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Introduction

After the discovery of the first isolable transition-metal–di-
hydrogen complex by Kubas et al.,[1] this important class of
coordination compounds rapidly became an active field of
study.[2] Together with mono- or polyhydride complexes, di-
hydrogen complexes play an important role in many homo-
geneous catalytic processes.[3–5] The most common methods
of generating h2-H2 complexes are addition of H2 gas to an
unsaturated precursor, ligand displacement by H2 gas and
protonation of a hydride complex,[6] the last being the sim-
plest and most convenient method. Protonation of neutral
hydride compounds most often leads to kinetically con-
trolled proton addition to a metal hydride, which forms
either a dihydrogen complex, [M ACHTUNGTRENNUNG(h2-H2)], or a cis-dihydride,
[M(H)2], depending on the nature of the metal and li-
gands.[7,8] Recently, the low-temperature protonation of [M-ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(dppe)H] was shown to give [M ACHTUNGTRENNUNG(Cp*)ACHTUNGTRENNUNG(dppe) ACHTUNGTRENNUNG(h2-H2)]+

for M= Fe[9–12] or Ru[13] and cis-[M ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(dppe)(H)2]
+ for

M=Os.[14] When a [M ACHTUNGTRENNUNG(h2-H2)] complex is initially formed,
its ultimate fate depends on the electronic properties of the
metal; it is stable if the metal has suitable Lewis acidity and

Abstract: Low-temperature (200 K)
protonation of [Mo(CO)ACHTUNGTRENNUNG(Cp*)H-ACHTUNGTRENNUNG(PMe3)2] (1) by Et2O·HBF4 gives a dif-
ferent result depending on a subtle sol-
vent change: The dihydrogen complex
[Mo(CO)ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(h2-H2) ACHTUNGTRENNUNG(PMe3)2]

+ (2) is
obtained in THF, whereas the tauto-
meric classical dihydride [Mo(CO)-ACHTUNGTRENNUNG(Cp*)(H)2ACHTUNGTRENNUNG(PMe3)2]

+ (3) is the only ob-
servable product in dichloromethane.
Both products were fully characterised
(nCO IR; 1H, 31P, 13C NMR spectroscop-
ies) at low temperature; they lose H2

upon warming to 230 K at approxi-
mately the same rate (ca. 10�3 s�1),
with no detection of the non-classical
form in CD2Cl2, to generate [Mo(CO)-

ACHTUNGTRENNUNG(Cp*)ACHTUNGTRENNUNG(FBF3) ACHTUNGTRENNUNG(PMe3)2] (4). The latter
also slowly decomposes at ambient
temperature. One of the decomposition
products was crystallised and identified
by X-ray crystallography as [Mo(CO)-ACHTUNGTRENNUNG(Cp*)(FH···FBF3) ACHTUNGTRENNUNG(PMe3)2] (5), which
features a neutral HF ligand coordinat-
ed to the transition metal through the
F atom and to the BF4

� anion through
a hydrogen bond. The reason for the

switch in relative stability between 2
and 3 was probed by DFT calculations
based on the B3LYP and M05-2X func-
tionals, with inclusion of anion and sol-
vent effects by the conductor-like po-
larisable continuum model and by ex-
plicit consideration of the solvent mol-
ecules. Calculations at the MP4 ACHTUNGTRENNUNG(SDQ)
and CCSD(T) levels were also carried
out for calibration. The calculations
reveal the key role of non-covalent
anion–solvent interactions, which mod-
ulate the anion–cation interaction ulti-
mately altering the energetic balance
between the two isomeric forms.
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p back-bonding ability, it isomerises to a polyhydride struc-
ture if the metal is strongly back-donating and it will evolve
H2 if there is insufficient back-donation.

When a neutral hydride complex is protonated, the nature
of the solvent may be expected to have a profound effect on
the outcome through the effects of polarity (defined herein
as the dielectric permittivity) and/or the possible establish-
ment of specific interactions (hydrogen bonding) with the
neutral solutes (hydride complex, proton donor) or with the
proton-transfer product.[15] Few previous contributions have
specifically addressed solvent effects on the protonation pro-
cess of neutral hydride complexes. For instance, the low-
temperature protonation of [RuACHTUNGTRENNUNG(Cp*)(H)3ACHTUNGTRENNUNG(PCy3)] by RFOH
(hexafluoroisopropanol or perfluoro-tert-butanol), which
gives [Ru ACHTUNGTRENNUNG(Cp*)(H)2ACHTUNGTRENNUNG(h2-H2) ACHTUNGTRENNUNG(PCy3)]+ ACHTUNGTRENNUNG[ORF]� , is assisted by
the Freon mixture relative to toluene because of the in-
crease in the dielectric constant upon cooling.[16] The proto-
nation kinetics of [W3 ACHTUNGTRENNUNG(dmpe)3H3S4]

+ is also affected by the
solvent (MeCN vs. CH2Cl2).[17,18] The solvent polarity effect
on the proton-transfer thermodynamics and energy barrier
has been shown for the protonation of [Ru(CO)(Cp)H-ACHTUNGTRENNUNG(PCy3)][19] and [RuH2 ACHTUNGTRENNUNG(PP3)][20] [PP3=P(CH2CH2PPh2)3]. For
the latter system, the ability of the hydrogen-bond-donating
solvent to interfere with the formation of hydrogen bonds in
the [M�H···H�A] and [M(H2)

+ ···A�] species was demon-
strated. More recently, we have shown that the protonation
of [Mo ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(dppe)H3] by CF3COOH can be directed
toward the formation of either [Mo ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(dppe)H4]

+ or
[Mo ACHTUNGTRENNUNG(Cp*)ACHTUNGTRENNUNG(dppe)H2ACHTUNGTRENNUNG(O2CCF3)] depending on the ability of
the solvent to separate the initially formed [Mo ACHTUNGTRENNUNG(Cp*)-ACHTUNGTRENNUNG(dppe)H4]

+ ACHTUNGTRENNUNG[CF3COO]� contact ion pair.[21]

From those studies it is clear that the proton transfer rate
and equilibrium position are sensitive to a complex combi-
nation of a variety of interactions, such as hydrogen bond-
ing, ion pairs, electrostatic interactions and so forth. The
same forces could influence the preference for the classical
versus non-classical isomers, but to date there is no example
of such a preference switching due to the conditions.
Herein, we report the first direct observation of a solvent in-
fluence on the classical versus non-classical nature of the
protonation product and a computational study that ration-
alises this phenomenon.

Results

Proton transfer to compound 1 at low temperatures : A pre-
viously reported room-temperature protonation study of
[Mo(CO)ACHTUNGTRENNUNG(Cp*)H ACHTUNGTRENNUNG(PMe3)2] (1) by RCO2H (R=H, Me, Et)
was shown[22] to directly afford [Mo(CO) ACHTUNGTRENNUNG(Cp*)ACHTUNGTRENNUNG(h1-O2CR)-ACHTUNGTRENNUNG(PMe3)2] and H2, presumably via an initial (unobserved) in-
termediate h2-H2 complex. We now report our studies of the
protonation of 1 by Et2O·HBF4 at room and low (193 K)
temperature in solvents with similar polarities and different
coordinating abilities (THF and CH2Cl2), by using IR (nCO)
and NMR (1H, 31P{1H}, 13C{1H}) spectroscopic methods. Like
many other hydride complexes, 1 is not stable in CH2Cl2 at

ambient temperature, and slowly undergoes H/Cl exchange
(ca. 11 % conversion in 26 h),[23] but this reaction does not
take place at any measurable rate at low temperatures,
thereby allowing us to carry out low-temperature studies in
this solvent.

Addition of a stoichiometric amount of Et2O·HBF4 to a
pale orange solution of 1 in benzene or THF at ambient
temperature results in an immediate colour change to deep
purple, and gas is evolved. The 1H and 31P{1H} NMR spectra
showed complete consumption of the starting material and
formation of new nonhydridic products (no resonances up-
field of TMS). When Et2O·HBF4 was added at 200 K in
[D8]THF, however, the selective formation of the dihydro-
gen complex [Mo(CO)ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(h2-H2) ACHTUNGTRENNUNG(PMe3)2]

+ (2) was ob-
served (Figure 1). This is suggested by the broad shape of

the hydride resonance at d=�5.14 ppm in the 1H NMR
spectrum and confirmed by the low T1 min value of 24 ms at
190 K (500 MHz). Application of the method of Halpern
and co-workers gives an H�H length of 1.1 � in the slow ro-
tation regime,[24] or 0.88 � in the fast rotation regime.[25]

Other selected NMR and IR spectroscopic properties of this
compound can be found in Table 1, together with those of
the starting material (the complete characterisation is pro-
vided in the Supporting Information).

