1900 Russian Chemical Bulletin, International Edition, Vol. 51, No. 10, pp. 1900— 1908, October, 2002

Organometallic Chemistry

Protonation of ferrocene, ruthenocene, and osmocene:
a density functional study
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Protonated forms of the ferrocene, ruthenocene, and osmocene molecules in the gas phase
were calculated using the density functional approach with the Becke—Lee—Young—Parr
functional. The proton affinity energies of ferrocene, ruthenocene, and osmocene were esti-
mated at 214.2, 220.3, and 229.7 kcal mol~!, respectively. The addition of a proton to carbon
atoms of the cyclopentadienyl ring in the ferrocene molecule and to the metal atom in the
ruthenocene and osmocene molecules is more energetically favorable. No minimum corre-
sponding to ring protonation was located on the potential energy surface of protonated
osmocene. The C—H,,;, bond in the ring-protonated [C;oH;;M]* (M = Fe, Ru) cations is
involved in agostic interaction with the metal atom. Transition states of interconversions
between the ring-protonated and metal-protonated forms were identified. A specific group of
protonated forms of the ferrocene and ruthenocene molecules includes four types of structures,
viz., ring-protonated (1a,b) and metal-protonated (2a,b) structures, transition states of the
1 === 2 interconversion (3a,b), as well as ring-protonated structures with the cyclopentadiene
ring folded along the C(2)—C(5) line so that the M—H,,,, interaction is virtually negligible.
The latter structures are required for [1,5]-sigmatropic shift of the exo-hydrogen atom in the
Cp ring to occur. The results obtained were used for the interpretation of the available schemes
of electrophilic substitution reactions in metallocenes and of the sigmatropic shift mechanisms.

Key words: density functional theory, regioselectivity of protonation, ferrocene, rutheno-
cene, osmocene, proton affinity, sigmatropic hydrogen shifts, electrophilic substitution, hydro-
gen isotope exchange, Onsager principle of microscopic reversibility, rearrangements.

Electrophilic substitution reactions in the ferrocene can involve either the initial attack of an electrophile on a
molecule are of considerable interest not ony due to a carbon atom of the Cp ring or on the metal atom
great preparative value of this type of reactions. They also (Scheme 1, routes a; and by, respectively). Realization of
place the chemists in a dilemma. Namely, these processes a particular route is determined by a complex balance of
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such factors as the nature of the electrophile, the presence
of substituents in the ferrocene molecule, and the reac-
tion medium.

Scheme 1

M =Fe, Ru, Os

Elucidation of a particular mechanism (a; or b;) of
electrophilic substitution reactions in the ferrocene mol-
ecule is hampered by short lifetimes of intermediates,
which usually makes spectroscopic detection of these com-
pounds impossible. At the same time, both reaction
mechanisms lead to the same stereochemical result. In
this connection it is appropriate to remind that the as-
sumptions of particular reaction mechanisms (a; 1-6 or
b, 17=9) based on indirect data were the subject of a dis-
cussion in the early studies. Reliable conclusions that
acylation of ferrocene follows route a; while mercuration
of ferrocene follows route b; were made based on the
results of systematic studies of the reactions of selectively
deuterated ferrocenes.!9—12 An investigation of protona-
tion of [1.1]-ferrocenophane provided convincing circum-
stantial evidence that protonation of ferrocene at the ring
occurs faster than at the metal atom.13

The aim of this work was to carry out a density func-
tional quantum-chemical study of electrophilic isotope
exchange of hydrogen in ferrocene, ruthenocene, and
osmocene.

Without regard to the position of the initial attack of
D*(H"), the electrophilic isotope exchange of hydrogen
in metallocenes can occur "symmetrically” (if this posi-
tion matches that from which H is eliminated) or "asym-
metrically” (otherwise). Both these pathways of the elec-
trophilic hydrogen exchange in metallocenes are shown
in Scheme 2 taking the initial attack on the metal atom as
an example. The "symmetric" process involves the addi-
tion of D* to the metal atom (Scheme 2, stage a,), the
migration of the deuterium atom from the metal atom to

the ring (stage b,), the [1,5]-sigmatropic shift of the
exo-hydrogen atom (stage c,), the migration of the
endo-hydrogen atom to the metal atom (stage d,), and the
proton elimination (stage e,). If the reaction follows the
"asymmetric" pathway (a,+b,%/;), we deal with proton
elimination from the exo-position of the ring rather than
from the metal atom.

