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The reaction of [(arene)RuCly], (arene = cymene, 1,3,5-CsHsMes) and [Cp*RhCl;], half-sandwich complexes with
tridentate heterocyclic ligands in the presence of base has been investigated. In all cases, the chloro-ligands were
substituted to give metallacyclic products with ring sizes between 4 and 18 atoms. The cyclization occurs in a
highly diastereoselective fashion with chiral recognition between the different metal fragments. The complexes
were comprehensively characterized by elemental analysis, NMR spectroscopy, and single crystal X-ray
crystallography. For 2-hydroxy-nicotinic acid and 2-amino-nicotinic acid, dinuclear structures were obtained (15—
17) whereas for 2,3-dihydroxyquinoline, 2,3-dihydroxyquinoxaline, and 6-methyl-2,3-phenazinediol, trimeric assemblies
were found (19-22), and for 4-imidazolecarboxylic acid, a tetrameric assembly (18) was found.

Introduction shown to be a versatile building block for the synthesis of
rectangular metallamacrocyclessome of which have found
applications in sensifdgor catalysi€. Half-sandwich com-
plexes of ruthenium(ll), rhodium(lll), and iridium(lll) are
likewise very useful compounds for transition metal based
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Organometallic complexes are increasingly being used for
the construction of polynuclear self-assembled structures.
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Scheme 1. Di-, Tri-, Tetra-, and Hexanuclear Metallamacrocycles
(A—E) Obtained by Reaction of Half-Sandwich Complexes with
Tridentate Ligands
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compounds, or diamino-compound$, rectangular macro-

cycles and cage-structures have been obtained.

Lehaire et al.

Relatively small changes in the bridging ligand can give
rise to large changes in the overall structure of the as-
sembly: the free adenine-ligan?l gives a tetranuclear
complex of type D instead of the trinuclear metallomacro-
cycle found forl.*? With 9-ethyl-hypoxanthine3), a trimeric
structure of type A was obsen®dwhereas for the thio-
derivative4 a hexanuclear macrocycle of typé&kas found
and for the thio-derivativ® a tetranuclear assembly of type
“D"” was found1é

Cationic trimers of type A were also obtained using amino
acidate ligand$’ Here, the metal fragments are connected
via the two carboxylate O-atoms and the amino-group.
Despite their simplicity, dinuclear complexes of type C have
been described rarel If the tridentate ligand has a donor-
group X with a high tendency to form direct M{X)M
bridges (e.g., aromatic thiolates), dinuclear structures of type
B can be formed? With very few exceptions, the above-
mentioned assemblies are polycationic species. Consequently,
they are often soluble in water. In terms of heguest
chemistry, this may be advantageous if hydrophobic interac-
tions are the main driving force for guest inclusi@hFor
the binding of cationic guests, however, these macrocyclic
hosts are generally not very suited.

We have recently reported neutral metallamacrocycles of
type A using the dihydroxypyridine ligand&?°2 7,2 and
8.22 These compounds were obtained by reaction of the
chloro-bridged complexes sftligand)MCL]. (z-ligand =
Cp*, arene; M= Ru, Rh, Ir) with the respective ligands in
the presence of base in excellent yieli$he macrocycles
display a good solubility in a wide range of organic solvents
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matically summarized in Scheme 1. Cationic, trinuclea
complexes of type A have been synthesized by Fish et al.
using adenine-derivatives such Ass the bridging ligand

in combination with Cp*RM complexes?® Structurally
related compounds with (arene)RCp*Ir'"', and Cp*RH'
complexes were subsequently reported by Sheltiéand
Yamanarit®
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(Arene)RU' and Cp*RH" Complexes

such as chloroform and benzetélheir host-guest chem-
istry is very different from what was found for the cationic
complexes described above. Trinuclear 3-oxy-pyridonate
complexes of the general formulazf{igand)M(GH3NO,)]s
turned out to be very potent receptors for lithium and sodium
salts?®? The selectivity can be modulated by variation of
the (z-ligand)M fragment. The complexf-CsHsCO,Et)-
Ru(GH3NO,)]s, for example, was shown to have an ex-
tremely high selectivity for LiCl suggesting possible appli-
cations as a chemosengdrA unique feature of these
receptors is the fact that the lithium and sodium salts are
bound as ion pairs. As a result, it was possible not only to
isolate the unusual molecular forms of Bffand NaSiFs?’
but also to construct a highly specific chemosensor for the
fluoride anion?®

In the following, we report the syntheses and the structures
of di-, tri-, and tetranuclear (arene)Ru- and Cp*Rh-
complexes, obtained in reactions with the heterocyclic
compound®—14. These ligands were chosen because they
have at least three donor-atoms, two of which possess acidic
protons. They can thus act as tridentate, dianionic ligands,
an important prerequisite to obtain neutral metallamacro- Figure 1. ORTEP drawings of the molecular structure of one enantiomer

cycles. of 16 in the crystal (view from the side and from the bottom).
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Scheme 2. Synthesis of the Dinuclear Complex&s and 16
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12 13 14 Since NMR spectroscopy is not a suited method to

distinguish between the geometries—B (Scheme 1),
crystallographic investigations are of central importance.
Single crystals of complexl6 were obtained by slow

