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Proton Transfer to Hydride Ligands with Formation of Dihydrogen Complexes:
A Physicochemical View
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Protonation of hydridic hydrogens has attracted increasing
interest from chemists over the past decade. This review, fo-
cusing on key physicochemical data, describes general rules
governing proton transfer to hydride ligands and discusses
kinetic schemes for the protonation as a process starting from
dihydrogen-bonded adducts and H-bonded contact ion pairs
and ending in dihydrogen complexes as solvent-separated

ion pairs or free ions. It has been shown that the particulars
of proton transfer to hydride ligands and to conventional or-
ganic bases are similar. The difference between them is ap-
parent in the contact ion pair formation step.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

1. Introduction

Proton transfer to hydridic hydrogens with H, elimin-
ation, which has attracted great interest from chemists,
plays a key role in various chemical and biochemical pro-
cesses!!! occurring in solution and the solid state.”l In the
case of transition metal hydrides this reaction gives dihydro-
gen complexes®! which can initiate, for example, catalytic
ionic hydrogenation of unsaturated compounds.[ The elu-
cidation of the mechanism of proton transfer to hydride
ligands has been a main goal from the beginning of the
interest in the chemistry of dihydrogen complexes. Impor-
tant aspects of acid-base reactivity, protonation and hydro-
gen bonding of transition metal hydride systems have al-
ready been the subject of several reviews.’ >4 Nevertheless,
it seems to the author that a reader who is not familiar with
transition metal hydride chemistry in particular, still needs
a general physicochemical view on this important topic.
This approach does not go into the details of hydride chem-
istry but provides (i) analysis of key results (earlier and re-
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cent) from the studies of the spectroscopic, kinetic and
thermodynamic parameters which vary with the nature of
the metal hydrides, acids and solvents used (ii) a description
of the energy profile of proton transfer occurring via a
chain of H-bonded intermediates and transition states (iii)
a discussion of the driving force in each step of the overall
process and also (iv) a comparison of the mechanism of
proton transfer to hydride ligands with that operating in
proton transfer to conventional organic bases.

Dihydrogen complexes can be generated through direct
proton attack on hydride ligands or an initial protonation
of the metal centrel®] (Scheme 1) leading to classical hy-
drides [MH,]* which then convert to dihydrogen complexes
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[M(n%-H,)]* as the thermodynamic products of the reac-
tion. Since protonation of hydride sites is kinetically prefer-
able,[®! the second pathway (rather rare and resulting from
a unique combination of steric and electronic features of
the initial hydrides) has not been considered in this paper.
For the same reason, we have not discussed H-bonded spe-
cies H-M-+H-X as intermediates in proton transfer to me-
tal centres.[’®7°! Finally, we have also not discussed H, elim-
ination from dihydrogen complexes, the species being con-
sidered stable under the experimental conditions.

2. Reaction Intermediates: Spectroscopic (IR,
NMR) and DFT Studies

Strong hydrogen bonds dominate in the protonation of
usual organic bases.®] For example, proton transfer from
acetic acid, (H-A), to pyridine, (B), occurs via the H-
bonded complexes in Scheme 2 which can be directly ob-
served by'H and '"'N NMR spectroscopy in CDCIF,/CDF;
at low temperatures.®¥ It is known now that the hydrogen
bond strength increases with a partial proton transfer. For
this reason, if the proton overcomes an energy barrier due
only to its motion, this barrier must be very small.l¥a In
full agreement with this statement, protonation of common
organic bases is a very fast process. According to recent
DFT calculations, a similar situation takes place for transi-
tion metal hydrides in the gas phase. When a strong acid,
H;0%, is placed near a hydride molecule, for example
[CpRuH(CO)(PH3)]™ or [Cp,NbH;],1'% the proton is trans-
ferred directly to the negatively charged hydride ligand with-
out an energy barrier. However such a single-step process is
not realistic in solvents with a relatively small polarity such
as THF, toluene and CH,Cl, which are usually used for
the protonation of transition metal hydrides. Under these
conditions, even strong acids (HCI, HBr, CF;COOH or
CF5;SO3H) become weak and attack hydride ligands in a
molecular form.[""! For this reason, various unusual H-
bonded intermediates can be located on the reaction coor-
dinate of the proton transfer to the hydride ligand, leading
to a relatively high energy barrier for the process.

Dihydrogen Bonding

The interaction between hydrogen atoms carrying oppo-
site charges, known as dihydrogen bonding,['?) is a common
phenomenon in modern chemistry. H--*H bonds play an im-
portant role in crystal packing and molecular aggregation
in the solid state!'3®13%] and also in the stabilisation of confor-
mational molecular states in solution.['3l The X-H--H-Y
binding energy depends on the nature of the electropositive

246 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

BH, "
XH - / X — BH,
H
I ]
o J
X St BHy | — X~ BH,
u

Figure 1. Schematic representation of the solid-state proton trans-
fer to a hydridic hydrogen of the BH, ~ group via the dihydrogen
bond?

k

M-H> + ®gx

0

“ /

Scheme 3

and electronegative elements X and Y and covers the —~AH°
region from 113% to 7 kcal/mol.’l Recent data [>'4 have
demonstrated that dihydrogen bonding is an important pre-
organising factor in solid-state proton transfer. In fact,
heating the solid complex, NaBH, triethanolamine, con-
taining B-H--*H-X bonds, results in loss of H, (Figure 1).
Subsequently, the Lewis acidic and basic subunits, remain-
ing in close proximity, combine to form new strong covalent
bonds.?! Likewise, dihydrogen-bonded adducts formed in
solution by HX protons and negatively charged hydride lig-
ands[' (Scheme 3) may participate in the first step of pro-
ton transfer. In fact, such aggregates formed by
[CpRuH(CO)(PH3)] or [Cp,NbH;] and the relatively weak
proton donors CF;COOH and (CF3);COH have recently
been located at energy minima in DFT calculations, even in
the gas phase.[*-1%

Both IR and NMR techniques can be used to detect M—
H--HX bonds. A combination of the two spectroscopic
methods is best.>>>d In the IR spectra, commonly recorded
at low temperatures to avoid H, elimination, dihydrogen
bonding is indicated by the new lower-frequency vy g
bands (or shoulders) which are shifted by 2040 cm™! from
the corresponding values in the initial hydrides. The times-
cale of IR spectroscopy allows observation of both the free
and H-bonded hydride molecules. In contrast, resonances
from the free and coordinated hydrides in the '"H NMR
spectra are usually averaged even at low temperatures. How-
ever, upon dihydrogen bond formation, the signals of initial
hydrides undergo remarkable high-field shifts (= 0.5-
1 ppm) and their spin-lattice relaxation times (‘H 7)) are
diminished due to additional proton-hydride dipole-dipole
interactions.!'®l It should be emphasised that the concurrent
observation of both the effects is required for establishing a
reliable NMR criterion for the presence of dihydrogen
bonds. In rare cases, the application of Freon solvents
“stops” the MH++-HX bond formation even on the 'H
NMR timescale. For example, the ReH resonance of
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Figure 2. Schematic representation of a proton/hydride exchange
occurring via a short-lived dihydrogen complex

[Cp*ReH(CO)(NO)] decoalesces in the presence of acidic
alcohols at 96 K giving two resolved lines at —7.54 and —
8.87 ppm, assignable to the free and dihydrogen bonded hy-
dride, respectively.'”! A similar difference in the chemical
shifts of M—H and M-H-+HX has been reported for the
[(triphos)Ru(CO)H,]/(CF5),CHOH system in TDEI'® The
difference in the chemical shifts is not as big as in the case
of systems with classical hydrogen bonds, possibly due to
insignificant electronic perturbations on the target nuclei.
However more theoretical investigations of this NMR effect
are needed.

