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The protonation mechanism of metallocenes and [1.1]Jmetallocenophanes
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Abstract

A study of the protonation and deuteration of [1.1]lmetallocenophanes has revealed several details of the mechanism of
metallocene protonation. In [1.1)ferrocenophane, protonation at both metallocenes is immediately followed by elimination of
dihydrogen. The resulting bis-ferrocenium ion is substitutionally inert and no longer takes part in protonation or deuteration. This
convenient circumstance permits us to analyze the protonation mechanism in greater detail than monomeric ferrocenes would
allow. The reaction of {1.1}ferrocenophanes with deuterated acids leads to partially or completely deuterated rings, depending on
their structure and the reaction conditions. The experimental results on ferrocene-containing systems are not compatible with a
reaction path in which the incoming electrophile binds first to the iron and then transfers to the ring. Substitution must rather
occur by exo-attack on the ring, followed by transfer of the proton to the metal and back to either one of the rings. For protonated
ferrocene, a rapid equilibrium between ring- and metal-protonated species exists; deuterated acids lead to rapid and complete
H/D exchange. In contrast to the protonation of ferrocene, the protonation of ruthenocene occurs at the metal only, without any
participation of the Cp rings. Consequently, ruthenocene reacts with deuterated acids without H/D exchange. Studies on
[1.1)ferroceno-ruthenocenophane demonstrate the differences in the protonation of these two metallocenes.
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1. Introduction and background

Over a period of several years, we have investigated
the chemistry of [1.1]metallocenophanes from different
angles: studies of the synthesis [1-6], molecular [7-10]
and electronic [11-14] structure, conformational prop-
erties, [15] redox chemistry, [16] reactivity and func-
tionalization of [1.1]ferrocenophane and of its
ruthenocene analogs and the structure of carbocations
[17] and carbanions [18] derived from these species
produced a number of structural and mechanistic sur-
prises [19]. The reaction of ferrocenophanes with acids
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was exploited in a catalytic cycle: a polymer-bound
ferrocenophane was used in modifying the surface of Si
photocathodes as half of a solar cell for the production
of hydrogen from water [20]. Knowledge of the detailed
mechanism of metallocene protonation and, in particu-
lar, of the protonation and hydrogen elimination mech-
anisms in ferrocenophanes is intimately related to such
applications. In spite of this, considerable uncertainty
remains about the exact steps involved.

The protonation and, more generally, the elec-
trophilic substitution of the iron group metallocenes
has been investigated many times [21-32]. The argu-
mentation centered around the primary step in this
reaction and whether or not the electrophile would
first coordinate to the metal (“endo-attack”, path a in
Fig. 1) or attach itself to one of the rings (“exo-attack”,
path b of Fig. 1). Elegant early work by Rosenblum et
al. [22] showed that the latter would be much more
likely.

Two very recent publications have addressed the
protonation of ferrocene from the experimental [31]
and theoretical [32] side. Because these latest results

© 1994 - Elsevier Sequoia. All rights reserved



230 U.T. Mueller-Westerhoff et al. / Protonation of metallocenes and [1.1]metallocenophanes

Path a Fe+—E _ Fe+
<> <= <
Fe \ Fe y
< =X E <
Path b Fet 4—!1 —
S SN

Fig. 1. Endo (path a) and exo (path b) attack pathways for elec-
trophilic substitution of ferrocene.

again do not agree on the most probable pathway, we
present here some of our own work to clarify the
mechanism of protonation and deuteration of the met-
allocenes and metallocenophanes of iron and ruthe-
nium.

The compounds with which we will deal in this
paper are ferrocene (1), ruthenocene (2), the two
[1.1}metallocenophanes 3 and 4 of iron and ruthenium,
the [1.1lferrocenophane dimer § ([1.1.1.1)}ferro-
cenophane), and its mixed iron—-ruthenium analog 6.

1.1. Some relevant properties of metallocenes and metal-
locenophanes

The metallocenes have been known for over forty
years and need little introduction. A recent review [19]
on [1.1)metallocenophanes has summarized most of the
work related to this class. We therefore need only
discuss a few key properties to bring the present work
into focus.

Ferrocene can be reversibly oxidized at low poten-
tials to the deep blue-green paramagnetic monocation,
the ferrocenium ion, which is inert to substitution and
H/D exchange. A higher potential is required to oxi-
dize ruthenocene, and this oxidation is an irreversible
two-electron process which leads to the dication. Both
metallocenes act as very weak bases: their complete
protonation occurs in strong acids to form metallo-
cenonium ions which are easily oxidized. The acids to
be used therefore must be non-oxidizing to avoid for-
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Fig. 2. Schematic representation of the chemical shifts of the neutral
metallocenes in CCl, and of their protonation products in HBF;OH.

mation of the metallocenium ions: concentrated H,SO,
protonates ferrocene below 0°C but oxidizes it rapidly
at room temperature or above; ruthenocene dissolves
in concentrated H,SO, at room temperature and oxi-
dation is slow up to 40°C.

Several NMR investigations of the diamagnetic pro-
tonated species have been reported [23-27]. For proto-
nated ferrocene, often called the ferrocenonium ion,
the additional proton has mostly been assumed to
reside on the metal, although the protonation of the
Cp ligands has been established in interactions with
weakly acidic species. The NMR spectrum of ferrocene
in boron trifluoride hydrate (HBF;OH), first reported
in 1960 [21] showed the ten ring protons as a doublet
(J=1 Hz) at 5.2 ppm (compared to 4.1 ppm in fer-
rocene) and the “hydridic” proton near —2 ppm as a
broad signal with no discernible fine structure (Fig. 2).
The coupling of the “hydridic” proton with all ring
protons was taken as evidence that the proton resides
at the metal and that it interacts equally with both
rings. We will show in this paper that this is an incom-
plete and incorrect interpretation.

Ruthenocene in HBF,;OH (Fig. 2) shows no cou-
pling between the ring protons and the hydridic pro-
ton: sharp singlets are observed at 5.6 ppm (ring pro-
tons) and — 6.2 ppm (hydridic proton). The first report
[21] noted an integral ratio of these signals (16:1)
which corresponded to less than one hydridic proton,
and this was taken as evidence for a lesser basicity of
ruthenocene as compared to ferrocene. Our own inves-
tigations of the NMR spectra of the protonated metal-
locenes showed clean 10:1 integrals for protonated
ferrocene and for ruthenocene.

In analogy to structurally characterized metallocene
hydrides such a Cp,ReH and related systems [33], it
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has been assumed that the protonated ferrocene also
has the typical bent structure. This is reasonable if we
consider that the ligands in ferrocene [34] and in the
ferrocenophanes [10,35] are planar and coplanar with a
ring-ring distance of = 330 pm. Because this distance
is even less than the Van-der-Waals thickness of an
aromatic ring, such as the interplanar distance of 340
pm found in crystalline aromatics, it is a priori not
likely for a proton to fit in without some degree of
deviation of the rings from coplanarity to make some
room for the additional ligand. The situation could be
quantitatively different for ruthenocene, which has a
ring—ring distance of 370 pm and thus could accommo-
date a proton more easily.

Quantum chemical calculations on ferrocene differ
in detail, but all agree on the fact that the metal carries
a positive charge. A calculation [12] at the INDO level
showed a charge of + 1.9 on the iron in neutral fer-
rocene; the most recent published data [32] show a
spread between + 1.16 and 0.29, depending on the
computational level; a recent IEHT calculation [36]
reduced this charge to + 0.51 as an excellent compro-
mise value. The positive charge makes an attack of
electrophiles at the metal unlikely, because more or
less severe Coulomb repulsion would have to be over-
come whereas the negatively charged ligands would be
the more likely point of attack.

The IEHT results for ruthenocene suggest, in com-
plete contrast to ferrocene, a considerable negative
charge on the central metal [36]. Although several
accepted parameter sets for ruthenium are currently in
use and the results therefore are more ambiguous than
those for ferrocene, the existence of some negative
charge on ruthenium makes direct attack of an elec-
trophile a very plausible route.

The IEHT calculations also provide a ready expla-
nation for the differences in oxidation potential and in
the oxidation process of the two metallocenes (vide
supra). As shown in Fig. 3, the 3,,, AO is the HOMO
in ferrocene, losing and regaining an electron upon
oxidation and reduction. In ruthenocene, the 4, AO
lies below the degenerate ligand 7-MOs. Loss of one
electron is accompanied by Jahn-Teller splitting which
raises the energy of the unpaired electron above the
original MO level. The second electron therefore is
more easily lost than the first, which results in the
observed two-electron oxidation.

