OURNAL OF THE AMERICAN CHEMICAL SOCIETY

JACS

Subscriber access provided by ISTANBUL TEKNIK UNIV

Unraveling the Origin of the Peculiar Reaction
Field of Triruthenium Ring Core Structures
Athanassios C. Tsipis, Christos E. Kefalidis, and Constantinos A. Tsipis
J. Am. Chem. Soc., 2007, 129 (45), 13905-13922+ DOI: 10.1021/ja074094p « Publication Date (Web): 23 October 2007
Downloaded from http://pubs.acs.org on February 14, 2009

NICS (ppm)
g

More About This Article

Additional resources and features associated with this article are available within the HTML version:
. Supporting Information
Links to the 2 articles that cite this article, as of the time of this article download

. Access to high resolution figures
Links to articles and content related to this article
Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications
Journal of the American Chemical Society is published by the American Chemical

High quality. High impact.
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja074094p

JIAICIS

ARTICLES

Published on Web 10/23/2007

Unraveling the Origin of the Peculiar Reaction Field of
Triruthenium Ring Core Structures

Athanassios C. Tsipis,*T Christos E. Kefalidis,* and Constantinos A. Tsipis**

Contribution from the Laboratory of Inorganic and General Chemistry, Department of
Chemistry, Undgersity of loannina, 451 10 loannina, Greece, and Laboratory of Applied
Quantum Chemistry, Faculty of Chemistry, Aristotle ddmsity of Thessaloniki,
541 24 Thessaloniki, Greece

Received June 6, 2007; E-mail: tsipis@chem.auth.gr; attsipis@cc.uoi.gr

Abstract: The molecular and electronic structures, stabilities, bonding features, and spectroscopic properties
of prototypical ligand stabilized [cyclo-Rus(uz2-X)s]**" (X = H, BH, CH,, NH,, OH, CI, NH, CO, O, PH;, CF,,
CCl,, CNH, N3) isocycles have been thoroughly investigated by means of electronic structure calculation
methods at the DFT level of theory. All [cyclo-Rus(u2-X)s]%3" species, except [cyclo-Rus(uz-H)s]**, are
predicted to be aromatic molecules. In contrast, the [cyclo-Rus(uz-H)s]*t species exhibits a high antiaromatic
character, which would be responsible for the well-established peculiar reaction field of hydrido-bridged
triruthenium core structures. The aromaticity/antiaromaticity of the model [cyclo-Rus(u2-X)s]°3* isocycles
was verified by an efficient and simple criterion in probing the aromaticity/antiaromaticity of a molecule,
that of the nucleus-independent chemical shift, NICS(0), NICS(1), NICS(—1), NICS_,(1), and NICS,,(—1),
along with the NICS scan profiles. The versatile chemical reactivity of the antiaromatic [cyclo-Rug(uz-H)3]**
molecule related to the activation of small molecules that leads to the breaking of various strong single
and double bonds is thoroughly investigated by means of electronic structure computational techniques,
and the mechanistic details for a representative activation process, that of the dehydrogenation of NHg, to
form a triply bridging imido-group (u3-NH) face-capping the Rus ring are presented. Finally, the molecular
and electronic structures, stabilities, and bonding features of a series of [cyclo-Rus(uz-H)s(us-Nuc)]ot2+
(Nuc = BH, BCN, BOMe, C*-, CH?3~, CMe®~, N3, NH, N3~, NCO~, OCN~, NCS-, 0?7, S%7, OH-, P?,
POH?, CI7, O, NCH, AlMe, GaMe, CgHs, and cyclo-C3H,Me) products formed upon reacting the archetype
[eyclo-Rus(uz-H)3]*T molecule with the appropriate substrates are also comprehensibly analyzed.

Introduction RL{;(/,{-H)3(‘I,£3-H)2] and [(7]6'C5Mee)2(176-C5H5)RLb(‘u-H)g]+ are
. . . electron-deficient species represented either by 2e-3eHRu
Met_al—polyhydnd_e clust_er complexes effectively activate TRU bonds or by a R&Ru triple bond with three hydrido bridges.
ohrganlc subs_trates ina lfm;lque malnner,bggobably aT’ a r(ka]sult OlBoth electrophiles and nucleophiles were found to multiply
the cooperative action of the metal centetsn particular, the coordinate to the 3-membered ruthenium ring, affording novel

'Tebr,ﬁsnggi Fra|tT that ?rr]e mheren:f zy.zlopentaldlene-' or ?r,ene'complexes exhibiting unprecedented catalytic activity toward
stabilized trinuclear ruthenium polyhydride complexes involving  ¢¢|0ctive activation of €H, N—H, O—H, H—H, C—C, and G=

a triangular trihydrido-bridged core structure have been exten- C bonds and the hydrogenation of aromatics. Representative

. g2 . -
sively studied-2 Their precursors formulated as;fCsMes)s exampled? of the reactivity of the [5-CaMes)sRus(iu-H)s(ita-
t University of loanmina H),] cluster are shown in Scheme 1. Analogous reactivity
I\ I | . e
* Aristotle {Jniversity of Thessaloniki. exhibits the [(8-CsMeg)(7%-CeHg)Rus(1-H)3] ™ cluster as well.

(1) (a) Suzuki, H.; Tanaka, Y.; Takemori, T.; Tanaka, MAm. Chem. Soc.  Very recently, density functional theory (DFT) study of hydride
1994 116 10779. (b) Matsubara, K.; Okamura, R.; Tanaka, M.; Suzuki, ; ; ;
H. J. Am. Chem 50998 120 1108, (¢) Inagaki. A: Takemori, T. exchange in a binuclear polyhydride CpRuH)sRuCp complex
Tanaka, M.; Suzuki, HAngew. Chem., Int. EQ200Q 39, 404. (d) Ohki,
Y.; Suzuki, H.Angew. Chem., Int. E00Q 39, 3463. (e) Takemori, T.; (2) (a) Meister, G.; Rheinwald, G.; Stoekli-Evans, H:sStrink, G.J. Chem.

Inagaki, A.; Suzuki, HJ. Am. Chem. So@001, 123, 1762. (f) Suzuki, H.;
Inagaki, A.; Matsubara, K.; Takemori, Pure Appl. Chem2001, 73, 315.

(g) Okamura, R.; Tada, K.; Matsubara, K.; Oshima, M.; Suzuki, H.
Organometallics2001, 20, 4772. (h) Ohashi, M.; Matsubara, K.; lizuka,
T.; Suzuki, H.Angew. Chem., Int. EQ003 42, 937. (i) Nakajima, Y.;
Inagaki, A.; Suzuki, HOrganometallics2004 23, 4040. (j) Takao, T.;
Kakuta, S.; Tenjimbayashi, R.; Takemori, T.; Murotani, E.; Suzuki, H.
Organometallic2004 23, 6090. (k) Takao, T.; Takaya, Y.; Murotani, E.;
Tenjimbayashi, R.; Suzuki, HOrganometallics2004 23, 6094. (I)
Nakajima, Y.; Suzuki, HOrganometallic2005 24, 1860. (m) Takao, T.;
Kawashima, T.; Matsubara, K.; Suzuki, Brganometallic2005 24, 3371.

(n) Suzuki, H.; Kakigano, T.; Tada, K.; Igarashi, M.; Matsubara, K.; Inagaki,
A.; Oshima, M.; Takao, TBull. Chem. Soc. Jpr2005 78, 67. (0) Nakajima,
Y.; Hajime, H.; Suzuki, HAngew. Chem., Int. EQR006 45, 950.
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Soc., Dalton Trans1994 3215. (b) Faure, M.; Jahncke, M.; Neels, A.;
Stoekli-Evans, H.; Sss-Fink, G.Polyhedron1999 18, 2679. (c) Faure,
M.; Vallins, A. T.; Stoekli-Evans, H.; Ss-Fink, G.J. Organomet. Chem.
2001, 621, 103. (d) Sss-Fink, G.; Faure, M.; Ward, T. Rngew. Chem.,
Int. Ed. 2002 41, 99. (e) Vieille-Petit, L.; Vallins, A. T.; Therrien, B.;
Siss-Fink, G.; Ward, T. RJ. Organomet. Chen2003 684, 117. (f) Siss-
Fink, G.; Therrien, B.; Vieille-Petit, L.; Tschan, M.; Romakh, V. B;. Ward,
T. R.; Dadras, M.; Laurenczy, G. Organomet. Chen2004 689, 1362.
(9) Vieille-Petit, L.; Karmazin-Brelot, L.; Labat, G.;"Sa-Fink, G Eur. J.
Inorg. Chem22004 3907. (h) Hagen, C. M.; Vieille-Petit, L.; Laurenczy,
G.; Siss-Fink, G.; Finke, R. GOrganometallics2005 24, 1819 and
references therein. (i) Vieille-Petit, L.;"Ss+Fink, G.; Therrien, B.; Ward,
T. R.; Stoekli-Evans, H.; Labat, G.; Karmazin-Brelot, L.; Neels, Arddu
T.; Finke, R. G.; Hagen, C. MOrganometallics2005 24, 6104.
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Scheme 1. Representative Examples of the Versatile Reactivity of the [(#>-CsMes)sRus(u-H)s(us-H)2] Cluster
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showed that the associative pathway is favored, but the detailswe found that the 3-memberegicloruthenium rings in a series
of the mechanism are rather complicated. of ligand stabilized §yclo-Rus(u2-X)3]%%" (X = BH, CH,, NH,,
Experimental and molecular modeling studies indicated that OH, CI, NH, CO, O, PH, CF, CCk, CNH, Ns) clusters
substrates are incorporated into the hydrophobic pocket spanne@xhibited an unprecedented high diatropic response, thus being
by the three cyclopentadiene or arene ligands in the triangularhighly aromatic molecules. In contrast, the parasyicjo-Rus-
Rus clusters. Therefore, the catalytic reactions occur within the (u2-H)3]®" species exhibits a high antiaromatic character, which
host-guest complexes without prior coordination of the sub- would be responsible for the well-established peculiar reaction
strates (“supramolecular cluster catalysi&"). However, a field of hydrido-bridged triruthenium core structures. Along this
number of catalystsubstrate hostguest complexes have been line, we predicted that nucleophilic substrates easily interact
isolated and structurally well characterized. with the strongly antiaromatic electron deficient Ring of
A leading attribute of ruthenium and all of the transition the [cyclo-Rus(u2-H)3]®" species, forming stable adducts even
elements is their penchant to aggregate in rings, cages, andn the absence of the hydrophobic pocket spanned by the
clusters. An amazing common property of both the bare and stabilizing cyclopentadiene or arene ligands. We believe that
ligand-stabilized ruthenium clusters is the unusual abundancethe antiaromaticity of the Ruings might probably be the drive

of the triangularcycloRus and the square planayclo-Ruy, to account for their peculiar reaction field. Our own efforts have
rings124Furthermore, despite the triangular ruthenitpoly- focused on demonstrating the Raluster core’s utility as a

hydride clusters, the fundamental triangular binarg(R®) highly generalized synthon for use in a variety of applications
cluster is the parent compound of innumerable prodtcts. and a standard bearer for the cluster revolution. In this context,

Catalyzed by the versatile reactivity and catalytic activity of we address a number of important issues related to the molecular
the ruthenium-polyhydride clusters and the stunning growth and electronic structures, stabilities, bonding features, and
of the aromaticity concept in “all-metal” aromatic ringsye
challenged to think about aromaticity/antiaromaticity in the (5) (a) Delgado, E.; Donnadieu, B.; Hernandez, E.; Martin, M. P.; Zamora, F.
triangular ligand-stabilized ruthenium(ll) isocycles. In effect, Acta Cryst.2002 E8 m571. (D) Slebodnick, C.; Zhao, J.; Angel, R.;

Hanson, B. E.; Song, Y.; Liu, Z.; Hemley, R. lhorg. Chem.2004 43,
5245. (c) Gervasio, G.; Bianchi, R.; Marabello, Chem. Phys. LetR005

