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Calix[4]pyrrolato Stibenium: Lewis Superacidity by Antimony(III)-

Antimony(V) Electromerism

Marcel Schorpp”, Ravi Yadav®, Daniel Roth, and Lutz Greb*

Abstract: Lewis superacids enable the activation of
highly inert substrates. However, the permanent pres-
ence of a Lewis superacidic center comes along with a
constantly increased intolerance toward functional
groups or ambient conditions. Herein, we describe a
strategy to unleash Lewis superacidity by electromerism.
Experimental and computational results indicate that
coordinating a Lewis base to A-calix[4]pyrrolato-
antimony(IIT) triggers a ligand redox-noninnocent
coupled transfer into antimony(V)-state that exhibits
Lewis superacidic features. Lewis acidity by electro-
merism establishes a concept of potential generality for
powerful yet robust reagents and on-site substrate
activation approaches. D

Lewis acids play vital roles from the forefront of chemical
research to industrial applications.'!l An increasing affinity
of a Lewis acid usually correlates with higher reactivity and
facilitates transformations of exceedingly inert substrates.”!
Lewis acids with a fluoride ion affinity (FIA) larger than
SbF; have been classified as Lewis superacids (LSA).”!
Many compounds with central elements spanning the
periodic table have been developed.”) While the fierce
reactivity of a LSA is generally promising, it usually comes
at the expense of intolerance for functional groups or
ambient conditions. This can cause the formation of side
products or premature quenching, effectively hampering
broad applicability. A compound that shows LSA properties
only after being triggered by external stimuli would be a
valuable improvement. Group 15 Lewis acids have gained
particular attention in recent years.! By the introduction of
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strongly electron-withdrawing substituents or positive
charge(s), several pnictonium-,"! pnictocenium-ion®® or
pnictorane” Lewis acids have been obtained. Beyond these
classical strategies to increase Lewis acidity, structural
deformation emerged as an alternative concept.’! We
recently isolated anti-van’t-Hoff-Le-Bel anionic calix-
[4]pyrrolato aluminates and the isoelectronic neutral silicon-
(IV) species.” " Structural constraint-enforced square-pla-
nar coordination at the central element resulted in much
higher Lewis acidity than in the corresponding tetrahedral
counterparts.”'? In earlier work, Floriani and Nocera
exploited the redox noninnocence of the calix[4]pyrrole
ligand (Cx[4]) in complexes with transition metals."¥ A two-
electron oxidation is accompanied by the dearomatization of
two pyrrole moieties and the formation of a cyclopropane
ring (so-called A-form, see Figure 1a). For instance, when
[Fe™Cx[4]™]~ was treated with 3 equiv of ferrocenium,
[Fe"AACx[4]™] formed as the product of fourfold oxidation
of the ligand-backbone with simultaneous reduction of the
central Fe" to Fe"' (see Figure 1b).'"! This redox-induced
electron transfer (RIET)!™ illustrates the intimate commu-
nication between the ligand scaffold and the central element,
allowing for electromerism (i.e., valence tautomerism), that
is, the change of electronic distribution by external
stimuli.l"®)

Electromerism is typically associated with transition
metal complexes of redox-active ligands, whereas examples
with main-group elements are scarce.' The germanium-
(IT)porphyrin represents a seminal case for a p-block
element (Figure 1c)."” Dissolution of the deep green
Ge""TPP in pyridine results in the bright-red bis-pyridine
adduct of germanium(IV) with a two-electron reduced,
antiaromatic porphyrin backbone. Changed oxidation states
of main-group elements are associated with stark reactivity
variation. We surmised that combining the Cx[4] ligand’s
redox noninnocence with redox-flexible group 15 elements
might enable switching between low-affinity Pn"" and high-
affinity Pn" states (Figure 1d). The following study estab-
lishes the coordination chemistry of the “[Cx[4]*]*” and
oxidized “[ACx[4]*]*"” ligand towards antimony. It illus-
trates the concept of Lewis superacidity triggered by electro-
merism and ligand redox-noninnocence.

