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NMR Investigation of the Dihydrogen-Bonding and Proton-Transfer
Equilibria between the Hydrido Carbonyl Anion [HRe2(CO)9]

� and
Fluorinated Alcohols

Daniela Donghi, Tiziana Beringhelli, Giuseppe D5Alfonso,* and Marta Mondini[a]

Introduction

Since the discovery of the unconventional M�H···H�X hy-
drogen bond (H-bond), in which a metal hydride acts as the
electron donor (or H-bond acceptor) with respect to a posi-
tively polarized hydrogen atom,[1] a number of studies have
been devoted to understanding the nature of this interac-
tion, its spectroscopic features, and its chemical signifi-
cance.[2] Well-defined spectroscopic (mainly IR and NMR)
methodologies have been developed for identifying the pres-
ence of this interaction,[3] for which the term “dihydrogen
bond” has been coined.[4] This proton–hydride interaction

can be fairly strong (up to 7.0 kcalmol�1) and affect stereo-
chemistry, dynamics, and reactivity of the involved species.
Although the first examples concerned proton donors be-
longing to ligands bound to the metal center carrying the
hydrido ligand,[1] a number of intermolecular H···H interac-
tions were soon evidenced in solution,[5–7] and it has been
suggested (and experimentally verified) that they are the
first step in the protonation pathway to a dihydrogen com-
plex (Scheme 1),[8,9] as well as intermediates along the path-
way to heterolytic splitting of dihydrogen.[10]

In several cases, the simultaneous presence of the three
species I–III depicted in Scheme 1 has been detected,[6] and
information on the two equilibria—dihydrogen bond forma-
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tion and subsequent proton transfer to the hydride—has
been obtained by a suitable combination of IR and NMR
approaches.

All cases so far investigated involved neutral mononuclear
complexes bearing a substantial number of donor ligands
(phosphanes or cyclopentadienyl groups) that increased the
negative polarization of the hydrido ligand. We wondered
whether the hydricity of a transition metal hydride bearing
only carbonyl ligands was high enough to allow the onset of
dihydrogen bonding. A few preliminary experiments showed
that the Re�H bond of the neutral complex [HRe(CO)5]
does show some H-bond-acceptor capability, but too low to
be accurately characterized by the usual spectroscopic meth-
ods.[11] We considered therefore the dinuclear anionic com-
plex [HRe2(CO)9]

� (1, Scheme 2). Some of us recently

showed[12] that low-temperature protonation of this anion by
strong acids (e.g., CF3SO3H, HBF4) gives the neutral species
[H2Re2(CO)9] (3, Scheme 2), which contains one terminal
and one bridging hydride ligand, in fast exchange via h2-H2

tautomer 3’ as a relatively high energy (3 kcalmol�1) inter-
mediate. This tautomer is probably involved both in the irre-
versible H2 elimination that occurs at T>240 K, and in the
formation of the neutral species by protonation of the anion
1 (protonation at the hydridic site is kinetically preferred
with respect to the metal).[13]

We have now investigated the interaction of 1 with
weaker proton donors, such as fluorinated alcohols, and we
have obtained clear evidence for the formation of dihydro-
gen-bonded adducts ROH···[HRe2(CO)9]

� (2). Moreover,
we have shown that, depending on the acidic strength of the
proton donor, these adducts 2 may be in equilibrium with
the protonation product [H2Re2(CO)9].

As proton donors the alcohols CF3CH2OH (2,2,2-trifluoro-
ethanol, TFE), (CF3)2CHOH (1,1,1,3,3,3-hexafluoropropan-
2-ol, HFIP), and (CF3)3COH (perfluoro-tert-butyl alcohol,
PFTB) were used, because they span a range of Brønsted
and hydrogen-bond acidities[14–16] which usually fits well with
the corresponding basicities of hydrido complexes and thus
provides the opportunity of observing dihydrogen bonding
and/or proton-transfer reactions. Moreover, these alcohols
have been extensively used by other groups that have inves-
tigated dihydrogen-bonding equilibria, and this gives the
possibility of comparing the behavior of 1 with that of other
transition-metal hydrides.