(3) Tussupbayev, S.; Vyboishchikov, S. Brganometallics2007, 26, 56. 407, 18. (d) Griffith, C. S.; Koutsantonis, G. A.; Skelton, B. W.; White, A.
(4) (a) Guo, R;. Balasubramanian, X.Chem. Phy2003 118 142. (b) Zhang, H. J. Organomet. Chen2005 690, 3410. (e) Raithby, P. R.; Lewis, J.;
W.; Zhao, H.; Wang, LJ. Phys. Chem. B004 108 2140. (c) Scopelliti, Morewood, C. A.; Ramirez de Arellano M. C.; Shields, G.JPCluster
S. G. R.; Severin, KOrganometallic2005 24, 5792. (d) Deeming, A. J.; Sci. 2006 17, 13.
Forth, C. S.; Hyder, Md. |.; Kabir, S. F.; Nordlander, E.; Rodgers, F.;  (6) (a) Boldyrev, A. I.; Wang, L.-SChem. Re. 2005 105, 3716. (b) Tsipis,
Ullmann, B. Eur. J. Inorg. Chem2005 4352. C. A. Coord. Chem. Re 2005 249, 2740.
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Bond distances
Ru)-Ruy=2.749 (2.753)
RU]‘RUJ =2.748 {2.750)
Ruy-Ruy =2.748(2.745)
Ru-u-H (av) = 1.714 (1.66)
Ru-3-H (av) = 1.942 (1.94)
Ru-CP (av)=1.828 (1.809)
Angles

Rus-Ru-Ruy =60.0(59.84)
Ru-Ru;-Ru, =60.0 (60.13)
Ru;-Ru-Ru; = 60.0 (60.02)

spectroscopic properties of prototypical ligand-stabilizsalo- (a)
Rug(u2-X)3]%3" (X = H™, BH>", CH;~, NH,~, OH™, ClI~, NH?~,

CO, G, PH,~, CR, CChL™, CNH?~, N3) isocycles. Why
these species are stable molecules and why they exhibit a perfec
planar configuration are questions that will attempt to answer
herein by means of electronic structure calculation methods at
the DFT level of theory. The aromaticity/antiaromaticity of the
model tyclo-Rus(ux-X)3]%3" isocycles was verified by a number

of established criteria of aromaticity. In particular, the nucleus-
independent chemical shift, NICS(0), NICS(1), NICS)),
NICS;/(1), and NICS,(—1), and the NICS profiles are indica-
tive, except of the parentyclo-Rus(ux-X)3]®" molecule, for (b)
the aromaticity of the 3-membered ruthenium(ll) isocycles. The
latter shows a high paratropic response and is characterized a:
a highly antiaromatic molecule. Along this line, the versatile
chemical reactivity of the archetypecyclo-Rug(uz-H)s]3"
molecule related with the activation of small molecules that leads
to the breaking of various strong single and double bonds is
thoroughly investigated by means of electronic structure com-
putational techniques and the mechanistic details for a repre-
sentative activation process, that of the dehydrogenation gf NH

Bond distances

Ruj-Ruy=3.014 (3.049)

Ruj-Ru; = 3.016 (3.053)

Ru,-Ru, = 3.009(3.047)
Ru-C(av)=2.179 (2.185)

Ru-p-H (av) = 1.709

C-C, =C3C, =Cs-C4=1423 (1.426)
Cy-Cy =Cy-C5 =C1-C4=1457 (1.429)
Ru-CP (av) = 1.886

Angles

Rus-Ruy-Rus =599 (59.91)

L Ruj-Ruz-Rus = 60.0 (59.98)

[<

to form an imido-moiety face-capping the Ring is presented. Ru;-Ruy-Ru; =60.1 (60.12)
Furthermore, the molecular and electronic structures, stabilities, Figure 1. Equilibrium geometries (bond lengths in A, angles in degrees)
and bonding features of a series afy¢lo-Rus(uz-H)s(us- of (@) [(°CsHs)sRus(u-H)s(us-H)z] and (b) [(°>CsHs)aRus(u-H)s(us1*
Nuc)P12* (Nuc = BH, BCN, BOMe, G-, CH3~, CMe&*~, N3~ 172:;72-C6H6)] triruthenium polyhydrido complexes computed at the B3P86

_ ’ ! ] IO level using the lanl2dz(Rup-31++G**(E) (E = nonmetal element) basis
NH, N3, NCO~, OCN, NCS", 0>, &7, OH", P*~, POH", set. Values in parentheses are selected bond lengths and angles gfthe [(
Cl, 0227, NCH, AlMe, GaMe, GHs, and CyClOCgHZMe) CsMes)sRus(u-H)s(us-H)2] and [(75-CsMes)sRus(u-H)a(us- n2n%n%-CsHe)
products formed allowing to react the archetypgclo-Rus(uz- complexes determined by X-ray crystallography.

H)3]3" molecule with the appropriate substrates are also

comprehensibly analyzed. electronic energies, the enthalpies of reactioAgH29s, and the

activation energiesAG¥gs Were corrected to constant pressure and
Computational Details 298 K for zero point energy (ZPE) differences and for the contributions
) o of the translational, rotational, and vibrational partition functions. For

In view of the good performance of DFT, we were instigated to  transition states geometry determination, quasi-Newton transit-guided
perform DFT calculations on all stationary points of the potential energy (QSTN) computations were perform#d.
surfaces (PES) we studied using the GAUSSIANO3 program Suite.  The natural bond orbital (NBO) population analysis was performed
The geometry optimization of the investigated structures was performed using Weinhold’s methodolog¥:14 Percentage compositions of mo-
in the gas phase at the B3P86 lévedf DFT, using the lani2dz basis  |ecular orbitals, Mayer bond orders, and interaction energies (without
set for the Ru atoms and the 6-B+G(d,p) basis set for the rest of  BSSE corrections) between molecular fragments were calculated using
the nonmetal elements (E). We will denote the computational approach the AOMix programs16 Magnetic shielding tensors have been
used as B3P86/lanl2dz(Ru§-31++G**(E). The choice of the B3P86  computed with the GIAO (gauge-including atomic orbitals) DFT
functional was based on the more accurate TDB3P86 and magneticmethod”18as implemented in the GAUSSIANO3 series of programs
shielding results provided by this functional when compared to the more employing the B3P86 level of theory. Nucleus-independent chemical
widely used B3LYP functionaf’ Moreover, the equilibrium geometries  ghifts (NICS) values were computed at the B3P86/lanl2dz(Ru)
of representative ruthenium complexes, which we will discuss later 31++G**(E) level according to the procedure described by Schleyer
on, obtained from B3P86 are in better agreement with experimental et 5119 The magnetic shielding tensor element was calculated for a ghost
data than those of the B3LYP procedure. In all computations, no atom located at the center of the ring and alongzfasis. Negative

constrains were imposed on the geometry. Full geometry optimization (giatropic) NICS values indicate aromaticity, whereas positive (para-
was performed for each structure using Schlegel's analytical gradient tygpjc) values imply antiaromaticity.

method!! and the attainment of the energy minimum was verified by
calculating the vibrational frequencies that result in absence of Results and Discussion
imaginary eigenvalues. All stationary points have been identified for
minimum (number of imaginary frequencies Nimagd) or transition
states (Nimag= 1). The vibrational modes and the corresponding
frequencies are based on a harmonic force field. This was achieved
with the SCF convergence on the density matrix of at leas? a@d

the rms force less than 10au. All bond lengths and bond angles were
optimized to better than 0.001 A and 0, tespectively. The computed 8

Equilibrium Geometries of Representative “Actual”
Triruthenium Polyhydrido Complexes. Testing the Per-
formance of the B3P86 Functional We first tested the perfor-

(12) Head-Gordon, M. P.; Frisch, M. Chem. Phys. Lett1988 153 503—
506.

Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88, 899.
Weinhold, F. InThe Encyclopedia of Computational Chemis®ghleyer,
P. v. R., Ed.; John Wiley & Sons: Chichester, 1998; pp 178211.

Gorelsky, S. . AOMix Program for Molecular Orbital AnalysjsYork

3
4

)
)
)
(7) Frisch, M. J.; et alGaussian O3revision B.02; Gaussian, Inc.: Pittsburgh, (15)
) Gorelsky, S. I.; Lever, A. B. Rl. Organomet. Chen2001, 635, 187.
)
)
)

PA, 2003. University: Toronto, Canada (http://www.sg-chem.net).
(8) Perdew, J. PPhys. Re. B 1986 33, 8822. (16
(9) Becke, A. D.J. Chem. Phys1993 98, 5648. (17) Ditchfield, R.Mol. Phys1974 27, 789-807.
(10) Wiberg, K. B.; Stratmann, R. E.; Frisch, M. Ghem. Phys. Lett1998 (18) Gauss, JJ. Chem. Phys1993 99, 3629.
297, 60. (19) Schleyer, P.v. R.; Maerker, C.; Dransfeld, A.; Jiao, H.; Hommes, N. J. R.
(11) Schlegel, H. BJ. Comput. Chem1982 3, 214. v. E.J. Am. Chem. S0d.996 118 6317.
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Figure 2. Equilibrium geometries (bond lengths in A, angles in degreesyyaflf-Rus(u2-X)3]%3+ (X = H, BH, CHp, NH,, OH, CI, NH, CO, O, PH, CR,
CClp, CNH, Ng) clusters computed at the B3P86/lanl2dz(B&81++G**(E) (E = nonmetal element) level. Alicyclo-Rus(uz-X)3]%3" molecules, except
[cycloRug(u2-Cl)s(u2-CCl)g], 12, and kyclo-Rug(u-CNH)s], 13, haveCg, symmetry. Clusterd2 and 13 belong toCs and C; point groups, respectively.

mance of the B3P86 functional by calculating the equilibrium
geometries of two representative “actual” triruthenium polyhy-

to asses the stability, diatropicity/paratropicity, and chemical
reactivity of the electron-deficient triruthenium ring core

drido complexes (Figure 1). Selected bond lengths and anglesstructures.

of the [(7°-CsMes)sRus(u-H)3(us-H)2] and [(>-CsMes)sRus(u-
H)a(us- n%n%n2-CeHg) complexes determined by X-ray crystal-
lography are also given in Figure 1 (values in parentheses).

Equilibrium Geometries of Model [cyclo-Rus(up-X)3]%3"
(X =H, BH, CH», NH,, OH, CI, NH, CO, O, PH,, CF,, CCl,,
CNH, N3) Triruthenium Clusters. Let us now discuss the most

Perusal of Figure 1 illustrates the good performance of the prominent structural features of theyglo-Rug(uz-X)3]%3" (X

B3P86 functional in combination with the lanl2dz(Ri&y
31++G**(E) (E = nonmetal element) basis set in reproducing
the structures of the §f-CsMes)sRus(u-H)3(us-H)2] and [(7°-
CsMes)sRus(u-H)s(us-1%n%n?-CeHg) complexes determined by
X-ray crystallography. It should be noticed that in the experi-
mental structures the Cp £8s) ligands are the Cp* (§Mes)
ones, thus accounting for the small differences in the-Rp
and Ru-Cp* bond lengths observed. In view of the good per-
formance of B3P86/lanl2dz(Rup-31++G**(E), we were
instigated to perform B3P86/lanl2dz(Ri§-31++G**(E) cal-
culations on a series of model unsaturateeX (X = H, BH,
CHy, NH,, OH, CI, NH, CO, O, PH, CF, CCh, CNH, Ny)
bridged triruthenium clusters ignoring the Cp or Cp* coligands

13908 J. AM. CHEM. SOC. = VOL. 129, NO. 45, 2007

= H, BH, CH,, NH,, OH, CI, NH, CO, O, PH, CFk, CCl,
CNH, Ng) triruthenium clusters. Selected bond lengths and
angles of the dycloRus(u2-X)3]%3" molecules are shown in
Figure 2. All [cycloRus(u2-X)3]%3" molecules, exceptcclo
Rug(u2-Cl)3(u2-CCl)s], 12, and kyclo-Rus(u2-CNH)g], 13, have
Cs, symmetry. Clusterd2 and 13 belong toCs and C; point
groups, respectively.

