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Abstract

The Rh(COD) and Ir(COD) homobimetallic complexes of s-indacene-diide, 2,6-dimethyl-s-indacene-diide, as-indacene-diide,
and 2,7-dimethyl-as-indacene-diide have been synthesized from the di-lithium salts of the dianions and metal dimers [M(u-CI)L,],
(M =Rh, Ir; L, = COD, NBD, (ethylene),, (CO),) as mixtures of syn and anti isomers. The syn/anti ratio depends on the nature
of the ancillary ligands at the metal and on the s or as geometry of the bridging ligand. In the reaction of the 2,7-dimethyl-as-in-
dacene-diide-[M(COD)], species with CO, the higher reactivity of the syn isomers has been justified on the basis of a greater
instability of the ground state due to steric interactions between the COD groups. Bis-n! metal-bonded intermediates have been
identified in the carbonylation of iridium derivatives; on the other hand, the formation of the bis-n® mixed complexes syn and
anti-{2,7-dimethyl-as-indacene-diide-[Rh(COD)][Rh(CO),]} and their reactivity strongly support the existence of metal-metal
interaction in the rhodium derivatives. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

The growing interest in the polymetallic complexes of
organic ligands arises from the possible existence of
some kind of interaction between the metal centers so
that the properties of one site can be finely tuned by
both the presence and the intrinsic properties of a
second inorganic group [1]. In particular, the interac-
tion between the metal centers is expected to influence
their structural, spectroscopic, chemical (e.g. the reac-
tivity both in stoichiometric and catalytic processes)
and physical properties (e.g. magnetism, optical linear-
ity, etc.) when compared with the behavior of the
analogous monometallic compounds.

The possibility of investigating these cooperative ef-
fects is clearly correlated with the ability to solve the
problem of anchoring two (or more) metals in close
proximity with a certain geometry through an appropri-
ate bridging ligand having several coordination sites
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available. In other words, one has to project the right
spacer able to route the interaction from one active
center to the other:

LM SPACER MLy

The cooperative effects may arise (i) from a strong
through-bond interaction transmitted by a suitable
bridging ligand; or (ii) from a direct metal-to-metal
bond interaction depending on the electronic and steric
properties of the ligand and on the relative geometric
dispositions of the metals themselves.

Many classes of multi-site bridging ligands have been
investigated thoroughly. Among them we cite the bis-
cyclopentadienyl derivatives in which the two five-mem-
bered rings are bonded directly ( fulvalene systems) or
connected through a saturated or unsaturated chain [2].
However, in this class of compounds, the orientation
and the distance between the metals is not certain due
to the noticeable flexibility of the ligand, so that the
chemical and physical behavior is often puzzling and
cannot be justified unambiguously. Conversely, ortho-
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condensed bicyclic ten m-electron ligands, such as the
neutral naphthalene, the monoanionic indenide and the
bis-anionic pentalene-diide species can furnish (i) a rigid
skeleton and (ii) a more delocalized ten w-electron
system ensuring a fixed geometry and a suitable trans-
mission of the electronic interactions between the
metals. In the bimetallic complexes of these bridging
ligands, a transoid (anti) and a cisoid (syn) disposition
of the two metal groups are possible. In fact, in the case
of pentalene-diide, only anti bimetallic complexes have
been reported [3], while for the naphthalene [4] and
indenide [5], bridging ligands syn and anti compounds
have been obtained if the appropriate synthetic path-
way is adopted.

In this paper we shall describe the investigation we
have performed on some bimetallic complexes having
the indacene-diide dianion as the bridging ligand. Ow-
ing to the high delocalizability of its 14 m-electron
system, both s ands as isomers of this condensed aro-
matic spacer have been identified as suitable bridging
ligands in view of strong electronic interactions between
the coordinated metal centers, which may result in
interesting chemical and physical properties [6]. We
note, however, that the electronic structures of the two
isomeric dianions have been determined recently by
EHMO calculations [7]. Differences in the HOMO-
LUMO gap in the two ligands have been reported so
that, at least in principle, different reactivity of the two
isomers could be expected.

A generally reported synthetic procedure of some
bimetallic indacenyl complexes consists of the reaction
of indacene-diide dilithium salts with mononuclear or
dinuclear metal reagents. However, the stereochemical
control of the reaction is a vexing problem. Groups
such as MCp or MCp* (Cp =CsH,, Cp*=C;Mes;
M =Fe, Co, Ni) coordinate exclusively anti [8]; con-
versely, mixtures of syn and anti isomers have been
obtained for metal carbonyls complexes of manganese
[9]. Finally, recent results by O’Hare and co-workers
[10] on cobalt and iron complexes obtained by the
reaction of the neutral 1,3,5,7-tetra-z-butyl-indacene
with dinuclear reagents have shown the presence of the
syn isomer only. These results seem tc indicate that
mononuclear metal reagents favor the formation of anti
products, whereas binuclear reagents would favor the
syn products. However, it should be noted that a
correct comparison of the results is rather difficult
because the reaction conditions differ greatly. Recently,
we have prepared some Rh(I) and Ir(I) monometallic
indacenyl complexes by quenching the lithium or potas-
sium salts of s- and as-hydroindacenide ligands with
the appropriate metal dimer. From these species, homo-
bimetallic indacenyl complexes can be obtained by fur-
ther deprotonation and reaction with the same metal
dimers [11]. Here, we shall discuss the results obtained
by the single-step synthesis of homo-bimetallic inda-

cenyl complexes by reaction of some s- and as-in-
dacene-diides with metalating dimers of the type
[M-(u-CDL,], (M =Rh, Ir), where L, represents one
bidentate ligand (COD, NBD) or two monodentate
ligands, viz., (ethylene),, (CO),.

2. Results and discussion

In order to tackle this investigation correctly, strictly
similar conditions for the bis-metalation reaction were
adopted: indacene-diide dilithium salts were generated
quantitatively from the corresponding hydrocarbons by
using two equivalents of 7-butyl-lithium as the deproto-
nating reagent in carefully dried and deoxygenated
THF. The ionization was performed in the —20 to
—30°C temperature range, and the salt was treated
with two equivalents of dinuclear rhodium and iridium
reagents at — 30°C. The solvent was pumped off at low
temperature and the crude reaction mixture analyzed
for the products by 'H-NMR. The efficiency of this
preparative pathway is quite good, and as an example,
the yields obtained with COD as the ancillary ligand at
the metal are summarized in Table 1.

The almost quantitative yields of homobimetallic
rhodium complexes observed both for s and as ligands
strongly indicate that the double deprotonation of the
starting neutral ligand is complete, and that the metala-
tion reaction is rapid in comparison with side reactions
(e.g. reaction of the dianion with other proton donors,
electron transfer reactions, etc.). In the case of iridium
species, the conversion and the yields of bimetallic
complexes are somewhat lower. This difference could
be accounted for by considering the different reactivity
exhibited by the rhodium and iridium dimers [11]. If the
dianions are consumed rapidly by the highly reactive
dinuclear species [Rh(p-CI}(COD)), to give the dimeta-
lated complex, the yield of monometallic compounds
appears to be quite low, whereas with the less reac-
tive metalating reagent [Ir(u-CI)}(COD)],, substantial
amounts of monometailic hydroindacenide—Ir(COD)
are produced as a results of rapid mono-protonation of
the dianion. An alternative, but less convincing, expla-
nation would be to attribute the formation of
monometallic compounds to a lower stability of the
di-iridium complexes of the indacenyl ligand in com-
parison with that of the di-rhodium complexes: they
would suffer loss of one Ir(COD) unit and protonation
to monometallic species.

2.1. The syn/anti ratios in homobimetallic
indacene-diide complexes

The relative yields of the syn and anti bimetallic
isomers in the one-step bis-metalation reaction are sum-
marized in Table 2. We observe that (i) the syn isomer
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Organometallic product yields in the reaction of some s- and as-indacene-diides with [M(u-Cl)(COD)], *

[M(CIXCODY},

base
The ligand — [indacene —diide]> ~2Li* ———— indacene — diide — [M(COD),]
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M Conversion (%)

Relative yields (%)

Bimetallic complex ® Monometallic complex
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Ir 50
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>99 <1
>99 <1
>99 <1
50 50
70 30
>99 <l

2 Base, ¢-BuLi, 2.5 equivalents; solvent, THF; T 243 K.
b Mixture of syn and anti isomers, see text.
¢ As 50:50 mixture of 1,5- and 1,7-dihydro isomers, see text.

is favored when olefins are the ancillary ligands. The
chelating olefins COD and NBD, for example, afford a
great excess (90—82%, respectively) of the syn isomer
with s-indacene-diide as a spacer; (ii) the ethylene as
ancillary ligand induces a lower stereochemical prefer-
ence; (iii) CO greatly favors the anti dispositions of the
metal groups, the anti isomer being almost the unique
product in the case of s-indacene-diide; (iv) in general,
with the asymmetric indacene-diide as the bridging
ligand, the syn/anti ratio is lower than that found for
the symmetric ligand.

