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Summary 

Reaction of 1-fluoro-,-l-chloro- or 1-bromo-naphthalene with ferrocene and 
A.lCI;/Al in refluxing cyclohexane gave the ?z-l-halonaphthalene-r-cyclopenta- 
dienyliron cation (III, IV or V) in which the (Cp)Fe group is complexed only to 
the unsubstituted aromatic ring. A similar reaction with 2_methylnaphthaIene, 
however, gave rise to both r-2-methylnaphthalene-r-cyclopentadienyliron cations 
in which either the substituted or the unsubstituted aromatic ring was complex- 
ed to (Cp)Fe. With 1-bromonaphthalene under these reaction conditions, in ad- 
dition to ion V, both the dehalogenated n-naphthalene-n-cyclopentadienyliron 
cation (I) and the hydrogenated n-tetralin-n-cyclopentadienyliron cation (II) 
were obtained. When the reaction was carried out in the presence of I2 or DPPH 
as radical scavenger, the formation of II was eliminated, thus strongly implicat- 
ing radical reactions in the hydrogenation process. Moreover, when perdeutero- 
naphthalene was converted to II, extensive H-D exchanges were observed. To 
account for these results, a hydrogenation mechanism involving radical ions as 
key intermediates is proposed. 

Introduction 

Recently, we reported the observation of a novel hydrogenation of the aro- 
matic Iiged during the synthesis of ?r-arene-r-cyclopentadienyliron mono- and 
c&cations Cl]_ Thus anthracene reacted with ferocene in the presence of 
AK&/Al to give the same mono- and d&cations as those derived from 9,lOdihy- 
droanthracene, while naphthalene yielded a mixture of the naphthalene and te- 
tralin complexes I and II, with greater amounts of II being formed at higher reac- 
tion temperatures. The present paper describes an extension of these studies, in- 
cluding the work with 1-fluoro-, l-chloro-,-l-bromo- and 2-methyl-naphthalenes. 
The data led to the suggestion of a mechanism for the hydrogenation process, 
involving the formation of rz%dical ions as key intermediates. 
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Discussion 

I-Halonaph thalenes 
Nesmeyanov and coworkers [Z] reported that the AK&/Al catalyzed ligand 

exchange between ferrocene and chlorobenzene gave, beside the n-chloroben- 
zene-ncyclopentadienyliron cation, a coupling product, n-biphenyl-?r-cyclopen- 
tadienyliron cation, while from bromobenzc-ne, both 7r-bromobenzene-7r-cyclo- 
pentadienyliron and n-benzene-r-cyclopentidienyliron cations were obtained. 
In our previous work [1], we found that the reaction of 1-chloronaphthalene, at 
the relatively mild temperature of about 80°C (refluxing cyclohexane), gave the 
rr-1-chloronaphthalene-r-cyclopentadienyhron cation (III) in which the unsub- 
stituted aromatic ring was complexed to the (Cp)Fe group. At about 19O”C, 
however, a mixture of I and II was obtained, indicating both dehalogenation and 
hydrogenation_ In the present study, the milder temperature of 80°C was uti- 
lized in an attempt to minimize the formation of mixed products. When l-fluoro- 
naphthalene was treated with ferrocene and AlClJAl in refluxing cyclohexane, 
the only product was the expected r-1-fluoronaphthalene-r-cyclopentadienyliron 
cation (IV), with the complexing taking place on the unsubstituted ring. With 
I-bromonaphthalene, however, even at 80°C a mixture of rr-l-bromonaphthalene- 
r-cyclopentadienyliron cation (V) and the dehalogenated ion I as well as the hy- 
drogenated ion II were obtained, the relative product composition, for a reaction 
time of 6 h, being about X:65:20 for V/I/II. 