Scheme 2
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Electrophilic isotope hydrogen exchange in the
ferrocene molecule viag initial addition of DT to the
exo-position of the Cp ligand is shown in Scheme 3. In
this case, the "asymmetric" pathway involves elimination
of proton from the metal atom (stages a3, b3, and f3) in the
intermediate hydride V. The "symmetric" reaction path-
way involves migration of the hydride hydrogen atom in
complex V either to the ring bearing the deuterium atom
(stages c; and e3; homoannular substitution), or to the
other ring (stages d5 and es3; heteroannular substitution).

In this work, the mechanisms of electrophilic isotope
exchange of hydrogen shown in Schemes 2 and 3 were
analyzed in detail using the density functional approach.
Earlier,14—17 theoretical studies of protonated forms of
the ferrocene molecule were performed without analyzing
such important stages as the [1,5]-sigmatropic shifts of
the exo- and endo-hydrogen atoms (Scheme 2, stage c,
and Scheme 3, stage g3, respectively) while no calcula-
tions of the protonation of ruthenocene and osmocene
were carried out.

The results of earlier theoretical studies of the proto-
nated ferrocene molecule in the gas phase are contradic-
tory. Despite the fact that calculations!4 were performed
both by the Hartree—Fock method and at the second-
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order Moller—Plesset level of perturbation theory, the
conclusions drawn by the authors of this study came un-
der criticism more recently.’3—17 No characteristic points
corresponding to proton addition to the exo-position of
the ring were found on the potential energy surface (PES)
of the protonated ferrocene molecule in a density func-
tional study!® by the LDA and B-PW91 methods. In addi-
tion, identification of agostic structures with a H atom
located between the metal atom and the Cp ring casts
some doubt because of imaginary vibrational frequencies
reported for some of them.13 The geometry of protonated
forms of the ferrocene molecule is also still to be clarified
since calculations!® were carried out without geometry
optimization. Some detached points to be calculated in
this work were chosen based on the results of preliminary
calculations!® and unpublished data.

Calculation Procedure

Calculations of the geometry and electronic structure of
protonated forms of the ferrocene, ruthenocene, and osmocene

molecules were carried out in the framework of density func-
tional approach with the Becke—Lee—Young—Parr (BLYP)
functional.18:19 Relativistic energy corrections for heavy ele-
ments (Ru, Os) were ignored. Analysis of the results of quan-
tum-chemical calculations of heavy-metal organometallic com-
pounds shows that the nonrelativistic approximation is suffi-
cient for correct determination of the energy characteristics of
rearrangements (see, e.g., Ref. 20). The geometries of the mo-
lecular systems under study were optimized using the Dun-
ning—Hay basis set?! and the LanL2 pseudopotential.22 The
procedure for location and identification of the transition states
(TS) of the interconversions between the metal-protonated
and ring-protonated forms (Scheme 3, stages b, and d,, and
Scheme 3, stages b3, c3, and d3) and between two ring-proto-
nated forms (stage c,) involved three steps. First, we calculated
an approximate geometry of a corresponding TS by the method
of linear synchronous transit (QST2).23 Then, structure refine-
ment was performed by the quadratic synchronous transit (QST3)
method.2? Finally, we refined the TS structure by the gradient
method, analyzed the vibrational frequencies at the saddle point
of the PES, and proved the correspondence between the results
obtained and the reaction under study by the intrinsic reaction
coordinate (IRC) method. Calculations were carried out on
CRAY J-90 (National Energy Research Supercomputer Center,
Berkeley, California, USA) and SGI Power Challenge com-
puter servers (Environmental Molecular Sciences Laboratory,
Pacific Northwest National Laboratories, Richland, Washing-
ton, USA) using the GAUSSIAN-98 program suite.24

