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Ruthenium-Cluster-Mediated Activation of All Bonds of a Methyl Group of
6,6'-Dimethyl-2,2'-bipyridine and 2,9-Dimethyl-1,10-phenanthroline:
Transformation of the Latter into a 2-Alkenyl-9-methyl-1,10-phenanthroline
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Abstract: The treatment of
[Ru;(CO)y,] with 6,6'-dimethyl-2,2'-bi-
pyridine (Me,bipy) or 2,9-dimethyl-
1,10-phenanthroline (Me,phen) in THF
at reflux temperature gives the trinu-
clear dihydride complexes [Rus(u-H),-
(- LH(CO)s]  (L'=HCbipyMe 1a,
HCphenMe 1b), which result from the
activation of two C—H bonds of a
methyl group. The hexa-, hepta-, and
pentanuclear derivatives [Rug(s-H)(s-
L) (u-CO);(CO),5] (L*=CbipyMe 2a,
CphenMe  2b), [Rus (- H)(us-L?) (-
CO),(CO) ) (L?=CbipyMe 3a,
CphenMe 3b), and [Rus(pu-H)(ps-C)(p-
L*)(CO);5] (L*=bipyMe 4a, phenMe
4b) can also be obtained by treating 1a
and 1b with [Ru;(CO);,]. Compounds
2a and 2b have a basal edge-bridged
square-pyramidal metallic skeleton
with a carbyne-type C atom capping

The structures of 3a and 3b are similar
to those of 2a and 2b, respectively, but
an additional Ru atom now caps a tri-
angular face of the square-pyramidal
fragment of the metallic skeleton. The
most interesting feature of 2a, 2b, 3a,
and 3b is that their carbyne-type C
atoms were originally bound to three
hydrogen atoms in Me,bipy or
Me,phen and, therefore, they arise
from the unprecedented activation of
all three C-H bonds of C-bound
methyl groups. The pentanuclear com-
pounds 4a and 4b contain a carbide
ligand surrounded by five Ru atoms in
a distorted trigonal-bipyramidal envi-
ronment. They are the products of a
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series of processes that includes the ac-
tivation of all bonds (three C—H and
one C—C) of organic methyl groups,
and are the first examples of complexes
having carbide ligands that arise from
C-bonded methyl groups. The alkenyl
derivatives [Rus(ps-C)(p-p-MeCeH,-
CHCHphenMe)(CO);5] (5b), [Rus(p-
H)(us-C)(u-p-MeC¢H,CHCHphenMe)-
(p-t01C,)(CO)] (6b), and [Rus(p-H)-
(us-C)(u-PhCHCHphenMe)(PhC,)(CO),, ]
(7b) have been obtained by treating
4b with p-tolyl- and phenylacetylene,
respectively. Their heterocyclic ligands
contain an alkenyl fragment in the po-
sition that was originally occupied by a
methyl group. Therefore, these com-
plexes are the result of the formal sub-
stitution of an alkenyl group for a
methyl group of 2,9-dimethyl-1,10-
phenanthroline.

the four Ru atoms of the pyramid base.

Introduction

The activation of C—H!"' and C—C™ bonds promoted by
transition-metal complexes has increasingly attracted the at-
tention of researches over the last two decades. The use of
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these processes in chemoselective organic synthesis™! is the
final goal of such an intense research activity. However, the
applied aspects of these reactions are not the only area of
interest. When sp® carbon atoms are involved, the known
examples of C—H bond activation by oxidative addition pro-
cesses in solution are fewer than those known for C(sp®)—H
bonds,¥ and the number of processes in which C(sp®)—C
bonds are activated is even smaller.>® Therefore, the search
for new systems capable of activating C(sp®)—H and C(sp*)—
C bonds under mild conditions and the understanding of the
factors that control such processes are currently highly
active research fields.

It has been reported that C—H and C—C bonds of mole-
cules in which these bonds are in the proximity of a coordin-

WWILEY

InterScience’

1529




CHEMISTRY—

A EUROPEAN JOURNAL

able heteroatom or functional group are, in general, more
easily cleaved than bonds that are far apart from these
groups.'™ These processes have been named “chelation-as-
sisted” bond activations®* because their driving force is
the formation of a stable metallacycle after the bond cleav-
age.

In a related chelation-assisted approach, we have ob-
served that [Ru3(CO),,] can promote the oxidative addition
of both N—H bonds of the amino group of 2-aminopyridines,
transforming it into a p-imido fragment (Scheme 1).5%

@\ [Ru3(CO),,] ;//R u/:. [Rus(CO)12l
=y

R N7 “NH,

Scheme 1. Reactivity of 2-aminopyridines with [Ru;(CO),].

Such an uncommon reaction prompted us to attempt the ac-
tivation of methyl C—H bonds of a series of 2-methyl-N-het-
erocycles under the same conditions as those used for the
reactions with 2-aminopyridines.

We now report that simple 2-methylpyridines fail to react
with [Ru;(CO);,] in a similar manner to 2-aminopyridines.
However, with substrates with two coordinable heteroatoms,
one of which is close to the bond to be activated, that are
therefore capable of forming at least two metallacycles after
the bond cleavage, we have managed to transform an organ-
ic methyl group, that is, a methyl group attached to a C
atom of an organic fragment, into bridging methylene-type,
carbine, and carbide groups. Such processes imply the acti-
vation of two C(sp’)—H bonds, three C(sp’)—H bonds, and
the C(sp®)—C bond plus the three C(sp®)—H bonds, respec-
tively, of an organic methyl group.”! We also report that the
metalated heterocyclic ligand left after the C—Me bond
cleavage can be functionalized with alkenyl fragments at the
C atom that was originally attached to the methyl group.

