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Abstract: The reactions of the hydri-  (8),

and [Rus(ps-x>-HNNMe,)(us-*-

(toluene, 110°C), the complexes that

do-triruthenium cluster complex [Rus-
(-H)(--HNNMe,)(CO)s] (1; HoN-
NMe, =1,1-dimethylhydrazine) with al-
kynes that have a-hydrogen atoms give
trinuclear derivatives containing edge-
bridging allyl or face-capping alkenyl
ligands. Under mild conditions (THF,
70°C) the isolated products are as fol-
lows: [Rus(us-x*-HNNMe,)(u-x>-1-syn-
Me-3-anti-EtC;H;)(u-CO),(CO)s]  (2)
and  [Rus(ps-x*-HNNMe,)(p-1>-1-syn-
Me-3-syn-EtC;H;)(u-CO),(CO)]  (3)
from 3-hexyne; [Rus(us-x*-HNNMe,)-
(p-1*-3-anti-PhC;H,) (1-CO),(CO)g] (4),
[Rus(ps-x*-HNNMe, ) (pu-x>-Me CCHPh)-

HCCHBu)(u-CO),(CO)q] (9) from 1-
hexyne;  [Rus(ps-x*-HNNMe,)(ps-x*-
HOH,CCCH,)Yp-CO),(CO)] (10) from
propargyl alcohol; and [Rus(ps-K*-
HNNMe,)(p;-<*-MeOCH,CCH,)(u-CO),-
(CO)4] (11) from 3-methoxy-1-propyne.
The regioselectivity of these reactions
depends upon the nature of the alkyne
reagent, which affects considerably the
kinetic barriers of important reaction
steps and the stability of the final prod-
ucts. It has been established that the
face-capped alkenyl derivatives are not
precursors to the allyl products, which
are formed via edge-bridged alkenyl in-

have allyl ligands with an anti substitu-
ent are isomerized into allyl derivatives
with that substituent in the syn posi-
tion, for example, 4 into [Ru,(ps-r*-
HNNMe,)(p-K>-3-syn-PhC;H,) (u-CO),-
(CO)s] (14). The diene complex
[Ru,(p-H)(us-x>-HNNMe, ) (u-x*-trans-

EtC,H;)(CO),] (13) has been obtained
from the thermolysis of compounds 2
and 7 at 110°C (3 and [Ruy(ps-r*-
HNNMe,)(p-x*-3-syn-PrC;H, ) (u-CO),-
(CO)¢] (12) are also formed in these
reactions). A DFT theoretical study
has allowed a comparison of the ther-
modynamic stabilities of isomeric com-

(-CO)(CO)] (5) and  [Rus(psr’
HNNMe,)(jps--PhCCHMe)(p-CO),-

(CO)s] (6) from 1-phenyl-1-pro-
pyne; [Ru;(us-k*-HNNMe,)(u-x>-3-anti-
PrC;H,)(p-CO),(CO)q] (7), [Rug(ps-r’-
HNNMe,)(u5-x*BuCCH,)(u-CO),(CO)q]

Introduction

Alkenyl groups are important ligands in organometallic
chemistry, because they are related to many metal-mediated

[a] Prof. J. A. Cabeza, Prof. I. del Rio, Dr. L. Martinez-Méndez
Departamento de Quimica Organica e Inorganica
Instituto de Quimica Organometélica “Enrique Moles”
Universidad de Oviedo, 33071 Oviedo (Spain)
Fax: (+34)985103446
E-mail: jac@fq.uniovi.es

[b] Prof. S. Garcia-Granda, Prof. E. Pérez-Carrefio
Departamento de Quimica Fisica y Analitica
Universidad de Oviedo, 33071 Oviedo (Spain)

Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.

By — SO WILEY
6040 L ) InterScience’

termediates. At higher temperature

Keywords: alkenyl ligands - allyl
ligands - cluster compounds . N
ligands - ruthenium

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

pounds and has helped rationalize the
experimental results. Mechanistic pro-
posals for the synthesis of the allyl
complexes and their isomerization
processes are also provided.

transformations of alkynes and alkenes. However, to date,
the number of reports dealing with triruthenium—carbonyl
cluster complexes containing alkenyl ligands is relatively
small,"* despite the fact that some of these clusters have
been recognized as intermediates or as catalyst precursors
for alkyne-alkene co-dimerization!® and alkyne hydrogena-
tion,” dimerization,® polymerization,? and hydroformyla-
tion®! processes. Without exception, these alkenyl-triruthe-
nium cluster complexes arise from reactions of alkynes with
triruthenium precursors containing hydride ligands.

In this context, we have recently reported the reactivity of
the hydrazido-bridged hydrido—carbonyl-triruthenium com-
plex [Rus(u-H)(us-x>-HNNMe,)(CO),]® (1) with a variety
of terminal and internal alkynes without a-hydrogen atoms,
showing that the products may have their alkenyl ligands in
edge-bridging or face-capping positions (Scheme 1) and that
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Scheme 1. Reactivity of compound 1 with alkynes having no a-hydrogen
atoms.

the nature of the substituents of the alkyne reagent strongly
affects the stability of each product.”

Carrying out that study,” we observed that the use of
some alkynes that have a-hydrogen atoms as reagents led
not only to alkenyl derivatives, but also to cluster complexes
with edge-bridging allyl ligands. As very few reactions of hy-
drido—carbonyl-triruthenium clusters with alkynes that have
a-hydrogen atoms had been hitherto reported and none of
them gave allyl derivatives,”” we decided to perform a
thorough study on the reactivity of complex 1 with internal
and terminal alkynes that have a-hydrogen atoms, such as 3-
hexyne, 1-phenyl-1-propyne, 1-hexyne, propargyl alcohol,
and 3-methoxy-1-propyne.

Triruthenium cluster complexes with organic allyl ligands
are very rare. To our knowledge, the only precedents are
[Rus(p-*-C3H;s) (1s-PPhCH,PPh,)(CO)g] and  [Rus(py-rc-
HabqCHCHCHR)(p-CO),(CO)¢]  (H,abqH=2-amino-7,8-
benzoquinoline; R=H, C=CSiMe;), which contain edge-
bridging allyl ligands. The former was prepared by treating
the anion [Rus(us-PPhCH,PPh,)(CO)]- with allyl chlo-
ride,’! whereas the H,abqH-derived clusters were synthe-
sized from [Rus(us-x°-Habq)(CO),] and propargyl alcohol or
1-trimethylsilyl-1,4-pentadiyne and contain an edge-bridging
allyl fragment attached to a face-capping Habq group.!'”!
Quite a few cluster complexes containing o-dimetalated allyl
ligands (MCR!CR?*CR*M) are known. They have been pre-
pared by treating non-hydridic ruthenium clusters with al-
kynes of the type RICHR?C=CR®"Y and also by inserting
alkynes R!C=CR? into an Ru—CR® bond of complexes of
the type [Rus(u-H);(us-CR?)(CO),]," but these o-dimeta-
lated allyl ligands are attached to only one additional metal
atom through a typical x*-allyl coordination. One penta-I"!
and one hexaruthenium!¥ cluster have been shown to con-
tain edge-bridging allyl ligands.

We now report that some reactions of complex 1 with al-
kynes that have a-hydrogen atoms lead to cluster complexes
with edge-bridging allyl ligands and that these complexes
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can be transformed into derivatives containing edge-bridg-
ing dienes or isomeric allyl ligands. X-ray diffraction, IR
and NMR spectroscopy, and calculations of minimum-
energy structures by DFT methods have been used to char-
acterize the products. Comparisons of the absolute energies
of isomeric compounds (obtained by DFT calculations)
have helped rationalize the experimental results. Mechanis-
tic proposals that account for the observed transformations
are also provided.

Results and Discussion

Reactivity studies: The reactivity of compound 1 with 3-
hexyne, 1-phenyl-1-propyne, 1-hexyne, propargyl alcohol,
and 3-methoxy-1-propyne was studied. All reactions were
carried out in a systematic way with THF as solvent and a
1:1.1 cluster-to-alkyne ratio. The reaction solutions were stir-
red at reflux temperature until the consumption of the start-
ing complex 1 was complete (observed by IR spectroscopy
and/or spot TLC). Most reactions gave mixtures of several
isomeric products that were separated by chromatographic
methods (mostly TLC). Very weak chromatographic bands
were not worked up. All isolated products are shown in
Schemes 2-5.

The reaction of 1 with 3-hexyne (Scheme 2) gave two iso-
meric allyl derivatives (2 and 3) that differ in the orientation
of the allyl substituents. While the ethyl and methyl groups
of complex 2 are in anti and syn positions, respectively, both

1+ EtC=CEt
Me Me Me._ Me
\N/ N\ /
e \/‘ VAl
o’.)\\ -tERU\c * ./.3\\ /iR[\c
\C\C . Me ‘\\é/ Me
H/ H Et H
2 3

Scheme 2. Reaction of compound 1 with 3-hexyne.

substituents are in syn positions in complex 3. Curiously,
under analogous reaction conditions, the reactions with 1-
phenyl-1-propyne and 1-hexyne (Schemes3 and 4) gave
mixtures of three products consisting of one allyl derivative
with a substituent in anti position (4 and 7) and two isomeric
face-capped alkenyl derivatives (5, 6, 8, and 9), while the re-
actions of compound 1 with propargyl alcohol and 3-meth-
oxy-1-propyne did not afford any allyl derivative, but only a
face-capped alkenyl product with the two hydrogen atoms
in a gem arrangement (10 and 11; Scheme 5). In no case did
we obtain compounds with edge-bridging alkenyl ligands,
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Scheme 3. Reaction of compound 1 with 1-phenyl-1-propyne.
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Scheme 4. Reaction of compound 1 with 1-hexyne.

despite the fact that derivatives of this type are generally
the products of reactions of hydrido—carbonyl cluster com-

plexes with alkynes that have no a-hydrogen atoms.

