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Abstract: The pKa of the 18-electron complexes [Fe(η5-C5R5)(η6-C6Me6)][PF6] {1a[PF6] (R ) H) and1b[PF6]
(R ) Me)} and [Fe(η5-C5R5)(η6-C6H5CHPh2)][PF6] {1c[PF6]} have been determined by the direct method in
DMSO using bases with known pKa values and found to be 12-14 pKa units lower than the pKa of the free
arenes, illustrating the electron-withdrawing character of the CpFe+ and Cp*Fe+ groups. Access to the pKa

values for 16-, 17-, 19-, and 20-electron iron-sandwich complexes of this type with various arene structures
was available by means of thermodynamic diagrams using the standard redox potentials of the oxidation and
reduction of the 18-electron cations1+ and the deprotonated complexes2. For instance, the pKa of the 19-
electron iron complex1a (43.5) is about the same as that of free C6Me6 (43-44) whereas that of1b is even
slightly higher (46.4). The pKas of the anionic 20-electron complexes1a- and 1b- are 7 and 12 units,
respectively, higher than that of C6Me6. The pKas of12+ are around-10, whereas those of1a3+ were estimated
to be around-50. In summary, the pKas were determined for the five isostructural oxidation states FeIV to
Fe0, those of FeIV being more than 110 pKa units lower than those of Fe0. The benzylic C-H bond dissociation
energies (BDEs) of the 18-electron complexes have been determined by means of a thermodynamic cycle
using the pKa values and standard oxidation potentials of the deprotonated forms measured in DMSO. These
BDE values are between 81 and 86 kcal/mol, i.e. approximately the same as that of the free arene. The benzylic
C-H BDEs in the 19- and 20-electron complexes1 and1- have been determined using other thermodynamic
diagrams and are 20 kcal/mol lower than in the 18-electron complexes, indicating the ease of these H-atom
abstraction reactions. This trend is well taken into account by the fact that the valence shells of the metals are
one unit closer to 18 in the products resulting from H-atom abstraction than in the starting paramagnetic
complexes. For the 17-electron complexes, the BDEs were estimated to be only between 47 and 51 kcal/mol.
We propose this stabilization of the corresponding dicationic C-H activated species to be due to coordination
of the exocyclic double bond reminiscent of the structure of ferrocenyl carbonium cations.

Introduction

Transition-metal-centered odd-electron species play a major
role in organometallic mechanisms,1 for instance in oxidative
addition,2 insertion,3 ligand substitution,4 carbenic polymeriza-

tion,5 redox catalysis,6 and electrocatalysis4d,7 and in materials
science8 and biochemistry (co-enzyme B12 processes and
models).9 One of the most important and thoroughly studied
organometallic processes is the activation of C-H bonds.10

These reactions most often use 18-electron precursor com-
plexes,10 although open-shell metal species in this field are
currently found on the biological side.11 With a few excep-
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51. (e) Tyler, D. R.Progress in Inorganic Chemistry; Lippard, S. J., Ed.;
Wiley: New York, 1988; Vol. 36, p 125. (f) Astruc, D.Electron Transfer
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1995.
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M., Eds.; Plenum: New York, 1978; p 69.
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Chem. Soc.1980, 102, 6887. (b) Richeson, D. S.; Mitchel, J. F.; Theopold,
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J. E.Angew. Chem., Int. Ed. Engl.1994, 33, 1620. (e) Reference 1f, Chapter
7.
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Chem., Int. Ed. Engl.1988, 27, 643. (c) Reference 1f, Chapter 6.
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Chem. Res.1988, 21, 114;Science1988, 240, 40.
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tions,10a,12there is a remarkable paucity of data concerning the
thermodynamic aspects of organometallic reactions in general
and C-H activation reactions in particular.12c

The benzylic C-H bonds can be easily activated by bases in
the 18-electron complexes [FeIICp(η6-arene)][PF6] (Cp ) η5-
C5H5) and [FeIICp*(η6-arene)][PF6] (Cp* ) η5-C5Me5) or simply
by contact with O2 in the isostructural neutral 19-electron FeI

complexes.13a These C-H activation reactions are of great
synthetic interest because they allow the formation of many
C-element bonds by smooth reactions of a variety of electro-
philes with the deprotonated species (eq 1). In particular, it is
possible to synthesize useful dendritic cores in one pot by
reactions with a base such as KOH or Kt-BuO and a carbon
electrophile in excess as, for example, in eq 2.

The knowledge of thermodynamic data such as standard redox
potentials, pKa, and bond dissociation energy (BDE) values is
of primary importance in the context of molecular engineering.
For instance, high-yield syntheses of dendrons are required from
functional organoiron complexes involving many steps in one-
pot reactions. Moreover, the need for these data is not restricted
to the classical FeII, 18-electron d6 state but is extended to other
oxidation states since the paramagnetic species involved have
been shown to be intermediates in simple nucleophilic or
electrophilic reactions of the 18-electron sandwich organoiron
cations.13b

A minority of 18-electron organometallic complexes such as
ferrocene can give rise to more or less stable 17-electron species
which can often be spectroscopically characterized, at least at

low temperature.1e,f,14 On the other hand, true 19-electron
species, i.e. with a metal-centered SOMO, are very rare.1e,f,15

In 1979, we reported the first thermally stable 19-electron
complexes of these series, the key to thermal stability being
the use of hexaalkylarene ligands. These complexes were named
electron reservoirs16a,b because the 19-electron complexes are
very electron-rich (actually the most electron-rich neutral
molecules known based on the very low values of their
ionization potentials)16c and the 18-19 electron interchange
allows a variety of clean and efficient stoichiometric, redox
catalytic, and electrocatalytic electron-transfer processes without
decomposition of any form of the redox systems.13b,16b,17

Since we have recently been able to also isolate the 17-
electron complexes of this family (the most oxidizing thermally
stable organometallic complexes known based on their redox
potential values), the first triads of isostructural 17-18-19
electron complexes are available as stable (although very
reactive) compounds in the [FeCp*(η6-arene)]n series (arene)
C6Me6 or C6Me5H, n ) -1 to 2).18 The redox cascades of a
large number of 18-electron iron compounds of this type and
of their deprotonation products now allow the search for more
thermodynamic data such as the BDEs spanning over four
isostructural oxidation states from FeIII to Fe0 and the pKas
spanning over five oxidation states from FeIV to Fe0.

The first goal is the experimental determination of the
standard redox potentials and the pKas. Cyclic voltammetry19

is currently the ideal technique for the former, while pKas have
been determined by various methods. The direct method, which
we have chosen, was first used by Norton to investigate the
acidity of transition-metal hydride complexes,20 then by Tilset,21

Theopold,22 and Bruno.23 It consists of the addition of a known
quantity of a base with strength similar to that of the compound
under investigation to a solution of this compound, and the
position of the equilibrium is spectroscopically determined.
Knowing the position of the equilibrium, one may calculate the
pKa of the analyte from the known pKa of the base used (Scheme
1).
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1984, 3, 817. Madonik, A. M.; Astruc, D.J. Am. Chem. Soc.1984, 106,
2437. Madonik, A. M.; Mandon, D.; Michaud, P.; Lapinte, C.; Astruc, D.
J. Am. Chem. Soc.1984, 106, 3381. Mandon, D.; Toupet, L.; Astruc, D.J.
Am. Chem. Soc.1986, 108, 1320. Review: Astruc, D.Synlett1991, 369.
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Chem. ReV. 1988, 88, 1189.
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Hehre24 calculated the C-H acidities of the complexes [Cr-
(η6-C6F6)(η6-C6H6-nMen)] by cyclotron resonance spectroscopy
and deduced an enhancement of 16 pKa units of the arenes in
the gas phase upon coordination to the 12-electron Cr(η6-C6F6)
fragment. The acidities of coordinated pyrroles have been
calculated by conventional aqueous titration.25 The ratio between
the forward and backward rate constants of proton exchange
has been used by several authors to calculate the pKa.26-29 In
particular, these kinetic data of proton exchange have been
measured by Terrier et al.28 in the case of mono- and binuclear
metal complexes of diphenylmethane (including CpFe+-
complexes) for DMSO/water and DMSO/methanol solvent
mixtures. This technique allowed the determination by Terrier
et al. of pKa values between 20.12 and 20.56, indicating a 12
pKa unit acidity enhancement on coordination of diphenyl-
methane to CpFe+in [FeCp(η6-C6H5CH2Ph)][PF6] {1d[PF6]}.
These latter results are of interest in the context of our work30

even if 1d[PF6] is considerably more acidic than the hexa-
methylbenzene complexes.

Direct measurement of BDEs is impractical, although Griller31

has calculated relative BDE values by determination of the
equilibrium constants of “radical buffers” by double integration
of EPR signals. Breslow’s seminal thermodynamic cycles were
first used in the late 1960s to calculate the pKa of triphen-
ylenecyclopropene by comparison with triphenylmethane.31

They have been successfully followed by others, in particular
by Arnett,32 Bordwell,33 Griller,34 and Parker35 in organic
chemistry and by Parker,36 Tilset,36 Morris,37a,b Angelici,37c

Theopold,22 and Bruno37d in inorganic and organometallic

chemistry. The calculation of the element-hydrogen BDEs has
been achieved using such cycles which required measurement
of the pKa of the acid AH and the oxidation potential of the
conjugated base A- and estimation of the solvation, transfer,
and formation energies of the hydrogen radical and the proton
(Scheme 2).

