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Abstract: The reactions of the
octahedral dihydrido complexes
[MH2(PP3)] [M�Fe, Ru, Os; PP3�P-
(CH2CH2PPh2)3] with a variety of weak
ROH acids have been studied by IR and
NMR methods in either CH2Cl2 or THF
in the temperature range from 190 to
290 K. This study has allowed the deter-
mination of the spectral and thermody-
namic properties associated with the
formation of dihydrogen bonds (DHB)

between the terminal hydrides and the
OH group. Both the DHB enthalpy
values and the hydride basicity factors
(Ej) have been found to increase in the
order Fe � Ru � Os. The proton
transfer process, leading to the DHB

complexes, and eventually to �2-H2
products, has been found to depend on
the acidic strength of the alcohol as well
as the nature of the solvent. Low tem-
perature IR and NMR techniques have
been used to trace the complete energy
profile of the proton transfer process
involving the osmium complex
[OsH2(PP3)] with trifluoroethanol.
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Introduction

Unconventional dihydrogen bonding (DHB) represents a
new type of organizing interaction of much current interest in
organometallic chemistry, homogeneous and heterogeneous
catalysis as well as biochemistry.[1]

DHB±metal complexes are usually generated by reaction
of compounds containing terminal hydride ligands with

Br˘nsted acids.[2, 3] Studies of these reactions in low polarity
solvents have been carried out and have provided thermody-
namic data associated with the stability of the resultant DHB
compounds.[1d, 2d, e, 3a, b] A question that still needs to be
addressed regards the influence of the hydride-supporting
metal on the formation and stability of the DHB interaction;
in particular no thermodynamic data correlating the DHB
strength and the position of the metal in the Periodic Table
has been yet provided.
Aimed at filling this gap, we decided to examine the

reactions of the classical dihydride complexes [MH2(PP3)]
[M�Fe, (1); Ru, (2); Os (3); PP3�P(CH2CH2PPh2)3] with
weak acids of the type ROH. Indeed, these Group 8
dihydrides constitute a family of octahedral transition-metal
complexes sharing an identical ligand environment as well as
reactivity towards Br˘nsted acids.[4] The latter can transform
the dihydrides into cationic dihydrogen complexes
[M(H)(H2)(PP3)]X with no change of the metal oxidation
state [M�Fe, (4); Ru, (5); Os (6); X� non-coordinating
counter-anion] (Scheme 1).[4a±e]

In this paper, we report a study of the spectral (IR,
1H NMR) and thermodynamic properties of several DHB
compounds of the type MH ¥ ¥ ¥HX obtained by treatment of
1 ± 3 with alcohols in different solvents. IR and NMR
measurements have been carried out at low temperature to
shift the solution equilibrium towards the formation of the
DHB adducts and to minimise undesirable processes (e.g.,
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Scheme 1. Reversible protonation of [MH2(PP3)].

hydride ± chlorine exchange) and decomposition pathway.
These techniques have been used to trace the complete
energy profile of the proton transfer process involving the
osmium complex [OsH2(PP3)] and trifluoroethanol.

Results and Discussion

Hydrogen bonding between the dihydrides [MH2(PP3)] and
various alcohols

IR Analysis of the �OH region : The formation of hydrogen
bonds between the dihydrides [MH2(PP3)] and alcohols was
primarily established by an IR study in the �OH region.[1d, 3a, b]

The IR spectra of the metal dihydrides 1 ± 3, dissolved in
CH2Cl2, were recorded in the presence of alcohols exhibiting
rather different pKa values [methanol (MeOH), 2-propanol

(iPrOH), 2-fluoroethanol (MFE), 2,2,2-trifluoroethanol
(TFE), hexafluoro-2-propanol (HFIP) and perfluoro-tert-
butanol (PFTB)]. To exclude the occurrence of self-associa-
tion phenomena, the concentration of the proton donor was
varied between 0.005 and 0.01�. Under these conditions, the
observed decrease in intensity (A) of the �OH(free) band of the
alcohol and the appearance of a low-frequency shifted broad
�OH band confirmed unequivocally the formation of the DHB
species [MH2(PP3)] ¥ ¥ ¥HOR.[1f]

As reported in Table 1, the low-frequency shift [��OH�
�OH(free)� �OH(bonded)] was found to increase with the strength
of the proton donor.

The [MH2(PP3)] complexes contain three potential hydro-
gen-bond acceptors: the two chemically inequivalent hydride
ligands and the metal(��) centre.[3e] It has been previously
established, in fact, that relatively electron-rich metals, such
as ruthenium(��), osmium(��) and rhenium(�), can use their
d-electron density to form M ¥ ¥ ¥HO bonds with alcohols.[1b,h]

In our case, unambiguous discrimination between the M-OH
¥ ¥ ¥HOR andM ¥ ¥ ¥HO bonding modes was achieved by IR and
1H NMR methods (see below).[1f, 2c±e]

