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In contrast to phosphine oxides and arsine oxides, which are common
and exist as stable monomeric species featuring the corresponding

pnictoryl functional group (Pn=0/Pn"-0~; Pn =P, As), stibine oxides are
generally polymeric, and the properties of the unperturbed stiboryl group
(Sb=0/Sb*-0") remain unexplored. We now report the isolation of the
monomeric stibine oxide, Dipp,SbO (where Dipp = 2,6-diisopropylphenyl).
Spectroscopic, crystallographic and computational studies provide
insight into the nature of the Sb=0/Sb*-0~bond. Moreover, isolation

of Dipp,SbO allows the chemistry of the stiboryl group to be explored.
Here we show that Dipp,SbO can act as a Brgnsted base, a hydrogen-

bond acceptor and a transition-metal ligand, in addition engagingin
1,2-addition, O-for-F, exchange and O-atom transfer. In all cases, the
reactivity of Dipp,SbO differed from that of the lighter congeners Dipp,AsO

and Dipp,PO.

The stability of the pnictogen-oxygen bond in phosphine oxides has
beenused for overacenturytodrive chemical reactions such as those
discovered by Wittig', Mitsunobu? Appel® and Staudinger*. The elec-
tronic structure that gives rise to the stability of the P=O/P*-O~ bond
was once a topic of intense debate, but the currently accepted model
features a single covalent bond between the P and O atoms strength-
ened by electrostatic attractionbetween the P*and O™ centres as well as
donation from O-centred lone pairs into P-C antibonding orbitals’. As
the Group 15 elementincreasesinatomic number, however, the pnicto-
gen valence orbitals become more diffuse, overlap with O-based orbit-
als decreases, and the pnictogen atom becomes increasingly able to
expandits coordination sphere. These trends suggest that the heavier
congeners of phosphine oxides could exhibit distinct and interesting
reactivity®. The behaviour and properties of these heavier congeners
would also provide ameans of validating the bonding model currently
used to describe the Pn=0/Pn*-0O~bond, where Pnis a pnictogen’. For
As, the variations from P are small enough, possibly as a result of the
scandide contraction’, that arsine oxides are generally analogous to
phosphine oxides: they are monomeric species with As=0/As"-0"
polar covalent bonds. For example, oxidation of either Ph,P or Ph;As

with H,0, readily affords monomeric Ph,PnO (Pn =P, As; Fig. 1a). The
situation changes substantially for Sb: no molecules containing an
unperturbed Sb=0/Sb*-0~bond have ever beenisolated.

Asubstance described as triphenylstibine oxide was first reported
in 1938°%, and many other investigators subsequently purported to
produce ‘Ph,SbO’ by treating Ph,Sb with H,0, (ref. °). Melting-point
measurements and careful molecular-weight determinations showed
these different substances to be dimeric or polymeric compounds and
their structures were ultimately established with single-crystal X-ray
diffraction and Sb extended X-ray absorption fine structure analysis
(EXAFS; Fig.1b)"°2,

Although Ph,SbO is not stable as a monomer, disaggrega-
tion of the polymer can be achieved with the Lewis acid B(CFs);
to afford the Lewis acid-base adduct Ph;SbOB(C¢F;); (Fig. 1d)™.
Another Lewis-acid-stabilized stibine oxide was obtained with a
biphenylene-bridged system featuring astibine oxide intramolecularly
coordinated toastiborane (Fig. 1e)". Afinal example of Lewis-acid sta-
bilization comprises [(3,5-F,C¢H;),SbOSbEt;]1[B(C,F;),], which formed
whenamixture of Et;Sb and [(3,5-F,C¢H;),Sb][B(C4F;),] was exposed to
oxygen®. Inthese compounds, interaction with a Lewis acid stabilizes
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Fig.1|Synthesis of pnictine oxides. a, Oxidation of Ph;Pnyields monomeric
Ph;PnO for Pn =P and As. b, Oxidation of Ph,Sb yields dimers or polymers.

¢, Oxidation of Mes,Sb yields trans-Sb(OH),Mes; (ref.?). d, Lewis-acid-mediated
disaggregation of (Ph,SbO), (ref. ). e, Synthesis of an intramolecular
stiborane-stabilized stibine oxide'. The chelating moiety (shown as a curved
line) represents 0-C(Cl,0,.f, Treatment of trans-Sb(OH),Mes; with sulfonic acids
yields a hydroxystibonium salt and not a stibine oxide.

the stibine oxide but also perturbs the Sb-0 bonding interaction,
preventing direct analysis of the periodic bonding trend across the
pnictine oxides. These examples highlight that stibine oxides can be
non-aggregated, but they raise the question of whether amonomeric
stibine oxideisisolablein the absence of a Lewis acid interacting with
and stabilizing the Sb=0/Sb*-0~bond. Matrix isolation studies afford
evidence for the existence of monomeric H,SbO (Sb-O stretching fre-
quency (Vg,0) =825 cm™), but only in solid argon at 12 K (ref. '°).