A value of 73.5( 1 kcal/mol (307( 4 kJ/mol) for the
constantC has been determined by Parker et al.,35aand we will
use this value. Parker et al.35a have introduced cycles based on
isodesmic reactions, and the BDEs of metal-hydrogen bonds
in 18-electron transition metal hydrides have been measured
by Parker35,36 and Tilset36,37 using this technique. Zhang and
Bordwell38 have reported the determination of pKas and BDEs
of 18-electron complexes of fluorene coordinated to Cr(CO)3,
CpFe+, and Mn(CO)3+, a study of which was simultaneous to
our work.30 The pKa of [FeCp(η6-fluorene)][PF6] {1c[PF6]} was
found to be 14.6, a value 8.0 pKa units lower than that of free
fluorene, and the BDEs (80-81 kcal/mol; 334.4-338.6 kJ/mol)
were independent of the organic or organometallic substituent.37

A second class of thermodynamic cycle has been used to
relate the pKa or BDE for stable, neutral compounds with the
same physical property of the radical cation (Schemes 3 and
4).
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Scheme 1

AH + B- a M- + BH pKeq

BH a B- + H+ pKBH

MH a M- + H+ pKa

pKa ) pKeq + pKBH

Scheme 2

HA a Asol
- + Hsol

+ 2.3RTpKa

Asol
- a Asol

• + e- +FEA-/0

Hsol
+ a Haq

+ -∆Gtr(H
+)

Haq
+ + e- a 1/2H2 -FEH0/+

1/2H2 a Hg
• ∆Gf(H

•)

Hg
• a Hsol

• ∆Gsol(H
•)

HA a Hsol
• + Asol

• BDE

BDE ) 2.3RTpKa - F(EH0/+ - EA-/0) - ∆Gtr(H
+) +

∆Gf(H
•) + ∆Gsol(H

•)

) 2.3RTpKa + FEA-/0 + C
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First suggested by Arnold,39 this method was used to obtain
the pKa values of the radical cations of several phenothiazine
and fluorene derivatives. A related cycle was used by Parker
and Tilset35c to link the pKas of dications to those of their cation
radicals. Similarly, Tilset37b has obtained the BDEs of numerous
transition-metal hydride radical cations from those of their
neutral counterparts by a related cycle. Since we are searching
the thermodynamic data in several oxidation states, we will take
advantage of this type of cycle which does not need a constant.

Results

pKa Studies of 18-Electron Complexes.The pKas of the
complexes [Fe(η5-C5R5)(η6-C6Me6)][PF6] {1a[PF6] (R ) H),
1b[PF6] (R ) Me)} and [FeCp(η6-C6H5CHPh2)][PF6] {1c[PF6]}
were determined by direct observation of equilibrium 3

in DMSO by1H NMR or UV-vis spectroscopy. To make sure
that the measurements were obtained at equilibrium, experiments
were carried out by starting either from the compounds at the
left or at the right of equilibrium 3, and identical values were
obtained. To calculate the investigated pKa (see Scheme 1), the
pKeqobtained from equilibrium 3 (see the Experimental Section)
was added to the known pKa values of R′OH and imidazole
reported by Bordwell41 (pKa(DMSO) ) 29.0 for R′ ) Me, 32.2
for R′ ) t-Bu, and 18.6 for imidazole) and the results are
presented in Table 1 together with those of theE1/2 and BDE
values.

Standard Redox Potentials.The standard redox potentials
E°’s (noted E in the schemes) are determined by cyclic
voltammetry and are considered to be equal to theE1/2 values,

i.e. the average between the cathodic and anodic peaks potentials
for reversible or partly reversible waves. Data are given in Table
1. For irreversible reductions or oxidations, we have found that
the variation of the potential with scan rate is 30 mV for a 10-
fold increase of scan rate, consistent withECirrev-type processes
(not Eirrev). In these cases, the peak potential shifts vsE° have
been analyzed by Parker et al.35a (vide infra), who calculated
the maximum error. In some other cases of extreme oxidation
states, theE° value has been estimated by comparison with a
closely related compound whose orbital diagram has been shown
to be the same as that of the discussed compound and for which
the desiredE° value is known. This is the case of the influence
of methyl groups on a ring, for instance, and this procedure by
analogy has been shown to be correct using other cases where
the E° values are known for two compared complexes. The
estimated maximum error value has been considered to be larger
in those cases, however (up to 100 mV). Details, also including
the problem of solvents and references, are discussed below.

Reduction of the Complexes [FeCp(η6-arene)][PF6] and
[FeCp*(η6-C6Me6)][PF6] {1b[PF6]}. Standard redox potentials
have been measured for the first and second cathodic mono-
electronic reductions of various salts of the 18-electron com-
plexes of the [FeCp(η6-arene)]+ family47 and, in particular, for
1a[PF6] and1b[PF6].16c,40aHowever, no value was available in
DMSO. Thus all the necessaryE1/2 values have been recorded
by cyclic voltammetry again now using this solvent and
ferrocene as the internal reference (see below, however,
concerning this reference). When ferrocene was used as the
internal reference, it could be verified that the following
relationship holds true (eq 4):

The second reduction potential of1b has been calculated from
that of 1a, using the same shift (0.23 V) caused by the five
methyl groups of Cp* on the two reduction potentials which
involve the same e*1 orbitals. All the data are reported in Table
1.

Oxidation of the Complexes [FeCp(η6-C6Me6)][PF6] and
[FeCp*(η6-C6Me6)][PF6] {1b[PF6]}. The oxidation potentials
of the electrochemically and chemically reversible monoelec-
tronic oxidations of1a[PF6] and 1b[PF6] are now available in
CH2Cl2, MeCN, and SO2. These potentials are very positive,
however, and measurements in DMSO would not be possible
because DMSO is much more easily oxidized than these
complexes. Thus,1b[SbCl6]2, which has been isolated as a pink
crystalline solid, would oxidize DMSO. Nevertheless, the redox
potentials determined in other solvents are not too different from
one solvent to another. The difference between the redox

(40) (a) Astruc, D.; Hamon, J. R.; Roman, E.; Michaud, P.J. Am. Chem.
Soc.1981, 103, 7502(b) Hamon, J.-R.; Astruc, D.; Michaud, P.J. Am. Chem.
Soc.1981, 103, 758. (c) Solodovnikov, S. P.; Vol’kenau, N. A.; Kotova,
L. S. J. Organomet. Chem.1982, 231, 45.

(41) Bordwell, F. G.Acc. Chem. Res.1988, 21, 456.

(42) (a) Deprotonation of1b[PF6]40b,43 (as that of the ruthenium
analogue)44 occurs selectively on the arene ligand since this ligand, being
even, is more acidic than the odd Cp* ligand. Nevertheless, deuteration of
1b[PF6] occurs completely on both rings upon refluxing3b (i.e.,3b+, OD-)
in D2O.45 Similarly, a crossover experiment between3b and3b-d32 catalyzed
by traces of1b[PF6] gives complete scrambling on both rings45 and
deprotonation/alkylation of the Cp* ring, although minor, can also occur
under forced conditions.46

(43) Hamon, J.-R.; Astruc, D.; Roma´n, E.; Batail, P.; Mayerle, J. J.J.
Am. Chem. Soc.1981, 103, 2431.

(44) (a) Casado, C. M.; Wagner, T.; Astruc, D.J. Organomet. Chem.
1995, 502, 143. (b) Ruiz, J.; Astruc, D. Unpublished results.

(45) Hamon, J.-R.; Hamon, P.; Sinbandhit, S.; Gue´not, P., Astruc, D.J.
Organomet. Chem.1991, 413, 243.

(46) Hamon, J.-R.; Saillard, J.-Y.; Le Beuze, A.; McGlinchey, M. J.;
Astruc, D.J. Am. Chem. Soc.1982, 104, 7549.

(47) (a) The first UV-vis spectra of [FeCp(arene)]+ salts were published
by Hendrickson,43b and UV-vis spectra of1a[PF6], 1b[PF6], and 3a in
dimethoxyethane are also known.40a,b (b) Morrison, W. J.; Ho, E. Y.;
Hendrickson, D. N.Inorg. Chem.1975, 14, 500.

