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Abstract

The interaction between Cp*RuH(dppe) and a series of proton donors (HA) of increasing strength: CFH,CH,OH (MFE),
CF;CH,OH (TFE), (CF;),CHOH (HFIP), p-nitrophenol, CF;COOH and HBF, has been investigated spectroscopically by variable-
temperature IR, UV-Vis, and NMR spectroscopy in solvents of differing polarity (n-hexane, dichloromethane and their mixture).
The low-temperature IR study shows the establishment of a hydrogen-bond which involves the hydride ligand as the proton accepting
site. The basicity factor E; for the hydride was found to be 1.39. All techniques indicate that an equilibrium exists between the dihydro-
gen-bonded complex and the cationic dihydrogen complex, [Cp*Ru(n*H,)(dppe)]", the formation of which is shown here for the first
time. The proton transfer from HFIP is characterized by AH° = —8.1 + 0.6 kcal mol~! and AS® = —17 + 3 eu. The activation parame-
ters for the subsequent irreversible isomerization leading to the classical dihydride complex, [Cp*Ru(H),(dppe)]", are AH* =20.9 +
0.8 kcal mol~! and AS* =9 + 3 eu as determined from '"H NMR spectroscopy for protonation by HBF,. Computational results at
the DFT/B3PW91 level confirm the experimentally observed hydride basicity increase on descending the Group from iron to ruthenium

and also the formation of the non-classical complex as an intermediate, prior to the thermodynamically favored dihydride.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Proton-transfer processes to and from transition metal
hydride complexes are the key steps in many stoichiome-
tric and catalytic chemical and biochemical processes [1].
It is nowadays well established that the interaction with
the hydride ligand leads to a dihydrogen complex via
dihydrogen bonded (MH---HA) adduct, whereas interac-
tion with the metal atom affords a M---HA hydrogen
bond and then a polyhydride species [2]. Dihydrogen com-
plexes are sometimes unstable (therefore they are often
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called “kinetic protonation products”) and further evolve
to thermodynamically favored products — classical polyhy-
drides [3]. From general considerations, the preponder-
ance of either reaction pathway will be determined by a
combination of both the nature of the metal center and
the electronic and steric properties of the ligands in its
coordination sphere. However, the current knowledge is
far from allowing to predict the reaction mechanism in
any given case. In particular, a change of central metal
atom down a Group may lead not only to an increase
of hydride ligand basicity and strengthening of dihydrogen
bonded complexes [4], but also to a change of proton
accepting site and to a direct interaction with the metal
(M- - -HA hydrogen bonding). As an illustrative example,
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hydrogen bond to the hydride ligand precedes the proton
transfer to Cp*MoH;(dppe) (Cp* = (°-CsMes), dppe =
1,2-bis(diphenylphosphino)ethane) [5], whereas the forma-
tion of an hydrogen bond to the metal atom is the first
step in protonation of tungsten analogue Cp*WH;(dppe)
[Sa], the reaction product being classical tetrahydride
[Cp*MHy(dppe)]™ in both cases.

Our previous works on the Cp*FeH(dppe) species [6,7]
have proved that, for this complex, the nucleophilic center
is the hydride site. The strength and concentration of the
proton donor determine the evolution of the dihydrogen-
bonded adduct to a dihydrogen species, which can further
evolve to the classical dihydride complex in an irreversible
process. We have found that the strength of the dihydro-
gen-bonding interaction correlates with the proton transfer
barrier. In the case of rather weak proton donors (like fluo-
rinated alcohols), the presence of a second molecule of acid
is required to trigger the proton transfer, through the
enhancement of the primary dihydrogen bond strength
and the stabilization of the transition state and of the final
product by homoconjugated anion formation. The activa-
tion parameters of the dihydrogen to dihydride isomeriza-
tion process in the reaction with strong acids (HBF,4 and
TFA) have been determined, as well as the isotope effects
derived from the hydride H/D isotopic substitution [8].
The theoretical analysis of the potential energy surfaces
for the isomerization of the non-classical complex into
the classical one and comparison of theoretical and exper-
imental isotope effects have led to the final elucidation of
the mechanism (Scheme 1).

The ruthenium analogue of the above iron hydride,
Cp"RuH(dppe), is known [9] and has been recently tested
together with other ruthenium hydride complexes
Cp’RuH(PP) (Cp’ = CsHs, CsH4Me, CsMes; PP = chelat-
ing diphosphine) as an iminium cation hydrogenation cat-
alyst [10]. Although the Cp*RuH(dppe) protonation has

not been studied, the cationic [Cp*RuH,(dppe)]” complex,
obtained by H, addition to [Cp*Ru(dppe)]", is known to be
a trans-dihydride [11].Therefore, one cannot exclude a pri-
ori the direct attack of a proton donor on the metal atom
and formation of Ru- - -HA hydrogen bond as the incipient
step of proton transfer in this case. Thus, in order to fur-
ther study the problem of metal influence on the nature
and properties of hydrogen bonded intermediates along
the proton transfer pathway to transition metal hydride
complexes, we have extended our investigations to the
ruthenium species Cp*RuH(dppe).

In this paper, we report the results of combined variable
temperature (190-290 K) spectroscopic and theoretical
studies of the interaction between Cp*RuH(dppe) and pro-
ton donors (HA) of increasing acid strength: CFH,CH,OH
(MFE), CF;CH,OH (TFE), (CF3),CHOH (HFIP), p-nitro-
phenol, CF;COOH and HBF, in solvents of different polar-
ities (n-hexane, dichloromethane and their mixture). We
have undertaken the equilibrium thermodynamics investi-
gation of the proton transfer step for the system [Cp*Ru(dp-
pe)H]/HFIP and a variable temperature kinetic study of the
subsequent process of the rrans-[Cp*Ru(H),(dppe)]" dihy-
dride formation to gain information on the activation
parameters of this step.

2. Experimental

All manipulations were performed under argon atmo-
sphere by standard Schlenk techniques. All solvents were
dried over appropriate drying agent (Na/benzophenone
for benzene or THF, CaH, for dichloromethane, Na for
n-hexane) and freshly distilled under an argon atmosphere
prior to use. CD»Cl, for NMR experiments (99.96 at.% D)
by Aldrich was degassed by three freeze-pump-thaw
cycles, and than purified by vacuum transfer at room tem-
perature. All Cp*Ru(dppe)H-solutions in CH,Cl, were
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prepared and kept up at 190-200 K (iso-propanol/liquid
N, baths) due to low stability of Cp*Ru(dppe)H in CH,Cl,
at room temperature (see below).

