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Solvent-Dependent Dihydrogen/Dihydride Stability for
[Mo(CO)(Cp*)H2(PMe3):2]"[BFs] Determined by Multiple
Solvent:--Anion---Cation Non-Covalent Interactions

Pavel A. Dub,/*"! Natalia V. Belkova,”! Oleg A. Filippov,/’! Jean-Claude Daran,!?! Lina M.
Epstein,/’! Agusti Lledos,!! Elena S. Shubina,**! Rinaldo Poli**dl

Abstract: Low temperature (200K)
protonation of compound [Cp*Mo-
(PMe3)2(CO)H], 1, by Et;O-HBF, yields
a different result depending on a subtle
solvent change: the dihydrogen complex
[Cp*Mo(PMes)(CO)(n2>-Ho)]*, 2, s
obtained in THF, whereas the
tautomeric classical dihydride [Cp*Mo-
(PMe3)2(CO)(H).]", 3, is the only
observable product in dichloromethane.
Both products were fully characterized
(vco 1R, 1H, 31P, 13C NMR) at low
temperature; they loose H, upon
warming to 230 K at approximately the
same rate of ca 10~ s! (with no detection
of the non-classical form in CD,Cl,),

(FBF3)], 4. The latter also slowly
decomposes at ambient temperature.
One of the decomposition products was
crystallized and identified by X-ray
crystallography as [Cp*Mo(PMes).-
(CO)(FH--FBF3)], 5, featuring a neutral
HF ligand coordinated to a transition
metal through the F atom and to the BF4
anion through a hydrogen bond. The
reason for the switch of relative stability
between 2 and 3 was probed by DFT
calculations based on the B3LYP and
MO05-2X functionals, with inclusion of
anion and solvent effects through the
conductor-like polarizable continuum
model (CPCM) and by the explicit

Calculations at the MP4(SDQ) and
CCSD(T) levels on the simplified
[CpMo(PH3)2(CO)H2]" model were also
carried out for calibration. The
calculations reveal the key role of non
covalent anion-solvent interactions,
which modulate the anion-cation
interaction ultimately altering the
energetic balance between the two
isomeric forms.

Keywords: Molybdenum - hydride
ligands - dihydrogen complexes -
proton transfer - DFT calculations -
solvent effects - non covalent
interaction
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consideration of

solvent molecules.

After the discovery of the first isolable transition metal dihydrogen
complex by Kubas and co-workers,!'! this important class of
coordination compounds spread rapidly into an active field of study.!!
Together with mono- or polyhydride complexes, dihydrogen
complexes play an important role in many homogeneous catalytic
processes.’] The most common methods to generate (n?-Ha)-
complexes are (a) addition of Hz gas to an unsaturated precursor, (b)
ligand displacement by H: gas, and (c) protonation of a hydride
complex, the latter being the simplest and most convenient method.
Protonation of neutral hydride compounds most often leads to the
kinetically controlled proton addition to a metal hydride, forming
either a dihydrogen complex M(n?-Hz), or a cis-dihydride, M(H)a,
depending on the nature of the metal and ligands.[®! Recently, the low
temperature protonation of [Cp*M(dppe)H] was shown to produce
[Cp*M(dppe)(n>-H2)]" for M = Fel¥ or Rul”l and [cis-
Cp*M(dppe)(H)2]" for M = Os.®] When a dihydrogen complex M(n?-
H2) is initially formed, its ultimate fate depends on the metal
electronic properties: it is stable when the metal has suitable Lewis
acidity and m back-bonding ability; it isomerizes to a polyhydride
structure if the metal has a strong back-donating power; and it will
evolve H: 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 by the dielectric



permittivity) and/or the possible establishment of specific interactions
(H-bonding) with the neutral solutes (hydride complex, proton donor)
or with the proton transfer product.l’’ Few previous contributions
have specifically addressed solvent effects on the protonation process
of neutral hydride complexes. For instance, the low-temperature
protonation of [Cp*RuH3(PCys3)] by RFOH (hexafluoroisopropanol or
perfluoro-tert-butanol), yielding [Cp*Ru(H)2(n?-H2)(PCy3)]'[ORF],
is assisted by the Freon mixture relative to toluene, because of the
dielectric constant increase upon cooling.[1% The protonation kinetics
of complex [W3S4(dmpe)sHs]" is also affected by the solvent (MeCN
vs. CH2CL).[''l The solvent polarity effect on the proton transfer
thermodynamics and energy barrier has been shown for the
protonation of [CpRuH(CO)(PCy3)]'? and [Ru(PP3)H:]"3! [PP; =
P(CH2CH2PPh2)3]. For the latter system, the ability of the H-bond
donating solvent to interfere with the formation of H-bonds in the [M-
H:~-H-A] and [M(H2)"--A"] species was demonstrated. More recently,
we have shown that the protonation of Cp*Mo(dppe)Hs by
CF;COOH can be directed toward the formation of -either
[Cp*Mo(dppe)Ha]" or [Cp*Mo(dppe)H2(02CCF3)] depending on the
solvent ability to separate the initially formed
[Cp*Mo(dppe)H4]"(CF3COO") contact ion pair.l'*]

From those studies it is clear that the proton transfer rate and
equilibrium position are sensitive to a complex combination of
interactions of various nature such as hydrogen bond, ion pair,
electrostatic, weak forces etc... The same forces could influence the
preference for the classical vs. non-classical isomers, but up to date
there is no example of switching such preference depending on the
conditions. In the present contribution, we report the first direct
observation of a solvent influence on the classical vs non-classical
nature of the protonation product and a computational study that
rationalizes this phenomenon.

Results
(a) Proton transfer to compound 1 at low temperatures

A previously reported room temperature protonation study of
complex [Cp*Mo(CO)(PMes)2H], 1, by RCO:2H (R = H, Me, Et) was
shown!! to directly afford Cp*Mo(PMes3)2(CO)(n!-O2CR) and Ho,
presumably via an initial (unobserved) intermediate (n>-Hz)-complex.
We now report our studies of the protonation of 1 by Et2O-HBF4 at
room and low (193 K) temperatures in solvents possessing close
polarity and different coordinating ability (THF and CH>Cl), using
IR (vco) and NMR ('H, *'P{'H}, 3C{'H}) spectroscopic methods.
Like many other hydride complexes, 1 is not stable in CH2Clz at
ambient temperature, slowly undergoing H/Cl exchange (ca. 11%
conversion in 26 hours),!'? but this reaction does not take place at any
measurable rate at low temperatures, 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 temperatures
yields an immediate color change to deep-purple and gas evolution.
The 'H and 3'P{'"H} NMR spectra showed complete consumption of
the starting material and formation of new nonhydridic products (no
resonances upfield of TMS). When the Et;O-HBFs addition was
carried out at 200K in THF-ds, however, the selective formation of
the dihydrogen complex [Cp*Mo(CO)(PMes)2(n?*-H2)]" (2) was
observed, see Figure 1. This is suggested by the broad shape of the
hydride resonance at -5.14 ppm in the 'H NMR spectrum and
confirmed by the low Timin value of 24 ms at 190K (500 MHz).