We sought to explore akinetic stabilization approach in which the
reactive Sb=0/Sb*-0~ bond is protected by sterically bulky groups,
a strategy that has been used with great success in the stabilization
of other reactive main-group bonds' . The bulky mesityl groups
of Mes,;Sb prevent polymerization upon treatment with H,0,, but
not coordination sphere expansion: the product is the stiborane
trans-Sb(OH),Mes, (Fig. 1¢)??. Our re-investigation of reports of
Mes,SbO showed that the reported speciesis, in fact, a hydroxystibo-
nium cation (Fig. 1f)****. This work similarly called into question the
previously reported (2,6-(MeO),Ph),SbO (ref. »).

Results

Synthesis and characterization

Wesought to prepare the evenmore sterically hindered stibine Dipp,Sb,
1a, where Dipp = 2,6-diisopropylphenyl. Although many R,Sb species
arereadilyaccessed from SbCl;and either RMgBr or RLi, these strategies
donotafford1a. We therefore adapted a synthetic strategy developed

by Sasakiand colleagues®*”, whereby the aryl groupisinstalled on the
Sb centre with an organocopper(l) species. In this way, 1awas isolated
as a colourless, crystalline, air-stable solid (Fig. 2a). Although the 'H
NMR spectrum of 1a indicates that rotation about the Sb-C and C,,~
C;p, bonds is rapid on the NMR timescale at room temperature, the
X-ray crystal structure highlights the extremely crowded environment
around the Sb atom (Fig. 2b,c). The corresponding arsine (1b) and
phosphine (1c) were similarly prepared (Fig. 2).

Addition of 1a to a suspension of PhlO in CH,Cl, led to rapid con-
sumptionofthesolid. Solvent was stripped from the reaction mixture
and theresidue was washed with pentane toyield a colourless solid, 2a
(Fig. 3a). The infrared spectrum of 2a shows a new band at 779 cm™,
whichwe assignasavg,, stretching frequency. This valueis greater than
any of the vg, values of (Ph;Sb0), (643/651 cm ™)', trans-Sb(OH),Mes,
(520 cm™)?*?8 or [Mes,SbOH][0,SPh] (612 cm™)*. The'HNMR spectrum
of 2ais distinct from that of 1a and is consistent with a single Dipp
environment withrestricted rotation about the Sb-Cbonds. Exchange
spectroscopy (EXSY) and variable temperature (VT) NMR experiments
confirmed the chemical exchange and reversible resonance coales-
cence (Supplementary Figs.17 and 18).

The oxidation state of 2a was probed with Sb X-ray absorption
spectroscopy (XAS), which we have recently used to shed light on
the structures of Sb-containing compounds®. The Sb K edge of 2a
is 2 eV higher in energy than that of 1a (Fig. 3¢). A similar shift was
seen for a variety of Sb(V) compounds, including a dimeric stibine
oxide (Ph;Sb0), (A), adihydroxystiborane trans-Sb(OH),Mes, (B) and
a hydroxystibonium salt [Dipp,SbOH][0,SPh] (C, vide infra), indicat-
ing that 2a also contains Sb(V) (Fig. 3c). The K-edge EXAFS data were
collected to high resolution to gain further insight into the structure
of 2a. Similar data were collected from1a, A, B and C for comparison
(Fig. 3d). The Fourier transform of the data from A shows a distinct
Sb--Sbscattering at 3.148(3) A (superimposed on an outer-shell carbon
backscattering), which is absent for B and C as well as 2a, indicating
that 2a does not feature a dioxadistibetane. A detailed fit of the data
from B shows two O scatters at 2.128(3) A, whereas C is better fit by a
single O scatterer at 1.905(1) A. These values are in excellent agree-
ment with the crystallographically determined structures of these
compounds. In contrast, the data from 2a are best fit with a single

