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New triple-decker complexes prepared by the stacking reactions
of cationic metallofragments with sandwich compounds

A. R. Kudinov* and M. I. Rybinskaya

A. N. Nesmevanov Institute of Organoelement Compounds, Russian Academy of Sciences,
28 ul. Vavilova, 117813 Moscow, Russian Federation.
Fax: +7 (093) 135 5085. E-mail: muratov@ineos.ac.ru

The results of our recent studies devoted to the synthesis of cationic triple-decker
complexes are summarized. The stacking reactions of cationic metallofragments with sand-
wich compounds can be used as a generai method for the synthesis of these complexes. This
method was used for the preparation of 30- and 34-electron cationic triple-decker complexes
containing cyclopentadieny! and pentaphospholyl ligands in the bridging position and
carbocycles C,H, (# = 4—7) and carboranes as terminal ligands.
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The first sandwich compound, viz., ferrocene, was
discoverad in 1951—1932.1—4 This discovery gave impe-
tus to the extensive development of the chemistry of
organometallic transition-metal compounds.

Triple-decker complexes belong to a special type of
sandwich compounds. Their molecules consist of three
parallel cyclic n-ligands between which two transition
metal atoms are located. This class of compounds is
typified by cations 1 and 2, which were detected for the
first time in 1964 in mass spectrometric studies of
ferrocene and nickelocene.3 However, these data® have
never received proper attention until the first triple-
decker cation 2 was synthesized in 1972 by H. Werner
and A. Salzer®7 by the reaction of nickelocene with the
electrophilic reagents H*, Ph;C™*, or CyH;*. It was
demonstrated® that under the action of HBF,, nickelo-
cene is protonated at one cyclopentadienyl! ring to form
the {(n-CsH3)Ni(n-CsH;)]™ cation. The latter elimi-
nates the diene ligand to generate the 14-electron
[(n-CsH;s)Ni}* species. The reaction of this species with
20-electron nickelocene affords 34-electron cation 2.
An analogous reaction proceeds also under the action of
other electrophilic reagents.
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In 1976, R. Hoffmann and coworkers® described the
results of extended Hickel molecular orbital calcula-

tions for triple-decker complexes. According to these
calculations, systems containing 30 and 34 valence elec-
trons should possess enhanced stability. However, at-
tempts to synthesize 30-¢electron triple-decker complexes
with cyctopentadieny! ligands were long unsuccessful.10-11

We have developed a general method for the synthe-
sis of cationic triple-decker complexes based on the
addition of specially generated cationic metallofragments
to sandwich compounds in weakly coordinating polar
solvents. In 1987, we described the synthesis of the first
representatives of 30-electron triple-decker complexes
of the iron-group metals, viz., cations 3, containing
exclusively cyclopentadienyl ligands by the addition
of the coordinatively wunsaturated 12-electron
{(n-CsR)M]* fragments (M’ = Fe, R = H; M’ =
Ru, R = H or Me) generated in situ to 18-electron
decamethylmetallocenes (n-CsMes),M (M = Fe, Ru,
or Os) (Scheme 1).12:13 These reactions came to be
known as stacking reactions.

1t should be noted that iron- and ruthenium-contain-
ing coordinatively unsaturated cationic species were gen-
erated under substantially different conditions. The
[(n-CsHs)Fe]™ species was formed by visible-light irra-
diation of the {(n-CsHs)Fe(n-Cg¢Hg)IPFg complex in
CH,Cl, at 20 °C. The ruthenium-containing cations
{(n-CsRs)Rul* (R = H or Me) were generated by heating
a solution of [(n-CsR5)Ru({MeCN);]PF, in MeNO,. Cat-
jons 3 contain at least two pentamethylcyclopentadienyl

rings (centrat and one terminat) and different iron-group

metals in the following combinations: Fe,, FeRu, FeOs,
Ru,. or RuOs.!2-13 Al the cationic triple-decker complexes
synthesized by us and described in the present review were
isolated as salts with the PFg™ anion or, more rarely, with
the BF;™ anion (the anions are omitted in the schemes).

In 1993, G. Herberich er al.14 described the synthe-
sis of the related [(n-CsMes)Ru(p-nm-CsHs)M(n-
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Scheme 1
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CsMes)]CF3S0; complexes (M = Fe or Ru) in which
two pentamethylcyclopentadieny! ligands occupy termi-
nal positions.