To check whether the face-
capped alkenyl products could
be transformed into their allyl
isomers or not, compounds 8
and 9 (both arising from the re-
action of compound 1 with 1-
hexyne in refluxing THE,
15min)  were  individually
heated in refluxing THF. While
compound 9 remained unal-
tered, a complete transforma-
tion of the gem isomer 8 into
the trans isomer 9 was observed
after 2h. This long reaction
time contrasts with the short re-
action time required for the re-
action of compound 1 with 1-
hexyne, which gave compound
9 as the major product after
15 min in refluxing THF. This
implies that the trans isomer 9
observed in the reaction of 1
with 1-hexyne should not arise,
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Scheme 5. Reactions of compound 1 with propargyl alcohol and 3-
methoxy-1-propyne.

at least to a great extent, from the gem isomer 8. On the
contrary, it is reasonable to propose that both the gem and
trans isomers formed from 1 in short reaction times arise
from a common early hydrido-alkyne intermediate that
evolves through different pathways (Markonikoff and anti-
Markonikoff insertions) to give the observed products.®!
Therefore, the allyl complexes do not arise from their face-
capped alkenyl isomers.

The thermolysis of the anti-ethyl-syn-methyl allyl complex
2 in toluene at reflux temperature for 25 min gave a mixture
of the hydrido—diene derivative 13 and two allyl complexes,
the syn-ethyl-syn-methyl complex 3 and the syn-propyl com-
plex 12 (Scheme 6). An analogous treatment of the anti-
propyl allyl complex 7 afforded the same mixture of prod-
ucts. These reactions proceeded very slowly in refluxing
THF. Compound 12 was only observed in these thermolysis
reactions and could not be obtained pure, because it could
not be separated from complex 3 by crystallization or chro-
matographic methods.

Curiously, the anti-phenyl allyl complex 4 underwent a re-
arrangement process in refluxing toluene that ended in the
syn-phenyl allyl isomer 14 as the only final product
(Scheme 7).

toluene / A

toluene / A

Scheme 6. Thermolysis of compounds 2 and 7.
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Scheme 7. Isomerization of compound 4 into 14.

The results shown in Schemes 6 and 7 indicate that the
allyl complexes are not involved (as intermediates) in the
synthesis of the face-capped alkenyl derivatives. The isomer-
ization of the anti-substituted allyl derivatives (2, 4, and 7)
into the syn-substituted ones (3, 14, and 12, respectively)
suggests that the latter are more stable than the former. In
addition, the transformations of 2 and 7 into 12 and 3, re-
spectively, imply a 1,4-migration of a hydrogen atom within
the corresponding allyl ligand and the slippage of the bridg-
ed Ru-Ru edge over the ligand carbon atoms. Such process-
es may be related to the observation of the diene derivative
13 as a side product accompanying the isomerization prod-
ucts (Scheme 6). Proposals addressing mechanistic aspects
of the synthesis of the allyl complexes and their isomeriza-
tion processes are given and commented below.

X-ray diffraction studies: The structures of compounds 2, 3,

and 8 were determined by X-ray diffraction. A selection of
interatomic distances is given in Table 1. For comparison

Table 1. Selected interatomic distances (A) in compounds 2, 3, 8, and 13.

2lal 3lal glal 130!
Rul-Ru2 2.744(1) 2.7702(6) 2.7141(9) 2.796
Rul-Ru3 2.760(1) 2.7553(6) 3.7849(2) 3.012
Ru2—-Ru3 2.753(1) 2.7477(6) 2.8200(9) 2.763
N1-Rul 2.106(8) 2.125(5) 2.139(8) 2.108
N1-Ru2 2.107(8) 2.127(4) 2.091(8) 2.111
N2-Ru3 2.207(7) 2.218(4) 2.226(7) 2.220
C3—Rul 2.44(1)
C3—Ru2 2.292
C3—Ru3 2.34(1)
C4—Rul 2.329(8)
C4—Ru2 2.21(1) 2.197(6) 2.226(9) 2.311
C4—Ru3 2.280(9)
C5—Rul 2.56(2) 2.538(6) 2.423
C5-Ru2 2.60(1) 2.552(6)
C6—Rul 2.20(1) 2.177(6) 2.248
C3-C4 1.51(2) 1.509(9) 1.40(1) 1.400
C4-Cs 1.37(2) 1.426(9) 1.51(1) 1.446
C5-C6 1.49(2) 1.398(9) 1.52(1) 1.418

[a] X-ray diffraction data. [b] Calculated by DFT methods.

purposes, a common atomic numbering scheme has been
used.

The structures of compounds 2 and 3 (Figures 1 and 2, re-
spectively) correspond to two isomeric allyl derivatives and
are nearly identical. In both cases, the hydrazido group caps
the metal triangle in the same way as that found previously

Chem. Eur. J. 2005, 11, 60406052
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Figure 2. Molecular structure of compound 3.

in complex 1% and in most of its derivatives.'” The allyl
ligand spans the same Ru-Ru edge as the amido fragment
of the hydrazido group and is attached to Rul through the
carbon atoms C5 and C6 and to Ru2 through C4 and C5,
the distances from the central carbon atom C5 to Rul and
Ru2 being 0.35-0.40 A longer than those from C4 and C6 to
Ru2 and Rul, respectively. The dihedral angle between the
planes defined by the allyl C4, C5, and C6 atoms and the
Ru; triangle is 63.5(9)° in 2 and 61.9(4)° in 3. Both com-
pounds have eight CO ligands, two of which are bridging
and six are terminal. The Ru—Ru distances, ranging from
274 to 277 A, confirm the presence of Ru—Ru single
bonds.'® The only noticeable difference between these com-
pounds is the arrangement of the ethyl and methyl groups
on the allyl fragment. While the methyl group is in a syn po-
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sition in both compounds, the ethyl group is anti in 2 and
syn in 3.

Figure 3 shows the structure of compound 8. In this case,
two face-capping ligands are placed at either sides of the
metal triangle, the hydrazido ligand and an alkenyl ligand.

Figure 3. Molecular structure of compound 8.

The alkenyl ligand has two H

each product, because all the face-capped alkenyl deriva-
tives have the same absorption pattern in the carbonyl-
stretching region of their IR spectra (Table 2) and an analo-
gous situation occurs for the allyl derivatives (Table 3). The
IR spectrum of the unique diene complex 13 (Table 3) is
quite different from all the others. Within each group,
changes in the nature of the alkenyl or allyl ligand substitu-
ents slightly affect the wavenumber of the vqo bands, but
they do not significantly alter the relative transmittance of
the absorptions (the band pattern is maintained). Unfortu-
nately, the v, absorptions of these complexes are also
almost unaffected by the position of the substituents on the
alkenyl or allyl ligands and, consequently, the stereochemis-
try of the alkenyl and allyl ligands could not be established
by this spectroscopic technique.

It is curious that all the face-capped alkenyl derivatives
reported in this article have two bridging carbonyl ligands
(they have analogous IR spectra and complex 8 has been
characterized by X-ray diffraction), whereas two types of
carbonyl ligand arrangements have been observed in face-
capped alkenyl products derived from complex 1 and al-
kynes without a-hydrogen atoms; one arrangement is analo-
gous to that of the alkenyl products described herein and
the other consists of one bridging and seven terminal car-
bonyl ligands.”!

Table 2. IR data (recorded in CH,Cl,) for the compounds with face-capping alkenyl ligands.

atoms on C3 in gem positions Alkenyl ligand

Veo [em™']

and one n-butyl group on C4,

5 MeC=CHPh
attached to Ru2 through C4 PhC—CHMe
and to Rul and Ru3 through g BuC=CH,
both C3 and C4. The cluster 9 HC=CHBu
shell is completed with six ter- 10 HOCH,C=CH,

1 MeOCH,C=CH,

minal and two bridging CO li-

2058 (w), 2017 (vs), 1989 (m), 1957 (m), 1849 (w, br), 1824 (w, br)

2060 (w), 2010 (vs), 1991 (m), 1956 (m), 1852 (w, br), 1791 (w, br)

2057 (w), 2018 (vs), 1986 (m), 1955 (m), 1948 (w), 1929 (w, br), 1801 (w, br)
2059 (w), 2017 (vs, br), 1987 (m), 1956 (m), 1925 (w, br), 1802 (w, br)

2054 (w), 2018 (vs, br), 1979 (m, sh), 1951 (m), 1828 (w, br), 1799 (w, br)
2060 (w), 2024 (vs, br), 1988 (m, sh), 1956 (m), 1822 (w, br), 1797 (w, br)

gands. The length of the Rul—
Ru3 edge, 3.7849(2) A, is out

Table 3. IR data (recorded in CH,Cl,) for the compounds with edge-bridging allyl and diene ligands.

of the bonding range for Ru—
Ru bonds."! Despite being an

Hydrocarbon ligand

Veo [em™]

open triangular cluster, its elec- 2
tron count is 48 and thus dis- z

obeys the EAN rules (EAN= 3-anti-PhG:H,

7 3-anti-PrC;H,

effective atomic number).' 5 3-syn-PrC,H,
Trimetallic clusters bearing 13 trans-EtCH=CHCH=CH,
face-capping alkenyl ligands 14 3-syn-PhC;H,