The pitfalls of applying more sophisticated quantum
chemical methods to ferrocene were already docu-
mented by Park and Aml6f [37]. Understandably, the
most recent attempt [32] to decide between the exo-
and endo-pathways is inconclusive: at the HF level, exo
attack was favored whereas a MP2 calculation showed
the endo pathway to be preferred. It appears that the

less sophisticated methods are better suited to mimic
the experimental facts and that exo attack is favored
for ferrocene and endo attack for ruthenocene. All
theoretical methods agree in one important detail:
when bound to the metal, the proton transfers almost
all of its charge to the metallocene and this species is
best described as having an almost neutral hydrogen
atom attached to a ferrocenium system.

The mechanistic question of exo vs. endo attack was
also investigated theoretically for [1.1)ferrocenophane
at the INDO level [14]. This study found ring protona-
tion to be energetically favored over metal protonation
as the first reaction step, but it did not rule out the
possibility that direct protonation at the metal sites
could be an alternate low energy pathway, if the opti-
mized geometries were different from those used in the
calculation.

1.2. [1.1]Metallocenophanes

The [1.1]Jmetallocenophanes can contribute valuable
information to the problem of the exact pathway of
metallocene substitution reaction, because linking met-
allocenes in this manner produces systems with elec-
tronically non-interacting metallocenes in which the
metal centers are nevertheless held closely together.
This introduces reaction pathways which are not possi-
ble in mononuclear systems.

To discuss their structure and reactivity, we will
focus on [1.1}ferrocenophane (3, abbreviated as FCP),
the by far best investigated example of this class. One
might assume that this compound should exist in two
isomeric forms or as a mixture thereof: the two methy-
lene bridges in FCP should either be on the same side
(syn form, syn-3) or on opposite sides of the two
ferrocenes (anti form, anti-3). In both forms the pro-
tons in the inner a-position would be severely crowd-
ing each other.
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Fig. 3. Simplified MO diagram showing only the highest occupied
MOs of ferrocene and ruthenocene.
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Dreiding models demonstrate that an undistorted
anti form is totally rigid and cannot relieve the over-
crowding, unless the Cp ligands undergo a major tilt to
a non-coplanar structure [35,38]. Only the syn form is
flexible enough to relieve all steric problems. This
flexibility is directly linked to the ease with which the
two cyclopentadienyl ligands can rotate with respect to
each other, although this motion now is coupled by the
methylene links to the other ferrocene. This degree of
freedom lets the molecule undergo synchronized mo-
tion from one syn conformation to its mirror image
[3,39]. This flexibility can be diminished or even sup-
pressed by substituents either on the rings [15] or on
the bridges [39,40].

The syn conformation of FCP and its Ru analogs
has been confirmed by X-ray crystallography [10]. The
Fe—Fe distance in the crystal is 4.6 A, but molecular
models show that at the saddle point of theo syn—syn
exchange this distance may shrink to 3.6 A. Single
crystals of the mixed Fe—Ru system were also investi-
gated: a very similar structure was found, but with the
expected dissymmetry imposed by the different ring—
roing distances of ferrocene and ruthenocene (3.3 vs. 3.7
A).

As will be discussed below in detail, protonation of
[1.1¥errocenophane by strong acids leads to hydrogen
evolution and the ferrocenophane dication. Since the
metallocenophane dications are reaction products of
the protonation, the oxidation potentials of metallo-
cenophanes, given in Table 1, are a direct link between
protonation and the reactivity of the protonated
species. For the two [1.1]Jmetallocenophanes in this

TABLE 1. Redox potentials of the metallocenes and metalloceno-
phanes 1 to 4. Data were obtained from cyclic voltammetry in
benzonitrile /Bu ,NBF, vs. NaSCE at 50 mV s~ 1. The E° values are
the standard potentials; AE is the difference in peak potentials; e
indicates the number of electrons involved in this step.

El AE e E2 AE c
1 500 60 1 - - -
2 920 500 2 - - -
3 410 80 1 610 80 1
4 400 80 1 920 500 2

study, we find the typical behavior, as predictable from
the properties of the isolated metallocenes [16].

Abstraction of a hydride from one of the bridges in
[1.1}errocenophane, using triphenylcarbenium tetra-
fluoroborate as the hydride acceptor, leads to the BE,
salt of a carbocation as a stable, crystalline species [17].
Its full spectroscopic characterization is of importance
in the protonation studies, because we will see that it
also derives from the FCP dication by loss of a proton.
The carbocation can be regarded at as a special case of
a-ferrocenyl carbocations, in that the two cis-fixed
ferrocenes most efficiently stabilize the positive charge.
Mbossbauer spectroscopy showed that each of the fer-
rocenes takes up one third of the positive charge so
that only one third of it is left at the bridge carbocation
center [17].

1.3. The protonation of [1.1]ferrocenophanes

From the above properties of ferrocene and ferro-
cenophanes, it seems likely that the latter reacts with
acids such as HBF,OH (regardless of the exact proto-
nation mechanism) to form a diprotonated species.
This was indeed the expectation when this experiment
was first carried out by Bitterwolf and Ling [27], who,
however, instead observed a rapid reaction with evolu-
tion of a gas and the formation of a deep blue, para-
magnetic solution. The authors correctly identified the
gas as hydrogen and the blue solution as that of the
bis-ferrocenium ion. Bitterwolf [28] has carried out this
reaction with DBF;0D and found that the gas evolved
from this system was comprised of mainly H, and HD
with smaller amounts of D,. Such an observation im-
plicates the participation of the [1.1]ferrocenophane
ring hydrogens (via exo-attack) in the hydrogen evolu-
tion step. If hydrogen evolution would occur only by
protonation directly at the metal, the gas evolved would
be only D,.

The reaction of [1.1}ferrocenophane with HBF,;OH
clearly must involve a stepwise double protonation.
Because the protonation of metallocenes is reversible,
it is likely that many protonation—deprotonation steps
occur on either one of the rings before both ferrocenes
are protonated at the same time. As soon as the
diprotonated [1.1]ferrocenophane is formed, an irre-
versible regime is entered: the second protonation is
rapidly followed by elimination of a dihydrogen
molecule and the resulting bis-ferrocenium system no
longer reacts with the acid.

Hydrogen elimination can only occur because the
[1.1)}ferrocenophane dication is energetically easily ac-
cessible and the overall reaction is a downhill process.
If in related systems a dication does not exist, or if it is
a relatively high energy species, hydrogen elimination
from the diprotonated species should not be possible.
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Reduction of the dication by solutions of standard
reducing agents leads to recovery of {[l.1lferro-
cenophane in close to quantitative yields. Addition of
elemental Pb or Sn to the undiluted acid leads to slow
dissolution of the metals. This is significant, because
neither of these metals react with HBF,OH in the
absence of the [1.1)ferrocenophane: although they are
rather electropositive, Pb and Sn possess a consider-
able overpotential to hydrogen evolution and therefore
can be placed in HBF;OH indefinitely without any
reaction occurring. That they do react in the presence
of FCP means that the latter acts as a catalyst in the
reaction of these metals with the acid. Indeed this is
plausible, because the metal is a strong reducing agent
and can react with the [1.1)ferrocenophane dication
with transfer of two electrons (Pb + FCP?*— Pb2* +
FCP). The neutral FCP can re-enter a catalytic cycle
until all of the metal is dissolved.

The electrons generated at the surface of an irradi-

ated p-type Si semiconductor also are of sufficient '

energy to reduce the dication to the neutral species,
but their direct reaction with protons to form dihydro-
gen is Kinetically inhibited by a significant overpoten-
tial. Therefore, Si photocathodes cannot be used, e.g.
in solar cells, without some type of surface modifica-
tion. [1.1]JFerrocenophane acts as an efficient catalyst
in this case as well [20].
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A complete interpretation of the protonation mech-
anism of [1.1]ferrocenophane and its derivatives cer-
tainly is most desirable. It should provide insight into
the roles of the metal centers, the Cp rings, and the
methylene bridges. The failure to observe any hydro-
gen evolution from ferrocene or from diferrocenyl
methane indicates that protonation at both metal cen-
ters is not a sufficient prerequisite for hydrogen evolu-
tion, but that the forced proximity of the two metal
centers in FCP and its analogs is an indispensable
asset. The flexibility of the FCP system also is a prereq-
uisite: no efficient hydrogen evolution was observed
with [0.0}ferrocenophane (bis-fulvalene-diiron). In pro-
tonated binuclear ferrocene molecules such as diferro-
cenyl methane, Coulombic repulsion prevents the two
protons from coming into bonding distance and to
allow the formation of a dihydrogen molecule. None of
them are hydrogen generation catalysts, although they
are slowly oxidized in acidic solution when exposed to
air.