According to DFT calculations,®!%13] dihydrogen bond-
ing leads to slight elongations of M-H and X-H bonds in
proportion to the acidity of the proton donors. For exam-
ple, the M—H bond length in [M(NO)(CO),(PH;),H--HX]
adducts (M = Mo, W) increases by 0.04 A. H-+H distances
in dihydrogen bonded species have been determined as 1.6—
22A by 'H T, relaxation time measurements in solu-
tion>>416.181 and DFT calculations in the gas phase.-10:13]
The H%*++-5"H-M angles have been calculated to be between
130° and 180°. Finally, polyhydride molecules such as
[Cp,NbH;] can form bifurcated dihydrogen bonds!'%! where
coordination of HX molecules to the central and lateral hy-
dride ligands occurs.

An unusually short H---H distance of 1.43 has been re-
cently reported for the H-bonded complex [CpRu(PP"PF)
H---HO,CCF;] which has been proposed as a new interme-
diate in proton transfer.'”? The H+-H value has been deter-
mined by 'H 7, time measurements in [DgJacetone. How-
ever, the 'H and 3'P NMR spectra of the initial hydride
[CpRuH(PP""PF)] in the absence and in the presence of
the acid were indistinguishable. Therefore, the short 'H T}
relaxation times measured for the hydride (RuH) and pro-
ton (CF;COOH) resonances (49 ms, 234 K, 300 MHz), are
rather due to proton/hydride exchange occurring on the
NMR timescale via a short-lived dihydrogen complex (Fig-
ure 2). Note that the same relaxation effect has previously
been observed in a CD,Cl, solution of the dihydride
[ReH,(CO)(NO)(POiPr3),] with CF;COOH in which the
dihydrogen complex was invisible.’”) However, this com-
plex, with a very short '"H T time (5 ms, 200 MHz, 193 K),
can be clearly detected by 'H and 3'P NMR spectroscopy
in the presence of a twentyfold excess of CF;COOH.

The driving force for the formation of MH:*HX bonds
is the electrostatic attraction between the electrons of the
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polar M-H o-bonds and H* from the proton donors. As in
the case of classical H-bonds, the electrostatic component
provides a dominant contribution to the total dihydrogen
bonding energyl'>2!1 which depends on the nature of the
transition metal hydrides, acids and solvents used. Enthalp-
ies (~AHO), measured for the formation of MH-*HX bonds
in solution, vary between 2.0%?1 and 7.6 kcal/mol.l’4 The
influence of hydrides on dihydrogen bonding can be quanti-
tatively scaled in terms of the basicity factor, E;, determined
via Equation (1)

E; = AHj/AH,,P; (1)

where AH;; are bond energies determined by IR spec-
troscopy, P; is the proton donor ability of the OH acids
and AH,, is the enthalpy of the standard H-bonded phenol
complex.>4 On this scale, the E; factor varies in the range
between 0.54 and 1.67. Effects of the metal are expressed,
for example, as £; = 1.09, 1.32 and 1.67 as recently obtained
for PPsFeH,, PP;RuH, and PP;OsH,, respectively.**!

A good illustration of the solvent influence on dihydro-
gen bond formation is provided by the —AH® values of 6.2,
5.8 and 3.1 kcal/mol for the interaction of [ReH,(CO)(N-
0O)(PMejs),] with (CF3);COH in C;D14, hexane and [Dg]tol-
uene, respectively.[73-220:22¢1 A similar trend was reported for
the [CpRuH(CO)(PCy3)])/(CF3),CHOH system showing —
AHO values of 6.3 and 5.1 kcal/mol in hexane and the more
polar CH,Cl,, respectively.”®?! The effects of the acidic
component are demonstrated by the ~AH° values calculated
as 8.4 and 9.7 kcal/mol for the interaction of [CpRu(CO)-
(PH3)] with CF;COOH and (CF5);COH, respectively.”]

Data on H:H bond formation rates is rather limited
since the process is usually too fast for studies by standard
kinetic techniques. Nevertheless, some estimations are pos-
sible from the low-temperature 'H NMR experiments in
Freon solutions.'”? As mentioned above, the Re-H signal
of [Cp*ReH(CO)(NO)] decoalesces in the presence of acidic
alcohols at 94 K. Under these conditions, the life time of
the MH---HX complexes, T, can be calculated via Equation

2

T = Uk, = J2/n-Av 2)

where Av is the chemical shift difference for the free and
bonded state expressed in Hz.** The calculation gives T =
103 s, corresponding to the rate constant, k , of ca. 10* L/
mol's for concentrations of acidic alcohols of < 10! mol/
L.

Regioselective Dihydrogen Bonding

The location of the spectroscopically observed MH---HX
adducts on the reaction coordinate of the proton transfer
process is well supported by the variable-temperature IR
and NMR spectra of the hydrides [RuH,(dppm),],
[MeC(CH,PPh,);Re(CO),H],  [Cp*Ru(PCy3;)H;] and
[(Cp-N)RuH(PPh;),] in acidic solution in which MH--HX
species and dihydrogen complexes [M(n2-H,)]* [X] coexist
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in a slow equilibrium.’¢-?23] An additional possibility is that
of a regioselective attack on a hydride ligand with the for-
mation of MH-*HX bonds, ending in a proton/hydride ex-
change (see below).

Regioselective dihydrogen bonding has been observed for
[ReH,(CO)(NO)(PR3),] (R = Me, Et) in the presence of
(CF;),CH-OH or (CF;);COH by variable-temperature 'H
NMR spectroscopy in [Dg]toluene or [D4Jmethylcyclohex-
ane.??Y! A fivefold excess of (CF3);COH causes a high-field
shift of the ReH® resonance (Scheme4) by 1.24 ppm
(193 K) while the ReH" resonance is shifted by 0.04 ppm
only. The same spectroscopic behaviour can be observed for
the trihydride [Cp,NbHj;] upon addition of (CF;),CH-OH.
The central hydride ligand acts as a proton acceptor.[']

Scheme 4 shows the (CF3);COH attack on the H® ligand
located trans to NO in [Re(CO)H,(NO)(PR3),] ending in
the formation of H+--H? bonds with —~AH° values of 6.2 and
3 kcal/mol in [D;4Jmethylcyclohexane and [Dg]toluene,
respectively. In contrast, the weaker proton donor, (CF3),-
CH-OH, binds to both the hydride ligands. Nevertheless,
even in this case, the H---H® bonds are more preferable:
~AH°(H-+H?) = 2.1 kcal/mol and ~AH°(H---H®) = 1.7 kcal/
mol. All these effects, not explainable in steric terms, are
directly associated with different electronic properties (hyd-
ridicity) of the hydride ligands. Finally, it should be pointed
out that the oxygen atoms of the NO groups in [Re(CO)-
H,(NO)(PR3),] can accept a proton while no Re**H bonds
have been found for these hydrides.[>>!