Results and Discussion

Previous thorough studies have shown that intermolecular
proton–hydride interactions can be best characterized by a
combination of variable-temperature IR and NMR meth-
ods.[3,5,6]

It is well known that formation of H-bonds causes a shift
to lower frequency and a broadening of the nHX absorption
of the proton donor.[17] These effects have been widely ex-
ploited to estimate the strength (DH8) of intermolecular di-
hydrogen bonds by use of empirical correlations, such as Jo-
gansenFs equations.[3] Moreover, IR spectroscopy, due to its
short timescale, allows the detection of separate absorptions
for the hydride I and H-bonded adduct II of Scheme 1 (e.g,
in the nCO region). Therefore (at least in favorable cases cor-
responding to the presence of a single CO or NO reso-
nance) the direct quantification of the two species I and II
may be possible, and then the determination of the con-
stants ruling the association equilibria. From this point of
view, the NMR data are less informative, because on the
NMR timescale I and II are always in fast exchange that re-
sults in averaged NMR parameters (chemical shift, relaxa-
tion times, and so on), and extraction of the necessary infor-
mation from the observed data is more laborious.

In the case of the anion [HRe2(CO)9]
� (1) the nCO region

of the IR spectrum is rather complex (five absorptions) and
did not allow the observation of separate bands for 1 and
the H-bonded adduct. Therefore, most of the investigation
had to be performed by NMR spectroscopy. Indeed, valu-
able information about this kind of unconventional interac-
tion can also be obtained from the averaged NMR data. In
particular, comparison of the chemical shift and of the relax-
ation time of the hydrido ligand in the presence or absence
of the alcohol allow estimates of K for the association equi-
librium and of the H···H distance in the dihydrogen-bonded
adduct.[5a,b]

The choice of the solvent was problematic. Indeed no sol-
vent able to accept H-bond (ethers, ketones, or any com-
pound containing O or N atoms) could be used, because it
would compete (successfully) with the hydrido complex for
hydrogen bonding. On the other hand, salts of anion 1 are
insoluble in apolar solvents such as hydrocarbons. Finally,
the use of halogenated solvents should be avoided, because
hydride/halogen exchange has been observed for 1,[18] as is
often the case with transition metal hydrides. This would
have practically excluded any solvent. However, since H/Cl
exchange in CH2Cl2 is catalyzed by light and becomes very
slow at low temperature, we chose CH2Cl2 as solvent, taking
care to keep the samples in the dark and at low tempera-
ture.

Interaction of [NEt4][HRe2(CO)9] with TFE : The addition
of [NEt4]-1

[19] (up to 0.1m) to CH2Cl2 solutions of TFE
(0.02m) at room temperature did not cause any appreciable
change in the nOH region of the IR spectrum, at variance
with what was previously observed for many neutral hydrido
complexes.[5a, 6f,6k] An analogous room-temperature experi-

Scheme 2.
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ment with an excess of TFE ([NEt4]-1 6P10�3
m, TFE 0.1m)

did not show any change in the nCO region. This indicated
that the proton–hydride interaction was either absent or
weaker than in these previous cases. Instead, clear evidence
of the presence of the dihydrogen bond in solution was pro-
vided by NMR analysis at low temperatures.

Indeed, progressive additions of TFE to a CD2Cl2 solution
of [NEt4]-1 at 202–235 K caused a significant upfield shift of
the hydride resonance (Figure 1). The same effect was ob-

served on lowering the temperature at constant alcohol con-
centration (Figure 2). This behavior is attributable to the oc-
currence of an equilibrium [Eq. (1)] which is fast on the
NMR timescale and therefore leads to an averaged hydride
signal.

½HRe2ðCOÞ9�� þROH Ð ROH � � � ½HRe2ðCOÞ9�� ð1Þ

The position of the averaged signal depends on the chemi-
cal shift and on the molar fraction x2 of hydrogen-bonded
ROH···[HRe2(CO)9]

� adduct 2a (ROH=TFE, see
Scheme 3), according to Equation (2). It has already been

established that the resonance of a hydride undergoing a di-
hydrogen-bonding interaction is shifted upfield,[5a] making
d2<d1.

dobs ¼ x1d1 þ x2d2 ð2Þ

The molar fraction x2 is expected to increase on lowering
the temperature (due to the increase in the equilibrium con-
stants typical of associative processes), and on increasing the
concentration of the proton donor ROH. A relationship be-
tween the molar fractions and the equilibrium constant K
can be easily determined (see Experimental Section).[5a,b]

Fitting of the experimental dobs at each temperature in the
presence of different ROH concentrations provided esti-
mates of the values of the two unknown parameters K and
d2 (see Table 1). From the values of K at different tempera-
tures, the thermodynamic parameters of equilibrium (1)
were estimated through the vanFt Hoff relationship: DH8=
�2.6(2) kcalmol�1, DS8=�9.3(2) calmol�1K�1.

The intermolecular proton–hydride interaction was con-
firmed by a 2D NOESY experiment at 221 K, which showed
a cross-peak between the hydride signal (at �7.90 ppm) and

Figure 1. Hydride region of 1H NMR spectra of [NEt4][HRe2(CO)9] (7P
10�3

m, CD2Cl2, 212 K) in the presence of different amounts of TFE.

