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Divacant Keggin-type polyoxotungstates [γ-XW10O36]8– with
X = Si or Ge, were functionalized with chiral phosphoryl
groups. The hybrid compounds [(R*PO)2(γ-XW10O36)]4– with
R = N-protected aminoalkyl groups or O-protected amino
acid derivatives, were isolated. The solution characterization
of the products was performed by different techniques: 183W,
31P, 13C, and 1H NMR spectroscopy, electrospray ionization
mass spectrometry, UV/Vis spectroscopy, and circular dichro-
ism (CD). The experimental data confirm the covalent graft-
ing of the organic moieties onto the polyanionic surface. A
chirality transfer, from the pendant organic arm to the inor-

Introduction

Polyoxometalates (POMs) are inorganic and discrete
multimetal clusters; they have found applications in cataly-
sis, material sciences, and medicine.[1–7] Their properties
may be modified depending on the elemental composition,
structure, and countercations.[1] In addition, the presence of
organic substituents anchored on the POM surface offers
the possibility to tune the stereoelectronic features of the
resulting complexes, as well as their solubility, reactivity,
and hydrolytic stability.[4,8,9] The merging of organic and
inorganic domains is a developing field of investigation fo-
cusing on the design of new hybrid materials.[10] In this re-
spect, surface-appended organic moieties carrying suitable
functional groups are introduced to foster the extended or-
ganization of the POM molecular units.[7,11,12] This strategy
was successfully employed to obtain polymerizable,[13] den-
drimeric,[14] and supramolecular derivatives.[15] Moreover, a
tailored hybrid modification of POMs is instrumental for
their grafting onto surfaces and onto nanoparticles,[16] for
their embedding into polymeric membranes,[17] and for the
introduction of organic or organometallic residues for ad-
vanced catalytic applications.[18,19] As a result of the poten-
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ganic framework is apparent from CD studies. Multiple Cot-
ton effects were observed in the region of charge-transfer
transitions pertaining to W–O bonds. Furthermore, the 183W
NMR spectra are consistent with the expected C2 symmetry,
resulting from introduction of two organic stereocenters. The
title complexes were used in the presence of hydrogen per-
oxide to perform the oxidation of methyl p-tolyl sulfide. Im-
plications for the design of enantioselective catalysts based
on these derivatives are discussed.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

tial applications of POMs in medicine, the preparation of
hybrid derivatives is also of interest to introduce molecular
recognition sites while increasing their bioavailability.[6,20]

Within this scenario, the upgrade towards chiral POM-
based complexes and materials is highly desirable for both
biomedical applications[21] and stereoselective catalysis.[22]

Totally inorganic, chiral POMs have been described in the
literature.[23] However, resolution of the enantiomeric struc-
tures is hampered by racemization through water exchange,
partial hydrolysis, or fluxional behavior so that only in a
few cases has spontaneous resolution of the enantiopure
conglomerates been successfully obtained.[24–26] Therefore,
an alternative strategy is based on the direct attachment of
chiral organic groups onto the POM surface.[27–29] Chiral
POM-based hybrids have been obtained by tailoring the or-
ganic–inorganic structures and their intermolecular junc-
tions, also including other transition-metal ions to bridge
the molecular building units.[30] Interestingly, the assembly
into an extended enantiomorphous structure has also been
obtained in the absence of any chiral auxiliary compo-
nent.[31] As a further remark, optically active hybrid materi-
als, like chiral molecular magnets and conductors, have
been prepared by following analogous synthetic ap-
proaches.[32]

Stable diastereomeric derivatives have been obtained
with organostannanes grafted onto monovacant Wells–
Dawson polyoxotungstates to link amino acids or chiral
amines,[33] or with binaphtholic derivatives grafted onto
hexamolybdate Lindqvist structures through Mo–N
bounds.[34] The interplay of multidentate organic ligands
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with transition-metal-substituted POMs has been de-
scribed, as in the case of a dimeric ZrIV-substituted Wells–
Dawson polyoxotungstate containing tartaric acid.[35,36] As
a corollary, the use of chiral cations has been explored to
prepare optically active peroxopolyoxotungstates.[37,38] We
recently contributed to this field by preparing chiral Strand-
berg-type pentamolybdates functionalized with aminoalk-
ylphosphonates. These compounds behave as molecular gel-
ators in hydroalcoholic solutions, where they assemble into
nanostructured twisted fibrils. The induced helicity of the
hybrid fibrils results from the expression of chirality at the
supramolecular level.[12]

We present herein the synthesis and characterization of
new chiral polyoxotungstophosphonates, in enantiopure
form, derived from the covalent functionalization of la-
cunary Keggin-type precursors.

The resulting complexes display high hydrolytic stability,
which is a precise requirement for their further use as mate-
rial building blocks and/or as catalysts in oxygen transfer
reactions, in combination with hydrogen peroxide as bulk
oxidant.[58]

Results and Discussion

The synthetic routes to Keggin-type polyoxotungstates
functionalized with chiral phosphonates are depicted in
Scheme 1. In both cases, a divacant POM complex featur-

Scheme 1. Synthetic routes to Keggin-type polyoxotungstates functionalized with chiral phosphonates. Pathway a: grafting of N-protected
aminoethyl phosphonic acids; pathway b: grafting of O-protected amino acids.
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ing a surface defect is used as precursor with the aim to
exploit the oxygen atoms of the lacunary site, which are
prone to react with electrophilic reagents such as organ-
ophosphonic acids. The organic residue was directly intro-
duced as chiral N-protected aminophosphonate (Scheme 1,
pathway a) or by the sequential amino acid coupling on a
phosphonoacetic-substituted POM (Scheme 1, pathway b).
The grafting reaction occurs in acetonitrile, under phase-
transfer conditions, fostering the dissolution of the POM
with nBu4NBr.[39] By using a similar protocol, decoration
of the lacunary [γ-SiW10O36]8– unit was reported to provide
hybrid POMs with two surface-anchored organophosphon-
ate (RPO2+) groups facing each other while linked to two
oxygen atoms of two edge-shared WO6 octahedra. This
structural arrangement was shown by solid-state X-ray
characterization.[39] The new compounds display very sim-
ilar UV/Vis and FTIR spectra (Figure 1), thus suggesting
the same substitution pattern. The solution characterization
of the resulting hybrid POMs was also performed by the
following techniques: 183W, 31P, 13C, and 1H NMR spec-
troscopy, electrospray ionization (ESI) mass spectrometry
(MS), and circular dichroism (CD).[40] CD spectroscopy, in
particular, has been used as a tool to assess the chirality
transfer from the organic moiety to the POM scaffold.[41]

Moreover, geometry optimization of the products has been
computed by DFT (BP86 functional, TZ2P basis set), in-
cluding relativistic and solvent effects, to assess the spatial
distribution of the organic pendant arm, evaluating the im-
pact of hydrogen bonding and steric effects on the stability
of different conformers.
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Figure 1. FTIR (KBr) spectra of POMs 1–6 in the region of W–O
and P–O absorptions.