a
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Fig.2|Synthesis of sterically crowded pnictines1a-c. a, Synthesis of 1a-c,
Dipp =2,6-diisopropylphenyl. b, Thermal ellipsoid diagram of 1a at the 50%
probability level, with H atoms omitted for clarity. ¢, Space-filling diagrams of
1a-cfromviews rotated by 90° about the horizontal axis. Colour code: Sb, teal;
As, purple; P, orange; C, grey; H, white.
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Fig.3|Oxidation of sterically crowded stibine 1a. a, Oxidation of 1a with Ph10
to give 2a. b, Model compounds featuring different Sb-O bonding motifs. A, A
dimeric stibine oxide; B, a dihydroxystiborane; C, a hydroxystibonium salt with
X=0,SPh.c,SbK-edge XAS spectra, with a green dotted line indicating where the
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Fourier transforms (right). Experimental data are shown in blue and fits in
red. Therelevant EXAFS parameters are provided in Supplementary Table 7.
Abreakdown of the contributions of the different scatterers to the EXAFS
and Sb-C phase-corrected Fourier transforms of A and 2a are shown in
Supplementary Figs. 110 and 111, respectively.

O-atom scatterer at a distance of 1.837(2) A, which is substantially
shorter than the Sb-0 bonds characterized for any other isolated
materials. Fit of a C atom in the place of the short Sb-O gave a worse
goodness-of-fitindex (F= 0.335 for Sb—-C versus 0.319 for Sb-O) and a
physically unreasonable Debye-Waller factor (6= 0.0010 A*for Sb-C
versus 0.0021 A%for Sb-0).

Ultimately, we were successful in growing diffraction-quality sin-
glecrystals of 2a. The asymmetric unit of the crystal structure features
asingle molecule of Dipp;SbO, whichwe unambiguously assign as the
identity of 2a (Fig. 4a). Hirshfeld atom refinement (HAR) afforded a
Sb-Obondlength of1.8372(5) A, whichis in excellent agreement with
the EXAFS distance. The next-nearest Sb--O distance is 9.0791(4) A;
space-filling diagrams highlight the steric shielding provided by
the Dipp groups (Supplementary Fig. 99). One of the ‘Pr C-H units
is directed at the stiboryl O atom with an O--H distance of 2.132(9) A
(note: HAR affords freely refined H-atom positions similar to those
given by neutron diffraction)*’. The C-H--:O bond angle of 148.1(8)°
suggests astrong electrostatic contribution to theinteractionrelative
to weaker C-H---O H-bonds, in which isotropic van der Waals forces
playalargerrole®.

The molecular geometry of 2a from our X-ray crystal structure is
inexcellentagreement with the one from atheoretical geometry opti-
mization (PBEQ/def2-TZVPP), which features an Sb—O bond length of
1.827 A. Notably, the scaled theoretical vq,, 0f 781 cm ™ at the gas-phase
optimized geometry is in excellent agreement with the experimental
value for2a (779 cm™). These results combine to allow us to conclude
that we have isolated an example of a monomeric stibine oxide. For
comparison, we similarly synthesized and characterized the lighter
congeners Dipp;AsO (2b) and Dipp,PO (2c¢).

Electronic structure
To gain insight into the nature of the Sb=0/Sb"-0~ bonding motif,
we analysed the topology of the theoretical electron density of 2a

(DKH-PBEO/old-DKH-TZVPP) (Fig. 4c—e). This analysis shows the loca-
tions of critical pointsin the electron density (p), thatis, pointsinspace
where the derivative of pis zeroin three mutually orthogonal directions.
These critical points are characterized with a pair of numbers (w, 0),
where w is the number of non-zero eigenvalues of the Hessian and gis
the sumof the signs of those eigenvalues™. As expected, a (3, -3) critical
pointis present near the nuclear position of each atom. We also identi-
fied (3, -1) critical points, also known as bond critical points, between
eachof'the covalently bonded atoms (Supplementary Fig. 76). Although
the values of various real-space functions at a (3, -1) critical point are
frequently used to describe the nature of that bonding interaction®?,
for polar covalent bonds, like the Sb*™~O~bond inastibine oxide, these
functions are more informative when evaluated along the length of
the bond path (Fig. 4e)*. For the Sb-O bond of 2a, p features a single
minimum at 0.173 e"A%, approximately halfway along the bond path.
In the valence bonding region, the Laplacian (V?p) exhibits a single
O-proximal minimum of -1.346 e A™. The ellipticity (¢) is negligible
along the length of the bond path. The decrease in p and |V?p| in the
internuclear space from 2¢ to 2b to 2a suggests a systematic weaken-
ing of the Pn*-0~ bond as the Group 15 element increases in atomic
number. We note that the topological analysis also located bond paths
connecting the pnictoryl O atoms and the ‘Pr C-H units, as suggested
by the crystallographic data. The analysis of the bond critical points
of these interactions (Supplementary Tables 12 and 13) indicates that
hydrogen-bonding interactions are present and that they decrease in
magnitude from2ato2bto 2c.