2.1. Preparation of Cp*Ru(dppe)H

Metallic sodium (150 mg, 6.4 mmol) was added over dry
methanol (60 mL). When the reaction was completed, a
toluene solution (30 mL) of Cp*RuCl(dppe) (1.24 g,
1.85 mmol) [12] was added and the mixture was heated to
reflux for 5 h. The solvent was removed in vacuo, the resi-
due was extracted with toluene (20 mL) and filtered
through celite. The obtained solution was vacuum-dried
and the residue was washed with cold methanol (10 mL,
—40 °C). The resulting solid was vacuum-dried and recrys-
tallized from n-hexane. A light-yellow powder was
obtained. Yield: 0.85 g (72%).

"H NMR (250 MHz, C¢Dg): 6 —13.43 (t, 2Jyp = 35 Hz,
1H, Ru-H), 1.84 (s, 15H, Cp®), 2.09-1.84 (m, 4 H, -CH,—
CHj-), 7.10-8.00 (m, 20H, Ph); T i, = 787 ms at 233 K in
CD,Cl. *'P{'"H} NMR (101 MHz, C¢Dg): 6 90.2 (s). IR
(nujol, CaF5): 1900 cm ™" (vrup).

2.2. Spectroscopic studies

2.2.1. IR and UV-Vis investigations

The IR measurements were performed on the “Infralum
801 FT-IR and “Specord M82” spectrometers using CaF,
cells of 0.04-0.12 cm path length. UV measurements were
performed on “Specord M-40" spectrometer. All IR and
UV measurements were carried out by use of a home-mod-
ified cryostat (Carl Zeiss Jena) in the 190-290 K tempera-
ture range. The cryostat modification allows operating
under an inert atmosphere and transferring the reagents
(premixed either at low or room temperature) directly into
the cell which is pre-cooled to the required temperature.
The accuracy of the temperature adjustment was +1 K.
This setup was used both for the variable-temperature
equilibrium studies and for the kinetics investigations at
different temperatures.

2.2.2. NMR investigations

Samples of the hydride 1 in CD,Cl, were prepared under
an argon atmosphere in 5 mm NMR tubes and cooled down
to 195 K immediately after dissolving. 58% HBF, - Et,O or
TFE was added to the pre-cooled solution just before the
measurements.

The 'H and *'P{'H} data were collected with a Bruker
AV500 spectrometer operating at 500.3 and 202.5 MHz,
respectively. The temperature was calibrated using a meth-
anol chemical shift thermometer; the accuracy and stability
was +1 K. All samples were allowed to equilibrate at every
temperature for at least 3-5min. The spectra were
calibrated with the residual solvent resonance ('H) and
with external 85% H;PO,4 (*'P). The conventional inver-
sion-recovery method (180-7-90) was used to determine
the variable-temperature longitudinal relaxation time 77.

Standard Bruker software was used for the calculation of
the longitudinal relaxation time.

2.3. Electrochemical measurements

Cyclic voltammograms were recorded with an EG&G
362 potentiostat connected to a Macintosh computer
through MacLab hardware/sofware. The electrochemical
cell was fitted with an Ag/AgCl reference electrode, a
1 mm diameter Pd-disk working electrode, and a plati-
num-wire counter electrode. [BuyNJPF4 (ca. 0.1 M) was
used as the supporting electrolyte. All potentials are
reported relative to the ferrocene/ferrocenium couple. Fer-
rocene was added and measured as an internal standard at
the end of the experiment.

2.4. Computational details

Quantum mechanical calculations were performed with
the Gaussian 03 package [13] at the DFT B3PW91 level
[14]. The phenyl groups of the dppe ligand were substituted
by hydrogens in the model complexes. Core electrons of the
Ru and P atoms were described using the effective core
pseudopotentials of Hay-Wadt [15] and valence electrons
were described with the standard LANL2DZ basis set
[13]. In the case of the P atoms, a set of d-type functions
was added [16]. All carbon atoms, the hydrogen atoms
not bonded to the metal, and the atoms of the TFE not
involved in a hydrogen bond have been described with a
6-31G basis set [17]. The hydrogen atom directly bonded
to the Ru center, together with hydrogen and oxygen
atoms of the proton donors involved in the hydrogen
bonding have been described with a 6-31G(d,p) basis set
[17]. Minima and transition states were characterized by
analytically computing the Hessian matrix. The basis set
superposition errors were calculated according to the coun-
terpoise method of Boys and Bernardi [18].

3. Results

3.1. Synthesis, spectroscopic and electrochemical study of
Cp*Ru(dppe) H

The synthesis of Cp*RuH(dppe) (1) was originally
described in [9] where NaBH,4 in EtOH was used to reduce
Cp RuCl(dppe) (2) and had a reported yield of 41%. Thus
we explored other synthetic possibilities in order to
improve the yield. Reduction with LiAlH4 in THF at room
temperature for 2 h, the simplest method for preparing the
iron analogue, does not work in the ruthenium case, but 1
is obtained after a 2 h reflux, although with a poor yield
(42%). However, another well-known approach [19] —
reduction with sodium methoxide in a methanol/toluene
mixture — gave higher yields (up to 72%). The main spec-
troscopic features of 1 are a triplet at —13.43 ppm
(*Jup = 35 Hz) in the high field region of the 'H NMR
spectrum, and a singlet at 90.2 ppm in the *'P{"H} NMR
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spectrum, measured at room temperature in a benzene-dg
solution. The position of the hydride resonance is solvent
and temperature dependent, shifting from —14.11 to
—14.20 ppm upon cooling the solution of 1 in dichloro-
methane from 253 to 193 K. In the IR spectrum (THF
solution), it shows a vg,y band at 1916 cm L

Complex 1 is very soluble in benzene, toluene and THF,
and sparingly soluble in methanol. No significant H/D
exchange was observed at the hydride site when stirring a
suspension of 1 in methanol-d, for 4 days, as observed by
'H, °H and *'P{'H} NMR spectroscopy. As many other
hydride species, it is not stable in dichloromethane and
evolves to the chloride derivative 2 by H/Cl exchange with
the solvent. This is evidenced by the appearance of a quintu-
plet in the "H NMR spectrum at 3.04 ppm (*/yp = 1.6 Hz),
assigned to CHD,CI, and a singlet in the *'P{"H} spectrum
at 75.2 ppm, assigned to Cp*RuCl(dppe), when following
the evolution of 1 in CD,Cl,. At 300 K, the transformation
is of about 15% in 1 h, and almost quantitative (>90%) after
24 h, the pseudo-first order rate constant for this reaction
being 2.7x107°s™' at 300 K. At lower temperatures
(<273 K), 1 is perfectly stable in dichloromethane solutions
allowing to run variable temperature protonation studies.

