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Abstract

The monometallic complexes with Rh(COD) and Ir(COD) of 1,5- and 1,7-dihydro-s-indacene, 2,6-dimethyl-1,5-dihydro-s-in-
dacene and 2,7-dimethyl-1,6-dihydro-as-indacene have been synthesized and characterized spectroscopically and structurally.
Deprotonation and further complexation of these compounds afforded mixtures of syn and anti homobimetallic isomers. The
syn/anti ratio depends on the structure of the ion pairs of the salt and on the s or as geometry of the bridging ligand. © 2000
Elsevier Science S.A. All rights reserved.
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1. Introduction

s- and as-Indacene–diide ligands have been iden-
tified as suitable substrates for bridging two metal
atoms in view of the presence of strong electronic
interactions between the metal centers which might
result in interesting chemical and physical properties
[1]. The rigid indacenyl structure allows two metal
groups to bond either in the syn or anti disposition
with respect to the plane of the bridge, so that orien-
tation and distance between the two metals are cer-
tain. The general synthetic procedure of these
bimetallic complexes consists of the reaction of in-
dacene–diide dilithium salts with mononuclear or din-
uclear metal reagents. However, the stereochemical
control of the reaction is a real dilemma. Groups
such as MCp or MCp* (Cp=C5H5, Cp*=C5Me5;
M=Fe, Co, Ni) coordinate exclusively anti [2]; con-
versely, a mixture of syn and anti isomers have been
obtained for metal carbonyl complexes of manganese

[3]. Finally, recent results by O’Hare [4] on cobalt
and iron complexes obtained by reaction of the neu-
tral 1,3,5,7-tetra-t-butyl-indacene with dinuclear
reagents have only shown the presence of the syn
isomer. Recently, we have prepared some Rh(I) and
Ir(I) bimetallic indacenyl complexes by quenching the
dilithium salts of s- and as-indacene–diides with the
opportune metal dimer. The syn/anti ratio of the iso-
mers in the reaction mixture is in favor of the syn
isomer; its value, however, depends on the symmetric
or asymmetric structure of the indacenyl ligand, and
probably on the dimeric or monomeric structure of
the metallic reagent [5].

Besides, by a one-step synthesis from dilithium salts
bimetallic indacenyl complexes can be obtained from
the monometallic complexes of hydroindacenyl lig-
ands by deprotonation and subsequent reaction with
metal reagents [6]. Herein we report the synthesis and
the structural properties of some monometallic com-
plexes of s- and as-hydroindacenyl ligands. Their de-
protonation and subsequent reaction with rhodium
and iridium dimers afforded homo-bimetallic com-
pounds. The syn/anti ratio of the isomers appears
to depend on the structure of the ion pairs of the
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[indacene-diide-(M(COD)]−K+ salt and on the sym-
metric or asymmetric structure of the bridging ligand.

2. Results and discussion

2.1. Synthesis of mononuclear indacenyl complexes

Solutions in anhydrous THF of the three indacene
ligands, viz. dihydro-s-indacene (obtained as a mixture
of the 1,5- and 1,7-isomers, 1 and 1% [7], 2,6-dimethyl-
1,7-dihydro-s-indacene (2) [3a] and 2,7-dimethyl-1,6-di-
hydro-as-indacene (3) [3a], were treated with one
equivalent of t-BuLi in pentane and then with one
equivalent of the [Rh(m-Cl)(COD)]2 dimer in the inter-
val between −30 and −20°C.

As shown in Table 1, the monometallic derivatives
1-Rh, 2-Rh, 3-Rh and 3a-Rh were obtained in good to
high yields ranging from 70 to 98%.

Comparable yields have been reached in those runs
carried out with KH as a base except when 2 is the
ligand. The analogous iridium complexes 1-Ir, 2-Ir, 3-Ir
and 3a-Ir, however, were obtained in lower yields (45–
60%), as shown in Table 2. The NMR characterization
of the complexes is reported below.

From Tables 1 and 2 one can observe that in some
runs, besides the monometallic complexes, the homo-
bimetallic complexes, viz. 2,6-dimethyl-s-indacene–di-
ide-[Rh(COD)]2 (2-Rh2) and 2,7-dimethyl-as-inda-
cene–diide-[Rh(COD)]2 (3-Rh2) with the inorganic units
bound in the syn and anti arrangement are present

Table 1
Products of the reaction a of the hydroindacenide anions with [Rh-(m-Cl)(COD)]2

b

Mononuclear productBase c,d Syn/anti ratioYield (%)[Reagent] (M) Dinuclear productReagent Yield (%)

KH c 1-Rh1 70 Not detected B1 –
B1 –KH e 1-Rh 701 Not detected
B1 –KH c 2-Rh Low2 Not detected

Not measuredca. 13-Rh2902 2-Rht-BuLi d

Not detected B1 –3 KH c 3-Rh 98
3 1.5:115–103-Rh270–803-Rht-BuLi d

153-Rh270 1.5:13-Rhn-BuLi d3
1-Rh2 ]99 16:1–7:11-Rh KH c0.03

0.01 KH c1-Rh 1-Rh2 ]99 4:1
1-Rh 0.01 KH/crown f 1-Rh2 ]99 B0.01

]992-Rh2t-BuLi 4.5:12-Rh
t-BuLi 3-Rh23-Rh+3a-Rh g ]99 1.5:1

a Solvent THF, T −20 to −30°C.
b One equivalent.
c Excess KH was used as a THF slurry.
d One equivalent of n-BuLi or t-BuLi was used.
e In this entry one equivalent of [Rh(m-Cl)(NBD)]2 was used.
f Ca. ten equivalents of 18-crown-6 were added.
g 1:1 mixture.
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Table 2
Products of the reaction a of the hydroindacenide anions with [Ir(m-Cl)(COD)]2

b

Mononuclear productReagent Yield (%)Base c,d Dinuclear product Yield (%) Syn/anti ratio