It can be seen that in altycloRus(u2-X)3]%*t molecules,
except clusterl2, with X = CCl,, the X ligands bridge
symmetrically adjacent ruthenium atoms forming isosceles Ru-
(u-X)Ru triangles that are aligned on the one side of the
equilateral Rygtriangle forming X-Ru—Ru—Ru dihedral angles
in the range of 1204142.2, which follow the trend: NH>
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O>N3>OH>Cl>CCl>CFR>PH,>CNH~ CO~
CH; > NH; > H > BH. This is exactly the conformation
adopted by trinuclear arene ruthenium polyhydrido clusters
studied experimentally thus fa1d-2a4ejllystrating that the
stabilizing cyclopentadiene or benzene coligands do not affect
the Ru(uz-X)3 core structure. Noteworthy is the breaking of
one of the C-Cl bonds of the CGlbridge, affording«,-Cl and
u2-CCl bridges that are aligned on the opposite sites of the Ru
triangle. The high efficiency of the Ruing in activating and
finally breaking the strong €CI bonds is then evident.

Itis also interesting to be noticed that upon bridging the,CH
CF,, NH,, and PH moieties to the Ryring the E-H bonds of
the EH bridging unit are not equivalent. The—H bonds
aligned toward the center of the ring are shorter than those
aligned in the opposite direction by 0.013, 0.071, 0.008, and
0.008 A for the G-H, C—F, N—H, and P-H bonds, respec-
tively. The shorter €F bonds are aligned almost perpendicular
to the Ry ring plane with the fluorine atoms forming a
3-membered &ring parallel to the Ryring.

The computed intermetallic RuRu distances found in the
range of 2.449-3.010 A are indicative of metaimetal interac-
tions and follow the trend: cfyclo-Rug(u2-H)3] 3+ < [cycloRus-
(u2-Cl)3(u2-CCl)g] < [cycloRug(uz-CHz)s] < [cyclo-Rug(uz-
CNH)s] ~ [cycloRus(uz-BH)s] ~ [cycloRus(u-CFR)s] <
[cycloRus(uz-CO)] < [cyclo-Rus(uz-NH2)3]*" < [cycloRus-
(u2-PHy)3]3* < [cycloRus(u2-O)s] < [cycloRus(uz-NH)z] <
[cycloRus(ua-N3)3]3" < [cyclo-Rus(u-OH)3)%" < [cyclo-Rus-
(u2-Cl)3)®*. The Ru-Ru distances are less than those expected
by the van der Waals radius for Ru (2.20 A). The-RRu bond
distance in metallic ruthenium is 2.65 A, whereas in the diatomic
Ru, molecule it was predicted to be 2.027 A at the same level
of theory. The stronger intermetallic interactions occur in the
parent yclo-Rus(uz-H)3]®" species, and the weaker ones occur
in the [cyclo-Rug(u-OH)3]%™ and yclo-Rus(u2-Cl)3) 3t clusters.
The Ru-X bond lengths in the symmetrical RIK—Ru bridges
depends on the bridging X ligand following the trend: <HO
<NH <OH < N3 <CCl<CNH~ CF,~BH < CO < NH;
~ CH, < ClI < PH,.

Stability of the [cyclo-Rus(u2-X)3]%3" (X = H, BH, CH,,
NH,, OH, CI, NH, CO, O, PHj, CF, CCl; CNH, Nj)
Triruthenium Clusters. The stability of the §yclo-Rug(u2-
X)3]%3" (X = H, BH, CH,, NHy, OH, ClI, NH, CO, O, PH,
CF,, CCh, CNH, N3) molecules are investigated using the
following fragmentation schemes:

[eyclo-Rug(u,-X) ] % — 3[RuX]***
[eycloRU(,-X)°%" — 3RUET + 3[X]* %

The calculated binding energies are compiled in Table 1.

It can be seen that altyclo-Rus(uo-X)3]%2T molecules are
predicted to be bound with respect to their dissociation to “free”
R and [X]>12~ moieties in their ground states. The
stabilization of the ¢yclo-Rus(u2-X)3]%3" species with respect
to the free R&"™ and [X]>1~2~ moieties follows the trend9 >
7>2>3>11>13>12>8>6>4>10>5>1> 14
Notably, the clusters, 4, 10, 5, 1, and14 involving the chloride,
amido, phoshido, hydroxide, hydrido, and azido-bridges, re-
spectively, are much less stabilized relative to the rest of the

Table 1. Binding Energies AE; and AE; (in kcal mol~1) of the
[eyclo-Rus(u2-X)3]?3" (X = H, BH, CHy, NH, OH, CI, NH, CO, O,
PH,, CF,, CCly, CNH, N3) Clusters Computed at the B3P86/
lanl2dz(Ru)u6-31++G**(E) (E = Nonmetal Element) Basis Set

AEy/mol
cluster AE? [Rux]ot+2+ AE?
[cyclo-Rus(ua-H)3]3t, 1 176.6 58.9  —1208.0
[cycloRus(uz-BH)4], 2 -2376  —792  —2717.2
[cycloRus(u2-CHy)s], 3 —210.8 —70.3 —2683.5
[cycloRus(uz-NH2)3]3+, 4 66.7 222  —1418.8
[cycloRus(ua-OH)3]3t, 5 935 312  —1275.1
[cycloRus(u2-Cl)3]®*, 6 89.8 29.9 —1661.1
[cycloRus(uz-NH)4], 7 -221.1  —737  —2744.4
[cycloRus(uz-CO), 8 -171.2  —57.1  —2229.3
[cycloRus(uz-O)a], 9 —2433  —81.1  —27486
[cycloRus(uz-PHp)3] 3, 10 1.7 0.6 —1373.3
[cycloRus(uo-CRy)3), 11 —201.6  —67.2 —2658.0
[cycloRus(ua-Cl)s(ua-CCl)g], 12 —2429  —81.0  —2308.0
[cycloRug(u2-CNH)g], 13 —187.8 —62.6 —2558.7
[cycloRus(uz-Ng)3]t, 14 49.6 165  —1201.2

a AE; = E([cycloRus(uz-X)3]%3") — [BE(RUX?*]. b AE, = E([cyclo-
Rug(u2-X)3]%3") — [BE(RW?T) + 3E(X127)].

species, whereas the remaining clusters, all being neutral, are
predicted to be bound. The stabilization of the latter follows
the trend:9 > 12> 2> 7> 3> 11> 13 > 8. It should be
noticed that clustefl2 exhibits a different structural core in-
volving a total of six bridges, three Chnd three CCl bridges.

Electronic and Bonding Properties of the Eyclo-Rus(us-
X)3]%3" (X = H, BH, CH2, NHy, OH, CI, NH, CO, O, PHy,

CF,, CCly, CNH, N3) Triruthenium Clusters. To understand

the structural integrity of thecfclo-Rus(uz-X)3]%3" (X = H,

BH, CH,, NH,, OH, CI, NH, CO, O, PH, CF,, CCl, CNH,

N3) molecules, their valence molecular orbitals, shown in
Scheme 2, have been analyzed. The bonding in the 3-membered
ruthenium rings is characterized by a common ring-shaped
electron density, more commonly seen in aromatic organic
molecules and in “all-metal” aromatiés.

The lowest unoccupied molecular orbitals (LUMOSs) of all
cationic 3-membered ruthenium isocycles correspondr*to
antibonding combination of 4d (Ru) orbitals. The nature of the
LUMO suggests that nucleophiles would attack the; Rog
over its centroid in line with experimental observation, which
will be discussed latter on. On the other hand, the LUMO of
the neutral 3-membered ruthenium isocycles corresponds to
antibonding combination of 4d (Ru) orbitals, and therefore,
nucleophiles would attack the Ru corners along the g
plane.

Perusal of Scheme 2 reveals that the Riog structural core
exhibits a composite bonding mode involviag -, ando-type
MOs. Noteworthy is the presencemftype MOs resulting from
the bonding interaction of the 4d AOs of the Ru atoms,
delocalized over the entire metallic framework analogous to the
m-type MOs of the aromatic cyclopropenium cation, which
support a ring current. However, there is a striking difference
in the shape of the cyclic delocalized electron density of the
aromatic cyclopropenium cation compare to the Rocycles,
owing to the alignment of the bridging ligands X on the one
side of the Ry plane forming a triangle parallel to the Ru
triangle in a staggered conformation. Such an alignment perturbs
the cyclic electron cloud on the two sides of thesRing by
distending the electron cloud found in the opposite side.

tiruthenium clusters. These cationic clusters are predicted to beTherefore, the cyclic delocalizations on the two sides of the

unbound with respect to dissociation to the [RtXjonomeric

Rus ring are not equivalent (see the HOMO-4 and HOMO-8 of
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Scheme 2. Most Relevant Valence Molecular Orbitals of [cyclo-Ruz(uz-H)3]*, 1, [cyclo-Rus(uz-BH)s], 2, -[cyclo-Rus(uz-CO)s), 8, and
[eyclo-Ruz(ua-N3)s] 3, 14

®
. S " & Q o -
et & e v (&, N¢
LUMO 2a; HOMO 8¢ HOMO-1 8¢ HOMO-4 7a, HOMO-7 6a, HOMO-8 5, HOMO-11 4a,

(-23.273) (-25.294) (-26.272) (-27.031) (-28.815) (-29.779) eV
[eyelo- Ru;{pg-H}; T(Cay), 1

%‘*&* @st“"]é*‘

LUMO 3a; HOMO 1le HOMO-11le HOMO-49a, HOMO-10 8¢, HOMO-11 7a; HOMO-17 5a,
(-3.146) (-3.299) (-6.526) (-8.045) (-9.011) (-13.994) eV

[evclo-Rus(ua-BH)3] (Cay), 2
‘@
M s 4 g ®
Sy 09 < $ <
LUMO 4a; HOMO 15¢ HOMO-1 15¢  HOMO-7 3a, HOMO-10 11a;, HOMO-11 10a; HOMO-23 7a,
(-4.053) (-6.161) {-7.6353) (-8.496) (-9.621) (-13.994) eV

[cycx’a-Ru;Lm-CO]; J1(Cw), 8

e E G W

LUMO 15a, HOMO 18¢  HOMO-1 18¢ HOMO 5 14a; HOMO-8 130, HOMO-14 12a;, HOMO-26 94,
(-17.950) (-19.831) (-20.592) (-21.718) {-24.386) (-30.804) eV

[cyclo-Rus(ua-N3)s]** (Csy), 14

o
]

Table 2. Selected Electronic Parameters of the 3-Membered
1, HOMO-4 and HOMO-10 o2, HOMO-7 and HOMO-11 of Ruthenium Ring Structural Cores Computed at the B3P86/

8 and HOMO-5, HOMO-8, and HOMO-14 df4 in Scheme  lanl2dz(Ru)U6-31+-+G**(E) (E = Nonmetal Element) Level
2), and consequently, the induced ring currents on each side of .. ¢ Eumo 0 ®*  necRupP4d5s  Gr
the Ry ring would be different, as is shown later on. This is

, . I ) 1  —25294 —23.273 2021 1459  6.74/0.30 0.93

the first example of aromatic systems exhibiting different 5209 -3146 2.153 41 7.74/0.39 —0.09
aromaticity on the two sides of the aromatic ring, e.g., above 3 —5.048 —2.905 2.143 3.7  7.40/0.38 0.24
and below the geometrical center of the ring. The delocalized g —gi-gig —ig-ggi g-gii 12;-2 g'gg//%ﬁ 2'91%
o- and m-electron density m_the Rurings could probably 6 22383 20723 1660 1399  7.00/0.19 077
account for the observed equivalence of the-Rw bonds. R. 7 ~5.160 —3.217 1.943 45  7.28/0.30 0.42
B. King?® proposed a bonding model indM = Fe, Ru, Os) 8 —6.161 —4.055 2.106 6.2  7.55/0.33 0.13
triangles of the N(CO),» metal carbonyl clusters based onthe 9 ~ 75897 —4220 1677 7.8 708025 065
! . " ) i 10 —20.422 -18.232 2190 853  7.39/0.27 0.31
concept ofo-aromaticity, which partitions the six orbitals and 74 —6235 —3990 2.245 58  7.48/0.36 0.18
six electrons available for bonding within thesNtiangle into 12 —7.717 —5.348 2.369 9.0  7.24/0.28 0.48
a core 3c-2e bond of Hikel topology formed by radial hybrid 13 —5.609 -3512 2097 5.0  7.52/0.33 0.18