Application of the method of Halpern and co-workers gives an H-H
distance of 1.1 A in the slow rotation regime!'”], or 0.88 A in the fast
rotation regime.['® Other selected NMR and IR properties of this
compound can be found in Table 1 together with those of the starting
material, whereas the complete characterization is provided as
Supporting Information.

A parallel experiment with IR monitoring (vco-region) showed
the growth, after the acid addition, of a new band vco at 1852 cm’!,
attributed to the dihydrogen complex 2 (see Figure 2). The high-
frequency shift (Av = +76 cm™') is in accord with a significant
lowering of the M d(m) — CO (prn*) back-donation upon
protonation.!'” Upon raising the temperature to 230 K the hydride
resonance in the NMR spectrum gradually disappeared while Hz
evolved, as shown by the characteristic 'H NMR resonance at & 4.58.
Correspondingly the intensity of the vco(2) band in the IR spectrum
decreased, while a new vco band appeared at 1800 cm™!. The new
compound (4) is characterized by a 3'P {'H} NMR resonance at § 19.4
and by "H NMR resonances at 5 1.85 for Cp* and 1.48 for the two
PMes ligands at 230 K in THF-ds. No resonance was observed for this
compound in the hydride region. The nature of this product will be
addressed in a later section.
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Figure 1. "HNMR (500 MHz) spectra in THF-ds (1) or CD,Cl: (2) of: (a) compound

1 alone; (b) compound 1 in the presence of slightly less than 1 equiv of ELO-HBF4. [1] =
0.04 M; T =200 K.

Table 1.  Selected NMR and IR data for compounds 1, 2 and 3 at
200K.
Compd Solv. §hydride* Timin/ms &PMes® §CO® veo/
(T/K) cm’!
THF-ds  -7.03 (t, 77) 320(s) 2524(1,29) 1776
1 882 (190)
CD:ClL  -6.98 (t, 77) 314(s)  255.0(t,29) 1751
2 THF-ds  -5.14 (bs) 24 (190) 168 (s)  243.9° 1852
3 CD:CL -3.92 (4,55 300(190)  10.0(s) 231.5(t 10) 1954

@ 'H NMR, multiplicity and Jur/Hz in parentheses. ° 3'P{'H} NMR, multiplicity in
parentheses. ¢ *C{'H} NMR, multiplicity and.Jcp/Hz in parentheses. ¢ In toluene-ds. No

information on the multiplicity could be obtained.

Quite surprisingly, protonation of 1 with HBF4-Et20 in CD2Cl: at
200K yielded completely different spectroscopic changes relative to
those described above in THF, consistent with formation of the
dihydride complex [Cp*Mo(PMes)2(CO)(H)2]*, 3, see Figure 1 and
Table 1. The hydride ligands exhibit only one triplet resonance at
$ -3.92 with a Timin value of 300 ms at 190K (500 MHz). A parallel
IR experiment revealed a vco band for 3 at 1954 cm’!, at a much
higher frequency (Avco = +203 cm™) relative to 2, in agreement with
the formally higher oxidation state in the classical structure. Similar
trends in vco shifts upon formation of non-classical and classical

2



dihydride derivatives were observed for the protonation of
Cp*0Os(CO)2H.12"T The thermal behaviour of 3 is identical to that of
2: warming the sample to 230 K resulted in H2 evolution (H:
resonance at d 4.64) to give 4. The dihydrogen complex — a possible
intermediate of the H> evolution process, was not observed in this
solvent. Such a subtle solvent control of the classical/non-classical
equilibrium is unprecedented, to the best of our knowledge.
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Figure 2. IR spectra in the vco region of compound 1 in THF (C =1.2-102 M, 1 = 0.4
mm, 4 cm™! resolution): (a) alone, at 200K; (b) in the presence of ca. 1 eq HBF4-Et0, at
200K; (c) after warming to 230K (ca. 10 min after spectrum b); (d) 3 min after (c).

The observation of a single hydride resonance for 3 indicates that
the compound either adopts a structure with two equivalent hydrides
or that they undergo rapid mutual exchange on the NMR time scale.
The related compounds [CpMo(PMes)sH2]" and [Cp*Mo(PMes);Hz]*
display averaged resonances at ambient temperature, which
decoalesce at low temperatures, in agreement with structure I (L =
PMes; R = H or Me).[?!] Analogous structures were shown by X-ray
crystallography for the isoelectronic compounds
[CpMo(PMes)3(MeCN)H]*, [CpW(PMes)2(CO)H2]* and
[(CsHsMe)W(PMes)sH2]?*,20-21- 221 and was also proposed for
[CpMo(dppe)(CO)H2]" which, like our complex 3, shows only one
hydride resonance at low temperatures.?3! 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 computational work confirms the
lower energy of this geometry.
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On the basis of the NMR results alone, one could not conclude
that the reaction selectively yields a different product in each solvent,
because rapid interconversion (see the theoretical section 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 the nonclassical isomer 2 was observed in the CH2Cl2
experiment (see Supporting Information, Figure S1) and, likewise, no
significant IR intensity for the classical isomer 3 was observed in the
THF experiment (supplemental Figure S2). Given the signal-to-noise

ratio of the IR experiment, we can conservatively estimate that < 5%
of 2 is present in the CH2Cl» solution of 3 (K = [2]/[3] < 0.053) and
that < 5% of 3 is present in the THF solution of 2 (K > 24). This
corresponds to a relative stability of the two isomers at 200K, on the
free energy scale, of > 1.1 kcal mol™! in favor of 3 in CH2Clz and >
1.1 kcal mol! in favor of 2 in THF.

Other interesting information was obtained from the *C{'H}
NMR spectra of the protonation products at 200 K. The CO resonance
moves upfield by 8.5 ppm upon transforming 1 to 2, whereas it moves
upfield by 23.5 ppm upon transforming 1 to 3. There is a good
correlation between the '*C shifts and vco frequencies for these
complexes in both THF and CH2Clz (Equation 1, r* = 0.999). Such
correlations are known for various carbonyl complexes,?¥ the '3C
shifts and vco frequencies being function of the ligand substituent
properties like e.g. for the complexes with a variety of 4-substituted
pyridine ligands cis-Mo(CO)(py-4-X)[?’] and Fe(TPP)(CO)(py-4-
X),1261,

8(13C) = -0.116 vco + 458.34 (1)

(b) Theoretical study of the factors affecting the dihydrogen-
dihydride equilibrium in the [Cp*Mo(CO)(PMes)2Hz]* system.