Figure 2. Variation of the chemical shift of the hydride resonance of 1+
2a with the temperature in the presence of different TFE concentrations
(7P10�3

m, CD2Cl2): + 1 alone, * 2 equiv of TFE, ~ 3 equiv of TFE, &

9 equiv of TFE, ^ 14 equiv of TFE.

Scheme 3.

Table 1. Values of the equilibrium constants K and of the chemical shifts
d2 of adduct 2a obtained by two different types of nonlinear fitting of the
experimental variable-temperature data for the interaction of 1 with
TFE.

T K[a] d2
[a] S2[c] K[b] d2

[b] S2[c]

[K] [m�1] [ppm] [m�1] [ppm]

201.9 7.37 �8.77 5.6P10�5 7.56 �8.75 1.0P10�4

211.7 5.86 �8.75 8.1P10�5 5.80 �8.76 1.0P10�4

220.1 4.39 �8.80 9.0P10�5 4.26 �8.83 1.1P10�4

227.9 3.49 �8.80 7.8P10�5 3.17 �8.83 9.1P10�5

234.8 2.91 �8.76 8.0P10�5 2.79 �8.80 9.1P10�5

[a] Obtained by fitting of the data to Equation (8). [b] Obtained by fitting
of the data to Equation (11). [c] Goodness of fit, corresponding to the
sum of the squares of the difference between experimental and calculat-
ed d (case a) or between the two members of Equation (11) (case b).
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the OH resonance (at 2.95 ppm; Figure S1, Supporting In-
formation).

The proton–hydride distance was estimated through mea-
surement of the longitudinal relaxation times T1 of hydride
1, alone and in the presence of 1 equiv of TFE. As shown in
Figure 3, the T1 values obtained in the latter case were sig-

nificantly shorter, as the observed relaxation rate (R1=1/T1)
is the weighted average of those of 1 and 2a [Eq. (3)].
Indeed in 2a the presence of a hydrogen atom in close prox-
imity to the hydride contributes to its relaxation by dipolar
interaction, strongly shortening its T1.

[8c,20, 21] From the
knowledge of this contribution it is possible to extract the
value of the H···H distance rH�H through Equation (4),
where n is the Larmor frequency of the proton at the experi-
mental magnetic field, and (DR1)min the difference between
the relaxation rate of the hydride in 2a at the minimum and
that of 1 at the corresponding temperature.[22]

ðR1Þmeasured ¼ x1ðR1Þ1 þ x2 aðR1Þ2 a ð3Þ

rH�H ¼ 5:817½nðDR1Þmin��1=6 ð4Þ

The molar fractions at the temperatures of the inversion
recovery experiments were calculated from the equilibrium
constants, and from these the actual values of (R1)2a report-
ed in Figure 3 as diamonds.[23] Thus, a proton–hydride dis-
tance of 1.80 A was calculated, a value in the range of those
previously estimated for other hydride complexes.[3]

The NMR data unambiguously demonstrated that a frac-
tion of the alcohol molecules interacts with the hydridic site.
However, these data cannot rule out that other TFE mole-
cules interact with the oxygen atoms of the carbonyl ligands.

In this hypothesis, some nCO band should exhibit a red shift
due to weakening of the C�O bond.[24] On the contrary, an
IR spectrum of 1 acquired at 223 K in CH2Cl2 in the pres-
ence of a high TFE concentration (30 equiv) showed nCO
bands somewhat broadened and slightly blue shifted with re-
spect to those of 1 alone (Figure S2, Supporting Informa-
tion). This fits with the hypothesis that the observed nCO IR
spectrum arises from the overlap of the bands of 1 and 2a,
the latter shifted to higher frequencies due to the decreased
p backdonation caused by the interaction of 1 with an elec-
trophile. The absence of bands at lower frequency indicates
that the interaction of the alcohol with the carbonyl ligands
of 1 is negligible.

An empirical rule [Eq. (5)] correlates the enthalpy varia-
tion DH8 on H-bond formation with the acidic and basic
properties of the species involved in the interaction.[25] This
rule allows the “basicity factor” Ej of each H-bond acceptor
to be determined from the knowledge of the “acidity factor”
Pi of the proton donor and the enthalpy variation DH

o

S mea-
sured in the same solvent for a standard H-bond adduct,
namely, phenol–diethyl ether.