14 —19.831 —17.950 1.881 94.9 6.94/0.19 0.88

orbitals and a surface 3c-4e bond of Mies topology formed
b_y tangential p orbitals. In effect_, such_ orbitals exist in the Ru a Electrophilicity indexw = %2y, whereu and 7 are the chemical
ring structural cores under consideration. More recently, R. B. potential and hardness, respectively, given approximately by the expressions
King et al2! provided the first quantitative evidence for the # = (éLumo  €xomo)/2 andy = (cLumo — €romo)- €nomo, €Lumo, 7 and

o are given in eVP? Natural electron configuratioméq.
o-aromatic nature of the [MCO):5] (M = Fe, Ru, Os) species
based on structural and nucleus-independent chemical-shiftcharge from the bridging ligands to Ru(ll) metal atoms

analysis. amounted to 0.852.09|¢|. The highest charge transfer occurs
Selected electronic parameters of the 3-membered rutheniumin the u,-BH bridged cluster2, and the lowest one in the-
ring structural cores have been collected in Table 2. OH cluster,5. The transferred electron density is accumulated

The stability of the triangular Rustructural cores is reflected  on the vacant 4d and 5s orbitals of the Ru(ll) metal centers,
on thee umo — €Howmo €nergy gap, the so-called global hardness which acquire a natural electron configuratior #d7 75157039
n. According to the computeg values and the principle of  (Table 2). Finally, the electron deficiency of theRRing renders
maximum hardnes¥,clusterl2is the most stable in the series, the [cycloRug(uz-X)3]%3" clusters strongly electrophilic, par-
because it involves a total of six bridges between the Ru atoms, ticularly the positively charged ones having a high electrophi-
three Ct and three CCl bridges. licity index?3 in the range of 85.3145.9, capable to interact

According to the Natural bond orbital (NBO) population with a variety of nucleophiles, as will be discussed later on.
analysis (Table 2), there is a strong charge transfer of natural NMR Spectra and Aromaticity/Antiaromaticity of the
[CyC|O-RU3(‘l,t2-X)3]O’3+ (X = H, BH, CH,, NH,, OH, C|, NH,

(20) King, R. B.Inorg. Chim. Acta2003 350, 126. ; i

(21) Corminboeuf, C.; Schleyer, P. v. R; King, R.@hem=—Eur. J.2007, 13, CO, O, PHy, CF, CClz, CNH, Ng) Triruthenium Clusters.
978.

(22) Parr, R. G.; Chattaraj, P. K. Am. Chem. S0d.991, 113 1854. (23) Parr, R. G. v.; Szentpaly, L.; Liu, S. Am. Chem. S0d.999 121, 1922.

13910 J. AM. CHEM. SOC. = VOL. 129, NO. 45, 2007



Origin of Reaction Field of Rus Ring Core Structures ARTICLES

Table 3. NICS Values (in ppm) Calculated at the Ring Center, NICS(0), 1.0 A Above and Below the Ring Center, NICS(1) and NICS(—1),
Respectively, and the zz-Component of the Shielding Tensor Element, NICS,,(1) and NICS,,(—1) along with the Distance between the
Centroids of the Rus and X3 Ring Planes (in A) for the [cyclo-Rus(uz-X)3]°3+ Clusters Computed at the GIAO/B3P86/
lanl2dz(Ru)uU6-31++G**(E) (E = Nonmetal Element) Level

cluster NICS(0) NICS(1) NICS(-1) NICS,,(1) NICS,(-1) R(RU3*+Xg)
[cycloRus(uz-H)3]3, 1 1032.8 299.8 2223 —104.3 26.3 1.130
[cycloRus(uz-BH)3], 2 —35.1 —4.4 —21.9 -10.7 —33.8 1.315
[cycloRus(uz-CHy)a], 3 —43.5 6.4 —40.7 -8.7 —25.9 1.260
[cycloRus(ua-NH2)3]3t, 4 -52.5 15.6 —46.4 -1.9 —31.8 1.244
[cycloRus(uz-OH)3]3t, 5 —80.3 —47.0 —29.0 -725 —75.7 0.847
[cyclo-Rug(uz-Cl)3]3t, 6 —131.9 -92.8 —45 —208.0 3.4 1.180
[cyclo-Rug(ua-NH)3], 7 —100.0 —34.8 -57.5 —38.0 —99.6 0.748
[cycloRus(u2-CO), 8 —32.9 5.1 —30.2 -6.5 —40.6 1.216
[cycloRus(uz-0)3], 9 -82.9 -17.8 —69.1 -7.6 —122.0 0.767
[cyclo-Rug(uz-PHy)3]3t, 10 —53.2 9.0 —46.0 -1.2 —235 1.477
[cycloRus(u2-CRy)g), 11 —38.3 5.8 —-31.5 -3.1 —32.6 1.173
[cycloRus(uz-Cl)s(u-CCl)3], 12 —50.2 -3.1 —21.4 9.0 —-28.3 1.655;1.131
[cyclo-Rug(uz-CNH)g), 13 —34.5 6.0 —33.0 —4.7 —37.9 1.218
[cycloRug(uz-Na)s]®t, 14 -95.9 —35.9 —44.7 —49.6 —90.0 0.838
[cycloRus(uz-H)a] ™ —489.6 —180.2 —336.6 —161.5 19.0 1.004

Planarity, high stability, bond length equalization, and hardness (1) values are compatible with paratropicity of the one side of
are conventionally good indicators of aromaticity, but this is the R ring, but the negative NICS(1) and NICS,(1) values
restrictive in many examples. At present, the NICS, proposed are in support of diatropicity on the side where the bridging
by Schleyer and co-worket8js an efficient and simple criterion  ligands X reside.
in probing the aromaticity/antiaromaticity of a molecule, which Adding two electrons on the highly antiaromatay¢lo-Rus-
is based on the negative of the magnetic shielding computed,(u-H)3]®", 1, species, the resultingyclo-Rus(u-H)s] ™ molecule
for example, at or above the geometrical centers of rings or is a 26 valence electron (26e) system conforming to thekieu
clusters. Systems with negative NICS values are aromatic, andrule of aromaticity; thereby, it is expected to be a strongly
systems with strongly positive NICS values are antiaromatic. aromatic molecule. In effect, the NICS(0), NICS(1), and
The computed NICS values at the geometrical centers of the NICSzz(1) values 0f-489.6,—180.2, and-161.5 ppm (Table
Rus rings, NICS(0), 1.0 A above, NICS(1), and below the ring  3), respectively, illustrate the high aromaticity of theyglo-
center, NICS{-1), and the zz-component of the shielding tensor Rus(u-H)3]™ species. The addition of two electrons in togdlo-
element, NIC$(1) and NICS,(—1), are compiled in Table 3.  Rug(u-H)3]®*, 1, species enlarges the equilateralsRuangle
The conspicuous feature of the results given in Table 3 is (Ru—Ru bond length of 2.509 A), shortens the -Rd bond
that the Eyclo-Rug(u-H)3]3*, 1, molecule is uniquely antiaro-  distances (RttH bond lengths of 1.752 A), and opens the-Ru
matic whereas all of the other molecules are aromatic. The H—Ru bond angle (ReH—Ru bond angle opens by 5)2

fundamental issue of the different behavior of tiegdlo-Rus- To get a better insight into the origin of the aromaticity/
(u-H)3]*" molecule could be understood by considering the total antiaromaticity of the dyclo-Rus(uz-X)3]%%* rings, we applied
number of valence electrons of theyflo-Rus(uz-X)3]%3" the recently proposed NICS scan procedure, which is based on

clusters. Notice that the hydride ligand withZ21electron scanning the NICSg(bq), values over a distancB and
configuration acts as a two-electron donor in the formation of dissecting them into in-planej(bg,), and out-of-planeg?>
the Ru-H—Ru hydride bridges, whereas all of the other X donor (bgy.), component$*25The NICS scan pictures for the isotropic
atoms (X= B, C, N, O, S, P, Cl) having filled p orbitals and, out-of-plane g's%(bgy.), in-plane,c(bgy), ando?(bopyy) tensors
as well, can act as donors of two electron pairs to the bridging of representative clustefs 2, 8, and14 are given in Figure 3.
Ru atoms in the formation of the RXX—Ru bonds. Analogous are the(bq)/R(bq) curves for the rest of theyclo-

The parent ¢ycloRus(u-H)3]3", 1, species is a highly  Rus(uz-X)3]%% clusters (Figure S1).
unsaturated 24 valence electron (24e) species that conforms to The NICS scan pictures clearly shows the dramatic change
the Hickel rule of antiaromaticity (4n electrons); thereby, itis of the aromaticity/antiaromaticity on the two sides of thes Ru
expected to be a highly antiaromatic system. The same holdsring. This change could be explained on the grounds of the
also true for thedyclo-Rus(u-Cl)s(u-CCl)s], 12, species, which different coordination environment above and below thg Ru
is a 48e system. Indeed, applying the magnetic criterion of ring. In all [cycloRus(u2-X)3]%3" species, the bridging X ligands
aromaticity, viz. NICS, we were able to diagnose a high form a X; triangle parallel to the Rutriangle at distances
paratropic response fdr, which is quantified by the NICS(0),  ranging from 0.748 up to 1.655 A.-€C interactions between
NICS(1), and NICSt1) values of 1032.8, 299.8, and 222.3 the axial CO ligands in the R(CO), cluster resulting in the
ppm, respectively. For clustd2, although the NICS(0) value  formation of G triangular ring parallel to the Ruing have
is indicative of diatropicity at the center of the ring, the positive been identified by experimental charge density determinagion.
NICS,(1) value illustrates the antiaromatic charactet2fThe The valence orbitals localized on the; Xriangle strongly
rest of the §ycloRus(uz-X)s]%3" clusters are unsaturated 30 perturbs the cyclic delocalized electron density on the Ru
valence electron (30e) species that conform to thiekdlrule
of aromaticity (4n+ 2 electrons), thereby, they are expected to (24) (a) Stanger, AJ. Org. Chem2006 71, 883. (b) Stanger, AChem=Eur.

. J. 2006 12, 2745.
be aromatic systems. In effect, the NICS(0) and NAS (25) (a) Poater, J.; Bofill, J. M.; Alemany, P.; SpM. J. Org. Chem2006 71,

; A ; 1700. (b) Jimaez-Halla, J. O. C.; Matito, E;. Robles, J.; SoM. J.
values are in support of the aromaticity of t_h_ese species. Organometal. Cher2003 691 4350.
However, for cluster8, 4, 8, 10, 11, and13, the positive NICS- (26) Gervasio, G.; Bianchi, R.; Marabello, Bhem. Phys. Let2005 407, 18.
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Figure 3. NICS scan pictures for the isotropic out-of-plantd(bguyy), the in-planeg(bgn), and the out-of-planer?(bguu), tensors of the (a)clclo-Rus-
(u2-H)3]%", 1, (b) [cycloRus(uz-BH)3), 2, (c) [cyclo-Rus(u2-CO)], 8, and (d) Eyclo-Rus(uz-N3)s]3t, 14, molecules.

triangle so that it is pushed out from the Rwiangle in the

discuss the most prominent structural features otjfodo-[Rus-

opposite side. Moreover, the diatropicity/paratropicity at the (u-H)s(us-Nuc)]4 (Nuc = BH, 15, BCN, 16, BOMe, 17, C*",
center of the % ring contributes to the diatropicity/paratropicity 18, CH3~, 19, CMe*~, 20, N3, 21, NH, 22, N3~, 23, NCO",

of the Ry ring at the point—1 A distant from the geometrical

24, OCN, 25, NCS, 26, O?, 27, 7, 28, OH™, 29, P*~, 30,

center of the ring, which is very close to the geometrical center POH~, 31, ClI~, 32, 0,27, 33, HCN, 34, AlMe, 35, GaMe,36;

of the X3 ring.
The high antiaromatic character of the paremtcjo-Rus(u-

g= -1, 0,+1, +2, +3) clusters. Selected bond lengths and
angles of thedyclo-Rug(u-H)3(us-Nuc)]? molecules computed

H)3]3*, 1, accounts well for the peculiar reaction field of the at the B3P86/lanl2dz(Ruf-31++G**(E) (E = nonmetal
triruthenium ring core structures. Upon coordination of cyclo- element) level are shown in Figures 4 and 5.

pentadiene ligands to Ru(ll) metal centers to obtain an “actual”