Results and Discussion
Calculations of protonated metallocenes

The results of calculations of the PES fragments of
ferrocene are listed in Table 1. Five types of protonated
structures were revealed (Scheme 4). The energies of in-
dividual structures, the bond lengths, and the bond angles
for protonated ferrocene, ruthenocene, and osmocene are
listed in Tables 1, 2, and 3, respectively. For protonated
ferrocene, the ring-protonated structure 1a is the most
stable. According to our calculations, the proton affinity
energy of the ferrocene molecule is 214.2 kcal mol~!
(cf. 206—213 kcal mol~! for experimental values?5—27).
In molecule 1a, the C(1) atom has a nearly tetrahedral
configuration and is separated from the H,,, and H,,,,
atoms by 1.10 and 1.193 A, respectively. The C(1)—H,,,4,
bond is involved in agostic interaction with the iron atom
(the Fe—H,,,4, distance is 1.873 A). The C(2)—C(5) chain
fragment is characterized by noticeable alternation of the
carbon—carbon bonds, which is typical of n*-diene
complexes.?8 Thus, the cyclopentadiene ring in
molecule 1a is coordinated to the Fe atom in the
n*-,C(1)—H,,,4,-fashion. The geometry of the structure
1a of protonated ferrocene is much like that found re-
cently;17 however, no structures similar to 1a were re-
ported earlier.!> In the case of 1a the x; and x, points
correspond to the positions of the centers of gravity of the
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protonated and non-protonated five-membered ligands,
respectively. The Fe—x; distance somewhat exceeds (by
0.013 A) the Fe—x, separation. The x,—Fe—x, angle is
about 10° smaller than 180° due to a longer distance be-
tween the Cp rings as viewed from the bound "extra"
proton. The angle between the n-ligand planes is 8.7°.

Scheme 4

3a—

M = Fe (a), Ru (b), Os (c)

The next in stability is structure 2a of protonated fer-
rocene. Its energy is 2.7 kcal mol~! (1.9 kcal mol~! with
inclusion of zero-point vibrational energy correction)
higher than that of 1a. Similarly to 1a, optimization led to
an eclipsed conformation of 2a. A feature of this structure
is the presence of a hydride hydrogen atom (the Fe—H
distance is 1.516 A), which is at a rather long distance
from the C(1) atom (1.960 A). The cyclopentadienyl rings
in 2a again become equivalent and symmetrically arranged
relative to the Fe atom. The angle between the Cp ring
planes in 2a is 13.3°. The geometric parameters of this

Table 1. Calculated forms of protonated ferrocene la—5a*

Parameter Protonated form
1a 2a 3a 4a 5a
Bond, d/A
Fe—C(1) 2.126 2.146 2.110 2.159  2.047
Fe—C(2) 2.146 2.161 2.153 2.002  2.053
Fe—C(3) 2.196 2.159 2.171 2.165 2.130
Fe—C(4) 2.195 2.157 2.172 2.188  2.169
Fe—C(5) 2.143 2.159 2.155 2.081 2.116

C(1)—H,y, 1100 1.090 1.091  1.108 1.318
C(1)—H,,g 1193 1960 1.666 1.105 1.089

Fe—H,,.4 1873 1516 1.541 2492 2.787
Fe—X(1) 1761 1765 1757  1.633  1.677
Fe—X(2) 1748 1765 1759 1746 1.748
C(1)—C(2) 1524 1467 1481 1591  1.637

C(2)—C(3) 1.427 1.445 1.440 1.435  1.466
C(3)—C(4) 1.464  1.462  1.462 1.464  1.450
C4)—C(5) 1.427 1.445 1.440 1.432  1.442
C(5)—C(1) 1.524  1.467 1.481 1.546  1.469

Angle, o/deg

X(1)—Fe—X(2) 169.5 1658 167.3 167.8 175.9
C(1)—H,,4,—Fe 847 750 822 598 383

—E/a.u. 510.5726 510.5683 510.5679 510.5664 510.5343
AE/kcal mol~! 0.00 2.70 2.95 3.89 24.03
PA/kcal mol~! 214.2 211.5 — 210.3 —

* The total energy of neutral ferrocene molecule calculated by
the BLYP/LanL2DZ method is —510.2312 a.u.

structure are in agreement with the published results.13—17
A saddle point corresponding to structure 3a was also
located on the PES of protonated ferrocene. This structure
is intermediate between those of 1a and 2a. The activation
energy of conversion of 1a into 2a is 3.0 kcal mol~!
(0.3 kcal mol~! for the reverse process).

All important structural characteristics of 3a, namely,
the Fe—H,,,, distance (1.541 A), the C(1)—H,,, dis-
tance (1.666 A), and the X,—Fe—X, angle (167.3°) indi-
cate that it is an intermediate between structures 1a and 2a.
The geometric parameters of 3a found in this work are
close to those reported earlier.1” At the same time, the
C(1)—H,,;, distance calculated in other studies!>-16 (1.422
and 1.358 A, respectively) is appreciably different from
that obtained from our calculations (1.666 A) and in a
recent studyl? (1.696 A).