The reaction of deprotonated Cx[4]%-salts with SbCl; (a
strong oxidant) resulted in a product mixture with concom-
itant formation of paramagnetic species. Hence, a synthesis
employing Sb™ precursors was pursued. By the reaction of
fully deprotonated Li,Cx[4]*"3THF and one equivalent of
SbCl; in THF at —78°C, [Li(THF),][SbCx[4]*] Li™*-1 was
formed and isolated on a multi-gram scale in 76 % yield
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Figure 1. a) Two-electron oxidation of the bispyrrol subunit in Cx[4]®
ligand to the A-form. b) Three electron oxidation of [Fe"Cx[4]"]]~ and
RIET in the formation of [Fe"AACX[4]"]**.[" ¢) Redox isomerism in a
germanium tetraphenylporphyrin complex by addition of pyridine."!
d) Proposed ligand-element electromerism of [Sb"'ACx[4]"]" A2* and
[SbYCx[4]]" 2*.

(Figure 2a). Single crystals suitable for scXRD analysis were
obtained by layering a solution of Li"™"-1 in THF with n-
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Figure 2. a) Protocol for the synthesis of [Li"*]-1 and [PPh,}-1. b)
Molecular structure of [PPh,]-1. [PPh,]*, DCM, protons omitted and
ethyl-groups drawn as wireframe for clarity. Thermal displacement
ellipsoids drawn at 50% probability.
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hexane (molecular structure see Supporting Information).?”
A better structural model was obtained from [PPh,][SbCx
[4]%] PPh,1 generated by salt metathesis between Li™F-1
and PPh,Cl in dichloromethane (Figure 2b).

The rigid Cx[4]® ligand scaffold enforces a rare non-
VSEPR square-pyramidal coordination at Sb,™! which lies
at 0.862(1) A distance above the N, plane. The interatomic
distances between Sb and pyrrolato-N are almost identical
(dn.sp(avg.) =2.160(18) A; (dy.sp(range) =2.1340(18)-2.1821
(17) A) and are in between structurally related neutral
corrolato-Sb™ (dy.sp(avg.) =2.121(3) Ay and cationic ptha-
locyaninato-Sb™ (dy.g,(avg.) =2.227(3)?"). In contrast to the
tetrahedral to square planar deformation in Cx(4)-Al"" and
Si'V,1% the VSEPR-conform pseudo-trigonal bipyramidal to
square-pyramidal deformation has only minimal effects on
the FMO energies (slight destabilization of both HOMO
(AE=0.18 ¢V) and LUMO (AE=0.34 ¢V) in comparison to
the computed VSEPR-conform [Sb(pyrrolato),] ). It is note-
worthy that the lone pair at Sb is energetically buried
(HOMO-4), in line with the observed reactivity of Li"™"-1
towards HNTY,, resulting in the protonation of the 2-
position at a pyrrole moiety in the ligand backbone (see
Supporting Information).

To generate cation 2%, the antimonites [cat.]-1 were
reacted with a range of oxidizing agents (discussion see
Supporting Information). Best results were obtained by
treating Li™"-1 or PPh,-1 with ferrocenium salts [Fc][A]
([A] =[SbF]~, [PFs] , Figure 3a). Precipitation yielded
2[A] as orange solid in 70 % of varying purity (70-95 %)
with leftover [Fc][A] as contaminant. Analytically pure
samples of 2[A] and single crystals suitable for scXRD
analysis were obtained by layering of a concentrated DCM
solution with n-hexane. The molecular structure (A2[SbF;]
Figure 3b, and A2[PF,] see Supporting Information) re-
vealed [Sb™ACx[4]®]* with distorted square-pyramidal
coordination (dapiane.sb = 0.945(1) A) by two aromatic pyrro-
lato-moieties (dy.g,=2.0778(15) A) and two dearomatized

a) - :

. N QRN DCM N:QTN
[cat] (N /Sb\'? + 2 Fe[Al—> K /Sb\r\? Al
~—  —

\/
A2*

+ [cat.][A] + 2 Fc
3"3C [ppm]

Figure 3. a) Protocol for the synthesis of A2[A]. b) Molecular structure
of A2[SbFg]. [SbF4]™ and protons omitted and ethyl-groups drawn as
wire frame for clarity. Thermal displacement ellipsoids set at 50%
probability.
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pyrrole-moieties  (dy.g,=2.2589(16) A). This molecular compound as a Lewis superacid.?’ The reaction was

structure is in line with obtained NMR data of A2[A] in
solutions of CD,Cl,.