It can be seen that in alcyclo-Rus(u-H)s(us-Nuc)]4 mol-

[CpsRus(u-H)3] cluster, the antiaromatic character is dramati- ecules, except cluster35 and 36, the nucleophile Nuc is
cally diminished, corresponding to NICS(0), NICS(1), and coordinated to Ruring in aus-Nuc coordination mode capping

NICS,;41) values of—3.1, 30.0, and 138.4 ppm, respectively.

the face of the ring from the most antiaromatic side, which is

These data were obtained through calculations on the structurethe side opposite to that of the bridging hydride ligands. This

of the “actual” [CpRus(u-H)3(us-H)-] after eliminating the two

is exactly the case of “actual”ff-CsMes)sRus(u-H)3(us-Nuc)[d

usz-H ligands, since all attempts to calculate the equilibrium and [;5-CsMeg)(17%-CeHg)RUs(-Nuc)]? molecules that have
structure of the [CgRus(u-H)3] species did not converged to a  been extensively studied experimentaify.

minimum. The antiaromaticcclo-Rus(u-H)3)3t, 1, catalyzes

the selective activation of BH, C—H, N—H, O—H, S—H,

H—H, C—C, and G=C bonds, and the hydrogenation of

[eycloRug(u-H)s(us-BH)] ™, 15, [cyclo-Rug(u-H)s(us-BCN)] T,
16, [cyclo-Rus(u-H)s(us-BOMe)]*", 17, comprise the core struc-
ture of the “actual” single-faceds-borylene [(>-CsMes)sRus-

aromatics and strongly interacts with a variety of nucleophiles (u-H)s(us-BX)]* clusters obtained upon reacting the cationic

Nuc yielding face-cappeayclo-Rus(u-H)s(us-Nuc) (g = —1,
0, +1, +2) clusters involving the capping ligand ini@-Nuc

hexalyhydride [§°-CsMes)sRus(u-H)g] ™ cluster with an equimo-
lar amount of NaBH or NaB(CN)H; at room temperatur¥.

coordination mode. The structural, energetic, and electronic Upon coordination of the borylene ligand, the equilatera} Ru

properties of thedyclo-Rug(u-H)s(u#s-Nuc)]9, (g = —1, 0,+1,
+2) clusters are discussed in the following section.
Equilibrium Geometries of [cyclo-Rus(u-H)s(us-Nuc)]d
(Nuc = BH, BCN, BOMe, C*-, CH3~, CMe3~, N3, NH, N3~,
OCN~, SCN~, 0>, &, OH~, P®~, POH?", Cl~, 022", HCN,
AlMe, GaMe; g = —1, 0,+1, +2, +3) Clusters.Let us now

13912 J. AM. CHEM. SOC. = VOL. 129, NO. 45, 2007

triangle becomes an isosceles triangle with one short and two
longer sides. The average RB distances of 2.050, 2.090, and
2.102 A for 15, 16, and 17, respectively, lie in the range of

(27) (a) Braunschweig, HAngew. Chem., Int. EA.998 37, 1786 and references
therein. (b) Braunschweig, H.; Colling, M. Organometal. Chen200Q
614-615 18.
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8 |3+

Ru;-Ru, = Ruj-Ru; = 2.890
Rup-Ruy = 2.539

Ru;-H, = Ruj-Hs = 1.755
Ru,-H; = Ruy-Hg = 1.770
R].lz-Hs = Ru;-H4= 1.734
Ru;-H; = 1.688

Ru;-B=1935

Ruy-B =Ru;-B = 1.987
B-H=1388

Ru;-H;-Ru; = Ru-Hs-Ru, = 111.8
Ruy-Hg-Ru; =916

Ru;-B-Ru, = Ru;-B-Ru; = 94.9
Ruy-B-Ru; =79.4

15

Ru-Ru=2.529
Ru-H=1.779
RuC=1.927
Ru-H-Ru = 90.6
Ru-C-Ru=820

18

Ru-Ru=2.534
Ru-H=1.754
Ru-N =1.900
Ru-H-Ru=9235
Ru-N-Ru = 83.7

21

Ru;-Ru, =Ruy-Ru; = 2.843
Rus-Rus =2 485

Ru;-H, =Ruj-H; = 1.745
Ru,-Hg =Ru;-Hy = 1.772
Rl.lz-Hj = RU3-H4 =1.713
Ru-B=2216

Ru,-B = Ru;-B=2028
Cg-B=1498

Cg-Ny = 1.199

Ru-Cy=2.229

Rl.ll-Ng =2.199

Ru,-Ru-Ru; = 51.8
Ru;-Ruy-Ru, = Ruj-Ru,-Ru; = 64.1
RUz-BTRI.lg =755

Ru;-B;-Ru, =Ru;-B,-Ru; =84.0

Ru;-B,Cy =70.8
B;-Cs-Ng =142.8
16

Ru-Ru=2.585
Ru-H= 1.736
Ru-C =1940
C-H=1.101
Ru-H-Ru=96.2
Ru-C-Ru = 83.6

Ruj-Ru, = 2.617
Ruj-Ru; = 2.617
Ru,-Ru; = 2.633
Ru;-N = 1.930
Rus-N = 1.925
Ru;-N = 1.925
N-H=1.048
Ru-N(av) = 1.927
Ru;-H(av) = 1.747
Ru-H-Ru(av) =97.3
Ru-N-Ru = 85.5

22

Figure 4. Equilibrium geometries (bond lengths in A, angles in degreesgyfl¢-Rus(i-H)s(us-Nuc)]? (Nuc = BH, 15, BCN, 16, BOMe, 17, C*, 18,

Ru,-Ru, = Ru-Ru, = 2.823
Rus-Ru; = 2.476

Ruy-H, = Ruy-Hs = 1.732

Ruy-H, = Ruy-Hg = 1.772

Rup-Hs = Ruz-H, = 1.710
Ru;-B=2.149

Ru,-B=Ruy-B = 2.078

Os-B =1.309

05-Co=1.561

Ru,-0p =2.133

Ru-Rug-Ru; =52.0

RU|-RU3-R112 = RU]-RI.IQ-RLI:; =63.9
Ru,-B,-Ru; =73.2

RU|-B‘;-R112 = RUI-B‘;-RI.I:{ =83.7
RU|-B?-03 =715

B,-CgNy =150.1

17

Ru-Ru = 2.580
Ru-H=1.734
Ru-C =1952
C-C= 1505
Ru-H-Ru=96.2
Ru-C-Ru = 82.7

Ru-Ru=2.660
Ru-H=1.714
Ru-N;=1.990
N‘;-Ng =1306
Ng-Ng=1.118
Ru-H-Ru=101.8
Ru-N-Ru =83.8
N-N-N =180.0

23

CH?3-, 19, CMée*, 20, N3, 21, NH, 22, and Ny, 23, g = —1, 0,+1) clusters computed at the B3P86/lanl2dz(&&+B81++G**(E) (E = nonmetal element)
level.

17, the triply bridged BOMe ligand is also coordinated to a
Ru(ll) metal center via the O-donor atom.

Clusters18, 19, and 20 consist of an equilateral triangular
cluster of three Ru(ll) atoms with triply bridging tetraanionic
carbon, carbyne, and methylcarbyne ligands, respectively. The

those reported for the transition metal borylene complékes.
The average RuB distance in the “actual” [{>-CsMes)sRus-
(u-H)3(us-BOMe)]* cluster is 2.154 A. In clustet6, the cyanide
moiety is aligned in such a way as to faw@rC,N coordination
with one of the Ru(ll) metal centers as well. Similarly, in cluster
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_|3+

Ru-Ru = 2.638 Ru,-H = Rug-Hg= 1.646  Ruy-Ny-Rus = 88.7
Ru-H=1.725 Rup-Hs = R-Hg= 1946 Rup-N;-Ruy = 85.2
Ru0= Laee Ruy-N=Ru;-N=1932  RuNy-Cg = 1263
Ru-H-Ru=99.7 Ru,-N = 2.088 Ru;-N7-Cg = 135.6
4 5 =83, 5 - Ru,-N;-Cg = 663
6 Ru-O-Ru=83.7 4 5 Ru,-C =1.880 u-N,-Cy .
N-C=1323 Rus-Cg-N; =736
33 34
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. Ru;-Ru, = 2.653
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Figure 5. Equilibrium geometries (bond lengths in A, angles in degreesyyaflf-Rus(u-H)3(us-Nuc)]? (Nuc = NCO-, 24, OCN-, 25, NCS, 26, 0%, 27,
S, 28, OH~, 29, PP~, 30, POH, 31, Cl, 32, 027, 33, NCH, 34, AlMe, 35, GaMe, 36; q = 0, +1, +2, +3) clusters computed at the B3P86/lanl2dz-
(Ru)J6-31++G**(E) (E = nonmetal element) level.

u3-C, us-CH, and us-CMe ligands introduced into the Ru
triangle, as is expected, enlarge thesBquilateral triangle with
respect to the Ryequilateral triangle of the parentyjclo-Rus-
(u-H)3]®" molecule; the Re-Ru bonds become longer by 0.08,
0.136, and 0.131 A fot8, 19, and20, respectively. The same
also holds true for cluster®l, 22, and23, which involve the Clusters24, 25, and26, belonging taCs, point group, involve
triply bridging N®-, NH2-, and Ny~ ligands; the Re-Ru bonds the triply bridging isocyanate, cyanate, and isothiocyanate
become longer by 0.085, 0.155, and 0.211 A, respectively. ligands, all being perpendicularly coordinated on the fRangle
Clusters21, 22, and23 haveCs, symmetry with the imido and  along theC; axis. The fyclo-Rus(u-H)s(us-NCO)P* cluster is

azido ligands being perpendicularly coordinated on thg Ru
triangle along theCs; axis. Cluster22 comprises the core
structure of the “actual” j{>-CsMes)sRus(u-H)a(us-NH)] cluster
obtained upon reacting the pentahydridg®{CsMes)sRus(u-
H)a(us-H)7] cluster with ammonia or hydrazidén°
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predicted to be more stable than theydloRus(u-H)s(us- Clusters30 and 31, involving the triply bridgingus-P and
OCN)J?+ isomer by 69.1 kcal/mol. In clustegs, 25, and 26, us-POH ligands, respectively, resemble the core structure of the
the Ru-Ru bond is elongated by 0.208, 0.222, and 0.198 A, “actual” [Rus(CO)y(u-H)2(us-PPh)] triruthenium clustef The
respectively. The greater elongation of the -FRu bonds average RerP bond distance in the “actual” cluster is 2.297 A,
(amounted to 0.269 A) occurs in clust82 with the triply whereas those in clusteBO and 31 are 2.227 and 2.185 A,
bridging chloride ligand. Cluste32 (Cz, symmetry) involves respectively. The elongation of the RRu bonds in clusters
also the shorter symmetrical Rii—Ru hydrido bridge (RerH 30 and31 amounts to 0.169 and 0.305 A, respectively.

bond distance of 1.701 A), which is much shorter than the  The peroxo-[G-OJ*~ moiety was predicted to be coordinated
Ru—H bond distance in the paremyclo-Rug(u-H)3]3* species ~ Wwith the Ru(ll) atoms of the Ruring in a us- end-on

by 0.091 A. Cluster32 comprises the core structure of the coordination mode with a perpendicular orientation with respect
“actual” [Rug(;>-CeHoMe-1,2,4,6)(u-H)a(us-Cl)]?* triruthenium to the Ry plane; thereby, cluste33 exhibits C3, symmetry.

cluster, being accessible from the durene derivative;{ The us-O0 coordination to the Ruing elongates the RtRu
CeHoMe-1,2,4,6)Cl,)] by high-pressure hydrogenation (60 atm, Ponds by 0.189 A.
55 °C) in water. Of particular interest is the coordination of HCN to the

electron deficient Ryring. It is coordinated perpendicularly to
one of the Ru-Ru bonds of the Rytriangle in aus-n*(0)-
NCH coordination mode. This coordination mode differs from
the coordination mode of nitriles, RCN, to the electron-rickh Ru
ring, which corresponds also to a perpendicular to one of the
Ru—Ru bonds coordination, but in @z#% #%0)-RCN
coordination modé™ The HCN ligand in the model clust&d

. . . is triply bridging through the N donor atom, whereas in the
2
was synthesized by reacting [RCsMes)(H20)]*" with “actual” nitrile clusters, the RCN ligands are triply bridging