The explanation of these results is rather puzzling. A
deeper insight into the problem may be provided by
considering the structures of the two reagents involved
in the metalation reaction, i.e. the di-lithium salt of s-
and as-indacene-diide and the metal dimers. There is
little information about the structure in solution of the
salt; its structure is probably similar to that of
Lij[1,3,5,7-tetra-z-butyl-s-indacene-diide] which has
been reported recently [10c], where the two lithium
cations (which coordinate to two THF molecules each)
reside on opposite sides of the indacene-diide plane.
This anti arrangement has been ascribed to electrostatic
repulsions between the two lithium cations even though
steric effects cannot be neglected on account of the

bulky [Li(THF),]* groups. An anti distribution of the
two [Li(TMEDA),]* units has been found also in the
solid-state structure of the silylated indacenyl species
Li[(u-Me,Si),(CsH,),] [12]. The large [L(TMEDA),]*

Table 2
The effect of the ancillary ligand, L, on the syn/anti ratio in the
one-step synthesis * of homobimetallic indacene-diide{RhL,], com-

o
=N
(4]
>4
(1]
w

L,

COD NBD (Ethylene), (CO),

‘g 9:1 451 151 1:19

7:1 - - 1:7

6 21 3 21 1:5

2 For the experimental conditions, see footnote (a) of Table 1.
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Scheme 1. The mechanism of anti isomer formation by a two-step
metalation reaction.

Li(solv)
Li(solv.)
Gy
Rh
>
R
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Scheme 2. The mechanism of the one-step bis-metalation with planar
(upper part) and bent (lower part) metal dimers.

fragments seem also, in this case, to favor an anti
arrangement for steric reasons.

A monomeric (or oligomeric) anti disposition of the
two lithium ions, probably coordinated to THF
molecules, in the ion pairs of the indacene-diide dianion
should favor the formation of the anti bimetallic isomer
by a two-step mechanism similar to that shown in the
Scheme 1.

However, this is not in accordance with the majority
of the results of Table 2, where a large preponderance
of the syn isomer is reported, especially in those runs
where the bidentate ancillary ligands COD and NBD
have been used.

On the other hand, the structures of the metal
dimers, [M(u-Cl)L,},, have been investigated since the
1960s, both in solution and in the solid state [13]. The
rhodium derivatives show different characteristics de-
pending on the nature of L. Thus, while the two
rhodium and the two chlorine atoms lie on a plane
with the olefin bonds perpendicular when L, is COD,
the dimers with L, =(CO), and (ethylene), show a
bent geometry with the two [RhCI(CO),] and
[RhCl(ethylene),] planes intersecting at angles of 124
and 116°, respectively. As a consequence, the distance
between the two rhodium atoms is longer in [Rh(p-
CD(COD)), (3.50 A) than in [Rh(u-CI(CO),], (3.12 A).

The planar or bent structure of the dimer cores may
play an important role in determining the geometry of
the bimetallic indacenyl complex. To justify the results
of Table 2, we suggest that planar dimers favor a
concerted bis-metallation pathway shown in the upper
part of Scheme 2, in which the two rhodium centers
interact simultaneously at the same face of the bridging
ligand to generate the syn isomer. Conversely, a bent
structure of the dimer would disfavor the concerted
one-step process if the approach to the indacene-diide is
similar to that depicted in the lower part Scheme 2, and
a two-step mechanism would become competitive espe-
cially with CO ligands.

In this hypothesis, the simultaneous attack of both
the [Rh(p-CI)(COD)] units at the Cp sites in the con-
certed path are expected to suffer in the transition state
from noticeable steric effects. Thus, the lower syn/anti
ratio observed for the as-indacene-diide isomer with
respect to the s-indacene-diide can be attributed to
steric effects, which should be of greater importance as
the distance between the centroids of the Cp rings
changes from ca. 5 A in the s isomer to ca. 4 A in the
as derivative.

The results obtained in different laboratories seem to
support the hypothesis of two competitive pathways. In
fact, reaction with dinuclear reagents such as Fe,(CO),
or Co,(CO); affords the syn bimetallic complex as the
sole product [10], while anti bimetallic complexes were
obtained when the metalation was carried out by large
mononuclear metal fragments such as Cp*M (M = Re
and Ru) [8].

On the basis of these observations, it would be
possible to suggest a modified interpretation of the
isomeric ratios of Table 2. In THF, a strong coordinat-
ing solvent, the metal dimers may equilibrate with their
monomers, the position of the equilibrium probably
depending on the nature of the ancillary ligands. Thus,
for COD and NBD dimers, the predominant path is
that involving the concerted attack by the undissociated
dimer, the anti isomer being formed through a two-step
path by the monomer. From this point of view, the
results obtained with [Rh(u-Cl)(CO),], as reagent sug-
gest an increased dissociation of the dimer in solution,
probably by a larger THF solvation of the monomer
induced by the electronic effect of the CO.

In conclusion, whatever the cause for the different
isomer ratios, it has been ascertained that by changing
the nature of the ancillary ligands one can obtain
mixtures with a large preference for the syn (with COD
or NBD) or anti (with CO) derivative. On a preparative
scale, since the substitution of the ancillary ligands is an
easy reaction that does not change the stereochemistry
of the complex, it would be rather feasible to obtain
couples of syn/anti complexed isomers by ligand ex-
change with the appropriate reagent [5].
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anti-Rh, syn-Rh,

Fig. 1. orRTEP view of the structure of anti-{2,7-dimethyl-as-indacene-diide}-[Rh(COD)},} (anti-Rh,), and syn-{2,7-dimethyl-as-indacene-diide}-
[Rh(COD)],} (anti-Rh,). The pertinent hydrogen atoms are evidenced.

anti-Ir; syn-Ir;

Fig. 2. ORTEP view of the structure of anti-{2,7-dimethyl-as-indacene-diide}-{Ir(COD)],} (anti-Ir;), and syn-{2,7-dimethyl-as-indacene-diide}-
[Ir(COD)),} (syn-Iry). The pertinent hydrogen atoms are evidenced.
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Scheme 3. Schematic view of the structure of syn-{2,7-dimethyl-as-in-
dacene-diide}-[Rh(COD)],} (syn-Rh,). The hinge angles (HA [5]) of
the two cyclopentadienyl rings and the distortions of the COD
coordination versus rhodium are evidenced.

2.2. X-ray and NMR structural analysis

The structures of the homobimetallic anti and syn
2,7-dimethyl-as-indacene-diide complexes with Rh-
(COD) (syn-Rh, and anti-Rh,, respectively) and Ir-
(COD) (syn-Ir, and anti-Ir,) as determined by X-ray
crystallographic analysis are shown in Figs 1 and 2.
The most relevant difference observed is the planar
geometry (within 0.03 A) of the bridging ligand in the
anti complexes, whereas a noticeabie deviation from the
planarity for one of the cyclopentadienyl rings and, to
a some extent, for the central benzene moiety is ob-
served for the syn isomers, probably to avoid repulsive
interactions between the COD groups. A simplified
drawing of syn-Rh, structure is shown in Scheme 3.

Of particular interest is the conformation of these
compounds with regard to the orientation of the COD
ring. Actually, the conformation appears to be basically
controlled by the following driving factors: (i) symme-
try requirements, i.e. the necessity to achieve the highest
symmetry consistent with the molecular constitution;
this is always the determining factor in the case of
monometallic, syn and anti heterobimetallic indenyl
complexes [5] and monometallic s- or as-hydroin-
dacenide complexes [11] (they show systematically the
highest predictable symmetry or pseudosymmetry C,);
(ii) stereochemical hindrance, present mainly in the case
of overcrowded syn binuclear indenide [5b,d] and in-
dacene-diide derivatives [8,9]; (iii) the possibility of
forming n-hydrogen bonds between the methine groups
of COD and the arene n-electron systems present in the
bridging ligand as reported recently for anti-{2,7-
dimethyl-as-indacene-diide-[M(COD)},} [14].

Note that factor (iii) is never operative if there is the
intrinsic possibility of satisfying condition (i), even
though locally, as observed in the case of s or as-in-
dacenide mononuclear complexes [11]. This fact cannot
be regarded as a mere coincidence and we suggest the

leading role of factor (i), when present, to control the
molecular conformation.

The structures described here confirm these findings.
In Table 3 the most relevant geometrical parameters of
syn-Rh, (and syn-Ir,) compared with those of anti-Rh,
(and anti-Ir,) are reported. Scheme 4 displays the struc-
ture of the bridging ligand in the Rh complexes as
evidenced by the pattern of bond distances.

This indicates a completely asymmetric molecular
geometry in the syn derivatives and a degradation to
the lower symmetry C, in the anti analogues, respec-
tively. Thus, factor (iii) turns out to be the ruling force
controlling the molecular structure of these compounds,
the stereochemical factor (ii) being cooperative in the
case of the complex syn-Rh, (and of syn-Ir,).

