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ABSTRACT: The solution phase anion binding behavior of a water-
stable bidentate pnictogen bond donor was studied. A modest
change in the visible absorption spectrum allowed for the deter-
mination of binding constants. High binding constants were ob-
served with cyanide, cyanate and acetate and these were corrob-
orated with density functional theory (DFT) calculations. The re-
ceptor could be recovered free from anion following treatment
with methyl triflate, confirming that it remains intact. The tight
binding of cyanide and water stability were exploited to use this
system as a supramolecular catalyst in a phase-transfer Strecker
reaction, further demonstrating the utility of pnictogen bonding
as a tool in noncovalent catalysis.

INTRODUCTION

Anion binding and recognition, an important sub-field of host-
guest interactions, is used to direct crystal engineering and molec-
ular templating,2 for selective sensing of anions,3* and for metal-
free catalysis in organic synthesis.>® The pnictogens have played
an important role in anion binding when in the +5 oxidation
state.””13 This is largely due to the high Lewis acidity of the elec-
tron deficient central pnictogen. Pnictogens in the +3 oxidation
state are typically viewed as Lewis bases due to the presence of a
lone pair.14-17 The heaviest pnictogens are amphoteric in the +3
oxidation state, and by carefully choosing the chemical environ-
ment of the pnictogen, the scales can be tipped towards Lewis
acidity allowing for anion binding mediated by pnictogens in the
+3 oxidation state.18-2> Figure 1 depicts some of the examples
where trivalent pnictogens have been purposefully used for anion
binding. Thus far, the use of trivalent antimony has primarily
showcased the binding of halides with few examples of polyatomic
anions.?> The Lewis acidity of these systems arises from polar pri-
mary bonds that result in regions of positive electrostatic potential
along the extension of the bonds. Up to three of these sites can be
induced. The stabilizing interaction that results from an electron

donor interacting with this site has been termed a pnictogen bond
(PnB), in analogy to the closely related halogen (XB) and chalcogen
(ChB) bonds26-28 which have been employed in the design of anion
receptors.22%-38 An important feature of these supramolecular in-
teractions that distinguishes them from formal Lewis acids such as
BXs, AlX3 or PnXs (Pn = pnictogen, X = halogen) is that they form
with minimal geometric reorganization which results in reversible
PnB, ChB or XB formation without an activation barrier.394 These
receptors have been applied to form supramolecular capsules to
mimic biological molecules,*! as cross-membrane anion transport-
ing agents,*22:3642 and as catalysts in substitution reactions.2343
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Figure 1. Examples of Pn(lll) anion receptors. A: PnB for anion
transporting and catalysis;?2 B: a stibaindole system for CI- bind-
ing;1? C: PnB activation of Au—Cl bond through CI- binding.18 1, 2,
and 3: bis-Sb(lll) compound for bidentate anion binding through
PnBs.20,21



Various anion receptors have been designed for selective solution
phase binding of cyanide*4-30 and acetate, including functionalized
fluorescent calixpyrrole-typed receptors,-33 urea and thiourea
based receptors that are capable of selective detection of carbox-
ylate anions,>*->7 halogen bonding polymeric receptors that show
self-healing properties,>® and chromogenic chalcogen assisted re-
ceptors.59.60

We have previously reported on the design rationale2® and exper-
imental evidence for halide binding of receptors 16262 and 2 in
both solution and the gas phase.?! The previously studied recep-
tors 1 and 2 showed limited solubility in most organic solvents and
intramolecular PnBs (Sb-:-O PnBs), which limited the anion binding
affinities. Moreover, as previous solution phase studies were car-
ried out in dimethyl sulfoxide (DMSO), the explicit binding of
DMSO to the Sb(lll) centers also decreased the energetics towards
anion binding.?! Herein we report the binding properties of anion
receptor 3 (Figure 1). The installation of additional tert-butyl
groups was expected to minimize intermolecular aggregation, as
observed in the solid state structure of 1,52 and limit intramolecu-
lar PnB formation. As a result, the solubility of 3 is greatly en-
hanced in non-coordinating organic solvents such as dichloro-
methane which, in turn, prevents competitive binding with sol-
vents. This system is moisture-stable®? and demonstrates high
binding affinity towards pseudohalides cyanide and cyanate as
well as acetate in the solution phase and can be recovered intact
post-binding. The high binding affinity towards cyanide and mois-
ture stability is tested in a phase-transfer catalyst for a Strecker
cyanation reaction.