1-Ir 741+1% e Not detectedKH c B1 –
1-Ir 60 Not detected B11+1% e –t-BuLi d

2-Ir 25 Not detectedKH c B12 –
t-BuLi d2 2-Ir 45 Not detected B1 –
KH c3 3-Ir f 53 3-Ir2 24 1:2

3-Ir f 55 3-Ir2n-BuLi d 223 1:3

a Solvent THF, T −20 to −30°C.
b One equivalent.
c Excess KH was used as a THF slurry.
d One equivalent of n-BuLi or t-BuLi was used.
e 1:1 mixture.
f 1:1 mixture of 6-hydro-2,7-dimethyl-as-indacenide-Ir(COD) (3-Ir) and 8-hydro-2,7-dimethyl-as-indacenide-Ir(COD) (3a-Ir).

among the reaction products; their percentages, how-
ever, appear to be significant and comparable with
those of the monometallic complexes in the case of the
asymmetric indacenyl ligand. Likely, these results can
be explained if one considers the electronic structures of
the mono- and di-anions of the s- and as-indacenyl
ligands. The s- and as-monoanions have both a quite
stable electronic structure comparable with that of an
indenyl anion. This is confirmed by the X-ray analysis
of the pattern of bond lengths of the indacenyl skeleton
in the crystal structure of the asymmetric mono-com-
plex described below, where the uncoordinated five-
membered ring behaves as an unperturbing substituent
to the benzene ring and does not affect the electronic
structure of the residual resonant 10 p-electron indenyl
system. In contrast, the s- and as-indacene–diides have
different electronic structures which are responsible for
their different stability and reactivity [8]. From a picto-
rial point of view, one can envisage a relatively more
stable localized electronic structure for the asymmetric
dianion where two aromatic cyclopentadienyl rings are
connected by a double bond bridge. This is not possible
for the symmetric dianion, the more delocalized elec-
tronic structure of which makes it an extremely sensi-
tive species at higher energy.

These considerations are of importance when depro-
tonation of the second cyclopentadienyl ring occurs. It
is probable, in fact, that if only one equivalent of
t-BuLi is used the formation of the bimetallic com-
pounds takes place through deprotonation of the
monometallic species as it forms by the ligand mono-
anion followed by further metal complexation. Support
for this is the presence, in percentages comparable with

those of the bimetallic derivatives, of all the isomeric
forms of the ligand reagent, viz. 3, 3%, and 3%%, which
indicates that the hydrocarbon underwent a deprotona-
tion–protonation process. Therefore, the deprotona-
tion–complexation process of the asymmetric indacenyl
complex must be easier and faster than that of the
symmetric complex.

The pure monometallic derivatives have been gener-
ally obtained by crystallization of the crude reaction
mixture. For the asymmetric iridium complexes the
reaction mixture was found by 1H-NMR to be made up
of the three isomers 3, 3% and 3%% shown above in the
statistic ratio of ca. 2:1:1), of two monometallic isomers,
viz. 3-Ir and 3a-Ir in the 1:1 ratio, and of the two
bimetallic isomers 3-Ir2 in a syn :anti ratio ranging from
1:1 to 3:1. Using medium pressure column chromatogra-
phy on silica the ligands and the monometallic com-
plexes were eluted as a unique non-resolvable mixture.
Of the two bimetallic species only the anti isomer was
obtained after the elution while the syn isomer decom-
posed in the column. Thus, the syn isomer seems to be
more reactive than the anti isomer, at least in chromato-
graphic conditions. This behavior has been confirmed
by a kinetic study carried out on the carbonylation
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reaction of the two isomeric species of rhodium and
iridium complexes [5b].

2.2. NMR characterization of the monocomplexed
hydroindacenyl-M(COD) species

The NMR characterization of the mono-complexed
indacenyl species was obtained from the variations of
the spectra observed on complexing the starting lig-
ands. In fact, the proton spectrum of the 1:1 mixture of
the neutral hydrocarbons 1 and 1% exhibits a large
singlet at d ca. 3.4 ppm due to the methylene protons.
The olefin protons H2,6 of both isomers are isochronous
and resonate at d 6.9, and the remaining olefin protons
are observed at ca. d 6.5. Conversely, a quite different
pattern is exhibited by the aromatic protons H4 and H8.
In fact, in 1,5-dihydro-s-indacene they are equivalent
and appear as a singlet at d 7.49 whereas in 1,7-dihy-
dro-s-indacene they are non-equivalent and resonate at
d 7.43 and d 7.56, respectively. The bonding of one
Rh(COD) unit to both 1 and 1% produces the species
1-Rh. The complexation causes the disappearance of
any molecular symmetry and the signals due to each
hydrogen atom are resolved in the 1H spectrum. In
particular, the aromatic protons resonate at d 7.26 and
d 7.15, i.e. slightly upfield with respect to the corre-
sponding signals of 1 and 1%, similar to that found for
the olefin proton H6,7 signals. In analogy with the
values found for indenyl–Rh(COD) [9], the resonances
of the coordinated cyclopentadienyl ring protons H1,2,3

appear strongly shifted upfield by coordination and are
observed at d 5.14, d 6.04 and d 5.11, respectively; the
triplet due to H2 is further split by coupling with 103Rh
(J 1.95 Hz). The presence of the inorganic unit makes
the H5,exo and H5,endo protons non-equivalent and they
appear as an AB quartet at d 3.35–3.39. The COD
olefin protons are no more equivalent by the asymmet-
ric nature of the organic ligand and their signals appear
as two partially overlapped multiplets at d 3.94 and
3.91. The 13C-NMR signals have been analyzed in the
same way, and the lack of molecular symmetry induces
all the 12 carbon nuclei of the hydroindacenide frame
to resonate at different frequencies. The olefin and
methylene carbon resonances of COD are doubled as
well.