Table 3

Selected geometrical parameters for anti-{2,7-dimethyl-as-indacene-
diide}-[Rh(COD)],} (B), syn-{2,7-dimethyl-as-indacene-diide}-
[Rh(COD)],} (A), anti-{2,7-dimethyl-as-indacene-diide}-[Ir(COD)],}
(B'), and syn-{2,7-dimethyl-as-indacene-diide}-[If{COD)],} (A")

A A B B
M(1)-C(1) 228(1)  2.32(1)  22778)  2.215(8)
M(1)-C(2) 2241)  226(1)  22439)  2.254(9)
M(1)-C(3) 2151)  2.19(1)  2.28(1) 2.259(9)
M(1)-C(3a) 230(1)  2.25(1)  2.30(1) 2.296(7)
M(1)-C(la) 2291)  2.28(1)  22529)  2.238(9)
M(2)-C(6) 2231)  221(1)  2.26(1) 2.282(9)
M(2)-C(7) 2231)  221(1)  2.28(1) 2.227(9)
M(2)-C(8) 220(1)  221(1) 23001 2.230(7)
M(2)-C(82) 2371)  237(1)  2.2439)  2.257(7)
M(2)-C(5a) 235(1)  242(1)  22388)  2.301(8)
C(1)-CQ) 137(2)  1372)  1.3829)  1.370(9)
C(1)-C(1a) 143(2)  146(2) 144109  1.45909)
C2)-CO) 145(2)  146(2)  14519)  1.460(9)
C(3)-C(32) 138(2)  137Q2)  141209)  1.381(9)
C(32)-C(4) 146(2)  1.44(2)  1.44109)  1.45%9)
C@-C(5) 1352)  1.322)  1.3609)  1.320(9)
C(5)-C(5a) 1422)  1452)  145() 1.440(9)
C(52)-C(6) 142(2)  1412)  141009)  1.377(8)
C(6)-C(7) 1412)  1432)  14319)  1.44909)
C(7)-C®) 1422)  1432)  13928)  1.371(8)
C(8)-C(8a) 1432)  1432)  14609)  1.441(9)
C(8a)-C(la) 1442)  147(2)  1441(9)  1.459(9)
C(8a)-C(5a) 141(2)  143Q2) 14509  1.450(9)
C(3a)y-C(la) 1432)  143(2)  144209)  1.44009)
C(2)-C(9) 1.532)  1512)  1.5208)  1.50(1)
H(15)-Q * 2.51 2.69 245 2.65
H(20)-Q* - - 2.40 2.60
AMI-C) A)®  0.07 0.04 0.0 0.03
AM2-C) A)°  0.19 0.20 0.01 0.02
HA(1) (°) 1 2 3 2
HA(1) () 20 24 2 3

2 Q is the centroid of the six-membered ring of the arene ligand.

® AMI-C) = {[(M1~C;3.)+ (M1 —C,,))2—[(M1—-C))+ (M1 -C))
+(M1-C,))/3}.

¢ A(M2-C) = {[(M2 — Cg,) + (M2~ Cs,)}/2— [(M2—Cs) +(M2—-C;)
+(M2-Cy))/3}.



100 A. Ceccon et al. / Journal of Organomerallic Chemistry 600 (2000) 94111

142 1.37
‘43 146
144 .
1.43 1.4
142 138
12\ —_ /146

135
B A

Scheme 4. The pattern of bond distances in syn-{2,7-dimethyl-as-in-
dacene-diide}-[Rh(COD)],} A, and in anti-{2,7-dimethyl-as-indacene-
diide}-[Rh(COD)},} B.

Table 4

Some intramolecular non-bonded distances (A) for the anti-{2,7-
dimethyl-as-indacene-diide}-[Rh(COD)},} (anti-Rh,), and anti-{2,7-
dimethyl-as-indacene-diide}-[Ir(COD)),} (anti-Ir,), complexes

anti-Rh, anti-Ir,
C(20)-C(15) 3.47 3.50
C(20)-C(16) 3.56 3.64
C(21)-C(15) 3.53 3.58
C(28)-C(15) 3.51 3.55
H(20)-H(15) 2.18 222
H(20)-H(16) 2.15 2.14
H(20)-C(14) 2.60 2.55
H(20)-C(15) 2.62 2.60

As a matter of fact, in the syn isomers the COD ring
bonded to the Rh(1) (or to the Ir(1) atom) is disposed
with the olefin double bonds rotated about the axis
through the metal and normal to the coordinated five-
membered ring by ca. 60-70° with respect to that
usually found [5]. In this way the observed interacting
n-hydrogen bond with distances CH--Q of 2.51 A (2.69
A for the iridium derivative; Q is the centroid of the
six-membered ring of the arene ligand) is realized, as
found and described in detail in the cases of the anti
species for both the COD rings [14]. In contrast, the
COD ring bonded to Rh(2) in syn-Rh, and to Ir(2) in
syn-Ir, assumes the usual conformation, i.e. that with
the olefin double bonds orthogonal to the ring junction
bond C(5a)-C(8a) [5], in order to avoid short in-
tramolecular non-bonded distances (a few of them are
nonetheless much shorter than would be expected from
van der Waals radii, see Table 4). Identical conforma-
tions of the two COD rings would be severely ham-
pered by stereochemical hindrance. To these con-
formations of the COD rings in syn-Rh, and syn-Ir,
correspond quite different slip distortions and hinge
angles (see Table 3): on the side of Rh(1) and Ir(1) they
are almost annihilated by the counterbalancing n-hy-
drogen-bond interaction (as found also in anti-Rh, and
anti-Ir,); on the side of Rh(2) and Ir(2) these parame-
ters are significantly larger than usually found [5] due to
stereochemical repulsive effects between the two COD
rings.

These results confirm the presence of m-hydrogen
bonds in these molecules and offer a qualitative indica-
tion of their strength, which is evidently competitive
with the energy involved in the slip and hinge angle
distortions [5]. The higher reactivity of the syn isomers
with respect to the anti isomers (see below) is then
explainable in terms of an higher ground-state energy.

The NMR spectra of the homobimetallic complexes
are expected to be quite simple in agreement with the
molecular symmetry.

In fact, they show for each isomer one signal for the
aromatic protons H(4) and H(5), one signal for the
inner cyclopentadienyl protons H(l) and H(8), one
signal for the outer analogues H(3) and H(6), and one
signal for the methyl protons. The signals were assigned
to the corresponding protons by NOESY measure-
ments. As expected, the signals due to the olefin pro-
tons of COD are doubled by the intrinsic asymmetry of
the bridging ligand. This asymmetry-induced chemical
shift difference among these nuclei in the syn isomers,
Ad ca. 0.15 ppm, is very close to that observed for the
corresponding monometallic 2,7-dimethyl-as-hydro-in-
dacenide-M(COD) derivatives [11]. On the other hand,
the value of the same parameter in the anti species is
0.52 ppm for anti-Rh, and 0.49 ppm for anti-Ir,, the
increased difference being due to the strong upfield shift
of one of the resonances. On the basis of the crystallo-
graphic results, we attribute this phenomenon to the
position of H(11) and H(20) protons which lie over the
central six-membered ring, so that they are noticeably
shielded by the ring currents induced by the static field
in the n-electron cloud.

A similar characteristic has not been observed for the
13C spectra since the carbon nuclei C(11) and C(20) are
outside of the anisotropy cone of the aromatic ring
current. However, we observe that the chemical shift
value of the inner quaternary carbon atoms C(la) and
C(8a) of the syn isomers (§ 107.1 for syn-Rh, and &
101.7 for syn-Ir,) is in the norm for such types of
complexes [5], while in the anti isomers the same nuclei
resonate markedly upfield (6§ 99.5 in anti-Rh,, and é
94.2 in anti-Ir,). Even this finding is in agreement with
the m-electron distribution proposed on the basis of the
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X-ray data and depicted in Scheme 4, where the limit-
ing formula suggests for anti-Rh, and anti-Ir, an in-
creased negative charge density in the (la) and (8a)
positions.

Finally, the magnetic equivalence exhibited by the
two Cp rings of the syn isomers indicates that, at least
in solution, there is fast exchange (on the NMR time
scale) between the two different conformers determined
in the crystal structure. This equivalence was observed
even at low temperature (7 180 K).

2.3. Carbonylation of syn- and anti-{2,7-dimethyl-as-
indacene-diide-[Rh(COD)],}

It has long been known that the ligand substitution
reactions in indenyl metal complexes are significantly
faster than in the analogous cyclopentadienyl com-
pounds. This enhanced reactivity was attributed to an
easier slippage from the 1’ towards a n* (or n') inter-
mediate favored by the concomitant aromatization of
the fused benzene ring (the indenyl effect) [15]. Prelimi-
nary attempts indicated that the carbonylation of the
bimetallic as-indacene-diide-[]M(COD)], species (M =
Rh, Ir) is even faster than that observed for the
analogous monometallic indenyl-M(COD) compounds
and it takes place in the temperature range of — 70 to
—30°C [16]. Our aim was to establish (i) whether the
substitution of the two CODs occurs simultaneously or
an intermediate mixed complex 2,7-dimethyl-as-in-
dacene-diide-{[M(CO),][M(COD)] is formed; (ii) if the
syn and anti isomers exhibit the same reactivity.

Carbon monoxide was bubbled through a CH,Cl,
solution of a 2:1 mixture of syn and anti-2,7-dimethyl-
as-indacene-diide-{Rh(COD)], at — 78°C; portions of
the reaction mixture were withdrawn at fixed times and
analyzed for components by 'H-NMR. After 10 min, a
decrease of intensity of the signals due to the syn isomer
with respect to an internal standard and no change for
those of the anti reagent was observed. No signal due to
the expected syr and anti tetracarbonyl products could
be detected; a new set of signals appears at & 6.881 and
6.836 (AB quartet, one H each), 6 5.674, 5.659, 5.133
and 5.001 (four multiplets, one H each), § 2.396 and
2.266 (two singlets, three H each) together with two
large multiplets at ¢ 4.033 and 3.427 (two H each). In
this new set, the doubling of the NMR signals due to
the protons of the bridging ligand with respect to the
reagent indicates that the molecular symmetry is
missed. The count of four (instead of the starting eight)
for the olefin COD protons and the presence of two CO
bands in the IR spectrum indicate that only one COD
was replaced by two CO groups to yield the {2,7-
dimethyl-as-indacene-diide-[n’-Rh(CO),][n*-Rh(COD)]},
syn-I, mixed complex, very likely in the syn geometry.