Results and Discussion

No reaction at all was observed when [Ruy(CO),,] was treat-
ed with 2,6-dimethylpyridine (2.5:1 mol ratio) in THF or
chlorobenzene at reflux temperature for 2 h. However, 6,6'-
dimethyl-2,2"-bipyridine (Me,bipy) and 2,9-dimethyl-1,10-
phenanthroline (Me,phen) reacted slowly with [Ru;(CO),]
in refluxing THF to give the trinuclear derivatives [Rus(u-
H),(1s-HCbipyMe)(CO);] (1a) and [Rus(u-H),(ps-HCphen-
Me)(CO)s] (1b), respectively, in moderate yields
(Scheme 2). Both N-donor ligands were used in excess to ac-
celerate the consumption of [Ru;(CO);,] and to minimize
the formation of polynuclear by-products (see below).
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[Rus(CO)1a

' (1a, bipy)
(1b, phen)

Scheme 2. Synthesis of 1a and 1b.

Higher reaction temperatures
resulted in lower yields of these

O compounds.
N\ 4 ' » The trinuclear nature of
i) Ru_, these complexes was inferred
u_/_\_Ruy from their FAB mass spectra,
\'\H/'/|‘\/\.. which contain the correspond-
\\ [/ Ruly ing molecular ion. The activa-
.,llx’lu/( \ tion of two C—H bonds of a
é methyl group was indicated by

their '"HNMR spectra, which,

in addition to the aromatic

proton resonances, contain sig-
nals assignable to two hydrides (mutually coupled), one CH,
and only one methyl group.

The molecular structure of 1a was confirmed by X-ray
diffraction. A selection of interatomic distances is given in
Table 1. Figure 1 shows that a bridging HCbipyMe ligand is
attached to three ruthenium atoms in such a way that the
CH fragment spans an Ru—Ru edge and the bipy fragment
chelates the remaining Ru atom. The cluster shell is com-

Table 1. Selected interatomic distances [A] in compound 1a.

Rul-Ru2 2.9654(7) Rul-Ru3 2.7466(6)
Ru2-Ru3 2.7916(7) Rul-N1 2.099(4)
Rul-N2 2.253(4) Ru2—Cl1 2.157(5)
Ru3—Cl 2.133(5)
030
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Figure 1. Molecular structure of 1a.
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pleted by eight terminal CO ligands and two edge-bridging
hydrides.

It has been reported that the reactions of [Rus(CO)y,]
with 2,2"-bipyridine (H,bipy) and 1,10-phenanthroline
(Hphen) give [Ruy(H,bipy)(u-CO),(CO)]* and [Ru;-
(H,phen)(u-CO),(CO)s] ! respectively, in which the H,bipy
and H,phen ligands chelate a ruthenium atom. A careful in-
spection of the X-ray structure of the H,bipy derivative
(Figure 2) reveals that a similar structure would not be pos-
sible for Me,bipy or Me,phen because there is not enough
room to accommodate the methyl groups without their in-
teracting with the carbonyl ligands.

Figure 2. Ball-and-stick and space-filling views of [Rus(H,bipy)(u-
CO)»(CO)s].

Thus, in the reaction of [Ru;(CO);,] with Me,bipy (or
Me,phen), the chelation of this ligand should be accompa-
nied by the release of at least three CO ligands. This is in
accordance with the observation that the reaction is slow
and requires thermal activation. The unsaturation of the 46-
electron intermediate thus-formed and the proximity of one
methyl group to the metal atoms would promote the activa-
tion of a methyl C—H bond. However, such a monohydrido
nonacarbonyl intermediate has not been observed, probably
because it is thermodynamically less stable than complex
1a, which arises from a double C—H bond activation.

As no reaction was observed between 2,6-dimethylpyri-
dine and [Ru;(CO);,] under analogous conditions, it is clear
that the chelating ability of Me,bipy and Me,phen is the
driving force for the metalation of one of their methyl
groups. A related chelation-assisted approach, in which two
metallacycles are formed after the bond activation step, has
been used to activate methyl C—H and C—C bonds of appro-
priate bidentate ligands with mononuclear complexes.!"”

Previous reports describing the oxidative addition of two
C—H bonds of a C-bonded methyl group to a metallic frag-
ment are scarcel'!l and, as far as we are aware, only one cor-
responds to a ruthenium cluster."? Some examples of
double C—H activation of methyl groups attached to
metal™ or nitrogen!" atoms are known.

The reaction of la with an equimolar amount of
[Ru3(CO),,] in chlorobenzene at reflux temperature afford-
ed a mixture of the compounds [Rug(s-H)(ps-CbipyMe)(u-
CO);(CO)y3] (2a), [Ruy(ps-H)(ps-CbipyMe)(u-CO)y(CO);¢]
(3a), and [Rus(u-H)(ps-C)(u-bipyMe)(CO)ys] (4a), which
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were separated by chromatographic techniques (Scheme 3).
An analogous reaction starting from 1b gave [Rug(ps-H)(s-
CphenMe)(u-CO)5(CO)s] (2b),  [Ruy(ps-H)(ps-CphenMe)-

Hg (1a, bipy)
(1b, phen)

(2a, bipy)
(2b, phen)

(3a, bipy)
(3b, phen)

(4a, bipy)

Scheme 3. Synthesis of 2a,b, 3a,b, and 4a,b.

(1-CO),(CO)yg]  (3b), and  [Rus(u-H)(ps-C)(u-phenMe)-
(CO)y3] (4b) (Scheme 3). The hexanuclear complex 2b was
formed in a very small amount and could not be obtained
pure (it was always contaminated by some 3b). These prod-
ucts could also be prepared in analogous yields by treating
[Rus(CO);,] with Me,bipy or Me,phen, in a 2:1 ratio, in re-
fluxing chlorobenzene.

The IR spectra of the Me,bipy-derived compounds are
similar to those of the Me,phen-derived complexes, thereby
indicating analogous structures. However, the analytical and
spectroscopic data of these products were insufficient to
assign their structures. These were determined by X-ray dif-
fraction.

