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A stopped-flow study of the Cp*MoO;~ protonation at low pH (down to zero) in a mixed H,O—MeOH (80:20)
solvent at 25 °C allows the simultaneous determination of the first acid dissociation constant of the oxo—dihydroxo
complex, [Cp*MoO(OH),]* (pKa = —0.56), and the rate constant of its isomerization to the more stable dioxo—
aqua complex, [Cp*MoO,(H,0)]* (k- = 28 s~1). Variable-temperature (5—25 °C) and variable-pressure (10-130
MPa) kinetics studies have yielded the activation parameters for the combined protonation/isomerization process
(k—2/Ka1) from Cp*MoO,(OH) to [Cp*M0oO,(H20)]*, viz., AHF = 5.1 + 0.1 kcal mol™, AS* = -37 + 1 cal mol™!
K=L, and AV¥ = —9.1 + 0.2 cm® mol~t. Computational analysis of the two isomers, as well as the [Cp*MoO,]*
complex resulting from the dissociation of water, reveals a crucial solvent effect on both the isomerization and the
water dissociation energetics. Introducing a solvent model by the conductor-like polarizable continuum model and
especially by explicitly inclusion of up to three water molecules in the calculations led to the stabilization of the
dioxo—aqua species relative to the oxo—dihydroxo isomer and to the substantial decrease of the energy cost for
the water dissociation process. The presence of a water dissociation equilibrium is invoked to account for the
unusually low effective acidity (pKa' = 4.19) of the [Cp*MoO,(H,0O)]* ion. In addition, the computational study
reveals the positive role of external water molecules as simultaneous proton donors and acceptors, having the
effect of dramatically lowering the isomerization energy barrier.

Introduction (OH)(H0);*,145 although the isomeric formulation MoO-
4 )
The precise structure of aqua complexes and ions in a(OH)(H20)." could also be envisaged. To the best of our
water solution is rarely known. For instance, molybdic acid Knowledge, the factors regulating the relative energy of a
(H.M0O,) is commonly represented as Mo(QHMoO, transition-metat-dihydroxo complex and its isomeric agua

(OH)(H,0),, and MoQ(H,0)s-¢ while its first protonation oxo form (Chart 1) are not well understood. In terms of the
product has been described as Mo(GH)O)* or MoO;- rate and mechanism of water-exchange reactions, the correct

assignment of such species is of utmost importance because
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Chart 1 (=H,0?)

OH o] kip=5.010"

M/ M// ﬁ% {CP*MOO(OH)2+ }
AN AN kolK, =172
OH OH * + <
2 Cp*MoO,(H,0), kyy =3.26:10° PKa1 <0
it is v_ve_ll-known that water-exchange reactions follow the k= 632107 Cp*MoO,(OH)
reactivity order M-OH, > M—QOH > M=0."
In the organometallic area, the complex (OH), is (=OH") pKyp =3.65

a stable compountiwhereas Cp#ZrO is a reactive inter-
mediate® On the other hand, Cpt¥WO and Cp3Ta(O)H are Cp*MoOy"

stable compounds that exchange water through\WpEdH),

and Cp%Ta(OHRH intermediated® Finally, the closely !

related oxo and dihydroxo complexes [CpMoO(RMge and 0.8 { Cp*MoO,(H,0),* Cp*MoOy°
[(°-CsEts)Mo(OH),(dppe)] have been isolated and structur- -

ally characterized**?In these systems, Cp, Cp*, and related £ 0.6 7

chelates are expected to have a drastic influence on the rate § 0.4 -

and mechanism of the water-exchange process on the basis

of data reported in the literature for water exchange on 0.2 7 Cp*MoO,(OH)
[Cp*Rh(H.0)3]?" and [Cp*Ir(H0)s]?", which is 14 orders 0 1 ‘

of magnitude faster than that for the corresponding hexaaqua 1 3 5 7

complexes and proceeds according to a more dissociative pH

substitution modé3*4 Figure 1. Thermodynamic and kinetic parameters related to the Cp¥*Mo
Some of us have initiated an investigation of the aqueous system in a HO—MeOH (80:20) solutior*
chemistry of high-oxidation-state organometallic compounds,

focusing initially on Cp*Mo derivatives in a variety of particular, the rate of conversion of compound Cp*M(IH)
oxidation states (VI, V, IV, and mixed-valence clustéfs). (generated quantitatively by the rapid protonation of
ngh-ox!datlon—gtate oxomolypdenum_compounds are em- Cp*MoO;~ at pH < 2) to the final cationic product was
ployed in a variety of catalytic reactions, such as olefin tond to be first order in [H]. The interpretation of this
epoxidation, the selective oxidation of alcohols to aldehydes, yogt leaves two possibilities, as detailed in Scheme 1, both
the dehydrogenatlon and isomerization qf alkgnes, and eveNinyolving a proton addition pre-equilibrium to yield an
reductive processes such as the hydrosilylation of carbonyliytermediate cationic dihydroxo complex. The first possibility
compounds® Organometallic versions of these systems have (path a) involves a rapid equilibrium rearrangement to an

. g : ! AR
shown high activities, notably in olefin epoxidatiéh?© It aqua-oxo isomer, followed by a rate-determining loss of a

would the:efore be of interest to ta?_arith_thesg kcatallyttljc water ligand, whereas the second one (path b) involves the
processes o an aqueous environment. 10 thiS end, KNOWIEAYG, .5 molecular isomerization process as a rate-determining

of the nature of the Cp*M8 aqua ion under different pH step. The [Cp*MoO(OHJ* ion is likely a strong acid in

CozdItlrc()e:]/?oljsv?r:\)//eusfiegibn of the aqueous speciation of water (fKay < 0) because most multiprotic inorganic oxo
b g q b acids (e.g., HCO;s, H,SOs, H3PQ,, ...) are characterized by

Cp*MoY! has given the results summarized in Figurd th
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2004 222, 265-271.
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a ApK, of ca. 4-5 and the K, [acid dissociation of
Cp*Mo0O,(OH)] is 3.65. Thus, the aquation state of the final
cationic product is uncertain, [Cp*MafH,0),]* with either
n= 0 or 1. The two possibilities cannot be distinguished on
the basis of the kinetics experiment or by use'téfNMR
spectroscopy because only the large solvent resonance was
observed under all pH conditions, providing only negative
evidence for water coordination (either the resonance of the
coordinated water molecule could be overshadowed by the
much stronger solvent resonance or the ligand exchange is
in the fast regime, leading to a single averaged resonance).
IR spectroscopy is also useless for such dilute solutions in a
strongly absorbing medium.

