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Antimony-centered pnictogen bonds at the stibine

level have provided access to good catalysis in solu-

tion and outstanding ion transport and catalysis in

lipid bilayer membranes. Strengthened pnictogen

bonds on the stiborane level have increased catalytic

activity in solution to an extent attractive for use in

practice. Thus, the debate was whether or not trans-

port and catalysis in lipid bilayer membranes would

equally increase from σ-acidic stibines to σ-acidic
stiboranes. The response, we report, is no. Experi-

mental support for this conclusion covers a new set

of σ-acidic catecholatostiborane catalysts with bioin-

spired catecholates, supramolecular structural X-ray

and computational data, transfer hydrogenation ca-

talysis in water, micelles and membranes, and, of

course, ion transport across lipid bilayers. Decreas-

ing ion transport with increasing ion binding defined

the inverted region in the Goldilocks principle. Our

results placed σ-acidic stibines with weaker pnicto-

gen bonds in the well-explored Goldilocks normal

region. σ-acidic stiboranes, however, with their

strong pnictogen bonds, provided unprecedented

access to the Goldilocks inverted region and

emerged as unique tools to generalize the Goldilocks

principle from transport to catalysis and from mem-

branes to micelles. The reportedmethods and results

should be of general interest in the design and ratio-

nalization of supramolecular function in biphasic

systems.

Keywords: pnictogen bonds, catalysis, ion transport,

stibines, stiboranes, σ acidity

Introduction
Pnictogen bonds describe the noncovalent interaction of

highly localized electron-deficient areas on pnictogens,

so-called σ-holes, with electron-rich motifs, usually lone

pairs (Figure 1a–d).1–6 σ-Holes relate to antibonding σ*
orbitals, with orbital contributions accounting for pnicto-

gen and the analogous chalcogen and halogen bonds to

extend linearly from the respective covalent bond with

high directionality.1–10 σ-Hole interactions increase with
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polarizability. In 2018, a comprehensive screen of the

relevant piece of the periodic table evinced pnictogen

bonds with Sb(III) centers as the most promising σ-hole
interaction for catalysis.11 In the same year, the addition of

catecholates to Sb(III) stibines was shown to afford

Sb(V) stiboranes with increased catalytic activity.12 Elec-

tron-deficient stibines offer three σ-holes exposed on an

overall more convex surface, surrounding the central

lone pair in the linear extension of the three covalent

bonds (Figure 1a,b). Catecholate addition to these
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Figure 1 | (a, c) Catalysis and (b, d) ion transport with (a, b) σ-acidic stibines and (c, d) stiboranes, and structure of

(e) pnictogens 1–8 and (f) substrates 9-17 used in this study. (a, b) Stibines offer three σ-holes (blue) on their more

convex surface (gold), extending linearly from the three covalent bonds (black) to (a) stabilize electron-rich centers of

transition states (δ−, TS) for catalysis and (b) bind anions (Xn−) for transport. (c, d) Stiboranes offer one deep σ-hole on

their more convex surface, extending linearly from the axial Sb-C bond, for (c) TS stabilization and (d) Xn− transport.

Compounds with numbers in parentheses are only virtual.
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stibines converts the three σ-holes into one deep σ-hole
on electron-deficient stibines, embedded within an over-

all more concave surface (Figure 1c,d).

Since these initial studies, pnictogen-bonding and the

related chalcogen- and halogen-bonding catalysis1–3,8,11–25

have been tentatively defined as the noncovalent coun-

terpart of classical Lewis acid catalysis, just like hydro-

gen-bonding catalysis is the supramolecular counterpart

of Brønsted acid catalysis.26 One of the distinguishing

characteristics of pnictogen-bonding catalysts with per-

manent substituents compared with classical Lewis acids

like SbCl3 with exchangeable ligands is their usually good

stability in aqueous systems,27,28 including artificial

enzymes.29 Incompatible with classical Lewis acids like

SbCl3, a systematic screen revealed that σ-acidic stibines

are also outstanding ion transporters (Figure 1b) and

that their catalytic activity in lipid bilayer membranes

increases strongly in comparison with organic solvents.30

With σ-acidic stiboranes beingmore active catalysts than

σ-acidic stibines in organic solvents (Figure 1c vs a), the

question was whether or not stiboranes would also out-

perform stibines as anion transporters (Figure 1d vs b)

andcatalysts in lipidbilayermembranes. Ifso,weenvisaged

that this would result in spectacular activities considering

the already high activity identified for stibines.30,31 The

objective of this study was to address this question with

a series of pnictogen-bonding systems 1–8 (Figure 1e) and

transfer hydrogenation18,20,28,29 with substrates 9–17 as a

robust benchmark reaction (Figure 1f).

Experimental Methods

Synthesis

Representative procedure for catalyst 6b: To a suspen-

sion of 1b (0.38 g, 0.50 mmol) in tetrahydrofuran (THF,

10 mL), the corresponding coumarin (0.10 g, 0.50 mmol)

and tBuOOH (110 μL of 5.0 M solution in nonane,

0.55 mmol) were added at 0 °C. After 2 h, the reaction

was warmed to room temperature and stirred overnight.

Then transparent solution formed was evaporated to

dryness. The crude product was recrystallized with

diethyl ether/pentane, acetone/pentane, CH2Cl2/pen-

tane, CHCl3/pentane, and toluene/pentane, finally

affording the pure compound 6b (81 mg, 17%) as a yellow

solid. Mp: 171–172 °C; infrared (IR; neat): 1634 (s, C=O),

1539 (s), 1491 (s), 1556 (w), 1175 (s, CO), 1089 (s), 1032 (s),

859 (s), 681 (s); 1H nuclear magnetic resonance (NMR)

(500 MHz, acetone-d6): 8.49 (s, 6H), 8.26 (s, 3H), 7.18 (s,

1H), 6.82 (s, 1H), 6.02 (s, 1H), 2.37 (s, 3H); 13CNMR (126MHz,

acetone-d6): 162.1 (CO), 154.5 (C), 152.3 (C), 149.3 (C),

145.2 (3C), 145.1 (C), 135.7 (6CH, q, 3JC-F = 3.8 Hz), 132.5

(6C, q, 2JC-F = 33.2 Hz), 125.8 (3CH, sept, 3JC-F = 3.8 Hz),

124.2 (6C, q, 1JC-F = 272.5 Hz), 112.7 (C), 111.5 (CH), 107.5

(CH), 102.1 (CH), 19.0 (CH3);
19F NMR (282 MHz, acetone-

d6): −63.45.