RESULTS AND DISCUSSION
Halide anion binding and origin of UV-vis absorbance changes

Previous studies revealed that compound 2 should have high bind-
ing constants to anions if competition with coordinating DMSO
could be avoided.?! Structurally related compound 3 was prepared
and found to be soluble in CH,Cl,. Indeed, when compound 3 was
dissolved in CH,Cl, and titrated with coordinating solvents tetra-
hydrofuran (THF) and DMSO, the binding constants determined by
fitting the changes in the UV-vis spectra to a 1:1 (3:solvent mole-
cule) binding model were 1.0 x 102 M-1and 1.2 x 103 M1, respec-
tively. This corresponds to a AG of 17.5 kJ/mol for DMSO and sup-
ports the previous conclusions.2! Compound 3 was dissolved in
CH,Cl, and titrations with halide anions CI-, Br-, and |- (added as
tetrabutylammonium salts, TBAX, where X = Cl-, Br-, and I7) were
performed. Initial screening with chloride revealed a red-shift of
the absorbance at 295 nm with increasing Cl- concentration
(Figure 2). This red-shift behavior is similar to the phenomenon
observed with chloride binding by telluradiazoles and telluro-
phenes.343> Time-dependent density functional theory (TDDFT)®&3
calculations (52.2 of Sl) revealed that the absorption at 295 nm
likely corresponds to a transition that originates in the HOMO-1
(electron density on the catecholate rings) and populates the
LUMO (Sb—0 o* orbital). A change in absorption is consistent with
PnB formation at a site coincident with the LUMO. This will neces-
sarily change the energy of the LUMO and, correspondingly, the
transition.
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Figure 2. Representative UV-vis absorption spectra of 3 in CH,Cl,
showing gradual red-shift with addition of tetrabutylammonium
chloride (TBACI). Red peaks represent low-energy transitions cal-
culated with TD-DFT.

Establishment of binding models in solution phase

A simple dilution study of 3 over the concentration ranges being
studied revealed the expected linear decrease in absorbance at all
points, indicating that no self-aggregation of 3 can be observed in
solution at these concentrations.

To quantify the solution binding of 3 with the three halides, the
change in absorption at 302 nm was extracted and different pos-
sible binding models were fit to the data to determine the most
appropriate one. In all cases the ion pairing of TBA* with X~ (eq. 1)
was accounted for by independently determining the dissociation
constant (see S2.3 in Sl) of TBAX in CD,Cl, by *H NMR. These ion-
dissociation constants (Table S4) were then explicitly included in
all binding models. Step-wise equilibria (eq. 2—4) are proposed for
binding of 3 with anions:

TBAX = TBA* + X~ (1); Kp
34X 23X (2); Kiz
33X +3 23X 3); Ka1
3X-+ X" 23X, (4); K12

The data was initially fit with the simple 1:1 (of 3:X-) binding model
described by equations 1 and 2. Analysis of the residuals revealed
a non-stochastic distribution suggesting that the model did not
sufficiently describe the solution behavior. More complex, step-
wise-related composite models were tested against the data. The
model which gave the best fit for all of the halide anions included
eq. 1-3. Figure 3 illustrates the fit of this model to the chloride ti-
tration data. The experimental best-fit K;; from the composite
model is reported in Table 1 and the results from all the models
are reported in Table S5. Consistent with this model, 3-X~ was ob-
served by ESI-MS. The isotopic distribution that corresponds to
3,-X~ was only observable with higher concentrations of 3. Fur-
thermore, analysis using Job’s method of continuous variation re-
vealed a maximum that was shifted towards higher mole fractions
of 3 (Figures S36-38).
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Figure 3. Fit of CI~ binding to 3 in CH,Cl; using a 2:1 and 1:1 (3:X")
composite model.

Table 1. Summary of experimentally fitted vs. DFT calculated
AG and K;; for halide anions.

Experimental® DFT®
K1 (M) AG (kJ/mol) AG (kJ/mol)
s e |

aSee S2.5.9. Errors included in parentheses.
bSee S3.