Figure 1. 1H NMR (500 MHz) spectra in [D8]THF (bottom) or CD2Cl2

(top) of a) compound 1 only; b) compound 1 in the presence of slightly
less than 1 equivalent of Et2O·HBF4. [1]= 0.04 m, T =200 K.

Table 1. Selected NMR and IR spectroscopic data for compounds 1, 2
and 3 at 200 K.

Solvent dhydride
[a]ACHTUNGTRENNUNG[ppm]

T1 min [ms]
(T [K])

dPMe3

[b]ACHTUNGTRENNUNG[ppm]
dCO

[c]ACHTUNGTRENNUNG[ppm]
nCOACHTUNGTRENNUNG[cm�1]

1 [D8]THF �7.03 (t, 77) 882ACHTUNGTRENNUNG(190)[d]
32.0 (s) 252.4 (t, 29) 1776

CD2Cl2 �6.98 (t, 77) 31.4 (s) 255.0 (t, 29) 1751
2 [D8]THF �5.14 (br s) 24ACHTUNGTRENNUNG(190)

16.8 (s) 243.9[e] 1852

3 CD2Cl2 �3.92 (t, 55) 300ACHTUNGTRENNUNG(190)
10.0 (s) 231.5 (t, 10) 1954

[a] 1H NMR spectroscopy; multiplicity and J ACHTUNGTRENNUNG(H,P) [Hz] in parentheses.
[b] 31P{1H} NMR spectroscopy; multiplicity in parentheses.
[c] 13C{1H} NMR spectroscopy; multiplicity and J ACHTUNGTRENNUNG(C,P) [Hz] in parenthe-
ses. [d] In [D8]toluene. [e] No information on the multiplicity could be
obtained.
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A parallel experiment with IR monitoring (nCO region)
showed the growth, after the acid addition, of a new nCO

band at 1852 cm�1, which was attributed to dihydrogen com-
plex 2 (see Figure 2). The high-frequency shift (Dn=

+76 cm�1) is in accord with a significant lowering of the
M(dp)!CO ACHTUNGTRENNUNG(pp*) back-donation upon protonation.[26] Upon
raising the temperature to 230 K, the hydride resonance in
the NMR spectrum gradually disappeared whereas H2

evolved, as shown by the characteristic 1H NMR signal at
d= 4.58 ppm. Correspondingly, the intensity of the nCO(2)
band in the IR spectrum decreased, and a new nCO band ap-
peared at 1800 cm�1. The new compound (4) is characterised
by a 31P{1H} NMR signal at d= 19.4 ppm and by 1H NMR
signals at d=1.85 ppm for Cp* and d= 1.48 ppm for the two
PMe3 ligands at 230 K in [D8]THF. No signal was observed
for this compound in the hydride region. The nature of this
product will be addressed in a later section.

Quite surprisingly, protonation of 1 by HBF4·Et2O in
CD2Cl2 at 200 K gave completely different spectroscopic
changes relative to those in THF (described above), consis-
tent with formation of the dihydride complex [Mo(CO)-ACHTUNGTRENNUNG(Cp*)(H)2ACHTUNGTRENNUNG(PMe3)2]

+ (3 ; see Figure 1 and Table 1). The hy-
dride ligands exhibit only one triplet signal at d=�3.92 ppm
with a T1 min value of 300 ms at 190 K (500 MHz). A parallel
IR experiment revealed a nCO band for 3 at 1954 cm�1, a
much higher frequency (DnCO =++203 cm�1) relative to 2, in
agreement with the formally higher oxidation state in the
classical structure. Similar trends in nCO shifts upon forma-
tion of non-classical and classical dihydride derivatives were
observed for the protonation of [Os(CO)2 ACHTUNGTRENNUNG(Cp*)(H)].[27] The
thermal behaviour of 3 is identical to that of 2 : warming the
sample to 230 K resulted in H2 evolution (H2 signal at d=

4.64 ppm) to give 4. The dihydrogen complex, a possible in-
termediate in the H2 evolution process, was not observed in
this solvent. To the best of our knowledge, such subtle sol-
vent control of the classical/non-classical equilibrium is un-
precedented.

The observation of a single hydride signal for 3 indicates
that this compound either adopts a structure with two equiv-
alent hydrides or that they undergo rapid mutual exchange
on the NMR timescale. At ambient temperature, the related
compounds [Mo(Cp)(H)2ACHTUNGTRENNUNG(PMe3)3]

+ and [Mo ACHTUNGTRENNUNG(Cp*)(H)2-ACHTUNGTRENNUNG(PMe3)3]
+ display averaged resonances that decoalesce at

low temperatures, in agreement with structure I (L =PMe3;
R=H or Me).[28, 29] Analogous structures were shown by X-
ray crystallography for the isoelectronic compounds
[Mo(Cp)(H) ACHTUNGTRENNUNG(MeCN)ACHTUNGTRENNUNG(PMe3)3]

2+ , [W(CO)(Cp)(H)2ACHTUNGTRENNUNG(PMe3)2]
+

and [WACHTUNGTRENNUNG(C6H5Me)(H)2ACHTUNGTRENNUNG(PMe3)3]
2+ ,[27,28,30] and was also pro-

posed for [Mo(CO)(Cp) ACHTUNGTRENNUNG(dppe)(H)2]
+ , which, like our com-

plex 3, only shows one hydride signal at low temperatures.[31]

Therefore, we presume that structure I (L= CO; R=Me) is
also adopted for compound 3. As will
be shown in a later section, the compu-
tational work confirms the lower
energy of this geometry.

On the basis of the NMR spectros-
copy results alone, we could not con-
clude that the reaction selectively
gives a different product in each sol-
vent because rapid interconversion (see the theoretical sec-
tion below for an estimation of the barrier) would result in
a single resonance under all circumstances. However, the
much faster IR experiment can distinguish isomers with
much shorter lifetimes. No observable IR absorption for
non-classical isomer 2 was observed in CH2Cl2 (see the Sup-
porting Information, Figure S1) and, likewise, no significant
IR intensity for classical isomer 3 was observed in the THF
experiment (see the Supporting Information, Figure S2).
Given the signal-to-noise ratio of the IR experiment, we can
conservatively estimate that <5 % of 2 is present in the
CH2Cl2 solution of 3 (K= [2]/[3]<0.053) and that <5 % of 3
is present in the THF solution of 2 (K>24). This corre-
sponds to a relative stability of the two isomers at 200 K, on
the free energy scale, of >1.1 kcal mol�1 in favour of 3 in
CH2Cl2 and >1.1 kcal mol�1 in favour of 2 in THF.

Other interesting information was obtained from the
13C{1H} NMR spectra of the protonation products at 200 K.
The CO signal moves upfield by d= 8.5 ppm upon trans-
forming 1 to 2, whereas it moves upfield by d= 23.5 ppm
upon transforming 1 to 3. There is a good correlation be-
tween the 13C shifts and nCO frequencies for these complexes
in both THF and CH2Cl2 [Eq. (1)] (r2 =0.999). Such correla-
tions are known for various carbonyl complexes,[32,33] the
13C NMR shifts and nCO frequencies being a function of the
ligand substituent properties, for example, in complexes
with a variety of 4-substituted pyridine ligands cis[Mo(CO)4-ACHTUNGTRENNUNG(py-4-X)][34] and [Fe(CO)ACHTUNGTRENNUNG(py-4-X) ACHTUNGTRENNUNG(TPP)].[35]

d13C ¼ �0:116nCOþ458:34 ð1Þ

Theoretical study of the factors affecting the dihydrogen–di-
hydride equilibrium in the [Mo(CO) ACHTUNGTRENNUNG(Cp*)(H)2 ACHTUNGTRENNUNG(PMe3)2]

+

system : The computational investigation was motivated by a
desire to understand the origin of the different isomeric

Figure 2. IR spectra of the nCO region of compound 1 in THF (C =1.2�
10�2

m, l=0.4 mm, 4 cm�1 resolution). a) Alone at 200 K; b) in the pres-
ence of HBF4·Et2O (�1 equiv) at 200 K; c) after warming to 230 K
(�10 min after spectrum b); d) 3 min after spectrum c).
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preference in closely related solvents. All geometry optimi-
sations were carried out by using DFT with both the stan-
dard B3LYP functional and the recently introduced[36] M05-
2X functional. The latter has been shown to give better re-
sults in studies of non-covalent interactions.[37] The internal
geometries of the Mo complexes are quite functional-inde-
pendent, the main difference being a systematic shortening
of all lengths on going from B3LYP to M05-2X (by ca.
0.05 � for Mo�P, 0.02 � for Mo�CCp, 0.01 � for Mo�CO
and C�O, 0.005 � for C�Cring and Cring�CH3). Comparative
structural details for the geometries optimised by the two
different functionals are available in the Supporting Infor-
mation (Tables S1–4). Additional calculations on selected
systems were carried out by using MP2 and B3PW91 on the
fixed B3LYP geometries (Table S5). The structural parame-
ters henceforth reported refer only to the M05-2X calcula-
tions.