The computational investigation was motivated by the desire to
understand the origin of the different isomeric preference in closely
related solvents. All geometry optimizations were carried out by
means of DFT calculations using both the standard B3LYP functional
and the recently introduced?” M05-2X functional. The latter was
shown to give better results in studies of noncovalent interactions.?®!
The internal geometries of the Mo complexes are quite functional-
independent, the main difference being a systematic shortening of all
distances on going from B3LYP to M05-2X [by ca. 0.05 A for Mo-P,
0.02 A for Mo-C(Cp), 0.01 A for Mo-CO and C-O, 0.005 A for C-
C(ring) and C(ring)-CH3]. Comparative structural details for the
geometries optimized by the two different functionals are available in
the Supporting Information (Tables S1-S4). Additional calculations
on selected systems were carried out by MP2 and B3PW91 on the
fixed B3LYP geometries (Table S5). The structural parameters
henceforth reported refer only to the M05-2X calculations.

Among the two possible isomers of 1 with a cis or trans
arrangement of the H and CO ligands, the latter was found more stable
(by AEE = -6.6 kcal mol!), in agreement with the experimentally
suggested geometry. Only this isomer (Figure 3) was therefore
considered in further calculations. Optimization of the non-classical
complex 2 revealed two isomers having the Hz ligand either parallel
(see Figure S3 in the Supporting Information) or perpendicular
(Figure 3) to the Cp* ring. The latter is lower in energy by 0.2 kcal
mol!, but higher by 0.3 kcal mol™! after ZPVE correction and by 0.6
kcal mol™! on the free energy scale. Since most of the non-classical
complexes optimized in this work (see below) have the Hz ligand
perpendicular to the Cp* ring, the perpendicular geometry was used
as the reference. The energy minimum for the classical dihydride 3
corresponds to the expected pseudo-octahedral geometry (see I).
Other local minima include a second pseudo-octahedral geometry
with axial hydride and two cis PMes ligands in the equatorial plane
(+2.6 kcal mol™! from I) and pseudo-pentagonal pyramids with either
adjacent or non-adjacent PMes ligands (+5.4 and +4.1 kcal mol !,
respectively).?! The most stable classical geometry of 3 has almost
equal energy as the nonclassical isomer 2 in the gas phase (higher by
only 1.4 kcal mol'), with a low Mom*Hz) — Mo(H):



interconversion barrier (4.3 kcal mol!, see the transition state
geometry in Figure S4). This low barrier is entirely consistent with
the minor rearrangement of the coordination sphere during the
isomerization. The proton affinity of the hydride 1 calculated
as -AHos.15k for the reaction 1+ H* — 2 is 242.6 kcal mol™!. This gas-
phase value gives a first indication of the high basicity of the hydride
ligand of 1.

The effects of the BF4 counter-anion and solvent on the relative
stability of 2 and 3 were evaluated by the explicit inclusion of the
counterion as well as one or more solvent molecules, and by inclusion
of the polarizability of the medium through the CPCM. The results
on the relative energy are summarized in Table 2. The individual
formation energies relative to the separate cation, anion and solvent,
in gas phase (AE®) and in solution (AE*Y) are available in the
Supporting Information (Table S6).
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Figure 3. View of the M05-2X optimized geometries for complexes 1, 2 and 3.

An analysis of Table 2 immediately reveals that all the chosen
models and computational levels do not provide quantitative
agreement with the experimental evidence: the DFT methods predict
greater stability for the nonclassical 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 solvent molecule, or both, whether in the gas phase or
in the presence of the appropriate CPCM, increase the relative
stability of the nonclassical isomer, including in CH2Cl> where a
preference for the classical structure is shown experimentally.
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 the addition of
the solvent, both by the explicit inclusion of solvent molecules in the
optimization and by consideration of the CPCM, increases the relative
stability of the nonclassical isomer to a greater extent for THF than
for CH2Cl2 (for instance the Ion-pair-3CH2Cl2 system shows a 5.9
kcal mol! preference for the nonclassical structure, whereas this
preference increases to 7.4 kcal mol! for the Ion-pair-3THF system).

All CPCM calculations were carried out on the fixed geometries
obtained from the gas-phase optimization. The possibility that the
CPCM might significantly affect the geometry of the energy
minimum was tested by fully reoptimizing the 2BFs4 and 3BF4
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-FH-"d distances), see
Table S4. However, the energy differences in solution were not
greatly affected (from +4.9 to +4.9 kcal mol”! in CH2Clz; from +4.8
to +4.6 kcal mol™! in THF). Thus, we wondered whether there may be
an inherent bias in favor of the nonclassical structure by the DFT
method and in favor of the classical one by MP2.

Geometry optimizations at higher level are prohibitive for this
system. Thus, calibration tests were carried out at the MP4(SDQ) and
CCSD(T) levels using the MP2 optimized geometries of the
[Cp*Mo(CO)(PMes3)2H2]* systems only as free ions in the gas phase,
as well as the MP2, B3LYP, B3PW91 and M05-2X levels with full
geometry optimization. These calculations yielded the following
values for E4(3)-E%(2): +0.1 (B3LYP), -1.0 (B3PW91), +1.3 (MO05-
2X), -8.4 (MP2), -4.1 (MP4(SDQ)), and -3.7 (CCSD(T)). For this
system, the higher-level MP4(SDQ) and CCSD(T) calculations yield
essentially identical results, suggesting greater stability for dihydride
complex by ca. 3 kcal mol™! relative to the dihydrogen isomer. This
results are half-way between those of the DFT methods, which
overestimate the stability of the dihydrogen complex by 4-5 kcal/mol,
and that of MP2, which overestimates the stability of the dihydride by
the same amount. If we apply this 4-5 kcal/mol correction to the
values shown in Table 2, these become in good agreement with the
experimental observation. 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 one.

The remainder of this section will focus on a more detailed
analysis of the effects introduced by anion and solvent on the structure
and energetics properties, giving a clue as to how the solvent operates
for switching the cation isomeric preference. The effects of anion and
solvent on selected IR spectral parameters (van, vMu and vco) are
analyzed in the Supporting Information section (Tables S7 and S8).

lon-pairing. Calculations show that in the gas phase, as well as
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

Table 2.  Relative stability of the dihydrogen and dihydride isomers, using different models.
Model Gas phase® CPCM (CH2Cl2)® CPCM (THF)®
MO05-2X B3LYP B3PWII° MP2¢ MO05-2X B3LYP MO05-2X 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*CH2Cl» +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
Ton-pair +5.9(+6.0) +53 +4.6 42 +4.9(+5.0) +4.1 +4.8(+4.9) +4.0
Ton-pair-CH2Cl, +5.5(+4.2) +4.5 +3.8 5.0 +5.5(+4.1) +4.2
Ton-pair- THF +6.9(+8.0) +5.5 +4.8 -1.8 +5.9(+7.0) +4.2
Ton-pair-3CH:Cl, +6.6(+8.3) +5.9(+7.5)
Ton-pair-3THF +8.8(+9.5) +7.4(+8.1)

 The reported values are AE [E(3)—E(2)] in kcal/mol, with AG [G(3)-G(2)] in parentheses. "The CPCM results were obtained at the fixed geometry from the gas phase optimization.