1-syn-Me-3-anti-EtC;H,
1-syn-Me-3-syn-EtC;H;

2059 (m), 2014 (vs), 1984 (s), 1962 (m), 1843 (w), 1799 (m)
2057 (m), 2013 (vs), 1984 (s), 1962 (m), 1843 (w), 1801 (m)
2060 (m), 2021 (vs), 1989 (s), 1968 (m), 1849 (w), 1805 (m)
2058 (m), 2017 (vs), 1984 (s), 1965 (m), 1846 (w), 1801 (m)
2064 (s), 2000 (s, sh), 1992 (vs), 1936 (m), 1919 (m)

2060 (m), 2019 (vs), 1989 (s), 1968 (m), 1850 (w), 1806 (m)

are scarce. While [Os;(pu-H)(s-
1P-CF;CCHCEF;)(CO),o]™ and
[WRu,(u-NPh) (pz-1
CF;CCHCF;)(n’-CsMes)(CO),]™! are closed 48-electron tri-
angular clusters, Siiss-Fink’s complexes [Rus{u;-NS(O)-
MePh}(ps-1>-RCCHR)(u-CO)(CO),]* and the face-capped
alkenyl products derived from 1 and alkynes without a-hy-
drogen atoms! are open (two Ru—Ru bonds) 48-electron
triangular clusters.

IR spectroscopy: This spectroscopic technique was very
useful to assign the type of hydrocarbon ligand contained in

6044
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[a] This compound could not be separated from complex 3. Therefore, its IR spectrum could not be recorded.

NMR spectroscopy: The 'HNMR data of the compounds
with face-capping alkenyl ligands are given in Table 4. All
these products contain one hydrogen atom on the C=C frag-
ment of alkenyl ligand that is always cis to the Ru atom o-
bonded to the alkenyl ligand and that arises from the origi-
nal hydride of the starting complex 1. The resonance of this
proton is observed in the range 6 =4.62-2.94 ppm. An addi-
tional resonance is observed for alkenyls derived from ter-
minal alkynes. For compounds 8, 10, and 11, which have two

Chem. Eur. J. 2005, 11, 60406052
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Table 4. 'H NMR data (recorded in CDCl, at 20°C) for the compounds with face-capping alkenyl ligands.

Alkenyl ligand o [ppm]

761 (d, J=7.1 Hz, 2H; Ph), 7.38 (m, 3H; Ph), 4.62 (s, 1 H; CH), 2.71 (s, 3H; CHj), 2.23 (s, 3H; CH5), 2.20 (s, 3H; CH,),
721 (m, 5H; Ph), 2.94 (q, J=5.1 Hz, 1H; CH), 2.72 (s, 1H; CH,), 2.30 (s, 1H; CH,), 2.25 (d, J=5.1 Hz, 3H; CH,),

4.05 (d, J=53Hz, 1H; CH), 2.61 (s, 1 H; CHs), 2.46 (d, /=53 Hz, 1H; CH), 2.39 (m, 2H; CH,), 2.06 (s, 1 H; CH,),

6.01 (d, J=13.5 Hz, 1H; CH), 3.41 (dt, J=13.5, 5.1 Hz, 1H; CH), 2.61 (s, 1H; CH5), 2.41 (m, 1H; CHH),

4.16 (dd, J= 12.8, 5.2 Hz, 1H; CHH), 4.01 (dd, J= 12.8, 5.2 Hz, 1 H; CHH), 3.96 (d, /= 4.4 Hz, 1H; CHH),

2.66 (s, 3H; CH,), 2.07(s, 3H; CH;), 2.05 (d, J= 4.4 Hz, 1H; CHH), 1.97 (s, 1 H; NH), 1.60 (t, J= 4.4 Hz, 1H; OH)

5 MeC=CHPh
1.94 (s, 1H; NH)
6 PhC=CHMe
2.04 (s, 1H; NH)
8 BuC=CH,
1.99 (s, 1H; NH), 1.18 (m, 4H; 2 CH,), 0.78 (t, J=6.7 Hz, 3H; CH,)
9 HC=CHBu
2.16 (m, 1H; CHH), 1.71 (m, 2H; CH,), 1.56 (m, 2H; CH,), 1.01 (t, J=7.5 Hz, 3H; CH;)
10 HOCH,C=CH,
11 MeOCH,C=CH,

3.83 (d, J= 4.9 Hz, 1 H, CHH), 3.73 (d, J= 10.8 Hz, 1H; CHH), 3.63 (d, /= 10.8 Hz, 1 H; CHH), 3.14 (s, 3H; OCH,),

2.63 (s, 3H; CH,), 2.08 (d, J= 4.9 Hz, 1 H; CHH), 2.03 (s, 3H; CHy), 1.87 (s, 1 H; NH)

H atoms in gem positions, this resonance always appears at
a lower chemical shift (in the range 0 =2.46-2.05 ppm) with
a small coupling constant (J in the range 5.3-4.4 Hz). For
compound 9, which has two H atoms in a mutual trans ar-
rangement, this resonance is observed at a higher chemical
shift (0=6.01 ppm) with a greater coupling constant (J=
13.5 Hz). For compounds 5 and 6, the relative arrangement
of their methyl and phenyl substituents was clearly indicated
by the multiplicities of the methyl and C=CH resonances.
Thus, for compound 5 both resonances are singlets, whereas
for compound 6 both resonances are coupled to each other
(J=5.1Hz). This indicates that in 6 the alkenyl hydrogen
atom and the methyl group are attached to the same carbon
atom. Therefore, the stereochemistry of the alkenyl ligands
in these complexes can be assigned by using simple
'H NMR spectroscopy.”

The 'HNMR spectra of the allyl derivatives are more
complicated (Table 5). The assignments shown in Figure 4
for the allyl protons were made with the help of selective
proton-decoupled and COSY experiments. In general, the
H,,—H..wa couplings (range: J=8.6-7.3 Hz) are greater

syn

than the H,,—H,, couplings (range: J=5.9-2.9 Hz) and

smaller than the H,,~H... couplings (range: J=12.7-
11.1 Hz). Their chemical shifts are low, as expected for
metal-shielded protons. These trends have also been ob-
served in other tri-'% and binuclear™ complexes with p-
allyl ligands.

It is noteworthy that some complexes have resonances at
unusually low chemical shifts (close to zero or even nega-
tive). This occurs for many of the H,,; protons of the allyl
compounds and for one of the diasterotopic methylene pro-
tons of compounds 2 (H,) and 7 (Hy). Such a great shielding
seems to indicate that these protons are close to metal
atoms. As commented below, this fact has important mecha-
nistic implications in some isomerization processes in which
the allyl complexes are involved.

The stereochemistry of the diene group of compound 13
is trans. This was easily deduced from its "H NMR spectrum,
which shows that H. is coupled to H, with a large coupling
constant (/=12.4 Hz), typical of a trans H.—H, arrangement,
being also coupled to the methylene group protons. In addi-
tion to the signals of the diene and hydrazido groups, the
'"HNMR spectrum of 13 also shows a singlet at 6=
—11.49 ppm, corresponding to the hydride ligand.

Table 5. '"H NMR data (recorded in CDCl; at 20°C) for the compounds with edge-bridging allyl and diene ligands.

Hydrocarbon ligand o [ppm]

442 (ddd, J=13.1, 8.6, 5.0 Hz, 1H; CH), 2.39 (d, J=5.9 Hz, 3H; CHy), 1.97 (dd, J=12.3, 8.6 Hz, 1 H; CH),

1.93 (s, 3H; CHy), 1.87 (s, 3H; CH,), 145 (dq, J=12.3, 5.9 Hz, 1H; CH), 1.31 (ddq, J=13.1, 11.8, 6.8 Hz,
1H; CHH), 1.15 (t, J=6.8 Hz, 3H; CHy), 0.68 (s, 1H; NH), —0.32 (ddq, J=11.8, 6.8, 5.0 Hz, 1 H; CHH)

291 (ddq, J=14.6, 7.4, 3.1 Hz, 1H; CHH), 2.28 (d, J=5.9 Hz, 3H; CH,), 2.04 (ddq, J=13.9, 7.4, 3.1 Hz,

1H; CHH), 1.92 (m, 1H; CH), 1.87 (s, 6H; 2 CH,), 1.79 (m, 1 H; CH), 1.46 (t, J=7.4 Hz, 3H; CH,),

7.11 (m, 3H; Ph), 6.85 (m, 2H; Ph), 5.75 (d, J=8.9 Hz, 1 H; CH), 3.43 (dd, J=8.9, 3.6 Hz, 1 H; CH),

250 (dt, J=12.7, 8.9 Hz, | H; CH), 1.92 (s, 6H; 2 CHy), 0.84 (dd, J=12.7, 3.6 Hz, 1 H; CH), 0.49 (s, 1 H; NH)

2 1-syn-Me-3-anti-EtC;H;
3 1-syn-Me-3-syn-EtC;H;
0.55 (m, 1H; CH), 0.38 (s, 1H; NH)
4 3-anti-PhC;H,
7 3-anti-PrC;H,

4.62 (ddd, J=13.3,7.3,44 Hz, 1H; CH), 3.45 (dd, /=73, 44 Hz, 1H; CH), 2.13 (dt, J=11.2, 7.3 Hz, 1H; CH),