Subsequent attempts to crystallize a salt of the [Cp*MoO
(H20),]* ion and to determine its aquation state by X-ray
crystallography have not been successful, always yielding

(21) Collange, E.; Garcia, J.; Poli, Rlew J. Chem2002 26, 1249~
1256.



Nature of Cp*MoQ," in Water

Scheme 1
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instead the neutral dinuclear compound @,0s.2? In fact, structure (optimized independently under constraifizd

the low-solubility product of this compound drives its symmetry), this configuration is more stable by only 2.9 kcal
precipitation by combination with the thermodynamically mol™.

unfavorable (at low pH; see Figure 1) anionic hydrolysis

product, Cp*MoQ~. Another point that has remained [Cp*M0O,]" + H,0 = [Cp*M0oO,(H,0)]" (1)
unexplained from the previous stuidyoncerns the greater 2a

thermodynamic stability of the dioxo cation, Cp*MegQ(or

its water adduct), relative to the oxdihydroxo isomer, The electronic structure of two-legged piano-stool com-
Cp*MoO(OH),". plexes has been analyzed beféie? including the effect

of the coordination environmeii£” and spin stat&?°on the
relative stability of planar and bent geometries. All previous
studies, however, are restricted to electronically unsaturated

16-electron) 8systems, typically containing-acidic (e.g.,

0), neutral (e.g., H), or weakly donating (e.g., Cl) ligands.
On the other hand, complex [Cp*Me[D features two strong
double-sidedr donors on a ¥imetal center. Because the
‘Cp*~ ligand is electronically isolobal with the 20 ligand
(both are potentially 6-electrong + 27 donors), the
compound can also be considered as isolobally related to
MoOs, which is a @ MX 3 system with strong double-sided
sm-donor ligands. The geometric preference fér MX;
systems has been recently analyzed by Eisensteirf&fioal.

M = group 3, group 4, and lanthanide elements ane: X

(a) Aquation State of [Cp*MoOZ(HZO)n]+_ The reaction alkyl, ha”de, and amidO groupS. It was found that the
shown in eq 1 was studied computationally by DFT methods Pyramidal structure is always preferred because of the d
on the full systems (i.e., no ligand simplification was Orbital participation in M-X o bonding, whereas the ionic
adopted). Both complexes were optimized in the gas phase component should favor the planar structure. The contribution
These two minima are Shown in Figure 2. The unso'vated from sz donation pI’OVideS a driVing force toward ﬂattening
species give rise to a bent geometry’ with the_hnlp* ring of the structure. Therefore, it seems that the—MIp* and

Nntroi is forming an angle of 138.&rom the M
centroid ax S. ° 9 .a angle of 138.gom the MoQ . (22) Collange, E.; Metteau, L.; Richard, P.; Poli,/Rlyhedron2004 23,
plane, which is only slightly smaller than the same angle in 2605-2610.

the water adduct (141°® Relative to the ideal planar (23) Hofmann, PAngew. Chem., Int. Ed. Engl977 16, 536-537.

(24) Schilling, B. E. R.; Hoffmann, R.; Lichtenberger, D.1L.Am. Chem.
Soc.1979 101, 585-591.

(25) Schilling, B. E. R.; Hoffmann, R.; Faller, J. W. Am. Chem. Soc.
1979 101, 592-598.

(26) Johnson, T. J.; Folting, K.; Streib, W. E.; Martin, J. D.; Huffman, J.
C.; Jackson, S. A,; Eisenstein, O.; Caulton, KI@rg. Chem1995
34, 488-499.

(27) Ward, T. R.; Schafer, O.; Daul, C.; Hofmann@®ganometallics.997,
16, 3207-3215.

(28) Smith, K. M.; Poli, R.; Legzdins, RChem. Communl998 1903-

In this contribution, we present a more detailed stopped-
flow kinetics investigation of the generation of the [Cp*Mg8O
(H20)4] " ion in the low-pH regime, including variable-
temperature and variable-pressure experiments, as well as
density functional theory (DFT) computational study aimed
at establishing (i) the aquation state of this ion and (ii) the
mechanism of the slow process that leads to its generation
The results of this theoretical investigation are potentially
of more general interest because they illustrate the effect of
the medium on the relative stability of oxcand dihydroxe-
transition-metal species.

Results and Discussion

1904.
(29) Smith, K. M.; Poli, R.; Legzdins, RChem—Eur. J.1999 5, 1598—
1608.
Figure 2. Optimized structures of the [Cp*Ma" and [Cp*MoQy(H20)]* (30) Perrin, L.; Maron, L.; Eisenstein, Garaday Discuss2003 124, 25—
(2a) complexes. 39.
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Mo—O o interactions dominate the geometric preference for 8-
the [Cp*MoQ;]" ion. We have also calculated the isolobal

MoOs; system and found that the pyramidal structure-(O ;
Mo—O = 109.7) is again favored, in this case by 9.5 kcal 6‘_
mol~t with respect to theDs, structure. The Meligand 5
interactions, nevertheless, have a significant contribution “ 4]
from ionicity. This is suggested by the values of the Mulliken A 47
charges; for instance, the charges in the [Cp*MjoQon < 3
are+1.38 for Mo and—0.52 (average) for the two O atoms,

whereas in the Mo®molecule, they are-1.88 and—0.63, 2-.
respectively, showing that the metal is electron-richer in 1
[Cp*M0O,] " than in MoQ. ]
As expected, the addition of a water molecule results in 00 02 04 06 08 10 12
an energetic stabilization of the [Cp*Me[D complex, [H]. M