The spectrum of 2-Rh exhibits similar features with
the obvious difference that the H2 and H6 signals are
replaced by those of the methyl groups. The coordina-
tion with Rh(COD) causes the splitting of the signal
due to 2-CH3 by coupling with 103Rh (J ca. 1.7 Hz);
these methyl protons resonate downfield by ca. 0.2 ppm
with respect to those of 7-CH3. Very similar trends are
observed for the spectra of the corresponding iridium
derivatives. The spectral parameters are reported in
Section 3 and do not require further discussion.

In the case of the 2,7-dimethyl-as-indacene deriva-
tives, the synthetic procedure [3a] affords only the
isomer 3. The most evident characteristic of its proton
spectrum is the AB spin system (d 7.01 and d 7.23) due
to the non-equivalent aromatic protons H4 and H5,
respectively. The H3 and H8 olefin protons resonate at
d 6.49 and 6.52, the methylene H1 and H6 at d 3.30 and
3.33, and the 2-CH3 and 7-CH3 at d 2.17 and 2.16. The
lack of molecular symmetry is evident in the 13C spec-
trum as well (see Section 3). Coordination of one
Rh(COD) unit to a cyclopentadienyl ring affords a 1:1
mixture of the two isomers 3-Rh and 3a-Rh whose
resonances have been assigned by NOE experiments.
For the methylene protons two AB spin systems have
been observed. The methylene nuclei of 3a-Rh show the
highest chemical shift difference between the exo and
endo positions probably due to its closest proximity to
the Rh(COD) unit. In the case of the analogous iridium
complex, the spectrum of the crude reaction mixture is
much more intriguing, showing the signals of seven
species, i.e. the starting 3 together with the isomers 3%
and 3%% in the approximate 2:1:1 ratio, two monometal-
lic isomers, viz. 3-Ir and 3a-Ir, in the 1:1 ratio, and two
homobimetallic isomers of 2,7-dimethyl-as-indacene–
diide-[Ir(COD)]2. The relative percentages of free, mono
and biscomplexed species are those reported in Table 2.
In the aromatic region, we observe the AB quartet due
to the starting 1,6-dihydro ligand and two singlets at d

7.07 and d 7.10 due to the presence of two symmetric
ligand isomers. In the olefinic proton region, two multi-
plets at d 6.62 and d 6.48 are detected whose integrals
are half so large as of those measured at d 7.07 and
7.10, respectively. Finally, new signals appear, i.e. two
large singlets at d 3.32 and 3.31 due to methylene
protons and two very close singlets at d 2.163 and d

2.166 in the region of the methyl protons. On the basis
of the chemical shift values, of the multiplicity of the
spin systems and of NOE experiments as well, we
attributed these new signals to the plane-symmetric
isomers 3%% and 3%, respectively. As in the case of the
s-hydroindacenide derivatives, the monometallic irid-
ium complexes have been identified on the basis of the
similarity of their spectra with those of the rhodium
analogs. The 1H-NMR parameters are reported in Sec-
tion 3.

2.3. NMR characterization of the bis-complexed
indacene–diide-[M(COD)]2 species

As reported in Tables 1 and 2, when 3 is deproto-
nated with one equivalent of lithium alkyls and then
reacted with one equivalent of the [Rh(m-Cl)(COD)]2
dimer, appreciable amounts (12–30%) of homobimetal-
lic [Rh(COD)]2-indacene–diide complexes are formed.
The 1H-NMR spectrum indicates that two isomeric
species are present in the ratio of ca. 1.5:1. These
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Fig. 1. ORTEP view of 5-hydro-2,6-dimethyl-s-indacenide-Rh(COD) (2-Rh).

compounds exhibit a very simple spectroscopic pattern
owing to their molecular symmetry; only one signal is
observed for the aromatic protons, one signal for H3,6,
one for H1,8 and one for the methyls. Again, the signal
due to the olefin protons of COD is doubled by the
intrinsic asymmetry of the bridging ligand. On the basis
of this spectrum, the species present in the minor
amount is identified as anti-{2,7-dimethyl-as-indacene–
diide-[Rh(COD)]2} (anti-3-Rh2) as previously reported
[5a], the second species as the syn isomer, syn-3-Rh2. A
very similar behavior is found in the reaction of di-
lithium indacene–diide with [Ir(m-Cl)(COD)]2: the
bimetallic species are detected in 22–25% yield, the
syn/anti ratio being ca. 2:1. Surprisingly, the syn isomer
is formed in higher yield even though steric repulsion
between the two COD units located on the same side of
the organic ligand are expected to disfavor its forma-
tion. More details on the stereoselectivity of the bis-
metallation reaction as well as on the structure and
reactivity of the bimetallic species will be the argument
of a forthcoming paper [5b].