1.95 (s, 3H; CH;), 1.78 (s, 3H; CH,;), 1.62 (m, 2H; CH,), 1.41 (m, 1H; CHH), 0.93 (t, /J=7.4 Hz, 3H; CH;),
0.56 (s, 1H; NH), 0.45 (dd, J=11.2, 44 Hz, 1H; CH), —0.36 (dtd, /=133, 9.8, 4.4, 1H; CHH)

120 3-syn-PrC;H,
13 trans-EtCH=CHCH=CH,

3.61 (dd, J=7.5,32 Hz, 1H; CHH), 2.39 (t, J=7.2 Hz, 3H; CH;), —0.27 (dd, J=11.9, 32 Hz, 1 H; CHH)
420 (dd, J=12.4, 53 Hz, 1H; CH), 3.84 (dt, J=12.4, 8.7 Hz, 1 H; CH), 3.11 (dd, J=8.1, 2.6 Hz, 1 H; CH),

2.66 (m, 1H; CHH), 2.50 (s, 3H; CH,), 2.44 (s, 3H; CH,), 2.14 (m, 1H; CHH), 1.19 (t, J=8.11 Hz, 3H; CH,),
1.09 (s, 1H; NH), 0.70 (ddd, J=12.8, 8.1, 5.3 Hz, 1 H; CH), —0.80 (dd, J=12.8, 2.6 Hz, 1 H; CH),

—11.49 (s, 1H; p-H)
14 3-syn-PhC;H,

736 (m, 4H; Ph), 7.23 (m, 1H; Ph), 3.67 (dd, J= 7.9, 2.9 Hz, 1H; CHH), 2.88 (brtd, J=11.1, 7.9 Hz, 1 H; CH),

1.91 (s, 6H; 2CH), 1.84 (d, J= 11.1 Hz, 1H; CH), 0.54 (s, 1 H; NH), —0.12 (dd, /= 11.1, 2.9 Hz, 1 H; CHH)

[a] This compound could not be separated from complex 3. Only the resonances that could be unequivocally assigned to this complex are given.

Chem. Eur. J. 2005, 11, 60406052

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.chemeurj.org

— 6045


www.chemeurj.org

CHEMISTRY:

J. A. Cabeza et al.

A EUROPEAN JOURNAL

68 H, | 4.42(ddd)
50 CH; | 2.39(d)
Hy | 1.97 (dd)
He | 1.45(dg)
H, | 1.31(ddq)
CH; | 1.15(t)
H, | -0.32(dgd)
H 8/ ppm
) H, | 575(d)
Ha/ g Hy | 3.43(dd)
Hy | 2.50 (dt)
He. | 0.84 (dd)

Allyl group of 4

4

H C” C Hd

[ He

H3C C H,
CH;

4.20 (dd)
3.84 (dlt)
3.11 (dd)
1.19 (t)

H. | 0.70 (ddd)
. | -0.80 (dd)

Diene group of 13

H 8/ ppm
139 H —
/$ 8 o Mo | 29100
31 é & H, | 2.04(ddq)
Hoo S CH, | 2.28(d)
74( a/C\ 145\(;/ CHy  H, | 1921
nd Hy I H. | 1.79(m)
gy Hq CH; | 1.46(m)
H, | 0.55(m)
Allyl group of 3
11.3 H d/ppm
Hy | 4.62(ddd)
H, | 3.45(dd)
44 as Mo | 21300
CH, | 1.62(dq)
Hy | 1.41(m)
CH, | 0.93(1)
H, | 0.45(dd)
H: | -0.36 (dtd)
| _6/ppm_
Hy | 3.67(dd)
H, | 2.88(td)
H, | 1.84(d)
H. | -0.12(dd)

Allyl group of 14

Figure 4. '"H NMR assignments of the allyl and diene protons of compound 2, 3, 4, 7, 13, and 14. The arrows connect protons coupled to each other. The

numbers nearby the arrows represent coupling constants (Hz).

Theoretical calculations: Minimum-energy structure calcula-
tions were carried out by using DFT methods. Calculations
were performed on selected real molecules (products isolat-
ed in the present work) and on hypothetical ones with the
aim of not only comparing their thermodynamic stability
(important in order to rationalize the experimental results),
but also to assign or confirm the structures of compounds
for which no X-ray diffraction data were available. No sim-
plified model compounds were used for the calculations.
Calculated structures are assigned Roman numbers, irre-
spectively of whether they correspond to real (also designat-
ed with Arabic numbers) or hypothetical compounds. Com-
puter-generated images of all these structures and their
atomic coordinates are given as Supporting Information.

For the cases in which both experimental (X-ray diffrac-
tion) and theoretical (DFT calculations) structural data
were obtained, the structural parameters given by both
methods are practically identical. This fact validates the cal-
culations.

Figure 5 shows the relative energies of a family of isomer-
ic clusters formally derived from complex 1 and 3-hexyne.
Without exception, the allyl derivatives (I-IV) are more
stable than the alkenyl derivatives (V, VI). Within the group
of allyl derivatives, structure I, which has the ethyl and
methyl substituents in syn positions, is the most stable, and
structure IV, which has these substituents in anti positions,
the least stable. The face-capped alkenyl complex (VI) is
overall the least stable isomer, being 2.87 kcalmol™' less
stable than the edge-bridged alkenyl isomer (V).
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Me Me Me
Me_ / H Me_ / Me_ / H
/N\ /N\N’ N\N'
« «
./Ru< &Ruf (Ru<$\ f B Ru</i\Ru/ ')"e
.&'\ H-NSC o ,Eﬁ/R\“‘C\ X/ 18~
u I\ Me RU:I\C » Ru\- —c’®
d < d T Jd c A
Ef H H H Et
Energy  Structure Energy  Structure Energy  Structure
0.00 1(3) 1.24 1I (2) 0.73 111 (-)
M Me Me
e\ I H Me\l _H Me._ / /H
(Ru/<&\ /’ Me /%/ o C/ //?\
.A\‘\ E;/ 7)\ /\\ ~Et \ -\ /).\.
.( c ot ) Et
T H l Et & \
Energy  Structure Energy  Structure Energy  Structure
534 IV (-) 562 V() 8.49 VI (-)

Figure 5. Relative energies (kcalmol™') of DFT-calculated minimum-
energy structures of isomeric products formally derived from compound
1 and 3-hexyne. The energy of the most stable structure is assigned as
0.00 kcalmol .

Compounds 14 and 4 are the only two possible allyl deriv-
atives of 1-phenyl-1-propyne. However, the asymmetry of
this alkyne provokes an increase of the number of possible
alkenyl isomers (Figure 6). Again, the allyl derivatives are
the most stable isomers, with the syn isomer (structure VII)
being 3.60 kcalmol™' more stable than the anti isomer
(structure VIII). Within the group of alkenyl derivatives, the
edge-bridged products (IX and X) are more stable than the
face-capped ones (XI and XII), with those that have the hy-

Chem. Eur. J. 2005, 11, 60406052


www.chemeurj.org

Cluster Compounds

FULL PAPER

Me Me the allyl and alkenyl derivatives
Me_ / H Me_ / H .
-~ of 3-hexyne (Figure5) and 1-
Ru< H Ru/< k hexyne (Figure7) are isomers
'/-)\'\ H/R\”‘C ()\\ FI’D/R“‘C H and that compound 3 (structure
Ru=|—— .
'( ) { % I) is 0.94 kcalmol™' less stable
Ph H than 12 (structure XIII).
Energy  Structure Energy  Structure Figure 7 also shows the rela-
0.00  VII(14) 360 VI (4) . .
tive energies computed for
e e M Me roducts formally derived from
e
Me\|\lj A Me~ l /H Me._ Me\ I H p y
/ /L / /& N—p M / compound 1 and propargyl al-
x /R\L{ C/\Ph : / /R\U\ C/\Me \Rﬂ /L cohol. In this case, although the
1 .
QQ \ f‘Q \ S2R {J)‘ \ AN /)'\' number and type of isomers co-
l‘ Me l‘ Ph Ph i me” Eh L incide with those derived from
e .
Energy  Structure Energy  Structure Energy  Structure  Energy  Structure 1—hexyne, the energies do not
5.45 IX () 6.05 X (-) 6.17 XI (5) 9.36 XII (6) follow the trends found for the

Figure 6. Relative energies (kcalmol™') of DFT-calculated minimum-energy structures of isomeric products
formally derived from compound 1 and 1-phenyl-1-propyne. The energy of the most stable structure is as-

signed as 0.00 kcalmol .

drogen and phenyl groups in gem arrangement (IX and XI)
being more stable than those that have these groups in trans
arrangement (X and XII).

For the derivatives of 1-hexyne, the energetic situation
(Figure 7) is analogous to that found for the derivatives of
1-phenyl-1-propyne (Figure 6). In this case, for both the
edge-bridged and face-capped alkenyl derivatives, those
with the alkenyl hydrogen atoms in a gem arrangement (XV
and XVII) are less stable than those with these hydrogen
atoms in a trans arrangement (XVI and XVIII, respective-
ly). This trend has also been observed for alkenyl complexes
derived from compound 1 and terminal alkynes with no a-
hydrogen atoms.”’ The face-capped trans-alkenyl complex 9
(XVIII) is even more stable than the edge-bridged trans-al-
kenyl derivative (XVI). It is also interesting to note that all

Me

alkynes commented above,
probably due to the presence of
the oxygen atom. Thus, al-
though the allyl derivatives
(XIX and XX) are again more
stable than the alkenyl ones (XXI-XXIV), the most stable
structure corresponds to the anti isomer XX, and the trans
face-capped alkenyl XXIV is more stable than any of the
edge-bridged isomers (XXI and XXII).