Grafting of N-Protected Aminoethyl Phosphonic Acids onto
the POM (Scheme 1, Pathway a)

The unprotected aminoethylphosphonic acid (I) is hardly
soluble in the reaction mixture, thus preventing careful con-
trol of the stoichiometry of the reagent. Moreover, the zwit-
terionic form of the organic reagent is likely associated as
a counterion to the POM precursor. For these reasons, the
aminoalkyl phosphonic acids were protected at the amino
functions before reaction with the POM derivative. 9-Fluor-
enylmethoxycarbonyl (Fmoc) and benzyloxycarbonyl (Z)
were thus introduced as protecting groups (PGs) with the
aim to explore orthogonal deprotection procedures. The
corresponding organophosphonic acids Fmoc-NHCH-

Table 1. 31P NMR, 183W NMR, and MS (ESI–) data for the organophosphonic acids and their corresponding hybrid polyoxometalate
derivatives in CH3CN solutions.

Compound 31P NMR, δ [ppm] 183W NMR, δ [ppm] ESI-MS, m/z[e]

I 14.1[a] – nd
II 22.4 – nd
III 24.1[b] – nd
1 21.0 –103.1, –111.9, –113.2, –145.1[d], –145.2[d] 1020
2 21.5 –105.9, –114.7, –115.8–147.8[d] 965
3 18.8 –[c] nd
5 17.5 –107.0, –115.6, –156.9[d] 884
6 19.7 –[c] 961
7 19.8 –[c] 993
8 17.6 –81.7, –97.6, –132.0[d] 900
9 19.2 –79.4, –97.8, –97.9, –126.2[d] 975

[a] In D2O. [b] In CD3CN/[D6]DMSO. [c] No signals observed due to paramagnetism of the species. [d] Doublets. [e] MS (ESI–) signals
corresponding to the HM3– ions. nd = not determined.
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(CH3)PO(OH)2 (II) and Z-NHCH(CH3)PO(OH)2 (III)
were isolated and characterized (Scheme 1). The substitu-
tion reaction on the lacunary site of [γ-SiW10O36]8– occurs
smoothly to provide TBA3K[{C13H9CH2OC(O)NHCH-
(CH3)PO}2(γ-SiW10O36)] (1) and TBA3K[{C6H5CH2OC-
(O)NHCH(CH3)PO}2(γ-SiW10O36)] (2) in 83 and 63%
yield, respectively.

Table 1 collects the characterization data for the phos-
phonic acid precursors I–III and for the POM-based hy-
brids. 31P NMR spectroscopy is a convenient tool for moni-
toring the reaction, as separate resonances are observed for
both starting reagents and POM-based phosphonates
(Table 1). Moreover, a single 31P NMR signal is indicative
of a single product with a symmetric substitution at the
POM lacunary site. The chemical shifts of the starting rea-
gents are affected by the introduction of PGs and by subse-
quent grafting onto the POM surface. In particular, a
downfield shift (∆δ = 8.3–10 ppm) was observed for the
phosphorus signal of both compounds II and III with re-
spect to I, in agreement with the deshielding effect of the
amido group, whereas a smaller upfield shift (∆δ = 1.4–
2.6 ppm) was observed upon grafting of II and III onto the
inorganic surface to give 1 and 2 (Table 1).

1H NMR spectroscopy rules out the occurrence of any
undesired deprotection pathway during the anchoring pro-
cess, as the expected resonances for the aromatic PGs are
observed between 7.8–7.3 and 7.4–7.3 ppm for hybrid
POMs 1 and 2, respectively. The ESI mass spectra of hy-
brids 1 and 2, registered in negative mode, shows clusters
centered at m/z = 1020 and 965 attributed, respectively,
to the ions [H{C13H9CH2OC(O)NHCH(CH3)PO}2(γ-
SiW10O36)]3– and [H{C6H5CH2OC(O)NHCH(CH3)PO}2-
(γ-SiW10O36)]3–. FTIR evidences diagnostic bands at 760,
880, and 905 cm–1 for νas(W–Ob–W) and weak bands at
1100–1200 cm–1 for νas(P–O) for both derivatives, confirm-
ing the integrity of the POM structure (Figure 1).[39]

Hybrids 1 and 2 exhibit a 183W NMR spectral pattern in
agreement with the expected bis-functionalized, C2-sym-
metric structure, with three multiple resonances with rela-
tive intensity 1:2:2, corresponding to WC (two side atoms),
WA (four bottom tungsten atoms), and WB (four vacant W
atoms; Table 1 and Figure 2).
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Figure 2. Top: 183W NMR of 2; bottom: representation of 2, top
and lateral view, highlighting diastereotopic W ions. The C2 sym-
metry axis crosses the silicon atom.

The most-shielded signals (WB) appear as doublets be-
cause of the heteronuclear phosphorus–tungsten coupling
2J(W,P) of 9.0 Hz (for 1) and 9.7 Hz (for 2). In addition, a
splitting of the signals was observed for 1 and 2 with respect
to the parent [γ-SiW10O36]8–. Heteronuclear NMR has al-
ready been reported to reveal diastereomeric interaction oc-
curring between amino acids and chiral polyanionc scaf-
folds.[33,42,43] In this case, however, the diastereotopic atoms
belong to enantiopure species. The optimized geometries of
POMs (S,S)-1 and (S,S)-2 (Figures 2 and 3) nicely illustrate
how the chiral substituents, related by C2 symmetry, may
be oriented on the inorganic unit, thus leading to the re-
moval of the equivalence of the WB and WA atoms; these
atoms become pairs of diastereotopic atoms (WA and WA�,
WB and WB�). Noteworthy, a larger splitting was observed
for the remote WA and WA� ions (about 1.2 ppm), suggest-
ing that a significant perturbation involves the whole struc-
ture. POM 1 presents a very small splitting (δ = 0.1 ppm)
of the upfield doublet, thus allowing the WB and WB� sig-
nals to be distinguished. The WC atoms, finally, are still
chemically equivalent, but their strong chemical downfield
shift (�80 ppm) with respect to the signal of [γ-SiW10-
O36]8– is in agreement with a deep overall electronic change
of the bis-functionalized structure, mainly affecting nonvac-
ant W atoms.