_COHESponding toa pOte_n_tial energy gain of 397 kcalThol Figure 3. Plot of kops vs [H*] for the acidification of [Cp*MoQ]~ with
in the gas phase. In addition to providing additional covalent HNOs in the range 0.04£0.95 M. Experimental conditions: [Cp¥0,0s]

bonding stabilization, this process is also favorable from an =4 x 107 M, dger= 390 nm, 20% MeOHH;0, temp= 25 °C, ot =

. . . " 1 M (adjusted with NaNg).
electrostatic point of view because a positively charged Mo
atom (Mulliken charge 1.37) is directly linked to the O atom [CP*MOO(OH)]* (pKay), the acidification kinetics of
of a water molecule, which has a marked anionic character [cp*MoO3]~ was studied at low pH (down to zero), where
(Mulliken charge—0.71). Although this addition process is  the complex is present in the [Cp*Me@H)] form (pKaz
entropically disfavored, the free-energy difference of the = 3 65: see Figure 1). Consistent with the previous sfidy,
reaction is still exergonic by 28.1 kcal mél The inclusion acidification kinetics showed a linear {Hidependence up
of solvent effects by means of the conductor-like polarizable t5 0.35 M (pH= 0.45), but a slight saturation effect was

continuum model (CPCM) method significantly changes the yisiple at concentrations up L. M (pH down to 0) as shown
results. The energetic difference remains in favor of the water Figure 3. This behavior is fully consistent with the
adduct, but the gain is reduced to 10.1 kcal MoHaving  previously established scheme (Figure 1) because the rate
the Cp*MoG;" ion and the water molecules separated in the |aw for the acidification reaction can be expressed as in eq
gas phas_e IS a very energy-costing process because a strong (the equilibriunKa, is rapidly maintained on the time scale
cation—dipole interaction is broken. Adding solvent effects of k ; andk_,).2t At low [H*] (Kar {[H*] < 1), the rate law
stabilizes the separated reactants by interacting with thefyrther simplifies to eq 3, which accounts for the linear
dielectric continuum of the polar medium, leading to a dependence observed under such conditions. The small
considerable decrease in the energy difference between thentercept could be ascribed to a minor contribution of the
isolated species and the aqua complex. The conclusion ofparallelk_; path. It is useful to remind the reader here that
this investigation is to establish the nature of the acidic form ¢ |ow pH thek_; pathway, corresponding to direct loss of
of Cp*Mo" in water as the aqua complex [Cp*MeO  OH- from Cp*MoO,(OH), should be negligiblek(; = 6.32
(H-0)]*, although the_ dlssomgtlon of the watgr ligand to 107 s1) compared to th&_, pathway, corresponding to
afford the [Cp*MoQ]* intermediate may be a facile process. protonation and isomerization of the [Cp*MoO(OH)

As mentioned in the Introduction, from a kinetics point of intermediate, e.g.k ;Ko YH*] = 1.73 st at pH = 1.
view, the Cp~ ligand is known to exert a strong trans effect Ajternatively, the intercept can also be due to a contribution
on ligand dissociation processes. The introduction of the Cp* of the back reaction, i.e., the path.

ligand on the very inert hexaaqua complexes of iridium(lll)

and rhodium(lll), i.e., on going from the [M@D)s]3" Kops = {k_; + KK, TH {1+ K, HTY (@
complexes to the [Cp*M(ED);]?" complexes (M= Rh and

Ir), increases the water-exchange rate by-12 orders of Kops ™~ K_; + k,ZKal’l[H+] (if [H +] issmall) (3)
magnitude’3 A 1’0 NMR investigation of the water-exchange

process for the Cp*M8,, system as a function of pH is The fit of the data in Figure 3 with the expression of eq

currently ongoing in our laboratories and will be reported 4, for which the small contribution of the intercept was
in detail in a separate contribution, but we are already able ignored, resulted itkk_, = 28 & 1 s* (log k_, = 1.44) and
to state that this appears to be an extremely fast processK,; = 3.6 & 0.6 M, from which K, = —0.56. It follows
Therefore, the mechanism of the low-pH transformation thatk-, is almost 8 orders of magnitude larger tHan and
leading from Cp*MoQ(OH) to [Cp*MoO,(H,0)]t may be that ApK, (i.e., Kaz — pKa) = 4.1. These values are
formulated as path b in Scheme 1, with the slow step being consistent with expectations because as mentioned above the
the intramolecular proton-transfer process, leading from the ApKj, of a typical inorganic diprotic oxo acid is4. Thus,
intermediate dihydroxo complex [Cp*MoO(OHJ to the the new results described here fully confirm the validity of
final product. the previously proposed kinetic scheme (Figure 1), where a
(b) Protonation Kinetics in the Low-pH Regime.In an rapid pre-equilibrium protonation precedes a slow step, which
effort to determine the first acid dissociation constant of is now known to be the intramolecular proton transfer; see

4106 Inorganic Chemistry, Vol. 46, No. 10, 2007
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Scheme 2
GMOHO" Y keSO [cprvearom; |
very k_2 =28
rapid “ PKa1 =-0.56
. + Bame—————T

Cp*MoO, kg —a19 | PMOOLOR)

“ pKp =3.65
Cp*MoO;

the next sections. It is worth mentioning that the proton
transfer to the oxo ligands in compound Re(O)I(2,7-nona-
diyne) by CRBSGO;H in MeCN was shown to be relatively
slow (11.9 Mt st at —40 °C).3!

Kobs ™~ K_oKay 'TH V{1 + Ky TH'T}
(if k_, is negligible) (4)

It should be noted that the individual values kf; and
k_, obtained by the above analysis give rise to a rétig
Ka1 = 7.8, in relatively good agreement with the previously
determined value (17.2}.The discrepancy may be attributed
to the difference in the ionic strength used in these studies.

water adduct is calculated as only 10.1 kcal mahore
stable than the dissociated species according to the CPCM,
but this calculation does not consider explicit interactions
of the adduct and the separate fragments with additional
water molecules. For instance, the stabilization of a water
molecule by hydrogen bonding to additional water molecules
is expected to contribute significantly to the equilibrium
energetics (the solvation free energy of a water molecule in
water has recently been estimated-#.3 kcal mot?).32 It

is also interesting to recall that an electrospray mass
spectrometric investigation of a,B—MeOH solution of
Cp*MoV' at low pH (ca. 4 and 1) revealed the presence of
both Cp*MoGQ" and Cp*MoQ(H,0)* species, as well as
the related Cp*Mo@MeOH)" adduct3®3*Whether the rapid
equilibrium highlighted at the left-hand side of Scheme 2
involves only species Cp*Mog and Cp*MoQ(H,0)* or
whether a MeOH solvate is also present does not affect the
measured values of all rate and equilibrium constants or their
significance.