Recovery of 3 from 1:1 host:guest mixture

To verify that the observed changes correspond to host/guest
complexes rather than a different reaction pathway such as sub-
stitution, experiments were performed to recover 3 from a 1:1
mixture of 3 and Cl-. Host 3 is poorly soluble in weakly coordinat-
ing solvents like CH,Cl, by itself, but far more soluble when bound
to an anionic guest. This experiment was used to demonstrate the
reversibility of the binding. A 1:1 mixture of 3 and CI- was isolated
and characterized. It was found to have H NMR signatures that
are distinct from the superposition of 3 and TBACI. The 1:1 mixture
was dissolved in CH,Cl; and treated with 1 equivalent of methyl
triflate to form chloromethane and liberate the triflate anion fol-
lowing eq. 5. The weaker binding of triflate results in a high frac-
tion of unbound 3 which is not very soluble and precipitates out
of CH,Cl, in 47% yield. The precipitate was confirmed to be 3 by
1H NMR and EA. The remaining 3 is presumed to be soluble be-
cause of weak binding to the triflate anion according to equation
2. The triflate anion, while generally considered non-coordinating,
has been observed to form a chalcogen bond with the N-methyl-
2,1,3-benzotelluradiazolium cation in the solid state.5*

TBA[3-Cl] + MeOTf — 35 + MeClig) + TBAOTF (5)

Single crystals were obtained when the previous experiment was
performed by vapor diffusion of methyl triflate into a solution of
TBA[3-Cl]. The quality of the data obtained from the crystal was
only sufficient to determine connectivity, with a resolution of 0.86
A, from which it was clear that host 3 was recovered intact (Figure
4). Elemental analysis (EA) of this material matched that of inde-
pendently synthesized host and was consistent with the formula
(see S1.2.3). These crystals revealed molecules of 3 engaging in in-
tramolecular pnictogen bonding. This drives the head-to-tail self-
assembly of the molecules into a column as depicted in Figure 4.
It is presumed that the presence of this intramolecular pnictogen
bonding contributes to the low solubility in non-coordinating and
weakly coordinating solvents.

Figure 4. Ball and stick model of asymmetric unit of 3 from the sin-
gle crystal structure (top); Head-to-tail assembly of 3 with PnB as-
signment depicted with hashed bonds. tert-Butyl substituents and
hydrogen atoms removed for clarity (bottom right); Zoom-in of in-
termolecular PnBs between Sb-O-Sb bridges of 3 with catecholate
removed for clarity (bottom left).

Solution binding of polyatomic anions

To take advantage of the potential bidentate motif, polyatomic
anions that can bridge the two antimony centers were experimen-
tally investigated. Tetrabutylammonium salts of CN-, OCN-, SCN-,
NOs-, and OAc™ (referred to as X-) were titrated against 3. During
all titration events, an analogous red-shift was observed for the
polyatomic anions consistent with binding at the sites of high Vimax.
The UV-vis titration data was extracted and fit to the same set of
models as the halides involving stepwise equilibria from eq. 1-3.
Very high binding affinities (with a K;1 of over 107 M-1) were ob-
served for the basic CN-and OAc™ anions. For comparison, some
binding constants utilizing different bonding interactions have
been listed in Tables S6-S8. Direct comparison of these results is
difficult due to differences in the solvents as well as counterions
that were used. Cyanide binding constants have been reported in
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the range of 10%-108 M1.44-47.49,6566 Acetate binding constants
have been reported in the range of 10%-106 M-1,51,53,59,67 Cyanate
binding constants have been reported in the range of 102-10° M-
1,42568,69 Smaller binding constants were observed between 3 and
the less basic anions. Table 2 summarizes the binding constants
for the 1:1 equilibria (Eq.(2)) from the best fitting model and Table
S5 contains any additional equilibrium constants from the best-fit-
ting composite models. In an attempt to rationalize the results,
the free energies associated with the Ki; values were plotted as a
function of the pK, values for the conjugate acids of the anions in
H,0, DMSO, acetonitrile (ACN) and dichloroethane (DCE).”0 In all
cases where pK,'s had been determined, the correlation was high
(0.97-0.98) except for aqueous pK,’s (Figure S42). The strong cor-
relation supports the accuracy of the models used for fitting and
lends credence to the fact that no change could be observed upon
addition of a PF¢~ source.

Table 2. Summary of experimentally fitted vs. DFT calculated
AG and Ky, for polyatomic anions.