As commented above, DFT methods were also used to
shed light on structural aspects of compounds for which no
X-ray diffraction data were available. Among the com-
pounds of this kind reported in this work, the diene complex
13 is the most noticeable one, because is different from all
the others. The trans stereochemistry of the internal C=C
bond of the diene ligand was inferred from the 'H NMR
spectrum of the compound and was imposed in the input
used for the calculation. The position of the hydride ligand,
spanning the Rul—Ru3 edge, was also included in the calcu-
lation input model. The DFT-optimized structure is shown
in Figure 8. A selection of in-
teratomic distances is given in
Table 1. A closed triruthenium

Me\N/ H Me\N/ H
« /N o/ ~N unit is capped by the Me,NNH
’/SU\T rﬁRé’\c -/F:Lu\\‘f §Ru‘g ligand in the same way as that
u-|\ Rusl_ C‘/,\H found in the allyl compounds 2
é H H,C/‘H and 3 (see above). The metal
atoms of the edge bridged by
Energy  Structure Energy  Structure .
R=Pr 000  XIN(12) 101 X1V (7) the amido fragment are also
R=0H 3.2 XIX (-) 0.00 XX (-) spanned by the diene ligand in
such a way that each metal
Me Me Ve Me atom is attached to two carbon
Me\l _H Me H Me. / H Me\" H atoms, Rul to C5 and C6, and
/ /r\ . / /L . A //,-\ «R/:,-\N\R, Ru2 to C3 and C4. The distan-
C HOR \ bet th bon atom
\//\\C\H \//\\/C\R \.\/}.\. AN ces between the carbon atoms
'IX\l\. "’X\Ru\:(;’. C’R R \‘\(E'/RE of the butadiene fragment are
icH R H consistent with the coordination
Energy  Structure Energy  Structure Energy  Structure Energy  Structure of both alkene moieties, the
R=Bu 514 XV () 369  XVI() 953  XVII (8) 165  XVIII (9) . .
R=CH,OH 1128 XXI(-) 920  XXII(-) 1049 XXIII (10) 774 XXIV () central C4—C5 distance being

Figure 7. Relative energies (kcalmol™) of DFT-calculated minimum-energy structures of two families of iso-
meric products formally derived from compound 1 and 1-hexyne (XIII-XVIII) or propargyl alcohol (XIX-
XXIV). The energy of the most stable structure of each family of isomers is assigned as 0.00 kcalmol™".
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Figure 8. DFT-optimized molecular structure of compound 13.

tively). As a consequence of the presence of the hydride
ligand, the Rul—Ru3 edge is about 0.23 A longer than the
other two edges. As far as we are aware, there is only one
previous example of a complex with a conjugated diene
ligand bridging two metal atoms, namely, the 1,3-cyclohexa-
diene derivative [Rus(us-C)(x°-CsHy) (1c*-CsHg) (CO),] .21

Mechanistic considerations on the synthesis of the allyl de-
rivatives and their isomerization processes: In a previous
work with alkynes lacking a-hydrogen atoms,! we showed
that their reactions with complex 1 follow an associative
mechanism and that the initially formed hydrido-alkyne in-
termediate evolves toward edge-bridged and face-capped al-
kenyl products through two different reactions pathways,
whose activation energies depend upon the alkyne substitu-
ents. The results of the DFT calculations shown in Fig-
ures 5-7 demonstrate that, for alkynes with oa-hydrogen
atoms, the allyl derivatives are the most stable isomers and
that the edge-bridged alkenyl derivatives are generally more
stable than their isomers with face-capped alkenyl ligands.
However, it is curious that no edge-bridged alkenyl deriva-
tives have been observed as products of any of the reactions
of compound 1 with alkynes with o-hydrogen atoms, al-
though this type of alkenyl derivative is often the product of
reactions of compound 1 with alkynes without a-hydrogen
atoms.”!

All these facts led us to propose that the allyl derivatives
arise from a rapid transformation of edge-bridged alkenyl
clusters. If this is true, and taking into account that we have
experimentally checked that the face-capped alkenyl prod-
ucts are not precursors to the allyl complexes, even at high
temperature (toluene, 110°C), the regioselectivity of the re-
actions shown in Schemes 2-5 should be directly related to
the rates of formation of the edge-bridged and the face
capped alkenyl complexes from the initial hydrido-alkyne
intermediate. In other words, the regioselectivity of the reac-
tions depends upon the nature of the alkyne R groups, be-
cause this factor seems to affect to a great extent the kinetic
barriers of important reaction steps. Thus, for the reaction
of 1 with 3-hexyne (Scheme 2), we propose that the face-
capped alkenyl products should be formed at a much slower
rate than the edge-bridged ones (or not formed at all) and
that the transformation of the latter into the allyl derivatives
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(which are the only observed products) should take place
immediately. In contrast, in the reactions of 1 with propargyl
alcohol and 3-methoxy-1-propyne (Scheme 5), the rates of
formation of edge-bridged alkenyl derivatives should be
negligible compared with that of the face-capped gem-alken-
yl complexes (which are the only observed products). Com-
parable reaction rates would lead to mixtures of allyl and
face-capped alkenyl products, as occurs in the reactions
shown in Schemes 3 and 4.

Scheme 8 shows a mechanistic proposal that accounts for
the transformation of edge-bridged alkenyl derivatives into
allyl products with an R group in the anti position (com-

Me  Me Me Me Me_Me
N\N.H N N
/N Rec=CCHR / N_ VAN
Ru—/—Ru —— Ru—/—RuH ——> Ru—/—Ru
N L NI H
u~H RU\C¢ Ruf‘cfc\
1 7 CH-R A : CH,-R'
R
Me\ Me Me Me Me ’MeH
N\N /N\ 4 N\N'

N _H/ N
u—/—Ru RuU=—/=Ru_ R u—/—Ru.
AN / /R\ ;- /R \C/ N f {
TRu— Ru~~ “or ~

Cy /R Cy/ R C
\(,: \(I: B \9/ R
H\ H H
Me\ /Me
/N\ 4 R R
Ru\\\ H
\ R/RU‘C Et Me 2
g AN

RI_ \/™g Ph H 4

©—C Pr H 7

H H

Scheme 8. Proposal of reaction pathway for the synthesis of the allyl de-
rivatives 2, 4, and 7 from their corresponding edge-bridged alkenyl iso-
mers (carbonyl ligands have been omitted for clarity).

pounds 2, 4 and 7). It involves the activation of a C,—H
bond of the alkenyl ligand (B—C) and the migration of the
so formed hydride ligand to the o-bonded vinyl C atom
(C—2, 4, or 7). An alternative proposal in which the hy-
dride is transferred through the NH-bridged Ru—Ru edge
may also be possible.

As demonstrated by DFT calculations (Figures 5-7), the
allyl derivatives 2, 4, and 7, which have an R substituent in
the anti position, are thermodynamically less stable than
their isomers 3, 14, and 12, respectively, which have the R
substituent in the syn position. In fact, all anti-R allyl com-
plexes can be isomerized into the corresponding syn-R allyl
derivatives when heated in toluene at reflux temperature.
Scheme 9 contains a mechanistic proposal for such a rear-
rangement. It involves the 1,3-migration of the H,,, hydro-
gen atom (via the hydrido intermediates E and F, or via the
NH-bridged Ru—Ru edge) from the C' to the C* carbon
atom (G). Rotation of the RH,C—CH bond would facilitate
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Me Me Me Me Me  Me nal CHR fragment of the diene to render a product with an
N\’ /N\ /N\N/ allyl ligand with a CH,R group in a syn position. This reac-
Ru— \Ru , ri=" l\Ru\ R W_——Ru, o tion pathway is supported by the isolation of the diene com-
3 u-ﬁ/ [ N u/ //C/ HéR /e plex 13 from thermolysis reactions of compounds 2 and 7 in
¢ R—C—C R—>/C/C\ refluxing toluene and by the fact that the '"H NMR signals
2 RH= Et R EMe H EH H F of one of the protons of the anti C.HZR group of compoun.ds
4 R=Ph R =H l 2 and 7 appear are very low chemical shifts (see above), in-
T R=PrR=H dicating short Ru--H distances.
Me Me Me  Me Me Me As commented above, the thermolysis of complex 2 in re-
/N\N:\ /N\ /N\N/ fluxing toluene gave the same mixture of products as the
R{u—/—Ru\ R Rui—/—Ru ., Ru—/—Ru\ R thermolysis of complex 7 (compounds 3, 12, and 13, in a ca.
H:Ru/ " \RU< ,,,,,,,,, 7? \Ru{_ //C 1.4:1.3:1 molar ratio). This implies that, in these reactions,
H\\C/C\ TN \Cﬁc\ most steps are reversible and that the anti to syn rearrange-
'l? H H/"{’ H - L H ment processes shown in Scheme 10 (and/or Scheme 9) are
1 : R H ¢ concomitant with processes that involve a 1,4-migration of a
hydrogen atom and a movement of the bridged Ru—Ru
Me N,’V'e H Me\N/M‘* H edge over the hydrocarbon chain. Scheme 11 shows a mech-
N / - anistic proposal for the transformation of complex 7 into
HYD R \ H . .
u R R U~ Ru_! complex 3. The activation of one of the C—H bonds of the
N L Ne— \ =R ]
Ru / RU\\C>C/ R CH,Et group (K) and the edge-to-edge migration of the so
H~c—C /" W 3R=EtR=Me formed hydride ligand would lead to intermediate N. De-
F\< J H 1; g - E:YI‘E :: coordination of the appropriate alkene moiety (O), followed