Other catalysts and substrates were prepared corre-

spondingly, following reported procedures if possi-

ble12,28,29,32–34 (Supporting Information Figures S1, S2,

S33–S51 and Schemes S1–S7).

Structural Characterization

The single crystals of 2a, 3a, and 3b were obtained by

dissolving each in Et2O/hexane and allowing their Et2O/

hexane solutions to evaporate at room temperature. The

X-ray intensity data of the crystals were acquired using a

Rigaku XtaLAB Synergy, Dualflex, HyPix-Arc 150° diffrac-

tometer using Cu Kα radiation (λ = 1.54184 Å).

In computationalmodeling, the geometries of the com-

pounds and complexes in this study were fully optimized

without any constraints at the RI-BP86-D4/def2-TZVP

level of theory.35–37 Calculations were performed in the

gas phase using the TURBOMOLE version 7.7 program.38

The minimum nature of the compounds was confirmed

by frequency calculations. The molecular electrostatic

potential (MEP) surface calculations were plotted

using the Gaussian-16 program39 at the same level of

theory, with MEP surfaces plotted using the 0.001 a.u.

isosurface. Polarizability calculations were performed at

the same level using TURBOMOLE version 7.7.38 The

quadrupole moments were calculated using the Multiwfn

program39–41 with wavefunctions generated by TURBO-

MOLE version 7.738 at the same level of theory.

Preparation of EYPC-LUVs

Large unilamellar vesicles (LUVs) were prepared from

egg yolk phosphatidylcholine (EYPC) following reported

procedures.30,31 Briefly, EYPC (25.0 mg) was dissolved in

CHCl3 (1 mL). The solution was evaporated on a rotary

evaporator (40 °C), and then a lipid film was dried in

vacuo for 1 day. After hydration (>30 min) with 1.0 mL

buffer [100mMNaCl or 67mMNa2SO4, 10mMHEPES, 1.0

or 1.0 mM HPTS (a fluorescent probe), pH 7.0 at 40 °C

(HEPES: (4-(2-hydroxyethyl)-1-piperazineethanesulfonic

acid); HPTS: 8-Hydroxypyrene-1,3,6-trisulfonic acid triso-

dium salt), the resulting suspension was subjected to >10
freeze-thaw cycles (liquid N2, 40 °C water bath) and >10
times extruded through a polycarbonate membrane

(poresize100nm). InthepresenceofHPTSinNaClsolution,

extravesicular components were removed by size exclu-

sion chromatography (Sephadex G-50, Cytiva, Marlbor-

ough, USA) with 10 mM HEPES, 100 mM NaCl, pH 7.0

buffer. Final conditions: ≈6 mL of 5 mM EYPC, inside and

outside 10mMHEPES, 100mMNaCl, or 67mMNa2SO4, pH

7.0. The EYPC-LUVs - were used within the week of

preparation.

Ion transport

Following previously reported procedures,30 a suspen-

sion of EYPC-LUVs⊃HPTS (20 μL) was added to a gently
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stirred, thermostatically controlled buffer (1920 μL, 25 °C,

10 mM HEPES, 100 mM NaCl, pH 7.0) in an optical glass

cuvette, The fluorescence intensity (λem = 510 nm) was

monitored as a function of time upon excitation at two

wavelengths simultaneously (It,454: λex = 454 nm and

It,404: λex = 404 nm) during the addition of compound

[20 μL, dimethyl sulfoxide (DMSO) solution] at t = 1 min,

base (20 μL, 0.5 M NaOH) at t = 2 min and gramicidin D

(20 μL, 1 μM in DMSO) at t = 6 min 45 s. Ratiometric

analysis of the kinetic traces (Rt = It,454/It,404) was per-

formed by normalization to R0 = Rt at t = 2 min, before

addition of base, and R∞ = Rt at t = 7 min 30 s, after

addition of gramicidin D. Irel at 6 min 38 s before addition

of gramicidin D was defined as transmembrane activity,

Yc. Hill analysis of the concentration dependence of Yc

gave the effective concentration EC50 and the Hill coef-

ficient n.

Catalysis in vesicles

In a 0.5 mL Eppendorf tube, quinoline 14 and 15 (1.6 μL of

a 50 mM stock solution in DMSO, final concentration

0.31 mM), the catalyst 2b (1.6 μL of a 15 mM stock solution

in DMSO, final concentration 0.094 mM) the internal

standard 7-(diethylamino)-4-methyl-2H-chromen-2-one

(for 14, 1.6 μL of a 5.0 mM stock solution in DMSO, final

concentration 0.031 mM; For 15, 1.6 μL of a 2.5 mM stock

solution in DMSO, final concentration 0.016 mM) and

DMSO (1.3 μL) were added. Subsequently, 240 μL HEPES

buffer (pH = 7.0) and 2.5 μL EYPC-LUVs were sequen-

tially added to themixture, and finally, the Hantzsch ester

16 (1.6 μL of a 150 mM stock solution in DMSO, final

concentration 0.94 mM). The reaction was then shaken

(800 rpm) at 40 °C. Periodically, aliquots (4.8 μL) of the
reaction mixture were diluted in CH3CN (2000 μL, final
concentration [14 + 14p], [15 + 15p] = 0.74 μM), and their

fluorescence spectra were recorded (λex = 320 nm). Cali-

bration curves were applied to calculate substrate con-

version from the measured intensity ratios.