Both (R,R) and (S,S) enantiomers of 1 and 2 were pre-
pared upon functionalization of [γ-SiW10O36]8– with the
two enantiomers of the aminoethylphosphonic acid, prop-
erly protected with Fmoc or Z groups. As expected, the two
enantiomers of hybrids 1 and 2 show mirror-symmetric CD
spectra. In addition, 1 and 2 exhibit similar chiroptical be-
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Figure 3. Optimized geometries of 1 (top) and 2 (bottom).

havior, with the same number of exciton splittings and Cot-
ton effects, at similar wavelengths: 230 (2.8 �104), 251
(–1.0� 104), 267 (1.3�104), 289 (–1.3 �104), and 315 nm
(1.1�104 degcm2 dmol–1) for (S,S)-1 and 228 (2.7 �104),
251 (–9.7� 103), 271 (1.1�104), 288 (–5.9 �103), and
314 nm (1.5�104 degcm2 dmol–1) for (S,S)-2 (Figure 4).
The lower optical activity observed for the protected phos-
phonic acids [a single positive Cotton effect at 266 nm with
θ = 5.8�103 degcm2 dmol–1 for (R)-II and at 212 nm with θ
= 1.7� 103 degcm2 dmol–1 for (S)-III] in the spectral region
where the characteristic oxygen-to-tungsten charge-transfer
bands of the polyanion absorbs (Figure 4, inset) suggests
that the optical activity is induced through chirality trans-
fer. The CD spectra resulting from a similar exciton cou-
pling of the chromophoric groups are also in agreement
with the occurrence of analogous structural/electronic fea-
tures for compounds 1 and 2.

The possibility to remove the PGs in 1 and 2 was ex-
plored. The presence of unprotected amino groups is of
interest to access further functionalizations, as well as to
promote intra- and intermolecular ionic-type hydrogen
bonds, arising from protonation equilibria. These latter can
be exploited for the development of new POM-based ex-
tended assemblies.[12] Thus, the protecting groups in 1 and
2 were removed by using classic procedures: 1 was treated
with diethylamine (Scheme 2, pathway a) to obtain
[{NH2CH(CH3)PO}2(γ-SiW10O36)]4– (3), whereas 2 was re-
duced with H2 by using a Pd/C catalyst (Scheme 2, path-
way b) to yield the corresponding reduced heteropolyblue
[{NH2CH(CH3)PO}2(γ-SiW10O36)]n– (n � 4; 4). The 31P
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Figure 4. Circular dichroic spectra and UV/Vis (inset) spectra of
complex 1 (top) and 2 (bottom) in CH3CN.

NMR spectrum of 3 evidences a single peak at δ =
18.8 ppm (∆δ = –2.2 ppm with respect to 1) as expected
upon deprotection. Removal of the PGs was also confirmed
by 1H NMR spectroscopy (see Supporting Information).[44]

Scheme 2. Deprotecting procedures for the removal of the PGs
from 1 and 2.

The retention of the inorganic framework in 3 and 4 was
confirmed by FTIR, where the main spectral features of the
POM between 700 and 1000 cm–1 are maintained (Figure 1
and Supporting Information); moreover, the very weak ab-
sorption of the aromatic C–H bonds at 3065–3035 cm–1 and
the C=O signal at 1719 cm–1 originally observed in 1 disap-
pear, whereas amino N–H bending at 1634–1616 cm–1 is ob-
served. The optimized geometry of 3 is represented in Fig-
ure 5.
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Figure 5. Optimized geometry of 3.

Compared to parent complex 1, 3 presents a lower UV/
Vis absorption (Figure 6, top, inset), as well as a smaller
number of exciton splittings, as expected upon removal of
the chromophores (the aromatic moieties and the amido
bonds). (S,S)-3 presents the following Cotton effects: 237
(1.1�104), 271 (–9.9 �103), 300 nm (2.2�103 degcm2

dmol–1; Figure 6, top).

Figure 6. Top: CD spectrum of 3 with its UV/Vis spectrum com-
pared to that of 1 (inset); bottom: CD spectrum of 4 with its UV/
Vis spectrum (inset).

As a result of its reduced form, 4 is blue and presents a
UV/Vis absorption up to 400 nm, with a small band at
800 nm (Figure 6, bottom, inset). This heteropolyblue com-
plex exhibits a higher number of dichroic bands, with a
small shift toward visible wavelengths. (S,S)-4 presents the
following Cotton effects: 227 (1.3� 104), 264 (1.9�104),
292 (–6.8 �103), 338 (–1.1� 104), 381 nm (1.3 �103 degcm2

dmol–1). To the best of our knowledge, this is the first exam-
ple of an induced circular dichroism pertaining to a chiral
heteropolyblue POM. In this highly reduced form, the elec-
trons, besides affecting spectroscopic properties, may also
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increase the overall charge density affecting the proton/cat-
ion equilibria.[45] This observation opens up the possibility
to obtain chiroptical switches with redox-dependent ac-
tivity.[46]

Grafting of O-Protected Amino Acids (Scheme 1,
Pathway b)

Elongation of the chiral pendant arm on the POM sur-
face was addressed by reaction of the intermediate
[{HOC(O)CH2PO}2(γ-SiW10O36)]4– (5). Complex 5 was
isolated and characterized in solution. The 183W NMR
spectrum shows peaks at –107.0, –115.6, and –156.9 ppm,
with 2J(W,P) = 11.4 Hz for the latter WB signals. The
31P{1H} NMR spectrum presents a single resonance at δ =
17.5 ppm, whereas the bis-functionalization was confirmed
by mass spectrometry (ESI–), by which the tricharged ion
[H{HOC(O)CH2PO}2(γ-SiW10O36)]3– with m/z = 884 was
detected. Amino acid methyl esters can be covalently linked
to 5 by means of classic condensation reactions. -Valine
was chosen as a model, as it is quite sterically hindered and
does not contain functional groups that could affect
the reaction. Ethyl-γ-dimethylaminopropylcarbodimmide
(EDC) and 1-hydroxy-1,2,3-benzotriazole (HOBT) were
used as dehydrating and activating agents, respectively. De-
spite the formation of byproducts originating from EDC,
we used this reagent instead of DCC to obtain a higher
reaction yield.[33,47] The related product, [{CH3OC(O)-
CH[CH(CH3)2]NHCOCH2PO}2(γ-SiW10O36)]4– (6) was
isolated. The 31P{1H} NMR spectrum shows a single reso-
nance at δ = 19.7 ppm, with a downfield shift of 2.2 ppm
with respect to 5, whereas the 1H and 13C NMR spectra
confirm the presence of -valine. The mass spectrum
(ESI–) presents a cluster centered at m/z = 961, resulting
from the [H{CH3OC(O)CH[CH(CH3)2]NHCOCH2PO}2-
(γ-SiW10O36)]3– ion.

