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Reaction of cis-[FeH2{P(CH2CH2PPh2)3}] with acids in tetrahydrofuran solution leads first to cis-
[FeH(H2){P(CH2CH2PPh2)3}]1 followed by slower substitution of co-ordinated H2 by N2 or the anion of the acid.
The kinetics of formation of the dihydrogen complex has been studied electrochemically by following the time
dependence of the current intensity under conditions at which the starting dihydride is oxidised and the
dihydrogen complex is not. The protonation reactions are first order with respect to the concentration of both the
iron complex and the acid HX, with second-order rate constants at 25 8C ranging from 1.7 × 1024 (HBF4?Et2O) to
3.4 × 1022 dm3 mol21 s21 (HBr). Reactions with DX are faster and the resulting values of the kinetic isotope effect
(k.i.e.) are 0.45 (CF3SO3H), 0.62 (HCl) and 0.64 (HBr). The inverse k.i.e. for these reactions differs markedly from
the normal k.i.e. observed in reactions of metal hydrides with bases and suggests a late transition state with a
structure close to that of the dihydrogen complex. Chemical transformations along the reaction coordinate are
proposed to consist of a series of hydrogen-bonded structures ranging from a weakly hydrogen-bonded metal
hydride to a weakly hydrogen-bonded dihydrogen complex.

Since the initial discovery of metal complexes containing the
η2-H2 ligand,1 most work on them has concentrated on their
synthesis, characterisation and reactivity 2 but the kinetic and
mechanistic aspects of their reactions have been little explored.
Protonation of hydride complexes with strong protic acids is
today a routine procedure for the preparation of dihydrogen
complexes,3–6 but there are also some reports of protonations
with weak acids such as alcohols and thiols.7,8 Although the
reaction can be formally represented by equation (1), the site

LnMH 1 H1 → LnM(H2)
1 (1)

for the initial proton attack and the nature of the protonating
species are not clear. Several possibilities have been discussed,3

including attack at the metal centre or at a ligand (H or L).
Evidence suggests that proton attack on a co-ordinated hydride
or the M]H bond is the initial step in the mechanism of
protonation of hydride complexes with strong acids,3,9 but pro-
tonations are usually carried out in aprotic solvents in which
most acids are weak and so protonation with weak acids is
more representative of the general synthetic reaction. As a con-
tinuation of our interest in the mechanistic aspects of reactions
of molybdenum 10 and iron 11 complexes with polydentate phos-
phines, we decided to carry out a kinetic study of the proton-
ation of the hydride complex cis-[FeH2{P(CH2CH2PPh2)3}]
with several acids in tetrahydrofuran (thf) solution, because in
this solvent acids as strong in water as HCl and triflic acid
(CF3SO3H) are weak.12,13 On the other hand, the presence of
the tripodal ligand P(CH2CH2PPh2)3 avoids the possibility of
cis–trans isomerisation and protonation leads directly to the
dihydrogen complex without possible complications caused
by side-reactions. The synthesis and properties of the starting
complex and the reaction product, cis-[FeH(H2){P(CH2-
CH2PPh2)3}]1, are well illustrated in the literature.14–16 The
mechanistic aspects of the protonation reaction are discussed in
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available from BLDSC (No. SUP 57338, 3 pp.) or the RSC library. See
Instructions for Authors, 1998, Issue 1 (http://www.rsc.org/dalton).

this work and compared with those reactions of acidic metal
hydrides.17 The differences in the kinetics of proton transfers
from metal hydrides to bases and from acids to metal hydrides
suggest different geometries of the transition state for both
types of reaction.