Of the two possible isomers of 1 with a cis or trans ar-
rangement of the H and CO ligands, the latter was found to
be more stable by DEg =�6.6 kcal mol�1, in agreement with
the experimentally suggested geometry. Therefore, only this
isomer (Figure 3) was considered in further calculations. Op-

timisation of non-classical complex 2 revealed two isomers
with the H2 ligand either parallel (see Figure S3 in the Sup-
porting Information) or perpendicular to the Cp* ring
(Figure 3). The latter is lower in energy by 0.2 kcal mol�1,
but higher by 0.3 kcal mol�1 after ZPVE correction and by
0.6 kcal mol�1 on the free energy scale. Because most of the
non-classical complexes optimised in this work (see below)
have the H2 ligand perpendicu-
lar to the Cp* ring, the perpen-
dicular geometry was used as
the reference. The energy min-
imum for classical dihydride 3
corresponds to the expected
pseudo-octahedral geometry
(see I). Other local minima in-
clude a second pseudo-octahe-
dral geometry with axial hy-
dride and two cis PMe3 ligands
in the equatorial plane (+
2.6 kcal mol�1 from I) and
pseudo-pentagonal pyramids
with either adjacent or non-ad-
jacent PMe3 ligands (+5.4 and

+4.1 kcal mol�1, respectively).[38] The most stable classical
geometry of 3 is almost equal in energy to the non-classical
isomer 2 in the gas phase (higher by only 1.4 kcal mol�1) and
has a low [Mo ACHTUNGTRENNUNG(h2-H2)]![Mo(H)2] interconversion barrier
(4.3 kcal mol�1; see the transition-state geometry in Fig-
ure S4). This low barrier is entirely consistent with the
minor rearrangement of the coordination sphere during the
isomerisation. The proton affinity of hydride 1, �DH298.15 K

for the 1+ H+!2 reaction, is 242.6 kcal mol�1. This gas-
phase value gives a first indication of the high basicity of the
hydride ligand of 1.

The effects of the BF4 counterion and the solvent on the
relative stability of 2 and 3 were evaluated by explicitly in-
cluding the counterion and one or more solvent molecules,
and by including the polarisability of the medium through
the conductor-like polarisable continuum model CPCM. The
results on the relative energy are summarised in Table 2.
The individual formation energies relative to the separate
cation, anion and solvent in gas phase (DEg) and in solution
(DEsolv) are available in the Supporting Information
(Table S6).

Analysis of Table 2 immediately reveals that the chosen
models and computational levels do not provide quantitative
agreement with the experimental evidence. The DFT meth-
ods predict greater stability for the non-classical isomer
under all conditions, except for a slight preference for the
classical isomer in the case of the gas-phase free cation at
the B3PW91 level. The addition of the BF4

� anion, or sol-
vent molecule, or both, whether in the gas phase or in the
presence of the appropriate CPCM, increase the relative sta-
bility of the non-classical isomer, even in CH2Cl2, in which a
preference for the classical structure is shown experimental-
ly. Conversely, the MP2 method overestimates the stability
of the classical isomer. However, all calculations indicate a
delicate energetic balance between the two isomers. Note
that addition of the solvent, by both explicit inclusion of sol-
vent molecules in the optimisation and consideration of the
CPCM, increases the relative stability of the non-classical
isomer to a greater extent for THF than for CH2Cl2 (for in-
stance the (ion pair)·3 CH2Cl2 system shows a 5.9 kcal mol�1

preference for the non-classical structure, whereas this pref-

Figure 3. View of the M05-2X optimised geometries of complexes 1, 2
and 3.

Table 2. Relative stability of the dihydrogen and dihydride isomers calculated by using different models.

Model Gas phase
DE [kcal mol�1] (DG [kcal mol�1])[a]

CPCM (CH2Cl2)
[b] CPCM (THF)[b]

M05-2X B3LYP B3PW91[c] MP2[c] M05-2X B3LYP M05-2X B3LYP
cation +1.3 (+1.0) + 0.1 �1.0 �9.6 +2.2 (+1.8) +0.5 +2.1 (+1.8) +0.4
cation·CH2Cl2 +2.4 (+1.5) + 0.8 +3.2 (+2.4) +0.7
cation·THF +3.2 (+2.3) + 1.1 +3.9 (+3.0) +0.7
Ion pair +5.9 (+6.0) + 5.3 +4.6 �4.2 +4.9 (+5.0) +4.1 +4.8 (+4.9) +4.0
Ion pair·CH2Cl2 +5.5 (+4.2) + 4.5 +3.8 �5.0 +5.5 (+4.1) +4.2
Ion pair·THF +6.9 (+8.0) + 5.5 +4.8 �1.8 +5.9 (+7.0) +4.2
Ion pair·3CH2Cl2 +6.6 (+8.3) +5.9 (+7.5)
Ion pair·3THF +8.8 (+9.5) +7.4 (+8.1)

[a] DE=E3�E2 and DG =G3�G2. [b] The CPCM results were obtained at the fixed geometry from the gas-
phase optimisation. The reported values are DEsolv in kcal mol�1, with DGsolv in parentheses. The latter have
been obtained by adding the gas phase free energy corrections on the solute to DEsolv. [c] The B3PW91 and
MP2 calculations were carried out at the fixed B3LYP-optimised geometry.
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erence increases to 7.4 kcal mol�1 for the (ion pair)·3 THF
system).

All CPCM calculations were carried out on the fixed geo-
metries obtained from the gas-phase optimisation. The pos-
sibility that the CPCM might significantly affect the geome-
try of the energy minimum was tested by fully reoptimising
the 2·BF4 and 3·BF4 geometries (only at the M05-2X level)
in the presence of the CH2Cl2 and THF CPCM. The internal
geometry of the cation was practically unaffected, whereas
the cation–anion interactions became slightly looser (slightly
longer H···F and shorter B�F hydrogen bond lengths), see
Table S4. However, the energy differences in solution were
not greatly affected (from +4.9 to + 4.9 kcal mol�1 in
CH2Cl2; from +4.8 to +4.6 kcal mol�1 in THF). Thus, we
wondered whether there may be an inherent bias in favour
of the non-classical structure in the DFT method and in
favour of the classical structure in MP2.

Geometry optimisations at higher level are prohibitive for
this system. Therefore, calibration tests were carried out at
the MP4 ACHTUNGTRENNUNG(SDQ) and CCSD(T) levels by using the MP2-opti-
mised geometries of the [Mo(CO) ACHTUNGTRENNUNG(Cp*)(H)2ACHTUNGTRENNUNG(PMe3)2]

+ sys-
tems only as free ions in the gas phase, as well as the MP2,
B3LYP, B3PW91 and M05-2X levels with full geometry opti-
misation. These calculations gave the following values for
Eg

3�Eg
2: +0.1 (B3LYP), �1.0 (B3PW91), + 1.3 (M05-2X),

�8.4 (MP2), �4.1 (MP4 ACHTUNGTRENNUNG(SDQ)) and �3.7 (CCSD(T)). For
this system, the higher-level MP4 ACHTUNGTRENNUNG(SDQ) and CCSD(T) cal-
culations give essentially identical results, which suggests
greater stability for dihydride complex by around 3 kcal
mol�1 relative to the dihydrogen isomer. These results are
halfway between those of the DFT methods, which overesti-
mate the stability of the dihydrogen complex by 4–5 kcal
mol�1, and that of MP2, which overestimate the stability of
the dihydride by the same amount. If this 4–5 kcal mol�1 cor-
rection is applied to the values shown in Table 2, they then
agree well with the experimental observations. Thus, this
calibration test is in agreement with the bias of DFT in
favour of the non-classical structure and of MP2 in favour
of the classical structure.