Cyclic voltammetric measurements of 1 in THF solution
showed the presence of two oxidation processes at —0.38
and +0.09 V relative to the ferrocene/ferrocenium (Fc) cou-
ple (Fig. 1). The first process is reversible and corresponds to
the one electron oxidation of 1 to afford [Cp*RuH(dppe)]".
The analogous CpRuH(PR ), complexes [(PR3), = (PPhj),,
dppm, dppe, dppp] undergo one-electron oxidations at —0.1
to —0.3 V in THF or acetonitrile [20], whereas the related
(n°-CsH4R)RuH(PPh3) , complexes (R = H, -Bu, CH,Ph,
CTols) yield E;/» = —0.36 V (independent of R) in dichloro-
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Fig. 1. Cyclic voltammograms for the oxidation of Cp*RuH(dppe) in
THF. Red trace: —2.0V / 0.5V. Blue trace: —2.0 V/1.0 V. (Scan rate:
100 mV/s). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

methane [21]. Scanning to higher potentials allows a second
oxidation process that is completely irreversible and causes
partial loss in the reversibility of the first one. This suggests
that the 2-electron oxidation product [Cp*RuH(dppe)*" is
immediately consumed by a chemical process, which also
results in a concentration reduction for the 17-electron
species formed in the first observed process. The same phe-
nomenon was recently reported for the stepwise 2-electron
oxidation of Cp*MoHj;(dppe) [22] and attributed to the pro-
ton transfer from the 16-electron product of double oxida-
tion to the starting material. For the oxidation of 1, this
corresponds to the process shown in Scheme 2 (S = solvent).
The proton transfer process leads to the consumption of one
equivalent of Cp*RuH(dppe) by a non-electrochemical pro-
cess for every two equivalents of the compound within the
diffusion layer, thus reducing the return wave of the first oxi-
dation process approximately by a factor of two. It is well
known that the acidity of transition metal hydride complexes
drastically increases upon oxidation [23]. Indeed, the stoichi-
ometric one-electron oxidation with ferrocenium yielded
[Cp*Ru(H)»(dppe)]" as the only identified hydride species.

3.2. Protonation by strong acids: characterization of
[Cp*Ru(dppe) H,]*

Complex [Cp*RuH,(dppe)]" is known [11] to have clas-
sical nature while other members of the [Cp*RuH,(PP)]"
family (where PP is bidentate phosphine or 2PPhj) are
non-classical (n>-H,) complexes at low temperatures and
isomerize into trans-[Cp*Ru(H)>(PP)]" upon warming
[24]. The existence of the non-classical form was not
excluded [25], but was never confirmed.

Indeed, protonation of a dichloromethane-d, solution of
1 at 273 K and above with 1 or 2 equiv. HBF, immediately
affords the classical dihydride [Cp*Ru(H),(dppe)BF, (3),
which is stable in dichloromethane for several days. No vis-
ible traces of any other species were observed. The two main
spectroscopic features of 3 are a triplet in the high field
region of the '"H NMR spectrum (—8.67 ppm, “Jyp =
27.5Hz), and a singlet in the *'P{'"H} NMR spectrum
located at 71.3 ppm. However, when addition of acid was
carried out at 193 K and the sample immediately monitored
by low temperature NMR (193 K), quantitative formation
(>96%) of the non-classical [Cp*Ru(n>-H,)(dppe)]"BF,"
(4) species was observed. A broad signal (half-height width
wy/» = 60 Hz) appeared at this temperature in the hydride
region of the 'H NMR spectrum, centered at —9.50 ppm
in CD,Cl. Its *'P{'H} NMR spectrum shows a singlet at
77.4 ppm. Warming above 243 K led to the irreversible
isomerization to the dihydride 3. The important spectro-
scopic data for 1, 3, and 4 are shown in Table 1.

Longitudinal relaxation times of the hydride signals have
been measured for the complexes 1, 3 and 4 (Table 1). The

[Cp*RuH(dppe)]** + Cp*RuH(dppe) +S — [Cp*Ru(dppe)(S)]* + [Cp*Ru(H)x(dppe)]”

Scheme 2.
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Table 1

Selected IR, 'H and *'P{'H} NMR spectroscopic characteristics for Cp*Ru(dppe)H and [Cp"Ru(dppe)H,]"BF, in CD,Cl,

Compound vro-n/em ™' (&/Mem ) Su/ppm (Jup/Hz) T min/ms (T/K) Jp (ppm)
Cp*Ru(dppe)H (1) 1914 (255)* —14.07 (32.5)° 787 (233) 89.3
[Cp*Ru(dppe)(H),]"BF,~ (3) 2000 (90)° —8.67 (27.5)° 555 (213) 71.3°
[Cp*Ru(dppe)(n?-H,)] + BF,~ (4) ¢ —9.50 (broad)* 19.3 (233) 77.4%

& At 200 K.
b At 290 K.
¢ Not observable (see text).

T, minimum of 4 is found at about 233 K, and its value
(19.3 ms) proves the non-classical nature of the product.
Complex 3 shows a 7} minimum of about 555ms at
213 K, coherent with its dihydride formulation. The mono-
hydride 1 shows a 77 minimum of 787 ms at about 233 K.

Addition of ca. 1 equiv. of trifluoroacetic acid (TFA) to
a CD,(Cl, solution of 1 at 193 K leads to the quantitative
formation of the non-classical species 4, as observed in
the '"H and *'P{'"H} NMR spectra of this solution. An
analogous procedure using CF;COOD has allowed mea-
suring the H-D coupling constant for the monolabelled
dihydrogen ligand. No H/D scrambling has been H-D
observed at this temperature, in the experimental timescale
(approx. 30 min). The obtained value (23.8 Hz) corre-
sponds to the H-D distance of 1.02 A (calculated accord-
ing to Eq. (1) [26]), which compares well with the value
1.07 A obtained from the T; data assuming slow rotation
of H, (Eq. (2) [27]).

ran = —0.0167 Jy p + 1.42, (1)
rias = 5.815(T ) min/v) . (2)

In a parallel experiment carried out in CH,Cl,, IR mon-
itoring in the Ru—H stretching region provided the spectral
changes shown in Fig. 2. The starting hydride complex 1 is
characterized by a relatively strong asymmetric vy band at
1914 cm™! in CH,Cl, solution, whose intensity grows up
with lowering the temperature (¢=255 and 227 L
mol ' em ™! at 200 and 250 K, respectively). The asymmetry
of the band is due to its overlap with the overtones of the
aryl group vibrations and disappears after subtraction of
the spectrum of Cp*RuCl(dppe), see Fig. 2.