The reported values are AE*" in kcal/mol, with AG**™ in parentheses. The latter have been obtained by adding the gas phase free energy corrections on the solute to AE*Y. “The

B3PW91 and MP2 calculations were carried out at the fixed B3LYP-optimized geometry.



demonstrate that the presence of the counter-anion modifies
significantly the classical-nonclassical equilibrium in favour of the
dihydrogen complex (by 4.5 kcal mol! at the M05-2X level and by
5.4 kcal mol™! at the MP2 level in the gas-phase). This effect is
probably related to a stronger cation-anion interaction for 2BF4, as
suggested by the shorter F--H contacts (see Figure 4). For both 2BF4
and 3BF4, many of these F--H contacts are substantially shorter than
the sum of van der Waals radii (2.55 A), but those found in 2BF4 are
on average shorter than those of 3BF4. Note that the F---H separations
involving the dihydrogen ligand in 2BF4 are close to the shortest
distances implicating the Cp* and PMe3 hydrogen atoms (ca. 2.1 A).
On the other hand, the F---H(Mo) contacts in 3BF4 (> 2.3 A) are longer
than the F---H(C) contacts (ca. 2.0 A, see Figure 4).

2BF 3BF,

Figure 4. View of the M05-2X optimized geometries for the ion pairs 2BF4 and 3BF4.

Bulk solvent effects. Calculations prove that the solvent,
described as a continuum, plays a minor role in discriminating the two
isomers, as could have been anticipated from the very similar
dielectric constant (THF: € = 7.58; CH2Cl2: € = 8.93). Both solvents
stabilize 2 by 0.7 kcal/mol, while 2BF4 is disfavoured by 1.0 kcal/mol
in CH2Clz and by 1.1 kcal/mol in THF (M05-2X values). Although
the continuum decreases the preference for 2BFa, ion-pairing is still
providing greater stabilization to 2. Of course, depending on the
relative stability of the two isomers of the isolated cation, the ion-pair
formation in solution will reverse or not the energy ordering.
However, bulk solvent effects alone are not able to explain the
different behaviour in THF and CH2Cl.

Discrete solvent effects. The explicit addition of solvent
molecule(s) (either CH2Clz 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 the
cation stabilization must be indirect, through a modulation of the
noncovalent cation-anion interaction through the noncovalent
solvent-anion interaction(s). The relative cation-anion orientation is
only slightly disturbed by the solvent addition, without significant
lengthening the F--H(C) interactions (see supplementary Tables S3
and S4), whereas the solvent-anion (C)H--F interactions are
significantly longer (by ca. 0.1 A for CH2Cl» and by ca. 0.2 for THF)
than in the absence of cation (Table S4). No clear trend could be
identified in the internal structure of the Mo complexes (classical or
nonclassical). Both M05-2X and MP2 calculations show that the
interaction of the ion-pair with THF stabilizes 2BF4 (by 1.0 and 2.4
kcal mol! at the M05-2X and MP2 levels, respectively). The
interaction with CH2Clz has less influence in the relative stabilities
and works in favour of 3BF4 (by 0.4 and 0.8 kcal mol! at the M05-
2X levels and MP2 levels). These calculations qualitatively reproduce
the experimental trends: dihydrogen complex favoured in THF and

classical dihydride in CH2Cla. The inclusion of three THF molecules
provides a relative stabilization of 2.9 kcal mol™! to 2BF4, whereas
three CH2Cl2 molecules only stabilize it by 0.7 kcal/mol. If the cluster
formed by the ion-pair and three discrete solvent molecules are
solvated with the continuum, the results are only slightly modified.

Concluding this section, the calculations show that ion-paring
with the BF4™ counter-anion energetically stabilizes the dihydrogen
complex and the theoretical modelling of the specific solute-solvent
interactions suggests that the solvent establishes specific F---H(C)
interaction with the anion. The interaction of dichloromethane with
the non-classical ion pair, [Cp*Mo(CO)(PMe3)2(n>-H2)]'BFs,
destabilizes the cation-anion bonding favoring its isomerization to the
dihydride form. On the other hand, the weaker interaction with THF
is insufficient to perturb 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 different
isomer depending on the solvent.

(c¢) Protonation of compound 1 by CFz:COOD.

The protonation of 1 was also investigated in THF-ds with
CF3COOD, the aim of this study being the generation of complex 2-
di and measuring the 'Jup value. However, the 'H and *'P{'H} NMR
spectroscopic monitoring revealed no evidence for the formation of
the desired product when using 1 equiv of the acid. The only
observable species was compound 1-d as evidenced by an isotopically
shifted 3'"P{'H} resonance at & 32.3 (1:1:1 triplet, 2Jpp = 10 Hz).
When the amount of acid was increased to 10 equiv, the relative
intensity of the 1-d 3'P{'H} resonance increased, consistent with a
greater extent of H/D exchange at the hydride position, but the
resonances of 1 in the 'H and 3'P{'H} spectra did not disappear. In
addition, a broad and weak resonance at d -4.5 became visible in the
"H NMR spectrum (cf. -5.14 for 2BF4). This chemical shift difference
can be explained either by a direct counter-ion effect, presumably
through hydrogen bonding, Mo(Hz)---X, on the proton chemical shift,
or by an effect of X on the classical/nonclassical equilibrium position.
Unfortunately, the resonance intensity was not sufficient for an
accurate T1 determination.

The lower degree of protonation of 1 by CF;COOD relative to
HBF4 can be explained by the lower acid strength of the former acid.
However, reversible protonation to 2-d1 occurs to a sufficient extent
to allow the H/D exchange process. Other hydride compounds, for
instance CpRuHL2 (L2 = dppm, dppe, 2PPh3), have been shown to be
protonated by HBF4 and not by other relatively strong acids such as
TFA, HCI or HBr in THF .13

(d) Investigation of the dihydrogen elimination product.