Results and Discussion
Protonation of cis-[FeH2{P(CH2CH2PPh2)3}] with acids has
been reported 14–16 to lead to the corresponding cis-
hydridodihydrogen complex, and 31P NMR spectra recorded at
235 8C in thf under a nitrogen atmosphere showed that reac-
tion (2) is complete in less than 1 h when HX is HCl, HBr or

cis-[FeH2{P(CH2CH2PPh2)3}] 1 HX →
cis-[FeH(H2){P(CH2CH2PPh2)3}]1 1 X2 (2)

triflic acid. No intermediates or side-products are observed and
once the conversion into the dihydrogen complex has been
completed no more spectral changes are observed during 1 h at
235 8C. If the sample is then warmed to room temperature the
signals of the previously formed dihydrogen complex disappear
slowly, with development of new signals which indicate sub-
stitution of co-ordinated H2 by N2 or the anion of the acid,
equations (3) and (4). These substitution reactions are well

cis-[FeH(H2){P(CH2CH2PPh2)3}]1 1 N2 →
cis-[FeH(N2){P(CH2CH2PPh2)3}]1 1 H2 (3)

cis-[FeH(H2){P(CH2CH2PPh2)3}]1 1 X2 →
cis-[FeH(X){P(CH2CH2PPh2)3}] 1 H2 (4)

illustrated in the literature 14 and were not studied in detail because
they are slow compared to the protonation process and also
because the coupling patterns observed in the spectra of
P(CH2CH2PPh2)3 complexes reduce the signal intensities and
make difficult the study of the substitution process. However, it
is important to note that the time-scales for the protonation and
the substitution reactions are so different that the kinetics of
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protonation can be studied without interference. Unfortunately,
attempts to study the kinetics of reaction (2) using stopped-flow
were unsuccessful because results for the reaction with some
acids are not very reproducible and for other acids the spectra
show the formation of species different from those in equations
(2)–(4). Although the presence of traces of O2 in the flow circuit
may explain some of the complications observed in the
stopped-flow measurements, we have also obtained strong evi-
dence on the existence of photochemical processes, which may
affect either the starting complex or the reaction product in
equation (2). We are unable to determine at this time the nature
of these processes, but our observations indicate the need for a
different experimental method for studying the kinetics of for-
mation of this kind of dihydrogen complex. For this reason we
decided to use an electrochemical procedure, which avoids
complications caused by photochemical processes and sub-
sequent reactions of the dihydrogen complex. The simpler
experimental set-up also reduces the possibility of oxygen
intake to the reaction cell.

Kinetics of formation of the dihydrogen complex

The fundamentals of the electrochemical procedure are based
on several literature reports, which show that oxidation of
dihydrogen complexes occurs at potentials higher than that of
the parent hydrides. Actually, an additive ligand approach has
been proposed to estimate the electrochemical potentials E₂

₁ (vs.
NHE) for six-co-ordinate iron-() and -() complexes,18 equa-
tion (5) where ΣEL represents the contributions of the different

E₂
₁ = 1.10 ΣEL 2 0.43 (5)

ligands in the complex. The values of EL are 20.4 for H2 and
≈0.8 for H2,

18,19 which lead to more positive potentials for di-
hydrogen complexes than for hydride compounds containing
the same coligands. As a consequence, for reactions such as (6)

L5MH 1 HX → L5M(H2)
1 1 X2 (6)

there is a wide range of potentials at which L5MH is oxidised
but the dihydrogen complex is not and so the kinetics of reac-
tion can be monitored by measuring the time dependence of the
limiting current at one of the intermediate values of potential.
The values of E₂

₁ calculated from equation (5) for the dihydride
and the hydridedihydrogen iron complexes of P(CH2CH2PPh2)3

are 0.01 and 1.33 V, whereas the experimental values are 20.24
and 0.94 V,14 respectively. Although the agreement between the
E₂

₁ values is not too good in this case, there is still a range of
potentials wide enough to allow kinetic measurements. Since
the values of EL for Cl2, Br2 and CF3CO2

2 are 20.24, 20.22
and 20.15,18a respectively, formation of the substitution prod-
ucts with these anions would add some contribution to the
limiting current at potentials close to E₂

₁ for cis-
[FeH(H2){P(CH2CH2PPh2)3}]1 and so the reaction was moni-
tored at a potential close to E₂