Ej ¼ DH
o

ij=ðDH
o

SPiÞ ð5Þ

In the present case we evaluated[26] an Ej value of 0.64(6).
This indicates that the H-bond-accepting capability of hy-
dride 1 is lower than that reported for most neutral com-
plexes containing stronger donor ligands than CO[2a,3] (rang-
ing from 1.67 for [{P(CH2CH2PPh2)3}OsH2]

[5g] to 0.91 for
[WH(CO)2(NO)(PR3)2]

[5a]) and is comparable with the
values (0.68–0.79) found for the neutral rhenium dihydrides
[ReH2(NO)(CO)(PR3)2].

[6e]

Interaction of [NEt4][HRe2(CO)9] with HFIP : Addition of
HFIP to CD2Cl2 solutions of [NEt4]-1 caused not only the
expected upfield shift of the hydride resonance of 1, due to
the formation of 2b,[27] but also the formation of variable
amounts of the neutral complex [H2Re2(CO)9] (3, d=

�10.7 ppm). Proton transfer, with formation of the RO�

anion, most likely affords initially the h2-H2 tautomer, which
is in fast exchange with the more stable isomer containing a
terminal and a bridging hydride ligand (Scheme 2).[12]

In the protonation of neutral metal hydrides leading to
h2-H2 cationic complexes, it is usually assumed that, in non-
polar solvents, the conjugate base of the protonating agent
remains hydrogen-bonded to the acidic atoms of the dihy-
drogen ligand in a tight ion pair, which can subsequently
transform into a solvent-separated ion pair and then free
ions.[6f,j, 9] The anionic charge on our hydridic complex makes
the situation very different here. The protonated product 3
is neutral, and we can confidently rule out the involvement
of its hydrido ligands in H-bonding with the alcoholate, be-
cause the position of the hydride resonance (d=�10.7 ppm,
averaged signal for bridging and terminal hydrides)[12] did
not change on varying the nature of the alcohol. We think
that in the present case (excess of free alcohol and aprotic,
slightly polar solvent) the RO� anion is mainly stabilized by

Figure 3. 1H relaxation times T1 measured for [HRe2(CO)9]
� (1) alone

(~) and in the presence of 1 equiv of TFE (averaged signal for 1 and 2a,
&) (CD2Cl2, 11.7 T). The symbol ^ marks the values computed for the
adduct 2a. Lines are drawn as a visual aid only.
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interaction with a second alcohol molecule [Eq. (6)]. In fact,
a proton donor which is able to interact with the unconven-
tional H-bond acceptor 1 is expected to establish a much
stronger conventional H-bond with an OR� anion. The for-
mation of homoconjugate A···H···A�/+ pairs (A=OTf,[28,29]

CF3COO,[6f] p-NO2-PhOH,[6l] PhNH2
[30]) in the protonation/

deprotonation of organometallic complexes has been previ-
ously observed, and their role in stabilizing the charged spe-
cies and then assisting/promoting proton transfer has been
theoretically investigated.[5h,6j,6l,9]

ROH � � �HRe2ðCOÞ9� þROH Ð ½H2Re2ðCOÞ9�
þRO � � �HOR� ð6Þ

The proton in the RO···HOR� anions is expected to have
a very positive chemical shift, due to the strength of the H-
bond involved.[31] Therefore, the strong downfield shift
(>2.5 ppm at 220 K) undergone by the (averaged) proton
resonance of HFIP in the presence of 1 equiv of 1 supports
the formation of the homoconjugated pair. Indeed, this shift
cannot be attributed solely to formation of the
Re2H···HOR� dihydrogen bond, because for TFE, which
under analogous conditions is not able to protonate 1, the
observed downfield shift was much smaller (ca. 0.4 ppm).

The invariant relative intensities of the resonances of re-
actants and products of Equation (6) with time indicated at-
tainment of equilibrium. The reversibility of the protonation
reaction is in line with the previous observation that 3 can
be deprotonated in [D8]THF, even by relatively weak bases
such as PMe2Ph (pKa=6.50).[12]

The equilibrium was further confirmed by the observation
that the amount of 3 increased with increasing alcohol con-
centration, in accordance with the mass action rule
(Figure 4) and that the ratio between the (averaged) signal
of 1+2b and the signal of 3 slightly and reversibly (at T<

230 K, see below) increased with increasing the temperature
(Figure 5).

Proton transfer in both directions is fast enough to allow
the onset, in a 2D EXSY map recorded at 240 K (Figure 6),
of exchange cross-peaks between the signal of 3 (d=

�10.71 ppm) and those at d=�7.83 ppm (averaged 1+2b)
and at d=4.79 ppm (the broad OH signal).