IR and Raman assignment of the �MH bands in 1 ± 3 : The solid-
state IR spectra of 1 ± 3 showed two intense �MH absorptions in
the region between 1950 and 1730 cm�1.[4a±e] Similar bands
were found in the IR spectra recorded in either CH2Cl2 or
THF solution (Table 2).
Based on the symmetry of the dihydrides 1 ± 3, these two

bands were initially attributed to symmetric (� sMH� and
asymmetric (� asMH� M�H stretching vibrations. However, an
inspection of the literature data available for dihydride metal
complexes revealed that the appearance of two ™hydride∫
bands with similar intensities at remarkably different wave-
numbers (frequency difference 120 ± 175 cm�1) is quite un-
common.[5] A variety of rhenium, molybdenum and tungsten

Abstract in Italian: La reazione dei diidruri terminali a
geometria ottaedrica [MH2(PP3)] [M�Fe, Ru, Os;
PP3�P(CH2CH2PPh2)3] con una varieta¡ di acidi deboli,
ROH, e¡ stata studiata mediante spettroscopia IR ed NMR in
CH2Cl2 o THF nell×intervallo di temperatura tra 190 e 290 K.
Tale studio ha permesso di determinare le proprieta¡ spettrali e
termodinamiche associate alla formazione del legame ad
idrogeno (DHB) tra gli idruri terminali ed il gruppo OH
dell×alcole impiegato. Sia i valori dell×entalpia di legame per il
DHB che il fattore di basicita¡ dell×idruro (Ej) sono stati definiti
dimostrando che essi variano nell×ordine Fe � Ru � Os. Il
processo di trasferimento protonico, che da¡ origine inizial-
mente ai complessi DHB e successivamente ai corrispondenti
idruri non classici, dipende sia dall×acidita¡ dell×alcole che dalla
natura del solvente. Il profilo energetico del processo di
trasferimento protonico tra l×idruro [OsH2(PP3)] e il trifluo-
roetanolo e¡ stato completamente determinato mediante tecni-
che spettroscopiche IR ed NMR a bassa temperatura.

Abstract in Russian:

Table 1. IR spectral characteristics of the hydrogen-bonded adducts
[(PP3)MH2 ¥ ¥ ¥HOR] in CH2Cl2.

Hydride Alcohol �(OH) free �(OH)bonded ��(OH)

[(PP3)FeH2] (1) MeOH 3624 3462 162
MFE 3608 3416 192
TFE 3600 3362 238

[(PP3)RuH2] (2) iPrOH 3610 3433 177
TFE 3600 3288 312
HFIP 3574 3176 398

[(PP3)OsH2] (3) MeOH 3624 3364 260
MFE 3608 3262 346
TFE 3600 3172 428

Table 2. IR �MH absorptions in CH2Cl2 and in the solid state (nujol mull).[4]

Hydride � 1MH � 2MH ��[a]

[FeH2(PP3)] (1) 1854 1730 124
1856 [4] 1734 122

[RuH2(PP3)] (2) 1874 1699 175
1864 [4c] 1722 142

[OsH2(PP3)] (3) 1950 1810 140
1942 [4d] 1827 115

[a] ��� �1MH � �2MH.
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dihydrides exhibit only the symmetric M�H stretching
vibration as a broad and weak band.[2d,e, 5a] Also, ab initio
quantum mechanical calculations predict that the two ab-
sorptions of the MH2 moiety in the model polyhydrides MH2,
[MH2(H2)] and MH4 (M�Ti, V and Cr) fall at the same
wavenumber with the intensity of the � asMH band significantly
higher than that of the � sMH band.[5b]

In order to overcome these inconsistencies and provide a
correct assignment to the hydride absorptions in 1 ± 3, we
decided to carry out Raman depolarization measurements of
the �MH lines for the osmium dihydride 3 in CH2Cl2 solution.
The positions of the Raman and IR bands in 3 were identical
to each other and the depolarization ratio, �, showed that both
lines were strongly and similarly polarized (�� 0.16 ± 0.17),
hence, it was concluded that the observed bands can be
unambiguously assigned to the M�H stretching symmetrical
modes (A1).
Since the �MH frequency may be influenced by the electron-

donor properties of the donor group trans to the hydride, it
was reasonable to associate the lower-frequency � 2MH band to
the hydride ligand trans to the bridgehead phosphorus atom
(Papical), which exerts a stronger trans-influence than the
terminal phosphorus atoms.[6] It is well known, in fact, that
ligands with strong trans-influence may cause a low-frequency
shift of the IR absorption as a consequence of decreased
M�Hax force constant and bond strength.[1e] In conclusion, the
� 1MH and � 2MH bands in the hydrides 1 ± 3 can be unequivocally
assigned to the stretching vibrations of the equatorial (cis to
Papical) and axial (trans to Papical) M�H bonds, respectively, and,
therefore, will be referred to as � eqMH and � axMH in forthcoming
pages. A theoretical analysis, outlined below, confirms further
on this assignment.