In general, it is expected that ground-state labilization
caused by metalcarbon bonds in the trans position to
coordinated water molecules will not only drastically ac-
celerate the water-exchange process but will also significantly

However, one point remains to be discussed on the thermo-j,crease the I, value of the coordinated water, as found in

dynamics of the system before we can turn to the kinetics.
The combination of the individual rate constants for the
tautomerization of the cationic system in both directidgs (
andk_,, as shown in Scheme 2) yields the tautomerization
equilibrium constantK, = ky/k-, = 1.8 x 1075, which
corresponds to a free-energy difference of 6.5 kcal ol
favor of the oxe-aqua isomer. The combination of this value
with the experimentally determinedKp, value (0.56)
according to the thermodynamic cycle shown in Scheme 2
(the deprotonation of the two isomeric cations affords the
same neutral hydroxo complex) yields the thermodynamic
proton dissociation constant of the diexaqua speciesas

= 6.5 x 105 M (pKas = 4.19). This compares well with
the value calculated from_,/K,; determined in the previous
study Kai = 2.9 x 1075 M; pKai' = 4.54). Note that this
value is also given by the expressida {k-;)Ks, from the
thermodynamic cycle in Figure 1. At first sight, it may appear
unreasonable that the first acid dissociation constant of this

the present case. Bond weakening of the ®H, bond will
cause a decrease in the acidity of the coordinated water
molecule’** In addition, the bond strength will follow the
order M=O > M—OH > M—OH, as mentioned before.
Thus, the combination of bond labilization and pH will
control the lability of the coordinated water and lead to
apparent g, values that seem to be “abnormal”.

It is also interesting to analyze the Cp*Maosystem in
terms of the isolobal analogy between thé @nd Cp*
ligands. Thus, the Cp*Mog@ system is isolobally related
to MoOs;, Cp*MoO,(OH) to HMoO,~, and Cp*MoQ™ to
MoO?". Interestingly, while Mo@~ and HMoQ~ are
always described as tetrahedral ions, aqueous MisO
described as having coordination number 6 [as either MoO
(H20); or MoO,(OH),(H20),] possibly because an octahedral
environment is found for Mog®® as well as for its water
adduct MoQ@-2H,0,%¢in the solid state. However, equilibria
with 5- or 4-coordinate species may, in fact, exist. A

agua complex is weaker than the second one. However, thiscomparison between theKp of HMoO,~ (3.48f and

observation can be rationalized if the water ligand is
extensively dissociated as a result of the labilization caused
by the Cp* chelate as referred to above. In this case, the
calculated K. value must be treated as an apparelf p
value because it includes the equilibrium constant for the
dissociation of water, which is expected to be large in order
to offset the observed Ky value. Thus, the effective
thermodynamic acidity of the cationic complex is a weighted
average of the coordinated water molecule acidity, which is
expected to be intrinsically very high, and the acidity of the
free water molecule ¢, = 15.6). The hypothesis of an
extensive water dissociation from the cationic complex is
not inconsistent with the computational study because the

(31) Han, Y.; Harlan, C. J.; Stoessel, P.; Frost, B. J.; Norton, J. R.; Miller,
S.; Bridgewater, B.; Xu, Qlnorg. Chem.2001, 40, 2942-2952.

Cp*MoO,(OH) (3.65) suggests that the Cptigand is a
marginally better electron donor than the isolobal Gyand

for this system in an aqueous solvent. This means that the
Mo center is electron-richer in Cp*Maof than in MoQ,

as supported by the Mulliken charges in the Mo ate.G8

vs +1.88). In combination with the greater steric bulk of
the Cp* ligand versus the oxo ligand, this may lead to a
weaker interaction between [Cp*MeD and water.

(32) Kelly, C. P.; Cramer, C. J.; Truhlar, D. G. Phys. Chem. R006
110, 16066-16081.

(33) Gun, J.; Modestov, A.; Lev, O.; Saurenz, D.; Vorotyntsev, M. A;;
Poli, R. Eur. J. Inorg. Chem2003 482-492.

(34) Gun, J.; Modestov, A.; Lev, O.; Poli, Eur. J. Inorg. Chem2003
2264-2272.

(35) Wooster, NNature (London, U.K.1931, 127, 93.

(36) Krebs, BActa Crystallogr., Sect. C: Struct. Crystallogr. Cryst. Chem.
1972 28, 2222-2231.
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Figure 4. (a) Plots ofkops vs [H'] for the acidification of [Cp*MoQ]~ with HNOs in the temperature range-25 °C measured by stopped flow. (b)
Corresponding Eyring plot for the slope in part a. Experimental conditions: ;]@@0s] = 4 x 107* M, Aget = 390 nm, 20% MeOHH 0, ot = 1 M
(adjusted with NaNg).
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with HNOs n the range 16130 MPa. Experimental conditions: [G02Oe] water solution for the starting complesd), transition statet§1a), and

=4 x 1074 M, [HT] = 0.4 M, Aget= 390 nm, 20% MeOHH,0, temp= product @a) of eq 5

25 °C, uot = 1 M (adjusted with NaNg). ’

(c) Activation Parameters for the Low-pH Transfor-
mation. The temperature and pressure dependence of the
acidification process for the protonation reaction in the low-
acidity range have also been investigated. The data were
collected only in the pH range where the rate depends linearly
on [H*]; see Figure 4. The obtained activation parameters _
are AH*sope = 5.1+ 0.1 kcal mof* and AS'gope = —37 + ' : 12217 1270
1 cal mol* K=%, The double-logarithmic plots (logvs pH) ts1a
are linear with slopes very close to unity, demonstrating that Figure 7. Optimized structures of the dihydroxo complete) and the
the intercept plays a minor role in the fitting of the data. prczjton-transfer transition states{a) of eq 5 (distances in angstroms; angles

The pressure dependence of the reaction was studied at egrees).

