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Polyoxometalates (POMs) are an inorganic alternative to
classical transition-metal complexes. Their structural and
solution chemistry is pivotal in the design of catalytically
active sites with redox and acidic properties that can be tuned
at the molecular level.? POMs with y-Keggin decatungsto-
silicate structures catalyze the epoxidation of both terminal
and internal double bonds, with quantitative conversion of
H,0,, high regioselectivity, unique stereospecificity, and fast
reaction times.**! Since the first report on this epoxidation,®!
general consensus has emerged on the key role played by a
reactive structural defect or “lacuna” on the POM surface.*!
The divacant complex y-[SiW,,O5]* (1) features a tetraoxy-
genated lacunary site that is bordered with four W"! atoms,®
which are prone to H,O, coordination.’®” Moreover, the
catalytic activity of 1 was found to be triggered by proto-
nation.”!

The active catalyst was isolated within a narrow pH range,
and exhibited the highest reactivity when precipitated at pH 2
as the tetraalkylammonium salt (Scheme 1).P! The generally
accepted formulation envisaged a tetraprotonated complex,
(H4)1 and a solid-state and solution structure with C,
symmetry.l! Notably, elongation of only two of the four W—
O bonds at the lacunary site occurred upon protonation, with
a difference in bond length Ar(W—0,una) Of 0.43 AP This is
likely a key feature of the mechanism of catalysis that may
affect the formation and reactivity of the active tungsten
peroxide, and therefore access to fast and selective oxygen
transfer. The distribution of the four protons on the lacunary
site is a matter of current debate.’”] A bisaquo-bisoxo
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Scheme 1. Synthesis of catalyst (H,)1 and schematic representation of
the lacunary site in the postulated isomers 2 and 3.

complex 2 or a tetrahydroxy isomer 3 have been considered
(Scheme 1).*3 In the former case, regioselective double
protonation of only two oxo groups of 1 leads to a localization
of water molecules that are coordinated to the POM lacuna.?
The second proposal stems from computational and Brgnsted
acidity studies that support the monoprotonation of all
lacunary oxygen sites and the formation of four terminal
hydroxo ligands.”! However, the calculated geometry of 3
does not provide a conclusive description of the experimental
structure, thus further attention is required.

We present herein a combined kinetic, spectroscopic, and
computational study to address the electronic and structural
factors that dictate the protonation sites and equilibria of 1, as
well as their impact on the catalysis.

In the epoxidation of cis-cyclooctene catalyzed by (Hy)1,
the turnover frequency (TOF) drops linearly upon addition of
the first two equivalents of (nBu,N)OH, then levels off to a
plateau value (Figure 1). This result points out the major role
in the promotion of oxygen transfer played by only two of the
four acidic protons on the POM surface.

Therefore, the acid/base behavior of the catalyst in
dimethyl sulfoxide (DMSO) was monitored to follow catalyst
speciation. The "W NMR spectrum of (H,)1 exhibits five
signals with equal intensity, which indicates a C, solution
structure under slow proton-exchange conditions that is
compatible with both 2 and 3.® Titration of (H,)1 with
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Figure 1. Dependence of the turnover frequency (TOF) of the epoxida-
tion of cis-cyclooctene by (H,)1 and H,0, upon titration with
(nBu,N)OH.

(nBu,N)OH causes the spectroscopic changes outlined in
Figure 2. Addition of the first equivalent of base yields ten
distinct resonance signals as expected for a nonsymmetric
(H;)1 species under slow proton-exchange conditions. With a

R N B

T T T T T T 1
D) —— |’. r .‘. — | .
ool 1
YR | | S

-80 -100 -120 -140 -160 -180 -200

518w / ppm

Figure 2. "W NMR spectra upon titration of (H,)1 (0.10 M) with
(nBu,;N)OH in DMSO at 25°C; base added: a) 0 equiv, b) 1 equiv, c) 2
equiv, d) 3 equiv, e) 4 equiv.

second equivalent of base, a C,, structure ((H,)1, three
signals) is attained, which implies a fast exchange between the
remaining protons if located on the lacunary site (see below).
The NMR spectrum is not substantially modified by further
additions of base.l”) Thus, the results from the NMR spectro-
scopic studies indicate that only two protons of (H,)1 are
sufficiently acidic to be abstracted by (nBu,N)OH, which
accounts for the plateau of Figure 1.

The location of these protons has been addressed by
relativistic DFT calculations which included solvent effects."”
The basicity of the oxygen sites of 1 was initially estimated in
relation to their relative charge and the molecular electro-
static potential (MEP) surface (Figure 3). Inspection of the
MEP surface and relative energies of the isomeric monoacids
(H1 (X = A-N), indicates that the bridging oxygen atoms
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Figure 3. Calculated electrostatic potential surface of 1 (top and side
views) and relative energies of selected monoprotonated isomers
(H)1 (X=A-N). Red and blue regions indicate negative and positive
potential, respectively. Viable protonation sites are indicated with the
letters A-N and include terminal W—O (A, E, F, N), bridging W—O—W
(D, G, H, I, L, M), and Si—O (B) groups.

are the most favorable protonation sites compared with the
terminal and lacunary oxygen atoms.*!!!