Since formation of protonated ferrocenes probably
involves a bent structure with increased strain in the
molecule, we may consider how this affects the [1.1)fer-
rocenophane case. Models indicate a moderate amount
of strain in the ferrocenophane framework upon single
protonation of one of the metal centers and substan-
tially more strain in the diprotonated molecule. Relief
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Fig. 4. Proton NMR spectrum of Cp,Fe in HBF;OH. Because the sample contains no deuterium, the acid/H,O peak was defined as 8.30 ppm;
no shimming of the FID was attempted. A: The full spectrum with enlarged portions B (Cp-H signal) and C (hydride signal); D: proton
decoupled signal (irradiation at 5.1 ppm) of the hydride peak: note the satellites due to >’ Fe—H coupling.
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of this strain may be an additional driving force in the
hydrogen evolution step. Ring or bridge substituents
will influence the degree of strain and thus most likely
retard the reaction. Hillman et al. [40] have observed
that for sterically restrained FCP derivatives, such as
3,3'-trimethylene[1.1}ferrocenophane, the rate of gas
evolution is slower. Our own work on bridge-sub-
stituted FCP derivatives also has shown that the proto-
nation rates are reduced by the introduction of alkyl
substituents. These results will be reported separately.

Hillman et al. [41] have also reported the results of
a kinetic study of the formation of dihydrogen from the
parent FCP and strong acids. Based on electrochemical
studies, they propose that the elimination of dihydro-
gen is the rate-determining step. They concede that
other mechanisms are possible, and suggest that the
protonation of the iron may be preceded by protona-
tion of a ring carbon. Involvement of the methylene
bridges was also considered. However, these studies
suffer from an erroneous identification of the reaction
products, as will be shown below.

To arrive at a consistent explanation would obvi-
ously clarify the misunderstandings in the current liter-
ature about this protonation mechanism. Our study of
the metallocenes and metallocenophanes 1-4 attempts
to do just that.

2. Experimental results and discussion

To probe the details of the reaction of the
[1.1lmetallocenophanes and their metallocene parents
with non-oxidizing acids, a series of protonation and
deuteration studies was undertaken. These studies used
either HBF,OH (H,O saturated with BF,) or DBF,OD
(D,O saturated with BF;) as the acid. The degree and
regioslectivity of deuteration and protonation was stud-
ied by mass spectra and 'H- and “H-NMR.

2.1. Reactions of ferrocene and perdeuterated ferrocene
with acids

The reaction of ferrocene with HBF;OH has been
studied many times, and we originally repeated it only
for the sake of calibration. Because oxidation of fer-
rocene to ferrocenium ion occurs instantaneously in
the presence of air, the reaction must be conducted in
an inert atmosphere. The 'H-NMR spectrum in
HBF,OH at 270 MHz showed two peaks in the ratio
10:1 at 5.06 ppm (doublet, J=1.75+0.1 Hz) and
—1.88 ppm (broad), relative to the acid peak, which
was fixed at 8.30 ppm. Under strict anaerobic condi-
tions it was possible to resolve the hydride peak at
--1.88 ppm to reveal a fine structure with a 1.75 Hz
splitting (Fig. 4C). Although the outermost peaks were

not observable, the peak distribution is typical for an
undecet in which the three center peaks are expected
to be > 200 times as intense as the outermost peaks
(symmetrical signal with peak ratios of 1:10:42:117:
210:252). A decoupling experiment provided an inter-
esting result. Irradiating the peak at 5.1 ppm led to the
expected collapse of the multiplet at —1.9 ppm to a
singlet, but the singlet also showed weak satellite peaks
at +10.8 Hz with approximately 1.5% of the intensity
of the main signal (Fig. 3D). This intensity corresponds
closely to the one expected for the 2.1% natural abun-
dance of the *"Fe isotope, and were therefore attribute
the satellites to the first direct observation of Fe—-H
coupling. The observed J(Fe-H) of 21.6 Hz may well
be a reduced value, because of rapid exchange between
ring- and metal-bound proton exchange (vide infra).
The spectrum of ferrocene in DBF,0D showed no
proton signal in the 5-6 ppm range, but a visible
increase in the acid signal at 8.30 ppm. This result
indicates that rapid and complete deuteration of the
Cp rings had occurred in accord with previous reports.
The d,,-ferrocene was recovered by adding water to
the yellow solution.

The perdeuterated ferrocene was added to HBF,
OH. Its spectrum was recorded, and identified as that
of the well-known protonated ferrocene: the ferrocene
doublet at 5.1 ppm and the Fe-H signal at —2 ppm
indicated that complete and rapid reversal of the
deuteration had occurred.

2.2. Ruthenocene

When crystalline ruthenocene was added to DBF;
OD, it rapidly dissolved. The spectrum of ruthenocene
in the acid recorded 2 min after addition gave two
signals: a singlet at 8.50 ppm (acid peak) and a single
peak at 5.60 ppm. The spectrum of the same sample
was rerun after 5, 10, 20, and 60 min without change in
the signal position or integral. Workup of this reaction
mixture the same way as with ferrocene gave back
ruthenocene. The mass spectrum showed that no
deuteration of the Cp rings had occurred.

The downfield shift of the Cp signal from 4.60 ppm
in CDCl; to 520 ppm in DBF;0OD is due to the
positive charge of the protonated species, analogous to
the ferrocene case. We thus assume that ruthenocene
is protonated by direct attack at the metal without any
apparent involvement of the Cp rings.

Although the protonated ruthenocene is much less
sensitive to oxidation than protonated ferrocene, the
reaction must be carried out under inert gas to prevent
the NMR signals from broadening. The solution of
non-oxidized ruthenocene remains pale yellow. The
solution of oxidized ruthenocene is yellow / green.
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2.3. The mechanism of metallocene protonation

The spectra of protonated ferrocene and rutheno-
cene were shown in Figs. 2 and 4. We noted the sharp
singlets in the ruthenocene case and the coupling be-
tween the ring protons and the hydridic proton in the
case of ferrocene giving rise to a ring proton doublet
and an undecet for the hydridic proton. A further
observation is that the sharp signal of the hydridic
proton on ruthenocene appears at considerably higher
field than the broadened signal of the hydridic proton
on ferrocene. We can interpret these results in a con-
sistent way by considering the completely different
nature in which the rings are involved in the protona-
tion of these two metallocenes.

The ruthenocene case is simple and corresponds to
the classical picture: ruthenocene indeed is protonated
by direct attack of the proton on the metal and the
rings are not directly involved in this reactions. They
may tilt out of the way of the proton, but the larger
ring—ring distance in ruthenocene as compared to fer-
rocene makes this less of a necessity in this case. The
absence of any coupling between hydridic and ring
protons and the lack of H/D exchange support this
picture. An additional argument comes from IEHT
calculations [15]. In ruthenocene the metal carries a
negative charge and the ligands possess a partial posi-
tive charge. This favors protonation on the metal and
inhibits protonation at or proton transfer to the lig-
ands.

For protonated ferrocene, all indications point to a
direct and continuous involvement of the rings in a
dynamic process in which the proton rapidly moves
between Fe-~H and Cp-ring C-H bonding, illustrated
in Fig. 5 for the case of deuteration. The incoming H*
(or D*) approaches the ferrocene molecule from the
outside of one of the rings and attaches itself to one of
the carbon atoms of this ring. This results in a struc-
ture in which a cyclopentadiene is coordinated to a
CpFe* fragment. The endo proton transfers to the
iron and then can rapidly shuttle back and forth be-
tween the iron and any one carbon of either ring.
Eventually it is lost to the acid solvent from one of the
rings. The principle of microscopic reversibility should
forbid that the proton is lost to the solvent from the

D

Fe
L>

=

Fe-H site so that the deprotonation must occur from
one of the ring positions. We should note that this is a
rapid equilibrium, and that assuming the existence of
an “agostic” hydrogen would not fit the experimental
data, unless we would postulate the existence of an
equilibrium between ten agostic positions — which
would be a semantic rather than real differentiation.

This interpretation is consistent with all the experi-
mental data. It explains the high rate and the com-
pleteness of deuteration in deuterated acid and it also
permits us to understand the NMR data in detail. The
appearance of the broadened undecet signal for the
hydridic proton at —2 ppm compared to —6 ppm in
ruthenocene points to an average chemical shift in
protonated ferrocene, weighted between the hydridic
position (near —6 ppm) and the CH, position (near + 2
ppm) on the Cp ring. Since this is a kinetic phe-
nomenon, we should be able to observe a temperature
dependence of the NMR spectrum. Unfortunately, the
acids HBF;OH and DBF,0D show high viscosity al-
ready at room temperature and solidify to a glass on
cooling, which discourages NMR experiments at lower
temperature.