The remainder of this section will focus on a more de-
tailed analysis of the effects introduced by the anion and
solvent on the structure and energetic properties, which
should give a clue as to how the solvent operates for switch-
ing the cation isomeric preference. The effects of anion and
solvent on selected IR spectral parameters (nHH, nMH and
nCO) are analysed in the Supporting Information (Tables S7
and 8).

Ion pairing : Calculations show that in the gas phase and in
solution the ion-pair interaction dominates over the solvent–
cation and solvent–anion interactions, in agreement with the
presence of the ion pair in low-polarity solvents, rather than
the separated solvated ions (formation energies for cation·
solvent, anion·solvent and cation·anion are collected in
Table S6). The calculations also demonstrate that the pres-
ence of the counterion significantly modifies the classical–
non-classical equilibrium in favour of the dihydrogen com-

plex (by 4.5 kcal mol�1 at the M05-2X level and by
5.4 kcal mol�1 at the MP2 level in the gas phase). This effect
is probably related to a stronger cation–anion interaction
for 2·BF4, as suggested by the shorter F···H contacts (see
Figure 4). For both 2·BF4 and 3·BF4, many of these F···H

contacts are substantially shorter than the sum of van der
Waals radii (2.55 �), but those found in 2·BF4 are on aver-
age shorter than those of 3·BF4. Note that F···H separations
involving the dihydrogen ligand in 2·BF4 are close to the
shortest lenghths, which implicates the Cp* and PMe3 hy-
drogen atoms (ca. 2.1 �). On the other hand, the F···H(Mo)
contacts in 3·BF4 (>2.3 �) are longer than the F···H(C) con-
tacts (ca. 2.0 �; see Figure 4).

Bulk solvent effects : Calculations prove that the solvent, de-
scribed as a continuum, plays a minor role in discriminating
the two isomers, which could have been anticipated from
the very similar dielectric constants (THF e=7.58; CH2Cl2

e=8.93). Both solvents stabilise 2 by 0.7 kcal mol�1, whereas
2·BF4 is disfavoured by 1.0 kcal mol�1 in CH2Cl2 and by
1.1 kcal mol�1 in THF (M05-2X values). Although the con-
tinuum decreases the preference for 2·BF4, ion pairing still
provides greater stabilisation to 2. Of course, depending on
the relative stability of the two isomers of the isolated
cation, the ion-pair formation in solution will either reverse
the energy ordering or not. However, bulk solvent effects
alone are not able to explain the different behaviour in
THF and CH2Cl2.

Discrete solvent effects : The explicit addition of solvent
molecule(s) (either CH2Cl2 or THF) to the ion-pair model
engenders additional non-covalent interactions with the
anion, solvent···anion···cation, rather than with the cation,
and involves the solvent C�H bonds as proton donors.
Therefore, any effect on cation stabilisation must be indi-
rect, through a modulation of the non-covalent cation–anion
interaction by the non-covalent solvent–anion interaction(s).
The relative cation–anion orientation is only slightly distur-
bed by the addition of solvent, without significant lengthen-
ing the F···H(C) interactions (see Tables S3 and 4 in the
Supporting Information), whereas the solvent–anion

Figure 4. View of the M05-2X-optimised geometries for ion pairs 2·BF4

and 3·BF4.

Chem. Eur. J. 2010, 16, 189 – 201 � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 193

FULL PAPERNon-Covalent Interactions

www.chemeurj.org


(C)H···F interactions are significantly longer (by ca. 0.1 �
for CH2Cl2 and by ca. 0.2 � for THF) than in the absence of
the cation (Table S4). No clear trend could be identified in
the internal structure of the Mo complexes (classical or non-
classical). Both M05-2X and MP2 calculations show that the
interaction of the ion-pair with THF stabilises 2·BF4 (by 1.0
and 2.4 kcal mol�1 at the M05-2X and MP2 levels, respec-
tively). The interaction with CH2Cl2 has less influence in the
relative stabilities and works in favour of 3·BF4 (by 0.4 and
0.8 kcal mol�1 at the M05-2X levels and MP2 levels). These
calculations qualitatively reproduce the experimental
trends: the dihydrogen complex is favoured in THF and the
classical dihydride is favoured in CH2Cl2. The inclusion of
three THF molecules provides a relative stabilisation of
2.9 kcal mol�1 to 2·BF4, whereas three CH2Cl2 molecules
only stabilise it by 0.7 kcal mol�1. If the cluster formed by
the ion pair and three discrete
solvent molecules are solvated
with the continuum, the results
are only slightly modified.

We conclude that the calcu-
lations show that ion-paring
with the BF4

� counterion ener-
getically stabilises the dihydro-
gen complex and the theoreti-
cal modelling of the specific
solute-solvent interactions sug-
gests that the solvent establishes specific F···H(C) interac-
tion with the anion. The interaction between dichlorome-
thane and the non-classical ion pair [Mo(CO) ACHTUNGTRENNUNG(Cp*)ACHTUNGTRENNUNG(h2-H2)-ACHTUNGTRENNUNG(PMe3)2]

+BF4
� destabilises the cation–anion bonding and fa-

vours its isomerisation to the dihydride form. On the other
hand, the weaker interaction with THF is insufficient to per-
turb the anion–cation interaction and the non-classical form
remains favoured, as in the gas phase. It is arguable that
these effects are responsible for the predominance of a dif-
ferent isomer depending on the solvent.

Protonation of compound 1 by CF3COOD : The protonation
of 1 was also investigated in [D8]THF with CF3COOD, with
the aim of generating complex [D1]-2 and measuring the 1J-ACHTUNGTRENNUNG(H,D) value. However, 1H and 31P{1H} NMR spectroscopic
monitoring revealed no evidence for the formation of the
desired product when using one equivalent of the acid. The
only observable species was compound [D]-1, which was evi-
denced by an isotopically shifted 31P{1H} NMR signal at d=

32.3 ppm (1:1:1 triplet, 2J ACHTUNGTRENNUNG(P,D)=10 Hz). When the amount
of acid was increased to ten equivalents, the relative intensi-
ty of the [D]-1 31P{1H} NMR signal increased, which is con-
sistent with a greater extent of H/D exchange at the hydride
position, but the signals of 1 in the 1H and 31P{1H} spectra
did not disappear. In addition, a broad and weak signal at
d=�4.5 ppm became visible in the 1H NMR spectrum (cf.
d=�5.14 ppm for 2·BF4). This chemical shift difference can
be explained either by a direct counterion effect, presuma-
bly through hydrogen bonding (Mo(H2)···X) on the proton
chemical shift, or by an effect of X on the classical/nonclass-

ical equilibrium position. Unfortunately, the resonance in-
tensity was not sufficient for an accurate T1 min determina-
tion.

The lower degree of protonation of 1 by CF3COOD rela-
tive to HBF4 can be explained by the lower acid strength of
the former acid. However, reversible protonation of [D1]-2
occurs to a sufficient extent to allow the H/D exchange pro-
cess. Other hydride compounds, for instance [Ru(Cp)H(L2)]
(L2 =dppm, dppe, 2 PPh3), have been shown to be protonat-
ed by HBF4 and not by other relatively strong acids such as
TFA, HCl or HBr in THF.[39]

Investigation of the dihydrogen elimination product : As
mentioned above, the dihydrogen elimination from 2 in
[D8]THF or 3 in CD2Cl2 occurs above 230 K to give solu-
tions with very similar spectroscopic properties, see Table 3.