The (slight) shift towards the left side of the protonation
equilibrium (6) with increasing temperature indicates that
the overall reaction (7) is exothermic, but cannot provide
certain information about the sign of DH8 for proton-trans-
fer step (6), since the formation of H-bonded adduct 2 in
the preceding step (1) is certainly exothermic. The proton
transfer step has been shown to be predominantly exother-
mic,[2a] but an endothermic process has also been report-
ed.[6a]

½HRe2ðCOÞ9�� þ 2ROH Ð ½H2Re2ðCOÞ9� þRO � � �HOR�

ð7Þ

By using very high alcohol concentrations, we succeeded
in driving equilibrium (7) to the right even for the weaker
acid TFE: in the presence of 0.44 molL�1 of TFE (corre-
sponding to 65 equiv) we observed formation of a small
amount (ca. 9%) of the protonated species 3 at 223 K. This

Figure 4. Dependence of the molar fractions of [HRe2(CO)9]
� (free and

H-bonded, 1+2b, ~) and of [H2Re2(CO)9] (3, ^) on the relative HFIP
concentration (CD2Cl2, 211 K).

Figure 5. Ratio between the molar fractions of [HRe2(CO)9]
� (1+2b)

and [H2Re2(CO)9] (3), as observed on increasing the temperature in
CD2Cl2 solution, with [1]=0.04m and [HFIP]=0.08m.

Figure 6. 1H,1H EXSY on a mixture of 1 and HFIP ([1]=0.012m,
[HFIP]=0.030m, CD2Cl2, 240 K, tm=0.25 s). In the bottom panel, the in-
tensity of the 2D map has been magnified by 4, and the F1 trace by 16. #
marks the solvent, * the CH resonance of HFIP, and § the CH2 resonance
of NEt4

+ .
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corresponds to K=9P10�4 for the overall equilibrium (7)
and 2P10�4 for equilibrium (6), on using the previously esti-
mated K=4 for equilibrium (1). At higher TFE concentra-
tions, phase separation between TFE and CD2Cl2 prevented
any more accurate evaluation of the equilibrium constants.

In the case of HFIP, the estimation of the constants ruling
the formation of the dihydrogen-bonded adduct [Eq. (1)]
and the subsequent proton-transfer step was problematical.
First, the presence of the simultaneous proton-transfer equi-
librium introduced various uncertainties in the optimization
procedure used to evaluate K of equilibrium (1), as dis-
cussed in the Experimental Section. Moreover, the neutral
species 3 is thermally unstable and irreversibly loses H2 at
temperatures higher than about 240 K to give several de-
composition products, only partly identified.[32] Although we
investigated the interaction of 1 with HFIP below 240 K,
variable amounts of decomposition products usually formed
in the mixtures, due to the slight unavoidable warming
during the transfer of the NMR tubes in and out the spec-
trometer. In our 1/HFIP mixtures, besides all the previously
observed species,[32] we recognized the presence also of the
tetranuclear anion [(CO)9Re2(m-H)Re2(CO)9]

� (4),[33] which
was the main decomposition product. Its formation is due to
the fact that here, at variance with the previous study,[12] the
decomposition of 3 occurred in the presence of unconverted
[HRe2(CO)9]

� , which can act as s-donor ligand toward the
coordinatively unsaturated fragment [Re2(CO)9] to afford 4.

The presence of this variety of byproducts, particularly
when their nature or the stoichiometry of their formation is
not well defined, made the optimization procedures used to
obtain the K values infeasible. Attempts to analyze data
from variable-temperature experiments with small amounts
of byproducts provided DH8 values which, even if not un-
reasonable (taking into account that the acidity factor Pi of
HFIP is about 1.2 times that of TFE[6k] and that the ratio be-
tween the corresponding a2 parameters is 1.35),[14] were too
variable in different experiments (�2.9 to �3.8 kcalmol�1)
to accurately characterize the strength of the dihydrogen
bond. The lack of reliable data for the first step hampered
any quantitative characterization of the second equilibrium,
that is, proton transfer.

Interaction of [NEt4][HRe2(CO)9] with PFTB : With this al-
cohol the protonation equilibrium (7) was much more shift-
ed to the right than with HFIP, in agreement with the higher
Brønsted acidity of PFTB. Indeed, low-temperature titration
experiments showed that upon addition of more than three
equivalents of PFTB, 1 was completely transformed into 3
(and its decomposition products). Interestingly, at intermedi-
ate stages of the titration, the hydride resonance of uncon-
sumed 1 was only slightly shifted with respect to that of 1
alone (Dd=0.03 ppm on addition of 1.5 equivalents of
PFTB at 220 K, whereas shifts on the order of tenths of a
ppm were observed for TFE and HFIP under analogous
conditions), that is, a very small fraction of H-bonded
adduct 2c was present in solution. Since PFTB is known to
be a better H-bond donor than TFE or HFIP,[14] this implies

that the remaining concentration of free alcohol was very
low and therefore provides a further indirect evidence that
the RO� anions act as scavengers of ROH molecules by
forming RO···HOR� anions or even higher aggregates.[34]