In the case of the s-indacene derivatives, the bimetal-
lic species are obtained as mixtures of syn and anti
isomers (see Tables 1 and 2) only by deprotonation of
pure mono-complexes species and reaction with [M(m-
Cl)(COD)]2 [6]. Even in this case, the characterization
was accomplished by NMR spectroscopy, and the

Table 3
Selected bond lengths (A, ) and geometrical parameters for the com-
plex 5-hydro-2,6-dimethyl-s-indacenide-Rh(COD) (2-Rh)

2.187(7) C(3a)�C(4) 1.39(1)Rh�C(1)
2.231(9) C(4)�C(4a) 1.37(1)Rh�C(2)

1.44(1)C(4a)�C(7a)Rh�C(3) 2.228(9)
Rh�C(3a) C(7a)�C(8)2.324(9) 1.36(1)
Rh�C(8a) 1.41(1)C(8)�C(8a)2.365(8)

C(4a)�C(5) 1.47(1)1.41(1)C(1)�C(2)
1.41(1) C(5)�C(6) 1.42(1)C(2)�C(3)
1.45(1)C(3)�C(3a) C(6)�C(7) 1.43(1)
1.45(1) 1.48(1)C(7)�C(7a)C(3a)�C(8a)

0.164D(M−C) (A, )
9.3HA (°)

Fig. 2. ORTEP view of 6-hydro-2,7-dimethyl-as-indacenide-Rh(COD) (3-Rh) and 8-hydro-2,7-dimethyl-as-indacenide-Rh(COD) (3a-Rh).
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Table 4
Selected bond lengths (A, ) and geometrical parameters for the two
structural isomers 6-hydro-2,7-dimethyl-as-indacenide-Rh(COD) (3-
Rh) and 8-hydro-2,7-dimethyl-as-indacenide-Rh(COD) (3a-Rh)

3-Rh3a-Rh

Rh�C(1) 2.220(7) Rh�C(21) 2.220(7)
Rh�C(2) 2.249(7) Rh�C(22) 2.249(7)

Rh�C(23)2.224(6) 2.224(6)Rh�C(3)
2.375(6)Rh�C(3a) Rh�C(23a) 2.375(6)
2.371(6)Rh�C(1a) Rh�C(21a) 2.371(6)

C(21)�C(22)1.41(1) 1.41(1)C(1)�C(2)
C(22)�C(23)C(2)�C(3) 1.41(1)1.41(1)
C(23)�C(23a)1.46(1) 1.46(1)C(3)�C(3a)

1.42(1)C(1a)�C(1) C(21a)�C(21) 1.42(1)
C(23a)�C(24)C(3a)�C(4) 1.46(1)1.46(1)
C(24)�C(25)1.40(1) 1.40(1)C(4)�C(5)

1.39(1)C(5)�C(5a) C(25)�C(25a) 1.39(1)
1.37(1)C(5a)�C(8a) C(25a)�C(28a) 1.37(1)

C(28a)�C(21a)1.40(1) 1.40(1)C(8a)�C(1a)
1.40(1)C(5a)�C(6) C(25a)�C(26) 1.40(1)
1.48(1)C(6)�C(7) C(26)�C(27) 1.48(1)

C(27)�C(28)1.37(1) 1.37(1)C(7)�C(8)
C(8)�C(8a) C(28)�C(28a)1.48(1) 1.48(1)

C(27)�C(28) 1.50(1)1.50(1)C(7)�C(8)

D(M−C) (A, ) 0.14 0.14
HA (°) 6 6

with distinctly localized single and double bonds in the
arene ligand [3a].

The pattern of bond lengths in the case of 3-Rh and
3a-Rh still indicates a definite resonant structure for the
indenyl residue, but in the uncomplexed five-membered
ring the single and double bonds are unambiguously
identified in both the subunits forming the asymmetric
structural unit; C(6)�C(7) (1.372(9) A, ) and C(27)�C(28)
(1.381(8) A, ) are the localized double bonds in the two
isomers 3a-Rh and 3-Rh, respectively. Thus, both the
predictable constitutional isomers 3-Rh and 3a-Rh are
present in the crystal. Here too, the uncomplexed five-
membered ring does not participate to the resonance of
the ligand as a whole and leaves the electronic structure
of the indenyl residue virtually unperturbed.

A quite interesting feature of all these mononuclear
s- or as-indacenyl-M(COD) complexes deals with the
conformation of the COD ring with respect to the
whole molecule. In all the previously studied indenyl
complexes with M(COD) [9], the COD ring is always
oriented with its two olefin double bonds in a direction
almost orthogonal to the ring junction bond
C(1a)�C(3a), giving rise to a molecular structure having
a virtual Cs symmetry. In 2-Rh and in both the isomers
of 3-Rh, in spite of the disymmetric indacene ligand, the
COD ring is still oriented in the same way, revealing
that this conformation is likely controlled by the elec-
tronic structure of the indenyl residue which maintains
the same Cs symmetry. Recently, we have shown that
only in the absence of this symmetry we would expect a
quite different orientation of the COD ring, such as to
allow p-hydrogen bonds of the type C�H···Ar between
its CH groups and the central phenyl ring, as found in
the corresponding bimetallic compounds [5a]. Thus, the
present analysis offers further evidence that symmetry
requirements play a substantial leading role in provid-
ing conformational stability to a molecule.

2.5. Metallation of the mononuclear indacenyl
complexes

The results of the composition of the syn–anti
bimetallic mixtures obtained from pure monometallic
complexes are not of an easy interpretation (see Tables
1 and 2). It can be noted, however, that (i) the syn/anti
ratio of the bimetallic complexes 1-Rh2 is strongly
dependent on the concentration of the indacene-diide–
Rh(COD) potassium salt, being in favor of the syn
isomer as the concentration increases; on the other
hand, in the presence of 18-crown-ether the isomer anti
is almost the sole product; (ii) the ratio depends also on
the symmetric or asymmetric structure of the ligand
bridge, being lower for the asymmetric one. In the
likely hypothesis that the potassium (or lithium) salt of
the monometallic compounds is present as a contact ion
pair in THF, its probable structure places the cation on

chemical shift values are reported in Section 3. More
details on their stability and structure will be published
[5b].