Other catalysts and substrates were measured corre-

spondingly, see Supporting Information.

Catalysis in micelles

In a 0.5 mL Eppendorf tube, 25 μL (27 mg) Triton X-100

was added. Then the following was added to the mixture:

quinoline 15 (5.0 μL of a 50 mM stock solution in DMSO,

final concentration 1.0 mM), catalysts 1–4 (5.0 μL of a

15 mM stock solution in DMSO, final concentration

0.30 mM), the internal standard [7-(diethylamino)-4-

methyl-2H-chromen-2-one, 5.0 μL of a 2.5 mM stock

solution in DMSO, final concentration 0.050 mM] and

5.0 μL DMSO. Subsequently, 200 μL HEPES buffer

(pH = 7.0) and the Hantzsch ester 16 (5.0 μL of a 150 mM

stock solution in DMSO, final concentration 3.0mM)were

sequentially added into the mixture. The reaction was

then shaken (800 rpm) at 30 °C. Periodically, aliquots

(3.0 μL) of the reaction mixture were taken to determine

substrate conversion with time.

Catalysis in solution

Following previously reported procedures,42 the catalyst

and substrates were weighted into a screw cap vial and

suspended in excess dry CDCl3 or dry CD3CN. The mix-

ture was degassed by argon bubbling until the desired

final solvent volume was reached, comprising substrate

10 (128 mM), Hantzsch ester 16 (281 mM), the desired

catalyst (30 mol %, 38 mM) and mesitylene (43 mM,

internal standard). The vial was tightly sealed and stirred

at 40 °C. 1H NMR spectra of aliquots of the reaction

mixture (20 μL) diluted in CDCl3 (0.5 mL) were recorded

at varying time intervals (Supporting Information Figures

S9–S12).

Results and Discussion

Pnictogen-bonding systems

Stibines and stiboranes 1–8 were selected for this study

for the following reasons. Originally, σ-acidic stibine cat-

alysts were made with three electron-withdrawing pen-

tafluorophenyl substituents to deepen the σ-holes on the

Sb(III) center and to lower the lowest unoccupied mo-

lecular orbital (LUMO).11 The fluorines at the ortho posi-

tion were replaced by hydrogens in stibine 1a despite

decreasing σ acidity to avoid inactivation by intramolec-

ular pnictogen bonds.32,43 This change resulted in high

transport30,31 and catalytic activity30 in lipid bilayer mem-

branes. In a recent detailed study, Beer and coworkers44

showed that the two CF3 substituents at the meta posi-

tion gave the best anion binding in the antimony series

with 1b and in the bismuth series with 8b.

On the Sb(V) level, catecholato-stiborane 2b, the oxi-

dation product of 1b with o-chloranil, was already

reported as a good catalyst in the original paper by

Gabbaï and coworkers,12 and catalysis with 2a and other

derivatives has also been reported.26,29,32,43 To explore the

structural landscape on the catecholate side, we consid-

ered the bioinspired motifs that have been mapped out

to access stable boronate esters for the discovery of the

third orthogonal covalent bond.33 Nitrodopamides, pre-

viously explored by Gademann and coworkers as biomi-

metic adhesives,45 have emerged as the best performing

catechols in that study.33 The corresponding σ-acidic
stiboranes like 3 were easily accessible and have already

been identified as the best cofactor in pnictogen-

enzymes.29 In the screen for stable boronate esters, cate-

chols with sulfonate acceptors as in stiborane 4 were

almost as good as nitrodopamides in stiborane 3.33

The colorful alizarin red in stiborane 5 and coumarin as

in stiborane 6 were added out of curiosity. The
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simple amide in stiborane 7 was of interest for the inte-

gration into more complex systems, including artificial

enzymes.29 The synthesis of all new pnictogen-bonding

systems was achieved by adapting established proce-

dures (Supporting Information Schemes S1–S5).

Structural studies

Over the years, several crystal structures of stibines

and stiboranes have been reported.12,32,46 Supra-struc-

tures with relevance beyond structural validation were

obtained with crystals of stiborane 2a grown in wet ether

(Figure 2a and Supporting Information Figure S24 and

Table S2). Namely, water was bound to the σ-hole of

stiborane 2a. Two hydrogen bonds to two ether mole-

cules (1.9 Å) demonstrated that it is indeed water and not

OH− acting as an intermolecularly activated pnictogen-

bond acceptor. The length of the Sb–O pnictogen bond

to water was 2.3 Å. This was longer than the sum of

covalent radii, 2.05 Å.47 In the crystal structure of 2a, the

covalent Sb–O bonds to the catecholate had exactly this

length.

Nitrodopamides 3a and 3b crystallized reproducibly as

dimers with intermolecular pnictogen bonds to the am-

ide oxygens (Figure 2b and Supporting Information

Figures S25 and S26, Tables S3 and S4). The length of

these O–Sb pnictogen bonds was 2.4 Å, that is,

noncovalent, while the covalent O–Sb bonds with the

catecholate were again around 2.05 Å.

The MEP surfaces of all pnictogen-bonding systems

were computed on the BP86[S9]-D4/def2-TZVP level of

theory (Figure 2c and Supporting Information Figures

S27–S29). On these MEP surfaces, σ-holes appeared as

deep blue dots, which were quantified with the respec-

tive surface potential maxima (Table 1). Although other

contributions should not be ignored,2 increasing depth of

σ-holes roughly correlated with increasing “σ acidity,”

which translated into stronger pnictogen bonds.