As mentioned above, the dihydrogen elimination from 2 in THF-
ds or 3 in CD2Cl2 occurs above 230 K yielding solutions with very
similar spectroscopic properties, see Table 3. When the reaction was
carried out in CéDs at room temperature, the *'P NMR spectrum
showed a major, broader (w12 = 10 Hz) peak at 6 17.5 and a minor
sharper one at 6 15.5 (w12 = 4 Hz). When carried out in THF-ds, the
broader resonance (wi2 = 16 Hz) was observed at & 18.1 while the
sharper one was now split into two separate resonances at 5 16.8 and
16.7 in a ca. 2:1 ratio (w12 = 3 and 4 Hz correspondingly). A THF
solution obtained in the same manner showed a visible absorption
with a maximum at 510 nm (g = 2-10> M"! cm™"). The decomposition
rate estimated from the IR data at 230 K is essentially the same for 2



in THF and 3 in CH2Clz (ca. 2:10-3 s7!), corresponding to an activation
free energy AG*n2 of 16.2 kcal mol™!. This value is much lower than
that obtained for the H: loss from [Cp*MoHa(dppe)]"OCOCFs5,
yielding [Cp*Mo(dppe)H2(02CCF3)] (AG 2 = 22.1 kcal mol ! at 270
K).4 ¢

Possibilities envisaged for the structure of the product are either
[Cp*Mo(PMe:3)2(CO)(L)] [BF4],, with L being the solvent (implying
that the different donor properties of the two solvents affect the
spectroscopic properties of the complex only in a minor way), or
[Cp*Mo(PMes)2(CO)FBF3] where the BF4 anion has entered the
metal coordination sphere. The first hypothesis seems reasonable for
THF-ds, which has relatively good coordinating properties, less so for
CD:Clz. However, note that complexes where dichloromethane acts
as a ligand have been described.’'! The second hypothesis finds
precedent in work by Beck et al., describing the formation of the
thermolabile complexes [CpMo(CO)2(PR3)FBF3] (R = Ph, OPh, Et)
as the products of the reaction between [CpMoH(CO)2(PR3)] and
Ph3C*BF4 132 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.[3!

Table 3. Selected spectroscopic data for the product of H:
evolution from 2 in THF-ds and 3 in CD2Cl2 at 230K.

'H NMR® JIPH} NMR®  BC{'H} NMR® IR
Solvent ~ 8Cp*  5PMes 5 PMes® 5 CO! veo/em’!
THF-ds 1.85(s) 148(d,8) 19.4(quint,8)  268.7(t,31) 1800
CD:CL 1.88(s) 147(d,8) 19.2(s) e 1794

Signal multiplicity and relevant coupling constants (Hz) in parentheses. ®Jpu. <Jpr. “Jcp.
“Not detected.

A most enlightening observation comes from the 3'P{'H}
resonance of the sample obtained in THF-ds and especially its
coupling pattern, featuring a perfect binomial quintet with J = 8 Hz)
at 230 K, see Figure 5, and coalescing into a singlet at room
temperature. The only possible way to rationalize this coupling
pattern is to invoke P-F scalar coupling and therefore BF4
coordination. However, the observed 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
associative or a dissociative mechanism, as shown in Scheme 1. This
situation has been previously described for [CpW(CO)z-
{P(OPh)3}(FBF3)]4 and also for complexes containing other weakly
coordinating anions, such as [W(CO)3(NO)(PMe3)(FSbFs)].1*%] The
product of Hz evolution from either 2 or 3 can therefore be formulated
as [Cp*Mo(CO)(PMes)2(FBFs)] (4). There are
crystallographically characterized compounds displaying this
coordination mode for the BF4™ ion, mostly with late transition metals.
No X-ray structure has so far been reported for mononuclear
complexes of Mo, but related examples for W' include
W(CO)3(NO)(PMes)(FBF3)B3¢ and WH(CO)3(PCys3)2(FBF3).57]

numerous

Contrary to the behavior in THF-ds, the 3'P{'H} resonance is a
singlet at all temperatures in CD2Cl2, 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-
CHCI: hydrogen bonding!'> 3* (see also the computational work on
2BF4--solvent and 3BF4--solvent described in section b above). This
leads to faster intermolecular anion exchange and consequently loss
of P-F coupling. However, the similarity of the vco frequencies of 4

in the two solvents (Table 3) suggests that the major species present
in solution also adopts a molecular geometry in CH2Cla.
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Figure 5. Enlargement of the 3'P{'H} NMR resonance for the compound obtained from
the decomposition of 2 in THF-ds at 230K.

It is interesting to compare the rate of mutual F exchange of 4
with that of the previously investigated similar compounds, all of
which have at least one additional CO ligand in the coordination
sphere, [CpM(CO)2(L)(FBF3)].3% 34 39 They are most typically at the
slow exchange limit at low temperatures, revealing the averaged
spectrum only in certain cases at room temperature. In our case, no
decoalescence nor 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 behavior of the different compounds appears most
consistent with a dissociative exchange mechanism. The shape of this
resonance in THF-ds changes upon warming, becoming a singlet and
shifting upfield on going to ambient temperatures (Ad = 1.3 ppm
between 230 and 298 K). This behavior evidences the onset of an
exchange involving more than one ion pair, probably assisted by
solvent coordination as shown in Scheme 1, whereby coupling
information between a specific Mo atom and a specific BF4 group is
lost. Again, this is a typical phenomenon already observed for other
FBF3 complexes.[*3] Thus, the compound exists at low temperatures
in THF-ds as an uncharged molecular species, perhaps in equilibrium
with a tight ion pair (the dissociative intermediate of the mutual
exchange process), but equilibrates at higher temperatures with
increasing amounts of the free ions, allowing the intermolecular
exchange, see Scheme 1.
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(d) Formation and characterization of an HF complex.

Leaving solutions of complex 4, either in THF-ds or in CD2Cla,
at ambient temperature for extended periods of time resulted in
further decomposition: 3'P and '3C NMR monitoring revealed the
formation of several products. Upon attempting to crystallize
compound 4 prepared in situ from 1 and 0.5 eq of Et2O-HBF4 in
toluene at ca. 250 K, violet crystals were obtained. An X-ray analysis
shows that this corresponds to [Cp*Mo(PMe3)2(CO)(FH--FBF3)], §,
namely the coordination position occupied by the BFs anion in
compound 4 has been replaced by a neutral HF molecule, which then
further binds the BF4™ anion through a hydrogen bond.

Selected bond distances and angles for the structure of compound
5 are listed in Table 4. In the structure, each anion makes two short
F---(HF) contacts with two different cations through atoms F(13) and
F(14), while each cation is in close proximity of 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 disordered
among 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 distribution (see details in the Experimental
Section). The other two F atoms of the anion, F(11) and F(12), do not
display any contact with neighboring ions shorter than the van der
Waals distances. The four B-F bonds are not equivalent, those
involved in the hydrogen bond with HF (B(1)-F(13) and B(1)-F(14))
being the longest. The structure also contains one molecule of
interstitial toluene.

Figure 6. An ORTEP view of the molecular geometry of compound [Cp*Mo(PMes),-
(CO)(FH--FBF3)], 5, with the atom-labelling scheme showing the formation of a pseudo-
dimer through F-H--F hydrogen bonds. Displacement ellipsoids are drawn at the 30%
probability level and the disordered H atoms are represented as small spheres of arbitrary
radius. Symmetry code: (') 1-x, 1-y, 1-z.