Interconversions between structures la, 2a, and 3a
correspond to the stages b, and d, and b3, ¢;3 and dj
(Schemes 2 and 3, respectively). As mentioned above,
this work was, in particular, carried out to elucidate the
possibility for sigmatropic shifts of the exo-hydrogen at-
oms (stage ¢,) to occur. We also located yet another state,
4a, on the PES of protonated ferrocene. Similarly to 1a,
structure 4a is also ring protonated but has a different type
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of coordination of the cyclopentadiene ligand. In mol-
ecule 4a, the Fe—C(2) and Fe—C(5) distances are shorter
than the distances from other carbon atoms of the upper
Cp ring to the Fe atom. By drawing a line connecting the
C(2) and C(5) atoms we get the folding line of the
cyclopentadiene ligand. Because of this, structure 4a
is characterized by two dihedral angles, namely, the
angle between the C(2)C(3)C(4)C(5) plane and the
C(6)C(7)C(8)C(9)C(10) Cp ring plane (7.4°) and the
angle between the C(1)C(2)C(5) plane and the
C(6)C(7)C(8)C(9)C(10) Cp ring plane (172.9°). Despite
the folding, all C atoms including the most distant C(1),
C(3), and C(4) atoms are at bonding distances from the
Fe atom. The C(1)—H,,,,—Fe agostic bond in 4a is dra-
matically weakened. This is indicated by nearly equal
C(1)—H,,, and C(1)—H,,,,, distances (1.108 and 1.105 A,
respectively) and by a rather long Fe—H,,,, distance
(2.492 A). At the same time, the C(1) atom is at a bonding
distance of 2.159 A from the Fe atom while the Fe—H,,,4,
distance is 0.4—0.5 A shorter than the distances from the
Fe atom to the Cp and cyclopentadiene ring protons that
are not involved in coordination with the metal atom.
This is likely due to the residual agostic interaction. The
energy difference between 1a and 4a (the energy of 4a is
3.9 kcal mol~! higher than that of 1a) is due to weakening
of the C(1)—H,,,;,,—Fe agostic bond in 4a. The PES maxi-
mum corresponding to the TS of the conversion of 1a into
4a is diffuse, so that the activation energy of the reverse
conversion of 4a into la is close to zero. In 4a, the
H,,, atom is much more "prepared” for undergoing a
[1,5]-sigmatropic shift, since the distances from this atom
to the C(2) and C(5) atoms (2.142 A) are shorter than in
1a (2.277 A) and the X,—C(1)—H,,, angle in 4a (114.6°)
is appreciably smaller than in 1a (143.2°).

In addition to 1a—4a, structure 5a was located on the
PES of protonated ferrocene. Here, the H,,,, atom is bound
to two carbon atoms, C(1) and C(2). The angle between
the C(1)—H,,,—C(2) plane and the Cp ring plane is
99.57°. The energy of 5a calculated relative to 1a is
24.0 kcal mol~!. The lowest vibrational frequency is imagi-
nary (i410 cm™!). Therefore, structure 5a corresponds to
a saddle point. Calculations by the IRC method showed
that 5a is a TS of the [1,5]-sigmatropic hydrogen shift
along the perimeter of the Cp ring and connects two
equivalent forms 4a. Structure 1a is not connected by a
reaction channel to TS 5a. Therefore, if the system ini-
tially exists in the form 1a, it should first pass to the state
4a to allow the [1,5]-sigmatropic shift along the pe-
rimeter of the Cp ring. The activation energy of the
[1,5]-sigmatropic shift along the perimeter of the Cp ring
is 20.1 kcal mol~!.

We attempted to locate the saddle point of the sigma-
tropic shift of the H,,,, atom in structure 1a from one C
atom to the adjacent C atom (Scheme 3, stage g3). Ac-
cording to calculations, such a saddle point does not exist

and the sigmatropic shift of the H,,;, atom is impossible.
Thus, there is only one way for the H atom participating
in the agostic bond with the metal atom to migrate to
another C atom, which invloves migration toward the
metal atom accompanied by cleavage of the C—H bond
and formation of a hydride structure followed by migra-
tion from the metal atom toward another C atom of any
Cp ring.

