Open Access Article. Published on 27 May 2025. Downloaded on 11/9/2025 2:35:31 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton
Transactions

) Check for updates

Cite this: Dalton Trans., 2025, 54,
9483

Received 15th April 2025,
Accepted 25th May 2025

DOI: 10.1039/d5dt00894h

Jan-Christian Raabe,

rsc.li/dalton

Polyoxometalates with different transition-metals substituting the
main framework element have recently been applied as promising
catalysts. In comparison, polyoxometalates, featuring main-group
elements in their framework are extremely rare. In this work, we
present two main-group element substituted Keggin-type phos-
photungstates containing Al or Si, and their characterization using
spectroscopic and crystallographic methods. Al substituted POMs
are rare examples, which means that the investigation of such
systems deserves special attention. Guided by electronic-structure
calculations, the reactivity of the Al substituted cluster with the
electrophile benzyl bromide was investigated. This reactivity study
together with the results of computational simulations illustrate
new reaction behaviour for main-group element substituted poly-
oxometalates, setting the stage for future applications.

Polyoxometalates (POMs) are inorganic polyanionic cluster
compounds, formed by transition-elements of group five (V,
Nb, Ta) and six (Mo, W) of the periodic table, mostly in their
highest oxidation states." Formally, POMs can be understood
as oxometal complexes, in which the oxo ligand can coordi-
nate the metal M in a terminal M=O or two metals in a brid-
ging bond motif M-O-M (Fig. S1, ESIt).> In general, the M~O
units form defined octahedra MO, that are connected via
common edges or corners during POM formation. POM for-
mation corresponds to the formation of M-O-M bonds, so-
called bridging of metals by oxo ligands, and is achieved in an
acidic medium. A cleavage of these bonds is possible in a
basic reaction medium. A POM structure can be decomposed
here to so-called monometallates MO,>~. However, a con-
trolled decomposition of the cluster is also possible in basic
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reaction media, where individual MO,>~ anions are selectively
released from the cluster. So-called defects or vacancies
remain in the POM structure. Such structure-types are called
Lacunary-type structures and are known for Keggin- and
Wells-Dawson-type POM structures. Thus, intact POM struc-
tures can be distinguished from those of the defect structures
(Lacunary-type). Lacunary-type structures therefore do not rep-
resent a separate structure-type but can be derived from any
POM-type structure.

A large variety of structure-types for POMs are known
(Fig. S2, ESIT)."” The most important one is the Keggin-type
([XM1,040]"7), with a heteroelement X at the centre of its struc-
ture.® The framework metals M are usually Mo and W, but can
be partially substituted.””"® Fundamentally, there are four
distinct atom positions in a Keggin-type POM molecule: the
heteroelement position (usually main-group elements like P, Si,
S, Sb, or Te), the framework-element position (mostly Mo, W
including foreign-elements), the oxo ligands, and the cations
compensating the charge (Fig. S3, ESI1).>'*'® POMs with hard
cation such as protons or light alkali cations are known for their
high water solubility.'® In contrast, soft cations such as Cs",
form POM salts that are insoluble practically all solvents.”>*' To
achieve solubility in organic solvents, POMs can also be com-
bined with organic cations, such as tetrabutylammonium (TBA).
These organic cation salts are soluble in polar organic solvents
such as acetonitrile (Fig. S4, ESIT). With this strategy, the POM
chemistry can be successfully transferred from aqueous to the
organic reaction media.>*

Foreign-element substitution in POM chemistry is an emer-
ging and active research field that significantly diversifies the
composition and structural possibilities. Selective substitution
of one or more framework-elements by different transition-
elements like vanadium, niobium, or cobalt, give the POM
cluster new electronic properties, making POMs interesting
candidates for applications in the fields of biomedicine or
catalysis.”®* Most examples of foreign-element substituted
POMs contain different transition-metals in the framework-
element position. In contrast, only few examples are known