IR monitoring of the reactions of 1 ± 3 with alcohols : The
addition of MFE, TFE, HFIP or PFTB to CH2Cl2 solutions of
1 ± 3 caused significant changes in the IR spectra. As an
example, Figure 1 shows the IR changes relative to the
reactions of 1 ± 3 with MFE. Irrespective of the metal
complex, the high-frequency band (� eqMH� shifted to lower
frequencies when an excess of MFE was added, while the � axMH
bands slightly broadened. Contemporaneously, a pair of
shoulders at high- and low-frequency appeared in the
spectrum. These effects became more pronounced at both
low temperature (see the spectrum at 200 K, in Figure 1a) and
larger alcohol concentration (Figure 1b).
Figure 1b also shows that a significant broadening of the

� axMH band occurred by increasing the alcohol concentration.
These frequency shifts, independently of the nature of the
added acid, increased steadily down the iron triad. For
example, in the presence of MFE at 200 K, the �� eqMH values
were �6 and �12 cm�1 for 1 and 3, respectively, whereas
�� axMH amounted �8 and �20 cm�1. In agreement with an
effective dependence on the nature of the metal, the
frequency shifts exhibited by the ruthenium complex 2
showed intermediate values.
High-frequency shifts of �MH bands have been previously

associated with the formation of M ¥ ¥ ¥HX hydrogen-bonding
interactions where the metal acts as a proton acceptor from
the proton donor HX.[1f] The behaviour of the �MH bands in

Figure 1. a) IR spectra in the range �MH of [OsH2(PP3)] (3) (c� 0.02�,
CH2Cl2): without proton donor at 200 K (1); in the presence of MFE (1:10)
at 200 K (2); in the presence of MFE (1:10) at 240 K (3). b) IR spectra in
the range �MH of [RuH2(PP3)] (2) (c� 0.02�, CH2Cl2): without proton
donor at 200 K (1): in the presence of MFE (1:2) at 200 K (2).

the presence of alcohols clearly demonstrates that either
hydride ligand in 1 ± 3, and not the metal atom, is the
nucleophilic site accepting the proton from the acid. Intui-
tively, one might suggest that the alcohol interacts with the
more electron-rich M�Hax ligand. In this case, however,
simple spectral criteria[1f] would have predicted a low-
frequency shift for � axMH and an opposite high-frequency shift
for � eqMH. Since a more complicated change in the IR spectra
was observed, we suggest that both hydride ligands participate
in the DHB process as shown in Equation (1). Indeed, such
non-selectivity of the proton attack would lead to an overlay
of both low- and high-frequency effects giving the spectral
complications observed.

[MH2(PP3)]�HOR�
a [(PP3)M(Heq)Hax ¥ ¥ ¥HOR)]�b [(PP3)M(Hax)Heq ¥ ¥ ¥HOR)]

(1)

The results of a theoretical analysis for the reaction with
MeOH are in good agreement with the hypothesis that both
hydride ligands are involved in the process as the calculated
DHB energies for the two hydridic sites, Hax and Heq, are very
similar to each other despite their different electronic charges
(see below). As an anticipation of the theoretical results
obtained in this work, the theory predicts that Hax exhibits a
higher ™hydridicity∫[7b, c] than Heq and, consequently an
energetically favoured DHB to MHax, only for strong acids.
Therefore, it is reasonable to expect that for weak acids, like
the alcohols used in this study, Hax will exhibit a higher
™hydridicity∫[7b,c] and will be only slightly more reactive than
Heq making a in Equation (1) only slightly greater than b.
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Unfortunately, with TFE and other stronger acids such as
HFIP and PFTB we observed a partial proton transfer that
was accompanied by the appearance of new high-frequency
bands. The appearance of these bands, assigned to the M�Heq
stretching of the nonclassical dihydrogen complexes 4 ± 6,
� eqMH, complicated further the spectra in the � axMH region (see,
for example, Figure 2).

Figure 2. IR spectra in the range �MH of [OsH2(PP3)] (3) (c� 0.02�,
CH2Cl2): without proton donor at 200 K (1); in the presence of TFE (1:5) at
200 K (2); at 260 K (3).

In more coordinating solvent than CH2Cl2, for example
THF (Figure 3), a DHB process without proton transfer was
observed for systems 1 ± 3/TFE. In this case the IR spectra
were similar to those observed for the systems 1 ± 3/MFE in
CH2Cl2 and the spectral changes were even more pronounced
(see below).

Figure 3. IR spectra in the range �MH of [OsH2(PP3)] (3) (c� 0.02�, THF)
at 200 K: without proton donor (1); in the presence of TFE (1:10) (2); in
the presence of TFE (1:20) (3).

1H NMR studies : According to previous 31P{1H} and 1H NMR
studies,[4a±e] one can safely conclude that complexes 1 ± 3 are
stereochemically non-rigid in solution where the two hydride
sites exhibit a temperature-dependent scrambling process.
The slow exchange regime for the osmium complex was
attained at 270 K, while the exchange process was frozen out
at 210 and 190 K for the ruthenium and iron complexes,
respectively. From an analysis of the coupling patterns of the
hydrogen resonances at low temperature, the axial and
equatorial hydride ligands were unequivocally assigned.[4a±e]