Br 

CP CP CP 
(III) (IV) iv) 

In the identification of ions III, IV and V, 13C NMR proved to be extremely 
useful. As illustrations, the ‘H-decoupled r3C NMR spectra for III and IV are 
given in Fig. 1. Since the carbon atoms of the complexed ring give absorptions 
at higher field than the carbon atoms of the uncomplexed ring [1,3], the appear- 
ance of 4 lines at higher field and 3 lines at lower field corresponds to 4 carbon 
atoms with nuclear Overhauser enhancement in the complexed ring and 3 -car- 
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Fig. 1. ‘H-Decoupled ’ 3C NMR spectra: A. z-chloronaphthalene-sr-cyclopentadienyliion cation (HI): B. 
n-1-fluoronaphthalene-n-cyclopentadienyliron cation (IV). 

bon atoms with such enhancement in the uncomplexed ring. Clearly, this fits 
the assigned structures III, IV and V_ Moreover, in ion IV, i3C--19F coupling gives 
rise to well defined doublets, and from the magnitudes of the coupling con- 
stants, assignments of these lines to C(2,3,4) and C(8) can be made [4]_ The 
chemical shifts in the 13C NMR spectra and their assignments for III, IV and V 
are summarized in Table 1. 

2-Methylnaphthalene 
For comparison with the l-halonaphthalenes, 2methylnaphthalene * was 

treated withferroceneand AICIJ/Al inrefluxingcyclohexane. A 55:45 mkture 

of n-Zmethylnaphthalene-n-cyclopentadienyliron cations VIA and VIB was ob- 
tained, with the (Cp)Fe group complexing to a somewhat greater extent to the 

CP CP 
(PIA) CYIB) 

unsubstituted ring. The 13C NMR spectra (Fig. 2, A and B) again were extreme- 
ly useful for structural differentiation. Thus ions VIA and VIB gave 3 and 4 lines, 
respectively, in the uncomplexed aromatic region, and 4 and 3 lines, respectively, 
in the complexed aromatic region. 

Nesmeyanov [2] has concluded that the effect of substituents in the benzene 

* A commercial sample of 1-methylnaphthalene was found to be contaminated with 2-methylnapht- 
halene. hence pure 2-methylnaphthalene was utilized. 
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Fig. 2. ’ H-Decoupled ’ 3C NMR spectra: A. ~-2-methylnaphthalene-rrsyclopentadienyuron cation <VIA): 
B, mixture of r-2-methylnaphthalene-zr-cyclopentadienyliron cations (VIA and VIB). the inset shows the 
expanded spectrum of the uncomplexed aromatic region <chemical shifts given for VIB only in Fig. 2B). 

ring on the reactivity of the Iigand exchange reaction with ferrocene is similar to 
such substituent effects in the Friede!-Crafts reaction. Besides the electronic 
factor, steric effects have also been suggested as playing a part [5]. Since the 
fluoro-, chloro- and bromo- substituents are electron-withdrawing, it is not sur- 
prising to fiid that ligand exchanges occur with- the unsubstituted ring in the X- 
1-halonaphthalene-7r-cyclopentadienyliron cations III, IV and V. With 2-methyl- 
naphthalene, however, the electron-donating effect of the methyl group is weak 
and it is unable to limit the ligand exchange only to the substituted ring. Indeed 
a somewhat greater amount of complexing of the (Cp)Fe group to the unsubsti- 
tuted ring was observed, and possibly this may be attributed to the influence of 
a steric factor. Thus a direct parallel in reactivity to the Friedel-Crafts reaction 
does not hold, and this is further demonstrated by the observation that attempts 
to bring about ligand exchange reactions with 1-methoxy- or 2-methoxynaph- 
thalene resulted only in decomposition, with no isolable product. 
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Mechanism of hydrdgenatk and dehaloger&i&zf. -’ ! _ 1 ’ .‘.-.:, ’ --. 
The ready formation-of the hydrogenated~ion~.II as one offthe prod&s from- 