Differently from 1–4, the pendant arm in 6 features the
approach of the amido group to the nucleophilic oxygen
atoms of the inorganic framework, thus fostering the for-
mation of two hydrogen bonds between the NH moieties
and the W–O–W bridging oxygen atoms of the polyoxomet-
alate (Figure 7). These favorable interactions account for a
stabilization of 16 kcal mol–1 with respect to a conformer in
which the amido groups are opposite to the POM domain.
A stabilization energy of 8 kcal mol–1 falls in the typical
range for a neutral donor–acceptor hydrogen bond,[2b] con-
firming that, despite the polyanionic charge of the POMs,
the local charge distribution on the oxygen atoms is rela-
tively low. Hydrogen bonding is a key tool for POM stabili-
zation in the catalytic activation of hydrogen peroxide[2b]

and/or evolving in supramolecular architectures.[12] In this
respect, the design of suitable H-bonding patterns can boost
the chirality transfer from the organic pendant arm to the
inorganic envelope of the polyoxometalate through multiple
noncovalent interactions.
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Figure 7. Optimized geometry of 6.

The CD spectrum of 6 (θmax = 1.1�104 degcm2 dmol–1

at 202 nm and 8.2� 103 degcm2 dmol–1 at 215 nm) partially
overlaps the signal of -valine, which presents a similar pos-
itive Cotton effect below 230 nm (θ = 6.9�103 degcm2

dmol–1 at 210 nm), indicating that the chiral core on the
organic moiety is not significantly altered after attachment
to the POM (Figure 8).

Figure 8. CD and UV/Vis (inset) spectra of 6.

The reaction has shown to be of general scope, as -phe-
nylalanine was also grafted onto 5 to give [{CH3OC(O)-
CH(CH2C6H5)NHCOCH2PO}2(γ-SiW10O36)]4– (7). Phos-
phonoacetic acid gives bis-functionalized products also
with [γ-GeW10O36]8–, leading to [{HOC(O)CH2PO}2(γ-
GeW10O36)]4– (8), which was coupled with -valine by fol-
lowing the same reaction procedure to give [{CH3OC(O)-
CH[CH(CH3)2]NHCOCH2PO}2(γ-GeW10O36)]4– (9). In 7
and 9, the 31P NMR signals are downfield shifted (∆δ =
1.6–2.2 ppm) with respect to their parent complexes 5 and
8, bearing the free carboxylic function. Analysis by MS
(ESI–) confirms the introduction of the two amino acid
arms, whereas the 183W NMR spectrum of 9 presents the
expected distinct signals for diastereotopic WB, WB� and
WA,WA� atoms (Table 1).[48]

Catalytic Oxidations by Chiral POM Hybrids

Catalytic protocols using hydrogen peroxide as terminal
oxidant, and involving competent WVI peroxides, are gen-
erally characterized by negligible decomposition pathways
and good to excellent selectivity. In this light, interesting
results have been obtained with vacant POMs[2,49,50] and
with their hybrid derivatives.[5,51] These latter display stable
structures under multioxidation turnovers.

Thus, the enantioselective oxidation of methyl p-tolyl sul-
fide with H2O2 (Scheme 3) was used as a probe to obtain
insight into the structural requirements of the chiral POM
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catalysts. Table 2 reports the results obtained with com-
plexes 1–6, compared in terms of yield and enantiomeric
excess (ee). The reactions were performed at either 0 or
–10 °C in the presence of an excess amount of the substrate.
In all cases, the oxidation was selective to sulfoxide, as sul-
fone was not observed. Complexes 1–4 were used under
catalytic conditions, with yields in the range 20–78% after
72 h. A superior reactivity was observed for unprotected 3
with respect to parent complexes 1 and 2 and heteropo-
lyblue complex 4 (Table 2, Entries 1–4).[52] No ee was ob-
served for such reactions, suggesting a possible activation
of several WVI centers on the POM surface with diverse/
opposite asymmetric induction. To evaluate this hypothesis,
the reaction was performed under stoichiometric condi-
tions, by adding only 2 equivalents of H2O2 with respect to
the POM catalyst. Also, under these conditions, 3 and 6
displayed a better performance in terms of oxidation yield
(Table 2, Entries 7 and 8). The increased reactivity for such
complexes may be due to amino-assisted peroxide acti-
vation through hydrogen bonding. Low ee values were gen-
erally obtained; however, worthy of note is the dependence
of the enantioselectivity of the reaction on the nature of the
PG, being opposite with the most hindered substituent II
(Table 2, Entry 5). Complex 6 does not give any ee, suggest-
ing that the stereocenter is too far from the catalytic sites.
A further remark is that under either stoichiometric or cata-
lytic conditions, the yield of the reaction increases steadily
with time, whereby the kinetic trace does not present any
induction time ascribable to catalyst modification (see ki-
netic traces obtained with 2 in the Supporting Information).

Scheme 3. Methyl p-tolyl sulfide oxidation with H2O2 catalyzed by
POMs.