When the reaction was carried out in C6D6 at room temper-
ature, the 31P NMR spectrum showed a major, broader
(w1/2=10 Hz) peak at d=17.5 ppm and a minor sharper one
at d= 15.5 ppm (w1/2 = 4 Hz). When carried out in [D8]THF,
the broader signal (w1/2 = 16 Hz) was observed at d=

18.1 ppm whereas the sharper one was split into two sepa-
rate signals at d=16.8 and 16.7 ppm in a ratio of about 2:1
(w1/2 =3 and 4 Hz respectively). A solution in THF obtained
in the same manner showed a visible absorption with a max-
imum at l= 510 nm (e�2 � 102

m
�1 cm�1). The decomposition

rate estimated from the IR data at 230 K is essentially the
same for 2 in THF and 3 in CH2Cl2 (ca. 2 � 10�3 s�1), corre-
sponding to an activation free energy DG�

H2
of 16.2 kcal

mol�1. This value is much lower than that obtained for the
H2 loss from [Mo ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(dppe)(H)4]

+ ACHTUNGTRENNUNG[OCOCF3]
� that gives

[Mo ACHTUNGTRENNUNG(Cp*)ACHTUNGTRENNUNG(dppe)(H)2ACHTUNGTRENNUNG(O2CCF3)] (DG�
H2

= 22.1 kcal mol�1 at
270 K).[21]

Possibilities envisaged for the structure of the product are
either [Mo(CO)ACHTUNGTRENNUNG(Cp*)(L)ACHTUNGTRENNUNG(PMe3)2]

+ ACHTUNGTRENNUNG[BF4]
� , in which L is the

solvent (which implies that the different donor properties of
the two solvents affect the spectroscopic properties of the
complex only in a minor way), or [Mo(CO) ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(FBF3)-ACHTUNGTRENNUNG(PMe3)2], in which the BF4

� anion has entered the metal co-
ordination sphere. The first hypothesis seems reasonable for
[D8]THF, which has relatively good coordinating properties,
but is less so for CD2Cl2. However, note that complexes in
which dichloromethane acts as a ligand have been de-
scribed.[40,41] The second hypothesis finds precedent in work
by Beck et al. , who described the formation of the thermo-
labile complexes [Mo(CO)2(Cp) ACHTUNGTRENNUNG(PR3)ACHTUNGTRENNUNG(FBF3)] (R=Ph, OPh,

Table 3. Selected spectroscopic data for the product of H2 evolution from 2 in [D8]THF and 3 in CD2Cl2 at
230 K.

1H NMR[a] 31P{1H} NMR[a] 13C{1H} NMR[a] IR
Solvent dCp* [ppm] dPMe3

[b] [ppm] dPMe3

[c] [ppm] dCO
[d] [ppm] nCO [cm�1]

[D8]THF 1.85 (s) 1.48 (d, 8) 19.4 (quint, 8) 268.7 (t, 31) 1800
CD2Cl2 1.88 (s) 1.47 (d, 8) 19.2 (s) [e] 1794

[a] Signal multiplicity and relevant coupling constants [Hz] in parentheses. [b] J ACHTUNGTRENNUNG(P,H). [c] J ACHTUNGTRENNUNG(P,F). [d] J ACHTUNGTRENNUNG(C,P).
[e] Not detected.
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Et) as the products of the reaction between
[Mo(CO)2(Cp)(H) ACHTUNGTRENNUNG(PR3)] and Ph3C

+BF4
�.[42] Note that the

protonation of hydride complexes is one of many general
methods to access metal complexes of weakly coordinating
anions, which are precursors of cationic organometallic
Lewis acids.[43]

A most enlightening observation comes from the
31P{1H} NMR spectrum of the sample obtained in [D8]THF,
and especially its coupling pattern, which features a perfect
binomial quintet (J=8 Hz) at 230 K (Figure 5) and coalesces

into a singlet at room temperature. The only possible way to
rationalise this coupling pattern is to invoke P–F scalar cou-
pling and therefore BF4 coordination. However, the ob-
served identical coupling to all F atoms implies a rapid
mutual (intramolecular) exchange between the four atoms
in the coordination position. This may occur by either an as-
sociative or a dissociative mechanism, as shown in
Scheme 1. This situation has been previously described for

[W(CO)2(Cp)ACHTUNGTRENNUNG(FBF3){P ACHTUNGTRENNUNG(OPh)3}]
[44] and also for complexes

that contain other weakly coordinating anions, such as
[W(CO)3ACHTUNGTRENNUNG(FSbF5)(NO) ACHTUNGTRENNUNG(PMe3)].[45] The product of H2 evolu-
tion from either 2 or 3 can, therefore, be formulated as
[Mo(CO)ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(FBF3) ACHTUNGTRENNUNG(PMe3)2] (4). There are numerous
crystallographically characterised compounds displaying this
coordination mode for the BF4

� ion, mostly with late transi-
tion metals. No X-ray structure has so far been reported for
mononuclear complexes of MoII, but related examples for
WII include [W(CO)3ACHTUNGTRENNUNG(FBF3)(NO) ACHTUNGTRENNUNG(PMe3)][46] and [W(CO)3-ACHTUNGTRENNUNG(FBF3)H ACHTUNGTRENNUNG(PCy3)2].[47]

Contrary to the behaviour in [D8]THF, the 31P{1H} NMR
signal in CD2Cl2 is a singlet at all temperatures, consistent
with a greater extent of dissociation of the ion pair in this
solvent, which is expected to better solvate the BF4

� ion
through the establishment of F3B�F···H�CHCl2 hydrogen
bonds[20,48] (see also the computational work on
2·BF4···solvent and 3·BF4···solvent, described above). This
leads to faster intermolecular anion exchange and conse-
quently loss of P–F coupling. However, the similarity of the
nCO frequencies of 4 in the two solvents (Table 3) suggests
that the major species present in solution also adopts a mo-
lecular geometry in CH2Cl2.

It is interesting to compare the rate of mutual F exchange
in 4 with that of similar, previously investigated, compounds,
all of which have at least one additional CO ligand in the
coordination sphere, for example, [M(CO)2(Cp)-ACHTUNGTRENNUNG(FBF3)(L)].[42,44, 49] They are most typically at the slow ex-
change limit at low temperatures and reveal an averaged
spectrum only in certain cases at room temperature. In our
case, no decoalescence or any sign of line broadening was
noticeable down to 190 K. This comparison shows that the
BF4

� ligand is much more labile in compound 4, probably
for both steric and electronic reasons. The collective behav-
iour of the different compounds appears most consistent
with a dissociative exchange mechanism. The shape of this
resonance in [D8]THF changes upon warming, becoming a
singlet and shifting upfield on going to ambient tempera-
tures (Dd=1.3 ppm between 230 and 298 K). This behaviour
gives evidence for the onset of an exchange that involves
more than one ion pair, probably assisted by solvent coordi-
nation (as shown in Scheme 1), whereby coupling informa-
tion between a specific Mo atom and a specific BF4

� group
is lost. Again, this is a typical phenomenon already observed
for other FBF3 complexes.[43] Therefore, the compound
exists at low temperatures in [D8]THF as an uncharged mo-
lecular species, perhaps in equilibrium with a tight ion pair
(the dissociative intermediate of the mutual exchange pro-
cess), but equilibrates at higher temperatures with increas-
ing amounts of the free ions, allowing the intermolecular ex-
change (see Scheme 1).

Formation and characterisation of an HF complex : Leaving
solutions of complex 4, either in [D8]THF or in CD2Cl2, at
ambient temperature for extended periods of time resulted
in further decomposition. Monitoring by using 31P and
13C NMR spectroscopy revealed the formation of several

Figure 5. Enlargement of the 31P{1H} NMR signal for the compound ob-
tained from the decomposition of 2 in [D8]THF at 230 K.

Scheme 1.
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products. Upon attempting to crystallise compound 4 pre-
pared in situ from 1 and 0.5 equivalents of Et2O·HBF4 in
toluene at around 250 K, violet crystals were obtained. An
X-ray analysis shows that they correspond to [Mo(CO)-ACHTUNGTRENNUNG(Cp*)(FH···FBF3) ACHTUNGTRENNUNG(PMe3)2] (5), that is, the coordination posi-
tion occupied by the BF4

� anion in compound 4 has been re-
placed by a neutral HF molecule, which then further binds
to the BF4

� anion through a hydrogen bond.

Selected bond distances and angles for the structure of
compound 5 are listed in Table 4. Each anion makes two
short F···(HF) contacts with
two different cations through
atoms F13 and F14, and each
cation is in close proximity to
two different anions, such that
the anions and cations are
packed in pairs, as shown in
Figure 6. Therefore, the proton
of the HF ligand must be disor-
dered between two sites, the
F1···F13 and F1···F14 vectors.
The disordered H atom was, in
fact, directly located in both
positions, with the intensity
data suggesting a 50:50 distri-
bution (see details in the Ex-
perimental Section). The other
two F atoms of the anion, F11
and F12, do not display any
contact with neighbouring ions

shorter than the van der Waals distances. The four B�F
bonds are not equivalent, with those involved in the hydro-
gen bond with HF (B1�F13 and B1�F14) being the longest.
The structure also contains one molecule of interstitial tolu-
ene.