The presence of the strong m-acceptor Rh(CO),
group instead of the Rh(COD) one is supported by the
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general downfield shift observed for the signals at-
tributed to the indacene-diide skeleton, in particular for
the resonances of one methyl group and of two cy-
clopentadienyl protons, which are assigned confidently
to the five membered ring bonded to Rh(CO), At
longer reaction times (ca. 30'), the resonances due to
the anti reagent decrease in intensity as well, and a new
set of NMR signals appeared at § 6.902 and 6.843 (AB
quartet, one H each), & 5.723, 5.676, 5.200 and 5.082
(four multiplets, one H each), ¢ 2.373 and 2.252 (two
singlets, three H each) together with two large multi-
plets at ¢ 3.919 and 3.632 (two H each). At the same
time, new stretching CO bands appeared in the IR
spectrum. In analogy to what was discussed above, we
believe that this new species is the intermediate anti-
{2,7-dimethyi-as-indacene-diide-[n*-Rh(CO),][n°-Rh-
(COD)1}, anti-1, mixed complex, the trend of chemical
shifts of which closely parallels that observed for the
syn-1 species.

At longer reaction times, both the syn and the
anti-{2,7-dimethyl- as-indacene-diide-[n° - Rh(CO),],}
isomers are obtained in quantitative yields, as shown in
Scheme 5.

No spectroscopic evidence for intermediates with
rhodium n'- or n*bonded to cyclopentadienyl rings
was found even by running the synthetic experiment in
the NMR tube at — 78°C.

This kinetic behavior is represented in Fig. 3 where
the relative concentrations of reagents, the intermedi-
ates and the products have been reported versus time at
—78°C. The syn isomer reacts faster than the anti
isomer; the mixed syn intermediate is produced, the
concentration of which reached a maximum in a very
short time; afterwards it decreased slowly. The concen-
tration of the final syn-tetracarbonylated product in-
creased steadily just from the early stages. Conversely,
an induction period was observed for the formation of
the anti-tetracarbonylated product due to the low con-
centration of the anti intermediate at the initial time. In
conclusion, it appears that, in both the 2,7-dimethyl-as-
indacene-diide-{[Rh(COD)], isomers, the substitution of
the first COD is much faster than that of the second
one. It follows that the presence of two CO molecules
coordinated to one metal center (which in turn is 1’
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bonded to the bridging ligand) influences the rate of
substitution of the second COD unit. This result is a
clear evidence of the existence of the cooperative effect,
i.e. of electronic communication between the two metal
centers mediated by the n-electron cloud of the bridging
ligand. Therefore, a change of the electron density at
one metal induced by changing the nature of the ancil-
lary ligands changes the rate of substitution at the
second metal significantly, the effect being whether the
two metals are in the syn or in the anti disposition.
The factors responsible for the different reactivity
exhibited by the two isomers in the first carbonylation
step, can be probably referred mainly to their different

h
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ground state energies. As shown by the X-ray analysis,
in fact, a higher energy of the syn complex may origi-
nate from the steric encumbrance between the two large
Rh(COD) units which causes puckering and bowing of
both the cyclopentadienyl and benzene rings as evi-
denced by the values of the hinge angle (HA, see Table
3 and Scheme 3). On the contrary, the anti complex is
stabilized by m-hydrogen bonds and by a more pro-
nounced aromatic character of the planar indacene-di-
ide. To these ground-state energy differences, one needs
to recall that relief of steric strain and planarization of
the spacer might also favor the formation of the mixed
syn intermediate with respect to the anti one.
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Scheme 5. The mechanism of carbonylation of syn and anti-{2,7-dimethyl-as-indacene-diide-[n*-Rh(COD)],}.



A. Ceccon et al. / Journal of Organometallic Chemistry 600 (2000) 94111 103

80 1
70 4
60 4
50 1

% 404
30

20 1

a0

2 2,56 3 3,5

. h

Fig. 3. Absolute percentages of the species involved in the carbonylation reaction of homobimetallic indacene-diide complexes of Rh(COD). T,

—78°C; solvent, CH,Cl,. ¢, syn-{2,7-dimethyl-as-indacene-diide}-[Rh(COD)),}; O, anti-{2,7-dimethyl-as-indacene-diide}-[Rh(COD)],}; x

s

anti-{2,7-dimethyl-as-indacene-diide}-[Rh(COD)[Rh(CO),]}; A, syn-{2,7-dimethyl-as-indacene-diide}-[Rh(COD)][RW(CO),]}; *, syn-{2,7-
dimethyl-as-indacene-diide}-[Rh(COD)][Rh(CO).]}; O, anti-{2,7-dimethyl-as-indacene-diide}-[Rh(CO),],}.

2.4. Carbonylation of anti and syn-{2,7-dimethyl-as-
indacene-diide-[Ir(COD)},}

Carbonylation of the syn and anti-{2,7-dimethyl-as-
indacene-diide-[Ir(COD)], complexes investigated under
similar conditions revealed that the difference of reactiv-
ity between these isomers is noteworthy. In fact, NMR
measurements indicated that below — 30°C the anti
isomer is inert towards CO while the syn derivative reacts
even at — 50°C. Thus, after carbon monoxide is bubbled
through a 2:1 mixture of the syn and anti isomers in
CD,Cl, at —40°C for 1 h, it is observed in the 'H
spectrum that the resonances characteristic of the anti
isomer remain unchanged, that the signals due to the syn
reagent disappear and are substituted by a new set of
resonances (see Section 3). By comparison with those
observed for the (n'-indenyl)-Ir(COD)(CO), species [15],
they were attributed to bimetallic iridium-indacenyl
derivatives in which two Ir(COD)(CO), groups are
bonded to the cyclopentadienyl rings in an n! fashion as
shown in the Scheme 6.

Thus, the first step of the carbonylation reaction
consists in the fast addition of two COs to both the
iridium atoms. No evidence for the addition to only one
metal or the formation of mixed intermediates such as
[Ir(COD)]-2,7-dimethyl-as-indacene-diide-[Ir(CO),] has
been found. Moreover, we assume that the inorganic
moieties maintain the syn geometry with respect to the
mean plane of the bridging ligand. Out of the possible
three isomers A, B, and C (see Scheme 7) that could be
formed, only A and B in the ratio 2:1 have been detected
and characterized by NOESY experiments. The chemical
shift values are reported in Section 3. Likely, the third

possible isomer C is not formed and its instability could
derive from steric interactions between the bulky [Ir-
(COD)(CO),] units.

At temperatures above — 20°C the CODs dissociate
with simultaneous n' —» n’ change of hapticity of both
the iridium atoms towards cyclopentadienyls converting
the bis-n' intermediates A and B into the tetracar-
bonylated species syn-{2,7-dimethyl-as-indacene-diide-
[Ir(CO),),}. The values of chemical shift measured for
this species are generally downfield with respect to those
observed for the COD derivative, in good accordance
with the enhanced n-acid character of CO versus COD.
Since the carbonylation of the anti-{2,7-dimethyl-as-in-
dacene-diide-[Ir(COD)],} isomer takes place at apprecia-
ble rate at temperatures above —20°C only, no
anti-bis-n' intermediates could be found due to their
thermal instability. The anti-{2,7-dimethyl-as-indacene-
diide-[Ir(CO),],} derivative is obtained in quantitative
yield and the protons of this isomer, too, resonate
downfield with respect to those of the COD precursor.

The IR spectra of the carbonylated species confirm
their stereochemistry. In fact, only one of the two isomers
(i.e. that present in the lowest quantity) exhibits two
bands attributable to CO stretching in the two Ir(CO),
vibrators, viz., 2042 and 1966 cm ~! in CH,Cl,, and this
finding is consistent with an anti disposition of the
inorganic moieties. The other isomer exhibits four car-
bonyl bands in the same spectral region, viz., 2042, 2026,
1974, and 1959 cm ' in the same solvent which is in
agreement with two Ir(CO), groups in a syn arrangement
with respect to the bridging ligand. Similar results have
been obtained for the syn and anti-{{Mn(CO)),-in-
dacene-diide} isomers [9].
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The different reactivity shown by the syn and anti
bimetallic iridium isomers probably arises from the
same structural factors invoked for the rhodium ana-
logues which make the ground state of the anti isomer
more stable than that of the syn one. The same factors
do not seem to operate in the transition state, which
should closely resemble the structure of the n' inter-
mediate in which the aromaticity of the central ben-
zene ring is restored and the two five membered rings
have an indene-like structure. To the same structure
one can trace back the lack of formation of the mixed
carbonylated species, viz., {2,7-dimethyl-as-indacene-
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diide-{Ir(CO),Ir(COD)]}, at a difference with the
rhodium analogue. In fact, in the latter, every n! (or
n®) intermediate (if any) formed during the carbonyla-
tion of the first Ri(COD) unit is transformed rapidly
into the indacene-diide-[n>-Rh(CO),][n’>-Rh(COD)] (it
is worth noting that the low-hapticity rhodium-in-
denyl species are believed to be very unstable and they
have never been spectroscopically observed so far [5]).
In the mixed rhodium complex, the two m°-bonded
metal atoms can communicate with each other
through the bridging m-electron system so that the rate
of the second carbonylation step is influenced by the
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Scheme 6. The mechanism of carbonylation of syn and anti-{2,7-dimethyl-as-indacene-diide-[n>-Ir(COD)],}.