Scheme 3

HA a A- + H+ 2.3RTpKHA

A- a A• + e- FEA-/0

HA•+ + e- a HA -FEHA0/+

HA•+ a H+ + A• 2.3RTpKHA•+

pKHA•+ ) pKHA - F(EHA0/+ - EA-/0)/2.3RT

Scheme 4

MH a M• + H• BDEMH

M• a M+ + e- FEM0/+

MH•+ + e- a MH -FEMH0/+

MH•+ a M+ + H• BDEMH•+

BDEMH•+ ) BDEMH - F(EMH0/+ - EM0/+)

[Fe(C5R5)(η
6-C6Me6)][PF6] + Na+R′O-{\}

Keq

[(FeC5R5)(η
5-C6Me5CH2)] + R′OH + Na+PF6

- (3)

R ) H, R ) Me or R) Me, R′) t-Bu

E1/2(DMSO) ) E1/2(DMF) + (-34 ( 4 mV) (4)
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potentials in different solvents arises because ferrocene was the
reference, and the interaction energies of various solvents with
ferricinium are significantly different from one another. In other
words, ferrocene is not a very good reference if one wishes to
be accurate, because the cationic iron center is not well-protected
from the solvent molecules in ferricinium. Recently, we have
shown that solvent influences were much weaker in permeth-
ylated transition-metal sandwiches such as1b[PF6] than in
ferrocene because the metal center is well-protected by the shell
of methyl groups. In fact, the redox potentials of1b[PF6] are

independent of the solvent if decamethylferrocene or deca-
methylcobaltocene is taken as a reference.49 We conclude that
the redox potentials of1b[PF6] may be recorded and further
used without correction for thermodynamic calculations in any
solvents (we will use values recorded in MeCN) and that the
redox potentials of1a[PF6] can be used in the same way in a
relatively good approximation. The oxidation potentials of
1c[PF6] and of the CpFe+ complexes of diphenylmethane and
fluorene have now also been recorded in SO2 and are used
without correction. Solvent effects, weak in SO2, would have
been more significant in DMSO for the fluorene and diphenyl-
methane complexes (although not larger than with ferrocene).

(48) (a) Dessy, R. E.; Stary, F. E.; King, R. B.; Waldrop, R. B.J. Am.
Chem. Soc.1966, 88, 471. (b) Nesmeyanov, A. N.; Denisovitch, L. I.; Gubin,
S. P.; Vol’kenau, N. A.; Sirotkina, F. I.; Bolesova, I. N.J. Organomet.
Chem.1969, 20, 169. (c) For a review, see ref 14b. (49) Ruiz, J.; Astruc, D.C. R. Acad. Sci., Ser. IIc: Chim.1998, 1, 21.

Table 1. Table of pKa, E1/2, and Benzylic C-H BDE Values (DMSO) Determined for the 16-20-Electron [Fe(C5R5)(arene)] Complexes13+ to
1- (FeIV to Fe0), E1/2 Values for the Deprotonated FeII Complexes2, and Comparison of the pKa and BDE Values to Literature Values for the
Free Arenes (Four Bottom Entries)

pKa(DMSO)a E1/2(reduction) (V vs Fc)a,b E1/2(oxidation) (V vs Fc)a,b BDEa,c(C-H)

[FeIICp(η6-C6Me6)]+PF6
- (1a+)d 29.2( 0.2 -1.99( 0.01 +1.25( 0.03 86.5( 1.5 (362( 6)

[FeIICp*(η6-C6Me6)]+PF6
- (1b+)d 31.4( 0.4 -2.22( 0.01 +1.03( 0.03 85.5( 2 (347( 8)

[FeIICp(η6-C6H5CH2C6H5)]+PF6
- (1b+)f 20.0f -1.80( 0.01 +1.61( 0.03 84( 2 (347( 8)

[FeIICp(η6-C6H5CHPh2]+PF6 (1c+) 18.2( 0.3 -1.74( 0.01 +1.61( 0.03 82.6( 2 (345( 8)
[FeIICp(η6-fluorene)]+PF6

- (1e+)g 14.6g -1.77( 0.01 +1.49( 0.03 81( 2 (335( 8)g

[FeIICp(η6-C6Me6)] (1a)d 43.5( 2.5 -2.77( 0.03 -1.99( 0.01 67.5( 1.5 (282( 6)
[FeICp*(η6-C6Me6)], (1b)d 46.4( 2.5 -3.00( 0.05k -2.22( 0.01 65.1( 2 (272( 8)
[FeICp(η6-C6H5CH2C6H5)] (1d) 32.9( 2.5 -2.55( 0.05 -1.80( 0.01 59.4( 1.5 (248( 6)
[FeICp(η6-C6H5CHPh2] (1c) 32.5( 2.5 -2.56( 0.05e -1.74( 0.01 58( 1.5 (242( 6)
[FeICp(η6-fluorene)] (1e) 23.9( 2.5 -2.69( 0.05 -1.77( 0.01 52.6( 1.5 (220( 6)
[Fe0Cp(η6-C6Me6)]- (1a-) 61.4( 4 -2.77( 0.03 68.2( 2 (285( 8)
[Fe0Cp*(η6-C6Me6)]- (1b-) 61.4( 4 -3.00( 0.05 67.5( 2 (282( 8)
[Fe0Cp(η6-C6H5CH2C6H5]- (1d-) 46.2( 4 -2.55( 0.05 59.6( 2 (249( 8)
[Fe0Cp(η6-C6H5CHPh2]- (1c-) 46.5( 3 -2.56( 0.05 59.3( 2 (248( 8)
[Fe0Cp(η6-fluorene)]- (1e-) 32.8( 4 -2.69( 0.05 44.1( 2 (184( 8)
[FeIIICp(η6-C6Me6)]2 (1a2+) -11.6( 3 +1.25( 0.03 +2.83( 0.10l 48.2( 3 (202( 12)n

[FeIIICp*(η6-C6Me6)]2+ (1b2+) -8.5( 3 +1.03( 0.03 +2.61( 0.10l 48.1( 3 (201( 12)n

[FeIIICp(η6-C6H5CH2C6H5)]2+ (1d2+) -18.5( 3 +1.61( 0.03 +3.19( 0.10l 48.5( 3 (203( 12)n

[FeIIICp(η6-C6H5CHPh2]2+ (1c2+) -19.1( 3 +1.61( 0.03 +3.19( 0.10l 47 ( 3 (197( 12)n

[FeIIICp(η6-fluorene)]2+ (1e2+) -20.0( 3 +1.49( 0.01 +3.07( 0.10l 51 ( 3 (213( 12)n

