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1,3-Zwitterions consisting of a phosphonium cation linked to a
silicate centre through a one-atom bridge, X;P—-E-SiY,; (3), are
computationally studied. Their phosphonium acidic group together
with a Lewis base constitute a frustrated Lewis pair (FLP) in the
activation of H,, with the silicate side-arm providing Coulombic
stabilization to the positive charge at the Lewis base.

The development of FLPs (frustrated Lewis pairs)" has been a
fundamental discovery in p-block chemistry. They are
composed of Lewis acidic and basic centres that, generally,
are not likely to form a binary adduct due to steric factors. This
concept arose from the early finding that H, (and other small
molecules) can be reversibly activated by combinations of
Lewis acids and bases with high steric demand, demonstrating
capabilities exclusively attributed to transition metals until
then.”> The acceptor-donor nature of the elements of groups
13 and 15 are classic examples of Lewis acids and bases,
respectively. Therefore, it could be envisaged that such systems
could activate small molecules® through a synergistic action of
both centres, provided that their direct interaction is sterically
precluded.

It was not until 2006’s discovery of p-(Mes,PH)C4F,-
BH(CeF5),” that this chemical frustration could be used for
synthetic purposes, being capable of activating the H, molecule
under very mild conditions (25 °C, 1 atm). Thereafter, the scope
of FLP activations was broadened including a variety of small
molecules such as olefins,’ alkynes,6 and a number of element
oxides, primarily carbon dioxide” and nitrous oxide.® Further-
more, FLP chemistry now includes unique stoichiometric
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transformations such as metal-free catalytic hydroamin-
ations,’ polymerizations'® and even recent applications in
bio-inorganic and materials chemistry, as well as in heteroge-
neous catalysis.""

Among the most commonly used Lewis bases are
phosphines,’* amines,'® thioethers'* and carbenes,® while
polyfluorinated boranes'® and aluminium-based centres'” have
been used as Lewis acidic counterparts in FLPs. In addition,
Lewis acids based on carbon or silicon have been reported, the
latter being able to act as Lewis acid (silylium-phosphine
adducts)'® or base (silylium-silylene) FLPs."” The phospho-
nium cation®’ is a well-known Lewis acid in which the acidity
is derived from a o* orbital.*! 1,3,5-Triphosphinine (1,3,5-
triphosphabenzene) was reported to act as a kind of intra-
molecular FLP in the cleavage of the H, molecule through
resonance structures in which a positive charge is located at the
phosphorus and a negative charge at the carbon.”* These
cationic Lewis acids are able to promote dehydro-fluorination
reactions, isomerization, hydrosilylation and hydrogenation of
olefins, as well as dehydrocoupling of silanes with alcohols,
acids, amines and thiols.*?

1,3-Zwitterionic species®® could be good candidates for
behaving as FLPs provided that the cationic and anionic centres
could exhibit Lewis acid and basic properties, respectively. A
recent example of a crypto-FLP bearing a P-O-Si framework
with a basic phosphide centre and (neutral) electrophilic Si
atom was reported.?” An interesting inverse combination of 1,3-
zwitterionic species for the formation of an FLP, that has not
yet been reported, is the use of a phosphonium cation as a
Lewis acid, bearing a one-atom bridged negatively charged
centre.

Herein, the formation of these types of zwitterions X;P-E-
SiY, (3) from stable c*A°-phosphorus derivatives X;P—E (1) and
saturated SiY, compounds (2) is explored (Scheme 1). Species 1
already have resonant structures with 1,2-dipolar structure.
Nevertheless, this dipole is unable to activate small molecules.
Species 3 could also enable a P-to-Si E-group transfer, giving
rise to X3P (4) and E:— SiY, (5). This scheme has been studied
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Scheme 1 Studied potential interconversions (E = CH,, SiH,, NH, PH, O
or S) and possible vicarious Coulombic stabilization of the silicate moiety
upon small molecule FLP activation.

for different families varying the E bridge that contains group
14 (CH,, SiH,), 15 (NH, PH) or 16 (O or S) central atoms.
Interestingly, 3 could provide the phosphonium acidic centre
engaged in an intermolecular FLP with an external Lewis base
(LB), the silicate side arm allowing vicarious stabilization via
additional Coulombic interaction with the newly originated
cationic centre resulting upon small molecule AB activation
(Scheme 1).

