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SUMMARY

The reaction of 1-endo-methoxy-2,3-ferrocenoindene (IIb) with lithium
followed by treatment with trimethylchlorosilane gave 1-exo-(trimethylsilyl)-2,3-
ferrocenoindene (Ia) as the sole product. The latter was found to isomerize to the
endo isomer (Ib) when treated with excess of n-butyllithium. Methanolysis of both
{Ia)and (Ib)in the presence of ferric chloride gave 1-exo-methoxy-2,3-ferrocenoindene
(IIa). The configurational identification of (Ia), (Ib), (IIa), and (IIb) was made on the
basis of the 'H NMR spectra.

INTRODUCTION

In a recent paper!, we have reported a reaction of ferrocenylmethyl derivatives
of silicon and germanium with methanol in the presence of ferric ions. For instance,
the carbon-silicon bond of (ferrocenylmethyl)trimethylsilane readily undergoes
cleavage in a methanol solution of anhydrous ferric chloride at room temperature to
give ferrocenylmethyl methyl ether and methoxytrimethylsilane as shown in eqn. (1).

@ CH,SiMey @——CHzoMe

Fe + 2FeCly + 2ZMeOH — + MezSiOMe (1)

© .
2FeCl,

+
2 HCI

The results were discussed in terms of a mechanism which involves an initial
formation of a substituted ferricenium ion in a redox process with ferric ions followed
by nucleophilic attack of solvent methanol on the silicon atom. The resulting ferro-
cenylmethyl radical, though it may never be wholly free, as a leaving group is im-
mediately oxidized by ferric ion to give a ferrocenylmethyl cation which in turn gives
the observed ferrocenylmethyl methyl ether. '
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In an effort to provide further insight into the mechanism, we have examined a
similar reaction of 1-(trimethylsilyl)-2,3-ferrocenoindene (I), because the relatively
unstable behavior of 2,3-ferrocenoindenyl cation reported by Cais et al.* may emerge
in the course of the solvolytic reaction of (I).

We report here the preparation and characterization of 1-exo- and 1-endo-
(trimethylsilyl)-2,3-ferrocenoindene, (Ia) and (Ib), and also a stereochemical study
of the methanolysis of these compounds in the presence of anhydrous ferric chloride.
Some aspects of the reaction stereochemistry of an a-ferrocenyl carbanion with elec-
trophiles, such as a proton or a trimethylsilyl group, in connection with the prepara-
tion of (Ia) and (Ib) are also described.

RESULTS AND DISCUSSION
Preparation and characterization
The preparative route is summarized in Scheme 1 and the *H NMR data for

compounds (Ia), (Ib), (I1a), and (IIb) are listed in Table 1.
The precursors of 1-endo-methoxy-2.3-ferrocenoindene (IlIb) were prepared

SCHEME 1
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TABLE 1

'H NMR DATA FOR SOME SUBSTITUTED 2,3-FERROCENOINDENES®?

Compound Chemical shift (z)
No.

(CH,),Si CH,0 CH CsH, CsH, CeH,
(Ia) 10.13 (s) 6.64 (s) 6.31 (s) 6.04-5.45 (m) 3.06-2.46 (m)
(1b) 9.63 (s) 6.95 (s) 6.11 (s) 601-551 (m)  3.09-2.11 (m)
(11a) 7.03 (s) 4.60 (s) 6.17 (s) 5.90-5.40 (m) 3.08-2.58 (m)
(11b) 6.27 (s) 5.08 (s) 6.01 (s) 593-553(m)  3.05-2.60 (m)

? Recorded on a Varian T60 spectrometer in carbon tetrachloride solution with cyclohexane or tetramethyl-
silane as internal standard. ® The spectrum of 1-endo-hydroxy-2,3-ferrocenoindene had resonances at
7 8.17 (d, J 10.0 Hz, OH), 6.00 (s, CsH), 5.83-5.43 {m, CsH ), 4.88 (d, J 10.0 Hz, CH), and 3.06-2.50 ppm
(m, CgH,).

by known procedures®~ . (IIb) was then prepared in 34%/ yield from a reaction of 1-
endo-hydroxy-2,3-ferrocenoindene with sodium hydride in tetrahydrofuran (THF)
followed by treatment with methyl iodide. 1-exo-(Trimethylsilyl)-2,3-ferrocenoin-
dene (Ia) was selectively obtained in 729 yield from a reaction of trimethylchloro-
silane with 2,3-ferrocenoindenyllithium prepared in situ from (IIb) and lithium in
THF in a similar manner to that used for the preparation of (ferrocenylmethyl)tri-
methylsilane reported by Nesmeyanov et al.®.