0.4 M acid, for which the data are shown in Figure 5. The are suggested to account for the observed volume collapse
obtained activation parameteé\gope is —9.1 &+ 0.2 cn? and decrease in entropy on going to the transition state.
mol~L. The activation parameters for the slope of the plots  (d) Computational Study of the Intramolecular Proton-

in Figures 4 and 5 represent those forn/K,. Because  Transfer Process.In order to validate the intramolecular
nothing is presently known about the temperature dependencegroton-transfer mechanism and find the possible origin of
of Ky, it is difficult to speculate about the meaning of the the negative activation parameters (entropy and volumes),
reported activation parameters. It is reasonable to speculateve carried out calculations on the initidld) and end 2a)

that K41 should not show a significant pressure dependence products of eq 5, as well as on the transition steg#d], in
because it involves no changes in electrostriction and at mostthe absence and in the presence of additional water mol-
can be slightly positive. The overall significantly negative ecules. The gas-phase and water-solution energy profiles
activation entropy and volume values favor a process in obtained in the absence of additional water molecules are
which significant bond formation or charge creation occurs. shown in Figure 6, whereas the optimizZeiandtslaspecies
According to the slow reaction for path b of Scheme 1, are shown in Figure 7. The barrier height is quite high, having
formation of the aqua complex involves bond formation a value of 43.1 kcal mol in the gas phase, whereas the
between OH and H, as well as shortening of the-Nbbond reaction is endoergic by 10.6 kcal mal Both results
during conversion of MeOH to Moc=O. These processes disagree with the experimental evidence because the isomer-
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Gas phase

ization process is rather facile and the exmua complex T omphes CPMoO,(H,0)"
is the thermodynamically more stable product. When the ts1b oho
nonspecific solvent effects are accounted for by use of the oMo, .
CPCM method, the barrier is nearly the same (43.9 kcal THO 22
mol™Y), whereas the reaction is endoergic by 7.2 kcalthol

so the energetic difference has decreased by 3.4 kcal'mol
by inclusion of the solvent dielectric effects. Concerning the
Gibbs free-energy values (in the gas phase), they are veryFigure 8. Relative energy profiles (in kcal ml) in the gas phase and a
similar to the potential energy ones; for example, the watgr soll:)tlor]l foréhe starting complesl), transition statet§1b), and
difference betweefhaand2ais 10.6 kcal mot! in potential product €6 of eq 6.

energy, whereas the free-energy difference is 9.9 kcatiol
The high activation barrier is probably related to the
distortion of the OMoO fragment as reflected in the large
decrease in the ©Mo—O angle on going fronia (106.8) 8.1 kcal mot? in the gas phase and in a water solution,
to the transition-state structutgla (71.3). The transition respectively, for the dihydroxo complebb; 21.0 and 11.3
state is also characterized by distances of 1.221 and 1.276..,| mol! under the same conditions for the exaqua

A for the O—H bonds being broken and formed, respectively, ¢omplex2h). The stabilization ob s slightly greater than

when going fromla to 2a Thus, the old G-H bond is  hat of 1h, which renders the isomerization process less
already almost fully broken, whereas the new one has notgngothermic relative to the situation of the isolated system
yet formed to a significant extent, and the two MO bond (AE = +5.1 and+4.0 kcal mot? in the gas phase and in a

distances have intermediate values between those of theyaer solution, respectively). The corresponding free-energy
corresponding distances in the starting and final compounds. jittarence in the gas phase-s3.4 kcal mot™. This change
In conclusion, the intramolecular proton transfer implies & gaams related to the stronger hydrogen bonding of water with
remarkable change in the geometry, and this is associateqpe proton of the aqua ligand &b, relative to the proton of
with a high energetic cost. one of the two hydroxo ligands ihb (as measured by the
N N greater O-H bond elongation, 1.025 vs 0.997 A, and by the
[Cp*MoO(OH),] * — [Cp*M0O,(H,0)] ®) shorter G++H distance, 1.511 vs 1.655 A). The most dramatic
1la 2a effect relative to the water free system, however, is observed
at the relative barrier height, which is now only 12.7 kcal
mol™! (vs 43.1 without water) in the gas phase and only 10.3
kcal molt (vs 43.9 without water) in solution above tthb
species. This effect is related to the ability of the additional
Water molecule to act, at the same time, as a proton acceptor
for the donating ©-H ligand and as a proton donor for the
receiving O-H ligand, thereby mediating the proton transfer.
Both hydrogen-bonding interactions are established at the
level of the transition stateq1b), giving a six-membered
transition state, as shown in Figure 9. The most likely cause
of such a dramatic decrease in the activation barrier is the
smaller distortion of the OMoO fragment in the transition
states, as evidenced by the wider-Mo—O angle intslb
(92.%°) in comparison with the 71%3value optimized for
the tsla structure. The optimized ©Mo—O angles inlb
and2b, on the other hand, are essentially unchanged relative
to those oflaand2a. Thus, the structural rearrangement in
tslb is not as marked as that iisla with respect to the
relative reactants. It is worth mentioning that a very slow
rate of intramolecular proton transfer was reported for
(37) Lledc, A; Bertfa, J. Tetrahedron Lett1981 22, 775-778. complex Re(O}fOH)(MeC=CMe), in a benzene solutiott.