Further insight into the Sb-O bonding in 2a was obtained from
molecular orbital analyses. The canonical molecular orbitals (CMOs)
are, as expected, highly delocalized across the molecule (Fig. 5b). The
frontier CMOs feature substantial  or r* character from the Dipp sub-
stituents. The nearly degenerate highest occupied molecular orbital
(HOMO) and HOMO-1 feature a substantial contribution from the
lone pairs on the O atom. The lowest unoccupied molecular orbital
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Fig.4 | The structure and bonding of 2a, amonomeric stibine oxide.

a, Thermal ellipsoid plot of 2a at the 50% probability level. Colour code: Sb, teal;
0, red; C, black; H, grey. b, Surface plots (isovalue = 0.05) depicting the Sb-O
bonding NLMO (left) and overlap of O lone pair and Sb-C antibonding pre-
orthogonalized NLMOs (right). Colour code: Sb, teal; O, red; C, grey; H, white.
¢, Contour plot of p overlaid with the gradient field lines of p for the Sb-O bond.
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d, Contour plot of V?p for the Sb-0 bond, with positive values contoured with
solid lines and negative values with dashed lines. e, Values of p (e A%), V?p (e A™%)
and ellipticity € for 2a-c along the Pn-0 bond paths, with Pn at the left and O at
the right along the horizontal axis. The bond length is normalized to 1.00. The
location of the (3, -1) critical point is shown with a dashed vertical line.

(LUMO) features a substantial amount of Sb—0 o* character. The Dipp
groups block the lobe of this orbital that extends opposite the Sb-O
bond, which probably contributes to the stability of this molecule,
as designed.

More detailed information was obtained by analysing the natural
localized molecular orbitals (NLMOs) of 2a (Fig. 4b and Supplementary
Figs.91-93). AnSb-0Obonding NLMOis present and is polarized 74:25
toward the more electronegative O atom, which uses a hybrid atomic
orbitalenrichedin p character (79%) tointeract with the Sb. The Sb-O
antibonding orbital is correspondingly polarized toward the Sb and
exhibitsthe large lobe opposite the Sb-0 bond that was observedinthe
LUMO CMO. There are two O-centred lone pair natural bond orbitals
(NBOs) withnearly pure p character and asecond-order perturbation
theory analysis uncovered donor-acceptor interactions that delocalize
electron density from these lone pairs into Sb—C antibonding orbitals
(Supplementary Table 14). Similar delocalizations were observed for
2b and 2¢, and deletion calculations showed that the non-covalent
interactions between the O and Dipp,Pn fragments decreased from
2c to 2b to 2a. These donor-acceptor interactions strengthen the
Pn-Obonds, and the decreased delocalization in 2a affords the lowest
Wiberg Pn-0 bond order of the three, but the O atom consequently
retains the greatest natural atomic charge (Supplementary Table 15).
Thevariationin chargeaccumulationisalsoreflected in the magnitude
oftheelectrostatic surface potential minimum, for which2c <2b <2a
(Fig.5c). The decreasein Pn"-O~bond strength (PO > AsO > Sb0), is also
reflectedinthe Pn"-O~ stretch force constants (Supplementary Fig. 75)
andtheratio of AE,,/AE,,, from an energy decomposition analysis of
O and Dipp,Pn fragments (Supplementary Tables 8-10). Deformation
density analyses show a redistribution of electron density from the
Dipp,;Pn fragment to the O atom to an extent that decreases from Sb
toAsto P (Supplementary Fig. 90).

Donor-acceptor interactions were also observed from the
O-centred lone pairs to the ‘Pr C-H antibonding orbitals for 2a-c (Sup-
plementary Fig. 93), consistent with the presence of the O--H bond
paths noted above. Non-covalent interaction analysis of 2a (Supple-
mentary Fig. 89) uncovered a region with a negative product of p and
the sign of the second-largest eigenvalue of the Hessian of p, sign(4,)p,
between the O and ‘Pr C-H; the value of sign(4,)p was less negative for
2band 2c¢, indicating that thisinteraction, which may help to stabilize
the Sb*-~0~bond, is presentin 2a and weakens for 2b and 2¢. The pres-
ence of thishydrogen-bondinginteractionin 2awas further confirmed
by NBO perturbationtheory and deletion calculations (Supplementary
Fig. 93).