The HBF, addition at 200 K causes the complete disap-
pearance of this band, see spectrum b. No new vibrations
that could be unambiguously assigned to v(H-H) and
v(M-H,) vibration modes for complex 4 appeared in the
IR spectrum. These bands may be very weak or hidden
under stronger CH vibrations or overtones. This spectrum
remains essentially unchanged over time (over 40 min) at
constant temperature, at temperatures below 230 K. At
higher temperatures, slow conversion to the classical dihy-
dride complex occurs, yielding eventually spectrum c. A
new band at 2000 cm ™! is attributed to the cationic dihy-
dride complex. Such significant high-frequency shift
(Av = +86 cm ') of the v(MH) band is typical for transition
metal protonation yielding a cationic classical product [28].

Theoretical calculations have been carried out at the
DFT B3PW91 level for the model [Cp*RuH,(dhpe)]" com-

E
v, cm

Fig. 2. IR spectra (vgyy region) of Cp*RuH(dppe) (0.025M) and
Cp*RuH(dppe) (0.025 M) in the presence of 1 equiv. HBF,; in CH,Cl,.
Before the acid addition at 200 K (the spectrum of Cp*RuCl(dppe)
subtracted) (a); after addition of HBF, at 200 K (b) and 250 K, time-
dependent spectra (c).

plex where the phenyl groups of the dppe ligand are substi-
tuted by hydrogens. Minima corresponding to the two
expected isomers — dihydrogen complex and trans-dihy-
dride — were revealed. The optimized geometries are pre-
sented in Fig. 3 and selected geometrical parameters are
presented in Table 2. The energy difference between the
dihydride and dihydrogen isomers of [Cp*RuH,(dhpe)]"
model complex is 2.25 kcal mol ! in favor of the nonclassi-
cal isomer, which is less than that of the iron analogue
(4.90 kcal mol ! [8]). Theoretical consideration of the dif-
ferent models for the [Cp*FeH,(PP)]" (PP =dppe or
dippe) [8] showed that the introduction of the substituents
on the phosphine ligand enhances the stability of the dihy-

Fig. 3. Optimized geometries of the dihydrogen (left) and of the dihydride
(right) isomers of the model complex [Cp*RuH,(dhpe)]".
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Table 2

Selected optimized geometrical parameters (bond lengths in A and angles
in °) of the dihydrogen and dihydride isomers of the model complex
[Cp"RuH,(dhpe)]"

[Rul(m*H,)* [Rul(H),*

Ru-CNT® 1.92 1.92
Ru-P 2.32 2.31

2.32 2.30
Ru-H 1.71 1.62

1.71 1.61
H-H 0.91 2.95
/P-Ru-P 82.4 87.0
/H-Ru-H 30.7 131.9

2 [Ru]: [Cp*Ru(dhpe)]".
® CNT is the centroid of the Cp* ring.

dride form, reversing the stabilities in agreement with the
experimental observations that the dihydride is the thermo-
dynamic protonation product. Assuming a similar effect of
the model for ruthenium, the calculations indicate that the
relative stability of the dihydride isomer relative to the
dihydrogen complex is greater for ruthenium.

3.3. Interaction with weak proton donors: characterization of
hydrogen-bonded intermediate

To investigate the mechanism of the Cp*RuH(dppe)
protonation in more detail, we studied the interaction
of 1 with fluorinated alcohols CFH,CH,OH (MFE) and
(CF3),CH3_,,OH (with n =1 (TFE), 2 (HFIP)) according
to the well-established protocol [29], using combination of
IR and NMR spectroscopies. In the presence of excess
hydride, the IR spectra in the voy region show a typical
picture of hydrogen bond formation. The intensity
decrease of the alcohol (MFE and TFE) vopfree) bands
is accompanied by the appearance of new broad low fre-

qUEeNCy Vou(bonded) bands of hydrogen bonded OH groups
(Table 3). As expected, the interaction with the more
fluorinated alcohol-TFE is stronger than with MFE, as
indicated by the greater band shift Avon = vopfree) —
VOH(bonded). The interaction enthalpies were obtained
using logansen’s empirical correlation (Eq. (3)) [30,31]
and from the temperature dependence of H-bond forma-
tion constants (van’t Hoff method) (Table 3). Note that
the H-bond formation entropies AS°® are quite high in this
case, which explains the low formation constants K, e.g.
for the system 1/TFE in dichloromethane K,k is only
104M™!
18Av

A =70 ®)
(4)

E; = AH;/AHP;.

The combined study of IR changes in the v,y region
and '"H NMR spectra showed that ruthenium bonded
hydride ligand is the coordination site, the dihydrogen
bonded (RuH---HOR) species being the intermediates of
proton transfer and non-classical complex formation
(Scheme 3).

Upon the addition of increasing amounts of TFE to the
solution of Cp*RuH(dppe) in n-hexane, whose low polarity
favors hydrogen bond formation but not proton transfer,
at room temperature, a gradual increase of the vg, g band
intensity was observed. The vg,y band integral intensity
was 1.3 times higher in the presence of 12 equiv. TFE is rel-
ative to free 1. Such changes are consistent with the hydro-
gen bonding to the hydride ligand [33] and are caused by
the overlap of the vgup(1) and vgyu(la) bands, of which
the latter has higher intensity. The observation of more dis-
tinct changes (separate bands) by temperature lowering in
this solvent was precluded by the low compound solubility.
However, use of a 2:1 v/v n-hexane-dichloromethane mix-

Table 3

Parameters of the hydrogen-bonding between Cp*RuH(dppe) and MFE or TFE in CH,Cl,

ROH P VOH(free) (cm ™) VOH(bonded) (¢m ') Av (em™) AH (em™") AH* (cm ™) AS™ (eu) Ef
MFE 0.74 3600 3346 254 —4.7 —4.5 —15.8 1.38
TFE 0.89 3590 3254 336 -5.7 -57 —23.8 1.39

# Acidity factors of proton donors [32].
® Calculated by Eq. (3), mean error +0.4 kcal mol ™.

¢ Calculated from the temperature dependence of H-bond formation constants.
4 Basicity factor as defined in Eq. (4), AHS, = —4.6 kcal mol™" for CH,Cl, [30,31].

| RV |
Pth\“‘}R"L\ pth\\\'}RLk\
</ PPh; </PPh2
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% |
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4
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Scheme 3.
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ture allowed to cool down to 250 K. No growth of the
dihydride vguy band (at 2000 cm ') was observed under
these conditions, showing that the isomerization is slow
in comparison to the experiment timescale. In the presence
of the increasing amounts of TFE, the decrease of the vguy
band of free hydride 1 at 1914 cm™'! and the growth of a
new band at 1900 cm™! (Avguy = —14 cm ™), belonging to
the Ru-H stretching vibration in the dihydrogen-bonded
complex (VRuH bonded)> Was observed (Fig. 4).