The significant deepening of the σ-hole (Vmax) from

stibine 1a to stiborane 2a has already been reported

(Table 1, entry 1 vs 3).26 Further deepening on the

Sb(V) level from 3,4,5-trifluorophenyls in stiborane 2a

to bis(trifluoromethyl)phenyls in stiborane 2b by

ΔVmax ≈ 5 kcal mol−1 was also known28 (Table 1, entry 3

vs 4) and observed reliably throughout the series.

Stiboranes 3–7 were naturally confirmed to be more

σ-acidic than stibines 1, 2, and 8 (Table 1). Catecholate

variations were less impactful. This was reasonable be-

cause they were not directly conjugated to the relevant

σ* orbital. The deepest σ-hole Vmax = +50.6 kcal mol−1 was

found with the nitrodopamine catecholate in stiborane

3b (Table 1, entry 6, Figure 2b,f).29 Replacement of nitro

acceptor in stiborane3bby a sulfone acceptor in stiborane

4b caused a significant decrease ofΔVmax =−2.5 kcalmol−1

E
(a) (b) (c)

(d) (e) (f)

(g)

Figure 2 | (a) X-ray structure of 2a with pnictogen bond to H2O (2.3 Å) and hydrogen bonds to two ethers (Sb-O

catecholate: 2.1, 2.0). (b) X-ray structure of 3b as pnictogen-bonded dimer (2.4 Å). (c–f) Computed structures,

(c) BP86-D4/def2-TZVP level MEP surface of catalyst 4b, blue positive (+52 kcal mol−1 max), red negative (−15 kcal

mol−1 min), and structure of substrate 9 pnictogen-bonded to (d) catalyst 1b, (e) 6b and (f) 3b. Computed structural

data for all catalysts: Table 1. (g) Stand-up thumb push lion illustrating substrate motion in response to increasing σ

acidity of pnictogen-bonding catalysts from 1b to 6b and 3b.
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(Table 1, entry 6 vs 8). Similar σ acidity was achieved with

coumarins in stiborane 6b (entry 12) and amides in stibor-

ane 7b (entry 14), while alizarin red produced the weakest

σ-holes in stiborane 5b (entry 10), ΔVmax = −3.5 kcal mol−1

weaker than the best Vmax = +50.6 kcal mol−1 with the

nitrodopamide 3b (Table 1, entry 6 vs 10).

While catecholate substitution in stiboranes had little

influence on the depth of the σ-holes, it affected polariz-

ability more significantly. From the chloranil original 2b

to the nitrodopamide 3b, the σ-hole deepened by 3% to

Vmax = +50.6 kcal mol−1, while global polarizability grew

by 21% to a maximum of 591 a.u. (Table 1, entry 4 vs 6).

The responsiveness of polarizability was unique to cate-

cholate substituents. Changing the phenyl substituents

from 2a to 2b caused a much larger 12% increase of the

σ-hole, while the coinciding 20% increase in polarizability

was less than with catecholate change from 2b to 3b

(Table 1, entries 3, 4, 6).

Within the catecholate series, trends with σ-holes and

global polarizability were not uniform. The relatively

deep σ-hole Vmax = +48.5 kcal mol−1 of coumarin 6b

coincided with weak αiso = 510 a.u., the poorer Vmax =

+47.1 kcal mol−1 of alizarin red 5b with second best

αiso = 562 a.u. (Table 1, entries 10, 12). Global polarizability

αiso and polarizability αSb-C along the axial bond with a σ*
orbital at the σ-hole showed identical trends with overall

minor exceptions.

Substrate-catalyst complexes were computed with

the simplest possible quinoline 9 (Figure 1). The repre-

sentative complexes with stiboranes 6b and 3b both

featured a central pnictogen bond between the Sb(V)

center and the quinoline nitrogen (Figure 2e,f). With 6b,

the length of 2.8 Å was indicative of a strong interaction

that was clearly noncovalent, far beyond the sum of

covalent radii at 2.10 Å (Figure 2e, Table 1, entry 12). The

bond angle Φ = 173° was near the ideal Φ = 180° of σ-hole
interactions. The quinoline plane was tilted by Ψ = 46°

from the pnictogen bond, presumably to maximize aro-

matic electron donor–acceptor (AEDA) interactions with

one phenyl substituent.48,49 These AEDA interactions

nicely illustrated the possibility of secondary interactions

with the convex surface surrounding the σ-hole of Sb(V)

Table 1 | Structural Characteristicsa

Cb Vmax
c αisod αSb-Ce l (Å)f Φ (°)g Ψ (°)h π (Å)i

1 1a +29.4 263 272 3.53 158 61 3.33

2 1b +36.7 342 352 3.36 156 58 3.38

3 2a +44.2 408 319 2.57 179 19 —j

4 2b +49.3 488 392 2.50 177 25 —j

5 3a +45.5 511 403 2.60 179 21 —j

6 3b +50.6 591 475 2.59 179 25 —j

7 4a +43.3 445 360 2.89 177 51 3.72k

8 4b +48.1 525 422 2.79 175 46 3.75k

9 5a +43.0 482 341 2.98 172 54 3.42l

10 5b +47.1 562 412 2.84 175 54 3.72k

11 6a +43.9 430 321 2.79 175 46 3.63k

12 6b +48.5 510 394 2.75 173 46 3.56k

13 7a +43.2 474 345 2.79 175 46 3.76k

14 7b +48.0 554 413 2.75 173 46 3.58k

15 8a +34.1 269 277 3.36 157 59 3.35k

16 8b +40.4 349 458 3.27 158 64 3.51k

a From BP86[S9]-D4/def2-TZVP structures, Figure 2c–f and Supporting Information Figures S27–S31.
b Catalyst.
c Surface potential maximum (= σ-hole), in kcal mol−1.
d Global polarizability, in a.u.
e Polarizability of axial Sb-C bond in Sb(V) compounds. For the Pn(III) compounds it is given along one of the Pn–C

bonds, in a.u.
f Length of the pnictogen bond to substrate 9.
g Angle of the pnictogen bond to 9.
h Tilt angle of the quinoline plane from the pnictogen bond.
i Distance between the ring centroids of the substrate and the nearest aromatic ring in the catalyst, informing on

secondary AEDA interactions.
j No AEDA interactions.
k Centroid of the N-ring of quinoline is used to measure the distance.
l AEDA interactions established with the quinone ring.
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catalysts (Figure 1c). Computed quadrupole moments

Qzz = −19.1 B confirmed quinoline substrates as π basic.