Experimental® DFT?
Kaz (M) (kj?:m” 2G (k/mol)
OAc é:gi;gz) -48.8 (1.0) 384
oN- ((1):23;82) -46.0 (1.4) 316
OCN- éjigﬁigz) 455 (1.8) 29.2
NOs- (ééz;g:) -24.0 (0.4) 7.74
SCN- &:zgg:g; 209 (3.2) 6.1
9See S2.5.9. Errors included in parentheses.

bSee S3.
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Figure 5. DFT calculated structures of polyatomic complexes 3-X".
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DFT calculations were performed on the 1:1 complexes with all of
the anions to gain some insight into the structures and to corrob-
orate the measured binding constants. The B97-D3 functional,
which accounts for dispersion,’! along with the conductor-like po-
larizable continuum model (CPCM)72 to account for implicit solva-
tion were used. This method has previously been demonstrated to
accurately reproduce the trends in the free energy of anion bind-
ing using chalcogen bonding.3* As the tert-butyl groups are not ex-
pected to affect the final binding energetics, compound 1 was
used as a computationally more simple model for 3 in all binding
calculations. All structures were optimized from a variety of start-
ing geometries that include a bridging anion, a terminal anion and,
in the cases of the pseudohalogens, binding from either N or
C/0/S. Structures containing Cl-, Br- and CN- (k-C) were predicted
to adopt a monodentate geometry. In contrast, the larger anions
are all predicted to adopted conformations with bridging anions
as the global minima (Figure 5 and S98). A local minimum for ter-
minal binding was found within 3 kJ/mol in all cases except for
OAc™. The cyanate and thiocyanate anions were both predicted to
be bound through the nitrogen atom rather than the chalcogen.
The tight binding to cyanide is consistent with the short Sb---CN-
distance (2.25 A) which is only 0.05 A longer than the average Sb-
C covalent bond distance.”? The acetate anion is predicted to
bridge the two antimony centers with short Sb---O PnBs. DFT pre-
dictions of the free energy for the formation of the 1:1 complex
(3-X7) in solution revealed energies (Table 2) that are, on average,
18 kJ/mol higher in energy than the experimental values. This is
reproduced in the linear regression and is an offset error that likely
results from incorrect assumptions about the equivalency of 1 and
3. The strong linear correlation (Figure 6) between experiments
and calculations gives confidence in the model that was used and
further confirms the utility of DFT for predicting trends (rather
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than absolute values). The deviation of the slope from unity sug-
gests that there is some refinement that can be made to the com-
putational method, although it is not clear if it is the basis set,
functional, relativistic correction or the solvation model (or a com-
bination of these) that is responsible for the deviation.

15
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Figure 6. DFT calculated AG values for the 1:1 complexes (3-X7) vs
experimental values derived from the Ki; binding constants. Re-
sults of linear regression provided for all anions.

Qualitative NMR experiments and ESI-MS measurements

The excellent fit between the equilibrium models and the titration
data, along with the strong correlation between experimental Ky
values and pKa’s and DFT calculated AG values is strong evidence
that the general model for anion binding is correct. Without struc-
tural data, however, further evidence of the accuracy of this
model was desired. Solution titrations were performed in CD,Cl,
where 3 was treated with 0-5 equiv. of TBAX and monitored by H
NMR (see Figure 7 and section S2.8 in Sl). The results are qualita-
tive as 3 is not completely soluble in CD,Cl, at concentrations rel-
evant for NMR studies. Complete dissolution is observed upon ad-
dition of 1-2 equivalents of TBAX in all cases. For the more weakly
binding X~ = |-, SCN- and NOs" a shift in the aromatic resonances
associated with the aromatic hydrogen atoms on the catecholate
rings of 3 is observed as the concentration of TBAX is increased
(Figure 7, top). This is consistent with two species in dynamic equi-
librium under fast exchange and these are assigned as 3 and 3-X~.
These assignments are consistent with the *H NMR titration re-
sults for TBAIl with 2 previously reported in DMSO.2! For the tighter
binding anions (X~ = Cl-, Br-, OCN-, OAc™ and CN-) the changes ob-
served by 'H NMR are consistent with those observed in the pre-
vious report when 2 is titrated with TBABr or TBACl in DMSO0.2! The
set of resonances associated with the aromatic hydrogen atoms in
unbound 3 shift to lower frequency with the addition of anion. At
a certain point, a new set of resonances grows in at a lower fre-
qguency. The first shift corresponds to two species in dynamic equi-
librium under fast exchange (assigned to 3 and 3,-X-), while the
new resonances that grow in correspond to a species in the slow
exchange regime (assigned to 3-X-). This assignment agrees with
the previous study,?! and is consistent with higher concentrations
of 3,-X~ at lower concentrations of TBAX and higher concentra-
tions of 3-X~ at higher concentrations of TBAX.
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Figure 7. Stacked 1H NMR spectrum of aromatic region of 3 with
varying equivalents of anion.