The coordination geometry of the cation is a typical
“four-legged piano stool”, with one CO, two PMe3 and an
HF molecule as “leg” ligands. The CNT-Mo-L angles are in
the narrow 115-1228 range. The most interesting structural
feature is the hydrogen-bonding interaction between the
ions. Hydrogen bonds connecting two fluorine atoms in co-
ordination compounds are common when the proton accept-
or is metal-bound F� to give the hydrogen bifluoride
(FHF)� ligand, crystallographically characterised examples
being [M ACHTUNGTRENNUNG(FHF) ACHTUNGTRENNUNG(H2F) ACHTUNGTRENNUNG(PMe3)4] (M =Mo, W),[50, 51] [Ru-ACHTUNGTRENNUNG(dppe)2(F) ACHTUNGTRENNUNG(FHF)],[52] [Ru ACHTUNGTRENNUNG(FHF)(H) ACHTUNGTRENNUNG(PMe3)4],[53] [Rh ACHTUNGTRENNUNG(cod)-ACHTUNGTRENNUNG(FHF) ACHTUNGTRENNUNG(PPh3)] (cod= cyclooctadiene)[54] and [Pd ACHTUNGTRENNUNG(FHF)(Ph)-ACHTUNGTRENNUNG(PPh3)2].[55] However, we found no precedent in the CSD of
an HF ligand bonded to a transition metal with an addition-
al hydrogen bond to BF4

�. In the structures in which the H
atom was located (see above), this is placed closer to the
dangling F atom than to the metal-coordinated F atom. The
structure can, therefore, be better represented as an HF
adduct of a fluorido complex, M�F···H�F, rather than a cat-
ionic HF complex, [M ACHTUNGTRENNUNG(F�H)]+ ···F�, whereas the disordered
H atom in 5 is located closer to the molybdenum bound F
atom than to FBF3 (0.96 vs. 1.78 �), allowing this compound
to be better described as a cationic HF complex, [Mo(CO)-ACHTUNGTRENNUNG(Cp*)(FH) ACHTUNGTRENNUNG(PMe3)2]

+ ···FBF3
�. The Mo�F bond in 5 is much

longer than the typical terminal MoII�F bond to a fluorido
ligand (average of 2.01(4) � over nine bonds in seven struc-
tures retrieved from the CDS).[56–62] The above-mentioned
[Mo ACHTUNGTRENNUNG(FHF) ACHTUNGTRENNUNG(H2F) ACHTUNGTRENNUNG(PMe3)4] complex also has a shorter Mo�ACHTUNGTRENNUNG(FHF) bond (2.124(3) �) than our compound because the
fluorine atom bonded to Mo has a greater electron density
in (FHF)� relative to (FH···FBF3)

�. The closest relative to
the arrangement of the HF ligand in the structure of 5 is

Table 4. Selected bond lengths and angles for compound 5.[a]

Bond lengths [�]

CNT1�Mo1 1.9968(12) Mo1�P2 2.4777(7)
Mo1�C6 1.895(3) P1�C113 1.810(3)
C6�O6 1.177(3) P1�C111 1.815(3)
Mo1�F1 2.2988(16) P1�C112 1.825(3)
F1�H1A 0.96 P2�C213 1.815(3)
F1�H1B 0.96 P2�C212 1.815(3)
F1···F13 2.697(3) P2�C211 1.825(3)
F1···F14 2.714(2) B1�F11 1.325(4)
H1A···F14 1.78 B1�F12 1.362(4)
H1B···F13 1.79 B1�F13 1.384(4)
Mo1�P1 2.4672(7) B1�F14 1.386(4)

Bond angles [8]

F1-H1A···F14 164 F12-B1-F13 106.3(3)
F1-H1B···F13 157 CNT1-Mo1-P1 120.11(4)
Mo1-F1-H1A 122.0 CNT1-Mo1-P2 121.71(3)
Mo1-F1-H1B 118.0 Mo1-F1-F14 129.18(8)
Mo1-F1-F13i 130.70(9) CNT1-Mo1-F1 114.96(6)
P1-Mo1-P2 118.07(2) CNT1-Mo1-C6 117.72(8)
C6-Mo1-F1 127.32(9) C6-Mo1-P2 74.76(7)
C6-Mo1-P1 74.51(8) F1-Mo1-P2 78.74(4)
F1-Mo1-P1 79.35(5) F11-B1-F14 111.4(3)
O6-C6-Mo1 177.4(2) F12-B1-F14 108.1(2)
F11-B1-F12 110.8(3) F13-B1-F14 108.2(3)
F11-B1-F13 111.7(3)

[a] CNT is the Cp ring centroid. Symmetry code: i= 1�x, 1�y, 1�z.

Figure 6. An ORTEP view of the molecular geometry of [Mo(CO) ACHTUNGTRENNUNG(Cp*)(FH···FBF3)ACHTUNGTRENNUNG(PMe3)2] (5) (with an
atom-labelling scheme) that shows the formation of a pseudo-dimer through F�H···F hydrogen bonds. Dis-
placement ellipsoids are drawn at the 30% probability level and the disordered H atoms are represented as
small spheres of arbitrary radius. Symmetry code: i=1�x, 1�y, 1�z.
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[La(HF)2ACHTUNGTRENNUNG(AsF5)3], in which intermolecular La�(FH)···ACHTUNGTRENNUNG(FAsF5)La is observed.[63] It should be mentioned that intra-
molecular examples of M�(FH)···B moieties (B= proton ac-
ceptor, such as the 2-NH2 group of metal-coordinated o-ami-
nopyridine) have also been described, though without struc-
tural characterisation.[64,65] Comparison of all these results
shows that with a proton acceptor as strong as F� there is a
preference for M�F···H�F,
whereas weaker proton donors
(neutral NH2 groups or anionic
AsF6

� and BF4
�) lead to M�

F�H···B.
In the solid state, complex 5

displays a nCO band at
1780 cm�1, that is, very close to
that of compound 4. Two nBF

bands appear at 937 and
1018 cm�1, accompanied by un-
resolved bands of lower inten-
sity at around 1106 and
1163 cm�1, in agreement with
the expected lowering of the
BF4

� symmetry. A broad band
at 3477 cm�1 is assigned to the
nHF stretching vibration. This
value is substantially higher than that of the hydrogen bi-
fluoride ion in its various salts (nHF =1250–1750 cm�1)[66] or
in the above-mentioned hydrogen bifluoride complexes of
transition metals (nHF =2310–2793 cm�1).[51,52] On the other
hand, it is much lower than the nHF stretching mode for free
HF in the gas phase (3960 cm�1)[67] or weakly bonded
HF·BF3 complex (3958 cm�1),[68] being in agreement with an
HF bond elongation with respect to free HF (0.918 �).[51]

Discussion

Examples of tautomeric pairs of classical dihydride and di-
hydrogen complexes with very similar energies are rather
common.[2] In some cases, the energetic preference was
shown to switch by a subtle change in the donor/acceptor
and steric properties of other ligands. For instance,
[Mo(CO)H2(R2PCH2CH2PR2)2] is a classical dihydride com-
plex if R=Et or iBu and a dihydrogen complex if R=Ph or
Bz,[69–71] whereas [W(CO)3H2ACHTUNGTRENNUNG(PR3)2] shows the two tauto-
meric forms in equilibrium if R= iPr but is present exclu-
sively as the classical dihydride if R= Me.[72] It has been pre-
viously shown that the H�H bond in dihydrogen complexes
may be very sensitive to intra- and intermolecular interac-
tions, including ion pairing.[73] In one case, a switch was high-
lighted for the same cationic complex, [Co ACHTUNGTRENNUNG(PP3)H2]

+ (PP3 =

P(CH2CH2PPh2)3), by a mere change in counterion in the
solid state; the classical dihydride structure is adopted in the
presence of the BPh4 anion, whereas the corresponding PF6

salt reveals a nonclassical dihydrogen structure (although
the positions of the two H atoms were not located).[74] An
NMR spcectroscopy study, on the other hand, only reveals

the classical structure in solution.[75,76] The example de-
scribed herein, in which both cation and anion are invariant
and a complete switch in solution is caused by a subtle sol-
vent change, appears to be unprecedented.