Dalton Trans., 2025, 54, 9483-9488 | 9483


http://rsc.li/dalton
http://orcid.org/0000-0002-8240-1355
http://orcid.org/0000-0001-9180-7907
http://orcid.org/0000-0002-7146-131X
https://doi.org/10.1039/d5dt00894h
https://doi.org/10.1039/d5dt00894h
https://doi.org/10.1039/d5dt00894h
http://crossmark.crossref.org/dialog/?doi=10.1039/d5dt00894h&domain=pdf&date_stamp=2025-06-12
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dt00894h
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT054024

Open Access Article. Published on 27 May 2025. Downloaded on 11/9/2025 2:35:31 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Communication

with main-group elements incorporated in the POM structure
in positions other than the central heteroelement.'® The
majority of these are POMs with main-group cations,*"*’
which sometimes form coordination polymers, in which the
individual POM clusters are linked via coordination to main-
group element cations.**™° Incorporation of main-group
elements as substitutional elements into the framework-
element position is extremely rare.*!

Given the increasing importance of transition-metal substi-
tuted POMs, we believe that expanding this concept to main-
group substituted POMs is a promising step towards a more
versatile application of main-group elements. Therefore, we
investigated the incorporation of two elements (Al and Si) into
the Keggin-type phosphotungstate structure, utilizing organo-
ammonium salts to enable the use of moisture sensitive main-
group precursors in organic solvents.

We started from a Lacunary-Keggin-type POM structure
with a defined number of vacancies, as a precursor. The anion
[PWo034]°~ was initially synthesized from phosphate and tung-
state.””> Tungsten was chosen as the framework-element, as
W-based POM structures are generally more stable than Mo-
based structures. This becomes clear from the Mo-based
Lacunary-Keggin-type POM [PMo4O54]°", which tends to
dimerize.*®** However, since most of the main-group element
precursors required (aluminum trichloride and tetraethyl
orthosilicate, TEOS) are sensitive to hydrolysis, the Lacunary-
POM precursor was precipitated from aqueous solution with
TBA cations and transferred to acetonitrile. Within the anhy-
drous organic medium, a precursor for the main-group
element (1 equivalent) and WO,>~ precursor for the frame-

1. Lacunary synthesis
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work-element (2 equivalents) were added stoichiometrically to
the Lacunary-type structure [PWo03,]°", generating the fully
intact Keggin-type structure. This strategy for obtaining main-
group element-substituted POMs is illustrated in Fig. 1.

The resulting products were analysed with ICP-OES and C,
H, N analysis to determine their elemental composition
(Table 1 and Table S17).

For both, PAIW and PSiW, we found P, Al, Si, and W in the
expected ratios, indicating successful integration of Al and Si
respectively. If the main-group elements are incorporated into
the framework-element position, we would expect anionic
charges of —6 for PAIW and —5 for PSiW. The reduced values
for C/H/N could indicate that the negative charge of the anions
is not compensated by the TBA cations alone, but additional
protons might be present, resulting in acidic compounds of
the type TBA,H,_,[PMW,;,04,]. Stoichiometrically, four TBA
cations and two protons are present for POM PAIW and 3.37
TBA cations and 1.63 protons for POM PSiW, which compen-
sate for the anionic charges of —6 (PAIW) and —5 (PSiW). This
results in stoichiometric formulas of (TBA),H,[PAIW,,0,,] and
(TBA); 37H; 63[PSiW;1040]. The remaining protons originate
from the acidic pH medium during the synthetic procedure
and protonate the terminal oxo ligands.** Interestingly, 4.623
TBA cations were found for the precursor, the anion
[PWo034]°", with the rest of the ninefold anionic charge
having to be balanced by 4377 protons. This results in a stoi-
chiometric molecular formula of (TBA)4 623H4.37/[PWoO34]. The
raw data of the elemental analysis (CHNS and ICP-OES) can be
found in the ESI} under the respective experimental pro-
cedures, chapter 2.2.

