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Abstract: Titanacyclopentadienes, prepared from [Cp2TiBu2]
and either two equivalents of an alkyne or a diyne, were treated
with PMe3 (3 equiv) at 50 8C for 3 h and then with azobenzene
at room temperature for 12 h to give 4,5,6-trisubstituted indene
derivatives with the loss of one substituent in good yields. This
reaction contrasts sharply with our previously reported reac-
tion for the formation of 4,5,6,7-tetrasubstituted indene deriv-
atives without the loss of substituents by the treatment of
titanacyclopentadienes with azobenzene without PMe3.
13C NMR spectroscopy of the product derived from a 13C-
enriched complex revealed that the five carbon atoms origi-
nating from a Cp ligand were arranged linearly in the
trisubstituted indene derivatives, in contrast to the 4,5,6,7-
tetrasubsituted indene derivatives, in which the corresponding
five carbon atoms are arranged in a ring.

Carbon–carbon bond cleavage with transition metals has
long been a challenging target in organic chemistry.[1] Since
the Cp ligand has been believed inert for a long time,
reactions of the Cp ligand have been very limited.[2–4]

Rosenthal et al. reported the first example of the coupling
of a Cp ligand with a diene moiety of titanacyclopentadienes
and the ring-opening reaction of the Cp ligand on titanium.[3]

We confirmed that the Cp-derived moiety was cyclic or
linearly arranged in the dihydroindenyltitanium complexes by
a 13C NMR spectroscopic experiment involving 13C enrich-
ment. During our studies, we reported that the treatment of
titanacyclopentadienes 1 with azobenzene gave 4,5,6,7-tetra-
substituted indene derivatives 2 (Scheme 1).[4d] However,
surprisingly, we found that if 1 was treated first with PMe3

before treatment with azobenzene, the trisubstituted indene
derivative 3 was formed. One substituent was missing in the
product. Herein we report the synthesis of trisubstituted
indene derivatives 3 from titanacyclopentadienes 1 with the
loss of one substituent by treatment first with PMe3 and then
with azobenzene.

Titanacyclopentadiene 1a was prepared by the reaction of
3-hexyne (2 equiv) with [Cp2TiBu2], which was generated by
the treatment of [Cp2TiCl2] with nBuLi (2 equiv) in THF at

�78 8C for 1 h.[5] The treatment of complex 1a with PMe3

(3 equiv) at 50 8C for 3 h and then with azobenzene (3 equiv)
at room temperature for 12 h gave 4,5,6-triethylindene 3a as
a 71:29 mixture of double-bond positional isomers in 70%
combined yield (Scheme 2). The starting compound 1a had
four ethyl groups on the diene moiety. Thus, during the
reaction, one ethyl group was eliminated. To verify the
structure of the product, we converted 3 a into 4a by
treatment with tetracyanoethylene (TCNE) to obtain suitable
crystals for X-ray crystal-structure analysis (Scheme 3). The
crystal structure of 4a (Figure 1)[6] clearly shows that 4a has
only three ethyl groups.

Trisubstituted indene derivatives 3a–d were formed in this
way from various titanacycles 1a–d (Table 1). The same
reaction proceeded for 1b and 1c to give 3b and 3c (Table 1,
entries 2 and 3). In the case of the bicyclic titanacycle 1d,

Scheme 1. Novel C�C bond-cleavage reaction of a titanocene.

Scheme 2. Formation of trisubstituted indene derivative 3a from
titanacyclopentadiene 1a.
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compound 3d was obtained in 72% yield (Table 1, entry 4).
Interestingly, compound 3 d was not a linear tricyclic com-
pound. The bent-type tricyclic structure suggests that the five
carbon atoms originating from one of the Cp ligands are not in
a cyclic arrangement in the indene derivative 3 d. To make
clear this point, an experiment with 13C-enriched Cp ligands
was carried out for the formation of indene 3a (Scheme 4). As
we reported previously, in the case of the reaction of

titanacyclopentadiene [13C]1a with azobenzene; the five
carbon atoms originating from a Cp ligand were in a cyclic
arrangement in the indene derivative [13C]2a.[4d] However,
the treatment of titanacycle [13C]1a with PMe3 and the
subsequent addition of azobenzene gave indene [13C]3a, in
which five carbon atoms derived from a Cp ligand were
linearly arranged.