The alternate mechanism, protonation at the Fe
atom and subsequent exchange with the rings would
not explain the experimental facts if we adhere to the
principle of microscopic reversibility: in a deuteration
experiment we should not see any H/D exchange. The
reasoning is as follows: even if an Fe-D — C-D trans-
fer equilibrium exists, the deuterium will always be in
the endo position of the ring and, as the only species
available to transfer back to the iron, it — and not a
proton — will return to the iron, the only site from
which it may be lost to the solvent. As indicated in the
Introduction, the results from IEHT and INDO calcu-
lations, specifically the presence of a positive charge on
the iron atom in ferrocene, make protonation via di-
rect attack on iron unlikely for Coulomb repulsion
reasons.

In summary: it is evident that ferrocene is proto-
nated by exo-attack in the rings and that a rapid
exchange of the additional proton between all ten ring
positions is possible through the intermediacy of a
Fe—H bonded species. By contrast, in ruthenocene the
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Fig. 5. The mechanism of ferrocene protonation and of the dynamic process in protonated ferrocene.
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proton attaches itself to the metal and remains there.
This observation has the implication that similar differ-
ences should be effective in substitution reactions using
electrophiles other than a proton or a deuteron. Qur
results must leave this question open: although our
results tend to imply exo attack for other electrophiles
as well, the statement that all electrophilic substitu-
tions on ferrocene must proceed via exo attack would
be unwarranted.

2.4, Protonation and deuteration of [1.1]ferrocenophane

When a batch of four grams of crystalline [1.1])ferro-
cenophane was added to HBF,OH, it dissolved rapidly
and hydrogen evolution was complete within a few
seconds. Measurement of the volume of gas evolved
confirmed that one mole of dihydrogen was produced
per mole of [1.1)}ferrocenophane. Addition of water
and reduction by NaBH, produced the unchanged
starting material.

The same reaction was carried out on a very small
scale in a quartz cuvette to record the visible spectrum
of the initial reaction product. Three peaks were ob-
served at 645, 560, and 470 nm. These typical ferroce-
nium ion absorptions characterize the blue species as
the [1.1)ferrocenophane dication. Upon addition of a
few drops of water the intensity of the three ferroce-
nium ion peaks diminished at the expense of a broad
new peak at 740 nm. This is the typical absorption of
the ferrocenophane carbocation 8 and identical in ev-
ery respect to the spectrum of a sample generated from
[1.1])ferrocenophane by abstraction of a hydride using
triphenyl-carbenium tetrafluoroborate as the hydride
acceptor [17].

M +HO (=0 - L2

Fet " Fet —— Fe* Fet
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H H

The formation of the carbocation 8 is easily under-
stood. The presence of two positive charges in the
dication increases the acidity of the bridge protons
significantly, so that deprotonation can occur even with
weak bases. Because water is a sufficiently strong pro-

A= CHs
Fe H
A== H
CH,

eXxo-exo

ton acceptor in this reaction, the dication is stable only
in anhydrous solvents or in concentrated acids. Once a
proton is lost from the bridge, the resulting monoca-
tion 7 relaxes to its more stable resonance form 8, in
which the iron atoms have taken up two thirds of the
positive charge [17]. We have to note that any type of
normal work-up of the [1.1)ferrocenophane reactions
with acids will involve 8 as the primary intermediate
whenever the acid is diluted as a first step. The deep
blue-green solutions of the carbocation can be con-
verted back to the ferrocenophane by supplying a hy-
dride, which we routinely do by adding NaBH,.

In the reactions of the two isomeric (exo—exo and
exo—endo) bridge-substituted dimethyl[1.1])ferro-
cenophanes, a closer look at the reaction products
revealed two important pieces of information about the
mechanism of this deprotonation step and about the
reduction of the carbocations by a hydride source to
lead back to the starting materials: (i) the two carboca-
tions are not identical and (ii) the recovered dimeth-
yl[1.1}ferrocenophanes have retained their stereochem-
istry [42]. The consequences of these observations to-
gether with the effects of bridge substituents on the
rate of protonation and hydrogen evolution will be
reported separately in detail.

The formation of the stable carbocation 8 when the
concentrated acids (HBF;OH or DBF;0D) are diluted
with water or when the reaction is carried out in more
dilute media [41] is the driving force for a side reaction
which removes the ferrocenophane from the existing
equilibria. Reactions of [1.1}ferrocenophane in more
dilute acid systems certainly lead to the carbocation as

@\T/©
— Fe H Fe
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H

the major reaction product instead of the dication. In
the study by Hillman et al. of [1.1)ferrocenophane
protonation [41], experiments in acidic media of vary-
ing strength were carried out, but the role of the
carbocation, which we demonstrated above and whose
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presence was indicated in that work as well by a strong
absorption at 750 nm, was not considered.

When solid [1.1lferrocenophane was added to
DBF,0D, immediate dissolution, gas evolution and
formation of a deep blue solution were again observed.
The solution was diluted with water, producing a green
solution. The electronic spectrum of the green solution
showed a broad band at 740 nm, consistent with that of
the carbocation. Reduction by NaBH ,(aq) produced a
yellow solution, from which a yellow crystalline solid
was obtained. 'H-NMR, 2H-NMR, and mass spec-
troscopy showed that significant H/D exchange had
occurred on the FCP rings but not on the methylene
bridge. The 'H-NMR spectrum gave signals for the
bridge protons at 3.53 ppm and the ferrocene protons
at 432 ppm and 4.16 ppm all with approximately
(within 5%) the same integral. This indicated an ap-
proximately 50% loss of ring protons by H/D ex-
change. The “H-NMR confirmed that only the ring
protons were involved in this exchange: only one broad
peak at 4.31 ppm was observed. The mass spectrum
showed a Gaussian-like distribution of peaks from d,
to d,, with the main peak at m/e 404, denoting the
incorporation of, on the average, eight deuterium atoms
for hydrogens. The MS and NMR data together indi-
cate that the exchange occurs equally at all ring posi-
tions.

To examine whether the extent of the deuteration
would change if the reaction was allowed to proceed
for a longer period of time, the reaction was carried
out as before but worked up only after 3 h. The results
were identical to those reported above.

The absence of methylene bridge hydrogen ex-
change was substantiated by recording the 'H-NMR
and *H-NMR spectra of a [1.1)ferrocenophane which
was deuterated selectively at one of the bridges (1-D-
[1.1]}ferrocenophane). This material was prepared by
proton abstraction from FCP by butyl lithium (gener-
ating the bridge carbanion, which is stabilized by a
C- H C hydrogen bond [18]) and quenching with D,O.
The '"H-NMR spectrum showed a signal at 3.53 ppm (3
H, singlet) for the bridge protons and the ferrocene
multiplets at 4.32 ppm and 4.16 ppm (8 H each). The
H-NMR gave one signal at 3.55 ppm, and the mass
spectrum gave m /e of 397 as the main peak.

The random distribution of deuterium in the a- and
B-positions is further evidence for exo-attack of the
electrophile. If a Fe~D species were formed first, the
resulting structure 9, in which the ring tilting is re-
stricted to bending modes allowed by the CH, bridge,
should be expected to show preferential deuterium
transfer to the a-position. By contrast, exo-attack is
not subject to such pre-coordination and therefore can
be expected to be less regioselective and to produce a
randomly ring-deuterated species.

CH
=
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2.5. Dimeric [1.1]ferrocenophane ([1.1.1.1]ferroceno-
phane) (5)

In this cyclic tetraferrocene system, two of the op-
posing ferrocenes are quite close to each other, so that
double protonation may be followed by dihydrogen
elimination, yielding the bis-ferrocenium ion, and, after
a second, reversible double protonation, to a tetraca-
tion 10. Interestingly enough, the tetracation 10 now
has two reaction choices. The first possibility is to
again eliminate dihydrogen and to form the tetra-ferro-
cenium ion, which then no longer can be protonated.
This H,-elimination should be more difficult than the
first one for reasons of Coulomb repulsion. The second
possibility is electron transfer between the ferrocenium
ions and ferrocenes in this structure to involve all four
ferrocenes. The relative probabilities of these two reac-
tion paths are hard to guess, because they involve
solvated multiply charged species about which we know
next to nothing.

The consequences of this choice, and which of them
is preferred, should, however, be detectable in reac-
tions with DBF,0D: the first choice would lead to
incomplete deuteration, due to rapid formation of the
tetraferrocenium ions, whereas the second choice would
lead to a (nearly) completely deuterated material, be-
cause an unlimited number of H/D exchange steps is
possible.
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The dimer dissolved with rapid gas evolution in
DBF,;0D, although the reaction qualitatively appeared
somewhat slower than the nearly instantaneous reac-
tion of the parent ferrocenophane. The solution turned
blue and became green upon addition of water. Workup
using the same procedures as for FCP gave back a
yellow solid.