2. Main-group element substitution

A
> .
+ H*

acetonitrile solution

L main-group element precursor
s

Fig. 1 Synthetic strategy used in this work for the main-group element substitution in POMs. The Lacunary-type structure was synthesized in
aqueous media and was directly precipitated as TBA salt. Main-group element substitution experiments were done in acetonitrile solution, using the

TBA modified lacunary-type POM and a main-group element precursor.
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Table 1 Results from elemental analysis for the Al and Si substituted Keggin-type structures. The stoichiometric ratios were verified by ICP-OES (P,

Al Si, W) and CHNS (C, H, N)

POM Expected stoichiometry Cations found P Al Si w
nBu,NPW 3 (C16H36N)" [PW1,040]>~ 3.00 (C16H36N)" 1.04 — — 12.0
nBu,NPAIW 6 (C16H36N)" [PAIW,;,04,]®~ 4.00 (C16H36N)" 1.09 0.916 — 11.0
nBu,NPSiW 5 (C16H36N)" P/Si/W [PSiW{;040]"~ 3.37 (C16H36N)" 0.927 — 0.818 11.0
™~ nBuNPSiW
nBuNPAIW ~—
\/\/
nBuNPAIW /\A‘
nBuNPW M =
\/\/\/\/— M‘ nBuNPW
’_v HPW HPW /A
1200 1 l:)() l()‘()U ‘)(I)() 8(')() 7(‘)() 600 2(‘)0 4(‘)0 6(‘)0 8(‘)0 l()l()() 1200
Wavenumber [cm™'] Raman Shift [cm™]
Fig. 2 IR (left) and Raman data (right) of all investigated POMs, compared to the POM acid HPW without TBA cation modification.

The integrity of the structure-types was verified by KBr-IR
and Raman spectroscopy. All spectra are shown in Fig. 2 and
S5-S7 in the ESL. IR/Raman data in Fig. 2 were compared to
unsubstituted POM acid H3[PW;,0,4,] (abbreviated as HPW),
which contains significant amounts of hydration water (peaks
in IR at 1613 and 3134 to 3650 cm ‘). Both main-group
element substituted POMs show splitting of the P-O
vibrational bands, indicating reduced symmetry.

If the IR spectrum of POM PSiW is compared with that of
the commercially available H,[SiW;,0,40] (SiW), it can be con-
cluded that the Si(iv) atom has not substituted the heteroele-
ment position, since no split Si-O band would be expected for
[SiW1,040]*" (see Fig. S8, ESIT).

Using single-crystal X-ray diffraction (sc-XRD) the solid-state
structure of compound PAIW was investigated, as shown in
Fig. 3. In agreement with the vibrational data the solid-state
structure was identified as a disordered (inversion at P1)
Keggin-type anion. A short discussion for the refinement
details is provided in the ESI{ together with a justification of
the atom assignement (see Fig. S9). Table S21 shows observed
bond lengths in comparison to the sum of covalent radii.*® A
comparison of the bond lengths with those of the anion
[PW1,040]> shows (see ESIT) that in particular the O;-M; and
M;-0O, bond lengths in PAIW are shortened by 0.039 and
0.019 A, which indicates that the Al atom is incorporated into
the framework-element position.

For further confirmation of the successful incorporation of
Al, the product was investigated using *'P and *’Al NMR spec-
troscopy and electrochemistry, as shown in Fig. S11-520, S29
and S30, ESL{ In the *’Al NMR data (Fig. S291), a peak at

This journal is © The Royal Society of Chemistry 2025

Fig. 3 Refinement of the crystallographic data of anion PAIW in Im3m.
Color code: red — oxygen (ligand position), purple — phosphorous (het-
eroelement position) and turquoise — metals (W, Al; framework-element
position). Ry: 5.71%, wR»: 10.46%, GooF: 1.052 and R;,: 9.58%. Full .cif
file is available through the joint Cambridge Crystallographic Data
Centre and Fachinformationszentrum Karlsruhe Access Structures
service (deposition number: 24411267).

103.8 ppm was identified, indicating that the Al atom is
located in a tetrahedral environment.*” This is contrary to the
other analytical findings. However, we believe it can be
explained by dissociation of the Al in solution, a behaviour
which is commonly observed in transition-metal substituted
POMs.>%7%¢

Dalton Trans., 2025, 54, 9483-9488 | 9485
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Fig. 4 Reactivity study of compound nBusNPW and nBusNPAIW with benzyl bromide. HOMO (top left) and HOMO-1 (top right) of POM PAIW. *H
NMR (middle left) with the shift of the —CH,— protons. The spectrum was measured at 400 MHz using tetramethyl silane in chloroform as reference
(0 ppm). *'P NMR (bottom) of the modified POMs. The spectrum was measured at 161.9 MHz using aqueous HzPO, solution as reference (0 ppm).