₁ for the dihydride complexes
(20.1 V). In this way complications of the kinetic traces by
substitution reactions following the initial formation of the
dihydrogen complex are minimised. Moreover, the experiments
were carried out at low concentrations of HX under a nitrogen
atmosphere to favour the formation of the hydridedinitrogen
complex, which is oxidised at potentials close to that of the
corresponding hydridedihydrogen compound (the value of EL

for N2 is 18a 0.68, and the experimental E₂
₁ for [FeH(N2){P-

(CH2CH2PPh2)3}]1 is 1.11 V). These experimental cautions and
the much slower rate of the substitution processes make neg-
ligible the distortion of experimental kinetic traces. Thus, Fig. 1
includes a typical curve showing the time dependence of the
current intensity for the reaction of cis-[FeH2{P(CH2CH2-
PPh2)3}] with acids in thf. Before addition of the acid, vigorous
stirring of the sample keeps the intensity constant at the nega-

tive value corresponding to the limiting current for oxidation of
the dihydride complex. Following the addition of an excess of
acid, formation of the dihydrogen complex decreases the con-
centration of cis-[FeH2{P(CH2CH2PPh2)3}] and the intensity
changes to zero. These curves can be fitted by a single exponen-
tial and the values derived for the rate constants, kobs, have been
deposited. The reproducibility of the data and the internal con-
sistency of kobs values reveal that this electrochemical procedure
overcomes the problems quoted above for stopped-flow meas-
urements. The dependence of kobs on the concentration of acid
is illustrated in Fig. 2 for the reaction with CF3SO3H and
CF3SO3D. Fig. 3 shows that the linear dependence is main-
tained for all the other acids, equations (7) and (8). The values

kobs = kHX[HX] (7)

kobs = kDX[DX] (8)

of the second-order rate constants kHX and kDX in thf solution
at 25.0 8C are included in Table 1 and reveal a significant effect
of the nature of the acid. The kinetic isotope effect (k.i.e.),
expressed as kHX/kDX, is also included in Table 1 and is always
lower than one, showing that reaction (2) occurs with an inverse
k.i.e.

Mechanism of formation of the dihydrogen complex

Protonation of cis-[FeH2{P(CH2CH2PPh2)3}] with acids [equa-
tion (2)] can be formally considered as acid–base equilibria
involving proton transfer from HX to a co-ordinated hydride.
Kinetic results show that formation of the dihydrogen complex
occurs without accumulation of any reaction intermediate, and
the values of the rate constants in Table 1 indicate that proton-
ation is slow, as observed for other proton-transfer reactions
which also require extensive electronic reorganisation, such
as reactions of carbon acids,20 proton transfers from metal
hydrides,17 and reactions of complexes containing co-ordinated
dinitrogen 21 or unsaturated hydrocarbons.22 For example, self-
exchange proton transfer in acidic metal hydrides, equation (9),

LnMH 1 LnM
2 → LnM

2 1 LnMH (9)

and their reactions (10) with a base B are also slow processes,

LnMH 1 B → LnM
2 1 HB1 (10)

Fig. 1 Typical kinetic trace for the reaction of cis-[FeH2-
{P(CH2CH2PPh2)3}] with acid excess in thf at 25 8C ([HBF4?Et2O] =
23.19 × 1024 mol dm23). Ordinate values represent the intensity of
current measured at a platinum-disc electrode maintained at 20.1 V
(vs. NHE) with vigorous stirring
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with rate constants that correlate well with the thermodynamic
driving force for the reaction and yield excellent Bronsted
plots.17 The kinetic isotope effect observed for these reactions in
which the metal hydride acts as the proton donor is normal and
close to 3.7, in agreement with values calculated from a weak
interaction model.23 On the contrary, reactions in which the
metal hydride acts as the proton acceptor [equation (2)] occur
with an inverse k.i.e., and the rate of reaction does not always
appear to increase with the strength of the acid.