Previous studies have shown that the formation of hydro-
gen bonding may be put in evidence by a downfield shift of the
OH proton signals in 1H NMR spectra recorded in the same
experimental conditions of the IR spectra.[1h, 2e] Therefore, we
decided to examine the proton transfer process involving the

dihydrides 1 ± 3 by NMR spectroscopy. In view of the attain-
ment of hydride discrimination already at 270 K, the osmium
complex 3 was used for studying the DHB process by variable
temperature 1H NMR spectroscopy.
The proton ± hydride interactions of 3 (c� 0.03�) with TFE

were investigated in CD2Cl2 between 200 and 240 K when the
H/H exchange was totally frozen. At 200 K, the chemical
shifts of the two hydride resonances in 3 were observed at
�6.42 (Hax) and �11.68 ppm (Heq) in very good agreement
with the literature data.[4e] The addition of a four-fold excess
of TFE led to an up-field shift of the first resonance
(�6.80 ppm, ����0.38), which is typical of the H�H bond
formation. The position of the second line, due to Heq,
(�11.65 ppm) remained practically unchanged. A similar
phenomenon has been previously reported by Berke et al[7a]

for the system [H2Re(CO)(NO)(PMe3)]/PFTB and interpret-
ed in terms of preferred hydrogen bonding to the stronger-
polarized hydrogen atom, located trans to the NO ligand.
Likewise, our data demonstrate that the Hax ligand, located
trans to the bridgehead P atom, possesses a higher hydridi-
city[7b,c] than Heq and a greater preference than the latter to
interact with alcohols forming H�H bonds. The low-temper-
ature 1H NMR spectrum of the system 3/TFE (1:4 ratio) also
showed a new resonance at �7.01 ppm assigned to the
molecular hydrogen ligand in the �2-H2 complex 6.[4e] The
occurrence of a partial proton transfer is in line with the IR
data illustrated above and substantiates the greater proton-
acceptor ability of 3 as compared to Berke×s complex
[H2Re(CO)(NO)(PR3)2].[7a]

In line with the previous measurements,[4e] 1H NMR
longitudinal-relaxation T1 experiments on the dihydride 3,
showed that the T1 values of both hydride ligands go through a
minimum at 200 ± 210 K with T1 min values of 0.203 and 0.213 s
for Hax and Heq, respectively. Under the same experimental
conditions, variable-temperature T1 measurements of both
signals in the system 3/TFE gave surprisingly smaller values
for both T1 (Hax) (0.120 s) and T1 (Heq) (0.160 s) at 200 K. The
shortening shown by T1 (Heq) in the slow-motion regime is
difficult to explain. A plausible hypothesis is that it may be
caused by the occurrence of an efficient dipole ± dipole
interaction between Heq and the alcohol molecule coordi-
nated to Hax. In the case of Hax, the experimentally measured
T1 shortening correlates well with the up-field shift of the Hax

resonance caused by the formation of the H ¥ ¥ ¥H bonding.
Moreover, the H�H distance, calculated as 1.96 ä on the basis
of a standard approach,[1e,f, 2e, 7a] is actually shorter than the
sum of the van der Waals radii of H (2.4 ä) and lies within the
1.7 ± 2.2 ä interval which is typical for DHB interactions.[1f, g]

Theoretical studies : The geometrical and electronic structures
of the model dihydride [RuH2{P(CH2CH2PH2)3}] (7), which is
a simplified replica of 2,[8] and its DHB complexes of the
general formulas [{P(CH2CH2PH2)3}RuH2 ¥ ¥ ¥HOR] [ROH�
CH3OH (8), CF3OH (9)] were calculated with the RHF/
LanL2DZ method.[9, 10] The geometry and the Mulliken
charges of 7 are presented in Figure 4.
Since the Mulliken population analysis is very sensitive to

the basis set, the choice of a small basis set may lead to
overestimation of the absolute values of atomic charges.[11, 12]
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Figure 4. Geometry parameters for the calculated structure 7. The bond
lengths and angles are given in ä and degrees, respectively. Mulliken
charges on atoms are given in parentheses.

Nonetheless, this approach is fully adequate for the descrip-
tion of relative tendencies.[13] According to the present
theoretical analysis, the metal atom in 7 bears a large negative
charge. This finding is in agreement with previous ab initio
calculations on [MH2(L)(PP3)]� complexes (M�Fe, Ru; L�
H2, C2H4) and may be due to the lone pair donation from the
P4-donor set to the metal.[4f] The calculated IR frequencies
(� eqMH� 1840 and � axMH� 1746 cm�1) are reported in Table 3 and
are in excellent agreement with the experimental data
(Table 1). In keeping with the experimental assignments
discussed above, the calculated � eqMH values are considerably
larger than � axMH.
The optimised geometries and Mulliken charges for the

DHB compounds 8 and 9 are shown in Figures 5 and 6, while
Table 3 reports the energy characteristics, the harmonic
vibrations of the Ru�H bonds and the H�H overlap
populations for the model complexes.
A perusal of Table 3 shows that the Ru�H bond involved in

the DHB interaction is significantly stretched. This feature

together with the practically linear arrangement of the OH�H
moiety and the bending of theMH�Hbond are very similar to
those found for a variety of DHB complexes involving
transition-metal monohydrides.[1f, 2]