The structure of the hexanuclear compound 2a is shown
in Figure 3. A selection of bond lengths is collected in
Table 2. It consists of a basal edge-bridged square-pyramidal
metallic skeleton with the edge-bridging Ru3 atom chelated
by both N atoms of the CbipyMe ligand and the metallic
square capped by the carbyne-type C1 atom of the CbipyMe
fragment. One face-capping hydride and 16 CO ligands
(three of them in bridging positions) complete the cluster
shell. Overall, this structure is related to those of [Rug(jy-
H),(1s-NpyMe) (1-CO),(CO),] P! [Rug(ps-H) (1s-NpyCeH.)-
(1-CO)5(CO) 3] 1 [Rug(ps-H),(ps-NCO,Me) (u-CO) -
(CO) 1], and [Rug(us-S)(u-CO)5(CO);s],I° although these
compounds have p,-imido or p,-sulfido ligands instead of a
W,-carbyne.

The structures of the heptanuclear derivatives 3a and 3b
are shown in Figure 4. Table 3 contains a selection of inter-
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Figure 3. Molecular structure of 2a.

Table 2. Selected interatomic distances [A] in compound 2a.

Rul-Ru2 2.8438(8) Rul-Ru3 2.8550(9)
Rul-Ru4 2.7311(8) Rul-Ru6 2.9686(9)
Ru2-Ru3 2.7798(8) Ru2-Ru$ 2.7469(8)
Ru2-Ru6 2.8859(8) Ru4—Ru5 2.7596(9)
Ru4—Ru6 2.8599(9) Ru5-Ru6 2.9116(9)
Ru3-N1 2.126(5) Ru3-N2 2.208(5)
Rul—C1 2.168(5) Ru2—C1 2.229(6)
Ru4—Cl 2.266(5) Ru5—Cl1 2.223(6)

atomic distances. Both structures are very similar to that of
2a, but an additional Ru atom now caps a triangular face of
the square-pyramidal fragment of the metallic skeleton.

The most interesting feature of compounds 2a, 2b, 3a,
and 3b is that they contain a carbyne-type carbon atom that

0603

Figure 4. Molecular structures of 3a (left) and 3b (right).
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Table 3. Selected interatomic distances [A] in compounds 3a and 3b.

3a 3b

Rul-Ru2 2.7719(15) 2.7468(9)
Rul—Ru3 2.7819(13) 2.8103(8)
Rul-Ru4 2.7347(14) 2.7315(9)
Rul—-Ru6 2.9367(15) 2.9796(11)
Ru2—Ru3 2.8176(15) 2.8008(10)
Ru2—Ru5 2.7317(15) 2.7377(9)
Ru2—Ru6 2.8682(14) 2.8412(8)
Ru2—Ru7 2.7326(15) 2.7033(10)
Rud4—Ru5 2.7256(16) 2.7085(9)
Ru4—Ru6 2.9161(17) 2.9069(9)
Ru5—Ru6 2.8384(16) 2.8344(9)
Ru5—Ru7 2.7279(17) 2.7283(10)
Ru6—Ru7 2.8635(17) 2.8852(10)
Ru3—-N1 2.091(9) 2.096(4)
Ru3—-N2 2.180(9) 2.201(5)
Rul-C1 2.231(11) 2.213(5)
Ru2—-C1 2.133(12) 2.127(5)
Ru4—C1 2.244(10) 2.237(5)
Ru5—C1 2.191(10) 2.187(5)

was originally bound to three hydrogen atoms in Me,bipy or
Me,phen. The activation of the three C—H bonds of a
metal-bound methyl group has been reported.'” However,
to the best of our knowledge, the oxidative addition of all
three C—H bonds of an organic methyl group is unprece-
dented. Carbyne ligands bridging four metal atoms are also
scarce,?*17 and none of them arises from an organic
methyl group.

The structures of the pentanuclear compounds 4a and 4b
are very similar. Table 4 contains a comparative selection of
interatomic distances. Figure 5 shows, for both complexes,
the presence of a carbide ligand, C1, surrounded by five Ru
atoms in a distorted trigonal-bipyramidal environment. The
cluster core of 4a and 4b only contains seven Ru—Ru bonds
because the equatorial Rul atom is only bonded to the axial
Ru2 and Ru3 atoms, while the equatorial Ru4 and Ru5

Chem. Eur. J. 2006, 12, 1529-1538
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Table 4. Selected interatomic distances [A] in compounds 4a and 4b.
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place through the condensation of compound 1 with

4a 4b [Ru,(CO),,] species (n=1, 3) that are available in hot solu-
Rul-Ru2 2.8645(7) 2875010)  tions of [Rus(CO),,].
Rul-Ru3 2.8933(6) 2.8887(10) The fact that the pentanuclear compounds 4a and 4b con-
Ru2-Ru4 2.8096(7) 2.7892(11) tain C-metalated N-heterocyclic ligands prompted us to
Eﬁ:ﬁzi iigzggg igzgggg) study their reactions with alkynes as such reactions could
RU3—RUS5 2.8586(7) 2.8576(10) lead to cluster complexes containing novel ligands having an
Ru4—Ru5 2.8840(7) 2.8835(10) unsaturated group (alkenyl or alkynyl) in the same position
Rul-N1 2.098(4) 2.106(6) as that originally occupied by one of the methyl groups of
Rul-N2 2173(4) 2.168(6) Me,bipy or Me,phen. In addition, these reactions could also
Rul~Cl 2.056(5) 2.042(6) lead to products arising from carbide-alkenyl or carbide-al-
Ru2—Cl 2.004(5) 2.006(7) -
Ru3—Cl 1.961(5) 1.964(7) kynyl coupling processes.
Rud—C1 2.035(5) 2.042(6) As no significant differences had so far been observed in
Ru5—C1 2.104(5) 2.102(7) the structure and reactivity of the Me,bipy- and Me,phen-
Ru4—C2 20565) 2066(7) derived complexes 1-4, we decided to use 4b as a represen-
tative starting material for
these reactions because we had
// accumulated a large amount of
égcs g Cg this complex compared with
w ﬁmo what we had of 4a.
acs, C5 b . Only untractable decomposi-
0301( % i 1/1? tion products were obtained
03;7‘/?1"“ § Qgﬁ&cm when 4b was tre.ated with di-
J/%(\ A “ © phenylacetylene in toluene at
0402 1P . 0w reflux temperature (>2h), and