Contact H-bonded Ion Pairs

Protonation of the heteroatom Y of an organic base con-
sists of a proton shift along a linear H-bond, O-H---Y, with
the formation of an intimate ion pair, OH-Y™*, as the
product of partial proton transfer. This H-bonded ion pair
then converts to a solvent-separated ion pair to finally give
free ions when the solvent polarity is sufficient for full pro-
ton transfer. In the limits of this concept, proton transfer
to hydride ligands can be represented by Figure 3 where the
reaction ends with the formation of solvent-separated ion
pairs due to the relatively small permittivities of the sol-
vents (THEF, toluene, CH,Cl,) usually applied for proton-
ation of transition metal hydrides.

The best experimental method for observing intimate ion
pairs, M(n?-H,)*=X", is IR spectroscopy in which the po-
sitions of indicator bands (for example, vy Or Vo) attrib-
utable to contact ion pairs markedly depend on the nature
of the proton donor HX, i.e. on H-bonded anions X .4l
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Figure 3. The schemes illustrating proton transfer to a hydride lig-
and via dihydrogen bonds with participation of two proton donor
HX molecules: dimer (HX), forms the dihydrogen bond (pathway
3); the second HX molecule initiates the formation of the solvent-
separated or contact ion pair [pathway (1) or (2), respectively]

Such pairs have been found in hexane solutions of the hy-
dride [CpRuH(CO)(PCys3)] protonated with (CF3),CHOH,
(CF5)3COH and CF;COOH, the IR spectra of which have
shown vco bands at 1972, 1978 and 2004 cm™!, respec-
tively.[’! In addition, the v¢o frequencies of MH-*HX com-
plexes, simultaneously detected in these solutions, also de-
pend reasonably on X~ (1931, 1935 and 1940 cm™!) whereas
the vco bands of the solvent-separated ion pairs
[CpRu(H,)(CO)(PCy3)]*//CF3;COO~ and [CpRu(H,)(CO)-
(PCy;)]*//BF,~ cannot be distinguished (2020 cm !,
CH,Cl,).

As expected, increasing the solvent polarity from hexane
to CD,Cl, should lead to displacement of the positions of
the equilibria in Figure 3 towards contact ion pairs due to
stabilisation of species with a larger charge separation. In
accord with this, the CH,Cl, IR spectra of
[CpRuH(CO)(PCys3)] in the presence of (CF3);COH exhibit
Vco bands belonging only to contact ion pairs. In addition,
the [CpRuH(CO)(PCy;))/CF;COOH system can show only
intimate ion pairs, only solvent-separated ion pairs or both
species simultaneously as a function of the CF;COOH/hy-
dride ratio.’d°1 Unfortunately, thermodynamic aspects of
conversions of H+*H complexes to contact ion pairs remain
unstudied. However, according to preliminary data,[’ con-
tact ion pairs are energetically preferable by only 0.2 kcal/
mol, for example in CH,Cl, solutions of the
[CpRuH(CO)(PCy3)])/(CF3);COH system.

In spite of reliable experiments concerning observations
of contact ion pairs, the gas-phase DFT calculations®:!% of
the ion-pair structures [CpRu(CO)(PH3)(H,)]*+*OC(CF5);
and [CpRu(CO)(PH3)(H,)]"*OCOCF;  or [Cp,NbH,-
(H,)]*+-OC(CF3);~ and [Cp,NbH,(H,)]"*OCOCF; have
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Figure 4. The DFT-optimised geometry of the hydrogen-bonded
contact ion pair, [CpRu(CO)(PH;)(H,)]**-[CF5C(0)O-+H---O(0)-
CCF;] stabilised by the [CF3C(0)O-H--O(O)CCF;] anion in the
gas phase; the distances are given in A

ended up in the initial dihydrogen-bonded complexes. In
addition, the products of full proton transfer, i.e. free ions,
were thermodynamically unstable and their energies were
higher with respect to the reagents by 100 kcal/mol. Polar
solvents could stabilise the charged species. In fact, calcula-
tions modelling CH,Cl, led to reduced energies of the sys-
tems containing free ions. Nevertheless, the products of pro-
ton transfer remained 22 kcal/mol above the initial com-
pounds. Again, no energy minima have been located for
contact ion pairs. However, these intermediates have been
calculated with minimal energies even in the gas phase if
homoconjugated anions, [RO---H--OR], are taken into
consideration as an additional factor for charge stabilis-
ation. Note that this factor has been well demonstrated by
kinetic experiments on the protonation of transition metal
hydrides in solution.!® The calculations led to the structures
[CpRu(CO)(PH;)(H,)]*+[RO-*H-OR]" and [Cp,NbH-,-
(Hy)]*+[RO-+H--ORJ", the optimised geometries of the
former are shown in Figure 4. As can be seen, one of the
dihydrogen atoms in [CpRu(CO)(PH;)(H,)]*--[CF;C(O)-
O-*H-*O(O)CCFj3] acts as a proton donor forming the H-
bond with a length of 1.891 A.[*) The corresponding Ru-H
distance (1.820 A) is slightly longer with respect to the free
cationic dihydrogen complex (1.765 and 1.775 A) while the
H-+H separations in the (H,) ligands are very similar in
both the species (0.847 A). Finally the H-O bond in the ion
pair involved into H-bonding is significantly elongated with
respect to that in the free proton donor (1.253 A and
0.98 A, respectively).

Hartree—Fock calculations of the dihydrogen-bonded Li—
H®++-3*H-F complex have shown that an electric field, ap-
plied along the molecular axis, leads to transfer of H atoms
between two heavy atoms to give the dihydrogen Li*+-H—
H-F~ system.>> Thus the transformation of the M-
H---HX species to contact ion pairs can be interpreted as
movement of two hydrogen atoms, under the field due to
the charges, towards the state with a larger charge separa-
tion if the latter can be stabilised by a polar solvent and/or
by homoconjugated anions. In contrast to proton transfer
to usual organic bases, these movements require strong elec-
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tronic perturbations. A priori, this circumstance should lead
to significant energy barriers, separating dihydrogen-
bonded complexes and contact ion pairs.

3. Kinetic Experiments

Table 1 lists kinetic data for the protonation of transition
metal hydrides, obtained by the spectroscopic (NMR, UYV,
IR) and electrochemical methods with the application of
usual or stopped-flow mixing techniques. The kinetic ex-
periments have mostly been performed under pseudofirst-
order conditions in which acids have been added in large
excess.[11:26a-26d] The [ReH,(NO)(CO)(PR;),]/CF;COOH
systems have been studied with comparable concentrations
of the reagents.?®?l In all cases, the overall kinetic order has
been found to be close to 2.