The effect of the acid. Although the values of kHX in Table 1
span over two orders of magnitude, it is not possible to establish
a detailed correlation with pKa values because of the lack of
extensive acidity data in thf. The rate of protonation seems to
increase with the acidity of HX when X2 is CF3CO2

2, Cl2 or
Br2, but the kHX increase is very small for what one would
expect from the acidity of these compounds in water. Moreover,
the smaller values of kHX are obtained for the stronger acids
HBF4?Et2O and CF3SO3H.

Literature values of pKa in thf show that the acids used in
this work are very weak in this solvent. Thus, a pKa of 7.83 has

Fig. 2 Dependence of the pseudo-first-order rate constant on the acid
concentration for the reaction of cis-[FeH2{P(CH2CH2PPh2)3}] with
CF3SO3H (a) and CF3SO3D (b) at 25 8C in thf and 0.05 mol dm23

NBu4BF4

Fig. 3 Dependence of the pseudo-first-order rate constant on the acid
concentration for the reaction of cis-[FeH2{P(CH2CH2PPh2)3}] with
HBF4?Et2O (a), CF3CO2H (b) and HCl (c). All data were obtained in
thf at 25.0 8C in the presence of NBu4BF4 at a concentration of
0.05 (filled symbols) or 0.10 mol dm23 (hollow symbols)

been reported 13 for triflic acid, and most of the other acids are
expected to be even weaker. However, it must be remembered
that the pKa value refers to the concentration of H1 in solution,
and it does not distinguish between the fractions of acid which
exist as HX molecules and as ion pairs. For a solvent of low
relative permittivity as thf, the behaviour of acids must be
represented as in equation (11),13 where Kd represents the ten-

HX
Kd

H1 1 X2
Kip

(H1, X2)ip (11)

dency of HX to dissociate and Kip is a measure of the stability
of the ion pair. Homoconjugation equilibria may also lead to
the formation of HX2

2 species, but it is reasonable to think that
these species are not formed to a great extent under the low
concentrations of acid used in this work. So, the experimental
values of Ka correspond to equation (12) which is related to Kd

Ka =
[H1][X2]

[HX] 1 [(H1, X2)ip]
(12)

and Kip by expression (13). The value of Ka reduces to Kd or to

Ka = Kd/(1 1 KdKip) (13)

1/Kip for acids with low or high tendency to dissociation,
respectively. As the values of Kip in thf are of the order of 106

dm3 mol21 and higher,13 the concentration of H1 is very low
even in solutions of highly dissociated acids, and there is thus
the possibility that the low values of kHX for reaction (2) are the
result of slow formation of the dihydrogen complex through
attack on cis-[FeH2{P(CH2CH2PPh2)3}] by H1 at low concen-
tration. However, this possibility can be ruled out because in
that case the reaction should be retarded by addition of X2, and
deposited results and Fig. 3 show that the value of kHX for
HBF4?Et2O remains unchanged within error when the concen-
tration of NBu4BF4 increases from 0.05 to 0.10 mol dm23.
Lower concentrations of electrolyte could not be used because
they lead to poorly defined kinetic traces. As this acid is so
strong that it does not exist in molecular form,24 it can be con-
cluded that the dihydrogen complex is formed through reaction
of cis-[FeH2{P(CH2CH2PPh2)3}] with the ion pair. For the
other acids, HX molecules provide an additional reaction
pathway and the experimental values of kHX may include con-
tributions from attacks on the dihydride by the molecules and
the ion pairs. As all experiments were carried out in the pres-
ence of NBu4BF4 excess, dissociated H1 will be ion-paired pref-
erentially to BF4

2 and the larger values of kHX for the other
acids indicate a significant contribution of the HX attack to the
rate of reaction. Deposited data and Fig. 3 show that the effect
of the concentration of NBu4BF4 on the value of kHX is also
negligible for the other acids, which suggests that reaction with
these acids occurs essentially through attack by HX molecules.
Thus, the apparently anomalous sequence of kHX values with

Table 1 Second-order rate constants and kinetic isotope effects for the
reaction of cis-[FeH2{P(CH2CH2PPh2)3}] with acids in thf at 25.0 8C in
the presence of 0.05 mol dm23NBu4BF4

a 

1022kHX/dm3 1022kDX/dm3
kHX/kDX

HX

HBF4?Et2O
CF3CO2H
CF3SO3H
HCl
HBr

mol21 s21

0.017(1)
0.112(4)
0.176(3)
1.32(4)
3.4(1)

mol21 s21

0.39(2)
2.14(9)
5.3(3)

exptl.