A. Ceccon et al. / Journal of Organometallic Chemistry 600 (2000) 94—111 105

Scheme 7. The three possible bis-n' iscmeric intermediate that could be formed in the carbonylation reaction of syn-{2,7-dimethyl-as-indacene-di-

ide-[n>3-I(COD)],}.

diminished electron density at the second Rh(COD)
center by the effect of COs bonded to the first rhodium.
Conversely, in the carbonylation of the iridium deriva-
tive, the rapid addition of two COs per iridium atom
affords the stable bis-n! intermediate. In this situation,
the two metals, being connected to the bridging ligand
through a o bond, do not communicate through the
bridge and they behave as two isolated inorganic moi-
eties. In fact, a very similar spectroscopic behavior was
observed when monometallic indenyl—- [16] and hydro-
indacenide-Ir(COD) [17] derivatives have been car-
bonylated under identical conditions.

3. Experimental
3.1. General

All reactions and complex manipulations were per-
formed in an oxygen- and moisture-free atmosphere.
The solvents were dried carefully 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, Universita di
Padova. The IR spectra were recorded as THF solu-
tions on a Perkin—Elmer 1600 FTIR spectrometer, and
the 70 eV electron impact mass spectra were measured
with a VG 16 Micromass spectrometer. The 'H- and
BC-NMR spectra were obtained as CDCI, or CD,Cl,
solutions on a Bruker DRX-400 spectrometer operating
at 400.13 and 100.61 MHz, respectively. The assign-
ments of the proton resonances were performed by
standard chemical shift correlations and COSY and
NOESY experiments. Those of '*C were performed by
2D-heterocorrelated COSY (HMQC with bird sequence
[18] and quadrature along F1 achieved using the TPPI

methed [19] for the H-bonded carbon atoms, HMBC
[20] for the quaternary ones).

3.2. Synthesis of the ligands

The ligands s-dihydro-indacene (1) (obtained as a
mixture of the 1,5- and 1,7 isomers) [21], 2,6-dimethyl-
1,7-dihydro-s-indacene (2) [9], and 2,7-dimethyl-1,6-di-
hydro-as-indacene (3) [9] were obtained with the quoted
methods. The physical properties agree with those re-
ported, and an updated set of the NMR parameters,
obtained by 1D spectra and 2D homo and heteronu-
clear correlations, has been reported recently [11].

3.3. Bis-metallation reaction

To a well-stirred solution of the appropriate ligand in
anhydrous, oxygen-free THF kept at —20 to — 30°C,
two equivalents of z-butyl lithium in pentane were
added to produce the corresponding dianion. After a
few minutes, the solution was added to two equivalents
of the metal dimer dissolved in anhydrous THF kept at
—30°C. After an additional 20 min of stirring, the
solvents were pumped off at — 30°C and the residue
analyzed by NMR to obtain the products ratio. The
crude mixture was then extracted with anhydrous
CH,(Cl,, filtered carefully and evaporated to dryness.

3.4. s-Indacene-diide-[Rh(COD)],

Yield, 80-90%. Syn/anti ratio, 9:1. Syn isomer: 'H-
NMR (CD.Cl,, T 298 K, ppm from internal TMS): &
6.98 (s, 2H, H.g) 6.15 (q, 2H, J(H,,) =J(H,:) =
J('“Rh-H,) 2.6 Hz, H,,), 5.13 (d, 4H, 2H, J(H,,) =
J(H,3) 2.6 Hz, H, 55 ;), 4.22 (m, 8H, J(**Rh-H,) ca. 2
Hz, COD olefin protons), and 2.0-1.8 (m, 16H, COD
methylene protons). '*C-NMR (T 273 K): § 118.50 (4C,
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J('®Rh-"C) 1.7 Hz, C;, 3, 7a5.), 98:41 (2C, C,5), 94.74
(2C, J("*Rh-'3C) 6.5 Hz, C, ), 74.39 (4C, J(***Rh-'3C)
4.6 Hz, C, 55 ), 69.48 (8C, J(**®*Rh-"3C) 13.2 Hz, COD
olefin carbons), and 31.83 (16C, COD methylene car-
bons). Anti isomer: '"H-NMR (CD,Cl,, T 298 K, ppm
from internal TMS): § 6.88 (s, 2H, H,g) 6.18 (q, 2H,
J(H,,) =J(H,3) = J('Rh-H,) 2.9 Hz, H,), 5.15 (d,
4H, 2H, J(H, ;) = J(H,3) 2.9 Hz, H, 5 5,), 4.01 (m, 8H,
J('®*Rh-H,) ca. 2 Hz, COD olefin protons), and 1.9—
1.7 (m, 16H, COD methylene protons). The *C-NMR
was not obtained by the very low concentration of the
species.

3.5. s-Indacene-diide-[Ir(COD)],

Yield, 23%. Syn/anti ratio, 9:1. Syn isomer: 'H-NMR
(CD,Cl,, T 298 K, ppm from internal TMS): é 7.14 (s,
2H, H, ;) 6.07 (t,2H, JH, ;) = J(H,,) 2.3 Hz, H, ¢), 5.33
(d, 4H, 2H, JH,,)=J(H,;) 2.3 Hz, H,55-), 4.15 (m,
8H, COD olefin protons), and 1.8-1.6 (m, 16H, COD
methylene protons). 3C-NMR (T 273 K): 6 116.62 (4C,
Ciudataga)s 108.20 (2C, C,p), 87.41 (2C, C,4), 69.30 (4C,
Ci.57) 52.89 (8C, COD olefin carbons), and 31.13 (16C,
COD methylene carbons). Anfi isomer: 'H-NMR
(CD,Cl,, T 298 K, ppm from internal TMS): § 7.05 (s,
2H,H,5) 5.86 (t, 2H, J(H, ,) = J(H,3) 2.4 Hz, H, (), 5.19
(d, 4H, 2H, JH,,)=J(H,3) 24 Hz, H, ;5 ,), 4.15 (m,
8H, COD olefin protons), and 1.8-1.6 (m, 16H, COD
methylene protons). The *C-NMR was not obtained by
the very low concentration of the species.

3.6. s-Indacene-diide-[Rh(NBD)],

Yield, 65%. Syn/anti ratio, 4.5:1. Syn isomer: 'H-
NMR (CD,Cl,, T 298 K, ppm from internal TMS): ¢
7.13 (s, 2H, H,,) 6.07 (q, 2H, J(H, ,) = J(H, ) 2.8 Hz,
J(*®Rh-H,) 2.2 Hz, H,,), 5.19 (d, 4H, 2H, J(H,,) =
J(H,3) 2.8 Hz, H 355, 3.60 (m, 8H, NBD olefin
protons), 3.36 (m 4H, NBD bridgehead protons), and
0.97 (t, 2H, NBD methylene protons). '*C-NMR (T 273
K): 6 110.63 (4C, J(®*Rh-"*C) 1.8 Hz, C3, 4, 74.5.), 106.35
(2C, C,5), 93.23 (2C, J('®Rh-"C) 6.2 Hz, C,), 71.50
(4C, J('®Rh-"C) 54 Hz, C,;5,), 59.07 (2C,
J('Rh-3C) 6.2 Hz, NBD methylene carbons), 49.31
(4C, J(*®Rh-'3C) 2.7 Hz, NBD bridgehead carbons),
and 42.90 (8C, J(!**Rh-'3C) 9.8 Hz, NBD olefin car-
bons). Anti isomer: 'H-NMR (CD,Cl,, T 298 K, ppm
from internal TMS): 6 6.94 (s, 2H, H,g) 6.22 (q, 2H,
JH, ;) =J(H,3) 2.9 Hz, J(***Rh-H,) 2.4 Hz, H, ), 5.13
(d, 4H, 2H, J(H,,) =J(H,3) 2.9 Hz, H, ;5 ;), 3.47 (2H,
m, NBD bridgehead protons), 3.18 (m, 8H, NBD olefin
protons), and 0.89 (t, 4H, NBD methylene protons). The
*C-NMR was not obtained by the very low concentra-
tion of the species.

3.7. s-Indacene-diide-[Rh(n°-C,H ),],

Yield, 40%. Syn/anti ratio, 1.5:1. Syn isomer: 'H-
NMR (CD,Cl,, T 298 K, ppm from internal TMS): ¢
7.03 (s, 2H, H,z) 6.32 (q, 2H, J(H,,) = J(H, ;) 2.8 Hz,
J('®Rh-H,) 2.7 Hz, H,,), 5.13 (d, 4H, 2H, J(H,,) =
J(H,,) 2.8 Hz, H, 55 5), 2.20 (d, 16H, J(***Rh-H) 2.0 Hz,
ethylene protons). 3C-NMR (T 273 K): § 115.86 (4C,
J('®Rh-2C) ca. 1.5 Hz, C;, 45.7282), 106.55 (2C, C,y),
94.13 (2C, C,y), 7745 (4C, C,35), and 47.15 (broad
signal, 16C, ethylene carbons). Anti isomer: 'H-NMR
(CD,Cl,, T 298 K, ppm from internal TMS): § 7.25 (s,
2H, H,) 6.16 (q, 2H, J(H, ;) = J(H, ;) 2.9 Hz, J("*Rh-
H,) 2.5 Hz, H,y), 5.27 (d, 4H, 2H, J(H, ;) = J(H,3) 2.9
Hz, H, 55), 2.31 (d, 16H, J('**Rh-H) 2.2 Hz, ethylene
protons). "*C-NMR (T 273 K): & 115.63 (4C,
J('®Rh-"C) ca. 1.5 Hz, C;, 4,7454)> 10546 (2C, C,y),
93.32 (2C, Cyg), 77.13 (4C, C, 35), and 46.57 (broad
signal, 16C, ethylene carbons).