Table 2. Asymmetric oxidation of methyl p-tolyl sulfide with POMs
1–6 in the presence of H2O2.[a]

Entry POM t [h] Yield [%][b] ee [%][c]

1 (R,R)-1[d,e] 24 0 0
72 35

2 (R,R)-2[d] 24 9 �1 (R)
72 20

3 (S,S)-3[d] 24 65 0
48 78

4 (S,S)-4[d,e] 48 16 0
72 28

5 (R,R)-1 24 3 3 (S)
48 21

6 (R,R)-2 24 7 8 (R)
72 14

7 (S,S)-3 24 21 8 (R)
48 59

8 6 24 75 0

[a] POM (7 µmol), methyl p-tolyl sulfide (70 µmol), H2O2

(14 µmol), CH3CN (600 µL). T = –10 °C. [b] Based on H2O2 con-
tent. [c] Determined by chiral HPLC. [d] POM (0.8 µmol), methyl
p-tolyl sulfide (0.5 mmol), H2O2 (0.1 mmol). [e] 0 °C.
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Conclusions

Surface decoration of lacunary POMs with enantiopure
phosphonates yields optically active hybrid complexes that
were characterized in the solid state and in solution by
FTIR, heteronuclear NMR spectroscopy, mass spectrome-
try, and UV/Vis experiments. Furthermore, DFT calcula-
tions were performed to optimize geometries and to address
the conformational stability of the different species. In such
complexes, the merging of the organic and inorganic do-
mains induces intense and multiple CD features, observed
in a broad range of frequencies. Indeed the chiroptical solu-
tion behavior of the systems under investigation shows dis-
tinct Cotton effects up to 400 nm. The CD and UV/Vis
spectra remain unchanged with time, indicating that the chi-
ral hybrids are stable in solution. The chirality transfer at
the POM level can be conveniently tuned as a function of
the nature and structure of the organic substituents. The
complexes, bearing N- or O-protected chiral amino acids,
are of interest as building blocks for further functionaliza-
tion and for the assembly into extended systems, including
peptides or hybrid functional materials, through polymeri-
zation reactions.[20,53] Although the preliminary catalytic re-
sults are of limited synthetic interest, the oxidative activity
and stability of the title complexes offer a starting point for
the development of novel stereoselective catalysts. Future
development in this field will also consider the use of asso-
ciated chiral cations or polycations.[37]

Experimental Section
General: All reagents purchased from commercial sources were
used as received without further purification. 1H NMR spectra
were recorded with Bruker AC250 and AV300 instruments op-
erating, respectively, at 250.18 and 300.13 MHz. 13C NMR spectra
were recorded with a Bruker AV300 operating at 75.4 MHz.
Si(CH3)4 was used as reference. 183W NMR and 29Si NMR spectra
were recorded with a Bruker Avance DRX 400 instrument op-
erating at 16.67 and 79.50 MHz, respectively, by using 2  Na2WO4

in D2O and Si(CH3)4 in CDCl3 as external references. 31P NMR
spectra were recorded with a Bruker AV 300 instrument operating
at 121.50 MHz by using 85% H3PO4 in H2O as external reference.
FTIR (KBr) spectra were collected with a Thermo Quest Nicolet
5700 instrument. Mass spectra (ESI) were obtained with an Agilent
LC/MSD Trap SL spectrometer by using a capillary potential of
1500 V. CD spectra were recorded with a Jasco J-715 polarimeter
with 1 cm quartz cells. An HPLC Shimadzu LC-10 AT VP instru-
ment was used to detect methyl p-tolyl sulfoxide enantiomers. A
Shimadzu GC-2010 instrument was used to measure methyl p-tolyl
sulfide conversion. Vacant polyoxotungstates were prepared as de-
scribed in the literature.[54]

(S)- and (R)-C13H9CH2OC(O)NHCH(CH3)PO(OH)2 (II): In a
round-bottomed flask, 1-aminoethylphosphonic acid (I; 500 mg,
4 mmol) was dissolved in H2O (1.5 mL). K2CO3 (424 mg, 4 mmol)
was introduced to obtain pH 8.5 and dioxane (3 mL) was then
added. Separately, FmocCl (1.24 g, 48 mmol) was dissolved in diox-
ane (1.5 mL). The latter solution was added dropwise to the solu-
tion of I, and the resulting mixture was stirred overnight. After
removal of dioxane under vacuum, the alkaline solution was mixed
with ethyl ether to extract the unreacted FmocCl (3�6 mL). After
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addition of KHSO4 (pH�1), the product was extracted with ethyl
acetate (10�15 mL). The organic phase was dried with MgSO4,
and the solvent was removed under vacuum to afford a yellow solid
(983 mg, 2.8 mmol, 71% yield). FTIR (KBr): ν̃ =3299 (s), 2930 (w),
3053 (w), 3020 (w), 2998 (w), 2980 (w), 2951 (w), 2936 (w), 2891
(w), 1738 (m), 1685 (s), 1540 (s), 1477 (w), 1455 (m), 1447 (m),
1379 (m), 1308 (m), 1276 (m), 1262 (m), 1240 (m), 1194 (m), 1175
(m), 1104 (m, br.), 1080 (m), 1051 (m), 1021 (m), 1002 (m), 1005
(m), 940 (m), 932 (m), 918 (m), 762 (m), 744 (m), 731 (m), 705 (w),
641 (w, br.), 569 (w), 542 (w), 526 (m), 408 (w), 469 (m) cm–1. 1H
NMR (300 MHz, [D6]DMSO, 28 °C): δ = 7.88 (d, 3J = 7.35 Hz, 2
H, Ar-H), 7.76 (t, 3J = 6.71 Hz, 2 H, Ar-H), 7.41 (t, 3J = 7.38 Hz,
2 H, Ar-H), 7.33 (m, 2 H, Ar-H), 4.22 (m, 3 H, CH2O and CH),
3.75 (m, 1 H, CH), 1.23 [dd, 3J = 7.49 Hz, 3J(H,P) = 15.90 Hz, 3
H, CH3] ppm. 13C{1H} NMR (75.47 MHz, [D6]DMSO, 28 °C): δ
= 155.6 (1 C), 143.9 (2 C), 140.7 (2 C), 127.3 (2 C), 125.4 (2 C),
120.1 (2 C), 65.8 (1 C), 46.7 (1 C), 44.3 [1J(C,P) = 154.6 Hz, 1 C],
16.0 (1 C) ppm. 31P{1H} NMR (121.50 MHz, [D6]DMSO, 28 °C):
δ = 22.42 (s, 1 P) ppm. UV/Vis: λ (log ε) = 195 (5.34), 266 (4.11),
289 (3.58), 300 (3.62) nm.