“Interestingly, (Ia) was found to isomerize completely to 1-endo-(trimethyl-
silyl)-2,3-ferrocenoindene (Ib) when (Ia) was treated with excess of n-buthvllithium in
THF/hexane followed by hydrolysis or alcoholysis with tert-butyl alcohol.

The configuration of compounds (Ia), (Ib), (ITa) (see below), and (IIb) was
established by their characteristic chemical shifts in 'H NMR spectra (Table 1)
according to the observations of Turbitt and Watts®, who have investigated the 'H
NMR spectra of a series of homoannularly bridged [3](1,2)ferrocenophane deri-
vatives and established that exo substituent a-protons with respect to the cyclo-
pentadienyl ring (viz. located above the plane of the ring remote from the iron atom)
are more shielded compared with the protons of the same substituent in an endo
configuration (viz. below the plane of the ring), although.the region much closer to
the iron atom is strongly shielded. The greater shielding of the methine proton of (I1Ib)
relative to that of (IIa) (see Table 1) is consistent with the fact that methylation of
1-endo-hydroxy-2,3-ferrocenoindene proceeds, as expected, with retention of con-
figuration at carbon attached to oxygen to give (IIb).

On the other hand, both conversions, (IIb)—(Ia) and (Ia)— (Ib), have been
found to occur with complete inversion of configuration at carbon attached directly
to the ferrocene ring. These observations show that the attack of an electrophile such
as Me,;SiCl, H,O, and t-BuOH on the 2,3-ferrocenoindenyl anions, for which (B)
[or (C)] in eqn. (2) may be postulated as a preferred structure, occurs exclusively
from the exo direction. That is product formation is largely sterically controlied,
although electronic factors may also operate. Only a few studies on o-ferrocenyi
carbanions, in contrast to the corresponding carbonium ions, have been reported>-7-3
and to our knowledge this is the first stereochemical observation of the reaction of
such an anion with electrophiles.
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Methanolysis of (Ia) and (Ib) in the presence of anhydrous ferric chloride

It has been found that both (Ia) and (Ib) undergo readily cleavage of the C-Si
bond when treated with two equivalents of anhydrous ferric chloride for each molecule
of the substrate in oxygen-free absolute methanol at room temperature for 10 min
and give the same product, viz. 1-exo-methoxy-2,3-ferrocenoindene (IIa) [eqn. (3)],
while after many hours reaction a mxxture of (IIa) and (ITb) is obtained. Qualitatively,
(Ia) reacted faster than (Ib).

The results may be reasonably interpreted by the same mechanism as de-
scribed for thereaction of e.g. (ferrocenylmethyl) trimethylsilane in the previous paper? ;

SCHEME 2
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namely, a 2,3-ferrocenoindenyl cation intermediate (F) is involved in the product-
determining step (Scheme 2). The latter may undergo nucleophilic attack by metha-
nol from the exo direction. It is well established that addition of a reagent to an un-
saturated carbon atom (e.g. carbonyl, vinylic, or cationic) attached directly to the
ferrocene ring occurs predominantly, if not exclusively, from the exo direction® ™12,

It should be noted that no dimerization product derived from (E) or (G) was
detected in these reactions which is in line with the previous observation! that under
the conditions employed, no free radical species may be generated, whereas it has
been reported by Cais et al.? that 2,3-ferrocenoindenyl cation, generated from 1-
hydroxy-2,3-ferrocenoindene in the presence of fluoroboric acid in acetic anhydride,
undergoes a very fast intramolecular redox process, (F)=2(G) to give the dimeriza-
tion product of (G).