2.4. Crystallographic properties of mononuclear
indacenyl complexes

The molecular structures of 2-Rh (the structure of the
iridium derivative 2-Ir is isomorphous and virtually
identical) and 3-Rh are shown in Figs. 1 and 2. Selected
geometrical parameters are given in Tables 3 and 4,
respectively. Slip distorsions, hinge angles and Rh(Ir)�C
bond distances are for both the species in the norm [9].
In the case of 2-Rh, the pattern of bond lengths in the
indacene ligand is consistent with a resonant structure
in the indenyl moiety (i.e. the metal coordinated Cp
ring and the adjacent benzene ring), and indicates well
localized single bonds for C(4a)�C(5) (1.472(6) A, ) and
C(7a)�C(7) (1.481(5) A, ) and values averaged between
single and double bond lengths for C(5)�C(6) (1.411(6)
A, ) and C(6)�C(7) (1.434(8) A, ). This reveals the pres-
ence of both the predictable isosteric enantiomers in the
same site with an estimated statistical weight of 50/50.
Thus, the molecule exhibits a pseudo symmetry Cs. The
uncoordinated five-membered ring behaves as an un-
perturbing substituent to benzene and does not affect
the electronic structure of the residual resonant indenyl
system. We note that this feature is much different from
that described in the structure of (5-hydro-s-in-
dacenide)–Mn(CO)3 complex, which has been depicted
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the opposite side of the RhCOD group. Crystal struc-
ture of the alkali metal salts of 1,3,5,7-tetra-t-butyl-s-
indacene–diide showed the two metal atoms to have an
anti arrangement. This has been attributed to electro-
static repulsion between the cations [4c]; in our opinion,
steric effects must also be considered, each metal atom
being coordinated to ether molecules. Our preliminary
results suggest that, if contact ion pairs prevail in
solution, attack of the rhodium or iridium dimer from
the anti side is more difficult than from the syn side and
the syn product will prevail. On the other hand, when
the potassium ion is removed by complexation with the
18-crown-6 ether, between the two free sites of the
cyclopentadienyl ring the anti face appears strongly
favored by steric effects, and the anti product is formed
almost exclusively. By using the same arguments and
taking into account that the distance between the cen-
troids of the two Cp rings is ca. 4 A, in the asymmetric
derivatives as against ca. 5 A, in the symmetric analogue
[2], one can explain the substantial decrease of the
syn/anti ratio on going from the symmetric to the
asymmetric structure of the bridging ligands The syn
product seems to be less favored in the asymmetric case
by steric factors and the ratio syn/anti decreases. We
are now extending our study to complexes with differ-
ent ancillary ligands at rhodium in order to clarify the
importance of the steric and electronic effects of these
ligands on the relative yields of the two bimetallic
isomers.

3. Experimental

3.1. General

All reactions and complex manipulations were per-
formed in an oxygen and moisture-free atmosphere.
The solvents were carefully dried and deoxygenated
before use. The complexes appear as microcrystalline
air-stable powders, which gave satisfactory elemental
analysis. Melting points are uncorrected. Microanalyses
were performed at the Dipartimento di Chimica Inor-
ganica, Metallorganica ed Analitica, Università di
Padova. The IR spectra were recorded as THF solu-
tions on a Perkin–Elmer 1600 FT-IR spectrometer, and
the 70 eV electron impact mass spectra were measured
with a VG 16 Micromass spectrometer. The 1H- and
13C-NMR spectra were obtained as CDCl3 or CD2Cl2
solutions on a Bruker AM400 spectrometer operating
at 400.13 and 100.61 MHz, respectively. The assign-
ments of the proton resonances were performed by
standard chemical shift correlation, COSY and
NOESY experiments, those of the 13C ones by 2D-hete-
rocorrelated COSY (HMQC with bird sequence for the
H-bonded carbon atoms, HMBC for the quaternary
ones).

3.2. Synthesis of the ligands

The ligands dihydro-s-indacene (1) (obtained as a
mixture of the 1,5- and 1,7-isomers) [7], 2,6-dimethyl-
1,7-dihydro-s-indacene (2) [3a] and 2,7-dimethyl-1,6-di-
hydro-as-indacene (3) [3a] were obtained by the quoted
methods. The physical properties agree with those re-
ported; conversely, the NMR data differ to some extent
from those reported, and the spectral data obtained by
1D and 2D homo and heteronuclear experiments are
reported below.

3.3. Isomeric dihydro-s-indacenes

1H-NMR (CDCl3, ppm from internal TMS, T 298
K).

3.3.1. 1,5 Dihydro-s-indacene (1)
d 7.49 (s, 2H, H4,8), ca. 6.9 (m, 2H, H2,6), ca. 6.5 (m,

2H, H3,7), 3.4 (m, 4H, H1,5). 13C-NMR (CDCl3, ppm
from internal TMS, T 298 K): d 142.23 (C4a,8a), 142.07
(C3a,7a), 133.11 (C2,6), 132.08 (C3,7), 116.44 (C4,8), 38.59
(C1,5).