the reaction of bromonaphthalene at a relatively. low temperature is.a departure 
from the behavior of naphtha&e. or l-chloronap~th~ene,..~~ich.requ~~~a higher 
reaction temperature to give hydrogenation: However, the reaction .of .@thracene 
at relatively low temperatures also gave hydrogenated prod&s [I]: Since the 
complexing of tw0 (Cp)Fe groups.to antbracene leaves two. unpaired.electrons, 
and since the formation. of the biphenyl complex from chlorobeniene’prestiin- 
ably &es from coupling with the phenyl radical 121, the possibility-of anin- 
volvement of radical processes is clearly worthy of investigation. When bromo- 
naphthalene was treated wi+h ferrocene and AK&/Al in cyclohexane in the.pres- 
ence of iodine or diphenylpicrylhydrazyl (DPPH) as radical scavenger, it was 
found that the products were a mixture of .V and the dehalogenated’ion I, with 
no detectable amount of the hydrogenated ion II. This finding clearly implicated 
radicals as being involved in the hydrogenation process. 

In our previous and current work, the reactants were generally employed in 
the molar ratio of 1 : 1 : 2 : 1 for arene/ferrocene/AlClJAl. When naptha- 
lene was treated in the usual way [l], but with increasing amounts of AK& 
the extent of formation of the hydrogenated ion II was found to increase. For 
example, with 10 molar equivalents of AK& at 14O”C, the only product obtain- 
ed was ion II. When perdeuteronaphthalene was treated under these conditions 
(1 : 1 : 10 : 1 for arene/ferrocene/AlClJAl at 140”(Z), extensive H-D exchange, 
as indicated by ‘H NMR, was observed in ion II (see Experimental). Apparently, 
under the conditions of ligand exchange reactions, Ah&, being a strong Lewis 
acid, is capable of abstracting hydride (or deuteride) ions, presumably as HAlCls- 
(or DAK&-), from naphthalene. Recombination with hydride ions derived, for 
example, from the hydrocarbon solvent would lead to H-D exchange. Such a 
mechanism could also explain the dehalogenation observed with 1-chloro- and 
1-bromonaphthalene. 

X 

I I 1 
CP CP CP 

(III 0rY) (VII) (I) 
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To account for the hydrogenation process, as a working hypothesis, it may be 
suggested that after abstraction of H- or X- to VII, an intramolecular oxidation- 
reduction takes place to give a radical ion as a key intermediate (VII = VIII). Such 
an infzamoIecular oxidation-reduction has an analogy in the formation of the 
ferrocenylphenylcarbinyl cation which gave rise to radical ion IX, and this radical 
ion would subsequently undergo radical reactions [6,7]. Abstraction by VIII of 
H- , probably from the hydrocarbon solvent, will give the ferricinium-type ion 
X. Previously, it has been noted [l] that the hydrogen did not arise from D20 
added during work up. Since fenicinium ions are known to undergo radical reac- 

CP CP 

I 
CP 

1 
CP 
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tions [8,9], the subsequent hydrogenation step could be formulat&as a series 
of intramolecular oxidation-reduction &id radical reactions, the final step being 

_ a recombination with the hydride ion to give.the iron(I1) complex ion.. 
Since the formation of ferricinium-type ions and their conversion tqradical 

ions are key steps in the mechanism suggested above, it may be argued that in 
the presence of Al powder, formation of ferricinium ions could be inhibited. In 
the original ligand exchange reaction carried out by Nesmeyanov and coworkers 
]3.0,11], Al powder was added in order to minimize the oxidation of ferrocene 
to the ferricinium cation. As a control test, ferrocene was treated with AlCl,/Al, 
in the molar ratio of 1 : 2 : 1, in cyclohexane at room temperature. The blue 
ferricinium ion was formed and isolated as the hexafluorophosphate. Thus under 
the conditions of ligand exchange reactions, formation of fenicinium ions is 
indeed feasible. 

As already pointed out, we regard the proposed hydrogenation mechanism as 
a working hypothesis. Further work is currently underway in order to obtain 
more data which may be relevant to the mechanism for the hydrogenation of 
the aromatic ligands. Included in the additional work are studies with other 
arenes such as phenanthrene and pyrene. which, according to preliminary results, 
also give rise to some hydrogenation. These and other results will be reported in 
later communications. 