The coordination geometry of the cation is a typical four-legged
piano stool, with one CO, two PMes and an HF molecule as “leg”
ligands. The CNT-Mo-L angles are in the narrow 115-122° range.
The most interesting structural feature is the hydrogen bonding
interaction between the ions. Hydrogen bonds connecting two
fluorine atoms in coordination compounds are common when the
proton acceptor is metal bound F-, making up the hydrogen bifluoride
(FHF)  ligand, crystallographically characterized examples being
[M(PMes)sH2F(FHF)] (M = Mo, W), [Ru(dppe)2F(FHF)],[4!]
[Ru(PMe3)sH(FHF)],421 [(COD)Rh(PPh3)(FHF)],143 and
[Pd(Ph)(PPh3)2(FHF)],*4 but we find no precedent in the CSD of an
HF ligand bonded to a transition metal with an additional H-bond to
BF4. In the structures above where the H atom was located, 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 as a cationic HF
complex, [M(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 A), allowing this compound to be better described as a
cationic HF complex, [Cp*(PMes3)2(CO)Mo(FH)]*--FBF3". The Mo-
F distance in 5 is much longer than the typical terminal Mo'-F bond
to a fluorido ligand (average of 2.01(4) A over 9 distances in 7
structures retrieved from the CDS).[*¥] The above mentioned
[Mo(PMes)sHoF(FHF)] complex also has a shorter Mo-(FHF)
distance (2.124(3) A) than in 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 § are La(HF)2(AsFs)3, where intermolecular
La-(FH)-(FAsFs)La is observed.[l It should be mentioned that
intramolecular examples of M-(FH)---B moieties (B = proton acceptor
such as the 2-NHz group of metal-coordinated o-aminopyridine) have
also been described, though without structural characterization.[*”]
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 AsFs and BF4") lead to
M-F-H---B.

Table 4.  Selected bond distances (A) and angles (deg) for
compound [Cp*Mo(PMes)2(CO)(FH--FBF3)], 5.2

CNT(1)-Mo(1) 1.9968(12)  Mo(1)-P(2) 24777(7)
Mo(1)-C(6) 1.895(3) P(1)-C(113) 1.810(3)
C(6)-0(6) 1.1773) P(1)-C(111) 1.815(3)
Mo(1)-F(1) 2.2988(16)  P(1)-C(112) 1.825(3)
F(1)-H(1A) 0.96 P(2)-C(213) 1.815(3)
F(1)-H(1B) 0.96 P(2)-C(212) 1.815(3)
F(1)~F(13) 2.697(3) P(2)-C211) 1.825(3)
F(1)~F(14) 2.714(2) B(1)-F(11) 1.325(4)
H(1A)~F(14) 1.78 B(1)-F(12) 1.362(4)
H(1B)-F(13) 1.79 B(1)-F(13) 1.384(4)
Mo(1)-P(1) 2.4672(7) B(1)-F(14) 1.386(4)
F(1)-H(1A)-F(14) 164 F(12)-B(1)-F(13) 106.3(3)
F(1)-H(1B)--F(13) 157 CNT(1)-Mo(1)-P(1)  120.11(4)
Mo(D)- F()-H(1A)  122.0 CNT(1)-Mo(1)-P(2)  121.71(3)
Mo()- F(1)-H(IB) ~ 118.0 Mo(1)-F(1)-F(14) 129.18(8)
Mo(1)-F(1)-F(13)i 130.70(9) CNT(1) -Mo(1)-F(1)  114.96(6)
P(1)-Mo(1)-P(2) 118.07(2) CNT(1)-Mo(1)-C(6)  117.72(8)
C(6)-Mo(1)-F(1) 127.32(9) C(6)-Mo(1)-P(2) 74.76(7)
C(6)-Mo(1)-P(1) 7451(8) F(1)-Mo(1)-P(2) 78.74(4)
F(1)-Mo(1)-P(1) 79.35(5) F(11)-B(1)-F(14) 111.4(3)
0(6)-C(6)-Mo(1) 177.4(2) F(12)-B(1)-F(14) 108.1(2)
F(11)-B(1)-F(12) 110.8(3) F(13)-B(1)-F(14) 108.2(3)

F(11)-B(1)-F(13) 111.7(3)
2CNT is the Cp ring centroid. Symmetry code (): 1-x, 1-y, 1-z.

In the solid state complex 5 displays a vco band at 1780 cm™, i.e.
very close to that of compound 4. Two ver bands appear at 937 and
1018 cm™!, accompanied by unresolved bands of lower intensity at ca
1106 and 1163 cm™!, in agreement with the expected lowering of the
BFs symmetry. A broad band at 3477 ¢cm! is assigned to the vur
stretching vibration. This value is substantially higher than that of the
hydrogen bifluoride ion in its various salts (var = 1250-1750 cm™1)[48]
or in the above mentioned hydrogen bifluoride complexes of
transition metals (vir = 2310-2793 cm™).[4% 411 On the other hand, it
is much lower than the vur stretching mode for free HF in the gas
phase (3960 ¢cm™)*! or weakly bonded HF-BF3 complex (3958
cm™),5% being in agreement with an HF bond elongation with respect
to free HF (0.918 A).[40b]