The data in Table 1 illustrate the dependences of the rate
constants on the nature of the acid used. For example, the
rate of proton transfer to [Cp*Fe(dppe)H] strongly in-
creases with the acidity of the proton donor as CF;CH,OH
< (CF;),CHOH < (CF3);COH < CF;COOH.[?% At the
same time, the cis-hydride [FeH,PPh;] shows very insignifi-
cant changes in the k values in the order CF;COOH < HCl
< HBr.I'l In addition, the rate constants are smaller for
the stronger acids HBF,; and CF3;SOz;H. The same effect
has been reported for [RuH,(dppe),]?%*) and [ReH,(NO)(C-
0O)(PMes),] protonated with CF;COOH and [{3,5-(CF;),-
CeH;3} 4B TH(OEt,)]*.[2%] Thus, in common cases, the rate
of proton transfer and the acid strength do not correlate.
This result can be explained by the relatively small permit-
tivities of the solvents (THF, toluene, CH,Cl,) where even
strong acids exist in an equilibrium between molecular
forms, ion pairs and free ions (Scheme 5). If free H* attacks
a hydride, then proton transfer should be suppressed by the
addition of X~ ions. However, NBu,BF, does not affect
protonation rates of cis-[FeH,PPhs] by the action of HBF,
in THF. This is good evidence for the parallel attack of the
molecular form HX and the ion pair where ion pairs react
slower than HX.['!]

Kinetic experiments on the acids HX and DX, carried
out under pseudofirst-order conditions, have revealed in-
verse kinetic isotope effects, ky/kp (Table 2). The results
can be interpreted either as the kinetic effects measured for
a single-step proton transfer or as the inverse thermo-
dynamic isotope effects in fast preequilibria.l''l In contrast
to the effects on usual H-bonds,?”! the effects of deuterium
on the thermodynamics of dihydrogen bonding are un-
known. On the other hand, under pseudofirst-order condi-
tions, the position of the kinetic preequilibrium should be
completely shifted towards the dihydrogen bonds. There-
fore, the hypothesis of a single-step proton transfer via a
late transition state could be successful for interpreting the
observed isotopic effects. A structure, similar to that of the
contact ion pairs in Figure 4 with almost complete forma-
tion of new bonds, could represent such a transition state.
The ky/kp values can then be calculated by Equation (3),['!]
where v{H) and v;”(H) are the stretching frequencies in the
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Table 1. The second-order rate constants (k, 25 °C) for protonation of transition metal hydrides with formations of dihydrogen complexes

in solution

Complex HX k L/mols Solvent Ref.
[FeH,PPhs] HBF, 1.7x 104 THF [
CF;COOH 0.112 x10°2
CF;SO;H 0.176 x102
HCI 1.32 x102
HBr 3.4 x10°72
[FeH,(dppe),] HBF, 9.7 x10°3 THF [260]
CF;COOH 1.39 x102
CF;SO;H 2.1 X102
HCI 4.8 x10°2
[CpW(CO),(PMe;)H] [Me,NHCH,C(Me;)]*[BF,] 2.7 1073 (a) CD,Cl, [l
[CpRuH(dppm)] HBF, 1.86 x102 THF 26¢]
[CpRuH(dppe)] HBF, 0.70 x10? THF [26¢]
[CpRuH(PPhs),] HBF, 1.69 x102 THF [26¢]
[RuH,(dppe),] HBF, 1.1 x10° THF [26a]
CF;COOH 9.2 x10*
HCI 1.7 10°
[ReH,(NO)(CO)(PiPr3),] CF;COOH 4.4 x102 (b) CD,Cl, [26¢]
[ReH,(NO)(CO)(PMe;),] CF;COOH 192 %102 (c) CD,Cl, [26¢]
[Cp*Fe(dppe)H] CF;COOH very fast CH,Cl, [26d]
PFTB 1.56 x10% CH,Cl,
HFIP 5.4 CH,Cl,
CF;CH,0H 1.5 x1073 CH,Cl,

[a] At —10 °C. [b] At —80 °C. [c] At —90 °C.
H-X - H/X — H '+ X

- -«

Scheme 5

Table 2. Kinetic isotope effects [k(H)/k(D)] measured for proton-
ation of transition metal hydrides in solution

Complex HX Solvent k(H)/ k(H)/ Ref.
k(D) k(D)
(T °C) calcd.
[FeH,(dppe)-] CF;SOs;H  THF 0.21 0.87 1260
(25)
HCI 036  0.47
(25)
HBr 0.55  0.39
(25)
[FeH,PPh;] CF;SOsH THF 045  0.87 (i
(25)
HClI 0.62 047
(25)
HBr 0.64  0.39
(25)
[RuH,(dppe),] CF;COOH THF 0.80  0.87 [26a]
(25)
HClI 038 047
(25)
[ReH,(NO)(CO)- CF;COOH CD,Cl, 1.4 0.87 [26¢]
(PiPr3),] (-80)

fundamental and transition states, respectively. As can be
seen, Table 2 shows good agreements between the theoreti-
cal and experimental ky/kp values.

k(H)/K(D) = exp{7.06 104X ;vi(H) - X iv; “(H)]} (©)

As in the case of classical organic bases, proton transfer
to a hydride ligand is not a single-step process and occurs
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via dihydrogen-bonded intermediates. It follows from the
previous section that the factor of the basicity, £, charac-
terising the formation of H---H bonds, changes from 0.54
to 1.67. The effects of solvents on dihydrogen bonding are
also insignificant. Thus dihydrogen bonding is a weak pre-
organising interaction which cannot be responsible for very
big variations in rate constants of proton transfers
(Table 1). For example, the k constant, measured for proton
transfer from CF;COOH to [FeH,PPh;], [ReH,(NO)(C-
0O)(PMe;),] and [RuH,(dppe)-], increases by six orders from
0.112 1072 (25 °C) to 192 102 (-90 °C) to 9.2 10* (25 °C) 1/
mol.

IR monitoring of the [CpRuH(CO)(PCy;)]/(CF3);COH
(1:2) system has directly shown a slow (=30 min) conver-
sion of H-*H complexes to intimate H-bonded ion pairs in
nonpolar hexane.”? The 'H NMR spectra, recorded for the
same hydride in the presence of 12 and 100 equivalents of
(CF3);COH in CDCIF,/CDFj5 (2:1),¢I support this obser-
vation. It is important to emphasise that the formation of
H---H bonds is very fast on the NMR timescale even at
120 K. In contrast, the hydride signal, averaged between the
intimate and solvent-separated ion pairs, is strongly broad-
ened at 120 K, indicating retardation of ionpair transform-
ations on the NMR timescale.