0.45(2)
0.62(3)
0.64(4)

calc. b

0.06,c 0.87 d

0.47
0.39

a The numbers in parentheses represent the standard deviation in the
last significant digit. b Values calculated with equation (15). c Calculated
assuming free H1. d Calculated for OH groups. 
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acid strength in Table 1 seems to be the result of contributions
from parallel attacks by HX and (H1,X2)ip to the rate of reac-
tion, with attack by ion pairs being slower because of the
reduced probability of effective collisions between cis-
[FeH2{P(CH2CH2PPh2)3}] and ion pairs.

The kinetic isotope effect and the nature of the transition state.
The other significant feature of kinetic data in Table 1 is the
inverse k.i.e. observed for these reactions. There are not many
kinetic data in the literature for reactions of the type shown in
equation (2), but Henderson and Oglieve 25 reported an inverse
equilibrium isotope effect of 0.39 for the reaction of [WH2(η

5-
C5H5)2] with HCl to form [WH(H2)(η

5-C5H5)2]
1. Unfortunately,

rate constants could not be measured in that case because the
reaction is too fast and the kinetics is also complicated by the
subsequent conversion of the dihydrogen complex into its tri-
hydride tautomer. Rapid formation of dihydrogen compounds
as intermediates has also been observed in the formation of
related polyhydride metal complexes but the kinetic details of
these reactions remain unknown.26,27 There are also several
reports of inverse k.i.e. for other reactions of metal hydrides,
as hydrogenation of organic substrates, reductive eliminations,
and insertions into M]H bonds.28 The inverse isotope effects for
these reactions are usually interpreted either as an inverse k.i.e.
on an elementary single-step reaction with a late transition state
or as the result of an inverse thermodynamic isotope effect on a
preequilibrium.28

Although theoretical calculations are often limited by the
simplifications carried out, comparison of observed isotope
effects with those predicted by theory are very useful to obtain
mechanistic information. If it is assumed that the isotope effect
results exclusively from the differences in the zero-point ener-
gies, it can be calculated 28 with equation (14), where h and kB

kHX

kDX

=

exp




2hc

2kBT
Fo

i

(ν‡
i(H) 2 (ν‡

i(D)) 2 o
i

(νi(H) 2 νi(D))G



(14)

are the Planck and Boltzmann constants, c is the speed of light,
νi(H) and νi(D) are the stretching frequencies in the funda-
mental state for molecules containing both isotopes, and
ν‡

i(H) and ν‡
i(D) are the stretching frequencies in the transition

state. For reactions as those represented by equation (2), in
which there is a proton transfer between two heavy fragments,
further reasonable simplifications are that only vibrational
modes corresponding to the stretching of bonds involving the
isotopically labelled atom have to be considered and that
stretching frequencies for the deuteriated and undeuteriated
species differ by a factor of 2¹². Under these conditions and
taking numerical values, equation (14) reduces to (15), where

kHX/kDX = exp F7.06 × 1024So
i

νi(H) 2 o
i

ν‡
i(H)DG (15)

the frequencies must be expressed in cm21 and summations
must be taken, both for the fundamental and the transition
states, over the bonds involving the proton that is being trans-
ferred. This equation predicts an inverse k.i.e. for transition
states with the proton bound more strongly than in the funda-
mental state. Protonation of metal hydrides with HX [equ-
ation (2)] involves the breaking of the H]X bond and formation
of H]H and Fe](H2) bonds. If the reaction is assumed to occur
through a single-step mechanism involving a very late transition
state (almost complete formation of bonds), the theoretical
value can be calculated from the stretching frequencies of these
three bonds. Although vibrations of co-ordinated H2 are not
observed usually in the IR spectra, H]H stretching is estimated
to appear in the range 3100–2400 cm21 for complexes with dH]H

between 0.8 and 1.0 Å.2a As the distance between hydrogen
atoms of H2 in the related complex trans-[FeH(H2)(dppe)2]