Qzz = +9.5 B andQzz = +10.9 B identified RSbF2 mimics of

F3Ph a and (CF3)2Ph b as slightly more π acidic than the

hexafluorobenzene standard (Supporting Information

Figure S32). Opposite signs of the quadrupole moments

Qzz in substrate and catalyst confirmed the possibility of

AEDA interactions in their complex.

Deepening of the σ-hole made the quinoline substrate

literally stand up, like a thumb push puppet (Figure 2g).

The bond length was shortened to 2.6 Å for 3b, the bond

angles increased up to Φ = 179°—one degree from per-

fection (Figure 2f, Table 1, entry 6). The quinoline tilt

decreased down to Ψ = 25° and AEDA interactions van-

ished. This coupled motion of the substrate in response

to σ-hole deepening testified to a subtle balance between

primary pnictogen bonding and secondary aromatic

interactions with the concave surroundings of stiborane

catalysts.

Weakening of the σ-hole from stiboranes to stibines

made the quinoline substrate fully laid down (Figure 2d,g,

Table 1, entry 2). The longer pnictogen bond (3.4 Å)

expected from weaker σ acidity (+36.7 kcal mol−1)

allowed the pnictogen-bond angle in 1b to decrease

(Φ = 156°) and the substrate to tilt (Ψ = 58°) and interact

with the π acids even on the convex surrounding, afford-

ing the best AEDA interactions found in the entire series

(3.4 Å). During hydride addition, the secondary AEDA

interactions should evolve into stronger anion-π interac-

tions50–52 that could support the primary pnictogen bonds

to strengthen the hydride acceptor.

Catalysis in organic solvents

Transfer hydrogenation in CDCl3 as apolar organic sol-

vent was explored first with quinoline 10 and Hantzsch

ester 16 (Figure 1, Table 2, entries 1–8, Supporting Infor-

mation Figure S13 and Scheme S8). Catalysts were char-

acterized with rate enhancements rec = kcat/kuncat
(Supporting Information Figures S10–S12). With rec = 1,

the original stibine 1awas inactive under these conditions

(Table 2, entry 1). Consistent with deepened σ-holes and

increased anion binding, catalysis with stibine 1b was

detectable as rec = 13.

Moving from stibines to stiboranes, the catalysis of

transfer hydrogenation of quinoline 10 in CDCl3 in-

creased to consistent rec > 100 (Table 2, entries 2–7).

Stiboranes outperforming stibines in organic solvents

was as expected due to the stronger pnictogen bonds

(Table 1, Figure 2), in contrast to trends in membranes

and micelles (vide infra).

With substrate 10 in CDCl3, 3,4,5-trifluorophenyl sti-

boranes awere more active than 3,5-bis(trifluoromethyl)

phenyls b, at least when compared directly with 2 (Ta-

ble 2, entries 2–7). The counterintuitive finding of equal or

even better catalysis with weaker σ acidity, suggested

that the misplaced phenyl in substrate 10, pointing into

the concave surface around the σ-hole, was less tolerated

on the more crowded surface of the series b (Figures 1c

and 2e,f). In contrast, a < b with stibines was consistent

with unproblematic accommodation of this bulky sub-

strate on their convex rather than concave surface

(Table 2, entry 1, Figures 1a and 2d).

Table 2 | Rate Enhancements rec in Organic Solventsa

Cb 10c 11d Cb 10c 11d

1 1a 1 3 1b 13 50

2 2a 450 610 2b 150 490

3 3a — — 3be 110 760

4 4a — — 4b 260 240

5 5a 220 60 5b — —

6 6a — — 6b 280 380

7 7a 230 340 7b — —

8 8a — — 8b <1f <1f

9 2a 9600 480 2b — —

10 3a 5880 540 3b 7700 610

11 4a — — 4b 6580 510
a rec = kcat/kuncat in CDCl3 (entries 1–8) and CD3CN (entries 9–11), from initial rates determined by 1H NMR kinetics for

128mMquinoline (10, 11), 2.2 equiv hydride donor 16, 30mol % C and 33mol %mesitylene (internal standard) at 40 °C.

Experimental data: Supporting Information Figures S10–S12.
b Catalysts.
c rec for 10.
d rec for 11 in CDCl3.
e Poor solubility of catalyst, results might be underestimates.
f No conversion within 2 days.
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For substrate 11 without misplaced phenyls, overall

higher catalytic activities were found for both the Sb(III)

and the Sb(V) catalysts in CDCl3 (Figure 1, Table 2, entries

1–7, Supporting Information Scheme S9). Significant su-

periority of stiboranes over stibines in organic solvents

was maintained, in agreement with pnictogen bonding

(Table 1). With stibines, 1b remained faster than 1a (Ta-

ble 2, entry 1). This was consistent with the assignment of

pnictogen bonds as primary and AEDA interactions on

the convex surface as secondary interactions for transi-

tion-state stabilization (Figures 1a and 2d). With stibor-

anes in CDCl3, 2a failed to outperform 2b as clearly as

with 10 (Table 1, entry 2). This was as expected for

reduced steric repulsion between the more concave en-

vironment and a less misshaped substrate 11 (Figures 1c

and 2e,f).