The '"H-NMR spectrum showed the ferrocene pro-
tons as a broad multiplet at 4.0 ppm and the eight
methylene protons as a singlet at 3.34 ppm with an
integral close to 10:8. This means that 22 of the 32
ferrocene protons had exchanged. That approximately
two-thirds of the hydrogens had undergone H/D ex-
change, whereas 50% of the hydrogens had been ex-
changed in the deuteration of [1.1]ferrocenophane, in-
dicates a slightly slower reaction. This would be a
expected from the conformational requirement that
only opposing ferrocenes can eliminate dihydrogen,
whereas adjacent ferrocenes will not take part in this
step because they are too far apart. Because their
protonation is just as likely as in any other of the four
ferrocenes, the extent of deuteration would be ex-
pected to be higher.

Interesting information, which indeed indicated the
existence of two reaction pathways came from the mass
spectrum (Fig. 6) which showed a bimodal distribution
of peaks. The main peak at m/e 824 corresponds to
the fully deuterated ferrocenophane (d,,) and is ac-
companied by an exponentially diminishing group of
lesser deuterated species, and by the typical peaks
reflecting the same isotopic distributions seen in FCP
and in the undeuterated FCP dimer. A second series of
peaks, centered at m /e 814, showed the same Gauss-
ian-type distribution we had observed in the reaction
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Fig. 6. Mass spectra of [1.1.1.1]ferrocenophane: (a) undeuterated and
(b) after reaction with DBF;0D and reductive work-up.

of FCP. The center of this group of peaks at m /e 814
corresponds to the d,, species.

The intensity ratios do not allow a good estimate of
the relative reaction rates in these two pathways, but
the MS and NMR data taken together indicate that the
first choice is preferred. We can envision this in slightly
greater detail: the bis-ferrocenium ion, resulting from
double protonation of opposite ferrocenes and hydro-
gen elimination, will want to rearrange itself such that
the ferrocenium ions get further away from each other,
forcing the two neutral ferrocenes to come closer to-
gether into a position where protonation is followed by
hydrogen elimination [43]. The isostructural ring sys-
tem containing two ferrocenes and two cobaltocenium
ions was structurally characterized by X-ray diffraction
and shows precisely this arrangement [11]. Its protona-
tion has never been studied.

2.6. The mixed [1.1]ferroceno-ruthenocenophanes 4 and
6

A series of protonation or deuteration reactions of
the mixed metallocenophane 4 and of its dimer 6 were
undertaken to probe the details of the reactions of
these compounds that have the same structures but
different redox properties than the ferrocenophanes.
Deuteration of these compounds, using DBF;0D, was
expected to provide further insight into the involve-
ment of the metal and Cp rings during the protonation
of these metallocenes and [1.1]lmetallocenophanes.

2.7. [1.1]Ferroceno-ruthenocenophane (4) in HBF;OH
and DBF;0OD

As postulated in the Introduction, a [1.1}metal-
locenophane must have a 2 + oxidation state available
in order to be able to release dihydrogen from the
diprotonated species. Where this 2 + state does not
exist, the reaction should stop at the stage of protona-
tion because the dissociation to dihydrogen and the
metallocenophane dication would be energetically un-
favorable.

Since ruthenocene does not undergo a one-electron
oxidation, but is oxidized irreversibly to Cp,Ru?* in a
two-electron step, the mixed [1.1)ferroceno-rutheno-
cenophane 5 can be oxidized to a monocation and a
trication (see CV data in Table 1) — but a dication
does not exist. It would therefore be reasonable to
expect protonation of 4 to stop prior to hydrogen
evolution unless an oxidizing agent is present which
would allow access to the 3 + state and thus allow
transient formation of the 2 + oxidation state. The
reaction of [1.1])ferroceno-ruthenocenophane with
HBF,O0H therefore is an especially interesting case to
test the hypothesis that hydrogen evolution should not
be possible in the metallocenophane due to the un-
availability of a 2 + oxidation state.
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Fig. 7. 270 MHz '"H-NMR spectrum of [1.1)ferroceno-ruthenocenophane 4 in HBF;0H.

When crystalline [1.1]ferroceno-ruthenocenophane
was added to HBF,OH under nitrogen or argon, it
dissolved immediately without any noticeable color
change. This solution remained unchanged for more
than 30 min and no gas evolution was observed. When
the solution was exposed to air, it turned blue/ green,
indicating oxidation of the [1.1]metallocenophane.

The "H-NMR spectrum (Fig. 7) proved that the
golden-yellow solution indeed contained the diproto-
nated species. In the spectrum taken at 270 MHz the
ruthenocene multiplets appeared at 5.65 and 5.44 ppm,
the ferrocene multiplets at 5.31 and 4.88 ppm, and the
methylene bridges at 3.49 ppm as a singlet. The hy-
dridic protons were observed at —1.48 and —6.9 ppm
as slightly broadened singlets. Whereas the hydridic
signal on protonated Cp,Ru normally (see Fig. 2)
appears as a sharp singlet, in this case it is as broad as
the Fe-H signal. This may be due to the particular
steric constraints of this system, to coupling between
the two hydridic protons, or to traces of oxygen in the
sample tube. When air was intentionally allowed to
enter the NMR tube, the signals for the hydridic pro-
tons disappeared quickly. The metallocene and bridge
signals became broad and the upfield protons were
barely discernible, indicating the presence of a para-
magnetic species and partial decomposition. Gas bub-
bles were observed in the NMR tube and the solution
became green. Nevertheless, the starting material was
recovered almost quantitatively by aqueous borohy-

dride treatment and extraction with methylene chlo-
ride.

To observe the behavior of [1.1}ferroceno-rutheno-
cenophane in a deuterated acid, the 60 MHz 'H-NMR
spectrum of a solution of 4 in DBF,0D was recorded
within 2 min after preparing the solution in an argon
purged NMR tube. The spectrum showed a signal at
8.30 ppm for the acid and three other signals: two
multiplets of equal intensity were found at 5.40 and
5.60 ppm and a singlet at 3.50 ppm. The singlet had the
same integral as the two multiplets. This result is as
expected from what we just described in the reactions
of ferrocene and ruthenocene with DBF,;0OD and of
the mixed metallocenophane with HBF,OH: complete
H/D exchange at the ferrocene, no exchange on the
ruthenocene or at the bridge, and no gas evolution.

The dg{1.1lferroceno-ruthenocenophane, complete-
ly and selectively deuterated on the ferrocene half, was
recovered by aqueous sodium borohydride treatment
and extraction with methylene chloride. The mass
specirum of the product showed a peak at m /e 449, 8
units above that of the non-deuterated [1.1]ferroceno-
ruthenocenophane and thus confirmed the 'H-NMR
data. Whereas in [1.1)ferrocenophane the H/D ex-
change is incomplete due to the formation of the
bis-ferrocenium ion and H,, the complete deuteration
for the ferrocenyl moiety of [1.1])ferroceno-ruthenoce-
nophane has to be a result of the inability of this
material to evolve hydrogen and of the reversible na-
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ture of exo-ring attack of the electrophile seen in the
[1.1}ferrocenophane investigation.

2.8. The dimeric [1.1]ferroceno-ruthenocenophane (6)

In this [1.1.1.1]Jmetallocenophane the ferrocenes and
the ruthenocenes occupy alternate positions in the ring
with the opposing metallocenes facing each other and
in relatively close contact. Cyclic voltammetry shows
the first two oxidations to be centered on the fer-
rocenes. This system therefore has a 2 + state avail-
able and should be able to evolve hydrogen, albeit —
due to the somewhat larger Fe—Fe distance — more
slowly than [1.1]ferrocenophane, when it is dissolved in
HBF;0OH.

Precisely this is observed experimentally. Dissolving
the dimer in HBF;OH in a nitrogen-purged vessel
leads to slow and continuous gas evolution for more
than 30 min. No attempt was made to record the NMR
spectrum. The starting material was recovered by
NaBH ,(aq) treatment and extraction with methylene
chloride.

This reaction is much slower that what we observed
for the isostructural ferrocenophane dimer described
above as reacting rapidly and with gas evolution. The
explanation for this observation is straightforward, if
we look at the details of protonation and hydrogen
elimination and of their consequences. In the tetrafer-
rocene system, the double protonation of opposing
ferrocenes, followed by dihydrogen elimination and
rearrangement as discussed, generates the favorable
conformation with the two neutral ferrocenes in prox-
imity, which allows the second double protonation to
generate the second molecule of hydrogen and the
tetraferrocenium ion. In contrast to this situation, all of
the metallocenes in the mixed ferrocene-ruthenocene
dimer can be protonated, with the protonated
ruthenocenes generating an unfavorable steric situa-
tion for elimination of dihydrogen from the two proto-
nated ferrocenes. The net results is a very slow reac-
tion.