3.3.2. 1,7-Dihydro-s-indacene (1 %)
d 7.56 (s, 1H, H8), 7.43 (s, 1H, H4), ca. 6.9 (m, 2H,

H2,6), ca. 6.5 (m, 2H, H3,5), 3.4 (m, 4H, H1,7). 13C-NMR
(CDCl3, ppm from internal TMS, T 298 K): d 143.33
(C3a,4a), 140.07 (C7a,8a), 133.31 (C2,6), 132.10 (C3,7),
119.34 (C8), 113.38 (C4), 38.58 (C1,5).

3.3.3. 2,6-Dimethyl-1,5-dihydro-s-indacene (2)
d 7.36 (s, 1H, H8), 7.13 (s, 1H, H4), 6.47 (m, 2H,

H3,5), 3.28 (m, 4H, H1,5), 2.16 (s, 6H, 2,6-CH3). 13C
NMR (CDCl3, ppm from internal TMS, T 298 K): d

145.40 (2C, C2,6), 144.66 (2C, C3a,4a), 139.65 (2C,
C7a,8a), 127.75 (2C, C3,5), 119.24 (1C, C4), 111.74 (1C,
C8), 42.73 (2C, C1,7), 17.23 (2C, 2,6-CH3).

3.3.4. 2,7-Dimethyl-1,6-dihydro-as-indacene (3)
d 7.19 and 6.97 (AB q, JAB 7 Hz, 2H, H5 and H4,

respectively), 6.53 (m, 1H, H8), 6.48 (m, 1H, H3), 3.33
(m, 2H, H6), 3.30 (m, 1H, H1), 2.17 (m, 3H, 7-CH3),
2.15 (m, 3H, 2-CH3). 13C-NMR (CDCl3, ppm from
internal TMS, T 298 K): d 147.318 (1C, C7), 144.978
(1C, C2), 144.920 (1C, C8a), 141.119 (1C, C4a), 139.384
(1C, C5a), 134.356 (1C, C1a), 127.908 (1C, C3), 125.411
(1C, C8), 121.530 (1C, C5), 115.538 (1C, C4), 43.059
(1C, C6), 41.388 (1C, C1), 17.397 (1C, 7-CH3), 12.246
(1C, 2-CH3).

3.4. Synthesis of the monometallic hydroindacenide com-
plexes

3.4.1. t-BuLi as base
To a stirred solution of 1 mmol of the appropriate

dihydroindacene in 10 ml of dry THF kept at −30°C
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under argon, 1 mmol of t-BuLi solution in pentane was
added slowly by syringe. The indacenide formation is
indicated by a change of the solution color from color-
less to orange (in the case of 1), red (in the case of 2)
and yellow (in the case of 3). After 1 h, the solution is
added by a cannula to a cool (−30°C) solution of 0.5
mmol of [M(m-Cl)(COD)]2 (M=Rh, Ir) in 15 ml THF
obtaining a yellow solution. After 1 h, the temperature
is slowly raised to −10°C and the solvents pumped off.
The residue was extracted at room temperature with
dry CH2Cl2 (3×10 ml) and purified by flash chro-
matography (hexane as eluent).

3.4.2. KH as base
To a well-stirred suspension of excess KH (20 mg) in

dry THF (10 ml) kept at −20°C under argon 1 mmol
of the appropriate dihydroindacene was added as a
solid. After 1 h, the excess KH was allowed to settle
and the clear solution of [hydro-indacenide]−K+ was
allowed to react with a cool (−30°C) solution of
[M(m-Cl)(COD)]2 and worked up as described above.

3.4.3. 5-Hydro-s-indacenide-Rh(COD) (1-Rh)
Yield 70%; m.p. 164°C (decomp.). m/z 364 (M+).

1H-NMR (CD2Cl2, ppm from internal TMS, T 298 K):
d 7.26 (m, 1H, H4), 7.15 (m, 1H, H8), 6.86 (m, 1H, H6),
6.47 (m, 1H, H7), 6.04 (dt, 1H, 3J(H1–H2)=3J(H2–H3)
2.8 Hz, J(103Rh–H2) 1.9 Hz, H2), 5.14 (m, 1H, H1),
5.11 (m, 1H, H3), 3.96 (m, 4H, 3J(103Rh–H ca. 2 Hz,
COD olefin protons) 3.39 and 3.35 (AB quartet, JAB

−23 Hz, H5,5%), 1.9–1.6 (m, 8H, COD methylene pro-
tons). 13C-NMR (CD2Cl2, ppm from internal TMS, T
298 K): d 141.50 (C7a), 139.41 (C7). 133.05 (C6), 132.48
(C4a), 114.25 (C4), 114.39 and 112.79 (1J(103Rh–13C) 2.0
and 2.3 Hz, respectively, C3a and C8a), 110.49 (C8),
90.07 (1J(103Rh–13C) 5.2 Hz, C2), 76.36 and 76.14
(1J(103Rh–13C) 4.0 and 4.4 Hz, respectively, C1 and C3,
67.70 and 67.26 (2C each, 1J(103Rh–13C) 13.3 and 13.4
Hz, respectively, COD olefin carbons), 32.04 and 31.72
(2C each, COD methylene carbons).

3.4.4. 5-Hydro-s-indacenide-Ir(COD) (1-Ir)
Yield 60–74%; m.p 171°C (decomp.). m/z 453 (M+).