The overall reaction of 1 with HBF4 may be described as
shown in Scheme 2. The first question to address is whether
the predominant formation of 2 in THF and 3 in CH2Cl2 has

a kinetic or a thermodynamic origin. High activation barri-
ers for the interconversion of classical dihydrides and dihy-
drogen complexes are sometimes observed when the isomer-
isation involves extensive ligand rearrangement. Examples
are cis-[M ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(dppe) ACHTUNGTRENNUNG(h2-H2)]+/trans-[M ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(dppe)H2]

+

(DH� = 20.4(8), 20.9(8), and 21.5(10) kcal mol�1 for M=

Fe,[12] Ru[13] and Os,[77] respectively) and [W(CO)3 ACHTUNGTRENNUNG(h2-H2)-ACHTUNGTRENNUNG(PR3)2]/[W(CO)3(H)2ACHTUNGTRENNUNG(PR3)2] (R=cyclopentyl, DG� =

11(2) kcal mol�1).[78] Theoretical investigations have shown
that the [M ACHTUNGTRENNUNG(h2-H2)]/cis-[M(H)2] isomerisation has a very
small barrier if the rest of the coordination sphere does not
undergo significant change.[79] The two hydride ligands in
complex 3 occupy cis coordination sites, as shown in I,
therefore, the rearrangement to the non-classical form must
involve a very minor rearrangement of the coordination
sphere. This proposition is confirmed by DFT calculations.
Thus, the nature of the product is determined by thermody-
namic factors. This conclusion is also consistent with the
lack of observation of 2 during the thermal decomposition
of 3 and with the essentially identical decomposition rate for
the two isomers at the same temperature. From that rate
(ca. 10�3 s�1 at 230 K), we can derive an activation free
energy of 16.5 kcal mol�1 at 230 K for the H2 release process,
much larger than the energy barrier for the isomerisation
process. Thus, the rate limiting step must be the dissociation
of H2 from 2.

If the solvent effect is due to thermodynamics and not to
kinetics, the next question to address is the origin of this
effect, especially considering that THF and CH2Cl2 possess
similar polarity (dielectric permittivity).[80] The relative sta-
bility may be quite small, as little as 1.1 kcal mol�1 in favour
of 2 in THF and the same amount in favour of 3 in CH2Cl2

Scheme 2.
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(vide supra). One possibility is that the effect could be due
to the ability of THF to establish hydrogen-bonding interac-
tions as a proton acceptor with the H2 ligand in 2 (suppos-
edly a stronger acid than 3), whereas dichloromethane
rather displays weak proton-donating properties and prefers
to interact with the BF4

� anion.[20,48, 81] However, the compu-
tational work suggests that the cations establish much stron-
ger non-covalent interactions with the BF4 counterion than
with the solvent molecules. Indeed, neither CH2Cl2 nor THF
break the [Mo(CO)ACHTUNGTRENNUNG(Cp*)H2ACHTUNGTRENNUNG(PMe3)2]BF4 ion pair but merely
alter the cation–anion interaction in a rather minor way.
Therefore, the effect of the solvent on the classical/non-clas-
sical equilibrium energetics can be described as operating
through a second-order non-covalent interaction: solvent···
anion···cation. The computational study, especially with the
aid of calibrations by high-level MP4ACHTUNGTRENNUNG(SDQ) and CCSD(T),
suggest that the dihydride isomer is inherently more stable
than the dihydrogen complex, though by a very small
margin, and that the explicit inclusion of anion and solvent
molecules tilts the balance in favour of the dihydrogen com-
plex to a greater extent in THF than in CH2Cl2.

The experimental observations reported herein may be
compared with previously published protonation reactions
of similar compounds to trace the influence of the ligand en-
vironment on the nature and stability of the protonation
product. Treatment of [Mo(CO)2(Cp)H ACHTUNGTRENNUNG(PMe3)] with
Et2O·HBF4 leads to immediate H2 evolution, even at
�78 8C, in poorly coordinating or non-coordinating solvents,
such as ether, toluene and heptane.[82] In the presence of suf-
ficiently coordinating solvents (e.g., L= MeCN), stable sol-
vent adducts [Mo(CO)2(Cp)(L) ACHTUNGTRENNUNG(PMe3)]+ were obtained.
The protonation of [Mo(Cp)H ACHTUNGTRENNUNG(PMe3)3]

[28] or [Mo ACHTUNGTRENNUNG(Cp*)H-ACHTUNGTRENNUNG(PMe3)3]
[29] with HBF4, on the other hand, leads to stable di-

hydride products, [Mo(H)2ACHTUNGTRENNUNG(PMe3)3ACHTUNGTRENNUNG(ring)]+ (ring = Cp or
Cp*), which shows that the metal centre in this compound is
sufficiently electron-rich to prevent the formation of a (h2-
H2) complex and H2 evolution. The present results show
that an intermediate electronic environment (only one CO
ligand and two PMe3 ligands, Cp* in place of Cp) is suffi-
cient to stabilise the primary protonation product, non-clas-
sical hydride 2 at low temperatures in THF, but not suffi-
cient to prevent H2 elimination at higher temperatures.

Bullock et al. have reported a low-temperature NMR
spectroscopic study of the protonation of [Mo(CO)(Cp)-ACHTUNGTRENNUNG(dppe)H],[31] which is electronically very similar to com-
pound 1 with TfOH. The reaction, conducted in CD2Cl2, led
to direct formation of the dihydride product, [Mo(CO)(Cp)-ACHTUNGTRENNUNG(dppe)(H)2]

+ , without observation of a dihydrogen complex
intermediate.[31] This product decomposes with loss of H2

upon warming with formation of [Mo(CO)(Cp) ACHTUNGTRENNUNG(dppe)-ACHTUNGTRENNUNG(OTf)]. Like this system, compound 3 also loses H2 upon
warming with incorporation of the counterion to give 4
(Scheme 2). It is remarkable, in our opinion, that the metal
in this compound prefers to accept the weakly coordinating
BF4

� anion rather than a molecule of THF. Previously de-
scribed [Mo(CO)2(Cp) ACHTUNGTRENNUNG(FBF3)ACHTUNGTRENNUNG(PR3)] analogues were appa-
rently always handled in cold CH2Cl2 and the BF4

� ligand

was readily substituted by phosphines and olefins,[42] but
their behaviour in more coordinating solvents does not
appear to have been tested. Other compounds that contain
this and other weakly coordinating anions (PF6, SbF6,
CF3SO3, etc.) have been generated in hydrocarbon solvents
and the weakly coordinating anions were readily displaced
under very mild conditions by a number of neutral donors,
even weak ones such as R2O.[43] In the review by Beck and
S�nkel, the affinity of [M(CO)2(Cp)(L)]+ systems (M= Mo,
W; L= tertiary phosphine) for Lewis bases is described as
CH2Cl2<BF4

�<THF.[43] The different trend observed in our
case for the [Mo(CO)ACHTUNGTRENNUNG(Cp*) ACHTUNGTRENNUNG(PMe3)2]

+ system may be ration-
alised on steric grounds because the metal coordination
sphere is more crowded in the present system and THF re-
quires more space in the coordination sphere than FBF3.
The formation of complex 5 may be rationalised on the
basis of the rupture of the B�F bond with loss of BF3 from
compound 4, which is promoted by the Lewis acidity of the
Mo atom, followed by trapping of the fluoride intermediate
by an additional HBF4 molecule.

Conclusions

The present investigation has shown a striking example of
how delicately the ligand environment and the solvent
nature control the relative stability of a classical dihydride
vs. its isomeric dihydrogen complex for the protonation
product of [MoH(L3) ACHTUNGTRENNUNG(ring)]-type molecules. In an electron-
rich ligand environment (e.g., ring=Cp or Cp* and L3 =

(PMe3)3), stable compounds with a classical dihydride struc-
ture are obtained. In an electron-poor environment (e.g.,
ring=Cp and L3 = (CO)2 ACHTUNGTRENNUNG(PMe3)), immediate decomposition
occurs at 195 K, probably via a fleeting dihydrogen complex.
For compound 1, which has intermediate electronic proper-
ties, we have shown for the first time how the reaction can
be steered toward the classical or the non-classical product
by a small change in the solvent properties. High-level DFT
calculations with the inclusion of counterion and solvent ef-
fects (through the CPCM and also through the explicit in-
troduction of solvent molecules) have revealed intimate de-
tails of the organisation of the 2·BF4 and 3·BF4 ion pairs in
solution. The solvent regulation of a classical/non-classical
equilibrium with complete switch in solution, in which both
cation and anion are invariant, appears to be unprecedent-
ed. The analysis reported here also reveals that a network of
solvent···anion···cation non-covalent interactions is responsi-
ble for a dramatic change in the cation	s nature, which dem-
onstrates the steering role of specific solute–solvent interac-
tions.