Use of neat dichloromethane allowed working at lower
temperatures (down to 190 K) but the observation of dihy-
drogen bonded species was complicated by the proton
transfer process, which readily occurs in this solvent at
low temperatures. Thus, the addition of 2 equiv. of TFE
to a CH,Cl, solution of 1 at 200 K causes a slight increase
of the vg,y band intensity due to the dihydrogen bond for-
mation. However, increasing the TFE excess up to 6 equiv.
leads to a very small shift of the vguy band (by —2cm™})
due to the increase of the vgyy (1a) contribution into the
overall band and to an intensity decrease because of partial
proton transfer with formation of the non-classical dihy-
dride, as was confirmed by NMR.

The 'H NMR spectra show an up-field shift of the
hydride resonance of 1 from —14.17 ppm (Jyp = 35 Hz)
to —14.28 ppm (Jgp = 30 Hz) in the presence of up to 2
equiv. TFE in CD,Cl,. The presence of a minor (1%)
amount of [Cp*Ru(n>-H,)(dppe)]" (4) was shown by the
appearance of a signal at —9.49 ppm having a short T}
relaxation time (ca 30 ms). In the presence of 14 equiv. of
TFE, the hydride resonance of 1 shifted further to a stron-
ger field (Ory_yg = —14.32 ppm, Jyp = 30 Hz) (Fig. 5) and
the amount of non-classical complex present in the system
increased (14%). The signal of 4 disappeared when the tem-
perature increased above 230 K but reappeared upon cool-
ing back, evidencing the reversibility of the proton transfer
step (Scheme 3). Such substantial high-field shift of the
hydride ligand is in agreement with the formation of the
RuH- - -HA hydrogen bond [2].

Further confirmation of H---H bond formation was
obtained by the measurement of the longitudinal relaxation
time (79%) of the hydride signal of 1 in the presence of
TFE. As expected, the T5%, value decreases upon addition
of the proton donor [2,34]. This decrease is proportional to
the amount of alcohol added (Fig. 6), since the correspond-
ing hydride resonance belongs to the mixture of free and
hydrogen bonded hydride species and since the hydrogen
bonding equilibrium shifts to the right with the increase
of alcohol excess. It is also of significance that the temper-
ature corresponding to the 77, increases slightly upon
H-bond formation from 230 to 240 K. This phenomenon
signals a decreased correlation time (z¢), i.e. a slower tum-
bling motion, for the protonated species, in agreement with
its expected larger size. Thus, slightly higher temperatures

! The partial proton transfer and formation of the non-classical cationic
hydride may contribute to the intensity loss at 1914 cm™'.
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Fig. 4. IR spectra (vgypy region) of Cp*RuH(dppe) (0.017 M) in the

presence of the increasing amounts of TFE. N-hexane-dichloromethane

2:1 v/v mixture, 250 K.

T \ \
-134 140 -142 -144 -5 ppm

Fig. 5. 'H NMR spectra (hydride region, CD,Cl, 200K) of
Cp*RuH(dppe) (a) and Cp*RuH(dppe) in the presence of the increasing
amounts of TFE: 0.5 equiv. (b), 2 equiv. (c), 14 equiv. (d).

are needed to raise again tc to the conditions required
for the most efficient longitudinal relaxation (wjtZ ~ 1).
No non-classical protonation product was present in the
solution at 240 K in the presence of 2 equiv. TFE. There-
fore, using the H-bond formation constant value obtained
by IR (0.96 M~! at 240 K), it is possible to calculate the
amount of RuH.--HOR species (x=[RuH:--HOR]/
[RuH]=0.11 at 2-fold TFE excess) and then the value of
7% (RuH---HOR) = 88 ms for the dihydrogen bonded

complex (Eq. (5)).
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Fig. 6. Temperature dependence of longitudinal relaxation time (In 77) for
the hydride signal of Cp*RuH(dppe) (a) in the presence of TFE (2 equiv. —
b, 14 equiv. - ¢) in CD,Cl, solution.

1/7% =x"1/T%. (RuH---HOR) 4 (1 —x)"1/T min (RuH),
(5)

(RuH---HOR) = 1/T pin (RuH) 4 1/ T pin (H- - - H).
(6)

In turn, Eq. (6) results in a T ,;,(H- - -H) time of 100 ms
for the hydride—proton dipole—dipole interaction. Applica-
tion of Eq. (2) to this system gives hydride-proton distance
in dihydrogen bonded complex r(H---H) of 1.38 A. The
same H- - -H distance (1.40 A) was obtained from the relax-
ation times measured in the presence of 14 equiv. TFE tak-
ing into account the amount of cationic complexes 3 (3%)
and 4 (18%) present in solution at 240 K.

Theoretical calculations have been carried out at the
DFT B3PW91 level for the model Cp*RuH(dhpe) complex
and its adducts with TFE in order to study the relative sta-
bility of hydrogen bonded complexes at the metal and
hydride sites. The optimised geometries of these two com-
plexes are presented in Fig. 7.

The geometrical changes that accompany hydrogen
bond formation are similar to those computed previously
at the DFT B3LYP level for CoRuH(CO)(PH3) as a model
for CpRuH(CO)(PCys) [37] and for Cp*FeH(dhpe) as a
model for Cp*FeH(dppe) [7]. The hydrogen bond forma-
tion is reflected in the lengthening of the OH bond dis-
tances (Ar(OH)=0.019 and 0.022 A for the metal and
hydride bonded complexes, respectively) from their values
in the isolated proton donors. Note that Ar(OH) is greater
for the hydride site, signalling stronger bonding. The bind-
ing of the proton donors at the hydride site also produces a
Ru-H bond lengthening by 0.011 A, whereas the Ru-H
bond does not change upon binding at the metal site

(Af(Ru-H) = —0.001 A).

1 /Tobs

1 min

Fig. 7. Optimized geometries of the hydrogen bonded adducts at the
hydride and metal sites of model Cp*RuH(dhpe) complex with TFE.

In agreement with such geometrical changes, the energy
changes associated with the hydrogen bond formation are
more negative for the hydride site than for the metal site,
AE = —10.46 and —6.72 kcalmol™!, respectively. These
values reduce to —5.83 and —1.64 kcal mol ™', respectively,
after basis set superposition error (BSSE) correction. Note
that the BSSE corrected energy for the hydride bonded
adduct is close to the experimentally determined hydrogen
bond formation enthalpy (Table 3). Recalculation of the
corresponding Cp*FeH(dhpe)/TFE complexes at the same
DFT B3PW091 level of theory gives BSSE corrected hydro-
gen bond formation energies AEpssg = —0.42 and
—4.92 kcal mol™! for Fe---HOR and FeH.--HOR com-
plexes, respectively. Thus, the calculations confirm the
preference of the proton donor interaction with the hydride
ligand and the increase of its basicity going from the iron to
ruthenium complex.