The Carboxylic Acids 9—11 as Ligands.Upon reaction crystallization from dichloromethane/pentane. The molecular
of [(cymene)RuC]], or [Cp*RhCL], with 2-hydroxy- structure of one enantiomer &b is shown in Figure 1. A
nicotinic acid Q) in the presence of NaOMe, the complexes pseudoC,-symmetric assembly of type C is observed. As
15and16were isolated in good yield (Scheme 2). The NMR expected, the dianionic ligand bridges the metal centers by
spectra ofl5 and 16 were indicative of highly symmetrical  coordination via two O-atoms forming a six-membered
structures with a ligand-to-metal ratio of 1:1. In théNMR chelate ring (Rh+01 = 2.107(2) A; Rh+02 = 2.108(3)
spectrum of15 (CDCl; or CD;OD), two signals for the ~ A; O1-Rh1-02 = 85.21(9}) and the pyridine N-atom
methyl-groups and four signals for the aromatic cymene CH- (Rh1—N2 = 2.140(3) A). The metal centers, which are 4.69
protons were observed (each signal appears as a doublet)A apart from each other, have the same absolute configu-
This points to the fact that the pseudotetrahedral rutheniumration. It is interesting to note that the exchange of the
atoms in15 are stereogenic centers and configurationally hydroxy group in6 with a carboxy group i is sufficient
stable on the NMR time scale. to drive the reaction entirely from the trimeric structuré®#
toward the dimeric structure C. Apparently, the additional
(24) By attaching charged side-chains to the hydroxypyridine ligand it is flexibility of ligand 9 in combination with the slightly

ﬁlo\fvig? tgr%?éag .”L'g‘r‘];'ifgr,\T?Ea."gcmoapcermfiy%e.s's;‘\’gfiﬂ ?(rE’A;O'Ub'e different coordinate vectotallows the entropically favored

9

Results and Discussion

Chem. S0c2003 125, 13638-13639. structure C to be formed.
(25) Ploowekl, H- Severin, KProc. Natl. Acad. Sci. U.5.2002 99 The reaction of [Cp*RhG], with 2-amino-nicotinic acid
(26) Lehaire, M.-L.; Scopeliiti, R.: Severin, Knorg. Chem.2002 41, (10) was performed under conditions as described above to
5466-5474. . ) give complex17 (Scheme 3). On the basis of the spectro-
@7 5?2?’5‘76'\4:'“ Scopelitt, R.; Severin, Kchem. Commun2002 scopic data and the similarity of liganesind10, a dinuclear
(28) Lehaire, M.-L.; Scopelitti, R.; Severin, lingew. Chem., Int. EQ002
41, 1419-1421. (29) Caulder, D.; Raymond, K. Ndcc. Chem. Res1999 32, 975-982.
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Figure 2. ORTEP drawings of the molecular structureldfin the crystal.

Scheme 3. Synthesis of the Dinuclear Complaﬂ

[Cp*RhCly],
/Rh
+ 0 4NaOMe
4NaCI
CL X “\
2
-
N~ "NH,

10
17

structure of type C was expected. But the crystallographic
analysis revealed that an amido-bridged complex of type B
had formed (Figure 2).

The dianion of10is coordinated to the Rh atom via the

Lehaire et al.

Figure 3. ORTEP drawings of the molecular structurel&fin the crystal.

Scheme 4. Synthesis of the Tetranuclear Compl&&
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carboxylate group and the deprotonated amine group formlng:standard alkali metal bases such as LiOH were not successful.

a six-membered chelate ring (RAO1= 2.094(3) A; Rht

N1 = 2.104(3) A; OFRh1-N1 = 83.47(11) A). The
pyridine N-atom is not coordinated to the transition metal.
Both metals represent stereogenic centers and have the sa
absolute configuration. The planes defined by the Cp* rings
and the planes defined by the pyridine rings deviate by only
6.9°. A structurally related CpRh* complex is formed upon
reaction of [Cp*RhC]], with thiosalicylic acid in the
presence of triethylamin®.But here the common Rh{
SR)Rh motive is observed. Dimeric Cp*Rh complexes with
Rhu-NHR)Rh bridges, on the other hand, are rére.
Nevertheless, the amido bridge &Y seems to be stable
enough to prevent coordination of the free pyridine N-atom.

Similar to the 2-amino-nicotinic acidLQ), the imidazole
derivativell contains a carboxylic acid group, an acidic NH-
group, and a neutral N-donor group. An important difference,
however, is that ligandll is expected to form a five-
membered N-O-chelate ring and not a six-membered one
as for9 and 10. The smaller ring-size reduces the overall
flexibility of the bridging ligand. It therefore appeared
unlikely that the reaction of f{-ligand)MCkL], complexes
would yield dimeric structures as was found fids—17.

Initial attempts to synthesize macrocyclic complexes with
ligand 11 and [(cymene)RuG], or [Cp*RhCk], using

(30) Henderson, W.; Nicholson, B. K.; Oliver, A. G.; Rickard, C. EJF.
Organomet. ChenR001, 625 40—46.

(31) (a) Matsuzaka, H.; Kamura, T.; Ariga, K.; Watanabe, Y.; Okubo, T;
Ishii, T.; Yamashita, M.; Kondo, M.; Kitagawa, 8rganometallics
200Q 19, 216-218. (b) Retboll, M.; Ishii, Y.; Hidai, MChem. Lett.
1998 1217+1218.
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For the ruthenium complex, a mixture of products was
obtained, and for the rather polar Cp*Rh complex, it turned
out to be difficult to separate the LiCl side product in order

ME obtain the analytically pure product. Here, the utilization

of Ag,O as a base turned out to be the key to suééssxce
the resulting AgCl can easily be separated by filtration
(Scheme 4).