Five structures, 1b—5b, similar to the ferrocene
structures 1la—5a were located on the PES of proto-
nated ruthenocene (Table 2). The calculated proton
affinity energy of ruthenocene is 220.3 kcal mol~!,
which is ~6 kcal mol~! higher than that of ferrocene
(214.2 kcal mol~!). The most stable structure is metal-
protonated ruthenocene 2b, which is isostructural to 2a.
Similarly to protonated ferrocene 2a, the Cp rings in 2b
are equivalent and symmetrically arranged relative to the
metal atom. Structure 2b is also characterized by the
Ru—H bonding distance of 1.608 A, a long C(1)—H,,4
distance (2.207 A), and an angle between the Cp ring
planes of 16.7°.

The next in stability form of protonated ruthenocene
is ring-protonated structure 1b, which is isostructural to 1a.
The energy of 1b is 4.3 kcal mol~! higher than that of 2b
(5.2 kcal mol~! with inclusion of zero-point vibrational

Table 2. Various forms of protonated ruthenocene 1b—5b*

Parameter Protonated form
1b 2b 3b 4b 5b
Bond, d/A
Ru—C(1) 2.310 2.320 2.251 2.361  2.150
Ru—C(2) 2.307 2.320 2.300 2273  2.216
Ru—C(3) 2.345 2.298 2.334 2.439  2.381
Ru—C(4) 2.345 2.298 2.336 2.457  2.393
Ru—C(5) 2.306 2.318 2.301 2.281 2.296

C(1)—H,y, 1102 1.089  1.095 1.145 1.285
C(1)—H,,g 1198 2207 1429 1124 1.145

Ru—H,,g, 2022 1.608 1739 2572 2873
Ru—X(1) 1955 1950 1.938 1935 1915
Ru—X(2) 1908 1950 1.927  1.813 1.828
C(1)—C(2) 1524 1462 1500  1.551 1.558

C(2)—C(3) 1.430 1.451 1.438 1.402  1.455
C(3)—C(4) 1.466 1.465 1.464  1.439 1.452
C4)—C(5) 1.429 1.451 1.438 1.386  1.444
C(5)—C(1) 1.524 1463 1.500 1.527  1.463

Angle, o/deg

X(1)—Ru—X(2) 168.6 1649 169.6 179.3 172.7
C(1)—H,,,,—Ru 87.8 730  90.0  66.5 41.3

—E/a.u. 480.9962 481.0031 480.9949 480.9890 480.9535
AE/kcal mol~! 4.30 0.00 5.20 10.8 41.2
PA/kcal mol~! 216.0  220.3 — 209.5 —

* The total energy of neutral ruthenocene molecule calculated
by the BLYP/LanL2DZ method is —480.6521 a.u.
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energy correction). Structure 1b exhibits all features of
the n4,C(1)—Hendo—coordination of the cyclopentadiene
ring to the Ru atom, that is, tetrahedral configuration of
the C(1) atom, elongation (by 0.096 A) of the C—H,,4,
bond as compared to the C—H,,, bond, the Ru—H dis-
tance of 2.022 A, and alternation of the carbon-carbon
bonds in the C(2)—C(5) chain fragment. The angle be-
tween the Cp ring planes is 11.3°. Thus, for ferrocene and
ruthenocene the angles between the Cp ring planes in the
ring-protonated and metal-protonated forms differ insig-
nificantly, which is consistent with the results of recent
quantum-chamical calculations of protonated ferrocene.1?

The saddle point 3b located on the PES corresponds
to the TS of a proton migration in 2b (2b — 1b). The
activation energy of this transformation was found to be
5.2 kcal mol~!. Structure 4b of protonated ruthenocene
with the cyclopentadiene ring folded along the C(2)—C(5)
line is isostructural to form 4a of protonated ferrocene.
By drawing a line connecting the C(2) and C(5) atoms in
molecule 4b we get the folding line of the cyclopentadiene
ring; the Ru—C(2) and Ri—C(5) distances are shorter
than the distances from other carbon atoms of the up-
per cyclopentadiene ring to the Ru atom. Similarly to
the isostructural 4a, two dihedral angles in protonated
ruthenocene 4b characterize the folding of the cyclo-
pentadiene ring. These are the angle between the
C(2)C(3)C(4)C(5) plane and the C(6)C(7)C(8)C(9)C(10)
Cp ring plane (5.9°) and the angle between the
C(1)C(2)C(5) plane and the C(6)C(7)C(8)C(9)C(10) Cp
ring plane (172.0°). The C(1)—H,,,;,,—Ru agostic bond in
structure 4b is also weakened, as is the case of 4a. This
manifests itself in shortening of the C(1)—H,,,4, distance
and in lengthening of the Ru—H,,,, distance. How-
ever, the Ru—C(1) bonding distance and the shortened
Ru—H,,,, distance (on the average, by 0.56 A) compared
to the distances from the Ru atom to the protons at the
C(2)—C(9) atoms that are not involved in coordination
with the metal atom can be interpreted as an indication of
the residual agostic C(1)—H,,,,, interaction with the metal
atom. The energy of structure 4b is 10.8 kcal mol~! higher
than that of 2b. Structure 5b is a transition state of the
[1,5]-sigmatropic shift along the perimeter of the cyclo-
pentadiene ring. The calculated activation energy of such
amigration (41.2 kcal mol~! relative to 2b) is much higher
than the activation barrier to the analogous process in
protonated ferrocene.