In the cases of the tightest binding anions, CN~and OAc-, an addi-
tional experiment was performed to confirm the reversibility of
the anion binding, and thereby demonstrate that a decomposition
process is not responsible for the observed changes. The same
process for recovering 3 from TBA[3:Cl] was performed and
yielded similar results (47% yield with TBAOAc and 45% yield with
TBACN). Depending on rate of crystallization, two solids with
slightly different IR spectra were obtained from the 1:1 mixture of
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3 and TBAOAC (see $2.9.2). This is attributed to polymorphism. The
1H NMR spectrum of both solids confirmed that they were identi-
cal products (see $2.9.1). On fast addition of MeOTf, the FTIR spec-
trum directly matched that of 3 that had been recovered from the
1:1 mixture of TBA[3-Cl] (the identity was confirmed by EA and sin-
gle crystal structural determination, vide supra). With vapor diffu-
sion of MeOTf, the FTIR spectrum precisely matched that of the
as-synthesized 3 (the identity was confirmed by EA and single crys-
tal data of the pyridine solvate).2°

Corroborating evidence for the stoichiometries of the species in
solution was obtained using negative-mode ESI-MS (see Sl section
$1.10 and S2.10). Solutions of 3 with 0.5 or one equivalent of TBAX
were prepared in CH,Cl; and, after filtration, diluted with metha-
nol. Injection of these samples directly into the spectrometer re-
vealed isotopic distributions associated with 3-X~in all cases ex-
cept when X~ =CN~. An isotopic distribution corresponding to 3,-X~
was observed in all cases except when X~ = OAc-, OCN-or CN-. This
provides strong evidence that these species are present in solu-
tion. In all cases, two isotopic distributions were observed (413
and 561 m/z) that were independent of the anion that was used.
These are presumed to be the result of fragmentation due to the
formation of chloride and organic radicals from the reduction of
the CH,Cl; under the high negative voltage of the electrospray ca-
pillary.”47> This is supported by the efficient bulk recovery of 3
from CH,Cl; solutions of TBA[3-X] (X = Cl, CN and OAc) as detailed
above.

The combined evidence from the UV-vis titrations, 'H NMR titra-
tions, competition experiments, recovery experiments, and ESI-
MS provide strong support for the binding of 3 to the anions ac-
cording to the proposed models.

Catalysis with CN- binding

0. o]
\ AN
N H,0 _S
. CH,Cl, HN
‘ + CN —_— T
0
CN
4 5

Scheme 1. Strecker reaction of aldimine with phase-transfer
catalysis. 7

As the observed binding energy with CN~ was within the range as-
sociated with selective CN- receptors**47.77 and 3 was found to be
moisture stable (see Figure S2.1), 3 appeared to be a good candi-
date to test as a noncovalent catalyst using a cyanation reaction.”®
To demonstrate the moisture stability of 3, a Strecker cyanation of
an aldimine under phase-transfer conditions (CH,Cl, and water)’¢
was performed (Scheme 1) where 3 was anticipated to accelerate
the reaction by aiding in the transfer of the CN- anion from the
aqueous phase into the organic phase. A doubling of the initial
rate of formation of the product (5) beyond the uncatalyzed reac-
tion was observed in the presence of 3 (0.7 mol% catalyst loading)
based on the yield of product measured at 5 min. A final yield that
was approximately 40% higher in the presence of the catalyst was
also observed (Figure S97). Control reactions with SbCls or Ph3Sb
showed very little formation of the desired nitrile product, sug-
gesting an inhibition of the reaction which stands in stark contrast
to the performance of 3. Control reactions with catechol only or

catechol and SbCl; gave no enhancement over the uncatalyzed tri-
als, indicating that the anticipated hydrolysis products were not
responsible for catalyzing the reaction.

CONCLUSION

In conclusion, the binding of receptor 3 to various anions has been
studied in CH,Cl; solution by taking advantage of the observed
changes to the absorption spectrum. Very high binding constants
were observed with basic anions CN-, OCN-and OAc". The binding
constants were well-reproduced by DFT models that included
solvation. The binding models were further corroborated by NMR,
host recovery experiments, and ESI-MS measurements. It was
demonstrated that water-stable 3 can catalyze the Strecker cya-
nation of an aldimine under phase-transfer conditions. These
studies should encourage the continued application of pnictogen
bonding, harnessing the wealth of established trivalent antimony
chemistry, in the design of anion receptors and noncovalent cata-
lysts.
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A water-stable bidentate pnictogen bond donor has been
evaluated for anion binding. It demonstrates very high
binding affinities for cyanide, cyanate and acetate. Density
functional theory calculations reveal a perfect fit for the
carboxylate group. This gates the use of pnictogen bond do-
nor systems for anion recognition and noncovalent cataly-
sis.
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