(S)- and (R)-C6H5CH2OCONHCH(CH3)PO(OH)2 (III): To a solu-
tion of (R)- or (S)-1-aminoethylphosphonic acid (I; 200 mg,
1.60 mmol) dissolved in H2O (1 mL) was added a solution of ben-
zyloxycarbonyl succinimide (400 mg, 1.61 mmol) in acetonitrile
(400 µL) whilst stirring. Triethylamine (300 µL) was used to achieve
and maintain pH 8. After one night stirring, the organic solvent
was removed under vacuum, and the remaining solution was di-
luted 1:1 with water. The excess amount of benzyloxycarbonyl suc-
cinimide was removed by extraction with diethyl ether (10�4 mL).
The aqueous phase was acidified to pH �1 with diluted H2SO4,
and the product was extracted with ethyl acetate (10�8 mL). The
organic layer was dried with MgSO4, and the solvent was removed
under vacuum to obtain the product (310 mg, 1.20 mmol, 75%
yield). FTIR (KBr): ν̃ = 3295 (s), 3032 (w), 2949 (w), 1689 (s, br.),
1540 (s), 1455 (m), 1428 (w), 1312 (m), 1277 (m), 1258 (m), 1225
(m), 1190 (m), 1165 (m), 1116 (m), 1082 (m), 1056 (m), 1004 (m),
941 (m), 815 (w), 779 (w), 739 (w), 714 (w), 694 (m) cm–1. 1H NMR
(250 MHz, CD3CN/[D6]DMSO, 25 °C): δ = 7.32 (s, 5 H, Ar-H),
6.42 (m, 1 H, NH), 5.05 (m, 2 H, CH2), 3.87 (m, 1 H, CH), 1.26
[dd, 3J(H,H) = 7.32 Hz, 3J(H,P) = 16.05 Hz, 3 H, CH3] ppm.
13C{1H} NMR (75.47 MHz, CD3CN/[D6]DMSO, 28 °C): δ = 173.8
(1 C), 138.1 (1 C), 129.3 (2 C), 128.8 (1 C), 128.7 (2 C), 66.9 (1 C),
45.3 [1J(C,P) = 155.43 Hz, 1 C], 26.1 (1 C) ppm. 31P{1H} NMR
(121.50 MHz, CD3CN/[D6]DMSO, 28 °C): δ = 24.13 (s, 1 P) ppm.
UV/Vis (CH3CN): λ (log ε): 239 (3.86) nm.

General Procedure for the Preparation of Compounds 1, 2, 5, and
8:[39] In a round-bottomed flask, K8[γ-SiW10O36]·12H2O (500–
700 mg, 0.24 mmol) was suspended in acetonitrile (15 mL) with
TBABr (229 mg, 0.71 mmol). After stirring for 5 min, organophos-
phonic acid (2 equiv.) was added, followed by the slow addition of
HCl (4 , 4 equiv.) under vigorous stirring. The mixture was heated
at reflux overnight and filtered to remove insoluble reagents and
byproducts. The volume of the solution was reduced to 1 mL, upon
evaporation under vacuum, than water was added to precipitate
the product. The solid was finally washed with water and diethyl
ether on a fritted funnel and dried several hours under vacuum.

(R)- and (S)-(TBA)3K[{C13H9CH2OC(O)NHCH(CH3)PO}2(γ-
SiW10O36)] (1): K8[γ-SiW10O36]·12H2O (700 mg, 0.24 mmol) and
(R)- or (S)-I (165 mg, 0.48 mmol) were used to afford the product
(754 mg, 83% yield). FTIR (KBr): ν̃ = 2961 (m), 2932 (m), 2875
(m), 1719 (m), 1509 (m), 1483 (m), 1452 (m), 1379 (m), 1318 (w),
1267 (m), 1223 (m) 1153 (m), 1109 (m), 1051 (m), 1007 (m), 966
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(s), 908 (s), 877 (s), 838 (s), 762(s), 552 (m), 457 (w) cm–1. 1H NMR
(300 MHz, CD3CN, 28 °C): δ = 7.82 (m, 4 H, Ar-H), 7.71 (m, 4
H, Ar-H), 7.38 (m, 8 H, Ar-H), 5.92 (br. d, 3J = 9.30 Hz, 2 H,
NH), 4.38–4.10 (m, 8 H, CHP, CH2O, CH), 3.12 (m, 24 H, NCH2),
1.62 (m, 24 H, CH2), 1.39 (m, 30 H, CH2 and CH3), 0.97 (t, 3J =
7.33 Hz, 36 H, CH3) ppm. 13C{1H} NMR (75.47 MHz, CD3CN,
28 °C): δ = 156.78 (2 C), 145.40 (4 C), 142.07 (4 C), 128.68 (4 C),
128.28 (4 C), 126.61 (4 C), 120.90 (4 C), 67.57 (2 C), 59.34 (12 C),
48.08 (2 C), 30.89 (2 C), 24.41 (12 C), 20.38 (12 C), 17.90 (2 C),
13.93 (12 C) ppm. 31P{1H} NMR (79.49 MHz, CD3CN, 28 °C): δ
= 20.99 (s, 2 P) ppm. 183W NMR (16.67 MHz, CD3CN/CH3CN,
25 °C): δ = 103.11 (s, WC, 2 W), –111.88 (s, WA, 2 W), –113.17 (s,
WA�, 2 W), –145.11 [d, 2J(W,P) = 8.97 Hz, WB, 2 W], 145.24 [d,
2J(W,P) = 8.97 Hz, WB�, 2 W] ppm. MS (ESI–, CH3CN): m/z =
1020. C82H140KN5O42P2SiW10 (3835.52): calcd. C 25.36, H 3.96, N
1.85; found C 26.02, H 3.70, N 1.85. UV: λ (log ε) = 205 (5.18), 262
(4.74), 286 (4.38), 299 (4.33) nm.