3.8. s-Indacene-diide-[Rh(CO),],

Yield, 40%. Syn/anti ratio, 1:19. Syn isomer: '"H-NMR
(CD.Cl,, T 298 K, ppm from internal TMS): 6 7.19 (s,
2H, H,) 6.17 (g, 2H, J(H, ;) = J(H, ;) 2.9 Hz, J('"*Rh-
H,) 2.8 Hz, H,¢), 5.81 (d, 4H, 2H, J(H, ;) = J(H,3) 2.9
Hz, H,;;,). C-NMR (T 298 K): § 189.75 (2C d,
J(1®*Rh-'3C) 86.4 Hz, C=0), 120.07 (4C, J(***Rh-1*C)
1.2 Hz, Ci,4a7a5.), 107.11 (2C, C,g), 101.27 (2C,
J('®Rh-"C) 6.6 Hz,C, (), and 75.01 (4C, J(***Rh-"°C)
3.8 Hz, C, 55). Anti isomer: '"H-NMR (CD,Cl,, T 298
K, ppm from internal TMS): 6 7.01 (s, 2H, H,,) 6.22 (q,
2H, J(H, ,) = J(H, ;) 3.1 Hz, J(***Rh-H,) 2.8 Hz, H, ),
and 5.81 (d, 4H, 2H, J(H,,) =J(H,) 3.1 Hz, H, 55).
BC-NMR (T 298 K): § 189.99 (2C d, J(***Rh~"*C) 86.3
Hz, C=0), 120.63 (4C, J('**Rh-"C) 1.4 Hz, C;, 4, 74 84)
107.19 (2C, C,5), 100.88 (2C, J("**Rh-"3C) 6.7 Hz, C, ),
and 74.81 (4C, J('®Rh-"2C) 3.4 Hz, C, ;).

3.9. 2,6-Dimethyl-s-indacene-diide-[Rh(COD)],

Yield, 80-90%. Syn/anti ratio, 7:1. Syn isomer: 'H-
NMR (CD,Cl,, T 298 K, ppm from internal TMS):
6.74 (s, 2H, H,3), 5.01 (m, 4H, H,;;,), 4.17 (m, 8H,
J(1*Rh-H,) ca. 2 Hz, COD olefin protons), 2.34 (d, 6H,
J(‘Rh-H) 2.2 Hz, 2,6-(CH,)), and 2.0-1.8 (m, 16H,
COD methylene protons). 2*C-NMR (7273 K): 6 117.66
(4C, J(®Rh—"C) ca. 1 Hz, Cyy 40 7050 106.07 (2C, Cy ),
76.34 (4C, J(“Rh-">C) 5.0 Hz, C,,5,), 69.20 (8C,
J(1%Rh-13C) 13.4 Hz, COD olefin carbons), 31.81 (16C,
COD methylene carbons) and 15.89 (s, 2C, 2-6-(CH,).
Anti isomer; 'H-NMR (CD,Cl,, T 298 K, ppm from
internal TMS): 6 6.65 (s, 2H, H,g), 5.03 (m, 4H, H, 5 5 ),
4.00 (m, 8H, J(1*Rh-H,) ca. 2 Hz, COD olefin protons),
2.39 (d, 6H, J('**Rh-H 2.2 Hz, 2-6-(CH,)), and 2.0-1.7
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(m, 16H, COD methylene protons). *C-NMR (T 273
K): 6 116.50 (4C, J('®Rh-"C) ca. 1 Hz, C;, 4,72 8.)>
105.76 (2C, C,5), 76.25 (4C, J(***Rh-"C) 4.3 Hz,
Ci.57), 69.02 (8C, J(***Rh-'3C) 13.6 Hz, COD olefin
carbons), 31.26 (16C, COD methylene carbons) and
15.76 (s, 2C, 2-6-(CH,).

3.10. 2,6-Dimethyl-s-indacene-diide-[Ir(COD)],

Yield, 25%. Syn/anti ratio, 9:1. Syn isomer: 'H-NMR
(CD,Cl,, T 298 K, ppm from internal TMS): § 6.92 (s,
2H, H,,), 5.21 (m, 4H, H,5,), 409 (m, 8H, COD
olefin protons), 2.29 (s, 6H, 2,6-(CH,)), and 1.8-1.6 (m,
16H, COD methylene protons). Anti isomer: "H-NMR
(CD.Cl,, T 298 K, ppm from internal TMS): J 6.79 (s,
2H, H,g), 520 (m, 4H, H,55,), 3.97 (m, 8H, COD
olefin protons), 2.36 (s, 6H, 2-6-(CH,)), and 1.8-1.6 (m,
16H, COD methylene protons).

3.11. as-Indacene-diide-[Rh(COD)],

Yield, 80-90%. Syn/anti ratio: 3:1. Syn isomer: 'H-
NMR (CD,Cl,, T 298 K, ppm from internal TMS):
6.92 (m, 2H, H, ;), 5.91 (m, 2H, J(Rh-H) 2.0 Hz, H, ;),
5.28 (m, 2H, H;g), 498 (m, 2H, H,;), 4.20 and 4.06
(2m, 4H each, olefin protons of COD), and 2.2—1.6 (m,
16H, methylene protons of COD). *C-NMR (7 298 K):
5 117.44 (2C, C,s), 108.85 (2C, J(**Rh-'3C) 2.8 Hz,
Ci,s2), 108.81 (2C, J(**Rh-"3C) 2.5.5 Hz, C,, 5,), 89.84
(2C, J(***Rh-13C) 4.1 Hz, C,), 77.66 (2C, J(***Rh-
13C) 4.8 Hz, C,g), 77.06 (2C, J(**Rh-"*C) 3.7 Hz,
C,5), 67.43 and 66.55 (4C each, J(***Rh-"3C) 14.7 and
13.5 Hz, olefin carbons of COD), and 34.60 and 30.21
(4C each, methylene carbons of COD). Anti isomer:
'"H-NMR (CD,Cl,, T 298 K, ppm from internal TMS):
6 6.98 (m, 2H, H,), 5.85 (m, 2H, J(Rh-H) 1.6 Hz,
H,,), 5.18 (m, 2H, H,g), 5.16 (m, 2H, H, ), 3.92 and
3.61 (2m, 4H each, olefin protons of COD), and 2.2/1.8
(m, 16H, methylene protons of COD). *C-NMR (T 298
K): 4 116.19 (2C, C, ), 107.08 (2C, J(**Rh-"3C) 2.5
Hz, C,,5,), 101.59 (2C, J('*®Rh-"C) 2.4 Hz, C,,3,),
88.55 (2C, J(**Rh-*C) 49 Hz, C,,), 79.22 (2C,
J(*®Rh-13C) 4.9 Hz, C; ), 76.29 (2C, J(*®Rh-'3C) 3.7
Hz, C,g), 67.96 and 66.65 (4C each, J('”Rh-"C) 14.3
and 14.4 Hz, olefin carbons of COD), and 32.38 and
31.98 (4C each, methylene carbons of COD).

3.12. as-Indacene-diide-[Rh(NBD)],

Yield, 45%. Syn/anti ratio: 3.1. Syn isomer: 'H-NMR
(CD,Cl,, T 298 K, ppm from internal TMS): § 6.98 (m,
2H, H,;), 5.70 (m, 2H, J(Rh-H) ca. 2 Hz, H, ), 5.34
(m, 2H, H, &), 5.23 (m, 2H, H;¢), 3.39 and 3.33 (2m, 4H
each, olefin protons of NBD), 3.32 (m, 4H, NBD
bridgehead protons), and 0.92 (t, 4H, methylene pro-

tons of NBD). '*C-NMR (7 298 K): 4 117.98 (2C, C, 5),
105.23 (2C, Csa-), 103.82 2C, Cy,5.), 86.83 (2C, C,.),
7772 2C, J(®Rh-C) ca. 5 Hz, C,¢), 75.34 (2C,
J(Rh-"3C) 4.2 Hz, C, ), 56.73 (2C each, J(***Rh-—
3C) 6.7 Hz, methylene carbon of NBD), 48.01 and
4794 (4C each, J('*Rh-1*C) ca. 2 Hz, bridgehead
carbons of NBD), 34.66 and 33.89 (4C each, J('>Rh-
13C) 10.2 Hz, olefin carbons of NBD). Anti isomer:
'H-NMR (CD,Cl,, T 298 K, ppm from internal TMS):
5 6.82 (m, 2H, H, ), 5.76 (m, 2H, J(Rh-H) ca. 2 Hz,
H,.), 5.22 (m, 2H, H, ), 5.17 (m, 2H, H, ), 3.13 (m,
4H, NBD bridgehead protons), 3.15 and 2.85 (2m, 4H
each, olefin protons of NBD), and 0.78 (t, 4H,
methylene protons of NBD). *C-NMR (T 298 K): ¢
116.67 (2C, C,s), 104.67 (2C, J(***Rh-"*C) ca. 3 Hz,
Css.), 99.36 (2C, J(‘®Rh-1C) ca. 2 Hz, C,, 5,), 86.60
(2C, J(**Rh-"3C) 5.4 Hz, C, 5, 78.02 (2C, J(***Rh-'3C)
ca. 4 Hz, C, ), 74.11 (2C, J(®Rh-'C) 4.3 Hz, C, ),
57.41 (2C, J(***Rh-'3C) 6.7 Hz, methylene carbon of
NBD), 47.32 and 47.25 (4C each, J('**Rh-"'3C) 2.4 Hz,
bridgehead carbons of NBD), 34.80 and 33.95 (4C each,
J(1®Rh-13C) 10.5 Hz, olefin carbons of NBD).