We cannot directly extrapolate back from these re-
sults to the relative rates of protonation and hydrogen
elimination in the parent ferrocenophane. However,
we can conclude that protonation appears to be rapid
in all the cases we studied and that hydrogen evolution
is instantaneous unless steric or electronic factors pro-
hibit it.

2.9. Electron transfer effects

In the reaction of [l.1}ferrocenophane and its
analogs with acids we start with the neutral species and
end up with the dication, according to the equation
FCP + 2H*— FCP?>*— H,. This overall equation is

deceptively simple and it is clear that the reaction
progresses through several intermediates. Only when,
after dihydrogen elimination, the bis ferrocenium ion is
formed and solvated in the reaction medium, it no
longer participates directly in the reaction, because
ferrocenium ions cannot easily be substituted or proto-
nated. We must, however, suspect that it will react with
neutral FCP to form the monocation through the con-
proportionation reaction FCP + FCP?*— 2FCP* and
that it thus may play some role in the overall mecha-
nism. In this particular system the kinetics must be
expected to be complex, because we are facing a reac-
tion between a viscous liquid and a dissolving solid,
which becomes soluble only by reaction with the acid
solvent. In addition, electron transfer in the solid, at
the solid/liquid interface and in solution will con-
tribute with quite different relative weights. Such kinet-
ics are too difficult to tackle, and simple attempts to
interpret them seem doomed to failure.

On the molecular scale, the overall process may be
envisioned as follows: a [1.1]ferrocenophane molecule
at the surface of the crystal is protonated once and
then (i) either diffuses into the acid to be protonated
again, evolve dihydrogen, and form the dication, or (ii)
it is protonated a second time while still in contact with
the solid; then it either diffuses away or loses dihydro-
gen before doing so; all of the cationic species can pick
up an electron from an adjacent neutral molecule in
the solid; the unprotonated monocations may diffuse
into the acid solution and two of them might also
disproportionate to the dication and the neutral species.
The potential coexistence of conproportionation and
disproportionation is not contradictory, because they
would occur in different environments, in solution or at
the solid /liquid interface. We have no data to support
any mechanistic details on intermolecular electron
transfer, but we know quite precisely the consequences
of such equilibria. From these we conclude that there
are indeed several indications that intermolecular elec-
tron transfer occurs in these reactions.

When ferrocenophanes react with deuterated acid,
the monocations, resulting from electron transfer, play
a significant role in the degree of deuteration. The key
point is that they can be protonated but cannot elimi-
nate dihydrogen: double protonation of the monoca-
tion would generate a triply charged species, and loss
of H, would leave a trication behind; there is, how-
ever, no evidence in the cyclic voltammograms of
[1.1)ferrocenophane for the existence of such a trica-
tion at any reasonable potential. These monocations
are therefore doomed to undergo H/D exchange with-
out hydrogen evolution stopping this process. The pro-
tonation of the monocation leads to the dication H-
FCP** with a relatively high oxidation potential which
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would allow the oxidation of neutral FCP to the mono-
cation (H-FCP?*+ FCP —» H-FCP*+ FCP*) to oc-
cur. :

This helps us understand the degree of deuteration.
It is only possible to interpret these results if protona-
tion (or deuteration) occurs via exo-attack and if it
involves a rapid equilibrium between C-H and Fe-H
species. Unless, like in the case of the parent [1.1]fer-
rocenophane, the overall rate is very high, the species
in question can be reversibly protonated many times on
either of its ferrocenes. In deuterated acid this means
complete deuteration for slow overall reactions and
partial deuteration in the case of very rapid processes.
In the fast reaction case, we also find evidence for the
importance of electron transfer, because in this case
more than a statistical amount of undeuterated [1.1]fer-
ro-cenophane is detected upon workup. The only way
this species can be formed is the reaction of a neutral
molecule with one of the cations to go directly to the
unreactive dication without undergoing deuteration and
H, (or HD and D,) evolution.

Whereas this sequence of reactions permits us to
interpret the experimental results in a consistent way,
we should also keep in mind that significant deutera-
tion would also result, even in the absence of electron
transfer, if the last reaction step (hydrogen elimination)
would be rate limiting: the first and second deuteration
can then occur many times before the slow step brings
the system into the irreversible regime where the two
ferrocenium ions arrest further H/D exchange. This
interpretation has been proposed by Hillman [41], based

on his kinetic data. In view of the much more complex:

nature of this reaction and the additional information
we present here, it is clear that Hillman’s work is based
on assumptions about the nature of the intermediates
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and reaction products which might have to be revised.
In particular, the role of the carbocations in reactions
involving more dilute acids was not recognized the
previous work.

2.10. [1.1]Ferrocenophane reactions under reducing con-
ditions

We were surprised to discover that the addition of a
very small amount of tin or lead metal to the reaction
of [1.1]ferrocenophane with DBF,0D, the NMR and
MS data showed that complete ring deuteration had
occurred. If more than one equivalent of reductant
were involved, this would be no surprise, because
[1.1}ferrocenophane acts as a catalyst with many
turnovers in the reaction of these metals with the
deuterated acid, but we found that only a fraction of
one equivalent of metal was sufficient to effect com-
plete exchange.

One postulate to explain these observations would
be the presence of an abnormally large isotope effect
in the protonation step, but this is not satisfactory,
because there would be no obvious reason for such an
effect and, if it existed, it could account at best for
enhanced exchange but not for complete deuteration.
The absence of any unusual isotope effect was, further-
more, indicated by the reaction of the completely ring
deuterated system (d,,—FCP) with HBF;OH. The 'H-
NMR spectrum of the purified reaction product showed
a bridge proton to ring proton ratio of approximately
4:3:3. The mass spectrum showed the maximum peak
at 402, denoting the incorporation of, on average, six
hydrogens for deuterium (about 40% H/D exchange).
This corresponds to a normal isotope effect.

The reaction of FCP?* with Sn may proceed in two
one-electron redox steps or via one two-electron redox
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Fig. 8. Complete deuteration of FCP in DBF,0D under reducing conditions. The non- or partially deuterated FCP-monocation is the crucial

intermediate to effect complete deuteration by one of several pathways.
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process. In either case, the possibility of electron trans-
fer (con- or dis-proportionation) between the 0, 1 +
and 2 + charged [1.1}ferrocenophane species must be
considered. If the neutral [1.1]ferrocenophane would
be formed in solution, it would react with the acid in
the usual way but with kinetics different from those
seen for the reaction of solid FCP with acid, and
intermolecular electron transfer could equilibrate this
species with the mono- and dication. Formed either in
this way or by a one-electron reduction of the [1.1]fer-
rocenophane dication, the monocation FCP* is the
crucial intermediate (Fig. 8).

Once the monocation is formed, it cannot, as we saw
above, contribute to the hydrogen evolution. It can,
however, undergo many protonation/ deprotonation
steps and will, in deuterated acid, undergo complete
H/D exchange. This done, it can transfer an electron
to another dication and set it up for H/D exchange. A
chain of these reactions easily accounts for complete
deuteration of the entire batch before the reduction
ends. It explains the need for only minute amounts of
reductant to have this effect.

It is thus the unprotonated mono-cation (ferro-
cenophanium ion) and not the mono-protonated ferro-
cenophanonium ion which is mainly responsible for
H/D exchange. Once the mono-protonated ion picks
up a second proton, the resulting diprotonated species
loses dihydrogen immediately and forms the bis-ferro-
cenium ion. This mechanism is intuitively plausible and
finds support in the results presented here.

3. Summary and conclusions

One portion of this work has been a reinvestigation
of long known reactions such as the protonation of
ferrocene and ruthenocene, about which some confu-
sion has existed in the literature especially in regard to
the exact mechanism of this process. It is now unequiv-
ocally clear that the protonation of ferrocene proceeds
via exo attack and that it involves a rapid equilibrium
between ring and Fe—H protonated species. As a con-
sequence, the observed NMR spectrum actually repre-
sents an average of these extremes and complete and
rapid deuteration of the rings occurs in deuterated
acids. In ruthenocene, the rings do not participate in
the protonation and the existence of only the Ru-H
species is seen in the NMR spectrum and in the
absence of any detectable ring deuteration in reactions
with deuterated acids. This is in accord with semi-em-
pirical MO calculations but also poses a problem for
more sophisticated quantum chemical approaches.

The results from the deuteration of ferrocenophane
and of the mixed Fe-Ru analog give new and addi-
tional evidence for these pathways of protonation. In

[1.1)ferrocenophanes, the protonation leads to elimina-
tion of dihydrogen and the formation of the bis-ferro-
cenium ion. The rate limiting step in this reaction
scems to be the second protonation: as soon as the
second proton is attached, the hydrogen elimination
can proceed.. From the reaction in DBF;0D we can
learn that approximately eight deuteration—deprotona-
tion reactions occur before H, elimination generates
the bis-ferrocenium ion, which then no longer is sub-
ject to H/D exchange.