For complex18, the NMR spectra were indicative of a
highly symmetrical complex of the formula [Cp*Rh-
(C4H2N20,)], showing only one set of signals for the Cp*
and the bridging imidazole ligand. The aggregation number
n was determined by single crystal X-ray crystallography,
which revealed that compleb8 forms a tetrameric assembly
of type D (Figure 3).

The twofold deprotonated ligarid acts as a,;*:%? bridge
between two Cp*Rh fragments with RIN1 = 2.070(3) A,
Rh—N2 = 2.082(3) A, and RRO1 = 2.109(2) A. The five-
membered N,O-chelate ring is nearly planar as evidenced
by an dihedral angle 0®nirnoic = 5.35°. The rhodium
atoms are 8.855(2) A apart form each other. Overall, the
complex displayss; symmetry. It is interesting to note that
this is a feature that is found for all the tetrameric complexes
of type D that have been characterized so'féaf.

2,3-Dihydroxyquinoline and 2,3-Dihydroxyquinoxaline
as Ligands.As described above, 2,3-dihydroxypyridire (

(32) For the reaction of (arene)Ru-complexes with chelate-ligands in the
presence of AgD see: Davies, D. L.; Fawcett, J.; Krafczyk, R.;
Russell, D. R.; Singh, KJ. Chem. So¢Dalton Trans.1998 2249-
2352.
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can be used as a ligand to obtain organometallic assemblies
of type A2°212 3-Dihydroxyquinoline 12) and 2,3-dihydroxy-
quinoxaline (3) are commercially available ligands that also
contain the 2,3-dihydroxypyridine structural motif. The
additional ring nitrogen atom of ligantl3, however, makes
the compound a potentially tetradentate ligand. In reactions
with [(cymene)RuC],; or [Cp*RhCl], in the presence of
CsCO;, the complexe49—21 were obtained in good yield.
The spectroscopic dattH, 13C NMR) of the complexes were
very similar and in agreement with a trimeric structure. For
19and20, two signals can be observed for the diastereotopic
methyl groups of the aromatia-ligand. The reduced
symmetry of the bridging quinoxaline ligands of complex
20and21is manifested in the chemical shifts of the aromatic
CH protons for which four sets of signals can be observed
in the region between 6.9 and 8.2 ppm (CECI

@\X—:N/g_o/ NHX complex (m-ligand)M X

(o] o) 19 (cymene)Ru CH
\ \ / 20 (cymene)Ru N
M M 21 Cp*Rh N
% \O\e:N >
E(\Q Figure 4. ORTEP drawings of the molecular structureléfin the crystal.
Hydrogen atoms and the side chains of the aromafigands have been

omitted for clarity.

A determination of the molecular structure B in the Scheme 5. Synthesis of an Expanded Macrocycle of Type C Using
crystal confirmed that a trinuclear assembly of type A had the Dianion of 6-Methyl-2,3-phenazinediol as the Bridging Ligand
formed with the dianionic 2,3-dioxyquinoline acting as a CENH o o N on
tridentate ligand (Figure 4). The catechol part of the ligand 2, II - éj:/ I:[
is coordinated in a slightly bent fashion to the ruthenium NH,  HO o "2HO SN OH
centers with dihedral angl€3oruocbetween 4.7and 16.3. 14

The values indicate that the macrocyclic geometry is slightly
strained because for monomeric ruthenium complexes with / [(CoHgMeg)RuCIzl,
S/ ;\

Cs,CO5

0,0-bound hydroxypyridine ligands, the dihedral angle §§>}

Ooruocis almost zerd? Likewise, the pyridine part of the or,

ligand is not bound in a linear fashion with dihedral angles / ~N" N

Orunco between 5.4and 6.4. The ruthenium atoms are on /NQO

average 5.28 0.03 A apart from each other; the diameter =N

of the trimer is approximately 11 A. /quf—o 0\ /o
6-Methyl-2,3-phenazinediol as the Ligandln order to @_ % _R

obtain expanded macrocycles, we have synthesized the QN\

phenazinediol derivativd4 (Scheme 5). The coordinate Nﬁ

vectors ofl4 have the same relative orientation as those of 22

ligand 13, but the donor atoms are further apart from each

other. Unfortunately, upon reaction with either [(cymene)-

RuClh], or [Cp*RhCL]; in the presence of base, a mixture

of products was obtained, even after purification by chro-

matography. We therefore investigated the reactiod®f

with the alternative (arene)Ru complex [(1,3,5-cMej3)-

RuCl].. After chromatography using basic alumina we were

able to obtain a pure producR?) in 47% vyield. The

coordination to thes-ligand)M fragment has a pronounced

effect on the chemical shift of thiH NMR signals of the
ligand. Whereas the signals of the aromatic protons of the

free ligand14 are confined to a region between 7.12 and
7.79 ppm (CROD), the corresponding signals of complex
22 were found between 6.48 and 9.17 ppm.

Crystals of22 were obtained by slow evaporation of a
solution of 22 in chloroform/methanol. As expected, the
ligand 14 bridges the (1,3,5-¢1;sMez)Ru fragments by
coordination via the two deprotonated hydroxy groups and
one nitrogen atom (Figure 5). The sterically shielded nitrogen
atom next to the methyl group is not involved in metal
binding. The resulting metallomacrocycle has a ring size of
18 atoms with the metal atoms being 7.460.02 A apart
(33) Lang, R.; Polborn, K.; Severin, T.; Severin,IKorg. Chim. Actal999 from each other. Comple22 thUS' rgpresents one O.f the

294, 62-67. largest metallamacrocycles containing organometallic half-
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molecule, which is aligned to the 3-fold symmetry of the
macrocycle (Figure 6).