3.13. as-Indacene-diide-[Rh(n>-C,H ,),],

Yield, 40%. Syn/anti ratio: 2:1. Syn isomer: "H-NMR
(CD,Cl,, T 298 K, ppm from internal TMS): J 7.08 (m,
2H, H,), 6.00 (m, 2H, J(Rh-H) ca. 2 Hz, H,,), 5.17
(m, 2H, H, ), 5.15 (m, 2H, H, ), 2.8 and 2.0 (broad
signals, 16H overall, ethylene protons). '*C-NMR (T
298 K): 6 117.17 (2C, C,5), 104.1 (2C, J(***Rh-"3C) ca.
3 Hz, Cy, 5,), 102.8 (2C, J(Rh-13C) ca. 3 Hz, C,, 3,),
88.82 (2C, J(*®Rh-'*C) ca. 4 Hz, C,,), 81.70 (2C,
J('Rh-"2C) ca. 3 Hz, C,y), 78.26 (2C, J(**Rh-"3C)
ca. 4 Hz, C,,), and 43.00 (8C, J('®Rh-"C 13.6 Hz,
ethylene carbons). Anti isomer: '"H-NMR (CD,Cl,, T
298 K, ppm from internal TMS): ¢ 6.85 (m, 2H, H, 5),
5.72 (m, 2H, J(Rh-H) ca. 2 Hz, H,;), 549 (m, 2H,
H,z), 5.32 (m, 2H, H,g), 2.8 and 2.0 (broad signals,
16H overall, ethylene protons). ?*C-NMR (7 298 K): ¢
119.14 (2C, C,5), 104.5 (2C, J(*®*Rh-'3C) 4.3 Hz,
Ciasa), 99.01 (2C, J(**Rh-"*C) ca. 2 Hz, C,,,), 89.01
(2C, J('Rh-"3C) 4.2 Hz, C,,), 81.25 (2C, J('**Rh-
3C) ca. 4 Hz, C,), 78.24 (2C, J(*®*Rh-"C) ca. 4 Hz,
C,5), and 42.50 (8C, J(*®Rh-'C) 13.6 Hz, ethylene
carbons).

3.14. as-Indacene-diide-[Rh(CO),],

Yield, 76%. Syn/anti ratio: 1:5. Syn isomer: 'H-NMR
(CD,Cl,, T 298 K, ppm from internal TMS): ¢ 7.15 (m,
2H, H, 5), 6.26 (m, 2H, H, ;). 6.12 (m, 2H, J(Rh-H) ca.
3 Hz, CH, ), 5.64 (m, 2H, H; ), and *C-NMR (T 298
K): 6 117.24 (2C, C,5), 115.20 (2C, J(***Rh-"3C ca. 4
Hz, C,,5.), 105.51 (2C, J('®Rh-'*C ca. 2 Hz, C,,z,),
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96.89 (2C, J(**Rh-"’C) 3.5 Hz, C,,), 76.64 (2C,
J(*®Rh-"3C) 3.5 Hz, C;4), and 75.30 (2C, J('®Rh-
3C) 3.4 Hz, C,g). Anti isomer: 'H-NMR (CD,Cl,, T
298 K, ppm from internal TMS): é 7.15 (m, 2H, H, ),
6.14 (m, 2H, J(Rh-H) ca. 3 Hz, H,,) 585 (m, 2H,
H, 5), 5.71 (m, 2H, H, ). *C-NMR (7 298 K): § 190.33
(2C, J('”Rh-"C) 85 Hz, C=0), 117.38 (2C, C,J),
113.49 (2C, J('"®Rh-"3C) ca. 4 Hz, C5, s,), 106.53 (2C,
J('®Rh-"*C) ca. 2 Hz, C,,3,), 95.74 (2C, J('**>Rh-'3C)
6 Hz, C,), 78.24 (2C, J("”Rh-'*C) 3.4 Hz, C;), and
74.65 (2C, J('”Rh~"C) 3.4 Hz, C ;). The CO reso-
nance has not been detected due to the very low
signal-to-noise ratio.

3.15. 2,7-Dimethyl-as-indacene-diide-[Rh(COD)],

Yield, 80-90%. Syn/anti ratio: 2:1. Syn isomer: 'H-
NMR (CD.Cl,, T 298 K, ppm from internal TMS):
6.73 (m, 2H, H,s), 5.13 (m, 2H, H,j), 4.90 (m, 2H,
H,¢), 4.02 and 3.90 (2m, 4H each, olefin protons of
COD), 2.29 (s, 6H, 2,7-CH,), and 2.2-1.6 (m, 16H,
methylene protons of COD). 3*C-NMR (T 298 K): §
116.7 (2C, C,s), 107.1 (2C, J('”Rh-'*C) 2.7 Hz,
Cra), 106.1 (2C, J(*”Rh-"C) 4.5 Hz, C,,,), 105.4
(2C, J(**Rh-"3C) 4.5 Hz, C,,3,), 794 (2C, J(***Rh-
C) 3.6 Hz, C, ), 78.6 (2C, J("*Rh-'3C) 4.5 Hz, C,),
68.6 and 67.3 (4C each, J('*®Rh-'3C) 14.3 and 14.4 Hz,
olefin carbons of COD), 324 and 32.3 (4C each,
methylene carbons of COD), and 14.7 (2C, 2,7-CH,).
Anti isomer: 'H-NMR (CD,Cl,, T 298 K, ppm from
internal TMS): ¢ 6.77 (m, 2H, H, ), 5.19 (m, 2H, H, 4),
5.08 (m, 2H, H,,), 3.78 and 3.26 (2m, 4H each, olefin
protons of COD), 2.21 (s, 6H, 2,7-CH,), and 2.2-1.6
(m, 16H, methylene protons of COD). '*C-NMR (T
298 K): 6 115.6 (2C, C, ), 107.7 (2C, J(***Rh-13C) 2.7
Hz, C,,,.), 1043 (2C, J('®Rh-"’C) 4.5 Hz, C,;,s.),
99.5 (2C, J('®Rh-C) 4.5 Hz, C,5,), 81.2 (2C,
J('®Rh-"C) 4.5 Hz, C, ), 78.6 (2C, J('"*Rh-'3C) 4.5
Hz, C;y), 69.7 and 66.6 (4C each, J('*Rh-"°C) 14.3
and 14.4 Hz, olefin carbons of COD), 34.1 and 30.8 (4C
each, methylene carbons of COD), and 14.7 (2C, 2,7-
CH,).

3.16. 2,7-Dimethyl-as-indacene-diide-[Rh(NBD)],

Yield, 50%. Syn/anti ratio: 4.5:1. Syn isomer: 'H-
NMR (CD,Cl,, T 298 K, ppm from internal TMS): ¢
6.65 (m, 2H, H,s), 5.30 (m, 2H, H,4), 5.19 (m, 2H,
H;,), 3.29 (m, 4H, NBD bridgehead protons), 3.27 and
3.10 (2m, 4H each, olefin protons of NBD), 2.23 (s, 6H,
2,7-CH,), and 0.87 (t, 4H, methylene protons of NBD).
BC-NMR (T 298 K): § 117.13 (2C, C, ), 103.73 (2C,
Cruza), 103.23 (2C, Cy,5,), 102.32 (2C, C\,5,), 78.02
(2C, J('™Rh-'3C) 4.9 Hz, C;y), 76.71 (2C, J(**Rh-
13C) 4.2 Hz, C, ), 56.21 (2C each, J('**Rh-'3C) 6.7 Hz,

methylene carbons of NBD), 47.92 (4C each, J('**Rh-
3C) 2.4 Hz, bridgehead carbons of NBD), 34.70 and
34.57 (4C each, J(***Rh-'3C) 10.5 Hz, olefin carbons of
NBD), and 15.01 (2C, 2,7-CH,). Anti isomer: 'H-NMR
(CD.Cl,, T 298 K, ppm from internal TMS): 6 6.75 (m,
2H, H,.), 5.29 (m, 2H, H, ), 5.16 (m, 2H, H, (), 3.14
(m, 4H, NBD bridgehead protons), 3.02 and 2.66 (2m,
4H each, olefin protons of NBD), 2.21 (s, 6H, 2,7-CH,),
and 0.77 (t, 4H, methylene protons of NBD). *C-NMR
(T 298 K): 6 116.08 (2C, Cy5), Caa7ar Csasas and Cy, 5
not observed, 78.92 (2C, J("*Rh-"*C) 4.3 Hz, C,j),
75.98 (2C, J(1’Rh-"3C) 4.3 Hz, C, ), 56.80 (2C each,
J('®Rh-"*C) 6.7 Hz, methylene carbons of NBD),
47.31 (4C each, J('®Rh-'3C) 2.4 Hz, bridgehead car-
bons of NBD), 34.59 and 33.04 (4C each, J('®*Rh-"C)
10.5 Hz, olefin carbons of NBD), and 14.93 (2C, 2,7-
CH,).

