roles of the spectator metal centers in these

catalytic reactions are opposite. In the Ru catalysis, the spectator
other. However, the catalytic cycle should work because the (33)

thermodynamics of the net reaction (propargyl alcohol
9436 J. AM. CHEM. SOC. ® VOL. 127, NO. 26, 2005

For an example of a metal-catalyzed reaction where product/substrate
exchange is the turnover-limiting step, see: Brunkan, N. M.; White, P. S.;
Gagrie M. R. Organometallic2002 21, 1565-1575.
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Scheme 8. C—H Insertion of Alkane with Dirhodium Carbene — V)_ On the other hand, the new mechanism goes through
Complex direct deprotonation of the acetylenic protdh = IV — V).
j'\ i We consider that the latter mechanism is very feasible in protic
: b C C Qb 95‘ media, Whlle the mechanism for the reaction with aprotic carbon
,th, ;l|h =G ,th —j*lh nucleophiles is debatabtes
(E = CO.R?) \E A concrete answer to the essential question on the uniqueness
k \Cs lf H—C/C_ of the diruthenium system is now given. There are two critical
HS £ R factors: First, the high stability of the coordinatively unsaturated
y i u e Ru complex enables smooth catalyst turnover (i.e., dissociative
PR /\c\ PR DR exchange of the product (ivIll ) with the substrate that
Ib ﬁ?g;';*) . <|3b ‘95\ /'T'L regenerated ). Upon product diss_ocigtion fromvlll t_o I, the
/th_ /rJCQ'ER‘] /R|h_ Jﬁ"h _CQI'EFU energy loss due to the coordinative unsaturation can be

compensated by the stronger RRu interaction, while such
an effect is unavailable in the mono-Ru system. Second, the

R atom acts as an electr@tceptorfor the R atom in the . . . .
P weaker back-donation ability of the di-Ru system that is inherent

critical ligand exchange step. On the other hand, in the Rht the Ri' (RU' in th R ; ter facilitat
catalysis, the Rhatom acts as an electratonor to the RI# o the (R in the mono-Ru system) center facilitates

atom, which facilitates the Rhrcarbenes-bond cleavage in the transformations of the substrate into the produict< VIII ).
C—H insertion step (Scheme 8). Because each of these processes involves a decrease of back-

donation from the reactant to the transition state, the di-Ru

system that has less back-donation ability than the mono-Ru
The present theoretical study has revealed the pathway ofsystem goes through lower activation barriers.

the nucleophilic substitution of a propargyl alcohol catalyzed

by a thiolate-bridged diruthenium complex that features a . . } . . . .
cationic Ru-allenylidene complex as a key intermediate previously studied dirhodium catalysis point to the importance

(Scheme 9). It was found that a solvent molecule(s) plays of the “spectator” metal center as an electron reservoir for the

important roles as a base and an acid to facilitate proton transfer réactive site” metal center. Essential for the achievement of
during the transformation of the substrate on the metal center, Such effects are stable but reasonably flexible metatal core

Conclusions

The dimetallic effects in the diruthenium catalysis and in the

A generally proposed mechanism for metallenylidene com- structures, which are supported by the thiolate and carboxylate
plex formation from a propargyl alcohol involves a metat ligands in the diruthenium and dirhodium systems, respectively.
hydroxyvinylidene complex, which forms via well-established These findings suggest that the design of the metadtal bond-
1,2-proton migration of the acetylenic moiety (~ Ill — IV (s) as to the distance and flexibility is essential in multimetallic

Scheme 9. Bimetallic Mechanism of Propargylic Substitution Reaction that Is Near Symmetric to the Broken Line in the Center
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