(R)- and (S)-(TBA)3K[{C6H5CH2OC(O)NHCH(CH3)PO}2(γ-
SiW10O36)] (2): K8[γ-SiW10O36]·12H2O (0.7 g, 0.24 mmol) and (R)-
or (S)-II (122 mg, 0.48 mmol) were used to afford the product
(555 mg, 0.15 mmol, 63% yield). FTIR (KBr): ν̃ = 3431 (br.), 2962
(m), 2874 (w), 1717 (w), 1653 (w), 1484 (m), 1457 (w, sh.), 1384
(w), 1269 (w), 1222 (w), 1154 (w), 1059 (w), 1006 (w), 966 (s), 945
(m), 909 (s), 885 (s), 840 (s), 761 (s, br.), 546 (w, br.), 453 (w) cm–1.
1H NMR (300 MHz, CD3CN, 28 °C): δ = 7.37 (m, 10 H, Ar-H),
5.80 (m, 2 H, NH), 5.09 (m, 4 H, CH2), 4.00 (m, 2 H, CH), 3.13
(m, 24 H, NCH2), 1.64 (m, 24 H, CH2), 1.40 (m, 30 H, CH2 and
CH3), 0.99 (t, 3J = 7.24 Hz, 36 H, CH3) ppm. 13C{1H} NMR
(75.47 MHz, CD3CN, 28 °C): δ = 157.15 (2 C), 138.02 (2 C), 129.43
(4 C), 128.79 (2 C), 128.63 (4 C), 67.11 (2 C), 58.42 (12 C), 45.06
[1J(C,P) = 169.78 Hz, 2 C], 24.36 (12 C), 20.33 (12 C), 16.76 (2 C),
14.04 (12 C) ppm. 31P{1H} NMR (121.50 MHz, [D6]DMSO,
28 °C): δ = 21.51 (s, 2 P) ppm. 183W NMR (16.67 MHz, CD3CN/
CH3CN, 25 °C): δ = –105.92 (s, WC, 2 W), –114.67 (s, WA, 2 W),
–115.80 (s, WA�, 2 W), –147.84 [d, 2J(W,P) = 9.65 Hz, WB, WB�, 4
W] ppm. 29Si{1H} NMR (79.50 MHz, CH3CN\CD3CN): δ = –85.8
(s, 1 Si) ppm. MS (ESI–, CH3CN/H2O): m/z = 964.6.
C68H132KN5O42P2SiW10 (3659.31): calcd. C 22.32, H 3.64, N 1.91;
found C 22.60, H 3.67, N 1.99. UV: λ (log ε) = 239 (4.46) nm.

(TBA)3K[{HOC(O)CH2PO}2(γ-SiW10O36)] (5): K8[γ-SiW10O36]·
12H2O (600 mg, 0.20 mmol) and HOC(O)CH2PO(OH)2 (57 mg,
0.4 mmol) were used to afford the product (514 mg, 0.15 mmol,
75% yield). FTIR (KBr): ν̃ = 2961 (m), 2936 (m), 2872 (m), 1735
(m, br.), 1654 (m, br.), 1484 (m, br.), 1380 (m), 1223 (m), 1154 (m),
1109 (m), 1068 (m), 1011 (m), 969 (m), 943 (s), 912 (s), 886 (s), 839
(m), 756 (s), 559 (m), 524 (m), 457 (m), 416 (m) cm–1. 1H NMR
(300 MHz, CD3CN, 28 °C): δ = 3.14 (m, 24 H), 2.87 [d, 2J(H,P) =
23.02 Hz, 4 H], 1.64 (m, 24 H), 1.40 (m, 24 H), 0.99 (t, 3J =
7.34 Hz, 36 H) ppm. 13C{1H} NMR (75.47 MHz, CD3CN, 28 °C):
δ = 167.48 (2 C), 59.01 (12 C), 36.55 [d, 1J(C,P) = 144.50 Hz, 2 C],
24.41 (12 C), 20.40 (12 C), 13.90 (12 C) ppm. 31P NMR
(121.50 MHz, CD3CN, 28 °C): δ = 17.49 [t, 2J(P,H) = 22.90 Hz, 2
P] ppm. 183W NMR (16.67 MHz, CD3CN/CH3CN, 25 °C): δ =
–106.99 (s, WC, 2 W), –115.60 (s, WA, 4 W), –156.93 [d, 2J(W,P)
= 11.4 Hz, WB, 4 W] ppm. 29Si{1H} NMR (79.49 MHz, CD3CN/
CH3CN, 25 °C): δ = –86.4 (s, 1 Si) ppm. MS (ESI–, CH3CN): m/z
= 884. C52H114KN3O42P2SiW10 (3420.98): calcd. C 19.06, H 3.79,
N 1.57; found C 18.53, H 3.39, N 1.52.

Deprotection Procedures

(R)- and (S)-(TBA)3K[{NH2CH(CH3)PO}2(γ-SiW10O36)] (3): In a
round-bottomed flask, (R)- or (S)-1 (700 mg, 0.18 mmol) was dis-
solved in CH3CN (6 mL). Et2NH (300 µL, 2.9 mmol) was added.
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The pale-green solution was stirred at room temperature for 1 h,
following Fmoc removal by TLC (Et2O/petroleum ether, 8:4). The
mixture was concentrated to about half volume, and Et2O/CH2Cl2
(8:1) was added to precipitate the product, which was collected
upon centrifugation. The same solvent was used to wash the solid.
The product was dissolved in acetonitrile, filtered to remove insolu-
ble particles, and dried under vacuum to afford the pure product
(321 mg, 96 µmol, 53% yield). FTIR (KBr): ν̃ = 2960 (m), 2934
(m), 2872 (m), 1633 (m), 1522 (w, br.), 1484 (m), 1381 (m), 1280
(w), 1156 (m), 1106 (w), 1053 (w), 1009 (w), 995 (w), 953 (m), 900
(s), 873 (s), 833 (m), 753 (s), 560 (m, br.), 470 (w) cm–1. 1H NMR
(300 MHz, CD3CN, 28 °C): δ = 6.19 (s, 4 H, NH2 and H2O), 4.63–
4.57 (m, 2 H, CH), 3.17 (m, 24 H, NCH2), 1.64 (m, 24 H, CH2),
1.41 (m, 30 H, CH2, CH3), 0.98 (m, 36 H, CH3) ppm. 13C{1H}
NMR (75.47 MHz, CD3CN, 28 °C): δ = 59.24 (12 C), 42.21 (2 C),
24.38 (12 C), 20.31 (12 C), 13.95 (12 C), 11.44 (2 C) ppm. 31P{1H}
NMR (79.49 MHz, CD3CN, 28 °C): δ = 18.84 (s, 2 P) ppm.
C52H120KN5O38P2SiW10 (3391.05): calcd. C 18.42, H 3.57, N 2.07;
found C 20.54, H 4.00, N 2.47.