Conclusion

Polynuclear organometallic complexes containing two,
three, or four (arene)Ru and/or Cp*Rh fragments have been
synthesized using tridentate O, and O,N,N-chelate
ligands. The size of the resulting metallacycles was shown
to depend decisively on the coordinate vectbend the
nature of the donor atoms of the bridging ligand. Relatively
small modifications such as the exchange of an OH with an
NH, group were shown to switch the geometry of the
product. Alterations in the ligand periphery, on the other
hand, did not affect the final structure. In most cases, the
observed yields were very good. In view of the fact that
metallamacrocycles of this kind are able to undergo exchange
reactions under relative mild conditioffsit is assumed that
the obtained products are formed by self-assembly under
thermodynamic control. The metal atoms in these complexes
represent stereogenic centers. In all cases, a single diaste-
reoisomer was obtained indicating that there is strong chiral

Figure 5. ORTEP drawings of the molecular structure2@fin the crystal.
Hydrogen atoms and the methyl groups of the aromatigands have been
omitted for clarity.

recognition between the metal fragments.

From the present study, taken together with previous

results in this field, some guidelines for the construction of
polynuclear metallamacrocyclic half-sandwich complexes can
be deduced. First of all, it is essential to use multidentate
ligands witch are rather rigid. Otherwise, entropically favored

dimers such a$5, 16, and17 are formed. For the synthesis
of trimeric and tetrameric complexes, it is important to note
that the coordinate vectors of the corresponding ligands are
very similar for each class, regardless of the chemical nature
of the ligand and the overall charge of the resulting
macrocycle. This correlation is highlighted in Scheme 6.
Ligands as diverse as amino acids2,3-dihydroxypyri-
dine2°219-ethyladeniné? and 2,3-dihydroxyquinoxaline (this

Scheme 6. The Relative Arrangement of the Donor-Groups Determine
the Geometry and the Aggregation Number of Macrocyclic Complexes

with (Arene)Ru, Cp*Rh, or Cp*Ir Building Blocks

Figure 6. Space filling representation of the molecular structur@ain
the crystal. The metallomacrocyle forms a large triangular cavity, which is
occupied by a chloroform molecule.

sandwich complexes that has been described so far. Com-
pared to what was found for the trimeric compl&8, the
macrocycle22 displays an even more strained geometry. The
catechol part of the ligand is coordinated to the ruthenium
centers with dihedral angl€3or,ocbetween 16.8and 22.0,

and the N-donor atoms are coordinated in a very distorted
fashion to the ruthenium atoms with dihedral angBgnce
between 25.1and 27.2. It is conceivable that the strained
geometry observed for this ligand may be responsible for
the problems encountered during the synthesis with (cyme-
ne)Ru and Cp*Rh complexes.

The three polyaromatic ligands, which are nearly perfectly
orthogonal to each other, form a large triangular cavity with
a maximum diameter of approximately 13 A. In the crystal,
the bottom of this cavity is occupied by a chloroform

1614 Inorganic Chemistry, Vol. 43, No. 5, 2004
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(Arene)RU' and Cp*RH" Complexes

work) all give rise to trimeric complexes of type A which [(Cymene)Ru(CGHsNO3)]2 (15). A suspension of [(cymene)-
display a concave geometry. The three chiral half-sandwich RuCk]> (153 mg, 0.25 mmol) and 2-hydroxy-nicotinic acid (70 mg,
complexes in these macrocycles always have the sameP-50 mmol) in degassed methanol (15 mL) was stirred at room
absolute configuration. In reactions with the tridentate ligands témperature. After 10 min a solution of NaOMe in MeOH (500
4-imidazolecarboxylic acid (this work), adeniteand 6-pu- uL, 2 M) was added. The resulting orange solution was stirred for

rinethione® on the other hand, tetrameric aggregates with

S, symmetry are formed. Again the coordinate vectors are

very similar.
It appears likely that this synthetic concept can be

30 min. After evaporation of the solvent under reduced pressure,
the product was extracted with dichloromethane (30 mL). Addition
of hexane (20 mL) and evaporation of the solvent gave an orange
powder (yield: 166 mg, 89%YH NMR (270 MHz, CDC}): 6 =

1.36 [d,3) = 7 Hz, 6 H, CH(GH3),], 1.38 [d,3] = 7 Hz, 6 H,

expanded. Other ligands, which have donor groups that areCH(CHs),], 2.16 (s, 6 H, CH, cymene), 2.99 (sept) = 7 Hz, 2
arranged in a fashion analogous to what is depicted in H, CH(CHz),], 5.13 (d,3J = 6 Hz, 2 H, CH, cymene), 5.37 ()

Scheme 6, will be good candidates for the formation of
trimeric or tetrameric assemblies of type A and D. Given

=6 Hz, 2 H, CH, cymene), 5.57 (8) = 6 Hz, 2 H, CH, cymene),
5.63 (d,3) = 6 Hz, 2 H, CH, cymene), 6.09 (dd] = 6 Hz,3J =

the size and the rigidity of the structures that are accessible? Hz, 2 H, CH, pyridone), 7.257.50 (m, 4 H, pyridone).*C NMR

in this fashion and given the interesting hegtiest chemistry

that has already been reported for this class of compound

(e.g., chiral shift reagent&? selective binding of lithiung#2>

or fluoride iong®), an increasing interest in metallamacro-
cycles containing half-sandwich complexes as building
blocks can be expected for the future.