To possibly strengthen pnictogen bonds by dipole–

dipole interactions with the solvent, CDCl3 was replaced

by the polar aprotic CD3CN (Table 2, entries 9–11). With

substrate 10, the catalytic activity increased more than

one order of magnitude, reaching an absolute maximum

at rec = 9600 for 2a (Table 2, entry 9). With substrate 10

in CD3CN, 2a was still more active than 3a (Table 2, entry

9 vs 10). This final mismatch with pnictogen bonding

was overcome with the less bulky substrate 11 in CD3CN,

which was best converted by 3b, followed by 3a > 4b >
2a (Table 2, entries 9–11). The order of the latter catalytic

performance almost perfectly aligned with the respec-

tive σ-holes and global and local polarizability, with 3b

being the best among all of these computed parameters

(Table 1, entry 6).

Bismuth, finally, on the Bi(III) level, the σ-acidic bis-

muthine 8bwas less active than the homologous stibines

(Table 2, entry 8). These poor results with σ-acidic
bismuthine catalysts were consistent with previous

results32,53 but in conflict with the pnictogen bonding

predictions (Table 1, entries 15, 16), anion binding44 and

anion transport (Table 3, entry 9).

Ion transport in lipid bilayer membranes

The liquid-disordered (Ld) EYPC-LUVs were selected for

studies in lipid bilayers. Ion transport across EYPC bilayer

membranes1,30,31,46,54–68 was measured using the HPTS as-

say (Supporting Information Figures S3–S7). This classi-

cal fluorescence assay reports on the velocity of the

decay of a pH gradient caused by the accelerated trans-

port of anions or cations. For the previously confirmed

anion transport by pnictogen bonds in a buffer with NaCl,

this meant transmembrane transport of OH− is compen-

sated by chloride antiport in the other direction. The

concentration dependence of the observed activity

revealed the EC50, which is the effective transporter

concentration needed to reach 50% activity (Table 3).

Ion transport with pnictogen bonds and other σ-hole
interactions has been demonstrated by several

groups.30,31,46,64,65,69,70 σ-acidic stibines like 1a were con-

firmed to be excellent ion transporters also under the

present, unoptimized conditions (Table 3, entry 1). The

high transport activity of the σ-acidic bismuthine 8b (Ta-

ble 3, entry 8) was intriguing because it was consistent

with pnictogen-bonding strength (Table 1) and anion

binding,44 but contrary to the present and previous12,26,32,43

results on catalysis in organic solvents (Table 2).

Moving from stibines to more σ-acidic stiboranes, ion

transport activity failed to increase significantly (Table 3,

entries 1 vs 2–7). Also, within the stiborane series, trans-

port activities decreased with increasing depth of the

σ-holes (Table 3, entries 2–8) to end up with a very low

EC50 = 30 ± 10 nM for amide 7a (Table 3, entry 7) with low

Vmax = +43.2 kcal mol−1 (Table 1, entry 13). Weaker ion

transport with stronger ion binding has been observed

occasionally and treated theoretically earlier on by Lehn

and coworkers (vide infra).71

While this study was ongoing, Murphy and Gabbaï46

reported anion transport of the substituent-free triphenyl

version of 2. They showed that one or twomethyl groups

in the ortho position lowered the anion transport. This

result was interpreted as support for operational pnicto-

gen bonds.46 Although measurements under different

conditions were not directly comparable, the relatively

high activity reported for stiboranes with shallower

σ-holes compared with the series used in this study was

in agreement with the general trend that ion transport

decreased with increased ion binding, that is, the activity

in the Goldilocks inverted region (vide infra).

Catalysis in lipid bilayer membranes and
micelles

The combination of transport and catalysis is an intrigu-

ing topic in supramolecular systems chemistry.30,60,72–75

Catalysis with stibines in lipid bilayer membranes has

been shown previously to be as significant as ion trans-

port, and much more efficient than catalysis in organic

solvents.30 This result was of interest because increases in

Table 3 | Transport in Lipid Bilayer Membranesa

Tb EC50 (μM)c Tb EC50 (μM)c

1 1a 0.05 ± 0.01 1b 0.6 ± 0.3

2 2a 4.3 ± 0.1 2b 1.3 ± 0.2

3 3a 1.9 ± 0.1 3b 0.3 ± 0.1

4 — — 4b 0.2 ± 0.1

5 5a 0.15 ± 0.05 — —

6 — — 6b 0.4 ± 0.1

7 7a 0.03 ± 0.01 — —

8 — — 8b 0.02 ± 0.003
a Measured by fluorescence kinetics using the HPTS assay

in EYPC-LUVs. Experimental data: Supporting Informa-

tion Figures S3–S7 and Table S1.
b Transporters.
c Effective concentrations, in μM.
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effective concentration could account only for about half

of the rate enhancements observed. Thus, the other half

should originate for emergent properties in lipid bilayer

membranes, offering desolvated substrates and catalysts

for enhanced interactions in a confined, directional, and

compartmentalized environment.

Catalysis with stiboranes in lipid bilayer membranes

was explored with the same reaction used for character-

ization in organic solvents, that is, transfer hydrogenation

of quinolines (Figure 1f, Table 4). Studies were initiated

with the fluorogenic substrate 12, recently introduced

together with the more hydrophilic Hantzsch ester 17 to

explore supramolecular system catalysis in water (Sup-

porting Information Scheme S7 and Figures S13–S21).28

As expected with the solvent competing for pnictogen

bonds, the rate enhancements rec = 12 obtained with

stiborane 2b in water containing neither micelles nor

membranes were less important than rate enhancements

in organic solvents (Table 4, entry 1 vs Table 2, entry 2). In

the presence of EYPC-LUVs but without stiborane 2b,

rate enhancements rem = 1.1 were negligible (Table 4,

entry 1). Rate enhancement remc = 12 in the presence of

stiborane 2b and EYPC-LUVs did not differ much from

the rec = 12 without vesicles (Table 4, entry 1).

Thelesshydrophilicsubstrates13and14weretestednext

(Table 4, entries 2, 3, Supporting Information Scheme S6).

