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Summary

Anthracene reacts with ferrocene in the presence of AICl;/Al to form the =
same mono- and dications derived from 9,10-dihydroanthracene. Naphthalene
yields arene complexes of both naphthalene and tetralin, the product formed be-
ing dependent on the reacticn temperature.

Introduction

_ In 1963, Nesmeyanov [1,2] reported that 7-arene-r-cyclopentadienyliron
cations could be prepared by the reaction of benzene and substituted benzenes
with ferrocene and AICl;, Al powder being added to convert any ferricenium ion
formed back to ferrocene. Later work showed that benzene could be replaced =
by other arenes including naphthalene and fluorene [38]. Much interesting chem-
istry has developed in this area and the early studies have been reviewed [4,5].
Our interest in this area was aroused by the observation that the cyclopentadi-
enyl ligand of ferrocene could be intramolecularly displaced by an arene, this -
being exemplified by the reactlon of bisindenyliron with BF;-etherate to give -
the corresponding ﬁ-arene-ﬂ-cyclopentadlenyhron cation [6]. These studies led"
to our attempts to prepare dications from arenes such as fluorene by treating
the ﬂ-ﬂuorene-ﬂ-cyclopentadlenyluon cation with excess ferrocene, whereby

the correspondmg dication was isolated [7]: While further studies on other arene
systems were in progress in this laboratory, Hendrickson et al. [8] used a shght
modification of our procedure to extend the observations to other arene Sys- -
tems. Subsequently, these workers [9] reported extensrvely on the electromc

_ ‘properties of these dications. In the present paper, we. report the results of our
studies w1th both anthracene and’ naphthalene. R T T Th I AR
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Discussion

Anthracene
Anthracene (1) is a 14-mw-electron system, and so would not be expected to

form a dication since each coordinated arene ring is required to donate six =-

" electrons to each iron atom, and formation of such a species would leave an odd
electron on both the 9- and 10-positions. Hendrickson et al. [8] have reported
that anthracene binds two (Cp)Fe moieties and ascribed the symmetrical struc-
ture II to the dication. The '*C NMR spectrum of this species was discussed in
some detail with particular emphasis on the problem of identifying the 9,10-
anthracene carbon resonances and their possible accidental degeneracies. The

'"H NMR spectrum was also held to be consistent with TI, the resonance at 32
Hz higher field than the Cp ring being ascribed to the 9,10-protons. In our work,
the reaction of anthracene with ferrocene and AlCl;/Al under mild conditions
produced a monocation which was identical in all respects with monocation 1V,
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Fig Y. IH—Deqoupled B nMR spectra: a, ﬂ'~9.10-dihydroanthracene-{r-cyclopentadienyliron monocation
(IV): b, bis-(7-9,10-dihydroanthracene-w-cy clopentadienyliron) dication (V). Insets show Ip—13¢ cou-
pling of CH3 from off resonance experiments.



TABLE 1

13¢ MAGNETIC RESONANCE DATA

& (DMSO-dg). ppm from TMS

Ion Uncomplexed Complexed CH, Cp
aromatic aromatic
v 134.1 (quat)? 102.7 (quat) 33.5 75.8
127.2, 126.7 86.3, 85.7
v 99.0 (quat) 31.9 77.1
86.5, 86.3
Vil 102.8 (quat) 28.8 71.7
87.6, 86.9 22.4
VIII 132.7, 131.8 96.6 (quat) 77.2
87.6, 86.0
@ Denoting quaternary carbons.
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previously obtained from 9,10-dihydroanthracene [10]. Its 'H NMR spectrum
consisted of four groups of resonances at § 7.51 (4H, uncomplexed ring, m),

6.51 (4H, complexed ring, m), 4.67 (5H, Cp, s), and 4.12 (4H, two CH,, s). Its
13C NMR spectrum, shown in Fig. 1a, is also consistent with a 9,10-dihydroan-
thracene moiety as the arene ligand. The chemical shifts of the '*C spectrum

are summarized in Table 1. An important feature is the signal at 33.5 ppm, diag-
nostic of a saturated carbon and it is established as a methylene group by off reso-
nance experiments.

A dication could be formed directly from anthracene or from the mono-
cation by further treatment with ferrocene and AICl;/Al. Again the spectra are
consistent with the conversion of the ligand to 9,10-dihydroanthracene. The 'H
NMR spectrum now consists of three signals, § 6.60 (complexed ring, m), 5.02
(Cp, s), and 4.55 (CH,, s) with an integral ratio of 4/5/2. The '3C NMR spec-
trum is shoewn in Fig. 1b, with the chemical shifts also summarized in Table 1.
Of interest is the aliphatic line at 31.9 ppm, again shown to be due to CH,
groups by off resonance experiments.