[ \\i\x

@5 0503

Figure 5. Molecular structures of 4a (left) and 4b (right).

atoms are bonded to each other and to both axial Ru atoms.
The bipyMe (in 4a) or phenMe (in 4b) ligands chelate a Ru
atom through both N atoms and are also bonded to an addi-
tional Ru atom through the carbon atom, C2, that was origi-
nally bound to a methyl group. In both complexes, the clus-
ter shell is completed by 13 terminal CO ligands and a
bridging hydride that spans the Ru4—Ru5 edge.

Many transition metal clusters containing carbide ligands
have been reported, but none of these ligands arises from
an organic methyl group. It is also interesting to note that a
few C—C bond activation reactions involving methyl groups
have been reported,>'“'® but the metal-bound methyl
groups of the products do not undergo further C—H bond
activation processes.

It is clear that compounds 1 (a or b) are precursors to
compounds 2-4 (a or b, respectively). However, complex 2a
was not transformed into a mixture of 3a and 4a when it
was heated in refluxing chlorobenzene. Therefore, as the
hexanuclear complexes 2 are not intermediates in the syn-
thesis of 3 and 4, the formation of the latter should take

Chem. Eur. J. 2006, 12, 1529-1538
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no reaction was observed under
milder conditions or with short-
er reaction times. However, the
treatment of 4b with p-tolylace-

g - 8@01 tylene in toluene at reflux tem-

7 perature afforded a mixture of

gn %géos compounds from which com-
o508 plexes [Rus(ps-C)(p-p-

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

MeC¢H,CHCHphenMe)(CO);5]
(5b) and [Rus(u-H)(us-C) (u-p-
MeC,H,CHCHphenMe)(p-
tolC,)(CO),,] (6b) could be
separated by chromatographic methods in 29 and 34%
yield, respectively (Scheme 4). Under similar conditions, the
reaction of 4b with phenylacetylene also gave an analogous
mixture of compounds (‘"H NMR and TLC monitoring), but
[Rug(p-H) (15-C)(1-PhCHCHphenMe)(PhC,)(CO),,]  (7h)
was the only product (35% yield) that could be efficiently
separated (Scheme 4).

The microanalyses and mass spectra of Sb, 6b, and 7b
confirmed their formulation and molecular weight. Their
'H NMR spectra show the presence of trans alkenyl frag-
ments in all three compounds and the absence (in 5b) or
the presence of one hydride ligand (in 6b and 7b), but give
no additional structural information. The CO-stretching re-
gions of the IR spectra of 6b and 7b are nearly identical,
thus indicating that both compounds have similar structures.

The molecular structure of compound 5b was determined
by X-ray diffraction (Figure 6). A selection of interatomic
distances is collected in Table 5. The metal core of Sb is sim-
ilar to that of its predecessor 4b and it also maintains the
ps-carbide carbon atom. The novel feature of this complex is

1533
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'l \|//Ru\o 'Y \\V/Ru\o
rRu 4 H-RU {
' l\. ' l o
(5b, R = p-tolyl) (8b, R = p-tolyl)
(7b, R = Ph)

Scheme 4. Reactivity of 4b with p-tolyl- and phenylacetylene.
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Figure 6. Molecular structure of Sh.

Table 5. Selected interatomic distances [A] in compound 5b.

Rul-Ru2 2.9480(12) Rul—Ru3 2.8420(12)
Ru2-Rud 2.8533(12) Ru2-Rus 2.8923(11)
Ru3-Rud 2.9017(12) Ru3-Ru5 2.8735(12)
Rud4—Ru5 2.7067(13) Rul-N1 2.123(7)
Rul-N2 2.169(7) Rul—C1 2.101(9)
Ru2—Cl 1.968(9) Ru3—Cl 1.963(9)
Rud—C1 2.138(9) Ru5—C1 2.111(9)
Ru3—C21 2.223(10) Ru3-C22 2.276(9)

that it contains the novel ligand (E)-1-(9-methyl-1,10-phen-
anthro-2-yl)-2-(p-tolyl)ethene. This ligand is coordinated to
Ru3 through both C atoms of its olefin moiety while it che-

1534 — www.chemeurj.org
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lates the adjacent metal atom Rul through the N atoms of
its heterocyclic fragment. As in 4b, 13 terminal CO ligands
complete the cluster shell.

Many attempts to get crystals of compounds 6b and 7b
suitable for X-ray diffraction analysis were carried out but,
unfortunately, only poor-quality crystals of 7b-H,O were ob-
tained. Nevertheless, one of those crystals was studied by X-
ray diffraction. Although the results are not accurate (many
non-metal atoms were found to be nonpositive definite after
anisotropic refinement),!’! they unambiguously reveal the
atom connectivity (Figure 7). The position of the hydride

Figure 7. Molecular structure of 7b.

ligand was calculated with XHYDEX.? In 7b, one of the
CO ligands on Rul of the phenyl analog of Sb has been re-
placed by an alkynyl ligand and a hydride now spans the
Ru4—Ru5 edge. Therefore, complex 7b can be described as
the result of the formal substitution of a CO ligand of the
phenyl analogue of Sb by two one-electron ligands—hydride
and alkynyl—that arise from the oxidative addition of the
terminal alkyne C—H bond.