3.17. 2,7-Dimethyl-as-indacene-diide-[Rh(n*-C-H ;)]

Yield, 40%. Syn/anti ratio: 2:1. Syn isomer: '"H-NMR
(CD,Cl,, T 298 K, ppm from internal TMS): 4 6.73 (m,
2H, H, 5), 5.29 (m, 2H, H, 5), 5.22 (m, 2H, H ), 2.19 (s,
6H, 2,7-CH,), and 2.0 (broad signal, 16H, ethylene
protons). *C-NMR (T 298 K): § 118.57 (2C, C,J),
1049 (2C, J('”Rh-'3C) 3.9 Hz, C,,..), 1044 (2C,
J('®Rh-"C) 4.1 Hz, Cy,,), 103.0 (2C, J(®Rh-'3C)
3.7 Hz, C,,z.), 81.62 (2C, J(**Rh-"C) 4.3 Hz, C,),
80.90 (2C, J('*Rh-'*C) 4.1 Hz, C,4), 44.3 (broad
signal, 8C, ethylene carbons), and 14.015 (2C, 2,7-CH,).
Anti isomer: '"H-NMR (CD,Cl,, T 298 K, ppm from
internal TMS): 6 6.84 (m, 2H, H,;), 5309 (m, 2H,
H, ), 5.17 (m, 2H, H,), 2.16 (s, 6H, 2,7-CHj;), and 1.7
(broad signal, 16H, ethylene protons). *C-NMR (T 298
K): 6 116.69 (2C, C, 5), 104.8 (2C, J(***Rh-"3C) 4.8 Hz,
Caaza)s 1042 (2C, J(*®Rh-"C) 4.3 Hz, C,,5,), 97.1
(2C, J(**Rh-'*C) ca. 2 Hz, C,;.), 8337 (2C,
J(*®Rh-"C) 3.6 Hz, Cs), 79.77 (2C, J(!*Rh-13C) 4.2
Hz, C, ), 43.2 (broad signal, 8C ethylene carbons), and
13.82 (2C, 2,7-CH,).

3.18. 2,7-Dimethyl-as-indacene-diide-[Rh(CO),],

Yield, 45%. Syn/anti ratio: 1:1.5. Syn isomer: 'H-
NMR (CD,(Cl,, T 298 K, ppm from internal TMS):
6.97 (m, 2H, H,y), 6.12 (m, 2H, H, ), 5.52 (m, 2H,
H,¢), and 2.26 (s, 6H, 2,7-CH,). Anti isomer: '"H-NMR
(CD,Cl,, T 298 K, ppm from internal TMS): ¢ 6.94 (m,
2H, H, ), 5.78 (m, 2H, H, ), 5.73 (m, 2H, H, ), and
2.29 (s, 6H, 2,7-CH,).

3.19. 2,7-Dimethyl-as-indacene-diide-[Ir(CO),],

Yield, 45%. Syn/anti tatio: 1:1.5. Syn isomer: IR
(CH,CL): v(CO) 2042, 2026, 1974, and 1959 ¢m~!;
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Table 5

Summary of crystal and intensity data for 2,7-dimethyl-as-indacene-
diide-[Rh(COD)} (syn-Rh,) and 2,7-dimethyl-as-indacene-diide-{Ir-
(COD)] (syn-Iry)

syn-Rh, syn-Ir,
Formula RhC,sH,, IrC,sH
Molecular weight 301.21 390.55
Spacce group Py Ja Py ja
a(A) 6.793(1) 6.828(1)
b (A) 30.916(3) 31.248(3)
¢ (&) 11.312(2) 11.360(2)
a (%) 90 90
i) 100.9(1) 100.6(1)
y (®) 90 90
v (A% 2332.8 2382.4
z 4 4
Crystal dimensions (mm?®) 0.2x0.2x0.4 0.25x0.3x0.35
D, (gem™3) 1.72 2.18
uem™1h 1291 107.6
T (K) 298 298
Radiation Graphite-monoch Mo-K,
romated (A=0.7107 A)
Take off angle (°) 3 3
Scan speed (deg min™') 2.0 in the 26 2.0 in the 26
scan mode scan mode
26 range (°) 3.0<20<45 3.0<20<45
Observed reflections 2624 3598
[F2>30(F2)]
R (on F) 0.067 0.064
R, 0.063 0.060
G.OF. 0.98 1.02

'H-NMR (CD,Cl,, T 298 K, ppm from internal TMS):
6 7.14 (m, 2H, H, ), 6.15 (m, 2H, H,), 5.51 (m, 2H,
H.¢), and 2.46 (s, 6H, 2,7-CH,). Anti isomer: IR
(CH,CL): v(CO) 2042 and 1966 cm~!; 'H-NMR
(CD,Cl,, T 298 K, ppm from internal TMS): § 7.08 (m,
2H, H, ), 5.81 (m, 2H, H,), 5.72 (m, 2H, H,,), and
2.50 (s, 6H, 2,7-CH,).

3.20. Carbonylation of syn- and anti-{2,7-dimethyl-
as-indacene-diide-[Rh(COD)],}

Pre-cooled CO was bubbled into a 2 x 102 M solu-
tion in CH,Cl, of the 2:1 mixture of syn- and anti-{2,7-
dimethyl-as-indacene-diide-[Rh(COD)],} cooled to
— 78°C. By using a cool syringe, at appropriate times,
5 ml portions were taken into a cool Schlenk tube (7'ca.
—100°C) and pumped to dryness at high vacuum by
using a liquid-nitrogen-cooled trap. The residue was
dissolved in 0.5 mi of CD,CI, and the solution analyzed
by NMR for the components.

3.20.1. syn-{2,7-Dimethyl-as-indacene-diide-
[1°-Rh(CO),][n’*-Rh(COD)J} (syn-I)

'"H-NMR (CD,Cl,, T 298 K): J 6.881 and 6.836 (1H
each, AB quartet, J,5 10 Hz, H; and H,, respectively),

5.674 (m, 1H, Hy), 5.659 (m, 1H, H,), 5.133 (m, 1H,
Hy), 5.001 (m, 1H, H;), 4.098 and 3.427 (2m, 2H each,
COD olefin protons), 2.396 (s, 3H, 7-CH,), 2.266 (s,
3H, 2-CH,), and 1.9-1.7 (m, 8H, COD methylene
protons).

3.20.2. anti-{2,7-Dimethyl-as-indacene-diide-
[n°-Rh(CO),Jln>-Rh(COD)]} (anti-I)

'H-NMR (CD,Cl,, T 298 K): J 6.902 and 6.843 (1H
each, AB quartet, J,5 10 Hz, H; and H,, respectively),
5.723 (m, 1H, Hy), 5.676 (m, 1H, H,), 5.200 (m, 1H,
Hg), 5.082 (m, 1H, H;), 3.919 and 3.632 (2m, 2H each,
COD olefin protons), 2.373 (s, 3H, 7-CH;), 2.252 (s,
3H, 2-CH,), and 1.9-1.7 (m, 8H, COD methylene
protons).

3.21. Carbonylation of syn- and anti- {2,7-dimethyl-
as-indacene-diide-{Ir(COD)],}

Pre-cooled CO was bubbled for 1 h into a 2 x 102
M solution in CD,Cl, of the 2:1 mixture of syrn- and
anti - {2,7 - dimethyl - as - indacene - diide - [Irf(COD)],}
cooled to —40°C, and the solution analyzed by NMR
for the components. No changes were observed for the
resonances of the anti derivative.

3.21.1. syn-{2,7-Dimethyl-1,6-dihydro-1,6-
[n'-Ir(COD)(CO),],-as-indacene} (A)

'H-NMR (CD,Cl,, T 233 K): § 7.12 and 6.91 (2H,
AB quartet, J,p 9.1 Hz, Hy and H,, respectively), 6.33
(m, 1H, Hy), 6.16 (m, 1H, H;), 3.6 (broad m, 1H, Hy),
3.1 (broad m, 1H, H,), 4.04 (broad m, olefin protons of
COD), 2.65 (m, methylene protons of COD), 2.29 (s,
3H, 2-CH,), and 2.26 (s, 3H, 7-CH,).

3.21.2. syn-{2,7-Dimethyl-3,6-dihydro-3,6-
[ -Ir(COD)(CO),],-as-indacene} (B)

'H-NMR (CD,Cl,, T 233 K): § 7.21 (s, 2H, H, ),
6.33 (m, 1H, Hy), 6.39 (m, 2H, H, ), 3.6 (broad m, 2H,
H; ), 4.04 (broad m, olefin protons of COD), 2.65 (m,
methylene protons of COD), and 2.33 (s, 6H, 2- and
7-CH,).

3.22. Crystal-structure determination

Suitable crystals of syn-Rh, and syn-Ir,, grown from
THF-hexane solutions, were mounted on a Philips
PW-100 computer-controlled four-circle diffractometer
with graphite monochromator (Mo—K, radiation). In-
dexing of 25 high-angle reflections followed by short
preliminary data collection led to the assignment of the
monoclinic space group P2,/a. The intensities were
corrected for the usual geometrical factors, an empirical
absorption correction was also applied (¥ scan). The
initial Patterson map was solved for Rh and Ir posi-
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tions; the molecules were developed by subsequent dif-
ference syntheses and least-squares refinements. Almost
all the hydrogen atoms, except those of the methyl
groups, were located from the final difference Fourier
syntheses; yet they were geometrically recalculated and
assigned isotropic temperature factors 1.2 times as large
as the equivalent isotropic temperature factor of their
pivot carbon atoms were included in the final calcula-
tions but not refined. The thermal parameters for all
the non hydrogen atoms were treated anisotropically.
The model converged to give weighted and unweighted
R factors of 0.064 and 0.069 for syn-Rh,, and 0.070 and
0.072 for syn-Ir,, respectively. In the final dlfference
map the largest residual peak was less than 0.50 e A-
apart from the heavy atoms ripples. Crystal data and
intensity data are reported in Table 5.

4. Supplementary material

The final positions as well as thermal and anisotropic
parameters and a complete list of bond lengths and
bond angles have been deposited with the Cambridge
Crystallographic Data Centre. Copies of this informa-
tion may be obtained free of charge from The Director,
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK
(fax: +44-1223-336033; e-mail: deposit@ccdc.cam.
ac.uk or www: http://www.ccdc.cam.ac.uk).
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