Finally, the fact that a mixture of (I1a) and (IIb) was obtained in the reactlon
of (Ia) or (Ib) after-many hours reaction would suggest that there was some epimeri- *
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zation of (Ia) and also (Ib) presumably catalyzed by hydrogen chloride formed during
the reaction. Indeed, treatment of (IIa) with hydrogen chloride in oxygen-free ab-
solute methanol (0.224 M) at room temperature for 46 h gives an isomeric mixture of
(I1a) and (IIb) in a ratio of 2.0/1, while similar treatment of (IIb) yields an analogous
mixture in a ratio of 4.0/1 after 40 h [eqn. (4)]. Although nucleophilic attack by
methanol on a carbonium ion center from the endo direction is much more disadvan-
tageous as mentioned above, the endo isomer (I1b), once formed, would accumulate
because (IIb) may be expected to resist solvolysis morestrongly as compared with the
exo-isomer (I1a)'°. Similar epimerization of 1-hydroxy-(or 1-methoxy)-2,2-dimethyl-
[3](1,2)ferrocenophane has been reported by Watts et al.b.

EXPERIMENTAL

All boiling and melting points are uncorrecied. 1-endo-Hydroxy-2,3-ferro-
cenoindene®* (m.p. 92-93°; lit. m.p. 90-91°) was prepared by reduction of 2,3-ferro-
cenoindenone®~* with sodium tetrahydroborate in a similar way to that described
in the literature.

1-endo-Methoxy-2,3-ferrocenoindene (11b)
To a mixture of 5.0 g (5094 dispersion in oil, 0.10 mole) of sodium hydride in

300 ml of THF was added dropwise a solution of 7.6 g (0.026 mole) of 1-endo-hydroxy-
2,3-ferrocenoindene in 100 ml of THF. The mixture was heated under reflux for 6 h.
Methyl iodide (30 g, 0.21 mole) was then added to the mixture with cooling in an ice-
bath and the mixture was refluxed for 24 h. It was then hydrolyzed and the resulting
organic layer was separated. The aqueous layer was extracted with hexane and the
combined organic layer was dried over anhydrous sodium sulfate. After evaporation
of the solvents, the residue was chromatographed over alumina using ether as an
eluant and then fractionally distilled to give 4.0 g (349 yield) of 1-endo-methoxy-2,3-
ferrocenoindene (IIb), b.p. 132-136°/0.03 mmHg. (Found: C, 71.24; H, 5.48. C;gH 4-
FeO caled.: C, 71.08; H, 5.30%;.) The IR spectrum (recorded on a Hitachi EPI-G3
grating spectrophotometer) indicated the presence of a methoxy group (2800 cm™%),
a benzene ring (1610 cm™ '), and an unsubstituted cyclopentadienyl group (1105 and
1000 cm ™ 1).

1-exo-(Trimethylsilyl)-2,3-ferrocenoindene (1a)
To a dispersion of 1.0 g (0.14 g-atom) of lithium in 100 ml of THF was added
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over a period of 10 min a solution of 3.0 g (0.0099 mole) of (IIb) in 50 ml of THF at
—10 to —5°, yielding a deep-red solution. The solution after stirring for 20 min,
was added dropwise to a solution of 2.0 g (0.018 mole) of trimethylchlorosilane in
50 ml of THF with cooling in an ice-bath. The mixture was stirred for 30 min and
then hydrolyzed. The resulting organic layer and benzene/hexane (1/1) extracts from
the aqueous layer were combined, washed with water, and dried over anhydrous
sodium sulfate. After evaporation of the solvents, the residue was chromatographed
over alumina using petroleum ether as an eluant and then fractionally distilled to give
25 g (729 yield) of 1-exo-(trimethylsilyl)-2,3-ferrocenoindene (Ia), b.p. 132-134°/
0.029 mmHg, m.p. 68—68.5° (recrystallized from methanol) (Found: C, 69.35; H, 6.05.
C,oH,,FeSi caled.: C, 69.36: H, 6.40%,.). TR: 1610, 1250, 1106 and 1000 cm™1.