Scheme 9. Mechanistic proposal for the anti to syn rearrangement of the
R groups of edge-bridging allyl derivatives through edge-bridging alkenyl
intermediates (carbonyl ligands have been omitted for clarity).

the activation of the appropriate C—H bond (H). A subse-
quent migration of the so formed hydride to the C' carbon
atom (via the hydrido intermediates I and J, or via the NH-
bridged Ru—Ru edge) would render the corresponding
isomer with the R group in the syn position. This proposal is
valid for any R group and is

supported by the fact that the

chemical shifts of the H,,; pro-

tons of the allyl complexes are

very low (see above), indicating

short Ru--H,,,; distances.

by rotation about its single C—C bond and recoordination of
the pendant alkene moiety (P) would promote the migration
of the hydride ligand onto the diene terminal C atom that
bears the Me group, rendering complex 3. An analogous re-
action pathway starting from complex 2 would also lead to
complex 3 (Scheme 11). The transformation of 2 into 12
would imply the reaction sequence 2—3 (Scheme 9, 10, and/
or 11), 3—7 (Scheme 11, reverse way), and 7—12 (Scheme 9
and/or 10).

f u
An alternative reaction path- Et/ckc\ c /LC/\
way that would also account for [ Me, Me ’ Me\N/Me H/ | H
the anti to syn rearrangement Ho n ‘N/N\ N \R 13 R EHtR' H
u - R=Et R =
of CH,R groups of allyl com- :cl:/ /" \—Ru H / /H7/ €O ‘
plexes is depicted in Scheme 10. R /C’Ru\'l"\ Rﬁ % /R“
It involves the activation of one H p<o/ R” §C\C//LC/\ " Ve
\ '
of the C—H bonds of the CH,R H R Hof R b
group in the anti position to 2 R=Me, R'=Me K SN R
. : 7,R=Et R =H SR
give a 50-electron hydrido— H /\ /
R . . \ Ru<H\R
diene intermediate (K) that M c U H
. Me  Me Me ~Me O } %
may release a CO ligand to HoOW H_ N R /C{C/C\R.
give 13 or may decoordinate /N /\Ru / H ,‘_i
one of its alkene moieties (L). _RI<H //Ru Ru/</H < L
Rotation about the diene C—C RCHy \ é <I;RU C/H H
single bond in L and subse- H R = \/Cfch,
quent recoordination of the 3;R =Me, R' = Me H H M

pendant alkene moiety (M)
would allow the transfer of the
hydride to the adjacent termi-
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12, R=Et,R'=H

Scheme 10. Mechanistic proposal for the anti to syn rearrangement of CH,R groups of edge-bridging allyl de-
rivatives through edge-bridging alkene intermediates (carbonyl ligands have been omitted for clarity).
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Me Me Me_ Me Me ~Me hydrido—carbonyl-triruthenium
H N/\N/ H\N N H\N N cluster complexes and comple-
Na-H \ _~Ru / ~Ru ment previous data on the reac-
; // —Ru H /// /\ \H .. . .
R C,F7u\|l-| / \  Ru=HN " /Ru RU H tivity of alkynes with hydrido-
ZRu —_— C — C 7 —tri i
H = R %C\C //L C/\ \C\C //L cl carbonyl trlruthem.ur.n cluster
H R H/ ] R’ H/ 7 R' complexes containing other
2:R=Me, R = Me H K H N face-capping ligands.
7,R=Et R'=H l
Me_ Me Me ~Me Me  Me Experimental Section
Ho W H N H N
\N/N\ NP W
'T' \/Ru / \/R‘ﬂ //\/ Ru General: Solvents were dried over Na-
c-RO<R\ / h RO H Ru\Ru/H [Ph,CO] (THF, diethyl ether, hydro-
R \(4 ISRy ~—ro \C LIERIN H— C< M carbons), or CaH, (dichloromethane,
I \ . R” ==c-C=¢’ /C‘€04C\ 1,2-dichloroethane) and distilled under
H CH;R Y \R' H IL nitrogen prior to use. The reactions
3;R=Me, R'=Me P (o] were carried out under nitrogen, using
3;R=Et, R'=H

Scheme 11. Mechanistic proposal for the isomerization of compounds 2 and 7 into complex 3 through the slip-
page of the bridged Ru-Ru edge over the ligand chain (carbonyl ligands have been omitted for clarity).

Conclusion

As stated in the Introduction, all the hitherto published re-
ports devoted to reactions of alkynes with face-capped hy-
drido—triruthenium cluster complexes,'! including those
dealing with alkynes that have a-hydrogen atoms,***! de-
scribe that the products of these reactions are alkenyl deriv-
atives. This contribution demonstrates for the first time that
hydrido—triruthenium cluster complexes may be transformed
into allyl derivatives when treated with alkynes that have a-
hydrogen atoms.

We have shown that the selectivity of the reactions is in-
fluenced by the nature of the alkyne reagents and that the
allyl derivatives arise from edge-bridged alkenyl intermedi-
ates. DFT calculations have demonstrated that the allyl de-
rivatives are thermodynamically more stable than both their
edge-bridged and face-capped alkenyl isomers. However, in
some instances (e.g., the cases of propargyl alcohol and 3-
methoxy-1-propyne), the formation of allyl derivatives is ki-
netically disfavored and the reactions end in face-capped al-
kenyl products, because they are formed with lower energy
barriers than the corresponding edge-bridged alkenyl inter-
mediates. Therefore, the kinetic aspects of the migratory in-
sertion processes (formation of the alkenyl ligand from the
corresponding hydrido-alkyne intermediate complex) have
crucial influence on the selectivity of the reactions. DFT cal-
culations have also shown that allyl complexes that have R
substituents in anti positions are less stable than those in
which these substituents are in syn positions. This also ra-
tionalizes the isomerization processes that have been ob-
served at 110°C, for which reasonable reaction pathways
have been proposed.

The results reported in this article, coupled to those re-
ported recently on reactions of complex 1 with alkynes that
do not have o-hydrogen atoms,” represent a rather wide
picture of the reactivity of alkynes with hydrazido-bridged
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Schlenk-vacuum line techniques, and
were routinely monitored by solution
IR spectroscopy and by spot TLC on
silica gel. Compound 1 was prepared
as described elsewhere.*® Alkyne re-
agents were purchased from commer-
cial sources. IR: Perkin—Elmer FT Par-
agon 1000X. NMR: Bruker AV-400 and DPX-300, room temperature,
TMS as internal standard (6=0ppm). Microanalyses: Perkin-Elmer
2400. MS: VG Autospec double-focusing mass spectrometer operating in
the FAB+ mode; ions were produced with a standard Cs* gun at about
30 kV; 3-nitrobenzyl alcohol (NBA) was used as matrix. All isolated
products gave satisfactory C, H, N, microanalyses (Supporting Informa-
tion). All their FAB+ mass spectra showed the corresponding molecular
ion (Supporting Information).

Reaction of 1 with 3-hexyne—synthesis of [Ru(u;-<>-HNNMe,)(u-«>-1-
syn-Me-3-anti-EtC,H;)(u-C0),(CO)s] (2) and [Ruy(uy-x*-HNNMe,)(n-
1*-1-syn-Me-3-syn-EtC;H;) (u-C0O),(CO)¢] (3): A solution of compound 1
(50 mg, 0.081 mmol) and 3-hexyne (10 pL, 0.089 mmol) in THF (30 mL)
was stirred at reflux temperature for 20 min. The color changed from
dark to bright yellow. The solvent was removed under reduced pressure
and the residue was separated by TLC (silica gel), by using hexane/di-
chloromethane/acetone (10:2:0.5) as eluant. Extraction of the first band
(dark yellow) allowed the isolation of compound 2 as a dark yellow solid
(17 mg, 28 % ). Extraction of the second dark yellow band afforded a 1:10
mixture of compounds 2 and 3. Slow diffusion of hexane layered onto a
solution of this mixture in dichloromethane (1 mL) afforded dark yellow
crystals of compound 3 (6 mg, 10%).

Reaction of 1 with 1-phenyl-1-propyne—synthesis of [Rus(us-x>-
HNNMe,) (u-*-3-anti-PhC;H,) (u-CO),(CO),] 4), [Ru(pz-1*-
HNNMe,) (u;-<>-MeCCHPh)(u-CO),(CO)¢]  (5), and  [Ruz(us-r’-
HNNMe,) (u5-x>-PhCCHMe) (u-CO),(CO)4] (6): A solution of compound
1 (50 mg, 0.081 mmol) and 1-phenyl-1-propyne (11 pL, 0.089 mmol) in
THF (30 mL) was stirred at reflux temperature for 20 min. The color
changed from yellow to orange. The solvent was removed under reduced
pressure and the residue was supported onto TLC plates (silica gel).
Hexane/acetone (10:1) eluted three bands. The bands were extracted and
the corresponding solutions were evaporated to dryness, giving, in order
of elution, compounds 4 (yellow solid, 12 mg, 21%), 5 (yellow solid,
9 mg, 16%) and 6 (orange solid, 8 mg, 14%).