Upon OH proton attack at the axial hydride, the Ru�Hax
bond elongation is accompanied by a shortening of the
Ru�Heq bond. Noticeably, the extent of these two synchro-
nous changes (�(r)), increase with the acidic strength of the
added alcohol (�(r)��0.016 (RuHax) and �0.002 (RuHeq)
for CH3OH (Figure 5a);�0.031 (RuHax) and�0.009 (RuHeq)
for CF3OH (Figure 6a). A similar trend was calculated when
the attack was carried out at the Heq atom: �(r)��0.010
(RuHeq) and �0.004 (RuHax) for CH3OH (Figure 5b) and
�0.032 (RuHeq) and�0.014 (RuHax) for CF3OH, respectively
(Figure 6b). It is also worth noticing that the values of the
H�H overlap population (Table 3) featuring the DHB
interaction increase with the alcohol acidity from 0.002 ±
0.034 (CH3OH) to 0.101 ± 0.120 (CF3OH).
The complexation energies, computed as the differences

between the total energies of the complexes and the sum of
the total energies of the isolated molecules, have been found
to increase with the proton-donating ability of the alcohol
from 9.70 to 20.77 kcalmol�1 for OH�Hax and from 9.68 to
17.35 kcalmol�1 for OH�Heq (Table 3). A relevant feature of
this study is that any energetic preference for the DHB
interaction with Hax is practically negligible for weaker proton
donors (��E� 0.02 kcalmol�1), yet it becomes effective as

Table 3. Total energies (Etotal/hartrees), relative energies (�E/kcalmol�1)
and harmonic vibrational frequency (�/cm�1) for RuHax and RuHeq bonds
calculated by RHF/LanL2DZ method and Mulliken population bond
analysis (pRuH and pH¥¥¥H).

Structure Etotal �E � axRuH � eqRuH p axRuH p eqRuH pH¥¥¥H

7 � 357.004267 ± 1746 1840 0.343 0.358
8ax � 472.035757 0 1713 1839 0.322 0.361 0.022
8eq � 472.035714 0.02 1748 1823 0.343 0.317 0.034
9ax � 768.628117 0 1723 1861 0.265 0.360 0.101
9eq � 768.622669 3.42 1821 1739 0.339 0.262 0.120

Figure 5. Geometry parameters of calculated isomers 8ax and 8eq. The bond lengths and angles are given in ä and degrees, respectively.
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soon as stronger proton donors are considered (��E�
3.42 kcalmol�1). As a general effect, the occurrence of a
DHB interaction increases the negative charge of the H atoms
involved in this bonding and slightly decreases the electron
density of the non-bonded hydrogen atoms. Significant polar-
ization of the M�H bonds in complexes with DHB has been
also reported for other systems.[13]

Notably, the calculated IR changes of �MH modes match the
spectral criteria established by experimental studies.[1f] There-
fore, the bands of the coordinated and free M�H bonds shift
down and up, respectively (see for example 8ax, 8eq and 9ax in
comparison with 7 in Table 3). However, the calculated
negative shift of the � eqMH band, following the attack of
CH3OH at Hax, is, although very small (�1 cm�1, 8ax),
unexpected, while the shift experienced by the band assigned
to the bonded Heq (�7 cm�1, 8eq) agrees well with the
experimental shift observed for 2 in the presence of MFE.
The magnitude of these shifts, particularly those involving the
bonding interaction OH ¥ ¥ ¥Heq, increases as soon as the
alcoholic proton becomes more acidic and, for the DHB
complex involving CF3OH (9eq), such trend leads to the
mutual exchange of the two stretching modes: � axMH
(1821 cm�1) �� eqMH (1739 cm

�1) (Table 3 and Figure 6b).
In conclusion, the theoretical results confirm the exper-

imental assignment of the two �MH bands and support the
experimental finding indicating that a DHB interaction takes
place involving both hydride ligands. Noticeably, the calcu-
lations predict that an energetically favoured interaction
involving the axial hydride site, MHax ¥ ¥ ¥HO swells up with
more acidic alcohols. Other remarkable outcomes of the
theoretical analysis are: i) a good agreement with the main
structural features of the DHB complexes, ii) a change of the
charge redistribution, which follows the intermolecular com-
plexation of the acid substrate with the two different M�H
bonds and iii) a good correlation between the coordination
site and the energy of the DHB interaction with the proton
donor strength.

The strength of the MH ¥¥¥HX bond and the proton-accepting
ability of the hydride ligand as a function of the metal atom :
The enthalpies of dihydrogen bond formation, ��H o, be-
tween the metal dihydrides and the alcohols under inves-
tigation were obtained by two independent methods based on
either the analysis of the IR spectral data, that is using the
empirical correlation shown in Equation (2), originally estab-
lished for classical hydrogen bonds[14] and later extended to
DHB complexes,[1d, g, e, 3a] or the van×t Hoff method. This
procedure was applied to the systems 1/TFE and 3/TFE:

��H o � 18��/(��� 720) (2)

The changes in the �OH(free) intensities were measured at
different temperatures in order to obtain reliable values of the
equilibrium constant Kf of Equation (1). The Kf values were
obtained measuring the optical densities of �OH(free) at differ-
ent temperatures between 200 and 270 K. The corresponding
van×t Hoff plots (lnKf versus 1/T, see Figure 7) allowed us to
calculate the thermodynamic parameters associated with
DHB formation.
The enthalpy values obtained with the two methods were in

excellent agreement as the same ��H o value of

Figure 7. Van×t Hoff plot of the hydrogen bonding of 1 (�) and 3 (�) (c�
0.06�) with TFE (c� 0.015�) at 230 ± 290 K.