Thermodynamic and kinetic considerations : Reliable ther-
modynamic data were only obtained for the dihydrogen
bonding equilibrium involving TFE. These data (favorable
DH8, unfavorable DS8, see above) correspond to a DG8 of
�0.54 kcalmol�1 at 225 K. For this alcohol, the subsequent
proton transfer is unfavorable, and indeed from the K evalu-
ated in the presence of a large excess of alcohol, a DG8 of
about +4 kcalmol�1 can be estimated for this step
(Figure 7). In this figure the dihydrogen complex 3’ of
Scheme 2 is also shown, as the kinetic product, about 3 kcal
mol�1 less stable than its classical tautomer 3.[12]

From the kinetic point of view, the dihydrogen-bond equi-
librium is fast on the NMR timescale (a sharp averaged
signal is always observed for the hydride and its adduct with
the alcohol), in agreement with the fact that the formation
of the H-bonded adduct is usually viewed as a diffusion-con-
trolled step[6g] (accordingly, no barrier is depicted in Figure 7
for this step). On the contrary, the proton transfer equilibri-
um is slow on the NMR timescale: separate sharp signals
for the hydride 1 and its protonated derivative 3 are ob-
served, and this sets the upper limit for the rate constants at
about 5 s�1, because higher values would affect the band-
width of the signals. On the other hand, the proton-transfer
equilibrium was always attained in the few minutes between
the addition of the proton donor and the acquisition of the
spectra. These considerations set the proton-transfer rate
within rather narrow limits, corresponding to DG� in the
range 13–15 kcalmol�1.[35] This agrees not only with litera-

Figure 7. Semiquantitative free-energy profile of the interaction between
[HRe2(CO)9]

� (1) and TFE (at 225 K).
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ture data,[2a,6d,6f,6g] but also with the value estimated from the
2D EXSY experiment at 240 K for the interaction of 1 with
HFIP (Figure 6). The free-energy profile of Figure 7 can
therefore be drawn on the basis of the above considerations.

The protonation equilibrium involving PFTB is well shift-
ed to the right, and hence K is greater than 102. Thus, for
PFTB DG8 between the reactants and the products of equi-
librium (7) is negative, with an absolute value greater than
2 kcalmol�1. In the case of HFIP, the observation of compa-
rable amounts of reactants 1+2b and product 3 in the pres-
ence of a slight excess of alcohol indicates that for this
proton donor the DG8 value of equilibrium (7), either posi-
tive or negative, should be close to 0.

Therefore, the free-energy profile of the proton-transfer
reaction for the three alcohols can be qualitatively sketched
as in Figure 8, where the starting energies have been arbi-

trarily placed at the same level to evidence the different
free-energy variations. Indeed, the scheme has the sole pur-
pose of showing that, in the reasonable hypothesis of forma-
tion of homoconjugated pairs, the different positions of the
protonation equilibria for the three alcohols are attributable,
all other species being identical, to the different relative sta-
bilities of the RO···HOR� anions with respect to two moles
of free alcohol.

Conclusion

The interaction of electrophiles with transition metal car-
bonyl hydride anions often occurs with the oxygen atoms of
the carbonyl ligands.[36] The data reported here demonstrate
that in this case the protons of the alcohols interact with the
hydridic site rather than with the surface of negatively polar-
ized oxygen atoms surrounding the [HRe2(CO)9]

� ion. This
witnesses the strength of the dihydrogen bonding interac-
tion.

Such strength is demonstrated also by the observation
that even a neutral hydrido complex containing only p-
acidic ligands, such as [HRe(CO)5], has some (very weak)

propensity for acting as a hydrogen-bond acceptor.[37] The
replacement of a carbonyl ligand of [HRe(CO)5] by penta-
carbonylrhenate [Re(CO)5]

� affords the [HRe2(CO)9]
�

ion,[38] in which the negative charge obviously increases the
H-bond-accepting capability of the hydride.

Dihydrogen bonds involving anionic transition metal hy-
drides have been so far observed only in ion pairs in which
the countercation is the H-bond donor (typically the NH
moiety of potassium(aza-crown) cations).[7] The paucity of
reports concerning anionic hydrides is likely due to the
strongly hydridic character usually associated with the nega-
tive charge, which results in easy protonation, followed by
H2 elimination.[36] The large number of carbonyl ligands in 1
drastically lowers the hydricity of the H ligand, as evidenced
by the basicity factor, which is at the lower limit of the
range of factors determined for the other (neutral) hydrides.
This suggests that, for increasing the hydricity of an H
ligand, ligands with higher donor capability than carbonyl
may be more effective than the negative charge (which in
this case is, in fact, delocalized over two metal centers).