The schemes in Figure 3 represent proton transfers to hy-
dride ligands with the participation of two proton donor
molecules, emphasising the role of homoconjugated
[X-+H-+-X]  species in the kinetics of the process. Note that
the second HX molecule initiates the formation of the sol-
vent-separated or contact ion pair, corresponding to path-
way (1) or (2).

Formally pathway (1) can be expressed via Equation (4).
Since the formation of contact ion pairs is rate-determining
(i.e. ky << k_; and k3[HX] >> k_,), the equation becomes
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Table 3. Activation parameters for proton transfer to hydride li-
gands in solution

System AH” AS”™ Solvent Ref.
kcal/ eu.
mol
CpRuH(CO)(PCy;)/PFTB 11.0 -19 hexane ]
(1:2)
ReH,(NO)(CO)(PiPr3),/ 1.1 120 CD)Cl, 126
CF;COOH (1:1)
ReH,(NO)(CO)(PMes),/ 135 368 CD)Cl, 26
CF;COOH (1:1)
ReD(PMes),(CO)/ 144 148 CH,Cl, [

CF,COOD (1:1)

Equation (5) and thus the reaction represents a first-order
process with respect to the acid. It is easy to show that
under the pseudofirst-order conditions (when the preequi-
librium is shifted completely to H+*H complexes) the mea-
sured rates become independent of HX concentration.

dIMH)/d? = —{kyheodes[MHI[HXP} {k 1k > + k s[HX]} + koks[HX]
)

d[MHY/dt = —(ky/k_1)-k[]MH][HX] 5)

Experimentally, this pathway has been well established
from the IR spectra of the [CpRuH(CO)(PCy;)]/(CF3);OH
system in CH,Cl, in which large variations in hydride/al-
cohol ratios did not affect a slow transformation of H--H
complexes to H-bonded ion pairs with k values between 1.4
1073 and 1.6 103 s71.I78l Activation parameters for this step
(Table 3) have been determined in hexane.] It is probable
that such a mechanism operates for the protonation of the
hydrides [ReH,(NO)(CO)(PR3),] with CF;COOH (Table 3)
in CD,Cl, where the reaction corresponds to first order
kinetics on the acid at hydride/acid ratios = 1.[26¢]

In contrast, UV monitoring of the hydride [Cp*Fe(dppe)-
H] protonated with a 30-200 fold excess of (CF3);COH or
(CF;),CHOH (CH,Cl,) (pseudofirst-order conditions) led
to the first-order dependence of the measured rates on the
alcohol concentration.?*d In the framework of pathway (1)
the result can be interpreted according to Equation (6) ob-
tained from equation (5) by assuming k3[HX] << k,. It is
clear that under the pseudofirst-order kinetic measurement
conditions, this equation will show a first order dependence
on the acid concentration.

d[MH)/dt = —(ky/k ) (kalk 2)ks[MH][HX]? (©6)

On the other hand, the above data can be rationalised in
the context of pathway (2) where a slow transformation of
the H--*H complexes to contact ion pairs is accompanied
by the second HX molecule [Equation (7)].

dIMHJ/dr = —{kikaksMHIHXP /K ik > + k ks + kaka[HX} (7)
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Then, at k, [HX] << k_;, Equation (7) converts to Equa-
tion (8).

dIMHY/dr = —{k ks [MHIHX?} k_((k 5 + k3) 8)

The latter will correspond to the first-order process un-
der the pseudofirst-order kinetic measurement conditions.
Finally, the gas-phase and solution DFT calculations have
revealed that proton transfer in the [CpRu(CO)(PH;)H]/
CF;COOH system is energetically preferable if the second
HX molecule participates in each step of the process.”)
When the acid is initially a dimer, this situation corre-
sponds, in kinetic terms, to Equation (9) [(HX), = DM]
showing first order kinetics for the DM acid.

d[MHJ/dt = —k kxks[MH][DM/{k k5 + k ks + koks} )

To account for the dimerisation of CF;COOH,?® this
scheme cannot be excluded when interpreting the kinetic
data collected for the [ReH,(NO)(CO)(PR;),]/CF;COOH
(1:1) system in CD,Cl,.? It is clear that only detailed kin-
etic measurements for large variations in reagent concentra-
tions can distinguish pathways 1-3. For obvious reasons,
such experiments are often impossible. However, on the ba-
sis of the data presented in this section, pathway (1) can be
taken as a general mechanism of proton transfer.

4. Proton/ HydrideExchange as a Measure of
Proton Transfer

Intra- and intermolecular positional exchanges with the
participation of hydride ligands are widely known.[%?*! Pro-
ton/hydride exchanges similar to those in Figure 2 are mani-
fested in the '"H NMR spectra as broadenings and coalesc-
ences of the hydride and HX resonances upon heating and
can be quantitatively characterised with the help of a line-
shape analysis or saturation transfer experiments.?* As in
the case of proton transfer, the exchange rates in Table 4
strongly depend on the nature of the hydrides and are sensi-
tive to isotope displacements. The overall kinetic order of
the exchanges is also equal to 2[%2¢°l in agreement with al-
most negative activation entropies. The nature of the acids
also has a significant influence on exchange rates: the ex-
change is faster when the anion of HX is capable of as-
sistance.[2%¢]

According to the '"H NMR spectroscopic data collected
for an isomeric mixture of the hydride [CpW(CO),(PMes)-
H] in the presence of [PhNH;(OEt,)]* | 5[B(Arf),] ", the pro-
ton/hydride exchange is fast only for the trans isomer.[o] It
is obvious that this selective proton/hydride exchange is a
good test for a proton attack on the hydride ligand.

The exchanges are highly regioselective in [Dg]toluene
solutions of the [ReH,(INO)(CO)(PR3),]/CF;COOH system
where only the H ligands, located frans to NO, are involved
in the exchange (Table 4).12% Since this effect correlates
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Table 4. Kinetic parameters of proton/hydride exchanges, determined by 'H NMR in solutionl®2¢l

System k(exch) (T; °C) AH™ AS* Solvent
(L/mol-s) (kcal/mol) eu.
[CpW(CO),(PMe;3)H]/[(CH3);CcH4N(CH3),D]* 1.8 X107 (~10) 10.7 -35.2 CD,Cl,
[CpW(CO),(PMe;3)DJ/[(CH3);CsH,N(CH3),H]* 8.9 x107* (-10) 11.2 -30.2 CD,(Cl,
[ReH,(NO)(CO)(PiPr3),]/CF;COOH 33.7 x10? (=70)@ 7.7 -2.3 [Dg]toluene
[ReD,(NO)(CO)(PiPr3);]/CF;COOD 16.0 x10% (-70)k! - - toluene
[ReH,(NO)(CO)(POIPr3),])/CF;COOH 20.7 x10? (-66) 7.4 5.5 CD,Cl,
[a.b]
[ReD»(NO)(CO)(POIPr3),])/CF;COOD 4.6 x10% (-70) 7.1 -10.3 toluene
[ReD,(NO)(CO)(POIPr3),])/CF;COOD 3.6 x10% (-70)t 6.0 -16.6 CD,Cl,/toluene (1:1)
0.93 x10? (~60)®! 7.7 -13.9 CD,Cl,/toluene (1:1)
[ReH,(NO)(CO)(PMe3),)/CF;COOH 250 x10% (-73) 7.8 0 [Dg]toluene
[ReD(PMe;),(CO))/CF;COOD (1:1) 0.92 x10? (-60) 6.3 -19.2 CH,Cl,
[a] trans to the NO group. [b] cis to the NO group.
H PH;
N\
S~
N o L CO -
P ~_ | — 124 | 1=NO" (4), cOB) |
~
S / / Re ::\ __________ - H
H ocC /\/'
Scheme 6 184 o 7 _______ Y
PH, 1.6 A

with the regioselective dihydrogen bonding and Re:-*HOR
bonds are not observed, the dihydrogen-bonded adducts
can be taken as a starting point for the proton/hydride ex-
change process.