A reasonable reaction pathway that would account for
the formation of 5b, 6b, and 7b is as follows. As 4b is a co-
ordinatively saturated 76-electron species, it most probably
needs to release a CO ligand to allow the coordination of
the incoming alkyne reagent. This should be the slowest
step of the whole reaction pathway because the reaction re-
quires strong thermal activation (reflux in toluene); 4b dis-
appears very slowly as the reaction progresses (IR monitor-
ing). A migratory insertion of the coordinated alkyne into a
hydride-ruthenium bond would give a metal-bound alkenyl
fragment which, through a reductive coupling with the C-
metalated heterocycle, would subsequently render an inter-
mediate with the same organic ligand as 5b (or its phenyl
analog), but with only 12 CO ligands. This species could al-
leviate its unsaturation by either taking a CO from solution
to give 5b (or its phenyl analog), reacting with more alkyne

Chem. Eur. J. 2006, 12, 1529-1538
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to give 6b (or 7b), or undergoing decomposition. The obser-
vation of 5h, 6b, and some other minor by-products in the
reaction of 4b with p-tolylacetylene suggests that these
three possibilities occur at similar rates. The fact that we
have not isolated the phenyl analog of 5b from the reaction
of 4b with phenylacetylene does not necessarily imply that
such a complex is not formed as a product. It most probably
is formed in a small amount and we simply have been
unable to separate it from the decomposition products. The
use of 4b-to-alkyne ratios lower than two only increased the
amount of decomposition products.

Therefore, in the reactions of 4b with terminal alkynes,
the first incoming alkyne is transformed into an alkenyl
ligand that ends up coupled to the heterocyclic fragment
and not to the carbide carbon atom. Space-filling diagrams
of the molecular structure of 4b demonstrate that the car-
bide is very well protected from external attack by the
metal atoms and also by some CO ligands.

Conclusion

We have described the ruthenium cluster-mediated transfor-
mation of organic methyl groups into carbide ligands (com-
pounds 4a and 4b). Such reactions involve the unprecedent-
ed activation of all bonds (three C—H and one C—C) associ-
ated with the carbon atom of an organic methyl group. In
addition, compounds 2 and 3 (a and b) are unique examples
of the activation of three C—H bonds of C-bonded methyl
groups.

We have demonstrated that the proximity of a methyl
group to a coordinating atom of a ligand is not the only
requisite necessary to accomplish various bond-activation
processes associated with such a methyl group. There are
two additional requirements: one is that the ligand should
be a chelate (the energy released on its coordination com-
pensates the high activation energy of the bond-cleavage
process), and the other requirement is the use of a poly-
metallic complex, since the possibility to have the methyl
group of a ligand in close proximity to a metal atom of a
complex (and thus being susceptible to undergo a C—H or a
C—C bond activation) is much greater for polynuclear than
for mononuclear complexes.

We have also been able to attach alkenyl fragments to the
C? carbon atom of the heterocyclic ligand of complex 4b
and, hence, to transform 2,9-dimethyl-1,10-phenanthroline
into 2-alkenyl-9-methyl-1,10-phenanthroline ligands.

Experimental Section

General: Solvents were dried over Na/Ph,CO (THF, diethyl ether, hydro-
carbons), CaH, (dichloromethane), or molecular sieves (chlorobenzene)
and distilled under nitrogen prior to use. The reactions were carried out
under nitrogen, using Schlenk/vacuum line techniques, and were routine-
ly monitored by solution IR spectroscopy (carbonyl stretching region)
and by spot TLC on silica gel. All reagents were purchased as analytical-
ly pure samples. IR: Perkin-Elmer FT Paragon 1000X. NMR: Bruker
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AV-400 and DPX-300, room temperature, TMS as internal standard (0=
0 ppm). 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; data given refer to the most abundant molec-
ular ion isotopomer.

[Ru;(n-H),(u;-HCbipyMe)(CO)s] (1a): A solution of [Ru;(CO),,)
(300 mg, 0.469 mmol) and 6,6'-dimethyl-2,2"-bipyridine (216 mg,
1.173 mmol) in THF (30 mL) was stirred at reflux temperature for 5.5 h.
The color changed from orange to black. The solvent was then removed
under reduced pressure and the residue dissolved in dichloromethane
(2mL). This solution was separated by column chromatography (15x
2 cm) on silica gel. Hexane/dichloromethane (3:1) eluted some unreacted
[Ru3(CO),,] and a major band (orange), which gave compound 1a after
solvent removal (108 mg, 32%). '"H NMR (CD,ClL,): 6=7.8-6.6 (m, 6H;
CH bipy), 5.46 (s, 1H; CH), 2.77 (s, 3H; Me), —12.42 (d, /=32 Hz, 1H,
w-H), —13.72 ppm (d, /=3.2Hz, 1H; p-H); IR (CH,CL): »(CO)=2088
(m), 2049 (s), 2014 (s), 1990 (m), 1980 (m, sh), 1962 (w), 1928 cm™" (w);
FAB-MS: m/z: 712 [M]*; elemental analysis (%) caled for
CyH,N,OgRu; (711.53): C 33.76, H 1.70, N 3.94; found: C 33.82, H 1.75,
N 3.86.

[Ru;(n-H),(u;-HCphenMe)(CO)g] (1b): A solution of [Ruy(CO),,)
(100 mg, 0.057 mmol) and 2,9-dimethyl-1,10-phenanthroline (65 mg,
0.312mmol) in THF (30mL) was stirred at reflux temperature for
75 min. The color changed from orange to dark brown. The solvent was
removed under reduced pressure and the residue dissolved in dichloro-
methane (2 mL). This solution was supported on preparative silica gel
TLC plates. Hexane/dichloromethane (2:1) eluted several bands. The
major band (second, orange) gave compound 1b upon extraction with di-
chloromethane and solvent removal (29 mg, 25%). A dark residue re-
mained uneluted in the baseline of the TLC plates. "H NMR (CDCl;):
0=8.13 (d, J=82Hz, 1H; CH phen), 7.76 (d, J=8.2 Hz, 1H; CH phen),
7.55 (m, 4H; 4 CH phen), 5.36 (s, 1H; CH), 2.97 (s, 3H; Me), —12.21 (d,
J=39Hz, 1H; p-H), —13.39 ppm (d, /=3.9 Hz, 1H; p-H); IR (CH,Cl,):
v(CO)=2089 (m), 2050 (s), 2017 (s), 1991 (m), 1980 (m, sh), 1963 (w),
1928 cm™ (w); FAB-MS: m/z: 737 [M]*; elemental analysis (%) calcd
for C,,H;N,OgRu; (735.54): C 35.92, H 1.64, N 3.81; found: C 36.10, H
1.73, N 3.71.