In addition to the NMR studies, both the mono- and dicationic species were
photolyzed using 253.7 nm radiation in THF. The resulting material, after being
chromatographed over alumina, gave a mixture of ferrocene anf 9,10-dihydroan-
thracene. From the present work, it is concluded that anthracene does not func-
tion as a stable ligand in Nesmeyanov’s reaction; probably, the monocation III
is unstable and abstracts hydrogen to give the same species, IV, as that isolated
from 9,10-dihydroanthracene. The monocation IV can then be converted to di-
cation V (Scheme 1).

Nephthalene

The observation of hydrogenation in the reaction with anthracene led to a
search for other such reactions, and the reaction of naphthalene (VI) with fer-
rocene and AiCls/Al described by Nesmeyanov [3] and later by Hendrickson
[8] was reinvestigated. The course of the reaction was found to be temperature
dependent. When the reaction was carried out in refluxing decalin, only prod-
uct VII was isolated. This proved to be identical with the product obtained
when tetralin was treated under these conditions. Its '*C NMR spectrum is
shown in Fig. 2a and the chemical shifts are again summarized in Table 1. The
features of interest are the two lines at 28.8 and 22.4 ppm, which are assigned
to the saturated carbons of the tetralin ligand; off resonance (inset) shows that
they are methylene groups. The 'H NMR spectrum shows four sets of signals at
6 6.32 (complexed ring, s), 5.10 (Cp, s), 3.00 (protons at C-2,3, m), and 2.10
(pretons at C-1,4, m) with integral ratio of 4/5/4/4.

As the temperature of the reaction of naphthalene with ferrocene and
AlCl1;/ Al was lowered, a mixture of products was obtained. These were the tetra-
lin complex VII and the naphthalene complex VIII. The mixture could be sep-
arated over alumina using acetone as eluant, with the tetralin complex being
eluted first. At temperatures of about 140°C, an approximately 1/1 mixture of
the complexes was obtained, while reaction in refluxing methylecyclohexane
(b.p. 101°C) gave the pure naphthalene complex VIII. The *C NMR spectrum
of VIII is given in Fig. 2b (chemical shifts given in Table 1), and the *3C spec-
trum of a representative mixture is shown in Fig. 2c. The 'H NMR spectrum of
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Fig. 2, IH-Decoupled 13c NMR spectra; a, 7-tetralin-n-cyclopentadienyliron monocation (VII); b, m-naph-
thalene-n-cyclopentadienyliron monocation (VIII); ¢, mixture of VII and VIII. Insets show 1 13¢ cou-

pling of CH1 from off resonance experiments,

VIII shows absorptions at § 8.04 (4H, uncomplexed ring, m), 7.48 (2H, o-H of
complexed ring, m), 6.60 (2H, §-H of complexed ring, m) and 4.78 (5H, Cp, s).
Photolysis of VIII gave, as expected, a mixture of ferrocene and naphthalene,
which could be separated chromatographically. Thus it can be seen that the na-
ture of the reaction occurring between naphthalene and ferrocene, in the pres-
ence of AlICl;/Al, is temperature dependent, with higher temperatures favoring
hydrogenation: 1,2-Dihydronaphthalene as well as 1,4-dihydronaphthalene
treated under similar conditions at 160 or 180°C in decalin also gave the tetra-

lin complex VII.
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oChloronaphtkalene

Earlier studies by Nesmeyanov [3] have shown that halobenzenes are some-
times dehalogenated during the formation of w-arene-m-cyclopentadienyliron ca-
tions, and it is thus of interest to investigate the reaction with a-chloronaphtha-
lene (IX). IX reacts in refluxing cyclohexane to give X in which the unsubstituted
ring was complexed to the (Cp)Fe group. When refluxing decalin was used as sol-
vent in this reaction, a mixture of VII and VIII was obtained in yields of 18 and
6%, respectively, showing that dehalogenation as well as hydrogenation could
take place. The dehalogenation differs from that observed previously [3] in that
it is the uncomplexed aromatic ring which loses halogen.