Reactivity
With anisolated stibine oxide in hand, we next explored its chemistry.
The bonding characteristics outlined above suggest that 2a should
exhibit O-centred Lewis-basic behaviour. Cooling asolution of 2ainneat
4-fluoroaniline affords colourless blocks, which X-ray diffraction analy-
sis confirmed to contain the stibine oxide-aniline hydrogen-bonded
adduct 3 (Fig. 6(i)). In the HAR model, the hydrogen-bonding H atom
of3islocated onthe Natom withaN-H distance of1.04(2) A. The N--O
distance of 2.858(1) Aimplies that the hydrogen-bonding interactionis
of moderate strength. The Sb-0 bond remains short at1.8421(7) A, but
is statistically significantly lengthened as compared to 2a. Consistent
with thisbond lengthening, the Sb-O IR stretching frequency decreases
slightly from 779 cm™for 2ato 762 cm™ for 3. Neither 2b nor 2c affords
asimilar product, consistent with the lower nucleophilicity of the O
atomsinthese species.

We next sought to determine whether this Lewis basicity would
also manifest in metal ion coordination. Combination of 2a with
1equiv. of CuCl yielded the complex (Dipp,SbO)CuCl (4; Fig. 6(ii)),
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Fig. 5| Variationin the electronic structure of the pnictine oxides 2a-c.

a, Calculated orbital energies (DKH-PBEO/old-DKH-TZVPP//PBEOQ/def2-TZVPP)
inelectronvolts, with frontier molecular orbitals shown in colour (P, orange; As,
purple; Sb, teal). b, Canonical molecular orbital diagrams of 2¢, 2b and 2a. Colour
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kcal mol™). The value of the surface minimumiis indicated. C, grey; H, white; O,
red; P, orange; As, purple; Sb, teal.

whereas combination with 0.5 equiv. of AgOTfyielded [(Dipp;SbO),Ag]
[OTf](5; Fig. 6(iii)). If CIAu(PPh,) was treated with AgOTf and 2a, the
salt [(Dipp,SbO)Au(PPh,)][OTf] (6; Fig. 6(iv)) was isolated. All three
of the complexes were crystallographically characterized, and all
three exhibit significantly nonlinear Sb-O-M angles (Supplementary
Table 18).Solution of the structure of asecond polymorph of 6 showed,
however, that the complex canalso take on arigorously linear configu-
ration. The Sb-O-M bending is most probably driven by crystal packing
forces. We note that, inall cases, the geometry about the metal centres
in4-6isnearly perfectly linear, as expected. Neither 2b nor 2cwas able
to form analogous complexes; the NMR resonances of these lighter
pnictine oxides exhibited only minor shifts upon mixing with the metal
precursors (Supplementary Fig. 49-51). We note that the strength of
theintramolecular CHg,--O interaction decreases upon coordination
of2a (Supplementary Tables 13 and 15).

Room-temperature treatment of 2a with a strong Brgnsted acid,
PhSO;H, resulted in clean formation of the hydroxystibonium salt
[Dipp,Sb(OH)1[0,SPh] (7a; Fig. 6(v)). Crystallographic analysis of the
salt confirmed protonation at the Sb-bound O atom, which lengthens
the Sb-Obond t01.9119(7) A and decreases vq,, to 611 cm™. Compound
2b can be similarly protonated to yield [Dipp;As(OH)][O;SPh] (7b;
Supplementary Fig.106). Compound 2c interacts much more weakly

with PhSO;H, but titration with up to 10 equiv. of the acid results in a
systematic shiftin the NMR resonances of 2c. This behaviour may arise
fromreversible formation of ahydrogen-bonded adductin equilibrium
with the dissociated species (Supplementary Figs. 59 and 60).

We were surprised to find that, in contrast, acetic acid not only
protonates the O atom of 2a, but adds across the Sb-O bond at room
temperature, affording the neutral stiborane cis-Sb(OH)(OAc)Dipp; (8;
Fig. 6(vi)). This 1,2-addition chemistry highlights the unsaturated
nature of the stiboryl (Sb=0/Sb*-0") group. The cis isomer forms
despite the expectation that the more sterically bulky Dipp groups
would assume the less-crowded equatorial positions and that the
more apicophilic hydroxy and acetoxy groups would assume the
trans-disposed axial positions. Anintramolecular hydrogen-bonding
interaction is present between the hydroxy and acetoxy groups
(0-+0=2.630(2) A), which may be responsible for the cis configuration.
Neither 2b nor 2creacts in thismanner withaceticacid (Supplementary
Figs.64-66). We have yet to observe any cycloaddition chemistry (Sup-
plementary Fig. 74), but substrates continue to be explored.