Their transfer hydrogenation in water was detectable by

fluorescence spectroscopy because the reduced products

13p and 14p are push–pull fluorophores with redshifted

excitation and emission (Figure 1).29 The rate enhance-

ments were up to rec = 380 for stiborane 2b in water and

morethanoneorderofmagnitudehighercomparedwith12

(Table4, entries 1, 2).Additionofmembranesdidnot affect

the rate enhancements (Table 4, entries 2, 3).

Replacement of excess chloride in the buffer by sulfate

reduced catalysis with 12 and increased catalysis rec with

more hydrophobic 13 and 14 (Table 4, entries 4–6). More

importantly, in the presence of sulfates, the catalytic

activity remc of stiborane 2b in membranes decreased

substantially compared with rec (Table 4, entries 4–6).

Compared with rec, remc further decreased with more

hydrophobic hydride donor 16 (Table 4, entry 7) and

quinoline substrate 15 (Table 4, entry 8). These seemingly

counterintuitive trends with hydrophobic substrates per-

forming poorly in membranes were mirrored in Triton

X-100 micelles for stiborane catalysts 2b, 3b, and 4b

(Table 4, entries 9–11).

The Goldilocks principle: entering the
inverted region

The failure of σ-acidic stiboranes to transport and trans-

form in membranes and micelles beyond the ordinary

Table 4 | Catalysis in Lipid Bilayer Membranes and Micellesa

Sb Hc Cd me rec
f rem

g remc
h

1 12 17 2b Ld/Cl
− 12 1.1 12

2 13 17 2b Ld/Cl
− 380 1.0 380

3 14 17 2b Ld/Cl
− 130 0.9 130

4 12 17 2b Ld/SO4
2− 7 1.0 6

5 13 17 2b Ld/SO4
2− 470 0.9 420

6 14 17 2b Ld/SO4
2− 150 1.1 110

7 14 16 2b Ld/SO4
2− 10 0.9 7

8 15 16 2b Ld/SO4
2− 22 0.8 8

9 15 16 2b TX/SO4
2− 90 4.8 40

10 15 16 3b TX/SO4
2− 80 4.8 29

11 15 16 4b TX/SO4
2− 90 4.8 30

12 15 16 1a TX/SO4
2− 3.3 4.8 30

a Rate enhancements with catalyst (C, rec), with membranes/micelles (m, rem), or both (remc), compared with kuncat in

buffer from initial rates determined by fluorescence kinetics in (entries 1–8) EYPC-LUVs (50 μM EYPC), 30 mol % C,

HEPES pH 7.0/DMSO 97:3, 40 °C and (entries 1–6) 0.63 mM S, 600 mol % H or (entries 7–8) 0.32 mM S, 300 mol % H,

and (entries 9–12) 10% micelles (HEPES pH 7.0/DMSO/Triton X-100 (TX) 8:1:1), 30 mol % C, 30 °C, 1.0 mM S and

300 mol % H. Experimental data: Supporting Information Figures S17–S23.
b Quinoline substrates.
c Hydride donors.
d Catalysts.
e Membranes/micelles (Ld: EYPC-LUVs, with 100 mM NaCl or 67 mM Na2SO4 in buffer), micelles (Triton X-100, 67 mM

Na2SO4 in buffer).
f rec = kcat/kuncat for catalyst.
g rem = kcat/kuncat for membranes/micelles as catalyst.
h remc = kcat/kuncat for membranes/micelles and catalyst against buffer.

RESEARCH ARTICLE

DOI: 10.31635/ccschem.024.202404847
Citation: CCS Chem. 2025, 7, 91–104
Link toVoR:https://doi.org/10.31635/ccschem.024.202404847

99

https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.024.202404847
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.024.202404847
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.024.202404847
https://www.chinesechemsoc.org/doi/suppl/10.31635/ccschem.024.202404847
https://doi.org/10.31635/ccschem.024.202404847
https://doi.org/10.31635/ccschem.024.202404847


was in sharp contrast to present and previous30,31 results

with σ-acidic stibines (Tables 3 and 4). Also, it was in-

consistent with the excellent performance of σ-acidic
stiboranes in organic solvents, clearly exceeding that of

stibines (Table 2). These opposing results were under-

standable as a special expression of the Goldilocks prin-

ciple that originates from phase transfer by excessive

pnictogen bonding (Figure 3). Namely, σ-acidic stibines

bound anions and anionic transition states not too

strongly because they had shallower σ-holes that form

weaker pnictogen bonds (Table 1), as testified by less

impressive catalysis in organic solvents (Table 2). Thus, in

biphasic systems, anion complexes would easily dissoci-

ate and release the intrinsically hydrophobic stibines into

the hydrophobic phase of membranes or micelles. This

favorable phase transfer or partitioning without interfer-

ence from weak pnictogen bonds boosted effective

concentrations as the primary origin of efficient transport

and catalysis in membranes (Figure 3a and Tables 3

and 4).

On the contrary, σ-acidic stiboranes possessed deep

σ-holes, affording strong pnictogen bonds (Table 1). The

resultant strong binding of anions and anionic transition

states accounted for excellent catalysis in organic sol-

vents (Table 2). In biphasic systems, these stable stibor-

ane-anion complexes did not dissociate. Their anionic

nature provided the hydrophilicity needed for the pnic-

togen-bonding phase transfer of the intrinsically hydro-

phobic stiboranes into the aqueous phase (Figure 3b).

This pnictogen-bonding phase transfer increased with

increasing anion binding, resulting in decreasing activity

in membranes with excessive pnictogen bonding

(Tables 3 and 4).