1-endo-(Trimethylsilyl)-2 3-ferrocenoindene (Ib)

To a solution of 173 mg (0.500 mmole) of (Ia) in SO0 ml of THF was added drop-
wise a solution of 14.5 mmole of n-butyllithium in 10 ml of hexane with cooling in an
ice-bath. The reaction mixture turned dark-red and was stirred with cooling for 1 h.
It was then hydrolyzed and the resulting organic layer was separated. The aqueous
layer was extracted with petroleum ether and the combined organic layer was dried
over anhydrous sodium sulfate. After evaporation of the solvents, the residue was
chromatographed over alumina using petroleum ether as an eluant to give 146 mg
(84.4%; yield) of 1-endo-(trimethylsilyl)-2,3-ferrocenoindene (Ib), m.p. 68-71° (re-
crystallized from methanol). (Found: C, 69.47; H, 6.55. C,oH ,,FeSi calcd.: C, 69.36;
H, 6.40%;.) IR : 1610, 1250, 1107 and 1000 cm ™ '. Another run involving alcoholysis
by tert-butyl alcohol instead of hydrolysis gave the same result.

Methanolysis of (Ia) in the presence of anhydrous ferric chloride

In a two-limbed glass tube were placed separately a solution of 124 mg (0.348
mmole) of (Ia) in 5 ml of absolute methanol, and a solution of 113 mg (0.696 mmole)
of anhydrous ferric chloride in 5 ml of absolute methanol. These solutions were de-
gassed by several freeze-thawings in vacuo. The tube was then sealed under vacuum
and the two solutions were mixed at room temperature. The mixture immediately
turned dark-green, indicating the formation of ferricenium ions, and then rapidly
turned brown. After standing for 10 min, the solution was then added to water (50 ml)
and the mixture was extracted twice with 30 ml-portions of petroleum ether. The
extracts were dried over anhydrous sodium sulfate. After evaporation of the solvent,
the residue was chromatographed over alumina using petroleum ether as an eluant
to give 87.5 mg (82.7%; yield) of oily 1-exo-methoxy-2,3-ferrocenoindene (IIa).
(Found: C, 71.35: H, 5.59. C,gHcFeO calcd.: C, 71.08; H, 5.30%;.) IR : 2810, 1611,
1107,and 1000 cm ~'. Inasecond run, (Ia) (113 mg, 0.317 mmole) was similarly allowed
to react with FeCl; (103 mg, 0.636 mmole) in methanol (10 ml) at room temperature
for 42 h. After work-up as above, 55.4 mg (57.57 yield) of a mixture of (IIa) and (IIb)
in the ratio of 1.7/1 (determined by the NMR spectroscopy) was obtained.

Methanolysis of (Ib) in the presence of anhydrous ferric chloride

In essentially the same manner 105 mg (0.303 mmole) of (Ib) was allowed to
react with 98.3 mg (0.606 mmole) of anhydrous ferric chloride in methanol (10 ml) at
room temperature for 10 min. After work-up, 70.0 mg (76.0%/ yield) of (IIa) was ob-
tained. In a second run, (Ib) (40.0 mg, 0.116 mmole} was similarly treated with FeCl,
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(38.6 mg, 0.232 mmole) in methanol (10 m1) at room temperature for 1 h. After work-up
- 27.6 mg (78.2 % yield) of a mixture of (IIa) and (IIb) in the ratio of 4.9/1 was obtained.

Acid-catalyzed epimerization of (11a) and (I11b)

In a two-limbed glass tube were placed separately  solution of 29.7 mg
(0.0976 mmole) of (IIa) in 9 ml of absolute methanol and 1 mI of a 2.24 M methanolic
solution of hydrogen chloride. These solutions were degassed by several freeze-
thawings under vacuum. The tube was evacuated, then sealed, and the two solutions
were mixed at room temperature. The mixture was allowed to stand at room tem-
perature for 46 h. After work-up, chromatography over alumina using ether as an
eluant gave 26.1 mg (87.9%/ yield) of a mixture of {IIa) and {IIb) in the ratio of 2.0/1.

Similarly, (IIb) (47.2 mg, 0.155 mmole) was allowed to react in a 0.224 M
methanolic solution (10 mi) of hydrogen chloride at room temperature for 40 h.
Chromatography gave 37.5 mg (79.47 yield) of a mixture of (IIa) and (IIb) in the ratio
of 4.0/1.
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