The stability of the above-mentioned 30-electron
cationic triple-decker complexes is determined to a
large extent by the presence of the electron-donating
methyl substituents. At the same time, the synthesis of
the parent cation 1, which, as mentioned above, was
detected in the mass spectrum of ferrocene, seemed to
be quite possible. Recently, !5 we succeeded in preparing
cationic complex 1 by the stacking reaction of ferrocene
with the cationic [(n-CsHs)Fe]® species generated by
visible-light irradiation of the [(n-CsH;s)Fe(n-CgHg)]PF,
complex in CH,Cl; at 0 °C (Scheme 2).
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When the temperature was increased to 20 °C, the
same starting compounds gave the ferrocenium cation
f(n-CsHs),Fel™, while decamethyl derivative 3 (M =

" = Fe; R = H) can be obtained at 20 °C due to its
higher stability compared to complex 1.

We extended stacking reactions to the synthesis of
cobalt-containing triple-decker complexes. Thus the re-
action of the [(n-Cs;H;s)Fe]™ species with sandwich co-
bait compound 4 at 0 °C yielded thermally labile 30-elec-
tron iron-cobalt triple-decker complex 5 ¥5 (Scheme 3).

Complex 5 is formed as a result of the regioselective
attack of the cationic [(n-CsHs)Fe]™ species on the

five-membered ring of compound 4. If the reaction is
performed at higher temperature (20 °C), complex 5
decomposes and eliminates a stable ferrocene molecule
to generate the [2-electron cationic [(n-CsMey)Col™
species. The stacking reaction of the latter with the
starting compound 4, which is present in the reaction
mixture, affords the new dicobalt cationic triple-decker
complex 6. To prepare complex 6 in pure form, the
starting compounds 4 and [(n-Cs;Hs)Fe(n-CgHg)IPFy
should be taken in a molar ratio of >2 : 1.15

The formation of triple-decker compound 6 from
labile complex 5 occurs through formal exchange of
ferrocene for compound 4. This reaction is the first
example of the synthesis of cationic triple-decker com-
plexes as a result of exchange of sandwich molecules,
which play an unusual (for these compounds) role of
r-ligands.

The stacking reactions were also used for the prepa-
ration of 30-electron triple-decker complexes containing
the pentaphospholyl ligand instead of the cyclopenta-

Scheme 3
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Scheme 4
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dieny! ring in the bridging position between two transi-
tion metal atoms. These reactions were carried out with
pentamethylpentaphosphaferrocene (n-CsMe;)Fe(n-Ps)
(7) as a metallocene. The latier was synthesized
by O. Scherer er all%17 by the reaction of
[(n-CsMes)Fe(CO),), with vellow phosphorus. The
stacking reactions of compound 7 with the 12-electron
fragments (CO);M (M = Cr or Mo) and [(n-CsH;)Fe]™
were used by these authors for preparing triple-decker
complexes with a central pentaphospholyl ligand, viz.,
(COBM(p-n:n-Ps)Fe(n-CsMes) (M = Cr or Mo)!8 and
[(n-CsHs)Fe(u-n:n-Ps)Fe(n-CsMes)| ™. The latter
compound was prepared according to a procedure devel-
oped by us!ZI3 for the synthesis of iron-containing
triple-decker complexes 3 (M = Fe, Ru, or Os; M~ =
Fe; R = H).

We succeeded in extending substantially the range of
triple-decker compiexes with a central pentaphospholyl
ligand using other 12-electron fragments. Thus the stack-
ing reactions of the [(3-Cs;Rs)M|" species (M = Fe,
R = Me; M = Ru, R = H or Me) with compound 7
vielded triple-decker complexes 8a—c 20 (Scheme 4).
The synthesis of symmetrical diiron cationic complex 8a
required the [(n-CsMes)Fe]* species, which was
generated from the acetonitrile complex
[(n-CsMes)Fe(MeCN);]BF,. The reaction was carried
out in CH,Cl, or acetone at 20 °C.

An analogous reaction with the ruthenium com-
pound [(n-CsH;s)Ru(MeCN);]PFg under mild condi-
tions (20 °C, CH,Cl,) afforded a complex mixture of
products, as was demonstrated by 3!P NMR spectros-
copy. Apparently, the formation of iron-ruthenium triple-
decker complex 8b (M = Ru; R = H) was accompanied
bv side reactions due to coordination of the ruthenium
atom at the lone electron pairs of the phasphorus atoms
of the starting compound 7. Examples of analogous
interactions were reported for the complexes
(n-CsMes)Fe(n-Ps)[Cr(CO)sl, and (n-CsMes)Fe(n-
P5)[Mn(C0)»(n-CsHs)l, (n = 1—4).19 We succeeded
in performing the selective synthesis of triple-decker
complex 8b under more drastic conditions upon heating
to 100 °C in nitromethane. Apparently, products which
are formed as a result of coordination of the ruthenium
atom at the lone electron pairs of the phosphorus atoms
are unstable under the reaction conditions and are con-

verted into more stable triple-decker complex 8b. The
reaction of the pentamethyiated [(n-CsMes)Rul™ spe-
cies with compound 7 vielded triple-decker complex 8¢
as the only product.2® In this case, the [(n-CsMes)Rujt
fragment was generated from [(n-Cs;Mes)RuClh), by
refluxing in cthanol or by the reaction with a Zn dust
and TIBF, in acetone at room temperature. Analogous
conditions have been used previously in the synthesis
of the cationic arene ruthenium complexes
[(n-CsMes)Ru(n-arene)] ™ 2123