The reaction of the [1.1)ferroceno-ruthenoceno-
phane with DBF;0OD leads to complete deuteration of
the ferrocene portion but no H/D exchange is de-
tected for the ruthenocene half and the bridges. The
mixed Fe—Ru system can be protonated twice, but it
cannot eliminate dihydrogen. This is due to the fact
that this compound can be oxidizedtoa 1+ anda 3 +
ion but not to a 2 + cation. The inaccessibility of a 2 +
oxidation state does not allow elimination of dihydro-
gen from the diprotonated species. The diprotonated
species lives long enough to be observed by NMR: we
can identify the Ru~H and the Fe—H signals.

In the dimeric systems with four ferrocenes or two
ferrocenes and two ruthenocenes we observe two very
different protonation rates. In the ferrocenophane
dimer, two successive double protonations and dihy-
drogen eliminations are possible, but a secondary reac-
tion path, involving incomplete protonation is also in-
volved. In deuterated acid, the two choices can be
distinguished, because the latter path leads to com-
plete H/D exchange, whereas the main path produces
a partially deuterated product. The mixed dimer also
shows hydrogen evolution, but in this case this is an
unfavorable and slow process involving a sterically awk-
ward tri- or tetra-protonated species.

For the [1.1]ferrocenophane, the mono-ferrocenium
ion makes important contributions in complete H/D
exchange reactions. It can be protonated, but it cannot
be removed from H/D exchange through dihydrogen
elimination. The formation of the mono-ferrocenium
ion by conproportionation of neutral FCP and the FCP
dication or by other redox processes explains the com-
plete deuteration observed under reducing conditions.

4. Experimental details

Reagents were obtained from either Fisher, Alfa,
MCB, Matheson, or Aldrich Chemical Companies. All
reactions were routinely carried out under positive
pressure of nitrogen in multineck flasks. Tetrahydrofu-
ran (THF) and hexane were distilled from lithium
aluminum hydride or sodium benzophenone ketyl be-
fore each use. Tetramethylethylenediamine (TMEDA)
was distilled and stored under nitrogen. Acetonitrile
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was distilled twice from phosphorus pentoxide. Diox-
ane was stored over potassium hydroxide, and distilled
from sodium metal after 24 h of reflux. Other solvents
were the best commercial grade and were used without
purification, except where noted. Ferrocene was puri-
fied by continuous extraction with hexane through an
Al,O; column. Ruthenocene was recrystallized from
hexane. The 270 MHz 'H-NMR spectra were obtained
on a Bruker/IBM AF-270 spectrophotometer. The 60
MHz '"H-NMR spectra were obtained on either a Var-
ian T-60 NMR spectrometer or a Varian EM360-A
NMR spectrometer. The H-NMR spectra were ob-
tained on Bruker WH-90 instrument. Infrared spectra
were obtained on a Perkin-Elmer 238 spectrophotome-
ter. Mass spectral determinations were made on a
Kratos MS-902 high-resolution, double-focusing mass
spectrometer. Elemental analyses were obtained at MI-
CANAL Laboratories, Tucson, AZ. Melting points
were determined on a Mel-Temp (Lab Devices) and
are uncorrected.

4.1. Syntheses

[1.1]Ferrocenophane, [1.1}ferroceno-ruthenoceno-
phane, and [1.1]ruthenocenophane were prepared ac-
cording to literature procedures [1-6]. The dimeric
systems [1.1.1.1}ferrocenophane (5) and [1.1.1.1}ferro-
ceno-ruthenocenophane (6) were isolated as by-prod-
ucts of these syntheses. Their preparations are de-
scribed below..

4.1.1. HBF,0H and DBF;0D

Boron trifluoride hydrate was prepared from boron
trifluoride and water. In a 50 ml round-bottomed flask,
approximately 3-5 ml H,O were heated to boiling
while a stream of nitrogen was passed through the
liquid to remove oxygen. The flask was cooled under
nitrogen in an ice-methanol bath, boron trifluoride was
bubbled into the water until the solution was saturated.
The temperature was not allowed to rise above 0°C.
The solution was protected from air and moisture and
used immediately. DBF;OD was prepared in an analo-
gous fashion using D,0.

4.1.2. [1.1]Ferrocenophane and [1.1.1.1]ferro-
cenophane

A change from the literature procedure [3] was
made in the workup. After the reaction mixture was
stirred for an hour, a small amount of water (about 3
ml) was added to hydrolyze the reaction mixture. A
green sludge appeared. This mixture was filtered under
nitrogen into a 1.5 1 Erlenmeyer flask and dried with
MgSO,. The clear orange solution was filtered, the
solvent was evaporated, and the residue was dissolved
in the minimum amount of CCl,. In the hood, an

Al,0,;/CCl, column was prepared by attaching a ni-
trogen line to the bottom of the column (6 X 60 c¢cm)
and adding CCl, to three-fourths the height of the
column while a rapid nitrogen flow was maintained
during the addition of Al,O(basic II). The nitrogen
flow was then stopped and the Al,O; was allowed to
settle. Washed sea sand (about 2 cm) and then the
reaction mixture were placed on top of the column.
Elution with CCl, was allowed to go as rapidly as the
column allowed. The first two zones were collected.
The solvent from the first zone was evaporated, and
the golden-yellow crystalline [1.1]ferrocenophane was
recrystallized from heptane. The second zone gave the
[1.1]JFCP dimer as an orange solid, which was recrystal-
lized from acetone. The purity of {1.1]JFCP was checked
by melting point, (222°C; lit. [3] 223°C), 'H-NMR, and
mass spectroscopy. The [1.1.1.1)ferrocenophane dark-
ened at 255°C. The 'H-NMR spectrum showed a broad
multiplet at 4.01 (32 H) for the ferrocene protons. The
bridge proton signal was found at 3.31 ppm (8 H,
singlet). The mass spectrum gave a main peak at m /e
792.

4.1.3. Exo-exo- and exo—endo-1,12-dimethyl{1.1]fer-
rocenophane

The mixture of isomers was prepared according to
the literature [3] from 1,1-bis-(6-fulvenyl)-ferrocene.
The workup was carried out using the same modifica-
tions noted above for [1.1)ferrocenophane. The com-
bined eluents of the first chromatography on Al,O,
were evaporated, the residue taken up in a small
amount of CCl, and chromatographed on a silica gel
column with CCl,. The first two zones were collected
(the second zone contains a mixture of the dimers).
The first zone was evaporated, and a crystalline mix-
ture of the two isomers remained. This solid was frac-
tionally recrystallized from heptane. The exo—exo
1,12-dimethyl[1.1]ferrocenophane crystallized first to
give a golden-yellow solid. Its purity was checked by
melting point, 183°C (lit.: [see Ph.D Thesis TJH] 185-
186°C), and 'H-NMR. The 270 MHz 'H-NMR spec-
trum in CDCI; showed two multiplets for the fer-
rocene protons at 4.59 ppm (4 H) and 4.16 ppm (12 H)
and a quartet for the bridge protons at 3.75 ppm (2 H,
J =7 Hz). The signal for the methyl protons was found
at 1.17 ppm (6 H, J =7 Hz). The heptane supernatant
was evaporated from the filtrate leaving the exo-endo
isomer. This isomer was recrystallized from a minimal
amount of hexane (about 5 ml). The melting point of
the exo—endo isomer was 105°C (lit.: [3] 109°C). The
270 MHz 'H-NMR spectrum in CDCl, showed two
multiplets for the ferrocene protons at 4.10 ppm (8 H)
and 4.20 ppm (8 H) and a quartet for the bridge
protons at 3.61 ppm (2 H, J =7 Hz). The signal for the
methyl protons was found at 1.21 ppm (6 H, J = 7 Hz).
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4.1.4. Exo-exo 1,12-Dimethyl[1.1]ferrocenophane
from [1.1]ferrocenophane

In this “one-pot” synthesis utilizing the red bridge
carbanions of FCP and 1-methyl-FCP [18], [1.1]ferro-
cenophane (0.25 g, 0.63 mmol) and THF (50 ml), were
placed in a nitrogen-purged 3-neck, 500 ml round-bot-
tom flask with a stirring bar. The flask was placed into
an ice-methanol bath. To a 60 ml pressure equalizing
dropping funnel affixed to one neck of the flask, THF
(40 ml) was added along with methyl iodide (1 ml, 15.0
mol). To a second funnel, hexane (40 ml) was added
together with n-butyllithium (2.2 M, 2 ml, 4.4 mmol).
One equivalent of n-butyllithium (6.0 ml, 0.63 mmol)
was added to the solution, and the resulting red solu-
tion was stirred for about 10 min. The methyl iodide
solution was added a drop at a time until the reaction
solution became yellow. This solution was stirred for 2
min, and if it became darker, another drop of methyl
iodide was- added. This was continued until a color
change was no longer observed. (If the reaction was
terminated at this time, the 1-methyl[1.1)ferro-
cenophane derivative could be isolated using the same
workup procedures in [1.1]JFCP synthesis.) The same
sequence of additions was repeated a second time. The
yellow reaction mixture was hydrolyzed with a small
amount of water (1 ml), and a white precipitate formed.
The mixture was filtered and the solvent was evapo-
rated. The residue was chromatographed over a short
Al,0,/CCl, column and the first band was collected.
The solvent was evaporated, and the yellow solid was
recrystallized from hexane to give exo-exo-1,12-di-
methyl[1.1}ferrocenophane. The purity of the exo—exo-
[1.1]JFCP was checked by TLC (one spot) and 'H-NMR.
The 270 MHz 1H-NMR spectrum was consistent with
the spectrum of the known material. The yield was 0.21
g (78%).