This result reminded us of dihydroindenyltitanium com-
plexes 5 with a substituent at the bridgehead carbon atom
(Rosenthal-type complex). In these complexes, the five
carbon atoms originating from a Cp ligand were linearly
arranged in the dihydroindenyl moiety.[3b] We already made
clear the position of the linearly arranged five carbon atoms in
complexes 5 by 13C-labeling experiments.[4d] When complex
5a was treated under the same conditions, first with PMe3 and
then with azobenzene, the same trisubstituted indene deriv-
ative 3a was obtained as a mixture of isomers in 63%
combined yield. This result suggests that complex 5 a is the
intermediate for the formation of 3a from 1a (Scheme 5).

To enable detection of the eliminated substituent after the
reaction, titanacyclopentadiene 1e with a relatively large
substituent was prepared from the corresponding diaryl
diyne. Under the same conditions, 1e was treated successively
with PMe3 and azobenzene. Propylbenzene was detected in

Scheme 3. Reaction of compound 3 with TCNE.

Figure 1. Molecular structure of compound 4a. All hydrogen atoms are
omitted for clarity.

Table 1: Formation of 4,5,6-trisubstituted indene derivatives with the
loss of one substituent.

Entry Titanacycle Product Yield [%][a] 3/3’

1 70 (61) 71:29

2 61 (50) 74:26

3 68 (56) 74:26

4 72 (60) 34:66

[a] Combined yield of the two double-bond isomers, as determined by
NMR spectroscopy. The yield of the isolated product is given in
parentheses.

Scheme 4. 13C-Labeling experiment for the formation of indenes 2a
and 3a.

Scheme 5. Formation of complex 5a from 1a and reaction of 5a with
PMe3 and azobenzene.
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the reaction mixture in 40% yield along with indene 3e in
82% yield (Scheme 6). This result reveals that the eliminated
phenylpropyl group abstracted a proton from the reaction
mixture to become propylbenzene.

It was important to know whether the treatment of 1a
with PMe3 induced the elimination of the substituent at the
bridgehead carbon atom of the dihydroindenyltitanium com-
plex 5a. To trap the intermediate after the addition of PMe3,
we quenched the reaction of 1a with PMe3 by treatment with
phenylisocyanate (2 equiv) at 50 8C for 12 h. Interestingly, the
dihydroindenyltitanium complex 5a with one ethyl substitu-
ent at the bridgehead of the dihydroindene was trapped as the
coupling product 6a in 37% yield. Thus, the allyltitanium
moiety in 5a reacted with phenylisocyanate to give 6a.[7]

Compound 6a was not detected after the addition of
azobenzene. We can therefore conclude that after the
addition of azobenzene, the allyltitanium moiety disappeared,
and one substituent was eliminated from the bridgehead
carbon atom of the dihydroindenyl moiety (Scheme 7).

The structure of 6a was verified by X-ray crystal-structure
analysis after the conversion of 6a with TCNE into 7a in 94%
yield (Scheme 8). Compound 7a was isolated in crystalline
form. Its crystal structure (Figure 2)[8] clearly shows that the
intermediate of the reaction of 1a after treatment with PMe3

has four ethyl groups.
On the basis of the results described herein, the following

possible mechanism is proposed (Scheme 9). First, the
coupling of one Cp ligand of the titanacyclopentadiene with
a diene moiety of 1 proceeds to form intermediate 8. In fact,

the reaction product of 8 a with phenylisocyanate was
obtained, since intermediate 8 also has the allyltita-
nium moiety. The complex was then converted into
complex 5 (Rosenthal-type complex), in which the
ring of five carbon atoms originating from the Cp
ligand is changed to a linear arrangement of five
carbon atoms in 5 by metathesis, as we reported
before.[4d] Compound 5 is stable, since the diene
moiety of the dihydroindene coordinates to titanium.
Coordination of PMe3 to the titanium metal center of
5 kicks out the coordinated diene moiety from
titanium to give 9, and the dihydroindene moiety
becomes unstable and reactive. The reaction of
complex 5 with PMe3 was monitored by 31P NMR
spectroscopy, and a new broad resonance at d =

28 ppm was observed that indicated the coordination
of PMe3 to titanium. If 5 is treated with azobenzene

Scheme 6. Reaction of titanacyclopentadiene 1e with PMe3 and azo-
benzene, and detection of the eliminated substituent.