Concluding this section, formation of dihydrogen
bonded complexes between the ruthenium hydride 1 and
alcohols is the first step of the reversible low temperature
proton transfer reaction in this system, which precedes
the formation of the non-classical cationic hydride complex
4. In rather low polarity media like dichloromethane
(dielectric permittivity ¢ is 14.63 at 200 K [35,36]), ionic
species can exist as contact ion pairs additionally stabilized
by hydrogen bonding between the n*-hydrogens of the cat-
ion and the counteranion oxygen atom. The formation of
such ion pairs has been shown for some non-classical
ruthenium hydrides [4a,37] as well as for the iron analogue

[Cp*Fe (n*-Ha)(dppe)]" [7].

3.4. Interaction with TFA and p-nitrophenol — ion pairing in
[Cp*Ru(i’-Hs) (dppe) ] X~

Since the conjugate bases of the fluorinated alcohols
used herein are colorless species and do not exhibit any typ-
ical IR absorptions that could signal their hydrogen bond-
ing with the product dihydrogen complex, we employed
p-nitrophenol and trifluoroacetic acid for this study. The
UV-Vis and IR bands of these proton donors have been
shown to be very sensitive to their protonation and hydro-
gen bonding status.

In the case of trifluoroacetic acid (TFA), IR spectros-
copy can be conveniently used due to sensitivity of the acid
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vco band and the anion v§., band to hydrogen bonding
[7,38,39]. The IR spectra in the carbonyl stretching region
were measured at various TFA concentrations (from
0.0075 to 0.075M) and at different 1/TFA ratios (from
4:1 to 1:6). Interestingly, no CF;COO™ anion band was
observed in the spectrum for a 2:1 TFA/1 ratio; two bands
at 1734 and 1780 cm ™' are assigned to the dihydrogen-
bonded complex la and to the acid dimer, respectively.
When the temperature was increased up to 240 K, the band
at 1734 cm ! decreased reversibly, showing the reversibility
of the hydrogen bond formation. Upon increasing the
Cp*RuH(dppe) amount, proton transfer occurred and the
major band observed under these conditions is at
1687 cm ™! (Fig. 8). Note that the bands of the molecular
complexes are still present in the spectra at 1:1 TFA/1
ratio.

Comparison of the spectrum of the 1:1 Cp*"RuH(dppe)/
TFA mixture with that of the CF;COO™PPh; salt and with
that of the Cp*FeH(dppe)/TFA 1:1 mixture at the same con-
centration (Fig. 9) shows that the band at 1687 cm ™' has
high frequency shoulder belonging to the hydrogen bonded
ion pair [Cp*(dppe)M(n* H,)]"-- [OCOCF;]™ in the case
of iron, but is only slightly asymmetric in the case of ruthe-
nium. Thus, in these rather diluted solutions the major spe-
cies present is free CF;COO™ anion, the amount of
hydrogen bonded ion pairs being higher in the case of iron
than ruthenium.

When using a 6-fold excess of the acid, no bands attrib-
utable to the free anion or to the hydrogen-bonded com-
plex are visible, whereas a wide and low intensity band is
observed at 1620 cm ™. This corresponds to the free homo-
conjugated ion, in which the [CF;COO]  anion is bonded
to two TFA molecules [40].

Evidently, since the trifluoroacetate anion is a weak pro-
ton acceptor for hydrogen bonding, it is present in large

157
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Fig. 9. IR spectra in the vco /v, region of TFA (0.075 M) in the presence
of equimolar amounts of Cp*RuH(dppe) (a) and Cp*FeH(dppe) (b).

proportions as the free base in solution. In the presence
of excess acid, the only carbonyl species present in solution
are CF;COOH and [CF;COO(HOOCCF;3),]".

The equilibrium resulting from the interaction between
Cp"RuH(dppe) and a weaker proton donor — p-nitrophe-
nol (PNP; P;=1.27) — was investigated by UV-Vis spec-
troscopy. Spectra were recorded for CH,Cl, solutions of
PNP (0.001 M) in the presence of 1 at different ratios from
1:0.1 to 1:2, in the 200-230 K temperature range, where the
observed changes were fully reversible. The spectra show
wide overlapping bands of both the phenols in their various
forms and the hydride complexes (both free and dihydro-
gen bonded) (Fig. 10).

The absence of free phenolate is signaled by the absence
of a band at 430 nm. A band decomposition yields three
bands with maxima at 312, 342, and 384 nm. The first
two bands are assigned to free PNP and to the dihydrogen

T
1800

1850

T 1
1650 1600

Fig. 8. IR spectra in the vco/vi region of TFA (0.0075 M) (a) and TFA in the presence of Cp*RuH(dppe): 0.5 equiv. (b); 1 equiv. (c); 2 equiv. (d); 4

equiv. (e). CH,Cl,, 200 K.
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Fig. 10. UV-Vis spectra of PNP (0.001 M) (a), potassium p-nitrophen-
olate (0.001 M in the presence of [18]crown-6) (b), homoconjugated PNP
anion (band derived from the spectrum of a 1:1 mixture of (a) and (b)) (c),
Cp*RuH(dppe) (0.0005M) (d) and PNP (0.001 M) in the presence of
Cp"RuH(dppe) (0.0005 M) (e). CH,Cl,, 200 K.

bonded complex [Cp*(dppe)RuH]-- -HOC-sH4NO,. Note
that the 342 nm band is red shifted not only relative to free
PNP (AA=30nm), but also slightly red-shifted with
respect to the related iron complex [Cp*(dppe)-
FeH]- - -HOC¢H4NO, (340 nm) [7], in agreement with a
slightly stronger hydrogen bonding. The band at 384 nm
is attributed to a hydrogen-bonded phenolate ion, since
this is blue-shifted from the free phenolate band by
46 nm. The formation of the 1:2 ion pair, stabilized by a
hydrogen bond between the non-classical cation and
homoconjugated phenolate anion, [Cp*(dppe)M(n*
H,)]" - [ArOHOATr] ", was shown previously for the iron
analogue [7]. The assignment of the absorption at 384 nm
to the 1:2 hydrogen-bonded ion pair in the present case
was confirmed by the titration experiment. Upon increas-
ing the amount of 1 at constant PNP concentration at
200 K, the bands at 342 nm and 384 nm grow in intensity
whereas the free phenol band at 312 nm decreases. The plot
of the intensity changes at 380nm versus the
Cp*RuH(dppe) mole fraction (Fig. 11) gives a break point
for a mole fraction of (or near) 0.3, indicating a 1:2 binding
stoichiometry for the ionic species, [Cp*(dppe)Ru(n’>-
H,)]'[ArOHOAr]". As in the case of iron the 16nm
blue-shift of this band relative to free [ArOHOAr] ? sug-
gests further hydrogen bonding of homoconjugated anion
with the cationic dihydrogen complex, [Cp*(dppe)Ru(n*
H,)]" - [ArOHOATr] . Note that the position of this band
is slightly different from that of the iron analogue, in agree-
ment with a higher basicity of 1 and thus a lower acidity of
[Cp*(dppe)Ru(n*-Hy)]".