[Ruz(17%-CeMes)2(u2-H)3)] ™ in aqueous solutiof The [Rus(x°- through the C donor atom. However, the average-Ribond
CoHe)a(u-H)a(us-O)]" cluster upon protonation affords the  gistance of 1.971 A is comparable to that of the “actua§®{(
hydroxo-capped cluster [R(#°-CeHe)a(u-H)3(us-OH)]*.2> The CsMes)sRus(us-7232(0)-RCN) (u-H)a(us-H)]+ (2.026 A) and
chiral tetrahedral Ry© framework exists also in many other [(17°-CsMes)sRus(ua72:73(0)-RCNH) -H)s(ua-H)] * (2.038 A)im

Clusters27, 28, and29, with C3, symmetry, involve the triply
bridging oxide, sulfide, and hydroxide ligands. Clust&f
comprises the core structure of the “actual” §R-CeHe)3(u-
H)3(us-O)]* and [Ru(175-CeHe) (175-CeMeg)2(u-H)s(ua-O)] ™ tr-
iruthenium clusters. The former was obtained by low-pressure
hydrogenation of the hydrolysis of [Ri5-CsHe).Cls)] in water
(60 atm, 55°C) in the presence of NaCl(32 whereas the later

triruthenium clusters, such as the RP-CoHe) (7°-CeMee) (7°- We also calculated the equilibrium geometries of clusd&rs

p-PtMeCeHa)(u-H)3(us-O)I" and [Ru(y°®-1-penylethanol)f®- and 36, which involve ligands containing a metal atom, for
CeMeg)(7°-p-PtMeCeHa) (u-H)s(us-O) " and the [Re(7*-endo example, AlMe and GaMe, respectively. Novel trinuclear
Indanol)¢°-CeMes)2(u3-0)]* and [Ru(n°-exolIndanol)°- ruthenium polyhydride complexes with a triply bridging metal

CsMe);(13-O)] " isomers!i The oxo-capped clusters catalyze ajkyl ligand formulated as {€-CsMes)sRus(ua-M)(-H)3] (M

the hydrogenation of aromatic compounds in agueous solution=AIEt and GaMe) have been recently synthesized and
under biphasic conditior#:2>"The sulfido-capped triruthenium  structurally characterized, and their influences on the reactivity
core structure was found in the “actual’y¥CsMes)sRus(u- of the clusters has been evaluated by means of cyclic voltaffetry.
H)s(us-S)(us-CCH,CeHs)] cluster resulted upon cleavage of In contrast to the “actual” [{>-CsMes)sRus(us-M)(u-H)s] (M
carbon-sulfur bonds of benzothiophene and dibenzothiophene = AIEt and GaMe) clusters in the model clust&s and 36,
mediated by the pentahydridoyftCsMes)sRus(u-H)3(us-H)2] the metal alkyl ligands are coordinated with only one Ru(ll)
triruthenium clustet® Moreover, the triply bridging sulfide  metal center of the Ruing. The Ru-Ga bond distance of 2.646
ligand was introduced into the Reore by the reaction of the A in the model clusteB6 is much longer than the average-Ru
[(175-CsMes)sRus(u-H)s(uz-H)2] cluster with thiophenol The Ga bond distance of 2.47 A in the “actual’yfCsMes)sRus-
sulfido-capped triruthenium core was also found in the dendridic («s-GaMe)y-H)s] clusters.

cluster [RySg(cymened]?+ obtained by condensation of [E%- Finally, we calculated the equilibrium geometries of two more
(cymene)]?*" with sulfide. The Ru-O bond distance of 1.926  model clusters involving a face-capping benzene lig8idand

A in the model cluste®7 is very close to the average RO a face-cappings-7°-Cs ring, 38 (Figure 6). The novel facial
bond distance of 1.973 A in the “actual’ [Ry®-CeH-Me- benzene complexjf-CsMes)sRus(u-H)s(us-7%n%n?CeHe)] has
1,2,4,6)(u-H)s(us-0)]?* triruthenium clustef? Similarly, the been well characterized,whereas the mechanistic aspects of
Ru—S bond distance of 2.220 A in the model clus8iis very formation of the face-cappings-Cs ring on the triruthenium

close to the average Ri& bond distances of 2.286 and 2.276 plane of trinuclear cluster of ruthenium as a consequence of
A'in the “actual” [(5-CsMes)sRua(u-H)a(us-S) (ua-CCHCsHs)] bimetallic reductive &C coupling has been reported recently.
and [RuSs(cymene)] 2+ clusters?® The slight shortening of the The us-173-Cs ring was structurally characterized for the mono-
Ru—0 and Ru-S bond distances in the model clusters could cationic complex [>-CsMes)sRus(us-CH)(uz17>-CsHaMe)] *. In

be explained on the grounds of the stronger interactions betweersPite of the unsaturation of the modedyElo-Rus(u-H)a]**

the triply bridging oxide and sulfide ligands and the coordina- ClUSter, the structural cores Of the rr’10del clustgrsand 38
tively unsaturated Ru(ll) metal centers of thesRing. In closely resemble those of the “actualiyi{CsMes)sRus(u-H)s-

1724372022 _ 5_ _ 3= -
clusters27, 28, and 29, the Ru-Ru bonds are elongated by  (“&7"7°1*CeHe)] and [(7°-CsMes)aRug(us-CH)(uz-17>-CoHo

+ 1209020002 -
0.120, 0.216, and 0.202 A, respectively with respect to the Ru Me)]"™ complexes. Thus, thes-°7°7 pondgd benzene mol
Ru bonds of the parentycloRus(u-H)gJ3* cluster. ecule adopts the staggered conformation with respect to the Ru

(29) Inagaki, A.; Takaya, Y.; Takemori, T.; Suzuki, H.Am. Chem. So&997,
(28) Kuhlman, M. L.; Rauchfuss, T. BOrganometallics2004 23, 5085. 119 625.
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Rl.ll-Rllg = Rl.ll-RU.3 =2.827

Ru,-Rus = 2.820 38

Ru-H= 1.670

Ru-C=2.177 Ru,-Ru, = 2.838 Ru-Ru-Ru=60.0

C';-Cs =C9-C]g =C[|-C[2=1.417 Ru,-Ru, =2 835 Ru;-Ru _C :460

_ _ _ 7Ry 1-Rus-Cy /

CgCy=CyCy; =C;Cyp =1467 Ruo-Ru =2.843 Ru;-Co-Ru;z = 89 4

g”l'{H:gu =3; 105'5 Ru-H =1.589 Cip-Cy-Cy=580
“BRl = 35 R =1.972 Cg-Cip-Cy =613

Ru-C-C = 71.0 v S o

Ru [-Cg = RUZ—C[O =2038
Ru;-Ciy = Rus-Cy; =Rus-Cg = 1.992

C11-C9-C12= 121.3
Ru;-C;-Ruy = 92.0

Ru,y-Cy; =2.031
Cy-Ci1p=1614
Cg-C]l =1.624
Co-Cy; = 1.570
Cq-Clgz 1.494

- T

40 41 42
Ru;-Ru; = Ruy-Rus = 2.595 Ruj-Ru; = Ruj-Rus = 2.602 Ru-Ru = 2.582
Ru,-Ru; = 3.076 Ruy-Ruy =2985 Ru-H=1.896
Ru,-Cl, = Ru,Cl, = 2.350 Rup-04 =Ruy-04 = 2.016 %-ﬁ El'§8855 .
Rup-05 = Rus-05 = 1.962 Rup-Os =Rus-Os = 1.960 “L U= o0

: - Ru-O-Ru=86.4
Ru-05 = 1.919 Ru;-05=1912
Ru,-H = 1.745 Ruy-H =1.741

Ruy-H=Ruz-H=1.724
Rus-Ruy-Ruy=72.7
Ruy-Cly-Ruy =81.8

Rw-H =Rus-H=1.735
Ruy-Ru;-Ruy = 70.0
RL]Q-O4-RU3 =955

Ruy-0s-Ruz=103.2 RI.})-Os—Rl.lg =992

Ru;-O5-Ru; = Ru;-05-Ru; =83.9 Ruj-O5-Ruy = Ruy-O5-Ru; = 84.5

Ru,-H-Ru, = Ru,-H-Ru, =96.8 Ruj-H-Ru; = Ruj-H-Ru; = 97.0
Figure 6. Equilibrium geometries (bond lengths in A, angles in degreespyfl§-Rus(u-H)s(us-721%n2-CsHe)]3*, 37, and pyclo-Rus(u-H)(us-CH)(us-
n3-CsH.Me]™, 38, clusters computed at the B3P86/lanl2dz(@&+H81++G**(E) (E = nonmetal element) level.

ring as in the case of “actual” complex exhibiting RG bond average RuC bond distance of 2.016 A (the average-Ri
distances of 2.177 A (the average-RD bond distance in the  bond distance in the “actual” complex is 2.0653)The Ru-C
“actual” complex is 2.197 A¥ The C-C bonds of the bond distance in the triply bridging carbyne ligand, CH38f
coordinated benzene molecule are not equivalent; three of themis 1.972 A, whereas the average-RD bond distance in the
acquire a bond lengths of 1.417 A and the other alternate three“actual” complex is 2.009 A.

ones aquire bond lengths of 1.467 A. Similarly, iaey3-Cs The most striking structural feature of clus&8is the very
ring in cluster38 adopts also the staggered conformation with long nonequivalent €C bonds in the coordinatecs@ng. The

respect to the Ryring, as in the case of “actual” complex with ~ 3-membered carbon atom ring forms a nearly isosceles triangle

13916 J. AM. CHEM. SOC. = VOL. 129, NO. 45, 2007



Origin of Reaction Field of Rus Ring Core Structures

ARTICLES

Table 4. Bond Dissociation Energies, DEs (in kcal/mol), and Interaction Energies, /Es (in kcal/mol), between the [cyclo-Rus(uz-H)3]*™ and
Nuc Fragments of the [cyclo-Rus(u-H)s(us-Nuc)]? Clusters Computed at the B3P86/lanl2dz(Ru)u6-31++G**(E) (E = Nonmetal Element)

Level
cluster DE IE cluster DE IE
[Rus(uz-H)a(us-BH)]3*, 15 180.8 -199.8 [Ru(uz-H)a(us-O)]*, 27 1038.1 —-1229.7
[RU3(,112-H)3(/43-BCN)]3+, 16 177.5 —199.9 [Rl;_l;(,uz-H)3(‘u3-S)]+, 28 949.9 —1044.9
[Rus(uz-H)s(us-BOMe) P+, 17 187.6 —212.4 [Ru(uz-H)a(us-OH)J2+, 29 533.5 —611.3
[Rus(uz-H)a(ua-C)] -, 18 1808.0 —2607.5 [Ru(2-H)s(us-P)], 30 1333.4 —1557.2
[Rus(uz-H)a(us-CH)], 19 1408.7 —1849.8 [Ru(uz-H)3(us-POH)T, 31 981.3 —~1113.0
[Rus(z-H)s(uz-CMe)], 20 1356.2 —1760.6 [Ru(uo-H)a(us-CN)J2+, 32 471.0 —514.5
[Rus(uz-H)a(ua-N)], 21 1514.3 —1941.1 [Ru(2-H)s(us-00)]*, 33 941.7 —~1096.4
[Rus(uz-H)a(ua-NH)]3+, 22 216.1 —247.8 [Ru(uz-H)a(usn2-NCH)J3+, 34 110.5 -159.9
[RU3(,1£2-H)3(/43-N3)]2+, 23 505.6 —-569.3 [ng(,uz-H)g(y-AIMe)]”, 35 183.9 —-200.4
[Rus(uz-H)s(us-NCO) R+, 24 495.8 —-561.2 [Ru(uz-H)s(u-GaMe) B+, 36 184.8 -195.8
[Rus(uz-H)3(us-OCN)2+, 25 426.8 —479.8 [Ru(u-H)a(uz-nZn2n?-CeHe) 3, 37 208.5 —280.9
[RUg(/tz-H)s(/ds—NCS)F+, 26 496.2 —558.9 [Rlé(,u-H)g(ﬂg-CH)(Ma-?ﬁ-CgHzME] +, 38 268.5 —288.7