195°C
Cl Vi + ViII
Ferro
OO errocene o
AlCl3 /AL
(IX) | _8o°Cc_
T
Cp
(X)

Some preliminary experiments have been carried out in an attempt to ob-
tain information on the mechanism of this novel hydrogenation. A final step in
the reaction work-up involves quenching with water and isolation of the hexa-
fluorophosphate salt from the aqueous phase. Replacement of the water by D,O
did not cause any incorporation of deuterium into the product, thus indicating
that the hydrogenation took place during the reaction, and not during the work-
up of the reaction mixture. Attempts to hydrogenate VIII using hydrogen and
Pt as catalyst caused no reaction, VIII being recovered unchanged. Thus the dou-
ble bonds in the uncomplexed ring are not ‘““localized” by the formation of the
complex; i.e., it is not a dienoid system. This conclusion is reinforced by the
lack of reactivity of VIII with tetracyanoethylene under Diels—Alder conditions
or with triplet O, in the presence of AlICl; [11]. AICL; in decalin at 160 or 180°C
does convert VIII to VII; but a Lewis acid under these conditions would be ex-
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pected to disproportionate the w-arene-m-cyclopentadienyliron cation to ferro-
cene and the arene, and thus this conversion, although synthetically useful, does
not provide any mechanistic information.

Experimental

7-9,10-Dihydroanthracene-n-cyclopentadienyliron cation (IV)

(a) From 9,10-dihydroanthracene. 9,10-Dihydroanthracene (19.8 g, 60
mmol), ferrocene (11.2 g, 60 mmol), AlCl; (16.0 g, 120 mmol) and Al powder
(1.6 g, 60 mmol) were refluxed in methylcyclohexane (150 ml) for 20 h under
N,. The mixture was cooled and ice (50 g) was added. The organic layer was
separated and extracted with H,O (3 X 100 ml). The combined aqueous phase
was washed with cyclohexane (2 X 30 ml) and then filtered into a concentrated
solution of ammonium hexafluorophosphate. The hexafluorophosphate salt of
IV precipitated (9.5 g, 36%) and was recrystallized from acetone/ether as green-
ish needles, m.p. 84-86°C (dec.). (Found: C, 50.97; H, 3.97. C,sH,,F¢FeP calcd.:
C, 51.15; H, 3.84%.)

(b) From anthracene. Anthracene (5.0 g, 28 mmol), ferrocene (5.2 g, 28
mmol), AlCl; (7.5 g, 56 mmol) and Al powder (0.76 g, 28 mmol) were refluxed
in methylcyclohexane (100 ml) under N, for 20 h. The mixture was worked up
as described above to give a greenish crystalline precipitate (4.9 g, 39%) which
was recrystallized from acetone/ether to give a product identical with that ob-
tained in a.

Bis-(m-9,10-dihydroanthracene-t-cyclopentadienyliron) dication (V)

(a) From IV. The hexafluorophosphate salt of IV (2.0 g, 4.5 mmol), ferro-
cene (1.7 g, 9.0 mmol), AICl; (1.80 g, 13.5 mmol) and Al powder (0.25 g, 9.0
mmol) were refluxed in methylcyclohexane (80 ml) under N, for 20 h. The
hexafluorophosphate salt of dication V (2.0 g, 62%) was obtained upon work-
up and was recrystallized from acetonitrile/ether as yellow needles, m.p. 190°C
(sintering) with dec. at 210°C. (Found: C, 40.54; H, 3.02. C;;H,,F,,Fe,P, calcd.:
C, 40.48; H, 3.12%.)

(b) From 9,10-dihydroanthracene or anthracene. When 9,10-dihydroanthra-
cene or anthracene was treated with two equivalents of ferrocene in the presence
of excess AlCl;/Al as described in a, the same hexafluorophosphate salt of V was
obtained in yields of 29 and 28%, respectively.

w-Tetralin-nm-cyclopentadienyliron cation (VII) and w-naphthalene-n-cyclopenta-
dienylironr cation (VIII)

The reactions of naphthalene, ferrocene, AICl; and Al, in molar ratios of
1/1/2/1, respectively, were carried out under N, in either methylcyclohexane or
decalin as solvent at different temperatures ranging between 80-195°C. The
work-up procedure was the same as that described for the isolation of the hexa-
fluorophosphate salt of IV. The products obtained were dependent on the reac-
tion temperature, and the yields were generally around 30%, but varied between
10-50%. In refluxing decalin (195°C), the only product that could be isolated
was the hexafluorophosphate salt of VII, which was identical with that obtained
from the reaction in which tetralin was used in place of naphthalene. The yellow
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hexafluorophosphate of VII crystallized from acetonitrile/ether, m.p. 202-204
°C. (Found: C, 45.60; H, 4.30; F, 28.5; Fe, 14.1; P, 8.0. C,sHl,FGFeP caled.: C
45.26; H, 4.30; F, 28.6; Fe, 14.0; P, 7.8%.) -