Among protonated metallocenes of iron subgroup ele-
ments, osmocene occupies a special position. Only a sta-
tionary point corresponding to structure 2¢ was located
on the PES of protonated osmocene. The principal char-
acteristics of this structure are listed in Table 3. This struc-
ture is characterized by the presence of a hydride hydro-
gen atom and an Os—H distance of 1.635 A. The cyclo-
pentadienyl rings in 2¢ are equivalent and symmetrically
arranged with respect to the Os atom. The angle between

Table 3. Geometric parameters of protonated osmocene 2¢c*

Parameter Value Parameter Value
Bond, d/A Bond, d/AA
Os—C(1) 2.336 C(2)—C(@3) 1.457
0s—C(2) 2.322 C3)—C#) 1.469
0s—C(3) 2.285 C4)—C(5) 1.457
Os—C(4) 2.285 C(5)—C(1) 1.463
Os—C(5) 2.322 Angle, o/deg
C(1)—H,,, 1.089
C(l)_Hendo 2.257 X(l)—Os—X(Z) 163.3
OS_Hendo 1.635 C(l)—Hendo—Ru 71.77
Os—X(1) 1.947 —F/a.u. 478.1644
0s—X(2) 1.947 PA/kcal mol™! 229.6

C(1)—C(2) 1.463

* The total energy of neutral osmocene molecule calculated by
the BLYP/LanL2DZ method is —477.7984 a.u.

the Cp ring planes in 2¢ is 19.6°. The calculated proton
affinity energy of osmocene is 229.7 kcal mol~L.

Analysis of electrophilic isotope
exchange of hydrogen in metallocenes

Based on the results of our calculations, we can draw
some conclusions concerning electrophilic isotope ex-
change of hydrogen in ferrocene and ruthenocene.

1. For the addition of D" (H*) to metallocenes to
result in D/H isotope exchange in the Cp rings rather
than be a simple acid—base equilibrium a particular reac-
tion stage must involve at least one migration of the
H (D) atom from the metal atom to the ring (in the case
of attack on the metal atom, Scheme 2) or from the ring to
the metal atom if the ring is initially attacked (Scheme 3).

If an "external” D (H") attacks the ring, the isotope
exchange can occur without intermediate formation of
hydride forms 2 from 1 only if the reaction pathway in-
volves either an elimination of the endo-proton from the
ring-protonated structures 1 (structures III, IV, VII,
and VIII in Schemes 2 and 3) or a sigmatropic shift of
the endo-H atom along the perimeter of the ring fol-
lowed by elimination of the exo-proton (Scheme 3,
route a3 + g3 + e3). As mentioned above, both conditions
cannot be met since the endo-hydrogen atom in structure
1 is involved in agostic interaction with the metal atom
and the [1,5]-sigmatropic shift of this atom is impossible.
Therefore, the occurrence or absence of electrophilic iso-
tope exchange of hydrogen will be determined by the
energy difference between structures 1 and 2 and by the
energy barrier separating them. The smaller the energy
difference between 1 and 2 and the lower the activation
barrier to interconversion between them, the easier the
electrophilic isotope exchange of hydrogen. If in solution
one of these structures will be much more stable than the
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other (i.e., if the change in the free energy will be suffi-
ciently large), electrophilic H/D isotope exchange in
metallocenes will not occur at all or will occur very slowly.