(38) Ventura, O. N.; Lledos, A.; Bonaccorsi, R.; Bertran, J.; Tomasi, J. Although the rate of transformation was shown not to
(@9) [{;ﬁ;’r'M(_:r(‘:'_""F;_féﬁggﬁoTﬁ_}é;ﬁ?cf's_; Rocha, WJRPhys. Chem.  STONgly depend on the presence or absence of stoichiometric
A 2006 110, 7253-7261. amounts of ethanol, trace amounts of s68;H strongly
(40) Eerﬁ".‘“;?a‘;lffg %riggi%atghgmnggggg,lcz- 23~3lg'gg;{‘ig£8 Friesner, accelerate the reaction. It is possible that the transformation
(41) Prabhakar, R.; Blomberg, M. R. A.; Siegbahn, P. ETHeor. Chem. could also be accelerated by excess water. Another slow

Acc.200Q 104, 461-470. intramolecular proton-transfer process was reportettdos:
(42) Sambrano, J. R.; Andres, J.; Gracia, L.; Safont, V. S.; Beltran, A.
Chem. Phys. Let2004 384, 56—62.
(43) Hratchian, H. P.; Sonnenberg, J. L.; Hay, P. J.; Martin, R. L.; Bursten, (44) Erikson, T. K. G.; Mayer, J. MAngew. Chem., Int. Ed. Endl988
B. E.; Schlegel, H. BJ. Phys. Chem. 2005 109 8579-8586. 27, 15271529.

optimized structures are depicted. First of all, the interaction
of the additional water molecule with systerha and 2a
gives rise to a significant energetic stabilization (15.5 and

In order to further probe the mechanistic details of this
reaction, we considered that the explicit inclusion of water
molecules could afford an easier proton-transfer pathway
because the system contains both donor and acceptor site
for the establishment of hydrogen bonds with water mol-
ecules. Many theoretical works have already reported the
active participation of water chains in tautomerizatfof?
and proton-exchange procesée¥. The mechanism is de-
scribed as a water-assisted reaction in which one or more
water molecules act as a bifunctional catalyst. Recent
theoretical studies of the tautomerization process between
the hydrated oxide, [MO(KD)]", and the dihydroxide,
[M(OH),] ™, cations (M= V, Nb, and Ta) also point out that
the participation of water acting as proton donor and acceptor
can effectively lower the barrier height for the isomerization
process? The same water catalysis has been found for the
isomerization of UQ(OH)..*® The resulting energy profiles
with one additional water molecule are shown in Figure 8.
In Figure 9, the main geometric characteristics of the
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ts1b

Figure 9. Optimized structures of the starting complébb), transition statet§1b), and productZb) of eq 6 (distances in angstroms; angles in degrees).
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Figure 10. Relative energy profiles (in kcal mof) in the gas phase and
a water solution for the starting complekd, transition statet§é1c), and
product @c) of eq 7.

[RUY(tpy)(O)(O=P(Ph}CH,CH,PPh)(H,O)]?* in a MeCN
solution#®

Another noteworthy characteristic tsfLb is that the proton
originating from the donating ©H group has already
migrated onto the water molecule (1.088 A), whereas the
proton that eventually ends up in the aqua ligand is still

bonded to the added water molecule (1.026 A). These
distances suggest that the transition state involves the

interaction between a hydronium ion4®I") and the neutral
Cp*MoO,(OH) molecule, through the establishment of two
hydrogen bonds (1.382 A to the oxo ligand and 1.591 A to
the hydroxo ligand). We have reported a similar transition
state in hydrogenation performed by gold catalysts for the
heterolytic cleavage of Hassisted by a solvent molecule
(ethanol)*® In conclusion, the explicit consideration of a
water molecule confirms the feasibility of the rearrangement
of 1b to 2b by solvent-assisted intramolecular proton transfer.

[CP*MOO(OH),] **H,0 — [Cp*M0O,(H,0)] *H,0
1b 2b

(6)

water adduct, going from the mono- to bis(water) adduct
further stabilizes the oxeaqua isomer relative to the
dihydroxo isomer. The oxeaqua complex is now only 1.4
kcal mol less stable than the dihydro isomer in the gas
phase [cf. 5.1 and 10.6 kcal mélfor the mono(water) and
water-free system, respectively] and actuafigre stableoy

a small margin (0.4 kcal motl) in a water solution. The
gas-phase free energy is still in favor of the dihydroxo
isomer, but only by 2.4 kcal mot. Undoubtedly, the correct
relative energy can be obtained at this level of theory,
provided the effect of the water solvation is considered by
the explicit inclusion of a sufficient number of water
molecules in the calculation. Although the relative free
energy computed by including two water molecules is still
a bit far from the experimental value of 6.5 kcal mbin
favor of the oxe-aqua isomer, the explicit inclusion of water
molecules in the calculations moves the energetic balance
in the right direction. In conclusion, our calculations indicate
an intrinsic preference of the system for the dihydroxide form
(gas phase). The nonspecific interactions (continuum calcula-
tions) are not sufficient to reverse this stability order, whereas
a reversal, in agreement with the experiment, is observed
upon inclusion of the specific interactions (hydrogen bonds)
with the water solvent.

[Cp*MoO(OH),] -2H,0 — [Cp*Mo0O,(H,0)]"-2H,0 (7)
1c 2c

Concerning the energetic profile, the proton-transfer barrier
is now reduced to a very low value (1.3 and 3.5 kcal thol
in potential and free energy, respectively). In CPCM single-
point calculations, the energy of the transition state is even

On the basis of the above results, we have imagined thatlower than the corresponding reactant energy. We consider

the addition of a second water molecule could further lower
the energy of the transition state. An eight-membered
transition stateté1c) having two water molecules acting as

that this difference is within the error of the CPCM method.
Compared totslb and tsla the structure oftsic is
characterized by an even wide-Mo—0 angle (102.9).

proton and donor acceptors concurrently between the twoNow the Mo-O bonds barely have to bend in order to reach
Comp|exe§_c and2c (eq 7) may further reduce the necessary the suitable Configuration for the proton transfer. The explicit
geometric reorganization to reach the transition state. Theinclusion of the two water molecules also has the effect of
resulting energy profiles in the gas phase and a water solutionfurther weakening the ©H bonds for the hydroxo ligands
on this system are shown in Figure 10, and the optimized (1.049 Ainlcvs 0.997 A inlb) and the aqua ligand (1.132
structures for the related species are drawn in Figure 11. AsA in 2c vs 1.025 A in2b). Thus, the proton becomes

was a|ready seen on going from the water-free adduct to theeﬁeCtiV9|y more transferred to the medium. As was the case
for ts1b, the structure ofslcmay also be viewed as resulting

from the hydrogen-bonding interaction of a hydronium ion
(in this case HO,™) with neutral Cp*MoQ(OH), according
to the observed pattern of-€H and O--H distances.