A priori, a hydride atom and an acidic proton can ex-
change their positions if both H atoms are bound to a metal
centre in a transition state or an intermediate. It is clear
that the solvent-separated ion pairs, M(H,)*//X", could play
the roles of such states. Experimentally this statement can
be supported by the equal rates measured for the proton/
hydride exchange and the formation of dihydrogen com-
plexes. This case is documented for the [ReH,(NO)(CO)(P-
iPr3),J/CF;COOH system in the relatively polar CD,Cl,:?%!
a line-shape analysis of the hydride resonances (a test for
the exchange) and the 3'P NMR signals of [ReH,(NO)(CO)-
(PiPr3),] and [ReH(H,)(NO)(CO)(PiPr3),]* [CF3COO] (a
test for the formation of dihydrogen complexes) gave very
similar rate constants (15-20 10?> L/mol-s, =70 °C). In is
clear that under these conditions, the proton/hydride ex-
change is a good probe for full proton transfer to a hydride
ligand.

However, as in the case of usual organic bases, the situa-
tion can change. In fact, proton exchanges in organic acid/
base pairs can occur without charge separation via the cy-
clic nonpolar transition states in Scheme 6 where N-H is a
base and H-O is an acid. As a result, for example, the dihy-
drogen complexes [ReH(H,)(CO)(NO)(PR3),]" [CF;COO]~
are formed slowly in nonpolar toluene on the 3'P NMR
timescale while fast proton/hydride exchanges still occur on
the 'H NMR timescale.[>°®! The same effect can be observed
in a CH,Cl, solution of [ReD(PMe;)4(CO)] and
CF;COOD. As follows from Table 4, the activation energies
AH* necessary for the exchanges are remarkably smaller
than those for the formation of dihydrogen complexes
(Table 3). In contrast, the isotopic effect ky/kp for the
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Figure 5. The models of the transition states A and B, suitable for
proton/hydride exchange processes, obtained by EHT calculations
on the basis of symmetrical pseudooctahedral geometry (H* and
O? represent the acid)?]

exchange is larger. It becomes obvious, that in spite of the
same starting point (dihydrogen bonded complexes), both
processes occur via different transition states and thus such
a type of exchange is not a measure of proton transfer and
only accompanies the latter. Structures A and B in Figure 5
could be models of exchange transition states for the Re
hydrides, where H* and O*  represent the acid.?*! The
structures obtained by EHT calculations are not optimised
but they do exhibit feasible features for the orbital interac-
tions and explain the selectivity of the exchanges. For exam-
ple, state A with a frans NO has a reasonable HOMO/
LUMO gap (=2.5 eV) and crucial participation of the oxy-
gen orbitals in the binding of the H, unit to the metal cen-
tre. The orbital interactions are built up from dyy and o-
type functions on the Re centre by the two s; hydrogen
orbitals and s, py and py orbitals from the oxygen atom.
Thus the appearance of H-*H bonding is a main feature of
the exchange transition state with participation of hydride
ligands in contrast to the transition state in Scheme 6 which
is typical of usual organic bases.

5. Energy Profile of Proton Transfer to Hydride
Ligands

The discussed spectroscopic, kinetic and thermodynamic
data are quite sufficient to describe, semiquantitatively, the
energy profile of proton transfer to a hydride ligand in solu-
tion.[>34:30] Figure 6 shows the energy as a function of the
proton-hydride distance varying from an initial state to a
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Figure 6. Energy profiles of proton transfer to a hydride ligand of
a transition metal complex in solution: AE; = +3-4 kcal/mol, AE,
= -5 to -7 kcal/mol, AE; = +10-14 kcal/mol and AE, = -7 kcal/
mol, respectively; the energy is a function of the proton-hydride
distance varying from an initial state (2.5 A) to the final product
(0.9 A); conversion of the intimate ion pair to the solvent/separated
ion pair is shown as a function of the H*+-O~ distance

final product. The averaged structural parameters of the ini-
tial hydrides and intermediates have been taken from the
experimental measurements and DFT calculations. Since
proton-hydride contacts of = 2.4 A, found for different
compounds in the solid state, correspond to the appearance
of weak bonding interactions,!'3®! the H--H distance of 2.5
can be regarded as the starting point with zero energy. The
proton transfer process ends with a structure in which the
H%*++3"H distance becomes 0.9 A, a typical value for dihy-
drogen ligands."!

The pattern in Figure 6 contains four energy minima oc-
cupied by the initial hydride, the dihydrogen-bonded com-
plex, the intimate ion pair and the solvent-separated ion
pair as a final product of the reaction. For simplicity,
homoconjugated species, [RO:*H+-*OR]", assisting proton
transfer and stabilising the protonated products can be
ruled out.

Usually, the formation of the H-bonded complexes is re-
garded as a very fast and diffusion-controlled process with
no energy barrier.®¥ On the other hand, even ultra fast
molecular reorientations in solution require energy for reor-
ganisation of molecular environments. Since transition me-
tal complexes reorient in solutions with energies of 3.0-4.5
kcal/mol, this magnitude can be taken as a reasonable first
barrier, separating the free hydride molecules and the H---H
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complexes. Dihydrogen bonding results in systems with
H-H separations between 1.6 and 1.9 A. The energy of
these systems is reduced by 2.0-7.6 kcal/mol. Note that the
latter remarkably depends on the nature of hydrides and
acids while the solvent influence is insignificant. The M—H
and H-O bonds in the dihydrogen bonded adduct are only
slightly elongated with respect to the initial hydride and the
acid. The electronic perturbations are minimal and do not
require significant energies. The next energy minimum is
populated by contact ion pairs and stabilised by H-bonds
with anions. This intermediate has the H-H separation
very close to that in the dihydrogen complex and its H--O
bond is strongly elongated. In spite of the significant struc-
tural changes, the depths of the energy minima occupied by
dihydrogen- bonded complexes and contact ion pairs are
very similar. Since the ion pair species were not localised
in the gas-phase DFT calculations, the effect is certainly
consistent with their stabilisation by polar solvents or
homoconjugated anions [RO++H:OR]".