Experimental Section

General : All manipulations were carried out under argon. All solvents
were dried over an appropriate drying agent (Na/benzophenone for tolu-
ene and THF; CaH2 for CH2Cl2) and freshly distilled under argon prior
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to use. C6D6 and [D8]toluene (Euriso-Top) were kept over molecular
sieves and deoxygenated with an argon flow before use. CD2Cl2 and
[D8]THF (Euriso-Top) were degassed by three freeze–pump–thaw cycles,
then purified by vacuum transfer at RT. [(Mo(CO) ACHTUNGTRENNUNG(Cp*)H ACHTUNGTRENNUNG(PMe3)2] was
synthesised according to a literature procedure.[22] Et2OHBF4 (56 %,
Sigma–Aldrich) was used as received.

Instrumentation : Room-temperature NMR spectroscopy was carried out
by using Bruker DPX300 and AV300LiQ spectrometers operating at
300.1 (1H), 121.49 (31P{1H}) and 75.47 MHz (13C{1H}). Low-temperature
1H, 31P{1H} and 13C{1H} data were collected by using a Bruker AV500
spectrometer operating at 500.3, 202.5 and 125.8 MHz, respectively. The
temperature was calibrated by using a methanol chemical shift thermom-
eter; the accuracy and stability was �1 K. All samples were allowed to
equilibrate for at least 3 min at every temperature. The 1H and 13C spec-
tra were calibrated by using the residual solvent signal relative to TMS
and the 31P was calibrated by using external 85% H3PO4. The conven-
tional inversion–recovery–pulse method (180–t–90) was used to deter-
mine the variable-temperature longitudinal relaxation time (T1), the cal-
culations for which were performed by using standard Bruker software.
The IR spectra were recorded by using Perkin–Elmer Spectrum 100
FTIR (2.0 cm�1 resolution), Specord M-82 (4.0 cm�1 resolution) and FT
Infralum-801 (2.0 cm�1 resolution) spectrometers; 0.12 or 0.04 cm cells
were used for the solutions.

In situ generation of compound 2 and its subsequent thermal decomposi-
tion : Compound 1 (10 mg, 0.024 mmol) and [D8]THF (0.6 mL) were
added to a 5 mm NMR tube. After cooling to 200 K, a 56 % solution of
HBF4 in ether (HBF4·ether; 3 mL, 0.70 equiv from NMR integration) was
added by using a microsyringe and the reaction was directly monitored
by using an NMR spectroscopic probe.

In a separate experiment, the same reaction of 1 (5 mg (0.012 mmol) and
HBF4·ether (�1.5 mL, �0.012 mmol) was carried out in regular THF
(1 mL) in a Schlenk tube. The resulting solution was transferred into the
IR cell inside a precooled cryostat by using a cannula, and monitored by
IR spectroscopy in the nCO region.

In situ generation of compound 3 and its subsequent thermal decomposi-
tion : This experiment was run with compound 1 (10 mg, 0.024 mmol) and
HBF4·ether (3 mL, 0.78 equiv from integration) in CD2Cl2 (0.6 mL) by
using the same protocol as for 2.

In a separate experiment, the same reaction was carried out by using 1
(5 mg, 0.012 mmol) and HBF4·ether (�1.5 mL, �0.012 mmol) in CH2Cl2

(1 mL) in a Schlenk tube. The resulting solution was transferred into the
IR cell inside a precooled cryostat by using a cannula and monitored by
IR spectroscopy in the nCO region.

Generation of compound 5 : HBF4·ether (�4.5 mL, �0.035 mmol) was
added by using a microsyringe to a solution of compound 1 (30 mg,
0.07 mmol) in toluene (1 mL) at RT. A pentane layer (�0.5 mL) was
subsequently applied to the top of the solution, which was held at
�20 8C. A few crystals of compound 5 formed in two days. The amount
was only sufficient to record an IR spectrum and for an X-ray structure
analysis. IR (neat): ñ=1780 (s; nCO), 1091 (m), 1030 (m), 1004 (m),
936 cm�1 (s; BF4).

X-ray analysis of compound 5 : A single crystal was mounted under inert
perfluoropolyether at the tip of a glass fibre and cooled in the cryostream
of an Oxford-Diffraction XCALIBUR CCD diffractometer. Data were
collected by using monochromatic MoKa radiation (l =0.71073 nm). The
structure was solved by using direct methods (SIR97)[83] and refined by
least-squares procedures on F2 by using SHELXL-97.[84] All H atoms at-
tached to carbon were introduced in idealised positions in the calculation
and were treated as riding on their parent atoms. The two positions of
the disordered H atom attached to F1 were located in the difference
Fourier map and first refined by using restraints (F�H=0.94(1) �), then
treated as riding on the F atom during the last stages of refinement with
Uiso =1.2Ueq(F). There is one well-behaved toluene solvate molecule per
asymmetric unit. This molecule was located with the help of
ORTEP32.[85] Crystal data and refinement parameters are shown in
Table 5. CCDC-714915 (5) contains the supplementary crystallographic
data (excluding structure factors) for this paper. These data can be ob-

tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

Computational details : All calculations were performed at the DFT level
by using the M05-2X functional[36] and the hybrid B3LYP functional,[86–88]

as implemented in Gaussian 03.[89] The optimisations of the dihydrogen/
dihydride cations, the ion pairs with the BF4

� counterion and the adducts
containing one solvent molecule were also performed at the DFT/
B3PW91 and MP2 levels. The MP4 ACHTUNGTRENNUNG(SDQ) and CCSD(T) methods were
used for single-point calculations at the MP2-optimised geometry of the
model [Mo(CO)(Cp)(H)2 ACHTUNGTRENNUNG(PH3)2]

+ complexes. The basis set for the Mo
and P atoms was that associated with the pseudopotential[90, 91] with a
standard double-z LANL2DZ contraction,[89] supplemented in the case
of P with a set of d-polarisation functions.[92] The 6-31G(d) basis set was
used for C atoms of Cp* ring and CH2Cl2, and for B and F atoms of BF4.
The 6-31 ++G ACHTUNGTRENNUNG(d,p) basis set was used for the CO group, the hydride li-
gands, the O atom of THF, the CH2Cl2 chlorine atoms and the acidic H
atoms of HBF4 and CH2Cl2. The 6-31G basis set was used for all other
atoms. The structures of the reactants, intermediates, transition states and
products were fully optimised without any symmetry restrictions. Transi-
tion states were identified as having one imaginary frequency in the Hes-
sian matrix. No scaling factor was applied to the calculated frequencies
because the optimisation was run in the gas phase and the IR spectra
were measured in solution. The average ratio between the experimental
and calculated nCO values is around 0.95. Non-specific solvent effects
were introduced through CPCM representation of the solvent by single-
point calculations[93, 94] on gas-phase-optimised geometries for dichloro-
methane (e =8.93) and THF (e=7.58). The DEsolv and DGsolv values were
obtained by adding the contribution of the free energy of solvation to the
gas-phase potential energy and gas-phase free energy, respectively.[95]

Specific solvent effects in the ion pairs were considered by introducing
discrete solvent molecules (either CH2Cl2 or THF) to solvate the BF4

anion of the ion pair. To generate good starting points for the optimisa-
tion of the solvated ion pairs, the most stable conformation of the solvat-
ed free BF4 anion was initially investigated. Then the calculated arrange-

Table 5. Crystal data and structure refinement for 5·C6H5CH3.
[a]

5·C6H5CH3

empirical formula C24H42BF5MoOP2

Mr 610.27
crystal colour, habit dark violet, box
crystal system monoclinic
crystal size [mm] 0.54 � 0.32 � 0.16
T [K] 180(2)
space group P21/a
a [�] 9.6293(3)
b [�] 26.8813(7)
c [�] 11.3274(3)
b [8] 100.553(3)
V [�3] 2882.48(14)
Z 4
1calcd [gcm�1] 1.406
m [mm�1] 0.613
min/max transmission 0.43366/1.000
q range [8] 32.12
F ACHTUNGTRENNUNG(000) 1264
reflns measured 30896
independent reflns (Rint) 9529 (0.0438)
completeness of dataset [%] 94.3
observed reflns [I>2s(I)] 5715
parameters 319
GOF 0.984
R1, wR2 [I>2s(I)] 0.0355, 0.0810
R1, wR2 (all data) 0.0789, 0.0996
D1min, D1max [e ��3] 1.191, �0.900

[a] Only the average values are given for chemically equivalent parame-
ters. [b] From reference [96].
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ment of solvent molecules was introduced into the most stable conforma-
tions of the ion-pairs and the system was fully optimised.
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