The inactivation of stiboranes but not stibines by direct

competitive binding to lipids and detergents as a possi-

ble alternative explanation was not convincing. Charge-

neutral rather than anionic lipids and detergents were

used to minimize possible competition for pnictogen

bonding to anions and anionic transition states down to

the level of water binding. In water, however, including

67 mM sulfate, stibine catalysts remained as inferior to

stiboranes as in apolar solvents (Table 4, rec, entry 12 vs

8–11). Only in micelles and membrane, stibine catalysts

accelerated and stiboranes slowed down (Table 4, remc

vs rec, entry 12 vs 8–11). These opposing trends in

the water against micelles and membranes were not

explained by direct competitive pnictogen bonding into

the environment, solvents, and beyond. Thus, these find-

ings supported pnictogen-bonding phase transfer as the

origin of the observed Goldilocks behavior in biphasic

systems (Figure 3). Increasing catalysis from stibines to

stiboranes in a homogenous solution further illustrated

that the Goldilocks principle for function in biphasic

systems was, although obviously related, not the same

as the principle of Sabatier,76–78 or general homogenous

anticatalysis concepts based on ground-state stabiliza-

tion exceeding transition-state stabilization.79

The dependence of ion transport on ion binding in

membranes has been assessed theoretically by Lehn and

coworkers.71 Their Goldilocks principle60,69 predicted that

for weak ion binding in the normal region, transport

improves with binding, while for strong binding in the

inverted region, transport deteriorates with increasing

binding (Figure 4). While activity in the normal region

(a)

(b)

Figure 3 | Pnictogen-bonding phase transfer primarily

accounts for activity in membranes and micelles. (a)

σ-Acidic stibines have high activity in membranes despite

moderate pnictogen bonding because they enable anion

release for favorable phase transfer. (b) σ-Acidic stibor-

anes have moderate activity in membranes despite

strong pnictogen bonding because excessive anion bind-

ing inhibits phase transfer into membranes.

Figure 4 | The Goldilocks principle for activity in mem-

branes and micelles, with σ-acidic stibines operating in

the normal and stiboranes in the inverted region.
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has been described in many variations,80,81 the Goldilocks

inverted region has attracted less attention.57,60,69,80,82 Our

present results provide complete and coherent experi-

mental coverage of the Goldilocks principle: Whereas

stibines operate in the normal region, the more σ-acidic
stiboranes enter deep into the Goldilocks inverted

region.

This unlocking of the Goldilocks inverted region

explained all results reported in this study with quite

remarkable consistency. Transport activity decreased

with increasing pnictogen bonding from Sb(III) to

Sb(V), as well as within the stiborane series (Table 3).

The Goldilocks principle was also compatible with catal-

ysis in membranes and micelles. Particularly impressive

was the decrease in activity of Sb(V) catalysts in mem-

branes upon changing from chloride to sulfate in the

aqueous phase (Table 4, entries 1–6). Higher stability and

charge of stiborane-sulfate compared with stiborane-

chloride complexes shifted equilibria and increased

hydrophilicity to maximize pnictogen-bonding phase

transfer into water (Figure 3b). Catalysis with more hy-

drophobic substrates was less efficient in the presence of

membranes because they were better separated from

the stiborane-anion complexes in the aqueous phase

(Table 4, entries 7, 8). As another example, the similarly

poor performance of σ-acidic stiboranes in micelles and

membranes supported that the Goldilocks principle ap-

plied, independent of suprastructural differences of the

two apolar phases.

The Goldilocks principle would then imply that con-

trary to stiborane catalysts in the inverted region, catal-

ysis with σ-acidic stibines in the normal region should

improve not only in membranes30 but also in micelles.

This last open question within the covered functional

space was addressed by transfer hydrogenation of quin-

oline 15 with donor 16 and catalyst 1a. The rec = 3.3

without micelles increased almost 10 times to the

remc = 30 in the presence of Triton X-100 micelles (Ta-

ble 4, entry 12, Supporting Information Figures S22 and

S23). This control in the Goldilocks normal region was

important because it provided corroborative evidence

for the generality and robustness of the Goldilocks prin-

ciple, confirming compatibility with catalysis as general,

independent of the reactions, and in normal and inverted

regions in micelles.

Conclusions
The objective of this study was to compare the activities

of pnictogen-bonding Sb(III) and Sb(V) catalysts and

transporters in organic solvents and lipid bilayer mem-

branes. The main missing data was comparative ion

transport and catalysis of σ-acidic stiboranes in mem-

branes. Their catalytic activity in organic solvents was

shown to exceed that of σ-acidic stibines, as expected

from their stronger pnictogen bonds. For ion transport in

membrane, σ-acidic stibines outperformed σ-acidic sti-

boranes, and transport within the stiborane series

decreased with increasing pnictogen bonding. While

catalysis by stibines increased in membranes and

micelles, catalysis by stiboranes generally decreased.

Overall, decreasing activity in membranes with increas-

ingly strong pnictogen bonds was explained with pnicto-

gen-bonding phase transfer. Excessive pnictogen-

bonding yielded stable hydrophilic pnictogen-bonded

stiborane-anion complexes that extracted the hydropho-

bic stiboranes from the membrane into the aqueous

phase. This behavior placed σ-acidic stiboranes in the

inverted region of the Goldilocks principle, characterized

by decreasing activity with increasing binding. While

σ-acidic stibines operated in the not further remarkable

Goldilocks normal region, general access to the Goldilocks

inverted region with σ-acidic stiboranes, covering not only

transport but alsocatalysis in not onlymembranesbut also

micelles,wasunprecedented. The importanceof the found

general validity of the Goldilocks principle for activity in

biphasic systems to design and interpret supramolecular

function cannot be overestimated.

The comprehensive exploration of the Goldilocks

inverted region for function in biphasic systems further

confirmed the obvious: More is not always better, stron-

ger pnictogen bonds do not have to equal better perfor-

mance. From this point of view, entering the Goldilocks

inverted region when approaching the transition from

noncovalent pnictogen bonding interactions to covalent

ligand binding could be seen as a wonderful testimony of

the power of supramolecular chemistry to access new

functions.
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