1H-NMR (CD2Cl2, ppm from internal TMS, T 298 K):
d 7.29 (m, 1H, H4), 7.17 (m, 1H, H8), 6.85 (m, 1H, H6),
6.50 (m, 1H, H7), 5.96 (t, 1H, 3J(H1–H2)=3J(H2–H3)
2.8 Hz, H2), 5.29 (m, 1H, H1), 5.26 (m, 1H, H3), 3.9-3.8
(m, 4H, COD olefin protons) 3.31 and 3.29 (AB quar-
tet, JAB −23 Hz, H5,5%), 1.8–1.5 (m, 8H, COD
methylene protons). 13C-NMR (CD2Cl2, ppm from in-
ternal TMS, T 298 K): d 142.69 (C7a), 140.35 (C4a),
134.50 (C7). 132.62 (C6), 115.51 (C4), 110.85 and 109.40
(C3a and C8a), 111.13 (C8), 83.38 (C2), 71.60 (C1), 71.43
(C3), 50.15 and 49.97 (2C each, COD olefin carbons),
33.61 and 33.15 (2C each, COD methylene carbons).

3.4.5. 5-Hydro-2,6-dimethyl-s-indacenide-Rh(COD)
(2-Rh)

Yield 90%; m.p. 180°C (decomp.). m/z 392 (M+).
1H-NMR (CD2Cl2, ppm from internal TMS, T 298 K):
d 7.06 (m, 1H, H8), 6.82 (m, 1H, H4), 6.43 (m, 1H, H7),
5.04 (m, 1H, H3), 5.00 (m, 1H, H1), 3.94 and 3.91 (2m,
2H each, 3J(103Rh–H ca. 2 Hz, COD olefin protons)
3.25 and 3.20 (AB quartet, 2H, JAB −23 Hz, H5,5%),
2.37 (s, 3H, 2-CH3), 2.13 (s, 3H, 6-CH3), 1.84 and 1.72
(2m, 8H overall, COD methylene protons). 13C-NMR
(CD2Cl2, ppm from internal TMS, T 298 K): d 144.94
(C6), 142.07 (C7a), 138.78 (C4a), 128.00 (C7), 113.92
(C4), 113.53 (C8), 108.59 and 108.53 (1J(103Rh–13C) 2.0
and 2.3 Hz, respectively, C3a and C8a), 104.70
(1J(103Rh–13C) 2.1, C2), 78.81 and 78.11 (1J(103Rh–13C)
4.0 and 4.4 Hz, respectively, C1 and C3), 67.57 and
67.31 (2C each, 1J(103Rh–13C) 13.7 and 13.6 Hz, re-
spectively, COD olefin carbons), 42.24 (C5), 32.13 and
31.86 (2C each, COD methylene carbons), 17.14 (6-
CH3), 15.41 (1J(103Rh–13C) 1.3 Hz, 2-CH3).

3.4.6. 5-Hydro-2,6-dimethyl-s-indacenide-Ir(COD)
(2-Ir)

Yield 25–45%; m.p. 148°C (decomp). m/z 481 (M+).
1H-NMR (CD2Cl2, ppm from internal TMS, T 298 K):
d 7.10 (m, 1H, H4), 6.90 (m, 1H, H8), 6.42 (m, 1H, H7),
5.16 (m, 1H, H3), 5.20 (m, 1H, H1), 3.82 and 3.78 (2m,
2H each, COD olefin protons) 3.24 and 3.22 (AB q, JAB

−22 Hz, 2H, H5exo,5endo), 2.36 (s, 3H, 2-CH3), 2.13 (s,
3H, 6-CH3), 1.8–1.4 (m, 8H, COD methylene protons).
13C-NMR (CD2Cl2, ppm from internal TMS, T 298 K):
d 146.17 (C6), 143.17 (C7a), 139.72 (C4a), 127.74 (C7),
114.51 (C4), 110.63 (C3a), 108.12 (C8a), 108.94 (C8),
100.18 (C2), 73.65 and 73.46 (C1 and C3), 50.02 and
49.84 (2C each, COD olefin carbons), 42.25 (C2), 33.66
and 33.16 (2C each, COD methylene carbons), 17.12
(2-CH3), 15.30 (6-CH3).

3.4.7. 6-Hydro-2,7-dimethyl-as-indacenide-Rh(COD)
(3-Rh) and
8-hydro-2,7-dimethyl-as-indacenide-Rh(COD) (3a-Rh)
(50:50 mixture)

Yield 98% (KH as a base), and 70–80% (alkyl-lithi-
ums as base). m/z 392 (M+). 6-hydro-2,7-dimethyl-as-
indacenide-Rh(COD): 1H-NMR (CD2Cl2, ppm from
internal TMS, T 298 K): d 7.07 and 6.86 (AB quartet,
2H, JAB 8.1 Hz, H5 and H4, respectively), 6.50 (m, 1H,
H8), 5.12 (m, 1H, H1), 5.09 (m, 1H, H3), 3.92 and 3.86
(2m, 2H each, olefin COD protons), 3.32 and 3.29 (AB
quartet, 2H, JAB −24 Hz, H6,exo and H6,endo, respec-
tively), 2.39 (d, 3H, J(103Rh–H) 1.4 Hz, 2-CH3), 2.20 (s,
3H, 7-CH3), 1.85–1.65 (m, 8H, COD methylene pro-
tons). 8-hydro-2,7-dimethyl-as-indacenide-Rh(COD):
1H-NMR (CD2Cl2, ppm from internal TMS, T 298 K):
d 6.99 and 6.98 (AB q, 2H, JAB 8.1 Hz, H5 and H4,
respectively), 6.47 (m, 1H, H6), 5.08 (m, 2H, H1 and
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H3), 4.03 and 3.80 (2m, 2H each, olefin COD protons),
3.22 and 3.10 (AB q, 2H, JAB −24 Hz, H8,exo and
H8,endo, respectively), 2.41 (d, 3H, J(103Rh–H) 1.4 Hz,
2-CH3), 2.16 (s, 3H, 7-CH3), 1.85–1.65 (m, 8H, COD
methylene protons).