Scheme 7. Trapping of the intermediate with phenylisocyanate after the addition
of PMe3 or azobenzene to 1a.

Scheme 8. Reaction of compound 6a with TCNE.

Figure 2. Molecular structure of compound 7a. All hydrogen atoms are
omitted for clarity.

Scheme 9. Plausible reaction mechanism.
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directly without PMe3, azobenzene
coordinates to the titanium metal
center to convert 5 into 8, followed
by hydrogen abstraction by an addi-
tional azobenzene molecule to give
a tetrasubstituted indene 2.[9] Coordi-
nation of PMe3 prevents the conver-
sion of 5 into 8 and gives 9, and an
additional azobenzene molecule
abstracts the bridgehead hydrogen
atom from 9.[10] For aromatization of
the dihydroindene moiety, one of the
carbon–carbon bonds at the opposite
bridgehead has to be cleaved. One
substituent was thus eliminated to
give the trisubstituted indene 3.[11]

The ratio of 2 and 3 formed was
found to depend on the reaction
temperature of the second step with
azobenzene (Scheme 10). At a higher
temperature, some of the PMe3 on titanium is replaced with
azobenzene, and then complex 9 is converted into 8. There-
fore, the relative amount of 2 formed increased with respect
to 3.

Interestingly, the treatment of dihydroindene 10a, which
has no titanium moiety, with PMe3 and azobenzene did not
give the aromatized compound 3a at all (Scheme 11). This
result suggests that the existence of the titanium metal center
is important for the abstraction of the proton from the
bridgehead carbon atom of the dihydroindene moiety by
azobenzene. Azobenzene interacts with the titanium center in
9 and comes to closer to the hydrogen atom at the bridgehead
carbon atom. The proton is then abstracted by azobenzene,
and the aromatization proceeds.

Previously, we reported the migration of one substituent
at the bridgehead carbon atom of 5 to the next atom of the
five-membered ring of the dihydroindene upon oxidation.[4b]

In this reaction, titanium is oxidized from oxidation state II to
IV. However, in the reaction reported herein, the elimination
of the substituent at the bridgehead occurred as shown in
Scheme 12. The oxidation state of the titanium center
remained II. When titanium is oxidized to oxidation state
IV, the allyltitanium moiety aids the migration of a substituent
at the bridgehead. However, a low-valent titanium species
stabilized with PMe3 does not accept a nucleophilic attack on
the allyltitanium moiety. This factor may control the fate of
the substituent at the bridgehead of the dihydroindene
moiety.

In summary, we have developed a novel carbon–carbon
bond-cleavage reaction in titanocene complexes. The reaction
involving two types of C�C bond cleavage and the formation
of a C�C bond gave 4,5,6-trisubstituted indene derivatives 3.
One substituent on the diene moiety was cleaved by the effect
of PMe3 coordination to the titanium center to avoid the
coordination of azobenzene. In this way, the conversion of 5
into 8 is prevented. The abstraction of a bridgehead hydrogen
atom causes aromatization with the elimination of one
substituent, in sharp contrast to the formation of 4,5,6,7-
tetrasubstituted indene derivatives 2,[4d] in which no elimi-
nation of a substituent occurred.
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Scheme 10. Formation of indene derivatives with PMe3 and azoben-
zene at various temperatures.

Scheme 11. Reaction of compound 10a with PMe3 and azobenzene.

Scheme 12. Two types of allyltitanium species with different reactivity: migration of one substituent
or elimination of one substituent at the bridgehead.
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Coupling of Titanacyclopentadienes with
a Cp Ligand and Elimination of One
Substituent

On the trail of the one that got away :
4,5,6-Trisubstituted indene derivatives
were formed in good yields by the treat-
ment of titanacyclopentadienes with
PMe3 and then azobenzene. The coupling
of a Cp ligand with the diene moiety of the
complex was accompanied by the
removal of one substituent, in sharp
contrast to the formation of 4,5,6,7-
tetrasubstituted indene derivatives with-
out the loss of a substituent in the
absence of PMe3 (see scheme).
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