Figure 6. Geometry parameters of calculated isomers 9ax and 9eq. The bond lengths and angles are given in ä and degrees, respectively.
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6.8 kcalmol�1 was calculated for the osmium system 3/TFE, in
fact, while for the iron analogue, 1/TFE, ��H o values of 4.5
and 5.1 kcalmol�1 were determined from Equation (2) and
the van×t Hoff plot, respectively.
Table 4 shows that all the dihydrogen bonds involving the

dihydrides 1 ± 3 are featured by medium strength (��H o�
3.3 ± 6.8 kcalmol�1) and become more stable as the proton-
donor ability of the alcohol increases, following the order
MeOH � MFE � TFE � HFIP. Finally, it is worth
mentioning that also the entropy values, ��S o, calculated
by the van×t Hoff method as 19.2 and 13.4 e.u. for 3/TFE and
1/TFE, respectively, are within
the range reported for other
dihydrogen bonds (5±22 e.u.).[1f]

The Iogansen basicity factor,
Ej , defined by Equa-
tion (3),[14, 15] may be used to
compare the proton-accepting
ability of the three dihydrides
1 ± 3. The Ej values were obtained from the experimental
values of ��H o���Hij , the known proton-donor ability of
the alcohols, Pi ,[14a] and the enthalpy, ��H11, of the standard
hydrogen-bonded adduct related to the system phenol/Et2O
(4.6 kcalmol�1) in CH2Cl2[14a, 15]:

Ej��Hij/(�H11Pi) (3)

The Ej values reported in Table 4 are actually independent
of the proton-donor strength, Pi , and show that the proton-
accepting ability of the hydride ligands steadily increases from
iron to osmium: Ej {H(Fe)} 1.09 � Ej {H(Ru)} 1.32 � Ej
{H(Os)} 1.67. The same group tendency (Fe � Ru � Os) was
previously established for XH ¥ ¥ ¥M bonding.[1b] A perusal of
Table 4 also reveals that 2 and 3 are stronger bases than
DMSO (Ej� 1.27) and that 3 exhibits the same Ej value of
pyridine (Ej� 1.67).[14a] A comparison of theEj factor of 2with
those determined for other ruthenium hydrides suggests that 2
is a slightly weaker base than [RuH2(CO)(triphos)] (Ej�
1.39), and [RuH2(dppm)2] (Ej� 1.40),[1i] yet it is significantly
stronger than [CpRuH(CO)(PCy3)] (Ej� 1.00).[3d] Finally, it is
worth noticing that the basicity factor determined for 3 is the
highest reported so far for transition-metal hydrides.[1i]

Proton transfer through H ¥¥¥H bonding : In line with the high
values of their Ej factors, the dihydrides 1 ± 3 were readily
protonated, even by weak acids such as fluorinated alcohols to
give the hydride ± dihydrogen complexes [MH(�2-H2)(PP3)]�

(4 ± 6) [Eq. (4)].[1f] As discussed above, while MFE formed
DHB adducts only in the presence of a large excess of the
proton donor, TFE gave rise to proton transfer (as specifically
confirmed by 1H NMR data for the system 3/TFE, see below)
also using an excess of the alcohol.
The interactions between the hydrides 1 ± 3 and the strong

acid HBF4 in CH2Cl2 were preliminarily studied in order to

establish which spectral changes in the �MH region accompany
the complete proton transfer leading to the cationic dihydro-
gen complexes 4 ± 6. These spectral modifications are caused
by the replacement of the initial hydride bands with weaker
and broad high-frequency shifted bands, � eqMH, due to the
terminal hydride ligand in 4 ± 6. The latter IR absorptions
[1912 cm�1 for Ru and 2012 cm�1 for Os] coincide with those
measured in CH2Cl2 for the protonation of the dihydrides 1 ± 3
with HBF4 as well as those exhibited by CH2Cl2 solutions of
the isolated salts [MH2(�2-H2)(PP3)]BPh4. A similar upshot
was found in the solid-state IR spectra showing bands at 1930
(5) and 2050 cm�1 (6).[4] Unfortunately, the stretching vibra-
tions of the H±H ligand, �(H2) , and the �(M�H2) bands were not
observed in either CH2Cl2 solution or solid state spectra, as
they are too weak and probably masked by more intense �C�H
or �C�C absorptions.[4]

The proton transfer from reaction with TFE was studied in
CH2Cl2 by varying the ratio between the metal hydride and
TFE from 1:3 to 1:10. Under these experimental conditions,
the new high-frequency band appeared as a combination of
three bands assigned to � eqMH of 4 ± 6, �

eq
MH of 10 ± 12 and �

eq
MH of

1 ± 3 (see Figure 2). Either increasing the alcohol concentra-
tion or decreasing the temperature shifted to the right the
equilibrium shown in Equation (4) demonstrating the com-
plete reversibility of the system.
The hydrogen-transfer process transforming 1 ± 3 into 4 ± 6

was completely reversible in CH2Cl2 within a broad interval of
concentrations and temperatures (200 ± 290 K) only for the
osmium hydride 3. The dihydrides 1 and 2 underwent a slow
Hax/Cl exchange at above 250 K in fact (this was shown by the
decreasing of the � axMH bands with time). A complete
reversibility for 1 and 2 was demonstrated in ™inert∫ solvents
such as THF, however.
The less polar (�� 7.32), yet better coordinating solvent,

THF competed with the metal hydride in forming hydrogen
bonds[3a, 7a] diminishing DHB formation constants and
strength, and therefore, inhibited the proton transfer process.
So, the IR spectra of a THF solution of 3 (the most basic
hydride) showed the occurrence of DHB only in the presence
of a large excess of TFE (Figure 3). Thus, at variance with

Table 4. Enthalpy values (��H o/kcalmol�1) of H ¥ ¥ ¥H bonds and basicity
factors (Ej) for the hydride ligands.