Experimental Section

General. The synthesis of all complexes was performed under

X

(68 MHz, CDCE): ¢ = 18.81, 22.36, 22.97, (Gji 31.14 [CH-
CHjy),], 77.67, 78.86, 81.67, 83.38 (CH, cymene), 96.55, 101.12
(C, cymene), 112.83, 123.23, 140.87, 150.71 169.63, 173.75
(pyridone). Anal. (%) Calcd for €H3.N,OcRW*1.5CHCE: C
43.55, H 3.87, N 3.03. Found: C 42.75, H 3.59, N 3.05.
[Cp*Rh(C gHsNO3)], (16). A suspension of [Cp*RhG], (155
mg, 0.25 mmol) and 2-hydroxy-nicotinic acid (70 mg, 0.50 mmol)
in degassed methanol (15 mL) was stirred at room temperature.
After 10 min a solution of NaOMe in MeOH (500L, 2 M) was
added. The resulting orange solution was stirred for 30 min. After

an atmosphere of dry dinitrogen, using standard Schlenk techniquesgvaporation of the solvent under reduced pressure, the product was

[Cp*RNhCl],,%5 [(cymene)RuG,,%¢ and [(1,3,5-GHsMes)RuCh] 3"

extracted with dichloromethane (30 mL). Addition of hexane (20

were prepared according to literature procedures. 2-Amino-nicotinic mL) and evaporation of the solvent gave an orange powder (yield:

acid, 2-hydroxy-nicotinic acid, 4-imidazolecarboxylic acid, 2,5-
dihydroxy-1,4-benzoquinone, 2,3-diaminotoluene, andCCg
(99.9%) were purchased from Aldrich, 2,3-dihydroxypyridine was

161 mg, 86%). Crystals were obtained by vapor diffusion of pentane
into a solution of16 in chloroform.*H NMR (270 MHz, CDC}):
0=1.71(s, 30 H, Cp*), 6.08 (dd) = 6 Hz,3J =7 Hz, 2 H, CH,

purchased form Fluka, and 2,3-dihydroxyquinoline was purchased pyridone), 7.46 (dd3J = 6 Hz,*J = 2 Hz, 2 H, CH, pyridone),

from SPECS. The solution of NaOMe in MeOH was prepared by

7.60 (dd,2) =7 Hz,*J = 2 Hz, 2 H, CH, pyridone)3C NMR (68

dissolving Na in MeOH. The concentration was subsequently MHz, CDCL): 6 = 9.31 (Cp*), 91.69 [d1Jrhc = 9 Hz, C5(CHa)g],

determined by titration. ThéH and13C spectra were recorded on
a JEOL EX 400, a JEOL GSX 270, a Bruker Advance DPX 400,

112.20, 125.83, 140.55, 149.77, 171.07, 172.96 (pyridone). Anal.
(%) Calcd for QgngNzOeha'CHClg‘HzO: C 4464, H 4.43, N

or a Bruker Advance 200 spectrometer using the residual protonated3.16. Found: C 44.53, H 4.95, N 3.30.

solvents {H, 13C) as internal standards. All spectra were recorded
at room temperature.
6-Methyl-2,3-phenazinediol (14).The synthesis of ligand4

[Cp*Rh(C HeN2O2)]2 (17). The complex was prepared analo-
gous to that ofl6 using 2-amino-nicotinic acid (69 mg, 0.50 mmol)
instead of 2-hydroxy-nicotinic acid. Orange powder (yield: 125

was performed in analogy to a method reported for structurally mg, 67%) resulted. Crystals were obtained by vapor diffusion of

related 2,3-phenazinediol$To a brown solution of 2,5-dihydroxy-

pentane into a solution df7 in chloroform.’H NMR (400 MHz,

1,4-benzoquinone (681 mg, 4.76 mmol) in glacial acetic acid (400 CDCly): 6 = 1.09 (s, 30 H, Cp*), 6.91 (ddJ = 5 Hz,3]) = 7 Hz,
mL) was added a dark brown solution of 2,3-diaminotoluene (600 2 H, CH, pyridone), 8.17 (ddfJ = 5 Hz,4J = 2 Hz, 2 H, CH,

mg, 4.76 mmol) in glacial acetic acid (200 mL). The mixture, which

pyridone), 8.43 (dd3J = 7 Hz,4) = 2 Hz, 2 H, CH, pyridone).

soon turned dark red, was heated under reflux for 2 h. After cooling, 3C NMR (68 MHz, CDC}): ¢ = 8.08 (Cp*), 91.80 [d}{Jrnc = 8

the mixture was poured on to crushed ice. A brown powder
precipitated immediately. After the volume of the solution was

Hz, C5(CHg)s], 117.74, 121.58, 141.38, 148.90, 165.55, 171.34
(pyridone). Anal. (%) calcd for EH3sN,O4RM: C 51.35, H 5.12,

reduced in a vacuum, the product was filtered, washed with water, N 7.49. Found: C 50.65, H 5.02, N 7.28.

and dried under vacuum (yield: 956 mg, 83%).NMR (400 MHz,
CD;OD): 2.81 (s, 3H, Ch), 7.12 (s, br, 1 H, CH), 7.32 (s, 1 H,
CH), 7.53 (d,3) =7 Hz, 1 H, CH), 7.60 (dd3) = 7 Hz,3J =8
Hz, 1 H, CH), 7.79 (d3J = 8 Hz, 1 H, CH). Anal. Calcd (%) for
Cy13H10N20,:0.25CHCOOH: C 67.21, H 4.60, N 11.61. Found:
C 67.03, H 4.33, N 11.67.