1 is
0.82 Å,29 a reasonable value for ν̃H]H is 3000 cm21. The stretch-
ing of the M]H2 bonds appears in the range 2a 850–950 cm21

and so an approximate value of 900 cm21 can be used for the
iron complexes. Finally, the values of ν̃H]Cl, ν̃H]Br and ν̃H]O can
be taken as 2836, 2559 and 3700 cm21, respectively.30 Substit-
ution of these frequencies in equation (15) leads to the calcu-
lated values of kHX/kDX in Table 1. The values obtained for HCl
and HBr are slightly lower than those found experimentally,
and the experimental value for triflic acid lies between those
calculated assuming free H1 and undissociated acid. Thus,
despite the simplifications carried out, the theory predicts
an inverse kinetic isotope effect of similar magnitude to those
found experimentally for the protonation of cis-[FeH2{P-
(CH2CH2PPh2)3}] and so formation of the dihydrogen complex
can be represented by the mechanism outlined in Scheme 1.
Electrostatic interaction between the partially negative metal-
bound hydride and the partially positive proton of the acid
leads initially to an adduct b. As the H]H interaction increases
there is a weakening of the Fe]H and H]X bonds (c) that
becomes more and more important (d and e) and finally leads
to the reaction products f. Structures b to e represent different
extents of interaction ranging from a weakly hydrogen-bonded
metal hydride b to a weakly hydrogen-bonded dihydrogen com-
plex e. The values of the kinetic isotope effect for the different
acids would indicate transition states with structures close to
that represented by e because isotope effects for very early trans-
ition states such as b or c are expected to be substantially higher.
The alternative interpretation of the inverse k.i.e. as the result
of an inverse isotope effect in an equilibrium previous to the
rate-determining step is difficult to differentiate from the prev-
ious one and so the possibility of rapid formation of an inter-
mediate with a structure close to that of the reaction product
followed by rate-determining reorganisation of the intermedi-
ate cannot be ruled out. One possibility is that protonation
occurs at the metal to form a classical trihydride in a fast
preequilibrium followed by rate-determining intramolecular H,
H coupling to give the dihydrogen complex (Scheme 2). As the
preequilibrium involves the breaking of the H]X bond and
formation of one Fe]H bond with a stretching frequency close
to 1800 cm21, the values of the thermodynamic isotope effect
calculated for this equilibrium are in all cases normal and very
different from the experimental results. So if the inverse
experimental k.i.e. is the result of an inverse thermodynamic
isotope effect on a preequilibrium, the structure of the inter-
mediate must be close to that of d or e and Scheme 1 would be
then also a good representation of the structural changes along
the reaction coordinate.

In the last few years there have been several reports of
hydrogen-bonded species that may serve as models for the
intermediate structures proposed for the formation of dihydro-
gen complexes. Most examples contain intramolecular hydrogen
bonds between a co-ordinated hydride and acidic N]H or O]H
groups of a coligand.31 Although it can be argued that the
interaction can be facilitated in these cases by the structure of

Scheme 1
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the hydrogen-bond donor, which places the acidic proton at a
position suitable for interaction with the basic co-ordinated
hydride, there are also reports of intermolecular hydrogen
bonds involving metal hydrides 32,33 or dihydrogen complexes 6,34

and a molecule or ion in the second co-ordination sphere. As an
example, interaction of [Os(H2)Br(dppe)2]

1 with BF4
2 and PF6

2

places a fluorine of the anion close to the acidic H2 ligand,6 a
situation very similar to that of structure e in Scheme 1. On the
other hand, the classical hydride [ReH5(PPh3)3)] forms adducts
with indole and imidazole which contain ReH ? ? ? H]N hydro-
gen bonds 33 similar to that shown in structure c of Scheme 1.
These hydrogen bonds are unconventional because the acceptor
does not contain a lone pair, and Crabtree and co-workers 34

proposed for them the term dihydrogen bonds. In all cases of
crystallographically characterised dihydrogen bonds, the acid-
ity of the donor is not enough to cause complete proton trans-
fer to the acceptor, but it is reasonable to think that these
adducts will be transformed into the corresponding dihydrogen
complexes when the process is thermodynamically favoured.