[FeIVCp(η6-C6Me6)]3 (1a3+) -53.7( 4 +2.83( 0.10l

[FeIVCp*(η6-C6Me6)]3+ (1b3+) -50.5( 4 +2.61( 0.10l

[FeIVCp(η6-C6H5CH2Ph]3+ (1d3+) -71.5( 4 +3.19( 0.10l

[FeIVCp(η6-C6H5CHPh2]3+ (1c3+) -72 ( 4 +3.19( 0.10l

[FeIVCp(η6-fluorene)]3+ (1e3+) -68.6(4 3.07( 0.10l

[FeIICp(η5-C6Me5CH2)] (2a)d -2.80( 0.05 -1.16( 0.01e

-3.58( 0.15o -0.41( 0.10m

[FeIICp*(η5-C6Me5CH2)] (2b)d -3.11( 0.05 -1.34( 0.10e

-3.89( 0.15o -0.59( 0.10m

[FeIICp(η5-C6H5CHC6H5)] (2d) -2.56( 0.05e -0.67( 0.10e

-3.31( 0.15o +0.05( 0.10m

[FeIICp(η5-C6H5CPh2] (2c) -2.61( 0.05e -0.68( 0.01
-3.43( 0.15o +0.07( 0.10m

[FeIICp(fluorenyl)] (2e) -2.32( 0.05e -0.56( 0.01e,g

-3.24( 0.15o +0.19( 0.10m

C6H5CH3 43h 87-90 (364-376)i

C6H5CH2C6H5 32.25h 84 ( 2 (351( 8)j

(C6H5)3CH 30.6h 81j

fluorene 22.6h 80 (335)g

a All the measurements were done at 20°C in DMSO; in this solvent, the pKa values of imidazole, MeOH,t-BuOH, MeCN, and DMSO are
respectively 18.6, 29.0, 32.2, 31.3, and 33.5, from ref 41.b E1/2 values of reversible waves (closely approximating the thermodynamic potentialE°)
were determined versus the ferrocene-ferricinium redox potential as the average of the anodic and cathodic peaks of the cyclic voltammograms
in DMSO + [n-Bu4N][PF6] 0.1 M/Pt. Unless otherwise noted,e the waves are reversible, thus the uncertainty onE° is very weak ((0.01 V). c BDE
in kcal mol-1 (kJ mol-1). d For E1/2 in other solvents, see refs 16c and 40b.e Peak potential of an irreversible wave (Epeak * E°); to minimize the
error in the determination ofE° in the calculation of the BDE, a 0.10 V correction (∆E ) Epeak- E°) was applied to the recordedEpeak to give the
estimatedE° value. This correction corresponds to a kinetic peak potential shift for anEC mechanism with a pseudo-first-order reaction between
the solvent and the radical substrate with a rate constant equal to 104 s-1. For discussion of the uncertainties related to such follow-up reactions,
see text and ref 35a.f Reference 28.g Lit. 80, see ref 38a.h Reference 41.i Reference 60 and Zhang, X.-M.; Bordwell, F. G.J. Am. Chem. Soc.
1994, 116, 4251. j Bordwell, F. G.; Cheng, J.-P.; Harrelson, J. A.J. Am. Chem. Soc.1988, 110, 1229.k Calculated from the value for1 and the
difference between the reduction potentials of1+ and 1+. l Calculated from the oxidation potentials of1+ by adding 1.58 V, i.e. the difference
between the first and second oxidation potentials of [FeCp*2]: Sharp, P. R.; Bard, A. J.Inorg. Chem.1983, 22, 2689. Bard, A. J.; Garcia, E.;
Kukharenko, S.; Strelets, V. V.Inorg. Chem.1993, 32, 3528.m Calculated by adding the difference between the first and second oxidation potential
of 2c (0.75 V) to the first oxidation potential of2. n Estimated value using the second oxidation potential of1 and2 calculated according tol and
m. o Estimated value obtained by addition of the difference between the two reduction potentials of1+ to the first reduction potential of2.
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The second oxidation potentials of the complexes1+ are not
directly accessible experimentally, but Bard’s group has mea-
sured the second oxidation potentials of ferrocene and deca-
methylferrocene, which are isoelectronic to1+. That the same
orbitals are involved for the oxidation of1+ and ferrocene or
decamethylferrocene has been confirmed recently by accurate
DFT calculations.18 Thus, it is possible to obtain a fairly good
estimation of the second oxidation potential of1+ from the
second oxidation potentials of ferrocene or decamethylferrocene
measured by Bard et al. The difference in the oxidation
potentials of1a+, 1b+, [FeCp2], and [FeCp*2] is only due to
the electrostatic factor and to the number of methyl groups. We
can assume that the differences among the oxidation potentials
of these four complexes are the same for the first and second
oxidation potentials. This assumption leads to second oxidation
potentials ofE1a2+/3+ ) 2.83( 0.10 V vs FeCp2 andE1b2+/3+ )
2.63 ( 0.10 V vs FeCp2.

[FeCp(η5-C6Me5dCH2)] (2a) and [FeCp*(η5-C6Me5d
CH2)] (2b). The oxidation and reduction potentials of the
deprotonated complexes2a,b were also recorded. Both the
oxidation on Pt anode and the reduction on Hg or Pt cathodes
are chemically totally irreversible in various solvents even at
-40 °C. The standard redox potential is different from the
potential of an irreversible wave measured by cyclic voltam-
metry. This potential shift depends on the mechanism and the
reaction rate of the chemical reaction following the primary
heterogeneous electron transfer. For a pseudo-first-order reaction
between the solvent and the generated radical anion, Parker et
al.35a calculated a shift of 50 mV for a reaction rate of 102 s-1.
Since an EPR spectrum of the radical anion of3a could be
recorded,40c we assume that the follow-up reaction is not
exceedingly fast and, as an approximation, we use this correction
of 0.05 V for values measured in DMSO.50

The lack of reversibily of the anodic oxidation of the
deprotonated complexes prevented us from measuring a reliable
second oxidation potential. Therefore we examined2c in which
the triphenylmethane ligand was susceptible to sterically stabilize

the mono-oxidized deprotonated complex. Indeed, whereas the
anodic oxidation of the deprotonated fluorene and diphenyl-
methane on Pt complexes is fully irreversible at-40 °C in CH2-
Cl2, THF, and DMF, the analogous oxidation of2c is reversible
at E1/2 ) -0.650 V vs FeCp2 in DMF on Pt at 20°C (ic/ia ) 1
at a scan rate of 800 mV/s and 0.56 at 100 mV/s). Thus, at a
scan rate of 800 mV/s, it is possible to confidently observe the
oxidation of 2c+ at a higher oxidation potential. Indeed, the
irreversible anodic oxidation of2c+ is observed atEirr ) +0.050
V vs FeCp2. The influence of temperature on the potential is
taken as negligeable compared to the maximum error attributed
here to the data.

Determination of pKas of the 16-20-Electron Complexes
Using Thermodynamic Cycles. The pKas of the 16-20-
electron complexes can be calculated using thermodynamic
cycles. Applied to the complexes1+, these cycles are represented
in Schemes 5-8 using the pKa values of the 17-20-electron
complexes and the difference between their oxidation and
reduction potentials, respectively, and those of their deprotonated

(50) The largest shift that can occur is 0.287 V, involving a diffusion-
controlled first-order reaction (EC mechanism,k ) 1010 s-1). This
corresponds to a shift of 6.6 kcal/mol for the estimation of the BDE value.35a

Scheme 5

pKa(1a2+) ) pKa(1a+) - F(E°1a1+/2+ - E°2a0/+)/2.303RT

) pKa(1a+) - 16.89(E°1a1+/2+ - E°2a0/+) )
29.2-16.89(1.165+ 1.250)) -11.6

pKa(1b2+) ) pKa(1b+) - 16.89(E°1b1+/2+ - E°2b0/+) )
31.4-16.89(1.03+ 1.34)) -8.46

Scheme 6

pKa(1a3+) ) pKa(1a2+) - F(E°1a2+/3+ - E°2a1+/2+)/2.303RT

) - 11.6-16.89(2.83-0.34)) -53.7

pKa(1b3+) ) pKa(1b2+) - F(E°1b2+/3+ - E°2b1+/2+)/2.303RT

) -8.46-16.89(2.61-0.12)) -50.5

Scheme 7

pKa(1a) ) pKa(1a+) + F(E°1a1+/0 - E°2a0/-)/2.303RT

) pKa(1a+) + 16.89(E°1a1+/0 - E°2a0/-) )
29.2-16.89(-1.99+ 2.80)) 43.5

pKa(1b) ) pKa(1b+) + 16.89(E°1b+/0 - E°2b0/-) )
31.4-16.89(-2.22+ 3.11)) 46.4
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forms. Calculations are found below the Schemes for1a,b, and
these and other data are summarized in Table 1.

The determination of pKa(1-) requires the knowledge of the
second reduction potential of3. This is not experimentally
directly accessible but can be reasonably estimated by adding
to the first potential the constant value of 0.78( 0.10 V
separating the first and second reduction potentials of [FeCp-
(arene)]+ complexes with various substituents on the rings (the
carbanion-CH2

- is considered as a simple substituent; see the
Discussion). The maximum uncertainty is estimated to be 0.10
V. Values of the potentials of the reversible reduction waves
of 1a,b were recorded in DMF and are adapted to DMSO with
the approximation mentioned in the preceding section.

Calculations of the BDEs Using the Thermodynamic
Diagrams. Application of Scheme 2 leads to the BDE of the
benzylic C-H bonds in the 18-electron complexes1+ using
their pKa, the oxidation potentials of their deprotonated forms
and the constant (Scheme 9).

Application of Scheme 4 allows calculation of the BDE of
another oxidation state from the BDE of the 18-electron complex
(calculated above) if the appropriate redox potentials of the
complex and its deprotonated forms are known. Thus, the access
to the BDE in the 19- and 20-electron complexes requires the
knowledge of the oxidation and reduction potentials of the
deprotonated form, respectively (Schemes 9 and 10), while
access to the BDE in the 17-electron complexes requires the
knowledge of the second oxidation potential of the deprotonated
form (Schemes 11 and 12, see the Discussion).

Discussion

As can be seen from the data in Table 1, there is a huge
change in the acidities and BDEs upon changing the oxidation
state in this first family of stable isostructural triad of 17-18-
19-electron iron complexes of C6Me6 and among the 16-20-
electron redox series with various arene ligands. Despite the
well-known ability of transition metals to change oxidation state
to a great extent, they usually only do so together with structural
transformation of the coordination sphere. Addition or removal
of a single electron from organic, inorganic, and organometallic

Scheme 8

pKa(1a-) ) pKa(1a) + F(E°1a0/- - E°2a1-/2-)/2.303RT)
43.5+ 16.89(-2.77+ 3.58)) 57.2

pKa(1b-) ) pKa(1b) + F(E°1b0/- - E°2b1-/2-)/2.303T )
46.4+ 16.89(-3.00+ 3.89)) 61.4

Scheme 9

BDE(1a+) ) 2.3RTpKa + FE°A-/0 + C ) 1.365pKa(1a+) +
23.06E°2a0/+ + 73.5 kcal/mol

) 1.365(29.2)+ 23.06(-1.165)+ 73.5)
86.5 kcal/mol

BDE(1b+) ) 1.365(31.4)+ 23.06(-1.34)+ 73.5)
85.5 kcal/mol

Scheme 10

BDE(1a) ) BDE(1a+) - 23.06(E°2a0/+ - E°1a+/0)

) 86.5-23.06(-1.165+ 1.99)) 67.5 kcal/mol

BDE(1b) ) BDE(1b+) - 23.06(E°2b0/+ - E°1b+/0)

) 85.5-23.06(-1.34+ 2.22)) 65.0 kcal/mol

Scheme 11

BDE(1a-) ) BDE(1a) - 23.06(E°2a0/- - E°1a0/-)