As in the case of classical acid/base pairs, the formation
of contact ion pairs M(H,)*---X" is the step of proton trans-
fer. However, for transition metal hydrides this step requires
significant changes in the M-H-H-X geometry and the
H---H and X-H bond lengths. For this reason, the energy
barrier separating the M—H--H-X and M(H,)*-X" species
increases to 11-13 kcal/mol (Table 3) in very good agree-
ments with the DFT calculations! modelling proton trans-
fer in the [CpRuH(CO)PH;]/CF;COOH and [CpRuH(CO)
PH;)/(CF;);COH systems (heptane, CH,Cl,). Note that
this step is responsible for the total kinetics of proton trans-
fer and the large variation in the k constants in Table 1. The
solvent-separated ion pair finishes the process with en-
thalpy changes between —2.4 and -9 kcal/mol.l->4-30]
The NMR experiments on the [CpRuH(CO)(PCy;)])/(CF3)s-
COH system in CDCIF,/CDF; (2:1)['71 showed a low en-
ergy barrier separating the contact and solvent-separated
ion pairs. Therefore, in the absence of quantitative kinetic
data on the last step, the barrier between M(H,)"+-X~ and
M(H,)*//X~ can be taken to be small.

6. Conclusion

The concept of hydrogen bonding, known since the be-
ginning of the 20 century, has played a very important role
in the understanding of the nature and properties of chemi-
cal compounds. The problem of dihydrogen bonding, as an
interaction between oppositely charged hydrogen atoms, is
significantly younger.['?%13¢:311 [n gpite of this, its funda-
mental significance in catalysis, bio-organic and supramol-
ecular chemistry has been well recognised.

This microreview, ignoring details of hydride chemistry
and focusing on key physicochemical data, discusses pos-
sible kinetic schemes for the protonation process and for-
mulates a general mechanism whereby dihydrogen bonding
is the preorganising interaction in proton transfer and pro-
ton/hydride exchanges. Protonation of hydride ligands oc-
curs via intermediates, H--*H complexes and H-bonded con-
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tact ion pairs, and ends in dihydrogen complexes as solvent-
separated ion pairs or free ions. General rules governing
proton transfer to hydride ligands and conventional organic
bases are very similar. The difference between the two is
quantitative rather than qualitative in character and is ap-
parent in the contact ion pair formation step. In the case of
transition metal hydrides, this step, which determines the
kinetics of the process, requires significantly larger acti-
vation energies and for this reason the total rate of proton
transfer is remarkably slower.

In spite of the numerous studies considered in this article,
some important mechanistic details of proton transfer are
still unclear and could be the subject of further investi-
gations, one of these being the regularity governing the par-
ticipation of homoconjugated [X---H--X] species. For ex-
ample, it remains uncertain as to which intermediate step
needs such [X-+H+--X] assistance for dictating the total kin-
etic order of the process. Thermodynamic aspects of con-
versions of H--H complexes to contact ion pairs are also
practically unstudied. To answer these fundamental ques-
tions, additional experimental and theoretical investigations
are needed. Among various experimental approaches,
NMR experiments at extremely low temperatures(®! seem to
be very appropriate.

As in the case of conventional organic bases, proton/hy-
dride exchanges in transition metal hydrides can be consid-
ered as a probe for full proton transfer. In this context,
further theoretical work investigating models of transition
states for both processes will be most interesting.

[11 a) X. Zhao, I. P. Georgakaki, M. L. Miller, J. C. Yarbourh,
M. Y. Darensbourg, J. Am. Chem. Soc. 2001, 123, 9710; b) J. W.
Peters, Curr. Opin. Struct. Biol. 1999, 9, 670; ¢) M. W. Adams,
Biochim. Biophys. Acta 1990, 1020, 115.

[2] R. Custelcean, J. E. Jackson, J Am. Chem. Soc. 1998, 120,
12935.

[3] G.J. Kubas, Metal Dihydrogen and s-Bond Complexes, Kluwer
Academic/Plenum, New York, 2001.

[4] R. M. Bullock, Chem. Eur. J. 2004, 10, 2366.

[5] a) R.H. Morris, Nonclassical Hydrogen Bonding along the
Pathway to the Heterolytic Splitting of Dihydrogen, in: Recent
Advances in Hydride Chemistry (Eds.: R. Poli, M. Peruzzini),
Elsevier, Amsterdam, London, New York, Paris, Tokyo, 2001,
pp. 1-38; b) E. T. Papish, M. P. Magee, J. R. Norton, Proton-
ation of Transition Metal Hydrides to Give Dihydrogen Com-
plexes: Mechanistic Implications and Catalytic Applications, in:
Recent Advances in Hydride Chemistry (Eds.: R. Poli, M. Peruz-
zini), Elsevier, Amsterdam, London, New York, Paris, Tokyo,
2001, pp. 39-74; c) L. M. Epstein, N. V. Belkova, E. S. Shubina,
Dihydrogen Bonded Complexes and Proton Transfer to Hydride
Ligands by Spectral (IR, NMR) Studies, in: Recent Advances
in Hydride Chemistry (Eds.: R. Poli, M. Peruzzini), Elsevier,
Amsterdam, London, New York, Paris, Tokyo, 2001, pp. 391-
418; d) L. M. Epstein, E. S. Shubina, Coord. Chem. Rev. 2002,
231, 165.

[6] E.T. Papish, F. C. Rix, N. Spetseris, J. R. Norton, R. D. Wil-
liams, J Am. Chem. Soc. 2000, 122, 12235.

[7] a) N. V. Belkova, E. I. Gutsul, E. S. Shubina, L. M. Epstein, Z.
Phys. Chem. ( Muenchen Ger.) 2003, 217, 1525; b) G. Orlova,
S. Scheiner, J. Phys. Chem. A. 1998, 102, 4813; c) N. V. Belkova,
A. V. Tonidis, L. M. Epstein, E. S. Shubina, S. Gruendemann,
N. S. Golubev, H. H. Limbach, Eur. J. Inorg. Chem. 2001, 1753.

[8] a) N.S. Golubeyv, S. N. Smirnov, V. A. Gindin, G. S. Denisov,
H. Benedict, H. H. Limbach, J Am. Chem. Soc. 1994, 116,

254 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

12055; b) G. S. Denisov, N. G. Golubev, V. A. Gindin, H. H.
Limbach, S. S. Ligay, S. N. Smirnov, J Mol. Struct. 1994, 322,
83.

[9] N. V. Belkova, M. Besora, L. Epstein, A. Lledos, F. Maseras,
E. S. Shubina, J. Am. Chem. Soc. 2003, 125, 7715.

[10] E. V. Bakhmutova, V. I. Bakhmutov, N. V. Belkova, M. Besora,
L. Epstein, A. Lledos, G. I. Nikonov, E. S. Shubina, J. Tomas,
E. V. Vorontsov, Chem. Eur. J 2004, 10, 661.

[11] M. G. Basallote, J. Duran, J. Fernandez-Trujillo, M. A. Manez,
J. R. Torre, J Chem. Soc. Dalton Trans. 1998, 745.