The choice of substituents was first investigated, as they
might play a key role in finding stable 1,3-zwitterionic dipoles 3
(Scheme 1). Electron donating substituents X at P (PX5°) and
electron acceptors Y at Si (SiY;®) are expected to favour the
formation of zwitterionic structures 3 by stabilizing the sepa-
rated electric charges. With this aim, simple model donor
substituents Me, NH, and SiMe; (Tms), together with F and
CF; as acceptor substituents, were studied. As expected, the
above-mentioned combination of substituents does indeed
stabilize 1,3-dipolar species 3. Most of the energies for the
dipole 3 formation process are highly exergonic (Table S1,
ESIY), especially for CH,- and NH-bridged dipoles and most
O-bridged ones with the highest exergonicity found for Tms;P-
CH,-Si(CF;),; (3°f). As a general trend, the dipole formation is
more exergonic as a function of the bridge “E” element group
in the order tetrel > pnictogen > chalcogen and decreasing for
third (Si, P and S) compared to second-row elements (C, N and
0). Indeed, S-bridged zwitterionic structures 3%a—f are not
formed as such, but van der Waals complexes 1-2 with only
peripheral interactions (no direct S---Si bond) were found
instead (Fig. S2, ESIt). Other exceptions are 3%a,c and 3"a
whose formation is moderately endergonic. On the contrary,
the opposite combinations of accepting substituents on
P (PX5°°) and donor substituents on Si (SiYy°) destabilize the
molecular 1,3-zwitterionic species 3, which were never located
as minima.

The E-group transfer reaction from 1 to 2 by means of the
alternative cleavage of the E-Si bond in 3 (Scheme 1) leads to a
hypothetical species E: — SiY, (5) which was never located as a
minimum, as it rearranges furnishing a [1,2]Y-migration pro-
duct Y-E-SiY; (5). Nevertheless, this E-Si bond-cleavage with
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rearrangement is generally endergonic (Table S1, ESIt) and
leads to products (4+5’) that are much less stable than the
starting materials (1+2), except for all SiH,-bridged zwitterions.
In only a few exceptional cases (3%a,c,e and 3%) such a cleavage
is exergonic (Table S1, ESIt).

The intramolecular single electron transfer (SET) from the
potentially reducing o®A*-P(m)-compound (4) to the P-E bond
cleavage species E:—SiY, (5) was also explored. However,
although all species 5°° were found to be stable (i.e. no
rearrangement observed), the hypothetical (separated) ion pair
4*" + 5°" turned out to be highly unstable (see Table S1, ESIf).
Most likely, this is because the electronic effects of the sub-
stituents that favour formation of the zwitterion 3 are destabi-
lizing the intramolecular SET from 4 to 5.

Once the appropriately substituted dipolar species 3 were
shown to be stable compounds, the Coulombic interactions
between the P and Si ionic centres were studied. As expected,
the P- - -Si distances of dipolar species 3 with a third-row atom
at the bridging E position are larger than those having second
row atoms, due to their larger atomic size. (Table S2, ESIT). The
Wiberg bond indices (WBI) for the P---Si (electrostatic) inter-
action are generally quite low, with only three non-linear
molecules displaying values above 0.015 (3%c, 3°c and 3°d),
thus accounting for very weak interactions. Moreover, the
atoms-in-molecules®® (AIM) methodology reveals the existence
of bond critical points (BCP) corresponding to non-covalent
interactions (NCI) between the X and Y substituents on P and
Si, respectively (Fig. S1, ESIT), which satisfactorily explains the
observed shortening of the P---Si distance in some cases.

In zwitterionic species 3 it is worth inspecting the nature of
the E-Si bond formally arising from the interaction between the
stable species X;P—E (1) and SiY, (2). To highlight the effect of
the bridging unit “E”, a small subset of compounds 3 with the
simplest substituents, namely Me;P-E-SiF,, was selected for
this study. According to IUPAC, a dative bond is formed
between two entities, one of them acting as a donor and the
other as an acceptor of the pair of electrons to be shared in the
complex formed. Compared to covalent bonds it presents
“significant polarity, less resistance and greater length” and
its signature is “‘that its minimum energy breakdown in the gas
phase or in inert solvents follows the heterolytic bond cleavage
path”. When compared to the covalent E-Si bond in analogous
dipolar structures HE-SiF,, lacking the PX; fragment, a clear
elongation of the E-Si bond in 3 is observed (Table S3, ESIT),
which may be indicative of a dative linkage. The elongation
varies in the order SiH, < PH < CH, < NH < O «S§, the latter
agreeing with their van der Waals complex (1-2) nature.

The computed bond dissociation energies (BDE) show a
clear preference for the heterolytic over the homolytic cleavage,
and summation of the (Mulliken) electric charges over the atoms
belonging to the SiY, group (qls‘fﬂ) shows a remarkable charge
transfer and hence unveils its acceptor character (Table S3, ESIT),
both facts pointing to a E: —Si dative bond nature.

Another approach to analyse dative bonding arises from the
representation of the Laplacian of the electron density along
the bond path.”” The V?p function shows a pronounced sharp

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Scheme 2 Activation reaction of the H, molecule by the dipole struc-
tures 3°g—j and Lewis bases 6°".

minimum, which is a valence shell charge concentration
(VSCC) band corresponding to the electron donor atom of the
ligand, VSCC for 3a as a case in point (Fig. S3, ESIt), and
another shoulder attributable to the associated acceptor Si
atom (VSCCg;). Both lie within the basin of the donor atom,
which constitutes a signature for dative bonds together with a
small positive value of V?p at the BCP (2.88 e A~°). For the rest
of the E bridges, the two VSCC minima fall within the same
basin (see ESIf) except for the bridge with S (3%a), which
constitutes a van der Waals complex, as already indicated.