(45) Dovletoglou, A.; Meyer, T. JJ. Am. Chem. Sod 994 116 215-
223.

(46) Comas-Vives, A.; Gonzalez-Arellano, C.; Corma, A.; Iglesias, M.;
Sanchez, F.; Ujaque, G. Am. Chem. SoQ006 128 4756-4765.
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Figure 11. Optimized structures of the starting compléx)( transition statet§1c), and productZc) of eq 7 (distances in angstroms; angles in degrees).

tsic

[Cp*M0O,(H,0)]* is intrinsically more acidic than its
dihydroxo isomer, which may seem in contradiction with
the experimental evidence (oxaqua isomer, I§, = 4.19;
dihydroxo isomer, i, = —0.56). However, as argued above,
the high effective K, value of [Cp*MoQy(HO)]t is
proposed to result from an equilibrium with [Cp*Me[d

and free water. Thus, these computational results indirectly
validate the water dissociation hypothesis.

The calculations agree with the experimental evidence that
the cationic systems, [Cp*MoO(Ok) and [Cp*MoQO-
(H20)]*", can be deprotonated in a slightly acidic medium.
However, the predominant species in very acidic media is a
cationic complex. As a very simple way of modeling the
effect of lowering the pH, we have added an extra proton to
the system, i.e., using the {B(H,O),]* cluster as a model
of the medium. The resulting system is dipositive. This is a

For the sake of completion, we have pursued the study rough simulation of a low-pH aqueous solution but can give
by adding a third water molecule to the system. In this case, some insight of what occurs when increasing the acidity of
however, the optimization of both hydroxo and exagua  the medium. Several theoretical studies have addressed the
isomersld and2d resulted in an optimized structure where question of the nature of the hydronium species in solution
the water proton is completely transferred to the water cluster, gnd its solvation sheff~5° The [HO(H:0),] * cluster has
which thereby becomes &6" hydronium ion and interacts  peen used as a model of the hydronium species in solution
via hydrogen bonding with the neutral Cp*Me@H) in other reactions involving transition-metal compleXe%.
complex; see Figure 12. These results confirm the trend pifferent structures were optimized, exploring several starting
reported in2b and2c, where the G-H bond became more  points, and the various optimized species are shown in Figure
elongated as more water molecules were added in the systemy 3. For speciede and 2e the hydronium ion (HO") is
This trend reflects the acidity of the cationic species; thus, |gcated in the second-coordination sphere, whereas species
a more water-rich environment favors the proton transfer to le2 1e3 and2e2feature this ion in the first-coordination
the medium. The two structurdsi and2d are isomers in  sphere, directly interacting with the molybdenum complex.
terms of the arrangement of the hydrogen-bonded waterQpyiously, these are not necessarily all of the possible
molecules. Structur@d is more stable thahd by 1.8 kcal minima but probab|y the most favored ones.
mol~! in a water solution. It is interesting to note that the In no case was the proton of the cationic complex
protonf_:\ted water molecule éBf) interacts with thg GH ~ (ICp*MoO(H.0)]* or [Cp*MoO(OH)]*) transferred to the
group in structured, whereas it prefers an oxo ligand in - ediym, in contrast to what occurred for the monopositive
structureld. Although this difference is fairly small and the system with three water molecules. This is not a surprising
final point depends on the starting point in the optimization, result, with the medium (modeled here as@H{H,0),]")
it may be attributed to the fact that 2d there is an additional being too acidic in the gas phase to accept an additional
hydrogen bond. Moreover, the O(OH) interacting wit{CH proton because it has an excess of positive charge. Neverthe-
in 2d presents a more negative Mulliken charge than the O
interacting with HO™ in 1d: —1.11 vs—0.89. (47) Tunon, 1.; Silla, E.; Bertran, 3. Phys. Chen993 97, 5547-5552.

A comparison of all isomeric pairs shows that the aqua (48) wei, D.; Salahub, D. Rl. Chem. Phys1994 101, 7633-7642.

O—H bond in the oxe-aqua isomer systematically experi- (49) Marx, D.; Tuckerman, M. E.; Hutter, J.; Parrinello, Mature (London,

Figure 12. Optimized structures dfd and2d, featuring the Cp*MoQOH)
molecule interacting with the [(#0)(H20),]" cluster (distances in ang-
stroms; angles in degrees).

ences a greater lengthening effect than the hydroxddO JK.) 1999 397 801604,
bond in the dihydroxo isomer (1.025 A #b vs 0.997 A in

1b; 1.132 A in2c vs 1.049 A inlc, these distances are
essentially identical inla and 2a). This suggests that

(50) Schmitt, U. W.; Voth, G. AJ. Chem. Phys1999 111, 9361-9381.

(51) Kovaes, G.; Ujaque, G.; Lledn A.; Jog F. Organometallics2006
25, 862-872.

(52) Kovas, G.; Schubert, G.; Jod.; Papai, 1.Organometallics2005
24, 3059-3065.
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Figure 13. Optimized structures of the [Cp*MoO(OH) and [Cp*MoGy(H20)]* complexes interacting with the [@®)(H20),]* cluster (relative energies
in kcal molt in parentheses).

less, this approach gives a nice representation of what occurslioxo—aqua ([Cp*MoQ(H,0)]") isomers in solution. The
when lowering the pH value because the cationic speciescomputational study shows that the dihydroxo isomer is
now become favorable and can be obtained as real minimafavored for the isolated system in the gas phase, but the
in the potential energy surface for both isomers. subsequent introduction of the solvent model (by CPCM)

Concerning the relative energies, placing the hydronium and especially the explicit introduction of water molecules
ion in the first-coordination sphere carries an energy cost of in the calculations attenuate and even reverse this stability
ca. 2 kcal mot?, relative to having it in the second sphere trend. The study further suggests that the medium strongly
(e.g., going fromle to le2 and 1e3 for the dihydroxo  affects the water dissociation energy cost from the dioxo
complex and from2e to 2e2for the oxo-aqua complex).  aqua isomer (10.1 kcal mdl in a water solution vs 39.7
On the other hand, the dihydroxo isomer is more stable thankcal mol?in the gas phase). A generalization of these trends
the oxo-aqua species by 5.3 kcal méllevs 2estructure). suggests that the dihydroxo species for any given system
As discussed before, we believe that a larger number of waternaye a better chance to be stable in apolar organic solvents,
molecules (at least the complete first solvation sphere) should\ynereas a rearrangement to oxo complexes accompanied by
be included in order to reproduce the experimental relative \y5ier dissociation may be favored in stronger dielectric
stability. . ' ~ solvents.