4.1.5. Deuteration at the methylene bridge of [1.1]fer-
rocenophane

[1.1]Ferrocenophane (100 mg, 0.25 mmol) was added
to THF (10 ml) in an ice cooled nitrogen-purged
round-bottom flask with a stirring bar. n-Butyllithium
(1.2 M, 0.50 ml, 0.60 mmol) was added to the flask via
a syringe. The solution turned immediately to dark red.
D,0 (0.50 g, 0.25 mol) was added to quench the
reaction. The solution turned back to yellow and pro-
duced a small amount of white precipitate. The solu-
tion was evaporated, the yellow solid was extracted
with methylene chloride, the solution washed with wa-
ter, dried, and evaporated. Recrystallization from hex-
ane gave the mono-bridge-deuterated derivative of
[1.1JFCP. The 'H-NMR gave signals for the bridge
protons at 3.53 ppm (3 H, singlet) and ferrocene multi-
plets at 4.32 ppm (8 H) and 4.16 ppm (8 H). The

“H-NMR gave one peak at 3.55 ppm (1 D, singlet).
The mass spectrum gave the main peak at m /e 397.

4.2. Reactions with acids

4.2.1. Deuteration of [1.1]ferrocenophane by DBF,0D

Solid [1.1}ferrocenophane (100 mg, 0.25 mmol) was
added to DBF;0D. The solution turned blue, then
blue / green while H, was evolved. Water was added
and the green material was extracted into methylene
chloride (A, =740 nm). An aqueous solution of
sodium borohydride (about 250 mg NaBH, in 5 ml
water) was added to the CH,Cl,, and the solution
turned yellow. The CH,Cl, layer was removed, and
the H,O layer was washed with CH,Cl, until it was
colorless. The CH,Cl, extract was dried with MgSO,,
and the solvent was evaporated, leaving a golden-yei-
low crystalline solid. The 'H-NMR spectrum showed
the bridge protons at 3.53 ppm (4 H, singlet) and the
ferrocene protons at 4.32 ppm (n 4 H, multiplet) and
4.16 ppm (n 4 H, multiplet). The mass spectrum showed
the main peak at m/e 404 with a Gaussian distribu-
tion. There was a statistically significant signal at 396
(FCP-d,). The H-NMR gave only one broad peak at
4.31 ppm.

4.2.2. Deuteration of [1.1]ferrocenophane by DBF;0D
in the presence of excess Pb or Sn

[1.1]JFerrocenophane (100 mg, 0.25 mmol) was added
to DBF;0D along with tin metal (25 equivalents of Sn,
0.39 g, 3.2 mmol). Lead was also used in place of the
tin for a follow-up experiment with identical results.
The solution turned blue and evolved hydrogen almost
immediately upon the addition. The gas evolved for
180 min with very slow consumption of the Sn metal.
The reaction was stopped at this time by diluting the
solution with water, and the green material was ex-
tracted into methylene chloride. The same workup was
carried out as in the [1.1]JFCP deuteration. The elec-
tronic spectrum of the blue solution gave transitions at
640 nm, 560 nm, and 465 nm. The electronic spectrum
of the green solution gave broad transitions at 745 nm
and 460 nm. The 270 MHz 'H-NMR spectrum gave a
bridge proton signal at 3.52 ppm (4 H, singlet) and no
signal where one would expect ferrocene protons. The
90 MHz *H-NMR spectrum gave one signal at 4.32
ppm. The mass spectrum showed a main peak at m /e
412

4.2.3. Deuteration of [1.1]ferrocenophane by DBF;0D
in the presence of substoichiometric amounts of Sn

Four reactions, one using 5 equiv. (0.075 g, 0.63
mmol), one using 2 equiv. (0.03 g, 0.076 mmol), one
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using 1 equiv. (0.015 g, 0.038 mmol), and the last using
only one grain of Sn and [1.1]ferrocenophane (100 mg,
0.25 mmol) were conducted using the same procedures
as outlined in the above deuteration using 25 equiva-
lents of Sn. All of the solutions turned blue and evolved
gas almost immediately upon the addition of the
[1.1]JFCP. The gas evolved for 180 min with very little
consumption of the Sn metal in each of the reaction
flasks. The reactions were terminated after 180 min
had elapsed, except for the flask containing one grain.
That reaction was allowed to proceed for an additional
60 min. The slow evolution of gas was still observed
after the additional hour. Workup was carried out as
before. The spectroscopic data was the same as before.

4.2.4. Protonation of d,s{1.1lferrocenophane by
HBF,OH

d ¢[1.1]Ferrocenophane (100 mg, 0.25 mmol) was
added to HBF,;OH. The solution turned blue, then
green almost immediately. After stirring for 5 min,
H,0 was added to dilute the acid. Workup was carried
out as before. The 270 MHz 'H-NMR spectrum gave
signals for the bridge protons at 3.53 ppm (4 H, singlet)
and the ferrocene protons at 4.32 ppm (n 3 H, multi-
plet) and 4.16 ppm (n 3 H, multiplet). The mass spec-
trum showed the main peak at m /e 396.

4.2.5. Protonation of [1.1]ferroceno-ruthenoceno-
phane by HBF;OH

In a nitrogen-purged NMR tube, crystals of [1.1]fer-
roceno-ruthenocenophane (50 mg, 0.11 mmol) were
agitated by a gentle flow of nitrogen in order to purge
the solid of any adsorbed oxygen. Upon addition of
HBF,0H, the solid dissolved immediately, resulting in
a deep yellow solution. No gas evolution was observed.
The 270 MHz 'H-NMR spectrum is reproduced as Fig.
7. A large water peak was found at 8.30 ppm. All of the
chemical shift data were taken relative to the water
signal to be consistent with the other reactions.

4.2.6. Deuteration of [I1.1]ferroceno-ruthenoceno-
phane by DBF,0D

A small amount of [1.1}ferroceno-ruthenocenophane
(=25 mg, 0.06 mmol) was added to DBF,OD. The
vellow solid went directly into solution. Gas evolution
was not observed. The solution was filtered into a
nitrogen-purged NMR tube. The spectrum showed the
signals for the methylene bridge protons at 3.60 ppm (4
H) as a singlet and the ruthenocene signals at 5.65 and
5.44 ppm as multiplets (4 H each). A water peak was
found at 8.30 ppm. The ferrocene signals had disap-
peared. Spectra were rerun at 2, 10, 15, and at 30 min.
When the solution was allowed contact with the atmo-

sphere, the solution became intensely green and gas
evolution was observed, lasting for about 3 min.
Workup was conducted as in the [1.1]ferrocenophane
deuteration. The mass spectrum showed a main peak
at m/e of 449.

4.2.7. Deuteration of [1.1.1.1]ferrocenophane by
DBF,0D

The [1.1)ferrocenophane dimer (50 mg, 0.06 mmo}),
as a yellow-orange solid, was added to DBF;0D. The
solid dissolved rapidly, resulting in first a blue-green
solution and in evolution of H, gas. After stirring the
solution for 5 min, water was added, but no color
change was observed. Aqueous sodium borohydride
reduction and workup was carried out as in the [1.1]JFCP
deuteration, and hexane extraction gave an orange
solid. The electronic spectrum of the dimer showed a
transition at 430 nm. The blue-green solution showed
transitions at 620 nm and 470 nm. The 270 MHz
'"H-NMR spectrum showed a signal for the bridge
protons at 3.31 ppm (8 H, singlet). The signal for the
ferrocene protons was found as a broad multiplet at
4.00 ppm (n 10 H). The bimodal mass distribution of
the mass spectrum is shown in Fig. 6.
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