Experimental 

r-l-Fluoronaphthalene-r-cyclopentadienyliron cation (IV) 
The reaction of I-halonaphthalene with ferrocene in the presence of AlC13/Al 

in cyclohexane was carried out as previously described for 1-chloronaphthalene 
[I]_ After treatment of 4.4 g (30 mmol) of l-fluoronaphthalene, 5.6 g (30 mmol) 
of ferrocene, 8.0 g (60 mmol) of AICls and 0.8 g (30 mmol) of Al powder in re- 
fluxing cyclohexane (100 ml) under N2 for 6 h, the resulting mixture was work- 
ed up 113 to give 2.7 g (22%) of the hexafluorophosphate of IV_ Recrystallized 
from acetone/ether, it melted with decomposition at 140-145”C, ‘H NMR (ace- 
tone-d,) 6 4-90 (5H, Cp, s), 6.7 (2H, arom., m), 7.6 (3H, arom., m), and 8.0 ppm 
(2H, arom., m). Its 13C NMR spectral data and their assignments are given in 
Table 1_ 

Reaction with I-bromonaphthalene 
I-Bromonaphthalene (6.2 g, 30 mmol), ferrocene (5.6 g, 30 mmol), AlC13 

(8.0 g, 60 mmol) and Al powder (0.8 g, 30 mmol) were refluxed in cyclohexane 
(100 ml) under N, for 6 h. After work-up in the usual manner [l], 3.5 g of 
a mixture of the hexafluorophosphate salts of n-l-bromonaphthalene-n-cyclopen- 
tadienyliron cation (V), r-naphthalene-r-cyclopentadienyliron cation (I), and r- 
tetralin-z-cyclopentadienyliron cation (II) was obtained, the relative amounts of 
V/I/II, based on the ‘H NMR absorption of the Cp peaks of V, I and II at 6 4.83, 
4.78 and 5.10 ppm, respectively, were about 15 : 65 : 20. Separation by column 
chromatography over alumina using acetone as eluant gave pure samples of the 
hexafluorophosphate salts of I and II [l], but no isolable amount of V. 

When the same reaction with l-bromonaphthalene was carried out except that 
the reaction time was decreased from 6 to 3 h, 3.0 g of a mixture of the hexaflu- 
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orophosphate salts of V and I, in the ratio of about 70 : 30, was obtained. Re- 
peated i-etirystallizations froth acetonitrile/ether gave the pure hexafluorophos- 
phate salt of V as fine orange needles, m-p. 140-143°C (dec), ‘H.NMR (acetone- 
&) 6 4.83 (5H, Cp, s), 6.7 (2H, arom., m), 7.6 (3H, arom., m), and 8.1 ppm 
-(2H, arom., m). The 13C NMR data and their assignments are given in Table 1. 

When the reaction of 1-bromonaphthalene was carried out again under the 
same conditions for 6 h but in the presence of 100 mg of I2 or DPPH as radical 
scavenger, about 2.0 g of hexafluorophosphate salts were obtained and ‘H NMR 
showed the presence of about a 50 : 50 mixture of the hexafluorophosphate 
salts of V and I, but no hydrogenated product II. 

Reaction with 2-methylnaphthalene 
A mixture of 5.0 g (35 mmol) of 2_methylnaphthalene, 6.6 g (35 mmol) of 