[Rug(u;-H) (15-ChipyMe) (u-CO)5(CO),5] (2a), [Ruy(us-H) (s-ChipyMe)-
(n-C0O)x(CO);6] (3a) and [Rus(u-H)(ns-C)(u-bipyMe)(CO);3] (4a): A so-
lution of [Ru;(CO);,] (100 mg, 0.156 mmol) and 6,6'-dimethyl-2,2’-bipyri-
dine (14 mg, 0.078 mmol) in chlorobenzene (10 mL) was stirred at reflux
temperature for 5 h. The color changed from orange to very dark green.
The solvent was then removed under reduced pressure and the residue
was dissolved in dichloromethane (2 mL) and applied onto silica gel TLC
plates. Hexane/dichloromethane (3:2) eluted five bands. The first band
(yellow) contained a small amount of a mixture of [Ru;(CO),,] and
[Ru,H,(CO)y,]. The second (orange) contained a trace amount of com-
pound 1a. The third (yellow), fourth (dark green), and fifth (dark green)
bands afforded compounds 4a (19 mg, 23%), 3a (18 mg, 17%), and 2a
(13 mg, 14%), respectively, after extraction with dichloromethane and
solvent removal. A dark residue remained uneluted in the baseline of the
TLC plates.

Data for 2a: "'HNMR (CD,CL,): 6=7.9-5.9 (m, 6H; CH bipy), 3.05 (s,
3H; Me), —14.37 ppm (s, 1H; p-H); IR (CH,CL): »(CO)=2079 (m),
2042 (vs), 2016 (w), 2000 (m), 1935 (w, br), 1850 (w), 1824 cm™' (m);
FAB-MS: m/z: 1237 [M]*; elemental analysis (%) caled for
CyH(N,ORug (1236.8) : C 27.19, H 0.81, N 2.26; found: C 27.25, H
0.93, N 2.18.

Data for 3a: '"HNMR (CD,CL,): =7.9-5.9 (m, 6H; CH bipy), 3.12 (s,
3H; Me), —1546 ppm (s, 1H; p-H); IR (CH,ClL,): v(CO)=2084 (m),
2052 (s), 2034 (vs), 2013 (m), 1971 (w), 1947 (w), 1849 (w), 1817 cm™"
(w); FAB-MS: m/z: 1394 [M]*; elemental analysis (%) caled for
C;3H,(N,OsRu; (1393.89): C 25.85, H 0.72, N 2.01; found: C 2593, H
0.80, N 1.95.

Data for 4a: '"HNMR (CD,CL,): 6=7.9-7.0 (m, 6H; CH bipy), 2.96 (s,
3H; Me), —21.31 ppm (s, 1H; p-H); IR (CH,CL,): »(CO)=2085 (m),
2046 (s), 2041 (s), 2029 (s), 2006 (w), 1989 (m), 1970 (w, sh), 1943 cm™!
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(w); FAB-MS: m/z: 1052 [M]*; elemental analysis (%) caled for
CysH,,N,0,5Ru; (1051.70): C 28.55, H 0.96, N 2.66; found: C 28.61, H
1.03, N 2.57.

[Rug(us-H)(s-CphenMe)(u-CO)(CO);s]  (2b),  [Ruy(us-H)(uer
CphenMe) (n-C0)»(CO)y]  (3b), and  [Rus(u-H)(ns-C)(n-phenMe)-
(CO)y;] (4b): A solution of [Rus(CO),,] (300 mg, 0.471 mmol) and 2,9-di-
methyl-1,10-phenanthroline (60 mg, 0.276 mmol) in chlorobenzene
(10 mL) was stirred at reflux temperature for 5h. The color changed
from orange to very dark green. The solvent was then removed under re-
duced pressure and the residue was dissolved in THF (5mL) and sup-
ported on silica gel (ca. 5 g) by evaporation under vacuum. This material
was placed on top of a silica gel chromatographic column (15x3 cm)
packed in hexane. Hexane eluted trace amounts of [Ru;(CO);,] and
[RuH,(CO),,]. Hexane/dichloromethane (5:1) eluted a small amount of
1b followed by a yellow band, which afforded compound 4b upon sol-
vent removal (32 mg, 11%), and a red band containing a trace amount of
an unidentified product. Hexane/dichloromethane (3:2) eluted a dark
green band that contained a 1:8 mixture of compounds 2b and 3b. Re-
crystallization of this mixture from dichloromethane/hexane afforded
pure 3b (43 mg, 11%). A dark residue remained uneluted in the baseline
of the TLC plates.

Data for 2b: '"HNMR (CDCl,, mixture with 3b): 0=3.25 (s, 3H; Me),
—14.34 ppm (s, 1H; p-H); the resonances of the phen protons overlap
with those of complex 3b.

Data for 3b: "HNMR (CDCly): 6=8.35 (d, /=82 Hz, 1H; CH phen),
7.83 (d, J=82Hz, 1H, CH phen), 7.81 (d, /J=8.6 Hz, 1H; CH phen),
7.71 (m, 2H; 2 CH phen), 6.22 (d, J=8.6 Hz, 1H; CH phen), 3.32 (s, 3H;
Me), —15.57ppm (s, 1H; p-H); IR
(CH,CL): »(CO)=2084 (m), 2052 (s),
2034 (vs), 2014 (m), 1970 (w), 1944

worked up to afford compounds 5b (8 mg, 29%) and 6b (7 mg, 24 %),
respectively.