All spectra were measured in acetonitrile-d3 solution.

From our DFT calculations we were able to see, in compari-
son to POM PW, that the HOMO and HOMO-1 are strongly
localized on the terminal oxygen atom of the main-group
foreign-element (Fig. 4, top), if we assume that one of the
tungsten framework-elements has been successfully replaced
with Al. This observation implies that this oxygen atom acts as
a nucleophile and could react with the LUMO of a suitable
electrophile. For POM PW an AIW, both the HOMO and the
HOMO-1 appear to be delocalized over the entire cluster
(Fig. S31 and S327). Therefore, benzyl bromide was added to a
solution of nBu,NPAIW and nBu,NPW in acetonitrile. The

9486 | Dalton Trans., 2025, 54, 9483-9488

solution was then analyzed with 'H, *C and *'P NMR, as
shown in Fig. 4 (bottom).

The "H NMR in Fig. 4 (middle left) clearly shows a shift of
the —-CH,- protons of the benzyl bromide to higher values.
While the -CH,- protons of the benzyl bromide appear at
4.60 ppm, the -CH,- protons of the benzyl bromide-modified
POMs PW and PAIW each have a peak at 4.67 ppm with
different intensities. These results suggest that the unsubsti-
tuted POM PW is also reactive, but to a lesser extent than
PAIW, which is consistent with the DFT prediction that the
molecular orbitals HOMO—-1 and HOMO of the former are

This journal is © The Royal Society of Chemistry 2025
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both delocalized over the entire cluster (see experimental pro-
cedure ESI, 2.2.67). For POM PAIW, the peak at 4.67 ppm is sig-
nificantly more intense, which agrees with the DFT prediction
for a higher degree of reactivity at the terminal oxo ligand of
the Al atom. For both POMs it was also shown that unreacted
benzyl bromide is still present, which means that the conver-
sion is not complete. From the integrals, the ratio of modified
to unmodified POM is 0.206 for PW and 2.6 for PAIW, which is
consistent with the predicted higher reactivity at the oxo
ligand from Al. Similar observations were also made in the *'P
NMR data (bottom right). After the addition of benzyl bromide
to the terminal oxo ligand of Al, the nucleophilicity of the
POM anion could increase, resulting in multiple addition of
benzyl bromide to other terminal oxo ligands of W. Therefore,
several signals can be seen in the *'P NMR in Fig. 4 (bottom).
The complete NMR spectra can be found in the ESI, Fig. S21-
S28.1 It can be concluded from the discussion of the elemenal
analysis that further protons are present in the solid-state
structure of the POM anions PAIW and PSiW, which protonate
the terminal oxo ligands. From the discussion presented here,
it can be concluded that the protons preferentially occupy the
terminal oxo ligands that contain the foreign-elements, as
their nucleophilicity is significantly increased.**

From the collected data, it can be concluded that the main-
group elements Al and Si can be successfully incorporated into
the Keggin-type POM structure. The vibrational spectra clearly
indicate a successful incorporation of those elements in the
position of the framework element. >’Al NMR measurements
show a tetrahedrally coordinated Al, which indicates dis-
sociation of the Al substituted POM in solution. DFT calcu-
lations predicted high nucleophilic reactivity at the Al atom for
an [PAIW,,0,,]°" anion, as the HOMOs are much more deloca-
lized for [PW;,0,4,]’". This reactivity has been experimentally
verified by a reaction with benzyl bromide. Thereby it is con-
firmed that adding an electropositive main-group metal as the
foreign-element is that the HOMO becomes localized at the
substitution site, allowing for well-defined reactions and
enhanced nucleophilicity relative to unsubstituted derivatives.
Thus, main-group substitution presents a highly promising
strategy to introduce special reactivity to Keggin-type POMs,
revealing a new frontier in the chemistry of the main group
elements. Collectively, these synthetic, structural, and reactiv-
ity studies provide a foundation for more application focussed
studies into main-group and transition-metal hybrid HPAs in
the future.
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