2 Variable-temperature UV-Vis spectra of the homoconjugated PNP
anion were obtained previously by some of us for the equimolar mixture of
PNP and potassium p-nitrophenolate in the presence of excess [18] crown-
6, see Ref. [7].

0.4
0.3
802 y
<
0.1+
0 T T T 1
0 0.2 0.4 0.6 0.8

RuH mole fraction

Fig. 11. Intensity changes at 380 nm vs the Cp*RuH(dppe) mole fraction
(mole fraction = Cryn/[Crunt + Cenp))-

The spectral changes are fully reversible in the 200-
230 K temperature range, showing that proton transfer is
reversible and no significant isomerization to the classical
dihydride complex occurs within this temperature range.
Upon the temperature decrease, the band of the free phenol
decreases and those of hydrogen-bonded phenol (342 nm)
and hydrogen bonded ion pair (384 nm) increase. Note that
neither the free phenolate band, expected at 420-430 nm,
nor the band of homoconjugated anion [ArOHOATr],
expected at ca. 400 nm, were observed, suggesting that
the hydrogen bonded ion pair does not essentially dissoci-
ate under these conditions.

3.5. Thermodynamics of proton transfer from HFIP

The UV/Vis spectral changes resulting from the interac-
tion between neutral hydride 1 and HBF, are shown in
Fig. 12. The starting hydride complex has a relatively

strong and broad metal-ligand charge-transfer band [41]
with a maximum around 320 nm (¢ = 7200 L mol ™' cm™!

A

0.5

250 300 350 400 450 500

Fig. 12. UV-Vis spectral changes observed for the protonation of
Cp*"Ru(dppe)H (0.0025 M) by 1| equiv. HBF,4 in CH,Cl,. Before addition
of HBF, (T'= 200 K) (a); after addition of HBF, at 200 K (b) and 290 K
(c).
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at 200 K, CH,Cl,), spectrum a. The dihydrogen complex
and the classical hydride, spectra b and c, correspondingly,
have much weaker and featureless absorptions (at 320 nm
¢=23100 and 970 Lmol 'cm™!, correspondingly, at
200 K in CH,Cl,).

Proton transfer from HFIP was studied by UV—Vis spec-
troscopy, which proved itself to be very useful for the quan-
titative measurements. The interaction of Cp*RuH(dppe)
with 5 equiv. HFIP in dichloromethane at low temperatures
(200-205 K) produces dihydrogen complex 4 (as was con-
firmed by '"H NMR spectroscopy) immediately and near
quantitatively, which transforms back to the starting
hydride complex upon temperature increase, see Fig. 13.
The spectrum obtained upon cooling back from 235 to
205 K, is identical to the original one at the same tempera-
ture. These UV-Vis spectral changes indicate, in agreement
with the IR and NMR data, absence of the isomerization
and the reversibility of the proton transfer equilibrium
(Scheme 3) within 200-235 K temperature range. These
enabled us to obtain the equilibrium constant K, for the
proton transfer step assuming that all hydride 1 is in the
dihydrogen-bonded form 1a and that the equilibrium
involves a second alcohol molecule. The van’t Hoff plot
(Fig. 13) gives the enthalpy (AH° = —8.1 + 0.6 kcal mol ")
and the entropy (AS° = —17 & 3 eu) of the proton transfer
step.

3.6. Isomerization of [Cp*Ru(n’-H-)(dppe)]" into
[Cp"Ru(H)(dppe) ]

In the presence of more than 2 equiv. of TFE, the pro-
ton transfer occurs at 200 K in dichloromethane and subse-
quent isomerization of non-classical complex 3 into the
classical one 4 becomes evident above 240 K (Scheme 4).
Interestingly, the 7., of the dihydride signal of 3
obtained under these conditions increases in comparison

0.75 A

0.51

0.25 A

250

300

350
A, Nm

In K>

159

k3
Ph, P\\.;Ru . H — " - H/-s‘Ru\
(_-PPh, H Ph,P pp,
4 3
Scheme 4.

with the BF,~ salt (Table 1), being 599 ms at 220 K. A pos-
sible interpretation of this difference is a stronger hydrogen
bonding between one or two hydride ligands of 3 with the
stronger conjugate base CF;CH,O™, thereby increasing the
average H- - -H distances.

However, TFE gives only partial proton transfer even at
quite high concentrations (up to 20 equiv.), therefore, as
was shown for the iron analogue [7,8], the accurate determi-
nation of the rate constant for the isomerization of
[Cp*Ru(n?-H,)(dppe)]" (4) obtained with these alcohols
at different temperatures would be thwarted by coupling
between two key rate constants — k3 (Scheme 4) and k_,
(Scheme 3) leading from the dihydrogen complex back to
the starting monohydride. The isomerization rate constant
k3ops for HFIP at 250 K (2.5 equiv. HFIP give ca. 40% of
4) was estimated as 3x 10~*s~!. The use of HBF, - Et,O
allowed studying the process in Scheme 4 under clean first
order conditions. Thus, the dihydrogen complex 4 was gen-
erated quantitatively in situ by low temperature (195 K)
addition of the acid (58% HBF, - Et,0) to the solution of
1 in dichloromethane. The isomerization reaction (Scheme
4) could be studied by IR measurements of the increase of
the dihydride complex 3 v,y band at 2000 cm ™~ (represen-
tative set of spectral changes is shown in Fig. 2). However,

11.5
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10.5 *
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8.5 T T