Reaction of 1 with 1-hexyne—synthesis of [Ru(u;-x>-HNNMe,)(u-«>-3-
anti-PrC;H,)(n-CO),(CO)s] (7) and  [Rus(us-x’-HNNMe,)(n;-x>-
BuCCH,)(u-CO),(CO)¢] (8): A solution of compound 1 (50 mg,
0.081 mmol) and 1-hexyne (10 pL, 0.089 mmol) in THF (30 mL) was stir-
red at reflux temperature for 15 min. The color changed from yellow to
orange. The solvent was removed under reduced pressure and the residue
was separated by TLC (silica gel). Repeated elution with hexane/di-
chloromethane (5:1) allowed the separation of two bands. The first band
afforded compound 7 as a yellow solid (9 mg, 15%). The second band
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contained a 2.5:1 mixture of compounds 8 and 9 ("H NMR spectroscopic
identification). Slow diffusion of a 3:1: hexane/toluene solvent mixture
layered onto a solution of the complex mixture in dichloromethane
(1 mL) allowed the isolation of compound 8 as orange crystals (11 mg,
20%).

Reaction of 1 with propargyl alcohol—synthesis of [Ruj(u;-x*
HNNMez)(u3-K2-HOCH2CCH2)(u-CO)z(CO)G] (10): A solution of com-
pound 1 (50 mg, 0.081 mmol) and propargyl alcohol (5 uL, 0.089 mmol)
in THF (30 mL) was stirred at reflux temperature for 20 min. The color
changed from yellow to orange. The solvent was removed under reduced
pressure, the residue was dissolved in dichloromethane (2 mL), and the
resulting solution was supported onto a silica gel chromatographic
column (3x10cm) packed in hexane. Hexane/dichloromethane (1:1)
eluted compound 10, which was isolated as an orange solid after solvent
removal (39 mg, 65%).

Reaction of 1 with 3-methoxy-1-propyne—synthesis of [Ru,(us-x*
HNNMe,) (u;-x*-MeOH,CCCH,) (u-C0),(CO)¢] (11): A solution of com-
pound 1 (50mg, 0.081 mmol) and 3-methoxy-1-propyne (7 pL,
0.089 mmol) in THF (30 mL) was stirred at reflux temperature for
20 min. The color changed from yellow to orange. The solvent was re-
moved under reduced pressure and the residue was separated by TLC
(silica gel), by using hexane/dichloromethane (3:2) as eluant. Extraction
of the major band (first, orange) allowed the isolation of compound 11 as
an orange solid (18 mg, 34 %).

Thermolysis of compound 8 at 110°C—synthesis of [Ru;(u;-r*-
HNNMe,)(u;-<>-HCCHBu) (u-C0),(CO),] 9): Compound 8 (10 mg) was
stirred in THF (20 mL) at reflux temperature for 2 h. Solvent removal
under reduced pressure and crystallization of the residue from dichloro-
methane/hexane afforded compound 9 as yellow crystals (6 mg, 66 % ).

Thermolysis of compound 7 at 110°C—synthesis of [Rug(n-H) (us-x*-
HNNMe,)(n-x*-trans-EtCH;)(CO),] (13): A solution of compound 7
(20 mg, 0.027 mmol) in toluene (20 mL) was stirred at reflux temperature
for 25min to give a 1.4:1.2:1 mixture of compounds 3, 12, and 13
(*HNMR spectroscopy of the crude reaction mixture). The solvent was
removed under reduced pressure and the residue was dissolved in di-
chloromethane (2 mL). The resulting
solution was separated by TLC (silica
gel). Hexane/dichloromethane (3:1)
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rections were applied using XABS2P? (for 2 and 3) or SORTAV®! (for
8). The structures were solved by Patterson interpretation using the pro-
gram DIRDIF-96.?* Isotropic and full matrix anisotropic least square re-
finements were carried out using SHELXL-97.%! All non-H atoms were
refined anisotropically. Refinement of the model proposed for 8 con-
verged with a high discrepancy index. A difference Fourier synthesis
showed two sets of three peaks forming two triangles identical to that de-
fined by the Ru atoms of the main fragment. After obtaining analogous
results from six different data sets, we concluded that, due to disorder or
twining, the molecule was situated in the crystal in three different inde-
pendent positions. We included the six peaks in the final model as Ru
atoms with a site-occupancy factor of 0.05 and the atoms of the main Ru,
fragment with a site-occupancy factor of 0.9. This treatment resulted in
good final discrepancy indexes. This unusual crystallographic problem
has previously been observed on a few occasions.'>?! The molecular
plots were made with the PLATON program package.”” The WINGX
program system!® was used throughout the structure determinations. De-
tails of the data collection and refinement parameters are given in
Table 6.

CCDC-269582 (2), CCDC-269583 (3), and CCDC-269584 (8) contain the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge from the Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

Theoretical calculations: All the structure optimizations were performed
by hybrid DFT, within the Gaussian 98 program suite,”” by using the
Becke’s three-parameter hybrid exchange-correlation functional® con-
taining the B3LYP non-local gradient correction.®!! The LANL2DZ
basis set, with relativistic effective core potentials, was used for the Ru
atoms.®? The basis set used for the remaining atoms was the 6-31G with
addition of (d,p)-polarization for all atoms. All optimized structures were
confirmed as minima by calculation of analytical frequencies. For each
calculation, the input model molecule was based on one of the X-ray-de-
termined structures reported in this article, conveniently modified by
changing the appropriate R groups.

Table 6. Crystal, measurement, and refinement data for the compounds studied by X-ray diffraction.

eluted two yellow bands, which were

extracted with dichloromethane. The
corresponding solutions were evapo-
rated to dryness, giving, in order of
elution, compound 13 (orange solid,
4mg, 22%) and a mixture of com-
pounds 3 and 12, which could not be
separated.

Thermolysis of compound 4 at
110°C—synthesis  of  [Rus(us-rx>-
HNNMe,) (n->-3-syn-PhC;H,) (-
CO),(CO)¢] (14): A solution of com-
pound 4 (15 mg, 0.021 mmol) in tolu-
ene (10 mL) was stirred at reflux tem-
perature for 30 min. The solvent was
removed under reduced pressure, the
residue was dissolved in dichlorome-
thane (2mL), and the resulting solu-
tion was supported onto a silica gel
chromatographic column (3x5cm)
packed in hexane. Hexane/dichloro-
methane (1:1) eluted compound 14,
which was isolated as a yellow solid
after solvent removal (13 mg, 87 %).

X-ray structures of 2, 3, and 8: Dif-
fraction data were collected on a
Nonius Kappa-CCD diffractometer by
using graphite-monochromated Cuy,
radiation (1=1.54180 A). Data were
reduced to F> values. Absorption cor-

Chem. Eur. J. 2005, 11, 60406052

2 3 8
formula C,HsN,OgRu, C,HsN,OgRu, CHsN,OgRu,
M, 669.53 669.53 669.53
color yellow-orange yellow-orange yellow
cryst system monoclinic monoclinic monoclinic
space group P2/a P2/n C2/e
a[A] 13.1609(11) 10.6332(4) 30.2736(13)
b [A] 10.8710(9) 16.1546(7) 9.3745(4)
c[A] 16.0299(15) 13.1513(5) 18.4076(8)
Bl 104.296(5) 110.581(2) 124.634(3)
Vv [A7] 2222.4(3) 2114.88(15) 4298.4
V4 4 4 8
F(000) 1296 1296 2592
Peated [gEmM ] 2.001 2.103 2.069
u [mm™] 16.690 17.538 17.258
crystal size [mm] 0.10x0.08 x 0.05 0.13x0.10x0.10 0.15x%0.10x0.75
T [K] 120(2) 120(2) 293(2)
6 range [°] 2.84-68.62 4.52-68.33 3.55-68.39
min/max A, k, [ —15/15, —13/12, —19/19 0/12, 0/19, —15/14 —36/29, 0/11, 0/22
collected reflns 18404 13902 16676
unique reflns 3804 3872 3922
reflns with 1> 20([) 2183 3572 3269
absorption correction XABS2 XABS2 SORTAV
max/min transmission 0.452/0.225 0.176/0.150 0.272/0.160
parameters/restraints 265/1 268/2 296/2
GOF on F* 0.937 1.064 1.013
R, [on F, I>20(1)] 0.0558 0.0409 0.0854
WwR, (on F, all data) 0.1575 0.1043 0.1993
Max/min Ap [e A7 0.872/-0.975 1.177/-0.883 2.155/-2.796

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.chemeurj.org

— 6051


www.chemeurj.org

CHEMISTRY:

J. A. Cabeza et al.

A EUROPEAN JOURNAL

Acknowledgements

This work has been supported by the Spanish DGESIC (grant PB98-
1555 to JLA.C.)) and CICYT (grants BQU2003-5093 to S.G.-G. and
BQU2002-2623 to J.A.C.).

[1] a)J. A. Cabeza, S. Garcia-Granda, A. Llamazares, V. Riera, J. F.
van der Maelen, Organometallics 1993, 12, 157; b) J. A. Cabeza, S.
Garcia-Granda, A. Llamazares, V. Riera, J. F. van der Maelen, Orga-
nometallics 1993, 12, 2973; c) P. Briard, J. A. Cabeza, A. Llamazares,
L. Ouahab, V. Riera, Organometallics 1993, 12, 1006; d) S. Alvarez,
P. Briard, J. A. Cabeza, 1. del Rio, J. M. Ferndndez-Colinas, F. Mulla,
L. Ouahab, V. Riera, Organometallics 1994, 13, 4360; e)J. A.
Cabeza, A. Llamazares, V. Riera, P. Briard, L. Ouahab, J. Organo-
met. Chem. 1994, 480, 205; f) J. A. Cabeza, J. M. Ferndndez-Colinas,
A. Llamazares, V. Riera, S. Garcia-Granda, J. F. van der Maelen, Or-
ganometallics 1994, 13, 4352.

a) N. Lugan, F. Laurent, G. Lavigne, T. P. Newcomb, E. W. Liimatta,

J.J. Bonnet, Organometallics 1992, 11, 1351; b) P. Nombel, N.