(34) Grote, Z.; Scopelliti, R.; Severin, KAngew. Chem., Int. ER003
42, 3821-3825.

(35) White, C.; Yates, A.; Maitlis, P. Mlnorg. Synth.1992 29, 1687
1692.

(36) Bennett, M. A.; Huang, T.-N.; Matheson, T. W.; Smith, A.IKorg.
Synth.1982 21, 74-78.

(37) Hull, 3. W.; Gladfelter, W. LOrganometallics1984 3, 605-613.

(38) Nageswar, Y. V. D.; Padmanabha Rao, TIhdian J. Chem198Q
19B, 624-625.

[Cp*Rh(C 4H2N202)]4 (18). A mixture of [Cp*RhCL], (400.0
mg, 0.65 mmol), 4-imidazolecarboxylic acid (148.0 mg, 1.29
mmol), and AgO (363.6 mg, 1.55 mmol) in degassed methanol
(80 mL) was refluxed for 18 h. The mixture was filtered through
Celite, which was subsequently washed with degassed methanol
(60 mL). Evaporation of the solvent under reduced pressure gave
a yellow powder (yield: 412 mg, 86%). Yellow crystals were
obtained by slow diffusion of pentane into a solution X in
chloroform.*H NMR (400 MHz, CxOD): 6 (ppm)= 1.65 (s, 60
H, Cp*), 6.70 (s, 4 H, CH, imidazole), 7.23 (s, 4H, CH, imidazole).
13C NMR (101 MHz, CROD): ¢ (ppm)= 8.88 (Cp*), 95.07 (d,
Jrnc = 8 Hz, G(CHy)s), 130.75, 136.40, 140.75, 173.17 (CH
C, imidazole). Anal. Calcd (%) for §gHsgNgOsRhy*0.75CHCh: C
45.98, H 4.67, N 7.56. Found: C 45.85, H 5.08, N 7.76.

Inorganic Chemistry, Vol. 43, No. 5, 2004 1615



Table 1. Crystallographic Data for Complexd$ and17
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Table 2. Crystallographic Data for Complexds8 and 19

16-2H,OCHCk 17-4CHCk 18-CHCl; 19-2CHCkCsH12

empirical formula G3H41C|3N208Rh2 C36H42C|12N404Rh2 empirical formula @4H76C|24N808Rh4 C64H7;|_C|6N306Ru3

mol wt [g mol™1] 905.86 1225.96 mol wt [g mol™] 2347.77 1494.15

cryst size 0.18< 0.14x 0.10  0.53x 0.43x 0.17 cryst size 0.1% 0.17x 0.17  0.23x 0.20x 0.17

cryst syst triclinic monoclinic cryst syst tetragonal orthorhombic

space group P1 P2i/n space group P42;:c Pbca

al[A] 9.6579(2) 10.0605(8) a[A] 16.8483(6) 24.7004(17)

b[A] 11.8111(2) 23.730(5) b[A] 16.8483(6) 18.2764(17)

c[A] 17.6881(3) 11.316(2) c[A] 16.5554(8) 27.586(2)

o [deg] 107.7288(14) 90 o [deg] 90 90

p [deg] 90.3147(13) 113.949(11) p [deg] 90 90

y [deg] 109.5758(8) 90 y [deg] 90 90

VA3 1797.74(6) 2469.0(7) VI[A3 4699.5(3) 12453.1(17)

z 2 2 z 2 8

d[gcm 3 1.673 1.649 d[gem 9 1.659 1.594

TI[K] 200(2) 293(2) TIK] 140(2) 140(2)

abs coeff [mm] 1.192 1.358 abs coeff [mm?] 1.423 1.029

6 range [deg] 2.5%27.50 2.29-23.97 6 range [deg] 3.0025.03 3.56-25.03

index ranges —-12—12 -11—10 index ranges —20— 16 —29—29
—-15—14 —-21—27 —-20—20 —-19—19
—-22—21 -10—12 -19—19 —32—32

reflns collected 16373 6170 reflns collected 28053 73291

indep reflns 7977Rine = 0.0328)  3839Rn = 0.0139) indep reflns 4141Rin: = 0.0397) 10420Ri: = 0.0604)

abs correction none semiempirical abs correction empirical empirical

max and min transm 0.9992 and 0.9008 max and min transm 0.8550 and 0.5340 0.8150 and 0.4410

data/restraints/params 7977161457 3839/0/269 data/restraints/params 4141/0/244 10420/9/739

GOF onF? 1.128 1.074 GOF onF? 1.039 1.105

final Rindices | > 20(I)] R1=0.0356 R1=0.0373 final Rindices | > 20(I)] R1=0.0243 R1=0.0531
wR2=0.0929 wR2=0.0907 wR2=0.0602 wR2=0.1327

Rindices (all data) R* 0.0505 R1=0.0431 Rindices (all data) R* 0.0262 R1=10.0801
wR2=0.1076 wR2=0.0946 wR2=0.0611 wR2=0.1529

largest diff peak/hole 0.682/-1.141 0.650+0.714 largest diff peak/hole 0.552/-0.455 1.761+0.615