) 67.5-23.06(-2.80+ 2.77)) 68.2 kcal/mol

BDE(1b-) ) BDE(1b) - 23.06(E°2b0/- - E°1b0/-)

) 65.0-23.06(-3.11+ 3.00)) 67.5 kcal/mol
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molecules often changes their reactivity by kinetic factors of
the order of 1010, which provides the kinetic basis for chain
reactions.51 Let us first discuss the features of the 18-electron
complexes before analyzing the consequences of the changes
in oxidation state.

pKas of 18-Electron Cationic FeII Complexes. In these
complexes, the benzylic hydrogens are not overly acidic. The
pKa values of 29.2 for1a+ and 31.4 for1b+ are high, but a
methyl proton can be removed by NaOMe in THF for1a+ and
Kt-BuO for1b+ (but not by NaOMe);1a+ can be deprotonated
in MeCN only in the presence of excess base. These 18-electron
cations are much less acidic than the numerous 18-electron
transition-metal hydrides studied by Norton, Tilset, and Theopold,
which cluster between pKa values of 10 and 20 in MeCN (values
in MeCN can be converted to approximate DMSO acidities by
subtracting 10 pKa units).52 The electron density increase at the
metal center incurred on permethylation of the Cp ring of the
iron-sandwich complexes raises the pKa by 2.2 units. The
observation by Norton20c of similar but larger differences
between the Cp and Cp* ligands of [Mo(η5-C5R5)(CO)3H]
(∆pKa ) 3 units) and [Fe(η5-C5R5)(CO)3H] (∆pKa ) 7 units)
reflects the more direct interaction between the metal center
and the “proton” in these hydride complexes than in the
hexamethylbenzene sandwich complexes.

The niobium-acyl complexes investigated by Bruno, with
pKa values in the range 2-7, are much more acidic than1a+

and 1b+ although an analogous iron compound, [FeCp(CO)-
(PPh3)(COCHMe2)], does have a pKa > 35 in DMSO.23

Although the pKa of C6Me6 is not available in the literature,
it is expected not to be substantially higher than that of toluene.
Gau has shown that ortho and meta methyl groups add roughly
0.1 pKa unit of basicity, while a para methyl adds roughly 1
unit, although his results in diamine-containing hydrocarbon
solvents are not directly applicable to the present case involving
strongly polar solvents.53 Likewise, Hehre has observed gas-

phase energy differences which correspond to an increase of
0.1 and 0.7 pKa units, respectively, forp-xylene andm-xylene,
compared to toluene.24

Since1a+ and1b+ are respectively 13.8 and 11.6 pKa units
more acidic than toluene, coordination of C6Me6 to CpFe+ and
Cp*Fe+ fragments can thus be estimated to enhance the acidity
of the benzylic hydrogens by slightly greater than 14 and 12
pKa units, respectively. This enhancement accords with the
results obtained by Terrier et al., who found that coordination
of one CpFe+ fragment to diphenylmethane leads, in DMSO/
water or DMSO/methanol mixtures, to a 12 pKa unit acidity
increase, and coordination of a second fragment, to a further
gain of 4 units.28 On the other hand, with fluorene, the decrease
of pKa upon coordination to CpFe+ is only 8 pKa units, as shown
by Bordwell et al., due to the electronic delocalization between
the coordinated and noncoordinated parts of this ligand.

The factors that favor the deprotonation of the complexes
1+ are (i) the positive charge which is redistributed onto an
even ligand to a larger extent than onto an odd ligand in a
cationic complex such as1+ which contain both types of
ligands54 and (ii) the stabilization of theη5-cyclohexadienyl
ligand in the deprotonated arene which gives the neutral
ferrocene-like structureA (two pentahapto ligands, FeII oxidation
state) of the complexes3, confirmed by X-ray data. This
resonance form has considerably more weight than the zwitter-
ionic hexahaptostructureB bearing the classical carbanion (eq
5). This later form is dominant in the fluorene complexes,
explaining why the influence of the metal moieties is weaker
in those cases.

pKas of Neutral 19-Electron FeI Complexes.The above
advantages are lost in the 19-electron complexes1 because they
do not bear a charge and have an antibonding SOMO. Their
acidities are equal or slightly inferior to that of the free arene
ligand. Note the sensitivity of the acidity enhancement to the
electron density on the metal: single-electron reduction of1a+

to 1a virtually negates the acidity increase gained on coordina-
tion, bringing the reduced compound’s pKa in line with that of
uncoordinated toluene. Coordination of C6Me6 to Cp*Fe even
provokes a decrease in the acidity of the benzylic hydrogen
atoms by about 3 pKa units. The lack of benefit from the
coordination in the 19-electron structureC arises because there
is now no stabilization by a 19-electron cyclohexadienyl
structureD in which the negative charge would be located on
the metal center (eq 6); the latter would be of too high energy

(51) For chain reactions in transition-metal chemistry, see Chapter 6 of
ref 1f and the following: Chanon, M.Bull. Soc. Chim. Fr.1982, II-197;
1985, 209.

(52) (a) Wayner, D. D. M.; McPhee, D. J.; Griller, D.J. Am. Chem.
Soc.1988, 110, 132. (b) Kolthoff, I. M.; Chantooni, M. K.; Bhowmik, S.
J. Am. Chem. Soc.1968, 90, 23.

(53) Gau, G.; Marques, S.J. Am. Chem. Soc.1976, 98, 1538.
(54) Davies, S. G.; Green, M. L. H.; Mingos, D. M. P.Tetrahedron1978,

34, 20.

Scheme 12

BDE(1a2+) ) BDE(1a+) - 23.06(E°1a1+/2+ - E°2a1+/2+)

) 86.5-23.06(1.25-0.34)) 65.5 kcal/mol

BDE(1b2+) ) BDE(1b+) - 23.06(E°1b1+/2+ - E°2b1+/2+)

) 85.5-23.06(1.03-0.12)) 64.5 kcal/mol
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(for instance, a potential as negative as-3.5 V vs Cp2Fe0/+ is
required to reduce ferrocene to its 19-electron radical anion).55

pKas of Anionic 20-Electron FeI Complexes.This species
has only been observed by a chemically and electrochemically
reversible cyclic voltammetry wave for a variety of [FeCp-
(arene)] complexes,56 but not spectroscopically. It is isoelectronic
with nickellocene57a and [Fe(η6-C6Me6)2],57b which have a
sandwich structure with two unpaired electrons in the doubly
degenerate e*1 orbital. The fact that no decoordination occurs
in the 20-electron complexes [Fe°Cp(arene)]- is shown by the
full electrochemical reversibility of the FeI/Fe0 wave observed
in cyclic voltammetry and by the absence of anodic shift of
this wave and was recently confirmed by accurate DFT
calculation.18b,58 Since the pKa of 1a, remarkably, is not
influenced by the coordination to CpFe, we deduce that the
structure of the carbanion C6Me5CH2

- is the same in the free
state and as a ligand coordinated to FeICp in3a-. In other words,
the -CH2

- substituent does not interfere with the FeI center,
so that the single-electron reduction of2a- to 2a2-, whose
potential is required for the thermodynamic cycle leading to
the calculation of the pKa of 2a- can be regarded as involving
only the iron e*1 orbital. Whereas this potential is not
experimentally accessible, we can calculate it with a good
approximation since the difference between the first and second
reduction potentials of the family of [FeCp(arene)]+ complexes
with various substituents on the rings is constant. The resulting
pKas of the anions2- are consistently 14-15 pKa units higher
than those of the neutral complexes and the free arene, which
is due to the electrostatic factor.

pKas of Dicationic 17-Electron Complexes.Tilset has
reported an acidity enhancement of 23-26 pKa units for the
hydrogen atom attached to the metal upon oxidizing neutral 18-
electron transition metal hydrides to their cationic 17-electron
counterparts.37c The effect of single-electron oxidation of the
18-electron cationic complexes on the acidity of the benzylic
hydrogen atoms of our iron-sandwich complexes is more
dramatic, provoking a drop of about 40 pKa units in both Cp
and Cp* complexes, which leads to negative pKa values for the

17-electron complexes12+. These values are only virtual in
DMSO because1a+ and 1b+ cannot be oxidized to the 17-
electron complexes in DMSO, but only in solvents such as
MeCN, CH2Cl2, and SO2 in which their anodic oxidation is
reversible. This large increase of acidity from1+ to 12+ is
directly connected (in the thermodynamic cycle) to the enormous
difference of standard potential (about 2.4 V) between the
oxidation of2 (the deprotonated form of1) and the oxidation
of 1+. Indeed, the oxidation of1+ occurs at very positive
potentials (at more than 1 V vs Cp2Fe0/+), so that, for instance,
1b2+ is the most oxidizing thermally stable organometallic
complex known. The complexes2+ which form by virtual
deprotonation of the very strong oxidants12+ (eq 7) are very
easily generated by mild oxidation of2.