Hence, the presumed equilibrium between A2* and 2%
(Figure 1d) was found to lie on the side of Sb™ with the
oxidized A-ligand. Indeed, computed thermodynamics
(@DSD-BLYP(D3BJ)/def2-QZVPP, COSMO-RS DCM)
revealed the Sb™-form A2* to be favored by ArH°yson) =
228.6(246.5) kImol ™" (Scheme 1a). The computed local mini-
mum 2%, a square planar anti-van’t-Hoff-Le-Bell SbY,
appears thermally inaccessible. Indeed, the A2% cation was
found experimentally stable against [SbF]~ (FIA(SbF;s)=
496), [PF]~ (FIA(PFs)=384) and even [BF,]” (FIA(BF;)=
346),”% thus proving the Lewis acidity of A2* to be as
evidently little (cf. Scheme 1b and later discussion). Yet,
when A2[SbF,] was dissolved in THF-dg for NMR analysis,
spontaneous polymerization of the solvent was observed.
We assumed that the coordination of a Lewis base (LB; here
THF) at Sb™ induces a transformation to Sb¥ by coupling
with the ligand’s redox noninnocence (cf. Figure 1d).
Accordingly, reacting A2[SbF4] with an excess of pyridine in
CD,Cl, showed rapid consumption of the starting material
by NMR analysis. The obtained reaction mixture was left
for crystallization, providing single crystals of the pyridine
adduct of SbF;s (py-SbFs). Hence, during the course of this
reaction, abstraction of a fluoride ion from SbF;~ had taken
place, which conforms to the requirement to classify a
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Scheme 1. Computed gas-phase and solvated thermodynamics for

a) spontaneous and d) triggered) Sb" to Sb" transformation. b), c) and
e) FIA for A2%, 27 and 2-py™. f), g) Computed gas-phase and solvated
thermodynamics for the [SbF¢]~ decomposition. DSD-BLYP(D3B))/
def2-QZVPP (COSMO-RS, DCM)/PBEh-3c.
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repeated analogously with A2[PF,]. ’F- and *'P NMR gave
spectroscopic evidence for the anion decomposition with the
formation of the respective adduct py-PFs. In both cases,
'"H NMR spectra of the reaction revealed a mixture of at
least two Cx[4]F'-containing species. Most importantly, the
disappearance of “C-chemical shifts for dearomatized
pyrroles in all observed species indicated the reduction of
ACx[4]™ to non-ACx[4]* forms. 'H NOESY NMR experi-
ments verified proximity between the flanking ethyl groups
to a pyridine moiety. "F NMR spectra contained a broad-
ened singlet resonance at 6(*’F) =—112.7 with cross-peaks in
"HF(HMBC) NMR spectra one of the new Cx[4] species.
Similar ’F NMR shifts (5(*°F) = —105.4) had been observed
for Sb-bound fluorides at hexacoordinated corrole SbY
complex.”™ The separation of this product mixture was
impossible due to instability, and no structural proof could
be obtained by scXRD. However, ESI and LIFDI-mass
spectrometry confirmed products of composition 2-py-F and
2-py*. Reacting A2[PF4] with neutral Lewis bases (e.g. 3,5-
lutidine or PMe;) resulted in similar anion degradation as in
the case of added pyridine (see section 2.7 in the Supporting
Information). Hence, these results indicated the formation of
a Lewis superacid upon activating with a Lewis-base.

The plausibility and rationale of this process was
elucidated by DFT-computations. Adduct formation be-
tween A2% and pyridine to Sb-bound 2-py* is mildly
exothermic (Scheme 1d), with a very shallow transition state
of AH"=+115kJmol™" (Supporting Information). The
lone pair from Sb™ (A2%) shifts into the ligand (2-py*) and
creates a SbY species with a FIA significantly increased by
145 kImol ™' compared to A2* (referenced to TMS*/TMS-F
anchor points @ DSD-BLYP(D3BJ)/def2-QZVPP COSMO-
RS DCM, cf. Scheme 1b,e).?**! Remarkably, the FIA of the
square-planar 2% is dampened by only 80 kJmol' upon
coordination of pyridine (cf Scheme 1c,e). Accordingly, the
experimentally observed decomposition of [SbF]™ is repro-
duced in silico when 2 equivalents of pyridine are employed
(see Scheme 1f,g). In line with this finding, incomplete
consumption of A2* was observed when reacting A2[PF;]
with less than 2 equivalents of pyridine.