A
[(Cymene)Ru(GHsNOy)]3 (19). A suspension of [(cymene)-

RuClh], (120 mg, 0.20 mmol), 2,3-dihydroxyquinoline (63 mg, 0.39
mmol), and CgCOs; (320 mg, 0.98 mmol) in degassed methanol

(40 mL) was stirred fo2 h 30 min atroom temperature. During

[eA]

= 1.39 (d,3) = 7 Hz, 9 H, CH((H3),), 1.43 (d,3J = 7 Hz, 9 H,
CH(CHa),), 2.23 (s, 9 H, CH, cymene), 3.03 (sep¥) = 7 Hz, 3
H, CH(CHs)), 5.10 (d,3J = 6 Hz, 3 H, CH, cymene), 5.45 (&)
=6 Hz, 3 H, CH, cymene), 5.66 (4] = 6 Hz, 3 H, CH, cymene),

that time an orange product precipitated. After evaporation of the 5.68 (d,3]J = 6 Hz, 3 H, CH, cymene), 6.93 (}) = 8 Hz, 3 H,
solvent under reduced pressure, the product was extracted withCH, quinoxaline), 7.03 (£J = 8 Hz, 3 H, CH, quinoxaline), 7.14
degassed dichloromethane (50 mL). Evaporation of the solvent (d,3J= 8 Hz, 3 H; CH, quinoxaline), 8.18 (4) = 8 Hz, 3 H, CH,
under reduced pressure gave a brown powder, which was dissolvedjuinoxaline).’3C NMR (101 MHz, CDC}): ¢ = 18.98, 22.67,

in degassed methanol (3 mL) and placed in a fridgéGh After

23.60 (CH), 31.64 CH(CHy),), 78.68, 78,94, 82.29, 82.34 (CH,

12 h, the orange precipitate was collected and dried under vacuumcymene), 97.67, 100.16 (C, cymene), 122.97, 123.10, 123.40,
(yield: 55 mg, 32%). Orange crystals were obtained by slow 124.84 (CH, quinoxaline), 137.47, 138.20, 162.09, 164.91 (C,

diffusion of pentane into a solution d® in chloroform.*H NMR
(400 MHz, CDC4): 6 (ppm) = 1.38 (d,3J = 7 Hz, 9 H, CH-
(CHs),), 1.41 (d,3) = 7 Hz, 9 H, CH(CH),), 1.97 (s, 9 H, CH),
2.98 (sept3) = 7 Hz, 3 H, CH(CH)»), 5.15 (d,3) = 6 Hz, 3 H,
CH, cymene), 5.43 (8J = 6 Hz, 3 H, CH, cymene), 5.66 (d)
=6 Hz, 6 H, CH, cymene), 5.84 (4] = 6 Hz, 6 H, CH, cymene),
6.28 (s, 3 H, CH, quinoline), 6.79 &) = 7 Hz, 3 H, CH, quinoline),
6.88 (dd,3J = 8 Hz,4J = 2 Hz, 3 H, CH, quinoline), 6.98 (ddd)
=8 Hz,3) =7 Hz,*J = 2 Hz, 3 H, CH, quinoline), 8.41 (&) =
8 Hz, 3 H, CH, quinoline)!3C NMR (101 MHz, CDC}): 6 (ppm)
= 18.79, 22.74, 23.85 (C§| 31.85 (CH(CH),), 76.40, 78.60,

quinoxaline). Anal. Calcd (%) for £Hs4sRUsNgOg-3CH;OH-H,0:

C 52.65, H 5.27, N 6.46. Found: C 52.65, H 5.06, N 6.66.
[Cp*Rh(C gH4N-0,)]3 (21). A suspension of GEOs (262 mg,

0.80 mmol), [Cp*RhC]], (99 mg, 0.16 mmol), and 2,3-dihydroxy-

quinoxaline (52 mg, 0.32 mmol) in MeOH (50 mL) was stirred 3

h at room temperature. The solvent was evaporated under reduced

pressure, and the product was extracted with dichloromethane (50

mL). Evaporation of the solvent gave an orange powder (yield:

137 mg, 87%). Crystals can be obtained by crystallization from a

mixture of hot MeOH and chloroform!H NMR (400 MHz,

CDClg): ¢ = 1.68 (s, 45 H, Cp*), 6.86 (8J = 7 Hz, 3 H, CH,

83.03, 83.26 (CH, cymene), 97.52, 98.98 (C, cymene), 110.46, quinoxaline), 6.98 (83 = 7 Hz, 3 H, CH, quinoxaline), 7.13 (4]
120.73, 122.05, 123.49, 123.91, 127.35, 141.45, 156.47, 173.39= 7 Hz, 3 H, CH, quinoxaline), 8.17 (¢) = 7 Hz, 3 H, CH,

(quinoline). Anal. Calcd (%) for &Hs;RusN3Og:1.5CHCl: C

53.61, H 4.61, N 3.20. Found: C 53.17, H 4.19, N 3.07.
[(Cymene)Ru(GH4N20,)]5 (20). C$,CO; (441 mg, 1.35 mmol)

was given under stirring to a suspension of [(cymene)JuCl164

quinoxaline) 1*C NMR (101 MHz, CDC}): 6 =9.74 (Cp*), 91.57

(d, WUrnc = 9 Hz, C5(CHa)s), 122.60, 122.64, 123.45, 124.33 (CH,
quinoxaline), 136.10, 138.89, 163.49, 165.50 (C, quinoxaline). Anal.
Calcd (%) for GsHs7RhgNgOg-2CH;OH-CHCl3: C 49.67, H 4.83,

mg, 0.27 mmol) and 2,3-dihydroxy-quinoxaline (87 mg, 0.54 mmol) N 6.10. Found: C 50.10, H 5.01, N 5.83.