0.0042 0.0044 0.0046 0.0048

1T, K™

Fig. 13. UV-Vis spectra of Cp*RuH(dppe) (0.0035 M) in the presence of 5 equiv. HFIP in CH,Cl, (left) and the corresponding dependence of In K, vs
temperature (right). Free hydride at 200 K (a); in the presence of HFIP at 205 K (b) and 235 K (c). The intermediate spectra correspond to 230-205 K (5 K

steps).
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Fig. 14. Logarithmic plots of the [Cp*Ru(n?-H,)(dppe)]"BF,~ resonance
decay. Temperatures and the corresponding rate constants are indicated
near to the lines.
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Fig. 15. Eyring plot for the isomerization rate constant ks,

as in the case of the iron analogue [8], the NMR monitoring
of the process was much more convenient, providing the
concentrations of both non-classical (4) and classical (3)
species as well as directly probing for the formation of pos-
sible decomposition products during the measurements.®
Both the decay of the dihydrogen complex resonance and
the growth of the dihydride complex resonance were moni-
tored by '"H NMR spectroscopy. The non-classical reso-
nance decay gives an excellent fit to the first order rate
law at each temperature (Fig. 14), yielding the rate con-
stants k3 reported in Fig. 14. The Eyring analysis of the rate
constants k3 (Fig. 15) yields the activation parameters
AH*=20.9 £ 0.8 kcal mol ' and AS* =9 + 3 eu. The acti-
vation enthalpy and entropy values are close to those found
for the iron analogue (AH*=21.6+0.8kcalmol ™,
AS* =5 + 3 eu [8]) and similar to those previously reported
for related ruthenium derivatives [24d,42].

3 The sum of the integrals, after normalization relative to the solvent
peak used as an internal standard, was relatively constant throughout the
reaction, showing almost no decomposition.

4. Discussion
4.1. Proton accepting properties of the hydride ligand

As pointed out in Section 1, the data on the metal influ-
ence on the hydrogen bonding site nature and the proton
accepting properties of the hydride ligand are still scarce.
Herein, we have found that the first step of the
Cp*RuH(dppe) interaction with proton donors is the dihy-
drogen bond formation. The preference of the proton
donor coordination to the hydride ligand is confirmed by
theoretical calculations. The basicity factor E; of the ruthe-
nium bound hydride ligand (1.39) is only slightly higher
than that of the Cp"FeH(dppe) (E; = 1.35 [6]). This is quite
surprising, since a much more pronounced basicity increase
down the Group was found for the series of PP3sMH,
hydrides (PP; = k*-P(CH,CH,PPh,);), E; values being
equal to 1.12 for M = Fe and 1.33 for M = Ru [4b]. The
possible explanation for this phenomenon could be in the
steric influence of the ancillary ligands, which apparently
impose high steric constraints in the case of
Cp"RuH(dppe). This is evident from the high hydrogen
bond entropy value AS°= —23.8 eu for Cp*RuH(dppe)/
TFE complex, which is almost twice higher than that for
Cp*FeH(dppe)/TFE (—13.6 eu), whereas the enthalpy val-
ues differ by only 0.3kcalmol™' (AH°=-5.7 and
—5.4 kcal mol ! for RuH and FeH, respectively).

4.2. Proton transfer mechanism

Despite the steric encumbrances to hydrogen bond for-
mation, proton transfer easily occurs in this system yielding
the cationic non-classical [Cp*Ru(n>- H»)(dppe)]"A~ com-
plex, whose formation is shown here for the first time. The
proton transfer from TFE, HFIP and PNP is not quantita-
tive under the proton donor excesses used and is reversible
within the temperature range 190-230 K, the equilibrium
(Scheme 3) shifting to the right with temperature decrease.
This signals a proton transfer exothermicity. In low polar-
ity media like dichloromethane, ionic species should exist as
contact ion pairs [43], which could additionally be stabi-
lized by hydrogen bonding between the cation and anion.
There is also a question about the anion composition,
which could be additionally bonded to its conjugated acid,
forming the so-called homoconjugate anion [AHA]". In the
case of the quite strong acid TFA, the [AHA]™ formation
occurs in the presence of high acid excess. The major spe-
cies in solution is the free CF;COO™ anion, the amount
of hydrogen bonded ion pairs being higher in the case of
iron than ruthenium. However, for the weaker proton
donor p-nitrophenol, formation of the hydrogen bonded
ion pair [Cp*(dppe)Ru(n>-H)]"- - [ArOHOAr]™ was con-
firmed by means of UV-Vis spectroscopy. Thus, one can
argue that for even weaker proton donors such as TFE
and HFIP, having stronger conjugated bases, the non-clas-
sical complex does exist as the contact ion pair additionally
stabilized by hydrogen bonding between the cation and the
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Fig. 16. Energy (AH®) profile for protonation of Cp*RuH(dppe) by HFIP.

homoconjugate anion. Involvement of the second alcohol
molecule in the proton transfer to the hydride ligand
strengthens the primary hydrogen bond, making the activa-
tion barrier lower, and stabilizes the proton transfer prod-
uct through the formation of the hydrogen bonded ion pair
with the homoconjugate anion as was shown both experi-
mentally and theoretically for Cp*FeH(dppe) [6,7]. The
dihydrogen-bonding and [Cp*Ru(n?-H,)(dppe)]" forma-
tion are immediate in the time-scale of the conventional
spectroscopies used. The equilibrium between these two
species shifts toward the dihydrogen complex when stron-
ger proton donors, higher alcohol/hydride ratios, or lower
temperatures are employed. Assuming the same scheme,
the thermodynamic parameters (AH® and AS®) of proton
transfer from HFIP to Cp*RuH(dppe) were calculated,
which appeared to be more negative than those for the
Cp*FeH(dppe) / HFIP system [7]. The hydrogen bond for-
mation enthalpy for this alcohol was obtained using Eq. (2)
(AH® = —6.7 kcal mol~') and thus the two-well energy pro-
file (Fig. 16) can be drawn for this system. The energy of the
transition state leading to complex 4 is drawn qualitatively
only. The free activation energy (12—16 kcal mol ') can be
estimated on the basis of the NMR (lack of line broaden-
ing) and IR (lack of spectral evolution at the temperatures
used) results [2]. This is the first time that a comparison can
be made between two metals from the same Group in terms
of the enthalpy profile of a proton transfer reaction. The
data obtained show that both hydrogen bonding and pro-
ton transfer enthalpy increase down the Group.

5. Conclusions
The combined experimental and theoretical study of the

interaction between Cp*RuH(dppe) and proton donors of
different strengths showed that general features of this pro-

cess are similar to those established for the iron analogue,
Cp*FeH(dppe), as well as other transition metal hydride
complexes. In the course of this study, the formation of the
previously unknown non-classical complex, [Cp*Ru-
(m%-H,)(dppe)]", was observed at low temperatures, and
was preceded by the dihydrogen bonding step. The thermo-
dynamic parameters for dihydrogen bond formation and
proton transfer are found to increase on descending the
Group from iron to ruthenium, whereas the activation
parameters for the subsequent [Cp*M(n*-H,)(dppe)]" —
trans-[Cp*M(H),(dppe)]" isomerization are very similar.
Such a comparison has been made for the first time and will
be extended to the osmium analogue in our future work.
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