Discussion

Examples of tautomeric pairs of classical dihydride and
dihydrogen complexes with very similar energy are rather common.?]
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, complex [Mo(R2PCH2CH2PR2)2(CO)H:] is a
classical dihydride when R = Et, /Bu and a dihydrogen complex when
R = Ph, Bz while complex W(CO)3(PR3)2H2 shows the two
tautomeric forms in equilibrium when R = iPr but is present
exclusively as the classical dihydride when R = Me.[’? Tt has been
previously shown that the H-H distance in dihydrogen complexes
may be very sensitive to intra- and intermolecular interactions,
including ion pairing.!>3 In one case, a switch was highlighted for the
same cationic complex, [Co(PP3)H2]* [PP3 = P(CH2CH2PPh2)3], by a
mere change of counter-anion in the solid state: the classical
dihydride structure is adopted in the presence of the BPhs anion,
whereas the corresponding PFs salt reveals a nonclassical dihydrogen
structure (though the position of the two H atoms was not located).[>*!
An NMR study, on the other hand, only reveals the classical structure
in solution.3 The example herein described, with both cation and
anion being invariant and a complete switch in solution being caused
by a subtle solvent 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 CH2Cl» has a kinetic or
thermodynamic origin. High activation barriers for the
interconversion of classical dihydrides and dihydrogen complexes are
sometimes observed when the isomerization involves extensive
ligand rearrangement. Examples are cis-[Cp*M(dppe)(n?>-
Ha)*/trans-[Cp*M(dppe)Hz2]* (AH* = 20.4(8), 20.9(8), and 21.5(10)
kcal mol! for M = Fe,® Ru,”l and OsP® respectively) and
[W(CO)3(PR3)2(n>-H2)[/[W(CO)3(PR3);H2] with R = cyclopentyl
(AG* = 11(2) kcal mol").57] Theoretical investigations have shown
that the M(n?-Hz)/cis-M(H)2 isomerization has a very small barrier
when the rest of the coordination sphere does not undergo significant
change.’® The two hydride ligands in complex 3 occupy cis
coordination sites as shown in I, thus 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
thermodynamic 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. 1073 s”! at 230 K), we can
derive an activation free energy of 16.5 kcal mol! at 230 K for the Hz
release process, much larger than the energy barrier for the
isomerization process. Thus, the rate limiting step must be the H
dissociation from 2.
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If the solvent effect is on the thermodynamics and not on the
kinetics, the next question to address is what is the origin of this effect,
especially considering that THF and CH2Cl2 possess similar polarity
(dielectric permittivity).’” The relative stability may be quite small,
as little as 1.1 kcal mol! in favour of 2 in THF and the same amount
in favour of 3 in CH2Cl2 (vide supra). A possibility could be based
on the ability of THF to establish H-bonding interactions as a proton
acceptor with the Hz ligand in 2 (supposedly a stronger acid than 3),
whereas dichloromethane rather displays weak proton donating
properties and prefers to interact with the BF4 anion.!'3 38 601
However, the computational work suggests that the cations establish
much stronger non covalent interactions with the BF4 counter-anion
than with the solvent molecules. Indeed, neither CH2Cl> nor THF
break the [Cp*(PMes)2(CO)MoH2]BF4 ion pair but merely alter the
cation-anion interaction in a rather minor way. Thus, the effect of the
solvent on the classical/nonclassical 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 MP4(SDQ) and
CCSD(T) on a simplified model, 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 complex, to a
greater extent in THF than in CH2Cla.

The experimental observations reported in this contribution may
be compared with previously published protonation reactions of
similar compounds, in order to trace the influence of the ligand
environment on the nature and stability of the protonation product.
Treatment of [CpMo(CO)2(PMes)H] with Et2O-HBF4 leads to
immediate H> evolution, even at -78°C in poorly coordinating or non
coordinating solvents such as ether, toluene, and heptane.l°!l In the
presence of sufficiently coordinating solvents (for instance, L =
MeCN), stable solvent adducts [CpMo(CO)2(PMes3)(L)]" were
obtained. The protonation of [CpMo(PMes)sH]?'*  or
[Cp*Mo(PMes);H]?'®! with HBFa, on the other hand, leads to stable
dihydride products, [(Ring)Mo(PMes);Hz]" (Ring = Cp or Cp*),
showing that the metal center in this compound is sufficiently
electron-rich to prevent formation of a (n2-Hz) complex and H»
evolution. The present results show that an intermediate electronic
environment (only one CO ligand and two PMe;3 ligands, Cp* in place
of Cp) is sufficient to stabilize the primary protonation product — non-
classical hydride 2 at low temperatures in THF, but not sufficient to
prevent Hz elimination at higher temperatures.

Bullock has reported a low-temperature NMR study of the
protonation of complex [CpMo(dppe)(CO)H], which is electronically
very similar to compound 1, with TfOH. The reaction, conducted in
CD2Clz, led to the direct formation of the dihydride product,
[CpMo(dppe)(CO)H2]", without observation of a dihydrogen
complex intermediate.[?*! This product decomposes with loss of Hz
upon warming with formation of [CpMo(dppe)(CO)(OT{)]. Like the
latter system, compound 3 also loses H> upon warming with
incorporation of the counter-anion and yields 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
the THF solvent. Previously described [CpMo(CO)2(PR3)(FBF3)]
analogues were apparently always handled in cold CH2Clz and the
BFs ligand was readily substituted by phosphines and olefins,*?! but
their behavior in more coordinating solvents does not appear to have
been tested. Other compounds containing this and other weakly
coordinating anions (PFe, SbFs, CF3S03, 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, including weak ones such as R20.533 In the review by Beck
and Siinkel, the affinity of [CpM(CO)2(L)]* systems (M = Mo, W; L
= tertiary phosphine) for Lewis bases is described as CH2Cl> < BF4
< THF.[3¥ The different trend observed in our case for system
[Cp*Mo(CO)(PMe3)2]" may be rationalized on steric grounds, since
the metal coordination sphere is more crowded in the present system
and THF requires more space in the coordination sphere than FBFs.
The formation of complex 5 may be rationalized 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 isomer dihydrogen
complex for the protonation product of (Cp’)MoL3;H-type molecules.
With an electron-rich ligand environment, e.g. Cp’ = Cp or Cp* and
L3 = (PMe3)3, stable compounds with a classical dihydride structure
are obtained. With an electron poor environment, e.g. Cp’ = Cp and
L; = (CO)2(PMes), immediate decomposition occurs at 195 K,
probably via a fleeting dihydrogen complex. For compound 1 with
intermediate electronic properties, we have shown here for the first
time how the reaction can be steered toward the classical or the non
classical product by a small change of solvent properties. High level
DFT calculations with the inclusion of counter-anion and solvent
effects (through the CPCM and also through the explicit introduction
of solvent molecules) have revealed intimate details on the
organization of the 2BF4 and 3BF4 ion pairs in solution. A solvent
regulation of a classical/nonclassical equilibrium with complete
switch in solution, where both cation and anion are invariant, appears
to be unprecedented. The analysis reported here also unveils that a
network of solvent--anion--cation non covalent interactions is
responsible for a dramatic change in the cation nature, showing the
steering role of specific solute-solvent interactions.

Experimental Section

General. All manipulations were carried out under an argon atmosphere. All solvents
were dried over appropriate drying agent (Na/benzophenone for toluene and THF; CaHz
for dichloromethane) and freshly distilled under an argon atmosphere prior to use. C¢Ds
and toluene-ds (Euriso-Top) were kept over molecular sieves and deoxygenated with an
argon flow before use. CD>Cl> and THF-ds (Euriso-Top) were degassed by three freeze-
pump-thaw cycles, then purified by vacuum transfer at room temperature. Compound
[Cp*Mo(CO)(PMes):H] was synthesized according to the literature procedure.!'s)
Et2OHBF; (56%, Sigma Aldrich) was used as received.