Data for 5b: '"HNMR (CDCl;): 6=38.44 (d, J=83 Hz, 1H; CH phen),
8.21 (d, /=8.7Hz, 1H, CH phen), 7.92 (d, /=83 Hz, 1H; CH phen),
7.84 (m, 3H; CH phen + p-tolyl), 7.45 (d, /=7.8 Hz, 2H; CH p-tolyl),
7.21 (m, 2H; CH phen), 591 (d, /J=11.4 Hz, 1H; CH alkenyl), 5.84 (d,
J=11.4Hz, 1H; CH alkenyl), 3.32 (s, 3H; Me), 2.39 ppm (s, 3H; Me);
IR (CH,CL): »(CO)=2064 (m), 2030 (vs), 2024 (s, sh), 2005 (m), 1972
(w, br), 1956 cm™" (w, sh); FAB-MS: m/z: 1192 [M]7; elemental analysis
(%) caled for C3sH gN,O3Rus (1191.9): C 36.28, H 1.52, N 2.35; found: C
36.33, H 1.73, N 2.23.

Data for 6b: '"HNMR (CDCL;): 6=827 (d, J=83 Hz, 1H; CH phen),
8.12 (d, /=83 Hz, 1H; CH phen), 7.88 (d, J=12.0 Hz, 1H; CH alkenyl),
7.79 (m, 6H, CH phen + p-tolyl), 7.47 (d, J=7.9 Hz, 2H; CH p-tolyl),
719 (d, /=79 Hz, 1H; CH phen), 7.07 (d, /=83 Hz, 1H; CH phen),
6.90 (d, /=79 Hz, 2H; CH p-tolyl), 6.07 (d, J=12.0 Hz, 1H; CH alken-
yl), 3.27 (s, 3H; Me), 2.37 (s, 3H; Me), 2.23 (s, 3H; Me), —21.48 ppm (s,
1H; u-H); IR (CH,CL,): »(CO)=2081 (s), 2055 (s), 2034 (s), 2016 (m),
1992 (w, sh), 1978 (w), 1966 cm ™' (w); FAB-MS: m/z: 1281 [M]™; elemen-
tal analysis (%) caled for CyHyN,O,Rus (1280.1): C 41.29, H 2.05, N
2.19; found: C 41.37, H 2.16, N 2.05.

[Rus(u-H) (ps-C) (n-PhCHCHphenMe) (PhC,)(CO),,] (7b): A toluene so-
lution (20 mL) of 4b (25 mg, 0.023 mmol) and phenylacetylene (6 L,
0.053 mmol) was stirred at reflux temperature for 60 min. The color
changed from yellow to brown. The solvent was then removed under re-
duced pressure, the residue was dissolved in dichloromethane (2 mL),
and the resulting solution was supported onto preparative silica gel TLC

Table 6. Selected crystal, measurement, and refinement data for compounds 1a, 2a, 3a, and 3b

(w), 1845 (w), 1817 cm™" (w); FAB-

MS: m/z: 1418 [M]*; elemental analy- la 2a 3a 3b
sis (%) caled for CyuHN,OsRu;  formula CyH,,N,O4R U, CysH,oN,O4Rug C3H,o)N,OsRu, C3H,()N,OsRu,
(1417.9): C 27.11, H 071, N 1.98;  formula weight 711.53 1236.80 1393.89 1417.91
found: C 27.01, H 0.75, N 2.03. color orange black black black
Data for 4b: '"HNMR (CD,Cl,): 0=  crystal system triclinic monoclinic orthorhombic monoclinic
839 (d, J=82Hz, 1H; CH phen), space group P1 P2,/c Pna2, P2/n
775 (d, J=3.7Hz, 1H; CH phen), a [1?] 8.1592(14) 10.306(3) 30.505(12) 17.406(5)
7.72 (d, J=3.7Hz, 1H; CH phen), b[A] 10.9528(19) 30.631(8) 11.815(5) 11.007(4)
7.65 (m, 2H, 2 CH phen), 745 (d, J= ¢ [A] 13.132(2) 10.826(3) 10.394(4) 20.420(6)
82Hz, 1H; CH phen), 3.16 (s, 3H; «[°] 91.752(3) 90 90 90
Me), —21.28ppm (s, 1H; w-H); IR B[] 98.785(3) 94.188(4) 90 101.140(6)
(CH,CL): »(CO)=2085 (m), 2046 (s), ¥ [°] 95.719(3) 90 90 90
2041 (s), 2029 (s), 2006 (w), 1989 (m), V [A’] 1152.8(3) 3408.6(15) 3746(3) 3838(2)
1969 (w, sh), 1945 cm™ (w); FAB-MS: Z 2 4 4 4
m/z: 1076 [M]*; elemental analysis £(000) 684 2336 2624 2672
(%) caled for CyHN,OpRus  Peaea [gem™] 2.050 2.410 2.472 2.454
(1075.7): C 30.15, H 0.94, N 2.60; radiation (4, A) Moy, 0.71073 Moy, 0.71073 Moy, 0.71073 Mok, 0.71073
found: C 30.20, H 0.95, N 2.55. # [mm™] 1.988 2.667 2.825 2.759
[Rus(us-C)(u-p-MeCH,CHCHphen crystal size [mm] 0.05x0.10x0.19 0.08x0.12x0.14 0.11x0.21 x0.24 0.06x0.13x0.22
s\MsT P 6714 =
Me)(CO),s] (5b) and [Rus(u-H)(ue- temperature [K] 299(2) 293(2) 293(2) 296(2)
C)(u-p-MeC,H,CHCHphenMe) (p- 6 limits [°] 1.57 t0 23.28 1.33 t0 23.28 1.34 t0 23.33 1.41 to 23.28
e . min./max. i, k, [ -9/9, —12/12, —14/  -11/10, —30/33, —11/ -33/33, —13/13, -6/ —15/19, —12/12, 21/
tolC,)(CO),,] (6b): A toluene solution 14 1 1 2
(20 mL) of 4b (25mg, 0.023 mmol)
collected reflns. 7401 14898 16343 16669
and p-tolylacetylene (6 uL, X
0.050 mmol) was stirred at reflux tem- unique reflns. 3293 4811 4152 2308
. reflns. with 2614 3975 3977 4468
perature for 75min. The color
changed from yellow to brown. The 1>20(1)
& Y ) absorption correc-  SADABS SADABS SADABS SADABS
solvent was then removed under re- .
duced pressure, the residue was dis- tion
solved in dichloromethane (2 mL), and ptarﬁ.nrieters/re— 311/0 475/0 520/1 538/0
the resulting solution was supported strawnts N
onto preparative silica gel TLC plates GOFon F 1016 Lot 1110 1.029
Rt e T atee i, Ra(on E1>20(D) 00269 0.0304 0.0315 0.0285
P P WR, (on F, all 0.0540 0.0656 0.0650 0.0721