2. Since, according to calculations, the smallest en-
ergy difference between structures 1 and 2 and the lowest
energy barrier separating them were found for protonated
ferrocene, electrophilic H/D isotope exchange must oc-
cur most easily in ferrocene. On going down the group of
the periodic table the proton affinity energies of metallo-
cenes Cp,M increase (our calculations gave 214.2, 220.3,
and 229.7 kcal mol~! for M = Fe, Ru, and Os, respec-
tively) and so do the stabilities of the hydride struc-
tures [Cp,MH]™" relative to the ring-protonated forms
[(m-Cp)M(n*, C(1)—H,,4,—CsHg)]*. For M = Ru, the
hydride structure 2b is more stable than the ring-proto-
nated form 1b; however, the energy difference between
them is insufficient to prevent the equilibration of both
forms in solution. For M = Os, the energy difference
between the metal-protonated and ring-protonated forms
of osmocene is so large that no point corresponding to the
latter structure was located on the PES of protonated
osmocene. Therefore, electrophilic H/D isotope exchange
in osmocene is hardly probable and no information on
this process in this compound and its derivatives is avail-
able. Thus, the easiness of electrophilic H/D exchange
depends on the nature of the metal atom. This is in agree-
ment with the fact that the most stable agostic structures
are formed by the first-row transition metal complexes.2?
On going down the groups of the periodic table the rela-
tive stability of the oxidative addition products of the
C—H agostic bond to the metal atom increases due to
weakening of the agostic interaction and to strengthening
of the metal—hydrogen bond.3?

3. The results obtained suggest that the allowed
routes of electrophilic H/D exchange in Schemes 2
and 3 include (i) "asymmetric" substitution (Scheme 2,
route a, + b, + f,) if the reaction begins with attack on the
metal atom and (ii) "symmetric homoannular” (Scheme 3,
route a; + by + ¢3 + e3), (iii) "symmetric heteroannular”
substitution (Scheme 3, route a3 + b3 + dy + e3),
and (iv) "asymmetric" substitution (Scheme 3,
route az + b; + f3) if the ring is initially attacked. Thus, of
the reaction routes shown in Schemes 2 and 3 only the
"symmetric” substitution beginning with attack on the
metal atom (Scheme 2, route a, + b, + ¢, + d, + ;) can
be considered forbidden. This process should be rather
slow, since in this case the rate-limiting step ([1,5]-sigma-
tropic shift of the H,,, atom, stage c,) is characterized by
a high activation barrier (24 kcal mol~! relative to 1a).
The proportion of molecules following this route in both
directions is negligible compared with the above-men-
tioned "allowed" routes. In the framework of the principle
of microscopic reversibility one can expect that in the
case of protonated ferrocene the fractions of the mol-
ecules that followed the "allowed" routes a, + b, + f,

a3+ by +c3+es, a3+ by +dy+e;, andas + by + f;, will
be comparable. The same routes are also allowed for pro-
tonated ruthenocene; however, here the proportion of the
molecules that followed the a, + b, + f; route beginning
with attack on the metal atom should be much larger than
the proportion of the molecules that follow the ring attack
route (Scheme 3, routes a; + b3 + ¢3 + e3, a3 + by +
+ d; + e3, and a3 + b3 + f3). By analogy with protonated
ferrocene in the case of protonated ruthenocene the "sym-
metric" route (Scheme 2, route a, + b, + ¢, + d, + e)
beginning with attack on the metal atom should be con-
sidered forbidden, since the kinetic barrier to the rate-
limiting step ([1,5]-sigmatropic shift of the H,,, atom in
structure 1b) is much higher than in the case of analogous
iron structure (37 and 24 kcal mol~!, respectively).

By and large, these conclusions are in agreement with
the reported data on protonated ferrocenes and rutheno-
cenes and on the occurrence of electrophilic H/D ex-
change in them. These metallocenes are weak bases with
two basicity centres, namely, the metal atom and the Cp
ring. Ferrocene forms complexes with weak proton do-
nors (chloroform, phenylacetylene, phenol) and proton
donors of moderate strength (CF;COOH, CCI;COOH).
In these complexes, the proton donor is bound to the Cp
ring by a hydrogen bond. These conslusions are based on
the results of (i) experimental studies using IR spectro-
scopy3! and electronic spectroscopy3? and (ii) analysis of
the changes in the chemical shifts of the NMR signals of
proton donors in the presence of ferrocene and of the
singlet of the ferrocene Cp protons in the presence of
proton donors.33:34 In contrast to ferrocene, the reactions
of ruthenocene and osmocene with the same proton do-
nors result in the formation of a hydrogen bond with the
metal atom.35:36 A number of systems (ferrocene in neat
F;CCOOD, ferrocene in solutions of D;PO,, F;CCOOD,
and Cl;CCOOD in organic solvents; ruthenocene?® in
neat F;CCOOD and in ClI;CCOOD in organic solvents)
is characterized by rather fast electrophilic H/D ex-
change.37