At lower temperatures of 80-100°C, the hexaﬂuorophosphate salt of VIII
was obtained. A typical experiment is as follows. A mixture of naphthalene
(5.25 g, 41 mmol), ferrocene (7.63 g, 41 mmol), AICl; (10.9 g, 82 mmol) and
Al powder (1.1 g, 41 mmol) was refluxed in methylcyclohexane (120 ml) under
N, for 16 h. After work-up in the usual manner, the hexafluorophosphate salt
of VIII (5.4 g, 33%) was obtained which crystallized from acetone/ether as or-
ange flakes, m.p. 166-168°C (dec.). (Found: C, 45.70; H, 3.35; F, 28.9; Fe, 14.4;
P, 7.6. C,sH,3FFeP caled.: C, 45.72; H, 3.32; F, 28.9; Fe, 14.2; P, 7.9%.)

When the reaction was carried out at temperatures intermediate between
100 and 195°C, a mixture of VII and VIII was obtained; for example, after heat-
ing the reaction mixture in decalin at 160°C for 16 h, the ratio of VII to VIII,
separated as the hexafluorophosphate salts by column chromatography over alu-
mina using acetone as eluant, was about 3/2.

At temperatures of 160 or 180°C in decalin, when the hexafluorophosphate
salt of VIII was treated with AICl;, or when 1,2- or 1,4-dihydronaphthalene was
treated with ferrocene and AlCl;/Al in the usual way, the hexafluorophosphate
salt of VII was obtained in yields of 20-50%.

Reaction with a-chloronaphthalene

(a) m-Chloronaphthalene-n-cyclopentadienyliron cation (X). «-Chloronaph-
thalene (4.9 g, 30 mmol), ferrocene (5.6 g, 30 mmol), AlCl; (8.0 g, 60 mmol),
and Al powder (0.8 g, 30 mmol) were refluxed in cyclohexane (80 ml) under
N, for 6 h. The reaction mixture was worked up in the usual way to give the
hexafluorophosphate salt of X (2.5 g, 19%) which crystallized from acetone/
ether as orange-brown needles, m.p. 140-145°C (dec.), *"H NMR (acetone-dg)

6 4.85 (bH, Cp, s), 6.7 (2H, complexed aromatic, m), 7.6 (2H, complexed aro-
matic, m}, and 7.9-8.4 (3H, uncomplexed aromatic, m). (Found: C, 41.18; H,
2.83. C,sH,,ClF¢FeP caled.: C, 42.04; H, 2.82%.)

(b) Mixture of VII and VIII from «a-chloronaphthalene. When a similar re-
action as described in a was carried out in decalin at 190°C for 28 h, after work-
up, a yellowish-orange product was obtained which was separated by column
chromatography over alumina with acetone as eluant to give the hexafluoro-
phosphate salts of VII and VIII in yields of 18 and 6%, respectively.

Photolysis experiments

A solution of the hexafluorophosphate salt of IV (650 mg, 1.46 mmol) in
THF (50 ml) was photolyzed under N, in a Rayonet reactor using 253.7 nm ra-
diation. The reaction was shown by TLC analysis to be complete in 1.5 h. The
deep green solution was poured into H,O (200 ml) and then extracted with me-
thylene chloride (3 X 30 ml). After drying over MgSQ,, the solvent was removed
and the residue subjected to column chromatography over neutral alumina using
hexane as eluant. A first fraction obtained gave about 300 mg of a mixture of
ferrocene and 9,10-dihydroanthracene while a second fraction gave 70 mg of
pure 9,10-dihydroanthracene, whose identity was confirmed by spectroscopic
comparison with an authentic sample.
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When a solution of the hexafluorophosphate salt of V or VIII was photo-
lyzed in a similar manner as described above, but with reaction times of 5 and 3
h, respectively, for V and VIiI, 9,10-dihydroanthracene was obtained from V
and naphthalene was obtained from VIIIL.

NMR spectra
The 'H and !'*C NMR spectra were obtained, respectively, using the HA-100
and XL-100 spectrometers.
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