Instrumentation. Room temperature NMR investigations were carried out on Bruker
DPX300 and AV300LiQ spectrometers operating at 300.1 MHz ('H), 121.49 MHz (*'P
{'H}) and 75.47 MHz ('*C{'H}). Low-temperature 'H, 3'P{'H} and '*C{'H} data were
collected with a Bruker AV500 spectrometer, operating at 500.3, 202.5 and 125.8 MHz,
respectively. The temperature was calibrated using a methanol chemical shift
thermometer; the accuracy and stability was +1 K. All samples were allowed to
equilibrate at every temperature for at least 3 min. The spectra were calibrated with the
residual solvent resonance relative to TMS ('H, 1*C), and with external 85% H3POx4 ('P).
The conventional inversion-recovery-pulse method (180-t-90) was used to determine the
variable-temperature longitudinal relaxation time T, the calculations being done with
standard Bruker software. The IR spectra were recorded on PerkinElmer Spectrum 100
FT-IR (2.0 cm™ resolution), Specord M-82 (4.0 cm™! resolution) and FT Infralum-801
(2.0 cm! resolution) spectrometers; 0.12 or 0.04 cm cells were used for solutions.

In situ generation of compound 2 and subsequent thermal decomposition. In a 5 mm
NMR tube was added compound 1 (10 mg, 0.024 mmol) followed by THF-ds (0.6 mL).
After cooling to 200 K, a 56% ether solution of HBFs (3 pL, 0.70 equiv from NMR

integration) was added by microsyringe and the reaction was monitored directly by NMR
probe.

In a separate experiment, the same reaction [5 mg (0.012 mmol) of 1 and ca. 1.5 pL
(ca. 0.012 mmol) of the HBF4 ether solution] was carried out in regular THF (1 mL) in a
Schenk tube and the resulting solution was transferred by cannula into the IR cell inside
a precooled cryostat, and monitored by IR spectroscopy in the vco region.

In situ generation of pound 3 and sub t thermal decomposition. This
experiment was run by an identical protocol as the previous one, using 10 mg (0.024
mmol) of 1 in 0.6 mL of CD>Clz and 3 pL (0.78 equiv from integration) of the HBF4 ether
solution.

In a separate experiment, the same reaction [5 mg (0.012 mmol) of 1 and ca. 1.5 pL
(ca. 0.012 mmol) of the HBF4 ether solution] was carried out in CH2Cl> (1 mL) in a
Schenk tube and the resulting solution was transferred by cannula into the IR cell inside
a precooled cryostat, and monitored by IR spectroscopy in the vco region.

Generation of compound 5. To a solution of compound 1 (30 mg, 0.07 mmol) in toluene
(1 mL) was added a 56% ether solution of HBF4 (ca. 4.5 uL, ca. 0.035 mmol) by
microsyringe at room temperature. A pentane layer (ca. 0.5 mL) was subsequently placed
on top of the solution, which was set at -20°C. 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
structural analysis. IR (neat/cm™): 1780 s (vco), 1091 m, 1030 m, 1004 m, 936 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 using the
monochromatic MoKa radiation (A= 0.71073). The structure was solved by direct
methods (SIR97)? and refined by least-squares procedures on £~ using SHELXL-97.163]
All H atoms attached to carbon were introduced in calculation in idealised positions and
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 refined first using restraints
(F-H=0.94(1) A), then treated as riding on the F atom during the last stages of refinement
with Uise= 1.2Ueq(F). There is one well behaved toluene solvate molecule per asymmetric
unit. The drawing of the molecule was realised with the help of ORTEP32.1%l Crystal
data and refinement parameters are shown in Table 5. Crystallographic data (excluding
structure factors) have been deposited with the Cambridge Crystallographic Data Centre
as supplementary publication no. CCDC 714915. Copies of the data can be obtained free
of charge on application to the Director, CCDC, 12 Union Road, Cambridge CB2 1EZ,
UK (fax: (+44) 1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).

Computational details. All calculations were performed at the DFT level, by means of
the M05-2X functional®” as well as the hybrid B3LYP functional,[>) as implemented in
Gaussian03.1%! The optimizations of the dihydrogen/dihydride cations, the ion pairs with
the BF4 counter-anion, and the adducts containing one solvent molecule were also
performed at the DFT/B3PW91 and MP2 levels. The MP4(SDQ) and CCSD(T) methods
were used for single-point calculations at the MP2-optimized geometry of the model
[CpMo(CO)(PHs)2Hz]" complexes. The basis set for the Mo and P atoms was that
associated with the pseudopotential® with a standard double-{ LANL2DZ
contraction,® supplemented in the case of P with a set of d-polarization functions.[*®
The 6-31G(d) basis set was used for C atoms of Cp* ring and CH2Cl; as well as for B and
F atoms of BF4. The 6-31++G(d,p) basis set was used for the CO group, the hydride
ligands, the O atom of THF, the CH2Cl> chlorine atoms and the acidic H atoms of HBF4
and CH2Cla. The 6-31G basis set was used for all other atoms. The structures of the
reactants, intermediates, transition states, and products were fully optimized without any
symmetry restriction. Transition states were identified by having one imaginary
frequency in the Hessian matrix. No scaling factor was applied to the calculated
frequencies since the optimization was run in the gas phase and the IR spectra were
measured in solution. The average ratio between experimental and calculated vco values
is ca 0.95. Non-specific solvent effects were introduced through CPCM (conductor-like
polarizable continuum model) representation of the solvent by single-point
calculations!®”! on gas phase optimized geometries for dichloromethane (¢ = 8.93) and
THF (¢ = 7.58). The AE*" and AG®" values have been obtained adding the contribution
of the free energy of solvation to the gas-phase potential energy and gas phase free energy,
respectively.”) Specific solvent effects in the ion pairs were considered by introducing
discrete solvent molecules (either CH2Cl, or THF) to solvate the BF4 anion of the ion pair.
To generate good starting points for the optimization of the solvated ion-pairs the most
stable conformation of the solvated free BF4 anion was initially investigated. Then the
arrangement of the solvent molecules found was introduced in the most stable
conformations of the ion-pairs and the system was fully optimised.

Table 5. Crystal data and  structure refinement  for

[Cp*Mo(PMe3)2(CO)(FH-FBF3)]-CHsCHs, 5.2

C24 Hs2 B Fs Mo O P>
610.27

Empirical formula
Formula weight
Crystal colour, habit dark violet, box

Crystal size (mm) 0.54x0.32x0.16



Temperature, K 180(2)

Crystal system Monoclinic
Space group P2i/a

a(A) 9.6293(3)

b (A) 26.8813(7)
c(A) 11.3274(3)
B 100.553(3)

V (A% 2882.43(14)
z 4

Deaic (g cm™) 1.406

Linear absorption, 4 (mm™") 0.613

Tomin/ Timax 0.43366 / 1.000
O Range (°) 32.12

F(000) 1264
Reflections measured 30896
Independent reflections [Rin] 9529 [0.0438]
Completeness of dataset (%) 94.3
Observed reflections [/ > 26(1)] 5715
Parameters 319

GOF 0.984

R1, wR2 [I>25(])]
RI1, wR2 (all data)
Aprin, Apmax (€ A7)

0.0355, 0.0810
0.0789, 0.0996
1.191,-0.900

[a] Only the average values are given for chemically equivalent parameters. [b] From
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