XH Pi ��H o Ej[a]

MeOH 0.63 3.3 1.13
[FeH2(PP3)] (1) MFE 0.74 3.8 1.12

TFE 0.89 4.5[b] 1.10
iPrOH 0.58 3.6 1.35

[RuH2(PP3)] (2) TFE 0.89 5.4 1.32
HFIP 1.05 6.4 1.33
MeOH 0.63 4.8 1.66

[OsH2(PP3)] (3) MFE 0.74 5.8 1.70
TFE 0.89 6.7[c] 1.64

[a] Ej� 1.12� 0.02 (1), 1.33� 0.02 (2), 1.67� 0.03 (3). [b] ��H o�
5.1 kcalmol�1, ��S o� 13.4 e.u. [c] ��H o� 6.8 kcalmol�1, ��S o�
19.2 e.u. by the van×t Hoff method.
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CH2Cl2 (�� 8.9), when 1-3 were dissolved in THF (Figure 8) a
stronger alcohol (HFIP) was necessary to highlight the
occurrence of proton transfer.

Figure 8. a) IR spectra in the range �MH of [RuH2(PP3)] (2) at 200 K in
THF: without proton donor (1); in the presence of HFIP (1:6) (2), in the
presence of HFIP (1:10) (3). b) IR spectra in the range �MH of [OsH2(PP3)]
(3) at 200 K in THF: without proton donor (1); in the presence of HFIP
(1:5) (2); in the presence of HFIP (1:10) (3).

In this case, the effects of 1 ± 3/HFIP ratio and temperature
were similar to those observed in CH2Cl2 for interaction with
TFE (Figure 2). For example, the high-frequency � eqMH band of
2 shifted from 1874 to 1905 and 1920 cm�1 when an excess of
HFIP was used (Figure 8a). The osmium hydride, 3 showed a
similar behaviour (Figure 8b). At low temperature and high
alcohol concentration, an extremely broad ™continuous∫
absorption in the range 1850 ± 1650 cm�1 was unexpectedly
observed (see Figure 8 and trace 3 in Figure 2). ™Continuous∫
IR absorptions have been previously reported for either
symmetrical ionic hydrogen bonds or hydrogen-bonded quasi-
ionic structures and have been explained in terms of
important mixing of proton vibrations with different normal
modes of the organic base.[16] In the case at hand, the
interpretation of this spectral perturbation denies any simple
interpretation and requires deeper theoretical and experi-
mental studies to be assessed without ambiguity.
One of the major objectives of this study, that is the

quantitative characterisation of the proton-transfer reactions
as a function of the hydride-supporting metal, could not be
completely accomplished. Indeed, the energy values associ-
ated with the single stages of the process shown in Equa-
tion (4) could be determined only for the osmium complex 3.
Only the complex [OsH(�2-H2)(PP3)](OCH2CF3) was stable

between 200 and 290 K in CH2Cl2 in fact, which allowed us to
observe simultaneously the three species involved in the
equilibrium. The enthalpy relative to the formation of the
hydrogen-bonded adduct 12 was determined as 6.8 kcalmol�1

in the case of TFE by IR methods (see above). The energy
associated with the transformation of 12 into 6 was obtained
by both IR and 1H NMR data for 3/TFE in CD2Cl2. The
equilibrium constants related to the latter transformation,
K12�6, were determined in the ranges 190 ± 290 K (IR) and
200 ± 240 K (NMR) (Table 5).

Since the free dihydride 3 was not observed in the presence
of a large excess of TFE (ca. 10 equivalents), the equilibrium
constant, K12�6, was calculated from the optical density of the
IR high-frequency band, � eqMH, of 6 (2012 cm

�1) and from the
integration of the 1H NMR hydride resonance of 6
(�7.0 ppm) and 12 (�6.7 ppm). Remarkably, the enthalpy
value ��H o

12�6 determined from the K12�6 constants, was
practically independent of the method used (2.5 vs
2.4 kcalmol�1, Table 5). Finally, the total energy gain for the
process in Equation (4) was calculated to be about 9.6 ±
9.4 kcalmol�1, with the DHB step contributing to the major
part of the total energy gain.
Incorporation of all these data allowed us to trace the

energy profile of the proton-transfer reaction transforming 3
into 6 via the H-bonded intermediate 12 (Scheme 2). In such a
plot, the abscissa is the reaction coordinate in which the
proton-hydride distance, r(H±H), was calculated for 12 by
1H NMR relaxation data, r� 1.96 ä and determined before
for 6 with r� 0.95 ä.[4e] While the formation of the hydrogen-
bonded adduct (3� 12) is a diffusion-controlled process with
no energy barrier,[17] the activation barrier for the second step
(12� 6) could not be determined. Therefore, the energy level
of the transition state for the proton transfer in Scheme 2 was
semi-quantitatively estimated using the procedure previously
adopted by us.[18] Noticeably, this method gave an energy
barrier in agreement with recently reported theoretical[13] and
experimental data.[3d, 19]

The potential energy curve illustrated in Scheme 2 shows
two minima: one corresponding to the formation of the
hydrogen-bonded species 12, the other, at lower energy,
corresponding to the dihydrogen complex 6.