Table 5. Selected Electronic Parameters of the [cyclo-Rus(u-H)s(us-Nuc)]? Clusters Computed at the B3P86/lanl2dz(Ru)U6-31++G**(E) (E

= Nonmetal Element) Level

net charge donation?

cluster €HOMO €LuMo g(Nuc)? CT,—1-CTy— Mayer bond orders®
[Rua(ua-H)3(us-BH)]3*, 15 —24.001 —21.871 0.494 0.230 3.540
[Rus(ua-H)3(us-BCN)]**, 16 —23.667 —21.650 0.354 0.359 3.564
[Rus(ua-H)s(us-BOMe) P, 17 —22.404 —20.323 0.588 0.593 2.672
[Rus(uz-H)3(us-C)]~, 18 —0.128 1.458 —0.356 3.765 3.340
[Rus(uo-H)s(us-CH)]J, 19 —4.939 —2.755 —0.170 2.731 2.922
[Rus(uz-H)s(us-CMe)], 20 —4.773 —2.601 —0.135 2.739 2.936
[Rus(uz-H)s(us-N)], 21 —5.349 —3.059 —0.489 2.410 2.882
[Rua(ua-H)a(us-NH)]3*, 22 —23.936 —22.740 —0.110 0.371 2.236
[Rus(ua-H)s(us-N3)1?t, 23 —16.557 —13.906 0.070 0.811 1.804
[Rus(ua-H)s(us-NCO) P, 24 —16.754 —14.058 0.009 0.853 1.672
[Rus(uz-H)s(us-OCN)ZF, 25 —17.557 —14.818 —0.234 0.765 1.386
[Rus(ua-H)3(us-NCS)FP*, 26 —15.992 —13.474 0.146 0.966 1.862
[Rus(uz-H)s(us-O)1T, 27 —11.402 —8.861 —0.528 1.389 2.114
[Rus(uz-H)s(us-S)It, 28 —11.363 —8.831 0.180 2.283 2.948
[Ruz(ua-H)3(us-OH)]?*, 29 —17.200 —14.486 —0.188 0.766 1.346
[Rus(uz-H)s(us-P)], 30 —5.470 —3.163 0.173 3.264 3.302
[Rus(uz-H)s(us-POH)JH, 31 —10.818 —8.470 0.629 2.561 3.314
[Rus(uz-H)s(us-CI)]%F, 32 —17.598 —14.884 0.120 1.296 1.966
[Rus(ua-H)3(us-O0)]*, 33 —11.599 —9.111 —0.483 1.414 2.194
[Rus(ua-H)s(us-n>-NCH)]3*, 34 —23.087 —21.180 0.233 0.064 3.096
[Rus(uz-H)s(u-AlMe)] 3+, 35 —21.570 —19.657 1.273 1.381 1.196
[Rus(uz-H)s(u-GaMe)Pt, 36 —21.415 —19.494 1.266 1.197 0.956
[Rus(u-H)s(us-n%n%n>-CsHe)] 3", 37 —21.244 —18.741 0.823 1.149 4.004
[RU3(‘u-H)3(/43-CH)(L¢3-773-C3H2M8]+, 38 —11.150 —7.993 0.138 1.085 4912

aNatural atomic chargeg.Mulliken net atomic charges.Mayer bond orders refer to the sum of the three-Riuc bonds.

with sides of 1.614, 1.624, and 1.570 A. Notably, theseCC
bonds are significantly longer than the normatC single bonds

with a C—C bond length of 1.537

Stability and Bonding Properties of the [cyclo-Rus(u-H)s-
(us-Nuc)]® (Nuc = BH, BCN, BOMe, C*, CH3", CMe®,
N3~, NH, N3~, OCN~, SCN~, 0?7, &, OH™, P*~, POH?",

A.

It can be seen that the calculated dissociation enerBEs)(
are in all cases lower than the absolute values of the interaction

energies (without BSSE corrections) between thelo-Rus-

(u2-H)3]3 and Nuc fragments. This is an expected result, for
the DEs correspond to the dissociation of tleg¢lo-Rus(u-H)s-
(us-Nuc)]? molecules to the dycloRus(u-H)3]*" and Nué

Cl=, 0,27, NCH, AlMe, GaMe; q= —1, 0,+1, +2) Clusters.
The stability of the §yclo-Rus(u-H)3(1s-Nuc)]? molecules are
investigated using the following fragmentation scheme:

[cyclo-Ruy(u-H)5(us-Nuc)]? — [cyclo-Ruy(u-H),1*" + Nuc”

The calculated dissociation energi€3&s) are compiled in
Table 4 along with the interaction energies (without BSSE
corrections) between theyclo-Rus(uz-H)3]*" and Nuc frag-
ments computed by charge decomposition analysis as imple-
mented in the AOMix progrant-16

(30) (@) Takao, T.; Inagaki, A.; Murotani, E.; Imamura, T.; Suzuki, H.
Organometallics2003 22, 1361. (b) Takao, T.; Moriya, M.; Suzuki, H.
Organometallics2007, 26, 1349. (c) Moriya, M.; Takao, T.; Suzuki, H.
Organometallic2007, 26, 1650.

fragments in their relaxed ground state geometries. On the other
hand, the interaction energies correspond to the association of
the [cycloRug(u-H)3]3" and Nuéd fragments keeping the
geometries they have in theyclo-Rus(u-H)s(us-Nuc)]4 mol-
ecules. According to both the estimatBés and interaction
energieslEs), the nucleophiles Nuc are strongly bonded to the
Rus ring of the [cycloRus(ux-H)3]®" species. For the neutral
nucleophiles (BH, BCN, BOMe, NH, NCH, AlMe, and GaMe)
the DEs range from 110.5 to 216.1 kcal/mol, whereas ltge
range from—159.9 to —247.8 kcal/mol. In both cases, the
stability of the respective clusters follows the trend: NH
BOMe > BH ~ AlMe ~ GaMe ~ BCN. For the anionic
nucleophiles, th®Esare much higher than those of the neutral
ones, because of the high-energy demand to separate the
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Figure 7. Density-of-states (DOS) and overlap population DOS (OPDOS) plots along with the shapes of the most relevant valence molecular orbitals of a
representative clustergyclo-Rus(u-H)s(us-N)]T(Csy), 21, computed at the B3P86/lanl2dz(Rif)}-31+-+G**(E) (E = nonmetal element) level.

oppositely charged fragments. The same also holds true for theB3P86/lanl2dz(Rw)6-31++G**(E) (E = nonmetal element)

IEs being much higher for the anionic than the neutral

nucleophiles, because of the strong electrostatic (Coulomb) in-

level are given in Table 5.
Perusal of Table 5 reveals that there is a strong charge transfer

teractions between the oppositely charged species. Notably, thefrom the Nuc to the Ruring. The net charge donation estimated
higher the negative charge of the nucleophile, the higher the by the CDA calculations amounts to 0.063.765|e|. The lower

DEs andIEs. For the monoanionic nucleophiless(NNCO,
OCN~, NCS", OH~, CI"), theDEs range from 471.0 to 533.5
kcal/mol, whereas thtEs range from—514.5 to—611.3 kcal/
mol and follow the trend: OH > N3~ > NCS ~ NCO™ >
OCN- > CI~. For the dianionic nucleophiles {Q S, POH",
and OG") with DEs andIEs in the range of 941.7 to 1038.1
kcal/mol and—1096.4 to—1229.7 kcal/mol, respectively, the
trend followed is: &~ > POH~ > S~ > OC?". For the tri-
anionic nucleophiles (CH, CMe*~, N3, and P~) with DEs
andlEs in the range of 1333.4 to 1514.3 kcal/mol anti557.2
to —1941.1 kcal/mol, the trend followed is: 3N > CH3~ >
CMe* > P?~. Finally, the tetraanionic € nucleophile exhibits
the highesDE (1808.0 kcal/mol) and lowes$E (—2607.5 kcal/
mol).

Let us now analyze thes-Nuc bonding mode in thecjclo-
Rus(u-H)s(us-Nuc)]® molecules. Selected electronic parameters
of the [cyclo-Rug(u-H)s(us-Nuc)]? clusters computed at the

13918 J. AM. CHEM. SOC. = VOL. 129, NO. 45, 2007

charge transfer donation occurs in fieNCH cluster, and the
highest one occurs in thes-C cluster. The charge transfer
donation to the Ruring has as a consequence of the dramatic
lowering of the electron density on the-bridging unit. For
example, in thedyclo-Rus(u-H)s(us-O)]™, 27, cluster, the triply
bridging oxide donor atom acquires a negative natural atomic
charge of—0.528 |e| because of the transfer of 1.478 of
natural charge to the Ruing. The net charge donation of 1.389
le| is slightly different because the net charge donation corre-
sponds to Mulliken net atomic charges.

For the tricationic species, the net charge donation follows
the trend AIMe> GaMe > CgHg > BOMe > NH > BCN >
BH > NCH, whereas for the di- and monocationic clusters, the
trends followed are CI> NCS > NCO™ > N3~ > OCN ~
OH~ and POH~ > & > 02~ > 0?7, respectively. Finally,
for the neutral clusters, the net charge donation follows the trend
P~ > CMe*~ > CH3~ > N3, The estimated Mayer bond orders
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Scheme 3. Most Relevant Valence Molecular Orbitals of [cyclo-Rus(u-H)s(us-O)]*(Cay), 27
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Scheme 5. Most Relevant Valence Molecular Orbitals of the [cyclo-Rus(u-H)(us-CH)(us-73-C3sH2Me] Cluster, 38
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using CDA range from 0.956 in the CaMe clust&8, to 4.912
in the 73-CsHoMe cluster,38. The GaMe and AlMe nucleo-

density-of-states (OPDOS) plots along with the most relevant
valence molecular orbitals of a representative clustgclp-

philes, having Mayer bond orders around 1.0, are singly bondedRus(u-H)3(us-N)] T(Cs,), 21, are shown in Figure 7. The DOS

to one of the Ru(ll) metal atoms of the Rung. Furthermore,

and OPDOS plots were generated using Gaussian functions with

from the Mayer bond order values one may conclude that most half-widths of 0.5 eV. These plots provide pictorial representa-

of the bridging nucleophiles (BH, BCN, BOMe,*G CH",
CMe*~, N3-, -, PP~, POH~, NCH, GHs, and#3-C3H,Me)
are strongly bonded to the Rting (Mayer bond orders values

around 3.0). The rest of the nucleophiles with Mayer bond orders

values around 2.0 (NH, N, NCO~, OCN-, NCS", O?-, OH",
Cl~, and Q%) are less strongly bonded to the Ring.

The composition of the Rius-Nuc) natural bonds of the
[cyclo-Rug(u-H)3(us-Nuc)® clusters are compiled in Table S1
(Supporting Information). A thorough inspection of thesRu
(u3-Nuc) natural bonds of thecycloRus(u-H)s(us-Nuc)d

tion of molecular orbital (MO) compositions and their contribu-
tions to chemical bonding. Analogous plots are obtained for all
[cyclo-Rug(u-H)3(us-Nuc)]e clusters.

The OPDOS plot illustrates that both the lowest unoccupied
(LUMO) and highest occupied molecular orbitals (HOMO) are
nonbonding MOs localized on the triangularsRimg. The same
holds true for the doubly degenerate HOMO-1,2)(&nd
HOMO-4,5 (&), whereas the molecular orbitals that are relevant
for the Ru(us-N) bonding are the doubly degenerate HOMO-
9,10 (&) and HOMO-11,12 (8), with eigenvalues 0f-10.315

clusters indicates that they are constructed by in-phase interacand—10.376 eV, respectively. These MOs are constructed from

tion of Rus group orbitals (involving various combinations of

the 5d orbitals of the Ru atoms) witsp* (x = 1.92-3.95)
hybridized or with linear combination of thep orbitals of the

2p orbitals of the triply bridgegts-N3~ interacting in-phase with
MOs of appropriate symmetry localized on thesRing. The
respective orbitals of the analogous/¢lo-Rug(u-H)s(u-0)]+

donor atom of the nucleophile. A clear picture of the bonding (Cs,), 27, are shown in Scheme 3.

mechanism in theclyclo-Rus(u-H)3(us-Nuc)]¥ clusters is pro-

Noteworthy is the bonding mechanism in thgnZnZn?-

vided by the density-of-states (DOS) and overlap population CsHe andusz-173-CsHoMe triply bridging Ry ring. The benzene
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molecule adopts a Kekule structure with each double bond bonds, the geometric and energetic reaction profile of the

coordinated to a Ru(ll) atom of the Rung in a»3-fashion.
The composition of the two RtC natural bonds, that is, Rtt
C; and Ry—Cg (Figure 6), formed upon interaction of the
benzene double bond with the Ru(ll) atom are given below:

Ru,—C, = 0.7960.198sH 0.739xy(H 0.156xZ H
0.558%° — Y[+ 0.270Z g, + 0.6050.229s 0.957x0),

Ru,—Cg = 0.785—0.232sH 0.486xyH 0.488xz1—
0.256yz 1 0.620x% — y°[H 0.126 70, +
0.62q—0.229sH 0.957x1— 0.1510)

The pictures of the molecular orbitals that are relevant for
the Ru(us-n%1n%n%-CeHg) bonding in the §yclo-Rus(u-H)a(us-
n%n2%n?CeHg)]®t cluster,37, are shown in Scheme 4.