With the aim of synthesizing an iron-molybdenum
triple-decker complex with a central pentaphospholyl
ligand, we studied the reaction of compound 7
with the tris{acetonitrile) molybdenum complex
{(m-C5;H;)Mo(MeCN);|BF, as a source of the 12-elec-
tron [(n-C;H;)Mo]™ species. It appeared that this reac-
tion proceeded readily in acetone at room temperature
to form unusual cationic triple-decker complex 9 con-
taining the cycloheptatrienyl ligand at the molybdenum
atom?4 (Scheme 5).

Scheme 5
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It was found that the 'H NMR spectra of compound
9 in CD,Cl, are temperature-dependent, the signal of
the protons of the C;H5 ring being narrowed as the
temperature decreases. Apparently, this is due to the
fluxional behavior of this ligand. 1t should be noted that
the fluxional behavior in solution is characteristic of rj'-,
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-, and nd-cycloheptatrienyl complexes.25-26 In the
case under consideration. this behavior is attributable to
the equilibrium process, which occurs in solution and is
accompanied by a change in the coordination mode
N7 === 1’ of the cycloheptatrienyl ligand (Scheme 6).

Scheme 6
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This process involves a change in the number of
valence electrons in the triple-decker complex. Form 9a
with the n7-C;H; ligand has 30 valence electrons, which
corresponds to the 18-electron environment of the iron
and molybdenum atoms. In the case of form 9b with the
n3-C,H5 ligand, the number of valence electrons in the
triple-decker complex decreases to 28. The iron atom
retains the [8-electron environment, while the molyb-
denum atom accepts two less electrons from the C;H5
ligand, which should lead to the 16-electron configura-
tion of the molvbdenum atom. However, in our opinicn
it is more probable that the molybdenum atom retains
its 18-electron environment due to formation of the
donor-acceptor Fe—»Mo bond through the lone electron
pair of the Fe atom. This explanation agrees weil with
the fact that metal—metal bonds can be formed through
large rings (for example, cyclo-Ps or cyclo-Pg), which
was confirmed by X-ray diffraction study of a number of
compounds, in particular, (n-Cs;Mes)Cr(u-nn-P5)Cr{n-
CsMes)?7 and (n-CsMes)Mo(p-nim-P,)Mo(n-CsMes) 28
and by the resuits of calculations by the extended Hickel
method.29:3% Apparently, 30-electron form 9a with the
n’-CyH; ligand is more favorable than 28-electron form
9b with the n>-C;H- ligand. due to which the equilib-
rium is substantially shifted toward the left. This is
evidenced by the presence of signals of 17-C7H5 as well
as by the absence of signals of n3-C;H; in the 'H and

13C{'"H} NMR spectra of compound 9 at 178 K. This.

compound is the first example of triple-decker com-
plexes with a fluxional cycloheptatrienyl ligand.

As mentioned above. the first triple-decker complex
synthesized was 34-electron complex 2. However, all
cationic triple-decker complexes with a central cyclo-
pentadieny! ligand prepared more recently have 30 va-
lence electrons. Hence, it was of great interest to study
the possibility of the use of stacking reactions for prepar-
ing 34-electron analogs. These compounds would be

expected to be prepared by the reactions of 14-clectron
species, which are isolobal to the [(n-CsHg)Ni]™ frag-
ment, with 20-electron nickelocene. We used the co-
bait-containing cationic fragment [(n-CgMeg)Co]™ as a
[4-electron species. This fragment was generated in siru
from the 20-electron bis(hexamethyibenzene) cobalt
complex [(n-CyMeg),Co]PFg in acetone. The reaction
of this fragment with nickelocene afforded cationic com-
plex 10 3! (Scheme 7). Complex 10 is the first example
of unsymmetrical 34-electron triple-decker complexes
with a central cyclopentadieny! ligand.