in MeOH (50 mL). Afte 2 h the solvent was evaporated under

[(1,3,5-GsH3Mez)Ru(C13HgN0,)]3 (22). A suspension of 6-meth-

reduced pressure, and the product was extracted with dichlo-yl-2,3-phenazinediol (220 mg, 0.97 mmol),€C®; (793 mg, 2.43
romethane (50 mL). Evaporation of the solvent gave an orange mmol), and [(1,3,5-€HsMe3z)RuCl], (284 mg, 0.49 mmol) in
powder (yield: 191 mg, 60%). Crystals can be obtained by degassed methanol (120 mL) was stirred6ch atroom temper-

crystallization from hot MeOH!H NMR (400 MHz, CDC}): ¢
1616 Inorganic Chemistry, Vol. 43, No. 5, 2004

ature. During that time, an orange-brown solution was obtained.
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Table 3. Crystallographic Data for Complex2
22:2CHCE*3CHz;OH-H,0

1-3. Diffraction data were collected using Mookradiation on
different equipment and at different temperatures: a 4-circle kappa

goniometer equipped with an Oxford Diffraction KM4 Sapphire

Py o (gl O1R U CCD (140 K; 18, 19, 22), a Nonius kappa CCD (200 Ki6), and
cryst size 0.24¢ 0.17 x 0.17 a Nonius MACHS3 (room temperaturd;7). Data reduction was
cryst syst monoclinic performed with the following: CrysAlis RED 1.729(18, 19, 22),
space group la DENZO-SCALEPACK?° (16) and MOLEN" (17). Absorption
z{é} g'giggg% correction was applied to all data sets 6t For 17, a semiem-
cA] 24.390(3) pirical method (MULTI-SCAN}? has been employed, whereas an
a [deg] 90 empirical method (DIFABSY has been used fdt8, 19, and22.
B [deq] 97.174(9) Structure solutions were performed by the following: SIRY16
v [deg] 90 and22), SHELXS-865 (17), DIRDIF99% (18), and SHELXS-97'-
VA3 7158.6(13) ) ; .
7 4 (19). All structures were refined using the full-matrix least-squares
d[gcm9 1.567 on F? with all non-H atoms anisotropically defined. The hydrogen
TIK] 140(2) atoms were placed in calculated positions using the “riding model”
Z?Zr?g:f[f d[g‘gr]“l] 0'29%3 1025.03 with Uiso = a*Ue(C) (wWherea is 1.5 for methyl hydrogen atoms
index ranges 20— 20 anq 1.2 for others, and _C is the pa_rent carbon atpm). Structure
—18—20 refinement and geometrical calculations were carried out on all
—-29—29 structures with the SHELXL-97. Graphical representations of the
refins collected 20583 molecular structures in the crystal were generated with the program
g‘g:ggﬁggﬁon tﬁ:ﬁ%gl_ 0.0965) ORTEF_".18 Some disorder problems h_ave been encountered during
max and min transm 0.5710 and 0.1060 the refinement ofl9 and 22 concerning the solvent molecules
data/restraints/params 12140/416/830 (CsHj2 for 19 and CHCY, CH;OH and HO for 22). In the case of
GOF onF? 0.792 19 some geometric constraints were applied while2®the whole
final Rindices | = 2o(1)] vvaR;—Og?l?éis structure underwent “rigid body” restraints and some solvent
Rindices (all data) RE 0.1394 molecules were retained isotropic.
wR2=0.1864
largest diff peak/hole 0.960/-0.607 Acknowledgment. This work was supported by the Swiss
[e A9 National Science Foundation.

After evaporation of the solvent under reduced pressure, the product Supporting Information Available:

Crystallographic data in

was extracted with degassed dichloromethane (150 mL). Evapora-c|e tormat. This material is available free of charge via the Internet
tion of th_e_ solvent under reduced pressure gave a_red powgler, w_hlchat http://pubs.acs.org.
was purified by chromatography on basic aluminum oxide with
chloroform/methanol (3:2). Evaporation of the solvent under 1C035328I
reduced pressure gave a red powder (yield 260 mg, 49%). Crystals
were obtained by slow evaporation of a solution 22 in (39) Oxford Diffraction Ltd., Abingdon, Oxfordshire, OX14 1 RL, UK.,
chloroform/methanol!H NMR (400 MHz, CDC}): 6 (ppm) = 40) %Ot\(/)v:‘a' Wi 7. Minor. WM ecular Crvstall hCart

. inowski, Z.; Minor, acromolecular CrystallographyCarter,
1.91 (s, 27 H, Chi CeHsMes), 2.53 (s, 9 H, CH, phgnazme), 4.76 C. W., Jr., Sweet, R. M., Eds.; Methods in Enzymology Volume 276;
(s, 9 H, CH, GHsMes), 6.48 (s, 3 H, CH, phenazine), 7.14 {4, Academic Press: New York, 1997; part A, pp 3€B826.
= 7 Hz, 3 H, CH, phenazine), 7.33 (d& = 7 Hz,3J = 9 Hz, 3 (41) CAD4 Express Softwar&nraf-Nonius: Delft, The Netherlands, 1994.

i i (42) Blessing, R. HActa Crystallogr., Sect. A995 51, 33—38.
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