While the low basicity of the lacunary site (O*) apparently
rules out its involvement in protonation equilibria, a com-
pletely reversed scenario is obtained when the geometry of
(HM1 is optimized to accommodate an intramolecular
hydrogen bond. The formation of one hydrogen bond
between two adjacent lacunary oxygen atoms provides a
stabilization energy of 8.5 kcalmol ' (Figure 3) which renders
O* the most favorable protonation site. Despite the polyan-
ionic nature of 1, such a value falls in the typical range for a
neutral donor/acceptor hydrogen bond,!"!! which is consistent
with the low negative charge on the participating lacunary
oxygen atoms.””! This observation highlights the key role
played by the strength and directionality of the hydrogen
bond in the POM lacuna. Indeed, a second intramolecular
hydrogen bond between the lacunary oxygen atoms ((H,)1,
Figure 4) involves an almost equal gain in energy, despite the
former protonation on the vicinal site. The calculated
structure of (H,)1 provides a basis with which to address the

controversial assignment of the tetraprotonated isomers 2 and
3 [3.5.13]
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Figure 4. Calculated energies of hydrogen-bond formation for two
sequential protonation steps in the lacunary site of 1.
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Inspection of the MEPs for (H,)1 (see the Supporting
Information) shows that the monoprotonated lacunary
oxygen atoms (HO?) still retain significant electron density
which does not prevent a regioselective double protonation of
each site to form 2.

The geometries and energies of both postulated isomers 2
and 3 were assessed at different computational levels, either
with a hybrid density functional (B3LYP), an augmented ECP
Gaussian basis set and the PCM solvent model, followed by
single-point energy calculation with a larger basis,”! or with
scalar relativistic effects at the B3LYP-ZORA level with
Slater basis sets and the COSMO solvent model (Table 1; see
the Supporting Information for details). Thus, we have used
the most sophisticated computational tools viable for a system
of this size.

Table 1: Calculated relative energies and bond lengths of structures 2
and 3.

Calculation E(2)—E(3) Ar(W—Opcuna)  Ar(W—Ojucuna)
protocol [kcalmol™"1®  (2) [A] (3) (A1
ZORA-BP86/S-1// —4.66 0.58 0.06
ZORA-BP86/S-|

B3LYP/G-Il// -2.90 0.38 0.08
B3LYP/G-I

ZORA-B3LYP/S-I//  +1.14 0.38 0.08
B3LYP/G-I

ZORA-B3LYP/S-Il//  +0.63 0.38 0.08
B3LYP/G-I

[a] All calculations include solvent effects (see the Supporting Informa-
tion). [b] Absolute energies are reported in the Supporting Information.
[c] Experimental Ar(W—0,,.,..) =0.43 A, see text.

The resulting energies of 2 and 3 are so close, as to be very
sensitive to the combination of method/basis set adopted,
with the energy gap E(2)—E(3) between —5 and +1 kcal
mol~!. However, the optimized geometry of 2 fits better with
the X-ray structure.*” In all cases, modeling of 2 gave a
calculated Ar(W—O),na) Value in the range 0.58-0.38 A,
which closely matches the experimental value of 0.43 A.
Conversely, a substantial deviation is obtained in the case of 3
(Ar(W—Oyeuna) <0.10 A, Table 1). Furthermore, the calcu-
lated structure of 2 reproduces the well-known Pfeiffer effect,
whereby nonsymmetric protonation of alternate MO octa-
hedra leads to a chiral distortion of the polyanion.!'! This
effect results in an alternate sequence of long and short trans
O-W-0 bond lengths,' as observed theoretically (PCM-
B3LYP/G-I level) and experimentally along the two sequen-
ces O1-W1-03—W3—05 and O2—-W2—04—W4—-06, high-
lighted in Figure 5, to give respectively (experimental dis-
tances in brackets): 2.16 (2.16), 1.84 (1.82), 2.03 (2.05), 1.87
(1.85) and 1.79 (1.72), 2.13 (2.20), 1.83 (1.79), 2.05 (2.08) A.
Such structural analysis speaks in favor of 2 as the active
epoxidation catalyst.

In conclusion, the structure 2 explains the solution
behavior of the competent catalyst with this evidence:

e The calculated relative energies (kcalmol™) along the

protonation pathway to 2 are in the order: 1 (58.6), (H*)1
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Figure 5. Calculated optimized structure of 2 at the PCM-B3LYP/G-I
level.

(29.2), (H,)1 (6.2), (H3)1 (—1.8), 2 (0), and support the
different acidity of the two types of protons that is dictated
by the intramolecular hydrogen bonds.

o The fast catalysis with 2 is probably aided by the two W—
OH, functions which carry an incipient leaving group, thus
fostering ligand exchange within the coordination sphere
of each independent catalytic site.[">1°)

e The switch to a fast proton-exchange regime observed
upon deprotonation of 2 may be attributable to the release
of the Pfeiffer compression, which alters the trans push/
pull effect along the POM skeleton, thus modifying the
hydrogen-bond-donor/acceptor properties of lacunary
W-0O sites.

POMs provide discrete, homogeneous models of solid
metal-oxides and therefore the interplay of a spectroscopic/
computational approach, as outlined in this study, has a great
potential to gain new insight into the structural and mecha-
nistic effects induced by multiple proton transfer on extended
inorganic surfaces.
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