Protonated forms of ferrocene and ruthenocene with
the lifetimes sufficiently long to be identified by 'H NMR
spectroscopy were only detected in strong acids where the
acid anion is either a weaker base than metallocenes or is
comparable with them in basicity. According to calcula-
tions, ruthenocene forms hydride structures more easily.
In BF;- H,O solutions, ruthenocene exists only as a pure
hydride form [Cp,RuH]* (2b), which can be detected by
the appearance of singlets of the cyclopentadienyl and
hydride protons with a characteristic signal intensity ratio
of 10 : 1 in the 'H NMR spectra. The 'H NMR spectra of
ferrocene solutions in BF5« H,O exhibit doublet signals of
the Cp ring protons and an undecet (Jyy ¢, = 1.75 Hz) of
the hydride ligand,!3 which can be explained by fast (in
the NMR time scale) interconversion between the hy-
dride [Cp,FeH]" (2a) and ring-protonated (1a) isomers.
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The contribution of the latter structure is detected by the
appearance of the spin—spin coupling between the cyclo-
pentadienyl and hydride hydrogen atoms. Protonated
ferrocene exists as a pure hydride form 2a only un-
der unusual conditions (in a solution of the superacid
HSO;F : SO,CIF, 1 : 10 by volume, at —125°C).17 The
spin—spin coupling between the hydride and Cp ring pro-
tons in 2a was not detected. In this case electrophilic
H/D exchange does not occur. Finally, all things being
equal, the rate of electrophilic H/D exchange in rutheno-
cene is lower than in ferrocene.3’

Based on the results obtained, we can draw the follow-
ing conclusions.

1. Five isostructural forms were located on the PES of
protonated ferrocene and ruthenocene. They correspond
to the ring-protonated (la, 1b) and metal-protonated
structures (2a, 2b), the transition states of interconversions
between them (3a, 3b), the cyclopentadiene structures
folded along the C(2)—C(5) line (4a, 4b), and, finally,
the transition states of [1,5]-sigmatropic shift of the
exo-hydrogen atom (5a, 5b). The ring-protonated forms
1a and 1b are characterized by the presence of the
C(1)—H,,4,—M agostic bond that is cleaved on going to
the folded cyclopentadiene complexes 4a and 4b.

2. On going down the group of the periodic table from
M = Fe to M = Ru and Os the hydride structures,
[Cp,MH]*, become more stable relative to the ring-pro-
tonated forms, [(n3-Cp)M(n2-C(1)H,,;,m*-CsH¢)]*. For
M = Fe, the ring-protonated form 1a is more stable than
hydride 2a in the gas phase; however, the energy differ-
ence between them is very small and the energy barrier
separating both structures is the lowest. If M = Ru, the
hydride 2b is more stable than the ring-protonated form
1b. Here, the energy difference between the isomeric forms
and the kinetic barrier separating them are somewhat larger
than in the case of 1la and 2a. For M = Os, proto-
nated osmocene can exist in the gas phase only as hy-
dride 2c.

3. Electrophilic H/D exchange in metallocenes can
occur only via an interconversion between the ring-pro-
tonated (1a, 1b) and metal-protonated (2a, 2b) structures
as the key intermediates. Its rate must decrease with an
increase in the kinetic barrier and the energy difference
between the isomeric pairs (1a, 2a) and (1b, 2b). This is
consistent with the higher rate of H/D exchange in fer-
rocene compared to ruthenocene and the absence of such
a process in protonated osmocene.

4. Electrophilic H/D exchange in ferrocene and
ruthenocene following the routes involving [1,5]-sigma-
tropic shifts of the exo-hydrogen atoms (Scheme 2,
route a, + b, + ¢, + d, + ;) is forbidden. Other reaction
pathways beginning with attack on both the metal atom
(Scheme 2, route a, + b, + f;) and the Cp ring (Scheme 3,
routes az + b3+ c3+ e, a3+ b3+ ds;+esand a; + b3+ f3),
must be allowed.
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