Thus, the complexes2+ are thermodynamically relatively
stable, being FeIII compounds which resemble ferricinium. In
fact, the complex1b[SbCl6]2 is such a strong oxidant that it
oxidizes all the bases. Altogether, the isostructural 17-electron
FeIII and 19-electron FeI complexes are separated by 3.25 V in
both Cp and Cp* series, which also results in a pKa drop of
about 55 units from the neutral FeI complexes to the dicationic
FeIII complexes. The isostructural Fe0 and FeIII complexes are
separated by a 4.1 V and about 70 pKa units. Even though this
gap seems enormous, it is less important than the gap that is
involved when C6Me6 is not coordinated. The difference of pKa

between free C6Me6 and C6Me6
•+ is given by

C6Me6 is oxidized at 1.6 V vs [FeCp2],59 i.e. at a potential 0.4
V more positive than its CpFe+ complex1a+ and 0.6 V more
positive than its Cp*Fe+ complex1b+. The value ofE°{C6Me5-
CH2

0/-} is unknown, but this species must be reduced at an
extremely negative (inaccessible) potential, i.e. beyond 3.5 V
vs Cp2Fe0/+, so that the difference of pKa above is presumably
larger than 80 pKa units. The reduction of this difference upon
coordination is due to the fact that the orbitals involved in the
redox processes of1+ are not ligand orbitals, but essentially
metal d orbitals with some covalency: the SOMO of the 19-
electron complexes1, of e*1 symmetry (dxy and dyz), has about
20% ligand character, and the orbital involved in the oxidation
of 1+, of e2 symmetry (dx2-y2, dxy), has a similar amount of
covalency.18

pKas of Tricationic 16-Electron Complexes.The increase
of acidity from the Fe(III) dications to the Fe(IV) trication is

(55) Mugnier, Y.; Moı¨se, C.; Tirouflet, J.; Laviron, E.J. Organomet.
Chem.1980, 186, C49.

(56) (a) Desbois, M.-H.; Mariot, J.-P.; Varret, F.; Astruc, D.J. Chem.
Soc. Chem. Commun.1985, 447. (b) Desbois, M.-H.; Astruc, D.Organo-
metallics1989, 8, 1841.

(57) (a) Ammeter, J. H.; Swallen, J. D.J. Chem. Phys.1972, 57, 678.
(b) Michaud, P.; Mariot, J.-P.; Varret, F.; Astruc, D.J. Chem. Soc., Chem.
Commun.1982, 1383.

(58) (a) Decoordination upon electron tranfer is currently observed in
cyclic voltammetry by the low (measurable) rate of heterogeneous electron
transfer and perturbed thermodynamics.56b,58b(b) See Chapter 2 of ref 1d
and the following: Geiger, W. E.Progress in Inorganic Chemistry; Lippard,
S. J., Ed.; Wiley: New York, 1985; Vol. 33, p 275. (59) Lehmann, R. E.; Kochi, J. K.J. Am. Chem. Soc.1991, 113, 501.

pKa(C6Me6
•+) - pKa(C6Me6) )

16.89 (E°{C6Me6
0/+} - E°{C6Me5CH2

0/-})
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on the order of 50 pKa units, i.e. much larger than from the
Fe(II) monocations to the Fe(III) dications. Again, this huge
increase of acidity is connected to the huge difference between
the standard oxidation potentials of12+ (around 3 V) and the
second oxidation potential of2 (around 0 V). This second
oxidation potential, experimentally accessible only in the case
of 2c, is low probably because of the stabilization of22+ by
coordination of the exocyclic bond to iron in order to keep the
18-electron count. The 18-electron rule is indeed the basis of a
strong driving force for this type of compound. The values
obtained for the pKas of13+ are as low as-60, thus completely
virtual in DMSO.

Bond Dissociation Energies.Let us first try to compare the
BDE of the benzylic C-H bonds in the 18-electron complexes
with those of free polymethylbenzenes. The BDE of C6Me6 is
not known, but calculations by Gilliom60 have found that the
benzylic C-H bond energies for toluene,m-xylene, and
p-xylene are identical (87-90 kcal/mol). If this observation can
be extended to C6Me6 (eq 8), comparison with toluene or
xylenes in lieu of C6Me6 shows that almost no change in BDEs
is found upon coordination in the 18-electron complexes1+, a
remarkable feature (eq 9). Thus, the situation is reversed in
comparison with the acidities.

Whereas the acidities of the 19-electron complexes1 are about
the same as those of the free arene, an important drop (of the
order of 20 kcal/mol) of BDE is now observed for this class of
19-electron complexes in comparison with the free arene. This
is taken into account by the fact that, in breaking the benzylic
C-H bond, one starts from the 19-electron complexes1, with
an electron in an antibonding orbital, to form the very stable
18-electron complex2 (eq 10).

The process is so easy that it has been experimentally carried
out by simple contact with dioxygen or air at-80 °C.40aThese
thermodynamic data indicate that a direct H-atom abstraction
from 1 to 2 would be an easy process, although it has not yet
been experimentally observed (the reaction with O2 proceeds
by electron transfer from1 to O2 followed by proton transfer
from 1+ to O2

•-).40a Hydrogen-atom abstractors which are not
easily reduced such as Bu3Sn• or [FeCp(PR3)2]17ashould be good
candidates for a direct H-atom abstraction from1 to give 2.
The BDEs of the 20-electron complexes are remarkably
analogous to those of the 19-electron complexes, which is well
taken into account by the decrease of one unit of the number of
valence electrons from numbers above 18 in both cases. The
energy gain in breaking a benzylic C-H bond is about the same
because this electron is removed from the same antibonding
e*1 orbital in both cases.

The BDEs of the benzylic C-H bonds in the 17-electron
complexes12+ are even lower by 20 kcal/mol than those of the
19- and 20-electron electron complexes1 and1-. We believe
that these very low BDE value arise because of the tremendous
stabilization obtained by coordination of the exocyclic double
bond to the iron center in order to complete the 18-electron
valence shell of the metal (eq 11) as in ferrocenylcarbonium
cations.61

Concluding Remarks

Through direct measurements in DMSO and thermodynamic
cycles, whose type has been established by Breslow,31 Arnett,32

Bordwell,33 Griller,34 Arnold,39 Parker,35,36 and Tilset36,37 by
combining pKa values and electrochemical potentials, the
acidities of the benzylic hydrogens in five oxidation states of
the complexes [Fex(η5-C5R5)(η6-C6Me6)]n+ (x ) 0-IV, R ) H
or Me, n ) -1 to 3) and [Fex(η5-C5R5)(η6-arene)]n+ (arene)
di- and triphenylmethane and fluorene) have been calculated
for DMSO solutions. For the 16-electron species, the pKa values
were estimated using the values of the oxidation potentials of
the 17-electron complexes available by adding the difference
between the two oxidation potentials of decamethylferrocene
to the first oxidation potential of these complexes measured in
SO2. Coordination of the arene by the Fex(η5-C5R5) fragment
(R ) H and Me, respectively) increases its acidity in the 18-
electron complexes (x ) 1) by roughly 12-14 pKa units (except
for fluorene). These data have been compared with those
previously obtained by various techniques by Norton,20 Tilset,36,37

Parker,35,36Theopold,22 and Bruno23 on transition-metal hydrides
and Terrier31 and Bordwell,38 respectively, on diphenylmethane
and fluorene coordinated to CpFe+in the 18-electron complexes
1d[PF6] and 1e[PF6].

In the 17-electron complexes (x ) 2), the pKa of C6Me6 drops
upon coordination by roughly 54 and 51 pKa units with R) H
and Me, respectively. In the 16-electron complexes (x ) 3),
the pKa drop reaches more than 100 units. In the neutral 19-
electron complexes (x ) 0), the acidity of C6Me6 is either
unchanged (R) H) or slightly decreased (R) Me). In the
anionic 20-electron complexes (x ) -1), the acidity drops by
14 and 12 pKa units with R) H and Me, respectively.

Using other thermodynamic diagrams of related type, the
BDE of the benzylic C-H bonds have been determined in the
17-20-electron complexes. Contrary to the acidity, these BDEs
are not changed by complexation to the monocationic fragments
Fe(η5-C5R5)+ in the 18-electron complexes. On the other hand,
whereas the acidity is not significantly changed upon complex-
ation of C6Me6 to the neutral fragments Fe(η5-C5R5), the

(60) Gilliom, R. D.J. Mol. Struct. (THEOCHEM)1986, 138, 157. (61) Watts, W. E.J. Organomet. Chem. Libr.1979, 7, 399.