ferrocene, 9.4 g (70 mmol) of AlC13 and 1.0 g (35 mmol) of Al powder in 100 
ml of cyclohexane was refluxed under N2 for 20 h. After work-up in the usual 
manner El], 2.5 g (17%) of a mixture of the hexafluorophosphate salts of r-2- 
methylnaphthalene-r-cyclopentadienyliron cations (VIA) and (VIB) was obtain- 
ed. The ratio of VIA (unsubstituted ring complexed to (Cp)Fe) to VIB (CH,-sub- 
stituted ring complexed to (Cp)Fe) was estimated to be 55 : 45 on the basis of 
the intensities of the ‘H NMR absorptions of the Cp groups (S 4.73 and 4.70 
ppm, respectively, for VIA and VIB) and the CH, groups (6 2.55 and 2.70 ppm, 
respectively, for VIA and VIB). After repeated recrystallizations from acetone/ 
ether, the pure hexafluorophoshate salt of VIA was obtained, m-p. 190-192°C 
(decomp), ‘H NMR (acetone-&) 6 2.55 (3H, CH3, s), 4.73 (5H, Cp, s), 6.5 (2H, 
arom., m), 7.4 (2H, arom., m), and 8.0 ppm (3H, morn., m)_ The more soluble 
component was assigned to VIB, which gave ‘H NMR absorptions at 6 2.70 and 
4.70 ppm for the CH3 and Cp groups. The 13C NMR spectra for VIA and a mix- 
ture of VIA and VIB are shown in Fig. 2. 

Reaction with perdeuteronaphthaiene 
In preliminary trials, it was found that the use of a large excess of AlC13 in 

the naphthalene/ferrocene/AlCl,/Al reaction mixture greatly increased the rela- 
tive proportion of the hydrogenated n-tetralin-r-cyclopentadienyliron cation 
(II). In order to investigate the extent of exchange in the formation of II, the 
following experiment was carried out. 

A mixture of perdeuteronaphthalene (CloDs, Merck, Sharp and Dohme Canada 
Ltd., 1.36 g, 10 mmol), ferrocene (1.86 g, 10 mmol), AICls (13.3 g, 100 mmol) 
and Al powder (0.27 g, 10 mmol) in 25 ml of dried and redistilled decalin was 
heated under Nz at 140” C for 4 h. After work up in the usual manner [ 11, a 30% 
yield of the hexafluorophosphate salt of II was obtained as the only product. 
Its ‘H NMR spectrum, except for the difference in relative intensities, was the 
same as that previously observed for II [l]_ On the assumption that the Cp ab- 
sorption at 5.10 ppm corresponds to 5H (i.e. assuming no exchange of H for D 
in the Cp group), the complexed aromatic ring showed absorptions at 8 6.32 
ppm corresponding to about 3H (instead of 4H if no D), and the uncomplexed 
saturated ring showed absorptions at 6 3.00 and 2.10 ppm corresponding to 
nearly 8H, indicating almost complete exchange of all D for H. 
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~Ferric&ium hexaflrtorophosphate- ‘. 
.. 

.. .- -.-’ :+..‘.:.. ,1 . . ‘. 

A-mixture of 4.7 g (25 mmol) of ferrocene, :@.7’g (50 mmol).of Al& and 0.7 
g (25 mmbl) of Al powder in 50 ml 6f dried and redistilled cy&hexa&e was 
stirred under N, at room temperature (20°C): The,reaction, mixture turned blue, 
and after 7 h of stirring the resulting material ‘was cooled-.in an ice-bath, and ice 
was slowly added to decompose the AK&. The aqueous layer was separated, 
washed twice with cyclohexane and then filtered iJlto 10 ml of a saturated solu- 
tion of NH,PF,; Upon cooling in a refrigerator, about a 10% yield of the blue 
ferricinium hexafluorophosphate was obtained. Its UV and ESR spectra were 
essentially identical to those previously reported for this ion [12]. 

It is of interest to note that in ligand exchange experiments which gave exten- 
sive hydrogenation under relatively mild conditions, such as in the reaction with 
anthracene at 80°C or with naphthalene at 140°C with 10 molar excess of 
AlC13, the aqueous filtrate after the isolation of’the hydrogenated n-arene--rr-cy- 
clopentadienyliron complex was blue, suggesting the probable presence of the 
ferricinium ion as a by-product. Under conditions which gave only some hydro- 
genation at high temperature, the blue color was not observed; presumably, any 
fenicinium ion that may have been formed would have decomposed. 
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