It is clear that orbital interactions and netr stacking-like

activation of the N-H bonds of NH has been monitored by
means of B3P86/lanl2dz(Ru§-31G**(H,N) calculations. The
predicted geometric and energetic reaction profile are depicted
schematically in Figure 8. Structural details of the equilibrium
structures of the intermediates and transition states are given in
Figure S2. The reaction of N\H{1 atm) with [Cp*Ru}(x-H)3s-
(us-H)7] in a sealed tube at 80C reached its equilibrium after
standing for 3 day¥?

The first stage of the activation process involves coordination
of NHj3 ligand to a Ru metal center of theyfclo-Rus(u-H)3]®"
cluster yielding intermediatg9. The formation of intermediate
39 was calculated to be exoergic by71.9 kcal/mol. In the
next step, intramolecular migration of a hydrogen atom to
adjacent Ru metal center occurs throu@Bsg-40 Yielding
intermediate40 involving a terminal amido group with an
activation barrier 27.1 kcal/mol. In the vibrational mode

interactions are the driving forces for the strong association of corresponding to the imaginary frequency 8so-40, the

the benzene ring with the antiaromaticRing. The same holds
true for the mechanism of the bonding in the pRuH)(us-
CH)(us-13-C3H,Me] cluster, 38. The #53-C3 ring is strongly
associated with the Ruing primarily through the appropriate
orbital interactions. The composition of the RG natural bonds
formed, that is, Ru—Cio, Rti—C11, Rb—Co, Ri,—Cyp, and
Rus—Cy (Figure 6), are given below:

Ru,—C,,= 0.6700.454xy— 0.579xz} 0.43QyzH
0.257%° — y*[H 0.190ZT)g, + 0.7420.426sH
0.708x— 0.185y[- 0.52870)

Ru,—C,, = 0.608—0.596sH- 0.614xy(H- 0.341xz 1~
0.335yzH- 0.18870)g, + 0.794—0.442s—
0.604x— 0.257yH 0.6072D),

Ru,—C, = 0.85((0.327xyH 0.707xZ— 0.541yz H
0.272% — Y[+ 0.131Z0)g, + 0.528—0.329sH
0.117xH 0.48QyH 0.57470),

Ru,—C,,= 0.7960.487xy— 0.553xZ 1} 0.606%° — y*[H-
0.24570)g, + 0.60§—0.229sH 0.957x(H 0.151 20

Ru,—C, = 0.839—0.284s} 0.532xyH 0.458xZ H
0.29QyZH 0.283%* — y°[H 0.514Z 0, +
0.545—0.325sH 0.228x+ 0.37QyH 0.65370)

The pictures of the molecular orbitals that are relevant for
the Ru(us-7%-CsHoMe) bonding in the [Re(u-H)(us-CH)(us-
n°-C3H,Me] cluster,38, are shown in Scheme 5.

The orbital interactions describing tlidRu—C) bonds are
indicative for au-carbenic interaction among the carbon atoms
and Ru(ll) centers; thereby, the @ing adopts a resonance form
betweenu-carbene angs-cyclopropenyl. Furthermore, the large
bent-back angles of the substituent on theridg are also
consistent with thec-carbenic character of the;@ing carbon
atoms.

Mechanistic Aspects of the Cleavage of the NH Bonds
of NH3 by the [cyclo-Rus(u-H)3]®" Cluster. To understand and
advance the performance of theyglo-Rus(u-H)3]®" cluster in
the activation of GH, N—H, O—H, H—H, C—C, and CG=C

13920 J. AM. CHEM. SOC. = VOL. 129, NO. 45, 2007

dominant motions involve the transferring hydrogen atom.
Intermediate 40 is transformed easily to intermediatél
involving a uz-amido bridge viaT Ssp-41 Surmounting a very
low activation barrier of 5.0 kcal/mol. The transformation
process is exoergic by18.1 kcal/mol. The calculated structure
of the u,-amido bridged intermediatél involved in the
activation process closely resembles the experimental structure
of the [(GMes)3Rus(u-H)3(u2-NHy)] intermediate reported very
recently by Suzuki and co-worketsThe authors elucidated
that hydrogenation of trirutheniup-imido complex [(GMes)s-
Rus(u-H)3(us-NH)] proceeds through homolytic cleavage of
dihydrogen. However, the reaction path for further hydrogena-
tion of theus-imido complex [(GMes)sRus(u-H)s(us-NH)] to

form [(CsMes)sRus(u-H)s(us-H)2] and ammonia still remains
unclear. This reaction path corresponds to the next step of the
aforementioned activation process that corresponds to an
intramolecular migration of a second hydrogen atom from the
amido bridge to a Ru central atom affording intermedié2e
which involves a triply bridgedis-imido group and a loosely
n?-coordinated dihydrogen molecule, which is easily detached
to yield the final product22. The migration of the second
hydrogen atom proceeds ViSa1-42, SUrmounting an energy
barrier of 25.4 kcal/mol, which is comparable to that of the
first hydrogen migration step. The two hydrogen migration steps
are predicted to be the rate-limiting steps for both the forward
and the reverse reactions. In the vibrational mode corresponding
to the imaginary frequency oFSs1-42, the dominant motions
involve the migrating hydrogen atom along with the detachment
of the coordinated dihydrogen. It is worth noting that the whole
N—H bond activation process of NHby the cyclo-Rus(u-H)s]**
cluster is exothermic, the exothermicity beinrgrl.3 kcal/
mol.

Conclusions

In this paper, we have demonstrated, using electronic structure
calculation methods (DFT), that the versatile chemical reactivity
of the antiaromaticdyclo-Rus(u2-H)3]*" molecule related with
the activation of small molecules that leads to the breaking of
various strong single and double bonds seems to be primarily
owing to the predicted high antiaromatic character of the
molecule. The results can be summarized as follows:

(31) Kameo, H.; Nakajima, Y.; Suzuki, HEur. J. Inorg. Chem2007, 1793.
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Figure 8. Geometric and energetic reaction profile of the activation of theHNbonds of NH by the [cyclo-Rus(u-H)s]*" cluster yielding thedyclo-Rus-
(u-H)3(us-NH)]3* cluster computed at the B3P86/lanl2dz(R&)31G**(H,N) level of theory.

A series of novel prototypical ligand stabilizedyflo-Rus- shift, NICS(0), NICS(1), NICSt1), NICSA1), and NICSA(—
(u2-X)3]%3" (X = H, BH, CH,, NH,, OH, CI, NH, CO, O, PH, 1), along with the NICS scan profiles. Attyclo-Rug(uz-X)3] %3
CF,, CChL, CNH, Ny) isocycles have been thoroughly investi- species, except for theycloRus(u-H)3]®" species, are pre-
gated by means of electronic structure calculation methods atdicted to be aromatic molecules. The NICS scan pictures clearly
the DFT level. In all Eyclo-Rus(u2-X)3]%3" molecules, except  shows the dramatic change of the aromaticity/antiaromaticity
of the cluster with X= CCl,, the X ligands bridge symmetrically  on the two sides of the Ruing. This change could be explained
neighboring ruthenium atoms forming isosceles (R¥JRu on the grounds of the different coordination environment above
tiangles that are aligned on the one side of the equilateral Ru and below the Ruring.
triangle. This is exactly the conformation adopted by trinuclear

The versatile chemical reactivity of the antiaromatigdlo
arene ruthenium polyhydrido clusters studied experimentally so Rus(uz-H)3]®" molecule is related with the activation of small

far, illustrating that the stabilizing cyclopentadiene or benzene molecules that leads to the breaking of various strong single
coligands do not affect the R{w,-X)3 core structure.

and double bonds and the formation of face-capping moieties
All [ cycloRus(u2-X)3]%3" molecules are predicted to be coordinated to the Ruing in us-fashion. The molecular and
bound with respect to their dissociation to “free” Ruand

electronic structures, stabilities, and bonding features of a series
[X]%1~2~ moieties in their ground states. Moreover, all neutral of [cyclo-Rus(uz-H)s(us-Nuc)]P+2" (Nuc = BH, BCN, BOMe,

species are predicted to be bound with respect to dissociationC*, CH3~, CMe*~, N3, NH, N3, NCO~, OCN~, NCS", 0%,
to their RuX monomeric species, while the cationic clusters are S, OH-, P>~, POH~, Cl-, O,2~, NCH, AlMe, GaMe, GHs,
predicted to be unbound. andcyclo-CsHoMe) products formed upon reacting the archetype
The bonding in the 3-membered ruthenium rings is character- [cyclo-Rus(u2-H)3]" molecule with the appropriate substrates
ized by a common ring-shaped electron density, more commonly were investigated by means of electronic structure computational
seen in aromatic organic molecules and in “all-metal” aromatics. techniques. Generally, in theyclo-Rus(«-H)s(us-Nuc)]4 mol-
The Ry ring structural core exhibits a composite bonding mode ecules, the nucleophile Nuc is coordinated to the g in a
involving o-, 7-, andd-type MOs. However, there is a striking  us-Nuc coordination mode, capping the face of the ring from
difference in the shape of the cyclic delocalization of the electron the most antiaromatic side, which is the side opposite to that of
density of the aromatic Rusocycles and the aromatic cyclo- the bridging hydride ligands. This is exactly the case for the

propenium cation, due to the alignment of the bridging ligands “actual” [(5-CsMes)sRus(u-H)s(us-Nuc)]d and [¢78-CeMes)(1°-
X on the one side of the Rplane forming a triangle parallel

CsHg)Rus(u-Nuc)]® molecules that have been extensively studied
to the Ry triangle in a staggered conformation. This alignment experimentally. All Eyclo-Rus(u2-H)s(us-Nuc)]*1?" molecules

perturbs the cyclic electron cloud on the two sides of the Ru are predicted to be bound with respect to their dissociation to

ring by distending the electron cloud found in the opposite side. the parent ¢yclo-Rus(u-H)s]*" species and the “free” nucleo-
Therefore, the cyclic delocalization on the two sides of the Ru phile in their ground states.

ring is not equivalent, and consequently, the induced ring current
on each side of the Ruing would be different. The aromaticity/

Finally, the mechanistic details for a representative activation
antiaromaticity of the modelcclo-Rus(u2-X)3]%3" isocycles

process, the dehydrogenation of Ntd yield a face-capping

imido-group (13-NH) to the Ry ring, were delineated by
was verified by the magnetic criterion of aromaticity/antiaro- calculating the geometric and energetic reaction profile of the
maticity of a molecule, that of the nucleus-independent chemical activation process.

J. AM. CHEM. SOC. = VOL. 129, NO. 45, 2007 13921



ARTICLES Tsipis et al.

Supporting Information Available: Complete ref 7. NICS of the [cyclo-Rus(u-H)s(us-Nuc)® clusters are compiled in Table
scan pictures of theefclo-Rug(u2-X)3]%3" molecules are shown  S1. The Cartesian coordinates and energies of all stationary
in Figure S1. Structural details of the equilibrium structures of Points are compiled in Tables S2 and S3, respectively. This
the intermediates and transition states of the activation of the information is available free of charge via the Internet at
N—H bonds of NH by the fycloRus(u-H)s]* cluster are given ~ NttP://pubs.acs.org.
in Figure S2. The composition of the Eus-Nuc) natural bonds ~ JA074094P
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