C6Me698
-H•

BDE ) 87-90 kcal/mol
C6Me5CH2

• (8)
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+

1a+
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-H•

BDE ) 86.5( 1.5 kcal/mol

[FeIICp*(η6-C6Me5CH2
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3a+
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-H•
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(10)
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homolytic C-H cleavage reflected by the BDEs requires about
20-30 kcal/mol (85-125 kJ/mol) less energy in the 17-, 19-,
and 20-electron complexes than in the 18-electron complexes
or the free arene. This is due to the removal of one electron
from an antibonding e*1 orbital upon benzylic C-H cleavage
in both the 19- and 20-electron complexes, which show the same
energy gain in this process. The experimental determination of
the second oxidation potential of the deprotonated triphenyl-
methane complex2c led to reasonable estimations of the
analogous values for the other complexes of this type. In this
way, the approximated BDEs are available in the dicationic 17-
electron complexes and their values are even lower than those
found in the 19- and 20-electron complexes. This is best taken
into account by a very strong stabilization of the deprotonated
16-electron species by coordination of the exo-cyclic double
bond to the metal in the same fashion as ferrocenylcarbonium
cations, which brings their valence electron count back to 18.
These overall results, which are the first ones spanning over
more than two oxidation states, are summarized in Table 1 and,
as an example for the [FeCp(η6-C6Me6)] series, in Scheme 13.
The relevance of these thermodynamic data to the chemistry of
these complexes is illustrated in Scheme 14, which summarizes
the known reactions relating the stable components of the family
in the [FeCp*(η6-C6Me6)] series. In particular, the richness of
oxidation states and of electron-, proton-, and H-atom transfer
reactions known together with the present study highlights the
electron, proton, and H-atom reservoir properties of the families
of iron-sandwich complexes permethylated on either one or both
rings (cf. also the Introduction and eqs 1 and 2).

Experimental Section

General Procedures.All reactions were performed in oven-dried
glassware, using standard Schlenk techniques, under an atmosphere of
argon which had been dried by passage over 3 Å molecular sieves
activated at 200°C under vacuum.1H NMR spectra (90 MHz) were

obtained on a Bruker WH-90 spectrometer at 25°C and are reported
as parts per million downfield of TMS, referenced to the solvent.13C-
{1H} NMR spectra (62.9 MHz) were likewise obtained on a Bruker
WM-250 spectrometer. Infrared spectra were recorded on a Perkin-
Elmer 1420 IR spectrophotometer; visible spectra were recorded on a
Varian Cary 219 spectrophotometer (350-500 nm, 1 cm path length).
The complexes1a[PF6],40b,621b[PF6],40b 1c[PF6],63 1d[PF6],63 1e[PF6],64

2a,40a,622b,40a 2c,63 2d,63 and2e65 were prepared by literature routes.
[n-Bu4N][BF4] was prepared by metathesis of [n-Bu4N][HSO4] and
NaBF4. Potassium hydride (20% suspension in oil) and potassiumtert-
butoxide were purchased from Janssen; the latter was sublimed before
use. AlCl3 was purchased from Merck, and hexamethylbenzene, from
Lancaster.

Solvent Purification. Hydrocarbon and ethereal reaction solvents
were purified by distillation from sodium/benzophenone ketyl under
argon. After predrying over NaOH and vacuum distillation, DMSO
was vacuum distilled from CaH2. The distillate was collected after an
initial forerun (10%). DMF was predried over CaO, then distilled at
ambient pressure from CaH2 immediately before use. The material
which distilled above 149°C was collected. DMSO-d6 was allowed to
stand over molecular sieves (3 Å, activated at 200°C under vacuum)
for 2 weeks before use.

Preparation of Bases. Sodium Methoxide.Methanol was dried by
distillation followed by refluxing over Mg turnings and a catalytic
amount of I2. The solvent was then distilled and treated with metallic
sodium (∼1:10 w/v). The mixture was refluxed briefly after H2

evolution ceased, evaporated, and dried at 120°C under vacuum.
Titration (HCl/bromocresol green) showed that the white powder
contained no entrained methanol.

Sodium Methoxide/DMSO-d6 Suspension.Sodium methoxide (13.7
mg, 0.253 mmol) was ground in a small Schlenk tube. DMSO-d6 (0.961
g, 0.808 mL) was added, and the mixture was sonicated 15 min, then
allowed to stand several hours at room temperature to give a
homogeneous suspension 0.313 M in NaOMe.

Sodium Phenoxidewas prepared by treatment of phenol in dry
methanol with metallic sodium, as described by Berny,66 and was titrated
(HCl/bromocresol green) to verify the lack of phenoxide/phenol/
methanol agglomerates.

Potassium Imidazolate.Imidazole (1 equiv) and KH (1 equiv) were
stirred in diethyl ether. After evolution of hydrogen ceased, the solvent
was removed by filtration; the white precipitate was rinsed four times
with diethyl ether and dried under vacuum. The1H NMR spectrum
(DMSO-d6: δppm ) 6.96, 1H; 6.58, 2H) of this white powder showed
only the signals corresponding to potassium imidazolate (compare for
imidazole: δppm ) 12.04, 1H; 7.64, 1H; 7.01, 2H).

(62) Astruc, D.; Hamon, J. R.; Lacoste, M.; Desbois, M.-H.; Roma´n, E.
In Organomet. Synthesis; King, R. B., Ed.; Elsevier: Amsterdam, 1988;
Vol. IV, pp 172-187.

(63) Helling, J. F.; Hendrickson, W. A.J. Organomet. Chem. 1977, 141,
99.

(64) Nesmeyanov, A. N.; Vol’kenau, N. A.; Bolesova, I. N.Dokl. Akad.
Nauk, SSSR1966, 166, 607.

(65) Johnson, J. W.; Treichel, P. M.J. Chem. Soc., Chem. Commun.
1972, 688;J. Am. Chem. Soc. 1977, 99, 1427.

(66) Berny, M. F.; Perrin, R.Bull. Chim. Soc. Fr.1967, 1013.

Scheme 13

Scheme 14
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pKa Studies of 18-Electron Complexes. [FeCp(η6-C6Me6)][PF6]
(1a+). The UV-vis spectrum of1a[PF6] and its deprotonated complex
[FeCp(η5-C6Me5CH2)] (2a) are easily manipulated through Beer’s law,
but2aabsorbs 10-20 times more strongly than1a+ for all points within
the transmission window of solvents in which both are soluble.40 Thus,
1H NMR appeared to be the best method to observe the position of
equilibrium, despite the limitation of its time scale and the imprecision
of its integration. In DMSO-d6, clean singlets are observed for the Cp
protons of1a[PF6] and2a. The methyl and methylene peaks of2a are
unobservable, however, presumably due to fast equilibrium 3 on the
NMR time scale (in contrast, they are sharp in C6D6). Likewise, the
methoxide peak is broadened in DMSO-d6 and represents an average
signal for the methanol and sodium methoxide present. To permit direct
comparison with the metal hydrides studied by Norton, Tilset, and
Theopold, the use of acetonitrile as a solvent would have been desirable.
However, acetonitrile solutions of2a are unstable, suggesting that2a
is sufficiently basic to deprotonate acetonitrile. Indeed, the pKa of
acetonitrile, 31.3 in DMSO, is relatively close to that of1a[PF6]; the
deprotonation of acetonitrile by1a[PF6] may be shifted by the reaction
of the anion of acetonitrile. DMSO has the same desirable solvent
characteristics as acetonitrile23 and is less acidic than it (pKa ) 35.1),
and a vast collection of pKas has been amassed by Bordwell.41 The
choice of base was governed by the acidity of the compound, as the
limitations of NMR integration required that the protonated base and
the analyte be of similar strength. Deprotonation was complete with
potassiumtert-butoxide (pKa ) 32.2 in DMSO)41 and partial with
sodium methoxide (pKa ) 29.0).41 Sodium phenoxide (pKa ) 18.0)41

did not deprotonate1a[PF6] but caused a yellow solution of1a[PF6] to
become green, presumably because single-electron reduction of1a-
[PF6] was shifted by the reactivity of the phenoxy radical.

[FeCp*(η6-C6Me6)][PF6] {1b[PF6]}. Deprotonation has already been
achieved with various bases.42-46 Attempts to assay the equilibrium
acidity of 1b[PF6] by the 1H NMR method used with1a[PF6] showed
that this technique was unsuitable with1b[PF6]: while 1b[PF6] alone
provides a proper1H NMR spectrum in DMSO, all the signals broaden
and disappear into the baseline when traces of Kt-BuO are added. This
effect is worsened by the growth of the solvent peaks, due to washing
of protons from1b[PF6] into the DMSO-d6 through the low concentra-
tion of dimesyl ion MeS(O)CH2- generated by Kt-BuO. This loss of
deuterium is confirmed by changes in the solvent multiplicity and by
peak-area comparison with TMS added as an internal concentration
standard. Similarly, although deprotonated2b, whose methylenecy-
clohexadienyl ligand has the same structure as in2a,40c,42 gives clean
1H and 13C NMR spectra in C6D6, only the proton-enriched solvent
peaks are observed in DMSO. To circumvert this problem, UV-vis
spectroscopy, which has a faster inherent time scale, was employed to
ascertain the position of the equilibrium 3 for the1b+/2b system, despite
drawbacks analogous to those discussed above for the1a+/2a system.
The most promising wavelength pair of the visible spectra of1b[PF6]
and2b was that of 423 and 544 nm,47 which combines relatively flat
regions in the spectrum of1b[PF6] with local maxima and minima in
that of 2b. However, neither simple dissolution of2b in DMSO nor
treatment of a DMSO solution of1b[PF6] with an excess of NaH led
to reproducible results. The use of 100-fold excess of KH, a base
capable of irreversibly deprotonating DMSO, gave reproducible results
that agreed with those obtained when a 50-fold excess of Kt-BuO was
used.40c The excess of the strong base KH is apparently needed to
generate sufficient dimesyl anion to ensure that the equilibrium 4 lies
far to the left:

[FeCp(η6-C6H5CHPh2)][PF6] {1c[PF6]}. Since the pKas of di- and
triphenylmethane (respectively 32.2 and 30.6) and that of [FeCp(η6-
PhCH2Ph)]+ (20.0) were known in DMSO from Bordwell’s and
Terrier’s works, it was possible to anticipate an approximate pKa value
of 18.4 for1c[PF6] assuming that the CpFe+ activating group lowers

the pKa value of these two closely related arenes by the same number
of pKa units. Thus, for the measurement by the direct method of the
pKa of 1c[PF6], we selected imidazole, whose pKa (18.6) was reported
by Bordwell to be very close to that value. Indeed sodium imidazolate
deprotonates1c[PF6] to a certain extent as indicated by immediate color
change from yellow to red. The equilibrium constant of the equilibrium
analogous to (3) was determined by1H NMR in DMSO-d6 by starting
from equimolar amounts of1c[PF6] and sodium imidazolate or
imidazole and2c, the deprotonated form of1c[PF6]. An average value
of -0.05 was obtained for the pKe of this equilibrium, which gave a
pKa value of 18.55 for1c[PF6].

Deprotonation Experiments. NMR Method.A solution of [FeCp-
(C6Me6)][PF6] (1a[PF6], 40 mg, 94µmol) in DMSO-d6 (0.8 mL) was
prepared and divided equally into four NMR tubes. The samples were
frozen, and between 0.5 and 2 equiv of NaOMe/DMSO-d6 suspension
was added to each tube, rinsed to the bottom of the tube with more
DMSO-d6, then frozen above the layer of1a[PF6], to give a final sample
volume of ≈0.35 mL ([Fe] ≈ 0.13 M). The frozen samples were
evacuated, sealed, and maintained frozen until immediately before
insertion into the NMR probe, at which time the solutions were thawed
and mixed. A similar experiment was carried out starting from a solution
of [FeCp(η5-C6Me5dCH2)] (2a) and a NaOH/DMSO-d6 suspension.
The integration values for the proton NMR peaks due to methoxide
and to the Cp rings of1a[PF6], and 2 were obtained and used in the
calculations section. Identical integration values were found in these
two experiments. An analogous procedure was used with1c[PF6] and
imidazole.

UV-Visible Method. In a typical experiment, [FeCp*(C6Me6)][PF6]
(1b[PF6], 8.3 mg, 16.3µmol) was dissolved in DMSO (25.0 mL) to
give a spectroscopically convenient concentration (6.6× 10-4 M).
Between 0.5 and 5 equiv of Kt-BuO was added as a DMSO stock
solution (0.0424 M, 320µL, 13.6 µmol). The visible spectrum of an
aliquot (10.6 mL) from the resulting mixture was recorded; the reaction
mixture was then treated with additional base (237µL, 1.86 equiv of
total base), and the visible spectrum of the resulting solution was also
recorded. The absorptions at 423 and 455 nm were used to determine
the relative concentrations of1b[PF6] and 2b as described in the
calculations section.

Determination of the Molar Absorption Constant of 2b. Schlenk
tubes were charged with1b[PF6] (≈10 mg each), followed by a large
excess of KH (≈100 mg), which had previously been washed with
pentane and dried. DMSO (≈40 mL) was added to each Schlenk at a
rate slow enough to control the effervescence. The resulting mixtures
were stirred for 5 min, over which time a red color developed, and
were then allowed to stand 15 min. Visible spectra were recorded for
the samples and for a similarly prepared blank. Visible absorptions in
DMSO are as follows:λ/nm (ε, L cm-1 mol-1). 2b: 393 (λmax, 2450),
423 (λmin, 1890), 455 (λmax, 2220).1b[PF6]: 406 (λmax, 105), 450 (λmax,

sh, 88.6), 423 (99.8), 455 (88.7);2a: 398 (λmax, 5000), 500 (λmax, 3000).
1a[PF6]: 398 (λmax, 200), 455 (λmax, sh, 150).

Cyclic Voltammetry Studies. Cyclic voltammetry studies of the
complexes [FeCp(arene)][PF6] (1[PF6]) with arene) C6Me6, fluorene,
diphenylmethane, and triphenylmethane and [FeCp*(η6-C6Me6)][PF6]
(1b[PF6]) and their deprotonated forms ([FeCp(η5-C6Me5dCH2)] (2)
and other homologues) were performed under argon at room temper-
ature in DMSO and at room temperature or-35 °C in DMF, purified
as described above, using a PAR 273 potentiostat equipped with a
HMDE or Pt disk working electrode, a Pt counter electrode, and an
SCE reference electrode, at sweep rates between 40 and 800 mV/s.
Data were recorded on a Sefram TGV 164 plotter. Solutions were
typically 4× 10-3 M in analyte and 0.1 M in [n-Bu4N][BF4]. Ferrocene
or decamethylferrocene was the internal reference (E1/2(FeCp20/+) )
0.435 V vs SCE in DMSO and 0.470 V vs SCE in DMF at 20°C; see
text and ref 49 for the reference problem). Results are reported in Table
1.

Calculations of the pKas of the 18-Electron Complexes. (1) pKa

Values from NMR Results. The integration ratios obtained for the
cyclopentadienyl peaks of1a[PF6] or 1c[PF6] and2a or 2c and for the
methoxide or imidazolate peak(s) (representing the total base, Bt) were

2b + Me2S(O)a 1b+ + MeS(O)CH2
- (4)
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substituted into eq 13, after conversion-to-molar ratios.

This direct substitution assumes that1a[PF6] is the only source of
protons in the system and that proton exchange between the solvent
and both bases present (NaOMe or potassium imidazolate and depro-
tonated2) are minimal. To verify this assumption, calculation of the
MeOH concentration in DMSO under similar conditions, from the
known acidity constants for DMSO and methanol (pKa 35.167 and 29.0,41

respectively), showed that<1% of the NaOMe would be protonated
by the solvent (eq 14). In the present case involving DMSO-d6, an
equilibrium isotope effect would predict an even smaller interaction.
The resulting values ofKeq were then added to pKBH (Scheme 1) to
obtain the pKa value for1a[PF6]. Although no data for homo-hydrogen
bonding(eq 15) was available for MeONa (ort-BuOK) in DMSO, the
low concentration of the protonated base and high hydrogen-bond
acceptor ability of DMSO68 imply that this factor may be safely
neglected.

(2) pKa Values from Visible Spectra.For a mixture containing two
absorbing species, a and b, the absorption at a givenλ is the sum of
two Beer’s law terms:

Knowing the total absorption at two points,λ1 andλ2, one may solve
the resulting pair of eq 16 to obtain

where the subscripts 1 and 2 refer toλ1 andλ2, and subscripts a and b,
to compounds a and b. In the case of Cp* compound1b+ and
deprotonated2b (and similarly for Cp compounds1a+ and 2a),
unfortunately, theε values for the conjugate base are roughly 20-fold
those for the conjugate acid at most wavelengths observable in DMSO.
Hence, while correct values are calculated for the more intensely
absorbing conjugate base,2b, the calculated concentrations of weakly
absorbing1b+ stray from those predicted by mass balance, especially

when [2b] > [1a+]. The concentration calculated by mass balance was
therefore used in further calculations in the cases where this discrepancy
was>10%.

In the deprotonation of1a[PF6], two factors conspire to drive
equilibrium 14 to the right, precluding the simplification that the
deprotonation of the solvent is negligible, as had been assumed for the
NMR experiments involving NaOMe in DMSO-d6. In the present case,
calculation of the Kt-BuO/DMSO interactions in the absence of the
analyte shows that>97% of the Kt-BuO is protonated by the solvent.
This high level of deprotonation may be ascribed both to the fact that
the pKa of the base (32.2 in DMSO)41 approaches that of the solvent
(35.1)64 and to the low concentrations of base and analyte (≈5 × 10-4

M) necessitated by the spectroscopic technique, compared to the
concentration of the pure solvent (14.09 M). The concentrations in the
system, therefore, were determined by assuming (i) complete proto-
nation of the base by the solvent followed by equilibration “from the
other side” and (ii) that primarily the thus-formed dimesyl ion
deprotonates1a+ to give 2a. These assumptions transform the equi-
librium constant for eq 14 into

where Bt represents the concentration of base initially added. Solving
eq 18 for [B-] gives

The base concentration thus obtained allows the calculation of the
equilibrium constantKeq by eq 20 (or by eq 21 when the concentration
of 1b[PF6] calculated by eq 17 differs from the concentration obtained
by mass balance,CFe being the total concentration of iron species):

The average of the resulting pKeq values was then added to pKt-BuOH

to obtain the pKa value for1b[PF6] (Scheme 1).
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