Although the complexity of the system hampered the ac-
quisition of quantitative data for all the alcohols, the quali-
tative picture is very clear and nicely illustrates the effects
of the different acidities on the reaction pathway.[39,40]

With TFE (moderate H-bond donor, a2=0.57, poor
Brønsted acid, pKa=12.4)[14] the interaction usually stops at
the level of dihydrogen bonding: in solution comparable
amounts of the adduct 2a and of the free hydride 1 are pres-
ent, in fast equilibrium, and the relative amount of hydro-
gen-bonded adduct increases with decreasing temperature
and increasing TFE concentration. With the strongest acid
PFTB (a2=0.86, pKa=5.4),[14] in contrast, the interaction re-
sults essentially in proton transfer.

The acidity of HFIP, intermediate between those of TFE
and PFTB (a2=0.77, pKa=9.3),[14] provides the opportunity
of observing both the dihydrogen-bonding and the proton-
transfer equilibria. Although the thermal instability of the
protonation product [Re2H2(CO)9] hampered complete char-
acterization of the thermodynamics of the system, the rever-
sible proton transfer between the alcohol and the hydrido
complex, occurring on the NMR timescale, was clearly pho-
tographed by 2D exchange spectroscopy.

The occurrence of such proton transfer is rather surpris-
ing, both on the basis of the low basicity factor of 1 (to our
knowledge, this is the first case in which proton transfer by
weak acids is observed for a transition metal hydride with
Ej<0.8)[3] and of the poor Brønsted acidity of HFIP (pKa=

9.3,[14] whereas 3 is an stronger acid than PMe2Ph, which has
pKa=6.5[12]).[41] We think that a key factor for explaining
this, as well as a protonation equilibrium with PFTB sub-
stantially driven to the right, is stabilization of the alcohol-
ate anion by H-bonding with the excess of alcohol. There-
fore, the position of the protonation equilibrium under these
conditions (slightly polar aprotic solvent, excess of protonat-
ing agent) depends on the stability of the homoconjugate
RO···HOR� pairs with respect to two moles of ROH
(Figure 8), rather than on the thermodynamic acidity of the

Figure 8. Qualitative free-energy profile of the interaction between
[HRe2(CO)9]

� (1) and the three fluorinated alcohols TFE, HFIP, and
PFTB. The arrows indicate the uncertainty.
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involved proton donors. From another point of view, even if
the dihydrogen-bonded Re2H···HOR� adduct is really the
intermediate in protonation of the hydride, the assistance of
a stronger, “conventional” RO···HOR� hydrogen bond is
necessary to drive the protonation equilibrium to the
right.[5h,6j,6l,9]

Experimental Section

All manipulations were performed under N2 using oven-dried Schlenk-
type glassware. CD2Cl2 (C.I.L.) was dried over activated molecular
sieves. [HRe(CO)5]

[42] and [NEt4][HRe2(CO)9]
[43] were prepared by litera-

ture procedures. TFE, HFIP, and PFTB were used as received (Aldrich).
Exposure of samples containing anion 1 to direct sunlight or to standard
fluorescent lighting was strictly avoided.

All spectra were acquired on a Bruker AVANCE DRX-300 equipped
with a 5 mm QNP probe and a DRX-400 equipped with a 5 mm BBI
probe; T1 measurements were performed on a Bruker AVANCE DRX-
500 equipped with a 5 mm QNP probe. The temperature was calibrated
with standard CH3OH/CD3OD solution.[44]

Interaction between [HRe(CO)5] and fluoroalcohols : A solution of
[HRe(CO)5] in CD2Cl2 (0.025m) was treated with 4.5 equivalents of
HFIP. The NMR spectrum at 223 K showed an upfield shift of the hy-
dride resonance of 0.012 ppm. The experiment was repeated with PFTB
(5.5 equiv), which gave an upfield shift of 0.028 ppm. The addition of fur-
ther PFTB (up to 10 equiv) caused phase separation. An analogous ex-
periment in which the solution of [HRe(CO)5] was treated with a base
(NEt3, 5 equiv) under the same conditions did not show any shift of the
hydride signal.