Experimental
All preparations and sample manipulations were carried out
under an atmosphere of argon or N2 using Schlenk and syringe
techniques. Tetrahydrofuran and other solvents used in pre-
parative work were obtained from SDS and dried and deoxy-
genated immediately before use. The complexes cis-[FeH2-
{P(CH2CH2PPh2)3}] and cis-[FeH(H2){P(CH2CH2PPh2)3}]1

were prepared by literature procedures,14,15 although FeCl2 was
replaced in some cases by [Fe(MeCN)6][BF4]2 as the starting
iron material.35 Hydrogen chloride and HBr were generated
from methanol and chlorotrimethylsilane or bromotrimethyl-
silane, respectively; DCl and DBr were obtained in a similar
way using CD3OD. All other acids and reagents were obtained
from Aldrich. The acid concentration was determined by dilut-
ing with water (50 cm3) an aliquot (1–3 cm3) of the thf solution
and titrating with KOH using phenolphthalein indicator. The
results obtained were reproducible only for freshly prepared
solutions (ca 30 min) and so solutions for kinetic studies were
prepared and titrated immediately before kinetic runs.

The NMR spectra were obtained with a Varian Unity 400
spectrometer. The positions of the signals observed at room
temperature for the iron dihydride and hydridedihydrogen
complexes do not differ significantly from those published pre-
viously.14,15 Since the protonation reactions are too fast to be
monitored at room temperature, NMR experiments were car-
ried out at low temperature by adding one or two drops of acid
solution to a solution of the starting complex. The addition was
made with the sample placed in the magnet and previously
cooled at 290 8C. In this way no reaction occurs during prepar-
ation of the sample and the experiment can be started by warm-
ing the sample to the desired temperature (235 8C) before start-
ing the acquisition of the spectra.

Kinetic experiments were carried out with an EG&G Princ-
eton Applied Research Model 263A potentiostat/galvanostat
equipped with a thermostatted cell, a platinum-disc working
electrode, a platinum-wire secondary electrode and a Ag–
AgNO3 (acetonitrile) reference electrode. All measurements
were made under a nitrogen atmosphere in the presence of 0.05
mol dm23 NBu4BF4. Potentials were measured with respect to
the ferrocenium–ferrocene couple but are reported referenced
to NHE using the conversion 2a E₂

₁ (NHE) = E₂
₁ (ferrocenium–

ferrocene) 1 0.55. The working potential for kinetic runs was
20.1 V and it was selected from cyclic voltammograms of the

Scheme 2

H

Fe

H

+ HX

H

Fe

H

H

Fe

H2

H +  X– +  X–

++ iron dihydride complex before and immediately after addition
of acids. For kinetic experiments, 5–8 cm3 a vigorously stirred
thf solution of the iron dihydride complex (2 × 1025 mol dm23)
and the added electrolyte were purged with N2 and allowed to
equilibrate at the selected potential. Once the reading of current
intensity was stable, HX solution (0.1–0.5 cm3) was added rap-
idly with a Hamilton gas-tight syringe and the resulting current
intensity vs. time curves were recorded with the standard soft-
ware of the potentiostat. The files were then exported and
reformatted to be analysed in an Acorn 5000 computer using
the software of an Applied Photophysics SX17MV stopped-
flow instrument. All measurements were carried out under
pseudo-first-order conditions using an excess of HX and the
curves could be fitted well by a single exponential. The first-
order dependence on the concentration of iron complex was
confirmed by the absence of significant changes of the rate
constant with the concentration of complex at fixed [HX].
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