Lugan, F. Mulla, G. Lavigne, Organometallics 1994, 13, 4673; c) P.

Nombel, N. Lugan, B. Donnadieu, G. Lavigne, Organometallics

1999, 78, 187.

a) V. Ferrand, K. Merzweiler, G. Rheinwald, H. Stoeckli-Evans, G.

Stiss-Fink, J. Organomet. Chem. 1997, 549, 263; b) V. Ferrand, A.

Neels, H. Stoeckli-Evans, G. Siiss-Fink, Inorg. Chem. Commun.

1999, 2, 561; c) V. Ferrand, C. Gambs, N. Derrien, C. Bolm, H.

Stoeckli-Evans, G. Siiss-Fink, J. Organomet. Chem. 1997, 549, 275.

[4] B. Hansert, H. Vahrenkamp, Chem. Ber. 1993, 126, 2017.

[5] J. A. Cabeza, I. del Rio, J. M. Fernandez-Colinas, S. Garcia-Granda,
L. Martinez-Méndez, E. Pérez-Carreiio, Chem. Eur. J. 2004, 10,
6265.

[6] N. Lugan, F. Laurent, G. Lavigne, T. P. Newcomb, E. W. Liimatta,
J. J. Bonnet, J. Am. Chem. Soc. 1990, 112, 8607.

[7] For a recent review on alkyne hydrogenation mediated by triruthe-
nium—carbonyl cluster complexes, see: J. A. Cabeza in Metal Clus-
ters in Chemistry (Eds.: P. Braunstein, L. A. Oro, P. R. Raithby),
Wiley-VCH, Weinheim, Germany, 1999, p. 715.

[8] T. Jenke, H. Stoeckli-Evans, G. Siiss-Fink, J. Organomet. Chem.
1990, 391, 395.

[9] M. I Bruce, M. L. Williams, J. Organomet. Chem. 1985, 288, C55.

[10] J. A. Cabeza, I. del Rio, S. Garcia-Granda, V. Riera, M. Sudrez, Or-
ganometallics 2004, 23, 3501.

[11] a) M. Evans, M. Hursthouse, E. W. Randall, E. Rosenberg, J. Chem.
Soc. Chem. Commun. 1972, 545; b) M. Castiglioni, L. Milone, D.
Osella, G. A. Vaglio, M. Valle, Inorg. Chem. 1976, 15, 394; c) G.
Gervasio, D. Osella, M. Valle, Inorg. Chem. 1976, 15, 1176; d) K. M.
Rao, R.J. Angelici, V. G. Young, Inorg. Chim. Acta 1992, 198, 211;
e) S. Doherty, J. E. Corrigan, A.J. Carty, E. Sappa, Adv. Organomet.
Chem. 1995, 37, 39; f) M. L. Bruce, N. N. Zaitseva, B. W. Skelton,
A. H. White, J. Chem. Soc. Dalton Trans. 1999, 2777; g) W. Y. Wong,
S. Chan, W. T. Wong, J. Chem. Soc. Dalton Trans. 1995, 1497; h) G.
Gervasio, D. Marabello, P.J. King, E. Sappa, A. Secco, J. Organo-
met. Chem. 2003, 671, 385.

[12] a) L. R. Beanan, Z. A. Rahman, J. B. Keister, Organometallics 1983,
2, 1062; b) L. R. Beanan, J. B. Keister, Organometallics 1985, 4,
1713; c¢) J. A. Cabeza, 1. da Silva, 1. del Rio, S. Garcia-Granda, V.
Riera, Inorg. Chim. Acta 2003, 347, 107.

[13] T. Chihara, H. Yamazaki, J. Organomet. Chem. 1992, 428, 169.

2

—

[3

[t

[14] T. Chihara, H. Yamazaki, J. Chem. Soc. Dalton Trans. 1995, 1369.

[15] a) J. A. Cabeza, 1. del Rio, S. Garcia-Granda, L. Martinez-Méndez,
V. Riera, J. Organomet. Chem. 2002, 663, 227; b) J. A. Cabeza, 1.
del Rio, S. Garcia-Granda, L. Martinez-Méndez, V. Riera, Inorg.
Chim. Acta 2003, 350, 93.

[16] The Ru—Ru distances in [Ru;(CO),,] are in the range 2.8595 to
2.8515 A: M. R. Churchill, F.J. Hollander, J. P. Hutchinson, Inorg.
Chem. 19717, 16, 2655.

[17] J. A. Cabeza, P. Garcia-Alvarez, E. Pérez-Carreno, Organometallics
2005, 24, 2000.

[18] Z. Dawoodi, M. J. Mays, J. Chem. Soc. Dalton Trans. 1984, 1931.

[19] R.C. Lin, Y. Chi, S. M. Peng, G. H. Lee, J. Chem. Soc. Dalton Trans.
1993, 227.

[20] For examples of binuclear complexes having bridging allyl ligands,
see: a) H. Kurosawa, K. Hirako, S. Natsume, S. Ogoshi, N. Kanehisa,
Y. Kai, S. Sakaki, K. Takeuchi, Organometallics 1996, 15, 2089; b) R.
Hanko, Angew. Chem. 1985, 97, 707; Angew. Chem. Int. Ed. Engl.
1985, 24, 704; c) H. Werner, Adv. Organomet. Chem. 1981, 19, 155,
d) S. Hueffer, M. Wieser, K. Polborn, W. Beck, J. Organomet. Chem.
1994, 481, 45; e) R. H. Cayton, M. H. Chisholm, M. J. Hampden-
Smith, J. C. Huffman, K. G. Moodley, Polyhedron 1992, 11, 3197,
f) R. J. Blau, M. S. Goetz, R. J. Tsay, Polyhedron 1991, 10, 605; g) K.
Osakada, Y. Ozawa, A. Yamamoto, J. Organomet. Chem. 1990, 399,
341; h) M. H. Chisholm, M. J. Hampden-Smith, J. C. Huffman, K. G.
Moodley, J. Am. Chem. Soc. 1988, 110, 4070.

[21] D. Braga, P. Sabatino, P.J. Dyson, A.J. Blake, B. F. G. Johnson, J.
Chem. Soc. Dalton Trans. 1994, 393.

[22] S. Parkin, B. Moezzi, H. Hope, J. Appl. Crystallogr. 1995, 28, 53.

[23] R. H. Blessing, Acta Crystallogr. Sect. A 1995, A51, 33.

[24] P.T. Beurskens, G. Beurskens, W.P. Bosman, R. de Gelder, S.
Garcia-Granda, O.R. Gould, R. Israél, J.M.M. Smits, The
DIRDIF-96 Program System, Crystallography Laboratory, Universi-
ty of Nijmegen, The Netherlands, 1996.

[25] G. M. Sheldrick, SHELXL97, version 97-2, University of Goéttin-
gen, Germany, 1997.

[26] M. R. Churchill, L. A. Buttrey, J. Keister, J. W. Ziller, T.S. Janic,
W. S. Striejewske, Organometallics 1990, 9, 766.

[27] A.L. Spek, PLATON, A Multipurpose Crystallographic Tool, Uni-
versity of Gottingen, Gottingen, Germany, 1997.

[28] L.J. Farrugia, J. Appl. Crystallogr. 1999, 32, 837.

[29] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A.
Robb, J.R. Cheeseman, V.G. Zakrzewski, J. A. Montgomery, E.
Stratmann, J. C. Burant, S. Dapprich, J. M. Millam, A. D. Daniels,
K. N. Kudin, M. C. Strain, O. Farkas, J. Tomasi, V. Barone, M. Cossi,
R. Cammi, B. Mennucci, C. Pomelli, C. Adamo, S. Clifford, J. Och-
terski, G. A. Petersson, P. Y. Ayala, Q. Cui, K. Morokuma, D. K.
Malick, A. D. Rabuk, K. Raghavachari, J. B. Foresman, J. Cioslow-
ski, J. V. Ortiz, A. G. Baboul, B. B. Stefanov, G. Liu, A. Liashenko,
P. Piskorz, I. Komaromi, R. Gomperts, R. L. Martin, D.J. Fox, T.
Keith, M. A. Al-Laham, C.Y. Peng, A. Nanayakkara, C. Gonzélez,
M. Challacombe, P. M. W. Gill, B. Johnson, W. Chen, M. W. Wong,
J. L. Andrés, M. Head-Gordon, E. S. Replogle, J. A. Pople, Gaussi-
an98 (Revision A7), Gaussian Inc., Pittsburgh, PA, USA, 1998.

[30] A.D. Becke, J. Chem. Phys. 1993, 98, 5648.

[31] C. Lee, W. Yang, R. G. Parr, Phys. Rev. B 1988, 37, 785.

[32] P.J. Hay, W. R. Wadt, J. Chem. Phys. 1985, 82, 299.

Received: May 12, 2005
Published online: July 29, 2005

6052 — www.chemeurj.org

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Chem. Eur. J. 2005, 11, 60406052


www.chemeurj.org