Interaction between [NEt4][HRe2(CO)9] and fluoroalcohols : A typical
experiment for measuring the chemical shifts at different temperatures
and alcohol concentrations was as follows: A solution of [NEt4]-
[HRe2(CO)9] (3 mL, ca. 0.007m) in CD2Cl2 was prepared in the dark and
then transferred under nitrogen atmosphere into five NMR tubes, and
the amount of solution in each tube was weighed. Different amounts of
alcohol were then added at 193 K to four of these tubes by a 10mL micro-
syringe. The concentration of alcohol was usually maintained below 0.1m
to avoid self-association. To assure strictly constant temperature, the
spectra of the five samples were acquired in sequence at each tempera-
ture. In the intervals between the measurements at different tempera-
tures the samples were maintained in a bath at 193 K. The lower temper-
ature limit for the experiments was set by the necessity of avoiding sepa-
ration of the alcohol phase from CD2Cl2, which was observed at progres-
sively higher temperatures with increasing [ROH]. The upper limit was
set both by the decreased concentration of adduct 2 on increasing the
temperature and, in the case of HFIP, by the thermal instability of 3.

Equilibrium analysis : The results of the above experiments were used to
estimate K of equilibrium (1) as follows: By expressing the molar frac-
tions x in Equation (2) as a function of the equilibrium constant K, Equa-
tion (8) is easily obtained,[5a,b] where CReH and CROH are the starting con-
centrations of the hydride and the alcohol, respectively, and d1 and d2 are
the chemical shifts of the free hydride (known) and of the H-bonded
adduct (unknown), respectively. The values of the two unknown parame-
ters K and d2 were provided by nonlinear fitting of the experimental d
values using the Levenberg–Marquardt algorithm (the computations
were performed by Matlab).

dcalcd ¼ d1 þ ðd2�d1Þ
1

2CReH
ðCReH þ CROH þ 1=KÞ

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðCReH þ CROH þ 1=KÞ2�4CReHCROH

p ð8Þ

In the case of HFIP, CReH and CROH did not correspond to the amounts
introduced into solution (due to the simultaneous occurrence of the pro-

tonation reaction) and had to be substituted by the residual concentra-
tions C’ReH and C’ROH, obtained from the mass balances [Eqs. (9) and
(10)]

CReH ¼ C0
ReH þ ½3� þ 2 ½4� þ

X
½1�consumed ð9Þ

CROH ¼ C0
ROH þ 2 ½3� þ 2 ½4� þ

X
½ROH�consumed ð10Þ

where �[1]consumed and �[ROH]consumed represent the overall amounts of 1
and ROH, respectively, consumed by the formation of decomposition
products different from 4. These terms cannot be evaluated when the
nature of the products or the stoichiometry of the reaction responsible
for their formation is not well defined. The factor of 2 that multiplies [3]
in Equation (10) accounts for the formation of the RO···HOR� pairs [see
Eqs. (6) and (7)]. The actual concentrations of the known hydride species
were easily evaluated from the ratio between the integrated intensity of
the hydride signals and those of the NEt4

+ cation.

A different manipulation of the same relationships led to Equa-
tion (11).[45]

K ¼ dobs�d1

ðd2�dobsÞðCROH� dobs�d1
d2�d1

CReHÞ
ð11Þ

Minimization of the difference between the two members of the equation
by the same Levenberg–Marquardt algorithm provided values of K and
d2 almost identical to those obtained by the previous approach (see
Table 1).

Measurements of T1 of [NEt4][HRe2(CO)9] in the presence of TFE : A
0.05m solution of [NEt4][HRe2(CO)9] in CD2Cl2 was prepared and trans-
ferred into two NMR tubes. To one of these one equivalent of TFE was
added. Both tubes were degassed and then used for inversion recovery T1

NMR measurements. The T1 values were calculated with the nonlinear
three-parameter fitting routine of the Bruker WIN1D program.
1H EXSY experiment on a mixture of 1, 2b, and 3 : A 2D 1H EXSY ex-
periment on a sample of 1 (0.012m) in the presence of 2.5 equiv of HFIP
at 240 K showed that the signal of 3 (d=�10.71 ppm) had exchange
cross-peaks with the averaged signal of 1 and 2b (d=�7.83 ppm) and the
very broad OH resonance at d=4.79 ppm. An estimate of the exchange
rate constant between 3 and 2b from the volume analysis of the 2D
EXSY requires the knowledge of the relative population of the two sites.
In the absence of a reliable value for the equilibrium constant of reac-
tion (1), the amount of 2b in the mixture was calculated from the experi-
mental averaged chemical shift by assuming two limit values for the
chemical shift of adduct 2b (d=�8.75 and �8.35 ppm, respectively, de-
termined on the base of the fitting analysis previously described). The
k2b-3 rate constants calculated accordingly ranged from 3.6 to 2.2 s�1, and
these set DG� in the range 13.2–13.4 kcalmol�1.
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