Scheme 7
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Scheme 9
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As part of continuing studies, we demonstrated that
not only carbocycles but also carboranes can serve as
terminal ligands in cationic triple-decker complexes. We
synthesized metallacarborane triple-decker complexes
by the stacking reactions using cvclopentadienyl-
metailacarboranes (instead of metallocenes) as well as
cationic metallacarborane species. The charge-compen-
sated anion [9-Me,S-7,8-C3ByH 4]~ was chosen as a
carborane ligand. This monoanion,32=35 like the
{C,BgH ]2 dianion, is capable of forming m-complexes
with transition metals. However, unlike the above-men-
tioned dianion, the monoanion under consideration re-
sembles to a greater extent the [CsH;]™ anion because
they carry equal charges. The reaction of the sodium salt
Na[9-Me,S5-7,8-C,BgH g] (11) with the ruthenium
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complex [(n-CsMes)Ru(MeCN)3]JPF, {or with
[(n-CsMes)RuCl],) vielded ruthenacarborane 1236
(Scheme 8). An analogous reaction of salt 11 with the
nickel compound [(n-CsHs)Ni(Me,S),]BF, afforded
20-electron nickelacarborane 13. Metallacarboranes 12
and 13 can be considered as carborane analogs of
ruthenocene and nickelocene, respectively, in which
one cyclopentadienyl anion is replaced by the isolobal
[9-Mezs-7,8'C2BgH10]h anion.

With the aim of preparing 30-electron cationic
ruthenacarborane triple-decker complexes, we used
ruthenacarborane 12 in the stacking reactions with the
12-electron [(n-CsRs5)Ru]™ species (R = H or Me)
generated from the tris(acetonitrile) complexes
[(n-CsR5)Ru(MeCN)4]PFg. The reactions were carried

Scheme 10 -
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out upon refluxing in MeNO,, i.e., under the conditions
which we have used previously in the synthesis of triple-
decker ruthenium complexes3(M =M’ =Ru; R = H
or Me) with cyclopentadienyl ligands. As a result, un-
symmetrical ruthenacarborane triple-decker complexes
14a.b with a central pentamethylcyclopentadienyl ligand
were obtained3® (Scheme 9).

The use of 20-electron nickelacarborane 13 as the
starting compound allowed us to synthesize 34-electron
cationic nickelacarborane triple-decker complexes con-
taining one or two carborane ligands. Thus the reaction
of compound 13 with [Ph;C|PF taken in a molar ratio
of 2 : 1 yielded symmetrical 34-electron bis(carborane)
triple-decker cationic complex 15 (Scheme 10). By anal-
ogy with the svathesis of triple-decker complex 2 by the
reaction of [Ph;C]X (X = BF, or PFy) with nickelocene,5
we believe that the reaction proceeds through interme-
diate formation of trityl-substituted cyclopentadiene com-
plex 13a. The latter serves as a source of nickelacarborane
tragment 13b. The subsequent stacking reaction of this
fragment with compound 13 gives triple-decker complex

Scheme 11

15.36 This symmetrical triple-decker complex can be
considered as a carborane analog of the classical triple-
decker nickel compound 2 containing two carborane
anions [9-Me;S-7,8-CyBgH 0]~ instead of two terminal
anions {CsHs]™.

The reaction of compound 13 with the 14-electron
{(n~-CsH3$)INi]* fragment generated in siru from the cor-
responding cyclopentadienyl complex [(n-CsH;)Ni(n-
CsHg)]BF, afforded unsymmetrical 34-electron triple-
decker compound 16 36 (Scheme 11). The latter is in-
termediate between classical triple-decker complex 2
and symmetrical bis(carborane) compiex 15. Complex
16 contains simultaneously the [CsHs]™ and [9-Me,S-
7,8-C5BqH ] anions as terminal ligands.

An interesting feature of unsymmetrical nickela-
carborane triple-decker complex 16 is its ability to un-
dergo symmetrization in a nitromethane solution to
form symmetrical compounds 2 and 13 (Scheme 12),
which is evidenced by the data of 'H NMR spectros-
copy. In the case of unsymmetrical ruthenacarborane
triple-decker complexes 14a.b. symmetrization does not
occur even in boiling nitromethane (it is these condi-
tions that were ‘used for their preparation). Apparently,
this is due to the fact that compounds 14a.b are substan-
tially more stable than nickel analog 146.

To confirm the structures of the triple-decker com-
plexes synthesized, we used 'H and 1¥C NMR spectros-
copy as the major method. In some cases, we used also
1B and 3'P NMR spectroscopy. It should be noted that
the NMR spectra of these compounds are sufficiently
informative and, in particular, allow one to readily

W Ni Ni sMe distinguish signais of the central and terminal ligands.
»&VA‘ m 2 The validity of identification of the cationic triple-
AN CHzC‘zT -t P q decker complexes based on the NMR spectra was addi-
e AA tionally confirmed by the X-ray diffraction data for
13 . X some compounds of this type with central CsHs,14:37
@ 18 CsMes, 1338 and cyelo-Ps 19 ligands.
_ The results surveved in the present review demon-
Ni strate that the stacking reactions of cationic metallo-
Q fragments with sandwich compounds of different types
H H can serve as an efficient method for the synthesis of
Scheme 12
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cationic triple-decker complexes containing the cyclo-
pentadienyl and pentaphospholyl ligands in the bridging
position.
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