Combination of 2a and BF;-OEt, at -78 °C results in rapid and
clean conversion to 9, which does not feature an B NMR signal, but
does exhibit a single sharp °F resonance at -74.35 ppm. X-ray diffrac-
tion analysis shows 9 to be the difluorostiborane trans-SbF,Dipp,
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Fig. 6 | Reactivity of the stibine oxide 2a. (i) Reaction with an aniline

to form a hydrogen-bonded adduct. (ii-iv) Reactions with copper(l)
chloride, silver(l) triflate and triphenylphosphinegold(l) triflate to yield
transition-metal coordination complexes. (v) Reaction with a sulfonic acid
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(Fig. 6(vii)). This reaction s thefirstin which we have observed cleavage
ofthe Sb-Obond. The maintenance of the 5+ oxidation state of the Sb
centresuggests that the reactionis an oxide transferinwhich one oxide
isexchanged fortwo fluoride groups, consistent with the fluorophilicity
of organoantimony(V) Lewis acids**. We have not fully characterized
the by-product, but boranes are known to form stable boroxines with
0% (ref.*). Unlike 8, 9 features the apicophilic fluoro substituents in
the expected trans geometry (Sb-F =1.9673(34) and 1.9706(31) A),
most probably as a result of the increased electronegativity of F and
alack of hydrogen bonding. No deoxygenation was observed upon
combination of 2b or 2¢ with BF;-OEt,.

Finally, we observed that PhSiH,is able to abstract the O atom from
2ato cleanly afford 1a (Fig. 6(viii)). The reaction does not proceed at
roomtemperature, but readily reaches completion within1hat 50 °C.
Under these mild conditions, neither 2b nor 2c reacts with PhSiH,
(Supplementary Figs. 72 and 73).

Discussion

The isolation of a monomeric stibine oxide, 2a, was achieved using
a kinetic stabilization approach in which the unsaturated Sb*™-0~
bond is protected by the sterically bulky Dipp groups bound to the
Sb centre. The isolation of 2a has permitted the spectroscopic and

crystallographic characterization of this functional group. In combina-
tion with these experimental measurements, theoretical calculations
provide insight into the nature of the Pn-0 bonding interaction, and
thevariationinthisbonding as the pnictogenisvaried from Sbto Asto
P.Theincreased accumulation of charge onthe O atom confersupon2a
reactivity that differs notably from that of 2band 2¢c. We have described
examples of 2aacting as ahydrogen-bond acceptor, a transition-metal
ligand and aBrgnsted base. The unsaturated nature of the Sb™-O~bond
also allows it to engage in addition chemistry, as exemplified by the
reaction with acetic acid. Finally, the Sb-Obond can be cleaved, either
with maintenance of the Sb(V) oxidation state, as in the reaction with
BF,, or with reduction to Sb(lll), as in the reaction with PhSiH,. We will
continue to investigate in greater depth each of these classes of reac-
tions, and others, with an emphasis on comparing and contrasting the
reactivity of stibine oxides with that of phosphine and arsine oxides.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability are available at https://doi.org/10.1038/s41557-023-01160-x.
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All the data underlying the findings of this study are available in this
Article and its Supplementary Information. All the crystallographic
data for the structures reported in this Article have been deposited
at the Cambridge Crystallographic Data Centre, under deposition
numbers CCDC 2133036 (1a), 2182475 (1b), 2182476 (1c), 2182474
(2a orthorhombic), 2133037 (2a monoclinic), 2182477 (2b), 2182478
(2c), 2133038 (3), 2182479 (4), 2133039 (5), 2182480 (6 triclinic),
2182481 (6 rhombohedral), 2133040 (7a), 2182482 (7b), 2133041 (8)
and 2133042 (9). Copies of the data can be obtained free of charge
via https://www.ccdc.cam.ac.uk/structures/. Source data used to
generate graphs in Figs. 4 and 5, as well as Supplementary Figs. 75,
85-88 and 96, are available as Supplementary Data files. The
Cartesian coordinates of all computationally optimized molecular
structures are provided in Supplementary Tables 19-31and are also
provided as Supplementary Data. Source data are provided with
this paper.
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