[12]a) R. H. Crabtree, P. E. M. Siegbahn, O. Eisenstein, A. L.
Rheingold, T. F. Koetzle, Acc. Chem. Res. 1996, 29, 348; b)
A.J. Lough, S. Park, R. Ramachandran, R. H. Morris, J. Am.
Chem. Soc. 1994, 116, 8356.

[13]a) R. Custelcean, J. E. Jackson, Chem. Rev. 2001, 101, 1963; b)
K. N. Robertson, O. Knop, T. S. Cameron, Can. J. Chem. 2003,
81, 727; ¢) M. Guizado-Rodriguez, A. Ariza-Castolo, G. Me-
rino, A. Vela, H. Noth, V. I. Bakhmutov, R. Contreras, J. Am.
Chem. Soc. 2001, 123, 9144.

[14] a) R. Custelcean, M. Vlassa, J. E. Jackson, Chem. Eur. J. 2002,
8, 302; b) R. Custelcean, J. E. Jackson, Angew. Chem. Int. Ed.
1999, 38, 1661.

[15]a) G. Orlova, S. Scheiner, J. Phys. Chem. A. 1998, 102, 260; b)
G. Orlova, S. Scheiner, J. Phys. Chem. A. 1999, 103, 514.

[16] E. S. Shubina, N. V. Belkova, A. N. Krylov, E. V. Vorontsov,
L. M. Epstein, D. G. Gusev, M. Niedermann, H. Berke, J. Am.
Chem. Soc. 1996, 118, 1105.

[I7]1E. S. Shubina, N.V. Belkova, A.V. Ionidis, N.S. Golubeyv,
L. M. Epstein, Russ. Chem. Bull. 1997, 44, 1349.

[18] V. I. Bakhmutov, E. V. Bakhmutova, N. V. Belkova, C. Bianch-
ini, L. M. Epstein, D. Masi, M. Peruzzini, E. S. Shubina, E. V.
Vorontsov, F. Zanobini, Can. J. Chem. 2001, 79, 479.

[19] E. Cayuela, F. A. Jalon, B. R. Manzano, G. Espino, W. Weiss-
ensteiner, K. Mereiter, J. Am. Chem. Soc. 2004, 126, 7049.
[20] V. I. Bakhmutov, E. V. Vorontsov, D. Y. Antonov, Inorg. Chim.

Acta 1998, 278, 122.

[21]a) I. Alkorta, J. Elguero, O. Mo, M. Yanez, J. E. D. Bene, J.
Phys. Chem. A. 2002, 106, 9325; b) G. Merino, V. I. Bakhmu-
tov, A. Vela, J. Phys. Chem. A. 2002, 106, 8491.

[22]a) J. A. Ayllon, S. F. Sayers, S. Sabo-Etienne, B. Donnadieu,
B. Chaudret, E. Clot, Organometallics 1999, 18, 3981; b) A.
Messmer, H. Jacobsen, H. Berke, Chem. Eur. J. 1999, 5, 3341;
¢) N. V. Belkova, E. S. Shubina, A. V. Ionidis, L. M. Epstein,
H. Jacobsen, A. Messmer, H. Berke, Inorg. Chem. 1997, 36,
1522.

[23] E. 1. Gutsul, N. V. Belkova, M. S. Sverdlov, E. S. Shubina, L.
Epstein, V. 1. Bakhmutov, M. Perruzzini, C. Binachini, F.
Zanobini, T. N. Gribanova, R. M. Minyaev, Chem. Eur. J.
2003, 9, 2219.

[24]R. K. Harris, Nuclear Magnetic Resonance Spectroscopy. A
Physicochemical View, Longman Scientific&Technical, UK,
1986, pp. 119-126.

[25] 1. Rozas, 1. Alkorta, J. Elguero, Chem. Phys. Letters 1997, 275,
423,

[26] a) M. G. Basallote, J. Duran, M. J. Fernandez-Ttujillo, M. A.
Manez, Inorg. Chem. 1999, 38, 5067; b) M. G. Basallote, J. Du-
ran, M. J. Fernandez-Ttujillo, M. A. Manez, J. Chem. Soc. Dal-
ton Trans. 1998, 2205; ¢c) M. G. Basallote, J. Duran, M. J. Fer-
nandez-Ttujillo, M. A. Manez, Organometallics 2000, 19, 695;
d) N. V. Belkova, P. O. Revin, L. Epstein, E. V. Vorontsov, V. I.
Bakhmutov, E. S. Shubina, E. Collange, R. Poli, J Am. Chem.
Soc. 2003, 125, 11106; e) S. Feracin, T. Burgi, V. I. Bakhmutov,
1. Eremenko, E. V. Vorontsov, A. B. Vimenits, H. Berke, Or-
ganometallics 1994, 13, 4194.

[27] P. Schah-Mohammedi, I. G. Shenderovich, C. Detering, H. H.
Limbach, P. M. Tolstoy, S. N. Smirnov, G.S. Denisov, N.S.
Golubev, J Am. Chem. Soc. 2000, 122, 128787.

[28]a) N. S. Golubev, G. S. Denisov, Zhur. Prikl. Spectr. 1982, 37,
265; b) V. V. Myasoedova, O. A. Abramova, G. A. Krestov, Vy-
sokomol. Siedin. Ser B. 1984, 26, 215.

www.eurjic.org Eur. J. Inorg. Chem. 2005, 245-255



Proton Transfer to Hydride Ligands MI C Ro REVIEW

163; ¢) L. M. Epstein, E. S. Shubina, E. V. Bakhmutova, L. N.
Saikulova, V. I. Bakhmutov, A. L. Chistyakov, I. V. Stankevich,
Inorg. Chem. 1998, 37, 3013; d) M. J. Calhorda, Chem. Com-
mun. 2000, 801; e) S. A. Kulkarni, A. K. Srivastava, J. Phys.
Chem. A. 1999, 103, 2836; f) T. Kar, S. Scheiner, J. Chem. Phys.

[29]a) S. S. Kristjansdottir, J. R. Norton, Acidity of Hydrido Transi-
tion Metal Complexes in Solution, in: Transition Metal Hy-
drides (Ed.: A. Dedieu), VCH, Weinheim, Germany, 1992, pp
309-351; b) P. L. Gaus, S. C. Kao, M. Y. Darensbourg, L. W.
Arndt, J Am. Chem. Soc. 1984, 106, 4752.

[30] N. V. Belkova, E. V. Bakhmutova, E. S. Shubina, C. Bianchini, 2003, /19, 1473.
M. Peruzzini, V. 1. Bakhmutov, L. M. Epstein, Eur. J. Inorg Received August 13, 2004
Chem. 2001, 2163.

[31] For example: a) P. L. A. Popelier, J. Phys. Chem. A. 1998, 102,
1873; b) Alkota, I. Rozas, J. Elguero, Chem. Soc. Rev. 1998, 27,

Eur. J. Inorg. Chem. 2005, 245-255 www.eurjic.org © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 255