hexane/dichloromethane (3:2) allowed

. data)
the sepzjlratlon of several band.s. Tt.le max./min. Ap 0.490 and —0.371
two major bands, fourth and fifth in [eA]

order of elution, both orange, were
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0.629 and —0.616
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Table 7. Selected crystal, measurement, and refinement data for compounds 4a, 4b-CH,Cl,, and 5b-H,0-0.5(C¢H,).

4a 4b-CH,Cl, 5b-H,0-0.5(C¢H,,)
formula C,sH,(N,O3Ru; C,,H,(N,0;Rus-CH,Cl, C36HsN,0,3Rus-H,0-0.5(CH, )
formula weight 1051.70 1160.65 1252.98
color yellow yellow red
crystal system triclinic monoclinic triclinic
space group P1 P2,/c P1
a[A] 10.2820(16) 12.975(4) 11.588(3)
b [A] 10.8950(16) 12.596(4) 12.322(3)
c[A] 13.508(2) 21.621(6) 15.818(4)
a[°] 89.939(3) 90 106.282(5)
£ 1°] 89.194(3) 102.307(5) 105.529(4)
v [°] 89.532(3) 90 90.351(5)
Vv [AY] 1513.0(4) 3452.7(16) 2080.7(9)
V4 2 4 2
F(000) 996 2208 1214
Peatea [gem™] 2.309 2.233 2.000
radiation (1, A) Moy, 0.71073 Mok, 0.71073 Mok, 0.71073
u [mm™] 2.506 2.357 1.842
crystal size [mm] 0.06x0.12x0.19 0.23x0.29x0.37 0.03x0.09x0.15
temperature [K] 293(2) 293(2) 296(2)
0 limits [°] 1.87 to 23.29 1.61 to 23.29 1.40 to 23.29
min./max. h, k, [ —11/11, —-9/12, —15/14 —14/13, —14/13, —24/21 —12/9, —11/13, —17/17
collected reflns. 6685 15022 9498
unique reflns. 4268 4943 5913
reflns. with 7>20([) 3609 4483 3999
absorption correction SADABS SADABS SADABS
parameters/restraints 412/0 453/0 54712
GOF on F* 0.978 1.184 0.943
R, (on F, I>20(1)) 0.0293 0.0378 0.0441
wR, (on F, all data) 0.0763 0.0940 0.1194

max./min. Ap [e A7 0.695 and —1.046

1.087 and —1.173 2.323 and —0.538

plates. A major band was separated from several minor bands by eluting
the plates several times with hexane/dichloromethane/acetone (8:1:1).
Work-up the major band afforded compound 7b as an orange solid
(10 mg, 35%). '"H NMR (CDCly): 6=8.34 (d, J=8.1 Hz, 1H; CH phen),
8.19 (d, /=8.1 Hz, 1H; CH phen), 7.83 (m, 3H, CH phen + Ph), 7.57 (d,
J=7.1Hz, 2H; CH Ph), 7.18 (m, 10H, CH phen + Ph + alkenyl), 6.13
(d, J=11.5Hz, 1H; CH alkenyl), 3.41 (s, 3H; Me), —21.46 ppm (s, 1 H;
u-H); IR (CH,CL): »(CO)=2081 (s), 2055 (s), 2033 (s), 2019 (m), 1993
(w, sh), 1968 cm™" (w, br); FAB-MS: m/z: 1253 [M]*; elemental analysis
(%) caled for C,;,H,,N,0,Ru; (1252.0): C 40.29, H 1.77, N 2.24; found: C
40.36, H 1.92, N 2.16.

X-ray diffraction studies on 1la, 2a, 3a, 3b, 4a, 4b-CH,Cl,, and
5b-H,0-0.5(C¢H,,): Intensity measurements were made with a Bruker
AXS SMART 1000 diffractometer with graphite-monochromated Moy,
X-radiation and a CCD area detector. Selected crystallographic data can
be found in Tables 6 and 7. Raw frame data were integrated with the
SAINT + 2! program. The structures were solved by direct methods with
SHELXTL.”?? A semi-empirical absorption correction was applied with
the program SADABS.! All non-hydrogen atoms were refined aniso-
tropically. The hydride ligands of all compounds and the hydrogen atom
of the bridging CH fragment of 1a were located in difference maps and
were fully refined (both coordinates and isotropic thermal parameters).
The remaining hydrogen atoms were set in calculated positions and re-
fined as riding atoms. Refinements were made with SHELXTL,? and
molecular plots were produced with the PLATON program package.?!
CCDC-231373 (1a), CCDC-231374 (2a), CCDC-231375 (3a), CCDC-
277942 (3b), CCDC-231376 (4a), CCDC-277943 (4b-CH,Cl,), and
CCDC-277944 (5b-H,0-0.5(C4H,,)) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from the Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.
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