Further experiments and computations were performed
to scrutinize this interpretation. The reaction between A2*
[A] and a stronger F-source ([NBu,|[Ph;SiF,]) in the
absence of pyridine lead to a C—F bound species which was
assigned as the product of cyclopropyl ring-opening (cf.
Supporting Information; §('’F)=-145.3 (m)ppm). This
latter adduct can be converted back to A2* by reaction with
B(C¢Fs); (FIA =448 kJmol ™). Importantly, cyclopropyl
ring-opening by pyridine attack at the quaternary carbon is
unlikely due to a computed reaction barrier of 26 kJmol ™'
higher in enthalpy compared to the attack of pyridine at
Sb™ (see section 4.1 in the Supporting Information). Hence,
the Sb™ to SbY transformation appears to happen under
kinetic control in the presence of specific Lewis bases. When
a A2 salt of a mixture of counteranions [AI(ORF),] (ORF=
OC(CF;);) and LiPF, was treated with DMAP, the forma-
tion of [Sb—-F(DMAP),]** was observed by scXRD (Sche-
me 2a). This result supports the interaction of the Lewis base

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Scheme 2. Experimental indications for a) fluoride abstraction and
Lewis base binding to antimony, and b) ligand reduction by MeLi attack
and oxidative coupling to ethane.

with the antimony center and fluoride abstraction during the
process.

Additional evidence for the proposed electromerism was
obtained by reacting A2[PF4] with two equivalents of MeLi.
The clean and quantitative formation of Li™"-1 and LiPF;,
along with the formation of ethane gas, was observed by
NMR spectroscopy (Scheme 2b). The di-methyl-Sb" inter-
mediate [Li(thf),]Sb-Me,Cx[4]*'] was detected by mass
spectrometry, undergoing reductive elimination potentially
in a bimolecular process. Importantly, subjecting Li,-
(THF)ACx[4]™ (the A-ligand without an antimony center) to
MelLi did not lead to the reduction of the ligand but an
unselective attack in the ligand backbone (see section 2.8 in
the Supporting Information). This observation underscores
the critical role of antimony as the primary binding site and
redox modulator.

Figure 4 depicts the FMO energies and LUMO shapes of
the 2% local minimum, the A2*% global minimum, and the
adduct 2-py*. Of the three considered species, the square
planar 2% has the LUMO of lowest energy, p, type at Sb".

-10 HOMO

HOMO -9.22
10.22

HOMO
-9.60

Figure 4. Frontier orbital energies and Kohn—Sham LUMOs in 2* vs
A2% and 2-py* (NBO charge at Sb in brackets).
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Due to the unfavorably high energy of 2* (Scheme 1a),
it does not play a role independently. However, its chemistry
can be stimulated by the coordination of selected Lewis
bases. Indeed, the energy of the LUMO in 2-py* drops
below that of A2% and maintains Sb-character. In other
words, the LUMO of a compound (A2") is lowered upon
adduct formation with a Lewis base (2-py*)—to the best of
our knowledge, an unprecedented finding (see reference!™
for the computational prediction of a related effect). The o-
type ligand pyridine stabilizes the Sb¥-form while retaining
p.-character for Lewis acidic behavior at the opposite side
for reactions with further substrates (such as SbF;"). Indeed,
the computed NBO-charges at Sb change massively upon
electromerism from +1.75 (A2%) to +2.71 (2-py*). Overall,
these characteristics rationalize the uniqueness of the
present observation.

In conclusion, we synthesized non-VSEPR antimonite-
(IIT)-anion [cat.]-1 with square pyramidal coordination by a
porphyrinogen ligand scaffold. Ligand-centered two-elec-
tron oxidation affords a tetracoordinate stibenium(III)-ion
A2* with stability towards [MFs]- (M=Sb,P) and [BF,],
illustrating its marginal Lewis acidity. By adding a suffi-
ciently strong neutral Lewis-base, rapid decomposition of
the employed counter ions occurs. DFT computations,
spectroscopic observations, and control experiments indicate
the formation of a transient stibonium(V)-ion with Lewis
superacidic properties. Counterintuitively, Lewis base coor-
dination does not lead to the saturation of the acceptor
element, but induces a significant reactivity increase. One
might be reminded of Lewis base binding induced electro-
philicity enhancement operative in n-c* Lewis base
catalysis.’”) However, the electromerism suggested in the
present case results in a substantially stronger electronic
redistribution (ANBO-charge at antimony of +0.96) com-
pared to the subtle, sometimes even inverted polarization
changes found in Lewis base catalysis.’! Although currently
limited by competing decomposition channels of the inter-
mediates, the concept of triggerable Lewis superacidity by
electromerism will enable applications, such as on-site
catalyst activation. Indeed, unexpected activity in a hydro-
defluorination reaction preliminarily supports these hypoth-
eses.
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