3.4.8. 6-Hydro-2,7-dimethyl-as-indacenide-Ir(COD)
(3-Ir) and 8-hydro-2,7-dimethyl-as-indacenide-Rh-
(COD) (3a-Ir) (50:50 mixture)

Yield 22% (KH as a base), and 24% (n-BuLi as a
base). m/z 481 (M+). 6-hydro-2,7-dimethyl-as-in-
dacenide-Ir(COD): 1H-NMR (CD2Cl2, ppm from inter-
nal TMS, T 298 K): d 7.12 and 6.90 (AB quartet, 2H,
JAB 8 Hz, H5 and H4, respectively), 6.48 (m, 1H, H8),
5.29 (m, 1H, H1), 5.23 (m, 1H, H3), 3.83 and 3.79 (2m,
2H each, olefin COD protons), 3.31 and 3.28 (AB
quartet, 2H, JAB −24 Hz, H6,exo and H6,endo, respec-
tively), 2.30 (s, 3H, 1.4 Hz, 2-CH3), 2.22 (s, 3H, 7-CH3),
1.7–1.5 (m, 8H, COD methylene protons). 8-hydro-2,7-
dimethyl-as-indacenide-Ir(COD): 1H-NMR (CD2Cl2,
ppm from internal TMS, T 298 K): d 7.10 and 7.09 (AB
q, 2H, JAB 8.1 Hz, H5 and H4), 6.41 (m, 1H, H6), 5.22
(m, 2H, H1), 5.19 (m, 1H, H3), 3.87 and 3.68 (2m, 2H

each, olefin COD protons), 3.26 and 3.19 (AB q, 2H,
JAB −24 Hz, H8,exo and H8,endo, respectively), 2.29 (s,
3H, 2-CH3), 2.20 (s, 3H, 7-CH3), 1.7–1.5 (m, 8H, COD
methylene protons).

3.5. Crystallographic studies

Suitable crystals of 2,6-dimethyl-5-hydro-s-in-
dacenide-Rh(COD) (2-Rh) 2,6-dimethyl-5-hydro-s-in-
dacenide-Ir(COD) (2-Ir) and 2,7-dimethyl-6(8)-hydro-
as-indacenide-Rh(COD) (3-Rh and 3a-Rh) (see text),
grown from THF/hexane solutions, were mounted on a
Philips PW-100 computer-controlled four-circle diffrac-
tometer with graphite monochromator (Mo–Ka radia-
tion, l 0.7107 A, ). Indexing of 25 high angle reflections
followed by a short preliminary data collection led to
the assignment of a triclinic unit cell for 2-Rh, for
which the space group P1( was initially assigned and
later confirmed by a well-behaved refinement process
(2-Ir was revealed to be isomorphous with 2-Rh), and
the monoclinic P21/c space group for the 3-Rh/3a-Rh
mixture. The initial Patterson maps were solved for the
Rh positions in both cases; subsequent least-squares
difference Fourier cycles revealed all the non-hydrogen
atoms. Hydrogen atoms were included in calculated
positions (C�H=1.05 A, ) and treated isotropically in
the final calculations. In the case of the 3-Rh/3a-Rh
mixture, special care was taken for the 6-hydro and
8-hydro ends of the ligand were the methylene carbon
atoms were unambigously identified before including
the hydrogen atoms for them and their immediate
neighbors. The thermal parameters for all the non-hy-
drogen atoms were treated anisotropically. The models
converged to give weighted and unweighted R factors
of 0.062 and 0.057 for 2-Rh and 0.065 and 0.057 for
3-Rh/3a-Rh, respectively. In the final difference map the
largest residual peak was less that 0.56 e A, −3. The
intensities were corrected for Lorentz and polarization
effects but not for absorption owing to the relatively
low values of m (ca. 8.7 cm−1). Crystal data and
intensity data collection are reported in Table 5.

4. Supplementary material

Final positional and thermal parameters, and a com-
plete list of the geometrical parameters are available as
supplementary material upon request from the authors.
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Table 5
Summary of the crystal data and intensity collection for 5-hydro-2,6-
dimethyl-s-indacenide-Rh(COD) (2-Rh) and for the 6(8)hydro-2,7-
dimethyl-as-indacenide-Rh(COD) (3-Rh)

3-Rh2-Rh

C22H25Rh C22H25RhEmpirical formula
391.33Formula weight 391.33

Space group P1( P21/c
Unit cell dimensions

a (A, ) 18.789(2)10.668(2)
b (A, ) 12.539(2) 8.430(1)

24.455(3)c (A, ) 7.252(1)
9098.2(1)a (°)
112.0(1)94.1(1)b (°)
90113.6(1)g (°)

V (A, 3) 870.22(85) 3591.41(90)
82Z

0.20×0.40×0.40Crystal dimensions (mm) 0.30×0.30×0.60
Dcalc. (g cm−3) 1.451.49
m (cm−1) 8.489.62

298297Temperature (K)
Radiation (A, ) Mo–Ka (l=0.7107)

3Take-off angle (°) 3
2.0 in the 2u modeScan speed (° min−1)

3.052u5452u Range (°)
1998Unique reflections 3003

[Fo
2 =2s(Fo

2)]
415Number of refined 220

parameters
0.064R (on Fo) 0.057

0.052 0.057Rw

0.56Highest map residual 0.43
(e A, −3)
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