(R)- and (S)-(TBA)3K[{NH2CH(CH3)PO}2(γ-SiW10O36)] (4): (R)-
or (S)-2 (70 mg, 19 µmol) was dissolved in anhydrous DMF (1 mL)
under an atmosphere of nitrogen. Pd/C (5.10 mg, 4.8 µmol) was
added while fluxing N2 for 5 min. A tank of hydrogen was con-
nected with the reactor and slow bubbling of hydrogen was contin-
ued for about 2 h. The catalyst was removed upon filtration
through a membrane. Et2O/CH2Cl2 (8:1) was added to the resulting
blue solution to precipitate the product, which was collected by
centrifugation. The same solvent was used to wash the solid. The
product was dissolved in acetonitrile, filtered to remove insoluble
particles, and dried under vacuum to afford the pure product
(26 mg, 8 µmol, 41 % yield). FTIR (KBr): ν̃ = 2960 (m), 2923 (m),
2872 (m), 1709 (w), 1661 (w), 1626 (m), 1382 (m), 1261 (w), 1217
(w), 1175 (w), 1016 (m, br.), 966 (s), 932 (m), 908 (m), 879 (s), 837
(m), 995 (w), 798 (m, br.), 756 (s), 873 (s), 555 (m, br.), 453 (w)
cm–1.

General Procedure for the Preparation of Compounds 6, 7, and 9:
To a 100-mL round-bottomed flask containing a solution of (TBA)3-
K[{HOC(O)CH2PO}2(γ-XW10O36)] with X = Si, Ge (600 mg,
0.17 mmol) in anhydrous CH3CN (3 mL) was added HOBT
(52.2 mg, 0.39 mmol). The flask was placed in an ice bath at 0 °C.
EDC/HCl (108 mg, 0.56 mmol) and triethylamine (78 µL,
0.56 mmol) were dissolved in acetonitrile (3 mL) and slowly added
to the first solution. The mixture was stirred for 45 min. A solution
containing H-Val-OMe·HCl (0.39 mmol) and triethylamine (54 µL,
0.39 mmol) in acetonitrile (3 mL) was added dropwise to the reac-
tion mixture. After 90 min of stirring at room temperature, the mix-
ture was filtered, and concentrated under vacuum. The product was
obtained upon precipitation with water, washing with water and
diethyl ether. Finally, it was dried under vacuum for several hours.
An analogous procedure, on a smaller scale, was applied for the
synthesis of 7 (with H-Phe-OMe·HCl).

(TBA)3K[{CH3OC(O)CH[CH(CH3)2]NHCOCH2PO}2SiW10O36]
(6): The product was obtained in 84% yield (512 mg, 0.14 mmol).
FTIR (KBr): ν̃ = 2961 (m), 2928 (m), 2874 (m), 1740 (m), 1671
(m), 1541 (m), 1483 (m), 1465 (m), 1381 (w), 1262 (m), 1206 (m)
1156 (m), 1063 (m), 1010 (m), 966 (m), 942 (m), 910 (s), 884 (s),
836 (m),803 (m), 754 (s), 556 (m, br.), 522 (m), 482 (w), 455 (m),
413 (m) cm–1. 1H NMR (300 MHz, CD3CN, 28 °C): δ = 6.77 (br.
d, 3J = 7.81 Hz, 2 H, NH), 4.29 (m, 2 H, CH), 3.69 (s, 6 H, CH3O),
3.13 (m, 24 H, NCH2), 2.95–2.75 (m, 4 H, CH2P), 1.63 (m, 24 H,
CH2), 1.46–1.28 (m, 26 H, CH2 and CH), 0.98 [m, 48 H, CH3 (nBu)
and CH3 (Val)] ppm. 13C{1H} NMR (75.47 MHz, CD3CN, 28 °C):
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δ = 172.80 (2 C), 165.33 (2 C), 60.52 (2 C), 59.39 (12 C), 52.49 (2
C), 38.88 [1J(C,P) = 140.46 Hz, 2 C], 31.73 (2 C), 24.40 (12 C),
20.40 (12 C), 19.21 (2 C), 18.60 (2 C), 13.91 (12 C) ppm. 31P{1H}
NMR (79.49 MHz, CD3CN, 28 °C): δ = 19.69 (s, 2 P) ppm. MS
(ESI–, CH3CN): m/z = 960. C64H136N5O44P2SiW10 (3608.20):
calcd. C 21.25, H 3.85, N 2.35; found C 21.39, H 3.79, N 1.95. UV:
λ (log ε) = 192 (5.31), 261 (4.56) nm.

General Procedure for the Oxidation of Methyl p-Tolyl Sulfide with
H2O2: In a jacketed reactor, cooled by circulating external ethanol,
the POM-based catalyst (see Table 2) was dissolved in CH3CN
(600 µL) containing methyl p-tolyl sulfide (10 µL, 70 µmol). 35%
H2O2 (0.1 mmol) was added to the cold reaction mixture. Samples
were withdrawn at fixed time intervals, diluted with CH2Cl2, con-
taining supported triphenylphosphane and analyzed by GC (Eq-
uity-5 capillary column; carrier He, 0.65 mLmin–1; T1:
70 °C�1 min; rate: 45 °Cmin–1; T2: 180 °C�2 min; Tinj: 200 °C;
Tdet.: 280 °C; r.t.): tR = 3.12 (methyl p-tolyl sulfide), 4.23 min
(methyl p-tolyl sulfoxide) and chiral HPLC [(S,S)-DACH-DNB
column; 25 cm�4.6 mm; CH2Cl2/iPrOH, 96:4; 1 mLmin–1; λ =
254 nm; r.t.]: tR (methyl p-tolyl sulfoxide) = 8.1 [R(+)], 9.5 min
[S(–)].

Computational Details: Computational resources were provided by
the Laboratorio Interdipartimentale di Chimica Computazionale
(LICC) at the Department of Chemical Sciences of the University
of Padova. DFT calculations were carried out by using the Amster-
dam Density Functional program (ADF2007).[55] Scalar relativistic
effects were taken into account by means of the two-component
zero-order regular approximation method (ZORA),[56] adopting
the Becke 88 exchange plus the Perdew 86 correlation functional
(BP).[57] The basis functions for describing the valence electrons are
triple-zeta quality, doubly polarized (TZ2P), specially optimized for
ZORA calculations. Core electrons (C 1s, N 1s, O 1s, Si 1s to 2sp,
P 1s to 2sp, W 1s to 4spdf) were kept frozen. The solvent effect was
modeled by means of the ADF implementation[58] of the COSMO
method;[59] this method requires a prior definition of the atomic
radii, which were set at their following recommended values (Å):
H 1.3500; C 1.7000; N 1.6083; O 1.5167; Si 1.9083; P 1.8500; W
1.9917.

Supporting Information (see footnote on the first page of this arti-
cle): Spectra not reported in the paper, kinetic traces, and optimized
geometries.
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