The experimental data also show that the dominant species The above trend also rationalizes the unusually low

> g ioni * 21
atpH=> 5 is the anionic complex [Cp*Mog.* We suggest acidities that are sometimes found for high-oxidation-state

that when the hydroxide concentration is increased, the = =~ " . . .
proton of the [Cp*MoQ(OH)] complex can be easily cationic complexes. While the water ligand in the examua
. . . L
transferred to hydroxide in solution, analogous to what occurs |§,omer, r[]Cp l\/rI]er(]HéO)] ' IIS' an g\trlnsr]:allé/itrgnger proton
to one proton of the aqua complex when water molecules on:)r than t e+ yh roxo ;]glan mtt) € Idy rg;o |fsorr;]er,
are added to the system. Nevertheless, although theoretical CP*MOO(OH),] ", the much lower observed acidity for the
+4.19 vs—0.56 for the latter) is related to a

calculations reported here provide some relevant energy©mer (A<a= -+ >—U. 1)
trends, geometries, and activation barriers, a completewater dissociation equilibrium. In turn, this is related to the

theoretical analysis of the species present in solution as acPordination sphere and particularly to how the ligands are
function of the pH is beyond the scope of this study, mainly able to satisfy the electron deficiency at the metal center

because of the intrinsic difficulty of simulating an aqueous UPOn 10ss of the water lone-pair donation. In the present
solution at a given pH. More information could be extracted System, the extremely high lability of the coordinated water

from dynamics simulations. molecule can be ascribed to the trans labilization effect of
_ the Cp* chelate, which, in turn, favors the formation of the
Conclusions dioxo complex and is responsible for the apparent high p

A combination of kinetics and computational investigations Value of the oxe-aqua isomer. We are not aware of any
on the Cp*Md' system in an acidic aqueous medium has Other analogous study in the literature.
greatly improved our understanding of what factors regulate  Concerning the isomerization mechanism leading from the
the properties of the oxedihydroxo ([Cp*MoO(OH}]*) and dihydroxo species to the ox@qua species, the direct
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intramolecular proton transfer from the dihydroxo complex  Computational Details. Calculations were carried out using the
to the aqua complex can be ruled out because of the highGaussian 0Packagé at the DFT level by means of the B3LYP
calculated barrier for the direct proton transfer, viz., 43.9 functional?>~5" For the Mo atom, the LANL2DZ pseudopotentfal
kcal moft including solvent effects. The assistance of either Was used with the addition of f polarization functidisThe
one or two water molecules renders proton transfer feasible®-31G(d) basis set was used for C atoms while for O atoms
by dramatically lowering the barrier height. The mechanism additional diffuse functions were added because of their anionic
involving assistance by two water molecules even yields a :vgasrz‘r:;e:gséiif;(g)iaio;l;‘iini 3\:;’:25&1;2‘2 ?r']?’olrgé?'t? t:ea;stlr?est\e;\:o
lower energy for the trap3|t|on state than for the reactant minima?inlzle d by every transition stafe-o2 9
and product when including the CPCM, suggesting that this
is indeed a very facile process. The assistance by amphiphilic Solvent effects were included by means of CPCM single-point
external molecules, such as water, is increasingly found to calculationS%* Additional spheres were included for all of the H
be crucial to lower activation barriers of intramolecular atoms except for the Cp* H atoms by means of the SPHEREONH
proton-transfer rearrangements. option. Frequency calculations were made in order to get the Gibbs
free energy. The temperature used was 298.15 K.

Experimental Section

Solution Preparation and MeasurementsAll chemicals used Acknowledgment. We gratefully acknowledge the Eu-
in this study were of analytical grade. The solution pH was ropean Commission for funding this work through the
controlled by using HN@ The total ionic strengthu) was kept AQUACHEM Research Training Network (Contract MRTN-
constant a1 M with NaNG;. pH measurements were carried out CT-2003-503864). Financial support from the Spanish MEC
on a Metrohm 623 pH meter equipped with a Sigma glass electrode.through Project CTQ2005-09000-C02-01 and from Gener-
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[Cp*M0O3]~ with HNO;z in the pH range from 0.025 to 0.35 were
carried out using an Applied Photophysics SX-18MV stopped-flow
spectrophotometer. 20% MeOHH,O solutions of [Cp*MoQ]~
were rapidly mixed with varying pH solutions in a gastight syringe.
The kinetics of the reaction was monitored at 390 nm, where the
change in the absorbance is a maximum for the acidified molyb-
denum product. The rate constant for acidification was determined IC062409G
from the slope of linear plots d§,,svs [H*], as described in more
detail under the Results and Discussion section. All kinetics
experiments were performed under pseudo-first-order conditions, (54) Frisch, M. J.; et alGaussian 03 revision C.02; Gaussian, Inc.:
i.e., with at least 10-fold excess of {H over the Cp3Mo,0s 55) \évsgllg?fgdﬁ)f]:ic':rzmggfPhysl993 98, 5648-5652.
complex. Reported rate constants are the mean values of at leasise) Lee, C. T.; Yang, W. T.; Parr, R. ®hys. Re. B 198§ 37, 785~
five kinetic runs, and the quoted uncertainties are based on the 789. ) ] )
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analyzed with the use of the OLIS KINFIT (Bogart, GA) set of (81) Gonzalez, .- Schiegel. H. B. Chem. Phys1989 90, 2154-2161.
programs. (62) Gonzalez, C.; Schlegel, H. B. Phys. Cheml199Q 94, 5523-5527.
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Supporting Information Available: Complete refs 19, 51, and
56 and absolute energies and Cartesian coordinates of the optimized
structures. This material is available free of charge via the Internet
at http://pubs.acs.org.
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