Table 5. Values of the equilibrium constants,K12�6, obtained from variable
temperature IR and NMR spectra for 3 in the presence of ten-fold TFE
excess.[a]

T [K] K12�6

A (from IR data) B (from NMR data)

290 1.41
270 1.95
250 3.79
240 3.72
230 5.24
220 6.14 7.71
210 7.89 8.42
200 10.46
190 14.18

[a] A : ��H o� 2.5 kcalmol�1, ��S o� 7.7 e.u. B : ��H o� 2.4 kcalmol�1,
��S o� 7.2 e.u.
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Scheme 2. Energy profile for the conversion of [OsH2(PP3)] (3) into
[Os(H)(H2)(PP3)]� (6) via [(PP3)OsH2 ¥ ¥ ¥HOR] (12) [Eq. (4)].

Conclusion

We have studied the protonation reactions which transform
iron, ruthenium and osmium classical dihydrides into non-
classical hydrido-dihydrogen complexes in the temperature
range from 200 to 290 K discovering that dihydrogen-bonded
adducts M-H ¥ ¥ ¥HOR (DHB) are intermediate species along
the proton-transfer process. An analysis of the spectral
changes associated with this process, using a variety of
alcohols with different proton donor strength, showed that
both hydride ligands of the [MH2(PP3)] precursors are
involved in the proton-transfer process when weak proton
donors are employed. In contrast, a preference for the
formation of a DHB species involving selectively the Hax

ligand was established for more acidic alcohols. A theoretical
study corroborated the experimental studies. The thermody-
namic properties of the DHB intermediates imply that the
proton accepting ability of the hydride ligands of the
[MH2(PP3)] increases in going down the iron triad (Fe�H �

Ru�H � Os�H). The energy diagram of the proton transfer
reaction was determined for the [OsH2(PP3)]/TFE system. A
double-minima energy profile was established in which a
significant contribution to the total energy gain representing
the driving force to the formation of the �2-H2 species is
assigned to the DHB energy.

Experimental Section

The dihydrides [MH2(PP3)] (1 ± 3) and the molecular hydrogen complexes
[M(H)(H2)(PP3)]Y (Y�SO3CF3�, BF4�) were prepared as previously
described.[4] Tetrahydrofuran (THF) was freshly distilled over LiAlH4 and
CH2Cl2 was purified by distillation over CaH2 before use. The anhydrous
solvents were thoroughly degassed prior to use. All samples were prepared
under dry argon atmosphere using standard Schlenk techniques.

IR measurements were carried out on a ™SpecordM82∫ spectrometer using
0.1 cm CaF2 cells. Low-temperature IR measurements were carried out in
CH2Cl2 and THF using a Carl Zeiss Jena cryostat in the temperature range
190 to 300 K using a stream of liquid nitrogen. The accuracy of the
experimental temperature was �0.5 K. The cell width was 0.04 ± 0.12 cm.
The reagents were mixed at low temperatures to prevent the formation of
the �2-H2 complexes and the cold solutions were transferred into the
cryostat pre-cooled to the required temperature. In the IR studies, the
concentration of 1 ± 3 in either THF or CH2Cl2 solutions was between 10�1

and 10�3�. These concentrations refer to room temperature conditions and
were not corrected for the working temperature of 200 K at which most of
the IR studies were performed.

The Raman spectra were obtained by excitation with the green 514.5 nm
line of an Argon laser (Coherent, Innova 90). The back-scattered light was
collected and focused into a double monochromator (Jobin-Yvon HG2S
2000) equipped with a cooled photomultiplier (RCA C31034A). The
spectral frequencies were calibrated with CCl4 as a standard.

The 1H NMR spectra were recorded on Bruker WP-200 and AMX 400
spectrometers and were calibrated with respect to tetramethylsilane as
external reference. The conventional inversion-recovery method (180-�-90)
was used to determine the variable-temperature longitudinal-relaxation
time T1. The calculation of the relaxation times was made using the
nonlinear three-parameter fitting routine of the spectrometers. In each
experiment, the waiting period was five times larger than the expected
relaxation time and 16 ± 20 variable delays were employed. The duration of
the pulses were controlled at every temperature. The errors in T1
determinations were lower than 5% (this was checked with different
samples).

All the stationary point optimisation calculations in this work were
performed by standard restricted Hartree-Fock method[9] with pseudopo-
tential quasi-relativistic basis set LanL2DZ using the Gaussian 98 packages
of ab initio programs.[10] Optimisation of molecular geometry at stationary
points was carried out using the ™tight∫ convergence criterion in order to
obtain accurate harmonic vibrational frequencies. Force constants were
calculated by analytical method. All the results obtained relate to the gas
phase. No counterpoise corrections were made for the basis set super-
position error (BSSE)[20] in calculations concerned energy hydrogen
bonding because the inclusion of BSSE often may enormously decrease
the thermodynamic stability and binding energy in multimolecular
assemblies.[21±25]
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