Since the main interest of FLPs is their potential use in the
activation of small molecules, the efficacy of the zwitterionic
molecules 3 was checked for this purpose. As aforementioned,
3 can provide the phosphonium acidic centre acting as an
intermolecular FLP with an external base, for which the two
lighter trimethyl-pnictogens Me;Pn (Pn = N, P) 6°" were used as
models. As cases in point, two oxygen atom-bridged triphenyl-
phosphonium silicates Ph;P-O-SiY, (Y = F (3°g), Cl (3°h)) were
employed as zwitterionic species and their FLP behaviour
checked for the activation of H, (Scheme 2).

The quantum chemical calculations provide evidence that
the H, molecule is activated by these complexes 3°g,h/6"™",
endergonically producing the corresponding ion pairs 7g,h™
by cleavage of the H-H bond with a moderate energy barrier
(Fig. 1). The lowest barriers correspond to the FLPs engaging
the amine 6~ as a base (ca. 25 kcal mol ") and the most stable
final adducts are those having Cl as a substituent at silicon, 7h™
and 7h” (Fig. 1). Altogether, 3°h/6" resulted in the most
favourable FLP combination for the activation of H,.
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Fig.1 Computed (CCSD(T)/def2-TZVPP//PBEh-3c) zero-point corrected
energy profile for the activation reaction of the H, molecule by 6™ and
39g,h (left) and by 6N and 3%ij (right) according to Scheme 2.
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Fig. 2 Computed (PBEh-3c) TS for the formation of 7g" (left) and 7iM
(right).

In these processes the approximation of H, (and the Lewis
base 6) occurred exclusively syn with respect to the silicate side-
arm (Fig. 2), thus making profit of the vicarious Coulombic
stabilization with the newly generated pnictogenium centre
(Pn"). The beneficial effect of this Coulombic interaction is
demonstrated by the fact that the analogous control reaction
between triphenylphosphine oxide and trimethylamine did not
produce the desired activation of the dihydrogen molecule, but
1,2-addition along the P—0 bond (Ph;P(H)-OH).

In order to make the phosphonium centre more electrophi-
lic, pentafluorophenyl (instead of phenyl) substituents were
placed at P in zwitterions 3°i,j (Scheme 2). As expected, the
effect of increased electrophilicity causes the LUMO energy to
decrease from —0.657/—0.834 eV in 3°g,h to —1.661/—1.894 eV
in 3°4,j, respectively, favouring the approximation of the hydri-
dic H atom to the sigma hole of the phosphonium cation,
which corresponds to the LUMO of mainly *(P-O) character

b)

0.179 a.u. 0.178 a.u.

-0.025 0

0.198 a.u.

Fig. 3 Computed (B3LYP-D4/def2-TZVP//PBEh-3c) electrostatic
potential plot mapped onto an electron density isosurface (0.01 a.u.) for
(a) 3%, (b) 3°h, (c) 3%i and (d) 39.
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(Fig. S8, ESIt). This is also reflected in the higher magnitude of
the sigma-hole in 3%,j compared to 3°g,h (Fig. 3). However,
this does not entail a decrease in the energy of the transition
state with respect to the P-phenyl substituted homologues
(Fig. 1), most likely because the sigma hole (anti) approxi-
mation (Fig. 3b) precludes the vicarious stabilization by
Coulombic interaction between the silicate side arm and the
newly originated cationic centre at the pnictogen atom of the
Lewis base. This demonstrates that the stabilization caused by
the Coulombic interaction of the silicate side-arm in the syn
approximation to 3°g,h (Fig. 3a) is more effective than a Lewis
acidic centre with a considerably lower LUMO in 3%i,j. For the
latter, no syn approximation pathway was found. Localization
of the transition state for the formation of 7i,j* was not possible
probably due to the larger size of the P atom in the Lewis base 6
and the scarce space left by the F-substituents to access the
phosphonium acidic centre.

Conclusions

A series of zwitterionic species X;P-E-SiY, (3) with group 14
(CH,, SiH,), 15 (NH, PH) or 16 (O or S) E-bridges were
computationally studied. Only those having donor substituents
at P and acceptor substituents at Si turned out to be stable. The
E-Si linkage in 3 could be better described as a dative bond
(E:—Si) on the basis of either the observed elongated bonds,
significant charge transfer, predominant heterolytic over
homolytic bond cleavage, or AIM-related criteria. In the
presence of an external Lewis base MesPn (Pn = N, P), 1,3-
dipolar compounds 3 display FLP reactivity in the activation of
H, which is facilitated by vicarious stabilization in the transi-
tion state due to the Coulombic interaction of the pendant
silicate side-arm with the newly generated pnictogenium centre
(Pn") in the resulting ion pair 7.
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